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p r e f a C e

Welcome to the thirteenth edition of Wintrobe’s Clinical 
Hematology. This textbook strives to continue the Wintrobe 
tradition of being comprehensive yet accessible to all who seek 
to understand the history, science, and clinical practice of hema-
tology.  We have brought together clinicians and scientists who 
have given their time and expertise to produce a state-of-the-art 
resource which includes an online presence with expanded bibli-
ographies, appendices, and updates.

THe WinTrobe legaCy
Few have appreciated the wealth of information to be gained by 
the study of blood more than Maxwell Myer Wintrobe (1906 to 
1986). He cited poets, including John Donne’s “pure and eloquent 
blood” and Goethe’s “Blood is a juice of a very special kind”; but 
he added that “It is for the scientist that the blood has been espe-
cially eloquent.”1. It has been over 70 years since Wintrobe wrote 
the first edition of Clinical Hematology (1942); and at the time, 
he was uncertain if it would have much readership owing to the 
priorities of World War II. His objective was “to bring together the 
accumulated information in the field of hematology in a system-
atic and orderly form.” He felt the book should be “comprehensive, 
complete, and authoritative.” He emphasized the importance of 
“an accurate diagnosis as a prerequisite to efficacious treatment.” 
His goals were to link science to the clinical practice of hematol-
ogy and to provide the best therapy possible for an individual 
patient. We have recruited an outstanding group of scientists and 
clinicians who have given their expertise and time to accomplish 
similar goals for the thirteenth edition of Wintrobe’s Clinical 
Hematology.

Wintrobe’s career included medical school at the University of 
Manitoba (1921 to 1925) and academic appointments at Tulane 
University (1927 to 1930), The Johns Hopkins University (1930 
to 1943), and the University of Utah (1943 to 1986). His interests 
were broad and his contributions to medicine and hematology 
were many.2 He had access to an abundance of clinical material at 
Charity Hospital (New Orleans, LA), where he invented the hema-
tocrit glass tube, which came to bear his name and allowed him 
to collect information about the blood (Figure 1). The Wintrobe 
hematocrit tube not only allowed determination of the volume of 
packed red blood cells after centrifugation but also allowed mea-
surement of the erythrocyte sedimentation rate, determination of 
the volume of packed white cells and platelets, and detection of 
changes in the appearance of the plasma.

At Johns Hopkins University, Wintrobe made peripheral 
smears available to the clinic, reorganized the teaching of the 
third-year student laboratory course, and established himself as 
an investigator and leader in hematology.3 He and his colleagues 
showed that hypochromic anemia responded to iron,4 gave the 
first account of cryoglobulin in the blood,5 and provided the first 
evidence that thalassemias were inherited.6 He became chief 
of the Clinic for Nutritional, Gastrointestinal, and Hematologic 
Disorders in 1933 and was promoted to the position of Associate 
in Medicine in 1935. During World War II, he was assigned to 
study chemical warfare agents and his efforts led to a landmark 
paper with Louis Goodman et al. on the efficacy of nitrogen mus-
tard as a chemotherapeutic agent.7

In 1943, Wintrobe was offered the first Chair of Medicine at 
the University of Utah. He served as Chair for 24 years and in 
1970 was named Distinguished Professor of Internal Medicine. He 
studied the role of nutritional factors, particularly the B vitamins, 
in hematopoiesis, and attempted to develop an animal model for 
pernicious anemia.3,8 His work with pig’s nutritional require-
ments resulted in discovering the effects of pyridoxine deficiency 
and the role of copper in iron metabolism.3 He studied the effects 
of the newly discovered adrenocorticosteroids on hematopoi-
esis,9 described the association of chloramphenicol with aplastic 
 anemia,10 and became an advocate for reporting the adverse 
reactions to drugs.11

Wintrobe’s clinical interests extended beyond hematology, and 
he received the first research grant ever awarded by the National 
Institutes of Health. The grant was to study hereditary muscular 
dystrophy (a disorder that affected a number of Utah families) and 
was renewed annually for 23 years.2,3 He directed the Laboratory 
for the Study of Hereditary and Metabolic Disorder and Training 
Institute (1969 to 1973). Together with George Cartwright, he 
established a premier hematology training program at Utah. They 
trained 110 fellows, 85% of whom became associated with medi-
cal schools or research institutes.12

xvii

FIGURE 1. Original illustration of Wintrobe tubes depicting the appearance of centrifu-
gal blood in various conditions, as published in the seventh edition.
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xviii Preface

there are numerous photomicrographs, which illustrate the role 
of hematopathology in diagnosis. 

The book is divided into eight parts: Laboratory Hematology; 
The Normal Hematologic System; Transfusion Medicine; Disorders 
of Red Cells, Hemostasis, and Coagulation; Benign Disorders of 
Leukocytes; The Spleen and/or Immunoglobulins; Hematologic 
Malignancies; and Transplantation. Throughout the chapters, 
there is an emphasis on the four components in hematology that 
contribute to diagnosis: the morphological exam of the peripheral 
blood smear, bone marrow, lymph nodes, and other tissues; flow 
cytometry, cytogenetics, and molecular markers.

The expanding role of molecular genetics and flow cytometry is 
not only improving diagnosis but also providing targets for novel 
therapies. The role of tyrosine kinase inhibitors in chronic myeloid 
leukemia serves as a model for molecularly targeted therapy. The 
detection of minimal residual disease by either flow cytometry or 
polymerase chain reaction techniques is impacting therapeutic 
decisions. Chapters on gene therapy and immunotherapy are 
up-to-date reviews on these unique therapies for a variety of 
hematologic disorders. The role of stem cell transplantation is 
addressed in chapters on specific diseases and in an entirely new 
part, which reviews its application for both benign and malignant 
disorders, graft–versus-host disease, and the importance of long-
term follow-up of transplantation survivors. 

For a textbook to meet its audience needs in the 21st century, 
there must be an online presence and a way to interact with and 
update its readers. The online text has a complete reference list 
for each chapter and two appendices, one reviewing the clusters 
of differentiation molecules by Dan Arber and Frixos Paraskevas 
and another by veterinarians Nicole Stacy, Kirstin Barnhart, and 
Michael Fry, who review lab values and photomicrographs of the 
blood of animals. We plan to issue updates online when there is 
either unique or sufficient information that influences the practice 
of hematology. 

We are indebted to the efforts of Jonathan Pine, who has 
kindly supported us as Senior Executive Editor at Lippincott 
Williams & Wilkins since the 10th edition; Emilie Moyer, Senior 
Product Manager; and Frannie Murphy, Development Editor.
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Wintrobe was the sole author of the first six editions, and he 
recruited former fellows to assist him on the seventh and eight 
editions: Jack Athens, Tom Bithell, Dane Boggs, John Foerster, 
and Richard Lee with John Lukens joining them on the eighth 
edition (1981), the last one to involve Wintrobe. Lee, Bithell, 
Foerster, Athens, and Lukens were the editors for the ninth edi-
tion (1993). John Greer, Frixos Paraskevas, and George Rodgers 
joined Lee, Foerster, and Lukens for the tenth edition (1999) and 
Bert Glader was added for the eleventh edition (2004). Robert 
Means, Jr., and Daniel Arber joined Foerster, Glader, Greer, 
Paraskevas, and Rodgers for the twelfth edition (2009). We wel-
come Alan List as a new editor for this edition and honor John 
Foerster as the editor emeritus. 

in MeMory of JoHn n. lukens
We remember our friend, John Nevius Lukens, Jr. (1932 to 2010), 
who was dedicated to the Wintrobe legacy and committed to  the 
education of the next generation of health care providers. He was 
a graduate of Princeton University (1954) and Harvard Medical 
School (1958). After an internship in Medicine and Pediatrics at 
the University of North Carolina, he completed his residency at 
The Children’s Hospital in Cincinnati (1959 to 1961). He served 
2 years in the U.S. Army Medical Corps at the Letterman General 
Hospital in San Francisco and became a research fellow at the 
University of Utah School of Medicine with Eugene Lahey and 
Wintrobe (1964 to 1967). His research contributed to the under-
standing of the anemia of chronic disease and iron deficiency. 
John was a founding member of the Children’s Cancer Group 
and was among the pioneers of pediatric hematology who con-
tributed to a steady and marked increase in the curability of 
childhood acute lymphoblastic leukemia and other cancers. He 
held faculty appointments at the University of Missouri School of 
Medicine (1967 to 1971), Tufts Medical School (1971 to 1973), 
and the Charles R. Drew Postgraduate Medical School (1973 to 
1975) before becoming Director of Pediatric Hematology/Oncology 
(1975 to 1997) at Vanderbilt University’s Children’s Hospital. 
He became an Emeritus in 2001 until his death in 2010. John is 
remembered as a role model as a physician, a loving husband to 
his wife Cauley of 51 years, a father devoted to their daughters, 
Ann, Rachel, and Betsy, and a grandfather to five.

THirTeenTH ediTion
Our goal in the thirteenth edition is to continue Wintrobe’s com-
mitment to link the past accomplishments in hematology to the 
present state of the art and to future developments. We are hon-
ored to have some of the best hematologists in the world contrib-
ute to this edition. They have continued the Wintrobe tradition of 
providing historical perspective and combining basic science with 
clinical practice. There are 74 new authors, and all of the chapters 
are new or have been completely revised. All of the authors are 
worth singling out, but space limits our ability to thank them indi-
vidually. One of the new contributors is Michael Deininger, who is 
the Maxwell M. Wintrobe Professor of Medicine at the University 
of Utah Huntsman Cancer Institute. 

The audience for the book encompasses the entire spectrum 
of health care providers, including medical students, nurses, resi-
dents, clinicians, and scientists, who seek answers about hematol-
ogy. The textbook reviews the science, the methods of diagnosis, 
and the evidence for the basis of therapeutic decisions. The art-
work has been extensively redrawn for color and consistency and 
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i n T r o d u C T i o n

The study of the blood has a long history. Humankind probably 
always has been interested in the blood because it is likely that 
even primitive peoples realized that loss of blood, if sufficiently 
great, was associated with death. In biblical references, to shed 
blood meant to kill.1

THe foundaTions of diagnosis
When and in what manner blood was first examined is unknown, 
but before the days of microscopy only the gross appearance of 
the blood could be studied. Blood allowed to clot in a glass vessel 
can be seen to form several distinct layers: at the bottom a dark 
red, almost black, jellylike material is seen; above this is a red 
layer; and still nearer the top of the clot is a pale green or whit-
ish layer. Above these is the transparent, yellow serum. It has 
been suggested that perception of these layers in the blood after 
its removal from the body may have given rise to the doctrine of 
the four humors (black bile, sanguis, phlegm, and yellow bile), 
which were believed to constitute the substance of the human 
body. Health and disease were thought to be the result of the 
proper mixture or imbalance, respectively, of these four humors. 
This doctrine corresponding to the pervading concept of matter 
founded on the interrelationship of the four elements—earth, 
water, air, and fire—was set out clearly in the Hippocratic writings 
and was systematized into a complex metaphysical pattern by 
Galen in the 2nd century ad. It dominated medical thinking even 
into the 17th century.

Microscopic examination of the blood by Leeuwenhoek and 
others in the 17th century, and subsequent improvements in their 
rudimentary equipment, provided the means whereby theory and 
dogma would gradually be replaced by scientific understanding. 
The advance of knowledge was slow; however; those who were 
willing to observe and to seek greater understanding were few 
compared with the multitudes who repeated the age-old formula-
tions. In the 18th century, William Hewson (1739 to 1774) made 
many important observations, and over the next 150  years or 
more, others gradually left their mark, including Gabriel Andral 
(1797 to 1876), Alexander Donné (1801 to 1878), Georges 
Hayem (1841 to 1933), and Paul Ehrlich (1854 to 1915), as well 
as Virchow, Aschoff, Maximow, Pappenheim, and still others in 
more recent times.2

However, it was not until the 1920s, beginning with the inves-
tigations of Whipple, Minot, and Castle, that the modern era of 
hematology started. From that time on, the field of hematology 
has flourished, and knowledge and understanding have grown 
at an ever-accelerating pace. The story has been told elsewhere.2 
The reader will find revealing the comparison of the first edition 
of this textbook published in 1942, with subsequent editions.

At one time, hematology was a purely laboratory endeavor 
concerned with quantitation of the formed elements of the blood 
and the study of their morphology and that of the bone marrow, 

spleen, and lymphoid tissues. In the past 70 years, however, 
hematology has become a broad-based science that, in seek-
ing to understand the normal and pathologic physiology of the 
hematopoietic system, uses all the methods of diverse scientific 
disciplines such as biochemistry, cell biology, immunology, physi-
cal chemistry, molecular biology, genetics, and nuclear medicine. 
As a consequence, the study of a hematologic problem can involve 
the use of procedures of great complexity.

Nevertheless, in the majority of patients whose illness may be 
regarded as being directly or indirectly related to the blood or 
blood-forming organs, examination requires only simple proce-
dures. These begin with the steps fundamental and essential in 
the study of any clinical problem: a carefully taken history and a 
meticulous, discerning physical examination. It should be empha-
sized that the hematologist must be conversant with illness on a 
broad scale because, although certain diseases affect primarily 
the blood and blood-forming tissues, more often, disorders of 
other organ systems result in alterations in the hematopoietic 
system. A sound and thorough background is essential for the 
hematologist because modern oncologic therapy affects tissues 
other than those of the hematopoietic system and can be associ-
ated with diverse complications.

The symptoms of hematologic disorders are so varied and 
nonspecific that in themselves they may not suggest a hemato-
logic problem. Thus, unexplained fever, extreme fatigability, or 
recurrent infections may or may not be caused by a hematologic 
condition. Likewise, physical examination may or may not direct 
attention to the hematopoietic system. The physical signs may be 
mainly those of congestive heart failure when the primary con-
dition is pernicious anemia in relapse, adenopathy and spleno-
megaly when the underlying condition is a self-limited childhood 
infection, or nothing other than pallor when leukemia or aplastic 
anemia is the underlying disorder. In other instances, sternal ten-
derness, or bone tenderness elsewhere, hemorrhages, or spoon 
nails may direct attention to the hematopoietic system.

Certain details of history must receive special inquiry. These 
include exposure to physical or chemical agents, which may have 
caused injury, and to drugs, prescribed or self-medicated. Often 
overlooked are substances used at work and in the home, such 
as pesticides and solvents. Especially misleading is the fact that 
only the exceptional individual is harmed by most of these agents, 
thereby giving the patient and the physician a false sense of secu-
rity. For example, in patients given chloramphenicol, only rarely 
did aplastic anemia develop. Also deserving special inquiry is the 
diet, the degree and frequency of menstrual blood loss, evidence 
of intestinal blood loss, and the presence or the absence of fever.

In addition, family history is important in the differential 
diagnosis of hematologic disorders. Knowledge of ethnic origin 
or a history of jaundice, anemia, cholelithiasis, splenectomy, or 
bleeding in male rather than in female members of the family, for 
example, may offer useful clues. Furthermore, history alone may 
be insufficient. Although symptoms may be denied, a palpable 

THe diagnosTiC and THerapeuTiC approaCH  
To HeMaTologiC probleMs
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xxvi Introduction

prinCiples of ManageMenT
The successful and intelligent management of disease depends 
on three elements: accuracy of diagnosis, understanding of the 
nature of the abnormalities discovered and their ultimate progno-
sis if unchecked, and appreciation of the character of the patient 
and his or her reaction to the illness. Other important factors 
that must be considered in this connection are the patient’s age, 
responsibilities, concerns, and fears.

Accuracy of diagnosis obviously is fundamental and influences 
the treatment of the patient. If the diagnosis is uncertain, one 
must consider what additional steps must be undertaken in seek-
ing the diagnosis; whether the suspected possibilities justify those 
steps; whether consultation might be helpful; whether one is jus-
tified in waiting to allow the disease process to progress without 
interference, thereby permitting it to declare itself more clearly; 
and whether a therapeutic trial based on the most likely diagnosis 
is justified. One must avoid diffuse testing and data gathering, 
which may be expensive and of limited value.

Physicians should regard the discovery of anemia in a patient 
as a challenge. Anemia is a manifestation of disease, not a dis-
ease in itself. The anemia may be a subtle sign of chronic renal 
insufficiency, of malignancy, or of chronic infection that has not 
otherwise declared itself. In such cases, management depends on 
the nature of the underlying cause. If the anemia is of the iron-
deficient type, it is a signal to search for its cause and eliminate 
it if possible; moreover, the anemia can usually be relieved by 
appropriate iron therapy.

In addition, it is essential that the physician understand the 
nature of the abnormality or the disease that has been discovered. 
It is as wrong to alarm the patient when this is not justified as it is 
to fail to discover some disorder that should have been recognized 
and treated. It is especially important to be cautious in the way 
one uses terms such as leukemia that have life-threatening impli-
cations. Some forms of chronic lymphocytic leukemia, for exam-
ple, are so slow in their progress (even requiring no treatment for 
many years) that this term is misleading. Likewise, other terms 
that have serious implications and yet refer to diseases with wide 
ranges of prognostic implication must be used most cautiously.

Accurate diagnosis and knowledge of the prognosis, both with 
and without various modes of therapy, should guide the physician 
in answering the three major questions of therapy:

WHETHER to treat
WHEN to treat
with WHICH modality
The therapeutic measures, particularly the chemotherapeutic 

agents available to hematologists, carry a substantial potential for 
harm. Potential gain must be weighed against potential risks. This 
is especially true when therapeutic expectation is palliation rather 
than cure of the disease.

Although it is self-evident that the physician must be mindful 
of the patient’s fears and hopes and those of his or her family, it is 
too easy to overlook this need. The physician must take the time 
to give the patient and his or her family some understanding of 
the illness (if there is one) with sensitivity and sympathy. The phy-
sician must choose carefully each word he or she uses and con-
sider how comments may be interpreted or misinterpreted. The 
nature and course of certain hematologic disorders are such that 
in some patients reassurance may be far more helpful than any 
other measure the physician can offer. Consultation with another 
physician, preferably an expert, may be of value to the emotional 
well-being of certain patients, even when the physician is certain 
of the diagnosis and the appropriate treatment.

Undertaking meaningless therapy, treating only because of 
the magnitude of the white blood cell count, for example, without 
considering the psychologic effects of such attention to what may 
be a minor manifestation of the disease, and risking the possibility 

spleen on physical examination or morphologic changes seen in 
the blood smear, such as target cells and basophilic stippling, 
may direct attention to the hitherto unsuspected hereditary dis-
order. A family history is only as good as the thoroughness of 
the inquiry.

In the physical examination, careful attention should be given 
to the color of the skin, the sclerae and the nails, the presence 
of lymphadenopathy, sternal or other bone tenderness, spleno-
megaly, and petechiae in the mouth, ocular fundi, or skin. Unless 
the patient has been examined while lying on his or her right side, 
with the abdomen relaxed, as well as in the usual manner in the 
supine position, a search for an enlarged spleen cannot be con-
sidered complete. One also should be careful not to miss a renal 
tumor or mistake it for an enlarged spleen.

In addition to the history and physical examination, it is neces-
sary to determine whether anemia is present, to calculate the red 
cell indices, and to measure the concentrations of the leukocytes and 
platelets. The erythrocyte sedimentation rate may be included as a 
useful, nonspecific indicator of acute or chronic conditions. Blood 
chemical examinations, especially those for blood urea nitrogen, 
creatinine, and uric acid, are also essential. Usually, in an auto-
mated laboratory, it is faster, equally accurate, and less costly in 
time and money to obtain a battery of such data as part of the initial 
evaluation.

The stained blood smear must be examined not only to 
determine the differential leukocyte count but also to search for 
other signs of abnormality. The latter, at least, should be done 
by the hematologist. Even if one could count on perfect labora-
tory examinations and reports (which one cannot, even with the 
best laboratories), nothing can replace the careful scrutiny of the 
blood smear by a physician who knows the patient’s complaints 
and physical findings. Subtle abnormalities in red cell morphol-
ogy may have been overlooked or a rare nucleated red cell or 
an immature or abnormal leukocyte may have been missed; a 
platelet count may have been reported as being low, but the blood 
smear may show otherwise.

The indiscriminate selection of a battery of hematologically 
oriented tests, such as obtaining a Coombs test and levels of 
serum iron, B12, and folic acid, in every anemic patient is wasteful, 
unwise, and unnecessary. In particular, bone marrow examina-
tion, which too often is done almost automatically in conditions 
suspected to be hematopoietic, is unjustified as a routine part of 
the hematologic examination. Bone marrow examination is use-
ful in certain situations but cannot be expected to be helpful in 
others.

Again, the tendency to order procedures such as red cell 
survival studies, liver and spleen scans, or other costly or time- 
consuming examinations when the same information can be 
obtained or inferred by simpler means only taxes the financial 
resources of the patient and the health care system.

Results of the initial investigation often direct further study 
in one of three or four areas, the approaches to which are 
described in later chapters. Thus, if anemia appears to be the 
outstanding feature, refer Chapter 22 for steps to follow in 
investigating its nature and cause. The investigation of patients 
with bleeding disorders is outlined in Chapter 45. Abnormalities 
in the numbers or morphologic characteristics or leukocytes, 
splenomegaly, lymphadenopathy, recurrent infection, or other 
signs of abnormal immunologic or phagocytic function are 
explored in Chapter 56. If all of the formed blood elements are 
deficient (pancytopenia), consult Chapters 37 and 38. The steps 
outlined in these chapters, along with the guidance of a provi-
sional diagnosis on the basis of evidence disclosed to that point, 
make the diagnostic process a logical and orderly procedure. In 
such a stepwise fashion, an accurate diagnosis can be reached 
with a minimum of trouble to the patient and at minimal cost. 
Only in the most complex cases is an exhaustive investigation 
justified.
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the one hand, the stamina of patients and their will to live vary 
greatly; on the other, it is difficult to guess what unexpected events 
may occur that will bring closer, or postpone, the ultimate end.
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of injury by the therapeutic agents used without considering the 
normal course of the disease are common errors in judgment.

Dealing with the terminally ill patient and his or her family 
requires compassion, wisdom, and tact. One must be truthful and 
also understanding; what is especially important is how the truth 
is told. Furthermore, it is rare that a patient wants to know the 
whole truth. It is wise to give the patient and his or her family 
an opportunity to ask questions. In that way, the facts come out 
more gradually, and a blunt announcement of the likely outcome 
is avoided.

Patients and their families often ask how long the patient will 
live. No physician is able to predict this with any accuracy. On 
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the specimen is often helpful in ensuring proper handling and 
test performance.

A number of factors may affect hematologic measurements, 
and specimens should be collected in a standardized manner 
to reduce data variability. Factor example, patient activity, level 
of hydration, medications, sex, age, race, smoking, and anxiety 
may significantly affect hematologic parameters.6,7,8 Similarly, 
the age of the specimen may affect the quality of the data col-
lected.9,10 Thus, data such as patient age, sex, and time of speci-
men collection should be noted, as well as pertinent correlative 
clinical information.

Most often, blood is collected by venipuncture into collection 
tubes containing anticoagulant.11 The three most commonly used 
anticoagulants are tripotassium or trisodium salts of ethylene-
diaminetetraacetic acid (EDTA), trisodium citrate, and heparin. 
EDTA and disodium citrate act to remove calcium, which is essen-
tial for the initiation of coagulation, from the blood.11 Heparin 
acts by forming a complex with antithrombin in the plasma to 
prevent thrombin formation. EDTA is the preferred anticoagulant 
for blood counts because it produces complete anticoagulation 
with minimal morphologic and physical effects on cells. Heparin 
causes a bluish coloration of the background when a blood smear 
is stained with Wright-Giemsa stains, but does not affect cell size 
or shape. Heparin is often used for red cell testing, osmotic fragil-
ity testing, and functional or immunologic analysis of leukocytes. 
Heparin does not completely inhibit white blood cell or platelet 
clumping. Trisodium citrate is the preferred anticoagulant for 
platelet and coagulation studies.

The concentration of the anticoagulant used may affect cell 
concentration measures if it is inappropriate for the volume of 
blood collected and may also distort cellular morphology. Most 
often, blood is collected directly into commercially prepared 
negative-pressure vacuum tubes (Vacutainer tubes; Becton 
Dickinson, Franklin Lakes, NJ), which contain the correct con-
centration of anticoagulant when filled appropriately, thereby 
minimizing error.11 Anticoagulated blood may be stored at 4°C 
for a 24-hour period without significantly altering cell counts 
or cellular morphology.9 However, it is preferable to perform 
hematologic analysis as soon as possible after the blood is 
obtained.

ReLiabiLity of tests
In addition to proper acquisition of specimens, data reliability 
requires precise and reproducible testing methods. Both manual 
and automated testing of hematologic specimens must be inter-
preted in light of expected test precision, particularly when 
evaluating the significance of small changes. All laboratory tests 

Careful assessment of the blood is often the first step in assess-
ment of hematologic function and diagnosis of related diseases, 
and many hematologic disorders are defined by specific blood 
tests. Examination of blood smears and hematologic parameters 
yields important diagnostic information about cellular mor-
phology, quantification of the blood cellular components, and 
evaluation of cellular size and shape that allows formation of 
broad differential diagnostic impressions, directing additional 
testing. This chapter introduces the fundamental concepts and 
limitations that underlie laboratory evaluation of the blood and 
outlines additional testing that may aid in evaluating a hema-
tologic disorder, including special stains and bone marrow 
examination.

Blood elements include erythrocytes or red cells, leukocytes 
or white cells, and platelets. Red blood cells  (RBCs) are the 
most numerous blood cells in the blood and are required for 
tissue respiration. RBCs lack nuclei and contain hemoglobin, 
an iron-containing protein that acts in the transport of oxy-
gen and carbon dioxide. White blood cells (WBCs) serve an 
immune function and include a variety of cell types that have 
specific functions and characteristic morphologic appear-
ances. In contrast to mature red cells, WBCs are nucleated 
and include neutrophils, lymphocytes, monocytes, eosinophils, 
and basophils. Platelets are cytoplasmic fragments derived 
from marrow megakaryocytes that function in coagulation and 
hemostasis.

Blood evaluation requires quantification of each of the 
cellular elements by either manual or automated methods. 
Automated methods, using properly calibrated equipment,1,2 
are more precise than manual procedures. In addition, auto-
mated methods may provide additional data describing cellular 
characteristics such as cell volume. However, the automated 
measurements describe average cellular characteristics but do 
not adequately describe the scatter of individual values around 
the average. Hence, a bimodal population of small (microcytic) 
and large (macrocytic) RBCs might be reported as normal cell 
size. Therefore, a thorough blood examination also requires 
microscopic evaluation of a stained blood film to complement 
hematology analyzer data, especially when new findings are 
identified.3–5

specimen coLLection
Proper specimen collection is required for acquisition of 
 reliable and accurate laboratory data for any hematologic 
specimen. Before a specimen is obtained, careful thought as 
to what studies are needed will aid in optimal collection of 
samples. Communication with laboratory personnel analyzing 

examination of tHe bLood and bone maRRow
Kristi J. smock, sherrie L. perkins

C h a p t e r  1

Laboratory Hematology

p a R t  i

72683_ch001_0001-0018.indd   1 7/17/13   9:40 AM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

2 Part i Laboratory Hematology 

manipulation for test entry, sampling, sample dilution, and analy-
sis.16 With increasing automation, some hematology analyzers 
can be coupled with instruments performing other laboratory 
tests using the same tube of blood.17 There is a variety of differ-
ent automated hematology analyzers available, dependent on the 
volume of samples to be tested and the specific needs of the physi-
cian ordering testing. The analyzers range in price and workload 
capacity from those that would be appropriate for an individual 
physician’s office or point-of-care facility to those needed in a 
busy reference laboratory with capacity for over 100 samples to 
be analyzed per hour.16

Most automated hematology analyzers perform a variety of 
hematologic measurements, in addition to cell counting, such 
as hemoglobin concentration (Hb), red cell size, and leukocyte 
differentials. Many instruments also perform more specialized 
testing, such as reticulocyte counts.18 The ability of analyzers 
to perform accurate WBC differential counts, particularly those 
that can perform a five-part differential (enumerating neutro-
phils, lymphocytes, monocytes, eosinophils, and basophils), has 
been a significant technologic advance over the past 15 years. 
Automated methods for white cell counts and differentials use 
several distinct technical approaches, including measurement 
of electrical impedance, differential light scatter, optical proper-
ties, or surface antigen/cytochemical staining either alone or in 
combination.19,20

Most of the newer-generation hematology analyzers utilize 
optical flow cytometric technologies with or without additional 
cytochemical staining to detect specific cell types such as red cells, 
white cells, and platelets (Fig. 1.1).19,21,22 The newer analyzers 
have the additional ability to detect reticulocytes as part of the 
normal complete blood count (CBC) differential using a fluorescent 
RNA dye and many will also enumerate nucleated red blood cell 
numbers based on their optical properties.23 In addition, many 
of the current analyzers do auto sampling directly from tubes 

are evaluated with respect to both accuracy and reproducibility. 
Accuracy is the difference between the measured value and the 
true value, which implies that a true value is known. Clearly, 
this may present difficulties when dealing with biologic speci-
mens. The National Committee for Clinical Laboratory Standards 
(NCCLS) and the Clinical and Laboratory Standards Institute 
(CLSI) have attempted to develop standards to assess the accu-
racy of blood smear examination11 and automated blood cell 
analyzers.2 Automated instrumentation requires regular quality 
assurance evaluations and careful calibration to reach expected 
performance goals and the ability to collect accurate and repro-
ducible data.2,12,13 In addition, the International Consensus Group 
for Hematology Review has suggested criteria that should lead to 
manual review of a specimen after automated analysis and dif-
ferential counting.3

ceLL counts
Cell counts are important parameters in evaluating the blood. 
Cell counts may be determined either manually or by automated 
hematology analyzers. Whether performed by manual or auto-
mated methodologies, the accuracy and precision of the counts 
depend on proper dilution of the blood sample, even distribution 
of cells, and precise sample measurement. As blood contains large 
numbers of cells, sample dilution is usually required for accurate 
analysis. The type of diluent is dependent on the cell type to be 
enumerated. Thus, red cell counts require dilution with an iso-
tonic medium, whereas in white cell or platelet counts, a diluent 
that lyses the more numerous red cells is often used to simplify 
counting. The extent of dilution also depends on the cell type. In 
general, red cell counts need more dilution than is required for 
the less abundant WBCs. Errors in cell counts are caused primar-
ily by errors in sample measurement, dilution, or enumeration of 
cells. The highest degree of precision occurs when a large number 
of cells can be evaluated. Clearly, automated methods are supe-
rior to manual methods for counting large numbers of cells and 
minimizing statistical error. Table 1.1 lists the comparable values 
of reproducibility for automated and manual (hemocytometer) 
counting methods.

Manual counts are done using a microscope after appropriate 
dilution of the sample in a hemocytometer, a specially constructed 
counting chamber that contains a specific volume. Red cells, 
leukocytes, and platelets may be counted. Due to the inherent 
imprecision of manual counting and the amount of technical time 
required, most cell counting is now performed by automated 
instruments that increase the accuracy and speed of analysis 
by the clinical laboratory, thereby minimizing levels of human 

RepRoducibiLity of bLood counting pRoceduRes

taBLe 1.1

Two Coefficients of Variation

Cell Type 
Counted Hemocytometera (%)

Automated Hematology 
Analyzer (%)

Red cells ±11.0 ±1.0

White cells ±16.0 ±1.5

Plateletsb ±22.0 ±2.0

Reticulocytes ±33.9 ±5.0

a Minimum error. Usual error.
b Error may be greater with low (<35 × 109/L) or very high (>450 × 109/L) platelet counts.
Data derived from Bentley S, Johnson A, Bishop C. A parallel evaluation of four automated 
hematology analyzers. Am J Clin Pathol 1993;100:626–63214 and Wintrobe M. A simple 
and accurate hematocrit. J Lab Clin Med 1929;15:287–28915.

Figure 1.1. Optical flow cytometric type of automated hematology analyzer. A suspen-
sion of cells is passed through a flow chamber and focused into a single cell sample stream. 
The cells pass through a chamber and interact with a laser light beam. The scatter of the laser 
light beam at different angles is recorded, generating signals that are converted to electronic 
signals giving information about cell size, structure, internal structure, and granularity. (Adapted 
and redrawn from Cell-Dyn 3500 Operator’s Manual. Santa Clara, CA: Abbott Diagnostics, 1993.)

Various Angles
of Scattered Light

Sample Stream

Sheath
StreamSample

Feed Nozzle

Focused 
Laser Beam
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and use a very small sample ranging from 35 to 150 ml for a full 
CBC  analysis. Using flow cytometric technologies, some analyzers 
also have the ability to detect specific blood cell populations by 
specific antigen expression, such as detection of CD34 peripheral 
blood stem cells or leukemic blasts.24–26 Integration of data from 
cytochemical or antigenic staining and light scatter properties has 
improved the accuracy of the five-part differential and decreased 
the numbers of unidentifiable cells requiring technician review for 
identification.

Instruments from Abbott Laboratories (CELL-DYN),16,27 
Horiba Medical (ABX Pentra series), and Sysmex (XE series, XT 
series, and XS series)16,28,29 primarily utilize fluorescent-based 
flow cytometry as the modality for analysis. Each system has 
slightly different fluorochrome staining combinations that aid in 
the identification of white cells, red cells, and platelets in com-
bination with light scatter characteristics. All provide integrated 
reticulocyte counts and five-part differentials. Workload capaci-
ties range from 70 to 106 samples analyzed per hour. When 
reticulocytes are ordered as a part of the differential, the capacity 
falls to between 40 and 60 samples per hour (allowing for the 
staining and detection of the RNA dye fluorescence). Instruments 
by Siemens (Advia 120 and 2120 series) use a combination of 
flow cytometric techniques and a cytochemical peroxidase stain 
for the five-part differential. This instrument integrates electri-
cal impedance data, flow cytometric light scatter, characteristic 
fluorescent staining, and cytochemical staining to generate an 
accurate white blood cell differential. Siemens technology also 
calculates hemoglobin levels, claiming that this causes less inter-
ference by high white blood cell counts or lipemia in the speci-
men.16,30,31 Instruments from Beckman/Coulter (Coulter DxH 
series, LH 500 series, LH 750 series, LH 780 series) also utilize 
electrical impedance or conductivity in combination with light 
scatter approaches, integrating these technologies to provide 
full analysis and five-part differentials (Fig. 1.2). The Beckman/
Coulter series includes nucleated RBCs and reticulocyte counts 
in every differential. Its capacity is 45 samples per hour when 
reticulocytes are included and 100 samples per hour for a CBC 
without reticulocyte counts.16

Red bLood ceLL anaLytic 
paRameteRs
RBCs are defined by three quantitative values: the volume of 
packed red cells or hematocrit (Hct), the amount of hemoglobin 
(Hb), and the red cell concentration per unit volume. Three 
additional indices describing average qualitative characteristics 
of the red cell population are also collected. These are mean cor-
puscular volume (MCV), mean corpuscular hemoglobin (MCH), 
and mean corpuscular hemoglobin concentration (MCHC). All of 
these values are routinely collected and calculated by automated 
hematology analyzers, largely replacing many of the previously 
used manual or semi-automated methods of RBC characteriza-
tion, with certain exceptions as noted below. The use of hema-
tology analyzers imparts a high degree of precision compared 
to manual measurements and calculations (Tables 1.1 and 1.2).

Volume of packed red Cells (hematocrit)
The hematocrit is the proportion of the volume of a blood sample 
that is occupied by red cells. Hct may be determined manually by 
centrifugation of blood at a given speed and time in a standard-
ized glass tube with a uniform bore, as was originally described 
by Wintrobe.15 The height of the column of red cells after cen-
trifugation compared with total blood sample volume yields the 
Hct. Macromethods (using 3-mm test tubes) with low-speed cen-
trifugation or micromethods using capillary tubes and high-speed 
centrifugation may also be used.

Manual methods of measuring Hct are simple and accurate 
means of assessing red cell status. They are easily performed 
with little specialized equipment, allowing adaptation for situa-
tions in which automated cell analysis is not readily available or 
for office use. However, several sources of error are inherent in 
the technique. The spun Hct measures the red cell concentration, 
not red cell mass. Therefore, patients in shock or with volume 
depletion may have normal or high Hct measurements due to 
hemoconcentration despite a decreased red cell mass. Technical 
sources of error in manual Hct determinations usually arise from 
inappropriate concentrations of anticoagulants,32 poor mixing of 
samples, or insufficient centrifugation.15 Another inherent error 

Index Method Used

% Error (±2 
Coefficients of 
Variation)

Hemoglobin concentration Spectrophotometric
Automated

1.0–2.0
<1.0

Mean corpuscular volume Hemocytometer
Automated

9.5
<1.0

Mean corpuscular 
 hemoglobin

Hemocytometer
Automated

10.0
0.6–1.2

Mean corpuscular 
 hemoglobin concentration

Automated 1.0–1.5

Data derived from Bentley S, Johnson A, Bishop C. A parallel evaluation of four automated 
hematology analyzers. Am J Clin Pathol 1993;100:626–632; NCCLS. Reference 
and standard procedure for quantitative determination of haemoglobin in blood, 2nd 
ed. Document H15-A2. Villanova, PA: NCCLS, 1994 and International Committee 
for Standardization in Haematology. Recommendations for reference method for 
haemoglobinometry in human blood (ICSH Standard 1986) and specifications for international 
haemoglobincyanide reference preparation, 3rd ed. Clin Lab Haematol 1987;9:73–79.

RepRoducibiLity of Red ceLL indices

taBLe 1.2

Figure 1.2. Histograms and printout generated by the Coulter automated hematology 
analyzer utilizing light scatter and electrical impedance. BA, basophil; EO, eosinophil; 
HCT, hematocrit; HGB, hemoglobin; LY, lymphocyte; MCH, mean corpuscular hemoglobin; MCHC, 
mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MO, monocyte; 
MPV, mean platelet volume; NE, neutrophil; PLT, platelet; RBC, red blood cell; RDW, red cell 
distribution width; WBC, white blood cell.
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in manual Hct determinations arises from trapping of plasma 
in the red cell column. This may account for 1% to 3% of the 
volume in microcapillary tube methods, with macrotube meth-
ods trapping relatively more plasma.33,34 It should be noted that 
abnormal red cells (e.g., sickle cells, microcytic cells, macrocytic 
cells, or spherocytes) often trap higher volumes of plasma due to 
increased cellular rigidity, possibly accounting for up to 6% of the 
red cell volume.34 Very high Hcts, as in polycythemia, may also 
have excess plasma trapping. Manual Hct methods typically have 
a precision coefficient of variation (CV) of approximately 2%.33

Automated analyzers do not depend on centrifugation tech-
niques to determine Hct, but instead calculate Hct by direct mea-
surements of red cell number and red cell volume (Hct = red cell 
number × mean red cell volume). Automated Hct values closely 
parallel manually obtained measurements, and the manual Hct 
is used as the reference method for hematology analyzers (with 
correction for the error induced by plasma trapping). Errors of 
automated Hct calculation are more common in patients with 
polycythemia35 or abnormal plasma osmotic pressures.36 Manual 
methods of Hct determination may be preferable in these cases. 
The precision of most automated Hcts is <1% (CV).16

hemoglobin Concentration
Hemoglobin (Hb) is an intensely colored protein, allowing its 
measurement by spectrophotometric techniques. Hemoglobin is 
found in the blood in a variety of forms, including oxyhemoglo-
bin, carboxyhemoglobin, methemoglobin, and other minor com-
ponents. These may be converted to a single stable compound, 
cyanmethemoglobin, by mixing blood with Drabkin solution 
(containing potassium ferricyanide and potassium cyanide).37,38 
Sulfhemoglobin is not converted but is rarely present in significant 
amounts. The absorbance of the cyanhemoglobin is measured in a 
spectrophotometer at 540 nm to determine Hb. This technique is 
used both in manual determinations and automated hematology 
analyzers. Hb is expressed in grams per deciliter (g/dl) of whole 
blood. The main errors in measurement arise from dilution errors 
or increased sample turbidity due to improperly lysed red cells, leu-
kocytosis, or increased levels of lipid or protein in the plasma.39–41 
With automated methods the precision for hemoglobin determina-
tions is <1% (CV).16

red Cell Count
Manual methods for counting red cells have proven to be very 
inaccurate, and automated counters provide a much more 
accurate reflection of red cell numbers.42 Both erythrocytes and 
leukocytes are counted after whole blood dilution in an isotonic 
solution. As the number of red cells greatly exceeds the number 
of white cells (by a factor of 500 or more), the error introduced 
by counting both cell types is negligible. However, when marked 
leukocytosis is present, red cell counts and volume determinations 
may be erroneous unless corrected for white cells. The observed 
precision for RBC counts using automated hematology analyzers 
is <1% (CV)16 compared with a minimum estimated value of 11% 
with manual methods.42

Mean Corpuscular Volume
The average volume of the red blood cell is a useful parameter 
that is used in classification of anemias and may provide insights 
into pathophysiology of red cell disorders.43–45 The MCV is usu-
ally measured directly with automated instruments but may also 
be calculated from the erythrocyte count and the Hct by means of 
the following formula15:

MCV = Hct (L/L) × 1,000/red cell count (1012/L)

The MCV is measured in femtoliters (fl, or 10–15 L). Using auto-
mated methods, this value is derived by dividing the summation 

of the red cell volumes by the erythrocyte count. The CV in most 
automated systems is approximately 1%,16 compared to ~10% for 
manual methods.33

Agglutination of cells, as in cold agglutinin disease or para-
proteinemia, may result in a falsely elevated MCV.46 Most 
automated analyzers gate out MCV values above 360 fl, thereby 
excluding most red cell clumps, although this may falsely lower 
Hct  determinations. In addition, severe hyperglycemia (glucose 
>600 mg/dl) may cause osmotic swelling of the red cells, leading 
to a falsely elevated MCV.36,47

Mean Corpuscular hemoglobin
MCH is a measure of the average hemoglobin content per red cell. 
It may be calculated manually or by automated methods using the 
following formula15:

MCH = hemoglobin (g/L)/red cell count (1012/L)

MCH is expressed in picograms (pg, or 10–12 g). Thus, the MCH is a 
reflection of hemoglobin mass. In anemias secondary to impaired 
hemoglobin synthesis, such as iron deficiency anemia, hemoglo-
bin mass per red cell decreases, resulting in a lower MCH value. 
MCH measurements may be falsely elevated by hyperlipidemia,41 
as increased plasma turbidity will erroneously elevate hemoglobin 
measurement. Centrifugation of the blood sample to eliminate the 
turbidity followed by manual hemoglobin determination allows 
correction of the MCH value. Leukocytosis may also spuriously 
elevate MCV values.39 The CV for automated analysis of MCH is 
<1% in most modern analyzers, compared with approximately 
10% for manual methods.33

Mean Corpuscular hemoglobin Concentration
The average concentration of hemoglobin in a given red cell 
 volume or MCHC may be calculated by the following formula15:

MCHC = hemoglobin (g/dl)/Hct (L/L)

The MCHC is expressed in grams of hemoglobin per deciliter of 
packed RBCs, representing the ratio of hemoglobin mass to the 
volume of red cells. With the exception of hereditary spherocy-
tosis and some cases of homozygous sickle cell or hemoglobin C 
disease, MCHC values will not exceed 37 g/dl. This level is close 
to the solubility value for hemoglobin, and further increases in Hb 
may lead to crystallization. The accuracy of the MCHC determina-
tion is affected by factors that have an impact on measurement of 
either Hct (plasma trapping or presence of abnormal red cells) or 
hemoglobin (hyperlipidemia, leukocytosis).39 The CV for MCHC for 
automated methods ranges between 1.0% and 1.5%.16

As noted above, the MCV, MCH, and MCHC reflect average val-
ues and may not adequately describe blood samples when mixed 
populations of red cells are present. For example, in sideroblastic 
anemias, a dimorphic red cell population of both hypochromic 
and normochromic cells may be present, yet the indices may 
be normochromic and normocytic. It is important to examine 
the blood smear as well as red cell histograms to detect such 
dimorphic populations.3 The MCV is an extremely useful value 
in classification of anemias,16,45,48 but the MCH and MCHC often 
do not add significant, clinically relevant information. However, 
the MCH and MCHC play an important role in laboratory quality 
control because these values will remain stable for a given speci-
men over time.49

red Cell Distribution Width
The red cell distribution width (RDW) is a red cell measurement 
that quantitates cellular volume heterogeneity reflecting the range 
of red cell sizes within a sample.43,50,51,52 RDW has been pro-
posed to be useful in early classification of anemia as it becomes 
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 abnormal earlier in nutritional deficiency anemias than other red 
cell parameters, especially in cases of iron deficiency anemia.43,53 
RDW is particularly useful in characterizing microcytic anemia, 
allowing discrimination between uncomplicated iron deficiency 
anemia (high RDW, normal to low MCV) and uncomplicated het-
erozygous thalassemia (normal RDW, low MCV),43,53–55 although 
other tests are usually required to confirm the diagnosis.56 RDW 
is also useful in identifying red cell fragmentation, agglutination, 
or dimorphic cell populations (including patients who have had 
transfusions, have sideroblastic anemias, or have been recently 
treated for a nutritional deficiency).53,57

reticulocyte Counts
Determination of the numbers of reticulocytes or immature, non-
nucleated RBCs that still retain RNA provides useful information 
about the bone marrow’s capacity to synthesize and release red 
cells in response to a physiologic challenge, such as anemia. In 
the past, reticulocyte counts were performed manually using 
supravital staining with methylene blue that will stain precipitated 
RNA as a dark blue meshwork or granules (at least two per cell), 
allowing reticulocytes to be identified and enumerated manu-
ally.58 Normal values for reticulocytes in adults are 0.5% to 1.5%, 
although they may be 2.5% to 6.5% in newborns (falling to adult 
levels by the second week of life). Because there are relatively 
low numbers of reticulocytes, the CV for reticulocyte counting is 
relatively large (10% to 20%).59

To increase accuracy of reticulocyte counting, automated 
detection methods to detect staining allow for many more cells 
to be analyzed, thereby increasing accuracy and precision of 
counts.18,60,61 Most of the newest automated hematology analyz-
ers have automated reticulocyte counting as part of the testing 
capabilities and allow reticulocyte counts to be included with 
routine complete blood count parameters. Reticulocytes are 
detected by a fluorescent dye that binds to RNA. Comparisons 
of stand-alone instruments and integrated hematology analyzers 
demonstrate superior accuracy when compared to manual count-
ing methods, with CVs of 5% to 8%.16,62

LeuKocyte anaLysis

White Blood Cell Counts
Leukocytes may be enumerated by either manual methods or 
automated hematology analyzers. Leukocytes are counted after 
dilution of blood in a diluent that lyses the RBCs (usually acid 
or detergent). The much lower numbers of leukocytes present 
require less dilution of the blood than is needed for red blood 
cell counts (usually a 1:20 dilution, although it may be less in 
cases of leukocytopenia or more with leukocytosis). Manual 
counts are done using a hemocytometer or counting chamber. 
As with red cell counts, manual leukocyte counts have more 
inherent error, with CVs ranging from 6.5% in cases with normal 
or increased white cell counts to 15% in cases with decreased 
white cell counts. Automated methods characteristically yield 
CVs in the 1% to 3% range.16 Automated leukocyte counts may 
be falsely elevated in the presence of cryoglobulins or cryofibri-
nogen,63 aggregated platelets,64 and nucleated RBCs, or when 
there is incomplete lysis of red cells, requiring manual counting. 
Falsely low neutrophil counts have also been reported due to 
granulocyte agglutination secondary to surface immunoglobulin 
interactions.65,66

Leukocyte Differentials
White cells are analyzed to find the relative percentage of each 
cell type by a differential leukocyte count. Uniform standards for 

performing manual differential leukocyte counts on blood smears 
have been proposed by the CLSI67 to ensure reproducibility of 
results between laboratories. It is important to scan the entire 
blood smear at low power to ensure that all atypical cells and 
cellular distribution patterns are recognized. In wedge-pushed 
smears, leukocytes tend to aggregate in the feathered edge and 
side of the blood smear rather than in the center of the slide. 
Larger cells (blasts, monocytes) also tend to aggregate at the edges 
of the blood smear.68 Use of coverslip preparations and spinner 
systems tends to minimize this artifact of cell distribution. For 
wedge-pushed smears, it is recommended that a battlement pat-
tern of smear scanning be used in which one counts fields in one 
direction, then changes direction and counts an equal number of 
fields before changing direction again to minimize distributional 
errors.67

In manual leukocyte counts, three main sources of error are 
found: distribution of cells on the slide, cell recognition errors, 
and statistical sampling errors. Poor blood smear preparation 
and staining are major contributors to cell recognition and cell 
distribution errors.69 Statistical errors are the main source of 
error inherent in manual counts, due to the small sample size in 
counts of 100 or 200 cells. The CV in manual counts is between 
5% and 10% and is also highly dependent on the skill of the tech-
nician performing the differential. Accuracy may be improved 
by increasing the numbers of cells counted, but for practical 
purposes, most laboratories will do a differential on 100 white 
cells.70,71

Automated leukocyte differentials markedly decrease the time 
and cost of performing routine examinations as well as increasing 
accuracy to a CV of 3% to 5%.70,71,72 However, automated analy-
sis is incapable of accurately identifying and classifying all types 
of cells and is particularly insensitive to abnormal or immature 
cells. Therefore, most analyzers will flag possible abnormal white 
cell populations, indicating the need for examination by a skilled 
morphologist for identification.72 The capacity for performing 
automated leukocyte differentials is incorporated into hematol-
ogy analyzers, which identify cells on the basis of cellular size, 
cell complexity, or staining characteristics as part of the complete 
blood count, allowing for generation of a five-part differential 
count that enumerates neutrophils, monocytes, lymphocytes, 
eosinophils, and basophils.16

Most systems perform cell counts on specimens via continuous-
flow cytometric analysis of blood samples in which the red cells 
have been lysed and white cells fixed. The cells are suspended 
in diluent and passed through an optical flow cell in a continu-
ous stream so that single cells are analyzed for cell size (forward 
scatter) and complexity (dark-field light scatter) (Fig. 1.1) or cyto-
chemical characteristics of myeloperoxidase staining (bright-field 
detector). The data are plotted as a scattergram (Fig. 1.2), which 
allows white cells to be divided into a five-part differential (neu-
trophils, lymphocytes, monocytes, eosinophils, and basophils) and 
also indicates large unstained or unclassified cells. Lymphocytes 
are characterized as small (low-scatter) unstained cells. Larger 
atypical lymphocytes, blasts, or circulating plasma cells fall into 
the larger cell with a low-complexity channel. Neutrophils have 
higher complexity and appear as larger cells. Eosinophils appear 
smaller than neutrophils because they tend to absorb some of 
their own light scatter. Monocytes have lower levels of complexity 
and are usually found between neutrophils and lymphocytes. To 
enumerate basophils, which lack specific staining characteristics 
and are difficult to enumerate with automated flow-through tech-
niques, a basophil-nuclear lobularity channel may be utilized. 
For this determination, RBCs and WBCs are differentially lysed, 
leaving bare leukocyte nuclei, with the exception of basophils, 
which are resistant to lysis and can then be counted based on 
relatively large cell size due to the retained cytoplasm. Light 
scatter data obtained from the leukocyte nuclei may also help 
identify blasts, which have a lower light scatter than do mature 
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lymphocyte nuclei. Abnormal cell populations will generate a 
flag, indicating a need for morphologic review of the peripheral 
smear.3 Analysis using this technique examines thousands of cells 
per sample, increasing statistical accuracy.16

Most of the current hematology analyzers have settings that 
will allow for evaluation of very hypocellular specimens, such 
as body fluids. They may be used for analysis of these fluids for 
enumeration of red cells and white cells, as well as providing a 
five-part differential count of the white cells. Because of the sam-
pling of higher numbers of cells in these relatively hypocellular 
specimens, accuracy of cell counts and differential counting is 
improved.30,31,73–75

A few instruments, such as the Advia 2120 and the Coulter 
LH755, also have integrated automated blood smear prepara-
tion technology allowing smear preparation directly from the 
tube upon which the CBC analysis is performed. Thus, the tube 
is loaded once into a single machine to allow for CBC analysis as 
well as peripheral blood smear preparation.16 Many manufactur-
ers also have automated slide makers and stainers, which provide 
wedge smears from up to 80 slides per hour directly from CBC 
tubes; however, these are generally free-standing instruments 
separated from the hematology analyzer. The automated push 
smear technology helps to provide technical uniformity in blood 
smear preparation as well as staining. However, there is less flex-
ibility in adjusting stain characteristics. These instruments sample 
directly from the tube, also minimizing handling of samples by 
technical staff.

In addition to technology that has the ability to make and stain 
slides, some automated differential technology via imaging is now 
available. For instance, Sysmex (CellaVision) has an automated 
image analyzer that by pattern recognition will capture digital 
images of 100 to 500 cells in a smear and classify them into mor-
phologic categories to provide a five-part differential. Depending 
on the model utilized, these technologies have the abilities to 
perform between 20 and 60 automated digital differentials per 
hour. The systems have the capacity to store images and are use-
ful in training technologists in the recognition of the specific cell 
types as well as providing an easily accessible means whereby 
smears obtained at different times from a single patient may 
be compared morphologically.76 These systems have limitations 
in ability to identify morphologically abnormal cells, so speci-
mens with dysplastic changes, unusual morphologic variants, or 
significant artifacts may not be evaluable or may provide false 
data.77,78,79 Often these systems will place a certain percentage 
of cells in an unclassifiable area, requiring review by a technolo-
gist for definitive identification of the cell type and completion of 
the differential. As microscopy is automated, there is a uniform 
scanning of each slide and images are presented on a computer 
screen, decreasing technician microscope time and scanning pat-
tern variability, and also allowing for the ability to greatly enlarge 
digitally captured images.78,80

pLateLet anaLysis
Platelets are anucleate cytoplasmic fragments that are 2 to 4 mm 
in diameter. As with the other blood components, they may be 
counted by either manual or automated methods. Manual methods 
involve dilution of blood samples and enumeration in a counting 
chamber or hemocytometer using phase contrast microscopy. 
Sources of error are similar to other manual counting techniques 
and include dilution errors and low numbers of events counted. 
The CV, especially in patients with thrombocytopenia, may be 
>15%.81,82 Platelets are counted in automated hematology ana-
lyzers after removal of red cells by sedimentation or centrifuga-
tion, or using whole blood. Platelets are identified by light scatter, 
impedance characteristics, or platelet antigen staining.16,83 These 
give highly reliable platelet counts with a CV of <2%. Falsely low 

 platelet counts may be caused by the presence of platelet clumps or 
platelet agglutinins64 or adsorption of platelets to leukocytes.84,85 
Fragments of red or WBCs may falsely elevate the automated 
platelet count, but this usually gives rise to an abnormal histogram 
that identifies the spurious result.86,87

Automated hematology analyzers also determine mean platelet 
volume (MPV), which has been correlated with several disease 
states.88,89,90 In general, MPV has an inverse relationship with plate-
let number, with larger platelet volumes (secondary to new platelet 
production) seen in thrombocytopenic patients in whom platelets are 
decreased due to peripheral destruction (as in idiopathic thrombocy-
topenic purpura).90,91,92 MPV is also increased in myeloproliferative 
disorders.93 However, it should be noted that platelets tend to swell 
during the first 2 hours in EDTA anticoagulant, shrinking again with 
longer storage.94,95 Decreased MPV has been associated with mega-
karyocytic hypoplasia and cytotoxic drug therapy.96

Reticulated platelets are newly released platelets that retain 
residual RNA, analogous to red cell reticulocytes. Reticulated 
platelet counts give an estimate of thrombopoiesis and may be 
useful in distinguishing platelet destruction syndromes from 
hypoplastic platelet production.97,98 Reticulated platelets can be 
detected by flow cytometric methods using thiazole orange dyes 
that bind to RNA99 or by automated hematology analyzers,100,101 
although they are not routinely measured. Normal values vary 
between 3% and 20%, and 2.5- to 4.5-fold increases in reticu-
lated platelet counts are seen in the clinical setting of idiopathic 
thrombocytopenic purpura.102 Increased reticulated platelets may 
herald the return of platelet production after chemotherapy.103

advantages and souRces 
of eRRoR witH automated 
HematoLogy
Clearly, the use of automated hematology analyzers has reduced 
laboratory costs and turnaround time coincident with improving 
the accuracy and reproducibility of blood counts. The CV for most 
of the parameters measured is in the range of 1% to 2%. This level 
of reproducibility is not achievable with the use of most manual 
techniques (Tables 1.1 and 1.2).

Despite this high degree of accuracy, several potential errors 
may invalidate automated collection of data. Proper calibration of 
instrumentation is essential for collection of accurate data. Faulty 
current settings, which determine threshold counting values as 
well as variation in either the counting volumes or flow charac-
teristics of a sample, negatively affect data accuracy. Electrical 
or mechanical failures as well as minor voltage fluctuations may 
induce marked errors in data collection. Careful calibration of the 
instrumentation initially, followed by frequent evaluation of repro-
ducibility by analysis of samples with known cell concentrations, 
is an essential quality control measure.104 Reference methods for 
instrument calibration have been developed by both the NCCLS 
and the ICSH and are widely used by hospital and clinical labora-
tories to ensure regulatory compliance.49,67,105

Certain disease states are also associated with spuriously high 
or low results, although some of these are specific to a particular 
type of instrumentation (summarized in Table 1.3). Therefore, 
the individual values obtained from the automated hematology 
analyzer must be interpreted in context with the clinical findings. 
In addition, careful examination of the stained blood film often 
imparts additional information that may not be reflected in the 
average values that constitute the automated data. For example, 
decreased red blood cell counts, macrocytosis, and extremely high 
MCHC have been observed in patients with cold agglutinin dis-
ease with a higher thermal amplitude and in some patients with 
elevated serum viscosity.63 High levels of paraprotein may lead to 
falsely elevated hemoglobin levels, therefore affecting MCH and 
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MCHC calculations.40 Older analyzers reported spurious increases 
in hemoglobin levels when white cell counts exceeded 30 × 109/L 
due to increased turbidity, but this is decreased with newer flow 
systems so that hemoglobin levels remain extremely accurate 
in the face of white blood cell counts as high as 100 × 109/L.16 
Extremely high white cell counts may also falsely raise the red cell 
count and Hct as the white cell count is incorporated into the red 
cell count. High glucose levels (>400 to 600 mg/dl) and the associ-
ated hyperosmolarity cause red cell swelling and generate a high 
MCV and Hct with a falsely low MCHC.36,106 Increased turbidity 
associated with hyperlipidemia may also cause falsely elevated 
hemoglobin determinations, MCH, and MCHC.41

Despite the high level of accuracy and precision, the automated 
hematology analyzers usually have data that create a warning 
flag in 10% to 25% of samples, requiring manual examination of 
the blood smear.3,4,16,107 Blood smear examination still plays an 
important role in characterizing these samples or showing find-
ings outside the preset parameters for the laboratory. In addition, 
some cells require morphologic examination to identify, such as 
Sézary cells,108 and red cell morphology is best analyzed by direct 
smear examination.45,48

moRpHoLogic anaLysis of bLood 
ceLLs
Careful evaluation of a well-prepared blood smear is an impor-
tant part of the evaluation of hematologic disease. Although a 
specific diagnosis may be suggested by the data obtained from 
an automated hematology analyzer, many diseases may have 
normal blood counts but abnormal cellular morphology. Examples 
of abnormal red cells that may be seen in the peripheral blood 
smear examination and which are associated with specific disease 
states are found in Table 1.4. However, morphologic analysis may 
be greatly hampered by poorly prepared or stained blood smears. 
Preparation of satisfactory blood smears requires careful atten-
tion to preparation of the blood smear and staining techniques 
and familiarity with the morphologic appearances of normal and 
pathologic cells.

Component Disorder/Condition Effect on Cell Count Rationale

Red cells Microcytosis or schistocytes May underestimate RBC Lower threshold of RBC counting window is 
greater than microcyte size

Howell-Jolly bodies May spuriously elevate platelet count  
(in whole blood platelet counters only)

Howell-Jolly bodies are similar in size to 
platelets

Polycythemia May underestimate RBC Increased coincidence counting

White cells Leukocytosis Overestimate RBC Increased coincidence counting

Acute leukemia and chronic lymphocytic  
leukemia, viral infections

May spuriously lower WBC Increased fragility of leukocytes, including 
immature forms

Chemotherapy of acute leukemia May artifactually increase platelet count Leukemic cell nuclear or cytoplasmic 
 fragments identified as platelets

Platelets Platelet agglutinins May underestimate platelet count,  
sometimes with spurious increase in WBC

Platelet clumping
Aggregates may be identified as leukocytes

Plasma Cold agglutinins May underestimate RBC with spurious 
 macrocytosis

Red cell doublets, triplets, and so forth  
have increased volume

Cryoglobulins, cryofibrinogens Variation in platelet count Protein precipitates may be identified  
as platelets

RBC, red blood cell count; WBC, white blood cell count.
a Some of these examples affect counts only when certain instruments are used. The effects depend on dilution, solutions used, and specimen temperatures.
Adapted from Koepke JA. Laboratory hematology. New York, NY: Churchill Livingstone, 1984.

taBLe 1.3

disoRdeRs and conditions tHat May Reduce tHe accuRacy of bLood ceLL countinga

preparation of Blood Smears
Blood films may be prepared on either glass slides or cov-
erslips. Each method has specific advantages and disadvan-
tages.2,109,110,111 Blood smears are often prepared from samples 
of anticoagulated blood remaining after automated hematologic 
analysis or prepared at the time of analysis. However, artifacts in 
cell appearance and staining may be induced by anticoagulant.11 
Optimal morphology and staining are obtained from nonanticoag-
ulated blood, most often from a fingerstick procedure. Mechanical 
dragging of the cells across the glass of the slide or coverslip and 
uneven distribution of blood may also distort the cells; however, 
these artifacts may be minimized with proper technique.2

Coverslip smears (Fig. 1.3A) are prepared using a good grade 
of flat, no. 1, 0.5-inch square (or 22 × 22 mm) coverslips that 
are free of lint, dust, and grease. Such coverslips allow optimal 
spreading of the blood over the surface and minimal artifact. 
Usually, high-quality coverslips do not require additional cleaning, 
although there may be some deterioration with age. Plastic “non-
wettable” coverslips are not satisfactory for these preparations. 
The smear is prepared by holding the coverslip by two adjacent 
corners between the thumb and index finger. A small drop of 
either fresh or anticoagulated blood is placed in the center of the 
coverslip. The size of the drop of blood is critical. If the drop is 
too large, a thick smear results. If the drop of blood is too small, 
a very thin smear is obtained. A second coverslip is then grasped 
in a similar fashion with the other hand, placed across the first 
coverslip, and rotated 45° with a steady, rapid, and gentle motion. 
The two coverslips are then immediately pulled apart and allowed 
to air dry. If done properly, this procedure produces two cover-
slips with even dispersion of blood without holes or excessively 
thick areas.112,113

Blood smears may also be prepared on clean glass slides by 
the wedge method (Fig. 1.3B). This often leads to irregular dis-
tribution of cells on the slide, a distinct disadvantage over the 
coverslip procedure. However, glass slides are less fragile, are 
easier to handle, and may be labeled more easily than coverslips. 
To prepare a slide blood smear, a drop of blood is placed in the 
middle of the slide approximately 1 to 2 cm from one end. A 
second spreader slide is placed at a 30° to 45° angle and moved 
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taBLe 1.4

patHoLogic Red ceLLs in bLood sMeaRs

Red Cell Type Description Underlying Change Disease State Associations

Acanthocyte (spur cell) Irregularly spiculated red cells with projec-
tions of varying length and dense center

Altered cell membrane lipids Abetalipoproteinemia, parenchymal liver 
disease, postsplenectomy

Basophilic stippling Punctuate basophilic inclusions Precipitated ribosomes (RNA) Coarse stippling: Lead intoxication, 
 thalassemia

Fine stippling: A variety of anemias

Bite cell (degmacyte) Smooth semicircle taken from one edge Heinz body pitting by spleen Glucose-6-phosphate dehydrogenase 
 deficiency, drug-induced oxidant hemolysis

Burr cell (echinocyte) or crenated 
red cell

Red cells with short, evenly spaced 
 spicules and preserved central pallor

May be associated with altered 
 membrane lipids

Usually artifactual; seen in uremia, 
 bleeding ulcers, gastric carcinoma

Cabot rings Circular, blue, threadlike inclusion  
with dots

Nuclear remnant Postsplenectomy, hemolytic anemia, 
megaloblastic anemia

Ovalocyte (elliptocyte) Elliptically shaped cell Abnormal cytoskeletal proteins Hereditary elliptocytosis

Howell-Jolly bodies Small, discrete, basophilic, dense 
 inclusions; usually single

Nuclear remnant (DNA) Postsplenectomy, hemolytic anemia, 
megaloblastic anemia

Hypochromic red cell Prominent central pallor Diminished hemoglobin synthesis Iron deficiency anemia, thalassemia, 
 sideroblastic anemia

Leptocyte Flat, waferlike, thin, hypochromic cell — Obstructive liver disease, thalassemia

Macrocyte Red cells larger than normal (>8.5 mm), 
well filled with hemoglobin

Young red cells, abnormal red cell 
maturation

Increased erythropoiesis; oval macrocytes 
in megaloblastic anemia; round macro-
cytes in liver disease

Microcyte Red cells smaller than normal (<7.0 mm) — Hypochromic red cell (see Chapter 27)

Pappenheimer bodies Small, dense, basophilic granules Iron-containing siderosome or 
 mitochondrial remnant

Sideroblastic anemia, postsplenectomy

Polychromatophilia Grayish or blue hue often seen in 
 macrocytes

Ribosomal material Reticulocytosis, premature marrow release 
of red cells

Rouleaux Red cell aggregates resembling stack of 
coins

Red cell clumping by circulating 
 paraprotein

Paraproteinemia

Schistocyte (helmet cell) Distorted, fragmented cell; two or three 
pointed ends

Mechanical distortion in microvascu-
lature by fibrin strands, disruption by 
prosthetic heart valve

Microangiopathic hemolytic anemia 
 (disseminated intravascular coagulation, 
thrombotic thrombocytopenic purpura, 
prosthetic heart valves, severe burns)

Sickle cell (drepanocyte) Bipolar, spiculated forms, sickle shaped, 
pointed at both ends

Molecular aggregation of HbS Sickle cell disorders, not including S trait

Spherocyte Spherical cell with dense appearance and 
absent central pallor, usually decreased 
diameter

Decreased membrane surface area Hereditary spherocytosis, immunohemolytic 
anemia

Stomatocyte Mouth or cuplike deformity Membrane defect with abnormal cation 
permeability

Hereditary stomatocytosis, 
 immunohemolytic anemia

Target cell (codocyte) Targetlike appearance, often  hypochromic Increased redundancy of cell membrane Liver disease, postsplenectomy, 
 thalassemia, hemoglobin C disease

Teardrop cell (dacryocyte) Distorted, drop-shaped cell — Myelofibrosis, myelophthisic anemia

Adapted from Kjeldsberg C, Perkins SL, ed. Practical diagnosis of hematologic disorders, 5th ed. Chicago: ASCP Press, 2010.

backward to make contact with the blood drop. The blood drop 
will spread along the slide edge, and then the spreader slide is 
moved rapidly forward. This technique creates a film of blood that 
is 3 to 4 cm long. Artifact may be introduced by irregular edges 
in the spreader and by the speed at which the spreader is moved. 
Glass slide preparations have increased incidence of accumulation 
of the larger white cells at the edges of the film, introducing cel-
lular distribution errors. Fast movement of the spreader results in 
a more uniformly distributed population of cells.112,113,114

Automated techniques for blood smear preparation have also 
been developed. Two major types of approaches are used: cen-
trifugation and mechanical spreaders. Centrifugation techniques 
are often most useful when a small number of cells must be con-
centrated in a small area, as in preparing smears of cells in fluids 
such as cerebrospinal fluid.112,115 Mechanical spreaders mimic the 

 manual technique and are useful when large numbers of blood 
smears are prepared.116 In general, smears made by automated 
techniques are often inferior to those made by an experienced 
technician.

routine Staining of Blood Smears
Blood smears are usually stained with either Wright or May-
Grünwald-Giemsa stains. Both stains are modifications of the 
Romanowsky procedure.113,114 The stain may be purchased 
commercially or may be made in the laboratory. The basic stain 
is formulated from methylene blue and eosin. Giemsa stains use 
known quantities of acid bichromate to form the converted azure 
compounds. The Wright stain formulation uses sodium bicarbon-
ate to convert methylene blue to methylene azure, which stains 
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the cell. All types of Romanowsky stains are water insoluble but 
can be dissolved in methyl alcohol. The stain must be free of 
water, which induces red blood cell artifacts. Water artifacts may 
be avoided by fixation of slides or coverslips in anhydrous metha-
nol before staining.113

Optimal staining conditions must be established for each 
new batch of stain. The methylene blue conversion to azure 
compounds continues to occur while the stain is in the bottle, 
so staining conditions may change over time. Methyl azures are 
basic dyes that impart a violet-blue coloration when binding to 
the acidic components of the cell, such as nucleic acids and pro-
teins. The eosin reacts with the basic cellular elements, impart-
ing a reddish hue to cytoplasmic components and hemoglobin. 
A properly stained slide has a pink tint. The red cells will have 
an orange to pink coloration, and leukocytes have purplish-blue 
nuclei. The Romanowsky stains differentially stain leukocyte 
granules, which aids in morphologic analysis of the cells. Thus, 
neutrophil granules are slightly basic and stain weakly with the 
azurophilic component. The eosinophils contain a strongly basic 
spermine derivative and stain strongly with eosin. In contrast, 
basophil granules contain predominately acidic proteins and stain 
a deep blue-violet. No precipitate should overlie the cells because 
this indicates use of slides or coverslips that were not cleaned 
properly. Dust on slides may also induce artifacts. Staining solu-
tions should be filtered or replaced weekly if used heavily to avoid 
precipitation.113,114

Occasionally, an excessive blue coloration of the cells is seen. 
This may be caused by excessive staining times, improperly 
prepared or aged buffer that is too alkaline, old blood smears, 
or blood smears that are too thick. The quality of the staining 
may be improved by quick and vigorous rinsing with distilled 
water. If the areas of the slide between cells are staining, it 
usually indicates inadequate washing of the slide, heparin 
anticoagulation, or possible paraproteinemia. When the stain-
ing appears too pink or red, the usual problem is buffer that is 
too acidic. This results in pale-stained leukocyte nuclei, exces-
sively orange-RBCs, and bright red eosinophil granules. Other 
causes of excessive red or pink coloration include inadequate 
staining times or excessive washing of the slide. Most often, 
problems with staining are caused by problems with the pH of 
the solutions, and use of new buffer solutions often corrects the 
problem.113

examination of the Blood Smear
The blood smear should be initially examined under an inter-
mediate power (10 to 20× objective) to assess the adequacy of 
cellular distribution and staining. An estimate of the white blood 
cell count may also be made at this power, and scanning for 
abnormal cellular elements, such as blasts or nucleated RBCs, can 
be performed. It is important to scan over the entire blood smear 
to ensure that abnormal populations, which may be concentrated 
at the edges of the smear, are not missed. Use of an oil immer-
sion lens (50 or 100×) or high-power dry lens (40×) is usually 
sufficient for performing leukocyte differential counts, although a 
100× oil lens may be necessary for identification of cellular inclu-
sions or abnormal cytoplasmic granules. Systematic evaluation of 
the blood smear is essential so that all cell types are examined 
and characterized. Each cell type should be evaluated for both 
quantitative and qualitative abnormalities.117,118

It is difficult to evaluate quantitative abnormalities of red cells 
on a blood smear; however, the RBCs should be evaluated for 
variations in size, shape, hemoglobin distribution, and the pres-
ence of cellular inclusions. The red cells are usually unevenly dis-
tributed throughout the blood film. Optimal red cell morphology is 
seen in an area of the smear where the red cells are close together 
but do not overlap. Areas where the red cells are spread too thinly 
or thickly have increased artifacts. In some blood smears, the red 
cells appear to stick together, forming what appear to be stacks of 
RBCs, termed rouleaux. This finding may be mimicked in normal 
patients in areas of the smear where the red cells are too closely 
packed. However, if rouleaux are seen even in thinner areas of the 
blood film, it suggests the presence of a paraprotein coating the 
red cells and causing agglutination due to loss of normal electro-
static repulsion between red cells. Areas of the blood smear that 
are too thin will have loss of red cell central pallor, mimicking 
spherocytes.117

Red cells should be uniform in size and shape with an aver-
age diameter of 7.2 to 7.9 mm. This may be evaluated by use 
of a micrometer or by comparison with the diameter of a small 
lymphocyte nucleus, which is approximately the same size or 
slightly smaller. Variations in red cell size is called anisocytosis. 
Cells that are larger than 9 mm and well hemoglobinated are 
considered macrocytes. Less mature erythrocytes are macrocytic 
and have a bluish tint to the hemoglobin (polychromatophilia) or 
have fine basophilic stippling of the cell due to remnant RNA and 
ribosomes. Microcytes are cells with a diameter of <6 mm.117,118

Normal erythroid cells are round. Variations in red cell shape 
are called poikilocytosis. The red cell should have a pale central 
area (central pallor) with a rim of red to orange hemoglobin. 
Hypochromia reflects poor hemoglobinization and results in a 
very thin rim of hemoglobin or an increased area of central pal-
lor. Abnormal distribution of hemoglobin may result in formation 
of a cell with a central spot of hemoglobin surrounded by an area 
of pallor, called a target cell. Abnormal hemoglobins may also 
form crystals. Spherocytes and macrocytes lack an area of central 
pallor because of increased thickness of the cell. Red cells may 
also contain inclusions, such as remnants of nuclear material 
(Howell-Jolly bodies), remnants of mitochondria or siderosomes 
(Pappenheimer bodies),118 or infectious agents (malarial para-
sites, babesiosis).119,120 In addition, red cell fragments or schisto-
cytes suggestive of red cell mechanical destruction are more easily 
detected by blood smear examination.121

Platelet numbers and morphology are then evaluated. Platelets 
appear as small blue cytoplasmic fragments with red to purple 
granules. Platelets are usually 1 to 2 mm in diameter with wide 
variation in shape. Platelet numbers may be estimated from the 
blood film. Normal platelet counts should have several (5 to 15) 
platelets per oil immersion field or approximately 1 platelet for 10 
to 20 RBCs.122 It should be noted that platelets may aggregate if 
blood is not anticoagulated, properly, or a fingerstick  preparation 

Figure 1.3. Preparation of blood smears. Blood smears may be prepared by the coverslip 
(A) or slide wedge method (B). Coverslip smears are prepared by placing a drop of blood in 
the center of a coverslip and spreading the blood by rotating a second coverslip over it. Wedge 
smears are prepared by placing a drop of blood on a slide and using a second slide to push the 
blood out along the length of the slide. (Adapted and redrawn from Bauer J. Clinical laboratory 
methods, 9th ed. St. Louis: C.V. Mosby, 1982.)

A B
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is used, and this may cause the spurious impression of a low 
platelet count.122,123

Leukocyte morphology and distribution are analyzed last. 
The number of leukocytes may be estimated by scanning the 
blood film at an intermediate power. Mechanical effects leading 
to abnormal distribution of larger cells should be excluded by 
examination of the edges of the blood film in particular.2,117 White 
cells at the edges of the blood smear may appear artifactually 
smaller (because of cellular shrinkage and poor spreading of the 
cell) or larger (because of cell disruption and excessive spread-
ing). Care must be taken when making the smear because cells, 
particularly neoplastic cells, may be more easily disrupted by 
excessive mechanical pressure than normal leukocytes. Optimal 
morphology of the leukocytes requires that blood smears be made 
promptly. Significant artifacts begin to be observed in blood that 
has been held for several hours and include cytoplasmic vacuola-
tion, nuclear karyorrhexis, and cytoplasmic disruption.11

The WBCs normally seen in the blood smear include neutro-
phils, eosinophils, basophils, lymphocytes, and monocytes. The 
presence of immature myeloid cells (myelocytes, metamyelocytes, 
promyelocytes, and blasts) is distinctly abnormal.118,124,125 At 
least 100 cells should be identified and counted to yield a manual 
white blood cell differential.117,118 In addition to identifying rela-
tive populations of white cells by performing a differential count, 
the cells should be closely examined for morphologic abnor-
malities of the cytoplasm and nucleus. For example, infection 
or growth factor therapy often leads to increased prominence of 
the primary (azurophilic) granules in neutrophils, termed toxic 
granulation.126,127 In contrast, many myelodysplastic disorders 
are characterized by hypogranularity of neutrophils in addition 
to abnormal nuclear segmentation.128 Cytoplasmic inclusions 
may be seen in some storage disorders, lysosomal disorders, or 
infections.118,120,129

Other Means of examining Blood
Occasionally, it is necessary to examine fresh blood as a wet 
mount. Wet preparations are made by placing a drop of blood 
on a slide, covering the drop with a coverslip, and surrounding 
the coverslip with petroleum jelly or paraffin wax to seal the 
edges. If needed, the blood may be diluted with isotonic saline, 
or in some cases, it may be fixed with buffered glutaraldehyde 
for later examination. The blood may then be viewed with 
light or phase contrast microscopy. Some organisms, such as 
spirochetes and trypanosomes, may be detected by movement 
in wet mount preparations although more definitive testing, 
such as serology or molecular organism detection is more fre-
quently used.130

Supravital staining is performed on living motile cells and 
helps avoid artifacts induced by smear preparation, fixation, and 
staining.131 However, such preparations are not permanent, a 
distinct disadvantage. Supravital stains are often used to detect 
red cell inclusions. These include crystal violet staining that 
detects Heinz bodies or denatured hemoglobin inclusions that 
appear as irregularly shaped purple bodies within the red cell. 
Brilliant cresyl blue may be used to precipitate and stain unstable 
hemoglobins, such as hemoglobin Zurich and hemoglobin H.132 
The most commonly used supravital stain is new methylene blue 
or brilliant cresyl blue, used for manual reticulocyte determina-
tions,60,133 although the use of automated methods of reticulocyte 
determination by CBC analyzers has largely replaced manual 
methods.61 Reticulocytes are not identified positively on Wright-
stained blood smears, although their presence is suggested by 
polychromatophilia of RBCs. Automated reticulocyte counts may 
have increased errors in the presence of Heinz bodies 134 or 
Howell-Jolly bodies 135 in the red cells. Normal reference values 
for reticulocytes are influenced by patient age, sex, and physical 
activity level.136

bone maRRow examination
Diagnosis and management of many hematologic diseases depend 
on bone marrow evaluation. Bone marrow examination usually 
involves two separate, but interrelated, specimens. The first is a 
cytologic preparation of bone marrow cells obtained by aspira-
tion of the marrow and a smear of the cells, allowing excellent 
visualization of cell morphology and enumeration of the marrow 
cellular elements.137 The second specimen is a needle biopsy of 
the bone and associated marrow, which allows optimal evalua-
tion of bone marrow cellularity, fibrosis, infections, or infiltrative 
diseases.111

Indications for bone marrow examination include further 
work-up of hematologic abnormalities observed in the peripheral 
blood smear; evaluation of primary bone marrow tumors; staging 
for bone marrow involvement by metastatic tumors; assessment 
of infectious disease processes, including fever of unknown ori-
gin; and evaluation of metabolic storage diseases. Before a bone 
marrow examination is performed, clear diagnostic goals about 
the information to be obtained from the procedure should be 
defined and decisions made about whether any special studies are 
needed, to ensure that all necessary specimens may be collected 
and handled correctly.111

Several sites may be used for bone marrow aspiration and 
biopsy.138,139 In part, the site chosen reflects the normal dis-
tribution of bone marrow with the age of the patient. At birth, 
hematopoietic marrow is found in all of the bones of the body. 
However, by early childhood, fat cells begin to replace the bone 
marrow hematopoietic cells in the extremities so that adults 
have hematopoiesis limited to the axial skeleton and proximal 
portions of the extremities.138 Thus, younger children may have 
marrow examinations from the anterior medial tibial area, 
whereas adult marrow is best sampled from the sternum at the 
second intercostal space or from either the anterior or posterior 
iliac crest areas. Sternal marrows do not allow a biopsy to be 
performed, and several possible complications, including hemor-
rhage and pericardial tamponade, may occur if the inner table 
of the sternum is penetrated by the needle at areas other than 
the second intercostal space. The sternal marrow space in an 
adult is only approximately 1 cm thick at the second intercos-
tal space, so care must be taken to avoid penetrating the chest 
cavity, although sternal bone marrow needles have guards to 
prevent penetration of the needle beyond the sternal plate. In 
contrast, little morbidity is associated with iliac crest aspiration 
and biopsy, and the posterior iliac crest is the most common site 
for bone marrow sampling.140 The anterior iliac crest may be 
used if previous radiation, surgery, or discomfort does not allow 
a posterior approach.139

Bone Marrow aspiration and Biopsy
Bone marrow is semifluid and easily aspirated through a needle. 
Many types of needles have been used for performing marrow 
aspiration. Most are 14 to 18 gauge, and many have a removable 
obturator, which prevents plugging of the needle before aspira-
tion, and a stylet that may be used to express the bone marrow 
biopsy sample (Fig. 1.4). Some models, primarily used for sternal 
bone marrow aspiration procedures, have adjustable guards 
that limit the extent of needle penetration and reduce morbid-
ity.140 Most bone marrow needles are disposed of after one use, 
and specific longer needles that may be used for obese patients 
and mechanical drills to aid in bone penetration are available 
 commercially.

In most cases, marrow aspiration and biopsy may be car-
ried out with little risk of patient discomfort, provided adequate 
local anesthesia is used. Apprehensive patients may be sedated 
before the procedure.139,141 The procedure is performed under 
sterile conditions. The skin at the site of the biopsy is shaved, 
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if necessary, and cleaned with a disinfectant solution. The skin, 
subcutaneous tissue, and periosteum in the area of the biopsy are 
anesthetized with a local anesthetic, such as 1% lidocaine, using 
a 25-gauge needle. Care must be taken to fully anesthetize the 
periosteum, where most of the bone pain fibers are located. After 
the anesthetic has taken effect, a small cut is made in the skin 
overlying the biopsy site, and the marrow aspiration needle is 
inserted through the skin, subcutaneous tissues, and bone cortex 
with a slight rotating motion. Entrance of the needle into the bone 
marrow cavity should be sensed as a slight give or increase in the 
speed of needle advancement. The needle obturator is removed, 
and the needle is attached to a 10- or 20-ml syringe. Aspiration 
of the marrow is achieved by rapid suctioning with the syringe 
so that 0.2 to 2.0 ml of bloody fluid is obtained. Aspiration may 
cause a very brief, sharp pain. If no pain is noted and no marrow 
is obtained, the needle may be rotated and suction applied again. 
If no marrow is obtained, relocation to another sampling site may 
be required.137,139

The aspirated material is usually given to a technical assis-
tant, who makes smears of the material (Fig. 1.5) and assesses 
the quality of the material by noting the presence of marrow 
spicules. The smears must be made quickly to avoid clotting 
in a manner similar to that described for blood smears using 
either coverslips or slides to spread the marrow (Fig. 1.3). After 
smears are made, the aspirate may be allowed to clot to form 
a histologic clot section for processing. In some cases, where 
immediate slide preparation is not available, the bone marrow 
may be aspirated into a tube containing a small amount of anti-
coagulant to impede clotting. The aspirate may later be filtered 
and submitted for histologic processing into a particle clot sec-
tion. EDTA is the best anticoagulant to use because it introduces 
the least amount of morphologic artifact to the specimen.137 If 
additional material is needed for flow cytometry, cytogenetics, 
culture, or other special studies, additional aspirations may be 
performed by withdrawing the needle and repositioning it in a 
new site and drawing marrow into tubes containing anticoagu-
lant. Morphologic examination requires the best sample and the 
aspirations for ancillary studies should be made subsequent to 
the initial aspiration for such an examination. Occasionally, a 
portion of an anticoagulated marrow aspirate is spun down to 
obtain a buffy coat, thereby concentrating the cellular elements. 
In some instances, no marrow can be aspirated (dry tap). In 
these cases, it is essential to make smears from material at the 
tip of the needle and also to make touch preparations from the 
biopsy, as outlined below, to allow cytologic examination of the 
bone marrow elements.137,139

The bone marrow biopsy (Fig. 1.6) may be performed using 
the same skin incision if the aspirate has been performed in the 
iliac crest area. A separate biopsy needle that is slightly larger 
than the needle used for aspiration may be used, or the same 
needle that was used for the bone marrow aspiration may be 
reused. Care must be taken to reposition the needle biopsy site 
away from the area where the aspiration was performed to 
avoid collection of a specimen with extensive artifact induced 
by the aspiration procedure.139,142 Use of a biopsy needle may 
require more pressure to enter the bone because of the larger-
bore size. Once the needle is in place in the bone, the stylet may 
be inserted to give an approximation of the size of the bone 
core within the needle. The biopsy needle is rotated and gently 

Figure 1.4. Jamshidi bone marrow aspiration and biopsy needle. This type of hol-
low needle with a beveled tip (A) is satisfactory for percutaneous biopsy of the bone marrow.  
The needle is inserted with the obturator (B) in place. The biopsy is expressed from the needle 
using the stylet (C).

Figure 1.5. Bone marrow aspirate smear stained with Wright-giemsa stain. The bone marrow aspirate shows a central spicule with dispersion of hemato-
poietic precursor cells around the spicule. The preparation allows for optimal evaluation of cytologic features of the bone marrow precursor cells. Panel A (low power) 
demonstrating distribution of hematopoietic cells near the darkly staining bone marrow spicule in a bone marrow aspirate. Panel B (high power) demonstrating 
cytologic features of bone marrow aspirate hematopoietic cells.

A B
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rocked to free the biopsy from the surrounding bone and then 
advanced slightly farther. The biopsy is then removed from the 
bone by withdrawing the needle, and slight positive pressure 
may be applied using a syringe. The biopsy is expressed from 
the needle by the stylet. Touch preparations of the bone biopsy 
should be made, particularly if no aspirate was obtained, to 
allow cytologic examination of the bone marrow elements. The 
bony core is then fixed, decalcified, and processed for histologic 
examination.138,143 Ancillary testing can often be performed 
on additional bone marrow cores when no material can be 
aspirated, so collection of more than one core biopsy may be 
necessary.

Once the biopsy is completed, manual pressure is applied 
to the site for several minutes to achieve hemostasis. The site 
is then bandaged and the patient instructed to remain recum-
bent so as to apply further pressure for approximately 30 to 
60 minutes. If a patient is thrombocytopenic, pressure bandages 
should be applied and the site checked frequently for prolonged 
bleeding.

Staining and evaluation of Bone Marrow 
aspirates and touch preparations
The bone marrow aspirate or touch preparation slides are 
stained with either Wright or May-Grünwald-Giemsa stains, 
similar to blood smears. These stains allow excellent mor-
phologic detail and allow differential counts to be performed. 
Unstained smears should be retained for possible special stains 
if indicated.137,139

Evaluation of bone marrow aspirates gives little information 
about the total cellularity of the bone marrow because of fluctua-
tions in cell counts induced by peripheral blood contamination of 
the bone marrow specimen and preparation artifacts. An overall 
impression of the cellularity may be given (i.e., cellular or pauci-
cellular). More accurate evaluation of bone marrow cellularity 
requires examination of the bone marrow biopsy or particle clot 
section, although the biopsy represents a tiny fraction of the total 
marrow and may also be subject to sampling error.111,139,144 The 
stained aspirate smear will have a central zone of dark marrow 
particles and stroma surrounded by a thinner area of dispersed 
bone marrow cells and red cells (Fig. 1.5). Low-power examina-
tion allows evaluation of the adequacy of cellularity and of the 

presence of megakaryocytes. Tumor cells or granulomas may also 
be seen by scanning the aspirate smear at low power.137

The aspirate smear allows cytologic examination of the bone 
marrow cells. A minimum of 500 nucleated cells should be evalu-
ated under oil immersion magnification in most marrows. Only 
intact cells are evaluated; all bare nuclei are excluded. Counting 
is performed in an area where few bare nuclei are present and 
the cells are not overlapping, found in clusters, or artifactually 
distorted due to spreading artifact. This is usually in the dispersed 
cell zone adjacent to the spicule. It should be noted that spicules 
may be absent in pediatric marrows where marrow cells will be 
uniformly dispersed. Reference ranges for the percentage of bone 
marrow cell types vary widely between laboratories and are used 
only as guides for what is to be expected in normal bone marrow 
samples137 (see Table 1.5 for example reference ranges). The 
proportions of each cell type and progression of the maturational 
sequence for myeloid and erythroid elements are determined 
from the differential counts. In addition, the myeloid-to-erythroid 
ratio may be calculated.

Differences in cell differential results among infants, chil-
dren, and adults exist (Table 1.6).137,139,144,145 In general, lym-
phocytes are more commonly seen in the marrow of children, 
especially those younger than 4 years of age, where they may 
compose up to 40% of the marrow cellularity.146 Plasma cells 
are rare in the marrow of infants and children. Lymphocytes are 
much less numerous in adult bone marrows, usually making up 
<20% of adult marrow cellularity. Lymphocyte and plasma cell 
counts in adults tend to be quite variable, perhaps reflecting the 
tendency of these cells to be unevenly distributed in the bone 
marrow of adults. Often, lymphoid cells are found in nodular 
aggregates in older adults, and plasma cells tend to be associ-
ated with blood vessels.111

During the first month of life, bone marrow erythroid cells 
are prominent because of high levels of erythropoietin147; 
thereafter, the erythroid cells make up 10% to 40% of the 
marrow cells. Relatively few early erythroid precursors (nor-
moblasts) are usually seen, and more mature forms predomi-
nate. Erythroid cells should be examined for abnormalities in 
morphology as well as iron content as these features are often 
deranged in pathologic states. Myeloid cells are usually the 
predominant bone marrow element, and more mature cells 
predominate over myeloblasts. Children tend to have higher 

Figure 1.6. Bone marrow core biopsy. Histologic preparation of the bone marrow core biopsy following fixation and decalcification.  
The biopsy is stained with hematoxylin and eosin. This preparation allows for optimal evaluation of bone marrow cellularity and interaction of bone marrow cells with 
bony trabeculae and is helpful in evaluating extrinsic features such as metastatic tumor or fibrosis in the marrow. Panel A (low power) shows bony spicules and 
marrow in section of bone marrow core biopsy. Panel B (high power) shows morphologic detail of hematopoietic tissue within the section.

A B
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numbers of eosinophils and eosinophilic precursor cells than 
do adults, although many medications or allergies may increase 
the bone marrow eosinophil count. Megakaryocytes constitute 
the least abundant cell type seen in the bone marrow, usually 
making up <1% of the cells.137,139

In addition to the hematopoietic cells mentioned above, a 
variety of other cells may be seen in bone marrow aspirates in 
varying proportions. These include macrophages, mast cells, 
stromal cells, and fat cells. In children, osteoblasts and osteo-
clasts may be seen, although these cells are rare in adults and 
their presence may indicate metabolic bone disease.137,139,144 
Normally, these other cells make up <1% of the total marrow 
cellularity; however, they may be increased in a variety of reac-
tive and pathologic processes. Aspirate smears are excellent 
for evaluation of macrophage hemophagocytosis148 or storage 
disorders.137

examination of Bone Marrow histologic 
Sections
Bone marrow core biopsies and the clot obtained from the aspi-
ration procedure are usually fixed in formalin or in a coagula-
tive fixative, such as B5 or zinc formalin. The bony core will 
require decalcification before histologic processing. The fixed 
materials are processed and embedded in paraffin or plastic, 
and sections are made for examination. The bone marrow 
biopsy and clot sections are stained with either hematoxylin 
and eosin or Giemsa stains for morphologic examination139,144 
(Fig. 1.6).

Bone marrow biopsies are useful in evaluation of the cel-
lularity of the bone marrow sampled. Several caveats must be 
kept in mind when assessing cellularity. Studies show varia-
tions in cellularity even within the same biopsy site145 as well 
as between different anatomic sites. However, comparisons 

of the relative proportions of myeloid, erythroid, and mega-
karyocytic cells appear to be constant even in widely separated 
biopsy sites.139,145 In older patients, the subcortical area is often 
hypocellular, and care must be taken to obtain a large enough 
biopsy to allow adequate evaluation of the marrow away from 
this area.145 The bone marrow biopsy section provides the best 
representation of the bone marrow and its anatomic relation-
ships, such as normal localization of immature myeloid cells 
adjacent to bony trabeculae. Evaluation of nonhematopoietic 
elements, such as bony trabeculae, blood vessels, and stroma, 
requires a biopsy specimen.

The clot section, which is prepared from the bone marrow 
aspirate material, has a degree of inherent artifact because the 
bone marrow is removed from its normal relationships with 
bone, blood vessels, and other stromal elements. In particular, 
cellularity estimations may be falsely elevated secondary to col-
lapse of the normal stromal network in a clot section.139

In addition to providing information about the anatomic 
distribution and relationships of hematopoietic cells, the bone 
marrow biopsy is useful for evaluation of infiltrative processes 
such as carcinoma, lymphoma, other tumors, granulomatous 
inflammation, and fibrosis.111,139 Occasionally, the marrow is 
so involved with an infiltrative process that no aspiration can be 
obtained (dry tap), and the biopsy provides the only diagnostic 
material.149,150

speciaL stains
Several special stains may be performed on peripheral blood 
smears, bone marrow aspirate smears, bone marrow touch 
preparations, and bone marrow biopsy materials and will pro-
vide additional information about the cell lineage beyond what 
is obtained by standard staining with Giemsa or hematoxylin 

taBLe 1.5

diffeRentiaL counts of bone MaRRow aspiRates fRoM 12 HeaLtHy Men

Mean (%) Observed Range (%) 95% Confidence (%)

Neutrophilic series (total) 53.6 49.2–65.0 33.6–73.6
 Myeloblast 0.9 0.2–1.5 0.1–1.7
 Promyelocyte 3.3 2.1–4.1 1.9–4.7
 Myelocyte 12.7  8.2–15.7   8.5–16.9
 Metamyelocyte 15.9 9.6–24.6   7.1–24.7
 Band 12.4  9.5–15.3   9.4–15.4
 Segmented 7.4  6.0–12.0   3.8–11.0

Eosinophilic series (total) 3.1 1.2–5.3 1.1–5.2
 Myelocyte 0.8 0.2–1.3 0.2–1.4
 Metamyelocyte 1.2 0.4–2.2 0.2–2.2
 Band 0.9 0.2–2.4    0–2.7
 Segmented 0.5   0–1.3    0–1.1

Basophilic and mast cells <0.1   0–0.2   —

Erythrocytic series (total) 25.6 18.4–33.8 15.0–36.2
 Pronormoblasts 0.6 0.2–1.3 0.1–1.1
 Basophilic 1.4 0.5–2.4 0.4–2.4
 Polychromatophilic 21.6 17.9–29.2 13.1–30.1
 Orthochromatic 2.0 0.4–4.6 0.3–3.7

Lymphocytes 16.2 11.1–23.2  8.6–23.8

Plasma cells 1.3 0.4–3.9    0–3.5

Monocytes 0.3   0–0.8    0–0.6

Megakaryocytes <0.1   0–0.4   —

Reticulum cells 0.3   0–0.9    0–0.8

Myeloid-to-erythroid ratio 2.3 1.5–3.3 1.1–3.5
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and eosin stains. Special stains generally fall into two catego-
ries: cytochemical stains that use cellular enzymatic reactions 
to impart staining and immunocytochemical stains that identify 
cell-specific antigen epitopes. These stains are particularly use-
ful in characterization of primary hematologic or metastatic 
malignancies.

Cytochemical Stains
Cytochemical stains are extremely useful in the diagnosis and 
classification of acute leukemias, although this utility has been 
lessened by identification of lineage-specific markers by flow 
cytometry. They allow identification of myeloid and lymphoid 
acute leukemias, as well as providing one basis for subclas-
sification of the acute myeloid leukemias. These stains were 
widely used in morphologic subclassifications, such as the 
French–American–British (FAB)151 but with wide usage of flow 
cytometric and other ancillary tests are not as widely used for 
classification purposes in the current era of the World Health 
Organization (WHO) classification.152 Cytochemical stains are 
usually performed on peripheral blood films, bone marrow aspi-
rates, or touch preparations made from bone marrow biopsies. 
Best results are obtained by using freshly obtained materials; 
however, some reactions may be carried out on materials that 
are several years old.153

Myeloperoxidase
Primary granules of neutrophils and secondary granules of eosino-
phils contain myeloperoxidase. Monocytic lysosomal granules 
are faintly positive. Lymphocytes and nucleated RBCs lack the 
enzyme.154 Staining is due to oxidation of 3-amino-9-ethylcarbazole 
or 4-chloro-1-naphthol155 substrates by myeloperoxidase in the cell 
to form a brown-colored precipitate.

The myeloperoxidase enzyme is sensitive to light, and 
smears should be stained immediately or sheltered from light. 
Enzymatic activity in cells may diminish over time, so the stain 
should not be performed in blood or marrow aspirate smears 
older than 3 weeks. Permount coverslip mounting medium 
(Fisher Scientific, Pittsburgh, PA) may cause fading of the stain. 
Myeloperoxidase is also sensitive to heat and methanol treat-
ment. Erythroid cells may stain for peroxidase after methanol 
treatment due to a nonenzymatic interaction between the stain-
ing reagents and hemoglobin (pseudoperoxidase or Lepehne 
reaction). Antibodies to myeloperoxidase are available for both 
flow cytometric analysis and immunohistochemical staining in 
fixed tissue sections.156

Sudan Black B
Sudan black B stains intracellular lipid and phospholipids. The 
pattern of staining closely parallels the myeloperoxidase reaction, 
with positive staining of granulocytic cells and eosinophils, weak 
monocytic staining, and no staining of lymphocytes, although 
some positivity may be seen in azurophilic granules of lympho-
blasts. Sudan black B has an advantage over myeloperoxidase in 
that it may be used to stain older blood or bone marrow smears, 
and there is little fading of the stain over time.154

Specific (Naphthol AS-D Chloroacetate) Esterase
The specific (naphthol AS-D chloroacetate) esterase stain, also 
called the Leder stain, is used to identify cells of the granulocytic 
series.154 It does not stain lymphocytes and monocytes. Because 
of enzymatic stability in formalin-fixed, paraffin-embedded tis-
sues, this stain is extremely useful for identifying granulocytes and 
mast cells in tissue sections and is particularly helpful in diagnosis 
of extramedullary myeloid tumors (granulocytic sarcoma, chlo-
roma) of blasts found in tissues.153 The cellular esterase enzyme 
hydrolyzes the naphthol AS-D chloroacetate substrate.154 This 
reaction product is then coupled to a diazo salt to form a bright 
red-pink reaction product at the site of enzymatic activity. The 
enzyme activity is inhibited by the presence of mercury, acid solu-
tions, heat, and iodine that may give rise to false-negative staining 
results.

Nonspecific (a-Naphthyl Butyrate or a-Naphthyl 
Acetate) Esterases
Nonspecific (a-naphthyl butyrate or a-naphthyl acetate) esterase 
stains are used to identify monocytic cells but do not stain granu-
locytes or eosinophils.154,157 Mature T-lymphocytes stain with a 
characteristic focal, dotlike pattern. The stain also reacts with 
macrophages, histiocytes, megakaryocytes, and some carcinomas. 
The a-naphthyl butyrate stain is considered to be more specific, 
although slightly less sensitive, than the a-naphthyl acetate 
stain.154 Differential staining with the different esterases is seen 
in megakaryoblasts, which do not stain with the a-naphthyl butyr-
ate, but stain with the a-naphthyl acetate substrate.153

Terminal Deoxynucleotidyl Transferase
Terminal deoxynucleotidyl transferase (TdT) is an intranu-
clear enzyme that catalyzes the addition of deoxynucleotide 
triphosphates to the 3′-hydroxyl ends of oligonucleotides or 

taBLe 1.6

cHanges in diffeRentiaL counts of bone MaRRow witH age

Birth 1 Mo–1 Y 1–4 Y 4–12 Y Adult

Neutrophilic series Mean (%) 60 33 50 52 57

95% limits 42–78 17–47 32–68 35–69 39–79

Eosinophilic series Mean (%)  3  3  6  3  3

95% limits  1–5  1–5  2–10  1–5  1–5

Lymphocytes Mean (%) 14 47 22 18 17

95% limits  3–25 34–63  8–36 12–28 10–24

Erythrocytic Mean (%) 14  8 19 21  0

95% limits  2–28  2–16 11–27 11–31 10–30

Myeloid-to-erythroid Mean ratio 4.3 4.0 2.6 2.5 2.6

The means and 95% confidence limits in this table were calculated by combining data published in Osgood EE, Seaman AJ. The cellular composition of bone marrow as obtained by sternal 
puncture. Physiol Rev 1939;24:105–114, with the data in Table 1.5.
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 polydeoxynucleotides without need for a template strand.158 TdT 
is found normally in the nucleus of thymocytes and immature 
lymphoid cells within the bone marrow, but is not found in mature 
lymphocytes, and it is a useful marker in identifying acute lym-
phoblastic leukemias and lymphomas.152 TdT activity is found in 
approximately 90% of acute lymphoblastic leukemias as well as in 
a small subset of acute myelogenous leukemias.159,160 TdT levels 
may be measured biochemically, by cytochemical staining with an 
immunofluorescent detection technique, by flow cytometry after 
permeabilization of freshly collected cells, or by immunohisto-
chemical methods.161–163 Indirect immunofluorescent staining is 
very sensitive and may be applied to air-dried samples several 
weeks after collection, although it is no longer used as often with 
the widespread use of flow cytometry.162 Immunohistochemical 
methods of TdT detection are useful in paraffin-embedded tissue 
sections and can be used on touch preps.161

Leukocyte Alkaline Phosphatase
Alkaline phosphatase activity is found in the cytoplasm of 
neutrophils, osteoblasts, vascular endothelial cells, and some 
lymphocytes. The alkaline phosphatase level of peripheral blood 
neutrophils is quantitated by the leukocyte alkaline phosphatase 
(LAP) score and is useful as a screening test to differentiate 
chronic myelogenous leukemia from leukemoid reactions and 
other myeloproliferative disorders.164 The LAP score is usually 
performed using the Kaplow procedure.165 This method uses a 
naphthol AS-BI phosphate as the substrate, which is coupled to 
fast violet B salt by the enzyme to produce a bright red reac-
tion product that is visualized over neutrophils. The LAP score 
is determined by evaluation of the staining intensity (ranging 
from 0 to 4+) of 100 counted neutrophils or bands. Normal 
LAP scores range from 15 to 130, but there may be variation 
in these ranges between laboratories. Many different disease 
states may cause elevation or depression of the LAP score 
(Table  1.7). Patients with chronic myelogenous leukemia have 
low LAP scores (usually between 0 and 13). Paroxysmal noctur-
nal hemoglobinuria and some myelodysplastic syndromes may 
also be characterized by low LAP scores. Leukemoid reactions 
in response to infection and other myeloproliferative disorders 
(myelofibrosis with myeloid metaplasia and polycythemia vera) 
often have an elevated LAP score.93,164 There is rapid loss of 

alkaline  phosphatase activity in samples drawn in EDTA anti-
coagulant.165 The test is optimally performed on fresh capillary 
blood fingerstick smears or on blood anticoagulated with hepa-
rin and should be performed within 48 hours after collection of 
the sample. The blood smears may be held in the freezer for 2 to 
3 weeks with little loss of activity.

Acid Phosphatase
Acid phosphatase is found in all hematopoietic cells, but the high-
est levels are found in macrophages and osteoclasts. A localized 
dotlike pattern is seen in many T-lymphoblasts, but this staining 
pattern is not reliable. The tartrate-resistant acid phosphatase 
(TRAP) is an isoenzyme of acid phosphatase that is found in 
high levels in the cells of hairy cell leukemia 166 and osteoclasts. 
Several methods of measuring TRAP activity have been described, 
but one using naphthol AS-BI phosphoric acid coupled to fast 
garnet GBC is reliable and reproducible.167 Not all cases of hairy 
cell leukemia stain for TRAP, and staining intensity may be vari-
able. Positive TRAP staining may also be seen in some activated 
T-lymphocytes, macrophages, some histiocytes (such as Gaucher 
cells), mast cells, and some marginal zone lymphomas.168 TRAP 
staining may also be detected by immunohistochemical methods 
in fixed tissue  sections.169

Periodic Acid–Schiff
The periodic acid–Schiff (PAS) stain detects intracellular glycogen 
and neutral mucopolysaccharides, which are found in variable 
quantities in most hematopoietic cells.154,170 PAS staining is seen 
in blasts of both acute lymphoblastic and acute myelogenous 
leukemias, although there is great variability between cases.170 
Erythroleukemias demonstrate an intense diffuse cytoplasmic 
positivity with PAS, which may be helpful in diagnosis.152 In addi-
tion, PAS staining is very useful in demonstrating the abnormal 
glucocerebrosidase accumulation in Gaucher disease.171

Iron
Cellular iron is found as either ferritin or hemosiderin. It is identi-
fied in cells by the Perls or Prussian blue reaction, in which ionic 
iron reacts with acid ferrocyanide to impart a blue color.154,170,172 
The stain is used to identify iron in nucleated RBCs (sideroblas-
tic iron) and histiocytes (reticuloendothelial iron) or to identify 
Pappenheimer bodies in erythrocytes. Normally, red cell precur-
sors contain one or more small (<1 mm in diameter) blue granules 
in 20% to 50% of the cells. When increased numbers of these 
granules surround at least two thirds of the nucleus of the red cell 
precursor, the cell is called a ringed sideroblast.173 The stain is 
best used on bone marrow aspirate smears but can also be used 
on blood films and aspirate clot tissue sections. Decalcification of 
the bone marrow core biopsy may lead to loss of iron from the 
cells, leading to a false impression of low iron.

Toluidine Blue
Toluidine blue specifically marks basophils and mast cells by 
reacting with the acid mucopolysaccharides in the cell granules to 
form metachromatic complexes. Malignant mast cells or basophils 
may have low levels of acid mucopolysaccharides and may not 
react with this stain.174 Specific immunohistochemical markers, 
such as staining for mast cell tryptase may be more specific in 
identification of mast cells than toluidine blue staining.175

Immunocytochemical Stains
Immunocytochemical staining is based on the use of an antibody 
that recognizes a specific antigenic epitope on a cell. There is a 
high level of specificity. In general, these stains may be applied to 

conditions associated witH abnoRMaL Leukocyte 
aLkaLine pHospHatase (Lap) scoRes

taBLe 1.7

Low LAP Score (<15)
CML

Paroxysmal nocturnal hemoglobinuria

Hematologic neoplasms (rare)

Myelodysplastic neoplasms

Rare infections or toxic exposures

High LAP Score (>130)
Infections

Growth factor therapy

Myeloproliferative neoplasms other than CML

Inflammatory disorders

Pregnancy, oral contraceptives

Stress

Drugs (lithium, corticosteroids, estrogen)

CML, chronic myelogenous leukemia.
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blood smears, bone marrow aspirates, cellular suspensions, or tis-
sue sections. Not all antibody preparations are equally effective on 
all types of specimens, and staining procedures may vary depend-
ing on the specimen type. A wide variety of antibodies specific to 
hematopoietic cellular antigens is available commercially. Some of 
the newer antibodies have replaced classical cytochemical stains 
and may be useful on older or fixed specimens.

Immunocytochemical staining of fresh blood or bone marrow 
cell suspensions or cell suspensions from tissues and analysis 
by flow cytometry is a common ancillary testing modality that is 
employed when a hematologic malignancy is suspected.176,177 The 
flow cytometer detects both light scatter data and the presence of 
specific fluorochrome-labeled antibodies that have bound to the 
cell surface. Use of different fluorochromes can allow more than 
one antibody to be studied simultaneously on the same cell by 
means of different excitation wavelengths. The study of these cell-
surface markers allows rapid and accurate analysis of lymphomas 
and leukemias, enumeration of T-cell subsets, and identification 
of tumor cells. In addition, recent advances have allowed detec-
tion of intracytoplasmic or nuclear antigens, such as myeloper-
oxidase and TdT, by flow cytometric analysis.176 In many cases, 
particularly in the acute leukemias, the flow cytometric analysis 
of an acute leukemia provides important prognostic information 
that is not available through cytochemical staining and is useful in 
detection of minimal residual disease.159,178 Clinical and techni-
cal aspects of flow cytometric analysis of hematologic tumors are 
covered in detail in Chapter 2.

Immunohistochemical staining is the use of specific antibody 
probes on tissue sections or smears of blood and bone mar-
row. This allows the localization of a specific antigenic epitope 
to the cell surface, cytoplasm, or nucleus. The antigen binding 
may then be detected by immunofluorescence, which requires a 
special fluorescence microscope, or by enzymatic formation of a 
colored reaction product linked to the antigen–antibody complex. 
Immunoenzymatic staining techniques include immunoperoxidase, 
immunoalkaline phosphatase, and avidin–biotin techniques.179,180 
These procedures allow study of the specimen with standard light 
microscopy and provide a permanent record of staining that may 
be re-examined. In the past, the repertoire of antibodies available 
for use on paraffin-embedded tissues was limited, and many anti-
bodies required frozen sections of fresh tissues to be used. Over 
time, however, there has been a large increase in the number of 
antibodies that can be used on fixed and processed tissues.181,182 
Automated immunostaining instruments have become available 
that allow highly reproducible results and require less technician 
time and expertise for highly reproducible staining.179,183

otHeR LaboRatoRy studies

Cytogenetic analysis
Many hematologic malignancies and premalignant conditions 
are associated with specific cytogenetic changes.152,184,185,186,187 
These include distinctive changes in chromosome number, trans-
locations, and inversions of genetic material. These chromosomal 
changes are often associated with activation or increased tran-
scription of oncogenes and may contribute to acquisition of a 
malignant phenotype.188 Cytogenetic analysis is an important 
element in the diagnosis of hematologic disorders, identifying 
specific prognostic subgroups, and monitoring for progression of 
disease or residual disease after therapy, and is integral to the 
most current classification of hematologic malignancies, such as 
the WHO classification.152,159,189,190,191 Both standard chromo-
somal preparations and fluorescent-labeled in situ hybridization 
techniques may be used for cytogenetic analysis of chromosomal 
changes.192,193 Further details about cytogenetic techniques and 
analysis are provided in Chapter 3.

Molecular Genetics
In addition to standard morphologic analysis and cytogenetics, 
technology has been developed that allows analysis of molecu-
lar changes in hematologic malignancies.189,190,194,195 By use of 
Southern blot and polymerase chain reaction (PCR) techniques, 
hematopoietic proliferations may be studied for genetic altera-
tions associated with the development of malignancy.196 Molecular 
genetic analysis was initially used to identify monoclonality in 
lymphoid neoplasms by identifying either immunoglobulin (B-cell) 
or T-cell-receptor gene rearrangements.197,198 This finding is 
extremely useful in classification of lymphoproliferative disorders 
that may be difficult to diagnose on morphologic grounds alone 
or that lack specific phenotypic markers.197 In the past few years, 
there has been an explosion in the use of molecular techniques 
to detect translocations that previously had been detected only 
by conventional cytogenetics. Common tests include the BCR-
ABL1 translocations seen in chronic myelogenous leukemia and 
acute leukemia and used to monitor efficacy of treatment,189,199 
BCL2 translocations characteristic of follicular lymphomas,200 the 
t(15;17) translocation associated with acute promyelocytic leuke-
mia,201,202 JAK2 translocations associated with myeloprolifera-
tive disorders,203,204 and NPM1 and FLT3 mutations, which are 
prognostic factors in acute myeloid leukemia.205–207 In chronic 
myelogenous leukemia, BCR-ABL1 kinase domain mutation analy-
sis can be performed to detect mutations that lead imatinib 
resistance208,209. As molecular characterization and genetic pro-
filing of specific hematologic disorders expand, such as through 
microarray analysis,210–212 it may be anticipated that more PCR 
and molecular tests will be developed. Molecular studies have an 
advantage over conventional morphologic and cytogenetic analy-
ses in that they may detect very small populations of malignant 
cells (as few as 1% to 5% of the cells in a sample), may allow for 
quantification of low levels of transcripts to allow monitoring of 
disease status, and can lead to more rapid test completion (espe-
cially with PCR-based testing).199,201 Molecular tests are most 
useful when a known specific entity is being tested for or in moni-
toring residual disease as they do not provide effective screening 
capability for additional genetic alterations that may affect prog-
nosis, as does conventional cytogenetic analysis.184,192,213

The high degree of sensitivity makes molecular testing, par-
ticularly by PCR or in situ hybridization, very attractive for the 
purpose of monitoring for tumor persistence or recurrence after 
therapy. Previously, molecular genetic studies required collec-
tion of fresh or frozen diagnostic material; however, many of 
the newer assays can make use of formalin-fixed materials with 
sensitivity similar to that of fresh or frozen materials.214,215 This 
allows analysis to be performed on a wider range of cases, includ-
ing archival materials. The topic of molecular genetics is covered 
in further detail in Chapter 4.

electron Microscopy
The electron microscope allows examination of ultrastructural 
details of a cell. In the past, electron microscopy was used as a 
research tool and, occasionally, as a diagnostic tool for difficult 
hematologic diagnoses. However, with the advent of increasing 
numbers of specific immunocytochemical stains, the use of the 
electron microscope as a diagnostic tool for hematopathologic 
processes has been largely discontinued.

erythrocyte Sedimentation rate
The erythrocyte sedimentation rate (ESR) is a common but 
nonspecific test that is often used as an indicator of active dis-
ease. It reflects the tendency of RBCs to settle more rapidly in 
the face of some disease states, usually because of increases 
in  plasma fibrinogen, immunoglobulins, and other acute-  
phase-reaction proteins. In addition, changes in red cell shape or 
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 numbers may affect the ESR. Sickle cells and polycythemic disor-
ders tend to decrease the ESR, whereas anemia may increase it. 
ESR also increases with age in otherwise healthy people (although 
it tends to fall in adults older than age 75)216 and tends to be 
higher in women. People with liver disease, carcinomas, or other 
serious diseases may have a normal to low ESR because of an 
inability to produce the acute-phase proteins.217

A common cause of ESR elevation is infection, but monoclonal 
gammopathy must be ruled out in patients who have a persistent 
unexplained elevation in ESR. Elevated ESRs are also seen with 
pregnancy, malignancies, collagen vascular diseases, rheumatic 
heart disease, and other chronic disease states, including human 
immunodeficiency virus infection.218–220 The ESR is a poor 
screening test in asymptomatic individuals, detecting elevations 
in 4% to 8% of normal adults and, hence, should not be used to 
screen asymptomatic people for disease.220 The test is probably 
best used in the clinical scenario of a patient with vague com-
plaints to aid in the clinical decision to undergo further testing or 
as a tool to follow the clinical disease course in temporal arteritis, 
rheumatoid arthritis, polymyalgia rheumatica, or lymphomas.220

The ESR is measured by the Westergren or Wintrobe method 
or by a modification of these tests.221 Both are measured in mil-
limeters per hour, but the normal values for each method vary 
because of differences in tube length and shape. Both methods 
require correction for patient anemia. Several technical varia-
tions to the method of ESR determination have been introduced, 
including micromethods, sedimentation at a 45° angle, and the 
zeta sedimentation rate. The zeta sedimentation rate measures 
erythrocyte packing in four 45-second cycles of dispersion and 
compaction in capillary tubes. This requires a special instrument, 
the Zetafuge (Coulter Electronics, Hialeah, FL), but gives repro-
ducible results on very small amounts of blood and is not affected 
by patient anemia.222

plasma and Blood Viscosity
Plasma viscosity measurements are advocated by some authors 
as being superior to ESR measurements for monitoring disease 
states, particularly in autoimmune diseases and diseases charac-
terized by the secretion of large amounts of immunoglobulin into 
the plasma (such as plasma cell dyscrasias).223 Plasma viscosity 
measurements have the advantage of no red cell influences on the 
value obtained and yield a narrower reference range of normal 
values than observed with ESR.224 However, plasma viscosity is 
used more rarely than ESR, probably reflecting clinical familiarity 
with the latter test. As with ESR, plasma viscosity may increase 
with age.223 Direct measurement of acute-phase proteins, such 
as C-reactive protein, may also be used to monitor the course of 
inflammatory diseases and cardiac risk.225,226 However, these 
tests are usually more expensive than ESR determinations and 
may not provide sufficient additional clinical information to justify 
the added expense.227 Whole blood viscosity measurements are 
of limited clinical use because the measured blood viscosity may 
have little bearing on the viscosity of the blood in the circulation. 
Increased blood viscosity may contribute to the morbidity and 
mortality of patients with sickle cell disease, polycythemia, and 
ischemic vascular disease.

Blood Volume Measurement
In most cases, the total number of erythrocytes is closely related 
to the red cell concentration of the blood or Hct. However, blood 
volume may not always reflect erythrocyte concentration, includ-
ing immediately after severe hemorrhage, severe dehydration, 
or overhydration. To accurately assess the blood volume in 
these patients, plasma volume or red cell mass or volume must 
be determined,44,228 although these tests are rarely performed. 
The plasma volume is measured by dilution methods using a 

substance that is confined to the intravascular plasma compart-
ment, such as Evans blue dye,229 131I-labeled albumin, or radio-
active indium-labeled transferrin, is injected and the volume of 
distribution calculated from the degree of dilution of the injected 
substance over 15 to 30 minutes. Radiolabeled albumin is the 
most commonly used, but corrections must be made because the 
label is gradually removed from the circulation into the extravas-
cular space, leading to errors of 10% or more in plasma volume 
determinations.230 Plasma volume may also be estimated from 
red cell volume.231

Total red cell volume is calculated by the Ashby technique, 
which uses radiolabeled RBCs. A number of radioisotopes may 
be used, but 51Cr and 99mTc are the most common. Biotinylated 
cells may also be used.232 The red cell volume is then calculated 
by the dilution of the labeled cells over time using the following 
formula:

Red cell volume =  cpm of isotope injected/cpm/ml red cell  
concentration per unit volume in sample

Usually, the measurements are made after a 15-minute interval, 
although longer periods may be needed with high blood viscosity 
due to high Hcts to ensure complete labeled cell mixing. Total red 
cell volume measurements must be corrected with splenic enlarge-
ment secondary to sequestration of the labeled cells within this 
organ. Red cell volume may also be calculated from the total plasma 
volume and measured Hct by means of the following equation:

Red cell volume = Hct × plasma volume/100 – Hct

Total plasma volume may be useful in monitoring fluid and blood 
replacement. Red cell volume measurements are used to docu-
ment true polycythemia, although some authors advocate the use 
of erythropoietin levels and red cell colony growth as less invasive 
surrogate tests for red cell volume or red cell mass measure-
ments.44 Total blood volume may be calculated from the sum of 
total red cell volume and plasma volume measurements.
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CLiniCaL FLow Cytometry
anna Porwit

C h a p t e r  2

light beam one at a time. Flow cytometers measure the amount 
of light emitted by fluorochromes associated with individual cells 
or particles (Fig. 2.1). New flow cytometers have three to four 
lasers.12 For application in FCM, antibodies are conjugated with 
fluorochromes, dyes that absorb the light from the laser and emit 
light at longer wavelengths. The list of fluorochromes commonly 
used in clinical FCM is given in Table 2.1.13 The emitted light 
is focused by a lens onto fiberoptic cables and transmitted to 
octagonal detectors (Fig. 2.1). Filters in front of each of a series 
of detectors restrict the light that reaches the detector to only a 
small particular range of wavelengths (referred to as channels). 
The sensors convert the photons to electrical impulses that are 
proportional to the number of photons received and to the num-
ber of fluorochrome molecules bound to the cell. The fluorescent 
emissions are of low intensity and have to be amplified by pho-
tomultiplier tubes (PMT). PMTs count the specific photons and 
the remaining light is reflected to the next filter, where the pro-
cess is repeated. Thus, most of the cell-associated fluorescence 
detected in a given channel is emitted by fluorochrome-coupled 
antibodies or other fluorescent reagents of interest. Electrical 
impulses from photoelectrons collected by PMTs are converted 
to digital signals. Acquired FCM data are electronically stored in 
so-called list-mode files that are a part of the medical record of 
the patient.14

A pair of light scatter channels provides an approximate 
measure of cell size (FS) and granularity (SS). FS and SS are 
used to set the threshold for separating debris, erythrocytes, and 
platelets from viable nucleated cells. Live cells scatter more light 
than dead and apoptotic cells and therefore have higher FS. SS 
is collected together with fluorescent light at right angles to the 
beam and is due to light reflected from internal structures of the 
cell. Cells with high granularity or vacuoles such as granulocytes  
or monocytes will have higher SS than ones with no granules 
such as lymphocytes or blast cells.

Most cells have low numbers of native fluorescent molecules 
that define their background fluorescence. Some of the light may 
come from spillover fluorescence emitted by a reagent measured 

DeFinition
One of the meanings of the word flow is “to move with a continual 
shifting of the component particles.” The term cytometry refers 
to counting (metry) cells (cyto). Thus, flow cytometry (FCM) is a 
method that employs a fluid stream to carry cells through a coun-
ter. FCM evaluates multiple parameters of individual cells (or other 
particles) by measuring the characteristics of light they scatter or 
the photons they emit as they stream through a light source. The 
strength of this technology lies in its high throughput (measurement 
of high numbers of cells in short time) and in its ability to capture 
many parameters per cell, assessing them individually. Currently, 
the principal applications of FCM in the clinical practice are rou-
tine cell counters and immunophenotyping. This chapter focuses 
on clinical application of FCM in hematology, mainly in diagnosis 
of hematologic malignancies. However, some functional assays 
(e.g., phosphorylation, cytokine secretion, apoptotic) that are being 
introduced into clinical practice are also briefly discussed.

HistoriCaL BaCkgrounD
FCM dates back to the work done in Stockholm by T. Caspersson 
and coworkers, who in the 1930s demonstrated that DNA content, 
measured by ultraviolet and visible light absorption in unstained 
cells, doubled during the cell cycle.1,2 In 1950, Coons and Kaplan 
reported on the detection of antigens in tissues using fluores-
cein conjugated antibody methods, which prompted wide use 
of fluorescence microscopes.3 In 1953, W. H. Coulter patented 
the so-called Coulter principle and built the first FCM machine, 
in which blood cells in saline suspensions passed one by one 
through a small orifice and were detected by changes of electrical 
impedance at the orifice.4 After the first paper in Science by M. 
Fulwyler,5 the era of standard use of FCM for cell sorting started, 
beginning with publications from the L.A. Herzenberg Laboratory 
at Stanford University, CA, USA in the early 1970s.6 Soon after, 
the first flow cytometers became commercially available from 
Becton Dickinson (now BD Biosciences), followed by other com-
panies. FCM came into clinical use in the late 1980s, at first only 
in specialized laboratories. In the 1990s and early 2000s, three- 
and four-color analysis became a standard diagnostic method for 
immunophenotyping of hematologic samples. Many clinical solu-
tions and standardization efforts were initialized by A. Orfao and 
coworkers, from the University of Salamanca, Spain.7,8 In 2010, 
eight- and ten-color FCM became a standard clinical method.9,10 
In research settings, applications using 19-parameter FCM com-
bining 17 fluorescence channels with forward scatter (FS) and 
side scatter (SS) have been reported.11

PrinCiPLes oF FLow Cytometry
For reliable analysis, the specimen must be in a monodisperse 
suspension. In a flow cytometer, isotonic fluid is forced under 
pressure into a tube that delivers it to the flow cell, where a fluid 
column with laminar flow and a high flow rate is generated (so-
called sheath fluid). The sample is introduced into the flow cell 
by a computer-driven syringe in the center of the sheath fluid, 
creating a coaxial stream within a stream (the so-called sample 
core stream). The pressure of the sheath stream hydrodynami-
cally aligns the cells or particles so that they are presented to the 

Figure 2.1. Principles of multicolor flow cytometry. A single cell suspension is hydrody-
namically focused with sheath fluid to intersect lasers (three-laser system is shown). Fluores-
cence signals are collected by multiple fluorescence emission detectors, separate for every laser. 
Examples of fluorochromes detected by different lasers are given according to Table 2.1. Detected 
signals are amplified by photomultiplier tubes and converted to digital form for analysis.
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in a different channel. The interference is corrected by applying 
fluorescence compensation based on data from single-stained 
samples. This is usually done using cells or beads before or during 
the data acquisition phase. However, modern FCM data analy-
sis software also allows collection of uncompensated data and 
applying compensation during analysis. Before data acquisition, 
standard reference particles (fluorescent microspheres) should be 
used to adjust the PMT voltage settings so that the beads fall in 
approximately the same location or the same “target channels,” 
predetermined for each fluorochrome.

Cell Sorting
Some flow cytometers are capable of physically separating the 
cells (fluorescence activated cell sorter, FACS) based on differences 
in any measurable parameters. Sorting is achieved by droplet 
formation. The basic components of any sorter are:

•	 A droplet generator
•	 A droplet charging and deflecting system
•	 A collection component
•	 The electronic circuitry for coordinating the timing and 

 generation of droplet-charging pulses

The flow chamber is attached to a piezoelectric crystal, which 
vibrates at a certain frequency so that when the fluid carrying the 
cells passes through the nozzle, forming a jet in air with a velocity 
of 15 m/s, the vibration causes the jet to break up in precisely uni-
form droplets, approximately 30,000 to 40,000/s. Each droplet, 
when separated from the jet, can be charged and deflected by a 
steady electric field and is collected in a receptacle. Almost every 
cell is isolated in a separate droplet. When the cell is analyzed a 
sorting decision is made, and until the proper electrical charge 
pulse is applied to the droplet containing the cell, there is a transit 
time determined by several factors, such as flow velocity, droplet 
separation, and the cell preparation. If two cells cannot be sepa-
rated the sorting is aborted.

Monoclonal antibodies
Advances of FCM would not be possible without development 
of monoclonal antibodies (MAbs). By the Nobel Prize win-
ning hybridoma technology developed in 1975 by Köhler and 
Milstein,15 lymphocytes from the spleen of an immunized mouse 
can be immortalized by fusion to myeloma cells that have lost the 
ability to make their own immunoglobulins (Igs) but are capable of 
unlimited mitotic divisions. Through limited dilutions, individual 

taBLe 2.1

TabLe of fLuorocHromes commonLy used in cLinicaL fLoW cyTomeTry

Probe Ex (nm) Em (nm) MW Acronym/Comments

Reactive and Conjugated Probes
R-Phycoerythrin 480;565 578 240 k PE

Red 613 480;565 613 PE-Texas Red

Fluorescein isothiocyanate 495 519 389 FITC

Rhodamine isothiocyanate 547 572 444 TRITC

X-Rhodamine 570 576 548 XRITC

Peridinin chlorophyll protein 490 675 PerCP

Texas Red 589 615 625 TR

Allophycocyanin 650 660 104 k APC

TruRed 490,675 695 PerCP-Cy5.5

Alexa Fluor 647 650 668 1250

Alexa Fluor 700 696 719

Alexa Fluor 750 752 779

Cyanine 5 (625);650 670 792 Cy5

Cyanine 5.5 675 694 1128 Cy5.5

Cyanine 7 743 767 818 Cy7

PE-TR-X 595 620 625 ECD

PE-Cy5 conjugates 480;565;650 670 Cychrome, Tri-Color, Quantum Red

PE-Cy7 conjugates 480;565;743 767 PE-Cy7

APC-Cy7 conjugates 650;755 767 APC-CY7

Nucleic Acid Probes
4′,6-Diamidino-2-phenylindole 345 455 DAPI ,AT-selective

SYTOX Blue 431 480 ~400 DNA

SYTOX Green 504 523 ~600 DNA

Ethidium bromide 493 620 394

7-Aminoactinomycin D 546 647 7-AAD, CG-selective

Acridine Orange 503 530/640 DNA/RNA

Thiazole Orange 510 530 TO (RNA)

Propidium iodide 536 617 668.4 PI

Em, peak emission wavelength (nm); Ex, peak excitation wavelength (nm); MW, molecular weight.
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cell lines (hybridomas) that produce an antibody of unique speci-
ficity, avidity, and isotype can be established. In the early days of 
the application of MAbs to immunology, many laboratories were 
immunizing mice with leukocytes. The obtained hybridomas 
produced many antibodies that reacted with leukocytes, but the 
identities of the molecular targets were not known. The reactivity 
spectrum of the antibody could be described by staining multiple 
different cell types, and in most cases the target antigen could 
be isolated by immunoprecipitation or Western blotting and its 
molecular weight and other structural characteristics determined.

The first round of multilaboratory, blind, comparative analyses 
of antibodies was performed during the first Human Leukocyte 
Differentiation Antigen (HLDA) Workshop 1982 in Paris, France.16 
Statistical analysis of data from several laboratories revealed 
“clusters of differentiation,” named for the statistical procedure 
of cluster analysis and for the focus on leukocyte differentiation. 
Antibodies thought to be detecting the same molecule, and the 
molecule itself, were given a “CD” designation.17 An organiza-
tion called the Human Leukocyte Differentiation Antigen Council 
has been established and nine subsequent HLDA workshops 
have characterized 350 CD antigens. The HLDA council reviewed 
and modified the objectives of HLDA in 2004, and changed the 
name of the organization to Human Cell Differentiation Molecules 
(HCDM). The reasoning behind the name change to HCDM was to 
break with tradition while retaining the letters “CD,” to maintain 
emphasis on molecules of human origin, to extend focus from 
leukocytes to other cell types interacting with leukocytes such 
as endothelial cell or stromal cell molecules, and to broaden the 
scope from cell-surface molecules to any molecule whose expres-
sion reflects differentiation, recognizing the growing values of 
intracellular molecules. The HCDM council keeps a comprehen-
sive database of CD molecules (www.hcdm.org). CD antigens, 
which are most often applied in hematologic immunophenotyping 
are listed in Table 2.2 and are described in Appendix A.

Sample preparation
Appropriate samples for clinical FCM include peripheral blood 
(PB), bone marrow (BM) aspirate, disaggregated tissue including 
lymph node (LN) and other soft tissue biopsies as well as fine 
needle aspirations (FNA) and BM core biopsies, cerebrospinal 
fluid (CSF), other body fluids including effusions and lavage fluids, 
and nuclei from paraffin-embedded tissue for DNA ploidy assays. 
With the exception of the latter, all other clinical FCM specimens 
should be considered biohazardous and labeled as such in accor-
dance with national or regional safety standards. A test requisi-
tion form, whether printed or electronic, should accompany all 
specimens. This form should include unique patient identifiers, 
age, sex, diagnosis (if previously established) or suspect condition 
under consideration, name of the physician submitting the speci-
men, pertinent medication or recent treatment (including dates of 
chemotherapy or radiation), date and time of specimen collection, 
and source of the specimen (e.g., bone marrow aspirate, CSF, 
etc.). The requested test should appear on the specimen label or 
on the requisition accompanying the specimen. Complete blood 
count (CBC) should be provided for PB and BM samples. For PB, 
ethylene-diaminetetraacetic acid (EDTA), sodium heparin, or acid 
citrate dextrose (ACD) may be used. For BM aspirates, sodium 
heparin is the preferred anticoagulant, and is required if cytoge-
netic testing is to be performed on the same specimen. All tissue 
biopsies intended for FCM evaluation, including LN or other tis-
sue biopsies should be transported in an adequate volume of an 
appropriate transport medium in a sterile container to optimize 
cell viability. CSF samples should be stabilized or analyzed imme-
diately due to potential toxic effect on cell viability.18

All clinical samples should be analyzed as soon as possible. As 
a general rule, 24 hours is preferred but 48 hours is considered 
the longest acceptable time frame for analysis. If transport time 

is longer, a viability report is mandatory and the results should 
be interpreted cautiously. Room temperature (18°C to 25°C) is 
recommended for storage and transport. For specimens that are 
not highly degenerated, nonviable cells can be excluded from 
the analysis by meticulous FS versus SS gating. Dead cells trap 
fluorochrome-conjugated antibodies and increase background 
fluorescence. Fluorescent, DNA-binding dyes (Table 2.1) that are 
excluded from viable cells with intact plasma membranes and 
thus positive in nonviable cells, can also be applied.

Whole PB/BM analysis with erythrocyte lysis is recommended 
for clinical immunophenotyping. Immunophenotyping of density 
gradient (Ficoll) separated mononuclear cells should not be used 
due to selective cell loss. For surface(s) staining, the so-called 
“stain–lyse–wash” method gives the best signal discrimination. 
Cells are first incubated with appropriate amounts of titrated 
MAb, then erythrocytes are lysed and cells finally are washed 
before acquisition. Several commercial lysis reagents, most of 
which also contain a fixative, are available. Samples to be stained 
for sIg should be thoroughly washed before incubation with MAb, 
in order to avoid false negative results due to the presence of 
serum Igs.

Evaluation of intracellular epitopes, including proteins, epi-
genetic protein modifications (e.g., protein phosphorylation, 
methylation, etc.), DNA, or RNA generally require that the target 
cell population be fixed and permeabilized in order to allow anti-
bodies or target-binding dyes to cross the cytoplasmic and nuclear 
membranes. Commercial fixation and permeabilization kits, with 
recommended protocols, are available from several manufactur-
ers.19,20 For newly developed tests, it is useful to check whether 
the obtained intracellular staining is associated with an expected 
localization, using fluorescence microscopy. The specificity of the 
applied antibody should also be ensured. For cytoplasmic (cyt.) or 
nuclear (n) staining, it is important to use antibody conjugates that 
are free of unconjugated fluorochrome molecules that can stick to 
intracellular proteins nonspecifically. When simultaneous detec-
tion of surface and intracellular epitopes is necessary, the surface 
staining is performed first, then cells are fixed and permeabilized, 
and finally intracellular epitopes are stained.

Fluorochromes and panels
Panel selection should be based on specimen type with con-
sideration of information provided by clinical history, medical 
indication, and morphology.21 Several guidelines and consensus 
papers giving lists of antigens proposed for diagnosis of hema-
tologic malignancies have been published.21,22 Selecting which 
antibody combinations best delineate, distinguish, and measure 
key differences within the target populations of interest and 
the number of simultaneously measured antibodies is a critical 
step for FCM assays. Serial dilution antibody titrations against 
both positive and negative cellular targets are necessary for 
antibody optimization. Choice of fluorochrome conjugate can 
affect background, specificity, and dynamic range of measure-
ment. Typically, one would choose a fluorochrome with the best 
quantum efficiency/yield as the antibody conjugate to identify 
the lowest antigen density so as to obtain the best possible 
signal-to-noise ratio possible. It is of high importance to reli-
ably distinguish between antigen-positive and antigen-negative 
cell populations in order to accurately measure the population 
of positive cells. This can be a challenge in populations of cells 
weakly expressing antigens. Florescence-minus-one (FMO) con-
trols give the maximum fluorescence expected for a given popu-
lation in a given channel when the reagent used in that channel 
is omitted.23 These controls include both autofluorescence of the 
cells and the spillover that may be present even after compensa-
tion corrections and therefore such controls are best suited to 
determine boundaries between positive and negative cells for 
each subset.
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CD Expression in Normal Hematopoietic Cell Types MW (kD) Function

CD1a Cortical thymocytes, Langerhans cells, dendritic cells 49 Antigen presentation, w/b2m

CD2 Thymocytes, T-cells, NK cells 50 CD58 ligand, adhesion, T-cell activation

CD3 T-cells, thymocyte subset w/TCR, TCR surface expression/signal transduction

CD4 Thymocyte subset, T-cell subset, monocytes, macrophages 55 MHC class II coreceptor, HIV receptor, T-cell 
 differentiation/activation

CD5 Thymocytes, T-cells, B-cell subset 67 CD72 receptor, TCR or BCR signaling, T–B interaction

CD7 Thymocytes, T-cells, NK cells, small subset of hematopoietic 
 progenitors

40 T costimulation

CD8 Thymocyte subset, T-cell subset, NK subset 32–34 MHC class I coreceptor, receptor for some mutated HIV-1, 
T-cell differentiation/activation

CD9 Eosinophils, basophils, platelets, activated T-cells 22–27 Cellular adhesion and migration

CD10 B-precursors, germinal center B-cells, thymocyte subset,  
neutrophils

100 Zinc-binding metalloproteinase, B-cell development

CD11a Lymphocyte subsets, granulocytes, monocytes, macrophages 180 CD11a/CD18 receptor for ICAM-1, -2,-3, intercellular 
adhesion, T costimulation

CD11b Granulopoietic cells, NK cells 170 Binds CD54, ECM, and iC3b

CD11c Dendritic cells, granulopoietic cells, NK cells, and B-cell and T-cell 
subsets

150 Binds CD54, fibrinogen, and iC3b

CD13 Granulopoietic cells, monocytes 150–170 Zinc-binding metalloproteinase, antigen processing, recep-
tor for corona virus strains

CD14 Monocytes, macrophages, Langerhans cells 53–55 Receptor for LPS/LBP, LPS recognition

CD15 Neutrophils, eosinophils, monocytes Adhesion

CD16 Neutrophils, macrophages, NK cells 50–65 Component of low-affinity Fc receptor, phagocytosis, and 
ADCC

CD19 B-cells, plasma cells 95 Complex w/CD21and CD81, BCR coreceptor, B-cell acti-
vation/differentiation

CD20 B-cells 33–37 B-cell activation

CD21 B-cells and T-cells subsets 145, 110 Complement C3d and EBV receptor, complex w/CD19 and 
CD81, BCR coreceptor

CD22 B-cells 150 Adhesion, B-mono, B–T interactions

CD23 B-cells, eosinophils, platelets 45 CD19-CD21-CD81 receptor, IgE low-affinity receptor, 
signal transduction

CD24 Thymocytes, erythrocytes, lymphocytes, myeloid cells 35–45 Binds P-selectin

CD25 Activated B-cells and T-cells 55 IL-2Ra, w/IL-2Rb, and g to form high affinity complex

CD33 Granulopoietic cells, monocytes, dendritic cells 67 Adhesion

CD34 Hematopoietic precursors 105–120 Stem cell marker, adhesion, CD62L receptor

CD36 Platelets, monocytes, erythropoietic precursors 88 ECM receptor, adhesion, phagocytosis

CD38 High expression on B-cell precursors, plasma cells and activated 
T-cells, low on granulopoietic cells

45 Ecto-ADP-ribosyl cyclase, cell activation

CD41 Platelets, megakaryocytes 125/22 w/CD61 forms GPIIb, binds fibrinogen, fibronectin, vWF, 
thrombospondin, platelet activation and aggregation

CD42a Platelets, megakaryocytes 22 Complex w/CD42b, c and d, receptor for vWF and 
 thrombin, platelet adhesion to subendothelial matrices

CD45 Hematopoietic cells, multiple isoforms from alternative splicing 180–240 Tyrosine phosphatase, enhanced TCR and BCR signals

CD56 NK subset, T-cell subset CD175–185 Neural cell adhesion molecule

CD57 NK subset, T-cell subset 110 HNK-1

CD59 Ubiquitous 18–20 Complement regulatory protein

CD61 Platelets, megakaryocytes 105 Integrin b3, adhesion, CD41/CD61 or CD51/CD61 
 mediate adhesion to ECM

CD62L B-cells, T-cells subsets, monocytes, granulocytes, NK-cells,   
thymocytes

74, 95 CD34, GlyCAM, and MAdCAM-1 receptor, leukocyte 
 homing, tethering, rolling

CD64 Monocytes, neutrophils 72 FCγRI, increases on neutrophils in sepsis

CD65 Granulopoietic cells Phagocytosis

CD66 Neutrophils 90 Cell adhesion

CD68 Monocytes, neutrophils, basophils, mast cells, 110 Macrosialin

taBLe 2.2

LisT of cd anTigens mosT commonLy used in fLoW cyTomeTry immunopHenoTyping of HemaToLogic sampLes
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CD Expression in Normal Hematopoietic Cell Types MW (kD) Function

CD71 Proliferating cells, erythroid precursors, reticulocytes 95 Transferrin receptor, iron uptake

CD79 B-cells, plasma cells 33–37 Component of BCR, BCR surface expression and signal 
transduction

CD103 B- and T-cell subsets 150, 25 w/integrin b7, binds E-cadherin, lymph homing/retention

CD117 Hematopoietic progenitors, mast cells 145 Stem cell factor receptor, hematopoietic progenitor 
 development/differentiation

CD123 Basophils, dendritic cell subset, hematopoietic progenitors 70 IL-3Ra, w/CDw131

CD133 Hematopoietic stem cells subset 120

CD159c NK 40 w/MHC class I HLA-E molecules, forms heterodimer with 
CD94

CD235a Erythropoietic precursors 36 Glycophorin A

For a comprehensive list and characteristics please see www.hcdm.org.

Often the same anchor gating antibodies are used in every 
tube thereby allowing consistent population gating strategies 
across all tubes of a panel. In immunophenotyping of lympho-
cyte subsets and in the diagnosis of leukemia/lymphoma, CD45 
anchor gating has been shown to provide differential population 
identification correlated to morphologic microscopic differentials 
(Fig. 2.2) 24,25:

•	 Mature lymphocytes are characterized by low side scatter and 
strong CD45 expression (lymph region, Fig. 2.2 plot B).

•	 Monocytes have higher SS and strong CD45 expression (mono-
cyte region, Fig. 2.2 plot B).

•	 Erythropoietic precursors are CD45 negative and have low SS 
(CD45− ery region, Fig. 2.2 plot B).

•	 Granulopoietic precursors and granulocytes are weakly CD45 
positive and have high SS (CD45 dim, gran region, Fig. 2.2 plot B).

•	 Early hematopoietic precursors of various lineages, including 
CD34+ stem cells, are characterized by low CD45 expression 
and low SS (blast region, Fig. 2.2, plot B).

The localization of these subpopulations on the CD45/SS plot 
can be confirmed by multicolor staining of various lineage-associ-
ated antigens together with CD45 (Fig. 2.2, plots C–K) and visual-
ization of cell clusters positive for given antigen combinations on 
the CD45/SS plot (Fig. 2.2, plot B) by so-called back-gating using 
color-coding.25

In multicolor FCM, lineage-associated antigens that are broadly 
expressed through maturation of investigated cell lineage can be 
used for gating in conjunction with SS and CD45 (e.g., CD19 for 
B-cells, CD3 for T-cells Figs. 2.2 and 2.3). Examples of 10-color 
panels for leukemia and lymphoma, currently used at the Flow 
Cytometry Laboratory at the Department of Laboratory Medicine, 
University Health Network, Toronto General Hospital, Toronto, 
Ontario, Canada are given in Table 2.3.

Data analysis and reporting
Fluorescence data may be presented using either linear or 
 logarithmic amplification. In linear amplification, fluorescence 
differences are directly proportional to differences of fluoro-
chrome concentration between cells. Logarithmic amplification 
 compresses a wide input range, which may cause difficul-
ties in resolving populations with similar fluorescence intensi-
ties. “Logicle” (or “biexponential”) displays have recently been 
designed for the display of FCM data so that they incorporate the 
useful features of logarithmic displays but also provide accurate 
visualization of populations with low or background fluores-
cence.12 During analysis, data is presented in form of:

•	 Histograms (for one parameter), where relative fluorescence 
or scatter is on the x-axis and the number of events with given 
characteristics on the y-axis

•	 Two-parameter dot plots, where each signal is visualized by one 
dot and given a parameter on the x- and y-axes; various cell 
populations can be then “painted” with different colors

•	 Density plots, where hotspots indicate large numbers of events 
resulting from discreet population of cells and colors can give 
the graph a three-dimensional feel

•	 Contour diagrams, where joined lines represent similar num-
bers of cells

New software where multiparameter data can be analyzed 
using principal component analysis is also available.9,26

Analysis is usually focused on identifying and quantifying sub-
sets of cells. Successful analysis will depend on correct marker 
selection and panel design. Cell counts and percentages are typi-
cally reported. The choice of gating strategy depends on the panel 
used and specific populations of interest. In immunophenotyping 
of PB and BM, the analysis can be focused on lymphocytes (CD45 
bright gate, Fig. 2.4), B-lymphocytes (Fig. 2.3), blasts (CD45 dim 
gate, Figs. 2.2 and 2.5), T-lymphocytes and natural killer (NK) 
cells, on monocytes, or include all living cells in the sample (debris 
excluded). In tissue samples (lymph nodes, FNA, body fluids) a 
broad lymphocyte gate is usually applied. The parent popula-
tion should be clearly identified when percentages are reported: 
a fraction may represent a percentage of all living cells in the 
sample (debris excluded), a percentage of lymphocytes, a percent-
age of B-cells, a percentage of T-cells, or a percentage of blasts.

In hematology, assays are usually designed to characterize 
abnormal cell populations or stages of cell development. In these 
tests, marker intensities are used to identify the immunopheno-
type of the cells at various stages of differentiation. Therefore, 
markers with good dynamic range and proper spillover com-
pensation are critical. Intensity results are typically reported as 
medians or geometric means. A comparison to control popula-
tions either external such as beads or internal such as normal 
mature cells is often used. If fluorescence intensity is comparable 
to normal mature cells, it is reported as “normal”: positive if it 
corresponds to normal cells, “dim” if it is weaker than in normal 
cell population, or “bright” if it is stronger than in normal cells.

Most currently used analysis software allows cross-platform 
application for analysis and makes it possible to create analysis 
templates that are a useful tool for assuring that the analysis is 
always performed in the same way.9,26 Templates help to include 
all critical elements, and they can serve as an example of how the 
analysis should be performed. Due to the highly complex nature 
of multiparameter analysis, it is recommended that experienced 
interpreters with knowledge of instrumentation, software, and 
data analysis produce the templates and supervise the reporting. 
The final report should contain:

 1. Demographic identification of patient
 2. Identification of the hospital or division sending the sample
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Figure 2.2.  Bone marrow mapping with polychromatic flow cytometry. Reactive bone marrow sample from a young patient was analyzed with a screen-
ing ten-color 14 MAb panel on a Navios flow cytometer and Kaluza software (Beckman Coulter). The MAb panel consisted of kappa+CD4 FITC/Lambda+CD8-PE/
CD3 + CD14 ECD/CD34 APC/CD20+CD56–PC7/CD10–APC–A750/CD19–APC–A700/CD33 PC5.5/CD5–Pac Blue/CD45 Krom Orange. Analysis starts with 
the creating of the “live cells” gate by removal of dead cells, erythrocyte, and platelet aggregates on FS/SS plot (A). A CD45/SS plot is created within the live cell 
gate (B). Regions for lymphocytes (CD45bright/low SS), monocytes (CD45 bright/high SS), granulopoietic cells (CD45 dim/high SS), CD45dim/low SS blasts, and 
CD45-low SS erythropoietic cells are determined. The B-cell gate is created from the live cell gate on the CD19/SC plot (C). Presence of CD5 positive B-cells is 
investigated using a CD5/CD19 plot (D). The presence of CD10+ B-cells is looked for by analysis of CD20 and CD10 expression within the B-cell gate (e). In 
this patient, no CD5+ B-cells were detected but a significant fraction of B-cells showed B-precursor immunophenotype with normal maturation pattern (e). If a 
CD5+ or CD10+ B-cell population is present, a new gate can be created within plot D or E. B-cell clonality is analyzed within the B-cell gate (F). In this patient 
most B-cells are negative for light chain expression, consistent with B-cell precursors. Note that most of CD10+/CD20 dim B-cell precursors (cyan dots) fall 
into the blast gate in the CD45/SS plot (B). Kappa and lambda positive B-cells have normal kappa to lambda ratio. If CD5 and/or aberrant CD10+ B-cells were 
present, clonality of B-cells would be analyzed within the specific CD5+/CD19+ or CD10+/CD19+ gate. The fraction of CD34+ cells (red dots) is estimated 
within the live cell gate on the CD34/SS plot (g). If increased numbers of CD34+ cells are found, they are further analyzed for CD33, CD19, and CD10 expres-
sion. CD3+ T-cell and CD14+ monocyte gates are created on the CD45/CD3+CD14 plot within the live cell gate (H). Fractions of CD4+ (violet dots) and CD8+ 
T-cells (light green dots) are estimated within the CD3+ gate (i). CD4/CD8 ration was normal (1.16). Granulopoietic cells are analyzed on CD33/CD10 plot within 
the “Gran” gate and fractions of mature neutrophils (CD33+CD10, orange dots) and granulopoietic precursors (CD33+ CD10, brown dots) are estimated (J). 
CD14-CD33bright monocytic precursors can also be enumerated (green dots). Finally the fraction of CD56+ NK cells (dark blue dots) can be evaluated on a 
CD20+56/SS plot using the Boolean gate of live cells + non-B–cells to exclude CD20+ B-cell from analysis (K). Various cell populations are back-gated and 
visualized on both FS/SS and CD45/SS plots (A and B).
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 3. Type of specimen (bone marrow aspirate, peripheral blood, 
other biologic fluids)

 4. Timing of observation (first diagnosis or follow-up)
 5. Diagnostic hypothesis made by the sender
 6. List of antigens and type of immunofluorescence analysis 

 carried out
 7. Absolute number of cells in the sample
 8. Quality of the sample, in terms of viability
 9. General description of the gating procedure
10. Immunophenotype of abnormal cells present in the sample
11. Description of other (normal) cells

12. Diagnostic conclusions
13. Comments and/or recommendations for further testing.21,27

Validation of assays and Quality assurance
In clinical settings, the results obtained in FCM must be inter-
preted in relation to clinical information and to the results of 
other techniques (morphology, cytogenetics, molecular genetics, 
fluorescence in situ hybridization [FISH]), which are used as a 
validation of the information provided by FCM.21 Newly estab-
lished panels have to be validated by comparison to reference 

Figure 2.3. A. examples of analysis of B-cell compartment in bone marrow samples. Ten-color MAb panel, Navios flow cytometer, and Kaluza software 
(Beckman Coulter) were applied. Panel consists of Kappa-FITC/Lambda-PE/CD19 ECD/CD34–APC/CD10–APC-A750/CD23–APC–A700/CD20–PC7/CD38-PC5.5/
CD5 Pc Blue/CD45-Krom Orange. The live cell gate is created and fractions of lymphocytes, granulocytes, monocytes, and the like are evaluated as shown in Figure 
2.2. The B-cell gate is created on a CD19/SS plot and expression of CD5, CD23, and CD10 is analyzed within the B-cell population. Kappa and lambda light chain 
expression is analyzed within total B-cell, CD5+ B-cell, or CD10+ B-cells as appropriate. Expression of CD34 and CD38 within the C19+ B-cell population can also 
be analyzed (see Fig. 2.3B). The fraction of plasma cells can be estimated using CD38 bright expression and high SS on the CD38/SS plot (not shown). Upper row: 
population of B-cells with B-CLL/small lymphocytic lymphoma-related phenotype (CD19+, CD5+, CD23+, CD20 dim, kappa dim, CD10–) consistent with bone 
marrow involvement in a patient who was diagnosed with small lymphocytic lymphoma in a lymph node biopsy and had no peripheral lymphocytosis. Bone marrow 
biopsy showed rare nodular lymphoid infiltrates. Middle row: CD5–CD10–CD23– lambda+ B-cell population in a patient with Waldenström macroglobulinemia. 
Lower row: population of CD19+ CD10+ B-cells strongly expressing CD20 and kappa in a patient with bone marrow involvement by a follicular lymphoma. B. 
Examples of analysis of B-cell compartment in a lymph node cell suspension. Ten-color MAb panel, Navios flow cytometer, and Kaluza software (Beckman Coul-
ter) were applied. Panel consists of Kappa-FITC/Lambda-PE/CD19 ECD/CD34–APC/CD10–APC–A750/CD23–APC–A700/CD20–PC7/CD38–PC5.5/CD5 Pc Blue/
CD45–Krom Orange. The live cell gate is created and fractions of lymphocytes, granulocytes, monocytes, and the like are evaluated as shown in Figure 2.2. The B-cell 
gate is created on the CD19/SS plot and expression of CD5, CD23, and CD10 is analyzed within the B-cell population. Most B-cells were positive for CD20, CD38, 
and CD10, and showed monotypic lambda expression.

A
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Figure 2.3. (Continued)

Panel FITCb PE ECD PC5.5 PC7 APC APC-AF700 APC-AF750 PB KO

B-cell kappa lambda CD19 CD38 CD20 CD34 CD23 CD10 CD5 CD45

T-cell CD57 CD11c CD8 CD3 CD2 CD56 CD7 CD4 CD5 CD45

AML-granulo CD65 CD13 CD14 CD33 CD34 CD117 CD7 CD11b CD16 CD45

AML-mono CD36 CD64 CD56 CD33 CD34 CD123 CD19 CD38 HLA-DR CD45

AML-ery-ly CD71 CD11c CD4 CD33 CD34 CD2 CD10 CD235a CD15 CD45

ALL-B CD58 CD22 CD38 CD33 CD34 CD123 CD10 CD19 CD20 CD45

ALL-T CD7 CD1a CD8 CD33 CD34 CD2 CD10 CD4 CD5 CD45

AL-cytoplasmic TdT MPO CD14 CD33 CD34 cytCD79 cytCD22 CD19 cytCD3 CD45

a These panels are in current clinical use at the Flow Cytometry Lab., Department of Laboratory Medicine, University Health Network, Toronto General Hospital, Toronto, Ontario, Canada.
b Characteristics of fluorochromes are given in Table 2.1.

taBLe 2.3

exampLes of 10-coLor fLoW cyTomeTry paneLsa in immunopHenoTyping of Leukemia and LympHoma

methodology, interlaboratory comparison, or verification with 
specimens obtained from patients with a confirmed diagnosis. A 
minimum of 10 to 20 samples (10 normal, 10 abnormal) is rec-
ommended for accuracy assessment. The acceptance criteria will 
also be variable depending on the required degree of accuracy for 
the intended use, nevertheless should be clearly defined for each 
assay. Ninety percent, or greater, agreement between methods is 
generally required for accuracy.

All instruments have to follow daily quality checks according 
to manufacturers’ recommendations. Participation in a suitable 
external quality assurance (EQA) program should be undertaken. 
Many proficiency testing programs are in existence operating 
at local, national, or international levels. The more common 
uses of FCM should be subjected to EQA and many of the larger 
international programs such as those operated by UK NEQAS for 
Leukocyte Immunophenotyping28 and the College of American 

Pathologists offer FCM EQA programs for leukemia and lym-
phoma diagnosis, lymphocyte subset monitoring, paroxysmal 
nocturnal hemoglobinuria (PNH), and CD34+ stem cell enumera-
tion. Many of these programs use stabilized material enabling 
samples to be transported long distances such that data from 
large international cohorts can be examined to search for any 
instrument or reagent bias. The frequency of the samples issued 
by such programs is recommended to be at least four times per 
year to ensure continued performance monitoring.

normaL HematoPoiesis
Knowledge of levels and expression patterns of various antigens  
in normal hematopoietic cells at different stages of development pro-
vides a frame of reference for recognition of abnormal  differentiation 

B
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patterns. Following reports by Terstappen et al.,29–31 several 
groups provided descriptions of clearly delineated  differentiation 
stages of various hematopoietic cell lineages.32,33–36,37,38 A detailed 
review of all available data is beyond the scope of this chapter; 
a  summary of the most  important and well-established issues is 
provided below.

Immature Cells of Normal Bone Marrow
CD34+ hematopoietic progenitor and precursor cells (HPC) 
that constitute most cells of the CD45/dim (blast) region are 
a heterogeneous cell population. A small fraction of pluripo-
tent stem cells with long-term repopulating cell activity have 
been associated with the CD34/CD38− phenotype.39,40 These 
cells are very rare in normal BM (usually <0.1%)41, but may 
increase in regenerating BM and in myelodysplastic syndromes 
(MDS).42,43 CD34/CD45dim cells also include a major fraction 
of HPC already committed to different hematopoietic lineages 
(erythroid, neutrophil, monocytic, dendritic cell (DC), basophil, 
mast cell (MC), eosinophil, and megakaryocytic) and variable 
numbers of CD34+ B-cell precursors (BCP).35 Human stem cells 
are defined by expression of CD90 and CD49f and are CD45RA 
negative. Early myeloid progenitors were isolated based on the 
expression of IL-3 receptor, a chain (CD123) or FLT3 (CD135), 
and CD45RA. Myeloid, but not erythroid, progenitors express 
CD123 and CD135, and the transition from common myeloid to 
granulocyte-macrophage progenitor is marked by acquisition of 
CD45RA [reviewed in Ref. 44].

Granulocytic Differentiation
Several antigens change their expression intensity during matu-
ration of granulopoiesis. Characteristic normal patterns for vari-
ous antigen combinations have been identified using multicolor 
analysis.25,36,37,45 Continuous variation in the expression of CD13, 
CD11b, and CD16 that occurs as the blasts/promyelocytes mature 
to neutrophils makes the combinations of these antigens very 
useful in delineating granulocyte maturation (Fig. 2.6). CD13 is 
expressed at high levels on CD34+ HPCs and CD117+ precur-
sors (promyelocytes). CD13 is then down-regulated and dimly 
expressed on intermediate precursors (myelocytes) and it is 
gradually up-regulated again as the granulocytic cells develop into 
segmented neutrophils. CD11b and CD16 are initially expressed 
at low levels, but their expression increases during maturation 
(Fig. 2.6).

Expression of CD33 is particularly useful if followed together 
with expression of HLA-DR. CD34+ cells are HLA-DR positive 
and become weakly positive for CD33. With maturation, CD34 
disappears and CD33 expression is up-regulated, followed  
by down-regulation of HLA-DR and slight down-regulation 
of CD33 in most mature forms.37 CD15 and CD65 appear 
when cells are restricted to neutrophil differentiation. CD66, 
CD16, and CD10 are the markers of mature, band, and seg-
mented neutrophil granulocytes and can be applied to evaluate 
blood contamination of aspirate.46–48 The sequence of marker 
expression during neutrophil differentiation is summarized in 
Table 2.4. It has been confirmed by cell culture studies and 
sorting experiments.36,49,50

Figure 2.4. example of aberrant T-cell population detected in peripheral blood of a patient with lymphocytosis. Five-color MAb panel and FC500 
flow cytometer (Beckman Coulter) were used. Analysis shows that 63% of blood cells were lymphocytes (Ly, red dots on upper left plot). Analysis was performed 
within lymphocyte gate. Analysis revealed an aberrant population of CD3+ T-cells (75% of lymphocytes) that lack CD7 are positive for CD5 and CD4 with partial 
co-expression of CD8 (upper row). Small populations of normal CD4+CD7+ and CD8+CD7+ T-cells are also noted (7% and 9% of lymphocytes, respectively, 
middle row). All T-cells were positive for CD2 and negative for CD25 (left middle row). Further analysis that showed that the aberrant T-cell population was positive 
for NK-cell–associated antigens CD56 and CD57 (lower row) and had large granular lymphocyte morphology (not shown). MAb to TCR alpha/beta was positive and 
TCR gamma/delta negative. No expression of CD30 or CD1a was noted (left lower plot).
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Monocytic Differentiation
CD14, CD36, and CD64 are considered as monocyte-associated 
markers, CD14 being the most specific. During maturation toward 
promonocytes, progenitors down-regulate CD34 and CD117 
and gain the expression of CD64, CD33, HLA-DR, CD36, and 
CD15, with an initial mild decrease in CD13 and an increase in 
CD45. Maturation toward mature monocytes leads to a progres-
sive increase in CD14, CD11b, CD13, CD36, and CD45, with a 
mild decrease in HLA-DR and CD15. Mature monocytes show 

Figure 2.5. examples of various scatter characteristics of CD45 dim blast population and patterns of antigen expression in acute myeloid 
 leukemia. Bone marrow samples were stained with an eight-color MAb panel and acquired on a FACS-CANTOII flow cytometer (BD Bioscience). Panel consisted of 
CD56–FITC/CD13–PE/CD34 PerCP–Cy5.5/CD117–PE–Cy7/CD33–APC/CD11b APC–Cy7/HLA–DR Pac Blue/CD45 AmCyan. Analysis was performed using Kaluza 
software (Beckman Coulter). After removal of dead cells and debris, blasts, lymphocytes, monocytes, and granulopoietic precursors/granulocytes were gated on the 
CD45/SS plot. Further analysis of antigen expression was performed within the blast population (dark blue dots) except for myelomonocytic leukemia (fourth row) 
where the monocyte gate was added (green dots). The upper row of plots shows an example of AML without differentiation showing agranular blasts, positive for 
CD34, CD117, CD13, and HLA-DR, but negative for CD33 and CD56. The second row shows an example of AML with granulocytic differentiation as demonstrated 
by partial expression of CD11b and SS characteristics. Blasts are strongly positive for CD34, CD117, CD13, CD33, and HLA-DR but negative for CD56. The third 
row shows an example of APL with characteristic high SS and negative CD34, HLA-DR, CD11b, heterogeneous CD13, strong CD33, and no expression of CD56. The 
fourth row shows an example of myelomonocytic AML where a population of blasts (dark blue) and a population of aberrant monocytes were detected. Blasts were 
positive for CD34, CD33, CD11b, and HLA-DR but negative for CD117 and CD13. Both blasts and monocytes showed aberrant expression of CD56. The lower row 
shows an example of monoblastic leukemia, which was negative for CD34, CD117, and CD13 but showed strong expression of CD33 and CD56, dim HLA-DR, and 
partial expression of CD11b.

 expression of bright CD14, bright CD33, variably bright CD13, 
bright CD36 and CD64, and low CD15.36,51

erythropoietic Differentiation
Early erythropoietic precursors are found in the blast area and 
can be identified by very bright CD44, bright CD71, intermediate 
CD36, positivity for HLA-DR, and expression of CD117 with “dim” 
CD45. Glycophorin A (CD235a) is expressed at a low level at this 
stage. Maturation to the basophilic erythroblast is accompanied 
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Figure 2.6. Flow cytometry analysis of maturation in granulopoiesis. Reactive bone marrow samples were stained with an eight-color MAb panel and 
acquired on a FACS-CANTOII flow cytometer (BD Bioscience). Panel consisted of CD56-FITC/CD13–PE/CD34 PerCP–Cy5.5/CD117–PE–Cy7/CD33–APC/CD11b 
APC–Cy7/HLA–DR Pac Blue/CD45 AmCyan. Analysis was performed using Kaluza software (Beckman Coulter). Granulopoietic cells and blasts were gated on CD45/
SS plot within a live cell gate (upper left). CD34+ cells were gated in a live cell gate and a Boolean gate was created by adding both gates (called granulopoiesis). 
Expression of CD34 and CD117 showed three populations: CD34+/CD117−CD34+/CD117+ and CD117+/CD34−. The right upper plot shows maturation in 
granulopoiesis corresponding to promyelocytes (I: CD13+ CD11b−), myelocytes (II: CD13+/dim, CD11b dim), metamyelocytes/bands (III: CD13 dim, CD11bright), 
and mature neutrophils (IV: CD13bright, CD11b bright). The lower row of plots illustrates the position of these various subsets in other antigen expression plots. All 
granulopoietic cells were negative for CD56 (not shown).

by a decrease in CD44, disappearance of CD45 and acquisition of 
bright CD235a expression. At transition to the polychromatophilic/
orthochromatophilic stage, erythroblasts show loss of HLA-DR, 
further decrease in CD44, and a mild decrease in CD36.51,52

Lymphocyte Differentiation
The average reported relative frequencies of major lymphoid 
subsets in various types of tissues are given in Table 2.5. Each 
laboratory should establish its own ranges.

B-cells
B-cell differentiation in the normal human bone marrow has been 
extensively studied by several groups that described characteris-
tic patterns of antigen expression on consecutive stages of B-cell 
precursors (Table 2.6, Fig. 2.7).33,36,53–56 The changes in antigen 
expression in B-lineage committed cells can be summarized as 
follows 57:

•	 CD34+CD10+ Terminal deoxynucleotidyl transferase 
(TdT)+CD79a+CD19neg common lymphoid progenitor (CLP): 
early B (E-B) stage.

•	 CD34+CD19+CD10+TdT+CD20-cytIgM- pro-B-cell stage.
•	 After down-regulation of CD34 and TdT they become CD34–

CD19+ CD10+ CD20 heterogenous pre-B that can be further 
subdivided in I and II subsets.

•	 CD34–CD19+CD20+CD10dim/− IgM+ immature (IM)-B-cells.
•	 After expression of light chains, cells become CD10-CD19+ 

CD20+ IgM+ IgD+ mature B-cells.

Pre-B and IM B-cells constitute the majority of B-cells in BM 
of children, whereas mature B-cells are most frequent in adult 
BM.33,36

In children with BM regeneration after infection or chemo-
therapy and in transient hyperplasia of B-cell progenitors, sub-
populations of IM and mature B-cells co-expressing CD5 have 
been identified.58 CD5+ B-cells are the major population of B-cells 
in fetal life, and their percentage decreases with age.53 Knowledge 
of antigen expression patterns of B-cell subsets in normal BM is 
essential for follow-up studies of minimal residual disease (MRD) 
in patients treated for B-precursor acute lymphoblastic leukemia 
(ALL).33,59,60

T-cells
T-cell production is maintained throughout life by thymic seed-
ing of BM-derived progenitors. Rare (<0.1%) T-cell–restricted 
precursors, which express pre-Ta protein on the cell surface and 
are CD34+CD7+CD45RA+, were identified in human BM.57,61 
Recently, it has been suggested that CD34+ CD10+ CD24– progen-
itors present in both BM and thymus constitute a thymus-seeding 
population and may replace CD34+ CD7+ CD45RA+ cells in the 
post-natal period.62 However, frequency of these cells in normal 
BM is lower than 1/10−4.34 No TdT-positive T-cells expressing 
cytoplasmic CD3 are found in normal BM.34 Most mature T-cells 
in the BM co-express CD7, CD5, CD2, and membrane CD3 and are 
either CD4 or CD8 positive. However, minor subsets of CD7+ cells 
lacking other “pan-T” antigens, small subsets with co-expression 
of CD4 and CD8, and a subset lacking CD4 and CD8 have been 
identified.34 A small population of CD7– T-cells (<10% of T-cells) 
can also be seen in normal and reactive conditions.63 

Minor Bone Marrow Cell Subsets
In healthy donors, eosinophils represent 2% to 3% of blood leuko-
cytes. Numbers of eosinophilic precursors may vary considerably 
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taBLe 2.5

average reLaTive frequency of major LympHoid ceLL subseTs in normaL Tissues

Subset
Peripheral Blooda  
Children (%)

Peripheral Blooda 
Adults (%)

Bone  
marrowb (%)

Lymph 
Nodesa (%) Tonsilsa (%) Spleena (%)

2–5 Years 5–15 Years Children Adults

CD19+ B-cells 24 17 12 10 3 41 51 55

CD3+ T-cells 64 68 72 6 12 56 49 31

CD4+ CD3+ 
T-helper

37 38 44 3.2 6.5 48 42 17

CD4+CD8+ 
T-cytotoxic

24 26 24 2.6 4.2 10  6 14

Natural killer 
(all NK subsets)

10 13 13 2 4  1 <1 15

a Percentage of cells in the lymphocyte region (CD45 bright).
b Percentage of total bone marrow cells.

taBLe 2.4

surface marker expression during maTuraTion of granuLopoieTic precursors in THe bone marroW

Antigen Blasts Promyelocytes Myelocytes Metamyelocytes Bands
Segmented 
Neutrophils

CD10 − − − − − +

CD11a d d d + + +
CD11b − − d + + b

CD11c − − d d d d

CD13 d + + d d/+ b

CD15 −/+ d/+ + + + +
CD16 − − − d + b

CD18 + + b + + +
CD24 − − + + + +
CD33 −/d/+ b + d d d

CD34 d/+ − − − − −
CD35 − − − − d d

CD44 b + d d + b

CD45RA d d − − − −
CD45RO − − − d + b

CD54 + + −/d −/d −/d −/d

CD55 b + + b b b

CD59 b b b b b b

CD62L + + + + + +
CD64 d d + + − −
CD65 −/+ d + + b b

CD66a − − + + + +
CD66b − b b + + +
CD66c − b b + + +
CD117 d + − − − −
CD133 d − − − − −

−, Negative; −/+ or (d), partially positive (or dim); d, dim, weakly positive; +, positive; b, bright, strongly positive.

in reactive BM. Eosinophilic myelocytes can be identified by high 
side scatter, intermediate CD45 (at a level slightly higher than neu-
trophilic myelocytes), low to intermediate CD11b, intermediate 
CD13, and low CD33 with bright CD66b and no CD16 expression. 

Mature eosinophils show increased levels of CD45 and CD11b 
with a decrease in CD33 and are negative for CD16.51,64

Basophils are the least common granulocyte subset (0.5% of 
total blood leukocytes and about 0.3% of nucleated BM cells in 
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healthy individuals). Basophils are positive for CD9, CD13, CD22 
(dimmer than mature B-lymphocytes), CD25 (dim), CD33, CD38 
(bright), CD45 (dimmer than lymphocytes and brighter than 
myeloblasts), and CD123 (bright), and are negative for CD3, CD4, 
CD19, CD34, CD15, CD64, CD117, and HLA-DR. In some individu-
als, basophils are positive for CD11b.65

Bone marrow mast cells (BMMCs) are present in normal BM 
at a very low frequency 0.021% +/− 0.0025% of the nucleated 
cells.66 BMMCs are clearly identifiable on the basis of their light 
scatter properties and strong CD117 expression. Normal BMMCs 
are virtually always positive for the CD9, CD11c, CD29, CD33, 
CD43, CD44, CD45, CD49d, CD49e, CD51, CD54, CD71, and FcâRI 
antigens. Other markers such as CD11b, CD13, CD18, CD22, 
CD35, CD40, and CD61 display a variable expression in normal 
individuals. BMMC are negative for the CD34, CD38, and CD138 
antigens.67,68

Dendritic cells (DCs) comprise two main subpopulations: 
conventional DCs (cDCs) and interferon-producing plasmacytoid 
(p) DCs. Human cDCs are Lineage (Lin) negative HLA-DR+ cells 
that express high levels of CD11c and consist of a major blood 
dendritic cell antigen (BDCA)3− and a minor BDCA3+ popula-
tion. Human Lin-HLA-DR+ pDCs are defined by absence of CD11c 
expression and by high levels of CD123 (the IL-3Ra chain) and 
BDCA2.69 The CD11c+HLA-DR+BDCA3− population can be 
further subdivided into CD16+ and CD16− populations. Recent 
studies indicate that cDCs in lymphoid tissues arise from a distinct 
population of committed cDC precursors (pre-cDCs) that originate 
in bone marrow and migrate via blood. Spleen cDCs arise from 
a distinct population of Lin neg CD11c+ major histocompatibility 
complex (MHC) class II neg immediate cDC precursors (pre-cDCs). 
Pre-cDCs originate from bone marrow Lin neg CD117int FLT3+ 
CD115+ common DC progenitors.70 The direct progenitor of pDCs 
is contained within the CD34 low compartment of cord blood, fetal 
liver, and bone marrow. These progenitors (pro-pDCs) co-express 
CD45RA, CD4, and high levels of CD123.57

NK cells are positive for CD2 and CD7 but negative for 
CD3 and CD5. In humans, there are two major subsets of NK 
cells: one expressing high levels of CD56 and low or no CD16 
(CD56hiCD16+/−), and the second that is CD56+CD16hi 71 
CD56hiCD16+/− cells display relatively lower cytolytic activ-
ity and produce more cytokines than the CD56+CD16hi cells. 
A  putative committed NK precursor has been found within 
CD34lo CD45RA+ a4b7hiCD7+/−CD10− BM population and 

gives rise to CD56hi CD16− NK cells in vitro. The immature 
NK cells developing from committed NK-cell precursors are 
defined by expression of CD161 (NKR-P1).72 These cells do not 
express CD56 or CD16. Immature NK cells can be induced to 
express these markers as well as the activating and inhibitory 
receptors, CD94 (NKG2A) and killer inhibitory receptors (KIR), 
upon culture with stromal cells and cytokines such as IL-15 
or Flt3-L.57 A total of 30% to 60% of CD56dim CD16bright NK 
cells in healthy adults express CD57, which is not expressed 
on immature CD56bright NK cells. CD57+ NK cells express a 
repertoire of NK-cell receptors, suggestive of a more mature 
phenotype, and proliferate less when stimulated with target 
cells and/or cytokines.73

muLtiCoLor anaLysis oF 
HematoLogiC maLignanCies
Detailed immunophenotypic information necessary for diagnosis 
and prognosis of various hematologic diseases, based on both 
FCM and immunohistochemistry, are provided in their respective 
chapters. The FCM findings important for diagnosis of most com-
mon entities are summarized below.

Immunophenotyping of B-Cell 
Lymphoproliferative Disorders
Normal/reactive B-cell populations in blood, bone marrow, and 
lymphatic tissue are polyclonal with an average Igk/Igl   ratio of 
1.5 (range 0.9–3) (Fig. 2.2).74 An increase of polyclonal B-cells in 
blood, called the persistent polyclonal B-cell lymphocytosis (PPBL) 
is characterized by a chronic, stable, persistent, and polyclonal 
increase of B-cells (median 5 × 109/L), the presence of binucle-
ated lymphocytes in the PB, and a polyclonal increase in serum 
immunoglobulin-M (IgM). Most patients are asymptomatic but 
isochromosome 3q and development of malignant lymphoma has 
been described in some cases.75

B-cell malignancies are clonal expansions of B-cells that 
express only one type of Ig light chain (k or l). Analysis of light 
chain expression in total B-cell population and in CD5/CD19 or 
CD10/CD19 positive cells forms the basis for B-cell lymphoma 
diagnosis (Fig. 2.3). Typical immunophenotypes found in various 

taBLe 2.6

immunopHenoTypic cHanges deTecTed by fLoW cyTomeTry during b-ceLL deveLopmenT in normaL bone marroW

CLP Early B Pro-B Pre-BI
Large 
Pre-BII

Small 
Pre-BII Immature-B Mature B

Plasma 
cells

CD34 + + + − − − − − −
CD10 + + + + + + +/dim − −
CD19 − − + + + + + + +
Cyt.CD79a − + + + + + + + +
Cyt.CD22 − + + + + + + + +
TdT − − + − − − − − −
mCD22 − dim dim + + + + + −
CD20 − − − + + + + + −
sIgM − − − − − − + + −
sIgD − − − − − − − + −
sIg κ or λ − − − − − − − + −
cyt.Ig κ or λ − − − − − − − + +

CLP, common lymphatic precursor; cyt., cytoplasmic; s, surface; TdT, terminal deoxynucleotidyl transferase.
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Figure 2.7. example of antigen expression in a case of B-precursor lymphoblastic leukemia/lymphoma in comparison to normal bone marrow 
B-cells in a child. Bone marrow samples were analyzed with a six-color MAb panel, FACS-CANTOII flow cytometer, and Diva software (BD Bioscience). The panel 
consisted of CD10 FITC/CD20–PE/CD34 PerCp–Cy5.5/CD38–APC/CD19–PE–CY7/CD45 AmCyan (not shown). To acquire a sufficient number of B-cells, 500,000 
events were analyzed on a normal bone marrow sample and 30,000 cells were acquired on the B-ALL sample. CD19+ B-cells were gated on the CD19/SS plot. 
Normal antigen expression patterns are shown in the upper and third row and corresponding plots for the B-ALL case are shown below (in the second and lower 
rows). In two lower right plots leukemic cells are found in “empty spaces,” areas where normal cells are not found (red circles).

mature B-cell lymphoma subtypes are summarized in Table 2.6. 
An issue that may cause diagnostic problems is the demonstration 
of small monoclonal B-cell populations in the BM samples taken 
during investigations for staging of lymphoma. As FCM sensitivity 
increases, it becomes more likely that small abnormal popula-
tions are detected; how these relate to the neoplastic cells found 
in other organs is not clear. In some cases a clonal relationship 
to the diagnostic lymphoma sample has been demonstrated.76 
However, if the histopathologic signs of lymphoma involvement 
are missing, these cells may represent sc. monoclonal B-cell lym-
phocytosis (MBL, see below). Therefore, interpretation of FCM 
results in BM samples should be always integrated with clinical 
findings and BM biopsy analysis.

B-cell Chronic Lymphatic Leukemia
The characteristic immunophenotype of chronic lymphatic leu-
kemia (CLL) includes positivity for CD19, CD5, CD23, and CD200, 
weak expression of CD20 and Ig light chains, and often expression 

of IgM with or without IgD. FMC7 (antibody recognizing one of 
CD20 epitopes77) is negative or only partially expressed in most 
cases; CD79b and CD22 are absent or weakly expressed in the 
cell membrane (reviewed in Ref. 78). CD11c, CD25, and other 
markers that recognize adhesion molecules are variably positive 
in CLL. CD52 is often included in the panel of markers in CLL 
diagnosis inasmuch as Alemtuzumab (anti-CD52) is increasingly 
used in therapy.79

Monoclonal B-cell Lymphocytosis
Monoclonal B-cell lymphocytosis (MBL) is an asymptomatic 
hematologic condition defined by the presence of monoclonal 
B-lymphocytes detected in PB of persons who do not have CLL, 
other B-lymphoproliferative disorders, or underlying conditions 
such as infectious and autoimmune diseases.80 Initial criteria 
have been based on detection of a monoclonal B-cell population 
in the PB with an overall k:l ratio >3:1 or 0.3:1, or >25% of 
B-cells lacking or expressing low-level surface Ig in conjunction 
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with a specific phenotype.80 Three different types of MBL have 
been described, defined on the basis of CD19 positivity, CD5 pres-
ence or absence, and CD20 intensity. The most common MBL 
type is the CLL-like MBL that co-express CD19 and CD5, and 
CD23 with dim expression of CD20. The second type is similar to 
CLL but shows bright CD20 expression. B-cells in the third type 
of MBL do not express CD5; these are classified as CD5-MBL or 
non-CLL-like MBL.81 The reported prevalence depends on the 
sensitivity of applied FCM methodology. Studies performed using 
four-color FCM with a sensitivity of detection commonly used for 
detection of MRD in patients with CLL (1 clonal cell per 1 × 105 
events) showed a 5% prevalence of CLL-like MBL in adults aged 
over 60.82,83 A more recent study, using a much higher sensitivity 
of FCM, analyzed 5 × 106 PB cells per individual and identified 
CLL-like MBL in 12% of all tested subjects and in 20% of adults 
over 60 years old.84 Finding of peripheral MBL should always be 
correlated with clinical data and interpreted in the absence of 
peripheral lymphadenopathy, splenomegaly, and extensive lym-
phatic bone marrow infiltrates.

Mantle Cell Lymphoma
Mantle cell lymphoma (MCL) cells typically express bright CD20, 
CD5, FMC7, and bright to moderate sIg but lack CD23 and CD200 
(Table 2.7).85,86 However, MCL cases positive for CD23 and 
negative for FMC7 as well as rare CD5 negative cases have been 
found.87,88 Therefore, confirmation of MCL diagnosis by FISH 
for t(11,14) is recommended. Cyclin D1 expression can also be 
detected by FCM 89 but this method is not routinely applied in 
most diagnostic laboratories.

Lymphoplasmacytic Lymphoma and Marginal Zone 
Lymphoma
These two entities are difficult to differentiate by FCM. The typical 
immunophenotype findings include the strong expression of sIg 
and cyt. Ig (IgM in Waldenströms macroglobulinemia [WM], IgG, 
or IgA in lymphoplasmacytic lymphoma [LPL]). The characteris-
tic antigen expression pattern includes: sIgD+/– CD19+ CD20+ 
CD22+ CD79a+ FMC7+CD38+ CD103-CD5– CD10– CD23– 
CD25-CD11c+/− CD43+/– CD27+/–.90 A minority of splenic 
marginal zone lymphoma (SMZL) cases express CD5, which often 
correlates with higher WBC.91 However, leukemic presentation of 
MCL should be excluded. Some cases are CD23 positive. In LPL, 
a monotypic plasma cell population that is strongly CD38/CD138 
positive and also positive for CD19 and CD45 can be found.92 

WHO 2008 
Categorya CD19 CD20 CD22 CD23 CD10 CD5 CD11c CD103 CD25 CD123 sIg

CLL +# +d/− d/− + − + ± − ± − d

HCL + +b + − −/(+) − + + + + b

HCLv + + + − −/(+) − ± +/(−) − −(+) b

SMZL + + + − − − + −/(+) ± − +
MCL + +b + −/(+d) − + − − − − b

FL + + + ± + − − − − − +
DLBCL + +/(−) + ± ± ± ± −/(+) ± − ±
BL + + + − + − − − − − +/(−)

a BL, Burkitt lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large cell B-lymphoma; FL, follicular lymphoma; HCL; HCLv, hairy cell leukemia (v) variant; MCL, mantle cell 
lymphoma; SMZL/SLVL, splenic marginal zone lymphoma, splenic lymphoma with villous lymphocytes. # + = most cases positive, − = most cases negative, ± = can be positive or negative, 
+/(−) = usually positive, rarely negative, −/(+) = usually negative, rarely positive, d, “dim”, b, “bright.”

Splenic diffuse red pulp small B-cell lymphoma cells in blood and 
BM are characterized by similar phenotype as given above but are 
usually CD11c positive.93

Hairy Cell Leukemia and Hairy Cell Leukemia 
Variant
Both hairy cell leukemia (HCL) and HCLv strongly express CD103, 
CD11c, CD20, CD22, CD19, and are negative for CD5, CD23, 
and in most cases negative for CD38.94 HCL cells are often large 
(can be found in the monocyte region) and are positive for CD25 
and CD123 in contrast to HCLv cells that are smaller and CD25 
 negative.94,95

Follicular Lymphoma
The follicular lymphoma (FL) cells usually express sIg, more fre-
quently IgM +/−IgD than IgG or rarely IgA, together with B-cell–
associated antigens (CD19, CD20, CD22, CD79a, and CD79b), and 
in most cases CD10. Expression of CD19 and CD22 is often weaker 
than in normal B-cells.96,97 FL cells are usually CD5−, CD43–, and 
CD23−/+, CD11c−/+. The weaker expression of CD38 helps to 
differentiate FL cells from CD10 positive B-cell precursors.

Burkitt Lymphoma
Burkitt lymphoma (BL) cells display often similar phenotype to 
FL cells (CD19+, CD20+, CD10+), but have bright CD38 expres-
sion. The CD23–/FMC7+ immunophenotype have recently been 
reported as significantly associated with MYC rearrangement.98 
BL cells usually lack CD44 and CD54 expression, which are 
often expressed in CD10 positive diffuse large B-cell lymphomas 
(DLCB).99,100 So-called double-hit lymphomas with two transloca-
tions including MYC [e.g., t(8;14)] and BCL2 [t(14;18)] or BCL6 
(involving chromosome 3q27), which can present in the leukemic 
phase, have recently been shown to display a common phenotype 
including a marked decrease in expression of CD20 ranging from 
dim to absent as compared to normal follicle center B-cells. Other 
common features of this immunophenotype include positivity 
for CD10, variably decreased expression of CD45; and variably 
increased expression of CD38. In addition, Ig light chain restric-
tion with decreased intensity or complete absence of light chain 
expression was noted in these cases.101 The latter cases have to 
be tested for nuclear TdT expression and differential diagnosis 
of B-precursor lymphoblastic leukemia/lymphoma should be 
considered.

taBLe 2.7
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Diffuse Large B-cell Lymphoma
Two major subgroups of diffuse large B-cell lymphoma (DLBCL) 
(germinal center type, usually CD10+, and activated B-cell type, 
usually CD10–) have been described. Rare CD5 positive cases 
have been reported.102 Pathologic findings may include high-
scatter, low/negative expression of sIg, CD20, and CD45 (Fig. 2.7). 
Recent studies suggested that FCM may improve prognostic value 
of BM staging procedures.103,104 However, small populations of 
pathologic large cells that are easily seen in BM biopsies may in 
some cases be difficult to delineate by FCM against a background 
of reactive BM cells. In staging of DLCB it is important to analyze 
high numbers of BM cells to be able to evaluate B-cell light chain 
sIg expression even in cases where B-cells represent only a minor 
portion of the BM cell population.

Immunophenotyping of t-Cell  
Lymphoproliferative Disorders
FCM detection of aberrant T-cell populations requires good under-
standing of T-cell biology and knowledge of normal T-cell subsets 
(Fig. 2.5). Reactive conditions may cause predominance of some 
T-cell subpopulation, which can be interpreted as immunopheno-
typic “aberrancy.” Also, reactive T-cell populations, particularly in 
the setting of chronic stimulation, may comprise a limited num-
ber of clonotypes (i.e., are oligoclonal) and therefore are prone 
to producing clonal TCR rearrangement results. A characteristic 
dynamic of CD8+ immune response including CD8+ lympho-
cytosis with increase of CD38 and HLA-DR expression in acute 
phase and expansion of CD57+CD8+ subset in chronic phase was 
described in viral infections such as Epstein–Barr virus (EBV) and 
human immunodeficiency virus (HIV).105,106 Chronic activation of 
the immune system may lead to an increase of CD8+ cells with 
NK-markers.107

An integrated approach combining morphology, immunophe-
notyping, and molecular analysis is necessary to differentiate 
between reactive and malignant T-cell lymphoproliferations. 
Immunophenotypic findings in the most common T-cell lymphop-
roliferative disorders are summarized in Table 2.8.

T-cell Prolymphocytic Leukemia
Leukemic cells are usually positive for CD7, CD2, CD5, and 
CD3 although about 20% express cytoplasmic (cyt.CD3) but not 

 membrane CD3 (mCD3). CD7 negative cases have been reported. 
T-cell prolymphocytic leukemia (T-PLL) cells are usually CD4 
positive and CD8 negative (60%) but in a fraction of cases T-PLL 
cells may express both CD4 and CD8, are CD4 negative, and CD8 
positive or negative for both CD4 and CD8.108 CD25 and NK-cell 
markers (CD56, CD57, CD16) as well as T-precursor-related mark-
ers CD1a and TdT are negative.

Adult T-cell Leukemia/Lymphoma
In most patients, adult T-cell leukemia/lymphoma (ATLL) cells 
express CD2, CD5, CD25, CD45RO, CD29, T-cell receptor ab, and 
HLA-DR (the phenotype of activated CD4+ memory T-cells). ATLL 
cells usually lack CD7 and CD26 and exhibit lower CD3 expression 
than normal T-cells.109

Sézary Syndrome
The typical immunophenotype of Sézary Syndrome (SS) cells in 
blood includes positivity for CD2, CD3, CD4, and CD5. CD7 is 
expressed in only 50% of patients. Loss of CD3, CD2 and unusu-
ally bright CD5 expression has been reported.110 CD8 and CD25 
are usually negative. Recent studies have shown that Sézary 
cells have an immunophenotype characteristic for T-central 
memory cells (CD4+CD27+ CD26–CD45RA–). By comparison, 
CD4+ cells in patients with inflammatory erythroderma are 
CD27 negative.111

Angioimmunoblastic T-cell Lymphoma
A predominant T-cell population is usually positive for CD2, CD4, 
CD5, CD7, and CD45 but negative for CD8, CD19, CD20, CD30, 
CD38, and CD56. Lack of one or more of the “pan-T” cell markers 
in a subset of T-cells may be found. Aberrant expression of CD10 
in at least a fraction of CD4+ T-cell population is a characteristic 
feature.110,112

T-cell Large Granular Lymphocyte Leukemia
Most cases of T-cell large granular lymphocyte (T-LGL) leukemia 
are characterized by an expansion of CD3+ CD8+ TCRab T-cells. 
Rarely CD3+CD4+ CD8+ TCRab or CD4– CD8–TCRgd T-cells 
may be found. It has recently been shown that leukemic T-LGLs 
have CD3+CD8+CD45RA+ CD62L– phenotype  consistent with 

taBLe 2.8
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WHO 
Categorya mCD3

Cyt 
CD3 CD4 CD8 CD2 CD5 CD7 CD10 HLA-DR CD25 CD56 CD57 CD16

T-PLL +/− + +/− − (+) + + + (−) − − (+) − − − −
ATLL + + + − + + −/d − + + − − −
SS +/d + + − + (−) + − (+) − +/− − (+) − − −
AILT +/− + + − +/d +/d +/d + +/− − − − −
ALC +/− +/− +/− − (+) +/− − − − +/− − + +
LGL + + (−) − + + −/+ −/+ − + − − (+) + +/−
ANKL − − − −/+ + − − − −/+ − +b −/− +
HSTCL +/− + − −/d/+ + − (+) + (−) − + − −/+ − (+) −/+
PTCL +/− − +/− +/− + −/+ +/− − +/− − (+) − (+) − −

a Diagnostic categories of WHO 2008 classification. AILT, angioimmunoblastic T-cell lymphoma; ALC, anaplastic large cell lymphoma; ANKL, aggressive NK-cell leukemia; ATLL, adult 
T-cell leukemia/lymphoma; HSTCL, hepatosplenic T-cell lymphoma; LGL; T-cell large granular lymphocyte leukemia; PTCL, peripheral T-cell lymphoma; SS, Sézary syndrome; T-PLL, T-cell 
prolymphocytic leukemia.
d (dim), weak positive staining; b (bright) strong positive staining; (+) or (−) some cases positive or negative.
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effector/memory RA T-cells (TEMRA). Leukemic T-LGLs often 
express CD57.113 Loss of CD5 and/or CD7 may occur.110 
Correlation of the flow cytometric and molecular genetic results 
with the other clinical and laboratory findings is critical before 
the final diagnosis of T-LGL leukemia is established.114 The level 
of aberrant T-cell population ≥2 × 109/L is the suggested level 
for diagnosis of T-LGL leukemia. However, in appropriate clini-
cal settings lower counts (>0.4 × 109/L) may be compatible with 
diagnosis.113

Chronic NK-cell proliferations are characterized by CD3– 
CD56+ and/or CD16+ cells 113 (Fig. 2.5). Further information 
can be obtained by investigation of expression pattern of killer 
cell Ig-like receptors (KIRa, CD158) on these cells. These recep-
tors are encoded by at least two distinct families of genes and 
gene products, which are members of the Ig gene superfamily.115 
In NK-LGL, approximately one third of cases exhibit restricted 
expression of a single (or multiple) KIR isoform. The remaining 
NK-LGL cases lack detectable expression of the three ubiquitously 
expressed KIRs, CD158a, CD158b, and CD158e. The uniform 
absence of these KIRs on NK cells is aberrant because in normal 
NK-cell populations, there are subsets positive for each.116 In con-
trast to normal NK cells that show variable staining intensity, NK 
lymphoproliferations also often show uniform bright expression of 
CD94 exclusively paired with NKG2A to form an inhibitory recep-
tor complex. Abnormal loss of CD161 expression is also frequent 
in NK-LGL.116

Aggressive NK-cell Leukemia
The typical immunophenotype in aggressive NK-cell leukemia is: 
CD2+, CD16+, and CD56+, with loss of CD7 and variable expres-
sion of CD8 and CD57, but blasts are negative for myeloid mark-
ers and CD123.117,118

Hepatosplenic T-cell Lymphoma
The most common immunophenotype is CD2+, CD3+, CD4–, 
CD5–, CD7+, CD8–, gd TCR+, but CD8+ positive cases do occur. 
Decreased expression of CD3 and/or CD7 has also been reported. 
Usually some NK-cell markers (CD56 and/or CD16) are present. 
The normal T-cell counterpart for hepatosplenic T-cell lymphoma 
(HSTCL) is thought to be a functionally immature cytotoxic 
gd T-cell of the splenic pool with Vd1 gene usage. A “variant 
form” showing ab TCR+ and similar clinical features has been 
described.119

Immunophenotyping of plasma Cell Myeloma
Recently, the European Myeloma Network has reported consen-
sus recommendations about the clinical utility of FCM in multiple 
myeloma (MM) and other clonal plasma cell (PC)-related disor-
ders and instructions how to apply FCM in a routine diagnostic 
laboratory.120 Simultaneous assessment of the expression of CD38 
and CD138 is recommended as the best combination of markers 
for the specific identification of BM PC, due to the bright CD38 
and CD138 expression.121 It is recommended to acquire at least 
100,000 “events” to ensure that at least 3,000 “events” with broad 
gated CD38bright/CD138+ characteristics and at least 100 PC are 
analyzed. At least four-color analysis panels are recommended.121 
Clonality of PC should be evaluated by analysis of cytoplasmic Ig 
expression.122

The most common aberrant features of PC in myeloma in com-
parison to normal PC are:

•	 Decreased or absent expression of CD19, CD27, CD38, and 
CD45

•	 Overexpression of CD28, CD33, and CD56
•	 Asynchronous expression of CD20, CD117, and sIg 121

It is important to enumerate the fraction of aberrant PC within 
the total BM PC population because it has been shown that in 
most (>80%) patients with monoclonal gammopathy of unknown 
significance (MGUS) at least 5% of PC are normal, whereas in 
patients with symptomatic myeloma most PC are aberrant.123 
The presence of >5% normal PC in patients with symptomatic 
MM is of good prognostic significance and patients with MGUS 
or smoldering myeloma who have <5% normal PC usually rapidly 
progress.123

Immunophenotyping of acute Leukemia
The use of CD45/SS gating is widely used for the identification 
of pathologic cells in acute leukemia because blasts usually 
appear in a position where only few cells are located in the SS/
CD45 dot plots of normal BM (Figs. 2.2 and 2.4). In rare cases 
CD45 is not suitable for gating purposes because of the marked 
heterogeneity of the leukemic population or the limited number 
of blasts present in the hemodiluted sample. In such cases other 
markers such as CD34, CD117, CD13, or CD33 may be of help. 
A good correlation between frequencies of blasts determined 
by FCM and by morphology has been reported.124 Lower blast 
counts by FCM in comparison to percentages of cells with 
blast morphology in BM smears may be due to enrichment of 
blasts in BM fragments (spicules). A possible bias can also be 
introduced by hematopathologists who choose “representative” 
areas of the smear for blast counting or by a relative hemodilu-
tion of samples submitted for FCM analysis.46,125 In patients 
with ≥20% of blasts in smears required for acute leukemia 
diagnosis, immunophenotyping gives information needed for 
lineage assignment, analysis of the degree of heterogeneity 
of the abnormal cell population due to either the existence of 
different pathologic clones or the presence of cells in different 
stages of maturation, and further characterization of aberrant 
phenotypes for MRD follow-up.

Lineage Assignment and Mixed-Phenotype  
Acute Leukemias
One of the major changes in the 2008 revision of the WHO clas-
sification was to simplify the definition of biphenotypic acute 
leukemia (BAL).126 The new entity of mixed phenotype acute 
leukemias (MPAL) among leukemias of ambiguous lineage have 
been defined.126 The FCM patterns observed in most cases are 
characterized by co-expression of the markers on the same cells. 
In cases of biclonal/bilineal proliferations, two different blast 
populations can be detected. In other cases, transitional patterns 
with only part of the blast population being biphenotypic can be 
seen.127 For the myeloid lineage, cytoplasmic myeloperoxidase 
(MPO) detected by cytochemistry, or immunohistochemistry, or 
by FCM with an anti-MPO antibody is considered as the most 
significant marker. FCM allows for the detection of MPO even 
in some cases of minimally differentiated acute myeloid leu-
kemia (AML) that are negative by cytochemistry.128 It has to 
be pointed out that MPO positivity is not required for myeloid 
lineage assignment in leukemias that are not MPAL, i.e., that 
lack B- and T-lineage–associated markers. To establish dif-
ferentiation toward monocytic lineage, which may lack MPO, 
the presence of nonspecific esterase by cytochemistry, or the 
detection of surface CD14, CD11c, CD36, CD64 or intracytoplas-
mic lysozyme can be used.129 B-lineage assignment is based 
on CD19 expression. If the CD19 labeling is bright, the pres-
ence of another B-lymphocyte marker is considered enough to 
establish B-lineage. If CD19 expression is of low intensity, the 
presence of two other B-lineage–associated markers will be nec-
essary. Cytoplasmic CD79a, CD22, CD24, CD10, intracytoplasmic  
m chains, or (less frequently expressed in MPAL) CD20 or CD21 
can be applied. The strongest marker indicating T-lineage is the 
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Cytogenetic Abnormality Characteristic Flow Cytometry Findings

AML t(8;21) (q22;q22), RUNX1-RUNX1T1 At least a fraction of blasts with CD34bright, often co-expressing CD19 and TdT but not CD10
Granulocytic differentiation (CD13, CD33, MPO and CD15), aberrant expression of CD56 common
No monocytic differentiation

AML Inv.(16)(p13.1q22) or t(16;16)(p13.1(q22)
CBF-MYH11

Distinct populations of blasts, granulocytic and monocytic (CD14, CD4, CD64) precursors
Co-expression of CD34 and CD64 common
Eosinophils can be delineated by high SS and low FS than neutrophils and CD16 neg
Often CD2 on blasts and precursors

AML t(9;11)(p22;q23)
MLLT3-MLL

MAb 7.1 positivity
Monocytic differentiation (HLA-DR, CD4dim, CD11b, CD13, CD15, CD36, CD33, and CD64)

AML NPM1 mutated Most often blasts CD34–, often HLA-DR–, CD117+, CD123+, CD33 bright, CD110+
Show granulocytic differentiation (CD15+)
Monocytic differentiation in 30% of cases 
Some cases only CD33 bright and MPO bright with no differentiation

AML Inv.(3)(q21;q26.2) or t(3;3)(g21;q26.2)
RPN1-EVI1

Positive for CD34, CD117, CD13, CD33, HLA-DR, and MPO

AML t(6,9)(p23;q34)
DEK-NUP214

CD9+, CD13+, CD33+, CD117+, and HLA-DR+,
May be CD34– at presentation but CD34+ at relapse
Basophils are often increased (CD123++, HLA-DR–)

AMkL t(1;22)(p13;q13)
RBM15-MKL1

Megakaryocytic differentiation CD41+, CD61+ often together with CD34, HLA-DR

APL t(15;17)(q22;q12)
PML-RARα

Hypergranular: most cases CD34–, HLA-DR–, CD11b–, CD11c–, CD117+, MPO+, CD33 bright, 
CD13 heterogenous,CD15−/dim, Hypogranular: often CD2+, subsets positive for CD34 and/or 
HLA-DR present

ALL (B) t(4;11)(q21;q23)
AF4-MLL

CD34+, CD19+, CD10−, CD20−, CD13 and/or CD33 may be positive, often CD15 and/or 
CD65+, 7.1+ , cyt.IgM−

ALL (B) t(9;22)(q34;q11.2)
BCR-ABL1

CD34++, CD19+, CD10+, CD20−/+, CD13, CD33, CD66c often positive, CD15−, CD65−, 
7.1–, cyt.IgM-

ALL (B) t(12;21)(p12;q22)
TEL-AML1

CD34+ or −, CD19+, CD10+, CD20−/+, CD13, and/or CD33 often positive, CD66c−, 
CD15−, CD65−, 7.1−, cyt.IgM−

ALL (B) hyperdiploid CD34+ or subset, CD19+, CD10+++, CD123++, CD20−/+, CD13−, CD33−, 
CD66c−/+, CD15−, CD65−, 7.1–, cyt.IgM−

ALL (B) t(1;19)(q23;p13.3)
TCF3-PBX1

CD34− or subset, CD19+, CD10− or subset, CD20+, CD13−,CD33− CD66c−/+, CD15−, 
CD65−, 7.1–, cyt.IgM+

ALL (T) FLT3 activating mutation Expression of CD117

strong cytoplasmic expression of CD3. The presence of other 
T-cell–associated markers such as CD2, CD5 or CD7 can add to 
the diagnosis of MPAL, although some of these markers can be 
seen on myeloid cells in AML and MDS.

Acute Myeloid Leukemia
The utility of individual myeloid-associated markers (Table 2.4) 
for AML diagnosis is limited due to aberrant expression of 
these markers in many cases of ALL. Immunologic diagnosis 
of AML is established by expression of at least two myeloid-
associated markers in the absence of criteria for diagnosis 
of B-ALL, T-ALL, and MPAL.130 Immunophenotyping by FCM 
is especially useful in differential diagnosis between ALL and 
minimally differentiated AML 131 and in diagnosis of plasma-
cytoid dendritic cell neoplasms that are characterized by co-
expression of bright CD123, bright HLA-DR, CD4, CD56, and 
the absence of other lineage-associated markers (MPO–, cyt.
CD3–, CD19–).132

Characteristic antigen expression patterns have been asso-
ciated with AML with recurrent chromosomal abnormalities 
(Table 2.9).133 These patterns may help in planning directed FISH 
or PCR studies in cases with limited material.

Several attempts at immunologic classification of AML have 
been published, however showing limited clinical utility.134–136 
Most prognostic implications are most probably due to immuno-
phenotypes reflecting underlying genetic aberrancies. However, 
due to the genetic complexity of AML clear-cut correlations are 
difficult to establish. Even in homogeneous and genetically not 
complex groups of AML categories such as AML with normal 
karyotype, NPM1 mutation, and lack of FLT3 mutation, immuno-
phenotypic heterogeneity for some markers such as CD56 expres-
sion was demonstrated.137

In general, immunophenotypic patterns of AML (Fig. 2.4) can 
be described as less differentiated (blastic) or as showing signs 
of maturation toward one or several lineages. Consequently AML 
can show one single or two or more populations of malignant 
cells. AML showing maturation toward granulocytic lineage usu-
ally displays (at least on a fraction of cells) markers associated 
with myeloid immaturity (CD34 and CD117) combined with vari-
able expression of other myeloid lineage (CD13 and/or CD33) and 
positivity for markers associated with granulocytic maturation 
such as CD15 and/or CD65 (again, at least on a fraction of cells). 
AMLs with myelomonocytic differentiation also display a popula-
tion of cells demonstrating expression of CD14, co-expression 
of CD36 and CD64, or bright expression of CD33, CD4, CD11b, 
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and/or CD11c. By contrast, acute monoblastic and monocytic 
leukemias usually show a single population of aberrant cells with 
evidence of monocytic differentiation (bright CD36, CD64, CD14, 
and/or CD4), which are usually CD34 and/or CD117 positive. 
Positivity for megakaryocytic [CD41a, CD42b, and CD61] or ery-
throid lineage involvement [glycophorin A, CD36, CD71++] must 
be interpreted cautiously inasmuch as the possible adherence of 
platelets or red cell membrane fragments to the blast cells may 
lead to unspecific positivity and misclassification. Correlation with 
morphologic and immunohistochemical findings is necessary. 
The rare cases of acute basophilic leukemia reported have shown 
expression of common myeloid antigens such as CD13 and CD33, 
as well as CD9, CD11b, CD22, and CD123.138,139

Using modern FCM, aberrant phenotypes (also called leukemia-
associated immunophenotypes, LAIP) can be detected in >90% of 
patients with AML.140,141 For correct interpretation of follow-up 
samples and detection of MRD, the immunophenotypic pattern of 
diagnostic sample and thorough knowledge of immunophenotype 
of various cell populations in normal and regenerating BM is 
necessary.25 Most approaches used in reported studies included 
construction of patient-specific panels dependent on immunophe-
notype at diagnosis.142,143,144 New 8–10 color approaches rely 
on common comprehensive panels applied at both diagnosis and 
follow-up, allowing detection of aberrant cells in most patients 
using sequential gating strategy.145,146

Acute Lymphoblastic Leukemia
Leukemic cells in ALL clearly disclose their belonging to a B- or 
T-cell lineage. As in AML, specific immunophenotypes in ALL have 
been associated with major groups of chromosomal aberrations 
(Table 2.9).

B-lymphoblastic leukemia/lymphoma (or B-ALL) is charac-
terized by expression of CD19, HLA-DR, and TdT together with 
several B-cell markers such as membrane and/or cytoplasmic 
CD22 and cyt. CD79a. In many cases, CD45 is negative. Five 
immunologic subtypes, roughly corresponding to sequential stages 
of B-cell differentiation have been recognized. However, the exis-
tence of CD10 negative normal early B-cell progenitors is contro-
versial. B-ALL can be immunologically classified into 130,138:

•	 B I/Pro-B/Early B: CD10– CD20–, cyIgM–, sIg–
•	 B II/common/Early B: CD10+, CD20+/– , cyt. IgM–, sIg–
•	 B III/Pre-B: CD10+, CD20+/–, cyt IgM+, sIg–
•	 B III/Pre-B/B (very rare): CD10+, CD20+/–, cyt. IgM+, sIg+  

(k or l–)
•	 B IV/B-mature: Tdt+/–, CD10+/−, CD20+, cyt. IgM–, SIg+  

(k or l–).

T-cell lineage in T-lymphoblastic leukemia/lymphoma (or 
T-ALL) is established by expression of cyt. CD3, TdT,147 and CD7, 
which is found in most cases.34 Other T-cell–associated markers 
are variably expressed. In some cases, weak expression of cyt 
CD79b has been reported.148 There is no clear consensus con-
cerning immunologic classification of T-ALL. The European Group 
for the Immunologic Classification of Leukemia (EGIL) classifica-
tion included:

•	 pro-T (or T-I) positive for only CD7
•	 Pre-T (or T-II) positive for CD2 and/or CD5 and/or CD8
•	 Cortical T (or T-III) positive for CD1a (irrespective of other 

markers)
•	 Mature T (T-IV) positive for surface CD3 and negative for CD1a 

(irrespective of other markers)130

An early T-precursor subtype, characterized by an aggressive 
clinical course and carrying immunophenotype associated with 
early T-cell precursors (ETPs) has recently been identified.149 ETPs 
are a subset of thymocytes that recently migrated from the BM to 
the thymus; they retain multilineage differentiation  potential, 

 suggesting their direct derivation from hematopoietic stem cells. 
The immunophenotype of ETP subtype of T-ALL includes a lack of 
CD1a and CD8, very weak or negative CD5, and expression of one 
or more early precursor or myeloid-associated markers: CD117, 
CD34, HLA-DR, CD13, CD33, CD11b, and/or CD65.149

In >95% of both B- and T-ALL cases, leukemic blasts display 
aberrant immunophenotypes that allow us to distinguish them 
from normal B-cell precursors (Fig. 2.7) and normal bone mar-
row T-cells.34,150 MRD detection by FCM is well established and 
already included in some clinical trials.151 Characteristic immu-
nophenotypes must be identified at diagnosis for each patient by 
comparing the cell marker profile of leukemic blasts to that of nor-
mal and regenerating bone marrow samples. Transient changes 
in immunophenotypes of residual leukemic cells have been 
reported, but some aberrant features are usually retained.152 
Sensitivity of MRD detection at 0.01% can be achieved, provided 
that sufficient numbers of cells are analyzed (5 to 10 × 105) in 
each antibody combination.

Myelodysplastic Syndromes and Chronic 
Myelomonocytic Leukemia
Although several authors described various aberrant immuno-
phenotypic features in the bone marrow of patients with MDS, 
the WHO 2008 classification recommended that, only if three or 
more phenotypic abnormalities are found involving one or more 
of the myeloid lineages, the aberrant FCM findings can be consid-
ered as suggestive of MDS.153 Standardization efforts concerning 
FCM diagnostics in MDS were started under the auspices of the 
European Leukemia Network’s Work Packages 8 (MDS) and 10 
(Diagnostics) (www.leukemia-net.org). The report resulting from 
the first International Workshop on Standardization of FCM in 
MDS reached consensus concerning standard methods for cell 
sampling, handling, and processing.125 As well, it was recom-
mended that standards be set that would define a minimum panel 
of antibody combinations, which could provide effective charac-
terization of aberrant immunophenotypes.125 These minimal cri-
teria have been further refined as a result of the second and third 
workshops.154 During all three workshops it was stressed that 
FCM results should not be reported alone but rather as a part of 
an integrated MDS diagnostic approach.

A detailed knowledge of normal immunophenotypes of BM 
cells is necessary for evaluation of aberrant features suggestive of 
MDS. Findings in CMML are similar to those described in MDS, 
the high numbers of monocytes and monocytic precursors being 
the main difference. Some of most important immunophenotypic 
characteristics of dysplasia are summarized below.

Progenitor cells: Both lymphoid and myeloid progenitor cells 
are found in the CD45dim/SS low region (Fig. 2.2). A large study 
by Kern et al. found a very good correlation between numbers 
of blasts counted by morphology and FCM in MDS patients.155 
Several authors consider 3% of blasts as a significant limit for 
increased blast number in the bone marrow.153 Regardless of the 
numbers, aberrant phenotypes of blasts give very important diag-
nostic information.156 Of note, the CD34+CD38− cell population, 
which is responsible for the long-term repopulating activity in 
human stem cells 40 is often increased in MDS patients.43,157 This 
cell population has also been recognized as the leukemic stem cell 
compartment in acute myeloid leukemia (AML) and displays aber-
rant phenotypes in MDS.42,158

Maturing myeloid compartment: The most consistently 
reported aberration of the maturing myeloid cell compartment 
is the lower SS that is due to lower than normal granularity 
seen also by morphology in BM smears. The aberrant matura-
tion patterns detected using CD13 and CD16 and/or CD13 and 
CD11b MAb combinations, altered expression of CD45, CD33, 
asynchronous expression of CD34, expression of lineage infidelity 
markers such as CD2, CD7, and CD56 are the frequently reported 
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changes.153 However, it has to be pointed out that various aber-
rant features observed in MDS patients can occasionally be found 
in patients with nonclonal cytopenias and some authors suggest 
that aberrant FCM findings in the immature precursor population 
are more specific for MDS than those in maturing granulopoietic 
cells.159

Monocytes: The numbers of monocytes in BM and PB of MDS 
patients are usually not increased, but this population may show 
aberrant features in approximately 25% of patients.155,160 The 
finding of two or more aberrant features is very rare in reactive 
monocytes.161 Aberrant features described in MDS are similar to 
those found in CMML.161 Increased expression of CD56 is most 
frequently reported. However, this feature is not specific for MDS 
and could be found in 9% of patients with nonclonal cytopenia 
and after growth-factor treatment.155,161 Findings that were only 
rarely found in monocytes from patients with reactive monocy-
tosis are: decreased expression of CD13, CD11b, CD43, and/or 
HLA-DR, and aberrant expression of CD2.155,162

Erythropoietic cells: The erythropoietic fraction is often 
increased in MDS patients.163 Asynchronous aberrant expres-
sion of the three markers CD71 (transferrin receptor), CD45, 
and CD235a (glycophorin A) was detected in 20% to 77% of MDS 
patients in various studies.38,45,155,163 The most often observed 
feature is a decreased CD71 expression in CD235a positive 
erythropoietic precursors. However, FCM signs of erythropoietic 
dysplasia have also been found in single patients with hemolytic 
anemia and aplastic anemia (AA).38,45

Lymphoid Cells
B-cell lymphoid progenitors (CD19+/CD10+/CD34±) are usually 
markedly diminished or absent in MDS bone marrows.35,164–169 
This has recently been confirmed by multicenter studies, in which 
FCM files have been obtained using different flow cytometers and 
antibody combinations. Files have been analyzed in a standard-
ized way to validate a simple model to distinguish International 
Prognostic Scoring System (IPSS) low-risk MDS from nonclonal 
cytopenias.168,170 Analysis of the mature B-cell compartment 
should be carried out to exclude underlying B-cell lymphoma.125,22

Myeloproliferative Neoplasms
In chronic myelogenous leukemia (CML) reported abnormali-
ties include aberrant expression of CD56 on blasts and myeloid 
cells,171 decreased CD16 on granulocytes,172 decreased L- 
(CD62L) and P-selectin (CD62P) expression on CD34+ cells,173,174 
and aberrant expression of lymphoid antigens such as CD2, CD5, 
and CD7 on the blasts in CML blast crisis.175 In non-CML MPN, the 
most common changes were aberrant expression of CD13, CD33, 
HLA-DR, and/or CD16 on maturing granulopoietic precursors. BM 
eosinophils, identified by expression of relatively bright CD11b, 
CD13, CD15, and CD45, without CD16, are expanded markedly in 
the patients with putative chronic eosinophilic leukemia. A higher 
rate of basophils with abnormal immunophenotype was also 
detected in different MPNs.176

Increased CD56 expression and small size of granulocytes 
as measured by FS were described in primary myelofibrosis.177 
Increase of cells in the blast gate and emerging aberrant pheno-
types in the blast population herald transformation to AML.

otHer aPPLiCations oF FLow 
Cytometry in HematoLogy

paroxysmal Nocturnal hemoglobinuria
FCM is a standard method for diagnosis of paroxysmal noctur-
nal hemoglobinuria (PNH). In PNH, the somatic mutation of the 

X-linked phosphatidylinositol glycan complementation Class A 
(PIGA) gene causes a partial or absolute inability to make GPI-
anchored proteins. Antigens such as CD55, CD58, CD59, CD14, 
CD16, and CD24 are affected. The channel-forming toxin aeroly-
sin and its preform pro-aerolysin bind selectively and with high 
affinity to GPI anchor. An inactive aerolysin variant conjugated 
with Alexa Fluor 488 (FLAER-A) is now widely used to detect 
GPI-anchor-deficient cell populations.178,179 Current guidelines 
include a combination of CD235a-FITC and CD59-PE for detec-
tion of GPI-deficient RBC, FLAER-A/CD24-PE/CD15-PECy5/CD45-
PECy7 for detection of GPI-deficient granulocytes, and FLAER-A/
CD14–PE/CD64–PECy5/CD45-PECy7 for GPI-deficient monocytes 
180 (Fig.  2.8). High-resolution assays allow detection of GPI-
deficient RBC at sensitivity level 10−5 and GPI-deficient WBC at 
10−4,180 which has been noted in patients with aplastic anemia 
and MDS.

red Blood Cell analysis
Clinical application of FCM to study erythropoiesis and non-
clonal RBC disorders has been reviewed by Chesney et al..181 
Enumeration of reticulocytes and detection of hemoglobin F (HbF) 
positive erythrocytes are briefly summarized below.

Reticulocyte Enumeration
Several RNA dyes may be applied in hematology analyzers and 
flow cytometers to enumerate reticulocytes (e.g., Oxazine 750, 
CD4K 530, New Methylene Blue, Auramine O, and Thiazole 
Orange [TO]). Dyes show differing sensitivities to stain the RNA of 
reticulocytes. Various analyzers use different technologies to iden-
tify positive cells (fluorescence, light scattering, absorbance), and 
the software that is more or less capable of separating reticulo-
cytes from erythrocytes (because there is a physiologic continuum 
between these populations) and from other cells, such as platelets 
or nucleated RBCs.182 Fluorescence intensity will depend on the 
RNA content and is correlated to reticulocyte maturity. The imma-
ture reticulocyte fraction (the sum of reticulocyte fractions with 
medium and high fluorescence) gives information on activity of 
erythropoiesis.183 TO can also be applied together with CD59-PE 
for detection of GPI-deficient reticulocytes, which may be of 
advantage in transfused PNH patients.184

Hemoglobin F (Fetal-Maternal Hemorrhage and 
Sickle Cell Anemia)
Fetal-maternal hemorrhage from a rhesus factor positive (Rh+) 
fetus to an Rh-mother may lead to immunization of the mother 
against fetal alloantigens. Therefore, standard clinical practice 
is to administer Rh immune globulin to all Rh-women at 28 
weeks of gestation and within 72 h of delivery of an Rh+ infant. 
Measurement of the amount of HbF in the maternal circulation 
helps to determine the amount of Rh immune globulin to admin-
ister. FCM method for fetal-maternal hemorrhage detection uses 
a fluorochrome conjugated anti-HbF MAb to detect HbF inside 
permeabilized RBCs.185 Weakly positive red cells (termed F cells) 
may be found in genetic disorders such as hereditary persistence 
of fetal hemoglobin (HPFH), sickle cell anemia, and thalassemia 
major. In patients with sickle cell anemia treated with hydroxy-
urea, monitoring the percentages of F cells can be applied to 
determine treatment efficacy.186

Fetal cells can be distinguished from F cells by much higher 
fluorescence intensity. Adequate gating is necessary to determine 
the percentage of fetal cells in the mother’s RBCs, where only the 
“bright” cluster is considered as fetal cells. In order to determine 
the quantity of fetal hemorrhage (in ml of fetal blood) the percent-
age of fetal RBC is multiplied by a factor of 50 (assuming that 
maternal blood volume is 5.0 L).181
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Figure 2.8. enumeration of blood for markers associated with paroxysmal nocturnal hemoglobinuria (PNH). Upper row: the red blood cell (RBC) assay 
using CD23a–FITC/CD59-PE staining. RBCs are gated on FS and SS (R1, Upper left plot) and displayed on FCS versus CD235a–FITC plot (upper middle). CD235a 
positive RBCs are gated (R2). RBCs from region R1 + R2 are analyzed for CD59 expression (right upper plot). Normal RBCs (CD59 bright) are in region I. RBCs with 
PNH-related phenotypes (i.e., with CD59dim expression or CD59 negative) are in regions II and III, respectively. Middle and lower row: white blood cell (WBC assay) 
using staining with FLAER, CD24PE, CD15PECy5, and CD45PECy7. Light scatter voltages were established so that all nucleated cells were visible above the forward 
scatter threshold (middle left) and debris was excluded with a combination of light scatter and CD45 gating (middle plot). CD45+ events were displayed on CD15 
versus SS plot (middle right plot) and granulocytes (bright CD15, high SS), monocytes (dim CD15 and intermediate SS) and lymphocytes (CD15-negative, low SS) 
were gated. Each of these populations was displayed on a FLAER versus CD24 plot (bottom row). PNH granulocytes (FLAER-negative, CD24-negative) were enumer-
ated in the bottom right plot (lower left quadrant). Normal granulocytes were enumerated in the upper right quadrant. Gated monocytes were similarly displayed 
(bottom row middle) and the PNH monocytes (FLAER-negative, CD24-negative) were enumerated in the lower left quadrant. Gated lymphocytes (bottom row left) 
were assessed for PNH phenotypes in the lower left quadrant. Normal T-lymphocytes (FLAER+, CD24-negative) are visible in the lower right quadrant and normal 
B-lymphocytes (FLAER+, CD24+) are visible in the upper right quadrant. (Courtesy of Dr. D. Robert Sutherland, Laboratory Medicine Program, University Health 
Network, Toronto General Hospital, Toronto, Ontario, Canada.)

analysis of platelets
FCM analysis of platelets is usually performed on whole blood 
drawn into 3.2% to 3.8% citrate anticoagulant. Other anticoagu-
lants can also be applied for platelet enumeration but EDTA and 

heparin are not recommended for analysis of platelet activation 
or activity due to interference with glycoprotein (GP) IIb–IIIa 
 complex. Blood samples should not be subjected to cold and 
should be processed within 15 min of drawing. Platelets can be 
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mobilization strategy, and underlying disease. Clinical guidelines 
for CD34+ cell quantitation in peripheral blood and PBSC for the 
International Society for Hematotherapy and Graft Engineering 
(ISHAGE) based CD34+ cell enumeration on four parameters: FS, 
SS, CD45, and CD34 staining intensity.193 A viability dye 7-amino 
actinomycin D (7-AAD) and fluorescent counting beads were sub-
sequently added to create a single platform assay (Fig. 2.9) and to 
avoid potential calculation errors from using FCM and hematol-
ogy analyzer.194 UK-NEQUAS surveys showed that methodology is 
still in need of standardization and that several laboratories did 
not perform the gating correctly.195 New flow cytometers allowing 
direct volumetric cell analyses (CD34+ cells/mL) and quantitation 
without the need of the beads has recently been introduced and 
shown to give comparable results as the standard single platform 
protocol.196

human Leukocyte antigen antibody Detection
The primary goal of human leukocyte antigen (HLA) antibody 
testing for transplant patients is to assess potential risk for graft 
rejection. The selection of a matched donor and appropriate 
post-transplant treatment is determined by patient HLA anti-
body status. Post-transplant formation of antibodies against HLA 
Class I and II antigens heralds graft rejection. FCM cross-match 
(FCXM), introduced in the 1980s, involves incubation of purified 
donor mononuclear cells with the patient’s serum and subsequent 
detection of cell-bound antibodies by fluorochrome-conjugated 
antihuman Ig serum (reviewed in Ref. 197). By varying the type 
of secondary antibody, the isotype of antibody (IgG, IgM, or IgA) 
can be determined, and by adding MAbs to B- and T-associated 
markers, reactivity in B- and T-lymphocytes can be evaluated 
separately.

Solid-phase immunobinding assays utilized purified HLA pro-
teins as targets. Beads that can be identified by a unique level of 
fluorescence are coated with HLA class I or II proteins to create 
a screening pool of HLA antigens. By using multiple different 
phenotypes distributed over several arrays, patient-specific HLA 
specificities can be determined (reviewed in Ref. 197). However, 
these assays are every cumbersome and require up to 15 tubes 
per patient. Recently, a new type of FCM platform (Luminex Corp, 
Austin, TX, USA) has been developed that allows up to 100 indi-
vidual beads to be evaluated in a single multiplexed assay. Each 
bead has a unique fluorescent signature and is coated by a dif-
ferent antigen. A PE-conjugated antihuman IgG is used to detect 
the binding of patient serum to the beads. However, a fraction of 
patients display very broadly reactive HLA antibodies making all 
beads positive. Introduction of recombinant technology and coat-
ing the beads with single HLA antigens make it possible to clearly 
delineate the antibody reactivity of each patient (reviewed in Ref. 
197). Combination of the highly sensitive antibody assessment 
with FCXM contributes to better selection of donor/recipient pairs 
and better transplant outcomes.

some aPPLiCations oF FLow 
Cytometry in immunoDeFiCienCy, 
autoimmune, anD inFeCtious 
Diseases

primary Immunodeficiency Diseases
Over 200 primary immunodeficiency diseases (PIDs) have been 
clinically identified.198 The majority of PIDs have an abnormality 
that could be detected by FCM assay, such as:

•	 Mutations in genes that affect the relative representation of a 
specific cell subset

differentiated from other blood cells by their FS and SS properties 
and/or expression of platelet-specific antigens (e.g., CD41, CD42, 
or CD61). FCM analysis of platelets can help to establish a diag-
nosis of specific platelet disorders (reviewed in Ref. 187) such as:

•	 Bernard–Soulier syndrome, inherited deficiency of the GPIb-
IX-V complex, where decreased expression of GPIb (CD42b), 
GPIX (CD42a), and GPV (CD42d) is noted

•	 Glanzmann thrombasthenia, inherited deficiency of integrin 
aIIbb3, where aberrant expression of CD41 (GPIIb) and CD61 
(GPIIIa) is found

•	 Dense granule storage pool deficiency can be detected by study-
ing uptake and release of mepacrine as fluorescent marker 188

•	 von Willebrand disease where the FCM method is used for 
the determination of the von Willebrand factor (VWF) activ-
ity, utilizing formalin-fixed platelets, FITC-conjugated chicken 
anti-VWF antibodies (Fab-fragments), and PE-conjugated anti-
GPIIb/IIIa antibodies.189

Immature platelets (also called reticulated platelets) may be 
identified using TO dye. This method can be applied to differenti-
ate regenerative versus nonregenerative thrombocytopenia and 
assess regeneration after BM transplant.190

Several antibodies bind to activated but not to resting platelets 
(activation-dependent antibodies). Markers of platelet activa-
tion include PAC1 (detecting conformational changes in integrin 
aIIbb3), CD62P (P-selectin), and formation of platelet-derived 
microparticles (PMPs). Measurements of platelet activation by 
FCM may assist in diagnosis and treatment of acute coro-
nary syndromes, acute cerebrovascular ischemia, and several 
other conditions. Studies of platelet activation have also been 
widely employed in monitoring of specific anti-platelet therapies 
(reviewed in Ref. 187).

heparin-induced thrombocytopenia
Heparin-induced thrombocytopenia (HIT) is a rare but potentially 
serious complication of heparin use. Prompt diagnosis is crucial 
and requires the integration of clinical assessment and laboratory 
testing. FCM detection of leukocyte-platelet aggregates (defined as 
events positive for both the presence of CD45 and platelet glyco-
protein IIb) as a marker of platelet activation with different heparin 
concentrations, using plasma from HIT-positive patients detected 
leukocyte-platelet aggregates in 75% of HIT-positive patients, and 
correlated with levels of anti-H-PF4 antibodies. An FCM-based 
platelet microparticle generation assay as a marker of platelet 
activation in HIT has also been described. Platelet microparticles 
ranged in size from 0.5 to 1.0 mm, and were also defined by 
the expression of platelet glycoprotein Ib, CD41, and annexin V. 
However, another FCM-based functional assay measuring CD62 
has been reported as a more reliable marker of platelet activation 
as a result of the presence of pathogenic H-PF4 antibodies than 
the procoagulant phospholipid annexin V (reviewed in Ref. 191).

stem CeLL transPLantation

CD34+ Cell enumeration
Enumeration of CD34+ cells is an essential tool for peripheral 
blood stem cell (PBSC) harvest, providing a rapid assessment 
of graft adequacy.192 Most transplant centers determine graft 
adequacy based on the number of CD34+ cells/Kg of patient body 
weight. Mobilization of PBSC is typically done using granulocyte 
colony stimulating factor (G-CSF) alone or in combination with 
chemotherapy. Peripheral blood (PB)-CD34+ counts have been 
shown to correlate with PB-CD34 apheresis collections and have 
been utilized to decide when apheresis should start. Mobilization 
success is influenced by several factors such as prior therapy, 
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Figure 2.9. enumeration of viable CD34+ cells according to iSHAge protocol. An apheresis sample that had been stored overnight at room temperature was stained with the Stem-Kit 
reagent set and analyzed on a BD Biosciences FACSCalibur cytometer equipped with CellQuestTM. Viable CD34+ cells were identified using Boolean gating and regions R1 through R4 (all upper plots 
and left middle row plots), including only viable (7-AAD−) cells from region R8 (right lower row plot). Viable lymphocytes from region R5 (left upper plot) and R8 are displayed on left middle plot and the 
duplicate blast-lymphocyte region R4 adjusted to include the smallest viable lymphocytes. Duplicate gating region R4 on plot 4 self-adjusts accordingly. Middle plot shows the position of a “live” gate 
in the bottom left corner, which excludes debris resulting from lyse-no-wash sample processing of PB, CB, and BM sample types. The number of CD34+ cells in region R4 is compared with the total 
number of singlet beads counted during the same acquisition and present in the same listmode file. In the example shown, total beads are gated in region R6 in the middle plot and displayed in the left 
lower plot (time versus forward scatter). Singlet beads are then delineated and enumerated in gating region R7. Sample analysis was performed using Cellquest ProTM software using semi-automated 
Expression Editors. For earlier versions of Cellquest, the absolute number of viable CD34+ cells/μl is calculated as follows:

#

# sin

CD cells bead concentration DF

glet bea

34 + × ×
dds

where #CD34+ cells are determined from logical gate G4 (vCD34 in gate stats = R1+R2+R3+R4+R8), the bead concentration is specified by the manufacturer, DF is the sample dilution factor, and 
the singlet bead count is determined from plot 7 (singlet beads in gate stats = R6 + R7). The right lower plot shows the total CD34+ cells (viable and nonviable) from gating regions R1 + R2 + R3 
only and shows viable cells onscale in about the first decade of fluorescence. This plot is useful when samples with poor viability are to be analyzed as it is easier to set region R8 in this plot versus the 
middle lower plot. Additionally, it shows that the fluorescence compensation between PMT 2 (CD34PE) and PMT 3 (7-AAD) is optimally set. (Courtesy of Dr. D. Robert Sutherland, Laboratory Medicine 
Program, University Health Network, Toronto General Hospital, Toronto, Ontario, Canada.)
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identification of several of these additional genes. HLA-B27 typing 
using MAbs and FCM analysis of their reactivity in a gated T-cell 
population is used extensively. However, the cross-reactivity of 
anti-“B27”murine MAbs, particularly with the common HLA-B7 
antigen has been a problem. Recently a one-tube test, employ-
ing two “B27” MAb reagents, has been developed.202 This test 
securely detects the HLA-B*27 allele product B*2705, B*2702, 
and B*2708 and reacts with many of the other rare B*27 allele 
products tested. In addition, other HLAB antigens, notably HLA-
B7, do not interfere with accurate HLA-B27 assignment. However, 
even when using the recommended dual anti-B27 typing reagents, 
patients reacting with one antibody only should be retested using 
a DNA-based technique.

human Immunodeficiency Virus Infection
FCM studies provide important clinical information that helps 
predict disease outcome and guide treatment decisions in HIV+ 
patients. CD4+ T-cell counts are, together with viral load, the 
strongest predictors of disease progression. Single platform 
technology (SPT) is designed to enable determinations of both 
absolute and percentage lymphocyte subset values using a single 
tube. Previously, most absolute T-cell numbers were derived from 
three measurements determined with two different instruments, 
a hematology analyzer and a flow cytometer (dual-platform tech-
nology [DPT]). A gating strategy for identifying lymphocytes using 
CD45 fluorescence and side-scattering characteristics is now 
the preferred method for identifying lymphocytes. The preferred 

•	 Mutations in genes that affect the expression of a specific 
 antigen

•	 Mutations in genes that affect a particular cell function

Routine immunophenotyping of blood lymphocyte subsets, 
detection of CD154 up-regulation, and oxidative burst assay for 
the screening diagnosis of granulomatous diseases are most com-
monly employed FCM assays in PID diagnosis (reviewed in Ref. 
199). FCM findings in the most common PID categories are sum-
marized in Table 2.10 (reviewed in Ref. 200).

Flow Cytometry Detection of hLa-B27
HLA-B27, an MHC class I molecule is related to a major risk factor 
for a group of diseases now called spondyloarthritis that consists 
of consists of psoriatic arthritis, reactive arthritis, arthritis related 
to inflammatory bowel disease, a subgroup of juvenile idiopathic 
arthritis, and ankylosing spondylitis [the prototype of spondyloar-
thritis 201]. This association is present in many genetically diverse 
populations and across all major HLA-B27 subtypes.

The presence of HLA-B27 in 80% to 90% of patients with anky-
losing spondylitis and the spontaneous spondyloarthritis-like dis-
ease in HLA-B27 transgenic rats suggests a direct and dominant 
effect of the gene encoding this molecule. However, only a small 
proportion of people in the general population who harbor HLA-
B27 (5% to 6% in Caucasians) develop ankylosing spondylitis, and 
HLA-B27 explains only 20% to 40% of the genetic susceptibility to 
ankylosing spondylitis, suggesting the contribution of additional 
genes. Genomewide association studies (GWASs) have allowed the 

Primary Immune Deficiency Type FCM Findings

Congenital agammaglobulinemia
X-linked (XLA)

Absence (or very low numbers) of CD20+ and/or CD19+ B-lymphocytes
Absence of intracellular Bruton tyrosine kinase (BTK) in monocytes and platelets

Common variable immunodeficiency (CVID) Expansion of CD21low B-cells
Absence of memory switched B-cells
Lack of inducible costimulator (ICOS) up-regulation on T-cells  following activation
CD19 deficiency (in presence of CD20)
B-cell activating factor-receptor (BAFF-R) deficiency

Severe combined immune deficiency (SCID) Wide range of defects:
Adenosine deaminase deficiency: lack of T-, B-, NK-cells
Janus kinase 3  deficiency: lack of T- and NK-cells
RAG1/2 deficiency: lack of T- and B-cells
CD3δ, â or z deficiency: lack of T-cells

Hyper IgM syndromes Decrease of CD40 and/or CD40 ligand (CD154) expression on activated CD4+ cells

Wiscott Aldrich syndrome (WAS) Decrease of CD8+ cells and increase of NK-cells
Decreased expression of WAS protein

Defects in the interleukin-12/23-Interferon-g circuit Aberrant expression of IL-12 receptor b1 and interferon (IFN)-g receptor1

Toll-like receptor pathway defects Absence of shedding of CD62L from the surface of granulocytes

Chronic granulomatous disease Low results of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity assay following 
 granulocyte activation

Leukocyte adhesion deficiency type 1 (LAD1) Decreased or absent CD11a, CD11b, CD11c, and CD18 on granulocytes

Immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked inheritance syndrome

Decreased/absent factor forkhead box protein 3 (FOXP3) expression in T-cells

Autoimmune lymphoproliferative syndrome Elevated levels of CD4-CD8- (double negative) T-cell receptor a/b positive T-cells
Low memory B-cells (CD20+CD27+)[en]Increased CD8+CD57+ T-cells

X-linked lymphoproliferative syndrome Very low numbers of NK T-cells CD3+CD16+CD56+Va24+Vb11+
Decreased/absent signaling lymphocyte activation molecule (SLAM)-associated protein (SAP) or X-linked 
inhibitor of apoptosis (XIAP) protein

Familial hemophagocytic lymphohistiocytosis Defects in expression of perforin, syntaxin-11
Diminished expression of CD107 on NK-cells

taBLe 2.10

fLoW cyTomeTry (fcm) in THe diagnosis of major primary immune deficiency
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of the percentage of cells in the G1, S, and G2/M phase of the cell 
cycle as well as the frequency of apoptotic cells with fractional 
(sub-G1) DNA content (reviewed in Ref. 208). Before DNA content 
is analyzed, cell aggregates have to be removed from the analysis 
window by gating single cells on FL-width versus FL-area plots 
(Fig. 2.10).

DNA staining can be combined with immunophenotyping by 
labeling of live cells with a fluorochrome-conjugated MAb and 
supravital DNA staining or subsequent short fixation in 0.5% 
to 1% paraformaldehyde in PBS before DNA fluorochrome is 
applied. During analysis, cell populations of interest can be 
evaluated separately for DNA content after appropriate gating 
procedures.208

In hematology and oncology, estimation of cell fractions in the 
proliferation phase and DNA ploidy are frequently assessed. For 
ploidy assessment, the ratio of peak channel of DNA fluorescence 
of G0/1 population of the tumor and that of normal cells is estab-
lished (sc. DNA index, DI). Normal lymphocytes from the same 
patient are often used as the standard of DI = 1.0.

In hematology, DNA ploidy studies by FCM have determined 
prognosis in B-ALL and plasma cell myeloma. In ALL, DI ≥ 1.16, 
so-called hyperdiploidy, is of favorable significance, whereas 
hypodiploidy (DI > 0.9) is related to a worse response to treat-
ment.209 In myeloma, hyperdiploidy is related to a better response 
to bortezomib treatment.210

Analysis of DNA replication was at first performed 
using direct incorporation of 3H- or 14C-labeled thymidine, 
and 3H-uridine incorporation was used for RNA content. 
Incorporation of 5-bromo-2-deoxyuridine (BrdU) was sub-
sequently applied, based on quenching of Hoechst 33358 
fluorescence by BrdU. Distribution of BrdU containing cells 
through the cell cycle was studied by combining Hoechst 
33358 with BrdU-resistant dye such as ethidium bromide 
or with mithramycin. Recently introduced, the so-called 
“click chemistry” approach allows measuring DNA synthesis 
and RNA replication simultaneously, by applying 5-ethyl-
2′deoxyuridine as a DNA precursor and 5-ethyluridine as 
an RNA precursor. These precursors can be detected with 
fluorochrome-tagged azides by means of a copper(I) catalyzed  
[3 + 2] cycloaddition reaction (reviewed in Ref. 206).

four-color panel includes CD45, CD3, CD4, and CD8. Commercial 
bead-counting reagents for SPT have resulted in decreased inter-
laboratory variability. A single tube model can easily be employed 
even in countries with limited resources.200

However, CD4+ T-cell counts do not fully capture an indi-
vidual’s risk for disease progression. A substantial proportion of 
patients with more than 350 CD4+ T-cells/mL in blood (the current 
threshold for treatment initiation) will progress to AIDS within 
only 3 years. Only a few markers that could identify, early in dis-
ease, more HIV+ individuals at risk for rapid disease progression 
have been reported. For example, in the setting of early HIV dis-
ease, the ability of Ki-67 to predict disease progression indepen-
dently of CD4+ T-cell count or viral load was recently recognized. 
Similarly, in the setting of chronic infection, CD38 expression is a 
CD4 count- and viral load-independent predictor of disease out-
come (reviewed in Ref. 203). FCM studies have greatly contributed 
to the understanding of HIV pathogenesis. Coreceptors for the 
virus have been identified: CCR5 in memory T-cells and CXCR4 in 
CD4+ T-cells. Loss of CD4+ cells is accompanied by T-cell activa-
tion (shown by expression of CD38, HLA-DR, and CD69) and by 
an increase of senescent CD8+ cells (CD28−) with high cytolytic 
activity (CD57+, perforin+). Naive and central memory T-cells are 
progressively depleted (reviewed in Ref. 203).

analysis of antigen-Specific t-cells
FCM detection of antigen-specific T-cells became possible by 
the development of fluorochrome-labeled MHC-peptide complex 
(so-called tetramers) technology. MHC class I tetramers usually 
consist of four MHC class I glycoproteins loaded with peptide and 
labeled with streptavidin bound to a fluorochrome (reviewed in 
Ref. 204). During incubation with the lymphocytes, the tetramer 
will bind to CD8+ T-cells that express a T-cell receptor capable of 
recognizing the specific peptide. MHC class II tetramers are more 
difficult to produce but have also been developed and applied to 
study CD4+ cell responses (reviewed in Ref. 205).

At present, standardized FCM methodology has a detection 
limit of 0.02% specific CD8+ cells in blood, mostly used in vaccine 
studies. Magnetic bead enrichment using beads coated with anti-
bodies to fluorochrome (mostly PE) has been employed to reach 
higher sensitivity.

Tetramer technology is also used in functional assays to study 
proliferation of epitope-specific T-cells or for analysis of T-cells 
responding to viruses or vaccines. Tetramer-positive T-cell subset 
analysis is used to determine the quality of the T-cell response and 
to sort antigen-specific T-cells (reviewed in Ref. 204).

CeLLuLar Dna Content anD CeLL 
CyCLe anaLysis
FCM methods for measuring DNA content rely on cells being 
labeled with a fluorochrome that is expected to stain DNA stoi-
chiometrically and the intensity DNA associated fluorescence is 
obtained. Staining of live cells (so-called supravital staining) is 
used mainly for cell sorting based on their DNA content. A variety 
of methods for FCM DNA analysis of fixed cells has been reported, 
differing in cell permeabilization, choice of fluorochrome, and 
applicability to different cell populations.206 In general, precipitat-
ing fixatives (alcohols, acetone) are preferred over cross-linking 
reagents (formaldehyde, glutaraldehyde). The most commonly 
used fluorochromes are DAPI, PI, and 7-AAD (Table 2.1). Staining 
with PI required pre-incubation with RNA-se to digest RNA; 
RNA-se should be free of DNA-se activity. The method of isolating 
nuclei from paraffin-embedded tissue can be applied to determine 
DNA ploidy and cell phase in archival material.207 The results of 
cellular DNA content are presented in the form of frequency his-
tograms (Fig. 2.10). The DNA analysis software allows estimation 

Figure 2.10. Schematic presentation of DNA analysis using DNA fluorochrome.  Frequency 
of cells in G0/1, S, and G2/M phases can be determined. Insert shows gating of single cells  
using FL-W versus FL-A plot.
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•	 Detection of scatter changes corresponding to cell shrinkage 
(lower FS and unchanged or increased SC in early phase, and 
low FS and SC in late phase)

•	 FCM detection of mitochondrial inner transmembrane poten-
tial (Δπm) loss using lipophilic cationic probes [e.g., Rh123 or 
DiOC6(3)] that are readily taken up by live cells and accumulate 
in mitochondria

•	 FCM detection of caspase activation using fluorochrome-labeled 
inhibitors of caspases (FLICA) or detection of cleavage of poly 
ADP ribose polymerase (PARP) using an antibody that recog-
nized 89-kD product of cleavage

•	 FCM detection of changes in the plasma membrane during 
apoptosis using fluorochrome-labeled Annexin V that binds to 
exposed phosphatidylserine on the cell surface

•	 FCM detection of changes in plasma membrane permeability
•	 FCM detection of nuclear fragmentation using sub-G0 fraction 

in DNA analysis or assessment of DNA strand breaks by TdT-
mediated dUTP-biotin nick-end labeling (TUNEL)

•	 Gradual decrease of cyanine SYTO staining in apoptotic cells

Since Apoptosis is a rapid process, knowledge of the time- 
window when specific markers can be detected is crucial. 
Moreover, antigen loss often occurs at early stages of apoptosis, 
causing problems in immunophenotyping apoptotic cells.
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FunCtionaL assays

Monitoring of Cytokine profiles
Current FCM technologies allow the simultaneous quantification 
of multiple cytokines with characterization of cytokine-producing 
cell subsets. Antibodies to studied cytokines can be combined with 
lineage markers such as CD4, CD8, CD3, and/or memory/effector 
phenotype markers such as CCR7, CD57, CD27, or CD45RO.

Intracellular cytokine assays are usually performed after 
short-term stimulation required for induction of cellular activa-
tion and cytokine production. Cytokines can be detected after 
secretion inhibitors such as monensin or brefeldin are applied, 
and proteins are retained intracellularly. Intracellular staining 
is performed after fixation and permeablization (reviewed in 
Ref. 211). One of the clinical applications includes monitoring 
of IFN-g and tumor necrosis factor (TNF)-a producing CD3+ 
T-cells in aplastic anemia patients under immunosuppressive 
therapy.212

Multiplex cytokine bead arrays are used to quantify soluble 
plasma cytokines (e.g., Luminex technology). Distinct cytokine 
profiles were detected allowing differentiation between patients 
with aplastic anemia and hypoplastic MDS.213 Very high levels 
of several cytokines were detected with Luminex methodology in 
children with anaplastic large cell lymphoma by comparison to 
other non-Hodgkin lymphoma subtypes.214

protein phosphorylation
The use of phospho-specific antibodies allows detection of 
the transient alterations induced by kinases and phosphatases 
involved in cell signaling. Phosphorylation refers to the addition 
of a phosphate to one of the amino acid side chains of a protein. 
Many of the proteins that are phosphorylated upon reception of 
a signal are protein kinases as well. This organization of kinases 
produces a phosphorylation cascade, in which one protein kinase 
is activated by phosphorylation upon reception of a signal; this 
kinase then phosphorylates the next kinase in the cascade. 
However, FCM methodology to detect phosphorylation is consid-
ered challenging and has not been, as yet, widely introduced for 
clinical use (reviewed in Ref. 215). Signaling responses have to be 
determined by comparing the basal level to the activated state of 
the enzyme. Often, multiple growth factors have to be applied for 
studies of activation (e.g., SCF and FLT3 for the extracellular sig-
nal-regulated kinase [ERK] pathway) and inhibitors are used for 
appropriate controls (e.g., MEK inhibitor U0126 for the ERK path-
way). An appropriate fixation and permeabilization protocol has 
to be applied, depending on the studied protein. Responses are 
usually transient and the time-point of measurement is crucial. 
A high level of consistency in experimental procedures is needed 
(reviewed in Ref. 215). An example of clinical use is measuring 
of levels of the phosphorylated signal transducer and activator of 
transcription (STAT) 5 (P-STAT5) in CML patients. P-STAT5 levels 
are increased in most untreated CML patients but decrease upon 
BCR/ABL1 kinase inhibitor treatment.216

apoptosis
Apoptosis (or programmed cell death) plays an essential role in 
the survival of the organism and is considered to be an imperative 
component of various processes including normal cell turnover, 
proper development and functioning of the immune system, mul-
tiplication of mutated chromosomes, hormone-dependent atrophy, 
normal embryonic development, elimination of indisposed cells, 
and maintenance of cell homeostasis. The importance of apoptosis 
has prompted development of FCM assays capable of measuring 
this process. FCM methods employed in apoptosis research include 
(reviewed in217:
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CytogenetiCs
Athena M. Cherry, Charles D. Bangs

C h a p t e r  3

introDuCtion
Cytogenetics is the study of chromosome structure and 
 function. Chromosome analysis is an integral part of diagnos-
ing  hematologic malignancies and is important for determining 
prognosis (or risk category) and/or treatment. According to the 
WHO classification of leukemias and lymphomas from 2008,1 
there are several categories of leukemias and lymphomas that 
are defined by their specific clonal chromosome abnormalities. 
Chromosome and/or fluorescence in situ hybridization (FISH) 
analyses are considered “standard of care” for diagnosing 
and following patients with most hematologic malignancies. 
Array analyses of these same malignancies, using either array 
comparative genomic hybridization (CGH) or single nucleotide 
polymorphism (SNP) array analysis, have been used for iden-
tification of smaller, more subtle or complex anomalies not 
appreciated by chromosome analysis and/or FISH; however, 
the diagnostic and prognostic value of this  technology is just 
beginning to emerge.

History
As early as 1890, von Hansemann2 recognized that mitotic irregu-
larities were associated with the malignant process. He suggested 
that such nuclear abnormalities could be used as a criterion for 
diagnosing the malignant state. In 1914, Boveri3 published his 
chromosome (or mutation) theory of cancer in his monograph 
“The Origin of Malignant Tumors.” This theory proposed that 
chromosome aberrations were the cause of the change from nor-
mal to malignant growth. He saw cancer as a cellular problem 
which originated from a single cell with an abnormal chromo-
some constitution. This single abnormal cell was the founder of 
a population of cells with the same abnormality (and therefore, 
clonal, by current definition). Therefore, chromosome abnor-
malities were seen as the cause of the rapid cellular proliferation 
observed in malignancies.

By the 1920s, it was widely accepted that the units of hered-
ity in living organisms were chromosomes. In 1923, studying 
paraffin-embedded preparations of testicular tissue, Painter4 
reported that there were 46 or 48 human chromosomes in the 
normal karyotype; however, it was popularly believed that there 
were 48 human chromosomes. With technical advances involving 
the use of hypotonic solution and mitotic arrest, in 1956 Tjio and 
Levan5 determined that the normal diploid number of human 
chromosomes was actually 46. In 1966, Levan6 and van Steenis7 
studied published reports of human tumor karyotypes. They 
found nonrandom karyotypic changes in human tumors. These 
40 published cases, which consisted primarily of ascitic forms of 
gastric, mammary, uterine, and ovarian carcinomas, showed cer-
tain chromosomes tended to be increased in number, while others 
tended to be decreased, in what appeared to be a nonrandom 
fashion. Nonrandom chromosomal changes are either primary or 
secondary. Nonrandom primary changes are generally thought 
to be the cytogenetic changes that are consistently found in a cell 
population and are believed to be specific for a particular type or 
subtype of malignancy. Specific nonrandom secondary changes 
are believed to be related to the progression or the evolution of 
the tumor.

This is not to say that chromosome alterations are or are 
not the first step in carcinogenesis. Whether one considers 

Sandberg’s chromosome theory of cancer, in which the key 
event in oncogenesis involves chromosomal rearrangement,8 or 
Knudson’s two-hit hypothesis, in which there are at least two 
mutational events that lead to the malignant state,9 carcinogen-
esis is generally thought to be a multistage process, where a 
number of different barriers must be breached for a malignancy 
to occur.10

Shortly after Tjio and Levan determined the normal diploid 
number of human chromosomes, a number of constitutional 
(or germ line) chromosome abnormalities and syndromes were 
described, beginning with the association of trisomy 21 and Down 
syndrome by Lejeune in 1959.11 It should be noted that chromo-
some abnormalities can be thought of as consisting of two types—
constitutional (germ line) or acquired (somatic). Constitutional 
anomalies typically affect every cell in the body and are congeni-
tal, while acquired anomalies affect only the tumor cell population 
(somatic mutations).

At first, chromosomes were identified only by their size 
and the placement of their centromere or primary constric-
tion, as they were solid stained. It was not until the advent of 
chromosome banding in the 1970s that chromosomes could 
be recognized and identified individually by their banding 
patterns.

In 1960, Nowell and Hungerford12 recognized the first chro-
mosome abnormality known to be specific to a particular type 
of cancer. This was the “Philadelphia” chromosome (or Ph) 
associated with chronic myelogenous leukemia (CML), so named 
because of its discovery in that city. The chromosome origin and 
nature of this minute chromosome was uncertain at the time, 
as chromosomes were only non-banded and could not be spe-
cifically identified (Fig. 3.1). In 1973, after the advent of banding, 
Rowley13 and colleagues at the University of Chicago discovered 
that the Philadelphia chromosome was actually a balanced trans-
location involving the long arms of chromosomes #9 and #22 

Figure 3.1. An unbanded metaphase spread from bone marrow cells of a patient with 
chronic myelogenous leukemia showing the Ph chromosome.
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[t(9;22)] (Fig.  3.2). The Philadelphia chromosome or a variant 
rearrangement is seen in nearly all patients with CML. In later 
studies, it was shown that the translocation involved breakpoints 
in two genes, BCR on chromosome #22 at band 22q11.2 and ABL1 
on chromosome #9 at band 9q34 (Fig. 3.3). These breakpoints 
were in very specific regions of both genes and the translocated 
segment of ABL1 juxtaposed to BCR created a functional chimeric 
fusion protein with increased tyrosine kinase activity. This BCR/
ABL1 fusion protein upregulates the growth of these cells and 
causes them to have a proliferative advantage over the normal 
cells.14 Today, inhibitors of tyrosine kinase activity (most notably 
Gleevec or imatinib) have been used to treat patients with CML 
and acute lymphoblastic leukemia who have the Ph chromosome. 
This type of treatment has been very successful in treating these 
patients.15 Since then, numerous other chromosome abnormali-
ties have shown associations with specific hematologic disease 
entities (Table 3.1), some of which have targeted or specific 
therapy directed toward their fusion protein.

CytogenetiC AnALysis of 
HeMAtoLogiC MALignAnCies
Cytogenetic analysis of hematologic malignancies involves at 
least two, if not three, different approaches. The first is “clas-
sic chromosome analysis” (CCA). The second is FISH using DNA 
probes labeled with fluorochrome(s). Whether FISH is performed 
on metaphase cells (metaphase chromosomes) or interphase cells 
(resting, non-dividing nuclei), this technique can be used to ask 
very specific questions. However, to determine the correct inter-
rogating probe, one must know the question to be answered. The 
advantage of using interphase FISH is that mitotic cells are not 
necessary for analysis, as they are for CCA and metaphase FISH. 
In addition, even formalin-fixed paraffin-embedded tissue can be 
studied in this fashion. The third approach involves arrays, either 
CGH arrays, utilizing primarily oligonucleotides spaced through-
out the genome, or SNP arrays, with heterozygous SNPs positioned 
throughout the genome. Both of these array types can be used to 
determine DNA copy number (one vs. two vs. three); however, 
loss of heterozygosity (LOH) can only be detected if one uses SNP 
arrays. In addition, balanced rearrangements (copy neutral), i.e., 
translocations, inversions, etc., cannot be appreciated by either 
array method. Malignancies are often made up of both normal and 
abnormal cells, as well as varying percentages of abnormal clones. 
This heterogeneity, which can be seen as low levels of mosaicism, 
typically below 15% to 20%, cannot be detected by array analysis.

CHroMosoMe AnALysis
Chromosome analysis can be performed on numerous types of 
dividing tissue and can help to render diagnoses for constitu-
tional (germ line) chromosome conditions (i.e., trisomy 21), as 

Figure 3.2. illustration of t(9;22) observed in chronic myelogenous leukemia and 
acute lymphoblastic leukemia. ideogram of chromosomes #9 and #22 on left with 
partial karyotype on right. Arrows indicate breakpoints.

Figure 3.3. Fluorescence in situ hybridization illustration of t(9;22) with red-labeled ABL1 probe spanning the breakpoint at 9q34 and  green-labeled 
BCR probe spanning the breakpoint at 22q11.2. At right, nuclei showing abnormal and normal signal pattern with yellow fusions.

GENE

Chr. 9, ABL

Chr. 22, BCR

der(9), ABL/ BCR

der(22), BCR/ ABL

t(9;22)(q34;q11.2)

t(9;22)(q34;q11.2)

NORMAL

22der(22)der(9)9

CD BANGS, 11/99

CHROMOSOME

INTERPHASE FUSION FISH: BCR/ ABL

NUCLEUS
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48 part i Laboratory Hematology

CHromosome AbnormALities And AssoCiAted diseAses

taBLe 3.1

Chromosome Abnormality Genes (HUGO) Disease

t(9;22)(q34;q11.2) ABL1, BCR CML, ALL

del(6)(q23) MYB CLL

del(11)(q22) ATM CLL

+12 CLL

del(13)(q14) CLL, MDS, AML

del(17)(p13) TP53 CLL

t(1;19)(q23;p13.3) PBX1, TCF3 ALL

t(4;11)(q21;q23) AFF1, MLL ALL

t(variant;11)(variant;q23) MLL ALL, AML

t(12;21)(p13;q22) ETV6, RUNX1 ALL

t(1;22)(p13;q13) RBM15, MKL1 AML (M7)

inv(3)(q21q26.2)/t(3;3)(q21;q26.2) RPN1, MECOM AML

t(6;9)(p23;q34) DEK, NUP214 AML

t(8;21)(q22;q22) RUNX1T1, RUNX1 AML (M2)

t(9;11)(p22;q23) MLLT3, MLL AML

t(15;17)(q24;q21) PML, RARA APL (M3)

inv(16)(p13.1q22)/t(16;16)(p13.1;q22) MYH11, CBFB AML (M4)

−5/del(5q) MDS, AML

−7/del(7q) MDS, AML

+8 MDS, AML

del(20q) MDS, AML

t(8;14)(q24;q32) MYC, IGH@ BL

t(2;8)(p12;q24) IGK@, MYC BL

t(8;22)(q24;q11.2) MYC, IGL@ BL

t(2;5)(p23;q35) ALK, NPM1 ALCL

t(2;variant)(p23;variant) ALK ALCL

t(18;variant)(q21;variant) BCL2 DLBCL

t(3;variant)(q27;variant) BCL6 DLBCL

t(8;variant)(q24;variant) MYC DLBCL

t(14;18)(q32;q21) IGH@, BCL2 FL

t(2;18)(p12;q21) IGK@, BCL2 FL

t(18;22)(q21;q11.2) BCL2, IGL@ FL

t(11;14)(q13;q32) CCND1, IGH@ MCL

del(13)(q14) PCM

del(17)(p13) TP53 PCM

t(4;14)(p16.3;q32) FGFR3, IGH@ PCM

t(14;16)(q32:q23) IGH@, MAF PCM

t(14;20)(q32;q12) IGH@, MAFB PCM

ALCL, anaplastic large cell lymphoma; ALL, acute lymphoblastic leukemia; AML, acute 
myeloid leukemia; APL, acute promyelocytic leukemia; BL, Burkitt lymphoma/B-cell 
lymphoma; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; 
DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; MCL, mantle cell lymphoma; 
MDS, myelodysplastic syndrome; PCM, plasma cell myeloma.

are studied by preparing short-term cultures (direct, 24-, 48-, 
or 72-hour) grown in suspension. The cells are then “harvested” 
using a hypotonic solution (sodium chloride or sodium citrate) and 
fixed using a mixture of methanol and acetic acid. Slides are made 
by dropping the cell suspension on the slides and drying them. 
The slides are aged and then banded using trypsin (or pepsin) 
and Giemsa (or Wright’s or Leischman’s) stain. This produces the 
G-banding pattern widely used to recognize and identify chromo-
somes and their abnormalities (Fig. 3.4). Chromosome analysis 
is performed by individuals who have been trained to recognize 
the banding patterns of each individual chromosome pair, chro-
mosomes #1 through #22 and the X and Y sex chromosomes. 
Banded metaphases are identified and analyzed using a light 
microscope equipped with high resolution objectives (typically 
10× oculars, with 63× or 100× objectives—enlarged up to 1000× 
their normal size). Images are then acquired using a CCD (charged 
coupled device) camera, and proprietary software is used to cre-
ate the karyotype. A karyotype is the chromosomal makeup of a 
particular cell or individual. The software enables a technologist 
to create the digital karyotype, but the software/computer can-
not completely recognize nor interpret the karyotype; this must 
be done interactively by the trained technologist. Chromosome 
analysis of leukemias and lymphomas requires complete analy-
sis of a minimum 20 metaphase cells if possible.16 This is not a 
random process. Technologists (or automated imaging systems) 
scan the slides looking for abnormal metaphases. Often, there are 
normal metaphases that are part of the milieu. These are typi-
cally avoided, if there are abnormal metaphases present. All cells 
are completely analyzed—matched band-by-band, chromosome-
by-chromosome pair, looking for any inconsistencies or abnor-
malities, be they structural or numerical. Clonal abnormalities are 
described and documented. Clonal anomalies are defined as two 
or more cells with the same structural abnormality or same extra 
chromosome, while loss of a chromosome must be observed in 
three or more cells in order to be considered clonal.17 Karyotypes 
are then created as both an analytical and a documentary tool and 
the chromosome diagnosis rendered.

Samples for chromosome analysis—fresh bone marrow, bone 
core biopsy, or peripheral blood—are transported at room tem-
perature in either a sodium heparinized green-topped tube or in 
transport media with sodium heparin added to prevent clotting. 
These samples should be received within 24 hours of collection, 
if possible. Some bone marrow samples are particularly finicky 
and the abnormal clonal cells are fragile (e.g., acute lymphocytic 
leukemia). Lymphomas are minced and placed into short-term 
suspension culture.

CytogenetiC noMenCLAture
It is important for the hematopathologist to have a basic under-
standing of cytogenetic nomenclature, as he/she is often asked to 
incorporate this data into an integrated or comprehensive report 
including all clinical laboratory analytic data on individuals with 
hematologic malignancies (i.e., flow cytometry, molecular and 
cytogenetic analytic data). The International System of Cytogenetic 
Nomenclature (ISCN)18 is the accepted method of describing the 
karyotype of an individual or tumor. There are very specific rules 
for how this information is presented. This is the internation-
ally accepted cytogenetic language that, using alpha/numeric/
symbolic string text allows one laboratory to describe what was 
observed in the karyotype and another laboratory to understand 
what that means. Every few years this system of nomenclature is 
updated. The most recent update was in 2009. ISCN first came 
into existence in 1978; however, there were several conferences 
held from 1960 until then to codify the human karyotype, with 
banded ideograms first introduced in 1971. An ideogram is a 
scientific representation of the light and dark bands, sub-bands 

well as acquired (somatic) chromosome abnormalities associated 
with different types of cancer. Chromosome analysis requires 
living, dividing cells which are arrested in metaphase by using 
a substance that inhibits spindle fiber formation during mitosis 
(e.g., Colcemid, Velban). Typically, leukemias and lymphomas 
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 Chapter 3 Cytogenetics 49

Figure 3.4. Normal male g-banded karyotype.

and sub-sub-bands observed by metaphase chromosome analysis. 
Each chromosome has its own particular set of recognized bands, 
which allows it to be identified as such (Fig. 3.5). For instance, all 
human chromosome #1’s look very similar to one another, hav-
ing the same pattern of light and dark bands, with the exception 
of a known variant region near the centromere. Chromosomes 
are divided into short arm and long arm by the centromere or 
primary constriction, which mediates attachment to the spindle 
fiber apparatus in mitosis. Bands in the short arm are labeled 
“p,” while bands in the long arm are labeled “q.” Each chromo-
some arm has landmark bands which demarcate the regions of 
the chromosome arm (this is the first number indicated after the 
p or q designation). These regions are then divided into bands, 
and possibly sub-bands or sub-sub-bands. Bands are numbered 
in increasing order starting at the centromere and proceeding 
toward the end of the chromosome arm (or telomere). The total 
number of chromosomes observed is stated first, with the sex 
chromosome designation given following a comma. There are 
normally no spaces between the numbers, letters, and punctua-
tions that make up the karyotype designation. As an example, a 
female patient with the Philadelphia chromosome would have 
a karyotype written as “46,XX,t(9;22)(q34;q11.2)[18]/46,XX[2],” 
meaning that she has the Ph or t(9;22) in 18 of her metaphases 
(18 in []), a slash designating a second normal cell line with 

46,XX (or normal chromosomes) in two metaphases (2 in []). The 
breakpoint in chromosome #9 is at band 9q34 (long arm or q 
arm, region 3, band 4 or band three four, not thirty-four) and the 
breakpoint in chromosome #22 is at sub-band 22q11.2 (long arm 
or q arm, region 1, band 1, sub-band .2 or band one one point 
two, not eleven point two). There are rules as well for describing 
both interphase and metaphase FISH (Table 3.2).

fLuoresCenCe in situ 
HyBriDizAtion AnALysis
In situ hybridization was first described by Gall and Pardue in 
1969,19 when they hybridized radioactively labeled probes to 
highly repetitive sequences in mouse and Drosophila. In 1981 
Harper and Saunders20 used a similar technique using tritiated 
(3H) nucleotides to label probes and autoradiographic methods to 
map human genes. Also in 1981, Langer et al.21 introduced biotin-
labeled probes for gene mapping purposes, which then could be 
detected with streptavidin conjugated  antibodies which had been 
fluorescently tagged. In 1988, Pinkel  et  al.22 described chromo-
some painting probes, while Kallioniemi et al. in 199223 intro-
duced CGH using metaphase chromosomes as the  interrogator.
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50 part i Laboratory Hematology

Figure 3.5. ideogram of normal g-banded chromosomes showing banding at 400, 550, and 850 band level of resolution.
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Symbol or Term Interpretation

Add Additional material of unknown origin

approximate sign ( ̃  ) Denotes intervals and boundaries of a chromosome 
segment or number of chromosomes, fragments, or 
markers; also used to denote a range of number of 
copies of a chromosome region

arr Microarray, array

brackets, angle (<>) Surround the ploidy level

brackets, square ([ ]) Surround the number of cells

c Constitutional anomaly

chr Chromosome

comma (,) Separates chromosome number, sex chromosomes, 
and chromosome abnormalities

con Connected signals in interphase FISH

cp Composite karyotype (when karyotype is very 
 heterogeneous)

decimal point (.) Denotes sub-bands

del Deletion

der Derivative chromosome (from a translocation or 
other rearrangement)

dic Dicentric chromosome (two centromeres)

dmin Double minute (amplified material, acentric fragments)

dup Duplication

hsr Homogeneously staining region (amplified material 
within a chromosome)

i Isochromosome (2 long arms or 2 short arms 
 without the other)

idem Denotes the stemline karyotype in a subclone

inc Incomplete karyotype (partially analyzable)

ins Insertion

inv Inversion

ish In situ hybridization

mar Marker chromosome (unidentified origin)

minus sign (−) Loss

multiplication sign (×) Multiple copies

nuc Nuclear

p Short arm of a chromosome

parentheses ( ) Surround structurally altered chromosomes  
and breakpoints

period (.) Separates various techniques

plus sign (+) Gain

q Long arm of a chromosome

question mark (?) Questionable identification of a chromosome, 
 chromosome structure, or breakpoint

r Ring chromosome

sep Separated signals (in FISH)

slant line, single (/ ) Separates clones

slant line, double (// ) Separates chimeric clones (cross-sex transplant; 
host//donor)

t Translocation

FrequentLy used isCn symboLs And AbbreviAted terms

taBLe 3.2 DNA, whether it is in the form of metaphase chromosomes or 
interphase nuclei, is denatured, as is the DNA probe, using 
formamide, heat, and salt. The slide/DNA is then re-annealed, 
so that the DNA probe can hybridize to its complementary tar-
get DNA sequence. After hybridization is complete (from a few 
hours to overnight), the slides are washed and counterstained 
and the hybridization is visualized. In this manner, questions 
of loss, gain, or juxtapositioning of target sequences can be 
answered.

Most DNA probes used for in situ hybridization are directly 
labeled with fluorochromes and visualized using a fluorescent 
microscope and the proper filter sets, once the hybridization has 
taken place. FISH probes can be single copy, unique sequence 
probes, repetitive probes, or whole chromosome painting probes. 
Single copy probes can be used to determine copy number (gain or 
loss) of a single locus or specific chromosome, or can be designed 
in combination to detect gene rearrangements (either by dual 
color, dual fusion, or break apart probes, spanning the known 
breakpoints of critical rearrangements). Single copy probes can 
also be used to detect amplification of a locus, as in HER2 (ERBB2) 
amplification in invasive breast carcinoma. Repetitive probes can 
also be used primarily for chromosome enumeration. These are 
typically chromosome specific alpha satellite repeats (e.g., DXZ1 
and DYZ3 located at the centromeres of the X and Y chromo-
somes, respectively). There are also chromosome arm specific 
subtelomeric repeat sequences that are generally within 300 kb 
of the ends of the chromosomes.

fLuoresCenCe in situ 
HyBriDizAtion noMenCLAture
FISH nomenclature has also been established by the ISCN.18 
FISH can be of either metaphase chromosomes or interphase 
nuclei. Both have different nomenclature rules. Metaphase FISH 
is always prefaced by the term “ish,” followed by the locus of 
the DNA probe used or the abnormality observed. The presence, 
absence, or appearance of the FISH probes is then described. As 
an example, an individual who has CML and is Ph chromosome 
positive might have metaphase FISH (using a dual fusion FISH 
strategy) which would be written:

46,XX,t(9;22)(q34;q11.2).ish  
t(9;22)(ABL1+,BCR+;BCR+,ABL1+)[20]

The semicolon separates one chromosome from the other 
descriptively and shows that while some of ABL1 has remained 
at 9q34, some is now translocated to 22q11.2, next to BCR, 
and vice versa. Interphase FISH of this same individual would 
typically involve scoring 200 interphase nuclei for their signal 
patterns. This would be described by using the term “nuc ish” 
followed by the pattern that was observed. This can best be 
expressed as:

nuc ish(ABL1,BCR)×3(ABL1 con BCR×2)[200]

The above scenario shows that there are three ABL1 signals and 
three BCR signals; however, two each of these signals are con-
nected (“con”) or fused, representing both the BCR/ABL1 and the 
ABL1/BCR sequence fusions.

Alternatively, if the patient has a normal karyotype and no 
evidence of the BCR/ABL1 translocation:

“nuc ish(ABL1,BCR)×2[200]” or “nuc ish(ABL1×2,BCR×2)[200]”

In other words, there are two distinct ABL1 signals and two dis-
tinct BCR signals, with no fusion of the two.

It is important to note that while many of the FISH probes 
used for leukemias, lymphomas, and other solid tumors are FDA 
approved, all must be validated in the laboratory. Such validation 
must determine the analytic sensitivity and specificity of each 

In situ hybridization takes advantage of the genetic code, 
the complementary strands of DNA and their unique, as well 
as repetitive, sequences. Probes are designed with a particular 
DNA sequence in mind. These probes are labeled so that they 
can be detectable, once they have hybridized to the DNA. Target 
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52 part i Laboratory Hematology

probe, and establish normal cutoff values or thresholds for deter-
mining whether or not a FISH assay is positive or negative for the 
aberrant signal pattern.

DiAgnostiC AnD PrognostiC 
iMPACt of CHroMosoMe 
ABnorMALities
As stated earlier, the WHO system1 has classified many leukemias 
and lymphomas according to their cytogenetic and/or molecular 
abnormalities. Many of these have not only diagnostic signifi-
cance, but prognostic significance as well. While this list is by no 
means exhaustive, it does inform the reader as to the significance 
of a number of anomalies (Table 3.3). Please refer to online 
resources The Atlas of Genetics and Cytogenetics in Oncology and 
Haematology (http://atlasgeneticsoncology.org) and the Mitelman 
Database of Chromosome Aberrations in Cancer (http://cgap.nci.
nih.gov/Chromosomes/Mitelman).

acute Myeloid Leukemia
According to the WHO 2008,1 there are certain entities of acute 
myeloid leukemia (AML) defined by their cytogenetic or molecular 
abnormalities (recurrent genetic abnormalities). The t(8;21) and 
the inv(16) and its variants, both core binding factor (CBF) abnor-
malities, as well as the t(15;17) when observed by either CCA, 
FISH, or PCR, are considered distinct forms of AML, even if the 
percent blasts is below 20%. All of these have been associated with 
a good or favorable risk. The t(9;11)(p22;q23) is an entity with 
an intermediate risk. While the t(6;9)(p23;q34), inv(3)(q21q26) 
and its variants, as well as the t(1;22)(p13;q13) are distinct AML 
entities, all with an associated poor risk, it is unclear if cases with 
blasts below 20% are actually considered AML, or technically 
should be classified as myelodysplastic syndrome (or MDS).

Acute Myeloid Leukemia Risk Categories
Slovak et al.,29 stratified patients with AML into four risk catego-
ries. Those in the favorable group had inv(16), t(15;17) or t(8;21), 
while those in the unfavorable group had monosomy 5/5q deletion, 
monosomy 7/7q deletion, inv(3), 11q23 (or MLL) rearrangements, 
abnormalities of 17p, 20q or 21q, t(6;9), or complex karyotypes 
(with 3 or more abnormalities). Those in the intermediate group 
had a normal karyotype, trisomy 8, trisomy 6, deletion of the 12p, 
or loss of the Y chromosome. There was also an indeterminant 
group that contained all other chromosome anomalies. Grimwade 
et al.30 proposed a slightly different prognostic classification 
scheme. Individuals with inv(16), t(15;17) or t(8;21) were in the 
favorable group, while those in the adverse group included abnor-
malities of 3q [excluding t(3;5)(q21˜25;q31˜35)], inv(3), monosomy 
5/5q deletion, monosomy 7/7q deletion, t(6;11), t(10;11), 11q23 
(or MLL) rearrangements [excluding t(9;11) and t(11;19)], t(9;22), 
monosomy 17/abnormalities of 17p, and complex karyotypes 
(with 4 or more abnormalities). All others fell into the intermedi-
ate group.

More recently, several groups have described the “mono-
somal karyotype” (or MK) which is believed to have a worse 
prognosis even when compared to those patients with complex 
karyotypes (with 3 or more abnormalities).31,36,37 The concept 
of a “monosomal karyotype” defined by Breems et al.31 was 
defined as a karyotype with loss of at least one chromosome 
and at least one structural chromosome abnormality or loss of 
at least two chromosomes. This concept is rather problematic 
in that most of the MK+ patients also have complex karyotypes, 
and so are included in the poor prognostic group despite their 
MK status. Secondly, MK is often a misnomer because many 

Disease Risk Categories

CML Poor: additional abnormalities (extra Ph, +8, i(17q), etc.)

CLL Good: 13q−, normal, +12
Intermediate: 11q− (ATM deletion)
Poor: 17p− (TP53 deletion)

Dohner et al.24

Adult ALL Favorable: hyperdiploidy with +4 and +10, 9p−
Unfavorable: t(9;22), t(4;11), t(8;14), low hypodiploidy/near 
triploidy, complex (5 or more abnormalities)

Moorman et al.25

Childhood ALL Favorable: hyperdiploidy (>50 and <60) with +4, +10 
(+17?), t(12;21)
Unfavorable: t(9;22), t(v;11q23), 9p−, hypodiploid (<44), 
t(1;19)

Pui et al.26; Heerema et al.27; Raimondi et al.28

AML Favorable: inv(16), t(8;21), t(15;17)
Intermediate: normal, +8, +6, −Y, 12p−
Unfavorable: −5/5q−, −7/7q−, inv(3), 11q23 abnormal-
ity, abnormal 17p, 20q or 21q, t(6;9), t(9;22), complex  
(3 or more abnormalities
Very poor: monosomal karyotype (MK)*

Slovak et al.29; Grimwade et al.30; *Breems et al.31

MDS High: −7/7q−, complex (3 or more)[en]Intermediate: +8, 
other anomalies
Low: normal, −Y, 5q−, 20q−

Greenberg et al.32

PCM Standard: hyperdiploidy (without TP53 deletion),  
t(11;14), t(6;14)
Intermediate: t(4;14), 13q− or hypodiploidy by chromo-
some analysis
Poor: 17p−, t(14;16), t(14;20), *1q+/1p−
Rajkumar33; *Klein et al.34; *Wu et al.55

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic 
leukemia; CML, chronic myelogenous leukemia; MDS, myelodysplastic syndrome; PCM, 
plasma cell myeloma.

of the karyotypes are not truly monosomic (missing an entire 
chromosome), as there are often multiple rearrangements and/
or marker chromosomes present (a “marker” is a chromosome 
whose chromosomal origin is unknown or unidentified). Often 
cytogeneticists designate an abnormality as a marker, even if it 
is possible to at least partially identify its origin. These mark-
ers may contain obvious or cryptic segments of the monosomic 
chromosome. As CCA is often subjective, two cytogeneticists 
might describe the same karyotype in different ways. This makes 
classification of a karyotype as MK problematic. While there 
might indeed be a difference in outcome for patients with AML 
that have complex karyotypes (CK) versus those with monosomal 
karyotypes (MK) per the Breems et al. definition, separating these 
two entities is not at all straightforward.

ArrAy AnALysis
Comprehensive analysis of the cancer genome has become a 
standard research approach to identify new disease loci that may 
ultimately lead to new therapeutic strategies. One way of studying 

PrognostiC risks AssoCiAted witH CHromosome 
AbnormALities

taBLe 3.3
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the genomes of malignancies is to use array analysis (either array 
CGH or SNP array, or a combination) to discern copy number 
changes and/or LOH.

While CCA relies upon metaphase chromosome analysis and 
the ability to recognize differences in banding patterns visible 
on metaphase chromosomes by light microscopy, array analysis 
uses any number of known DNA sequences (SNPs, exons, introns, 
etc.) and determines their copy number. CCA has a resolution of 
approximately 5 to 10 Mb (megabase pairs or million base pairs 
of DNA) even at its highest resolution, while array analysis can 
detect much smaller anomalies on the order of a 50 to 100 kilo-
base (kb) pairs (a 1,000 times higher resolution). CCA can detect 
structural rearrangements, whether balanced (two copies of every 
gene or DNA sequence, just not in the correct order) or unbal-
anced (one or three copies versus the normal two); however, array 
analysis cannot detect balanced rearrangements (i.e., balanced 
translocations or inversions). Array CGH analysis can detect only 
copy number changes, often referred to as copy number variants 
(CNVs). CNVs can be benign, disease-associated or of unknown 
significance.

There are at least two different types of arrays—CGH arrays, 
which can be made up of probes that are either BACs (bacterial 
artificial chromosomes) or oligonucleotides (typically 60 base 
pairs in length that are synthesized and are specific, unique 
DNA sequences), or SNP arrays. BAC CGH arrays were the 
first arrays used clinically for the detection of copy number 
changes.38–40 This was seen as a way to do multiple FISH tests 
simultaneously. These arrays were initially “targeted” arrays 
which had about 800 probes specific for numerous microdele-
tion/microduplication syndromes, as well as other Mendelian 
disorders with associated disease loci. Over the years, because 
of their reliability and reproducibility, these have been replaced 
by the more robust oligonucleotide arrays. Oligo arrays typically 
have anywhere from 44,000 unique sequence probes to over a 
million. Most clinical laboratories that employ oligo arrays use 
ones that have between 60,000 and 180,000 probes to detect 
copy number changes (or CNVs). This detection is performed by 
labeling patient or tumor DNA and control DNA with different 
fluorochromes (typically Cy3 and Cy5), denaturing the array 
DNA as well as the target and control DNAs and hybridizing 
them together, along with Cot-1 DNA to reduce binding to repeti-
tive sequences. The DNAs will find and hybridize to complemen-
tary array probe sequences. After washing, the array is read by 
a laser which determines the color and intensity of each spot 
on the array. Using proprietary software, correcting for dye bias 
and other artifacts, copy number calls are made according to 
established parameters, typically the log2 ratios of the intensi-
ties of the different fluorochromes. In most cases the imbalanced 
regions can be detected by as few as three to five consecutive 
oligonucleotide probes (Fig. 3.6).

SNP arrays were initially used for genome-wide association 
studies (GWAS) to find associations of particular SNPs with dis-
ease; however, it was discovered that they could also be used to 
determine copy number.41,42 SNP array analysis is slightly differ-
ent, in that it utilizes SNPs to determine copy number changes 
with comparison to expected SNP frequencies, as control DNA 
is not used. SNPs vary from individual to individual. Individuals 
have different SNPs, one that is arbitrarily called the “A allele” 
and the other one the “B allele.” It is expected that everyone has 
two different SNP alleles at various loci (they are AA, AB, or BB). 
The copy number analysis of SNP array data generally uses two 
parameters, comparing observed test sample values to expected 
reference values, the log2 R intensity ratio and the allelic inten-
sity ratio or “B allele frequency.” The latter is used to determine 
stretches of homozygosity (copy neutral changes where only 
one SNP allele is detected, presumably from either loss of het-
erozygosity or identity by descent/relatedness/consanguinity). 
Most SNP arrays now also include unique sequences, other than 

the SNPs, as they enhance the ability of the SNP array to detect 
copy number changes. Most SNP arrays contain about 1 million 
SNPs and another 1 million unique features. More recently, a 
few companies have created CGH arrays that include SNPs as 
well as single copy loci. These are called “oligo + SNP” arrays. 
While the number of SNPs used is much reduced when compared 
to SNP arrays, they are sufficient to detect clinically significant 
LOH, particularly in cancer analysis (Fig. 3.7). Many laboratories 
have adopted either oligonucleotide arrays or these new oligo + 
SNP arrays due to their robustness and ease of use, particularly 
when compared to SNP arrays. While it would seem that the more 
probes the better, the resolution of both CGH and SNP arrays are 
very similar.

Array analysis has now become “standard of care” and is 
considered a first line clinical test in individuals with intellectual 
disability (ID) and congenital anomalies.43 While CCA can detect 
abnormalities in around 5% of individuals with ID and congenital 
anomalies, array analysis can detect abnormalities in around 15% 
to 20% of such individuals.

Although many researchers have used array analysis in hema-
tologic malignancies and other tumors, this type of analysis has 
yet to become “standard of care.”

Array analysis can detect smaller, cryptic anomalies, and help 
to further characterize the karyotype of a tumor better than CCA 
or FISH; however, there are some problems. Malignancies can 
often be heterogeneous with multiple clones present in only a few 
cells. These underrepresented clones may well be missed, if they 
are in less than 15% of the cells. Arrays cannot detect balanced 
rearrangements, which are commonly observed in hematologic 
malignancies. Yet another issue is determining whether CNVs or 
regions of LOH observed in a tumor are constitutional (and not 
disease related) or acquired, as often normal control DNA from 
the patient is unavailable.

Chronic Lymphocytic Leukemia  
and array analysis
In chronic lymphocytic leukemia (CLL), CCA of blood or bone 
marrow has not been very successful, in part due to the lack of 
neoplastic B-cells that are actively dividing. Investigators have 
shown that approximately 80% of patients with B-CLL have clonal 
chromosome abnormalities that can be detected in non-dividing 
cells of the blood using interphase FISH employing a number of 
DNA probes specific for the chromosome abnormalities known to 
be associated with B-CLL. This group of probes is called a “FISH 
Panel.” Not only are these clonal chromosome abnormalities 
detectable, they are also of prognostic value. In a study reported 
by Dohner et al.,24 it was shown that patients could be placed into 
different risk categories by their FISH abnormalities alone. They 
found that those patients with a FISH result that was normal, 
trisomy 12 or 13q deletion (13q-), had a good prognosis, while 
those with an ATM deletion (11q deletion) were in the intermedi-
ate group, and those with a TP53 deletion (17p deletion) were in 
the poor prognostic group. Currently, FISH helps to stratify CLL 
patients. More recently,44,45 in vitro stimulation with CpG oligo-
nucleotide DSP30 with mitogens has been shown to improve the 
proliferation of CLL cells and yield metaphases with abnormal 
karyotypes. These abnormalities are not detected by the standard 
FISH panel, and when complex, have been shown to impart a 
worse prognosis.

More recently, array analysis has been performed on CLL 
patients. Many authors have shown a high concordance with 
FISH analysis.46–49 Array analysis has detected several recur-
rent chromosome abnormalities that are not part of the standard 
FISH panel for CLL, including 14q32 abnormalities 46,48,50,51 and 
gains of 2p.46,50 The clinical significance of these anomalies is 
unknown. Array analysis has also shown that 13q deletions vary 
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Figure 3.6. Oligonucleotide array showing 313 kb loss of 5q14.3. A. log2 ratio showing loss of approximately 20 oligonucleotide probes. B. 5q14.3 
 abnormality with loss of RASA1 and CCNH gene loci.

Figure 3.7. Oligo + SNP array results for chronic lymphocytic leukemia patient. A. Array karyotype with red blocks indicating areas of loss, green blocks 
indicating areas of gain and gray blocks denoting LOH. B. log2ratio of X chromosome showing no copy number change. C. Single nucleotide polymorphism array 
showing only one allele present consistent with loss of heterozygosity (LOH) on the X chromosome. D. Software call of LOH with copy neutral change on the X 
 chromosome including bands Xq22.1 to Xq22.3.
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Figure 3.7. (Continued)
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greatly in size, with some being homozygous deletions and oth-
ers heterozygous deletions of different sizes.46,47 There is some 
evidence that the larger 13q deletions (>1.25 Mb) have a worse 
prognosis than those with the smaller deletions (<1.25 Mb).50 
Overall, array analysis has shown that individuals with a more 
complex karyotype, either because of overall genomic complexity 
or clonal diversity, typically have a poorer outcome than those 
with a simpler karyotype.49,51–53

For a good review of abnormalities detected by array analy-
sis of hematologic malignancies, see van der Veken and Buijs54 
(Table 3.4).
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Molecular Diagnosis in HeMatology
Dan Jones

C h a p t e r  4

introDuction
Molecular diagnostics, including DNA- and RNA-based testing and 
genomics, play an increasingly important role in diagnosis and 
monitoring of patients. The tremendous explosion of knowledge 
about the molecular pathogenesis of both benign and neoplastic 
hematologic conditions over the last 20 years has now been 
translated into routine laboratory assays of high complexity. Such 
clinical molecular diagnostic assays, including advanced DNA 
sequencing, microarrays, and highly sensitive polymerase chain 
reaction (PCR) tests, now impact diagnosis, subclassification, 
minimal residual disease (MRD) monitoring, outcome prediction, 
and therapy selection. In this chapter, we review the basis of 
these molecular techniques and discuss their uses in hematology 
 currently and in the future.

an overview of Molecular 
Biology
DNA, the chromosomal material in the cell nucleus, is transcribed 
by polymerases to form RNA species with different functions. 
These include messenger RNA (mRNA) produced from each of 
the ∼20,000 protein coding genes, microRNAs (mIRs) transcribed 
from the ∼500 regulatory mIR genes, and ribosomal and trans-
fer RNAs that are components of the ribosome and the protein 
 biosynthesis machinery. mRNAs are then translated into proteins 
by the ribosome and then typically degraded quickly because of 
the actions of mIRs and cellular nucleases. The set of mRNAs 
and mIR genes that get transcribed in any particular cell is 
regulated by growth factor–responsive transcription factors, cell 
type– specific enhancer complexes, and the epigenetic state of the 
DNA surrounding genes as well as their scaffold histone proteins. 
Epigenetic modulation of DNA and histones occurs commonly 
through methylation and acetylation and is dynamically regulated 
during hematopoietic cell development and during the develop-
ment of leukemias and lymphomas.1,2

Acquired (somatic) defects in one or more of these processes 
underlie the development of hematologic conditions (Table 4.1). 
In addition, inherited gene defects or normal population 
variations in these cellular functions lead to  predisposition to 
subsequent development of hematologic conditions.11,12 With 
improved understanding of the basic mechanisms underly-
ing disease, therapies which target the type of molecular 
 aberrations in hematologic conditions have increasingly been 
developed (Table 4.2).

extraction of Nucleic acids:  
the Starting point for Molecular assays
Because mutations and alterations in the DNA of disease-causing 
genes usually lead to detectable aberrations in RNA and protein 
levels, a variety of analytes are available to diagnose most condi-
tions. DNA is the most stable analyte and can be easily extracted 
from fresh cells, frozen cells, and formalin-fixed paraffin-embed-
ded (FFPE) tissues. Therefore, DNA is the preferred starting 
material for most PCR assays and is used for DNA sequencing, 
for mutation detection by PCR, and for genomic microarrays. 
DNA is stable at room temperatures for several days, for months 
to years when refrigerated, and essentially indefinitely when 

frozen. One exception to the stable preservation of DNA is in 
decalcified bone marrow trephines where the acid treatment 
usually  fragments the DNA, often making it unsuitable for PCR 
and microarrays.

DNA can be extracted from cells by a variety of methods, with 
the first step usually being disruption of the cells using a power-
ful protease, such as proteinase K, along with a detergent to help 
solubilize the cell membranes. An RNase enzyme can also be 
used during this step to degrade the interfering mRNA present. 
DNA can then be selectively isolated from this mixture using col-
umn chromatography, organic extraction of proteins followed by 
alcohol precipitation, or by the binding of DNA to solid substrates 
such as glass beads.

RNA is much more labile than DNA and can be quickly 
degraded in unprocessed blood and bone marrow samples and 
in FFPE tissues. However, RNA is still the preferred substrate 
to detect fusion transcripts that occur in hematologic neoplasms 
(e.g., BCR-ABL1) and when mRNA or mIR expression analysis is 
needed. Most RNAs begin to degrade within two to three days 
of blood or bone marrow collection even if the unprocessed 
sample is refrigerated; RNA must be stored frozen once extracted 
from cells.

RNA can be isolated from cells using methods similar to those 
described for DNA extraction above. Care must be taken during 
extraction to neutralize the RNA-degrading enzymes present in 
the environment and within the cells themselves. For most molec-
ular assays, RNA is next converted into complementary DNA 
(cDNA) using reverse transcriptase as the first step in the protocol. 

Alteration 
Type

Hematologic 
Condition(s)

Methods to 
Detect References

Large DNA  
deletions

Thalassemias Southern blot, 
genomic assays

3

DNA repeats/
insertions

Inherited  
cytopenias,
drug response in 
leukemia

Southern blot, 
genomic arrays, 
PCR

4,5

DNA point  
mutations

Acute and chronic  
leukemias,  
lymphomas

AS-PCR, DNA 
sequencing, 
arrays

6,7

Epigenetic  
regulation

Bone marrow 
failure,  
myelodysplasia

Methylation 
sequencing, 
methylation-
sensitive PCR, 
pyrosequencing

8

Ribosomal  
biogenesis

Diamond Blackfan  
anemia

Transcript  
profiling, protein 
expression

9

Alternate mRNA 
species

Coagulopathy Transcript  
profiling, protein 
expression

10

AS-PCR, allele-specific PCR; mRNA, messenger RNA; PCR, polymerase chain reaction.

Defects in the cellular Molecular Machinery 
unDerlying heMatologic DisorDers

taBLe 4.1
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To detect the products that have been amplified by PCR, the 
reaction is typically run out on a solid agarose or polyacrylamide 
substrate or gel. These PCR amplicons can be detected by a laser 
using capillary electrophoresis if one of the primers has been 
labeled with a fluorochrome (Fig. 4.1B), or by slab gel electro-
phoresis followed by post-staining with a DNA-binding dye (e.g., 
ethidium bromide) that can be visualized with ultraviolet light 
(see Fig. 4.2, Step 1). As described above, if RNA is to be analyzed 
by PCR, it is first converted into cDNA in a technique known as 
RT-PCR.

If fluorescent probes are added into the reaction, real-time or 
quantitative PCR (qPCR) can be performed to calculate the amount 
of an RNA or DNA target present in the initial sample. A com-
mon qPCR design is the TaqMan short, gene-specific probe that 
has a reporter fluorophore at its 5′ end and a quencher molecule 
at the 3′ end. The probe hybridizes to its target amplicon dur-
ing the annealing step of each PCR cycle and is then hydrolyzed 
by the 5′ exonuclease activity of Taq polymerase during DNA 
extension. When the TaqMan probe is hydrolyzed, the reporter 
fluorophore is detached from the adjacent quencher molecule 
and fluoresces in an amount proportional to the degree of PCR 
product  amplification. Thus, as probe is bound to template and 
its reporter released by the polymerase extension, the detected 
fluorescence rises exponentially.

In qPCR, the amount of initial target present in a PCR is back-
calculated by observing the PCR cycle in which the fluorescence 
signal first becomes detectable. This threshold cycle (Ct) can 
then be used for absolute or relative quantitation. For absolute 
quantitation, the observed Ct is converted to a target copy num-
ber by plotting it on a standard curve (log Ct vs. starting copy 
number) constructed from samples with a known target copy 
number (Fig. 4.1C). For relative quantitation, target quantities 
are expressed relative to a co-amplified normalizer control (e.g., 
a highly expressed housekeeping gene such as ACTB [b-ACTIN] or 
ABL1). The quantity is then represented as a relative ratio most 
commonly the delta-Ct calculation: [relative quantity] = 2−(Ct of gene 

target – Ct of reference gene).

A specialized form of qPCR used to detect single base 
pair changes in DNA is allele-specific (AS)-PCR. This method 
 compares the amplification levels of a PCR probe or primer that 
recognizes one allele versus the signal from a probe that recog-
nizes only the other allele. This same protocol can also be used to 
sensitively detect the level of mutated sequences in neoplasms.19 
This method can routinely detect the presence of a mutation down 
to 0.1% of the template in the sample (Fig. 4.1D).

DNa Sequencing: the technique Driving  
the Genomic revolution
The DNA sequence of genes is built up from combinations of 
four nucleotides, adenine (A), cytosine (C), guanine (G), and 
 thymine (T), and their epigenetically modified variants, par-
ticularly 5-methylcytosine. DNA sequencing to determine the base 
composition of the genome was first routinely applied in the late 
1970s but has remained a difficult and expensive technique until 
the last several years.

The accurate but costly gold-standard technique for determin-
ing DNA base composition, developed by Frederic Sanger, is 
called the dideoxy chain termination method.20 After an initial 
PCR step to amplify the gene of interest, this method relies on a 
second asymmetric PCR step in which stops in the PCR extension 
are randomly introduced at each position in the product by add-
ing fluorescently labeled chain terminating variants of the A, C, 
G, and T nucleotides, each terminating nucleotide being labeled 
with a different color (green, blue, black, and red). This range of 
DNA molecules each terminated at a different position are then 
separated by size using electrophoresis and the sequence read 
by laser detection of the terminally labeled nucleotide (Fig. 4.2).

Tumor type

Genetic 
alteration/
mutation

Tumor 
type(s) Effect(s)

Myeloid  
neoplasms (all )

TET2, IDH1/2, 
DNMT3A gene  
mutations

MPNs, 
MDS, 
AML, 
CMML

Epigenetic 
regulation of 
transcription13

Myeloproliferative 
neoplasms

BCR-ABL1 
fusion
JAK2 kinase PM
MPL receptor 
PM
PDGFR kinase 
fusion
KIT receptor 
kinase PM

CML
MPNs
MPNs
HES/MCD
MCD

Activation 
of kinase 
or ligand- 
independent 
signaling or 
hypersensitivity 
to lower levels 
of growth 
 factor14

Acute myeloid  
leukemia

KIT receptor PM
FLT3 receptor 
PM, ITD

CBF-AML
AML

Ligand-
independent 
signaling15

Lymphoma AKT1 & TCL1  
activation
SYK kinase  
activation
LCK kinase 
fusion/mutation

B-NHL
PTCL
ALL-T

Hypersensitivity 
to BCR, TCR, 
and growth 
factor  
signaling16–18

MPN, myeloproliferative neoplasm; MDS, myelodysplastic syndrome; AML, acute myeloid 
leukemia; CMML, chronic myelomonocytic leukemia; CML, chronic myelogenous 
leukemia; PM, point mutation; ITD, internal tandem duplication; HES, hypereosinophilic 
syndrome; MCD, mast cell disease; CBF, core binding factor leukemia; B-NHL, B-cell 
non-Hodgkin’s lymphoma; BCR, B-cell receptor; TCR, T-cell receptor; PTCL, peripheral 
T-cell lymphoma; ALL-T, T-cell acute lymphoblastic leukemia/lymphoma.

targetable Pathways activateD in heMatolyMPhoiD 
tuMors

taBLe 4.2

Isolation of mIRs often requires modified extraction methods, but 
they can also be quantified using reverse transcriptase (RT)-PCR 
and may be more stable than mRNAs.

More recently, clinical assays have begun to assess the cel-
lular epigenetic state through the detection of methylated DNA, 
which is typically analyzed after the methylated cytosines have 
been converted following deamination by bisulfite treatment. 
Abnormalities in protein expression are commonly assessed using 
immunohistochemistry on fixed tissues, or blotting or immunoas-
says on fresh samples. A more complete view of the genome can 
be obtained using conventional karyotyping of chromosomes in 
fresh samples, or by fluorescence in situ hybridization (FISH) and 
genomic DNA microarrays on fresh and fixed materials. These 
techniques are described in more detail in Chapter 3.

polymerase Chain reaction: the Indispensable 
Molecular technique
From its first application to bacterial genetics in the early 1980s, 
PCR has been the central technique for amplifying genes so 
they can be sized to look for pathogenic insertions or deletions; 
sequenced to look for base pair mutations; and labeled with radio-
activity, fluorochromes, or chromogenic moieties to use as probes 
in blots and reverse microarrays. The PCR technique involves the 
sequential amplification by repeated cycles of DNA denaturation, 
reannealing, and polymerase extension of DNA targets using flank-
ing oligonucleotides (Fig. 4.1A). In the initial cycles of the PCR, the 
target is exponentially amplified before gradually plateauing when 
the large amount of product present tends to favor reannealing of 
double-stranded templates rather than primer binding/extension.
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Figure 4.1. Polymerase chain reaction (PCr). A. A three-stage conventional PCR, with denaturation, annealing, and extension steps. Components of the typical 
PCR are illustrated including a DNA template (e.g., target gene), unlabeled nucleotides (dNTPs), a DNA polymerase to copy the templates and forward (F) and reverse 
(R) DNA primers, one of which is fluorescently labeled (*). B. Fluorescent products from the above PCR are then detected by capillary electrophoresis. Shown is a 
trace with a normally sized 167 base pair NPM1 gene product and an abnormal copy with a 4 base pair insertion (171b) characteristic of acute myeloid leukemia. 
C. Quantitative PCR using the TaqMan method with four samples showing differing amounts of the target gene as indicated by Cts ranging from 23 to 39 cycles 
(arrows). A graph showing 10-fold dilutions of a reference sample is plotted below, which are used to convert Ct in patient sample into copy number. D. Design of a 
TaqMan qPCR assay for detection of the JAK2 V617F mutation, with identical F and R primers but two different fluorescent probes; the red one detecting the normal 
JAK2 sequence (“G” at that position), and a green probe recognizing the mutated “T” sequence. The black 3′ moiety on the probes represents the quencher dye.

Newer generations of sequencing technologies that are much 
faster and cheaper to perform are currently replacing the Sanger 
method and typically use a sequencing-by-synthesis approach. As 
each nucleotide is added to a growing chain of DNA by the poly-
merase, its incorporation is detected by release of product or by 
its chemical or electrochemical properties.21,22

Blotting and array Methods
An alternate method for investigating DNA sequences is solid 
phase hybridization, in which enzymatically-digested total 
genomic DNA or RNA from a cell (or specific PCR products) are 
size-separated using slab gel electrophoresis and then the prod-
ucts are transferred in place from the gel to a nylon or nitrocel-
lulose membrane. This membrane is hybridized with a labeled 
DNA probe that detects the gene target. The binding of that probe 
is then visualized using autoradiography or colorimetric detec-
tion. In the Southern blot application, prior to electrophoresis 
genomic DNA is digested with one or more restriction endo-
nucleases that cut(s) within the gene(s) of interest, so that any 

disruption of the gene (by insertion, deletion, or recombination) 
is detected by an  alternately-sized banding pattern following 
electrophoresis and probing (Fig. 4.3).

Southern blot is a labor-intensive technique which typically 
requires several days. For this reason, currently the principal 
uses of Southern blot in hematology are detecting deletions or 
amplifications in large genes and their enhancer control regions, 
such as the globin genes in thalassemia. In these applications, 
the size of the chromosomal area to be investigated and thus 
the number of DNA nucleotides to be analyzed are usually too 
large to be conveniently spanned by PCR and PCR-based DNA 
sequencing.

A related blotting application is reverse hybridization, in which 
DNA sequences from a tumor or patient’s normal DNA are PCR-
amplified and then labeled and hybridized against an array of 
probes that have been spotted on a membrane or other matrix. 
These applications are widely used to detect the specific strain 
of a particular virus present in a sample but in hematology are 
mostly used for large scale cytogenetic microarray applications 
that are covered elsewhere in Chapter 3.
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Labeled
PCR products

Target strand

Step 2: Cycle-sequence by PCR with chain terminator
             fluorescent dNTPs

3’ 5’A A A AC CC CG

G
G

T
T

T

Step 1: PCR to generate lots of target gene product

Step 3: Detect products with capillary electrophoresis

A AA AT T T T T TGGG GG GC C C CC

A AA AT T T T T TGGG GG GC C C CC

Figure 4.2. DNA Sequencing. Steps in the dideoxy chain termination (Sanger) method 
include: Step 1: Standard polymerase chain reaction (PCR) to produce large amounts of a gene-
specific template, detected by slab electrophoresis followed by ethidium bromide staining of 
the gel. Step 2: Unidirectional (or asymmetric) PCR using the template from the first PCR along 
with either a forward or reverse primer in a reaction containing normal nucleotides mixed with 
chain terminating A, C, G, and T bases. Step 3: The range of products from the asymmetric PCR 
which are terminated at every possible base in the PCR amplicon are then separated by capillary 
electrophoresis and detected by a laser recognizing the fluorochrome/nucleotide present at the 
end of products. Base-calling is performed using software which normalizes the peak heights to 
produce the depicted electropherogram.

Molecular Diagnostics of Myeloid Neoplasms
Myeloid malignancies can be divided into myeloprolifera-
tive neoplasms (MPNs), in which the pathogenetic mutations 
do not significantly impair cell maturation but instead drive 
growth, and acute myeloid leukemia (AML) and myelodysplas-
tic syndrome (MDS), in which maturation is impaired (see also 
Chapter 72).

MPNs show a range of recurrent chromosomal translocations, 
such as the BCR-ABL1 fusion in chronic myelogenous leukemia 
(CML) that can be detected by RT-PCR as well as by FISH.24 In 
CML, levels of the BCR-ABL1 fusion transcript detected by a real-
time RT-PCR method are now used to monitor the course of CML 
therapy with imatinib and other drugs, and to trigger a change 
in treatment in drug-resistant cases.25 Given the importance of 
this test for clinical management, significant progress has been 
made in standardizing both the PCR protocol26,27 and the ref-
erence materials used to calibrate the BCR-ABL1 PCR assay.28 
Mutations in the tyrosine kinase JAK2 are the most commonly 
detected pathogenetic marker for a group of MPNs that include 
polycythemia vera, essential thrombocythemia, and primary 
myelofibrosis.29 Detection of the most common JAK2 mutation 
(V617F) can be done by AS-PCR, providing a highly sensitive 
method of monitoring disease course in JAK2-mutated MPNs 
(Fig. 4.1D).

In AML and MDS, karyotypic findings along with hematologic 
parameters remain the principle determinants of diagnostic 
classification and outcome prediction, as codified in WHO clas-
sification and the International Prognostic Scoring System (IPSS) 
for MDS.23,30,31,32 Some of the chromosomal translocations that 
occur in AML, such as the inv(16)/t(16;16) in acute myelomono-
cytic leukemia and the t(15;17) in acute promyelocytic leukemias, 
are best monitored by RT-PCR.33,34 However, characteristic 
mutations, such as NPM1 duplications seen in a subset of normal 
diploid karyotype AML, can be detected by PCR sizing assays 
(Fig. 4.1B).35 Other mutations provide important prognostic infor-
mation in AML, including activating insertions/duplications in the 
FLT3 receptor tyrosine kinase (RTK), which can be detected by 
PCR sizing assays; and mutations in the KIT RTK, which can be 
detected by DNA sequencing (Fig. 4.4A,B). Another set of genes, 
including TET2, IDH1, IHD2, KRAS, NRAS, EZH2, and ASXL1, are 
mutated in MPNs as well as AML and MDS, making a common 
molecular panel useful for diagnosis and risk stratification in all 
myeloid neoplasms.36,37

Molecular Diagnostics in Lymphomas  
and Benign Lymphoid expansions
The lymphoid neoplasms were the first tumor types to have a 
standardized diagnostic schema based on lymphocyte maturation 
stage, beginning in the 1960s. The current standard for diagnosis 

Isolate Genomic DNA

Restriction enzyme digestion

Gel electrophoresis Transfer to membrane Probe hybridization Autoradiography

reference sample�
�
�

� �
�

�
�

�
Figure 4.3. Blot hybridization. Steps in the Southern blot are 
illustrated for a reference and patient sample. See text for 
additional explanation.

Molecular Diagnostic 
applications in HeMatology
The diagnosis of specific types of lymphoid and myeloid malig-
nancies is discussed elsewhere in this volume, but here we sum-
marize generally how molecular techniques are used to assist in 
their diagnosis. The current schema for diagnosis of hematologic 
neoplasms is the World Health Organization (WHO) Classification 
of Hematologic and Lymphoid Neoplasms.23 This classification 
incorporates morphology and immunophenotypic features but 
also increasingly relies on molecular and cytogenetic testing for 
definitive diagnosis.
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Defining Molecular events in Lymphoid 
Neoplasms
In acute lymphoid leukemia/lymphoblast lymphoma of B-cell lin-
eage (ALL/LBL), these diagnostic changes include chromosomal 
fusions that can be detected by RT-PCR, FISH, or by expression 
microarray.40 In T-cell lineage ALL/LBL, diagnostic molecu-
lar events include mutations in the NOTCH1 gene41 and gene 
activation of HOX regulatory genes through the chromosomal 
rearrangements that juxtapose the target oncogene next to the 
T-cell receptor (TCR) enhancer, which selectively drives aber-
rant expression in the T-cell clone. The gene expression changes 
induced by oncogene activation can also be detected with RNA 
expression microarrays.42

In mature B-cell lymphomas, chromosomal translocations that 
juxtapose a variety of different oncogenes next to an immunoglob-
ulin gene (Ig) enhancer (usually) are important initiating events 
and can be detected by PCR or FISH.43 In follicular lymphoma, 
Burkitt lymphoma, marginal zone lymphoma, and mantle cell 
lymphoma, these Ig-enhancer-driven oncogenes typically include 
BCL2, MYC, MALT1, and Cyclin D1/CCND1, respectively (Table 
4.3). Molecular variants of these lymphomas that lack these classi-
cal translocations often activate homologous genes, e.g., the acti-
vation of Cyclin D3/CCND3 in variants of mantle cell lymphoma.44

In mature T-cell lymphomas, reciprocal chromosomal 
 translocations are much less common, occurring generally only in 
classical anaplastic large cell lymphoma and T-cell  prolymphocytic 
leukemia. In these two neoplasms, PCR, FISH, or immunohis-
tochemistry to detect the abnormally expressed protein (ALK 
and TCL1, respectively) are diagnostic modalities.45 Recently, 
other translocations which affect signaling pathways have been 
identified.46 However, in other T-cell neoplasms, gene instability 
resulting in multiple chromosomal alteration and gene mutations, 
similar to that seen in poor-risk AML, is commonly seen. This 
finding suggests that genomic arrays may be useful diagnostic 
tests for these uncommon tumors.47,48

Using polymerase Chain reaction to Detect 
B-cell and t-cell Clonality
One of the other key diagnostic issues in hematology is  distinguishing 
benign lymphoid expansions, as seen in autoimmune diseases and 

in hematopathology, the WHO Classification of Hematologic and 
Lymphoid Neoplasms,23 represents an evolution and integra-
tion of the previous largely separate efforts in morphology and 
molecular genetics.

The general principle of classification in the WHO schema and 
its predecessors is to map neoplasms to the maturation stage of 
the normal counterpart which they most resemble.38 Although 
this simplistic model does not account for all the observed 
 heterogeneity in lymphomas, it has been incredibly successful in 
placing tumor entities in a comprehensible and easy to remember 
framework for diagnosis. Therefore, we summarize below how 
the genetic changes detected by molecular diagnostics correlate 
with the morphologic groups of both mature and immature B-cell 
and T-cell neoplasms,39 with a more detailed review provided in 
Chapter 87.

Test type

All cases •	 Morphologic examination
•	 IHC or flow cytometry panel

Subtyping by FISH, PCR, or IHC

CLL/SLL FISH for D13/del13q, del17p13/
TP53, del11q/ATM, CEP12

Mantle cell lymphoma Cyclin D1 IHC or t(11;14)/
CCND1-IGH@ FISH

Follicular lymphoma BCL2/BCL6 IHC or t(14;18)/IGH-
BCL2 FISH

Marginal zone lymphoma t(18q21;var)/MALT1 FISH
del7q FISH for splenic variants

High-grade B-cell/Burkitt MYC; IGH@ BCL2; BCL6 FISH

ALCL ALK IHC or t(2;5)/ALK-NPM1

IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; PCR, polymerase 
chain reaction; CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; ALCL, 
anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase.

Diagnostic tests useD for the workuP of lyMPhoMa

taBLe 4.3
Figure 4.4. Detection of mutations in acute myeloid leukemia (AML). A. FLT3 
 duplication detected by PCR followed by capillary electrophoretic fragment analysis. B. KIT 
mutation (D816V) in AML is illustrated by a double peak (boxed) in the lower electropherogram 
present in both forward and reverse sequences, as opposed to the single wild-type peak noted 
in the reference unmutated sequence above. The method is dideoxy chain termination DNA 
sequencing, as in Figure 4.3. Images courtesy of Dr. Zhong Zhang.
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disease.27,52,53 If a PCR assay can be designed to selectively amplify 
an initiating molecular aberration in a leukemia or lymphoma, then 
a highly sensitive and specific PCR assay can be designed to track 
disease levels over the treatment course and to monitor for relapse 
(Table 4.4). The mostly widely used group of these PCR assays are 
those to detect fusion transcripts in leukemias, including BCR-ABL1 
in CML, PML-RARA in acute promyelocytic leukemia, and MLL and 
ETV6-RUNX1 fusions in lymphoblastic leukemia.27,54

Similarly, mutation-specific PCRs that detect only the mutant 
but not the wild-type base pair changes can be used when spe-
cific point mutations characterize the molecular pathogenesis of 
a tumor, such as JAK2 mutations in MPNs55 and FLT3 and NPM1 
mutations in a subset of AML.56,57 This PCR MRD approach is 
limited to those mutations that occur early in the disease course, 
since mutations occurring later may be present only in subclones 
that disappear or evolve under treatment. Deep sequencing using 

infections, from clonal proliferations associated with lymphoid 
leukemias and lymphomas. The core methodology in making 
this distinction is multiparameter flow cytometry, which can 
determine even subtle emerging clonal expansions. However, PCR 
analysis of the B-cell receptor (BCR) and  TCR has an important 
ancillary role, especially when fixed tissue specimens, which can-
not be used for flow cytometry, are the only available samples.

B cells arise as precursors in the bone marrow called lympho-
blasts or hematogones and then migrate into the peripheral blood 
as long-lived naive forms, a process that is largely completed in 
childhood. Further maturation of B cells is dependent on recogni-
tion of an appropriate antigen that binds to a specific antibody 
molecule, also known as the BCR, comprised of immunoglobulin 
heavy chain (IGH@) and one of two types of immunoglobulin light 
chain (IGK@ or IGL@). Similarly, precursor T cells arise in the 
bone marrow and migrate to the thymus early in development, 
where they rearrange their TCR to produce a unique clonotypic 
TCR in each precursor T cell and all of its progeny.

The basis of B-cell and T-cell clonality determination by PCR 
is that since clonal lymphoid expansions arise from a single 
founder cell, all cells in that expansion will share the same BCR 
or TCR, which has a particular size following PCR. The structure 
of the TCR or BCR in a precursor lymphocyte is determined by 
the process of VDJ recombination that occurs in the DNA dur-
ing lymphocyte maturation. Due to variation in the size of the 
diversity (D) region between the variable (V) and joining (J) seg-
ments, all cells within a clonal B-cell proliferation will have an 
identically sized IGH@ gene rearrangement that can be detected 
by PCR (Fig. 4.5). In contrast, mixed/polyclonal non-neoplastic 
B-cell expansion will have IGH@ PCR products of varying sizes, 
giving a normal distribution of PCR products. A similar process 
occurs in T cells, with PCR for either the TCR-gamma or TCR-beta 
gene used to determine the presence of a clonal, oligoclonal, or 
 polyclonal T-cell expansion.49

Standardized protocols for IGH@, IGK@, TCRG@, TCRB@ PCR 
have been developed,50,51 and these can be performed on fresh 
cells isolated from blood or bone marrow aspirate or from fixed 
tissue sections. Also, given the exquisite sensitivity of PCR, very 
small samples (such as minute amounts of cerebrospinal fluid) can 
be used to detect clonality in limited samples.

Minimal residual Disease testing for Leukemias 
and Lymphomas
One of the principal benefits of real-time PCR is that it is both 
a highly sensitive and quantitative technique to track residual 

PCR step

Capillary
Electrophoresis

100

9000
8000
7000
6000
5000
4000
3000
2000
1000

0

200 240 280 320
140 160

One prominent band − monoclonal Many small bands − polyclonal

D

V D J C

D

D

D

RF∗
Figure 4.5. Principle of B-cell and T-cell clonality assessment by 
polymerase chain reaction (PCr). (Top) Schematic representation 
of the immunoglobulin heavy chain (IGH@) gene locus following rear-
rangement in a B cell; the locations of primers used in IGH@ PCR are 
indicated by the forward (F) and reverse (R) arrows with one labeled with 
a fluorochrome (*). The variable region (V) segments are represented in 
orange, the diversity region (D) segments are represented in blue, and 
the joining (J) region segments are shown in pink. A unique template- 
independent sequence is added to the VD and DJ junctions in each indi-
vidual precursor B cell during IGH@ rearrangement in the bone marrow. 
A similar process involving the T-cell receptor happens in a precursor T 
cell in the thymus. (Middle) After PCR, a monoclonal B-cell population 
characteristic of B-cell lymphoma shows a single predominant “clonal” 
VDJ amplicon of a particular size due to all the B cells being derived 
from a common precursor cell. Polyclonal/reactive B-cell expansions 
show VDJ amplicons of varying sizes derived from the range of differ-
ent B cells in the population. (Bottom) The range of VDJ amplicons is 
visualized by running the IGH@ PCR on capillary electrophoresis. The 
peaks are detected using the fluorochrome-labeled PCR products run on 
capillary electrophoresis with the peak height proportional to the amount 
of PCR products of any particular size. Red peaks represent internal size 
 standards; blue peaks are from the IGH@ PCR.

Methodology Examples
Disease Types 
(References)

Fusion transcript 
RT-PCR (RNA)

BCR-ABL1, PML-RARA, 
CBFB-MYH11
RUNX1-RUNX1T1
NPM1-ALK, BIRC3-MALT1

CML, AML
ALL/LBL
Lymphoma

Translocation detection 
by PCR of DNA

IGH@-BCL2 Follicular  
lymphoma52

Leukemia-associated 
quantitative mutation 
detection

NPM1, FLT3 AML56,57

Leukemia-associated 
elevated gene  
expression

BAALC, WT1 AML56

Clone-specific IGH PCR IGH@ VDJ/FR3  
custom-designed primers

Lymphoblastic  
leukemia59

Surrogate markers EBV and HHV8 viral load Virus-associated  
lymphomas

RT-PCR, reverse transcriptase polymerase chain reaction; CML, chronic myelogenous 
leukemia; AML, acute myeloid leukemia; ALL/LBL, acute lymphoid leukemia/lymphoblastic 
lymphoma of B-cell lineage; IGH, immunoglobulin heavy chain; EBV, Epstein-Barr virus; HHV, 
human herpesvirus.

tyPes of Molecular Monitoring assays for leukeMias 
anD lyMPhoMas

taBLe 4.4
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•	 combining single cell analysis using flow cytometry with molec-
ular profiles to characterize normal and abnormal stem cells.62

SeLeCteD refereNCeS
The full reference list for this chapter can be found in the online version.

 2. Joshi D, Gosh K, Vundinti BR. MicroRNAs in hematological malignancies:  
a novel approach to targeted therapy. Hematology 2012;17:170–175.

 19. Gibson NJ. The use of real-time PCR methods in DNA sequence variation 
analysis. Clin Chim Acta 2006;363:32–47.

 24. Vardiman JW, Thiele J, Arber DA, et al. The 2008 revision of the World Health 
Organization (WHO) classification of myeloid neoplasms and acute leukemia: 
rationale and important changes. Blood 2009;114:937–951.

 25. Baccarani M, Castagnetti F, Gugliotta G, Palandri F, Soverini S. Response 
definitions and European Leukemianet Management recommendations. Best 
Pract Res Clin Haematol 2009;22:331–341.

 27. van Dongen JJ, Macintyre EA, Gabert JA, et al. Standardized RT-PCR analysis 
of fusion gene transcripts from chromosome aberrations in acute leukemia 
for detection of minimal residual disease. Report of the BIOMED-1 Concerted 
Action: investigation of minimal residual disease in acute  leukemia. Leukemia 
1999;13:1901–1928.

 29. Goldin LR, Bjorkholm M, Kristinsson SY, Samuelsson J, Landgren O. Germline 
and somatic JAK2 mutations and susceptibility to chronic myeloproliferative 
neoplasms. Genome Med 2009;1:55.

 31. Greenberg PL, Tuechler H, Schanz J, et al. Revised International Prognostic 
Scoring System (IPSS-R) for myelodysplastic syndromes. Blood 2012;120: 
2454–2465.

 37. Schlegelberger B, Gohring G, Thol F, Heuser M. Update on cytogenetic 
and molecular changes in myelodysplastic syndromes. Leuk Lymphoma 
2012;53:525–536.

 42. Ferrando AA, Neuberg DS, Staunton J, et al. Gene expression signatures 
define novel oncogenic pathways in T cell acute lymphoblastic leukemia. 
Cancer Cell 2002;1:75–87.

 45. Herling M, Khoury JD, Washington LT, Duvic M, Keating MJ, Jones D.  
A  systematic approach to diagnosis of mature T-cell leukemias reveals het-
erogeneity among WHO categories. Blood 2004;104:328–335.

 60. Harris TJ, McCormick F. The molecular pathology of cancer. Nat Rev Clin 
Oncol 2010;7:251–265.

next-generation platforms shows promise for a more comprehen-
sive approach to the use of mutations for MRD analysis.58

Finally, highly complex, leukemia-specific MRD qPCR assays can 
be designed for B-cell and T-cell neoplasms which rely on designed 
primers based on the specific TCR or BCR expressed by a patient’s 
tumor.59 These types of assays, if well-designed, provide the most 
sensitive methods available for tracking low-levels of residual ALL/
LBL, but given their expense have not been widely implemented.

Molecular Diagnosis in tHe  
next 5 years: tHe coMing  
assays anD MetHoDologies
The above methodologies have evolved relatively slowly, giving 
practicing hematologists time to integrate these methods into the 
routine workups. However, the large number of new high-through-
put testing methodologies that are likely to be implemented in 
the next few years, particularly single nucleotide polymorphism 
arrays and genomic sequencing identifying both germline and 
somatic mutations, may be more difficult to integrate into routine 
clinical practice. These methodologies will require integrating 
complex datasets to derive a treatment plan including:

•	 interpreting how advanced sequencing panels will be used to 
relate diagnosis to treatment selection and a molecular moni-
toring strategy60;

•	 integration of acquired and germline polymorphisms into fur-
ther understanding of bone marrow failure61;
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OrigiN aNd develOpmeNT Of BlOOd CellS
andrew Chow, paul S. frenette

granulocytes and platelets have life spans of only a few days, 
whereas some lymphocytes can exist for many months. Cells are 
replaced as the older cells are removed and the newly formed, 
mature cells are added. The numbers of the various cell types 
in the blood are normally kept in relatively constant ranges. In 
particular, variations in the erythrocyte number are normally 
minimal, and values 30% above or below the norm for the popula-
tion have significant health effects. Although the numbers of other 
blood cell types are not as constant as the number of erythrocytes, 
the production of other blood cells is also highly regulated. The 
regulation of hematopoiesis is complex. Some regulatory factors 
influence overall hematopoiesis by affecting very early progeni-
tor cells: the HSCs and/or their progeny that have not undergone 
commitment to a single cell lineage. Also, specific regulatory 
growth factors play key roles in fostering the production of cells of 
each lineage. Lineage-specific regulation is necessary because of 
the widely varying life spans and functions of the different mature 
blood cell types.

This chapter presents an overview of hematopoiesis. Many 
conclusions presented here are based on experiments carried 
out in murine systems. All cell lineages that compose blood will 
be discussed. Some cell types such as dendritic cells and mast 
cells are derived from the HSCs but are found mostly in tissues 
rather than blood, where the final steps of differentiation occur. 
Figure  5.1 is an illustration of the cell types that constitute the 
hematopoietic spectrum.

OrigiN Of HemaTOpOieSiS

Sites of Hematopoiesis
During prenatal development, the sites of hematopoiesis change 
several times in the mouse1–3 and human3,4 (Fig. 5.2). Since bet-
ter characterized in mice (Fig. 5.2A) than humans (Fig.  5.2B), 
the discussion below will focus on murine developmental hema-
topoiesis. In humans and other vertebrates, the first hematopoi-
etic cells arise during late gastrulation in the extraembryonic 
yolk sac (YS) in structures known as blood islands. This initial 
hematopoiesis is termed primitive hematopoiesis and serves a 
supportive role to rapidly produce erythroid cells, platelets, and 
macrophages prior to the formation of the circulatory system. 
Primitive hematopoiesis is transient, occurring on embryonic 

BlOOd CellS
The blood contains several different types of cells. Each of these 
cell types is quite distinct in appearance, and each has a specific 
biologic function. Erythrocytes are anucleate, biconcave discoid 
cells filled with hemoglobin, the major protein that binds oxygen. 
Erythrocytes transport the respiratory gases oxygen and carbon 
dioxide. Granulocytes and monocytes are cells that can exit from 
blood vessels and migrate into many tissues. These two cell types 
play key roles in inflammation and phagocytosis. Platelets are 
very small, anucleate cells that contain molecules required for 
hemostasis. In addition, platelets provide hemostasis through 
their abilities to adhere, aggregate, and provide a surface for 
coagulation reactions. Lymphocytes mediate highly specific 
immunity against microorganisms and other sources of foreign 
macromolecules. B-lymphocytes confer immunity through the 
production of specific, soluble antibodies, whereas T  lympho-
cytes direct a large variety of immune functions, including killing 
cells that bear foreign molecules on their surface membranes. 
Despite these extreme structural and functional differences 
among the cells of the blood, strong evidence exists that the 
vast majority of blood cells are the progeny of a single type of 
cell: the hematopoietic stem cell (HSC). The processes involved 
in the production of all of the various cells of the blood from 
the HSCs are collectively called hematopoiesis. Hematopoiesis 
includes HSC self-renewal, HSC commitment to specific lineages, 
and maturation of lineage-committed progenitors into functional 
blood cells. Self-renewal may occur by symmetric HSC division, 
such as expansion of the HSC pool during fetal life or post-HSC 
transplantation. Other possible fates of HSC divisions include 
apoptosis or mobilization to the peripheral circulation following 
stress such as growth factor stimulation or depletion of marrow 
cells by irradiation or chemotherapy. During normal steady-state 
conditions, HSCs reside mainly in the marrow cavity, but under 
certain stress conditions, HSCs can migrate and colonize other 
organs such as the liver and spleen in a process termed extra-
medullary hematopoiesis.

Hematopoiesis begins early during embryogenesis and under-
goes many changes during fetal and neonatal development. Unlike 
some organ systems that form in early life and are not continu-
ally replaced, turnover and replenishment of the hematopoietic 
system continue throughout life. Cells of the blood have finite 
life spans, which vary depending on the cell type. In humans, 
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Figure 5.1. Cells of the blood and lymphoid organs and their precursors in the bone marrow. CMP, common myeloid progenitors; DC, dendritic cells; EB, 
erythroblast; GMP, granulocyte macrophage progenitor; HSC, hematopoietic stem cell; MDP, macrophage dendritic cell progenitor; MEP, megakaryocyte erythrocyte 
progenitor; MK, megakaryocyte; Mø, macrophage; mono, monocyte; MPP, multipotent progenitors; RBC, red blood cell; Retic, reticulocyte.
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Figure 5.2. Sites of hematopoiesis. A: Sites of mouse hematopoietic development. AGM, aorta-gonad-mesonephros; Sp, splanchnopleura; YS, yolk sac.  
B: Sites of human hematopoietic development.

days 7.25 (E7.25) through 13 (E13) in mice and day 19 through 
week 8 in humans. Primitive erythrocytes, which are the first 
embryonic hematopoietic cells, are large nucleated cells mor-
phologically resembling erythrocytes of phylogenetically lower 
primitive vertebrate groups, such as birds, amphibians, and fish. 
These primitive erythrocytes have reduced erythropoietin (EPO) 
requirements during their development compared to definitive 
erythroid cells5 that develop later. Also unlike their definitive 

counterparts, primitive erythrocytes typically circulate as nucle-
ated cells before enucleating, and additionally express z, bH1, 
and ây globin genes.6,7 These cells and primitive platelets8 
derive from a primitive bipotent megakaryocyte erythroid pro-
genitor found in the yolk sac in mice (E7.25) and humans.9,10 
Along with maternally derived macrophages (MF) that exist, but 
are declining in numbers, in the yolk sac at E8, two other MF 
progenitors exist in the yolk sac: one with strictly MF potential 
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and one with bipotential for MF and erythrocytes.11 Importantly, 
since circulation does not commence until E8.25, this indicates 
in situ MF development in the yolk sac. Thus, primitive hema-
topoiesis in the yolk sac provides the developing embryo with 
three crucial hematopoietic cell types prior to contribution from 
multipotent stem cells deriving from definitive hematopoiesis 
(see below).

Since the first hematopoietic cells arise in the extraembryonic 
yolk sac, it was widely believed in the 1970s that the first HSCs 
developed in the yolk sac. However, experiments in avian chi-
meras demonstrated for the first time that although the YS had 
early contribution, the hematopoietic cells present in the stages 
closer to birth were exclusively derived from the intraembryonic 
compartment.12 Similar avian chimeric experiments subsequently 
demonstrated that the intraembryonic compartment, rather than 
the YS, was the exclusive source of B and T cells in the adults.13 
Godin and colleagues subsequently demonstrated in mice that the 
aortic region of E9 embryos, but not YS precursors, were capable 
of contributing to B cells in irradiated adult recipients.14 In the 
same journal issue, Medvinsky, Dzierzak, and colleagues demon-
strated that the E10.5 AGM (aorta-gonad-mesonephros) region 
had substantially higher and earlier onset of CFU-S activity, an 
early coarse assay for multipotency, compared to YS cells.15 Soon 
afterward, Dzierzak’s group demonstrated the ability of E10.5 
AGM precursors to provide long-term multilineage reconstitution 
activity (LTR) in lethally irradiated adult mice.16 Together, these 
seminal publications affirmed the intraembryonic contribution to 
adult mammalian hematopoiesis.

Since the AGM region above was harvested after the 
 establishment of circulation (E8.25), migration of HSCs from a 
separate undescribed site of origin could not be excluded. To 
investigate whether HSC development occurred de novo in the 
AGM, the E8 splanchnopleura (Sp, the future site of the AGM) 
and the concomitant yolk sac, neither of which have LTR activ-
ity, were cultured. While the cultured Sp and YS both produced 
hematopoietic cells, confirming two independent waves of hema-
topoietic generation, the YS progenitors were unable to produce 
lymphoid progeny or have LTR activity.17,18 Further dissection 
of the AGM determined that most of the HSC activity is found 
in hematopoietic intra-aortic clusters found on the ventral wall 
of the dorsal aorta.2 HSC activity is also found in the proximal 
vitelline and umbilical arteries, although these sites have been 
less characterized. Two reports from the Dzierzak and Mikkola 
groups established that the placenta represents a previously 
overlooked major site of hematopoiesis in which HSC emergence 
parallels that of HSC appearance at E10.5 in the AGM.19,20 In 
fact, when LTR HSCs are enumerated, there are 25-fold more 
LTR HSCs in the placenta than in the AGM.19 Since the placenta 
is directly upstream of the fetal liver circulation and since the 
dramatic expansion of HSC in the FL mirrors that of the pla-
centa, it has been proposed that the placenta is at least a major 
contributor of LTR HSCs. It has also been proposed that the 
placenta is a site of de novo HSC emergence independent from 
the AGM. Indeed, explant and stromal co-culture experiments of 
mesodermal tissue of the placenta prior to the establishment of 
circulation demonstrated erythroid and myeloid potential.21,22 
The concept of a de novo generated HSC was bolstered by in 
vitro culture of E8-9 placenta from Ncx1−/− animals, which 
lack a heartbeat and die by E10.5. Without circulatory contri-
bution, the midgestation site had definitive hematopoietic cells 
with myelo-erythroid and lymphoid potential.23 Although LTR 
HSC cannot be isolated from the placenta of Ncx1−/− animals 
because of developmental retardation and death by E10.5, these 
experiments show that definitive hematopoiesis emerges in this 
organ de novo. Whether the AGM, uterine and vitelline arteries, 
placenta, or a combination of the above are the genuine origin 
of HSCs, this LTR activity around E10.5 represents the start of 
definitive hematopoiesis.

Once definitive hematopoiesis begins, lymphocytes, mono-
cytes, granulocytes, and platelets are formed as well as definitive 
erythrocytes. At E10, hematopoietic cells (both primitive and 
definitive) colonize the fetal liver (FL). Dramatic expansion of 
HSCs occurs at this site (daily doubling in absolute numbers of 
HSC from E12.5 to E14.5).24 Eventually, LTR HSCs migrate from 
the fetal liver to the bone marrow via the circulation, and the bone 
marrow becomes the primary site of hematopoiesis, with a very 
small reserve of stem cells remaining in the liver. In the late stages 
of mammalian fetal development, the bone marrow becomes the 
main site of hematopoiesis. In humans, the bone marrow is the 
exclusive site of postnatal hematopoiesis under normal circum-
stances, whereas in the mouse, the spleen is also a hematopoietic 
organ throughout life.

Cellular Origin of Hematopoiesis
The cellular intermediates through which mesodermal tissue 
gives rise to hematopoietic tissue in embryonic development is 
an area of intense investigation. One candidate cellular ancestor 
is either (a) a mesoderm-derived bipotent hemangioblast capable 
of giving rise to either vessels and blood cells or (b) a specialized 
vascular cell type, called hemogenic endothelium, that serves as a 
precursor for blood cells. A non-mutually exclusive origin points 
to HSC derivation from mesenchymal tissue below the endothelial 
layer. Cytologic analyses of the AGM provide evidence for both 
endothelial-derived and sub-endothelial-derived HSCs through 
identification of HIACs and subaortic patches (SAPs), respec-
tively.2 The strict temporal overlap in the appearance at E10.5 
and disappearance at E12.5 of HIACs and SAPs suggests that 
HSCs derived in SAPs can potentially transendothelially migrate 
to form HIACs prior to release into the bloodstream.2 Keller and 
colleagues definitively showed that a bipotential hemangioblast 
could be found in the posterior region of the primitive streak 
in vivo.25 However, until recently, the existence of a bona fide 
endothelial intermediate had been under debate. Supportive of 
an endothelial origin of HSCs is the presence of numerous vessel 
markers on AGM HSCs, including CD31, VE-Cadherin, and Tie-2.2 
Furthermore, AGM HSCs and endothelial cells in the ventral wall 
of the E10-E11 dorsal aorta both express Ly6A (Sca-1), c-Kit, 
CD34, Runx1, SCL, and GATA-2.1 Fate mapping studies elegantly 
showed that VE-cadherin expressing endothelium contributes to 
AGM and adult HSCs, while lineage tracing of subendothelial mes-
enchyme with Myocardin-Cre animals did not result in labeling of 
HSCs.26 Subsequently, novel imaging studies of embryonic stem 
cell-derived mesodermal cells demonstrated a hemogenic endo-
thelial intermediate in the formation of blood cells.27,28 Morever, 
when Runx1, an essential gene in definitive hematopoiesis, was 
specifically deleted in VE-cadherin-expressing cells (endothelial 
and hematopoietic cells), but not Vav1-expressing cells (only 
hematopoietic cells), there was a severe disruption in hematopoi-
etic development that was associated with 65% fetal lethality.29 
Finally, Nancy Speck’s group recently showed that expression of 
core binding factor beta (CBFb) in Ly6a-expressing hemogenic 
endothelium was sufficient for HSC formation.30 Together, these 
observations have supported the concept of blood cell develop-
ment commencing with mesodermal cells that pass through 
hemangioblastic and hemogenic endothelial intermediates.

Common Critical Genes in Independent Origins 
of Hematopoiesis
Gene knockout experiments have provided significant insight into 
the critical regulators of embryonic hematopoiesis. In both primi-
tive and definitive hematopoiesis, Bmp4, Flk1, Tal1/Scl, Lmo2, 
Gata2, and Runx1 are all critical for HSC generation.2 Bmp4 
(bone morphogenetic protein 4) is a critical signaling molecule 
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to specify the dorsal-ventral axis in development. Although the 
posterior portion of the epiblast in development is fated to give 
rise to hematopoietic activity, the neurally fated anterior fragment 
can retain the ability to produce hematopoietic cells by addition of 
Bmp4.31 Bmp4 is crucial for hematopoietic development as Bmp4-
deficient embryos mostly die around the gastrulation stage, and 
those that do survive have less yolk sac mesoderm and less lateral 
plate mesoderm (from which the AGM will develop).32,33 In defini-
tive hematopoiesis, Bmp-4 is expressed by endothelial cells in the 
ventral portion of the developing dorsal aorta and the  subjacent 
mesoderm.2 Using murine ES cells, it was recently shown that 
Bmp4 is necessary for mesodermal precursor  expression of the 
receptor tyrosine kinase Flk-1 and the bHLH transcription factor 
Tal-1/SCL.34

The initiation of yolk sac hematopoiesis is dependent on the 
mesoderm and endoderm layers acting in concert, as soluble 
factors from endoderm substantially bolster the production of 
endothelial and hematopoietic cells by murine YS mesoderm 
explants.35 One of the candidate soluble factor interactions is 
VEGF derived from endoderm and its receptor Flk1 on the meso-
derm.36,37 Indeed, Flk-1–deficient embryos do not develop vessels 
or YS blood islands and die in utero between E8.5 and E9.5.38 
To overcome this early developmental mortality, Shalaby and 
colleagues performed complementation studies with chimeras of 
Flk-1+/− and Flk1−/− ES cells and demonstrated convincingly that 
Flk-1 is also required for the generation of definitive endothelial 
and hematopoietic cells.39 It was later shown that Flk-1 signaling 
appears to not be required intrinsically for endothelial and hema-
topoietic formation, as Flk1−/− ES cells are able to give rise to 
endothelial and hematopoietic lineages in vitro40,41; instead, Flk-1 
is likely required for the migration of mesoderm cells from the 
posterior primitive streak to the yolk sac.39 In concordance with 
the importance of the VEGF-Flk-1 signaling axis, VEGF derived 
from the visceral endoderm (but interestingly, not mesoderm) is 
sufficient for endothelial and hematopoietic differentiation.42

The transcription factor Tal-1/Scl43–45 and the transcrip-
tional regulator Lmo246 are both expressed in the yolk sac 
mesoderm prior to the onset of primitive hematopoiesis and 
then subsequently expressed in both endothelial and hemato-
poietic cells. Gene knockout of both Tal-1/Scl47,48 and Lmo249 
results in decreased endothelial cells and abrogates YS blood 
cell production. These genes are also critical for definitive 
hematopoiesis, as demonstrated by complementation stud-
ies with ES cells chimeras.50–52 Gata-2–deficient animals 
have severely impaired primitive hematopoiesis and die at 
E10.5.53 Gata2 haploinsufficient embryos have normal yolk sac 
hematopoiesis,54 but have a reduction in AGM HSCs, which 
is consistent with its expression on aortic endothelium55 and 
its proposed role in the expansion of hemogenic endothelial 
progenitors.55 Runx1 has also been demonstrated to be crucial 
in definitive hematopoiesis, as Runx1 invalidation abrogates 
definitive myeloid, lymphoid, and HSC accumulation in the YS, 
AGM, and fetal liver.56–58 Runx1 is thought to be crucial cell 
autonomously, as complementation studies fail to demonstrate 
hematopoietic contribution by Runx1-null ES cells.57 While 
Runx1 was initially thought to be dispensable in murine primi-
tive erythropoiesis, recent studies have recently shown that the 
morphology and gene expression of erythrocytes are aberrant 
in Runx1-deficient animals.59

HemaTOpOieTiC STem CellS

age of morphologists
Fascinating accounts of the history of experimental efforts in 
hematopoiesis are presented in Wintrobe’s Blood, Pure and 
Eloquent.60,61 One milestone in understanding the origins and 

development of blood cells was the recognition by Neumann 
and Bizzozero in the mid-nineteenth century that the bone 
marrow is a site of red blood cell production throughout post-
natal life. Another major advance made in the late nineteenth 
century by Paul Ehrlich, Artur Pappenheim, and others was 
the application of synthetic dyes and various staining/fixing 
techniques that led to precise morphologic characterization and 
classification of blood and marrow cells. A third milestone was 
the development of the idea of a multipotent stem (ancestral) 
cell that gives rise to all of the mature blood cell types through 
extensive proliferation and differentiation. By the use of refined 
staining methods, Pappenheim observed various transitional 
cells and organized them into a relational scheme—a tree 
whose various branches when traced backward converged to a 
mononuclear cell that had none of the distinct features of the 
end-stage blood cells or the transitional stages. He proposed 
the notion that this cell was so morphologically primitive that 
it could be the common ancestor of all blood cells. Although 
most morphologists between 1900 and 1940 accepted the idea 
of ancestral cells in a hematopoietic series leading to progres-
sively more mature types, there was much debate about how 
many ancestral cell types existed. Many workers believed that 
lymphocytes had a separate origin from myeloblasts and thus 
that there were dual or perhaps plural ancestral cells. Reviews 
of the conflicting concepts of the origin of hematopoietic cells 
as of the late 1930s are presented in detail in Handbook of 
Hematology.62

advent of Hematopoietic progenitor 
transplantation
In the late 1940s and the 1950s, several new approaches were 
developed to study hematopoiesis. Among them were radiation 
exposure followed by grafting of hematopoietic tissue, develop-
ment of chromosome cytogenetics, and use of radioactive mate-
rials. Lorenz et al.63 showed that mice and guinea pigs can be 
protected against otherwise lethal whole-body irradiation by 
injections of bone marrow from other animals of their respective 
species. Ford et al.64 used bone marrow from donor mice that had 
a morphologically identifiable chromosomal marker to show that 
hematopoiesis in the irradiated recipient mice was reconstituted 
by cells from the donor marrow—that is, the protected animals 
were chimeras with respect to their hematopoietic tissues. These 
experiments did not settle the question about how many types of 
ancestral cells there were, but experiments generating radiation 
chimeras have since been used with great power to study the 
nature of stem cells and their progeny.

Till and McCulloch65 used radiation/grafting experiments to 
prove directly the existence of an ancestral cell with multilineage 
potential. In spleens of mice at 1 week after transplantation, they 
found growth of macroscopic colonies containing cells of multiple 
hematopoietic lineages. These colonies were the progeny of indi-
vidual transplanted cells that were called colony-forming units 
spleen (CFU-S). Because the cells in these spleen colonies could, 
in turn, be injected into secondary, irradiated mice and give rise 
to spleen colonies, the CFU-S apparently replicated themselves 
within the colonies. When the observation time for CFU-S assays 
was extended from 1 to 2 weeks after transplantation, a series 
of evanescent colonies was found, and those appearing on later 
days had greater self-replication and multilineage differentiation 
capacities.66,67 Early studies could not demonstrate lymphoid 
cells in spleen colonies,68,69 but more recent studies indicate that 
CFU-S colonies contain lymphoid progenitors as well as myeloid 
progenitors.70 Several studies showed that cells with the capacity 
for long-term hematopoietic reconstitution of irradiated mice can 
be separated from most CFU-S by size and density.71 Thus, many 
CFU-S, although multipotent, do not have long-term repopulating 
capacity.
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Definitive evidence for a multipotent Stem Cell
Animal reconstitution experiments with hematopoietic cells that 
were individually genetically marked have verified the existence 
of HSCs and demonstrated their capacity for extensive self-
renewal.72,73 In these marking experiments, hematopoietic cells 
were infected in vitro with a recombinant retrovirus that was able 
to integrate its DNA (provirus) into a cell but could not replicate 
and spread to other cells. The one-time, random integration of 
the provirus into the DNA of an individual cell provides a specific 
marker for the progeny of that cell that develop in an animal 
after transplantation. Random integration assures that each 
provirus has unique flanking sequences of DNA and thus has a 
high probability of yielding a DNA fragment of a distinguishable 
size after cutting with a restriction enzyme that does not cut the 
provirus. Several months after transplantation of the genetically 
marked cells and establishment of hematopoiesis, it is typically 
observed that all types of cells in the blood and lymphoid organs 
contain progeny of an individually marked cell, proving that it 
was multipotent. Often, these clones of marked cells continue to 
contribute to all of the hematopoietic lineages in the animal for 
an extended period. Also, when these primary recipient animals 
are subsequently used as donors for secondary recipient animals, 
frequently the same clones of HSCs are apparent in these sec-
ondary recipients. This persistence can even be demonstrated in 
tertiary recipients.74,75 Thus, clearly many HSCs reproduce them-
selves (self-renew) over a long period. Long-term reconstitution 
of the myeloid and lymphoid compartments can be achieved by 
transplantation of a single murine HSC,76,77,78 indicating that a 
single HSC is the smallest repopulating unit. Dick and colleagues 
recently demonstrated that a single cell transplant of human 
CD34+ CD38− CD45RA− Thy1+ Rholo CD49f+ cells into immuno-
compromised mice was able to provide multilineage reconstitu-
tion,79 indicating that the HSC is also the smallest repopulating 
unit in humans.

It has been noted that not all HSC clones are long lived; some 
produce progeny for varying periods and then apparently become 
extinct. Finally, marked clones have been observed to begin 
contributing to hematopoiesis after some period of post-trans-
plantation latency, indicating that dormancy is possible. Thus, 
these studies have demonstrated that, after transplantation, some 
HSCs contribute continuously to hematopoiesis for a long time—in 
mice, apparently for the whole lifetime of the animal. Other HSCs 
contribute and then become extinct, and finally, some may remain 
dormant for some period and then contribute. Additional trans-
plantation studies of marked HSCs in mice80 have suggested that 
polyclonal hematopoiesis is more common and that long-term 
contribution by individual stem cells is more rare than the earlier 
studies indicated.74,75 Recent novel technologies combining viral 
barcoding and high throughput sequencing of HSC confirmed 
this polyclonal contribution of HSCs.81 Studies using retroviral 
insertion site analyses for larger animals, particularly non-human 
primates, have provided some evidence of polyclonal hematopoi-
esis.82,83,84 To what extent these possible behaviors are manifest 
in normal, nontransplanted mice or larger animals is not clear.

enrichment of Hematopoietic Stem Cells
The identification of relatively immature HSCs from more com-
mitted progenitor cells on the basis of various physical proper-
ties, immunophenotypic markers, and functional attributes has 
greatly advanced the field of hematopoiesis.85 HSC markers that 
are expressed from fetal stages through adult life include CD34, 
CD31 (PECAM1), and Kit, but these markers can also be identified 
in endothelial cells.86 In humans, CD34+, CD38−, CD90 (Thy-
1)+, CD45RA− cells that are negative for lineage markers (CD2, 
CD3, CD4, CD7, CD8, CD10, CD11b, CD14, CD19, CD20, CD56, 
CD235a) are considered highly enriched for in vivo repopulat-
ing HSCs.87,88 In mice, there is no single consensus panel of HSC 

Population Phenotype Reference

Hematopoietic 
stem Cell (HSC)

Lin− Sca-1+ Kit+ Flk2− CD34− 

CD90 (Thy-1)+
76, 89  

91, 92

CD150+ CD244− CD48− 93

EPCR+ 94

Hoescht 33342 Side Population+ 97

Hoescht 33342 Side Population+ 
CD105+

95

Lin− Sca-1+, Kit+ CD105+ CD150+ 96

Multipotent  
progenitors (MPP)

Lin− Sca-1+ kit+ Thy1− Flk2+

Lin− Sca-1+ kit+ CD150− CD105−
90

96

Common  
lymphoid  
progenitor (CLP)

Lin− Sca-1lo Kitlo Thy1lo IL-7R+ 183

Common myeloid 
progenitor (CMP)

Lin− Sca-1− Kit+ FcYRint CD34+ 184

Granulocyte  
macrophage  
progenitor (GMP)

Lin− Sca-1− Kit+ FcYRhi CD34+ 184

Megakaryocyte 
erythrocyte  
progenitor (MEP)

Lin− Sca-1− Kit+ FcYR− CD34− 184

Macrophage 
 dendritic cell  
progenitor (MDP)

Lin− Sca-1− Kithi Flk2+ CX3CR1+ 
CD115+

185

Lin−, Lineage negative (Gr1− CD11b− CD3− B220− Ter119−); Sca-1, stem cell antigen 
1; Flk2, fms-like kinase 2; CD, cluster of designation.

FLOW CYTOMETRIC DEFINITIONS OF HSCs, MPPs,  
AND SINGLE LINEAGE PROGENITORS

taBLe 5.1

markers to identify, enumerate, and sort HSCs. Many markers 
derive from work by Weissman’s lab, which proposes the com-
bination of Sca-1 (Ly-6A/E)+, Kit+, Flk2−, CD90 (Thy-1)+ and 
negative for lineage markers (CD3, B220, Mac-1, Gr-1 and Ter119) 
as a highly purified population enriched for in vivo repopulating 
HSCs89,90,91,92 (Table 5.1). Nakauchi’s group subsequently showed 
the enrichment of long-term repopulating activity in the CD34lo 
fraction.76 In 2005, Morrison’s group developed a novel marker 
set to identify highly enriched HSCs. They demonstrated that 
signaling lymphocyte and activation molecule (SLAM) markers 
were found to be differentially expressed on BM Lineage− Sca-1+ 
c-kit+ populations such that CD150+ CD244− CD48− CD41− was 
the population enriched for murine HSC in vivo repopulation 
capacity.93 Since the aforementioned phenotypic descriptions 
involve the use of multiple markers, which are moreover not 
exclusively expressed on HSC, Mulligan’s group proposed the 
use of endothelial protein C receptor (EPCR, CD201) as a novel 
“explicit” marker of HSC, since HSCs express high levels of EPCR, 
while downstream progenitors express only intermediate levels.94 
Importantly, prospective isolation with only EPCR enriched for 
hematopoietic reconstitution activity. The most immature HSCs 
with in vivo hematopoietic repopulation potential are detectable 
within the CD150+CD244−CD48− population. Other studies have 
pointed to CD105 (endoglin) as an enriching marker for HSCs.95,96 
In addition to immunostaining, HSCs can also be identified by 
the ability of HSCs to efficiently efflux dyes. The most common 
methods utilize the dye Hoescht 33342, which when excited at 
two wavelengths yields a characteristic “side population” on flow 
cytometry97 due to dye efflux.
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With the advances in technology, procedures have been devel-
oped to enrich greatly the proportion of HSCs in isolated cell 
populations from mouse, human, and other sources. In mice, with 
immunophenotyping alone, 50% to 96% of prospectively isolated 
HSCs have long-term repopulating activity.98 Isolation of candidate 
HSCs based on phenotypic markers expressed on the cell surface 
was first tested in congenic mouse transplantation models and 
subsequently purified human HSCs were successfully transplanted 
in a xenogeneic immunodeficient mouse model.85 The successes in 
mouse models have led to three human phase I clinical trials that 
successfully demonstrated sustained hematopoiesis when HSCs 
purified by immunophenotyping were transplanted into irradiated 
patients.99–101

Hematopoietic Stem Cell assays
While immunophenotyping is the only feasible option for human 
HSC therapeutics because of a narrow window for successful 
transplantation, reliance on surface markers has the major limita-
tion that different clinical scenarios may modulate the expression 
of utilized markers. For example, the content of long-term repopu-
lating HSCs within the same immunophenotyped Lineage− Sca-1+ 
c-kit+ (LSK) Thy1lo fraction can change in aged mice, previously 
transplanted mice, and mobilized mice.102 Reliability of CD34 
in mice of various age has also been questioned.103 Use of the 
CD150+ CD48− gating scheme, rather than Thy1, with LSK gat-
ing retains the fidelity in frequency of long-term repopulating 
HSCs in aged, transplanted, and mobilized mice.102 Nonetheless, 
it still is unknown if the SLAM markers retain fidelity in mutant 
mice. Moreover, other surface markers can also be modulated by 
environmental cues. This is illustrated by the Sca-1 upregulation 
that occurs in inflammatory settings likely secondary to type I 
interferon exposure,104,105 which can erroneously lead to conclu-
sions about HSCs based on a population of committed progenitors 
that artifactually acquired the Sca-1 antigen. Furthermore, not 
all mouse strains express the prospective HSC antigens, such as 
Thy1.1 or Sca-1.106,107 Thus, conclusions drawn about HSCs in 
mouse or man need to be verified by functional assays in order 
to demonstrate (a) multipotency and (b) long-term repopulation. 
There are numerous assays with differing levels of stringency, 
limitations, and appropriateness to the question being addressed, 
as recently reviewed.98

Long-term In Vitro assays
In humans and mice, two types of progenitor cells called long-term 
culture initiating cells (LTC-ICs) and cobblestone area-forming 
cells (CAFC) can be detected using long-term cell culture assays. 
Since most committed progenitors have differentiated by 3 weeks 
in culture, they can be quantified by counting colonies at this time. 
The various progenitors quantified by in vitro assays are shown in 
Table 5.2. By 5 weeks or more of long-term culture, more imma-
ture progenitors that are dormant during the initial weeks but 
which possess extensive proliferating capacity continue to prolif-
erate. Counting colonies at these later time points allows quanti-
fication of the number of more immature progenitors at the time 
of culture initiation. One type of long-term culture assay detects 
early-stage hematopoietic progenitors that are capable of initiat-
ing long-term hematopoiesis in culture after seeding them onto 
irradiated stromal cell monolayers (human108,109; mouse110,111). 
These LTC-ICs108 sustain production of multilineage progenitors 
for 4 to 6 weeks. In some instances, these cultures have been 
extended for more than 10 to 12 weeks.112,113 This continued 
production of hematopoietic progenitors of multiple lineages in 
individual cultures is measured after several weeks by harvesting 
the cultured cells and doing secondary assays for various types 
of lineage-committed progenitors. Long-term cultures require a 
supporting stromal monolayer that is commonly generated from 

In Vitro Progenitor 
Name

Progenitor Stage/
Potential Factors

CAFC (#)— 
“cobblestone  
area-forming cell”

Mouse CAFC (28–40), 
possible stem cells
Mouse CAFC (<28),  
multilineage

Irradiated BM stromal 
layer with horse serum 
and hydrocortisone

LTC-IC— 
“long-term  
culture-initiating 
cell”

Multilineage,  
possibly stem cells

Irradiated BM stromal 
layer with horse serum 
and hydrocortisone

CFU-GEMM— 
“CFU-granulocyte, 
erythrocyte,  
macrophage,  
megakaryocyte”

Multilineage Kit ligand, IL-11, 
GM-CSF, EPO

CFU-GM— 
“CFU-granulocyte  
macrophage”

Granulocytes and  
macrophages

Kit ligand, GM-CSF

CFU-E— 
“CFU-erythrocyte”

Late stage erythrocyte  
progenitor

EPO and IGF-1

BFU-E—“burst 
forming  
unit-erythrocyte”

Early stage erythrocyte  
progenitor

EPO, Kit ligand, IGF-1

CFU-G— 
“CFU-granulocyte”

Granulocytes G-CSF

CFU-M— 
“CFU-macrophage”

Macrophages CSF-1

CFU-Mk—“CFU-
megakaryocyte”

Megakaryocytes TPO, IL-3, Kit ligand

CFU-preB— 
“CFU-pre-B  
lymphocytes”

B cells Kit ligand, IL-7

CFU-DL—“CFU  
dendritic/ 
Langerhans cells”

Dendritic cells/ 
Langerhans cells

GM-CSF, TNF-a

CFU, colony-forming unit; EPO, erythropoietin; G-CSF, granulocyte colony-stimulating factor; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; IGF-1, insulin-like growth 
factor-1; IL, interleukin; #, number of days of culture.

COLONY-FORMING CAPACITY OF HEMATOPOIETIC 
PROGENITORS ASSAYED IN VITRO

taBLe 5.2

bone marrow-derived mesenchymal or fibroblast cells. The stro-
mal layer supports the proliferation and differentiation of seeded 
hematopoietic progenitor cells, but at later times, it sloughs from 
the culture dish and fails to sustain continuation of the culture. 
In CAFC assays, islands or colonies of hematopoietic cells can be 
recognized morphologically in situ.110 These cobblestone colonies 
integrate within the supporting stromal layer, forming clusters of 
flattened, optically dense, morphologically homogenous–appear-
ing cells tightly adherent with the stromal layer.114,115 CAFC 
assays are one-step cultures in contrast to LTC-IC assays, which 
require plating of fresh hematopoietic cells on established stromal 
layers. Using limiting dilution and Poisson statistics, the frequency 
of CAFC or LTC-IC in a test population or following culture can be 
determined.109–111,113,116

Assays of murine bone marrow cells for LTC-ICs and for day 28 
CAFCs yield estimates of 1 to 4 LTC-ICs or CAFCs per 105 marrow 
mononuclear cells—a value comparable to that obtained for HSCs 
in repopulation assays.117,118 A modification of the mouse LTC-IC 
assay 119,120 has led to a demonstration that some LTC-ICs form 
lymphoid as well as myeloid progenitors in vitro. However, LTC-
ICs do not necessarily correspond in a 1:1 ratio to hematopoietic 
repopulating units. For example, several studies have shown that 
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ex vivo expansion of hematopoietic cell populations with growth 
factors in culture leads to a loss of in vivo repopulating cells,121,122 
although measured LTC-ICs do not decrease in parallel. For 
these shortcomings, the LTC-IC assays is advantageous when an 
estimate of HSC frequency is required in scenarios in which the 
test population of HSCs have a defect in homing or engraftment 
capability, which would result in underestimation of the reduction 
in HSC activity when used in transplant assays (see below).

In Vivo Hematopoietic assays
In vivo assays can measure various features of HSCs including 
homing, survival, proliferation, and differentiation into hemato-
poietic lineages. Homing and subsequent development of donor-
derived blood cells is termed hematopoietic engraftment. To 
sustain life-long hematopoiesis in the host, transplanted HSCs 
must self-renew and re-establish an HSC pool. Because in vivo 
assays can be monitored for a prolonged period for survival, pro-
liferation, and differentiation of transplanted HSCs and, ultimately, 
the establishment of donor-derived hematopoiesis, they remain 
the gold standard for measuring the true functional potential of 
HSC grafts. It is worth noting here again that these assays confirm 
HSC activity and these methods cannot prospectively isolate HSCs. 
There are broadly three ways to assess long-term repopulating 
HSC activity in vivo: competitive repopulation assay,123 limiting 
dilution assay,117 and serial transplantation.124 The nomenclature 
of these assays is unfortunate since the former two are both actu-
ally competitive repopulation assays. Further confusing the matter, 
limiting dilution assays are frequently called competitive repopu-
lating unit (CRU) assays, while competitive repopulation assays 
use the unit RU. All three assays rely on availability of a method 
to discriminate between the test and standard cells (see below). 
Whereas previous studies utilized retroviral marks to label and 
track cell lineages, the availability of congenic mice has made the 
process more convenient. Congenic mice are two strains of mice 
that are genetically identical with the exception of one gene, which 
allows discrimination between the two populations. The most 
commonly utilized congenic mice are CD45.1 and CD45.2 mice, 
which are both on a C57BL/6 background, and antibodies that 
specifically recognize the two CD45 markers are widely available.

In the competitive repopulation assay and limiting dilution 
assay, lethally irradiated animals are typically supplied with a 
standard, quantified competitor cell population to provide short-
term hematopoietic reconstitution. These competitor “support” 
marrow cells eliminate the chance of potential replicative stress on 
the small number of HSCs in the test sample following transplan-
tation.118 Competitive repopulation assays involve transplanting 
a test population with unknown HSC content (i.e., total BM or a 
population of cells sorted based on immunophenotypic markers) 
along with a population of standard, although not definitively 
known, HSC content (typically 1–2 × 105 total BM cells). The 
clonal contribution of HSCs is not a linear process and can display 
stochastic fluctuations in the short term after transplantation. 
Jordan and colleagues determined that individual oncoretroviral-
marked HSCs gave stable contribution to hematopoiesis starting at  
6 months post-transplant.74 The laboratory of Eaves et al. has dem-
onstrated in a congenic system that this stability arises 16 weeks 
after transplantation, while more committed stem cells gradually 
lose reconstituting capacity by 16 weeks post-transplant.125 Thus, 
Purton and Scadden have suggested 16 weeks and an optimal 
time-frame of 6 months after transplant to assess donor contribu-
tion in transplantation-based HSC assays.98 The major drawback 
of the competitive repopulation assay is that it makes a statement 
regarding the relative number of HSCs,  precluding a definitive 
statement on the actual HSC content of a test sample.

In order to enumerate the actual number of HSCs in a test pop-
ulation, limiting dilution analyses with Poisson statistics is used 
instead.117 In this assay, serial dilutions of a test cell population 

are transplanted into a group of animals. From the known dilu-
tions of test cells given in the transplants and the percentage of 
mice without donor chimerism (defined as <0.1% or <1%, see 
below) yielded by each test cell dose, one can calculate the num-
ber of HSCs in a test sample by using limiting dilution analysis 
and Poisson statistics.80,117 A variation of this assay uses limiting 
dilutions of genotypically distinct donor cells to transplant into 
stem cell–deficient W/Wv mice that can be used as hosts rather 
than lethally irradiated mice.126 A second variation uses, as hosts, 
mice that have been transplanted previously and thus have a 
reduced or weakened endogenous stem cell competition capacity. 
While the limiting dilution assay is the gold standard to enumer-
ate HSCs, it is resource-intensive. In addition to being time- and 
resource-intensive, other vagaries and considerations must be 
undertaken when designing limiting dilution experiments. When 
chimerism studies relied on southern blot detection, a threshold 
of <5% test-derived cells was considered as a mouse negative 
for engraftment. However, as flow cytometry and congenic mark-
ers have allowed for much enhanced sensitivity in detecting fine 
changes in engraftment, most studies utilize <1% as the thresh-
old. While some investigators propose a <0.1% threshold, it is 
controversial whether detecting such low levels of chimerism is 
accurate.98 Caution should also be taken when enumerating HSC 
numbers in animals with mutations that affect the proliferation 
kinetics of progenitors. If progenitors specifically have increased 
proliferative capacity, they may erroneously indicate enhanced 
HSC repopulating capacity; and likewise decreased proliferative 
potential of progenitors might artifactually suggest reduced HSC 
repopulating activity.

The most stringent functional test (although not necessarily 
as sensitive or quantitative) is the serial transplantation assay, 
which involves successive rounds of transplantation, a 16-week 
engraftment period, and re-transplantation of recipient BM into 
new recipients. This is the preferred method to demonstrate 
changes in HSC numbers when there is a perturbation in homing, 
engraftment, differentiation, or altered progenitor proliferative 
capacity.98 Using serially diluted amounts of BM in the primary 
transplant, the serial transplantation assay can be combined with 
the limiting dilution assay to add further stringency to this assay. 
However, this is rarely done because of the enormous resource 
requirements.

Hematopoietic Stem Cell Studies in  
Xenograft models
Humans vary from mice in many aspects, including their body 
size, life span, and daily demand for hematopoietic cell produc-
tion.84,121,127 These differences result in species-specific selective 
pressures regarding genotoxic stress, tumorigenesis, telomerase 
activity, and genetic fidelity during proliferation. For example, 
because of larger body size, proliferative demand on human 
HSCs is greater than that for mice. The substantially greater life 
span also places unique selective pressure on human HSCs to 
not develop deleterious oncogenic mutations.128 With this said, 
there are numerous evolutionarily conserved facets of hemato-
poiesis, and both mouse and human studies are essential and 
complementary. The need to study human hematopoiesis gener-
ated a demand to create xenogenic transplant models into mice. 
The first humanized mouse models were developed in 1988, as 
recently reviewed.128 Murine models that are commonly used are 
derivatives of the NOD/SCID strain,129,130 strains deficient in the 
RAG1 or RAG2 genes necessary for T- and B-cell receptor rear-
rangements,131,132 and a fetal ovine system.133,134 NOD/SCID/
b2-microglobulinnull mice support proliferation and differentia-
tion of immature human hematopoietic progenitors.129,135,136,137 
Residual NK cell activity of NOD/SCID mice has been inhibited 
by administration of monoclonal antibodies against IL-2Rb138 or 
by genetic manipulation to create gc null strains (NSG mice)139. 
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NSG mice have 50-fold higher CD34+ cell engraftment compared 
to NOD/SCID mice. The hematopoietic repopulation ability of 
transplanted human cells in a sublethally irradiated mouse is 
quantified as SCID mouse repopulating cells (SRC), the frequency 
of which can also be determined by limiting dilution analyses.140 
A technical advance in the study of human hematopoiesis in 
these xenogenic models was the injection of human cells directly 
into the femurs of NSG mice, leading to more rapid early engraft-
ment of CD34+ cells.141 Another recent technical advance was 
the observation that female NSG mice have as much as 11-fold 
higher chimerism compared to male syngenic NSG mice.142 One 
of the most  significant recent reports has been the identification 
of Thy1+ Rholo CD49f+ as being a marker set to purify human 
HSCs such that 14% to 28% of single Thy1+ Rholo CD49f+ cells 
could give rise to multilineage reconstitution in NSG mice.79 With 
the ability to assess the long-term repopulating contribution of 
single human HSCs for over 8 months and with subsequent serial 
transplantation studies, the field is moving toward the capability 
to stringently test human HSC activity.

Hematopoietic Stem Cell Studies in Large 
animal models
Abkowitz et al. have identified important differences between the 
kinetics and behavior of HSCs in large animals and rodents.143 
The production of blood cells for the whole life span of a mouse 
is equivalent to the blood cell production of a human in a single 
day. This limited replication demand due to the relatively short 
murine life span poses a significant challenge to determine the 
long-term repopulation activity of human hematopoietic cell 
populations transplanted into immunodeficient mice. Human cells 
have been found to persist for several years after transplantation 
in a pre-immune in utero fetal sheep model.144 Several large 
animal models are available for HSC studies, including feline, 
canine, ovine, and non-human primates,145 but the genetic and 
biologic similarities between humans and non-human primates 
suggest that the non-human primate model is probably the best 
available model with which to study human hematopoiesis.84,127 
Another advantage of using non-human primates is that their 
relatively long life span (up to 30 years) compared to rodents (up 
to 3 years) allows long-term monitoring after transplantation, 
irradiation, cytokine therapy, chemotherapy, etc. Simultaneous 
transplantation of genetically marked autologous cells in lethally 
irradiated non-human primates and immune-deficient mice dem-
onstrated that the reconstituting cells in primates and in mice 
are distinct, suggesting a lack of overlap between these two cell 
populations.146

Hematopoietic Stem Cells in Culture
Repopulation studies in irradiated mice, as well as experience 
with bone marrow transplantation in humans, provide strong evi-
dence that HSCs can replicate and expand extensively in vivo (self-
renewal). A very significant advance for clinical medicine would 
be the in vitro expansion of transplantable HSCs. However, mouse 
HSCs generally decline substantially relative to input numbers 
over a period of 1 to 4 weeks in culture,147–149 even though clonal 
analysis indicates that some HSC clones proliferate.148 Also, for 
unknown reasons, repopulating activity is lost with the entrance 
of cultured HSCs into the active cell cycle.150 Similarly, homing 
of actively cycling HSCs is reduced by decreased expression of 
several molecules on the cell surface.122,151 Despite this inability 
to expand transplantable HSCs in vitro, more mature types of 
progenitors, including those with multilineage or single lineage 
potential, can be greatly expanded in vitro. Thus, cell expansion 
technology may be useful to obtain high numbers of hematopoi-
etic progenitor cells that may support patients in the short term 
after high-dose chemotherapy or marrow transplantation.

In principle, a successful ex vivo expansion strategy must  
preserve HSC function and permit HSCs to self-renew in order 
to maintain or expand the number of transplantable HSCs dur-
ing the culture. Human umbilical cord blood (CB) has been 
established as an important alternative source of transplantable 
HSCs instead of bone marrow or peripheral blood stem cells 
(PBSC) in children especially, because of its decreased GVHD 
probability.152 However, the limited number of HSCs present in 
a single unit of CB poses a significant risk for its use in adult 
patients, who require greater numbers of input HSCs. Although 
double cord blood transplants have improved the rate of sus-
tained engraftment, it is still associated with delayed engraft-
ment and elevated engraftment failure when compared to BM 
or PBSC transplants, indicating the need for more optimal CB 
expansion protocols.152

Early ex vivo culture of human CD34+ CB cells with cytokines 
for 10 to 14 days demonstrated moderate increases in progenitor 
cell numbers and safety in patients, but had only modest effects 
on clinically relevant outcomes, such as time to neutrophil recov-
ery.153 The ideal culture conditions suitable for such abundant 
HSC expansion has remained elusive; however, over the last 
decade, substantial progress has been made to increase the num-
ber of phenotypic hematopoietic stem and progenitor cells and 
more importantly, the number of SCID repopulating units through 
ex vivo culture. Clinical trials typically involves ex vivo culturing 
(“manipulating”) one cord blood unit and co-infusing with a non-
manipulated cord blood unit. Patients co-infused with these mixed 
units are compared to patients receiving a conventional double 
cord blood transplant. A few of these modalities currently being 
tested in clinical trials include Notch ligands, stromal cell-based 
culture, copper chelators, and prostaglandin E2.153

Bernstein’s group showed that culture of CD34+ CB cells with 
immobilized Notch ligand Delta1 combined with fibronectin frag-
ments and the cytokines stem cell factor (SCF), thrombopoietin 
(TPO), Flt3 ligand (Flt3l), IL-3, and IL-6 resulted in a 222-fold 
expansion after 17 days of culture and a 16-fold increase in NOD/
SCID repopulating units.154 Importantly, in phase I clinical trials, 
patients that received a mixed infusion of one conventional CB 
unit and one ex vivo cultured CB unit demonstrated a pronounced 
reduction in median time to neutrophil recovery compared to 
patients receiving the conventional dCBT.154 In addition, 2 out of 
10 patients had persistence of the expanded graft 180 days after 
transplantation, suggesting the preservation of at least short-term 
self-renewing cells during ex vivo culture in spite of co-infusion 
with a non-manipulated unit containing T cells capable of reject-
ing the expanded unit.153

As HSCs develop in vivo in a microenvironment with stromal 
interactions, Elizabeth J. Shpall and colleagues have pursued 
HSC expansion by co-culture with mesenchymal stem cells (MSCs) 
and SCF, TPO, Flt3l, and G-CSF. These culture conditions yield an 
8- to 12-fold expansion of CD34+ cells and importantly, resulted 
in a reduction of median neutrophil recovery to 14 days, com-
pared to 23 for patients receiving conventional DCBT.152 In spite 
of these remarkable clinical advances, still, to date, there is no 
evidence that ex vivo expanded CB cells can contribute to long-
term hematopoiesis in human trials.155

Use of the copper chelator tetraethylenepentamine (TEPA) with 
SCF, TPO, Flt3l, and IL-6 resulted in a 159-fold increase in CD34+ 
cells after 7 weeks of culture and showed improved engraftment 
in NOD-SCID mice.156,157 However, early clinical trials reported 
by Shpall and colleagues have failed to show an improvement 
in neutrophil recovery,158 but clinical trials are ongoing.153 
Preclinical data showed that the brief pre-incubation of HSCs159 
with prostaglandin E2 enhances their homing, survival, and pro-
liferation in mice,160 and clinical trials are ongoing to assess this 
target in humans.153 Other promising candidates153 to enhance 
the self-renewal of ex vivo cultured HSCs that have yet to reach 
clinical trials include the aryl hydrocarbon receptor antagonist 
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SR1 (StemRegenin 1),161 the endothelial-derived soluble factors 
Angiopoietin-like 5 (Angptl5), IGFBP2,162 and pleiotrophin,163 
and the homeobox gene Hoxb4.164

Quiescence of Hematopoietic Stem Cells
Compared to downstream CD34+ LSK multipotent progenitors 
(Fig. 5.2), 90% of which are in cell cycle, <10% of CD34− CD48− 
CD150hi LSK HSCs are cycling.165 Even within this phenotypi-
cally identified HSC pool, the laboratories of Trumpp and Hock 
have used label-retaining tracking approaches to functionally 
distinguish the existence of two types of murine HSC: homeostatic 
(or hematopoietic stress-activated) and dormant HSCs, which 
represent ∼70% and ∼30% of the HSC pool, respectively.105,165 
Whereas homeostatic HSCs divide every 28 to 36 days, dormant 
HSCs divide only every 145 to 193 days, or about 5 times per life-
time.165,166 This differential cycling has functional consequences 
for transplantation, as although both homeostatic and dormant 
HSCs provide long-term repopulation in lethally irradiated recipi-
ents, only dormant HSCs provide complete long-term repopula-
tion in secondary transplants.159,165 Notably, activated HSCs can 
return to the dormant state.

HemaTOpOieTiC prOgeNiTOr CellS

Committed Hematopoietic progenitor Cells
Committed hematopoietic progenitor cells are progeny of HSCs 
that have begun to differentiate and can no longer convey long-
term reconstitution of all hematopoietic lineages in ablated ani-
mals. Figure 5.1 depicts the HSCs and downstream committed 
progenitors, and notably, only HSCs have the capacity to self-
renew, as indicated by the reflexive arrows. This schematic is a 
working model that is constantly under revision, with numerous 
nuances that preclude neat boundaries in differentiation poten-
tials of progenitor cells.167,168 Nonetheless, whichever branching 
scheme is utilized, each successive stage has a more restricted 
differentiation potential, and there is a succession of commit-
ment steps. Just as molecular processes determining self-renewal 
versus commitment decisions for stem cells are not completely 
understood, neither are the molecular events that lead to sub-
sequent commitment steps. Although phenotypic markers can 
largely, although not definitively, differentiate cells with stem cell, 
as opposed to just progenitor cell, potential, the unique contribu-
tion of progenitor cells, as opposed to progenitor cells that derive 
from transferred HSCs, is not well understood. It is known that 
although a single HSC can yield long-term, multilineage donor 
contribution, supporting total BM or progenitor cells must be co-
infused to allow short-term hematopoiesis; otherwise, survival is 
not possible. This demonstrates that in clinical transplantation or 
hematopoietic recovery from myeloablative regimens, progeni-
tor cells are just as critical, if not more critical, than HSCs in the 
short-term after conditioning.

multilineage progenitors
The first committed progenitor without capacity to self-renew 
is the multipotent progenitor (MPP). Although initially regarded 
as an HSC assay, the majority of CFU-S colonies cannot provide 
long-term reconstitution of ablated animals, and what are being 
quantified are mostly MPPs. Under culture conditions in semisolid 
medium with adequate supportive growth factors, these progeni-
tor cells can form colonies of multiple cell lineages in vitro.169,170 
Similar multilineage colonies can also be demonstrated in vitro in 
human hematopoietic cell populations.171 When the hematopoi-
etic cells reach maturity, the lineage composition of the colonies 
can be determined by picking out the colonies and spreading the 

cells on microscope slides, followed by conventional staining or 
by immunostaining using lineage marker antibodies. Not all mul-
tilineage colonies that appear in in vitro or in vivo assays contain 
all cell lineages. For example, some colonies contain granulocytes, 
erythrocytes, macrophages, and megakaryocytes (mixed colonies); 
other colonies contain granulocytes and macrophage (GM colo-
nies); and so forth. Table 5.2 describes a variety of hematopoietic 
progenitor stages that are defined by in vitro assays.

The observation that colonies with various combinations of 
lineages occur has been interpreted in several ways (models) 
to explain how cells are committed to become a particular type 
of blood cell.172 The data favor the idea that there are multiple 
 commitment steps and that these steps lead to loss of specific 
lineage potential in a definite order. The first lineage commitment 
step separates lymphoid from myeloid potential, then granulocyte/
macrophage potential is separated from erythroid/megakaryocyte 
potential, and so on, until finally, a descendant cell has only one 
lineage capability. This idea of successive commitment steps is 
embodied in Figure 5.1. Although this idea is probably gener-
ally correct, there are variant models that differ somewhat in 
their interpretation.168 Also, it must be remembered that in vitro 
growth conditions may not be permissive for all possible lineages 
to appear in a colony. Thus, caution must be exercised in inter-
preting the exact lineage commitment pathways. For example, 
multilineage progenitors, CFU-S and in vitro–derived multilineage 
colonies, had been thought to be incapable of  generating lym-
phoid cells. However, several studies have shown that lymphoid 
cells are produced by several such progenitors, but that they 
were not observed previously because growth factor support for 
colony development was not permissive for descendent lymphoid 
cells.70,119,173

These multipotent progenitors, first described by Morrison and 
Weissman,89,174 have been characterized by flow cytometry as 
Lin− Sca-1+ c-kit+ Thy1.1− Flk2+90 (Table 5.1). Even within this 
Flk2+ MPP population, there is heterogeneity in multipotency, 
which can be subdivided based on VCAM1 expression.175 Recent 
studies point to improved resolution with the marker set  Lin− 
Sca-1+ c-kit+ CD150− CD105−.96 Recently, in an elegant mouse 
model utilizing Flk2-Cre animals, fate mapping revealed that all 
hematopoietic cells in the blood, BM, and spleen arise from a 
Flk2-expressing cell in the steady state and hematopoietic stress, 
confirming the hub role of multipotent progenitors.176

Single Lineage progenitors
The descendants of the multilineage colony-forming cells are ulti-
mately restricted to a single lineage potential. The more mature, 
single lineage–committed progenitor cells are assayed in vitro by 
their ability to form colonies. These progenitor cells include CFU-
G, CFU-M, CFU-E, CFU-MK,177–179 CFU-preB,119,180 and CFU-DL 
181,182 for colony-forming units granulocyte, macrophage, eryth-
rocyte, megakaryocyte, B-lymphocyte, and dendritic/Langerhans 
cells, respectively (Table 5.2). In some lineages, it is possible to 
observe stages of maturity within the lineage-committed progeni-
tors. For example, the single lineage producing burst-forming unit 
erythroid (BFU-E) is a more immature erythroid progenitor than 
the CFU-E, forming colonies of many more mature erythroid cells 
after a longer period of time than the CFU-E.

With the advent of flow cytometry, many of these popula-
tions now have phenotypic counterparts (Table 5.1). In fact, flow 
cytometry allows for a more precise separation of populations and 
assessment of the progenitor activity, even to the single cell level. 
The MPP is thought to give rise to the common lymphoid progeni-
tor (CLP)183 and common myeloid progenitor (CMP),184 with the 
former giving rise to B cells, T cells, and NK cells, while the latter 
spawns the erythroid, megakaryocyte, and myeloid lineages. The 
CMP subsequently branches off to the megakaryocyte erythroid 
progenitor (MEP) and granulocyte macrophage progenitor (GMP). 
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The GMP subdivides into granulocytes and macrophage dendritic 
cell progenitors (MDP),185 which produce the respective epony-
mous lineages. A review of the surface markers for these popula-
tions can be found in Table 5.1.

terminal phases of Differentiation
Cells in the final stages of hematopoiesis are sufficiently differenti-
ated that they can be identified by morphology using light micros-
copy with preparations of hematopoietic tissue. These cells are 
erythroblasts, myelocytes, monocytes, and megakaryocytes, and, 
because of the vastly amplifying cell divisions that occur by the 
time the final stages are reached, these cells are by far the most 
prevalent cells seen in hematopoietic tissues. They are capable of 
only a few cell divisions, on the order of one to four, yet they are 
undergoing dramatic specialized changes associated with termi-
nal phases of differentiation/maturation. The erythroblasts rapidly 
accumulate hemoglobin and begin to assemble a unique mem-
brane skeleton that later maintains the shape and deformation 
properties of the mature erythrocytes. The nucleus of the eryth-
roblast becomes condensed and is extruded from the cell, leaving 
an irregular, organelle-containing reticulocyte. Subsequently, over 
the course of a few days, extensive remodeling occurs within the 
reticulocyte that eliminates the internal organelles and changes 
the membrane so that the biconcave erythrocyte is formed. This 
remodeling process involves extensive, selective proteolysis. In 
granulocyte progenitors, granules that contain specific proteolytic 
enzymes are formed in the cytoplasm. The nuclei undergo a con-
densation process that ultimately results in a multilobular nucleus 
that is retained in the mature cell. Maturing monocyte precursors 
undergo similar changes. The terminal-stage megakaryocytes 
replicate their DNA and undergo several nuclear divisions with-
out cytokinesis; thus, they become polyploid. Dense granules and 
a-granules form in the cytoplasm, and the cytoplasm becomes 
highly compartmentalized by demarcation membranes. Platelets 
form as small portions of the demarcated megakaryocyte cyto-
plasm separate from the whole cell.

TraffiCkiNg Of HemaTOpOieTiC 
STem aNd prOgeNiTOr CellS

adhesion molecule Interactions of 
Hematopoietic Stem Cells and Stroma
Direct molecular interactions between the hematopoietic cells and 
stromal cells involve ligand-receptor relationships between adhe-
sion molecules on the surfaces of the hematopoietic and stromal 
cells. There are many cytoadhesion molecules known, and they 
generally can be classified into several families: sialomucins, 
selectins, integrins, and members of the immunoglobulin super-
family.186 Numerous interactions are possible, and there appears 
in some cases to be redundancy in the systems involved in traf-
ficking within the hematopoietic microenvironment.

retention and Homing of Hematopoietic  
Stem Cells
Besides providing a source of growth factors for hematopoietic 
cells, the stroma of hematopoietic organs directs the trafficking of 
these cells. This trafficking occurs during embryonic development 
as the primary organs of hematopoiesis change from the AGM to 
the fetal liver to the spleen and bone marrow. Also, some HSC/pro-
genitors migrate continuously between bone marrow and blood 
in normal adult animals.187 Although not discussed further here, 
such trafficking to particular tissues is also critical for mature 

cells, such as monocytes and T lymphocytes, to perform their 
effector functions with spatial efficiency in order to maximize 
target tissue effector function (i.e., combating pathogens) while 
limiting tissue toxicity. Migration is composed of two parts: (1) 
egress from the source tissue (typically the BM), termed “mobiliza-
tion,” and (2) directed movement towards the target tissue, termed 
“homing.”

With respect to the BM, homing is the process by which cir-
culating HSC/progenitors migrate into the extravascular space 
within the bone marrow stroma where they selectively interact 
with specific stromal cells and matrix proteins to initiate and 
sustain long-term hematopoiesis.188 Homing occurs not only for 
HSC/progenitors that are circulating normally, but is also essen-
tial for the success of clinical stem cell transplantation. Similar to 
the receptor-counterreceptor interactions that govern the inflam-
matory recruitment of mature leukocytes (reviewed in189,190), the 
endothelial progenitor cell interaction for homing is dependent on 
selectins, integrins, and chemokines.

The selectin family of cytoadhesion molecules are designated 
E, P, and L. HSC/progenitors have receptors for the selectins, and 
they can exhibit the rolling phenomenon similar to that of mature 
leukocytes.191,192 The initial tethering/rolling of HSC/progenitors 
is dependent on endothelial P- and E-selectin binding to fucosyl-
ated PSGL-1 on HSC/progenitors.193–196

Integrins are heterodimeric, transmembrane proteins in which 
the a and b subunits are joined noncovalently. Both subunits 
have extracellular and intracellular domains. Eighteen types of a 
subunits and eight types of b subunits are known, although only 
a few of the possible heterodimer combinations have been found 
on hematopoietic or stromal cells and implicated in hematopoi-
esis. The definitive homing and subsequent retention of HSC/
progenitors into the extravascular space is dependent on integrins 
a4b1,193,195,197–202 a4b7,203 a5b1,200,204,205 and b6,206 CD44,207–209 
and also VCAM-1 presumably from the endothelia.193,195,197,210

The most critical chemokine receptor in HSC/progenitor 
homing is CXCR4 binding to CXCL12.211,212 CXCL12, secreted 
by bone marrow stroma, is the only known chemokine that 
elicits directed chemotactic response in HSCs via interactions 
with CXCR4 on their cell surface.213,214 Mice lacking SDF-1 or 
CXCR4 have defective hematopoiesis in fetal bone marrow, due 
to a decreased ability of HSCs to home from the fetal liver to the 
marrow cavity.215,216 Antibodies against CXCR4 block engraft-
ment of severe combined immunodeficiency (SCID) mouse bone 
marrow by transplanted CD34-enriched HSCs and hematopoietic 
progenitor cells.212,217 Once HSC/progenitors are arrested on 
the endothelia due to selectin/adhesion molecule interactions, 
stromal-derived CXCL12 can guide HSC/progenitor migration into 
the BM parenchyma in cooperation with a4b1-, LFA-, CD44-, and 
Flt3-dependent interactions.204,207,218

The adhesion molecules of all families are transmembrane 
proteins, and many can act as receptors that activate specific 
intracellular signaling pathways. These adhesion molecules/
receptors, in turn, may be regulated by other intracellular sig-
naling pathways.219–221 Thus, the interactions of hematopoietic 
cells with stromal cells and matrix can be highly modulated by 
the adhesion receptors, both in transmitting signals from the 
microenvironment into the cell and in translating the state of 
intracellular signaling pathways into changes in the number and 
affinities of adhesion molecules. Activation of Kit by its ligand (KL) 
modulates adhesion functions that are mediated by integrins a4b1 
(VLA-4) and a5b1 (VLA-5).202,222,223 Another example is CXCL12 
inducing binding of circulating progenitors to the vascular endo-
thelium by activating the integrins VLA-4, VLA-5, and lymphocyte 
function-associated antigen,204,224,225 as well as CD44 and hyal-
uronic acid.207

Several of the adhesion molecules on hematopoietic cells spe-
cifically bind to sites on particular matrix macromolecules. For 
example, HSC/progenitors bind to fibronectin, primarily through 
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interaction with the integrin receptors a4b1 and a5b1.220,226–229 
Another cytoadhesion molecule that interacts with several matrix 
macromolecules is CD44, which binds with glycosaminoglycans 
(hyaluronic acid being the major CD44 ligand).230 The proteogly-
cans, proteins with extensive sulfation such as heparan sulfate 
and chondroitin sulfate, are extracellular matrix proteins that 
may contribute to adhesion between the stroma and the hema-
topoietic progenitor cells.231–235 The proteoglycans can also 
concentrate soluble growth factors. For example, granulocyte-
macrophage colony-stimulating factor (GM-CSF) binds to heparan 
sulfate in the marrow matrix.236,237

mobilization of Hematopoietic Stem Cells
Recruitment of circulating HSC/progenitors has been implicated 
in toll-like receptor-induced myeloid differentiation in tissues238 
and the development of repair-phenotype macrophages after liver 
injury,239 but their in vivo steady-state relevance is still unclear. 
Despite this, their enforced egress to the circulation with pharma-
cologic agents, such as chemotherapy or hematopoietic growth 
factor administration, has been utilized in clinical medicine to 
less invasively procure HSC/progenitors for transplantation, a 
process termed stem cell mobilization. Mobilized peripheral blood 
now represents the majority of donor sources for HSC/ progenitor 
transplantations.240 These mobilized grafts have several advan-
tages over traditional bone marrow grafts for transplantation, 
including ease of harvesting, higher HSC yields, and faster 
hematopoietic engraftment following transplantation. Granulocyte 
colony-stimulating factor (G-CSF) is the most commonly utilized 
mobilizing agent. Although early observations suggested that the 
mechanism of G-CSF mobilization depended on the enhanced lev-
els of proteolytic enzymes in the marrow cavity to cleave adhesion 
factors tethering HSC/progenitors in the BM, unperturbed levels 
of mobilization in animals deficient of virtually all serine protease 
activity has cast doubt on this as the primary mechanism.241 
More recent data indicate that reduced production of stem cell 
retention factors, such as CXCL12, angiopoietin-1, kit ligand, 
and VCAM-1 in the stroma, rather than increased degradation, 
mediates mobilization.242 b-adrenergic signals from sympathetic 
nerve terminals in the BM are critical for this abrogated stromal 
production of retention factors.242,243 Furthermore, there is a 
circadian time-dependent oscillation in HSC/progenitor traffick-
ing,244 which indicate optimal times to harvest peripheral blood 
HSC/progenitors in mobilized mice and humans.245 Recent data 
indicate that abrogation of BM macrophage-derived retention sig-
nals is another mechanism of G-CSF-induced mobilization.246–248 
The other widely utilized agent for clinical HSC/progenitor mobili-
zation is the CXCR4 antagonist AMD3100. AMD3100 is capable of 
mobilizing HSCs within hours and synergizes with the mobilizing 
effects of G-CSF.249 Since up to 30% of patients are “poor mobi-
lizers” and thus do not mobilize a sufficiently high yield of HSC/
progenitors with standard clinical protocols, novel strategies to 
enhance mobilization efficiency are under active investigation.250 
Among the agents being investigated as adjuncts to G-CSF are 
GM-CSF, stem cell factor, thrombopoietin, human growth hor-
mone, IL-8 analog, antibodies to VLA-4, retinoic acid receptor-a 
agonists, and thrombopoietin receptor agonists.251 Recent pre-
clinical data indicate that abrogation of BM macrophages246 or 
antagonism of the epithelial growth factor receptor252 may be 
promising strategies to synergize with G-CSF.

liNeage COmmiTmeNT

Branch points of Hematopoiesis
Multiple lineage relationship models of hematopoiesis have 
been proposed over the years (reviewed in168). Discrepancies 

among multiple models can be partially explained by the dif-
ferential predication of the models on differentiation potential 
versus physiologic production. Whereas certain progenitors 
may have particular differentiation potentials when cultured in 
vitro with the appropriate cytokines or in vivo in emergency sce-
narios, these potentials may not be evident under steady-state 
physiology. Where possible, assessment of lineage  commitment 
by genetic  lineage tracing is the best physiologic method to 
assess  physiologic progenitor-progeny relationships in vivo.

role of particular transcription Factors
Some specific transcription factors exhibit hematopoietic lineage-
restricted expression, and some are known to be essential for the 
complete differentiation of individual lineages. Two examples of 
transcription factors whose lineage associations are more fully 
understood are GATA-1, which is essential for terminal erythro-
cyte and megakaryocyte differentiation, and PU.1, which is essen-
tial for B-lymphocyte as well as macrophage development.253,254 
Specific factors not only play a direct role in the expression of 
lineage-specific genes but, in some cases, appear to antagonize 
transcription factors important for other lineages; thus, they can 
repress the expression of genes characteristic of other lineages. 
For example, GATA-1 can suppress PU.1 activity, and PU.1 can 
suppress GATA-1 activity by direct protein interactions that 
block the function of each other.254 PU.1 and GATA-1 play posi-
tive roles in the transcription of their own genes (autoregulatory 
loops).255,256 Thus, hypothetically, an excess of GATA-1 over PU.1 
could downregulate PU.1 expression at the level of transcription, 
and excess PU.1 could likewise downregulate GATA-1. In multipo-
tent cells, it is known that there is expression at low levels of sets of 
genes characteristic of multiple hematopoietic lineages.257 Thus, 
commitment appears to occur not only by upregulation of a single 
lineage program of gene expression but also by the irreversible 
suppression of competing differentiation programs. Because of 
observations such as those described above for GATA-1 and PU.1, 
and because the forced overexpression of particular transcription 
factors can cause lineage switches in certain in vitro cell systems, 
some investigators have proposed that the transcription factor 
profile (stoichiometry relationships) of multipotent cells directs 
their lineage commitment decisions through cross-antagonism 
mechanisms.254,258 How variations in transcription factor stoichi-
ometry occur could be either by extrinsic signals or by stochastic 
mechanisms. A transcription factor network has been proposed 
in which combinations of specific lineage-instructive transcrip-
tion factors at various stages of hematopoietic differentiation from 
HSCs through the lineage-specific progenitor cells play roles in cell 
fate decisions.259

role of microrNas
MicroRNAs are 18 to 24 nucleotide noncoding RNAs that bind 
the 3′ untranslated region of target mRNA, resulting in mRNA 
degradation or impaired translation efficiency.260 MicroRNAs rise 
and fall as cells differentiate along the hematopoietic spectrum, 
as these microRNAs fine-tune the response to cytokines and tran-
scription factors that are required for lineage commitment and 
differentiation. Since Chen and colleagues first demonstrated the 
role of miR-181 in B-lymphoid differentiation in 2004,261 there 
has been an explosion of investigations into the role of miRNAs in 
hematopoiesis, as previously reviewed.262 Loss of function of all 
miRNAs can be studied broadly using gene-knockdown models of 
Dicer, an RNase that is critical for miRNA biosynthesis. For exam-
ple, conditional knockout of Dicer in the B263 and T264 cell com-
partments impairs development of mature B and T lymphocytes, 
respectively, indicating a role for miRNAs in lymphocyte differen-
tiation. More precisely, particular hematopoietic populations can 
be assessed for miRNAs that are expressed and these candidate 
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miRNAs can be specifically knocked down. This has been used 
to show that miR-155 inhibits erythropoiesis and megakaryo-
poiesis265,266, but is critical in T and B cell function.267–271 Our 
knowledge in this area is rapidly evolving. It is already clear, 
however, that the influence of microRNAs is broad-based, as they 
play essential roles in the regulation of erythropoiesis,272 mega-
karyopoiesis,273 myelopoiesis,274 and lymphopoiesis.275

Hematopoietic Cytokines
The purification of erythropoietin from the urine of anemic 
patients in 1977 initiated extensive investigations to find other 
comparable growth factors for other hematopoietic lineages.276 
Although taken for granted now because most of the discovered 
hematopoietic cytokines are readily available in recombinant 
protein form and validated by genetic mouse models, there was 
substantial controversy in the hematopoietic growth factor field 
in the 1970s through the 1990s. Most of the early work on these 
glycoprotein growth factors derived from studies of “conditioned 
media,” which were necessary and greatly stimulatory for hema-
topoietic cell colony growth. What partially confounded research-
ers about the discovered colony-stimulating factors (CSFs) was 
their polyfunctionality.276 For example, until specialized utiliza-
tion of different cytoplasmic domains downstream of the same 
receptor was described, it was unclear how G-CSF could promote 
the battery of cellular responses for survival, proliferation, dif-
ferentiation commitment, maturation induction, and functional 
stimulation.276,277 Another puzzling aspect of hematopoietic 
growth factors was the ability of one cytokine to act on many cell 
types and the ability of multiple cytokines to exert influence on 
a single cell type. Exemplifying the latter, G-CSF, GM-CSF, IL-3, 
CSF-1, SCF, and IL-6 all expand granulocytic colonies.276 This 
does not necessarily just reflect redundancy, as there is synergistic 
activity among IL3, G-CSF, GM-CSF, and CSF-1 in myeloid colony 
formation.278 Based on certain structural and functional features 
of the receptors for hematopoietic growth factors, two families 
of ligands/receptors have been recognized: the cytokine recep-
tor family and the tyrosine kinase receptor family (Table 5.3). 
Notably, synergy is most prominent when utilizing combinations 
of cytokines using both sets of receptors. Table 5.3 shows a list of 
cytokines, their receptors, and expression patterns.

Factors that act on multilineage progenitors
In vitro cultures of hematopoietic colony-forming cells have 
continued to be very useful in defining growth factor effects on 
various lineages of cells.279–284 Many of the hematopoietic growth 
factors exhibit positive growth effects on HSCs or progenitors with 
multilineage potential, or both. These include KL, GM-CSF, G-CSF, 
CSF-1, IL-3, IL-4, IL-6, IL-11, IL-12, FL, leukemia inhibitory fac-
tor, oncostatin M, and TPO.285–288 In addition, some members of 
this same group can support differentiation of certain cell types to 
late stages or even to full maturity. For example, G-CSF, GM-CSF, 
CSF-1, IL-3, KL, and IL-6 can all support formation of small neu-
trophilic granulocytic colonies, and CSF-1 and GM-CSF can also 
support macrophage colonies and mixed granulocyte/macrophage 
colonies.285

Potentiation of hematopoietic cell production in in vitro 
assays by combinations of growth factors can occur in two basic 
ways. A combination of growth factors may allow proliferation 
and differentiation of individual cells that would otherwise die 
or remain dormant in the presence of a single factor. Second, 
potentiation can occur by enhanced proliferation in the presence 
of the combined factors. The latter effect appears to apply to the 
examples of the combined effect of KL with G-CSF, GM-CSF, IL-3, 
IL-6, or EPO on expansion of populations of progenitors.289–291 
The numbers of colonies formed in the presence of the combi-
nations are not increased greatly, but there is a large increase 

Receptors consisting of: Examples

Cytokine type 
receptors

A single unique peptide chain

Complexes containing gp130*

EPO, TPO, G-CSF

IL-6, IL-11, IL-12, LIF, 
OSM

A ligand-specific common a 
subunit and/or common gp140 
bc subunits

IL-3, , IL-5, GM-CSF

A common gc subunit and 
ligand-specific a and/or b 
subunits

IL-2, IL-4, IL-7, IL-9, 
IL-15

Two or more unique subunits IFN-a, IFN-b, IFN-g

RTK type  
receptors

EGF family receptors (type I)

Insulin family receptors (type II)

TGF-a

IGF-1

PDGF subfamily with 5 Ig-like 
domains (type III)

Kit ligand, CSF-1, 
Flk-2 ligand

PDGF subfamily with 7 Ig-like 
domains (type V)

Flk-1 ligand

*gp130 serves as the signal transducer, plus an additional ligand binding unit.
gp, glycoprotein; EPO, erythropoietin; TPO, thrombopoietin; G-CSF, granulocyte colony-
stimulating factor; IL, interleukin; LIF, leukemia inhibitory factor; OSM, oncostatin M; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; EGF, epidermal 
growth factor; TGF, transforming growth factor; IGF, insulin growth factor; PDGF, platelet-
derived growth factor; CSF-1, colony-stimulating factor 1 (also known as macrophage 
colony-stimulating factor, or M-CSF); Flk-2 ligand, fms-like kinase 2 (also known as fms-like 
tyrosine kinase 3 ligand, or Flt3l).

CLASSIFICATION OF HEMATOPOIETIC FACTORS BASED ON 
THEIR RECEPTOR TYPES

taBLe 5.3

in the size of the colonies. The proliferation of HSCs, however, 
appears to be an example of a requirement of a combination of 
factors for recruitment of dormant cells into proliferation and 
differentiation.172,285,292–294

When growth factors with effects on multilineage progenitors 
act alone or in combination, the result of early rounds of prolifera-
tion and differentiation is the generation of progeny that become 
committed individually to form different lineages of mature cells. 
For some lineages, the resultant single lineage progenitors cannot 
complete differentiation and maturation without lineage-specific 
factors; thus, caution must be taken in interpreting nega-
tive results. For example, late committed erythroid  progenitors 
 (CFU-E) require EPO, or they die. Likewise, appearance of lym-
phoid cells requires IL-7, and maturation of megakaryocytes and 
formation of platelets is greatly enhanced by TPO. Thus, the full 
development of hematopoietic cells from stem cells or early-stage 
progenitors requires the action of growth factors (alone or in 
combination) that support the multilineage progenitors and, in 
addition, growth factors that support terminal differentiation of 
committed single lineage progenitors.

Granulocyte Growth Factors
Granulocytes are composed of neutrophils, eosinophils, and 
basophils. Neutrophils are best known for their ability to rapidly 
arrive and exert effector responses at sites of tissue injury, while 
basophils and eosinophils are critical in responding to parasitic 
infections and also promoting allergic reactions. In vitro colony-
forming assays have indicated the importance of G-CSF and IL-5 
in the support of differentiation of neutrophils169,269 and eosino-
phils,295,296 respectively. This is substantiated by the neutropenia 
and increased bacterial susceptibility observed in mice deficient in 
G-CSFR297 and impaired parasite-induced eosinophilia observed 
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in IL-5–deficient animals298 (Table 5.4). Nonetheless, the existence 
of neutrophils and eosinophils in these animals in the steady state 
indicates redundancy with other cytokines. GM-CSF has also been 
implicated in in vitro granulocyte colony formation177,299; how-
ever, no neutropenia is observed in GM-CSF–deficient animals.300 
Interestingly, mice deficient in G-CSF, GM-CSF, and CSF-1 still 
have neutrophils, suggesting extensive redundancy/collaboration 
among the hematopoietic cytokines.301 G-CSF and GM-CSF not 
only support differentiation of late-stage progenitors, but also can 
activate the resulting mature blood cells, stimulating functions 
such as phagocytosis.302–304 Importantly, G-CSF (filgrastim) is 
used clinically to treat patients with neutropenia.

mast Cell Growth Factors
Mast cell differentiation in vitro is supported by the Kit recep-
tor.295,305–308 The importance of Kit ligand (also called stem cell 
factor or SCF)-Kit receptor signaling in mast cell differentiation is 
validated in vivo by the absence of mast cells in animals deficient 
in KL (Sl/Sld mice) or Kit (W/Wv) 309 (Table 5.4). KL also activates 
mature mast cells, causing them to release histamine.308

monocyte/macrophage Growth Factors
In mice, monocytes in circulation and tissues consist of at least 
two subtypes: (1) the classical Gr1hi subset (CD14+CD16− in 
humans, also known as “inflammatory monocytes”) and (2) the 
nonclassical Gr1lo subset (CD14−/loCD16+ in humans, also known 
as “resident monocytes”)310. Monocytes are critical mediators 
of inflammation, whether beneficially in combating pathogens 
or detrimentally in contributing to atherosclerotic plaques and 

Factor Observed Effects

Kit ligand No functional alleles: Embryonic death associated with no 
production of fetal hematopoietic cells and other developmental 
failures. Partially functional allele: Deficiency of hematopoiesis, 
mast cell deficiency, anemia, and also other defects in pigmen-
tation and in gametogenesis

IL-3 Lack of function does not appear to affect hematopoiesis

GM-CSF Alveolar proteinosis

CSF-1 Osteopetrosis, alveolar proteinosis, reduced macrophages,  
normal monocytes

G-CSF Neutrophil deficiency; approximately 20% of normal numbers; 
impaired mobilization of neutrophils; demonstrated to be  
susceptible to some infections

IL-5 Eosinophil deficiency

TPO Platelet deficiency, approximately 10% of normal numbers

EPO Embryonic death; failure to produce fetal erythrocytes due to 
apoptosis of the late progenitors in the fetal liver; production of 
some embryonic blood cells

Flt3 ligand Deficiencies in immune system and in myeloid progenitors and 
CLP; more severe defects in the case of knockout of the ligand 
than knockout of the receptor (FLT3)

IL-7 Reduced thymic and peripheral lymphoid cellularity, including 
B- and T-cell development

IL, interleukin; CLP, common lymphoid progenitor; CSF-1, colony-stimulating factor 1; 
GM-CSF, granulocyte-macrophage colony-stimulating factor; G-CSF, granulocyte colony-
stimulating factor; TPO, thrombopoietin; EPO, erythropoietin; Flt3 ligand, fms-like tyrosine 
kinase 3 (also known as fms-like kinase 2 ligand, or Flk2 ligand).

PHENOTYPES CAUSED BY NONFUNCTIONAL MUTATIONS  
IN GENES FOR HEMATOPOIETIC GROWTH FACTORS  
OR THEIR RECEPTORS

taBLe 5.4

mediating inflammatory disorders. Although monocytes express 
high levels of the CSF-1R, they are still present in normal num-
bers in animals with defects in CSF-1 (Csf1op/op) or deficiency 
in CSF-1R (Csf1r−/−) 311 (Table 5.4), indicating that other cyto-
kines contribute or at least can compensate for defective CSF-1R 
 signaling. Monocytes are also present at normal levels in GM-CSF–
deficient animals.300 Mice deficient in G-CSF, GM-CSF, and CSF-1 
still have monocytes present, albeit at reduced numbers, again 
suggesting redundancy among cytokines for differentiation and 
maintenance of monocytes.301

Macrophage differentiation and survival in vitro can be sup-
ported by the CSF-1 cytokine.312 Tissue resident macrophages 
are severely reduced in Csf1op/op or deficiency in Csf1r−/− 311 
(Table 5.4). Both of these deficient strains develop osteopetrosis 
because of failure to develop osteoclasts. Although other macro-
phage populations are normal, lung macrophages are severely 
reduced in numbers in GM-CSF–deficient animals and develop a 
characteristic alveolar proteinosis.300 Importantly, CSF-1 treat-
ment in patients has demonstrated an improved survival benefit 
in patients with invasive fungal infection in the post-myeloablative 
setting.313

megakaryocyte Growth Factors
In vitro colony assays have been developed for quantifying 
megakaryocyte progenitor cells, termed colony-forming units 
megakaryocyte (CFU-MK). As in the case of other early com-
mitted progenitors, the growth of such colonies is augmented 
by several of the CSFs with multilineage activity, such as 
IL-3, IL-6, GM-CSF, KL, and IL-11.179,314,315 Unlike granulo-
cytes and monocytes, bone marrow production of platelets is 
regulated by the number of platelets in the blood. Reduction 
of platelet numbers in rodents by antiplatelet antibodies or 
by exchange transfusion of platelet-poor blood causes an 
increase in the number of megakaryocytes in the hematopoi-
etic tissues as well as an increase in their size and ploidy; 
conversely, platelet transfusion decreases these parameters.179 
However, such manipulations did not affect CFU-MK numbers 
in the  hematopoietic tissues,316 leading to the speculation 
that megakaryocyte differentiation and platelet production 
are controlled by a thrombopoietic factor that is induced by 
 thrombocytopenia.179,317

A growth factor has been identified that has some proper-
ties of a physiologic regulator of platelet production. This factor, 
thrombopoietin (TPO), exerts its effect through the activation of a 
cytokine receptor termed Mpl.318–320 Mpl was identified earlier as 
the viral oncogene product of the mouse retrovirus, myeloprolifer-
ative leukemia virus.321 Recombinant TPO increases megakaryo-
cyte and platelet numbers in vivo and stimulates CFU-MK growth 
in vitro.322,323 Mice bearing homozygous, nonfunctional alleles 
of c-mpl are viable with greatly diminished platelet numbers,286 
indicating that although TPO is not essential for platelet produc-
tion, it is a strong in vivo regulator of the process. TPO production 
has been shown to be regulated by blood platelet numbers,323 
and platelet numbers regulate the mRNA for TPO in the marrow 
and spleen but not in the liver and kidney.324 It is not yet clear 
that the modulation of TPO mRNA in these organs is responsible 
for the regulation of overall TPO protein levels. Several studies 
indicate that TPO is constitutively synthesized in the liver and 
that its level in blood is determined by its removal from circula-
tion by binding to c-Mpl receptors on platelets and bone marrow 
megakaryocytes.318 Mice lacking TPO have only approximately 
10% of the normal number of platelets286 (Table 5.4). Although 
early efforts to treat thrombocytopenia with recombinant TPO 
was complicated by the development of antibodies to endogenous 
TPO, causing thrombocytopenia, two newly FDA-approved drugs, 
including a TPO mimetic and TPO-R agonists, offer new hope for 
treating clinical thrombocytopenia.325
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Growth Factors for erythroid Cells
The physiologic regulator of erythrocyte production is erythro-
poietin (EPO), and this regulation is very precise, keeping the 
red blood cell mass within very narrow limits.326 EPO acts on 
committed erythroid progenitors to support the later phases of 
erythroid differentiation.326 The regulation is achieved by EPO’s 
action to modulate apoptosis of these progenitors. The production 
of EPO is regulated by the O2 activity in the vicinity of specialized 
EPO-producing cells in the kidney. These cells are peritubular 
cells, located in the renal cortex.327–329 By sensing O2 activity, 
they essentially measure the oxygen delivery capacity of the blood, 
and they adjust EPO production to achieve the number of erythro-
cytes needed for normal tissue O2 tension. The liver also contains 
specialized cells that can produce EPO in an oxygen-dependent 
manner, although in adult animals, the contribution of the liver 
to total EPO production is much less than that of the kidney. In 
specialized kidney and liver cells, the transcription of the EPO 
gene is controlled by an oxygen-dependent transcription factor, 
hypoxia-inducible factor (HIF), that interacts with DNA sequences 
corresponding to the 3′ untranslated sequence of the mRNA and 
also with sequences in the EPO promoter region.330 HIF ubiqui-
tination and subsequent proteasomal degradation are dependent 
upon the hydroxylation of two specific prolines331–333 and an 
asparagine of HIF334,335 by non-heme, iron-containing hydroxy-
lases that use molecular oxygen as a substrate for the reactions. 
With normoxia, HIF is rapidly hydroxylated and degraded. With 
hypoxia, HIF is not hydroxylated and degraded, but it does 
form part of a transcription complex that binds the 3′ enhancer 
sequence and induces EPO gene transcription. In addition, tissue 
specificity of expression in the kidney requires specific, cis-acting 
DNA sequences far upstream (between 6 kilobase pairs and  
14 kilobase pairs) of the coding sequence.336,337 EPO is secreted 
rapidly into the circulation, and it binds in the bone marrow to 
EPO-receptors on erythroid progenitor cells in the CFU-E through 
early erythroblast stages. The EPO-EPO-receptor interaction not 
only triggers signal transduction but leads to endocytosis and deg-
radation of both the EPO and EPO-R.338 This erythroid progenitor-
mediated consumption of EPO appears to be a major determinant 
of the metabolic fate of EPO both in vitro339 and in vivo.340 Loss 
of function of EPO or the EPO receptor in knockout mice leads 
to embryonic death at approximately day 13 of gestation due to 
failure of production of definitive erythrocytes341,342 (Table 5.4). 
Also, importantly, recombinant EPO has been used clinically to 
treat patients with anemia.

KL is also required for erythroid cell development as shown by 
its requirement for growth of human BFU-E in vitro under serum-
free conditions.343 The Kit receptor is present on multilineage 
progenitors and on the BFU-E, and it persists on erythroid pro-
genitors up to the proerythroblast stage. KL thus has a stimula-
tory effect on erythroid progenitors throughout most early stages, 
including those of the CFU-E and proerythroblast, when EPO 
stimulation becomes essential for further development. In addi-
tion, IGF-1 appears to have a specific role in erythroid develop-
ment, as it appears necessary for proper erythroid differentiation 
in serum-free cultures.344,345 Other multilineage growth factors, 
such as IL-3 and GM-CSF, have a stimulatory effect on BFU-E 
growth in vitro, although there does not appear to be a specific 
requirement for these factors.

Growth Factors for Lymphocytes
Methods for culture of B-lymphocytes and their progenitor cells 
were originally described by Whitlock and Witte.346 Subsequently, 
a colony assay for B-cell progenitors, CFU-preB, was described, 
in which it was found that IL-7 is a very potent growth stimula-
tory factor for such progenitors.180 The role of IL-7 in lymphoid 
cell development in vivo was demonstrated by generating mice 

in which the gene for the IL-7 receptor is nonfunctional. Such 
mice have a profound reduction in thymic and peripheral lym-
phoid cellularity with defects in B- and T-cell development347 
(Table  5.4). Because of its importance in B-cell growth in vitro, 
IL-7 has been incorporated into culture media when examining 
the lineage potential of early multilineage progenitors.119,120,173 
Flt3 ligand and SCF are crucial in lymphoid commitment, as CLPs 
are severely reduced in deficient animals.348

Supportive versus Instructive Signals
There remains controversy over whether cytokines play a sto-
chastic (supportive) or deterministic (instructive) role in deter-
mining cell fate, as there are clear examples that accommodate 
both models. The idea that lineage differentiation is random, and 
thus that cytokines merely play a role in proliferation or survival 
of the progeny after a differentiation decision has been made, is 
supported by the persistence of myeloid cells in animals deficient 
in G-CSF, GM-CSF, and CSF-1.301 Along the same lines, overex-
pression of anti-apoptotic proteins can make up for erythroid and 
T lymphocyte deficiencies caused by the absence of EPO349 and 
IL-7R,350,351 respectively, indicating that these cytokines are not 
critical for differentiation.

Still, even in the example of anti-apoptotic rescue of IL-7R 
deficient mice, B cell development is not rescued.350 In fact, IL-7 
receptor signaling upregulates expression of the B cell-specific 
transcription factor EBF and its target genes; otherwise, B cells 
become arrested at the pre-proB cell stage, indicating that IL-7 
instructs B cell differentiation.352 Other examples of an instructive 
role of cytokines on committed progenitors include the demonstra-
tion that enforced GM-CSF signaling can redirect lymphoid pro-
genitors to a myeloid fate353; that G-CSF upregulates expression 
of C/EBPa, a critical transcription factor in neutrophil production, 
in bipotent granulocyte macrophage progenitors354; and that 
G-CSF and CSF-1 differentially instruct common myeloid progeni-
tors to adopt a granulocyte or macrophage fate, respectively.355 
Interestingly, Sieweke and colleagues showed recently that when 
HSCs deficient in the transcription factor MafB were treated with 
CSF-1, the myeloid master regulator PU.1 was upregulated, pro-
moting myelomonocytic commitment356; thus, CSF-1 could have 
an instructive role even on HSCs.

HemaTOpOieTiC 
miCrOeNvirONmeNTS

Stroma of Hematopoietic Organs
The stroma is composed of non-hematopoietic cells that provide 
structure and regulate hematopoietic cells in lymphoid tissues. 
These cells include nerves, endothelial cells, bone, adipocytes, and 
mesenchymal stem and progenitor cells. The bone marrow houses 
two major stem cell types: HSCs and non-hematopoietic stem cells 
that form bone structures.357,358 These non-hematopoietic stem 
cells can give rise to mesodermal-derived cells,359 endothelial 
cells,360 or even diverse cell types associated with multiple embry-
onic germ layers.284 Among non-hematopoietic stem cells in the 
bone marrow, mesenchymal stem cells (MSCs) were originally 
described as undifferentiated cells capable of differentiating in 
vitro into multiple mesenchymal lineages including bone and car-
tilage.357 MSCs are plastic-adherent, fibroblast-like multipotent 
cells that do not express hematopoietic markers (CD45, CD34, 
CD14, CD11b, CD79a or CD19, and HLA-DR) but do express other 
specific surface antigens (CD105, CD73, CD90).361,362 A relative 
lack of immunogenicity of MSCs has bolstered its therapeutic use 
in repair or regeneration of damaged or mutated bone, cartilage, 
and cardiac tissues.362 The transplantability of MSC remains 
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controversial since numerous studies have indicated that follow-
ing allogeneic, unfractionated whole bone marrow cell transplan-
tation, the bone marrow stroma remains entirely of host origin, 
while the hematopoietic cells are completely of donor origin.363 
Injured tissue or a constitutive defect in a tissue may provide 
additional signals for the induction of differentiation of the MSCs 
present in infused bone marrow cells.364,365 Horwitz et al.366 
have reported that allogeneic whole bone marrow grafts contain 
sufficient osteoblast progenitor cells to alter the clinical course 
of children with osteogenesis imperfecta, a disease caused by 
mutation of a gene encoding type 1 collagen, the major structural 
protein of bone. MSCs and HSCs are believed to be derived from 
two distinct stem cells in the bone marrow; but transplantation 
of HSCs encoding green fluorescent protein (GFP) have indicated 
that fibroblasts and myofibroblasts in other organs (lungs, intes-
tine, liver, skin, etc.) may be derived from HSCs.367 Although these 
results supporting a common origin of hematopoietic and stromal 
cells were suggested earlier by other investigators,368,369 they 
remain controversial.

The stroma also contains an extracellular matrix that provides 
a structural network to which hematopoietic progenitors and 
stromal cells are anchored. This matrix is composed of various 
fibrous proteins, glycoproteins, and proteoglycans that are pro-
duced by the stromal cells.227 These include collagens (types I, 
III, IV, V, and VI),370,371 fibronectin,372–373,374,375–376 laminin,377 
hemonectin,234,378,379 tenascin,380 thrombospondin,381–385 and 
proteoglycans.231–235

The stroma is functionally important in hematopoiesis through 
its regulation of hematopoietic progenitor cell proliferation and 
differentiation, HSC renewal, homing of HSCs to the hematopoi-
etic organs, and egress of mature hematopoietic cells from the 
bone marrow into the blood. The stroma aids in these functions 
through the synthesis and secretion of growth factors, direct 
cell-cell interactions between stromal and hematopoietic cells, 
and molecular interactions between hematopoietic cells and the 
extracellular matrix of the hematopoietic organs. One example 
that illustrates the multiple functions and mechanisms of stromal-
hematopoietic interactions was discovered in studies of mice that 
have mutations in either of two particular genes386: the white 
spotting locus (nonfunctional allele W) and the steel locus (non-
functional allele Sl). Each of these genes is essential for hema-
topoiesis. Mouse embryos that are homozygous for null alleles 
of either of these genes die at an early stage of embryogenesis 
without forming any blood cells. However, mice have been found 
and bred that bear mutant alleles of each of the two genes that 
retain partial function (Wv and Sld alleles). Heterozygous mice of 
the Sl/Sld or the W/Wv genotypes are phenotypically similar to one 
another, with a lack of cutaneous pigment, sterility, and congeni-
tal anemia.386 Reciprocal bone marrow transplantation studies 
between normal, wild-type mice and heterozygous mice, Sl/Sld 
and W/Wv, revealed that W/Wv mice have defective HSCs but a 
functional microenvironment that can support transplants of nor-
mal HSCs. Conversely, the Sl/Sld mice have functional HSCs and 
can thus serve as donors for marrow transplants, but these mice 
have a defective microenvironment (stroma) for hematopoiesis; 
thus, their defect cannot be corrected by the receipt of HSCs from 
normal donor mice. The mechanism of impaired hematopoiesis 
caused by mutations in these two genes was understood after the 
cloning of the genes at the W and Sl loci. The W gene encodes 
the cell-surface receptor protein Kit (gene designated c-kit),387,388 
and the Sl gene encodes the ligand for that receptor, which was 
discussed in the above section and variably called steel factor, kit 
ligand, or stem cell factor.389–391 The Kit protein is a cell-surface 
receptor on HSCs and hematopoietic progenitor cells, and KL is 
expressed by stromal cells. KL is produced in two forms because 
of alternative splicing of the mRNA: a soluble form and an integral 
membrane form.392,393 Both the soluble form and the stromal cell 
membrane–bound form of KL can stimulate HSCs, the former by 

free ligand-receptor binding and the latter by cell-cell contact. 
Activation of Kit is essential for the survival and development 
of immature hematopoietic progenitors. Kit and KL are not only 
important in hematopoiesis but are also produced in certain other 
developing tissues, where they have roles in pigmentation and 
gonadal function. KL is just one of a large number of hematopoi-
etic growth factors produced by stromal cells, some of which also 
exist in both soluble and membrane-bound forms, including Flt-3 
ligand (FL) 284,394,395 and macrophage colony-stimulating factor 
(colony-stimulating factor-1 [CSF-1]).396–398

Hematopoietic Stem Cell Niches in Bone 
marrow
The concept of the HSC niche as a microenvironment promoting 
the maintenance of HSCs was proposed by Schofield in 1978, 
but the bone marrow niche’s role in supporting HSC activity has 
only recently been identified in experimental animal models.399 
There has been rapid progress in what we have learned about 
HSC niches. The putative cellular components of the niche to date 
include endothelial cells, osteoblasts, mesenchymal lineage cells, 
and very recently, nonmyelinating Schwann cells. A comparison 
of these candidate cell types can be found in Table 5.5. Whereas 
osteoblasts were widely implicated as a critical component of 
the HSC niche,400–402 a number of observations have called 
into question the niche activity of osteoblasts: (1) organs with 
extramedullary hematopoiesis, such as the spleen and liver, do 
not have osteoblasts; (2) reductions in osteoblasts are not neces-
sarily associated with reductions in HSC403,404,405; (3) compared 
to nestin+ mesenchymal stem cells, sorted osteoblasts from bone 
have low expression of Cxcl12, Angpt1, Kitl, and Vcam1, four 
microenvironmental factors implicated in the maintenance and 
retention of HSC246; (4) DT injection in CXCL12-DTR-GFP mice 
did not reduce osteoblast numbers, suggesting that osteoblasts do 
not express high levels of Cxcl12406; and (5) although homotypic 
interactions between N-cadherin on osteoblasts and HSCs have 
been implicated as a critical niche interaction,402 there have 
been conflicting data on the effect of N-cadherin loss of function 
on HSCs.405,407–409

The so-called “vascular zone” at the center of the marrow cav-
ity consisting of a thin meshwork of fenestrated sinusoidal vessels 
has been suggested as the site of a possible vascular niche.410 
The vascular niche was also an early cellular candidate of the 
HSC niche based on the proximity of CD150+ HSC to sinusoidal 
endothelial cells in the BM.93 Although abrogation of VEGFR2 
signaling can reduce sinusoidal endothelial cells and impair HSC/
progenitor recovery after sublethal irradiation,411,412 compared to 
nestin+ MSCs, endothelial cells produce only low levels of niche 
factors, such as Cxc12, Angpt1, Kitl, and Vcam1.246 However, 
Morrison and colleagues recently demonstrated that knockdown 
of stem cell factor (SCF, kit ligand) on Tie2+ cells reduced HSC 
content in the BM by 5.2 fold.413 Endothelial cells were implicated 
as the Tie2-expressing population, but SCF expression on other 
Tie2+ stromal populations, including mesenchymal lineage cells, 
has not been ruled out.

The strongest candidate for the HSC niche cell is a mes-
enchymal lineage cell type. Three independent groups have 
described steady-state HSC niche candidate populations with 
evidence of mesenchymal stem/progenitor cell activity, namely, 
CXCL12-abundant reticular (CAR) cells,406 nestin+ cells,242 and 
leptin receptor (LepR+) perivascular cells.413 These cells express 
high levels of Cxcl12 and other molecules implicated in HSC 
maintenance (Kitl, Angpt1, and Vcam1), and loss of function 
studies with these cell types demonstrate reductions in HSCs 
(Table 5.5).242,406,413 Furthermore, human CD146+ mesenchymal 
stromal cells/adventitial reticular cells (ARCs) express angio-
poietin and are able to self-renew and form hematopoietic 
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CANDIDATES FOR CELLULAR IDENTITY OF THE HEMATOPOIETIC STEM AND PROGENITOR CELL NICHE

taBLe 5.5

Cell Type Phenotype
Frequency 
in BM

Produce Niche 
Factors?

Evidence of Functional Niche 
Activity

Osteoblasts N-cadherin+ CD45−402 NQ N-cadherin402 Increase in LSK and LTC-ICs in Col1-
caPRR and PTH-treated mice.400 
Increase in osteoblasts and LSK and CRU 
in Bmpr1 mutants.402 Reduction in LSK 
cells in GCV-treated Col2.3tk mice.401

Endothelial 
cells (“Vascular 
niche”)

VE-Cadherin+ 
VEGFR2+VEGFR3+411,412

NQ Jagged1, 
Jagged2412

Reduced LSK and CRU in sublethally 
irradiated mice treated with anti-VE-
Cadherin and anti-VEGFR2.412

Tie2+413 NQ Kitl413
5.2-fold reduction in LSKCD150+CD48−

CD41− HSC in  
Tie2-cre;Scffl/− mice.413

Mesenchymal 
lineage cells

CD45−Ter119−CXCL12+ 
Vcam1+ CD44+ CD51+ 
PDGFRa+ PDGFRb+406

0.27%406 Cxcl12, Kitl, 
Vcam1406

Reduction in LSKCD34−CD150+CD48− 
and competitive repopulation units in 
DT-treated Cxcl12-DTR-GFP mice.406

CD45−CD31− Nestin+242 0.08%242 Cxcl12, Angpt1, 
Kitl, Vcam1, ll7242

Reduction in LSKCD150+CD48−CD41− 
cells and LTC-IC after depletion of 
Nestin+ cells in TAM and DT-treated 
Nestin-CreERT2; iDTR mice.242

LeptinR+413 NQ Cxcl12, Kitl413 >5-fold reduction in LSKCD150+CD48−

CD41− HSC in  
Lepr-cre;Scffl/− mice.413

Nonmyelinating 
Schwann cells

GFAP+416 0.004%416 Cxcl12, Angpt1, 
Kitl, Tpo416

Reduction in LSKCD34− and competitive 
repopulation units after surgical lumbar 
sympathectomy.416

NQ, not quantified; Kitl, Kit ligand; Vcam1, vascular cell adhesion molecule 1, Il, Interleukin, TPO, thrombopoietin.

microenvironments in immunocompromised mice.414 Since all 
these mesenchymal stromal populations have been anatomically 
and/or functionally associated with pericytes/mural cells, these 
cells, which are found in both the endosteum and bone marrow 
proper, can potentially reconcile the previous findings supporting 
both an osteoblastic and vascular HSC niche.415

Recently, Nakauchi and colleagues have asserted that latent 
TGFb-expressing, GFAP+ populations of nonmyelinating Schwann 
cells are critical for HSC maintenance, as celiac ganglionectomy 
rapidly led to the degeneration and loss of nonmyelin Schwann 
cells and reduced HSC content in the BM.416 Whether this popula-
tion of cells expresses the appropriate HSC maintenance factors 
and whether more specific depletion of this population results in 
the same reduction in HSC content will further elucidate the rela-
tive contribution of this niche to HSC maintenance.

Multiple stromal cell populations contribute to HSC mainte-
nance, and future work will further dissect whether there are 
subsets of niches that are more suitable for HSCs versus hemato-
poietic progenitors, or among progenitors.

erythroid Niches in Bone marrow
Before stromal niches for HSCs were proposed by Schofield 
in 1978, the first nurse cell in the hematopoietic system was 
proposed by Bessis in 1958 to be a macrophage promoting red 
blood cell development in erythroblastic islands.417,418 Although 
not yet formally proven to have a role in erythropoiesis in vivo, 
these macrophage-erythroblast interactions have been shown in 
vitro to support the proliferation and viability of developing red 
cells. It is unknown how macrophages maintain erythroblasts, 
but VCAM-1-VLA-4, CD51-ICAM4, and homotypic interactions 

between erythrocyte membrane protein (EMP) have been shown 
to be critical for adhesive interactions in vitro.418 Future work 
should elucidate the contribution of these erythroblast island 
niches in vivo.

B Cell Niches in Bone marrow
The CXCR4-CXCL12 axis has been implicated in B cell develop-
ment because chimeric mice reconstituted with CXCR4-deficient 
fetal liver cells have reduced B cell precursors.419 As Nagasawa 
and colleagues pursued CXCL12-expressing niches for B cells in 
the bone marrow, they discovered that the earliest committed B 
cell precursors, the pre-proB cells, localized around CAR cells, 
which did not express IL-7.420 As they mature to proB cells, they 
migrate away from CAR cells to IL-7-expressing stromal cells. 
Then, after peripheral maturation, plasma cells home back to the 
BM to reside near CAR cells. It is unclear how CAR cells that do not 
express IL-7 promote B cell development. It is possible that CAR 
cells retain pre-proB cells and plasma cells so that a third cell type 
can exert regulation. Indeed, there is evidence that macrophage 
inhibitory factor (MIF) derived from BM resident dendritic cells 
is able to promote survival B cells421 in the bone marrow. Future 
work will uncover the mesenchymal and hematopoietic contribu-
tions to the B cell niche in the bone marrow.

perSpeCTiveS
The hematologic system is a tightly regulated organ system in 
which a host of different cell types with varied developmental 
potential and effector capacity work in concert to ensure efficient 
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oxygen delivery, hemostasis, and immunosurveillance. They 
are regulated by each other and also by the non-hematopoietic 
stroma. In spite of all this complexity, most hematopoietic cells 
originate from HSCs in the bone marrow. This is critical in the 
context of bone marrow transplantation and other clinical sce-
narios in which a rebooted hematopoietic system is desired. The 
following chapters will discuss lineage-specific examples when the 
hematopoietic system becomes dysregulated.
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S E C T I O N  2

eryTHropoieSiS

Concept of the Erythron
“There is, unfortunately, no name for this tissue (or organ), and it 
will save a good deal of paraphrasing and probably some confu-
sion if we make one and call it erythron.”1

The entire process by which red cells are produced in the bone 
marrow is termed erythropoiesis. For descriptive purposes, the 
process can be divided into various stages, including the commit-
ment of pluripotent stem cell progeny to erythroid differentiation, 
the erythropoietin (Epo)-independent or early phase of erythro-
poiesis, and the Epo-dependent or late phase of erythropoiesis. 
Under normal conditions, erythropoiesis results in a red cell pro-
duction rate such that the red cell mass in the body remains con-
stant, indicating the presence of regulatory control mechanisms. 
The control mechanisms regulating the later phases of erythropoi-
esis are better understood than those regulating the early phases. 
The hormone Epo is established as the major factor governing 
red cell production.2–4 Erythropoiesis involves a great variety and 
number of cells at different stages of maturation, from stem cell 
progeny committed to erythroid differentiation to the mature cir-
culating red cell (Fig. 6.1). The whole mass of these erythroid cells 
has been termed the erythron,1 a concept that emphasizes the 
functional unity of the red cells, their morphologically recogniz-
able marrow precursors, and the functionally defined progenitors 
of these precursors. The concept of erythron as a tissue has thus 
far contributed significantly to the understanding of the physiol-
ogy and pathology of erythropoiesis.

eryTHroid CeLLS

Committed Erythroid Progenitors
The processes leading from the undifferentiated hematopoietic 
stem cell to erythroid commitment are discussed in Chapter  5. 
Erythroblasts in the bone marrow are generated from prolif-
erating and differentiating earlier, more immature erythroid 
cells termed erythroid progenitors. These progenitor cells are 
detectable functionally by their ability to form in vitro erythroid 
colonies.5 The development of tissue culture techniques for clon-
ing hematopoietic progenitor cells in semisolid culture media 
in vitro has led to the recognition and assay in the human and 
murine bone marrow of at least two erythroid progenitors, the 
colony-forming unit–erythroid (CFU-E) and the burst-forming 
unit–erythroid (BFU-E). Under the influence of Epo, these progeni-
tors can grow in semisolid culture media and give rise to colonies 
of well-hemoglobinized erythroblasts. A two-phase liquid culture 
system that models human erythroid development has also been 
described.6

C h a P T E r  6

T h E  E r y T h r O C y T E

Colony-forming Unit–Erythroid
The CFU-E is an erythroid cell closely related to the proeryth-
roblast.7 Under the influence of low concentrations of Epo, 
it gives rise (in 2 to 3 days in murine and in 5 to 8 days in 
human marrow) to colonies of 8 to 32 well-hemoglobinized 
cells7–10 (Fig.  6.2). The clonal origin of these colonies has been 
demonstrated by glucose-6-phosphate dehydrogenase–isoenzyme 
analysis.11 Morphologically, CFU-E purified from progenitor cell 
cultures appear as immature cells with fine nuclear chromatin; 
a well-defined, large nucleolus; a high nuclear–cytoplasmic ratio; 
a perinuclear clear zone; and basophilic cytoplasm with pseudo-
pods.12,13 On electron microscopy, this cell appears as a primitive 
blast with dispersed nuclear chromatin, a prominent nucleolus, 
and an agranular cytoplasm containing clumps of mitochondria 
and frequent pinocytotic vesicles.12 The number of CFU-E in the 
human marrow ranges from 50 to 400/105 light-density, nonad-
herent, nucleated cells and varies significantly with the methods 
used for cell separation and the culture conditions. The majority 
of CFU-E are in a phase of active DNA synthesis (S phase) as 
demonstrated by a 70% to 90% killing of cells after short exposure 
to 3H-thymidine in vitro (3H-thymidine suicide) or after admin-
istration of cycle-specific chemotherapeutic agents in vivo.14–16 
The size of the CFU-E compartment in intact animals depends 
on the levels of circulating Epo. Anemia associated with high 
Epo levels or the administration of Epo leads to expansion of the 
CFU-E compartment, whereas transfusion-induced polycythemia 
leads to low Epo levels and a significant reduction of the CFU-E 
compartment.16 From a number of in vitro studies, it has been 
established that the CFU-E is the most Epo-sensitive cell, carrying 
the highest density of Epo receptors (EpoR) on its surface, and it 
is also absolutely dependent on Epo for its survival. In the absence 
of Epo, CFU-E rapidly undergoes programmed cell death (apopto-
sis)12,17,18,19,20 Although the first phase of CFU-E differentiation is 
Epo-dependent, the later stages are not.21

Highly purified CFU-E has been isolated from murine fetal liver 
cells; this is defined in flow cytometry studies as expressing c-kit, 
the receptor for the cytokine stem cell factor (SCF), negative for 
a number of lineage markers (Ter119, B220, Mac-1, CD3, Gr-1, 
CD32/16, Sca-1, and CD41), and having high cell surface expres-
sion of the transferrin receptor (TfR) (CD71) and the heat stable 
antigen, CD24.13

Burst-forming Unit–Erythroid
The BFU-E is an erythroid progenitor that is much more imma-
ture than the CFU-E, and more closely related to the multipotent 
hematopoietic stem cell, as indicated by its cell size, buoyant 
density, and the relatively low percentage of these cells in active 
DNA synthesis (0% to 25%).15,16,22,23 In contrast to CFU-E, BFU-E 
also has a (limited) capacity for self-renewal and is detectable in 
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the peripheral blood at a concentration of 0.02% to 0.05% of light-
density mononuclear blood cells.24,25 BFU-E can be separated 
from CFU-E by its slower velocity sedimentation at unit grav-
ity.26 Morphologically, the BFU-E appears as a very immature 
blast cell with slightly oval, moderately basophilic cytoplasm with 
occasional pseudopods, very fine nuclear chromatin, and large 
nucleoli.13,19 On electron microscopy, the cytoplasm contains 
polyribosomes and is less abundant than in CFU-E, whereas the 
nucleus contains small amounts of clumped heterochromatin and 
prominent nucleoli.19

In the presence of Epo and under the influence of other 
cytokines that act on early hematopoietic cells, such as interleu-
kin-3 (IL-3), IL-6, granulocyte–macrophage colony-stimulating 
factor (GM-CSF), thrombopoietin (Tpo), and SCF, the BFU-E 
progenitor gives rise in 5 to 7 days in mice and in 14 to 16 
days in humans to clusters of many erythroid colonies (a large 
“burst”) containing a total of 500 to more than 30,000 to 40,000 
well-hemoglobinized erythroblasts (Fig. 6.3). Cytokines such 
as transforming growth factor (TGF) b, tumor necrosis factor 
(TNF) a, and interferon (IFN) g, on the other hand, suppress 

progenitor proliferation. The clonal origin of BFU-E–derived 
erythroblasts has been demonstrated by characterization of 
the type of hemoglobin produced by cells in single colonies in 
co-culture experiments of bone marrow cells from a patient 
with homozygous hemoglobin C and marrow cells from another 
patient with homozygous hemoglobin S disease.27 The BFU-E 
can be considered as a progenitor of the CFU-E. Indeed, after 6 
to 8 days in culture, cells generated from human BFU-E have all 
the functional characteristics of CFU-E.12 The concentration of 
BFU-E in human bone marrow varies from 10 to 50/105 nucle-
ated cells; however, this number fluctuates widely depending on 
the cell separation methods and culture conditions. From both 
in vitro and in vivo experiments, it has been established that 
the early stages of BFU-E proliferation and differentiation are 
Epo independent.16,19,23 BFU-E can survive in vitro for 48 to 
72 hours in the absence of Epo, but it is absolutely dependent on 
IL-3 for survival.19 Only 20% of blood BFU-E expresses a very 
low density of EpoR detectable by autoradiography.19 The size 
of the BFU-E compartment in the marrow of animals remains 
unaffected by the acute changes in the levels of circulating Epo 
induced by anemia or transfusional polycythemia.16 Anemia 
can induce an increase in the cycling of BFU-E without affecting 
their numbers,28 and in vitro Epo can induce BFU-E into DNA 
synthesis.29 In humans, chronic administration of Epo is associ-
ated with an increase in the concentration and cycling status of 
marrow BFU-E; however, these changes are also seen in granu-
locytic–monocytic and megakaryocytic CFUs (CFU-GM, CFU-MK), 
and multilineage progenitors such as CFU-GEMM, indicating 
that, at the early progenitor cell level, the marrow responds to 
Epo as an organ in a non–lineage-specific manner.30 All these 
evidences indicate that the early stages of erythropoiesis at the 
BFU-E level are Epo independent, and Epo dependence devel-
ops at a stage between BFU-E and CFU-E.19 The distinction 
between early (BFU-E) and late (CFU-E) erythroid progenitors, 
although valid, is by itself artificial. There is a variety of cells 

Figure 6.2. A day 7 colony-forming 
unit–erythroid–derived colony of 
erythroblasts containing 16 cells.

Figure 6.3. A day 15 human bone marrow burst-forming unit–erythroid–derived burst 
(group of colonies) of erythroblasts containing over 1,000 cells.

Figure 6.1. Schematic representation of the differentiation of erythroid cells from 
multipotent hematopoietic stem cells. BFU-E, burst-forming unit–erythroid; CFU-E, colony-
forming unit–erythroid; CFU-GM, colony-forming unit–granulocyte–monocyte; CFU-MK, colony-
forming unit–megakaryocyte; CMP, common myeloid progenitor; GMP, granulocyte–monocyte 
progenitor; MEP, megakaryocyte/erythroid progenitor.
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between BFU-E and CFU-E that form a continuum of erythroid 
progenitors at different stages of differentiation with properties 
between those of BFU-E and CFU-E. As an example, a sub-
class of erythroid progenitors termed mature BFU-E has been 
described in human and murine marrow.14,15 These cells share 
properties of both CFU-E and BFU-E. They have a proliferative 
potential lower than BFU-E but higher than CFU-E, their cycling 
status is also intermediate between CFU-E and BFU-E, and they 
do not exhibit IL-3 dependence, but show relative Epo depen-
dence.14,15,18 Thus, the evidence suggests that during erythroid 
development, early progenitors of high proliferative potential in 
a relatively low cycling status with absolute dependence on IL-3 
and responsiveness to, but not dependence on, Epo differentiate 
progressively through various stages into later progenitors of 
low proliferative potential with a high cycling status that are IL-3 
independent and totally Epo dependent.

Increasingly, in place of functional definition of erythroid pro-
genitors, studies, especially in mice but also in humans, allow for 
prospective identification of progenitors using cell surface mark-
ers.31,32 As noted above, recent work, for example, using murine 
fetal liver cells as a source of hematopoietic—at the fetal liver 
stage predominantly erythroid—cells allows isolation of BFU-E 
and CFU-E progenitors with 94% and 95% purity, respectively: 
although both these erythroid progenitors express c-kit, BFU-E 
is distinguished from CFU-E as it has much lower cell  surface 
expression of CD24 and CD71.13

Erythroid Precursors
The least mature recognizable erythrocyte precursor cell is 
known as the proerythroblast (or pronormoblast). The vari-
ous stages of maturation, in order of increasing maturity, are 
proerythroblasts, basophilic erythroblasts, polychromatophilic 
erythroblasts, and orthochromatic erythroblasts. The morpho-
logic characteristics of each stage, as seen with light microscopy 
after staining with Romanowsky dyes, are widely agreed upon. 
Cytoplasmic maturation is assessed by the change in staining 
characteristics, as the deep blue color derived from the high 
RNA content of immature cells gives way to the red color char-
acteristic of hemoglobin. Nuclear maturation is evaluated by the 
disappearance of nucleoli and the condensation of chromatin 
as nuclear activity decreases. In addition, there is a gradual 
decrease in cell size and EpoR expression and terminally exit 
from the cell cycle.

Stages of Erythroblastic Differentiation
The proerythroblast is a round or oval cell of moderate to large 
size (14 to 19 mm diameter; Figs. 6.4A and 6.5A). It possesses a 
relatively large nucleus, occupying perhaps 80% of the cell, and a 
rim of basophilic cytoplasm. The nucleus of the youngest cells in 
this group differs little from that of the myeloblast. Nucleoli are 
seen and may be prominent. Only small amounts of hemoglobin 
are present that cannot be detected by Giemsa stain. As compared 
with that of myeloblasts and lymphoblasts, the cytoplasm is more 
homogeneous and condensed and may appear granular. A small 
pale area may be found in the cytoplasm, probably correspond-
ing to the Golgi apparatus.33 The nuclear chromatin is somewhat 
coarser than that in myeloblasts or lymphoblasts.

The basophilic erythroblast is similar to the proerythroblast 
except that nucleoli are no longer visible and the cell is smaller 
(12 to 17 mm in diameter; Figs. 6.4B and 6.5B). Condensation of 
chromatin (formation of heterochromatin) begins and, on light 
microscopy, the chromatin may appear coarse and granular; thus, 
there is little resemblance to the myeloblast. The nuclear structure 
may assume a wheel-spoke arrangement. Ribosomes reach their 
maximum number during this stage, and thus the cytoplasm is 
deeply basophilic. Cytoplasmic color changes during subsequent 

stages reflect the increase in acidophilic hemoglobin and the 
decreasing amount of ribosomal RNA.

The first faint blush of hemoglobin, as indicated by one or 
more pink areas near the nucleus in dry fixed preparations, 
introduces the next stage, the polychromatophilic erythroblast 
(Figs. 6.4C and 6.5C,D). Increasing chromatin condensation is 
seen and irregular masses of chromatin are formed. Nucleoli are 
not visible. The nucleus is smaller (7 to 9 mm) as is the cell as a 
whole (12 to 15 mm).

When the cytoplasm possesses almost its full complement of 
hemoglobin, the cell is termed an orthochromatic erythroblast 
(Figs. 6.4D and 6.5E). It is the smallest of the nucleated eryth-
rocyte precursors (8 to 12 mm in diameter). At this stage, the 
nucleus undergoes pyknotic degeneration, the chromatin becomes 
greatly condensed, and the nucleus shrinks. It may assume vari-
ous bizarre forms such as buds, rosettes, and clover leaves prior 
to extrusion (Fig. 6.6).

After the nucleus is extruded, the cell is known as a reticu-
locyte. These cells are larger than mature erythrocytes, per-
haps 20% greater in volume.34 They retain certain cytoplasmic 
organelles, such as ribosomes, mitochondria, and the Golgi 
complex (Fig. 6.6C,D), and have special staining characteristics. 
Methyl alcohol or similar fixative agents used in staining cause 
precipitation of the ribosomal RNA. Such cells may thus appear 
uniformly blue or gray (diffuse basophilia), or basophilic shades 
may be intermingled with pink-staining areas (polychromato-
philia or polychromasia). Certain supravital staining techniques 
(see Chapter 1) cause the ribosomal RNA to precipitate or 
aggregate into a network of strands or clumps termed reticu-
lum; for example, cresyl blue agglutinates the ribosomes. As the 
reticulocyte matures, the various organelles decrease in number. 
Usually the mitochondria disappear first and the ribosomes last. 
“Autophagic vacuoles” (secondary lysosomes) containing degen-
erated organelles may be seen. The shape of the reticulocyte, as 
revealed by the scanning electron microscope, differs from that 
of the mature erythrocyte. Only in the late stages of maturation 
does the bilaterally indented disc shape of the mature red cell 
appear.

Flow Cytometric analysis of Erythroid 
Precursors
It is now possible to broadly distinguish populations of murine 
or human erythroid precursors by analyzing patterns of anti-
bodies binding to cell surface antigens. Analyses of murine 
hematopoietic tissues (bone marrow, spleen,31 or fetal liver35) 
demonstrate that the TfR (CD71) is expressed at very high 
levels by the early erythroid precursors, proerythroblasts, and 
early basophilic erythroblasts (for iron uptake for high-level 
heme synthesis) and that CD71 expression then decreases with 
erythroid maturation (and decreasing heme synthesis). On the 
other hand, Ter-119 (an antibody that recognizes an antigen 
associated with the predominant mature red cell membrane 
glycoprotein, glycophorin A) is expressed at intermediate levels 
in proerythroblasts and subsequently at high levels in more 
differentiated precursors.31 Thus, double immunostaining for 
these antigens (while excluding anucleate red cells) results in 
four cell populations, CD71highTer119med, CD71highTer119high, 
CD71medTer119high, and CD71lowTer119high corresponding 
broadly to proerythroblasts, basophilic, polychromatophilic, and 
orthochromatic erythroblasts, respectively. Similar immunos-
taining has also been examined during differentiation of human 
erythroid precursors; however, TfR expression appears to be 
more variable. Recent studies of human proerythroblast matu-
ration indicate that the combination of CD36 (a high-affinity 
scavenger receptor36) and CD71 expression can be reliably used 
to discern basophilic, polychromatophilic, and orthochromatic 
erythroblasts by flow cytometry.37
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A B

C D

Figure 6.4. Maturation of erythroblasts as seen 
with transmission electron microscopy. Proerythro-
blast (A), basophilic erythroblast (B), polychromatophilic 
erythroblast (C), and orthochromatic erythroblast (D). 
(Courtesy of Dr. Carl Kjeldsberg.)

Proliferation and Maturation of the Erythron
Within the erythron, cellular maturation and proliferation pro-
ceed simultaneously. Although BFU-E progenitors have limited 
self-renewal capacity, CFU-E and the erythrocyte precursors are 
functionally destined to mature; thus, they are incapable of self-
maintenance. In response to acute demands, such as hemorrhage 
and hemolysis, maintenance of the erythron occurs primarily 
through the action of Epo promoting both progenitor proliferation 
(in part through increasing the CFU-E pool by reducing apop-
tosis19) and accelerating terminal maturation. As discussed, a 
majority of CFU-E progenitors, however, are already in cycle and 
can undergo at most three to five divisions with maximal Epo 
stimulation, thus limiting the erythron response. With greater or 
more chronic demands there appears to be an increase in BFU-E 
self-renewal divisions to further increase the size of the CFU-E 
pool.38 Obviously even greater requirements, for example, during 
recovery from bone marrow irradiation, necessitate input from 
the stem cell compartment (see Chapter 5). When severe anemia 
is present from birth, for example, in patients with thalassemia 
major, a congenital hemolytic anemia (Chapter 38), there is, in 
addition to maximal expansion of the various erythroid pro-
genitor and precursor compartments, expansion of the sites of 

erythropoiesis from the axial bones (vertebra, pelvis, clavicles, 
ribs, and sternum) to other sites, potentially including the femurs, 
humeri, skull, spleen, liver, and even thymus.

A scheme of the proliferation of the erythron and its various 
stages of development is presented in Figure 6.1. It takes approxi-
mately 12 to 15 days for a cell at the BFU-E stage to mature 
into erythroblasts. Within 6 to 8 days, a BFU-E proliferates and 
differentiates into a CFU-E, which needs another 5 to 7 days to 
proliferate and develop into basophilic erythroblasts: a period 
during which the CFU-E undergoes three to five successive divi-
sions. Probably, three to five cell divisions also occur during the 
maturation of erythroid precursors.39 Thus, 8 to 32 mature red 
cells are derived from each proerythroblast. Cell division ceases 
at the stage of polychromatophilic erythroblasts. Orthochromatic 
erythroblasts cannot synthesize DNA and, therefore, cannot 
divide. Two events may decrease the theoretic yield of cells. 
One of these is the death of erythrocytes before or shortly after 
release from the marrow (ineffective erythropoiesis) (Chapter 22). 
The second is a skipped cell division, a phenomenon that may 
occur with increased Epo stimulation and that results in a large 
hemoglobin-poor cell (Chapter 22). These events occur only to a 
limited extent in normal subjects but occur much more frequently 
under pathologic circumstances.
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A

C D E

B

Figure 6.5. erythroblasts. Proerythroblast (A); basophilic erythroblast (B); early (C) and 
late (D) polychromatophilic erythroblasts; orthochromatic erythroblast with stippling (e). 
 Magnification ×1,000; Wright stain.

The biochemical events that occur in stem cell progeny during 
commitment to erythroid differentiation are incompletely under-
stood. The same holds true for the committed early erythroid 
progenitor BFU-E. This cell is IL-3 dependent and expresses only 
small numbers of EpoR.19 Within 72 hours in culture, these cells 
become fully dependent on Epo (“mature” BFU-E) and, in its pres-
ence, proliferate and differentiate into CFU-E progenitors.12,19 
With Epo stimulation there is selective up-regulation of transcrip-
tion factors, including GATA1,40 KLF1 (previously called EKLF41), 
and NFE2.42 GATA1 interacts with SCL/Tal1 (with LMO2, LDB1, 
and E2A), or with KLF1 and others in multiprotein complexes 
that associate with and activate (or, for example, with FOG1 and 
Gfi-1b and repress) erythroid genes.38,43,44,45

At this (CFU-E) stage, a number of differentiation events can 
be detected. From studies in murine erythroid cells, it has been 
established that Epo induces an increase in mRNA synthesis and 
that this is closely followed by the induction of murine globin 
gene transcription.46 Other biochemical events associated with 
terminal erythroid differentiation include increased uptake of 
calcium and glucose, synthesis of TfRs, increased iron uptake, 
hemoglobin synthesis, and the appearance of erythrocyte mem-
brane proteins (e.g., bands 3 and 4.1).47–50 It appears that there 
is a GATA1-dependent phase of differentiation, controlling EpoR, 
antiapoptotic genes, and alpha (a–) globin gene expression that 
is succeeded by a KLF1-dependent phase.44,51 KLF1 appears to 
regulate the expression of genes essential for many key aspects 
of terminal erythroid differentiation including those encoding 
for major cytoskeletal and cell membrane proteins (ankyrin, 
band 3, band 4.1, dematin, and glycophorins A and C), iron 
transport proteins (TfR at the cell membrane and mitoferrin-1 
[Mfrn1] in mitochondria52), heme synthesis enzymes, a- and beta 
(b)-globin chains, and a-hemoglobin stabilizing protein (AHSP, 
which stabilizes a-globin chains and increases their affinity for 
b-globin chains41,51,53). Hemoglobin synthesis continues as the 
cell matures into a basophilic erythroblast, and, at the polychro-
matophilic erythroblast stage, enough hemoglobin has accumu-
lated in the cytoplasm to give the cell the mild acidophilic reaction 

that is detected by Romanowsky stains. Hemoglobin synthesis 
continues through the orthochromatic stage and persists at a very 
low rate in the reticulocyte after enucleation. Mature red cells, 
being devoid of ribosomes, are unable to synthesize hemoglobin.

As previously noted, morphologic evidence of decreasing 
erythroid precursor nuclear activity (heterochromatin formation) 
can be seen as early as the basophilic erythroblast stage. By the 
orthochromatic stage, the nucleus is completely inactive, unable 
to synthesize either DNA or RNA. The factors leading to cessation 
of nuclear activity are not fully understood, but it has been sug-
gested that it is related to the intracellular hemoglobin concentra-
tion.54 Hemoglobin is found within the nucleus, possibly gaining 
entrance through pores in the nuclear membrane.54–56 After 
reaching a critical concentration,54 nuclear hemoglobin may react 
with nucleohistones, thereby bringing about chromosomal inac-
tivation and nuclear condensation. According to this hypothesis, 
the number of cell divisions and the ultimate erythrocyte size are 
related to the rate of hemoglobin synthesis. For example, micro-
cytic cells are produced in iron deficiency because it takes longer 
to reach the critical hemoglobin concentration and the generation 
time is unaffected; hence, more cell divisions occur before nuclear 
inactivation, and the resulting cell is small. In contrast, the macro-
cytes observed when erythropoiesis is stimulated may be the end 
results of an Epo-induced acceleration of hemoglobin synthesis, 
which in turn leads to an earlier onset of nuclear degeneration 
and a reduced number of cell divisions. Consistent with this 
hypothesis is the observation that the mean corpuscular hemoglo-
bin concentration is relatively constant in a variety of mammalian 
species, even though erythrocyte size varies greatly.57 Recent 
studies indicate that deacetylation of nucleohistones is critical 
for formation of heterochromatin and nuclear condensation, and 
inhibition of deacetylation (by, e.g., HDAC inhibition or ectopic 
expression of the histone acetyl transferase Gcn5) impedes chro-
matin condensation and enucleation during terminal erythroid 
differentiation.58

After the nucleus degenerates, it is extruded from the cell.59 
This process, as observed in living erythroblasts by phase con-
trast microscopy,60 is completed in 5 to 60 minutes. During the 
extrusion process, mitochondria and cytoplasmic vesicles accu-
mulate near the nuclear border.33,61 The role of these structures 
in nuclear extrusion is not entirely clear, but supravital staining 
with Janus green B, a mitochondrial toxin, inhibits enucleation.59 
The extruded nucleus carries with it a rim of cytoplasm, including 
ribosomes, hemoglobin, and occasional mitochondria.

Enucleation is a process similar to cytokinesis during asym-
metric cell division and does not seem to depend on either the 
presence of extracellular matrix proteins or accessory cells.62 
However, the rate of enucleation of murine erythroleukemia 
(MEL) cells is increased when cultured in fibronectin-coated tis-
sue culture dishes.63 Among the various cytoskeletal proteins, 
filamentous actin plays an important role in the process of enucle-
ation, accumulating between the extruding nucleus and the incipi-
ent reticulocyte (“cortical actin ring”). Supporting the major role 
of filamentous actin in the process of enucleation is the fact that 
low concentrations of cytochalasin D cause complete inhibition 
of enucleation.62 A Rac GTPase that activates mDia2, a formin 
involved in nucleation of actin filaments, is absolutely required 
for formation of the actin ring and enucleation.64 Colchicine, 
which disrupts microtubule formation also impairs enucleation.65 
Interestingly, none of the major erythroid cytoskeletal proteins are 
found in the region of the plasma membrane that surrounds the 
extruded nucleus, suggesting degradation at the site of extrusion. 
Nurse cells are macrophages at the center of an island of erythro-
blasts that appear to regulate terminal erythropoiesis, supplying 
developmental signals and iron (and perhaps heme66) to adjacent 
erythroid cells.67 Erythroblast macrophage protein, expressed on 
erythroblasts and macrophages, appears to be important for the 
formation of erythroblast islands and erythroblast enucleation.68 
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A B

C D

Figure 6.6. Formation of reticulocytes. (A) Eryth-
roblast expelling nucleus. (B) Erythroblast nucleus 
after expulsion, with rim of cytoplasm. (C) Reticulocyte 
immediately after expulsion of nucleus. (D) Reticulocyte. 
(Courtesy of Dr. Carl Kjeldsberg.)

However, as with Rac GTPase-deficient cells, EMP-deficient ery-
throid cells have impaired differentiation which may decrease 
nuclear condensation and enucleation rates.68 The importance of 
microRNAs (miRNA)—small nonprotein–coding RNAs that each 
down-regulate multiple genes posttranscriptionally—in erythro-
poiesis is being increasingly recognized.69 Recent studies suggest 
a role for miR-191 in erythroid enucleation. miR-191 is normally 
down-regulated with erythroid differentiation; overexpression, 
however, represses Mxi1 and Riok3, preventing the physiologic 
down-regulation of Gcn5 expression, chromatin condensation, 
and enucleation.38

Within the marrow, enucleation may sometimes occur as the 
erythroblast traverses the endothelial cell that forms the sinus 
wall.70 The erythroblast cytoplasm and small organelles (ribo-
somes and mitochondria) squeeze through endothelial cell cyto-
plasmic pores 1 to 4 mm in diameter, but the more rigid nucleus 
cannot conform to this pore size. The nucleus thus becomes 
caught and “pitted” from the cell. Passage through the endothe-
lial pores is not essential to enucleation, however, because the 
whole process can be observed in vitro.60,62 Soon after enucle-
ation, the nucleus is engulfed by an adjacent macrophage. The 
cell may remain within the marrow as a reticulocyte for several 
days. After release, the reticulocyte may be sequestered for 1 to 
2 days in the spleen.71 Here, additional maturation may occur, 

and the composition of the membrane lipids may be altered. As 
the reticulocyte matures to an adult erythrocyte, it loses its abil-
ity to synthesize hemoglobin.72 RNA appears to be catabolized 
by a ribonuclease. The resulting oligonucleotides are probably 
further degraded by phosphodiesterases and phosphatases to 
pyrimidine nucleotides. A specific pyrimidine 5′-nucleotidase 
found in reticulocytes dephosphorylates these nucleotides, and 
the free pyrimidine bases can then leak out of the cell.73 If the 
pyrimidine 5′-nucleotidase is lacking because of hereditary defi-
ciency73 or lead poisoning,74 RNA degradation is greatly retarded, 
and basophilic stippling due to retained RNA aggregates becomes 
prominent.

BioSyNTHeSiS of HeMoGLoBiN
As hemoglobin accounts for approximately 90% of the dry 
weight of the mature red cell, the biosynthesis of hemoglobin is 
intimately related to erythropoiesis. As detailed in the previous 
section, many of the morphologic criteria used in staging the 
maturation of erythrocyte precursors are related to hemoglobin 
production and content. Furthermore, the initial events associ-
ated with the differentiation of CFU-E into erythrocyte precursors 
include the activation of genes relating to hemoglobin synthesis.46 
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Three complex metabolic pathways are required for hemoglobin 
synthesis,  corresponding to the three structural components of 
hemoglobin: protein (globin), protoporphyrin, and iron. The first 
two of these are discussed in the pages to follow. Iron metabolism 
is described in Chapter 23.

Globin Synthesis

Globin Genes and the Structure of Chromatin
Distinct structural genetic loci exist for each of the polypeptide 
chains in hemoglobin (see also Chapter 34). Thus, there are a, b, 
g, d, and â genes. In most human populations, the a genetic locus 
is duplicated, and there are four (two pairs of) identical a genes in 
normal subjects.75,76 There are also at least two different pairs of 
g genes, one (Gg) coding for a g-chain with glycine at position 136 
and another (Ag) coding for a g-chain with alanine at the same 
position.77 In contrast, only single (pairs of) genes code for the b- 
and d-chains, respectively.

The a-gene cluster (approximately 30 kb) is located on the short 
arm of chromosome 16 and also contains the locus encoding for the 
z-chain,78 while the b-gene cluster (approximately 50 kb) is located 
on chromosome 11 and includes the genes for the Gg-, Ag-, d-, and 
â-globins.78,79 A schematic representation is shown in Figure 6.7.

The differentiation of erythroid progenitors to erythroblasts is 
accompanied by the activation of the genes involved in erythroid 
differentiation, including the globin genes.46,80 The active genetic 
regions of DNA (5% to 10% of the genetic material in erythro-
blasts78) make up the open portion, or euchromatin, of nuclear 
material, whereas unexpressed genes (the majority of genes in 
the nucleus) are included in the condensed, or heterochromatin, 
fraction. Chromatin is described as a nucleoprotein that contains, 
packages, and provides an instructive scaffold for nuclear DNA.81 
Thus modulation of the expression of genes, including the globin 
genes may be imposed by the chromatin structure, which includes 
not only strands of DNA, but also histone and nonhistone proteins.

Transcription, Messenger RNA Processing,  
and Translation
Globin mRNA, like most eukaryotic mRNAs, is synthesized 
in a precursor form that is two to three times as long as the 
 molecule that ultimately serves as the template for protein syn-
thesis.75,78,80 These precursor molecules, heterogeneous nuclear 
RNA, undergo “processing” to be converted into the final mRNA.82 
Posttranscriptional processing includes “capping” at the 5′ end of 
the molecule, polyadenylation at the 3′ end, and “splicing,” which 
results in removal of so-called intervening sequences or introns. 
Abnormal splicing of, for example, b-globin mRNA transcripts is a 
common cause of thalassemia.

The primary structure of mRNA can be divided into four 
regions: the 5′ untranslated region (which includes the cap), the 
translated or coding region, the 3′ untranslated region, and the 

polyadenosine region. The “cap” is characterized by an atypical 
5′-triphosphate-5′ linkage with guanosine-5′-triphosphate (GTP) 
and methylation of adjacent nucleotides. This structure appears 
to be essential for maximal translational activity and enhances 
mRNA stability. The cap is followed by an untranslated region 
(“5-UTR”) of 36 nucleotide bases in a-globin mRNA and 53 bases 
in b-globin mRNA. The difference may explain the observation 
that b-mRNA is translated more efficiently than a-mRNA.78,80 
Normally, this relatively inefficient translation of the a-chain is 
compensated for by an increased amount of a-mRNA. The trans-
lated sequence begins with an initiator sequence of three bases 
(AUG) followed by a sequence of triplet codons, each of which 
corresponds to an amino acid in globin, according to the genetic 
code. The translated sequence ends with a terminator codon 
(UAA), which is followed by a noncoding area and a terminal 
polyadenosine region, of variable length, that affects the stability 
or half-life of the molecule. The number of adenosine residues 
appears to decrease as mRNA ages83; in older reticulocytes, 
mRNA may contain little or no polyadenosine. Globin mRNA is 
quite stable, with a half-life of up to 48 hours, allowing reticulo-
cytes to continue to produce hemoglobin after enucleation.

Regulation of Globin Synthesis
Heme is of particular importance in controlling the rate of globin 
synthesis.84,85 It stimulates globin synthesis in intact reticulocytes 
and cell-free systems, and, in its absence, polyribosomes disag-
gregate.86–88 The major effect of heme is exerted on the chain-ini-
tiation step in translation. In the absence of heme, an inhibitor of 
globin synthesis accumulates.89,90 This inhibitor, heme-regulated 
eIF2a kinase (HRI), acts by phosphorylating the a-subunit of 
an initiation factor, eIF-2 that promotes binding of tRNAmet

F to 
ribosomes, to shut down protein synthesis.91,92 HRI, which has 
two heme binding sites thus serves as a sensitive intracellular 
heme “sensor” that closely coordinates heme availability with 
globin chain production to prevent the accumulation of excessive 
unfolded globin proteins.93 Studies of the hri knockout mouse 
verify the importance of this protective mechanism during high-
level hemoglobin synthesis. HRI function is especially important 
in iron (resulting in heme) deficiency: In these circumstances, 
the continued globin production in hri–/– mice results in cytotoxic 
globin protein precipitates, causing oxidative stress, and apoptosis 
of late erythroid precursors.94 Interestingly, the red cells of iron 
deficient hri–/– mice are normocytic/hyperchromic rather than 
microcytic/hypochromic and have globin chain inclusions. HRI 
also serves to ameliorate the phenotype of b-thalassemia in mice 
models, minimizing the production and accumulation of a-globin 
aggregates, erythroid precursor apoptosis, and ineffective eryth-
ropoiesis. Recent work indicates that HRI is activated by oxidative 
stress (e.g., during erythropoiesis in b-thalassemia).95

In addition to its effects on globin translation, heme also exerts 
positive effects on globin transcription, through nuclear binding 
to the globin transcriptional repressor Bach1 during erythroid 
differentiation.96

heme Biosynthetic Pathway
Porphyrins are heterocyclic organic rings composed of four pyr-
role subunits that are usually linked by methine bridges; their 
conjugation to diverse divalent metal ions such as Mg2+, Co+, and 
Fe2+ gives rise to the “pigments of life,” i.e., chlorophyll, vitamin 
B12, and heme, respectively. Heme, which is a complex of ferrous 
iron with the tetrapyrrole protoporphyrin IX, is ubiquitous in aer-
obic cells and essential for cellular oxidation–reduction reactions. 
It serves as a critical component of hemoproteins, including cyto-
chromes (for mitochondrial respiratory chain electron transfer 
and drug metabolism), oxidases (e.g., NADPH oxidase) and per-
oxidases, and catalases and synthases (e.g., nitric oxide synthase, 

Figure 6.7. Organization of the human globin gene clusters on chromosomes 16 
and 11. Solid areas within genes represent coding sequences; open areas represent interven-
ing sequences. Each cluster includes pseudogenes (Ψz, Ψa, Ψb), which have sequence 
homology to functional genes but include mutations that prevent their expression.
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NOS), in addition to the oxygen storage and transport molecules, 
myoglobin and hemoglobin.97–102,103,104–106 The four pyrrole 
rings of protoporphyrin IX are designated A, B, C, and D. At the 
periphery of the tetrapyrrole are eight sites where side chains are 
located. In heme, the iron atom is inserted “like a gem”105 into the 
center of the tetrapyrrole. Note that heme is the ferrous iron com-
plex of protoporphyrin IX; however, the term heme is also used in 
the generic sense in the literature to indicate iron protoporphyrin 
IX without regard to the oxidation state (valence) of the iron.

Porphyrins, by definition, are cyclicly conjugated tetrapyrroles. 
As such, they have a number of common properties. They are very 
stable, essentially flat molecules and the macrocyclic ring itself has 
little or no affinity for water. All porphyrins are intensely colored 
and they have an extremely intense absorption band at approxi-
mately 400 nm, the so-called Soret band. All porphyrins fluoresce, 
but fluorescence is characteristically lost when metals are bound 
to form metalloporphyrins. Exceptions include Mg-porphyrins 
and Zn-porphyrins, which fluoresce despite their metal content 
(Chapter 26). Of the known porphyrins, five are of importance 
in humans: uroporphyrin (two isomers), coproporphyrin (two 
isomers), and protoporphyrin (one isomer). When porphyrins are 
fully reduced they are called porphyrinogens. These latter com-
pounds are colorless, do not fluoresce, cannot bind metal ions, and 
are extremely unstable with regard to oxidation. If uroporphyrino-
gen or coproporphyrinogen (intermediates in heme biosynthesis) 
are oxidized to their corresponding porphyrins, they can no longer 
function as substrates for the heme biosynthetic enzymes and must 
eventually be excreted in the urine and stool. Uroporphyrinogen 
and coproporphyrinogen can occur in four isomeric forms. Of 
these, only two are known to occur naturally in mammalian tis-
sues, namely, the I and III isomer forms. Without exception, all 
biologically functional tetrapyrroles are derived from uroporphy-
rinogen III. Uroporphyrinogen I and coproporphyrinogen I are use-
less by-products of heme synthesis (see Chapter 26). Once formed, 
most uroporphyrinogen I is enzymatically decarboxylated to cop-
roporphyrinogen I and excreted as the oxidized compound, copro-
porphyrin I. The difference between the type I and type III isomers 
is apparent on examination of the D ring. In the type I isomer, the 
7 and 8 positions are occupied by acetate and propionate, respec-
tively. In the type III isomer, the order in the D ring is reversed, and 
propionate and acetate are at positions 7 and 8, respectively. Note 
that in the case of protoporphyrin IX, the acetate at position 8 has 
been decarboxylated to form a methyl group (Fig. 6.8).

The first of eight steps in the biosynthesis of heme (Fig. 6.9) 
is the condensation of glycine and succinyl coenzyme A (CoA) to 
yield d-aminolevulinic acid (ALA).107,108,109 This reaction occurs 
in the mitochondrial matrix and is highly exergonic and essen-
tially irreversible. The enzyme catalyzing this reaction (ALA syn-
thase) plays a key regulatory role in the biosynthesis of heme. In 
the cytosol the reduced cyclic tetrapyrrole coproporphyrinogen III 
is formed from ALA in a series of four enzymatic reactions. Note 
that the product of step 2 is the monopyrrole porphobilinogen, 
the primary building block for all natural tetrapyrroles, including 
hemes, chlorophylls, and the vitamin B12 derivatives (cobala-
mins). How the heme synthesis intermediates are transferred 
from one cytosolic enzyme to the next in the pathway is at pres-
ent unknown, but a macrocomplex comprising all four cytosolic 
enzymes, as has also been proposed for the terminal pathway 
enzymes, may occur.

Coproporphyrinogen III is then transported back by an 
unknown mechanism across the outer mitochondrial membrane 
into the mitochondrial intermembranous space for the three sub-
sequent reactions required to form heme. First, propionic acid 
side chains at positions 2 and 4 are oxidatively decarboxylated 
by the enzyme coproporphyrinogen oxidase, forming protopor-
phyrinogen IX which is then oxidized by protoporphyrinogen IX 
oxidase to protoporphyrin IX. The enzymes protoporphyrinogen 
IX oxidase and ferrochelatase (Fech), catalyzing the penultimate 
and final steps of heme synthesis, are both localized at the mito-
chondrial inner membrane (protoporphyrinogen IX oxidase is an 
intermembrane space–facing protein whereas Fech is exposed 
to the matrix); thus, a channeling of protoporphyrinogen IX and 
protoporphyrin IX through a enzyme complex formed by proto-
porphyrinogen IX oxidase and Fech within the inner membrane 
has been proposed, based on biochemical studies and the crystal 
structure of the two enzymes.110,111 The final step, the addition 
of one atom of Fe2+ to protoporphyrin IX by Fech, which results 
in the formation of protoheme or heme b, occurs on the matrix 
side of the inner membrane, necessitating heme transfer, by as 
yet unidentified transporters, across both the inner and outer 
membranes again in order to reach the cytosol.

Biosynthesis of d-Aminolevulinic Acid
The enzyme responsible for catalyzing the condensation of suc-
cinyl CoA and glycine is ALA synthase (ALAS; EC 2.3.1.37). The 
products of the condensation reaction are ALA, CO2, and free CoA. 
ALAS requires pyridoxal 5′-phosphate as a cofactor in the reac-
tion as first suggested by nutritional studies in pigs.112 There are 
two forms of the enzyme, one specific for erythroid cells (ALAS2) 
and the other (ALAS1) present in all other tissues, especially liver. 
ALAS2 uniquely appears to associate with succinyl CoA synthe-
tase in the mitochondria to promote heme synthesis.113 The genes 
encoding for human ALAS have been identified and cloned.114 
The erythroid-specific gene is present on chromosome Xp11, 
whereas ALAS1 is encoded by a gene on chromosome 3p21.115,116

ALAS1 and ALAS2 differ predominantly at their amino termi-
nal ends. The ALAS2 gene has 11 exons and extends over 22 kb. 
Notably, the mRNA contains a 5′ iron-response element (IRE) in 
exon 1. IRE are short hairpin structures that allow binding by 
the iron regulatory proteins 1 and 2 (IRP1 and IRP2) according 
to the cellular iron status, regulating the expression or stability 
of mRNAs encoding proteins involved in iron uptake, storage, 
utilization, or export117,118 (see Chapter 23). ALAS2 translation 
begins in exon 2, which encodes the mitochondrial targeting 
sequence for this nuclear-encoded gene. As also seen with ALAS1 
the catalytic domain is encoded by exons 5 to 11. Mutations of 
ALAS2, especially of exons 5 and 9, are the most common cause 
of sideroblastic anemias (see Chapter 24). The promoter contains 
binding sites for GATA1, KLF1, and NF-E2 (although assays sug-
gest the latter may not be functional119). However, regions further Figure 6.8. The chemical structure of protoporphyrin iX.
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import into the mitochondrial matrix, as ALA levels were low and 
the heme synthesis impairment was rescued by glycine or ALA 
supplementation.122

Biosynthesis of Porphobilinogen
The monopyrrole porphobilinogen functions as a precursor of 
the hemes, chlorophylls, and the cobalamins.123 Because virtu-
ally all known forms of life require at least one of these classes 
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Figure 6.9. Heme biosynthetic pathway. Ac, acetate; ALA, d-aminolevulinic acid; CoA, coenzyme A; CoAS, succinyl-CoA; CoASH, uncombined coenzyme A; 
COPRO’GEN, coproporphyrinogen; PBG, porphobilinogen; PLP, pyridoxal 5′-phosphate; Pr, propionate; PROTO’GEN, protoporphyrinogen IX (not III); URO’GEN, uropor-
phyrinogen; Vi, vinyl. (Modified from Bottomley SS, Eberhard Muller U. Pathophysiology of heme synthesis. Semin Hematol 1988;25:282.)

upstream may also be important for erythroid-specific ALAS2 
induction.120 In addition, analysis of intron 8 indicated the pres-
ence of DNAse I hypersensitive sites; the intron appears to con-
tain functional binding sites for GATA1 and Sp1.121 Of relevance, 
recent studies identifying SLC25A38 as another frequent genetic 
cause of congenital sideroblastic anemias indicate it also affects 
either ALA synthesis or transport. Studies of yeast deficient in the 
yeast ortholog suggest the gene encodes a mitochondrial trans-
porter mediating either ALA export into the cytosol or glycine 
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of tetrapyrroles, it follows that porphobilinogen is biologically 
ubiquitous. Porphobilinogen is formed by the condensation of 
two molecules of ALA and the loss of two water molecules. The 
enzyme that catalyzes this reaction is porphobilinogen synthase 
or ALA dehydratase (EC 4.2.1.24). ALA dehydratase is a soluble 
enzyme found in the cytosol98 and abundant in tissues such as 
bone marrow and liver where heme biosynthesis is active. It is 
also active in mature circulating erythrocytes, even though these 
cells are not actively synthesizing heme. Its persistence results 
from the enzyme’s inherent stability.

The mammalian enzyme is an octamer of 31 kDa subunits 
containing zinc atoms required for stability and activity.124 The 
enzyme is inhibited by heavy metals, particularly lead, which dis-
places the catalytically active zinc ions and thus enzyme activity 
can serve as an index of environmental pollution by lead.125,126 
Free sulfhydryl groups (–SH) are also essential for activity,127,128 
and these –SH groups seem to be protected by the zinc. Three iso-
forms of ALA dehydratase have been reported and the gene iden-
tified (on chromosome 9q34) and cloned.129,130 The gene consists 
of 12 exons, with two promoters generating different transcripts 
(but encoding the same protein) in erythroid and nonerythroid 
tissues. The erythroid promoter contains GATA1-binding and 
CACCC sites.

Biosynthesis of Uroporphyrinogens I and III
Porphobilinogen is a rather unstable, chemically reactive mol-
ecule. Within a few hours, a solution of porphobilinogen exposed 
to air and light develops a deep orange-red color. The color results 
from the formation of porphobilin, a poorly defined mixture of 
mono-, di-, and tripyrrolic oxidation products.98 This phenom-
enon can be observed in the urine of patients with acute intermit-
tent porphyria, who excrete large quantities of porphobilinogen 
(see Chapter 30).

If instead porphobilinogen is incubated in solution at an acid 
pH then nonenzymic condensation or cyclization occurs, form-
ing the tetrapyrrole macrocycle uroporphyrinogen.98 All four 
possible isomers of uroporphyrinogen are formed under these 
conditions. The reaction is often referred to as a “head-to-tail” 
condensation because of the apparent orientation of the precur-
sor molecules. The penultimate reaction product apparently is 
an open-chain (linear) tetrapyrrole called hydroxymethylbiliane 
(HMB). On loss of the amino group attached to ring A, the –CH2

+ 
can attack the free a-position on the D-ring pyrrole, thus forming 
the macrocycle.124

In vivo at neutral pH, these reactions are catalyzed by the 
cytosolic enzyme HMB synthase, formerly known as uroporphy-
rinogen I synthase or porphobilinogen deaminase (EC 2.5.1.61). 
In the cytosol HMB synthase works in concert with a second 
enzyme, uroporphyrinogen III synthase131 (EC 4.2.1.75), to form 
uroporphyrinogen III, an asymmetric cyclic tetrapyrrole that 
serves as the common precursor of all known functional tetra-
pyrroles. Uroporphyrinogen III synthase is a very fast enzyme, 
outcompeting the uncatalyzed reaction of HMB that results in uro-
porphyrinogen I (above). HMB synthase is present in humans in 
two tissue-specific isoenzymes, an erythroid tissue–specific and a 
shorter nonerythroid form, both of which are products of a single 
gene located on chromosome 11q23.98,124,132–134

The molecular mechanism by which uroporphyrinogen III 
synthase effects the “turning around” of the D ring has been 
studied intensively.98,135,136 The molecular mechanism involved 
in this reaction has been clarified by nuclear magnetic resonance 
spectroscopy.123,135–137 HMB synthase first catalyzes the head-to-
tail condensation of four porphobilinogen molecules, yielding the 
aminomethyl tetrapyrrole. The tetrapyrrole is then deaminated, 
yielding a macrocycle that has been termed preuroporphyrino-
gen,137 which is released from the surface of HMB synthase and 
serves as the substrate for uroporphyrinogen III synthase.137 This 

enzyme opens the bond linking the methylene bridge carbon to 
the D ring, allowing the D ring to rotate 180° about the carbon–
nitrogen bond linking rings A and D. A new carbon–carbon bond 
is formed linking rings C and D (1,3-sigmatropic shift). The car-
bon–nitrogen bond then opens, and a new carbon–carbon bond is 
formed linking rings A and D (1,5-sigmatropic shift) and yielding 
uroporphyrinogen III.137

The gene for uroporphyrinogen III synthase, located on 
10q25.3, has alternative promoters in nonerythroid tissues (with 
transcripts starting in exon 1) and erythroid tissues (transcripts 
begin in exon 2). As there is no translation initiation site in exon 1, 
however, identical transcripts are generated. The intron between 
exons 1 and 2 contains multiple putative GATA1 binding sites. 
Mutations of the uroporphyrinogen III synthase gene are associ-
ated with congenital erythropoietic porphyria (Chapter 26).

Biosynthesis of Coproporphyrinogen III
The formation of coproporphyrinogen III is accomplished by the 
enzymic decarboxylation of the four acetic acid side chains of uro-
porphyrinogen III,99 a reaction catalyzed by the cytosolic enzyme, 
uroporphyrinogen decarboxylase (EC 4.1.1.37). The decarboxyl-
ation proceeds in a clockwise fashion, starting with the acetic acid 
on the D ring of uroporphyrinogen III and continuing with the suc-
cessive decarboxylations of the acetic acid residues on rings A, B, 
and C.138 The enzyme exists as a dimer and it was proposed that 
the two catalytic centers interact functionally, perhaps shuttling 
reaction intermediates between subunits.139 Recent mutational 
studies, however, indicate that shuttling is unlikely: Dimerization 
mediates a more active enzyme than the monomer but without 
any change in the reaction products.140

The gene, located on chromosome 1p34, consists of 10 
exons spread over 3 kb. Mutations of the gene encoding uro-
porphyrinogen decarboxylase are associated with porphyria 
cutanea tarda (PCT), the most common human porphyria. The 
structural consequences of some of these mutations have been 
described.141 The genetics of the disease are complex, however, 
with some variants without evidence of gene mutations (sporadic 
PCT type I; see Chapter 30 for details). A cytosolic competitive 
inhibitor of the enzyme, porphomethene, has been described 
in a murine model of PCT as a potential explanation for PCT 
patients with normal levels of the protein but reduced hepatic 
enzyme activity.142

Biosynthesis of Protoporphyrinogen IX
The formation of protoporphyrinogen IX from coproporphyrino-
gen III is catalyzed by the enzyme coproporphyrinogen oxidase 
(EC 1.3.3.3). The exact location of coproporphyrinogen oxidase in 
the mitochondria is unknown, with studies suggesting it is pres-
ent in the intermembranous space and/or loosely associated with 
the inner surface of the outer membrane.143,144 It may instead 
form a macrocomplex with protoporphyrinogen IX oxidase and 
Fech to allow funneling of the substrates from the cytosol into 
the matrix111 (reaction products after uroporphyrinogen III being 
poorly soluble in aqueous solutions). The enzyme, which has a 
long mitochondrial targeting sequence, functions as a dimer and 
has an absolute requirement for molecular oxygen.143,145–147 It 
sequentially and oxidatively decarboxylates the propionic acid 
side chains in rings A and B (but not C or D) of coproporphyrino-
gen III to form vinyl groups.148 The transporter mediating influx 
of cytosolic coproporphyrinogen III into the intermembranous 
space is unknown.

The gene encoding coproporphyrinogen oxidase is located 
at 3q12, contains seven exons and spans 14 kb. Studies of the 
murine promoter indicate that SP1, GATA1 binding sites, and 
a novel transcription factor–binding sequence termed CPRE 
are important for induction of the enzyme during erythroid 

72683_ch006_0083-0124.indd   92 29/07/13   8:27 PM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

Th
e 

N
or

m
al

 H
em

at
ol

og
ic

 S
ys

te
m

 ChaPtEr 6 The Birth, Life, and Death of Red Blood Cells: Erythropoiesis, the Mature Red Blood Cell, and Cell Destruction 93

differentiation of MEL cells.149 Mutations of the gene are associ-
ated with hereditary coproporphyria and, more rarely, with eryth-
ropoietic harderoporphyria (see Chapter 30).

Biosynthesis of Protoporphyrin IX
The product of the coproporphyrinogen III oxidase reaction is pro-
toporphyrinogen IX. To serve as a substrate for the final enzyme 
in the pathway (ferrochelatase), protoporphyrinogen IX must first 
be oxidized to protoporphyrin IX. Although protoporphyrinogen 
IX is easily oxidized nonenzymatically to protoporphyrin in vitro 
(or in the cytosol), an enzyme is required to catalyze this reac-
tion in vivo. A membrane-associated, mitochondrial, oxidizing 
dimeric enzyme—protoporphyrinogen IX oxidase (EC 1.3.3.4)—
has been demonstrated in mammalian cells, including rat liver, 
human fibroblasts, reticulocytes, and leukocytes.150 The crystal 
structure of the tobacco plant mitochondrial enzyme has been 
described.111 The protein lacks a typical mitochondrial targeting 
leader sequence and is targeted by just 17 residues in the amino 
terminus.145 Flavin adenine dinucleotide (FAD) serves as an 
essential cofactor and molecular oxygen is utilized to terminally 
accept the electrons.144

The gene is present on chromosome 1q23.3 and consists of 13 
exons extending over 4.2 kb. The promoters of the murine and 
human genes have been characterized151,152; both contain SP1 
and GATA1 binding sites that may be of importance during ery-
throid differentiation. Mutations of the gene are associated with 
variegate porphyria (see Chapter 30).

Biosynthesis of Heme
The insertion of ferrous iron into protoporphyrin IX to form 
heme is catalyzed by the enzyme ferrochelatase within the 
mitochondrial matrix. Ferrochelatase (EC 4.99.1.1) is the best 
characterized of the heme biosynthesis enzymes.153 The enzyme, 
which functions as a dimer appears to be tightly bound to or is 
an integral part of the inner mitochondrial membrane,154 likely 
complexed with protoporphyrinogen IX oxidase dimers on the 
opposite side of the membrane.144 Insertion of the iron appears to 
involve distortion of the planar porphyrin by ferrochelatase.153 No 
cofactors are required for activity. Although the in vivo substrates 
are ferrous iron and protoporphyrin, in vitro, the enzyme can also 
catalyze incorporation of several metals (iron, cobalt, and zinc) 
into several dicarboxylic porphyrins (protoporphyrin, mesopor-
phyrin, and deuteroporphyrin).98

Studies in cell lines demonstrate that ferrochelatase inter-
acts with Mfrn1, a mitochondrial inner membrane importer of 
iron up-regulated during erythroid differentiation.155 In elegant 
studies it has been shown that Mfrn1 is stabilized by an inner 
membrane ATP-binding cassette (ABC) transporter known as 
ABC-me or ABCB10,156 allowing high-efficiency iron uptake into 
mitochondria for optimal heme synthesis.157 Further studies 
show that ferrochelatase, Mfrn1, and ABCB10 are co-induced 
during MEL cell erythroid differentiation and that Mfrn1 and 
ABCB10 interact with ferrochelatase.155 The gene encoding 
ABCB10 was originally identified in a screen of mouse genes 
up-regulated by GATA1 and expression is regulated by heme.156 
The potential substrate of the ABCB10 transporter has not been 
identified, but heme, which needs to be transferred from the 
matrix across two mitochondrial membranes into the cytosol, 
is a candidate.

Apart from its use for heme synthesis, mitochondrial iron 
is also required for mitochondrial Fe-S cluster biogenesis. Fe-S 
clusters are modular protein co-factors consisting of iron and sul-
fur, usually linked by bonds joining the cysteine sulfur atoms of a 
polypeptide (“scaffold”) protein to iron atoms of the cluster. They 
function, for example, as part of enzyme catalytic centers (e.g., 
aconitase, succinate dehydrogenase).158 Ferrochelatase contains 

a NO-sensitive Fe-S cluster that is attached at the C-terminus.153 
Although the cluster is not required for catalytic function or as a 
supply of ferrous iron, the enzyme is sensitive to the availability 
of Fe-S clusters. For example, when Fe-S cluster synthesis is 
impaired in MEL cells, due to deficiency of the scaffold proteins or 
iron required for Fe-S cluster biosynthesis, then apo-Fech is rap-
idly degraded in mitochondria, indicating a direct link between 
biosynthesis of Fe-S clusters and heme.159

The gene encoding ferrochelatase is comprised of 11 exons 
spread out across 45 kb on chromosome 18q21.3.160 The pro-
moter region has been examined in detail using in vitro and in 
vivo studies.161–163 Sp1, NF-E2, and GATA1 elements have been 
identified in the promoter region and a fragment of the promoter 
containing these binding sites allows expression in hematopoietic 
cells derived from transgenic embryonic mouse cells where a sin-
gle copy of the reporter construct was inserted. In vivo erythroid 
specificity is mediated by NF-E2 elements ∼300 bp upstream 
of the transcriptional start site (–275 bp) along with additional 
erythroid-specific elements that lie between –375 bp and –1,100 
bp upstream from the start site.161 In in vitro assays in K562 
cells, the Kruppel-like transcription factor KLF-13 activates the 
promoters for porphobilinogen deaminase, d-aminolevulinate 
synthase, and ferrochelatase genes.164 Mutations of the ferro-
chelatase gene are associated with erythropoietic porphyria (see 
Chapter 26).

Regulation of the Heme Biosynthetic Pathway
d-aminolevulinic acid Synthase
The regulation of a biosynthetic pathway is generally effected 
at the first enzymatic reaction synthesizing a precursor com-
pound committed to ultimate incorporation into the final prod-
uct.165 Frequently, such reactions are strongly exergonic and 
essentially irreversible. These generalizations hold true for the 
heme biosynthetic pathway. Control of the pathway is exerted 
primarily through the enzyme catalyzing the first committed 
and rate-limiting step, ALA synthase. However, what is also 
apparent is that the regulation of the ubiquitous enzyme ALAS1 
differs markedly from that of the erythroid-specific enzyme 
ALAS2.105,107

Nonerythroid ALAS1 Regulation
About 15% of the daily production of heme is generated in the 
liver by ALAS1 for cytochromes and enzymes. The amount of 
ALAS1 is regulated by induction and repression of enzyme syn-
thesis127 and may increase by a factor as great as 300-fold.166 The 
enzyme has a short half-life, allowing a rapid response to changes 
in the demand for heme and, thus, ALA.167 The enzyme may be 
induced by a number of chemicals, drugs, and nonglucocorticoid 
steroids.127 Heme plays a critical central role in ALAS1 regula-
tion, repressing transcription,168 decreasing the half-life of the 
mRNA, and, through binding to heme regulatory motifs (HRMs) 
in the 5′ end of the protein, translocation of the enzyme into the 
mitochondrial matrix.169 When the amount of intracellular heme 
is high, ALAS1 synthesis is repressed; when the amount of heme 
is low, synthesis is induced. Thus, agents that interfere with heme 
synthesis can induce ALAS1, and agents that induce the synthesis 
of hemoproteins (e.g., induction of cytochrome p450 enzymes by 
barbiturates), potentially depleting a putative pool of “free” or 
“uncommitted” heme, can produce a similar effect.170,171 Agents 
that exert these effects on ALAS1 synthesis induction are clinically 
important, as they may precipitate acute attacks in patients with 
acute intermittent porphyria and related disorders of porphyrin 
metabolism (Chapter 26).

Early studies indicated that ALAS1 synthesis is induced dur-
ing fasting, which can precipitate porphyria attacks, and that 
nutritional supplements (e.g., glucose loading) may ameliorate 
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these acute episodes. Handschin et al. recently demonstrated 
that this occurs because ALAS1 is induced by the concerted 
actions of peroxisome proliferator-activated receptor g coactiva-
tor 1a (PGC-1a) and the transcription factors FOXO1 and nuclear 
respiratory factor-1 (NRF-1) on the ALAS1 promoter.172 PGC-1a, 
which co-activates nuclear receptors or transcription factors to 
regulate mitochondrial biogenesis and oxidative phosphorylation, 
is induced by low glucose levels or glucagon and repressed by 
high glucose or insulin.173 Presumably ALAS1-mediated heme 
synthesis is required for de novo respiratory cytochrome syn-
thesis with mitochondrial biogenesis as a response to decreased 
cellular ATP levels. In contrast, regulation of ALAS2 in erythroid 
cells is coordinated with heme synthesis, iron assimilation, and 
globin synthesis.

Erythroid ALAS2 Regulation
With erythroid differentiation there is coordination of cellular 
iron assimilation, heme, and globin synthesis to safely allow 
maximal hemoglobin synthesis within a short timespan without 
the buildup of individual, potentially cytotoxic components (see 
below). Regulation of erythroid heme involves the induction of the 
enzymes of the heme biosynthetic pathway and their regulation 
once induced,105,107 regulation of iron uptake and its delivery to 
ferrochelatase in the mitochondria, and the regulated export of 
the newly formed heme from the mitochondria to the cytosol to 
bind to globin chains.

Initial studies suggested that the heme biosynthesis pathway 
enzymes were sequentially induced with erythroid differentiation 
(from ALAS2 to ferrochelatase174); however, subsequent studies in 
MEL cells152 and maturing populations of human erythroblasts175 
indicate early up-regulation of ferrochelatase with ALAS2, with 
synthesis of mRNAs for the terminal three pathway enzymes up-
regulated within 12 hours of erythroid induction of MEL cells with 
dimethylsulfoxide (DMSO). In contrast to the repressive effects of 
heme on ALAS1 in hepatocytes, in erythroid cells intracellular 
heme appears to be necessary for induction of the biosynthetic 
pathway enzymes, perhaps through up-regulation of the erythroid 
transcription factor NF-E2,176 and/or inhibition of the transcrip-
tional repressor Bach1.96 For example, studies of ALAS2-deficient 
MEL cells following their “erythroid” induction with DMSO dem-
onstrate a lack of erythroid differentiation (as assessed by a lack 
of up-regulation of mRNAs for ALA dehydratase, porphobilinogen 
deaminase, ferrochelatase, and b-globin) that is at least partially 
reversed by addition of heme to DMSO, in keeping with studies by 
others of ALAS2-deficient cell lines.177

As discussed above, unlike ALAS1, there is an IRE in the 
5′UTR of the ALAS2 gene. Therefore depletion of cytosolic iron 
(believed to exist in a putative labile iron pool) in erythroid pre-
cursors should result in binding by IRP1 and IRP2 to the IRE of 
ALAS2 transcripts, preventing translation. Thus, it is the supply 
of iron to the erythroid precursor that ultimately controls heme 
synthesis. To allow maximal heme synthesis—which requires 
∼20 mg of iron for the 20 g of erythrocytes generated in adult 
humans every day—iron is delivered to the bone marrow in the 
form of ferric-transferrin (Fe-Tf) that is rapidly bound by TfR1 
present in large numbers on the cell surface of erythroid pre-
cursors (up to 106 receptors per cell178). In addition, as noted 
above, the mitochondrial iron importer MFN1 becomes stabilized 
in a macrocomplex with ferrochelatase and ABCB10 following 
up-regulation of ABCB10 with erythroid differentiation, thus 
facilitating the transfer of iron across the mitochondrial inner 
membrane to ferrochelatase. By necessity, there must also be up-
regulation of an unidentified heme transporter to export heme 
from the mitochondria into the cytosol. As a feedback mechanism 
“uncommitted” or “free” heme appears to inhibit either Fe-Tf-
TfR endocytosis or iron release from Tf to prevent unnecessary 
iron uptake.105,179 Like ALAS1, ALAS2 also has HRMs located 

in the 5′ end of the preALAS2 protein and, in vitro, micromolar 
quantities of heme inhibit translocation of ALAS2 into isolated 
mitochondria; however, whether excess uncommitted heme 
also impedes ALAS2 translocation in erythroid precursors is 
unknown.169

ALAS2 and ferritin transcripts both contain an IRE in their 
5′-UTR and their translation is thus susceptible to low cytosolic 
iron levels; on the other hand, TfR1 contains five IRE modules 
in its long 3′-UTR and the mRNA should be stabilized (predomi-
nantly by IRP2180) under the same conditions. However, the stan-
dard posttranscriptional regulatory model involving cytosolic iron 
levels controlling iron transport, utilization, and storage via the 
IRE/IRP system (see Chapter 23) appears to become uncoupled 
in differentiating erythroid cells: Here ALAS2 is translated yet 
ferritin translation blocked, whereas high expression of TfR1 
persists despite high Fe-Tf delivery. Recent analyses of mass 
cultures of erythroid progenitors indicate that, with differentia-
tion, these cells behave as if a “low cytosolic iron level” condition 
exists.181 This is in keeping with the “kiss and run” hypothesis of 
iron delivery proposed by Ponka and co-workers,182 whereby iron 
released from Fe-Tf-TfR complexes in the endosome bypasses 
the cytosol to be delivered to the mitochondria by direct contact 
between these two organelles. An alternative theory is that MFN1 
functions as a highly efficient mitochondrial iron importer driving 
cytosolic iron transfer across inner mitochondrial membranes for 
heme or Fe/S synthesis. In addition, it is suggested that the pres-
ence of large numbers of ALAS2 transcripts may overwhelm the 
IRE/IRP system.181

Critical Balance between Iron Assimilation,  
Heme, and Globin Synthesis
In closing this section, note should be made of a number of 
recently described mechanisms to protect erythroid precursors 
from the results of any imbalance among iron assimilation, heme, 
and globin synthesis. Although each component is essential for 
hemoglobin synthesis, individually they are all potentially cyto-
toxic and it is therefore crucial that the a- and b-globin chains 
and heme are produced in the 2:2:4 ratio necessary to form the 
stable complex of a2b2 and 4 heme molecules that comprise 
hemoglobin A. The toxicity of free iron is well known, related to 
its intrinsic ability to generate highly reactive hydroxyl radicals 
from hydrogen peroxide in the Fenton reaction, whereas “free” 
or uncommitted heme is lipophilic and toxic to cells, promoting 
lipid peroxidation and ROS production, resulting in membrane 
injury and ultimately cell apoptosis.106,183,184 The cytotoxicity 
derived from an imbalance in the production of a-globin and 
b-globin chains is best illustrated by the pathophysiology of 
b-thalassemia (Chapter 34), where the relative excess in a-globin 
production and the resultant precipitation of these globin chains 
triggers oxidative stress and cytotoxicity (first described in the 
1960s185,186).

These protective systems include the following.

(i) The heme-regulated inhibitor of translation, HRI
As mentioned, HRI, a heme-regulated protein kinase that 

phosphorylates and inhibits eIF2a and thus general protein 
translation, serves as a sensor of intracellular heme and is 
important for coordinating heme and globin production. Studies 
of the hri knockout mouse verify the importance of this protec-
tive mechanism during high-level hemoglobin synthesis. HRI 
function appears to be especially important in iron (resulting in 
heme) deficiency: In these circumstances, the cessation of globin 
production seen in control mice presumably does not occur in 
hri–/– mice, resulting in the observed cytotoxic globin protein 
precipitates, ROS production and oxidative stress, and apoptosis 
of late erythroid precursors.94 Interestingly, the red cells of iron-
deficient hri–/– mice are normocytic/hyperchromic (rather than 
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microcytic/hypochromic, as observed in the iron-deficient control 
mice), have globin chain inclusions, and a more severe anemia. 
Similarly, mice with combined HRI and severe ferrochelatase defi-
ciency (Fechm1Pas/m1Pas mice, another model of heme deficiency) 
have more severe anemia and globin chain inclusions than control 
Fechm1Pas/m1Pas mice. Notably, these mice have a 30-fold increase 
in red cell protoporphyrin IX compared with Fechm1Pas/m1Pas 
mice, emphasizing that HRI-mediated regulation of erythroid pre-
cursor protein synthesis also affects heme enzyme biosynthesis 
and the severity of the porphyria.172

HRI also ameliorates the phenotype of b-thalassemia in mice 
models, minimizing the imbalance in production between a- and 
b-globins, the accumulation of a-globin aggregates, apoptosis of 
erythroid precursors, and the resultant ineffective erythropoiesis. 
Recent work indicates that HRI is also activated by oxidative 
stress (e.g., during stress erythropoiesis or erythropoiesis in 
b-thalassemia).95 HRI, by activating the transcription factor ATf4, 
induces an antioxidant stress response that seems to be important 
for erythroid differentiation.

(ii) The feline leukemia virus subgroup C receptor, FLVCR
FLVCR1 is the human ortholog of the feline cell surface recep-

tor for feline leukemia virus subgroup C (FeLV-C). The virus 
infects all feline hematopoietic cells, impairing feline FLVCR1 
function due to binding of the receptor by viral envelope that is 
continuously synthesized within infected cells. Cats infected with 
FeLV-C develop a red cell aplasia characterized by a block in 
erythroid differentiation at the CFU-E/proerythroblast stage. The 
impairment in differentiation is also observed upon conditional 
deletion of flvcr1 in neonatal mice,187 who develop a severe ane-
mia within 5 weeks of deletion187 that may be due to erythroid 
cell apoptosis.188 FLVCR1 functions as a mammalian cell–surface 
heme exporter that thus appears to protect differentiating ery-
throid progenitors from potential heme excesses and subsequent 
cytotoxicity resulting from any imbalances between heme and 
globin synthesis.104,188 As noted, heme synthesis by erythroid 
ALAS2 is not subject to transcriptional repression by heme and 
catabolism by heme oxygenases does not normally occur dur-
ing differentiation of human erythroid progenitors189 or murine 
erythroid cell lines.190 It is hypothesized that heme oxygenase 
is not induced in order to prevent futile cycles of simultaneous 
erythroid heme synthesis and catabolism.188,189 The severity of 
the anemia in feline and murine models of FLVCR knockdown 
suggests that excess heme synthesis occurs frequently at the 
CFU-E/proerythroblast stage (likely prior to initiation of high-
level globin synthesis) or that FLVCR has yet another cell func-
tion. A recent study suggests another FLVCR isoform functions 
to export heme from its site of synthesis in the mitochondria 
into the cytosol190a. Of interest, knockdown of murine flvcr1 is 
embryonic lethal with the embryos displaying a phenotype simi-
lar to that of patients with Diamond-Blackfan anemia (DBA), a 
congenital red cell aplasia.191 The most common genetic cause 
of DBA is haplo-insufficiency of large or small ribosomal pro-
tein subunits, impairing erythroid protein (i.e., predominantly 
globin) synthesis, suggesting DBA is caused by an imbalance of 
heme and globin synthesis.192

(iii) The a-hemoglobin stabilizing protein, AHSP
The gene encoding this small protein (102 aa) is strongly 

induced by GATA-1 during erythroid differentiation. AHSP pri-
marily binds aHb (i.e., the holoprotein, a-globin–heme), stabiliz-
ing it and inhibiting its pro-oxidant properties.53 It functions as 
a chaperone, helping newly synthesized apo a-globin chains to 
fold and promoting the refolding of denatured chains, which may 
be particularly important in heme deficiency.193 Studies have 
shown that AHSP forms a heterodimer with aHb and when bHb 
is added to these complexes, the AHSP is displaced and tetrameric 
HbA (a2b2) forms, suggesting that AHSP stabilizes aHb and then 
passes it to bHb to help form HbA in vivo. Deletion of the gene 

in mice194 results in a mild hemolytic anemia with the red cells 
containing Heinz bodies (eosinophilic inclusions derived from 
denatured hemoglobin), indicating perhaps that AHSP function is 
critical only when there is a large imbalance in synthesis between 
aHb and bHb, such as occurs in b-thalassemia. In subsequent 
studies, interbreeding of AHSP–/– mice with b-thalassemic mice 
(like the Hri knockout above) was indeed shown to worsen the 
b-thalassemic phenotype.195

Lastly, “protein quality control mechanisms” has been pro-
posed as a name for a number of cellular posttranslational mecha-
nisms that serve to stabilize and aid folding of newly forming 
proteins (e.g., chaperones such as AHSP), or recognize misfolded 
proteins or protein aggregates and target them for degradation by 
the ubiquitin proteosome system or autophagy.196 These protein 
quality control mechanisms appear to be particularly important in 
erythroid precursors during high-level hemoglobin synthesis, and 
when these systems are overwhelmed—for example, in severe 
thalassemias—accumulation of unstable insoluble proteins and 
cytotoxicity occurs.197

CoNTroL of eryTHropoieSiS
It is evident that a well-balanced mechanism exists that maintains 
the erythron within “normal” limits and mediates the response to 
a variety of normal and abnormal situations. In broad outlines, 
this control system operates in the following manner. Alterations 
in the concentration of hemoglobin in the blood lead to changes 
in tissue oxygen tension within the kidney. In response to hypoxia, 
the kidney secretes a hormone called Epo. This hormone induces 
differentiation of erythroid progenitor cells, expansion of the ery-
throid marrow, and increased red cell production. This, in turn, 
leads to an increase in the size of the erythron and an increase in 
tissue oxygen levels. The major steps in this process are discussed 
in greater detail in the sections that follow.

Tissue Oxygen
Tissue oxygen tension depends on the relative rates of oxygen 
supply and demand. Oxygen supply is a complex function of 
interacting but semi-independent variables, including (a) blood 
flow, (b) blood hemoglobin concentration, (c) hemoglobin oxygen 
saturation, and (d) hemoglobin oxygen affinity. Each of these 
functions may be altered to compensate for a deficiency in one 
of the others. For example, in severe anemia, cardiac output and 
respiratory rate may increase, and hemoglobin oxygen affin-
ity may be reduced through the 2,3-biphosphoglycerate effect. 
Conversely, in respiratory insufficiency, secondary polycythemia 
occurs.

Despite cardiovascular and respiratory adjustments, tissue 
oxygen tension decreases roughly in proportion to the degree of 
anemia. Conversely, induced polycythemia of moderate degree 
leads to normal or increased tissue oxygen tension and an 
increased tolerance to hypoxia. These changes occur despite 
the increase in blood viscosity that accompanies polycythemia, 
suggesting that peripheral vascular resistance decreases to com-
pensate for increased viscosity. However, with advanced degrees 
of polycythemia, the increase in viscosity may be great enough 
to negate the advantages of increased oxygen-carrying capacity.

Tissue hypoxia is the fundamental stimulus to erythropoiesis, 
as first suggested by Miescher in 1893. This concept has been 
amply confirmed.2 However, hypoxia does not exert its effects by 
a direct action on the marrow, as Miescher believed, but instead 
induces a hormone, Epo. The nature of the tissue oxygen recep-
tors (or oxygen sensor) has only recently been understood. These 
sensors are located within the kidney and Epo production can be 
induced by renal artery constriction or by hypoxic perfusion of 
the isolated kidney.
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Erythropoietin

Structure of Erythropoietin
Epo is a glycoprotein hormone produced by the kidney, which 
functions as the major humoral regulator of red cell production. 
The hormone was originally purified from the urine of patients 
with aplastic anemia.198 It has an MW of 34 kDa as determined 
electrophoretically and contains 30% carbohydrate (11% sialic 
acid, 11% total hexose, and 8% N-acetylglucosamine).199 The 
potency of Epo is expressed in units, with one unit defined as the 
amount of Epo present in one tenth of the International Reference 
Preparation.200 This unit was originally defined in starved rats 
as the amount of Epo that produced the same erythropoietic 
response (increase in serum Epo level) as treatment with 5 mmol 
of cobalt.2 The potency of purified human urinary Epo has been 
determined to be 70,400 U/mg of protein.198

The Epo gene has been isolated and cloned201; the genomic 
locus extends over 5.4 kb on chromosome 7q22202 and contains 
four introns and five exons, encoding a 193–amino acid polypep-
tide. The protein includes a 27–amino acid signal peptide, which 
is cleared during Epo secretion, and a 166–amino acid peptide 
with an MW of 18.4 kDa.46 The C-terminal arginine is absent 
from the recombinant and native proteins, presumably because of 
posttranslational modification by a carboxypeptidase.203 Human 
Epo contains four cysteine residues linked by disulfide bonds, 
which, when reduced or alkylated, lead to significant loss of 
activity.199,204

Recombinant Epo (rEpo), as synthesized by mammalian cells 
such as a Chinese hamster ovary cell line, is highly glycosylated, 
and the carbohydrate structure of the recombinant hormone is 
similar to but distinct from the glycosylation pattern of native Epo 
in kidney cells.203 Glycosylation is absolutely necessary for in vivo 
activity of Epo, with the bulk of glycosylation occurring at a single 
site of N-linked carbohydrate. Asialated Epo and nonglycosylated 
rEpo produced in bacteria have no activity in vivo, which is at 
least partially attributed to rapid clearance of the hormone by the 
liver via hepatocyte galactose receptors.205,206

Recognition of the importance of glycosylation of Epo to its in 
vivo activity and half-life led to modifications of the Epo gene/pro-
tein to make a more effective pharmaceutical. For example, the 
gene has been modified by adding a second site of N-linked glyco-
sylation, such that when the gene is expressed in Chinese hamster 
ovary cells, the amount of carbohydrate attached to the modified 
protein is almost doubled. This new product, called darbepoetin, 
has a longer in vivo half-life than rEpo, thus fewer injections per 
week are required for therapeutic efficacy.207

Studies on the amino acid sequences of human and murine 
Epo have shown a very high degree of conservation of the mol-
ecule structure in these two species.208,209 Analyses of the NMR 
structure of Epo and the crystal structure of Epo complexed to 
the extracellular component of the EpoR have been performed.210 
Similar to the structure of hGH and GCSF (Chapter 5), Epo con-
sists topologically of a bundle of a-helices (four in Epo210). Two 
Epo-EpoR binding sites on Epo have been identified, a high-affin-
ity site 1 (Kd ∼ 1 nM) and low-affinity site 2 (Kd ∼ 1 mM).211 The 
studies are in keeping with the interaction of a single molecule of 
Epo with EpoR dimers.

Site and Regulation of Erythropoietin Production
More than 50 years ago Jacobson et al. established that the kid-
ney is the major site of Epo production in adult rats.212 Humans 
with end-stage renal failure were also found to have low serum 
Epo concentrations, which were restored to normal following 
renal transplantation.213 The cloning of the murine Epo gene 
has allowed studies on the production of Epo-specific mRNA in 
anemic mice. Induction of anemia leads, within an hour, to the 

appearance of Epo-encoding mRNA in the kidney and liver of 
anemic mice and rats.213,214 After bleeding, the Epo mRNA in 
the kidney increases 500 to 1,000 times when compared with 
Epo mRNA levels in normal kidney, whereas the liver produces 
only 7% of the total Epo mRNA.215 These changes in Epo mRNA 
synthesis are followed by parallel changes in serum Epo concen-
tration, as determined by radioimmunoassay, indicating that Epo 
production in response to anemia represents de novo synthesis 
rather than the release of preformed hormone.214 Murine Epo 
mRNA is detectable by ribonuclease protection assay at 14 days of 
gestation in the fetal liver and a week later in the kidneys, which 
assume a major role in Epo production after birth.216 In cases of 
paraneoplastic erythrocytosis, Epo mRNA is detected in the neo-
plastic cells.217,218

Specialized cells producing Epo have been identified in renal 
and hepatic parenchyma by in situ hybridization techniques, 
using radioactive probes specific for Epo mRNA.216,219,220 These 
rare Epo-producing cells are found in the renal parenchymal 
interstitium (outside the tubular basement membrane), pre-
dominantly in the inner cortex and outer medulla. The bulk of 
experimental evidence indicates that these are fibroblast-like 
type I interstitial cells.221,222 In the liver, Epo mRNA is detected in 
hepatocytes. The number of interstitial renal Epo-producing cells 
increases (approximately exponentially) in response to anemia, 
indicating that increased Epo production is met by an increase 
in the number of Epo-producing cells; presumably with worsen-
ing anemia, increased numbers of these cells become sufficiently 
hypoxic to trigger Epo synthesis.62 Notably, there is no detectable 
storage of the hormone, and increased levels of circulating Epo 
do not repress further Epo production. Epo and EpoR are also 
expressed at low levels in other tissues including the spleen, bone 
marrow, lung, testis, eye, and brain.223 A possible paracrine 
function, potentially supporting low-level erythropoiesis, has been 
ascribed to Epo production within bone marrow hematopoietic 
progenitors,224,225 and production of Epo within the CNS appears 
to protect EpoR-bearing neurons from ischemic damage and 
apoptosis.226,227

The mechanism by which hypoxia leads to Epo synthesis has 
been determined. A sequence located in a region flanking the 3′ 
end of the Epo gene is oxygen-sensitive and involved in regula-
tion of expression.227 It has been shown, for example, that this 
oxygen-sensitive enhancer sequence when fused to a plasmid con-
struct comprising the Epo promoter and a reporter gene confers 
to transfected cells the ability to respond to hypoxia as detected 
by an increase of the protein encoded by the reporter gene and 
studies of transgenic mice expressing defined 5′ or 3′ sequences 
of the human Epo gene support these findings.228 The ligand for 
this oxygen-sensitive enhancer was identified as a 120 kDa pro-
tein termed hypoxia-inducible factor 1 (HIF-1).228,229 This DNA-
binding protein is tightly regulated by intracellular oxygen tension 
and serves as the physiologic regulator of Epo transcription.230

HIFs are heterodimeric helix-loop-helix transcription factors 
consisting of two subunits, an oxygen-labile protein, HIF-a, and 
a constitutively expressed b subunit, HIF-b.231 Note that three 
genes, HIF1A, HIF2A or EPAS1, and HIF3A, encoding different 
isoforms of HIF-a are present in the human genome; here HIF-a 
refers to HIF-1a or HIF-2a. The concentration and transcriptional 
activity of HIF-a increase in a geometric fashion upon exposure to 
hypoxia. HIF-a mRNA is constitutively expressed under normoxic 
conditions, but the protein is rapidly degraded via the ubiquitin 
proteosome complex following binding by von Hippel-Lindau 
protein (pVHL). The recognition of HIF-a by pVHL requires prior 
hydroxylation of specific HIF-a proline residues by prolyl-hydrox-
ylase domain (PHD)-containing proteins.232–235 These PHDs are 
oxygen- and iron-dependent enzymes. Under hypoxic conditions, 
little or no proline hydroxylation takes place; thus, pVHL does not 
bind to HIF-a, which accumulates in the nucleus, heterodimerizes 
with HIF-b, and recruits the transcriptional coactivators p300/
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CREB-binding protein, with the whole complex then binding to 
the Epo enhancer to positively influence Epo promoter activity 
and gene transcription. The recruitment of p300 to the complex 
can itself be inhibited by hydroxylation of asparagine-803 in 
HIF-a, which is catalyzed by asparaginyl-hydroxylase, another 
oxygen-sensitive enzyme.236 It seems that these two amino acid 
hydroxylases, by their dependence on normal intracellular oxygen 
for their function, act as the oxygen sensor in the Epo-producing 
interstitial cells in the kidney, and, by regulating the function of 
HIF-a at two distinct points,235 ultimately control Epo synthesis 
and production. Not surprisingly, mutations of this pathway may 
be associated with an increased red cell mass: Chuvash polycythe-
mia is due to a homozygous mutation of Vhl that impairs HIF-1a 
degradation, resulting in a mild increase in Epo levels237 whereas 
mutations of the genes encoding HIF-2a or PHD2 are rarer causes 
of familial erythrocytosis.238

In addition to Epo, a large number of other HIF target genes 
(e.g., glucose transporters, glycolytic enzymes, and vascular endo-
thelial growth factors) are up-regulated during hypoxia to aid cells 
adapt to hypoxic conditions.239 Apart from the indirect effects 
of hypoxia on erythropoiesis through HIF-mediated renal Epo 
production, erythroid progenitor cells are also subject to direct 
cellular effects of hypoxia and HIF production. A recent analysis of 
early erythroid progenitor genes up-regulated by glucocorticoids 
(such as cortisol, which is released from the adrenal glands dur-
ing acute anemic or hypoxic “stress erythropoiesis”38,240) found 
that the promoter regions of many of these erythroid cell genes 
also contain HIF binding sites. Furthermore, in in vitro studies, 
HIF synergizes with glucocorticoids to expand erythroid pro-
genitors dramatically, perhaps by increasing BFU-E progenitor 
self-renewal,38 a HIF effect previously observed by others during 
stress erythropoiesis.241

action of Erythropoietin

Erythropoietin Receptors
Epo binds to specific molecules on the cell surface, the EpoR. 
The expression of both Epo and EpoR is necessary for adult life. 
Deletion of either of the genes encoding for Epo or EpoR in mice 
results in the identical phenotype of fetal death at embryonic days 
E11.5 to E13.5 because of a lack of definitive erythropoiesis in 
the fetal liver and severe anemia.242 Arguably, the most impor-
tant control point of erythropoiesis is the interaction of Epo with 
the receptor for Epo.38,243–245 The activation of EpoR generates 
an intracellular signal in immature erythroid cells that promotes 
survival of cells that would otherwise undergo apoptosis. Epo also 
appears to promote erythroblast proliferation and differentiation.

EpoR is expressed on hematopoietic cells that respond to Epo 
and has been identified on human12 and murine erythroid cells,216 
on erythroleukemia cell lines,216 in murine fetal liver tissue rich 
in erythroid elements, in mouse and rat placenta,217,246 and on 
megakaryocytes.246,247 EpoR expression on erythroid cells is rela-
tively low (approximately 1,000 molecules per cell) and correlates 
with the cell’s responsiveness to and dependence on Epo.247 EpoR 
is detectable by autoradiography on human BFU-E; its density 
increases as BFU-E matures to CFU-E.19 Erythroid cells at a stage 
between CFU-E and proerythroblast seem to have the highest 
density of EpoR, which decreases as the proerythroblast matures 
and eventually disappears at the stage of orthochromatic erythro-
blast.19,246 The receptor is not expressed on reticulocytes or red 
cells. The presence of EpoR on megakaryocytes246–248 explains 
why Epo at physiologic concentrations promotes megakaryocyte 
differentiation and can thus affect platelet levels. Receptors for 
Epo are also observed on nonhematopoietic tissues including 
neurons and cardiac myocytes, endothelial cells, the kidneys, 
and embryonic muscle. The expression of EpoR in nonerythroid 
tissues was not believed to be required for normal embryonic 

development as erythroid tissue-specific EpoR expression (under 
control of the GATA-1 promoter) in EpoR–/– embryonic stem cells 
gives rise to apparently normal mice.249 However, recent studies 
indicate that EpoR–/– murine embryos develop neural defects,250 
defects in angiogenesis,251 and cardiac ventricular hypoplasia, 
which is not a result of generalized hypoxia.252 In addition, some 
of the adverse effects observed in patients with certain solid 
tumors receiving Epo have been ascribed to activation of EpoR 
expressed on tumor cells.253

The MEL EpoR gene encodes a 507–amino acid peptide of 
62 kDa with extracellular, single-membrane–spanning and intra-
cellular domains.254 The EpoR undergoes glycosylation and phos-
phorylation before being incorporated into the cell membrane as 
a 70 to 78 kDa protein.254 Cells transfected with this gene express 
both high- and low-affinity EpoR.254 The human gene is located 
on chromosome 19p13.2, encodes a protein of 508 aa, and is 68 
to 72 kDa depending on the degree of glycosylation.255

It is now recognized that structurally EpoR is part of a large 
family of type I cytokine receptors, which includes receptors for 
IL-2 to IL-7, GM-CSF, and Tpo. Type I cytokine receptors share 
basic structural features and are characterized by four conserved 
cysteine residues and a tryptophan-serine-x-serine-tryptophan 
(WSXSW) motif in the extracellular domain and by conserved 
box1/box2 regions in the intracytoplasmic domain adjacent to 
the membrane. Some of these type I cytokine receptors share 
common subunits and thus are heterodimeric; however, the 
receptors for Epo, Tpo, and G-CSF consist of homodimers.256,257 
Crystallographic studies confirm that, as is seen with other cyto-
kine receptors, one molecule of Epo simultaneously binds to two 
EpoR.258 After binding, both Epo and EpoR are rapidly endocy-
tosed and degraded.12,216,247,255 Although it is clear that EpoR 
activation by Epo can lead to formation of EpoR homodimers,259 
evidence also indicates these dimers exist prior to Epo binding, 
and that binding shifts and stabilizes an active receptor conforma-
tion bringing the two EpoR into closer contact.260,261

EpoR signaling pathways are outlined in Figure 6.10. Tyrosine 
phosphorylation of the EpoR262 is the first observable event after 
Epo binding. Because EpoR lacks a kinase domain, a tyrosine 
protein kinase must therefore associate with the receptor. JAK2, 
a member of the Janus family of cytoplasmic tyrosine kinases, 
is the primary EpoR-associated kinase and binds to a conserved 
sequence of amino acids found in cytoplasmic domains of the 
EpoR263,264 (and other receptors related in sequence to EpoR). 
Interestingly, recent studies indicate that the activation of EpoR 
through binding of Epo initiates a scissorlike rotation of the 
EpoR dimers, separating the intracellular domains of the two 
receptor molecules to allow room for the associated Jak2 mol-
ecules; in addition there appears to be a self-rotation of each 
monomer to allow them to orient properly for transphosphoryla-
tion of Jak2.265 Deletion of the JAK2 gene in mice results in fetal 
death on days 12 to 13 that is associated with a severe anemia 
mirroring the phenotype after deletion of Epo or EpoR,266 indi-
cating the importance of Jak2 for Epo signaling.

To summarize current research,38,243–245 one Epo molecule 
binds two EpoR molecules, activating JAK2 kinases associated 
with the juxtamembrane regions (box 1/box 2) of each receptor by 
physically bringing the inactive (or low-activity) kinases into close 
proximity during the induced rotational shift in EpoR conforma-
tion,267 such that these kinases cross-phosphorylate each other, 
gaining full activity. The activated kinases phosphorylate all eight 
conserved tyrosine residues of the EpoR cytoplasmic tail. The 
phosphorylated tyrosine (PY) residues then serve as docking sites 
for up to 20 different signaling molecules or adaptor proteins that 
may be phosphorylated by JAK2 to become active, and leading to 
various mitogenic, differentiative, and antiapoptotic responses. 
The signaling molecules and adaptor proteins contain either Src 
homology 2 (SH2) or other phosphotyrosine binding domains 
that mediate recognition of a PY residue in the context of specific 
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adjacent (EpoR) amino acids. The major pathways activated by 
Epo binding to EpoR include the signal transduction activator of 
transcription 5 (STAT5) pathway, and the phosphatidylinositol-
3-kinase (PI3-kinase)/Akt and ras/raf/MAPK (mitogen-activated 
protein kinase) signaling cascades (Fig. 6.10).

Upon binding to EpoR at PY343 (EpoR numbering here refers 
to the murine protein), STAT5 is phosphorylated by Jak2,268 
dimerizes, and translocates to the nucleus to mediate gene tran-
scription (e.g., of the mitogenic transcription factor c-myc, Id1,10 
TfR1, and IRP-2269). Targeted deletions of the eight potential PY 
residues in EpoR, to dissect the Epo/EpoR/Jak2 signaling axis, 
have also revealed the importance of pathways downstream 
of Jak2.270 Although deletion of all eight residues results (sur-
prisingly) in only mild anemia (the hematocrit in adult mice is 
reduced by 25% to ∼0.37),271 restoration solely of Epo/EpoR/
Jak2/STAT5 signaling (i.e., by deletion of all tyrosines except the 
Y343 residue) results in near–wild–type EpoR activities,272 and 
in particular, STAT5 signaling restores the erythron capacity for 
proliferative, stress erythropoiesis responses. The precise role of 
STAT5 in EpoR signaling in steady-state erythropoiesis, however, 
is still unclear. STAT5 is expressed from two very similar genes, 

STAT5a and STAT5b. In animal studies in which both genes 
were deleted or “knocked out” (STAT5a/b–/– mice), a marked 
fetal anemia was reported with lesser but significant anemia in 
newborn and adult animals.273 More recent studies indicate these 
knockout STAT5a/b–/– animals contain hypomorphic rather than 
null STAT5a/b–/– alleles, expressing an N-terminally truncated 
phosphorylated Stat5 in erythroblasts that appears to retain some 
biologic STAT5 functions.274 In addition, Epo weakly activates 
other STATs in primary erythroid cells, such that STAT3269 and/
or STAT1 activation274 may also partially compensate for STAT5, 
resulting in a relatively mild inhibition of murine erythropoiesis.275

A potential target of STAT5 is the Bcl-x gene, which encodes 
an antiapoptotic protein, Bcl-xL,, believed to be essential for Epo-
dependent survival. Two recent studies of Bcl-xL–deficient animals 
confirmed Bcl-xL expression is required for normal erythropoi-
esis, but also demonstrate that it promotes the survival of mature 
erythroid cells that no longer depend on Epo for survival.276,277 
Thus, Bcl-xL must also be regulated by factors other than Epo-
activated STAT5,274 likely the interplay of GATA-1 and Gf-1B at 
the Bcl-x promoter.278 Epo/EpoR signaling may promote survival 
earlier, at the proerythroblast stage, through up- regulation of a 

Figure 6.10. Overview of the erythropoietin receptor signaling pathways. Conformational changes in EpoR dimers induced by Epo binding facilitate the 
activation of EpoR-associated Jak2 kinases. Jak2 kinase activation results in phosphorylation of several tyrosines in the EpoR cytoplasmic tail that then serve as 
docking sites for signaling or adaptor proteins containing phosphotyrosine-binding domains. The signaling proteins become phosphorylated and function in numerous 
downstream signaling cascades. (1) A major target of Jak2 is Stat5, which is phosphorylated, dimerizes, and travels to the nucleus where it activates genes important 
for cell survival and proliferation. (2) Binding of the regulatory subunit of PI3-kinase, p85, to EpoR phosphotyrosines results in phosphorylation of membrane lipids and 
the downstream activation of Akt. This kinase regulates cell-cycle, cell differentiation, and pro-survival pathways and modulates metabolism and protein translation. 
(3) The ras/raf/MEK/ERK pathway is activated with binding of the SHC/GRB2/SOS complex to EpoR phosphotyrosines. Activation of the downstream kinase ERK1/2 
results in phosphorylation of ELK1, a transcription factor important for cell survival and proliferation (via c-jun and c-fos expression). Negative regulatory proteins are 
necessary to dampen EpoR signaling. SOCS proteins inhibit Jak2 and Stat5 activation whereas phosphatases such as SHP1 and SHIP inhibit other phosphorylation-
dependent pathways. Note that other EpoR pathways, such as activation of calcium-dependent isoforms of the PKC family of serine/threonine kinases, are not shown. 
See text for details.
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number of other antiapoptotic genes including Pim1, Pim3, Trib3, 
and Serpina 3g.255

The distal end of the EpoR cytoplasmic domain and phosphor-
ylation of Y479 are required for activation of the PI3-kinase/Akt 
and MAP kinase signaling cascades (Fig. 6.10). Binding of the p85 
regulatory subunit of PI3-kinase to EpoR mediates translocation 
of the kinase from the cytoplasm to phosphorylate lipids at the cell 
membrane,279 resulting in modulation of survival, metabolism, 
and translation through the subsequent effects of Akt (a kinase 
directly downstream of PI3-kinase) on mTOR, GSK3, FOXO, and 
GATA-1 transcription factors.280,281 The central role of PI3 kinase 
in signaling downstream of the receptor for Epo is suggested 
by the ability of a constitutively active Akt partially to rescue 
erythroid development when expressed in JAK2–/– fetal liver 
cells.280 With regard to the ras/raf/MAPK cascade, Jak2-initiated 
phosphorylation of tyrosines at the distal end of EpoR allows a 
Shc adaptor protein to associate with the receptor, which then 
recruits GRB2 and SOS, resulting in activation of cell membrane–
bound Ras and then Raf activation. This signaling cascade gives 
rise (via MEK) to phosphorylation of ERK1/2 which subsequently 
phosphorylates up to 60 substrates, promoting erythroid cell-cycle 
progression and proliferation.282 In contrast to the two pathways 
described above, however, knockdown of Ras in erythroid cells 
has only subtle effects on terminal erythropoiesis.283 Although 
Epo may act on progenitor cells to promote survival, drive pro-
liferation, and direct erythroid maturation, it is not clear if some 
intracellular signaling pathways can distinctly activate only one of 
these events. Epo-dependent activation of the PI3-kinase pathway 
appears important for both cell survival and proliferation whereas 
the MAP kinase pathway appears more important in directing 
proliferation.279

Apart from these three major pathways there are a number 
of other well-described mediators of responses downstream of 
Epo/EpoR that likely affect erythropoiesis. These include the 
inositide-specific phospholipases C (e.g., knockdown of the PLC-g 
isoform impedes erythroid development284) and the protein 
kinase C pathways (e.g., inhibition of the PKCa isoform impairs 
Epo-induced differentiation, whereas PKCâ up-regulation protects 
erythroid cells from TRAIL-induced apoptosis285,286). In addi-
tion, knockdown of the Src family tyrosine kinase Lyn results in 
attenuated EpoR signaling and decreased erythroid precursor sur-
vival.270,287,288 The adaptor SH2-containing proteins CrkL (which 
is phosphorylated by Lyn and indirectly activates Erk1/2289), Lnk 
(which attenuates JAK2 signaling290), and Spry1, which appears 
to down-regulate Erk1/2 and Jak2 activation291 also appear to 
be important regulators of EpoR signals. Of interest, recent stud-
ies indicate that polymeric IgA (pIgA1–oligomers of IgA joined 
by their J-chains), produced in small amounts by plasma cells, 
binds to TfR1 present on the erythroblast cell surface. Binding 
of pIgA1 or Fe-Tf to TfR1 appears to transmit an intracellular 
signal that results in activation of erythroblast Akt and ERK1/2, 
stimulating erythroblast proliferation and differentiation.292 This 
pathway may be important to boost erythroid output during stress 
erythropoiesis as hypoxia increases pIgA1 levels, or during iron 
deficiency when Fe-Tf levels are low. Recent studies identify over 
160 genes that are significantly affected by Epo/EpoR signaling in 
murine primary bone marrow derived CFU-E-like progenitors,255 
suggesting much remains to be learned.

As is found with other cell signaling cascades there is a need 
for checks and balances in the form of inhibitory or regulatory 
factors, to prevent overstimulation of erythroid cells by Epo/
EpoR-mediated growth and survival signals. The distal end 
of EpoR, for example, acts as a negative regulatory domain 
to which SH2-containing tyrosine protein phosphatases dock 
(to PY401, 429, 431) to dephosphorylate substrates such as 
Jak2 and STAT5 and attenuate Epo signaling. For example, a 
transgenic animal expressing a truncated human receptor Epo 
developed severe erythrocytosis, mimicking primary familial and 

congenital polycythemia (PFCP, see Chapter 44) where patients 
have elevated red cell mass due to mutations in the EpoR gene.293 
A number of kindreds with PFCP due to mutations in this distal 
regulatory region of EpoR have since been reported.294 Identified 
regulatory phosphatases295 include the SH2-containing tyrosine 
phosphatases SHP1, SHP2 (PTPN1132), and PTP-1B. Other regu-
latory factors include the control of EpoR trafficking from the ER 
by Jak2,296 EpoR internalization upon interaction with Epo,297 
proteasomal degradation of EpoR298 and signaling adaptor mol-
ecules, and the inducible expression of specific inhibitors such 
as the suppressor of cytokine signaling protein family members 
SOCS-1, SOCS-3, and CIS-1 (cytokine inducible SH2-containing 
protein) by STATs. The SOCS family of proteins down-regulates 
receptor signaling in a negative feedback manner by (a) com-
peting with STAT5 for binding to EpoR phosphotyrosines and 
(b)  binding and inhibiting the Jak2 kinase activation loop, or 
(c) ubiquitination and proteosomal targeting of Jak2.299

The Epo gene has been incompletely deleted in 8-week-old 
mice using a conditional knockout strategy,300 reducing renal 
Epo gene expression by 95% compared with controls.301 This 
animal serves as a model of the Epo/EpoR interactions that likely 
occur in patients with renal failure, with decreased steady-state 
erythropoiesis, and a chronic normocytic, normochromic ane-
mia that is moderate (Hct ∼75% of control), related to residual 
Epo production. Remarkably, despite the severe knockdown 
in Epo expression the animals appear to have normal stress 
erythropoiesis responses, as they recover normally from acute 
hypoxic stress (induced by phenylhydrazine-induced hemolysis), 
indicating the importance of other mechanisms such as gluco-
corticoids, hypoxia, BMP4, and SCF in supporting murine stress 
erythropoiesis.38,240

abnormal Epo/Epor Signaling
In addition to human erythrocytosis related to excessive stimula-
tion of Epo production by HIF or pVHL mutations (see above), 
a point mutation of the extracytosolic domain of murine EpoR 
(R129C, a substitution of cysteine for arginine at position 129) that 
results in constitutive activation of EpoR by homodimerization in 
the absence of Epo, and erythrocytosis, has been described.302,303 
Murine EpoR may also be activated by interaction with the Friend 
spleen focus-forming virus (SFFV) envelope glycoprotein, gp55, 
promoting EpoR dimerization and polycythemia.276 Deletions of 
negative regulatory EpoR domains in humans and mouse models, 
as noted, also increase EpoR signaling and result in erythrocyto-
sis whereas overexpression of a constitutively active mutant of 
STAT5A, STAT5A1*6, in human cord blood CD34+ cells favors 
erythroid over myeloid differentiation in vitro.304

Building on previous studies,305,306 constitutive activation of 
EpoR in patients with the myeloproliferative disease polycythemia 
vera (PV) was discovered to be due to an activating mutation of 
Jak2 that encodes a substitution of valine for phenylalanine at 
position 617 in the protein (V617FJak2 mutation).307 The role of 
JAK2 in PV is discussed in Chapter 82.

Mechanism of action
Epo is a hormone that promotes erythroid differentiation.2 The 
role of Epo during the very early stages of erythropoiesis is still 
undefined. Cell lines with features of multipotent hematopoietic 
progenitor cells308,309 and purified human blood BFU-E19 express 
a small number of EpoR, suggesting a possible role for Epo in 
mediating their survival and differentiation. Although, in vivo, the 
BFU-E pool is unaffected by acute changes in serum Epo levels, 
they can respond to the hormone by increasing their cycling, part 
of the process of erythroid differentiation.29 Chronic administra-
tion of rEpo to humans with end-stage renal disease results in 
global stimulation of the bone marrow with an increase in the 
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concentration and cycling of all types of hematopoietic progeni-
tors, but this effect is most likely indirect.30

The erythroid cell that is the most sensitive to Epo is a cell 
between the CFU-E and the proerythroblast,19,246 and this ery-
throid cell is considered the primary target of Epo action. These 
cells express the highest density of EpoR on their cell surface and 
are absolutely dependent on Epo for survival.19,47,216 Studies on 
murine splenic erythroid cells infected with the anemia strain 
of Friend virus310 have shown that Epo binding is followed by a 
series of biochemical events, including increased Ca2+ uptake,49 
internalization of Epo,12 an increase in RNA synthesis,311 glu-
cose and iron uptake,247 transcription of the a- and b-globin 
genes,46,215 expression of TfR,48 and eventually increase of 
hemoglobin synthesis as well as synthesis of membrane bands 3 
and 4.1.47,215 All of these changes result in an increased rate of 
erythroid differentiation, ending with an increase in the reticulo-
cyte production and an eventual increase in the erythron.

One of the most impressive effects of Epo is the ability of the 
hormone to maintain the viability of erythroid cells irrespective of 
any effect on cycling and differentiation.47,216 It has been shown 
that Epo retards the cleavage of DNA that occurs normally in 
 CFU-E.19 In the absence of Epo, DNA cleavage is rapid and pro-
ceeds to cell death. The pattern of rapid DNA cleavage is charac-
teristic of cells undergoing caspase-mediated apoptosis.19 In the 
presence of Epo, cell death is avoided and the erythroid cells dif-
ferentiate and form mature red cells. These findings suggest that 
the hormone promotes erythroid differentiation simply by allow-
ing cell survival. This model also suggests that, under normal con-
ditions—due to their variable sensitivities to Epo—large numbers 
of generated CFU-E undergo apoptosis, and that high Epo levels 
cause expansion of the erythroid marrow simply through allowing 
survival of more CFU-E, resulting in increased red cell production. 
Similarly, once the red cell mass is restored to normal, the ensu-
ing decrease of Epo levels leads to a rapid turn-off of erythropoi-
esis by allowing programmed cell death to occur.19

The observation that relatively immature erythroid progenitor 
cells continue to develop in fetal mice in which either the gene 
encoding for Epo or EpoR is deleted242 supports the model that 
Epo acts primarily by promoting survival of more mature ery-
throid cells and that Epo has no, or a less significant, role in 
proliferation of erythroid precursors or in directing the erythroid 
differentiation of immature hematopoietic cells. The abundant 
erythroid cells (proerythroblasts near the CFU-E stage of ery-
throid development) from the spleens of either Epo–/– or EpoR–/– 
mice undergo apoptosis unless they are either cultured in vitro in 
Epo (Epo–/– mice) or forced (by transfection with EpoR cDNA) to 
express EpoR (EpoR–/– mice) and then cultured in the presence 
of Epo. Thus, neither Epo nor receptors for Epo are necessary 
for the proliferation and differentiation of stem cells and early 
progenitor cells into relatively mature erythroid cells. Both Epo 
and the receptors for Epo, however, are absolutely required for 
erythroid cells to survive the transition from CFU-E/proerythro-
blasts to mature erythroblasts, suggesting a clear role for Epo in 
directing the survival of these cells.

Studies of normal murine fetal liver–derived erythroblasts 
that are transduced with (and thus overexpress) antiapop-
totic proteins such as BCL-XL and Bcl-2 have emphasized 
the importance of survival factors at this defined stage of 
erythropoiesis.312 These erythroblasts require Epo, SCF, and 
dexamethasone to allow sustained proliferation; however, with 
removal of these factors (including Epo) there is initiation of 
what appears to be normal erythroid differentiation with induc-
tion of the erythroid transcription factors (GATA1, KLF1, and 
NFE2), differentiation divisions, size reduction, hemoglobiniza-
tion, nuclear condensation, and enucleation. These studies 
would suggest that Epo-induced survival allows cell-autono-
mous terminal erythroid differentiation. Interestingly, studies 
also demonstrate that controlled caspase activation is actually 

necessary for erythroblast maturation.313 It is hypothesized that 
caspase-mediated cleavage of proteins such as Lamin B, PARP-
1, and Acinus is required for terminal maturation, perhaps for 
initiation of enucleation.314 In the absence of Epo there is exces-
sive activation of caspases, resulting in cleavage of GATA1 and 
maturation arrest or apoptosis. However, Epo induces nuclear 
migration of a molecular chaperone, the heat shock protein 
Hsp70, to protect GATA1 from cleavage during caspase activa-
tion.315 Notably, recent studies316 indicate that abrogation of 
this protective mechanism may underlie the ineffective eryth-
ropoiesis seen in patients with early myelodysplastic syndrome 
(see Chapter 73).

In addition to erythroid cells, Epo has also been shown to 
affect megakaryocytes and their progenitors CFU-MK. Epo acts 
as a colony-stimulating factor for murine CFU-MK,317 whereas 
in humans, it potentiates the effect of megakaryocyte colony-
stimulating factors present in lymphocyte-conditioned media.12 It 
also promotes differentiation of murine megakaryocytes,318 which 
express EpoR,319 and, when injected at high doses into mice, 
increases platelet production.320 In patients with renal failure 
treated with Epo, a minor increase in the platelet count, averaging 
approximately 30,000/ml, has been noted.321

aSSayS for eryTHropoieTiN aNd 
LeveLS iN HeaLTH aNd diSeaSe
The presence of Epo in serum, urine, or other body fluids can be 
detected by bioassays or immunoassays. Historically, Epo was 
detected by the polycythemic mouse assay in which the serum 
sample was injected with 59Fe into polycythemic mice and the 
amount of 59Fe incorporated into newly released red cells was 
measured.2,322,323

Radioimmunoassays for Epo were developed initially by using 
purified human urinary Epo as antigen and standard324–328; 
these have been replaced by purified human rEpo.326,327 Using 
the same principles of immunologic detection of the protein, 
an enzyme-linked immunosorbent assay was developed, which 
is commercially available and currently used as the method for 
determining serum Epo concentrations. The immunoassays have 
the advantages of being quick, accurate, relatively inexpensive, 
and capable of quantifying very low Epo levels ordinarily not 
detectable by bioassays. Normal serum Epo levels, although 
variable with the type of assay, usually range between 5 and 30 
mU/ml. An inverse correlation has been established between the 
logarithm of serum Epo concentration and the concentration of 
hemoglobin in the blood324,327; however, the magnitude of the 
increase in the serum Epo concentration in response to anemia is 
variable among individuals. A disadvantage of the immunoassays 
is that they detect immunoreactive but not necessarily bioactive 
hormone. Thus, in renal failure, when serum Epo levels are low or 
undetectable by bioassays, the immunoassays detect higher lev-
els.326–328 The utility of Epo assays in clinical practice is discussed 
in later chapters in relation to specific clinical disorders.

THe MaTure red BLood CeLL
Erythrocytes were first described in the 17th century. The Dutch 
microscopist, Leeuwenhoek, took note of them, as did Malpighi, 
who mistook them for fat globules “looking like a rosary of red 
coral.” For many years, erythrocytes were not thought to be of any 
importance. The presence of iron in blood was demonstrated by 
Lemery in the 17th century, but not until 1851 did Funke isolate 
hemoglobin in crystalline form. The functional significance of red 
corpuscles was only appreciated, however, when Hoppe-Seyler 
demonstrated that hemoglobin has the property of readily taking 
up and discharging oxygen. This, then, was considered the primary 
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or even sole function of the red cell (along with CO2 exchange) 
until the late 20th century. This section provides a description of 
RBC membrane structure and function, red cell metabolism, and 
hemoglobin function. More detailed historic discussion of these 
erythrocyte features is found in Maxwell Wintrobe’s history of 
hematologic science, Blood, Pure and Eloquent.329

STruCTuraL feaTureS  
of eryTHroCyTeS
Lacking a nucleus, mitochondria, or ribosomes, the red cell is 
unable to synthesize new protein, carry out the oxidative reactions 
associated with mitochondria, or undergo mitosis. More than 95% 
of the cytoplasmic protein is hemoglobin. The remainder includes 
those enzymes required for energy production and for the main-
tenance of hemoglobin in a functional reduced state.

Shape and Dimensions
At rest, the normal human erythrocyte is shaped like a flattened, 
bilaterally indented sphere, a shape often referred to as a bicon-
cave disc (Fig. 6.11). In fixed, stained blood smears, only the 
flattened surfaces are observed; hence, on fixed blood films the 
erythrocyte appears circular, with a diameter of about 7 to 8 mm 
and an area of central pallor.

Average values for the mean cellular volume in normal sub-
jects range from 80 to 100 fl, depending on the combination of 
methods used. The variation in cell size can be documented by 
means of a frequency distribution curve of red cell volumes gener-
ated from the output of an electronic cell counter (Fig. 6.12).330

Total hemoglobin content and red cell volume vary consider-
ably more than does hemoglobin concentration.330–332,333 It has 
been proposed that mature red cell size and hemoglobin content 
are primarily dependent on erythroid precursor cell size at the last 
cell division during erythropoiesis.330 Reticulocytes are 24% to 35% 
larger than mature red cells, although they have similar total hemo-
globin content (and thus a lower hemoglobin concentration).334

The disc shape is well suited to erythrocyte function. The ratio 
of surface to volume approaches the maximum possible value 
in such a shape,335 thereby facilitating both gas transfer and 

deformability as the red cell traverses the microcirculation. When 
red cell movements within small blood vessels are observed by 
cinemamicrography,336 the plane of the biconcave disk is oriented 
in the direction of flow with the leading edge pointed and the fol-
lowing edge blunted. When deformed in this way, the erythrocyte 
can pass through a vessel of about 4 mm in maximum diameter. 
Erythrocyte shape may also vary between large and small vessels 
and under conditions of high or low shear stress.

Deformability
The erythrocyte is remarkable for its ability to maintain mem-
brane integrity while exhibiting extreme deformability under nor-
mal physiologic circumstances.337 Without undergoing extensive 
remodeling, the erythrocyte membrane withstands high shear 
stresses, rapid elongation and folding in the microcirculation, 
and deformation as the erythrocyte passes through the small fen-
estrations of the spleen. Cell deformability depends on both the 
membrane and the cytoplasm; however, the cytoplasm of normal 

Figure 6.11. The normal mature erythrocyte as visualized by the scanning electron 
microscope (×9,800). (Courtesy of Dr. Wallace N. Jensen.)

Figure 6.12. Frequency distribution curve of erythrocyte vol-
ume. The cells are normally distributed about a mean volume of 90 fl. 
(Modified with permission from Bessman JD, Johnson RK. Erythrocyte vol-
ume distribution in normal and abnormal subjects. Blood 1975;46:369.)
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erythrocytes at physiologic concentration has very low viscos-
ity.337 Thus, it is the elasticity and viscosity of the membrane that 
are most crucial for deformability.

Among the factors that affect membrane deformability and 
stability are membrane lipid content, lipid distribution, cyto-
skeletal proteins, and transmembrane proteins.338 The cytoskel-
eton, formed by a latticelike network of proteins, undoubtedly 
contributes to the bending energy necessary for assumption 
of the biconcave shape, as well as to membrane stability.339 
Abnormalities in cytoskeletal proteins cause a variety of patho-
logically shaped red cells, including spherocytes and elliptocytes 
(Chapter 27). In addition, proteins adsorbed to the outer surface 
of the red cell, especially albumin, may also play a role in both 
maintaining normal cell shape and effecting changes in that 
shape under some conditions. Red cells suspended in an iso-
tonic medium tend toward an echinocytic shape until albumin 
is added, and increasing amounts of albumin move cells toward 
the discoid shape.340

THe eryTHroCyTe MeMBraNe  
aNd CyToSkeLeToN
The central feature of membrane structure is a matrix formed by 
a double layer of phospholipids. The lipid bilayer hypothesis was 
first proposed in 1925341 and refined by Danielli and Davson a 
decade later.342–344 Lipid molecules in the bilayer are oriented 
with the nonpolar groups directed toward one another, forming 
hydrophobic interactions. The hydrophilic polar head groups are 
directed outward, where they interact with the aqueous environ-
ment on both the cytoplasmic and plasma surfaces.

The best accepted concept of how proteins fit into the lipid 
membrane structure is the so-called fluid mosaic model.345,346 
Within this “sea of lipids” float globular proteins, some that pen-
etrate the membrane completely and others that penetrate the 
membrane only partially and may be exposed at only one surface. 
Some proteins appear to have considerable lateral mobility, but in 
the red cell, many proteins interact with other membrane compo-
nents, giving them a degree of immobility. Some proteins traverse 
the lipid bilayer once, whereas others have multiple membrane-
spanning domains. On the cytoplasmic side of the membrane 
lies a network of structural proteins that form a cytoskeleton. 

Certain membrane-spanning proteins appear to interact with 
various cytoskeletal proteins.347 Some transmembrane proteins 
also appear to become covalently linked to lipid,348 whereas the 
glycosylphosphatidylinositol-anchored class of proteins has no 
membrane-spanning domain but instead has phospholipid “tails” 
by which they are attached to the membrane.349

Much that is known about red cell membranes is derived from 
studies of the insoluble portion of the cell remaining after hemo-
lysis induced by osmotic rupture. This material has been called 
stroma and, if the membrane remains intact after hemolysis, red 
cell “ghosts.” It consists largely of components of the membrane, 
including the cytoskeleton. Such preparations contain about 52% 
protein, 40% lipid, and 8% carbohydrate by weight.350 Most of 
the carbohydrate is accounted for by the oligosaccharide portion 
of glycoproteins, but a small fraction (about 7%) is carried by 
glycolipids.350,351

Lipid Composition
Virtually all of the lipids in the mature erythrocyte are found in 
the membrane351–355 (Table 6.1). The majority of erythrocyte 
membrane lipids are phospholipids or unesterified cholesterol, 
which are present in approximately equimolar quantities. Four 
classes of compounds account for most of the phospholipid: 
phosphatidylcholine (lecithin), phosphatidylethanolamine, sphin-
gomyelin, and phosphatidylserine (Table 6.1). Two fatty acid side 
chains are attached to all of these lipids except sphingomyelin, 
which has only one. In addition, trace amounts are found of other 
phospholipids containing only one fatty acid (“lysophospholip-
ids,” e.g., lysolecithin). Fatty acids in the membrane are almost 
evenly divided between saturated and unsaturated fatty acids.354

Phospholipids are distributed asymmetrically between the 
two lipid layers of the membrane.356,357 Eighty percent or more 
of the aminophosphatides (phosphatidylethanolamine and phos-
phatidylserine) lie within the inner (cytoplasmic) monolayer, 
whereas the choline-containing lipids (phosphatidylcholine and 
sphingomyelin) are the major components of the outer monolayer 
(Fig.  6.13). Little or no phosphatidylserine is detectable in the 
outer lipid layer of normal, nonsenescent red cells. Maintenance 
of normal asymmetry results in improved mechanical membrane 
stability under applied shear stress and further appears to supply 
additional means for cytoskeleton attachment to the lipid bilayer 
through spectrin–phosphatidylserine interaction.358

Molar Concentration351 Weight Concentration350

Lipid mmol/1010 Cells % of Total mg/1010 Cells % of Total

Phospholipids

Phosphatidylcholine (lecithin) 1.3 1.0

Phosphatidylethanolamine (cephalin) 1.2 0.9

Sphingomyelin 1.0 0.8

Phosphatidylserine 0.6 0.4

Lysolecithin 0.04

Others 0.07

Total phospholipids 4.2  49.5 3.1 (1.7–3.2)a  69

Cholesterol 4.0  47.1 1.3 (1.1–1.4)a  29

Glycolipids (globoside) 0.21   3.4 0.1   2

Total lipids 8.41 100 4.5 (3.9–5.2)a 100

a Range in parentheses.

LipiDS of THE NoRMaL HuMaN ERyTHRoCyTE MEMBRaNE

TaBLE 6.1
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The lateral mobility of lipids in the outer membrane layer 
exceeds that of lipids in the inner layer. Although cholesterol is 
known to restrict lipid lateral mobility,359 the outer lipid layer 
likely is relatively enriched in cholesterol.360 Lipids in the inner 
layer may be restricted in their mobility because of interactions of 
phospholipids with cytoskeletal proteins.358,361,362

An additional effect on lipid mobility and membrane deform-
ability may come from the fact that the fatty acids found in eryth-
rocyte phospholipids are also not distributed evenly between 
the two bilayers.353,357,363,364 Overall, about one half of the fatty 
acids in the membrane are unsaturated. Unsaturated fatty acids, 
however, and particularly the polyunsaturated acyl chains with 
four or more double bonds, are a disproportionately large part 
of the inner leaflet phospholipids, phosphatidylethanolamine 
and phosphatidylserine. In contrast, phosphatidylcholine, which 
is predominantly in the outer lipid layer, contains most of the 
shorter-chain saturated fatty acids. Sphingomyelin is especially 
enriched in fatty acids, with a chain length longer than 20. 
Membranes rich in sphingomyelin are less “fluid” than those 
with relatively larger amounts of lecithin.365 An increased ratio 
of sphingomyelin to lecithin is found in abetalipoproteinemia and 
probably accounts for the erythrocyte abnormalities associated 
with that disorder363 (see Chapter 27).

The neutral lipid of the erythrocyte consists almost entirely of 
free nonesterified cholesterol.365 The distribution of cholesterol in 
the two membrane layers has been difficult to study, at least in 
part because the translocation rate of cholesterol between the two 
layers is extremely rapid. Cholesterol has a pronounced effect on 
membrane fluidity.366,367 It interacts with phospholipids to form 
what has been called an “intermediate gel state.” Thus, compared 
with pure phospholipid membranes, membranes containing 

cholesterol are less fluid, that is, more viscous. Relatively modest 
increases in membrane cholesterol content decrease membrane 
deformability.368 Abnormally high levels of cholesterol lead to 
distortions in red cell shape; bizarre spicules form (“spur cells”), 
deformability of the cells is reduced, and they are destroyed in the 
spleen (Chapter 27).

Lipid Turnover and acquisition
The mature erythrocyte is unable to synthesize lipids de novo; 
therefore, any lipid loss must be compensated for by renewal 
from pathways of interchange with the plasma364 (Fig. 6.14). 
Quantitatively, the most important of these pathways is the trans-
fer of cholesterol and phosphatidylcholine (lecithin) from plasma 
lipoproteins to red cells (pathways 1 and 3). The rates of transfer 
are functions of the relative plasma and red cell levels of these 
lipids and are indirectly affected by the activity of the cholesterol-
esterifying enzyme in plasma, lecithin-cholesterol acyltransferase 
(LCAT).369 This enzyme catalyzes the reaction in which a fatty 
acid in the 2 position of lecithin is transferred to free cholesterol, 
forming cholesterol ester and lysolecithin (Fig. 6.14, reaction 1A). 
Neither of the LCAT reaction products can enter the membrane. In 
patients with congenital LCAT deficiency, membrane cholesterol 
and lecithin are increased and the red cells are target-shaped.370

The exchange of cholesterol and lecithin between red cells and 
plasma is also affected by the plasma bile salt concentration.371 If 
erythrocytes are incubated in normal plasma to which bile salts 
have been added, the cells acquire cholesterol, and this change is 
accompanied by an increase in surface area and the formation of 
target cells. Although the mechanism of bile salt action is not fully 
understood, at least two properties appear to be important: Bile 
salts inhibit the LCAT reaction and, in addition, they bring about 
a shift in the distribution of free cholesterol between plasma and 
cell. Phospholipids also may be added to the membrane. One 
example of this is that albumin-bound lysophospholipid may be 
transferred to the membrane (Fig. 6.14, pathway 4) and acylated 
(reactions 5a and 6a) to form a complete phospholipid.364

Figure 6.13. Distribution of erythrocyte phospholipids between the inner and outer 
layers of the membrane. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, 
 phosphatidylserine; SM, sphingomyelin; TPL, total phospholipids. (From Rothman JE, Lenard  
J. Membrane asymmetry. Science 1977;195:743, with permission. Copyright 1977 by the 
American Association for the Advancement of Science.)
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Figure 6.14. Pathways of lipid acquisition and turnover in the mature red cell 
 membrane. Reactions and pathways: (1 ) exchange of cholesterol with plasma lipoprotein; (1A ) 
the LCAT reaction; (2a ) transfer of FFA from albumin to membrane; (2b ) penetration of FFA to 
a metabolically active site; (3 ) exchange of PC with plasma lipoprotein; (4 ) transfer of LPC from 
albumin to membrane; (5A ) LPC + FFA → PC; (5b) 2LPC → FFA + GPC; (5c ) LPC → FFA + 
GPC; (6a ) LPE + FFA → PE; (6b ) PC + LPE → LPC + PE; (7  ) PE → LPE + FFA; (7b ) PC → 
LPC + FFA. Alb, albumin; C, cholesterol; CE, cholesterol ester; FFA, free fatty acid; GPC, glycer-
ylphosphoryl choline; LCAT, lecithin-cholesterol acyltransferase; LPC, lysophosphatidyl choline; 
LPE, lysophosphatidyl ethanolamine; PC, phosphatidyl choline (lecithin); PE, phosphatidyl etha-
nolamine. (From Shohet SB. Hemolysis and changes in erythrocyte membrane lipids. N Engl J 
Med 1972;286:577, with permission.)
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on the basis of their relationship to the membrane or their 
functions. One common classification of membrane proteins 
comprises the categories of integral membrane proteins and 
peripheral membrane proteins.345 Integral membrane proteins 
are most often globular and amphipathic; in their folded, three-
dimensional form, they have distinct hydrophobic and hydrophilic 
domains. Of the major Coomassie-stainable proteins, bands 3, 4.5, 
and 7 are integral membrane proteins. These proteins have one 
or more membrane-spanning domains. Band 3 has several extra-
cellular domains, of which some are highly glycosylated. Band 4.5 
is the glucose transporter. All other Coomassie-stained bands are 
situated within the cell, either as part of the cytoskeleton or bound 
in a more or less loose fashion to the inner leaflet of the mem-
brane. All the PAS-stainable proteins are integral membrane pro-
teins. Integral membrane proteins require detergent for removal 
from the membrane, whereas peripheral membrane proteins can 
often be extracted from “ghosts” by manipulation of the pH and 
ion content of buffers and tend to be soluble in neutral aqueous 
buffers. Proteins attached by phosphatidylinositol anchors to the 
outer membrane layer also require detergents or other reagents 
capable of disrupting the lipid bilayer for solubilization.349

Transmembrane Proteins
The two predominant erythrocyte transmembrane proteins are 
glycophorin A (GPA) and the anion channel (AE1, formerly known 
as band 3). AE1 has a number of crucial roles in red cell biology, 
whereas the importance of GPA is less clear.

Glycophorin A is the principal PAS-stainable glycoprotein of 
erythrocyte membranes, accounting for approximately 85% of 
PAS-positive membrane protein. The N terminus of GPA bears 
the M or N antigen. GPA has also been found to be a binding 
site for several pathogens, including Plasmodium falciparum.380 
Numerous variants of GPA have been described and may cause 
production of alloantibodies after transfusion. Rarely, some per-
sons lack this protein totally. Although absence of GPA causes 
no clinically significant hematologic problems, persons with this 
deficiency may make antibodies that render blood transfusion 
difficult, given the general unavailability of blood from other GPA-
deficient donors.

Glycophorin B, the second most abundant PAS-staining pro-
tein, is present on the erythrocyte in one tenth to one third the 
copy number of GPA.381 Glycophorin B is highly homologous to 
GPA and the N terminus of glycophorin B carries the “N” amino 
acid sequence of GPA and always expresses the N antigen. At 
amino acid 29, within a region of glycophorin B that is less homol-
ogous to GPA, expression of methionine or threonine accounts for 
the S and s blood group antigens, respectively.

AE1, the erythrocyte anion-channel or anion-exchange pro-
tein, is expressed on erythrocytes in about the same copy number 
as GPA. Human erythroid AE1 cDNA has been cloned.382,383 The 
deduced cDNA sequence, as well as confirmatory biochemical 
analyses, has demonstrated that AE1 most likely traverses the 
membrane 12 times. It has several extracellular domains, but the 
fourth is the major bearer of carbohydrate. This domain is heav-
ily glycosylated and bears carbohydrate blood group antigens, 
including I and i and the antigens of the ABO major blood group 
system. The function of AE1 relates to Cl–HCO3 exchange and it 
also interacts with the erythroid cytoskeleton by binding ankyrin. 
Complete absence of erythroid AE1 is rare in humans and has 
been associated with severe hemolytic anemia and renal tubular 
acidosis. However, many different mutations of AE1 have been 
described in association with hereditary spherocytosis and other 
RBC membrane disorders associated with hemolysis (Chapter 27).

The Rh proteins are also important integral membrane pro-
teins. Although they are present in only 100,000 copies per 
cell,381 these proteins are clearly important both to erythrocyte 
biology as well as to transfusion medicine. The RhD protein is 

Membrane Proteins
Early in the history of membrane biochemistry, erythrocytes 
were used as a model system for the study of plasma membranes 
because they lacked organelle and nuclear membranes, making 
the membranes easy to isolate. Solubilization of membrane pro-
teins can be accomplished by the addition of detergent. Detergent 
usually is added to red cell ghosts, made relatively hemoglobin-
free after hypotonic lysis of red cells.352 Use of an ionic detergent, 
most commonly sodium dodecyl sulfate (SDS), accomplishes solu-
bilization of essentially all membrane proteins. Proteins extracted 
from membranes by detergent solubilization can be separated 
and analyzed with relatively high resolution by means of electro-
phoresis in polyacrylamide gels.372,373 Such gels are stained by 
protein stains, usually Coomassie Brilliant Blue or by reagents 
that react with carbohydrate, such as periodic acid-Schiff (PAS).

On Coomassie-stained gels, seven major bands are usually 
identified, whereas PAS stains four major bands and several 
minor ones (Fig. 6.15). Originally, the seven major protein bands 
were referred to by number. As further refinements in SDS-PAGE 
have produced greater resolution, other bands have been given 
decimal or alphanumeric designations, such as bands 2.1 and 4.2, 
sometimes with even further divisions such as in 4.1a and 4.1b. 
Most of these proteins are no longer identified by this numeric 
nomenclature because they have been given specific names as 
their chemical structures and membrane function have been 
defined. The major PAS-stained bands contain three proteins, two 
of which form both hetero- and homomultimers. These three pro-
teins have been termed glycophorins, or sialoglycoproteins, with 
letter designations that vary according to the investigator.373–376 

Glycophorins A and B are proteins that are derived from highly 
homologous genes and form both homo- and heterodimers. 
Glycophorins C and D are two proteins produced by a single gene 
and are structurally unrelated to glycophorins A and B.

With recent advancements in mass spectrometry and the avail-
ability of protein databases, the field of proteomics has evolved. 
The proteome is the entire complement of proteins in a tissue, 
including all the particular modifications made to a given pro-
tein (phosphorylation, glycosylation, acetylation, ubiquitination, 
etc.). The RBC proteome contains hundreds of membrane and 
soluble proteins. The significance of erythrocyte protein patterns 
in normal, aging, and RBC disorders is currently an active area 
of investigation and should provide important information in the 
future.377–378,379

Historically, as noted above, membrane proteins were first 
characterized by whether they were stainable by protein-binding 
or carbohydrate-specific dyes. Now, however, they are classified 

Figure 6.15. Polyacrylamide gel electrophoresis of erythrocyte membrane  proteins.  
In this system, polypeptides migrate according to molecular size, with the smaller molecules 
moving the farthest. Gels were stained with Coomassie Brilliant Blue (left) and periodic acid-
Schiff (PAS) reaction (right). (From Steck TL. The organization of proteins in the human red blood 
cell membrane. J Cell Biol 1974;62:1, with permission.)
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the most immunodominant determinant of red cells outside the 
ABO antigens and is thus the only non-ABO determinant routinely 
taken into account when blood is selected for nonalloimmunized 
recipients. Absence of all Rh proteins, as in the Rhnull syndrome, 
is associated with multiple erythrocyte defects and mild hemolytic 
anemia.384 The proteins that carry the D, C (or c), and E (or e) Rh 
antigens are highly homologous to one another and traverse the 
membrane multiple times.385 Two Rh genes situated very near 
each other on chromosome 1 encode the proteins that bear Rh 
antigens; in a normal situation, one gene encodes the D antigen 
and the other encodes a protein that bears both the E/e and C/c 
antigens.386

Cytoskeletal Proteins
The most abundant of the peripheral proteins are those that make 
up the so-called spectrin–actin cytoskeletal complex, accounting 
for about 35% of the membrane protein. The complex includes 
large a and b spectrin polypeptide chains (bands 1 and 2 on gel 
electrophoresis, molecular weight about 240 and 225 kDa, respec-
tively) and the smaller actin chain corresponding to band 5. The 
relationship between the integral and peripheral proteins of the 
membrane is illustrated in Figure 6.16.

Spectrin proteins are long, rod-shaped molecules that self-
associate into a two-dimensional network with the help of 
other cytoskeletal proteins.347 The two forms of spectrin are 
homologous to each other; however, they are encoded by genes 
on two different chromosomes, chromosome 1 (a spectrin) and 
chromosome 14 (b spectrin).387–389 The a and b spectrin mol-
ecules form heterodimers by aligning in antiparallel pairs. These 
heterodimers then form tetramers by head-to-head associa-
tion.347 Incorporation of these tetramers into the latticework of 
the cytoskeleton occurs with the interaction of other peripheral 
membrane proteins (Fig. 6.16).347

Erythrocyte actin, or band 5 as identified in Coomassie-stained 
gels of erythrocyte membrane proteins (Fig. 6.15), is an abundant 
erythrocyte protein of about 45 kDa. Like actin in skeletal muscle 
cells, erythrocyte actin can polymerize into filaments and can acti-
vate myosin ATPase activity. Actin filaments associate with spectrin 

tetramers at the ends containing the carboxy terminus of the a chain 
and the amino terminus of the b chain. This association, however, is 
a low-affinity interaction in the absence of other accessory proteins.

In addition to spectrin and actin, other cytoskeletal proteins are 
important for membrane stability and maintenance of cell shape. 
Protein 4.1 contains a spectrin-binding domain and is known to 
promote spectrin–actin interaction. Ankyrin (Protein  2.1) also 
serves as a mode of attachment of the cytoskeleton to the mem-
brane.390 Ankyrin binds to both the anion exchanger band 3 and 
spectrin. As discussed in Chapter 27, deficiencies or abnormali-
ties in these cytoskeletal proteins are associated with abnormal 
erythrocyte shapes, abnormal membrane stability, and hereditary 
hemolytic anemias.391

Membrane Transport Proteins and Membrane 
Permeability
In general, the membrane acts as a partial barrier to penetration 
of all solutes. Nonpolar substances diffuse through the membrane 
at a rate proportional to their solubility in organic solvents. Polar 
solutes cross the membrane at specialized sites. The erythrocyte 
membrane has a number of specialized transport proteins, includ-
ing the anion transporter (AE1, band 3), several cation transport-
ers, a glucose transporter, and a water channel.

The red blood cell behaves as an osmometer; RBC water 
always is in osmotic equilibrium. In large part this occurs because 
erythrocytes have an abundant and highly active water channel 
protein, aquaporin-1, which contributes as much as 85% of the 
osmotic water permeability pathway.392 Aquaporin-1, originally 
described as CHIP-28 (channel-forming integral protein-28 kDa), 
occurs as a homotetrameric protein that expresses on its extracel-
lular domain both ABH and Colton blood group antigens and can 
be inhibited by a variety of mercurial compounds.393 Red cells that 
lack aquaporin-1 have only slightly reduced lifespan in vivo.392

There are several pathways that regulate water and solute 
homeostasis, the major determinant being the monovalent cation 
content. The erythrocyte membrane is only slightly permeable to 
the major monovalent cations (Na+ and K+) whereas it is much 
more permeable to monovalent anions (Cl– and HCO3

–). Cation 

Figure 6.16. The erythrocyte membrane. A schematic model of the major proteins of the erythrocyte membrane is shown: a- and b-spectrin, ankyrin, band 3 
(the anion exchanger), 4.1 (protein 4.1) and 4.2 (protein 4.2), actin, and glycophorin. Membrane protein–protein and protein–lipid interactions are often divided into 
two categories: (1) vertical interactions, which are perpendicular to the plane of the membrane and involve spectrin–ankyrin–band 3–protein 4.2 interactions and 
weak interactions between spectrin and the negatively charged lipids of the inner half of the membrane lipid bilayer; and (2) horizontal interactions, which are parallel 
to the plane of the membrane and include interactions between junctional complex proteins and spectrin or other membrane proteins. (Reprinted with permission 
from Tse WT, Lux SE. Red blood cell membrane disorders. Br J Haematol 1999;104:2.)
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concentrations within the erythrocyte are approximately 130 mM 
K+ and 8 mM Na+, whereas the plasma contains approximately 
140 mM Na+ and 4 mM K+. The steady-state cation concentra-
tions within the erythrocyte are the result of an equilibrium 
between passive diffusion (“leak”) and active transport (“pump”). 
With respect to sodium, the direction of leak is inward and the 
direction of pump is outward; in contrast, potassium leaks out 
and is pumped in. The major cation pump represents a process 
in which sodium inside the cell is exchanged for potassium on the 
outside and energy is supplied by ATP. For each molecule of ATP 
converted to ADP, three sodium ions are pumped out and two 
potassium ions enter.394 Active Na+ and K+ transport depends on 
the activity of the membrane protein Na-K ATPase. Anions cross 
the membrane by one of two pathways. The first represents an 
exchange reaction in which an internal anion is exchanged for 
an external anion. This rapid exchange is mediated by the band 
3 anion-exchange protein and plays an important role in the 
chloride–bicarbonate exchanges that occur as the red cell moves 
between the lungs and tissues (Fig. 6.17).395 The second anion 
pathway represents considerably slower ionic diffusion, account-
ing for net loss or gain of anions in response to excess K+ loss or 
Na+ entry into the cell, respectively. It should be noted that anions 
are distributed passively across the cell membrane with steady-
state concentrations determined by the Donnan equilibrium. 
Because the total cation content must equal the total anion charge, 
the presence of negatively charged impermeant intracellular 
anions (hemoglobin, 2,3-BPG, adenine nucleotides) influences 
the RBC monovalent anion content, and thereby explains why 
concentration of intracellular Cl– and HCO3

– is less than the intra-
cellular monovalent cation content. Red cells have two additional 
monovalent transport processes that specifically result in KCl and 
water loss with a reduction in cell volume. KCl co-transport is 
stimulated by RBC swelling, leading to K+ and Cl– exit from the 
cell, with an obligatory water loss to maintain isotonicity.396 Of 
interest, KCl co-transport also is activated by urea.397 This path-
way utilizes KCl co-transporters whose activity is determined by 
the protein phosphorylation/dephosphorylation state. This KCl 
transport pathway is particularly important in regulating cell 
volume, and is most active in reticulocytes. By decreasing the cell 
volume of reticulocytes the hemoglobin concentration is thereby 
increased to the levels seen in mature red cells. KCl transport is 
active in sickle and hemoglobin C disorders, and may account 
for some of the hydration abnormalities seen in these conditions. 
The calcium-activated K+ channel was first described many years 
ago by Gardos.398 Under conditions where Ca+ accumulates in 
red cells, there is a rapid loss of K+ (and Cl) also causing cellular 

dehydration. This Gardos effect can be demonstrated in RBC of all 
ages. The physiologic function of the calcium-activated K+ chan-
nel is not known. It too may be related to some of the RBC hydra-
tion changes that are seen in sickle cell anemia.399

Glucose and other monosaccharides constitute an important 
exception to the generalization regarding nonpolar solutes in that 
the monosaccharides easily cross the membrane barrier, whereas 
the more lipid-soluble disaccharides do not. The speed of the pro-
cess depends on molecular structure. Fructose is not transported 
under physiologic conditions (Km > 200 mM). Glucose enters the 
erythrocyte by facilitated diffusion, mediated by a transmembrane 
protein designated the glucose transporter, encoded by the gene 
GLUT1.400 The glucose transporter has an asymmetric effect on 
glucose transit across the membrane: Glucose influx exhibits a 
higher Vmax and a lower Km than does glucose efflux. The trans-
port of glucose into the erythrocyte provides the energy substrate 
for anaerobic glycolysis; however, the energy requirement of the 
erythrocyte appears to be relatively low, and the efficiency of glu-
cose transport is relatively high. Therefore, glucose transport is 
not rate-limiting for glycolysis.401,402

Membrane and Membrane-associated Enzymes
At least 50 enzymes are either membrane proteins or are bound 
to the erythrocyte membrane in some fashion; certain enzymes 
are both free in the cytoplasm as well as associated with the mem-
brane. Their functions range from facilitating transport of a vari-
ety of molecules necessary to the erythrocyte to playing important 
roles in producing and using energy from glucose metabolism.

Some erythrocyte enzymes are externally oriented and can 
therefore react with substrates in the red cell environment.  
A classic example of an externally oriented enzyme is acetylcho-
linesterase, first of several membrane proteins discovered to be 
missing from the affected erythrocytes of patients with paroxys-
mal nocturnal hemoglobinuria (see Chapter 31).403,404 It belongs 
to a class of proteins that are attached to the membrane by a 
phosphatidylinositol-glycan anchor, so that the entire polypeptide 
portion of the molecule is extracellular.349 The role of acetylcho-
linesterase on the red cell remains obscure405; however, some 
other proteins in this class are complement regulatory proteins. 
It is the absence of these proteins that causes the characteristc 
hemolysis of paroxysmal nocturnal hemoglobinuria.404

Among the enzymes required for the production and use of ATP 
there are three that form a membrane-bound enzyme complex: 
Aldolase, glyceraldehyde 3-phosphate dehydrogenase (G3PD), and 
phosphoglycerate kinase. Together, these three enzymes convert 
fructose diphosphate to 3-phosphoglycerate with the production 
of ATP. G3PD is the enzyme present in greatest amount in mem-
brane preparations and is seen as band 6 in polyacrylamide gels. 
G3PD is also found in the erythrocyte cytoplasm and can be dem-
onstrated to bind to a cytoplasmic segment of band 3.

Enzymes that use and degrade ATP are also found in the mem-
brane, although they are not present in large enough quantities to 
account for bands seen in Coomassie-stained polyacrylamide gels 
of membrane proteins. Like protein kinases, ATPases phosphory-
late membrane proteins, but instead of forming phosphoserine 
or phosphothreonine bonds, they form acyl bonds as transient 
intermediates in the catalytic cycle. Important and well-studied 
ATPases of the erythrocyte membrane include Na+-K+ ATPase, 
Ca2+-Mg2+ ATPase, and Mg2+ ATPase. The Na+-K+ ATPase is 
also known as the sodium pump, or sodium–potassium pump.

Protein kinases are enzymes that phosphorylate other proteins 
in the presence of ATP by forming phosphoserine, or phosphothre-
onine bonds. Phosphorylation is a major step in the regulation of 
a variety of target molecules, including structural proteins and 
enzymes. Both red cell membrane-bound and cytosolic kinases 
may phosphorylate membrane proteins.406 In general, phos-
phorylated structural proteins demonstrate lower-affinity binding 

Figure 6.17. role of band 3 in anion and CO2 transport. The ability of band 3 to accelerate 
anion transport across the membrane allows rapid equilibration of bicarbonate with the extracel-
lular plasma and concomitant influx of chloride ion. CA, carbonic anhydrase; Hb, hemoglobin. 
(From Kopito RR, Lodish HF. Structure of the murine anion exchange protein. J Cell Biochem 
1985;29:1, with permission.)
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to their target proteins than do unphosphorylated proteins. For 
example, phosphorylation of protein 4.1 leads to a decreased 
affinity for spectrin and a decreased ability of 4.1 to promote 
spectrin–actin association.347

HeMoGLoBiN aNd eryTHroCyTe 
fuNCTioN
Hemoglobins are one of the most widespread and specialized 
hemoproteins existing in nature and have been found in pro-
karyotes, fungi, plants, and animals. These proteins permit the 
reversible binding of O2 to heme while keeping the iron in the 2+ 
state. They also facilitate the exchange of carbon dioxide between 
the lungs and the tissues. Studies have also demonstrated the 
importance of hemoglobin in control of vascular tone mediated 
by NO. In vertebrates, hemoglobin is the major constituent of the 
red cell cytoplasm, accounting for about 90% of the dry weight of 
the mature cell.

In most invertebrates, oxygen-carrying pigment is transported 
freely in the plasma rather than within cells. This is an inefficient 
delivery system. Hemoglobin, as a protein free in the plasma, 
would exert an osmotic pressure about five times greater than 
that produced by the plasma proteins. By the inclusion of this pig-
ment in corpuscles, the viscosity of the blood can be maintained 
at a low level, water is not drawn from the tissues by it, and the 
flow of blood containing such a large amount of protein is made 
possible. Furthermore, free hemoglobin is not maintained in the 
circulation and is subject to oxidative denaturation. Attempts to 
make hemoglobin substitutes have revealed that infusion of free 
hemoglobin or derivatives causes a significant increase in blood 
pressure, as a result of the scavenging of NO produced by vascular 
endothelium.407,408

In humans at rest, about 250 ml of oxygen are consumed 
and 200 ml of carbon dioxide are produced per minute. During 
exercise, these quantities increase tenfold. If the respiratory gases 
were carried in physical solution in the plasma, human activ-
ity would be restricted to only one fiftieth of that possible in the 
presence of hemoglobin-containing red cells. Red cell hemoglobin 
permits the transportation of 100 times more oxygen than could 
be carried by the plasma alone.

Evolution and Structure of hemoglobin
Vertebrate hemoglobin is a conjugated protein with a molecular 
weight near 64.5 kDa. It is a tetramer, consisting of two pairs of 
similar polypeptide chains called globins, that exhibits a dyad axis 
of symmetry. Each of the four chains is covalently attached to a 
heme complex, ferroprotoporphyrin IX, which is a complex of iron 
and protoporphyrin409 (Fig. 6.18).

Human hemoglobins share a common ancestry with a simpler, 
single chain molecule that was similar to myoglobin. The diver-
gence of the invertebrate and vertebrate globin genes occurred 
>670 million years ago, and the divergence of the a and non– 
a-globin genes probably descended from a common gene >450 
million years ago.410 Such an evolution would explain the high 
degree of homology between the a and non-a (â, g, b, and d) 
chains, as well as the extraordinary similarities among the 
non-a globins. The non–a-globin gene family is sometimes 
designated the b-globin gene family. The a and non-a peptide 
chains most likely arose because of gene duplication, after 
which time the genes for these individual proteins evolved 
independently.411,412 The occurrence of subunit cooperativity 
(discussed below) brought with it the advantage of increased 
physiologic effectiveness of the hemoglobin molecule and 
added a new pressure on further evolution of the hemoglobin 
chains.413

Ontogeny of hemoglobins
Erythroid development is divided into three developmental peri-
ods: embryonic, fetal, and adult. In each developmental period, 
the oxygen delivery requirements are different, and erythroid 
development has evolved to meet these needs. The genes that 
encode the a-globin gene family are on chromosome 16, whereas 
the genes that encode the members of the non–a-globin gene fam-
ily are on chromosome 11.78,414 These genes are developmentally 
and coordinately regulated, and through the production of differ-
ent pairs of globins, different hemoglobins are produced to per-
mit their appropriate expression during different developmental 
periods. The a-globin gene cluster is capable of producing two 
types of globins, zeta (z) and a. The z is an embryonic globin chain 
produced during the first 8 weeks of fetal development, whereas a 
is produced during the remainder of the fetal and adult develop-
mental periods.415 The b-globin gene family members include the 
embryonic globin â, the fetal globin g, and two globins expressed 
primarily during the adult period, d and b.

During early embryonic development, the expression of z- and 
â-globin genes leads to the production and assembly of these 
globins into the embryonic hemoglobin Gower-1 (z2â2).416 a and 
g globins are also produced at low levels during this period, and 
this permits the production of two other embryonic hemoglobins, 
designated Gower-2 (a2â2) and Portland (z2g2).417 These embry-
onic hemoglobins display subunit cooperativity and serve as 
physiologic oxygen carriers in erythroid cells that were derived 
from yolk-sac hematopoietic progenitors.418 Embryonic erythro-
cytes carrying these hemoglobins have an affinity for oxygen that 
is similar to fetal blood.

After the 8th week of development, erythropoiesis shifts from 
the yolk sac to the fetal liver, and the embryonic hemoglobins nor-
mally are not detectable in fetal blood.419 Embryonic hemoglobins 
are replaced with hemoglobin F (a2g2), which remains as the pre-
dominant hemoglobin until after birth. The g chains are encoded 
by pairs of genes located near the normal b-globin gene on chro-
mosome 11. The two g genes encode nearly identical proteins: Gg 
has a glycine at position 136, whereas Ag has an alanine.77,420 In 
addition, many Ag genes also encode a threonine-for-isoleucine 
substitution at position 75 of the protein.421,422 During fetal life, 
Gg constitutes about 75% of g chains, whereas hemoglobin F in 
adults contains about 60% Ag chains.237,423 This has no known 
physiologic significance.

Figure 6.18. Chemical structure of heme and its manner of union with globin to form 
hemoglobin. The carbon atoms derived from the a carbon of glycine are represented by •, 
those supplied from the methyl carbon of acetate by ▲, and those derived from the carboxyl 
group of acetate by ×. The unmarked carbons are those derived from either the methyl carbon 
atom of acetate or from the carboxyl atom. (Prepared by Dr. G. E. Cartwright.)
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Red cells containing hemoglobin F have higher oxygen affinity 
than adult red cells. This permits the fetus to compete effectively for 
oxygen in the maternal blood. However, hemoglobin lysates from 
adult and fetal cells have nearly identical oxygen affinity when they 
are dialyzed against saline or a neutral buffer.424 This property 
of fetal hemoglobin is due to amino acid differences in the amino 
terminus of the g chains that impair binding of 2,3,-diphosphoglyc-
erate (2,3-DPG, also known as 2,3-bisphosphoglycerate, 2,3-DPG), 
an allosteric modifier of oxygen binding.425 Hemoglobin F also has 
an enhanced alkaline Bohr effect,426 whereby oxygen affinity is 
increased as hemoglobin passes through the pulmonary vasculature.

At about 20 weeks of fetal development, the site of erythro-
poiesis begins to switch from the liver and spleen to the bone 
marrow, where progenitors show increased expression of adult 
globins, a and b. Hemoglobin A may constitute 5% of b-family 
globin expression during this time. Beginning at the 30th week 
and proceeding to the time of birth, a significant switch from 
fetal to adult erythropoiesis takes place, such that at the time of 
birth, fetal hemoglobin constitutes approximately 80% of the total 
hemoglobin. Over the next 25 to 30 weeks following birth, fetal 
hemoglobin concentration decreases by approximately 10% every 
2 weeks until it reaches its normal adult level of <2% by 30 weeks 
of age.427 Neonates with hemoglobinopathies or erythropoietic 
stress can have a greatly prolonged production of hemoglobin F, 
sometimes extending into adulthood.428

Hemoglobin A, a2b2, is the predominant adult hemoglobin and 
normally constitutes approximately 96% of the total adult hemo-
globin. Hemoglobin A2 is a minor hemoglobin produced begin-
ning at 35 weeks of gestation but has little physiologic relevance. 
Hemoglobin A2 is composed of a globins and the minor adult 
globin d. It normally constitutes <3.5% of total adult hemoglobin; 
however, it is typically increased in b-thalassemias. Clinically, its 
major importance is its value in diagnosing b-thalassemias.429

Modifications of Normal hemoglobin
Analysis of human red cell hemolysates by cation-exchange chro-
matography reveals several negatively charged minor hemoglobins 
that are designated AIa, AIb, and AIc, corresponding to their order of 
elution. These hemoglobins are formed by the nonenzymic interac-
tion of glucose with the a-amino groups of valine residues at the 
N terminus of the b chains of hemoglobin (Fig. 6.19).430

The best characterized of the acquired variants is hemoglobin 
AIc, which constitutes about 3.5% of the hemoglobin in normal 
subjects and may be increased two- to threefold in individuals 
with diabetes mellitus. Its level is directly proportional to the 
time-integrated mean blood glucose concentration over the life of 
the red cell, typically the preceding 2 to 3 months.431 In the non-
enzymic glycation of hemoglobin A, a molecule of glucose forms a 
Schiff base with the N terminal of the b chain, then undergoes an 
Amadori rearrangement to a stable ketamine, 1-amino,1-deoxy 
fructose.432,433 Because the glycated (or, as often called, glycosyl-
ated) hemoglobins are synthesized throughout the lifespan of the 
red cell, older cells contain a higher proportion of these modi-
fied hemoglobins than younger ones.434 Preferential destruction 
of older cells explains the observation that the proportion of 
hemoglobin AIc is reduced in hemolytic anemia.435 Because the 
rate of synthesis of hemoglobin AIc depends on the blood glucose 
level, the concentration of hemoglobin AIc at any one time is 
proportional to the average blood sugar over the previous 2 to 
3 months.436 For this reason, the level of hemoglobin AIc is used 
widely as a measure of glucose control in diabetic patients, as well 
as a tool for diagnosis of diabetic states437). Clinical laboratories 
currently use a variety of assays to detect and quantify glycated 
hemoglobins, most commonly, high-pressure liquid chromatog-
raphy.438 Commonly encountered hemoglobin variants, such as 
Hb S, Hb C, Hb E, and Hb F, can interfere with these assays, and 
may help explain discordant assay results.

Laboratory analysis of hemoglobins
Normal and variant hemoglobins can be detected and quantified 
by standard clinical laboratory techniques. Standard cellulose 
acetate electrophoresis performed at alkaline pH or isoelectric 
focusing (IEF) can detect most of the common variants.439 Usually, 
confirmation can be achieved by citrate agar electrophoresis, IEF, 
or high-performance liquid chromatography (HPLC). The analysis 
of hemoglobin A2 and fetal hemoglobin levels deserves special 
attention because the levels of these components are indicative of 
common conditions affecting hemoglobin synthesis.

Hemoglobin A2 normally constitutes <3.5% of the total hemo-
globin in adults. In cases of b-thalassemia trait hemoglobin A2 lev-
els are increased, ranging from 3.6% to 8.0%.440,441 These subtle 
increases in hemoglobin A2 that are characteristic of  b-thalassemia 
trait cannot be quantified accurately by electrophoretic meth-
ods. Instead, most laboratories utilize HPLC or ion-exchange- 
resin microchromatography.442 It is an error to use hemoglobin 
electrophoresis as the sole method to rule out b-thalassemia, and 
most large laboratories add the chromatographic quantification of 
hemoglobin A2 as part of their routine hemoglobin analysis. HPLC 
provides a clear separation of hemoglobins A, F, and A2 and this 
technology is commonly used in clinical laboratories.

Hereditary persistence of fetal hemoglobin (HPFH) and d-b–
thalassemia are types of b-thalassemia caused by deletion of d- and 
b-globin genes, but distinguished from typical b-thalassemia by 
more balanced a- and non–a-globin chain synthesis resulting from 
an increase in g-globin production. In both of these  thalassemias, 
Hb A2 levels are reduced as a result of deletion of d-globin genes.

Elevated levels of hemoglobin F can be caused by thalassemias, 
disorders of hematopoiesis, or hereditary disorders of globin syn-
thesis such as HPFH and d-b–thalassemia.443 Diagnosis requires 
the precise measurement of hemoglobin F levels, which can be 
achieved in clinical laboratories by taking advantage of the resis-
tance of hemoglobin F to alkali denaturation.444 This resistance 
to alkali denaturation of fetal hemoglobin is due to the greater 
stability under these conditions of a-g–globin dimers compared to 
a-b–globin dimers.445 In lysates exposed to alkali under controlled 
conditions, only fetal hemoglobin remains undenatured, and its 
concentration can be quantified after the other denatured hemo-
globins are removed from solution.446 Routine electrophoretic 

Figure 6.19. High-performance liquid chromatography showing modified Hb A 
variants. (Image provided through the courtesy of the copyright holder, Dr. Edward C. Klatt.)
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and #92 in the b, g, and d chains; the helical designation for this 
histidine is the same in all the normal chains, F8.

The tertiary and quaternary structures of hemoglobin have 
been studied by x-ray diffraction techniques, especially by Perutz 
and co-workers.453,454 In aqueous solutions and in crystals, the 
polypeptide chains assume a structure in which the polar amino 
acids face the molecular surface, where they interact with water, 
rendering the molecule soluble. The groups directed toward the 
inner core of the molecule are all nonpolar, and the hydropho-
bic (van der Waals) bonding that occurs between them makes 
the structure stable. The resulting, roughly spherical, tertiary 
structure is similar for all the normal hemoglobin polypeptides 
(Fig. 6.20) as well as for certain other heme proteins, such as 
myoglobin.

The heme pocket is the site of many dynamic interactions 
involving oxygen binding to hemoglobin. Heme is suspended in a 
nonpolar crevice between the E and F helices (Fig. 6.20), and heli-
ces B, G, and H constitute the floor of the pocket. Heme iron forms 
a covalent bond with the imidazole nitrogen of the “proximal” 
histidine at F8. In addition, heme forms van der Waals bonds with 
many other parts of the molecule and in this way makes an impor-
tant contribution to tertiary structure. If heme is extracted, the 
central helical regions, C, D, E, and F, unfold with a consequent 
decrease in solubility.455 Not surprisingly, some unstable hemo-
globins (see Chapter 35) result from amino acid substitutions in 
the residues that line the heme pocket.456

The binding of oxygen to the iron molecule causes the hemo-
globin molecule to undergo conformational changes that affect the 
binding of oxygen to other heme sites.457 In deoxyhemoglobin, the 
bond between the imidazole nitrogen of the proximal histidine 
and iron undergoes considerable strain, displacing iron from the 
plane of the ring. This strain is conveyed to other parts of the mol-
ecule and is in part responsible for the T or tense state of deoxyhe-
moglobin.458,459 The addition of two molecules of oxygen, which 
is bound to the iron atom in the heme ring by end-on geometry, 
results in the formation of a hydrogen bond between the oxygen 
atom that is not bound directly to the iron and the imidazole nitro-
gen of the histidine at E7 (the “distal” histidine).459 The binding of 
oxygen to iron changes the electron spin state of iron and relaxes 
the covalent bond with the proximal histidine, permitting the iron 
to move into the plane of the ring and relaxing the molecule, con-
tributing to the R or relaxed state.460 The overall conformational 
changes to hemoglobin appear to be the greatest after three mol-
ecules of O2 have been added. In general, proteins that undergo an 
allosteric change from the tense (T) to a relaxed (R) state are better 
able to interact with substrate in the relaxed state. As a result, 

procedures do not completely separate hemoglobin F from A, but 
a more adequate separation can be accomplished at pH 6.0 in 
agar gel, or more commonly by HPLC at present.447,448

In adults, fetal hemoglobin is unevenly distributed in erythro-
cytes, being restricted to between 0.1% and 7% of total cells.445 
Cells containing fetal hemoglobin are designated F or A/F cells, 
wherein the hemoglobin F concentration is normally between 
14% and 25% of the total hemoglobin.449 In certain thalas-
semias and HPFH, the number of F cells is increased. This can 
be detected by acid treatment of erythrocytes on a glass slide 
followed by elution of the acid-sensitive hemoglobins (Kleihauer-
Betke technique). Counterstaining can identify hemoglobin F–
containing cells among a sea of ghosts.450

Examination of normal blood by the Kleihauer-Betke method 
demonstrates both colorless cells and fetal hemoglobin contain-
ing (light pink) cells that vary in intensity. By comparison, analy-
sis of cord blood mixed with adult blood demonstrates that true 
fetal cells in cord blood stain intensely, reflecting the high level 
of fetal hemoglobin in fetal cells. This assay can be performed 
on maternal blood to detect fetomaternal hemorrhage or other 
contamination of the maternal circulation with fetal blood. This 
can also be tested using flow cytometry with a phycoerythrin-
conjugated antiglycophorin antibody to detect fetomaternal 
hemorrhage.451

Structure of Globin
Proteins have at least four levels of structural organization: (a) 
primary structure, or the linear sequence of amino acids; (b) 
secondary structure, which describes how the amino acids within 
segments of the protein are spatially organized (e.g., by folding 
into an a helix or b-pleated sheet); (c) tertiary structure, which 
refers to the steric relationships of sequence domains separate 
from each other when analyzed as part of the linear sequence 
of the protein; and (d) quaternary structure, or the way in which 
several polypeptide chains join to form a single molecule.

The exact primary structure of all normal globin chains has 
been determined based on the DNA sequence of the individual 
globin genes,452 and the polypeptide chains in hemoglobin differ 
from one another in amino acid sequence. The a chain contains 
141 amino acids and the non-a chains, 146. The members of the 
non–a-chain family are more similar than any member of the 
non-a chain and any member of the a-chain family. The d chain 
differs from the b chain in only 10 of the 146 amino acid residues, 
whereas the g and b chains differ by 39 amino acids.

In spite of the differences in the primary structure of a and non–
a-globin chains, their secondary structures are remarkably similar. 
Each has eight helical segments designated by the letters A through 
H.453 The helices of all the non–a-chain members are of identical 
length; however, a significant difference exists between the a- and 
non–a-globin chains in the region of the D helix, which contains 
seven amino acids in the â, g, d, and b chains, but only two amino 
acids in the a chain. Because of the size of the D helix in the a-globin 
chains, many do not assign it a helix designation. The helices make 
up about 75% of the molecule. Interspersed between them are seven 
nonhelical segments: NA, AB, CD, EF, FG, GH, and HC. This arrange-
ment is important structurally, because the helices are relatively rigid 
and linear, whereas the nonhelical segments allow bending.

A given amino acid in a polypeptide chain may be denoted 
either by its sequential number or by a helical number. In the 
sequential system, amino acids are numbered from 1 at the N ter-
minus to 141 at the C terminus in the a chain and from 1 to 146 
in the b, g, and d chains. In the helical system, each amino acid 
is designated by a letter and a number that indicate the helix and 
the position in the helix, respectively. The helical system is gradu-
ally gaining favor, because it illustrates the homology between 
chains and has more structural significance. For example, the 
histidine to which heme attaches is amino acid #87 in the a chain 

A

B

C

D

E

G

FH HEM
E

Figure 6.20. The tertiary structure of a single globin polypeptide chain. The helical 
segments, labeled A through H, are relatively linear; bending of the chains occurs between 
helices. Heme is suspended in a crevice between the E and F helices. (Courtesy of C.A. Finch.)
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there are two quaternary structures for hemoglobin: one for the 
oxygenated form and one for the deoxygenated form.

assembly of hemoglobin
In general, there is little posttranscriptional regulation of the 
synthesis of globins, although factors such as the availability of 
heme can affect translation of globin mRNA.461 Aside from several 
variants, such as hemoglobin Lepore, which are synthesized at a 
slower rate, the synthesis rate of most normal or mutant globins is 
the same.462 Nevertheless, individuals with b-chain variants often 
express less of the variant hemoglobin than hemoglobin A. This 
observation has been attributed to an increased rate of catabolism 
of newly synthesized globin chains resulting from decreased solu-
bility, defective heme binding, or abnormal subunit assembly. The 
best data indicate that the variations seen in most stable hemo-
globin variants result from differences in subunit assembly.463,464

Following translation of globin mRNA and globin-chain synthe-
sis, heme associates with globins and a-globin chains pair with 
members of the b-globin family. In large part this binding is a con-
sequence of the different charges on a globins, which are positively 
charged (pI = 8.1), and b globins, which are negatively charged 
(pI = 6.6).465 The greater the charge difference, the greater is the 
electrostatic attraction. Positively charged variants, such as bC and 
the uncharged bS, bind to a globin and assemble into a-b dimers 
at approximately half the rate of bA during in vitro mixing experi-
ments.464 Conversely, more negatively charged variants such as 
bN-Baltimore bind with a greater association rate. This phenomenon 
has been suggested as an explanation for the ratio of 60:40 seen 
for hemoglobin A and hemoglobin S in heterozygotes for bS.

In conditions of a-globin deficiency, this competition is more 
pronounced and the percentage of the more positively charged 
variant is further reduced. Patients who are heterozygous for bS 
and a-thalassemia carry percentages of hemoglobin S of approxi-
mately 35%, 30%, and 25%, corresponding to one-, two-, or three-
gene a-thalassemia.466

Hemoglobin A2 is decreased in certain a-thalassemias and 
sometimes in iron deficiency, which causes an acquired reduc-
tion in a-globin synthesis as a result of decreased heme synthesis. 
Under these conditions, the more positively charged d globin would 
be expected to compete less well with the normal b globin. On the 
contrary, during b-globin deficiency associated with b-thalassemia, 
d globin would be expected to compete more effectively for a-globin 
chains, and the predicted increase in hemoglobin A2 is observed.467

Oxygen Transport
In order to function as the primary medium of exchange of oxygen 
and carbon dioxide, hemoglobin must fulfill the four requirements 
first delineated by Barcroft in the 1920s468: it must be capable of 
transporting a large quantity of oxygen, it must be highly soluble, 
it must take up and release oxygen at “appropriate pressures,” 
and it must also be a good buffer. Normal hemoglobin fulfills these 
requirements well, although many abnormal variants fail to meet 
one or more of these conditions.

Each gram of hemoglobin, when fully saturated, binds 1.34 
ml of oxygen. The degree of saturation is related to the oxygen 
tension (pO2), which normally ranges from 100 mm Hg in arterial 
blood to about 35 mm Hg in veins. The relation between oxygen 
tension and hemoglobin oxygen saturation is described by the 
oxygen dissociation curve of hemoglobin (Fig. 6.21). The charac-
teristics of this curve are related in part to properties of hemoglo-
bin itself and in part to the environment within the erythrocyte, 
with pH, temperature, and concentration of 2,3-DPG being the 
most important factors affecting oxygen affinity.

Oxygen affinity of a particular hemoglobin is generally expressed 
in terms of the oxygen tension at which 50% saturation occurs, the 
so-called P50. When measured in whole erythrocytes, this value 

averages about 26 mm Hg in normal nonsmoking males.469 When 
oxygen affinity increases, the dissociation curve shifts leftward, 
and the value for P50 is reduced. Conversely, with decreased oxy-
gen affinity, the curve shifts to the right and P50 is increased.

regulation of Oxygen affinity
The oxygen dissociation curve of single-subunit heme polypep-
tides (e.g., myoglobin) is hyperbolic, and oxygen affinity is consid-
erably greater than that of hemoglobin (Fig. 6.21). In contrast, the 
oxygen curve of hemoglobin is distinctly sigmoidal; the steepest 
part of its slope occurs at levels of oxygen tension corresponding 
to those found in tissues. This difference between the hemoglobin 
and myoglobin curves is the result of interaction between the four 
heme–polypeptide units of hemoglobin. Although it was called 
heme–heme interaction in the past, subunit cooperativity bet-
ter describes the process whereby the binding of oxygen by one 
subunit increases the oxygen affinity of other subunits; no direct 
interaction among heme moieties is involved. This allosteric prop-
erty of hemoglobin permits rapid changes in oxygen affinity dur-
ing the time the red blood cell passes through the capillary bed.

The change in oxygen affinity with pH is known as the Bohr 
effect.470–471,472 Hemoglobin oxygen affinity is reduced as the 
acidity increases (Fig. 6.21). Because the tissues are relatively rich 
in carbon dioxide, and because red cell carbonic anhydrase read-
ily converts carbon dioxide to carbonic acid, the pH is lower there 
than in arterial blood; therefore, the Bohr effect facilitates trans-
fer of oxygen to tissues. In the lungs, as oxygen is taken up and 
carbon dioxide is released, the pH rises and the oxygen-affinity 
curve shifts to the left. This event, termed the alkaline Bohr effect, 
increases the oxygen affinity of hemoglobin, helping to maximize 
oxygen uptake. Thus, the Bohr effect links and enhances the 
transport of both oxygen and carbon dioxide.

Another important factor affecting the oxygen affinity of hemo-
globin is the concentration of 2,3-DPG.473–476 The molecule can 
insert into the pocket between b-globin subunits in tetrameric 
hemoglobin and reduces oxygen affinity. 2,3-DPG is synthesized 
from glycolytic intermediates by means of a pathway known as 
the Rapoport-Luebering shunt (Fig. 6.22). In the erythrocyte, 2,3-
DPG is the predominant phosphorylated compound, accounting 
for about two thirds of the red cell phosphorus; in contrast, it is 
present in only trace amounts in other tissues.

The production of 2,3-DPG depends on the rate of formation of 
its precursor, 1,3-DPG, and the relative amounts of 1,3-DPG going 

Figure 6.21. Oxygen dissociation curve of hemoglobin, at three values for pH, com-
pared with that of myoglobin. pCO2, partial pressure of carbon dioxide; pO2, partial pressure 
of oxygen.
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into the Rapoport-Luebering shunt and into the ATP-forming 
glycolytic pathway. Actual 2,3-DPG concentration also depends 
on the rate of hydrolysis of 2,3-DPG. It is the relative concentra-
tions of ATP and ADP that are most directly linked to the rate of 
2,3-DPG production. A relative increase in the amount of ADP is 
associated with an increase in the production of 3-phosphoglyc-
erate and a decrease in 2,3-DPG. Two multifunctional enzymes 
(BPG mutase and BPG phosphotase/synthase) are important to the 
synthesis and degradation of 2,3-DPG. Both enzymes are capable 
of promoting three reactions: the synthesis of 2,3-DPG from 1,3-
DPG; the breakdown of 2,3-DPG into 3-PG, water, and phospho-
rus; and the conversion of 3-PG to 2-PG.477–479,480

The most important function of 2,3-DPG is its effect on the oxy-
gen affinity of hemoglobin. In the deoxygenated state, hemoglobin 
A can bind 2,3-DPG in a molar ratio of 1:1, a reaction that leads to 
reduced oxygen affinity and improved oxygen delivery to tissues. 
The increased oxygen affinity of fetal hemoglobin appears to be 
related to its diminished ability to bind 2,3-BDG. The increased 
oxygen affinity of stored blood is accounted for by reduced levels 
of 2,3-DPG.481 Transfusion of such blood results in an in vivo 
increase in oxygen affinity that returns toward normal in 7 to 
12 hours as the function of the glycolytic pathway is restored. 
The reduction in 2,3-DPG levels in stored blood can be mitigated 
by adding inosine or phosphate to the storage solutions.482 The 
actual clinical impairment in oxygen delivery resulting from low 
2,3-DPG levels remains to be determined.

Changes in 2,3-DPG levels play a significant role in adaptation 
to hypoxia. In some situations associated with hypoxemia, 2,3-
DPG levels in red cells increase, oxygen affinity is reduced, and 
delivery of oxygen to tissues is facilitated. Such situations include 
abrupt exposure to high altitude, anoxia resulting from pulmo-
nary or cardiac disease, blood loss, and anemia.483–485 Increased 
2,3-DPG levels also play a role in adaptation to exercise.482 The 
compound is not essential to life, however; an individual who 
lacked the enzymes necessary for 2,3-DPG synthesis was per-
fectly well except for mild polycythemia (due to increased oxygen 

affinity). Heme–heme interaction, the Bohr effect, and the effect 
of 2,3-DPG have been explained on a molecular basis in a model 
proposed by Perutz.453 In the completely deoxygenated state, 
hemoglobin assumes a quaternary structure termed T (“taut” or 
“tense”). This structure is stabilized by salt bridges involving the 
carboxy terminals of the peptide chains. The deoxy form is also 
stabilized by the presence of 2,3-DPG, which joins the b chains.

The tertiary structure of deoxygenated subunits also differs 
from that of the oxygenated form. In the deoxy form, heme iron is 
in a high-spin state and, in this form, is displaced slightly from the 
plane of the porphyrin ring. The penultimate tyrosine is wedged 
firmly between the F and H helices. When oxygen is added, iron 
changes to a low-spin state and moves to a position in the plane 
with the porphyrin ring, a distance of about 0.2 nm, and pulls 
the attached F helix with it. This movement narrows the space 
between the F and H helices, expelling the penultimate tyrosine 
from its pocket. The C-terminal amino acid moves with the tyro-
sine, thereby breaking the salt bridges with adjacent chains.

Fully oxygenated hemoglobin assumes the R or “relaxed” 
structure (Fig. 6.23). The exact series of events that bring about 
this change, along with the change in oxygen affinity that accom-
panies it, has been difficult to ascertain, in part because of the 
large number of variables that need to be controlled (e.g., temper-
ature, pH, 2,3-DPG concentration, and hemoglobin concentration) 
and the extraordinarily large number of thermodynamic measure-
ments that need to be made. Nevertheless, at least some of the 
molecular events that contribute to this shift in quaternary struc-
ture and oxygen affinity have been delineated.486,487 Hemoglobin 
appears to exist in a third molecular form, intermediate between 
the T and R conformations. Achievement of the R conformation 
occurs when at least one oxygen molecule is bound on each side 
of the a1b2 interaction; however, significant subunit cooperativ-
ity also exists within each a1b1 dimer of the T-state tetramer. 
Conversion to the R form is also accompanied by expulsion of the 
2,3-DPG and disruption of the salt bridges and hydrophobic inter-
actions at the a1b2 contact point (Fig. 6.23). Oxygen affinity then 
becomes much increased, and oxygen is added to the remaining 
b chain or chains. Because hemoglobin A has four subunits, it 
might be expected that the switch from the T state to the R state 
would occur in four distinct steps. Experimentally, it appears to 
switch abruptly. This is best explained by the relationship of the 
four subunits. The a and b chains in the dimers have many more 

Figure 6.23. Diagrammatic representation of the subunit interaction in hemoglobin 
as oxygen is added. Deoxyhemoglobin (upper left), with low oxygen affinity, is in the T (taut) 
conformation, constrained by salt bridges (interconnecting lines) and the 2,3-DPG molecule. As 
O2 is added, salt bridges are broken, and eventually the BPG molecule is expelled, resulting in 
the R (relaxed) configuration with higher oxygen affinity.
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contacts than the two dimers with each other, and the dimers can 
move onto each other. As oxygen is either loaded or unloaded 
onto the hemoglobin tetramer, tension is created, and the point 
where the two dimer subunits slide onto each other is determined 
by the concentration of the allosteric mediaters in the cell, includ-
ing pH, Cl– concentration, and 2,3-DPG levels.

The alkaline Bohr effect is explained by rupture of the salt 
bridges involving the b-chain C-terminal histidine and the a 
N-terminal valine. When these bridges are broken, the pK of the 
dissociation of hydrogen ion is reduced. It has also been suggested 
that about 25% of the alkaline Bohr effect may be accounted for 
by histidine at a122.488

Carbon Dioxide Transport
Transport of carbon dioxide by red cells, unlike that of oxygen, 
does not occur by direct binding to heme.489,490,491 In aqueous 
solutions, carbon dioxide undergoes a pair of reactions:

1. CO2 + H2O → H2CO3

2. H2CO3 → H+ + HCO3–

Carbon dioxide diffuses freely and rapidly into the red cell, where 
the presence of the enzyme carbonic anhydrase facilitates reac-
tion 1. The H+ liberated in reaction 2 is accepted by deoxygenated 
hemoglobin, a process facilitated by the Bohr effect. The bicarbon-
ate formed in this sequence of reactions diffuses freely across the 
red cell membrane and a portion is exchanged with plasma Cl–, 
a phenomenon called the chloride shift. The bicarbonate is car-
ried in plasma to the lungs, where ventilation keeps the pCO2 low, 
resulting in reversal of these reactions and excretion of CO2 in the 
expired air. About 85% of tissue carbon dioxide is processed in 
this way, and 5% is carried in simple solution.

The remainder of the CO2 is bound to the N-terminal amino 
group of each polypeptide chain by a carbamino complex, the 
result of an attack by the electron-poor carbon atom of CO2 on the 
electron-rich terminal amino acids. This nonenzymic process varies 
directly with pH. Approximately 10% of CO2 is bound to deoxygen-
ated hemoglobin, forming carbaminohemoglobin (Hb–NH–COO–).

Earlier, the effect of CO2 on oxygen affinity was noted and 
attributed to the Bohr effect. An additional, more direct, effect 
results from CO2 binding to hemoglobin. At a given pH, carbami-
nohemoglobin has a lower affinity for oxygen than has hemo-
globin in the absence of CO2. This is felt to be a result of the 
stabilization of the T state through additional bonds, especially 
involving arginine 141.492

The carbon dioxide dissociation curve is analogous to the oxy-
gen dissociation curve, in that it depicts the relationship between 
CO2 tension (pCO2) and CO2 content. It is somewhat more nearly 
linear than the oxygen curve, especially in the physiologic range 
(pCO2 of 40 to 60 mm Hg). Because of the Bohr effect, blood con-
taining deoxyhemoglobin has greater affinity for CO2 than does 
oxygenated blood. The shift in the CO2 dissociation curve related 
to this phenomenon, known as the Haldane effect, facilitates CO2 
binding in the tissues and release in the lungs (Fig. 6.24).

Carbonic anhydrase (CA) is the second most abundant cyto-
plasmic protein of the erythrocyte. It is a zinc-containing enzyme 
for which three separately encoded isoenzymes, CAI, CAII, and 
CAIII, are recognized. The predominant form in the human eryth-
rocyte is CAI, although CAII is also found. Largely absent from 
fetal erythrocytes, erythrocyte CAI expression reaches adult levels 
during the first year of life, in a manner analogous to the expres-
sion of adult hemoglobin (hemoglobin A).493,494 Although carbonic 
anhydrase clearly facilitates carbon dioxide metabolism, its pres-
ence in erythrocytes does not appear to be essential. Carbonic 
anhydrase expression appears to be under endocrinologic regu-
lation.495 Hereditary absence of CAI has been reported to occur 
without hematologic sequelae, and acquired deficiency is often 
seen with hyperthyroidism.496,497

Nitric Oxide: another allosteric Effector  
of hemoglobin
The discovery of nitric oxide as an important regulator of vascu-
lar and smooth muscle tone has provided many insights into our 
understanding of vascular physiology. Nitric oxide is produced 
by the vascular endothelium and relaxes muscles surrounding 
vessels, thereby controlling blood pressure. Subsequently, it was 
determined that free hemoglobin could act as a scavenger of nitric 
oxide and inactivate it, explaining the observation that the infu-
sion of free hemoglobin results in significant elevations of blood 
pressure.498 This reaction occurs because oxygenated heme iron 
scavenges nitric oxide in a reaction that yields methemoglobin.

Early studies of the interaction of hemoglobin with NO pre-
dicted that a function of hemoglobin was to eliminate or limit the 
biologic activity of NO and did not predict any functional effect on 
hemoglobin other than the oxidation of heme iron. This model did 
not explain how NO could be maintained at observed levels based 
on its known low levels of production. This was clarified with the 
discovery of S-nitrosohemoglobin (SNO-Hb).499 When free hemo-
globin is incubated with NO or S-nitrosothiols, S-nitrosothiols 
(SNOs) rapidly form on the two 93b cysteines of hemoglobin 
rather than reacting with the oxygenated heme groups as might 
be expected. The infusion of the SNO-hemoglobin results in no 
increase in blood pressure.500

In the pulmonary circulation, coincident with oxygenation of 
hemoglobin, nitric oxide is added to hemoglobin, and rather than 
oxidizing the heme iron, it binds to the iron or forms SNO-Hb 
through the reactive sulfhydryl groups of cysteine 93b of hemo-
globin.501,502 This function for cysteine 93b may explain why this 
amino acid is invariant in mammals and birds. Reactivity of nitric 
oxide with the SH groups of cysteine 93b is controlled by the alloste-
ric transition of hemoglobin and the spin state of heme iron. Thus, 
oxygen binding and conversion to the R state increase reactivity.499

Likewise, loss of oxygen in the peripheral tissues results in 
transition of hemoglobin to the T state and release of NO. NO 
is bound to either small thiols or the anion exchanger AE1. 
The latter is facilitated because hemoglobin can bind to the 
RBC membrane through specific, high-affinity binding to the 
amino-terminal cytoplasmic domain of the chloride/bicarbon-
ate anion-exchange protein AE1 (band-3 protein).503 The amino 
terminus of AE1 inserts into the cleft usually occupied by 2,3-
DPG.503 NO-mediated vasodilatory activity is released from AE1 
by deoxygenation and NO then binds to receptors on the vascular 
endothelium to induce vasodilation. SNO-Hb is therefore detected 

Figure 6.24. interrelations of oxygen and carbon dioxide transport in the erythrocyte.  
Arrows to the left indicate direction of reactions taking place in the tissues; and those to the 
right, in the lungs. In the tissue, CO2 diffuses into the red cell, and its hydration is catalyzed by 
carbonic anhydrase (CA). Dissociation of the resulting carbonic acid produces bicarbonate and a 
proton (H+). The bicarbonate is exchanged for chloride in the plasma. The proton is accepted by 
oxyhemoglobin (HbO2), a reaction that, by means of the Bohr effect, facilitates the dissociation 
of oxygen. These reactions are reversed in the lungs because of the low pCO2 and high pO2.
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in arterial but not in venous blood. Several reviews have been 
published on the relationship of nitric oxide and SNO-Hb and the 
regulation of blood flow.504,505–506

Oxidative Denaturation of hemoglobin:  
Its reversibility and Prevention
Oxyhemoglobin in solution gradually undergoes auto-oxidation, 
becoming methemoglobin (HbFe3+). To bind oxygen reversibly, 
however, the iron in the heme moiety must be maintained in the 
reduced (ferrous, Fe2+) state, despite exposure to a variety of 
endogenous and exogenous oxidizing agents. The red cell main-
tains several metabolic pathways to prevent the action of these 
oxidizing agents and to reduce hemoglobin iron if it becomes oxi-
dized. Under certain circumstances, these mechanisms fail and 
hemoglobin becomes nonfunctional. At times, hemolytic anemia 
supervenes as well. These abnormalities are particularly likely 
to occur (a) if the red cell is exposed to certain oxidant drugs or 
toxins, (b) if the intrinsic protective mechanisms of the cell are 
defective, or (c) if genetic abnormalities of the hemoglobin mol-
ecule affect globin stability or the heme crevice (see Chapter 35).

The oxidation of hemoglobin occurs in a stepwise fashion 
from fully reduced hemoglobin to fully oxidized hemoglobin. 
Intermediate forms are called valence hybrids. In deoxyhemoglo-
bin, the heme iron is in the “high-spin” ferrous state, in which six 
electrons are in the outer shell, four of which are unpaired. When 
oxygen is added, one of these electrons is partially transferred to 
the bound oxygen. Usually, when oxygen is given up, oxyhemo-
globin dissociates into partially deoxygenated hemoglobin and 
molecular oxygen:

Hb(O2)4 → Hb(O2)3 + O2

A superoxide anion rather than molecular oxygen may dissoci-
ate, however, thus oxidizing the Fe to the ferric state, producing 
methemoglobin:

HbFe2+ + O2 → HbFe3+O2
– → HbFe3+ + O2

–

This type of dissociation is particularly likely if water gains access 
to the heme crevice. Methemoglobin formation may also occur in 
vivo as the result of exposure to superoxide anions:

2HbFe2+ + O2 + 2O2
– + 4H+ → 2HbFe3+ + 3O2 + 2H2O

The formation of methemoglobin may also result from a direct 
reaction of reduced hemoglobin with the reduction product of the 
superoxide ion, peroxide:

2HbFe2+ + 2H2O2 → 2HbFe3+·H2O + O2

As a result of these processes, methemoglobin is formed in normal 
cells at the rate of about 0.5% to 3% per day.507,508

Methemoglobin is unable to bind oxygen. It has a distinctive, 
pH-dependent spectrum (Fig. 6.25), and, in concentrations >10% 
of the total hemoglobin, imparts to blood a distinctive brownish 
hue that does not disappear on vigorous shaking in air.509 When 
methemoglobin is present in vivo in concentrations >1.5 to 2.0 
g/dl, patients appear visibly cyanotic. Methemoglobin combines 
readily with cyanide to form cyanomethemoglobin, a pigment 
so stable that it is used in laboratory procedures for quantifying 
hemoglobin.

As oxidative denaturation continues, methemoglobin is con-
verted to derivatives known as hemichromes.508,510 Hemichromes 
also may form directly from hemoglobin without methemoglo-
bin as an intermediate. The hemichromes are low-spin, ferric 
 compounds with a greenish hue and a characteristic spectrum 
(Fig. 6.25). They are formed when the sixth coordination position 
of iron becomes covalently attached to a ligand within the globin 
molecule, a change that requires alteration of tertiary protein 
structure. Probably the most common internal ligand is the “dis-
tal” histidine at E7. The compound so formed has been called a 

“reversible” hemichrome, because relatively mild treatment with 
reducing agents and dialysis under anaerobic conditions converts 
it to deoxyhemoglobin. It may not be reversible in vivo, however, 
because it cannot be reduced by methemoglobin reductase.

In contrast, the “irreversible” hemichromes cannot be con-
verted back to normal hemoglobin again in vivo or in vitro, 
implying that more severe distortions of tertiary protein structure 
have occurred. In one of the irreversible hemichromes, the histi-
dine imidazole groups are protonated; that is, they participate in 
hydrogen bonding. The other irreversible hemichrome is charac-
terized by a mercaptide and nitrogenous linkage at the fifth and 
sixth positions. Presumably, the mercaptide link is provided by a 
cysteine residue in the globin chain, perhaps at b93.

As these changes occur in the vicinity of the heme group, 
oxidative changes also occur in other parts of the hemoglobin 
molecule. Once the cell’s supply of glutathione (GSH) is exhausted, 
the titrateable sulfhydryl groups at b93(F9)Cys are oxidized, often 
forming a mixed disulfide with glutathione.511 This change is 
reversible; however, as further alterations in globin conforma-
tion occur, normally protected or “buried” sulfhydryl groups 
at b112(G14)Cys and a104(G11)Cys become exposed and are 
oxidized, changes that disrupt the a1b2 contacts. These changes 
facilitate dissociation of polypeptide chains, first into ab dimers 
and finally into monomers.512 In some instances, heme may dis-
sociate from globin, particularly in the case of certain unstable 
hemoglobins.

The end products of these changes are precipitated hemi-
chromes and precipitated hemefree globin. In intact erythrocytes, 
these precipitates take the form of globular inclusions known as 
Heinz bodies, which are not visible with ordinary Wright stain but 
can be seen easily after supravital staining with crystal violet or 
brilliant cresyl blue. Heinz bodies may become attached to the cell 
membrane and shorten red cell survival.

Another nonfunctional hemoglobin derivative that is occasion-
ally formed during the oxidative denaturation of hemoglobin is 
sulfhemoglobin. This is a relatively stable pigment and, once 
formed, cannot be reconverted to hemoglobin in vivo. Instead, 
it tends to remain within the cell throughout the cell’s life. 
Sulfhemoglobin is bright green and has a distinctive spectrum 
characterized by an absorption band at about 618 nm. It is a 
ferrous compound with one sulfur atom attached to each heme 
group. The sulfur is probably attached to a b carbon in the por-
phyrin ring, forming a thiochlorin.511,513

Figure 6.25. Change in hemoglobin spectrum as oxyhemoglobin changes to methe-
moglobin. The numbers 1 through 6 represent curves taken in sequence as oxidation pro-
ceeds. Note in particular the disappearance of the band at 575 μm and the appearance of the 
band at 631 μm.
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Although the exact mode of synthesis of sulfhemoglobin 
remains to be established, proposed models suggest that methe-
moglobin is first converted to ferrylhemoglobin in the presence of 
hydrogen peroxide.513,514

HbFe3+ + H2O2 → HbFe4+O + H2O + e–

With the addition of a sulfur-containing compound, such as hydro-
gen sulfide, the iron in ferrylhemoglobin is reduced and sulfur is 
incorporated into the porphyrin ring:

HbFe4+O + HS– + 2e– → HbSFe2+ + OH–

Although the iron in sulfhemoglobin is reduced, it binds oxygen 
with an affinity one hundredth that of unmodified hemoglobin.

Known mechanisms for preventing or reversing oxidative 
denaturation of hemoglobin in the erythrocyte include (a) the met-
hemoglobin reductases, (b) superoxide dismutase, (c) glutathione 
peroxidase, and (d) catalase.

Methemoglobin reduction
Most methemoglobin in erythrocytes is reduced through the 
action of an enzyme, cytochrome b5 methemoglobin reductase, 
which acts in the presence of two electron carriers, cytochrome 
b5 and NADH. Only a small amount of methemoglobin is reduced 
by all other pathways of methemoglobin reduction together. These 
other pathways involve two compounds that cause the nonenzy-
mic reduction of methemoglobin, ascorbic acid and glutathione, 
as well as a second enzyme, NADPH-flavin reductase. Deficiency 
of cytochrome b5 reductase, but not of NADPH-flavin reductase, is 
associated with methemoglobinemia, confirming that cytochrome 
b5 reductase is the most important physiologic means of reducing 
methemoglobin.515

Cytochrome b5 reductase has been referred to by several other 
names, including diaphorase I, DPNH dehydrogenase I, NADH 
dehydrogenase, NADH methemoglobin reductase, and NADH 
methemoglobin-ferrocyanide reductase. Work in the 1940s estab-
lished a relationship between the reduction of methemoglobin and 
the metabolism of lactate to pyruvate, thus implying an impor-
tant role for NADH.516 Eventually, two methemoglobin-reducing 
enzymes were isolated. The NADH-dependent enzyme, which 
was absent from several patients with methemoglobinemia, has 
been shown to be a flavoprotein, with one mole of FAD per mole 
of apo-enzyme. Its molecular weight is approximately 34 kDa. 
The reduction of methemoglobin by highly purified cytochrome 
b5 reductase in the presence of NADH is extremely slow, imply-
ing that another factor is most likely required as an electron car-
rier. In vitro, this role can be filled by dyes or by ferrocyanide. In 
vivo, cytochrome b5 acts as the intermediate electron carrier.517 
Erythrocyte cytochrome b5 greatly accelerates reduction of methe-
moglobin by cytochrome b5 reductase and can also serve as a sub-
strate for hepatic microsomal cytochrome b5 reductase. Congenital 
methemoglobinemia resulting from a deficiency in cytochrome 
b5 has been described (Chapter 35).518,519 The process by which 
cytochrome b5 reductase and cytochrome b5 reduce methemo-
globin in the presence of NADH probably involves three steps. In 
the first, NADH binds to the FAD-reductase complex and, in the 
presence of hydrogen ion, the NAD is converted to NAD+, and the 
FAD becomes FADH2. In the second step, cytochrome b5-Fe3+ is 
reduced to cytochrome b5-Fe2+, and the FADH2 reverts to FAD. 
Finally, methemoglobin forms a bimolecular complex with reduced 
cytochrome b5 through electrostatic interactions between nega-
tively charged groups around the cytochrome heme and positively 
charged groups around the heme moieties of  methemoglobin. The 
reduction of methemoglobin then takes place as follows:

HbFe3+ Cytb5Fe2+ → HbFe2+ + Cytb5Fe3+

Of lesser physiologic importance is the enzyme system that 
depends on NADPH for its activity. It probably accounts for only 

about 5% of the methemoglobin-reducing activity of normal red 
cells, and its hereditary deficiency does not lead to methemo-
globinemia.518 The lack of physiologic activity may result from 
the absence of an intermediate electron carrier analogous to 
cytochrome b5. If methylene blue is supplied as the carrier, how-
ever, the NADPH-dependent enzyme becomes highly effective in 
methemoglobin reduction. This property is used in the therapy of 
methemoglobinemia from various causes.

Enzymes That react with Products  
of Oxygen reduction
As molecular oxygen undergoes successive univalent reductions, 
a variety of reactive species is generated. These species constitute 
the oxidizing agents most likely to be responsible for the oxidative 
denaturation of hemoglobin, and they may damage other cellular 
components as well, especially lipid-containing elements such as 
the cell membrane.520,521 A variety of mechanisms has evolved in 
respiring organisms to deal with these potential toxins, and some 
are found within the erythrocyte.

Superoxide anions are produced in biologic tissues from sev-
eral sources, including oxyhemoglobin itself, as well as oxidative 
reactions catalyzed by flavin enzymes, such as xanthine oxi-
dase.521 In addition, many drugs and toxins have oxidant activity 
and appear to generate superoxide.522 Once superoxide has been 
generated in aqueous solution, additional toxic products of oxy-
gen may form spontaneously (Fig. 6.26). Thus, superoxide can 
undergo spontaneous dismutation, yielding peroxide and oxygen:

O2 + O2 + 2H+ → H2O2 + O2

In addition, in the presence of catalytic quantities of transition 
metals, superoxide and peroxide may react to form the highly 
reactive hydroxyl radical (OH·):

O2 + H2O2 → OH· + OH– + O2

Any of these oxygen derivatives may exert toxic effects on 
cellular components. As previously noted, superoxide induces 

Figure 6.26. Steps in the univalent reduction of oxygen and enzymatic pathways 
affecting the intermediates. The enzymatic pathways, shown on the right, provide the 
means for processing these intermediates without formation of the highly reactive hydroxyl 
radical. This potent oxidant can be formed by the reaction shown on the left if superoxide and 
peroxide concentrations are sufficient and if catalytic quantities of transition metals are present.
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mixed disulfides with hemoglobin. GSSG rapidly leaves the eryth-
rocyte.537 Thus, maintaining a continuous supply of GSH requires 
a system to reduce the oxidized forms of glutathione. Such a 
system is provided by glutathione reductase, which catalyzes the 
reduction of GSSG by NADPH, a product of the pentose phosphate 
pathway (Fig. 6.27). Glutathione reductase also catalyzes the 
reduction of hemoglobin–glutathione disulfides, yielding GSH and 
hemoglobin.538

The gene for glutathione reductase maps to chromosome 8. 
This enzyme is a flavoprotein consisting of two identical peptide 
chains of 478 amino acids. Because of its flavin component, the 
activity of glutathione reductase depends on the dietary intake 
of riboflavin. Erythrocyte glutathione reductase activity may be 
increased by administration of riboflavin, even in apparently 
normal subjects.537

Energy Metabolism
Lacking a storage compound, the normal erythrocyte must have 
constant access to glucose if its energy metabolism is to be sus-
tained. As previously discussed, glucose enters the cell by means 
of a facilitated, carrier-mediated transport mechanism. Insulin or 
other hormones are not required, and transport is not ordinarily 
the rate-limiting factor in glucose utilization. Without mitochon-
dria, erythrocytes must depend on two less efficient pathways for 
production of high-energy compounds, the anaerobic glycolytic 
(Embden-Meyerhof) pathway and the aerobic pentose phos-
phate pathway, also known as the hexose monophosphate shunt 
(Fig.  6.28). Under normal circumstances, about 90% of glucose 
entering the red cell is metabolized by the anaerobic pathway 
and 10% by the aerobic pathway.539 Under conditions of oxidative 
stress, however, the oxidative pentose pathway may account for 
up to 90% of glucose consumption.540

Three important products are formed by the anaerobic glyco-
lytic pathway: NADH, a co-factor in the methemoglobin reductase 
reaction; ATP, the major high-energy phosphate nucleotide that 
powers the cation pump; and 2,3-DPG, a regulator of hemoglobin 
function (Fig. 6.28). For each molecule of glucose that enters the 
pathway, two molecules of NADH are generated (Fig. 6.29, reac-
tion 6). The yields of ATP and 2,3-DPG vary depending on the 
activity of the Rapoport-Luebering shunt (Fig. 6.29, reactions 7b 
and 7c), a side pathway unique to the red cell. Two molecules of 
ATP are used in the early steps of glycolysis (Fig. 6.29, reactions 
1 and 3), and a maximum of four molecules is produced late in 
the pathway (two in reaction 7a and two in reaction 10). Thus, at 
maximum efficiency, a net yield of two molecules of ATP may be 
expected for each molecule of glucose catabolized. This net yield 
may be decreased, however, to the extent that 2,3-DPG is formed 
(Fig. 6.29, reactions 7b and 7c). For this reason, the BPG-forming 
step is sometimes referred to as an energy clutch.

methemoglobin formation.523,524 Hydrogen peroxide is the most 
stable intermediate in the reduction of oxygen. Although hydrogen 
peroxide has often been shown to induce the oxidative denatur-
ation of hemoglobin in vitro, whether it does so directly or by 
giving rise to other products, such as the hydroxyl radical, is not 
clear.

The hydroxyl radical, one of the most potent redox agents 
known, may be generated from superoxide and peroxide, as 
described previously, and from peroxide in the presence of certain 
metals:

Fe2+ + H2O2 → Fe3+ + OH– + OH

Thus, enzymes that scavenge superoxide and peroxide may be 
viewed as mechanisms for preventing the accumulation of these 
intermediates in sufficient quantities to allow the hydroxyl radical 
to form.525,526

The superoxide dismutases are enzymes that catalyze the 
dismutation of superoxide to oxygen and peroxide. Although 
this reaction occurs spontaneously, the presence of the enzyme 
speeds the reaction to a rate as much as 109 times faster than the 
spontaneous rate.521 In the erythrocyte, superoxide dismutase is 
a soluble, copper/zinc enzyme with a molecular weight of about 
32 kDa. This enzyme, formerly known as erythrocuprein or 
hemocuprein, accounts for most of the copper content of the red 
cell. Once hydrogen peroxide is formed, two enzymes catalyze the 
decomposition of hydrogen peroxide in erythrocytes. These are 
glutathione peroxidase and catalase. Glutathione (GSH) peroxi-
dase is a component of the following reaction413,527:

H2O2 + 2GSH  2H2O + GSSG

The enzyme is effective at very low concentrations of peroxide  
(Km = 1 × 10–6 M).527

Glutathione peroxidase is the major human selenoprotein, 
which may account for the antioxidant properties of selenium 
as a micronutrient.528,529 Human cells grown in the absence 
of selenium express significantly reduced glutathione per-
oxidase activity, despite normal glutathione peroxidase mRNA 
and transcription levels. It had been proposed that a genetic 
defect in glutathione peroxidase may lead to a drug-sensitive 
hemolytic anemia.530 However, it is unlikely that acquired or 
genetic defects in this enzyme are associated with hemolysis 
(see Chapter 28).

Catalase, a heme enzyme, decomposes hydrogen peroxide to 
water and molecular oxygen.531 It appears to be less important 
to the red cell than peroxidase, presumably because it is effec-
tive only when the peroxide concentration is relatively high.532 
Individuals with hereditary acatalasemia do not develop methe-
moglobinemia or hemolytic disease.533,534 Some evidence sug-
gests, however, that erythrocyte catalase may be important in 
preventing oxidant damage to somatic tissues.535

Glutathione Metabolism
Reduced glutathione (GSH) is a tripeptide (g-glutamyl–cysteinyl–
glycine). Two ATP-dependent enzymatic reactions are required for 
the de novo synthesis of glutathione:

1. Glutamic acid + cysteine → g-glutamyl-cysteine
2. g-Glutamyl-cysteine + glycine → GSH

Reaction 1 is catalyzed by glutamyl–cysteine synthetase, reaction 
2 by glutathione synthetase. Both reactions can take place in nor-
mal erythrocytes.536 The capacity of normal red cells to synthesize 
glutathione exceeds the rate of turnover by 150-fold. Deficiencies 
of both of these glutathione synthetic enzymes have been associ-
ated with hemolytic anemia (see Chapter 28).

In the course of reactions that protect hemoglobin from oxida-
tion, GSH is oxidized, forming oxidized glutathione (GSSG), which 
consists of two GSH molecules joined by a disulfide linkage, and 

GSH peroxidase

Figure 6.27. glutathione metabolism in the erythrocyte.
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Of the 11 enzymes in the glycolytic pathway, 3 appear to 
be particularly important in regulation of glycolytic rate. These 
are hexokinase, phosphofructokinase, and pyruvate kinase 
(Fig. 6.29). Hexokinase is the least active enzyme in the series 
and is therefore often rate-limiting. It is inhibited by its product, 

glucose 6-phosphate, and is stimulated by one of its substrates, 
Mg-ATP. The activity of phosphofructokinase is greatly affected 
by intracellular pH. Because the pH optimum of this enzyme is 
8.0, the activity of the enzyme and the overall rate of glycolysis 
tend to increase with increased pH (alkalosis) and decrease 
with decreased pH (acidosis). Phosphofructokinase may also 
be activated by the product of the further phosphorylation of 
fructose 6-phosphate.541 Pyruvate kinase is strongly inhibited by 
its product, ATP, and pyruvate kinase activity may therefore be 
related to the rate at which ATP is used in the cell’s metabolic 
processes.

The importance of glycolysis to the red cell confirmed by the 
clinical phenotype of the hereditary deficiencies of any of the 
glycolytic enzymes, which is characterized by decreased red cell 
survival and consequent hemolytic anemia (Chapter 28).

The most important product of the pentose phosphate pathway 
in erythrocytes is reduced NADPH. In the red cell, NADPH, serves 
as a co-factor in the reduction of oxidized glutathione (GSSG), the 
major reducing agent in the cell and the ultimate source of protec-
tion against oxidative attack. The utilization of NADPH is the main 
stimulus to the utilization of glucose 6-phosphate by the pathway. 
Redox agents such as methylene blue, cysteine, ascorbate, and 
others induce up to a 20-fold increase in pentose metabolism, 
presumably by bringing about oxidation of glutathione.542,543 This 
metabolic flexibility allows the red cell to respond to unexpected 
oxidant challenge. The initial reaction of the pentose phosphate 
pathway is catalyzed by the enzyme glucose 6-phosphate dehy-
drogenase (G6PD). Hereditary deficiency of red cell G6PD is one 
of the most common genetic abnormalities in the world associated 
with hemolysis (Chapter 28).

Figure 6.28. energy metabolism in the erythrocyte. Main pathways are shown as boxes; 
major substrates and products of each are shown outside the boxes. More details of the pathways 
are given in Figures 6.27 and 6.29. ADP, adenosine diphosphate; ATP, adenosine triphosphate; 
2,3-DPG, 2,3-diphosphoglycerate; F-6-P, fructose 6-phosphate; G-6-P, glucose 6-phosphate; 
Ga-3-P, glyceraldehydes 3-phosphate; Hb, hemoglobin; MHb, methemoglobin; NAD, NADH, nico-
tinamide adenine dinucleotide; NADP, NADPH, nicotinamide adenine dinucleotide phosphate.
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A second function of the pentose pathway is the conversion 
of hexoses to pentoses. For the most part, the latter are recycled 
into the glycolytic pathway; however, d-ribose 5-phosphate may 
be used for nucleotide synthesis.

CeLL deSTruCTioN

Mechanisms and Site of red Cell Destruction
Each day approximately 1% of the body’s red cells (3 × 109 cells/kg) 
die and are replaced by reticulocytes. Why red blood cells die 
after 100 to 120 days is not known. Through the years various 
hypotheses have been proposed to explain normal red cell death. 
The explanations have included changes in red cell enzymes and 
energy depletion with age; alterations in calcium balance; changes 
in membrane surface charge; oxidative injury; development of 
autologous antibodies to membrane antigens; and changes in 
membrane phospholipid asymmetry (see Wintrobe 12th edition 
for discussion of these hypotheses). No one of these changes 
explains RBC senescence and the mechanism of red cell senes-
cence remains elusive. It may be that human erythrocyte aging 
and destruction results from a combination of the abnormalities 
noted above or from some as yet unrecognized phenomenon. Most 
certainly, emerging studies of RBC proteomics should help clarify 
the process of red cell death.

Under normal conditions, 80% to 90% of this normal eryth-
rocyte destruction occurs without release of hemoglobin into 
plasma.544,545 Thus, most of the destructive process is considered 
to be extravascular, within macrophages of the spleen and, to a 
lesser extent, the liver and bone marrow. Approximately 10% to 
20% of normal destruction is estimated to occur intravascularly.

Extravascular hemolysis
Erythrophagocytosis appears to be the primary mode of extravas-
cular destruction of senescent red cells.546,547 This is supported by 
two observations. Heme oxygenases responsible for heme degra-
dation (primarily the inducible enzyme, HO-1) are located in the 
phagocytic cells of the spleen, liver, and bone marrow (and also in 
hepatocytes). Second, iron derived from heme degradation is largely 
stored within the macrophage. Thus, it seems that the processes of 
red cell destruction and hemoglobin degradation normally occur 
within these phagocytes. This is also true when red cell destruction 
is increased in the hemolytic anemias. Likewise, when red cells are 
damaged in vitro and then reinfused, they are mostly removed from 
the circulation by macrophages of the spleen and liver.548

The relative importance of the spleen and liver in erythro-
cyte destruction is influenced by the degree of cell damage.548 
Severe red cell damage leads to their destruction in all mac-
rophage-containing organs, but especially in the liver because 
of its greater blood flow. The spleen, in contrast, preferentially 
removes minimally damaged erythrocytes.549 Most senescent red 
cells are therefore likely destroyed in the spleen; however, after 
splenectomy, macrophages found in other organs, especially the 
liver, assume this function, and there is no increase in survival 
of normal red cells.550 Recent studies have cleverly attempted to 
assess splenic sensing and sequestration of spherocytic red cells, 
as occurs in a number of hemolytic anemias, such as hereditary 
spherocytosis (Chapter 27). Red cells were first treated with a 
phospholipid, lysophosphatidylcholine, which causes a dose-
dependent decrease in the red cell surface area-to-volume (S/V) 
ratio through cell membrane loss. A decrease in the S/V ratio 
of more than 27% (resulting from a decrease in surface area of 
more than 18%) leads to rapid and complete sequestration of red 
cells during passage through freshly isolated human spleens.551 
Notably, the integrity of splenic parenchymal structure, blood 
flow, and metabolic activity is preserved during the ex vivo 

perfusion of these intact spleens for up to 6 hours, potentially 
allowing analysis of human red cell entrapment during physi-
ologic or pathologic conditions.552

Intravascular hemolysis
Analysis of haptoglobin kinetics in humans suggests 10% to 20% 
of erythrocyte destruction occurs intravascularly.544,545 Although 
both osmotic lysis and red cell fragmentation can cause intra-
vascular destruction, it is unlikely that osmotic lysis plays a role 
in normal red cell destruction. Fragmentation is the loss of part 
of the cell membrane, usually accompanied by a loss of cellular 
contents, including hemoglobin. This is the characteristic mode 
of destruction in the “microangiopathic” hemolytic anemias 
(Chapters 32 and 48). The blood smear reveals small, misshapen, 
often triangular- or helmet-shaped cells (schistocytes or schizo-
cytes). Fragmentation of red cells is usually due to interactions 
with injured endothelium, or results from fibrin deposition or 
increased shear stresses. In response, the cell membrane is 
capable of limited self-repair. Fragmentation also occurs when 
reticulocytes are pitted with inclusions, such as residual organ-
elles and hemosiderin granules during passage through the 
spleen. The enucleation of erythroblasts that normally occurs in 
the bone marrow may also contribute to hemoglobin release into 
the circulation, a process that may be increased with ineffective 
erythropoiesis.

faTe of iNTravaSCuLar 
HeMoGLoBiN
Intravascular hemolysis is increased significantly in certain hemo-
lytic anemias (e.g., sickle cell disease, thalassemias, paroxysmal 
nocturnal hemoglobinuria [Chapters 31 and 34], during infections 
(e.g., malaria or sepsis due to Clostridium perfringens), or trauma. 
The hemoglobin released into the plasma is pro-oxidant and 
thus potentially toxic, promoting, for example, the formation of 
hydroxyl radicals via the Fenton reaction (H2O2 + Fe2+→ Fe3+ + 
OH· + OH−), and oxidative tissue damage.553 In addition, plasma 
hemoglobin is a potent scavenger of nitric oxide (NO), mediating 
its nitrosylation to produce methemoglobin and nitrate. NO serves 
as an important regulator of smooth muscle tone (of special rel-
evance in small blood vessels), platelet activation and aggregation, 
and endothelial integrin expression. Intravascular hemolysis may 
therefore result in smooth muscle dystonias, endothelial dysfunc-
tion, and thromboses, problems commonly encountered in sickle 
cell disease554,555 and paroxysmal nocturnal hemoglobinuria.556 
Fortunately, there are several physiologic mechanisms to remove 
free hemoglobin from the circulation (Fig. 6.30).

haptoglobin
At low rates of release of hemoglobin into the circulation, it is com-
pletely bound by haptoglobin (Hp), and, once irreversibly bound to 
haptoglobin, loses its oxidizing ability.553,557 Once released from 
red cells into the plasma, tetrameric hemoglobin rapidly dissoci-
ates into ab dimers that bind haptoglobin tightly in a noncovalent 
manner (Kd ∼1 pM).558 Heme-free globin (but not heme) can also 
be bound by haptoglobin.559 Binding of hemoglobin by hapto-
globin prevents H2O2-mediated peroxidative modifications to the 
hemoglobin molecule,560 allowing productive interactions of the 
Hp–Hb complex with the receptor, CD163 (see below). The role of 
haptoglobin as a hemoglobin-binding protein and as the principal 
factor affecting the apparent “renal threshold” for hemoglobin 
was originally described by Laurell and Nyman.561

Haptoglobins are a family of a2-glycoproteins that bind hemo-
globin.562 The tetrameric molecule is comprised of two dimers 
of an a chain (containing a complement control protein or sushi 
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domain) and b chain (with a serine protease domain) linked in 
humans by disulfide bonds to form (ab)2.563,564 The gene, located 
on chromosome 16q22,565–567 encodes a single polypeptide chain 
that is cleaved posttranslationally to generate the a and b sub-
units.568,569 Transcriptional activity is promoted by IL-1, IL-6, 
and glucocorticoids as a part of the acute-phase response to sys-
temic inflammation,570–573 explaining why haptoglobin levels are 
increased with inflammation.

Human haptoglobin was first described as polymorphic by 
Smithies et al., who used starch gel electrophoresis to separate 
the various types. There are two major allelic forms of the hp 
gene (hp1, hp2) that can therefore give rise to three major phe-
notypes referred to as Hp1-1, Hp2-1, and Hp2-2. These were dis-
tinguished using starch gel or polyacrylamide gel electrophoresis 
according to their different sizes and band patterns (Hp1-1 = 100 
kDa; Hp2-1 = 120 to 220 kDa; Hp2-2 = 160 to 500 kDa).574 The 
b chain of Hp contains the binding domain for the ab hemoglobin 
dimer, thus dimeric Hp1-1 binds 2 hemoglobin dimers whereas 
Hp2-1 and Hp2-2, which are multimeric, may bind several.575 
Differences in the haptoglobin phenotypes observed in different 
ethnic groups or in association with various diseases (hemochro-
matosis, diabetes, malaria) have been investigated extensively.562 
For example, in the recent past haptoglobin phenotype analysis 
was used to study the origin of different populations, and in foren-
sic science; however, these uses have been eclipsed by the devel-
opment of DNA-sequence–based technologies. Uniquely among 
mammals is the presence in primates, including humans of an hpr 
gene located 2.2 kb downstream of hp on 16q22, and encoding 
haptoglobin-related protein. Hpr is poorly expressed compared 
with Hp, with approximately tenfold lower levels in the serum. 
Hpr, however, does bind hemoglobin and functions in our innate 
defenses against certain trypanosomal parasites in the blood-
stream, forming part of a decoy toxin-containing complex that is 
taken up by the parasite receptor for haptoglobin–hemoglobin.576

Clinical laboratories now measure haptoglobin directly by 
radial immunodiffusion or immunonephelometric methods, and 
phenotyping, if performed, employs monoclonal antibodies and 
immunoblotting.577,578 Normal haptoglobin concentrations differ 
substantially with technique; ranges such as 0.5 to 1.6 g/L579 are 

representative, but each clinical laboratory normally establishes 
its own reference values. The concentration is also influenced by 
age. Haptoglobin levels are very low in newborns, but are measur-
able by 3 months of age, and increase gradually throughout child-
hood.580 Decreased haptoglobin concentrations may be observed 
with hemolytic anemias, ineffective erythropoiesis, liver disease, 
and pregnancy or estrogen therapy. Increased concentrations are 
also seen in diseases where acute-phase proteins are increased, 
such as infections and malignancies.

Haptoglobin is synthesized in hepatocytes.581,582 When not 
bound to hemoglobin, it leaves the plasma with a half-disappear-
ance time of 3.5 to 5 days.545,583,584 The haptoglobin–hemoglobin 
(Hp–Hb) complex leaves much more rapidly, with a half-disap-
pearance time of 9 to 30 minutes. In hemolytic anemias charac-
terized by intravascular hemolysis, catabolism of Hp may be so 
rapid that it essentially disappears from the plasma, a change that 
is not accompanied by a compensatory increase in haptoglobin 
synthesis such that it may take 5 to 7 days for serum haptoglobin 
levels to recover. Hypohaptoglobinemia also occurs in hemolytic 
states associated with predominantly extravascular hemoly-
sis,585,586 suggesting some hemoglobin may be regurgitated from 
macrophages when the rate of phagocytosis of erythrocytes or 
erythrocyte fragments reaches a maximum.544

The Hp–Hb complex is removed from the circulation after 
high-affinity binding to a receptor (CD163) that is found solely on 
the cell surface of peripheral blood monocytes (to allow immedi-
ate uptake587) and tissue macrophages.588,589 Hp–Hb complexes 
may also be taken up by hepatocytes by an unidentified mecha-
nism.584,590 CD163 is a 130 kDa type I transmembrane protein 
and a member of the scavenger receptor superfamily, which 
function in binding polyanionic structures such as modified 
lipoproteins or (bacterial) lipopolysaccharides.591 In addition to 
high-affinity binding of Hp–Hb, CD163 is one of five known mac-
rophage cell surface proteins that bind erythroblasts in erythro-
blastic islands (“nurse cells”67,592). After binding to the receptor 
the Hb–Hp complex is endocytosed into the macrophage. CD163 
recycles to the cell membrane whereas the globin moieties of Hp 
and Hb are degraded within the lysosome, and the heme released 
into the cytoplasm to be catabolized by HO-1. Subsequently, the 
iron is transported back to the bone marrow via transferrin, for 
synthesis of new hemoglobin.

CD163 expression may be stimulated by the effects of glu-
cocorticoids, IL6, and IL10 on a distinct “anti-inflammatory” 
macrophage population termed “alternatively activated” (or 
M2-polarized) macrophages593 that, for example, are important 
for wound-healing and chronic inflammation (see Chapter 10). 
Notably, recent studies of chronic leg venous ulcers demonstrate 
that engulfment of extravasated red blood cells by tissue mac-
rophages and the release of hemoglobin iron activates a “pro-
inflammatory” M1 macrophage population that has anomalous 
high expression of CD163. These M1 macrophages demonstrate 
enhanced ROS production and TNF-a release, which perpetuates 
pro-inflammatory M1 activation and impairs wound healing.594 
A soluble form of CD163, sCD163, has also been described. It is 
present in relatively high concentrations in the plasma (0.7 to 3.9 
mg/L) and is derived from ectodomain shedding in response to 
LPS-mediated activation of Toll-like receptor (TLR) 4, as well as 
by ligands activating TLR2 and TLR5.595 Although the function 
of sCD163 is unclear, levels are markedly elevated when mac-
rophages accumulate, such as in the lysosomal storage disorder, 
Gauchers disease, or are activated, for example, in the acquired 
hemophagocytic syndrome596 (Chapter 61).

CD163 has been recently knocked out in mice to examine the 
effects on hemoglobin clearance. In control animals hemoglobin 
was in fact cleared from the circulation faster than the Hb–Hp 
complex, whereas deletion of CD163 had little or no effect on 
hepatic Hb–Hp complex uptake, suggesting the presence of 
another uptake system for Hb–Hp and/or Hb.597 In contrast, 

Figure 6.30. Pathways for the disposal of hemoglobin in plasma. Hemoglobin freely 
dissociates into ab dimers. These are bound by haptoglobin with subsequent removal of the 
hemoglobin–haptoglobin complex by hepatic parenchymal cells. Hemoglobin in excess of the 
haptoglobin-binding capacity circulates as the unbound (free) protein. In this form it is partially 
removed by hepatic cells, but it may also follow two other pathways; it may be excreted by the 
kidney or oxidized to methemoglobin, from which heme is easily dissociated. Heme is initially 
bound to hemopexin, which transports it to the hepatic parenchymal cell. Heme may also be 
bound nonspecifically by albumin, forming methemalbumin. This complex probably transfers its 
heme to hemopexin as the latter becomes available.
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two acute myeloid leukemia patients treated with gemtuzumab 
ozogamicin, an immunotoxin to CD33, who later experienced 
intravascular hemolysis (due to infection) were noted to have 
high serum free hemoglobin and haptoglobin levels without an 
increase in bilirubin. Subsequent studies showing that significant 
numbers of CD163-expressing macrophages (which also express 
the myeloid marker CD33) were eradicated by gemtuzumab 
treatment and that sCD163 levels were similarly decreased,598 
lend support for an important role for CD163 in clearance of 
plasma hemoglobin in humans. These somewhat conflicting 
results illustrate the significant differences in the haptoglobin 
genes, haptoglobin expression regulation and haptoglobin and 
hemoglobin clearance that exist between rodents and humans, 
differences believed to be due to the evolutionary pressure on 
primates from prevalent hemolytic diseases such as malaria and 
trypanosomiasis.

hemoglobin and the Kidney
The hemoglobin–haptoglobin complex is too large (approximately 
150 kDa) to pass into the glomerular filtrate. Thus, the level of 
circulating haptoglobin is the most important determinant of the 
apparent renal threshold.561 When haptoglobin is saturated, free 
(unbound) hemoglobin circulates briefly in plasma. As discussed, 
hepatic parenchymal cells are responsible for removal of some of 
the free hemoglobin from plasma.584,590 The dissociation of free 
hemoglobin into ab dimers results in a molecular weight of about 
32 kDa, which readily passes through the glomerulus.481 There 
is a low (<0.6 g/L) renal threshold for free hemoglobin present 
after haptoglobin saturation related to renal tubular reabsorption 
through the endocytic receptors megalin and cubilin.599,600 Once 
this reabsorption capacity is exceeded, hemoglobin appears in 
the urine.

Hemoglobinuria, when it is of considerable magnitude, may 
cause precipitation of heme pigment as casts in the distal tubules, 
proximal tubule cell necrosis, and acute renal failure. The mecha-
nism is disputed, but several theories have been proposed: (a) 
hemoglobin or hemoglobin products are directly toxic to proximal 
tubule cells, (b) precipitation of hemoglobin results in tubular 
obstruction and renal failure, or (c) direct renal injury by hemo-
globin does not occur but instead products of intravascular hemo-
lysis result in systemic or local hypotension (e.g., by scavenging of 
NO), and these lead to renal failure.601–604

Within the tubular epithelial cell, hemoglobin iron is rapidly 
extracted by heme-induced HO-1, and stored in the cell as ferritin 
and hemosiderin.481 Some tubular epithelial iron may be reused 
for hemoglobin synthesis, but its mobilization for this purpose 
occurs at a very slow rate. When iron-laden tubular cells are 
sloughed into the urine, the urine iron concentration increases 
and both ferritin and hemosiderin may be detected.604 Clinically, 
hemosiderinuria is usually detected by Prussian blue staining of 
the urinary sediment.605 Detectable hemosiderin usually does not 
appear in the urine for 48 hours after a specific episode of hemo-
globinuria605 and may persist for more than a week.601 In chronic 
intravascular hemolysis, such as occurs in red cell fragmentation 
associated with abnormal prosthetic heart valves, hemosiderin-
uria is continuous606 and can result in iron deficiency.

Animal studies of deletion of Hp (or the Hb–Hp recep-
tor, CD163597) confirm that the primary function of Hp is not 
plasma clearance of hemoglobin (which is equivalent in control 
animals) but rather the diversion of hemoglobin to hepatic 
and splenic macrophages and the prevention of renal losses 
of hemoglobin (and thus iron). With time, Hp-deleted animals 
accumulate hemoglobin-derived iron in the proximal tubular 
cells of the kidneys. Notably, the redistribution of iron from 
the liver to the kidney with deletion of Hp ameliorates the 
hepatic iron loading observed in a mouse model of hereditary 
hemochromatosis.607,608

Plasma heme, hemopexin, and Methemalbumin

Heme
When the buffering capacity of haptoglobin is exceeded, any 
free hemoglobin present in plasma is readily oxidized to met-
hemoglobin, which then dissociates nonenzymatically into fer-
riheme (Fe3+) (also known as hemin) and globin.609 Apart from 
intravascular hemolysis, plasma heme may also originate from 
hemoglobin released during normal erythroblast enucleation or 
derive from the breakdown of hemoproteins such as myoglobin, 
catalases, cytochromes, and neutrophil myeloperoxidase during 
tissue damage (e.g., rhabdomyolysis). Heme must be chaperoned 
within the circulation (and likely within cells610) as free heme 
is lipophilic and toxic to cells, promoting lipid peroxidation and 
ROS production—the heme-iron is redox-active readily donating 
or accepting electrons—that can lead to cell membrane injury 
and apoptosis.106 In addition, the removal from the circulation 
and recycling of heme iron prevents iron loss and, importantly, 
removes a source of readily available iron for invading micro-
organisms. The heme is immediately taken up by the low-density 
and high-density lipoproteins, LDL and HDL,607 and then rapidly 
transferred to albumin or the heme-binding glycoprotein, hemo-
pexin, ameliorating the strong oxidative and pro-inflammatory 
effects of free heme. Heme is removed from these proteins pri-
marily by hepatocytes.

Hemopexin
Hemopexin, after haptoglobin, forms the second line of defense 
against hemoglobin-mediated oxidative damage during intravas-
cular hemolysis or internal hemorrhage.611 Hemopexin is a 439– 
amino acid b1-glycoprotein, consisting of a single polypeptide 
chain with a molecular weight of about 70 kDa. It binds heme with 
the highest known affinity of any heme-binding protein (Kd < 1 
pM) and plays an important role in receptor-mediated hepatocyte 
heme uptake. Hemopexin is mainly synthesized in the liver,612 
but is also expressed in the kidney, eye, and CNS.103 The human 
gene encoding hemopexin is located at 11p15.4–p15.5, close to 
the b-globin gene cluster.613–615 The crystal structure of the rab-
bit hemopexin–heme complex has been described.616 Hemopexin 
consists of two homologous N- and C-terminal domains (four-
bladed b-propeller folding motifs) that resemble two thick discs 
that abut each other at a 90° angle and are joined by a short linker 
domain. Heme sits in a pocket formed between the two domains 
and the linker protein with the heme iron coordinated to a his-
tidine residue in the linker region and another in the C-terminal 
domain. In addition to heme, hemopexin can also bind other por-
phyrins and bilirubin, but with less avidity.617,618

The half-life of hemopexin in normal subjects is about 7 
days,619 whereas the heme–hemopexin complex is removed from 
the circulation with a half-disappearance time of 7 to 8 hours.606 
Hemopexin, like haptoglobin, is an acute-phase reactant and 
plasma levels rise with an inflammatory stimulus.620 Hemopexin 
is also an abundant plasma protein in humans, with levels (0.5 to 
1.5 mg/ml) similar to that of transferrin (2.0 to 3.6 mg/ml).

Hepatocyte uptake of this complex is by receptor-mediated 
endocytosis.621,622 The receptor, LRP/CD91,623 is a member of 
the LDL receptor-related protein (LRP) superfamily, also known as 
CD91. LRP/CD91 is a large protein, 600 kDa, with multiple extra-
cellular domains and binds more than 40 different ligands.241 
This receptor is expressed by a variety of cells and heme– 
hemopexin complexes are taken up by hepatocytes, macrophages, 
neurons, fibroblasts, and syncytiotrophoblasts. After endocytosis, 
the receptor recycles to the cell surface and the heme–hemopexin 
complex dissociates within the endosome, facilitated by the 
decrease in pH (and potentially the reduction of ferriheme to fer-
rous heme), with hemopexin returning to the plasma as an intact 
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protein.621,624–626 The heme is discharged into the cytoplasm to 
undergo catabolism by HO-1. LRP/CD91 is expressed highly by 
M2-polarized “anti-inflammatory” macrophages that also express 
CD163 and both receptors are up-regulated by glucocorticoids.627 
Similarities between the heme–hemopexin-LRP/CD91 and the Fe–
Tf–TfR endocytic transport systems have also been described.621 
Some studies623 suggest that when large amounts of heme are 
released into the circulation, recycling of hemopexin becomes 
saturated and significant amounts are then degraded in the 
lysosome. Thus, plasma hemopexin levels may decrease follow-
ing intravascular hemolysis.619 The depletion is less pronounced 
than that of haptoglobin, and low values imply a relatively severe 
degree of hemolysis.

Like Hp, hemopexin has been deleted in mice. Interestingly, in 
animals with deletion of Hp or hemopexin the expression of the 
other protein is up-regulated as a compensatory mechanism,628 
perhaps by heme. Animals with deletion of both genes show no 
obvious alterations in heme catabolism unless they are subject 
to acute hemolytic stress when they develop liver inflammation 
and fibrosis and splenomegaly. Analysis suggests that with acute 
hemolysis large amounts of hemoglobin and/or heme are depos-
ited in the liver and the splenomegaly appears to be related to red 
cell congestion.628 Of note, recent in vitro studies indicate a role 
for hemopexin in the coordinated extracellular uptake of heme 
exported by the cell surface transporter FLVCR—in the absence of 
hemopexin there is a marked decrease of FLVCR-mediated export 
of cytosolic heme.629 In addition to the importance of FLVCR 
for proerythroblast survival187,188 (see above), in vitro studies 
of FLVCR-deleted bone marrow-derived macrophages suggest 
FLVCR may also facilitate some recycling of heme from erythro-
phagocytic macrophages.104,187

Methemalbumin
Each mole of human albumin can bind several moles of heme  
(Kd ∼ 10–6) to form methemalbumin.630 The disappearance of 
methemalbumin from the circulation is kinetically complex.631 
Heme added to human serum associates primarily with albumin  
(Kd 5 nM, concentration 35 to 55 mg/ml) before being transferred 
to hemopexin (Kd < 1 pM, concentration 0.5 to 1.5 mg/ml), pre-
sumably because the molar concentration of albumin is much 
greater than that of hemopexin.617,632 The heme binding site on 
albumin can be inhibited in an allosteric or competitive fashion by 
fatty acids whereas increased heme binding to albumin (e.g., dur-
ing an acute hemolytic episode) can decrease the protein binding 
of medications such as warfarin.607

exTravaSCuLar HeMoGLoBiN 
deGradaTioN

The heme Oxygenase System and the 
Formation of Bilirubin
The heme oxygenases (HO) comprise the major physiologically 
relevant mechanism of heme catabolism.633 HO is present in 
humans in two active isoforms, HO-1 and HO-2, encoded by differ-
ent genes. HO is a mixed function oxidase [i.e., it utilizes molecu-
lar oxygen, generating oxidized products and H2O (Fig.  6.31).  
The oxidase catalyzes cleavage of the a-methine bridge of heme— 
producing iron, CO, and biliverdin IXa—and is the rate-limiting 
step in the degradation sequence. The concerted activity of 
NADPH-cytochrome P450 reductase is necessary to supply elec-
trons and activate oxygen. Biliverdin IXa, a physiologic inhibitor 
of HO function, is rapidly converted to bilirubin IXa by the enzyme 
biliverdin reductase. HO and NADPH-cytochrome P450 reductase 
are present in the endoplasmic reticulum, forming a complex with 

each other and, at least in vitro, with cytosolic biliverdin reduc-
tase.634 Bilirubin IXa is in turn conjugated, once it reaches the 
liver, by UDP-glucuronyl transferase and eventually excreted into 
the bile. The daily production of bilirubin in  humans is approxi-
mately 400 mg, of which approximately 300 mg is derived from 
the breakdown of hemoglobin,635 with the remainder derived 
from catabolism of other hemoproteins, such as cytochromes, 
catalase, and myoglobin.

Studies in mammals initially focused mostly on the role of HO 
in heme catabolism during breakdown of hemoglobin. However, 
it has become widely recognized that HO-mediated degradation of 
heme has various roles in mammals, including antioxidative and 
iron reutilization functions.104

Antioxidative Function of the Heme Oxygenases
Apart from up-regulation by heme, the inducible heme oxygen-
ase isoform, HO-1, is activated by more stimuli than perhaps 
any other gene.633 Expression is induced by various metals 
(including sodium arsenite, cobalt, and selenium); hypoxia or 
hyperoxia; environmental chemicals and UV light; hydrogen 
peroxide and nitric oxide; depletion of intracellular glutathione; 
and heat shock (another name for HO-1 is HSP32). The enzyme 
is also induced by hormones, various drugs, fever, starvation, and 
stress.636–637,638,639–641 Basic leucine zipper “stress-responsive” 
transcription factors, including members of the ATf family, c-Fos, 
c-Jun, and Nrf2, maf family members and Bach-1, all regulate 
HO-1 expression.96,642 Biliverdin reductase also regulates HO-1. 
In addition to catalyzing the reduction of biliverdin to bilirubin, 
biliverdin reductase has kinase, transcription factor, and intracel-
lular heme transport activities. The transport of heme into the 
nucleus may increase HO-1 levels as it enables derepression of 
Bach-1–mediated repression of HO-1 transcription.96,642,643

In general, HO-1 expression appears to be rapidly induced in 
response to an increase in cellular oxidative stress and subse-
quently repressed again to low levels once the stimulus is removed. 
In contrast, HO-2, the predominant HO protein expressed in the 
brain and testis, is constitutively expressed in all cells, with the 
promoter responding solely to glucocorticoids.633 Notably, the 
N-terminus of HO-2 protein contains HRMs,644 an ancient motif 
found in proteins in bacteria, yeast, and mammals that binds heme 
and serves a regulatory function (e.g., in ALAS-2, Bach-1, and HRI; 
see above and Refs. 169,645,646). In addition, HRM allow protein 
regulation by the heme-binding gases. For example, HO-2 binds 
the vasodilator NO with high affinity163 and, with less affinity, the 
potential vasodilator (and neurotransmitter) CO, or O2. In addition, 
HO-2 interacts with and, through production of CO, stimulates the 
calcium-sensitive potassium (BK) channels that mediate excitatory 
responses of the carotid body to hypoxia.647

The reason for the reduction of biliverdin IXa to bilirubin has 
been questioned, as the former is water soluble and thus easily 
excreted, whereas bilirubin is lipid soluble, toxic to the develop-
ing brain and requires conjugation to allow efficient excretion 
in bile.648 However, being lipophilic, bilirubin also crosses the 
placenta from fetus to mother and thus the fetus can utilize the 
mother’s excretory mechanisms. Studies649–652 indicate that bili-
rubin at intracellular nanomolar (i.e., physiologic) concentrations 
is a potent antioxidant that protects cells from up to a 10,000-fold 
excess of H2O2; in so doing, it is itself oxidized to biliverdin IXa, 
which is then recycled back to form bilirubin.651 However, some 
studies suggest it is less important than, for example, other major 
intracellular antioxidants such as the glutathione system.653

Iron Reutilization Function of Heme Oxygenases
Under normal physiologic conditions, approximately 25 mg of 
iron is consumed daily by erythroblasts for heme biosynthesis. 
With a daily dietary iron intake of only 1 to 2 mg, the recycling 
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due to splenic fibrosis and loss of the red pulp. Notably, there is 
a marked loss of the (LRP/CD91- and CD163-expressing) eryth-
rophagocytes in the liver, spleen, and bone marrow, due to the 
toxicity of heme released within macrophages during ingestion of 
senescent erythrocytes. Thus the high haptoglobin levels observed 
in the human subject with HO-1 deficiency are explained by the 
specific loss of erythrophagocytic macrophages expressing the 
haptoglobin receptor (whereas hemopexin is low as it is also 
taken up by hepatocytes). Hepatic parenchymal and the proximal 
renal tubular epithelial cells are the cells regulating iron reutiliza-
tion from erythrocytes in these mice, likely relying on HO-2 func-
tion.657 In sum, these studies in mice and humans demonstrate 
the importance of erythrophagocytic macrophage and endothelial 
cell HO-1 function in ameliorating heme toxicity and the need for 
the heme oxygenase system for heme iron recycling.

Bilirubin Transport
After release from sites of heme catabolism, bilirubin appears in 
the plasma. The normal concentration of plasma bilirubin is <1.0 
mg/dl. At equilibrium, the concentration is directly related to bili-
rubin production (mostly from erythropoiesis and red cell destruc-
tion) and inversely related to hepatic clearance.658,659

The structure of the bilirubin IXa molecule is asymmetric 
and several isomeric forms exist (Fig. 6.31).660 In the naturally 

of heme-iron from senescent erythrocytes constitutes the main 
source of iron for erythropoiesis. As mentioned, heme degrada-
tion by HO-1 occurs within erythrophagocytic macrophages in 
the liver, spleen, and bone marrow, releasing iron, which is subse-
quently exported into the circulation by the sole cell iron exporter 
ferroportin.117,654

A patient with homozygous HO-1 deficiency has been 
described in detail.655 The child, who died at age 6 years, had 
evidence of severe hemolytic anemia with high serum heme lev-
els, low serum bilirubin, absent Hpx but increased haptoglobin, 
and hypoferremia. Very high von Willebrand factor and throm-
bomodulin levels with evidence of disseminated intravascular 
coagulation were observed, suggesting widespread endothelial 
injury. There was iron overload of the liver (involving both 
Kuppfer cells and parenchymal cells) and kidney (proximal 
tubule cells). Asplenia was noted. The child also had hyper-
lipidemia, and, at autopsy, aortic atheroma were noted. These 
findings indicate an important role for HO-1–mediated heme 
breakdown for heme iron reutilization and protection of the 
vascular endothelium from heme exposure.

Animals with deletion of HO-1 develop hypoferremia, micro-
cytic anemia (hematocrit approximately 0.30), and a similar 
tissue iron overload phenotype.652,656 More recently, the murine 
model of HO-1 deficiency has been re-examined from 6 weeks 
out to 22  months.657 The animals develop asplenia over time, 

Figure 6.31. Formation of bilirubin iXa from heme. The initial reactions are catalyzed by microsomal heme oxygenase and require nicotin–amide adenine 
dinucleotide phosphate (NADPH) as a co-factor. The reaction has a high specificity for the a-methene bridge, and a-oxyheme is a probable intermediate that is 
oxidized by molecular oxygen to biliverdin. In mammals, biliverdin is converted to bilirubin by biliverdin reductase. Bottom: alternative methods of representing the 
structure of bilirubin. The intramolecular hydrogen bonding that occurs with the Z,Z configuration is less extensive in the geometric isomers designated E,Z, and E,E 
(not shown); hence, the latter are more soluble in water.
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occurring configuration, all pyrrole rings are similarly rotated, 
representing the Z,Z or trans configuration. If either outer ring 
is rotated, then the E,Z or Z,E geometric isomers are formed. 
Photoisomerization of the Z,Z configuration of bilirubin results 
in formation of these more soluble photoisomers, which can 
be excreted without conjugation.660–662 This is the basis for 
using phototherapy to prevent neurotoxicity in newborns with 
hyperbilirubinemia.660,661,663

Bilirubin is normally present in plasma in several forms.664,665 
Although unconjugated bilirubin is essentially insoluble in water, 
it combines reversibly with albumin in neutral or alkaline solu-
tion. At normal plasma albumin concentrations, the theoretical 
bilirubin-binding capacity is approximately 70 mg/dl, of which 
half is tightly bound. These values are reduced by a decrease 
in plasma albumin concentration or by the presence of organic 
anionic substances that compete for albumin-binding sites, such 
as heme, fatty acids, sulfonamides, and salicylates.666 When the 
binding capacity is exceeded, bilirubin readily crosses mem-
branes (e.g., the blood–brain barrier, placental and vascular 
endothelial or hepatocyte membranes) to diffuse into the tis-
sues, and in jaundiced infants the amount of bilirubin outside 
the vascular circulation exceeds that within it.663 The tendency 
of bilirubin to bind to tissues, such as brain, may be due to 
complex formation with cell membrane polar groups, such as 
phosphatidylcholine.662

In normal adults, <5% of measurable bilirubin is of the con-
jugated form,667,668 but under certain pathologic circumstances, 
the proportion of conjugated bilirubin is greater. This relatively 
soluble bilirubin derivative may also bind albumin. Most is 
less tightly bound than the unconjugated form, but a portion is 
covalently and irreversibly bound.669 That portion of esterified 
bilirubin that is reversibly bound to albumin is ultrafilterable. 
In contrast to the other forms of bilirubin, this complex enters 
the glomerular filtrate, is not reabsorbed in the tubules, and is 
excreted in the urine.

hepatic Bilirubin Metabolism
Processing of bilirubin by the liver is part of a general mechanism 
whereby plasma protein-bound, organic anions are metabolized 
and excreted. Hepatic bilirubin metabolism is divided into three 
distinct phases: uptake, conjugation, and excretion635 (Fig. 6.32). 
All three phases are necessary for bilirubin to be excreted at a 
normal rate; however, the excretion step is normally the slowest, 
and therefore the rate-limiting, step.

Within the hepatic sinusoids, the albumin–bilirubin complex 
dissociates, and bilirubin passes into the hepatocyte where it 
binds ligandin and is transferred to the ER. How transport into the 
hepatocyte occurs remains unclear.663 It may be a dissociation-
limited carrier-independent (diffusion) process,670 or a bidirec-
tional energy-dependent process.671–673 Bidirectional movement 
of bilirubin appears to be extensive.674 In addition, small amounts 
formed within the hepatocyte from degradation of hepatic hemo-
proteins reflux into the plasma in the unconjugated form.675

Within the hepatocyte, bilirubin is conjugated with glucuronic 
acid to form bilirubin diglucuronide, which comprises 80% of 
the bilirubin present in normal bile; the two monoglucuronide 
isomers make up most of the remainder.676 Conjugated bilirubins 
are more water soluble than unconjugated bilirubin, allowing bili-
ary excretion. Little or no unconjugated bilirubin is found in bile, 
and if conjugation is impaired, bilirubin content is low. The con-
jugation reaction is catalyzed by uridine diphosphate-glucuronyl 
transferase (UGT). Hepatocyte UGT exists in several isoforms, 
catalyzing glucuronidation of various substrates, such as steroid 
hormones and medications. Bilirubin serves as the substrate for 
two isoforms (B-UGT 1 and B-UGT 2),677 but only B-UGT 1 is 
quantitatively significant in humans.678 B-UGT activity is also 
modulated by medications such as phenobarbital, and hormones, 
such as cortisol and thyroxine.679

In hepatocellular disease or biliary obstruction, some conju-
gated bilirubin may be “regurgitated” into the plasma. In addition, 
a small portion of conjugated bilirubin within the hepatocyte is 
deconjugated and may reflux into the plasma.675 These pathways 
explain the increase of both bilirubin fractions in cholestatic liver 
disease. In other clinical situations, hyperbilirubinemia is mainly 
due to an increase in unconjugated bilirubin. The most common 
of these is hemolytic disease, where hemoglobin catabolism and 
thus bilirubin production are increased. However, inherited dis-
orders may also cause unconjugated hyperbilirubinemia because 
of an impaired capacity for bilirubin conjugation.

The decreased ability to conjugate bilirubin is the common fea-
ture of three inherited disorders: in Crigler-Najjar syndrome type 
I, severe unconjugated hyperbilirubinemia is present from birth 
and kernicterus is common; in Crigler-Najjar syndrome type II, 
less severe jaundice occurs; and in Gilbert syndrome, the jaundice 
is quite mild and often not obvious clinically.677,680 These disor-
ders are recessively transmitted, and most patients are therefore 
homozygous for the mutant gene, B-UGT 1, although occasionally 
heterozygotes have minimal jaundice. In the two Crigler-Najjar 
syndromes, the mutation frequently involves exon 1, which confers 
substrate specificity to the enzyme, resulting in a structurally abnor-
mal protein. In Crigler-Najjar syndrome type I, and in the Gunn 
rat, an animal model of this disease, the enzyme is nonfunctional, 
whereas in type II, enzyme activity is variably reduced.678,681–684 
In Gilbert syndrome, the mutation in some patients affects the pro-
moter sequence of exon 1.683,685 Gilbert syndrome is very common, 
occurring in up to 10% of the population, but the Crigler-Najjar 
syndromes are rare. In Crigler-Najjar type I, the heme oxygenase 
inhibitor Sn-protoporphyrin may be effective in reducing bilirubin 
levels. Early orthotopic liver transplantation is curative.686 No treat-
ment is usually necessary for the other two disorders.

The degree of hyperbilirubinemia seen in children with 
chronic hemolytic states is influenced by simultaneous inheri-
tance of the gene for Gilbert disease.687,688 Infants with heredi-
tary spherocytosis who also have Gilbert syndrome usually 
require phototherapy for hyperbilirubinemia.688 The variable 
hyperbilirubinemia seen in G6PD-deficient neonates may also 
reflect the presence or absence of the variant form of uri-
dine-diphosphoglucoronylsyl-transferase responsible for Gilbert 

Figure 6.32. Normal and abnormal pathways of bilirubin excretion by the hepatic 
cell.  The normal pathways (solid arrows) include uptake and conjugation of bilirubin and excre-
tion of the conjugated derivative. Abnormal pathways (dashed arrows) include regurgitation of 
bilirubin glucuronide into plasma and excretion of unconjugated bilirubin into bile.
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syndrome.687 In infants known to be G6PD deficient, prevention 
of severe hyperbilirubinemia by administration of a single intra-
muscular dose of Sn-mesoporphyrin, another inhibitor of heme 
oxygenase, is highly effective and safe.173,689

Excretion of conjugated bilirubin from the hepatic cell into the 
bile canaliculus proceeds against a 40:1 gradient, when concen-
tration in the bile is compared with that in plasma.690 Animal 
studies indicated that bilirubin excretion, normally the rate-limit-
ing step in overall hepatic bilirubin transport, is mediated by an 
ATP-dependent transport system shared by a variety of organic 
anions.684 The Dubin-Johnson syndrome691,692 is an autosomal 
recessive disorder characterized by mild conjugated hyper-
bilirubinemia, and by impaired biliary secretion of non–bile-acid 
organic anions. Bilirubin uptake and conjugation are normal. The 
syndrome is due to mutations in the ATP-dependent transporter 
ABCC2/MRP2, a member of the multidrug resistance protein 
subfamily that is localized exclusively to the apical membranes of 
polarized cells including hepatocytes, renal proximal tubules, and 
intestinal epithelium.693,694

Intestinal Bile Pigment Metabolism
Bilirubin diglucuronide is excreted in bile into the duodenum.695 
There is little intestinal absorption of the conjugated form, although 
unconjugated bilirubin is readily absorbed. Bilirubin diglucuro-
nide probably remains conjugated during its transit through the 
small intestine. However, with intestinal stasis, and in newborns, 
increased deconjugation occurs and intestinal absorption occurs. 
This enterohepatic circulation of bilirubin may contribute to 
the severity of jaundice associated with the physiologic hyper-
bilirubinemia of the newborn.696 When bilirubin diglucuronide 
reaches the terminal ileum and colon, it is hydrolyzed by bacte-
rial b-glucuronidases. The methine bridges and usually the vinyl 
groups are then reduced by bacterial flora forming colorless tetra-
pyrroles called urobilinogens.696 Because urobilinogen formation 
is accomplished by bacteria, it does not occur in newborns, and 
may be affected by administration of antibiotics. The urobilinogens 
are easily dehydrogenated to form the orange-yellow pigments, 
urobilins, which contribute to the color of feces. Up to 20% of the 
urobilinogen formed in the gut is reabsorbed. The reabsorbed frac-
tion is efficiently excreted by the normal liver without being conju-
gated.695 A portion of the reabsorbed pigment may be excreted into 
the urine. Urobilinogen is filtered by the glomerulus, secreted by 
the renal tubule, and reabsorbed. If the liver’s capacity to excrete 
urobilinogen is impaired, a disproportionate amount appears in 
the urine.

alternate Pathways of heme and Bilirubin 
Catabolism
Evidence suggests that some heme may be degraded by pathways 
other than catabolism by the heme oxygenases. On a stoichio-
metric basis, 35 mg of bilirubin should result from degradation 
of 1 g of hemoglobin. However, the recovery of fecal urobilinogen 
is less than expected, suggesting that up to 40% of heme may be 
degraded by some other pathway.697 Only minimal amounts of 
unconjugated bilirubin are excreted in the urine. Excretion of con-
jugated bilirubin is substantial despite complete biliary obstruc-
tion. In rats with biliary fistulas, only 60% to 80% of administered 
radioactive hemoglobin or heme is recovered as bilirubin; a 
portion of the remainder is found in nonbilirubin fractions of 
bile.698,699 Radioactive bilirubin in patients with prolonged com-
plete biliary obstruction gradually disappears via an unidentified 
route.699 Furthermore, in severe inherited defects of bilirubin 
conjugation, such as those found in infants with the Crigler-Najjar 
syndrome and the Gunn rat, the alternate pathways appear to 
be increased.700 One explanation for these observations is that 
bilirubin is converted by a series of light-stimulated reactions to 

a variety of water-soluble derivatives, including hydroxyrubins, 
bilichrysins, and a dipyrrole.697 A microsomal P450-dependent 
mono-oxygenase may contribute to these alternate pathways; in 
addition, a mitochondrial bilirubin oxygenase has been identified 
that, in vitro, degrades bilirubin to a variety of products.701,702

Laboratory Evaluation of hemoglobin Catabolism 
and Bile Pigments
The serum bilirubin concentration is an important marker of 
the rate of bilirubin production and of hepatobiliary function. 
Traditionally, it has been measured by the van den Bergh test 
in which a mixture of sulfanilic acid, hydrochloric acid, and 
sodium nitrite (diazo reagent) yields a reddish-violet color with a 
maximum absorption at 450 nm when added to plasma or other 
solutions containing bilirubin.703 A direct reaction, in which the 
color reaches its maximum intensity at once indicates conjugated 
bilirubin, as is seen in plasma or urine from patients with obstruc-
tive jaundice. Detection of the unconjugated bilirubin found in 
plasma of patients with hemolytic disease requires addition of an 
accelerator, such as alcohol (indirect reaction).

In situations where bilirubin production may be increased 
and the bilirubin load is likely high, precise measurements of 
heme catabolism can be determined by measuring endogenous 
bilirubin production or generation of carbon monoxide (produced 
in equimolar amounts during heme breakdown). CO production 
is estimated by measuring blood carboxyhemoglobin levels; end-
tidal CO concentration corrected for ambient CO and pulmonary 
excretion rates of CO are also measured.704
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chloride and hydrogen peroxide produced by the oxidative burst. 
MPO constitutes approximately 5% of the dry weight of the neu-
trophil18 and imparts the greenish coloration to pus. The human 
neutrophil defensins (HNP-1 to -3), a group of cationic proteins that 
kill a variety of bacteria, fungi, and viruses,19,20,21 also constitute 
approximately 5% of total neutrophil protein.22 Other components 
of azurophilic granules include lysozyme, which degrades  bacterial 
peptidoglycans,23 bactericidal permeability-increasing protein, 
which has antibacterial activity against certain gram-negative bac-
teria,24–28 azurocidin, which has antibacterial as well as antifungal 
activity against Candida albicans,29,30 and the serine proteinases 
elastase, cathepsin G, proteinase 3, esterase N, and others.31–34 The 
granule membrane itself contains a large amount of CD66c35,36 and 
CD63 antigens.37 Heterogeneity among azurophil granules is likely.3

Specific (Secondary) Granules
Although some specific (also called secondary) granules, like azu-
rophilic granules, fuse with phagocytic vesicles, it is believed that 
these granules are largely for release into the extracellular space. 
Some of the known contents of these granules are also indicated 
in Table 7.1 and include apolactoferrin, the major specific granule 
protein, vitamin B12–binding protein, plasminogen activator, and 
collagenase. Lysozyme and some gelatinase are also present in 
specific granules. Release of specific granule contents may modify 
the inflammatory process. For example, collagenase may degrade 
collagen, thus augmenting movement through collagen and partic-
ipating in tissue remodeling. Apolactoferrin, by binding iron, may 
have an antibacterial effect by preventing bacteria from obtaining 
necessary iron for growth.38 Iron binding by apolactoferrin may 
also modify hydroxyl radical formation and cell adhesion.39–42 
Although the antimicrobial and proinflammatory defensins are 
stored in azurophil granules, proHNPs produced at more mature 
stages of differentiation are not cleaved to the antimicrobial form 
and are stored in specific granules. ProHNPs are constitutively 
exocytosed, though their function is unclear.15 Haptoglobin 
released from specific granules could also inhibit bacterial growth 
and inflammation.16 Specific granules also contain a number of 
membrane-bound molecules that are also expressed on the cell 
surface. This includes CD11, CD18, CD66a, CD66b, NB-1 (CD177), 
f-met-leu-phe (FMLP) receptors, C5a receptors, and cytochrome 
b558. When cells are stimulated, the surface expression of many 
of these membrane proteins is increased, and some of the 
upregulated molecules may be derived from specific granules. 
The importance of the specific granules in neutrophil function is 
shown in patients who lack specific granules; these patients are 
susceptible to repeated skin and respiratory infections and have 
defective neutrophil chemotaxis and adhesion.

Gelatinase (Tertiary) Granules
Gelatinase, or tertiary, granules, which cosediment with specific 
granules in some subcellular fractionation techniques, were ini-
tially identified as gelatinase-containing granules.43 Like specific 
granules, tertiary granules also contain many membrane proteins 

Three types of granulocytes are readily identified in peripheral 
blood smears. Neutrophils are so named because of their neutral 
staining with Wright stain, whereas eosinophils avidly stain with 
the dye eosin, and basophils have readily identified large dark-
staining granules with Wright stain. Neutrophils play a critical 
role in host defense by phagocytizing and digesting microorgan-
isms, and inappropriate activation of neutrophils may result in 
damage to normal host tissues. In the resting uninfected host, the 
production and elimination of neutrophils are balanced, result-
ing in a fairly constant concentration of neutrophils in peripheral 
blood. When an infection occurs, chemotactic agents are gener-
ated that result in migration of neutrophils to the site of the infec-
tion and activation of neutrophil defensive functions. This effect 
is often associated with an increased production and release 
of neutrophils from the bone marrow. This chapter reviews the 
structure, morphology, production, distribution and kinetics, and 
functions of neutrophils.

Subcellular STrucTure  
of NeuTropHilS
Mature neutrophils contain several types of granules and other 
subcellular organelles. Many studies have been performed to 
identify and characterize the molecular composition of the vari-
ous subcellular compartments of neutrophils. Two techniques are 
commonly used for this purpose: immunoelectron microscopy and 
subcellular fractionation. Most recent subcellular fractionation 
studies used the technique of nitrogen cavitation to disrupt the 
neutrophils. In this technique, cells are equilibrated with nitrogen 
at high pressure and then released into a pressure of 1 atm. The 
rapid decrease in extracellular pressure results in disruption of 
the cells by the formation of nitrogen gas within the cell. The 
disrupted cells are then fractionated by density-gradient cen-
trifugation.1,2 Many types of subcellular organelles and structures 
are present in neutrophils, as seen by electron microscopy (EM). 
Although the granules of neutrophils may be best viewed as a 
continuous spectrum of granules, possibly resulting from differ-
ential production of different granule contents during neutrophil 
development, studies of neutrophils have operationally defined 
several types of granules. Four well-defined types of granules in 
neutrophils are primary granules, secondary granules, tertiary 
granules, and secretory vesicles, although additional heterogene-
ity of these fractions may exist. Some of the known constituents of 
these granules are indicated in Table 7.1.

azurophilic (primary) Granules
The azurophilic, or primary, granules are formed during the 
promyelocytic stage and in general contain many antimicrobial 
compounds. These granules fuse with phagocytic vesicles, resulting 
in the delivery of their contents to the ingested organism. Among 
the azurophilic granule contents is myeloperoxidase (MPO), a 
protein that catalyzes the production of hypochlorite (OCl–) from 
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that are upregulated to the cell surface with stimulation.2 The 
relative contribution of tertiary granules and specific granules to 
upregulation of membrane proteins is not clear.

Secretory Vesicles
Secretory vesicles, which largely distribute in the plasma mem-
brane fraction using subcellular fractionation techniques, have 
also been described. Complement receptor (CR)1, recognized 
by CD35 monoclonal antibodies, has been found exclusively 
in the light membrane fractions containing secretory vesicles 
and plasma membranes using subcellular fractionation tech-
niques.11 The observation that CR1 can be readily upregulated 
to the neutrophil surface with weak stimulation demonstrates 
that secretory vesicles provide an intracellular reservoir from 
which membrane proteins can be recruited to the cell surface. 

CR3 (HMac-1),  recognized by CD11b antibodies and present in 
both secretory vesicles and specific granules, is also upregulated 
to the cell surface with weak stimulation. In contrast to CR1, a 
more marked upregulation of CR3 is observed with more potent 
stimulation, demonstrating that specific granules can also serve 
as an intracellular reservoir from which membrane proteins can 
be upregulated to the cell surface.11 By EM, the secretory vesicles 
appear as smooth-surfaced vesicles. A defining feature of secre-
tory vesicles is their rapid and complete translocation to the sur-
face membrane with weak stimulation.11 These secretory vesicles 
also contain alkaline phosphatase, cytochrome b558, and FMLP 
receptors. Secretory vesicles can be upregulated to the cell sur-
face in the absence of extracellular  calcium, in contrast to specific 
and gelatinase granules, which require extracellular calcium for 
release.11 The secretory vesicles appear to be formed by a process 
of endocytosis and contain albumin.

Azurophil (Primary) 
Granules

Specific (Secondary) 
Granules

Gelatinase (Tertiary) 
Granulesa Secretory Vesicles

Membrane Membrane Membrane Membrane

CD63 CD15 antigens CD11b Alkaline phosphatase

CD66c CD66a FMLP receptor Cytochrome b558
b

CD68 CD66b Diacylglycerol deacylating enzyme CD11b

Matrix Cytochrome b558
b Cytochrome b558

b u-PA receptor

Lysozyme FMLP receptor Laminin receptor FMLP receptor

Defensins Fibronectin receptor Matrix CD10, CD13, CD45

Elastase G-protein a-subunit Gelatinasea CD16

Cathepsin G Laminin receptor Acetyltransferase DAF

Proteinase 3 CD11b Lysozyme CR1 (CD35)

Esterase N NB 1 antigen NRAMP1 Matrix

a1-Antitrypsin
a-Mannosidase
Azurocidin
Bactericidal permeability-
increasing protein

Rap 1, Rap 2
Thrombospondin receptor
Tumor necrosis factor receptor
Vitronectin receptor u-PA receptor

Ficolin-1 Plasma proteins (including 
tetranectin and albumin) 
pro–u-PA/u-PA

b-Glycerophosphatase Matrix

b-Glucuronidase Apolactoferrin

b-Galactosidase Lysozyme

b-Glucosaminidase b2-Microglobulin

a-Fucosidase Collagenase

Cathepsin B Gelatinasea

Cathepsin D Histaminase

Acid mucopolysaccharide Heparinase

Heparin binding protein pro–u-PA

N-Acetyl-b-glucosaminidase Vitamin B12–binding protein

Sialidase Sialidase

Ubiquitin protein Protein kinase C inhibitor

hCAP-18

SGP28

PTX3

Haptoglobin

Prodefensins (proHNPs)

DAF, decay accelerating factor; FMLP, f-met-leu-phe; u-PA, urokinase-type plasminogen activator.
a Gelatinase is present in only a subset of specific granules; most is present in gelatinase granules.
b Cytochrome b558 is also called b245.
Adapted from references (2) through (17).

TablE 7.1

CoNTeNTS of HuMaN NeuTropHil GraNuleS
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plasma membrane
Many constituents of the neutrophil plasma membrane have been 
defined. These include membrane channels, adhesive proteins, 
receptors for various ligands, ion pumps, and ectoenzymes. For 
example, CD11/CD18 and CD62L (L-selectin) are involved in neu-
trophil adhesion. The FMLP- and C5a-receptors sense stimuli and 
activate neutrophils, while aminopeptidase N (CD13) can inactivate 
interleukin (IL)-8, eliminating its chemotactic activity,44 and neutro-
phil endopeptidase (CD10) can inactivate the chemotactic peptide 
FMLP.45 CD66a, b, c, can activate neutrophils,46 and some CD45 
antibodies, which recognize a transmembrane protein with tyro-
sine phosphatase activity in its cytoplasmic domain, inhibit neutro-
phil chemotaxis.47 Some of the various clusters of differentiation 
(CD) expressed on neutrophils are shown in Table 7.2. The compo-
nents of the membrane are not uniformly distributed. Studies have 

indicated the presence of differentiated domains in the membrane 
called rafts, which are described in the section “Lipid Rafts.”

Cytoskeletal matrix
Like many other cells, neutrophils contain a complex cytoskel-
eton. Alterations in the distribution of cytoskeletal elements may 
be important in chemotaxis, phagocytosis, and exocytosis. Many 
protein components of this cytoskeleton have been identified, 
including actin, actin-binding protein, a-actinin, gelsolin, profilin, 
myosin, tubulin, and tropomyosin. Actin accounts for approxi-
mately 10% of neutrophil protein.48 The role of the cytoskeleton in 
neutrophil function is reviewed in detail elsewhere.49

Neutrophil lipids
Although most studies of neutrophil structure have concentrated 
on proteins, lipids and carbohydrates also serve important 
functions. Lipids account for approximately 5% of neutrophils 
by weight,50,51 of which approximately 35% is phospholipid.52 
Phosphatidylcholine and phosphatidylethanolamine account for 
approximately 75% of the phospholipid in intact neutrophils.52 
Subcellular distribution studies reveal that plasma membranes 
and secretory vesicles contain approximately half the cellular 
phospholipid. Most of the phosphatidylinositol and phosphatidyl-
choline are present in plasma membrane and secretory granules, 
whereas a large part of the phosphatidylethanolamine is found 
in the specific granules.52 Among the phospholipids, the phos-
phoinositides are important as sources of inositol 1,4,5-triphos-
phate (IP3) (a signal-transduction molecule that results in calcium 
release) and diacylglycerol (which activates protein kinase C 
[PKC]). The occurrence of arachidonic acid in phospholipids, 
especially phosphatidylcholine, is important as a precursor for 
the production of leukotrienes, prostaglandins, thromboxanes, 
and lipoxins.53,54 Cholesterol and triglycerides constitute most of 
the nonphospholipid neutrophil lipid. Glycolipids, which include 
both neutral glycosphingolipids and gangliosides, constitute the 
remaining neutrophil lipids. The study of glycolipids is complex, 
and the glycolipid composition of neutrophils is not well under-
stood. Glycolipids are important because their carbohydrate com-
ponents contain many neutrophil differentiation antigens with a 
multitude of potential functions. The major neutrophil glycolipid 
is lactosylceramide (LacCer: Galb1 → 4Glcb1 → 1Cer) 55,56,57 and 
is recognized by CDw17 monoclonal antibodies. Interestingly, the 
surface expression of LacCer decreases after neutrophil stimula-
tion. More than 75% of neutrophil LacCer is found in intracel-
lular granules.56,58 It has been hypothesized that most LacCer 
in the granule membranes is found in the outer leaflet and may 
contribute to the ability of these membranes to form the highly 
convex surfaces necessary to form these submicrometer par-
ticles.54 Approximately 75% of the five major glycosphingolipids 
are located intracellularly.58 Studies of the subcellular distribution 
of glycosphingolipids in neutrophils have found no differences 
among the plasma membrane, primary granules, or secondary 
granules in the relative amounts of these five glycosphingolipids.58

lipid rafts
Studies have demonstrated the existence of large noncovalent 
detergent-resistant complexes in cell extracts that contain impor-
tant signaling molecules, including protein kinases and many 
glycosyl phosphatidylinositol–linked membrane proteins capable 
of transmitting signals.59–61,62 These complexes have been termed 
lipid rafts or large detergent-resistant complexes. It is postulated 
that these complexes or rafts reflect the existence of specific 
membrane microdomains that have a particular lipid composi-
tion, and that these clusters of molecules may be important in 
transmembrane signaling by proteins in the complex. There is 

CD CD Antigen

CD10 Common acute lymphoid leukemia antigen, neutral  
endopeptidase

CD11a Leukocyte factor antigen-1, aLb2

CD11b Mac-1, aMb2

CD11c p150, 95, aXb2

CD13 Aminopeptidase N

CD15 Lex (Ga1b1→4G1cNAc(Fuca1→3) b1→3Ga1b1→ 
4G1cNAc→R)

CD15s sLex

CD16 FcRIII

CDw17 LacCer

CD18 b2-Integrin

CD24 Glycosyl phosphatidylinositol–linked protein

CD31 Platelet endothelial cell adhesion molecule-1

CD32 FcRII

CD43 Leukosialin, sialophorin

CD44 Pgp-1

CD45 Leukocyte common antigen (a protein tyrosine phosphatase)

CD50 Intercellular adhesion molecule-3

CD53 Tetraspan molecule

CD55 Decay accelerating factor

CD62L L-Selectin

CD63 Tetraspan family member

CD64 FcRI

CD65 Ga1b1→4G1cNAcb1→3Ga1b1→G1cNAc(Fuca1→3)→R

CD65s Sialylated CD65

CD66a CEACAM1 (Biliary glycoprotein)

CD66b CEACAM8 (CGM6)

CD66c CEACAM6 (NCA)

CD66d CEACAM3 (CGM1)

CD82 Tetraspan family member

CD88 C5a receptor

CD95 Fas, APO-1

CD114 Granulocyte colony-stimulating factor receptor

CD156 ADAM-8 (a disintegrin and metalloprotease domain)

CD157 Bifunctional ectoenzyme (adenosine diphosphate ribosylase)

CD177 NB1, HNA-2a

NOTE: When used to describe the antigen, the term CD antigen should be used.

TablE 7.2

SoMe CD aNTiGeNS expreSSeD oN NeuTropHilS
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the blood. In the first three morphologic stages, the myeloblast, 
promyelocyte, and myelocyte cells are capable of replication, as 
shown by their uptake of tritiated thymidine (3H-TdR) and the 
presence of mitoses; in later stages, cells cannot divide but con-
tinue to differentiate. The morphologic boundaries of each cell 
compartment were defined many years ago and were based on 
criteria such as cell size, ratio of size of nucleus to cytoplasm, 
fineness of nuclear chromatin, nuclear shape, the presence or 
absence of nucleoli, the presence and type of cytoplasmic gran-
ules, and the cytoplasmic color of stained cells (Table 7.3).

Because changes in nuclear chromatin and cell size occur dur-
ing each cell replication cycle, and the formation of granules and 
other cytoplasmic changes occur gradually during the stages of 
cell development, morphologic definitions are necessarily arbi-
trary and do not always conform to significant biochemical or 
physiologic changes. Classifying a cell in one category or another 
often is difficult because it is actually in transition between 
the two. Nevertheless, it is useful to separate the cell lines into 
morphologic compartments and to define normal limits of cell 
distribution therein, because gross changes from these patterns 
indicate disease.

DevelopMeNT of NeuTropHilS  
aND THeir precurSorS
Neutrophil development is summarized in Figure 7.1.

Cell division is limited to myeloblasts, promyelocytes, and 
myelocytes, with later developmental stages undergoing differen-
tiation but no further cell division. The myeloblast contains few 
granules and is derived from more primitive cells as described 
in Chapter 5. As the cell differentiates to the promyelocyte 
stage, development of primary or azurophil granule formation 
becomes evident. This granule contains MPO, an enzyme whose 
activity is a classic marker of myeloid differentiation. Azurophil 
granule production ceases at the end of the promyelocyte stage, 
coincident with the loss of peroxidase activity from the rough 
endoplasmic reticulum. Secondary granule, or specific granule, 
formation begins as the neutrophil enters the myelocyte stage. 
The peroxidase-negative specific granules are smaller (approxi-
mately 200-nm diameter) than the azurophil granules (approxi-
mately 500-nm diameter) and are near the limit of resolution by 
light microscopy. The specific granules impart a pinkish ground-
glass background color to neutrophils in Wright-stained smears. 
Because azurophil granule formation ceases in the promyelocyte 
stage and the subsequent myelocyte form is still capable of cell 
division, the density of azurophil granules is lower in differen-
tiation stages past the promyelocyte. The result is that mature 
neutrophils contain approximately two specific granules for every 
azurophil granule. With maturation, the azurophil granules, 
which generate reddish-purple staining in the promyelocytes, 
lose this metachromasia as they leave the myelocyte stage. This 
alteration in staining properties is thought to be caused by an 
increase in acid mucosubstances, which complex with basic 
proteins already present in the azurophil granules.88 Thus, in 
the mature neutrophil, the azurophil granules appear as light 
blue-violet granules on Wright-stained smears. The azurophil 
granules are readily demonstrated by peroxidase staining with 
light microscopy.

Data concerning antigenic differences between granulocytes 
and monocytes and their stages of maturation have largely been 
developed using monoclonal antibodies. Such monoclonal anti-
bodies have been analyzed in a series of  international workshops 
in which antibodies are grouped into CD. Some of the CD antigens 
expressed on neutrophils are shown in Table  7.2. Immunogold 
and enzyme-linked immunologic methods89 permit simultaneous 
morphologic and immunologic examination of individual cells.

evidence that in neutrophils, proteins may enter these rafts when 
they are translocated to the cell surface. For example, it appears 
that CD63 and CD11b/CD18 are not present in detergent-resistant 
complexes when they are intracellular, but they enter such com-
plexes after translocation to the cell surface.63

Cytoplasmic lipid bodies
Cytoplasmic lipid bodies, non–membrane-bound cytoplasmic 
inclusions, have been described in neutrophils.64 In inflammation, 
the number of cytoplasmic lipid bodies in neutrophils increases.65 
These lipid bodies may provide nonmembrane stores of esteri-
fied arachidonate. In addition, some signaling proteins, including 
phosphatidylinositide-3-kinase, are localized to these lipid bod-
ies,66 although the exact role of these lipid bodies in cell function 
is unclear.66,67

Cytosol
Although neutrophil cytoplasm contains many components com-
mon to all cells, approximately 45% of neutrophil cytosolic protein 
appears to be attributable to migration inhibitory factor–related 
proteins (MRPs), MRP-8, and MRP-14.68 MRP-8 and MRP-14 
are members of the S100 family of calcium-binding proteins 
and form homo- and heterodimers. MRP-14 has been variously 
called p14, L1 heavy chain, and calgranulin b, and MRP-8 is also 
known as p8, L1 light chain, calgranulin a, and cystic fibrosis 
antigen.69–73 Although the role of these proteins in neutrophil 
function is unclear, the quantity of MRP-8 and MRP-14 associated 
with neutrophil plasma membranes has been reported to increase 
after stimulation.68 MRP-8/MRP-14 are also present in second-
ary and/or tertiary granules and are released when neutrophils 
are stimulated.73 MRP-14 can inhibit macrophage activation.74 
Annexin I or lipocortin I comprises approximately 3% of cytosolic 
protein.75 Annexin I is partially regulated by glucocorticoids and 
appears to be a mediator of the anti-inflammatory effects of glu-
cocorticoids.75

One other notable cytoplasmic constituent is glycogen. Because 
neutrophils are sometimes required to function in hypoxic condi-
tions, as in an abscess, they are very capable of obtaining energy 
by glycolysis. The presence of large intracellular glycogen stores 
gives them the additional ability to function in areas of low extra-
cellular glucose.

Nucleus
In the past, it has been felt that neutrophils, as end-stage cells, 
undergo little RNA or protein synthesis. Subsequently, it was 
shown that mature neutrophils can synthesize both RNA and 
protein. This is likely particularly important when neutrophils 
migrate into sites of inflammation and begin to synthesize pro-
teins and chemokines that may regulate activation and resolution 
of the innate immune response.76,77–81,82

MorpHology of NeuTropHilS  
aND precurSorS
The replenishment of marrow and blood cells from a stem cell 
compartment is described in Chapter 5. Neither multipotent 
hematopoietic stem cells nor more committed progenitors are 
readily identified morphologically by traditional methods.83–87 
Only the more mature forms of each hematopoietic cell series 
can be reliably distinguished from one another. In the following 
pages, the cells identifiable as neutrophils and their precursors 
are described.

Neutrophils follow a pattern of proliferation, differentiation, 
maturation, and storage in the bone marrow and delivery to 
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Some authors classify what may be slightly more mature cells 
with several rather large, angular, irregular, and dark-staining 
azurophilic cytoplasmic granules as myeloblasts. A simpler 
approach is to include such forms in the promyelocyte stage, thus 
making the separation between the two cell types clear-cut. The 
EM classification of myeloid cells, primarily on stages of granule 
formation, also places cells with beginning granule formation in 
the promyelocyte category.87,97

In wet films, myeloblasts appear immobile, with thin, tena-
cious borders. In video studies of hanging-drop preparations, 
myeloblasts manifest a characteristic snail-like movement.98,99

Because they are in the process of growth and division, 
myeloblasts vary in diameter from 10 to 20 mm. In patients with 
acute leukemia, there may be asynchronous development of 
the nucleus and cytoplasm; such myeloblasts (sometimes called 
Rieder cells100,101) suggest more rapid maturation on the part of 
the nucleus than of the cytoplasm (asynchronism of Di Guglielmo). 
Auer bodies, a marker for acute leukemia, are evident in the 
cytoplasm of cells that otherwise look like myeloblasts (Fig. 7.3).

Neutrophil promyelocytes and myelocytes
The developmental stages in the granulocyte series and some 
of their morphologic variations are shown in Figure 7.1. In the 
past, the several stages beyond the myeloblast were differentiated 
primarily on the basis of the number and type of granules. EM 
histochemical and biochemical findings demonstrated that the 
azurophilic or primary granules first appear at the promyelocyte 
stage and can be identified on fine structural study as character-
istic of the neutrophil, eosinophil, or basophil series.87,95,97,102,103 
They do not transform into specific granules but persist through-
out the remainder of the maturation sequence and are seen in 

myeloblast
The word myeloblast describes an immature cell, typically found 
in the bone marrow and not in the blood. This cell can divide and 
give rise to promyelocytes, which in turn give rise to myelocytes. 
The neutrophil and macrophage lines share a common stem cell, 
colony-forming unit granulocyte–monocyte (CFU-GM).90–93

The myeloblast (Fig. 7.2) has a large nucleus, is round or slightly 
oval, and has a small amount of cytoplasm. In preparations treated 
with Wright stain (Table 7.3), the nuclear membrane is smooth 
and even in outline and is exceedingly thin, with no condensation 
of chromatin near its inner surface, as noted in lymphoblasts. The 
chromatin shows an even, diffuse distribution with no aggregation 
into larger masses, although some condensation may be noted 
about the nucleoli. The chromatin may appear in the form of fine 
strands, thus giving the nucleus a sieve-like appearance; alterna-
tively, it may have the form of fine dust-like granules, producing a 
uniform stippled effect. Generally, the myeloblast contains two to 
five pale, sky-blue nucleoli. The cytoplasm is basophilic (blue), and 
usually, although not invariably, no clear zone is evident about the 
nucleus. Sometimes, the cytoplasm is reticular, spongy, or foamy. 
By definition, no granules are present in the cytoplasm. Leukemic 
myeloblasts that contain no perceptible granules often are identi-
fied by special stains that demonstrate the presence of MPO or 
esterase, thus providing early evidence of differentiation.94

EM reveals similar findings.95,96 The nuclear membrane is thin 
and indistinct, with minimal or no chromatin condensation. The 
numerous particles of ribonucleoprotein in the cytoplasm produce 
deep blue basophilia in stained preparations. Mitochondria are 
abundant but small, and the endoplasmic reticulum is flat and 
appears infrequently. The Golgi apparatus is indistinct, and no 
cytoplasmic granules are present. EM studies of myeloblasts show 
peroxidase activity in the rough endoplasmic reticulum and Golgi.

Nucleus Cytoplasm

Type of Cell
Size 
(mm) Position Shape Color Chromatin

Nuclear 
Membrane Nucleoli

Relative 
Amount Color

Perinuclear 
Clear Zone Granules

Granulocytes

Myeloblast 10–18 Eccentric 
or central

Round or 
oval

Light reddish 
purple

Very fine 
meshwork

Very fine 2–5 Scanty Blue None None

Promyelocyte 12–20 Eccentric 
or central

Round or 
oval

Light reddish 
purple

Very fine 
meshwork

Fine 2–5 Moderate Blue None Primary 
(azurophilic, 
eosinophilic, 
or baso-
philic)

Myelocyte 12–18 Eccentric Oval or 
slightly 
indented

Reddish 
purple

Fine but 
becomes 
gradually 
coarser

Indistinct Rare Moderate Bluish 
pink

None Primary 
plus, in 
neutrophils, 
secondary 
or sp

Metamyelocyte 10–18 Central or 
eccentric

Thick 
horseshoe 
or indented

Light  
purplish blue

Basi- and 
oxychromatin 
clearly distin-
guished

Present None Plentiful Pink None Neutrophilic, 
eosinophilic, 
or basophilic

Juvenile or 
band form

10–16 Central or 
eccentric

Band shape 
of uniform 
thickness

Light  
purplish blue

Basi- and 
oxychromatin 
clearly distin-
guished

Present None Plentiful Pink None Neutrophilic, 
eosinophilic, 
or basophilic

Polymorpho -
nuclear  
neutrophil

10–15 Central or 
eccentric

2–5 or 
more dis-
tinct lobes

Deep  
purplish blue

Rather coarse Present None Plentiful Faint 
pink

None Fine, pink, 
or violet 
pink

TablE 7.3

MorpHoloGiC CHaraCTeriSTiCS of leukoCyTeS (WriGHT STaiN)
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appearance. The azurophilic, primary granules appear and accu-
mulate in increasing numbers during this stage, but the specific or 
secondary granules are not yet present (Fig. 7.4).87,96,97,102,104 In 
early promyelocytes, the few granules present may be difficult to 
see by using light microscopy; they often lie over the nucleus and 
are evident only on examination at several focal planes.

Like the myeloblast, the promyelocyte is immobile in flat 
slide and cover glass preparations; only in the last stage is slight 
locomotion evident. Even then, the streaming of granules so char-
acteristic of mature granulocytes is lacking.105 In hanging-drop 
preparations, however, promyelocytes are actively mobile.

The neutrophilic myelocyte may be defined as the stage in 
which specific (secondary) granules appear in the cytoplasm 
and the cell consequently can be identified as belonging to the 
neutrophilic series when stained and observed to have a pink-
ish ground-glass background color with the light microscope. 
As mentioned previously, earlier identification of a cell that will 
become neutrophilic can be made by EM examination of the azu-
rophilic, or primary, granules.95 The nucleus of the neutrophilic 
myelocyte usually is eccentric and round or oval; one side may 
appear flattened. The nuclear chromatin is somewhat coarse, 
and nucleoli are small and often not visible, although they are 
seen clearly with the electron microscope.102 Primary granules 

all subsequent stages, including the polymorphonuclear forms  
(Fig. 7.1).97,103,104

The neutrophil promyelocyte is somewhat larger on average 
than the myeloblast. In both light and EM preparations, it has a 
round or oval nucleus in which the nuclear chromatin is diffusely 
distributed, as in the myeloblast; in later stages, slight chromatin 
condensation is discerned around the nuclear membrane. Nucleoli 
are present, but as the cell develops, they become less prominent. 
Compared with the myeloblast, the endoplasmic reticulum in EM 
preparations is more prominent and takes on a dilated, vesicular 

Figure 7.2. Myeloblast (×1,000, Wright stain).

Figure 7.1. Appearance of granules during neutrophil maturation. Myeloblasts are undifferentiated cells with a large oval nucleus, large nucleoli, and cytoplasm lacking granules. They 
originate from a precursor pool of stem cells. Subsequently, there are two stages—the promyelocyte and the myelocyte—each of which produces a distinct type of secretory granule: azurophils (dark 
granules) are produced only during the promyelocyte stage; specific granules (light granules) are produced during the myelocyte stage. The metamyelocyte and band forms are nonproliferating stages 
that develop into the mature polymorphonuclear neutrophil characterized by a multilobulated nucleus and cytoplasm containing primarily glycogen and granules. Both nonspecific azurophilic granules 
and specific granules persist throughout these later stages. PMN, polymorphonuclear leukocyte. (Modified from Bainton DF, Ullyot JL, Farquhar MG. The development of neutrophilic PMN leukocytes 
in human bone marrow: origin and content of azurophil and specific granules. J Exp Med 1971;134:907.)
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associated with primary granules by histochemical, cytochemical, 
and biochemical methods and is considered a marker enzyme 
for primary granules in mammals.87,115 Sulfated mucosubstance 
presumably accounts for the azurophilic staining of the primary 
granules; the uptake of radiosulfate by early-stage neutrophils 
may be the result of incorporation into this substance.116,117

The secondary granules of the neutrophil were once thought 
to be characterized by their content of alkaline phosphatase and 
lack of acid phosphatase.87,97,118 However, subsequent studies 
demonstrated that alkaline phosphatase is localized in a previ-
ously unrecognized organelle, the secretory vesicle (Table 7.1).119 
Lysozyme is present in human neutrophil secondary granules,120 
as well as in primary granules; approximately two thirds of this 
antibacterial basic protein is in the secondary granule. The stan-
dard marker enzymes for specific granules are lactoferrin115 and 
B12-binding protein.121

A third type of granule, the tertiary granule, also known as the 
gelatinase granule (Table 7.1),103,122 is synthesized mainly during 
the band and segmented neutrophil stages.103,123,124

Neutrophil metamyelocytes
The metamyelocyte is characterized by a clearly indented or 
horseshoe-shaped nucleus without nucleoli, and the nuclear chro-
matin is moderately dense, with considerable clumping evident 
along the nuclear membrane. The cytoplasm is filled with primary, 
secondary, and tertiary93,116 granules, but the secondary granules 
predominate. The endoplasmic reticulum is sparse, as are poly-
somes, thus signifying the virtual completion of protein synthesis.

The boundary between the myelocyte and metamyelocyte 
compartments is best defined physiologically by the fact that 
myelocytes synthesize DNA, take up 3H-TdR into their nuclear 
chromatin, divide, and are actively involved in protein synthesis, 
as evidenced by the presence of nucleoli, abundant endoplasmic 
reticulum, and polysomes. Before such techniques became avail-
able, differentiation between myelocytes and metamyelocytes was 
defined mainly in terms of nuclear shape. This characteristic now 
is recognized as a poor criterion because it has been shown in 
time-lapse microcinematographic studies of human neutrophils 
that myelocyte nuclei may assume a markedly indented shape and 
may subsequently revert to an oval configuration and enter mito-
sis.95 Consequently, in classifying cells at this stage, the observer 
should pay particular attention to evidence in the nucleus and 
cytoplasm that protein synthesis has decreased or stopped. This 
determination is made on the basis of the fact that the nuclear 
chromatin is coarse and clumped and that the cytoplasm is faint 
pink and is essentially the color of the mature cell in stained 
preparations. These features are also helpful in differentiating 
metamyelocytes (Fig. 7.6A,B) from monocytes (Fig. 7.6C) because 
in monocytes, nuclear chromatin remains fine, and evidence of 
protein synthesis persists. Amoeboid movement is apparent in 
metamyelocytes, even in cover glass slide preparations, and it is 
at this stage that directional migration can regularly be demon-
strated.125

band Neutrophils
The band stage is characterized by further condensation of nuclear 
chromatin and transformation of nuclear shapes into sausage or 
band configurations that have approximately uniform diameters 
throughout their length (Fig. 7.1). Subsequently, one or more con-
strictions begin to develop and progress until the nucleus is divided 
into two or more lobes connected by filamentous strands of hetero-
chromatin, the polymorphonuclear stage. Some workers require a 
clearly visible filamentous strand between lobes (Fig. 7.7A,B) before 
classifying a cell as a polymorphonuclear form; anything less clear-
cut, whether because of overlapping of nuclear lobes or incomplete 
constriction, is classified as a band form.126,127 Other investigators 

persist in myelocytes, but formation of new primary granules is 
limited to the promyelocyte, and each succeeding cell division 
leads to a decrease in their number in the daughter population  
(Fig. 7.1).97,104,105 The secondary granules of the neutrophil 
series are smaller than the primary granules; in the rabbit, cat, 
and human, they are formed in increasing numbers on the con-
vex surface and lateral borders of the somewhat less prominent 
Golgi apparatus.97,102,104 The amount of granular endoplasmic 
reticulum is lower in the myelocyte than in earlier forms, so the 
cytoplasmic basophilia decreases and disappears. The mitochon-
dria remain small and are few.

Neutrophil Granule development
It has been suggested that the different neutrophil granules are 
formed because of temporal differences in gene expression of 
the granule contents82,106 and this model fits well with the data. 
Studies in rabbits, cats, and humans suggest that the primary gran-
ules are packaged and released from the inner, concave surface 
of the Golgi apparatus (Fig. 7.5A)—in contrast to the specific or 
secondary granules of the myelocyte and later granulocyte stages 
that appear to be formed and released from the outer, convex sur-
face.97,102,103,104 Studies of membranes from rabbit azurophil and 
specific granules, although demonstrating similar ultrastructure, 
have shown them to be distinct and different in cholesterol–
phospholipid ratios and protein components.107 In the mature neu-
trophil, a ratio of secondary to primary granules of approximately 
9:1 is seen in the rabbit108 and 2 or 3:1 in humans.97,109

The mature primary granules of human neutrophils usu-
ally contain central crystalloids when lightly stained.103 They 
apparently bind neutral red dye and thus are seen easily 
as neutral red bodies in supravital preparations.110 These 
membrane-bound lysosomes contain enzymes and other sub-
stances (Table  7.1).87,97,111,112 Acid phosphatase activity varies 
considerably, as reported in different studies and in different 
species.102,103,113,114 This may be because of variation in the his-
tochemical assays or to species variations.87 Peroxidase has been 

A

B

Figure 7.3. A, B: Pseudo–Pelger-Huët cells, the latter from the blood of a patient with acute 
myeloblastic leukemia (×1,000, Wright stain).
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A B

C D

Figure 7.4. early and late promyelocytes, a myelocyte, and a polymorphonuclear neutrophil (PMN) viewed by electron microscopy. (Courtesy of 
Bainton D, University of California, San Francisco.) A: Early neutrophilic promyelocyte (reacted for peroxidase, 10,500). The nucleus (N) with its prominent nucleolus 
(Nu) occupies the bulk of this immature cell. The surrounding cytoplasm contains a few azurophil granules (ag), a large Golgi complex (G), Golgi cisternae (Gc), several 
mitochondria (m), scanty rough endoplasmic reticulum (er), and many free polysomes (r). A centriole (ce) is present in the Golgi region. All of the azurophil granules 
(ag) appear dense because they are strongly reactive for peroxidase. The secretory apparatus, i.e., the perinuclear cisterna (pn), rough endoplasmic reticulum (er), 
and Golgi cisternae (Gc), are also reactive, although less so than the granules. Specimen was fixed in glutaraldehyde for 16 hours at 4°C, incubated in the peroxidase 
medium of Graham and Karnovsky for 1 hour at 22°C, postfixed in osmium tetroxide, treated in block with uranyl acetate, dehydrated in ethanol, infiltrated with 
propylene oxide, and embedded in Araldite. Section stained for 1 minute with lead citrate. B: Late neutrophilic promyelocyte (reacted for peroxidase, 7,000). This cell 
is the largest (15 μm) of the neutrophilic series. It has a sizable, slightly indented nucleus (N), a prominent Golgi region (G), and cytoplasm packed with peroxidase-
positive azurophil granules (ag). Note the two general shapes of the azurophil granules: spherical (ag) and ellipsoid (ag′). Most are spherical, with a homogeneous 
matrix, but a few ellipsoid forms containing crystalloids also are present. Many of the spherical forms (ag) have a dense periphery and a lighter core, presumably 
because of incomplete penetration of substrate into the compact centers of mature granules. Peroxidase reaction product is visible (under higher magnification) in 
less concentrated form within all compartments of the secretory apparatus (endoplasmic reticulum, perinuclear cisterna, and Golgi cisternae). No reaction product is 
seen in the cytoplasmic matrix, mitochondria, or nucleus. Specimen was fixed in glutaraldehyde for 10 minutes at 4°C and subsequently processed exactly as was 
the specimen in A. C: Neutrophilic myelocyte (reacted for peroxidase, 9,000). At this stage, the cell is smaller (10 μm) than the promyelocyte, the nucleus is more 
indented, and the cytoplasm contains two different types of granules: large, peroxidase-positive azurophils (ag) and the generally smaller specific granules (sg), which 
do not stain for peroxidase. A number of immature specific granules (is), which are larger, less compact, and more irregular in contour than mature granules, are seen 
in the Golgi region (G). Note that peroxidase reaction product is present only in azurophil granules and is not seen in the rough endoplasmic reticulum (er), perinuclear 
cisterna (pn), and Golgi cisternae (Gc), in keeping with the fact that azurophil production has ceased, and only peroxidase-negative specific granules are produced 
during the myelocyte stage. D: Mature PMN (reacted for peroxidase, 10,500). The cytoplasm is filled with granules; the smaller peroxidase-negative specific granules 
(sg) are more numerous, the azurophils (ag) having been reduced in number by cell divisions after the promyelocyte stage. Some small, irregularly shaped azurophil 
granule variants are also present (unlabeled arrow). The nucleus is condensed and lobulated (N1–N4), the Golgi region (G) is small and lacks forming granules, the 
endoplasmic reticulum (er) is scanty, and mitochondria (m) are few. Note that the cytoplasm of this cell has a rather ragged, moth-eaten appearance because the 
glycogen, which is normally present, has been extracted in this preparation by staining in block with uranyl acetate.
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Figure 7.5. granule formation in neutrophil precursors viewed by electron microscopy. (Courtesy of Bainton D, University of California, San Francisco.) A: 
Golgi region of a neutrophilic promyelocyte reacted for peroxidase (×40,000). At this stage, the peroxidase reaction product is present within the rough endoplasmic 
reticulum (er), the clusters of smooth vesicles (ve) at the periphery of the Golgi cisternae (Gc), in the Golgi cisternae, and in the immature (ia) and mature (ag) azuro-
philic granules. The immature granules are larger and less compact than the uniformly dense mature granules. B: Golgi region of a neutrophilic myelocyte reacted 
for peroxidase (×40,000). Peroxidase-reactive material is seen in the primary or azurophilic granules (ag) but not in the specific (secondary) granules (sg). At this 
stage (myelocyte), no peroxidase reaction product is seen in the endoplasmic reticulum, Golgi cisternae (Gc), or newly formed, immature specific granules (is). The 
stacked Golgi cisternae are oriented around the centriole (ce), and the outer cisternae (unlabeled arrow) contain material of intermediate density that is similar to 
the content of the specific granules, suggesting that the specific granules arise from the convex face of the Golgi complex as in the rabbit. pn, perinuclear cisternae.
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in enzyme content, and they maintain a minimum distance of 100 
nm from the cell membrane.133 Large masses of glycogen become 
evident for the first time in mature neutrophils; this finding may 
contribute to their capacity for anaerobic metabolism.

The mechanism and purpose of nuclear lobulation are the 
subject of speculation. Perhaps it enhances cell deformability and 
movement through vessel walls and into sites of inflammation, 
or perhaps nuclear segmentation results from nucleolar empty-
ing and has no function.134 Thus, the mechanism and purpose of 
nuclear segmentation remain unclear.

It was suggested that granulocytes with three or four lobes are 
more mature than those with only two.135 However, the number 
of lobes a neutrophil develops appears to be determined in the 
band stage (or earlier), and the time of appearance of neutrophils 
in the blood after pulse labeling with 3H-TdR is unrelated to the 
number of nuclear lobes.136

In wet films, marked amoeboid activity of polymorphonuclear 
neutrophils at physiologic temperatures is characteristic.137 
“Senile” polymorphonuclear leukocytes that are no longer motile 
and fail to take up neutral red stain have been identified in in vitro 
preparations.138 They are seen in small numbers in the blood, 
where their survival time is short.139

pelger-huët anomaly
Pelger-Huët anomaly is a benign anomaly of leukocytes and is 
inherited as a non–sex-linked, dominant trait. It is character-
ized by distinctive shapes of the nuclei of leukocytes, a reduced 
number of nuclear segments (best seen in the neutrophils), and 
coarseness of the chromatin of the nuclei of neutrophils, lym-
phocytes, and monocytes. The nuclei appear rod-like, dumbbell-
shaped, peanut-shaped, and spectacle-like (“pince-nez”) with 
smooth, round, or oval individual lobes (Fig. 7.3), contrasted with 
the irregular lobes seen in normal neutrophils. Pelger-Huët cells 
appear to be normal functionally. Pseudo– or acquired Pelger-
Huët anomaly may also be seen, in which cells with morphologic 
changes, such as described above, have been observed occasion-
ally in association with myxedema, acute enteritis, agranulocyto-
sis, multiple myeloma, malaria, leukemoid reactions secondary 
to metastases to the bone marrow, drug sensitivity, or chronic 
lymphocytic leukemia. More commonly, pseudo–Pelger-Huët cells 
are seen in patients with myeloid leukemia or myeloid metaplasia. 
Pelger-Huët anomaly is discussed further in Chapter 58.

Neutrophil heterogeneity
Polymorphonuclear neutrophils were first thought to be a homo-
geneous population of end-stage cells incapable of protein 
synthesis and of essentially uniform size, granule content, and 
functional capability. Sabin first suggested potential heterogene-
ity among neutrophils when she reported that myelocytes were 
less motile than more mature neutrophils.138 A range of rates 
of motility among neutrophils from a single individual has been 
observed,140,141 and Harvath and Leonard suggested the exis-
tence of two neutrophil populations based on chemotaxis.142 
Subsequently, several monoclonal antibodies were described 
that recognize subpopulations of neutrophils, including one 
that appears to recognize the classic NB1 (HNA-2a) neutrophil 
antigen, and one that recognizes an activation epitope on CD11/
CD18.143–145 Another antibody, 31D8, appears to recognize a 
neutrophil subset that is more responsive to FMLP as determined 
by chemotaxis and respiratory burst activity.143 Neonates have a 
larger percentage of neutrophils that express low levels of 31D8 
antigen.146 It has been reported that CR2 (CD21), the receptor 
for C3d, is present on immature neutrophils but not mature 
blood neutrophils.147,148 One report found that neutrophils 
from patients with localized juvenile periodontitis express CD21 
(CR2) on their surface, whereas normal neutrophils do not.149 

have regarded a constriction greater than one half or two thirds of 
the nuclear breadth as adequate evidence of lobulation and clas-
sify such cells as polymorphonuclear128,129 or use slightly different 
criteria.130 Still others avoid the issue entirely. Because no clear dif-
ference has been shown between band and segmented stages other 
than nuclear shape and a slightly earlier appearance of 3H-TdR in 
the band forms, the distinction becomes arbitrary. However, a clear 
and easily recognizable separation is needed if one wishes to count 
nuclear lobes for diagnostic purposes, as in the early detection of 
folic acid deficiency131 or in assessing marrow release of young 
forms into the blood.132 For such purposes, we have chosen the 
clear separation of nuclear lobes as the criterion for inclusion in the 
polymorphonuclear category.127 Cells without this complete forma-
tion of distinct lobes (usually connected by a filamentous strand) 
are classified as band forms.

polymorphonuclear Neutrophils
In the polymorphonuclear stage, the nucleus in Wright-stained 
preparations is a deep purplish color and contains coarse, con-
densed chromatin. The lobes are joined by thin filaments of 
chromatin, although the filaments may not be easily visible if 
the lobes are partially superimposed. The cytoplasm is faint pink 
and contains fine, specific granules that sometimes give only a 
ground-glass appearance. The azurophilic or primary granules 
have  usually lost their dark-staining characteristics by this stage 
but can be seen with EM. With this technique, the granules exhibit 
considerable variation in density, presumably a reflection of variation 

A B

C

Figure 7.6. A: Late myelocyte or early metamyelocyte. B: Metamyelocyte. C: Monocyte 
(×1,000, Wright stain).

Figure 7.7. A, B: Polymorphonuclear neutrophils.

A B
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attached to the rest of the nucleus by two strands. Confirmation 
of the X chromosome in the drumstick has been provided by in 
situ hybridization.158 Sessile nodules are equally gender-specific 
but are more difficult to recognize. Drumsticks are not found in 
normal male subjects.159

The number of chromatin bodies seen in a cell is one less 
than the number of X chromosomes present. With the increased 
numbers of X chromosomes found in certain disorders of 
human development, the number of Barr bodies and drumsticks 
increases, and isochromosomes formed by duplication of the long 
arms of the X chromosome give rise to larger drumsticks than are 
found in the normal female subject.160 Drumsticks or sessile nod-
ules are seen in chromatin-positive male patients with Klinefelter 
syndrome and are absent in chromatin-negative female patients 
with Turner syndrome. Eosinophils and probably basophils also 
have drumsticks. Drumsticks may be difficult to find in the pres-
ence of a marked shift to the left. Double drumsticks159 or a sessile 
nodule plus a drumstick in the same neutrophil are rare.161

DiffereNTial cell couNTiNg aND 
NorMal valueS for leukocyTeS
Differential cell counting is the enumeration and classification of 
the leukocytes seen on the blood smear. The usual procedure is to 
count at least 100 consecutive leukocytes in an area of good cell 
distribution. A uniformly thin smear of blood on a cover glass is 
the best preparation for such examination. Differential cell count-
ing in general is discussed in Chapter 1.

Distributional errors are reduced as more cells are counted. 
Confidence tables or curves can be used to estimate the probable 
error of a differential count when various numbers of cells are 
counted. Clearly, as more cells of a given type are counted and 
as the total number of cells enumerated increases, the accuracy 
of the differential count is greater. From the total leukocyte count 
and the differential count, the absolute concentration of each leu-
kocyte type can be calculated. The accuracy of the result depends 
on the validity of the total leukocyte count and the differential 
count. With automatic cell counters, the major component of error 
now lies in the differential count.

The absolute leukocyte concentration provides a more accurate 
picture than the differential count because each leukocyte type is a 
separate cell system with its own functions, control mechanisms, 
and responses to disease processes; for example, a patient with 
chronic lymphocytic leukemia whose total leukocyte count is 100 
× 109 cells/L, 7% of which are neutrophils and 93% are lympho-
cytes, does not have granulocytopenia. With a blood neutrophil 
concentration of 7.0 × 109 cells/L, the problem is lymphocytosis.

Normal values for absolute leukocyte concentrations obtained 
by using a Coulter counter and differential counts are shown 
in Table 7.4. Similar values have been reported with the use of 
other methods.162 Some variation is evident in values obtained in 
different population groups and appears to depend on age, sex, 
pregnancy, time of day, activity level, and other factors.163 Racial 
variation has been reported, especially in Ethiopian Jews164 

Neutrophil heterogeneity has also been demonstrated in the case 
of olfactomedin 4 expression. Olfactomedin 4 is highly induced 
in myeloid progenitors by G-CSF. Although olfactomedin 4 mRNA 
is expressed in all myelocytes and metamyelocytes, only ~25% of 
neutrophils in peripheral blood contain olfactomedin 4, which is 
localized to the specific granules.150

Some studies of these different populations of polymorphonu-
clear neutrophils have been interpreted as reflecting maturation 
or environmental influences,151 in some cases possibly reflecting 
intravascular exposure to stimuli.152,153 The clinical significance 
of neutrophil subpopulations is unclear.

MacropolycyTeS
Macropolycyte is the name applied to giant polymorphonuclear 
neutrophils with a diameter greater than 16 mm and with 6 to 14 
nuclear lobes.154 Such cells are seen only occasionally in healthy 
subjects (1.3%), but they are found in approximately 5% of people 
with infections of various types or with intoxications, usually in 
association with a neutrophilic leukocytosis and myelocytes in the 
blood.154 Macropolycytes are commonly seen in association with 
folic acid or vitamin B12 deficiency, as well as in patients recover-
ing from the pancytopenia that attends treatment with cytotoxic 
agents, especially hydroxyurea.

Some authors describe cells with hypersegmented nuclei but of 
a normal size and call them polycytes126 or polylobocytes129; sim-
ilar cells with complex nuclei but without hypersegmentation are 
called propolycytes.126 The latter forms are seen in approximately 
10% of patients recovering from leukocytosis with a marked shift 
to the left and appear in increasing numbers when anticoagulated 
blood is allowed to stand in vitro.126,155

The mechanism of macropolycyte formation is unknown, but 
one suggestion is that the skipping of one of the usual cell divisions 
that occurs during maturation results in a hypersegmented cell.156

geNeTic Sex aS iNDicaTeD  
by leukocyTeS
Only one X chromosome is essential to the normal activity of a cell; 
the other in the normal XX female remains unextended and thus 
is visible as a chromatin body. Sex chromatin (Barr) bodies are 
present in 80% to 90% of the somatic cells of the normal female 
subject. The sex chromatin body of the neutrophil of females is a 
small mass, usually adjacent to the nuclear membrane, that stains 
deeply with hematoxylin and is approximately 0.7 to 1.2 mm in 
diameter. It takes the form of a drumstick projecting from one of 
the nuclear lobes of approximately 2% to 3% (extreme range, 1% 
to 17%) of the segmented neutrophils in the blood.157 They are 
well-defined, solid, round projections of chromatin connected to 
a lobe by a single, fine chromatin strand (Fig. 7.8). They must be 
distinguished from small clubbed or racket-structured, nonspe-
cific nodules that may be smaller or larger as well as irregular in 
shape or lacking in chromatin, as well as from small (minor) lobes 

Figure 7.8. granulocytes and sex chromatin patterns. Two cells on the left show the characteristic drumsticks found in the 
female subjects. The thin strand of chromatin joining the head to a nuclear lobe can be seen clearly. In the two cells on the right, small 
clubs, such as may be seen in male subjects, should not be confused with drumsticks (Wright stain, ×1,300).
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association with acute infections132 and inflammation. If a shift 
to the right is suspected, a neutrophil lobe count may be useful. 
This process involves counting the total number of nuclear lobes 
in 100 or 200 neutrophils, calculating the average lobe number/
neutrophil, and comparing the results with normal values. The 
chief difficulty associated with this count is clear definition of 
what constitutes a separate lobe (see “Band Neutrophils” earlier 
in this chapter). If complete separation of nuclear lobes with or 
without a connecting filament is the definition used, the normal 
mean neutrophil lobe count is 2.04, with 95% of normal values 
falling between 1.66 and 2.42. An increase in mean neutrophil 
lobe count suggests vitamin B12 or folic acid deficiency, congenital 
hypersegmentation of neutrophils, or renal disease.131 A ratio of 
five-lobed to four-lobed polymorphonuclear cells that is greater 
than 0.17 is said to be associated more regularly with B12 defi-
ciency than is an increase in mean nuclear lobe count.129

and black Africans, who have significantly lower neutrophil 
and monocyte counts.165 Lower counts are less evident in black 
Americans127 and in Africans eating a Western diet.163

Various systems for differential counting have been used.166 
Arneth, for example, painstakingly recorded and tabulated from 
left to right the number of neutrophilic leukocytes with 1, 2, 3, etc., 
lobes and made other subdivisions.135 The term shift to the left is 
derived from this practice and indicates an increase in the propor-
tion of cells with only one or few lobes, whereas shift to the right 
represents an increase in the proportion of multisegmented forms.

From a clinical viewpoint, it is useful to determine whether 
young forms of neutrophils (band forms and younger) are 
increased and whether the proportion of multinucleated forms is 
increased. An increase of younger forms (band cells, metamyelo-
cytes, and myelocytes) (shift to the left) suggests increased release 
of young neutrophils from the bone marrow, which is seen in 

Subjects 
(Age) Sex No.

Time 
of Day 
(hours) WBC Neutrophils Lymphocytes Monocytes Eosinophils Basophils

WBC 
Counter

Differential 
(No. Cells) Reference

Neonates 
(day 4)

53 Variable, 
96 h of 
life

1,981–7,553 2,200–7,100 421–2,022 200–1,900 Coulter ? 
model

200 109

Infants  
(9–12 mo)

Model S 105

White 50 5,400–
24,200

1,062–10,890 2,178–11,718

Black 50 4,100–
14,300

121–6,732 900–11,400

European 
adults

M 72 0930–
1130

3,487–
9,206

1,539–5,641

(median 
age, 25 y)

26 1430–
1630

3,722–
9,828

1,775–6,508

F 70 0930–
1130

3,839–
10,135

1,861–6,821 1,158–3,460 221–843 25–590 0–140 Model S 500 97

29 1430–
1630

4,450–
11,750

2,137–7,836

European 
adults

M 85 0900–
1530

3,956–
9,592

2,075–6,557 962–3,784 59–658 200 99

 (age, 
54–65 y)

F 76 0900–
1530

3,423–
8,258

1,833–5,476 776–3,455 59–732 Model B

Pregnant 
Europeans 
(third  
trimester)

F 50 0930–
1630

5,915–
13,962

3,656–10,769 1,023–3,128 349–1,140 22–330 0–90 Model S 500 97

American 
white 
adults

226 a.m. or 
early 
p.m.

4,550–
10,100

2,050–6,800 1,500–4,000 220–950 30–860 0–160 Models  
A and F

200 102

(age,  
16–44 y)

Black 
American 
adults

M 65 a.m. or 
early 
p.m.

3,600–
10,200

1,300–7,400 1,450–3,750 210–1,050 30–720 0–100 Models  
A and F

200 102

 (age, 
16–49 y)

Black 
African 
adults

M 250 0900–
1200

2,587–
9,075

775–4,131 1,012–3,876 62–688 47–3,371 Counting 
chamber

200 106

(age, 
20–45 y)

Mostly 
M

109 3,363–
8,977

Model S 108

WBC, white blood cell.
NOTE: Values obtained by using a Coulter counter and differential counts of at least 200 cells (except in one African study). Values are expressed in cells 109/L.

TablE 7.4

NorMal BlooD leukoCyTe CoNCeNTraTioNS (95% CoNfiDeNCe liMiTS)
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an orderly manner as if in a pipeline; this view is supported by 
the progressive movement of isotopic tracers117,178,182,183 and 
azurophilic granules 87,97,104 through the system.

The myeloblast, promyelocyte, and myelocyte are capable of 
cell division, as judged by direct observation in cultures95 and 
by their ability to incorporate 3H-TdR into their nuclear DNA.183 
These forms, therefore, constitute the mitotic compartment  
(Fig. 7.9). Simultaneously, they undergo differentiation, as evi-
denced by the appearance of azurophilic and specific granules in 
their cytoplasm. The more mature forms of the neutrophil series 
(metamyelocyte, band, and polymorphonuclear neutrophil) are 
usually considered incapable of cell division (except perhaps in 
unusual circumstances) 184 and do not incorporate 3H-TdR into 
their nuclei, but they do exhibit continuing maturational changes 
and thus constitute the maturation compartment. From the matu-
ration compartment, cells flow into the blood and are distributed 
in two sites: the circulating blood granulocyte pool (CGP) and 
the marginal granulocyte pool (MGP). Cells in these two pools 
are in constant equilibrium. Eventually, the cells move through 
vessel walls to enter the tissues. The exact nature of the MGP is 
not clear. In the past, it was felt to represent transient adhesion 
to, and rolling along the surface of, endothelial cells, primarily in 
postcapillary venules. However, subsequent studies of a patient 
with leukocyte adhesion deficiency-2 (LAD-2) demonstrated the 
presence of a marginating pool,185 although the MGP in this 
patient with LAD-2 was reduced. Patients with LAD-2 lack the 
ligands for the selectins CD62P and CD62E and have a marked 
decrease in neutrophil rolling in postcapillary venules. Normally, 
the MGP is approximately equal in size to the CGP. Studies of 
this patient suggested that approximately 20% of neutrophils are 
in a selectin-independent MGP and approximately 30% are in a 
selectin-dependent MGP.185 Surprisingly, this patient’s neutro-
phils had a shorter than normal half-life in the circulation with an 
increased turnover rate. The inability of CD18 or CD62L antibod-
ies to shift neutrophils from the MGP to the CGP also suggests that 
the transient adhesion to endothelial cells manifest as rolling does 
not account for the MGP.186,187

Alterations in the total number of leukocytes and in their relative 
proportions are significant as measures of the reactions of the body 
to noxious agents. The reactions of leukocytes in association with 
certain diseases are discussed later in this book, as is the presence 
of abnormal inclusions, such as toxic granulation, Döhle bodies, 
and various inherited abnormalities in leukocyte morphology.

NeuTropHil kiNeTicS
The importance of leukocytes in the defense of the organism is 
well known. Basic to their roles are cell multiplication, matura-
tion, storage, and delivery to the tissues and sites of infection or 
cell damage. These processes are called leukocyte kinetics and 
are different for each leukocyte type. To simplify the discussion, 
each type of leukocyte is considered as a separate system, but 
these systems constantly interact and complement one another in 
the defense of the body.

Neutrophil Kinetics in the adult
In Chapter 5, the process of mitotic cell division, the cell genera-
tion cycle, and the origin of neutrophils and other cell types from 
a multipotent hematopoietic stem cell were discussed. The produc-
tion, kinetics, and lifespan of the neutrophil have been the subject 
of a number of reviews.167–181 A model of these processes in adult 
humans is shown in Figure 7.9. The neutrophil system appears to 
be incompletely developed in premature babies and in early neo-
natal life; this topic is discussed in the section “Neutrophil Kinetics 
in the Fetus and Newborn” later in the chapter.

Mitotic and Maturation Compartments
Neutrophil production in normal adult humans appears to take 
place only in the bone marrow. The life cycle of the neutrophil 
can be divided conveniently into bone marrow, blood, and tissue 
phases. The assumption is that cells move through the system in 

 Figure 7.9. Model of the production and kinetics of neutrophils in humans. The marrow (555) and blood compartments (147) are drawn to show their relative sizes. In the lower one third of 
the figure, the compartment transit times as derived from di-isopropylfluorophosphate (DF32P) studies (138,147) and from tritiated thymidine (3H-TdR) studies (151,555) are compared. CGP, circulating 
granulocyte pool; MB, myeloblast; MGP, marginal granulocyte pool; myelo, myelocyte; pro, promyelocyte.
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If the fraction of nonmitotic cells in the myelocyte population 
were known, the calculations could be corrected for this error, as 
has been attempted.170 A second major problem is the fact that 
values for the MI have varied considerably.191,193,196–200 In addi-
tion, a considerable diurnal variation exists in the MI in humans, 
as well as in animals.193,199–202

Finally, to calculate the absolute neutrophil production rate 
(in cells per unit of time), the size of the marrow mitotic com-
partment must be known. Methods for measuring the sizes of 
marrow myeloid pools have been developed203,204–206 (see “Size 
of Marrow Compartments and Their Morphologic Subdivisions,” 
later in the chapter), but to date no one has measured these sizes 
and MI in the same animal at the same time and then calculated 
neutrophil production rate. Nevertheless, values for the MI for 
each of the neutrophil precursors capable of mitosis have been 
determined,193,200 and within the assumptions inherent in such 
calculations,195 neutrophil production has been estimated.176,192

Similar calculations of neutrophil production can be made 
from 3H-TdR–labeling index data. After flash labeling with 
3H-TdR, autoradiographs of the bone marrow are obtained, and 
the proportion of nucleated cells that have incorporated the label 
into their nuclei is determined.171,177 This labeling index (LI) rep-
resents the ratio of labeled cells, *N, or cells in DNA synthesis (Ns) 
to total cells (N) of a defined morphologic type:

LI = *N/N = Ns/N

The LI can also be defined in terms of DNA synthesis time (ts) 
and the cell generation time (tg), because 3H-TdR is taken into the 
cell only during the period of DNA synthesis; thus,

LI = ts/tg

By combining both definitions,

LI = Ns/N = ts/tg

and from determined values for LI and tg, the generation time 
and turnover of a given cell population can be estimated. As with 
MI data, birth rate is a function of the population turnover time, 
which can be approximated from the generation time or time 
spent in various phases of the cell cycle:

Kb = N/tg = Ns/ts

Some of the same problems arise with the 3H-TdR LI that 
are encountered in the use of the MI.195,207 In addition, the use 
of labeled compounds raises questions of label reuse 208,209 or 
elution207 and perturbation of the cell population by the com-
pound168,188,210–212 or by its radioactivity.207,213,214

The LI reported for humans is myeloblast, 0.85; promyelocyte, 
0.65; and myelocyte, 0.33.171 Somewhat different values have 
been reported in dogs177 and rats.200 By using the LI for humans 
and a value for ts of 5 hours (based on studies in dogs) and by 
determining relative compartment sizes for each cell type from 
the bone marrow differential count, the relative birth rates (Kb) of 
cells have been calculated.170,200

Some authors have found good agreement between neutrophil 
production as calculated from the MI and the LI,200 but consider-
able discrepancy has been reported by other authors.170 This dif-
ference may result from the fact that the MI values obtained were 
low, the studies were done in different subjects at different times, 
and too small a value for ts was used in the calculations.

The turnover time of a labeled compartment and neutrophil 
production rate also may be estimated by measuring the grain 
count halving time. The generation time is derived only if each cell 
in a given class divides and if no label feeds into the compartment 
from a labeled precursor class or as a result of label reuse.215 If 
any of these criteria are not met, the half-time for grain count 
decrease is longer than the true value, and the estimate of genera-
tion time is only a maximal value. Additional disadvantages of this 
method are that at least several bone marrow samples distributed 

In this model, cell production can be estimated either by 
assessing the production rate in the mitotic compartment or by 
measuring cell flow through subsequent stages, such as the blood. 
Accuracy of these measurements is facilitated if the system is 
studied in the steady state when compartment sizes are constant 
and cell flow reflects net production and destruction.174

If one assumes a steady state in a scheme such as that shown 
in Figure 7.5, the flow of cells out of any pool (Kout) is equal to 
the flow of cells into that pool (Kin) plus any cells produced in the 
pool (Kb); thus,

Kout = Kin + Kb

Clearly, in pools other than those in the mitotic compartment, 
Kb is 0, and measurements of cell flow (Kin or Kout) equal effective 
cell production, provided no cell death occurs within the pool.

production in the mitotic Compartment
Because myeloblasts, promyelocytes, and myelocytes constitute 
approximately 0.9%, 3.3%, and 12.7% of the marrow cells, respec-
tively, it has been assumed that the system has four or five divi-
sions.180 From a review of blood neutrophil radioactivity curves 
obtained after di-isopropylfluorophosphate (DF32P) injection into 
humans, investigators raised the possibility of at least three divi-
sions at the myelocyte stage.180 Another suggestion generated 
from marrow differential counts was that only four or five divi-
sions occur in the entire neutrophil proliferation scheme.180 This 
supposition agreed with results from experiments in dogs188 and 
with data from model studies.189 In contrast, studies of myeloid 
islands in the rat thymus provided evidence for seven divisions 
during granulocytopoiesis: one in the myeloblast stage, two in the 
promyelocyte stage, three in the myelocyte stage, and a final one 
in the metamyelocyte stage.134,190

Calculations made from mitotic index (MI) data172,191–193 pro-
vide estimates of cell generation time (tg) and pool turnover time. 
MI191,192,194 is defined as

MI = Nm/N

in which MI is the mitotic index for any morphologic cell pool, Nm 
is the number of mitoses in that pool, and N is the total number of 
cells in the pool. MI can also be expressed as the ratio of the time 
spent in mitosis (tm) to the cell generation time (tg):

MI = tm/tg

By combining both definitions,

MI = Nm/N = tm/tg

By providing determined values for MI and mitotic time (tm) in 
the last equation, the generation time (tg) for a particular cell pool 
can be approximated. From tg and the pool size (N), the birth rate, 
Kb, can be obtained if all cells in the pool are in cycle, because 
each mitosis gives rise to one new cell:

Kb = N/tg

In effect, the cell birth rate is equal to the number of mitoses 
occurring per unit time (t), or

Kb = Nm/t

Although the concept is simple, several problems arise.193,195 
A major problem is that the morphologic boundaries of most cell 
pools are not clearly delineated in terms of the cell cycle.195 For 
example, to calculate cell production in the myelocyte pool, it must 
be assumed that all myelocytes are destined to divide; that is, no 
cells are recognized as myelocytes that are not going to divide 
again. Because the daughter cells of the last myelocyte mitosis 
almost certainly do not suddenly become metamyelocytes on 
completion of division, N in the preceding equation will be erro-
neously large, and thus estimates of tg will be erroneously long.
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metamyelocyte compartment measured in this fashion is less than 
50% of that calculated from LI data,177 suggesting the existence 
of a major component of ineffective granulocytopoiesis, a myelo-
cyte sink, in the normal animal. However, similar calculations 
in humans do not confirm the findings of such studies.170 The 
resolution of this enigma requires the simultaneous measurement 
of cell production by using several methods in the same animal 
at the same time.

Similarly, the marrow production of neutrophils has been 
estimated from the size of the postmitotic maturation storage 
compartment and the compartment turnover time.200,204,217 The 
compartment size is calculated from the marrow neutrophil-to-
erythroid (NE) ratio (determined in marrow sections) and the 
mean normal marrow normoblast pool size (calculated by multi-
plying the ratio of subjects’ erythroid iron turnover value over the 
mean normal value for this determination by the mean normal 
erythroblast population).204 The compartment transit time is 
estimated by injecting 3H-TdR and noting the time required for 
labeled neutrophils to appear in the blood. By this method, mar-
row neutrophil production in humans has been calculated to be 
0.85 × 109 cells/kg/day in the normal steady state.

Neutrophil production also can be approximated by measur-
ing the flow of cells through the blood, the blood granulocyte 
turnover rate (GTR). DF32P binds irreversibly with a number of 
esterase enzymes and has been shown to label neutrophils pri-
marily.218,219 By means of this agent, a subject’s own cells can 
be labeled, and the total blood granulocyte pool (TBGP) and the 
rate of disappearance of labeled neutrophils from the blood can 
be determined.175 Similar measurements can be made by trans-
fusing 3H-TdR–labeled cells from a suitable donor.204 Because 
neutrophils leave the blood in a random manner (exponential 
disappearance curve), the GTR is calculated as follows from the 
TBGP and the t1/2:

GTR = 0.693/t1/2 TBGP

in which 0.693 is the natural logarithm of 2 and t1/2 is the blood 
neutrophil half-disappearance time.

All of these methods assume that the system is in a steady state 
during the entire course of the measurements. If neutrophil death 
in the marrow is not significant, the blood GTR equals total neu-
trophil production. If neutrophil death in the bone marrow is sig-
nificant, the blood GTR measures effective neutrophil production, 
and the difference between this determination and total neutro-
phil production is ineffective granulocytopoiesis. Measurements 
of neutrophil production by compartment turnover methods have 
given values ranging from 62 to 400 × 107 neutrophils/kg/day in 
humans (Table 7.5) 204,220 and 150 to 560 × 107 neutrophils/kg/
day in dogs.204,217,221

Of the methods for assessing neutrophil production just 
described, only the measurement of blood neutrophil turnover 
rate with DF32P or 3H-TdR can be performed easily enough to be 
of use in studying groups of patients in a clinical setting, and even 
this is possible in only a few research centers.

Size of marrow Compartments and Their 
morphologic Subdivisions
In all of the procedures described, with the exception of DF32P 
and 3H-TdR blood kinetic measurements, the number of marrow 
myeloid cells under study must be known in order to calculate 
neutrophil production. In the absence of such data, only calcula-
tions of relative cell production are possible.170 Direct measure-
ments of the volume and cellularity of the marrow (isolation 
of skeleton and cell counting or bone biopsy and radioactivity 
measurement) have been made in dogs,204 rats,222 mice,223 and 
guinea pigs.224,225

Several methods for estimating marrow myeloid mass have 
been devised, but probably the best data are those derived by 

throughout several half-times are needed, and that grain count-
ing is extraordinarily tedious and subject to considerable error. 
Nevertheless, estimates of compartment turnover time have been 
made with this method by using 3H-TdR and radiosulfate.122

After flash labeling with 3H-TdR, the cohort of cells labeled 
during DNA synthesis may be followed as it subsequently 
enters mitosis, and the time course of labeled mitoses can 
be recorded.215,216 Theoretically, such curves should permit 
measurement of the post-DNA synthesis gap (G2), mitotic time 
(tm), DNA synthesis time (ts), cell generation time (tg), and pre-
DNA synthesis gap (G1) (see Chapter 5 and Fig. 7.10). In actual 
practice, biologic variation rounds off the percentage of labeled 
mitosis curves, and rapid damping of the waves of cells pass-
ing through mitosis (Fig. 7.10) renders such measurements less 
precise than ideal. However, estimates of myeloid DNA synthesis 
time obtained with this method are approximately 11 to 13 hours 
in humans215,216 and are in good agreement with estimates made 
in gastrointestinal mucosal cells. From the level of the damped 
plateau reached after a few hours, the ratio of ts to tg can be 
obtained (Fig. 7.10), and the generation time can then be calcu-
lated. If the generation time and compartment transit time are 
presumed to be the same or if the proportion of cells in a com-
partment that is actively proliferating is known, the neutrophil 
production rate can be calculated.

Neutrophil production as measured by Cell Flow 
in Other Compartments
Another method for approximating neutrophil production involves 
following the appearance of 3H-TdR–labeled cells in the metamy-
elocyte compartment. Because metamyelocytes do not divide or 
take up 3H-TdR, the appearance of labeled cells in this compart-
ment should reflect the flow of cells into it from the myelocyte 
compartment; in the steady state, this influx of cells should also 
reflect the turnover of the metamyelocyte compartment and thus 
cell production. Approximately 3 hours pass after the injection 
of 3H-TdR before the label appears in metamyelocytes both in 
dogs177 and in humans215; this time interval is the minimum time 
for myelocytes taking up the label to pass through G2 and mitosis 
and become metamyelocytes. After this lag, the rate of labeled 
cell inflow into the metamyelocyte compartment is approximately 
3% to 5%/hour in both species. In the dog, cell inflow into the 

Figure 7.10. The percentage of labeled mitoses in the course of cell generation. At 
the top of the diagram is the theoretical configuration that would be seen if cells flowed through 
the proliferation cycle with no variation. The effects of moderate variation in time spent in the 
several cycle phases on the percent labeled mitosis curve are shown at the bottom. G1 is the 
pre-DNA synthesis resting phase (gap), S is the DNA synthetic period, G2 is the post-DNA syn-
thesis gap, and M is mitosis. tS is the time spent in S, and tG is the duration of the entire 
generative cycle. (From Cronkite EP, the Brookhaven National Laboratory, and the National 
Cancer Institute. Kinetics of granulocytopoiesis. Natl Cancer Inst Monogr 30, Human Tumor  
Cell Kinetics 1969;51.)
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3H-TdR and DF32P in the same subjects suggest that the discrep-
ancies reflect differences between normal ambulatory subjects 
and hematologically normal convalescent patients.232 In dogs, the 
average myelocyte-to-blood transit time was 5 days, as measured 
with both 3H-TdR and DF32P.232

Neutrophil release from marrow into blood
After 3H-TdR injection and at the time of first seeing label in 
band and segmented neutrophils in the bone marrow, some 
labeled cells are also seen in the blood.170 Authors have sug-
gested that the release of band or segmented neutrophils from 
the marrow does not follow a strict pipeline or first-in, first-out 
sequence.170,229 However, it is not clear whether these observa-
tions reflected variance around a mean transit time180,231,233 
or random release of mature neutrophils from the marrow.229 
Findings in dogs strongly favor the mean transit time concept 
rather than random release.231 In fact, because the ratio of band 
to segmented cells is much higher in marrow than in blood, selec-
tive release of segmented cells must occur.

The mechanisms controlling the release of marrow cells into 
the blood are only partially understood. Endotoxin disturbs the 
relationship between marrow sinus endothelial cells and the 
adventitial (reticular) cells.234–236 Findings of in vitro studies 
of factors influencing marrow granulocyte migration through 
membranes demonstrate that pore diameter, morphologic age of 
cells, and the presence of a chemical attractant may be important 
in marrow cell release.237 Thus, immature granulocytes (myelo-
blasts and promyelocytes) could not penetrate membranes with 
pores smaller than 8 mm and were not responsive to chemoattrac-
tants. Mature granulocytes (band and segmented) could penetrate 
membranes with pores as small as 1 mm, and egress was accel-
erated by increasing pore size and by use of a chemoattractant. 
Myelocytes and metamyelocytes exhibited intermediate activity. 
Integrins and immunoglobulin (Ig) superfamily members appear 
to play an important role in the organization of the bone marrow 
microenvironment, and stem cell factor alters the avidity of a4b1 
and a5b1 integrins on hematopoietic cell lines for their ligands.238 
A number of mediators of neutrophil release from the bone mar-
row have been identified, including tumor necrosis factor (TNF)-a, 
TNF-b, granulocyte colony-stimulating factor (G-CSF), granulo-
cyte–macrophage colony-stimulating factor (GM-CSF), IL-8, and 
C5a.185,239,240

using marrow NE ratios and measurement of marrow erythro-
blast mass by the iron dilution technique as originally suggested 
by Suit.226 In early studies,23,206 marrow erythroblast radioactiv-
ity and NE ratios were counted in marrow suspension smears. 
Corrections were made for incomplete iron localization in the 
erythron and for an estimated 30% cell destruction that occurred 
in preparing the marrow suspensions. In later studies,227 the 
NE ratios and radioactivity measurements were made on mar-
row sections in the hope of avoiding the problem of possible cell 
destruction. Values for marrow erythroid mass were somewhat 
lower than those reported by Donohue et al.,205,206 but they 
agreed with results obtained when no correction for cell destruc-
tion was made. By using marrow sections and the 59Fe isotope 
dilution technique, investigators directly determined the marrow 
myeloid mass in the dog.204 In humans, however, direct measure-
ment of the marrow normoblast mass has not been feasible in 
normal subjects, so marrow normoblast mass was estimated from 
erythron iron turnover values.204,228 The mean values obtained in 
13 normal subjects are presented in Figure 7.9.

Transit Time Through the Nondividing 
maturation pool
After injection of a pulse label of 3H-TdR or radiophosphate, a 
delay of several days occurs before labeled segmented neutrophils 
appear in the blood. This interval represents the minimum time 
from DNA synthesis in the last myelocyte generative cycle until 
the cell has matured into a segmented neutrophil (or band form) 
and is released into the blood. In patients in a normal steady 
state, this minimum transit time or emergence time was between  
96 and 144 hours229,230; in patients with infection, it was as short 
as 48 hours. Emergence time in dogs is 2 to 3 days231; in the rat, 
it is 36 to 42 hours.136

The mean value for myelocyte-to-blood transit time after DNA 
labeling (defined as the time from 3H-TdR or radiophosphate 
injection to the peak of the blood granulocyte radioactivity curve) 
was 6 to 9 days in hematologically normal convalescent patients 
and 7.2 days in eight normal subjects.203 In contrast, studies in 
which DF32P was injected intravenously into normal volunteers 
led to the conclusion that the mean promyelocyte-to-blood transit 
time was 11.4 days, with a myelocyte compartment transit time 
of 2.9 days169,180—in other words, an 8.5-day myelocyte-to-blood 
transit time. Results of studies involving the simultaneous use of 

Diisopropylfluorophosphate  
(Autologous)a Tritiated Thymidine (Isologous)b

Parametera Mean 95% Limits Mean Range

Total blood granulocyte pool  
(cells × 107/kg)

61 27–128 40 30–48

Circulating blood granulocyte pool  
(cells × 107/kg)

31 13–49 22 15–29

Marginated granulocyte pool  
(cells × 107/kg)

29 8–115 17 12–26

Half-life (h) 6.3 4–10   7.6 5.4–9.6

Granulocyte turnover rate  
(cells × 107/kg/d)

160 62–400 87 69–100

a Based on data from 71 normal subjects whose own blood was labeled in vitro and reinfused; see reference 240.
b Based on five subjects transfused with cells labeled in compatible donors; see Dancey JT, Deubelbeiss KA, Harker LA, Finch CA. Neutrophil kinetics in man. J Clin 
Invest 1976;58:705.

TablE 7.5

BlooD NeuTropHil kiNeTiC paraMeTerS iN NorMal HuMaNS
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primarily granulocytes,217,219,258 leukocyte types other than neu-
trophils are heavily labeled by the 51Cr technique.230,259,261–264 
Under some circumstances (such as chronic lymphocytic leukemia), 
this capacity is advantageous because the distribution and turnover 
of leukocytes other than neutrophils can be followed.259,262,264,265 
In addition, 51Cr is a γ-emitting isotope, so external counting tech-
niques may detect sites of sequestration or destruction.

Results of studies of the infusion of autologous, radiochromate-
labeled leukocytes into hematologically normal subjects are more 
variable than those using the DF32P method. The proportion of 
cells recovered in the blood is sometimes less than that associated 
with DF32P-labeled neutrophils,261 and complex curves are often 
noted.265 Furthermore, there is no general agreement on t1/2 
values; most investigators report values similar to those obtained 
with DF32P,230,259,261,262,266 but values two to three times longer 
have been described.267,268 Several factors may explain these dif-
ferences, but a major one is probably 51Cr labels of multiple cell 
populations. No significant organ sequestration of labeled leuko-
cytes has been detected in normal subjects.261

111In Studies
After the evaluation of a variety of other radioactive agents for 
labeling leukocytes in vitro,269 111In chelated with 8-hydroxy-
quinoline (oxine) was thought to be promising for evaluating the 
in vivo localization of abscesses. The 111In-oxine complex labels 
blood cells effectively (95% uptake in 15 minutes) and exhibits 
minimal elution (<1% released in 2 hours).270 This label is non-
specific, however, in that it binds to all cell types; thus, cell sepa-
ration and purification are necessary before labeling occurs.271 
Nevertheless, the labeling of autologous neutrophils (or leukocyte 
suspensions containing mostly neutrophils) and their reinjection 
was sometimes useful in localizing abscesses in humans, although 
much of the radioactivity initially localizes in the lungs and subse-
quently appears in the spleen and liver.270

apoptosis
Neutrophils undergo apoptosis in tissue culture (approximately 50% 
of cells in 24 hours); this process is accompanied by a fall in intracel-
lular pH.272–274 Apoptosis is manifest by characteristic morphologic 
changes with nuclear condensation and the formation of pyknotic 
nuclei. Importantly, the cell remains intact and does not release its 
potentially toxic contents before it is phagocytosed by macrophages 
and removed. The addition of G-CSF, GM-CSF, or IL-1 delays but 
does not prevent this process.272,275 Macrophages phagocytose 
senescent (apoptotic) neutrophils (as observed more than a century 
ago), and this is probably one fate of the short-lived blood neutro-
phil.273,274,276–278,279 Interestingly, glucocorticoids inhibit neutrophil 
apoptosis,280 but they induce it in susceptible lymphocytes. Fas 
(CD95) is expressed on neutrophils and is capable of inducing apop-
tosis as it does in other susceptible cells.280,281 Neutrophil apoptosis 
is reversibly inhibited by hypoxia, possibly playing a role in neu-
trophil survival at sites of inflammation.282 Neutrophil apoptosis is 
also delayed in pregnancy, and both estradiol and progesterone can 
delay neutrophil apoptosis in men and women.283,284 Neutrophils 
may also undergo cell death by another mechanism that is caspase-
independent, is not associated with DNA laddering, and appears to 
depend on mitochondria-derived reactive oxygen metabolites.285 As 
discussed later, in general diapedesis seems to induce an antiapop-
totic state, while phagocytosis seems to promote apoptosis, at least 
partly by upregulating death receptors, thus providing the conditions 
for resolution of inflammation and avoidance of tissue damage.150

migration into Tissues and Sites of destruction
At a local site of tissue damage or infection, adherence of 
 neutrophils to the endothelial cells of the vessel wall and their 

Kinetics in the blood

Di-isopropylfluorophosphate Studies
With the development of the DF32P labeling technique, in which 
neutrophils are labeled in vitro with DF32P and returned to the 
donor, two pools of neutrophils in the blood have been demon-
strated: a CGP and an MGP.175,241,242 In normal humans, neutro-
phils in these two pools are in constant equilibrium, and the pools 
are of approximately equal size (Table 7.5). The CGP is calculated 
from the blood leukocyte count and the blood volume. The TBGP is 
measured by the dilution of DF32P-labeled neutrophils after their 
reinjection.241 MGP is the difference between the TBGP and the CGP.

Brief exercise or epinephrine injection increases the size of 
the CGP by approximately 50%, but the TBGP is unchanged; the 
neutrophilia produced reflects a demargination of cells that lasts 
only a few minutes.241 The location of at least some of the margin-
ated cells is thought to be along the walls of small blood vessels, 
primarily postcapillary venules, in many body tissues, where neu-
trophils roll along the vessel wall in loose contact with the endo-
thelial cell surface.243 The distribution of cells in the CGP and MGP 
can be altered by other means. For example, transient neutrope-
nia was noted 90 minutes after endotoxin injection, but the TBGP 
was not significantly increased; thus, essentially a shift from CGP 
to MGP occurred. At the end of 5 hours, the TBGP increased sig-
nificantly as a result of an outpouring of cells from the bone mar-
row, and the CGP and MGP were of approximately equal size.242 
The administration of steroids also produced an increase in the 
size of the TBGP, in part for the same reason but also because of 
decreased outflow into the tissues.244 A rapid transient increase 
in the marginating pool was observed during hemodialysis when 
cuprophane membranes were used.245,246 Activation of the com-
plement system by contact with the dialyzer membrane was found 
to produce inflammatory mediators (C5a being a major contribu-
tor) that stimulated an increase in neutrophil margination mani-
fest both by an increase in rolling along small vessel endothelium 
and by the formation of homotypic aggregates of neutrophils 
with sludging in small vessels.247,248,249,250,251 This neutrophil 
margination was transient, being maximal by approximately  
15 minutes and resolving by 1 hour of dialysis.

After the return of DF32P-labeled neutrophils to their donor, 
the disappearance of labeled cells from the blood follows a single 
exponential curve with a half-disappearance time (t2) of approxi-
mately 7 hours in most normal subjects.169,175,203,252–255 This 
finding implies that neutrophils are destroyed or leave the blood 
randomly rather than according to their age (senescence), as is 
the case for erythrocytes and platelets.175 Support for this theory 
is found in the fact that 3H-TdR–labeled neutrophils appear in the 
blood and in saliva almost simultaneously.139

Studies involving leukapheresis256 and other experiments257 
reveal that neutrophils that have crossed the endothelial barrier 
between blood and tissues probably do not re-enter the circula-
tion, at least not in significant numbers. The number of neutro-
phils that pass through the blood each day has been estimated 
at 62 to 400 × 107 cells/kg/day (Table 7.5)—that is, the GTR. In 
1964, it was proposed that neutrophils became senescent and 
developed pyknotic nuclear lobes over time, this process truncat-
ing the exponential curve of disappearance of DF32P-labeled neu-
trophils.139 Although this concept seemed plausible, no truncation 
of DF32P curves has been noted. Similar blood kinetic results have 
been obtained with the use of 3H-TdR and autoradiographic tech-
niques.258 More recent studies describe the occurrence of apop-
tosis in neutrophils, and this may be an important mechanism of 
senescence in some circumstances.

51Cr Studies
Leukocytes can also be labeled in vitro with radiochromate (51CrO4) 
and then returned to the body.259–261 Unlike DF32P, which labels 
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of blood required. Nevertheless, the results of clinical studies, 
coupled with extensive investigation in developing animals, illus-
trate several developmental differences.

Granulocyte–Macrophage Progenitor Cells
CFU-GM have been isolated from the livers of aborted 5- to 
6-week human fetuses.307 Although early fetal CFU-GM produced 
colonies of mature neutrophils in vitro, no mature neutrophils 
could be located in the liver, marrow, or blood of the 5- to 6-week 
fetuses from which this CFU-GM was obtained.307 In separate 
studies, mature neutrophils were not detected in the human fetus 
until approximately 15 to 16 weeks’ gestation,308–311 at least  
10 weeks after the first appearance of CFU-GM.

The concentration of CFU-GM in blood is higher in the fetus 
and newborn than in adults: 20 to 300 CFU-GM/ml of venous 
blood in adults and approximately 2,000 CFU-GM/ml in term neo-
nates.312–319 Even higher venous blood concentrations are found 
in prematurely delivered infants,313,318 with the highest values 
noted in the most premature subjects.313 The total body pool of 
CFU-GM has not been measured in human neonates; in rats, the 
number of CFU-GM/g body weight is small in the fetus (0.5 ± 
0.1 × 103 CFU-GM/g) and increases to adult levels (10.5 ± 0.2 × 
103/g) at 4 weeks of age.320

The proliferative rate of CFU-GM during human gestation, 
assessed by thymidine suicide, is rapid in the second trimes-
ter.313 Whereas CFU-GM in venous blood of adults displays a 
thymidine suicide rate ranging from 0 to 7%,313,321–323 rates of 
45% have been observed in term neonates, and rates of 75% 
were noted in prematurely born neonates.313 Similarly, in fetal 
and neonatal rats225 and mice,322 the CFU-GM proliferative rate 
is high and appears to be near maximal at birth, even in the non-
infected state.324,325 Unlike in adult animals, no further increase 
in CFU-GM number 326 or CFU-GM proliferative rate324 has been 
detected during either sublethal or lethal bacterial infection, sug-
gesting that the system operates at capacity. It has been suggested 
that the inability to accelerate neutrophil production above base-
line might handicap neonates by limiting their neutrophil supply 
during a bacterial infection.

Neutrophil Storage Pool
In the fetus, as in the adult, mature neutrophils are stored within 
the skeletal marrow but also are found in the liver and spleen.326 
Techniques that measure the size of the neutrophil storage pool, 
such as radioisotopic iron labeling, with subsequent liver, spleen, 
and bone marrow biopsy, have not been applied to normal human 
neonates. In fetal and neonatal animals, however, the liver and 
spleen, as well as the long bones, can be removed, and the neu-
trophils within them can be quantified. Such studies in rats show 
that the neutrophil storage pool is considerably smaller in pre-
maturely delivered animals (1.0 to 1.3 × 106 cells/g body weight) 
than in term (1.3 to 2.5 × 106 cells/g) and adult animals (4.5 to 
7.5 × 106/g).327

During experimental bacterial sepsis in neonatal dogs and rats, 
the size of the neutrophil storage pool has been serially quantified. 
Experiments performed with a variety of organisms326,328–334 
demonstrate depletion of the storage pool and neutropenia before 
death. Similarly, in human neonates with lethal bacterial sepsis, 
neutropenia and depletion of the neutrophil storage pool, as 
assessed by bone marrow aspiration, are nearly universal find-
ings.310,332,335,336

Release from Storage Pool into Blood
Within 1 hour of inoculating adult animals with as few as 104 
type III group B streptococci/g body weight, an accelerated rate 
of egress of neutrophils from the storage pool into the blood can 

subsequent migration into the tissues can be seen within minutes. 
After initial adherence, neutrophils project microscopically visible 
pseudopods between or through the endothelial cells and force a 
passage across the endothelial layer.286,287 This directed move-
ment, chemotaxis, is induced by the binding of a variety of che-
moattractant molecules, such as n-formyl peptides (e.g., FMLP), a 
cleavage product of the fifth component of complement (C5a), leu-
kotriene B4, and platelet-activating factor, to specific membrane 
receptors. Further migration is then delayed by the basement 
membrane and periendothelial cells, and the neutrophils may 
move parallel to, but beneath, the endothelium until a passage 
into the surrounding connective tissue is found. Once neutrophils 
leave the blood, they do not return in significant numbers.257,288

The sites into which neutrophils normally disappear are poorly 
understood. Labeled blood neutrophils are found in saliva,136 but 
loss into saliva may reflect subclinical infections, because few 
if any cells are found in the salivary ducts289; the rate at which 
granulocytes enter the oral cavity has been correlated with the 
degree of gingivitis.290 Some cells do penetrate the oral mucosa 
in healthy subjects, presumably as a result of diapedesis.289 Loss 
of leukocytes in the urine also has been demonstrated in normal 
subjects.291 Leukocyte loss increases significantly in association 
with pyelonephritis.292 In addition, arteriovenous catheterization 
studies in dogs293 and in humans294 provide evidence that sug-
gests leukocytes also are removed in the lungs, liver, and spleen. 
Significant numbers may be lost into the gastrointestinal tract. No 
quantitative data concerning the rate of loss through these various 
organs are available. Interestingly, bone marrow and blood leu-
kocyte counts were essentially the same in germ-free and normal 
mice, suggesting that loss via subclinical infections at the various 
body surfaces is not a major factor in neutrophil turnover.295,296

Neutrophil Kinetics in the Fetus and Newborn
The fetus exists in a sterile environment and, unlike the adult, 
does not require antibacterial defenses. However, if the systems 
ensuring adequate neutrophil production, storage, delivery to 
tissues, phagocytosis, and bacterial killing are not intact at birth, 
extrauterine existence is seriously compromised. Maturation of 
the neutrophil system is not complete in the midgestation fetus, 
and even the neonate delivered at term has a neutrophil system 
that in several respects is quantitatively and qualitatively imma-
ture. Therefore, one might anticipate that newborns, particularly 
those delivered prematurely, would be at significant risk for seri-
ous bacterial infection, and many studies reveal a strong correla-
tion between prematurity and serious bacterial infection.297–301 Of 
all the risk factors for bacterial infection analyzed by the national 
collaborative study on neonatal infection, premature birth showed 
the strongest correlation.302 In addition, babies delivered at term 
experience a higher incidence of bacterial infection than do older 
children or adults303,304 and, when infected, often display poor 
resolution of infection despite antibiotic therapy.

Newborn infants, particularly if premature, display many other 
deficiencies in antibacterial defense, such as low levels of IgG 
antibody, complement components, fibronectin, and lymphokine 
production,305 but only maturational differences in neutrophil 
kinetics are discussed here. Realizing that the neutrophil system 
of a fetus is underdeveloped and in a state of maturation, a differ-
ence in neutrophil pool sizes and kinetics in this group from those 
in adults can be expected. In addition, rapid somatic growth in the 
fetus and newborn places added demands, unique to the neonate, 
on neutrophil production306; cells are needed not only for ongoing 
antibacterial defense, but also for a rapidly increasing body mass.

The investigation of neutrophil kinetics during fetal and neo-
natal life in humans has been hampered by lack of applicability of 
the techniques used for such studies in adults. For instance, DF32P 
and 3H-TdR blood kinetic measurements have not been used in 
babies because of the radiation exposure and the large volumes 
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then independent neutrophil mobility would probably be impaired.  
A deficiency in the redistribution of cell-surface adhesion sites, 
factors related to impaired migration, and impairment of neutro-
phil adhesiveness has also been reported351,352 and would impair 
neutrophil function in vivo. Response to complement-derived 
peptides was also impaired, as shown in the response of cord 
blood neutrophils to endotoxin-activated serum.353 Concanavalin 
A capping,354 phytohemagglutinin-induced aggregation,355 and 
C5a-induced chemotaxis,330 as well as FMLP-induced membrane 
potential change,356 are reduced in the neonatal neutrophil. No 
difference in calcium uptake in FMLP-stimulated neutrophils was 
noted between human neonates and adults, but reduction in cal-
cium uptake by resting neonatal neutrophils was significant.357 
Diminished orientation of neonatal neutrophils after exposure to 
a chemotactic gradient was noted, and a significant decrease both 
in the number of microtubules/cell and in the assembly of micro-
tubules was observed.358

pHySiologic variaTioN iN 
leukocyTeS
By the age of 4 to 8 years, the blood differential cell count 
approaches that seen in the adult. Normal values are presented 
in Table 7.4. Metamyelocytes or myelocytes are not often seen on 
routine examination of the blood smear, but a few such cells can 
be found in normal blood after a careful search or, more readily, 
by examination of buffy coat smears (3.6/3,000 granulocytes) 359; 
atypical mononuclear forms and megakaryocyte fragments con-
taining nuclei are also seen in such smears. Whether a significant 
difference exists in leukocyte concentration between the sexes 
or with advancing years has been debated.360–363 Racial varia-
tions were reported in black Africans, with lower neutrophil and 
monocyte counts and higher eosinophil counts; however, these 
differences were less evident in Africans eating a Western diet364 
or in black Americans.127,163

Although leukocyte concentration is maintained within defi-
nite limits in normal humans, fluctuations occur during a single 
day and from day to day. The suggestion that a characteristic 
hourly rhythm occurs has not been confirmed,365,366 nor has the 
occurrence of a digestive leukocytosis been established.367 Light 
influences the diurnal variation of neutrophils.202,368 Under con-
ditions of complete physical and mental relaxation, a basal level 
of 5.0 to 7.0 × 109 cells/L is usual.369 Ordinary activity may be 
associated with a moderate increase, and a somewhat higher 
level is common in the afternoon. Under all these conditions, 
however, the leukocyte count tends to remain within the normal 
range (Table 7.4).

Conclusive demonstration of the effects of climate or season on 
the leukocyte count is lacking. Some authors claim that meteoro-
logically conditioned fluctuations occur.370 Heat and intense solar 
radiation are said to cause leukocytosis.371 Prolonged residence in 
Antarctica has been reported to cause leukopenia.372 Artificially 
induced heat, sunlight, and ultraviolet light have been reported 
to cause lymphocytosis.373 Acute anoxia, both anoxic and ane-
mic, causes neutrophilic leukocytosis374 that does not develop 
in adrenodemedullated rats. In the first few days after a subject 
has arrived at a high altitude, some leukocytosis, accompanied 
by lymphopenia and eosinopenia, has been observed, followed 
quickly by slight lymphocytosis and eosinophilia.375

Marked leukocytosis occurs regularly with strenuous exercise. 
Counts as high as 22.0 × 109/L have been recorded for a run-
ner after an 11-second 100-yard dash, and 35.0 × 109/L has 
been recorded after completing a quarter-mile run in less than  
1 minute.369 The increment of cells usually consists of segmented 
neutrophils, but lymphocytosis may be prominent as well. Such 
leukocytosis recedes to normal in less than 1 hour and, in the 
neutrophil series, is related to a shift of cells from marginal sites 

be detected.335 In contrast, when newborn animals were given 
the same or a larger inoculum of 106 organisms/g, a 4-hour 
delay occurred before this acceleration in neutrophil storage pool 
release was observed.335 This delay between bacterial inocula-
tion and accelerated release of marrow neutrophils may be a 
significant physiologic disadvantage, which permits prolific initial 
bacterial multiplication. In other studies, this delay in release of 
marrow neutrophils was completely corrected by prior admin-
istration of type-specific antibody directed toward the organism 
with which the animal was inoculated.329,335

Alterations in Migration into Tissues and Sites of 
Destruction in Neonates
In many studies, investigators have demonstrated defective neu-
trophil chemotaxis in neonates. In early investigations, Eitzman 
and Smith, using the Rebuck skin window technique, demon-
strated that a preponderance of eosinophils, not neutrophils, 
was attracted to the abraded dermis of neonates.337 Using the 
same technique, Bullock et al. demonstrated that neutrophils in 
neonates remained at the site of abrasion longer than they did 
in adults.338

Using the Boyden chamber method, neutrophils from new-
borns were found to be less responsive than adult neutrophils 
in chemotaxis.339 In addition, factors generated from neonatal 
serum attracted neutrophils less well than did factors from adult 
serum. Diminished chemotaxis of cord blood neutrophils was 
also demonstrated, with reduction to approximately 80% of levels 
observed with adult neutrophils.340–342 Using a different in vitro 
technique for quantification of neutrophil movement (agarose 
gel), newborn neutrophil chemotaxis was found to be reduced to 
approximately 20% to 27% of that seen with adult neutrophils.343 
In prematurely delivered neonates, neutrophil chemotaxis was 
even more defective,344 and the defect persists for a considerable 
time after birth.

A further reduction in chemotaxis of neutrophils from ill neo-
nates compared to healthy neonates345 and decreased chemotaxis 
in preterm neonates with bacterial sepsis followed by a return to 
normal neonatal values (approx. 20% of adult values) with resolu-
tion of the infection346 have been reported.

Neutrophil migration has also been investigated in vivo in neo-
natal and adult animals. One technique involved surgical implan-
tation of a sterile polyvinyl sponge disc, standardized for body 
weight, into rats. At various intervals, the sponges were removed, 
and neutrophils that had migrated into them were chemically 
quantified. Concurrent with sponge removal, the long bones (and 
the liver and spleen in neonates) were also removed, and the size 
of the total body neutrophil storage pool was determined.331 By 
comparison with control animals, only approximately 9% of the 
neutrophils released from the storage pool in neonates could be 
accounted for in the sponge. In contrast, approximately 60% of 
the neutrophils released from the marrow in adults migrated to 
the sponge, indicating more efficient neutrophil migration in the 
adult. Another study found that the accumulation of neutrophils in 
the peritoneal cavity of rats after intraperitoneal inoculation with 
various chemical attractants was impaired in neonates.347

The mechanism responsible for deficient neutrophil chemo-
taxis in neonates is only partly known. By measuring the pres-
sure needed to aspirate neutrophils into a glass pipet, Miller 
determined that the neonatal neutrophil was more rigid and less 
deformable than the adult neutrophil, a characteristic that may 
be detrimental to movement of neutrophils through tissues.348 In 
addition, neutrophils from human neonates irreversibly aggre-
gated after activation by C5a, whereas after exposure to the 
same stimulus, adult neutrophils aggregated and then deaggre-
gated.247,248,249,250,351 Irreversible aggregation of neonatal neu-
trophils has also been seen in response to activation by FMLP.350 
If irreversible neutrophil aggregation occurs in vivo in neonates, 
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coNTrol MecHaNiSMS regulaTiNg 
NeuTropHil proDucTioN
It is evident that a true steady state of neutrophil kinetics exists 
only for brief periods. Shifts of cells between marginal and circu-
lating sites may occur without changes in blood neutrophil turn-
over,242 but any change in TBGP size must result from changes in 
cell inflow or egress. Studies involving leukapheresis have shown 
that a normal animal replenishes a depleted TBGP by mobilizing 
cells from the marrow granulocyte reserves.24 This increase in 
neutrophil concentration and TBGP size, like that seen with most 
bacterial infections or after endotoxin or steroid administration, 
must be triggered by some signal, and some means of stimulating 
cell production must be available to replenish depleted marrow 
reserves, whatever the etiology.

The nature of these control mechanisms is complex, but sev-
eral control points exist: recruitment of pluripotent stem cells and 
their induction into committed stem cells, stimulation (and per-
haps inhibition) of stem cell and myeloid proliferative cell growth, 
and selective release of cells from the marrow.

Blood cell development is discussed in Chapter 5 and is only 
briefly discussed here. Pluripotent stem cells are mostly in the G0 
state and must be induced into actively proliferating committed 
stem cells. Hematopoietic cell growth and development are usually 
restricted to certain tissues (e.g., bone marrow in adult humans 
and bone marrow and spleen in mice). Because cell differentiation 
is influenced by organ microenvironment (e.g., erythropoiesis is 
favored in mouse spleen, but granulocytopoiesis is favored in the 
bone marrow), the concept of local control of pluripotent stem 
cell induction was developed (the hematopoietic microenviron-
ment).388 The importance of the hematopoietic microenviron-
ment is exemplified by the anemia of Steel mice, which results 
from a defective hematopoietic microenvironment.388 The defect 
in Steel mice involves the granulocyte system as well as erythro-
poiesis389 and results from a diminished ability of organ stroma 
in the bone marrow and spleen to induce committed stem cells 
from pluripotent stem cells.390 The demonstration that the Steel 
(Sl) gene product, deficient in Steel mice, is a growth factor (stem 
cell factor or stem cell colony-stimulating factor) that binds to 
a receptor coded by the c-kit proto-oncogene (or white-spotting 
locus, W) has provided a molecular basis for understanding the 
hematopoietic abnormalities in mice with genetic defects in the 
Steel or W genes.238,391

As judged from suspension cultures, at least three cell types 
(giant fat cells, epithelial cells, and phagocytic mononuclear cells) 
provide the microenvironment needed for multipotent stem cell pro-
liferation.392 Presumably, these stromal cells produce sufficient con-
centrations of hematopoietic cell growth factors locally to promote 
multipotent stem cell proliferation and renewal when required.393

Growth Factors
A large number of growth factors or colony-stimulating factors 
have been identified that regulate neutrophil production in the 
bone marrow, as described in Chapter 5. Two of these, G-CSF and 
GM-CSF, are in clinical use. Exogenous administration of G-CSF 
expands the granulocyte mitotic pool and also decreases the bone 
marrow transit time of the postmitotic cells without changing 
the blood neutrophil half-life.394 These factors not only speed 
the recovery of neutrophil counts after chemotherapy and may 
decrease associated infectious complications,395–399 but also have 
effects on mature neutrophils. For example, G-CSF transiently 
increases CD11b expression396,400,401 and the affinity of CD62L 
(L-selectin) for its ligand and then causes CD62L surface expres-
sion to decrease.402 G-CSF also primes neutrophils for subsequent 
superoxide production in response to FMLP.403–406 Intravenous 
administration of G-CSF can result in an immediate transient 
neutropenia407,408 similar to the transient increase in the MGP 

(MGP) to the circulation (CGP) (shift leukocytosis).240,241 This leu-
kocytosis occurs in the absence of the spleen, suggesting that the 
spleen is not a major site of cell margination. Leukocyte counts 
>20.0 × 109/L, mainly neutrophils, are regularly recorded for 
runners who complete a 26-mile marathon in 2.5 to 3.0 hours; 
whether a shift to the left, suggesting mobilization of mar-
row neutrophils, occurs in this circumstance is debatable.369 
Postmarathon leukocytosis subsides slowly over a number of 
hours and probably reflects a redistribution of granulocytes in the 
blood, combined with mobilization of cells from the marrow with 
an increase in TBGP size. The magnitude of the leukocytosis asso-
ciated with exercise appears to depend primarily on the intensity 
of the activity rather than on its duration.376

Convulsive seizures, from whatever cause, are associated with 
an increase in leukocyte count similar to that noted after violent 
exercise. Electrically induced convulsions are followed by a reduc-
tion in eosinophil and lymphocyte number and an increase in 
neutrophil number, findings consistent with the effects of adrenal 
hormone secretion.377 Epinephrine injection produces leukocyto-
sis, the nature and duration of which appear to vary with the mode 
of administration. Intramuscular injection causes leukocytosis in 
two phases.378,379 In the first phase, maximal at 17 minutes, the 
number of neutrophils, lymphocytes, and eosinophils increases 
and then returns toward normal over several hours. This pattern 
almost certainly represents a shift leukocytosis. In the second 
phase, the number of neutrophils rises again at approximately 
4 hours, although the number of lymphocytes and eosinophils 
remains at or below preinjection levels379; this phase may reflect 
an adrenal steroid effect and consists of an absolute neutrophilia. 
After intravenous injection, leukocytosis peaking at 5 to 10 min-
utes and of total duration of less than 20 minutes occurs and has 
been shown to be purely shift neutrophilia.241,242 The leukocytosis 
that follows subcutaneous injection is more variable.

During attacks of paroxysmal tachycardia, leukocytosis with 
cell counts of 13.0 to 22.0 × 109 cells/L has been reported.380 
Pain, nausea and vomiting, and anxiety may cause leukocytosis in 
the absence of infection.381 The paucity of band forms and meta-
myelocytes indicates that the neutrophilia results from the redis-
tribution of the cells between the marginal and circulating pools.

Ether anesthesia produces leukocytosis, probably because of 
emotional and reflex reactions, as well as struggling during the 
stage of excitement. Narcosis with barbital compounds usually 
reduces the leukocyte count.

During the ovulatory period, eosinopenia and a slight rise 
in the number of leukocytes, as well as increased 17-hydroxy-
corticosteroid levels, have been reported.382,383 Slight leukocy-
tosis occurs during pregnancy, and neutrophilia increases as 
term approaches.161,382 The onset of labor is accompanied by  
neutrophilic leukocytosis, which sometimes is pronounced  
(34.0 × 109/L). This state continues for 1 day after delivery, reced-
ing to normal only after 4 or 5 days. These changes are accom-
panied by a reduction in the number of circulating eosinophils.382

Many of the physiologic variations in leukocytes that have been 
described can be explained as manifestations of stimulation of the 
adrenal cortex. The administration of cortisone or hydrocortisone 
results in increased blood levels of 17-hydroxycorticosteroids 
that peak at 1 hour384 and are associated with neutrophilia.385 
Eosinopenia and lymphopenia follow, become maximal at 4 to 8 
hours, and are proportional to the quantity of hormone admin-
istered. Neutrophilia was less constant than the depression in 
eosinophil and lymphocyte numbers but is probably caused by a 
steroid hormone–mediated decreased efflux of neutrophils from 
the blood and increased cell release from the bone marrow.242,244 
Just as exercise can raise the circulating neutrophil count, intense 
exercise has also been reported to induce neutrophil activation 
as determined by studies of cell-surface antigen expression.386 In 
contrast, ultraviolet B radiation, at doses similar to those naturally 
received, inhibits neutrophil phagocytosis and adhesion, although 
the practical significance of these observations is unknown.387
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of blood were described by the British surgeon John Hunter in ~1761 
during the Seven Years’ War. He observed that the cellular (buffy coat) 
component of blood could retard the “spoilage” of blood431; we now 
would recognize these effects as reflecting the antibacterial properties 
of leukocytes. In these classic studies, Hunter observed that when blood 
was allowed to stand, a “buff colored” layer was visible on top of the 
red cells. He noted that blood from patients with infected wounds had a 
thicker “buff colored inflammatory crust” than observed in blood from 
healthy subjects, which we now understand reflects the neutrophilia 
associated with infection. With time, he noted that blood would “spoil,” 
as determined by the development of an odor typical of spoiled food. 
Hunter found that the addition of the “buff colored inflammatory crust” 
to a blood sample would delay the time to “spoilage,” now understood 
to reflect the antibacterial abilities of neutrophils.

The response to infection by neutrophils in the microvasculature 
was elegantly described in An American Text-Book of Surgery in 
1892.279 This description remains instructive and is summarized 
here. At one time, the inflammatory cells at sites of infection were 
thought to be caused by proliferation of connective tissue cells. After 
the observations of von Recklinghausen that many of these cells 
were capable of locomotion (and called “amoeboid cells from their 
resemblance to the amoeba”), and the work of Addison, who sug-
gested that leukocytes in blood could extravasate to tissues,429,432 
Cohnheim identified the cells in the inflamed tissue as leukocytes.279 
Microscopic examination of a frog’s mesentery or tongue reveals “an 
arteriole with its rapid pulsating current of blood, and nearby a small 
vein in which the blood flows with a more steady movement. The 
red blood corpuscles occupy the axis of the blood vessel, and the few 
white corpuscles which are seen float in the more sluggish stream 
of plasma which occupies the borders of the lumen and appears 
as a transparent layer” (Fig. 7.11). Induction of inflammation by 
the application of a caustic agent leads to hyperemia. “The rapid-
ity of the flow of blood is greatly increased and a greater amount 
of blood is observed in the part. The lumen of the artery is greater 

seen with hemodialysis. Evidence of neutrophil degranulation in 
vivo after administration of G-CSF has also been observed.409 A 
number of other cytokines among this class can also activate or 
prime neutrophils, including TNF-a, IL-6, IL-1, and IL-8.410–413

In addition to locally produced stimulators of colony-forming unit 
stem cell proliferation,414 inhibitors of proliferation have also been 
described.415,416 Lactoferrin (present in the secondary or specific 
neutrophil granule) binds to specific receptors on some monocyte-
macrophages and suppresses release of GM-CSF (and other cyto-
kines), thus inhibiting colony formation. Transferrin also exhibits 
colony-suppression activity, possibly through inhibition of GM-CSF 
production by T lymphocytes.417 Soluble forms of receptors for cyto-
kines may also regulate the response of bone marrow progenitors 
to growth factors.418 Neural mechanisms controlling hematopoietic 
cell proliferation and release have also been suggested.419

Another control point in the system is the selective release 
of granulocytes from the marrow. In studies of perfused rat 
hind limbs, the release of neutrophils from the marrow into the 
blood420 increased with an increase in perfusion flow rate or with 
a low leukocyte content of the perfusate.421 Serum or plasma from 
animals or humans made neutropenic by endotoxin, vinblastine, 
or nitrogen mustard also induced neutrophilia.422–425 The activity 
was present during the period of neutropenia and rising neu-
trophil concentration—but not before or after this period. This 
neutrophilia-inducing activity was qualitatively dissimilar from 
that noted after endotoxin, epinephrine, or cortisone administra-
tion and acted by causing release of marrow cells. The results of 
these studies suggest that an endogenously produced humoral fac-
tor causes neutrophil release from the marrow.422 Several factors 
that stimulate neutrophil release from the bone marrow have been 
identified, including G-CSF, GM-CSF, C5a, TNF-a, TNF-b, IL-8, 
and, possibly, a cleavage product of the third component of com-
plement.185,239,240 Studies in rabbits have found that IL-8 induces 
neutrophil release from the bone marrow without altering the 
transit time through the mitotic and postmitotic marrow pools.240

Thus, evidence exists that several factors, including cell 
nuclear and cytoplasmic deformability, cell motility, affinity of cell 
adhesion molecules for ligands, blood flow, and others are impor-
tant in the control of marrow cell release.238,426–428

NeuTropHil fuNcTioN
The major role of neutrophils is to protect the host against infec-
tious agents. To accomplish this task, the neutrophil must first 
sense infection, migrate to the site of the infecting organism, and 
then destroy the infectious agents. Although neutrophils can sense 
a stimulus in suspension, they can migrate only when in contact 
with a surface. Thus, although in some cases neutrophils in blood 
may respond to a stimulus by adhering to other blood cells or 
foreign bodies, such as bacteria or biomaterials, the usual first 
step of the neutrophil after sensing an inflammatory stimulus 
is to adhere more strongly to the blood vessel wall. Usually, this 
occurs in a postcapillary venule. After adhesion to the endo-
thelial surface, the neutrophil follows a gradient of chemotactic 
factors to the site of infection and interacts with the organisms. 
Finally, when the neutrophil reaches the infecting organism, it 
must destroy it. This destruction is generally accomplished by 
phagocytosis of the agent followed by release of granules into 
the phagocytic vesicle, followed by killing of the organism. The 
mechanisms by which these phenomena occur are very complex 
and not completely understood.

history
An important role of pus in infections has been long recognized. White, 
creamy pus, due to the presence of many neutrophils,  suggested a 
better outcome than thin watery pus, and was known as “good and 
laudible pus” (pus bonum et laudable).429,430 Antibacterial properties 

 Figure 7.11. Diagram of normal vessels and bloodstream: a, artery; b, vein; c, capillary. 
(Adapted from Keen WW, White JW, eds. An American textbook of surgery. Philadelphia, PA: WB 
Saunders, 1892:14.)
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than before, and the column of red corpuscles is much broader, and 
fills a comparatively greater portion of the lumen of the vessel. The 
capillaries are now quite distinctly seen, and are crowded with blood 
corpuscles” (Fig. 7.12). This is followed by

a slowing of the current, which soon becomes much more 
sluggish than in the normal state. This is first noticed in the 
capillaries, and soon after in the veins. The pulsation, how-
ever, continues in the arteries. As a result of this diminution 
of speed the column of blood corpuscles becomes broader and 
almost completely fills the interior of the vessels. In the veins a 
great accumulation of white corpuscles takes place on the inte-
rior of the walls. . . . Finally, they are so greatly increased in 
numbers that the entire wall of the vessel appears to be lined 
with leukocytes. The white corpuscles also accumulate in the 
capillaries, but not to the same extent (Fig. 7.13).

The margination of the neutrophils is shown schematically in 
Figure 7.14 (platelets or “blood plaques” are also shown).

Beginning concurrently with the slowing of the blood 
stream, is the emigration of the leukocytes from the interior 
of the veins. Many leukocytes, by a change of shape, send 
out little prolongations of protoplasm into the substance of 
the wall, and slight protuberances are soon seen projecting 
from its outer surface. These enlarge, and we now see the 
corpuscles presenting an hour-glass appearance. The por-
tions within the vessel soon follow those without, and the 
leukocytes escape from all contact with the vessel. Many 
corpuscles appear to follow one another through the same 
point in the wall (Fig. 7.15).

Migration takes place to a limited extent also from the cap-
illary vessels, but no such process is observed in the walls of 
the arteries. These same actions of neutrophils, as well as the 
formation of neutrophil-neutrophil aggregates with infections in 
rabbit ear veins, were videotaped by W.B. Wood in the 1960s. 

Figure 7.12. Diagram of dilation of the vessels in inflammation: a, artery; b, vein; c, 
capillary. (Adapted from Keen WW, White JW, eds. An American textbook of surgery. Philadelphia, 
PA: WB Saunders, 1892:14.)

c

c

b a

c

Figure 7.13. Diagram of stasis of blood and diapedesis of white corpuscles in inflam-
mation: a, artery; b, vein; c, capillary. (Adapted from Keen WW, White JW, eds. An American 
textbook of surgery. Philadelphia, PA: WB Saunders, 1892:14.)

c

c

c

c

b a

d

Figure 7.14. Blood plaques or third corpuscles (a ). Red corpuscles (b ). White corpuscles 
(c ). (Adapted from Keen WW, White JW, eds. An American textbook of surgery. Philadelphia, PA: 
WB Saunders, 1892:14.)

a

b

c

Figure 7.15. Diagram of stages of the migration of a single white blood corpuscle 
through the wall of a vein in 1 hour and 50 minutes (mesentery of the frog). (From 
Keen WW, White JW, eds. An American textbook of surgery. Philadelphia, PA: WB Saunders, 
1892:13, with permission.)

10:30 pm 10:40 pm 11:00 pm

11:15 pm 11:40 pm 12:20 am

Using  fluorescein-labeled neutrophils, Hammerschmidt et al. 
later  demonstrated that injection of C5a reproduced the increase 
in neutrophil margination and aggregation in rat mesentery.433
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of extracellular calcium. Thus, shortly after receptor–ligand bind-
ing, the intracellular calcium rapidly rises from a resting level of 
approximately 0.1 mmol/L to approximately 1 mmol/L.435–437 
This rise in free intracellular calcium is transient and returns to 
baseline in approximately 1 to 3 minutes.

It appears that the initial rise in intracellular calcium caused 
by the release of intracellular calcium stores plays a critical part 
in the alteration of membrane permeability to allow the influx 
of extracellular calcium. To some extent, variations in intracel-
lular calcium transients may direct specific cellular functions, in 
that specific granule release occurs at very low (submicromolar) 
free calcium concentrations, whereas in studies using permea-
bilized cells, higher (micromolar) levels of free calcium result in 
release of both specific and azurophil granules.438–440 Although 
the extracellular calcium influx is critical for many neutrophil 
responses, it is not critical for all, as degranulation is not blocked 
by ethyleneglycol-bis(2-aminoethyl) tetra-acetic acid.441 Similarly, 
phagocytosis of particles opsonized with C3bi can occur without 
apparent intracellular calcium transients.442

Protein phosphorylation is an important mechanism of the 
regulation of protein function, and a number of studies suggest 
its role in neutrophil activation. Phorbol myristate acetate, which 
activates a number of neutrophil functions, binds to PKC and 
results in its activation. Although phorbol myristate acetate is 
not present in neutrophils, DAG, released when phospholipase  
C hydrolyses PIP2, also binds and activates PKC. Because calcium 
is also important in PKC activation and IP3 increases intracellular 
calcium, the hydrolysis of PIP2 to IP3 and DAG may contribute to 
PKC activation via both DAG and IP3. Interestingly, the specific 
granules have been reported to contain a PKC inhibitor, thus 
providing a possible mechanism to downregulate PKC-mediated 
responses.443

Although this model explains many observations, it has 
become clear that signal transduction in neutrophils is far 
more complex, with both Ca2+ and PKC-independent pathways. 
Tyrosine phosphorylation has been found to play a critical role 
in signal transduction from various chemotactic factor receptors. 
Multiple neutrophil proteins are rapidly phosphorylated after 
activation, including Src family kinases; the Lyn kinase is acti-
vated by chemotaxins, increasing its ability to phosphorylate sub-
strates. Serine and threonine kinases also appear to be involved 
in signaling, and some are activated by FMLP. In addition, 
phosphatidylinositol 3-kinase is also activated by chemotaxins. 
Phosphatidylinositol 3-kinase catalyzes the phosphorylation of 
PIP2 to PIP3. Phosphatidylinositol 3-kinase binds some phosphoty-
rosine residues via the SH2 domain on one of its subunits. Protein 
tyrosine phosphatases probably also play a role, as the trans-
membrane protein phosphatase CD45 has been implicated as a 
regulator of neutrophil function.47,444 Chemotactic factors have 
also been found to activate phospholipase A2 and phospholipase 
D. Finally, the importance of low-molecular-weight guanosine tri-
phosphatases (LMWG) is also being recognized. Knowledge of sig-
nal transduction is rapidly advancing, and the reader is referred 
to the current literature.

Physiologic soluble inhibitors of neutrophil function have also 
been identified. For example, adenosine inhibits neutrophil aggre-
gation, adhesion, chemotaxis, and superoxide production.445–448 
These inhibitory effects appear to act via A2 receptors without 
preventing the transient rise in intracellular Ca2+.445–447

Neutrophil Priming
“Priming” is an important concept in neutrophil signaling. 
Signaling in neutrophils is complex and can be initiated by many 
different stimuli that may share downstream signaling pathways. 
When neutrophils are exposed to an appropriate low level of a 
stimulus, they can be primed to a condition such that they display 
a much more prominent response to a second stimulus than they 
would if they had not been primed.448–451,452 Neutrophils can 

Early views of neutrophil function at the site of inflammation 
included a role in the repair process. Later, their ability to phago-
cytose was recognized. Metchnikoff advanced the theory known 
as phagocytosis,

Here according to this theory, the cells of the inflamed part, 
by virtue of their ability to consume foreign substances, 
attack and destroy the invading bacteria (Fig. 7.16). These 
cells are called phagocytes (from the Greek “to eat” and 
“cell”). If they are able to destroy the bacteria, the system is 
protected from the invading organisms. The leukocytes are 
called micro-phagocytes (or microphages), and the larger 
cells developed from the fixed connective tissue cells are 
called the macro-phagocytes (or macrophages).279

Chemotactic Factor receptors
The initial step of the neutrophil response to infection is the detec-
tion of an appropriate signal. The interaction of bacteria with 
blood components, especially antibodies and the complement 
system, results in the formation of various chemotactic factors. 
In some instances, the bacteria directly release factors that are 
chemotactic for neutrophils. The interaction of bacteria or their 
products with other host cells may also result in the formation 
of chemotactic factors. Neutrophils express specific receptors on 
their cell surface for a variety of chemotactic factors. These recep-
tors include those for n-formylated peptides such as n-formyl-
met-leu-phe (FMLP), C5a, leukotriene B4, and platelet-activating 
factor. The initial activation of the neutrophil occurs when soluble 
chemotactic factors bind their receptors on the neutrophil surface. 
As with the interaction of antibodies and haptens, the association 
kinetics for these receptor–ligand interactions are very rapid. 
Typically, sufficient receptor–ligand interaction to initiate neutro-
phil activation occurs within seconds.

Signaling
Many chemotactic factor receptors appear to be coupled to 
guanine nucleotide-binding proteins (G proteins).434 The role 
of G proteins in neutrophil signal transduction is supported by 
a variety of studies, including classic studies using pertussis 
toxin. Pertussis toxin adenosine diphosphate ribosylates certain 
G proteins and inhibits neutrophil responses to a number of 
stimuli, including FMLP. In contrast, some neutrophil responses, 
such as phorbol ester–induced secretion, are not inhibited by 
pertussis toxin. Although the details of signal transduction in 
neutrophils are not fully elucidated, it appears that the G proteins 
associated with chemotactic factor receptors are important in 
receptor activation of phospholipase C, which then hydrolyzes 
phosphatidylinositol bisphosphate (PIP2), resulting in the gen-
eration of two second messengers, IP3 and 1,2-diacylglycerol 
(DAG). Experiments suggest that IP3 binds to specific receptors 
on intracellular membranes, resulting in the release of calcium 
from intracellular stores, which is rapidly augmented by an influx 

Figure 7.16. Diagram of a phagocyte destroying a bacillus. The cell is shown at three 
different times (a, b, and c). (From Keen WW, White JW, eds. An American textbook of surgery. 
Philadelphia, PA: WB Saunders, 1892:16, with permission.)

ca b
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mechanism by which glucocorticoids inhibit neutrophil function. It 
appears that the glucocorticoid-regulated protein annexin 1 (lipo-
cortin 1) can bind a formyl-peptide receptor, induce calcium tran-
sients, and desensitize neutrophils to subsequent stimulation by 
other agents.461,462 Two formyl-peptide receptors are expressed 
in neutrophils, the classical FPR and the related receptor FPRL-1/
AXL. Annexin 1 appears to bind to FRPL-1/AXL, whereas some 
peptides derived from annexin 1 may bind both receptors.461,462 
Opiates have been reported to alter many immune functions, 
including neutrophil functions such as the respiratory burst, in 
many species.463 MRP-14, a prominent component of neutrophils, 
can inhibit the function of activated macrophages and, possibly by 
this mechanism, can decrease inflammatory pain.74

Neutrophil–Endothelial adhesion
Both neutrophils and endothelial cells express a variety of adhe-
sive molecules on their cell surface, and the expression and activ-
ity of these molecules in many cases can be regulated by stimuli. 
Some of the known adhesion molecules of neutrophils and endo-
thelial cells are indicated in Table 7.6. Approximately one half of 
the circulating neutrophils exist in the so-called marginating pool, 
some of which can be seen microscopically to be rolling along 
the endothelial surface, maintaining a loose intermittent contact 
with endothelial cells. The importance of hemodynamic forces, 
especially of red cells, in directing leukocytes outward from the 
flowing blood toward the endothelium was described many years 
ago and subsequently confirmed.279,464–466 An attractive model 
of neutrophil–endothelial cell adhesion has been proposed by 
Springer, which accounts well for the known data.106,467 In this 
model, selectin molecules on the cell surface are responsible 
for neutrophil rolling along the vessel wall. This loose adhesion 
brings the neutrophil in close proximity to the endothelial cell, 
where chemoattractants can be released or displayed on the cell 
surface. The interaction of these chemoattractants with neutro-
phil receptors results in signal transmission and the activation 
of integrin molecules. These integrins can then bind their ligands 
on the endothelial cell surface, resulting in a marked increase in 
adhesion to the endothelial cell and cessation of rolling. After this, 
the cells sense further chemoattractant gradients and migrate 
into the tissue where the neutrophils produce compounds that 
attract other inflammatory cells such as monocytes, lympho-
cytes, and other neutrophils, as well as promote wound healing. 
Subsequently they undergo changes promoting apoptosis and 
resolution of inflammation.106

Selectins
Three selectins have been identified that each have an N-terminal 
domain that is homologous to Ca2+-dependent lectins (Fig. 7.17). 
L-selectin (CD62L) is expressed on the neutrophil surface. The 
main ligand for L-selectin is the glycoprotein known as Gly-CAM-1 
(glycosylation-dependent cell adhesion molecule-1). Endothelial 
cells express both E-selectin (CD62E, endothelial-leukocyte adhe-
sion molecule-1) and P-selectin (CD62P, granule membrane pro-
tein-140). E-selectin and P-selectin both recognize Lewisx-related 
sialylated carbohydrates, mostly on PSGL-1 (P-selectin ligand 1), 
and also L-selectin. Both PSGL-1 and L-selectin are localized on 
the tips of neutrophil microvilli, organized by the ERM proteins 
ezrin, radixin, and moesin that connect to the actin cytoskel-
eton.106 Expression of E-selectin on the endothelial cell surface 
can be induced with stimuli such as IL-1 and TNF but requires 
protein synthesis. In contrast, P-selectin (CD62P) is found in both 
the Weibel-Palade granules of endothelial cells and the platelet 
a-granule. Thus, stimulation of endothelial cells with the appro-
priate stimulus, such as thrombin or histamine, can result in a 
rapid mobilization of CD62P (P-selectin) to the endothelial cell 
surface.

be primed by one stimulus for a response to a different agonist. 
Priming occurs at doses that do not result in a rise in cytoplasmic 
free calcium, but still cause protein tyrosine phosphorylation of 
signaling molecules. After priming, neutrophils exhibit a more 
prominent respiratory burst or secretory response to a given 
stimulus than would occur if priming had not occurred. This 
phenomenon may be involved in many physiologic neutrophil 
responses in vivo. Neutrophil priming can be reversible, with the 
cells still capable of being reprimed.453

The mechanism of priming is gradually becoming better 
understood. In resting neutrophils, the various components of the 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
are sequestered within the cell. Following neutrophil stimulation, 
cytoplasmic components of the NADPH oxidase translocate to 
the phagosome membrane and assemble to form the active oxi-
dase. This activation process in not “all-or-none.” Some stimuli 
can prime neutrophils, resulting in a state in which agents that 
normally do not activate neutrophils can stimulate oxidase activ-
ity, and in which the oxidase response to suboptimal concentra-
tions of agents that do stimulate the oxidase results in a greater 
than expected oxidase response. For example, TNF-a does not 
stimulate neutrophil NADPH oxidase activity, while FMLP does. 
However, when neutrophils are pretreated with TNF-a, these 
primed neutrophils respond to suboptimal concentrations of 
FMLP with increased oxidase activity. The mechanism of neutro-
phil priming appears to be the result of a conformational change 
in p47phox.454,455 TNF-a priming results in phosphorylation of 
ser354 in p47phox, which then binds the peptidyl prolyl cis–trans 
isomerase Pin1, resulting in conformational changes in p47phox 
that result in phosphorylation of other serine residues. This leads 
to other conformational changes exposing cryptic SH3 sites that 
can then bind p22phox, resulting in oxidase assembly, making the 
oxidase more responsive to stimuli.454,455

Desensitization
After previous exposure to a stimulus, neutrophils react less to 
subsequent stimulation by the same stimulus.456–458 This phe-
nomenon has been termed desensitization. In some cases, the 
desensitization appears to be specific to the original stimulus, but 
in other cases desensitization to different stimuli is also observed 
(cross-desensitization).456–459

Such desensitization has been observed in patients undergo-
ing hemodialysis, in which exposure of blood to a cuprophane 
dialyzer membrane results in the generation of C5a and possibly 
other factors, which causes a transient neutropenia due to pul-
monary leukostasis, as described in Chapter 58.247,248 Although 
C5a generation persists throughout dialysis, the neutropenia is 
transient.249 In contrast to neutrophils obtained at the start of 
dialysis, neutrophils obtained after 2 hours of dialysis (after the 
leukostasis has resolved) do not aggregate in response to plasma 
leaving the dialyzer membrane, demonstrating desensitization in 
vivo.249 A patient with cytomegalovirus infection, whose serum 
induced granulocyte aggregation (presumably due to C5a), did 
not experience neutropenia during dialysis, and his neutrophils 
did not aggregate in response to serum leaving the dialyzer, in 
contrast to control cells, also demonstrating in vivo desensitiza-
tion.249 Similar desensitization was demonstrated in rabbits using 
the chemotactic peptide FMLP, wherein continuous intravenous 
infusion of FMLP reproduced a transient neutropenia due to pul-
monary sequestration.460 It is likely that neutrophil desensitiza-
tion may also occur in other pathologic states, including infection, 
trauma, and multiorgan failure syndrome, and may contribute to 
neutrophil dysfunction, although the clinical significance of this 
phenomenon is unclear.

Neutrophil function can also be regulated by the neuroendo-
crine axis. For example, glucocorticoids can regulate neutrophil 
function, at least partly through annexin I or lipocortin I.75 The 
phenomenon of desensitization has also been implicated as the 
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Neutrophil Integrin Ligand

aLb2 Leukocyte function antigen-1, CD11a/CD18 ICAM-1 (CD54), CAM-2 (CD102)
ICAM-3 (CD50)

aMb2 HMac-1, CD11b/CD18 ICAM-1, iC3b, fibrinogen, factor X

aXb2 p150,95,CD11c/CD18 ? iC3b, fibrinogen

Neutrophil Selectins Ligand

L-selectin CD62L, leukocyte adhesion molecule-1, Mel-14 Sialylated carbohydrates related to sLex (CD15s)  
and sLea on Gly-CAM-1

Endothelial Selectins Ligand

E-selectin CD62E, ELAM-1 Sialylated carbohydrates

P-selectin CD62P, granule membrane protein-140, platelet 
 activation–dependent granule-external membrane protein

Sialylated carbohydrates including PSGL-1  
on neutrophils

Endothelial Ig Family Ligand

CD54 ICAM-1 CD11a/CD18, CD11b/CD18

CD102 ICAM-2 CD11a/CD18

CD31 PECAM-1 NB1/CD177, CD31

Neutrophil Ig Family Ligand

CD31 PECAM-1 CD31

CD50 ICAM-3 CD11a/CD18

CD66a CEACAM1 (Biliary glycoprotein) CD66a, CD66c, CD66e

CD66b CEACAM8 (CGM6) CD66c

CD66c CEACAM6 (NCA 50/90) CD66a, CD66b, CD66c, CD66e

Neutrophil Leukocyte 
Antigen-6 superfamily

Ligand

CD177 NB1 CD31 (PECAM-1)

ELAM, endothelial-leukocyte adhesion molecule; ICAM, intercellular adhesion molecule; Ig, immunoglobulin; PECAM, platelet–endothelial cell adhesion molecule; 
PSGL, P-selectin glycoprotein ligand.

TablE 7.6

NeuTropHil–eNDoTHelial Cell aDHeSioN proTeiNS

Intercellular adhesion molecule (ICAM)-1 (CD54) expressed on 
the endothelial cell surface is a ligand for both CD11a/CD18 and 
CD11b/CD18. Other Ig superfamily members are probably also 
involved in neutrophil–endothelial cell adhesion, including plate-
let endothelial cell adhesion molecule-1 (CD31), ICAM-3 (CD50) 
(expressed on the neutrophil but not the endothelial cell), and the 
CD66 family of neutrophil-activation antigens.

Integrins
Integrins are noncovalently associated heterodimers of a and b 
subunits, each of which has characteristic structural motifs (Figs. 
7.18 and 7.19). The major integrins of neutrophils are the b2 integ-
rins made up of aLb2 (leukocyte function antigen-1, CD11a/CD18), 
amb2 (HMac-1, CD11b/CD18), and axb2 (p150,95, CD11c/CD18). 

Figure 7.17. Schematic of selectin structure. The selectins are attached to the cell via a 
transmembrane domain with an extracellular domain consisting of a series of short consensus 
repeats (blue) that form a stalk-like structure linked by an epidermal growth factor–like domain 
(yellow) to a carbohydrate-binding C-type lectin domain (red). CD62L contains a membrane-
proximal site that is cleaved by a protease after neutrophil activation, resulting in shedding of the 
extracellular domain. EGF, epidermal growth factor. (From Skubitz A, with permission.)

Figure 7.18. Schematic of an a,b2 integrin dimer, showing the inactive, low-affinity 
state (left ) and the active, high-affinity state (right ). Integrins are heterodimers of a and 
b subunits with a globular “head” region and two “legs.” The head of the a subunit contains EF 
hand repeats that are divalent metal-binding sites, and a “b propeller” domain with an I domain 
that contains a binding site for Mg2+ and Mn2+. The b subunit contains an I-like domain. In the 
low-affinity, inactive state with no ligand bound, the integrin is either bent toward the membrane 
with a closed headpiece facing toward the membrane, or extended with a closed headpiece. 
With activation, the integrin straightens and rotates the head region outward and the headpiece 
opens, with an associated change to higher ligand affinity. This change in structure is associated 
with a separation of the a and b subunits. (From Skubitz A, with permission.)

α
β

α
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cysteines that form two disulfide bonds. The chemokine family is 
composed of CXC and CC chemokines. The CXC  chemokines have 
their first two cysteines separated by a single amino acid and 
stimulate neutrophils, whereas the CC chemokines do not. Among 
the classically described chemoattractants are the n- formyl pep-
tides. These chemoattractants were initially identified by studies 
of the observation that supernatants of bacterial cultures were 
chemotactic for neutrophils. Subsequent studies identified a 
number of n-formyl peptides with chemotactic activity, and it was 
hypothesized that the presence of such a receptor would provide 
a preimmune receptor for the neutrophil to sense bacterial infec-
tions, because bacterial protein synthesis begins with n-formyl 
methionine, whereas mammalian protein synthesis does not. 
Interestingly, mammalian mitochondria do synthesize n-formyl 
methionyl peptides, and these may in some cases also result in 
neutrophil activation. Another classic chemoattractant is C5a, a 
cleavage fragment of the fifth component of complement.

Integrins form a family of adhesive molecules whose affinity 
for ligand can be rapidly regulated. Stimulation of neutrophils 
with n-formyl peptides or C5a results in rapid upregulation of 
CD11b/CD18 expression on the neutrophil surface. This increase 
in expression is caused by fusion of secretory vesicles with the 
cell membrane. With strong stimulation, it is possible that second-
ary/tertiary granule fusion contributes as well. However, mere 
translocation to the cell surface with an increase in cell-surface 
expression of CD11/CD18 is not sufficient for an increase in adhe-
siveness. Similarly, studies of cytoplasts have demonstrated that 
alterations in b2 integrin–mediated cell adhesion can be manifest 
without a change in surface expression of CD11b/CD18. Data 
suggest that alterations in CD11b/CD18-mediated cell adhesive-
ness are the result of a conformational change of the integrin, 
causing an alteration in ligand binding.145,469 Studies have shown 
that, after activation of neutrophils by chemoattractants, approxi-
mately 10% of the surface CD11b/CD18 molecules express an 
activation epitope recognized by a monoclonal antibody.145 Cell-
surface integrins are in equilibrium between three conformational 
states. The bent conformation has a closed headpiece, while two 
extended conformations have either a closed or open headpiece. 
The extended open conformation has a much higher affinity for 
ligand and mediates integrin adhesion.470,471

As shown in Table 7.7, several Ig superfamily members are 
expressed on endothelial cells and are ligands for leukocyte inte-
grins. Mac-1 (CD11b/CD18) binds to a specific site in the third 
Ig domain of ICAM-1. Leukocyte function antigen-1 (CD11a/
CD18) binds to the N-terminal domains of both ICAM-1 and 
ICAM-2. Thus, the model for neutrophil adhesion and transmi-
gration through vessel walls can be depicted as in Figures 7.19 
and 7.20. The initial rolling of neutrophils along the vessel wall 
is mediated by selectins (L-selectin, E-selectin, and P-selectin), 
and their expression and affinity for ligand can be regulated by 
inflammatory stimuli. At sites of inflammation, leukocyte rolling 
along the vessel wall is increased, and cells may become more 
closely apposed to the vessel wall, allowing better interaction 
with chemoattractants released from or presented on the surface 
of the endothelial cells. Interactions of these chemoattractants 
with the neutrophil then result in activation of integrin affinity for 
its ligand, with a resultant firm adhesion of the neutrophil to the 
endothelial cell surface. Subsequent migration of the neutrophil 
through the endothelial cell proceeds along the gradient of the 
chemotactic agent. Extravasation via transcellular (through the 
endothelial cells) has been demonstrated, and the endothelial cell 
may play a role in this process.472 The relative contribution of 
transcellular and intercellular extravasation is unclear, and may 
depend on the particular tissue and stimuli involved. The presence 
of multiple adhesion molecules and ligands on both the neutrophil 
and the endothelial cell, which may vary among endothelial cells 
in different environments, coupled with the array of chemoattrac-
tant agents that may be released locally, provides potentially high 

Sequence of Neutrophil–Endothelial Cell Adhesion
In the Springer model, selectins are responsible for the initial 
rolling of the neutrophil along the endothelial cell. The associa-
tion and disassociation constants of selectins for their ligands are 
very high, and stimulation of neutrophils can result in a rapid 
increase in L-selectin affinity for its ligand, resulting in tether-
ing of a flowing cell and rolling within a millisecond.467,468 This 
increase in affinity is transient, and, in fact, by 5 minutes after 
stimulation, much of the CD62L is shed from the neutrophil sur-
face. The close interaction of the neutrophil with the endothelial 
cell surface, mediated by the selectins, allows the neutrophils to 
sense chemoattractants released from or displayed on the endo-
thelial surface. These chemoattractants bind to specific receptors 
on the neutrophil surface, many of which span the membrane 
seven times, are coupled with G proteins, and result in transduc-
tion of signals that activate integrin-adhesive activity (Fig. 7.19). 
Some of the known chemoattractants for neutrophils are listed in 
Table 7.7. Many tissue-derived chemotactic factors form a protein 
family termed chemokines. These proteins have four conserved 

Figure 7.19. Neutrophil adhesion to inflamed endothelium follows three sequential 
steps. First, selectin molecules (green) that recognize carbohydrate ligands bind their ligand 
and result in tethering and rolling along the vascular wall, bringing the neutrophil in close prox-
imity to the endothelial cell surface. Chemotactic agents (red balls) released from the site of 
inflammation (red) and bound to or released from the endothelial cell surface interact with spe-
cific receptors that span the neutrophil membrane seven times and transduce activation signals 
via G proteins (purple) that activate integrins (black). These integrins then bind their ligands 
(immunoglobulin superfamily members, orange) on the endothelial cell surface, resulting in 
arrest of the neutrophil and subsequent transmigration across the endothelial surface and sub-
sequent chemotaxis to the site of chemoattractant production. (From Skubitz L, with permission.)

Chemoattractant

C5a

N-Formyl peptides

Platelet-activating factor (PAF)

Neutrophil-activating peptide (NAP)-2

IL-8 (NAP-1)

Leukotriene B4 (LTB4)

Epithelial cell-derived neutrophil attractant (ENA)-78
Growth-related oncogene (GRO)-a, GRO-b, GRO-γ
Macrophage inflammatory protein (MIP)-1, MIP-2

Platelet factor (PF)-4

TablE 7.7

NeuTropHil CHeMoaTTraCTaNTS
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model of inflammation in the 1960s, the possibility of neutrophil 
homotypic aggregation was considered novel when it was for-
mally demonstrated by Craddock et al.247,248 Craddock’s observa-
tions stemmed from earlier descriptions of the phenomenon of 
hemodialysis neutropenia.245,246 The initiation of hemodialysis, 
using cuprophane membranes, is followed by a rapid fall in the 
circulating neutrophil count caused by a transient sequestration 
of neutrophils in the lung, with a return to the circulation by  
1 hour.245,246 Craddock demonstrated that neutrophils undergo 
homotypic aggregation in response to plasma that had been 

specificity for localizing the interaction of a particular type of cell 
within a particular endothelial environment, based on the large 
number of combinatorial adhesive molecule–ligand pair combina-
tions available.467

This model is supported by elegant studies demonstrating that 
at physiologic shear stress, neutrophils form rolling adhesions 
on phospholipid bilayers containing P-selectin but not on those 
containing ICAM-1. Chemoattractants result in integrin-mediated 
adhesion to bilayers containing ICAM-1 under static conditions 
but not under shear conditions. In contrast, neutrophils rolling 
on bilayers containing both P-selectin and ICAM-1 respond to 
chemoattractants by spreading and becoming firmly adherent via 
an integrin–ICAM-1 interaction. Chemoattractants do not increase 
adhesion or rolling on bilayers containing P-selectin alone.467

Feedback systems also exist that can inhibit neutrophil rolling 
and adhesion to endothelial cells (Fig. 7.21). The pentraxin PTX3 
is stored in specific granules. While PTX3 can bind pathogens and 
activate complement, it can also inhibit neutrophil recruitment 
to inflammatory sites. It appears that neutrophils can release 
PTX3 from specific granules, and that the PTX3 can then bind 
P-selectin (CD62P) on endothelial cells. The binding of PTX3 to 
CD62P inhibits CD62P binding to PSGL-1 on neutrophils, thus 
inhibiting rolling.473 Endothelial cells can release the glycoprotein 
Del-1, which can bind CD11a/CD18 on neutrophils. Del-1 binding 
to CD11a/CD18 inhibits CD11a/CD18 binding to ICAM-1, inhibit-
ing neutrophil adhesion.474,475 CD11/CD18 complexes can also be 
shed by neutrophils, and may further regulate neutrophil function 
in inflammation.476,477

Neutrophil aggregation
The increase in polymorphonuclear neutrophil adhesion after 
stimulation is manifest not only by increased adhesion to endo-
thelial cells, but also by neutrophil–neutrophil and neutrophil–
platelet adhesion. Although the in vivo formation of neutrophil 
aggregates was clearly visualized by W.B. Wood in a rabbit ear 

Figure 7.20. Neutrophil adhesion to the vascular wall at a site of inflammation. Sequential interactions of neutrophils with selectins result in rolling along 
the vascular wall, followed by sensing chemoattractants (red balls), which activate integrins to cause increased adhesion to the endothelial cells, followed by transmi-
gration through the endothelial cells and basement membrane, followed by chemotaxis to the site of inflammation. (From Skubitz L, with permission.)

Figure 7.21. Feedback mechanisms inhibit neutrophil recruitment to inflamma-
tory sites. Neutrophils can release PTX3 from specific granules, and the PTX3 can then bind 
P-selectin (CD62P) on endothelial cells. The binding of PTX3 to CD62P inhibits CD62P binding 
to PSGL-1 on neutrophils, thus inhibiting rolling. Endothelial cells can release the glycoprotein  
Del-1, which can bind CD11a/CD18 on neutrophils. Del-1 binding to CD11a/CD18 inhibits CD11a/
CD18 binding to ICAM-1, inhibiting neutrophil adhesion. (From Skubitz L, with permission.)
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integrin-mediated adhesion plays an important role in migration 
on a two-dimensional surface, and in crossing tissue barriers 
such as the endothelium, integrins do not appear important in 
interstitial migration. In studies of migration in three-dimensional 
environments, elimination of all integrin heterodimers in mouse 
leukocytes did not affect migration. Thus, the migration in this 
system was shown to be due solely to the force of changes in the 
actin network.478

Interestingly, mice that express no gelsolin can breed in captiv-
ity and have a prolonged bleeding time and abnormal neutrophil 
chemotaxis.49 Thus, gelsolin is important in neutrophil chemo-
taxis, but other proteins can compensate to some extent in its 
absence. The increase in free calcium that alters the cytoskeleton 
by activating gelsolin, and thereby decreasing filamentous actin 
with a resultant decrease in viscosity, may play a role in locomo-
tion; in addition, the transient dissolution of the submembranous 
cytoskeletal network may allow closer contact of intracellular 
granules with the plasma membrane, facilitating granule fusion 
and release. Some granule release occurs with chemotaxis.

Although the mobility of neutrophils and their concentration 
in inflammatory lesions were appreciated in early experiments, 
the development of a two-compartment chamber separated by 
a leukocyte-permeable membrane has permitted quantitation of 
chemotaxis in vitro and facilitated the investigation of chemotactic 
factors.481,482 Such studies revealed that neutrophils show direc-
tional migration under the influence of chemotactic agents, but a 
concentration gradient is needed for migration to occur. Even in 
the absence of a gradient, however, in the presence of a chemo-
tactic factor, random migration is enhanced, and localization, or 
trapping, of the phagocytes occurs.

phagocytosis
Metchnikoff played an important role in describing the phe-
nomenon of phagocytosis (Figs. 7.16 and 7.23). When a neu-
trophil meets a particle, it envelops it with pseudopodia, which 
fuse around it, forming a phagosome that rapidly fuses with 
azurophilic and specific granules. Endocytosis is the process 
by which material is taken into a cell enclosed within pieces 
of plasma membrane and, therefore, never occurs free within 
the cytoplasm of the cell.483 Endocytosis is further divided into 
pinocytosis (drinking by cells) and phagocytosis (eating by cells). 
Phagocytosis is usually visible by light microscopy, whereas 
pinocytosis is not, involving ingestion of small particles, such as 
macromolecules. Both processes proceed through invagination 

exposed to cuprophane, largely because of generation of C5a 
by complement activation.247,248,250,251 Aggregation was also 
induced by other neutrophil stimuli. Further studies demonstrated 
that the transient nature of hemodialysis neutropenia was caused 
by desensitization of neutrophils to the continued infusion of 
stimulus from the hemodialysis machine, thus demonstrating in 
vivo the phenomenon of desensitization.249 This phenomenon, 
in some clinical situations (e.g., viral infections), may result in 
neutrophil dysfunction as described later in this book. Subsequent 
studies have suggested that neutrophil aggregation and sludging, 
with resultant organ damage or dysfunction, may play a role in 
a variety of pathologic processes, including adult respiratory dis-
tress syndrome and reperfusion injury.

Chemotaxis
The work of von Recklinghausen and Conheim described amoeba-
like movement of leukocytes more than a century ago.279 The 
neutrophil moves on a surface through a gradient of chemotac-
tic agent by advancing a projection called a lamellipodium or 
pseudopodium. Chemotaxis begins with the protrusion of a pseu-
dopodium or lamellipodium at the front of the cell. This occurs 
where the submembranous actin filament network (the cortex) 
becomes less filamentous. As the cell moves, the pseudopodium 
ruffles rapidly. Part of the pseudopodium adheres to the underly-
ing surface, and the contents of the cell move forward into the 
pseudopodium, making the pseudopodium less prominent. This 
cycle is then repeated with the protrusion of another pseudopo-
dium. Chemotaxis occurs by repetitions of this process, although 
often the process is so well coordinated as to appear as a con-
tinuous gliding motion. The mechanism of these cell movements 
appears to involve alterations in the polymerization state of actin, 
regulated by several proteins, including actin-binding protein, 
gelsolin, and others, as well as adenosine triphosphate–dependent 
contraction of the actin network mediated by myosin.49,478 Local 
contraction of the cytoskeleton could move intracellular compo-
nents forward into an area where the cortical gel has weakened 
because of shortening of actin filaments beneath the surface of 
the advancing pseudopodium. Characteristic contraction waves 
have been observed in human leukocytes and likened to those 
seen in amoebae and earthworms (Fig. 7.22).479 In leukocytes, 
the contraction wave appears to originate in the superficial layer 
of the submembranous organelle-excluding region called the 
cortex, producing a concave area, and the anterior part of the 
cell stretches or is propelled forward as a pseudopodium.479 How 
localized changes in the state of actin assembly are established 
and maintained at a single site in neutrophils during chemotaxis 
is unclear. Data suggest that a change in plasma membrane ten-
sion is the main factor limiting the spread of the leading front 
and suppressing the development of secondary fronts.480 While 

Figure 7.22. Scanning electron micrograph of a moving neutrophil. The contraction 
wave is observed as a concave (black solid arrow ) and a convex (black dashed arrow ) area. 
The advancing pseudopodium (PP) is seen being pushed out in the direction of movement (white 
arrow ). Pseudoflagellae (PF ) are seen in the rear of the cell. (From Senda N, Tamura H, Shibata N,  
Yoshitake J, Konko K, Tanaka K. The mechanism of the movement of leucocytes. Exp Cell Res 
1975;91:393, with permission.)

 Figure 7.23. Diagram of endocytosis; both phagocytosis of immunoglobulin-coated 
bacteria and pinocytosis are shown. The fusion of a primary lysosome and a specific gran-
ule with the phagosome to form the digestive vacuole, the subsequent degradation of the bac-
teria leading to the formation of a residual body, and the expulsion of indigestible components 
are also depicted.
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Oxygen-dependent antimicrobial Systems
Neutrophil activation is accompanied by a prominent increase in 
O2 use called the oxidative burst or respiratory burst, described 
by Baldridge and Gerard in 1933.488 In 1964, Rossi and Zatti sug-
gested that the respiratory burst is due to an NADPH oxidase489; 
and in 1973, Babior et al. reported the production of superoxide 
by the NADPH oxidase.490 The respiratory burst or oxidative burst 
is a series of metabolic events that takes place when phagocytes 
are appropriately stimulated, resulting in an increase in oxygen 
consumption, the production of superoxide (O2

–), the production 
of H2O2, and an increase in glucose oxidation via the hexose 
monophosphate shunt.486,491,492 Most of the oxidative burst is 
caused by activation of an NADPH oxidase that catalyzes the one-
electron reduction of oxygen to superoxide, using the electron 
donor NADPH486,493:

2O2 + NADPH → 2O2
– + NADP+ + H+

Activation of the hexose monophosphate shunt occurs because 
of the increased NADP+ produced.

The NADPH oxidase exists in a latent state consisting of both 
membrane and cytosolic components in distinct subcellular com-
partments. Activation involves multiple steps, including assembly 
at the membrane of two membrane-bound components (gp91phox 
and p22phox), three cytosolic components (p40phox, p47phox, and 
p67phox) (the term phox indicates that the protein is a compo-
nent of the phagocyte oxidase), and a low-molecular-weight G 
protein (rac1 or rac2) to form the membrane-bound oxidase 
complex492,494,495 (Figs. 7.24 and 7.25). The activated oxidase is 
readily detected by nitroblue tetrazolium or cytochrome reduc-
tion or the production of chemiluminescence; several mecha-
nisms by which this series of oxygen-dependent reactions may 
kill bacteria have been postulated (Table 7.8). When stimulated 
by phagocytosis, reactive oxygen metabolites are found localized 
at the phagosome, and not on parts of the plasma membrane 
that are not involved in phagocytosis.495 Although O2

– has some 
antibacterial activity, most O2

– is rapidly converted to H2O2 by 
dismutation, either spontaneously or catalytically by superoxide 
dismutase:

2O2
– + 2H+ → O2 + H2O2

Of the microbicidal oxidants generated by the respiratory 
burst, O2

– and H2O2 are not potent microbicides; rather, they 
function as starting materials to generate more potent oxidizing 
radicals, such as oxidized halogens and oxidizing radicals.495

Myeloperoxidase-mediated Oxygen-dependent 
Bacterial Killing with Oxidized Halogens
The antibacterial effect of OCl– was demonstrated by Koch in 
1881, and chlorine-based disinfectants have been widely used 
since, though their use was suggested even earlier in the 19th 
century by both Alcock and Semmelweis.496 MPO is present in 
high concentration in the azurophilic or primary granules of 
neutrophils and is released into the phagosome during granule-
phagosome fusion. MPO, together with H2O2 generated during 
phagocytosis497,498 and an oxidizable cofactor such as halide (e.g., 
Cl– or Br–), forms oxidized halogens that are potent antimicrobials 
effective against bacteria, fungi, viruses, mycoplasma, and tumor 
cells487:

Cl– + H2O2 → H2O + OCl–

The combination of MPO, halide, and H2O2 is efficient in killing 
bacteria at H2O2 concentrations as low as 10 mm, whereas H2O2 in 
the absence of MPO requires 0.5 mmol/L or greater levels to pro-
duce similar killing.486 Thus, H2O2 alone is a weak antimicrobial. 
Several mechanisms that have been proposed to explain bacterial 
killing by this system include halogenation of the bacterial cell 

of the cell  membrane and the formation of vesicles or vacuoles 
(phagosomes).

Neutrophils and macrophages are motile and thus are free 
to migrate into sites of inflammation. Once they are in the area 
of inflammation, they come in contact with the foreign material, 
engulf it, and subject it to the microbicidal and digestive enzymes 
they contain. This sequence was appreciated by Metchnikoff in 
the 1880s,484 when he observed the migration of phagocytes 
into areas of tissue damage in sponges and lower animals. How 
phagocytes distinguish foreign particles and damaged autologous 
cells from normal self-components is complex, but this capacity is 
critical to effective phagocytic function.

Granule release
Neutrophils contain four well-defined types of intracellular gran-
ules: azurophilic, specific, and gelatinase granules; and secretory 
vesicles. The azurophilic granules contain many antibacterial 
compounds, and it appears that the fusion of these granules with 
phagocytic vesicles is important in bacterial killing. Azurophilic 
granules also contain compounds, such as elastase, that may alter 
locomotion by hydrolyzing certain extracellular matrix compo-
nents. The specific granules are more readily released from the 
cell, suggesting an important function in the extracellular milieu. 
For example, specific granules contain products that activate the 
complement cascade.485 Collagenase may be important in hydro-
lyzing extracellular matrix proteins and facilitating locomotion. 
Apolactoferrin, which binds iron, may exert an antibacterial effect 
by depriving bacteria of iron, altering hydroxyl radical formation, 
and altering cell adhesion.39,40 The tertiary granules contain gela-
tinase in addition to other components, and, like collagenase, this 
enzyme may play a role in extracellular matrix remodeling during 
locomotion. Finally, both tertiary granules and the secretory ves-
icles contain membrane proteins that can be rapidly upregulated 
to the cell surface and may play a role in alterations of the func-
tional use of these surface proteins after stimulation. Membrane 
components of secondary granules are also upregulated during 
granule release and may play a role in regulating the expression 
of these membrane proteins on the cell surface. The specific gran-
ules are more readily released than the azurophilic granules, and 
their secretion, therefore, must be regulated somewhat differently.

bacterial Killing and digestion
Bacterial killing by neutrophils can be ascribed to two general 
and often synergistic mechanisms: oxidative and nonoxidative. 
Bacterial killing in the phagosome is augmented by the genera-
tion of superoxide. Activated neutrophils produce superoxide via 
a multicomponent NADPH–dependent oxidase that is activated by 
neutrophil stimulation. In resting cells, the oxidase components 
are found in both the plasma membrane and intracellular stores. 
After stimulation, intracellular components are translocated to 
the plasma membrane and activated, producing superoxide. 
Subsequent reactions result in the formation of H2O2 and hypo-
chlorous acid (HOCl), which increase bacterial killing. Small 
amounts of other species (such as singlet oxygen and hydroxyl 
radical) may also form but are probably of little import in bacte-
rial killing.

Bacterial killing decreases under anaerobic conditions, whereas 
phagocytosis does not, so the respiratory burst is important to 
bactericidal activity. Furthermore, because chronic granuloma-
tous disease is one of the most severe clinical disorders character-
ized by a defect in bacterial killing, and the defect in this disorder 
is an inability to develop all of the reactions associated with the 
respiratory burst, the oxygen-dependent mechanisms appear to 
be of major importance in bacterial killing.486,487 However, other 
bactericidal mechanisms that do not require oxygen also operate 
within phagocytes (Table 7.7).
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ciency.497 This finding may explain the increased susceptibility to 
infection in only approximately 20% of MPO-deficient patients.502

Myeloperoxidase-independent (but Oxygen Radical–
dependent) Bacterial Killing
This antimicrobial system is important because cells with no 
detectable MPO activity retain antibacterial actions that require 
oxygen; in fact, bacterial killing in MPO-deficient cells is associ-
ated with greater oxygen consumption than in normal cells.487

Hydrogen Peroxide
As mentioned, H2O2 at high concentrations (>0.5 mmol/L) has anti-
microbial activity in the absence of MPO.503 Some organisms are 
more sensitive than others to H2O2, and this sensitivity may depend 
in part on their ability to degrade it (i.e., catalase or peroxidase 
content). Certain substances such as iodide or ascorbic acid may 
enhance the bactericidal action of H2O2 or render organisms more 
sensitive to still other killing mechanisms, such as lysozyme.487

Superoxide Anion
After the discovery that O2

– was generated in phagocytes, 
some authors postulated that O2

– itself might be microbicidal. 
The microbicidal activity of O2

– appears to be weak, however, 
when compared to that of the H2O2 formed from it, especially 
if MPO is present. Superoxide by itself has minimal bactericidal 
 activity.486,487

Hydroxyl Radicals
Human neutrophils and monocytes generate OH· radicals, which 
have a very short half-life in vivo (~10−9 seconds), but the role of 
this highly reactive compound in microbial killing is unclear.486,487 

wall, oxidation of various bacterial components, the decarbox-
ylation of bacterial wall amino acids,486,487 and the generation 
of long-lived chloramines that have antimicrobial activity486,499:

OCl– + RNH3 → OH– + RNH2Cl

There is some evidence that reactive nitrogen intermediates 
may also be produced.500,501

Regardless of the mechanisms of killing, the fact that azide inhi-
bition of MPO greatly decreases the microbicidal activity of normal 
leukocytes provides strong evidence for the importance of this 
system.497 In patients with MPO deficiency (which is often quan-
titative rather than qualitative), the activity of other antimicrobial 
systems is increased, thus partially compensating for the MPO defi-

Figure 7.24. Model of flavocytochrome b558. Both gp91phox and p22phox are shown, with the aligned bis-hemes and the sites for FAD and NADPH binding 
on gp91phox indicated. The seven specific mutations identified in patients with chronic granulomatous disease and associated with defective oxidase assembly are 
indicated in red bursts. Regions in the cytoplasmic loops of gp91phox that have been implicated in mediating oxidase assembly by studies using synthetic peptides 
or specific monoclonal antibodies are indicated in partially filled rectangles. FAD, flavin adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate. 
(Nauseef WM. From Histochem Cell Biol 2004;122:277–291, with permission.)
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Figure 7.25. Oxidase assembly. Two models for the organization of the cytosolic oxidase complex in resting phagocytes are shown. A: In the first model, p40phox 
provides the organizing central structure, interacting via its PC motif with the PB1 region of p67phox, and via its SH3 domain with the PRR of p47phox. B: In the second 
model, p67phox is at the center of the complex, bound to p40phox in the same fashion as in A but associated via its C-terminal SH3 domain with the PRR of p47phox. 
C: In the activated phagocyte, the cytosolic components associate at the phagosomal or plasma membrane via several contact points (bidirectional arrows). With 
stimulation of the cell, RacGDP dissociates from RhoGDI, undergoes guanine nucleotide exchange, and the RacGTP associates with the membrane via its C-terminal 
prenyl group and associates directly with gp91phox (1). p47phox, released from its autoinhibited conformation by multiple phosphorylations in the polybasic region, 
associates via its N-terminal SH3 domain with the PRR of p22phox (2) and via its PX domain with the phophoinositides in the target membrane (3). The TPRs of p67phox 
associate with RacGTP (4), while its activation domain binds directly to pg91phox (5) and its PRR associates with the C-terminal SH3 domain of p47phox (6). FAD, 
flavin adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate. (Nauseef WM. From Histochem Cell Biol 2004;122:277–291, with permission.)
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and is capable of hydrolyzing the cell wall of certain bacteria. 
Most organisms are resistant to the direct action of lysozyme,487 
although they may become sensitive to its action after exposure 
to antibody and complement or to H2O2 and ascorbic acid.487 
Usually, bacterial death appears to precede the action of lysozyme, 
so its action may be mostly digestive. The leukocytes of Guernsey 
and Hereford cattle contain no lysozyme but kill organisms 
 normally.513

Lactoferrin
Lactoferrin is a microbiostatic protein (molecular weight 77,000 
daltons) that is found in the specific granules of rabbit hetero-
phils514 and in human neutrophils515 as well as in many secre-
tions (e.g., milk and mucus) and exudates.516 It inhibits bacterial 
growth by binding the essential nutrient iron (two atoms per mol-
ecule); and, in contrast to transferrin, this property is maintained 
at the low pH values encountered in exudates. A synergistic rela-
tionship between lactoferrin and other antimicrobial systems may 
exist, and lactoferrin may be bactericidal for some organisms.517

Defensins
Prominent among the cationic neutrophil granule proteins are 
the defensins. These small microbicidal peptides kill a variety of 
bacteria, fungi, and viruses.19–21 Defensins appear to exert their 
effects by forming voltage-dependent ion channels. They are pres-
ent in very high concentration compared to other stored antibac-
terial peptides (about. 5% of total neutrophil weight).

Bactericidal Permeability-increasing Protein
Bactericidal permeability-increasing protein has antibacterial 
activity against certain gram-negative bacteria.24–28 It also has the 
property of neutralizing the toxic effects of endotoxin.

Ficolin-1
Ficolins are soluble molecules that form part of the innate 
immune system. They can act as pattern recognition molecules, 
and recognize carbohydrates on microorganisms and damaged 
cells. As part of the innate immune system, ficolins can bind a 
serine protease and activate the complement system via the lectin 
pathway. Ficolin-1 has been shown to be present in both gela-
tinase granules, and also a readily exocytosable gelatinase-poor 
granule.17 Ficolin-1 becomes associated with the surface mem-
brane following stimulated release.

Other Granule Proteins
Leukocyte granules from humans, rabbits, guinea pigs, and chick-
ens contain several other basic proteins that migrate toward the 
cathode on electrophoresis in agarose and exhibit antimicrobial 
activity.24,515 These proteins differ from species to species,24,515 
and their relative importance as antimicrobial agents probably 
also varies. For example, because chicken leukocytes lack MPO, 
the cationic proteins presumably are of greatest importance 
in that species. In rabbit heterophils518 and in chicken519 and 
human19–21 polymorphs, the cationic proteins are located in the 
primary granules and are delivered into the phagosome, where 
they coat the bacteria and are presumed to kill them.23,515 Other 
antibacterial granule components include azurocidin29,30 and the 
serine proteinases elastase, cathepsin G, and proteinase 3.31–34,520

digestion
Digestion of bacteria is demonstrated both by changes in the 
morphologic appearance of organisms after phagocytosis and by 
the release of labeled fragments of bacteria into the surrounding 

OH· production from H2O2 and superoxide is catalyzed by iron in 
the Haber-Weiss reaction:

H2O2 + O2
– → OH· + OH– + O2

OH· could also be produced from a reaction between ozone 
and H2O2.

494

Singlet Oxygen
Singlet oxygen (1O2) is a highly reactive form of oxygen that 
is capable of attacking compounds containing double bonds. 
However, significant amounts of singlet oxygen are unlikely to 
form, so its role in bacterial killing is probably not significant.502

Nitric Oxide
Nitric oxide may interact with neutrophil-derived oxidants to yield 
other relevant oxidant species, though its role in neutrophil function 
is unclear.496 Nitric oxide can react with superoxide to produce reac-
tive nitrogen intermediates that can react with a variety of biologic 
targets. Though the clinical significance of neutrophil-derived reac-
tive nitrogen intermediates is unclear, MPO potentiates NO-mediated 
nitrosation.504 Nitric oxide reacts with superoxide to form the potent 
oxidant peroxynitrate (ONOO–). Nitrite (NO2

–), a major end product 
of nitric oxide metabolism, has been found to interact with HOCl 
or MPO, or both, to form nitrylchloride (NO2Cl) and thus promotes 
tyrosine nitration.505,506 Activated neutrophils can convert NO2

– to 
NO2Cl and NO2· through an MPO-dependent pathway and inactivate 
endothelial angiotensin-converting enzyme.505 Thus, neutrophil 
conversion of NO2

– to nitrating and chlorinating species may play 
important physiologic roles. Nitric oxide synthase has been found 
in primary granules of resting neutrophils,507 and nitric oxide pro-
duction by neutrophils has been observed.506 The expression of the 
NOS2 isoform can be induced in neutrophils by endotoxin, whereas 
NOS1 is present in the resting state.508,509

Oxygen-independent antimicrobial Systems
Because an anaerobic environment does not abolish antimicrobial 
activity, other mechanisms must be operative, and several have 
been identified, including the effects of acid, lysozyme, lactoferrin, 
defensins, cationic proteins, and neutral proteases. The delivery 
of the wide array of antibacterial compounds to the phagosome 
by fusion with azurophilic and specific granules generally results 
in bacterial killing caused by the direct actions of the granule 
contents. In addition, these effects are potentiated by the acidi-
fication of the phagosome, caused partly by the granule contents 
themselves, as well as by active translocation of H+ ions into the 
phagosome by ion pumps. The effectiveness of these mechanisms 
in the absence of superoxide production is demonstrated by both 
bacterial killing in anaerobic environments and killing by cells 
from patients with chronic granulomatous disease, in which cata-
lase-positive organisms have an advantage over catalase-negative 
species. Nonoxidative killing is of obvious importance in hypoxic 
environments such as an abscess.

Acid
After particle ingestion, the intraphagosomal pH has been 
reported to decrease to between 3.0 and 6.5.510–512 Some organ-
isms, such as pneumococci, are sensitive to an acid pH, whereas 
others tolerate acid environments without damage. In addition, 
the acid environment may enhance the effect of lysosomal hydro-
lytic enzymes, most of which have optimal activity at acid pH.

Lysozyme
Lysozyme, a low-molecular-weight (14,500-dalton) basic protein, 
is present in both primary and secondary neutrophil granules 
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proteins or short-term alterations in the number of circulating neu-
trophils (in contrast to the kinetics of lactoferrin and gelatinase).529

Stimulated neutrophils also synthesize and release a variety 
of cytokines that may regulate the inflammatory response. For 
example, neutrophils stimulated with lipopolysaccharides synthe-
size IL-1, TNF-a, and IL-1 receptor antagonist,79 whereas GM-CSF 
induces synthesis of TNF-a and IL-6.80,81 Neutrophil gene expres-
sion has two major peaks, one during marrow development when 
much of the granule content is synthesized, and one when the 
neutrophil leaves the circulation and enters tissues. On entering 
the tissue, neutrophils begin to synthesize proteins and cytokines, 
including ones that might attract monocytes, lymphocytes, and 
other neutrophils, and assist wound healing.82 In general, diape-
desis seems to induce an antiapoptotic state, while phagocytosis 
seems to promote apoptosis, at least partly by upregulating death 
receptors, thus providing the conditions for resolution of inflam-
mation and avoidance of tissue damage.82

Some granule proteins originally viewed as primarily anti-
microbial agents may have other effects as well. For example, 
neutrophil serine proteases also appear to play a regulatory role 
in granulopoiesis by antagonizing growth factor effects.537–539 
Mutations in neutrophil elastase result in many cases of cyclic 
and severe congenital neutropenia.539 The defensins (HNP-1 to -3) 
also can regulate lipoprotein metabolism by stimulating the bind-
ing of lipoprotein(a) and low-density lipoprotein to vascular cells, 
and can regulate smooth muscle cell contraction.540

Inflammasomes
IL-1b, a member of the IL-1b family of cytokines, is involved 
in many inflammatory responses. Toll-like (TLR) binding to 
pathogen-associated molecular patterns (PAMPs) results in 
transcription of the IL-1b precursor pro-IL-1b. Pro-IL-1b is 
processed by a multi-molecular complex termed the inflamma-
some, which converts pro-caspase-1 to its active form, which 
then cleaves pro-IL-1b to IL-1b. Inflammasomes are present in 
both neutrophils and macrophages. In neutrophils, LPS acti-
vates the caspase-1 inflammasome, resulting in IL-1b produc-
tion.541 Studies also suggest that other neutrophil proteases, 
including elastase, proteinase 3, and cathepsin G, can also pro-
cess pro-IL-1b to its active form.542 The inflammasome may be 
an important component of the regulation of gene expression 
in neutrophils when they extravasate into the tissue at sites of 
inflammation.

Neutrophil Extracellular Traps (NETs)
Studies have observed that under some conditions neutrophils 
can extrude DNA, histones, and granule contents to form struc-
tures termed NETs.543 Although studies have also reported that 
microbes can be trapped in these NETs and killed, at present 
there is some controversy as to their physiologic role.544

Other Effects of Oxygen metabolites
Reactive oxygen metabolites may also contribute to the physi-
ologic effects of activated neutrophils by activating latent enzyme 
activities of granule proteases such as collagenase.545 The signifi-
cance of this process for bacterial killing is unclear but is relevant 
to other pathophysiologic processes.

Superoxide produced by neutrophils may also stimulate fibro-
blast proliferation and wound healing, as well as lymphocyte 
 proliferation546,547; and also may regulate gene expression and 
the function of some enzymes, including protein kinases.548

Neutrophil antigens
Neutrophil antigens have been identified by the use of both mono-
clonal antibodies and patient sera using classic blood-banking 

medium.520,521 Digestion is thought to result from the action of 
the acid hydrolytic enzymes released into the phagosome from the 
primary lysosome. Metabolic blocking agents, such as iodoacetate, 
cyanide, and arsenite, which inhibit glycolysis and respiration, 
have no effect on digestion once the bacteria are within the cell.522 
Some bacteria ingested by neutrophils (e.g., certain pneumo-
cocci) may be killed and digested slowly, the undigested material 
remaining as myelin or residual bodies.

Unsuccessful Ingestion, Killing, or Digestion
Phagocytosis and bacterial killing are not always completed suc-
cessfully. Some organisms (e.g., certain virulent staphylococci) 
may survive and multiply within neutrophils and appear to kill 
them, thus overcoming the defense mechanism.523 Still other 
materials ingested by neutrophils, such as the uric acid crystals 
of gout or the hydroxyapatite crystals of pseudogout, may cause 
a breakdown of the phagosome wall and release the hydrolytic 
enzymes into the cell sap.524 This action may be fatal to the cell, 
which then lyses and releases its enzymes into the surrounding 
tissues, where they cause tissue damage and secondary inflam-
mation. In certain streptococcal and other infections, bacterial 
exotoxins (e.g., streptolysin) are released and damage the phago-
somal membrane, thus killing the cell in a similar manner525; the 
infecting organism is freed in the process. Also, certain vitamins 
(vitamin A) and drugs, when incorporated into phagosomal mem-
branes, render the membranes fragile and readily susceptible to 
rupture, thereby leading to inflammation.525

Secretory Functions of the Neutrophil
While the contents of the neutrophil can be released passively as 
a result of cell lysis, a variety of substances probably are actively 
secreted by leukocytes in vitro. Most of these substances have 
been shown to originate from the granule (including secretory 
vesicle) fraction. Specific granule contents (lactoferrin, B12-
binding protein, or both) are released before primary granule 
contents, and tertiary granules and secretory vesicles are secreted 
even more rapidly and completely, providing evidence for a dif-
ferential secretion of granule contents.526 Because some of these 
substances are present in plasma normally and the concentra-
tion increases in patients with diseases involving the neutrophil 
system,527–529 some authors suggest that neutrophils may serve a 
secretory function as well as a phagocytic role in vivo.530,531

Two modes of enzyme release or exocytosis are (a) release 
into phagocytic vacuoles (including release outside the cell dur-
ing phagocytosis but before the phagosome is sealed off from the 
exterior of the cell, or release during attempted phagocytosis that 
cannot be completed because of particle size) 531; and (b) granule 
content release that is not associated with phagocytosis—that is, 
true secretion.526

Among the well-studied released granule proteins are the 
B12-binding proteins or transcobalamins. Granulocytes contain 
and actively release B12-binding protein.530,532 It appears that 
transcobalamin III is derived from granulocytes; it is unsaturated 
with B12.533 Markedly elevated transcobalamin I levels are seen 
in cases of chronic myelocytic leukemia and myeloid metaplasia; 
low values occur in patients with chronic leukopenia and aplastic 
anemia,534 and good correlation with blood granulocyte pool size 
has been reported.527

Lysozyme is present in primary, secondary, and tertiary 
granules and is also present in monocytes, serum, and tears and 
other secretions.529,536 Increased concentrations in serum and 
urine are found in association with monocytic and myeloblastic 
leukemias.528,535 Although it was proposed that serum lysozyme 
may provide a measure of GTR,536 lysozyme is present in several 
cell types, and the GTR does not correlate with serum lysozyme 
levels in neutropenic patients. In addition, the plasma kinetics of 
lysozyme do not mirror the kinetics of other neutrophil granule 
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granulocytic anaplasmosis is an acute febrile illness accompanied 
by severe myalgias and headaches, usually occurring within 2 
weeks of contact with ixodid ticks. Common laboratory findings 
include leukopenia, thrombocytopenia, and increased trans-
aminases. Although most patients respond promptly to doxy-
cycline, death has been reported to occur in approximately 5% 
of reported cases, and complications such as pneumonia, renal 
failure, and central nervous system damage have been reported. 
Characteristic intracytoplasmic inclusions in neutrophils (moru-
lae) are not always seen or recognized. Human granulocytic ana-
plasmosis is closely related to the veterinary pathogen Anaplasma 
phagocytophilum that infect granulocytes in cattle.

Francisella tularensis, a gram-negative bacterium that causes 
tularemia, can evade intracellular killing when ingested by neu-
trophils, in part by disrupting the respiratory burst.570 In neutro-
phils infected with live F. tularensis, the NADPH oxidase assembly 
was disrupted and the cells did not generate reactive oxygen 
species. At the same time, F. tularensis also impaired neutrophil 
activation by heterologous stimuli. Later in infection, the bacteria 
can escape the phagosome, and persist in the neutrophil cytosol 
for at least 12 hours.570
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techniques. Some neutrophil antigens defined by monoclonal 
antibodies are shown in Table 7.2. Neutrophil antigens relevant 
to blood banking and immune neutropenia are discussed more 
fully in Chapters 21 and 22. The first clinically relevant neutro-
phil antigens were described by Lalezari et al. and termed NA1 
and its allele NA2, and a second antigen termed NB1. The NA1 
and NA2 alleles were found to be present on the glycosyl phos-
phatidylinositol–linked receptor FcγRIIIB.549,550 The NB1 antigen 
(HNA-2a) 551 is present on an N-glycosylated, glycosyl phosphati-
dylinositol–linked 58- to 64-kDa protein that is present in second-
ary granules as well as the cell surface.552–554 The NB1 antigen 
is also known as CD177, and is upregulated on the cell surface 
with stimulation. NB1/CD177 also functions as a binding partner 
for PECAM-1 (CD31) on endothelial cells. Interestingly, the ability 
of CD177-positive neutrophils to migrate through endothelial cell 
monolayers correlates with a specific endothelial cell PECAM-1 
polymorphism in a region that is the putative binding site of 
CD177.555 Thus, CD177/PECAM-1 binding appears to affect neu-
trophil transmigration across the endothelial lining.

Subsequently, a new nomenclature was established.556,557 In 
this system the antigens are termed HNA, for human neutrophil 
antigen, with the protein/antigen denoted by an integer, and the 
epitope by a letter. In this system NA1 became HNA-1a, NA2 
became HNA-1b, and NB1 became HNA-2a (Table 7.9). Most 
clinically relevant allo- and autoantibodies appear to react with 
the HNA-1 and HNA-2 systems. Transfusion-related acute lung 
injury (TRALI) is a major cause of transfusion-related mortal-
ity, and is often due to antibodies against HNA-3a. The HNA-3a 
antigen results from a nucleotide polymorphism in the choline 
transporter-like protein-2 gene (SLC44A2).558,559 Some differ-
ences in neutrophil function have been reported based on HNA 
phenotype. For example, neutrophils that are homozygous for 
HNA-1b have a lower affinity for IgG3, and phagocytose targets 
opsonized with IgG1 and IgG3 at a lower rate than neutrophils 
homozygous for HNA-1a.560–562 HNA-1a is typically expressed on 
about 45% to 65% of circulatory neutrophils,556,563 but on about 
90% of circulating neutrophils in healthy people receiving G-CSF 
for several days.564

Infections That Exhibit Tropism for Neutrophils
Human granulocytic anaplasmosis (previously known as human 
granulocytic ehrlichiosis) is a tick-borne zoonosis caused by 
Anaplasma phagocytophilum.565–569 Anaplasma phagocytophi-
lum is an obligate gram-negative intracellular bacterium that 
targets and replicates in neutrophils and their progenitors, and is 
related to rickettsia. Anaplasma phagocytophilum may target neu-
trophils via a-(1,3) fucosylated PSGL-1, although it may also use 
other  targets, and replicates in vacuoles that do not fuse with lyso-
somes, forming microcolonies that appear as morulae.569 Human 

Antigen 
System

Antigen 
Name Old Name Molecule

HNA-1 HNA-1a NA1 FCRgammaIIIb

HNA-1b NA2 FCRgammaIIIb

HNA-1c SH FCRgammaIIIb

HNA-2 HNA-2a NB1 CD117

HNA-3 HNA-3a 5b SLC44A2

HNA-4 HNA-4a Mart CD11b

HNA-5 HNA-5a Ond CD11a

TABle 7 .9

NeuTropHil aNTiGeNS
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in human eosinophil research have also indicated that eosinophil 
infiltration into the tissue in allergic-type responses and asthma is 
regulated by a series of biologic events which includes a complex 
interplay between immunologic and  inflammatory mechanisms 
including cytokines and chemokines.1,3

eosinophil meDiaToRs
The eosinophil is considered to be both a factory and a store for 
a large array of mediators that are released upon activation and 
are thought to be important in various inflammatory reactions 
associated with this cell (Fig. 8.3).

eosinophil Granule proteins
Eosinophils contain at least five different populations of 
 phospholipid bilayer membrane-bound granules.

a. Crystalloid granules: these specialized and unique granules 
measure between 0.5 and 0.8 mm in diameter, contain crys-
talline electron-dense cores (internum) surrounded by an 
electron-lucent matrix, and can take up acidic dyes avidly due 
to their cationic nature.8,9 They are mainly present in mature 
eosinophils, although coreless granules have been observed in 
immature eosinophils. These granules contain the bulk of highly 
charged cationic proteins present in eosinophils, including 
major basic protein (MBP), eosinophil peroxidase (EPO), eosino-
phil cationic protein (ECP), and eosinophil-derived neurotoxin 
(EDN). There are approximately 200 crystalloid granules in 
each cell. The core is predominantly comprised of crystallized 
MBP (Fig. 8.4).

b. Primary granules: these coreless granules are enriched with 
Charcot-Leyden crystal protein (CLC) and are present mainly in 
immature eosinophils, although mature eosinophils have been 
found to contain primary granules as well. Some authors refer 
to immature crystalloid granules as primary granules in eosino-
phil promyelocytes. These measure between 0.1 and 0.5 mm in 
diameter and are less abundant than crystalloid granules.

c. Small granules: these granules are free of cores, are less than 
0.1 mm in diameter, and contain acid phosphatase, arylsulfatase 
B, catalase, and cytochrome b558.

d. Lipid bodies: there are around five lipid bodies per mature 
eosinophil, the number of which increase in certain eosino-
philic disorders, especially in idiopathic hypereosinophilia. 
Lipid bodies are enriched in arachidonic acid esterified into 
glycerophospholipids.

e. Secretory vesicles: eosinophils are densely packed with small 
secretory vesicles in their cytoplasm. These vesicles appear 
as dumbbell-shaped structures in cross-sections, and contain 
albumin, suggesting an endocytotic origin. These structures are 
also known as microgranules or tubulovesicular structures.

Eosinophil MBP (13.8 kDa) is an arginine-rich 117 amino 
acid protein that constitutes a significant proportion of total cell 
protein in human eosinophils (5 to 10 pg/cell). MBP was origi-
nally named for its abundance in guinea pig eosinophils, which 
contain as many as 250 pg/cell, making up 50% of the total cel-
lular protein.10 The high calculated pI point of MBP (11.4) cannot 
be measured accurately due to the extremely basic nature of the 
protein.11 MBP is initially translated as pro-MBP (23 to 25 kDa) 

inTRoDucTion
The eosinophil was first described for its characteristic intracy-
toplasmic granules exhibiting a high affinity for the negatively 
charged dye, eosin. Although rare in healthy individuals, the 
eosinophil is prominent in peripheral blood and tissue in associa-
tion with various disease conditions including allergy,1,2,3 inflam-
matory responses against metazoan helminthic parasites,4,5 
and certain skin and malignant conditions. The eosinophil has 
received special attention for its potential pathophysiologic role 
in the manifestation of allergic diseases such as asthma, rhinitis, 
eczema, eosinophilic esophagitis, and Crohn’s disease. Disorders 
of the respiratory tract, particularly allergic asthma and rhinitis, 
exhibit a strong correlation with the number as well as activation 
status of infiltrating tissue eosinophils. Similarly, many disorders 
of the gastrointestinal system exhibit prominent eosinophilic 
inflammation in the mucosa. The presence of eosinophils in the 
airway and gut mucosa has been associated with both allergic 
(IgE-dependent) and nonallergic (IgE-independent) manifesta-
tions of disease. Although clinically these conditions have been 
characterized as either allergic or nonallergic, it appears that the 
mechanisms underlying recruitment and activation of eosinophils 
in both types of disease are similar. Despite some difficulties in 
defining the exact immunologic role of the eosinophil in disease, 
there is evidence that the eosinophil remains a major effector cell 
in many types of allergic and nonallergic inflammation.

Eosinophils are mobile, terminally differentiated granulocytes 
that arise principally from the bone marrow.6 They are approxi-
mately 8 mm in diameter and their nuclei are usually bilobed, 
although three or more lobes are also often observed. The eosino-
phil is characterized by large crystalloid granules, also known as 
secondary or specific granules, as shown in light microscopy by 
their bright red staining properties with acidic dyes such as eosin 
(Fig. 8.1). As apparent in electron micrographs, the crystalloid 
granules contain electron-dense crystalline cores surrounded by 
an electron-lucent granule matrix (Fig. 8.2). Eosinophils contain 
up to four other “granule” types: primary granules, small granules, 
lipid bodies, and small secretory vesicles. Crystalloid granules are 
membrane-bound and contain a number of highly cationic basic 
proteins. The latter have been implicated in the tissue dam-
age observed in asthma and other similar allergic conditions. 
Allergen and parasite-induced eosinophilia have been shown to 
be T-cell–dependent and are mediated by soluble factors (cyto-
kines) released from sensitized lymphocytes.7 Recent advances 

Figure 8.1. Photomicrograph of a peripheral blood eosinophil  
stained with  May-grünwald-giemsa.
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with a calculated pI of 6 to 6.2 in maturing eosinophils.12,13 
The synthesis of MBP is initiated during the promyelocytic stage 
of eosinophil development, characterized by the presence of 
 message encoding this protein, in a neutral prepro-form which is 
later processed to form pro-MBP that is subsequently transported 
to the immature crystalloid granule and cleaved to form MBP.12,13 
The pro-segment of pro-MBP is postulated to protect the cell from 
cytotoxic effects of MBP during trafficking of pro-MBP from the 
Golgi apparatus to the crystalloid granule. Mature MBP under-
goes condensation from the periphery of immature crystalloid 
granules to the internum, where it develops a crystalline core as 
its concentration is increased.13,14 Once eosinophils have reached 
full maturity, MBP is no longer synthesized and messenger RNA 
encoding MBP disappears from the cell.13,15

MBP has been shown to exert cytotoxic effects on helminthic 
parasites and certain bacteria.8 It is also cytotoxic to human cells 
and especially airway tissues, including bronchial epithelial cells 
and pneumocytes, by disruption of cell membrane lipid bilay-
ers.16 Such disruption leads to cell permeabilization and lysis, 
and leakage of cell contents to the extracellular milieu. Thus, 
MBP may be at least partly responsible for tissue damage and 
neural dysfunction associated with eosinophil infiltration into the 
bronchial mucosa in asthma.9,17,18 Indeed, airway sections from 
patients with status asthmaticus exhibit intense MBP-specific 

Figure 8.2. electron photomicrographs of peripheral blood eosinophils from buffy-coat. Original magnification 7,655× and 22,000×. Courtesy of  
Dr. G.E. Quinonez, Department of Pathology, University of Manitoba.
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IL-1α , IL-2, IL-3, IL-4,
IL-5, IL-6, IL-8, IL-9,
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TGF-α , TGF-β, SCF,
PDGF-B, NGF,
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Figure 8.3. Mediators released by activated eosinophils. De novo- synthesized 
lipid mediators and oxidative metabolites are elaborated directly from the cell mem-
brane or lipid bodies following enzyme activation, while granule-derived cationic 
proteins and cytokines, chemokines, and growth factors are released following 
granule–plasma membrane fusion during degranulation. GM-CSF, granulocytemac-
rophage colony-stimulating factor; IFN, interferon; IL, interleukin; MIP, macrophage 
inhibitory protein; NGF, nerve growth factor; PAF, platelet-activating factor; PDGF, 
platelet-derived growth factor; PGE2, prostaglandin E2; SCF, stem cell factor; TGF, 
transforming growth factor; TNF, tumor necrosis factor; TXB2, thromboxane B2.

immunofluorescence, suggesting that infiltrated eosinophils were 
fully activated, undergoing extracellular secretion of their contents 
of MBP.19 MBP acts on other inflammatory cells, including neutro-
phils and eosinophils, to induce degranulation and lipid mediator 
release.20,21 Parasympathetic ganglia in the airways of patients 
dying of asthma exhibit eosinophil infiltration, and MBP is an 
allosteric antagonist for the M2 muscarinic receptor. Loss of M2 
receptor function results in airway hyperreactivity.18 A homolog 
of MBP has been recently discovered, MBP2, with a calculated 
pI of 8.7, that possesses similar activities to MBP in cell killing 
as well as neutrophil and basophil stimulation, but with reduced 
potency.22

Other eosinophil basic proteins, including EPO, ECP, and 
EDN, reside in the matrix compartment of the crystalloid gran-
ule. EPO is a highly basic (pI of 10.9) heme-containing protein 
composed of two subunits, a heavy chain of 50 to 57 kDa and a 
light chain of 11 to 15 kDa. EPO is a haloperoxidase with 68% 
sequence identity to neutrophil and monocyte-expressed myelo-
peroxidase, suggesting that a peroxidase multigene family may 
have developed through gene duplication.11,23 Eosinophils store 
approximately 15 pg/cell of EPO, which is important in catalyzing 
the peroxidative oxidation of halides and pseudohalides, leading 
to the formation of bactericidal hypohalous acids in reaction with 
hydrogen peroxide generated during respiratory burst.24,25,26 
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Lipid bilayer
Membrane
CD63
VAMP-7
VAMP-8

Matrix (Internum)
Eosinophil peroxidase (EPO)
Eosinophil cationic protein (ECP)
Eosinophil-derived neurotoxin (EDN)
Cytokines/chemokines/growth factors

Crystalline core
Major basic protein (MBP)
Cytokines

Figure 8.4. Structure of the eosinophil crystalloid granule. This membrane-bound 
organelle is a major site of storage of eosinophil cationic granule proteins as well as a number 
of cytokines, chemokines, and growth factors.

Unlike myeloperoxidase, EPO preferentially uses bromide over 
chloride in its enzyme activity, generating hypobromous acid.27 
EPO in the presence of H2O2 and halide (usually bromide) kills a 
variety of microorganisms, but also inflicts collateral damage on 
host tissue such as mast cells, and possesses antitumor activity. 
Binding of EPO to bacterial and parasitic pathogens also enhances 
their killing by phagocytic cells.

The molecular mass of ECP is 15 kDa, with around 15 pg/cell 
expressed in human eosinophils. The pI of ECP (10.8) is similar  
to that of MBP due to a similar arginine-rich sequence. ECP, also 
known as RNase-3, possesses intrinsic ribonuclease (RNase) 
activity and is a member of a subfamily of RNase A multigenes, 
with homology to pancreatic RNase. It is also antiviral, bacte-
ricidal, promotes degranulation of mast cells, and is toxic to 
helminthic parasites.28–31 The mechanism of action of ECP is 
thought to involve the formation of pores or channels in the target 
 membrane, which is apparently not dependent on its reversible 
RNase activity.32 ECP is also neurotoxic as derived from its  ability 
to elicit the Gordon phenomenon, involving the destruction of 
nerve cells.33,34

EDN, another member of the RNase A multigene family of 18.5 
kDa with approximately a hundredfold higher RNase activity than 
ECP, is less basic than MBP or ECP with a pI of 8.9 due to a rela-
tively smaller number of arginine residues in its sequence. ECP 
and EDN share a remarkable sequence homology of 67% at the 
amino acid level for the pre-form of both proteins, suggesting that 
evolutionarily, these proteins are derived from the same gene.35,36 
Eosinophils express approximately 10 pg/cell of EDN, but there 
is marked variation between individuals. EDN also induces the 
Gordon phenomenon.33,34 Similar to ECP, EDN also has sig-
nificant toxicity against viruses, bacteria, and helminths.31,37 
Messenger RNA encoding EPO, ECP, and EDN has been detected 
in mature eosinophils, suggesting that eosinophils have the capac-
ity to continue to synthesize these proteins.15

The gene family expressing ECP and EDN has among the high-
est rates of mutation in the primate genome, ranking with those 
of immunoglobulins, T-cell receptors, and major histocompat-
ibility complex (MHC) classes.36 These genes effectively comprise 
a superfamily of RNases expressed in the mammalian genome. 
Such an extreme rate of mutation suggests that the evolutionary 
constraints acting on the ECP/EDN superfamily have promoted 
the acquisition of a specialized antiviral activity. This may be 

inferred from the high mutation rates of other genes commonly 
associated with host protection against viral infection. Whether 
ECP or EDN possess any antiviral activity has yet to be demon-
strated, although some studies have indicated that EDN may be a 
potent antiviral factor in respiratory infections.31

The CLC protein (17.4 kDa) is produced in eosinophils at 
very high levels (accounting for 10% of the total cellular protein) 
although its functional role is still obscure. CLC is a hydropho-
bic protein with lysophospholipase activity and bears a strong 
sequence homology to the carbohydrate-binding galectin family 
of proteins. For this reason, CLC protein has been designated 
galectin-10.38 CLC is released in large quantities in the tissues 
in eosinophilic disorders, resulting in the formation of distinct, 
needle-shaped structures which are colorless and measure 20 
to 40 mm in length and 2 to 4 mm across. CLC crystals are abun-
dant in the sputum and feces of patients with severe respiratory 
and gastrointestinal eosinophilia, which were first observed by 
Charcot and Robin in 1853.

A list of these and other granule proteins synthesized and 
stored in eosinophils is presented in Table 8.1 and published 
elsewhere.1,2,39–41

eosinophil-derived Cytokines, Chemokines,  
and Growth Factors
Human eosinophils have been shown to produce at least 30 
different cytokines, chemokines, and growth factors (Table 8.2) 
with the potential to regulate various immune responses. These 
cytokines have been identified in eosinophils by detecting mRNA 
and/or protein using RT-PCR, in situ hybridization, and immuno-
cytochemical staining.42,43,44,45 In addition, picogram amounts 
of cytokines, chemokines, and growth factors were measured in 
supernatants of stimulated eosinophils.43,46 These cytokines are 
likely to act in an autocrine, paracrine, or juxtacrine manner, 
thereby regulating local inflammatory events. Studies have dem-
onstrated that the production of eosinophil-activating cytokines 
(e.g., IL-3 and GM-CSF) by eosinophils may be important in pro-
longing the survival of these cells by a putative autocrine loop.43,47 
For instance, adherence of highly purified eosinophils to the 
extracellular matrix protein, fibronectin, resulted in prolongation 
of survival of these cells in the absence of exogenous cytokines.47 
Fibronectin-induced eosinophil survival was inhibitable by anti-
bodies against fibronectin and VLA-4 and up-regulated by pico-
gram amounts of IL-3 and GM-CSF derived from eosinophils.47 
Observations on eosinophil cytokine release have been mainly 
studied in vitro, but a few have been confirmed in vivo.48–51 A 
recent study demonstrated that eosinophils elaborate APRIL (a 
proliferation-inducing ligand) and IL-6 which were essential for 
maintaining plasma cells in the bone marrow.52

A major distinction in cytokine production between eosino-
phils and T-cells is that the former store their cytokines intracellu-
larly as pre-formed mediators, and the latter produce and release 
cytokines only following activation. Although many eosinophil-
derived cytokines are elaborated at lower concentrations than 
other leukocytes, eosinophils possess the ability to release these 
cytokines immediately (within minutes) following stimulation. 
Stored cytokines include IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-16, 
GM-CSF, TNFa, CC chemokine ligand 11 (CCL11)/eotaxin, IL-8, 
CCL5/RANTES, NGF, and TGFa.45 Studies using immunogold elec-
tron microscopic analysis or confocal laser scanning microscopy 
coupled with double immunofluorescence labeling have indicated 
that several of these cytokines are found in close association with 
either the crystalline core or matrix of the crystalloid-specific 
granules of the cell (Table 8.2).44,53,54–56,57,58 For example, CCL5/
RANTES was found to be associated predominantly with the 
matrix compartment of the crystalloid granule in eosinophils  
(Fig. 8.5).

72683_ch008_0160-0180.indd   162 7/17/13   9:58 AM



Th
e 

n
or

m
al

 h
em

at
ol

og
ic

 s
ys

te
m

 Chapter 8 The Human Eosinophil 163
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CoNTENT of HuMaN EoSiNopHil GraNulES aNd SECrETory VESiClES

taBLe 8.1

Developing eosinophils possess the ability to express cyto-
kine message and protein at early stages of maturation. 
Eosinophils generated from semi-solid culture of cord blood-
derived CD34+ cells in the presence of IL-3 and IL-5 were 
shown to express IL-5 and GM-CSF mRNA after 10 days of 
culture.59 Freshly purified CD34+ cells expressed IL-4 and 
CCL5/RANTES mRNA, but not IL-4 and CCL5/RANTES protein. 
On day 23 of culture, IL-4 and CCL5/RANTES localized to the 
matrix of MBP+ crystalloid granules as determined by immuno-
fluorescence.60 In addition, IL-6 protein expression was found 
in cells after day 16 of culture.14

Another site of storage of cytokines and chemokines is within 
the small secretory vesicle. At least two such proteins were shown 
to be associated with these vesicles, namely CCL5/RANTES and 
TGFa immunolabeling.44,61 These organelles belong to the same 
group of secretory vesicles identified by electron microscopy anal-
ysis as tubulovesicular structures. CCL5/RANTES-positive vesicles 

are highly sensitive to stimulation by IFNg and are rapidly mobi-
lized (within 10 minutes of stimulation) to secrete CCL5/RANTES 
extracellularly.44,62 Crystalloid granules, which also contain 
CCL5/RANTES within their matrix compartment, were found to 
release this chemokine more slowly in response to IFNg (1 hour), 
whereas the majority of MBP remained associated with the core 
of these granules. These observations suggest that eosinophils 
have the ability to “shuttle” CCL5/RANTES from the crystalloid 
granules to the cell exterior, and may provide an important in 
vitro model for eosinophil piecemeal degranulation.

eosinophil Degranulation
Degranulation is defined as the exocytotic fusion of granules with the 
plasma membrane during receptor-mediated secretion. During exo-
cytosis, the outer leaflet of the lipid bilayer membrane surrounding 
the granule encounters the inner leaflet of the plasma membrane, 
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CyTokiNES, CHEMokiNES, aNd GrowTH faCTorS produCEd by HuMaN EoSiNopHilS

taBLe 8.2

Cytokine Products
Stored Protein in Resting 
Cells (per 106 cells) Intracellular Site of Storage

Interleukins

Interleukin-1a mRNA, protein – –

Interleukin-2 mRNA, protein 6 ± 2 pg Crystalloid granules (core)

Interleukin-3 mRNA, protein – –

Interleukin-4 mRNA, protein ∼75 ± 20 pg Crystalloid granules (core)

Interleukin-5 mRNA, protein – Crystalloid granules (core/matrix?)

Interleukin-6 mRNA, protein 25 ± 6 pg Crystalloid granules (matrix)

Interleukin-9 mRNA, protein – –

Interleukin-10 mRNA, protein ∼25 pg –

Interleukin-11 mRNA – –

Interleukin-12 mRNA, protein – –

Interleukin-13 mRNA, protein – –

Interleukin-16 mRNA, protein 1.6 ± 0.8 ng –

Leukemia inhibitory factor (LIF) mRNA, protein – –

Interferons and Others

Interferon-g (IFNg) mRNA, protein – –

APRIL (a proliferation-inducing ligand) Protein – –

Granulocyte/macrophage colony-stimulating factor  
 (GM-CSF)

mRNA, protein 15.1 ± 0.3 pg Crystalloid granules (core)

Tumor necrosis factor (TNF) mRNA, protein – Crystalloid granules (matrix)

Chemokines

Eotaxin mRNA, protein 19 ± 4 pg Crystalloid granules

Interleukin-8 mRNA, protein 140 pg Cytoplasmic

Macrophage inflammatory protein-1a (MIP-1a) mRNA, protein – –

Monocyte chemoattractant protein-1 (MCP-1) Protein – –

MCP-3 mRNA – –

MCP-4 mRNA – –

RANTES mRNA, protein 72 ± 15 pg Crystalloid granules (matrix) and small 
secretory vesicles

Growth Factors

Heparin-binding epidermal growth factor-like binding protein  
 (HB-EGF-LBP)

mRNA, protein – –

Nerve growth factor (NGF) mRNA, protein 4 ± 2 pg –

Platelet-derived growth factor, B chain (PDGF-B) mRNA – –

Stem cell factor (SCF) mRNA, protein – Membrane, cytoplasm

Transforming growth factor-a (TGFa) mRNA, protein 22 ± 6 pg Crystalloid granules (matrix) and small 
secretory vesicles

Transforming growth factor-b1 (TGF-b1) mRNA, protein – –

a process known as “docking.” The docking step is hypothesized to 
be regulated by intracellular membrane-associated proteins that 
act as receptors directing the specificity of granule targeting. After 
docking, the granule and plasma membrane fuse together and form 
a reversible structure called the fusion pore, which is also thought to 
be regulated by similar, or the same, membrane-associated proteins 
regulating granule docking. Depending on the intensity of the stimu-
lus, the fusion pore may either retreat, leading to re-separation of 
the granule from the plasma membrane, or it may expand and allow 
complete integration of the granule membrane into the plasma 
membrane as a continuous sheet. The inner leaflet of the granule 

membrane becomes outwardly exposed, and the granule contents 
are subsequently expelled to the exterior of the cell.63

There are four main forms of eosinophil granule release, which 
have been observed in vitro and in vivo (Fig. 8.6). The first is the 
classical sequential release of single crystalloid granules, which 
was the original hypothesis suggested for a predominant route 
of degranulation in eosinophils. This type of release is typically 
seen in vitro and can be elegantly demonstrated electrophysi-
ologically using patch-clamp procedures that measure changes 
in membrane capacitance, which are directly proportional to 
increases in the surface area of the cell membrane. During the 
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Figure 8.5. Translocation of the chemokine CCL5/rANTeS in human eosinophils activated by interferon-g in vitro. Immunoreactivities for CCL5/
RANTES (green fluorescence) and eosinophil major basic protein (red fluorescence) are shown in control (A) and IFN-g-stimulated (10 min, 500 U/ml) (B) cells. The 
yellow color in (B) resulted from co-localization of green and red immunofluorescence stains. Note that immunoreactivity for MBP remained associated with the 
cores of the crystalloid granules in both cells, whereas the green label for CCL5/RANTES translocated toward the cell membrane. CCL5/RANTES was proposed to be 
released from eosinophils by piecemeal degranulation. Experimental conditions described in Lacy et al. (1999) Blood 94:23–32.

A B

sequential release of individual crystalloid granules, a stepwise 
increment in capacitance may be observed as their membranes 
fuse with that of the cell membrane.64,65,66 The second mode of 
granule release is compound exocytosis, also demonstrated by 
patch-clamp analysis in which sudden, very large increments in 
whole-cell capacitance occur resulting from individual granules 
fusing with the cell membrane.67 Ultrastructural studies of guinea 
pig eosinophils have also demonstrated evidence for compound 
exocytosis 68 similar to that observed in rat eosinophils adhering 
to the outer surface of opsonized parasitic larvae.67,69 Additional 
evidence for compound exocytosis was suggested in eosinophils 
stimulated with a cocktail of IL-3, IL-5, and GM-CSF, which were 
observed to fuse their granules following activation as deter-
mined by immunofluorescence for CD63, a marker for crystalloid 
granules.70

The third manner in which eosinophils degranulate is by 
piecemeal degranulation (PMD). PMD was first characterized by 
Dvorak and colleagues for the appearance of numerous small 
vesicles in the cytoplasm coupled with the apparent loss of crys-
talloid granule core and matrix components, creating a “mottled” 
appearance in the crystalloid granules by electron microscopy 
analysis.71 This was thought to be due to small vesicles bud-
ding off from the larger secondary granules and moving to the 
plasma membrane for fusion, thereby causing gradual emptying 
of the crystalloid granules to the outside of the cell. PMD was 
the most commonly observed pattern of degranulation seen in 
situ in biopsy samples from the upper airways of allergic indi-
viduals,72 and is likely to be physiologically the most important 
mechanism for eosinophil mediator release in allergic disease. 
An in vitro model for PMD has been established using IFNg-
stimulated eosinophils, in which a piecemeal manner of CCL5/
RANTES release was observed.44,62 More recent studies have 
demonstrated that PMD occurs through the formation of tubular 
structures budding off from crystalloid granules.73,74 Vesicles 
associated with PMD are also necessary for the transportation of 
MBP75 and eosinophil-derived IL-4.73,76

Airway tissue eosinophils in allergic subjects also appear 
necrotic, which is a fourth pattern of granule release, also termed 

Figure 8.6. Four putative physiologic modes of eosinophil degranulation. The most 
commonly observed forms of degranulation in allergic disease are piecemeal degranulation and 
necrosis (cytolysis). Parasitic and fungal diseases typically exhibit eosinophils undergoing com-
pound exocytosis.

Modes of degranulation in eosinophils

Necrosis
(cytolysis)

Piecemeal
degranulation

Compound
exocytosis

Classical
exocytosis

“cytolysis”.77 This type of release has been previously observed to 
occur following in vitro stimulation of human eosinophils with the 
calcium ionophore A23187,78 and appears to be a physiologically 
relevant event in granule release.

Eosinophil degranulation may be induced by immobilized or 
soluble stimuli. Degranulation responses to immobilized stimuli 
have been extensively characterized in eosinophils in view of 
their role in helminth infections. When incubated with opso-
nized helminths, eosinophils degranulate onto the surface of the 
parasite.69,79 A similar phenomenon occurs when eosinophils are 
incubated with Sepharose beads coated with antibodies, specifi-
cally IgG, IgA, and secretory IgA (sIgA), with sIgA being the most 
potent inducer of degranulation.80 Cross-linking of immunoglobu-
lin receptors on eosinophils has been shown to be highly effective 
at inducing respiratory burst and EDN degranulation in eosino-
phils, with a hierarchy of effectiveness in degranulation demon-
strated to be on the order of secretory IgA (sIgA) = IgA > IgG >> 
IgE.80 Eosinophil cytokines such as IL-3, IL-5, and GM-CSF were 
demonstrated to enhance this process.81

Eosinophils express a range of receptors for immunoglobulins 
that may contribute to chemotactic and activation responses in 
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tissues. These include receptors for IgA, IgD, IgE, IgG, and IgM, 
which may possess up to three chains (a, b, and g). Human eosin-
ophils express FcaR, which is enhanced in allergic individuals,82 
as well as FcgRII (CD32), but not FcgRI (CD64) or FcgRIII (CD16). 
Mucosal tissues are enriched in sIgA, potentially as a mechanism 
against invasive pathogens. IgA, particularly the secretory iso-
form, is an important mucosal antibody involved in supporting the 
body’s first line of defense. Thus, the sensitivity of the eosinophil 
to IgA is in agreement with its proposed role in protection against 
invasive organisms in mucosal tissues. Taken together, these find-
ings along with eosinophil localization in mucosal tissues suggest 
an important role for sIgA and IgG in mediating the effector func-
tions of eosinophils in vivo.

Some controversy has surrounded the existence of the high-
affinity receptor for IgE (FcεRI) on eosinophils. Studies have 
shown that the a subunit of FcεRI in eosinophils is expressed 
intracellularly rather than on the cell surface in resting cells, 
which may be mobilized to the surface and released during activa-
tion.83,84 Interestingly, although mouse FcεRI contains a, b, and 
g subunits, the human homologue lacks the b subunit, suggesting 
that this subunit is redundant in signaling in cells expressing 
FcεRI. Eosinophils express an IgE-binding protein, galectin-3 
(Mac-2/ε binding protein), as well as the low-affinity FcεRII 
(CD23), which may have contributed to apparent high-affinity 
binding for IgE in earlier studies.

Degranulation from eosinophils may also be induced by a 
range of soluble stimuli. Cytokines and chemokines induce eosino-
phil degranulation, with IL-5 and GM-CSF having a more potent 
effect than CCL3/MIP-1a or CCL5/RANTES.85,86,87 Eosinophil 
granule proteins (MBP and EPO) themselves can cause degranu-
lation, suggesting that eosinophil granule proteins may promote 
degranulation in an autocrine manner.21 Many other soluble 
stimuli can also induce degranulation, including complement 
fragments C3a and C5a, f-Met-Leu-Phe, PAF, and naturally occur-
ring peptides such as substance P and melittin.88,89 In addition, 
artificial stimuli potently evoke degranulation such as calcium 
ionophore (A23187) and phorbol myristate acetate (PMA).78,90 In 
particular, PAF is a potent secretagogue for eosinophils, inducing 
the release of granule proteins, reactive oxygen species, and lipid 
mediators.89,91,92 Furthermore, PAF activates at least two distinct 
effector pathways in eosinophils, one of which is independent of 
known PAF receptors.91,93 Eosinophils also respond by degranu-
lation to endogenous molecules released by stressed or damaged 
tissues. These include uric acid, ATP, high mobility group box 
(HMGB)-1 protein, and the S100 family of calcium-binding pro-
teins.94–96 Recently, eosinophils have been shown to express a 
newly discovered seven-transmembrane receptor, the chemoat-
tractant receptor–homologous molecule expressed on Th2 cells 
(CRTh2),97 which responds to prostaglandin D2, a major pros-
tanoid released by mast cells. PGD2 induces morphologic changes, 
chemokinesis, and degranulation in eosinophils through CRTh2.

A role for eosinophils and their degranulation in the mainte-
nance of innate immunity has been shown by their expression of 
Toll-like receptors (TLRs), which serve a role in recognition of con-
served motifs in pathogens.98 Eosinophils express the lipopolysac-
charide (LPS)-binding receptor, TLR4, together with CD14,99,100 
and respond to LPS stimulation. Furthermore, eosinophils consti-
tutively express TLR1, TLR7, TLR9, and TLR10 mRNAs, and are 
activated by the TLR7 ligand.101 This may represent an important 
mechanism for eosinophil-mediated host defense against viral 
and bacterial infections.

Proteolytic enzymes also have the capacity to induce eosino-
phil degranulation. These are produced by microbes and are 
also present in various allergens, including house dust mites, 
fungi, and cockroaches. These enzymes interact with a family 
of G protein-coupled protease-activated receptors (PARs), and 
eosinophils constitutively transcribe mRNA for PAR2 and PAR3, 
but not PAR1 or PAR4.102 Exposure of eosinophils to trypsin, a 

potent serine protease that serves as an agonist for PAR2, induces 
respiratory burst and degranulation in eosinophils. Eosinophils 
also degranulate in response to cysteine proteases such as those 
from cockroaches and Der f 1 from mite allergens.103,104 Finally, 
eosinophils can degranulate in response to aspartate proteases 
produced by the fungus Alternaria alternata.105 These findings 
suggest that eosinophils are able to recognize and respond to 
proteases in the environment, and that this results in the release 
of proinflammatory mediators.

Eosinophils also undergo degranulation upon stimulation of 
a b2 integrin, Mac-1 (CD11b/CD18, aMb2). This molecule has 
multiple roles in eosinophils; it is not only important in eosinophil 
adhesion and recruitment but also for activation of eosinophil 
effector functions. Integrins and especially Mac-1, play a cru-
cial role in eosinophil activation by immobilized stimuli such as 
IgG.106 Degranulation responses induced by soluble stimuli are 
potently enhanced by adhesion of eosinophils through integrins. 
Moreover, Mac-1 can directly recognize fungal molecules such as 
b-glucan, and eosinophils react by degranulation to fungi through 
this mechanism.107 Thus, integrins play a major role in recogni-
tion of external pathogens and in eosinophil effector functions.

The mechanisms associated with classical exocytosis, com-
pound exocytosis, and PMD, but not cytolysis, are thought to 
require specific intracellular membrane-associated proteins act-
ing as receptors for granule docking and fusion. These proteins 
include a family of molecules known as SNAREs (an acronym 
for SNAP receptors). The paradigm associated with the SNARE 
molecule function predicts that these proteins are essential for 
exocytosis. SNAREs were originally described in neuronal tissues 
and were found to group themselves into two distinct locations, 
the granule-associated SNAREs (the so-called vesicular SNAREs 
or v-SNAREs) and the plasma membrane-associated SNAREs 
(target SNAREs or t-SNAREs).108 In order for a functional SNARE 
complex to form, allowing the granule to dock with the plasma 
membrane, one v-SNARE binds to two t-SNARE molecules. In 
neuronal cells, a commonly observed v-SNARE is vesicle-associ-
ated membrane protein (VAMP)-1 or its isoform VAMP-2. In these 
cells, the t-SNAREs associating with VAMP-2 that were originally 
described were the synaptosome-associated protein of 25 kDa 
(SNAP-25) and syntaxin-1A. These three molecules form a stable 
detergent-resistant four-helix coiled-coil bundle, which may be 
regulated by protein phosphorylation.

Nonneuronal cells also express SNAREs, although some 
isoforms have been identified with high sequence homology to 
the neuronal SNAREs. At least three SNAP-25 and 16 syntaxin 
isoforms have been characterized based on detection of homolo-
gous SNARE motif messenger RNA sequences. Interestingly, most 
nonneuronal secretory cells appear to require SNAP-23 and syn-
taxin-3, syntaxin-4, or syntaxin-6 109–111 for control of exocytosis. 
Eosinophils have been shown to express the v-SNARE, VAMP-2, 
in their small secretory vesicles containing CCL5/RANTES, but not 
their crystalloid granules.112 Crystalloid granules express mainly 
VAMP-7 and VAMP-8, the former being important in regulation of 
crystalloid granule secretion during degranulation responses from 
permeabilized eosinophils.113 The t-SNARE isoforms syntaxin-4 
and SNAP-23 are expressed in the cell membrane of eosinophils, 
and these have the potential to act as cognate membrane bind-
ing partners for VAMP-2 and VAMP-7 degranulation.114 The 
SNARE molecules VAMP-2, SNAP-23, and syntaxin-4 identified in 
eosinophils are proposed to regulate docking and fusion of CCL5/
RANTES-containing small secretory vesicles during piecemeal 
degranulation (Fig. 8.7).

A fascinating study has identified a hitherto unrecognized 
functional capacity for eosinophil granules that have been 
cytolytically released extracellularly (cell-free), a phenomenon 
known to occur in vivo.115 Isolated eosinophil granules were 
shown to respond to specific cytokine and chemokine stimuli 
via cognate receptors expressed on granule membranes, in 
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vitro.116 These cytokine and chemokine receptors were found 
expressed on the granule  membrane, in the same orientation 
as those on plasma membranes. Stimulating cell-free granule 
receptors resulted in activation of intragranular signaling path-
ways, which in turn, elicited secretion of cytokines and cationic 
proteins from within granules.116 This study has identified a 
novel postcytolytic capacity of intracellular organelles to function 
autonomously outside the eosinophil as ligand-responsive secre-
tion competent structures for regulated secretion of eosinophil 
granule proteins. Such observations have implications for the 
notion that tissue-discharged, intact eosinophil granules may 
continue to contribute to eosinophil-mediated inflammation and 
immunomodulation.

Mechanisms associated with granule release in eosinophils 
are critical for effector function of eosinophils. In the absence 
of degranulation and mediator secretion, the eosinophil is a 
relatively inert cell, and does not affect surrounding tissues, as 
seen in cases of idiopathic pulmonary eosinophilia and eosino-
philic pneumonia. In these conditions, eosinophil numbers are 
increased in the capillaries and tissues of the lung, but no cel-
lular or structural damage is evident, likely because of the lack 
of eosinophil degranulation. In contrast, asthmatic patients 
show profound eosinophil activation in the airways combined 
with significant tissue destruction, suggesting that, in addition 
to eosinophilic infiltration, their undergoing degranulation may 
contribute to mucosal damage in the airways and related symp-
toms of asthma. Thus, degranulation is a key event in eosinophil-
mediated tissue damage.

Membrane-derived Mediators
Eosinophils produce a wide variety of lipid-derived mediators, 
which have profound biologic activity. The more important prod-
ucts are eicosanoids, which include leukotrienes (especially LTC4), 
prostaglandins (particularly PGE2), thromboxane, and lipoxins 
(especially LXA4) as well as PAF. The main substrate for these 
mediators is arachidonic acid (AA), which is specifically liber-
ated from membrane phospholipids possessing this fatty acid at 
the sn-2 position by phospholipase A2 (PLA2) during receptor 
stimulation. Of the nine known families of PLA2, two families are 
expressed in eosinophils, the type IIA and type IV enzymes, which 
are commonly known as secretory and cytosolic PLA2, respec-
tively.117,118 These enzymes are distinguished by their distribu-
tion, size, and sensitivity to Ca2+, where granule-stored sPLA2 
(13 to 15 kDa) requires millimolar amounts of Ca2+ for activity 
and cytosolically localized cPLA2 (85 kDa) is catalytically active 
in the presence of micromolar amounts of Ca2+. Interestingly, 
eosinophils express twenty- to a hundredfold higher levels of 

secretory PLA2 in their granules than other circulating leukocytes, 
suggesting a functional role in inflammatory processes involving 
eosinophil degranulation.

Eosinophils are a rich source of LTC4 (5S-hydroxy-6R, 
S-glutathionyl-7,9,-trans-11,14-cis-eicosatetraenoic acid).119,120 
Stimulation with the calcium ionophore A23187 generates up to 
40 ng/106 cells of LTC4 from normal density eosinophils, whereas 
light density eosinophils elaborate 70 ng/106 cells. Eosinophils 
produce negligible amounts (6 ng/106 cells) of LTB4 (5S-12R-
dihydroxy-6,14-cis-8,10-trans-eicosatetraenoic acid) compared 
with up to 200 ng/106 cells from neutrophils. LTC4 generation 
by human eosinophils was also observed after stimulation with 
both opsonized zymosan and via an FcgRII-dependent mecha-
nism using Sepharose beads coated with IgG.121 Release was 
maximal at 45 minutes, greater in hypodense eosinophils than 
normal density eosinophils and was enhanced by fMLF (see 
Eosinophil Heterogeneity below for a description of hypodense 
eosinophils). The production of LTC4 is critically dependent 
upon the activation of 5-lipoxygenase, an enzyme that resides 
in the euchromatin region of the nucleus which translocates 
to the nuclear membrane upon cell activation, where it acti-
vates an 18 kDa protein called FLAP.122 The substrate for 
5-lipoxygenase is AA, which may be released from membrane 
phospholipids by PLA2. The first product of this enzyme is an 
intermediary compound, 5-HPETE, which is transformed into 
the unstable epoxide LTA4. At this point, human eosinophils 
predominantly generate LTC4 through the action of LTC4 synthe-
tase.119,120 Eosinophils are particularly rich in LTC4 synthetase, 
and account for 70% of all LTC4 synthetase-positive cells in the 
airway mucosa of normal and asthmatic individuals.123 LTC4 is 
generated intracellularly in human eosinophils stimulated with 
the calcium ionophore A23187. LTC4 is later exported from the 
cell in a regulated manner.124

The production of 15-HETE, a lipid mediator generated via 
the 15-lipoxygenase pathway, occurs in activated eosinophils. The 
product 15-HETE has proinflammatory actions and can modu-
late the chemotactic effects of LTB4 on neutrophils.125 The enzyme 
15-lipoxygenase may be distinguished from 5-lipoxygenase in 
that it can modify a larger pool of fatty acid substrates than the 
latter enzyme, and will oxygenate fatty acids that are esterified in 
phospholipids. Substrates include arachidonic acid, linoleic acid, 
polyenoic acids, and more complex lipids, such as lipoproteins. 
Eosinophils are the major cellular source of elevated 15-HETE 
in asthmatic airways, and are capable of generating 100 to 300 
times more 15-HETE than neutrophils, endothelial cells, and 
fibroblasts.126 Eosinophils also account for 85% of cells positive  
for 15-lipoxygenase in the airway submucosa of normal and 
asthmatic subjects.127,128

Figure 8.7. Schematic model for molecular regulation of 
granule–plasma membrane fusion proposed to occur in 
piecemeal degranulation in eosinophils. In this model, the 
v-SNARE VAMP-2 is expressed on small secretory vesicles that 
store CCL5/RANTES as a preformed mediator, and t-SNAREs, 
SNAP-23, and syntaxin-4 reside on the inside of the plasma 
membrane. Following cell activation, v- and t-SNAREs bind 
together to form a SNARE complex, resulting in fusion and 
release of vesicular contents including CCL5/RANTES. (See 
Lacy P, Logan MR, Bablitz B, Moqbel R. Fusion protein vesicle-
associated membrane protein 2 is implicated in IFN-g-induced 
piecemeal degranulation in human eosinophils from atopic 
individuals. J Allergy Clin Immunol 2001;107:671–678 and  
Logan MR, Lacy P, Bablitz B, Moqbel R. Expression of 
 eosinophil target SNAREs as potential cognate receptors for 
 vesicle-associated membrane protein-2 in exocytosis. J Allergy 
Clin Immunol 2002;109:299–306.
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Eosinophils generate large amounts of PAF after stimula-
tion with either calcium ionophore, opsonized zymosan, or 
IgG-coated Sepharose beads.129–132 PAF (1-O-alkyl-2-acetyl-sn-
glycerol-3-phosphocholine) is a potent phospholipid mediator, 
which causes leukocyte activation. For instance, eosinophils 
elaborated 25 ng/106 cells of PAF after stimulation with calcium 
ionophore and up to 2 ng/106 cells after IgG stimulation. Much 
of the PAF remained cell-associated, possibly acting as an intra-
cellular messenger, or alternatively binding to PAF receptors 
on eosinophils thus acting as an autocrine agent. Interestingly, 
stimulation of eosinophils with fMLF did not augment PAF release 
and hypodense eosinophils from patients with a marked eosino-
philia released less PAF than normal eosinophils. [3H]PAF added 
to hypodense eosinophils was more rapidly incorporated into 
the phospholipid pool than [3H]PAF with normal density cells.131 
This suggested that hypodense eosinophils were metabolizing the 
exogenous PAF at a greater rate than normodense cells and may 
explain why stimulation with fMLF did not result in an increased 
amount of PAF generation. As with leukotriene synthesis, eosino-
phil-derived release of PAF was maximal at 45 minutes. Regulated 
PAF production is controlled by the release of  biologically inactive 
lyso-PAF from membrane phospholipids by PLA2, which is later 
acetylated to form PAF by an acetyltransferase.130

The cyclooxygenase pathway is prominent in eosinophils as 
well, and eosinophils are capable of producing PGE1 and PGE2, 
and thromboxane B2 from cyclooxygenase acting on free AA. 
In studies with guinea pig eosinophils, thromboxane B2 and 
PGE2 were shown to be generated following PAF or A23187 
stimulation.133,134

Many of the enzymes associated with membrane-derived 
mediator release from eosinophils, including cyclooxygenase and 
5-lipoxygenase, are found stored in association with lipid bodies 
(see Table 8.1).135,136,137

respiratory Burst
Eosinophils undergo respiratory burst concurrently with the 
release of other mediators during cell activation. The immune 
function of respiratory burst is to mediate killing of invasive 
pathogenic microorganisms; it also has the undesired effect of 
collateral tissue damage when dysregulated. Respiratory burst 
is defined as the increase in cell metabolism (measured by the 
elevated activity of the hexose monophosphate shunt) and oxy-
gen consumption, coupled with the inducible release of reactive 
oxygen species (ROS) in response to specific stimuli. Many stimuli 
are capable of inducing respiratory burst in eosinophils, including 
LTB4, PAF, fMLF, C5a, opsonized particles, and CCL5/RANTES.39 
The principal product of respiratory burst is superoxide (O2

−•), a 
potent oxidant with a highly reactive electron in its outer valence, 
possessing relatively weak intrinsic microbicidal activity and a 

very brief half-life. The function of O2
−• is thought to reside in 

its ability to dismutate rapidly into more reactive ROS, including 
hydrogen peroxide (H2O2), the hydroxyl radical (OH−•), and forma-
tion of hypohalous acids (HOBr) upon reaction with EPO produced 
following eosinophil degranulation. The formation of ROS sub-
sequent to O2

−• generation is dependent upon the presence of a 
number of catalysts, such as superoxide dismutase (SOD), which 
accelerates the formation of H2O2, and the ferrous ion, which 
induces OH−• production from H2O2. O2

−•, is also able to react with 
nitric oxide (NO) produced from nitric oxide synthase enzymes 
(e.g., iNOS, eNOS) to form the highly reactive peroxynitrite (ONOO-), 
which alters cell functions and is cytotoxic.

The regulated burst of O2
−• production is mediated through 

the activation of a membrane-associated enzyme complex, the 
NADPH oxidase. This enzyme complex is crucial for maintenance 
of host defense as it is a key mechanism in the destruction of ROS-
sensitive organisms. In addition, overactivation of the NADPH oxi-
dase is likely to be cytotoxic to tissues, and has been implicated in 
the pathogenesis of many eosinophil-related disorders including 
allergic asthma.138 Interestingly, eosinophils possess the ability 
to generate up to tenfold more superoxide than other phagocytes, 
including neutrophils, in which the mechanisms associated with 
NADPH oxidase activation have been studied in greater detail.139 
The ability of eosinophils to release more O2

−• is thought to be the 
result of higher levels of expression of the protein components 
that make up the NADPH oxidase complex.140–142,143,144 In addi-
tion, preferential assembly of NADPH oxidase occurs at the cell 
membrane in eosinophils, eliciting a predominantly extracellular 
form of O2

−• release.145 This is in contrast to neutrophils, which 
show predominantly intracellular NADPH oxidase assembly dur-
ing respiratory burst stimulation and bacterial infection.145,146

NADPH oxidase is a complex of at least 6 proteins consisting 
of phagocytic oxidase (phox) subunits, of which two (p22phox and 
gp91phox) reside in the membrane as part of the cytochrome b558 
protein, and the remaining proteins (p40phox, p47phox, p67phox, 
and Rac1 or Rac2) are cytosolic in resting cells.139 The minimal 
components of the NADPH oxidase complex were determined 
using cell-free assays,147 although several other proteins, such as 
p40phox and Rap1a, also translocate to the membrane-associated 
oxidase complex during activation, and may be involved in “fine-
tuning” the activity of the oxidase.148 Under normal nonstimu-
lated conditions, the phagocytic oxidases p40phox, p47phox, and 
p67phox are complexed in the cytosol, whereas Rac1 or Rac2 
are bound to the cytosolic guanine dissociation inhibitor RhoGDI 
(Fig. 8.8). Binding between p47phox and p67phox occurs through 
the C-terminal SH3 domain of p67phox and a proline-rich region 
(PRR) in p47phox. The p67phox protein also contains a C-terminal 
Bem1p (PB1) motif that allows a high-affinity interaction with a 
C-terminal phox and Cdc motif in p40phox.149,150 An SH3 domain 
also exists in p40phox that is capable of interacting with the PRR 

Figure 8.8. Assembly and activation of the NADPH oxidase 
complex during respiratory burst. This complex is essential for 
the inducible release of superoxide for microbicidal reactions and is 
also present in neutrophils. During cell activation, the GTPase Rac, 
normally bound to GDP in the resting cell, is activated by a guanine 
exchange factor (GEF) to bind to GTP. This results in translocation 
of Rac-GTP to the cell membrane, where other cytosolic proteins 
p67phox and p47phox have also translocated, to bind to the two 
subunits of cytochrome b558 (gp91phox and p22phox). Following the 
assembly of the oxidase, electrons are transferred from NADPH in the 
cytosol via flavin adenine dinucleotide (a co-factor) to oxygen mol-
ecules to form the highly reactive oxygen intermediate, superoxide. 
Assembly of this complex is reversed by GTPase-activating protein 
(GAP), which hydrolyzes GTP on Rac to GDP, and by the dissociation 
of the phox subunits.
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domain in p47phox, although in vitro binding studies indicate 
that the affinity of this interaction is lower than that of p40phox 
for p67phox.151,152

During activation by cell surface receptors engaged by opso-
nized microbes or inflammatory mediators, p47phox is phos-
phorylated by cellular kinases on multiple serine residues, 
unmasking tandem SH3 domains to allow binding to p22phox in 
the membrane. Concurrently, p67phox and p40phox, which are 
still complexed to p47phox, translocate to the cell membrane, and 
the “activation domain” in p67phox promotes electron transfer 
between NADPH and flavin adenine dinucleotide.153 Superoxide 
generation from NADPH oxidase also requires concurrent activa-
tion and membrane translocation of Rac1 or Rac2, which binds 
to tetratricopeptide repeat motifs in the N-terminus of p67phox 
and cytochrome b558 to induce additional conformational changes 
necessary for efficient electron transport to O2.154 The function of 
p40phox is still uncertain, although a recent study suggests that 
it may have a role in activating superoxide production during 
 IgG-mediated phagocytosis.150

Rac1 and Rac2 are monomeric guanine triphosphatases 
(GTPases), which exhibit 92% homology in their amino acid 
sequence, and are functionally interchangeable in their ability 
to activate NADPH oxidase, although they differ in their tissue 
distribution. Another potential modulator of the oxidase is the 
monomeric GTPase Rap1a, although its precise role is unknown. 
Rac1 is ubiquitously expressed throughout the body, whereas 
neutrophils, eosinophils, and other blood cells predominantly 
express Rac2, which is mainly expressed in hemopoietic tis-
sues.145,155–157 Activation of the respiratory burst in eosinophils 
leads to translocation of Rac to NADPH complexes predominantly 
at the cell membrane, in contrast to neutrophils which form 
NADPH complexes mainly at intracellular sites.145 These patterns 
of NADPH oxidase complex formation align with the concept that 
eosinophils undergo “frustrated phagocytosis” upon encounter-
ing large extracellular organisms such as helminthic parasites, 
whereas neutrophils preferentially phagocytose smaller microbes 
for intracellular killing. Eosinophils are partially dependent on 
Rac2 for the activation of respiratory burst responses, based on 
findings with Rac2−/− mouse eosinophils, inferring that Rac1 may 
also be required for NADPH oxidase activation in these cells.158

The pathway leading from receptor stimulation to activation 
of the oxidase is still poorly understood. Many studies on NADPH 
oxidase activation use phorbol esters, such as phorbol myristate 
acetate (PMA), as highly potent artificial stimuli to activate respi-
ratory burst in eosinophils. Phorbol esters are classically known 
for their ability to activate protein kinase C (PKC) directly.159–161 
The use of pharmacologic inhibitors of PKC in respiratory burst 
has generated paradoxical results, in that PKC inhibitors only par-
tially inhibit agonist-induced H2O2 release in guinea pig eosino-
phils.160,162 However, there is a species difference in sensitivity 
to PMA, as in human eosinophils, where PKC inhibitors actually 
augment the rate of oxygen consumption in response to opsonized 
particles.163 These findings suggest that PKC is not critical for 
agonist-induced respiratory burst in eosinophils, although stimu-
lation of PKC appears to be able to induce superoxide release on 
its own.

Taken together, eosinophils generate substantial amounts of 
O2

−• as part of their role in host defense, and the mechanisms 
associated with the release of this toxic mediator are under 
investigation. The release of O2

−• from eosinophils is likely to be 
a crucial component of the pathophysiologic processes underlying 
eosinophilic inflammation in mucosal tissues.

eosinophils as Immunoregulatory Cells
The consistent association of eosinophils with a specific pattern 
of immune response common to helminth infection and atopy 
suggests that eosinophils may be either a bystander cell or an 

active component of a complex immune disease. To determine 
the involvement of eosinophil-derived factors in modulating the 
immune response, the expression and bioactivity of cytokines 
released from eosinophils have been explored for their potential 
physiologic effects in immune regulation. Studies have shown 
that a striking diversity of cytokines and chemokines, including 
IL-2, IL-4, IL-12, IL-16, GM-CSF, CCL5/RANTES, and TGFb, are 
derived from eosinophils and are capable of exerting bioactive 
effects.41,45 For example, IL-2 and IFNg from CD28-stimulated 
eosinophils were shown to stimulate proliferation in an IL-2-
dependent cell line and MHC Class II expression on Colo 205 cells, 
respectively.164 The release of IL-4 from eosinophils is important 
in driving the initiation of a Th2-type response in Schistosoma 
mansoni infection in mice.165 Eosinophil-derived IL-4 also plays 
an immunoregulatory role in pulmonary cryptococcosis, as 
determined in 4get mice (IL-4-IRES-eGFP mice, with eGFP+ IL-4 
expressing cells) treated with Cryptococcus neoformans, con-
tributing to a susceptibility to Th2-dependent allergic responses 
during bronchopulmonary mycosis.166 Secretion of the cytokines 
APRIL and IL-6 from eosinophils has been shown to be critical 
for the maintenance of plasma cells in the bone marrow.52 These 
studies have demonstrated that eosinophil-derived cytokines and 
chemokines have the ability to regulate a range of immune and 
inflammatory responses.

Generally speaking, eosinophils produce significantly smaller 
amounts of cytokines than T-cells, B-cells, and other cells. 
However, in eosinophilic inflammation, eosinophils outnumber 
T-cells in the tissues by as much as a hundredfold. As such, the 
magnitude of the presence of eosinophils may be a determining 
factor in regulating immune responses at a local level. The release 
of eosinophil cytokines often takes place within a much shorter 
period than cytokines released by T-cells (which may be several 
hours), as eosinophil-derived cytokines are stored as pre-formed 
mediators in crystalloid granules and may be secreted in response 
to stimuli in a matter of minutes. The production of cytokines by 
eosinophils is postulated to contribute to an immunoregulatory 
role by these cells, and may promote an allergic phenotype by 
influencing the production of Th2 cytokines by T-cells.

Allergy is often characterized by a significant polarization 
of the immune response toward enhanced production of Th2 
cytokines and a dramatic increase in allergen-specific and total 
immunoglobulin E (IgE) levels. Allergic disease is initiated by 
the generation of allergen-specific CD4+ cells that produce the 
Th2 cytokines IL-4, IL-5, IL-9, and IL-13. These cytokines are 
crucial for the maturation, proliferation, survival, and activation 
of mast cells, basophils, and eosinophils, important effector cells. 
Th2 cytokines also regulate IgE synthesis by B-cells and mucus 
production by epithelial cells. In contrast, Th1 cells are character-
ized by the production of the Th1 cytokines IL-2 and IFN-g. The 
immunologic responses of eosinophils are dependent on an array 
of cytokines and chemokines that may traditionally be associated 
with Th1 or Th2 responses. Eosinophils synthesize many of these 
cytokines and chemokines to which they can also respond. Based 
on their ability to synthesize, store, and release both Th1 and Th2 
cytokines and chemokines, and significant evidence indicating 
the bioactivity of their released cytokines, eosinophils have been 
implicated as active components of allergic disease, rather than 
as bystander cells.

Classically, the Th1 response has been modeled as an immune 
response that exerts inhibitory effects on Th2 responses. It is 
therefore paradoxical that eosinophils, as a cell type marking 
Th2-type responses to allergic diseases or helminthic infections, 
synthesize and store both Th1 and Th2 cytokines (see Table 8.2). 
For example, binding of CD28 on human eosinophils induced 
the release of bioactive IL-2 and IFN-g,164 both of which are Th1 
cytokines, and IL-13, a Th2 cytokine.167 Because Th1 and Th2 
responses are mutually inhibitory, it has been very difficult to 
dissect the specific roles of eosinophil-derived cytokines in the 
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initiation and effector phases of the allergic immune response. 
The role of eosinophil-derived Th1 or Th2 cytokines may there-
fore depend on the timing of eosinophil infiltration into sites 
of allergic inflammation. Indeed, recent studies using a mouse 
model of Nippostrongylus brasiliensis infection have shown that 
although eosinophils may be crucial for secondary Th2 polarized 
immune response against this parasite, the primary response 
does not require eosinophil-derived IL-4 or IL-13.168 However, in 
the context of viral infections, IFNg-mediated stimulation of eosin-
ophils leads to the production of CCL5/RANTES that may serve to 
recruit further immune cells and limit the spread of viruses.169

Experimental models that induced eosinophilia in the absence 
of tissue infiltration of eosinophils have exquisitely demonstrated 
the importance of the timing and location of chemokine release 
in recruitment of eosinophils. For example, CCL11/eotaxin gene-
knockout (Eo−/−) mice showed decreased tissue eosinophils dur-
ing the early (but not late) phase of allergic inflammation.170 
Moreover, Eo−/− mice also showed a significant defect in clearing 
the larvae of Trichinella spiralis from skeletal muscles compared 
to wild-type animals in spite of similar levels of blood eosino-
philia.171 Thus, the presence of eosinophils in allergic disease 
results from a carefully orchestrated process that involves cyto-
kines and chemokines controlling the maturation and recruitment 
of eosinophils to the site of allergen exposure.

The implications of eosinophil cytokine production are extensive, 
such as in the case of IL-4, where this cytokine may be released 
from eosinophils to direct Th2 cell differentiation in local lymph 
nodes. In support of this possibility, eosinophils have been shown 
to traffic to paratracheal draining lymph nodes (in a mouse model 
of asthma), where they were demonstrated to function as antigen-
presenting cells expressing MHC Class II and co-stimulatory CD80 
and CD86 to stimulate CD4+ T cells.172,173 In humans, eosinophils 
can be induced to express MHC class II and co-stimulatory mol-
ecules following cytokine stimulation and transmigration through 
endothelial monolayers.174–177 Moreover, human eosinophils con-
stitutively express a Notch ligand, Jagged1, suggesting that they 
have the capacity to polarize naïve CD4+ T cells.178

During intimate cell–cell contact, the production of IL-4 and 
IL-13 is not required in abundance to effect important immu-
noregulatory events, such as enhanced switching of T-cells to 
Th2 phenotype and increased IgE synthesis, both of which are 
hallmarks of allergic disorders.179,180 Mouse eosinophils can 
process and present antigens to T-cells.181,182 Under such condi-
tions, antigen-loaded eosinophils, acting as antigen-presenting 
cells, were found to preferentially initiate the generation of a Th2 
response to ovalbumin in an experimental mouse model.183,184 
Furthermore, antigen-pulsed eosinophils were sufficient for 
expansion of Th2 cells in draining lymph nodes.184

Earlier studies suggested that eosinophil recruitment into sites 
of inflammation was the result of IL-5 and CCL11/eotaxin genera-
tion from the adaptive immune response.1 However, numerous 
studies in mouse models have shown that the influx of eosino-
phils into sites of inflammation precedes that of lymphocytes, and 
that it can occur in mice with a deficient adaptive immune sys-
tem.165,168,185–187 These studies suggest that eosinophils may reg-
ulate the adaptive Th2 immune response in allergic inflammation. 
A major role for eosinophils in the localized recruitment of effec-
tor T-cells into the lungs of allergen-sensitized and -challenged 
mice has been demonstrated, whereby lung eosinophils elicit the 
expression of CCL17/thymus- and activation-regulated chemokine 
(TARC) and CCL22/ macrophage-derived chemokine (MDC).188 
These studies have supported the notion that eosinophils can 
participate in the generation of allergic immune response through 
the secretion of a wide diversity of immunomodulatory cytokines, 
either directly or indirectly through other tissues.

Eosinophils also engage in the maintenance of immune 
homeostasis by being involved in major histocompatibility com-
plex (MHC) class I-restricted thymocyte deletion in the thymus.189 

In the thymus, eosinophils express MHC class I and co-stimulatory 
molecules CD86 and CD30L, and are also positive for CD11b/
CD11c, CD25, and CD69, with decreased expression of CD62L, 
suggestive of an activated phenotype. These eosinophils are ana-
tomically localized within specific compartments of the thymus 
coinciding with negative selection of double-positive thymocytes. 
Thus, eosinophils may be associated with MHC class I-restricted 
thymocyte deletion as part of the maintenance of immune function 
in early life.

Indeed, abundant numbers of eosinophils were detected in 
human thymus tissue in infants ranging between the ages of 2 
weeks to 12 years undergoing open-heart surgery for congenital 
cardiac disease. Eosinophils constituted 2% of total thymic cell 
count post-natally; the counts were shown to be highest during 
the early stages of life and declined with age.190 Confirming what 
was shown previously for peripheral blood eosinophils,191 thymic 
eosinophils were shown to express constitutively biologically 
active IDO as suggested by the detection of copious kynurenine 
catabolites deriving from tryptophan breakdown in eosinophil/
IDO-rich thymic tissue.190 The study also showed that thymic 
eosinophil numbers, IDO expression, and tryptophan catabolites 
correlated with mRNA expression for Th2, but not Th1 mark-
ers. A fascinating observation was the detection of numerous 
eosinophils within unique thymic Hassall’s corpuscles. The latter 
were suggested to play a major role in regulatory T-cell (Treg) 
differentiation via the epithelial lining of these corpuscles.190,192 
The lining of Hassall’s corpuscles synthesizes and releases thy-
mic stromal lymphopoietin (TSLP) that instructs resident thymic 
dendritic cells to effect the conversion of self-reactive T-cells into 
CD4+CD25+Foxp3+ cells.193 Indeed, in the mouse, inflamma-
tory Th2-type responses to TSLP were shown to be eosinophil-
dependent.194 Together, these observations imply an immune 
regulating and/or modulating role for eosinophils in the thymus. 
This has potential relevance for the development of early-in-life 
immune response patterns especially in regard to polarization 
of the immature immune system. These observations may have 
significant relevance for the role of the eosinophil in health and 
disease.

Eosinophils are also likely to play a role in long-term main-
tenance of bone marrow plasma cells, inasmuch as plasma cell 
numbers were decreased in the bone marrow of eosinophil-
deficient mice; a defect that was reversed by eosinophil recon-
stitution.52 Eosinophils supported the survival of plasma cells by 
secretion of APRIL and IL-6.

Apart from these, other eosinophil-derived immunoregulatory 
factors have been recently recognized. Based on initial data show-
ing that its inhibition resulted in an immune-mediated abortion in 
mice,195 studies in the last 5 years have shown that indoleamine 
2,3 dioxygenase (IDO), the rate-limiting enzyme in the oxidative 
catabolism of tryptophan, may play a central role in immune 
regulation.196 Subsequent studies have associated tryptophan 
catabolism with mechanisms of tumor escape from T-cells,197 
dysfunctional tolerance in autoimmune diabetes mellitus in NOD 
mice,198 and protective negative regulation of trinitrozobenzene-
induced (Th1) model of colitis in the mouse.199 According to this 
mechanism, a discrete population of dendritic cells (DCs) that 
express functional IDO in lymphoid tissues is able to inhibit T-cell 
proliferation and induce T-cell apoptosis.200 The presence of this 
minority population of inhibitory DCs in lymphoid tissue can over-
ride the activating properties of other DCs and, therefore, act as 
a strong negative feedback mechanism on immune activation.201 
Further studies have shown that regulatory T-cells (Tregs) that 
constitutively express cytotoxic T-lymphocyte antigen-4 (CTLA-4), 
the so-called central Tregs, down-regulate the immune response 
using this mechanism.202,203

Human eosinophils constitutively express the enzyme IDO,191 
in contrast to DCs where IDO is inducible. Furthermore, co-
culture of IDO-expressing eosinophils with T-lymphocytes 
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selectively inhibited the proliferation of Th1 cells while having 
no effect on Th2 cells. Immunostaining of histologic sections of 
human lymphoid tissues and those from ovalbumin-sensitized  
and -challenged mice also showed the presence of IDO-expressing 
eosinophils. Similarly, a study investigating the expression of IDO 
in tumor biopsies from 25 cases of non-small–cell lung cancer 
showed that eosinophils were the only IDO-expressing cells in 
these tissues, and concluded that eosinophil-derived IDO may 
play a significant role in the escape of non-small–cell lung cancer 
from immune surveillance.204 In this study, the presence of IDO-
expressing tumor-infiltrating eosinophils was strongly correlated 
with poor survival. When these findings are juxtaposed with previ-
ous studies investigating the prognostic value of  tumor-associated 
tissue eosinophilia, it becomes apparent that eosinophil-derived 
IDO may be a major immunoregulatory mechanism in several 
eosinophil-associated conditions205,206 (Fig. 8.9).

Another immunomodulatory molecule generated by the eosino-
phil is one of its granule proteins, EDN. In addition to its RNase 
activity and antiviral properties, EDN is a chemoattractant for 
dendritic cells,207 and can induce maturation and activation of 
dendritic cells.208 In addition, EDN has the capacity to act as an 
alarmin by enhancing Th2 responses through a Toll-like receptor 2 
(TLR2)-dependent mechanism.209

The recognition of the capacity of the eosinophil to synthesize 
and release cytokines, and produce other immunomodulatory 
molecules, introduced a paradigm shift in understanding the 
potential of the eosinophil as an effector cell in allergic inflam-
mation and other eosinophil-associated conditions. However, the 
full capacity of the eosinophil to elaborate cytokines, the precise 
microenvironment requirements for such synthesis, the intracel-
lular pattern of production and storage, including the timing of its 
immunomodulatory function during immune responses, remain 
the subject of intensive investigation.

eosinophil DiffeRenTiaTion
Peripheral blood and tissue eosinophils are derived by hemopoi-
esis from CD34+ myelocytic progenitors found in the bone mar-
row and in inflamed tissues. Eosinophils make up approximately 
3% of the bone marrow from healthy individuals, of which 37% 
is fully differentiated, and the remainder is promyelocytes/myelo-
cytes and metamyelocytes.6,210 The appearance of newly matured 
cells in the blood occurs approximately 2.5 days from the time of 

the last mitotic division.6 The turnover of eosinophils is approxi-
mately 2.2 × 108 cells/kg/day, and the bone marrow possesses the 
largest end-differentiated eosinophil reservoir in the healthy body  
(9 to 14 × 108 cells/kg).211 Progenitors differentiate upon  exposure 
to a network of cytokines and chemokines to become committed 
to the eosinophil/basophil (Eo/B) lineage.212 Transcription factors 
regulate the production of eosinophils in the bone marrow, involv-
ing at least three classes: GATA-1 (a zinc finger family member), 
PU.1, and C/EBP members (CCAAT/enhancer-binding protein 
family).213 The fate of distinct lineages is regulated by PU.1, in 
which low levels induce lymphocytic cells and high levels promote 
myeloid differentiation.214 Eosinophil lineage differentiation is 
synergistically induced by GATA-1 and PU.1.215 However, GATA-1 
is likely the most important transcription factor for eosinophil dif-
ferentiation, as mice lacking GATA-1 have a specific deficiency in 
eosinophils.216

Eosinophils are more closely related to basophils than neu-
trophils and monocytes due to lineage differentiation at this 
stage.217 In addition, eosinophils retain elements of expression 
of basophil/mast cell-specific high-affinity Fcε receptor (a sub-
unit),218 whereas basophils continue expression of low concen-
trations of eosinophil major basic protein (MBP).219 Cytokines 
and chemokines are generated under appropriate stimulation 
from T-cells in the bone marrow. The three key cytokines that 
are critical for stimulation of bone marrow production of eosino-
phils are interleukin-3 (IL-3), IL-5, and granulocyte/macrophage 
colony-stimulating factor (GM-CSF).220,221 These three cytokines 
are also produced by CD4+ and CD8+ T-lymphocytes from 
peripheral blood as well as inflamed tissues.222 In bone marrow 
samples, committed eosinophil precursors can be recognized by 
their expression of the IL-5 receptor (IL-5R) and the C–C chemo-
kine receptor, CCR3, in addition to CD34.223 It is now well rec-
ognized that IL-5 is a key cytokine in terminal differentiation of 
eosinophils,224 and expression of the IL-5R on the progenitor cell 
is one of the first signs of commitment to the eosinophil lineage. 
The expression of IL-5R is almost exclusively limited to eosinophil 
progenitors and mature peripheral blood eosinophils, with some 
expression on basophils but not neutrophils or monocytes. This 
selectivity in receptor distribution indicates that IL-5 acts primar-
ily as an eosinophilopoietic cytokine. This has resulted in several 
groups proposing that inhibition of IL-5 with anti-IL-5 antibody 
therapy will result in the complete loss of eosinophils from the 
body, thus preventing the manifestation of allergic symptoms. 
The obligatory role of IL-5 in the differentiation of the eosinophil 

Figure 8.9. A proposed scheme addressing an immunoregulatory role 
that the eosinophil may play in asthma and allergy. Eosinophils have the 
capacity to exert powerful effector functions against mucosal tissues that may 
contribute to airway hyperresponsiveness. One way that eosinophils may regu-
late immune cells is through indoleamine 2,3 dioxygenase (IDO), a rate-limiting 
enzyme in the metabolism of the amino acid tryptophan. Eosinophils constitu-
tively express IDO, and when stimulated by IFNg, eosinophils lower the level of 
extracellular tryptophan and catalyze the production of kynurenines (KYN). KYN 
have been shown to target Th1 cells to reduce their proliferation by apoptosis, 
and in this manner allow the proliferation of Th2 cells. APC, antigen-presenting 
cell; ECP, eosinophil cationic protein; EPO, eosinophil peroxidase; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; IL, interleukin; LT, leukot-
riene; MBP, major basic protein; MHC, major histocompatibility complex; PAF, 
platelet-activating factor; PG, prostaglandin; TCR, T-cell receptor; TGF, trans-
forming growth factor; TNF, tumor necrosis factor; VGEF, vascular endothelial 
growth factor.
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has been confirmed by numerous studies on transgenic mice in 
which overexpression of the gene for IL-5 caused marked eosino-
philia and increased numbers of eosinophil precursors in their 
bone marrow.225,226 Interestingly, eosinophil differentiation in 
this transgenic model appeared to be completely independent of 
IL-3 and GM-CSF, suggesting that IL-5 alone may be sufficient to 
generate an eosinophilia from stem cell precursors. Gene deletion 
of IL-5 results in depletion of eosinophils from the circulation, as 
IL-5 gene-deficient mice exhibit a complete ablation of peripheral 
blood eosinophils.227,228 However, although IL-5 gene-deficient 
mice exhibit almost no eosinophils in their blood, a small pool of 
apparently IL-5-independent eosinophils persist in the mucosal 
tissues of these animals.229

Additional eosinophilopoietic factors may assist in inducing the 
differentiation of Eo/B progenitors in the bone marrow, includ-
ing IL-4, IL-6, IL-11, IL-12, SCF, and others.39 C–C chemokines, 
named for their adjacent cysteine residues in the C-terminus 
amino acid sequence as distinct from the CXC chemokines, 
include CCL11/eotaxin and CCL5/RANTES, which have also been 
shown to be important in the development of eosinophils.230 
CCL11/eotaxin facilitates the efflux of fully mature eosinophils 
into the peripheral circulation and promotes the recruitment of 
eosinophils to target tissues. Overall, at the level of the bone mar-
row, the early development of Eo/B progenitors is driven by IL-3 
and GM-CSF, among other factors, whereas at later stages, IL-5 
regulates the terminal differentiation of eosinophils.

The half-life of eosinophils in the circulation is approxi-
mately 18 hours with a mean blood transit time of 26 hours,231 
although this is extended in eosinophilic conditions, possibly due 
to the elevation of systemic eosinophil-activating cytokines that 
promote eosinophil survival. Based on a study of 740 medical 
students, the normal range of blood eosinophils was shown to 
be between 0 and 0.5 × 109/L, with counts ranging from 0.015 
to 0.65 × 109/L.232 Circulating eosinophil counts exhibit diurnal 
variation in humans, in which the lowest and highest levels are 
seen in the morning and evening, respectively, often exhibiting 
more than 40% variation within a day.233,234 Mild eosinophilia is 
generally considered to be 0.5 to 1.5 × 109/L, moderate eosino-
philia as 1.5 to 5.0 × 109/L, and marked eosinophilia greater 
than 5.0 × 109/L. Allergy is commonly associated with eosino-
philia in the mild range, whereas parasitic infestation is often 
characterized by a marked eosinophilia.

Eosinophils are predominantly tissue cells, and their major 
target organs for homing in the healthy individual is the gas-
trointestinal tract (outside of the esophagus), mammary gland, 
uterus, thymus, and bone marrow. The gastrointestinal tract is 
the predominant site of homing for tissue eosinophils in healthy 
humans.235 In states of disease, eosinophils appear in the lungs, 
esophagus, skin, and brain (e.g., during strokes). Once they enter 
target tissues, eosinophils do not return to the blood circulation. 
Eosinophil numbers can remain high in tissues even when periph-
eral numbers are low, suggesting that their survival is enhanced 
upon extravasation. Curiously, pathogen-free laboratory animals 
have no eosinophils in their blood, and tissue eosinophils are 
scarce, suggesting that the appearance of eosinophils may be 
environment- or disease-related.210

eosinophil production and Survival  
in peripheral tissue
Eosinophil development and maturation may also occur in situ 
in peripheral (extramedullary) sites outside of the bone marrow. 
In this case, Eo/B precursors are released into the bloodstream 
directly from the bone marrow to circulate to sites where they 
specifically transmigrate in response to locally produced cytokines 
and chemokines. This may provide an alternative mechanism for 
the persistence or accumulation of tissue eosinophils. Like neu-
trophils, eosinophils are end-stage cells, which, in culture, rapidly 

undergo cell death by either apoptosis or necrosis. However, 
eosinophil-active cytokines, such as IL-3, IL-5, and GM-CSF, as 
well as interferon-g (IFNg), prolong eosinophil survival in culture 
for up to 2 weeks.236,237,238 They also enhance receptor expres-
sion and cell function, including cytotoxicity against metazoan 
targets, and mediator release. Cytokines derived from eosinophils 
may lead to autocrine prolongation of eosinophil maturation and 
survival in tissues.45 Local tissue types such as endothelial cells, 
fibroblasts, and epithelial cells may also contribute to the produc-
tion of IL-5 and GM-CSF for in situ eosinophil maturation and 
differentiation in airway or gut mucosa.

Extracellular matrix proteins have been shown to modulate 
eosinophil responses to soluble physiologic stimuli.239 Eosinophils 
were shown to adhere specifically to fibronectin47 an abundant 
extracellular matrix protein. Moreover, VLA-4, a known receptor 
for fibronectin,240 is involved in mediating eosinophil/fibronectin 
interactions.47 Similarly, VLA-6 expressed on eosinophils inter-
acts with the connective tissue protein laminin. These receptors 
function to enhance eosinophil responses and are likely to pro-
mote the activation of tissue eosinophils by cytokines and other 
signaling molecules.

The eosinophil-specific cytokine, IL-5, delays eosinophil apop-
tosis and promotes eosinophil priming and activation.241 IL-5 
production by airway CD4+ T-cells may be directly stimulated 
by eosinophils in a paracrine manner to enhance survival of tis-
sue eosinophils.242 Eosinophil progenitors in nasal explants from 
atopic patients have been shown to survive and develop into fully 
mature eosinophils ex vivo using similar mechanisms.243 Allergen 
challenge of these explants, as well as lung explants of brown 
Norway rats, was shown to evoke a rapid (6 hours) accumulation 
of MBP-positive cells after allergen challenge.244 This was shown 
to be dependent on IL-5 production within the explant, a key cyto-
kine in eosinophil survival.

The IL-5R consists of two subunits, an a subunit of 60 to 80 
kDa, and a common bc subunit of between 120 and 140 kDa, 
which is shared with IL-3R and GM-CSFR. IL-5 interacts with its a 
subunit specifically but at a lower affinity than the bc subunit.245 
IL-5 stimulation through the bc subunit leads to phosphorylation of 
the tyrosine kinases, Jak2, Lyn, and Syk. Jak2 signals through the 
nuclear translocation factor STAT1, but Lyn and Syk signal through 
the mitogenic Ras-Raf1-MEK-ERK pathway (Fig.  8.10). Tyrosine 
phosphorylation enhances the expression of the antiapoptotic pro-
tein Bcl-xL in eosinophils, and decreases translocation of the pro-
apoptotic signaling molecule Bax, resulting in decreased activation 
of apoptotic signaling through the caspase family.246,247 GM-CSF 
prolongs the survival of eosinophils bound to tissue sites via a4 
integrin for up to 2 weeks,47 and has also been shown to inhibit 
eosinophil apoptosis similarly to IL-5. Thus, the growth, matura-
tion, and prolongation of survival of eosinophils in extramedullary 
tissues may occur in sites other than the bone marrow.

eosinophil heTeRogeneiTy
Human peripheral blood eosinophils exhibit marked hetero-
geneity based on their physical, morphologic, and functional 
properties. There are three different populations of eosinophils 
that can be characterized based on their intrinsic buoyant den-
sity and responsiveness to stimuli. These are the normodense, 
hypodense, and primed eosinophils, which can be described in 
both normal and eosinophilic subjects. Each of these populations 
responds differently to stimuli, which may be related to their 
stage of maturation. In addition, they may derive from distinct 
pools of eosinophils that are genetically regulated. The major-
ity of blood eosinophils (>90%) from normal individuals are 
normodense, which separate out from other leukocytes in the 
lower interfaces of Percoll or metrizamide discontinuous density 
gradients. Hypodense eosinophils can be seen in a proportion of 
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eosinophils. The first is that hypodense eosinophils frequently 
co-migrate to the same density as neutrophils in metrizamide or 
Percoll gradients, thus making it difficult to separate these two 
cell types. Neutrophils could, therefore, enhance the responsive-
ness of eosinophils through cell–cell interaction. For example, 
total LTC4 produced by a mixture of eosinophils and neutrophils 
was found to be greater than the amount produced by either cell 
type alone.256 However, other studies assessing the possibility of 
neutrophils enhancing eosinophil responsiveness have been nega-
tive.257,258 Secondly, hypodense eosinophils have been shown 
to express a greater number of receptors for IgG, IgE, CD44, 
complement, and the p55 subunit of the IL-2 receptor when com-
pared with normodense cells,248,259,260,261 which may explain 
their enhanced responsiveness to stimuli. However, the surface 
expression of numerous other receptors does not differ between 
normodense and hypodense eosinophils, with some populations 
(e.g., CD18) even showing decreased expression in hypodense 
cells.262 Furthermore, normodense eosinophils from patients with 
an eosinophilia have enhanced effector function compared with 
eosinophils from normal individuals. It is possible, therefore, that 
the formation of low-density eosinophils results from the migra-
tion of normodense eosinophils from the bone marrow to the cir-
culation, whereupon they become activated by elevated systemic 
factors. Another scenario may be that the association between 
hypodensity and activation is coincidental, with the less dense 
cells being immature. This heterogeneity in eosinophils has not 
received significant attention in recent years, likely due to changes 
in purification techniques for eosinophils. Although early studies 
generated eosinophils purified by density gradients, using Percoll, 
for example, by far the most common approach in modern stud-
ies is negative selection by immunomagnetic bead separation.263 
Immunomagnetic separation of eosinophils has the advantage 
of greatly enhancing the purity of eosinophils, but reveals little 
regarding hypodense subpopulations.

eosinophil Tissue accumulaTion
Eosinophils migrate to the gastrointestinal tract during their 
normal development,235,264,265 and possibly in response to 
environmental factors as part of a role in innate defense against 
parasites. The mechanisms involved in the selective tissue 
recruitment of eosinophils across the vascular endothelium and 
into tissues in allergic reactions occur sequentially in four well-
defined steps. These include (1) the tethering of the eosinophil 
to the lumenal surface of the vascular endothelium during nor-
mal transport through the blood vessel, (2) rolling of the eosino-
phil along the lumenal surface of the activated endothelium in a 
reversible manner, (3) firm adhesion of the eosinophil to endo-
thelial cells, and (4) transmigration of the eosinophil through 
the endothelium into target tissues (Fig.  8.11). A further, less 
understood, step in eosinophil trafficking in the tissues is the 
in situ differentiation of circulating committed Eo/B precursors. 
Most migration through endothelium occurs at post-capillary 
venules.

Each of these steps is controlled by a complex network of 
chemotactic factors and adhesion molecules, which collectively 
direct the movement of the eosinophil into the tissues. For eosino-
phils, L-selectin and a4 integrin are thought to be important in 
tethering and rolling, and a4 and b2 (CD18) integrins mediate 
firm adhesion. The transmigration step is primarily regulated by 
b2 integrins as well as C–C chemokines such as CCL11/eotaxin. 
Cytokines and chemokines are elaborated by surrounding tissues 
to modulate the transmigration of eosinophils into tissues. Many 
of these mechanisms appear to be controlled at the level of the 
T-cell response to antigen (allergen)-presenting cells, and the 
subsequent release of cytokines and chemokines which in turn 
regulate the activity of eosinophils.

Transcriptional activation leading to antiapoptotic effects
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Figure 8.10. Signaling pathway leading from binding of iL-5 to its receptor in the 
membrane to transcriptional activation in the cell nucleus via the ras-raf1-MeK-erK 
pathway. The b subunit of the receptor is also able to activate the Jak2-STAT1 pathway. Tran-
scriptional activation is proposed to generate antiapoptotic effects in eosinophils.

eosinophils from individuals with a raised eosinophil count that 
exhibit lower density (<1.085  g/ml) than eosinophils from nor-
mal subjects, resulting in a spread of eosinophil populations in 
the gradient, with contaminating mononuclear cell bands.237,248 
Morphologically, hypodense eosinophils appear vacuolated, con-
tain more lipid bodies, express less MBP, and possess smaller-
size crystalloid granules that appear to be slightly more lucent 
and take up less cell volume, although these are of equal num-
bers to normodense eosinophils.249 They also exhibit a greater 
cell volume than normodense eosinophils.250 The mechanism 
for this heterogeneity is not clear. The presence of low den-
sity (or hypodense) eosinophils appears to be a nonspecific 
phenomenon that occurs in any eosinophilic condition includ-
ing parasitosis, asthma, allergic rhinitis, idiopathic hypereo-
sinophilic syndrome, and certain malignancies. It was originally 
thought that the numbers of hypodense cells correlated with the 
degree of eosinophilia, although this has not been consistently 
observed.248,251–254 Thus, the mechanisms governing the pro-
duction of hypodense eosinophils are likely to be distinct from 
those that control eosinopoiesis.

Functionally, hypodense eosinophils appear to be more acti-
vated, because they exhibit elevated oxygen consumption,248 
increased cytotoxicity toward helminthic targets,251 and release 
more LTC4 after physiologic stimulation.121 Activation of eosino-
phils, in vitro, with inflammatory mediators such as platelet 
activating factor (PAF), as well as long-term culture with cyto-
kines (e.g., IL-3, IL-5, and GM-CSF), has been associated with a 
decrease in eosinophil density.236,255 Two possible explanations 
may account for the enhanced responsiveness of hypodense 
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Figure 8.11. eosinophil tethering, rolling, adhesion, transmigration, and chemotaxis in response to inflammatory signals in tissues. During 
 chemotaxis, eosinophils may either become activated in response to local inflammation and release mediators, as in asthma and other related conditions, or they 
accumulate in tissues in the apparent absence of mediator release.
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tethering and rolling
Our knowledge of the mechanisms involved in eosinophil inter-
actions with the endothelium extends primarily from in vitro 
assays of leukocyte adhesion to cultured human umbilical vein 
endothelial cells (HUVEC) both in stable and under flow condi-
tions. Antibodies specific for adhesion molecules have been 
applied in this system and have identified critical regulatory mol-
ecules required for adhesion and transmigration of eosinophils. 
Tethering and rolling of eosinophils on HUVEC cells under flow 
conditions are regulated by L-selectin (CD62L) expressed on the 
eosinophil surface interacting with E- and P-selectins (CD62E and 
CD62P) on endothelial cells.266 Selectins are characterized by a 
lectin-binding domain, which is involved in the initial anchoring of 
inflammatory cells to the venular endothelium. This interaction is 
enhanced after the release of inflammatory mediators from these 
cells as well as neighboring tissues. Once tethered, eosinophils roll 
until they become stimulated by a chemoattractant stimulus (indi-
cating local inflammation), which induces activation of a4 integrin 
receptors on the leukocyte. In addition, rolling appears to facilitate 
the subsequent adherence and transmigration of eosinophils into 
tissues. Eosinophils also express PSGL-1 and the integrins a4b1 
(VLA-4) and a4b7, which are involved in cell rolling.266 Eosinophil 
integrins bind to target sites in the endothelium, primarily ICAM-1 
(CD54) and VCAM-1 (CD106), through their Mac-1 (a b2 integrin, 
also known as CR3 or CD11b/CD18) and VLA-4 (a4b1 integrin) 
receptors, respectively. The constitutive expression of VLA-4 
(a4b1 integrin) is limited to a small number of leukocytes, includ-
ing eosinophils, monocytes, basophils, and T-cells, suggesting that 
regulated expression of its ligand, VCAM-1, on endothelial cells 
may be important in selective recruitment of these cells.267

adhesion
The firm adhesion of eosinophils involves the interaction of a4 and 
b2 integrins with the endothelial layer. Specifically, eosinophils 
adhere to TNFa-, IL-1b-, and LPS-activated HUVECs through CR3/
ICAM-1 and VLA-4/VCAM-1 interactions.267,268,269,270,271 Other 
adhesion molecules that may contribute to this process are LFA-1, 

VLA-6 (a4b1), a4b7 integrin, p150,95, and CD11d. Eosinophils 
exhibit differential binding properties through VCAM-1 and ICAM-1,  
which are dependent on their activation status. Freshly pre-
pared unstimulated eosinophils preferentially bind to endothelial 
VCAM-1 via VLA-4 (a4b1) rather than b2 to ICAM-1.230,272 Once 
activated, eosinophil preference for VCAM-1 shifts to that of endo-
thelial ICAM-1 via b2 integrins.230,273–275 During extravasation 
(diapedesis) into tissues, the eosinophil becomes progressively 
more activated upon contact with extracellular matrix proteins 
and other stimulated cells. Tissue eosinophils from an antigen 
challenge model express increased CD11, CD69, and ICAM-1.276 
Eosinophil binding in tissues switches to ICAM-1 and the CS-1 
region of tissue fibronectin.170,266,273 The change in the activa-
tion status is also confirmed by the changes in the expression of 
cell surface molecules seen as the eosinophil goes through tissue. 
Eosinophils recovered from bronchoalveolar lavage (BAL) express 
increased ICAM-1, Mac-1, CD69, and decreased L-selectin, sug-
gesting an activated state.247

Cytokines such as IL-4 and IL-13 have been shown to up-
regulate eosinophil adhesion, primarily through up-regulation of 
VCAM-1 on endothelial cells.277,278 The effects of IL-4 and IL-13 
are mediated through Jak3 and the nuclear transcription factor 
STAT-6.279,280 Interestingly, a decrease in tissue eosinophilia 
has been observed in allergen-challenged STAT-6−/− mice, in 
spite of high levels of VCAM-1 expression.280 This difference was 
thought to be due to decreased expression of CCR3 in eosino-
phils, which is directly controlled by STAT-6.281 Results from 
STAT-6−/− mice would suggest that IL-4 and IL-13 also have a 
role in the induction of CCR3 on eosinophils and T-cells. These 
findings underline the importance of cytokine and chemokine 
cross-talk in the generation of blood eosinophilia and tissue 
diapedesis.

The switch to ICAM-1-mediated adhesion and transmigra-
tion may be associated with facilitation of eosinophil entrance 
into the tissue. Increased b1 expression (VCAM-associated) has 
been shown to slow eosinophil migration compared with ICAM-1/
b2.282 It is important to note that anti-VLA-4 antibodies may not 
prevent eosinophil migration into tissue if ICAM-1 or P-selectin 
sites are the first targets for activated eosinophils.266
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IL-5 also up-regulates eosinophil, but not neutrophil, adhe-
sion to unstimulated endothelium, offering a selective pathway of 
eosinophil adhesion.64 IL-5 has been shown to activate transendo-
thelial migration of eosinophils through ICAM-1 via decreased b1 
and increased b2 integrin expression.283 Similarly, stimulation of 
eosinophil CCR3 with a chemokine such as CCL11/eotaxin, which 
can be released from endothelial cells, also increases b2 integ-
rin expression, resulting in preferential binding to  ICAM-1.284 
Thus, numerous cytokines and chemokines have been shown to 
enhance eosinophil adhesion to endothelium.

Complement proteins are also important in eosinophilic traf-
ficking in tissues. Complement-mediated inflammation, as seen 
with parasite infection, is associated with the release of C3a and 
C5a. C3a increases binding of eosinophil to endothelium but does 
not increase migration; however, C5a increases both adhesion 
and migration.285 VCAM-1 and ICAM-1 are involved in com-
plement-mediated binding and migration of eosinophils, as this 
process is blocked by the application of anti-a4 and b2 antibodies. 
These findings illustrate the importance of adhesion molecules 
VCAM-1 and ICAM-1 in the complement-mediated pathway of 
anaphylaxis and host defense.

Other more general inflammatory cytokines, such as IL-1 and 
TNFa, are also released by inflamed tissues and have significant 
effects on eosinophil migration.266 Message encoding both IL-1 
and TNFa is increased in the airways of symptomatic as opposed 
to nonsymptomatic asthmatics,286 and IL-1 is increased in tis-
sues from sites of cutaneous allergy.287 Antibodies to IL-1 have 
been shown to decrease the expression of VCAM-1 and ICAM-1 in 
endothelial cells.288 Mice deficient in IL-1 expression (IL-1−/−) have 
decreased eosinophil rolling, adhesion, and transmigration.289 
TNFa has also been shown to increase expression of endothelial 
ICAM-1, VCAM-1, P-selectin, and E-selectin, causing increased 
eosinophil rolling and adhesion.290,291,292 In addition, TNF−/− mice 
show decreased eosinophil adhesion and migration into tissue, 
similar to IL-1−/− mice.293 These factors may have important roles 
in allergic asthma where preferential accumulation of eosinophils 
is a feature of atopic (IgE-dependent) inflammatory conditions.

transmigration and Chemotaxis
Once eosinophils adhere to vascular endothelium, they com-
mence diapedesis whereby they emerge out of the capillaries and 
traverse the adjacent connective tissue en route to the focus of 
the inflammatory response. Eosinophils move through the endo-
thelium by extending lamellipodia in the form of a uropod, thus 
leading to lamellar motion.266 For cells to move, there must be 
increased binding forward via the uropod and release of binding 
to the rear. Changes in the binding affinity for adhesion molecules 
and extracellular matrix proteins are thought to contribute to 
cell movement on a substratum. A gradient in binding affinity 
of eosinophil VLA-4 to fibronectin has been demonstrated,294 
where increased adherence at the leading edge of the cell is fol-
lowed by de-adherence at the rear of the cell, allowing the cell to 
move on. Cytokines and chemokines also influence the binding of 
eosinophils to tissue surfaces, such as GM-CSF which increases 
the binding affinity of VLA-4 to VCAM-1 or CS-1,295 and CCL11/
eotaxin which stimulates the reverse reaction.284 CCL11/eotaxin 
induces cytoskeletal changes via mitogen-activated protein 
kinases (MAPK),266 Rho guanosine triphosphatases (GTPases), 
and Rho kinase.296,297 Eosinophil chemotaxis may be inhibited 
by CXCL9 (monokine induced by interferon g, Mig), a factor that 
inhibits eotaxin-induced chemotaxis.298,299 Other chemokines 
or chemotactic factors, such as CCL5/RANTES, CCL7/monocyte 
chemoattractant protein-3 (MCP-3) and C5a, may also alter b1 
integrin affinity in eosinophils.273,300 The balance of these factors 
determines the rate of eosinophil migration.

Although cytokines (e.g., IL-3, IL-5, and GM-CSF) are essential 
for the development and proliferation of eosinophils, they are likely 

to play an immunomodulatory role in priming eosinophils for bet-
ter chemotactic responses to target tissue sites. The most potent 
eosinophil chemoattractants include PAF, LTD4, C5a, IL-2, and 
C–C chemokines such as CCL11/eotaxin and CCL5/RANTES (regu-
lated upon activation, normal T-cell expressed and secreted).86,301 
C–C chemokines appear to be essential for inducing the specific 
migration of eosinophils to inflamed sites. Several distinct families 
of chemokines have been identified, and the CCR3-binding family 
in particular plays a crucial role in generating tissue eosinophilia 
due the nearly exclusive expression of CCR3 in eosinophils.230 
This family of chemokines consists of CCL11/eotaxin (1, 2, and 3), 
CCL5/RANTES, CCL7, CCL8, CCL12 (MCP-2, 3, and 5), and CCL3/
macrophage inhibitory protein (MIP)-1a. Chemokines binding 
CCR3 may be selective for granulocytes such as eosinophils and 
basophils, as neutrophils do not express this receptor. CCL11/
eotaxin is the only chemokine with potent chemoattractant effects 
on eosinophils, making it a key ligand for the CCR3 family.301,302 
CCR3 chemokines are produced by endothelial cells, epithelial 
cells, parasympathetic nerves, T-cells, macrophages, fibroblasts, 
and eosinophils, among other tissue sources.45,303,304

Basal expression of CCL11/eotaxin in the gut is elevated 
compared with other tissues in the normal animal.305 During 
allergen-induced eosinophilia, CCL11/eotaxin expression is fur-
ther increased within tissues.306 Some synergism exists between 
IL-5 and CCL11/eotaxin, as IL-5 stimulation enhances the eosino-
phil response to CCL11/eotaxin both in vitro and in vivo.307,308 
In order to define the specific role of CCL11/eotaxin in inflam-
mation, CCL11/eotaxin gene-knockout (Eo−/−) mice have been 
deployed.235,309 These mice produce IL-5 normally, and thus 
continue to develop blood eosinophilia similar to their wild-type 
heterozygotes. However, Eo−/− mice do not develop tissue eosino-
philia. Thus, the primary role of CCR3 appears to be involved in 
the homing of circulating eosinophils to target tissues expressing 
CCL11/eotaxin.

Additional chemokines of the CCR3 family have been shown to 
exert important effects in situations where CCL11/eotaxin may not 
be necessarily essential to the response.266,310 Each chemokine 
appears to have a unique role in the timing and location of tissue 
eosinophilia. Peripheral blood levels and cultured mononuclear 
cells from patients with allergic dermatitis produce increased 
levels of CCL5/RANTES, CCL2/MCP-1, and CCL3/MIP-1a com-
pared with nonallergic controls.311 Similarly to CCL11/eotaxin, 
IL-5-stimulated eosinophils have an increased affinity for CCL5/
RANTES. However, unlike CCL11/eotaxin, CCL5/RANTES was 
specifically associated with exacerbations of eosinophilic bron-
chitis, thought to be provoked by viral infection. Infections with 
respiratory syncytial virus (RSV) leading to eosinophilia have 
been correlated with increased CCL5/RANTES, CCL2/MCP-1, 
and CCL3/MIP-1a expression.312,313 Children with asthma have 
large increases in eosinophil-associated MBP, CCL5/RANTES, and 
CCL3/MIP-1a in their nasal secretions during naturally acquired 
viral infections.314 Therefore, the apparently broader range of 
effects of CCL5/RANTES, CCL3/MIP-1a, and CCL/2MCP-1 may 
also increase the range of eosinophil activity in disease, even 
though all of these bind specifically to CCR3 on eosinophils.

Other factors are also produced in mucosal tissues, which are 
moderately or strongly chemotactic for eosinophils. These include 
bacterial products (e.g., endotoxin and the tripeptide f-Met-Leu-
Phe [fMLF]), the anaphylatoxin complement factor, C5a, opsonized 
particles (which exert their effect via complement [CR1, CR3] and 
FcgRII receptors), and other cytokines (IL-4, CXCL8/IL-8, and pos-
sibly IL-13). In addition, the lipid-derived mediators, leukotriene 
B4 (LTB4) and PAF, which are elevated in allergic responses and 
induce eosinophil respiratory burst and degranulation at higher 
doses,39,239,315,316 are also eosinophilotactic. Eosinophil cytokines 
IL-3, IL-5, and GM-CSF are able to enhance the chemotactic 
ability of each of these factors. Although PAF antagonists are 
not sufficient at preventing eosinophilic inflammation in allergy, 

72683_ch008_0160-0180.indd   175 7/17/13   9:58 AM



176 part ii The Normal Hematologic System • SeCtiON 3 Granulocytes and Monocytes

treatment of allergic individuals with leukotriene modifiers has 
been effective at reducing eosinophil numbers and inhibiting 
eosinophil activation.317

eosinophils anD alleRgic Disease
The association between eosinophils and allergic disease has 
been known for many years. Eosinophils are a feature of allergic 
and nonallergic asthma,265 and large numbers of eosinophils and 
eosinophil granule products are found in and around the bronchi 
in asthma patients.19,318–322 The gastrointestinal tract is a natu-
ral homing site for eosinophils, however, excessive eosinophilia 
and active secretion in various compartments of the gut result in 
disease states such as eosinophilic esophagitis, gastroesophageal 
reflux disease (GERD), or inflammatory bowel disease (IBD).264 
Patients with atopic dermatitis also show strong evidence of 
eosinophil presence and mediator release.323–325

eosinophils and asthma
There is a strong correlation between the presence of bronchial 
hyperresponsiveness (a cardinal clinical feature of asthma) 
and eosinophilia, particularly activated eosinophils.233,319,326 
Challenge of the airways with inhaled allergen induces local air-
way inflammation characterized by influx of both eosinophils and 
neutrophils. In the late phase of the response, eosinophils are a 
predominant feature.326–328 A transient peripheral blood eosino-
philia may also occur following these challenges.326 Challenges 
with low molecular weight occupational compounds such as 
toluene diisocyanate have also been associated with eosino-
philia.329 Even nonatopic asthma, which appears to lack an IgE-
mediated immune response, shows similar increases in airway 
 eosinophils.329,330

Eosinophils in the airways may be assessed using bronchial 
biopsy, bronchoalveolar lavage (BAL), or induced sputum. The 
use of fiberoptic bronchoscopy with biopsy is considered the gold 
standard for acquiring the best appreciation of eosinophil involve-
ment in asthma.331,332 A consistent finding in asthmatic airways 
is the presence of increased numbers of activated eosinophils or 
their release products, which correlate broadly with the severity of 
disease as reflected in symptoms, bronchial hyperreactivity, and 
lung function.330,333 Segmental allergen challenge of human sub-
jects’ bronchi induces increased eosinophils in the airways,327,328 
that were positive for the early activation marker CD69 334 and 
show up-regulation of integrins.335 Even in mild disease, there 
may be a significant increase in numbers of eosinophils in the 
airways of patients, and these are CD69-positive.330,336

Eosinophil granule proteins are significantly associated with 
the incidence of allergy and allergic asthma. As mentioned 
previously, MBP is found in large amounts in the lung tissues 
of patients with status asthmaticus, suggesting widespread 
eosinophil recruitment and degranulation.19 The analysis of 
BAL samples from patients with asthma demonstrated that high 
concentrations of MBP correlate with the severity of bronchial 
hyperreactivity.8 Intratracheal instillation of MBP and EPO in a 
primate model provoked bronchoconstriction, and MBP enhanced 
airway responsiveness to inhaled methacholine.8 These physi-
ologic effects of MBP are likely mediated by its cationic proper-
ties, inasmuch as treatment with polyanionic peptides such as 
polyglutamic acid reverse the effects of MBP.337,338 These studies 
suggest that eosinophil degranulation is a major feature of allergic 
asthma. However, whether degranulation from eosinophils is sim-
ply the result of eosinophil infiltration, or if it plays an important 
role in allergic disease, is yet to be determined.

Sputum analysis offers a noninvasive technique showing cor-
relation of eosinophil numbers with clinical outcomes.339–341 

Increases in sputum eosinophils correlate with the degree of 
airway responsiveness, asthma symptom scores, and asthma 
exacerbations.330,342,343 Monitoring eosinophilic inflammation 
using induced sputum samples has been suggested as an impor-
tant adjunct to the clinical management of asthma beyond relying 
on lung function and symptoms alone.344 Conversely, a lack of 
eosinophils in sputum analysis appears to correlate with a lack of 
response to inhaled corticosteroids.345

the eosinophil Controversy
Early studies on eosinophil function in the immune response 
suggested that eosinophils played an immunoprotective role in 
allergy. For example, eosinophils produce histaminase, which was 
thought to act by down-regulating mast-cell–mediated early phase 
responses to allergen.346 However, reports emerging in the latter 
part of the 20th century suggested that eosinophils had a destruc-
tive role in allergic and asthmatic airways, based on the discovery 
of intensely stained deposits of eosinophil MBP in the airways of 
individuals who died from fatal asthma.19 More recent studies 
then cast this concept back into doubt, including animal models 
of asthma (IL-5 gene knockouts and anti-IL-5–treated mice) and 
clinical trials using anti-IL-5, IL-12, and IFNg.

Mouse Models of airway hyperresponsiveness
The roles of IL-5 and eosinophilia in mouse models became a 
concern. Depending on the protocol used for sensitization and 
challenge, it appeared that airway hyperresponsiveness could 
persist in mice in spite of treatment with an antibody to IL-5 and 
depletion of blood eosinophils. Animal models of asthma have 
utilized IL-5−/− mice to determine the contribution of eosinophils 
to the pathogenesis of airway inflammation induced by aller-
gens. One report showed that airway hyperresponsiveness was 
not affected in allergen-sensitized and challenged IL-5−/− mice, 
although blood eosinophil numbers were significantly dimin-
ished.347 Studies using anti-IL-5 injections in mice generated 
similar observations.228,348 In contrast, using another allergen 
challenge model, increased blood and tissue IL-5 levels were 
evident in wild-type mice.349 These levels correlated with both 
blood and tissue eosinophilia and airway hyperresponsiveness. 
In the same study, IL-5−/− mice did not mount a blood or tissue 
eosinophil response after allergen challenge, nor did they develop 
airway hyperresponsiveness.349 Restoring IL-5 expression in 
these animals via vaccinia virus encoding IL-5 reconstituted blood 
and tissue eosinophilia with an associated development of airway 
hyperresponsiveness. In an inducible model of T-cell–specific 
transgenic expression of IL-5, mice produced severe skin lesions, 
gastrointestinal dysfunction, splenic enlargement, and airway 
hyperresponsiveness similar to symptoms associated with human 
eosinophilic disorders,350 supporting a crucial role for the eosino-
phil in tissue damage associated with allergy.

It appeared that airway hyperresponsiveness could develop 
during allergen challenge even though blood eosinophilia was 
lost. The answer to this dilemma may be in the persistence of 
tissue eosinophils even during IL-5 depletion. Although IL-5 is 
important in the differentiation and proliferation of eosinophils in 
the bone marrow, once they arrive in peripheral mucosal tissues, 
they may to switch to an IL-5–independent mechanism of activa-
tion, and possibly recruitment, due to the strong down-regulatory 
effects of IL-5 on eosinophil IL-5 receptor expression.

The possibility of persistence of IL-5-independent tissue 
eosinophils has been implicated in results from Eo−/− mice. 
Despite developing blood eosinophilia, Eo−/− mice show reduced 
but not abolished tissue eosinophilia 242 with its associated eosin-
ophil-mediated tissue damage following allergen challenge.351 
However, in IL-5 transgenic mice treated with recombinant 
CCL11/eotaxin-2, both IL-5 and CCL/eotaxin-2 cooperatively 
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promote eosinophil accumulation in the blood and tissues, lead-
ing to increased IL-13 production and enhanced airway hyper-
responsiveness during allergen challenge.229 Neither IL-5 nor 
CCL11/eotaxin on its own was able to induce these events. These 
studies indicate that there are distinct roles for eotaxin and IL-5 in 
eosinophil maturation, proliferation, and homing to target tissues. 
Thus, although IL-5 is critical for the maturation and prolifera-
tion of eosinophils in the bone marrow, eotaxin may be equally 
essential in a cooperative manner for movement and maintenance 
of eosinophilia in the tissues. Therefore, a key event in eosinophil-
mediated inflammation leading to airway hyperresponsiveness 
may lie in the persistence of activated eosinophils in the tissue.

Studies in an eosinophil-knockout mouse, generated by linking 
the diphtheria toxin promoter to the gene expressing eosinophil 
peroxidase (the so-called “PHIL” mouse), indicate a key role for 
eosinophils in establishing airway hyperresponsiveness in an 
acute model of allergic inflammation.352 In the PHIL mice, eosino-
phils were depleted in both blood and tissue compartments, and 
Th2-type airway inflammation and an asthmalike pathology was 
attenuated upon sensitization and challenge with ovalbumin. 
These responses were restored by reconstitution of eosinophils353 
or a combination of eosinophils and antigen-specific T-cells.188 
Another study showed that GATA-1 promoter disruption in mice 
(generating the Δdbl-GATA lineage), which also leads to the abla-
tion of eosinophils, had no effect on airway hyperresponsiveness 
to methacholine challenge in either acute or chronic models of 
allergic inflammation, but showed reduced mucus production 
and airway remodeling.216,354 In general, these studies show 
supportive data for a role for eosinophils in mediating Th2-type 
inflammatory responses, at least in the mouse model, but with 
some conflicting details. For example, the Δdbl-GATA mice did 
not show any significant differences in airway hyperresponsive-
ness following allergen sensitization and challenge, whereas PHIL 
mice exhibited a profound reduction in airway resistance upon 
challenge with methacholine.

Indeed, the appropriateness of the mouse as an animal model 
for investigating airway hyperresponsiveness has been brought 
into question. A major limitation of mouse models is that mouse 
eosinophils seem to be markedly deficient in their ability to 
undergo respiratory burst158,355 and degranulate in vivo or in 
vitro in response to any known eosinophil-specific agonists. As 
mentioned earlier, eosinophil degranulation appears to be a vital 
component of the symptoms associated with allergic airway dis-
ease, and the use of mice may be counterproductive in providing 
clues relating to a better understanding of the role of the eosino-
phil in airway hyperresponsiveness.

In conclusion, these findings have important implications for 
the treatment of asthmatic patients with antieosinophil therapies, 
such that more specific and targeted treatments may be needed 
to block either the recruitment or activation of eosinophils at sites 
of inflammation.

antieosinophil Strategies in human asthma
Although eosinophils are closely associated with the clinical pre-
sentation of asthma and other atopic diseases, the evidence that 
this reflects a direct cause-and-effect relationship is still a subject 
of debate. The discovery of interleukin-5 in the 1980s as the most 
crucial cytokine in the regulation of growth and terminal dif-
ferentiation of the eosinophil224,356 led to major pharmaceutical 
investments aimed at antagonizing IL-5 with a view to blocking 
the eosinophil influx into the tissue and presumably inhibiting its 
associated inflammatory sequelae. Animal models, particularly 
simian, pointed optimistically to such a possibility.357 However, 
clinical trials with a humanized anti-IL-5 monoclonal antibody, 
mepolizumab, concluded that targeting the eosinophil is far more 
complex than blocking its differentiation at the level of the bone 
marrow and blood.358,359,360 As expected, a single intravenous 

injection of anti-IL-5 induced a profound reduction in peripheral 
blood eosinophils in patients for up to 16 weeks. However, in spite 
of the loss of eosinophils from the circulation, bronchial hyper-
responsiveness to histamine persisted in these patients for up 
to 6 weeks after treatment. Based on these findings, the authors 
questioned the role of the eosinophil in the late-phase asthmatic 
response and bronchial hyperresponsiveness.

However, the study design and patient selection criteria may 
have been deficient in determining the success of mepolizumab 
in these reports.361 Moreover, the measurement of eosinophils in 
sputum or airway fluids alone may not reflect the complete con-
tribution of airway tissue eosinophils. Mepolizumab only depleted 
∼50% of bronchial tissue eosinophils in spite of its ability to eradi-
cate blood and BAL fluid eosinophils.362 Airway tissue eosinophils 
may be less dependent on IL-5 for their survival. The development 
and maturation of eosinophils can occur in situ in peripheral sites 
of inflammation. Eosinophil progenitors are released into the 
circulation to reach such tissue sites.220 Eosinophils can release 
GM-CSF in an autocrine fashion,42,47 a cytokine which is stored 
in association with eosinophil granules,55 and can enhance tis-
sue eosinophil maturation and prolong their survival in tissues. 
Autocrine GM-CSF stimulation of eosinophils bound to fibronec-
tin, via a4 integrin, promoted eosinophil survival for 2 weeks.47 
Additionally, GM-CSF appears to have a strong role in inhibiting 
eosinophil apoptosis at the tissue level. Other eosinophil-derived 
and stored cytokines (e.g., IL-4 56 and IL-13 167,363) and chemo-
kines (e.g., RANTES44,364) may further amplify the inflammatory 
milieu. Eosinophils may enhance their own survival by directly 
stimulating CD4+ T-cells within tissue to produce IL-5.242 Nasal 
explants from atopic patients were shown to survive ex vivo 
using similar mechanisms to promote extramedullary eosino-
phil maturation and survival.241,243 Lee et al. demonstrated that 
eosinophils, when instilled into the trachea of IL-5 knockout 
mice, not only survive in the absence of IL-5, but in concert with 
CD4+ T-cells, migrate back into lung, and reconstitute the asthma 
phenotype of wild-type antigen-challenged animals.365 Overall, 
although IL-5 is essential in the maturation and differentiation of 
eosinophils in the bone marrow,212 the recruitment to tissues and 
function within tissues may be IL-5-independent.

The position of eosinophils in the airways may also play a role. 
Patients with eosinophilic bronchitis have increased sputum and 
tissue eosinophils, but do not develop asthma.366 From histopath-
ologic samples of patients with asthma, eosinophils can be found 
clustered around vagal nerve ganglia in the lung.18 As well, posi-
tive staining for extracellular eosinophil MBP has been detected 
in the vicinity of these nerves.18 In guinea pig models of antigen 
sensitization followed by challenge367 and antigen sensitization 
followed by virus infection,17 the release of MBP from eosinophils 
has been shown to cause M2 receptor dysfunction and hyperreac-
tivity. This may be related to the increased number of eosinophils 
found in closer proximity to the parasympathetic nerves of sensi-
tized guinea pigs compared to nonsensitized animals.368

In summary, despite uncertainty surrounding the specific role 
of eosinophils in asthma, significant correlations between num-
bers of activated airway eosinophils (and their released products) 
and disease severity have been provided in a large body of litera-
ture.9,360,369–371 More recently, targeting IL-5 has shown favor-
able results improving health outcomes in a subgroup of patients 
with eosinophilic asthma.372,373 Further studies will be essential 
for determining the precise role of the eosinophil in asthma.

eosinophilic esophagitis
Eosinophils are also associated with the pathogenesis of gastro-
intestinal disorders such as eosinophilic esophagitis (EE). Often 
patients undergoing biopsy for diagnosis of gastroesophageal 
reflux disease (GERD) have increased numbers of intraepithelial 
eosinophils,374,375 which appear to clear with effective antireflux 
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therapy.376 The condition of EE is described as a distinct clinical 
entity, although the feature of esophageal dysfunction is shared 
with GERD. The pathogenesis of EE has an allergic basis, and EE 
has been called asthma of the esophagus. Patients with EE pres-
ent with increased gastroesophageal reflux, and also exhibit chok-
ing or food impaction. The clinical symptoms of EE respond well 
to antiasthma therapy such as systemic corticosteroids,377 topical 
corticosteroids,378–381 and montelukast.382,383 Despite therapy, 
EE appears to be chronic illness with the potential for relapses.384 
Similar to asthma, a key stimulus for developing exacerbations 
of EE symptoms is not always food allergen, but inhaled aeroal-
lergen.385,386 The mechanism of this surprising observation is not 
known, but may relate back to the shared embryonic origin of the 
gastrointestinal and respiratory tracts.

The effecToR Role of The 
eosinophil in WoRm infecTions
There is a strong relationship between parasitic infection and 
eosinophilia. Infection with helminths is the most common 
cause of moderate to marked eosinophilia. Studies in the late 
1970s  demonstrated that eosinophils had the capacity to kill 
parasitic targets and led to the concept that eosinophils were 
immunoprotective.5,138

As in allergic inflammation, the precise role of eosinophils in 
the immunopathologic changes associated with helminth infec-
tions remains ill-understood and rather controversial. Increases 
in the number of tissue and peripheral blood eosinophils, together 
with elevations in the levels of total and parasitic-specific IgE 
and mastocytosis, have been considered for a long time to be 
hallmarks of infection with parasitic worms,4 especially during 
their tissue migratory phases. Much has been published about the 
inimical role this cell may play in protection against helminths, 
but there is equally important evidence to suggest that their pres-
ence may be a reflection of their participation in the pathology 
of the disease rather than immunity to the parasitic metazoa.387 
The original observation of Basten and Beeson7 that helminth-
associated eosinophilia is T-cell–dependent was an important 
turning point in our current understanding of eosinophil-medi-
ated inflammation in worm infections. The identification and 
subsequent cloning of GM-CSF, IL-3, and particularly IL-5 helped 
to explain the T-cell control of eosinophilic response both in terms 
of eosinophilopoiesis and differentiation as well as priming and 
activation of the mature cell. The question, however, remains as 
to why there is a selective increase of eosinophils and what their 
function is, both locally, and systematically, in infected subjects.

In Vitro and Mouse parasitic helminth Studies
Much has been published on the helminthicidal effects of human, 
primate, and rodent eosinophils against metazoan targets coated 
with either IgG, IgA, IgE, and/or complement components. In 
this context, a number of parasitic targets have been studied 
including schistosomula of Schistosoma mansoni, newborn larvae 
of Trichinella spiralis, larvae of Nippostrongylus brasiliensis, 
Fasciola hepatica, and others.8,388

Eosinophils adhere readily to appropriately coated larvae and 
undergo exocytosis which results in the deposition of the basic 
and cytotoxic granule-associated proteins. On their own, these 
pre-formed products of eosinophils (including MBP, ECP, and 
EPO) have potent helminthicidal properties at low molar concen-
trations.8 The exogenous addition of a number of chemotactic 
agents, such as LTB4, PAF, fMLF,389,390 and cytokines such as 
GM-CSF, IL-3 TNF-a,” and IL-5 391 to eosinophil preparations 
enhances their cytotoxic capacity against parasitic larvae. In addi-
tion to killing worm larvae, eosinophils that adhere to schistoso-
mula via IgG, IgE, or complement, generate substantial amounts 

of membrane phospholipid-derived mediators, especially LTC4.
392 

More recent studies have shown that in IL-5−/− mice, skin 
implants containing parasites failed to eliminate larval forms of 
the organisms.393 The mechanism underlying larval expulsion 
was shown to be dependent on eosinophils as well as IgM, and 
the results suggested that the function of eosinophil granule pro-
teins might be associated with disrupting parasitic larvae to allow 
processing by antigen-presenting cells, including the eosinophil 
itself. A recent study using the eosinophil-less PHIL mice dem-
onstrated that infection of these mice with Schistosoma mansoni 
had no effect on traditional measures of disease in this model.394 
However, these findings should be taken with caution as there 
are many differences in eosinophil functions between mice and 
humans, and specifically, mouse eosinophils are not as readily 
activated as their human counterparts.355

helminthiases in humans and Nonhuman 
primates
The precise regulatory and functional roles of eosinophils in 
human helminthiases during the well-documented inflammatory 
reaction require urgent and extensive attention. In general, no 
clear evidence exists of direct contract between eosinophils and 
adult worms, although accumulation of eosinophils around hel-
minthic parasites has been described. Eosinophil-rich granulomas 
surrounding dead fragments of skin-invading larvae of the skin-
invading nematode Strongyloides ratti have been described in 
hyperimmune rats following challenge.395 Eosinophils were also 
found in close contact with the surface tegument of schistosomula 
of S. haematobium in the cutaneous tissue of immune monkeys, 
associated with the presence of a large number of dead larvae in 
eosinophil-rich sites.389 Similar observations were made in other 
host–parasite systems.8 Using appropriate antibodies, eosinophil-
derived toxic proteins such as MBP have been identified on filarial 
worm targets in vivo390 and levels of blood ECP is elevated in 
patients with filariasis which may suggest the activation and 
degranulation of eosinophils.391

conclusions
The eosinophil is an enigmatic and fascinating cell that has 
intrigued biomedical scientists for more than a century. The 
precise function of this cell in allergic inflammation and asthma 
remains a matter of debate and requires further study in appro-
priately designed research projects. However, it is important to 
recognize that no single cell type, whether the eosinophil, T-cell, 
mast cell, neutrophil, or other lung cell, is on its own responsible 
for all aspects of the immunopathology and clinical sequelae of 
airway inflammation in asthma and related diseases. In recogni-
tion of this fact, the attention currently focused on the eosinophil 
is warranted and timely. This relates partially to the overwhelm-
ing evidence in favor of a potential effector role of the eosinophil 
in parasitic helminthic and allergic diseases, including asthma. 
Although the mechanisms of eosinophilia in association with 
allergic disease are not yet fully understood, they seem likely to 
be controlled at the level of the T-cell response to antigen and the 
subsequent elaboration of cytokines that exert both direct and 
indirect effect on these inflammatory cells. The profile of cytokines 
generated in allergic reactions, such as the allergen-induced late-
phase response in the skin, nose, and lung, appears to conform 
to a Th2 profile, because mRNA expression of IL-4 and IL-5, but 
not IFNg or IL-2, is expressed or up-regulated during these reac-
tions. The release of IL-5 by Th2-type T-cells following stimulation 
with allergen may, therefore, be responsible for the eosinophilia 
of allergic disease. Thus, a complex network of T-cells, eosinophils, 
and other inflammatory cells as well as their cytokine products 
may participate in a cascade of events that leads to specific 
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accumulation of eosinophils in sites of allergic inflammation and 
asthma. Whether tissue damage, a feature of these disease condi-
tions, is the consequence of the activation and exocytosis of these 
infiltrating cytotoxic cells and the release of their highly basic 
protein products, is yet to be demonstrated unequivocally.
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C h a p t e r  9

by sensitizing allergen or by anti-IgE antibodies, mast cells and 
basophils can be activated, mediator synthesis and secretion 
are induced, and gene expression altered, with consequences on 
many immune and inflammatory events.

Classical ontogenic and ultrastructural descriptions for mast 
cells and basophils are shown in Figure 9.1 A,B; however, new 
information and emerging technologies have greatly expanded 
our understanding of the roles of basophils and mast cells in 
both innate and acquired immunity,2,4,8,9,10,11,12,13 notably 
including: (a) a burgeoning literature and controversy on baso-
phil involvement as antigen-presenting cells in Th2 immune 
responses2,8,9,10,11,12,13; (b) new insights into the role of gut 
microbiota and thymic stromal lymphopoietin (TSLP) in baso-
phil hemopoiesis and in mast cell localization and function14,15; 
(c) expression of the hemopoietic antigen, CD34, on mast cells 
involved in a variety of inflammatory reactions16,17,18; (d) novel 
roles for mast cells in tissue remodeling, angiogenesis, and tumor 
growth19,20,21,22; and (e) the capacity of mast cells to be derived 
from a compartment of multipotential hemopoietic progenitors, 
distinct from the myeloid lineage.23,24,25 In many ways the origi-
nal statement by Ehrlich in 18791 that basophils are “blood mast 

iNTroduCTioN
In 1965, Selye1 reviewed the literature on two populations of 
basophilic leukocytes, namely mast cells and basophils. These 
cells have many similarities, but they also exhibit several intrigu-
ing differences. Recent contributions to the literature documenting 
advances made in our understanding of these cells, their develop-
ment, contents, biosynthetic activities, activation, and functions 
in physiology and pathophysiology2,3,4,5,6,7 are helping us begin 
to understand the nature of their relationship in ontogeny and 
immunity,2 and factors that govern their elicitation and contribu-
tions to a wide variety of inflammatory disorders, including aller-
gic inflammation. Mast cells and basophils contain electron-dense 
cytoplasmic granules and stain metachromatically with selected 
basic dyes. They produce numerous inflammatory mediators, 
many—such as histamine—that are common to both cells, and 
others that are cell-specific. Both cells express a tetrameric iso-
form of the high-affinity receptor for immunoglobulin E (IgE) and 
are best known for their ability to release a plethora of factors 
and inflammatory mediators in response to receptor cross-linking. 
When the tetrameric high-affinity IgE receptor is cross-linked 

A B
µ µ

Figure 9.1. A. Basophils are “cells with the kinetics and natural history of granulocytes that mature in bone marrow, circulate in the blood, and retain certain 
characteristic ultrastructural features, even after migrating into the tissues during inflammatory or immunologic processes. The ultrastructure of mature basophils 
varies according to species but generally includes electron-dense cytoplasmic granules, prominent aggregates of cytoplasmic glycogen, and short, blunt, irregularly 
distributed plasma membrane processes. There is no convincing evidence that mature basophils, whether in the circulation or in the tissues, retain mitotic capability, 
or that basophils metamorphose into mast cells upon entering the tissues.” (Galli SJ, Dvorak AM, Dvorak HF. Prog Allergy 1984;34:1–141). As shown in Figure 9.1A, 
human basophils are round and have irregular, short surface projections, cytoplasmic secretory granules, and aggregates of cytoplasmic glycogen. N, nucleus; bar, 
1 mm. (Reproduced with permission from the authors and Blackwell Science Ltd., Dvorak AM, Warner JA, Fox P, et al. Recovery of human basophils after FMLP-
stimulated secretion. Clin Exp Allergy 1996; 26:281–294.) B. Mast cells “ordinarily mature outside of the bone marrow or circulation, generally in the connective 
tissues or serous cavities. Cells in this lineage(s), wherever distributed, apparently retain at least limited or latent proliferative capacity…(I)mmature and mature 
granules of mast cells and basophils differ distinctively in ultrastructure. Mast cells also differ from basophils in lacking electron-dense aggregates of cytoplasmic 
glycogen, and in having a plasma membrane surface with uniformly distributed, thin, elongate folds and processes. Mast cell nuclei may appear bilobed in an indi-
vidual photomicrograph, but they generally lack the pattern of peripherally condensed nuclear chromatin characteristic of basophils and other granulocytes.” (Galli SJ, 
Dvorak AM, Dvorak HF. Prog Allergy. Basophils and mast cells: morphologic insights into their biology, secretory patterns, and function. 1984;34:1–141). A human 
skin mast cell is shown with monolobed nucleus with partially condensed chromatin, numerous cytoplasmic granules containing crystalline structures and regularly 
distributed, narrow, thin surface projections. Bar, 1 mm. (Reproduced with permission from the author and Springer-Verlag. Dvorak AM. Human mast cells. In: Beck F, 
Hild W, Kriz W, et al., eds. Advances in anatomy, embryology and cell biology. Leicester: Springer-Verlag, 1989;114:1–107.)
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cells,” and the corollary, that mast cells are “tissue basophils,” 
although imprecise from a strictly developmental standpoint, is 
still of some value in thinking about the nature of these two cell 
types. The striking inverse relationship between the numbers of 
circulating basophils and the numbers of tissue mast cells has 
been used for decades to infer similarities in function.1

This chapter provides an overview of the developmental 
 biology of these two cell types, comparing and contrasting baso-
phil and mast cell physiology, phenotype, activation, and function; 
lineage commitment and differentiation; and roles in innate and 
acquired immunity. Anticipated increases in the understanding of 
basophil and mast cell function will lead to effective new diagnos-
tic and therapeutic strategies for the betterment of those suffering 
from allergic and other related diseases.

geNeral MorpHology, MediaTor 
SeCreTioN, aNd reCovery

Morphology
Histochemical staining of blood smears or cytocentrifuge prepa-
rations of enriched basophils or mast cells with Wright or 
May-Grünwald-Giemsa stain show many similarities in these 
cell types (Fig. 9.2 A,B). The cytoplasm of the cells generally 
stains pink, the nucleus is purplish or blue, and the cytoplasmic 
granules are dark blue to purple or even blackish. Basophils 
in peripheral blood or tissues range in size from 10 to 15 μm, 
whereas mast cells in tissue sites may appear irregular in shape 
and up to 20 μm in a long dimension. Ultrastructural analyses 
demonstrate many similarities between mast cells and basophils, 
but also identify some distinct differences (Fig. 9.1A,B).26 In 
the blood, basophils are round, whereas in the tissues they can 
acquire various shapes. Mast cells can appear to be round, oval, 
or elongate-spindle shaped in the tissues. The surface of baso-
phils exhibits blunt processes of variable shape and size, whereas 
mast cells often possess long fingerlike processes that extend 
from the surface. The nucleus of mast cells can be round or lobed, 
whereas that of the basophil is generally multilobed. Nucleoli are 
often not apparent or are absent from normal mast cells and 
basophils. Basophils have an abundance of condensed chromatin 
positioned at the periphery of the nucleus, whereas mast cells 
have little condensed chromatin, possibly reflecting their capac-
ity for continued proliferation. The cytoplasm of normal mature 
mast cells has few mitochondria and a relatively inconspicuous 
Golgi apparatus; and ribosomes, rough endoplasmic reticulum, 
and aggregates of glycogen are rare. In normal basophils, mito-
chondria and aggregates of glycogen are more abundant than in 
mast cells, but as with mast cells, Golgi apparatus, ribosomes, 
and rough endoplasmic reticulum are rare in normal basophils. 
The most prominent cytoplasmic elements in both cell types are 
the membrane-bound, electron-dense granules.

Basophils generally possess fewer granules than mast cells 
and the granules exhibit a more homogeneous ultrastructural 
morphology than those of mast cells. Basophil granules are often 
homogeneously electron-dense, although dense particles may be 
interspersed with membrane aggregates and whorls. Charcot-
Leyden crystals can be formed in basophils as well. Mast cell 
granules may be homogeneously electron-dense or may exhibit 
electron-dense particles, membrane or complex scroll-like pat-
terns, highly organized crystalline structures, or combinations of 
these. The relationship of these different granule patterns to the 
tissue site, phase in development, or mediator content is not clear. 
Interestingly, Dvorak has reported that mast cell granules, in addi-
tion to storing mediators, are also sites of RNA metabolism and 
protein synthesis activity. Mast cells produce 30 to 100 nm extra-
cellular membrane vesicles of endocytic origin, called  exosomes, 
that possess mRNA, microRNAs, proteins, and lipids, and have 

been shown to transfer these components to other cells and influ-
ence their functions.27 Moreover, the composition and cell-to-cell 
communication functions of exosomes are influenced by activa-
tion of mast cells.28 Basophils have not been shown to produce 
exosomes, but they do contain numerous electron-lucent vesicles 
of 50 to 70 nm that often have contents similar to granules. These 
may be associated with a form of mediator exocytosis (see below).

Mast cells and basophils also contain rounded, non-membrane–
bound, electron-dense structures called lipid bodies, a rich store 
of arachidonic acid. Lipid bodies increase in number during cell 
activation, and are thought to be derived from membrane catabo-
lism and the rapid synthesis of lipid mediators such as the cyclo-
oxygenase and lipoxygenase derivatives of arachidonic acid.29

Mediator Secretion
Mast cells and basophils undergo distinct patterns of granule 
mediator secretion or synthesis, depending on the stimuli involved 
in their activation.26,30 Degranulation or regulated exocytosis, 
whereby granules or their contents are released, occurs following 
stimulation through the IgE receptor or numerous other recep-
tors, such as those for fragments of the complement cascade. 
This degranulation can be extensive, involving the majority of the 
granules, or it can be more restricted. The numbers of granules 
involved appear to correlate with the proportion of the total cellu-
lar histamine that is released. The granules rapidly exhibit signs of 
swelling, then demonstrate membrane fusion with adjacent gran-
ules; interconnecting chains and channels form that ultimately fuse 
with the plasma membrane, creating pores or larger openings and 
subsequently granule contents or larger granule structures can be 
seen outside the cell. Prominent cytoplasmic microtubules can be 
seen close to the granules, and actin complexes appear outside the 
cell in association with granules or their contents. The process is 
generally similar for basophils. Electron-dense granules appear to 
evolve into electron-lucent vacuoles, many of which communicate 
with other vacuoles and the cell surface through pores within 5 to 
10 minutes of activation. Apparently intact granules can be seen 
outside the cell. This degranulation does not lead to prominent cell 
death, and cells can recover and degranulate again.26,31

Another form of secretion of stored mediators is piecemeal 
degranulation, involving production of small vesicles arising from 
granules that shuttle selected granule components to the extra-
cellular milieu.30 Piecemeal degranulation also occurs in both 
mast cells and basophils, as well as in eosinophils,26,32 and is the 
most prevalent morphologic expression of mast cell and baso-
phil secretion in nonallergic inflammatory conditions in human 
biopsy material. It is postulated that intragranular vesiculotubular 
networks fuse with the plasma membrane, and discharge their 
granule contents to the extracellular space. This form of media-
tor secretion appears to be associated with  secretion of selected 
mediators, rather than the entire contents of the granules. It has 
been reported in communications between mast cells and neurons 

A B

Figure 9.2. A. Human peripheral blood basophil stained with Wright’s. (From Lee, Bithell, 
 Foerster, et al., eds. Wintrobe’s clinical hematology, 9th ed. Philadelphia, PA: Lea & Febiger, 
1993.) B. Rat peritoneal mast cell stained with May-Grünwald-Giemsa.
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in the brain,33 in psychosocial stress,34 and in acute gastritis,35 
and may be a component of responses to Toll-like receptor (TLR) 
activation.4 In inflammatory reactions in which mast cell and 
basophil infiltration occurs, such as in cutaneous delayed hyper-
sensitivity, piecemeal degranulation can occur. As with anaphy-
lactic degranulation, piecemeal secretion is associated with the 
ability of mast cells to recharge their granules and function again.

Cytokines and chemokines are also secreted by mechanisms 
independent of degranulation, as are arachidonic acid metabolites, 
prostaglandins, and leukotrienes. Newly synthesized cytokines 
and chemokines can be secreted by a process called constitutive 
exocytosis. The pathways of secretion of arachidonic acid metabo-
lites as well as those for exosome release are poorly known.

recovery after activation
Dvorak26 summarized the evidence for the ability of mast cells and 
basophils to recover and regranulate following activation. During this 
process, mast cells and basophils appear to conserve membranes 
and other components and to resynthesize granule and other com-
ponents, such as rough endoplasmic reticulum, Golgi, and microtu-
bules. This recovery generally occurs within 1 to 2 days; whether 
death occurs by necrosis or apoptosis as a critical feature of mast cell 
or basophil activation in vivo needs to be more carefully evaluated.

oNTogeNy aNd developMeNTal 
Biology oF MaST CellS aNd 
BaSopHilS
The tissue mast cell and the blood basophil are not normally 
derived directly from a common progenitor, but share their ori-
gins from a CD34+ hemopoietic stem cell regulated closely by 
various marrow and tissue stromal factors (Fig. 9.3A, B). A unique 
role is played by CD34 itself—which can be found on some mast 
cell subpopulations, and is involved in mast cell migration as 
well as tissue inflammatory responses—in these processes.18,36 

Recent evidence suggests that mast cells are derived from a sepa-
rate, nonmyeloid lineage-committed progenitor,23 and that, for 
the most part, basophils and mast cells have distinct ontogenic 
derivations and markers,23 although evidence from leukemic cell 
lines raises the possibility of some lineage pathway commonali-
ties.37–39,40 Phylogenetically, there appears to be an inverse rela-
tionship between the presence of basophils and mast cells, as well 
as supporting evidence for a “common origin” by analysis of the 
evolution of a mast cell progenitor from an ancestral leukocyte 
involved in innate immunity.1,2,41 Major advances in understand-
ing human basophil and mast cell growth and differentiation have 
come from rodent models,14,42,43,44 which have recently included 
an appreciation of the pivotal roles played by epithelial factors 
such as TSLP, IL-33, IL-25, and receptors such as the TLRs 45,46 
in basophil, eosinophil, and mast cell differentiation.

Identification of the mast-cell hemopoietin and ligand, stem 
cell factor (SCF), and its receptor, c-kit (CD117), has provided a 
wealth of insight into the functional role of mast cells in a vari-
ety of processes. Mutations in either the ligand (“Steel” locus) or 
its receptor (“W” locus) render mice largely mast-cell–deficient, 
facilitating evaluation of the role of mast cells in a variety of animal 
models.47,48 Mast cells have thus been revealed to be key players 
not only in allergic inflammation but also in angiogenesis and tumor 
growth, tissue remodeling, graft tolerance, and some autoimmune 
diseases.19,20,21,22,49,50,51,52 However, inasmuch as mutations of 
the SCF/c-kit loci also affect other hematopoietic lineages and gut 
function, these studies must be interpreted with caution; novel stud-
ies with more selective mutations have suggested that some of the 
functions previously ascribed to mast cells might be artifacts of the 
“W” strains.53,54 Nonetheless, advances in isolation and analysis 
of mast cell and basophil populations3,9,10,11 have provided novel 
insights into their functions and transcriptional regulation of their 
hemopoietic development.

Mast Cell Growth and Differentiation
Rodent and human mast cells can be grown in vitro from lin-
eage-committed, unipotent, or multipotent progenitors. Although 

A B

Figure 9.3. Change of lineage model of hematopoiesis. A. In the old view, the presence of mast cell committed progenitors (MCP) was not clear, but mast 
cells were considered to be the progeny of common myeloid progenitors (CMP) without convincing evidence. Therefore, MCP is put in brackets. B. In the new view 
proposed by Chen et al.23 the presence of MCP is clear, and MCP is directly derived from multipotential progenitors (MPP). The thick line shows the main differentia-
tion route from MPP to mast cell. CLP, common lymphoid progenitor; GMP, granulocyte/macrophage progenitor; Pro B, progenitor B cell; Pro T, progenitor T cell; B, 
B cell; NK, natural killer cell; T, T cell; MO, monocyte/macrophage; GR, granulocyte; E, erythrocyte; PL, platelet; MC, mast cell. (Reproduced with permission, Proc 
Natl Acad Sci U S A 2005;102:11129–11130 © 2005 National Academy of Sciences, U.S.A74).

72683_ch009_0181-0192.indd   183 7/17/13   9:59 AM



184 Part ii The Normal Hematologic System • SECtiON 3 Granulocytes and Monocytes

interleukin-3 (IL-3) is known to contribute to murine mast cell 
and to both human and rodent basophil development,55,56,57 it 
is SCF or c-kit ligand58 which uniquely drives human mast cell 
differentiation, and not other cytokines that may help promote 
mast cell development in rodents, such as IL-3, IL-4, IL-9, IL-10,59 
and nerve growth factor (NGF).60 SCF is produced by murine 
and human fibroblasts, epithelial cells, endothelial cells, and 
tumor cell lines,61 and must bind to c-kit to effect differentiation. 
Mutations in c-kit can result in mast cell deficiency in vivo and in 
vitro (“loss-of-function”) or, alternately, in autonomous mast cell 
growth (“gain of function”), generally leading to autophosphoryla-
tion.62 The latter mutations, especially the D-816-V–associated 
mastocytosis (which can be transferred with similar consequences 
to the mouse62) have formed the basis of newly designed tyrosine 
kinase inhibitors in some proliferative mast cell and hypereosino-
philic disorders.

Recently, it has been shown that both Th1 and Th2 cyto-
kines (interferon-g [IFN-g], IL-4, and IL-5), the latter induced in 
rodents via TSLP and IL-25 or IL-33 acting in concert, induce 
a distinct population of multipotent mucosal progenitors (“nuo-
cytes”)14,42,43,44,63 and thus may exert differential modulatory 
effects on SCF-dependent mast cell numbers in vitro and in 
vivo.64 Table 9.1 lists cytokines, growth factors, transcription fac-
tors, and signaling molecules that regulate primate/human and 
rodent mast cell differentiation.51,65,66,67,68

Mast Cell and Basophil progenitors
In humans and in rodents, mast cell differentiation proceeds 
from an immature CD34+, CD38+, CD13+, c-kit+, FcâRI−, FcgRII/
III+ cell, or, as recently shown, from a previously uncharacter-
ized immature cell in mouse marrow.23,24,25 More specifically, a 
multipotent hemopoietic progenitor of both mucosal and serosal 
mast cell phenotypes can be identified, and is characterized as 
 Lin−c-kit+Sca-1−Ly6c−FcâRI−CD27−b7+T1/ST2+69 (Fig. 9.4).

Mast cell differentiation, heterogeneity, abundance, and func-
tional responses are also regulated in vitro and in vivo in rodents 
by CD34 itself and through the actions of several transcriptional 
and nucleosomal regulators such as PU.1, GATA factors, C/EBP 
factors, and MITF, as well as through M-Ras, and RabGEF1 type 
signaling molecules.39,66,68,70,71,72 Phenotypical alterations of mast 
cell populations can be governed by the tissue milieu, and they 
also exhibit switching and “trans-differentiation,” 1,73 reflecting 
stochastic processes in progenitor differentiation. Primitive cord 
blood CD34+ c-kit+ progenitors may respond quite differently to 
hemopoietic cytokines than more mature FcâRI+, c-kit+ cells.23,74 
Thus, tissue-dependent stages of progenitor commitment and of 
growth and differentiation signals may ultimately predict differ-
ences in mast cell phenotype in vivo.75 Mast cell progenitors can 
be identified in blood, bone marrow, and various other tissues, 
especially in relation to mast-cell–inducing stimuli, such as viruses 
or nematodes.69

Leukemic or other self-sustaining cell lines with basophilic or 
mast cell phenotype have also been used to study progenitors and 
immunophenotypic markers of lineage commitment.76 Although 
these findings may represent aberrant pathways activated during 
malignant transformation, the recent identification of a novel anti-
genic marker of mast cells, basophils, and their progenitors,77 and 
the presence in peripheral blood of basophilic cells that express 
mast cell proteases78 have revived earlier postulates79 that these 
cell types share some lineage characteristics under conditions 
of aberrant cell growth,37,38 although rodent eosinophil lineage-
committed progenitors may not express basophil/mast cell-related 
proteases.80

New and exciting information has emerged on the role of 
gut microbiota in regulating a TSLP-induced, IgE-dependent 
Th2 response, involving basophil progenitors in rodents, and in 
humans with hyper-IgE syndrome.12 Profound decreases in gut 

Cytokine Effect

GM-CSF Basophil growth and differentiation; promotes in  
vivo basophilia and increases in circulating  
CFU-baso/eo (primates); basophil activation/survival; 
 down-regulates human mast cell differentiation.

IL-3 Human basophil growth and differentiation; basophil 
activation/survival; promotes in vivo basophilia  
(in primates); mast cell differentiating activity in 
rodents.

IL-5 Primarily eosinophil, but also basophil growth and 
differentiation; basophil and eosinophil activation/
survival.

TSLP/IL-33/IL-25 Co-factors in rodent nuocyte (multipotent mucosal 
progenitor) differentiation and tissue basophilic 
responses.

IL-4/IL-13 Produced by basophils with minimal activity on  
differentiation.

IL-9/IL-10/THPO Co-factors in rodent mast cell phenotype switching.

TGF-b/IFN-a Negative regulators of basophil differentiation.

SCF Primary mast cell growth factors in mouse and rat; 
little known effect on basophil differentiation.

NGF Induces mast cell hyperplasia (rodents), human  
mast cell line (HMC-1), and basophil–eosinophil  
differentiation in vitro.

RA A mutation in the RA receptor allows for expression of 
basophil differentiation; may concurrently  
down-regulate human mast cell differentiation.

v-erb Associated with the development of lethal  
mastocytosis in the rodent.

FcgRIIB Down-regulates mast cell growth.

Stat5 An essential regulator in vivo of mast cell  
development.

IL-6/TNF/IFN-g May play a role in regulating phenotypic direction and 
lineage commitment of human basophils and mast 
cell subtypes.

GM-CSF, granulocyte–macrophage colony stimulating factor; INF, interferon; IL-, interleukin-; 
NGF, nerve growth factor; RA, retinoic acid; SCF, stem cell factor; TSLP, thymic stromal 
lymphopoietin; TNF, tumor necrosis factor.

CyTOkiNeS aND OTHer FaCTOrS iNvOlveD iN BaSOpHil  
aND MaST Cell GrOwTH aND DiFFereNTiaTiON

taBLe 9.1

flora lead to a B-cell driven overproduction of IgE with binding to 
its high-affinity receptor, and thus to increased marrow basophi-
lopoiesis, with Th2 skewed inflammatory responses. Previous 
work on normal, atopic, or leukemic/mastocytotic human blood or 
marrow had identified pure or mixed basophil colonies in semi-
solid cultures,79,81,82 thus defining a basophil progenitor (termed 
“CFU-baso” or “CFU-baso/eo”).81,83 The phenotype and lineage 
commitment of the basophil progenitor, including recent contro-
versial notions of possible lineage pathway commonalities with 
mast cells and/or megakaryocytes,84,85 are depicted in Figure 9.4.

Basophil Differentiation-inducing Cytokines
IL-3 is the main cytokine involved in human basophil growth 
and differentiation,86 with some evidence for a co-factor role 
for TSLP. Granulocyte–macrophage colony stimulating factor 
(GM-CSF),79,81,82,87 IL-4,88 IL-5,83,88 and SCF89 may also play roles. 
A mutation in the retinoic acid (RA) receptor permits basophil dif-
ferentiation; studies on basophil crisis in chronic myeloid leukemia 
and the in vitro suppressive effects of RA on basophil–eosinophil dif-
ferentiation support this notion.90 Cytokines and other factors that 
modulate basophil or mast cell differentiation are listed in Table 9.1.
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Malignancies
In transient leukemias occurring in Down syndrome (trisomy 21), 
in various hematologic malignancies, as well as in megakaryo-
blastic leukemia, there is basophilic differentiation (which may 
also include mast cell proliferation) from leukemic cell progeni-
tors. This could involve aberrant stimulation of basophil or mast 
cell progenitors by certain transcription factors that also regulate 
erythroid and megakaryocytic lineages, including GATA-1 to 
GATA-3.100,101 Embryonic stem cells or CD34+ progenitors trans-
fected with GATA genes express varying degrees of erythroid/
megakaryocytic and basophil/mast cell commitment,100 whereas 
mice with mutations in the eosinophil-specific promoter of the 
GATA-1 gene completely lack eosinophils. Factors such as Gab-2, 
certain adaptor proteins,102 signaling molecules, Lyn, and SHP-1, 
or the flt3 ligand for this tyrosine kinase receptor, also can play 
important roles in basophil and mast cell differentiation.

Other hemopoietic malignancies also exhibit dysregulation 
of basophil and mast cell lineages, including chronic myeloid 
leukemia (CML), other myeloproliferative disorders and mast cell 
proliferative diseases (mastocytosis of various subtypes, urticaria 
pigmentosa, and mast cell leukemia). In the latter disorders, pro-
liferation of mast cells occurs mainly in tissues, with immature or 
mature mast cells rarely circulating in blood (the aforementioned 
leukemia). However, higher numbers of both basophil and mast 
cell progenitors and changes in their regulatory factors can be 
documented79,103,104,105 in both mast cell disorders and leuke-
mias. These observations underscore the capacity of hemopoietic 
malignancies to blur the normal differences that exist between 
basophil and mast cell lineages. The previously mentioned “gain 
of function” mutations in both juxtamembrane and intracellular 
domains of c-kit provide an explanation for many adult mast cell 
proliferative diseases, although such mutations are rarely found 
in the pediatric form of limited, skin-associated mastocytosis (urti-
caria pigmentosa). The biologic significance of increased numbers 
of mast cells in various hemopoietic and lymphatic malignancies, 
as well as in refractory anemias, may be related to acquisition in 
the leukemic clone of concomitant c-kit mutations.

Basophilia or basophil crisis heralding terminal blast crisis 
in CML is well known103 and the fusion protein bcr-abl may be 
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Figure 9.4. Mast cell and basophil ontogeny. An orderly sequence of 
differentiation is depicted, beginning with a primitive CD34+, FcâRI–, 
c-kit– hemopoietic stem cell (HSC), and proceeding through various 
stages of commitment to either mast cell or basophil/eosinophil lin-
eages. In reality, the differentiation process is stochastic, and multiple 
cytokines binding to their receptors permit specific, end-stage differen-
tiation to proceed. For more detailed phenotypic analyses of basophil 
and mast cell progenitors, see Wang et al. 37

Clinical relevance of Basophil and Mast Cell 
Differentiation

Allergic Diseases
The relationship to disease activity, severity, and response to 
therapy of fluctuations in numbers of human basophil–eosino-
phil, basophil–mast, or mast cell progenitors—including CD34+ 
cell subpopulations—in the blood and bone marrow of patients 
with a variety of allergic disorders, including allergic rhinitis, 
nasal polyposis, asthma, atopic dermatitis, and drug allergies, 
has been extensively documented.59,91 Indeed, therapies target-
ing basophil–eosinophil progenitors with anti-IL-5 monoclonal 
antibodies have had some efficacy in causing maturation arrest 
of these shared lineages, accompanied by some clinical benefits, 
in patients with eosinophilic bronchitis and asthma92,93; targeting 
of basophil or mast cell progenitors in these and some hema-
tologic disorders may likewise prove to be effective treatments. 
For example, the IL-3R is expressed at high levels by basophil 
progenitors and subsets of dendritic cells; therefore, development 
of high-affinity monoclonal antibodies to this receptor would be 
predicted to dampen allergic disease.

It has been noted that up-regulated CD34 expression corre-
lates closely with the development of allergic disease.94 Although 
it is best known for its expression by early multipotent hema-
topoietic progenitors, CD34 is more selectively expressed by 
monopotent lineages associated with allergic disease (mast cell, 
eosinophil, and dendritic cell precursors95); recent data suggest 
that CD34 enhances their capacity for migration to peripheral 
tissues.96 Therefore, therapeutic antibodies targeting CD34 as 
an enhancer of migration may also prove to be an effective 
approach. Finally, because IgE binding to FceRI leads to basophi-
lopoiesis and increased susceptibility to allergic disease,12 block-
ing antibodies directed to IgE, IgE-producing B-cells, or the IgE 
receptor on basophils would also be predicted to be helpful 
therapeutically via a number of mechanisms. Given that dele-
tion of the encoding genes for these receptors (IL-3R, CD34, and 
FceRI) in mice has no apparent deleterious effects on develop-
ment, therapies targeting these molecules would be predicted to 
be well tolerated.97,98,99
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involved in basophil/mast cell lineage expression during this 
phase (see above). Hyperhistaminemia in CML and myeloprolifer-
ative disorders is related to increased numbers of basophils (and, 
possibly, mast cells) 90; indeed, blood basophilia and increases in 
basophil progenitors are poor prognostic indicators in CML.90,103 
Such phenomena may relate to specific chromosomal abnor-
malities in forms of leukemia associated with basophilia or 
eosinophilia, for example, inversion of chromosome 16 (inv 16) 
associated with atypical eosinophils with mixed granulation; 
t(6;9) chromosomal translocation associated with basophilia and 
leukemia; trisomy 21; and several translocations associated with 
increased numbers of basophils in acute promyelocytic and other 
leukemias, such as t(15;17), del(5)(q31q35), and t(9;14).106,107 
However, the precise relationship between specific chromosomal 
aberrations and basophil or mast cell differentiation in vivo is 
not clear. Recently and importantly, increases in blood basophils, 
presumably on the basis of increased basophilopoiesis, have 
been described in human hyper-IgE syndrome, associated with a 
DOCK8- polymorphism,108 paralleling the rodent model.12

Apart from c-kit/SCF, whether other cytokines are involved in 
malignant basophil or mast cell proliferation in vivo is not known; 
for example, dysregulated cytokine genes such as those encoding 
IL-3, IL-4, IL-5, and GM-CSF in 5q-leukemias may play a role 
in phenotypic expression of leukemic cells. Detailed therapeutic 
approaches for hematologically based basophil and mast cell 
disorders is beyond the scope of this chapter, and is dealt with 
elsewhere in this book.

CHaraCTeriSTiCS oF MaST CellS 
aNd BaSopHilS

Surface phenotype and activation
A wealth of information is available about the surface phenotype 
of mast cells and basophils (Table 9.2), including identification of 
receptors for immunoglobulins, complement components, cyto-
kines and chemokines, arachidonic acid metabolites, e.g., CRTH2 
(chemoattractant receptor-homologous molecule expressed on 
T-helper class 2 cells, also known as D prostanoid receptor 
2 [DP2]), CD200, vitamin D, and ligands for TLR; as well as 
integrins and other molecules with or without CD nomencla-
ture.4,5,109,110–112,113,114,115,116 However, one must be cautious 
in making generalizations about surface receptor expression and 
mast cell/basophil phenotype given the heterogeneity of mast cells 
from various tissue sites and species, and the in vivo relevance of 
various mast cell and basophil-like cell lines.

One prominent difference between mast cells and basophils 
is that mature mast cells can express CD117 or c-kit (Table 9.2), 
whereas basophils do not. Another potentially important differ-
ence lies in expression of Fc receptors that provide key pathways 
for activation and modulation of function (Table 9.2 and 9.3). 
Although both mast cells and basophils express high-affinity 
receptors for IgE,117,118 mast cells can express the FcgR CD16, 
CD32, and CD64,119,120 but to date the only receptors for IgG 
that have been identified on basophils are FcgRIIA and B (CD32). 
Further investigation of Fcg receptors on human mast cells and 
basophils will be important, because different receptors such as 
FcgRIIA and B and FcgRIII, can play distinct roles in mediator 
secretion and phagocytosis or endocytosis.120 Mice deficient in 
FcgRIIB are highly sensitive to IgG-triggered mast cell degranula-
tion through FcgRIII, and exhibit enhanced passive cutaneous 
anaphylaxis and elevated immunoglobulin levels in response to 
antigen stimulation.121 FcgRIIB down-regulates FcâRI signal-
ing and is important in the regulation of mast cell and basophil 
activities.122,123 Interestingly, it has recently been shown that 
basophils and mast cells express a protease-sensitive, IL-3- or 
IL-4-inducible receptor for IgD that is distinct from receptors for 

Marker Mast Cells Basophils

Fc Receptors FcâRI (abg2);
FcgRI, IIA, IIB, III
(CD64, 32, 16)

FcâRI (abg2);
FcgRIIA, IIB

Integrins
B2 family

B1 family

CD11c/18 (aXb2)

CD49c/CD29 (a3B1)
CD49d/CD29 (a4B1)
CD49e/CD29 (a5B1)

CD11a/18 (aLb2)
CD11b/18 (aMb2)
CD11c/18

CD49d/CD29
CD49e/CD29

Selectins N/A L, P, and E
(CD62L, CD162, CD15s)

Chemokine  
receptors

CCR1,3,4,5,7
CXCR1,2,3,4,6

CCR1,2,3,7
CXCR2,4

Cytokine receptors c-kit (CD117)
IL-3Ra (CD123)
IFNgR
IL-1R, IL-10R
IL-33R (ST2)

IL-2R (CD25)
IL-3R2 (CD123)
IL-3/5/GMRb
IL-18Rb
IL-33R

Cysteinyl  
leukotriene  
receptors

cysLT1,2 cysLT1,2

Prostaglandin  
receptors

CRTH2
EP1-3

CRTH2

Toll-like receptors TLR2,3,4,6,9 TLR1,2,4,6,9

Other CD200R3
Vitamin D receptor

CD200R3
2D7 antigen

expreSSiON OF SeleCTeD SurFaCe MarkerS ON HuMaN 
MaST CellS aND BaSOpHilS

taBLe 9.2

Cell Type

Marker Mast Cells Basophils

Histamine + +

Platelet-activating 
factor (PAF)

+ +

Nitric oxide + NKb

Proteoglycans Heparin, chondroitin sulfates Chondroitin sulfates

Arachidonic acid 
metabolites

LTB4, LTC4, PGD2, PGF2, 
thromboxane A2

LTB4, LTC4

Proteinases Tryptase, chymase, 
carboxypeptidase A, cathepsin 
G-like

Cytokines/ 
chemokines/ 
growth factors

IL-1,2,3,4,5,6,8,10,11,13,16
TNF, LT, NGF, TGF-b, 
GM-CSF, RANTES (CCL5), 
MCP1 (CCL2), I-309 (CCL1), 
MIP1a (CCL3),
1b (CCL4),
lymphotactin (XCL1), FGF,
PDGFAB, VEGF, BDNF

IL-4, IL-13, MIP-1a 
(CCL3)

aMediators selected from more comprehensive lists published by others and recent  
updates (e.g.,4,5,131,132,149).
bNK, not known.

SeleCTeD MeDiaTOrS OF HuMaN MaST CellS  
aND BaSOpHilSa

taBLe 9.3
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IgG, IgE, and IgA.124 Activation of basophils via this IgD receptor 
has no effect on histamine secretion, but can induce release of 
antimicrobial peptides, IL-4, and B-cell activating factor.5,124

A number of other stimuli, including anaphylatoxins C3a and 
C5a, certain lectins, and the bacterial product formyl methionyl 
leucyl phenylalanine (fMLP) activate basophils and/or mast cells. 
Interestingly, polycationic substances such as compound 48/80 
and numerous basic polypeptides including a spectrum of neuro-
peptides activate human skin mast cells, but not human mast cells 
from other sites, or human basophils.125 Presently, the working 
model to explain these observations125 is that human skin and 
rat peritoneal mast cells possess a binding site for these polyca-
tionic secretagogues, including neuropeptides such as substance 
P, which leads to activation of Gi-like G-protein and cell activa-
tion. This binding site appears to be distinct from the tachykinin 
NK1 receptor that has been associated with in vivo mast cell 
activation.126 Neurogenic vasodilatation produced by an axonal 
reflex in human skin appears to involve mast cell activation by 
neuropeptides released from primary afferent nerves.125 Mast 
cell-dependent neurogenic inflammation has been described in the 
respiratory and gastrointestinal tracts [e.g.,127], and appears to be 
important in at least some inflammatory and infectious diseases. 
More recently, the relationship between mast cells and nerves has 
been emphasized in the intestine as a component of the gut–brain 
axis,128 as well as in pain hypersensitivity 129 and hypoxia–isch-
emia injury in the immature brain.130 Further work on bidirec-
tional communications between mast cells and the nervous system 
will be enlightening.

Recently there has been great interest in activation of basophils 
and mast cells by several interleukins, chemokines, and other fac-
tors (Table 9.4).24,131,132 The significance of these pathways of 

basophil and mast cell activation in vivo in health or disease is 
becoming increasingly clear, particularly in chronic allergic and 
parasitic diseases, and in relation to commensal bacteria and 
particularly the gut microbiome.3,9,10,11,12,14,42,43,44,133,134 The 
CC chemokines appear to be important in basophil activation; 
however, there is less information for mast cells. SCF appears to 
be a specific stimulus for mast cells, acting through the receptor 
CD117.135 Redegeld et al. have made the intriguing observation 
that highly purified immunoglobulin light chain can sensitize 
mast cells for antigen-specific activation, providing a molecu-
lar mechanism for earlier observations of antigen-specific, but 
 non-antibody–mediated mast cell activation. Additional research 
on the role of such stimuli for mast cells and/or basophils will 
shed light on the pathogenesis of inflammatory disorders such as 
inflammatory bowel disease, rheumatoid arthritis, and allergic 
airway diseases.136,137

Another intriguing difference between mast cells and  basophils 
lies in their expression of selected integrin molecules (Table 9.2). 
Human basophils, but not mast cells, express CD11a/18, 
CD11b/18, and CD11c/18, which have as their complementary 
ligands, ICAM-1/2, C3bi, and fibrinogen, respectively. The latter 
are expressed on endothelial cells and appear to be involved in 
the migration of basophils into the tissues during inflammation. 
By contrast, mature mast cells and basophils express a repertoire 
of adhesion molecules designed to interact with the extracellular 
matrix components, which play significant roles in cell recruit-
ment and activation. In particular, rodent basophils are readily 
distinguished from mast cells based on their selective expression 
of the collagen receptor, CD49b/29.138

Recent focus on mast cells in innate immunity, including their 
expression of TLR and other molecules4,131,139,140 has markedly 
influenced our view of these cells. Basophils express a partially 
overlapping, but distinct, repertoire of these types of receptors,5 
and thus must have roles in innate immunity distinct from mast 
cells. Similarly, although some exciting clues have been uncovered 
(e.g., ultraviolet B irradiation- and vitamin D receptor-dependent 
production of inflammation-depressing IL-10 by cutaneous mast 
cells141), much remains to be learned about the functions of many 
other surface molecules on mast cells and basophils, including the 
vitamin D receptor, CD200R,142,143 and receptors for IL-33144,145 
and TSLP146,147 (see Table 9.2).

Mediators
Mast cells and basophils are storehouses of inflammatory media-
tors that can be released by IgE receptor activation and other 
stimuli and also synthesize several other mediators upon activa-
tion (Table 9.3 and 9.4). Mediators such as histamine, platelet-
activating factor (PAF), arachidonic acid metabolites, and several 
proteinases have been extensively studied and are important 
in the pathogenesis of inflammatory diseases and tissue injury 
and repair (e.g.,4,5,8,132,148). A major distinction between the two 
cell types lies in the proteinases that are abundant in mast cells 
from humans and other species,149,150 but are not major mark-
ers of basophils. These proteinases include tryptases, chymases, 
carboxypeptidase A3, and dipeptidylpeptidase 1 (cathepsin C).149 
Indeed, proteinases are used as markers of human mast cell het-
erogeneity, with two major populations separated on their serine 
proteinase content, namely, those with tryptase only (MCT) and 
those with both tryptase and chymase (MCTC). A limited number 
of MCC are also found. Recent work on proteinase-based mast cell 
heterogeneity in mice has established that even for one previously 
recognized phenotype, mucosal mast cells, there can be tissue-
specific differences in proteinase expression, e.g., intestine versus 
airways.150 Human basophils can express low levels of tryptases, 
but little or no chymase.151 In the mouse, mast cell proteinase 
8 (MCP8) and MCP11 have been shown to be more abundant in 
basophils than mast cells; indeed, MCP8 has been targeted in two 

Stimulation Mast Cells Basophils

FcâR and FcgR cross-linkage + +

Compound 48/80 SMC only −

Basic polypeptidesa (includes 
several neuropeptides)

SMC only −

Anaphylatoxins (C3a C5a) + +

fMLP − +

Lectins (e.g., Concanavalin A) + +

Interleukins/chemokines (CC)/
histamine releasing factors 
(HRF)

MIP-1a (CCL3)
IL-1
SCF
Ig light chain

MCP1(CCL-2), 
MCP2(CCL-8), 
MCP3(CCL-7),
MIP-1a(CCL3), 
RANTES(CCL5),
IL-8(CXCL8), HrHRF
CTAPIII/NAP-2

TLR ligands TLR2,3,4 TLR2

IL-33 increases cytokine production and secretion without degranulation.145

TSLP stimulates Th2 cytokine production in mast cells.15,147

CD200R binds CD200 and thereby inhibits mast cell degranulation and cytokine 
secretion.143

SMC, human skin mast cells.
a Includes ACTH, mellitin, substance P, vasoactive intestinal polypeptide, neurotensin, 
bradykinin, etc.

FaCTOrS THaT aCTivaTe MeDiaTOr SeCreTiON FrOM HuMaN 
BaSOpHilS aND MaST CellS

taBLe 9.4
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strains of engineered mice to constitutively deplete basophils, 
or to deplete basophils in a conditional manner (e.g., diphtheria 
toxin-mediated7). Since initial observations in the 1980s, research 
on cytokine and chemokine production by mast cells and baso-
phils has expanded rapidly (Table 9.3).132,152,153,154,155 Given 
that there is literature on cytokine expression in cells from in vivo 
sites, the relevance of many studies utilizing long-term in vitro 
cell lines must be viewed cautiously. Moreover, although expres-
sion of mRNA may be detected by sensitive methodologies, the 
actual quantities of the encoding proteins secreted by mast cells 
and/or basophils may range from small to relatively large; how 
this relates to levels produced by other cell types must be care-
fully evaluated. For example, basophils produce relatively large 
quantities of IL-4 and IL-13 (hundreds of picograms per 106 cells) 
and are therefore considered to be important in vivo sources of 
these cytokines in selected settings. Mast-cell–derived chemotactic 
factors can be important components of host defenses induced 
by viruses as well as by cancer.154,155 Furthermore, the cytokine 
repertoire of mast cells includes a broad spectrum, representing 
those associated with both Th1 and Th2 phenotypes; it is likely, 
therefore, that in a given population of mast cells, cytokines are 
differentially expressed in individual cells or at different times, 
or that individual mast cells express several functionally distinct 
cytokines. In the latter case, control mechanisms may regulate 
production, secretion, and functions of individual cytokines. Most 
recent work suggests that cell type-specific regulation of cytokine 
expression can be under epigenetic control at the level of struc-
tural modifications in the DNA.156

Inhibition of Basophil and Mast Cell activation
Several antiallergic and anti-inflammatory drugs inhibit the 
release of histamine and other mediators, including cytokines and 
chemokines and arachidonic acid metabolites from human baso-
phils and/or mast cells (Table 9.5).157,158 Although many of these 
drugs are valuable in the treatment of allergies and other inflam-
matory diseases, their mechanisms of action are diverse: none is 
mast cell- or basophil-specific, and the precise targets in vivo can 
be difficult to define. Furthermore, given the heterogeneity of mast 
cells at different tissue sites, and perhaps even at different times 
during the evolution of an inflammatory insult (e.g., initial injury, 
repair, chronic, or remodeling phases), agents may vary in the 

nature or extent of their modulatory effects on basophils and mast 
cells during the course of an inflammatory response or disease.

There are several promising advances in drug development 
targeting mast cells and basophils and their roles in allergic and 
other inflammatory processes. One such development has been 
with humanized monoclonal antibodies. For example, humanized 
monoclonal antibodies to IgE reduce IgE levels and decrease the 
density of high-affinity IgE receptors on mast cells and basophils, 
thus limiting sensitivity to allergens. Anti-IgE has been reported 
to be effective and safe in treatment of allergic asthma, rhinitis 
and peanut allergy,159 and its use in other conditions is under 
investigation. Moreover, from this pioneering approach with 
humanized monoclonal antibodies, numerous other potential 
therapeutic targets are being explored, including, for example: 
IL-4, IL-5, IL-9, IL-13, and CCR3.160,161 Other promising targets 
for development of drugs that would inhibit mast cell and baso-
phil function include: Syk kinase162,163; the prostaglandin D2 
receptor, CRTH2 164,165; c-kit166; and several inhibitory molecules 
expressed by mast cells and basophils that have in common 
immunoreceptor tyrosine-based inhibitory motifs (ITIM), such 
as FcgRIIB, leukocyte Ig-like receptor B4 (LILRB4), sialic acid-
binding immunoglobulin-like lectin 8 (Siglec-8), CD200R; and 
mast cell function associated antigen (MAFA).167,168,169,170 Other 
classes of compounds, such as the plant flavonoids have a variety 
of anti-inflammatory activities including the inhibition of mast cell 
and basophil functions (e.g., 171,172).

Given their potency, and the plethora of functions of mast cell 
and basophil cytokines and chemokines, it is not surprising that 
these cells are a focus of study to modulate allergic and other 
inflammatory events. Furthermore, the postulate that distinct 
profiles of cytokines (Th1 and Th2) orchestrate these responses 
has stimulated studies of cytokine regulation of mast cell and 
basophil functions. As predicted by the Th1/Th2 paradigm, the 
Th1-associated cytokine IFN-g and related IFN-a/b, inhibit mast 
cell degranulation and tumor necrosis factor (TNF) secretion.4 
IFN-g has no effect on basophil cytokine secretion, but IFN-a 
inhibits IL-4 and IL-13 secretion from human basophils, but has 
no effect on histamine of LTC4 secretion.173 Interestingly, the 
effects of IFN-g on mast cell mediator secretion are dependent on 
exogenous or endogenous nitric oxide.4,174 TGF-b1 also inhibits 
histamine and TNF production by rat mast cells.175 Furthermore, 
IL-10, often associated with Th2 responses, inhibits TNF and IL-6 
production by mast cells.176 but enhances their antigen-induced 
secretion of histamine.177 This information, taken together with 
evidence that other mediators such as histamine and arachidonic 
acid metabolites178–181 modulate mediator secretion, suggests 
that several basophil and mast cell mediators may have autocrine-
regulatory roles in inflammation.

BaSopHil aNd MaST Cell 
FuNCTioNS

Inflammatory Injury and host Defenses
Investigations of the functions of basophils and mast cells have 
focused on their roles in allergic and other inflammatory dis-
orders because of the highly visible symptoms of IgE-mediated 
allergic reactions, including life-threatening anaphylaxis. In turn, 
a great deal has been learned about some aspects of these cells, 
notably about their activation, inflammatory mediators, and 
regulation. Numerous drugs are available that inhibit many of 
their functions, and a wealth of novel approaches are emerg-
ing that will exploit numerous pathways to regulate allergic 
and other inflammatory responses. Nevertheless, several chal-
lenges remain, including perhaps the most obvious question: 
why do both basophils and mast cells exist, and what functions 
 distinguish them?

iNHiBiTiON OF MeDiaTOr SeCreTiON FrOM MaST CellS  
aND BaSOpHilS

taBLe 9.5

Existing Drugs

 b2 Adrenergic agonists

 Methylxanthines (nonselective phosphodiesterase inhibitors)

 Antihistamines (H1–H4)

 Sulfasalazine (or metabolites)

 Corticosteroids

 Cyclosporine A/Fk506

 Ketotifen

 Monoclonal antibodies (e.g., anti-IgE)

 Sodium cromoglycate/nedocromil sodium (inhibit mast cells but not basophils)

Drugs in Development

 Flavonoids (e.g., Quercetin)

 Syk kinase inhibitors

 Monoclonal antibodies to several biologic targets

  Agonism of immunoreceptor tyrosine-based, inhibitory motifs (e.g., FcgRIIB, 
LILRB4, MAFA; see text)
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Basophils and mast cells are central players in allergic inflam-
mation as they express high-affinity receptors for IgE and produce 
several mediators in common, each with potential to initiate 
inflammatory cascades and complex cellular and molecular net-
works involved in injury and repair (Fig. 9.5). In early phases of 
allergic responses, the pool of circulating mature basophils and 
the large tissue repository of mast cells are important. However, 
basophils and mast cells are not restricted to these sites, because 
under certain circumstances a large influx of basophils can occur 
into local tissues (e.g., cutaneous basophilic hypersensitivity182, 
asthma183), and the numbers of mast cell progenitors in the 
 circulation and in selected tissues can be increased.184,185

The roles of basophils and mast cells in allergic inflammation 
differ with regard to some of the stimuli that are important for 
cell activation. Some mast cell populations respond to a number of 
basic secretagogues, including several neuropeptides, and given 
the close anatomical association between mast cells and nerves186 
and abundant evidence for their functional interdependence, it is 
likely that mast-cell–dependent neurogenic pathways are impor-
tant. There is much less evidence to suggest that neurogenic 
inflammation is a major pathway in basophil-mediated reactions. 
It is intriguing that IgE receptors have recently been discovered 
on neurons,187,188 and although the clinical significance of this 
observation is currently unknown, the implications are consider-
able. For example, depending upon the distribution of IgE recep-
tors on neurons in the CNS as well as peripherally, allergens 
could communicate directly with the nervous system and impact 
sensory pathways, central processing or efferent responses, as 
well as cognition and behavior. Such pathways might help explain 
associations between stress and depression and allergy.189

Since the first reports of the role of mast cells in innate antimi-
crobial immunity,190,191 there has been great interest in expres-
sion and function of TLRs on mast cells131,132 and basophils.139,140 
The signaling pathways employed by such receptors to induce 
mast cell and basophil activation and mediator secretion will be 
particularly enlightening with regard to selectivity of mediator 
secretion and cell functions.192 There is increasing evidence that 
the profiles of mediators produced by these pathways differ from 
those following IgE-mediated activation; knowledge of such differ-
ences will help elucidate the distinct roles of these two cell types in 
host defenses and inflammatory diseases (e.g.,193).

The role of mast cells and basophils in the development and 
expression of adaptive immunity has also been an exciting area 
of new knowledge, albeit with some controversy.3,5,11,193 Both 
mast cells and basophils can enter draining lymph nodes194,195 
and mast cells are well known to induce dendritic cell traffic to 
lymph nodes and dendritic cell priming.196,197 Indeed, mast cell 
activators and even synthetic mast cell granules are adjuvants of 

Figure 9.5. Summary of the activation of mast cells and basophils, the 
mediators they produce, and the spectrum of their actions in host defenses 
and tissue injury.

Bone marrow, circulation,
 local and systemic

differentiation and maturation

Activation:
IgE dependent/

independent

• Immediate and delayed
inflammatory responses

• Orchestrating
 immune responses

• Tissue injury  and repair

• Host resistance––innate
and acquired

TNF, IL-4, -5, 
-6, -10, -13, 
CCL5, CCL3, 
VEGF, etc. 

Proteinases

Histamine, 
LTC4, PAF, 
nitric oxide 

primary immune responses.198,199 Initial studies suggested that 
basophils could act as dendritic cells, especially in responses to 
protease-containing allergens eliciting a Th2 response, but this 
has been challenged.3,9,11 As outlined above, the use of W mutant 
mice that are naturally deficient in mast cells has been a powerful 
tool to study mast cell functions, but recent work in two additional 
strains of mice engineered to be mast-cell–deficient (independent 
of mutations in kit) have raised some questions about the conclu-
sions from earlier studies with W mutant mice regarding these 
functions.200 Mast cells are confirmed to be critical components 
in contact sensitivity reactions,201 but their roles in at least some 
autoimmune responses have been questioned.53 With new and 
powerful tools and models, the next few years promise to provide 
more clarity about the precise roles of mast cells and basophils 
in immunity.

The spectrums of mediators produced by mast cells and baso-
phils have similarities and differences. Several mediators are 
common (histamine, LTC4, PAF, and others, etc.), whereas the 
cytokine and proteinase profiles of the two cells types are distinct. 
Although the differences in proteinase content likely hold clues to 
the functional distinctions among the cell types and among mast 
cell subpopulations, knowledge of substrate specificities of mast 
cell proteinases is limited, and thus the functional significance 
remains to be fully clarified.149,202,203 It is intriguing that inhibi-
tors of mast-cell–specific tryptase have promising effects in models 
of allergic asthma.149 Furthermore, another function associated 
with mast cell tryptase-heparin complexes is the inhibition of the 
production of fibrin and clots through fibrinogen degradation at 
sites of inflammation.204 Knockout of mast cell proteinases has 
rapidly expanded our knowledge of some of the functions of these 
abundant and diverse enzymes. For example, mouse MCP4 has 
an anti-inflammatory effect in allergic asthma,205,206 but is pro-
inflammatory in models of bullous pemphigoid.207 Mouse MCP4 
and mast cell carboxypeptidase A3 are important in degradation 
of several animal toxins, e.g., snake, Gila monster and scorpion 
venom.208 Basophil-derived MCP11 induces microvascular leak-
age in mice, independent of mast cells.209 In the future, drugs 
designed to selectively activate or inhibit specific mast cell or baso-
phil enzyme-substrate interactions will be of therapeutic value and 
also help distinguish between the roles of mast cells and basophils 
in allergic and other inflammatory cascades, such as between the 
early- and late-phase asthmatic responses to allergen.

Containment of Injury, Initiation of repair, 
remodeling, and Normal Function
Following initial insult and injury, the inflammatory response 
elaborates mediators and pathways that minimize the extent of 
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the tissue damage and begin repair processes. In addition to early 
activation, mast cell and basophil mediators are involved in these 
phases of the response (Fig. 9.6). Histamine, arachidonic acid 
metabolites, and several cytokines, particularly, IL-1, IL-6, IL-10, 
TNF, and TGF-b, have several effects on endothelial, epithelial, 
mesenchymal, and inflammatory cells. Such effects include influ-
ences on epithelial integrity and function, regulation of blood flow 
and vascular permeability, tissue edema, fibroblast proliferation, 
and biochemical phenotype, and others. The relationship between 
mast cell activation and fibroblasts and angiogenesis,19,20,21,22 in 
models of tissue repair and remodeling,51 has been studied,210,211 
and it is obvious that the pathways involved are multifactorial. As 
experimental models are developed to address these questions, 
we will begin to understand the role of mast cells and basophils 
in this “containment and repair phase” of inflammatory injury.

Once the site of injury is contained and repair processes have 
begun, mast cells and perhaps basophils are likely to be involved 
in the remodeling of the tissues, and the return to normal func-
tion. The numerous proteinases of mast cells have distinct sub-
strate specificities, and restructuring of the connective tissue, 
extracellular matrix in the local environment is very likely to be 
among their functions. Cytokines such as TGF-b, IL-1, and IL-6 
that influence the activities of fibroblasts are likely to be important 
candidates for this remodeling phase in the responses to injury. 
Given the life span and normal distribution of mast cells and baso-
phils, an attractive hypothesis is that basophils play a particularly 
important role in the injury phase, but their importance in the lat-
ter phases (containment and remodeling) is minimal. By contrast, 
mast cells are undoubtedly important in the injury phase, but also 
in the containment and remodeling phases. Given the plasticity of 
mast cell phenotypes, it may be that there is a general pattern of 
expression of functionally linked clusters of mast cell genes that, 
in a carefully orchestrated manner, facilitate the evolving roles of 
local mast cell populations in the three phases of injury, contain-
ment, and repair/remodeling.

Dynamic equilibrium and homeostasis
In addition to the evolving mast cell phenotype in the above 
sequence, some subsets of mast cells are involved in nor-
mal tissue homeostasis, such as neurogenic and endocrine 
responses.212,213,214 While these aspects of mast cell function 
are not well understood, there is a diverse literature on mast 
cell involvement in such processes as sexual behavior, implanta-
tion, parturition, neuroendocrine signaling, the hypothalamic-
pituitary-adrenal axis, gastric acid secretion, bone metabolism, 
and myelopoiesis. Furthermore, given the prominent anatomical 

association between mast cells and the vasculature, and the effects 
of mast cell products on blood flow, permeability, and leukocyte 
adhesion and diapedesis in inflammation,215 it is widely held that 
one normal physiologic role of mast cells is in the dynamic regu-
lation of tissue perfusion and the chemical and cellular composi-
tion of extravascular spaces. To date, little direct evidence exists 
that basophils exhibit similar functions within tissues; rather, the 
basophil appears to be mostly involved in a rapid, circulating 
response with potential for recruitment to sites of injury.
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iNTroducTioN
Monocytes, macrophages, and dendritic cells (DCs) constitute a 
group of myeloid cells which share common hematopoietic origins 
and express related functions in host homeostasis and innate and 
acquired immunity. They develop in hematopoietic organs, enter 
the circulation, and are widely distributed throughout almost all 
tissues. They express a variable capacity for migration, phagocy-
tosis, antigen presentation, and secretion.

Study of this family of cells, initially known as the reticuloen-
dothelial system (RES), and later as the mononuclear phagocyte 
system (MPS), is undergoing rapid change, with recent empha-
sis on cellular heterogeneity and differentiation, compounded 
by complex modulation of their phenotype within tissues. As a 
result of their specialized functions, the fields of macrophage and 
DC immunobiology have diverged to a great extent. Our goal in 
this chapter is to re-integrate these divisions, to emphasize their 
related properties and variations on a common theme. While 
much remains unknown concerning their life history and prop-
erties in situ, there is a considerable body of detail now avail-
able from studies in cell culture and in experimental animals, 
especially in the mouse, which may not necessarily reflect their 
behavior in humans. In this chapter, we summarize their cellu-
lar and molecular properties and emphasize studies in humans, 
drawing attention where possible to clinically relevant functions 
and pathogenic mechanisms. While primarily aimed at hematolo-
gists, this chapter highlights the major populations present in the 

a Brief history1,2–4,5,6,7

The award of the Nobel Prize in 1908 to Elie Metchnikoff, 
shared with Paul Ehrlich, established the macrophage as a 
specialized phagocyte, distinct from the microphage (neu-
trophil) and an important part of the inflammatory cellular 
response to foreign bodies and infection. There was still 
considerable confusion between monocytes and lympho-
cytes, based on morphology and histology alone. Electron 
microscopy in the 1950s (such as the work of Marchesi 
and Florey) characterized the ultrastructure of mono-
cytes, their diapedesis and the pleomorphic appearance 
of macrophages in tissues. The precursor–product studies 
of Ebert and Florey and the migration studies of Volkman 
and Gowans helped to clarify the distinctions between these 
mononuclear cells. Recent reviews by Cavaillon2,3 cover 
the origins, the first half of the 20th century, and the emer-
gence of the RES in detail. During this time the importance 
of mycobacterial infection of monocytes and macrophages 
was a popular research topic: for example, in the significant 
work of Florence Sabin.

In the 1960s Zanvil Cohn and James Hirsch turned from 
their studies on granulocytes and defined the endocytic 
and cellular properties in culture of mouse macrophages 
that had been isolated from the peritoneal cavity. Together 
with Ralph van Furth and a group of investigators, they 
established the classification of macrophage-related cells 

as members of the MPS. A series of influential international 
Leiden conferences reviewed and published progress of 
research in the field from the late 1960s to the early 1990s.

During the 1950s and 1960s George Mackaness 
described the antigen-dependent but nonspecific activa-
tion of macrophages by cell-mediated protective immune 
responses to intracellular pathogens such as BCG and 
Listeria monocytogenes. This association of macrophages 
with T lymphocytes had profound implications for acquired 
immunity. The search for accessory cells responsible for 
antigen specific activation of T helper lymphocytes led to 
the discovery of DC, by Ralph Steinman and Zanvil Cohn8 in 
1973. The unique role of DCs in antigen presentation, later 
shown by others to depend on the Major Histocompatibility 
Antigen complex, forms a bridge between innate and adap-
tive immunity and was recognized by part of the Nobel 
Prize for Medicine and Physiology in 2011.

Macrophages and DCs are both considered to be compo-
nents of the MPS, although significant debate remains con-
cerning their exact relationship and derivation in the steady 
state and inflammation. Derivatives of macrophages and 
DCs form an abundant component of the organized struc-
tures known as granulomata, as shown by Walter Spector. 
Although they are a prominent feature of important chronic 
infectious diseases such as tuberculosis the nature of their 
interactions with T lymphocytes and their precise functions 
are still unclear.

Other milestones of macrophage research include the 
discovery and exploitation of growth factors for macro-
phages and other hematopoietic cells, notably by Donald 
Metcalf; the identification of cytokines such as tumor necro-
sis factor (TNF) by Anthony Cerami and Lloyd Old, that 
play an important role and provide a therapeutic target in 
diseases such as rheumatoid arthritis; and the recognition 
by Russell Ross of the central role of monocytes that adhere 
to the walls of large arteries and give rise to lipid-laden 
macrophages in atherosclerosis. In addition, Marcel Bessis 
recognized the hematopoietic importance of macrophages 
in erythroblastic islands, although the full implications of 
his discovery remain to be explored.

The DC field has gained increasing momentum since the 
1970s. The discovery of toll-like receptors (TLRs), C-type 
lectins, and other pathogen-associated molecular pattern 
recognition systems were key events in understanding 
how DCs and macrophages distinguish self from nonself. 
The contributions of Jules Hoffman and Bruce Beutler to 
this area were also recognized in the 2011 Nobel Prize. 
Another important breakthrough was the isolation of 
distinct precursors of DCs and macrophages through the 
work of several groups including Frederic Geissmann, 
Marcus Manz, Ken Shortman, Miriam Merad, and Michel 
Nussenzweig. More recently, the genetic control and spe-
cialized functions of distinct DC subsets have been docu-
mented in both mouse and humans. Unique pathways of 
ontogeny have also been described for special members of 
the MPS including osteoclasts, epidermal Langerhans cells, 
and microglia of the brain.
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tissues, both normally and in a range of inflammatory, infectious, 
metabolic, and neoplastic diseases.

In the following section, we summarize general and specialized 
features of monocytes, macrophages, and DCs, collectively termed 
mononuclear phagocytes (MPs). Figure 10.1 illustrates a compre-
hensive overview of human MP differentiation and distribution, to 
be discussed in detail in subsequent sections.

FuNcTioNal properTieS

Cellular Morphology9,10

Aspects of mononuclear cell differentiation and morphology in 
situ and ex vivo are illustrated in Figures 10.1 through 10.4 and 
summarized in Table 10.1.

FIGURE 10.1. Summary of the main pathways of monocyte, macrophage, and dendritic cell (DC) development in human tissue during embryogen-
esis, fetal development, adult steady state, and inflammation. A: Embryonic. Yolk sac macrophages are the first hematopoietic cells to appear. Studies in mice 
indicate that these cells migrate through the mesoderm prior to vasculogenesis, proliferating and colonizing all the tissues of the embryo. Lineage tracing indicates 
that 100% of microglia arise from the yolk sac, becoming isolated in the developing brain by closure of the blood–brain barrier. They are maintained in adult life by 
local proliferation. B: Fetal. In models derived from lineage tracing in mice, hematopoiesis in the liver gives rise to the first monocytes, which circulate widely and 
dilute the contribution of yolk sac macrophages in almost all tissue sites. Residual yolk sac contribution of approximately 10% is detectable in the Langerhans cells of 
the epidermis; the other 90% are fetal liver–derived and become locally self-renewing in adult life. Tissue macrophages and specialized populations of macrophages: 
alveolar, Kupffer, and osteoclasts, may also derive from fetal liver monocytes, at least initially. C: Adult steady-state hematopoiesis, arising from multi-lymphoid 
progenitors (MLP) capable of differentiating into monocytes, DCs, lymphoid cells, and granulocyte-macrophage progenitors (GMP), contributes a wide variety of cells 
with macrophage and DC potential into the blood. These include circulating CD34+ MLP, classical CD14+ and nonclassical CD16+ monocytes, CD1c+ myeloid DCs, 
CD141+ myeloid DCs, and plasmacytoid DCs. The contribution of these steady state blood components to macrophage homeostasis in a wide range of tissues, in 
addition to those illustrated, has not been rigorously defined. CD34+ precursors and both subsets of monocytes potentially contribute to tissue macrophages in inter-
stitial and specialized sites. CD14+ monocytes and CD16+ monocytes are closely related to CD14+ interstitial DCs, while CD1c+ and CD141+ blood DCs both have 
phenotypically similar interstitial DC counterparts. CD34+ precursors also have the potential to form tissue DCs. Plasmacytoid DCs do not migrate into the tissues 
in the steady state. D: Inflammation. Upregulation of myelopoiesis under conditions of stress is likely to involve expansion of GMP production of monocytes, myeloid 
DCs, and plasmacytoid DCs. Multiple inflammatory signals potentially recruit all peripheral blood populations to the tissues. Classical CD14+ monocytes are the most 
significant component giving rise to inflammatory activated “M1” macrophages and TNF/i-NOS–producing DCs (Tip-DCs) in a range of tissues. This may include the 
CNS (pathway not shown for simplicity here). Langerhans cells are also replaced by inflammatory classical monocytes in desquamating epidermal inflammation. 
Myeloid DCs may be directly recruited to give inflammatory DCs, and infiltration with plasmacytoid DCs is well documented.
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FIGURE 10.2. Ultrastructure of promonocyte and monocyte.  
A: Electron micrograph of a promonocyte from human bone marrow 
stained for peroxidase. The nucleus (n), situated at one end of the 
cell, exhibits an irregular outline and deep indentation. The cytoplasm 
contains a number of cytoplasmic organelles. Peroxidase reactivity is 
demonstrable throughout the rough endoplasmic reticulum (er), Golgi 
complex (G), and all cytoplasmic granules (g+

1, g+
2, g+

3). Apparently, all 
granules mature from the earliest forms, which are spherical and dense 
(g+

1), with a homogenous matrix, to more condensed and elongated 
forms (g+

2), and then to dumbbell forms (g+
3). The Golgi complex (G) 

is composed of several stacks of cisternae and occupies a large area 
adjacent to the nucleus. Bundles of filaments (f) are prominent in the 
cytoplasm and are believed to be useful in characterizing the cell as 
a monocyte form. Several mitochondria (m) are also seen ×18,000. 
B: Electron micrograph of a normal human monocyte examined for per-
oxidase. In the nucleus (n), the chromatin is more condensed than in 
earlier forms, is mainly peripheral in distribution, and is interrupted at the 
nuclear pores. The voluminous cytoplasm (c) contains a full complement 
of organelles associated with protein synthesis and export of secretory 
granules. Peroxidase is present in only some of the granules (g+), but 
others (g:), as well as the endoplasmic reticulum (er) and Golgi complex 
(G), now lack the reaction product. At this stage, the two kinds of gran-
ules are approximately equal in number and similar in size and shape, 
ranging from 90 to 450 nm in length and from spherical or rodlike to 
dumbbell in shape. Microtubules (mt) radiate from the cell center, where 
a centriole can be seen adjacent to the Golgi complex (G). The moder-
ately abundant endoplasmic reticulum has a more peripheral distribu-
tion than in the promonocyte, and modest numbers of mitochondria (m) 
are present. Numerous pseudopodia (ps) extend from the cell surface. 
The peripheral lacunae (l) represent a tangential section through surface 
irregularities ×16,200. From Nicholls BA, Bainton DF: Differentiation of 
human monocytes in bone marrow and blood. Sequential formation of 
two granule populations. Lab Invest 1973;29:27–40, with permission.

FIGURE 10.3. Morphology of mouse mononuclear phagocytes. A: Mouse peritoneal macrophages in culture on cover glasses undergo cell fusion shortly after 
addition of UV-irradiated Sendai virus. Note cytoplasmic bridge formation in nascent homokaryon. Phase contrast microscopy reveals characteristic nuclear morphol-
ogy, rudimentary nucleoli, and extensive phase-lucent and phase-dense vesicles. Plasma membrane shows spreading of organelle-poor cell periphery with ruffling. 
From Gordon S, Cohn Z. Macrophage-melanocyte heterokaryons. I. Preparation and properties. J Exp Med 1970:131:981–1003, with permission. B,C: Phase contrast 
micrograph of dendritic cell isolated by Steinman and Cohn from mouse spleen. B: Note extensive dendrites, euchromatin nucleus, and mitochondria-rich cytoplasm, 
a feature of their high motility. C: Note lack of resetting of DCs with antibody-coated sheep erythrocytes, compared with macrophages in the same preparation, one 
of the features which allowed separation and their distinction. From Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral lymphoid organs of mice. I. 
Morphology, quantitation, tissue distribution. J Exp Med 1973:1142–1162, with permission. D: Scanning electron microscopy of human alveolar macrophages cultured 
on cellulose membrane in a biphasic cell culture system. Note characteristic rounded appearance with extensive ruffles. From Wallaert B, Fahy O, Tsicopoulos A, Gosset P, 
Tonnel AB. Experimental systems for mechanistic studies of toxicant induced lung inflammation. Toxicol Lett 2000;112–113:157–163, with permission.
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Properties Functions
A. Monocytes

Low level in blood (∼1–4%)

Subpopulations:
 Classical (∼90%) CD14hi CD16var Phagocytosis, secretion, inflammation

 Nonclassical (∼10%) CD14mod/dim CD16hi Patrolling, intravascular

Migration/adhesion: Recruitment by inflammation, infection, immune stimulation

 CCR2+ (classical)

 CX3CR1, variable

 CD11b+

 CD11c+

 LFA-1 (nonclassical)

Recognition, endocytosis, phagocytosis: Clearance

 Opsonic receptors, e.g., FcR, CR Humoral immunity

 Nonopsonic receptors, e.g., TLR, CD36, Lectins Innate immunity, homeostasis

 Cytosolic sensors Inflammasome activation

Biosynthesis: varied secretion: Link to acquired immunity

 Myeloperoxidase (MPO), Lysozyme Antimicrobial

 Respiratory burst (RB) Microbial killing

 Cytokines Cell activation, regulation

 Leukotrienes Inflammation

 Tissue factor Procoagulant

FIGURE 10.4. Mononuclear phagocytes in human skin and thymus. A: Epidermis: CD1a+ Langerhans cells. B: Dermis/interstitium Lyve-1+ macrophages and 
CD31+ endothelium. C: Epidermis: Langerhans cells express langerin and MHCII, which co-localize. D: Electron micrograph of Birbeck granules. E: Dermis: Triple 
labeling shows CD11c (DCs, green), XIIIa (macrophages, red) and CD3 (T cells, blue). F: Thymic macrophages and DCs express EMR2. Photomicrograph D from 
Romani N, Clausen BE, Stoitzner P. Langerhans cells and more: langerin expressing cell subsets in the skin. Immunol Rev 2010;234(1):120–141, with permission. 
Other images from M. Collin, N. Romani and T. Marafioti.

taBle 10.1

SeleCTeD ProPerTieS of HuMaN MoNoNuClear PHaGoCyTeS

(Continued )
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Properties Functions
Differentiation/modulation:
 Precursor for macrophages and DCs Inflammation, T cell activation

B. Macrophages

  Widely distributed: Lymphohemopoietic tissues as  
resident and recruited populations

Local and systemic homeostasis
Trophic functions—inflammation and repair

 Variable life span

 Heterogeneous phenotype

 Sessile (mainly)

Endocytosis and phagocytosis: Clearance, digestion, host defense

 Opsonic (Fc, CR) Humoral immunity

 Nonopsonic recognition (SR, Lectins) Defense and homeostasis

 CD163, CD71, folate receptors Uptake hemoglobin–haptoglobin, transferrin, B12

 Sensing (TLR, cytosolic) Innate immunity

 Regulatory receptors, e.g., TREMs, EMR2, GPCR Potentiate responses

Biosynthesis and secretion: Trophic and cytocidal

 Pro- and anti-inflammatory cytokines Inflammation, repair

 E.g., IL-1, TNF, IL-6, IL-12, IL-18, IL-10, TGF-b Innate immunity

 Neutral proteinases, enzymes Tissue catabolism

  Low-molecular-weight mediators: RB, nitric oxide,  
prostanoids

Defense and inflammation

Modulation:
Classical (M1) and alternative activation (M2) Regulation of cellular immunity

Immune interactions: Activation/suppression of primed T cells

 Expression of MHCII and costimulatory molecules Adaptive immune regulation

C. Myeloid Dendritic cells (mDC)

 Minor population in blood, lymph tissues Sentinel cells

 Short to medium-lived Bridge innate to adaptive immunity or tolerance

 Subsets described, varied antigen markers

 Motile Migration

 Chemokine receptors, e.g., CCR7

 Transient adhesion

 Endocytosis and phagocytosis Antigen capture

Two-stage maturation/activation: Induced by LPS, other ligands, e.g., TLR

 Loss endocytosis, macropinocytosis, phagocytosis Processing, direct and cross-presentation to naive  
lymphocytes

 Intracellular MHCII redistributed to surface

 Limited digestion, capture peptides DM

  Specialized endosomal compartment (multivesicular 
bodies, Birbeck granules)

 CD1d expression Lipid antigen presentation

 Cytosolic sensors Nucleic acid recognition

 Costimulatory molecules Activation and inhibition of APC functions

  TLR, PRR-dependent cytokine production,  
e.g., IL-12, IL-18

Activation, regulation of tissue activation

D. Plasmacytoid Dendritic Cells (pDCs)

 Minor, blood, tissue

 Short-lived, labile

  Mixed phenotype markers, e.g., CD123 (IL-3R); TLR3,  
7, 9; Siglec H (mouse), RLR, helicases

Biosynthesis, secretion:
Type I interferon+ Antiviral responses

IL-1, interleukin-1; MPO, Myeloperoxidase; RLRs, RIG-I-like receptor; PRRs, pattern recognition receptors; TGF-b, tumor growth 
factor-b; TNF, tumor necrosis factor; TLR, Toll-like receptors; LFA-1, Lymphocyte function-associated antigen 1; APC, antigen 
presenting cell;  MHCII, major histocompatibility complex Class II.

72683_ch010_0193-0226.indd   197 29/07/13   8:32 PM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

198 Part ii The Normal Hematologic System • SECtiON 3 Granulocytes and Monocytes

Monocytes are rounded cells, 10 to 15 mm in size, with oval, 
kidney-shaped, or indented nuclei, a rim of heterochromatin, and 
mostly euchromatic nucleoplasm. Their cytoplasm is relatively 
abundant, compared with nonactivated lymphocytes, containing 
myeloperoxidase+ and rudimentary lysozyme+ granules, non-
specific esterases, and lysosomes. Scanning electron microscopy 
reveals extensive surface folds. They adhere readily to native and 
artificial substrates by a range of adhesion receptors, flattening 
out and spreading in characteristic fried egg or stellate shape with 
fine plasma membrane processes. They respond slowly to chemo-
tactic gradients in vitro, compared with neutrophils.

Macrophages are larger, rounded (e.g., in alveolar space, peri-
toneal cavity), or stellate, with two or more processes, sticky and 
sluggish though motile, and with extensive, dynamic plasma mem-
brane processes and filopodia. Podosomes have been observed. 
The cytoplasm of cultured cells has a well-developed centrosome, 
with an organized cytoskeleton, and is rich in synthetic organelles 
and endocytic vesicles, often containing debris and residues of 
phagocytosis in abundant lysosomes. They lose their peroxidase 
granules as monocytes mature in culture. Macrophages love lining 
up along surface irregularities on culture substrata and usually 
keep their distance from one another in culture; inflammatory 
stimuli cause aggregation. Occasional binucleate cells arise by 
failure of cytokinesis; macrophage fusion can be observed “spon-
taneously,” especially on selected substrates, or after exposure to 
serum lipids or cytokines such as interleukin (IL)-4.

DCs in the blood are smaller than monocytes and may be found 
in the “lymphoid” gates on flow cytometry analyses. In the tissues, 
they are smaller than macrophages and less extensively arborized 
with multiple short processes. During migration through the 
afferent lymph they mature into “veiled cells” with extensive mac-
ropinocytic processes. In lymph nodes they are highly motile and 
transit rapidly between T cells until a cognate antigen interaction 
is detected by the T cell. In vitro they are lightly or nonadherent 
compared with monocytes or macrophages, a property that was 
exploited in their original isolation from mouse spleen.

Chemotaxis, Migration, and adhesion
See Figures 10.5 and 10.6A. Selected antigen markers and recep-
tors are listed in Tables 10.2 and 10.3.11,12,13,14–22,23,24,25

Chemotaxis of MPs to inflammatory sites is stimulated by 
factors such as complement component C5a, N-formylated oligo-
peptides, fragments of fibronectin, elastin, and collagen; and by 
secreted proteins called chemokines. Stimulation by chemotactic 
factors results in increased integrin affinity and therefore binding 
to the endothelium at the same time as formation of lamellipodia 
and actin polymerization, resulting in cell movement. Chemokines 
are divided into subclasses on the basis of the spacing of the 
N-terminal cysteine residues. CCL#, CXCL#, CL#, and CX3CL# 
refer to four families of chemokine ligands, in which # denotes the 
identifying number, C denotes a cysteine, and X denotes a non-
cysteine amino acid. CC chemokines are responsible for attracting 
monocytes and lymphocytes, directing traffic of leukocytes under 
steady state conditions; whereas inflammatory chemokines are 
expressed by circulating leukocytes and other cells only upon acti-
vation. In the mouse two subsets, classical (Ly6C+ analogous to 
human CD14++CD16–) and nonclassical monocytes (Ly6Clo, human 
CD14dimCD16+) express different chemokine receptors, especially 
CCR1, CCR2, and CX3CR1 (fractalkine receptor). Under condi-
tions of inflammation, monocytes are recruited to tissues by CCL2 
(MCP-1), CCL3 (MIP1a), and CCL5 (RANTES) acting through CCR1, 
CCR2, and CCR5. These inflammatory monocytes are able to dif-
ferentiate into macrophages or DCs that appear to play important 
roles in the initiation of immune responses. The signals that drive 
steady state recruitment have not been solved but are indepen-
dent of CCR1, CCR2, and CCR5.

Monocytes and macrophages adhere to other cell types, includ-
ing lymphocytes and vascular endothelial cells, and to extracel-
lular matrix components, e.g., fibronectin and laminin, using 
specific cell surface adhesion receptors. Inflammatory macro-
phages and DCs originate from the migration and differentiation 
of circulating monocytes into virtually all tissues, contributing to 

FIGURE 10.5. (A) Recruitment. Stages of monocyte adherence to endothelium and diapedesis, induced by inflammatory stimuli. The model is mainly based on the 
recruitment of neutrophils, with which it shares many features, although monocyte- specific chemokines, receptors, and adhesion ligands exist, especially in con-
stitutive and noninfectious, metabolic forms of inflammation. Figure provided by S. Yona. (B) Monocyte diapedesis. Electron micrograph from collection of H. Florey.
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FIGURE 10.6. Selected macrophage plasma membrane receptors. (A) Growth, differentiation, adhesion and migration. (B) Recognition and sensing.

A

B

(Continued )
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the pathophysiology of many human diseases including athero-
genesis and other inflammatory diseases. The origin of steady 
state tissue macrophages and DCs is much less certain, as dis-
cussed below. It is likely that blood monocytes and blood DCs 
contribute, but circulating hematopoietic progenitor cells may also 
give rise to tissue leukocytes.

Three families of cell surface glycoproteins mediate most 
cell adhesion: integrins, immunoglobulin-related molecules, and 
selectins. Integrins are large heterodimeric glycoproteins classi-
fied in subfamilies according to the common beta subunit; beta 1 
(CD49/cd29) or VLA, beta 2 (CD11/CD18), beta 3 (cytoadhesion), 
and beta 7 are the most relevant. Integrins recognize Ig-related 
molecules such as intercellular adhesion molecule-1 (ICAM-1), 
ICAM-2, and vascular cell adhesion molecule (VCAM). Selectins 
(L-selectin, E-selectin, and P-selectin) recognize oligosaccharides, 
e.g., Sialyl Lex. CD44 and CD36 are structurally unrelated but 
important adhesion molecules which bind to hyaluronic acid and 
thrombospondin. Macrophage entry into tissues is a multistep 
process involving both adhesion and transendothelial migration. 
The process involves monocyte tethering and rolling on the sur-
face of activated endothelial cells mediated mainly by activated 
selectins; firm adhesion is mediated by VCAM-1 and ICAM-1 on 
the endothelium, binding to b1 and b2 integrins expressed on leu-
kocytes. Subsequently, monocytes transmigrate the endothelium.

The dynamic complexity of adhesion receptor utilization 
in chronic inflammatory processes such as atherosclerosis is 
exemplified by the following studies. Analysis of integrin, immu-
noglobulin-related, and selectin expression on blood monocytes, 
in vitro differentiated macrophages, and alveolar macrophages 
reveals monocyte expression of b1 (CD29), a4, a5, a6, b2 (CD18), 
CD11a, CD11b, and CD11c subunits, but not aV (CD51). Some 
expression of CD41b (IIb) and CD61 (b3) has been detected. The 
Ig-related molecules CD54 (ICAM-1), ICAM-2, and CD58 (LFA-3) 
are expressed, as well as L-selectin and the carbohydrate ligands 

Lex (CD15) and sialyl Lex. CD44 and CD36 are strongly positive. 
Alveolar macrophages exhibit lower expression of a4, a6, b2, 
CD11a, CD11b, L-selectin, Lex, and sialyl Lex. ICAM-2 and CD36 
are absent, whereas expression of a3, but not of CD11c, is higher. 
Similar results were obtained with in vitro differentiated macro-
phages. The profile of adhesion receptors expressed as monocytes 
differentiate into macrophages varies according to tissue location 
and the disease state. For example, endothelium overlying human 
atherosclerotic lesions and fatty streaks expresses high levels of E- 
and P-selectins, ICAM-1, and VCAM-1. Selectin deficiency reduces 
atherosclerosis, and genetic mutation of ICAM-1 or VCAM-1 
reduces atherosclerosis in mice. Oxidized LDL leads to endothe-
lial dysfunction, leading to expression of adhesion molecules and 
recruitment of monocytes into the subendothelial space. Ox-LDL is 
taken up by macrophages via scavenger receptors such as SR-A1, 
SR-A2, and LOX-1, which are themselves implicated in local mac-
rophage adhesion. CD36, a multifunctional membrane receptor 
present on MPs and other cells, functions as a scavenger receptor 
for oxidized phospholipids. On macrophages, CD36 interaction 
with oxidized LDL triggers a pro-inflammatory and pro-athero-
genic response involving activation of src-family kinases, MAP 
kinases, and Vav family guanine nucleotide exchange factors and 
results in ligand internalization, foam cell formation, and inhibi-
tion of migration.

Macrophage adhesion molecules also have an important role 
in homotypic cell fusion, forming osteoclasts and multinucleated 
giant cells associated with chronic inflammation. Progress has 
recently been made in identifying molecules involved in macro-
phage fusion. Signaling processes mediated by DAP12 and STAT6 
induce a fusion-competent status. Chemotaxis through CCL2, 
cell-cell adhesion mediated by E-cadherin, exposure of phospha-
tidylserine, lipid recognition by CD36, purinergic receptors, and 
cytoskeletal rearrangement dependent on RAC1 are prerequisites 
for successful macrophage fusion.

FIGURE 10.6. Selected macrophage plasma membrane receptors. (C) Potentiation and negative regulation.

C
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recognition receptors (PRRs) and endocytic activity, but low sur-
face expression of MHC and costimulatory molecules. Migration 
and maturation are believed to occur in the steady state, but are 
massively increased by local inflammatory stimuli mediated by 
TLR agonists, cytokines, and other danger signals. DC migration 
from tissue sites to afferent lymphatics is integrin-independent 
and driven by chemokine gradients of CCL19 and CCL21 acting 
through CCR7. Recent studies show that these chemokines deco-
rate the endothelium of afferent lymphatics. The passive drainage 
of fluid through afferent lymphatics may also play a part in the 
migration of DCs towards lymph nodes. Within the node, similar 
chemokine gradients position DCs in the T cell areas, where they 
upregulate antigen-bearing MHC molecules and costimulatory 
antigens. Antigen uptake declines and morphological changes 
ensue, including the extension of dendrites. Myeloid and plasma-
cytoid DCs also enter the lymph nodes directly from the blood-
stream, where they undergo a parallel process of maturation. In 
the later stages of immune activation, monocyte-derived DCs also 
reach the lymph nodes by direct recruitment from the blood or 
via inflamed tissues.

Receptor Ligand Comment

FcR Immunoglobulins Phagocytosis, ADCC

CD11b/18 Complement, other Phagocytosis, myeloid 
adhesion

CD163 Haptoglobin–hemoglobin 
complex

CD14 LPS TLR complex

TLR (various) Microbial, endogenous

Siglec-1 (CD169) Sialylated  
glycoconjugates

Subset macrophages

DC-SIGN (CD209) Mannose, fucose, GlcNAc

Dectin-1 CLEC-1 b-glucan Fungal infection

Dectin-2 High mannose Th17 activation

Langerin Mannosyl and sulfated 
glycans

Abundant in Birbeck 
granules

Mincle C-type lectin-like Binds mycobacterial 
cord factor

CLEC-9A (DNGR-1) Actin Cross-presentation

TAM (Tyro3, Axl, 
MER)

Gas6, ProtS Apoptotic cell uptake

SR-A Polyanions, ApoA1, LPS, 
LTA Neisseria proteins

Endocytosis, adhesion

MARCO LPS, Neisseria proteins Innate immunity,  
phagocytosis, adhesion

CD36 OxLDL,  
phosphatidylserine

Adhesion, apoptotic  
cell clearance, fusion  
of macrophages

TIM(1–4) Phosphatidylserine Apoptotic cell uptake

CD300a Phosphatidylserine Apoptotic cell uptake

EMR2 Chondroitin sulfate B Adhesion GPCR

CD97 CD55 Adhesion GPCR

TLR, toll-like receptor; ADCC, antibody-dependent cell-mediated cytotoxicity; GPCR, 
G protein-coupled receptor; LPS, lipopolysaccharide; DC-SIGN, dendritic cell-specific 
intercellular adhesion molecule-3-grabbing non-integrin; OxLDL, oxidized low-density 
lipoprotein; LTA, lipoteichoic acid; TIM, T-cell immunoglobulin mucin; EMR2, epidermal 
growth factor-like module-containing mucin-like hormone receptor 2.

Antigen Ligand/Comment

Monocytes: CD14 LPS, TLR

CD16+/− FcRg

CD115 CSF-1

CD45 Leukocyte common, phosphatase

CD11b Complement receptor

CD11c+/− Complement receptor

CD11a LFA-1—patrolling monocytes

CD163 Haptoglobin–hemoglobin complex

CD36 OxLDL

SLAN+/− 6-SulfoLacNAc

CX3CR1 Fractalkine

MHCII Peptides

CD4

Macrophages CD115 CSF-1

CD68 Endosomal pan-macrophage,   
DC osteoclasts

CD312 (EMR2) Myeloid adhesion GPCR (also  
monocytes, DCs, neutrophils)

CD169 Siglec-1 (sialoadhesin), macrophage  
subsets, e.g., marginal zone,  
subcapsular sinus

CD206 MMR, alternative activation

fXIIIa

mDCs: CD115 CSF-1, IL-34

CD116 GM-CSF

CD135 Flt-3L

CD11c Not unique to DCs

CD1a, c (BDCA-1), d Major subset

MHCIIhi

CD83, 80, 86 Costimulatory molecules

CD205 (Dec205) Lectin-like

CD206 MMR

CD209 (DC-SIGN) Interstitial DCs, not unique

CD141 (BDCA-3,  
thrombomodulin)

Minor subset—cross presenting  
(widely expressed)

Langerin Mannosylated and sulfated 
glycans

CD103 (aE b7  
Integrin)

Gut DCs tolerogenic

pDCs: CD123 (IL-3R)

CD303 (BDCA-2) Type II C-type lectin

CD304 (Neuropilin-1;  
BDCA-4)

(Siglec H–member  
mouse CD33 family)

CD2 Lymphoid antigen

CD7 Lymphoid antigen

CSF-1, colony stimulating factor-1; GM-CSF, granulocyte-macrophage colony stimulating 
factor-1; TLR, Toll-like receptors; LPS, lipopolysaccharide; MMR, macrophage mannose 
receptor; OxLDL, oxidized low-density lipoprotein; BDCA, blood dendritic cell antigen.

SeleCTeD aNTiGeN MarkerS exPreSSeD by HuMaN 
MoNoNuClear PHaGoCyTeS

taBle 10.2

SeleCTeD PlaSMa MeMbraNe PaTTerN reCoGNiTioN 
reCePTorS (Prrs) exPreSSeD by HuMaN MoNoNuClear 
PHaGoCyTeS

taBle 10.3

The regulation of DC function is intimately linked to migra-
tion. At sites of antigen contact, myeloid or “classical” DCs 
are found in immature forms with high expression of pattern 
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recognition: plasma Membrane antigen 
Markers, sensors, and regulators
See Figures 10.6 through 10.12 and Tables 10.1 through 
10.3.26,27–32,33,34,35,36,37

Monocytes and macrophages express a range of opsonic and 
nonopsonic plasma membrane and endosomal receptors to rec-
ognize foreign and modified self-ligands. These include activatory 

(ITAM cytoplasmic motif) and inhibitory (ITIM motif) Fc recep-
tors, receptors for complement-derived ligands, TLRs, lectins, 
and scavenger receptors, as well as receptors for other humoral 
ligands, for example, collectins and pentraxins. Monocytes also 
express CD14, a GPI-linked receptor for LPS, which is down-
regulated upon cell maturation in culture. Resting monocytes do 
not express class A scavenger receptor I/II, which is upregulated 
on macrophages during maturation, but do express MARCO, 

FIGURE 10.7. A: Fc receptors of human 
macrophages show diversity for Ig class 
ligands and signaling. See references for 
further details. B: Macrophage receptors for 
complement recognition and regulation.

A

B
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a related SR, and CD36, another promiscuous adhesion mol-
ecule also present on platelets and endothelial cells. The lectins 
include Dectin-1, the receptor for fungal b-glucan, expressed by 
monocytes, macrophages, neutrophils, and DCs; the mannose 
receptor, a multilectin with distinct carbohydrate recognition 
domains for GlcNac, mannosyl, and fucosyl ligands on microbes 
and selected host molecules; and a cysteine-rich domain which 
recognizes endogenous sulfated sugars. Other mannose binding 
lectins include DC-SIGN and Dectin-2; galectin is a receptor for 
galactosyl recognition. Additional plasma membrane receptors 
include CD163, an SR-like molecule that recognizes haptoglobin –
hemoglobin complexes, and which is induced by glucocorticoids. 
Additional SR, not shown, are present on endothelial cells, which 
also express SR-A. Apart from the scavenger receptors, several 
other receptors can recognize apoptotic cells, e.g., the Tyro3, Axl, 
and Mer (TAM) receptors, which recognize Gas 6 and Protein S 
ligands. Several TIM molecules and CD300A bind phosphatidyl 
serine, another ligand for apoptotic cell recognition.

In common with monocytes and macrophages, DCs are equipped 
with an array of PRRs, which can detect evolutionary-conserved 
pathogen-associated molecular patterns (PAMPs), including pro-
teins, lipids, carbohydrates, and nucleic acids. The PRRs encompass 
families of membrane-bound TLRs and C-type lectin receptors 
(CLRs), such as Langerin, MMR, DC-205, DC-LAMP, DC-SIGN, 
Dectin-1, and DCIR. The PRRs also include cytosolic NOD-like recep-
tors (NLRs), RIG-I-like receptors (RLRs), and helicase nucleic acid 
receptors, as discussed further below. Human DCs are equipped 
with multiple CD1 antigens for the recognition of bacterial lipid 
antigens (notably CD1a and CD1c) and a range of receptors for 

complement (CD11b and CD11c) and coagulation proteins (CD141: 
thrombomodulin).

The SIGLEC family of leukocyte plasma membrane molecules 
interacts with sialylated glycoconjugates, and members are 
variably expressed on myeloid cells of different species, includ-
ing macrophages and plasmacytoid DCs. Siglec-1 (sialoadhesin, 
CD169) has been implicated in binding of hematopoietic cells, 
including lymphocytes.

The murine macrophage plasma membrane antigen marker 
F4/80 is part of a small family of seven transmembrane adhesion 
GPCR which includes CD97 and EMR2, more broadly expressed 
on myeloid cells. EMR2 is a useful immunocytochemical marker 
for human tissue macrophages, as well as neutrophils, in which 
it potentiates a range of cellular functions. The TREM family also 
modulates myeloid cell responses; TREM-2, for example, associ-
ates with DAP-12 as one of several signaling partners. Counter-
receptors include the negative receptor pair CD200/CD200R.

Genetic polymorphisms have been described for a range of the 
above surface molecules; for example, TLR mediating pro-inflam-
matory signaling and Fc receptors, which mediate important 
functions such as phagocytosis, antibody-dependent cytotoxicity, 
and immunomodulation.

Cytosolic recognition and inflammasome 
activation
See Figures 10.8 and 10.9.38,39,40,41

This topic has benefited enormously from the study of 
auto-inflammatory syndromes associated with rare genetic 

FIGURE 10.8. Cooperation of Toll-like receptor signals and Dectin-1 (with cytosolic inflammasome activation and type I interferon) in innate immune 
defense. From Trinichieri G, Sher A. Cooperation of Toll-like receptor signals in innate immune defense. Nat Immunol Rev 2007;7:179–190, with permission.
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disorders, and their dramatic amelioration by IL-1 antago-
nists. Inflammasomes are protein complex platforms which 
are required for the activation of inflammatory caspases and 
the maturation of their pro-inflammatory cytokines including 
IL-1b and IL-18. They are constructed around several proteins, 
including NLRP3, NLRC4, AIM2, and NLRP6, and recognize 
inflammatory signals arising from receptors for PAMPs, damage-
associated molecules (DAMPs), and sterile particulates, such 
as uric acid crystals. Recognition of immune signals by one 
of several families of receptors results in direct activation of 

caspase-1 and caspase-5, secretion of potent pro-inflammatory 
cytokines, and a form of cell death called pyroptosis. PRRs of 
innate immune cells can be classified into phagocytic and sen-
sor PRRs and, in addition to the plasma membrane receptors 
described above, include intracellular TLRs, retinoic acid–
inducible gene I–like receptors (RLRs), and nucleotide-binding 
oligomerization domain-like receptors (NLRs). Inflammasome-
mediated processes are important during microbial infections 
and also in regulating both metabolic processes and mucosal 
immune responses. For example, the NLRP3 inflammasome has 

FIGURE 10.9. Models of inflammasome structure. A: A Toll-like receptor (TLR). TLRs are integral membrane glycoproteins with an N-terminal ectodomain and 
a single transmembrane domain. The ectodomain of a TLR7, TLR8, and TLR9 family member is depicted, with the leucine-rich repeat (LRR) solenoid shown with a 
gray molecular surface, and the N- and C-terminal flanking regions shown in green and purple, respectively. An undefined region present in TLR7, TLR8, and TLR9, 
but not in the other TLRs, is shown as a light blue string. Insertions within LRRs at position 10 are indicated in red and might contribute to the formation of the 
pathogen-associated molecular pattern (PAMP) binding site. An insert at position 15 is indicated in yellow. Also shown is a cartoon of the transmembrane domain 
(presumed to be a single a-helix), followed by a molecular surface representation of the TLR1 Toll–IL-1 and IL-18 receptor (TIR) domain. From Bell JY, Mullen GE, 
Leifer CA, Mazzoni A, Davies DR, Segal DM. Leucine-rich repeats and pathogen recognition in Toll-like receptors. Trends Immunol 2003;24:528–533, with permission. 
B: Activators of the inflammasome. Sterile activators include host- and environment-derived molecules, and pathogen-associated activators include PAMPs derived 
from bacteria, viruses, fungi, and protozoa. Assembly of the NLRs, ASC, and caspase-1 leads to the formation of a pentad- or heptamer structure: the inflammasome. 
Activation of the inflammasome leads to maturation and secretion of IL-1b and IL-18, as well as inflammatory cell death, by either pyroptosis or pyronecrosis. ASC, 
apoptosis-associated speck-like protein containing a caspase recruitment domain; CPPD, calcium pyrophosphate dihydrate; MDP, muramyl dipeptide; MSU, mono-
sodium urate; NLR, nucleotide-binding domain, leucine-rich repeat containing; PAMP, pathogen-associated molecular patterns. From Davis BK, Wen H, Ting JP. The 
inflammasome NLRs in immunity, inflammation, and associated diseases. Annu Rev Immunol 2011;29:707–735. C: Electrostatic attraction underlies innate dsDNA 
recognition by the HIN domains. Both oligonucleotide/oligosaccharide binding folds and the linker between them engage the dsDNA backbone. An autoinhibited state  
of AIM2 is activated by DNA that liberates the PYD domain. DNA serves as an oligomerization platform for the inflammasome assembly. From Jin T, Perry A, Jiang J, 
et al. Structures of the HIN domain: DNA complexes reveal ligand binding and activation mechanisms of the AIM2 inflammasome and IFI16 receptor. Immunity 
2012;36(4):561–571, with permission.
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been demonstrated to be involved in antibacterial, viral, fungal, 
and parasitic immune responses. On infection with influenza A, 
endosomal TLR7 recognizes viral RNA and induces transcrip-
tion of the NLRP3 inflammasome components. Selected bacteria 
have been shown to allow the cytoplasmic entry of flagellin, the 
NLRC4 ligand, leading to activation of the NLRC4 pathway. Some 
inflammasome activators are exogenous particles, e.g., silica and 
asbestos, whose uptake by pulmonary macrophages activates 
NLRP3 inflammasome-dependent caspase activation, cytokine, 
and cellular reactive oxygen species release, contributing to sili-
cosis or asbestosis. Inflammasomes have also been implicated in 
metabolic pathologies with activation of caspase-1 by NLRP3 in 
adipose tissue, resulting in inhibition of insulin signaling, expres-
sion of TNF-a, and induction of CD4 T helper cells. However, a 
protective role for activated inflammasomes in age-related macu-
lar degeneration has also been proposed, since lack of NLRP3 or 
IL-18 exacerbates choroidal neovascularization.

Intracellular detection of nucleic acids by DCs is very sophis-
ticated. TLR3, TLR7, and TLR9 cooperate with a large family of 
helicases, RLRs, and DNA sensors in the recognition of single- and 
double-stranded nucleic acids. Ligation of these receptors leads 
to rapid phenotypic maturation, activation of antigen-presenting 

capacity, and cytokine release; plasmacytoid DCs, for example, 
release abundant type 1 interferon in response to viral infection.

endocytosis and phagocytosis
See Figures 10.10 and 10.11.42–46,47–48

Monocytes and macrophages are able to internalize and 
ingest soluble and particulate ligands, including apoptotic cells 
and micro-organisms, with variable efficiency. Surface molecules 
which mediate receptor-mediated endocytosis, apart from those 
listed above, include transferrin (CD71) and folate receptors. 
Macrophages are able to internalize the equivalent of their surface 
in 20 minutes; and a series of fusions and fissions, assisted by 
small GTP-ases, result in membrane retrieval, receptor recycling 
to the cell surface, or cargo delivery from endosomes to lysosomes 
for digestion. Phagosome formation and fusion result in forma-
tion of phagolysosomes. Fc receptor-mediated uptake depends on 
circumferential engagement of the target ligands by pseudopodia, 
a zipper-like process, and ingestion depends on the actin cyto-
skeleton. Complement-mediated uptake proceeds by a distinct 
“sinking” mechanism. Underwood and colleagues have described 
formation of a phagocytic synapse in the uptake of yeast particles 

FIGURE 10.10. A: Phagocytosis and endocytosis pathways. Particulates are taken up by actin-dependent sequential maturation processes, involving membrane 
fusion and fission, which intersect with the endocytic pathway at several stages. Cytosolic small guanosine triphosphatases (rabs) determine organelle-specific 
interactions. Membrane is recycled to the plasma membrane, with processed antigen. Progressive acidification and delivery of lysosomal hydrolases result in ter-
minal degradation. Compartment membranes express marker proteins such as LAMP1; the pan-macrophage CD68 antigen is associated with late endosomes and 
lysosomes. B: Schematic representation of FcR-mediated uptake of a bacterium by a zipper-like mechanism, initiating actin assembly. Modified from Conner SD, 
Schmid SL. Regulated portals of entry into the cell. Nature 2003;422(6927):37–44. C: Dectin-1 transfected fibroblast taking up unopsonized zymosan (yeast wall 
particle) through b-glucan recognition, to initiate a phagocytic cup. (Courtesy of G. Brown.) D: Uptake of Pneumocystis carinii via Dectin-1. Contact zone resembles 
phagocytic synapse described by Goodridge et al.30
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by Dectin-1, which has a hemi-ITAM in its cytoplasmic domain, by 
a syk- and CARD9-dependent pathway. Uptake is associated with 
acidification, to promote digestion of all macromolecules.

Endocytosis by DCs follows special pathways that preserve anti-
gens for presentation on MHC molecules. Most DCs are competent 

to present externally acquired antigen to maturing MHC class 
II dimers in the late endosomes. A complex pathway involving 
invariant chain and HLA-DM maintains MHC class II in an open 
configuration for peptide binding. A subset of DCs is competent at 
cross-presenting externally acquired antigen to Class I MHC. These 

FIGURE 10.11. A: Phagocytic receptors for apoptotic cell phagocytosis. Macrophages and immature myeloid dendritic cells (mDCs) express multiple receptors for 
direct or opsonic binding, e.g., mannose binding lectin (MBL) or milk fat globulin (mFGE8). Phosphatidylserine (PS) exposed on the outer surface of the apoptotic cell 
can be recognized by a range of receptors, including TIM4, TIM1 and CD300A (not shown). Discrimination of nonself and altered-self may involve combinations of 
different phagocyte receptors. Apoptotic cell uptake results in an antiinflammatory response (e.g., release of transforming growth factor-b and prostaglandin E2), but 
has also been implicated in cross-presentation by DCs. From Savill J, Dransfield I, Gregory C, Haslett C. A blast from the past: clearance of apoptotic cells regulates 
immune responses. Nat Rev Immunol 2002;2:965–975, with permission. B: Thymic macrophage with apoptotic thymocyte in phagocytic vacuole. The vast majority 
of thymocytes never leave the thymus, undergo apoptosis, and are rapidly removed by macrophages (×4,500).

FIGURE 10.12. Plasma membrane remodeling, cytoskeletal assembly, and cytoplasmic signaling associated with Fc receptor-mediated particle 
ingestion. From Greenberg S. Diversity in phagocytic signalling. J Cell Sci 2001;114(Pt 6):1039–1040, with permission.44
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DCs are characterized by high expression of CD141 in humans and 
CD8 in mice. They also possess a unique chemokine receptor XCR1 
and lectin CLEC9A (DNGR-1) with actin as ligand; and they express 
a high level of TLR3. Specialized biochemical machinery allows 
these cells to transfer exogenous antigen to the endogenously 
loaded MHC class I presentation pathway.

Autophagy is an analogous process by which macrophages and 
DCs surround damaged cytoplasmic organelles with membrane 
for delivery to lysosomes, especially after microbial infection. 
Several components involved in this process have been identi-
fied and some have been implicated in genetic predisposition to 
inflammatory bowel disease. This is also thought to be a key pro-
cess in antigen presentation of cytosolic antigens to MHC class I.

signaling and Gene expression
See Figures 10.8, 10.9, and 10.12.49–52

A range of signaling pathways have been characterized in 
myeloid cells following on receptor ligation and collaboration, 
which differ depending on the cell type involved. These include 
sequential phosphorylation/dephosphorylation by kinases and 
phosphatases, the assembly and disassembly of protein complexes, 
and redistribution of molecules including phosphoinositides and 
lipid metabolites from cytoplasm to the plasma membrane as well 
as to the nucleus. The adaptor proteins for TLR-signaling include 
MyD-88, TRIF, and TIRAP/MAL. Signaling pathways that are par-
ticularly well characterized include MAP kinase activation, classi-
cal and alternative NFkB activation, and GPCR activation, e.g., by 
leukotrienes. Actin assembly and disassembly play a prominent 
role in cell migration and phagocytosis, as well as secretion. Gene 
expression depends on dynamic changes in chromatin conforma-
tion, binding and release of transcription complexes, and epigen-
etic modifications of DNA as well as histones by methylation and 
acetylation. Recent studies have begun to compare transcription 

by monocytes, macrophages, and DCs in considerable detail, 
including microRNA analysis. Translational modifications include 
glycosylation, prenylation and other lipid modifications, and ubiq-
uitination, which determine protein turnover and export, as well 
as biosynthetic quality control. Current high throughput sequenc-
ing and microarray and proteomic analysis is set to transform our 
knowledge of cell functions and differences as well as of similari-
ties among monocytes, macrophages, and DCs. We include a few 
recent references of useful resources in a fast-moving field.

antigen presentation
See Figure 10.13.6,53

The capacity of macrophages and DCs to present antigens to T 
cells was first recognized in classical experiments describing the 
requirement for “accessory” cells in order to generate lymphocyte 
proliferation and antibody production in response to antigens in 
vitro. Accessory cell function is now known to encompass antigen 
uptake, processing, and presentation as peptide bound to MHC 
molecules. Both macrophages and DCs are able to perform this 
function, but DCs are superior. Indeed, DCs were first described in 
the mouse spleen by Steinman and colleagues and differentiated 
from macrophages by their lack of adherence, characteristic mor-
phology, and ability to stimulate the proliferation of naive T cells 
with approximately 100-fold greater potency than macrophages.

The ability to take up, process, and present antigens, to 
migrate through tissues, and to prime naive T cell responses are 
defining DC characteristics. Immature DCs bear Fc receptors, 
C-type lectin-like receptors, scavenger receptors, and comple-
ment receptors.54 Antigen is acquired and directed to endosomal 
compartments containing MHC, rather than being degraded in 
lysosomes.

In vivo depletion models have confirmed that efficient T 
cell priming is dependent upon DCs, but not macrophages. 

FIGURE 10.13. Maturation/activation of dendritic 
cells (DCs) leads to acquisition of APC func-
tion. A: DC maturation ex vivo. Langerhans cells upon 
explantation from mouse skin undergo “spontaneous” 
maturation with redistribution of MHCII from an intracel-
lular compartment to the cell surface. (Courtesy of Ira 
Mellman and Ralph Steinman.) B: One of the first sys-
tems to produce large numbers of human dendritic cells 
from blood monocytes; the added cytokines and other 
maturation stimuli influence the function of the DCs. 
Based on studies by Lanzavecchia, Sallusto, Romani, 
Schuler, Bhardwaj, and their colleagues.
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The superior ability of DCs in T cell priming is linked to high 
expression of MHC (signal 1), costimulatory molecules (signal 2), 
secretion of polarizing factors (signal 3), and imprinting instruc-
tions (signal 4).

MP function is often described as bridging innate and adaptive 
immunity. Antigen presentation frequently involves recruitment 
of NK cells and other innate lymphocytes to amplify and polarize 
immunity. Thus the invariant MHC molecules CD1a, CD1c, and 
CD1d are prominent markers of human DCs and have a critical 
function in presenting lipoproteins to innate lymphocytes. A num-
ber of complex and phylogenetically ancient soluble molecules 
also enhance cooperation between innate and adaptive immunity; 
these include pentraxins, high mobility group proteins, and heat 
shock proteins.

secretion
See Figures 10.14 and 10.15.55–57,58

Macrophages are highly active secretory cells, producing a 
great variety of molecules when stimulated, some of which are 
listed in Table 10.4. These include enzymes such as lysozyme; 
neutral proteinases (urokinase, collagenase, and elastase); and 
inhibitors such as alpha1-antitrypsin, complement proteins, a 
range of cytokines (IL-1b, TNF-a, IL-6, type 1 interferon, IL10, 
IL-12 family, and transforming growth factor-b [TGF-b]), growth 
factors (e.g., CSF-1 and GM-CSF), and chemokines. Low molecular 
products include reactive oxygen species, reactive nitrogen spe-
cies and arachidonate metabolites. Secretion can be induced by 
TLR, Fc receptor, or Dectin-1 stimulation. The secretory mecha-
nism of IL-1b release depends on inflammasome and caspase 
activation. Jenny Stow has studied the secretory pathway of TNF 
and other cytokines.58a Macrophage activation by innate, cyto-
kine, and phagocytic stimuli profoundly influences their secretory 
activity, as discussed further below.

The lysozyme secretory pathway has not been defined. In 
culture it is secreted constitutively by monocyte-derived mac-
rophages; in vivo it is markedly upregulated by granuloma 

formation, as in BCG infection and sarcoidosis; extraordinary 
levels enter the blood and urine in monocytic leukemia.

Many other questions remain, relating to the control of secre-
tion by macrophage populations in situ. Degranulation is less 
of a feature than in granulocytes. Many plasma membrane gly-
coproteins such as CD163 and TNF receptors are shed into the 
circulation by proteolytic cleavage, but the biological significance 
is unclear in many cases. CD14 may be an exception, since it can 
be incorporated into the membrane of other cells. Macrophage 
products may provide biomarkers for underlying chronic inflam-
matory and storage disorders, such as plasma chitotriosidase 
in Gaucher’s disease, and angiotensin converting enzyme in 
sarcoidosis.

Macrophage secretion, though considerably lower than other 
sources such as hepatocytes, may be significant within a con-
fined local environment. Thus macrophage neutral protein-
ases, peptidases, and their inhibitors are able to contribute to 
inflammation and repair, and activate and regulate the plasma 
cascades of complement, coagulation, fibrinolysis, and the 
generation of kinins. Finally, macrophages release important 
products of digestion, including salvaged iron in various forms, 
as well as acid hydrolases after phagocytosis under particular 
circumstances.

DC secretion is important for the polarization and imprinting 
of T cells, following TCR ligation (signal 1) and costimulation (sig-
nal 2). Polarizing signals (signal 3) include IL-12 for the initiation 
of TH1 responses, IL-4 for generation of TH2 cells, and IL-23 
for TH-17 cells. Mature DCs also provide homing instructions to 
activated T cells in order to navigate the T cells to the tissue from 
which the DCs originated. The exact mechanism of this “signal 4” 
is not clear, but upregulation of skin-targeting receptors CLA and 
CCR10 or gut targeting receptors a4b7 and CCR9 endows T cells 
with specific tissue homing properties. It has been shown that 
DCs possess the enzymes to metabolize sunlight-induced vitamin 
D3 into the active form 1,25-dihydroxyvitamin D3, which induces 
CCR10 on T cells and concomitantly suppresses gut-homing 
receptors a4b7 and CCR9.

FIGURE 10.14. A: BCG-induced granulomata in mouse liver. In situ hybridization reveals intense lysozyme mRNA expression in macrophage-rich granulomata. 
Sinusoids display weaker expression by trafficking monocytes and activated Kupffer cells. (Courtesy of S. Keshav.) B: Paradigm of macrophage activation. The 
development into fully activated macrophages can be divided into successive stages. During a first phase the recruited monocytes mature into macrophages. The 
balance of macrophage-colony stimulating factor (M-CSF), granulocyte-macrophage–colony stimulating factor (GM-CSF), retinoic acids, and lipoproteins determine 
substantial differences in the phenotype of the mature macrophage. During recruitment, monocytes are exposed to cytokines, inducing a second phase of priming. 
During the third phase of activation, macrophages reach a mature functional phenotype in response to toll-like receptor (TLR) and opsonic stimuli. The final phase 
of deactivation and/or resolution allows clearance of debris and expression of general repair functions, regulated by interleukin-10 (IL-10), tumor necrosis factor-b 
(TGF-b), and antiinflammatory mediators such as nucleotides, lipoxins, and glucocorticoids.68
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antimicrobial activity
See Figure 10.15.55,58

The respiratory burst of human neutrophils and activated 
monocytes/macrophages has been well studied as a result of 
the inborn errors that give rise to chronic granulomatous dis-
ease (Fig. 10.15A). The components which assemble to form 
the NADPH oxidase include a novel cytochrome, and the vari-
ous targets of mutation have been defined. The burst of oxygen 
consumption gives rise to superoxide anions, singlet oxygen, 
hydroxyl radicals, and hydrogen peroxide, which, in combina-
tion with myeloperoxidase and halides (the Klebanoff reaction), 
gives rise to enhanced oxidative power. The role of ion channels 
in the initial alkalinization associated with the respiratory burst 
remains controversial. Glutathione and other intracellular reduc-
ing mechanisms provide protection against injury.

The role of the inducible nitric oxidase in humans is unre-
solved; in mice the NADPH oxidase and i-NOS together account 
for almost all the microbicidal activity of myeloid leukocytes. In 
mouse macrophages the metabolism of arginine is strongly regu-
lated by the Th1/2 cytokines.

The cationic antimicrobial peptides such as cathelicidins are 
produced by various cells, including neutrophils and some but 
not all monocytes and tissue macrophages; by contrast, lysozyme 
requires additional damage to the microbial wall, e.g., by comple-
ment, for microbicidal lysis. Although neutrophil extracellular 
traps (NETS) are now established as antimicrobial mechanisms 
of neutrophils, this has not been documented in activated human 
monocytes/macrophages, a likely counterpart.

A role has been proposed for potent neutral proteinases such 
as elastase in microbial killing, as well as degradation.

FIGURE 10.15. A: Schematic representation of NADPH oxidase activation and assembly. Following stimulation of resting phagocytes, cytoplasmic subunits form a 
complex at the plasma membrane which converts oxygen to highly reactive oxygen radicals, the respiratory burst. From De Leo FR, Ulman KV, Davis AR, Jutila KL, 
Quinn MT. Assembly of the human neutrophil NADPH oxidase involves binding of p67phox and flavocytochrome b to a common functional domain in p47phox. J Biol 
Chem 1996;271:17013–17020, with permission.55 B: The role of nitrogen metabolism in macrophage function. Interferon-g (IFNg) enhances the activity of nitric 
oxide synthase 2 (NOS2) to generate nitric oxide, and inhibits arginase. IL-4 and IL-13 promote arginine-dependent formation of L-ornithine and ultimately fibroblast 
proliferation and collagen production. From Gordon S. Alternative activation of macrophages. Nat Rev Immunol Jan 2003;3(1):23–35, with permission.133 C: Flow 
of iron in macrophages. Macrophages take up iron through erythrophagocytosis of damaged or senescent erythrocytes. Macrophages can also scavenge heme and 
hemoglobin, usually complexed with hemopexin and haptoglobin, and endocytosed by CD163 and CD91 for proteolysis to release heme. Heme is degraded by HO-1 
to release iron, which is exported to the cytoplasm by DMT1 and possibly by Nramp1. Cytoplasmic chaperones of the poly(rC)-binding protein (PCBP) family deliver 
iron for storage in ferritin. Alternatively, iron may also be delivered by an unknown carrier to ferroportin (Fpn) for export. When demand for iron is high, ferritin is 
degraded by lysosomes or proteasomes, and the released ferrous iron is exported through ferroportin. Iron export is controlled by extracellular hepcidin through its 
ability to induce endocytosis and proteolysis of ferroportin. The ferroxidase ceruloplasmin oxidizes iron to its ferric form and facilitates iron export and loading onto the 
carrier protein transferrin. From Ganz T. Macrophages and systemic iron homeostasis. J Innate Immun 2012;4(5–6):446–453, with permission.125
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inflammation and repair59–61

Monocytes and macrophages play central roles in the generation 
and resolution of inflammatory responses. The function of DCs is 
less obvious, although steady state populations may be required 
to maintain tolerance in the periphery.

Upon stimulation, monocytes and macrophages are able 
to initiate, amplify, regulate, and terminate inflammation and 
repair. This depends on their integrated recognition of microbes 
and modified host components, uptake, signaling by NFkB and 
other pathways, altered gene expression, and secretion of a host 
of mediators, including pro- and antithrombotic agents. Apart 
from the products listed above, they generate both pro- and anti-
inflammatory prostaglandins, thromboxanes, and leukotrienes; 
recent studies by Serhan and colleagues have described potent 
resolvins and maresins, implicated in resolution and repair. They 
orchestrate granulocyte and lymphocyte recruitment, contribute 
to coagulation and thrombolysis, modulate endothelial cells, and 
regulate angiogenesis. Macrophage-derived urokinase plays an 
important role in fibrinolysis, through the generation of plasmin; 

the UPA receptor and PA inhibitor-1 help to localize and regulate 
plasmin generation. Interactions with neutrophils are particularly 
important in acute inflammation and with T and B lymphocytes 
and their products in chronic inflammation. Poor degradation of 
particulates within macrophage lysosomes is a driver of chronic-
ity, through altered and persistent protein synthesis and secretion 
of host degrading enzymes, and through pathologic fibrosis. Once 
local defenses are breached, the systemic consequences include 
metabolic and endocrine effects, as well as fever and anorexia via 
the nervous system. The balance between activation and inhibi-
tion of macrophage activation is influenced by a range of amplify-
ing and negative regulators.

Monocyte subsets
See Figure 10.16.62–66

Monocytes may be divided into two or more subsets based on 
the expression of phenotypic properties and differentiation poten-
tial. The major “classical” subset in humans expresses high CD14 
and variable CD16 and comprises 90% of circulating monocytes. 

Proteins Product Comment

Enzymes Lysozyme
Urokinase type plasminogen activator
Collagenase
Elastase
Metalloproteinases
Complement
Arginase
Angiotensin converting enzyme
Chitotriosidase
Acid hydrolases

Bulk product
Regulated by inflammation
Regulated by inflammation
Regulated by inflammation
Also inhibitors
All components and regulators
Alternative activation
Induced glucocorticoids, granulomas
Gaucher’s disease, lysosomal storage
All classes (mainly intracellular)

Inhibitors TIMP

Chemokines Many C-C, C-X-C,
CX3C-, e.g., MCP, Rantes,
IL-8

Initiates acute and chronic recruitment of myeloid and lymphoid cells

Cytokines IL-1b, TNF-a
IL-6, IL-10, IL-12, IL-17, IL-18, IL-23
Type I interferon

Pro and anti-inflammatory, also antagonists, e.g. IL-1Ra
Pro and anti-inflammatory, also antagonists, e.g. IL-1Ra
Autocrine and paracrine amplification

Apolipoproteins Apolipoprotein E Local source, bone marrow origin after adoptive transfer

Growth/differentiation factors TGF-b
M-CSF
GM-CSF
FGF
PDGF
VEGF

Also other family members (activins), fibrosis
Myeloid growth and differentiation

Fibrosis
Repair
Angiogenesis

Opsonins Fibronectin, Pentraxin (PTX3) Also uncharacterized receptor on MØ

Soluble receptors Mannose receptor Soluble mannose receptor

Cationic peptides Defensins Subpopulations and species variation

Lipids Procoagulant
Arachidonate metabolites:
 Prostaglandins
 Leukotrienes
 Thromboxanes
 Resolvins and maresins

Initiation clotting
Pro- and anti-inflammatory mediators

Metabolites Reactive oxygen intermediates
Reactive nitrogen intermediates
Heme breakdown (bile pigments)
Iron, B12 binding protein
Vit. D metabolites

GM-CSF, granulocyte-macrophage–colony stimulating factor; IL, interleukin; M-CSF, macrophage-colony stimulating factor; TNF-a, tumor necrosis factor-a; TIMP, tissue 
inhibitor of metalloproteinase; MCP, monocyte chemoattractant protein-1; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; VEGF, vascular endothelial 
growth factor.

taBle 10.4

SeleCTeD SeCreTioN ProDuCTS of MaCroPHaGeS
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FIGURE 10.16. FACS analysis of human blood leukocytes to distinguish monocytes from granulocytes. A: Stained cells were analyzed with scatter gates around 
monocytes and granulocytes (a and b in A). The CD14 and CD16 histogram (B) demonstrates CD16-positive neutrophils (a) and CD16-negative eosinophils (i). A representative 
example is shown: (a) granulocytes, (b) monocytes, (c) lymphocytes, (d) beads, (g) CD14+CD16+ monocytes, (h) CD14+CD16− monocytes, and (i) eosinophilic granulocytes. 
From Heimbeck I, Hofer TP, Eder C, et al. Standardized single-platform assay for human monocyte subpopulations: Lower CD14+CD16++ monocytes in females. Cytometry 
A 2010;77:823–830, with permission.64 B: Schema for isolating human blood DCs from gradient purified PBMC (peripheral blood mononuclear cells). SSC, side scatter; FSC, 
forward scatter; Lin, lineage. HLA-DR+ lin− contains all monocyte and DC subsets and includes CD34+ progenitors. Gate 1 plasmacytoid DCs; Gate 2 CD141+ myeloid 
DCs; Gate 3 CD1c+ myeloid DCs; CD34+ progenitors are found in the CD11c− CD123− gate. Note the basophilic cytoplasm and perinuclear lucency of plasmacytoid DCs 
(1), the more activated membrane appearance of CD141+ DCs (2), and the heterochromatin with prominent nucleoli of CD1c+ DCs (3).

The remaining 10% express high CD16 and moderate CD14 and 
are known as “nonclassical.” This is a useful basis to approach 
monocyte heterogeneity; but casual inspection of the CD14 vs. 
CD16 flow cytometry plot shows that it is difficult to draw distinct 
boundaries between the two subsets, and some authorities recog-
nize a third CD14+CD16+ population known as “intermediate” 
at the knee of the population. Confusion still arises over whether 
the CD14+CD16+ double positive cells are closer to the classical 
or nonclassical group.

Classical and nonclassical monocytes differ in a number of 
important properties (see Table 10.1). Most notably, the classical 
monocyte expresses CCR2 and is rapidly recruited in a CCR2-
dependent fashion to sites of inflammation in animal models. 
Although this seems straightforward, it is apparent that CCR2 sig-
naling is actually required for monocytes to leave the BM and the 

precise role of this chemokine receptor in recruitment from blood 
to tissue therefore remains unsolved. The nonclassical cell bears 
CX3CR1 and is found in contact with the endothelium, where it 
is said to perform a “patrolling” function. Deletion of the ligand 
CX3CL1 (fractalkine) in mice reduces the survival of nonclassical 
monocytes and their recruitment to the spleen during bacterial 
sepsis. This function is not exclusive, as classical monocytes 
also show dependence upon CX3CR1 signaling. Monocytes also 
express CCR1 and CCR5. Recruitment through these molecules 
may result in a more chronic inflammatory phenotype and is 
implicated in atherosclerosis, rheumatoid arthritis, and multiple 
sclerosis.

Historically, there has been confusion over the status of the 
nonclassical monocyte, and in many publications it is referred to 
as the CD16+ “dendritic cell.” The two terms are synonymous and 
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there is only a single discrete population of myeloid cells bearing 
CD16 in the mononuclear compartment of human blood. Inclusion 
of CD16+ monocytes in the DC lineage reflects a number of prop-
erties of these cells, including higher expression of MHC class II 
and costimulatory molecules CD80 and CD86. A subset of CD16+ 
monocytes also expresses SLAN (6-sulfoLacNAc). Gene expression 
analysis indicates that SLAN+ and SLAN− monocytes are equiva-
lent, but a case has been made for a specialized role of “SLAN-DC” 
in host defense.

Automated blood counters most likely recognize the classical 
CD14+ monocyte with its larger size and granularity and may 
enumerate the smaller nonclassical populations as lymphocytes. 
Clinical hematology pays little heed to the separation of monocyte 
subsets, in spite of a wealth of information indicating differential 
modulation of one or the other in disease states.

Macrophage activation, regulation,  
and the M1 M2 paradigm
See Figure 10.14.67,68,69,70,71,72,72a

The concept of macrophage activation became an important 
issue following the studies by George Mackaness and colleagues, 
who demonstrated enhanced antimicrobial resistance of mice, 
associated with altered macrophage effector functions, after infec-
tion by BCG and Listeria monocytogenes. Subsequently, this effect 
of cell-mediated immunity to intracellular bacteria was shown to 
be due to interferon-g (IFNg), released by activated CD4 T helper 
1 cells and by NK cells. Microbial constituents such as LPS further 
enhance macrophage inflammatory and antimicrobial activi-
ties, but since these TLR ligands are also able to induce distinct 
changes in macrophages directly, in the absence of IFNg, we have 
chosen to term this innate activation. The scavenger receptor 
MARCO is a marker of innate activation of macrophages.

Studies by many groups have catalogued IFNg-induced changes 
in macrophage gene expression, induction of MHC II and costimu-
latory molecules, and secretion of pro-inflammatory cytokines 
such as TNF-a and of reactive oxygen and nitrogen metabolites. 
We prefer the term classical activation, also widely known as M1 
polarization, to describe the cellular program evoked by the prim-
ing stimulus (IFNg) with or without a secondary microbial ligand. 
The role of IFNg, IL12, their receptors, and STAT 1 in classical 
activation, initially discovered in mouse studies, has been con-
firmed in inborn errors in humans by Casanova, Holland, Gallin, 
and others. Recent studies by Udalova and colleagues have drawn 
attention to the role of INF-regulatory proteins 4, 5 in regulating 
macrophage activation.

The concept of alternative (M2) activation arose from studies of 
mouse peritoneal macrophages treated with IL-4, which induced 
distinct activation activities such as upregulation of mannose 
receptors, in contrast to IFNg, a selective downregulator. Other 
markers in the mouse include induction of Arginase1, instead of 
i-NOS, as part of a distinctive gene signature. This was shown to 
be due to TH2-derived cytokines, IL-4 or IL-13, acting through 
their specific surface receptors, and signaling and transcription 
factors, mainly STAT6. DNA-specific demethylation has been 
shown to play a critical role in alternative activation. These cyto-
kines derive from innate and acquired sources, especially during 
parasitic and allergic inflammation, and also regulate the cellular 
response to TH1 stimuli. Currently, we are defining the effects 
of TH-2 cytokines on human macrophages, and testing their 
relevance to disease in human tissues. Recent studies have dem-
onstrated unexpected homeostatic functions of IL-4 in thermo-
regulation and metabolism. IL-13 has been implicated in fibrosis.

Other types of M2 activation include Fc receptor-stimulated 
alteration of IL10/IL12 ratios, to induce a distinct form of regula-
tory macrophages, described in mice by David Mosser and col-
leagues. IL-10 is primarily a negative counter of M1 activation and 

its potential to produce inflammatory injury in tissue. Additional 
anti-inflammatory mediators in macrophages include TGF-b, 
prostaglandin E, induced, for example, by macrophage uptake of 
apoptotic cells; surface CD200–CD200 receptor and SIRP alpha-
CD47 interactions; and cytoplasmic inhibitors such as the SOCS 
proteins. Glucocorticosteroids are potent inhibitors of macro-
phage activation.

Microarray and proteomic studies, in vitro and ex vivo, are 
helping to define the remarkable plasticity of macrophage phe-
notype, which needs further study in situ, at the level of cell 
populations and individual cells. Pathogens are able to manipulate 
macrophage activation mechanisms for their own benefit, in a 
dynamic interplay with infected and neighboring host cells.

Dendritic Cell functional subsets73

In recent years it has become clear that different subsets of DCs 
are equipped with functional specializations that influence their 
interactions with antigen and other immune cells. Human and 
mouse DCs fall into two principal categories, myeloid or “clas-
sical” (in mice) and plasmacytoid. These terms originally arose 
from morphology and surface markers: blood myeloid DCs have 
a pale-staining monocytoid morphology and also bear CD11c, in 
common with monocytes; plasmacytoid DCs are more basophilic, 
reflecting their secretory capacity, and may express a number of 
lymphoid markers including CD2 and CD7. All human DCs and 
monocyte subsets express CD4, but none express CD8, unlike 
the mouse. Myeloid DCs consist of at least one major subset, 
marked by CD1c and a minor subset expressing CD141 (BDCA-3; 
thrombomodulin).

Plasmacytoid DCs (pDCs) are found in several mammalian spe-
cies and perform unique antiviral functions through the expres-
sion of PRRs for viral nucleic acids (TLR3, TLR7 and TLR9, RLRS, 
and HELICASES) and the capacity to synthesize large quantities 
of IFNa rapidly when challenged. Depletion of pDCs in animal 
models does not attenuate initial responses to viral infection as 
much as might be anticipated by their kinetics of response, but 
rather limits the formation of robust antiviral memory. Human 
blood pDCs are labile and do not survive well ex vivo.

Myeloid DCs (mDCs) are an important component of human 
blood, although conspicuously absent from the mouse. The prop-
erties of CD1c+ mDCs are similar to the so-called classical or 
conventional DCs isolated from mouse spleen in that they phago-
cytose external antigens, mature through expression of CD83 
and costimulatory molecules CD80 and CD86, and are capable of 
priming naive CD4+ T cells to proliferate.

CD1c+ myeloid DCs are also found in epithelial tissues includ-
ing skin, gut, liver, and lung. In the tissues they usually express 
CD1a, CD205 (DEC205), and CD206 (macrophage mannose recep-
tor), but do not bear CD14 or DC-SIGN (DC209). It seems likely 
from comparison of gene expression profiles that blood CD1c+ 
DCs give rise to analogous cells in the tissues. In the steady state, 
these cells are distinct from monocytes, but differentiation of 
monocytes in the presence of GM-CSF and IL-4 leads to rapid 
expression of CD1a and myeloid DC-like features.

Myeloid DCs with similar surface phenotype constitute the bulk 
of DCs found in the T cell areas of lymph nodes (interdigitating 
cells), but it has been difficult to dissect in humans whether these 
cells are predominantly derived by migration from the tissues or 
recruitment from the blood.

CD141+ marks a specialized DC subset that has superior 
cross-presenting capacity and potential to interact with CD8+ T 
cells. Recent comparative transcriptomic and functional analy-
ses have shown that these DCs are related to the CD8+ DCs of 
mouse lymphoid tissue. They are present at very low frequency—
approximately 0.1% of mononuclear cells—but their potency in 
cross-presentation assays suggests they may play a key role in 
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immunity to viral infection, tumors, and extracellular pathogens. 
In some analyses, as discussed above, CD16+ nonclassical mono-
cytes are considered to be a subset of myeloid DCs.

The specialization of each DC subset is determined by func-
tional adaptations at many levels. A particular repertoire of 
PRRs focuses interactions with certain pathogens; thus TLR2/4 
is prominent on myeloid DCs, TLR3 is found highly expressed 
on cross-presenting DCs, and pDCs have abundant TLR7/9. 
Characteristic C-type lectins are also displayed by DCs with 
different functions, most notably langerin on the epidermal 
Langerhans cell, DC-SIGN on interstitial DCs, and CLEC9A on 
cross-presenting myeloid DCs. Antigen processing and presenta-
tion pathways are adapted to drive MHCI or MHC II-restricted 
responses in the context of the appropriate polarizing cytokines. 
For example, cross-presenting DCs that are specialized for 
interaction with viruses have abundant nucleic acid receptors, 
cross-presenting capacity, and biased stimulation of TH1 and 
CD8 responses.

diSTribuTioN oF MoNoNuclear 
pHagocyTeS
In the following section we describe the distribution of MPs in 
different tissue compartments of the adult, emphasizing humans 
where possible, but drawing on information obtained in the mouse 
with the antigen F4/80 marker, as appropriate. Macrophage and 
DC generation and turnover depend on growth factors and tran-
scriptional regulators and will be described in detail below, except 
for osteoclasts, discussed in this section.

Blood74,75

MPs are found in almost all tissues. The human blood mononu-
clear cell compartment has been almost exhaustively investigated 
and is the most readily accessible and clinically relevant tissue.

A recommended FACS analysis of human blood leukocytes to 
distinguish monocytes from granulocytes is illustrated in Figure 
10.16A. A schema for classifying blood monocytes and DCs is 
shown in Figure 10.16B. All monocytes and DCs express MHC 
class II HLA-DR molecules. B cells, activated T cells, and NK 
cells also bear MHC class II antigens, so the most useful starting 
point is to identify HLA-DR+ lineage cells. Lineage markers are a 
cocktail of antibodies that usually include a minimum of CD19/20 
(B cells), CD3 (T cells), and CD56 (NK cells). Circulating hemato-
poietic progenitors also express HLA-DR and may be excluded by 
adding CD34 to the lineage cocktail.

HLA-DR+ lineage cells defined in this way comprise approxi-
mately 10% of all peripheral blood mononuclear cells. Ninety 
percent of these cells are monocytes and approximately 10% 
DCs. Monocytes comprise a major fraction of classical CD14+ 
cells (90%) and a minor CD16+ nonclassical fraction as discussed 
previously.

The DCs of human blood comprise 10% of HLA-DR+ lineage 
cells and 2% to 3% of total mononuclear cells. Plasmacytoid DCs 
are the major component and myeloid DCs a smaller component 
comprising 30% to 40% of blood DCs. A common way to separate 
these two groups is by differential expression of CD123 (IL-3R) 
and CD11c (alpha X integrin), respectively. Plasmacytoid DCs are 
also marked by CD303 (a C-type lectin) and CD304 (neuropilin-1), 
antigens also known as BDCA-2 and BDCA-4. Human myeloid 
DCs are mainly CD1c+ while a small fraction (10% to 20%) 
expresses CD141. CD1c+ is an invariant class I molecule identi-
fied by BDCA-1 antibody and is a reliable marker of tissue and 
lymphoid DCs in many sites. CD141 (thrombomodulin) is more 
widely expressed and finds utility only in identifying DCs within 
the hierarchy of markers already described.

Bone Marrow (see figs. 10.1, 10.17  
and 10.18)76–80

Both developing monocytes and mature macrophages supporting 
hematopoiesis are found within the bone marrow microenviron-
ment in normal bone marrow. Macrophages are large cells with 
a large amount of cytoplasm and small nuclei, and are often 
surrounded by plasma cells, lymphocytes, or maturing erythroid 
cells. Their cytoplasm is often ruffled and vacuolated and con-
tains phagocytosed debris. Hematopoietic stem cells are found 
in specific areas near osteoblast-lineage cells at the endosteum. 
Macrophages are important components of the hematopoietic 
stem cell niche and interact with both osteoblasts and mesenchy-
mal stem cells to retain hematopoietic stem cells within the bone 
marrow. G-CSF mobilization depletes endosteal macrophages 
that support osteoblast function, resulting in reduced endosteal 
osteoblasts, as well as suppression of bone formation and factors 
required for stem cell retention and renewal with consequent 
mobilization of stem cells into peripheral blood.

The appearance of hematopoietic cell clusters in bone mar-
row has been known for many years. Studies by Paul Crocker 
and colleagues in the mouse identified F4/80+ mature stromal 
macrophages at the center of such clusters with differentiating 
hematopoietic cells. They described the presence of a novel sialic 
acid–recognition macrophage adhesion receptor, sialoadhesin 
(Siglec-1, CD169), which was concentrated at the sites of contact 
with developing granulocytes (Fig. 10.18). Similar stromal macro-
phages were found within hematopoietic clusters in human bone 
marrow (Fig. 10.17). The function of CD169 or other divalent 
cation-dependent stromal macrophage adhesion molecules is not 
understood, but specific depletion of CD169+ macrophages as 
opposed to monocytes is sufficient to induce progenitor egress in 
the mouse.

lymphoid organs (see fig. 10.19)81

Macrophages and DCs form important components of lymphoid 
tissue. Macrophages play carefully choreographed roles in the 
induction of immune responses. In the subcapsular spaces of 
lymph nodes, CD169+ macrophages are positioned to capture 
antigen from afferent lymph and transport it to B cells in the 
follicles. This function is one of many examples of monocyte and 
macrophages providing direct help to B cells through presentation 
of intact antigen and elaboration of maturation and class-switching 
factors including BAFF and APRIL. Surrounding the follicles, a 
capsule of marginal zone macrophages is specialized to engulf 
apoptotic B cells that fail to receive survival stimuli and achieve 
maturation in the germinal centers. Macrophages also occupy the 
medulla and splenic red pulp. Here they provide niches for plasma 
cells. In the spleen the sinus-lining macrophages play a key role in 
the uptake of senescent red cells.

DCs are classically found as “interdigitating cells” of the 
perifollicular T cell regions and splenic white pulp. Lineage 
tracing studies now show that these are a mixture of migratory 
myeloid DCs arriving from the periphery and blood-derived cells 
recruited directly to the node. During inflammation their number 
increases manyfold and is augmented by plasmacytoid DCs and 
monocyte-derived inflammatory DCs. Live cell imaging shows 
dynamic and complex interactions between DCs and T cells in 
these regions.

Follicular DCs are a unique population of antigen-storing cells 
that are mesenchymal in origin and do not express typical leuko-
cyte markers, but are rich in complement and Fc receptors. They 
have a complex arborizing structure and are found scattered in 
the germinal centers where they attract B cells by CXCL13 signal-
ing. Their function has been linked to the preservation of opso-
nized intact antigen and promotion of B cell memory responses.
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FIGURE 10.18. Ultrastructural localization of CD169 
(siglec-1, sialoadhesin) in mouse macrophage-
hematopoietic cell clusters. Immunoelectronmi-
croscopy with monoclonal antibody to CD169 shows 
concentration of CD169 at contacts between macro-
phages (M) and developing granulocytic cells (G). CD169 
was diffusely localized at the contact zones between 
macrophages and erythroblasts (not shown). (See 
Crocker PR, Werb Z, Gordon S, Bainton DF. Ultrastructural 
localization of a macrophage-restricted sialic acid bind-
ing hemagglutinin, SER, in macrophage-hematopoietic 
cell clusters. Blood 1990;76(6):1131–1138, for further 
details.)

FIGURE 10.17. A: Stromal macrophages in human marrow associate with developing 
hematopoietic cells in islands/clusters. Immunocytochemical staining with antimacro-
phage monoclonal antibody Y-1/82A of marrow section reveals a network of arboriz-
ing stromal macrophages uniformly distributed throughout the marrow interstitium 
(alkaline phosphatase–anti-alkaline phosphatase [APAAP] stain; hematoxylin coun-
terstain). B: Marrow cells depleted of red cells and other single cells are enriched for 
cell clusters, most of which are erythroid clusters with a central stromal macrophage 
(arrows; Giemsa). C: Isolated erythroid cluster with intermediate and late normoblasts 
surrounding a central stromal macrophage (Giemsa). D: Isolated mixed cluster with 
both myeloid and erythroid cells attached to a central stromal macrophage. A dividing 
cell (arrow) is seen (Giemsa). E: Isolated erythroid clusters from a pathologic marrow 
sample show intense staining for hemosiderin of stromal macrophages with cellular 
processes extending between attached erythroblasts (Perl acid ferrocyanide reaction; 
counterstain neutral red). F: Immunocytochemical stain with antibody Y1/82A of iso-
lated erythroid cluster. Both the stromal macrophage cell body and processes (arrows) 
between attached erythroblasts are visible (APAAP stain; hematoxylin counterstain). 
Bar = 50 mm. From Lee SH, Crocker PR, Westaby S, et al. Isolation and immunocyto-
chemical characterization of human bone marrow stromal macrophages in hemopoi-
etic clusters. J Exp Med 1988;168:1193–1198, with permission.79
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DCs and macrophages are also found in the thymus. DCs are 
critical in the positive selection of T cells in the cortex while mac-
rophages in the medulla remove apoptotic debris resulting from 
negative selection to remove autoreactive T cells.

spleen (see fig. 10.20)82,83,84,85

In the mouse, histological examination of the spleen reveals a 
marginal zone (MZ) between the hematopoietic red pulp (RP) and 
lymphoid white pulp (WP), constituting an interface between the 
circulation and resident lymphoid tissue. The white pulp contains 
CD68+F4/80− cells, macrophages as well as DCs, which can be 
induced to migrate into the white pulp in response to antigenic 
stimulation. The MZ contains an inner CD169+ F4/80− metallo-
philic population and an outer population of phagocytic MARCO+ 
SIGNR-1+ macrophages. A subset of metallophilic macrophages 
also expresses ligands for the cysteine-rich N-terminus of the 
mannose receptor (CD206), which itself functions as a receptor 
for sulfated sugars, targeting captured glycoconjugates to the 
marginal zone. The MARCO scavenger receptor and SIGNR1 lectin 
(counterpart of human DC-SIGN) are important in the clearance 
of apoptotic cells and avoidance of immunization by autoantigens. 
Depletion of MZM leads to enhanced phagocytosis of apoptotic 
cells by RP macrophages, an inflammatory response, and in mice, 
acceleration of autoimmune disease and increased susceptibility 
to certain pathogens including Listeria monocytogenes.

Red pulp macrophages are strongly F4/80+ CD206+ and are 
involved in clearance of senescent erythrocytes and granulocytes 

and in iron turnover. They have also been implicated in a tolero-
genic function. The red pulp can also serve as reservoir for mobi-
lization of monocytes to peripheral sites of injury, and contributes 
to hematopoiesis in the normal mouse.

Humans lack the characteristic features of MZ found in 
rodents; studies by Steiniger, Crocker, and colleagues have identi-
fied an interfollicular region with CD169+ cells which may fulfill 
a parallel function. Martinez-Pomares and colleagues found that 
CD68+ macrophages in the red pulp of human spleen are distinct 
from MR+ cells, which are present in venous sinuses, and co-
express ligands for the MR cysteine-rich domain, as well as the 
Lyve-1 antigen.

Given these striking species differences, it is difficult at pres-
ent to attribute particular immunological functions to specialized 
macrophages and DCs in human spleen, comparable to the role 
attributed to CD169+ MZ cells in specific interactions with lym-
phocytes, including CD8+ T cells.

Nonlymphoid (interstitial) tissues
Analysis of the leukocyte content of human tissues and lymphoid 
organs has been a preoccupation of pathology for more than a 
century but only recently have modern multiparameter tools and 
functional studies been applied to elucidate the complexity of resi-
dent and inflammatory cells in these sites. Interstitial tissues such 
as the dermis are rich in leukocytes, blood vessels, and lymphat-
ics. Most tissues contain a macrophage or histiocyte component, 
myeloid DCs, predominantly CD4+ effector memory lymphocytes, 

FIGURE 10.19. Schematic of mouse lymph node showing major zones and lymphatic sinuses with macrophage subsets (subcapsular sinus [SCS] 
macrophages [SSM], medullary sinus macrophages [MSM], and medullary cord macrophages [MCM]). Boxed regions are enlarged on the right. Upper 
box: SCS and interfollicular region with follicle shown in green shading, T zone in blue, and interfollicular region in purple. Lower box: medullary region in cross-
section showing medullary cords in light brown. Sinuses are shown in white and sinus-lining lymphatic endothelial cells are yellow. Their CD169, CD11b, and F4/80 
phenotype is summarized. A DC is shown in dark blue (upper) and a polymorphonuclear cell in brown (lower). Reticular fibers within medullary sinuses are in gray. B, 
B cell; PC, plasma cell; T, T cell. From Gray EE, Cyster JG. Lymph node macrophages. J Innate Immun 2012;4(5–6):424–436, with permission.
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and mast cells. Plasmacytoid DCs, NK cells, and B cells are not 
usually found in uninflamed tissue.

Tissue macrophages and DCs were originally recognized as 
histiocytes—literally “tissue cells.” Early studies with intravital 
dyes and carbon particles, combined with light and electron 
microscopy, revealed the presence of phagocytic histiocytes in all 

tissues of the body, typically underlying the basement membranes 
of epithelia, even in the absence of inflammation.

The distinction between macrophages and DCs arrived much 
later. Quite accurately, as it has since emerged, macrophages 
were said to be “fixed” in the tissues and had little propensity to 
migrate to draining lymph nodes. Common evidence of this is seen 

FIGURE 10.20. Species and antigen expression differences of splenic macrophages. A, B: Human and rat spleens differ markedly in marginal zone struc-
ture. A: Rat spleen demonstrates CD169 antigen on marginal metallophilic macrophages (monoclonal antibody ED3). B: CD169+ macrophages form sheaths around 
capillaries in the perifollicular region of the human spleen. From Steiniger B, Barth P, Herbst B, Hartnell A, Crocker PR. The species-specific structure of microana-
tomical compartments in the human spleen: strongly sialoadhesin-positive macrophages occur in the perifollicular zone, but not in the marginal zone. Immunology 
1997;92(2):307–316, with permission. C–F: Mannose receptor and cysteine-rich domain ligands in the human spleen do not co-localize with CD68+ macrophages. 
From Martinez-Pomares L, Hanitsch LG, Stillion R, Keshav S, Gordon S. Expression of mannose receptor and ligands for its cysteine-rich domain in venous sinuses 
of human spleen. Lab Invest Oct 2005;85(10):1238–1249, with permission. C, D: MR- and CR ligands co-localize in venous sinuses of splenic red pulp. Fluorescent 
labeling of CR ligands (in green) and MR (in red) in the presence or absence of SO4-4-GalNAc demonstrates that there is a perfect co-localization of the MR and 
ligands for the CR in venous sinuses. E, F: MR is present in Lyve-1+ cells lining venous sinuses in human spleen. MR-specific fluorescent labeling in human spleen 
(in red) does not co-localize with CD68-specific labeling (in green, [right ]), but co-localizes with Lyve-1-specific labeling (in green, [left ]).
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in the survival of tattoo pigment in resident human dermal mac-
rophages with little evidence of diffusion over the course of many 
decades. Dermal macrophages also have a half-life of more than 
1 year after hematopoietic stem cell transplantation, in contrast 
to DCs, which are replaced within weeks. This property can also 
be recapitulated in vitro by their inability to leave explanted tissue 
fragments, in contrast with DCs and resident T cells. Interstitial 
macrophages in the dermis are laden with melanin and are also 
known as melanophages. Macrophages are scattered throughout 
the interstitium, while DCs are found mainly in the perivascular 
sheaths and close to the basement membrane of epithelia.

Human tissue macrophages and DCs both express CD45 leuko-
cyte antigen, HLA-DR, CD68, EMR2, and CD11b. The best mark-
ers for macrophages are FXIIIa, LYVE-1, and CD163; they also 
express CD14 and DC-SIGN at low level. The major population of 
tissue DCs are CD1c+ myeloid DCs analogous to the CD1c+ DCs 
found in human blood. These express higher amounts of HLA-DR 
and are specifically identified by CD11c and CD1c.86 In addition, 
fascin and CD1a have been used but are less reliable markers. 
A previous erroneous assignment of FXIIIa as a DC marker has 
led to significant confusion in the field. FXIIIa positive “dermal 
dendrocytes” are elongated branching cells that are now known 
to be macrophages. They often expanded in chronic inflammatory 
conditions by the recruitment of monocyte-derived cells. In addi-
tion to resident interstitial macrophages and CD1c+ DCs, there 
exists a minor population of CD14+ cells that have previously 
been described as “interstitial DCs.” These are mobile and migrate 
in vitro, but gene expression analysis links them to monocytes and 
macrophages rather than the DC lineage. In common with mac-
rophages they express CD14, DC-SIGN, and FXIIIa. Plasmacytoid 
DCs are not found in resting tissues, and CD141+ myeloid DCs can 
be isolated by flow cytometry but are rare and difficult to observe 
in situ.87 In the gut there is evidence for an additional CD103+ DC 
involved in tolerance in both mice and humans. Although research 
studies clearly delineate the difference between macrophages and 
DCs, routine diagnostic immunopathology does not differentiate 
between these cells.

specialized populations of Mononuclear 
phagocytes43

Kupffer Cells
Kupffer cells are abundant sinus-lining macrophages of the liver, 
sharing clearance functions with endothelial cells. Macrophage 
cytokines such as IL-6 play an important role in induction of 
acute phase proteins, such as C reactive protein, serum amyloid 
protein (SAP), complement, and fibrinogen, in humans. The resi-
dent Kupffer cells become tolerant to LPS delivered by the portal 
system and may represent an entry site to pathogens; the host 
depends on newly recruited monocytes to mount an effective 
antimicrobial response.

Gastrointestinal Macrophages  
and Dendritic Cells31,87,88

The gut contains an abundant population of macrophages in 
the body. The lamina propria is rich in macrophages and DCs 
throughout the intestine; the microbial flora, especially in the 
colon, may be sampled, captured, and transported into lymph 
and the portal circulation. Macrophages and DCs take up and 
digest apoptotic epithelial cells, contributing to tolerance of food 
antigens. They also contribute to epithelial integrity and bar-
rier functions, in part dependent on TLR-dependent responses 
to symbionts. The macrophage phenotype in the small intestine 
is downregulated by TGF-b and IL-10, interacting with a range 
of innate and adaptive T lymphocytes. Peyer’s patches contain 

M  cells, specialized for antigen uptake. In mice and humans, a 
specialized population of CD103+ gut DCs is thought to play a 
role in tolerance.

The peritoneal cavity of the mouse provides an accessible 
source of resident, inflammatory, and immunologically activated 
macrophages for experimentation; much of our knowledge of 
macrophage immunobiology derives from studies on peritoneal 
macrophages.

Alveolar Macrophages (See Fig. 10.3D) 89,90

Alveolar macrophages from humans accumulate inhaled particles 
and pollutants and often contain poorly degradable cigarette 
residues. The cells express a range of phagocytic receptors, take 
up and metabolize surfactant molecules, and secrete abundant 
lysozyme, among other products. Alveolar macrophages often 
suppress inflammation and immune responses. Within the lung 
interstitium, a full complement of macrophages, myeloid DCs, and 
monocyte-derived cells are found similar to other interstitial tis-
sue sites. These are anatomically and phenotypically distinct from 
alveolar macrophages.

Microglia31,91,92

In the mouse, microglia derive from yolk sac macrophages dur-
ing development, removing apoptotic neurons as they enter the 
neutrophil; they adapt within days to their neuroparenchymal 
environment. Their arborized morphology varies in different 
regions of the brain. Their functions in the absence of inflamma-
tion or degeneration remain mysterious. Microglia differ in their 
phenotype from the perivascular, meningeal, and choroidal mac-
rophages. The response of microglia to excitotoxin injury, amyloid 
deposits, inflammation, and infection includes striking changes in 
morphology, recruitment of blood monocytes, and local prolifera-
tion. The blood–brain barrier controls entry of other resting and 
activated white blood cells and of soluble molecules from the 
systemic circulation.

Langerhans Cells (See Figs. 10.4  
and 10.13A) 86,92–97,98,99

The Langerhans cell of human epidermis furnished a critical 
paradigm of MP biology. Originally described as a nerve cell by 
Paul Langerhans in 1868, a series of studies by Stingl and others 
in the 1970s confirmed its leukocyte origin and expression of MHC 
class II molecules. Subsequent studies developed a specific anti-
gen marker, the C-type lectin Langerin, a component of Birbeck 
granules. The study of skin explants then revealed the striking 
property of this DC to round up and migrate out of the epidermis 
where it became a potent immunostimulatory cell akin to the 
“veiled cells” of afferent lymph. In this way it was conceived that 
resident myeloid-derived cells would function as sentinels of the 
immune system by capturing and transporting exogenous antigen 
to lymph nodes, where they would differentiate into antigen-
presenting cells. This concept remains a cornerstone of DC biol-
ogy. Paradoxically, the role of LCs in immunity remains a subject 
of debate. Mice lacking LCs have very few defects in immunity, 
although recent evidence points towards a role in maintaining 
TH17-directed resistance to Candida.

The dermis contains heterogeneous populations of macro-
phages and DCs and may represent an important source of APCs 
draining to regional lymph nodes.

Osteoclasts (See Fig. 10.21) 100,101,102,103

Early studies by Loutit, for example, demonstrated that osteo-
clasts derived from circulating monocytes; many subsequent 
studies established that in vitro culture in CSF-1 and RANK 
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ligand could generate multinucleated osteoclasts able to resorb 
living bone. Fusion with mononuclear precursors occurs 
throughout life, and survival of osteoclasts is believed to be 
dependent upon continued replenishment by fusion. They share 
many properties with, but differ from, multinucleated macro-
phage giant cells present in granulomata, e.g., in tuberculosis 
and schistosomiasis.

One of the three principal cell types present in bone, osteo-
clasts are giant multinucleated cells arising from the mono-
cyte-macrophage-DC common progenitor. (Bone also contains 
mononucleated macrophages which lack the special features of 
osteoclasts.) Osteoblasts, on the other hand, are of mesenchymal 
origin, having the function of bone formation; and osteocytes 
arise from mature osteoblasts that, having once deposited the 

bone matrix, remain trapped in it, becoming quiescent cells. 
Osteoclasts are unique bone-resorbing cells. In histological sec-
tions, they appear attached to the bone matrix, in small depres-
sions caused by bone resorption, “Howslip’s lacunae.” They 
are derived from the fusion of mononuclear cells, resulting in 
polykarya containing 4 to 50 nuclei up to 100 micrometers in 
diameter which can resorb large areas of tissue using an extra-
cellular lysosomal compartment. Proteolytic enzymes required 
to digest the organic components of the bone tissue are secreted 
from a specialized ruffled border segregated from the extracel-
lular fluid by an adhesion area.

In 1981 Marks and Walker demonstrated the peripheral 
blood origin of osteoclasts in a parabiosis experiment connect-
ing normal and osteopetrotic mice. Subsequent in vitro work 

FIGURE 10.21. Morphology, differentiation, and function of osteoclasts. A: Light micrograph to illustrate appearance of osteoclasts in situ. B: Osteoclasts 
differentiate from myeloid stem cells via macrophage-colony-forming units (CFU-M). The exact point at which definitive commitment into osteoclasts along the dif-
ferentiation pathway occurs is currently unknown. The mononuclear precursors fuse to form terminally differentiated multinuclear osteoclasts. From Vaananen HK, 
Laitala-Leinonen T. Osteoclast lineage and function. Arch Biochem Biophys 2008;473(2):132–138, with permission. C: Vesicular trafficking pathways in osteoclasts. 
The ruffled border is formed as a consequence of trafficking of vesicles in the endosomal pathway and therefore has characteristics of a late endosomal membrane. 
A distinct biosynthetic pathway may also contribute to the formation of the ruffled border. Degradation products from the resorption process are removed from the 
resorption lacuna by a transcytotic pathway and released at the FSD, which exhibits characteristics of an apical membrane. Recently, a reverse pathway from the FSD 
to the ruffled border has been identified. BL, basolateral domain; FSD, functional secretory domain; SZ, sealing zone. From Coxon FP, Taylor A. Vesicular trafficking in 
osteoclasts. Semin Cell Dev Biol 2008;19(5):424–433, with permission.
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has shown that multinuclear osteoclasts can be derived from 
differentiation of CFU-M in culture. Osteoclasts in turn promote 
mobilization of hematopoietic progenitors from the bone mar-
row by degrading endosteal components. The antigenic pheno-
type of human fetal osteoclasts has been compared with that of 
human tissue macrophages and macrophage-derived giant cells. 
Osteoclasts express a subset of macrophage-associated antigens 
including CD13, CD15A, CD44, CD45, CD54 (ICAM-1), CD71 
(transferrin receptor), and CD68. Antigens expressed on mac-
rophages and macrophage polykaryons, but not on osteoclasts, 
include CD1 a,b,c, CD18, CD14, CD31, CD36, CD37, CD39, and 
CD43 antigens; and less strong expression of CD16 (FcRIII), 
CD25 (IL-2 receptor), CD32 (FcRII), CD35 (C3b receptor), and 
HLA-DR by macrophage giant cells. The presence of some 
macrophage-associated antigens on osteoclasts is consistent 
with their common origin; however, the differences in antigenic 
phenotype suggest that their pathways of development and dif-
ferentiation are not identical.

Macrophage-colony stimulating factor (CSF-1) promotes 
the differentiation of a common CSF-1 receptor express-
ing progenitor into populations of monocytes, macrophages, 
DCs, and bone-resorbing osteoclasts. Mutations of the Csf-1 
locus in the osteopetrotic mouse (op/op) results in the loss of 
osteoclast differentiation. However, while mononuclear macro-
phages are generated in the presence of M-CSF alone, culture 
with M-CSF plus RANKL (receptor activator of nuclear factor 
kappa B ligand) is required for cell-cell fusion and generation 
of multinuclear osteoclasts using various adhesion molecules, 
such as E-cadherin. RANKL, also known as TNF ligand super-
family member 11, TNF-related activation-induced cytokine 
(TRANCE), osteoprotegerin ligand, and osteoclast differentiation 
factor, is a protein that in humans is encoded by the TNFSF11 
gene and found in both a membrane-bound form expressed 
on preosteoblastic/stromal cells and a soluble form. RANKL 
mRNA is most highly expressed in bone and bone marrow, but 
also found in lymphoid tissues including lymph node, thymus, 
spleen, fetal liver, and Peyer’s patches; whereas RANK mRNA 
is highly expressed by bone marrow-derived osteoclast progeni-
tors and by mature osteoclasts in vivo. OPG, osteoprotogerin, is 
a soluble, decoy receptor belonging to the TNF receptor super-
family which inhibits osteoclast differentiation and activity by 
binding to RANKL.

RANKL stimulation regulates osteoclastogenesis positively 
through NFATc1 and AP1TRAF6 (TNF receptor activated fac-
tor 6), which is recruited by binding of RANKL and activates MAP 
kinases and IkB, leading to the nuclear translocation of transcrip-
tion factors such as c-fo, c-jun, ATF2 (activating transcription 
factor 2), and nuclear factor-kappaB (NF-kappaB), that drive the 
expression of osteoclast-specific genes. Deficiency of RANKL in 
mice results in the abrogation of bone resorption, which leads 
to lack of bone marrow and the absence of tooth eruption. In 
bone marrow macrophage cultures, RANKL treatment results in 
production and secretion of sphingosine 1 phosphate, a factor 
which has a dual role in triggering a negative loop in osteoclasts 
in response to RANKL, and stimulating migration and survival of 
osteoblasts.

The transcription factor PU.1 drives the expression of the 
c-fms gene, encoding the tyrosine kinase receptor of M-CSF as 
well as of the receptor RANK. PU.1 is essential for the initial 
commitment to osteoclast differentiation. PU.1-deficient mice are 
characterized by the absence of osteoclasts and macrophages, 
and PU.1 expression increases as marrow macrophages differ-
entiate into osteoclasts. PU.1 also interacts with another tran-
scription factor that distinguishes osteoclast and macrophage 
differentiation, Mitf-E (microphthalmia-associated transcrip-
tion factor-E). This is a basic-loop-helix-leucine zipper which 
occurs in two forms, Mitf-A and Mitf-E. Mitf-A is expressed in 
macrophages and osteoclasts at similar levels, whereas Mitf-E 

increases during osteoclast differentiation by increasing tran-
scription of ctsk and acp5, encoding cathepsin k and tartrate 
resistant acid phosphatase.

Cell fusion is controlled via the regulator DC-STAMP, which 
itself was originally isolated by a cDNA subtractive screen 
between osteoclasts and macrophages. In DC-STAMP–deficient 
mice the expression of osteoclast differentiation markers is nor-
mal; however, the multinucleation of osteoclasts is completely 
absent. Bcl6 has been demonstrated to bind directly to the 
DC-STAMP promoter, becoming dissociated upon RANKL stimu-
lation. Lack of Bcl6 results in increased osteoclast differentiation 
and osteopenia.

Bone cell development does not occur in isolation. Many of 
the molecules involved in osteoclastogenesis are also immune 
system regulators and there is considerable bone-immune system 
interaction. RANKL has a function in the immune system, where 
it is expressed by T helper cells and is thought to be involved in 
DC maturation. It was shown to be a DC survival factor and is 
involved in the regulation of T cell-dependent immune response. 
A subset of T lymphocytes, named osteoclastogenic TH cells, 
which are able to induce osteoclast differentiation through IL-17, 
have also been identified. Other studies have demonstrated a 
positive relationship between bone density and fat mass, possibly 
through the adipokine leptin, which is produced by adipocytes 
increasing osteoblast proliferation and differentiation, inhibiting 
osteoclast differentiation.

Adipose Tissue
Figure 10.22 illustrates some of the transcription factors associ-
ated with macrophage specialization in different tissue environ-
ments such as adipose tissue, and in different functions, including 
infection.

The co-localization of macrophages and adipocytes has 
attracted interest in adipokine functions and metabolic regulation. 
Bone marrow–derived mesenchymal stem cells differentiate to the 
osteogenic and adipogenic lineages. As bone volume decreases 
with age, osteoporosis is accompanied by an increase in adipose 
tissue, implying a relationship between the adipogenic process 
and bone loss.

Genitourinary Tract
The mouse kidney contains interstitial macrophages associated 
with the tubular epithelium and the juxta-glomerular complex, 
perhaps part of erythropoietin and renin homeostasis. The 
glomerular tuft does not contain F4/80+ macrophages, which 
line Bowman’s capsule. Mesangial cells are F4/80−, but express 
mannose receptors. The bladder has a population of macro-
phages which penetrate its transitional epithelium. The ovary 
and testis contain prominent macrophage populations which 
fluctuate with the reproductive cycle, e.g., during follicular atre-
sia, and the removal of apoptotic sperm. The uterus contains 
specialized Hofbauer macrophages, and the placenta and umbili-
cal cord provide specialized fetal progenitors and macrophage 
populations.

Endocrine Organs
F4/80+ macrophages are present in the anterior and posterior 
pituitary, thyroid, adrenal, and pancreas; they may play an unrec-
ognized role in hormone homeostasis.

Cardiovascular Systems104

Healthy large blood vessels and the normal heart do contain 
interstitial macrophages, but the accumulation of lipid serves to 
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recruit monocytes to the intima, atheromatous plaque formation, 
thrombosis, and vascular occlusion.

Muscle and Connective Tissue
Macrophages are present throughout these tissues. In muscle they 
play a part in the hematopoietic and metabolic response to exer-
cise, as well as to tissue injury and repair (Fig. 10.22), catabolism, 
and wasting syndromes.

developMeNT aNd reNewal
(See Fig. 10.1.)

yolk sac Macrophages105,106

The earliest hematopoietic cells are yolk sac macrophages. It has 
recently been demonstrated in mice by lineage tracing studies 
that these colonize the ectodermal and mesodermal tissues late 
in embryogenesis, prior to the onset of definitive hematopoiesis 
in the fetal liver. A striking finding is that 100% of microglia and 
10% of Langerhans cells remain derived from this early wave 
of primitive macrophage invasion. Yolk sac does not appear to 
contribute to other macrophage populations in interstitial tissues; 
rather these and the bulk of Langerhans cells arise from a second 
wave of immigration by fetal liver monocytes. Once seeded in the 
tissues, it is likely that these cells are postmitotic and renewed by 
blood-borne precursors at an extremely slow rate.

renewal of steady-state Macrophages  
in the adult21,91,107–111

Conventional wisdom suggests that tissue macrophages are 
replaced by circulating monocytes, although it appears that 

FIGURE 10.22. Transcription factors associated 
with different polarized populations of macro-
phages. C/EBPb, CCAAT/enhancer-binding protein-b; 
CREB, cAMP-responsive element-binding protein; IFNg, 
interferon-g; IL-4, interleukin-4; IRF, interferon-regu-
latory factor; PPARg, peroxisome proliferator-activated 
receptor-g; RUNX1, Runt-related transcription factor 1; 
STAT, signal transducer and activator of transcription; 
TH, T helper. From Lawrence T, Natoli G. Transcriptional 
regulation of macrophage polarization: enabling diversity 
with identity. Nat Rev Immunol 2011;11(11):750–761, 
with permission.

MaCrophaGe DevelopMeNt iN the Mouse31

Our knowledge of the origin, differentiation, and tissue 
distribution of macrophage lineage cell types depends 
on experimental studies in the mouse using genetic and 
immunological methods. The monoclonal antibody F4/80 
was used to detect a sensitive and fixation-stable plasma 
membrane antigen present in many mature macrophages. 
This made it possible to identify F4/80- progenitors by 
their ability to give rise to F4/80+ progeny by day 4. The 
first F4/80+ macrophages in the mouse embryo were 
detected in the yolk sac at day 8 to 9, together with nucle-
ated erythroid cells. Fetal liver showed increasing numbers 
of F4/80+ monocytes and stellate macrophages in clusters 
with erythroblasts undergoing definitive erythropoiesis; the 
clusters reached a peak at day 12 to 14, declining by day 
15 as hematopoiesis moved to the spleen and then the bone 
marrow by day 17/18 before birth. By a week after birth, 
the stellate macrophages appeared to remain as isolated 
early Kupffer cells, no longer in clusters with erythroid 
cells and no longer containing the remnants of phagocy-
tosed erythroid nuclei. Maturation after birth included the 
appearance of CD169+ metallophilic macrophages in the 
developing marginal zone of the spleen between 2 and 4 
weeks. This antigen, also known as sialoadhesin or siglec-1, 
closely related to, if not identical with, MOMA-1, recognizes 
sialylated ligands on erythroid and myeloid cells.

Further studies documented expression of F4/80 in a 
wide range of tissues in adult mice, normally and in a range 
of disease models. Subsequent studies with F4/80 knockout 
mice identified a role for the antigen in peripheral tolerance 
in the anterior chamber of the eye. The human counter-
part, EMR1, has not been suitable for immunocytochemical 
detection of macrophages or DCs, but the EMR2 antigen, 
expressed by monocytes, macrophages, DCs, and neutro-
phils, provides a promising alternative.
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this dogma arose through extrapolation of models of inflamma-
tory monocyte recruitment. Several attempts have been made 
to dissect which monocyte subset is more likely to give rise to 
tissue macrophages, but the rate of renewal is sufficiently slow 
that adoptive transfer and parabiosis experiments (experimen-
tal joining of the circulation of two animals) produce only very 
subtle signals in the tissues. These findings are in keeping with 
the very slow renewal of tissue macrophages following hema-
topoietic stem cell transplantation in humans. A small pool of 
monocytes may be mobile enough to traffic in and out of tissues 
as evidenced by the minor population of CD14+ cells present in 
human interstitial sites, but these appear to equilibrate only very 
slowly with tissue macrophages, if indeed they serve any precur-
sor function at all. Lineage tracing experiments now indicate that 
tissue macrophages may arise through intermediates that do 
not express lysozyme, thus excluding the majority of monocytes. 
These findings resonate with the observation in humans that tis-
sue macrophages are retained for many years after the genera-
tion of blood monocytes has failed because of genetic disorders 
of hematopoiesis. Current efforts to understand this paradox are 
focusing on circulating hematopoietic progenitors that occupy 
most tissue sites and potentially contribute directly to tissue mac-
rophage homeostasis.

local proliferation73,107,108,111

One general distinction between monocytes and macrophages 
and cells of the DC lineage in the steady state is that monocytes 
and macrophages are generally nondividing cells, while blood and 
tissue DCs include small proportions of cells in S/M/G2 by DNA 
content analysis and Ki-67 staining. In mice, and probably also 
in humans, Langerhans cells and microglia undergo sufficient 
proliferation to maintain numbers independently of blood-borne 
precursors in the steady state. Following hematopoietic stem cell 
transplantation, this is sufficient to enable recipient LCs to survive 
independently of the donor bone marrow. However, observations 
in humans suggest that LCs are more labile and become donor-
derived by 3 months. A postmortem study of human microglia 
suggested that recipient microglia persist several years after 
hematopoietic transplantation.

It should be noted that the observation of cycling cells is not 
sufficient to conclude that a population is self-renewing, however; 
and DC populations, although completing a small number of cell 
divisions in situ, appear to be rapidly replenished by bone mar-
row–derived precursors in human transplantation, parabiosis, 
and adoptive transfer models. Historical studies in which the 
appearance of pulsed tritiated thymidine was presented as evi-
dence of relatively rapid renewal of tissue macrophages from the 
bone marrow should be interpreted with caution in the light of 
local proliferation, more precise definitions of phenotypes, and 
experimental systems with fewer variables.

Monocyte and Dendritic Cell 
hematopoiesis112,113,114,115

In contrast with macrophage populations which appear largely 
static, monocytes and DCs are continually produced by the bone 
marrow. Inflammatory monocytes have an estimated half-life of 
several days; nonclassical monocytes and DCs are likely to live a 
little longer, although this has not been accurately measured in 
humans. According to conventional models, monocytes arise from 
hematopoietic stem cells via common myeloid and granulocyte-
macrophage progenitors. In the mouse, further stages of differ-
entiation have been mapped by clonogenic assays and adoptive 
transfer. GMP are said to lose granulocyte potential, giving rise to 
monocytes and DCs via a macrophage-dendritic progenitor (MDP). 
The MDP has the potential to give rise to monocytes and to a com-
mon DC progenitor (CDP). Plasmacytoid DCs arise directly from 

CDPs, while a committed “pre-DC” forms the classical and cross-
presenting myeloid DCs. No such intermediates have been found 
in humans. It has been shown that GMPs can form macrophages 
and DCs but many studies have also found that committed lym-
phoid progenitors retain monocyte and DC potential. Indeed, state 
of the art transcriptomic mapping of human hematopoiesis, while 
confirming the proximity of monocytes to granulocytes, places the 
DC lineage adrift between myeloid and lymphoid signatures. A full 
discussion of the hematopoietic hierarchy is beyond the scope of 
this chapter, but these studies raise questions about the classical 
split between myeloid and lymphoid hematopoiesis, somewhat 
confounding the myeloid-biased model of murine DC differen-
tiation. One significant problem in understanding the differences 
between human monocyte and DC hematopoiesis is that the fac-
tors that control steady state DC differentiation are poorly under-
stood, and many assays claiming to show in vitro differentiation 
of DCs may simply be examining inflammatory monocyte-derived 
DCs. At the time of writing, it has been possible to generate cells 
resembling 14+ monocytes, pDCs, and CD141+ DCs in vitro, but 
not CD16+ monocytes or CD1c+ myeloid DCs.

regulation by soluble factors46,92,116

A number of soluble mediators play a part in monocyte and DC 
differentiation, although many have been verified only in mouse 
models or human in vitro studies. Standard colony forming assays 
in which erythroid, granulocyte, and macrophage colonies may be 
detected by morphology contain SCF, IL-3, GM-CSF, G-CSF, and 
Epo. M-CSF, FLT-3L, and TPO have all been added to enhance 
the production of monocytes or DCs, but their effects are pleio-
tropic and have not been resolved in detail. M-CSF, FLT-3L, and 
TPO are all steady state cytokines present in normal plasma and 
widely produced by stromal tissues. Receptors for M-CSF (CD115) 
and FLT-3L (CD135) are present on monocytes and circulating 
DCs and may play a role in enhancing both the generation and 
functional capacity of mature cells. In mice, osteoclast generation, 
Langerhans cell differentiation, and the formation of microglia are 
all dependent upon signaling through the M-CSF receptor, while 
DC generation is critically dependent upon FLT-3. Recently, IL-34, 
an alternate ligand for CD115, has emerged as a critical cytokine 
in the differentiation of microglia and LC. All monocytes and DCs 
express receptors for GM-CSF (CD116). Quantities of this cytokine 
are much more limited in the steady state, and although lymphoid 
DCs develop normally in GM-CSF deficient mice, recent experi-
ments show that nonlymphoid tissue DCs are depleted. Production 
by epithelial surfaces appears to be important, since antibodies to 
GM-CSF in humans cause dysfunction of alveolar macrophages, 
leading to pulmonary alveolar proteinosis (PAP). There is consid-
erable interest in the use of growth factors to augment production 
or activity of monocytes and DCs, particularly in the field of vac-
cination and cancer therapy. Clinical trials of GM-CSF and FLT-3L 
have been performed. One of the difficulties in the interpretation 
of results is that the expansion of immature precursors may 
have immunosuppressive effects by inducing populations with 
properties similar to those attributed to myeloid suppressor cells. 
GM-CSF as a local adjuvant may have more promise; and the only 
FDA-licensed DC therapy “Provenge” uses a GM-CSF conjugated 
immunogen.

regulation by transcription factors4,71,117,118,119

Recent work in mice and also humans has defined the transcrip-
tion factors associated with macrophage, monocyte, and DC dif-
ferentiation. Macrophage development requires PU.1 and Myb 
and is interrupted by defects of Ikaros and GFI1. DCs are depen-
dent upon PU.1, IRF2, IRF4, and IRF8, and a recently described 
zDC. Ikaros and GFI1 deletion probably also affect DC develop-
ment. Many of these transcription factors control the development 
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of monocytes, but this is not always reported. Specific factors are 
required for the development of pDC (E2-2) and CD8+ cross-
presenting DCs (Batf3, Id2). Analysis of genetic defects in human 
DC deficiency was recently reported. Ikaros and IRF8 mutations 
prevent the formation of monocytes and DCs. GATA-2 mutation 
interrupts mononuclear cell development, leading to a late-onset 
loss of DCs.

trafficking of Blood-borne precursors  
to Quiescent tissues62,87

It has recently been recognized that nonlymphoid tissues contain 
myeloid DC populations and CD14+ monocyte-like cells similar to 
those found in peripheral blood. The tissue counterparts of CD1c+ 
DCs, CD141+ DCs, and classical CD14+ monocytes appear more 
mature than their blood relatives, implying that each blood sub-
set gives rise to a corresponding tissue cell. In the mouse a few 
selected DC populations are monocyte-derived in the steady state, 
notably the CD11b+ CX3CR1+ resident mononuclear cell of 
mouse lamina propria, which is derived from a classical mono-
cyte. The role of patrolling nonclassical monocytes in steady state 
tissue homeostasis remains unclear. Although these cells are ana-
tomically apposed to the endothelium and more mature in phe-
notype than classical monocytes, they do not appear to contribute 
quantitatively to homeostasis in the tissues.

inflammatory recruitment67,74,104

Both classical and nonclassical monocytes are recruited during 
inflammation. In mouse in vivo models, nonclassical cells are 
recruited more quickly, but classical monocytes are quantita-
tively more important. Classical monocytes can differentiate into 
inflammatory TiP DC/M1 macrophages in the tissues and replace 
microglia and Langerhans cells after an inflammatory insult. A 
great variety of infection models in mice have confirmed the role 
of CCR2 and classical monocytes in the response to and resolution 
of infection. These include mycobacteria, Listeria, Toxoplasma, 
Cryptococcus, Aspergillus, and influenza. Classical monocytes 
are clearly implicated in the sterile inflammation of atheroscle-
rosis and in the response of humans to myocardial infarction. 
Granulomata provide an intriguing opportunity to examine this 
by intravital microscopy, as shown by Germain and colleagues. 
Earlier studies showed that mycobacterial granulomata depend 
on TNF-a and the type 3 complement receptor, CD11b/CD18. The 
presence of multinucleated giant cells, products of macrophage 
fusion, in tuberculous (Langhans giant cells) and schistosome egg 
granulomata has long attracted attention of pathologists. Their 
formation by IL-4, for example, depends on surface glycoproteins 
such as CD36 and DAP12, and of lipids of microbial and host 
origin. Notably, granulomata are produced by persistent, poorly 
degraded pathogens and foreign bodies, rather than viruses, 
which can also induce syncytia. It would be useful to compare 
epithelioid and giant cell phenotypes in different organs such as 
the liver (BCG), lung (schistosome eggs), and intestine (Crohn’s 
disease), as well as by the same causal agent in different tissues, 
e.g., tuberculosis.

In the mouse, local macrophage proliferation has been 
reported during infection with helminths stimulating Th2-type 
responses. It remains to be determined how significant this is 
quantitatively and whether these mechanisms occur in humans 
under similar conditions.

Monocyte-derived Macrophages  
and Dendritic Cells46

A great deal of human research has focused on the generation of 
DC and macrophage-like cells from peripheral blood monocytes. 

The major drawback of these models is that they recreate inflam-
matory conditions and probably bear little or no relationship 
to the origin and differentiation of steady state macrophages 
and DCs, which are really distinct cells with very different prov-
enances. However, the true value of studying monocyte-derived 
cells is now being put into context by many emerging in vivo 
studies of inflammatory monocyte-derived macrophages and DCs 
which play important roles in immunity.

A vast array of different antigen-presenting cells may be 
derived from monocytes in vitro, and it is clear that macrophages 
form in the presence of M-CSF, IL-10, and serum, while a potent 
DC can be derived using IFNa or GM-CSF. The addition of TFG-b 
causes monocyte-derived DCs to express langerin and resemble 
a Langerhans cell. It is likely that in vitro phenotypes bear some 
relationship to cells present in different inflammatory contexts, 
although experimental data to support this are hard to find.

MoNoNuclear pHagocyTeS  
iN MediciNe

transplantation120

Allogeneic organ and stem cell transplantation is an important 
modality of clinical therapy that generates a unique immunologi-
cal problem because of differences between donor and recipient 
major or minor histocompatibility antigens. Allograft rejection 
and graft-versus-host disease are mediated by T cells primed to 
recognize histocompatibility antigens. DCs are likely to play an 
important role in the initiation of alloreactive T cell responses. 
Tissue macrophages may also exacerbate or modulate this pro-
cess, and recruited inflammatory monocytes contribute to effector 
responses and immunopathology.

Allograft Rejection
Solid organs including the heart, kidney, and liver contain tis-
sue macrophages and DCs that contribute to the sensitization 
of recipient T cells and the activation of rejection mechanisms. 
Broadly speaking, the density of antigen-presenting cells within 
a tissue correlates with the strength of rejection reactions and is 
in the order skin > lung/gut > liver > heart/kidney. Conditioning 
a transplanted organ to deplete donor DCs results in enhanced 
allograft survival, and methods to optimize this may present 
therapeutic opportunities. More recent allograft experiments 
using inducible depletion of DCs or antibodies have confirmed 
this finding.

Graft-versus-Host Disease
Conversely to solid organs in which donor DCs and macro-
phages may trigger rejection, the dominant immune response 
in hematopoietic stem cell transplantation is between donor T 
cells and recipient antigen-presenting cells. The role of recipi-
ent BM-derived cells was first demonstrated by the blood-lymph 
filtering experiments of Sprent and colleagues. Attenuation of 
recipient antigen-presenting capacity has since been shown to 
ameliorate GVHD, suggesting that recipient DCs are essential for 
the initiation of GVHD, at least in models dependent upon allore-
active CD8+ T cells recognizing directly presented minor histo-
compatibility antigen. Many studies have confirmed this finding 
and shown that donor DCs serve mainly to augment continuing 
GVHD responses. Support for potential therapeutic targeting of 
DCs was provided by a demonstration that anti-CD83 antibodies 
could delay GVHD in a xeno-transplant model. However, more 
recent experiments have shown that complete ablation of recipi-
ent DCs in inducible depletion models fails to prevent GVHD. 
Another interesting manipulation was the expansion of recipient 
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monocytes by M-CSF injection, resulting in less GVHD. Expansion 
of myeloid suppressor cells or tolerogenic DCs has been mooted 
as the explanation.

In human bone marrow transplantation, it was noted that 
alemtuzumab (anti-CD52) might attenuate GVHD not only by 
depleting donor T cells, but also by removing recipient APC includ-
ing monocytes and blood DCs but not their tissue counterparts 
or Langerhans cells. Several studies have shown those recipient 
DCs are rapidly lost after transplantation. Recipient Langerhans 
cells survive for a month or so but are eventually replaced even 
in the absence of GVHD and are unlikely to constitute a reservoir 
of persistent recipient histocompatibility antigen. Interstitial tis-
sue macrophages are the most long-lived antigen-presenting 
cells in humans and may promote chronic GVHD responses. In 
haplo-identical transplantation, ablation of recipient DCs by donor 
NKs has been suggested to play a role in the relatively low risk 
of GVHD experienced by these patients. Depletion or modula-
tion of cutaneous DCs by UV light has also been suggested as 
a useful form of localized prophylactic therapy for GVHD. The 
mechanisms underlying chronic GVHD are more obscure. From a 
simple perspective, the delayed onset of chronic GVHD suggests 
a greater dependence on donor-derived APC and indirect rather 
than direct routes of antigen presentation. The difference between 
acute and chronic GVHD might be explained by a transition from 
CD8-mediated pathology to a CD4-dominated response to tissue-
specific antigens.

Efferent Pathway
Recruitment of inflammatory monocytes also plays a role in the 
effector phase of organ rejection and GVHD. Injection of iron 
nanoparticles has been used as a means to demonstrate infil-
tration of rejecting organs by inflammatory monocytes. A high 
density of macrophages in GHVD biopsies has also been shown 
to correlate with poor outcome. Selective ablation of monocytes 
by inducible genetic systems or administration of M-CSFR anti-
bodies attenuates both processes and offers the potential of a 
new means of controlling allograft rejection in humans. Further 
work is required to dissect the pathways of differentiation and 
the precise roles of recruited monocytes infiltrating during organ 
rejection or GVHD.

Macrophages and Dendritic Cells  
in hematopoietic Disorders

Disorders of Production: Monocyte and Dendritic 
Cell Deficiency107,109,117

While specific defects of lymphocyte development, granulocyte 
differentiation, and function are well known, primary disorders 
involving loss of monocytes, DCs, and macrophages have been 
described only relatively recently. GATA-2 mutation causes a syn-
drome known as DC, monocyte, B, and NK lymphocyte (DCML) 
deficiency. This is characterized by a failure of mononuclear 
cell development, resulting in immunodeficiency to intracellular 
pathogens, viruses, and tumors, and evolves to myelodysplasia 
and leukemia. It has also been described as “monoMAC” to reflect 
the link between monocytopenia and Mycobacterium avium infec-
tion. IRF8 mutation, CXCR4 mutation, E2-2 mutation, and several 
other genes have also been shown to lead to deficiency of DCs and 
monocytes. Although these affect very small numbers of patients, 
they provide fascinating insights into the genetic regulation of DC 
and monocyte development.

Histiocytoses121,122

The histiocytoses are a group of disorders characterized by 
the accumulation of abnormal DCs or macrophages. A recent 

Histiocyte Society classification attempts to correlate each disor-
der with the transformation of a normal physiological counter-
part: Langerhans cell, DC, or macrophage.

Langerhans cell histiocytosis (LCH) is the most prevalent and 
best characterized. LCH cells are CD1a+, Langerin+, and S100+. 
Their characterization as abnormal LCs was initially suggested 
by the demonstration of Birbeck granules under EM. Although 
LCH is “epidermotropic” in the skin, it occurs in many other 
organs where LCs are not normally found and therefore repre-
sents a significant dysregulation of LC homeostasis. In the steady 
state, epidermal LCs are self-renewing, but LCH cells probably 
derive from classical monocytes, along a pathway described 
for inflammatory generation of LCs. Gene expression profiling 
confirms that LCH cells are much more immature compared 
with epidermal LCs, and recent genetic analysis has strikingly 
revealed that approximately two-thirds of cases harbor mutated 
BRAF (V600E).

The other histiocytoses, Erdheim Chester disease (ECD), juve-
nile xanthogranuloma (JXG), and Rosai-Dorfman disease/sinus 
histiocytosis with massive lymphadenopathy (RDD/SHML), are 
much rarer. These are classically described as more macrophage-
like and express CD68 and CD14; JXG is also typically Factor 
XIIIA+. Although at the cellular level LCH appears quite distinct 
from any of these macrophage-like disorders, a firm link between 
LCH and ECD has recently been established by the finding that 
two-thirds of ECD cases also have mutated BRAF. This unex-
pected observation suggests that LCH and ECD are two facets 
of the same pathology, as had been suggested by the occasional 
finding of both in the same patient. However, neither the precur-
sor cell nor the mechanisms that control its differentiation are 
established. In the same publication it was demonstrated that 
JXG and RDD do not share mutated BRAF and should perhaps be 
considered distinct.

Another distinct entity is hemophagocytic lymphohistiocytosis 
(HLH, or “hemophagocytic syndrome”). This extreme inflamma-
tory disorder shows a spectrum of activity, from a familial neo-
natal presentation to an apparently sporadic secondary disorder 
occurring in adulthood. Nearly all cases of HLH are now thought 
to derive from a defect in NK- or CD8-mediated cytotoxicity. In the 
familial cases, very clear defects in cytotoxicity mechanisms have 
been found, including mutations in perforin. Sporadic, late occur-
rences are often perceived as “secondary” to uncontrolled viral 
infection with EBV, but are likely to represent a manifestation 
of more subtle, possibly polygenic, variations in cytolytic mecha-
nisms. In all cases, the inability to control viral replication leads 
to uncontrolled immune activation with a cytokine storm, mas-
sive elevation of ferritin and sCD25, and widespread macrophage 
activation, leading to phagocytic destruction of the hematopoietic 
tissue.

Disorders of Destruction
In spite of its importance, the recognition and destruction mecha-
nisms of normal senescent erythrocytes remain unclear, with 
complement, lectins, and possibly antibody-dependent Fc recep-
tors all implicated. Apoptotic cell recognition and clearance have 
been described above.

Splenic macrophages play a prominent role in immune 
destructive processes, including immune thrombocytopenic 
purpura (ITP) and autoimmune hemolytic anaemia (AIHA), 
using Fc receptor and complement-mediated uptake of opso-
nized platelets and red cells. In other autoimmune disorders, 
phagocytosis of apoptotic cells and antigen presentation by DCs 
and macrophages may be critical in initiating T cell–mediated 
cytotoxicity. M2 macrophages are particularly efficient at scav-
enging self-tissues following injury through receptors like the MR 
and scavenger receptor A, and may contribute to autoimmune 
disease.
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Lysosomal Storage Diseases123,124

Lysosomal storage disorders (LSDs) are a heterogeneous group of 
diseases arising from genetic deficiency of a catabolic lysosomal 
enzyme. Disorders are classified according to the accumulated 
substrate and consequent phenotype. Sphingolipid accumulation 
in macrophages involved in the digestion of effete hematological 
cells occurs in patients with Gaucher disease (b-glucocerebro-
sidase deficiency), the most common LSD. The accumulation of 
glucosylceramide and its deacetylated form glucosylsphingosine 
leads to intracellular lipid accumulation and the formation of 
foamy macrophages known as Gaucher cells. Patients with geno-
types conferring very low residual glucocerebrosidase activity 
confer neuronopathic disease, in which microglia are also affected.

Gaucher cells accumulate in sheets and have voluminous cyto-
plasm. Boven et al. demonstrated that Gaucher cells expressed 
common macrophage markers including CD68, CD14, and HLA-
class II, and have a phenotype of M2 macrophages (CD163, 
IL-1RA, and CCL-18). Other lysosomal storage disorders exhibit-
ing foamy macrophages are Fabry disease, GM1 gangliosidosis, 
and Wolman/cholesterol ester storage disorder. In Niemann-Pick 
A and B the macrophages have a distinctly blue appearance and 
are described as sea blue histiocytes. Macrophages with identical 
appearances to Gaucher cells by light microscopy (pseudo-Gau-
cher cells) have been demonstrated in the bone marrow trephines 
of patients with other disorders with high cellular turnover, 
including multiple myeloma, Hodgkin lymphoma, NHL, chronic 
myeloid leukemia (CML), myelodysplastic and common B-ALL, 
and nonmalignant hematological conditions, including thalas-
semia and sickle cell disease.

Hemochromatosis, Macrophages,  
and Iron57,125,126,127

Bone marrow and “reticuloendothelial” macrophages in the 
liver and spleen are responsible for the majority of iron stor-
age outside the red cell mass or “erythron.” Iron is acquired by 
uptake of transferrin through receptor-mediated endocytosis of 
the transferrin receptor (CD71). Iron-laden macrophages can be 
easily observed in conditions of iron overload such as genetic 
hemochromatosis and multiple transfusions. These appear brown 
with “hemosiderin” in unstained sections and blue with Perl’s 
stain, a specific preparation for visualizing iron. In health, most 
iron is stored as intracellular ferritin, but this may be released 
into the circulation during acute phase responses. The highest fer-
ritin levels (>10,000) are seen in HLH, where there is widespread 
extreme macrophage activation.

osteoclast Disorders128–130

Disorders of osteoclast function or number illustrate their pivotal 
role in bone mineralization. Compromise of osteoclast function 
results in osteoporosis, whereas in the Paget disease–like disorders, 
osteoclast overactivity results in abnormal bone remodeling brought 
about by waves of bone resorption and reformation. A number of 
genes relevant to the various clinical patterns of osteopetrosis have 
been identified. Loss-of-function mutations explain about 70% 
of cases. Mutant TCIRG1, CLCN7, OSTM1, and PLEKHM1, which 
are involved in the trafficking of acidic vesicles in osteoclasts, 
are found in autosomal recessive osteopetrosis. Mutations in the 
OSTM1 gene results in a severe form of autosomal recessive osteo-
petrosis, whereas an intermediate form is caused by a mutation in 
PLEKHM1. Gain-of-function mutation in LRP5 results in autosomal 
dominant osteopetrosis type I; autosomal dominant osteopetro-
sis type II is caused by loss-of-function mutations in CLCN7. The 
etiology of failure of osteoclast formation in vivo (osteoclast-poor 
osteopetrosis), is unknown, but may be related to mutations in the 
osteoclast growth factors M-CSF and RANKL, or their receptors.

Paget’s disease occurs in a number of forms and severities. 
Juvenile Paget’s disease is caused by loss-of-function mutations 
in the gene for OPG (TNFRSF11B), resulting in undetectable OPG 
and elevation of RANKL. It can be treated by reconstituting OPG. 
Classic Paget’s disease of bone (PDB) is associated with mutations 
in SQSTM1 (p62). p62 functions as a scaffold protein with multiple 
domains to integrate kinase-activated and ubiquitin-mediated 
signaling pathways with the IL receptor and TNF receptor fam-
ily members, especially RANK. The severe Paget-like disorders, 
early-onset PDB, familial expansile osteolysis, and expansile skel-
etal hyperphosphatasia, are all associated with mutations in the 
signal peptide region of the RANK gene, TNFRSF11A. The clinical 
symptoms in these diseases are similar, and all include early tooth 
loss and deafness; however, there is significant interindividual 
variation, suggesting environmental and epigenetic involvement.

infection26,36

Monocytes, macrophages, and DCs play an important role in 
all infectious processes as part of the recognition of pathogens, 
hematopoietic, and immunological responses; mobilization and 
delivery of mononuclear and myeloid cells to local sites of infec-
tion; destruction or otherwise of invading microbes; and the 
orchestration of systemic reactions of the host, such as fever, and 
cardiovascular and metabolic responses. We have learned much 
from the study of model systems in transgenic mice, detailed 
observation of the natural history of infectious disease in humans, 
and the experiments of nature, the inborn errors of metabolism 
and their resistance or susceptibility to infection. In turn, the great 
variety of microbiome commensal and pathogenic organisms and 
their invasion and evasion strategies have taught us a great deal 
about the cellular and molecular properties of these myeloid cells 
and their interactions with other elements of the hematopoietic 
system. Here we can only illustrate this rich field by bringing out 
a few principles and raising questions relevant to hematology.

MPs play a role in the initiation and subsequent reactions 
to acute as well as chronic infection by bacteria, viruses, fungi, 
protozoa, and multicellular parasites. Apart from their well-
established role in intracellular pathogen entry, killing, and 
persistence, e.g., tuberculosis, they contribute to the host’s 
innate and adaptive immune response to extracellular bacte-
ria, e.g., streptococci, and to facultative intracellular organisms 
such as Listeria and Neisseria meningitidis. Microbes exploit 
MP receptors’ usage, and cytokine dysregulation is a common 
feature of infection. Macrophages play a devastating role in the 
inflammatory storm of acute sepsis, as well as the lethal com-
plications of antiretroviral treatment after mixed infection by 
HIV-1 and tuberculosis, the immune reconstitution inflammatory 
syndrome. MPs express plasma membrane and cytosolic inhibi-
tors as well as amplifiers, to regulate inflammation and tissue 
injury: for example, the TREM family of myeloid enhancers of 
proinflammatory responses, and the CD200/CD200R pair, a 
downregulator of TLR, NLR, and inflammasome activation. Focal 
macrophage-rich destructive inflammatory lesions are charac-
teristic of granulomata, by known or unidentified microbes, e.g., 
Crohn’s disease. Malaria results in diffuse intravascular pathol-
ogy and hematological dyscrasia, as monocytes and sinus-lining 
macrophages ingest parasitized erythrocytes, and accumulate 
pigment residues. Polarization of macrophages by TH1 and TH2 
cytokines has been outlined above. Depending on the outcome of 
host-pathogen interaction, macrophages contribute to latency and 
immunosuppression.

Granulomatous Disorders
These include a range of infectious and autoimmune conditions 
of genetic origin, such as CGD (NADPH oxidase), Blau syndrome 
(NOD), or the combination of genetic predisposition and poorly 
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characterized environmental factors (Crohn’s disease). Here we 
restrict our discussion to granuloma annulare and sarcoidosis.

Granuloma Annulare
This is a relatively common benign inflammatory condition of the 
dermis and subcutaneous tissue of unknown etiology. Histological 
analysis of dermal papules and annular plaques reveals foci of 
palisaded granulomatous inflammation around “necrobiotic” col-
lagen. Fifty percent of patients have IgM and C3 in vessels. It may 
be associated with diabetes, HIV, EBV, or lymphoma.

Sarcoidosis
Sarcoidosis is an idiopathic granulomatous disease in which col-
lections of chronic inflammatory cells form nodules in multiple 
organs, most commonly lungs or lymph nodes. Sarcoidosis may 
be asymptomatic or chronic or may progress to life-threatening 
organ fibrosis. The pathogenesis involves exposure to an unde-
scribed antigen in a host with genetic susceptibility, resulting in 
nonnecrotizing granulomatous inflammation. There is a promi-
nent Th1 cell–mediated immune response characterized by IFNg 
and TNF-a with increased macrophage and CD4 helper T cell acti-
vation, but suppression of responses to other antigenic challenges. 
Patients with sarcoidosis exhibit increased risk for malignancy, 
including lung cancer and lymphoma.

tumor-associated Macrophages68,131,132,133

Interactions with trophic and immunosuppressive host cells pro-
mote the emergence and perhaps metastasis of neoplastic disease. 
Some cancers attract macrophages through CSF-1, and stimulate 
their local growth and angiogenic properties, in part through 
alternative activation of macrophage. IL-6 plays a direct role in 
the establishment of myelomas; macrophage-derived growth fac-
tors may also contribute to asbestos-induced mesothelioma. In 
addition, tumors evoke the recruitment of myeloid-derived sup-
pressor cells and immature granulocytes and monocytes, which 
downregulate antitumor T cell responses.

Macrophages have been found to be more abundant in the 
bone marrow of patients with multiple myeloma, a malignant pro-
liferation of plasma cells, than in healthy controls. Macrophage 
contact upregulates antiapoptotic proteins, and prevents che-
motherapy-induced death in plasma cells. Higher numbers of 
infiltrating tumor-associated macrophages (TAMs) are associ-
ated with tumor invasion, lymph node metastasis, and advanced 
disease in colorectal cancer. Poor prognosis is conferred by the 
presence of large numbers of TAMs in other cancers such as sino-
nasal melanoma, and predicts an inferior outcome to hormonal 
therapy in prostate cancer.

Metabolic Disease
Atherosclerosis is now well recognized as a modified form of 
inflammation in which monocytes and macrophages are major 
drivers of plaque formation and thrombosis. As circulating cells 
they interact with platelets and adhere to endothelium or exposed 
vessel wall constituents. They take up and accumulate lipids 
through their scavenger receptors, become foam cells, and either 
remain in the intima, or migrate to the media to interact with 
smooth muscle. A characteristic feature is death in situ, although 
cells can also emigrate from the vessel wall, as shown in experi-
mental models. Metalloproteinases are involved in vulnerable 
plaque rupture, and pro- and anticoagulant balance contributes to 
local thrombosis and embolism. Of course, monocytes are part of 
the host response to infarcts, leading to repair and fibrosis; deple-
tion of monocyte recruitment via anti-MCP-1 antibody has been 
achieved experimentally.

Recent attention to the role of macrophages in obesity has 
grown; they associate with adipocytes, and cytokines from both 
cell types have been implicated in cell activation and lipolysis. The 
role of macrophages in diabetes has been somewhat neglected; 
they are present in the pancreas in early stages of beta cell dam-
age, and both DCs and macrophages have been implicated in 
autoimmune recruitment and activation, resulting in islet inflam-
mation and beta cell destruction. Macrophages are also involved 
in the complications of diabetes resulting from hyperglycemia and 
the generation and clearance of advanced glycosylation end (AGE) 
products, via AGE receptors.

coNcluSioN124

We have compared the properties of three monocyte-derived sub-
lineages, macrophages, DCs, and osteoclasts, which express many 
genes in common, although specialization of function is also clear. 
Further studies are required to identify osteoclast progenitors in 
yolk sac, fetal liver, bone marrow, and blood, comparable to what 
has been done with DCs, to establish branch points during differ-
entiation, as well as common precursors. Comprehensive ex vivo 
and in vitro microarray, RNA sequencing, and proteomic analysis 
will help, but there are many variables of maturation, modula-
tion, and culture, as well as species, that make such comparisons 
difficult. RNA-mediated silencing of transcription factors will 
assist this analysis, in mouse and human deficiency syndromes. 
The recent application of induced pluripotent stem cell (IPS) 
technology to Gaucher disease is a stunning illustration of how 
immortal macrophages and other differentiated cell types can 
be generated from fibroblasts or monocyte-derived macrophages 
from individual patients.

Even within each sublineage, modulation within cell popula-
tions among individual cells needs to be defined, not only for a 
few selected cytokines but also for a much larger group of stimuli, 
including activation, deactivation, and regulation. In particular, 
the roles of local tissue microenvironments, perhaps due to 
stromal cell heterogeneity, as well as hormones and microbial 
constituents, need clarification.

The application of FACS and immunocytochemistry to cells in 
situ, ex vivo, and in vitro needs to be extended; suitable antibod-
ies are needed for further tissue analysis, especially in humans. 
Monocytic mononuclear cell populations may contain minor 
populations of distinct precursors and unrelated lineages. To 
deal with genetic variation among humans, it will be helpful to 
study individual subjects sequentially during different stages of 
a disease.

Disease-specific biomarkers and signatures for blood mono-
cytes, sera, or other body fluids could provide considerable diag-
nostic and prognostic value.

With regard to the role of MPs in hematology, it is important 
to remember that apart from the fact that they are themselves 
part of the hematopoietic system, these cells play a still poorly 
understood role in trophic functions for other hematopoietic and 
nonhematopoietic cells; hence the importance of considering their 
contribution to all disease processes. Improved noninvasive tests, 
and standardization of more complex assays of their function, are 
urgently required. Improved imaging methods, based on NMR 
and PET, for example, with antibodies, iron oxide tracers, and 
particles, should provide fresh insight into bone marrow, spleen, 
and lymph node function in health and disease.
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displayed on the membrane of lymphocytes known as markers. 
Two discoveries have helped in the dissemination of routine 
application of lymphocyte marker analysis in clinical medicine, 
the development of monoclonal antibodies and the invention of 
flow cytometry.

LympHocyTeS

light microscopy
Most blood lymphocytes are small (10 mm or smaller) but larger 
forms are common (Fig. 11.1A). Some of the large lymphocytes 
are known as large granular lymphocytes and contain azurophilic 
granules in their cytoplasm (Fig. 11.1B).17,18 The dimensions of the 
cells vary according to the method of preparation. In blood smears 
stained with Romanovsky dyes, the nucleus is deep purple-blue, 
usually round or slightly indented, composed of dense aggregates 
of chromatin. Nucleoli are not visible in Giemsa stained smears 
with ordinary techniques, although a nucleolus may be seen in 
wet smears and histologic sections. The cytoplasm forms a narrow 
rim in small lymphocytes, but it may be abundant in larger cells. 
The cytoplasm is moderately basophilic and usually is devoid of 
granules, but larger cells may contain several bright reddish-violet 
(azurophilic) granules that differ from the granules of myeloid cells 
because they are not positive in oxidase or peroxidase reactions. 
By phase contrast microscopy, a well-defined centrosome can be 
observed adjacent to the nucleus and because it is somewhat rigid, 
it may cause an indentation in the nucleus. Transitional forms 
between lymphocytes and plasma cells are often seen in the blood 
of patients with viral infections (Fig. 11.1C–E). These cells are 
variously known as lymphocytoid plasma cells or plasmacytoid 
lymphocytes and represent morphologic stages of differentiation 
of antigenically stimulated lymphocytes.

Flow cytometry
Flow cytometry, invented in the 1960s, has been used for diag-
nosis, staging, and evaluation of patients with hematologic malig-
nancies and has contributed to identification and characterization 

LympHocyTeS: HiSToricaL 
perSpecTive
In the early part of the 20th century, the main debate about the 
nature and function of the lymphocyte centered around its rela-
tionship to cells of the connective tissue and cells of inflammatory 
exudate. Lymphocytes were considered capable of transforming 
into granulocytes, monocytes, macrophages, fibroblasts, and 
other cells. Although Marschalko,1 Downey,2 Maximow,3 and 
Bloom4 believed that lymphocytes gave rise to plasma cells, the 
scientific evidence for these assumptions was lacking; and Rich 
(1936) suggested that “The complete ignorance of the function of 
this cell is one of the most humiliating and disgraceful gaps in all 
medical knowledge.”5 The first conclusive evidence that antibod-
ies are formed in the lymph nodes (LNs) was presented in 1935 by 
McMaster and Hudack,6 but it took another decade to prove that 
lymphoid cells in LNs were the cells that contained antibody.7,8 
This discovery tipped the balance in favor of the lymphocytic 
theory of antibody production.9

In parallel with these studies, the classic work of Fagraeus 
brought strong indirect evidence of the relationship of plasma 
cells to antibody production.10 The demonstration with immu-
nofluorescence techniques by Coons et al. of the presence of 
antibodies in plasma cells is a landmark in the long debate on 
the origin of antibodies and the function of plasma cells.11,12 
The question whether plasma cells arise from lymphocytes was 
answered later by the elegant ultrastructural studies of Harris 
et al., who by means of electron microscopy demonstrated the 
gradual change of a lymphocyte to an antibody-forming plasma 
cell.13,14,15

Lymphocytes are a heterogeneous population of cells which 
differ greatly in terms of origin, life span, preferred areas of settle-
ment within the lymphoid organs, surface structure, molecular 
markers, and function.16

Certain morphologic characteristics, such as size, granularity, 
and nucleocytoplasmic ratio, distinguish a variety of lymphocyte 
populations, but provide no clues to identification of their lin-
eage and function. A precise and quantitative method used in 
clinical laboratories is based on detection of certain glycoproteins 

A

A B

C D E

Figure 11.1. Morphologic heterogeneity of 
human peripheral blood lymphocytes. A: 
Giemsa-stained blood smears: Small and large 
lymphocytes. B: Large granular lymphocyte with 
azurophilic granules. C: Atypical lymphocyte. 
D: Lymphocytes resembling plasma cells (plas-
macytoid) from the blood of a patient with viral 
pneumonia. e: One atypical lymphocyte and one 
plasmacytoid lymphocyte from peripheral blood.
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of cell populations. With the advent of one- and two-color flow 
cytometers, two major lymphocyte lineages were identified, com-
prising the humoral arm (B cell) and the cellular arm (T cell) of 
immunity. The characterization of the cells on the basis of their 
phenotype provided a more reliable platform than morphology for 
accurate diagnosis and evaluation of residual disease. The new 
technology, using 12- to 18-color analysis of the patient’s blood 
or other body fluids, brought an unprecedented resolution, which 
identified multiple subpopulations of T cells, i.e., follicular helper 
T cells, Th-17 cells and regulatory T cells. Flow cytometry helped 
our understanding of certain functions of the immune system such 
as cell cycle analysis, immune deficiencies, the nature of leukemia/
lymphoma, and detection of apoptosis induced by various concen-
trations of gamma secretase inhibitor, N-(3,5-Difluorophenacetyl)-
1-Alanyl-Sphenylglycine T-butyl ester (DAPT), and signaling by 
Notch 1, recognized as the cell fate signaling molecule.

electron microscopy
The small lymphocyte is 6 to 9 mm in size, with a smooth bilami-
nar cytoplasmic membrane that contains only a few microvilli, 
except in the area of the uropod in motile cells (Fig. 11.2).19 
The scanty cytoplasm of small lymphocytes shows a remarkable 
absence of organelles. The Golgi apparatus is small, usually found 
near the nuclear notch, and one or two centrioles are often seen. 
No organized endoplasmic reticulum is observed, although careful 
scrutiny may reveal one or two profiles. Many ribosomes are evi-
dent, occasionally in clusters, and typical mitochondria are com-
mon, but lysosomes containing enzymes characteristic of these 
organelles are sparse. Dense bodies of unknown significance may 
also be seen occasionally. The cytoskeleton consists of occasional 
microtubules in the cytoplasm and microfilaments adjacent to the 
cell membrane. The nucleus is enveloped by a membrane consist-
ing of two layers which fuse at the site of nuclear pores, while 
abundant dense heterochromatin forms aggregates close to the 
membrane, but less often in the center of the body of the nucleus. 
These aggregates are separated by interchromatinic spaces which 
contain smaller bits of chromatin aggregates, particles resembling 

ribosomes, fibrils, and usually a nucleolus.
The medium lymphocyte is larger (6 to 8 mm) because of an 

increase in the amount of cytoplasm and a Golgi apparatus which 
is more developed than in the small lymphocyte. The cytoplasm 
contains numerous polyribosomes and a few strands of endoplas-
mic reticulum parallel to the nuclear membrane. Lymphoblasts 
are usually larger cells (8 to 12 mm) with scarce cisternae of endo-
plasmic reticulum, a nucleus with loose chromatin, and a giant 
nucleolus that has a reticulated appearance and occupies as much 
as one third of the nuclear area. Lymphocytes carry the normal 
diploid number of 44 autosomes and two sex chromosomes.

Scanning electron microscopy
By scanning electron microscopy, the human peripheral blood 
lymphocytes can be seen to be of two broad categories on the basis 
of their cell surface 20; one population has a fairly smooth surface, 
whereas the other is covered by numerous microvilli (described 
as “hairy”) (Fig. 11.3). The smooth cells correspond to thymus-
derived, or T lymphocytes, whereas the one with the microvilli is 
bone marrow–derived or B lymphocyte. The surface features of 
the lymphocyte depend on the functional state of the cells as well 
as the methods used for preparation of the cells.21 All lymphocytes 
develop villi if they are stimulated by mitogens or after crossing 
the high endothelial cells of LN venules, but recover their smooth 
surface when they reach their respective home microenvironment. 
Therefore the smooth cell surface is likely associated with resting 
lymphocytes, whereas microvilli appear following environmental 
stimuli that interact with cell-surface receptors and may help lym-
phocytes to interact with target substrates.

B cells with characteristic thin cytoplasmatic projections, i.e., 
hairy, are positive for tartrate-resistant acid phosphatase (TRAP), 
and by immunophenotyping they are shown to be positive for 
CD-103, CD-25, and CD-11c.

Malignancy of this B cell subpopulation has a typical clonal 
pattern and is known as hairy cell leukemia (HCL), an indolent B 
cell lymphoproliferative disease, characterized by splenomegaly 
and pancytopenia.22

Figure 11.2. ultrastructure of normal peripheral blood lymphocytes. A: A typical resting lymphocyte. The nucleus contains primarily heterochromatin in 
aggregates along the nuclear membrane. The nucleolus in lymphocytes is usually small. In the cytoplasm, the ribosomes are dispersed, but occasionally, a few short 
strands of rough endoplasmic reticulum are visible. The mitochondria are well developed, and the centrioles (C ), longitudinally sectioned in this illustration, show 
evidence that the cell is ready to enter mitosis on triggering. The Golgi apparatus (G ) is small (×24,000). B: This lymphocyte contains granules (arrow ) and is likely 
to correspond to the large granular lymphocyte variety. The cytoplasm is abundant and filled with ribosomes with a few strands of endoplasmic reticulum (×12,000). 
(From Zucker-Franklin D, Greaves MF, Grossi CF. Atlas of blood cells, 2nd ed. Philadelphia, PA: Lea & Febiger, 1988, with permission.)

A B
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The motile lymphocyte may extend cytoplasmic projections, 12.5 
to 200 nm wide and up to 0.8 mm in length, and moves with an 
average speed of 20 mm/minute. Its motility increases with the 
state of activation; thus lymphoblasts demonstrate greater loco-
motion compared to small lymphocytes. Locomotion is enhanced 
by stimuli inducing blast transformation, and the trailing edge of 
the mobile lymphocyte, the “uropod,” is associated not only with 
locomotion, but with a variety of interactions with lymphocytes, 
macrophages, and other cells.23 (Fig. 11.4)

The T lymphocytes adhere to macrophages, forming clusters 
or rosettes, and their mobility is regulated by their lamellipodia 
and filopodia.24 A stable cluster forms only when macrophages 
and lymphocytes are exposed to antigen and the T lymphocytes 
within the clusters are stimulated into proliferative activity. In 
general, the uropod formation is a morphologic expression of lym-
phocyte activation as measured by DNA synthesis. The locomotion 
of lymphocytes is strikingly different from that of other cells, since 
they move forward in a steady manner, maintaining a hand mir-
ror shape, whereas myeloblasts express a wriggling worm-like 
locomotion, and the cells of the monocytic series change shape 
and direction continuously. Locomotion of the lymphocytes is an 
important function regulated by the Krupel-like transcription fac-
tors which regulate other important functions, such as trafficking 
and differentiation.25 Although the uropod is characteristic of T 
lymphocytes, the B lymphocytes also form uropods after stimula-
tion with anti-immunoglobulin antibodies26 and the formation 
by surface immunoglobulin (Ig) of caps, which eventually are 
endocytosed. The uropod therefore serves not only in cell mobil-
ity but also as a site for endocytosis of foreign substances, and 
ultrastructurally contains practically all cytoplasmic organelles, 
including the Golgi apparatus, mitochondria, microfilaments, and 
microtubules. It has been shown that an important protein in T 
cell motility, known as Kidins-220, is expressed in high concen-
tration in the T cell uropod associated with intercellular adhesion 
molecule-3 (ICAM-3).27 The enzyme kinase-D, which interacts 
with Kidin-220, regulates the motility and migration of the T cell, 
essential for its response to foreign antigens.

pLaSma ceLLS
Plasma cells are the progeny of lymphocytes and morphologically 
are easily distinguished from other cell types (Fig. 11.5) by their 
spherical or ellipsoid shape and their size, which ranges from 5 
to 30 mm. The cytoplasm is abundant and basophilic, usually deep 
blue, and may have a granular character. There is a well-defined 
perinuclear clear zone that contains the Golgi apparatus. The 
nucleus is small in relation to the cell size, round or oval, eccentri-
cally placed, and contains dense masses of chromatin.

By electron microscopy, the plasma cell membrane and the 
nucleus appear to be similar to those of the lymphocyte, but 
their cytoplasm is characterized by a well-developed rough endo-
plasmic reticulum (Fig. 11.6A) that fills most of the cytoplasmic 
space, except for a clear area in the perinuclear zone which 

Figure 11.3. Heterogeneity of human lymphocytes by scanning electron microscope. A: A smooth and villous lymphocyte thought to correspond to that 
of T and B lymphocytes, respectively. The appearance of the lymphocytes, however, depends on the method of preparation; both lymphocytes are smooth when they 
rest in their microenvironments (×14,500). B: Two villous cells in a preparation depleted of T cells (×14,500). (From Zucker-Franclin D, Greaves MF, Grossi CF. Atlas 
of blood cells, 2nd ed. Philadelphia, PA: Lea and Feibiger 1988, with permission).

A B

Figure 11.4. Lymphocyte locomotion. The lymphocyte assumes the characteristic hand-
mirror configuration. The nucleus occupies the front, and part of the cytoplasm forms a tail or 
uropod (Ur ), which displays an elaborate pattern of microspikes (Ms). A small pseudopod (Ps ) on 
the side contains only ribosomes. (From Rosenstreich DI, Shevach E, Green I, et al. The uropod-
bearing lymphocyte of the guinea pig. Evidence for thymic origin. J Exp Med 1972;135:1037, 
with permission.)
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contains the Golgi apparatus. The endoplasmic reticulum con-
sists of lamellae arranged in a variety of patterns but usually as 
parallel convolutions. Their inner surfaces are smooth and form 
the walls of spaces (cisternae) that are filled with amorphous 
products of varying density. The outer aspects of the lamellae are 
rough because of attached ribosomes, and a few mitochondria 
may be seen.

The morphology of plasma cells shown by electron micros-
copy as described above is the most typical, but intermediate 
forms exist which resemble small lymphocytes,14 with a scant 
amount of cytoplasm and an unusually well-developed rough 
endoplasmic reticulum (Fig. 11.6B). Such intermediate cells 
(Fig. 11.1C–E) are common in the blood of patients with plasma 
cell dyscrasias or immunologic diseases characterized by hyper-
gammaglobulinemia. Similar cells have been observed in the 
blood of patients with viral infections (Turk cells),19 including 
infectious mononucleosis, as well as in the blood of apparently 
healthy individuals. Alternatively, immature plasma cells may 
have an appearance more akin to that of phytohemagglutinin 
(PHA)-transformed lymphocytes, with large and leptochromatic 
nuclei and cytoplasm containing a simple endoplasmic reticulum, 
but many ribosomes and polyribosomes, demonstrating that it 
is often difficult to draw sharp cytologic dividing lines. Other 

plasma cells may contain vacuoles or needle-type inclusions in 
the cytoplasm (Fig. 11.5C).

primary LympHoid orgaNS
The cells of the immune system originate in the primary lymphoid 
organs, which in humans are the bone marrow and the thymus, 
and during their life span settle in the secondary lymphoid 
organs, i.e., spleen, LNs, and Peyer patches (PPs) of the gut and 
the Waldeyer ring (tonsils and adenoids). This division provides 
the anatomic basis for the two fundamental stages of lymphocyte 
differentiation, i.e., the antigen-independent stage in primary lym-
phoid organs and the antigen-dependent stage in the secondary.

The primary lymphoid organs develop first in ontogeny, while 
the secondary organs provide the proper microenvironment for 
antigen-dependent differentiation of lymphocytes from immature 
precursors. Immunocompetent lymphocytes are released from 
the primary organs and home to specific areas of the secondary 
lymphoid organs.

The secondary lymphoid organs provide an optimal microenvi-
ronment for attracting antigen-specific lymphocytes directing the 
terminal stages of lymphocyte differentiation activated by antigens.

Figure 11.5. Plasma cells. A: Normal plasma cell. B: Plasmacytes with 
vacuoles from the bone marrow of a patient with infection and arthritis.  
C: Needle type of inclusions in plasma cell. (C used with  permission of the 
American Society of Hematology Slide Bank, 3rd ed., 1990.)

Figure 11.6. electron micrographs of a plasma cell and an intermediate form. A: Typical plasma cell has cytoplasm filled with endoplasmic reticulum 
(×6,000). B: A lymphocytoid plasma cell with scant amounts of cytoplasm filled with endoplasmic reticulum and a few mitochondria (m ) (×9,900). N, nucleus. 
(From Maldonado JE, Kyle RA, Brown AL, et al. “Intermediate” cell types and mixed cell proliferation in multiple myeloma: electron microscopic observations. Blood 
1966;27:212–226, with permission.)
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Bone marrow
A detailed account of the histologic features and function of bone 
marrow is given in Chapter 5. Here we concentrate on the contri-
bution of bone marrow in lymphopoiesis as a “primary lymphoid 
organ.” The bone marrow occupies the medullary cavities of bones 
throughout the skeleton. It is the major hematopoietic organ in 
humans and supports differentiation of all blood cells,28 although 
in some cases this differentiation is not always complete. T lym-
phocytes and monocytes, for example, reach their final stages of 
maturation in locations outside the bone marrow.

The bone marrow is divided into an extravascular compart-
ment, which is the site of hematopoiesis, and a vascular compart-
ment, composed of wide venous blood vessels known as sinuses. 
These vessels receive blood from the nutrient artery and the peri-
osteal capillary network. The sinuses are radially disposed in the 
bone marrow and eventually open into larger, centrally located 
sinuses that exit through the same foramina used by the nutrient 
arteries. The walls of the venous sinuses consist of an endothelial 
layer, a basement membrane, and the adventitia. The endothelial 
cells are flat, with tapering ends, and contain the usual organelles 
and therefore are endowed with endocytic activity.

The adventitial cells have broad sheet-like processes that 
form a reticulum, the interstices of which are occupied by the 
hematopoietic cells. Under certain circumstances, the adventitial 
cells become swollen because of an increased fat content, and 
the gross appearance of the marrow turns from red to yellow. In 
conditions of increased demand on the hematopoietic process, the 
fatty adventitial cells decrease in size, allowing an expansion of 
the hematopoietic compartment. The adventitial cells are related 
to the reticular cells found in the splenic cords and are therefore 
called adventitial reticular cells.

The hematopoietic compartment displays specific cellular 
arrangements of hematopoietic cells. Megakaryocytes lie close to 
the adventitial cells and deliver platelets directly into the sinuses 
through apertures in the sinus walls. Erythrocytes are produced 
near the sinuses, forming erythroblastic islets, while granulocyto-
poiesis takes place at a distance from the sinus wall in a diffuse 
pattern or sometimes in distinct clusters or sheets.

Available evidence obtained through labeling techniques sug-
gests that new lymphocytes are formed at the periphery of the 
bone marrow and move toward the center in a centripetal fashion.

The lymphocyte progenitors are enriched with a prolympho-
cyte population which contains progenitors for B cells and natural 
killer (NK) cells, which are CD122+ and under defined culture 
conditions can mature toward B or NK lineage. The B cells are 
generated from hematopoietic stem cells (HSCs), which migrate 
from the subendosteal region toward the center of the cavity.

These stem cells differentiate toward several cell lines as a 
result of signals received from bone marrow–adherent cells that 
create microenvironments known as niches that support hemato-
poiesis. The bone marrow stromal cells can be identified by their 
phenotype, i.e., CD105, CD90, CD184, and class MHC II.29 HSCs 
interact with the osteoblasts of the bone, which may contribute 
to the creation of the hematopoietic niche30 and support the 
development of hematopoietic colonies as a result of secretion of 
a variety of cytokines.31

The development of an in vitro culture system32 facilitated the 
identification of the growth and differentiation factors necessary 
for B cell lymphopoiesis, while animal studies defined five stages 
of B cell differentiation downstream from the common lymphocyte 
progenitor (CLP) cell: (a) pre-pro–B cell, (b) pro-B cell, (c) pre-B 
cell, (d) immature B cell and (e) mature B cell. The CLP is the 
first cell which is irreversibly committed to B or T cell differentia-
tion, but the terminal stages of B cell differentiation, within bone 
marrow niches, require the availability of certain growth and 
differentiation factors such as Ikaros,33 which acts as a factor of 
lineage competency and facilitates both myeloid and lymphoid 
development programs.34

Immediately after commitment to the B lineage, precursors 
become dependent on SDF1 chemokine and its receptor CXCR4, 
as shown with the earliest identifiable B cell precursor popula-
tions in the bone marrow, where their development in CXCL12 
(SDF1)−/−, but not in IL7−/−, embryos is severely disrupted.35

The SDF-1 and its receptor are the first example of a chemo-
kine and its receptor responsible for specific biologic activities 
of the B cell precursors in the earliest B lineage stages.35 Other 
important molecules for the function of B cells are the early B cell 
factor (EBF) and the FLT3 ligand, essential at the pre-pro–B and 
pro-B stages and the chemokine ligand CXCL12 (known as stro-
mal cell–derived factor-1, SDF1).36

The B cell growth after pro-B cell is regulated by interleukin-7 
(IL7) (which is essential for the development of B cells.37 The 
chemokine CXCL12, which binds to its receptor CXCR4 of stromal 
cell, guides and retains B cells to appropriate secondary lymphoid 
organs.38 Newly synthesized lymphocytes are discharged into the 
circulation and have been found singly or in small groups near 
the sinusoidal walls. Some of them are in transit through the wall 
of the sinus, which suggests that B lymphocytes are not stored in 
the bone marrow except for brief periods of time before they are 
released into the circulation. Histologically, no lymphoid follicles 
are distinguishable in normal bone marrow, which resembles the 
red pulp of the spleen with vascular sinuses and reticular mesh-
work formed by the adventitial cells or the cordal reticular cells, 
respectively. The bone marrow circulation, however, is closed 
while the circulation of the red pulp is partially open, and there 
is no endothelial continuity between the arteries and the veins.

thymus

Ontogeny and Histology
The thymus is a lymphoepithelial organ situated in the superior 
mediastinum39,40 which consists of two lobes that are divided 
into lobules forming the basic anatomic units of the thymus. 
The thymus is covered by a fibrous capsule from which fibrous 
bands (trabeculae) penetrate the parenchyma, dividing it into 
lobules. Histologically, the lobules have two distinct regions 
(Fig. 11.7), (1) a peripheral region named the cortex which is 
divided into the outermost or subcapsular cortex, and the inner 
or deep cortex, and (2) a central region named the medulla. In 
hematoxylin-eosin–stained sections, the cortex appears dark blue 
to purple because of the predominance of lymphocytes (80% to 
85%), whereas the medulla appears eosinophilic because of the 
predominance of the epithelial cells. These anatomic divisions 
correspond to functionally distinct microenvironments that sup-
port specific phases of thymocyte differentiation. The subcapsular 
or superficial cortex contains large, actively dividing blasts with 
many mitotic figures, while the deep cortex is composed princi-
pally of nondividing small thymocytes.

The medulla contains predominantly medium-sized thymo-
cytes. The relationships between the thymocytes in each compart-
ment and the mechanisms underlying thymocyte differentiation 
are discussed in detail in Chapter 13.

The embryologic origin of the thymus has been under dispute 
for more than 30 years41. According to one view, the thymic pri-
mordium arises from the third pharyngeal pouch (endoderm) as 
well as the pharyngeal crest (ectoderm) 42; while another study 
supported exclusively an endodermal origin,43 which alone con-
tributes to the formation of the thymus.44

The pharyngeal pouches are transient embryonic structures 
and their formation requires the paired box gene 1 (PAX 1) and 
9 (PAX 9) as well as the fibroblastic growth factor-8 (FGF8). They 
develop in an anterior to posterior sequence and are separated 
from each other by pharyngeal arches. Each endodermal primor-
dium contains precursors for one thymic lobe and one parathy-
roid gland. It is surrounded by a capsule of mesenchymal cells 
derived from cells of the neural crest, which supports the growth 
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and development of the primordium, and under their guidance it 
separates into a thymus and pharynx.

The development of the thymus proceeds through several 
stages: (a) positioning, i.e., determination of the place where 
the organ rudiment will develop; (b) growth and patterning, i.e., 
generation of distinct regions in the growing rudiment; and (c) 
differentiation, i.e., separation of distinct cell types that have been 
developed. The function of the homeobox A3 (HOXA3) is neces-
sary to identify the third pouch, which forms the thymus and may 
control the position of the mitral rudiment.44 Mice lacking Hoxa3 
are athymic and have no parathyroids, since the third pouch 
endoderm cannot differentiate appropriately. The expression of 
PAX1 in all pharyngeal pouches requires two other genes such as 
the eyes absent gene (EYA1) and the sine oculus-related homeo-
box1 homologue (SIX1).45 Functional evidence that the endoderm 
alone forms a fully functional thymus was obtained through ecto-
pic transplantation of isolated endoderm tissue grafted under the 
kidney capsule.46 Normally, the structures of the original tubular 
epithelium, one on each side, descend into the anterior superior 
mediastinum where they fuse, forming the mature organ with two 
lobes. At this stage, the thymus is triangular, with the base resting 
on the pericardium and the apex pointing toward the neck.

Once the anlage is formed, the function of the WHN (winged 
helix nude; now known as FOXN1) gene is required for the com-
pletion of thymic structure and function.47,48 The nude locus gene 
encodes the FOXN1 transcription factor, of the forked/winged/
helix family. It contains a DNA-binding domain and a strongly 
acidic transcriptional activation domain, which is functionally 
indispensable. Mutations affect the DNA-binding domain or the 
C-terminal transcriptional activation domain and are associated 
with athymia and hairlessness because the gene regulates the 
keratinization of hair.

The neural crest contributes to the formation of several glands, 
including the perivascular mesenchyme of the thymus.49 The 
neural crest cells migrate into the thymus early in development, 
surrounding the epithelial rudiments and are closely associated 
with the developing thymocytes. They form the connective tissue 
capsule and trabecular septa that penetrate the parenchyma, 
dividing it into lobules, and likely provide extracellular matrix into 
the cortex and medulla, such as hyaluronan, collagen, and fibro-
nectin, which may be important for the presentation of growth 
factors to the thymocytes. Hyaluronan is the ligand of CD44, and 
their interactions are important in the early stages of human thy-
mus development.50 The undifferentiated epithelial cells are large, 
with dispersed chromatin, short, blunt  cytoplasmic  processes, 

and sparse tonofilaments. As the cell matures, the amount of 
cytoplasm decreases and long dendritic processes form, which 
permit tight junctions between adjacent cells and the forma-
tion of the epithelial framework, within the interstices of which 
T-lymphocyte differentiation takes place.

Migrating lymphoid progenitors initiate a symbiotic relation-
ship with the epithelial cells and contribute to the organization 
of the thymic microenvironments. Whereas prothymocytes (i.e., 
immature T cells) regulate induction of the cortical microenvi-
ronment,51 the mature thymocytes, i.e., T cell receptors (TCR)+ 
organize thymic medullary epithelial cells.52 E-cadherin plays 
an important role at this stage because it mediates interactions 
that shape the cortical and medullary thymic microenvironments 
which are architecturally distinct.53

Heterotypic interactions important for thymocyte proliferation 
occur between epithelial cells, which express the E-cadherin, and 
the double-negative T lymphocytes, which express the ligand of 
E-cadherin, i.e., CD103 or aEb7 integrin.54

The thymic anlage is permeated by blood vessels, which also 
contribute to a well-organized medullary epithelial compart-
ment, even in the absence of CD3+ mature thymocytes (i.e., in 
Rag2–/–mice). Medullary epithelial cells arranged as cuffs around 
vessels of intermediate size affect the development of the thymic 
microenvironment.55

Addition of keratinocyte growth factor, a member of the 
fibroblast growth factor family secreted from mesenchymal cells, 
results in the expansion of the medullary epithelial compartment 
in the Rag2–/–mice.56 These data emphasize the fact that the 
growth and maintenance of a functional thymic microenviron-
ment is a highly complex process and is maintained by stimuli 
from all structural components. The RELB gene encodes a subunit 
of the nuclear factor-kB complex, critical for the coordination of 
several aspects in the development and organization of medullary 
epithelial cells and dendritic cells.

Overexpression of CD40L on thymocytes disrupts the thymic 
architecture and the epithelial differentiation, with loss of corti-
cal epithelial cells, expansion of the medullary compartment, and 
infiltration of the capsule with a mixture of CD3+ cells, B cells, 
and macrophages.57 These findings point out that regulation of 
normal development of the thymus is a highly complex process, 
delicately regulated by multiple cellular interactions and soluble 
factors released as a result of these interactions.

The medullary epithelium expresses several molecules, con-
sidered tissue specific such as parathyroid hormone, thyroglobu-
lin, insulin, and respiratory epithelium. This may represent a 
“promiscuous” gene expression or a “mosaic” of epithelial dif-
ferentiation,58 which may be the basis for the establishment of 
self-tolerance. This view is supported by the demonstration that 
the AIRE gene, which is defective in autoimmune polyendocrinop-
athy candidiasis ectodermal dystrophy (APECED), is expressed by 
medullary thymic epithelial cells (TECs).59

AIRE (auto immune regulator) is a DNA-binding nuclear pro-
tein with a putative DNA-binding domain named SAND (Sp100, 
Aire-1, NucP41/75, DEAF-1) and four LXXLL nuclear receptor–
binding motifs. The structure of AIRE suggests that its function is 
that of a transcription regulator60,61 which interacts with CREB-
binding protein (CBP), a property that mediates its transcriptional 
regulation property.62 It also contains a proline-rich region, 
known to be expressed by several transcription factors which 
mediate interactions with SH3 domains.

The LXXLL motif binds coactivators to nuclear receptors and 
activates transcription of target genes by nuclear receptors. AIRE 
plays a vital role in preventing autoimmunity; and mutations 
in this molecule cause a recessive inherited disease known as 
APECED or autoimmune polyendocrinopathy syndrome type-1 
(APS-1). APECED at the beginning is presented as mucocutaneous 
candidiasis early in childhood with eventual destruction of endo-
crine organs and the appearance of Addison disease, hypopara-
thyroidism, and type I diabetes.63 AIRE is expressed in medullary 

Figure 11.7. Histology of thymus shows lobules (L) consisting of cortex (C) and 
medulla (M). H, Hassall corpuscles; S, septa (trabeculae).
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epithelial cells, testes, and cells of dendritic lineage.64 It has been 
suggested that AIRE may induce transcription of genes specific 
to other tissues that are promiscuously expressed in the TECs.65

It promotes the expression by TECs of self antigens from other 
tissues facilitating the removal of thymocytes with self-reactive 
T cell receptors.66,67

Recently, a second thymus has been identified in the neck 
of mice with typical cortical and medullary structures.68 The 
cervical thymus is structurally the same as the thoracic thymus, 
consisting of cortex and medulla and containing double-positive 
(CD4+/CD8+) and single-positive (CD4+/CD8– and CD4–/CD8+) 
thymocytes expressing TCR/CD3 complexes. The cervical thy-
mus is fully functional, because it could supply T cells to athymic 
(nude) mice, correcting their immune deficiency.

This unexpected discovery poses a number of questions for 
experimental work done with thymectomized animals over the 
past 45 years.69 Perhaps the cervical thymus is too small to be rel-
evant and its cellularity is only 1/500th of the thoracic thymus.70

Work done with thymectomized animals suggest that the 
role of the thymus in autoimmune disease may have to be 
reconsidered.71

nonlymphoid cells

Thymic Epithelial Cells
The thymic rudiment is populated by epithelial cells which are 
distinguished anatomically as cortical and medullary. Lack of 
Hoxa3 has an impact on the early phases of thymic organogenesis 
from the third pharyngeal pouch.72 Foxn1 is expressed in epi-
thelial progenitors of cortical and medullary compartments and 
regulates the differentiation of TECs during embryonic and adult 
life. In Pax9 null mice, the thymic anlage develops as an ectopic 
polyp-like structure, and expression of the Foxn1, a marker of 
thymic epithelium, is markedly reduced. Expression, however, of 
the Tcrb genes is readily detectable in the mutant thymus, but the 
TCR gamma chain is not detectable.73 The forkhead transcription 
factor Foxn1 is indispensable for TEC development and function, 
acting as a master regulator of the epithelial programs of the 
thymus.74

Overexpression of Foxn1 attenuates the decline of thymocyte 
numbers and frequency of early thymic progenitors, and histo-
logic studies reveal that structural alterations associated with thy-
mic involution are diminished in aged Foxn1 transgenic mice.75

Deletion of Pax1 results in thymic hypoplasia as a result of 
defective organogenesis of the thymus, while Pax9 causes marked 
thymic hypoplasia because of defective cellular migration to 
thymic rudiments. In Pax9 null mice the thymic anlage develops 
as an ectopic polyp-like structure in the larynx, expresses Whn/
Foxn1, the markers of thymic epithelium, but fails to perform the 
normal caudo-ventral movement to the upper mediastinum, and 
the TCR-g chain is not detectable.73 Loss of Foxn1 function, on 
the other hand, results in a more complex phenotype known col-
lectively as the “nude” mouse.

The “nude” mouse has been an important “experiment” of 
nature that has provided important insights of the function of the 
thymus.

Abnormal thymic development is associated with defective 
keratinization, as seen in the nude mouse,76 and although the 
early stages of development proceed normally, including normal 
mediastinal migration, the subsequent rudiment of the thymus 
does not develop as a result of failure of its colonization by lym-
phoid progenitors.77

It is generally accepted that organogenesis of the thymus is 
completed in two distinct steps. During the first stage, endo-
dermal elements of the third pharyngeal pouch migrate to the 
mediastinum and form the thymic rudiment. In the second stage 
the Foxn1 transcription factor drives differentiation of multipo-
tential  progenitors to the thymic cell lineage. In the absence of 

Foxn1 function, the cells of the rudiment resemble respiratory 
epithelium in their phenotype and organizational features.74 As 
shown in nude mice, T cell development and selection require 
expression of the forkhead transcription factor Foxn1 regulated 
by Wnt glycoproteins secreted by epithelial cells and thymocytes. 
In the absence of their function, epithelial cell morphogenesis is 
defective and lymphoid precursors are not attracted to the thymic 
primordium. The Wnt molecules therefore provide regulatory 
signals critical for thymic function.78

The glycoproteins Wnt bind to glycosaminoglycans of the 
extracellular matrix, cell-surface receptors of the Frizzled (Fz) 
family, and members of receptors related to low density-lipo-
protein receptors. Through regulation of Foxn1 function the Wnt 
proteins contribute importantly in the development of TECs.

The epithelial cells in the cortex and medulla have a common 
progenitor as shown by clonal analysis,79 and these progenitors 
still exist in the thymus after birth.80

Ultrastructurally, the epithelial cells are highly heterogeneous, 
probably reflecting their divergent origins (see Chapter 13). In 
the past, the epithelial cells have been referred to by a variety of 
designations, such as reticular, syncytial, epithelioid, and squa-
moid (Fig. 11.8). The characteristic features that distinguish them 
from other cells in the thymic parenchyma are the presence of 
tonofilaments and desmosomes. The tonofilaments are filamen-
tous structures approximately 3.0 nm in diameter and 0.1 to 3.0 
mm in length which often form bundles and are located close to 
the nucleus. Desmosomes are detected at the junctions of the 
dendritic processes of adjacent epithelial cells. Their oval nuclei 
have evenly distributed chromatin and prominent nucleoli. The 
epithelial cells joined by desmosomes form a continuous mesh-
work that surrounds the trabeculae, the blood vessels and the 
inner surface of the capsule. Between the epithelial sheath and the 
supporting scaffolding of the trabeculae and blood vessels there 
forms a kind of a continuous basement membrane or meshwork, 
which is distinct from the basement membrane of the capillaries 
and separates the epithelial meshwork from the cavernous spaces 
filled with thymocytes.

The cortical epithelial cells do not have secretory granules and 
probably do not participate in the secretion of thymic hormones. 
Such interactions are regulated by products of genes of the major 
histocompatibility complex. Indeed, the presence on epithelial 
cells of class I and II molecules in mice and humans has been 
demonstrated.

The distribution of class II antigens is typically dendritic in the 
cortex, but is confluent in the medulla. MHC II levels, as well as 
the percentages and cycling status of TEC populations expressing 
MHC II, were not static during postnatal development,  suggesting 

Figure 11.8. ultrastructure of the thymus. An epithelial dendritic cell at center (E  ) extends 
long cytoplasmic processes (arrows). Note the intimate contact between the epithelial cell and 
the surrounding thymocytes (×4,400). (From Bloodworth JMB Jr, Hiratsuka H, Hickey RC, Wu 
J. Ultrastructure of the human thymus, thymic tumors, and myasthenia gravis. Pathol Annu 
1975;10:329, with permission.)
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quantitative flexibility in presenting signals to the developing 
thymocytes.81

The class II antigens are of higher density than the class I 
antigens in cortical epithelial cells, but they are of the same high 
density in the medullary epithelium. Using immunohistochemical 
techniques and electron microscopy, investigators have shown 
that these molecules are of epithelial origin because they are 
located on cells containing desmosomes and tonofilaments.

The thymocyte–epithelial cell interaction in the outer cortex 
results in the formation of lymphoepithelial complexes known as 
nurse cells (TNC) (Fig. 11.9). TNCs are located within the cortico-
medullary junction to express cytokeratins five and eight (K5 and 
K8) and the transcription factor Trp-63. The phenotype suggests 
that the TNCs play an important role in thymocyte selection and 
may also be involved in the maintenance of thymic epithelia.82 
They are composed of large clusters of lymphocytes surrounded 
by cell membrane and appear to reside within the cell body of 
an epithelial cell. Their significance in T cell differentiation is 
discussed in Chapter 13.

The epithelial cells of the medulla do not have long dendritic 
processes and are known as epithelioid or spatulate epithelial 
cells. They are more pleomorphic and contain dark granular 
inclusions that may have secretory functions. Another variety 
of epithelial cells, known as squamoid, is found exclusively in 
the medulla. These cells probably give rise to Hassall corpuscles 
and contain dense bundles of tonofilaments and masses of 
 keratohyalin.

The Hassall corpuscles, first described more than 150 years 
ago,83 are solid or cystic, and their origin is highly disputed. 
Hammar suggested that Hassall corpuscles arise as solid struc-
tures through the tight apposition of as many as 20 to 50 epi-
thelial cells in a concentric fashion, but degenerative changes in 
the centrally located cells produce the cystic forms. The cavity 
of the cystic forms of these corpuscles is lined by epithelial cells 

with  villous projections, and sometimes it is filled with debris 
and degenerated cells. In some solid corpuscles, keratinization is 
prominent and is similar to that of the skin.

Monoclonal antibodies specific for high-molecular-weight ker-
atins that react with terminally differentiated epithelial cells of 
the skin also bind to Hassall corpuscles.39,84 Epithelial cells of 
the deep cortex are phenotypically different from those in the 
medulla, which undergo terminal keratinocyte differentiation. 
Hassall corpuscles are not the epithelial cell graveyard as previ-
ously thought, but contribute actively to important immunoregula-
tory functions. They secrete thymic stromal lymphopoietin (TSLP), 
which regulates CD4+ T cell homeostasis through activation of 
thymic dendritic cells (TDCs) (see below) and induces prolifera-
tion and differentiation of CD4+/CD25+/Foxp3+ regulatory T cells 
from CD4+/CD25– thymocytes.85

macrophages
Macrophages are found throughout the thymus: among thy-
mocytes, in capsular and septal connective tissues, and in the 
perivascular space. Some macrophages are surrounded by thy-
mocytes and form rosette-like structures. Thymic macrophages 
direct thymocyte maturation, but appear to be involved also 
in the disposal of many thymocytes dying within the thymus. 
Macrophages are more prominent in involuted thymuses after 
stress or steroid hormone treatment, rendering the histologic 
picture of a starry sky.

Lymphocyte phagocytosis is found in the germinal center (GC), 
a site that also is characterized by high proliferative activity.

interdigitating Dendritic cells
A third population of nonlymphoid cells in the corticomedullary 
junction is known as interdigitating dendritic cells or thymic den-
dritic cells (TDCs). They contain an irregularly shaped nucleus and 
clear cytoplasm, but they lack the Birbeck granules characteristic 
of Langerhans cells (LCs) and their phenotype and origin appar-
ently varies.

Specialized dendritic cells (DCs) within the thymus are crucial 
for deletion of autoreactive T cells. The question of whether these 
cells arise from intrathymic precursors with T cell potential has 
been hotly debated, and the regulatory pathways as well as the 
signals that direct their development remain unclear.86 Some 
are CD8a+-derived from a common precursor with T cells and 
therefore are lymphoid-related and the granulocyte-macrophage 
colony-stimulating factor is not required for their development 
(in contrast to the myeloid DCs), and they need functional Ikaros 
transcription factors for their maturation.87 In humans, pluripo-
tent stem cells, which leave the bone marrow to migrate to the 
thymus, have the potential to develop into T cells and DCs.88 The 
question whether these cells arise from intrathymic precursors 
with T cell potential has been hotly debated, and the regula-
tory pathways and signals that direct their development remain 
unclear.89

Other thymic DCs express the CD116/CD8 phenotype (i.e., the 
Langerhans cells in other tissues) and originate from DC precur-
sors.90 Their differentiation is driven by factors produced by TECs 
as well as Hassall corpuscles.91 Another pathway of TDC differ-
entiation is from double-negative thymocytes (i.e., CD4–/CD8–) 
stimulated, in the presence of IL7, by IL18 produced by TECs.92

Thymic stromal cells produce the IL7-like lymphopoietin, 
TSLP, that acts through appropriate receptors on dendritic cells 
carrying self-peptide–MHC complexes inducing expansion of 
CD4+ T cells. TSLP is also produced by epithelial cells in tonsillar 
crypts and other mucosal tissues, and thus may exert a homeo-
static mechanism on CD4+ T cells, through dendritic cell activa-
tion not only within the thymus, but in other mucosal lymphoid 
tissues as well.

Figure 11.9. A typical large nurse cell containing many thymocytes (L) and two 
 epithelial nuclei (N). Between the internalized thymocytes are cytoplasmic vesicles and tono-
filaments. Some nurse cells contain thymocytes in mitosis. (From Wekerle H, Ketelsen UP, Ernst 
M. Thymic nurse cells. Lymphoepithelial cell complexes in murine thymuses: morphologic and 
serologic characterization. J Exp Med 1980;151:925, with permission.)
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myoid cells
Myoid cells are striated muscle cells seen in many lower verte-
brates and are found in the medulla of the thymus. Their origin 
has not been documented but it is believed to originate from 
mesenchymal or epithelial cells to which they are attached by 
desmosomes.

They contain muscle proteins, including myosin, desmin, ace-
tylcholine receptors, and numerous intracytoplasmic filaments 
arranged in haphazard fashion.

Their presence in human fetal thymuses has been documented 
and plays a role in T cell differentiation, maturation, and protec-
tion of thymocytes from apoptosis.93

lymphoid cells
Lymphoid cells constitute 80% to 85% of the cortical and 15% 
of the medullary cells. The outer cortex lymphocytes are large 
blast cells with dark blue cytoplasm that proliferate actively. 
They are the immediate descendants of bone marrow–derived 
prothymocytes, which enter the thymus and migrate to the 
subcapsular cortex. As they mature, they move into the deeper 
cortex, which is occupied by small nondividing thymocytes. 
The medullary thymocytes are of medium size and are con-
sidered emigrant cells, although this fact has not been proven 
conclusively. The recruitment, migration, and differentiation 
of lymphocytes and the relationship between subcapsular, 
deep cortical, and medullary thymocytes are discussed in 
Chapter 13.

thymic Vasculature
The thymic anlage initially is avascular and is penetrated by ves-
sels at approximately 12 to 14 weeks of gestation. The thymic 
arteries are branches of the inferior thyroid, internal mammary, 
and pericardial phrenic arteries; they enter the thymus and pass 
down to the medulla, branching into arterioles which penetrate 
into the deep cortex.

Capillaries that arise from the arterioles run toward the 
subcapsular cortex, where they anastomose and turn inward 
toward the medulla, eventually forming venules.94 The vessels 
are ensheathed with epithelial cells and connective tissue that is 
continuous with the capsule.

Histologically, a number of layers can be distinguished from 
the lumen of the blood vessels outward which constitute the 
blood-thymus barrier: (a) endothelium; (b) vascular basement 
membrane; (c) mesenchymal perivascular connective tissue 
space occupied by collagen fibers; (d) fibroblasts, macrophages, 
and other cells; (e) epithelial basement membrane; and (f) epi-
thelial cell syncytium. The mesenchymal interstitial space is 
probably formed in the early stages of development when the 
TECs envelop the blood vessels; it is considered extraparenchy-
mal. The tightness of the barrier has been tested with particu-
late and protein tracers. It is tight in the cortex, mainly because 
of the impermeability of the endothelial junctions. Traces of 
protein transported by plasmalemmal vesicles of the endothelial 
cells which are released on the parenchymal front are removed 
rapidly by macrophages along the interstitial spaces of the ves-
sels and are prevented from coming into contact with the thy-
mocytes. This barrier, however, is incomplete in the medulla, 
especially along the site of thymocyte migration through the 
wall of venules.95 The fact that antigens are detected in the 
thymus indicates that the “barrier” has leaks, although experi-
mental tracers have never reached the cortical parenchyma. 
This arrangement of the vasculature and the epithelial sheaths 
separates the thymus into the intraparenchymal compartment, 
composed of the lymphoepithelial complex and the extraparen-
chymal compartment composed of the blood vessels and the 
surrounding interstitial space.

involution
Beginning at puberty, the thymus undergoes a gradual process of 
involution, characterized by loss of the cortical lymphocytes and 
atrophy of epithelial cells and their replacement by fat originat-
ing from mesenchymal cells present in the connective tissues 
along the vasculature and capsule. More than 50% of the thymus 
is replaced by adipose tissue by the age of 40 to 45 years, but 
the fat is still contained in the extraparenchymal compartment, 
separated from the remaining lymphoepithelial complex by the 
epithelial basement membrane and the sheet of epithelial cells. 
The age-related involution may be influenced by stress and other 
factors.

Thymic involution starting at puberty has been associated with 
use of sex hormones. This hypothesis, however, has been chal-
lenged, since morphometric studies have shown that thymic invo-
lution actually starts early in life,96 as the potential of intrathymic 
progenitors to maintain the level of mature thymocytes starts to 
decrease at that time.97

With a rise of sex hormone concentration there is a decline 
in the production of growth hormone and many of its effects 
in the periphery are mediated by insulin growth factor-I induc-
tion.98 A slow rate of thymic activity is maintained throughout life 
with complete but slow renewal of T cells,99 but the changes of 
the thymic tissue are quantitative rather than qualitative. At the 
molecular level thymic involution is linked with the expression of 
JAGGED-1 protein in T cells100 together with Delta protein. The 
gene of this protein is a member of the Delta/Serrate/Lag2 (DSL) 
genes which regulate Notch signaling implicated in regulation of 
T cell activation and differentiation. Expression of JAGGED-1 on 
T cells interferes with Notch signaling and induces premature 
involution as a result of apoptosis of TECs. In contrast to chronic 
involution which is a result of aging, the thymus undergoes acute 
involution as a result of stress, which is mediated by adrenal 
corticosteroids. Injections of glucocorticoids eliminate as much 
as 75% of the thymocytes within 2 to 3 days, affecting both the 
cortex and the medulla, but the effects are more pronounced in 
the cortex. Most of the cortical thymocytes are cortisone sensitive, 
whereas the medullary thymocytes are cortisone resistant. As a 
result of acute stress the lymphocytes undergo pyknotic changes, 
fragmentation of the nuclei, and eventually a decrease in size; 
subsequently they are phagocytosed by macrophages.

Recovery takes place within 8 to 10 days and is marked by an 
early increase in mitotic activity in the subcapsular cortex.

pathology of human thymus

Myasthenia Gravis
In some of the patients with myasthenia gravis, the thymus shows 
an increase in the number of medullary epithelial cells containing 
thymic hormones and development of follicles with GCs com-
posed of B cells and many plasma cells,101 i.e., histologic changes 
which are typical of reactive peripheral lymphoid organs. These 
follicles are located outside the epithelial basement membrane, 
predominantly in the medulla, and are surrounded by many 
Hassall corpuscles; but the cause of these histopathologic lesions 
is unknown. Antibodies against the acetylcholine receptor, in the 
neuromuscular junction, play an important role in the pathogen-
esis of myasthenia gravis; and it is intriguing that this receptor, 
or a structurally similar antigen, has been detected on thymic 
cells.102 Patients with myasthenia gravis have circulating anti-
bodiesreacting in culture with the striations of myoid cells from 
animal and human thymuses, as well as muscle cells express-
ing acetylcholine receptors.103 These are the “myasthenogenic” 
factors in the blood of the patients, which in mice induce many 
characteristic features of the disease, i.e., reduced amplitudes of 
the miniature endplate potentials and a reduction of the number 
of acetylcholine receptors available for binding of bungarotoxin 
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up to 38% to 54%. Approximately 10% to 15% of patients with 
myasthenia gravis have thymomas, but these histologic changes 
are not characteristic of myasthenia gravis, since they have been 
observed in patients with other diseases such as endocrinopa-
thies, i.e., Addison disease and thyrotoxicosis; and autoimmune 
diseases, such as systemic lupus erythematosus.

Similar lesions have been identified in thymuses from patients 
with multiple sclerosis, supporting a well-documented fact that 
the thymus and the brain share some antigens such as the Thy-1 
antigen (CD90).

Dysplasia. The thymus of patients with severe combined 
immunodeficiency disease is characterized by scant lymphocytes 
with reduced numbers of epithelial cells.

Thymomas. Tumors of the thymus are epithelial, lymphocytic, 
or consist of a mixture of both cellular elements; while others are 
mixtures of ductal and glandular structures mixed with epithelial 
cells. These cases are thought to imitate the early ontogenetic 
stages of the thymic anlage and support the view of the double 
origin of the thymic epithelium. Thymic lymphomas that appear 
as mediastinal masses are associated with acute T cell leukemia 
in children who bear the phenotype of cortical thymocytes in 
the early stages of their development. The diagnosis of primary 
thymic epithelial tumors has been controversial, because of the 
difficulties in their histopathologic classification and prognosti-
cation of their clinical behavior. A new histologic classification 
has recently been proposed by the World Health Organization 
(WHO),104 which provides an improved platform over pre-existing 
classifications for clinical practice in relation to assessment and 
treatment of the patients.

SecoNdary LympHoid orgaNS

lymph nodes

Ontogeny
The fundamental concepts of lymphoid organ neogenesis were 
generated approximately 100 years ago, and the ontogeny of the 
secondary lymphoid organs, i.e., lymph nodes (LN), Peyer patches 
(PP), and spleen is highly complex (reviewed in Refs. 105–107). 
The evolution of their development generated structures, the 
lymphoid organs of the immune system, to fit their function, i.e., 
as defenders of the integrity of “self.” This of course requires 
enhancement of their “sensitivity of antigen recognition” in order 
to facilitate activation and differentiation of antigen-specific cells, 
to be followed by the activation and deployment of the defence 
mechanisms of the body. The LN and PP develop from the bud-
ding of a group of cells from large vessels of lymph sacs which are 
penetrated by connective tissue and lymphatic vessels intercon-
necting with other vessels forming a network; this is regulated 
by the PROX1 gene which is expressed on lymphatic endothelial 
cells and is required for budding and sprouting of the lymphatic 
endothelium108. The budding occurs in one spot in the anterior 
cardinal veins of the neck and generates a lymph sac, which 
gives rise to the lymphatics of the neck, thorax, heart, lungs, and 
forelegs regulated by the PROX1 gene.109 After the development 
of the lymphatics, circulating CD45+ CD4+ CD3− hematopoietic 
progenitor cells from the liver provide the signals for the induction 
of LNs and PPs. Lymphotoxin (LT) is essential for the formation of 
LNs and PPs, as shown in mice rendered deficient in LT by gene 
targeting,110 and in the white pulp of the spleen normal segrega-
tion of B and T cells does not occur. Both phenotypes of T cells, i.e., 
CD4+CD8− and CD4−CD8+ are present in a normal ratio.

Lymphocytes positive for immunoglobulin-M are present in 
increased numbers in both the spleen and peripheral blood. 
These findings suggest that LT is essential in the normal devel-
opment of peripheral lymphoid organs.111 Lymphocytes positive 
for immunoglobulin M are present in increased numbers in both 

the spleen and peripheral blood. The membrane-bound LT forms 
heterotrimers, i.e., LT-1-2, which bind to the LT receptor (LT-R). 
The LT-1-2 triggers expression of kinase NIK, which induces the 
nuclear transcription factor k-B and initiates an alternative path-
way for its activation, which plays a pivotal role in innate and 
adaptive immunity.112 The interaction of LT 1-2 with its receptor 
LTR constitutes a major pathway in the development of the archi-
tecture and the function of the secondary lymphoid organs 113 for 
adaptive immune responses. These findings document the crucial 
roles of LT- and LT-R in building and maintaining the architec-
ture of lymphoid organs and ensuring the function of the immune 
response against invading pathogens.

Chronic inflammation, autoimmunity, or cancer may interfere 
with the development of secondary lymphoid organs; and the 
maintenance of their microarchitecture depends on interactions 
of cells of hematopoietic and nonhematopoietic origin, as well as 
the chemokines CXCR5 and CCR7.114,115

The chemokines CCL12 and CCL19, which bind to chemokine 
receptor CCR7, and the CXCL13, which binds to receptor CXCR5, 
are important for the colonization of lymphoid organs by T and 
B lymphocytes and antigen-presenting cells.114 The enzyme IKK 
kinase limits gene activation in inflammatory responses, and 
downregulates signaling by the transcription factor NF-kB. Upon 
completion of the connective tissue skeleton the first cells which 
colonize the LN in mice express the CD4+CD3− phenotype, and 
after stimulation with IL-2, differentiate to NK cells, or, depending 
on the combination of cytokines, will give rise to antigen-present-
ing cells. The precursors of these cells are CD45+/CD4+/CD3– and 
IL7 R+ residing in the liver.116

Their development requires the function of the RORC gene117 
as well as the Id2 gene, which regulates LN and PP development 
in mice.118 Development of LNs depends also on signaling from 
TNFSF11, known also as RANKL or TRANCE,119 a member of the 
TNF family of cytokines. This protein is involved in the develop-
ment of secondary lymphoid organs and regulation of homeo-
stasis of the immune system. Mice deficient in Trance lack LNs 
(although the PPs are normal), and the development of the bone 
marrow is defective because of the absence of osteoclasts.

Another genetic defect of the development of the primary lym-
phoid organs is alymphoplasia, (aly/aly),120 and mice with this 
defect have a mutation in nuclear factor-kappa B inducing kinase 
Nik, now known as Map3k14. The Map3k14 mutation causes 
disruption of the architecture of the thymus, affecting the TECs121 
and aly/aly mice show decreased numbers of CD25+ CD4+  

T cells in the spleen.122 Mutation of the alymphoplasia, (“aly” or 
Map3k14) gene results in the complete absence of LNs and PPs 
and well-defined lymphoid follicles in the spleen. Development 
of lymphoid follicles rich in B cells requires the function of the 
B-lymphocyte chemoattractant BLC (CXCL13) and its receptor 
CXCR5, which stimulate homing of B lymphocytes to the follicles. 
BLC induces upregulation of lymphotoxin alpha-1 beta-2, which 
promotes follicular DC development and BLC expression, estab-
lishing a positive feedback loop.

Histology
The LNs are ovoid structures ranging in size from a few millime-
ters to more than a centimeter. They are particularly common at 
the base of extremities, in the retroperitoneum, the mediastinum, 
and along blood vessels. A fibrous capsule surrounds the LN, 
and trabeculae penetrate the parenchyma, forming a supporting 
meshwork, while blood vessels enter and leave the LN through 
the hilum. Histologically, two regions can be distinguished, a 
peripheral cortex and a central medulla. The cortex is subdi-
vided into the superficial cortex, located immediately beneath 
the capsule, and the deep cortex or paracortex, which is located 
toward the center of the node (Fig. 11.10). The function of the LN 
is best understood by considering the reticulum and the cellular 
 compartment.
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Reticulum
The basic framework of the LN is composed of trabeculae made 
of bundles of collagen and a few elastic fibers.123,124 This fibrous 
reticulum is argyrophilic when silver impregnation techniques 
are applied, forming a closely knit sponge-like framework, with 
the fibers branching frequently and anastomosing freely with 
each other. The fibers surround the sinuses and penetrate the 
dense lymphatic tissue and are ensheathed by two kinds of cells 
(Fig. 11.11). On the side bordering the dense lymphoid tissue, 
the fibrous reticulum is covered by thin elongated cells that have 
been identified as fibroblasts or fibroblastic reticulum cells. They 
have large nuclei and endoplasmic reticulum in their cytoplasm. 
Cytoplasmic processes join similar processes of adjacent cells 
forming a continuous cellular sheath (cellular reticulum), which 
separates the fibrous reticulum from the dense lymphoid tissue. 
On the side bordering the sinuses, which are lined by littoral or 
endothelial cells, the fibrous reticulum is lined by flat endothelial 
cells with multiple vesicles and fibers which cross the sinuses 
and divide the lumen into smaller interconnecting compartments 
(Fig. 11.12).

The fibrous trabeculae provide mechanical support for the 
sinuses and slow the flow of the lymph, enhancing the opportuni-
ties for phagocytosis by macrophages which are present along 
their course as well as covering the sinus wall. The sinuses which 
follow the fibrous trabeculae originate from a foramen on the 
inner wall of the subcapsular sinus where afferent lymphatics 
terminate. Viewed from this perspective, the reticulum divides the 
LN into two distinct spaces. One consists of conventional vascular 

channels, with a rapid flow, facilitating lymphocyte traffic. The 
other space is lined with fibroblasts, the flow is slow, and the 
lumen is tightly packed with lymphocytes and other cells.

Cellular interactions of the immune responses take place in 
this compartment and both communicate through pores in the 
inner wall of the subcapsular sinus.

Cellular Compartments
The most abundant cells in the LN are the lymphocytes, arranged 
in clusters known as follicles which occupy the region beneath 
the capsule known as the cortex. A follicle composed of uniform 
small lymphocytes is known as the primary follicle and one con-
taining pale, lightly stained, blast-like cells with a euchromatic 
nucleus in its center is the secondary follicle. The central zone 
of the secondary follicle is called the germinal center (GC) and is 
the hallmark of antigenic stimulation. In the secondary follicles, 
the lymphocytes surrounding the GC constitute the mantle or 
crescent. The name germinal center was given by Flemming in 
1884 because he considered them as “breeding grounds for the 
generation of lymphocytes.”125 Later Hellman called them “reac-
tion centers,” and considered them important in the induction of 
immunity.126 In the areas between the follicles the lymphocytes 
are distributed diffusely (the diffuse cortex), and the region which 
separates the cortex from the medulla is known as the deep 
cortex or paracortex, occupied predominantly by tightly packed 
T lymphocytes. The histologic arrangement of lymphocytes in 
the LN corresponds to distinct functions performed by separate 
classes of lymphocytes (Fig. 11.13). The follicles are occupied by 
B lymphocytes and are sites of intense activity during antibody 
responses (Chapters 12 and 14).

Figure 11.11. ultrastructure of a lymph node. The area in the center and to the right is 
occupied by dense lymphoid tissue with many lymphoid cells. It is separated from the sinus 
(upper area, left, and below ) by flat endothelial cells lining the sinus (s ), bulky reticular cells (R ) 
bordering the dense lymphoid tissue, and collagenous fibers (c ) between the two cellular layers. 
Arrows indicate collagenous fibers traversing the dense lymphoid tissue. Cap, blood capillary. 
(From Clark SL Jr. The reticulum of lymph nodes in mice studied with the electron microscope. 
Am J Anat 1962;110:217, with permission.)

Figure 11.10. Lymph node. A: Drawing of a lymph node. B: Cross section of a normal lymph 
node. GC, germinal centers; LF, lymphocytic follicles; MC, medullary cords; PC, paracortical 
lymphoid areas.
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The GC is occupied by two types of lymphoid cells, the centro-
blasts (noncleaved), which are large activated B lymphocytes, and 
the centrocytes (cleaved), which are small lymphocytes originating 
from centroblasts. The centroblasts are located at the bottom of 
the GC (dark zone), while the centrocytes are located at the upper 
part (apical zone). The role of the GC in the maturation of the 
antibody response is discussed in Chapter 12.

The GCs contain a subpopulation of centroblasts which express 
a phenotype characteristic of Burkitt cells127 and a subset of CD4+ 
CD45RO+ CD57+ T cells128 which belong to the Th-2 subset, 
important for the initiation of T–B cell interactions in antibody 
formation. A large number of B lymphocytes die by apoptosis, and 
are subsequently disposed of by phagocytic macrophages known 
as tingible body macrophages.

The mantle of the follicle is composed of small lymphocytes 
that morphologically appear identical, but phenotypically and 
functionally are heterogeneous. A small number of lymphocytes, 
not yet antigenically stimulated, are immunologically competent 
and express both IgM and IgD; and a third population are long-
lived memory B cells, which are recirculating and express IgG or 
IgA. B lymphocytes of the mantle are CD5+ and their relationship 
to CD5+–B cells is discussed in Chapter 12.

The paracortex and diffuse cortex constitute the T cell com-
partment of the LN, which undergoes histologic changes during 
cell-mediated immunity. Sometimes the paracortex contains 

 nodules formed after an immune response, consisting of interdigi-
tating DCs and T cells.129 The B cells in these clusters are selected 
in an antigen dependent, MHC restricted fashion and become 
responsive to soluble, polyclonal helper factors. Cross sections of 
paracortex stained with special stains show a set of concentric 
rings, which form barriers or walls separating vascular spaces 
in between, where the lymph flows (Fig. 11.14). This structure 
constitutes the paracortical cord,130 with its center in the high 
endothelial venule (HEV) (see description later in this section). 
In the medulla, the cells are arranged in cords (medullary cords) 
composed of lymphocytes, macrophages, and plasma cells.

Lymphocytes exit the HEV through an interendothelial route 
and emerge into the perivenular channels (PVCs), which is the 
space between the abluminal side of the endothelium and the 
surrounding pericytes. The channels are bounded by pericytes 
or fibroblastic reticular cells (FRCs), which circumscribe the HEV 
with at least two layers of overlapping cells. The flow of lympho-
cytes through the PVCs is rate limiting because the PVC around 
the HEV is extremely narrow, and lymphocytes must distend the 
channel to pass through it. As they emerge from the PVCs, the 
lymphocytes enter a space packed densely with cells known as the 
corridor. The corridors accommodate two lymphocytes side by 
side and their walls consist of reticular fibers enclosed by FRCs, 
which leave narrow spaces surrounding the fibers named the 
conduit. The corridors allow cellular interactions between slowly 

Figure 11.12. ultrastructure of a lymph node. A: Subcapsular sinus (SS ) traversed by trabeculae (arrows) stretches between the capsule (Cs ) and the 
parenchyma (LP ) (×600). B: Medullary sinus (MS ) with medullary cord (MC ) and a meshwork of trabeculae (asterisk). (×1,900). C: Lymphoid parenchyma and 
the meshwork of trabeculae (arrows) separating intercommunicating cavernous spaces normally occupied by lymphocytes (Ly ). (left, ×1,100; right, ×1,600). BV, 
blood vessel. (From Luk SC, Nopajarooysri C, and Simon GT. The architecture of the normal lymph node and hemolymph node. A scanning and transmission electron 
microscopic study. Lab Invest 1973;29:258, with permission.)
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moving T cells that sample antigens presented by stationary DCs, 
“shaking hands much like the receiving line at a wedding.”131 The 
conduit, on the other hand, is a specialized system where fluid 
carries soluble factors important for the immune functions of the 
lymphocytes. The corridor space, where flow is slow, is separated 
from the sinuses, where flow is fast, by the reticular fibers and the 
endothelium of the sinuses.

Dendritic cells
The functions of lymphocytes are predicated by their interac-
tions with other cells, such as macrophages and dendritic cells 
(DCs). Macrophages are found in large numbers in the walls of 
the sinuses and in the dense lymphoid regions. They remove by 
phagocytosis within minutes foreign substances which are found 
in the phagolysosomes of medullary macrophages. Macrophages 
therefore contribute in an important way to the filtering functions 
of LNs, since as they capture and destroy infectious agents and 
foreign material by phagocytosis, they process it for presentation 
to the T lymphocytes. Antigen presentation is also mediated by the 
nonphagocytic dendritic cells,132 a name which vividly describes 
their morphology, i.e., long arborizing cytoplasmic processes or 

dendrites (from the Greek dendron which means “tree”), extend-
ing for long distances from the cell body.

Within the LN there are two distinct populations of DCs: one 
resides in the follicles, known as a follicular DC (FDC), and the 
second in the paracortex, known as interdigitating DC (IDC). Their 
origins, functions, and cellular associations are distinct, i.e., while 
FDCs are autochthonous, the IDCs are immigrants arriving from 
remote parts of the body using the routes of the lymphatic vessels. 
The FDCs of the follicles have an irregularly shaped nucleus with 
long, beaded cytoplasmic processes. They are not phagocytic, but 
retain the captured antigen for prolonged periods, in the form 
of immune complexes. FDCs therefore function as the arbiters 
of life or death for emerging centrocytes, based, respectively, on 
the high or low affinity of their receptor for antigen (see Chapters 
12 and 14). They also have been implicated in the generation of 
memory lymphocytes and the maintenance of antibody produc-
tion. Two types of FDCs have been described, one with filiform 
and one with beaded dendrites.133 The FDCs through adhesion 
molecules expressed on their surface, i.e., the intercellular adhe-
sion molecule-1 (ICAM1) (CD54) and the vascular cell adhesion 
molecule-1 (VCAM1) (CD106), interact with their respective 
“ligands,” LFA1 (CD11a/CD18 or L2 integrin) and VLA4 (CD49d) 

Figure 11.13. B– and T cell–dependent areas of the lymph node. A frozen section of a mouse lymph node was examined by immunofluorescence with an 
anti-immunoglobulin antiserum (A) or an antiserum to T cells (B). A: Only the follicle fluoresces (B cell–dependent area). B: The paracortex fluoresces brightly (T 
cell–dependent area), whereas the follicle remains dark except for a few scattered fluorescent T cells. These are CD4+ helper T cells, which migrate to the germinal 
center because they express the chemokine receptor CXCR5 and are attracted to its ligand, BCA-1 chemokine released from cells in the follicle (see Lymphocyte 
Homing and Recirculation). (From Weissman IL, Weiryke R, Butcher EC, et al. The lymphoid system. Its normal architecture and the potential for understanding the 
system through the study of lymphoproliferative diseases. Hum Pathol 1978;9:25–45 with permission.)

A B

Figure 11.14. Cross section of a paracortical cord showing the corridor, outlined by reticular fibers stained by gomoristain. A: The corridor encircles 
the high endothelial venule in the center (H  ). B: The drawing represents an “idealized” cross section of panel A. (Courtesy of Drs. Gretz, Anderson, and Shaw. From 
Gretz JE, Anderson AO, Shaw S. Cords, channels, corridors, and conduits: critical architectural elements facilitating cell interactions in the lymph node cortex. Immunol 
Rev 1997;156:11–24, with permission.)

E

R

E = Endothelial cells
R = Reticular cells
E = Lymphocytes

A B

72683_ch011_0227-0250.indd   239 7/17/13   10:05 AM



240 Part ii The Normal Hematologic System • SECtiON 4 The Lymphocytes

on the surface of the B cells.134 The FDC network is disrupted in 
angioimmunoblastic lymphadenopathy, acquired immunodefi-
ciency syndrome, and Hodgkin lymphoma135; and as a result, lack 
of appropriate handling of foreign antigens is reflected in the clini-
cal consequences for these patients. Electron microscopic studies 
of the primary follicles detected reticulum cells with little or no 
evidence of phagocytic activity making contact with neighboring 
cells by very tight adhesions or desmosomes.136 These “reticulum 
cells” are stellate in shape, have long cytoplasmic processes and 
are probably of mesenchymal origin. The FDC of the germinal 
center probably originates from the reticulum cells of the primary 
follicle and is not ensheathed by collagenous fibers like the fibro-
blastic reticulum cell.

The Interstitial Dendritic Cells (IDC) are located in the paracortex 
and extend numerous cytoplasmic processes that surround T cells. 
They are not phagocytic, but carry antigen from the periphery for 
presentation to T cells in the paracortex of the LNs. Tight junctions 
between IDC and T lymphocyte have been detected by electron 
microscopy and become particularly prominent after stimulation 
with antigens that elicit strong cell-mediated immunity. Their cyto-
plasm is electron lucent and contains lysosome-like vesicles and 
tubular structures extending to the periphery of the cell. The IDCs 
are surrounded by clusters of T cells around the endothelial venules 
of the paracortical nodules. Antigen-specific T lymphocytes around 
the B cell follicles, form prominent nodules, known as “composite 
nodules,” and are detected in dermatopathic lymphadenitis, a con-
dition characterized by large numbers of DCs migrating from the 
areas of inflamed skin. Similar changes are also seen in regional 
LNs, draining areas of T cell lymphomas involving the skin.

In ontogeny the dendritic cell system develops slowly, and 
as a result during neonatal life the body depends primarily on 
innate immunity.137 The traffic of DCs is regulated by cytokines, 
i.e., IL1, TNF-a, and chemokines; and regardless of their origin, 
immature DCs express the chemokine receptor-6 (CCR6), which 
binds the chemokine macrophage inflammatory protein MIP -3 
alpha (CCL20). The CCR6, which is constitutively expressed by 
keratinocytes, is also the only known receptor for MIP-3 a, a 
CC chemokine chemotactic for lymphocytes and dendritic cells. 
The CCR6 is expressed on memory T cells and on B cells, and 
therefore chemotaxis by MIP-3 alpha is limited to these cells. 
The defensins are a group of vertebrate antimicrobial peptides 
(AMPs) with microbicidal and immune regulatory functions. In 
spite of their conservation across the vertebrate lineage rang-
ing from bony fish to human, the evolutionary origin of these 
molecules remains unsolved The defensins produced by mucosal 
membranes after microbial infection bind also to CCR6 and thus 
attract DCs to submucosal areas.

In response to antigenic stimulation at the initiation of the 
immune response, vascular growth is necessary in the draining 
lymph nodes and is reflected in the growth of the endothelial cells 
of the venules, growth which is concomitantly associated with 
increased cell entry into the LN. The CD11c+ DCs optimize the 
microenvironment of the draining lymph node by increasing the 
levels of vascular endothelial growth factor (VEGF) which induces 
endothelial cell proliferation.138,139 Maintenance of lymphatic 
vessels, as well as the growth and maturation of new vessels, is 
regulated by the function of tyrosine kinases, which thus may be 
used as an attractive target for inhibition of lymphangiogenesis 
in cancers.140 The cellularity of the lymph nodes and the main-
tenance of a functional HEV status in adult mice relies largely 
on lymphotoxin-beta (LT-beta) receptor signaling, which may be 
reduced by a blockade of the receptor in adult mice.141 Another 
factor which influences the cellularity of the lymph node is the 
movement of small lymphocytes across the postcapillary venules. 
This movement modifies the structure of the endothelium, evi-
denced by intravenously injected small thymocytes which trigger 
migration of small numbers of lymphocytes.142 The CD40–CD40 
ligand may also play a role for their emigration.

Detached DCs downregulate CCR6 and upregulate chemokine 
receptor CCR7, known to regulate homing as well as retention 
of T cells, which allows the now mobile DCs to move toward the 
lymphatic vessels in response to its ligand SLC.

The barrier to their migration, imposed by the basement mem-
brane of the skin (collagen IV), is brought down by the matrix 
metalloproteinase-9, released by DCs with specificity to collagen 
IV. DCs cross the abluminal side of the lymphatic vessels, prob-
ably with the involvement of P-glycoprotein, and eventually enter 
LNs. In the lymphatic vessels, they are known as veiled cells 
because of their morphology (i.e., large lamellipodia veils), which 
like sails propel them forward. DCs are divided into different 
subsets based on their biologic functions, with plasmacytoid DCs 
(pDCs) and conventional DCs (cDCs) being two major populations. 
They both derive from bone marrow precursors of myeloid- or 
lymphoid-origin and enter the LN from the afferent lymphatic ves-
sel into the subcapsular sinus to reach the T cell areas. The CCL21 
is the ligand for CCR7 cells and regulates homing to, as well as 
retention of, T cells in the LNs. The CCL21 binds to the surface of 
DCs via its heparin-binding domain, which explains why T cells 
leave LNs more rapidly in the absence of DCs.

These data suggest that DCs attracted by SLC and MIP-3a (or 
ELC), both of them ligands of the CCR7 receptor, regulate T cell 
homeostasis in LNs.143 In the T cell areas, they are known as 
IDCs, as their elaborate long cytoplasmic processes interdigitate 
between T cells. IDCs present to T cells the antigens they have 
captured in the periphery, initiating an immune response (see 
Chapter 14). The lymphatic vascular system plays an important 
role in the regulation of tissue fluid homeostasis, immune sur-
veillance, and growth and maturation of new vessels, as well as 
maintenance of existing lymphatic vessels, the functions of which 
are regulated by tyrosine kinases.

Growth factors of the vascular endothelial cell family (VEGF) 
control lymphangiogenesis and activate VEGF-specific receptors, 
of which VEGFR3 (FLT4), VEGFC, and VEGFD have been impli-
cated in the regulation of lymphatic development.

Both are processed after synthesis and form mature dimers 
of the VEGF domain. Both bind with high affinity to VEGFR2 
and VEGFR3 expressed on endothelial cells. The VEGFR3 is a 
receptor tyrosine kinase with seven extracellular Ig-like domains 
and a cytoplasmic tyrosine kinase domain.140 The growth of 
the endothelial cells of the high endothelial venules is regulated 
by VEGF, secreted by CD11c+ dendritic cells,139 and optimizes 
the microenvironment for the immune response. VEGF binds 
to VEGF receptors on endothelial cells, triggering the tyrosine 
kinase pathway leading to angiogenesis. Lymph node endothelial 
cell proliferation is dependent on VEGF, and DCs are associated 
with increased lymph node VEGF levels. DC-induced endothelial 
cell proliferation and increased VEGF levels are mediated by 
DC-induced recruitment of blood-borne cells. Vascular growth in 
the draining lymph node includes the growth of endothelial cells 
in the high endothelial venules associated with increased entry 
of cells into the lymph node. Existing evidence suggests that the 
endothelial cell in the draining lymph node is induced by DCs as 
part of a program that optimizes the microenvironment for the 
ensuing immune response.

The importance of the lymphatic vessels in fluid and cellular 
homeostasis provides opportunities for developing inhibitors to 
target tyrosine kinases and thus affect lymphatic vessel functions 
or even lymphangiogenesis in the chemotherapy of malignancies. 
Afferent lymphatics pierce the capsule and empty into a subcap-
sular sinus, which gives rise to cortical sinuses and often runs 
along the trabeculae through the cortex to the medulla. At this 
point they become medullary sinuses which eventually become 
the efferent lymphatic vessels that leave the LN at the hilum. The 
artery enters the LN at the hilum, gives rise to arterioles that 
reach the cortex along the trabeculae and finally split into a rich 
network of capillaries. The capillaries empty into venules that 
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extend from the cortex to the medullary cords and eventually exit 
from the hilum as veins. The venules which give rise to capillar-
ies possess unique endothelial cells that are tall and cuboidal and 
therefore contrast with the endothelial linings of other venules 
that usually are low or flat. The HEVs (Figs. 11.15 and 11.16) are 
the sites of lymphocyte crossing from the blood into the lymphatic 
circulation and homing to the paracortex, which results in marked 
reduction of the cellularity of the lymph node.

Lymphotoxin signaling, which controls the expression of 
GleNAc-6-0 sulfotransferase-1 and -2, binds to the lymphotoxin-B 
receptor and generates signals required for the homeostatic con-
trol of HEV differentiation and function.141 The LT, through its 
LT receptor, plays crucial roles in building and maintaining the 
architecture of lymphoid organs and ensures an adapted immune 
response against invading pathogens. Induction of inhibitors, 
such as antagonist antibodies or decoy receptors, may be used 
in chronic inflammation, autoimmunity, cell death, or cancer, 
i.e., disorders that occur when the LT/LTR system malfunctions. 
Two types of high endothelial cells are distinguished, one hav-
ing abundant cytoplasm, and their luminal surface is covered 
by a coat of filamentous and granular material 1.5 nm in thick-
ness. By electron microscopy, on the basis of the content of their 
polyribosomes, one cell is lighter and one darker and intensely 
pyroninophilic. Their cytoplasm contains numerous microtubules 
which radiate from the centriole and multiple dense bodies which 
probably are related to lysosomes and function as storage sites for 
glycoproteins used for the formation of the cellular coat. A striking 
morphologic feature of these cells is their large Golgi complex with 
many vesicles which are associated with actively secreting cells 
not seen in endothelial cells. Indeed, these cells secrete chemo-
kines, which direct the transendothelial migration of lymphocytes 
in HEVs (see section Lymphocyte Homing and Recirculation). 
Their bulky nucleus protrudes into the lumen and contains a 
well-developed reticulated nucleolus, both  characteristics of a 

metabolically highly active cell. Acid hydrolase activity and non-
specific esterases that are not present in other endothelia have 
been detected in these cells, as well as a peculiar ability to switch 
to anaerobic metabolism.

The metabolic activity of the endothelial cells is influenced by the 
number of circulating T lymphocytes. In congenitally athymic mice 
or in normal mice following neonatal thymectomy or chronic tho-
racic duct drainage, i.e., conditions with no lymphocyte migration 
through the HEV wall, the endothelium is flat and has lost its pyro-
ninophilia,142 but infusion of lymphocytes reconstitutes the normal 
morphologic appearance of the HEV. Some evidence also has impli-
cated the dendritic cells as playing a regulatory role in determining 
the morphology and metabolic activity of the endothelial cells.143

The HEVs are surrounded by layers of sheaths that derive from 
cytoplasmic plates of reticular cells linked to the fibrous reticulum 
of the LN. These sheaths may regulate the passage of lymphocytes 
to the LN while limiting fluid leakage and providing vascular sup-
port (Fig. 11.14B). When Marchesi and Gowans144 originally iden-
tified the HEVs as the site for lymphocyte migration, they thought 
that lymphocytes cross the HEV wall by penetrating the cytoplasm 
of the high endothelial cells. This crossing is now recognized as 
an artifact because all lymphocytes that appeared on electron 
microscopic sections to be surrounded by endothelial cells were 
in fact outside of these cells when evaluated with tracer studies. 
Thus the lymphocytes migrate across the HEV wall by insinuating 
themselves between endothelial cells.145,146 The interactions of 
lymphocytes and the HEV during homing and recirculation are 
described in the section Transendothelial Migration.

Morphologic Changes during the Immune Response
Antigens enter the LN via the afferent lymphatics, which empty 
into the subcapsular sinus, percolating through the parenchyma. 
They are deposited in two areas of the LN, the medulla147 and the 
cortex, and are associated with the membranes of FDCs.148

Antibody facilitates follicular localization since intense pro-
liferative activity is observed in the center of the follicles after 
immunization and large pyroninophilic cells are seen in the 
GCs of draining LNs within 72 hours.149 These cells have been 
given  various names, such as immunoblasts, a term introduced 

Figure 11.15. A postcapillary venule is practically occluded by tall endothelial cells 
(End). Some lymphocytes (L ) are crossing the wall of the high endothelial venule and enter the 
lymph node. The wall is surrounded by reticular cells (R ) (×4,500). (From Clark SJL Jr. The retic-
ulum of lymph nodes in mice studied with the electron microscope. Am J Anat 1962;110:217, 
with permission.)

Figure 11.16. Lymphocytes crossing the high endothelial venule (HeV). Lymphocyte 
migration is shown in successive stages (1–4 ). After attachment to the luminal surface of an 
endothelial cell (1), the lymphocytes insinuate between endothelial cells (2 ) and cross the base-
ment membrane (3 ) and a sheath of reticular cells (RC ) surrounding the HEV (4 ). The endothelial 
cells are attached to the neighboring cells by junctional complexes and to the perivascular 
sheaths by foot processes (FP ). (From Anderson AO, Anderson ND. Lymphocyte emigration from 
high endothelial venules in rat lymph nodes. Immunology 1976;31:455, with permission.)
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originally by Dameshek,150 or germinoblasts. In order to avoid 
confusion with gonadal cells, however, they were renamed cen-
troblasts. The blast is a large cell (larger than 10 mm) and has a 
nucleus with loose chromatin and a giant reticulated nucleolus 
that may occupy as much as one half of the nuclear area. The 
Golgi apparatus is moderately developed and contains many free 
polyribosomes but only few cisternae of endoplasmic reticulum. 
As the endoplasmic reticulum becomes more abundant, these 
cells are known as plasmablasts.151 At this stage their nucleus 
possesses clumps of heterochromatin and a moderate-sized 
nucleolus. Free polyribosomes are still present and the cisternae 
of the endoplasmic reticulum do not fill the cytoplasm entirely.

By day five there is an increase of the number of tingible body 
macrophages, i.e., macrophages which contain engulfed apop-
totic nuclei (Korper of Flemming) and have phagocytosed nuclear 
debris of lymphocytes (the graveyard theory).152 Because of their 
intense basophilic cytoplasm, the immunoblasts (or centroblasts) 
demarcate a histologic area known as the dark zone (also known 
as the basal or lower zone because it is located in the area of 
the GC that is toward the interior of the LN).153 As they become 
more mature (immunocytes, centrocytes), they occupy the light 
zone, also called the upper zone because it is located above the 
dark zone toward the capsule. Further differentiation gives rise 
to plasma cells, which are detected in small numbers in the 
GCs. Kinetic studies with H-3 thymidine, which allows studies 
of lymphocyte turnover, provid evidence of the origin of mature 
lymphocytes (centrocytes) from GC immature cells centroblasts) 
which then disseminate beyond the GC confines.154

The formation of GCs depends on T lymphocyte function155; 
The GCs become the home of B cell blasts which display a unique 
phenotype characterized by lack of membrane IgD.

The role therefore of T lymphocyte in the life of the B lympho-
cyte stretches from the early stages of building the GCs to helping 
later in antibody formation by mature B cells. The significance of 
the GC reaction is discussed in Chapter 14. Antigenic stimulation 
drives the differentiation of B cells into plasma cells,156 seen in 
the medullary cords by day 3 or 4 after immunization, as well as 
the proliferative activity reflected in the increase of pyroninophilic 
blast cells in the paracortex.

lymph node Functions
The LNs are dynamic structures, with their cells being constantly 
on the move, and their functions may be considered in two broad 
categories: as efficient mechanical filters due to an exquisite 
arrangement of a reticular meshwork, and as masters of phago-
cytosis with macrophages strategically located in the sinuses. 
Failure of filtration and phagocytic functions by the LN results 
in loss of control of infectious agents and spread of the disease.

The immune function of the LNs is carried out by lymphocytes, 
which activate humoral and cell-mediated immunity, following 
complex interactions between dendritic cells or macrophages, as 
antigen-presenting cells and T or B cells. To this effect LNs pro-
vide a suitable microenvironment, that includes the HEV, which 
controls lymphocyte homing and recirculation, stromal cells, and 
distinct domains occupied by IDC and FDC in the cortex. The LNs 
therefore are important sites for activation of the effector mecha-
nisms of immunity, i.e., humoral and cell-mediated immune 
responses. The effector cells of both responses are exported to 
remote sites for effective control of the infection.

Spleen
The orphan homeobox gene-11 HOX11, now known as TLX1, reg-
ulates expression of the spleen,157 as shown in Tlx1 mice, which 
lack the spleen while other secondary lymphoid organs develop 
normally. Although the spleen is considered a secondary lymphoid 
organ, it serves several other functions unrelated to the immune 
system and affects all blood cells throughout their life span.158 

It provides the microenvironment for the final differentiation of 
reticulocytes, platelets, and monocytes, and is the reservoir for 
erythrocytes and granulocytes and removes aged or deformed red 
blood cells. The spleen of human adults has a unique reservoir 
of multilineage adult stem cells, that express the developmental 
transcription factor TLX1. In contrast to hematopoietic stem cells, 
TLX1 spleen stem cells hold potentially broader therapeutic appli-
cations because they are less lineage restricted.

The spleen is covered by a connective tissue capsule which 
is several millimeters thick,159 and in humans it contains only 
a few muscle cells and is not capable of marked contractions. 
The internal surface of the capsule is the point of origin of an 
extensive network of trabeculae that divides the organ into com-
municating compartments, with a sponge-like appearance and 
spaces containing the parenchyma, or pulp tissue. The capsule is 
indented on the medial surface where the blood vessels, lymphat-
ics, and nerves enter and leave. Histologic studies show two kinds 
of parenchyma: one is stained dark blue to purple because of the 
predominance of small lymphocytes (the white pulp), and the 
second is red because of the predominance of blood-filled sinuses 
(the red pulp) (Figs. 11.17 and 11.18).

Figure 11.17. Drawing of the splenic structure and circulation. PALS, periarteriolar 
lymphatic sheath.
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Figure 11.18. Section of the spleen. White pulp (WP ): Lymphocytes (L) packed around an 
arteriole (A). Red pulp (RP ) surrounds the white pulp and consists mainly of sinuses, the cords, 
and cordal spaces.
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White pulp
The white pulp is the main lymphatic tissue of the spleen and sur-
rounds the blood vessels (Figs. 11.19 and 11.20); it is composed of 
the supporting reticulum, the free cells, and the blood vessels. The 
splenic artery branches into trabecular arteries (central arteries), 
muscular vessels that can alter blood flow by their contraction 
and relaxation, which follow the trabeculae and periodically give 
off branches (Fig. 11.20). The reticulum is a scaffolding made of 
reticular fibers secreted from spindle shaped reticular cells, with 
conspicuous microfilaments in their cytoplasm, a prominent endo-
plasmic reticulum, and a nucleus which contains finely dispersed 
chromatin. It provides support for free cells and blood vessels, 
runs circumferentially around the central artery, and becomes 
particularly pronounced in the periphery of the white pulp, where 
the reticular cells extend concentric sheets of membranes160,161 
(Fig. 11.19A). The central artery gives off secondary branches that 
radiate through the white pulp with different destinations, some 
terminating before they reach the edges of the white pulp, while 
others terminate in the marginal zone (MZ) or extend even further 
into the red pulp. In the human spleen, some branches curve back 
from the red pulp to form a delicate network around lymphatic 
follicles located at the periphery of the white pulp.

The predominant cell type of the white pulp is the lymphocyte, 
which occupies the interstices of the sponge-like meshwork of 

the reticulum, forming two histologically distinct arrangements. 
The central artery is surrounded by tightly packed lymphocytes 
which follow the artery, becoming eventually a diffuse thin sheath 
as the artery divides into small arterioles known as the periar-
teriolar lymphatic sheath (PALS) (Figs. 11.18 and 11.19A). The 
PALS is divided into the central and peripheral areas, the former 
consisting of tightly packed T lymphocytes and interdigitating 
cells, seen in the T dependent area, or paracortex of the LN. The 
PALS in the human spleen is not continuous, and at intervals the 
arteriole runs across a follicle but subsequently re-enters the T 
cell region,162 where T lymphocytes usually are found in intimate 
contact with the interdigitating cells. The periphery of the PALS 
lacks the interdigitating cells and contains B and T lymphocyte 
collections known as follicles and blast-like cells in the germinal 
center (GC) of the secondary follicle.

Small lymphocytes surrounding the GCs constitute the mantle 
zone which separates the MZ from the GC, which histologically is 
divided into a dark zone, occupied by large pyroninophilic blasts 
with high mitotic activity, and a light zone with more mature cells.

The light zone, which faces the MZ, has an abundance of 
characteristic FDCs that are present also in the nodules of the LN.

They are large with unusually shaped nuclei, poor in het-
erochromatin, and their cytoplasmic extensions are thin sheets 
rather than dendrites. The FDCs are not phagocytic but retain 
foreign substances on their membranes for long periods. No FDC 

Figure 11.19. ultrastructure of the spleen by scanning electron microscopy. A: Periarteriolar lymphatic sheath with a central artery (A). Tightly packed 
lymphocytes lie between fibers and reticular cells (arrows) that run circumferentially around the artery. B: Lumen of a sinus at upper left has elongated endothelial 
lining cells. The cord below contains bulky reticular cells (asterisks) and fibers (white arrows). Some erythrocytes (E  ) are visible in the cordal spaces. The large cell 
in the lumen of the sinus is probably a macrophage with several thin cytoplasmic strands (arrow ). The beaded black lines at the cut edge of the sinus identify its 
adventitial layer (terminal bead) and its endothelial layer (subterminal bead). C: Lumen of a sinus that bifurcates to the right. The elongated endothelial cells are in 
close apposition without any visible gaps. (From Weiss L. A scanning electron microscopic study of the spleen. Blood 1974;43:665, with permission.)
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is located in the central section of PALS, and their presence in 
the mantle of the nodules, facing the MZ, places them in a stra-
tegic location to capture foreign substances entering the spleen. 
Foreign antigens are localized first in the MZ and then cross the 
marginal sinus to lodge in the mantle of the nodules, forming a 
crescentic cap. The nodules of the peripheral section of PALS con-
stitute the B-dependent regions of the spleen. The segregation of 
the two major lymphocyte populations within distinct settlements 
of the secondary lymphoid organs seems to be determined by the 
nature of their underlying neighbors.

marginal Zone
MZ is the part of the parenchyma that lies between the white 
pulp and red pulp (Figs. 11.17 and 11.18). This area of the spleen 
comes in contact with large quantities of circulating blood as 
many arterial vessels terminate in this region and some of them, 
with funnel-shaped orifices, empty their contents into the inter-
stices of the MZ, which, unlike the red pulp, has no sinuses. In 
rodents a marginal sinus separates the MZ from the white pulp, 
but the human spleen lacks a marginal sinus. Some authors sug-
gest that the marginal sinus may be functionally equivalent to the 
postcapillary venule, which in rodents is the site at which lympho-
cytes enter the splenic parenchyma.

The lymphocytes entering the marginal sinus have multiple 
microvilli with which they establish contacts with reticular cells 
as they find their way toward their microenvironments, and 
once they reach their destination the microvilli disappear. The 
marginal sinus does not have the tall endothelial cells that direct 
traffic in the LNs and some authors speculate that this function is 
performed by splenic macrophages located in the marginal sinus. 
These cells have distinct phagocytic and morphologic properties 
which distinguish them from macrophages in other locations of 
the spleen, including the ability to bind lymphocytes.163

marginal Zone lymphocytes: Functions and 
lymphomas
In the human spleen, the MZ contains clusters of B cells and mac-
rophages in the vicinity of the periphery of the white pulp. These 
cells differ from naive B cells in morphology, phenotype, and 

genotype, i.e., they are large with pale cytoplasm and an irregular 
nucleus; they express IgD–, CD5–, CD10–, and CD23–; and they 
have mutated their Ig-V genes.164,165 On the basis of their VH 
gene rearrangements, the MZ B cells are heterogeneous memory 
cells; and in terms of response to antigens they are divided into 
three categories: one B cell responds to T cell–dependent antigens 
and two respond to T cell–independent antigens such as lipo-
polysaccharide (type-1)166 or bacterial capsular polysaccharides 
(type-2).164 The B cells originate from precursors in the bone mar-
row and settle in the lymphoid organs, where they mature, giving 
rise to two morphologically and functionally distinct subsets: (a) 
follicular B cells and (b) MZ B cells.167 The follicular B cells are 
small in size, express low levels of IgM but high levels of IgD, and 
recirculate; while the B cells of the MZ of the spleen are of medium 
size, with high expression of IgM and low IgD.

On the basis of cell-surface markers, maturation of B cells in 
the periphery proceeds through three transitional stages. The MZ 
B cells arise from an intermediate CD23+ stage168 and respond 
rapidly to certain antigens brought by blood.167 Activation of B 
cells is triggered by the signaling molecule Notch 2, which pref-
erentially is expressed at the mature stage.169 Notch 2 is pref-
erentially expressed in mature B cells and is indispensable for 
marginal zone B lineage development, migration,170 and localiza-
tion in the marginal zone.171 An intriguing concept for the devel-
opment of MZ B cells suggests that their development depends 
on signal strength from self antigens172 and is independent of 
exogenous antigens.173

Some B cells in lymph nodes have a similar phenotype and 
morphology as the MZ B cells and are known as nodal-MZ B cells 
or monocytoid B cells. The splenic MZ B cells and nodal B cells 
rearrange the same VH-3 family of genes, suggesting that both 
of these B cell populations are closely related.174 There is other 
evidence, however, that the monocytoid B cells are distinct from 
the MZ B cells on the basis of their phenotype, i.e., lack of IgM 
and IgD expression from most of them, and polyclonal Ig gene 
rearrangements with lack of somatic mutations.175 However, the 
occurrence of hypermutation in the MZ B cells has been chal-
lenged, because the activation-induced cytidine deaminase (AID) 
(see Chapter 14), the enzyme that is essential for somatic hyper-
mutation and class-switch recombination, is not detected in MZ B 
cells.176 The splenic MZ B cell subpopulation may mutate their Ig 
genes as a result of recognition of self-lipids presented by the CD1 
of NK T cells.177,178 Another intriguing finding which may shed 
some light on the origin and nature of the MZ B cells is that the 
BCR of the MZ B cells is “polyreactive”,178 but these results from 
experimental animals may not necessarily apply to humans.179 
The CD27 B cells of human spleens are detected in the periphery 
of the follicles corresponding to the mantle, but these cells are not 
present exclusively in the spleen, and most likely CD27 expression 
is associated with memory B cells.180

B-cell neoplasms with cells strikingly similar in morphologic, 
phenotypic, and cytogenetic characteristics have been detected in 
different anatomic locations, i.e., spleen, lymph nodes, and extra-
nodal locations.181,182 Variations detected by mutational analysis 
are considered as evidence that these lymphomas originate from 
different subsets of marginal cells.183 More recent studies of MZ B 
cell lymphomas utilizing complementary DNA microarray analysis 
identified the expression of three genes which may distinguish 
splenic MZ lymphoma, FOXK2, SETX, and CD40.184 Furthermore, 
the evidence that mucosal-associated lymphomas preferentially 
disseminate to the spleen is considered evidence of the relation-
ship of these cells to the splenic MZ cell.185

red pulp
As seen in histologic sections the red pulp consists of sinuses 
and cords,186,187 which are composed of a meshwork of reticular 
fibers and cells. The reticular cells are large, extend membranous 
processes into the interstices (Figs. 11.17, 11.18, and 11.19), 

Figure 11.20. A human splenic sinus. The elongated lining cells run parallel to the axis of 
the sinus. The vessel is supported by cordal reticular cells and fibers and a fenestrated basement 
membrane consisting of heavy fibrous strands running circumferentially and lighter longitudinal 
strands. Thus, the circular bands, like the hoops of a barrel, hold the endothelial cells (staves of 
the barrel) tightly. (From Weiss L. The spleen. In: Weiss L, ed. Cell and tissue biology. Baltimore, 
MD: Urban and Schwarzenberg, 1988, with permission.)
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and contact those of adjacent cells, forming cavernous spaces. 
The large reticular cell sheets have microfilaments that endow 
them with the capacity to retract and extend, and thus deter-
mine the available space and regulate blood flow. These cordal 
spaces receive blood directly from the arterial vessels, as the 
central artery gives off many branches which terminate in slender, 
straight, nonanastomosing arterioles that enter the cords of the 
red pulp but not the sinuses. Some of the arterioles divide into 
arterial capillaries which are enveloped by a sheath of phagocytic 
cells. These sheaths were called ellipsoids, but now are called 
periarterial macrophage sheaths, which in the human spleen is 
not well developed. The periarterial macrophage sheath functions 
as a major source of phagocytic cells and also may regulate blood 
flow. The cords represent a unique vascular space, with regula-
tion by the cordal reticular cells of its flow, which removes old or 
damaged red cells.

The red pulp sinuses are tortuous vascular channels 35 to 40 
mm in diameter, lined with an endothelium consisting of elon-
gated tapered cells arranged with their long axes parallel to that 
of the vessel (Fig. 11.19B,C).

The endothelial cells have three distinctive morphologic fea-
tures: (a) micropinocytotic vesicles, (b) loosely organized cytoplas-
mic filaments, and (c) tightly organized filaments along the basal 
side, which provide the cell with rigidity and contractility. Slit-like 
gaps between the endothelial cells allow the passage of blood 
cells from the cordal spaces into the lumen; but the slits never 
exceed 0.2 to 0.5 mm in width, which cannot be enlarged since 
the intra-endothelial filaments run parallel to the slits and restrict 
their opening.188 Although normal red blood cells are flexible and 
capable of passing through the slits, the presence of rigid inclu-
sions, such as Heinz bodies, interferes with their passage.

The basement membrane is not continuous, but consists of a 
network of reticular fibers that resemble a roll of chicken wire. 
Fibers running circumferentially (annular fibers) are thick and 
are joined by thinner fibers that run longitudinally (Fig. 11.20). 
The network is connected to the reticulum of the cords and some 
reticular cells are in close contact with the wall of the sinuses. 
Through the fenestrations of this network blood cells pass from 
the cords to the sinuses. Adventitial cells cover the sinus wall from 
the cordal side and contribute to blood flow regulation by covering 
or exposing the interendothelial slits.

The short description of the splenic circulation emphasizes its 
complexity as well as its importance and explains the fact that it 
has been the subject of debate for a long time. It is believed that 
the circulation is closed, with endothelial continuity from the 
arteries to the sinuses and veins. Others believe that the circula-
tion is open, i.e., the arteries empty their blood into the MZ and 
red pulp cords, and the blood percolates through the cavernous 
spaces of the cords and finally crosses the wall of the sinuses 
through the interendothelial slits.

According to this view, although the circulation is anatomically 
open, it is functionally closed. This issue has not been resolved, but 
it is likely that both types of pathways exist. In keeping with this last 
hypothesis is the finding that the largest amount of blood passes 
through the spleen as rapidly as it does through other organs, but 
a smaller portion of blood has a considerably slower rate of flow.

morphologic changes of the immune response
Within 24 hours of antigenic stimulation, an accumulation of 
polymorphonuclear leukocytes is detected in the red pulp,151 and 
large pyroninophilic blast cells are first seen 3 to 4 days later in 
the PALS, which then migrate toward the periphery.

Proplasmacytes, which is the next stage of maturation, have 
an abundant endoplasmic reticulum and a few remaining free 
ribosomes, findings that differentiate this stage of development 
from mature plasma cells. They eventually reach the cords of the 
red pulp and are found even within the sinuses. When viewed by 

electron microscopy, the most immature blasts, known as immuno-
blasts or plasmablasts, have a large nucleus, a prominent nucleo-
lus, and an increase in the number of ribosomes; but no organized 
endoplasmic reticulum is evident and they mature to plasma cells 
in GCs which are well developed by the end of the first week.

immunologic Functions of the Spleen
The two most important immunologic functions of the spleen are 
phagocytosis and the development of the effector mechanisms of 
humoral and cell-mediated immunity.189

The labyrinthine structure of the spleen is ideal for the effective 
removal of invading microorganisms by phagocytes that come to 
reside in the spaces of the reticulum.

Phagocytosis is facilitated by opsonization, i.e., coating of bac-
teria with complement, antibody, or both. Although the phagocytic 
function of the spleen is well recognized, its contribution to humoral 
or cell-mediated immunity in humans has generated considerable 
controversy.190,191 Originally it was reported that children who 
had splenectomy for congenital hemolytic anemia acquired an 
increased incidence of overwhelming fatal infections, but not all 
subsequent studies yielded results that confirmed these findings.

Splenectomy for hematologic disorders apparently has far 
more serious consequences than splenectomy for trauma. The 
incidence of overwhelming sepsis in the former cases is 24.8% 
compared to a 1.45% incidence for the latter group.192 In humans, 
the loss of the spleen compromises the immune system and its 
ability to form antibody,193 and postsplenectomy antibody synthe-
sis by peripheral blood lymphocytes is impaired.194

Against the evidence cited above of the importance of the 
spleen for defense against infections, Hox11 -/- mice without 
spleen have no major defect in antiviral immunity except for some 
delay in antibody response by 1 to 2 days.195

LympHocyTe HomiNg aNd 
recircuLaTioN

homing to Secondary lymphoid organs
Migration of leukocytes across the vascular endothelium is a com-
plex multistep process which involves different types of endothelia 
for different leukocytes, as well as a variety of adhesion molecules. 
When B and T lymphocytes complete their maturation in the bone 
marrow and thymus respectively (primary lymphoid organs), they 
are still naive, i.e., they have not yet encountered antigenic stimu-
lation. The migration patterns of naive lymphocytes differ from 
those of the activated (or memory) lymphocytes. Naive lympho-
cytes enter the secondary lymphoid organs (homing) and settle in 
specific (T-dependent or T-independent) compartments.

Subsequently they use the blood and lymphatic circulation as 
traffic routes and migrate between secondary lymphoid organs 
without any specific preference (recirculation).

Antigen-activated or memory lymphocytes migrate specifically 
to sites where they have encountered antigen. Thus memory T 
lymphocytes tend to accumulate in extranodal tissues where they 
have previously been antigenically stimulated. These lymphoid 
accumulations are sometimes called tertiary lymphoid tissues and 
are associated with epithelial surfaces such as the gut, respiratory 
tree, and sites of inflammation in the skin and synovium. In some 
of these accumulations, however, there are also small numbers of 
naive lymphocytes.

Homing of lymphocytes to the spleen takes place through 
blood sinusoids in the MZ, but in regional LNs antigen triggers 
accumulation of antigen-specific memory T lymphocytes by two 
fundamentally distinct routes of entry.196

The first is by crossing the HEV, primarily followed by the 
naive lymphocytes; the second is by crossing flat endothelium, a 
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route followed by the activated T lymphocytes. HEVs are abun-
dant in the T cell–dependent areas of the LN and are used as 
entry sites for both T and B lymphocytes.197,198,199,200 HEVs are 
found in lymph nodes and other extranodal locations, such as 
PPs, tonsils, adenoids of the pharynx, appendix, and lymphocyte 
aggregates of the stomach and small intestine. The best HEV 
marker currently available is a carbohydrate epitope recognized 
by the monoclonal antibody MECA-79.201

Crossing HEVs by lymphocytes involves interaction of leuko-
cytes with endothelia in three steps (a) tethering and rolling, (b) 
integrin activation and arrest or tight adhesion, and (c) transen-
dothelial migration (Fig. 11.21).

tethering and rolling
Blood flow “rolls” the lymphocyte over the endothelial cells, estab-
lishing loose and transient contacts with them. This tethering and 
rolling over the vascular endothelium in the HEV, is mediated by 

L-selectin (CD62L), previously known as LECAM-1 (Leukocyte-
Endothelial Cell Adhesion Molecule 1), LAM-1, SELL, or MEL14. 
It is expressed on lymphocytes and interacts with its counter-
receptor on HEV cells. In order for L-selectin to mediate primary 
adhesion (i.e., rolling), it must be located on the tips of the micro-
villi202,203 of HEV in peripheral LNs. Homing of naive lymphocytes 
to secondary lymphoid organs or the PPs of the gut requires 
L-selectin interaction with integrin, but it is not required for acti-
vated T lymphocytes which lack expression of L-selectin.204 The 
L-selectin is important for lymphocyte adhesion to HEV as shown 
in gene knockout mice and with antibodies which block lympho-
cyte migration to LN by 99%.205

Rolling by L-selectin requires its linkage to cytoskeletal pro-
teins such as actinin, vinculin, and talin through its carboxy 
terminal eleven amino acids.206 This enables leukocytes to reduce 
speed and sense chemoattractants which activate firm adhesion.

At higher shear the average lifetime of rolling tethers is much 
longer as a result of the elongation of the microvillus tethers 

Figure 11.21. Homing of T and B lymphocytes to peripheral lymph nodes. 1. rolling: Lymphocytes entering the high endothelial venule (HEV ) slow down as 
a result of interaction of the L-selectin (L-SEL) (lymphocytes) with its ligand, the peripheral node addressin (PNad ) on endothelial cells. 2. Arrest: Secondary lymphoid 
tissue chemokine (SLC ), constitutively produced by HEV cells, activates integrin aLb2 (CD11a/CD18) and tightly adheres lymphocyte to the endothelial surface. 
3. Diapedesis: SLC (produced by HEV cells) and Epstein-Barr virus–induced molecule-1 ligand chemokine (ELC ) (produced by dendritic cells and trancytosed to 
the surface) act on appropriate receptors (CCR7) and attract T (stronger) and B (weaker) cells that insinuate themselves through the endothelial cells. 4. Home set-
tling: Entering the node, T cells settle in the paracortex (ELC production), while B cells and a few antigenically experienced CD4+ T cells move on, being attracted 
by another chemokine, B-lymphocyte chemoattractant (BLC) (or BCA-1), acting on both of them, expressing the receptor CXCR5 to settle in the follicles. Gc, germinal 
center; ICAM, intercellular adhesion molecule; INT, integrin.
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 indicate that such a ligand is expressed on endothelial cells, pro-
moting neutrophil rolling in vivo.

The enzymes fucosyltransferase (FucT)-IV and FucT-VII confer 
the L-selectin binding activity.219

integrin activation and lymphocyte arrest
In preparation for transendothelial migration, lymphocytes need 
to adhere firmly to the endothelial cells. Arrest is achieved by 
activation of LFA-1 (L-2) integrin, which interacts with ICAM1 or 
ICAM2. On resting lymphocytes the LFA-1 exists in an inactive 
form; but within less than a second, it is activated by chemo-
kines constitutively expressed on lymphoid tissues (“lymphoid 
chemokines”).220–222 These are the secondary lymphoid tissue 
chemokine (SLC) or CCL21,223,224 and the Epstein-Barr virus–
induced molecule-1 ligand chemokine, ELC, or CCL19, also called 
MIP-3.225

SLC induces arrest of naive T cells to ICAM-1 226 with sixfold 
higher efficiency for naive than for memory T cells.227 The arrest 
is pertussis toxin–sensitive, implying that the signaling mechanism 
is mediated through G-proteins. The ELC shares the same binding 
specificity with SLC, but its role is less obvious. ELC transcripts 
are restricted to nonendothelial cells in the perivascular area of 
the paracortex,228 and is brought to the luminal surface of the 
HEV by transcytosis, where it is able to participate in LFA-1 acti-
vation and arrest of the lymphocytes through the same receptor 
CCR7 as the SLC.229 Integrin activation and affinity is regulated 
by conformational changes of their extracellular domains230 and 
these changes occur through extension of the genu, followed by 
separation of the stalks that lead to the high-affinity conformation 
(see details of integrin structure and activation in Chapter 14).

transendothelial migration
SLC induces strong chemotaxis for T cells and to a lesser extent 
for B cells223 and their entry to the secondary lymphoid organs, 
which requires the expression of CCR7, its high-affinity receptor, 
as shown in mice with Plt mutation (paucity of LN T cells).

These mice lack SLC lymphocytes which cannot enter through 
HEVs, and as result the structure of the paracortical areas is 
severely disorganized. The Slc gene in mice is located on chro-
mosome-4,231 which corresponds to human chromosome 9p13 
where CCL21 (SLC) is located. Furthermore, T cells lacking the 
SLC receptor (CCR7) have a markedly reduced ability to enter 
LNs and PPs. In CCR7-deficient mice the homing of B cells into 
secondary lymphoid organs is not disturbed, and the arrest of B 
cells on HEVs takes place in the absence of SLC, indicating that 
other chemotactic activities regulate entry of B cells into second-
ary LNs. Lymphocyte entry into LNs may also be mediated by 1 
(CXCL12) which is recognized by the CXCR4 receptor expressed 
on resting T and B cells.

However, this interaction is not important for T cells as 
CXCR4-deficient mice have normal T cell areas. The redundancy 
of the mechanisms for B cell homing explains the normal B cell 
homing in plt mice, as well as on CXCL12- and CXCR4-deficient 
mice.

Transgenic mice that do not produce SLC in the normal ana-
tomic locations but have SLC expression directed to the pancreas 
under the control of the insulin promoter II have collections of 
CD4+ and CD8+ cells near the center of the islets and only a 
few scattered B cells surrounding them.232 In older mice, these 
clusters in the islets develop stromal reticulum, seen in LNs 
and vascular endothelium with morphology of HEVs. B cells as 
follicular-like clusters without GCs merge with the T cell areas, 
which demonstrates the important role of SLC in LN neogenesis.

Once naive lymphocytes have crossed the HEV, chemokines 
direct the lymphocytes to their compartmental homing, i.e., 
T lymphocytes to the paracortex and B lymphocytes to the  follicles.  

which stabilize leukocyte rolling over a wide range of shear 
forces.207 For efficient rolling the ligand for L-selectin needs to 
carry three critical structural elements: sialic acid, fucose, and sul-
fate. Monoclonal antibodies specific for sialyl- 6-sulfate of Lewis X 
oligosaccharide inhibit almost completely the binding of L-selectin 
to human HEVs. Examination of the adhesion requirements of 
the three selectin members has clearly shown that the L-selectin 
prefers carbohydrate 6-sulfation to tyrosine sulfation, which is the 
preference of the E-selectin.208

Molecules carrying L-selectin–binding saccharides are known 
as vascular addressins, but some of them are secreted proteins 
and do not participate in lymphocyte trafficking, like the glycosyl-
ation cell adhesion molecule-1 (GlyCAM-1). The lymphocyte traf-
ficking is basically a physiologic multimolecular adhesion cascade, 
which involves lymphocyte endothelial recognition mediated by 
the alpha-4 integrins as a “bridge” between selectin and beta-2 
integrin, although it may involve only preactivated alpha-4 integ-
rins. At the present time the nature of the macromolecule which 
carries the epitope detected by the monoclonal antibody MECA79, 
known as peripheral node addressin (PNad), which defines 
an HEV-specific carbohydrate epitope, remains elusive.209,210 
Biochemical and genetic evidence implies that, for the synthesis 
of sulfated glycan moieties, sulfation precedes sialylation, which 
is followed by 1,3 fucosylation, required for an L-selectin ligand. 
With targeted deletion of the FucT-VII locus, which encodes an 
1,3 fucosyltransferase expressed in HEVs, there is an 80% to 90% 
reduction of short-term lymphocyte homing. However, some other 
work suggests that although sulfate on the epitope is required for 
L-selectin binding, neither sialic acid211 nor fucose212 are directly 
involved in the binding. Sulfate groups are required for optimal 
L-selectin binding, because if the sialyl Lewis-X (i.e., “sialyl-”-2-3–
galactopyranosyl-1-4–N acetylglucosamine-“-1-3-fuco-pyranosyl”) 
is modified with sulfate, it generates a critically important 
L-selectin recognition determinant.

The most important sulfate modification is known as “sialyl 
6-sulfo Lewis X,” i.e., sialyl Lewis X with sulfation of GlcNAc 
on the sixth position.211 Sulfation is catalyzed by a member of 
the GlcNAc-6-0-sulfotransferases (Glc-N-Ac-6-STs) family, which 
has five members.213,214 L-selectin–mediated leukocyte rolling 
is extremely fast and jerky in nature.215 This is probably due 
to endothelial chemokines juxtaposed to endothelial L-selectin 
ligands.216 Rolling leukocyte is of a jerky nature probably as a 
result of detachment of the cell from its binding site followed by 
binding to another ligand downstream. The endothelial chemo-
kines CCR7 and CXCK5 are G-protein–coupled receptors (GPCRs), 
or SLC/ELC and BCA-1, respectively. It is hypothesized that clus-
ters of GPCR around L-selectin prevent the association of mul-
tiple L-selectin molecules necessary for stabilization of L-selectin 
contacts.

The sulfated/sialylated-O-linked oligosaccharides recognized 
by L-selectin are displayed on sialomucin core proteins. One of 
them is endomucin, which is expressed on HEVs of the lymph 
nodes but also on endothelial cells of other vessels. One of the 
sialomucins is endomucin, which is decorated with carbohydrate 
chains reactive with L-selectin, and its isoform-a is expressed on 
PNad of HEVs. Appropriately modified by glycotransferases and 
sulfotransferases, it can function as a ligand for L-selectin.217,218

The P-selectin glycoprotein ligand-1 (PSGL-1), a mucin-like gly-
coprotein detected on various leukocytes, is a ligand for P-selectin, 
but it also binds to L-selectin and E-selectin.

PSGL-1 is a heavily glycosylated sialomucin expressed on most 
leukocytes and has dual function, as a selectin ligand for leuko-
cytes rolling on vascular selectins expressed in inflammation, and 
as a facilitator of resting T cells homing into lymphoid organs.218

Flow cytometric analyses show that the endothelial cells from 
the cremaster muscle bound L-selectin in a PSGL-1–independent 
manner. These results provide evidence for the existence of 
an L-selectin ligand distinct from PSGL-1 in inflammation and 
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SLC is expressed not only on HEVs, but also by stromal cells 
within the T cell areas of LNs, spleen, and PPs. A second ligand for 
CCR7 is ELC, which is also expressed in T cell areas and is made 
by macrophages and the DCs of the paracortex. In vitro, the SLC 
and ELC attract T cells effectively and B cells weakly. In conclu-
sion, SLC and ELC chemokines bind to their receptor CCR7 and 
stimulate the T cells’ crossing of the HEV, while B cells cross the 
HEV by more than one chemokine/receptor system (Fig. 11.21).

Once inside the LN, T cells are attracted to the follicles 
by chemokine CXCL13 (BLC, BCA-1, B cell–attracting chemo-
kine-1), which binds to the receptor CXCR5 (or BLR-1, Burkitt 
lymphoma receptor-1). The CXCR5 is expressed by mature as 
well as by activated B cells and in addition by CD4+-activated 
T cells. Antigen-activated CD4+ T cells downregulate CCR7 and 
upregulate CXCR5; and this CD4+ T cell subset, in contrast to 
naive T cells that stay in the paracortex, travel with B cells to 
the follicles. This explains the results of fluorescent antibody, 
which detects small numbers of scattered T cells within the GC 
(Fig. 11.13A), which induce strong antibody responses in culture 
with B cells.233 CXCR5-deficient mice show defective follicular 
localization of B cells. BLC is expressed constitutively by FDC in 
lymphoid follicles of LNs and other secondary lymphoid organs, 
and in BLC-deficient mice there are severe defects in the develop-
ment of secondary lymphoid organs. Histologically, B cells are not 
organized in follicles but form a ring around the T cell areas.234 
The importance of BLC for the organization of B cells into follicles 
was shown by the ectopic expression of BLC in pancreatic islets, 
where B lymphocytes but not T cells accumulate in these sites.235 
The organization of primary follicles requires an FDC network , 
which is strongly dependent on LT-1 and LT-2 and TNF expressed 
on B cells.236

In conclusion, for proper formation of follicles and localization 
of B lymphocytes, two ligand-receptor systems are mandatory: 
TNF and the LT-1 and LT-2 ligand and their receptor LTR, as well 
as the BLC ligand and its receptor CXCR5.

Signaling for lymphocyte homing
Cells receive a multitude of stimuli which may be chemical (such 
as cytokines and growth factors) or physical (such as mechanical 
stresses or adhesion to extracellular matrix or other cells). These 
stimuli influence their function by affecting intracellular signal-
ing pathways, and often involve cell-surface receptors or other 
molecules that function through activation of the Rho family of 
small GTPases. Rho GTPases control multiple cellular processes, 
including actin and microtubule dynamics, gene expression, cell 
cycle and polarity, and membrane transport; and they bind to 
numerous downstream effectors diverting signaling pathways 
appropriately.

The integrin activation pathway involves intracellular signaling 
mediated by the Ras homologous A protein (Rho-A), which is a 
guanosine triphosphate–binding protein.237,238 Rho-A activation 
depends on the cytoplasmic tail of ICAM1, but the exact mecha-
nism of activation remains unknown. Activation of Ras stimulates 
a cascade of activations initiated with the phosphorylation of the 
mitogen-activated protein kinase and phospholipase-C, which in 
turn activates protein kinase-C and mobilizes Ca2+ from intracel-
lular sources.

Activation of PI-3 kinase by chemokine stimulation activates 
in turn phospholipase D and initiates actin rearrangements and 
vesicular trafficking.239,240,241 There are several PI-3 kinase 
isoforms and cytokines which affect cell migration by altering 
the isoform of activated PI-3 kinase, which in cooperation with 
DOCK2 activates homing of T and B lymphocytes.242

DOCK2 is a hematopoietic cell-specific protein of the CDM 
family and is indispensable for lymphocyte chemotaxis. Dock2-
deficient mice (Dock2−/−) exhibit migration defects of T and B 
lymphocytes but not of monocytes, and response to chemokines 

results in several abnormalities including T lymphocytopenia, 
atrophy of lymphoid follicles, and loss of marginal-zone B cells. 
DOCK-2 is a member of the CDM protein family, which regulates 
cell motility and cytokine production in mammalian hematopoi-
etic cells through the activation of Rac and plays a pivotal role 
in the modulation of the immune system.243 It is also expressed 
in lymphoma cells such as follicular lymphoma and diffuse large 
B cell lymphoma. DOCK2 is the mammalian homologue of the 
CED-5 protein family in Caenorhabditis elegans and activates 
Rac which in turn regulates actin cytoskeleton and therefore cell 
mobility. DOCK2 mediates migration of lymphocytes, indepen-
dently of PI-3 kinase; and its intracellular signals result in reorga-
nization of the cytoskeleton, causing cells to send out pseudopodia 
and move along the chemoattractant gradient. Transendothelial 
migration occurs rapidly, and within minutes lymphocytes reach 
the basement membrane and move toward the cell–cell junctions. 
Adhesive contacts with the endothelium are modulated so that 
the cell is not immobilized, but this may result from a decrease of 
activation signals.

Dendritic cell migration
The traffic of DCs is regulated by cytokines (IL1, TNF-a), chemo-
kines, and defensins; but regardless of their origin, immature DCs 
express the chemokine receptor-6 (CCR6), which binds the che-
mokine MIP-3 (CCL20). The ligand for CCR6 (i.e., MIP-3) is consti-
tutively expressed by keratinocytes and provides homing signals 
for the positioning of LC to the suprabasal layer of epidermis.244

In mucosal surfaces, such as in the intestinal mucosa, the 
CCR6 functions as a mucosa-specific regulator of humoral immu-
nity and lymphocyte homeostasis and attracts immature DCs to 
submucosal areas.245 CCR6 binds a family of antimicrobial pep-
tides known as defensins, which constitute one of the first lines of 
host defense. For example, the human beta-defensins (hBD), such 
as hBD-2 and -3 have anti-HIV activity.

The defensins are detected throughout evolution, in fungi and 
flowering plants as well as in invertebrates and vertebrates. They 
are cysteine-rich, cationic peptides with the ability to kill a broad 
range of microorganisms including bacteria, yeast, and viruses, 
and thus they are a strong component of the arsenal in innate 
immunity.

The antigen-presenting cell required for induction of primary 
immune responses in skin are the LCs. Following activation by a 
foreign antigen, their level of MHC class II antigen and their acces-
sory cell activity are increased; they migrate to regional lymph 
nodes, where they stimulate T cells. One of the earliest manifesta-
tions of LC activation is the accumulation of increased amounts 
of IL-1-beta mRNA within 15 minutes after exposure to antigens 
such as contact allergens in vivo. LCs are connected physically 
with keratinocytes through homotypic interactions mediated by 
E-cadherin, which is downregulated by inflammatory or allergic 
stimuli and results in “maturation” and detachment of LCs.246 
The migration of antigen-bearing LCs, from the skin to drain-
ing lymph nodes is mediated by TNF-a and CD40–CD40 ligand 
interactions critical for Ag presentation to T cells in eliciting an 
immune response.247 Their interaction is mediated by the ligand 
of 6C-kine, known also as Exodus-2/6 C-kine secondary lymphoid 
tissue chemokine/T cell activator protein-4. Another potent stimu-
lator of T cell migration is the macrophage inflammatory protein 
MIP-3, which binds to the CC chemokine receptor-7 (CCR7). These 
chemokines are expressed in lymphoid organs and the 6-Ckine 
has been localized to high endothelial venules and lymphatic 
endothelium. It is therefore likely that they may play an important 
role in the homing of dendritic cells to lymphoid tissues.248

The barrier to their migration, imposed by the basement mem-
brane of the skin (collagen IV), is brought down by the matrix 
metalloproteinase-9, released by LCs with specificity for collagen 
IV.249 LCs cross the abluminal side of the lymphatic vessels, 
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The aEb7 integrin is expressed in approximately 2% to 6% of 
blood T cells, a memory subset which is negative for CLA-1 and 
L-selectin259 and is induced by transforming growth factor-b.260 
The same cytokine is also known to trigger a class switch of IgM+ 
B cells to IgA, which is the predominant Ig class produced by the 
gut lymphocytes. It is of interest that MADCAM1, a gut mucosal 
addressin, contains an IgA-like domain.261

Homing to Inflammatory Sites
Lymphocytes are known to accumulate in sites of chronic inflam-
mation and tissues with active autoimmune mechanisms. The 
phenotype of these lymphocytes indicates that they are activated, 
and therefore antigenically stimulated.251 Cytokines produced 
from macrophages, such as interferon-g and TNF-a, regulate 
lymphocyte traffic to inflammatory sites. Accumulation of lym-
phocytes at chronic inflammation sites involves several adhesion 
molecules such as LFA-1 and a-4 integrins, as well as E-selectin 
and VCAM1. Chemoattractants such as MIP-1b enhance binding 
of CD8+ T cells,262 whereas RANTES selectively attracts memory 
T cells.263 The MPC-1 is a major lymphocyte chemoattractant (in 
addition to its strong activity on monocytes),216 which explains 
the mixed composition of cellular infiltrates, rich in lymphocytes 
and monocytes, in sites of chronic and autoimmune inflammatory 
reactions. MCP-1 is present in abundance in areas of antigenic 
challenge and autoimmune diseases.264 The data suggest that 
-C-C chemokines provide the triggering signal for the integrin-
dependent tight adhesion of lymphocytes to endothelia for emi-
gration to inflammatory sites.

Homing to Other Sites
In bone marrow transplantation the hemopoietic progenitors use 
the “a4b1–V CAM1 to home to bone marrow,265 as well as inter-
actions involving P-selectin with PSGL-1, the P-selectin ligand.266 
Lymphocyte homing to tonsils is mediated by L-selectin and 
CD34,267 whereas the attachment of lymphocytes to brain micro-
vasculature is mediated by the sulfoglucuronosyl paragloboside, 
a ligand for L-selectin.268 Integrin adhesion receptors mediate 
cell–cell and cell–extracellular matrix interactions, which control 
cell morphology, migration, differentiation, and tissue integrity.

Integrin heterodimers, such as a4b1 and a5b1 are considered 
to generate distinct signal transduction mechanisms.

the Significance of lymphocyte homing  
and recirculation
It is estimated that as many as 5 × 106 lymphocytes/second leave 
the blood and cross HEVs in the body. The process of rolling and 
sticking to the HEV takes 1 to 20 seconds and the transendothelial 
passage approximately 10 minutes.269 From in situ microscopic 
observations of PPs, the velocity of the lymphocyte before contact 
with the HEV is approximately 4,000 mm/second, and rolling 
effectively reduces this to approximately 40 mm/second.206 Thus, 
rolling increases the chances for firm adhesion, but at the same 
time the cell may escape if proper triggering for activation of 
integrin mechanisms fails to be initiated. Triggering mechanisms 
involve G-protein–linked chemoattractant receptors and their 
ligands, and they can bring about integrin activation within 1 to 3 
seconds after contact for tight adhesion. Homing and recirculation 
are not random, but the result of active interactions determined 
by the phenotypes of the HEV cells and the lymphocytes. Homing 
to specific microenvironments of the secondary lymphoid organs 
is developmentally acquired, carried out under the guidance of 
chemokines,270 and influenced by the cellular composition of the 
microenvironments (i.e., IDCs vs. FDCs).

Chemokines mediate entry of lymphocytes into lymphatic tis-
sues, and sphingosine 1-phosphate (S1P) promotes localization of 

 probably with the involvement of P-glycoprotein, and eventually 
enter LNs. In the lymphatic vessels they are known as veiled cells 
on the basis of their morphology (i.e., large lamellipodia veils), 
which like sails propel them forward. Attracted by SLC and MIP-3 
(or ELC), both of them ligands of the CCR7 receptor, they enter 
the LN from the afferent lymphatic vessel into the subcapsular 
sinus to reach the T cell areas.250 In the T cell areas, they are 
known as IDCs, as their elaborate long cytoplasmic processes 
interdigitate between T cells. IDCs present to T cell antigens they 
have captured in the periphery, initiating an immune response 
(see Chapter 14).

Special homing pathways

Homing to the Skin
Memory lymphocytes tend to return to the type of tissue where 
they have encountered the antigen.251 Lymphocytes that entered 
the afferent lymphatics from the skin have a distinct phenotype 
and express a marker called cutaneous lymphocyte-associated 
antigen (CLA),252 which binds to E-selectin.253,254 E-selectin is 
induced on dermal endothelial cells in the delayed type of hyper-
sensitivity and in chronically inflamed skin.

Other molecules also mediate strong adhesion of memory T 
cells to skin, such as VLA(Very Late Antigen-4, or CDw49d) inter-
acting with VCAM1, and the integrin alpha-3 beta-11 with the 
extracellular matrix component epiligrin, an interaction which 
may be involved in cutaneous inflammation.255 T lymphocytes 
may penetrate the epidermis using E-cadherin, a member of a 
group of single-pass transmembrane proteins which mediate 
specific cell–cell interactions with their extracellular regions, 
while the intracellular region is associated with the actin cyto-
skeleton.256

Homing to the Gut
Lymphoid cells in the gut are found in three areas: (a) well- 
organized collections known as Peyer patches, which are second-
ary lymphoid organs; (b) in the lamina propria underlying the 
intestinal epithelium; and (c) interspersed between epithelial cells 
(after penetration of the basement membrane) known as intraepi-
thelial lymphocytes (IEL).

Naive lymphocytes home to PPs, whereas memory cells home 
to extralymphoid sites, i.e., the intestinal lamina propria, because 
of variation in the expression of highly specialized homing 
receptors. Expression of the ligand of L-selectin and MADCAM1 
(mucosal addressin cellular adhesion molecule-1) is weak in the 
HEV of the PPs; and therefore neither set of these molecules alone 
is capable of mediating tethering and rolling to initiate integrin 
activation, but their cooperation allows naive lymphocytes to 
enter the PPs. The endothelium of the lamina propria, on the 
other hand, is negative for the ligand of L-selectin but strong for 
MADCAM1 expression; and as a result naive lymphocytes are 
unable to use the L-selectin pathway, and since the expression of 
aEb7 is weak, they cannot use this pathway either in order to initi-
ate rolling. This is the reason that naive lymphocytes are blocked 
from normally infiltrating the lamina propria.

On the other hand, memory lymphocytes, although they lack 
L-selectin and cannot use this set of molecules to enter PPs, have 
a strong expression of aEb7 and are able to initiate rolling to 
enter the lamina propria. One may assume that this an expres-
sion of the wisdom of nature to allow only memory, i.e., activated 
lymphocytes, already well-equipped for defense, to enter areas 
with infectious foci. Some of the lymphocytes are able to pen-
etrate the basement membrane of the intestinal epithelium and 
settle between enterocytes to become IELs. The IELs interact 
with the intestinal epithelium through an integrin known as the 
human mucosal lymphocyte molecule, now shown to be the aEb7 
 integrin.257,258
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lymphocytes to the vasculature. Both signals are sensed through 
G protein-coupled receptors (GPCRs).

When lymphocytes are antigenically stimulated, the pattern 
of migration is modified and antigen-specific lymphocytes are 
directed to particular tissues so that they may influence more effec-
tively various aspects of the immune response. This ultimately is 
the significance of lymphocyte recirculation reflected in the differ-
ence between naive and antigenically experienced lymphocytes. 
Immune responses within various microenvironments271,272 are 
all under the control of the chemokines. Knowledge of the mecha-
nisms of chemokine regulation will allow the development of 
therapeutic strategies to control inflammatory diseases.273
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one of the most common protein domains in higher eukaryotes 
widely used in zinc finger nucleases (ZFN) and are currently used 
in human clinical trials with an aim of therapeutic gene editing. 
ZFPs are nucleases designed to cut at specific DNA sequences 
and are becoming powerful tools in gene targeting to replace a 
gene within a genome by homologous recombination (HR), or to 
permanently modify plant and mammalian genomes, including 
the human genome. They were developed and used in Drosophila, 
rats, and zebra fish to generate modified organisms with gene-
targeted mutations and/or deletions.

This brief review emphasizes the point that Ikaros is a master 
regulator of gene expression and chromatin remodeling, and its 
biologic roles include regulation of the development and function 
of the immune system and overall even the hematopoietic dif-
ferentiation.

The Ikaros–/– mice have a complete block of B-cell differen-
tiation, with lack of pro-B and precursor B (pre-B) cells in fetal 
liver and bone marrow. The Ikaros gene generates eight protein 
isoforms by alternative splicing and some of them bind, through 
the N-terminal ZFP motif, to DNA sequences which contain GGGA 
core motifs. This family of DNA-binding proteins, restricted to 
lymphocytes, are highly conserved in humans and mice and 
regulate the expression of other genes. They are localized in 
the nucleus of most primitive hematopoietic stem cell subsets, 
particularly at two stages: (a) long-term self-renewing stem cells 
and (b) multipotent progenitors, which are not self-renewing, 
but able to differentiate into lymphoid-committed progenitors.11 
The isoforms detected in hematopoietic stem cells differ from 
those detected in lymphoid progenitors, but all of them share two 
C-terminal zinc fingers that mediate their self-association, form-
ing multiple heteromeric complexes. Other members of the Ikaros 
family (i.e., Aiolos and Helios) encode transcription factors that 
form multimeric complexes with Ikaros.12

The Ikaros gene is required not only for the early stages of lym-
phocytic differentiation but also for late stages, especially in T-cell 
maturation. It exerts multiple regulatory functions by recruiting 
repressor complexes, or what are known as chromatin remodel-
ing machines, an unconventional function of transcription factors. 
IKAROS is also needed for the maintenance of B cells by regulating 
BCR signaling, and importantly overall it acts as a master regula-
tor of hematopoietic differentiation and as a tumor suppressor 
in acute lymphoblastic leukemia (ALL), especially forms of the 
disease associated with poor prognosis.13

The transcription factor PU.1 acts at the pluripotent level of 
myeloid-lymphoid progenitors, and its expression maintains the 
hematopoietic progenitor pool by supporting the generation of the 
earliest lymphoid and myeloid progenitors.14

It regulates early B-cell development by activating the IL7Ra 
gene, rendering B-cell progenitors responsive to appropriate dif-
ferentiation signals, and thus promoting differentiation to the pro-
B-cell stage . Among the three main B-cell populations, B-1, B-2 
(follicular), and marginal zone B cells, PU.1 directs differentiation 
toward the B-2 subpopulation15 and enhances the activity of other 
transcription factors, i.e., the interferon (IFN)-regulatory factor. 
The B-1 and B-2 B cells which are involved in innate and adaptive 
immune responses, respectively, arise from distinct progenitors.16

The TCF3 (previously E2A) gene is important for lympho-
cytic differentiation encoding two proteins, E12 and E47 of the 
basic helix–loop–helix family by differential splicing. The pro-
teins encoded by TCF3 bind uniquely to the DNA of B cells as 
homodimers17 and are essential for the coordination of Ig gene 

B LympHocyTeS
Frixos paraskevas

C h a p t e r  1 2

oNTogeNy
Pluripotential stem cells give rise to all hematopoietic lineages, 
undergoing asymmetric division, i.e., one daughter cell follows 
a pathway of differentiation, whereas the other remains as a 
self-renewing stem cell. Depending on their interaction with the 
appropriate stromal cells, as well as growth and differentiation 
factors, stem cells differentiate into various lineages including B 
and T lymphocytes. Their differentiation is guided by the type of 
stromal elements to which they are exposed; i.e., in the thymic 
microenvironment they develop as T cells, whereas in contact 
with bone marrow–derived stromal cells they develop as B lym-
phocytes or myeloid cells. Multiple checkpoints ensure proper 
differentiation of precursor to mature B lymphocytes, and several 
have been found disrupted in patients with primary immunodefi-
ciency. The differentiation of the B cell involves critical processes 
divided into two periods; the first from stem cell to immature 
Ig-M+ B cell is antigen-independent, while the second period 
from immature B cell to plasma cell is antigen-dependent. The 
first period is subdivided into two stages: from stem cell to pro-
genitor B (pro-B) cell and from pro-B cell to immature Ig+ B cell. 
Differentiation has been studied in animals and humans with cells 
obtained from different stages of development (embryonic as well 
as adult) and with cells from patients with lymphoproliferative 
disorders, which are considered “frozen windows” of normal dif-
ferentiation. This approach, however, is not accepted universally 
because evidence from acute leukemias suggests the existence of 
some degree of asynchronous maturation with phenotypes not 
found normally.1

STem ceLL To progeNiTor B ceLL
See Figure 12.1

transcriptional regulation
Hematopoiesis is coordinated by several genes that orchestrate 
multiple cell interactions which release growth and differentiation 
factors.2 More than eight specific cell lineages have been identified 
which differentiate from pluripotent stem cells, guided through a 
well-defined hierarchical sequence to mature functional cells.3

During fetal life lymphopoiesis takes place in the yolk sac 
and liver and after birth in the bone marrow.4 “Master” genes 
regulate differentiation of lineages through transcription factors 
which activate target genes, progressively narrowing their differ-
entiation potential to specific lineages,3 and which coordinate the 
various stages of lymphocytic development.5,6,7,8 A common pro-
genitor gives rise to separate myeloid and lymphoid progenitors, 
and the latter to lymphocytic lineages B, T, natural killer (NK), and 
dendritic cells (DC).

Normal development of lymphopoiesis depends on the Ikaros 
family of transcription factors, which regulate lymphocytic devel-
opment. The Ikaros gene (IKZF1) encodes a zinc finger protein 
(ZFP), which is a transcription factor expressed by B and T cells 
at different stages of differentiation (except plasma cells).9

A long-standing goal of molecular biology has been the con-
struction of DNA-binding proteins for the control of gene expres-
sion by using the classical Cys2-His2 design of a ZFP, ideally 
suited for such purposes; and it was adopted for discriminating 
genes with closely related DNA sequences.10 The classical ZFs are 
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rearrangements;18 therefore in their absence B-cell differen-
tiation is blocked before entrance into the pro-B-cell stage. The 
basic region mediates DNA binding, whereas the HLH domain is 
required for protein dimerization. The E12 targets the genes of 
the early B-cell factor (EBF)19 and the Pax5,20 directing differ-
entiation along B lineage while it blocks myeloid differentiation.

The Pax5 is exclusively expressed in the stage between pro-B 
cell and mature B cell.20 The B-cell–specific activator protein, 
BSAP/ PAX5, is a paired domain DNA-binding protein expressed 
in the developing nervous system, testis, and in all B-lineage cells, 
except terminally differentiated plasma cells. BSAP regulates tran-
scription of several genes expressed in B cells and also the activity 
of the 3′-IgH enhancer and targets the genes of CD19, VPREB1, the 
gene transcribing for the lambda light chain, and several intronic 
sites of the C4B gene. The Pax5 gene regulates the V(D)J Ig heavy-
chain gene rearrangements after the first DJ-H rearrangement,21 
which generates the pro-B-cell population. Mice deficient for Pax5 
have a pre-B-1 cell population which do not express CD19 or Ig-a 
and to a lesser extent Ig-b, V-preB, and lambda-5. These cells pro-
liferate normally in vitro on stromal cells in the presence of inter-
leukin IL7 and carry out D-J rearrangements of both IgH chain 
alleles. Removal of IL7 from the cultures inhibits differentiation to 

surface Igm expressing B cells. Transplantation of Pax5-deficient 
pre-B I clones into Rag-deficient hosts leads to full reconstitution 
of the thymus with D(H)J(H) rearrangements and normal positive 
and negative selection of CD4–CD8– and CD4+CD8+ thymocytes 
and the development of normal, mature CD4+ and CD8+ T-cell 
compartments in the peripheral lymphoid tissues.

The target for BSAP is the adaptor protein B-cell linker 
protein (BLNK) which is linked with surface IgM by CMTM7, a 
tetra-spanning membrane protein, co-localized with clathrin and 
sIgM on the plasma membrane. The linking of sIgM with BLNK, 
a pivotal adaptor protein in the signal transduction, results in its 
recruitment to the vicinity of the tyrosine kinase Syk and initia-
tion of signal transduction. This culminates in MAP kinase activa-
tion as well as other downstream signaling proteins, i.e., PLC-g2, 
Bruton tyrosine kinase ( Btk), etc.22 The BSAP regulation of BLNK 
gene expression controls also the pro-B to pre-B transition and 
mediates the constitutive signaling of the pre-B cell receptor 
(pre-BCR) in cell proliferation, growth factor responsiveness, and 
V(D)J recombination. BSAP diverts differentiation of a common 
myeloid/lymphoid progenitor to lymphocytic differentiation as a 
result of its ability to suppress the response of the progenitor cell 
to myeloid growth factors,23 and represses genes inappropriately 
expressed at the pro-B-cell stage.24

Essential for early B-lymphocyte development is the EBF 
which regulates the expression of Ig-a (mb-1) and Ig-b (B-29) 
coreceptors. Isolated human EBF factor binds to Ig-a and Ig-b 
promoters, and EBF-deficient mice lack Ig-a and Ig-b transcripts 
in pro-B cells.25,26 EBF activates transcription of B-cell–specific 
genes and initiates necessary events such as gene activation of 
other transcriptional regulators (i.e., Pax5) that direct the early 
stages of B-cell lymphopoiesis.27 Mutations of E2A or EBF arrest 
B-cell development at a stage earlier than that of PAX5, because 
recombinase expression is blocked and expression of pre-BCR, 
l5, and V-preB genes is inhibited.27 The three transcription fac-
tors PAX5, TCF3 (E2A), and EBF form a cross-regulatory network 
with the TCF3 gene being the most potent B-cell regulator, essen-
tial for expression of PAX5 and EBF, which in turn is needed for 
expression of E47. Collectively, the targets of IKZF1 are the genes 
of the transcription factors TCF3 (E2A), PU.1, EBF, and PAX5, 
all of which regulate stages of B-cell differentiation before the 
expression of Ig genes. It has been shown however, that the TCF3 
gene plays a central role for some aspects in subsequent stages 
of B-cell lymphopoiesis.28 TCF3 (E2A) proteins are required for 
the interleukin IL7–dependent expansion of pro–B cells and their 
progression to the pre-B-cell stage and even later, for the regula-
tion of rearrangements of the IgK gene and heavy-chain isotype 
switching.29,30,31 TCF3 encodes proteins that enhance hypermuta-
tion by recruiting AID to the Ig loci29 and is essential in promoting 
pre-B- and B-cell survival.30

ceLL iNTeracTioNS iN earLy  
B-ceLL DeveLopmeNT
Study of B-cell differentiation has become feasible with the 
development of long-term bone marrow culture techniques. This 
approach has helped to define the cells that are essential for the 
development of B cells and the factors that support B-cell growth 
and differentiation. The bone marrow stroma makes a critical 
contribution to hematopoietic differentiation and the term stroma 
is used in a collective sense to include a variety of cells, such as 
adventitial reticular cells, adipocytes, fibroblasts, and endothelial 
cells of the sinuses.32 The stroma includes also the extracellular 
matrix, composed of various fibrous proteins, glycoproteins, and 
heparan sulfate, effective in binding cytokines.

Granulocyte-macrophage colony-stimulating factor can bind 
to marrow stromal glycosaminoglycans and be presented to 

Figure 12.1. B-cell differentiation. The first stage of B-cell development takes place in 
the bone marrow. Normal development of lymphopoiesis depends on the Ikaros family of 
transcription factors, which form multimeric complexes with other members, i.e., Aiolos and 
Helios. These complexes are known as chromatin remodeling machines, and their targets 
induce a second wave of transcription factors, i.e., PU.1, E2A, EBF, PAX5, etc. Their targets 
are a third set of genes, forming BSAP that acts on the adaptor protein BLNK (SLP-65). Tar-
gets of BSAP are the genes for CD-19, V-preB, and l5, i.e., markers distinctly of the B-cell 
lineage. BLNK regulates the transition from pro-B to pre-B, whereas PAX5 is needed for V(D)
J recombination. This stage of development is independent of exposure to antigen and is fol-
lowed by an antigen-dependent stage that unravels in the peripheral lymphoid organs. Antigen 
receptors, i.e., Igs, expressed on their surface interact with antigen and helper T cells, and 
trigger B-cell differentiation (plasma cells) and antibody secretion. Class switching generates 
distinct classes of antibodies suitable to dispose antigens in the various microenvironments, 
i.e., inside the body as well as on body surfaces.
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hematopoietic stem cells. Stroma cells have been isolated from 
adult bone marrow33 or fetal bone marrow after removal of 
adherent cells (i.e., macrophages, endothelial cells). Stroma cells 
have the morphology of an adventitial/reticular/fibroblast cell, 
which expresses several adhesion molecules. They support, 
in cultures, differentiation of fetal bone marrow cells (CD34+, 
CD19–)34 toward B-cell lineage, i.e., with loss of CD34 and acqui-
sition of CD19 and the V-pre-B protein.

Several adhesion molecules have been implicated in the 
mediation of interactions between B-cell progenitors and stroma 
cells. Critical among them are vascular cell adhesion molecule-1 
(VCAM1) on stroma cells and very late antigen-4 (VLA-4) on 
B-cell progenitors.33,35 The CD34 is expressed not only on stem 
cells,36 but also on stroma cell precursors37 and endothelial 
cells,38 and thus mediates interactions with its counterreceptor, 
L-selectin expressed on progenitor cells. Among cytokines with 
a wide range of functions is IL7, which acts in an early stage of 
common lymphoid progenitors (CLP, B/T/NK), mediates growth 
and differentiation of lymphocytes in the bone marrow, and 
plays a critical role in B-cell development.39 IL7 maintains B-cell 
differentiation programs open; and although in the absence of 
IL7 the differentiation of T/NK proceeds normally, B-cell differ-
entiation is arrested since IL7 modulates EBF expression, which 
activates target genes that are specific for B-cell differentiation 
programs.40

In mice lacking IL-7R the recombination process comes to a 
halt, because normally it is the IL-7R which targets VH segments 
to the recombinase complex; and furthermore, aberration in the 
expression of Pax5, a gene with pivotal importance in B-cell devel-
opment and regulation, is associated with B-cell malignancies.41 
Even though the block from IL7 deficiency is after the pro-B cell 
stage, these cells have certain abnormalities, such as failure to 
upregulate terminal deoxynucleotidyl transferase (TdT) and the 
high-affinity IL-7R chain.42 The net result of IL7 deficiency is 
lack of expression of the m-chain and the pre-BCR, events that 
normally promote the advancement from pro-B-cell to pre-B-cell 
stage. Stimulation of proliferation and expression of the m-chain 
follows distinct signaling pathways, because the Y449F mutation 
in the cytoplasmic region of the l7ra chain, which abrogates pro-
liferation induced by IL7, does not block m-chain expression.43 In 
the absence of IL7, the thymic stroma lymphopoietin (TSLP) (see 
Chapter 11) assumes a host of functions, i.e., regulation of the 
development of IgM+ B cells from IgM– precursors, the promotion 
of B-cell and Th-2 differentiation of naive CD4+ T cells, and the 
activation of NK T cells, basophils, and other innate immune cells 
at the initial stage of inflammation.

TSLP affects B cell maturation and activation and may also 
influence differentiation and development of T regulatory T (Treg) 
cells.44 Human X-linked severe immunodeficiency results from 
mutations of the g chain, a common subunit for several cytokine 
receptors (i.e., IL2, IL4, IL7, IL9, and IL15). The patients lack 
T and NK cells but have normal or even elevated B cells,45 and 
normal numbers of B cells are detected in patients with mutations 
of the IL7Ra chain.46 The IL7 exerts changes in gene expression, 
which effect differentiation of pro-B cells to pre-B cells, especially 
in concert with other growth factors of stromal cells.47 It syner-
gizes with FMS-like tyrosine kinase 3 ligand (FLT3LG) and induces 
strong expansion of fetal B cells in vitro.48 IL7R has been detected 
on human B-cell progenitors, with a pro-B-cell phenotype, which 
lack expression of CD19 and clonogenic capacity,49 are CD34+, 
have messenger RNAs (mRNAs) for CD79B, RAG1, PAX5, and 
are TdT+. The IL7R-a–/CD19–/CD34+ cells do not differentiate in 
short-term cultures into pro-B cells, therefore the expression of 
IL7R-a defines an entry into a stage characterized by upregulation 
of multiple B-lymphoid–associated markers. Single adult human 
CD34+ CD38– CD7– cells cultured over a murine fetal liver adher-
ent cell line supplied with IL7, FLT3LG, and IL3 differentiate into 
B cells, NK cells, myeloid cells, and DC.50

B-lineage development therefore is based on a complex, inter-
connected network of genetic programs which provide lineage 
commitment and specification.8,51

The CXCR4 chemokine receptor is detected in CD34+ hema-
topoietic progenitors52 committed to B-cell development,53 and 
its ligand is the stromal cell–derived factor-1 (SDF1 or PBSF, 
now known as CXCL12).54 The CXCL12 chemokine orchestrates 
rapid revascularization of injured, ischaemic, and regenerating 
tissues via the CXC chemokine receptors CXCR4 and CXCR7. 
The CXCL12 induces intracellular actin polymerization in lym-
phocytes, a process that is thought to be a prerequisite for cell 
motility. Expression of CXCR4 on CD34+ BM cells is one of the 
phenotypic alterations for committed lymphoid progenitors and 
allows discrimination of lymphoid progenitors from myeloid 
progenitors. Since CD34+CXCR4+ cells are differentiated from 
CD34+CXCR4– cells, multipotential progenitors located in the BM 
are likely to be negative for CXCR4 expression.

CXCR4 is also known as fusin and acts as a coreceptor for 
human immunodeficiency virus (HIV) which infects host cells, but 
CXCL12 blocks the entry of HIV to T cells.53 The CD34+ CXCR4– 
bone marrow cells generate myeloid and lymphoid progenitors, 
while the CD34+, CXCR4+ cells, although they give rise to B cells 
and T cells, lack the potential for myeloid, erythroid, megakaryo-
cytic, and mixed colony-forming progenitors. CXCR4 therefore 
defines B-lineage committed progenitors more accurately than 
other commonly used markers and is expressed earlier than IL7R 
or TdT.

pro-B ceLL To ig+ B ceLL
The early development of B cell differentiation is divided into 
two stages, the pro-B and the pre-B cells. In pro-B cells the first 
rearrangement involves the DH to JH segments of the immuno-
globulin heavy chain (IGH@). With the completion of this step, 
the VH to DH-JH rearrangement begins and if it is productive, 
an H chain is formed which binds a surrogate light chain (SLC) 
forming the pre-BCR. Further signaling by the pre-BCR stimulates 
proliferation followed by light chain rearrangement. IGK@ light 
chain rearrangement begins before the rearrangement of the 
IGL@ light-chain genes. These epigenetic changes regulate the 
transition to the B cell stage, characterized by rearrangements 
of the light-chain genes with the kappa light chain preceding the 
rearrangement of the lambda chain gene.

Molecular definition of the stages of early B-cell development 
identified cells with mH chains in the cytoplasm without L chains 
and no mature IgM molecules on the cell surface,55 followed 
by phenotypic markers or Ig gene rearrangement.56 Single-cell 
polymerase chain reaction analysis and Ig gene rearrangements 
allowed a more precise identification of B-lineage commitment 
and definition of the stages which characterize the transition from 
stem cells to pro-B-cell stage and B-cell development (Fig. 12.1). 
The pro-B cell stage in B cell development is followed by the pre-B 
cell, which may be divided into pre-B-I and pre-B-II stages.

Clones of pre-B I cells carry characteristic D(H)J(H) rearrange-
ments on both IGH@ chain alleles. However removal of IL7 from 
the tissue cultures does not induce B-cell differentiation in B cells 
expressing surface IgM.

When the Ig gene rearrangements reach their final stage, IgM 
is expressed on the cell surface and differentiation reaches the 
end of the immature B lymphocyte stage. Three sets of genes 
regulate the transition from the pro-B-cell to the pre-B-cell stage, 
with expression of the complete Ig molecule on the surface of 
the B cell. One set includes RAG1 and RAG2 genes, and a third 
gene encodes the SLC which is composed of the proteins from the 
VPREB1 and l5 genes.

The proteins from two other genes, CD79A (mb1, PSMBS; IGB) 
and CD79B (CD79B; IGB) CD79B; IGB, form the coreceptor. These 
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genes support the expression of IgM on the surface of the B cell, 
the BCR repertoire, and allelic exclusion (i.e., expression of only 
one of the two alleles). The rearrangements of the Ig genes start 
with the joining of a D to JH segment in the pro-B cells, which 
proliferate in contact with stromal elements and express the SLC 
linked to a gp30 protein, sometimes referred to as the surrogate 
heavy chain of the pro-B-cell complex.57–59 SLC expression is 
required to establish immunoglobulin heavy chain allelic exclusion 
during early B-cell development and is easily detected on mouse 
pro-B cells but difficult to detect on human pro-B cells.58,59 The 
SLC consists of two noncovalently associated proteins, VPREB1 
and l5 (Fig. 12.2), encoded by genes located on chromosome 22, 
where the l-chain genes are also located.60,61 The VPREB1 and 
l5 proteins have several unusual features that distinguish them 
from conventional light chains. The VPREB1 protein is composed 
of 102 amino acids with homology to a conventional V domain 
and both have atypical sequences which target them to the endo-
plasmic reticulum (ER).62

However, whereas the conventional V domain has a total of 
nine beta strands, including a sequence encoded by a J segment, 
the VPREB1 has no sequence similar to the J segment and is 
shorter by one strand, the b7 strand, and its C-terminal portion 
has no homology to any other known protein. The N-terminal end 
of the l5 protein is unique, with only marginal sequence homolo-
gies to conventional domains. The C-terminal end of the l5 pro-
tein has an Ig-like fold, homologous to the conventional l-chain C 
domain. This is followed by a sequence with marginal homology to 
the Ig structures and an extra b-strand that is homologous to the J 
region of the conventional Vl domains. Unique regions and Ig-like 
domains of the VPREB1 and lambda-5 proteins control the folding 
and assembly of SLC,62 which associates with the m-chain to form 
the pre-BCR. The C-1 domain of the m-H chain in the pre-BCR is 
protected from improper folding by the hsp-70 protein BiP, which 
retains the m-H chain in the ER.63 The protection from improper 
folding of CH-1 is taken over by the C-l5 protein at a later stage 
as long as the CH-1 is associated with the VPREB1 as SLC.64 SLC 
escorts the m-H chain to the surface of the cell, although not all 
m-H chains can pair with the SLC, since some V segments have 

structural features that prevent their association. At this point, the 
RAG1, RAG2, and DNTT (TDT)TdT genes are turned off, securing 
allelic exclusion and thus preventing further rearrangements at 
the other allele.65 The l-5 chain of the pre-BCR represents the C 
domain of the conventional L chain of BCR, and has 85% homol-
ogy with the C-l domain, while the VPREB1 is the equivalent to 
the VL domain.66 The SLC is linked by a disulfide bond to the mH 
chain through the Cm-1, i.e., the first constant domain,67 and its 
role in the formation of the pre-BCR is dual. The C domain of l-5 
protein interacts with Cm-1 and the VPREB1 (and part of l5) with 
the VH domain of the mH chain.68 This last interaction is likely to 
be the first step in the selection of the B-cell repertoire67 as the 
pre-BCR induces asymmetric divisions of pre-B cells.69 In contact 
with pre-BCR ligands on stromal cells, i.e., heparin sulfate70 or 
galectin-1,71 the SLC mediates receptor aggregation, signaling, 
and internalization, as well as transition from pro-B cells to pre-B 
cells.72 Pre-B-cell signals induce proliferative activity of pre-B 
cells, allelic exclusion of the heavy-chain locus, and activation of 
the light-chain loci preparing for V(D)J recombination.73

Productive rearrangement of the L chain completes induction 
of the IgM molecule expressed on the B cell surface, and marks 
the transition to the immature B-cell stage. The strong prolif-
erative capacity of the pre-B cells was analyzed in Pax5–/– mice, 
which showed that the pre-B cell has an extensive renewal capac-
ity, multipotency, and the ability to reconstitute recipient animals 
with lymphoid and myeloid lineages.74

Signaling is transmitted by the CD79A/CD79B partners of 
the pre-BCR, which is linked to several protein tyrosine kinases, 
i.e., Bruton’s tyrosine kinase [BTK], SYK, ITK, BLNK, and phos-
phoinositide 3-kinase (PI-3K).75 Ligand binding causes aggrega-
tion of the pre-BCR, resulting in endocytosis of pre-BCR, loss 
of cell surface expression, and accumulation of pre-BCR within 
membrane lipid microdomains.

The pre-BCR signaling achieves two important outcomes 
for subsequent differentiation of the B cell: activation of MAP 
kinases, which block apoptosis usually triggered by the engage-
ment of CD24;76 and downregulation of RAG1/RAG2 expression 
to turn V(D)J recombination off, so that allelic exclusion is accom-
plished.77 The RAG1/RAG2 proteins are still expressed on active 
proliferating cells of the pre-BI stage, but are silenced during the 
pre-BII stage. Because the cell has achieved its objectives (i.e., 
survival and allelic exclusion), it reactivates the V(D)J recombina-
tion machinery to allow rearrangements of the conventional k/l 
chains, to be able to form the complete IgM molecule and thus 
enter the immature B-cell stage.

Existing epigenetic mechanisms prioritize expression of single 
heavy and light chain alleles (allelic exclusion) in order to main-
tain monoallelic expression of both genes in a single B cell,78 
maintaining at the same time single specificity of the B cell recep-
tor. At a later stage of B cell development, additional mechanisms 
contribute to prioritizing expression of single IGH@ and IGL@ 
alleles to help maintain the monoallelic expression of Ig.

The nontranscribed allele is in close association with hetero-
chromatin, and the transcription factor IKZF1 initiates the silenc-
ing of transcription of the lambda-5 gene through a direct effect 
on the promoter.79 Individual B lymphocytes normally express 
immunoglobulin (Ig) proteins derived from single Ig heavy chain 
(H) and light chain (L) alleles. At later stages of B cell develop-
ment, additional mechanisms may contribute in prioritizing 
expression of single IGH@ and IGL@ alleles. The importance of 
pre-BCR signaling for progression from pro-B-cell to pre-B-cell 
stages and beyond is emphasized by the fact that deficiencies 
of any component of the pre-BCR or downstream signaling mol-
ecules blocks developmental progression of B cells at the pro-B or 
pre-B stage.80 Targeting the genes for VPREB1,81 l5,82 or exons 
of the m-chain blocks B-cell differentiation at the pro-B to pre-B-
cell stage.83 In mice with l5-deficiency the expression of VPREB1 
is normal, which excludes an essential role for pro-B and pre-B 
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Figure 12.2. The structure of the pre-B-cell receptor. The pre-B-cell receptor is com-
posed of the m chain and a surrogate light chain that consists of two components, the l5 and 
the V-preB. The m chain is linked by disulfide bond to the l5 component, whereas the V-preB 
is noncovalently attached. It is not yet clear whether the surrogate light chain can be expressed 
on the surface without the m chain.
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cell receptors in VPREB1 regulation.84 Similarly, in a patient with 
agammaglobulinemia, mutations in both l5/IGLL1 genes were 
associated with agammaglobulinemia and reduced numbers of 
B cells.85

The SLC is not detected on the surface or in the cytoplasm of 
a subpopulation of self-reactive cells found in germinal centers86 
and circulation.87 B cells having a VPREB1 sequence in their BCR 
and RAG mRNA have also been described in normal human tonsils 
and the joints of patients with rheumatoid arthritis.88,89 The pre-B 
cell signaling that terminates pre-B cell expansion and induces 
Ig L-chain rearrangement is transmitted by Bruton’s tyrosine 
kinase and the BLNK (Src homology-2 domain), which contains a 
leukocyte-specific phosphoprotein of 65 kD.90 The V-region of a 
pre-B receptor and l5 proteins of the pre-BCR are invariant, but 
each contains unique evolutionarily conserved non-Ig sequences 
(unique regions or URs) attached to the Ig sequences.91 The URs 
interrupt the SLC complex and may be considered equivalent to 
the CDR3 of the Ig L chain which participates in antigen bind-
ing.92 The transcription factors that are most active and are 
specifically upregulated at this stage are TCF3, EBF1, PAX5, and 
IRF4.93 The pre-BCR not only switches on the Ig genes, it appears 
to select preferentially those that provide mH chains of a higher 
quality, i.e., with a higher potential to assemble with Ig L chains.94

In conclusion, the pre-BCR plays a major role in the expansion 
of pre-B cells, allelic exclusion, repertoire selection, activation 
of V(D)J recombination, and developmental progression to IgM+ 
B cells.73 Multiple checkpoints ensure proper differentiation of 
precursor and mature B lymphocytes. Many of these checkpoints 
have been found disrupted in patients with primary immunode-
ficiency; and it still remains unclear how B cells are affected, as 
11 critical processes in B cell differentiation have been identified.

immuNogLoBuLiN geNeS
Among the early successes of investigations in recombinant DNA, 
was the characterization of the Ig genes. There are three loci for 
the heavy chains and two for the light chains (k, l). The gene for 
the human heavy chain is located on chromosome-14,95 the C(k) 
gene on chromosome-2,96 and the C-l on chromosome-22.97,98 
Separate genes encode the V and C domains of the Ig molecule. 
The human heavy-chain genes are not completely linked and the 
Cm gene is the closest to the Vdj segments.

At the 3′ end of the H chain locus, there are two copies of 
a g-g-â-a unit (Fig. 12.3). One of the duplicated â-sequences is 
a pseudogene (câ) in which the CH1 and CH2 domains have 
been deleted. The genome contains a third closely homologous 
â-related sequence, a “processed” pseudogene found on chromo-
some-9. These kinds of pseudogenes probably are products of a 
reverse transcription from RNA and then are inserted at locations 
in the genome that are unrelated to the original locus. A g-related 
pseudogene lacking the switch region is present between the two 
g-â-a duplications. The recombination events occur in a region on 
the 5′ side of the CH coding sequences.

This region contains repetitive DNA sequences and has been 
known as the switch region (S) sequence. Within the switch regions 
occur the recombination breakpoints during isotype switch (see 
Chapter 14). Usually the stimuli for switch recombination, like IL4 

and CD40, promote transcription across the S regions to produce 
switch junctions, one retained in the chromosome while the other 
is found in a circular DNA (see Chapter 14).

vH–D–JH geNeS
The heavy chain of the IgM molecule is encoded by four sets of 
DNA: variable (VH), diversity (D), joining (JH), and the constant 
(C-m) genes.

A VH gene encodes the first 95 or 96 amino acids of a V domain 
but the exact number of VH genes is not known; it is estimated, 
however, to be 100 to 200. Of the available VH genes only a 
portion are functional, and an even smaller portion is available 
for rearrangement.99,100 The VH genes constitute seven families 
based on their homology at the DNA level and are known as VHI 
to VHVII. Most VH genes are polymorphic, but the degree of varia-
tion is usually small.101 The VH segment encodes the hydropho-
bic leader sequence, the three framework regions, and the two 
complementarity-determining regions (CDR).

The name D gene, or segment, was proposed to indicate the 
diversity of an antibody at positions after amino acid 99 to the 
beginning of the J segment,102 which spans the third CDR. The D 
segments are located in chromosome band 14q32, with the major 
locus between VH and JH loci and several D segments interspersed 
within the VH segments, sandwiched between signal sequences 
(see later).The CDR-3 is encoded by the 3′ end of the VH segment, 
the D gene segment, and the D-JH junctional area. There are 
approximately 30 D segments grouped in seven families, and each 
one spans approximately 70 kb, with a promoter on its 5′ end that 
allows initiation of transcription when Ig genes at the pre-B-cell 
stage start rearrangements. The first rearrangement produces a 
DJH complex, which together with the m gene, encodes a protein 
known as Dm protein. There are six functional JH genes and three 
pseudogenes, each JH gene encoding the 3′ end of CDR-3 and the 
fourth framework region.

v (D) J recomBiNaTioN: FormaTioN 
oF THe coDiNg aND SigNaL JoiNTS
Next to the V, D, and J genes are conserved sequences of seven 
nucleotides (heptamers), which are attached to the 3′ side of the 
V segments, the 5′ side of the J segments, and on both sides of 
the D segments (Fig. 12.4). The heptamer is followed by 12 or 
23 nonconserved base pairs (bp) (spacers), followed by another 
sequence of 9 bp (nonamers), which may diverge from the consen-
sus sequence. This noncoding sequence is known as the recombi-
nation signal sequence (RSS).

Recombination signal sequences for V(D)J joining consist of a 
conserved heptamer (CACAGTG) and a nonamer (ACAAAAACC) 
separated by a spacer of a constant length of 12 or 23 bp. The 
presence of three consecutive A residues in the nonamer is neces-
sary for efficient recombination, and the nucleotides flanking the 
A-rich core should be other than A residues, so that the border 
of the A-stretch is precisely defined. This may be important when 
the recombinase measures the distance between the heptamer 
and the nonamer to satisfy the 12/23-bp spacer rule.103

5´ 3´

VH D JH µ δ γ3 γ1 α1ψε ψγ γ2 γ4 α2ε

Duplicated unit = γ–γ–ε–α

Figure 12.3. Human immunoglobulin heavy-chain gene locus. The heavy-chain gene locus contains the m and d genes close to the JH genes, whereas the 
remaining heavy-chain genes are farther downstream in two clusters from duplications. See text.
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The 12-bp spacer corresponds to one turn of the DNA a-helix, 
whereas the 23-bp spacer corresponds to two turns. This way, 
the recombining segments are juxtaposed on the same side of the 
DNA helix, so that they can be recognized by the enzymes of the 
recombination machinery.104,105 Joining of the various segments 
is limited between an RSS with a 12-bp spacer and one with 23 
bp106 (the 12/23 rule). Recombination follows strictly the 12/23 
rule of spacers, which prevents inappropriate recombination, i.e., 
a VH segment joining directly to a JH segment, as both of them 
have a 23-bp spacer between their heptamers and nonamers.106 
The pattern of the RSS at each locus is uniform. For example, 
in the Ig locus, all Vk segments have next to their heptamers a 
12-bp spacer, whereas all Jk segments have a 23-bp spacer. This 
prevents accidental joining of two Vk or Jk segments. The RSS 
sequences are the only ones that are required for recombination, 
whereas the coding sequences (V, D, or J) can be replaced by 
other DNA while the joining still occurs if the 12/23 rule is satis-
fied. During recombination, two new structures are formed: the 
joining of the coding sequences (coding joint), which is imprecise, 
and the joining of the RSS (signal joint), which is precise.

The V(D)J recombination (Fig. 12.5) is mediated by two 
enzymes known as RAG proteins,107 the RAG1 and RAG2, which 
are not related to other proteins. Their expression normally is 
limited to immature B and T cells, even after the expression 
of surface antigen receptor, until the receptor is cross-linked. 
Deficiency of RAG proteins in mice108,109 or humans110 results in 
SCID. The RAG2 is divided into an N-terminal (core) domain and 
a C-terminal (non-core) domain. The core domain is necessary 
and sufficient for carrying out the V(D)J recombination. The C 
terminus of RAG2 contains a PHD finger motif, usually present in 
chromatin-associated proteins. The PHD (Plant Homeodomain) 
is encoded by many genes, including RAG2, and recognizes or 
“reads” the gene status of expression for histone H-3, lysine-4, 
and DNA damage, i.e., histone modifications, and as a result is 
known as a chromatin reader. The PHD finger of RAG2 modu-
lates V(D)J recombination,111 and mutations of RAG2 at this 
site result in immunodeficiencies. Tetramers of the RAG1/RAG2 
proteins initiate the V(D)J recombination, which proceeds in 
three steps.112,113,114,115 The RAG1 binds to the nonamer, which 
acts as an anchoring platform, while the heptamer stabilizes 
the complex in the presence of RAG2. The recognition by RAG 
proteins of the RSS is assisted by sequence-nonspecific DNA-
binding proteins, HMG1/2 (high-motility group), which enhance 

binding and cleavage. In the RAG1/RAG2 complex, the RAG2 C 
terminus probably interacts directly with histones and stabilizes 
the RAG1/RAG2 complex.116 This interaction, which requires 
Mg2+, may bring the recombinase to specific signal sequences 
which may be required for the postcleavage phase of the recom-
bination. HMGB proteins bind to DNA through two DNA-binding 
domains known as HMG-box-A and -B.117 Each consists of 80 
amino acids interacting with the minor groove of the DNA. Box-A 
bends distorted DNA structures, whereas box-B bends severely 
linear DNA sequences. Mutations in HMGB proteins block syn-
aptic complex formation, or possibly recognize distorted DNA 
structures induced initially by RAG1/RAG2 binding. Their bind-
ing stabilizes the formation of the synaptic complex and thus 
promotes the DNA cleavage.118 The recognition by RAG proteins 
of the RSS is assisted by sequence-nonspecific DNA-binding 
proteins, HMG ½, which enhance binding and cleavage. During 
the first step of V(D)J recombination, the RSSs are recognized by 
the recombinase and are brought in juxtaposition, forming the 
synaptic complex, which is composed of a dimer of RAG-2 and 
at least a trimer of RAG1.119 In the second step the recombinase 
nicks the phosphoester bond between the last nucleotide of the 
coding sequence and the first nucleotide of the RSS (Fig. 12.5, 
Panel 1). The precise mechanism of the hydrolysis of the phos-
phate ester bond is not known. The nicking reaction requires 
the physiologic divalent cation Mg2+. The cleavage leaves blunt 
phosphorylated signal ends and hairpin sealed coding ends 
(Fig. 12.5, Panels 2 and 3), which are formed between the 3′-OH 
of the coding sequence (top strand) and the central phosphorus 
atom of the phosphate group between the coding sequence and 
the RSS of the opposite strand (the lower strand in Fig. 12.5). 
Formation of the hairpin requires significant bending of one 
or both DNA strands (Fig. 12.5, Panel 4). In the third step, the 
hairpin must be nicked open, so that the two coding ends form 
the coding joint. Opening of the hairpin may be done by a DNA 
repair complex120 or by RAG proteins themselves.121 Because 
the nicking may not be exactly in the center of the hairpin, the 
opening creates an overhang in one strand formed by the nucle-
otides from the other strand (Fig. 12.5, Panels 5 and 6). These 
are known as P-nucleotides, which are coming from the opposite 
or complementary end of the hairpin or palindrome (from the 
Greek palindromicos, meaning successive movement forward 
and backward, like the piston of an engine). As a result, they 
have an inverse complementary relationship with the adjacent 
coding end. Most of the coding ends detected in normal lymphoid 
precursors have 3′ overhangs.122 TdT adds nucleotides known 
as N-nucleotides (nongermline) to the strand with the missing 
nucleotides (Fig. 12.5, Panels 7 and 8). Disruption of TdT drasti-
cally lowers junctional insertions. In fetal and neonatal periods, 
the N insertions are low or absent as a result of the develop-
mental regulation of TdT. The alterations in the coding joint 
as a result of P- and N-nucleotides are the basis for junctional 
diversity (Fig. 12.5, Panel 9).

The RAG proteins continue to be bound to the signal and cod-
ing ends in a four-end complex, known as a cleaved signal com-
plex, at least while the coding ends are still processed. The RSSs 
are highly conserved among vertebrates, from sharks to humans. 
The three heptamer nucleotides closest to the recombination site 
are the most important, whereas mutations at other heptamer 
positions still allow recombination. Variations in the position of 
RSS may influence the use of gene segments IGK@ vs. IGL@.

The RSS joint is assumed to be lost by being converted to reac-
tive, broken DNA, disposed of in the next cell division (deletional 
recombination). However, the existence of inverted segments 
of DNA in these loci indicates that sometimes signal joints are 
retained in the chromosome (invertional recombination), a mech-
anism that restores chromosomal integrity. The fate of the signal 
joint has taken an unexpected direction as a result of findings 
indicating that the RAG proteins perform genetic transposition 

Figure 12.4. recombination signal sequences (rSS) and heptamer/nonamer spacing 
sequences. The coding sequences of the immunoglobulin genes are flanked by a 7-nucleotide 
sequence (heptamer), which is followed by either 12 or 23 nucleotides, which in turn are fol-
lowed by a 9-nucleotide sequence (nonamer) and again by a 23- or 12-nucleotide spacer. This 
order allows rearrangements only between a segment in which the 7/9 sequences are separated 
by a 12-mer spacer and another segment in which they are separated by a 23-mer spacer. This 
is known as the 12/23 rule.
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(i.e., act as transposases).123,124 The name given to the enzyme 
indicates its function, i.e., transposing or inserting pieces of DNA 
in a new location. The transposase MuA of the bacteriophage 
Mu is the best characterized in this class of enzymes, consisting 
of a tetramer in which two of the subunits nick the two ends of 
the Mu genome, while the other two catalyze the transfer of the 
ends into the target DNA. These reactions are important in the 
transmission of drug resistance among bacteria and the integra-
tion of retroviruses, such as HIV and others, into the genome. 
In fact the active site of MuA exhibits a striking similarity to 
the HIV integrase. It is interesting that the RAG1/2 act as tet-
ramers in V(D)J recombination and resemble the HIV integrase 

responsible for inserting DNA copies of the viral genome into 
the cellular chromosomes. There are also similarities between 
the mechanisms of transposition and V(D)J recombination, sug-
gesting that the RAG proteins may be members of the retroviral 
integrase superfamily.125 Hairpins during V(D)J recombination 
are the targets of the RAG-mediated transposition. Notable differ-
ences, however, exist in the nick-cleavage mechanisms between 
the two.126 Transposition of RSS in various positions, targeted to 
DNA, results in branched molecules.127,128 The high Mg2+ con-
centration prevailing in mammals, however, results in removal 
of transposed DNA by disintegration. No transposition in vivo has 
been reported as yet, probably because it is suppressed by GTP 

Figure 12.5. V(D)J recombination. Shown in this figure is the recombination of two hypothetical segments, D27 and J5. The recombination begins with recom-
bination-activating gene-1 (RAG-1) and RAG-2 recognizing the heptamers and monomers (see text) (Panel 1). They cut out one strand at the junction between the 
heptamer and the coding sequence. The other strand is severed by a nucleophile attack from the cut end (Panel 2). The two blunt ends of the heptamers form the 
signal joint (Panel 3), while a hairpin seals the cut coding ends (Panel 4). The hairpin is nicked open either by the RAG proteins or by a ubiquitous DNA double-strand 
repair complex (Panels 5 and 6). The opening is usually asymmetric and creates overhangs, with the nucleotides at the end of the overhang being complementary 
because they derive from the complementary opposite strand. These are known as palindromic (P) nucleotides (Panels 5 and 6) (from the Greek palindromicos, 
meaning moving forward and backward in succession). The double DNA strand breaks of the coding joint receive nucleotides from the function of TdT (nongermline 
nucleotides) known as N-nucleotides (Panel 7). Improperly paired nucleotides are removed (Panel 8), and the coding joint is completed with the addition of missing 
nucleotides (Panel 9). The P- and N-nucleotides added to the coding joint constitute the junctional diversity.
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and the C terminus of the RAG2 protein.129,130 Active transposi-
tion events are detrimental to the host because of the mutagenic 
potential of genomic rearrangements.

As a result of these recent insights into the nature of V(D)J 
recombination and the function of RAG1/2, the question of the 
fate of the signal joint becomes very important. Signal joints have 
been found to be cleaved quite efficiently.128 In vitro experiments 
showed that transposition is targeted not to a particular DNA 
sequence, but to structural features, such as hairpins, inverted 
repeats, supercoiling of DNA forming cruciform structures, and 
generally distorted DNA structures.131,132 In vitro experiments 
demonstrating transposition were performed with only the core 
part of RAG1/2; it is conceivable that other parts of the molecule 
exert an inhibitory effect on this potential function of RAG1/2. 
Although the in vitro experimental evidence suggests that there is 
a bias toward transposition, there is no evidence that this occurs 
in vivo, as it severely compromises genomic stability in the lym-
phocytes. On the other hand, lymphoid malignancies are associ-
ated with chromosomal translocations, many of which involve the 
Ig or T-cell receptor (TCR) loci and potentially may be mediated 
by the V(D)J recombinase.133

DNa repair mecHaNiSmS
Cleavage of DNA is always potentially dangerous, and although 
the recombinase function is essential for the integrity and normal 
function of the immune system, it is, at the same time, perilous. 
The V(D)J recombination, as well as class switch recombination, 
are necessary processes, but they demand double-strand DNA 
breakage. As vital as these two processes are for survival, the 
DNA double-strand break (DSB) is a threat to survival and it does 
occur in viral infections and malignancies. If genetic integrity is to 
be maintained, the DNA breaks need to be repaired.134 Although 
nature has developed a highly complex repair mechanism, it 
is, however, efficient. Double-strand breaks generate an alarm 
mechanism, based on the transduction of signals from the sen-
sors to the transducers and eventually to the effectors for the DNA 
repair job. An important sensor is the MRN complex, consisting of 
a nuclease (Mre-11) and the chromosome protein (RAD50), which 
maintain chromosomal structure and protein NBN.135,136,137 
RAD50 and NBN are recruited rapidly to DSB sites for processing 
broken ends. MRN transduces the early signals to a kinase, the 
main transducer, known as ATM (ataxia telangiectasia mutated), 
which rapidly phosphorylates various substrates needed in the 
repair pathway. ATM belongs to a family of proteins known as 
PI-3-K–like protein kinases (PIKK), with five members, while an 
additional protein is the catalytic subunit of the DNA-PK kinase. 
Four of the PIKKs are involved in the DNA damage response: 
DNA-PK, ATM, ATR, and SMG1. ATM is the first to be recruited 
to DSBs, where it is activated by MRN, probably as a result of 
changes in chromatin configuration; it then phosphorylates and 
activates several DNA repair and cell cycle checkpoint proteins, 
i.e., the histone lH2AX and NBN, required for recruiting other 
ATM targets.

ATM initiates a pathway that activates NF-kB (associated with 
cellular survival), as well as phosphorylates BID, which plays an 
anti-apoptotic role.

The DNA-PK (DNA-dependent protein kinase) complex con-
sists of a catalytic subunit (DNA-Pkcs) and a DNA-binding 
complex called Ku, which binds altered DNA structures such as 
double-strand breaks, nicks, or hairpin loops. Recombination of 
broken DNA strands occurs either between strands that have 
long stretches of homology (HR) or between DNA strand breaks, 
without relying on the presence of considerable homology 
between them. This recombination is known as nonhomologous 
end joining (NHEJ).138 Mutations in this system result in the 
accumulation of V(D)J-specific double-strand breaks, indicating 

a defective repair mechanism, which causes SCID. A new gene 
has been added to those already known that regulate double-
strand DNA break repairs. It was named ARTEMIS (now known 
as DCLRE1C),139 after the Greek goddess who was the protector 
of small children and animals.140 It belongs to the superfamily 
of metallo-b-lactamase enzymes and is now called DNA cross-
link repair K (DCLRE1C).141 It is involved in the nonhomologous 
end joining pathway, a DNA repair process used by eukaryotic 
cells,142,143 as well as in the repair of broken DNA ends from the 
V(D)J recombinase activity.

The repair requires that the hairpin in the coding joint is 
opened by the DNA-PK–DCLRE1C protein complex.141,144 In such 
a complex, DCLRE1C acquires endonuclease activity, which it 
does not possess by itself.144 DCLRE1C has been shown to be 
mutated in patients with SCID, expressing radiosensitivity.138 
Patients with hypomorphic mutations in DCLRE1C have not only 
immunodeficiency, but also a predisposition to lymphoma.144

rag1 aND rag2 proTeiNS
The evolutionary origin of the RAG proteins has been controver-
sial. Up to now it was accepted that the RAG genes originated 
from a horizontal gene transfer of a transposon, i.e., a mobile DNA 
element, and therefore are related to transposases, as discussed 
earlier.

Recently, however, two genes in sea urchins (Echinodermata) 
were detected that bear structural similarities to the RAG pro-
teins.145 Echinodermata are an earlier evolutionary stage of chor-
dates, to which vertebrates and humans belong. It is therefore 
possible that RAG proteins may have arisen very early in evolu-
tion and acquired their present-day function early in vertebrate 
evolution.

Both RAG proteins are required for V(D)J recombination, 
because lack of function of either one leads to SCID.146,147 A 
region that retains the recombinase activity is known as the core 
and has been used for studies in vitro. For RAG1, the core is 
located in the sequence 384–1,008 from a total of 1,040 amino 
acids, and for RAG2 in amino acids 1 to 383 of a total of 527. The 
core of RAG2 contains six repeats, each consisting of an antiparal-
lel b-sheet, formed by four b-strands. The repeats are arranged in 
a circular formation like blades of a propeller,147 a structure that 
is known to mediate protein–protein interactions. The C-terminal 
quarter of RAG2 consists of a plant homeodomain fold, which is 
found in proteins with chromatin-binding properties.148

Mutational analysis of the RAG proteins has provided some 
clues about structure–function relations. The catalytic properties 
of the proteins have similarities with members of the retroviral 
integrase superfamily132 and require divalent metal ions for their 
function—a requirement that is characteristic of some nucleases, 
the functions of which depend on acidic amino acids. Indeed, in 
RAG1, several acidic amino acids are critical for both nicking 
and hairpin formation, without affecting the DNA binding.149 For 
RAG1, the N terminus is important for activity,149 and the bind-
ing of RAG1 directly to DNA is supported by basic residues of 
RAG2.151 Deletion of the C-terminal region of RAG2 results in a 
reduction of the number of B and T cells.152 The plant homeodo-
main of RAG2 regulates differential access to sites of recombina-
tion, and although it is dispensable for D/JH recombination, it is 
essential for the VH/DJH step.153

SomaTic HypermuTaTioN
The primary importance of somatic hypermutation (SHM) is 
related to affinity maturation, i.e., the increase of the affinity of 
antibodies following repeated antigenic stimulations.154 However, 
a wider scope of hypermutation is to provide a better defense 
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against hypermutating microorganisms. Many pathogens such 
as Trypanosoma, Neisseria, influenza virus, and HIV evade the 
immune system by variations of the antigens of their coat (anti-
genic variation). Accordingly, SHM is the adaptation of the B cell in 
response to hypermutating microorganisms.155 SHM introduces 
mutations in the V gene at the rate of about 103 mutations/base 
pair/cell division, i.e., 106-fold higher than spontaneous mutations 
of somatic cells. At this rate genomic integrity can be maintained 
only if the SHM specifically targets the Ig genes. However, it has 
been suggested that SHM is not a mechanism specific for the 
Ig genes but it may occur in other genes. Perhaps the apparent 
preference for the Ig genes may be due to their higher density 
of certain hot spots,156 and SHM appears to target preferentially 
certain hot spots, such as the short DNA motif DGYW.

HumaN Heavy- aND LigHT-cHaiN 
geNe Loci
The heavy and light chains of the Ig molecule are assembled from 
a large collection of preexisting gene segments by the lymphoid-
specific RAG1 and RAG2 proteins. The RAG proteins cooperate 
to make double-strand breaks at specific recognition sequences 
(recombination signal sequences) or RSS.157 The recombination 
takes place between one RSS with 12-bp spacer (12-signal) and 
one with a 23-bp spacer (23-signal) and this arrangement is 
called the 12/23 rule. In the presence of the metal ion Mn2+, a 
single signal sequence supports double-strand cleavage, whereas 
Mg-2+ requires two signal sequences.157 The two light-chain 
isotypes, k (kappa) and l (lambda), comprise approximately 60% 
and 40% of all igs, respectively, and consist of a V domain and a 
C domain of approximately 107 residues each in length. The V 
domain is encoded by the V and J segments, the former encoding 
the first 95 to 96 residues and the latter encoding the remaining 
12 to 13. There is a single C-k gene, and several C-l genes. The 
k locus contains approximately seventy-six V-k segments grouped 
into six families, and five J-k segments, but no d segments. The 
l-locus contains 10 families of V-l segments, a high number of 
pseudogenes, and several C-l genes, each preceded by a single 
J-l segment.

One of the consequences of the imprecision of the V(D)G 
recombination is a change in the reading frame at the junction 
between the two gene segments, causing the segments to join 
out of phase, so that the triplet reading frame for translation is 
not preserved. In this case the rearrangement results in V(D)
J combinations with numerous stop codons which interrupt the 
translation. Recombination may be nonproductive or productive; 
when the junction lies within a codon, the resulting amino acid 
is encoded by nucleotides from both gene segments involved. It is 
estimated that only one in three recombination attempts are pro-
ductive, but the imprecision in the joints between variable gene 
segments increases their diversity by at least 100-fold. Difference 
in mRNA stability allows pro-B cells to distinguish between pro-
ductive and nonproductive Ig gene rearrangements.

The Ig gene rearrangements follow a certain sequence of the 
various loci and use only some of the available gene segments 
(allelic exclusion), which indicates that there are regulatory 
mechanisms underlying the process of rearrangement. For the 
IgG molecule the IGH@ gene is rearranged first and forms a 
complete V gene from three individual segment clusters, i.e., V, 
D, and J. One of the D segments joins a JH segment forming the 
D-JH complex and in the next step, which is regulated by the 
Dm protein, the V segment joins the complex. A D-JH rearrange-
ment has also been found sometimes in T cells. The Dm protein, 
which lacks a VH segment, is encoded by the D-JH complex and 
the constant gene of the m–heavy chain and may be expressed on 
the membrane of the cell with an SLC. Expression of Dm protein 

prevents further VH-to-DJH rearrangement, or the rearrange-
ments are diverted to another pathway such as k-chain rear-
rangements, which are accelerated. Completion of the m-chain 
inhibits further rearrangements by the opposite allele (known as 
allelic exclusion).158 Completion of the m-chain rearrangement 
is followed by rearrangements of the IGK@ gene, and if both k 
alleles fail to rearrange productively, the IGL@ gene is rearranged 
(Fig. 12.6). However, this hierarchical order of Ig gene rearrange-
ments has been challenged, because examination of B cells at 
different stages of early development shows that the heavy and 
light-chain genes rearrange independently.159 At the end of its 
early developmental stage, the B cell emerges with the expres-
sion on its surface of a unique antigen receptor consisting of IgM 
accompanied by two accessory molecules, CD79A and CD79B.160

reguLaTioN oF v(D)J 
recomBiNaTioN
Initiation of rearrangements by the recombinase requires that 
the gene must be accessible, i.e., the locus must be able to act 
as a template for the recombinase. In cells competent for rear-
rangement it was found that JK and VH genes have already 
been transcribed, but these RNAs, named germline or sterile 
transcripts, are incapable of encoding the protein. Several pos-
sibilities may exist to explain this finding, and since inactive 
genes are not accessible to the recombinase, it is possible that 
the altered structure of the chromatin allows the recombinase 
to recognize the RSS. Alternately, the enhancers may establish 
altered chromatin regions where both the recombinase and the 
transcription machinery have access; this is known as the acces-
sibility hypothesis.104,161 Enhancers and promoters function as 
accessibility control elements (ACEs), which regulate V(D)J recom-
bination. Enhancers maintain an open chromatin state in multiple 
embryonic tissues independent of their activity level. Regions of 
nonprotein coding genomic DNA bind protein transcription fac-
tors (TFs) and thus direct the expression of target genes. The 
enhancer of the IgM heavy chain (Em) is located within the intron 
between the JH segments and the Cm gene and is associated with 
matrix attachment regions (MAR), which improve production of 
the protein by recombination.162 Transcriptional regulation by 
enhancers is fundamental to the evolutionary diversity of meta-
zoans as well as their embryonic development. The regulation 
of a gene is an exceedingly complex process controlled by inter-
acting proximal and distal DNA elements usually placed in a cis 
configuration, proximal to the basal promoter where the general 
transcription machinery assembles. A promoter is always located 
in close proximity to the 5′-end of a gene and is necessary, but 
not sufficient, for its transcription, while enhancers or silencers 
are distant elements.

Enhancers are thought to be composed of binding sites 
for transcription factors (TF), which upon recruitment to the 
enhancer loop over the promoter and activate the transcription 
of the target gene. There are three additional enhancers within 
the Ig heavy-chain locus, and one of them (DQ52) competes more 
efficiently in conferring accessibility to the JH region. Interaction 
between DQ52 and Em is likely responsible for ordered rearrange-
ment, i.e., D to JH followed by VH-to-DJH complex.163 The k–light 
chain intronic enhancer is active only in mature B cells and plas-
macytomas, and its stage restriction is dictated by a single motif 
that binds the transcription of nuclear factor-kB (NF-kB), which 
recognizes a 10-bp motif. The NF-kB consists of two subunits and 
the DNA-binding function is mediated by the smaller one. The 
enhancers for the Ig transcription lie in the vicinity of the C-a gene 
and k locus. The enhancer between the Jk and Ck genes becomes 
transcriptionally active in the transition from the pre-B to B-cell 
stage.164 The matrix attachment regions are regions rich in AT 
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and demarcate regions of chromatin that undergo base unpairing 
and other regions that mediate binding of topoisomerase II. This 
regional division of chromatin may also be regulated from a dis-
tance by trans-acting factors, which bind to specific motifs within 
the enhancer or promoter. Despite the promiscuity and redun-
dancy of regulatory sequences, transcription is still specific for tis-
sue lineage and even stage of development. Several transcription 
factors and other signals lead to changes in expression levels, yet 
no clear model exists to explain the complexity of transcriptional 
regulation. The clear result is that disruption of the TCF3 and 
EBF1 transcription factors results in blocking of B-cell develop-
ment at a stage before Ig heavy-chain gene rearrangements.

Bcr v geNe reperToire
Certain aspects of the study of the Ig V gene repertoire and the 
Ig gene rearrangement have found wide applications in clinical 
medicine.165 The total number of V genes defines the available 
repertoire. However, not all genes are equally functional, and as a 
result, the repertoire which is usually expressed is biased, because 
some of the V genes are expressed with a significantly higher 
frequency than would be expected if all had an equal chance for 
rearrangement. This biased expression affects all V, D, and J gene 
segments; thus the JH4 segment (one of the existing six), on the 
basis of equal opportunity among all five segments, should be 
detected in 17% of B cells, yet it is found in 32% of B clones from 
fetal liver and in 42% of pre-B-cell ALL. The bias of the expressed 
repertoire shows striking association with certain diseases. For 
example, the VH4-21, a member of the VH4 family, is found in cold 
agglutinins.166 Preferential expression of certain VH segments is 
also detected in ALL clones. In ALL the frequency of N-nucleotide 

additions differs in children less than 3 years of age (12.5%) com-
pared with children greater than 3 years old (89%).167 Because 
in fetal B lymphocytes the frequency of N-nucleotide additions is 
low, it is suggested that the transforming event in the younger age 
group probably occurred during fetal life.

In chronic lymphocytic leukemia (CLL), the use of V genes is 
also restricted, and the same is true in non-Hodgkin lymphomas. 
It is interesting that in certain cases of follicular lymphoma, the V 
genes not only have undergone somatic mutations, but also con-
tinue to do so during the course of the disease, suggesting that the 
malignant clone is responsive to an antigen.168,169 Somatic muta-
tions, as expected, have also been detected in multiple myeloma, 
because the malignancy derives from an advanced stage of dif-
ferentiation of B cells.170 This brief summary emphasizes the fact 
that defects in V(D)J recombination171 are associated with human 
diseases such as loss of RAG1/RAG2 function, which results in 
SCID. In certain autosomal recessive diseases, hypersensitivity 
to DNA-damaging agents results in chromosomal breaks and 
rearrangements, with an increased incidence for development 
of leukemia and other malignancies. They have been classified 
as DNA repair disorders and include AT, Fanconi anemia, xero-
derma pigmentosum, and Bloom syndrome (see later). Genomic 
instability is most often linked to DNA repair deficiencies, which 
suggests that evaluation of deficiencies in repair mechanisms in 
pluripotent human stem cells should be a necessary step prior 
to their clinical and research use. The DNA repair pathways and 
repair capacities in pluripotent cells are more heterogeneous than 
those of differentiated cell lines. In mice the SCID mutation, an 
autosomal recessive mutation, results in the absence of B and T 
cells as a result of impairment of the V(D)J recombination. Both 
lymphoid and nonlymphoid SCID cells are hypersensitive to killing 
by ionizing radiation because of a DNA double-strand base-repair 

Figure 12.6. Heavy-chain immunoglobulin (ig) M and kappa light-chain rearrangement. With the completion of the V(D)J recombination of the 
m chain and the formation of a complete mH chain, the LK chain rearranges, and, if successful, it forms the complete IgMK molecule. If both k alleles rearrange 
unsuccessfully, the l gene rearranges. If successful, an IgMl molecule is formed. If both l genes cannot rearrange successfully, the cell dies by apoptosis.
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defect. It is rather important that a human gene on chromosome 
8q11 has been identified that restores V(D)J recombination, 
double-strand base repairs, and normal resistance to irradiation 
in SCID cells.172,173 V(D)J recombination is necessary for immune 
diversity and survival, but this objective can be achieved only 
through DSBs which threaten genomic stability. The complexity 
of the recombinase function is matched by complex DNA repair 
machinery. Disorders related to V(D)J recombination may be con-
sidered in two categories: those related to the first step (cleavage) 
and those related to the second step (cleavage repair).174

THe muTaTioN iN Severe comBiNeD 
immuNoDeFicieNcy
Two fundamental processes operate in V(D)J recombination, i.e., 
double-strand breaks during the gene rearrangements, followed 
by DNA repair. The SCID mutation in mice175 is associated with 
lack of mature lymphocytes and agammaglobulinemia. SCID T cells 
have long P-nucleotide sequences and accumulate hairpins at the 
TRD@ coding ends. In addition to the lack of rearrangements, there 
is an inability to repair damage from irradiation. In mice the SCID 
mutation is located on chromosome 16, and since human chromo-
some 8 can complement mouse SCID defects, it has been assumed 
that the SCID defect for humans should be in chromosome 8, 
although human chromosome 8 is not associated with any known 
immunodeficiency or DNA repair diseases. The gene, however, for 
the DNA polymerase-8, is in chromosome 8p11-12. Mutated RAG 
genes have been detected in nine patients from seven families.176 
Recombination activity was undetectable with mutations in the 
RAG core domains, and in four patients there was a complete B-cell 
differentiation arrest between the pre-BI and pre-BII stages.

v(D)J recomBiNaTioN:  
DNa cLeavage
Two types of RAG1 and RAG2 gene inactivations have been identi-
fied in mice. The first type results in the inactivation of the recom-
binase so that V(D)J recombinations cannot be initiated,108,109 
and as result the mice have no mature T and B lymphocytes, 
although there is an increase of immature lymphocytes in the 
lymphoid organs. The second type of mutation consists of a single 
conservative amino acid substitution in both proteins. It does not 
affect the initiation of V(D)J recombination, but severely impairs 
the coding and signal joint formation.177,178 The mutant enzymes 
are defective in hairpin opening in vitro and the formation of the 
coding joint in vivo. This evidence indicates that the RAG proteins, 
in addition to their cleavage function, are important for the forma-
tion of the joints; therefore, they must remain associated with the 
postcleavage complex to achieve opening of the hairpin.

In severe combined immune deficiency (SCID), approximately 
20% of the patients lack both T and B lymphocytes, but have 
normal NK cell counts;179 some of these patients have RAG1 or 
RAG2 gene mutations,110 while others have increased radiosen-
sitivity of their bone marrow cells and fibroblasts (RS-SCID).180 
The RAG2 structure consists of two globular domains separated 
by a hinge of approximately 60 amino acids. The largest domain 
which is enzymatically active has 350 residues and includes the 
previously described core region of RAG2. This domain forms a 
b-propeller with six blades arranged in a circle from a center. The 
b-propellers are made of 4 to 10 b-sheet units (blades) circularly 
arranged around a central tunnel, and have probably evolved by 
duplication and fusion of a rudimentary repetitive unit. The beta-
propeller fold is phylogenetically widespread and able to support 
a variety of functions such as catalysis, ligand binding and trans-
port, regulation, and protein binding. Interestingly, it appears 

that the beta-propeller topology is also compatible with strikingly 
diverse sequences. Amongst this diversity there are three large 
groups of proteins with related sequences and very important 
cellular and intercellular regulatory functions. The WD-40 repeat 
proteins have a variety of functions, such as signal transduction, 
transcription regulation, cell cycle control, autophagy, and apop-
tosis. The YWTD proteins and the Kelch repeats interact directly 
with the actin-binding protein LASP1 in membrane ruffles at the 
tips of pseudopodia, where both proteins are necessary for pseu-
dopodial elongation. A common characteristic among the proteins 
of these families is the internal repeats of 40 to 45 residues. The 
b-propellers are widely utilized in nature as recognition modules, 
and the well-conserved b-propeller fold exhibits a high degree of 
functional diversity, which is probably accomplished through vari-
ations in the surface properties of the proteins.181 The b-propeller 
fold shows a high degree of functional diversity, probably accom-
plished through variations in the surface properties of the pro-
teins. It is present in some integrins and other proteins which are 
known to mediate protein–protein interactions. Six out of seven 
mutations so far described in RAG2 in humans are clustered 
on one side of the propeller. This side is involved in interactions 
between RAG1 and RAG2 which are critical for functional activity. 
Two of these mutants (C41W and M285R) reduce the interaction 
between RAG1 and RAG2 in vitro but no DNA-binding activity of 
the complex was detected.182 This is consistent with the hypoth-
esis that RAG2 stabilizes the RAG1/RAG2 complex.183

omeNN SyNDrome
Omenn syndrome (OS) is an inherited disorder characterized by 
absence of circulating B cells, infiltration of the skin and intestine 
with activated oligoclonal T lymphocytes (HLA-D+), eosinophilia, 
and elevated serum IgE.184

The immunologic hallmark of OS is the expansion and activa-
tion of an oligoclonal population of autoreactive T cells. These cells 
should be controlled rapidly by immunosuppressive agents.185 
The patient has diffuse erythroderma, lymphadenopathy, hepa-
tosplenomegaly, protracted diarrhea, and failure to thrive. The 
T cells are activated, secrete Th-2 types of cytokines,186 and 
express oligoclonal expansion of TRB@ chains with VDJ junction 
similarities, suggesting a common antigenic specificity with pos-
sible autoimmune proliferation and a critical defect in the devel-
opment of lymphocytes.187 The hallmarks of OS are expansion 
and activation of an oligoclonal population of autoreactive T cells, 
skin erythroderma, and elevated IgE in the absence of circulating 
B cells.188 The syndrome expresses clinical symptoms and signs 
which define an inflammatory condition associated with vari-
ous genetic defects.188 The patients have activated oligoclonal T 
cells, and it appears that genes other than those directly involved 
in V(D)J recombination may play a role in the pathogenesis of 
OS. Omenn-like features are associated with mutations of genes 
involved in the maturation steps of lymphoid cells and not those 
directly regulating V(D)J recombination.188

OS is characterized by a cellular infiltrate of the skin, gut, liver, 
and spleen and a resemblance to graft-versus-host–like disease. 
The V(D)J recombination process is impaired but not abolished 
and leads to the generation of a few T cells which expand in the 
periphery and infiltrate target organs such as skin and gut, result-
ing in severe erythroderma and colitis, supporting the evidence 
that Omenn is an inflammatory condition.

Inherited mutations in RAG1 and RAG2 genes have been 
reported189,190 in a series of 20 patients with OS, and were shown 
to result in partial V(D)J recombinase activity.191 Because similar 
mutations have been detected in patients with T/B SCID, it has 
been suggested that an additional factor exists in OS to account for 
the different clinical picture, such as an autoantigen or an exter-
nal antigen that drives T-cell activation. In a 5-week-old girl with 
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Omenn-like SCID, the RAG1 gene had a mutation with deletion of 
nucleotide (631 del-T),190 and as a result the N-terminal region of 
RAG1 protein was deleted by a premature stop codon. The patient 
had a high number of T cells with almost a polyclonal TCR gene 
rearrangement, but there were no B cells and hardly detectable 
Ig gene rearrangements. The truncated RAG1 protein apparently 
could still support TCR, but not Ig gene rearrangements. This 
suggests that the N terminus of RAG1 is specifically involved in 
Ig V(D)J rearrangements. Another case of OS was reported with a 
mutation in the DCLRE1C (ARTEMIS) gene,192 a mutated maternal 
allele, and as a result the DCLRE1C protein was not functional 
as endonuclease, lacking the hairpin opening activity in a V(D)
J recombination assay. In a cohort of nine patients with OS, only 
two of the nine had RAG mutations,193 but the cause of OS in 
seven other patients remains unknown.

All patients, however, expressed restricted TCR-V and B cell 
repertoire, which might have occurred in response to infections. 
Missense mutations in RAG1 (p.Arg474Cys and p.Leu506 Phe) 
result in reduced RAG activity with idiopathic CD4+ T lymphocyto-
penia (ICL) and reduction of T and B cells, but no evidence of auto-
immunity or infections. It is therefore likely that RAG mutations 
are associated with conditions such as severe immune defects or 
even an almost normal condition.

v(D)J recomBiNaTioN: DNa repair
A double-strand break (DSB) is one of the most significant of DNA 
lesions which threatens cell integrity, but the cells have developed 
an exquisite repair machinery to maintain genomic stability. 
Immune diversity, which is a function vital for the survival of an 
organism, has to cross the dangerous path of DSBs.194 The body 
uses the nonhomologous machinery to repair the damage caused 
by the recombinase,195 and the major mechanism for repair in 
mammalian cells is nonhomologous end joining. Five proteins 
operate in nonhomologous end joining; three of them form 
the DNA-PK complex (KU70/XRCC6, KU80/XRCC5, PRKDC), the 
XRCC4, and the DNA ligase IV.196 The Ku protein is an autoantigen 
that induces autoantibodies in patients with scleroderma, polymy-
ositis, or systemic lupus erythematosus. Two proteins, the XRCC6 
(KU70) and XRCC5 (KU80), form a stable heterodimer, which binds 
DNA ends regardless of sequence composition. The heterodimer 
forms a complex with a third component, the DNA-PK complex, 
which phosphorylates many DNA-binding proteins, including 
transcription factors c-Jun and p53. However, the most efficiently 
phosphorylated substrates are those close to DSBs, including the 
Ku components of the DNA-PK complex, which appears to regulate 
the nonhomologous end joining process which is the main function 
of the DNA-PK complex. Mice that are defective in Ku proteins have 
SCID,197,198 and in general the defects in the DSB repair machinery 
are associated with immune deficiencies.199

aTaxia TeLaNgiecTaSia
AT is an autosomal recessive disorder characterized by immuno-
deficiency, progressive cerebellar ataxia, oculocutaneous telan-
giectasias, clinical radiosensitivity, chromosomal instability, and 
elevated risk for development of lymphoid malignancies. AT is due 
to deficiency of a protein kinase that mediates repair to double-
strand breaks generated during metabolic processes or from 
DNA-damaging agents.137 One of the hallmarks of AT is the gen-
eration of aberrant rearrangements during V(D)J recombination, 
such as translocations, large chromosomal deletions, and inver-
sions. A protein kinase known as ATM mediates repairs of DSB 
by phosphorylating and activating several repair proteins.135,137

Immunodeficiency affects both T and B cells and there is a 
decrease of serum IgA. The AT cells display g-irradiation sensitiv-
ity, a cell cycle checkpoint control (i.e., inability to arrest at the 

G1-S and S-phase checkpoints), and a G2-M arrest. AT cells have 
also a DNA repair defect,200 i.e., they can rejoin DNA at the DSB 
efficiently. The defect is localized on a protein member of the 
PI-3K family of kinases with serine-threonine protein kinase activ-
ity,201 which phosphorylates a number of proteins involved in the 
mechanisms of damage repair (i.e., p53 and CHK).202,203

NiJmegeN Breakage SyNDrome
Nijmegen breakage syndrome is a rare autosomal disorder with 
clinical features overlapping with those of AT. The patients have 
defective humoral and cellular immunity, radiosensitivity, chro-
mosomal instability, and predisposition to cancer.203

The patients have recurrent bacterial sinopulmonary infec-
tions, hypogammaglobulinemia, and impaired antibody responses 
to antigens. The cells from the patients have defects at some 
checkpoints of the cell cycle.204 The defective protein is NBN 
(nibrin or NBS1), which shows homology with the protein Xrs-2, 
involved in DNA repair response in yeast.

BLoom SyNDrome
Bloom syndrome (BS) is a rare autosomal recessive disorder with 
immunodeficiency, genomic instability, and predisposition to can-
cer. It presents with a variable clinical picture including respira-
tory infections, chronic lung disease, and low IgM levels. Affected 
individuals show sun sensitivity on the face and infertility.205 BS 
is caused by mutations in the BLM gene, located in chromosome 
15 at 15q26.1, which encodes the BLM protein,206 a member 
of the helicase subfamily. It displays ATP- and Mg2+-dependent 
3′-5′-DNA helicase activity. It is a member of the BASC (BRCA-1–
associated genome surveillance complex) family, which includes 
ATM and NBN, which are defective in Nijmegen syndrome.

DeFecTS oF LigaSeS
There are multiple DNA ligases in higher organisms and a point 
mutational change in DNA ligase-1, which does not abolish the 
activity of the enzyme. It was found in an individual who experi-
enced recurrent sinopulmonary infections leading to bronchiecta-
sis.207 The patients display pancytopenia and microcephaly and 
the V(D)J recombination shows mildly impaired fidelity, which 
may result in oncogenesis.174 In bacterial and viral infections a 
severe form has been reported with a SCID presentation, evolving 
into an Epstein-Barr virus (EBV)–induced lymphoma.207

xeroDerma pigmeNToSum
Xeroderma pigmentosum is a rare disorder associated with sun 
sensitivity, high risk of cutaneous malignancy in sun-exposed 
areas, and immunodeficiency in some patients.208 Some aspects 
of immunosuppression associated with xeroderma pigmentosum 
are due to defects in the DNA repair machinery. The patients have 
impaired NK cell cytotoxicity.

geNeTic DeFecTS oF B-ceLL 
DeveLopmeNT

Signaling during B-Cell Development
After the VH-to-DJH rearrangement of the IGH@ gene, the cyto-
plasmic m-chain pairs with the SLC and traffics to the cell surface 
in association with the signal-transducing chains CD79A and 
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CD79B to form the pre-B-cell complex. Signaling for the transi-
tion from pre-B cells to Ig+ B cells requires the immunorecep-
tor tyrosine-based activation motif (ITAM) of the cytoplasmic 
domains of the CD79A and CD79B chains, because inactivation of 
ITAMs by mutation blocks the transition to the Ig+ B-cell stage.209 
Deficiency of CD79B chain by gene targeting abolishes formation 
of the CD79A-CD79B dimer and blocks assembly of the SLC. As 
a result, the differentiation of B cells is arrested at the pro-B-cell 
stage.210

Interactions of pro-B and pre-B cells with stromal ele-
ments are necessary for progression through the early stages 
of B-cell development, but a ligand for the pre-BCR has not 
yet been identified and it is conceivable that the receptor may 
be signaling constitutively. It is apparent that the presence 
of ITAM motifs and the concentration of signaling molecules 
around them are the critical factors in determining progression 
through the early stages of B-cell development. Pro-B cells are 
able to become pre-B cells in the absence of the m-H chain as 
long as the CD79A/CD79B chains are aggregated and thus can 
recruit sufficient numbers of signaling molecules around their 
ITAMs.211 Furthermore, signaling by other molecules unrelated 
to pre-BCR, such as EBV latent protein-2A (LMP-2A), can drive 
pro-B- to pre-B-cell transition. LMP-2A protein with ITAM motifs 
in its cytoplasmic region, spanning the membrane twelve times, 
possesses constitutively its own signaling activity in nontrans-
formed cells.212 Phosphorylation of these motifs recruits SYK 
and SRC kinases and thus bypasses the normal checkpoints of 
B-cell development. Of all the signaling molecules assembled 
around the cytoplasmic tail of the pre-BCR complex, the CD79A 
and CD79B chains’ ITAMs act as docking sites for SYK kinase 
and trigger its activation, which is important for the transition 
from pro-B- to pre-B cell.213 An important signaling function is 
provided by the adaptor protein BLNK, which acts as a scaffold-
ing to link BTK (and other molecules) to downstream signaling 
molecules. In Blnk–/– mice the transition from the pro-B- to the 
pre-B-cell stage is blocked,214 and a similar defect has been 
detected in a patient with deficiency of BLNK, which blocks B-cell 
development.215 SYK kinase deficiency is more effective than 
BLNK deficiency in arresting B-cell development.

Signaling Defects
Failure of B-cell development may result from defects in signaling 
through the pre-BCR. These experiments of nature have helped 
in delineating the molecular mechanisms of early B-cell develop-
ment.80 Immune deficiencies resulting from arrest of B-cell devel-
opment are usually associated clinically with recurrent bacterial 
infections, laboratory findings of markedly reduced numbers of 
B cells, and hypogammaglobulinemia. Of all the patients, 85% 
have mutations in BTK, whereas the remaining 15% constitute a 
heterogeneous group with defects of various signaling molecules.

Defects of l-5 Genes
The SLC is formed from two components: the BPREB1 and the 
lambda 5 (l5). In humans there is one VPREB1 gene and three 
immunoglobulin lambda-like (lambda 5) genes (IGLL1, IGLL3P 
and IGLL2P).216 A boy with mutations in both alleles of the l-5 
genes expressed recurrent infections, hypogammaglobulinemia, 
and lack of B cells at an early age. The patient had three base-pair 
changes in a single allele and alterations within exon-3. Changes 
in codons 131 and 140 were silent, whereas that in codon 142 
resulted in the replacement of proline, which in this place is highly 
conserved, by leucine (P142L).85 The boy at 9 years of age had 
0.1% CD19+ cells in the blood, but these cells were of the mature 
phenotype. In contrast to this patient, mice that are deficient in 
l-5 have a leaky block at the pro-B-cell stage and still maintain 
10 to 20% of the B cells.

Defects of CD79A
While screening several patients with defects of B-cell develop-
ment, one 2-year-old girl was identified with an A-to-G substitution 
in the splice-acceptor site preceding exon 3 of Iga,217 resulting in 
CD79A transcripts that were aberrant, because most of them had 
no exon 3. The patient showed failure to thrive, had diarrhea in 
the first month of life, and, later, had bronchitis and neutropenia. 
She had severe hypogammaglobulinemia and absent B cells. The 
block of B-cell development was at the pro-B-cell stage.

Defects of the m heavy Chain
Defects in mH have been associated with agammaglobulinemia in 
individuals from two families. The defects consist of a large dele-
tion of a 75- to 100-kb segment, including D, JH, and m genes, or 
a base-pair substitution in the alternative splice site, with inhibi-
tion of the synthesis of the membrane form of Ig.218 Mutations of 
the m-H chain with agammaglobulinemia should be distinguished 
from X-linked agammaglobulinemia, because the disease from 
m-H mutations can occur in females. Another report described a 
female patient with a cytosine insertion at the beginning of the 
CH-1 exon of the m gene, which resulted in premature codon and 
absence of the m-H chain.219

Defects of B-cell Linker protein
The gene for human BLNK is located on the long arm of chromo-
some 10 at 10q23.22. The BLNK is an adapter protein which, after 
phosphorylation by SYK, recruits several signaling molecules (i.e., 
PLCG2, VAV1, CBL, and BTK). A 20-year-old man with absent B 
cells and hypogammaglobulinemia was found to have two base-
pair alterations: One of them did not change the amino acid (pro-
line), but the second which was an A-to-T substitution, affected 
the position of the splice-donor site for intron-1, approximately 
20 bp downstream from the first alteration. The second defect 
resulted in a marked decrease of the BLNK transcripts and BLNK  
protein.215 The patient had recurrent infections, undetectable 
serum Ig, and at the age of 20 years less than 0.01% of CD19+ 
cells in the blood. Mice with Blnk deficiency have only a leaky 
block of B-cell differentiation at the pro-B-cell stage; and in 
humans, mutations of l-5 or BLNK cause a profound block of 
B-cell differentiation.

BruToN agammagLoBuLiNemia
In 1952 Bruton described a male child with hypogammaglobu-
linemia and early onset of bacterial infections,220 later found to be 
inherited in an X-linked pattern that became known as X-linked 
agammaglobulinemia.221 The constellation of findings consisted 
of very low serum Ig levels (i.e., for IgG approximately 10% of 
the normal control), no antibody production after immunization, 
markedly decreased B cells (0.3% of normal levels), and no ger-
minal centers.222 The genetic defect was located in the midportion 
of the long arm of the X chromosome (i.e., Xq22).223 There are 
several variants of the disease in relation to immunologic func-
tion and clinical heterogeneity.224 The product of this gene was 
identified as an SRC protein tyrosine kinase (PTK) that was called 
Bruton tyrosine kinase or BTK,225,226 and more than 400 muta-
tions have been characterized to date.227 BTK is essential to BCR 
signaling and the BTK protein and the mRNA are significantly 
overexpressed in CLL compared with normal B cells. Although 
BTK is not always constitutively active in CLL cells, BCR or CD40 
signaling is accompanied by effective activation of this pathway.

BTK is a member of the BTK-Tec family of PTKs, which 
includes BTK, TEC, ITK, TXK, and BMX.228 In the C-terminal end 
the BTK contains the catalytic SH-2 domain, and next to it lies 
the SH-2 domain, which associates with phosphorylated tyrosines 
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in other signaling molecules. The SH-2 is followed by one SH-3 
domain, which binds proline-rich sequences in protein–protein 
interactions, and next is a T-ec homology (T-H) domain, which 
contains the Zn2+-binding BTK motif and a proline-rich stretch. 
At the N terminus is the pleckstrin homology (PH) domain, which 
binds with high-affinity phosphatidylinositol-3,4,5-triphosphate 
(PIP3) and is responsible for the translocation of BTK to the 
membrane. BTK occupies a central position in BCR signaling and 
regulation of lineage development and is linked to multiple down-
stream signaling pathways through BLNK (also known as SH2 
domain–containing leukocyte protein [SLP-65). BLNK functions as 
a scaffolding protein and binds to the SH2 domain of BTK.229 It 
connects Syk to BTK and links BTK to downstream signaling mol-
ecules, like PLCG2, a linkage essential for Ca2+ signals.230 BTK 
also associates with Wiskott-Aldrich syndrome protein via the 
SH3 domain; this is the reason that in XLA patients with defective 
BTK, the collagen-induced tyrosine phosphorylation of Wiskott-
Aldrich syndrome protein in platelets is reduced.231 Different 
regions of BTK are critical for its activation and signal transduc-
tion, that is, the PH domain binds to Ca2+-dependent (a, b-I, 
b-II) and Ca2+-independent isoforms of protein kinase C (PKC) (â 
and z), to I-P3,232 and to heterotrimeric G proteins.233 Sequential 
phosphorylations of regulatory tyrosines by the BRC-associated 
Src kinases activate BTK, such as the phosphorylation of Tyr551 
in the kinase domain or Tyr 223 in the SH-3 domain.234,235

In SRC kinases, negative regulation is mediated by the Tyr-527 
in their C-terminal region, but BTK has no equivalent residue, and 
it is likely that such a function is mediated by the recently identi-
fied inhibitor of BTK (I-BTK). I-BTK binds to the PH domain and 
downregulates Btk function, such as Ca2+ mobilization and NF-k 
B activation.236

BTK is a bidirectional regulator with the capacity to deliver 
survival or apoptotic signals, depending on the expression of 
surface receptors and the stage of the cell differentiation.237,238 
The molecular mechanism of BTK function in XLA is still not 
quite clear. Mutations of BTK gene, i.e., deletions, insertions, or 
substitutions,239 produce variable degrees of immunodeficiency, 
whether in the kinase domain226 or in other domains.

Evidence from the bone marrow of XLA patients shows that 
there is an expansion of pro-B cells, whereas the numbers of 
more mature B cells are negligible.240 Based on the expression of 
VPREB1, the pre-BI cells are SLC-positive, and a number of them 
are large in size and cycling, whereas the pre-BII cells are SLC-
negative. It appears that BTK blocks normal B-cell maturation at 
a point just before that stage (i.e., it interferes with the transition 
of pro-B cells to pre-BI stage).240 Some patients express an inac-
tive form of BTK and have a more severe form of XLA than those 
expressing no BTK molecule.241

earLy STageS oF B-ceLL 
DeveLopmeNT
The study of phenotypes of B-cell precursors in normal adult 
bone marrow is hampered by the relative paucity of these cells. 
Therefore, some investigators have resorted to the study of leu-
kemias, under the assumption that they accurately reflect normal 
B-cell development. Because aberrant phenotypes in acute leu-
kemias have been identified, suggesting asynchronous antigen 
expression, the validity of the results from such an approach has 
been challenged.1,242 Studies which used normal adult bone mar-
row243 or fetal bone marrow and fetal liver244,245 as a source of 
B-cell precursors in cultures or after injection in SCID mice have 
shown that B lymphocytes derive from cells expressing high levels 
of CD34.246,247

The development of B cells can be separated into three stages 
according to phenotype: (a) pre-B cells (which includes pro-B 
cells and pre-B cells), (b) immature B cells, and (c) mature B cells 

(Fig. 12.1). Markers defining the first stage are CD19;  occasionally 
some other promiscuous markers, such as CD2 or CD7, are 
detected, but probably the best marker is the SLC, a hallmark of a 
B cell, which may be detected by a monoclonal antibody. Entrance 
into the immature B-cell stage is defined by the expression on 
the surface of the cell of IgM, with antisera not only for m chains 
but also for k or l light chains. This indicates that the m chain is 
associated with a light chain and not with the SLC, and therefore 
the Ig gene rearrangements are complete. The immature B-cell 
stage is characterized by expression of only IgM without IgD. 
Functionally, this is important because the former phenotype 
defines a cell that is vulnerable to tolerogenic stimuli, indicative 
of its immaturity. At this stage the cell expresses other markers, 
such as CD10 at high density. The mature B-cell stage is simply 
identified by coexpression of IgD as well as other markers such as 
CD20, CD21, and CD22.

Another useful phenotypic marker for precursors of B cells is 
the nuclear enzyme TdT,248 which is a DNA polymerase catalyz-
ing the elongation of polynucleotide chains without template,249 
and which adds N-nucleotides at the DNA cleavage site during 
V(D)J recombination. CD24 is also expressed at a very early stage 
and at a higher density compared to mature sIg+ B lymphocyte.250 
The expression of the CD2 has been detected on biphenotypic 
ALL cells and also on their normal counterparts in human fetal 
hematopoietic tissues,251,252 but whether they represent common 
T- and B-lineage progenitors remains to be seen. Pre-B cells have 
been detected during fetal life, first in the liver (by 8 weeks) and 
later in the bone marrow (by 12 weeks).253,254 In the liver they 
are mixed among other myeloid cells next to liver parenchyma 
in extrasinusoidal areas.255 The small pre-B cell, the immediate 
precursor of the immature B cells, starts to express sIgM by the 
end of the first trimester, and in adults the pre-B cells are present 
in the bone marrow, where they constitute 0% to 7% of the nucle-
ated cells but rarely are noted in the peripheral lymphoid organs.

During the last phase of pre-B cell development, expression 
of CD34 and TdT disappears, CD10 is downregulated, and the 
cell expresses first CD22 and later CD20. Before its appearance 
on the cell surface, the CD22 is detected in the cytoplasm very 
early during development. It is identical to the surface CD22 and 
is B-lineage–restricted.256 The receptors for Fc are not present on 
pre-B cells, but receptors for C3b have been detected in some large 
pre-B cells and in approximately 40% of the small pre-B cells.257

maTure B LympHocyTeS
The expression of sIgM is the hallmark of B lymphocytes, which 
early in life are mostly CD5+ and settle in the primary lymphoid 
follicles. By 13 weeks most of the B cells are IgM+IgD+, but later IgG 
or IgA are added. This phenotype of fetal B cells persists until birth 
and is converted to the adult phenotype during the first few months 
of life. By 10 weeks of age practically all B cells in the spleen are 
IgM+IgD+, whereas in the bone marrow only 30% to 40% coexpress 
the two isotypes. Maturation of B lymphocytes is associated with a 
change in the density of the two isotypes from IgMhighIgD+– even-
tually to IGMlowIgDhigh. New markers appear on B lymphocytes 
with the expression of IgM (Fig. 12.1), such as the CD21 which 
is present in more than 90% of the cells, as well as the C3d/EBV 
receptor. Activation triggers loss of CD21 and CD22, while CD23 is 
expressed and is upregulated by IL4.258 The EBV nuclear antigen-2 
(EBNA-2)259 is downregulated by interferon-g. Expression of CD24 
decreases with B-cell maturation and in combination with the 
expression of CD45, it can be used to identify the mature stage of B 
cells, and it is useful in B-cell neoplasias.260 CD45 expression varies 
with B-cell maturation and is low in the most immature precursors 
in the bone marrow. It is upregulated as normal B-cell differentia-
tion progresses and then declines at the terminal stages of differen-
tiation as plasma cells become negative for CD45.261
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Probably the most important application of the B cell pheno-
type is in B-cell malignancies such as leukemias and lymphomas, 
which arise in distinct stages of differentiation. An attempt to 
incorporate the immunophenotype into the traditional morpho-
logic features resulted in the revised classification of well-defined 
disease entities262 by the World Health Organization.263

SurFace immuNogLoBuLiN
Surface Ig on the surface of B lymphocytes serves as the recep-
tor for antigen and is identified most commonly with the use of 
fluorochrome-conjugated anti-Ig antisera. The first Ig to appear 
on B lymphocytes is IgM, which is composed of only one subunit, 
in contrast to the secreted pentameric form of membrane IgM 
(mIgM), containing two H and two L chains. The second isotype 
to appear is IgD, which is present either as a complete four-chain 
molecule or as a half-molecule. IgD is present in the serum in very 
low concentrations and it is not known to have a role in humoral 
responses, by tuning finely the BCR for its binding with the anti-
gen.264 The ratio of secreted Ig to mIg increases with maturation 
from resting B cells to plasma cells. The transmembrane and 
secreted forms are encoded by the same gene. There are two 
polyadenylation sites for transcription termination; one is 3′ to 
the last exon of the constant chain and the second is 3′ to the 
second transmembrane exon (Fig. 12.7). Termination at the first 
site results in loss of the transmembrane exons and production 
of the secreted form, whereas polyadenylation at the second site 
produces the membrane form of Ig.

Each B lymphocyte contains on the average 50,000 to 100,000 
molecules of Ig, although the density of sIg varies among indi-
vidual B cells.265 The mIg is distributed on the surface in small 
clusters, including the microvilli266,267; in human B lymphocytes 
the clusters are separated from each other by a few thousand 
angstroms of bare membrane, indicating restriction in the free 
distribution of mIg. In the mouse the clusters are interconnected 
by strands composed of a few molecules forming a lacy continu-
ous network. When examined at 4°C in the fluorescent micro-
scope with fluorescein-conjugated anti-Ig antibodies, the mIg 
appears distributed as a ring, and the increase in temperature 
to 37°C prompts the formation of clusters (patching) that move 
rapidly toward one pole of the cell, forming a cap268 (Figs. 12.8 
and 12.9). Shortly after the formation of the cap, changes in cell 

shape occur accompanied by cell movement. The cell pushes out 
a projection located opposite to the cap, which corresponds to 
the membrane ruffles noted on scanning electron microscopic 
analysis269 (Fig. 12.10).

After the formation of the cap, a constriction under the cap 
encircles the cell and the cell takes the shape of a hand mirror, 
with the cap occupying the area of the uropod with numerous 
microvilli. A dense band of microfilaments is collected under the 
constriction which separates the cell body from the uropod, and 
the area opposite the cap contains the cell organelles and the 
nucleus.270

The majority of human B lymphocytes cannot form a cap 
because the Ig clusters on the surface of the cell are widely sepa-
rated from each other. Capping requires energy provided by the 
respiratory chain and glycolysis and is not affected by cell motility, 
which is complete in many B cells before any amoeboid movement 
is noticed.270

Colchicine, which disrupts microtubules, has no effect on cap-
ping and only a slight effect is noted with cytochalasin B, which 
disrupts the microfilaments; but the combination of these drugs 
inhibits mIg capping. Calcium, which plays an important role in 
contractile systems, is also involved in mIg capping.270,271 The 
fate of the complexes in the cap has been studied morphologi-
cally using autoradiography, electron microscopy, and measure-
ments of radioactivity. The bulk of the complexes is internalized 
(endocytosed) in the presence of adequate antibody. Endocytosed 
material is catabolized within the lysosomes, and small frag-
ments are released into the culture medium. With the completion 
of endocytosis, the B lymphocyte remains free of mIg until it is 
resynthesized to the original level in 24 hours.

Bcr compLex: STrucTure aND 
SigNaLiNg
The surface Ig (sIg) of the B lymphocyte, or BCR, forms a complex 
with several components assembled into two structurally and 
functionally distinct modules: an antigen-recognition module (sIg) 
and a signal-transducer module which is the heterodimer of the 
CD79A/CD79B polypeptide chains (Fig. 12.11).272,273,274

The BCR is an antigen-specific receptor which transmits sig-
nals regulating activation, growth, and differentiation. Since the 
cytoplasmic tails of both heavy chains of mIgM consist of three 
amino acids, the mIgM is not suitable for signal transduction; as 
a result this function is undertaken by two other proteins, associ-
ated with the mIgM BCR: CD79A with a 61-residue cytoplasmic 
tail and the CD79B with a 48-residue tail. The cytoplasmic domain 
of the CD79A and CD79B proteins initiate their internalization by 
a signal from the first cytoplasmic tyrosine residue, Y-176 of the 
CD79A and Y-195 of CD79B. The genes encoding these proteins 
are also known as mb-1 and B-29, respectively. The transmem-
brane region of Cm is a highly conserved portion of the Ig molecule 
between species and isotypes and provides the site which binds 
the CD79A/CD79B heterodimer. The conserved amino acids are 
not all hydrophobic, but contain several hydrophilic residues; 
and its amphipathic nature indicates that mIg forms complexes 
with other proteins. These proteins carry in their cytoplasmic 
tails a sequence motif of six conserved and precisely distributed 
amino acids (tyrosines and negatively charged amino acids) over 
a sequence of 26 residues.

The motif named immunoreceptor tyrosine-based activation 
motif, or ITAM,275 is found in g, d, â, z, and h chains of CD3 
and Fc receptors. The ITAMs are sequences in multiple recep-
tor chains, and in TCR they mediate signal transduction follow-
ing phosphorylation of the two tyrosines in the ITAM, which 
activates the SRC family kinase Lyn, but not SYK. In mice the 
B-lymphocyte accessory molecule Cd79a (I-a), which is encoded 
by the B cell–specific gene Cd79a (mb-1), Cd79b (Ig-b) and the 

Figure 12.7. expression of membrane versus secreted immunoglobulin (ig) depends 
on alternative processing of the primary rNA transcript. There are two polyadenylation 
(poly A) sites, one for secreted (Se) and one for membrane (Me) forms. Cm1–Cm4 are the exons 
of IgM. Cy, cytoplasmic region; mRNA, messenger RNA; TM, transmembrane region.
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Figure 12.9. redistribution of surface 
immunoglobulin (ig). A: Mouse B lym-
phocytes treated with fluorescein-conjugated 
anti-mouse Ig antibody. a: Surface Ig is uni-
formly distributed around the cell (ring pat-
tern). This pattern is seen only if the cell is 
kept at 0°C. b: Warming the cell to room tem-
perature causes redistribution of the Ig so that 
it occupies only one pole (cap pattern). (From 
Taylor RB, Duffus WP, Raff MC, de Petris S. 
Redistribution and pinocytosis of lymphocyte 
surface immunoglobulin molecules induced 
by anti-immunoglobulin antibody. Nature 
1971;233:225, with permission. Copyright 
(c)1971 Macmillan Magazines Limited.) B: 
Mouse B lymphocytes treated with rabbit anti-
mouse Ig-conjugated with iodine-125 were 
examined by high-resolution radioautography. 
a: At the ultrastructural level, Ig is distributed 
around the entire surface of the cell, if it is 
maintained at 4°C. b: Surface Ig accumulates 
to one of the poles of the cell (uropod), forming 
a cap when it is warmed at 37°C. c and d: The 
cap is eventually endocytosed. (From Unanue 
ER, Perkins WD, Karnovsky MJ. Ligand-
induced movement of lymphocyte membrane 
macromolecules. I. Analysis by immunofluo-
rescence and ultrastructural radioautography. 
J Exp Med 1972;136:885–906. Reproduced 
by copyright permission of the Rockefeller 
University Press.)

Figure 12.8. Demonstration of surface immunoglobulin (ig) by immunofluorescence on B lymphocytes. Viable normal B lymphocytes treated with anti-
IgM antiserum at 4°C present a staining pattern of a uniform ring around the periphery of the cell (A) or discrete patches uniformly dispersed over the cell surface 
(B). (From Zucker-Franklin D, Greaves MF, Grossi CF. Atlas of blood cells, 2nd ed. Philadelphia, PA: Lea & Febiger, 1988, with permission.)
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membrane-bound immunoglobulin (mIg) form the B-cell recep-
tor (BCR). Cd79a and Cd79b form a heterodimer which, upon 
antigen binding and receptor clustering, initiates and controls 
BCR intracellular signaling, ultimately triggering an effector 
response. The signaling capacity of Cd79a is contained within its 
immunoreceptor tyrosine-based activation motif (ITAM), which is 
also a key component for intracellular signaling initiation in other 
immune cell-specific receptors and is required in Syk-dependent 
integrin signaling. Following the binding of the ligand by the BCR, 
the ITAMs transmit activation signals initiating proliferation and 
differentiation of the B cell. However, the ITAMs also transmit 
what have been called tonic signals, which have a role in B cell 
development and survival;276 but the molecular mechanism for 
their induction is not known. The CD79A and CD79B genes are 
active only in the B lineage and are expressed before the assembly 
of the V gene. In cells from multiple myeloma, however, only the 
CD79B is expressed and that prevents expression of Ig in plasma 
cells. The expression of surface Ig requires the complete assembly 
of the Ig with the CD79A/CD79B heterodimers, which explains the 
lack of detection of mIg on plasma cells;277 and indeed, the trans-
fection of plasma cells with the CD79A gene results in expression 
of sIg.278 A patch of polar amino acids within the transmembrane 
region of Cm signals the retention of IgM within the ER until the 
CD79A/CD79B heterodimer associates with IgM for transporta-
tion to the cell surface.

The functional B-cell receptor is a complex consisting of 
IgM with one CD79A/CD79B heterodimer on each side.279 New 

A B

C

Figure 12.10. ultrastructure of a cap. A: Anti-immunoglobulin (Ig) labeled 
with hemocyanin in mouse spleen. B lymphocyte is heavily concentrated in the 
uropod around short microvilli. Some of the capped Ig has been endocytosed 
(E). The label in the cap is densely packed, whereas the adjacent areas are 
clear of label (arrows). (From Karnovsky MJ, Unanue ER, Leventhal M. Ligand-
induced movement of lymphocyte membrane macromolecules. II. Mapping of 
surface moieties. J Exp Med 1972;136:907–930. Reproduced by copyright 
permission of the Rockefeller University Press.) B: A cell with a tightly packed 
cap with smooth surface in the remaining body. C: The cap is separated by a 
constriction from the rest of the body, which shows intense membrane ruf-
fling. G, Golgi apparatus. (B and C from Karnovsky MJ, Unanue E. Cell surface 
changes in capping studied by correlated fluorescence and scanning electron 
microscopy. Lab Invest 1978;39:554–564, with permission.)
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Figure 12.11. The B-cell receptor (BCr). The surface immunoglobulin (Ig) (two heavy and 
two light chains) constitutes the antigen-specific component of BCR, which is associated nonco-
valently with a heterodimer consisting of two chains, Iga and Igb. This heterodimer constitutes 
the signal transduction component. The Iga chain associates with the H chains through ionic 
interactions. ITAM, immunoreceptor tyrosine-based activation motif; mIgM, membrane immu-
noglobulin M.
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 evidence, however, indicates that each IgM molecule is associated 
with only one CD79A/CD79B heterodimer (Fig. 12.11).280 If this 
model is correct, the question remains whether both chains are 
linked to IgM, or whether only CD79A binds to both heavy chains 
and CD79A-BCR forms oligomers with additional molecules of the 
same isotype.

B-ceLL recepTor aND LipiD raFTS
Ligand binding changes the orientation of the BCR molecules so 
that their ITAMs become more accessible to phosphorylation, 
which causes signal spreading restricted to BCRs of the same 
isotype.280 Lipid rafts are dynamic assemblies of proteins and 
lipids that float freely within the liquid-disordered bilayer of 
cellular membranes, but can also cluster to form larger, ordered 
platforms which regulate membrane function in eukaryotic 
cells.281 These early events of BCR reorganization provide a 
mechanism for detecting low concentrations of antigens, thus 
increasing the threshold of activation. Cross-linking of BCR by 
multivalent antigen leads to a series of morphologic and molecu-
lar events that are interrelated, i.e., BCR aggregation and its 
loading to lipid rafts, signaling, and finally internalization and 
antigen presentation.

In the resting state the BCR floats on the cell membrane as 
monomer, but at the time of signal spreading it forms oligomers 
which are carried on specialized membrane microdomains 
referred to as lipid rafts. Lipid rafts are estimated to represent 
30% to 40% of the cell surface in lymphocytes and have a role 
in B-cell activation as platforms for BCR signaling and might 
also act in antigen trafficking. Lipid rafts are an important 
component of B-cell signaling, since they facilitate the regula-
tion of the BCR during B cell development by B-cell corecep-
tors.282 Their size varies from submicroscopic dimensions 
which contain only a few hundred phospholipid molecules and 
four to ten protein molecules. Cross-linking of the BCR with 
antigen enhances its transfer to lipid rafts,281,282,283,284 while 
the pre-BCR which is constitutively located on lipid rafts gener-
ates a calcium signal.75 Lipid rafts are also preferential sites 
of formation of prion proteins and b-amyloid associated with 
Alzheimer’s disease.285

The mechanism of their action is not clear, but it is believed 
that they act as molecular sorting machines, coordinating signal 
transduction pathways. It is rather intriguing that they serve as 
portals of entry for various pathogens and toxins, such as HIV-1. 
In this case the raft microdomains mediate the mechanisms of 
the fusion of HIV-1 with the host cell. Lipid rafts are enriched 
in cholesterol and glycosphingolipids with saturated fatty acid 
side chains consisting of GM-1 gangliosides, and are resistant 
to solubilization in nonionic detergents at low temperatures. 
Most proteins are excluded from the lipid rafts, except proteins 
modified by saturated fatty acids such as acylated Src kinases 
and the a-subunits of trimeric G proteins. They facilitate BCR 
signaling by co-localizing signaling molecules, i.e., LYN, FYN, 
and BLK, members of the SCR family of kinases, but also by 
excluding molecules that inhibit BCR signaling such as CD22. 
Furthermore, in anergic or tolerized B cells, the BCR is unable 
to enter lipid rafts, indicating that inclusion of BCR within these 
microdomains is an absolute requirement for initiation of signal-
ing.286 Similarly, localization of BCR within the rafts occurs only 
in mature, but not immature, B cells.287 The translocation of the 
BCR into lipid rafts is independent of any signaling initiated by 
the receptor and does not require actin cytoskeleton polymer-
ization or the CD79A/CD79B complex.288 Lipid rafts facilitate 
not only activation but also apoptosis, because cross-linking of 
CD24, a glycosylphosphatidylinositol-anchored protein that is 
downregulated during B-cell differentiation, induces apoptosis 

via a lipid raft signaling system.289 CD24 cross-linking brings 
some BCR within the lipid rafts, activating LYN kinase. EZR 
(EZRIN) is a member of the ezrin–radixin–moesin (ERM) family, 
is dephosphorylated by BCR, and is detached from the actin as 
well as from lipid rafts, resulting in greater coalescence of lipid 
rafts and more effective B-cell activation.290 B cells are not only 
antibody-producing cells, but in addition are antigen-processing 
and -presenting cells. For this function they interact with anti-
gen-specific T cells to receive T cell help.291 Antigen captured 
by B cells induces BCR cross-linking, translocation into lipid 
rafts, where it is phosphorylated, promoting BCR internalization 
mediated by clathrin associated with the rafts. This is followed 
by BCR cross-linking, antigen internalization, which is diverted 
to the endocytic pathway for further processing and presenta-
tion to T cells.284

The B cell antigen receptor and the T cell receptor have no 
inherent kinase activity and, like other multichain immune recog-
nition receptors (MIRRs), they are associated with members of the 
SRC family kinases to initiate signaling spatially organized by the 
lipid rafts and regulated by clathrin.

The CD21/CD19 complex coreceptor markedly enhances BCR 
activation, stabilizes the residence of BCR within the rafts, and 
thus prolongs B-cell activation.292 In contrast, the FCGR2, which 
inhibits B-cell activation, destabilizes BCR-raft association.293 
After translocation of BCR (or other immune receptors) onto lipid 
rafts, the rafts appear to form clusters, i.e., clustered rafts,281 
which increases the range of their diameters from hundreds of 
nanometers to micrometers. Clustering results from cross-linking 
of receptors located on separate rafts and eventually from the 
linking of rafts with linker proteins. In addition, cytosolic pro-
teins that have been associated with the cytoplasmic domains of 
receptors residing on a raft may also contribute to the bridging 
of individual lipid rafts to form larger conglomerates. Cytoskeletal 
components are also linked to activated receptors and their reor-
ganization bridges clustered rafts.

Continuation of raft clustering eventually leads to the for-
mation of the synapse, a highly ordered membrane structure 
in which immune receptors, signaling molecules, and cell 
adhesion molecules are clustered.294 Synapse formation is a 
highly organized structure with a cluster of immune recep-
tors in the center ringed by adhesion molecules and several 
signaling molecules and cytoskeletal components on the 
 cytoplasmic side.

The formation of a synapse was first described in T cells, but 
it has now been detected on B cells,295 suggesting that this is 
a unique mechanism associated with foreign antigen capturing 
for processing and handling by the immune system to secure 
a cellular response. When DC capture the antigen, they trigger 
the formation of the synapse on B cells and during the close 
encounter between B cell and DC around the synapse, the B cell 
samples and gathers antigen for internalization and processing. 
Internalization of the antigen and signaling are two interrelated 
and inseparable events mediated by lipid rafts.282,296 B cells with 
deficiency of expression of the SRC kinases, which normally initi-
ate B-cell signaling, fail to internalize the receptor, and as a result, 
targeting of antigen to MHC-II peptide-loading compartment is 
also disrupted.297 Internalization of BCR occurs when clathrin, 
which is associated with the rafts, is phosphorylated on its tyro-
sine after BCR cross-linking.293 When lipid rafts are disrupted by 
the expression of LMP2A protein of the EBV or by reagents that 
sequester cholesterol, the internalization of the antigen does not 
occur.298,299

Expression of LMP2A therefore not only inhibits BCR function, 
but generates a ligand-independent cellular activation signal, 
which provides a molecular switch for different EBV life cycle 
stages and thus contributes to EBV-associated lymphoprolifera-
tive disorders.
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B-ceLL recepTor SigNaLiNg
The most important structural elements of signaling molecules for 
the initiation of B-cell activation and differentiation are the ITAM 
motifs of the CD79A/CD79B heterodimer and the PTKs associ-
ated with the complex (Fig. 12.12). The ITAM is characterized 
by a sequence of 26 amino acids, D/E-X7-D/E-X2-YXXL/I-X6(7)-
YXXL/I, with six of them being conserved (X = any amino acid). 
Critical for signaling are the two tyrosines (Y), and one or both of 
them are phosphorylated when the BCR is engaged by antigen. 
Some evidence suggests that activation of B cells may be trig-
gered not only by the tyrosine-based activation motif (ITAM), but 
by a critical non-ITAM tyrosine 204 residue that is conserved in 
evolution.300

BCR signaling is a highly complex process,213, 301, 302 but for 
the sake of understanding, we divide the interactions somewhat 
arbitrarily into three major pathways: (a) initial interactions, (b) 
phosphoinositide pathways, and (c) the ras pathway.

iNiTiaTioN paTHway
BCR has no intrinsic protein tyrosine kinase (PTK) activity but 
uses several distinct families of cytoplasmic PTKs. Three distinct 
types of PTKs are activated on BCR engagement: (a) the SRC-PTKs 
(LYN, BLK, and FYN), (b) SYK, and (c) BTK.301 Activation of LYN is 
one of the earliest events in BCR-induced signaling, which is con-
stitutively acylated and, as a result, localizes in the cell membrane. 
It is responsible for the initial phosphorylation of the ITAMs of 
CD79A and CD79B. The kinase activity of LYN is regulated by 
phosphorylation of a carboxy-terminal regulatory tyrosine by 
the kinase CSK303 and dephosphorylation by the phosphatase 
CD45.304 LYN has one SH-3 domain on its N terminus, followed 
by one SH-2 domain and the kinase domain in the C terminus. 
SH-2 domains bind phosphorylated tyrosines, whereas the SH-3 
domains bind proline-rich sequences. BCR engagement triggers 
dephosphorylation of Tyr-508 by the CD45 phosphatase, whereas 
Ty394 within the catalytic domain is rapidly phosphorylated. SYK 
kinase is recruited to the phosphorylated ITAMs of CD79A and 
CD79B, and is phosphorylated by LYN or by an autophosphoryla-
tion mechanism.305

Activation of SYK is a critical event in BCR signaling and for 
recruitment of BLNK, or SLP-65, a linker protein with a major 
scaffolding function connecting several downstream signaling 
molecules.306 BLNK assembles macromolecular complexes that 
include PLCG2, VAV, BTK, and additional linker proteins GRB2 
and NCK1.307,308

Phosphorylation of five tyrosine residues of BLNK is required 
for coordination of the assembly of multimolecular complexes. 
BTK belongs to the TEC family of kinases and differs in several 
aspects from the SRC kinases (i.e., it is not myristoylated, does not 
contain a negative regulatory phosphorylation site in the C termi-
nus, and has a pleckstrin homology domain [PH] in the N termi-
nus). BTK function is regulated by phosphorylation of the Tyr551, 
which is essential for BTK participation in signal transduction.234 

BTK also interacts with phosphatidylinositol-3,4,5-tri-phosphate 
(PIP3), an interaction required for recruitment of BTK to the 
cell membrane.309 Because PIP3 is generated from activated PI3 
kinase, BTK is targeted to the membrane after PI3 kinase activa-
tion, where it could be phosphorylated by LYN or SYK.

geNeraTioN oF pHoSpHoiNoSiTiDeS
Hydrolysis of inositol-containing phospholipids is mediated by 
the lipid metabolizing enzymes PLCG2 and PIK3CA. There are 
several pathways leading to activation of PLCG2 in B cells.310 

BLNK associated with PLCG2 (which is the main isoform in B 
cells) brings it to an appropriate position for activation by SYK 
kinase. On the other hand, BTK also contributes to PLCG2 activa-
tion because B cells from XLA patients show a profound reduc-
tion of IP3 production on BCR engagement.311 PIP3, the product 
of PIK3CA activation, binds to the PH domain of PLCG2, thus 
providing another pathway for PLCG2 activation. PLCG2 activa-
tion leads to hydrolysis of phospholipids, generating IP3 and DAG 
(diacylglycerol). IP3 binds to appropriate receptors on the ER, 
leading to Ca2+ release from internal stores.

PIK3CA is activated by at least two pathways and a promi-
nent substrate for tyrosine phosphorylation is the product of the 
oncogene CBL. BCR engagement phosphorylates p12-CBL, which 
is then associated with the 85-kDa component of PIK3CA.312 
A second pathway is through the CD19/CD21 coreceptor com-
plex.313,314 BCR stimulation phosphorylates the two YXXM motifs 
of CD19, which then bind the SH-2 domain of the p85 regulatory 
subunit of PIK3CA. Enhanced phosphorylation occurs when the 
CD19/CD21 complex binds C3d fragments. Furthermore, the 
proline-rich region of the p85 subunit binds to SH-3 domains of 
LYN and FYN, further enhancing PIK3CA activation.

Ca2+ binds to calmodulin and promotes calmodulin-dependent 
protein kinase activation and calcineurin, a serine-threonine–
specific protein phosphatase. Calcineurin directly dephosphory-
lates the NFAT family of transcription factors.315,316 DAG1, 
(diacylglycerol), one of the two second messengers produced 
by PLCG2 gene activation, activates cPKC. One target of PKC 
on B cells is MARCKS, (Myristoylated Alanine–Rich C- Kinase 
Substrate) that regulates actin reorganization. Elevation Ca2+ 
also activates a number of other transcription factors, such as 
NF-kB and ATF2. Phosphoinositides generated by PIK3CA bind 
to AKT1(PKB) kinase, an evolutionarily conserved kinase across 
species.317 AKT1 is the product of an oncogene transduced by 
the acute transforming retrovirus (Akt8). The viral and cellular 
oncogenes encode a serine-threonine protein kinase consisting 
of a C-terminal kinase domain and an N-terminal PH domain. 
Mutations of the PH domain block AKT1 activation by growth 
factors or phosphoinositides. AKT1 activation is also mediated 
by the serine/threonine kinase PDK1 (Pyruvate Dehydrogenase 
Kinase 1), which is stimulated by PIP3 and phosphorylates AKT1 
on Thr308. AKT1 inhibits glycogen synthase kinase 3 (GSK3), 
which destabilizes MYC and cyclin D, both required for cell cycle 
progression. A combination of various AKT1 activation effects 
plays a role for its transforming and oncogenic potential. Some 
of its multiple effects include transcriptional regulation of gene 
expression, inhibition of apoptosis, cell cycle regulation, insulin-
induced metabolic signals, endocytosis, etc.

THe raS paTHway
BCR cross-linking leads to an increase of the guanosine triphos-
phate (GTP)–bound ras and its accumulation in the membrane 
under BCR. RAS is a guanine nucleotide–binding protein, which 
cycles between a guanosine diphosphate (GDP)–bound (inac-
tive) and a GTP-bound (active) state. The proteins of the RAS 
family are proto-oncogenes, which, on mutation, accumulate in 
the GTP-bound state in human tumors. On activation of B lym-
phocytes, Ras is rapidly converted to the GTP-bound state. The 
cycle between GDP and GTP binding is controlled by guanine 
nucleotide exchange factors (GEFs) that promote the transition 
from a GDP- to a GTP-bound state. This is reversed by guanosine 
triphosphatase (GTPase)–activating proteins, which stimulate 
GTPase activity of Ras and result in hydrolysis of GTP to GDP. 
The balance between GEFs and GTPase-activating proteins regu-
lates RAS activity.318 The most likely pathway of ras activation is 
through the adapter protein SHC1, which is phosphorylated after 
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BCR engagement. SHC1 binds to a second adapter protein GRB2, 
which in turn binds to SOS, a nucleotide exchange factor.

This multimolecular complex is associated with the mem-
brane.319,320 A guanine nucleotide exchanger protein, VAV, which 
is a GEF in the Rho family of GTPases, is recruited to the phos-
phorylated Tyr-341 and Tyr-345 of SYK through its SH-2 domain 
and is subsequently phosphorylated.321 These RAS-like proteins 
are molecular switches that are active in the GTP-bound state 
and can promote site-specific actin polymerization to create 
alterations in plasma membrane structures such as filopodia and 
lamellipodia. VAV has a Dbl homology domain, which has the GEF 
activity, a PH domain (binds phosphoinositides), an SH-2 domain, 
and two SH-3 domains. The PH domain of VAV uses PIP3 for 
recruitment to the cell membrane. VAV may also be recruited to 
the membrane by binding to Tyr-391 of CD19. A negative regula-
tor of the RAS pathway is CBL, which competes for the binding 
to SOS. CBL (Casitas b-lineage lymphoma) is the cellular homolog 
of v-Cbl, part of the transforming gene of the Cas-NS1 retrovirus, 
a murine virus, capable of causing pre-B-cell lymphomas. It con-
tains a proline-rich region (residues 481 to 688), a leucine zipper 
motif (residues 855 to the C terminus), and multiple potential 
SH-2–binding motifs. It binds to PTKs such as FYN, ZAP70, and 
BTK, to the adapter molecule GRB2, and to PI-3K.322 In B-cell sig-
naling, CBL binds to BLNK through its SH-2 domain and inhibits 
association of PLCG2 phosphorylation.323

Binding of SOS and CBL to GRB2 is mutually exclusive, because 
the proline-rich domains of these proteins compete for the same 
SH-3 domain of GRB2. A group of signal transduction pathways is 
characterized by successive phosphorylations of serine/threonine 
kinases. This group consists of a mitogen-activated protein kinase 
(MAPK), a MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK). 
RAS-GTP phosphorylates RAF1, which is the MAPKKK of this cas-
cade. RAF1 phosphorylates and activates MAP2K1 (MEK1) and 
MAP2K2 (MEK2), which in turn phosphorylates MAPK3 (ERK1) 
and MAPK1 (ERK2). Phosphorylated ERKs form dimers and are 
translocated to the nucleus, where they phosphorylate transcrip-
tion factors c-fos and JUN members of the ETS family.

aDapTer moLecuLeS: pLaSTiciTy 
aND DiverSiTy oF SigNaLiNg
Adapter proteins possess domains that mediate protein–protein 
or protein–lipid interactions, but they have no enzymatic activity. 
Two groups of adapter proteins can be identified: transmem-
brane adapter proteins and cytosolic adapter proteins (CAPs). 
In general, adapter proteins assemble multimolecular signaling 
complexes and direct their formation to specific cellular loca-
tions.324–327 At the initial stages of B-cell activation, LYN, SYK, and 

Figure 12.12. B-cell activation. Signal transduction initiated by the engagement of the B-cell receptor (BCR) is a highly complex process. For better understand-
ing, it is divided arbitrarily into three main signaling pathways: (a) initiation: with the assembly by adapter proteins such as BLNK (B-cell linker protein), Cbl, and others 
of signaling protein tyrosine kinase (PTK) complexes such as Src (Lyn, Fyn), Syk, and Btk; (b) inositol phosphatides generation by the activation of PI3K and PLC-g; (c) 
the ras/Erk pathway assembled by adapter proteins Grb, Shc, and Sos. These pathways carry the signals downstream to other signaling molecules Akt, calcineurin, 
and Erk/1,2, and to activation of transcription factors nuclear factor-AT (Nfat), NF-kB, Creb, c-fos, etc.
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BTK kinases are activated. A transmembrane adapter protein, 
PAG (phosphoprotein associated with glycosphingolipid-enriched 
microdomains), links Lyn to the kinase that phosphorylates the 
C-terminal tyrosine for LYN activation. The CAP adapter protein 
BLNK (or SLP-65, SH-2 containing Linker Protein of 65 kDa) con-
nects BTK to SYK and brings PLCG2 on the lipid rafts. There are 
inhibitors for adapter proteins, such as I-BTK, which binds to the 
pleckstrin domain of BTK and negatively regulates its activation. 
BLNK, which connects several important molecules to BCR for 
the initial stage of signaling, is indispensable for LMP2A (latent 
membrane protein), a constitutively activated EBV protein in 
infected B cells. LMP2A signaling can substitute for the signaling 
of BCR and maintains survival of EBV-infected B cells, leading to 
infectious mononucleosis or Burkitt lymphoma. The CAP BLNK is 
clearly required for the translocation of PLCG2 from the cytosol to 
the plasma membrane and its subsequent activation. BLNK (SLP-
65) is essential in pre-B-cell development and, with BTK, induces 
cell proliferation.

B-ceLL SigNaLiNg By acceSSory 
STrucTureS
Many other cell surface molecules participate in B-cell signal-
ing. The coreceptor complex CD19/CD21 activates the CD19-
associated PTKs, which induce phosphorylation of tyrosine 
residues on CD19 motifs.328 These then become potential SH2-
binding sites for PI3 kinase, which generates phosphoinositides. 
Recruitment of PI3K to CD19 requires phosphorylation of Tyr484 
and Tyr515. Activation of PI3K generates PIP-3, which functions to 
localize BTK to the plasma membrane, where it is phosphorylated 
and activated by SRC and SYK kinases. BCR activation of BTK is 
dependent on CD19 expression, whereas activation of LYN and 
SYK is not.329 PLC activation generates DAG, which activates PKC 
and 1,4,5-triphosphate, which increases cellular Ca2+. CD22 is 
associated with BCR, which on engagement phosphorylates some 
of the six tyrosines of CD22. This in turn leads to recruitment of 
PTPN6 (SHP-1) via its SH-2 domain to CD22.330 CD22 contains 
ITAMs and four immunoreceptor tyrosine-based inhibition motifs 
(ITIMs) in the cytoplasmic region. PI3K and PLCG1 associate with 
CD22 through the YXXM motif recognized by the N-terminal SH-2 
domain of the p85 subunit of PI3K, whereas the protein tyrosine 
phosphatase PTPN6 (SHP-1) binds to ITIMs. As a result of multiple 
ITIMs, CD22 is probably a negative regulator of B cell activation. 
(For more details, see CD22 in Appendix A.)

iNTerLeukiN-4
Although several cytokines act on B cells, the action of IL4 was 
first demonstrated on B lymphocytes, and on these cells IL4 
evokes the strongest reactions. IL4 binds to a transmembrane 
receptor and results in cross-linking with another protein termed 
common gamma chain (gc), which is shared by other cyto-
kines.331,332,333 Mutations in the gc chain results in X-linked SCID, 
an inherited disease with profound suppression of cell-mediated 
and humoral immunity.334,335 IL4 binding induces phosphoryla-
tion of a substrate of 170 kDa designated as 4PS, which is unique 
because no other cytokine except IL13 binding phosphorylates a 
similar substrate. However, insulin and insulin growth factor-1 
result also in 4PS phosphorylation. 4PS is structurally similar to 
insulin receptor substrate-1 (IRS-1). The gene for 4PS has been 
cloned and is called IRS2. IRS1/2 contains more than 20 potential 
tyrosine phosphorylation sites and 30 potential threonine/serine 
phosphorylation sites. The tyrosine phosphorylation sites bind 
with high affinity to cellular proteins possessing SH-2 domains 

and thus act as docking sites for several signal-transducing 
proteins such as PI3 kinase and growth factor receptor-bound 
protein-2 (GRB2). Mutational analysis has mapped a region of the 
IL4R between amino acids 437 and 557, which is important for 
IRS1 phosphorylation and therefore signal transduction.336 This 
region contains a single tyrosine, is shared by the IL4 receptor 
(IL4R) and the insulin receptor, and is known as the I4R motif.

Although the insulin receptor and IL4R have many similari-
ties, they have an important difference. The insulin receptor is 
a receptor tyrosine kinase, whereas the IL4R and gc are not, but 
are associated with nonreceptor PTKs. Association of IL4R and 
gc activates kinases associated with IL4R, which then phosphory-
lates the tyrosine in the I4R motif. This allows 4PS to bind to the 
IL4R and to be phosphorylated by the kinases associated with 
the IL4R. The phosphorylated motif I4R interacts with the PTB 
domain of IRS1/2. PTB domains are found in adapter proteins, 
such as SHC, and bind phosphopeptides.

IRS1/2 becomes phosphorylated as a result of interaction with 
the IL4Ra receptor and binds to the p85 subunit of PI3K, which 
as an adapter links IRS1/2 to the catalytic subunit p110. PI3K is 
activated as a result of conformational changes, acts on phos-
phatidylinositol of the cell membrane, and transfers phosphate 
groups from adenosine triphosphate to the D3 position of ino-
sitol-generating PIP3 and phosphatidylinositol 3,4-biphosphate. 
The phosphoinositides act on downstream kinases (i.e., PKC 
and AKT1) that make important contributions to cell survival. 
Activation of the IRS1/2 signaling proteins is associated with 
activation of the RAS/MAPK pathway (see “The RAS Pathway”). 
IL4R is also associated with the Janus kinases (or JAKs).337,338 
The a chain binds to JAK1, whereas the gc chain binds to JAK3. 
The receptors bind to these kinases through their membrane-
proximal domains, which are known as box 1 and box 2 motifs 
and have some similarity among cytokine receptors.

The sequence of residues 557 and 657 of the a-chain (known 
as the gene-regulation domain) is critical for expression of 
IL4–responsive genes. It contains three conserved Tyr residues 
(Y575, Y603, and Y631), which can potentially be phosphorylated 
and thus be able to associate with SH-2 domains. IL4 utilizes 
the STAT6 member of the transcription factor family known as 
STATs (signal transducers and activators of transcription). IL4–
responsive genes include class II HLA, CD23, germline Igâ and g-1 
chains, and IL4Ra chains.

Engagement of IL4R results in the activation of JAK1 and 
JAK3, which phosphorylate tyrosines of the cytoplasmic region 
of the receptor. STAT6 binds through its SH-2 domains to the 
phosphorylated tyrosines and becomes itself phosphorylated at 
its C terminus by the activated JAK kinases. The phosphorylated 
STAT6 dimerizes and binds to promoters of the IL4–responsive 
genes.339 (For more on IL4 see Chapter 14.)

iNTerLeukiN-5
The a chain of IL5R is a type-I membrane protein of 415 amino 
acids, its extracellular region comprising three sets of fibronec-
tin type III domains, whereas the intracellular domain does not 
contain sequences of tyrosine kinase but shows homology with 
a part of the actin-binding domain of b-spectrin.340 It also has a 
region rich in prolines conserved among receptors of other cyto-
kines (e.g., IL3, granulocyte-macrophage colony-stimulating factor 
receptor or CD116; see Appendix A).

A second b-chain is important for signal transduction but it 
does not contribute to IL5 binding. A membrane-proximal region 
contains a conserved box-1/box-2 motif that is responsible for the 
interaction with JAK2, and the distal domain is responsible for the 
activation of the RAS-related pathways. IL5 signaling increases 
BTK activity.
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iNTerLeukiN-6
IL6 is a pleiotropic cytokine that, among many other functions, is 
involved in terminal differentiation of B cells.341,342 The extracellu-
lar region of the IL6R consists of one constant region domain of the 
Ig superfamily and two fibronectin type III domains, which have 
four conserved cysteine residues and a motif containing two tryp-
tophans and two serines. This motif is located in a groove between 
the two fibronectin domains. The intracellular domain is short and 
is not involved in signal transduction. Associated with the IL-6R 
is a protein known as gp130, which dimerizes when IL6 binds to 
the IL6R. The gp130 protein is shared by other cytokine recep-
tors and initiates signal transduction. Homodimerization of gp130 
induces activation of JAK kinases, which are associated with the 
membrane-proximal region of gp130, also known as box-1. This 
leads into phosphorylation of a tyrosine in the distal part of gp130 
(box-3), resulting in binding through an SH-2 domain of the tran-
scription factor STAT3, previously known as acute phase response 
factor or APRF. JAK kinases activate STAT3 by phosphorylation.

Another nuclear target for gp130 signaling is the transcription 
factor NF-IL6 with a leucine zipper motif. This factor is induc-
ible in hepatocytes and monocytes by IL6 and other cytokines 
and mediates the expression of IL6–inducible genes. NF-IL6 has 
a consensus sequence for MAP kinase, suggesting that it is acti-
vated through this pathway, which is RAS-dependent. (For further 
details, see Chapter 14.)

cD 40
CD40 is a member of the tumor necrosis factor receptor family, 
which interacts with its ligand, CD154, expressed on T cells. (See 
“CD40 and CD40 Ligand [CD154]”; Appendix A.) Signal trans-
duction by CD40 is mediated by certain proteins that bind to its 
cytoplasmic region and are known as TRAFs (tumor necrosis fac-
tor receptor activation factor) (see Appendix A: CDs). Engagement 
of CD40 by its ligand activates the SRC kinases LYN and FYN 
and BTK. Signaling follows the RAS pathway via the nucleotide 
exchanging factor SOS, leading to MAPK8 (JNK) and MAPK1 (ERK) 
activation. The functional outcome of CD40 depends on the state 
of activation of B cells and the intensity of stimulation. On naive 
B cells it induces proliferation and Ig production, but on memory 
cells it induces apoptosis. CD40 activation induces homotypic 
adhesion of B cells mediated by CD54 (intercellular adhesion 
molecule-1)–CD11/CD18 (ITGB2 or LFA-1), or CD23–CD21. The 
functional outcomes depend on the type of TRAFs that are associ-
ated with CD40. For example, trimers of TRAF2 mediate apopto-
sis, whereas trimers of TRAF6 or TRAF5 mediate proliferation.343 
Germinal-center formation and Ig class switch are hallmarks 
of T-cell–dependent responses, and TRAF6 plays a role in class 
switch (see Chapter 14).

poLycLoNaL acTivaTioN
Certain substances can activate B lymphocytes independently 
of their antigenic specificity. The response to these substances 
involves all B-cell clones, and for this reason these substances 
became known as polyclonal B-cell activators (PBAs).

PBAs are primarily microbial cell constituents such as lipo-
polysaccharide (LPS), purified protein derivative, staphylococcal 
protein A, streptolysin O, pneumococcal polysaccharide III, a 
water-soluble antigen from Nocardia, EBV, dextrans, etc.

PBAs can be categorized on the basis of their effect on B lym-
phocytes; some promote only B-cell proliferation, whereas others 
in addition stimulate Ig secretion.

LPS has been used experimentally as PBA for several years, but 
only recently was its receptor shown to be the CD14 molecule.344 

LPS binding to CD14 is enhanced in the presence of a plasma 
protein, LPS-binding protein.345 CD14 is expressed primarily on 
monocytes and granulocytes. Its structure, function, and role in 
human disease have been reviewed.346

morpHoLogic cHaNgeS 
aSSociaTeD wiTH B-ceLL 
DiFFereNTiaTioN

plasma Cell
Elegant studies of morphologic differentiation in immunized ani-
mals at the ultrastructural level were performed by Harris et al., 
who isolated individual cells involved in antibody synthesis347 
(Fig. 12.13). These authors showed that antibody production is 
detected while the cell still retains a lymphocytic morphology 
and contains no ER. These cells can be differentiated from inac-
tive lymphocytes by the abundance of free polyribosomes and a 
large nucleolus. A spectrum of cells that actively secrete antibody 
can be ranked according to the size and development of the 
ER.348,349,350–352

During early differentiation, the ER is scarce and unorga-
nized. Later, the lamellae increase in length and become parallel, 
until they fill the entire cytoplasm and give rise to its onion-skin 
appearance. The Golgi apparatus increases concomitantly. No 
dividing line exists that distinguishes the cells that make IgM from 
those that make IgG antibody, although a preponderance of IgM 
producers with lymphocytic morphology and of IgG producers 
with plasmacytic morphology is noted.348

The name plasma cell was first used by Waldeyer in 1875.353 
His description, however, included several types of cells; and in 
1881 Unna354 redefined the cells as he observed them in a case of 
lupus, emphasizing the characteristic basophilia of the cytoplasm 
(granuloplasm). In a subsequent report355 containing pictures of 
methyl green- and pyronin-stained cells, several cells are identi-
fied easily as characteristic plasma cells. In 1895, Marschalko 
took issue with Unna’s description and emphasized that the 
appearance of the nucleus with its characteristic arrangement of 
angular chromatin blocks and its eccentric position within the cell 
are to be used as stringent criteria for the identification of plasma 
cells.356 The characteristic nuclear morphology was given the 
name radkern by Pappenheim. Early analytic reviews of plasma 
cells were provided by Downey357 and later by Michels.358 In 
those early years, whether the plasma cell was a normal constitu-
ent of tissues was the subject of considerable debate. Its origin 
was disputed, but several prominent investigators believed that it 
originated from lymphocytes.

The modern period of plasma cell study originated in 1937 
with the clinical observations of Bing and Plum, who noted 
the close association of hyperglobulinemia and the presence of 
plasma cells.359 Subsequent studies in hyperimmunized rabbits 
were carried out by Bjornboe and Gormsen,360 who demonstrated 
that antibody production correlated with massive plasma cell 
proliferation in the spleen. In his doctoral thesis, Fagraeus361 
left little doubt about the importance of plasma cells in antibody 
formation. Differences among animals in their capacity to produce 
antibody could be related to differences in the number of plasma 
cells, particularly immature plasma cells. Fagraeus thought that 
mature plasma cells had “passed the stage of their greatest func-
tional intensity.”

Indisputable evidence in favor of antibody production by 
plasma cells was provided by Coons, who introduced the powerful 
technique of immunofluorescence to immunology.362,363 Plasma 
cells containing antibody were detected in the red pulp of the 
spleen, the medullary cords of the lymph nodes, and the focal 
granulomata of immunized animals.
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Excellent detailed descriptions of the morphology and ultra-
structure of plasma cells have been published.364,365 The plasma 
cell is round or oval, with an eccentrically located nucleus and 
chromatin arranged in pyramidal blocks against the nuclear 
membrane, giving the characteristic “cartwheel” appearance 
(Fig. 12.14). The cytoplasm is intensely basophilic because of the 
high content of ribonucleoprotein. Certain plasma cells stain red 
to violaceous rather than blue, and are known as flaming plasma 
cells, a name coined by Undritz. This coloration is attributed to 
the accumulation within the ER cisternae of Ig with a high car-
bohydrate content. Electron microscopic studies revealed that 
the nucleus is surrounded by a double membrane. The outer 
membrane is covered with ribonucleoprotein particles and is con-
tinuous with the cytoplasmic ER. The Golgi is well developed and 
consists of vesicles and tubules. The centrosome lies next to the 
nucleus, surrounded by the Golgi apparatus. Several microtubules 
radiate from the centriole. Many prominent mitochondria are 
scattered between the ER lamellae. A striking ultrastructural fea-
ture of the plasma cell is the rich and well-organized ER. It con-
sists of membranes studded on one side with ribosomal particles 
and arranged in parallel arrays. In the mature plasma cell, the ER 
fills the entire cytoplasm. The cisternae are sometimes distended 
with granular or homogeneous material, giving rise to cytoplas-
mic inclusions known as Russell bodies.366 The Russell bodies 
are composed of Ig,366,367 although sometimes Ig cannot be 
demonstrated,368 and it was suggested that these inclusions are 

Figure 12.13. Morphology of antibody production. Terminal B-cell differen-
tiation (antigen-dependent) is characterized morphologically by the gradual increase 
of the amount of cytoplasm and, concomitantly, the appearance of strands and 
eventually well-organized endoplasmic reticulum. A: An antibody-producing lym-
phoid cell with sparse endoplasmic reticulum (ER). (From Harris TN, Hummeler K, 
Harris S. Electron microscopic observations on proteins such as BLNK (B-cell linker 
protein), Cbl, et al. of signaling protein tyrosine antibody-producing lymph node cells. 
J Exp Med 1966;123:161–172, with permission.) B: Endoplasmic reticulum (ERVS) 
is slightly distended, containing amorphous material. (From Hummeler K, Harris TN, 
Tomassini N, et al. Electron microscopic observations on antibody-producing cells 
in lymph and blood. J Exp Med 1966;124:255–262, with permission.) C: Mature 
plasma cell displaying well-organized ER and distinct Golgi apparatus (G). (From 
Gudat FG, Harris TN, Harris S, Hummeler K. Studies on antibody-producing cells. I. 
Ultrastructure of 19S and 7S antibody-producing cells. J Exp Med 1970;132:448–
474, with permission.) M, mitochondrion; N, nucleus; NOS, nucleolus; NU, nucleus. 
(Figures A, B, and C reproduced from J Exp Med, as cited, by copyright permission 
of the Rockefeller University Press.)

A B

C

A

B C

Figure 12.14. Plasma cells. A: Normal. B, C: Plasmacytes with vacuoles from the bone 
marrow of a patient with infection and arthritis.
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not made from Ig aggregates. Alternatively, the Ig is condensed 
to such a degree that it cannot be penetrated by the dyes. Russell 
bodies sometimes are detected within the nucleus (intranuclear 
inclusions). Under certain circumstances, the plasma cell contains 
large quantities of a homogeneous material that distends the cell 
and stains gray or sometimes red as in the flaming cells. These 
cells, called thesaurocytes,369 reveal, under electron microscopic 
analysis, dilation of the ER cisternae370 (Fig. 12.15). The flaming 
cell likely represents an early stage of the thesaurocyte in terms 
of storage of synthesized Ig.371,372 Two lines of evidence suggest 
that these forms are the result of disturbances in the secretion 
of Ig. In nonsecretory myelomas, the cells often are similar to 
thesaurocytes,373 or flaming plasma cells.374 Mott cells, which 
are considered plasma cells with multiple Russell bodies, may 
also result from a complete or partial block in the secretion of Ig, 
causing localized distention of ER cisternae.375

The most immature plasma cell is the plasmablast, with 
a nucleus which has evenly dispersed chromatin and a large 
nucleolus. The ER is sparse and the cytoplasm is filled with clus-
ters of polyribosomes. As the cell matures the chromatin forms 
clumps and the ER becomes more abundant and well organized. 
As the lymphocytes mature into plasma cells, they pass through 
intermediate stages, which are seen in the blood of patients with 
plasma cell dyscrasias or immunologic diseases characterized by 
hypergammaglobulinemia. Similar cells sometimes are encoun-
tered in the blood of patients with viral infections (Turk cells), 

including infectious mononucleosis. The intermediate forms have 
blue cytoplasm with abundant ER, but not as much as the mature 
plasma cells. Some intermediate forms resemble the less mature 
transformed lymphocytes with simple ER and many ribosomes 
and polyribosomes.

By the time the lymphocyte evolves into plasma cells, certain 
surface molecules such as the BCR, the major histocompatibility 
complex class II, CD19, and CD20 are downregulated; while other 
molecules such as syndecan-1 (CD138) and CD38 are expressed 
on the surface of plasma cells. The differentiation of lymphocyte 
to plasma cells requires the transcription factor PRDM1 (BLMP1), 
which is a transcriptional repressor.376 PRDM1 represses MYC 
transcription, which explains the cessation of the cell cycle in 
plasma cells, and also represses PAX5, which is required for lin-
eage commitment of B-cell development and for isotype switching 
in germinal centers. Downregulation of PAX5 is necessary for the 
development of antibody-producing cells, because it represses 
XBP1, J-chain, and Ig heavy-chain gene transcription.377 PRDM1 
promotes plasmacytic differentiation by extinguishing the expres-
sion of genes that are important for BCR signaling, germinal-
center function, and proliferation, but allowing the expression 
of XBP1 (X-box binding protein). XBP1 is the only transcrip-
tion factor required specifically for terminal differentiation of B 
lymphocytes to plasma cells.378 XBP1 is a basic region leucine 
zipper protein essential for the growth of hepatocytes and has 
been implicated in the proliferation of malignant plasma cells.379 

A B

C D

Figure 12.15. unusual forms of plasma cells. Under certain circumstances related to immunoglobulin (Ig) secretion, the cisternae of endoplasmic reticulum are 
distended as a result of the accumulation of Ig. Plasma cells with accumulation of a homogeneous material that sometimes stains pink or red on Giemsa preparations 
(thesaurocytes). A, B: Giemsa stain of bone marrow from two patients with IgA myeloma. C, D: Ultrastructure of thesaurocytes with different degrees of distention of 
the cisternae of the endoplasmic reticulum. (From Bessis M, Breton-Gorius J, Binet JL. Étude comparée du plasmacytome et du syndrome de Waldenstrom. Nouv 
Rev Fr Hematol 1963;3:159, with permission.)
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A small subpopulation of germinal-center cells in the light zone 
express PRDM1, which functions upstream from XBP1.380 These 
cells have survived the selection and are probably destined to 
become plasma cells. PRDM1, a germinal-center–restricted tran-
scriptional repressor, inhibits BCL6, required for germinal-center 
function. A negative feedback loop operates in the germinal cen-
ters between PRDM1 and BCL6, the expression of which blocks 
PRDM1 expression and plasma cell differentiation irreversibly 
(see also Chapter 14).

moLecuLar aND 
uLTraSTrucTuraL aSpecTS oF 
immuNogLoBuLiN BioSyNTHeSiS
Heavy and light chains are synthesized separately, the H chain 
on large 270S to 300S polyribosomes composed of 16 to 20 sub-
units, and the L chains on smaller 190S to 200S polyribosomes 
composed of 7 to 8 subunits. The size of these polysomes is such 
as to suggest synthesis of each chain as a single unit. Under 
normal conditions the L chains may be synthesized in slight 
excess. After completion of separate synthesis of H and L chains, 
intramolecular folding and assembly of the individual chains 
begins on nascent proteins and continues into the cisternae of 
the ER. Depending on the Ig class, the assembly begins with the 
formation of the H-L half-molecules, two of which then combine 
to form a complete Ig monomer. Alternatively, two H chains com-
bine to form H2, followed by H2L, suggesting that the final H2-L2 
structure may be reached by several pathways.381 Assembly of 
H chains is restricted between chains of the same class, so that 
dimers between different H chain isotypes are not formed in cells 
expressing both. In most instances, polymeric Ig, such as IgM 
and IgA (9S, 11S, 13S), are assembled intracellularly from their 
constituent subunits.

The attachment of core oligosaccharides to the N-glycosylation 
acceptor site begins on the ribosome, but glycosylation is com-
pleted in the Golgi apparatus, where the polypeptides are trans-
ported from the ER.382 The Golgi apparatus is also the site of final 
processing of the carbohydrate,383 and where the molecule is 
attached to membrane and then packaged into vesicles for secre-
tion or incorporation into the plasma membrane.383 This mecha-
nism of secretion is a form of reverse pinocytosis. Disruption of 
the traffic of the vesicles containing Ig inhibits Ig secretion.

The carbohydrate moiety may facilitate the secretion of Ig 
by the cell, although this effect depends on the Ig class and the 
amount of Ig synthesized. For some classes, such as IgM, Ig secre-
tion is blocked when glycosylation is inhibited. H chains that have 
not bound to L chains form complexes with an H chain–binding 
protein (BiP).384,385 BiP prevents transportation of H chains to the 
Golgi complex until they become associated with the L chains that 
displace BiP. The presence of such complexes provides an expla-
nation for the lack of secretion of m chains in pre-B cells when 
L chains are not available. In contrast to the normal situation, 
free H chains are secreted in certain lymphomas (H chain dis-
ease).386,387 In these disorders, the H chains have a large deletion 
involving the CH-1 domain,388 which explains how these mutant 
chains can be secreted, i.e., complexes with BiP can be formed 
only through the CH-1 domain.389,390 Although the synthesis of L 
chains and H chains takes only 30 and 60 seconds, respectively, 
the addition of carbohydrates and the process of secretion take at 
least another 30 minutes. An adult synthesizes approximately 2.3 
g of Ig daily,391 and most Ig-synthesizing cells contain one type of 
H chain and one type of L chain,392 but a few cells (usually <1%) 
contain more than one type of H chain, usually m and g.

Antibody first appears in the perinuclear cisternae393 and 
eventually is detected in the rest of the ER394,395 (Fig. 12.16). 
Activation of the ER cisternae is gradual, because not all of 

them within the same cell contain antibody at any one moment. 
Antibody is found in association with the ribosomes of ER and is 
not detected outside the ER cisternae. In most immature blasts 
with a sparse or nonexistent ER, antibody is present in the 
cytoplasm, synthesized on polyribosomal clusters. Not only the 
intracellular distribution but also the rate of synthesis increases 
with time; and Ig, in some cases, distends the cisternae, forming 
large spheric masses reminiscent of Russell bodies. Not all plasma 
cells contain antibody during the primary response. In the first 2 
to 3 days after immunization, most of the plasma cells contain Ig 
that has no antibody activity.396 Antibody-containing plasma cells 
appear later in the response and throughout plasmacytic differen-
tiation, the Golgi apparatus always contains antibody.

B-ceLL acTivaTioN aND 
DiFFereNTiaTioN
Malignancies arise from one cell; therefore they are monoclonal 
and inherit a unique Ig rearrangement.106 The new technology of 
gene profiling enables identification of the genes that are activated 

A

B

Figure 12.16. ultrastructural localization of antibody. A: An immature plasma cell dem-
onstrates antibody primarily in the perinuclear area. Antibody is also detected in the few strands 
of endoplasmic reticulum (ER, arrows) and the Golgi (GA ) apparatus. B: Plasma cell with well-
developed endoplasmic reticulum filled with antibody. Both cells were isolated from rabbits 
immunized with peroxidase. For the intracellular localization of the antiperoxidase antibody, 
the cells were treated with peroxidase before incubation with diaminobenzidine. (From Leduc 
EH, Avrameas S, Bouteille M. Ultrastructural localization of antibody in differentiating plasma 
cells. J Exp Med 1968;127:109–118. Reproduced by copyright permission of the Rockefeller 
University Press.)
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and very likely it is characteristic of each stage in the life of the B 
cell. This technology has already been applied on normal B cells to 
characterize their genetic profile in various functional states. Gene 
profiling inspects activation and gene transcription of hundreds 
or thousands of genes, providing a global genomic view.397 In 
contrast to gene sequencing (structural genomics), gene profiling 
is considered a new field of functional genomics.

Serial analysis of gene expression (SAGE) uses gene-specific 
14-bp sequence tags for enumeration of genes expressed in a 
cell.398 In the new methods, DNA fragments from individual genes 
are placed on a solid support in an ordered array. Total cellular 
mRNA isolated from cells is used to generate, by reverse tran-
scription, cDNA probes tagged by radioactivity or fluorescence. 
The cDNA probes are then applied to the arrays for hybridiza-
tion with the DNA on the array. The hybridization results are 
quantitated by phosphor imagers for radioactive probes, or by 
scanning confocal microscopy for fluorescent probes. In one com-
monly used microarray system, oligonucleotides are produced by 
in situ synthesis in a technique called photolithography and are 
hybridized by fluorescent cDNA probes.399,400 In another tech-
nique, PCR products from cDNA clones are spotted onto coated 
glass slides.401 In this technique, two cDNA probes from different 
samples, labeled with different fluorochromes (usually Cy3 or 
Cy5), are applied on the microarray simultaneously for hybridiza-
tion. The expression for each gene is evaluated by the ratio of 
the fluorescence, and interpretation of the data uses algorithms. 
Various analytical tools are available, but no single tool is bet-
ter than others. Their use may well depend on the experimental 
design and the questions asked.402,403

One approach uses hierarchical clustering,404 and this algo-
rithm begins by clustering pairs of genes with the most similar 
patterns of expression, eventually building larger and larger 
clusters. Clustering may be unsupervised (i.e., the arrangement 
of gene expression follows predefined parameters built into the 
algorithm). In supervised clustering, the investigator introduces 
other parameters such as clinical data. Several algorithms have 
been designed for data analysis, and more than one may be nec-
essary for the analysis.

Three B-cell functional states were evaluated in an experi-
mental model: naive B cells, B cells activated in vitro by a foreign 
antigen (hen egg lysozyme, HEL), and B cells tolerant against 
self. In this case B cells were obtained from transgenic mice (i.e., 
expressing HEL from birth); therefore, the B cells have developed 
tolerance against HEL as for any other natural self-antigen.405,406 
The results show that the naive or resting state is maintained by 
several inhibitory genes, whereas activation is associated with 
loss of expression of some of the inhibitory genes rather than the 
induction of genes that regulate entry into the cell cycle. B cells 
tolerant to “self” are characterized by increasing expression of 
more inhibitory genes at the same time that they maintain the 
expression of the basal inhibitory gene profile.

Some other data reveal that the gene profile of in vitro acti-
vated B cells differs from that of germinal-center B cells, where 
they are activated by T cells.397 Germinal-center B cells differ 
from naive B cells in the expression of hundreds of genes.407 The 
function of signaling molecules has been studied by inactivation 
of the appropriate gene, but repercussions from changes in the 
expression of other genes cannot be heard. An attempt was made 
to provide an answer to this question from the effect of reduction 
of the function of PI3K or BTK to other genes. Reduced function 
of PI3K or BTK significantly affected 5% of BCR-dependent gene 
expression.408 The data also suggested that PI3K acts through 
BTK in regulating genes that are critical for determining entry 
into the cell cycle. By hierarchical clustering it has been possible 
to identify groups of genes that are characteristic of a lineage or 
a specific stage of differentiation or proliferation (i.e., germinal-
center B cells), and each group of genes defines a signature of a 
cell type or of a function, etc.

Plasma cells, which represent the end stage of B-cell differ-
entiation, were found to have 1,476 known genes, which were 
differently expressed compared to B cells.409 A number of factors 
characteristic of terminal differentiation (i.e., related to RNA poly-
merase I) were downregulated, while a number of transcription 
factors were maintained (e.g., AP-1, NFAT, and NF-kB). Two 
genes specific for factors associated with neuronal cell position-
ing, reeling and neuropilin-1, were unexpectedly expressed and 
their role in plasma cell life remains to be determined.

B-ceLL maLigNaNcieS
A large body of data has already been collected in the short period 
since this technology was developed for large-scale application, 
and the findings in B-cell malignancies hold a number of unex-
pected results.410 Diffuse large B-cell lymphomas (DLBCLs) have 
been shown to have two different gene profiles.410 In one group 
of patients, the cells had a germinal-center gene profile, whereas 
in the second group, the lymphoma cells showed a profile of mito-
genically activated B cells, and these two groups differ in several 
genes. DLBCL with the germinal-center B-cell profile has retained 
the hypermutation machinery, but the second group resembling 
mitogenically activated B cells has not.411 The germinal-center 
B-like DLBCL also resembles closely follicular lymphoma.412 On 
the basis of sharing some gene expressions with a small popula-
tion of germinal-center B cells, as well as with plasma cells, it has 
been suggested that the activated B-like DLBCL may arise from a 
cell in its transition to becoming a plasma cell.

Another important finding is the possibility that B-CLL, which 
phenotypically has been separated into two groups on the basis 
of CD38 expression, may actually be one genomic disease with 
two variants.413 A small number of <30 genes may, however, be 
able to distinguish cases with IgV-mutated versus -unmutated 
profiles.414 Furthermore, the gene profiles have indicated that 
in the majority of cases, the cells are related to memory B cells 
rather than naive B cells or B cells of any other category. This 
may not be unexpected, because the somatic hypermutation 
machinery is active in CLL and could play a role in intraclonal 
diversification development.415 Microarray gene profiling has 
been used to identify B-CLL cases with cells resistant to apoptosis 
after DNA damage. Thirteen of 16 genes were found that were 
specific for resistant B-CLL cells.416 A study of mantle cell lym-
phoma also detected resistance to apoptosis gene profiling. The 
FADD (Fas-Associated Death Domain) gene, a key gene associated 
with Fas-mediated apoptosis, was downregulated 10-fold in this 
lymphoma.417

In multiple myeloma, the profiling suggests a classification 
into four subgroups.418,419 Group 1 patients (MM1) have a gene 
profile similar to MGUS (Monoclonal Gammopathy of Unknown 
Significance), whereas the patients in the MM4 group have poor 
prognosis, with a gene profile similar to myeloma cell lines. 
Numerous unexplained genes with unknown function have been 
detected, so that only 10% of all these genes have matched entries 
in the database Expressed Sequence Tags.420

The origin of Hodgkin and Reed-Sternberg (HRS) cells has 
remained elusive, and recently, strong evidence has been pre-
sented that in most cases with this disease, the cell is of B-lineage 
origin and only rarely originates from a T cell.421 Identification of 
gene profiling demonstrated that the HRS cell expresses a distinct 
gene profile regardless of its B- or T-cell derivation. The gene 
profile is similar to that of EBV-transformed B cells or cell lines 
from large cell lymphomas, with features of in vitro–activated 
B cells.422 Among the genes specifically identified in HRS are 
a cluster of genes for transcription factors (i.e., GATA3, MSC/
ABF-1, NR2F1/EAR-3, and NFE2L3/NRF3). Downregulation of 
several genes that are active in B cells was identified. Several of 
these genes are positively regulated by the transcription factor 
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PAX5 (see “Stem Cell to Progenitor B [Pro-B] Cell”). However, the 
PAX5 gene is still expressed in HRS cells, and therefore the loss of 
B-cell–specific gene expression remains unknown.423

BTK mutations influence the expression of other genes in EBV-
transformed cell lines and, in the absence of functional BTK, 11 
genes were identified that were induced more than 1.9-fold.424 
Microarray gene profiling has been applied to develop a molecular 
predictor of survival after chemotherapy for DLBCL. The study 
used 17 genes to construct a predictor of overall survival.425 
Four gene groups were identified and clustered within individual 
signatures. The proliferation signature was the best predictor for 
adverse outcome. Signatures identifying good prognosis were 
the lymph node signature, encoding extracellular matrix, and 
the connective tissue growth factor, which promotes fibrosis and 
synthesis of extracellular matrix. Some of these genes are linked 
to histologic or other lymph node reactions, known already for 
their favorable prognosis. For example, the lymph node signature 
is associated with expression of genes that are also expressed 
in macrophages and NK cells, presumed to indicate a cellular 
antitumor response. The other favorable signature is the major 
histocompatibility complex class II gene expression.

B-ceLL SuBpopuLaTioNS
A subpopulation of B cells can be detected on the basis of expres-
sion of the CD5 antigen ordinarily present on T cells. The CD5 
antigen (formerly T1 or Leu1) is a 67,000-dalton gp detected on 
all normal T cells,426,427 on a small subpopulation of normal B 
cells,428 and on all cells from patients with CLL.429–431 The CD5 B 
cells possess unique properties, i.e., they are phenotypically iden-
tical to CD5– B cells,432 but they are larger; in mice they have 10 
times more mIgM with l chains, which is expressed only rarely 
in mice. The CD5+ B cells are present in high numbers in fetal 
and neonatal life (50% of all IgM+ B cells), but they progressively 
diminish in number after birth and are present in small numbers 
in secondary lymphoid organs in adult life.433–435 At birth most of 
the B cells in cord blood are CD5+,434 but they constitute less than 
10% to 30% of B cells in adult spleen, lymph nodes, and peripheral 
blood. Their proliferative capacity is high and as a result, they give 
rise spontaneously to cell lines that demonstrate MYC amplifica-
tion.436 Presently there are two views regarding the origin of the 
CD5+ subpopulation. According to one of them, the CD5+ cells 
(also known as B1a) belong to a lineage of B cells distinct from the 
conventional B lymphocytes (CD5–).437–439

The CD5+ (B-1) cells develop early in ontogeny and, in the 
adult, predominate in peritoneal and pleural cavities and are 
self-replenished; that is, they do not arise from undifferentiated 
progenitors. Progenitors of CD5+ cells are present in fetal liver 
and omentum but not adult bone marrow, whereas conventional 
B-cell progenitors are present in fetal liver and adult bone mar-
row. According to the second hypothesis, the B-1 cells derive from 
conventional B cells,440,441 based on in vitro evidence of stimula-
tion of conventional B cells with anti-IgM antibodies and IL6, 
which generated the B-1 phenotype.442

B-1 cells may have different antibody repertoires (e.g., have 
few N-region insertions in their rearranged V genes), and the 
VH repertoire is biased toward V gene families proximal to JH, 
whereas in adult B cells it is more randomized.

Perhaps the most controversial aspect is the production 
of autoantibodies. In NZB mice (New Zealand Black), a strain 
well-known for autoimmune phenomena, the CD5+ B cells are 
increased in number and spontaneously secrete IgM autoan-
tibodies.443 Increased numbers of CD5+ B cells are found in 
patients with rheumatoid arthritis,444,445 Sjögren syndrome,446 
and progressive systemic sclerosis,447 but not in patients with 
systemic lupus erythematosus.447 Numbers of CD5+ B cells are 
also increased after bone marrow transplantation.448 In 95% 

of patients with B-cell CLL, the leukemic cells express the CD5 
antigen,429,430,449 which is also detected on cells from other B-cell 
lymphomas, the CD5+ B cells from normal subjects,450,451 or from 
patients with CLL.452 The CD5+ B-cell subpopulation may there-
fore play an important role in the development of B-cell reper-
toire related to natural immunity, which develops in the absence 
of an encounter with exogenous antigens. Certain V genes are 
selectively expressed in CD5+ B cells, and those are not changed 
by somatic hypermutations normally observed in CD5– B cells 
responding to exogenous antigens. The marginal zone B lympho-
cytes share many phenotypic characteristics with B-1 cells and, 
like them, develop in response to T-independent type-2 antigens. 
The B-2 repertoire is selected by self-antigen and therefore tends 
to be autoreactive. Selection into the B-1a population is favored 
during fetal life because TdT is not expressed during this period; 
therefore, the repertoire is limited in its specificity range. This 
dangerous repertoire is kept under control by the CD5-mediated 
negative signaling, thus preventing inappropriate activation. On 
the other hand, this repertoire is useful because the B-1 cell speci-
ficities are directed against several pathogens and are important 
in mucosal immunity.453

SeLeCteD referenCeS
The full reference list for this chapter can be found in the online version.

 3. Orkin SH. Diversification of haematopoietic stem cells to specific lineages. Nat 
Rev Genet 2000;1:57–64.

 5. Busslinger M. Transcriptional control of early B cell development. Ann Rev 
Immunol 2004;22:55–79.

 7. Medina KL, Singh H. Genetic networks that regulate B lymphopoiesis. Curr 
Opin Hematol 2005;12:203–209.

 9. Sellars M, Kastner P, Chan S. Ikaros in B cell development and function. World 
J Biol Chem 2011;2:132–139.

 10. Klug A. The discovery of zinc fingers and their development for practical 
applications in gene regulation and genome manipulation. Q Rev Biophys 
2010;43:1–21.

 12. Kelley CM, Ikeda T, Korpally J, et al. Helios, a novel dimerization partner 
of Ikaros, expressed in the earliest hematopoietic progenitors. Curr Biol 
1998;8:508–515.

 13. Payne KJ, Dovat S. Ikaros and tumor suppression in acute lymphoblastic 
leukemia. Crit Rev Oncog 2011;16:3–12.

 20. Nera K-P, Kohonen P, Narvi E, et al. Loss of Pax-5 promotes plasma cell 
 differentiation. Immunity 2006;24:283–293.

 24. Delogu A, Schebesta A, Sun Q, et al. Gene expression by Pax5 in B cells is 
essential for blood cell homeostasis and is reversed in plasma cells. Immunity 
2006;24:269–281.

 28. Kee BL, Quong MW, Durre C. E2A proteins: essential regulators at multiple 
stages of B-cell development. Immunol Rev 2000;175:138–149.

 31. Lazorchak AS, Wojciechowski J, Dai M, Zhuang Y. E2A promotes the survival 
of precursor and mature B lymphocytes. J Immunol 2006;177:2495–2504.

 32. Dorshkind K. Regulation of hemapoiesis by bone marrow stromal cells and 
their products. Annu Rev Immunol 1990;8:111–137.

 40. Treiber T, Mandel EM, Pott S, et al. Early B cell factor 1 regulates B cell gene 
networks by activation, repression, and transcription-independent poising of 
chromatin. Immunity 2010;32:714–725

 41. O’Brien P, Morin P Jr, Ouellette RJ, Robichaud GA. The Pax-5 gene: a 
 pluripotent regulator of B-cell differentiation and cancer disease. Cancer Res 
2011;71:7345–7350.

 44. Zhang Y, Zhou B. Functions of thymic stromal lymphopoietin in immunity and 
disease. Immunol Res 2012;52(3):211–223.

 51. Medina KL, Singh H. Genetic networks that regulate B lymphopoiesis. Curr 
Opin Hematol 2005;12:203–209.

 54. Bleul CC, Farzan M, Choe H, et al. The lymphocyte chemoattractant SDF-1 is 
a ligand for LESTR/fusin and blocks HIV-1 entry. Nature 1996;382:829–833.

 71. Gautheir L, Rossi B, Roux F, et al. Galectin-1 is a stromal cell ligand of the 
pre-B cell receptor (BCR) implicated in synapse formation between pre-B 
and stromal cells and in the pre-BCR triggering. Proc Natl Acad Sci U S A 
2002;99:13014–13019.

 73. Geier JK, Schlissel MS. Pre-BCR signals and the control of Ig gene rearrange-
ments. Semin Immunol 2006;18:31–39.

 82. Kitamura D, Kudo A, Shaal S, et al. A critical role of l5 protein in B cell 
 development. Cell 1992;69:823–831.

 90. Kersseboom R, Ta VB, Zijlstra AJE, et al. Bruton’s tyrosine kinase and SLP-65 
regulate pre-B cell differentiation and the induction of Ig light chain gene 
rearrangement. J Immunol 2006;176:4543–4552.

 93. van Zelm MC, van der Burg M, de Ridder D, et al. Ig gene rearrangement 
steps are initiated in early human precursor B cell subsets and correlate with 
specific transcription factor expression. J Immunol 2005;175:5912–5922.

 95. Watson CT, Breden F. Genes Immun May 2012. The immunoglobulin heavy 
chain locus: genetic variation, missing data, and implications for human 
disease. [Epub ahead of print.]. doi:10.1038/gene.2012.12.

72683_ch012_0251-0278.indd   277 29/07/13   8:36 PM



278 Part ii The Normal Hematologic System • SECtiON 4 The Lymphocytes

 97. Erikson J, Martinis J, Croce CM. Assignment of the genes for human l immu-
noglobulin chains to chromosome 22. Nature 1981;294:173–175.

 98. McBride OW, Heiter PA, Hollis GF, et al. Chromosomal location of human 
kappa and lambda immunoglobulin light chain constant region genes. J Exp 
Med 1982;155:1480–1490.

 105. Gellert M. Recent advances in understanding V(D)J recombination. Adv 
Immunol 1997;64:39–64.

 107. Frugmann SD, Lee AI, Shockett PE, et al. The RAG proteins and V(D)
J recombination: complexes, ends, and transposition. Ann Rev Immunol 
2000;18:495–527.

 112. Bailin T, Mo X, Sadofsky MJ. A RAG1 and RAG2 tetramer complex is active in 
cleavage in V(D)J recombination. Mol Cell Biol 1999;19:4664–4671.

 114. Hiom K, Gellert M. Assembly of a 12/23 paired signal complex: a critical 
control point in V(D)J recombination. Mol Cell 1998;1:1011–1019.

 119. Mundy CL, Patenge N, Matthews AGW, Oettinger MA. Assembly of the RAG1/
RAG2 synoptic complex. Mol Cell Biol 2002;22:69–77.

 122. Schatz DG, Swanson PC. V(D)J recombination: mechanisms of initiation. 
Annu Rev Genet 2011;45:167–202.

 125. Brandt VL, Roth DB. V(D)J recombination: how to tame a transposase. 
Immunol Rev 2004;200:249–260.

 132. Lee GS, Neiditch MB, Sinden RR, et al. Targeted transposition by the V(D)J 
recombinase. Mol Cell Biol 2002;22:2068–2077.

 134. Casali P, Pal Z, Xu Z, Zan H. DNA repair in antibody somatic hypermutation. 
Trends Immunol 2006;27:313–321.

 137. Wen J, Cerosaletti K, Schultz KG et al. NBN Phosphorylation regulates 
the accumulation of MRN and ATM at sites of DNA double-strand breaks 
Oncogene 2012:443 (Epub).

 138. Burma S, Chen BPC, Chen DJ. Role of non-homologous end joining (NHEJ) in 
maintaining genomic integrity. DNA Repair (AMST) 2006;5:1042–1048.

 143. Chu G. Double strand break repair. J Biol Chem 1997;272:24097–24100.
 145. Fugman SD, Messier C, Novack LA, et al. An ancient evolutionary origin of the 

Rag 1/2 gene locus. Proc Natl Acad Sci U S A 2006;103:3728–3733.
 146. Schlissel MS. Does Artemis end the hunt for hairpin-opening activity in V(D)

J recombination? Cell 2002;109:1–4.
 151. Fugmann SD, Schatz DG. Identification of basic residues in RAG-2 critical for 

DNA binding by the RAG-1–RAG-2 complex. Mol Cell 2001;8:899–910.
 155. Longo NS, Lipsky PE. Why do B cells mutate their immunoglobulin receptors? 

Trends Immunol 2006;27:374–380.
 157. Jones JM, Gellert M. The taming of a transposon: V(D)J recombination and 

the immune system. Immunol Rev 2004;200:233–248.
 160. Reth M, Hombach J, Wienands J, et al. The B-cell antigen receptor complex. 

Immunol Today 1991;12:196–201.
 166. Pascual V, Victor K, Spellerberg M, et al. VH restriction among human cold 

agglutinins. The VH4-21 gene segment is required to encode anti-I and anti-I 
specificities. J Immunol 1992;149:2337–2344.

 168. Friedman DF, Cho EA, Goldman J, et al. The role of clonal selection in 
the pathogenesis of an autoreactive human B cell lymphoma. J Exp Med 
1991;174:525–537.

 171. Schwarz K, Bartram CR. V(D)J recombination pathology. Adv Immunol 
1996;61:285–326.

 184. Omenn GS. Familial reticuloendotheliosis with eosinophilia. N Engl J Med 
1965;273:427.

 188. Marrella V, Maina V, Villa A. Omenn syndrome does not live by V(D)J recom-
bination alone. Curr Opin Allergy Clin Immunol 2011;11:525–531.

 189. Wada T, Takei K, Kudo M, et al. Characterization of immune function and 
analysis of RAG gene mutation in Omenn syndrome and related disorders. 
Clin Exp Immunol 2000;119:148–155.

 192. Ege M, Ma Y, Manfras B, et al. Omenn syndrome due to ARTEMIS mutations. 
Blood 2005;105:4179–4186.

 195. Lieber MR. The mechanism of double-strand DNA break repair by the 
nonhomologous DNA end-joining pathway. Annu Rev Biochem 2010;79: 
181–211.

 199. Gennery AR, Cant AJ, Jeggo PA, et al. Immunodeficiency associated with DNA 
repair defects. Clin Exp Immunol 2000;121:1–7.

 201. Savitsky K, Bar-Shira A, Gilad S, et al. A single ataxia telangiectasia gene with 
a product similar to PI-3 kinase. Science 1995;268:1749–1753.

 204. van der Burgt I, Chrzanowska KH, Smeets D, et al. Nijmegen breakage syn-
drome. J Med Genet 1996;33:153–156.

 207. Enders A, Fisch P, Schwartz K, et al. A severe form of human com-
bined immunodeficiency due to mutations in DNA ligase IV. J Immunol 
2006;176:5060–5068.

 210. Kurosaki T. Functional dissection of BCR signaling pathways. Curr Opin 
Immunol 2000;12:276–281.

 212. Caldwell RG, Wilson JB, Anderson SJ, et al. Epstein-Barr virus LMP2A drives 
B cell development and survival in the absence of normal B cell receptor 
signals. Immunity 1998;9:405–411.

 213. Kurosaki T. Genetic analysis of B cell receptor signaling. Annu Rev Immunol 
1999;17:555–592.

 215. Minegishi Y, Rohrer J, Coustan-Smith E, et al. An essential role for BLNK in 
human B cell development. Science 1999;286:1954.

 217. Minegishi Y, Coustan-Smith E, Rapalus L, et al. Mutations in Ig-a (CD 
79-a) result in a complete block of B-cell development. J Clin Invest 
1999;104:1115–1121.

 219. Schiff C, Lemmers B, Deville A, et al. Autosomal primary immunodeficien-
cies affecting human bone marrow B-cell differentiation. Immunol Rev 
2000;178:91–98.

 220. Bruton OC. Agammaglobulinemia. Pediatrics 1952;9:722.

 226. Vetrie D, Verechovsky I, Sideras P, et al. The gene involved in X-linked agam-
maglobulinemia is a member of the src family of protein-tyrosine kinases. 
Nature 1993;361:226–233.

 229. Tsukada S, Baba Y, Watanabe D. Btk and BLNK in B cell development. Adv 
Immunol 2001;77:123–162.

 234. Kurosaki T, Kurosaki M. Transphosphorylation of Bruton’s tyrosine kinase 
on tyrosine 551 is critical for B cell antigen receptor function. J Biol Chem 
1997;272:15595–15598.

 238. Islam TC, Smith CIE. The cellular phenotype conditions Btk for cell survival 
or apoptosis signaling. Immunol Rev 2000;178:49–63.

 241. Rawlings DJ, Witte ON. Bruton’s tyrosine kinase is a key regulator of B-cell 
development. Immunol Rev 1994;138:105–119.

 245. Uckun FM, Ledbetter JA. Immunobiologic differences between nor-
mal and leukemic human B-cell precursors. Proc Natl Acad Sci U S A 
1988;85:8603–8607.

 250. Duperray C, Boiron JM, Boucheix C, et al. The CD24 antigen discrimi-
nates between pre-B and B cells in human bone marrow. J Immunol 
1990;145:3678–3683.

 260. Lavabre-Bertrand T, Duperray C, Brunet C, et al. Quantification of CD-24 
and CD-45 antigens in parallel allows a precise determination of B-cell 
maturation stages: relevance for the study of B-cell neoplasias. Leukemia 
1994;8:402–408.

 273. van Noesel CJ, van Lier RA. Architecture of the human B-cell antigen recep-
tors. Blood 1993;82:363–373.

 276. Monroe JG. ITAM-mediated tonic signalling through pre-BCR and BCR com-
plexes. Nat Rev Immunol 2006;6:283–294.

 277. Paraskevas F, Lee S-T, Israels LG. Absence of g-globulin receptors on mouse 
plasmacytoma cells. Nature 1970;227:395–396.

 280. Treanor B. B cell receptor: from resting state to activate. Immunology 
2012;10:1365–2012.

 282. Pierce SK. Lipid rafts and B cell activation. Nat Rev Immunol 2002;2:96–105.
 285. Fantini J, Garmy N, Mahfoud R, et al. Lipid rafts: structure, function and role 

in HIV, Alzheimer’s and prion diseases. Expert Rev Mol Med 2002;4:1–22.
 294. Bromley SK, Burack WR, Johnon KG, et al. The immunological synapse. Annu 

Rev Immunol 2001;19:375–396.
 305. Kurosaki T, Takata M, Yamanashi Y, et al. Syk activation by the Src family 

tyrosine kinase in B cell receptor signaling. J Exp Med 1994;179:1725.
 307. Fu C, Turck C, Kurosaki T, et al. BLNK: a central linker protein in B cell activa-

tion. Immunity 1998;9:93–103.
 311. Fluckiger A-C, Li Z, Kato RM, et al. Btk/Tec kinases regulate sustained 

increases in intracellular Ca2+ following B-cell receptor activation. EMBO J 
1998;17:1973–1985.

 314. Marshall AJ, Niro H, Yun TJ, et al. Regulation of B-cell activation and differen-
tiation by the phosphatidylinositol 3-kinase and phospholipase Cg pathways. 
Immunol Rev 2000;176:30–46.

 318. Genot E, Cantrell DA. Ras regulation and function in lymphocytes. Curr Opin 
Immunol 2000;12:289–294.

 323. Yasuda T, Maeda A, Kurosaki M, et al. Cbl suppresses B cell receptor-medi-
ated phospholipase C (PLC)-g2 binding. J Exp Med 2000;191:641–650.

 331. Nelms K, Kiegan AD, Zamorano J, et al. The IL-4 receptor: signaling mecha-
nisms and biological functions. Annu Rev Immunol 1999;17:701–738.

 335. Voss SD, Hong R, Sondel PM. Severe combined immunodeficiency, interleu-
kin-2 (IL-2), and the IL-2 receptor: experiments of nature continue to point 
the way. Blood 1994;83:626–635.

 340. Takatsu K, Takaki S, Hitoshi Y. Interleukin-5 and its receptor system: 
implications in the immune system and inflammation. Adv Immunol 
1994;57:145–190.

 348. Gudat FG, Harris TN, Harris S, et al. Studies on antibody-producing cells. 
II. Appearance of 3H-thymidine-labeled rosette-forming cells. J Exp Med 
1971;133:305–320.

 349. Gudat FG, Harris TN, Harris S, et al. Studies on antibody-producing cells. 
I. Ultrastructure of 19S and 7S antibody-producing cells. J Exp Med 
1970;132:448–474.

 375. Alanen A, Pira U, Lassila O, et al. Mott cells are plasma cells defective in 
immunoglobulin secretion. Eur J Immunol 1985;15:235–242.

 378. Reinold AM, Iwakoshi NN, Manis J, et al. Plasma cell differentiation requires 
the transcription factor XBP-1. Nature 2001;412:300–307.

 397. Staudt LM, Brown PO. Genomic views of the immune system. Annu Rev 
Immunol 2000;18:829–859.

 406. Glynne RJ, Watson SR. The immune system and gene expression microar-
rays: new answers to old questions. J Pathol 2001;195:20–30.

 408. Fruman DA, Ferl GZ, An SS, et al. Phosphoinositide 3-kinase and Bruton’s 
tyrosine kinase regulate overlapping sets of genes in B lymphocytes. Proc Natl 
Acad Sci U S A 2002;99:359–364.

 410. Staudt LM. Gene expression profiling of lymphoid malignancies. Annu Rev 
Med 2002;53:303–318.

 414. Klein U, Tu Y, Stolovitzky GA, et al. Gene expression profiling of B cell chronic 
lymphocytic leukemia reveals a homogeneous phenotype related to memory 
B cells. J Exp Med 2001;194:1625–1638.

 419. Zhan F, Tian E, Bremm K, et al. Gene expression profiling of human plasma 
cell differentiation and classification of late-stage B-cell development. Blood 
2003;101:1128–1140.

 421. Küppers R, Rajewsky K. The origin of Hodgkin and Reed/Sternberg cells in 
Hodgkin’s disease. Annu Rev Immunol 1998;16:471–493.

 428. Caligaris-Caplo F, Gobbi M, Bofill M, et al. Infrequent normal B lympho-
cytes express features of B-chronic lymphocytic leukemia. J Exp Med 
1982;155:623–628.

72683_ch012_0251-0278.indd   278 29/07/13   8:36 PM



279

Th
e 

N
or

m
al

 H
em

at
ol

og
ic

 S
ys

te
m

ONTOgeNy Of THymic 
micrOeNvirONmeNT
The thymic anlage develops from epithelial structures of the third 
branchial complex (Fig. 13.2). Neural crest cells (Hoxa3-positive) 
invade the epithelial cluster to form the thymic rudiment. Several 
studies support the view that the cortical and medullary epithelia 
originate from a common precursor, and, in the early stages, the 
epithelium co-expresses markers that are later segregated to the 
cortical or medullary compartments. After completion of thymic 
organogenesis, the cortical epithelia are cytokeratin-8+, whereas 
medullary epithelia are cytokeratin-5+,5 except for a small sub-
population in the corticomedullary junction, which is cytokeratin 
5+/8+.5 Furthermore, neoplastic human thymomas often express 
both cortical and medullary epithelial markers.6

The best evidence of the origin of thymic epithelia from a com-
mon progenitor is the identification by monoclonal antibodies 
of a cell that generates in vivo the thymic microenvironment.7,8 
The monoclonal antibody MTS24 detects a glycoprotein with 
mucinlike characteristics and a peptide backbone.7 The antigen 
is detected during the early embryonic stages in the anterior 

T LympHOcyTeS aNd NaTuraL KiLLer ceLLS
frixos paraskevas

C h a p t e r  1 3

mOrpHOLOgy
The T lymphocyte under routine staining procedures (Giemsa or 
Wright) is 5 to 8 mm in diameter, with a high nucleocytoplasmic 
ratio. The nucleus is purple with densely packed chromatin, and 
the cytoplasm forms a narrow light-blue rim.

By transmission electron microscopy, the nucleus shows shal-
low indentations with dense heterochromatin along the nuclear 
membrane and euchromatin occupying most of the remaining 
nuclear surface. One or two nucleoli are visible (Fig. 13.1). The 
cytoplasm shows a few organelles, such as mitochondria and 
a small Golgi apparatus. By scanning electron microscopy, the 
surface of the T lymphocytes is either smooth or shows short 
microvilli, depending on the method of preparation as well as the 
state of activation.1,2

Some T lymphocytes present in normal subjects are character-
ized by a highly indented nucleus and are known as cerebriform 
mononuclear cells.3 These cells are not detected in T-lymphocyte–
depleted fractions and constitute approximately 3% to 4% of the 
unfractionated T lymphocytes. They possess scanty cytoplasm, 
and the degree of their nuclear indentation is expressed as a 
nuclear contour index (nuclear perimeter/area).4 Their structural 
similarity to the cells present in cutaneous T-cell lymphomas sug-
gests that they represent the normal equivalent of Sézary cells, 
which are derived from T lymphocytes.

FIGURE 13.1. Ultrastructure of T-cells. The normal T-cell has a small rim of cytoplasm with 
only a few organelles. Nucleus shows dense heterochromatin. (From Zucker-Franklin D, Greaves 
MF, Grossi CE. Atlas of blood cells, 2nded. Philadelphia: Lea & Febiger, 1988, with permission.)
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FIGURE 13.2. Morphogenesis of thymus. Elements from the third pharyngeal cleft form the 
epithelial rudiment, joined by mesenchymal cells from the neural crest. The common epithelial 
progenitor differentiates into cortical and medullary epithelium under the influence of the mes-
enchyme. The presence of endodermal cysts and tissue-specific “antigens” and “organoids” 
suggests some contribution from the endoderm. FGF, fibroblast growth factor; KGF, keratinocyte 
growth factor.
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endodermal epithelium, the pharyngeal endoderm, and a por-
tion of intermediate mesoderm, which develops the urogenital 
epithelium. The MTS24+ cells are positive for major histocom-
patibility complex (MHC) class II and express cytokeratin-5 and 
cytokeratin-8, which are markers of the medullary and cortical 
epithelium, respectively. Highly purified MTS24 cells, inserted 
under the kidney capsule, are able to develop into a complete 
thymus and, furthermore, provide the complete milieu necessary 
for T-cell development.

Because primordial epithelial cells normally need the coop-
eration of mesenchymal cells for thymus organogenesis,9 it is 
conceivable that, in the case of the ectopically placed MTS24 cells, 
this is provided by comparable cellular elements from the kidney 
capsule. The MTS24 antibody completely blocks T-cell develop-
ment in fetal thymic organ cultures, supporting the conclusion 
that the molecule recognized by the MTS24 antibody regulates 
normal epithelial function. During this early stage in the devel-
opment of the thymus, the cell interactions are regulated by a 
number of transcription factors, such as HOXA3 and PAX1 which 
are part of cluster A on chromosome 7 and encode a DNA-binding 
transcription factor which may regulate gene expression, morpho-
genesis, and differentiation.10,11 An important step in our under-
standing of the genetic control of thymic development came from 
the study of the “nude” mouse and the cloning of the gene that 
confers the nude phenotype, designated Whn, for Winged h n,12  
more recently renamed Foxn1. The Foxn1 gene encodes a tran-
scription factor with a DNA-binding domain of the forkhead/
winged helix class. The defect responsible for the nude phenotype 
is a single base pair deletion in the third exon of the Foxn1 gene. 
It results in hair loss, the arrest of the thymic epithelial cell expan-
sion, and inability to attract the hematopoietic precursors into the 
epithelial rudiment.13,14 Formation of the epithelial primordium 
is not affected by the loss of Whn function, but subsequent differ-
entiation of the primitive epithelial precursors into subcapsular, 
cortical, and medullary epithelial cells is arrested15 and the epi-
thelial rudiment becomes cystic.

In normal development, the epithelial rudiment is invaded 
by mesenchymal cells from the neural crest,16 which stimulate 
epithelial progenitor differentiation into cortical and medullary 
subpopulations.8,17,18,19 These mesenchymal–epithelial interac-
tions are mediated by growth factors and their receptors, such as 
the fibroblast growth factor 10 (FGF10) and its specific receptor, 
FGFR2IIIb, on thymic epithelial cells. Deficiency of either the fac-
tor or the receptor results in severe thymic hypoplasia.20,21 When 
immature lymphoid cells begin to arrive in the thymic rudiment, 
another wave of cellular interactions takes place between the 
developing lymphoid cells and the stromal epithelial cells. This 
second stage of thymic development establishes thymic microen-
vironments conducive to thymocyte differentiation and repertoire 
selection. Further differentiation and maturation are under the 
regulation of interactions with thymocytes. Experiments in ani-
mals and experiments of nature in humans (disease processes) 
have clearly shown the symbiotic relationship between epithelial 
cells and lymphocytes. Prothymocytes regulate differentiation of 
cortical epithelial cells,22 whereas mature thymocytes organize 
the medullary microenvironment.23,24,25

The epithelial cells in the cortex and medulla differ by ultra-
structure, by immunophenotype, and by functional characteris-
tics. Ultrastructurally, three subsets have been detected on the 
basis of cytoplasmic processes, secretory organelles, and desmo-
some connections.26 Type I cells, located in the cortex, have stel-
late cytoplasmic processes and make contact with their neighbors, 
forming a syncytium. Type II cells are found in the medulla, are 
voluminous with many secretory intracellular vesicles, and have 
short cytoplasmic processes. Type III cells are rare, may contain 
vacuoles (pseudocysts), and are located in the medulla.

Six clusters of thymic epithelial staining (CTES) have been iden-
tified: type 1 epithelium (CTES II)27 produces thymic  hormones, 

type II (pale), type III (CTES III) of intermediate electron lucency, 
and type IV (dark with oval nuclei) are in the cortex proper. These 
cells extend fine cytoplasmic processes, establishing contacts with 
neighboring cells, and are connected by desmosomes forming a 
syncytium, the interstices of which are filled with thymocytes. 
Some tend to engulf up to 20 to 40 thymocytes in a lymphoepithe-
lial cluster, known as nurse cells, detected in human thymus28,29 
(Chapter 11, Fig. 11.9). The internalized thymocytes are located 
within caveolae lined by plasma membranes. The lack of penetra-
tion by certain dyes indicates that the nurse cells are not an arti-
fact, are completely sealed from the rest of the thymus, and may 
play a role in T-cell selection. Their formation is not dependent on 
interactions of T-cell receptors (TCRs) with MHC because they are 
present in knockout mice deprived of TCR-ab.30

A better understanding of the thymocyte–epithelial cell inter-
dependence for survival came from experiments with a variety of 
TCR-transgenic mice.31 The final organization of the cortical and 
medullary epithelium depends on interactions of the TCR on the 
thymocytes with ligands on stromal cells. Thymocytes expressing 
a transgenic TCR that triggers strong positive selection, result-
ing only in maturation of CD4+/CD8– T-cells, lose the normal 
reticular pattern of cortical epithelial cells, and the epithelium in 
the medulla forms small scattered groups of cells surrounded by 
macrophages and dendritic cells.32

Several other transgenic models demonstrated that main-
tenance of a balance among positive selection (PS), negative 
selection (NS), and nonselection is necessary to preserve normal 
compartmentalization and architectural integrity of the thymic 
epithelia.33,34 It is the diversity of signals emanating from these 
physiologic processes within the thymus during thymocyte matura-
tion that are critical for the maintenance of epithelial organization. 
These signals are generated from the endogenously rearranged 
TCRs, which regulate positive and NS. In addition to thymocytes, 
the thymic vasculature is also an important epithelial organizer.35 
In Rag2−/− mice, the medullary epithelium forms cuffs around 
intermediate-sized vessels, particularly the post-capillary venules. 
This anatomic arrangement may have important functional impli-
cations. The medullary epithelial cells have been linked to NS and 
tolerance induction36–38 and are therefore strategically located 
around the post-capillary venules, where the concentration of 
autoantigens would be high. The possible functional importance 
of this peculiar anatomic arrangement of the medullary epithe-
lium is also suggested from the detection of several molecules and 
structures considered to be tissue-specific within the medulla (i.e., 
parathyroid hormone, thyroglobulin, insulin, and even organized 
epithelial “organoids” with ultrastructural features of respiratory 
epithelium and thyroid follicles).39 The ectopic location of these 
molecules and structures is supported by the detection of the 
expression of the appropriate genes.39 It has also been postulated 
that, because these “ectopic” tissues within the medulla have their 
origin from primordial endoderm, the precursors of the epithelial 
cells in the medulla also may arise from pharyngeal endoderm. 
Further support of this view comes from the histologic appear-
ance of medulla in athymic mice, in which further differentiation 
of these cells fails and the epithelium remains in the primordial 
condition of endodermal cysts.

Whereas epithelial development depends on FGF, its func-
tional integrity is maintained by other growth factors contributed 
by the mesenchyme. The keratinocyte growth factor (KGF), a 
member of the FGF family, is a paracrine growth factor produced 
by mesenchymal cells. It acts on epithelial cells that express a 
splice variant of FGF (i.e., FGFR2IIIb). In fetal thymic organ cul-
tures, exogenous KGF expands the medullary epithelium, and in 
Rag−/− animals deprived of thymocytes, which normally produce 
KGF, the administration of KGF restores the normal medullary 
epithelial architecture.40

The architectural integrity of the thymus is maintained 
throughout life, but eventually it atrophies with age.41 Changes 
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in signals between epithelial cells and thymocytes may determine 
thymic involution.42 Stat3 has been identified as an important 
signaling molecule between epithelial and mesenchymal cells in 
the thymic microenvironment.43 Stat3 gene disruption in mice 
results in severe thymic atrophy and enhanced susceptibility of 
the thymus to environmental stress, such as glucocorticoids or 
g-irradiation.

The extracellular matrix (ECM) is an important component of 
thymic stroma after the cells and certain interactions between dif-
ferentiating thymocytes and thymic epithelial cells are mediated 
by ECM proteins that influence intrathymic migration events and 
thymocyte differentiation.44 The ECM consists primarily of fibers 
of collagens, reticulin, glycosaminoglycans, and glycoproteins, 
including laminin and fibronectin.

Heterotrimeric laminin molecules consist of at least 15 natu-
rally occurring isoforms, which are formed by five a, three b, and 
three g subunits. In the human thymus, laminin with a2-chains 
(LN-2/4) or a5-chains (LN-10/11) are detected in the subcapsular 
epithelium and blood vessels.45 The CD4–/CD8– (double nega-
tive) thymocytes are located in the subcapsular area by strong 
attachment to LN-10/11 through their a6b1 integrin. The CD4+/
CD8+ (double positive) thymocytes, however, lose their capacity to 
adhere to LN-10/11 and move down to the cortex.

The interactions between thymocytes and stroma facilitate 
intrathymic migration and regulate positioning of the developing 
thymocytes to appropriate microenvironments during differen-
tiation. The ECM proteins support the growth of thymocytes and 
epithelial cells and facilitate cell–cell interaction, especially migra-
tion of thymocytes in and out of nurse cells. Receptors for ECM 
proteins are highest in the double-negative precursors but gradu-
ally decrease with maturation.

T-ceLL prOgeNiTOrS
The T-cell progenitors in fetal life derive from the liver, whereas 
in adult life, they come from the bone marrow. The difference in 
stem cell origin has implications in subsequent lymphoid develop-
ment, apparently as a result of precommitment or restriction of 
developmental options at the level of stem cell.46 Human thymus 
becomes fully differentiated by approximately the 15th week of 
gestation (i.e., approximately 7 to 8 weeks after colonization of the 
thymic rudiment). These early migrants contribute to the develop-
ment of the thymic microenvironment.

Cells with the CD34+/CD38weak/CD90+ phenotype contain 
T-cell progenitors when they grow in fetal thymic organ cultures. 
In human adult bone marrow, CD34+/CD38–/HLA-DR+ stem cells 
have the potential to differentiate toward lymphoid and myeloid 
lineages.47 These cells are CD45RA+, lack Thy1 (CD90) antigen, 
and may represent an intermediate oligopotent stem cell with 
T-cell–reconstituting ability.48 By phenotype, there are three sub-
populations in the bone marrow, which can differentiate to T-cells 
in the thymus: CD34+/CD2+, CD34+/CD7+, and CD34+/CD2+/
CD7+ and all three are negative for CD3/CD4/CD8.49 The thymus 
is populated by hematopoietic multipotent progenitors from the 
bone marrow.50

Experiments with transgenic mice have shown that disruption 
of the zinc finger protein Zbtb1, resulted in a T(–)B+NK– SCID 
phenotype.51 In knockout mice for Zbtb1 protein differentiation 
of common lymphoid progenitors is inhibited and it is associated 
with expanded populations of bone marrow hematopoietic stem 
cells and multipotent and early lymphoid lineages51 correspond-
ing to a common lymphoid progenitor subset.52 The most primi-
tive thymocytes are Lin–, c-Kithigh, L-selectin+, TdT+, and RAG1–, 
a phenotype similar to progenitor population in the bone marrow 
which sustains the adult thymus.53

Recruitment involves the chemokines CCL21 (or SLC, second-
ary lymphoid tissue chemokine) and CCL25 produced by the fetal 

thymus, which attract CD4–/CD8–/CD25–/CD44+ thymocytes.54 
At the site of entry P-selection of the thymic vascular endothelium 
binds arrests precursors expressing the P-selectin ligand (rolling). 
Chemokine CCL25 from endothelial cells activates precursors 
through the CCR9 receptor, and intercellular adhesion molecule-1 
(ICAM-1) and vascular cell adhesion molecule-1(VCAM-1) of 
the endothelial cells bind the cells firmly through the integrins 
aLb2 and a4b1, respectively.55 The multipotent T-cell progenitors 
entering the thymus trigger Notch activation, which is critical for 
T-cell development (see below) for later stages of TCR-dependent 
selection within the thymus as well as during peripheral T-cell 
differentiation.55 There is some overlap of regulatory programs 
between those required for T-cell specification and those needed 
for stem cell maintenance or self-renewal, such as Notch path-
way, GATA3, IKZF1 (IKAROS), and SPI1 (PU.1).56 The genes that 
need to be turned on for a successful entrance in the early stage 
of T-cell development include RAG1 and RAG2 and CD3G and 
CD3E of the pre-TCR and TCR. Although certain options of differ-
entiation are eliminated relatively early after T-cell lineage com-
mitment, others such as differentiation into dendritic cells and 
natural killer (NK) cells remain through some stages of the T-cell 
development. The B-cell potential is lost early within the thymus 
probably as a result of Notch signaling. Additional factors, such 
as GATA3 (T-cell–specific among the hematopoietic cells), TCF3 
(E2A), shared with B lineage and even non-T–cell–specific such as 
RUNX1 and IKZF1 are also used in T-cell development.

NOTcH aNd T-ceLL cOmmiTmeNT
Signaling through the Notch receptor is a key factor for T-cell 
commitment.57–60 Notch plays a pivotal role in determining T-/B-
lineage choice, and signaling through Notch drives commitment of 
lymphoid precursors to T lineage.61–63 Notch belongs to a family 
of conserved proteins that function as cell-surface receptors and 
direct regulators of gene transcription.64 It was first isolated as a 
gene involved in chromosomal translocations with the TRB@ gene 
in a subset of cases of human T-cell acute lymphoblastic leukemia. 
The extracellular domain of Notch contains a variable number of 
tandem epidermal growth-factor–like repeats and three Lin/Notch 
repeats, which function for ligand binding and Notch activation.65 
The intracellular region contains six Cdc10/ankyrin repeats 
characteristic of protein–protein interactions and essential for 
signal transduction. The Notch protein initially is synthesized as 
a single-polypeptide chain, but, as a result of proteolytic process-
ing, it is split into two parts. The extracellular region is separated 
and forms a noncovalent heterodimer with the remaining portion 
consisting of the transmembrane and the cytoplasmic regions.

Ligands for Notch are Delta, Serrate, and several other mol-
ecules corresponding to these two classes. In general, those 
homologous to Delta are referred to as Delta, and those homolo-
gous to Serrate are called Serrate or Jagged.65 These ligands 
are transmembrane proteins with an extracellular domain with 
a variable number of epidermal growth-factor–like repeats and 
the unique domain for this family, the DSL (Delta/Serrate Lag-
2) domain, which mediates binding to Notch and activation. 
Which of the two groups of ligands is important for lineage 
commitment remains controversial.66 In cells of the immune 
system, there are two Notch receptors, NOTCH1 and NOTCH2, 
and four signals.67 The pleiotropic signaling by Notch regulates 
differentiation, proliferation, and cell death, but it is not yet 
clear which function most precisely determines cell fate and ulti-
mately directs T-cell commitment.68 With Notch inactivation, the 
double-negative T-cells diminish in the thymus, whereas B-cell 
precursors increase, probably from a more efficient production 
of B-cells within the thymus.69 On the other hand, transgenic 
expression of Notch in the bone marrow permits the accumula-
tion of CD4+/CD8+ T-cells. The NOTCH1 functional role seems to 
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be in  developmental specification, driving T-cell precursors at the 
expense of B-cell precursors and perhaps directing the choice of a 
common precursor between these two fates. Notch is also needed 
for later stages for TRB@ gene rearrangements, PS, and CD4/CD8 
lineage choices.56

pHeNOTypic differeNTiaTiON
The first migrants from the bone marrow to the thymus settle 
in the corticomedullary junction and are large dividing cells 
expressing CD34+/CD45RA+, CD2+, and CD7+, with the TCR 
genes in the germline configuration (Fig. 13.3). The new immi-
grants potentially are able to differentiate to other lineages, such 
as NK-cells, dendritic cells, and monocytes. The CD34+ cells then 
co-express other markers such as CD38 and CD71 (transfer-
rin receptor) associated with proliferating cells, and a portion 
of them are CD10+. They are subdivided into three categories, 
double negative-1 (DN-1), DN-2, and DN-3, depending on the 
expression of CD44 and CD25.70,71 Recruitment involves interac-
tions between P-selectin expressed by thymic endothelium and 
P-selectin glycoprotein ligand-1 detected on the bone marrow 
progenitor cells.72 Upon arrival they migrate to the subcapsular 
cortex (DN-3 cells), where they acquire expression of CD1A and 
CD4 and CD8, and as a result become double positive (DP). In the 
cortex they are  submitted to PS (vide infra) and those considered 

“useful” return back to the medulla, and they are separated into 
two distinct phenotypes, CD4+ and CD8+ single-positive (SP) 
cells. These migrations across the thymic parenchyma are medi-
ated by several chemokine receptors, CXCR4, CCR7, and CCR9. 
Adherence of thymocytes to epithelial cells is also mediated 
by CD2 and the lymphocyte function molecule-3 (LFA3, CD58), 
ICAM, and LFA1. The SP thymocytes are submitted to another 
screening in the medulla. Those with high-affinity TCR against 
self-antigens are deleted (NS). After this checkpoint, the surviving 
thymocytes exit the thymus for the secondary lymphoid organs. 
Emigration of thymocytes requires the sphingosine-1-phosphate 
receptor 1 (S1P-1).

In the process of differentiation, CD34 is progressively lost, 
whereas the intensity of CD7 decreases. Myeloid and NK-cells 
have been detected in various in vitro systems arising from thy-
mocytes,73,74 and the thymic microenvironment is able to support 
myeloid differentiation.

Evidence of direct cellular communication between various 
thymic cells was provided by the demonstration of the existence of 
gap junctions formed by connexin 43 between two epithelial cells 
or between epithelial cells and thymocytes.75

Of the cytokines that have been implicated in T-cell differentia-
tion, interleukin-7 (IL7) is essential.76 It is produced constitutively 
by epithelial cells, and it induces proliferation of DN thymocytes77 
or maintains their viability.78 CD34+ thymocytes cultured with IL7 
start to express CD8 and CD4 but remain CD3 and TCR negative, 
indicating that other stimuli from stromal cells are essential for 
generating CD3+/CD4+/CD8+ cells. IL7 also induces Tcrb gene 
rearrangements.79 Mice genetically deficient in IL7 receptor have 
a profound reduction of T and B lymphocytes, and thymocyte 
development is blocked at a very early stage before the induction 
of CD25 and Tcrb gene rearrangements.80 IL7 regulation is tightly 
coordinated during T-cell maturation within the thymus for thy-
mocyte survival, as IL7 is essential for post-selection expansion of 
positively selected thymocytes.81

Other cytokines, such as IL1, IL2, and IL4, have also been 
shown to play some role in thymocyte differentiation.76 The 
thymus is continuously colonized by hematopoietic progeni-
tors that have the genes for the Tcr in germline configuration. 
Approximately 100 to 1,000 such progenitors enter the thymus 
daily, and it takes approximately 3 weeks to undergo complete 
differentiation to mature functional and self-tolerant T-cells.

The biologic processes within the thymus are highly complex, 
but for a better understanding, we divide them, somewhat arbi-
trarily, into three areas: (a) lineage determination i.e., TCR-ab 
versus TCR-gd, (b) separation of the two main T-cell subsets, 
i.e., CD4 versus CD8, and (c) selection for survival of those 
cells with a TCR able to recognize foreign antigens, i.e., PS and 
elimination of those possessing autoreactive configurations, i.e., 
NS. Understanding of these events will be facilitated by a prior 
description of the genes encoding the Tcrs.

T-ceLL recepTOr geNeS
Knowledge of the structure and patterns of expression of the various 
TCR genes is essential to our understanding of antigen recognition 
by T-cells. The TCR gene, “a needle in the haystack,” was isolated 
by the technique of subtractive hybridization.82 Four human and 
murine TCR genes have been identified: a (TRA@, Tcra),83 b (TRB@, 
Tcrb),84 g (TRG@, Tcrg), and d (TRD@, Tcrd)85,86 (Fig. 13.4).

The TRA@ gene is located on chromosome 14 (bands q11-12),87 
as is the immunoglobulin (Ig) gene (band q32). Rearrangement 
involving the region of the chromosome containing TRA@ has 
been detected in patients with T-cell malignancies.88,89 The TRD@ 
gene is located on chromosome 14 within the TRA@ gene.90 
The TRB@ and TRG@ genes are located on  chromosome 7.91,92 
Translocations and inversions of  chromosomes 14 and 7 are 
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FIGURE 13.3. The first migrants from the bone marrow arrive and settle in the cor-
ticomedullary junction. They lack expression of CD4 and CD8 and are known as double 
negatives (DN). These new immigrants begin to move to the outer cortex and, depending on 
certain markers, are distinguished in three stages: DN1, DN2, and DN3. The migration is sup-
ported through interactions between P-selectin (thymic epithelium) and its ligand (progenitor 
cells). In the outer cortex they become double positive (DP) (i.e., CD4+/CD8+), and at the DN3 
stage, undergo gene rearrangements with expression of the T-cell receptor (TCR)-b gene (b 
selection). Signals provided by the CCR-7 chemokine receptor guide the positively selected 
thymocytes that have already separated into the CD4 or CD8 lineages back to the medulla. A 
final screening for the “affinity” of their TCR binding to autoantigens takes place in the medulla 
(NS). It is triggered by contacts of their TCR with tissue-restricted self-antigens (TRAs) on medul-
lary thymic endothelial cells (mTECs). Promiscuous gene expression (pGE), for autoantigens, 
regulated by the AIRE gene (see text for details), controls central tolerance. The thymic medullary 
epithelium ultimately allows survival of the “useful,” and it ignores the “useless” and “destroys” 
the harmful128. Exit of mature T-cells from the thymus is regulated by the G-protein–coupled 
receptor sphingosine-1-phosphate receptor 1 (S1P-1) as well as the very late antigen (VLA-) 
and lymphotoxin-b receptor.
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Two mutually exclusive T-cell lineages have been identified on the 
basis of TCR: ab and gd.

Transcription increases the recombination of J (a) segments 
located within several kilobases of a promoter and prevents the 
activation of downstream promoters.97 The mechanism of V(D)J 
recombination has been described in detail in Chapter 12.

The mechanisms generating diversity are combinatorial asso-
ciations of different V, D, and J segments and combinatorial pair-
ing of TCR protein. However in contrast to the Ig genes, fewer 
V segments are available to the TCR genes. The diversity of the 
TCR is mainly junctional, i.e., a result of additions of nucleotides 
at the DNA cleavage site. Additions that depend on the template 
are known as P nucleotides, whereas random additions are called 
N nucleotides, added by terminal deoxynucleotidyl transferase 
(TdT) (see Chapter 12). TdT is not expressed during fetal life and 
in TdT knockout mice, the T-cell repertoire is of fetal type (i.e., 
less diverse). TdT is expressed only in immature lymphocytes 
and is responsible for the transition from fetal to adult repertoire 
by contributing significantly to the lymphocyte antigen receptor 
repertoire. A striking difference between Ig and TCR is the lack 
of somatic hypermutations, which is very important in generat-
ing high-affinity antibodies in the germinal centers (Chapter 11). 
Assembly of V segments of TRB@, TRG@, and TRD@ genes occurs 
during the DN stage. If the b-chain rearranges successfully, it 
forms a heterodimer with the pre-Ta (PTA) chain and differenti-
ates along the T-ab lineage entering the DP phenotype stage.

TCR gene rearrangements occur in two discrete stages of 
thymocyte development: first during the DN stage with the TRD@ 
gene rearranging first, followed by the TRG@ and TRB@ genes 
and the TRA@ gene rearranging during the DP stage. During the 
TRB@ gene rearrangement, a D-b segment joins a J-b segment 
and as with the IGH@ gene rearrangement, a V-b joins the Db-Jb 
complex. If the rearrangement is not productive the cell may have 
one more chance at rearranging a second C-b cluster inasmuch as 
there are two C-b segments each with its own D and J segments.

pre-T–ceLL recepTOr aNd  
T-ceLL-ab, T-ceLL-gd LiNeageS
The decision in choosing a TCR-gd versus a TCR-ab lineage 
is made by any one of three proposed models. According to 
one  mechanism each lineage starts from a separate  precursor 
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FIGURE 13.4. Organization of the genes for human T-cell receptor chains (see text for details). (Adapted from Kronenberg M, Siu G, Hood LE, et al. The 
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often seen in association with ataxia telangiectasia, probably 
involving fragile sites that normally are used during the TCR gene 
rearrangements.

All TCR genes display an overall organization similar to that 
of the Ig genes. They are composed of variable (V) and constant 
(C) genes. The V gene is made of three segments (V, J, and D) in 
the TRB@ and TRD@ genes, but only two segments (V and J) in 
the TRA@ and TRG@ genes.86 Each V gene family is divided into 
subfamilies like the Ig V genes, on the basis of sequence similarity 
(more than 75%). In humans, the TCR gene group consists of one 
C-a gene,93 two C-b genes,94 two C-g genes, and one C-d gene. 
With the exception of the C-g gene, which is composed of three 
exons, all of the genes have four exons. The TRD@ locus is located 
between the C-a and J-a gene segments. Diversity of the TCR genes 
is generated through rearrangements, with each of the V and J  
segments and the D segment, in the case of TRB@ and TRD@ 
genes, forming the complete V gene. The TCR genes, however, 
contain a large number of J segments as compared to the Ig genes.

Associated with the C-a gene are approximately 50 Va and 
61 Ja segments that spread over 100 kb of DNA. The b-chain 
(TRB@) gene complex is located on chromosome six, spans 600 
kb95 and incorporates 57 V-b segments. Each of the two C-b genes 
possesses a set of J-b segments and one D-b segment. The V-b 
segments are all located upstream from the two clusters of C-b 
genes. During rearrangements, when a V-b segment forms a VDJ 
complex, the transcript is committed to using the same C-b seg-
ment genes. The TRG@ gene locus contains two C-g genes, each 
associated with its own set of J-g segments. There are approxi-
mately 14 V-g segments, all located upstream separately from the 
two Cg–Jg clusters. The C-d gene complex lies between the V and 
J segments of the TRA@ gene complex and contains eight V-d, 
three D-d, and three J-d segments. The TCR gene segments, as are 
the Ig gene segments, are flanked by heptamer-spacer–nonamer 
sequences, which serve as recognition sites for the recombinase, 
the enzyme that initiates V(D)J recombination which is regulated 
by the RAG1 and RAG2 genes for both T- and B-cells. The RAG1/
RAG2 proteins act in a lineage-specific manner; i.e., Ig genes 
are assembled only in B-cells and TCR genes only in T-cells. The 
recombinations are also developmentally regulated. For T-cells 
the b genes are recombined before TRA@ genes and for B-cells 
the IGH@ gene is recombined before IGL@. These differences 
are explained by differential accessibility of V genes during 
 development. Accessibility for V(D)J recombination is usually 
accompanied by germline transcription at antigen receptor loci.96 
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 (stochastic or independent pathway), and a second model pro-
poses that there is a common precursor for both lineages (instruc-
tive pathway). The third model (competitive pathway) postulates 
that rearrangements for the genes of the lineages start concur-
rently and those finishing successfully first determine the fate of 
the cell. Some evidence appears to support a variant of the sto-
chastic model.96 It is agreed that the TRD@ gene rearrangement 
occurs in thymocytes that can adopt either one of the gd or ab 
fates, but activation of the TRA@ gene rearrangement during the 
DP stage seals the fate of the T-cell for the ab lineage.

Determination of lineage is regulated by transcription fac-
tors that act on promoters and enhancers and make appropriate 
genes accessible to the recombinase.97,98 Another regulatory 
mechanism involves the pre-TCR. At this stage of T-cell develop-
ment, the TCR-b chain forms a heterodimer with the PTAchain 
and the complex is referred to as pre-TCR.99 The PTA is a 33-kd 
type I transmembrane protein of the Ig superfamily, with a single 
Ig-like domain. Two cysteines form the intrachain disulfide bond, 
whereas a third cysteine just above the transmembrane region 
forms the disulfide bridge with the TCR-b chain.100 The human 
PTA gene is located on the short arm of chromosome 6, in the 
vicinity of the HLA locus. The PTA chain is not essential for CD3 
expression, but has a major role in TCR-ab versus TCR-gd com-
mitment. It generates large numbers of CD4+/CD8+ T-cells with 
productive TCR-b rearrangements and directs these cells to the 
TCR-ab lineage.101 At the DN-3 stage, thymocytes undergo exten-
sive DNA rearrangements at the TRB@, TRG@, and TRD@ gene loci 
and make a choice for selection, between the TCR-ab and TCR-g 
receptors. Expression of the TCR-b chain in combination with the 
pre-TCR–a chain results in a process known as b selection, which 
leads to rearrangements of the TRA@ genes and formation of the 
complete TCR-ab. If the TRD@ or TRG@ genes are rearranged, the 
cells follow the TCR-gd lineage (gd selection).102–104

The selection for TCR-b is initiated at a stage phenotypically 
characterized by expression of CD4+/CD8a+b–.105 The productive 
V-b gene rearrangement in one allele prevents rearrangements of 
the second allele, a process called allelic exclusion that is regulated 
by the pre-TCR. Signaling by the pre-TCR requires the CD-3 chains 
g, â, z, and h, and the LCK kinase,106 which is associated with the 
CD3-â and -g chains and is indispensable for the pre-TCR function. 
Other functions mediated by pre-TCR signaling are cell survival and 
phenotypic changes. Pre-TCR promotes thymocyte survival, whereas 
signaling by TCR induces apoptosis.107,108 Because pre-TCR is 
expressed on DN T-cells, the antiapoptotic function of pre-TCR is 
crucial for their survival and differentiation of DN T-cells into the DP 
stage when the TCR is needed for positive or NS.

Both receptors follow initially similar signaling pathways, such 
as tyrosine phosphorylation and so forth, but in the apoptotic 
pathway, they diverge at the level of Fas ligand (FasL) induction, 
which requires induction of Nur-77 and transcription factors 
from the nuclear factor of activated T-cells (NFAT). These factors 
can be induced only by the TCR-ab but not by the pre-TCR. The 
PTA possesses a palmitoyl moiety that spontaneously targets the 
PTA chain to the cell membrane (lipid rafts).109 This may offset 
the requirements for a ligand because the pre-TCR from such a 
location is able to signal constitutively. Signaling through pre-TCR 
results in expression of certain transcription factors required for 
the differentiation of precursors to ab T-cells, i.e., b selection (see 
above). Some of these factors are the E-proteins of the basic helix-
loop-helix transcription activators required for expression of CD4, 
TCR-a and TCR-b chains and so forth.110

cd4/cd8 LiNeage cOmmiTmeNT
The DP thymocyte (CD4+/CD8+) differentiates into two pheno-
typically and functionally distinct lineages of ab T-cells: CD4+ and 
CD8+. The TCR of the CD4+ cells interacts with peptides bound to 

class II MHC molecules, whereas the TCR of the CD8+ cells recog-
nizes peptide–class I MHC complexes. The CD4 and CD8 proteins 
are not clonally distributed and are known as coreceptors because 
they recognize the same ligands as the TCR.111 The mechanism 
by which the separation of the lineages from DP thymocytes is 
achieved remains unresolved.112,113

According to one theory, known as instructive, thymocytes 
carrying an MHC class I restricted TCR differentiate to CD8+ 
lineage, whereas engagement of TCR with class II MHC induces 
commitment to CD4. An alternative model, known as stochastic 
(or selective), accepts that the DP thymocytes are already commit-
ted randomly to a lineage; they make a choice that is unrelated 
to the MHC specificity of their TCR. Data collected from a variety 
of approaches do not agree with any particular mechanism in 
lineage commitment. The instructive model proposes that the CD4 
or CD8 transduces differentiation-specific signals, but no lineage-
specific signals have ever been identified.

It is also possible that the cytoplasmic region of CD4 directs 
CD4 lineage commitment. A chimeric construct, for example, 
made of the cytoplasmic region of CD4 and the extracellular and 
transmembrane region of CD8a supported the development of 
cells with the CD4+/CD8a– phenotype but with a class I restricted 
TCR.114 CD4 is preferentially associated with its cytoplasmic tail 
with the tyrosine kinase LCK. Therefore, CD4 is likely to deliver 
stronger signals than the coengagement of TCR and CD8.115,116

The strength of signal model suggests that strong signals 
dictated by the frequency of the available ligand induce CD4 dif-
ferentiation, whereas weak signals induce CD8. Another aspect 
of signaling that was evaluated was the duration of signals as 
an important parameter. When the interaction is limited to a few 
hours, the cells become CD8+, but exposure for longer periods of 
time results in CD4+ lineage commitment.117 Accordingly, TCR of 
a DP thymocyte initiates down-regulation of CD8 and produces 
a CD4+/CD8– intermediate cell. At this stage, the duration of 
signaling determines the final outcome. That is, short signaling 
produces CD8+ T-cells, whereas persistence of signaling in the 
CD4+/CD8– intermediate cell causes CD4+ differentiation.118 
Variation of LCK function seems to be the single most impor-
tant parameter in CD4/CD8 lineage decision. Constitutively 
active LCK promotes CD4 differentiation, even in the presence 
of class I MHC-restricted TCR. When, on the other hand, LCK is 
catalytically inactive, all thymocytes including those with class II 
MHC-restricted TCR, become CD8+.119,120 In the absence of LCK, 
cross-linking of CD3 induces CD8 differentiation.121 The LCK-
dependent regulation of lineage commitment is not only phe-
notypic, but also functional, because the class II MHC-restricted 
CD8+ cells behave as killer cells, whereas the class I restricted 
CD4+ cells up-regulate CD40 ligand, a function characteristic 
of helper T-cells.119 Signaling initiating from LCK is channelled 
through the Ras–Erk pathway.122

The various experimental approaches used in these studies 
make it clear that the signals required for CD4 differentiation 
are promiscuous, which is believed to indicate that CD-4 differ-
entiation is a default pathway.123 The multiplicity of the models 
entertained and the ambiguity of some of the results are also a 
testimony that the precise mechanism of T-cell lineage commit-
ment remains still elusive and certainly complex.113,124

More recently a new transcription factor Th-POK (T-helper–
inducing POK factor) was found to be necessary and sufficient for 
CD4 lineage commitment and absence of Th-POK results in the 
development of CD8+ T-cells.125 The existence of this factor was 
suspected as a result of studies of the spontaneous recessive mutant 
mouse with helper deficient cells (i.e., CD4+ T-cells).126 Th-POK 
belongs to the POK family of transcription factors characterized 
by two motifs, a regulatory POZ/BTB domain (for interaction with 
other transcription factors) and a Zn finger DNA-binding domain.

In summary, LCK is a key regulator, but other signals origi-
nating from the TCR in the absence of a coreceptor or in the 
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absence of a significant recruitment of LCK provide sufficient 
SRC activity for a response. Such signals depend on the nature 
of the peptides involved in positive versus NS, which is linked 
to lineage selection.121 Although the prevailing opinion accepts 
that lineage commitment and the selection of thymocytes with 
useful TCRs are linked, some of the models proposed point to the 
opposite.127 The latest view that CD4/CD8 lineage commitment is 
transcriptionally regulated will put an end to this question hotly 
debated for a long time.

pOSiTive aNd NegaTive SeLecTiON
The random nature of rearrangements of TCR genes generates 
specificities directed not only against foreign antigens, but also 
against self-antigens. Self-reactive T-cells are harmful if they 
have the opportunity of exiting the thymus. Mechanisms have 
therefore been developed that allow the thymus to “select the 
useful, neglect the useless and destroy the harmful.”128 The time 
for selection appears to begin at the DP stage when the TCR is 
expressed at low levels.129–132 The TCR of the thymocytes rec-
ognizes self-peptides presented by the MHC molecules. It has 
been widely accepted that the options for each DP thymocyte are 
determined by some fine qualities and properties of the TCR and 
MHC–peptide (pMHC) ligand interaction. If the affinity of interac-
tion is “weak,” the cell is positively selected, whereas a T-cell with 
high affinity is negatively selected.133

Cells with TCRs that cannot bind with sufficient avidity are 
neglected and die by apoptosis, whereas in the positively selected 
cell the expression of RAG, which encodes the proteins regulat-
ing V(D)J recombination and the PTCRA (pre-T–cell receptor) 
gene are turned off and expression of CD4 and CD8 are partially 
down-regulated. At this stage the cell moves from the cortex to the 
medulla, one of the coreceptors is re-expressed and the cell lin-
eage is defined.122,134 Signaling by LCK regulates positive and NS 
and in its absence the selection mechanisms are compromised.135 
LCK interacts with the coreceptors CD4 and CD8 through two 
cysteines in the cytoplasmic region of each co-receptor and two 
cysteines in LCK.136

The binding of TCR to the ligand induces phosphoryla-
tion of the three immunoreceptor tyrosine-based activation 
motifs (ITAMs) of the z-chain and the single ITAM in each 
of the CD3 â-, d-, and g-chains. The z-chain is constitutively 
associated in thymocytes with the ZAP70 kinase, suggesting 
that a low level of activation takes place continuously.137 The 
fate of the immature thymocyte depends on the type of APC 
that it encounters in the various histologic compartments of 
the thymus. The cortical thymic epithelial cells usually medi-
ate PS,138,139 and the medullary hematopoietic cells mediate 
NS,140 although under certain circumstances they may also 
contribute to PS.141 Interactions among thymocytes may also 
support PS if the selecting thymocyte carries MHC class II 
molecules.142 In this case the a-chain of the TCR, and par-
ticularly the highly diverse CDR3 loop of the a-chain, plays 
an important regulatory role.143 Signals provided by the CCR7 
chemokine receptor144 guide the positively selected thymo-
cyte to the medulla. The CCR7 signals provide guidance for 
the selected thymocyte through the corticomedullary maze, 
in preparation of the central tolerance in the medulla prior 
to their exit to the periphery.144 An important selective force 
in these cellular interactions is the strength of the interac-
tion, which determines the outcome. Strong interactions lead 
to deletion, whereas intermediate strength induces PS. This 
may explain the increase of PS following blocking of CD28/
B7 interactions.145 Removal of strong self-reactive cells is the 
sole purpose of the NS. Such clones potentially may initiate 
autoimmunity if they exit to the periphery. An estimated 2,000 
to 3,000 tissue-specific antigens are expressed in human or 

murine medullary thymic endothelial cells (mTECs),146,147 i.e., 
5% to 10% of the known mouse genes, in addition to their nor-
mal tissue expression. About 500 of these genes may be AIRE 
(autoimmune regulator) -dependent. Using hen egg lysozyme 
as reporter for the insulin promoter, it was shown that the 
expression of the antigen in the thymic stroma is necessary 
and sufficient for deletion.148

Expression of tissue-restricted self-antigens (TRAs) by mTECs 
is the result of promiscuous gene expression (pGE) by the 
mTECs.146 Some of the genes are expressed by both mTECs and 
cortical thymic endothelial cells (cTECs; pool 1), whereas others 
are expressed only by mTECs (pool 2), and finally others are 
expressed only in the more mature mTECs (i.e., strongly positive 
for MHC class II; pool 3). Depending on the stage of differentia-
tion of mTECs, two models have been proposed for pGE: (a) in the 
developmental, or progressive restriction model, pGE is detected 
in immature and perhaps pluripotent progenitor cells and (b) in 
the terminal differentiation model, pGE is mutated in mTECs of 
a mature phenotype.149 The pGE is regulated by AIRE, the gene 
mutated in the rare autoimmune disorder known as autoimmune 
polyglandular syndrome type 1 (APS-1).150

AIRE has a nuclear localization signal and several potential 
DNA-binding and protein interaction domains. In cooperation 
with transcription factor CREB-binding protein it transactivates 
the transcription of other genes, although it is still a mystery how 
as a single molecule it controls the transcription of such an array 
of genes.

The pGE has been conserved across species barriers during 
evolution as a study recently with human pure populations of 
thymic cTECs and mTECs has shown.151 The AIRE gene showed 
the highest enrichment in mTECs and the promiscuously over-
expressed genes are those remarkably well conserved among 
species. A set of 443 genes have been detected overexpressed in 
mTECs (comparable to 555 in mouse). This is an underestimate 
as most were detected by polymerase chain reaction. These genes 
show no preference for any chromosome. Another interesting 
aspect is the finding of clustering of nonhomologous genes. This 
clustering has been suggested to result from the juxtaposition 
during evolution of genes involved in the formation of a particu-
lar tissue. Because the promiscuously expressed genes do not all 
share such a function, the clustering is the result of epigenetic 
mechanisms of regulation. They become accessible to mTECs 
as a result of belonging to the same “gene neighborhood.” pGE 
not only is sufficient for self-tolerance, but also likely has been 
essential for survival of the species inasmuch as infertility as 
a result of gonad-specific autoimmunity is highly prevalent in 
APS-1152 and in Aire−/− mice.153 In addition to genetic control, 
self-tolerance may also be regulated by epigenetic mechanisms. 
The lymphotoxin b receptor (LTbR) directs the three-dimensional 
organization of mTECs,154 and TRAF6, a cytoplasmic adaptor 
molecule, which does not bind to LTbR, was still shown to direct 
mTEC development.155,156

Self-tolerance is mediated primarily by NS or clonal dele-
tion,157 but some of the self-reactive T-cells are submitted to 
nondeletional central tolerance and give rise to immunosuppres-
sive CD4+ T-cells, also known as natural regulatory T-cells (T reg) 
cells.158 T reg cells are T-cells with medium to high affinity for 
self-antigens. However, they escape NS and are positively selected 
by a subset of dendritic cells that have been educated by a thymic 
stromal lymphopoietin produced by Hassall corpuscles.159 Other 
evidence, on the other hand, indicates that CD4+ T reg cells are 
positively selected by thymic epithelial cells expressing self-anti-
gens but not by bone-marrow–derived dendritic cells.160 ZAP70 
is indispensable for positive and NS because both processes are 
abrogated in ZAP70-deficient mice.161

The SRC-like adaptor protein (SLAP) down-regulates the TCR 
expression during the DP stage of development and rescues T-cell 
development in the absence of ZAP70. Overall, SLAP acts as a 
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negative regulator and probably “marks” activated receptors for 
retention and degradation.162 The main downstream signaling 
pathway for PS is the Ras/map kinase (MAPK) cascade.163 TCR 
signaling alone is not sufficient to induce selection for survival or 
death.164 CD2 expression exerts a strong influence on the TCR 
repertoire. In the absence of CD2, the thymocytes with high affin-
ity for peptide MHC escape NS.165 CD2 also influences pre-TCR 
function in the usage of Va genes, which is substantially altered 
in CD2-deficient mice.

The costimulatory interaction of CD40/CD40L is a master 
regulator of NS, usually acting in the regulation of the ligands 
of other costimulatory molecules, such as CD80 and CD86.166 
CD40 may also induce other co-stimuli required for thymocyte 
deletion, such as CD54 (ICAM-1), FASL, or tumor necrosis factor 
(TNF).167–169 These molecules could regulate NS separately or in 
combination with CD5 and CD28. The CD28 costimulatory mol-
ecule engaged with TCR signals thymocytes to undergo apoptosis 
or maturation, depending on the intensity of costimulation.170

Stimulation of maturation of DP thymocytes follows activa-
tion of the extracellular signal-regulated kinase ERK/MAPK 
pathway and up-regulation of the antiapoptotic protein BCL2. 
Apoptosis is triggered with the expression of the Nur77 family 
of transcription factors and occurs only if TCR engagement is 
accompanied by costimulation. Ca2+ fluxes in mature T lympho-
cytes regulate proliferation, differentiation, and survival. Some 
of the functions of Ca2+ are mediated by the Ca2+-dependent 
phosphatase calcineurin. The function of calcineurin is dis-
rupted by cyclosporin A and FK506. Both of these substances 
form complexes with cellular proteins, termed immunophilins, 
that bind and sequester calcineurin. Cyclosporin A and FK-506 
block the initial steps of PS.171,172 On the other hand, intracel-
lular chelators reduce deletion,173 which suggests that interfer-
ence of Ca2+ fluxes and function exerts several effects on the 
selection process.

All signaling pathways end up targeting regulation of tran-
scription factors, and various studies have examined the roles 
of NFAT and nuclear factor-kB (NF-kB), but only members of 
the Nur-77 family have been clearly shown to be involved in the 
process of selection, with a major role in apoptosis of massive 
numbers of thymocytes.174 It has been estimated that 90% to 
95% of thymocytes die inside the thymus, and the appearance 
of very large numbers of dead cells on histologic sections is the 
reason that histopathologists called the thymus the “graveyard” 
of T-cells. The timing of positive versus NS has been difficult to 
define. NS was believed to occur relatively late because the TCR 
affinity increases with time, and it is the high affinity of TCR that 
triggers NS.

THe ceLLS aNd mOLecuLeS iN  
THe SeLecTiON Of THymOcyTeS
Hematopoietic components of the thymic stroma are radio-
sensitive, whereas the epithelial components are radioresis-
tant. These differences allowed the construction of chimeric 
thymuses (i.e., thymuses composed of epithelial and hema-
topoietic elements with a different MHC background). These 
experiments indicated that the thymic cortical epithelium is 
responsible for PS.175 The hematopoietic stromal cells, on the 
other hand, are potent inducers of NS. The cortical epithelial 
cells have weak MHC expression and the developing DP thy-
mocytes at that stage have low TCR expression; as a result, 
the interactions are only of low avidity, required by positive. 
Similarly, the hematopoietic cells in the corticomedullary junc-
tion express MHC molecules at higher density, and the T-cells 
have up-regulated their TCRs. As a result, the interactions in 
this anatomic location are appropriate for NS. The concen-
tration of the peptide may also play a role in the selection 

process. thymocyte bearing a TCR specific for class-I–peptide 
complex is positively selected if the peptide it carries is in a 
low concentration and is killed if the peptide concentration is 
high.176 However, the weak interactions required for PS and 
the strong interactions operating in NS can also be provided 
by the half-life of the pMHC complex (i.e., short half-life for 
positive and long half-life for NS).

The original question of affinity versus concentration was 
better answered with manipulation of the pMHC. PS is driven 
by peptides with varying affinities; however, by increasing the 
concentration of the peptide, even low-affinity ligands can posi-
tively select.177 It has been argued that the recognition of self-
peptides in PS must be relatively degenerate. In other words, 
a single pMHC can trigger the PS of multiple thymocytes;178 
therefore, the peptide recognition during PS is cross-reactive.179 
This apparent degeneracy of the peptide binding to TCR is the 
result of a significant contribution to the binding by the MHC 
molecule.180

Other parameters of a pMHC complex, such as the conforma-
tion181 and the concentration182 of the peptide, contribute to 
the repertoire selection. Despite the evidence that each pMHC 
complex selects more than one TCR, the large diversity of the 
fully developed T-cell repertoire depends on a large number of 
pMHCs183 as well as on the quantity and quality of the stromal 
cells.184 Peptide diversity during the selection seems to have a 
greater effect on negative than on PS. In thymus organ cultures, 
testing with a diverse array of peptides, the addition of 1% of 
dendritic cells reduced the number of CD4+ T-cells selected by 
80% compared to that of the controls in the absence of dendritic 
cells. Thus, the quantity and quality of the selecting stromal 
cells have a significant impact on the selected repertoire by 
multiple peptides.184 At the end of the selection process, mature  
T lymphocytes exit the thymus and home to the secondary lym-
phoid organs (see Chapter 11). There are two types of TCR-ab 
T-cells, the CD4+ (T helper cell) and the CD8+ (cytotoxic T-cell) 
and one TCR-gd cell.

THe a/b T-ceLL recepTOr cOmpLex
The TCR complex is composed of two components: one is unique 
in each T-cell and is involved in antigen recognition (ligand bind-
ing) and the second component is the same in all T-cells and is 
involved in signal transduction leading to T-cell activation.185–187

THe majOr HiSTOcOmpaTibiLiTy 
cOmpLex–pepTide cOmpLex
The ab receptor is formed by two chains, a and b (Fig. 13.5), 
each consisting of a constant domain, C-a and C-b, and a variable 
domain, V-a and V-b. The V-a domain is encoded by two gene seg-
ments, V-a and J-a, and is homologous to the V domain of the Ig 
heavy chain (IGH@). The V-b domain is formed by three polypep-
tides, V-b, D, and J-b. The constant domains correspond to the Ig C 
domains, but there are certain differences. The C-a–C-b interface 
is highly polar, whereas that of CL–CH1 is hydrophobic. C-b has a 
large loop, which extends out to the side of the domain. It has been 
proposed that it may interact with the coreceptors. The C-a domain 
has several structural deviations from the C-type Ig domain.

The V domains are very similar to the V domains of an antibody 
molecule. They contribute to the formation of the TCR-combining 
site, which is made up of hypervariable loops or complementarity-
determining regions CDR 1, 2, and 3 from the a- and b-chains and 
another loop termed HV-4, which exhibits some hypervariability. 
The CDR1 and CDR2 are formed by the V segments, which are 
less polymorphic in the TCR than in IGH@ because fewer V seg-
ments are available for TCR, whereas the CDR3 is polymorphic as 
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a result of the larger number of J segments available for b-chain 
contributing to CDR3.

The loops of V-b that form the expected antigen-binding site of 
the TCR are similarly placed as in the IGH@ V region. The chains 
are linked by a disulfide bond, and the heterodimer is anchored 
to the cell membrane by the transmembrane region, ending in the 
cytoplasm by a short (three- to five-amino acid) cytoplasmic tail. 
Crystallization of the TCR shows that it resembles the Fab frag-
ment of the Ig molecule.187 However, the TCR-ab is extensively 
glycosylated with up to seven N-linked sites distributed between 
the a- and b-chains. The combining site is usually flat, similar to 
antiprotein antibodies and consistent with the TCR’s function of 
binding to the generally flat, undulating surface of the pMHC.188 
The diversity of the CDR3 is much higher, implying that the func-
tion of CD-3 is in peptide discrimination, whereas CDR1 and 2 
interact with more conserved structural elements of the MHC. 
The TCR contains many more J segments and thus are able to 
increase V-Ja and V-D-Jb junctional diversity in the CDR3.189 
The residues of the TCR that contact the pMHC are always in the 
apices of the CDR (i.e., for CDR1a, residues 27 to 30; for CDR2a, 
residues 50 to 52; for CDR1b residues 27 to 30; and for CDR2b 
residues 52 and 53).

The TCR interacts with peptides bound to MHC molecules 
(Fig. 13.6). The aminoterminal domains, a1 and a2 of the MHC 
class I heavy chain, form the binding site for the peptide. The site 
consists of a floor of eight strands of antiparallel b-pleated sheets, 
which support two a helices, one contributed by the a1 domain 
and the other by the a2 domain aligned in an antiparallel orienta-
tion. The floor of the groove is supported by two Ig domains from 
below; one is the a3 domain of the heavy chain and the other the 
b2-microglobulin. This arrangement forms a groove, on the floor 
of which lies the peptide from an antigen to be presented to the 
TCR. Some of the residues of the peptide are exposed above the 
groove and interact directly with the TCR, whereas others point 
to the floor of the groove. Depressions in the floor of the groove, 
known as pockets A through F, interact with some side chains of 
the bound peptide.190

For HLA-B27, the side chain of the C-terminal of the bound 
peptide sits deep in the F pocket, whereas the N-terminal forms 
strong hydrogen bonds with the hydroxyl groups of conserved 
amino acids at the end of the groove.191 (For details of inter-
action with the pMHC, see Chapter 14.) For crystallization of 
TCR-pMHC, the peptide was attached covalently through a 
linker to the amino terminus of the b-chain of an MHC class II 
molecule192 or covalently connected to the amino terminus of 
the b-chain of the TCR193 and thus tethered to the MHC groove. 
Such approaches provided stable complexes of HLA-DR1 and 
HLA-DR4 that permitted their crystallization. Several TCR-
pMHCs have been analyzed to clarify the contributions of Va 
for the buried surface area (i.e., the interface between TCR 
and the pMHC). The contribution of Va is on the average 57% 
and that of the Vb 43%.194 The orientation of the TCR over the 
pMHC is diagonal rather than orthogonal.195 It is more likely 
that the TCR turns around the MHC molecule by approximately 
35° and varies also in its roll in a range of 19° (range 30°).196 
As shown by x-ray crystallography, with 2.5 angstrom resolu-
tion, of a complex of human ab-TCR bound to a complex of 
HLA-A2/HTLV-1 Tax peptide, (HTLV = human T-cell leukemia 
virus), the initiation of T-cell signaling is favored by a diagonal 
binding position of the TCR with the supramolecular assembly. 
This form of interaction of the TCR with its target is in striking 
contrast to antibody molecules, which use different binding 
positions even with the same antigen. The diagonal approach of 
the TCR, to the MHC/peptide complex, evolved to facilitate the 
initiation of T-cell signaling, inasmuch as the same MHC-bound 
antigen can be recognized by different TCRs. Unlike antibody 
molecules, which bind even to the same antigen by many differ-
ent binding geometries, the TCRs interact with the MHC/peptide 
complex with a diagonal binding mode. The diagonal binding 
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geometry has implications for the mechanism of initiation of 
T-cell signaling, because it places the TCR in a orientation that 
facilitates the positioning of the CDR1 and CDR2 loops over the 
a1/a2 helices of MHC class I, and the a1/b1 helices for class II 
molecules. The Va domain is critical in setting up these orien-
tations facilitating the read-out of the peptide sequence. Thus 
the CDR1 and CDR2 interactions of Va are conservative186 and 
provide the basic affinity of the TCR. The CDR3 loop is primar-
ily positioned for contact of the peptide in the peptide-binding 
groove whereas the Vb interaction is more variable in the 
C-terminal half of the peptide. The contribution of the individual 
CDR loops to the interaction varies. CDR1b and CDR2b actually 
contribute little or nothing to the interaction whereas the CDR3 
loops are centrally located and usually dominate the interac-
tions.194 The contribution of the peptide to the interactions with 
the TCR varies and usually, two to five side chains of the peptide 
make direct contact with the TCR. These contact points, known 
as hot spots, are peptide residues that bulge out of the groove 
which is more prominent and sometimes profound as in MHC 
class I.197 In the interactions of MHC class II with the TCR, the 
contributions of the peptide side chains are more uniformly dis-
persed and the peptides are slightly deeper in the MHC binding 
groove.197 No single contact dominates the TCR–pMHC interac-
tions, as is often observed in the antigen–antibody interactions. 
A small number of amino acids dominate the energy landscape 
in antigen–antibody interaction, as shown by somatic muta-
tions that result in higher-affinity binding.198 Based on these 
considerations, it appears likely that the CDR1 and CDR2 loops 
interacting with the helices of the MHC are responsible for PS, 
and the CDR3 loops probably play a more important role in NS. 
As an extension of these considerations in delineating the roles 
of V-region loops of the TCR, the CDR1 and CDR2 loops provide 
the basic affinity in the interaction, whereas the CDR3 provides 
the specificity.194 The residues of the peptide that protrude 
highest from the groove provide the basis for discrimination of 
peptide and for altering affinity or half-life of the TCR–pMHC 
interaction.

An important point that came out of these crystallographic 
studies is the role of the water that fills the TCR–pMHC interfaces. 
This water provides additional complementarity by filling the 
cavities in the interface, and some of these molecules mediate 
contact between TCR and pMHC.199 Overall, the consistent feature 
of TCR–pMHC interaction is that the peptide contributes a smaller 
portion of the binding interface (21% to 34%) and a smaller 
proportion of contacts (26% to 47%) than the MHC. The central 
positions of the peptide play the critical role and those define the 
peptides as agonists, partial agonists, and antagonists.200 The 
binding of TCR to the pMHC results in T-cell activation and usu-
ally there is a broad correlation among affinity, half-life, and the 
functional outcomes.201 Mutational analysis of the role of the cen-
trally located residues indicates that in some systems, the biologic 
activity increases,202 yet in others, the peptide is converted from 
an agonist to an antagonist;203 nevertheless the affinities of the 
pMHC for TCR change only marginally.

Contacts on certain hot spots are very sensitive in changing the 
functional read-out but are not based on changes in the affinity 
of binding or half-life differences in the TCR–pMHC complexes. It 
has been argued that affinities usually have been measured in iso-
lated TCR–pMHC complexes, and true affinity measurements may 
require the presence of coreceptors and signaling components 
and need to be measured with cellular assays.203

Because changes in the TCR–pMHC complementarity interface 
are important for triggering biologic reactions, the conformational 
changes that have been observed in the TCR-complex crystal 
structures have been considered for initiation of signaling, but 
their role is not clear.204 Conformational changes contribute to 
an increase in the binding of a number of other peptides (i.e., an 
expansion of the repertoire).205

pepTide–majOr HiSTOcOmpaTibiLiTy 
cOmpLex iNTeracTiON:  
THe cOrecepTOrS
The TCR is not alone in its interaction with the pMHC but is asso-
ciated with coreceptors (i.e., CD4, CD8, and the CD3 chains). The 
monomorphic CD3 g-, d-, â-, and z-chains, together with the ab 
heterodimer form the TCR complex. The CD4 or CD8 act as assis-
tants to the TCRs in the helper or cytotoxic function of the cells, 
respectively. Therefore they have been known as coreceptors.111 
In the current model, the CD4 binds to the same MHC II as the 
TCR of the CD4+ T-cell and similarly the CD8 binds to the same 
MHC I as the TCR of the CD8+ T-cell. The binding of the core-
ceptors occurs with another site of the MHC molecule than that 
involved in the TCR binding. The TCR binds to the pMHC surface 
at an angle of 45° to 80° relative to the axis of the two a-helices 
of MHC,206 which excludes the possibility for direct association 
of the coreceptors with the TCR that binds the same pMHC. One 
possibility is that the coreceptors could be linked with TCR in the 
cytoplasm through signaling molecules (i.e., ZAP70 and LCK).207 
Another possibility is that the coreceptor associated with a TCR 
binds to a different pMHC to which a second TCR binds forming 
a pseudodimer.208

The CD8 acts as a dimer that includes either two a-chains or 
one a- and one b-chain, whereas CD4 is a monomer with four 
Ig-like domains. Both CD8 chains consist of an Ig-like V domain 
and a long mucinlike stalk. The Ig-like domain binds to the a3 
domain of MHC,209 forming also some hydrogen bonds with the 
a2 domain and the b2M-chain, away from the peptide interface. 
In CD4, only the fourth Ig-like domain binds directly to pMHC. 
The ternary complex (TCR-pMHC-CD4/CD8) within the T-cell–
APC interface of the immunologic synapse (IS) has a V shape210 
(Fig.  13.7). Although the CD8a stalk is longer than the CD8b 
chain, even in its full extension, it reaches only 50 to 60 Å, which 
is not long enough to traverse the distance of approximately 100 
Å to the TCR–pMHC complex. As a result, the TCR–pMHC has to 
tilt for the CD-8 to reach the MHC. The stalk of the CD8 chains 
is heavily glycosylated and changes in glycosylation (which occur 
after T-cell activation) result in a decrease of binding to MHC.211 
The coreceptors enhance TCR signaling by strengthening the 
stability of the TCR–pMHC complex.212 The V-shaped ternary 
complex accepts that the coreceptors bind to the same pMHC as 
the TCR,210 whereas the CD-3 components probably lie inside 
the “open angel” of the V-shaped structure (Fig. 13.7). Such an 
arrangement makes possible the association of signaling mol-
ecules, such as ZAP-70, LCK, and SRC kinases, with CD4 and CD8. 
With this topologic model, direct interaction of the coreceptors 
with TCR is not likely as was previously indicated.213

The CD2 binds to CD58 (LFA-3) in humans based on electro-
static complementarity, with the CD2 surface heavily populated 
by basic residues, whereas the CD58 is acidic. The interactions 
span approximately 134 Å, very similar to that of TCR–pMHC. 
Therefore, the CD2/CD58 interaction in the contact zone between 
T-cell and the APC, would facilitate the scanning of pMHC by TCR 
and lower the threshold for TCR triggering in vitro and T-cell 
activation in vivo.214

CD28 and CTLA4 (CD152) are type I membrane proteins 
consisting of one moderately to heavily glycosylated V Ig-like 
domain and are expressed as disulfide-linked homodimers. 
Their counterreceptors B7-1 (CD80) and B7-2 (CD86) consist 
of two Ig-like domains, a membrane-proximal C-2 type, and a 
membrane-distal V-type. B7-2 binds C-28 more effectively than 
CTLA4 and as a result, enhances costimulatory effects when 
CD28 and CTLA4 are co-expressed. In contrast, B7-1 binds 
preferentially CTLA4, and its inhibitory effect would not be 
affected in the presence of CD28. Delayed expression of B7-1 on 
APCs appears to be timed to enhance the inhibitory function of 
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assembled in the endoplasmic reticulum, transported to the Golgi 
apparatus, and then transferred to the plasma membrane. The 
numbers of the z-chain are the rate limiting of the synthesis of the 
other chains because, although it is synthesized at only 10%  of 
the level of the other chains, it regulates the degradation of a 
vast majority of the newly synthesized a, b, or CD3 components 
within 4 hours of their synthesis. The remaining nondegraded 
chains are long lived and form the complete TCR–CD3 complexes 
with a limiting role by the z-chain. The TCR–CD3 complex lack-
ing the z-chain, migrates through the endoplasmic reticulum and 
Golgi apparatus intact and it is then transported to the lysosomes, 
where it is degraded. A lysosome-targeting motif has been identi-
fied in the d- and g-chains and consists of a dileucine-based motif 
(DKQTLL) and tyrosine-based motif217 in the carboxy terminal 
region. In the completed complex the TCR a-chain pairs with 
CD3 d- and â-chains, and the TCR b-chain pairs with CD3 g and 
â. The z-chain joins the TCR and the CD3 chains in the last stage 
of the assembly. The topology of the TCR–CD3 complex is shown 
in Figure 13.5. Two TCR ab heterodimers are associated with one 
each of gâ and dâ heterodimers and one zz homodimer. The signal 
transduction function of the CD3 proteins is based on the presence 
of one ITAM in each of the g, d, and â proteins and three in the 
z-chain. An ITAM consists of two YXXY/L sequences separated by 
six to eight amino acids and in the one-letter code for amino acids: 
Y = tyrosine, X = any amino acid, and L = leucine).218

Phosphorylation of the tyrosines turns the ITAM motifs into 
docking sites for protein tyrosine kinases, which bind to the 
ITAM through their SH2 domain (see below). An important pro-
tein tyrosine kinase in T-cell activation is the ZAP70, which is 
recruited to the ITAM motifs of the z-chain. The multiplicity of 
ITAM motifs in the cytoplasmic tails of the CD3 proteins results 
in signal amplification and increases the sensitivity of the TCR 
to ligand stimulation. Triplication of a single ITAM motif signifi-
cantly enhances Ca2+ mobilization, association with ZAP70 and 
transcriptional activity in the NFAT complex involved in IL2 gene 
regulation.219 Cross-linking of a single isolated ITAM results in 
approximately threefold induction in NFAT-regulated activity and 
cross-linking of a triplicated motif results in an approximately 
eightfold increase in NFAT-regulated activity (i.e., comparable to 
intact z-chain).

cOrecepTOrS TO T-ceLL recepTOr: 
cd4 aNd c-8 cd4
CD4 is the characteristic marker of ab T-cells with helper activ-
ity and cytokine secretion. The molecule consists of four Ig-like 
domains, (D-1 to D-4), with domains D-1 and D-3 similar to a V 
domain and D-2 and D-4 similar to C domains (C-2 type), but with 
patches of sequences similar to the V domain. In D-1 and D-3 
domains, the nine b strands form two b sheets, linked by a disul-
fide bond. The domains are linearly arranged, forming a rod with 
limited flexibility.220 The binding of CD4 to MHC II molecules and 
to HIVgp120-envelop protein was studied by mutational analysis. 
The binding is mediated by a sequence within the D1 domain of 
two b strands, C′C″, that form a ridge (residues 35 to 46).221 Phe-
43 within this sequence is critical for binding to gp120, as well 
as for CD4 coreceptor function222 because it provides the major 
binding energy, whereas the surrounding charged amino acids 
facilitate specificity.223 Crystal structure of the D1/D2 domains 
from CD4 complexed with class II molecule shows that the CD4 
N-terminal V domain is directed and reaching into the two mem-
brane-proximal domains of the MHC II molecule.224 Both TCR and 
CD4 are tilted rather than vertically oriented, forming a V-shaped 
CD4-pMHCII-TCR ternary complex (Fig. 13.7).

In this complex, the antigen-binding groove of pMHC II is no 
longer parallel to the cell surface but makes an approximately 

pMHC II

CD4

ε ε

APC

T cell

γ δ

FIGURE 13.7. T-cell receptor (TCR) major histocompatibility complex (MHC) corecep-
tor interaction. The CD4 and CD8 are coreceptors of the TCR (i.e., “assistants” in the interac-
tion of TCR with peptide–MHC complex [pMHC]). In this function, the N-terminal domain of CD4 
(D1) makes contact with the a2 and b2 domains of MHC II. In the CD8, the CD8a subunit of 
the CD8ab heterodimer contributes the binding energy, interacting with both the a2 and a3 
domains of pMHC I, and CD8b binds only to a3. Therefore, both coreceptors recognize different 
sites of MHC from the TCR. The length of each receptor is not long enough to reach the MHC 
binding site, traversing alongside the TCR–MHC complex. It is proposed that TCR–MHC has to tilt 
for the coreceptor to reach the MHC, forming a V-shaped ternary complex. The CD3 components 
of the TCR (g, d, â) probably are located inside the V-shaped structure. APC, T-cell–antigen 
presenting cell. (Courtesy of Dr. G. F. Gao.)

CTLA4. The CTLA4  periodic arrays of crystal lattices enhance 
the avidity of interaction, whereas the CD28/B7-2 interaction 
does not have this potential. As a result, during an immune 
response the CD28/B7-2–activating complexes are 10,000-
fold less stable than the inhibitory complexes formed later by 
CTLA4/B7-1.215

THe T-ceLL recepTOr: SigNaL 
TraNSducTiON cOmpONeNT
The TCR-ab is accompanied by five other polypeptide chains, 
collectively known as CD3 proteins: g, d, â, z, and h. They form 
disulfide-linked heterodimers, such as gd, âd, zh, or a homodimer 
zz216 (Fig. 13.5). The g, d, and â proteins show a significant degree 
of similarity to one another and consist of an Ig-like domain 
similar to a C domain, with an intrachain disulfide bond. The 
extracellular region of the z-chain is only nine amino acids long 
and contains the only cysteine of the molecule, which forms the 
disulfide bond with another z chain or with an h-chain. In the 
transmembrane region, the g, d, and â proteins have a negatively 
charged amino acid complementary to a positively charged amino 
acid of the transmembrane region of the TCR-ab chains. The cyto-
plasmic regions of g-, d-, and â-chains are long, ranging from 40 
to 80 amino acids, whereas that of the z-chain is longer with 113 
amino acids. The h-chain is a splice variant of the z-chain and like 
a heterodimer with the z-chain, exists only in a small number of 
T-cells. The CD3 proteins have a dual mission in the function of 
the TCR: escort the receptor to the cell membrane and mediate 
the signals generated by the TCR–pMHC complex. The complex is 
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45° angle with the membrane. However, despite the V shape of 
the ternary complex, the membrane-proximal domains of each 
of the components are all roughly vertical, including domain 4 
of CD4 and the a2 and b2 domains of pMHC II as well as the C-b 
domain of TCR. Only the C-a domain of TCR hangs almost paral-
lel above the membrane with its lengthy stalk bridging the space.

The extracellular fragment of CD4 crystallizes as a dimer asso-
ciated via the D-4 domains.225 The CD4 dimers are associated 
with superdimers or dimers of dimers of the MHC II molecules227 
and each CD4 molecule of the CD4 dimer interacts with one dimer 
of MHC II. X-ray crystallography of several MHC class II molecules 
revealed a structure described as a dimer of heterodimers, or a 
superdimer. This discovery led to the hypothesis that the MHC 
class II molecule may interact with the TCR and CD4 as an a/b-2 
superdimer, potentially providing more stable and stimulatory 
interactions than can be provided by the simple ab heterodimer 
alone and indeed oligomers of CD4 have been extracted from iso-
lated lymphocytes.226 Amino acid substitutions in the faces of the 
MHC II molecules that participate in the formation of the superdi-
mers block activation of CD4+ T-cells, implying that superdimer 
formation is a prerequisite for T-cell activation.227 Stable binding 
of the T-cell to MHC II requires oligomerization of CD4, facilitated 
by the D3/D4 domains. Existing evidence suggests that CD4, once 
it binds to one MHC II molecule, forms tetramers or even larger 
oligomers and cross-linked lattices228 a process influenced not 
only by MHC II but also by the TCR.

When CD4 and TCR co-localize for interaction with the same 
pMHC II molecule, the CD4 brings p56lck, associated with its short 
cytoplasmic tail to the site of immune recognition. This may con-
stitute one of the main contributions of CD4 to TCR signaling.229

cd8
The CD8 consists of an Ig-like ectodomain, a membrane-proximal 
stalk (or hinge) region, a transmembrane region, and a cytoplasmic 
region. The Ig-like domain is involved in the binding to MHC, as 
shown by crystallographic evidence230 and mutational analysis.231 
The CDR loops of the A and B strands of the CD8aa molecule contact 
the a2, a3, and b2-M domains of MHC I.232 The b-subunit of the CD8 
interacts only with the a3 domain, whereas the a-subunit interacts 
with the a2 and a3 domains.233 In these interactions, the a3 domain 
is shifted for better accommodation of the CD8 binding.209 Multiple 
contacts between the coreceptor and MHC I promote the functional 
contributions of the coreceptor to T-cell activation.195 CD8 enhances 
cytotoxic T lymphocyte (CTL) activation by promoting the stability of 
interaction between the APC and the T-cell.234

The a-chain of the CD8 is associated with the p56lck, which 
is brought closer to the ZAP70 kinase associated with the TCR, 
a role that has also been assigned to the CD4 coreceptor. The 
contributions therefore of both coreceptors in ligand recognition 
and enhancement of TCR signaling are multiple and involve facili-
tation of TCR clustering, stabilization of the TCR–pMHC complex, 
and promotion of signaling by bringing together signaling mol-
ecules attached separately on the cytoplasmic tails of the TCR and 
coreceptors.235 The availability of pMHC tetramers has encour-
aged studies on the function of CD4 and CD8 coreceptors in TCR 
binding to pMHC. The CD4 is critical for signal transduction with 
pMHC tetramers,236–238 but the CD8 coreceptor also contributes 
to the initial phase of interaction (binding), the duration of inter-
action (stability), and the delivery of signal transduction.239,240 
The final result of CD8 function depends on an epitope of the 
CD8 involved in the interactions, which are more pronounced 
with low-affinity ligands. Blockade of CD8-b may affect TCR–C-8 
rather than CD8–MHC interaction. The CD8b is more efficient 
than CD8-a for association with the TCR.241

An important function of the coreceptors in TCR-mediated 
activation is the demonstration that CD4 and CD8 associate with 
LAT (linker for activation of T-cells), a 36- to 38-kD membrane-

associated adaptor protein, that plays a central role in TCR signal-
ing.242,243 As a result of LAT association with surface coreceptors 
and coengagement of the TCR with the coreceptors, LAT is phos-
phorylated and recruits downstream signaling molecules.244 In 
conclusion, the contribution of the coreceptors in TCR signaling 
results from (a) the physical approximation of the LCK, which 
is associated with the coreceptors; (b) phosphorylation of the 
ITAMs of the CD3 chains of TCR; (c) recruitment of ZAP70; and 
(d) phosphorylation of LAT, also associated with the coreceptors. 
Individual TCR molecules are probably associated with either LCK 
or with LAT.244

T-ceLL recepTOr aNd T-ceLL 
acTivaTiON

topology of Immune recognition
The ab-TCR recognizes short peptides (i.e., eight to ten residues 
long) for class I–restricted TCRs or 13 to 25 amino acids for class 
II restricted TCRs. However, approximately only nine amino acids 
contact the TCR. The peptide is held by the MHC molecule embed-
ded in a groove formed by the a1-a2 domains of MHC I or by the 
a1-b1 domains of the MHC II (see Chapter 14). Interaction of TCRs 
initiates signal transduction leading to transcription of genes 
encoding cytokines in CD4+ T-cells or assembling and mobilizing 
the lytic machinery in CD8+ T-cells for killing cells infected by 
viruses, transformed to a malignant state, or being “strangers,” 
such as in transplanted tissues. The crystal structure of ab-TCR 
has been solved and, for several of them in complex with their 
cognate pMHC ligand.193,195,196,245–247 The data support the 
docking model of the TCR ligand interaction, in which the TCR 
approaches the peptide held on an MHC platform. In this model, 
the Va domain of the TCR is closest to the N-terminal residues 
of the peptide, whereas the Vb domain of the TCR is closest to 
the C-terminal end of the peptide. In this orientation, the TCR 
Vb domain contacts the MHC I a1 domain, whereas the TCR Va 
domain interacts with the a2 of MHC I. The TCR orientation rela-
tive to the long axis of the MHC platform varies between 45° and 
80° (i.e., the angle formed between a line passing through the 
centers of the Va and Vb domains of the TCR and a second line 
defined by the peptide on the MHC platform).248 The peptides 
in all MHC I structures have their N- and C-termini anchored 
into two fixed pockets approximately 20 Å apart in the MHC I 
platform. Longer peptides usually bulge in the center. In MHC II, 
the peptides assume an extended conformation, and the middle 
portion is smooth and concaves away from the TCR. Residues 1 
and 5 of the peptide (p-1, p-5) in MHC II point toward the TCR 
and are critical in TCR recognition. The coreceptors bind to the 
same pMHC ligand as the TCR, but the binding of the coreceptor is 
independent of the TCR binding and is severalfold weaker.229,249

The TCR, the pMHC, and the coreceptor form a ternary com-
plex that assumes a V shape with the pMHC II at the apex and the 
TCR and CD4 as the two arms.

Overall, the data from crystallized complexes of TCR with 
pMHC suggest that TCR docking on the MHC platform involves 
residues that are conserved within the CDR1 and CDR2 of the TCR 
and provide a basal level of stabilizing energy in the formation of 
the complex.250 Variations within the CDR3a and CDR3b loops 
affect the way the TCRs footprint on the pMHC surface.

Lipid rafts and the Immunologic Synapse
A model for T-cell activation proposes that a naive or resting 
T-cell needs to cross several stages to achieve full activation.251 
During the first stage, which lasts a few seconds, contacts need 
to be established by adhesion molecules that overcome charge 
repulsions between cells. In the next stage, active cytoskeletal 
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rearrangements bring together accessory molecules and the TCR 
and concomitantly exclude unligated molecules, such as CD45 (a 
protein tyrosine phosphatase) as well as CD43. CD43 is a highly 
glycosylated protein with strong repulsive forces forming a thick 
glycocalyx “cloud” approximately 45 nm thick around the cells. 
The distance spanned between the TCR and the MHC-Ag complex 
is a mere 15 nm; in order for the TCR to sample the complex, it 
is mandatory that the area of contact between TCR and MHC is 
clear from interfering tall molecules, such as CD43 and CD45. 
This process takes minutes. On the other hand, the fundamental 
signaling units consisting of several molecules, are “loaded” on 
a lipid raft that is sustained by the cytoskeleton, a process that 
takes hours. Lipid rafts in evolution are conserved structures that 
gather receptors involved in signaling in various cell types.252–255 
The lipid rafts are cholesterol-dependent microdomains, resistant 
to solubilization in nonionic detergents at low temperatures.256 
The lipids contained within the cellular plasma membrane include 
glycerophospholipids, glycosphingolipids, and sterols. Rafts con-
sist of sphingolipids and cholesterol, which can move through the 
more liquid-disordered phase of the membrane containing glyc-
erophospholipids.257 Because of their consistency, lipid rafts have 
also been referred to as glycosphingo-lipid–enriched membrane 
microdomains or GEMs. Lipid rafts are anchored by filamentous 
actin and actin polymerization causes their coalescence.

Phosphatidylinositol-4,5 biphosphate (PIP2) activates pro-
teins involved in actin–membrane interactions, such as binding 
of the ezrin-radixin–moesin family to CD44, a protein broadly 
expressed on detergent-resistant membranes. Detergent-resistant 
membranes are presumed to be isolated rafts. PIP2 activates 
actin nucleation and polymerization of raft domains. Raft size 
is poorly understood because they cannot be visualized by light 
microscopy without clustering.258 In resting T-cells, the TCR and 
GM1 are homogeneously distributed. Cross-linking, however, 
produces large enough aggregates to be visualized using epifluo-
rescence microscopy. Fluorescence resonance energy transfer is 
sensitive to distances on the order of a few nanometers. Because 
fluorescence resonance energy transfer was detected between 
glycosylphosphatidylinositol (GPI)-anchored transferrin receptors 
interacting with natural ligands, it was concluded that rafts exist 
but that they are smaller than 70 nm in diameter.258 Others could 
not find microdomains enriched in GPI-anchored proteins or GM1. 
Some MHC II molecules loaded with a select set of peptides are 
detected on microdomains made up of tetraspan proteins, such 
as CD9, CD63, CD81, or CD82.256 These tetraspan  microdomains 
are recognized by CDw78 antibody (mAb FN1), which originally 
was believed to recognize an epitope of HLA–class II molecules.

A central feature of lipid rafts is that they allow for the lateral 
segregation of proteins within the plasma membrane. This pro-
vides a mechanism for compartmentalization of signaling compo-
nents within the membrane, concentrating certain components 
in lipid rafts and excluding others (Fig. 13.8). Proteins with GPI 
linkage, such as CD14, CD16, CD48, and CD58, are associated 
with the outer leaflet of lipid rafts. Cytoplasmic proteins, on the 
other hand, associate with the inner leaflet of lipid rafts through 
acylation. Most of the SRC signaling proteins are acylated and 
raft associated. The vast majority of transmembrane proteins are 
excluded from rafts constitutively and cannot be induced to parti-
tion into rafts on cross-linking.

Some proteins important in T-cell activation, such as LAT, 
CD4, and CD8, reside on rafts. Other proteins reside constitutively 
outside the rafts but, when activated, become translocated to rafts. 
The multichain immune recognition receptor family is an exam-
ple.259,260 Translocation into rafts after ligand binding appears 
to be immediate, occurring within seconds of engagement of the 
receptors, and is selective. For example, CD45, a4 integrin, and 
IL1 receptor are excluded from rafts and do not translocate into 
rafts, even on cross-linking.261,262 The  transmembrane domains 
of the receptors appear to have a significant influence on trans-
location, as exchange or mutation of the transmembrane regions 

Resting cell receptors
"floating free"

Antigen

Receptors
"boarding on rafts"

Continued
stimulation

Raft coalescence

Synapse

Microdomain

FIGURE 13.8. Rafts: elementary units of the immunologic synapse? In the rest-
ing state, the multichain immune recognition receptors (MIRR; i.e., T-cell receptor, B-cell 
receptor, etc.) “float” free on the lipid membrane, or transiently, some may get on board 
on certain membrane “microdomains,” also known as “lipid rafts.” Interaction with a mul-
tivalent ligand aggregates several receptors that accumulate within the rafts, forming  
multimolecular clusters. On prolonged exposure to the ligand, the MIRR clusters result 
in raft coalescence with the formation of a large aggregate, the immunologic synapse. 
Cytoskeletal reorganization from multichain immune recognition receptor and chemokine 
signaling promotes immunologic synapse formation. (Adapted from a model proposed by 
Dykstra M, Cherukuri A, Sohn HW et al. Location is everything: lipid rafts and immune cell 
signaling. Annu Rev Immunol 2003;21:457–481.)
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alters the translocation properties of the receptors. Translocation 
of the receptor into the lipid rafts does not need actin reorga-
nization. However, stable residency into the rafts depends on 
interaction with actin cytoskeleton. The constitutive presence of 
receptors in rafts may be related to their role in cell survival. For 
example, the pre-TCR is constitutively associated with rafts and, 
with its signaling, instructs lineage commitment. TCR/CD28 is 
excluded from rafts in immature thymocytes and signaling leads 
to apoptosis.253

In addition to their role in signaling, lipid rafts serve as plat-
forms for B-cell receptors (BCRs) to transport bound antigen for 
processing and presentation. The internalization of BCRs with 
captured antigen is initiated from rafts.

Retention of receptors in rafts is a mechanism for augmenta-
tion of cell activation. The CD19/CD21 complex is excluded from 
rafts, but its colligation with BCRs by antigen–antibody–complement 
complexes causes translocation of BCR and CD19/CD21 complex 
into rafts, where the complex prolongs the retention of BCR within 
the rafts.263

T-cell activation causes rearrangement of the actin cytoskel-
eton and polarization of the cell toward the site of activation, 
such as the APC. This polarization is reflected by re-orientation of 
the microtubule-organizing center (MTOC) toward the APC.264,265 
The TCR is clustered together with associated molecules (CD4, 
CD8, CD2, CD28, etc.), a process known as capping. Capping 
depends on actin reorganization regulated by phosphoinositides, 
which activate Vav (a guanosine diphosphate–guanosine triphos-
phate [GTP] exchange factor) and the Wiskott-Aldrich syndrome 
protein (WASP). In patients with Wiskott-Aldrich syndrome, 
WASP is lacking or markedly reduced, and they have defects in 
actin polymerization, capping, and antigen-induced proliferative 
responses.266 WASP regulates the Arp2/3 complex, which medi-
ates actin branching and polymerization.

PIP3 is a strong activator of Vav, which is targeted to deter-
gent-resistant membranes after TCR activation. In Vav-deficient 
mice, the capping is severely disrupted, and T-cell proliferation is 
reduced. Raft aggregation is disrupted by the negative regulator 
of T-cell activation, Cblb (Casitas B-cell lymphoma-b), which is a 
molecular adaptor and part of the ubiquitin ligation machinery 
involved in the degradation of phosphorylated proteins. Cblb 
inhibits TCR clustering and sustained tyrosine phosphorylation. 
In Cblb-deficient mice, TCR/CD3 stimulation alone can activate 
receptor clustering without the need for CD28 costimulation.267

Immunologic Synapse
The TCR interactions with pMHC take place in an intercellular 
junction between the T-cell and the APC. In this junction, signal 
1 (TCR) and signal 2 (costimulation) are processed. This interface 
reveals a dramatic reorganization of signaling components, form-
ing what is called the IS, a term borrowed from Sherrington’s 
turn-of-the-century definition of the interconnections of neurons 
as synapses (from the Greek synapsis, meaning joining, linking, 
connecting).268 The IS relays information across the cell junction 
in both directions269 organized into two major compartments. 
The central supramolecular activation cluster (cSMAC), enriched 
in TCRs and CD28 and the peripheral supramolecular activation 
cluster (pSMAC), which contains the LFA1 molecule and talin270 
(Fig. 13.9). On the side of the APC, correspondingly, the cSMAC 
contains the pMHC and CD80 (ligand for CD28) and the pSMAC 
contains the ICAM-1 (counterreceptor for LFA1) and CD58, ligand 
for CD2. The IS develops over a period of minutes after interac-
tions of the T-cell and the APC. Formation of the synapse depends 
on an intact cytoskeleton.271 T-cell activation is accompanied by a 
dynamic reorganization of cortical actin with increase of filamen-
tous actin. These cytoskeletal changes are accompanied by pro-
gressive morphologic changes of the T-cells, which first become 
round, followed by spreading of the cell.272 In the absence of anti-
gen, the T-cell maintains its motility, continues to crawl around 

the APC and may even leave for another partner. Some receptors 
on the APC may convey a “danger signal” for the T-cell to pay 
particular attention and explore the APC in search of antigen.273

In the first stage, the contact is antigen-independent and is 
mediated by CD28 on the T-cell and CD80/CD-86 on the APC, 
which are more abundant (>104) than the pMHC (approximately 
100 to 200). The CD28 affinity for CD80 is at least two orders of 
magnitude above that determined for the TCR–pMHC interaction. 
These interactions of CD28 preceding the TCR encounters are 
actually contrary to the original definition of the costimulatory 
function of CD28, believed to parallel or even follow TCR signaling.

The second stage of IS formation is antigen-dependent and the 
T-cell extends large cytoplasmic, pulsatile protrusions toward the 
APC.274,275 Tyrosine phosphorylated Vav-1 and tyrosine phos-
phorylated LCP2 (SLP76) assemble with the p21-activated kinase 
(PAK1) via the adaptor protein NCK1.276–278

The T-cell–APC complex is stabilized in the third stage, which 
is regulated by increases of intracellular Ca2+. By the end of the 
third phase, SMAC is in place with all the receptors and the signal-
ing molecules, held together with clusters of GEMs (lipid rafts) on 
the surface and an elaborate cytoskeleton scaffolding underneath.

The kinetics of the IS from its early beginnings are coordi-
nated and organized by the cytoskeleton.271 The TCR–pMHC can 
only interact at a distance of 15 nm, which is significantly below 
the thick glycocalyces of the two cells that separate their mem-
branes by a 50-to 100-nm distance. Adhesion molecules, such as 
L-selectin, located on the tip of microvilli, may very well initiate 
the T-cell–APC interaction, until LFA1, lying on flat surfaces of 
the membrane, is released from its inhibitory state by activating 
signals delivered by chemokines. These signals also result in the 
formation of myosin II thick filaments, which disrupt and pull the 
thick network of polymerized actin away. In this clearing, new 
actin polymerization pushes forward new filopodia and lamellipo-
dia (i.e., the cell becomes motile). Now that the T-cell is polarized, 
the long interfering molecules of the glycocalyx, such as CD43 and 
CD45, are pulled to the rear end, or uropod, of the cell.

In the meantime, activated high-affinity LFA1 released from 
inhibition stabilizes the contact area between the cells, moving 
laterally and forming strong bonds with ICAM-1 across the cell 
junction.279 In the membrane clearing created and stabilized by 
LFA1 adhesion, the TCRs sample MHC on the APC surface for 
complementary peptides. It has been noted that paradoxically, 
a large cluster of TCRs has been pulled to the rear of the cell, 
but through the mediation of myosin II is brought to the front, 
reinforcing the frontal cluster.280 Nascent IS is further stabilized 
by TCR links with the cytoskeleton. These links are mediated by 
some of the components of CD3 (i.e., z-chain), which, through its 
phosphorylated ITAMs, induces actin polymerization.

If pMHCs are present on the APC surface, the T-cell stops mov-
ing.275,281 The central area of T-cell closest to the APC includes 
the bulk of the TCRs, which are surrounded by integrins farther 
away.270,282

The final arrangement defines the mature IS or the bull’s 
eye270 (i.e., the cSMAC, a central area 1 to 3 mm in diameter that 
contains TCR, CD28, and C-2), surrounded by pSMAC, an adhe-
sion ring that contains the LFA1 and talin. Formation of mature IS 
with APCs (instead of artificial lipid bilayers) shows that the TCR 
signaling precedes the completion of the mature IS.283 Bull’s eye 
IS also has been observed with CD8+ T-cells during recognition 
and killing of target cells.284 Granule secretion occurs after the 
MTOC polarization in cSMAC, where membrane fusion occurs. 
Cellular functions between T-cells and the target cells have been 
demonstrated by transmission and scanning electron microscopy 
several years ago. These junctions are followed by disruption and 
blebbing of the target cell membrane.285

Synapses with dendritic cells are formed even in the absence 
of antigen or MHC.286,287 Encounters with dendritic cells are 
 relatively short as compared to B-cells.288 This may be due to 
chemokine secretion by dendritic cells, which stimulate T-cell 
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(From Dustin ML, Cooper JA. The immunological synapse and the actin cytoskeleton: molecular hardware for T cell signaling. Nat Immunol 2000;1:23–29; and  
Delon J, Stelon S, Germain RN, et al. Imaging of T-cell interactions with antigen-presenting cells in culture and in intact lymphoid tissue. Immunol Rev 2002;189:51–63.)
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migration. There also seem to be other differences between den-
dritic cells and B-cells, such as the length of time of the encounter, 
which is short for dendritic cells but longer for B-cells. The role of 
the dendritic cell in the formation of IS is active with full involve-
ment of its cytoskeleton, whereas the B-cell remains passive 
and the T-cell makes the major contribution.289 The functional 
consequences of the formation of a mature IS are believed to be 
primarily related to polarized secretion290,291 and signaling.292 IS 
may help to retain secreted substances close to the targeted cell. 
Although this is true for the synapses formed by killer lympho-
cytes such as the CD8+ cytotoxic T-cell or the NK-cell, it may not 
apply to the CD4+ T-cell, which uses the APC to pull the trigger for 
its activation. In this case, the IS concentrates crucial molecules, 
such as CD28, that provide costimulatory signals and enhance 
TCR-mediated signaling.293,294

t-cell receptor Signaling
Two models have been proposed for sustained T-cell signaling: 
(a) serial engagement (migration), when the T-cell migrates from 
one APC to the next and thus renews its signaling capacity;288 and 
(b) signaling based on formation of IS. Both models achieve similar 
results but require different molecular mechanisms. The mature 
IS forms a specialized mode of signaling and enables T-cells to 
remain responsive to antigen while still with the initial APC. For a 
better understanding of the complexities of signaling, we organize 
it into three phases: (a) initiation, (b) generation of phosphoinositi-
des, and (c) the Ras pathway (Fig. 13.10, Table 13.1).

Initiation phase of Signaling
Signaling is initiated by activation of LCK, which is regulated by 
two tyrosines: Tyr 394 in the activation loop and Tyr 505 in the 
C-terminus. LCK is kept inactive or “closed” by two intramolecu-
lar bonds: One is between Tyr 505, which is phosphorylated by 
the C-terminal SRC, Csk, and binds to the SH2 domain of LCK; 
a second bond is formed between the SH3 domain of LCK and a 
sequence connecting the SH2 and the kinase domains. For activa-
tion of LCK, the Tyr 505 needs to be dephosphorylated by CD45, 
a protein tyrosine phosphatase,295 whereas Tyr 394 is autophos-
phorylated and activates the kinase domain. The large-size CD45 
isoforms are excluded from the IS,296,297 but some move back to 
cSMAC adjacent to the TCRs.298 LCK, recruited by CD4, is main-
tained in the activated state by CD28294 and phosphorylates the 
ITAMs of the z-chain of TCR in a sequential and ordered manner, 
establishing thresholds of T-cell activation.299 This mechanism 
determines whether a sufficient number of tyrosines are phos-
phorylated for full activation and supports the kinetic proofread-
ing model of T-cell activation, which examines the relationship 
between kinetics of TCR–ligand interaction and intensities of T-cell 
activation.300–303

ZAP70 is recruited to the phosphorylated ITAMs of the z-chain 
and in turn activates the adaptor protein LAT, which then is local-
ized in the rafts. LAT has a short extracellular and long intracel-
lular region and possesses a central position in T-cell activation 
because it assembles other adaptor molecules and signaling 
proteins.

There are two groups of adaptor proteins: transmembrane 
adaptor proteins and cytosolic adaptor proteins.304 LAT (a trans-
membrane adaptor protein) is located in the rafts and is 
phosphorylated by ZAP70. As a result, it recruits PLCG1, phos-
phoinositide 3-kinase (PI3-K), IL-2–inducible T-cell kinase (ITK), 
adaptor proteins GRB2 and GADS (GRAP2), and, indirectly, Vav 
and LCP2 (SLP76).242,305,306 LCP2 is a cytosolic adaptor protein 
that has three protein-binding motifs and plays an essential 
role in signaling pathways required for IL2 secretion.307 It is 
expressed on thymocytes, T-cells, mast cells, NK-cells, and plate-
lets. Through Gads, it binds indirectly to LAT after TCR ligation. 

So LAT and LCP2 function as mutually dependent intermolecular 
scaffolds, together recruiting crucial signaling regulators to sites 
of raft aggregation. In mice deficient in LCP2 (or LAT), thymocyte 
development is arrested at the stage at which the TCR b-chain is 
coupled to the pre-Ta–chain. LCP2 recruits ITK to lipid rafts and 
allows for optimal phosphorylation of PLCG1, which also associ-
ates with ZAP70.

phosphoinositide Metabolism
Phosphoinositides are produced by the action of PLCG1 and PI3-K.  
PLCG1 binds to LAT and is activated as a result of phosphoryla-
tion of multiple tyrosines by ZAP70. PLCG1 hydrolyzes inositol 
phospholipids generating diacylglycerol and inositol (1,4,5)-tri-
phosphate (IP3).

Diacylglycerol contributes to activation of protein kinase 
C  (PKC), whereas IP3 increases Ca2+ released from intracellular 
sources. There are multiple isoforms of PKC serine kinases, which 
are regulated by Ca2+, diacylglycerol, phospholipids, the clas-
sic PKC (a, b, g), and the novel PKC (d, â, h, and θ).308 PKC-θ is 
recruited to the plasma membrane and is the only isoform detected 
in cSMAC together with TCR.309 The PKC-θ targets are activation 
of the NF-κB, production of IL2, regulation of integrin function, 
and control of the cytoskeleton through association with Vav. Both 
Ca2+ and PKC synergize in the increase in transcriptional activity 
of NFAT. Ca2+ acts through calcineurin, a calmodulin-dependent 
phosphatase that contributes to induction or function of NFAT.

The PI3-K produces phosphatidylinositol 3,4,5-triphosphate 
(PI-3,4,5-P3), which acts as a second messenger. It binds to pro-
teins that contain a pleckstrin homology domain and recruits 
them to the inner leaflet of the cell membrane.310 PI3-K overall 
is involved in survival and cytoskeletal signaling processes and is 
essential for adhesion signals. Important targets for PI3-K prod-
ucts are the GTPases, Rac and Rho, stimulated by GEF (guanine 
nucleotide exchange) proteins promoting transition from the inac-
tive guanosine-diphosphate–bound state to the active GTP-bound 
conformation. Rac and Rho regulate several functions in the life of 
the T-cell, and during T-cell activation, they regulate cytoskeletal 
rearrangements. The PI-3,4,5-P2 product of PI3-K is converted to 
PI-3,4-P2 by the phosphatidylinositol-5 phosphatase (SHIP). This 
product binds to the pleckstrin homology domain of the protein 
kinase B or AKT.

AKT moves to the nucleus, where it acts on several substrates 
regulating cell survival, NF-kB activation, metabolism, and energy 
generation.311 It also regulates transcription factors (i.e., NFAT 
and the Forkhead family), promoting cell survival and progression 
through the cell cycle. All signals from PI3-K products are eventu-
ally terminated by the inositol phosphatase SHIP.

the ras pathway
The adaptor protein GRB2 is a bifunctional molecule having an 
SH2 domain with which it binds to phosphorylated tyrosines 
of LAT, whereas its SH3 domain binds other proteins that have 
proline-rich sequences. These proteins are cytosolic, but through 
association with LAT, they are translocated to the membrane.305 
GRB2 functions in many cells and associates with a large num-
ber of proteins.312 In T-cells it is associated with the proline-rich 
domain of SOS, the mammalian homolog of the Drosophila “son 
of Sevenless” protein, which is a critical activator of the small 
G protein RAS.313 The GRB2-SOS binding is also mediated by 
another small linker protein, SHC, and CBL binding to GRB2 
inhibits activation.

The Ras pathway activates Erk kinase and MAPK. MAPK path-
way may induce integrin activation, and, in reverse, the integrin 
may induce the MAPK pathway through PI3-K. There are other 
bidirectional signaling pathways that, in general, send signals to the 
nucleus and activate membrane molecules by a feedback pathway.
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assemble a supramolecular signaling complex. Foremost among them are LAT (linker for activated T-cells) and SLP-76 (SH2-domain–containing leukocyte-specific 
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is a membrane adaptor protein as compared to SLP-76, which is cytoplasmic. Engagement of TCR activates Lck, which is associated with the coreceptor (CD4 or 
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(PI3-K). The other signaling pathway linked to LAT is through the Ras activation, linking to the activation of MAPK/ERK kinase (MEK) and extracellular signal-regulated 
kinase (ERK). A central position in T-cell signaling is occupied by the novel PKC isoform, PKCu, which is selectively expressed in T lymphocytes and is recruited to 
the immunologic synapse. It induces essential activation signals for interleukin-2 synthesis in cooperation with calcineurin. It is a master inducer of NFkB activation 
and its translocation to the nucleus. PI3-K associated with CD28 generates PIP3 that recruits Vav and PKCu to the membrane. APC, antigen-presenting cell; DAG, 
diacylglycerol; SLPP, serum lipophosphoprotein. (Important information from Bosselut R, Zhang W, Ashe JM, et al. Association of the adaptor molecule LAT with CD4 
and CD8 co-receptors identifies a new co-receptor function in T cell receptor signal transduction. J Exp Med 1999;190:1517–1525; Myung PS, Boerthe NJ, Koretzky 
GA. Adapter proteins in lymphocyte antigen-receptor signaling. Curr Opin Immunol 2000;12:256–266; Koretzky GA, Myzeng PS. Positive and negative regulation of T 
cell activation by adaptor proteins Nat Rev Immunol 2001;1:95–107, and Cantrell DA. T-cell antigen receptor signal transduction. Immunology 2002;105:369–374.)
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t-cell activation and the Cytoskeleton
The cytoskeleton plays an important role in IS formation and 
T-cell activation. T-cells polarize toward their target, focusing the 
signaling on the secretory apparatus at the APC or target cell. 
Cytochalasin, which disrupts the cytoskeleton assembly, blocks 
T-cell activation. Actin dynamics are controlled by a biphasic 
model at the IS. TCR engagement initiates actin solubilization 
through changes in the phosphorylation of ezrin, radixin, and 
moesin that allow certain molecules to move away from the 
points of contact with APC.314 With the formation of new actin 
filaments, LFA-1 is anchored and stabilizes the adhesion between 
T-cell and APC.315 Polarization of the MTOC requires TCR and 
involves members of the Rho family of GTPases CDC42, ATK1 
(RAC), and RHO.

Disruption of the Rho family members disrupts the prolifera-
tion, differentiation, migration, and effector functions and even 
survival of T-cells.272,316 CDC42, as with all members of the 
Rho family of GTPases, functions as a binary switch regulated 
by nucleotide binding. When CDC42 binds GTP, it is converted 
from the inactive to the active form and binds effector molecules 
with high affinity. One of its important substrates is the WASP 
gene. Mutations are responsible for the clinical manifestations 
of Wiskott-Aldrich syndrome (i.e., thrombocytopenia, eczema, 
and recurrent infections). T-cells from Wiskott-Aldrich syndrome 
patients lack microvilli and have an abnormal cell shape. Mutants 
with inactive CDC42 prevent efficient conjugation of T-cells with 
APC. In contrast, T-cells with constitutively active CDC42 mutants 
form extensive filopodia rich in F-actin, which interfere with the 
formation of IS because CDC42 accumulates in the T-cell–APC 
contact area. Activation of WASP is achieved by a complex formed 
by LCP2 (SLP76) adaptor protein, VAV, and NCK (phosphory-
lated by ZAP70). In this trimolecular complex, LCP2 binds VAV, 
which converts CDC42-guanosine diphosphate to the GTP form. 
CDC42-GTP binds to the GTPase binding domain of WASP. At the 
same time, the NCK binds by its SH3 domain to the polyproline 
sequence of WASP. These interactions release WASP from its 
autoinhibitory state and enable it to activate the Arp2/3 complex 
for actin-branching polymerization.317–320 Other studies suggest 
that WASP may not be the critical or even the sole regulator of 
actin polymerization, but other molecules, such as its homolog 

WASP, are involved. However, mice with a WASP deficient in the 
VCA domain have defects in T-cell development.321

A significant contribution to the T-cell interaction with the 
APC is made by the ERM cytoskeletal proteins (i.e., ezrin-radixin-
moesin).322 These proteins act as linkers between cortical actin 
and plasma membrane, connecting the F-actin to cytoplasmic 
tails of several transmembrane proteins (i.e., ICAMs, CD43, FAS, 
etc.). In the resting T-cell, the plasma membrane is rigid because 
of the thick actin network kept by phosphorylated moesin. With 
TCR engagement, moesin is dephosphorylated, the actin network 
“thaws,” and the proteins linked to the cytoskeleton are freed 
to move. The tall ones, CD43, are “squeezed” out of the narrow 
junction between the T-cell and APC.323 At the same time, new 
F-actin networks create pseudopod extensions for contact with 
the APC. Moesin in the back of the cell is rephosphorylated and 
keeps the excluded molecules actively out of the IS. CD43 and 
other molecules that are excluded from the uropod form a cluster 
called the distal pole complex. This cluster may not be simply a 
negative contributor to T-cell activation by collecting tall molecules 
interfering in the formation of the IS, but it has its own signaling 
mechanism in some aspects of T-cell activation, such as cytokine 
secretion.324

regulation of t-cell activation: Costimulation 
and Inhibition
T-cell activation depends on signals delivered by the TCR engaged 
with pMHC. However, additional signaling is needed, and this 
function is known as costimulation. Costimulatory signals are 
delivered to the T-cell through the CD-28 molecule reacting 
with ligands (counterreceptors) on APCs (i.e., CD80 [B7-1] and 
CD86 [B7-2]). These receptors do not act independently but 
modify the responses mediated by TCR. The CD28 consists of one 
Ig-like domain of V-type, whereas the two ligands contain two 
Ig domains, one V-type and one C-type. CD28 is constitutively 
expressed on T-cells (all CD4+ and approximately 50% of CD8+).

Another receptor, the CTLA4 (CD152), shares approximately 
30% identity with CD28; it is not detected in naive T-cells but is 
induced after T-cell activation.

Both CD28 and CTLA4 share the same ligands. In costimula-
tion, the critical event is up-regulation of the B7 molecules on 
the surface of the APCs.325 The major role of CD28 function is 
to stimulate cell cycle progression and prevent apoptosis. It also 
enhances production of various cytokines, such as IL1, IL2, IL4, 
IL5, and interferon (IFN)-g, and plays a fundamental role in 
Th1-Th2 differentiation. CD28/B7 interactions also play a critical 
role in B-cell stimulation. The importance of CD28/B7 interac-
tion was established in transplantation. The importance of the 
CD28/B7 costimulation pathway was established with studies 
in transplantation in mice in which blockade of the pathway 
by CTLA4-Ig prolonged cardiac graft survival and prevented 
development of vascular lesions associated with chronic rejec-
tion.326 Another costimulatory receptor homologous to CD28 
and CTLA4, termed ICOS (inducible costimulator), is a disulfide-
linked homodimer.327 ICOS lacks the extracellular motif present 
in CD28, which is implicated in binding with the B7 molecules. It 
is an inducible molecule expressed in activated, but not resting, 
T-cells. ICOS augments T-cell proliferative responses and cyto-
kine secretion, particularly IL10.328 The ligand for ICOS (ICOS-L 
or B7h) is a B7-like molecule expressed constitutively on B-cells 
and macrophages. Costimulation by ICOS promotes germinal 
center reaction and isotype switching. ICOS and CD28 regulate 
Th2 responses, but whereas CD28 is critical in the priming stage 
to induce Th-2 differentiation, ICOS plays a role in regulating 
Th2 effector functions.329 Activation of the ICOS pathway of 
costimulation initiates acute and chronic graft rejection, which 
indicates that the ICOS costimulatory pathway also regulates Th1 
responses.330

Receptors/
Ligands

Antigen 
Recognition

Signal 
Transduction Adhesion

Ligand/
Counterreceptors

a/b + – – Major  
histocompatibility  
peptide complexa

â/g–â/d – + – —

z/h – + – —

CD4 – + – HLA class II

CD8 – + – HLA class I

CD2 – + + CD58 (LFA-3)

CD28/CTLA-4 – + – CD80/CD86

CD40L – + – CD40

CD11a/CD18 
(LFA-1)

– + + CD54 (intercellular  
adhesion molecule-1)

 HLA, human leukocyte antigen; LFA, lymphocyte function molecule.
aSee text for details.

T-CeLL ReCepToR–ab ACTivATioN MACHiNeRy

taBLe 13.1
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cd4 T-ceLL differeNTiaTiON
Activated naive CD4+ helper T-cells (Th), in response to signals 
from TCR engagement with pMHC, proliferate and differentiate into 
cytokine-secreting effector cells, which have been distinguished into 
two major categories.331 Th1 cells produce primarily IFN-g, IL2, and 
TNF-b, whereas Th2 cells secrete IL4, IL5, IL6, IL10, and IL13. Both 
types of cells produce IL3, TNF-a, and granulocyte-macrophage col-
ony-stimulating factor. Once the initial stimulus from TCR is received, 
the cells proliferate in response to the autocrine growth factor IL2. 
At this stage, they are called pT helper cells (pTh) because they have 
not yet differentiated enough to secrete cytokines. Both Th1 and 
Th2 cells derive from a single precursor, and several factors regu-
late their differentiation.332–334 The Th1 cells induce predominantly 
inflammatory immune reactions and control intracellular bacte-
rial infections (cellular immunity). They are also associated with 
some autoimmune diseases. The Th2 cells provide defense against 
extracellular pathogens, regulating the humoral antibody-mediated 
immune response. They are also the mediators of allergic reactions.

Th1 versus Th2 differentiation takes place in two stages. 
During the first stage, the activation signals delivered by TCR 
pre-condition the naive T-cell for one or the other pathway of 
differentiation. In the second stage, final development of effector 
cells is dependent on IL12 or IL4 (Fig. 13.11).

transcriptional regulation
In the early stages of Th cell differentiation, TCR stimulation acti-
vates a number of downstream signaling pathways. Differential 
signaling of MAPKs, PKC, and calcineurin pre-conditions Th cells 
toward one or the other pathway in the absence of cytokines from 
the environment.335 A number of parameters related to antigenic 
stimulation and costimulation influence the final outcome. Low 
doses of antigen or low affinity of binding favor Th2 development, 
whereas large doses of antigen or high affinity of binding support 
predominantly Th1 differentiation. Costimulatory signals modu-
late the outcome. CD28 ligation favors Th2 development, perhaps 
by enhancing IL4 production336 or by direct activation of signal 
transducer and activator of transcription 6 (STAT6).337

The CD40/CD40L interactions selectively induce Th1 cells, but 
this is the result of the production of IL12 from APCs.338 During 
the early stage of Th activation, key genetic and epigenetic events 
take place that lead to accessibility and activation of specific 
genes. Expression of certain transcription factors is critical in the 
early regulation of differentiation.339,340

th1 regulation
The most prominent factor for Th1 differentiation is IL12. In 
naive T-cells, the IL12 receptor is not functional but is induced by 
IFN-a/b. Binding of IL12 to its receptor induces phosphorylation 
of Janus kinases JAK2 and TYK2, which phosphorylate STAT4. 
STAT4 translocates to the nucleus and activates target genes. 
The GTPase RAC2, which is selectively expressed on Th1 cells, 
activates the IFN-g promoter via NF-κB and MAPK.341 During 
the early Th1 polarizing signaling, the key transcription factor for 
Th1 development is T-bet (for box expressed in T-cells) induced in 
naive T-cells.342,343 T-bet transactivates IFN-g promoter, induces 
chromatin remodeling of the gene that encodes INF-g,344 and 
induces expression of the b2 subunit of the IL12 receptor.343 The 
importance of T-bet in Th1 differentiation is underscored by the 
susceptibility of T-bet knockout mice to challenge with Leishmania 
major345 and their predisposition to allergic disease.

th2 regulation
The key transcription factor for Th2 differentiation is GATA3,339 
induced in the early stages of Th2 signaling. GATA refers to a 
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FIGURE 13.11. CD4+ T-cell differentiation. After their differentiation in the thymus into the 
two main lineages, CD4+ and CD8+, the CD4+ or Th cells differentiate further in the peripheral 
lymphatic organs into effector cells with distinct patterns of cytokine secretion. The initial stimu-
lus is delivered by the T-cell receptor (TCR) and results in the proliferation of the naive T-cell. 
These activated T-cells (pTh) have only a limited potential of interleukin (IL)-2 secretion, and 
they acquire the propensity to respond to additional signals for further differentiation. Primary 
stimuli via the TCR (dose of antigen, intensity and duration of TCR triggering) influence down-
stream signaling (Ca2+, protein kinase C, map kinase, etc.) that regulates transcription factor 
expression. Expression of GATA-3 leads to Th2, whereas T-bet leads to Th1 differentiation. In the 
second stage, exposure to cytokines (i.e., IL-4 or IL-12/interferon [IFN]-g) drives the final steps of 
differentiation to the Th1 or Th2 pattern of cytokine secretion. NKT, natural killer T-cell; TNF, tumor 
necrosis factor. (Adapted from Noble A. Review article: molecular signals and genetic reprogram-
ming in peripheral T-cell differentiation. Immunology 2000;101:289–299; Murphy KM, Reiner 
SL. The lineage decisions of helper T cells. Nat Rev Immunol 2002;2:933–944; and Diehl S, 
Rincón M. The two faces of IL-6 on Th1/Th2 differentiation. Mol Immunol 2002;39:531–536.)

 family of transcription factors, important regulators of T-cell 
development. STAT6 activation enhances expression of GATA3. 
GATA3 induces expression of another Th2-specific factor, MAF. 
MAF is a basic region/leucine-zipper transcription factor that 
binds to and transactivates the IL4 promoter.346,347

epigenetic Modification of Cytokine Genes
Detailed description of these early events is beyond the scope 
of this brief review. The reader is referred to reviews of the 
topic.339,348 Transcriptionally inactive gene loci have a condensed 
chromatin with DNA tightly packed around the nucleosomes. For 
gene transcription, “open” chromatin is associated with acetylated 
histones and hypomethylation of DNA. Accessibility of IL4 and 
IFN-g genes is initiated promptly after TCR and CD28 activation, 
but for sustained transcription, STAT6 or STAT4 signaling, and 
induction, GATA3 and T-bet are required. Within the first few days 
of Th1 and Th2 differentiation, signs of accessibility of the cyto-
kine gene loci are observed in Th-activated cells. These signs are 
hypersensitivity to DNAase I and DNA demethylation.
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Maturation of th1/th2 Cells
The IL12 and IL4 play a major role in the maturation of Th1 
and Th2 cells, respectively. IL12 and IL18 act synergistically to 
produce IFN-g from terminally differentiating Th1 cells. IL23 is 
composed of the p40 subunit of IL12 paired with the IL23 a-chain 
related to one of the chains of IL12. It binds to IL12 b-chain but 
interacts with its own IL23R. It activates STAT4 and may act 
during the induction of Th1 and the production of IFN-g in coop-
eration with IL18. The IL27 is produced by APCs and induces pro-
liferation of naive T-cells. It acts together with IL12 in promoting 
IFN-g production and is the ligand for the T-cell cytokine receptor 
in the early development of Th1 cells.349 Th2 maturation is pro-
moted by IL21, which is produced from Th2 cells, and specifically 
inhibits IFN-g production and decreases responsiveness of T-cells 
to IL12, thus amplifying Th2 development.350

IL6 produced by several types of cells, especially APCs, acti-
vates transcription by NFAT, leading to production of IL4, which 
promotes Th2 differentiation. However IL6 also inhibits Th1 
development because it up-regulates the suppression of cytokine 
signaling (SOCS)-1. SOCS, also known as STAT-induced STAT 
inhibitor, belongs to a family of regulators of cytokine produc-
tion. SOCS1 inhibits IFN-g production and the development of 
Th1 cells. Thus, IL6 plays a dual role in Th1/Th2 differentia-
tion through induction of IL4 and SOCS1.351 IL10 has also been 
reported to promote Th2 differentiation, but its main effect is in 
suppressing Th1 cells.

Another cytokine with double regulatory function is IL18. 
IL18 is produced from macrophages and synergizes with IL12 
for IFN-g production from NK-cells and T-cells. In collaboration 
with IL2, it promotes Th1 differentiation in activated T-cells.352 
Overproduction of both cytokines induces severe inflammatory 
disorders. In addition to its function as a Th1 inducer and as a 
proinflammatory cytokine, under certain experimental conditions, 
IL18 stimulates Th2 cell differentiation, increase of IgE, and aller-
gic manifestations.353 The role of dendritic cells in humans is not 
clear as the production of cytokines varies depending on signals 
received from T-cells.

cd8 T-ceLL differeNTiaTiON
CD8+ T-cells produce primarily type 1 cytokines because CD8+ 
T-cells have no requirement for STAT4 signaling via IL12 to 
develop into Tc1 effectors. The Tc1/Tc2 regulation is mediated 
by transforming growth factor (TGF)-b with IL4 promoting 
Tc1 development and cytotoxicity in the presence of TGF-b.354 
There is some kind of cross-regulation between CD4+ and CD8+ 
T-cells. CD8+ T-cells produce relatively high levels of IFN-g and 
as a result, enhance Th1 immunity. On the other hand, Th2-cell–
derived IL4 stimulates development of Tc2 cells in allergic states.

geNOmic view Of Type 1  
aNd Type 2 differeNTiaTiON
Application of the new technology of gene expression by gene 
microarrays on polarized type 1 and type 2 CD4 and CD8 T-cells 
identified similarities in the broad pattern of gene expression 
in both CD4 and CD8 T-cells for type 1 and type 2 polarization, 
but differences were also identified between the two lineages.355 
Large numbers of apoptosis-related genes were expressed, par-
ticularly in Th1 cells, which correlates with the propensity of these 
cells to undergo activation-induced cell death.356 A large number 
of cytokine and growth factor genes are preferentially expressed 
by either type Th1 or type Th2 cells. Th2 cells resemble Tc2 cells 
in their cytokine gene profile. Differences are also noted in genes 
involved in synthesis of cell migration molecules, such as CCR1, 

CXCR4, and b7 integrin in Th2 cells and a4 integrin in Th1 cells. 
This is something that should be expected because the two Th 
populations home to different locations.357

THe TH1—TH2 paradigm
T lymphocytes constitute a diversified population. Of the two 
CD4+ T-cells, the Th2 activates the B-cells for antibody produc-
tion and the second, CD4+ the Th1, activates macrophages 
for cell-mediated immunity. The first provides defense against 
extracellular and helminthic infections. The second acts against 
intracellular bacterial infections, fungi, and protozoa (Fig. 13.12).

Th1 cells coordinate the activation of macrophages and consti-
tute the most important cellular defense mechanism against intra-
cellular pathogens. Macrophage activation is mediated by IFN-g, 
the principal cytokine produced by Th1 cells. Macrophages acti-
vated by IFN-g rapidly kill susceptible intracellular bacteria. They 
produce TNF-a, which synergizes with IFN-g. IFN-g has been 
used successfully as adjunct to chemotherapy in the treatment of 
leprosy, tuberculosis, and atypical mycobacteriosis. In induction of 
Th1 immunity, IL12 is rapidly produced by infected macrophages, 
which activates NK-cells and stimulates production of IFN-g, 
which subsequently induces Th1 differentiation. However, over-
production of IL12, by a positive feedback mechanism triggered 
by IFN-g, results in inflammatory responses.358 IL12 production 
is inhibited by IL10.

There is compelling evidence that the Th1 cells have an 
essential role in protection from mycobacterial infection. Mice 
deficient in IL4, a major Th2 cytokine, have a normal response to 
Mycobacterium tuberculosis, whereas increased production of IL4 
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FIGURE 13.12. Th1 and Th2 cells and effector mechanisms against pathogens. See 
text for details. ADCC, antibody-dependent cell-mediated cytotoxicity; CTL, cytotoxic T lympho-
cyte; IFN, interferon; Ig, immunoglobulin; IL, interleukin; PMN, polymorphonuclear cells.
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correlates with disease progression.359 Mice infected acutely with 
M. tuberculosis are protected by adoptive transfer of Th1 cells 
with a tenfold reduction in bacterial counts, whereas recipients of 
Th2 cells suffer from weight loss and lung fibrosis.360

Leishmanial disease currently affects some 12 million people 
in 88 countries. The annual incidence is approximately 2 million 
new cases. Experimental studies have clearly documented that 
Th1 response is associated with restriction of the disease and 
cure, whereas a Th2 response is associated with progressive sys-
temic disease. Balb/c mice are susceptible to Leishmania infection 
because they are unable to generate a Th1 response, whereas 
C57Bl/6 mice are resistant to the infection as a result of strong 
Th1 response. In Balb/c mice, the draining lymph nodes show 
elevated transcripts for IL4 but not for IFN-g.361

The most critical unifying effect able to induce resistance has 
been the successful attenuation of IL4 expression in the drain-
ing lymph node of infected susceptible animals during the first 
24 hours of infection. The extent of IL12 responsiveness is also 
a critical determinant for the development of a curative immune 
response because it induces a Th1 response.362

Another example of the importance of a balanced Th1/Th2 
response is related to the allergic inflammation.363 The pathophysi-
ologic mechanisms of asthma seem to be based on dysregulation 
of the Th1/Th2 balanced response with a preponderance of Th2 
cytokines. Asthma affects 8% to 10% of the population in the United 
States and is the leading cause of hospitalization among children 
younger than 15 years of age, causing an exorbitant financial burden 
on society. Th2-dominant responses stimulate antibody-mediated 
responses, activate mast cells and elicit tissue eosinophilia (i.e., the 
predominant response in the asthmatic airway).364 IL13 is one of the 
Th2 cytokines, and overexpression of IL13 in transgenic mice induces 
an inflammatory response with an infiltrate rich in eosinophils and 
macrophages. Furthermore, it causes airway fibrosis, mucous meta-
plasia, and airway hyperresponsiveness.365 It is likely that asthma is 
the result of a dysregulated mucosal immune system and pathologic 
T-cell response in genetically susceptible individuals.366

cd8+ T LympHOcyTeS
The CD8+ T lymphocyte is one of the two professional cytotoxic 
lymphocytes, the other being the NK-cell. The CD8+ T lymphocytes, 
also known as CTLs, differ from NK-cells in the basic mechanism of 
target recognition. CTL expresses an ab-TCR, recognizing processed 
peptides presented by MHC class I molecules (pMHC), whereas the 
NK-cell cytotoxicity is regulated by the C-lectin type of NK-cell recep-
tors (CD94) or members of the killer cell Ig-like receptors (KIRs), 
which recognize class I HLA allotypes rather than pMHC.367

Two fundamentally different groups of methods of evaluation of 
target cell lysis have been developed: one evaluates disruption of cell 
membrane and release of tracers incorporated into the target, and the 
other evaluates DNA fragmentation resulting from apoptotic nuclear 
damage. In the first category, the most widely used method has been 
the release of radioactive chromium, 51Cr, preloaded into the tar-
get.368 More sensitive techniques using fluorescent impermanent dyes 
have been developed. DNA fragments released from the nuclei are 
harvested, and a “ladder” pattern is identified.369 Direct comparisons 
of the cytotoxic potency of different cell populations cannot be made 
by these methods because the target cell death is not linearly related 
to the cytotoxic input. Usually, the number of cytotoxic cells required 
to achieve a given level of target cell lysis is expressed in lytic units, 
which are inversely related to the effector cell number.

activation of Cytotoxic t Lymphocytes
For the CTL to become an active effector, the precursor cell must 
be stimulated by antigen to undergo proliferation and differentia-
tion.370 The activation or priming results from the interaction of 

the naive CD8+ T-cell with professional APCs. Granules are not 
always visible before activation, but the killing machinery (i.e., per-
forin, granzymes, and FasL) is delivered immediately upon prim-
ing.371,372 The granule by electron microscopy is 0.5 to 1.0  mm 
in diameter and is heterogeneous in its structure.373 The core is 
homogeneous and sometimes it is surrounded by double mem-
branes containing the perforin enclosed by a thin membrane.374 
Multiple small vesicles surround the core toward the periphery of 
the granule. Depending on the preponderance of these two com-
ponents, granules have been distinguished as type I (dominated by 
the cores) or type II (with dominant multivesicular component but 
no cores), and other granules in terms of content are intermediate 
between types I and II. The granules are similar to late endosomes 
and have the properties of two usually separate organelles: those 
of the secretory type and those of the lysosomes.375 Similarities 
with lysosomes include the acidic pH, the mannose-6-phosphate 
receptor (MPR), and the lysosomal marker, lysosome-associated 
membrane protein. Endocytic components carrying CD3/TCR, 
CD8, and MHC molecules reach the perforin-containing granule 
and are displayed in the outer leaflet of the membrane.

graNuLe cONTeNTS

perforin (Cytolysin)
Perforin is a 65- to 75-kD glycoprotein with patchy homology to C9 
complement component. It is synthesized as an inactive precur-
sor, which is cleaved to yield a 60-kD active form.376 The protein 
consists of two regions: one has homology to complement proteins 
(C6 to C9), and the other is a C-2 domain related to Ca2+-binding 
proteins.377 The C-terminal portion is cleaved by proteolytic 
enzymes activating the C-2 domains for phospholipid binding.378 
The N terminal is involved in interaction with the membrane 
and polymerization. However, the central portion contains four 
membrane-spanning domains, potentially capable of forming 
amphipathic a helices of b sheets. At the carboxy terminal, a 
short peptide (propiece with a bulky glycan attached) is removed, 
and the remaining perforin monomer undergoes conformational 
changes in the presence of Ca2+, inserting itself in the membrane. 
Interaction with other perforin monomers forms the polyperforin 
pores.379–381 At least three to four monomers are needed to form 
a functional channel, whereas 10 to 20 aggregated monomers are 
needed to produce a pore visible by electron microscopy.

Granulysin
Granulysin is a member of the saposin382,383 family of lipid-
binding proteins, related functionally to defensins and other 
bacterial peptides, but is structurally different. It is active against 
Gram-positive and Gram-negative bacteria, fungi, and parasites. It 
disrupts artificial liposomes, damages mitochondria, and activates 
caspase 9 to induce apoptosis. It probably plays an important role 
in innate and acquired antimicrobial defenses. It kills extracellular 
M. tuberculosis and decreases their viability inside the cell.384

Granzymes
Granzymes are serine proteases of the chymotrypsin family.385,386 
The crystal structure of granzyme B has been solved, and its 
structural similarity with chymotrypsin has been verified.387 On 
the basis of the gene structure, proteolytic specificity, and biologic 
function, these enzymes are divided into three subfamilies. They 
are produced as proenzymes, with an acidic inactivating peptide. 
During their transport through the endoplasmic reticulum and 
Golgi apparatus, they are processed so that they are targeted 
to the secretory pathway. The activation peptide is removed by 
dipeptidyl peptidase I (DPPI), and a sequence motif interacts with 
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 proteoglycan in the granule to maintain proper conformation for 
activation. Granzyme B has a unique specificity among mamma-
lian serine proteases in that it requires aspartic acid as P1 amino 
acid (i.e., the cleavage leaves a carboxy-terminal aspartic acid). 
Granzymes are highly positively charged proteins at neutral pH and 
form complexes with proteoglycans in the granule and extracellu-
larly with polyanionic components.

Calreticulin
Calreticulin is a Ca2+ storage protein and carries a sequence 
that retains it in the endoplasmic reticulum. It co-localizes with 
perforin and is released together with perforin, which binds to 
the P-domain of calreticulin. Calreticulin functions as a chaperone 
protein for perforin and protects the CTL during biogenesis of the 
granules.388 Fragments of individual calreticulin domains used 
in lytic assays showed that the Ca2+-binding C-domain, which 
does not bind perforin, has the strongest capacity for inhibitory 
activity.389 Lysis, however, is independent of calreticulin’s ability 
to sequester Ca2+. It is suggested that calreticulin stabilizes mem-
branes and thus prevents polyperforin pore formation.

Other Components
Chondroitin sulfate proteoglycans are negatively charged and are 
exocytosed during target lysis. They probably regulate delivery of 
the positively charged granzymes.390 The multivesicular domain 
of the granule is rich in MPR, which is normally absent in mature 
lysosomes but present in early endosomes.

The DPPI (cathepsin C) is a lysosomal cysteine protease 
responsible for post-translational processing in the generation of 
activated myeloid and lymphoid granule serine proteases.

TargeT ceLL LySiS

Secretory Synapse
As we have seen with the CD4 T lymphocyte, recognition of the anti-
genic determinants by TCR is associated with the formation of the 
IS. In the synapse, the SMAC is organized by TCR and adhesion mol-
ecules. CTL also forms a synapse with the target cells, and within 
the synapse, there is a defined secretory domain.391 LFA-1 and talin 
form an outer ring of adhesion proteins with a distinct secretory 
domain in the center and separate from the cluster of the TCR and 
signaling molecules.392 Electron microscopy shows granules at the 
point of degranulation. The CTL acquires the hand-mirror configu-
ration during its movement, with the nucleus leading in the front 
and cytoplasmic organelles trailing behind. The Golgi is apposed 
tightly to the membrane at the point of contact and the organelles 
appear to be “streaming” toward the contact site. Confocal micros-
copy shows that the granules initially cluster behind the MTOC and 
then go around the MTOC to reach the secretory domain. Intimate 
interdigitations are visible over a large area, but a thin extracellular 
space separates the two cells that are held together by gap junc-
tions393 (Fig. 13.13). Gap junctions exist normally between cells in 
various tissues and probably serve the function of cellular commu-
nication. The nucleus moves away and the granules take up position 
next to the area of adherence with the target. Confocal microscopy 
identifies regions of the secretory synapse where granules are 
secreted between LCK and talin or CD11a (Fig. 13.9). The granules 
stream around the nucleus along microtubules and accumulate 
behind the MTOC and the Golgi apparatus. Then they move around 
the Golgi and reach the synapse, where secretion occurs between 
the adhesion ring and the signaling domain. They fuse with the 
membrane within 4 minutes after contact with the target.394

This fusion marks the beginning of the Ca2+-dependent sec-
ond stage characterized by striking intracellular changes. The 

most remarkable of these changes is the re-orientation of the 
MTOC, which, together with the Golgi, takes a position facing 
the area of contact with the target.395–397 The Ca2+ requirements 
for lysis may also be due to the Ca2+ dependency of the MTOC 
re- orientation that is a prerequisite for CTL killing.398 Granules 
attach to and then move along microtubules toward the MTOC 
and finally are secreted at the MTOC. Disruption of microtubules 
by certain drugs severely impairs killing.397

For the last stage of granule secretion, a GTP-binding protein, 
RAB27A, is critical for moving the granules from the MTOC to 
the synapse.399 In a rare autosomal recessive disease known as 
Griscelli syndrome, RAB27A is defective. These patients have 
albinism because melanocytes require RAB27A to secrete mela-
nosomes. WASP, which activates the Arp2/3 complex for actin 
polymerization, is also required for cytotoxicity.399

Lymphocyte-mediated killing can be confined to two path-
ways: the perforin-granzyme–mediated and the Fas-mediated 
pathways.400 Independent of the importance of the contribution 
of each pathway in target cell lysis, the fact is that lysis absolutely 
requires exocytosis of granules and their contents. Exocytosis 
requires signaling from PI3-K and ERK. The importance of exo-
cytosis is emphasized by markedly decreased cytotoxicity of CTLs 
and NK-cells in Griscelli syndrome (a rare autosomal recessive 
disorder characterized by partial albinism and the ashen mouse). 
The ashen mice have a profound decrease of cytotoxicity, even 
though they have normal FASL expression and FASL cytotoxic-
ity.401 Patients with Griscelli syndrome and the ashen mouse have 
a loss of function mutation in the RAB27A gene that abrogates 
the expression of RAB27A GTPase (one of approximately 50 
GTPases). RAB27A affects the functions of the dense granules of 
platelets, melanosomes of melanocytes, and secretory lysosomes 
of CTLs. In platelets, RAB27A regulates secretion only of the dense 
granules. Increase of Ca2+ is critical for cytotoxicity, which results 
from extracellular sources, because it does not occur if extracel-
lular Ca2+ is removed.402

the role of perforin
Perforin was the name given to a protein within the granules that 
perforates the cell membrane and opens pores, which originally 
were believed to be the cause of lysis and cell death. The C-terminal 
domain of perforin is the Ca2+-binding site that initiates the inser-
tion of the molecule into cell membrane.378 The insertion is medi-
ated by exposure of several aspartate residues after cleavage of 
the C-terminus to yield a 60-kD active form. These residues are 
presumed to become approximated in three dimensions and 
bind Ca2+, and the molecule becomes highly reactive for lipids 
from exposure of amphipathic domains. Some data suggest that 
perforin actually is inserted into the lipid bilayer with the help of 
a receptor. NK-cells release a lysolipid, the platelet-activating fac-
tor, which binds to its receptor and forms a bridge between the 
platelet-activating factor receptor and perforin.403

At 37°C, perforin inserts into the membrane, and approxi-
mately 20 perforin monomers form a tubular structure (16 nm 
wide) with a torus in the upper ring,404 similar to that formed by 
the C9 component of complement (Fig. 13.14). Purified perforin 
causes cell lysis but not the DNA fragmentation and condensation 
associated with apoptosis, which is a hallmark of target cell lysis 
by CTLs.405 Furthermore, nuclear changes occur before cell mem-
brane damage.406 Targeting cell death requires the combined 
action of perforin and granule-associated granzymes. However, 
mice deficient in perforin suffer more serious consequences of 
lack of or diminished cytolytic functions407 as compared to mice 
deficient in granzymes A and B.408 It has been assumed that gran-
zymes enter passively through perforin pores (Fig. 13.15). Large 
pores that allow passive diffusion of the granzymes are formed 
only with large concentrations of perforin. The pore size formed 
by small concentrations of perforin does not permit diffusion of 
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FIGURE 13.13. Interaction between a cytotoxic T-cell and its target. A–C: Cytotoxic T-cell attaches to its target over broad areas of the cell membrane. 
The formation of the conjugate involves interdigitations of microvilli between the two cells. D: Lanthanum nitrate fills the gap between cytotoxic T lymphocyte and 
its target and reveals junctions (arrows) that stretch between the two cells. The function of these junctions remains unknown. E, EL-4 tumor cell; L, lymphocyte; P, 
peritoneal exudate cell (i.e., cytotoxic T-cell); Tu, tumor. (A, B, and D from Grimm E, Price Z, Bonavida B. Studies on the induction and expression of T cell-mediated 
immunity. VIII. Effector-target junctions and target cell membrane disruption during cytolysis. Cell Immunol 1979;46:77–99; C from Kalina M, Berke G. Contact 
regions of cytotoxic T lymphocyte-target cell conjugates. Cell Immunol 1976;25:41–51, with permission.)

proteins larger than 8 kD. However, even under these conditions, 
granzymes (32 to 65 kD) have access to the cytosol, although 
evidently not by direct diffusion through perforin pores. A lysin 
from Listeria monocytogenes also permits granzyme access to 
cytosol even in the absence of any measurable plasma membrane 
damage.409

The entrance of granzyme B into the cell at low perforin con-
centrations is suggested to occur, probably as a result of endocyto-
sis (“facilitated access” hypothesis). Perforin endocytosed together 
with granzyme disrupts the endocytic pathway and releases gran-
zyme for delivery to the nucleus. Support for this interpretation 
comes from the observation that brefeldin, which interferes with 
redistribution of proteins out of the endosomal system, inhibited 
perforin-induced release of granzyme B, blocked its transloca-
tion to the nucleus, and inhibited cell death.409 Granzyme B is 
therefore able to enter into the interior of the cell autonomously 
in the absence of perforin. However, apoptotic death does not 
occur unless perforin is added.410 Granzyme binds to MPR, when 

it is trafficking within the cell at the time of synthesis but also on 
the surface of the target cell.411 However, MPR is not critical for 
transportation of granzyme B within the target cell because cells 
lacking MPR are still subject to apoptosis by granzyme B, which 
enters the cell by constitutive fluid-phase micropinocytosis412,413 
or some other, probably specific, receptor.

Endocytosis follows the binding to the receptor, and the 
granzyme B is detected first within Rab5-positive endocytic 
vesicles and subsequently in Rab5-negative, novel endocytic 
compartments that are not identifiable by any of the known 
endocytic markers.414 The granzyme B is released to the cyto-
plasm by a second signal provided by perforin or replication 
deficient adenovirus (Ad2). From the cytoplasm, the granzyme 
B reaches the nucleus, initiating the apoptotic pathway. The 
localization in the nucleus occurs before the nuclear events of 
apoptosis, suggesting that nuclear translocation of the gran-
zyme B transmits an apoptotic signal that is communicated to 
the nucleus.415
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FIGURE 13.14. Lesions (arrows) inflicted on its target by cytotoxic T lymphocytes.   
Cytotoxic T lymphocytes form punched-out lesions on the membrane of the target similar to 
those formed by complement. (From Dennert G, Podack ER. Cytolysis by H-2-specific T killer 
cells. Assembly of tubular complexes on target membranes. J Exp Med 1983;157:1483–1495, 
with permission.)
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FIGURE 13.15. What is the role of perforin 
in cell lysis? The perforin lesion used to be 
considered the cause of cell death by osmotic 
lysis (as with complement) (A). When the gran-
zymes were implicated in the cause of cell death 
by the apoptotic pathway, it was believed that 
the pores of perforin allow the entrance of the 
granzymes into the cell (B). Granzymes, how-
ever, can still enter the cell without perforin, but 
by themselves, they cannot cause cell death 
(C). Because granzymes enter the cell by endo-
cytosis and are within endocytic vesicles, it is 
argued that perforin is needed to release them 
in the cytosol by punching holes in the vesicles 
(endosomolytic mechanism; D). At this point, it 
is known that cytotoxic T lymphocytes kill their 
targets, and for this function, they need at least 
two of the contents of the granules: the gran-
zymes and the perforin. The exact mechanism, 
however, is still strongly debated.

the role of Granzymes
Independent of the role played by each of the constituents of the 
granules, it is absolutely clear that exocytosis is crucial for target 
cell death. In T-cells, the granules are synthesized when the cells 
receive activation signals, whereas in NK-cells, the granules are 
preformed. At least four granzymes are present ubiquitously in 
human cytotoxic cells (i.e., A, G, H, and K). After their synthesis, 
the granzymes undergo post-translational modifications and as 
a result assume an active conformation. First, the signal peptide 

is removed and subsequently, a short propeptide which for gran-
zymes A and B is DPPI a cysteine aminopeptidase that can activate 
several serine proteases.416 Subsequently they are glycosylated 
and then sorted by MPR in the Golgi apparatus on the way to the 
granules.417 Granzyme B is a serine protease originally defined as 
an aspase because it cleaves aspartic acid in the P1 position and 
is the only granzyme with the preference for proteolytic cleavage 
of aspartate residues. In this respect, it has a specificity similar 
to caspases and has an extended substrate specificity with nine 
amino acids making contact with the substrate. The first substrate 
of biologic significance of granzyme B was found to be a  member 
of the caspase family.418 Cleavage of target cell caspases419 results 
in the activation of the cellular apoptotic cascade (Fig. 13.16).

Granzyme B activates apoptosis by two distinct pathways: 
i.e., by directly cleaving its substrates, caspase 3 or caspase 8,420 
or by a caspase-independent pathway through mitochondria. 
Mitochondrial factors enhance extramitochondrial caspase activa-
tion and play a central role in the execution of apoptosis, involving 
disruption of electron transport, energy metabolism, production 
of reactive oxygen radicals, and the release of apoptotic proteins, 
such as cytochrome-c.421,422

BCL2 can rescue cells from granzyme-B–mediated cell death, 
specifically blocking the pathways that operate directly through 
mitochondrial perturbations. BCL2 suppresses the mitochondrial 
pathway because it prevents loss of mitochondrial membrane 
depolarization and inhibits the release of cytochrome c and 
apoptosis-inducing factor into the cytosol.423 The mitochondrial 
apoptotic pathway is triggered by direct cleavage of BID (BH-3 
interacting domain)424; it results in translocation of BID to mito-
chondria, where it interacts with its receptors, BAX (BCL2 – associated X 
protein ) and BAK (BCL2-antagonist killer) triggering cytochrome-c 
release. Cytochrome c then activates apoptosome, which in turn 
activates caspase 9 and ultimately caspase 3.425 BCL2 apparently 
blocks granzyme-B–induced apoptosis by acting at an upstream 
point of the granzyme B pathway, i.e., blocking the translocation 
of the granzyme to the nucleus.426

Granzyme a
Granzyme A is a tryptase and induces caspase-independent cell 
death. It concentrates in the nucleus of the targeted cells and 
degrades histone H1 into small fragments.427 Histone H1 plays 
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FIGURE 13.16. Cytotoxic T-lymphocyte killing of target cells. The cytotoxic T-lymphocyte 
killing of its targets is mediated by both the granzyme(s) (Gr), especially GrB, and the perforin, 
and because both of them share the same intracellular residence (i.e., the granule), the killing 
mechanism is known as the granule exocytosis mechanism. GrB activates caspase (Casp)-3, 
either directly or, most likely, in vivo by cleavage of the proapoptotic member of the Bcl2 family, 
Bid. The active Bid acts on the mitochondrion and causes opening of the permeability transition 
(PT) pore of the inner mitochondrial membrane that causes (or is the result of) the collapse of the 
ΔCm (mitochondrial transmembrane potential). ΔCm normally results from the asymmetric 
distribution of protons and other ions on both sides of the inner mitochondrial membrane. It is 
essential for normal mitochondrial function. ΔCm disruption occurs before cells exhibit nuclear 
DNA fragmentation or aberrant exposure of phosphatidyl serine on the outer cell membrane; 
therefore, it constitutes probably the earliest common event of the apoptotic cascade. Mitochon-
drial disruption activates a factor not yet well identified (X) and contributes to amplification of 
activation of Casp-3 and other Casps subsequently (Casp-6, -7, -8, -9, -10). The factor X may 
be Diablo (direct inhibitor of apoptosis protein–binding protein), which facilitates processing of 
Casps through inhibition of inhibitor of apoptosis proteins. The Bid pathway of Casp-3 activation 
provides a greater lethal threshold of amplification of activation of Casps than the direct GrB 
activation. In addition to the Casp-dependent pathway (apoptosis), disruption of mitochondria 
by GrB-activated Bid leads to cell death by necrosis. HSP, heat-shock protein. (From Kroemer 
G, Zamzami N, Snesin SA, et al. Mitochondrial control of apoptosis. Immunol Today 1997;18: 
44–51; Heibein JA, Barry M, Molyca B, et al. Granzyme B-induced loss of mitochondrial inner 
membrane potential [Delta Psi m] and cytochrome c release are caspase independent. J Immu-
nol 1999;163:4683–4693; Sutton VR, Davis JE, Cancilla M, et al. Initiation of apoptosis by gran-
zyme B requires direct cleavage of bid, but not direct granzyme B-mediated caspase activation.  
J Exp Med 2000;192:1403–1413; and Barry M, Bleackley RC. Cytotoxic T lymphocytes: all 
roads lead to death. Nat Rev Immunol 2002;2:401–409.)

a critical role in chromatin hypercondensation, which protects 
genomic DNA from endonuclease digestion. Histone digestion 
provides a mechanism for unfolding compacted chromatin and 
facilitating endogenous DNAase access to DNA during T-cell gran-
ule-mediated apoptosis. Another target for granzyme A is protein 
HMG2 (high-mobility group protein 2). HMG2 is a nonhistone pro-
tein that binds to the internucleosomal linker region of DNA and 
to core histones and is involved in critical steps in DNA replication 
and transcription. It binds preferentially to distorted DNA and 
unwinds damaged DNA for its repair. It facilitates the assembly 
of higher-order nucleoprotein structures by bending and looping 
DNA or by stabilizing underwound DNA. However, the HMG2 is 
cleaved by granzyme A and thus opens up chromatin and blocks 
the de novo transcription required for cellular repair responses. 
Opening up chromatin probably contributes to the observed syn-
ergy of granzyme A with granzyme B in the induction of oligonu-
cleosomal DNA fragmentation during CTL lysis.428 Both granzyme 
A and B directly cleave lamin B,429 a member of the lamin family 
of proteins that maintain the integrity of the nuclear envelope.

Granzyme A bound to proteoglycans, has been detected in the 
blood of patients with viral diseases and rheumatoid  arthritis.430 
In complexes with proteoglycans, it is protected against inactiva-
tion by protease inhibitors such as a2-macroglobulin and oth-
ers. However, its role in the blood in these conditions remains 
unknown. The entry of granzyme A into the nucleus requires the 
signal from perforin and once inside the nucleus, it binds to insol-
uble factors because it does not leak out even after the nuclear 
membrane is permeabilized.431

Death receptor pathway
Cytotoxic lymphocytes use two pathways for killing their targets: 
the exocytosis pathway (perforin–granzyme) and a death receptor 
pathway. Although there are multiple receptors on the cell surface 
that can initiate an apoptotic cascade, they converge at one point 
downstream to a common final pathway. The point of confluence 
is the adaptor molecule FADD (fas-associated death domain). 
These alternate apoptotic pathways may be considered as the 
FADD pathway.432 The pathways that converge to FADD are initi-
ated by FAS (CD95), physiologically the most important receptor in 
the family of TNF receptors. FADD binds and recruits caspase-8, 
which stands at the apex of the cascade of all caspases433 and 
forms the DISC (death-inducing signaling complex).434 Caspase-8 
may target the mitochondria through BID or caspase 3, depending 
on the cell type.435,436

In the FADD pathway, the FASL is not stored even in activated 
cells, and as a result, it requires the induction of a new ligand 
after TCR stimulation, which requires 1 to 2 hours after stimula-
tion. The half-life of the ligand is long (2 to 3 hours), and the CTL 
can kill innocent bystanders (as long as they express the appropri-
ate receptor, FAS) without the need for TCR signaling.437 In this 
respect, the FADD pathway is much more promiscuous than the 
perforin pathway. The death receptor pathway is important for 
CD4+ Th1 cells.438

Membrane Morphology of target Cell Lysis
In the early stages of cell death induced by CTL, plasma membrane 
components are translocated to intracellular membrane struc-
tures, including nuclear envelope and mitochondria. Membrane-
bound perforin and the granzymes are internalized at the same 
time, and it is postulated that, subsequently, perforin releases the 
granzymes to the cytosol by an endosomolytic action for activation 
of the caspase pathway (Figs. 13.15 and 13.16). In the early stage, 
the target does not undergo extensive permeabilization during 
perforin-dependent CTL lysis.

The first detectable change in the target-cell–surface morphol-
ogy consists of the formation of small dilatations of the surface 
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microvilli, forming small vesicles that eventually expand into 
large blebs even before 51Cr release can be detected. Some of the 
detached vesicles attach to neighboring CTLs, suggesting that they 
carry some target-specific antigens on their surface (Fig. 13.17).

THe fuNcTiON Of cyTOTOxic T 
LympHOcyTeS

Deficiencies of Granule Contents
Virus-specific cytotoxic CD8+ T-cells (CTL) are induced during 
viral infections (Fig. 13.12) and lyse infected cells during the 
eclipse phase, i.e., before infectious virus is generated. They kill 
virus-infected cells before new viral antigens can be detected on 
the surface of infected cells with antibodies.439 Fas deficiency has 
no effect on the role of viral clearance, but elimination of both 
Fas and perforin leads to uncontrolled infection.440 Normal mice 
easily survive a high inoculum (106 PFU) of the ectromelia virus, 
a murine-specific poxvirus. However, perforin-deficient mice suc-
cumb with a dose as small as 10 PFU.

Perforin deficiency in mice is associated with increased sus-
ceptibility to a variety of infections by viruses, protozoa, (plas-
modium, Trypanosoma cruzi) and bacteria (i.e., mycobacteria, 
salmonella, chlamydia, listeria, etc.).441 Defense involves not only 
cytolytic mechanisms but also cytokines (i.e., IFN-g, TNF, etc.), as 
well as microbicidal molecules. In the experimental model of lym-
phocytic choriomeningitis virus infection in mice, a nonlytic viral 
infection, perforin-dependent cytotoxicity is crucial in the control 
of the acute stage.442 During the chronic stage of this infection, 
perforin down-regulates CD8+ T-cell expansion and prevents 
immunopathology.443 In perforin-deficient mice, however, the 

lack of this immunoregulatory control results in expansion of 
CD8+-activated T-cells, with approximately 50% of the animals 
dying within 2 to 4 weeks as a result of the immunopathologic 
damage from uncontrollable CD8+ proliferation and activation. 
Infusion of normal CD8+ T-cells fully reverses pathology and the 
associated mortality. This example clearly differentiates between 
defense and immunopathology, which normally is averted from 
an “exocytosis”-mediated mechanism of regulation of CD8+ 
 cytolytic cells.

In another model involving the lpr/lpr mice, which are defi-
cient in the Fas receptor, deficiency of perforin markedly acceler-
ates the spontaneous lymphoproliferative disease, which normally 
occurs at a slower pace in these mice. This evidence also sup-
ports the notion that perforin plays a role in immune regulation, 
prevention of immunopathology, and autoimmunity. Recently a 
homozygous loss of function defect in the human perforin gene 
has been detected that is associated with several clinical mani-
festations, mainly due to uncontrolled T-cell and macrophage 
activation with overproduction of inflammatory cytokines. The 
syndrome is known as familial hemophagocytic lymphohistiocy-
tosis (FHL).444 The disease is mapped in chromosome 10q21-22 
(i.e., the location of the perforin gene). Overall, the incidence of 
the mutation is approximately 20% in all FHL patients. For the 
development of FHL syndrome, a viral infection or a defect of 
an additional pathway that controls lymphocyte homeostasis is 
required. Perforin-deficient mice, for reasons unknown at the 
present time, do not develop symptomatology similar to human 
FHL. Mice deficient in granzyme B lose the ability to induce DNA 
fragmentation, even though perforin causes membrane damage. 
Deficiency of both granzymes A and B causes susceptibility to 
ectromelia infection,445 although cytotoxic lymphocytes with the 
same deficiency and inability to cause DNA fragmentation are still 
able to exert a potent antitumor effect.446

DPPI, also known as cathepsin (CTSC), is a lysosomal cysteine 
protease expressed in most tissues, and in CTLs, it is found in the 
secretory compartment. It belongs to the papain superfamily of 
proteases and shares similarities to lysosomal cysteine proteases 
cathepsins B, H, and L. Granzymes A and B become enzymatically 
active only after cleavage of the N-terminal dipeptide by DPPI 
and are stored in the lysosomal granules in the active form along 
with perforin. DPPI knockout mice resemble the perforin-deficient 
mice: Both fail to cause apoptosis. DPPI deficiency results in fail-
ure to activate the granzymes, whereas perforin deficiency fails to 
deliver the granzymes into target cells.447,448 Deficiency of DPPI 
has been detected in humans with Papillon-Lefèvre syndrome, 
which is characterized by keratosis palmoplantaris with peri-
odontopathia.449 There is premature tooth loss due to periodontal 
disease and thickening of the skin.

Graft versus host and Graft versus  
Leukemia reactions
Lymphocyte cytotoxicity has been implicated in graft versus 
host disease after allogeneic bone marrow transplantation, 
with contribution to the pathogenesis by both the perforin and 
Fas pathways.450–452 It is agreed that cytotoxic lymphocytes 
contribute to the development of the disease, but there is no 
agreement about the underlying mechanism. The graft versus 
leukemia effect, however, seems to be mediated predominantly 
by the perforin pathway.

Granzyme Inhibitors
An important characteristic of the function of cytotoxic cells is 
that they successfully avoid the damaging effect of the lethal 
weapons they deliver to kill their targets. As a matter of fact, the 
CTLs, after a successful hit, disengage and are directed against 
another target.

A

B C

FIGURE 13.17. Cytotoxic T-lymphocyte–target cell interaction. A–C: Scanning electron 
microscopy of the formation of the killer cell synapses. Intimate contact is established between 
the microvilli of the two cells. Compare with the electron microscopic view in Figure 13.13. 
(B and C from Kalina M, Berke G. Contact regions of cytotoxic T lymphocyte-target cell conju-
gates. Cell Immunol 1976;25:41–51; and A from Grimm E, Price Z, Bonavida B. Studies on the 
induction and expression of T cell-mediated immunity. VIII. Effector-target junctions and target 
cell membrane disruption during cytolysis. Cell Immunol 1979;46:77–99, with permission.)
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Some recent observations provided a molecular explanation 
for their protection from “suicide.” The effector cells contain a 
potent inhibitor of granzyme B, known as proteinase inhibitor 
9.453,454 The inhibitor is a serpin, is found in both the cytoplasm 
and the nucleus, and forms tight complexes with granzyme B but 
does not inhibit most of the caspases. Serpins are a large family 
of intracellular and extracellular protease inhibitors. Many viruses 
encode serpins that block caspases, the enzymes of apoptosis. 
Inhibitors of granzyme B can be encoded by several viruses. 
Best described is the poxvirus-encoded cytokine response modi-
fier A (Crm A). Overexpression of Crm A in target cells inhibits 
CTL-mediated killing, but predominantly through a Fas-mediated 
pathway. Crm A inhibits granzyme B and several caspases. With 
several of the steps of CTL cytotoxicity now understood, therapeu-
tic interventions are possible for several of the steps of lymphocyte 
cytotoxicity in a number of human conditions.

apoptosis
Despite the wealth of information on the mechanism of this impor-
tant pathway, there are several areas that are not well understood. 
Perforin has an indispensable role in the delivery of granzyme B, 
but certainly not simply as a pore-forming molecule. Granzymes, 
on the other hand, induce the nuclear changes affecting the DNA 
(i.e., by apoptosis), but even if they enter the cell in the absence 
of perforin, they cannot be translocated to the nucleus without 
perforin.455 The mechanism of granzyme delivery by perforin is 
not clear. It has been postulated that intracellular delivery of gran-
zymes is through an endosomolytic mechanism.456 Translocation 
of a fluorescent probe from the target cell membrane to interior 
membranes, including the nuclear envelope and mitochondria, is 
supportive of this prediction.457

The relationship of the roles of perforin and granzymes in 
cytotoxicity was examined in the gld/gld (Fasl/Fasl) mice, which 
have a FasL deficiency and therefore cannot have Fas-mediated 
cytotoxicity. The additional deficiency of granzyme B in gld/gld 
mice (i.e., mice with the phenotype GrB gld/gld) leads to CTLs 
with residual cytotoxicity, which can only be perforin-dependent. 
This can be concluded also from the fact that perforin−/− gld/gld 
CTLs have no residual cytotoxicity.458 It is reasonable to conclude 
that the cytotoxicity, which is independent of granzyme B, is 
normally partially accounted for by a Fas pathway and partially 
by a second perforin-dependent mechanism. Finally, inhibitors of 
caspases block the Fas death pathway, but in CTL granule exocy-
tosis, the target cell lysis is not detectably blocked, although the 
accompanying apoptotic nuclear damage is efficiently blocked. 
Thus, caspase inhibitors prevent the hallmark phenotype of apop-
tosis without affecting cell death, as evidenced by lysis.459 At this 
point, not all the roads used by the CTL that may lead to cell death 
have been fully explored.

regulatory t-cells
T reg cells constitute about 5% to 10% of the peripheral CD4+ 
T-cells and express the characteristic phenotype CD4+/CD25+ 
(the a-chain of the IL2 receptor). They are also CTLA4+ (costimu-
latory molecule cytotoxic T-lymphocyte antigen-4) and GITR+ 
(glucocorticoidinduced TNF receptor family-related protein).158 
Differentiation of CD4+ T reg cells is mediated by interactions of 
CD4+ thymocytes with stromal cells. Some thymocytes acquire 
MHC II molecules,460 which are derived from APCs.461 T reg cells 
are enriched in autoreactive cells,462 but are resistant to deletion 
by NS, as compared to conventional CD4+ thymocytes.463 The 
TCRs of T reg cells are of relatively high affinity for autoantigens, 
and this may facilitate their reactivation in the periphery by self-
antigens. However, their affinity is still below the level required 
to trigger NS. These fundamental differences between the TCRs 
of T reg cells and the other thymocytes, in terms of specificity 

(MHC II vs. peripheral tissue antigens), affinity, and the nature of 
the selecting cell, provides an additional mechanism of protection 
against autoimmunity (i.e., active peripheral suppression in addi-
tion to central tolerance). Selection of T reg cells is mediated by 
the bone-marrow–derived APCs and not the epithelial cells.464 It 
has been suggested that the TCR affinities of T reg cells are just 
below the deletion level, permitting them to follow a unique differ-
entiative pathway with regulatory function.465 The development 
and function of natural T reg cells depends on the transcription 
factor FOXP3, which encodes a new member of the forkhead/
winged helix family of transcription factors.466 Mutations of the 
human gene FOXP3 is the cause of the IPEX syndrome (immune 
dysregulation polyendocrinopathy enteropathy and X-linked syn-
drome),467 an X-linked immunodeficiency syndrome associated 
with autoimmunity involving multiple endocrine organs, inflam-
matory bowel disease, and atopic dermatitis. TGF-b maintains a 
central role in the generation and function of T reg cells.468 CD4+/
CD25+ T reg cells may arise from CD4+/CD25– T-cells following 
stimulation of TCR and costimulation with TGF-b.469 Once they 
exit the thymus, the T reg cells depend for their survival, preser-
vation, and function on dendritic cells, which present them with 
autoantigens.470 The continuous exposure to self-antigens will 
maintain the T reg cells in a state of activation.

A portion of T reg cells arising in the thymus are “anergic,” 
i.e., in a state of partial or total unresponsiveness.471 Anergy 
may follow TCR stimulation without subsequent costimulation. 
Anergic T-cells are unable to produce IL2 and induce a prolifera-
tive response. Naturally arising anergic T-cells upon stimulation 
suppress effector T-cells but are prone to apoptosis, probably as 
a result of a continuous antigenic stimulation from self-antigens. 
Anergic T-cells exert their suppressor function by targeting APCs. 
The APC brings the anergic-suppressive cell into proximity with 
the target T-cell, forming a tricellular complex and setting the 
stage for a T–T-cell interaction.472 T–T-cell interaction is the foun-
dation for induction and spreading of the anergic state, otherwise 
known as infectious tolerance.

gd T-ceLLS
Commitment to gd T-cell lineage takes place in the thymus as dis-
cussed earlier in this chapter. (See “T-Cell-ab versus T-Cell-gd”and 
“The Pre-T–cell Receptor.”)

Rearrangements of the human g and d genes appear to occur in a 
developmentally ordered fashion.473 Initially the gd TCR repertoire is 
small inasmuch as it involves rearrangements of a small number of 
V segments and as a result the junctional diversity is limited.

In human embryos between 8.5 and15.0 weeks of gestation, 
the most common V fragments are Vd2 joined to Dd3 and Vg1–8 
or Vg9 with Jg1. These cells are referred to as the Vd2 cells. 
Rearrangements after birth at approximately 4 to 6 months of 
age involve the joining of other gd segments such as Vd1 to Dd1 
and Dd2 and the Vg1 family with the Jg2 cluster. Postnatally in 
the thymus, the Vd2 subset represents 15% and the Vd1 85% of 
the gd cells, and these proportions remain relatively constant 
throughout adult life.

It has, however, been questioned whether two distinct subsets 
of gd T-cell subsets exist, or one V9V2 T-cell population exerts 
multiple effector functions.474 Although intrinsic or genetic factors 
generate gd T-cell subsets, extrinsic or environmental factors act 
further to shape and select specific clones. An enormous selective 
pressure is exerted on the development of gd T-cells throughout 
life to produce populations of cells that express antigen receptors 
that are encoded by specific gene segments. The predominance in 
adult human blood of the Vd2 to Vg9 population is explained by 
such antigen-mediated expansion. These expansions create oligo-
clonal populations due to selection pressures from environmental 
microbes and certain edible plants. In contrast to the Vg2/Vd2 
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(Vg2 is the same as Vg9) T-cells which are a major circulating 
population, the Vd1 cells account for the vast majority of the gd 
T-cells in tissues such as intestine and spleen.475

gd t-cell receptor: Structure  
and antigen recognition
Antigen recognition by the gd TCR resembles recognition by anti-
bodies.476 The V and C domains are organized into “Ig folds” (i.e., 
approximately seven b strands packed face to face in two anti-
parallel b sheets, constrained by intradomain disulfide bonding). 
The V regions are subdivided into framework and hypervariable 
regions, which have three CDRs. The orientations of Vg and Vd 
are similar to the relative orientations between the V domains in 
the Fab Ig fragment or the ab TCR. However, the CDR3 of Vd is 
diverse in length and composition (8 to 21 amino acids), a range 
similar only to the IGH@ (3 to 25). Furthermore the CDR3 loops 
of the gd TCR protrude above the rest of the molecule creating 
clefts between them; these strikingly distinguish them from the 
equivalent loops of the ab TCR, which are flat and bind to pMHC, 
and from the antibodies that bind large proteins.477

The gd TCR exists as a complex with the CD3 polypeptide chains 
and recognizes antigens with a wide distribution, by a mecha-
nism fundamentally different from that of ab TCRs; i.e., antigen 
is not processed and there is no MHC restriction.476–479 Examples 
of nonprotein substances are pyrophosphates and alkyl-amines 
found in bacteria, plant, or animal cells,480–482 and bacterial and 
mammalian homologs of heat-shock protein 60 kD (HSP-60).483 
Human peripheral blood Vg2Vd2 cells are present in large num-
bers in lepromatous lesions reactive with monoalkyl compounds 
of mycobacterial cell walls. The most potent compound is mono-
ethylphosphate, which stimulates cytotoxic activity of these cells 
and the phosphate group is very important in their recognition 
by the gd TCR. Alkyl-amines, derived from plant food products or 
from bacteria also stimulate Vg9Vd2+ T-cells482 and the aminobi-
phosphonates that inhibit osteoclastic bone resorption, particularly 
in cancer patients, can also stimulate Vg9Vd2 cells.484 The Vg9+ 
T-cells respond to superantigens, such as staphylococcal entero-
toxin A.485 Some mucosal gd T-cells interact with MHC-encoded 
proteins, MICA and MICB,486 through the NKG2D C-type lectin 
receptor.487 MICA and MICB class I molecules identify stressed 
cells and have a very restricted pattern of expression, primar-
ily limited to intestine. MICA and MICB do not present peptides 
because the peptide-binding groove is of limited size.488 These 
molecules may function in innate immunity as important targets 
for Vd1+ cells for elimination of stressed cells.475 Some Vd1+ cells 
recognize the nonpolymorphic CD1C member of the CD1 family of 
molecules, expressed on APCs, that presents lipid and glycolipid 
foreign antigens to T-cells.489 These gd cells activated in response 
to CD1C produce IFN-g and direct ab T-cells to Th1 differentia-
tion. Furthermore they are cytotoxic, express granulysin, and they 
could lyse infected dendritic cells via the perforin pathway and kill 
released bacteria by granulysin. Therefore their role is significant in 
host defense before antigen-specific T-cells have differentiated.490

Direct recognition of CD1C may represent a bridge between 
innate and adaptive immunity in a similar fashion to recognition 
of CD1D by murine and human NK+ ab T-cells,491 which polarize 
T-cells to a Th2 phenotype. The CD1C-restricted gd T-cells pro-
mote the maturation of myeloid-derived dendritic cells, which are 
able to present antigens to CD4+ T-cells. This function of gd T-cells 
is important because they stimulate rapid accumulation of mature 
dendritic cells,492 early during microbial invasion; at the same 
time they secrete IL12 to drive T-cell polarization to the Th1 type.

gd t-cell Function
The recognition of antigens by the gd TCR is more akin to 
that of antibodies and does not need antigen processing and 

 presentation. The Vd1 and Vd2 cells are believed to represent 
separate lineages with different developmental pathways and 
tissue distribution.493 Most of the gd T-cells with intraepithelial 
localization are Vd1, whereas the Vd2, about 5% of all T-cells, 
are detected in the peripheral blood. The Vg9/Vd2 T-cells release 
proinflammatory chemokines494 and provide protection against 
mycobacteria by directly killing infected macrophages495 as well 
as extracellular bacteria by granulysin and perforin.496

Persistent chronic disease correlates with a decline or disap-
pearance of mycobacteria-reactive gd T-cells.497 This contributes 
to the prevention of chronic inflammatory disease by directly 
killing activated macrophages.498 This function of gd T-cells may 
be facilitated by the expression of CCR5, the receptor for the 
chemokine RANTES (MIP-Ia) produced by macrophages.499 The 
evidence of a role of gd cells against cancer is still circumstan-
tial.500 Their mucosal localization plays an immunoregulatory role 
in IL10-mediated low-dose oral tolerance induction, but not in 
the induction of systemic tolerance.501 In nonobese diabetic mice 
with spontaneous insulitis and diabetes, administration of insulin 
intranasally induces IL10 secreting suppressor gd T-cells.502

In patients with rheumatoid arthritis503 or in collagen-
induced arthritis, gd T-cells accumulate in the synovium, their 
role depending on the stage of the disease.504 The gd T-cells in 
defense, immune regulation, and surveillance, are critical in their 
role as a “sentinel” between innate and adaptive immunity.505

A population of TCR-gd cells resides within the intestinal epi-
thelium and these intraepithelial lymphocytes may have an extra-
thymic origin (bone marrow),506 express a CD8aa homodimer507 
and are important in maintaining self-tolerance.508 These TCR-gd 
lymphocytes are “educated” by thymic stroma and are dendritic 
in morphology.509

NaTuraL KiLLer ceLLS: 
mOrpHOLOgy, cyTOcHemiSTry, 
aNd Surface marKerS
NK cells originally described on a functional basis according to 
their capability of killing certain tumor cells in the absence of 
prior stimulation are of hematopoietic origin. They are a dis-
crete population of cytolytic lymphocytes implicated in several 
activities in vivo, such as activity against tumor cells, resistance to 
viral infections, and regulation of hematopoiesis.510,511 NK-cells 
are a heterogeneous population with respect to phenotype and 
target specificity. Although the majority of the CD-56+ NK-cells 
are CD-3+, small numbers of CD-45+ cells have been detected 
and large granular lymphocyte (LGL) leukemias with the same 
phenotype have been reported.512 LGLs are large cells with pale 
blue cytoplasm and a high cytoplasmic-to-nuclear ratio with azu-
rophilic granules. These cells constitute 2% to 6% of the periph-
eral white cells and approximately 10% to 15% of the peripheral 
blood lymphocytes. They are larger than the typical lymphocytes 
(10 to 12 mm) with a larger amount of cytoplasm that contains 
peroxidase-negative granules (Fig. 13.18). The a-naphthyl acetate 
esterase distribution is diffuse, similar to that found in mono-
cytes, and is different from the dotlike pattern of T lymphocytes. 
LGLs do not adhere to surfaces and have no phagocytic activity. 
Ultrastructurally, they are heterogeneous in terms of size and the 
density of the granule matrix.513 The granules are located next to 
the Golgi apparatus, which also contains several smooth mem-
branes and coated vesicles. The granules have an electron-dense 
center surrounded by a layer of lesser opacity. Like the granules 
of CTL, the NK-cell granules contain perforin and granzymes, 
both important for their cytotoxic function514 and may be pres-
ent in various forms, such as smooth or coated, depending on the 
stage of cell activation. LGLs are phenotypically and functionally 
heterogeneous (i.e., CD56+/CD3–/CD8–) and 80% to 90% of them 
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are CD16+ and others CD57+/CD3+/CD8+/TCR-ab+. Both popu-
lations are cytolytic, but the CD57+ cells are T (or NK-like) cells 
that are non-MHC restricted. The CD56+ population is sometimes 
known as NK-LGL, whereas the CD57+ population is known as 
T-LGL and both are CD2+ and CD7+. The separation of the two 
cell types is not absolute, and we often detect an intermediate cell 
population that is CD56+/CD57+. The relationship of these cells to 
those expressing only one of the two markers is not known. Clonal 
diseases have been described from both the NK-LGL and T-LGL 
lineages with distinct clinical syndromes.

Ontogeny of Natural Killer Cells

Phenotypic Studies
The presence on NK-cells of some markers (CD2, CD7) character-
istic of T-cells raised the question of common ontogenetic origins 
between these two lymphocytes. However, interference with T-cell 
development, as in athymic or severe combined immunodefi-
ciency (SCID) mice515 or in mice with targeted disruptions of RAG, 
has no impact on NK-cell development. It is conceivable that the 
two lineages derive from a common progenitor with separation of 
their developmental pathways.

Some evidence for a common T/NK precursor has been 
obtained516,517 and relates to expression of cytoplasmic CD3g, d, 
and â. Cytoplasmic expression of CD3g, d, and â proteins has been 
detected in fetal NK-cells,518 and overexpression of CD3â blocks 
T/NK-cell development without affecting other  hematopoietic 

A B

C

FIGURE 13.18. Natural killer cell morphology and ultrastructure. A: Natural killer cell is 
characterized by large amounts of pale blue cytoplasm and the presence of azurophilic granules. 
B: By electron microscopy, the granules in the cytoplasm appear heterogeneous in terms of 
size and density (arrows). A few scattered mitochondria are present. C: The granule consists of 
an electron-dense center that contains the perforin and may be enclosed by a thin membrane. 
Surrounding the core is a layer of lesser opacity containing the granzymes. The granules of the 
cytotoxic cells are probably derived from two separate organelles—those of secretory granules 
and those of lysosomes—and are sometimes called granulosomes. (From Zucker-Franklin D, 
Greaves MF, Grossi CE. Atlas of blood cells, 2nded. Philadelphia: Lea & Febiger, 1988, with 
permission.)

lineages.519 Based on the expression of CD56 progenitors of 
NK-cells have been identified in the thymus within the triple-
negative (TN) thymocyte population74 and a common T/NK-cell 
precursor was detected among the CD-34+ TN population.520 The 
common progenitor has a CD45/CD5 phenotype and becomes 
an NK-committed cell with loss of the capacity for T-cell differ-
entiation with the expression of CD56. The common precursor 
is present among TN thymocytes that are CD34+ and become 
CD34– as the cell is committed to NK lineage. NK-cell differentia-
tion requires a combination of stem cell factor, IL7, and IL2 in the 
presence of a stromal feeder layer. Precursors of NK-cells, that 
can differentiate into DP (CD4+/CD8+) thymocytes, have also been 
identified in fetal thymuses of mice521 if they remain in contact 
with the thymic stroma, or into NK-cells if they are removed from 
the thymic microenvironment. This again supports the notion that 
the thymus is not essential for NK-cell development. The com-
mon T- and NK-cell progenitor in fetal mouse thymus is CD117+/
CD44+/CD25–/NK1.1+ and shows commitment to NK lineage with 
loss of CD117 expression.522 The overall scheme of differentiation 
in fetal mouse thymus suggests that multipotent precursors enter-
ing the thymus first lose B-lymphoid potential as they up-regulate 
NK1.1 and commit to a T/NK lineage. Then CD25 is up-regulated, 
CD117 is down-regulated, and cells commit to T- and NK-cell 
lineages, respectively.

Bone marrow is also an important location of NK-cell progeni-
tors which are CD34+/CD7+ and differentiate to mature NK-cells 
either in the presence523 or absence of stromal cells.524–526 The 
progenitors express CD34 and CD7 and cytokines such as stem 
cell factor, IL2, and IL7 are essential, for their differentiation.

Cytolytic activity against NK-cell targets is detected at the time 
of CD56 expression. Mature NK-cells can be stimulated by IL2 for 
further enhancement of cytotoxic activity, increase of cytotoxic 
granule content, expression of adhesion molecules, and acquisi-
tion of properties attributed to lymphokine-activated killer cells. 
Other cytokines, such as IL7 and IL12, have similar effects, albeit 
to a lesser degree than IL2. The common lymphocyte precursor 
in the bone marrow with the CD-34+/CD-10+/CD-45RA+ phe-
notype is able to develop into NK-cells in vitro.527 Uncommitted 
hematopoietic progenitors are CD-34+/CD-38–, but up-regulation 
of CD38 indicates enrichment of cells committed to a particular 
hematopoietic lineage. CD34+/CD382+ progenitors in fetal thymus 
develop into T-cells, but CD34+/CD382+ progenitors in fetal liver 
have no T-cell precursor activity. This population has no TRD@ 
rearrangements and no pre-TCR–a chain expression and devel-
ops in vitro into NK-cells through an intermediate stage of CD3–/
NKRP-1+/CD34–/CD56–.528,529 A similar NKRD-1+/CD56– popula-
tion has been detected in cord blood and develops into mature 
CD56+ NK-cells in the presence of IL12.530

Natural Killer Cell Functional Studies
The cytokine environment regulates NK-cell maturation for the 
two distinct human NK-cell populations, one producing IFN-g 
and the second IL13. IL-4 regulates the size of the IL13 popula-
tion primarily by inducing their proliferation, whereas IL12 has 
minimal effects on the proliferation of IFN-g+ NK-cells. Cells with 
the CD161+ (NKR-P1)/CD56– phenotype produce IL13 but not 
IFN-g and have no perforin-mediated cytotoxicity.531 CD161 is 
encoded by the NK-gene complex including CD69 and CD94. The 
CD161+CD56– cells produce IL13 and differentiate to phenotypi-
cally mature IFN-g– producing cells in the presence of IL12 and 
feeder cells. As cells mature they pass through an intermediate 
stage of IL13+/IFN-g+ NK-cells and eventually acquire the mature 
irreversible phenotype IFN-g+/IL13– CD56+.532 The molecular 
defect of X-linked SCID conclusively demonstrated that cytokines 
are critical for T- and NK-cell development.533,534 These X-SCID 
patients present with a severe block of T- and NK-cell develop-
ment, whereas normal or even elevated numbers of B-cells are 
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present. The cause of the disease is the lack of the common gc-
chain shared by several interleukin receptors (i.e., IL2, IL4, IL7, 
IL9, and IL15). The most important among these interleukins is 
IL7, which promotes development of human thymocytes (and, in 
the mouse, B lymphocytes also). Deficiency of Jak3, a tyrosine 
kinase associated with the gc-chain, also blocks NK-cell develop-
ment.535 Other data suggest a critical role for IL15.536,537 Of the 
transcription factors, the Ikaros family is required for transcrip-
tional regulation of NK-cell development.538,539

Natural Killer Cell receptors
NK-cells are one of the important cellular components of innate 
immunity, with the mission to defend the body immediately 
against pathogens or in the early stages of tumor development. 
As a consequence, the recognition molecules or receptors of the 
NK-cells are displayed on the cell surface without the need of 
assembly, i.e., rearrangements from multiple DNA segments after 
the antigenic encounter.540–545 Another important difference from 
other receptors such as BCRs or TCRs is that NK receptors do not 
directly recognize pathogens or their products but the quantitative 
change of MHC molecules induced as a result of the infection. In 
humans, three distinct families of genes have been defined that 
encode for receptors of HLA class I molecules. One family belongs 
to the Ig superfamily and is composed of KIRs. The second family 
is structurally Ig-like, named Ig-like transcripts (ILTs). ILTs are 
expressed mainly on B, T, and myeloid cells, but some members 
are also present on NK-cells. They are also called LIRs for leuko-
cyte Ig-like receptors. The third family consists of C-type lectin 
receptors. C-type lectins are a superfamily with homologous mod-
ular carbohydrate recognition domains (CRDs) that bind carbohy-
drates in a Ca2+-dependent manner.546 The proteins of this family 
of NK receptors form group V outside of a total of seven groups. 
The C-type lectin receptors, however, have structural differences 
from the other (more than 200) members of the superfamily, and 
it has been proposed that it be renamed as a new family of C-type 
lectin-like NK-receptor domains.547 The human lectin-like recep-
tor gene complex is on chromosome 12p13.1 and the genes for 
the Ig-like receptors are in chromosome 19g13.4.

the Leukocyte Immunoglobulin-like receptors
NK cells express Ig-like receptors, known as “KIRs”, shown to be 
involved in regulation of adaptive cytotoxic T-cell responses.

The KIRs have two or three Ig-like domains and hence 
are designated KIR2D or KIR3D receptors, respectively548  
(Fig. 13.19 and Table 13.2). The cytoplasmic domains of the KIRs 
can be either long (L) or short (S), corresponding to their func-
tion, either inhibitory or activating, respectively. The inhibitory 
receptors contain one or two immunoreceptor tyrosine-based 
inhibitory motifs, or ITIMs (I/V/L/S)-X-Y-XX-(L/V) (where X 
denotes any amino acid).549 When tyrosine (Y) is phosphorylated, 
it recruits and activates SHP-1 phosphatase, leading to inhibi-
tion of signaling. Activating receptors do not signal directly but 
must associate noncovalently (via a salt bridge linking the trans-
membrane regions) with other signaling adaptor molecules that 
have ITAMs  in their cytoplasmic domain (consensus sequence, 
-Y-X-X-L-X6-8-YXXL/I).550 NK-cells express three ITAM-bearing 
transmembrane proteins: z, FcâRIg, and DAP12. The first two 
are present as homodimers or heterodimers, whereas DAP12 
is exclusively a disulfide homodimer. (The KIRs in the CD des-
ignation are known CD158a-m and CD158z. See Table 13.2 and 
Appendix A for details.)

A fundamental difference between recognition by KIRs and 
TCRs is that the KIRs recognize more than one MHC allele. They 
do this by recognizing conserved residues within the polymorphic 
regions of MHC, whereas TCR recognizes the polymorphic resi-
dues. In addition, KIRs display a precise specificity for a particular 

MHC allotype. This is achieved by variations in single amino acids 
of KIR molecules.551

The ligands for KIRs are alleles of all three MHC class I mol-
ecules, HLA-A, HLA-B, and HLA-C, which can confer protection 
from lysis by NK-cells. Generally, KIR3D receptors recognize 
HLA-A and -B, whereas KIR2D receptors recognize HLA-C alleles. 
A number of techniques have been used to study the binding and 
specificity of the receptors. No other molecule is necessary for 
binding except the HLA alleles.552–554 Crystal structures of some 
KIR receptors with their ligands have been solved. The KIR2DL2 
in complex with HLA-Cw3 and peptide shows that KIR binds in 
nearly orthogonal orientation across the a1 and a2 helices of 
HLA-Cw3. It contacts positions 7 and 8 of the peptide, but most 
contacts are between the KIR and conserved HLA-C residues.555

Allotypic specificity is determined by the interaction between 
Lys44 of KIR2DL2 and Asn80 of the HLA-Cw3. In general, the 
peptides play a minimal role in the interaction, a point that strik-
ingly distinguishes TCR–MHC from the KIR–MHC interactions.556 
LIR-1 is a member of the LIR family (LIR-1 to LIR-8) expressed 
on monocytes, B-cells, dendritic cells, and some NK-cells. LIRs 
have two to four extracellular Ig-like domains and ITIMs in the 
cytoplasmic region; therefore, engagement with MHC molecules 
protects target cells from lysis. The first amino terminal domain 
of LIR-1 binds to the nonpolymorphic a3 domain of MHC I, an 
interaction that is more similar to that of CD4 with the MHC II 
than to that of KIRs. LIR-1 also recognizes the human cytomega-
lovirus protein UL-18, which has a structure similar to MHC I and 
associates even with b2-microglobulin and host peptides. LIR-1 
binds to this human cytomegalovirus protein with an affinity that 
is more than 1,000-fold higher than the host MHC I. This mecha-
nism illustrates an example of viral subversion of host defenses 
and protection of infected cells from lysis557 because the binding 
of LIR-1 to UL-18 sends an inhibitory signal.

C-type Lectin-like receptors
The members of the C-type lectin-like receptor family are either 
homodimers (the large murine family Ly-49A-W, CD69, and NKR-P1) 
or heterodimers, which consist of an invariant chain CD94 and 
a second subunit from the NKG2 family members A, B, C, and 
E.558 The function of the heterodimeric proteins depends on 
the cytoplasmic regions of the variant chains (i.e., whether long 
[NKG2A,B] or short [NKG2C,E], corresponding to inhibitory or 
activating functions, respectively). The inhibitory subunits have 
one pair of ITIMs in the cytoplasmic region, whereas the activat-
ing subunits associate with the ITAM-containing adaptor molecule 
DAP12. The NKG2D (KLRK1) protein forms a homodimer (does 
not pair with CD94) and is an activating receptor. Each subunit 
is composed of an extracellular C-type lectin-like domain known 
also as an NK-receptor domain or NKD. The NKD, however, binds 
proteins and not carbohydrates, which are the ligands for the 
classical C-type lectins, and furthermore, their structure differs 
from the classical C-type lectins.559 C-type lectin-like NK-receptor 
domains include other important molecules of innate immunity, 
macrophage mannose receptor, collectins (i.e., pulmonary sur-
factants), and so forth. The ligands for CD94/NKG2 proteins are 
the nonclassical HLA-E molecule, which binds peptides from the 
leader sequence of the HLA-A, -B, -C, and -G molecules.560,561 
Expression of HLA-E depends on the presence of the signal pep-
tides, thus providing a safe strategy for NK-cells to monitor the 
presence of polymorphic HLA molecules562 because absence of 
HLA-E would indicate absence of some of the HLA-A, -B, or -C. 
HLA-E is also capable of binding the signal sequence of heat-shock 
protein HSP60. HSP60 is present in all living cellular organisms563 
and serves as a mitochondrial chaperone. HSP60 levels are 
increased in response to stress stimuli (i.e., temperature increase, 
nutrient deprivation, exposure to toxic chemicals, inflammation, 
etc.). HSP60 protects these cells from harmful stimuli, but at the 
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FIGURE 13.19. Natural killer (NK) cell receptors. The NK-cell receptors in humans structurally belong to two different families: one family has immunoglobulin 
(Ig) domains in the extracellular region and are known as killer Ig receptors (KIRs) and the other family has a C-type lectin-like domain. The C-type lectin domain 
recognizes oligosaccharides (and sometimes polypeptides), but the binding is directly mediated by Ca2+, hence the term C-type lectin. However, the NK-cell receptors 
with the C-type fold lack the Ca2+-ligating elements and thus have been termed C-type lectin-like. (See Kogelberg H, Feizi T. New structural insights into lectin-type 
proteins of the immune system. Curr Opin Struct Biol 2001;11:635–643.) The NK-cell receptors in both families are functionally divided into inhibitory and activating. 
The labyrinthine jargon of the NK-cell receptors becomes simpler with the acquaintance of some rules: The inhibitory KIRs have either two or three Ig domains in the 
extracellular region (i.e., 2D or 3D) and a long or short cytoplasmic tail (i.e., 2DL or 2DS and 3DL or 3DS). Those with long cytoplasmic tails are inhibitory, whereas 
those with short tails are activating. Thus, the receptor KIR 2DL is an inhibitory receptor with two Ig domains, whereas the receptor KIR 3DS is an activating receptor 
with three Ig domains. (See more details in text and in Table 13.2.)

same time, the HLA-E/HSP60 peptide is not recognized by the 
inhibitory receptor, CD94/NKG2A, and these cells are eliminated 
by NK-cell activation.564

In humans the ligands for the NKG2D receptor are the MHC 
class I-related molecules MICA and MICB, which are up-regulated 
in virally infected cells and many tumors.565,566 They are mini-
mally expressed in normal tissues but up-regulated in stressed 
cells.567 MICA is composed of two structural domains: one in the 
form of a platform formed by a1/a2 and the second in the form of 
a C-type Ig-like a3 domain.568 The NKG2D receptor binds orthogo-
nally to the MICA platform in a way similar to the docking of TCR 
on pMHC (see above).569 For signaling, it uses the adaptor protein 
DAP10, which has no ITAMs but contains the sequence YINM 
and propagates signaling through PI3-kinase and is thus less 
susceptible to the SHP-1–coupled receptors. The NKG2D recep-
tor in mice (Kirk1) may associate with another adaptor protein, 
DAP12 (also known as KARAP), which recruits protein tyrosine 
kinases.570 Through DAP12, it can activate ZAP70 or SYK protein 
kinases through the ITAM of DAP12 and the p85 subunit of PI3-
K. Thus depending on the availability of the adaptor partners, 
NKG2D may mediate costimulation in T-cells and/or activation 
in NK-cells.570 Furthermore, the functional outcomes of NKG2D 
stimulation depend on ligand density, cytokines, or the presence 

of  inhibitory ligands.571 Another family of ligands for NKG2D 
contains proteins that bind the UL16 cytomegalovirus protein, 
known as UL16-binding proteins (ULBP).572,573 The ULBP possess 
a1 and a2 domains but differ from MIC and MHC I in lacking the 
a3 domain, and they are GPI-anchored proteins without b2M pro-
tein. Binding to the NKG2D receptor has been demonstrated by 
blocking of ULBP binding by anti-NKG2D antibodies.574 The pres-
ence on NK-cells of receptors that recognize infected or abnormal 
(malignant) cells provides a new platform for developing strate-
gies for immunotherapy of malignancy.575

The major breakthrough in the regulation of NK-cell function 
came with the formulation of the “missing self” hypothesis576,577 
(Fig. 13.20). This hypothesis states that NK-cells can recognize 
and selectively lyse targets that fail to express self–MHC I anti-
gens. The validity of the hypothesis has been demonstrated in 
multiple in vivo and in vitro systems as summarized.576 The 
basic premise is that when appropriate MHC I molecules are 
expressed, lysis of the target is inhibited, but when the target 
is deficient in MHC I expression, the target is lysed. Specific 
inhibitory receptors engaged with normal MHC I molecules pre-
vent activating receptors to kill the target. Cells that have lost a 
normal MHC I expression (“missing self”; i.e., tumors or infected 
cells) are unable to deliver an inhibitory signal to NK-cells and 
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A KIRs B LIRs/ILTs

CD158a KIR2DL1 CD85a LIR3 (ILT5)

CD158 b1/b2 KIR2DL2/L3 CD85b ILT8

CD158c KIR2DS6 CD85c LIR8

CD158d KIR2DL4 CD85d LIR2 (ILT4)

CD158 e1/e2 KIR3DL1/S1 CD85e LIR4 (ILT6)

CD158f KIR2DL5 CD85f ILT11

CD158g KIR2DS5 CD85g ILT7

CD158h KIR2DS1 CD85h LIR7 (ILT1)

CD158i KIR2DS4 CD85i LIR6

CD158j KIR2DS2 CD85j LIR1 (ILT2)

CD158k KIR3DL2 CD85k LIR5 (ILT3)

CD158z KIR3DL7 CD85l ILT9

CD85m ILT10

Note: See also Figure 13.20 for structural classification. (Designations were assigned during 
the seventh HLADA Workshop, Harrogate, UK, June 2000.)
ILT, immunoglobulin-like transcript; KIR, killer cell immunoglobulin-like receptor; LIR, 
leukocyte immunoglobulin-like receptor.
From Mason D. CD antigens 2001. Immunology 2001;103:401–406, with permission.

NATuRAL KiLLeR CeLL ReCepToRS ANd Cd deSigNATioN

taBLe 13.2

become  susceptible to lysis. Cells susceptible to lysis by NK-cells 
as a result of deficiency of MHC I molecules could be protected 
by transfection of MHC I alleles. This experiment provided for-
mal demonstration of the validity of the missing self hypothesis. 
However, NK-cells under persistent stimulatory signals, below the 
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FIGURE 13.20. Natural killer (NK) cell cytotoxicity: the missing self. NK-cell cytotoxicity 
is a delicate balance between activating receptors and inhibitory receptors. Both (whether of 
the immunoglobulin SF or C-type lectin) have HLA class I specificity, although some receptors 
recognize nonmajor histocompatibility complex molecules. The presence of activating receptors 
against normal cells causes no problem as long as the NK-cells possess at least one inhibitory 
receptor, the signal of which is always dominant. However, with alterations of the structure of 
a class I molecule or complete loss of the molecule, the binding of the inhibitory receptor is 
abolished and the activating signal remains unopposed. This is the essence of the missing self 
hypothesis. KAR, killer-activating receptor; KIR, killer Ig receptor. (From Kärre K. How to recognize 
a foreign submarine. Immunol Rev 1997;155:5–9.)

level of full activation, become hyporesponsive or “anergic” (i.e., 
chronic stimulation induces loss or responsiveness to NK-cells 
[disarming model]).578,579 Another possibility (arming model) 
assumes that MHC class I inhibitory receptors induce functional 
maturation and in their absence the NK-cells remain immature 
(i.e.,  hyporesponsive).

The effector functions of the NK-cell receptors are controlled 
by the transmembrane and cytoplasmic regions. The inhibitory 
receptors have ITIMs in their cytoplasmic tails and recruit SHP-1 
phosphatase. Activating receptors have a short cytoplasmic 
region, but for signaling, they borrow the function of ITAMs by 
associating with adaptor molecules such as DAP12 (TYROBP). 
Association is mediated by a positively charged residue of the 
receptor and an oppositely charged (i.e., aspartate) residue of 
the adaptor.580 Further research into the regulation of NK-cell 
function by the NK receptors is expected to expose new initia-
tives for investigating tumor immunosurveillance581,582 and 
autoimmunity.583 In hematology specifically, the manipulation of 
receptor–ligand interactions may help in allogeneic bone marrow 
transplantation to prevent leukemia relapse and graft versus host 
disease.584–586

Cytotoxicity of Natural Killer Cells
Two major mechanisms are used by NK-cells to kill target cells 
and both require contact with their targets. One pathway involves 
proteins released from granules by the process of exocytosis such 
as perforin (see section “Cytotoxic T Lymphocytes”) or serine 
proteases, the granzymes with various substrate specificities. 
The other pathway involves engagement of death receptors (e.g., 
FAS/CD95) on target cells, with their cognate ligands (FASL) 
on NK-cells.587 Engagement of the NK-cell with its targets is 
 mediated by the NK-cell receptors (see above).

Natural resistance
NK-cells are one of the main effectors of innate immunity. Their 
role against viral infections has been well documented.588 
NK-cells selectively lyse virally infected cells but spare noninfected 
cells. The mechanism of natural resistance against viral infec-
tions may involve direct lysis of the infected cells or production of 
TNF-a, which stimulates NK-cell activity. A patient with selective 
deficiency of NK-cells has been described who had life-threaten-
ing viral infections.589 NK-cells also play a role against certain 
intracellular parasites, such as Toxoplasma gondii. Production of 
TNF-a and IL12 activates NK-cells for production of IFN-g, which 
is important for macrophage activation in the defense against 
intracellular parasites.590

regulation of adaptive Immunity
NK-cells enhance responses of B- and T-cells during the early 
stages of an immune response. As a result of stimulation by 
IL12, produced by macrophages in response to infectious agents, 
NK-cells produce large amounts of IFN-g.591 IFN-g acts on mac-
rophages and enhances their antigen-presenting function by 
increasing expression of class II antigens. IFN-g is important 
in directing T-cell differentiation to Th1 cytokine responses. 
Induction of predominantly Th1 responses leads to enhancement 
of cell-mediated immunity. Finally IFN-g activates macrophages 
enhancing their microbicidal function.

Natural Killer Cells: Malignancies and Bone 
Marrow transplantation
NK-cells provide surveillance against tumor cells and virus-
infected cells.565 In patients with X-linked lymphoproliferative 
disease592 or deficient NK activity,592 there is a high incidence 
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of cancer.593 Nude mice are T-cell deficient, but have normal 
NK activity, and no increased susceptibility for development to 
malignancies. There is a positive correlation between NK-cell 
activity and survival time without metastasis in patients with 
solid tumors.594 Decrease of NK-cell activity has been detected in 
patients with malignant lymphoma, in patients before relapse of 
leukemia, and also in women with breast cancer and metastasis 
to regional lymph nodes. Acceptance of organ grafts in the F1 
progeny of inbred strains of mice results from the fact that the 
F1 animals express co-dominantly the class I antigens from both 
parents, and therefore, the F1 T-cells recognize them as self but 
reject bone marrow stem cells from either parent.595,596 This is 
known as hybrid resistance mediated by NK-cells but not T-cells.

After bone marrow transplantation the NK-cells engraft dur-
ing the first few weeks.597,598 In one third of the patients after 
autologous or allogeneic bone marrow transplantation, a minor 
NK subpopulation (CD56+/CD16–) was markedly expanded (up 
to 40% of peripheral blood lymphocytes).599 NK activity helps the 
acceptance of the graft by controlling viral infections, eliminating 
leukemic cells, or stimulating hematopoiesis.593

regulation of hematopoiesis
Existing evidence suggests that NK-cells exert both inhibitory and 
stimulatory effects on hemopoietic progenitors. These effects are 
mediated predominantly by the release of cytokines from NK-cells 
rather than by cytotoxicity.

Strong evidence exists that an increase in the number of LGLs 
is associated with anemia or granulocytopenia. NK-cells inhibit in 
vitro granulocytopoiesis in the granulocyte-macrophage colony-
forming cell assay.600 NK-cells also exert a promoting effect on 
hematopoiesis, however, and the net effect may actually depend 
on the stage of maturation of the progenitor cells.601

In some patients with neutropenia, there is an increase of 
NK-like cells in the bone marrow but not in the peripheral blood. 
These cells can be identified only by immunophenotyping.602

Decidual Natural Killer Cells
A unique subset of CD56bright NK-cells accumulates in the mater-
nal decidua in direct contact with fetal trophoblasts.603 These 
NK-cells are not derived from peripheral blood and produce IL8 
and interferon-inducible protein-10 chemokines. They secrete 
a variety of angiogenic factors, induce vascular growth in the 
decidua, and possess low or even inefficient cytotoxic abilities and 
overall orchestrate developmental processes in the fetal–maternal 
interface.

Natural Killer Cell Proliferations
Artificially five to seven times the normal number (250 to 450/ml), 
is believed to represent a lymphoproliferative disease of LGL if it 
persists for longer than 3 months.604 Some of the most common 
clinical presentations are fever, infections, neutropenia, anemia, 
and thrombocytopenia. Mortality was associated with moderately 
elevated counts of LGLs (2,000 to 3,000/ml) and very high counts 
(more than 7,000 ml), which indicates that LGL proliferations are, 
in general highly heterogeneous.

Cytogenetic abnormalities have been detected, and in LGL 
cases that are CD57+ (and therefore express TCRs), rearrange-
ments of TRB@ genes are detected in most of the cases.605 
Because these cases are also associated with widespread involve-
ment of several organs, such as the spleen, liver, and bone mar-
row, the term LGL leukemia has been proposed. The predominant 
phenotype of the LGL is CD57+ (HNK-1+)/CD3+ and these patients 
often have rheumatoid arthritis, neutropenia, and splenomegaly, 
a combination resembling Felty syndrome. Anemia and throm-
bocytopenia are not uncommon, and serologically, rheumatoid 

factor, antinuclear antibodies, hypergammaglobulinemia, and 
immune complexes are detectable.

Two major subtypes have been distinguished in terms of clini-
cal presentation and the phenotype of the cells.606–608 The LGLs in 
type A, also known as T-LGLs, are CD57+/CD3+/CD8+/CD2+, and 
those in type B, also known as NK-LGLs, are CD56+/CD3+/CD8+/
CD2+. Patients with T-LGL (CD57+) often may have neutropenia 
(84%), rheumatoid arthritis, and autoantibodies. However, these 
clinical and serologic findings in patients with T-LGL could not be 
confirmed in other studies.609 NK-LGL leukemias are observed in 
younger patients and run an aggressive course.610 The most char-
acteristic clinical presentation is hepatosplenomegaly and involve-
ment of the gastrointestinal system with ascites. The course of the 
disease is acute, and often the patients die within 1 to 2 months 
after diagnosis.

NaTuraL KiLLer T-ceLLS
Natural killer T-(NKT) cells have been identified as a novel lym-
phocyte lineage, which, in humans expresses the cell-surface 
marker CD161 (NKR-PIA) structurally related to several other 
proteins encoded by the NK-gene complex, including CD94, NKG2, 
and CD69.611 Because a-glycosphingolipids are not detected in 
mammals, the a-Gal-Cer probably mimics self-antigens that are 
recognized by NKT-cells.

The NKT-cells express an invariant Va-14 receptor (Va-14i 
TCP), which is used only by the NKT-cells but not by T-cells. 
The expression of an invariant TCR suggests that the selection 
is mediated by a monomorphic rather than polymorphic MHC 
molecule.612 The NKT-cells are selected from DP CD4+/CD8+ 
thymocytes expressing CD1D.613 Their thymic CD4+CD8+ Va14i 
precursors, recognize endogenous CD1D-associated glycolipids 
on other CD4+CD8+ thymocytes and are selected to undergo a 
maturation program involving sequential expression of CD44 and 
NK-related markers such as NK1.1.614 After their selection, the 
Va14i precursors are exported and acquire the NKT phenotype in 
the periphery.615 They migrate to the liver and from there to sites 
of inflammation responding to stimuli, i.e., chemokines and gly-
colipids. They have a surface phenotype characteristic of recently 
activated or memory T-cells, even when the cells are obtained 
from cord blood,616 consistent with the postulated autoreactivity 
of the NKT-cells.

Inhibitory receptors prevent unchecked autoreactivity for 
CD1D DCs.617 The NKT-cells expressing Va24 in their TCR 
play a critical role in immune responses, inhibition of tumor 
development, and protection from autoimmune disease develop-
ment.618,619 These cells have cytolytic function and rapidly induce 
cytokines after stimulation and activate other cells (i.e., NK-cells, 
T-cells, B-cells, and macrophages).

In humans the CD4+ Va24i cells preferably produce IL-4, 
which is believed to regulate Th1/Th2 differentiation,620,621 but 
the Th1 versus Th2 polarization is more complex and depends on 
additional factors such as the number of antigenic stimulations 
with a shift to Th2 after multiple challenges.622,623 Th2 cytokine 
prevents the development of type I diabetes in mice with genetic 
predisposition,624 as well as allergic encephalomyelitis in another 
strain susceptible to the development of this disease.625 In experi-
mental autoimmune diseases that develop spontaneously, there is 
a direct correlation between the development of the disease and 
the decline of Va-14 cells.626

Selective reduction of Va24 cells has also been shown in 
patients with systemic sclerosis,627 systemic lupus erythemato-
sus, rheumatoid arthritis,628 and type I diabetes.629 Stimulation 
of NKT-cells by a-Gal-Cer in animals triggers secretion of large 
amounts of cytokines (IFN-g, IL4, Il2, IL5, etc.).630 The fact 
remains, however, that NKT-cells promote Th2 responses and 
suppress Th1-dominant autoimmunity.631
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Others have found that NKT-cells are not critical in the IL12-
mediated rejection of tumors,632 and it appears that the con-
flicting results in the literature about the role of NKT in tumor 
responses are due to complex factors, including the types of 
tumors and their microenvironment, and functionally different 
subsets of NKT-cells.633 NKT-cells have been implicated in pro-
tective immunity against several pathogens, i.e., mycobacteria634 
and malaria parasites.635 In conclusion, NKT-cells are phenotypi-
cally and functionally heterogeneous, endowed with cytolytic and 
cytokine secretion functions and regulation of several functions 
of the immune response that are related to host defenses against 
infections, autoimmunity, and tumor immunity.

They have been called “nonconformist” and “unconventional” 
because they are suited to get involved in such a great variety of 
homeostatic disequilibrium conditions of the host.

th17 CD4+ Cells
Effector CD4+ T-cells develop in response to cytokines elicited from 
cells activated during an immune response. as in the development of 
Th1 and Th2. Another CD4 T-cell lineage known as Th17, represents 
an additional CD4+ T-cell effector cell, characterized by a distinct 
profile of effector cytokines such as IL17, IL17F, and IL6.636 In the 
absence of IFN-g and IL4, IL23 induces naive precursors to differen-
tiate to Th17 cells.637 TGF-b is critical for up-regulation of the IL23 
receptor, thus conferring responsiveness to IL23.638 IL6 probably is 
also needed in cooperation with TGF-b for Th17 cell development 
from naive T-cells.639 Others, however, have shown that TGF-b 
alone is a critical factor for differentiation of IL17-producing effec-
tor cells.640 The role of IL23 may be important for stabilizing the 
Th17 phenotype in chronic inflammation641 and control of certain 
pathogen-induced diseases not covered by Th1 and Th2.642
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cytoplasmic domain of the molecule. The second and third exons 
are the most polymorphic whereas the fourth exon is the most 
conserved.

Class II Region
The MHC class II molecule consist of two chains, a and b, each 
having two extracellular domains a1, a2 and b1, b2 and a 
transmembrane domain, which anchors the molecule to the cell 
membrane.5 A peptide-binding groove formed by the a1 and b1 
domains of the molecule presents the foreign peptides to CD4+ 
lymphocytes. The nonclassic molecules are detected in internal 
membranes such as lysosomes. The human class II molecules 
were originally defined by mixed lymphocyte cultures and because 
participation of class I, HLA-A, HLA-B, and HLA-C was excluded, 
the new region was called HLA-D and its specificities were defined 
with serological reagents obtained from multiparous women. The 
HLA-D (DR) is located on the centromeric (left) side of the HLA-B 
and consists of three subregions which in the direction of the 
telomere are HLA-DP, HLA-DQ, HLA-DR. The genes of the class II 
region have a 40% G, C content with only one gene for every 25 
kb, i.e., much lower in density than class I (15.2/kb) or class III 
(14.3/kb) regions. The a chain is composed of five exons and the 
b chain consists of six exons. The sequence of the a chain con-
tains five regions: i.e., (a) signal sequence, (b) a1 domain, (c) a2 
domain, (d) transmembrane region and cytoplasmic tail, and (e) 
an untranslated 3′ region. By comparison with murine class II 
genes, considerable gene expansion has apparently taken place in 
the evolution of human MHC. Many more a and b chains are in the 
human class II region and the DR molecule is homologous to the 
murine E molecule whereas the human DQ molecule is homolo-
gous to the murine A molecule.

The genes encoding the a and b chains of class II molecule are 
designated A and B, respectively, and a DR contains one A gene, 
three B genes, and pseudogenes.8 The a chain can associate with 
two different b chains to give two different molecules. In the DQ 
and DP subregions, only one set of genes (A and B) is expressed, 
and the genes in the other set are pseudogenes. Not all class II 
molecules that are encoded by these genes are polymorphic. For 
example, the DRa chain is not polymorphic, and the DPa shows 
only limited polymorphism.

Within the class II region, several genes encode proteins that 
are related to antigen processing. Two of them, PSMB9 and 
PSMB8 (previously known as LMP2 and LMP (for large multi-
functional protease), are subunits of the proteasome that cleaves 
peptides from antigens that are present in the cytoplasm to be 
transported and loaded on class I molecules.9

Also close to these genes are the TAP1 and TAP2 genes (trans-
porters associated with antigen presentation), which encode the 
proteins that transport the peptides from cytosol across the endo-
plasmic reticulum (ER) membrane to be loaded on class I.10 The 
DR subregion has several haplotypes. The DRA gene is the most 
telomeric of all class II genes.

The DQ subregion has two pairs of DQ genes, but one of them 
is nonfunctional. The DP also has two pairs of genes, but only one 
is expressed, and the others are pseudogenes. Within the class 
II region are the genes for the nonclassical molecules DMA and 
DMB, which are distantly related to classical loci (approximately 
30% amino acid identity) and must have duplicated from them at 
an early stage. There are no polymorphic variations in humans in 
the DM gene. The DN and DO genes, as does DM, may play a role 
in peptide editing.11

EffEcTor MEcHaNiSMS iN iMMuNiTy
frixos Paraskevas

C h a p t e R  1 4

Major HiSTocoMPaTibiliTy 
coMPlEx
The function of the immune system is under genetic control1 and 
molecular genetic studies have helped to elucidate the mechanism 
of gene regulation of immune functions.2 The genes that regulate 
immune functions are found in the chromosomal region of the major 
histocompatibility complex (MHC) involved in defining histocom-
patibility for transplantation, and these antigens have been given 
specific names in different species, i.e., human leukocyte antigens 
(HLAs) in humans and histocompatibility-2 or H2 in the mouse.

The HLA complex extends approximately over 4,000 kilobases 
(kb) on the short arm of chromosome 6, i.e., 6p21-3, whereas the 
H2 complex is located on chromosome 17 and occupies a seg-
ment that is halfway between the centromere and the telomere. 
Approximately 180 genes have been located within the HLA 
region and the number grows constantly with the increase in 
sensitivity and sophistication of techniques of molecular biology.

The complex is divided into three regions: (a) the class I region 
occupies the most distal (telomeric) end of the short arm of the 
chromosome and spans approximately 1.8 megabases (Mb); (b) 
the class II region (approximately 1 Mb) occupies the most cen-
tromeric end of the chromosome; and (c) the class III region is 
between the other two regions2 (Fig. 14.1).

Class I Region
Of the polymorphic class I genes HLA-A, HLA-B, and HLA-C, the 
HLA-B is the most centromeric and HLA-A is the most telomeric; 
the HLA-C is between the two but closest to HLA-B. There are 
several nonclassical class I or Ib genes that include HLA-E, HLA-
F, HLA-G, HLA-H, HLA-I, HLA-J, HLA-K, and HLA-L, as well as 
several pseudogenes and gene fragments.2,3,4,5 Pseudogenes give 
products that do not associate with b2 microglobulin (b2m), prob-
ably as a result of deleterious mutations, and the gene fragments 
are not expressed because the genes are severely disrupted. In the 
human MHC class I region, which spans 1.8 Mb from the MICB 
gene to the HLA-F gene at the telomeric end of the HLA region, 
there are 118 genes (73 known and 45 new genes), i.e., one gene 
for every 15.2 kb. The G+C content on average is 45.8%6 and 
contains three classical HLA class I genes, HLA-A, HLA-B, and 
HLA-C; three nonclassical class I genes, HLA-E, HLA-F, and HLA-
G; and two of the nonclassical MHC class I chain-related (MIC) 
genes MICA and MICB. The class I region also contains 50 non-
HLA genes. A number of diseases including Behçet syndrome, 
ankylosing spondylitis, ulcerative colitis, Takayasu arteritis, and 
Hashimoto thyroiditis, are associated with a particular class I 
allele. The large-scale genomic sequencing has greatly facilitated 
the clarification of gene organization and identification, as well 
as mapping of the disease-susceptible genes.7 A total of 758 mic-
rosatellite repeats have been identified consisting of two, three, 
four, or five nucleotides. They can be used as markers for map-
ping the exact location of the disease that is associated with the 
HLA genes. Class I genes are composed of eight coding sequences 
or exons that are separated by noncoding sequences or introns. 
Of the eight exons that correspond to the domains of the protein 
the first encodes the hydrophobic N-terminal precursor or leader 
sequence and the second, third, and fourth exons encode the 
three extracellular domains. A fifth exon encodes the hydrophobic 
transmembrane segment and the basic residues that act as an 
anchor. The sixth and seventh exons are small, coding for the 
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FIGURE 14.1. The human major histocompatibility complex contains genes that are grouped in three regions. Closest to the centromere is the class II 
region, followed by the class III region, and finally the class I region. Within the class II region are proteasome genes and TAP-1 and TAP-2 genes. The class II genes 
are located from the centromere in the order DP, DQ, and DR. The class III region contains genes of the complement system heat-shock protein 70, tumor necrosis 
factor-a, and tumor necrosis factor-b. The class I region contains the genes for the a chain of the HLA-A, HLA-B, and HLA-C molecules and the genes that encode 
the newly discovered class Ib molecules, such as HLA-E, HLA-F, HLA-G, HLA-H.

Other genes in the class II region are antigen-processing genes. 
They constitute a cluster of four genes. Two of them, TAP1 and 
TAP2, are adenosine triphosphate (ATP)-binding cassette (ABC) 
transporters (for structure and function, see section “Antigen 
Processing and Presentation”). The proteasome genes, PSMB9 
and PSMB8, are both members of the catalytic subunit of protea-
some (see section “Antigen Processing and Presentation”).

Class III Region
The class III genes encode proteins that do not participate in anti-
gen presentation, such as the genes of certain components of the 
classical and alternative complement pathways (C4, C2, and B), as 
well as the genes of tumor necrosis factor TNFA and TNFB, HSP70 
and the 21-hydroxylase–producing gene (CYP21A2). Telomeric to 
the class III region is a group of genes that encode the proteins 
involved in inflammation or infection, such as the tumor necrosis 
factor (TNF)-a, TNF-b (LTA), and LTB cytokines. It has been pro-
posed that this region should be named the class IV region.12

The genes of class I and class II regions are present in multiple 
alleles or, in other words, alternate forms that are defined by 
distinct DNA sequences. The combination of all HLA-I and HLA-II 
alleles is known as the haplotype. Because the HLA genes are 
expressed co-dominantly, each individual therefore inherits two 
haplotypes. Each class I locus has several alleles, and, according 
to an adopted nomenclature, each allele is defined by its locus, an 
asterisk, and a four-digit number. The number that defines the 
allele relates to the serologically defined antigen that is detected 
on a molecule that is synthesized by the allele (first two digits) 
and allows discrimination between closely related alleles (last two 
digits). For example, the B27 locus has at least seven identifiable 
alleles, which are defined as HLA-B*2701 through HLA-B*2707.

Major histocompatibility Complex Class II 
Molecules
Class II molecules are encoded by the MHC genes HLA-A, HLA-B,  
and HLA-C. Another group of molecules that are structurally 
homologous to the class I molecules (44% to 82%) has been 
detected. These molecules are known as class I-b13 to distinguish 
them from the classical class-I molecules that are now called class 
I-a. Some of the class I-b molecules are encoded by the MHC-
linked genes, HLA-E, HLA-F, and HLA-G, whereas others, such as 
CD1 and certain CTMV genes, are encoded by non-MHC genes. 
The MHC class II molecule is a heterodimer consisting of an alpha 
(a) and a beta (b) chain both encoded by the MHC, whereas the 
class-I molecule is a heterodimer consisting of an a-chain and 
the b2m of 12 kD14 (Fig. 14.2). The a chain is divided into three 
extracellular domains, a1, a2, and a3 Except for the domain that 
is most distal to the membrane (a1), the other two consist of a 
loop that is formed by a disulfide bond. The transmembrane 
portion consists of hydrophobic residues and terminates in five 
amino acids, including three arginines (Arg) and one lysine (Lys) 
that anchor the molecule to the membrane. The variable residues 
are clustered in seven sequences,15 three of which are in the a1 
domain and four of which are in the a2 domain. The a3 domain is 
highly conserved. Amino acids 223, 227, and 229 in the a3 domain 
are critical for interaction with CD8.16

The structure of b2m consists of one Ig domain with one disul-
fide bond and is highly homologous between species and homolo-
gous to the CH3 domain of human Ig and to the a3 domain of the 
class I molecule to which it is noncovalently associated.

The L chain plays an important role in the transport of the a 
chain, because cells that are derived from patients with Burkitt 
lymphoma, who are unable to synthesize b2m, do not express 
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FIGURE 14.2. Structure of class I and class II major histocompatibility complex 
 molecules. The class I molecule is a heterodimer of a heavy chain or a chain and a noncova-
lently associated light chain, b2 microglobulin (b2m). The a chain consists of three domains: 
the N terminal a1, followed by a2 and an immunoglobulinlike a3 domain. The b2m protein 
is homologous to the CH3 immunoglobulin domain, located underneath the a1 domain. The 
class II molecule is a heterodimer of two chains, a and b. The N-terminal polymorphic domain 
from each chain forms the peptide groove.

HLA antigens. All three extracellular domains of the a chain are 
in contact with b2m.17

b2m is present on all cells, and small amounts are shed into 
body fluids. Because of its low molecular weight, it is filtered out 
rapidly by the glomeruli, but it is re-absorbed from the kidney 
tubules and then catabolized. In patients with kidney diseases in 
whom tubular function is impaired, increased amounts of b2m are 
detected in the urine. It is also found in increased quantities in the 
serum and in other fluids from individuals with certain malignan-
cies, such as lymphomas and myelomas.

The crystallographic structure of HLA class I markedly helped 
the understanding of the function of the molecule.18 b2m and the 
a3 domain form the base that supports the a1 and a2 domains. 
Each of the a1 and a2 domains consists of four antiparallel b 
strands and one a helix. This structure is similar to that of the 
class II molecule shown in Figure 14.3. Seeing them from the top, 
the way the T-cell receptor (TCR) does, the juxtaposition of the two 
domains isolates a longitudinal cavity, which is commonly known 
as the groove, which is 30 Å long and 12 Å wide in the middle. 
Its floor consists of the b-pleated sheets of the a1 and a2 domains 
(“intramolecular dimer”), and the side walls are two a helices, 
one each from the a1 and a2 domains. The MHC I groove tapers 
at both ends to a width of approximately 5 Å and then is blocked 
completely by bulky amino acid side chains (Tyr84 and Trp167), 
which are conserved in virtually all class I MHCs.17 It is lined by 
a series of pockets (A to F), which are sites of interaction with the 
peptide.

The polymorphism of the class I molecule is particularly con-
centrated in the groove,19 and yet certain residues are strongly 
conserved among virtually all class I molecules. These residues 
surround, on the left and right ends of the groove, the first and 
last pockets (A and F), which bind the N terminus and C terminus 
of the peptide, respectively. The other pockets line the central 
portion of the groove and are also involved in peptide binding.20 
Many of the MHC side chains that contribute to the formation of 
the pockets are polymorphic, and, as a result, the  architecture of 

α1 domain

α2 domain

peptide

COOH COOH

MHC
Class II

Antigen Presenting Cell

NH2
NH2

β1 domain

β2 domain

α1 β1
groove

MHC

peptide

Side-view

FIGURE 14.3. Drawing of a major histocompatibility complex (MHC) class II molecule–
peptide complex. The MCH class II molecule forms a groove with walls that are made by a 
helices from the a1 and b1 domains and a floor by b-pleated sheets formed by antiparallel b 
strands from each chain. The peptide is usually long (15 to 25 residues) and projects from both 
ends, which are not closed (as with MHC class I molecules).

the pockets varies among the class I molecules. In some molecules, 
a bulky side chain may block a pocket that is open in another 
molecule. In other molecules, a smaller polymorphic amino acid 
may extend the size of the pocket.21 This may explain the fact 
that there are sequence restrictions on the final residue of the 
peptides.22 A given groove can bind hundreds or even thousands 
of different peptides, which are identical or homologous at only a 
few side-chain positions.22,23 Side chains from the MHC residues 
protrude into the groove from the a helices and the b sheet and 
form an irregular surface along the length of the groove, so that 
side pockets extend out from the main cavity.24

A class I molecule usually accommodates within the groove 
peptides that are nine amino acids long and that bind with an 
affinity that is 100- to 1,000-fold higher than longer or shorter 
peptides. The binding of the peptides is mediated by certain amino 
acids that are known as anchor residues (sequence- dependent 
binding). The set of anchor residues that binds to a certain MHC 
molecule is known as a sequence motif. It allows the identification 
of peptides within a complex immunogen that are likely to bind to 
class I MHC. Hydrogen bonds between the peptide and conserved 
MHC I side chains provide stability to the peptide binding, which 
is sequence-independent.25 A prominent kink or arch is found 
approximately one third of the way from the N terminus, which 
lifts the peptide up, away from the main floor.

The arch that is formed by the peptide contributes to the 
antigenic specificity of the complex, despite the fact that 73% to 
83% of the peptide surface is buried by the MHC in the complex. 
A number of side chains that do not affect the binding of the 
peptide to the MHC contribute strikingly to the TCR binding (flag 
side chains).26 Antigenic specificity is provided not only by the 
flag side chains, but also by the conformational flexibility of the 
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peptide. Peptides that differ in length are usually accommodated 
by buckling at the center of the cleft.

In many different peptides, the flag side chains are prominently 
exposed at the surface of the complex and provide TCR with a 
direct access to the antigenic identity of the bound peptide. The 
upward-pointing orientation of flag side chains, such as P1 and 
P4, is conserved in many different HLA-A2–peptide complexes. 
Some peptides are sandwiched between the MHC and the TCR and 
make contact with both molecules.

In conclusion, the requirements to satisfy the vast and exquisite 
specificity of the TCR are provided by the peptide–MHC complex, 
which is formed with only a small number of nonvariable MHC 
molecules. The peptide binding is contributed to peptide–MHC 
complex formation by sequence-dependent binding and is supple-
mented by sequence-independent interactions of the primary 
anchor side chains in specific MHC pockets. These interactions, 
although constraining the conformation of class I-bound peptides 
at both ends, leave the center relatively free to adopt a conforma-
tion that optimizes the secondary anchor and other interactions 
with the MHC molecule. The MHC molecule is a remarkable tool 
with which evolution has achieved so much by so little.

Class II Molecules
The second group of MHC genes, the class II genes, encode gly-
coproteins that regulate cell interactions in the immune response. 
The genes reside in the D region of the MHC in humans and in the 
I region of the MHC in the mouse. The class II proteins are also 
referred to as Ia antigens (immune response antigens). They are 
not as widely distributed as the class I molecules. They are found 
in high concentrations on B lymphocytes and on a subpopulation 
of macrophages, as well as on dendritic cells (DCs). On T cells, 
small quantities are detectable under conditions that are associ-
ated with T-cell activation in vitro or during the course of certain 
diseases. However, human T cells may acquire Ia antigens from 
other cells, and murine T lymphocytes acquire Ia antigens pas-
sively from macrophages.27 A variety of cell types expresses Ia 
antigens in response to interferon (IFN)-g including vascular endo-
thelial cells,28 melanoma cells, and brain astrocytes.

The human class II molecule is a heterodimer of two nonco-
valently linked proteins, an a chain (34 kDa) and a b chain (29 
kDa).29 Each chain can be divided into four domains, two of 
which form the extracellular region in each chain, and the third 
and fourth correspond to the transmembrane segment and the 
intracellular part of the chain, respectively. With the exception of 
the a1 domain, the other three domains (a2, b1, and b2) are loops 
that are formed by disulfide bonds. The a2 and b2 domains are 
homologous to the Ig constant domain. The human DR, DQ, and 
DP b chains and the DQ a chains are polymorphic, and only the 
DR a chains and DP a chains seem to be invariant (Ii).

The assembly and expression of class II molecules involves a 
third chain that is known as Ii (CD74),30 which is encoded by a 
gene on chromosome 5. Complementary DNA clones have been 
isolated, and the amino acid sequence indicates that the Ii chain 
is a type II transmembrane protein; that is, the N terminal is 
inside the cell. When synthesized in the absence of MHC class II 
molecules, the Ii chain exists as a trimer or even as a hexamer.31 
The complex of the Ii chain with the class II a and b chains is a 
nonamer that consists of a core of three Ii chains, each one associ-
ated with an a and b class II dimer.32

However, a peptide from the N terminal two thirds of the I 
chain, which is known as a class II associated invariant chain 
peptide (CLIP), inhibits the binding of the antigenic peptides to 
the class II molecule.33 The assembly of the class II Ii chain com-
plex occurs in the ER. Class II a/b dimers that are formed in the 
absence of the Ii chain are poorly expressed on the cell surface 
and remain in the ER, as they cannot maintain their normal 
folded structure. In the assembly of multimeric proteins, certain 

ER-associated proteins stabilize the partially folded subunits, thus 
preventing aggregation. These proteins are known as chaper-
ons.34

Another ER-resident protein that associates with class II chains 
is calnexin.35 The class II molecule is transported to the Golgi 
apparatus and enters the endosomal–lysosomal system, where it is 
loaded with an antigenic peptide on its way to cell surface expres-
sion36 (see section “Processing Antigen for Class II Presentation”).

The polymorphism of the class II molecule is localized in the a1 
and b1 domains. HLADR, HLA-DQ, and HLA-DP have three hyper-
variable regions in their b1 domains, whereas the a1 domain of 
HLA-DQ has only one hypervariable region.37 The CD4 molecule 
interacts with amino acids 134 to 148 of the b2 domain.38,39

The crystallographic structure of the HLA-DR1 molecule reveals 
similarities with the structure of the HLA class I molecule.40 The 
a1 and b1 domains form the peptide-binding groove (Fig. 14.3). 
As with the class I molecule, the floor is the b-pleated sheet, and the 
walls are the a helices from the a and b chains. The first two hyper-
variable regions are found on the floor, whereas the third hyper-
variable region is on the a helix of the b chain. The class II groove 
can accommodate longer peptides (10 to 25 residues), because, in 
contrast to the class I groove, it is open on both ends.41 Long pep-
tides, which range from 15 to 25 residues, can bind in an extended 
conformation, projecting out of both ends of the groove. This con-
trasts with class I peptide binding, in which mostly nonamers bind 
with extended, but kinked, conformations, and the N and C termini 
of the peptides are bound to groove pockets. In class I molecules, 
the residues at the end of the groove are conserved, imposing tight 
binding for the peptides, but in the class II molecules, conserved 
residues are located at different intervals along the groove, making 
the peptide-binding side chain independent. The peptides in class II 
bind through the central region, and their N- and C-terminal ends 
protrude from the open ends of the groove.40

Evidence from crystallographic studies indicates that the class 
II molecules exist as tetramers on the cell surface.42 Therefore, 
the geometry of the TCR–MHC peptide interaction places the 
complementarity-determining region (CDR)-3 loops of the Va 
and Vb chains of TCR in contact correspondingly with the N- and 
C-terminal ends of the peptide, whereas the CDR-1 and CDR-2 
loops are in contact with the b1 and a1 domains. Ligand-induced 
dimerization of receptors is a general feature for cell activation 
and involves most of the known receptors.

Major HiSTocoMPaTibiliTy 
coMPlEx MolEculES: 
NoNclaSSical

Class I: human Leukocyte antigen-e,  
human Leukocyte antigen-F, and human 
Leukocyte antigen-G
The nonclassical class I HLA molecules are HLA-E, HLA-F, and 
HLA-G, and are also known as class Ib, to distinguish them from 
class Ia (HLA-A, HLA-B, and HLA-C). They constitute one group of 
the class Ib molecules, the other being the CD1 molecules, a non-
MHC–linked group with genes that are located in chromosome 1. 
Class Ib molecules show limited polymorphism, and although their 
tissue expression is low, they play a significant role as molecules 
of antigen recognition.42,43 They form heterodimers with b2m and 
have conserved key residues that interact with CD8.

Human Leukocyte Antigen-E
The structure of HLA-E is similar to that of the class Ia mol-
ecules,44 with the b2 and CD8 interaction sites being conserved. 
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The size of the HLA-E groove is structurally similar to that of 
the classical molecules. H preserves the crucial positions within 
the groove, of certain residues that determine the preference 
for binding the peptide. Peptides occupy all the pockets and as 
a result the HLA-E keeps the peptide tightly bound. The secure 
fastening of the peptides reinforces the favorable selection of a 
specific peptide.45

The leader peptides of class Ia HLA molecules enter the cyto-
sol after they are cleaved from the coding sequence and are then 
transported to the inside of the ER by the TAP transporter, to be 
loaded onto HLA-E.46 Detection of HLA-E on the cell surface of 
CD56+CD16+ natural killer (NK) cells can be achieved accurately 
with HLA-E tetramers47 (further information regarding HLA-
tetramers can be found in Appendix A). The tetramers react with 
the CD94/NKG2A receptors, and HLA-E is a major ligand for this 
inhibitory receptor on NK cells48 (see Chapter 13). Recognition 
of HLA-E by this receptor inhibits activation of NK cells and thus 
protects cells from being killed by the cytotoxic NK cells.49 Because 
HLA-E is expressed with the leader peptides of MHC class I mol-
ecules, its presence on the cell surface sends signals to surveilling 
NK cells that there is no “missing self,” that is, an absence of MHC 
class I molecules, and thus protects cells from being killed by 
NK cells. Rare CD8+ T cells have been detected that bind HLA-E 
directly through the TCR.50 Subversion of the protective mecha-
nism that is conferred by HLA-E has been demonstrated with 
cytomegalovirus (CMV).

The leader peptide of the CMV glycoprotein gpUL40 is the same 
as the class Ia leader peptides, and, as a result, it binds to HLA-
E.51 Although CMV down-regulates MHC class I expression on 
infected cells, thus rendering them susceptible to lysis by NK cells 
(“missing self”), it concomitantly up-regulates HLA-E, thus inhibit-
ing lysis. This mechanism represents an escape route for CMV.

Another example of subversion of HLA-E function is the 
binding of heat-shock protein, HSP60, signal peptide.52 HSP60 
is present in all normal cells and in eukaryotic cells and serves 
as a mitochondrial chaperon. Stress stimuli, such as heat, nutri-
ent deprivation, toxic chemicals, and inflammation, up-regulate 
HSP60. Binding of the HSP60 signal peptide to HLA-E results in 
loss of its recognition by the CD94/NKG2A receptor and renders 
stressed cells susceptible to NK-cell lysis.

Human Leukocyte Antigen-F
The structure of HLA-F is not known in great detail, but some pre-
dictions have been made based on the known structure of HLA-E 
and the sequence analysis of HLA-F.43 HLA-F tetramers stain 
monocytes and bind to Ig-like transcript (ILT) 2 and ILT4.47,53 
ILT molecules, also known as leukocyte Ig-like receptors, are 
structurally and functionally related. They recognize HLA class 
I allotypes, rather than individual peptide–MHC complexes, and 
are expressed on monocytes, macrophages, and DCs. HLA-F is 
retained intracellularly, empty, but reaches cell surface after acqui-
sition of its ligand.54

Human Leukocyte Antigen-G
HLA-G shows limited polymorphism, restricted tissue distribution, 
and low levels of expression and therefore belongs to the nonclas-
sical MHC molecules. In the HLA-G gene, all of the regulatory 
elements of HLA class I genes are missing, thus suggesting that 
its expression and distribution are uniquely regulated.55 HLA-G 
is expressed strongly in extravillous cytotrophoblasts, endothelial 
cells of fetal vessels, and in other tissues, such as the thymus. It is 
not detected in syncytiotrophoblasts. Messenger RNA (mRNA) of 
HLA-G is detected in peripheral blood T and B cells, keratinocytes, 
fetal liver, and other cells.56 Tetrameric complexes of HLA-G bind 
to monocytes, especially the CD16+ subpopulation, and react with 
ILT2 and ILT4 receptors, but they do not bind T, B, or NK cells.47,57

The HLA-G gene transcribes six different transcriptional 
isoforms, membrane bound and soluble forms.56 The complete 
transmembrane isoform HLA-G1 consists of three extracellular 
domains, whereas isoforms HLA-G2, HLA-G3, and HLA-G4 have 
one or two domains.

The peptide-binding pocket residues determine the specificity 
of the molecule. The isoforms HLA-G2 and HLA-G3 lack the a2 
domain and, as a result, do not bind peptides. They also do not 
bind the CD8 molecule and are therefore unable to present pep-
tides. The HLA-G molecule has an antigen-presenting potential, 
but, because of the limited diversity of the peptides and its low 
polymorphism, the function of the molecule is rather restricted. 
However, it may still be sufficient, considering the limited species 
of viruses that infect the placenta.56

Other than antigen-presenting functions, HLA-G may be more 
important for its role during pregnancy. HLA-G exerts inhibitory 
functions by several mechanisms. First, it binds directly to CD94/
NKG2A, which is an inhibitory receptor58,59; second, it binds to 
receptor KIR2DL4 on all NK cells that inhibit lysis of cells that 
express HLA-G60; third, the leader peptide of HLA-G binds to 
HLA-E, which interacts with the inhibitory receptor CD94/NKG2A. 
HLA-G is strongly expressed in the placenta, and these inhibitory 
mechanisms are important for the protection of the fetus.

Class II: human Leukocyte antigen-DM  
and human Leukocyte antigen-DO

Human Leukocyte Antigen-DM
There are two nonclassical II proteins with their genes within the 
class II region, HLA-DM, with two genes, HLA-DMA and HLA-DMB 
on the centromeric site of TAP and PSMB genes. DMA and DMB 
encode the a and b chains of the DM molecule,61 which is detected 
in all class II expressing cells and is up-regulated by IFN-g, together 
with classical class II molecules. Class II molecules associate with 
the Ii chain after they enter the ER and form nonameric complexes 
(abIi)3. Through the CLIP, the Ii chain prevents class II molecules 
from binding peptides within the ER (see details in the following 
discussion). The heterodimer DM is formed in the ER, and, by the 
time class II molecules pass through the endosomal system on the 
way to the cell surface, the DM protein has already arrived there 
by a multivesicular system that is known as the MHC class II com-
partment (MIIC). It is retained in MIIC by a tyrosine (Tyr)-based 
targeting motif (YTPL) that is located in the cytoplasmic tail of the 
b chain. DM transiently binds directly to the HLA class II–CLIP 
complex62 and induces the release of CLIP, whereas DM remains 
associated with the class II molecule until the peptide to be loaded 
has been found and is safely in place within the groove.63

DM rescues empty HLA-II molecules from denaturation and 
loss of their peptide-binding capacity. Both HLA-II and DM are 
in an “acidic” environment, and conformational changes of both 
molecules seem to facilitate their interaction.64

Another important function of the DM molecule after the 
removal of CLIP and maintenance of an intact three-dimensional 
structure of the class II molecule is the editing of peptide loading. 
Editing implies a selection, from a variety of available peptides, of 
a good peptide, which is defined by the stability of its interactions 
within the groove.65 Intrinsic stability is determined by multiple 
hydrogen bonds between the peptide backbone and the conserved 
residues of the binding groove and by the anchor side chains and 
the specificity pockets.66 The mechanism of the ultimate release of 
DM from HLA-II is not clear. It appears that DM binds more stably 
to an empty HLA-II than to one that contains a peptide.67

Human Leukocyte Antigen-DO
The genes that encode the a and b chains of the DO molecule 
are similar to the class II genes. The DO proteins have a more 
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restricted distribution and are detected in B cells, DCs, a mela-
noma cell line, and cortical and medullary epithelial cells in the 
thymus.68 Upon completion of its synthesis, DO associates with 
DM, and the tetramer is transported mainly to lysosomes, in 
which most of it is localized.69,70 The lysosomes that contain DO 
also contain class II molecules. Loading of peptides to class II is 
slower in the presence of DMDO tetramers, suggesting that DO is 
a negative regulator of DM function,71 and overexpression of DO 
results in accumulation of MHC class II–CLIP complexes at the cell 
surface. The regulation of peptide presentation by DO limits only 
one of the mechanisms of antigen uptake—that is, by free fluid 
phase—whereas membrane Ig-mediated uptake is augmented.72

Major histocompatibility Complex Class I  
Chain–Related Genes and proteins
A distinct family of genes, the last and final to be detected 
within the MHC class I region, is known as MIC.73 MICC, MICD, 
and MICE are in close proximity to HLA-E, HLA-A, and HLA-F, 
respectively. MICE and MICG are between HLA-G and HLA-F, 
and MICF is centromeric to HLA-G. MICC, MICE, MICF, and MICG 
are pseudogenes. MICA and MICB are unusually large genes (11 
to 13 kb) compared to an average of 3.5 kb for HLAA to HLAG 
genes. However, their overall genomic structure parallels those of 
the other MHC genes and of the Ig superfamily genes in general, 
in which distinct functional domains are encoded by separate 
exons. The crystal structure of MICA shows that the molecule has 
a general configuration of a class I molecule, that is, a membrane 
proximal Ig-like C-type domain, and an a3 domain that, with two 
distal a1 and a2 domains, together form an eight-stranded anti-
parallel b-pleated sheet bordered at the edges by two a helices.74 
The groove is less spacious than that of class Ia molecules, i.e.,10 
Å within the first four b strands and 7 Å across the second four 
b strands (compared with >18 Å of classical MHC-I and 14.4 
Å for CD-1). The most striking finding is that the groove is ori-
ented down toward the membrane,75 so that the whole molecule 
appears as a wilting flower.76 Another major difference from other 
MHC molecules is the lack of b2m binding, due to restructuring 
of the interface of binding, which ablates the interaction.76 The 
surprising findings about the structure of these proteins were 
matched by equally surprising findings about their function. The 
MIC proteins are recognized by the gd T cell, especially the Vd-1 
cell, but not by the ab T cells.77

In addition, MICA is the ligand for NKG2-D activating receptor 
of NK and gd T cells, triggering cytolytic responses against epithe-
lial tumors that express MIC-A.78 NKG2-D is the most common 
NK-cell receptor that is known, but it may require a synergistic 
action by a TCR.79 The polymorphic residues are concentrated 
in the a2 domain,74 which apparently is re-oriented after bind-
ing with the ligand NKG2-D.80 This ligand-induced re-positioning 
of the MICA molecule brings the a1–a2 platform with the same 
polymorphic residues in contact with the NKG2-D receptor. This 
receptor-induced conformational change is probably facilitated by 
the coil of the a1 to a3 domains.

A number of disease associations have been detected with 
MIC alleles, such as ankylosing spondylitis, Behçet syndrome, 
psoriasis vulgaris, and Kawasaki disease. MICA and MICB are 
up-regulated under stress and in many gastrointestinal tumors. 
Pancreatic carcinomas express MICs, and their level in the serum 
of patients is elevated.81 Soluble MIC unpairs NKG2-D–mediated 
immunity (see Chapter 13); i.e., it interferes with T-gd cells and NK 
cells.82 In summary, the MICA and MICB polymorphic HLA-like 
molecules present several unresolved enigmas. Their distribution 
is relatively restricted to epithelial and endothelial tissues (not 
on T or B cells) keratinocytes as well as monocytes83 and their 
expression is associated with some form of stress. In spite of their 
polymorphism, they are recognized by gd T cells in a genetically 
unrestricted manner.

CD1 System: Genes and proteins
One of the first monoclonal antibodies, which was made after the 
discovery of hybridoma technology,84 was specific for a protein 
that later was given the first number, CD1, when the CD nomen-
clature was introduced at the First International Workshop on 
Human Leukocyte Differentiation Antigens, which was held in 
Paris in 1982.

The CD1 family consists of four proteins, CD1a, CD1b, CD1c, 
and CD1d that are encoded by genes CD1A, CD1B, CD1C, CD1D, 
and CD1E, which is not transcribed. The genes are located on 
chromosome 1q22-23, and the proteins that they encode have sig-
nificant homology to MHC class I and II proteins. They are divided 
into group 1, which contains CD1a, CD1b, CD1c, and CD1e and 
group 2, which contains CD1d.

CD1 molecules represent an ancient family of antigen-present-
ing molecules, and the fact that they are homologous to the MHC 
molecules suggests that both evolved from a common ancestor 
with subsequent diversification. CD1 consists of three extracel-
lular domains, a1, a2, and a3. The a1 domain has minimal, if 
any, homology to MHC I, whereas with the other two, homology 
is approximately 35%, which is still far below the average of 
70% between different class I proteins.

All CD1 proteins are transmembrane and associate with b2m, 
which is necessary for folding and membrane expression.85 The 
crystal structure of mouse CD1d1 shows a remarkable similarity 
in overall shape to MHC class I proteins.86 The a1 and a2 domains 
form a groove with b-pleated sheets that is different from that 
of the MHC molecules, with three channels, A, C, and F′, and a 
 distinct tunnel, which is designated T′.

Another difference between CD1 and MHC is that the CD1 
groove is formed by hydrophobic residues, so it is unlikely to form 
hydrogen bonds with the peptide; furthermore, it is also closed at 
both ends as well as covered for much of its length.

A complex of CD1b with ligands has been crystallized, and its 
structure has been solved 87. The total volume of the groove (220 
Å3) and the four interconnected channels are occupied by the two 
alkyl groups necessary for stable ligand binding.

Mycobacterial mycolates, which are large molecules that play 
a crucial role in the survival of mycobacteria in the intracel-
lular environment, have been the first characterized ligands for 
CD1b.88 Lipids with three alkyl groups, such as triacylglycerols 
that are found in atherosclerotic plaques, are presented by CD1, 
are expressed on macrophages of the atherosclerotic lesions, and 
activate T cells.89 The role of this mechanism in the formation and 
evolution of such lesions remains to be determined. The CD1 mol-
ecules are antigen-presenting molecules for lipids: i.e., bacterial 
as well as self-glycosphingolipids.90 The CD1d molecule presents 
a number of endogenous glycolipids, tumor-derived lipids as well 
as nonlipid molecules to NKT cells.91 The presentation of these 
molecules has immunopotentiating effects that might be of some 
utility for the treatment and prevention in certain disorders. The 
CD1 molecules mediate T- (or NKT-) cell activation, following anti-
gen presentation by CD1-expressing DCs.92 Endotoxin binding to 
TLR4 receptor induces CD1 expression on DCs, promoting T-cell 
activation.92

UL-16–binding proteins
The UL-16–binding proteins (ULBP) are novel class I–related sur-
face proteins whose identification was based on their ability to bind 
the UL-16 glycoprotein of the human CMV.93 The family has three 
members, ULBP1, ULBP2, and ULBP3, and their genes are located 
on chromosome 6q25 and not within the MHC complex. However, 
sequence alignments show clearly that the ULBPs belong to the 
MHC class I family. The ULBP proteins are glycosyl phosphatidyl 
inositol (GPI)-linked, do not have the a3 domain of class I MHC, 
and do not associate with b2m. Expression of ULBPs or the MICs 
on target cells confers susceptibility to NK-cell killing. The ULBP 
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transduces signals that override the negative signal generated by 
an inhibitory receptor. ULBP messages are expressed by a variety 
of cells, tissues, and tumors. The ULBPs are ligands for the homodi-
meric NKG2-D C-type lectin receptor,94,95 which is expressed not 
only on NK cells, but also on T cells and activated macrophages.96 
The cytoplasmic domain of NKG2-D is short, and, as a result, sig-
naling is delivered by the DAP-10 adaptor protein that is associated 
with NKG2-D (see Chapter 13). DAP-10 binds to the p85 subunit of 
phosphoinositide 3-kinase (PI3K) and adaptor Grb2, transmitting 
downstream signals from NKG2-D through Janus kinase 2 and Akt 
activation pathways.95 NKG2-D delivers co-stimulatory signals to T 
cells,79 stimulates proliferation, and induces increased production 
of cytokines and other activation-associated molecules.94 UL-16 
mediates an additional evasive function of the human CTMV by 
inhibiting MICB expression, because it binds directly to MICB, 
causing its intracellular retention.97 Metalloproteases mediate 
proteolytic shedding of ULBP2 from tumor cells, which interferes 
with NKG2-D–mediated cytotoxicity and thus may facilitate tumor 
escape from immunosurveillance.98

Furthermore, soluble ULBP proteins down-regulate NKG2-D 
expression on NK cells, further interfering with NK-cell–mediated 
attack on cancer cells.99

origiNS of THE Major 
HiSTocoMPaTibiliTy coMPlEx
The human MHC is close to 4 Mb long, with approximately 
180 to 200 genes, which traditionally has been divided into three 
regions: starting from the centromere to the telomere, class II, 
class III, and class I. During evolution, genetic events, such as 
insertions, duplications, deletions, inversions, conversions, and 
translocations, have introduced modifications, but the conserved 
genes have escaped identification with ancestral chromosomal 
regions. Genes that arose within a species by duplication are 
termed paralogous genes, and the chromosomal segment that 
contains the duplicated genes is termed the paralogous region. In 
the late 1990s, it was realized that three other chromosomes, 1, 
9, and 19, have genes that are organized in the same manner as 
the MHC.100,101

Some gene families, such as NOTCH and PBX, are represented 
in all four chromosomal paralogous regions, whereas others are 
represented in only two or three. Two hypotheses have been 
proposed for the explanation of these observations: (a) All four 
paralogous regions arose from large-scale chromosomal duplica-
tion102,103; and (b) the paralogous regions arose from independent 
duplications of genes, which were brought into proximity by selec-
tive forces (the functional clustering hypothesis).104 It is possible 
that chromosomal duplication may have played a primary role, 
and functional clustering may have played only a minor one.

The hypothesis proposes that the “block duplication” that 
generated the four paralogous regions took place before the 
emergence of jawed vertebrates. Because all vertebrates have 
four paralogous regions, the duplication from one ancestral region 
must have occurred twice. It is postulated that the first occurred 
before the emergence of jawless fishes, which have two paralo-
gous groups, and the second occurred before the emergence of 
jawed vertebrates. In the vertebrates, the gene order within each 
region is poorly conserved, probably as a result of structural 
rearrangements over the 500 million years since the second 
duplication. The hypothesis of “block duplication” draws severe 
criticism from others, who have data from phylogenetic analyses 
of individual gene families that are considered to be inconsistent 
with this hypothesis.105

Class Ia genes cluster with class Ib genes but have risen inde-
pendently by gene duplication from classical genes.

Furthermore, the polymorphism of MHC molecules is localized 
within the peptide-binding region. Within this region, the number 

of nonsynonymous nucleotide substitutions (amino acid– altering) 
far exceed the synonymous (silent or neutral) substitutions, 
whereas the opposite is true of the rest of the molecule. Because 
the synonymous substitutions are almost neutral, it is evident that 
polymorphism is supported by a form of natural selection, which 
favors peptide-binding region diversity. Other genomic evidence 
from Xenopus laevis (frog) indicates that, in this amphibian, 
there are class I, II, and III genes, which are linked.106 Similarly, 
in cartilaginous fish (sharks), the most primitive organisms 
with a MHC, the gene structures and sequence variations are 
impressively similar to those in humans. Sharks also share with 
humans the MHC class I and class II linkage107 that is common 
to all amphibian, bird, and mammalian species.108 The proposed 
primordial MHC (proto-MHC) consists of the linkage group class 
I–PSMB9– PSMB8–TAP2–BRD2–RXRB–class I and several genes 
that are involved in the preparation of class I presentation, that 
is, PSMB8 and PSMB9 (for proteasome) and TAP2 for peptide 
transporter. It is likely that, with further genomic sequencing 
analyses and phylogenetic tree analyses, the nature and composi-
tion of the proto-MHC will be determined. For many years, the 
HLA haplotype has been considered to be the most important 
genetic marker of susceptibility to many diseases. It has been 
found that the strongest disease associations are with alleles at 
multiple loci rather than with individual alleles. The expression of 
alleles from multiple loci has been called the ancestral haplotype 
(AH). AHs are conserved genomic sequences that are separated by 
recombination hotspots. For example, the 8.1 AHs (A1, CW7, B8, 
CHAQ0, DR3, and DQ2) are associated with multiple immunologic 
diseases.109,110 No single gene predisposes to all diseases, but 
different regions of 8.1 AH are associated with diseases such as 
insulin-dependent diabetes, systemic lupus erythematosus (SLE), 
gluten-sensitive enteropathy, dermatitis herpetiformis, common 
variable immunodeficiency and IgA deficiency. The AH 8.1 is also 
associated with rapid loss of CD4+ T cells and impaired survival 
after human immunodeficiency virus (HIV) infection. The precise 
immunologic mechanisms that give rise to such diverse diseases 
are not completely known. The AH 8.1 also affects the balance of 
cytokines with low interleukin (IL)-2 and IFN-g and normal IL-4 
production, with a bias toward the T-helper cell (TH) 2 type of 
immune responses.

aNTigEN ProcESSiNg  
aNd PrESENTaTioN

antigen-presenting Cells
The development of humoral and cell-mediated immunity depends 
on complex cellular interactions that involve lymphocytes and 
nonlymphoid cells. Activation of lymphocytes by antigen requires 
its processing and presentation by another cell that is com-
monly known as an antigen-presenting cell (APC; Table 14.1). 
Macrophages promptly capture foreign substances, and antigen 
processing and presentation were first demonstrated there. Other 
APCs are the DCs (see section “Dendritic Cells”) and B lymphocytes.

processing antigens for Class I presentation
Antigen processing begins in the cytoplasm with an ATP-dependent, 
proteolytic machine that is known as a proteasome, which is 
highly conserved from yeast to mammals.111,112,113,114,115 Most 
of the MHC class I presented peptides are generated outside the 
endosomes and lysosomes, and the energy required is supplied by 
ATP. The proteolytic subunit of the proteasome is a large cylindric 
structure of 20S, which is arranged in four stacked rings. Based on 
structural analysis, the 20S proteasome is composed of two types 
of sequences, a and b. The two central rings of the 20S protea-
some are composed of seven distinct, but  homologous, b subunits, 
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B Cell Macrophage Dendritic Cell

Antigen uptake +++ +++ +++
Surface immunoglobulin
(antigen-specific)

Phagocytosis

Major histocompatibility Constitutive Inducible Constitutive

complex expression +++ to ++++ – to +++ ++++
Co-stimulatory activity Inducible Inducible Constitutive

– to +++ – to +++ ++++
Antigen presented Toxins Extracellular and Viruses

Viruses vesicular bacteria “Allergens?”

Bacteria

Location Lymphoid tissues
Peripheral blood

Wide body distribution Wide body distribution
Epithelia

+++, strong; ++++, very strong; –, negative.
From Janeway CA Jr, Travers P. Immunobiology. The immune system in health and disease. New York: Garland, 1994, with permission.

ANTIgEN-PrESENTINg CELLS

taBLe 14.1

A

B

FIGURE 14.4. The proteasome. A: The 26S proteasome consists of a central unit (20S 
 proteasome) composed of seven a and seven b subunits, arranged in four rings in the order 
abba. The central unit performs the catalytic functions. On each side of the central cylinder is 
a regulatory unit. B: Proteins to be degraded are first coupled to ubiquitin (Ub), which binds to an 
appropriate receptor in the regulatory unit that directs the protein to the central canal (“digestive 
tract”) of the proteasome. ATP, adenosine triphosphate. (From Tanaka K, Tanahashi N, Tsurumi C, 
et al. Proteasomes and antigen processing. Adv Immunol 1997;64:1–38, with permission.)

which surround a central chamber in which  proteolysis occurs 
(Fig.  14.4). The other two outer rings are made of a subunits, 
which form openings from which substrates enter and leave. 
Isolated subunits have no proteolytic activity, therefore the sub-
units must assume a precise conformation in the b ring to be 
active. It has been determined that the proteolytic  mechanism 

depends on the hydroxyl group of the N-terminal threonine (Thr) 
of the b subunits. This mechanism of proteolysis by the pro-
teasome is distinct from that of any other known protease. The 
function of the a subunits may be related to the formation of a 
scaffolding for the self-assembly of the b rings,116 as well as facili-
tation of the entry of the substrates.

The 20S (650-kDa) proteasome is capped on each side by a 
19S (700-kDa) regulatory complex to form the 26S (2,000-kDa) 
proteasome113,115 with proteolytic activity. Each 19S cap contains 
approximately 20 distinct subunits. It has been known as PA700 
proteasome activator, because, in the presence of ATP, it associ-
ates with the 20S particle and stimulates peptidase activity. In the 
absence of P700, the 20S particle cannot degrade ubiquitinated 
proteins. At least six of the P700 subunits are putative ATPases 
and account for the ATP requirements in proteasome-mediated 
proteolysis. These ATPases have one or two nucleotide-binding 
domains (NBDs) (“AAA modules”) and function as chaperons in 
diverse cellular processes. The size of the 19S regulatory com-
plex, or antechamber, is ∼59 mm3 and is large enough to retain 
unfolded proteins in a “ready to eat” state before they enter the 
“execution chamber.”117 The 26S proteasome has a dumbbell 
shape, with the 20S proteasome as a cylinder in the center and 
the two PA700 V-shaped subunits attached on each end. IFN-g 
induces expression of three b-type subunits, two of them encoded 
by genes, PSMB8 and PSMB9, within the class II region, and 
a third one, PSMB10 (MECL1), which is encoded outside the 
MHC.118 IFN-g also down-regulates three of the normally consti-
tutively expressed subunits. The net result of INF-g stimulation 
is the exchange of three constitutive b subunits by those that are 
IFN-g–inducible and that are incorporated into the 20S protea-
some.119 This function of INF-g changes the activity of the immu-
noproteasome.

Another regulatory complex, PA28 (11S), a 200-kDa conical 
structure, also forms a cap at either end of the 20S proteasome120 
and stimulates multiple peptidase activities with faster kinetics. 
The PA8 consists of two components, a and b, which are structur-
ally related to the Ki antigen, a nuclear antigen that is detected by 
autoantibodies in patients with SLE. Ki antigen is now renamed 
PA28g. The PA28 at the two ends of the 20S proteasome consists 
of a heterohexameric complex with alternating a and b subunits. 
PA28 proteasome is not involved in the initial cleavage of proteins 
but, rather, degradation of polypeptides of intermediate size. It is 
thought to work after the initial action of the 26S proteasome.
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How from a long polypeptide or a protein, the specific peptide 
that precisely fits to the groove of the MHC is generated is a tanta-
lizing question. These specific peptides are embedded within the 
polypeptide chain and in order to be extracted, two precise cuts 
are needed, one at the N terminal (start) and one at the C terminal 
(end). The importance of proteasomes for the generation of MHC 
class I–restricted peptides is widely recognized.121,122

Antigen processing in the cytoplasm does not generate the final 
product in exactly one step. The view that proteasome makes the 
C-terminal cut is favored by several studies.123,124 According to this 
view, the proteasome releases intermediates with a precisely cut 
C-terminal end but with an extended N-terminal end. Proteasome 
cleaves peptides on the carboxyl side of basic and hydrophobic resi-
dues of substrates. This specificity satisfies an important require-
ment for the binding of peptide to the MHC class I groove; that is, 
basic and hydrophobic residues normally serve in anchoring the 
peptide in the groove. In addition, the C terminally cut peptides are 
also more efficiently transported by the TAP transporter.

N-terminal trimming is necessary to produce the antigenic 
peptide and may occur by aminopeptidases in the ER.125 It is 
estimated that the 26S proteasome generates an antigenic peptide 
from an intact protein with an efficiency of one peptide for every 
20 molecules that are degraded.126 The peptides generated are 
3 to 22 residues long, but only 20% are in the range that is favored 
for high-affinity binding (8 to 10 residues).127 The crystal structure 
of the proteasome has revealed that the distance between active 
Thr residues of adjacent b subunits is approximately 28 Å. This 
distance determines the length of the generated peptides.

The ubiquitin proteolytic pathway has a crucial role in the deg-
radation of short-lived and regulatory proteins that are important 
in a variety of cellular processes. Proteolytic cleavage by the prote-
asome requires the conjugation of the substrate by ubiquitin.128,129 
The ubiquitin (8.5 kDa) is one of the most conserved proteins in 
evolution and is activated to a high-energy thioester bond at its 
C terminal by an activating enzyme, E1. After activation, one of 
several E2 enzymes (ubiquitin carrier proteins) transfers ubiquitin 
to an E3 protein (ubiquitin protein ligase) to which the substrate 
protein is specifically bound. This E3 protein covalently attaches 
ubiquitin to the substrate, at which it binds to ε-NH2 groups of 
an internal Lys residue. This step is repeated until a polyubiquitin 
chain is formed, which serves as a recognition marker to the 26S 
proteasome. After degradation, ubiquitin molecules are released 
to participate in another cycle of proteolysis.130 Substrates linked 
to ubiquitin may have different fates within the cell, depending on 
to which residue of the ubiquitin they are attached.131 Substrates 
linked to lysine 48 (K48) usually are directed for proteolysis, 
whereas K63-linked proteins signal several other, nonproteolytic 
intracellular pathways, such as kinase activation, protein traffick-
ing, ribosomal protein synthesis, and others.

Rescue of proteins from degradation is mediated by de-ubiqui-
tinating proteases or ubiquitinating specific proteases, the major-
ity of which are cysteine proteases.132 These enzymes remove the 
(poly)ubiquitin from proteins, before their translocation into the 
catalytic chamber of the proteasome.133

The proteasome exhibits three distinct peptidase activities that 
are associated with b subunits. One is chymotrypsinlike because 
it hydrolyzes peptides after a large hydrophobic residue, a second 
is trypsinlike because it cleaves after basic residues, and a third 
hydrolyzes after acidic residues. Occupancy of the chymotryptic site 
by a peptide substrate allosterically activates cleavages by the post-
acidic site, which in turn inhibits the chymotryptic site. By these 
cycles of activation–inhibition, the proteins are cleaved in pieces 
and are propagated for further fragmentation by other active sites.

Peptide Transport
Peptides that are generated by the proteasome must be  transported 
across the ER membrane to meet the MHC class I molecules at 

which they are synthesized (Fig. 14.5).134–137 The first indication 
that peptides are actively transported to the interior of the ER 
came from the study of mutant cell lines that had low MHC class I 
expression and could not present antigen, although their capacity 
to synthesize the molecules was intact. In the absence of peptides, 
the class I molecule cannot maintain its quaternary structure, folds 
up, and is incapable of moving along the constitutive pathway to 
the cell surface. Two genes have been identified within the MHC 
complex that encode the transporters of cytosolic peptides.138 
They are called transporters associated with antigen presentation 
(TAPs). Transfection of these genes to the mutant lines that were 
mentioned previously corrected their defect in antigen presenta-
tion. Profound defects in MHC class I–restricted antigen presenta-
tion were detected in humans lacking TAP2139 and in mutant mice 
lacking Tap1.140

The TAP proteins are members of the ABC family that is found 
in prokaryotes and eukaryotes.141 In mammals, the ABC proteins 
are grouped into four subfamilies: the glycoproteins, the cystic 
fibrosis transmembrane conductance regulators, the peroxisomal 
membrane proteins, and the TAP proteins. From the genomic 
structure of the human TAP1 and TAP2 genes, it is predicted that 
the TAP1 protein has 10 transmembrane-spanning segments. 
The sixth segment is joined to the seventh and the eighth is joined 
to the ninth by hydrophilic cytoplasmic segments.134 The NBD, 
which is located in the cytoplasm, is large and consists of several 
modules. Two are involved in nucleotide binding (Walker motifs), 
and three others are hydrophilic. The direction of  transport varies. 

FIGURE 14.5. Processing and presentation for major histocompatibility complex 
(MHC) class I. Peptides (approximately 8 to 10 amino acids long) are generated by proteolysis 
within the proteasome. The protein to be degraded is first ubiquitinated. Ubiquitin (U) is attached 
by a covalent bond to the â-NH2 group of a lysine residue by an enzyme complex. The peptides 
are carried across the membrane of the endoplasmic reticulum (ER) by the transporter associ-
ated with antigen presentation (TAP) to be loaded on the groove of MHC class I molecules. The 
nascent a chain of MHC retains its proper conformation by calnexin (C) and after the addition of 
the b2 microglobulin (b2m) chain by calreticulin (Crt). When the peptide passes inside the ER 
and lands on the MHC groove, with the help of tapasin (T), calreticulin is relieved from its chap-
eron duties, because the peptide stabilizes the MHC conformation. ATP, adenosine triphosphate; 
TCR, T-cell receptor.
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Some members (such as P-glycoprotein) transport their substrates 
away from the NBD, and others transport their substrates toward 
the NBD. The TAP proteins are functional only as heterodimers 
and are located in the ER and the cis-Golgi.142 In addition to the 
ATP-binding site,143 a peptide-binding site is formed by both 
subunits.144 Peptide binding is ATP-independent, but its transport 
is ATP-dependent.145 It is of interest that peptides with 7 to 12 
residues and a C terminus are transported more efficiently, and 
those are precisely the requirements for optimal binding by the 
class I MHC molecule.146 Because peptides are usually rapidly 
degraded in the cytoplasm, it is suggested that they may be car-
ried from the proteasome to the TAP proteins by chaperon pro-
teins, such as those of the HSP70 family. Genes that encode such 
proteins have been found in the MHC region.147 Peptide binding 
to TAP precedes its translocation across the ER membrane, and 
TAP acts as a peptide channel permitting the diffusion of peptides 
across the membrane. Most data, however, are consistent with the 
transporter function, that is, binding followed by translocation. 
ATP binding releases the peptide as a result of conformational 
changes of the NBD.

An important question related to class I antigen presentation is 
the mechanism by which viral proteins or tumor antigens, which 
are synthesized within the ER, are targeted to the cytosol to be 
handled by the processing machinery. There is an ER retrograde 
pathway that transports proteins from the ER to the cytosol.148 
Until these proteins are assembled and folded properly, they are 
retained within the ER by calnexin or calreticulin. Misfolded or 
aberrant proteins are released for proteasomal degradation.149 
However, the ER possesses proteolytic activity, that is, aminopep-
tidases that may also process N terminally extended precursors of 
antigenic peptides for loading to MHC class I molecules.

assembly and Loading of Class I Molecules
The size restriction for peptides to bind to class I molecules is 8 to 
10 residues. The restriction is imposed by the structure of the MHC 
class I groove, which is closed at the two ends. The class I a chain 
and b2m are synthesized on membrane-associated ribosomes and 
are inserted co-translationally into the ER through a specialized 
structure known as the translocon. N-Glycosylation takes place in 
the ER during the translocation process. HLA-A, HLA-B, and HLAC 
have a single N-glycosylation site. The ER chaperon, BiP, a HSP70 
homolog, interacts with proteins during this stage and, through 
ATP regulation, provides the energy that is required for the move-
ment of the protein through the ER membrane. BiP binds with free 
HLA heavy (H) chains.150 Calnexin is the most important chaperon 
and binds to newly synthesized free class I a chain,151,152 but not 
to the heterodimer (Fig. 14.5).

Calnexin is a transmembrane lectin and binds to N-linked gly-
cans that bear a single glucose after removal by glycosidases of 
the extra glucose residues. How calnexin facilitates folding is not 
known, but the glucose is removed by a glycosidase II and calnexin 
is released. If the MHC class I molecule has not achieved its proper 
folding, a second glycosylation cycle follows with another attempt 
at refolding. Removal of calnexin permits the MHC class I molecule 
to leave the ER. Another chaperon that has been detected by some 
studies is calreticulin, which is a soluble homolog of calnexin.153 
Both recognize Asn-linked glycans bearing a terminal glucose 
residue, an intermediate in oligosaccharide maturation present 
on incompletely folded ER glycoproteins. The successive addition 
and removal of this glucose residue results in cyclical calnexin or 
calreticulum interactions with substrate proteins until they are 
correctly folded and assembled. Calreticulin promotes folding of 
HLA class I molecules to a state in which at low temperatures they 
spontaneously acquire peptide-binding capacity.153

The TAP heterodimeric proteins transport the cytosolic pep-
tides that are generated by the proteasome across the ER mem-
brane. They bind to MHC class I molecules through an additional 

component that is called tapasin (TAP-associated glycoprotein).154 
Tapasin is a transmembrane glycoprotein that has an ER retention 
signal in the cytoplasmic region. The gene that encodes tapasin is 
in the centromeric end of the human MHC region. Tapasin prob-
ably forms a bridge between TAP and MHC class I molecules155 
(Fig. 14.5). However, tapasin also stabilizes class I molecules in 
the absence of peptides by occupying the groove, a function that is 
performed by the Ii chain in class II MHC molecules. In addition, 
tapasin is involved in peptide loading156 and also influences the 
peptide selection.157

An additional molecule that associates with MHC class I mol-
ecules at the assembly stage is ERp57, an enzyme that ensures the 
correct formation of intrachain and interchain disulfide bonds.158 
ERp57 is a thiol-dependent reductase and a cysteine (Cys) prote-
ase. As a protease, it may play a role in the trimming of peptides, 
because it remains attached to the complex until the time of the 
peptide loading.

The order and kinetics of the assembly of the various com-
ponents of the loading complex is as follows159,160: H chain b2m 
heterodimers can be recovered within 4 minutes after translation, 
and the peptide joins 2 minutes later. Shortly after the synthesis 
of the H chain, one disulfide bond forms in the a2 domain, and a 
second forms in the a3 domain. Disulfide bond formation is neces-
sary for b2m binding and peptide loading. The b2m is required for 
physical support of the peptide-binding groove.

Calnexin may be bound to a nascent H chain, but calnexin dis-
sociates as b2m binds to the H chain, and calreticulin is taken up 
by the heterodimer. The other half of the complex is being assem-
bled in the meantime; that is, TAP forms a complex with tapasin, 
and both are joined by calnexin and ERp57. When the two halves 
of the final complex join together, calnexin dissociates, and the 
final loading complex is complete. Loading of the peptide at this 
point releases the MHC class I–b2m heterodimer for the secretory 
pathway to reach the cell membrane. Presentation of certain pro-
teins such as those derived from viruses is presented very rapidly 
to CD8+ T cells. It was proposed that antigenic peptides originate 
from defective ribosomal products (DRiP hypothesis)161 from a 
specialized machinery consisting of immunoribosomes.162

presentation of exogenous antigen by Major 
histocompatibility Complex Class I Molecules
The class I MHC system evolved to identify cells that bear pep-
tides that derive mostly from infectious agents. The vast majority 
of peptides that are presented by MHC I derive from proteins 
that are synthesized by the cell’s own ribosomes. The proteins 
or polypeptides that generate these peptides are referred to 
as endogenous, whereas peptides that derive from proteins or 
micro-organisms that are phagocytosed are termed exogenous. 
It has been widely accepted that endogenous antigens trigger a 
CD8+ class I–restricted response, whereas exogenous antigens 
activate CD4+ class II–restricted cells. However, several exam-
ples over the years have detected class I–restricted CD8+ T-cell 
responses with dead phagocytosed viruses, bacteria, transplants, 
dead cells, and others, which were handled by the immune sys-
tem as exogenous antigens and were targeted to the endocytic 
system.163 This has been known as cross-priming, which was 
originally described in mice that were immunized with cells that 
expressed minor histocompatibility antigens. Today, it is also 
known as cross-presentation. Hepatitis B surface antigen, given 
by the exogenous route and submitted to efficient endolysosomal 
processing, can lead to peptide-loaded MHC class I molecules.164 
Sometimes peptides derived from internalized particulate mate-
rial have access to ER or peripheral phagosomes with membrane 
contributions from the ER, which then are loaded to MHC class 
I molecules.165 Cross-presentation also occurs by “immunopro-
teasomes,” i.e., proteasomes enriched in proteasome proteolytic 
subunits (PSMB9 and PSMB9) by the action of INF-g.166 The 
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nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, 
NOX2, maintains an alkaline milieu of the phagosomes of DC pre-
disposing to peptide presentation rather than protein degrada-
tion, which occurs by proteases in the highly acidified lysosomes 
of neutrophils.

Cross-presentation by APCs of antigens that are chaperoned 
by HSP (heat-shock proteins) is described by Shrivastava et al.167 
HSPs are highly conserved peptide-binding molecules that con-
trol the folding of proteins and prevent their aggregation. HSP70 
that is complexed with a variety of synthetic peptides is taken 
up by APCs and elicits CD8+ T-cell class I–restricted antitumor 
cytolytic responses.168 The HSP–peptide complexes are internal-
ized by a receptor-mediated mechanism and are subsequently 
processed by a proteasome and TAP-dependent mechanism 
or through the endosomal route.169 This is a highly efficient 
mechanism whereby antigens that follow an exogenous route 
induce strong CD8+ responses against tumors or viruses.170 
Peptides that are introduced into the cytosol induce a strong class 
I–restricted response only if they are chaperoned by HSP, but 
not alone.171 Receptors for HSP have been detected on CD11b+ 
cells,172 and, recently, the receptor for all HSPs was identified to 
be the CD91 protein173 (see Appendix A). The CD91 is receptor 
for a2-macroglobulin and, with calreticulin, binds and stimulates 
uptake of apoptotic cells174; together, they act as receptors for 
the collectin family and regulate the clearance of organs in the 
removal of apoptotic cells and cell debris.175 It is postulated that 
HSP–peptide complexes that are given by the exogenous route 
might be used in the future to elicit protective immunity against 
cancer on viruses.176

Although macrophages, DCs, and B cells have been reported 
to be able to mediate cross-presentation, the evidence collec-
tively suggests that the most important cell is a DC. Interactions 
between CD4 and CD8 T cells that interact with the same APC are 
apparently needed.177 Cross-priming is involved, predominantly 
in response to virus infection, cancer cells, and histoincompatible 
tissues. Although cross-priming is associated with an immune 
response, depending on the nature of the antigen (e.g., normal 
healthy cellular antigens), cross-presentation leads to the opposite 
of the immune response: cross-tolerance.

antigen processing for Class II presentation

Biosynthesis of Major Histocompatibility  
Complex Class II Molecules
Expression of class II MHC molecules is restricted mainly to cer-
tain cell types, such as macrophages, DCs, and B lymphocytes. 
However, MHC class II molecules can be induced in other cells 
by IFN-g. Regulation of MHC class II molecule expression occurs 
at the level of transcription. Many factors that regulate their 
expression are DNA binding and are ubiquitously expressed.178 
An important mediator is the MHC class II trans-activator mol-
ecule (CIITA), which is not a direct DNA-binding molecule and is 
detected in cells that express class II molecules constitutively or 
after induction with IFN-g. CIITA is essential for the activation 
of MHC class II promoters that have the SXY regulatory module, 
i.e., a module consisting of certain motifs known as S, X, and 
Y boxes,179 as well as for the expression of the Ii chain and 
HLA DM molecules. The MHC class II molecules and Ii chain 
are co-translationally inserted into the membrane of the ER 
through a signal peptide. The Ii is a type II membrane protein: 
the NH2 terminus is on the cytosolic face of the ER and rapidly 
forms trimers through interactions of its luminal sequences.180 
It also associates with three MHC class II molecules, added 
sequentially, forming nonamers.36 A central region of the Ii, 
which is termed CLIP, occupies the peptide-binding region of 
MHC class II and prevents peptide loading to MHC class II in 
the ER. Furthermore, the MHC class II–Ii association conceals 

a motif that retains Ii into the ER, and, as a result, the nona-
mer complex moves to the Golgi apparatus.181 Leucine (Leu) 
signals in Ii bind the AP-1 and AP-2 adaptors,182 but more than 
one sorting mechanism probably exists, depending on the cell 
type. The MHC class II–Ii complexes are targeted to late endo-
somes,183,184 possibly with an intermediate stopover, on the cell 
membrane or on the early endosome. Permanent localization 
in the early endosomes (by exchanging the cytoplasmic tail of 
Ii with that of transferrin receptor) blocks class II presenta-
tion, indicating that late endosomes or lysosomes provide the 
appropriate milieu for class II presentation.185 The CLIP has 
also been shown to mediate interaction of the Ii chain with MHC 
class I molecules.186

Generation of Antigenic Peptides for Class II Major 
Histocompatibility Complex Presentation
Proteolytic breakdown of exogenous antigen in the endocytic 
pathway is essential for peptide loading. Specific uptake involves 
endocytosis and phagocytosis, mediated by various receptors 
in different cells, such as the B-cell receptor (BCR) in B cells 
and mannose receptors and Fc receptors in macrophages. The 
mannose receptor recognizes patterns of carbohydrates on the 
surface of the cell wall of infectious agents, and this increases 
dramatically the efficiency of class II–mediated presentation by 
DCs (Fig. 14.6).

The endocytic route that is taken by endocytosed foreign mate-
rial consists of a complex network of compartments that vary in 
morphology, physiochemical properties, and content. Three major 
regions, however, can be distinguished: the early endosomes, with 
slightly acidic pH, are barely proteolytic; the late endosomes are 
more acidic and contain some components that are classically 
used as markers of lysosomal compartments, LAMP1 and LAMP2, 
and the lysosomes that have a low pH and are rich in hydrolytic 
enzymes. This route is intersected by another route that originates 
in the trans-Golgi network (TGN). This route is taken by molecules 
that come out of the ER, and, depending on specific signals such 
as dileucine or mannose 6-phosphate, they follow the secretory 
pathway on the way to the cell membrane or secretion. Foreign 
antigens that enter the endocytic pathway are subject to gradual 
proteolysis, which may generate peptides that are suitable for 
receptive MHC class II molecules.187 Antigens follow different 
routes in the endocytic pathway, and antigen processing is differ-
ent.188 “Exit tracks” from the endocytic pathway join the constitu-
tive secretory pathway for reaching the membrane. Proteolytic 
activities along the endocytic pathway are acquired progressively.

Acidification is an important factor for protein unfolding, 
and, as the pH decreases progressively, it influences several 
steps in the processing of incoming antigens and in peptide 
loading, such as protease activity, MHC class II molecule aggre-
gation, peptide receptivity, and function of chaperons HLA-DM 
and HLA-DO.

Antigen processing is carried out primarily by proteases, 
and most of the lysosomal proteases are known as cathepsins. 
The final peptide that is suitable for loading onto MHC class II 
molecules is prepared by the action of the protease alone or 
with the assistance of the MHC molecule. A protease-guided 
initial step breaks down large proteins into smaller polypep-
tide chains, which may be partially accessible to MHC class II 
molecules. At this point, MHC class II–guided processing allows 
the protease to trim down unnecessary protrusions outside the 
binding site.189

Several proteases exist within the endocytic system, endopro-
teases and exoproteases, and some cooperation between them is 
anticipated.190 It appears that the first key protease is a Cys endo-
peptidase that cleaves after Asn residues.191 Once this enzyme 
takes the first step, other enzymes complete the digestion for the 
generation of peptides.
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FIGURE 14.6. Processing and presentation for major histocompatibility complex (MHC) 
class II. Pathogens or their products are captured by phagocytic or dendritic cells and are carried 
to the interior of the cell enclosed within endocytic vesicles. A: Endocytosis is mediated through 
the mannose receptor (MR) or the B-cell receptor (BCR), or, depending on the method of entrance, 
they end up within typical phagosomes or early endosomes (EEs). The endocytic pathway is rela-
tively complex, which is reflected in changes of their composition and pH. There is a dramatic 
morphologic change from a simple vesicle to multilamellar and multivesicular compartments that 
are known as MHC class II compartments. The endocytosed material is targeted to vesicles with 
class  II MHC: early peptide loading compartment (EPLC) and late peptide loading compartment 
(LPLC). Their conformation and groove are maintained by the invariant (Ii) chain in EPLC and HLA-
DM in LPLC. The MHC class II molecule is synthesized in the endoplasmic reticulum (ER), and its 
conformation is stabilized by the chaperon protein Ii chain. A region of Ii termed class II– associated 
invariant chain peptide (CLIP) occupies the groove and prevents the collapse of MHC class II mol-
ecules. MHC class II molecules and Ii exist as nonamers. The complex moves out of the ER, passes 
through the Golgi apparatus, and reaches the EPLC, where the Ii chain is proteolytically destroyed 
but CLIP remains in the groove. Exchange of CLIP with the antigenic peptide is catalyzed by the 
nonclassical HLA-DM protein. In the last step of this long and tortuous path, the MHC class II–
peptide complex is delivered to the plasma membrane by the EPLC vesicle, where it interacts 
with the appropriate T-cell receptor on CD4+ T cells. B: Proteolysis of the Ii chain is mediated by 
cathepsins, which cleave at a cysteine or aspartic acid residue. LE, late endosome.

Peptide Loading on the Major Histocompatibility 
Class II Molecule
As indicated earlier, the MHC class II molecule arrives in the 
endocytic system as a nonamer with the Ii chain. The CLIP region 
of Ii is inserted in the peptide-binding groove and prevents inter-
action with ER-resident proteins or other proteins on the way to 
the endosomes. CLIP also keeps the MHC class II molecule stable 
until the time of peptide loading. The precise location of the pep-
tide loading within the endocytic system has been debated for a 
long time. Electron microscopic studies demonstrate that the MHC 
class II molecule is found throughout the endosomal pathway, 
including mannose 6-phosphate–positive late endosomes and in 
late endosomes and lysosomes, a compartment that is rich in MHC 
II but negative for the mannose 6-phosphate receptor, which is 
known as MIIC.192 This compartment consists of vesicles 200  to 
300 nm in diameter with heterogeneous morphology, such as 

 multivesicular, multilamellar, and tubulovesicular. Various func-
tional stages of MIICs are distinguished on the basis of the Ii detec-
tion; for example, in some of them the intact Ii chain is detected, 
in others only the aminoterminal region is detected, and, in still 
others the Ii chain is absent. Loss of the Ii chain is associated with 
a change from multivesicular to multilamellar MIIC.193 Another 
endocytic compartment, known as the CIIV (for class II vesicles), 
from a B-cell line, is similar to MIIC. Both are considered to be 
sites for peptide loading. The MIIC compartment is set aside from 
the remaining endosomal vesicles, and several endocytic markers 
are absent. These vesicles receive newly synthesized MHC class II 
molecules by virtue of the targeting motif of the Ii chain. Once they 
arrive, the Ii targeting motif is removed (C-terminal region), and 
the MHC II–Ii complex is retained within the MIIC for prolonged 
periods of time.193a The MIIC is particularly abundant in DCs 
which are the professional APCs.

The first step in the peptide loading is the digestion of the Ii 
chain in the MHC class II–Ii chain nonamer complex (Fig. 14.6). 
The carboxyterminal region of Ii is cleaved by a protease that 
releases an MHC class II–Ii trimer.194 Ii degradation occurs in an 
orchestrated fashion until only the CLIP remains attached to the 
MHC class II molecule. Proteolysis proceeds in two stages, and, 
for proteolysis of the second intermediate, different cathepsins 
are used in different APCs. Of the lysosomal enzymes, cathepsin 
S plays an essential role in the degradation of Ii in B cells and 
DCs, and its absence has major consequences for the onset of 
humoral immune responses.190 Cathepsin L, on the other hand, is 
expressed on thymic epithelial cells.195

Removal of CLIP from the peptide-binding groove and subse-
quent loading with antigenic peptide is catalyzed by the nonclas-
sical class II HLA-DM, which binds directly to MHC class II–CLIP 
complex,61 near the N terminus of MHC class II.196 It is thought 
that the DM induces a transitional “open” state to the MHC class II 
groove that releases CLIP. This occurs by disruption of a few 
hydrogen bonds between MHC class II and CLIP.197 It is intriguing 
that HLA-DM does not interact with MHC class II that is associated 
with intact Ii chain.

The HLA-DO molecule is a negative regulator of HLA-DM, and, 
when it is overexpressed, it results in an accumulation of MHC-
CLIP complexes.

MHC class II–peptide complexes are transported to the cell 
surface by vesicles, the movement of which depends on the cyto-
skeletal elements. MIIC transport is microtubule-dependent.198 
Microtubules are assembled from ab tubulin heterodimers in the 
microtubule organizing center and extend toward the periphery. 
A large family of motor proteins, known as kinesins, mediate 
transport of vesicles of the secretory pathway, cytotoxic granules, 
lysosomes, and the like. On microtubules, kinesin transports 
vesicles toward the positive end of the microtubule (the end away 
from the microtubule organizing center, toward the cell periph-
ery). Another group of proteins, dynein, creates motion toward the 
negative end of the microtubule.199 Thus, dynein is important to 
keep vesicles around the nucleus, because inhibition of its function 
shuttles all the vesicles to the cell membrane. How and when the 
vesicular movement is regulated is unknown. In monocytes, IL10 
triggers positioning of MIIC in the cell, but in B cells, the BCR per-
forms this function. The signal for kinesin to transport the mature 
MIIC—i.e., the MIIC that is loaded with the peptide—to the cell 
surface is unknown. It is also intriguing that only MHC class II–
peptide complexes are detected on the cell surface, not the other 
contents of the MIIC vesicle.

antigen presentation by CD1
CD1 was first identified in human cortical thymocytes but later 
was detected on other cells, such as on antigen-presenting DCs, 
and CD1a is expressed on Langerhans cells (LCs), which are 
specialized DCs in the epidermis.200 CD1c is detected on a subset 
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of peripheral blood B cells and B cells of the marginal zone, and 
CD1d is expressed in intestinal epithelia and in a wide variety of 
hematopoietic cells. The members of the CD1 family are antigen-
presenting molecules, and, after their synthesis, they must first 
reach an appropriate vesicular compartment for peptide loading 
on the way to the cell surface. There are striking differences in 
the intracellular distribution of the CD1 isoforms.201,202 CD1a is 
found mainly on the cell surface but also in early endosomes203,204 
and in LCs that are present in the Birbeck granules. Together 
with CD1d, CD1b accumulates in the late endosomes and lyso-
somes, whereas CD1c is found in the early endosomes (transfer-
rin receptor-positive). The ratio between surface expression and 
intracellular concentration also varies among the isoforms. The 
differential expression of the isoforms is regulated by a Tyr-based 
motif in the intracellular region that is present in all isoforms 
except CD1a.205,206 This sequence, YXXZ (Y, Tyr; X, any amino 
acid; and Z, an amino acid with bulky side chains), interacts with 
a member of the cytosolic adaptor proteins AP-1 through AP-4.207 
AP-2 is positioned in the TGN and mediates delivery from the TGN 
to the endosomal–lysosomal system, whereas AP-2 is localized in 
the plasma membrane, where it directs proteins to clathrin-coated 
pits that lead to the entrance into the endocytic pathway. The AP-3 
is implicated in the sorting of proteins from the TGN to endo-
somes and lysosomes. The AP proteins determine the specificity 
of destination for the CD1 molecules, but the binding to a specific 
AP member is determined by the residues that surround the Tyr-
based motif.208 The YXXZ motif is essential for localization in the 
endosomal and lysosomal compartments, because mutations that 
are introduced into the sequence inhibit presentation of mycobac-
terial glycolipids to T cells.209 Although the YXXZ motif predicts 
the final destination, it does not indicate the route that is to be 
followed. The CD1d first follows a direct route from the ER to the 
cell surface, where, through the YXXØ motif (Ø, phenylalanine), it 
binds to AP-2. It is subsequently internalized and is directed to the 
MIIC compartment.209 MIIC overlaps considerably with lysosomes 
and may represent a fusion product between endosomes and lyso-
somes. CD1d is associated with the Ii chain, which directs CD1d 
to the same compartment independently of the Tyr-based motif.209 
The Ii chain needs to be degraded by cathepsin S to allow loading 
of the CD1d and to be directed to the cell membrane.210,211

The antigens that are presented by CD1 molecules are lipids 
and glycolipids (Fig. 14.7). Mycolic acids are a class of long chain, 
branched, free fatty acids and constitute the predominant compo-
nent of the thick outer layer of the mycobacterial cell wall. They 
confer the acid-fast staining property on mycobacteria. They con-
tain approximately 80 carbon atoms and are known to be required 
for mycobacterial survival. In addition to mycolic acids, two gly-
colipids, lipoarabinomannan (LAM) and lipomannan, are large 
molecules that contain 20 to 100 glycosyl residues and are also 
presented by CD1 molecules.212 Other antigens include selected 
phosphatidylinositol mannosides and glycosylated mycolates, 
including glucose monomycolate.

Mycobacteria are taken up by phagocytosis and reside within 
nonacidified phagosomes (due to a paucity in the vacuolar H+ 
ATPase). Therefore, they are restricted in their capacity to fuse 
with late endosomes and lysosomes. The macrophage mannose 
receptor that has been implicated in glycolipid uptake by APC213 
is absent from mycobacterial phagosomes.

The mechanism of distribution of various mycobacterial anti-
gens to the subcellular compartments is not well understood. LAM 
has been found in late endosomes and lysosomes, either by being 
released from the phagosome or after uptake from the extracellu-
lar environment by the mannose receptor.213 Nevertheless, myco-
bacterial antigens are distributed throughout the endocytic system 
after their release from the phagosome.214,215 Antigens that are 
released from phagocytosed mycobacteria reach various compart-
ments of the endocytic lysosomal system, where all CD1 isoforms, 
that is, CD1a, CD1b, and CD1c, gain access to  mycobacterial 

 glycolipids at these different sites (Fig. 14.8). CD1a and CD1c 
sample the antigens in phagosomes that are arrested in the early 
endosomal stage, whereas CD1b samples antigens in phagosomes 
that are arrested in the late mature phagolysosome stage. The 
CD1 molecule binds the lipid antigens by accommodating the first 
two lipid tails within the hydrophobic groove, whereas the hydro-
philic caps (sugars) are exposed to the solvent and contact the TCR 
directly.216 The buried surface of the groove, as determined from 
crystallographic studies, is 1,400 Å, which could optimally accom-
modate a lipid with 32 carbons. However, some of the antigens 
that are presented by CD1 are 44 carbons long, and the mycolic 
acids are 80 carbons long. Presentation of large lipids takes hours 
(trafficking to late endosomes), whereas the same antigens with 
shorter chains are presented rapidly but inefficiently from the cell 
membrane.217 DCs specialize in the presentation of lipids with 
long alkyl chains, whereas nonprofessional APCs present prefer-
entially short chain glycolipids. The acidic environment of the late 
endosomes and lysosomes is an important factor in the interaction 
of the large lipid antigens with the groove. The properties of the 
CD1b protein are dramatically altered in an acidic pH to facilitate 
the interaction with its ligands. There is a reversible unfolding of 
the a-helical portions of CD1 in an acidic pH, which permits the 
direct binding of the hydrophobic portions of the molecule, thus 
burying the alkyl chains.218,219 The depth, enclosed nature, and 
hydrophobicity of the interior of the CD1 groove is well adapted to 
carry out antigen presentation of lipids and amphipathic glycolip-
ids, for which the hydrophobic component is sequestered within 
the groove, whereas the carbohydrates are left outside to interact 
with the TCR.

APC alters the structure of glycolipids by removing terminal 
glycosyl residues from certain glycolipids, resulting in the expo-
sure of epitopes that are reactive with TCR.220 Glycosylation also 
generates new antigens, as is the case of glycosylation of mycolic 
acids during mycobacterial infections, with the use of glucose from 
the host and a mycobacterial enzyme.221 Glycolipid processing 
generates a large variety of lipid ligands for presentation by CD1 
proteins.222

In addition to bacterial glycolipids (i.e., LAM) and glucose 
monomycolate, CD1b molecules recognize self-glycosphingolipids, 
such as GM1 ganglioside.223 Several of these gangliosides can 
bind to CD1b, and, in striking contrast to bacterial glycolipids, the 
self-glycolipids bind on the cell surface without the need of the late 
endosome and lysosome acidified environment.224 Five or more 
oligosaccharide groups are required to stimulate TCR recognition 
with a large component of the ligand that is exposed. Apparently, 
these gangliosides act as blockers to prevent harmful autoreactiv-
ity. The number of these autoreactive T cells increases in multiple 
sclerosis.223

CD1 System in Microbial Immunity
The protective value of CD1-mediated immunity is currently 
under intensive investigation.225,226,227 The CD1+ cells correlate 
with the level of immunity to Mycobacterium leprae and are 
present in the lesion tenfold more abundantly in the tuberculoid 
form (immunologically responsive) than in the lepromatous form 
(immunologically unresponsive). Low numbers of CD1+ cells cor-
relate with low granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF) levels and high IL10 levels, which inhibits GM-CSF 
secretion. GM-CSF is a key differentiating factor for mature CD83+ 
DCs.218,228 CD1-restricted T cells contribute to intracellular bacte-
rial infections, such as M. tuberculosis, based on high levels of 
IFN-g secretion and strong cytolytic activity.

The CD1 isoforms broadly survey the endocytic system over 
pathways that are distinct from those of MHC class I and MHC 
class II molecules, and, furthermore, they are restricted to pre-
sentation of an important class of antigens, lipids, that are not 
covered by the MHC molecules. Among them, CD1c is particularly 
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FIGURE 14.7. Microbial glycolipid presentation to T cells. The CD1 molecule, an orphan family of major histocompatibility complex (MHC)-like molecules, 
presents long carbon-chain glycolipids from mycobacteria and other similar pathogens, to natural killer T cells (NKT), T-cell receptor (TCR)-gd, and TCR-ab cells, 
linking innate and adaptive immunity. The CD1 molecules are expressed in various compartments of the endocytic system, providing a broad surveying mechanism 
for the detection of intracellular mycobacterial infections. Localization of CD1 molecules depends on endosomal targeting sequences for loading of glycolipids. The 
glycolipids in general consist of a hydrophilic head of carbohydrate molecules and one or two lipid tails. The head interacts with the TCR, whereas the lipid tails are 
accommodated within the large groove of the CD1 molecules, penetrating into two deep pockets. Ag, antigen; a-Gc, a-galactosylceramide; GMM, glucose monomy-
colate; H-1 PIP, hexosyl-1-phosphoisoprenoid; LAM, lipoarabinomannan; M-b1-PhDo, mannosyl-b1-phosphodolichols.

A B

FIGURE 14.8. Migration of dendritic cells. A: A Langerhans cell, migrating through the laby-
rinthine space of the dermis, guided by chemokine signals that are received by its chemokine 
receptors. B: The Langerhans cell penetrates into the dermis through a hole (between the two 
groups of arrows) in the basement membrane (asterisk). (From Romani N, Ratzinger G, Pfaller K, 
et al. Migration of dendritic cells into lymphatics—the Langerhans cell example: routes, regulation 
and relevance. Int Rev Cytol 2001;207:237–270, with permission.)
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important, because it is expressed on LCs (in the absence of CD1b) 
and B cells (without CD1a or CD1b).229

dENdriTic cEllS
DCs, as their name indicates, are characterized by their long and 
elaborate cytoplasmic branching processes (the Greek word den-
dron means “tree”). The adaptive immune system, under evolu-
tionary pressures, developed cells with exquisite specific receptors 
for sensing components of pathogens, so as to be able to generate 
molecular and cellular effector mechanisms for their elimination. 
Sensing of the pathogens or their products requires their break-
down (processing) and presentation by cells of the innate immu-
nity. Foremost among the APCs are the DCs.230,231,232 DCs are a 
highly heterogeneous group that resides in most peripheral tissues 
at sites at which the body interfaces with the environment (i.e., 
skin, intestine, respiratory mucosa). Although DCs, as do other 
hematopoietic cells, ultimately derive from bone marrow pro-
genitors, partially differentiated precursors are outside the bone 
marrow, such as peripheral blood, cord blood, and thymus. Such 
progenitors that are exposed in vivo to bacterial or inflammatory 
products, cytokines, and the like, differentiate to more mature 
cells with DC morphology and function. This large plasticity of 
DC development has created confusing and sometimes contradic-
tory results. Basically, there are two lines of differentiation from 
stem cells, one along myeloid lineage and another along lymphoid 
lineage, thus the generation of two prevailing terms: myeloid DC 
and lymphoid DC. DC precursors circulate in the peripheral blood 
with a monocytic phenotype CD14+CD11c+CD13+. These cells, 
cultured in vivo in the presence of GM-CSF and IL4, give rise to the 
DCs that are considered as myeloid DCs. However, the same pre-
cursors cultured with fibroblasts differentiate to macrophages.233 
IL6 that is released from fibroblasts in contact with the monocytic 
precursors up-regulates the macrophage colony-stimulating fac-
tor receptors. This switches differentiation to macrophages by an 
autocrine mechanism, based on the secreted macrophage colony-
stimulating factor. Progenitors from cord blood that are consid-
ered lymphoid, with the potential to differentiate into NK cells, 
could give rise in vitro to phenotypically and functionally potent 
DCs under stimulation with various cytokines.234 In vitro studies 
may not represent the normal in vivo pathways of differentiation, 
but they nevertheless provide evidence that, in vivo also, partially 
differentiated cells of different lineages may choose a DC differen-
tiation pathway when they are exposed to appropriate conditions. 
The stimuli for DC differentiation vary widely, from inflammatory 
microbial products235 to simply crossing endothelial barriers. 
DCs that develop within the thymus are CD8+ and are considered 
to be of lymphoid origin. However, it has been documented that 
even myeloid DCs can express CD8, so CD8 expression does not 
define lineage origin.236,237 Origin from lymphoid precursors was 
suggested by unique DCs known as plasmacytoid T cells or plas-
macytoid monocytes. These cells have a typical plasma cell-like 
morphology; lack expression of myeloid markers; and are CD11c-, 
CXCR3+, and L-selectin (CD62L)+. DCs are heterogeneous with 
respect to their phenotype, anatomic distribution, and function.

Functionally, DCs have been distinguished into two groups, DC1 
and DC2; the former derive from myeloid monocytes (pre-DC1), 
and the second derive from a plasmacytoid DC precursor (pre-
DC2).238 This separation correlates with functional differentiation. 
Myeloid DCs from monocytes that are activated by the CD40 ligand 
(CD40L) produce large amounts of IL-12 and induce preferentially 
TH1 development. Lymphoid DC2s from plasmacytoid precursors 
produce lower amounts of IL12 and preferentially induce TH2 
development.239,240 Another study, however, reached opposite 
conclusions,241 suggesting that the two DCs represent two separate 
evolutionary traits. The pre-DC1s express the Toll-like receptor 
(TLR)-2 and TLR4, and preDC2s express TLR7 and TLR9.242

Pre-DC1s are strongly positive for mannose receptor and rap-
idly produce large amounts of proinflammatory cytokines, such 
as TNF-a, IL6, and IL12, in response to ligands of TLR2-bacterial 
glycoproteins. Pre-DC2s produce IFN-g in response to ligands of 
TLR9-bacterial DNA.243 The origin, response to stimuli, and path-
ways of differentiation of DCs vary greatly, depending on condi-
tions that are still poorly understood.

The precursors of DCs from bone marrow progenitors move 
to the periphery as immature DCs and take position at crucial 
sites of potential entry of pathogens. Once they capture antigens 
and are exposed to stimuli, they mature and migrate to regional 
lymphoid organs to present antigens and to activate the adaptive 
immune responses by presenting antigens that are brought from 
the periphery. DCs are the professional APCs in immunity.

Migration of Dendritic Cells
DCs are cells that are continuously on the move from the moment 
they come out of the bone marrow to settle in various organs 
and tissues as immature DCs. In these locations, they are easily 
exposed to antigens and invading pathogens, and, now as mature 
activated DCs, they migrate to the lymphoid organs. Each of 
these pathways is orchestrated by distinct sets of molecules and 
receptors, foremost among them being the chemokines and their 
receptors.

Circulating monocytes and immature DCs express receptors 
for inflammatory chemokines (CXCR1, CCR1, CCR2, and CCR5), 
as well as receptors for bacterial and complement chemoattrac-
tants (receptor for N-formyl-methionyl-leucyl-phenylalanine-R 
and C5a-R),244 and, in response to such mediators, they develop 
into DCs.245 The crossing of the blood wall by DC precursors is 
mediated by a DC-specific adhesion molecule that is known as 
DC-specific intercellular adhesion molecule-3 (ICAM3) grabbing 
nonintegrin (DC-SIGN or CD209). DC-SIGN is a novel cell surface 
C-type lectin that is expressed on DCs, binds ICAM3, and mediates 
interactions between DCs and T cells.246 The extracellular region 
of DC-SIGN has a C-terminal, C-type carbohydrate recognition 
domain, particularly for mannose. DC-SIGN interacts with ICAM2 
on the endothelial cells and establishes shear-resistant contacts 
with blood vessel walls for the transmigration of the DCs.247 The 
DC-SIGN–ICAM2 interaction is involved in the bloodborne DC 
precursor exit into peripheral tissues and in tissue mature DCs 
to peripheral lymphoid tissues. In the skin and epithelia of lung, 
intestine, and so on, immature DCs are exposed to stimuli that 
trigger their maturation, such as cytokines (TNF-a and IL1) and 
microbial products (e.g., lipopolysaccharide, LPS).

The mature DCs change to a new phenotype (MHC II3+, co-
stimulatory and adhesion molecules positive) and acquire new 
migratory capacity. As a result, they migrate to the T-cell areas of 
the regional lymph nodes. DCs first down-regulate CCR1 and CCR5 
(receptors for macrophage inflammatory protein [MIP]-1a and 
MIP-1b), up-regulate CCR7, and become responsive to secondary 
lymphoid tissue chemokine (SLC) and Epstein-Barr virus-induced 
molecule 1 ligand chemokine (ELC), the ligands for CCR7.248,249 
Maturing DCs first move from their interstitial location to afferent 
lymphatic capillaries, where SLC is secreted from the endothelial 
cells and is carried to draining lymph nodes. The migratory path-
ways of the LCs, the DCs of the epidermis, provide a vivid example 
of the exquisite regulation of DC migration (Fig. 14.8).250

The LC precursors, CD11+ and CD1a+,200 are recruited into 
dermis, depending on the selectin expression of the dermal blood 
vessels.251 These cells express the CCR6 receptor, which binds 
the inflammatory chemokine MIP-3a (CCL-20), which is produced 
by keratinocytes of the epidermis.252,253 The LCs remain in the 
suprabasal layer, physically connected to neighboring keratino-
cytes by homotypic interactions that are mediated by E-cadherin, 
which is expressed by keratinocytes and LCs. Concomitantly, the 
CCR6 is down-regulated and the CCR7 is up-regulated, which 
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allows the LCs to move toward the lymphatic vessels in response 
to SLC. The basement membrane of the skin, however, stands 
as a barrier to their migration. LCs penetrate the lamina densa, 
which consists of type IV collagen and is digested by the matrix 
metalloproteinase of LCs. They cross the dermis and reach the 
abluminal side of the vessels. Entry into the lymphatic vessel is 
poorly understood, but P-glycoprotein may be involved.

LCs are carried by the lymph and acquire morphology that is 
known as a veiled cell as a result of their broad sail-like membra-
nous sheets. Entering the lymph node, they settle in the depen-
dent areas in response to SLC (CCL21) and ELC (MIP-3b, CCL19), 
ligands for the CCR7 receptor. SLC is produced by the endothelial 
cells of the high endothelial venule, and ELC is produced by DCs 
or other cells in the paracortex.254 The LCs that settle in the para-
cortex are known as interdigitating dendritic cells (IDCs).

Accumulation of DCs around tumors follows the same mecha-
nisms and depends fully on the interaction between chemokines 
released by tumors and the appropriate receptors on DCs 255.

Dendritic Cell Functions
DCs are best known for their efficient antigen presentation func-
tion. They capture antigens and pathogens, which they internalize 
and process for antigen presentation. DCs use a variety of recep-
tors to take in antigens, such as receptors for Fc and complement, 
macrophage-scavenger receptors, mannose receptors, and DEC-
205. However, of all the receptors that the DCs use to endocytose 
pathogens, the best studied is the DC-SIGN receptor that binds to 
HIV.256 HIV is not endocytosed by the DC, but the DC-SIGN binds 
to gp120 envelope glycoprotein, and the DC transfers the HIV to 
the lymphoid organs, where it enhances infection of T cells that 
express CD4 and chemokine coreceptors. DCs are efficient APCs 
for the class II–restricted pathway, but endocytosed antigens can 
also be diverted to the class I–restricted pathway. This is known 
as cross-priming or cross-presentation (see section “Presentation 
of Exogenous Antigen by Major Histocompatibility Complex Class I 
Molecules”). Immature DCs are crucial for this mechanism of 
presentation.

Interaction with pathogens by immature DCs not only pre-
pares naive T cells for priming, it also activates immature DCs 
for maturation. This is mediated by signaling receptors, such as 
the Toll-like receptors of innate immunity (i.e., TLR2, which is 
involved in response to Gram-positive bacterial components, or 
TLR4, which interacts with LPS in response to Gram-negative 
bacteria). An interesting example of the diversity of responses to 
a single bacterial protein by immature DCs is the bacterial cell 
wall protein OmpA (from Klebsiella pneumoniae). This protein 
triggers maturation signaling of immature DCs through the TLR2 
receptor, endocytosis via a receptor-dependent mechanism, and 
cross-priming of antigen-specific CD8+ T cells (in the absence of 
CD4+ T-cell help).257

DCs, however, are not simply antigen-delivering cells for 
lymphocytes. They play a key role in the maintenance of T and 
B lymphocyte pools in the absence of exogenous antigen. For 
T cells, this function depends on the high density of MHC class II 
molecules.258 It is postulated that the MHC class II molecules 
display self-peptides, and the interaction generates and transmits 
signals that are sufficient for the survival of T cells and could be 
traced from the cell surface to the nucleus (increase of IL12R b2 
chain and IFN-g mRNA). Contact between DCs and naive T cells 
in the absence of antigen is established by the interaction of 
DC-SIGN (DCs) and the ICAM3 (T cells).246 This strong interac-
tion allows the establishment of interactions with other adhesion 
molecules to form the immunologic synapse. These synapses are 
antigen-independent and induce local Tyr phosphorylation, small 
Ca2+ responses, and long-term survival.259

DCs can regulate differentiation of naive B cells. In the initia-
tion of the antibody response, a three-cell interaction takes place 

among T, B, and D cells with various combinations of cell-surface–
expressed molecules. This gives time to B cells to process and 
present peptide through the class II MHC molecules, for a cognate 
T- and B-cell interaction.260 DCs directly modulate growth and dif-
ferentiation of B cells and enhance IgG and IgA secretion by 30- to 
300-fold, and through IL2 production stimulate IgM production. 
IL2 is a key cytokine that is produced early after DC stimulation 
by maturation signals.261

Dendritic Cells in human Disease
DCs accumulate in the joints of rheumatoid arthritis patients and 
within psoriatic plaques, which express high levels of CD1b and 
CD1c, and are active stimulators of autologous T-cell prolifera-
tion. In contact allergy, hapten-modified proteins are processed 
by LCs that migrate to draining lymph nodes and initiate immune 
responses. A similar pathway is taken by DCs in the respiratory 
airways that capture and process inhaled antigens in asthma. The 
DCs are significantly higher in asthmatics. Targeting DCs may be 
an important new therapeutic approach for asthma.

In human parasitic infections, immature DCs can phagocy-
tose the organism and restrain parasite replication in dermal 
 infiltrates.

The role of DCs as potentiators and initiators of antiviral 
immune responses is well documented, especially in stimulating 
recall of cytotoxic T lymphocyte responses. Nevertheless, viruses 
still survive within DCs and subvert the immune response by 
down-regulation of MHC class I molecule expression, induction 
of immunosuppressive cytokines (IL10), or down-regulation of 
immunostimulatory cytokines (IL12). In the pathogenesis of HIV 
disease, the DCSIGN acts as a dendritic-specific HIV-1–binding 
protein that does not need a coreceptor and promotes binding 
and transmission of HIV-1 to T cells rather than entry to DCs. The 
virus is retained in an infectious state but is not allowed to enter 
the DC. DC-SIGN literally presents HIV to T cells in a nonprocessed 
infectious form. Various carcinomas display a heavy infiltrate of 
DCs with high MHC class II molecule expression that is associ-
ated with better prognosis. DCs have been used in trials in cancer 
therapy. Prospects for future successful DC immunotherapy are 
promising.262 T-cell immunity can be induced, even in patients 
with advanced stage IV melanoma, by vaccination with antigen-
pulsed mature monocyte-derived DCs.263 When the DCs are 
loaded with MHC class II molecule-binding melanoma peptides, 
strong tumor-specific TH1 responses were elicited.

In a large body of literature regarding animal models, DCs that 
were loaded with tumor-associated antigens were able to induce 
antitumor immunity.264 Measurements of CD8+ T cells by using 
MHC tetramers help quantify antigen-specific responses.265

Langerhans Cells
LCs were first observed in the epidermis by Langerhans and can 
be identified only by means of special stains that make use of the 
affinity of the cell for heavy-metal ions or the uptake by the cell of 
L-dopa, dopamine, and noradrenaline.266 The demonstration of a 
formalin-resistant and sulfhydryl-dependent ATPase is a reliable 
and specific technique for identifying LCs. Their ultrastructure was 
first described by Birbeck et al.,267 who also described a charac-
teristic granule that bears Birbeck’s name.

LCs constitute 3% to 8% of all cells in the epidermis and are 
present in all parts of the skin, esophagus, and cervix; they are 
not found in the cornea, trachea, stomach, or bladder. In humans, 
the number of LCs per unit of skin varies between 40,000 and 
100,000/cm2. Their precursors originate in the bone marrow, and 
in the mature stage they are located in the suprabasal layers of 
the skin, within the epidermis, where they can be distinguished 
from keratinocytes on the basis of absent desmosomes and tono-
filaments and from melanocytes by the absence of melanosomes.
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The long dendritic processes form a continuous network. The 
nucleus is irregular and lobulated. The cytoplasm is clear and 
contains microfilaments and multivesicular bodies, as well as 
the unique Birbeck granule, which is rod-shaped with periodic 
striations, giving it the appearance of a zipper. LCs are present in 
the dermal lymphatics, the marginal sinus, and the paracortex of 
draining lymph nodes, which suggests that these cells are mobile 
(see the previous discussion).

Mature LCs express a granule-associated antigen, E-cadherin,268 
and HLA-D antigens. Ultraviolet irradiation depletes the skin of 
LCs and blocks the induction of contact sensitivity.

Veiled Cells
Veiled cells are present in the afferent lymph and resemble LCs.269 
Their name derives from the possession of long, actively moving 
processes or veils that are approximately 100 nm thick. The veils 
do not contain organelles, and their movement must therefore be 
generated at a distance. Their nucleus is highly convoluted, and 
the cytoplasm contains bundles of microfilaments. Only approxi-
mately 4% of veiled cells contain a Birbeck granule, but all possess 
a large vacuole under the cell surface. They elicit a strongly posi-
tive response when they are tested for ATPase, and they resemble 
LC in the content of other enzymes. They are not actively phago-
cytic, but they possess Fc receptors.

After contact sensitization, Langerhans-like cells appear in 
the dermal lymphatics, and an increase in the number of veiled 
cells in the lymph that drain the area is noted. Once they are in 
the lymph node, most veiled cells localize in the T-cell–dependent 
areas, where they may function as interdigitating cells. Some 
veiled cells enhance the response of T lymphocytes to mitogens. 
Their function possibly consists of transporting antigens into the 
paracortical area, where they present them to T lymphocytes. 
Thus, a cellular chain for antigen transport exists in which more 
than one cell type takes part. Starting from the floor of the subcap-
sular sinus, antigen is localized first in cells that have the appear-
ance of LCs, but, in deeper regions of the cortex, a second cell with 
morphologic characteristics of veiled cells has been identified.270 
These two cells are similar to the cells that are known to migrate 
from skin areas to the paracortex.271

Interdigitating Dendritic Cells
The T-cell–dependent areas of the lymphoid organs contain sub-
stantial numbers of DCs that are known as IDCs.269 They have a 
clear cytoplasm and an irregularly shaped nucleus and extend 
long dendritic processes to contact T cells. They express MHC 
class II antigens but do not express receptors for the Fc fragment 
of Ig and complement. IDCs are positive for CD83 and the S100b 
protein (cytoplasm). The name usually is reserved to describe cells 
that lack Birbeck granules.

Many common features are shared by IDCs and DCs from 
other compartments (e.g., skin and splenic white pulp). This led 
to the view that a single DC system exists in which the peripheral 
nonlymphoid organs’ DCs migrate to the T-cell–dependent areas 
and become IDCs.272 This has been shown by labeling DCs that 
are isolated from the spleen of mice and injecting them into foot-
pads. The labeled cells migrated to the periarteriolar sheath of 
the spleen or the paracortex of the lymph node.273 DCs from skin 
that is painted with hapten migrate within 24 hours to the lymph 
nodes.274

Similarly, Leishmania parasites that are injected into the skin 
are found within IDCs in the T-cell areas of the lymph nodes, 
probably as a result of uptake of the parasites by skin DCs that 
migrated to the lymph nodes to become IDCs.275 In patients with 
skin allergies, one finds Birbeck granules in some IDCs of local 
lymph nodes. Also, the T-cell areas stain strongly for CD12, a 
marker that is expressed on LCs. This evidence supports the 

notion that LCs migrate from areas of the skin to the T-cell areas 
of regional lymph nodes. Transportation of antigen from the 
periphery to lymph nodes is not only characteristic of the skin DC 
but is also a function that is performed by intestinal DCs and other 
DCs in the periphery.

Follicular Dendritic Cells
Follicular dendritic cells (FDCs) are found in the follicles and 
germinal centers (GCs) of lymph nodes and were identified by a 
distinct dendritic pattern of antigen localization in the follicles. 
Antigen trapping in the follicles requires antibody with an intact 
Fc fragment and complement. The antigen that is so trapped per-
sists for long periods, in contrast to the antigen that is captured 
by the medullary macrophages. Cytologically, the FDCs have an 
irregular nucleus, a narrow rim of cytoplasm, and filiform den-
drites, giving the cell a sunburstlike pattern. On their surface, they 
express Fc and C3 receptors and MHC class II antigens.

Electron microscopic studies have identified two FDC types: 
FDCs with filiform dendrites, which mature to FDCs with beaded 
dendrites.276 After secondary immunization, FDCs form spherical 
particles called iccosomes (immune complex–coated bodies; Fig. 14.9). 
The iccosomes are formed through interactions of the two FDC 
types. One cell binds immune complexes, and the second cell, 
with beaded dendrites, binds to the areas of the complexes. Thus, 
the bead becomes coated with the complexes and the cytoplasmic 
membrane of the first FDC that carries the complexes. At this 
stage, the bead is filled with immune complexes and is subse-
quently detached as iccosomes that are dispersed among the cells 
of a developing GC. This process constitutes what is called the 
alternative antigen presentation pathway,276 to distinguish it from 
the more conventional antigen capture and presentation.

Antigen complexes are poor immunogens because they deliver 
a down-regulatory signal to the B cell that is related to the phos-
phorylation of the immune receptor Tyr-based inhibitory motif on 
the B-cell Fc receptor. However, the FDC strongly expresses FcR, 
and it is conceivable that, as FDC binds to complexes, it limits 
the available Fc on the complexes for binding to the FcR on B 
cells. FDC also delivers co-stimulatory signals to B cells, probably 
through complement-derived fragments, C3dg and C3d, which are 
associated with the FDC-bound complexes. Complement fragments 
bind on B  cells to complement receptor 2 (CR2, CD21), which is 
a member of the CD19/CD21/CD81 (TAPA1) complex, a corecep-
tor of the B-cell antigen receptor (see Chapter 12).277 Thus, the 
FDC-associated complexes colligate the antigen BCR and the CD19/
CD21/CD81 coreceptor, providing two signals for B-cell stimulation.

The CD21 exists in two isoforms, one long and one short. 
FDCs selectively express the long isoform of CD21, whereas the 
short molecule is expressed by B cells. CD21 on FDC most likely 
participates in binding of complexes. The FDC-dependent B-cell 
stimulation is enhanced by IL2.

FDC traps and retains large numbers of retroviral particles,278 
which markedly alter the function of FDC and the anatomy of the 
follicle. Infected FDC brings the virus and CD4+ T cells together, 
promoting their infectivity. The antigen presentation function of 
the FDCs is lost, and, eventually, the cells are destroyed.

There are two views on the origin of FDCs: one proposes a 
hematopoietic origin, whereas the other proposes a mesenchymal-
fibroblast origin. FDCs have a fibroblastic morphology and express 
certain molecules, such as vimentin and desmin, which are found 
in mesenchymal tissues. FDCs are also found in areas of chronic 
inflammation.279 As yet there is no convincing evidence for either 
theory. For the time being, FDCs continue to be defined as the 
cells in the follicles of lymphoid organs that have the property to 
trap complexes of Ig and antigen. The reticulum cells within the 
GCs were thought to be different from those in the mantle, but, by 
ultrastructural studies, DCs in GCs and those of the mantle zone 
(or primary follicles) are considered to be of the same family.280
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FIGURE 14.9. Follicular dendritic cell and iccosomes. A: Scanning electron micrograph that illustrates a follicular dendritic cell (arrow ) with beaded dendrites. 
Each dendrite contains several iccosomes. B: Transmission electron micrograph of a lymphocyte from the germinal center with two iccosomes in contact with its 
surface (arrows). (From Szakal AK, Kosco MH, Tew JG. A novel in vivo follicular dendritic cell-dependent iccosome-mediated mechanism for delivery of antigen to 
antigen-processing cells. J Immunol 1988;140:341–353, with permission.)

T–b-cEll iNTEracTioNS
Immune responses are regulated by the dose and the  localization 
of antigen.281 Furthermore, for T and B lymphocytes that need to 
collaborate, recognition of antigen by their antigen receptors is 
not sufficient to activate them, but a second signal (co-stimulation) 
is required. T lymphocytes are in the paracortical areas, and the 
most abundant APCs in the paracortex are the IDCs.

The complexity of the mechanisms that are involved in 
activation of naive T cells in vivo was elucidated with TCR 
transgenic T cells.282 When antigen is injected in the absence 
of an adjuvant, T-cell activation does not take place or is too 
small in intensity and short in duration and therefore is non-
productive. DCs, which are interspersed in the tissues behind 
the physical barriers of the body, are Nature’s adjuvants, and 
although they are immature, they are still phagocytic and able 
to capture pathogens or their products. Under these conditions 
and with stimulation by inflammatory cytokines, DCs transform 
into mature DCs, and although they may have lost their phago-
cytic capacity, they have acquired two new important proper-
ties. First, they change their chemokine receptors to migrate 
to the T-cell areas of the draining lymph nodes. In addition, 
they acquire co-stimulatory molecules (CD80 and CD86), adhe-
sion molecules (CD48 and CD58), and class II MHC molecules 
that are loaded with peptides from newly internalized antigens 
expressed on the cell membrane. In addition to these molecu-
lar immunologic changes, morphologic signs of their acti-
vated state become apparent, with long cytoplasmic dendrites 
reaching out between T cells. This morphologic appearance 
contributed to their name as IDCs. Inflammatory cytokines, 
such as TNF-a, that are released from activated macrophages 
contribute to the activation of DCs283,284 and up-regulate CD40 
expression on DCs,285 which further promotes interaction with 
CD40L+ T cells.286

Activated DCs lead to significant immune responses, whereas 
immature DCs can be tolerogenic, as has been shown with healthy 
human volunteers. Immature DCs inhibit CD8+ T-cell immunity 
to viral peptide-specific IL10-producing T cells.287 In contrast, 
mature DCs (triggered by a mixture of macrophage products, 
such as IL1b, IL6, TNF-a, and prostaglandin E2) induce function-
ally superior CD8+ T cells and polarize CD4 T cells toward IFN-g 
production.

Maturational stimuli direct co-stimulatory molecules and MHC 
class II–peptide complexes to membrane microdomains (“lipid 
rafts”), where they are able to interact more efficiently with the 
CD28 and TCR as the DCs and T cells form the immunologic syn-
apse (see Chapter 13).288,289 This is the first cognate interaction, 
which takes place between DCs and T cells in the paracortical area 
and results in full activation of T cells (Fig. 14.10). Co-stimulatory 
signaling amplifies the TCR signaling as much as 100-fold, as T 
cells respond to lower doses of antigen (∼100-fold lower dose). 
The co-stimulatory pathway up-regulates bcl-xL and prevents 
Fas-mediated apoptosis of newly activated T cells. Co-stimulation 
enhances production of IL2 from activated T cells and induces 
expansion of antigen-specific T cells.

The factors that drive these two processes are the levels of 
MHC class II–peptide complexes and, therefore, the TCR stimu-
lation and the intensity of co-stimulation; both are related to 
the stability of the synapse.290,291,292 Recurrent and sustained 
exposures to antigen and to polarizing cytokines are essential for 
differentiation of CD4+ T cells.293 Early withdrawal of antigenic 
stimulation arrests differentiation, even in the continued pres-
ence of cytokines. For TH1 differentiation, prolonged signaling is 
required to induce appropriate epigenetic modifications to main-
tain high levels of T-bet expression (Chapter 13, see section “TH1 
and TH2 Differentiation”).

An important aspect of T-cell differentiation involves antigen 
selection of a TCR-restricted repertoire. This was clearly shown in 
the immune response against pigeon cytochrome C, in which the 
specificity is determined by the CDR3 of the TCR a chain. Of eight 
preferred CDR3 features that are rapidly selected early during the 
response, only one (TCR-a93 glutamic acid) existed to any signifi-
cant extent before immunization. This TCR restriction and clonal 
dominance is antigen-driven and is propagated by expansion of 
one or a few clones from the postthymic repertoire.

This selective T-cell expansion for effector and memory 
function takes place in the T-cell zone, before the GC reaction. 
Inflammatory cytokines, particularly IL1 or TNF-a, also mediate 
some of these effects through CD28 co-stimulation by up-regulating 
expression of CD80 and CD86 on DCs.

After the peak of clonal expansion, the number of antigen-
specific T cells falls owing to cell death, which may occur via 
Fas-dependent or activation-induced cell death. For the antibody 
response to continue, T and B cells, which are specific for  different 
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FIGURE 14.10. Chance and necessity: the germinal center reaction. Antigen (Ag) captured in the periphery by dendritic cells (DCs) is brought to the regional 
lymph nodes to be presented to naive T cells (t) (synapse I). Clonally selected naive T cells become activated by interleukin (IL)-2 (T). They up-regulate the CXCR5 
receptor, respond to BLC chemokine that is secreted from follicular cells, and move toward or even inside the follicle. In the border between the paracortex and the 
mantle of the follicle, they interact with B cells. The interactions are not yet well characterized in vivo. Some B cells process antigen and may present it to T cells that 
are selected by DCs (synapse II) (1). B cells may have been selected by the same antigen but for a different epitope. B and T cells may bind to the same immunogen 
but on different epitopes (“carrier effect”; synapse II) (2). Synapse II promotes differentiation of plasma cells that secrete immunoglobulin (Ig) M. B cells move inside 
the follicle to the pole that is adjacent to the T-cell zone (dark zone) and begin intensive proliferation. They are Ig-negative and are called centroblasts. B cells undergo 
mutations in the V gene at a high rate (somatic hypermutation) and change their IgM to another Ig class (class switch). When proliferation subsides, centroblasts 
move to the center of the germinal center—i.e., the light zone—and are known as centrocytes (Ig-positive). Their B-cell receptor (BCR) is submitted to the scrutiny 
of antigen–antibody complexes on dendrites of DCs of the densely populated light zone. In most centrocytes, somatic hypermutations have decreased or destroyed 
the affinity of their BCR and enter the pathway for apoptosis. Their corpses are removed by macrophages known as tingible body macrophages (TBM). If the affinity is 
increased, they are given the green light for survival and growth (BAFF, IL-6, IL-4, CD40-CD40L). Surviving cells have higher affinity than their predecessors (affinity 
maturation). They receive signals from germinal center DCs or follicular T-helper cells (TFH). Depending on the instructions that are received, some centrocytes go 
down memory lane, whereas others become plasma cells. Two genes are most influential in the regulation of germinal center reaction: B-cell lymphoma 6 (BCL-6) 
in the early phase represses all genes that regulate the second state; the B-lymphocyte–induced maturation protein-1 (Blimp-1) is released from repression when 
BCL-6 is down-regulated by high-affinity BCR signals. Blimp-1 regulates plasma cell differentiation. b, naive B cell; B, primed, antigen-specific B cell; BAF, B-cell 
activating factor of the TNF family; BM, bone marrow; CIITA, major histocompatibility complex class II trans-activator molecule; IDC, interdigitating dendritic cell.
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epitopes of the same antigen, must move from their separate 
locations to meet. Of the surviving activated T cells, most of them 
move out of the lymph node as memory T cells, but a small portion 
migrates to the edges of the paracortex next to the follicle, and B 
cells also move to the same location.294,295

Chemokines and their receptors are the main regulators of pri-
mary immune responses, setting the stage for the main players as 
well as orchestrating their performance. CCR7 is the most impor-
tant for organizing the appropriate microenvironment to make 
the initial interaction possible.296 As multiple cells contribute to 
an immune response, change in the chemokine receptor program 
regulates the second stage in the cell interactions for antibody 
synthesis. CCR7 is the receptor for chemokines SLC (6Ckine, exo-
dus2, and CCL21) and ELC (MIP-3b, exodus3, and CCL19). SLC is 
secreted by the cells of high endothelial venules and mediates the 
crossing of T cells to the lymph nodes. ELC is secreted by stromal 
cells of the paracortex and attracts naive T cells to settle within 
the T-cell areas (see Chapter 11). DCs in the peripheral tissues 
up-regulate CCR7 expression as part of their maturation and are 
guided to the paracortical areas. The CXCR5 is the receptor for 
chemokine BLC (CXCL13), which is secreted by stromal cells in the 
follicles and attracts B cells that cross the high endothelial venules 
to settle in the follicular area. Activated CD4+ T cells up-regulate 
CXCR5 and migrate to the follicles.297,298,299,300,301 Whether the 
T-cell–B-cell interaction takes place on the paracortical side295 
or the follicular side294 of the T-cell–B-cell border is not clear. 
The fact is that the two cells physically interact (second cognate 
interaction), forming a synapse by adhesion molecules and sup-
ported by co-stimulatory molecules, including the inducible co-
stimulator (ICOS) on activated T cells and its counterreceptor B7-h 
on B cells.302

gErMiNal cENTEr rEacTioN
Interaction of B cells with activated T cells initiates their prolif-
eration and migration into the area within the primary follicle, 
which is now called the secondary follicle. Some of the activated 
B cells differentiate at the edge of the T-cell zone into plasma cells, 
secreting IgM and migrating to the medullary cords and on to the 
bone marrow. Plasma cell differentiation in this area could also 
be induced in a T-cell–independent way, especially from antigens 
known as T-cell–independent antigens. The IgM antibody is part of 
the early phase of antibody production.303 The remaining antigen-
specific B cells are recruited within the follicle and rapidly expand 
to form the germinal centers.304 GCs are formed as a result of the 
expansion of one or a small number of B cells and are therefore 
monoclonal or oligoclonal. The expanding population of B cells 
fills the FDC network,305 and although T cells facilitate their 
formation, GCs may be formed in the absence of T-cell signals 
for certain antigens.306 Multiple steps of mutation and selection 
are the mean driving forces in the formation of the GCs, and re-
circulation of positively selected centrocytes is quite unlikely.307 
CD27 is important for GC formation by two distinct mechanisms. 
T cells support formation of GC as a result of interaction of CD28 
(T cells) with CD27 (B cells) (centroblast expansion) and, in addi-
tion, CD27+ T cells may be interacting with CD70 on B cells.308 
The GCs are oligoclonal and with a cell cycle time of the dividing 
B cells of approximately 6 hours, the number of accumulating 
blasts within 3 days is of the order of 1 to 1.5 × 104. During this 
exponential growth, the small recirculating B cells are excluded 
and are pushed aside to form the familiar mantle that surrounds 
the GC. By the time the B blasts finish their exponential growth, 
they have filled the FDC network that is close to the T-cell zone, 
which is known as the dark zone, and the B blasts are known as 
centroblasts. Centroblasts are Ig– and give rise to nondividing Ig+ 
cells, which are known as centrocytes, which occupy the center 
of the follicle or the light zone. The light zone has been divided 

into an apical (FDC CD232+) and a basal component (FDC CD23–; 
Fig. 14.11).

Several important events for the life of B cells take place in the 
GCs: clonal expansion, somatic hypermutation (SHM) resulting in 
affinity maturation, Ig class switch, and generation of memory B 
cells and plasma cells.

All naive B cells express the CXCR5 receptor for chemokine 
CXCL13 (BCA-1, B-cell attractant [chemokine 1]), which is secreted 
constitutively by cells within the DC network in the follicular area. 
Furthermore, the DC-specific chemokine CD-CK1 (CCL18, also 
known as PARC) preferably attracts CD38– mantle-zone B cells 
toward the FDC and may well provide the initiation signal for the 
formation of GCs.309 Responsiveness to the CXCL13 is also shown 
by a minor subpopulation of memory CD4+ T cells that express the 
CXCR5 receptor for the CXCL13 chemokine and, as a result, are 
attracted to the follicles; they are known as follicular T-helper cells 
(TFH).297,298 The expression of CXCR5 is transient and occurs dur-
ing T-cell activation but before their proliferation. The CXCR5+ T 
cells constitute only a minor proportion of peripheral T cells. They 
also express the CC-chemokine receptor 7 (CCR7) and L-selectin 
(CD62L), allowing a steady-state re-circulation through secondary 
lymphoid organs.299 Several molecules expressed on TFH cells 
mediate help to B cells, but crucial among them are CD40L (CD40 
ligand or CD154) and ICOS (inducible T-cell co-stimulator), which 
interact with CD40 and the ICOS-ligand (ICOS-L), respectively, 
on B cells. Another important molecule of TFH is SAP (its name 
derives from its association with an activation molecule known 
as SLAM [CD150], or signaling lymphocytic activation molecule). 
A significant member of TFH undergoes apoptosis, as shown by 
gene expression profiling.300

The FDCs are strongly positive for CD21 and CD23 and form 
a dense network in the light zone. In the dark zone, they are 
weakly positive for CD21 and negative for CD23, and they form a 
light network. The FDCs express the long isoform of CD21, which 
is the only specific marker for human FDCs, whereas the B cells 
express only the short isoform. FDCs trap immune complexes 
and present antigen to B cells, although the B cells can undergo 
somatic mutation and memory cell formation, even in the absence 
of complexes,310 probably by other signals that are received from 
FDCs, which support B cells in the immune response in several 
ways. Engagement of CD21 in the BCR by complement in the 
antigen–antibody complexes augments the stimulation that is 
delivered by FDCs.311 Furthermore, engagement of the FcgRIIB on 
DCs diverts binding of the complexes from the same receptor on B 
cells. FcgRIIB is an inhibitory receptor, and, thus, by trapping the 
complexes, the FDCs protect B cells from inhibition.311

There is cross-talk between FDC progenitors and B cells, 
because B-cell signals contribute to FDC maturation and network 
development. LT-a, LT-b, and TNF-a from B cells, and TNFR-1 

Light Zone

Dark Zone

  Mantle

FIGURE 14.11. The germinal center. Dark zone, centroblasts in cell cycle. Light zone, strong 
expression of CD23 on dense follicular dendritic cell (FDC) network. Mantle, loose FDC network.
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expression by some nonbone-marrow–derived cells lead to FDC 
cluster formation in the lymphoid organs.312

Because FDCs have no phagocytic activity and do not synthesize 
MHC class II molecules, they are unable to present peptides that 
are complexed with the MHC after processing of internalized anti-
gens. However, there are two other ways that FDCs perform their 
antigen-presenting function. Cytochemically, antigen has been 
detected on FDCs along filiform or beaded dendrites. The beads, 
like pearls on a string, are particles that contain the immune com-
plexes called iccosomes (immune complex-coated body), which are 
usually detected in the early phase of the formation of the GCs.276 
Complement in the complexes binds to CD21 on FDC and delivers 
a crucial signal that dramatically augments the B-cell stimulation 
resulting from binding of the antigen to BCR. FDCs have no phago-
cytic activity and do not synthesize MHC class II molecules, and 
therefore they are unable to process antigen for presentation.313 
MHC class II, however, has been detected on the surface of FDCs in 
the form of microvesicles that contain MHC class II molecules and 
other antigens that are foreign to the FDC.314 These vesicles are 
exosomes that are enriched in MHC class II molecules and mem-
bers of the tetraspan family (i.e., CD37, CD53, CD63, CD81, and 
CD82; see Appendix A). The exosomes derive from multivesicular 
endosomes that are released by B cells with specificity for attach-
ment to DCs and the ability to stimulate CD4+ T cells.315,316 This is 
an interesting example of cell communication, antigen processing, 
and presentation for T-cell activation. FDCs therefore have a dual 
mission for B-cell response within the GCs: antigen processing and 
presentation to B cells, and promotion of B-cell differentiation and 
isotype switching.317,318

In addition to FDCs, T cells have a critical role in GC forma-
tion, primarily for the late stages of GC reaction and not during 
the initial development.319,320 GCs that are induced in the absence 
of T cells are of short duration, and the V genes of the antibodies 
do not undergo hypermutation. The GCs abort dramatically at the 
time when T cells normally select the high-affinity B cells.319 The 
demise of the GCs at this point is a fail-safe mechanism to prevent 
autoreactive B cells from escaping into the periphery, with devel-
opment of autoimmunity.

In the dark zone, lymphocytes are densely packed, and only 
fine FCD processes penetrate this area. The FDCs in the dark 
zone are CD23– and only weakly CD21+. The centroblasts are 
in rapid cell cycle and do not increase in number, but they give 
rise to a progeny of centrocytes that are nondividing and express 
surface Ig. Centrocytes are located in the light zone and are CD21 
strongly positive and CD23 moderately to strongly positive. In this 
stage of the evolution of the GC, the B cell is selected for survival 
or death, based on the affinity of the antigen receptor as the cell 
emerges from changes induced by hypermutation (see the follow-
ing discussion).

B Cells in Germinal Centers: Struggle  
for Survival
Proliferation of B cells in the GCs is stimulated by antigen, but 
different mechanisms regulate the proliferation in the two GC 
zones, dark versus light. The paucity of T cells in the dark zone 
suggests that this early, expansive B-cell phase is supported by 
strong stimulatory signals from complement-containing immune 
complexes, FDC–B-cell cognate interactions, and soluble factors 
from FDCs.321 In the light zone, TFH cells play a more important 
role and, although the density of FDCs is much higher, some FDCs 
are inhibitory for B-cell activation. GCs develop within 4 to 6 days 
after primary immunization, and centroblasts in the dark zone 
continue to maintain a high output of centrocytes for 7 to 14 days 
and undergo SHM that results in antigen receptor diversification.

The decision between life or death, a process known as selec-
tion, takes place within the light zone as the B cell emerges from 
the dark zone. The mechanism of selection is not yet clear, but 

antigen that is trapped on FDCs is used to “test” the affinity of 
the BCR of the centrocytes. A key determinant for selection is 
the CDR3, which has a major contribution to diversity and affin-
ity of the receptor. Structurally identical receptors are handled 
differently if variations in CDR3 exist between them, and such 
variations drive the selection process.322 The vast majority of 
these random mutations is deleterious to antigen binding and 
destroys or diminishes the affinity of the BCR that existed when 
the antigen-specific B blast entered the dark zone from the para-
cortex–follicular border. These cells are negatively selected and 
are diverted to apoptosis.

Other cells have acquired autoreactivity, and these cells receive 
no signals from FDCs and therefore die from “neglect.”323 Of the 
cells in which BCR expresses reactivity with antigen, some emerge 
from the mutational process with high affinity, and only those are 
positively selected to achieve affinity maturation. Affinity matura-
tion was discovered 42 years ago324 but remained poorly under-
stood until somatic diversification of BCR genes in the GCs was 
demonstrated.325 Affinity maturation signifies the increase of the 
affinity of antibodies between those that are produced early after 
primary immunization (low affinity) and those that are produced 
2 weeks after immunization or, better, after secondary immuniza-
tion (high affinity). Affinity maturation is associated with somatic 
diversification that occurs during hypermutation. As shown by 
studies in mice, the D and J regions of the H chain (16 amino acids 
long) of the antibodies that are synthesized 7 days after immuni-
zation have no residue changes that could be attributed to muta-
tions. However, by 14 days the antibodies carry somatic mutations 
that have resulted in increase of the affinity.326 Positive selection 
of these high-affinity antibodies constitutes affinity maturation.

Survival of the Fittest
One of the puzzling phenomena related to the life of B cells after 
their release from the bone marrow is the fact that approximately 
70% of them do not reach maturation and die. B-cell survival and 
maturation relies on the delivery of signals, most importantly 
through BCR, and survival depends on a mechanism of positive 
selection.327 The immature B cells that leave the bone marrow 
undergo a progressive maturation process that takes the cell 
through three stages, known as transitional stage type 1 (T1), type 
2 (T2), and type 3 (T3).328 T1 cells are IgMhi, IgD–, CD23–, and 
CD21lo, and T2 cells are IgMhi, IgDhi, CD23+, and CD21hi.329

Although the location and mechanism by which this huge num-
ber of B cells perish have not been identified, it is possible that a 
prime location is the light zone, in which the mechanism of cell 
death is by apoptosis as a result of a BCR that is incapacitated by 
hypermutation.

B cells require and receive multiple signals from different 
cells and molecules for survival. The cognate interaction between 
FDCs and B cells provides signals through antigen presentation 
(albeit weak), as well as through several receptor–ligand pair 
interactions, such as ICAM–lymphocyte function–associated anti-
gen-1, vascular cell adhesion molecule-1–very late antigen-4, and 
CD23–CD21.330

In addition, DC stimulates B-cell proliferation and Ig synthesis, 
which are mediated by the CD137–ligand system.331 CD137 is a 
member of the TNF receptor family that is expressed by FDCs 
and stimulates the CD137 ligand-expressing B cells by reverse 
signaling.

Germinal Center B Cell
An important B-cell survival factor that is known as the B-cell 
activation factor member of the TNF family (BAFF or TNFSF13B) 
promotes maturation of B cells and prolongs their survival and, 
under certain conditions, B-cell growth.332,333 BAFF forms a 
trimerlike TNF, like other members of the family, but its unique 
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feature is the presence of two Mg2+ ions. The gene for TNFSF13B 
(BAFF) is located in human chromosome 13q32-34, a location 
that is frequently involved in translocations in Burkitt lymphoma. 
BAFF exists as a membrane-bound form and as a soluble form. 
It is closely related (approximately 50% similarity) to another 
TNF family member, a proliferation-inducing ligand (APRIL). 
Both BAFF and APRIL bind to two receptors, B-cell maturation 
antigen (TNFRSF17) and transmembrane activator, and calcium 
modulator and cyclophilin ligand interactor (TNFRSR13B or 
TACI), with high affinity, but preferences by the ligands have 
been detected,334 with BAFF being associated more often with 
TACI than with TNFRSF17.335 A third receptor, called BAFFR 
(TNFSF13C), selectively binds BAFF and not APRIL. However, a 
basic amino acid sequence close to the NH2 terminus of APRIL 
binds to proteoglycans in the extracellular matrix or cells and pro-
duces its oligomerization. It is probably an APRIL-specific recep-
tor.336 TNFSF17 (previously known as BCMA), TNFRSF13B, and 
TNFSF13C (BAFFR) are located on human chromosomes 16p13.1, 
17p.11.2, and 22q13.1-13.3, respectively.

Structural analyses of the three receptors and the phenotypes 
of mice that are deficient in each one have shown that TNFSF13B 
(BAFF) transmits the survival signal to transitional cells through 
the TNFRSF13C (BAFFR) and not through TNFRSF17 (BCMA) or 
TNFRSF13B (TACI).337 All three receptors are devoid of death 
domains, and BAFFR is devoid of TNF-receptor–associated fac-
tor (TRAF)-binding domains. TRAFs are adaptor proteins that 
mediate transmission of downstream signaling in the activation 
of nuclear factor kappa B (NFkB) and mitogen-activated protein 
kinase (MAPK) pathways. TNFRSF17 (BCMA) however, activates 
NFkB through binding of TRAF5 or TRAF6, but not TRAF2.338

NFkB is associated with a strong antiapoptotic function that 
regulates the end stages of B-cell maturation, Ig class switching, 
GC organization, and other processes.339,340,341 In the absence 
of the TRAF-binding domain, TNFRSF13C (BAFFR) uses the 
C-terminal sequence for survival signaling. Replacement of the last 
C-terminal amino acids results in loss of BAFFR function and of 
peripheral blood B cells in mice (strain A/WySn).342

The mechanism of action of TNFSF13B (BAFF) is not stimula-
tion of B-cell proliferation but promotion of survival, probably by 
increasing BCL2 expression.343 Loss of signaling by NFkB blocks 
up-regulation of BCL2. Mice that are deficient in Rel and Rela, 
which are members of the NFkB family of transcription factors, 
have a block of B-cell maturation and are similar to mice that lack 
Tnfsf13b or Tnfrsf13c. BCL2 expression rescues these mice from 
B-cell deficiency.344 TNFSF13B acts on the T2 transitional stage 
of B-cell maturation and on marginal-zone B lymphocytes. In 
mice that are transgenic for Tnfsf13B, the T2 and marginal-zone 
compartments of B cells are enlarged. The effect of TNFSF13B 
on various transitional stages of B cells is regulated by different 
downstream mediators, but mainly by up-regulation of the anti-
apoptotic genes A1 and BCLXL in marginal-zone cells. The net 
result is a proportional increase in the survival of the cells that 
traverse each stage.345

TNFSF13B and TNFSF13 (APRIL) regulate B-cell survival 
and activation,346 and disturbances of their function may 
lead to important disorders such as autoimmunity347,348 and 
 malignancies.348,349

Patients with SLE, rheumatoid arthritis, and Sjogren syndrome 
have elevated levels of TNFSF13B in their sera350,351 as well as 
in their synovial fluids,352 suggesting that TNFSF13B plays a role 
in autoimmunity. B cells with strong self-reactivity, however, are 
deleted before they express TNFSF13B receptor,353 a mechanism 
that provides protection against B-cell autoimmunity. TNFSF13B 
is produced by malignant B cells and is an essential autocrine 
survival factor in B-cell malignancies.349 Myeloma cells express 
TNFSF13B and TNFSF13 at levels higher than normal B cells and 
also co-express TNFSF13B receptor and TNFRSF13B (TACI), thus 
promoting their survival and proliferation.354

In some of these patients, the TNFSF13B and TNFSF13 have 
been found in the serum in the form of active heterotrimers.355 
The pathogenetic relationship between these two members of the 
TNF family and the levels of various autoantibodies was shown by 
the fact that their levels were correlated with titers of the autoan-
tibodies in Sjögren syndrome, such as the levels of Ig, rheumatoid 
factor, and anti-skin–sensitizing antibody.356

Chronic infection may lead to sustained release of TNFSF13B 
and emergence of autoreactivity. TNFSF13B therefore appears to 
be critically involved in certain antibody-mediated autoimmune 
diseases. Most studies have concentrated on the roles of TNFSF13B 
and TNFSF13 on B cells. However TNFSF13 also acts on T-cell sur-
vival by a mechanism that involves up-regulation of BCL2357 and 
TNFSF13B; although it does not appear to deliver a typical survival 
signal, it nevertheless acts on T-cell co-stimulation.358

TNFSF13 is up-regulated in many tumors (colon, prostatic 
carcinoma) and promotes tumor growth,359 but a soluble form of 
TNFRSF17 and TNFRSF13B counteracts the action of TNFSF13 
and inhibits tumor growth.360 The enhancement by TNFSF13 
of tumor growth may be due to up-regulation of BCL2 or signals 
that are delivered by inflammatory cells in the neighborhood of 
the growing tumors by cells, such as monocytes (which express 
TNFSF13), that provide optimal conditions for growth of some 
tumors, such as Burkitt lymphoma.361

The tumor-promoter function of TNFSF13 contrasts to functions of 
many other TNF-related ligands. The difference in the level of expres-
sion of TNFSF13 between normal and neoplastic cells is dramatic. 
Because adenocarcinoma cells lack any detectable expression of 
TNFRSF17 or TNFRSF13B, it is likely that another TNFSF13 receptor 
exists in these tumors. Because TNFSFBB and TNFSF13 promote the 
survival of B cells and the development of autoimmunity, the inflamma-
tory milieu of an autoimmune reaction supplies paracrine signals for 
the development of malignancies on an autoimmune background,335 a 
 connection that was identified clinically many years ago.362

Follicular t-helper and Germinal-center B Cells
The CD4+CD45RO+ recently activated T cells in the blood cross 
into the lymph nodes, and, because they have down-regulated 
CCR7 and have acquired instead the CXCR5 receptor, they respond 
to the call from DCs in the GCs, that is, to chemokine CXCL13 (BLC 
and BCA-1).297 In the GCs, they become known as TFH cells. In this 
location, TFH cells express high levels of CD40L, a co-stimulatory 
molecule that is required for B-cell activation and Ig class switch-
ing, as well as for the induction of ICOS (inducible co-stimulator). 
CD28 is required for naive T cells to differentiate into effector GC 
T cells and for subsequent primary antibody response. Secondary 
B-cell responses and continuous B-cell activation depend on the 
CD28 homolog, ICOS; that is, T-cell help is delivered for B cells in 
an orderly sequence of interactions.363 The importance of ICOS for 
sustained B-cell proliferation is reflected in the Icos-deficient mice 
that have no GCs after secondary immunizations.

Memory TH cells, after repeated antigenic challenges, emerge 
with restricted V-region genes and preferred CDRs that confer 
peptide specificity.364 The memory T cell acquires a functional 
potential of cytokine secretion early in the primary response, but 
the delivery of these functions is highly regulated and complex.

T-cell memory is an “operational property of the whole ani-
mal or immune system,”365 and, under this broad definition, the 
requirements for its maintenance and the delivery of special-
ized functions, although precisely regulated, depend on complex 
microenvironmental influences.

B-cell proliferation and differentiation are down-regulated by 
cytotoxic T-lymphocyte–associated protein-4 (CTLA4), a nega-
tive regulator for B-cell proliferation. CTLA4 is sequestered in 
a late or post-Golgi endosomal compartment and is available 
for rapid delivery to the cell surface, where it interacts with B7 
ligands.365 Interaction with B7 causes phosphorylation of one of 
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the  Tyr-containing sequences of CTLA4 that binds the SRC homol-
ogy 2 (SH2) domain of the Syk phosphatase. Syk dephosphorylates 
signaling molecules in the vicinity of TCR, dampening or inhibiting 
completely the TCR signaling pathway.366

CD40 and CD40 Ligand (CD154) Interactions
CD40 and CD40L (CD154) are members of the TNF superfamily 
and play a crucial role in T-dependent and T-independent humoral 
immune responses. The CD40 gene is localized in chromosome 
20q12-13.2. CD40 is homologous to the TNF receptor, and CD40L 
is homologous to TNF. (For details of the structure and expression 
of CD40 and CD154 (CD40L), see Appendix A).

CD40 is expressed on DCs and B cells, and CD154 is expressed on 
T cells. The CD40–CD154 interaction is critical for T-cell  activation 
and development of the TH1 and TH2 responses.367,368 The extra-
cellular region contains four Cys-rich domains, and the intracel-
lular region contains distinct sites for binding the adaptor proteins, 
TRAF1, TRAF2, TRAF3, TRAF5, and TRAF6, and a separate site 
for direct binding of JAK3 (the Janus family of protein Tyr kinases).

CD40 engagement delivers signals along two broad pathways: 
TRAF-dependent and TRAF-independent. TRAFs are adaptor pro-
teins that link the receptor to signaling molecules and mediate specific 
biologic responses. The specific functional outcomes of CD40 engage-
ment extend to a huge territory of cell biology in general and of B cells 
specifically, such as clonal expansion, activation, chemokine and cyto-
kine secretion and responsiveness, Ig production, and Ig class switch. 
The reader is referred to the reviews that were cited previously.

The functions that are induced by CD40 engagement are the 
result of activation of several transcription factors, more impor-
tantly, NFkB, AP-1, and c-AMP response element. Ligation of 
CD40 on B cells results in proliferation or apoptosis, depending 
on the differentiation state of the B cell, particularly by linking to 
different TRAF adaptor molecules. CD40 induces homotypic adhe-
sion between B cells through expression of lymphocyte function-
associated antigen-1-ICAM1, or CD23-CD21. The same molecules 
can also mediate interactions between B cells and T cells or DCs.

Important contributions of CD40–CD154 interactions in humoral 
immunity are the regulation of APC functions, GC formation, Ig syn-
thesis, and Ig class switch.369 A central role in several of these func-
tions of CD40 is played by the duration of expression of the ligand of 
CD40 by the T cells.370 Some memory T cells have pre-formed CD154 
that can be rapidly expressed on the surface after T-cell activation.

Expression of CD154 for a limited time allows B cells to termi-
nally differentiate and secrete antibody. TH1-differentiated cells 
express CD154 for >3 days and suppress antibody production, 
whereas activated TH2 memory cells express CD154 for <12 hours 
and allow antibody to be produced.370 Expression of CD154 on T 
cells is reciprocally regulated by cytokines; although IL12 sustains 
CD154 expression, IL4 represses CD154 expression. It is clear now 
that prolonged engagement of CD40 inhibits secretion of Ig.371

Multimers of TRAF3 and TRAF5 mediate the signals for 
T-dependent humoral responses.

Signaling events from CD40 engagement without TRAF involve-
ment are still unclear. CD40 ligation leads to phosphorylation of 
several protein Tyr kinases, such as LYN, BLK, BTK, and SYK. 
JAK3 binds directly to CD40, but the role of signaling by this path-
way remains controversial. BTK leads to expression of CD80 and 
CD86 after CD40 ligation.

In general, signaling through TRAFs seems to be more 
 important for the CD40-mediated functions.

iMMuNoglobuliN claSS SwiTcH
Class or isotype switch refers to the change of the H chain of the 
antibody molecule by the constant domains of another H chain 
class. When the antibody changes to another Ig class, it still retains 

the entire L chain and the V domains of the H chain. In  other 
words, the antibody retains the same specificity for antigen but 
changes all effector functions that are determined by the H chain 
domains, such as complement fixation and phagocytosis.372 The 
change involves a recombination of H chain alleles that results 
in deletion of DNA. It is called switch recombination, because 
it occurs between the switch (S) regions. Class switch affects 
all Ig classes except IgD, which has no S region of its own and 
is co-expressed with IgM by termination of transcription and 
RNA processing. Switch recombination occurs in mature B cells 
after exposure to antigen, T-dependent or -independent; simply 
by T-cell signals alone in the absence of antigen (i.e., CD40 and 
CD40L); or by cytokines. Transcription initiates within the pro-
moter of the intronic (I) exon, proceeds through the S region, and 
terminates in the 3′ end of the CH allele, at the poly (A) site of 
secreted or membrane CH allele (Fig. 14.12).

A unique sequence 5′ to each I exon determines the selectiv-
ity of the switch recombination, acting as the site for binding of 
a series of regulatory proteins that are expressed after activa-
tion. The I region targets class switching to specific S regions 
that initiate transcription,373 and an intact I region is required 
for recombination. The factors that initiate recombination confer 
accessibility of the switch recombinase to the CH locus (acces-
sibility model).372 Basically, what accessibility means is that the 
gene that undergoes switching must be transcriptionally active 
and therefore accessible. Although accessibility allows transcrip-
tion, which is targeted to a specific S region to be initiated, it is 
not the only operating mechanism in class-switch recombination 
(CSR).374

Understanding of CSR took an unexpected turn with the 
 discovery that CSR and SHM are mediated by the same or similar 
mechanisms.375,376,377 An enzyme known as activation-induced 
cytidine deaminase (AID) is an RNA-editing enzyme that is 
induced after cell activation.378 RNA editing is a post-translational 
modification of RNA. The type of editing that occurs in mam-
malian cells involves deamination of a base, which converts it to 
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FIGURE 14.12. Class-switch recombination (CSR). In CSR, the surface immunoglobulin 
(Ig) M of the B cells is replaced by an Ig of another class. The IgM gene, which is located in the 
variable region of the heavy chain (VH) proximal end of the constant region of the light chain (CH) 
gene cluster (A) is replaced in that position by a gene of another class. In the 5′ side of each 
CH gene is the S region (switch; A), followed by a specific intronic (I) promoter, which regulates 
cytokine-induced transcription of the target gene. The intronic enhancer (Em) makes Sm acces-
sible for recombination with other downstream S regions (“accessibility model”). Beyond acces-
sibility, an enzyme known as activation-induced deaminase (AID; Fig. 14.13) is involved in CSR. 
The contribution of AID is not yet clarified, but AID deficiency in mice blocks CSR completely, 
although germinal center reaction is still intact. The S region of the new Ig gene is brought in 
juxtaposition to Sm, and the intervening sequence is looped out (B). The new CH is brought in 
next to the VH (C). The new Ig has the same specificity (VH) but possesses different biologic 
functions that are dictated by the CH.
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another base (e.g., cytidine to uridine or adenosine to inosine). 
Usually, the editing enzyme is associated with other proteins, 
forming an editing complex or editosome. AID is structurally 
similar to the RNA-editing enzyme, APOBEC-1, which deaminates 
deoxycytidine. APOBEC1 is involved in editing of the mRNA for 
apolipoprotein-B, generating a new mRNA that encodes a protein, 
which is an essential component of chylomicron. B-cell activa-
tion is important for the induction of CSR recombinase and the 
selection of the target S region. Both of these events are absolute 
requirements for CSR.

Activation of the B cell usually occurs through BCR or CD40/
CD40L or a cytokine. CSR has always been considered highly 
dependent on CD40L, and IgG, IgA, and IgE production is severely 
impaired in the X-linked hyper-IgM (HIGM) syndrome (see sec-
tion “Hyper-IgM Syndrome”). The CSR activation through CD40/
CD40L is T-cell–dependent, because CD40 signaling depends 
on its ligation by the CD40L that is expressed on T cells. Viral 
glycoproteins and bacterial LPSs can stimulate IgG and IgA 
production in the absence of CD40L-expressing T cells. A more 
physiologic T-independent CSR is induced by DCs through BAFF 
and APRIL.379

Cytokines direct switching for certain Ig classes; IL4 directs 
switching to IgG4 and IgE, whereas IFN-g antagonizes some of 
the effects of IL4 on germline transcription. TGF-b increases IgA 
transcripts followed by IgA switching.

The S region is removed by splicing, leaving the 5′-IHCH-3′ 
germline RNA. Upstream (i.e., 5′) of the I exons are sequences 
that are considered as sites of cytokine action, which generate 
DNAase-hypersensitive sites to be used for germline transcription.

For example, IL4, which is a switch factor for IgE, binds to the 
IL4 receptor and activates the Jak kinases. The Jak kinases induce 
the signal transducer and activator of transcription (STAT)6, 
which binds to IL4-responsive elements found upstream of the IgE 
gene and switch on for IgE transcription.

The S regions used for CSR consist of tandemly repetitive units 
with many palindromic, that is, inverted, repeats. Therefore, 
CS recombinase may recognize the secondary structure of the S 
region DNA rather than the primary sequence. In this respect, 
it differs from V(D)J recombinase, which targets consensus hep-
tamer and nonamer sequences around the V, D, and J segments. 
In CSR, the germline transcripts and AID are not sufficient to 
induce class switch, as was originally thought,380 but trans-
acting factors may play a role.374,381 These trans-acting factors 
are thought to act as docking proteins that recruit AID to the S 
regions.382–384

The initial event in CSR is a double-strand break (DSB) and 
produces 3′ or 5′ overhangs. If, for example, the class switch 
is between the IgM constant gene and the IgA-1 constant gene 
(Fig. 14.12) the CSR brings the IgA heavy-chain gene close to 
the V (VHDJH) gene. Thus, after the IgM/IgA class switch, the IgA 
antibody has the same specificity as the IgM. The intervening 
DNA sequence between the Sm and Sa regions forms a circular 
structure that is looped out.376 The circular DNA that is looped 
out includes the I promoter of the target S region, which is driven 
by specific cytokine stimulation before the CSR. This I promoter 
is still active in the looped-out DNA and directs production of 
transcripts, termed circular transcripts, which depend on the 
expression of AID. Circular transcripts may be used as a hallmark 
of active CSR408 and were detected in the majority of patients 
(14  of 20) with CLL. This indicates that some cells of the clone 
are able to differentiate in vivo along the pathway that induces 
CSR385 by stimuli provided from bystander immune cells. The DSB 
repair machinery is recruited to repair the DNA breaks. Because 
the S regions are heterogeneous in nature, the joining of the DNA 
is completed by the nonhomologous end-joining (NHEJ) system. 
Mutations in the NHEJ system inhibit class switch.386

NHEJ is a process that rejoins DNA breaks with the use of little 
or no homology. There are five proteins that operate in NHEJ: 

KU86 (XRCC5), and DNA-dependent protein kinase (DNAPK). 
DNA-PK consists of a catalytic subunit (DNA-PKCS) and a DNA-
binding component that is called Ku, itself a heterodimer of 70- 
and 80-kDa polypeptides. The protein kinase activity of DNA-PK 
is activated when Ku binds to altered DNA structures, such as 
DSB, nicks, or hairpin loops.387 The discovery of the mechanism 
of CSR is a major advance in our understanding of the complexity 
of mechanisms that are used by the immune system in the diver-
sification of genetic information to meet the needs and challenges 
caused by pathogens,376,388,389 and it is even more intriguing that 
the same machinery used for CSR is also used for a second diver-
sification mechanism that takes place in the GCs, SHM.375,376,390

SoMaTic HyPErMuTaTioN
The first diversification of genetic information in B lymphocytes 
takes place in the bone marrow during B-cell development. It 
involves the building of a BCR by random selection of a few DNA 
segments that are joined by V(D)J recombination. The assembly 
of these segments constitutes the combinatorial diversity (CD). 
CD is enhanced further by the addition during the repair of the cut 
ends of the DNA of palindromic and nongermline nucleotides that 
generate another level of diversity, the junctional diversity. (See 
Chapter 12, Fig. 12.5.)

When the IgM+ B lymphocyte moves out of the bone marrow 
to the real world of the secondary lymphoid organs, it finds itself 
ill-prepared to meet the existing challenges. It further diversifies 
its BCR during the evolution of the immune response within the 
GCs by two additional mechanisms: antibody CSR and SHM. Both 
of these pathways of diversification use similar mechanisms, with 
a prominent role played by an enzyme known as AID, which func-
tions as a deaminase and is induced after cell activation. Although 
the same enzyme, AID, functions in both CSR and SHM, different 
domains of AID mediate each of these two processes.391 Mutations 
in the N-terminal region of AID causes SHM deficiency and CSR 
is retained, whereas changes in the C terminal cause loss of CSR 
activity but not SHM. In addition to its enzymatic activity, AID acts 
as a docking platform by its C terminus that is specific for CSR.392 
Under conditions of stimulation of murine splenic B lymphocytes 
(e.g., LPS or IL4, which do not induce SHM), large numbers of 
mutations were detected in the 3′ subregion of the Sm region.390 
The Sm mutations are independent of the CSR, because they are 
detected in the Sm of switched and unswitched alleles. These 
mutational changes of Sm have been considered similar to the 
mutations that are introduced by SHM during B-cell activation in 
the GCs.393 Comparison of the amino acid sequence of L chains 
from mouse myeloma proteins with the sequence of the same gene 
from bone marrow B cells (germline) confirmed that the amino 
acid differences occurred as a result of mutations.394 SHM is the 
mechanism by which the affinity of antibodies increases after 
antigen stimulation, a phenomenon that was discovered in the late 
1960s and has been known as affinity maturation.

The mutations are largely confined to the V domains395,396 
and occur in the framework regions as well as the hypervariable 
regions. They also tend to occur on some residues (hotspots) more 
often than on others. Hotspots of SHM overlap with the CDRs, 
which contact the antigen directly. However, the SHM mechanism 
does not seem to target a specific sequence, because SHM has 
even been detected in other molecules, such as the BCL6 gene,397 
CD79A (Ig)a, and CD79B (Igb) genes,398 and CD95,399 or even 
in completely artificial sequences that are inserted into an IGK@ 
transgene.400 Mutations are introduced in the variable region of 
the Ig genes at a rate of ∼10–3 mutations per base pair per divi-
sion, which is 106-fold higher than spontaneous mutation rate in 
somatic cells. Comparison of the mutability of triplets shows that 
some are targeted more often than others. For each of the triplets, 
one can calculate an expected ratio of replacement (R) to silent (S) 
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mutations. For example, in triplets that encode glycine (Gly), six 
of the nine possible nucleotide substitutions result in an amino 
acid replacement mutation that gives an R:S value of 2 (6/3). In 
the case of histidine, eight of nine possible substitutions generate 
an amino acid exchange, and the ratio is 8 (8:1). Evolution has 
selected for CDRs in which the codon usage leads to a high ratio 
of R:S mutations. Those are mutations that are likely to affect the 
antibody-binding site, and the R:S value in the CDR is used as a 
marker for affinity maturation. No specific targeting mechanism 
is likely to exist. SHM assisted by AID may occur in other genomic 
locations,401 and it is not specific for the Ig genes. Accordingly, 
AID and the SHM machinery may be a genomewide mutator.402 
The Ig genes seem to be more highly mutated than the rest of the 
genome during the affinity maturation process in the GCs. In addi-
tion, they are more highly transcribed and have a higher density 
of DGYW hotspots than other genes.

The process of SHM occurs during the period in which the 
B cell undergoes a high rate of divisions (approximately one 
every 6 hours); this period is observed in the dark zone of GCs 
and is also linked to transcription, with which it is positively 
correlated.403 GCs have been considered the centers of hyper-
mutation,404 although in lymphotoxin-a–deficient mice that lack 
GCs, mutations can still be induced with strong antigenic stimu-
lations.405 The nature of the signals that are necessary for SHM 
is not well understood. CD40/CD40L interaction is important 
for the development of GCs and for proliferative activity, both of 
which are requirements for SHM. Under conditions in vitro that 
allow SHM to take place, three signals have been identified to be 
required: signals from anti-Ig, anti-CD40, and anti-CD38.406

With the use of several phenotypic markers, the B lymphocytes 
have been separated into different groups that represent differ-
ent stages of B-cell differentiation. The majority of the B cells in 
humans expresses IgM (as much as 90%) and can be distinguished 
into IgM+/IgD+, IgM+/IgD–, and IgM–/IgD– groups.

The IgM+/IgD+ do not carry mutations, except for a subpopula-
tion that expresses CD27.407 IgM+/IgD+ B cells are newly released 
from bone marrow and are considered still antigenically inexpe-
rienced. The two other groups, IgM+/IgD– and IgM–/IgD–, have 
mutations and therefore belong to their post-GC lymphocytes.408

Mechanism of hypermutation
The hypermutation domain—the region in which mutations 
occur—spans 1.5 to 2.0 kb downstream of the Ig promoter (Fig. 
14.12). The frequency of the mutations increases in the 5′-to 
3′-direction, peaks over the V(D)J recombination site, and then 
decreases toward the J–C junction. The 5′ boundary near the 
promoter is sharp, but the 3′ boundary near the enhancer region 
is less well defined. The I enhancer is the only sequence in the Ig 
gene cluster that is irreplaceable and must be in the correct ori-
entation. The need for the enhancer provides the explanation of 
the strong correlation of SHM with the transcription process. The 
mutation rate is 10–3 to 10–4 base pairs per generation, that is, six 
orders of magnitude higher than the spontaneous mutations.326 
The mutations are usually point mutations, but insertions, dele-
tions, or duplications also occur.408,409 Although mutations are 
limited within the boundaries of 1.5 to 2.0 kb, they tend to exhibit 
a characteristic nucleotide substitution preference, which affects 
not only the primary sequence but also secondary structures, such 
as hairpin loops, which are encoded by palindromic motifs. In 
spite of these preferences, the sequence of the V gene itself does 
not initiate the mutation, because artificial substrates hypermutate 
successfully.410

Two steps have been considered important for SHM: (a) DNA 
cleavage, which results in DSBs and (b) DSB repair, which is 
done by an error-prone mechanism.411 It is recognized that 
(a) DSBs occur in hypermutating sequences (hotspots), (b) they 
are coupled to transcription, (c) they depend on the presence 

of the Ig enhancer, and (d) they correlate with the appearance 
of nearby mutations.412,413 The DSBs are restricted to cells that 
have completed or almost completed DNA replication and need 
to be repaired before the end of cell division. In eukaryotes, there 
are two DNA repair mechanisms, homologous and NHEJ, each of 
which is used in distinct phases of the cell cycle. The NHEJ is used 
in the G1 to S phase, and the homologous recombination is used 
in the late S to G2 phase.

In V(D)J recombination, the DNA breaks occur in the G1 phase 
and are repaired by the NHEJ that is activated in the same period 
of the cell cycle. SHM occurs during the G2 phase,414 when a sister 
chromatid is present, and homologous recombination is active, 
whereas NHEJ occurs in the absence of such a template. The pre-
cise phase of the cell cycle for introduction of mutations, however, 
is not yet agreed on, because they have also been detected dur-
ing the G1 phase.415 For SHM, the AID is necessary, because AID 
deficiency impairs SHM. The relationship of AID to the DSBs is not 
clear, and AID probably makes no contribution to their genera-
tion,416 because, according to some evidence, AID acts after their 
occurrence.412 Furthermore, DSBs occur with the same frequency 
in rearranged and germline genes, and yet SHM is preferentially 
attracted to the rearranged genes,417 which suggests that DSBs 
do not express any functional affinity for AID attraction. AID has 
landed on the stage of SHM only recently, evokes considerable 
wonder, and attracts massive attention. AID’s activity is well 
understood, but its role in SHM remains elusive.418

Another approach in the search for answers for the SHM 
mechanism concentrates on polymerases.419 Most mutations in 
SHM are point mutations, but deletions, insertions, or duplications 
of DNA segments are also common. These changes are recognized 
as the signature for a DNA polymerase (pol) and are considered as 
strong evidence against an SHM mechanism that invokes a base-
modifying enzyme or chemical DNA modification. Based on these 
arguments, the SHM could be the result of a DNA polymerase 
with poor discriminatory capacity for bases. Such a polymerase 
could be one of the Y family of DNA polymerases—pol ζ, pol η, 
pol i, pol k420—that are specialized for bypassing DNA lesions 
(translesional polymerases). Some of these polymerases have been 
implicated in SHM.421–424

Pol η is significantly error-prone when it copies normal DNA 
and makes, on average, several more mistakes than a stringent 
polymerase.424 Patients with a null mutation of POLH (pol η) pres-
ent a variant form of xeroderma pigmentosum with a propensity 
for skin malignancies.425 These sloppy polymerases have the 
capacity to bypass a DNA lesion, which may otherwise bring the 
DNA replication to a halt and the cell to its death. However, during 
the replication of normal DNA, they are notoriously unfaithful in 
the selection of bases.

AID may function in signaling processes or in editing key 
molecules in B-cell differentiation in the GCs (see section “Hyper-
IgM Syndrome”), at the mRNA level, or by direct alteration of the 
target V gene, at the level of the RNA transcript. However, some 
recent results point out another pathway that is opened to AID 
in CSR and SHM. AID, as mentioned earlier, is a deaminase that 
converts deoxycytosine (dC) to deoxyuracil (dU; Fig. 14.13A–C). 
This conversion takes place during transcription of target genes 
and affects only the nontemplate DNA strand that is exposed as 
single-stranded DNA during the elongation reaction. This evidence 
supports once more the direct relationship of transcription and 
mutations that are linked by the deamination function of AID.426 
As a result of this function, AID creates a dU/deoxyguanosine 
(dG) mismatch or lesion in the DNA, which needs to be repaired. 
A major mechanism in the resolution of the lesion is excision of 
the uracil, which can be accomplished by several enzymes, one of 
them being a uracil-DNA glycosylase (UNG).427 UNG is the major 
DNA glycosylase in the mouse that processes programmed dU/
dG lesions in the Ig genes.428 If the dU that is created by AID is 
removed by UNG, an abasic site (AP) is generated (Fig. 14.13D). 
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The function of AID involves introduction of potentially muta-
genic changes,430 which have been detected in various experimen-
tal systems’ non-Ig genes. Ubiquitous and constitutive expression 
of AID in transgenic mice causes T-cell lymphomas, with TCRs 
and Myc genes expressing several mutations.431 These mutations 
preferentially occurred in hypermutation hotspots, and were 
biased toward G–C pairs, which is an AID sequence preference. 
AID also induces MYC-IGH@ translocations in B cells lacking p53 
tumor suppressor.432 AID activity in these experiments indicates 
that under certain circumstances it may induce chromosomal 
translocations.

In contrast to normal B cells, in B-CLL cells AID transcripts 
have been detected constitutively even though the cases were clas-
sified as unmutated.433 However, when B-CLL cases with Richter’s 
transformation were examined, AID expression and SHM activity 
were higher than in nontransforming B-CLL.434 The oncogenic 
potential of AID has been verified in transgenic mice that develop 
T-cell lymphoms.431

In conclusion, the AID appears to be important for somatic 
diversification of Ig genes, but the question remains whether AID 
can unite all the gene changes, such as SHP, CSR, and gene con-
version,435 required in life, or if AID needs more than one other 
aid.436 To this point, it is interesting that AID deaminates dC on 
single-stranded DNA, but it requires the action of RNAse.437 As of 
today, this is the latest aid that comes to AID’s help.

gENoMic ViEw of gErMiNal 
cENTEr rEacTioN
The study of the GC reaction by conventional, morphologic, and 
functional methods has provided a clear picture of the central 
position of the GC in the differentiation of B cells and the function 
of humoral immunity. Microarray technology carries our under-
standing to the last frontier,438 the genes that are involved in 
initiation and evolution of the reaction. Findings by this approach 
confirm what is known: the naive, antigenically inexperienced B 
cell does not divide and does not make Ig but is poised to respond 
to antigen. Indeed, naive B cells express genes that are inhibitory 
of proliferation (CDKN1A, also known as WAF1), as well as growth 
expression (BIN1 and BOK) genes. They also express mRNA for 
early-response genes (JUN and 2FP36L2, also known as ERF2), 
CCND1 (cyclin D1), and CCND2 (cyclin D2) that function during the 
transition from G1 to S phase.

The change from naive B cell to centroblast is as striking at the 
gene level as it is with the techniques that have been used thus 
far. The centroblast expresses the vast majority of proliferation-
associated genes, as well as those that regulate the cell cycle and 
mitosis. One of the unexpected results was the lack of expression 
of c-myc proto-oncogene, which is known to be associated with 
cell proliferation. Genes that regulate apoptosis are up-regulated, 
whereas antiapoptotic genes (BCL2) are down-regulated. Studies 
of gene expression do not detect significant differences between 
centrocytes and centroblasts, although these two populations have 
distinct functional characteristics. It is suggested that one of the 
two populations may be heterogeneous. The light zone contains 
detectable subpopulations by phenotype or by the expression of 
transcription factors.

In general, the global gene profile of naive B cells is that of 
suppression, actively maintained by notable inhibitors of signal 
transduction.439 However, the GC B cell is characterized by a 
proliferation signature, which includes activation of genes that 
participate in various stages of cell cycle, such as cyclin, cyclin-
dependent kinase (cdk), and CDC2, which drive cells through the 
G2 and M phases. Additionally, other genes that organize the 
mitotic spindle are also activated.440 Somewhat atypical is the lack 
of MYC expression, a gene known for its proliferative function. 
Lack of MYC expression438 is reflected by the  down-regulation of 
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FIGURE 14.13. Somatic hypermutation. The immunoglobulin M of B cells is of low affinity 
and has been selected before exposure to antigen. The need to improve the affinity is satisfied 
by another round of B-cell receptor diversification in the germinal centers, after exposure to 
antigen. In the dark zone of the germinal centers, mutations are introduced in the V gene at a rate 
1 million times faster than natural mutations; thus it is called somatic hypermutation (SHM; see 
the text for details). During SHM, double-strand breaks occur in the DNA, as well as rapid gene 
transcription. Furthermore, for SHM, the immunoglobulin gene promoter is essential, as is an 
enzyme, activation-induced deaminase (AID). AID removes the NH2 group of deoxycytosine (dC) 
(A), forming deoxyuracil (dU) (B). The change generates a dU/deoxyguanosine (dG) mismatch 
(B). The lesion may be repaired by the base excision repair (BER) (C), and mutation is prevented. 
However, dU may be removed by another enzyme, uracil-DNA glycosylase (UNG). In this case, the 
DNA strand remains in one spot that is unoccupied by any base (abasic lesion) (D). High-fidelity 
DNA polymerases (pols) (i.e., d or ε) are stalled at the abasic lesions, and a promiscuous error-
prone pol (i.e., ζ or η) takes over. It usually places a deoxyalanine (dA) on the sister chromatid, 
opposite to the abasic lesion (E). The positioning of thymidine (T) opposite dA repairs the lesion, 
but pol continues over the lesion (translesional pols), altering the bases downstream. This gener-
ates a cluster of mutations that are close to the dU excision. As a result, one of the daughter 
cells is normal (F), whereas the other (with the abasic lesion) has mutational changes (E). VH, 
variable region of the heavy chain.

If the base excision repair (BER) mechanism arrives first, ahead 
of the replication fork, a nick or a gap is created, which is filled 
quickly by the high-fidelity pol d or pol ε, and no mutations take 
place. However, if the replication fork wins the race to the lesion, 
the high-fidelity polymerases are stalled (Fig. 14.13E), and an 
error-prone polymerase, such as pol ζ, pol η, or pol ι, places 
a base across from the AP site. If the polymerase continues its 
error-prone function, it introduces many more errors, that is, 
mutations.429 In mice that are deficient for UNG, the class switch 
is markedly impaired. This indicates that the AP that is created 
from removal of dU by the UNG is essential for CSR. The genera-
tion of double DNA breaks follows through interference with BER 
assembly by the CSR machinery.
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sets of genes involved in energy metabolism that are transcription-
ally regulated by MYC.

The lack of MYC function may be due to the expression of the 
human homolog to the mouse MXD3 (MAD3) gene, which forms 
dimers with MYC and thus blocks its function as a transcriptional 
activator.

The GC B cells are thus poised to undergo apoptosis, which 
takes place extensively in the light zone, after hypermutation. 
Well-known antiapoptotic genes, such as BCL2 and BCL2L1 
(BCL-XL), which are targeted by the NFkB transcription factor, are 
poorly expressed. Not only are antiapoptotic genes suppressed, 
but expression of proapoptotic genes, such as BIK (member of the 
BCL2 family), constitute part of the GC B-cell signature.

The BCL6 gene is highly expressed during the GC reaction that 
promotes the differentiation within GCs but is down-regulated dur-
ing plasmacytic differentiation.441 Mice that are deficient in Bcl6 
fail to develop GCs and are deficient in affinity maturation, with a 
reduction in antibody responses. BCL6 represses CD40L-induced 
and NFkB-dependent gene transcription of B7-1, a co-stimulatory 
molecule that is essential for T-cell–B-cell interactions.442 Mice that 
are deficient in Bcl6 not only cannot develop GCs, their memory B 
cells also have no VH mutations.443 Because BcL6 appears to be a 
major promoter of GC reaction, the question that is raised is what 
are the signals that oppose Bcl6 signaling and bring GC reaction 
to a halt. The BCR signaling opposes BCL6 transcription,444 prob-
ably directing BCL6 degradation by proteasomes as a result of its 
phosphorylation by MAPKs.445 The hypermutated high-affinity 
BCRs interact in the light zone with antigen, and the signals that 
are generated are sufficiently strong to phosphorylate BCL6, lead-
ing to its degradation and bringing GC reaction to a halt. Important 
molecules that have been kept suppressed, such as B lymphocyte–
induced maturation protein 1 (PRDM1 or BLIMP1), initiate plasma 
cell differentiation (see the following discussion). With BCL6 deg-
radation, PRDM1, a major plasma cell differentiation factor, is up-
regulated and completes the end stage of the GC reaction.

PoST-gErMiNal cENTEr 
diffErENTiaTioN
After somatic diversification in the dark zone, the centroblast 
moves into the light zone as a centrocyte-expressing surface Ig 
that has undergone SHM. The centrocytes are submitted to the 
selection procedure by antigen that is carried on the dendrites 
of the dense FDC network in the light zone. The majority of 
centrocytes is destined to die, because the mutational changes 
are detrimental to affinity and avidity. Loss or diminished bind-
ing to antigen leads to programmed cell death, and those dead 
centrocytes are rapidly removed by macrophages, which are now 
called tingible body macrophages. Some of the centrocytes may 
be recycled once more through the dark zone for further clonal 
expansion, diversification, and selection.

This recycling provides, once more, the opportunity for reach-
ing the highest affinity peak. In the light zone, the selection pro-
cess separates the fittest B cells (high affinity) for survival and the 
unfit (poor or no affinity) for death (negative selection). Positive 
and negative selection may work in concert, so that, among the 
positively selected high-affinity B cells, those with autoreactivity 
are deleted446 by apoptosis, because overexpression of BCL2 in 
B cells allows the survival of autoreactive B cells.447 The products 
of several genes participate in the regulation of the selection pro-
cesses. The protein tyrosine kinase Lyn plays a rate-limiting role 
in BCR triggering through phosphorylation of CD22, an inhibi-
tory molecule that recruits SHP-1 to the BCR-CD22 complex.448 
The transcription factor Aiolos maintains B cells at low reactivity 
levels, because, in mice that are deficient in Aiolos, there is an 
increase of serum Igs, autoantibody production, and the develop-
ment of B-cell lymphomas.449

CD21 appears to be necessary for the survival of GC B cells 
with high-affinity BCRs. CD21 is a complement receptor (CR2) 
and, as a component of the CD19/CD21/CD81 coreceptor, medi-
ates the binding of complement-containing immune complexes 
to B cells and provides a survival signal for B cells.450 The 
CD19/CD21 coreceptor is a major regulator of B-cell function in 
humoral immunity, for fine tuning of signals that are received 
by the BCR.451 Simultaneous ligation of BCR and the CD19-CD21 
 complex (i.e., with antigen–antibody–complement complexes) sig-
nificantly lowers the threshold of antigen that is required to trigger 
B-cell activation by antigen alone through the BCR. (See Chapter 
12, Fig. 12.12.)

The centrocyte that has been positively selected is poised 
for commitment to one of the two pathways of differentiation: 
memory B cell or plasma cell, depending on whether the normally 
delivered signals are properly received.

Memory B Cells
Centrocytes can be diverted to the memory B-cell pool by posi-
tive signals or by the lack of negative signals. The CD40/CD40L 
interaction or IL4 stimulation452 belongs to the first category. The 
apoptotic pathway that normally deletes centrocytes belongs to the 
second category. Apoptosis normally deletes centrocytes that have 
emerged from the dark zone with nonfunctional or low-affinity 
receptors. Interference, therefore, with the apoptotic pathway 
blocks negative selection and results in accumulation of heavily 
mutated B cells that bring forward a “bad” memory of the primary 
response. Thus, overexpression of BCL2, an antiapoptotic protein, 
interferes with negative selection and diverts centrocytes to the 
memory pool.453 Similarly, the lymphoproliferative mutation that 
incapacitates the FAS receptor results in accumulation of heavily 
mutated B cells.454 These changes disrupt the anatomic organiza-
tion of lymphatic organs with the development of autoimmune 
lymphoproliferative disease.

Memory B cells are long-lived and do not secrete antibody 
until they are challenged again. In such a secondary antigenic 
challenge, they respond to much smaller doses of antigen, expand 
clonally, and produce 7 to 10 times more antibody than the anti-
gen-inexperienced B cells.455 Memory B cells have undergone an 
Ig class switch, and expression of Ig classes can be used for their 
classification, as well as for the classification of other markers, 
such as CD27456 or CD148.457

The mechanism that maintains the memory B-cell pool is 
unknown. Antigen is not required to keep them alive, and, 
according to an hypothesis that has some appeal, B-cell memory 
(and, for that matter, T-cell memory) is maintained by idiotypic– 
anti-idiotypic interactions between B cells.458 Such interac-
tions take place between B cells that have been antigenically 
stimulated, therefore their BCR carries distinct idiotypes that 
are specific for this clone. These idiotypes are structures (protein 
sequences) within the antigen-binding site that are specific for 
this particular BCR. Other B cells that respond to these idiotypes 
express a BCR with anti-idiotypic properties. Interaction between 
idiotypic cells (memory cells for the primary antigen) and anti-
idiotypic B cells, according to this hypothesis, stimulates enough 
proliferative activity to maintain the B-cell memory pool. Such 
interactions may also link and maintain T-cell memory within a 
pan- lymphocyte  idiotypic–anti-idiotypic web.

plasma Cells
The purpose of the B cell’s life is to make antibodies after it 
reaches maturity, a stage of differentiation that is characterized 
morphologically by the development of an elaborate ER and 
functionally by the synthesis of Ig that is released extracellularly. 
Since the detection and description of the plasma cell (see Chapter 11), 
 clinicians and scientists have become quite familiar with the 
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 morphology, ultrastructure, and physiology of the plasma cell. The 
new techniques of molecular biology and genomics identify the 
genes that bring about this spectacular morphologic and func-
tional transformation (Fig. 14.14).

The earliest signs of the plasma cell differentiation are detected 
within the GCs when the positively selected centrocytes choose 

one of the two pathways that are available to them. A small num-
ber of centrocytes express a partial plasma cell phenotype CD138 
(syndecan-1); the transcription factor PRDM1 (BLIMP1); and 
down-regulation of BCL6 and PAX5.459,460 These precursors exit 
the GCs and migrate to the bone marrow, where they develop into 
plasma cells, secreting high-affinity antibodies. They are  probably 

A

a1 a2

b1 b2

B

FIGURE 14.14. Lymphocytes and plasma cells. Morphologic and functional differences between lymphocyte and plasma cells. A: Morphology: routine staining. 
B: Immunoglobulin production and expression: B-cell surface versus plasma cell intracellular immunoglobulin. a: Fluorescence. b: High-resolution autoradiography. 
GA, Golgi apparatus; Mi, mitochondrion.
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the same cells that are detected on bone marrow smears,461 sur-
viving with signals that are delivered by marrow stromal cells,462 
and are able to secrete antibody in the absence of antigen for 
several months.463 These post-GC plasma cells should be dis-
tinguished from pre-GC plasma cells that secrete IgM antibody, 
which are generated in the early stage of the primary response.

IL6 is particularly effective in driving high-affinity B lympho-
cytes to plasma cell differentiation.464 Before the acquisition by 
B cells of plasma cell characteristics, the cell loses expression of 
MHC class II molecules, CD19, CD20, CD22, and CD45,465 and 
up-regulates CD38 (the highest density of all stages during B-cell 
development) and CD138 (or syndecan-1).466 CD38 is a trans-
membrane type II protein (i.e., NH2 terminal intracellular), which 
is the ectoenzyme nicotinamide adenine dinucleotide (NAD+), 
converting NAD+ to adenosine diphosphate ribose (glycohydro-
lase activity; see Appendix, CD38). CD138 binds to hepatocyte 
growth factor, which is produced by mesenchymal cells and 
stimulates myeloma cell growth (see Appendix, CD138). Among 
transcription factors, PAX5 is down-regulated, whereas PRDM1 
is up-regulated.459

The BCL6 proto-oncogene exerts a negative effect on plasma 
cell differentiation, because it suppresses genes that are critical in 
the promotion of their differentiation. BCL6 is a pox virus zinc fin-
ger (POZ)/zinc finger (ZF) protein, which contains six Krüppel-type 
ZF motifs at the terminal end and a POZ motif at the N-terminal 
end. Therefore, it belongs to the POZ domain and Krüppel-like 
family (POK) of proteins.467

The ZF proteins contain cysteines and histidines that are spaced 
at regular intervals with a zinc atom that is coordinated between 
two cysteines and two histidines. ZF proteins are folded in nine 
loops, with an Ii Leu and a Tyr or Phe that is located in each loop 
and is important for the DNA binding. The zinc binds to the consen-
sus core sequence TTCCT (A/C) GAA that is found in several BCL6 
target genes, but it also mediates protein–protein interactions, 
notably with class II histone deacetylases (HDACs), JUN transcrip-
tion factor, and the like. The POZ domain is a  protein–protein inter-
action motif that is conserved in evolution and is found in many 
transcription factors, oncogenic proteins, ion-channel proteins, 
and so on. POZ proteins are involved in critical cellular processes, 
such as development, oncogenesis, apoptosis, and transcription. 
The most common property of the POZ domain is repression of 
transcription, based on its ability to recruit the HDAC.

Histone acetylation is mediated by a histone acetyltransferase 
complex. Acetylation destabilizes the nucleosomal structure by 
neutralizing the positively charged Lys residues of the N-terminal 
tail domain of core histone and increases the accessibility of DNA 
to transcriptional regulatory proteins.468,469 Therefore, acetyla-
tion plays an important role in the regulation of gene expression 
and in DNA replication and repair. Deacetylation has the opposite 
effect. There are two classes of enzymes that deacetylate his-
tones: Class I (HDAC1, HDAC2, HDAC3, and HDAC8) is detected 
in yeasts and similar organisms, and class II (HDAC4, HDAC5, 
HDAC6, HDAC7, HDAC9, and HDAC10) is detected in vertebrates. 
BCL6 recruits class II HDAC4, HDAC5, and HDAC7, forming com-
plexes through the N-terminal POZ domain and the C-terminal ZF 
region.470 BCL6, lacking four of the six ZF proteins, loses entirely 
its ability to recruit the HDACs. It is likely that this interaction 
exerts the transcriptional repression of BCL6.471 Several genes are 
targets for BCL6, such as CD40, IL4, PRDM1 (BLIMP1), CD80 (B7-
1), and CCND2 (cyclin D2; Fig. 14.15). Point mutations of CREBZF 
(ZF) indicate that ZF-3, ZF-4, ZF-5, and ZF-6 abolish DNA binding 
and the ability of BCL6 to bind to its cognate cis element. BCL6 
represses genes that are activated by STAT6 or NFkB,446 thus 
regulating IL-4 signaling and IgE production. BCL6 competes with 
STAT6 for the same DNA-binding sites and thus inhibits specific 
STAT6-dependent gene transcription. Bcl6–/– mice have dysregu-
lation of IgE production and develop type TH2 inflammation of the 
heart and lungs.441,442
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mally repressed by Blimp-1 (A). The net result is “activation” of genes for proliferation (1), class 
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Suppression of STAT3 by BCL6 blocks plasma cell differentiation 
through inhibition of PRDM1472 (Fig. 14.15). This function of BCL6 
is, at least partially, critical in the role of BCL6 in B-cell differen-
tiation, the block of terminal plasma cell differentiation to maintain 
proliferation and hypermutation for affinity maturation (i.e., main-
tenance of GC reaction). BCL6′s function is curtailed by signals from 
high-affinity BCRs that are initiated from interactions with antigen in 
the light zone. If BCL6 function achieves constitutive independence 
through chromosomal translocations, it may lead to B-cell lym-
phomas. When BCL6 is down-regulated, it releases suppression of 
PRDM1, a transcriptional repressor that is important for plasma cell 
differentiation. The genes that are repressed by Blimp are shown in 
Figure 14.15. Several of the biologic characteristics of plasma cells 
are explained by the repressor function of PRDM1 (BLIMP1). PRDM1 
represses MYC and inhibits proliferation473 and also represses the 
PAX5 gene, releasing XBP1 from PAX5 repression, which is needed 
for plasma cell formation.474 PRDM1 also releases PAX5-mediated 
inhibition of H chain and J chain475 synthesis.

Plasma cells have lost the antigen-presenting function of their 
parent B cells. This is due to loss of MHC class II expression as a 
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result of repression of the gene that encodes the CIITA, which is 
required for MHC II expression in B cells.476

PRDM1 (BLIMP1) is the master regulator gene of the plasma 
cell differentiation program. Genes that are regulated by it are 
direct targets or are regulated by other PRDM1 target genes. 
Its basic function is repression of transcription, which is active 
or passive. Factors that act as passive repressors interfere with 
transcriptional activators by competing with their binding site on 
the promoter or by binding directly to the activation domain of 
the activator. In active repression, the repressors interact directly 
with the components of the transcription machinery or recruit 
co-repressors, such as the HDACs. PRDM1 is an active repressor 
that is associated directly with HDACs and carries them to the 
promoters it binds.477 HDACs bring alterations in the chroma-
tin structure, which underlines the basic mechanism of PRDM1 
function. Another co-repressor for this gene is a complex of the 
Groucho family proteins.478

gENETic dEfEcTS of claSS-SwiTcH 
rEcoMbiNaTioN
The interaction between CD40L (CD154), expressed on activated T 
cells and CD40 on B cells, is required for terminal B-cell differen-
tiation. Signaling through CD40 leads to B-cell proliferation and its 
rescue from apoptosis. Mutations of CD40LG result in the X-linked 
syndrome that is characterized by lack of GCs in lymphoid organs 
and the inability of B cells to undergo switch recombination; as 
a result IgG, IgA, IgE are absent or markedly decreased.479 Men 
who are affected with HIGM syndrome are susceptible to bacterial 
infections but also experience Pneumocystis carinii pneumonia 
and Cryptosporidium intestinal infections, usually observed in 
T-cell deficiencies.480 Lack of interaction between T cells and 
macrophages leads to defective macrophage activation, probably 
the basis for opportunistic infections.481,482 Some patients with 
HIGM1 syndrome have a few IgM+/IgD+ B cells that express 
CD27, a memory B-cell marker and have SHM. HIGM1 is due to 
mutations in the gene that encodes CD40L (CD40LG).483

Carriers of HIGM1 are considered to be asymptomatic, because 
expression of CD40L, even in only a small fraction of T cells, is suf-
ficient for effective immunity. A female carrier has been described 
with HIGM1 syndrome as a result of extreme lyonization of the 
normal X chromosome.484 This patient was the sister of a boy 
who was affected with HIGM1 syndrome, and only 5% of T cells 
were CD40L+.

A second HIGM syndrome with autosomal recessive inheri-
tance (HIGM2) has normal CD40L but does not undergo CSR in 
vitro in the presence of CD40 agonists.485 CD40 gene sequence 
and CD40 expression are normal. The defect of HIMG2 is linked 
to chromosome 12p13, where the AICDA gene also maps. Patients 
with mutation of AID lack CSR and SHM and have lymph node 
hyperplasia with giant GCs.486 The cells in these GCs are prolif-
erating B cells that co-express IgM, IgD, and CD38, a phenotype 
that was previously described as characteristic of the GC founder-
cell subset.487 Some mutations are predicted to lead to truncated 
forms of AID by generating stop codons; other missense mutations 
are localized within the putative cytidine deaminase catalytic 
region of the protein. The phenotype of HIGM2 is similar to the 
phenotype of mice with deficiency of AID.488

In a group of 13 patients with HIGM syndrome and normal 
CD40L, all patients had AID mutations, five of them with a mis-
sense mutation of Arg112 His, which indicates that Arg112 is 
the hotspot for mutations.489 Levels of IgG, IgA, and IgE were 
undetectable, and SHM was impaired, which shows that AID is 
indispensable in CSR and SHM. Another group of 14 patients of 
French Canadian descent from Quebec, Canada, had a C-to-T tran-
sition in codon 112, resulting in the substitution of Arg with Cys. These 
patients inherited the genetic defect from a common founder.490 

In contrast to HIGM1 syndrome, patients with HIGM2 have bacte-
rial, but not opportunistic infections.

Mutations of the AICDA gene do not account for all cases of 
autosomal recessive HIGM1 syndrome. Mutations in the CD40 
gene, which lead to lack of CD40 expression, cause an autosomal 
recessive form of immunodeficiency with HIGM, which is char-
acterized by lack of CSR, impaired memory B lymphocytes and 
defective SHM (HIGM3).491 One patient was detected at 4 months 
of age with severe respiratory distress because of P. carinii infec-
tion. Two other patients experienced recurrent respiratory infec-
tions early in life.

cyTokiNES iN b-cEll 
diffErENTiaTioN
The structure and function of the main cytokines that are involved 
in B-cell differentiation and their receptors are briefly described 
here. Some of the cytokines have similar structural features and 
have been divided into two groups, type I and type II.

Type I cytokines consist of four a helices (A, B, C, and D) that 
are connected by long loops. If the molecule is viewed in the 
direction from the NH2 to the COOH terminal, the orientation of 
the A and B helices is up, and the orientation of the C and D heli-
ces is down (i.e., up–up–down–down). Depending on the length 
of the helix, they are distinguished as short chain or long chain. 
Cytokines with short chains include IL2, IL3, IL4, IL5, IL7, IL9, 
IL13, IL15, and SCF, and those with long chains include eryth-
ropoietin, thrombopoietin, IL6, IL11, leukemia inhibitory factor 
(LIF), and oncostatin. Only the short chain cytokines have b-sheet 
structures in the AB and CD loops. There are intrachain disulfide 
bonds to maintain the overall tertiary structure, but the num-
ber varies; for example, IL2 has one disulfide bond and IL4 has 
three. The sequences in helices A and D are the most conserved 
in evolution, and these helices make contacts with the receptors. 
The receptors of the cytokines that are discussed here have a 
characteristic cytokine-binding domain (CBD) that consists of 
two fibronectin type III (FnIII) domains. The N terminal contains 
four conserved cysteines that form two disulfide bonds and the 
membrane-proximal conserved sequence WSXWS (Trp–Ser–X-
Trp–Ser, where X is any amino acid). The cytokine receptors use 
several signaling pathways. Briefly described here is the JAK-
STAT pathway, which mediates most of the cytokine effects.

The biologic properties of the ILs described here are listed in 
Table 14.2.

Jaks and Signal transducers and activators  
of transcription
The Janus family of kinases, which is known as JAK (“just another 
kinase”), has been given the name of the Roman god, Janus, the 
god of gates and doorways and the god of all beginnings and end-
ings, who had two faces. JAKs also have two tandem domains, 
a kinase, and a pseudokinase.492 Each molecule consists of 
seven homology domains, which are termed JAK homology (JH) 
domains. JH1 is the catalytic domain and has the features of a TYR 
kinase domain, whereas the N terminal binds to cytokine recep-
tors. Mutation of the conserved LYS in subdomain II that binds 
ATP abrogates kinase activity. JAKs are apparently interdependent 
in their function, because they form homo- or heterodimers with 
other members of the family when the receptors with which they 
associate form homo- or heterodimers. Certain domains are used 
as cytokine receptor-specific binding sites. For example, JAK1 
uses JH7 and JH6 for binding to IL2RB and IL4RA, but the binding 
to IFNaRbL and IL10RA requires another domain.493 The Jak-3 
kinase is rapidly phosphorylated by IL2 and binds to the gc chain 
through the JH6 and JH7 domains, whereas the JAK1 associates 
with the b chain.
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BIoLogIC ACTIvITIES of CyTokINES

taBLe 14.2

STATs are latent cytosolic transcription factors with an acro-
nym that accurately reflects the speed of their activation and the 
urgency of their biologic function, in agreement with the STAT (“at 
once”) order for immediate action in clinical medicine and emer-
gency rooms. There are seven known mammalian STAT proteins 
that were conserved in evolution from primitive eukaryotes to 
humans.494 The important structural features of STATs are the SH2 
(SRC homology 2) domain and the DNA-binding domain.495 The 
SH2 domain is used to bind to phosphorylated TYR and is used for 
their dimerization. After phosphorylation of their single TYR (Y-P), 
they form homodimers or heterodimers, based on the interaction 
of the Y-P with the SH2 domain of another molecule of a similar or 
different STAT. Dimerization unmasks a nuclear localization signal 
that permits STATs to enter the nucleus and bind to DNA.495 STATs 
must take six steps for the full expression of their function: (a) bind 
to Y-P, (b) become phosphorylated themselves, (c) dimerize, (d) 
translocate to the nucleus, (e) bind to DNA, and (f) participate in 
gene transcription. STATs bind to Y-P of cytokine receptors or Y-P 
of a STAT that is already bound to the receptor or directly to a JAK.

The DNA-binding domain in the C terminal in some STATs 
contains a SER whose phosphorylation is important for transcrip-
tional activity. JAKs and STATs constitute an important signaling 
pathway for cytokines. All IFNs and cytokines activate one or more 
STATs. Because there are more cytokines than STATs, it is not pos-
sible for each cytokine to have its own STAT. However, cytokines 
form groups that share the same STATs. For some STATs that are 
activated by many cytokines (STAT3, STATA, and STAT5B), their 
unique actions cannot be mediated by STATs alone, but require a 
combination of other transcription factors. In addition to transcrip-
tion regulation, some STATs recruit other signaling components. 
STAT4 and STAT5 are two of the most important STATs in the STAT 
pathway, primarily because of their role in TH cell differentiation. 
STAT3 and STAT1 have a primary role in the function of IL5 and 
IFN-g, respectively, in defense against infectious agents.496

Interleukin-2 and Interleukin-2 Receptor
IL2 and IL2R were the first to be isolated, and, although IL2 was 
originally thought to be only a T-cell growth factor, subsequent 
studies demonstrated that it acted on several types of cells, includ-
ing B cells and NK cells.497 IL2 belongs to the short-chain four–a-
helical bundles. IL2R consists of a complex of three polypeptide 
chains: the IL2RA, IL2RB, and gc (common) chains. The gc chain is 
shared by receptors of several ILs, such as IL4, IL7, IL9, and IL15.

IL2RA binds IL2 with low affinity (dissociation constant KD = 10–8), 
whereas, in association with IL2RB, it forms an  intermediate-affinity 

complex (KD = 10–9), and all three subunits form the high-affinity 
receptor (KD = 10–11). The IL2RB subunit has two pairs of conserved 
cysteines that are close to the N-terminal end and the sequence 
WSXWS in the membrane-proximal end of the extracellular region, 
which is characteristic of type I cytokine receptors.

The intracellular region has the Box1-, Ser (S)-, acidic (A)-, and 
proline (H)-rich regions. The extracellular region of the gc chain has 
an N-terminal domain with two pairs of cysteines, and the second 
membrane-proximal domain contains the highly conserved WSXWS 
motif. The a and b subunits are expressed only on lymphocytes, but, 
after activation, they are also expressed on macrophages. The gc 
chain is detected in several other hematopoietic cells.498

The contributions of each of the three chains to IL2 binding 
are not quite clear. The a chain is necessary to form, with the 
other two chains, the high-affinity IL2R, whereas the gc chain 
contributes three loops from the extracellular region (including 
two of the cysteines) to the IL2 and IL7 binding.499 IL2 expresses 
lectin properties and binds to the b chain in a Ca2+-independent 
manner to oligomannosidic N-glycans (5 to 6 mannose residues). 
It is proposed that by this mechanism IL2 links the b chain of 
IL2R with CD23.500 The b and gc chains are certainly the signal- 
transducing components of the IL2R. Signaling through the IL2R 
follows several paths to the nucleus (Fig. 14.16). One pathway is 
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the RAS-MAPK cascade that is initiated by the phosphorylation of 
the Shc adaptor protein.497 A second is the PI3K activation, and a 
third one is through the JAK-STATs.

The A region of the b chain is associated with members of 
the SRC family and PI3K. The H region mediates activation of 
the JAK family of TYR kinases that activate STATs.501 The most 
membrane-proximal TYR (Y) 338 is involved in the phosphoryla-
tion of the adaptor protein, SHC1, which is linked to the RAS path-
way. The two membrane-distal TYR Y322 and Y510 associate the 
b chain with the JAK1 kinase,502 which interacts with the PI3K. 
This pathway leads to maximal T-cell proliferation.503 IL2 and 
several others are associated with the JAK-STAT signal transduc-
tion pathway. The JAK3 kinase is rapidly activated by IL2, and, 
through the JH7 and JH6 domains, it binds to the gc chain,504 
whereas JAK1 is associated with the b chain.505 Understanding 
the mechanism of T-cell progression through the cell cycle has 
been advanced by the discovery of rapamycin, a potent immuno-
suppressant.497 Rapamycin is a macrocyclic lactone that is derived 
from the filamentous bacterium Streptomyces hygroscopius506 
and has structural similarities to another powerful immunosup-
pressant, FK506, or tacrolimus. Both substances bind to a family 
of intracellular receptors, FK506-binding proteins (FKBPs), which 
are peptidyl-prolyl isomerases; that is, they catalyze the cis–trans 
interconversion of peptide bonds that contain proline. The com-
plexes of FK506 and FKBP in T cells inhibit calcineurin, a Ca2+-
regulated Ser-Thr phosphatase, which plays a crucial role in the 
activation of gene transcription by IL2. However, the rapamycin–
FKBP complexes do not bind to calcineurin but to another protein 
that is called the target of rapamycin (TOR).507 This protein is 
expressed in Saccharomyces cerevisiae, and it provides resistance 
to the potent antifungal action of rapamycin.

The protein TOR is apparently needed for the transition of 
T  cells from G1 to S phase. Transition of the cell from G1 to S 
phase is regulated by G1 cyclins and their associated cdks, which 
assure the orderly progression from G1 to S phase. IL2 stimulates 
the synthesis of three cyclins, D2, E, and A.508 These cyclins form 
complexes with CDKs, which sequentially (D2-complexes followed 
by E-complexes and then A-complexes) lead the cell from G to S 
phase. Rapamycin affects the assembly and function of all three 
cyclin–CDK complexes. The D2-complexes function by phos-
phorylating their substrate, the retinoblastoma protein, which 
normally is phosphorylated at a low level and restricts the G1-to-S 
transition. The function of cyclin–CDK complexes is regulated by 
another set of proteins called kinase-inhibitory proteins (KIPs),509 
which bind and inhibit the kinase activities of the cyclin–CDK 
complexes. The IL-2R delivers a signal for KIP down-regulation, 
whereas rapamycin prevents the IL2–induced reduction of KIP.

The TOR protein regulates the p7056K protein, which is present 
in mammalian cells, and, as a protein kinase, phosphorylates vari-
ous intracellular substrates that are involved in protein synthesis 
and cell cycle control. T-cell activation by antigen induces within 
the first 30 minutes a number of transcription factors (e.g., FOS, 
NFAT, and NFkB; immediate response). These factors in turn acti-
vate the transcription of cytokine genes, such as IL2, IFN-g, IL4, 
and IL5 (early response). IL2 stimulates T-cell clonal expansion 
and dictates proliferation of antigen-selected T cells. Antigenic 
stimulation induces IL2R’s expression and secretion of IL2 and 
other cytokines.498 Cross-linking of surface Ig leads to IL2R 
expression on B cells and responsiveness to IL2. IL2 stimulates 
proliferation of B cells and Ig secretion and mediates the switch 
from the membrane form to the secretory form of the m chain, 
allowing formation of pentameric IgM molecules. Therefore, IL2 
is critical for primary immune responses that are characterized 
by the production of IgM antibodies. IL2 stimulates secretion of 
other cytokines, such as IL4, IL5, and IFN-g, preparing the stage 
for isotype switch and the maturation of the antibody response. 
Antigen activation of T cells initiates a series of waves of gene 
activation that is coordinated by TCR signaling and IL2 secre-
tion, with the expansion of the role of T-cell cytokines in B-cell 

 proliferation, antibody secretion, affinity maturation, and class 
switch (late response).

X-linked Severe Combined Immunodeficiency
The gc chain gene of the IL2R is located in chromosome Xq13, 
which is also the locus for X-linked SCID. X-linked SCID patients 
are phenotypically identical: T–, B+, and NK–.510 Of a large group 
of patients with SCID, gc deficiency accounted for 42%, and Jak-3 
deficiency accounted for approximately 6% of the cases.511 This 
form of SCID is associated with severe defects in T-cell develop-
ment and lack of peripheral T and NK cells. Patients have severe 
persistent infections of the upper respiratory and gastrointestinal 
tracts by CTMV, fungal, and bacterial pathogens and require bone 
marrow transplantation to survive. B-cell levels are normal or ele-
vated in the T–, B+, and NK– SCID cases. With the exception of two 
large deletions, the gc mutations are missense mutations involv-
ing one or a few nucleotides. Five mutational hotspots have been 
identified in exons that encode part of the extracellular domain.512 
In patients with autosomal SCID, a single amino acid substitution, 
Y100C, in the JH7 domain of JAK3 prevents the interaction of 
JAK3 with the receptor.513

Interleukin-4 and Interleukin-4 Receptor
The IL4 is one of the small four-helix bundle cytokines with four 
a helices, A, C, B, and D, two end-to-end long loops, and a short b 
sheet that is packed against the B and D helices.514 It has biologic 
activity that is species-specific, in spite of the fact that the main 
binding residues are conserved.

IL4 is a pleiotropic cytokine that is produced by CD4+ TH2 
cells, NKT cells, gd T cells, basophils, and mast cells, and it is 
essential for TH2 differentiation (see Chapter 13). IL4 binds with 
high affinity to the IL4RA, and this complex recruits the gc chain 
(Fig. 14.17). IL4 binding induces a conformational change in the 
receptor, forming a structural mosaic in the binding interface. 
The interacting residues are grouped into three clusters,515 with 
the first two clusters consisting of a nucleus of polar groups that 
are surrounded by hydrophobic side chains. They have been com-
pared to the avocado fruit, in which a nucleus is enveloped by an 
oily shell. The first cluster is around Glu9, and the second cluster 
is around Arg88 of IL4 and Asp72 of the IL4RA.

The third cluster steers and accelerates the binding of the IL4 
with the receptor.539 The first and second clusters show coop-
erativity and additive properties, which reinforce the binding to 
higher affinity.516 IL4R consists of a complex of two proteins, 
IL4RA and the gc chain. The IL4RA has two FnIII domains. 
The N terminal (D1) has the conserved disulfide bonds of an Ig 
fold, whereas the second domain (D2) has no disulfide bonds; 
both have unique structural features.517 A membrane-proximal 
WSXWS domain maintains the favorable conformation for cyto-
kine binding. The cytoplasmic region has the box 1 motif (proline-
rich) and an acidic region that is adjacent to box 1 that interacts 
with SRC TYR kinases. Ligand binding causes heterodimerization 
of the a and gc chains and activation of JAK1, JAK2, and JAK3 
kinases,518 the first two associating with IL4RA and the last asso-
ciating with gc.

Activation of Tyr kinases that are associated with the IL-4R 
leads to phosphorylation of the five tyrosines of the cytoplasmic 
region of IL4RA,514 which function as docking sites for SRC 
kinases. The functions of IL4RA are mediated by distinct domains 
in the cytoplasmic region. The first, most membrane-proximal 
domain contains the Y497 (Y1), which interacts with the IL4 phos-
photyrosine substrate (4PS), a 180-kDa protein related to insulin 
receptor substrate 1 (IRS1) that is phosphorylated and generates 
proliferative signals.519 It is interesting that 4PS was found to be 
homologous to a cytoplasmic protein, which is used as a substrate 
for the insulin receptor. Insulin binding to the insulin receptor 
results in rapid autophosphorylation of the receptor, which is a 
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FIGURE 14.17. Interleukin (IL)-4 signaling. IL-4 binds to a receptor, which consists of two 
chains, a and gc. The a receptor has two extracellular fibronectin III domains (Fn; D1 and D2), 
with features of a cytokine receptor homology domain, which is seen in type I cytokine recep-
tors. D2 is characterized by the WSXWS motif (amino acid letter code: W is tryptophan, S is 
serine, and X is any amino acid) that is implicated in folding and transport of the receptor. The 
binding of IL-4 to the a chain is mediated by three discrete clusters. Two of them are known as 
avocado clusters because they consist of a central core of polar groups that is surrounded by a 
hydrophobic (oily) shell. The third cluster is dominated by electrostatic interactions and stabilizes 
the complex. The a chain associates with Jak-1 and the gc chain with Jak-3. Distinct domains 
of the cytoplasmic tail of the a chain mediate the multiplicity of IL-4 function. A unique feature 
in the IL-4R a chain is its association with a protein known as IL-4 phosphotyrosine substrate 
(4PS), which links to phosphoinositide 3-kinase (PI3K) and downstream signaling for cell growth 
and survival. 4PS also connects to the Ras pathway for mitogen-activated protein kinase (MAPK) 
activation. 4PS binds to a unique sequence of IL-4Ra that is shared by the insulin receptor. In the 
insulin receptor, this motif binds a protein-linking signaling pathway, which is known as insulin 
receptor substrate 1 (IRS-1). 4PS of the IL-4Ra is homologous to IRS-1 and has been called 
IRS-2. Jak-3 phosphorylates tyrosines of the a chain that are used by the signal transducer 
and activator of transcription 6 (STAT-6) for binding. This phosphorylation is regulated by SHIP 
phosphatases, which are associated with the C-terminal part of the a chain. STAT-6 induces the 
suppressor proteins, suppressors of cytokine signaling (SOCSs), which inhibit Jak-3 activation. 
GTP, guanosine triphosphate; PTB, phosphotyrosine-binding domain.

receptor protein kinase. The receptor subsequently phosphory-
lates cytoplasmic substrates that link to downstream signaling 
pathways. One such major substrate of the insulin receptor is the 
IRS1. 4PS, which is homologous to IRS1, has been called IRS2.520 
IRS1 and -2 bind to the sequence (488PL-[X] 4 NPXYXSXSD502) 
around Y497 of the IL4R, which is highly homologous to a 
sequence in the cytoplasmic regions of the insulin receptor, and of 
the insulin growth factor-1 receptor, both of which activate IRS1 
and -2. This sequence is critical for transducing signals through 
the insulin receptor and IL4RA and was termed the insulin IL4 
receptor or I4R motif (Fig. 14.17). The IRS2 has a phosphotyro-
sine-binding domain, which binds to the I4R motif of the IL4RA 
and insulin receptor. IRS1 and -2 become phosphorylated when 
they bind to phosphorylated IL4RA and act as a docking site for 
several SH2-domain–containing signaling molecules. Among such 
signaling molecules are the PI3K that generates phosphoinositi-
des, which in turn activate Akt and protein kinase C (PKC), which 
are important in cell growth and survival.

The adaptor protein Shc binds to the phosphorylated IL4RA 
chain and links through GRB2 to RAS pathway activation. STAT6 

is the primary STAT that is activated by IL4 stimulation, leading 
to expression of IL4-responsive genes. STAT6 plays an important 
role in IL4-induced responses, and, for IL4 signaling to be main-
tained, STA-6 undergoes continuous cycling.521 When STAT6 is 
deactivated in the nucleus, it is exported back to the cytoplasm, 
where it becomes available for another cycle of phosphorylation 
and reactivation. STAT6 (together with STAT4) is the most impor-
tant STAT in the immune response to sepsis, mainly because of its 
role in TH differentiation. STAT6 is essential for TH2 differentia-
tion on activation by IL4.

The phosphorylated C-terminal immunoreceptor tyrosine-
based inhibitory motif of the IL4RA acts as docking site for 
SHP-1 and SHP-2 phosphotyrosine phosphatases. The former is 
expressed primarily in hematopoietic tissues, whereas the latter 
is expressed in several other tissues. Another phosphatase, SHIP, 
regulates the PI3K signaling pathways.

The JAK-STAT pathway is also subject to regulation by a 
family of newly discovered suppressor proteins termed suppres-
sors of cytokine signaling (SOCSs).522 There are four members 
in the SOCS family: SOCS1, SOCS2, SOCS3, and CIS (cytokin-
inducible SH2-containing protein). The SOCS proteins have an 
SH2 domain in the center, an N-terminal–variable region, and a 
region of homology at the C terminus, which is termed the SOCS 
box, with a unique sequence and an unknown function. Five 
families (20 members) have been identified with a sequence that 
is homologous to the SOCS box, but the rest of their structure is 
different.523 SOCS proteins are not constitutively present in the 
cells but are induced only after cytokine stimulation. The mecha-
nism of their action is different among the members of the family. 
SOCS1 binds to the catalytic domain of JAK2 kinase, whereas CIS 
competes with signaling molecules, such as STATs, for binding to 
STAT binding sites.524 SOCS1 and SOCS3 inhibit IL4-dependent 
STAT6 activation by binding to JAK1.525,526

IL4 activates the RAS-MAPK pathway through interaction of 
IRS2 with the GRB2 protein. The RAS pathway, and other small 
guanosine triphosphatases (GTPases) that are related to RAS, are 
regulated by the RAS GTPase activating protein, which activates 
the GTPase activity of RAS. Down-regulation of RAS is controlled 
by a molecule termed IL-four receptor interacting protein, which 
binds to the IL4R motif of IL4RA and, through RAS GTPase 
 activating protein, inactivates the RAS GTP active form.

Functions of Interleukin-4 in T-cell–B-cell 
Interactions
IL4 plays a central role in differentiation of naive T cells to TH2 
cells capable of producing IL4, IL5, IL10, and IL13 (see Chapter 
13). Thus, IL4, through TH2 differentiation, controls humoral 
immunity. IL4 increases MHC class II expression in B cells, DCs, 
and macrophages, thus enhancing their class II antigen pre-
sentation, and up-regulates the CD23 expression of B cells. IL4 
promotes activation and viability of B cells. A major role of IL4 
in B-cell function is in the class switch, as it induces the switch 
to IgG1, IgG3, IgG4, and, most important, IgE. In this respect, it 
plays a major role in allergic reactions and protection against 
helminthic infestations.

The mechanism of promotion of CSR by IL4 is through up-
regulation of AID.527 AID is required for CSR and hypermutation 
(see section “Immunoglobulin Class Switch”). CD45 has recently 
been defined as a Janus phosphatase,528 which negatively regu-
lates IgE CSR in human B cells through inhibition of IL4-induced 
(plus anti-CD40) IgE germline transcription.

Interleukin-5 and Interleukin-5 Receptor
IL5 was originally described as a T-cell–replacing factor or B-cell 
growth factor 2. It affects the terminal differentiation of B cells 
and is a single polypeptide of a total of 134 amino acids with a 
molecular weight of 30 to 40 kDa.529 Its tertiary structure reveals 
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two domains with a cytokine fold (four a helices and two b sheets), 
as is seen in GM-CSF, IL2, and IL4. The IL5 gene is found on chro-
mosome 5.

The IL5 receptor is expressed on B cells, eosinophils, and 
certain cell lines. It consists of an a chain and a b chain. The bc 
chain is shared by GM-CSF and IL3 receptors and is functionally 
analogous to other common chains that are shared by several 
cytokines, such as the gp130 of the IL6 family and the common 
g chain of the IL2 receptor family. The bc chain consists of 880 
amino acids with four extracellular domains that are related to the 
FnIII domains, a single region, and the intracellular region.530 The 
four extracellular domains consist of seven b strands (A through 
G), which form two cytokine receptor modules. The membrane 
proximal module contains the recognition contact sites for the a 
chain.531 The membrane proximal cytoplasmic region shows simi-
larities to the sequences of box 1 and box 2 of other receptors and 
serves in recruitment of members of the family of JAKs. The cyto-
plasmic region also contains several TYR residues that are phos-
phorylated after cytokine binding. Binding of the cytokine induces 
dimerization of the receptor through free Cys that is present in 
the a subunit and in the first domain of the bc chain. The disulfide 
bonds that are formed involve the a chain of one receptor with 
the bc chain of the second receptor and vice versa. Dimerization 
is essential for the Tyr phosphorylation of the receptors. Because 
the bc chain is shared by different cytokines, there are sites that 
are specific for shared interactions.

Detailed studies of the function of IL5 on mouse B cells have 
concluded that IL5 stimulates production of IgM, IgG1, and IgA, 
and induces IgA production; therefore, it acts on B cells that are 
committed to IgA secretion. IL5 synergizes with IL4 in augment-
ing IgM secretion of human B cells and with IL2 for IgG, IgG, 
and IgA secretion. The effects of IL5 are detected on activated B 
lymphocytes.

IL5 plays a unique role in the production, activation, and local-
ization of eosinophils,532 which are seen in patients with asthma 
and helminthic infestations. IL5 is detected in some patients with 
severe exacerbations of asthma,533 and it is conceivable that 
exacerbations are associated with activation of T cells that secrete 
IL-5. Local expression of IL5 was detected by in situ hybridiza-
tion in mucosal bronchial biopsies, which was correlated with the 
number of infiltrating eosinophils.534

Interleukin-6 and Interleukin-6 Receptor
IL6 is a cytokine with pleiotropic activities that is produced by a 
great variety of cells (Table 14.3) and plays a central role in immu-
nity and inflammation. IL6 induces (a) terminal differentiation and 
Ig secretion of B cells; (b) growth promotion of B cells, plasma cells, 
and myeloma cells; (c) support of colony formation by stem cells; 
(d) induction of acute-phase response (APR) proteins; (e) differenti-
ation and activation of T cells and macrophages; and (f) neural dif-
ferentiation. It is also involved in the pathology of several diseases, 
such as rheumatoid arthritis, proliferative glomerulonephritis, and 
multiple myeloma. At least 11 different activities are known, with 
an equal number of acronyms; these turned out to be mediated 
by the same molecule, which was called IL6. IL6 is a member 
of a family of structurally and functionally related cytokines that 
includes IL11, LIF, oncostatin M (OSM), ciliary neurotrophic factor 
(CNTF), and cardiotrophin-1. Redundancy of function is a result of 
the sharing of the signal-transducing component of gp130.

IL6 is a glycoprotein that belongs to the long chain, four–a-
helical bundle of cytokines535,536 and binds to the IL6R–gp130 
complex (see the following discussion) but, in addition, has the 
intriguing property of a lectin that interacts with a trisaccharide 
(HNK-1 or CD57)537 (see Appendix, CD57). CD57 is a sulfated tri-
saccharide that is carried by N-glycans, that is, complex polysac-
charides. It has been identified in the nervous system as a major 
target of peripheral neuropathies in patients with lymphomas.

Producing Cell Inducer

B cells IL-4, IL-1, and TNF-a

T cells Phytohemagglutinin and tissue plasminogen activator

Macrophages IL-6, interferon-g, granulocyte–macrophage colony-
stimulating factor, IL-1, and LPS

Endothelial cells LPS, interferon-g, IL-1, IL-4, and TNF-a

Fibroblasts IL-1, TNF-a, and LPS

Keratinocytes IL-1, IL-4, and phorbol myristate acetate

Osteoblasts IL-1, TNF-a, and LPS

Kupffer cells IL-1, TNF-a, and LPS

IL, interleukin; LPS, lipopolysaccharide; TNF, tumor necrosis factor.

INTErLEukIN-6 ProduCTIoN

taBLe 14.3

IL6R consists of an extracellular region with one Ig-like domain 
(C2-type) and two FnIII domains, which form the CBD, which 
is characteristic of the class I cytokine receptors. The first FnIII 
domain has two disulfide bonds, whereas the second has the 
sequence WSXWS.538 IL6 binds to the IL6R–gp130 complex by 
three contact sites. Site one is located in the loop that connects 
helices A and B of the IL6 and interacts with the D2 domain of 
IL6R. Site two is located at the C terminus of helix D of IL6, and 
interacts with the D2 domain of gp130.539 A third site interacts 
with the N-terminal Ig-like domain (D1) of gp130. gp130 is the sig-
nal transduction component of the IL6–gp130 complex, because 
the cytoplasmic region of IL6R is short.540,541,542

The gp130 protein has an extracellular region that consists of 
six domains. D2 and D3 have the features that are characteristic 
of the CBD of class I cytokine receptors. D1 is an Ig-like domain, 
whereas D4 to D6 are FNIII domains. IL6 induces the formation 
of a hexamer that consists of two molecules each of IL6, IL6R, 
and gp130. The crystal structure of gp130 shows that the uncom-
plexed receptor assumes an L-shaped quaternary structure with 
limited flexibility.543 gp130 associates with other cytokines, such 
as OSM, LIF, and CNTF. The crystal structure shows that there is 
little domain reorientation of the ligand-binding domains, indicat-
ing that the overall structure is adaptable to bind multiple cyto-
kines.543 The gp130 protein also has an N-glycan that carries the 
HNK-1 epitope,544 which interacts with IL6. The lectin activity of 
the IL6 is necessary for the initial signal transduction.544

Binding of IL6 to the IL6R–gp130 complex triggers signal 
transduction, which follows two pathways: the SRC protein 
tyrosine kinases and the JAKs545 (Fig. 14.18). Activated JAKs 
phosphorylate several TYR (Y) residues of the gp130 cytoplasmic 
region, which then become docking sites for signaling molecules 
that possess SH2 domains.546,547 The second membrane-proximal 
Y recruits the SHP-2 phosphatase, leading to the activation of 
MAPK. Activation of the SRC kinase, HCK, phosphorylates adaptor 
molecules that link to the GRB2, SOS, RAS pathway to MAPK acti-
vation.548 This pathway mediates proliferative signaling and, at 
the same time, through activation of SHP-2 phosphatase, dephos-
phorylates PYK2 and blocks dexamethasone-induced apoptosis of 
myeloma cells.549

Any of the four most distal TYR residues mediates STAT3 
activation. The STAT3 structure is similar to that of other STATs: 
an N-terminal tetramerization domain, a central DNA-binding 
domain, a conserved SH2 domain (which binds to the cytokine 
receptor or another STAT molecule for dimerization), followed 
by a conserved Y and a C-terminal transactivation domain. 
STAT3 is the major STAT in IL6 signaling.550 IL6 signaling is 
down-regulated by SOCS1 (see the previous discussion), which is 
induced via activation of STAT3.551 Another mechanism of IL6R 
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FIGURE 14.18. Interleukin (IL)-6 and IL-6 receptor (IL-6R) signaling. The IL-6 binds 
first to IL-6Ra (site I). This binary complex forms a composite site that is termed site II, which 
interacts with the cytokine-binding domain (CBD) of gp130 (which includes domains D2 and 
D3), forming a trimolecular complex. Recruitment of site III on the immunoglobulinlike activation 
domain (IGD; i.e., D1 of the gp130) results in the formation of higher-order activation complexes 
(i.e., a hexamer), which is fully active (gene transcription). High-affinity binding to the N-terminal 
domains of gp130 (D1 to D3) is not sufficient for receptor activation. The membrane-proximal 
(D4 to D6) domains of gp130 are necessary for activation, as they facilitate appropriate spacing 
(especially D5) of the cytoplasmic components of gp130. gp130 is the signaling component of 
the complex and recruits Jak-1 and Jak-2 kinases, with Jak-1 having an essential role. Jaks 
bind to box 1 and box 2 of the membrane-proximal cytoplasmic regions. The N-terminal domain 
of Jaks comprises a 4.1-ezrin-radexin-moesin domain, which is crucial to link Jak with the 
receptor. Proteins 4.1 is a large family of proteins that link the membrane of the cell with the 
cytoskeleton. Jaks phosphorylate tyrosines (Y), which then act as docking sites for signal trans-
ducer and activator of transcription (STAT) 3 factors. On dimerization, STAT-3 is translocated to 
the nucleus, binding to DNA through its DNA-binding domain. STAT-3 is phosphorylated on ser-
ines by PKC-d kinase. Phosphoinositide 3-kinase (PI3-K) is recruited on phosphorylated tyrosine 
657. The other important signaling pathway involves activation of SHP-2 phosphatase, which 
interacts with Grb2-SOS adaptor proteins and leads to Ras activation and the ERK1/2–mitogen-
activated protein kinase (MAPK) cascade. STAT-binding sites are in close proximity with binding 
sites of other transcription factors. MEK, mitogen-activated extracellular signal-regulated kinase; 
PIP, phosphatidylinositol phosphate.
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down-regulation involves endocytosis of gp130, after IL6 binding. 
It is mediated by a dileucine motif after phosphorylation of a SER 
residue in the cytoplasmic tail of the gp130 protein552 (Fig. 14.18).

Interleukin-6 in t- and B-cell Interaction  
and Myeloma
On T cells, IL6 acts as an activation, growth, and differentiation 
factor. It can replace co-stimulatory signals from APCs to stimu-
late IL2 secretion and T-cell proliferation (Table 14.4). IL6 is the 
most important growth factor for B cells (normal and malignant). 

Target Function

B cells Production of IgM, IgG, IgA

Growth of plasma cells

T cells Activation

Growth

Differentiation

Hematopoietic progenitors Induce progression from G0 to G1 phase

Enhance survival

Stimulate proliferation

Enhance megakaryopoiesis

Macrophage differentiation

Hepatocytes Acute-phase protein synthesis

Skin Stimulates proliferation of keratinocytes

Blood vessels Increase permeability

Neuronal cells Proliferation of astrocytes

Survival of cholinergic neurons

Ig, immunoglobulin.

INTErLEukIN-6 fuNCTIoNS

taBLe 14.4

It is a potent stimulator of terminal B-cell differentiation and 
antibody formation. The role of IL6 in multiple myeloma has been 
extensively studied.553 It is involved in proliferation of plasma-
blasts and differentiation into mature plasma cells, acting by an 
autocrine or paracrine mechanism. In addition to its proliferative 
activity, it blocks the apoptotic pathway (see the previous discus-
sion). The gp130 protein is activated sometimes in the absence 
of direct ligand binding, i.e., independent of IL6R and IL6. IFN-a 
induces tyrosine phosphorylation of gp130 in myeloma cell lines 
that are responsive to IL6.554 The question is raised whether 
receptor cross-talk may be a common theme in the biology of 
multiple myeloma. The human herpes virus (HHV)-8 is associated 
with all forms of Kaposi sarcoma (KS) as well as primary effusion 
lymphoma. It is found in the lymph nodes of a high proportion of 
patients with multicentric Castleman disease, a polyclonal plas-
macytosis that is characterized by hyperplastic lymphadenopa-
thy.555,556 IL6 is present at elevated levels in KS and multicentric 
Castleman disease lesions, and IL6 promotes the growth of KS 
cells in culture. HHV-8 encodes a homolog of human IL-6 that is 
known as viral interleukin-6 (vIL6), which acts as a mitogenic fac-
tor and induces intracellular signaling that is generally the same 
as IL6. vIL6 induces receptor dimerization and forms complexes 
with IL6R and gp130.557,558 Signaling by vIL6 may be dependent 
or independent of the IL6RA.

One of the most striking responses to injury and inflammation 
is the APR. APR consists of alterations in several serum proteins 
that are known as acute-phase proteins (APPs), which are syn-
thesized mainly by the liver. The response involves more than 
1,000-fold increases in C-reactive protein and serum amyloid A 
and moderate increases in fibrinogen, a-1 antitrypsin, comple-
ment factor B, and others. The biosynthesis of these proteins takes 
place in the liver and is regulated by a factor that was known as 
hepatocytes stimulating factor, which later was shown to be IL6. 
Several other cytokines, such as IL1, TNF-a, IL11, and TGF-b, 
are also capable of inducing APP from the liver. In addition to 
induction of APP, other systemic responses are associated with 
APR, such as fever and release of ACTH. These responses are also 
mediated through IL6.

IL6 has multiple other effects, such as bone remodeling, prolif-
eration of keratinocytes, increase of endothelial cell permeability, 
and proliferation of astrocytes.
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Interleukin-10 and Interleukin-10 Receptor
The search for a product of TH2 cells that would inhibit proliferation, 
effector function, and even development of TH1 cells resulted in the 
discovery of a factor that inhibited cytokine synthesis. This cytokine 
synthesis inhibitory factor was called IL10. It is produced by TH2 
clones and inhibits the synthesis of IFN-g from the TH1 clones.559

The primary structure of IL10 was determined from a comple-
mentary DNA that was isolated from TH2 cells. It has four a heli-
ces and is expressed as a noncovalent dimer.560 The IL10 gene 
is located on chromosome 1. It expresses strong homology to an 
open reading frame in the Epstein-Barr virus genome.

In addition to T cells, IL10 is produced by macrophages in 
response to LPS, by B cells, especially after Epstein-Barr virus 
transformation,561 and by keratinocytes, especially after exposure 
to ultraviolet light.

IL10 strongly stimulates proliferation of B cells, especially after 
cross-linking of CD40 by anti-CD40 antibody,562 and this effect is 
synergistically enhanced by IL4. IL10 induces B-cell differentia-
tion that is activated by anti-CD40 antibodies, with the production 
of large amounts of IgM, IgG, and IgA antibodies. This activity 
is antagonized by IL4 but is enhanced by TGF-b, especially for 
IgA secretion.563 In general, the effects of IL4 and IL10 on pro-
liferation and differentiation of B cells account for much of the 
noncontact help that is provided during T-cell–B-cell interactions 
in antibody responses. As a suppressor cytokine of cell prolif-
eration and cytokine response, IL10 plays an important role in 
tolerating exogenous antigens, especially in immunotherapy of 
allergy.564 It selectively inhibits the CD28-mediated co-stimulatory 
pathway and, as a result, inhibits T-cell responses that are initi-
ated by engagement of a small number of TCRs, a situation that 
is critically dependent on CD28 co-stimulation. Blocking of CD28 
co-stimulation depends on inhibition of CD28 tyrosine phosphory-
lation, which is the initial step in co-stimulation by CD28. IL10 
regulates cyclo-oxygenase-2 expression and reduces production of 
prostaglandins that act directly on cyclo-oxygenase-2 expression 
or through regulation of inflammatory cytokines.565

iMMuNoglobuliN STrucTurE
Antibodies are Igs that are produced by B cells in response to for-
eign antigens; therefore, they have the property of binding specifi-
cally to the antigen that triggered their production. Igs constitute 
the fraction of plasma proteins, originally defined as g-globulins, 
because they were located behind the a- and b-globulins, as a 
result of their slow electrophoretic mobility. When it was shown 
that these g-globulins are products of cells of the immune system, 
they were given the name immunoglobulins.

Antibodies have two fundamental properties for defense against 
pathogens: they bind specifically to the antigen that is responsible 
for their induction by one part of their molecule and then dispose 
the captured antigen with the cooperation of other molecules 
(complement) or cells (phagocytes) of the immune system.

primary Structure: One polypeptide  
from two Genes
One of the most revolutionary hypotheses in the recent history 
of molecular biology was proposed for the structure of the anti-
body molecule: the Ig molecule is encoded by two different sets 
of genes.566 The C-terminal region is encoded by one gene that 
is selected from a small group of genes, whereas the N-terminal 
region is encoded by two or three genes that are selected from a 
large number (hundreds) of genes. The Ig molecule consists of two 
short or light (L) chains and two long or heavy (H) chains, which 
are held together by disulfide bonds.

The two L chains are of equal length, each consisting of 214 
amino acids. The H chains vary in length; the shortest is the g1 

chain, which is made of 446 amino acids, and the longest is the 
m chain, which is made of 567 amino acids. A striking feature of 
the primary structure of H and L chains is the considerable varia-
tion at the N-terminal end of the chains, compared to a significant 
degree of homology at the C-terminal end. The former region is 
known as the variable or V region and the latter as the constant 
or C region. In L chains, the V region of the light chain (VL) consti-
tutes one half of the chain (amino acids 1 to 107), and the remain-
ing part of the chain is the constant (CL) region of the light chain. 
The L chains are encoded by a V and a J allele N-terminal half) 
and a C allele (C-terminal half). For L chains, the V allele contrib-
utes amino acids 1 to 95, and the J allele contributes the remain-
ing 13 amino acids. The V region of the H chains is encoded by 
three alleles, VH, JH, and D (see Chapter 12). For the VH region, the 
VH allele encodes amino acids 1 to 94, and the remaining amino 
acids are encoded by the DH and JH genes. The rest of the chain 
is divided into three constant regions, CH1, CH2, and CH3, for IgG, 
IgA, and IgD, and four constant regions for IgM and IgE.

Within the V regions are three short stretches of amino acid 
sequences that show extreme variability and are therefore known 
as hypervariable regions. Hypervariable regions contain amino 
acids that are in contact with the antigen, and, in the primary 
structure of the molecule, these regions are separated by long 
stretches of less variable amino acid sequences. However, these 
hypervariable regions are in close proximity to each other when 
the molecule assumes its functional tertiary structure. Amino acid 
sequences that are not part of the hypervariable regions form the 
framework regions and constitute 80% of the V region.

Secondary Structure: Immunoglobulin Fold
Results from crystallographic studies confirm that the Ig polypep-
tide chain is folded back and forth on itself in opposite directions 
(antiparallel), forming a sheet, which is known as the b-pleated 
sheet, and is arranged as a sandwich (or b barrel), with a hydro-
phobic center. This is known as the Ig fold (Fig. 14.19). Each 
strand bends in a hairpin fashion when it changes direction. 
Almost all bends contain a Gly that is highly conserved.

tertiary Structure: Immunoglobulin Domain
The intrachain disulfide bonds divide each chain into globular 
structures of approximately 100 to 110 amino acids that are known 
as domains. The IgG molecule has four V-region domains, one CL 
per L chain and three CH per H chain. Considerable homology 
exists among the V domains and among all the C domains. The 
degree of homology suggests that domains originated from one 
primordial gene and evolved independently rather than as a group 
comprising a single H chain. Each Fab fragment (see the following 
discussion) has four domains: the VL and VH interact to form the 
V module, and the CL and CH1 interact to form the C module. Each 
domain is made of two b-pleated sheets (x and y), one consisting 
of three, the other of four, antiparallel strands that are labeled A 
through G. In each of the two V domains, there are two additional 
strands that are called C′ and C″. The sheets are held together 
by one Ii disulfide bond and by interactions between the strands 
A–B–E and D for the C modules and C–C–F and G for the V module. 
The hypervariable regions correspond to the hairpin loops that 
link the strands as they turn around to run in the opposite direc-
tion, which are called complementarity-determining regions (CDRs) 
(Fig. 14.19). Each V domain has three CDRs, for a total of six in the 
V module. They are known, in sequence order along the polypep-
tide chain, as L1, L2, and L3 for the VL domain, and H1, H2, and 
H3 for the VH domain. The length of each CDR varies considerably, 
both as a function of usage of the V allele, mainly affecting CDR1 
and -2, and as a consequence of junctional diversity, i.e., additions 
of amino acids during V(D)J recombination that affect the CDR3 
(see Chapter 12). All six CDRs contribute to the formation of each 
combining site. Because of their  positioning in the free end of the 
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FIGURE 14.19. Tertiary structure of a light chain that depicts the variable (V) and constant (C) domains. Each domain is composed of two sheets that 
are formed by strands of polypeptide chains that possess the basic b-pleated structure. In each sheet, the strands run in alternating directions (antiparallel). The 
strands are shown as broad arrows, pointing in an N-terminal–to–C-terminal direction. The strands that belong to the same sheet are blank or hatched. Stretches 
of polypeptide chains that connect the strands form loops. Three of these loops in the V domain include the complementarity-determining regions (CDR), which are 
involved in antigen binding. The strands are identified by letters, A to G, starting from the N-terminal end. The V domain contains two additional strands C′ and C′ 
(which are not shown in the diagram as broad arrows). Interactions between the VL and VH sheets contribute to the formation of a cylindric V module that contains 
the antigen combining site. The black bars represent the disulfide bonds.

V module, they are endowed with some mobility, which may be 
important for binding with the antigen. In the Fab fragment, they 
form a cavity that is 15 Å long, 6 Å wide, and 6 Å deep. The strands 
correspond to conserved sequences that are known as framework 
(FR) sequences. Each V domain has four conserved FR sequences, 
FR1 through FR4. The Ig fold is not unique to the Ig molecule but is 
also found in other molecules, such as the ab and gd TCRs; the class 
I and class II MHC molecules; the CD2, CD3, CD4, and CD8; and the 
b2m, which represents a free domain. Several other proteins have 
Ig-like domains that form the Ig superfamily.

Quaternary Structure: Immunoglobulin 
Monomer
The Ig molecule consists of four polypeptide chains, which are 
held together by disulfide bonds and noncovalent interactions567 
(Fig. 14.20). Two of the chains have a molecular weight of 53 kDa 
(IgG) or 75 kDa (IgM) and are known as H chains. The other two 
chains have a molecular weight of 22.5 kDa and are known as L 
chains. The former determine the major Ig class of the molecule: 
IgG, IgM, IgA, IgD, and IgE. The respective H chains are designated 
by Greek letters: g (IgG), m (IgM), a (IgA), d (IgD), and ε (IgE). Within 
each class are subclasses: four for IgG (1, 2, 3, and 4), two for IgM, 
and two for IgA. The H chains are distinguished by isotypes to 
identify antigenic determinants that are shared by all individuals 
of a given species. Humans have 10 loci for constant region genes 
and, therefore, 10 isotypes that correspond to the total number of 
what otherwise are known as subclasses: m1, m2, d, g1, g2, g3, g4, 
a1, a2, and ε. There are only two types of L chains, kappa (k) and 
lambda (l). The L chains of the l type exist in four isotypes (l1, l2, 
l3, and l4). Any given Ig molecule has two k chains or two l chains 
but never one of each type. The k-to-l ratio varies between species: 
in humans it is 70:30, whereas in the mouse it is 95:5.

The hinge region is located between CH2 and CH3 and is rich 
in proline residues. Cysteines form the inter-heavy chain disulfide 
bonds. Because of its unique amino acid sequence, this region 
does not fold well and thus becomes susceptible to enzymatic 
attack. The hinge region also affects the flexibility of the molecule 
and other properties, such as complement binding. IgM and IgE 
have no hinge region but instead have an extra C domain.

Disulfide bonds are important because they maintain the asso-
ciation of the four chains and divide the Ig molecule into functional 
domains. The H and L chains are held together by interchain 
disulfide bonds. Each L chain is attached to the H chain by one 
disulfide bond, with the exception of human IgA2, which contains 
no disulfide bond between H and L chains. The disulfide bond is 
formed between C-terminal cysteine of the k chain or the penulti-
mate cysteine in the l chain and the cysteine that is closest to the 
middle of the H chain.

The two half-molecules are held together by interchain disul-
fide bonds between the two H chains. The number of these bonds 
varies among classes: the IgG1 molecule has two, whereas IgG3 
possesses 15. Disulfide bonds exist within each chain (intrachain). 
All L chains have two bonds, and all g and a chains have four 
bonds; m, d, and ε chains have five bonds. Because the cysteines 
that form the intrachain bonds are separated by 40, or even 70, 
amino acids, the bond can be formed only if the two cysteines 
are brought into apposition by looping the intervening sequence. 
The regularity of the distribution of the intrachain disulfide bonds 
formed the basis of the domain hypothesis, in which the Ig mol-
ecule is separated into distinct functional regions.568

Carbohydrate Moiety
Carbohydrate chains are of variable length and shape. The number 
of these chains varies among isotypes: 2 in IgG molecules, 10 in IgM 
molecules, 16 in IgA molecules, and 12 in IgE molecules. The carbohy-
drate chains are attached to the CH2 domain, forming a bond between 
the first carbon of asparagines and the sugar N-acetylglucosamine 
(GlcNAc). Procedures that interfere with the glycosylation of the a and 
ε chains prevent the secretion of IgA and IgE molecules.

enzymatic Fragments
Treatment of the Ig molecule with papain generates three frag-
ments. Two of these fragments are identical; each contains one 
antigen-binding site and thus they are known as Fab (fragment 
antigen binding).569 The third piece, which is known as Fc (frag-
ment crystallizable), mediates fixation of Ig molecules to skin and 
other cells (macrophages and lymphocytes), fixes complement, 
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FIGURE 14.20. Basic arrangement of the polypeptide chains, the 
enzymatic fragments, and their domain structure of the immu-
noglobulin G molecule. Locations for structures that are defined as 
idiotypes, allotypes, and isotypes are shown, as well as the position of 
the carbohydrate (CHO). Various domains are shown on the left side.

and mediates transport of the Ig molecule across the placenta. 
Digestion of the Ig molecule with pepsin yields one large piece, 
with a molecular weight of 100 kDa. This divalent fragment, which 
is known as F(ab)2, consists of two Fab fragments, each capable of 
binding antigen. The Fc fragment is digested by pepsin into small 
peptides (Fig. 14.21).

Combining Site
The antigen-combining site is located near the tip of the two arms 
on the Y-shaped Ig molecule.570,571 The size of the combining site 
was determined initially by Kabat, using antidextran antibodies 
that reacted with oligosaccharides of different lengths. Maximal 
inhibition of the binding was obtained with an oligosaccharide 
that consisted of six isomaltohexose molecules. The structure of the 
combining site has also been studied by means of affinity labeling. 
With this technique, the hapten is linked to a chemical group that 
interacts with the amino acids that are closest to those that form 
the combining site. This method helped demonstrate that H and 
L chains participate in the formation of the combining site. The 
antigen-binding V module may be viewed as a stable, packed FR 
structure with six superimposed flexible CDRs. Molecular biologists 
have now constructed hybrid genes that combine FR and CDR from 
different Igs. Upon transfection to lymphoid cell lines, these genes 
produced antibodies with the specificity of the CDR donor.572

Idiotypes and allotypes
Antibodies and myeloma proteins possess determinants that 
are characteristic for each antibody or myeloma protein and 
are known as individually specific antigenic determinants or 
idiotypes. Idiotypes can be detected by means of antisera. Some 
anti-idiotypic antibodies detect determinants that are restricted 
to a single Ig (individual, or private, IdI), and other antibodies 
detect determinants that are present in antibodies or myeloma 

proteins other than those that are used for immunization (public, 
or cross-reactive, IdX). Idiotypic determinants, which are known 
as idiotopes, have also been classified according to their location 
in relation to the combining site: a-idiotopes are located outside 
of the combining site; b-idiotopes are close to the site, so that the 
binding of the anti-idiotypic antibody interferes with the binding 
of the antigen; and g-idiotopes are formed by the site itself.573

In addition to CDR, the idiotope-determining region (IDR) can 
be defined, not on the basis of amino acid sequence variability, but 
as a surface-variable structure that is complementary to a structure 
on the V region of another Ig molecule. Although all CDRs are also 
IDRs, the partial overlap between these two kinds of regions sug-
gests that IDRs outnumber CDRs.573 IDRs, therefore, are functionally 
involved in antigen recognition, as well as in recognizing and being 
recognized by other Ig molecules. This functional attribute of IDR is 
central to the network theory of immune regulation of Jerne.574,575

Allotypes are allelic variants of Ig polypeptide chains that seg-
regate in Mendelian fashion in outbred populations. Allotypes that 
vary by one or a few amino acids are simple allotypes, whereas 
those that are characterized by greater differences are complex 
allotypes. In humans, Ig allotypes have been well characterized for 
all subclasses of the IgG (g) H chains (Gm allotypes), for IgA (a) H 
chains (Am allotypes), and for the k chains (Km allotypes). The H 
chain allotypes of different H chain isotypes are inherited together 
as a group, which is sometimes referred to as a haplotype.576

iMMuNoglobuliN fuNcTioN

Immunoglobulin G
IgG is the major Ig in humans and constitutes approximately three 
fourths of the total Ig (Table 14.5). The serum concentration varies 
from 8 to 16 g/L in adults, but the intravascular pool accounts for 
less than one half the total body IgG; approximately 55% is found 
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FIGURE 14.21. Proteolytic fragmentation of the immunoglobulin G molecule by papain 
and pepsin. Papain hydrolyzes the molecule to the N-terminal side of the interchain disulfide 
bonds and releases three fragments of approximately equal size, two Fab and one Fc. Pep-
sin acts on the C-terminal side of the disulfide bonds and forms one large divalent fragment 
(F[ab′]2); the Fc is fragmented to small peptides and one larger fragment known as pFc ′.

widely distributed within the extravascular space. The total body 
content is in excess of 1 g/kg of body weight. IgG molecules have a 
half-life of 21 days and therefore have the longest lifespan.

The four isotypic subclasses of IgG molecules are distributed 
as follows: IgG1, 66%; IgG2, 23%; IgG3, 7%; and IgG4, 4%. These 
antigenic differences are the result of variations in amino acid 
sequences of the carboxy-terminal parts of the g chains. All four 
types of molecules are found in any given normal serum, but 
individual molecules contain only a single type of g chain. The IgG 
subclasses carry numbers of disulfide bonds that are arranged in 
different ways. The hinge region is also strikingly different among 
the subclasses; the longest is in IgG3 and supports certain func-
tions of the Fc fragment.

Biologic Properties
Most of the antibodies that are found in secondary antibody 
responses to antigen are IgGs. IgG is selectively transferred across 
the placenta, thereby giving a measure of protection to the new-
born577 (Table 14.5).

Some biologic properties of IgG proteins, and particularly those 
that are mediated by the Fc fragment, are distinctly subclass-
specific. IgGl and IgG3 react most readily with C1q, the first 
component of complement, and therefore activate complement 
most efficiently. IgG2 is less reactive, and intact IgG4 proteins 
are completely unreactive. The binding of Fc to macrophage and 
granulocyte Fc receptors is most efficient with IgG1 and IgG3, and 
this reaction is important in the process of opsonization. Anti-Ig 
antibodies (rheumatoid factors) react most readily with IgG1, 
IgG2, and IgG4 proteins and not at all with IgG3 proteins. IgG3, 

Properties IgM IgG IgA IgD IgE

Subclasses 2 4 2 — —

Molecular weight (kDa) 950 150 150 to 300 185 190

Heavy chain m g a d ε
Light chain k, l k, l k, l k, l k, l

Percent carbohydrates 10–12 4 10 12 12

Survival (t1/2 days) 5 21 6 3 2

Complement fixation

 Classical +++ + – – –

 Alternative – – + + +
Cross placenta – + _ – –

External secretions + + +++ – +
Cytophilic for:

 Macrophages ± +++ – – –

 Mast cells – ± – – +++
Serum concentration (g/L) 1.5 11.0 2.4 0.03 <0.005

Percent of total Ig 5 80 15 – –

Ig, immunoglobulin; +, weak; +++, strong; –, negative; ±, borderline.

ProPErTIES of IMMuNogLoBuLINS

taBLe 14.5

on the other hand, has a tendency to aggregate,578 a property 
that probably is also responsible for the affinity of the molecule 
for C1q. Aggregation of IgG3 may lead to clinically significant 
hyperviscosity states, especially in patients with IgG3 myeloma. In 
addition, IgG3 is selectively retained in the sera of some patients 
who have generalized hypogammaglobulinemia.

Some antibody activities are subclass-specific. Thus, anti-Rh 
antibodies are usually IgG1 or IgG3; antifactor VIII antibodies are 
often restricted to IgG4, and other antibodies, such as antidextran 
and antilevan, have been found to be IgG2.

Immunoglobulin a
The IgA class of antibodies can be divided into two separate sys-
tems of Ig.579 One system, IgA1, provides IgA antibodies for the 
circulation and the internal secretions, such as the aqueous humor 
of the eye, the cerebrospinal fluid, and the synovial, amniotic, 
pleural, and peritoneal fluids. These IgA antibodies probably are 
synthesized by nonmucosal lymphoid tissues. The other system, 
IgA2, is found in external secretions, such as saliva, tears, bile, 
and colostrum, as well as secretions of the respiratory tract, the 
gastrointestinal tract, the seminal vesicles, the cervix, and the 
urinary tract. The IgA of external secretions is, for the most part, 
not derived from the blood but is produced locally by plasma cells 
that are situated in proximity to the epithelial mucosa. It is the 
predominant Ig in external secretions, although smaller amounts 
of IgM and IgG also may be found.

In the serum, 85% of IgA molecules are monomers, with a 
molecular weight of 170 kDa and a sedimentation coefficient of 7S; 
9S, 11S, and 13S polymers make up the remainder. Approximately 
1% is secretory IgA (sIgA); this percentage increases in association 
with a variety of mucosal inflammatory diseases. The serum con-
centration of IgA is in the range of 2 to 3 g/L, with a half-life of  
6 days. Monomeric IgA is composed of two H (a) and two L chains. 
The a chains of IgA1 and IgA2 subclasses are strikingly different 
in the hinge region. Certain bacterial proteases cleave IgA1, but 
not IgA2, into Fab and Fc fragments. These IgA1 proteases are 
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exquisitely specific. In the IgA2 subclass, the H and L chains are 
not held together by a disulfide bond.

sIgA is a large molecule with a molecular weight of 390 to 400 
kDa. It consists of two IgA molecules that form a dimer and two 
additional non-Ig components, which are known as the J chain 
and the secretory component (SC).580 The J chain joins two IgA 
molecules through a disulfide bond to form a dimer, whereas the 
SC is the extracellular part of the polymeric Ig receptor (pIgR), 
which remains attached to IgA after trans-epithelial crossing 
(Fig. 14.22).581 The epithelial cells in the glands and basolateral 
crypts of the gastrointestinal and upper respiratory tracts produce 
the full-length (100-kDa) pIgR located in the nonserosal surface 
of the epithelial cells. It consists of five V-type Ig-like domains 
in the extracellular region, a transmembrane, and a 103-amino 
acid intracellular region. Binding of polymeric IgA (pIgA) to the 
first extracellular domain of the pIgR is followed by endocytosis 
and transcytosis across the epithelial cell.582 The initial step is 
through clathrin-coated pits and requires two cytoplasmic tyro-
sines of pIgR and phosphorylation of serine 726. The endocytosed 
complex is delivered first to RAB+ basolateral early endosomes 
and then on to RAB17+ common recycling endosome. In this 
compartment, the complex is sorted and directed to the apical 
plasma membrane.

The IgA dimer is released on the lumenal side of the epithelial 
cell, with the extracellular portion of the pIgR (i.e., the SC) still 
attached, forming the sIgA.583,584 During transcytosis, disulfide 
bonds form between pIgR and pIgA. The J chain is essential for 
the transport of IgA, and expression of the J chain by plasma cells 
is particularly critical for the overall function of sIgA in mucosal 
surfaces.585 A disulfide bond between the J chain and the IgA 
monomer is sufficient for IgA dimerization. IgA polymers are also 
formed that retain high affinity for free SC. The SC protects the 
IgA from intracellular digestion by proteolytic enzymes. The SC 
is more efficient than IgR in providing protection because, as a 
result of its carbohydrates, it is able to anchor the sIgA to mucus 
within infected areas, in contrast to the random distribution of 

A

Secretory piece

J chain
lgA

B

FIGURE 14.22. A: Dimer of immunoglobulin A (IgA). The J chain is linked through disulfide 
bonds with the Ca3 domains of the monomers. The secretory piece attaches through disulfide 
bonds to the Fc fragments of the monomers. B: IgA dimers. (Courtesy of Dr. K. H. Roux.)

pIgR. Furthermore, pIgR can be used by some bacteria (e.g., 
Streptococcus pneumoniae) to gain access to the transcytosis 
pathway. The IgA transport system is unique in that, in contrast 
to other pathways, it does not lead to degradation of its ligand, 
the IgA molecule. The IgA and the asialo glycoprotein transport 
of hepatocytes occupy the same compartment inside the cell, yet 
each follows distinct pathways subsequently.

Biologic Properties
Although IgA is incapable of fixing complement or acting as an 
opsonin, the sIgA molecule, together with complement and lyso-
zyme, is capable of killing Escherichia coli. IgA does not activate 
complement, except in its aggregated form and even then it acti-
vates complement only through the alternate pathway. Like other 
Igs, sIgA is capable of blocking bacterial adherence to mucosal 
surfaces, thereby preventing colonization. It may also act as a 
blocking antibody to reaginic reactions on mucosal surfaces and 
may prevent the absorption of antigenic molecules from the lumen 
of the gut.

Surprisingly, most IgA-deficient individuals appear to be fairly 
healthy and not overly susceptible to upper respiratory tract infec-
tions. IgA antibodies against intrinsic factor have been reported 
in the gastric secretions of patients with pernicious anemia. It has 
been proposed that IgA may serve as a carrier of antigens from 
the blood to the mucosal sites, providing an explanation of how 
antigens find their way into external secretions through the SC 
transport system. Perhaps the mucosal synthesis of IgA makes 
it particularly suitable for removal of dietary and microbial anti-
gens that are absorbed from the gut. More recently, receptors for 
the Fc portion of IgA were identified on peripheral and alveolar 
macrophages, lymphocytes, and neutrophils.586 Through such 
receptors, IgA participates in antibody-dependent, cell-mediated 
cytotoxicity reactions.

Immunoglobulin M
IgM antibodies are proteins with a molecular weight of 850 kDa 
that sediment predominantly at 18S to 19S but also at 22S, 26S, 
and 35S (Table 14.5). Because of their size, IgM molecules are 
referred to as macroglobulins. Their rate of synthesis is only 1/20 
of that of IgG, whereas their fractional catabolic rate is two to three 
times that of IgG, which accounts for the relatively short survival 
(half-life of 5 days) and low serum levels (0.8 to 3.0 g/L) of IgM.

IgM macromolecules are composed of five identical subunits 
called IgM monomers, each of which consists of two m (H) chains 
and two L chains (Fig. 14.23A). The L chains may be k or l and are 
identical to those of other Ig. The H chains, on the other hand, have 
some unique structural features. Whereas human g chains vary in 
length from 446 to 450 amino acid residues, m chains contain in 
excess of 500 residues and have a correspondingly higher molecu-
lar weight of approximately 70 kDa. In addition, m chains appear 
to consist of a variable region and four constant regions, in con-
trast to the three constant regions of g chains. Similar to g chains, 
however, each region (constant and variable) contains a loop of 
approximately 60 amino acids with an internal disulfide bridge 
that is flanked on either side by approximately 20 amino acids. 
Carbohydrates account for 10.7% of the molecule by weight and are 
distributed over five sites within the constant region: one within the 
Fd region, one in the hinge region, two within Fc, and one near the 
COOH terminus. They affect the conformation and other properties 
of the molecule but do not contribute directly to antibody specificity. 
Two subclasses of IgM (IgM1 and IgM2) have been identified on the 
basis of antigenic differences within the m chain.

In the intact IgM molecule, five monomers are assembled in a 
star-shaped configuration, with the carboxy terminal (Fc pieces) 
being joined at the center through disulfide bonds, whereas the 
antigen-binding sites (Fab pieces) extend toward the periphery. 
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FIGURE 14.23. A: Immunoglobulin M (IgM) pentameric molecule. The IgM molecule is composed of five subunits that are held together through disulfide 
bonds. In the polymerization of the subunits, the J chain is involved. (From Roitt IM, Brostoff J, Male DK. Immunology, 2nd ed. St. Louis: Mosby, 1989, with permis-
sion.) B: By electron microscopy, the IgM molecule appears star-shaped (a). When it is bound to antigen, such as the flagellum of Salmonella, it assumes the crab 
or staple form (b: 1–4), a model of which is shown in c. (From Feinstein A, Munn EA. Conformation of the free and antigen-bound IgM antibody molecules. Nature 
1969;224:1307–1309, with permission.)

The molecule appears to have a great deal of rotational freedom, 
and, although it is bound to particulate antigen, it may take on the 
appearance of a staple or a spider (Fig. 14.23B), with its legs (Fab 
pieces) extending toward the plane of the antigen (a cell surface) 
and its body consisting of closely linked Fc fragments that pro-
trude from the center, thus making it ideally suited for comple-
ment fixation (Fig. 14.24).

Because the IgM molecule consists of five subunits, each with 
two antigen-combining sites, there are 10 combining sites per 

C1r

C1s

C1q

IgM

Bacterial Cell

Antigenic
sites

FIGURE 14.24. Immunoglobulin M (IgM)-C1 esterase interaction. On the surface of 
pathogens, IgM assumes the staple (as seen sideways) or crab conformation. Whereas the 
Fabs touch the surface of a pathogen, or immune complexes deposited on tissues, the Fc frag-
ments form a plateau on which C1q finds space to touch down with the heads of the arms. The 
C1r–C1s tetramer weaves between the arms as a necklace. Recognition of patterns by C1q 
creates a conformational shakeup, which is transmitted to the catalytic domains of C1r, which 
is activated. In turn, C1r activates the C1s, which performs the esterase functions of the whole 
complex, C1 esterase.

IgM pentamer. A single J chain has been found attached to the 
IgM pentamer by disulfide bridges. IgM monomers do not have 
J chains.

Biologic Properties
Macroglobulins are restricted mostly to the intravascular pool. 
Little if any IgM crosses the placental barrier, and the amount 
that is present at birth is almost entirely of fetal origin. Detectable 
levels of IgM may be synthesized by the human fetus by as early as 
the 20th week of gestation, but high levels of IgM at birth usually 
are indicative of intrauterine sepsis.

On cell surfaces, a single molecule of IgM readily fixes comple-
ment, whereas antibody doublets are required for fixation of com-
plement by IgG. IgG is efficient at 4°C and 37°C, however, whereas 
IgM is inefficient at the lower temperature. Binding of C1q to IgM 
has been assigned to both Cm3 and Cm4 domains. Mutations that 
involve a single amino acid in the Cm3 domain abolishes comple-
ment fixation.

Specific macrophage receptor sites for the Fc region of IgM 
have been described in animal systems. Such receptors may play 
a critical role in the process of phagocytosis of immune complexes.

IgM antibodies are the first to be produced in a primary immune 
response, to be replaced subsequently by IgG antibodies. However, 
certain types of antibody responses remain mostly IgM, including those 
against LPS and the heterophil (Forssman) antigens. Wassermann 
antibodies, isohemagglutinins, cold agglutinins, and antibodies to the 
O antigens of Gram-negative bacteria are usually IgM.

Immunoglobulin M Monomer
IgM monomer (7S IgM) is the predominant Ig on the B-cell surface. 
Naturally occurring 7S to 8S IgM monomers also have been identi-
fied in normal sera, and higher concentrations of monomers occur 
in association with various diseases, including SLE, Waldenström 
macroglobulinemia and other hypergammaglobulinemic states, 
congenital rubella, and immune deficiency  disorders, such as 
ataxia telangiectasia and  dysgammaglobulinemia. In  some 
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instances, IgM monomers possess antibody activity against 
blood-group substances or cell nuclei (antinuclear factors). IgM 
monomers may be related to more primitive Ig and appear to be 
synthesized as such, rather than to represent an in vivo or in vitro 
breakdown product of IgM.

Immunoglobulin D
IgD is found in low concentration (3 to 400 mg/L) in normal 
serum. It consists of two H (d) chains and two L (k or l) chains, has 
a molecular weight of 180 kDa, and sediments at 7S. It appears 
to be catabolized rapidly (half-life 2.8 days), is confined largely to 
the intravascular space, and does not cross the placental barrier. 
The IgD has three constant region domains and an unusual hinge 
region, which is strikingly different from the hinge regions of other 
Ig. It is longer than the g1, g2, and a2 hinges and has a highly 
charged C-terminal half. Its unusual structure makes it extremely 
susceptible to proteolytic cleavage. IgD is a major surface Ig of 
peripheral blood lymphocytes.

IgD plays an important role as antigen receptor in B-cell activa-
tion. It is expressed during certain periods of B-cell differentiation. 
IgD may function as an antigen receptor that is capable of trigger-
ing antibody production, whereas binding of antigen to IgM leads 
to tolerance. Both receptors, however, are capable of inducing 
proliferation and differentiation of B lymphocytes.

Immunoglobulin e
Reaginic antibodies, which mediate acute and sometimes life-
threatening allergic reactions in atopic patients, belong to this 
distinct class of Igs.586a IgE molecules also have two H (ε) chains 
and two L chains. They have a molecular weight of 200 kDa and 
a sedimentation coefficient of 8.2S, and they contain 12% carbo-
hydrate. The ε chains are approximately the same size as the m 
chains, with four constant region domains totaling approximately 
550 amino acids. Each molecule has 15 half-cysteines, eight of 
which form intrachain disulfide bonds within the four constant 
domains. The formation of two interchain H–H bonds between 
two noncomplementary regions, that is, between Cε1 and Cε2 
and between Cε2 and Cε3, is unique to ε chains. Carbohydrates 
are found throughout the chains. All six oligosaccharide units 
are N linked to Asn. The survival of IgE molecules in the serum 
is shorter than that of any other Ig (half-life 2.4 days), and their 
serum concentration is in the range of 0.1 to 0.7 mg/L, with a 
mean of 0.3 mg/L. Higher concentrations may be found in the sera 
of patients who have asthma, hay fever, eczema, Wiskott-Aldrich 
syndrome, and helminthic infestations. IgE-forming plasma cells 
are found most commonly in the respiratory, gastric, and intesti-
nal mucosa and in the regional lymph nodes, but a few are noted 
in the spleen and in other lymph nodes. Thus, IgE, like IgA, is 
classified as an sIg.

Biologic Properties
IgE antibodies are capable of sensitizing basophils and mast cells. 
The Fc portion of the IgE molecule fits into specific receptor sites 
on the cell surface. When bivalent or multivalent antigens bind at 
least two adjacent IgE molecules, the mast cell or basophil is trig-
gered to degranulate, thereby releasing vasoactive substances, 
especially histamine and slow-reacting anaphylaxis substances, 
which are responsible for such clinical manifestations as wheal-
and-flare reactions, bronchospasm, small-vessel dilation, and 
shock. Reduction of the disulfide bonds destroys the ability of the 
molecule to bind to the Fc receptor, and heating of the IgE at 56°C 
inactivates its cytotropic activity. This inactivation is associated 
with loss of antigenic determinants in the Cε3 and Cε4 domains, 
suggesting that these regions are important for binding to the 
receptor.

J Chain
The J (joining) chain has been detected in association with 
polymeric forms of serum and sIgA, as well as with the IgM 
pentamer.580 This chain has a molecular weight of 15 kDa. It is 
attached to IgA or IgM polymers by disulfide linkages. It is not 
detectable by antisera while the polymers are in their native state, 
but it becomes readily accessible if the polymers are dissociated. 
In contrast to the secretory piece, J chains are produced by plasma 
cells and appear to play a key role in the process of polymerization 
of Ig, serving as a clasp or zipper to fasten the last two monomeric 
components of a pIg together.

The complete amino acid sequence has been inferred from 
cloned genomic DNA. The chain is larger than previously deter-
mined, containing 137 amino acids. Many cysteine residues are 
scattered throughout the molecule. Of the 137 amino acids in 
mouse and human J chains, 106 are identical (77%). This char-
acteristic, plus the fact that the C-terminal regions of the m and a 
chains are also conserved, suggests that the polymerization of Ig 
molecules has been conserved in evolution, probably because they 
confer advantages in defense mechanisms in that they aggregate 
complex pathogens more effectively.

coMPlEMENT
The name complement was introduced by Paul Ehrlich and 
J. Morgenroth, because it was thought to complete the activity of 
the antibodies from which it could be distinguished by its particu-
lar properties. It is now recognized that complement represents 
a multimolecular system and is activated by three different path-
ways, the classical, the alternate, and the lectin, with the final lytic 
or effector function being carried out by a common pathway. This 
final common pathway leads to the formation of the membrane 
attack complex (MAC).

Classical pathway
The classical pathway is initiated by two functional units: the recog-
nition unit, which consists of three proteins, C1q, C1r, and C1s; and 
the activation unit, which consists of C2, C3, and C4587 (Fig. 14.25). 
The MAC is activated by the classical pathway by the generation of 
three complex enzymes with proteolytic activity, the formation of 
which requires the association of two or more proteins.588 Not all Ig 
classes are capable of binding to C1q; IgG1 and IgG 3 bind readily, 
whereas IgG4 does not bind at all. Complement binding to the IgG 
subclasses is determined by the flexibility of the hinge that prevents 
steric interference between Fab and C1q binding. IgG3, with the 
longest hinge region, is the most efficient of all IgG subclasses. 
Exposure of the C1q-binding site of IgM molecules is optimal when 
the molecule assumes the staple configuration as it binds to the 
antigen (Fig. 14.24). This site is hidden in the native form of IgM by 
the closeness of the subunits. IgM has the strongest binding ability 
because one C1q molecule that is bound to one IgM antibody is 
capable of lysing an erythrocyte, whereas two IgG molecules in close 
proximity are required to achieve the same effect. Ig antibodies that 
are bound to independent epitopes can activate the complement 
cascade in this way. Depending on the epitope density, activation 
occurs when at least 800 IgG molecules bind to the cell. For this 
reason, IgM antibodies are considerably more efficient lysins.

Step 1: C1 Esterase (C1)
C1 esterase is a complex that is assembled from three proteins: 
C1q (recognition subunit), C1r, and C1s (catalytic complex).589

C1q: Recognition Unit of C1s
All activators of the complement cascade recognize the C1q, which 
consists of a total of 18 polypeptide chains, six of each of the 
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FIGURE 14.25. The complement (C) pathways. The hemolytic function of the C is activated by three pathways, which converge to the same final common 
pathway (see the text for details). The classical pathway uses C1q as the recognition molecule, which generates sequentially three enzymatic functions: C1 esterase, 
C3 convertase, and C5 convertase. The alternative pathway initiates activation by a “tick-over” mechanism in the absence of antibody and again generates similar 
enzymatic functions as the classical pathway. The lectin pathway is triggered by a receptor, mannose-binding lectin (MBL), which, through carbohydrate binding, 
activates the MBL-associated serine protease (MASP) esterases. A MASP cleaves C4 and C2, generating the same C3 convertase as the classical pathway, which it 
joins at this point. All pathways converge to the same membrane attack complex (MAC) pathway, which they initiate by cleaving C5.

three different types, A, B, and C.590,591,592 All polypeptide chains 
are equal in length, and each is comprised of a short N-terminal 
region that is involved in the formation of A–B and C–C interchain 
disulfide bonds. It is followed by collagenlike sequences, which 
consist of repeating triplets X–Y–Gly, a collagenlike motif (X is 

often a proline; Y is usually hydroxyproline or hydrolysine). These 
sequences are not found in human serum proteins but are pres-
ent in collagen fibrils. At the beginning, three heterotrimers (each 
consisting of A, B, and C polypeptide chains) associate, forming 
a stalk. Because of the interruption of the collagen sequence, the 
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consists of aromatic and hydrophobic residues and four cysteines. 
The crystal structure has been solved and shows six b strands 
around a hydrophobic core.595 The modules are ellipsoidal with 
the b strands aligned along their long axis, with N and C termini 
at opposite ends.

Serum protease Domain
The target bonds in the substrates for cleavage by the C1 esterase 
have one Arg residue. Indicative of its trypsinlike enzymatic speci-
ficity is the Asp residue that is found close to the substrate-binding 
site. Arginyl bonds, such as Arg-isoleucine (Ile), are the targets 
in the autoactivation of C1r and in the activation of C1s by C1r. 
Arg-containing bonds are also cleaved in C4 and C2 by the active 
C1s. C1s esterase activity is expressed only by the multimolecular 
complex, which is a tetramer that is formed by two C1r and two 
C1s. Therefore, the enzymatic activity depends on protein–protein 
interactions among the four components of the esterase, which 
are facilitated by Ca2+.596 Ca2+ brings together one CUB and one 
EGF module to form a compact structure.597 During the formation 
of the tetramer, interactions are flexible to allow a single C1r to 
cleave the neighboring and the distant C1s.598

C1r and C1s
The C1r and C1s are single polypeptide chains of approximately 
85 kDa, with a SER protease activity. In the proenzyme form, they 
are single glycoproteins, which are activated by cleavage of a 
single Arg–Ile bond, forming a two-chain active enzyme. They are 
composed of two CUB modules,599 an EGF-like module, two CCP 
modules, and a C-terminal chymotrypsinlike SER protease domain 
(Fig. 14.27).

assembly of C1 esterase
The first enzymatic activity of the C cascade is assembled from 
five components, one C1q, two C1r, and two C1s (Fig. 14.27). 
The C1r–C1s tetramer, in isolation, is a linear structure, with the 
C-terminal domains responsible for the catalytic function and the 
N-terminal domain involved in the Ca2+-dependent protein inter-
actions. In the linear form, the two C1r catalytic domains are in 
the center, whereas those of the C1s are at the two ends. In the 
assembly of the C1 esterase, which is the first enzymatic activity 
of the classical complement cascade, the linear tetramer assumes 
a compact figure-eight conformation. In this configuration, all four 
catalytic domains of C1r and C1s are brought into juxtaposition 
under the cone that is formed by the arms of the C1q. The protein-
interaction domains are located outside the arms of C1q.600,601

Activation of C1 esterase occurs upon recognition by the 
globular heads of C1q of pattern target sites (e.g., antibody bound 
to pathogen surfaces and immune complexes). This binding gen-
erates transient conformational changes, which activate C1r by 
disrupting the C1r homodimer. Activated C1r in turn breaks an 
Arg–Ile bond, activating C1s.596 These transient “earthquakes” do 
not bring about the collapse of the elaborate C1 esterase edifice, 
because C1r and C1s are associated tightly with the C1q collagen 
arms by the CUB-EGF modules that were discussed previously.

C1s is a highly specific enzyme, but, within the mechanical 
constraints that are imposed by the superstructure of the whole 
assembly, it requires some degree of freedom of mobility for its 
interaction with the substrate. These requirements are provided 
by the CCP modules, especially CCP-2, which is linked by a flexible 
hinge to the CCP-1 module. This allows CCP-2 to act as a handle 
and a spacer, to amplify the shift that is required for the serine 
protease domain.595,601

C1q-binding proteins
In addition to its function in C activation, C1q binds to other 
proteins that are sometimes called receptors, mediating other 
C1q functions.602,603 There are two types of surface proteins that 
bind to C1q. One binds to the collagenous portion of C1q (cC1q 

(b)

(c)

(a)

C1q

~180 A

~125 A

A B

FIGURE 14.26. A: C1q molecule. Each of the six subunits is made of three polypeptide chains 
that form a triple helical strand. The N-terminal ends have a collagenlike structure and are 
packed together, forming a central stalk (a); halfway, they bend and separate from each other 
(b) to end at the C-terminal end in a globular domain (c) that binds to the immunoglobulin. B: 
Electron micrographs of the C1q molecule (upper) and bird’s eye view (lower). (From Knobel H, 
Villiger W, Isliker H. Chemical analysis and electron microscopy studies of human C1q prepared 
by different methods. Eur J Immunol 1975;5:78–82.)

triplets dissociate into six radiating arms (Fig. 14.26A). At the 
C-terminal end, each arm ends in a globular head, which consists 
of heterotrimers of protein domains known as C1q modules. When 
viewed by electron microscopy, the C1q resembles a bouquet of 
flowers (Fig. 14.26B).

Modules of the C1
gC1q Module. Most of the C1 activators, such as immune complexes, 
b-amyloid fibrils, and HIV, are recognized by the globular heads 
of C1q.593 Each head is composed of trimers of the gC1q domain, 
which is detected not only in C1q but also in type VIII and type X 
collagens and several other proteins.590 The gC1q modules bear 
structural features that are seen in members of the TNF family.594

CUB Module: C1r-C1s Uegf Bone Morphogenic Protein-1 Module. The acronym 
CUB was given from the detection of this module for the first time 
in the sea urchin protein, Uegf, and the human bone morphogenetic 
protein-1. The CUB modules of C1r and C1s surround the single 
epidermal growth factor (EGF) module and a pair of complement 
control protein (CCP) modules. CUB modules are detected in proteins 
that are involved in developmental processes. They contain four cys-
teine residues, forming two disulfide bonds, except the N-terminal 
CUB module of C1r and C1s, which has only two cysteines.

Epidermal Growth Factor Module: Epidermal Growth Factorlike. EGF-like 
modules are detected in diverse proteins that are involved in pro-
cesses such as blood coagulation and cell adhesion. They have six 
cysteines that form three disulfide bonds. In C1r and C1s, the EGF 
module has characteristic consensus sequences with residues Asp 
and Asn that are hydroxylated and are involved in Ca2+ binding.

Complement Control Protein Module. The CCP module is detected in 
complement receptors and other CCPs. Their consensus sequence 
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necklacelike way and assumes a figure eight. This arrangement allows access of the catalytic 
domain of the C1 in the zymogen form to be in contact with the active catalytic domain of C1r 
for C1s to be activated. Both C1rs have access to both C1s. The flexibility of the tetramer allows 
changes in their relative position, so that the active C1s sites have access to C4 and C2 for their 
cleavage and formation of the C4a–C2b C3 convertase. The CUB and EGF modules of C1r are 
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ted through the arms of C1q triggers the C1r catalytic domain and results in its activation. CCP, 
complement control protein.

 receptor), and the other binds to the globular heads (gC1q receptor). 
Some of these proteins are transmembrane, whereas others are 
intracellular, such as calreticulin (CALR) and the gC1q-binding 
protein (gC1qR, now known as C1QBP). The C1q structure bears 
similarity to the proteins of the collectin family, which includes the 
mannose-binding lectin (MBL), the pulmonary surfactant protein 
A, and conglutinin. However, the collectins are C-type lectins and 
bind carbohydrates, whereas the heads of C1q recognize protein 
patterns on immune complexes.

The term C1qR has been used loosely, sometimes without 
hard evidence that the receptor triggers cell signaling that leads 
to some cellular functions.603 The gC1qR is expressed on myeloid 
cells604 and microglial cells,605 in which it mediates chemotaxis 
and phagocytosis, and in platelets,606 modulating their function in 
injured vascular sites. Calreticulin is a Ca2+-binding protein that 
is located primarily in the ER of most nucleated cells. It has been 
found that calreticulin binds C1q and therefore qualifies as cC1qR, 
but the significance of this interaction remains elusive.

Step 2: C4 and C2 Complex: C3 Convertase
C3 convertase is formed by the interaction of two fragments 
from the C4 and C2 components of complement. Complement 
component 4 circulates in the blood as a disulfide-linked hetero-
trimer that consists of a (93 kDa), b (75 kDa), and g chains (33 
kDa). C3  and C5 components share a similar structure that is 

 considered to be evolutionarily derived from one ancestral gene. 
The C3 and C4 components share an internal thioester bond, 
which is formed between a cysteine and a glutamine, which are 
two  residues apart.607

C4 is synthesized as a single polypeptide chain but is later 
hydrolyzed, giving rise to the three constituent chains. C1s acti-
vates C4 by splitting the a chain, releasing the C4a fragment from 
the N-terminal end of the chain. The thioester bond, which is 
normally hidden in the C4b fragment, is exposed, reacts with an 
NH2 or OH group of the surrounding molecules (Fig. 17.28), and 
deposits C4b on the surface of potential targets for C attack.

C2 is a single chain protein of approximately 100 to 110 kDa, 
with a distinct structure that consists of three globular regions: 
three N-terminal CCP domains, a single von Willebrand factor 
(vWF) domain in the center, and a serine protease domain in the C 
terminus.608 CCP modules are highly compact structures, folding 
independently into a b barrel (e.g., two interacting antiparallel b 
sheets), that form an ellipsoid structure. Loops that connect the b 
strands protrude from the module and may function as the ligand-
binding sites. The vWF type A module consists of five parallel b 
strands and a short antiparallel strand that form a central twisted 
core, which is surrounded by seven amphipathic a helices.609 
Cleavage of C2 by C1s occurs in the N-terminal region of the 
vWF domain, which results in the generation of two fragments, a 
larger (70-kDa) C2a, consisting of most of vWF and SP domains, 
and a smaller (30-kDa) C2b fragment (CCP-1, CCP-2, and CCP-3). 
Fragmentation of C2 exposes a C4b-binding site that is located 
on the C2b fragment, which interacts with C4b. C4b–C2a com-
plex formation depends on Mg2+ ions, which are coordinated by 
residues in the metal ion–binding MIDAS (metal-ion–dependent 
adhesion site) motif of the vWF modules, which is also present in 
several integrins (see Appendix A, CD61). By electron microscopy, 
the C2a fragment appears as a two-lobed structure that links the 
C4b and C3b fragments in the final C5 convertase (see the follow-
ing discussion). The C4b–C2a complex is a Ser esterase with an 
esterolytic activity and with the C3 as the natural substrate.610

Step 3: C3b–C4b–C2a Complex: C5 Convertase
C3 Component
The C3 component of complement is the most abundant in the 
serum (1.2 mg/ml) and occupies the most critical position in all 
three C cascades. The prevailing hypothesis is that a gene that 
was common for all three components, C3, C4, and C5, originated 
from an ancestral a2-macroglobulin gene. Subsequent duplication 
formed the C4 and C3–C5 genes, and a second duplication formed 
separate C3 and C5 genes.

C3 comprises an a chain (110 kDa) and a b chain (75 kDa), 
which are connected covalently by a single disulfide bond. It is 
synthesized as a single protein and is modified post-translationally 
by a furinlike enzyme, which removes a sequence of four argi-
nines.611

Another disulfide bond within the a chain connects the N and 
C terminals (Fig. 14.28). C3 convertase cleaves the a chain at a 
site that is close to the N terminus, generating two fragments: a 
small C3a (9 kDa) and a large C3b (176 kDa). The C3b consists 
of the remaining a chain, which is linked by the disulfide bond to 
the intact b chain. Cleavage of the a chain of C3 by the C3 con-
vertase exposes the thioester bond, which, in the intact molecule, 
is well protected within a pocket in the a chain, with a half-life of 
231 hours. In the metastable C3b fragment, the bond is exposed, 
with a half-life of 60 microseconds. These differences strikingly 
express the extraordinary reactivity of the thioester bond for cer-
tain groups on the cell surfaces. The thioester bond participates in 
a chemical transacylation reaction that results in the attachment 
of C3b on OH or NH2 groups on cell surfaces, complex carbohy-
drates, or immune complexes that are within a radius of 600 Å 
from the point at which it was generated. Attachment of C3b is not 
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which determine its fate. C3b is deposited on and around the 
C4b–C2a complex, binding through the thioester bond. The depo-
sition produces an enzyme with a change in the specificity from 
C3 to C5, generating the C5 convertase.613 C3b is also deposited 
on other previously deposited C3b molecules, forming C3b–C3b 
dimers. The C3b–C4b and C3b–C3b form high-affinity binding 
sites for C5 and probably, the role of these dimers is to hold 
the substrate in a rigid position for efficient cleavage of C5. It 
also appears that the C3b–C3b–IgG complexes function as better 
 precursors of convertases than monomeric C3b.

C3 Fragmentation
C3 is fragmented by several enzymes that generate a variety of 
functionally active fragments (Fig. 14.28). The activation of C3 by 
the C3 convertase cleaves the peptide bond between residues 726 
and 727 (Arg-Ser) and generates a small C3a (9 kDa) and a large 
C3b (176 kDa) fragment. C3a is the N terminal of the a chain that 
functions as anaphylatoxin. C3b consists of the remaining a chain 
(a′) and the entire b chain, which are linked by the disulfide bond. 
C3b is inactivated by further proteolysis by factor I and one of the 
co-factors. The first cleavage occurs between residues 1,281 to 
1,282 of the a′ chain and generates the inactivated C3b or iC3b2, 
which is the ligand for CD11b–CD18 integrin (see Appendix A). 
A second cleavage by factor I separates a small fragment C3f 
(2 kDa) from the a′ chain and yields another inactivated C3b or 
iC3b2. Factor I, with CR1 or factor H as co-factor, cleaves the a 
chain once more, at residues 932 and 933, to yield C3dg and C3c. 
The C3dg fragment is a ligand for CD21 (CR2), a component of the 
coreceptor complex CD19–CD21–CD81 on B cells (see Chapter 12). 
C3dg is cleaved by a protease into C3g and C3d fragments.

alternate pathway
The alternate complement pathway represents an important  natural 
defense mechanism that is independent of the immune response 
(Fig. 14.25). Activation of the alternative pathway involves three 
components: C3, B factor, and D factor. Polysaccharides (zymosan), 
bacterial products, aggregated human IgA, cobra venom factor, and 
many other substances are activators of the alternative C cascade. 
The mechanisms that initiate this pathway have been the subject 
of much debate. The enzyme that cleaves C3 contains C3b as one 
of its components, which is the product of a previous C3 cleavage. 
The origin of the first C3b becomes a puzzling problem. Normally, 
the C3 continuously generates a low level of a functionally C3b-like 
form by a “tick-over” mechanism. The mechanism for the tick-over 
is not a proteolytic process, but involves the spontaneous hydroly-
sis of the thioester bond by H2O and the formation of a metastable 
C3 (H2O). The hydrolysis occurs in vitro at 37°C at a rate of 0.005% 
per minute.614 The C3 (H2O) is an uncleaved C3 molecule and yet 
has the conformation and function of a C3b in the presence of 
Mg2+, which provides a site for binding of the B factor.

Factor B
Factor B (90 kDa) has a similar structure to C2: it consists of three 
CCP modules, a vWF type A module, and a serine protease domain 
that are all connected by short amino acid sequences. By electron 
microscopy, it appears as a three-lobed structure, presumably 
with each module corresponding to one of the lobes.

Factor D
Factor D is a Ser protease with only one known substrate, factor 
B. The single Arg233–Lys234 bond of factor B becomes susceptible 
to the enzymatic activity of factor D only when it forms an Mg2+-
dependent complex with C3b. It is the only enzyme in blood that is 
able to catalyze this reaction and is therefore absolutely required 
for alternative-pathway activation.
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bris JD. Structure and biology of complement protein C3, a connecting link between innate and 
acquired immunity. Immunol Rev 2001;180:35–48, with permission.)

discriminatory between self- and nonself-surfaces but is regulated 
by CCPs (see the following discussion). The selection, however, of 
the OH groups on the sites of binding is quite restricted.612 C3b 
expresses multiple sites for binding to other complement  proteins, 
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The concentration of factor D in the blood is 1.8 ± 0.4 mg/ml, 
the lowest of any complement protein, which makes factor D 
the limiting factor in the activation of the alternative pathway. 
It is a single chain protein (24 kDa) and is structurally similar 
to pancreatic serine proteases. It circulates in blood in a zymo-
gen or profactor form615 converted to the mature enzyme as a 
result of conformational changes. However, this first step gener-
ates a “resting” enzyme because of an inhibitory sequence loop, 
which prevents its activation. The active enzyme conformation is 
induced after binding to the substrate in a second step.

Factor D has a structure that is similar to other members of 
the serine proteases: the polypeptide chain is folded into two 
antiparallel b barrels. Each barrel consists of six b strands with 
the same topology in all members.616 Efficient catalysis requires 
three amino acids, Asp102, His57, and Ser195, forming the “cata-
lytic triad,” and the positioning of the three residues is crucial 
for the synergistic action that is required for hydrolysis of the 
target bond. In the bottom of the substrate specificity pocket is an 
Asp residue, which places factor D in the category of the trypsin 
subfamily of serine proteases and cleaves an Arg–Lys bond of its 
single natural substrate, factor B.

Properdin
Properdin is one of six plasma glycoproteins that collectively com-
prise the alternative pathway of complement. It was first described 
by Pillemer et al.617 as a novel plasma protein that activated com-
plement in the absence of immune complexes. Properdin consists 
of a single chain (53 kDa), which by electron microscopy appears 
as a rodlike structure that forms cyclic dimers, trimers, and tet-
ramers.618 The monomer consists of an N-terminal region of no 
known homology, followed by six thrombospondin type 1 repeats 
(TSRs) of approximately 60 amino acids.619 Repeats of this type 
have been identified in the cell adhesion molecule thrombospon-
din and in a variety of other proteins, including thrombospondin 
types 1 and 2 (TSP-1 and TSP-2), C6 through C9, and the circum-
sporozoite protein of malaria parasites.620

Removal of TSR5 prevents binding to C3b and sulfatide, 
whereas, with the removal of TSR4, properdin is unable to 
stabilize the C3b–Bb complex but is still able to bind C3b and 
sulfatide,621,622 while it exists only as a monomer or a dimer. 
Absence of TSR3 does not affect any of the functions of properdin, 
including the formation of the polymers. TSR5 is important for 
polymer formation, because, in its absence, no cyclic polymers are 
detected. Properdin, as does thrombospondin, binds sulfated gly-
coconjugates and sulfatide with especially high affinity when it is 
activated. Properdin significantly contributes to linking innate and 
adaptive immunity. It is synthesized by endothelial cells, espe-
cially under turbulent blood flow conditions,623 and mRNA has 
been detected in neutrophils, monocytes, and T cells. In response 
to chemoattractants C5a or IL8, neutrophils discharge their pro-
perdin content promptly, as well as C3 and factor B, which they 
store within their granules. Factor D is supplied locally by blood, 
which completes the list of the components that are essential 
for activation of the alternative pathway. T cells and monocytes 
participate in the process, because they also secrete properdin, 
factor B, and C3. Activation-produced fragments C3d and iC3b are 
essential B-cell activation factors,624 thus linking with the adap-
tive immune system.

Activation of the Alternate Complement Pathway
In the presence of Mg2+, C3 (H2O; also referred to as iC3) binds 
factor B, which is cleaved by factor D into a large Bb and a small 
Ba fragment (Fig. 14.25). The Bb forms a complex with the iC3, 
which is termed the initial C3 convertase. Although the iC3–Bb 
complex is destroyed on host surfaces by factor H and factor I (see 
the following discussion), C3b fragments that are deposited on 

foreign surfaces associate with factor B in the presence of Mg2+. 
The C3b–B complex activates factor D, which cleaves factor B 
into Bb and Ba fragments. The distinction between activator and 
nonactivator surfaces is not clear. An activator surface is one that 
allows binding of factor B to C3b in preference of factor H (see 
the following discussion), thus activating the alternative pathway, 
and the opposite is true for nonactivators. Nonactivators can be 
converted to activators by removing sialic acid. A widely used 
activator is cobra venom factor, which binds to factor B and forms 
a stable C3 convertase. The factor is functionally analogous to C3b 
but is related structurally to C3c. It is used to deplete serum of C3 
in a variety of experimental situations and is resistant to inactiva-
tion by factors H and I.

The C3b–Bb is stabilized by the serum protein properdin, 
which amplifies the cleavage and deposition of more C3b mol-
ecules625,626 to form the C5 convertase. The serine protease activ-
ity of the C3b–Bb complex, which is located in the Bb component, 
accelerates deposition of C3b fragments (C3b amplification), 
a unique feature of the alternative pathway, on and around the 
C3b–Bb complex. Some will form C3b–C3b dimers, which have a 
high affinity for C5 self-amplified C5 convertase)626 and switch 
cleavage from C3 to C5, thus initiating the formation of the cyto-
lytic C5b–9 complex. As the activation continues, at the outer ring 
of this circle, monomeric C3bs form more C3 convertases with 
factor B, which in turn deposits a new crop of C3bs, forming a 
new generation of C3b–C3b dimers, that is, C5 convertases. These 
cycles of successive outward deposition of C3 and C5 convertase 
activities continue until all surfaces are covered or the supply of 
individual components is exhausted.

Lectin Complement pathway
The lectin pathway is an important humoral mechanism of innate 
immunity. It is activated by pattern-recognition receptors, such as 
MBL, which interacts with carbohydrates627 (Fig. 14.25).

MBL is a member of the collectin family, which includes the 
lung surfactant proteins, SP-A and SP-D, and a protein that is 
localized in the hepatic cell cytosol, CL-L1. Collectins are com-
posed of a C-terminal lectin domain (carbohydrate recognition 
domain) and a neck region that connects to the collagenlike 
region, followed by a short cross-linking region that contains two 
to three cysteines. The neck region forms an a-helical coiled-coil 
structure, which initiates the formation of a trimer. In blood, MBL 
is found as multimers (i.e., dimers to hexamers). MBL is a C-type 
lectin, as it requires Ca2+ for binding to a carbohydrate ligand.

Associated with MBL are four serine proteases that are known 
as MBL-associated serine proteases (MASPs): MASP1, MASP2, 
MASP3,628,629 and sMAP or MAp-19, a truncated form of MASP2. 
MASP2 and sMAP are encoded by a single gene, but two differ-
ent mRNAs are generated by alternative splicing.630 All MASP 
proteases have a modular structure that is identical to C1r–C1s: 
a CUB domain, an EGF-like domain, a second CUB domain, two 
CCP domains, and a serine protease domain. The serine protease 
domain is homologous to the chymotrypsinogen family. An Asp 
residue in the substrate specificity pocket indicates trypsinlike 
substrate specificity. MASP’s association with MBL is mediated 
by the CUB–EGF domain and is Ca2+ dependent.630 The MASP 
proteases are activated when MBL binds to conserved pathogen-
associated sugar arrays that form molecular patterns, which are 
shared by broad classes of pathogens.631

When MASP is activated, it cleaves C4 and C2, and the C4b 
fragment binds covalently to the microbial surface or the lectin 
itself and becomes the focus for C2 binding and activation. The 
remaining cascade is identical to that of the classical pathway 
(Fig. 14.25).

MBL binds mannose-acetyl glucosamine or GlcNAc, which are 
also ligands for other types of GlcNAc-binding lectins, which are 
termed ficolins and are present in the serum. Ficolins contain 
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collagenlike and fibrinogenlike domains. They bind to GlcNAc 
through the fibrinogenlike domain. They are associated with 
MASPs and sMAP and have the capacity to activate the lectin com-
plement pathway.632 In the serum, there are two types of ficolins, 
which are named L-ficolin and H-ficolin (Hakata antigen).633,634

The recognition that is mediated by MBL and ficolins in 
complement activation is detected as far back in evolution as the 
ascidians, our closest invertebrate relatives. It indicates that the 
complement pathway has been important in innate immunity 
since before the evolution of adaptive immune systems in jawed 
vertebrates.

Membrane attack Complex

C5
C5 (191 kDa) consists of two polypeptide chains, a (115 kDa) and 
b (75 kDa). C5 convertase selectively cleaves an Arg–Leu bond74,75 
of the a chain, generating C5a, a potent leukocyte chemotactic 
peptide that consists of 74 amino acids and has considerable 
structural homology with C3a and C4a, the other two anaphyla-
toxins. The remaining larger fragment, C5b, in its nascent state 
constitutes the nucleus for the MAC. It possesses a metastable 
binding site with specificity for C6. By electron microscopy, C5 has 
the shape of a heart or of an ellipse, but the heart-shaped form is 
related to the elliptical type by rotation.635 The binding sites for 
C6 and C7 are located in the a chain of C5b. Interaction with C5b 
involves the C terminus of C6, specifically the C6c fragment that 
consists of two factor I modules (FIMs).

C6
C6 is a single polypeptide chain (104 kDa), which, by trypsin 
digestion, can be separated into an N-terminal region (C6a) with 
some homology to C8 and C9 and a C-terminal region (C6b) with 
homology to factor H and factor I. Several disulfide bonds sepa-
rate discrete segments of C6, which is structurally homologous 

C6 TSP-I TSP-I FIM1 FIM2TSP-IA B
S S S SS S

CCP CCP

C7 TSP-I FIM1 FIM2TSP-IA B
S S

T

S S
S S

S S
CCP CCP

T

T

C8α TSP-I TSP-IA B
S S SH S SS S

S S

C8β TSP-I TSP-IA B
S S S SS S

C9 TSP-I A B
S S S S

PERFORIN B

FIGURE 14.29. Structural organization of the C6 through C9 complement components. The last five complement components (C6 through C9) are structur-
ally and genetically related proteins and form the membrane attack complex family. They all have a similar modular structure. In the middle of each molecule is a 
sequence-designated membrane attack complex perforin to emphasize its similarity with perforin. Membrane attack complex perforin is the portion of the molecule 
that is inserted in the membrane to form the pore. C8g is the sixth component, which is not modular and differs structurally from the others. It is considered that 
the perforin gene gave rise first to the C9 gene, which evolved in retrograde, followed by the appearance of the genes for the other proteins. The modules in the C6 
and C7, which are not shared by C8 and C9 (i.e., complement control protein [CCP] and factor I module [FIM]) are used to interact with C5. A, low-density lipoprotein 
receptor class A; B, low-density lipoprotein receptor class B (or epidermal growth factor precursor module); TSP-1, thrombospondin 1.

to a variety of other proteins. Overall, the primary sequence is a 
patchwork, with several modules that are involved in protein–pro-
tein interactions (Fig. 14.29). Starting from the N terminus, there 
are several domains: two tandem TSP-1s, a class A low-density 
lipoprotein receptor (LDLR), an extended central segment that is 
referred to as the membrane attack complex perforin (MACPF) 
domain with homology to perforin, an EGF, a third TSP-1, two 
CCPs, and two FIMs, which are related to those in the H chain 
of the complement control factor I.636 The FIMs are specific 
C5-binding modules, and yet they are not absolutely necessary, 
probably because other hydrophobic interactions also contribute 
to the C5 and C6 interactions. As devices that facilitate C5 and 
C6 interactions, FIMs make a greater contribution to the classical 
pathway in which C5b density is not as high as it is in the alter-
native pathway, because fewer C5bs are formed in the classical 
pathway, and C5b halflife is shorter.637

The secondary structure of C6 is a mixture of a helices and b 
sheets. The a helices reside in MACPF, which is free of disulfide 
bonds. By transmission electron microscopy, C6 appears as a sickle.

C7
C7 is a single polypeptide (97 kDa), which, like C6, is a mosaic of 
several modules that are found in other proteins. Starting from 
the N terminus, C7 has one TSP1, one LDLR type A (LDLRA), 
a second TSP1, two CCPs, and two FIMs. Its secondary struc-
ture is high in b sheets (38%), and, by electron microscopy, it 
appears as a flexible elongated molecule (151–59–43 Å).638The 
three components C5–C6–C7 in a fluid phase form rosettes as 
a consequence of radial aggregation. However, the complexes 
on a phospholipid area insert themselves, anchoring by the 
stalk, whereas the Cys-rich segments fasten the complex for 
the assembly of the MAC. The C5b–7 complex does not traverse 
the phospholipid membrane and does not cause lysis. The long 
flexible stalk of C7 provides greater surface area for interaction 
within the membrane.
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C8
The C8 component consists of three chains: a (64 kDa), b (64 kDa), 
and g (22 kDa), all being encoded by separate genes. The C8a and 
C8g are linked by a single disulfide bond, and the C8a–C8bg het-
erodimer is associated noncovalently with C8b through a binding 
site on the C8a chain.639 The a chain interacts with C9, directs 
the insertion into the membrane of the first C9 in the formation of 
MAC, and interacts with lipids, thus becoming accessible to MAC 
formation. Note that together with the membrane protein CD59, 
they inhibit MAC formation in homologous cells and protect them 
from lysis.

The C8b chain has three binding sites for C8a, the C5b–7 
complex, and membrane lipids. For binding of C8b to the C8a–g 
complex, the N-terminal TSP1, LDLRA, and the MACPF segment 
are most important, and, furthermore, they mediate the incorpo-
ration of C8 into the MAC.640

The C8 a and b chains are structurally related and are mem-
bers of the MAC family, whereas the C8 g chain is a member of 
the lipocalin family, which is unrelated to the MAC family.641 
The lipocalins are widely distributed proteins that are involved 
in the transport of small lipophilic substances, such as retinol 
and pheromones, but C8 does not bind retinol. They all share 
the same folding pattern, which is known as the lipocalin fold. 
Strikingly, C8g is the only protein from a different family among 
the 35 proteins of the complement system. Furthermore, C8g is 
not absolutely required for the expression of C8 activity by the a 
and b chains, but it enhances their function.642 The crystal struc-
ture of C8g has been solved and confirms its lipocalin fold and, 
furthermore, identifies its structural relationship to the neutrophil 
gelatinase, a protein that is released from the granules of acti-
vated neutrophils.643 Overall, it forms a calyx with a distinct large 
hydrophobic cavity at the base of the calyx for ligand binding.

C9
Complement component C9 is a single polypeptide chain (71 kDa) 
that has a modular structure that is similar to that of the other 
members of the MAC family: an N-terminal TSP1; an LDLR-A; the 
extended central sequence MACPF, which is homologous to perfo-
rin644; and an EGF module in the C-terminal end. C9 is endowed 
with the capacity to polymerize spontaneously in a circular 
 fashion and to create tubules.

Membrane attack Complex Formation
The C5b–7 complex binds to the cell membrane, and, although it 
inflicts no harm on the cell, it marks it for subsequent assault by 
C8 (Fig. 14.25). The C5b–8 complex appears foliaceous by electron 
microscopy, with branched structures radiating from the central 
pedicle, but, on smaller phospholipid vesicles, C5b–8 monomers 
appear as long rodlike structures that are 250 Å wide.645 The C8a 
chain mediates binding and self-polymerization of C9 to form 
MAC.646 The N-terminal TSP1 and LDLRA modules are the prin-
cipal binding sites for C9 with the cooperative function of MACPF 
domain. MACs are heterogeneous in size, probably as a result of 
their composition, and the number of the C9 subunits may vary 
from 1 to 18, whereas all other components contribute only one 
molecule.647

The final molecular weight of the MAC therefore varies 
between 66 and 1,850 kDa. The average C9 binding capacity per 
C8 molecule is 15.4 molecules. C9 polymerizes spontaneously, 
but the C5b–8-induced rate of C9 polymerization is 10,000-fold 
greater. Self-associating C9 complexes develop new antigenic 
determinants that are not present in the monomer. C9 is inserted 
into the membrane through its C-terminal region, and disulfide 
bonds stabilize the complex. Electron microscopically, the polym-
erized C9 appears as a cylinder that extends 120 Å above the 
cell surface. The extracellular hydrophilic end terminates in an 

 annulus that is 30 Å thick, with an inner diameter of approxi-
mately 100 Å645 (Fig. 14.30). The C5b–8 is attached firmly to the 
C9 cylinder and actually extends 160 to 180 Å above the annulus. 
The annulus, which is seen with computer-assisted programs, 
appears to be made of whorls648 (Fig. 14.30).

Because the height of the monomeric C9 is only 80 Å, and 
the poly C9 cylinder is 160 Å, the C9 must be unfolding and 
must transform into a rodlike structure. Thus, the formation 
of the cylinder by polymerization of C9 molecules involves the 
transformation of a hydrophilic C9 monomer into an amphiphilic 
C9 polymer.

The N-terminal part of C9 does not participate directly in 
polymerization and is located in the upper rim of the cylinder.648 
The MACPF domain traverses across the thickness of the cell 
membrane, forming the wall of the cylinder. The C terminal part 
of C9 returns back up near the rim, indicating that polymerization 
transforms a straight ellipsoid C9 into a U shape.649

C9 aligns with other molecules side by side, like staves of a 
barrel forming a volutelike structure (i.e., a capital of an Ionian-
style Greek column). Not all agree with the cylinder model of 
MAC. Others suggest that MAC proteins cause a distortion of the 
phospholipid bilayer, thus creating “leaky patches.”650

rEgulaTioN of coMPlEMENT 
acTiVaTioN
A large number of proteins, known as complement control 
 proteins, are involved in the regulation of complement activation 
(Table 14.6). This complex regulatory system is best understood 
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C9 Tails
Hydrophobic

domain112 Å

40 Å

218 Å

~~40 Å

~~80 Å

~~55 Å

160 Å

~~55 Å

~~30 ÅC9 Heads

C9 monomer Unfolded C9Poly(C9) (C912)

B

D

C

FIGURE 14.30. A: C9 molecule in its monomeric form, folded (left) or unfolded (right) 
and in its polymerized form (center) as a tubular structure that is seen on cell mem-
branes. B: Poly C9 as ring structures (top view) or tubules (side view). (Courtesy of Dr. E. R. 
Podack. From Podack ER, Tschopp J. Polymerization of the ninth component of complement 
(C9): formation of poly(C9) with a tubular ultrastructure resembling the membrane attack com-
plex of complement. Proc Natl Acad Sci U S A 1982;79:574–578.) C: Lipid vesicle with a typical 
cylinder that is formed from polymerization of C9 (side view). The cylinder penetrates the wall 
and protrudes to the outside, above the surface of the vesicle. D: Lesions that are induced by 
complement on sheep red blood cell membranes clearly show cylindric structures of the mem-
brane attack complex and its penetration into the membrane (arrows). (Courtesy of Dr. S. Bhakdi. 
From Bhakdi S, Tranum-Jensen J. Molecular nature of the complement lesion. Proc Natl Acad 
Sci U S A 1978;75:5655–5659.)
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if we consider the stages of complement activation that are 
 regulated or whether CCPs exist in fluids versus cellular surfaces. 
CCPs exert regulation mainly by accelerating dissociation of the 
convertases, a function that is known as decay-accelerating activ-
ity (DAA), or by acting as co-factors to the serine protease factor I, 
a function that is known as co-factor activity (CA). Some regulators 
are able to serve as both decay accelerators and co-factors, such 
as factor H, C4-binding protein (C4bp), and complement receptor 1 
(CD35).

Control of the Initiation Step

C1 Inhibitor
C1 inhibitor (C1 INH) is a heavily glycosylated a-globulin with a 
molecular weight of 105 kDa. It is synthesized in the liver and by 
blood monocytes. Its gene is located on chromosome 11. C1 INH 
belongs to the superfamily of serpin proteins (serine protease 
inhibitors).651 The inhibitor possesses a site that is structurally 
similar to the substrate, and, when a protease binds to this site 
and cleaves a peptide bond, it forms a covalent bond that results 
in a stable complex between the inhibitor and the enzyme. C1 INH 
inhibits activation of the classical and alternative pathways. It 
binds to C1r and C1s, forming stable complexes that prevent them 
from acting as an esterase. It also binds to the C1r–Cls complex 
and causes rapid dissociation of the C1 esterase. In the alternative 
pathway, it prevents factor B from binding to immobilized C3b. 
Cleavage of factor B by factor D is markedly inhibited when C3b 
is incubated with C1 INH.652 A genetically inherited deficiency of 
C1 INH is manifested by recurrent acute attacks of circumscribed 
edema. Hereditary angioneurotic edema (HAE) may cause death 
from laryngeal edema. The mortality rate that is associated with 
this condition has been reduced with androgen therapy. This 

disease assumes two forms. In most (85%) cases (type 1 HAE), 
the inhibitor is present in reduced concentrations, whereas in the 
second form (type 2 HAE), it is present in normal concentrations, 
but is biologically inactive.

Control of C3 and C5 Convertases
The C3 convertase cleaves C3 to C3b and C3a, whereas the C5 
convertase cleaves C5 and initiates the final stage that ends with 
the formation of MAC. These amplification steps are regulated 
by seven proteins: three of them are present in the serum (C4BP, 
factor H, and factor I), and four are cell membrane proteins [MCP, 
decay-accelerating factor (DAF or CD55), CR1, and CR2]. The 
overall function of these proteins is to prevent formation of the 
two convertases on self cells. Except for factor I, all other proteins 
belong to a structurally related family of proteins that is known as 
the complement control proteins. The genes are clustered on the 
long arm of chromosome 1q32.

A striking structural feature that is common to these proteins 
is the multiple homologous cysteine-rich domains, a 60 amino 
acid sequence referred to as CCP repeats.653 The CCP module or 
repeat has four Ii cysteines, an Ii tryptophan and highly conserved 
prolines, glycines and hydrophobic residues.654 The number of 
CCP domains are 30 in CR1, 20 in factor H and 4 in CD55. The 
60 amino acid unit represents an ancestral domain that gave rise 
to the complement genes through duplication and splicing. The 
CCP domains are found in other complement proteins, such as 
C1r, C1s, C2, and factor B, as well as in noncomplement proteins, 
such as IL-2 receptor, haptoglobin, and coagulation factor XIII. 
Each CCP domain has a hydrophobic core that is interlaced with 
b strands connected by protruding loops, possessing a privileged 
position for interactions with other proteins. The control of the 
convertases is achieved by two mechanisms: (a) by dissociating 
the convertase to its individual components (DAA) and (b) by 
proteolytic degradation of C4b or C3b components as a result of 
the CA of the RCA proteins that act as co-factors for the serine 
protease, factor I. Some proteins have DAA and CA activity in the 
serum (C4BP, factor H) or cell surface (CR1), whereas others pos-
sess only one activity for the C4b and C3b components.

Regulators on Cell Surfaces

Membrane Co-factor Protein (CD46)
The extracellular region of membrane co-factor protein (MCP) 
consists of four CCP domains that contain the binding site for C3b 
and C4b and a region that is rich in serines, threonines, and pro-
lines. The serine, threonine, and proline region is O-glycosylated 
and provides protection from proteolysis. A portion of this region 
may be removed by alternative splicing, which generates two of 
the four MCP isoforms. Two alternate forms of cytoplasmic regions 
contribute to the formation of another two MCP isoforms. MCP is 
present in almost all cells examined, except for red blood cells. 
Sites for C3b binding are in CCP2, CCP3, and CCP4 domains. 
The C3b and C4b binding sites have residues that bind to both 
complement components as well as others that are specific for 
each component.655 MCP acts as co-factor for the serine protease 
factor I for inactivation of C4b that is deposited on self-tissues.656 
MCP in the maternal–fetal interface protects the fetal tissue from 
attack by the maternal complement. It is found on the inner 
membrane of the spermatozoa and may play a role in protecting 
the sperm against C3b deposition. MCP is a receptor for several 
pathogens. The measles virus binds to an extended surface of MCP 
that encompasses the area from the top of CCP1 to the bottom of 
CCP2.657 The measles virus binding to CD46 is more like that of 
polio virus to its receptor: a wider open area that is flexibly hinged 
between CCP1 and CCP2 domains.658 This leaves the virus still 
exposed to immune attack. It contrasts with the narrow, recessed 
binding site or canyon in the case of HIV and rhinoviruses.659 The 

Factor Location Function

Initiation step

 C1 inhibitor Serum Inactivates C1r and C1s

Amplification step

 Factor I Serum Fragmentation of C3b and C4b

  Membrane  
cofactor protein

Membrane Cofactor for factor I in  
degradation of C3b

Prevents C3 convertase formation

  Decay-accelerating  
factor

Membrane Dissociates preformed C3 and C5 
convertases

 C4 binding protein Serum Accelerates decay of C4b as  
cofactor for factor I

Impairs uptake of factor B by C3

 Factor H Serum Cofactor for factor I in C3b cleavage

Promotes cleavage of C3b

Impairs uptake of factor B by C3b

 Complement receptor 1 Membrane Displaces Bb from C3b

 Properdin Serum Stabilizes C3 convertases

Membrane attack

 S protein Serum Blocks fluid-phase membrane attack 
complex

 CD59 Membrane Blocks membrane attack complex 
on cells

Adapted from Liszewski MK, Farries TC, Lublin DM, et al. Control of the complement system. 
Adv Immunol 1996;61:201–283.

rEguLATory ProTEINS of CoMPLEMENT

taBLe 14.6
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M protein of Streptococcus pyogenes,660 which causes serious 
suppurative skin infections (e.g., cellulitis, necrotizing fasciitis), 
binds directly to CCP3 and CCP4 domains at a site that is distinct 
from the C3b-binding site. MCP mediates adherence of group A 
streptococci to keratinocytes.661 HHV-6 also uses CD46 as a recep-
tor and binds to CCP2 and CCP3.662

Decay-accelerating Factor (CD55)
DAF contains four CCP domains and is attached to the mem-
brane by a GPI anchor. Its molecular weight is between 70 and 
80 kDa, depending on its glycosylation. Soluble forms exist in 
body fluids that may arise from the action of a phospholipase on 
the membrane form. It is expressed on all hematopoietic cells, 
endothelial and epithelial cells, and cells of the gastrointestinal, 
genitourinary, and central nervous systems. Erythrocytes possess 
approximately 3,000 DAF molecules, and, among the lymphoid 
cells, the NK cells appear to be deficient in DAF. Neutrophil acti-
vation results in enhanced expression of DAF (from 10,000 to 
20,000 molecules per cell). It is present in a soluble form in many 
body fluids, including plasma, tears, saliva, urine, synovial fluid, 
and  cerebrospinal fluid.

DAF accelerates the decay of C3 convertase for the classical 
and alternative pathways but prevents its formation (Fig. 14.31). 
Regulation by DAF involves separate sites for the two convertases 
as well as common sites for both.663 For the alternative C3 con-
vertase, DAF acts on the type A domain (vWF type A domain) of 
the Bb component.664 Classical C3 convertase is regulated by a 
site that is located in the CCP2–CCP3 domain junction, which con-
sists of three consecutive lysines and a hydrophobic patch.665,666 
DAF is used as receptor by many pathogens, such as several 
types of echoviruses, enteroviruses, and E. coli. It constitutes a 
functional component of the LPS receptor complex.667 CD55 is 
the ligand (counterreceptor?) of CD97, the prototype of a large 
seven-span transmembrane family (as many as 2,000 members) 
with variable numbers of EGF domains and sequence homology 
to the G-protein–coupled peptide hormone receptors.668,669 CD97 
is associated with inflammation and is detected in malignancies.

Complement Receptor 1
Receptors for complement components or their breakdown 
products are expressed on many cells and tissues. They mediate 
various effector functions listed in Table 14.7. Some of the func-
tions of complement receptors that are related to the regulation 
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FIGURE 14.31. A, B: Decay activity on cell surfaces. A: Decay-accelerating factor (DAF, 
CD55) is a GP I-anchored protein, which dissociates formed C3 convertase complex, as well as 
prevents its formation. B: Factor H is a serum protein that expresses DA activity by attacking C3 
convertases on self surfaces. It binds to the C3b–Bb complex and displaces factor B irreversibly. 
C, D: Co-factor activity. C: Membrane co-factor protein (MCP, CD46) is a cell membrane protein, 
which contains binding sites for C3b and C4b. It acts as co-factor for factor I to cleave both 
proteins. It is also the measles virus receptor. D: The C4b-binding protein (C4BP) is a serum 
protein that acts as a co-factor for factor I for cleaving C4b.

Receptor Cell Type Functions

C1q Neutrophils Respiratory burst

Monocytes —

B cells —

Null cells Enhanced antibody-dependent  
cell-mediated cytotoxicity

CR1 Macrophages Enhanced phagocytosis

Neutrophils Same as macrophages

B cells —

T cells —

Red blood cells —

Eosinophils —

Epithelial cells: kidney —

CR2 B cells Activation

CR3 Similar to CR1 Similar to CR1

Factor H B cells Secretion of factor I

Monocytes Respiratory burst

Neutrophils —

C5a Mast cells Histamine release

Neutrophils Chemotaxis, increased adhesiveness

Enhancement of CR1 expression

Macrophages —

C3a/C4a Mast cells Histamine release

From Fearon DT, Wong WW. Complement ligand-receptor interactions that mediate 
biological responses. Ann Rev Immunol 1983;1:243, with permission.

CELLuLAr dISTrIBuTIoN ANd fuNCTIoN of 
rECEPTorS for CoMPLEMENT CoMPoNENTS

taBLe 14.7

of complement activation are briefly reviewed. The complement 
receptor type one (CR1, C3b/C4b receptor, CD35) was the first 
to be discovered as the receptor for immune adherence, a fun-
damental event in the initiation of the immune response. It is a 
polymorphic membrane protein of 190 to 280 kDa composed of 
2,039 residues and present on all peripheral blood cells except 
platelets, NK cells, and most T cells.670 CR1 is expressed on kid-
ney podocytes and FDCs. Cell membrane expression of CR1 is 
up-regulated by chemotactic peptides, such as C5a, endotoxin, 
and cytokines. Blood cells at resting state express only 5% to 10% 
of the total cellular CR1 at the plasma membrane, whereas the 
remaining CR1 is found intracellularly. The red blood cells express 
100 to 400 receptors per cell, and the leukocytes have 10,000 to 
50,000 receptors per cell. However, because the number of red 
cells is approximately 1,000 times more than white cells, they pos-
sess more than 85% of the total CR1 that is available in the blood.

CR1 contains 30 CCP domains with three sites for C4b binding 
and two sites for C3b binding. The CCP15 domain is critical for 
C4b binding and, together with the CCP16 domain, is required for 
C3b binding.671 The CCP domains are arranged in larger domains 
that are known as long homologous repeats, with each one con-
taining seven CCPs. It is likely that this arrangement facilitates the 
binding of CR1 with clusters of its ligands. There are four allo-
types of CR1 (A through D). CR1, one of the most versatile RCAs, 
possesses DAA and CA, which are restricted to reducing the com-
plement activity on cells that have absorbed immune complexes. 
The DAA of CD35 is mediated by CCP1 to CCP3 domains for the 
classical and alternative pathways.672 In the classical pathway, 
CR1 inhibits the uptake of C2 by C4b as well as displaces C2a from 
C4b2a C3 convertase and from C4b2a3b C5 convertase. It also 
promotes the cleavage of C4b to C4c and C4d by factor I and the 
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cleavage of C3b to iC3b (ligand of CR3) and C3dg (ligand of CR2) 
by factor I. In the alternative pathway, the CR1 impairs uptake 
of factor B by C3b and displaces Bb from C3bBb C3 convertase. 
Complexes that are bound to erythrocytes are eliminated in the 
spleen. Conversion of C3b to fragments leads to binding of the 
complexes to macrophages and monocytes that possess CR3 or 
to lymphoid follicular areas in which all three CR are expressed.

The CR1 has the capacity to inhibit complement activation on 
cells and tissues other than those in which it is expressed (extrin-
sic protection), whereas DAF and MCP protect only the cells on 
which they are expressed (intrinsic protection). CR1 facilitates 
phagocytosis which in the absence of other ligands does not occur 
with resting neutrophils or monocytes. However, activation of 
these cells up-regulates CR1 expression and alters its function, 
so that phagocytosis of C3b-coated particles may occur. Soluble 
human CR1 inhibits complement-dependent tissue damage and 
reduces inflammatory responses.

Regulators in Body Fluids

Factor H
Factor H is a soluble glycoprotein that is present in blood at con-
centrations of 0.3 to 0.5 mg/L. It is a single polypeptide chain of 
150 kDa with a highly elongated shape. It is composed of 1,213 
amino acids that are assembled in 20 CCP domains. Factor H 
synthesis in the liver and in other extrahepatic sites (myeloblasts) 
is regulated by IL6.673

The main functions of factor H are (a) binding to the a chain 
of C3b, blocking the amplification cycle in the alternative path-
way (tick-over), and preventing the generation of C3 convertase, 
C3bBb; (b) binding to the C3bBb enzyme and irreversibly displac-
ing the Bb component (DA activity); and (c) acting as co-factor 
for factor I and enhancing its affinity for C3b. By these three 
activities, factor H prevents formation of the C5 convertase and, 
thus, the generation of MACs by the alternative pathway. Factor 
H possesses an impressive number of discriminatory functional 
sites. Its 20 CCP domains and its long and flexible structure allow 
factor H to scan a large surface area. The affinity of factor H for 
C3b is affected by the properties of the cell or tissue surface. 
Carbohydrate-rich polymers that are found on yeast and bacterial 
cells prevent binding of factor H to C3b, thus enabling the comple-
ment activation to react against these pathogens. Removal of sialic 
acid from sheep erythrocytes prevents binding of factor H to C3b 
and allows activation of complement.

Factor H binds to polyanions and blocking of this site enhances 
its affinity for C3b.674 The propensity of factor H to bind on poly-
anions, such as heparin on host tissues, may function as a protec-
tive mechanism against the alternative complement pathway.675 
The discriminatory ability of factor H depends on its differential 
binding to various types of surfaces to which C3b has been initially 
deposited (Fig. 14.32). The nonactivating surfaces have sialic acid 
and other negatively charged glycosaminoglycans to which factor 
H binds through domain CCP20. The same domain is important 
for binding within approximately 30 Å from the C3d attachment 
site, indicating that the binding sites of factor H for polyanion 
and C3d overlap.676 It is possible that discrimination by factor H 
occurs by a joint recognition of C3 and polyanions. The CCP11 to 
CCP20 domains are important for binding to activator surfaces,677 
but the DAA or CA varies among these CCPs, depending on the 
nature of the surface on which C3b has been deposited. It appears 
that factor H uses different CCP domains, individually or in com-
binations, for recognition of C3, host, or foreign tissues. The CCP1 
to CCP4 domains are used to bind intact C3b, the CCP6 to CCP10 
domains are used for binding C3c within the C3b, and the CCP16 
to CCP20 domains are used for the C3d part of the C3b.678

Recently, single-base mutations or base pair deletions have 
been demonstrated in sporadic and familial cases of hemolytic 
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FIGURE 14.32. Self-/nonself-discrimination by factor H. A: Factor H prevents  alternative 
complement activation by blocking the amplification cycle of the alternative pathway. It enhances 
its affinity to C3b as a result of binding to certain polyanions (negatively charged glycosami-
noglycans) on self surfaces. Binding to C3b invites factor I to fragment C3b (cofactor activity).  
B: On pathogen surfaces, factor B expresses a higher affinity to deposited C3b and, with a lack 
of appropriate carbohydrate ligand for factor H, forms the alternative C3 convertase.

uremic syndrome (HUS).679 HUS is characterized by microangio-
pathic hemolytic anemia, thrombocytopenia, and acute renal fail-
ure in affected individuals and is classified as diarrheal (D+ HUS) 
or nondiarrheal (D– HUS) and as sporadic or familial.

A set of 12 missense mutations in the CCP domains between 
CCP16 through CCP20 is associated with HUS. Nine of them are 
in CCP20 and are inferred to lead to a functional defect.680 The 
positions of these mutations correspond to basic residues that are 
involved in binding to heparin. It is suggested that these muta-
tions interfere with the normal function of factor H to bind to 
sulfated glycosaminoglycans and to prevent the activation of the 
alternative complement pathway. These experiments of nature 
strongly imply that the host-versus-foreign discrimination by fac-
tor H resides in CCP20 and is lost by these mutations.681 Lack of 
host recognition results in uncontrolled complement activation 
and, eventually, renal failure.

Mice that are deficient in factor H develop membranoprolifera-
tive glomerulonephritis as a result of uncontrolled activation of the 
alternative complement pathway.682 Factor H consists of several 
members; factor-H–like protein 1 (FHL-1) or reconectin, shares 
the complement regulatory functions with factor H and interacts 
with heparin. It contains the first seven of 20 CCP domains of 
factor H and has four unique residues that are attached to the 
terminal end.683 Both factor H and FHL-1 are synthesized by the 
same gene, but their transcripts are differentially regulated. They 
are produced by the liver, monocytes, and neuronal cells. Other 
members of the family are factor-H–related (FHR) proteins 3 and 
4 (FHR-3 and FHR-4)684 which bind to C3b and particularly to 
C3d fragment.685

C4B-binding Protein
The C4b-binding protein (C4BP) is a regulator of the classical 
complement pathway C3 convertase. C4BP possesses CA and 
DAA. It consists of eight subunits that radiate from a central core 
in a spiderlike formation (Fig. 14.33). The peripheral end of each 
subunit is capable of binding one C4 molecule. Each of the seven 
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subunits known as a chains has a molecular weight of 75 kDa, 
and the eighth subunit, known as a b chain, is 45 kDa. They are 
flexible, 33 nm in length, and are linked together by disulfide 
bonds near the carboxy termini. In addition to the most common 
form of C4BP, a7:b1, there are two other minor forms, a7:b0 and 
a6:b1. The a chains are composed of 549 amino acids divided 
into eight CCP domains, with 58 residues left in the C terminus to 
form the disulfide bond with the other a chains in the core region. 
The b chains have three CCP domains and are attached by a disul-
fide bond in a similar way to the a chains. The genes for C4BP 
are within the gene cluster of the other RCA proteins. The C4b-
binding site is localized in the CCP1 and CCP2 domains of the a 
chain, in a cluster of positively charged amino acids.686 The same 
region is also important for binding to heparin, Bordetella per-
tussis, and the M-protein of S. pyogenes, Neisseria  gonorrhoeae, 
and E. coli.

C4BP is synthesized in the liver under stimulation of IL6 and 
TNF-a and is present in the blood at a concentration of 0.2 mg/L. 
The mechanism of control of the classical pathway by C4BP 
depends on the binding to C4b and the displacement of C2a from 
the C4b2a convertase (DAA), as well as its function as a co-factor 
for cleavage of C4b by factor I. Dissociation of C2a from the clas-
sical pathway C3 convertase destroys its activity and prevents re-
binding of the C2a to C4b. C4BP acts also as co-factor for cleavage 
of C3b by factor I.687

Protein S binds with high affinity to the b chain of C4BP.688 
Protein S of the coagulation pathway is a vitamin-K–dependent 
anticoagulant protein. It acts as the co-factor for activated protein 
C that inactivates factor Va and is also the direct inhibitor of fac-
tor Xa. The concentration of free protein S is determined by the 
concentration of C4BP, as 50% or more of protein S is bound to 
C4BP. Protein S that is bound to C4BP is unable to participate in 
the anticoagulant protein C system. It is critical that the balance 
between free and C4BP-bound protein S is maintained stable, 
because lack of free protein S leads to thrombosis. Protein-S–
bound C4BP is probably localized on negatively charged surfaces 
that are found in platelets and apoptotic cells. Conditions with 
elevated C4BP (autoimmune diseases) may be associated with 
increased clotting tendency as a result of increased binding of 
protein S to C4BP.

Factor I
Factor I is a serine protease that mediates proteolytic degradation 
of C3b, iC3b, and C4b only if a co-factor binds to the substrate 
to promote the binding of the enzyme. These co-factors for C3 
and C4 degradation on host cells are MCP (Fig. 14.31), and, to 
a lesser extent, CR1, whereas in plasma the co-factors are C4BP 
and factor H (Figs. 14.31 and 14.32). Factor I is constitutively 
active and essential for control of the fluid and cellular comple-
ment reactions. Genetic deficiency of factor I leaves the generation 
of C3 convertases uncontrolled, leading to incapacitation of the 
complement system as a result of the continuous low-level con-
version of C3. Fragmentation by factor I of C3 and C4 determines 
the specificity of their derivatives for CR1, CR2, and CR3. Factor I 
is a two-chain disulfide-linked protein that is synthesized from a 
single-chain precursor. The H chain is 50 kDa, and the L chain is 
38 kDa in molecular mass and has the Ser esterase domain. The 
H chain is composed of three different types of modules that are 
derived from different gene superfamilies. One module, which is 
also found in C6 and C7, is from members of the follistatin family 
of the extracellular matrix, a second type is a scavenger-receptor 
cysteine-rich module, and the third type are two LDLR-A modules.

The only known substrates for factor I are C3b and C4b. 
C3b is cleaved at Arg1303–Ser1304 and Arg1320–Ser1321. For this 
cleavage, the co-factors are factor H, MCP, and CR1. C4BP acts 
as a co-factor for cleavage of C4b and C3b. C4b is cleaved at 
Arg1336–Asn1337. In general, for C3b and C4b and all subsequent 
 fragments, factor I acts on the C-terminal side of an Arg.

Control of the Membrane attack  
Complex assembly

Protein S
Protein S is identical to vitronectin (serum spreading factor). It is 
a 75- to 80-kDa protein that is synthesized from a single polypep-
tide chain that is subsequently cleaved to give the mature poly-
peptide as a single or double chain protein. At the NH2 terminus, 
there is a somatomedin B domain (containing eight cysteines) 
followed by a linear sequence, which contains the RGD sequence 

A

B

C

FIGURE 14.33. Electron micrographs of the C4b (A) and the C4b-binding protein (B) that form complexes with C4b (C). (Courtesy of Dr. B. Dahlback. 
From Dahlback B, Smith CA, Muller-Eberhard HJ. Visualization of human C4b-binding protein and its complexes with vitamin K–dependent protein S and complement 
protein C4b. Proc Natl Acad Sci U S A 1983;80:3461–3465, with permission.)
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that is responsible for the binding of integrins. Two domains of the 
S protein have homology to hemopexin. The C terminus is rich in 
basic residues that mediate the binding of S protein with sulfated 
polysaccharides.

Protein S binds to the metastable C5b–7 complex and prevents 
the formation of MAC. Because MAC in the process of its forma-
tion can be inserted on any cell membrane, the most important 
function of S protein is the protection of the cells of the body that 
may be attacked by MAC as innocent bystanders. Protein S acts 
through its heparin-binding site, which prevents the polymeriza-
tion of C9. The protein S is important in cell matrix interactions, 
and, through its multiple binding sites, it participates in several 
other functions of adherence, phagocytosis, the coagulation 
 cascade in which it interacts with thrombin.

Clusterin (Cytolysis Inhibitor)
Clusterin is an 80-kDa protein composed of two chains (a and b). 
The gene is located on chromosome 8p21-p12. It is present in a 
variety of tissues and in the serum at concentrations of 35 to 105 
mg/L. It forms complexes with lipoproteins and binds to C7, C8b, 
and C9, to inhibit MAC formation.689

Clusterin is involved in several other poorly understood func-
tions. It has been found to be up-regulated in injured tissues and 
in Alzheimer’s disease, as well as in tissues undergoing apoptosis.

Control of Deposited MaC: CD59
CD59 is an 18- to 20-kDa protein that inhibits MAC formation.690 
It has been known by a variety of other names, such as homolo-
gous restriction factor 20, membrane inhibitor of reactive lysis, 
and protectin. It is a GPI-anchored protein and is widely distrib-
uted in human tissues and most body fluids (see the following dis-
cussion). CD59 expression is lacking in patients with paroxysmal 
nocturnal hemoglobinuria (PNH).

Conclusion
The RCA proteins exert several important functions in the regula-
tion of complement activity: (a) they prevent complement activa-
tion in the blood (factor H and C4BP); (b) they interfere with the 
assembly and function of convertase activity on cell membranes 
(DAF and MCP), protecting the cells of the body from complement 
attack; (c) they transport and clear immune complexes (CR1); 
and (d) they mediate transmembrane and intracellular trafficking 
(CR1) and transmembrane signaling (CR2).

The CCP units that are characteristic of the members of the 
proteins of the RCA gene cluster are present also in C1r, C6, 
C7, factor B, properdin, and noncomplement proteins, such as 
coagulation factor XIII and IL2 receptor. The 60 amino acid unit 
represents an ancestral domain that gave rise to the complement 
genes through duplication and splicing with domains from the 
serine protease gene family.

aNaPHylaToxiNS
Activation of the complement cascade leads to the release of 
important inflammatory factors that are known as anaphylatox-
ins: the C3a, C4a, and C5a molecules. Their amino acid sequence 
varies from 74 to 78 residues. The cysteines are conserved in all 
anaphylatoxins and form three disulfide bonds that stabilize the 
conformation and form the core of the molecule. The C terminus 
forms the active site, with the C-terminal Arg being essential for 
function. Under physiologic conditions, the molecule is folded or 
compact.

The C-terminal end protrudes from the core and is considered 
to be the active site of the molecule that mediates biologic activities. 

Removal of the last Arg (C5a desArg) results in a loss of spasmogenic 
activity, but the chemotactic and other neutrophil activation func-
tions are retained. The N-terminal region of C5a binds to its high-
affinity receptor on neutrophils, which spans the membrane seven 
times with the N terminus on the extracellular side.691 It belongs to 
the rhodopsin family of receptors, the members of which are linked 
to G proteins. Binding of C5a to its receptor on neutrophils induces 
a variety of responses, depending on its concentration, such as 
chemotaxis, granule secretion, up-regulation of adhesion molecules, 
changes of cytoskeleton, and activation of NADPH oxidase.

All anaphylatoxins are cleaved rapidly in the serum by 
carboxypeptidase-N, an enzyme that removes the C-terminal 
Arg that is found on all three anaphylatoxins. The main biologic 
function of anaphylatoxins is related to their ability to increase 
vascular permeability as a result of mast-cell degranulation. 
Anaphylatoxins also cause serious lung injury because of their 
capacity to recruit and sequester leukocytes in the pulmonary 
circulation. Anaphylatoxins also mediate production of oxygen 
and nitrogen-derived radicals, leukocyte margination, release of 
granule-associated proteolytic enzymes and capillary leakage, all 
components of an inflammatory response.

coMPlEMENT coMPoNENT 
dEficiENciES

C1 esterase Inhibitor: hereditary  
angioneurotic edema
HAE is an autosomal dominant disease that afflicts persons of 
all races with no sex predominance.692 It manifests as recurrent 
attacks of intense, massive localized edema without pruritus and 
in the absence of any identifiable initiating event. Gastrointestinal 
and respiratory systems are most commonly involved with upper 
airways symptoms, including risk of asphyxiation. There are two 
types of HAE: type 1 (80% to 85% of cases) caused by decreased 
production of C1 INH and type 2 (15% to 20%) caused by a func-
tionally impaired C1 INH (C1 esterase inhibitor).

C1 INH belongs to the same family as a1-antitrypsin; anti-
thrombin IFN-g and IL6 stimulate its synthesis and release 
from the liver and monocytes. The main function of C1 INH is 
prevention of autoactivation of the complement cascade. It also 
inactivates coagulation factors XIIa, XIIf, and XId and activated 
kallikrein. The mechanism of action involves formation of irre-
versible covalent bonds with the substrates.

Under physiologic conditions, small quantities of factor XII 
are autoactivated to factor XIIa and trigger the contact system, 
which cleaves prekallikrein to kallikrein; this cleaves kininogen, 
generating excessive release of kinins especially bradykinin. This 
 pathway normally is blocked by C1 INH, which inhibits factor 
XIIa. In the absence of the normal control function of C1 INH, not 
only is factor XIIa not inhibited, but kallikrein also generates plas-
min from plasminogen, activating factor XIIa for more kallikrein 
as well as activation of the C1 esterase.

Deficiency of Other early Complement 
Components
Homozygous deficiencies of the early components of the classical 
pathway are associated with SLE,693 and the severity of the asso-
ciated disease is greatest with C1q deficiency. This is caused by 
failure of C1q synthesis or synthesis of a dysfunctional molecule. 
C4 deficiency is associated with early onset of severe SLE. C2 defi-
ciency is the most common homozygous complement deficiency 
in whites; C3 deficiency is associated with recurrent pyogenic 
infections, and deficiency of factor H has been associated with 
membranoproliferative glomerulonephritis.
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paroxysmal Nocturnal hemoglobinuria: 
Deficiencies of Decay-accelerating Factor 
(CD55) or Clustering (CD59), or Both
PNH is an acquired hematopoietic stem cell disorder, which is 
manifested by intravascular hemolysis, venous thrombosis, aplas-
tic anemia, myelodysplasia, and leukemia. The defect is the result 
of somatic mutations that consist of deletions, insertions, or point 
mutations of the PIGA (phosphatidyl inositol glycan complementa-
tion class A) gene, which is involved in the synthesis of GPI.694,695

The GPI anchor consists of three components: (a) phospho-
ethanolamine (PEA), (b) a glycan core formed by three mannose 
molecules and one GlcNAc, and (c) PI.

Glycosyl Phosphatidyl Inositol Biosynthesis
GPI synthesis involves multiple steps and takes place in the ER 
(Fig. 14.34). Initially, GlcNAc is attached to PI, by the GPI-N-
acetyltransferase, a complex enzyme that is composed of at least 
six proteins encoded in genes located on the short arm of the X 
chromosome:696–699 PIGA, PIGH, PIGC, PIGQ, PIGP, and DPM (doli-
chol phosphate mannose).

In humans, there is only one PEA, which is added to the third 
mannose. PIGO is responsible for such a reaction, and its func-
tion is stabilized by PIGF. PIGN is involved in the addition of PEA 
to the first mannose. Once the synthesis of GPI is complete, it is 
transferred to the protein by a transamidase complex. This com-
plex consists of PIGK (GPI8), a small protein that is a protease, 
and PIGT (GPI16), PIGS (GPI17), and GPAA1–GAA1 proteins.700 
These proteins interact physically with each other, but PIGT is 
the most important for the stability of the complex. The pro-
tein to have the GPI attached is first processed by removing the 
N-terminal leader peptide. The protein bound on the lumenal side 
by a C-terminal peptide is translocated to the transamidase com-
plex in the presence of the BiP chaperon. The C-terminal peptide 
of the protein is removed, and the transamidase complex attaches 
the GPI through the ethanolamine head to the newly exposed C 
terminal (ω site). This C-atom is linked to the amino group of PEA, 
which is attached to the third mannose by an amide bond.

Paroxysmal Nocturnal Hemoglobinuria: 
Immunopathology
The biochemical defect of PNH occurs in the first step of GPI 
synthesis and results from mutations in the PIGA gene. Because 
PIGA is on the X chromosome, one mutational event is sufficient 
to cause the disease.701,694 Cell proteins that are anchored by 
GPI are missing from PNH hematopoietic cells, and some of the 
clinical manifestations are due to loss of GPI-anchored proteins. 
Lack of CD55 alone is not responsible for the hemolytic compo-
nent of the disease, because individuals with the Inab phenotype 
in which CD55 is absent have only slightly increased sensitivity. 
CD59, which binds to C3 and prevents binding and subsequent 
polymerization of C9, accounts for the intravascular hemolysis 
and, possibly, thrombosis in PNH.702

In addition to hemolysis, thrombosis is an important manifes-
tation of PNH. Thrombosis is probably caused by the release of 
microparticles from platelets with procoagulant activity, such as 
particles that are rich in factor Va, factor Xa, and the prothrom-
binase complex. Endothelial cells are stimulated to express tissue 
factor and may contribute to thrombosis. Furthermore, lack of 
the urokinase plasminogen activator receptor (uPAR CD87), a 
GPI-anchored protein, is absent. Normally, it binds urokinase on 
the surface of granulocytes and monocytes, converting plasmino-
gen to plasmin-initiating fibrinolysis and its lack may promote 
thrombosis. An important, albeit still unanswered, question is the 
relationship of PNH to bone marrow aplasia or myelodysplasia 
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FIGURE 14.34. Biosynthesis of glycosyl phosphatidyl inositol (GPI). GPI consists of three 
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enzyme GlcNAc transferase. The acetyl group is removed in the second step (2) by a deacety-
lase. Subsequently, three mannose (M) molecules are added by different mannose transferases 
(3) (attachment bonds differ), and, finally, the PEA molecule is attached by a PEA transferase. The 
attachment of the completed GPI to the protein is mediated by a transamidase complex. The first 
enzyme, GlcNAc transferase, is a complex of at least five gene products (see the text for details). 
Phosphatidyl inositol glycan complementation class A (PIG-A) performs the catalytic function of 
the enzyme, and mutations in this gene result in paroxysmal nocturnal hemoglobinuria.

and the development of acute myelogenous leukemia. Normal 
stem cells from patients with PNH show diminished proliferative 
potential in vitro compared to mutant PNH CD34+ stem cells.703 
The PNH clone with a proliferative advantage expands and 
dominates the normal cells. It has been suggested that PNH is 
expressed only when normal hematopoiesis is impaired and when 
the PNH clone dominates hematopoiesis. This is supported by 
some evidence that a tiny proportion of PIGA progeny exists in 
normal individuals.704

Deficiencies of terminal Complement 
Components
Deficiencies of the terminal complement components, such as C7, 
have been detected in several countries, whereas C6 has been 
detected primarily in blacks in the United States and in South 
Africa, and the majority of C9 deficiencies have been found in 
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Japan.693,705–707 C6 deficiency has been defined as quantitatively 
zero C6 (C6Q0) or subtotal C6 (C6SD), when C6 is structurally 
abnormal but hemolytically active.708

Deficiencies are due to single-base deletions or mutations 
that lead to premature stop codons. In C6 deficiency there is a 
tendency for mutations in exon 6707 with defects in an area that 
is adjacent to a sequence that contains seven Gs and a string of 
six Ts.709 Carboxy terminally truncated C6, which results in a 
shorter dysmorphic, but functionally active, molecule, has been 
detected in South African families.710 Complement component 
C6 deficiency is associated with Neisseria infections often being 
recurrent.711

Infections with serogroup B are the major problems in these 
patients; these infections limit the usefulness of the available vac-
cine, which is not directed against this group. Other infections 
have also been detected in homozygous C6 deficiency, such as 
SLE, Still disease, and glomerulosclerosis.712

THE coMPlEMENT SySTEM
The origins of the complement system, i.e., the C3 and a protein 
similar to B factor, can be traced to sea urchins.634,713,714 The 
ascidians (sea squirts), or tunicates, occupy an intermediary posi-
tion between invertebrates and vertebrates.

Two lectins that correspond to mammalian MBL, ficolins, two 
mannan-binding lectin serine proteases (MASP), the C3 and its 
receptor the B factor, have been identified in ascidians. These 
findings indicate that a lectinlike pathway precedes the develop-
ment of the classical pathway, which seems to emerge only at the 
stage of cartilaginous fishes at the same time as the appearance 
of the adaptive immunity. Mannose-binding protein-associated 
serine protease-2 (MASP2), is an enzyme which in humans is 
encoded by the MASP2 gene involved in the complement sys-
tem. MASP2 is very similar to the C-1s molecule, of the classical 
complement pathway, and they are thought to have a common 
evolutionary ancestor. When the carbohydrate-recognizing heads 
of MBL bind to specifically arranged mannose residues on the 
surface of a pathogen, MASP2 is activated to cleave complement 
components C4 and C2 into C4a, C4b, C2a, and C2b.
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served by nucleated thrombocytes,16 and polyploid megakaryo-
cytes are not present. The purpose of megakaryocyte polyploidiza-
tion in the process of platelet development is not understood but 
it is speculated that this allows for increased expression of the 
proteins that are needed for the production of large numbers of 
platelets.17

MegakaryopoieSiS aNd THe 
HeMaTopoieTic STeM cell
Megakaryocytes, like cells of all blood lineages, are derived from 
the hematopoietic stem cell (HSC). HSCs are also very rare cells 
within the bone marrow, estimated to represent approximately 
0.01% of total nucleated cells. Identified in 1961 by Till and 
McCullough,18 key properties of HSCs include the capacity for 
prolonged quiescence, self-renewal, and ultimately expansion 
and differentiation into the total diversity of blood cell types. 
Although megakaryocytes are terminally differentiated cells, they 
share a number of characteristics with HSCs.19 For example, both 
megakaryocytes and HSCs express the integrins CD41 (integrin 
a2b) and CD61 (integrin b3). The integrin a2bb3 complex forms 
a fibrinogen receptor that is one of the defining markers of the 
megakaryocyte lineage, but is now known to be expressed much 
earlier in hematopoiesis, including on HSCs.20–22 In addition, 
expression of integrin b3 in association with integrin an identifies 
a population of cells with enhanced long-term repopulating activ-
ity in transplantation assays.22 Several transcription factors share 
key roles in both HSC and megakaryocyte development, including 
SCL/TAL1, RUNX1, GATA, and ETS family members (discussed 
below). Strikingly, even the global transcriptional profiles of HSCs 
and early megakaryocytic/erythroid progenitors (MEPs) are highly 
similar.23

In addition to similarities in cell surface protein and gene 
expression patterns, both HSCs and megakaryocytes require 
TPO for their growth and survival. The importance of TPO and 
its receptor c-Mpl for the function of HSCs was suspected when 
knockout mice, lacking either TPO or c-Mpl, were noted to be defi-
cient in progenitors of all hematopoietic lineages. Transplantation 
experiments in mice confirmed that in the absence of an intact 
TPO–c-Mpl axis, HSCs are unable to compete with wild-type cells, 
either due to reduced numbers or expansion potential, although 
the mice do not develop bone marrow failure.24,25,26,27,28 In 
humans, mutations that eliminate c-Mpl function are the basis of 
congenital amegakaryocytic thrombocytopenia (CAMT). Children 
with CAMT are born with isolated thrombocytopenia and a pau-
city of megakaryocytes, but typically progress to trilineage bone 
marrow failure within the first decade of life, providing evidence 
of an essential and nonredundant role of TPO for the HSC.29

TPO has been demonstrated to contribute to both HSC quies-
cence and expansion in various experimental settings. In mice, the 
absence of TPO or c-Mpl leads to acceleration of HSC cell cycling 
and eventual HSC exhaustion, suggesting that TPO is required 
for HSC quiescence and self-renewal.30 One potential mechanism 

Megakaryocytes are large polyploid cells within the bone 
marrow that produce circulating platelets. Platelets are small 
anucleate cells that play an essential role in hemostasis, both 
serving to plug holes in blood vessels and initiate coagulation. 
To function in this role, platelets have unique properties, includ-
ing the ability to adhere to injured blood vessels and to other 
platelets, undergo dramatic shape change, release granules con-
taining vasoactive and thrombogenic substances, and modulate 
the phospholipid content of their external membrane. Platelets 
also release agents that promote wound healing. Based on the 
adult blood volume (5 L), the number of platelets per microliter 
of blood (∼2 × 105), and their circulatory half-life (10 days), 
it  can be calculated that each day an adult human produces  
1 × 1011 platelets, although in times of increased demand, plate-
let production can rise tenfold or more. The process of mega-
karyocyte and platelet formation is complex and only partially 
understood. This chapter discusses the molecular mechanisms 
underlying the development of megakaryocytes and platelets, as 
well as disease states that have illuminated our understanding 
of megakaryopoiesis.

HiSTorical perSpecTive
Platelets were described by Addison in 1841 as “extremely 
 minute . . . granules” in clotting blood1 and were termed platelets 
(blutplättchen) by Bizzozero, who also observed their adhe-
sive qualities as “increased stickiness when a vascular wall is 
damaged.”2 The same elements were identified by microscopic 
examination of blood smears by Osler and Schaefer and by 
Hayem in the late nineteenth century.3,4 Duke, a student of 
James Homer Wright’s, associated low platelet counts, or throm-
bocytopenia, with clinical bleeding that could be corrected by 
transfusion.5

Megakaryocytes are rare polyploid cells within the bone 
marrow, representing approximately 0.05% of nucleated cells. 
Although Howell coined the term megakaryocyte as early as 
1890, it was not until 1906 that James Homer Wright put forth 
the hypothesis that blood platelets are derived from the cytoplasm 
of megakaryocytes,6,7 and the basic elements of thrombopoiesis 
were established. Many years later in the early 1990s, c-Mpl, the 
cellular homolog of the v-Mpl (myeloproliferative leukemia retrovi-
rus) oncogene, was identified and proposed to be a hematopoietic 
growth factor receptor.8–11 Shortly thereafter, thrombopoietin 
(TPO) was cloned based on its properties of binding to and stimu-
lating growth of c-Mpl–bearing cells; subsequent characterization 
of the cytokine revealed it to be the major growth factor promoting 
megakaryopoiesis.12,13,14,15 The availability of TPO was a major 
step forward in megakaryocyte and platelet biology as it facilitated 
expansion of megakaryocytes for further study as well as dissec-
tion of the signaling pathways regulating megakaryocyte prolifera-
tion and survival.

This chapter focuses primarily on mammalian species. 
However, it is worth noting that in nonmammalian vertebrates, 
such as fish and birds, the hemostatic equivalent of platelets is 
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by which TPO enhances HSC quiescence is by up-regulation of 
cyclin-dependent kinase inhibitors.30,31 In addition, TPO affects 
the interactions between the HSC and the bone marrow niche. 
HSCs are maintained in a quiescent state through interactions 
with TPO-producing osteoblasts.31 Although both outside-in and 
inside-out signaling, TPO triggers a conformational change of 
integrin anb3 to its high-affinity state, and binding of anb3 to its 
extracellular ligand within the niche results in phosphorylation of 
tyrosine 747 (Y747) of the integrin b3 tail, which cooperates with 
TPO signals to inhibit cell cycling and maintain HSC long-term 
repopulating activity.32

TPO can also promote HSC expansion. In vitro, single cell 
experiments demonstrated that TPO supports the survival of 
HSCs, and in addition promotes their proliferation if either 
stem cell factor (SCF) or interleukin (IL)-3 is also present.33 TPO 
also cooperates with vascular endothelial growth factor (VEGF) 
through an autocrine mechanism; TPO increases VEGF expres-
sion in primitive murine hematopoietic cells through induction 
of hypoxia-inducible factor (HIF)-1a, and TPO in conjunction 
with VEGF promotes proliferation of hematopoietic progeni-
tors.34 In human embryonic stem cell models, the combination 
of TPO and VEGF enhances the generation of CD34+ cells.35 In 
addition to HIF-1a, TPO increases the expression and function of 
HOX family members. TPO-induced p38 MAPK enhances HOXB4 
expression, a homeobox factor that promotes HSC expansion.36,37 
TPO-induced MAPK also leads to phosphorylation of MEIS1 which 
binds to and facilitates nuclear translocation of HOXA9.38 As 
with HOXB4, disruption of HOXA9 in animal models also leads 
to HSC defects.39 Finally, Lnk, an adaptor protein that modulates 
TPO-induced STAT5, AKT, and p38 MAPK signaling, negatively 
regulates self-renewal of HSCs. Lnk-deficient HSCs are hypersen-
sitive to TPO and have enhanced long-term repopulating  activity 
due to increased self-renewal.40 Although the mechanisms remain 
incompletely understood, clinical studies are examining the pos-
sible applications for TPO-receptor agonists in expanding HSCs in 
patients with acquired aplastic anemia with promising prelimi-
nary results.41

MegakaryocyTe developMeNT
In current models of hematopoiesis, the HSC can either undergo 
symmetric divisions, resulting in self-renewal, or asymmetric 
divisions, in which the daughter cells become progressively 
committed to a specific hematopoietic lineage. Lineage com-
mitment is marked by characteristic gene expression patterns 
and modulated by hematopoietic cytokines (Fig. 15.1). Specific 
multipotent and megakaryocytic progenitors can be defined 
using semi-solid colony assays. More recent strategies have 
used fluorescence-activated cell sorting approaches to identify 
progenitors and committed cells prospectively based on cell sur-
face protein expression patterns42,43 (Table 15.1). The earliest 
multipotent progenitor that has been isolated is the committed 
myeloid progenitor, which gives rise to the colony-forming-unit-
granulocyte-erythroid-macrophage-megakaryocyte (CFU-GEMM). 
From the CFU-GEMM arises a bipotential progenitor with both 
megakaryocytic and erythroid potential, the MEP.44–47 Identified 
within the CD34+CD38low cell population of progenitor cells,46 
murine MEPs have been further defined as existing within 
the CD150+CD9loendoglinlo fraction of Lin−cKit+IL7Ra−FcgRII/
IIIloSca1− cells.48,49 Megakaryocyte-lineage–committed progeni-
tors in contrast were included in the CD150+CD9hiendoglinlo 
fraction. The most primitive committed megakaryocytic cell is 
the megakaryocytic burst-forming unit, which resembles a small 
lymphocyte and forms a colony of 40 to 500 cells in semi-solid 
assays. The megakaryocytic colony-forming unit (CFU-MK) is a 
more mature progenitor that will form a colony of 3 to 50 cells in 
semi-solid assays. Whereas all megakaryocytic progenitors can be 

recognized by staining for CD41 and, in murine cells, acetylcholin-
esterase, only CFU-MK express HLA-DR. Though this represents 
the classical model of megakaryocytic differentiation, it has been 
proposed that an alternative pathway exists in which the MEP can 
arise directly from the HSC.50

Precursors that are committed to the megakaryocyte lineage 
undergo further maturation before they are capable of platelet 
production. As they differentiate, megakaryocytes express spe-
cific cell surface proteins, become polyploid, develop a complex 
cytoplasm containing granules and a system of demarcation 
membranes, and ultimately form proplatelet processes (Fig. 15.2). 
Historically, the developmental stages of megakaryocytes have 
been described based on morphologic criteria including the qual-
ity and quantity of the cytoplasm and the size, lobulation, and 
chromatin pattern of the nucleus. Thus, cells can be categorized 
as promegakaryoblasts and stage I megakaryoblasts, stage II pro-
megakaryocytes, stage III mature megakaryocytes, and stage  IV 
megakaryocytes preparing to release platelets from their cyto-
plasm. Stage I megakaryocytes account for approximately 25% 
of all megakaryocyte lineage cells in a normal marrow. They are 
6 to 24 mm in diameter and contain a relatively large, minimally 
indented nucleus (2 to 4 N) with loosely organized chromatin and 
multiple nucleoli and scant basophilic cytoplasm containing a small 
Golgi complex, a few mitochondria and a-granules, and abundant 
free ribosomes. Although the cytoplasm is scant, the demarcation 
membrane system (DMS) that is characteristic of more mature 
cells has already begun to form. This early, proliferative mega-
karyocytic cell is also sometimes termed a megakaryoblast and, 
in rodent hematopoiesis, is characterized by intense staining 
for acetylcholinesterase. Stage II megakaryocytes also represent 
approximately 25% of marrow megakaryocytes. They measure 14 
to 30 mm in diameter, with a lobulated nucleus of 8 to 64 N and 
more abundant polychromatic cytoplasm. Ultrastructurally, the 
cytoplasm contains more abundant a-granules and organelles, 
and the DMS begins to expand at this stage of development. The 
remaining 50% of morphologically recognizable megakaryocytes 
in the marrow are stage III/IV megakaryocytes. These cells are 
very large (40 to 60 mm in diameter) with abundant mature cyto-
plasm. The DMS is prominent, and the multilobulated nucleus 
becomes more compact and is often eccentrically placed. Stage IV 
megakaryocytes may display proplatelet processes. It has been 
calculated that it takes approximately 72 hours for stage III and 
stage IV cells to develop from stage I megakaryocytes.

Starting in early megakaryocytes, expression of characteris-
tic cell surface proteins, including integrin a2bb3 and GPIb/IX, 
becomes functionally important. Integrin a2bb3 is an integral 
transmembrane protein that acts as a receptor for fibrinogen. 
Of the two subunits, only integrin a2b is megakaryocyte lineage 
specific. Loss of integrin a2bb3 leads to Glanzmann throm-
basthenia due to failure of the defective platelets to engage 
fibrinogen during aggregation. The two subunits of integrin 
a2bb3 are synthesized in the endoplasmic reticulum and 
form a Ca2+-dependent complex immediately on translation, 
a step necessary for membrane expression. Subsequently, the 
a-subunit is cleaved into heavy and light chains and modified 
with carbohydrate before transfer to the cell surface, demar-
cation, and a-granule membranes.51,52 Megakaryocytes and 
platelets contain approximately twice the amount of integrin 
a2bb3 in granules as is present on the cell surface, the granule 
compartment serving as a mobilizable pool that is exteriorized 
on platelet activation.

The GPIb/IX complex is developmentally expressed only 
slightly later than integrin a2bb3 and forms a receptor for von 
Willebrand factor (vWF).21 Although known for its role in binding 
vWF, GPIba also is an important structural component in platelets 
through its interaction with the cytoskeletal protein filamin A. 
Filamin A, in turn, promotes clustering and activation of GPIb, 
thus regulating its function in platelet aggregation.53,54 Absence of 
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the GPIb/IX complex results in Bernard-Soulier syndrome (BSS), 
an autosomal recessive macrothrombocytopenia with severe 
platelet dysfunction; mutations of filamin A are also associated 
with macrothrombocytopenia but GPIb surface expression is nor-
mal.55 Except for minor expression in endothelial cells,56 GPIb is a 
megakaryocyte-specific protein. GPV is also expressed in complex 

with GPIb and GPIX in a 2:2:1 (Ib:IX:V) stoichiometric ratio57,58; 
however, GPV is not required for the function of the GPIb/V/IX 
complex in binding vWF. Genetic elimination of GPV has little 
effect on platelet adhesion59 and no mutations of GPV have been 
associated with BSS.60 Rather, GPV appears to function as a target 
of thrombin, possibly playing a role in platelet activation.61,62

FIGURE 15.1. Hematopoietic cell development. Transcription factors regulate the differentiation of the HSC to produce committed progenitors and mature blood 
cells. The MEP is a bipotential precursor that gives rise to both erythroid and megakaryocytic lineages. Whereas GATA1 and FOG1 are required for both erythropoiesis 
and megakaryopoiesis, EKLF favors red cell development and FLI1 promotes megakaryopoiesis. With permission from Orkin SH, Zon LI. Hematopoiesis: an evolving 
paradigm for stem cell biology. Cell 2008;132:631–644.

Cell Surface Antigen Markers During Megakaryopoiesis

Stage Sca CD117 CD34 CD38 CD150 CD41 CD42 CD9

HSC + + −/+ −/+ + + − lo

CMP − + + + + + − lo

MEP − + + lo + + − lo

CFUMK − − − − − + + +
MK − − − − − + + +

CELL SURFACE MARKERS CHARACTERISTIC OF MEGAKARYOCYTE DEVELOPMENT

taBLe 15.1
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One of the most characteristic and intriguing features of 
megakaryocyte maturation is the development of polyploidy. As 
they mature, megakaryocytes switch from mitotic cell cycling 
to endomitosis, or DNA replication in the absence of nuclear 
or cytoplasmic division (Fig. 15.3). Endomitosis begins late in 
stage I megakaryoblasts, after sufficient diploid cell divisions 
have occurred to expand the number of megakaryocytic precur-
sor cells, and is completed by the end of stage II megakaryocyte 
development.63,64 This carefully controlled process (i.e., cells are 
polyploid, rather than aneuploid) results in cells containing DNA 
content from 8 to 128 times the normal chromosomal complement 
in a single, highly lobated nucleus. Endomitosis is not simply the 
absence of mitosis, but rather an aborted mitosis.65 The cell-cycle 
kinetics of endomitotic cells is also unusual, characterized by a 
short G1 phase, a normal or modestly prolonged DNA synthesis 
phase, a short G2 phase, and a very short endomitosis phase.66 
During the latter, megakaryocytic chromosomes condense, 
the nuclear membrane breaks down, and centromeres form 
mitotic spindles on which the replicated chromosomes assem-
ble. However, after initiation of anaphase with chromosomal 

 separation and cleavage furrow formation, the furrow regresses, 
the spindle dissociates, and the megakaryocyte re-enters the G1 
phase as a polyploid cell.65,67 Attempts at biochemical analysis of 
this process have come from leukemic cell lines and normal cul-
tured megakaryocytes. Hypotheses for the mechanisms triggering 
polyploidy in megakaryocytes have included deficiencies of cyclin 
B, altered cytoskeletal dynamics, a defect of the chromosomal 
passenger proteins, and malfunction of the contractile ring. Early 
interest focused on the M-phase cyclin-dependent kinase cyclin B–
cdc2. Also termed mitosis-promoting factor, the amount of cyclin 
B and the activity of the cyclin B–cdk1 complex rise through the 
cell cycle until mitosis, where they fall abruptly due to proteoso-
mal degradation of cyclin B. As the major departure from normal 
cell-cycle behavior in megakaryocytes occurs during the M phase, 
it was proposed that endomitosis might result from impaired 
activation of cyclin B–cdc2 kinase, as suggested in several cell line 
models.68–70 However, results from normal murine and human 
megakaryocytes argue for normal mitotic kinase activity during 
endomitosis. Using TPO to expand primary megakaryocytes in 
vitro, two groups have demonstrated the presence of functional 
cyclin B and cdc2 in endomitotic megakaryocytes65,71 as well 
as a normal metaphase checkpoint mechanism.72 Although the 
combined deletion of cyclin D1, D2, and D3 in mouse models did 
not specifically affect megakaryocytes,73 deletion of cyclin E did 
impair megakaryopoieis as well as trophoblast development,74 
suggesting that cyclin E plays a role in endomitosis.

Alterations in regulation of the microtubule cytoskeleton have 
also been proposed as fundamental in triggering endomitosis. 
Stathmin is a microtubule-depolymerizing protein that is impor-
tant for the regulation of the mitotic spindle. As cells enter mitosis, 
the microtubule-depolymerizing activity of stathmin decreases, 
allowing microtubules to polymerize and assemble into a mitotic 
spindle. Reactivation of stathmin in the later stages of mitosis is 
necessary for the disassembly of the mitotic spindle and the exit 
from mitosis. Interfering with stathmin expression disrupts the 
normal mitotic spindle and leads to aberrant mitotic exit.75 Thus 
it has been hypothesized that alterations in stathmin expression 
underlie endomitosis in megakaryocytes. In support of this view, 
expression of stathmin is decreased in higher ploidy megakaryo-
cytes,76 and studies in the erythroleukemia cell line K562 show 
that inhibition of stathmin expression enhances polyploidy, 
whereas overexpression of stathmin inhibits the transition from 
a mitotic cycle to an endomitotic cycle and reduces formation 
of multipolar mitotic spindles.76,77 Whether down-regulation 
of stathmin leads to polyploidization in megakaryocytes or is a 
result of it is not known. Proper activation and localization of 

FIGURE 15.2. Mature megakaryocytes (A) Bone marrow megakaryocyte visualized by 
Wright’s stain. Note the multilobated nucleus. (B) Electron micrograph of a mature megakaryo-
cyte, showing cytoplasmic alpha granules (A), mitochondria (m), and demarcation membranes 
(dm). There appear to be separate nuclei with nucleoli (n), but these represent two lobes of a 
single nucleus visible in this section.

FIGURE 15.3. Endomitosis in megakaryocytes. (A) Mitosis in a megakaryotic precursor: 
chromatids (blue ) are arranged in a single metaphase plate, microtubules (red ) form a bipolar 
spindle. (B) Endomitosis: chromatids are arranged in two metaphase plates and the spindle is 
multipolar.
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the chromosomal passenger proteins have also been examined 
as a potential point of departure from the mitotic cell cycle in 
megakaryocytes. These proteins, including INCENP, survivin, and 
Aurora Kinase B, form a complex that localizes to the centro-
some prior to anaphase and then shifts to the microtubules of 
the midbody and cleavage furrow.78 Elimination of individual 
members of the passenger protein complex in organisms as 
diverse as Drosophila and mammals leads to the abrogation of 
proper cell division and the formation of a cellular syncytium 
containing a large nuclear mass.79–81 Work in cell lines initially 
suggested that  megakaryocytes might be deficient in survivin 
or Aurora kinase B.82,83 However, subsequent examination of 
primary megakaryocytes revealed that Aurora kinase B as well 
as  associated  passenger proteins are active and appropriately 
localized in both diploid and polyploid megakaryocytes.84 Further 
observation of endomitosis by live cell microscopy demonstrated 
that endomitotic megakaryocytes assemble cleavage furrows that 
begin to contract and then regress; this fact suggests that the 
“defect” in endomitosis is beyond anaphase and involves the func-
tion of the contractile ring in cytokinesis.85,86 Confocal micros-
copy confirmed poor localization of RhoA and the actin/myosin 
complex to the cleavage furrow in endomitotic megakaryocytes. 
In support of the role of RhoA in endomitosis, expression of Ect2 
and GEF-H1, guanine exchange factors that activate RhoA dur-
ing cytokinesis, is decreased in polyploidizing cells, and forced 
overexpression of Ect2 and GEF-H1 blocks endomitosis.87 Recent 
work indicates that nonmuscle myosin IIB heavy chain, whose 
expression is controlled by Runx1, is also down-regulated during 
megakaryocyte maturation, and that loss of myosin IIB expression 
inhibits the return of 4 N cells to the diploid state.88 It is likely that 
there are multiple alterations in the cell cycle of megakaryocytes 
that are involved in the process of endomitosis.

Another important aspect of megakaryocyte maturation is the 
development of the DMS. Initially described more than 30 years 
ago,89 what begins as invaginations of the plasma membrane 
ultimately becomes a highly branched interconnected system of 
channels that course through the cytoplasm. The use of electron-
dense tracers indicated that the DMS is in open communication 
with the extracellular space,52,89,90 in comparison with the rough 
endoplasmic reticulum which is contiguous with the nuclear 
membrane. Over the 72 hours it takes for stage III and stage IV 
cells to develop from stage I megakaryocytes, the DMS grows by 
approximately 25-fold. The mature DMS contains phosphatidyl 
inositol-4,5-P2 (PI-4,5-P2), a phospholipid that is usually associ-
ated with the plasma membrane, and PI-4,5-P2 promotes actin 
polymerization by activating Rho-like guanosine triphosphatases 
(GTPases) and Wiskott-Aldrich syndrome (WASp) family pro-
teins.91 The purpose of the DMS has been disputed for nearly 
20 years92; initially, it was thought to compartmentalize the 
cytoplasm of the mature megakaryocyte into platelet territories, 
which ultimately fragment into mature platelets along the cleav-
age planes so formed, but recent evidence suggests that the DMS 
provides the necessary membrane required for the formation of 
proplatelet processes and may promote actin polymerization.91

Two specific types of granules are characteristic of mature 
megakaryocytes and platelets. The more abundant a-granules first 
begin to form adjacent to the Golgi apparatus as 300- to 500-nm 
round or oval organelles in stage I and II cells. a-Granules contain 
multiple proteins with functions in coagulation and angiogenesis. 
Three distinct compartments are recognized in a-granules: (a) 
a central electron-dense nucleoid containing fibrinogen, platelet 
factor 4 (PF4), b-thromboglobulin, transforming growth factor 
(TGF)-b1, vitronectin, multimerin, and tissue-type plasminogen 
activator; (b) a relatively lucent peripheral zone containing tubules 
and vWF (an arrangement akin to Weibel-Palade bodies found 
in endothelial cells); and (c) the granule membrane containing 
many of the critical platelet receptors for cell rolling (P-selectin, 
also termed CD62p), firm adhesion (gpIb/V/IX), and aggregation 

(aIIbb3 integrin). In platelets, proteins present in a-granules arise 
from de novo megakaryocyte synthesis (e.g., gpIb/V/IX, gpIV, 
aIIbb3 integrin, vWF, P-selectin, b-thromboglobulin, and platelet-
derived growth factor), nonspecific pinocytosis of environmental 
proteins (e.g., albumin and IgG), or cell surface membrane recep-
tor-mediated uptake from the environment (e.g., fibrinogen, fibro-
nectin, and factor V).93,94 Dense granules are less numerous and 
contain the vasoconstrictive 5-hydroxytryptamine, the nonmeta-
bolic pool of adenosine triphosphate and adenosine diphosphate 
(ADP), calcium, and magnesium, and they have a fundamental 
role in hemostasis. Although a-granules contain multiple proteins 
with opposing functions, proteins with specific functions may be 
released selectively in response to certain agonists. For example, 
ADP and PAR1 stimulate the release of angiogenic factors such as 
VEGF, whereas thromboxane A2 and PAR4 stimulate the release 
of antiangiogenic factors such as endostatin.95,96 Therefore, cur-
rent models propose differential secretion of granule contents in 
response to different agonists, although the mechanisms by which 
this selectivity is achieved are still unclear.

Throughout megakaryocyte development, the cytoplasm 
acquires a rich network of microfilaments and microtubules. 
Toward stages III and IV, these proteins accumulate in the 
cell periphery, creating an organelle-poor peripheral zone. 
Biochemically, the megakaryocyte cytoskeleton is composed of 
actin, a-actinin, filamin, nonmuscle myosin, b1 tubulin, talin, and 
spectrin. Spectrin plays an important role in stabilizing the DMS 
and proplatelet processes.97 b1 tubulin is expressed exclusively 
in megakaryocytes and platelets and is critical for proplatelet for-
mation; over 90% of microtubules in the mature megakaryocyte 
are composed of the b1 isoform.98,99 At the onset of proplatelet 
formation, blunt pseudopodia are formed, and b1-tubulin– 
containing microtubules assemble into thick bundles below the 
plasma membrane100 (Fig. 15.4). The pseudopodia elongate, 
bend, and branch to form proplatelets, and the microtubules form 
bidirectional linear arrays with terminal loops composed of 8 to 
12 microtubule coils at the proplatelet tips.101 Dynein powers 
microtubule sliding and proplatelet elongation, whereas actin and 
myosin are involved in proplatelet bending and branching.100,102 
Granules and organelles such as mitochondria traffic on these 
microtubule “tracks” to accumulate within the tips that will ulti-
mately be released to become circulating platelets.103 The coiled 
microtubules at the proplatelet tip become the marginal band 
that maintains the discoid shape of the platelet.100,104 RanBP10 
binds to microtubules and functions as a GEF for Ran, stabilizing 
microtubules and facilitating granule transport.105,106 Remodeling 
of the megakaryocyte cytoskeleton is essential for proplatelet for-
mation, and mutations affecting cytoskeletal proteins, including 
regulators of actin (WASp), filamin A, b1-tubulin, and nonmuscle 
myosin heavy chain IIA form the basis of several of the inherited 
thrombocytopenia syndromes.55,107,108,109

Platelets are derived from the megakaryocyte cytoplasm. It 
has been estimated that each megakaryocyte gives rise to 1,000 
to 5,000 platelets110–112 before the residual nuclear material is 
engulfed and eliminated by marrow macrophages.113 Stage IV 
megakaryocytes are wholly engaged in platelet formation. Careful 
microscopic studies have localized marrow megakaryocytes to 
the abluminal surface of sinusoidal endothelial cells. Fully mature 
megakaryocytes develop cytoplasmic processes constricted at 
platelet-sized intervals that extend through the endothelial barrier 
into the sinusoidal lumen, where platelets are released.114 It is 
likely that both integrin-mediated cell–cell interactions and extra-
cellular matrix degradation are required for this process.115–117 It 
is also possible that the final stages of megakaryocyte fragmenta-
tion occur in the lung, at least for some megakaryocytes. Howell 
and Donahue reported in 1939 that platelet levels in pulmonary 
venous blood exceed those found in the pulmonary artery, sug-
gesting platelet production in the lung.118 Whether this represents 
the migration and fragmentation of intact megakaryocytes in 

72683_ch015_0371-0388.indd   375 29/07/13   8:50 PM



376 Part ii The Normal Hematologic System • SECtiON 5 Hemostasis

the lung or merely the final size reduction of large fragments of 
megakaryocyte cytoplasm that are also released into the blood119 
is not clear. Lung megakaryocytes have been characterized by 
Slater et al., who believe they contribute substantially to blood 
platelet production.120 However, in preclinical studies of TPO, 
Kaushanksy et al. did not detect any denuded megakaryocyte 
nuclei in the lungs of mice which at the time of sacrifice had 
platelet counts as high as 4 million/mm3.121 One study found that 
dog lungs contain 2.5 megakaryocytes/cm2 tavassoli122; extrapo-
lation of these data would suggest that human lungs contain 
approximately 6,000 megakaryocytes, only enough to account for 
a small proportion (<0.1%) of daily platelet production. Moreover, 
cultured megakaryocytes can form functional platelets in vitro by 
generating proplatelets in the absence of endothelial surfaces or 
the pulmonary circulation,100 and the release of proplatelet frag-
ments into bone marrow sinusoids has been visualized in living 
mice.123 Thus, the role of pulmonary bed platelet production 
remains controversial.

Notably, the proplatelets and platelets released in experimen-
tal models are larger than typical circulating platelets. In addi-
tion, it has long been recognized that patients with disorders of 
increased platelet production, such as immune thrombocytopenia, 
have relatively large circulating platelets. Thus, it has been pro-
posed that once released into the circulation, these larger platelet 
precursors undergo further  remodeling.124,125,126 Using an in 
vitro model, Thon et al. demonstrated that platelet  precursors 

shift back and forth between two morphologic states, discoid 
preplatelets and barbell-like proplatelets.126 Spectrin stabilizes 
the bridge between the ends of the barbell form.97 Furthermore, 
these precursor platelets can be observed to divide or undergo 
fission. Shear forces in the circulation likely contribute to the 
cleavage of barbell-shaped proplatelets into individual platelets, 
although it has been postulated that mechanisms similar to those 
driving cell separation in cytokinesis may also be involved.

Programmed cell death represents not only the end of the 
megakaryocyte life cycle and proteins that regulate the intrinsic 
apoptosis pathway influence megakaryocyte survival. Apoptosis 
has also been proposed to play a role in megakaryocyte functions 
such as proplatelet formation. Early studies found that focal acti-
vation of caspases accompanies megakaryocyte maturation and 
overexpression of Bcl2 inhibits proplatelet formation, suggest-
ing that localized apoptosis is required for platelet  shedding.127 
However, a recent study found that targeted deletion of caspase 9, 
the initiator caspase in the intrinsic apoptotic pathway, has no 
effect on proplatelet formation.128 Additional data support the 
alternative hypothesis that inhibition of apoptosis in mature 
megakaryocytes is necessary for proplatelet formation. In mouse 
models, targeted loss of Bcl-xL in megakaryocytes leads to cas-
pase activation and failure of proplatelet formation and release 
of morphologically abnormal, large platelets.129 Whereas iso-
lated loss of Bcl-xL primarily affects mature megakaryocytes at 
the point of proplatelet formation, combined deletion of Bcl-xL 

FIGURE 15.4. Proplatelet formation in mature megakaryocytes. Noncentrosomal microtubules migrate to the cell periphery where they form bundles. Pseu-
dopodia form and elongate into proplatelet processes, and the microtubules form bidirectional tracks within the processes that terminate in coiled ends. Granules and 
other organelles traffic along the microtubules and accumulate in the tips. Proplatelet processes are released and continue to remodel in the circulation, alternating 
between barbell-shaped proplatelets and large preplatelets, before the proplatelets finally divide into individual platelets.
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and Mcl-1 has even more profound effects, with severe impair-
ment of megakaryopoiesis in embryos lacking both apoptotic 
regulators.130 In addition, Bcl-xL inhibits apoptosis in circulating 
platelets. Mutation or pharmacologic inhibition of Bcl-xL leads 
to reduced platelet life span in mice.129,131 Apoptosis of aged 
platelets is mediated by Bak and Bax, whose activity is normally 
controlled by Bcl-xL; genetic deletion of Bak and Bax prolongs 
platelet survival and renders platelets resistant to the effects of 
Bcl-xL inhibition.129 Mutations of Bcl-xL or Mcl-1 have not been 
described in humans; however, a proapoptotic mutation of cyto-
chrome c has been identified in a family with autosomal dominant 
thrombocytopenia.132

TraNScripTioNal regulaTioN  
of MegakaryopoieSiS
Several themes are emerging in models of transcriptional regu-
lation of hematopoietic differentiation that are relevant to the 
discussion of megakaryopoiesis. Lineage priming refers to the 
concept that the HSC is competent to express multiple genetic 
programs and lineage choice is the consequence of progressive 
silencing of alternative possibilities.133,134 Similarly, anticipatory 
regulation refers to the concept that differentiation-associated 
transcription factors are already bound at target promoters in 
HSCs, allowing for low-level expression that increases with dif-
ferentiation.23 Thus, as previously discussed, several transcription 
factors associated with megakaryocytes, as well as other lineages, 
are also expressed at low levels in HSCs, as well as in bipotential 
megakaryocytic/erythroid cells. As cells start to differentiate, lin-
eage-specific transcription factors promote their own expression 
while suppressing factors that would favor other cell types, thus 
reinforcing lineage choice. For example, GATA1 activates its own 
promoter to increase its expression, and simultaneously inhibits 
PU.1, favoring megakaryocytic/erythroid differentiation, whereas 
in other cells, PU.1 might dominate, repressing the megakaryo-
cytic/erythroid program and favoring myelopoiesis.135,136,137 
Transcription factors do not act in isolation, however, but are 
typically present as components of cross-regulatory multiprotein 
complexes; their function may vary depending on the other factors 
that are present.

Recent studies have identified five core transcription factors, 
SCL/TAL1, GATA1, GATA2, RUNX1, and FLI1, as the promot-
ers of hematopoietic genes in primary megakaryocytes. Genes 
next to regions bound by all five factors were highly enriched for 
known regulators of megakaryocytic differentiation or function.138 
Additional factors of importance in megakaryopoiesis include 
NF-E2, FOG1, HOX family proteins, GFI-1b, and c-Myb. Mutant 
forms of several of these factors or their downstream targets 
have been found in inherited thrombocytopenia syndromes or 
leukemias. In addition, there is emerging recognition of the role 
of noncoding RNAs in megakaryocytic differentiation.

SCL/TAL1: Stem cell leukemia/T-cell acute lymphoblastic 
leukemia gene 1, or SCL/TAL1, is a basic helix–loop–helix tran-
scription factor that is essential for early hematopoietic specifi-
cation as well as definitive differentiation of the erythroid and 
megakaryocyte lineages.139 Loss of Scl/Tal1 expression in adult 
mice leads to defects in megakaryocyte cytoplasmic maturation 
and thrombocytopenia.140,141 In addition, progenitor cells from 
Scl/Tal1-deficient mice are unable to generate megakaryocytes 
in vitro.142,143 Among the transcriptional targets of SCL/TAL1 
important for megakaryopoiesis are NF-E2 and MEF2C. Scl/Tal1 
directly binds regulatory elements of Mef2C in megakaryocytic 
cells, and the platelet phenotype of Mef2C- knockout mice is 
similar to that of Scl/Tal1-deficient animals.144 In human CD34+ 
hematopoietic progenitor cells, expression of MEF2C increases 
with megakaryocytic differentiation.145 SCL/TAL1 has multiple 

partners, including E2A and LMO2. E2A binds canonical DNA ele-
ments called E-boxes represented by the motif CANNTG. E-boxes 
are frequently found along with GATA-binding motifs within the 
regulatory elements of erythroid and megakaryocytic cells.146,147 
LMO2 is a LIM domain containing protein that forms a multi-
protein complex with GATA1, SCL/TAL1, E2A, and another LIM 
domain protein LDB1146,148–150; the complex is critical for early 
hematopoietic specification.139,148,151 LDB1 can self-associate to 
form oligomers and may bind multiple GATA1 molecules simulta-
neously, thus facilitating long-range interactions between GATA-
bound sites.152–154

GATA1: GATA1 is a zinc finger transcription factor critical 
in both erythroid and megakaryocytic development, with target 
genes including HBB (encoding b-globin), ALAS1, BCL2L1, NFE2, 
GP1BB, and GP9. Gata1 deficiency in mouse models leads to 
arrest of erythroid maturation at the proerythroblast stage and 
severe anemia,155 as well as defects in megakaryocyte maturation 
with hyperproliferation of low ploidy cells, impaired endomitosis 
and formation of the DMS, and release of large hypogranulated 
platelets.156,157 GATA-binding motifs (T/A)GATA(A/G) are found 
in the regulatory elements of nearly all erythroid and megakaryo-
cytic genes.158,159 Furthermore, the co-occurrence of ETS and 
GATA motifs was significantly associated with expression of the 
megakaryocytic program over the erythroid program.160 GATA1 
can function either as a transcriptional activator or repressor, 
depending on its binding partners. GATA1 contains two zinc 
fingers; the C-terminal zinc finger is responsible for high-affinity 
DNA binding, whereas the N-terminal finger stabilizes the 
interaction and binds to the co-factor FOG1.161 In addition to 
FOG1,162 GATA1 has interactions with other megakaryocytic core 
factors, including RUNX1 and FLI1.163,164,165 FOG1 contains 9 
zinc fingers, 4 of which mediate interactions with GATA1.166 In 
mouse models, deletion of Fog1 results in a more severe defect 
in megakaryopoiesis than does deletion of Gata1,167,168 support-
ing the conclusion that although GATA1 is required for erythroid 
lineage commitment, FOG1 is required for specification of both 
erythroid and megakaryocytic progenitors.168 The interaction 
of GATA1 with FOG1 and PU.1 is mutually exclusive,169 thus 
GATA1 bound by FOG1 may be protected from repression by 
PU.1, favoring megakaryocytic/erythroid differentiation. Post-
translational modification of GATA1 by SUMOylation of amino 
acid K137 also disrupts FOG1 binding.170 FOG1 can promote the 
function of GATA1 either as an activator or repressor of tran-
scription. FOG1 contains an N-terminal nucleosome remodeling 
and histone deacetylase complex (NuRD) recruitment domain,171 
and can thus bind transcriptional repressors such as HDAC1 and 
HDAC2. Knockin mice expressing FOG1 mutated within its NuRD 
domain exhibited thrombocytopenia and anemia, suggesting 
that FOG1 function in megakaryopoiesis is mediated at least in 
part through recruitment of NuRD.172 Although association with 
NuRD was linked with both gene activation and repression, NuRD 
binding by FOG1 was shown to repress the mast cell program in 
megakaryocytic/erythroid cells.173 In humans, X-linked inheri-
tance of mutations of GATA1 involving the N-zinc finger, abro-
gating interaction with FOG1, leads to macrothrombocytopenia 
and dyserythropoiesis174,175–178 (Fig. 15.5). In Down syndrome, 
acquired mutations within exon 2 of GATA1 result in alteration of 
the translational start site and production of a shortened species, 
GATA1S. GATA1S binds DNA and interacts with FOG1, but lacks 
the N-terminal activation domain and has a reduced transactiva-
tion potential.179 GATA1S is nearly always present in children 
with Down syndrome who develop transient abnormal myelopoi-
esis and megakaryoblastic leukemia and is thought to be an early 
event in the initiation of leukemogenesis.180,181

GATA2: Closely related to GATA1, GATA2 is an essen-
tial transcription factor for HSCs, MEPs, and megakaryocytes, 
but becomes down-regulated in mature erythroid cells.182–185 
GATA2 expression is down-regulated to a lesser extent during 
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 megakaryopoiesis,186,187 and overexpression of GATA2 favors 
megakaryopoiesis in cell lines.188 In maturing cells, expression 
of GATA2 is repressed by GATA1, reinforcing the differentiation 
program.189 Thus, in experimental models, deletion of GATA1 
is accompanied by overexpression of GATA2.190 GATA1 and 
GATA2 have homologous zinc fingers, interact with FOG1, and 
bind overlapping sets of genes.191,192 However, in general, GATA1 
and GATA2 have opposite effects at target genes, either activating 
or repressing transcription. The exchange of GATA2 for GATA1 
at regulatory elements during differentiation is referred to as 
the GATA switch.193 Using an in vitro model of megakaryocyte 
maturation, Dore et al. recently found that as many as 30% of 
sites occupied by GATA2 are occupied instead by GATA1 in 
differentiated cells.160 In contrast to GATA1 which is on the 
X-chromosome, GATA2 is on chromosome 3 and GATA2 muta-
tions have not been described in human disease.

RUNX1: RUNX1 is a heterodimeric transcription factor of the 
Runt-domain family, consisting of core-binding factor a-2 (CBFA2) 
that binds DNA and CBF-b, which does not directly bind DNA.194 
Although RUNX1 is critical for emergence of the HSC during 
embryogenesis, in the adult it is dispensable for maintenance of 
stem cells but required for megakaryopoiesis.195 In cell line and 
animal models, overexpression of RUNX1 induces megakaryocytic 
differentiation, whereas RUNX1 deficiency results in proliferation 
of immature megakaryocytes and thrombocytopenia.163,195,196 
Mutations leading to haploinsufficiency of RUNX1 cause familial 
thrombocytopenia with defective megakaryocyte maturation and 
a striking predisposition to myeloid leukemias.197 Targets of 
RUNX1 in megakaryopoiesis include c-Mpl.198 RUNX family mem-
bers frequently cooperate with co-factors such as CCAAT box/
enhancer-binding protein (C/EBP)a, ETS family members, p300/

CBP, and c-Myb.199,200 In vitro models have demonstrated coop-
eration of RUNX1 with GATA1 and ETS family members in the 
activation of megakaryocytic target genes.163,165,201,202 RUNX1 
and GATA1 also modulate the activity of the cyclin-dependent 
kinase positive transcription elongation factor (P-TEFb), thus 
affecting transcriptional elongation203; induction of megakaryo-
cytic differentiation correlates with P-TEFb activity.204

NF-E2: NF-E2 is a heterodimeric transcription factor contain-
ing a p45 leucine-zipper subunit and a p18 subunit MafG. NF-E2 
binds DNA through Maf-recognition elements, but p45 is required 
for transcriptional activation.205 NF-E2 is essential for the final 
differentiation of megakaryocytes and for platelet formation, as 
p45–/– mice are severely thrombocytopenic (≤5% the normal plate-
let count) despite increased numbers of  megakaryocytes.206,207 
Several target genes of NF-E2 have been identified, including 
TUBB1 (encoding b1-tubulin), CASP12 (caspase 12), TBXAS1 
(thromboxane A synthase-1), RAB27B, and 3b-HSD 3b-hydroxys-
teroid dehydrogenase, a mediator of autocrine biosynthesis of 
estradiol within megakaryocytes.99,208,209–211 Intriguingly, ectopic 
expression of 3b-HSD in NF-E2–deficient megakaryocytes rescues 
proplatelet formation.212 Platelets in NF-E2–/– mice are sphero-
cytic, due to loss of the integrity of the marginal band, normally 
comprised of b1-tubulin.208 NF-E2 is itself a target of GATA1 and 
SCL/TAL1.141

Homeobox Genes: The homeobox genes, which include HOX 
and non-HOX genes, play key roles in body pattern development, 
and they are also expressed in adult HSC and play pivotal roles in 
their proliferation. In hematopoietic progenitors, TPO promotes 
expression of HOXB4 as well as nuclear localization of HOXA9 
through up-regulation of its co-factor MEIS1.37,38 In addition 
to HOXA9, MEIS1 can interact with PBX1b and PBX2, and the 

FIGURE 15.5. GATA1 mutations associated with human disease. Wild-type GATA1 contains an activation domain (AD) and two zinc fingers (NF and CF) that 
mediate DNA binding. FOG1 interacts with the amino-terminal zinc finger (NF). Mutations in the N-finger have been discovered in males with macrothrombocytopenia 
and impaired erythropoiesis, either due to disruption of FOG1 binding or, in the case of R216Q, impaired DNA binding. In Down syndrome, mutations that lead to loss 
of the AD (GATA1S) promote the development of transient myeloproliferative disorder and megakaryoblastic leukemia.
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 complex of MEIS1 and PBX up-regulates megakaryocytic gene 
expression in cooperation with GATA1 and ETS.213 Meis1−/− mice 
have a severe abnormality of megakaryopoiesis and lack CD41+ 
cells in the fetal liver.214,215 Although its function in megakaryo-
cytes is not understood, mutations of HOXA11 are associated 
with the congenital thrombocytopenia syndrome amegakaryocytic 
thrombocytopenia with radioulnar synostosis (ATRUS).216

FLI1, KLF1, and c-Myb: Several changes in gene expression 
accompany the divergence of bipotential MEPs to committed 
megakaryocytic or erythroid cells. The ETS family member FLI1, 
in conjunction with SCL and GATA2, controls HSC specifica-
tion217; however, it is also critical for formation of the vascula-
ture and for megakaryopoiesis.218,219–221 FLI1 cooperates with 
GATA1222,223 and regulates many genes important for terminal 
megakaryocytic maturation.222,224 Expression of FLI1 influ-
ences cell fate decisions in the MEP; increased expression of 
FLI1 favors megakaryocyte development, whereas FLI1 expres-
sion decreases in erythroid cells. In mouse models, loss of Fli1 
suppresses megakaryopoiesis, whereas overexpression of Fli1 
promotes megakaryocyte development while suppressing erythro-
poiesis.218,225,226 Conversely, KLF1 (or EKLF), a target of GATA1, 
is up-regulated in erythroid-committed progenitors, but inhibits 
megakaryopoiesis.227,228,229 FLI1 and KLF1 inhibit each other’s 
activity directly through protein–protein interaction,229 and this 
cross-antagonism has been suggested to reinforce lineage choice 
between megakaryocytes and erythroid cells.168 Indeed, selec-
tive disruption of Klf1 in mouse models leads to anemia with 
thrombocytosis,230 whereas targeted deletion of Fli1 enhances 
erythropoiesis.231 Other transcription factors have been identified 
that act in the MEP, including GFI-1b and c-Myb. Growth factor 
independence-1B (GFI-1b) is a transcriptional repressor that is 
essential for both erythropoiesis and megakaryopoiesis.232,233 
GFI-1b is expressed in the bipotent MEP and inhibits the expres-
sion of the TGF-b receptor III (TGFBR3) gene. This disrupts 
TGF-b/smad2 signaling which otherwise restrains proliferation 
and differentiation of erythro-megakaryocytic progenitors.234 
The c-Myb gene encodes for a basic helix turn helix transcrip-
tion factor composed of three functional domains: a DNA binding 
domain at the N terminus, a central transactivation domain, and 
a C-terminal negative regulatory domain. c-Myb has critical roles 
both during early hematopoiesis and in differentiating cells.235,236 
Down-regulation of c-Myb accompanies megakaryocytic differen-
tiation, and hypomorphic c-Myb expression increases megakaryo-
poiesis at the expense of erythropoiesis.236,237 Silencing of c-Myb 
in human CD34+ progenitor cells in vitro is associated with loss 
of KLF1 and LMO2 (http://bloodjournal.hematologylibrary.org/
content/116/22/e99.full, ref 22) expression and results in commit-
ment toward the monomacrophage and megakaryocyte lineages 
whereas erythroid differentiation is strongly impaired.238

Recently, the role of noncoding RNAs has been recognized 
in hematopoiesis and megakaryocyte differentiation.239,240,241 
MicroRNAs (miRNAs) are a class of approximately 22-nucleotide 
noncoding RNAs that have been highly conserved during evolution 
and modulate protein expression by degrading mRNA or repress-
ing translation. There are over 400 human miRNAs, and several 
of them have been implicated in megakaryopoiesis using profiling, 
knockdown, or overexpression assays. In megakaryocytes, miR-
155 expression is reduced as cells differentiate toward megakary-
ocytes, and overexpression of miR-155 inhibits megakaryopoiesis 
in in vitro and mouse models, potentially by targeting Meis1 and 
Ets1 transcripts.242–244 In contrast, miR-150 levels increase dur-
ing megakaryocyte differentiation, but not in erythroid cells.239 
miR-150 targets c-Myb expression. Down-regulation of c-Myb 
promotes megakaryocytic differentiation at the expense of ery-
throid cells.236 TPO induces expression of miR-150, providing 
another mechanism by which it influences megakaryopoiesis.245 
Additional regulatory miRNAs with potential roles in megakaryo-
poiesis include miR-34a which when overexpressed in CD34+ 

cells increases megakaryocyte colony formation, and miR-27a 
which targets the Runx1 transcript.246,247

cyTokiNeS iN MegakaryopoieSiS
The identification of TPO and its receptor c-Mpl was a major 
advance in the study of megakaryocytes. The term thrombopoi-
etin was first coined in 1958 to describe the putative primary 
regulator of platelet production248; the anticipated factor was 
also referred to as megakaryocyte growth and development factor 
(MGDF). Over the four decades following its description, evidence 
both for and against the existence of TPO as a distinct entity was 
presented.249,250 Although not appreciated at the time, a major 
insight into megakaryocyte biology was provided in 1986 when 
Françoise Wendling et al. described a murine retrovirus, myelo-
proliferative leukemia virus, which induced a vast expansion of 
hematopoietic cells.251 The responsible viral oncogene was char-
acterized in 1990,11 and its cellular homolog c-mpl was cloned in 
1992.10 Based on the presence of two copies of the hematopoietic 
cytokine receptor motif, it was immediately apparent that c-mpl 
encoded a growth factor receptor. However, its ligand was not 
known. Using three distinct strategies, four separate groups were 
able to clone the complementary DNA for the corresponding hor-
mone and reported their results in 1994.12–15 The gene for this 
c-Mpl ligand was mapped to human chromosome 3q26-28, spans 
6 to 8 kb, consists of seven exons, and encodes a predicted 36-kD 
polypeptide.252–254 The recombinant and naturally occurring 
cytokines migrate as 70-kD proteins, indicating substantial post-
translational modification, a conclusion verified by the finding 
of six sites of N-linked carbohydrate and many sites of O-linked 
carbohydrate.255 Based on its biologic activities, the c-Mpl ligand 
was termed thrombopoietin (TPO).121

TPO bears a striking homology to erythropoietin (EPO), the 
primary regulator of erythropoiesis, within the amino terminal 
half of the predicted polypeptide.12–15 The two proteins are more 
closely related than any other two cytokines within the hemato-
poietic cytokine family, sharing 20% identical amino acids, an 
additional 25% conservative substitutions, and identical positions 
of three of the four cysteine residues. However, unlike any of the 
other cytokines in the family, TPO contains a 181-residue carboxyl 
terminal extension, which bears homology to no known protein. 
Two functions have been assigned to this region: it prolongs the 
circulatory half-life of the cytokine and it aids in the secretion of 
TPO from cells that normally synthesize it.256–258

The biologic activities of TPO are consistent with a primary 
role in megakaryopoiesis. Incubation of marrow cells from mice, 
rats, dogs, nonhuman primates, and humans with TPO leads 
to an impressive stimulation of megakaryocyte growth in both 
suspension and semi-solid culture.12,121,259,260 Compared to 
cultures initiated with other hematopoietic growth factors with 
promegakaryocytic activity such as IL-3, kit ligand (KL), IL-6, 
IL-11, or leukemia inhibitory factor (LIF), marrow cells grown in 
TPO contain greater numbers of megakaryocytes, and the cells are 
larger and more highly polyploid. When administered to animals 
or humans, TPO stimulates platelet production in a log-linear 
manner to levels tenfold higher than baseline14,256,261–264 without 
affecting the peripheral blood red or white cell counts. However, 
perhaps unexpectedly, the number of erythroid and myeloid pro-
genitors and mixed myeloid progenitors in marrow and spleen 
were also increased in some studies,265,266 an effect that is espe-
cially impressive when the cytokine is administered to animals 
after myelosuppressive therapy265,267,268 and probably due to 
the synergy between TPO and the other hematopoietic cytokines 
circulating at high levels in this condition.

In the hopes of treating patients with thrombocytopenia, a 
number of clinical trials were conducted with recombinant TPO, 
using either recombinant human TPO (rHuTPO) or a truncated 
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and pegylated form (PEG-MGDF); however, the development of 
antibodies to PEG-MGDF that cross-reacted with endogenous TPO 
halted further development of these first-generation agents.269 
As an alternative strategy, second-generation agents, the TPO-
receptor agonists, were designed that can stimulate c-Mpl but bear 
little homology to the native protein. These agents include pepti-
bodies that bind the extracellular domain of c-Mpl (Romiplostim) 
as well as small molecules that bind within the transmembrane 
domain of c-Mpl at a site distinct from TPO.270 Phase 3 studies 
have demonstrated the efficacy and safety of TPO-receptor ago-
nists in adults with chronic immune thrombocytopenia,271,272 and 
additional clinical indications are under investigation.

The biologic effects of TPO in vitro and of its administration 
in vivo strongly suggest that the cytokine plays an important role 
in hematopoiesis. Based on genetic studies, it is now clear that 
TPO is the primary regulator of thrombopoiesis. Genetic elimina-
tion of c-mpl or tpo in mice leads to profound thrombocytopenia 
due to a greatly reduced number of megakaryocyte progenitors 
and mature megakaryocytes and the reduced polyploidy of the 
remaining megakaryocytes.24,253 The human disease related to 
deficiency of c-Mpl is CAMT. In CAMT, autosomal recessive inher-
itance of nonsense or missense mutations of MPL results in loss of 
TPO responsiveness.273,274,275 Both mice and humans with c-Mpl 
deficiency also have a HSC defect, with humans developing overt 
marrow failure. Restoration of Mpl expression in Mpl-deficient 
mice using transcriptionally targeted vectors results in restoration 
of the HSC pool and correction of thrombocytopenia.276 Although 
tpo-knockout mice phenocopy c-mpl–deficient animals, mutations 
eliminating TPO expression have not been described in humans.

TPO levels in the plasma are primarily regulated by plate-
let mass, although there is evidence for additional regulation 
at the level of gene transcription and protein translation. In 
most experimental and natural cases of thrombocytopenia, 
plasma concentrations of TPO vary inversely with platelet 
counts, rising to maximal levels within 24 hours of the onset 
of profound thrombocytopenia.277–279 TPO is produced at a 
constant rate by the liver, and to a minor extent the kidney, 
and once in the circulation its uptake and degradation (and, 
hence, the level remaining in the blood to affect megakaryo-
poiesis) are determined by the mass of c-Mpl receptors pres-
ent on platelets and megakaryocytes.279,280,281,282,283 In this 
way, when platelet levels are high, more TPO is removed 
from the circulation and there is a compensatory reduction of 

megakaryopoiesis. Conversely, thrombocytopenia, particularly 
thrombocytopenia due to decreased platelet production, is asso-
ciated with increased plasma TPO levels that stimulate mega-
karyopoiesis (Fig. 15.6). Although TPO expression by the liver is 
not regulated by thrombocytopenia, other stimuli can enhance 
TPO production. For example, IL-6 increases TPO expression 
through enhanced hepatic transcription, accounting for the 
thrombocytosis that is observed in clinical states of inflamma-
tion.284,285 In addition, transcription of TPO in marrow stromal 
cells has been shown to increase in states of thrombocytopenia 
and platelet proteins such as CD40 ligand, platelet-derived 
growth factor, fibroblast growth factor, TGF-b, PF4, and throm-
bospondin may also modulate TPO production from marrow 
stromal cells.280,286–289 The human TPO gene 5′ flanking region 
lacks a TATA box or a CAAT motif and directs transcription ini-
tiation at multiple sites over a 50- nucleotide region.290 Reporter 
gene analysis in a hepatocyte cell line identified an ETS2 tran-
scription factor–binding motif responsible for high-level expres-
sion of the gene. Subsequent studies, though failing to confirm 
ETS factor interaction, identified binding of the C/EBP-d.291 
The 5′ flanking region also includes binding sites for specificity 
protein-1, activator protein-2 (AP-2), and nuclear factor-kB (NF-
kB),252 although the contribution of these transcription factors 
to TPO gene expression, either under steady-state or stimulated 
conditions, has yet to be defined.

Although TPO is critically important for megakaryopoiesis, it 
is not essential, as mice lacking either the cytokine or its receptor 
retain approximately 10% of normal levels of megakaryocytes and 
platelets.292,293 Thus, other cytokines can support megakaryo-
poiesis. Prior to the discovery of TPO, it was known that IL-3, 
granulocyte–macrophage colony-stimulating factor (GM-CSF), and 
the c-KL (also called stem cell factor or steel factor) support the 
proliferation of megakaryocyte progenitors in plasma-containing 
cultures.294–298 IL-3 is a 25- to 30-kD protein produced primarily 
by T lymphocytes.299 The mature human polypeptide contains 
133 amino acids, but significant amounts of N-linked carbohy-
drate modification account for the larger-than-expected relative 
molecular mass (Mr) of the cytokine. GM-CSF is an 18- to 30-kD 
protein also produced by T lymphocytes, but endothelial cells, 
monocytes, and fibroblasts also produce the protein and, like 
IL-3, GM-CSF is highly modified with both N-linked and O-linked 
carbohydrate.300 Although the two polypeptides display essen-
tially no primary sequence homology, their tertiary structures 

FIGURE 15.6. Regulation of plasma TPO levels. TPO is produced at a steady-state level by the liver, and to a lesser extent by the kidney. Plasma TPO is bound 
and internalized by c-Mpl receptors on circulating platelets, reducing the amount that reaches the bone marrow to stimulate megakaryopoiesis. In states of thrombo-
cytopenia, more TPO reaches the marrow and thus platelet production is increased. When platelet levels are high, little TPO is available to stimulate megakaryopoiesis 
and platelet production decreases.
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are highly related,301,302 and the receptors for the two cytokines 
share a common subunit.303 However, the physiologic relevance 
of IL-3 and GM-CSF for thrombopoiesis is uncertain because their 
administration to mice or humans has only minimal effects on 
platelet production, and the genetic elimination of either cytokine 
has no impact on megakaryopoiesis, even in combination with the 
elimination of other thrombopoietic cytokines.304,305

In contrast to the hematopoietic cytokine family, KL is more 
closely related to other hematopoietic proteins that use protein 
tyrosine kinase receptors, such as macrophage colony-stimulating 
factor and the flt-3 ligand (FL).306 Nevertheless, KL has been 
shown to stimulate megakaryocyte colony growth when used in 
combination with other cytokines.259,298,307 Moreover, genetic 
elimination of c-kit reduces megakaryocyte production and the 
rebound thrombocytosis that occurs after immunosuppressive 
therapy.308–310 In addition to early hematopoietic cells, KL also 
acts on primitive cells of the melanogenic and germ cell sys-
tems.311–316 KL is a dimeric protein composed of two identical 
noncovalently linked polypeptides; the soluble form monomer 
contains 165 residues,317 derived by proteolytic cleavage of a 
membrane-bound form of the molecule.318 The membrane-bound 
form is actually more active than the soluble cytokine because 
cell survival and proliferation signals derived from the former 
are prolonged in receptor-bearing cells.319 Moreover, a naturally 
occurring mutant allele of the gene (Sld), which allows production 
of the soluble but not the membrane-bound form of KL, results 
in a phenotype nearly identical to deletion of the entire locus.320

In the late 1980s and early 1990s, three molecules related by 
use of a common receptor subunit were characterized that dis-
play effects on megakaryocyte production. IL-6, cloned by several 
groups using multiple assays (hepatocyte growth, myeloma cell 
growth, immunoglobulin secretion, and antiviral activity), was 
found to enhance megakaryocyte maturation. IL-6 is a 26-kD 
polypeptide widely produced in response to inflammatory stimuli 
from T-cells, fibroblasts, macrophages, and stromal cells.321 The 
mature protein is composed of 184 amino acids, contains two 
disulfide bonds, and displays both N-linked and O-linked carbo-
hydrate modification. Although IL-6 alone does not affect in vitro 
megakaryopoiesis, it augments the number of megakaryocyte 
colonies obtained in the presence of IL-3 or KL.322 In such cul-
ture systems, IL-6 primarily exerts a differentiating effect, as its 
levels correlate with megakaryocyte size and ploidy in long-term 
marrow cultures, and its neutralization reduces these param-
eters.323,324 The administration of IL-6 to mice, dogs, or humans 
results in a modest thrombocytosis.322,324–328 However, genetic 
elimination of IL-6 does not significantly affect basal platelet pro-
duction329; furthermore, studies may be confounded by the effect 
of IL-6 on TPO transcription.285

IL-11 and leukemia inhibitory factor (LIF) also act in synergy 
with IL-3 or KL to augment megakaryocyte formation. IL-11 is a 
23-kD polypeptide initially cloned from a gibbon marrow stro-
mal cell line as an activity that supported the proliferation of an 
IL-6–responsive myeloma cell line.330,331 LIF was initially cloned 
as a human IL that induced DA-1 cells to proliferate (hence its 
alternate name, HILDA) or induced leukemic M1 cells to differ-
entiate.332,333 LIF displays a wide range of activities334 including 
effects on the liver (initiates the acute-phase response), neurons 
(induces an adrenergic to cholinergic switch), adipocytes (inhibits 
lipoprotein lipase), and embryonic cells (maintains pluripotential-
ity). As do IL-6 and IL-11, LIF enhances megakaryocyte matura-
tion in vitro.335,336 Moreover, IL-6 and IL-11 were also found to 
augment the effects of IL-3 and KL on the proliferation of primi-
tive hematopoietic cells, suggesting that these cytokines augment 
megakaryocyte development at multiple levels. Consistent with 
these in vitro findings, the administration of either recombinant 
IL-11 or LIF to rodents, nonhuman primates, or humans produces 
a modest thrombocytosis.333,337–341 However, genetic elimina-
tion of either LIF or the IL-11 receptor has no obvious effect on 
thrombopoiesis.342,343

Although EPO is considered generally specific for erythrocytes, 
significant evidence supports its activity in megakaryocytes. EPO 
and TPO, as well as their receptors, are closely related,10–12 
and they display synergy in stimulating the growth of progeni-
tors of both lineages.259,344,345 However, despite this similarity 
there is no promiscuity between the receptors and EPO does 
not stimulate c-Mpl.346 When the wild-type human EPOR or a 
mutant human gain-of-function EPOR gene was knocked into the 
mouse EpoR locus, the mice expressing wild-type EPOR, which is 
hypofunctional due to reduced affinity of the human receptor for 
mouse EPO, were not only anemic but also thrombocytopenic.347 
Expression of the active EPOR, in contrast, only led to erythrocy-
tosis, perhaps due to down-regulation of endogenous TPO. The 
synergy between EPO and TPO may in part reflect stimulation of a 
common progenitor, but some studies support the activity of EPO 
in committed megakaryocytes.348

Additional factors have been found to influence megakaryo-
poiesis, including the chemokine SDF-1 and the transmembrane 
protein Notch. Stromal-derived factor-1 (SDF-1) is the ligand for 
the 7-transmembrane G-protein–coupled chemokine receptor 
CXCR4 and it is known to enhance HSC homing to the marrow.349 
Several avenues have provided evidence that SDF-1 is important 
in megakaryopoiesis. CXCR4 is expressed on developing mega-
karyocytes,349 and mice lacking either SDF-1 or CXCR4 have a 
deficiency in CFU-MK compared with controls.350,351 Infusion 
of SDF-1 can increase platelet production in tpo–/– or c-Mpl–/– 
mice.352 CXCR4 is the target of miR146a, and in vitro studies in 
which miR146a was overexpressed resulted in silencing of CXCR4 
and impaired megakaryocytic cell proliferation.353 Some authors 
have found that SDF-1 acts together with TPO to enhance pro-
liferation of CFU-MK354; however, its efficacy in mice lacking an 
intact TPO–MPL axis indicates it also has activity that is indepen-
dent of TPO. SDF-1 enhances adhesion of integrin a2bb3-positive 
progenitors to fibrinogen and vitronectin and may promote the 
migration of megakaryocytic progenitors to the vascular niche for 
platelet formation.352,355,356

Notch signaling is complex, as there are four single-pass trans-
membrane Notch receptors (Notch1–4) and five transmembrane 
ligands (Delta-like–1/3/4, Jagged-1/2). Notch signaling is initiated 
when the extracellular portion of a Notch receptor binds one of 
its cognate ligands, resulting in proteolytic cleavage that releases 
the intracellular domain of Notch from the membrane, allowing 
it to translocate to the nucleus and stimulate gene transcription. 
Although previously recognized for its role in T-cell development, 
Notch has more recently been shown to specify megakaryocyte 
development from hematopoietic stem and progenitor cells.357 
Murine hematopoietic progenitors, cultured in the absence of 
cytokines on stroma expressing DL1, underwent megakaryocytic 
differentiation, whereas the same cells cultured on control stroma 
gave rise to erythroid and granulocyte–macrophage cells.358 
Conversely, under megakaryocytic culture conditions, the pres-
ence of stromal cells expressing DL4 inhibited the later stages of 
megakaryocytic maturation without affecting earlier aspects of 
differentiation.359 The pathways are only partially understood; 
however, DL1 has been shown to cooperate with HOXB4 in pro-
moting HSC expansion360; because TPO promotes HOXB4 expres-
sion,37 this provides an opportunity for synergy between Notch 
and TPO signaling. In addition, both Notch and TPO signaling 
result in activation of PI3K and Akt, another potential synergy that 
would promote megakaryopoiesis.361,362

In addition to positive regulators of megakaryopoiesis, several 
substances have been shown to inhibit megakaryocyte devel-
opment. TGF-b is a family of five isoforms, all disulfide-linked 
homodimers each containing 112 residues.363 TGF-b1 is the 
predominant type of TGF found in hematopoietic tissues; platelet 
a-granules are a particularly rich source of this cytokine. TGFs 
are inhibitors of hematopoiesis in general, but particularly of 
megakaryocyte development.364,365,366–368 The two best under-
stood TGF-b growth inhibitory effects are exerted on cell-cycle 
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progression. After binding to one of five TGF receptors, two 
pathways that block cell-cycle progression are activated: pRb 
is hypophosphorylated,369 antagonizing the effects of G1-phase 
cyclin-dependent kinases, and the cell-cycle inhibitor p27 is up-
regulated, again halting cell-cycle progression at the level of S 
phase.370,371 It should be noted that TGF-b is not inhibitory only 
for megakaryopoiesis; rather, the cytokine appears to reduce 
hematopoiesis at many levels.372–374 In contrast to its effects on 
cell proliferation, evidence has been presented that TGF-b might 
enhance megakaryocyte differentiation by enhancing expres-
sion of the cell-cycle inhibitor p15Ink,375 an effect that may be 
due to autocrine production of the cytokine. Additional platelet 
granule proteins found to inhibit megakaryocyte development 
include the chemokine PF4376 and b-thromboglobulin.377 PF4 is 
a CXC chemokine, but unlike SDF-1 it does not act through a G 
protein–coupled CXCR; instead it forms a tetramer and binds to  
glycosaminoglycans on cell  surfaces and to negatively charged 
domains of several membrane receptors.378,379 PF4 secreted 
by marrow megakaryocytes may act in a paracrine fashion 
to down-regulate megakaryopoiesis by binding to lipoprotein 
receptor-related protein-1 (LRP1).380 Although not demonstrated 
in megakaryocytes, LRP1 is required for growth inhibition in 
response to TGF-b in vascular cells,381 providing a potential mech-
anistic link between PF4 and TGF-b. Finally, interferon (IFN)-a 
inhibits megakaryopoiesis, and its use leads to modest to severe 
thrombocytopenia in a significant number of patients undergo-
ing therapy for chronic hepatitis.382,383 Multiple mechanisms are 
responsible for the inhibitory effect of IFN-a on megakaryopoiesis, 
including a direct inhibitory effect of IFN-a on growth-factor–
induced proliferation pathways. For example, IFN-a augments 
double-stranded RNA–activated protein kinase activity, inhibiting 
translation initiation factor-2 and implicating reduction of the 
growth-factor–induced protein synthesis necessary for cytokine 
response.384 Other investigators have reported that the function-
ally similar cytokine IFN-γ induces expression of the cell-cycle 
inhibitor p27kip1, arresting cells in G0/G1.385 Wang et al. demon-
strated that IFN-a induces a suppressor of the cytokine signaling-1 
(SOCS1)–based feedback mechanism that negatively regulates TPO 
signaling.386 Consistent with these findings, TPO-receptor agonists 
have been used to ameliorate the thrombocytopenia resulting from 
IFN-a therapy in patients with hepatitis.387 Thus, in addition to the 
multiple positive mediators of megakaryopoiesis, several cytokines 
block the process and can lead to thrombocytopenia.

SigNal TraNSducTioN paTHwayS 
iN MegakaryocyTeS
c-Mpl is a typical hematopoietic receptor containing two cytokine 
receptor homology domains (marked by the distinctive WSXWS 
sequence motif), a transmembrane domain, and a cytoplasmic 
domain that mediates intracellular signaling. The extracellular 
domain is N-glycosylated, enhancing receptor secretion and cell 
surface expression.388 c-Mpl is secreted onto the cell surface as a 
pre-formed but inactive homodimer. Although c-Mpl does not have 
intrinsic tyrosine kinase activity, it associates with a cytoplasmic 
tyrosine kinase, Janus kinase (JAK)2 (Fig. 15.7). JAK2 binds to a 
short motif (termed box1) adjacent to the transmembrane domain 
of the receptor.389,390 Upon binding of TPO to its extracellular 
domain, c-Mpl undergoes a conformational change that brings the 
cytoplasmic tails of the receptor and the associated JAK2 closer 
together, initiating JAK2 kinase transactivation and downstream 
signaling events.391 Experimental manipulation of the receptor 
has identified three different states of the receptor, inactive, par-
tially active, and active, related by receptor subunit rotation.392,393 
The state of the receptor depends in part on an amphipathic 
KWQFP motif at the junction between the transmembrane and 

cytoplasmic domains; deletion of this sequence experimentally 
results in a gain of function, in which the mutant receptor can sig-
nal in the absence of TPO.394 Naturally occurring mutations within 
the transmembrane domain (e.g., c-Mpl Ser505Asn, Trp508Ser, 
and Trp515Leu) also result in a constitutively active receptor and 
are associated with myeloproliferative disease.395,396,397 In addi-
tion, small molecule TPO-receptor agonists such as Eltrombopag 
bind to the transmembrane domain and may promote receptor 
activation through this type of allosteric mechanism.270 Following 
ligation, both c-Mpl and the bound TPO are then internalized 
through endocytosis, limiting the duration of signaling.398,399 
Whereas a portion of the internalized receptor is degraded in 
the proteasome, a fraction is also recycled to the cell surface 
where it can again interact with TPO and participate in signal-
ing.400,401 Enhanced proteosomal degradation and reduced recep-
tor maturation and recycling of c-Mpl occurs in cells bearing the 
 constitutively active Jak2 Val617Phe, present in the majority of 
patients with the myeloproliferative disease polycythemia vera 
(PV), leading to reduced surface expression of the receptor.402,403

Janus family kinases are critical to megakaryopoiesis. Four 
JAK kinases have been identified in hematopoietic cells: JAK1, 
JAK2, JAK3, and TYK2.389 Of the cytokines that affect mega-
karyopoiesis, IL-3 activates JAK2404; IL-6, IL-11, and LIF activate 
JAK1, JAK2, and TYK2 (although JAK1 is most important)405; 
and TPO leads to JAK2 and TYK2 phosphorylation (although 
JAK2 is most important).406,407–409 Moreover, even members of 
the receptor tyrosine kinase family that affect megakaryopoiesis, 
such as KL or FL, activate JAK kinases.410,411 Phosphorylation 
of JAKs leads to their activation, which, in turn, leads to phos-
phorylation of a number of substrates, including the receptors 
themselves and reversibly tethered signaling molecules. One of 
the best studied families of secondary signaling molecules is the 
signal transducers and activators of transcriptions (STATs); these 
latent transcription factors dock at P-Tyr residues of cytokine 
receptors and are phosphorylated by JAKs, and, once so modified, 
P-STATs dimerize, translocate to the nucleus, and bind to specific 
genetic elements altering transcription. Both P-Tyr and P-Ser 
modifications are required to fully activate STATs.412,413 Of the 
cytokines affecting megakaryocyte development, IL-3 and GM-CSF 
activate STAT5414; IL-6, IL-11, and LIF activate STAT3415,416; 
and TPO activates both STAT3 and STAT5.417,418,419,420 Among 
the known targets of the STATs known to play an important role 
in megakaryocytic cell survival and proliferation are Bcl-XL and 
c-myc,421–423 with STAT1 displaying generally inhibitory effects 
on cell cycling and STAT3 and STAT5 displaying the opposite 
effect.424 Phosphorylation of tyrosine residues on c-Mpl by JAK2 
creates docking sites for additional signaling intermediates via 
SRC homology 2 (SH2) domains, including the guanine nucleotide 
exchange factor Vav, adapter proteins such as Shc and the Gabs, 
and the phosphatase SHP2. Phosphorylation of JAK2 itself pro-
vides additional docking sites, providing binding sites for p85a 
and the adaptor protein Lnk.425,426 These interactions modulate 
signaling, activating the RAS–RAF–MAPK and PI3K–AKT path-
ways, or in the case of Lnk, down-regulating JAK2.40,425

The RAS–RAF–MAPK pathway is critical in megakaryopoiesis. 
Activation of MAPK in cell lines promotes megakaryocytic differ-
entiation, and MAPK pathway inhibitors block polyploidization 
and megakaryocyte maturation in primary cells.356,427,428,429,4

30,431,432 MAPKs are approximately 40-kD Ser/Thr kinases that 
are highly conserved in all eukaryotic cells from yeast to humans. 
At least six signaling cascades classified as MAPK pathways 
have been identified433,434 and have been found to mediate cell 
proliferation, survival, apoptosis, or differentiation. At present, 
three classes of MAPKs have been identified in megakaryocytes: 
extracellular stimulus response kinase (ERK) 1 and ERK2 (also 
termed p44 and p42, respectively); c-jun N-terminal kinase 
(JNK); and p38 kinase.435–437 MAPK activation requires phos-
phorylation both on threonine and tyrosine residues present on 
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specific motifs (Thr–Xaa–Tyr). Receptors that activate MAPKs 
do so by activating Ras and initiating a kinase cascade. Thus, 
for c-Mpl, the adapter molecule Shc is recruited to the tyrosine-
phosphorylated receptor cytoplasmic domain, which is then 
phosphorylated by JAK2. Phospho–Shc then recruits the adapter 
protein Grb2, which activates the guanine nucleotide exchange 
factor SOS, which then charges Ras with GTP, thereby activating 
it. Active Ras, in turn, leads to the activation of an MAPK kinase 
kinase such as Raf-1, which phosphorylates an MAPK kinase 
such as MEK, which then phosphorylates MAPKs including ERK1 
and ERK2. Because cells contain numerous MAPK kinase kinases 
and MAPK kinases, the potential for cross-talk between different 
MAPK pathways is large; this potential is reduced considerably 
through scaffolding proteins that sequester only the corre-
sponding MAPK kinase kinase, MAPK kinase, and MAPK.438,439 
Virtually every cytokine affecting megakaryocytes activates ERK1 
and ERK2.411,430,440–442 Alternate pathways to MAPK activation 
have also been described in platelets,443 and integrin engage-
ment in fibroblasts affects the cellular localization of ERK1/2, 
exerting a profound effect on its capacity to signal.444 Blockade 
of ERK1 and ERK2 has been shown to reduce cell proliferation 
in c-Mpl receptor-bearing cell lines and both cell proliferation 
and the generation of highly polyploid cells in megakaryo-
cytic progenitors,431 but, curiously, to enhance proliferation of 
more primitive megakaryocytic progenitors from cord blood.445 
The molecular targets of active MAPKs in megakaryocyte 

 progenitors that mediate the effect of ERK1 and ERK2 on cell 
survival,proliferation, and differentiation are presently a topic of 
intense research; most studies in other cell systems suggest that 
ERK affects nuclear transcription factors, such as c-jun, c-myc, 
and the ets family member Elk-1,446,447 which then modulate 
activity of the cell-cycle machinery. For example, stimulation of 
ERK1 and ERK2 leads to increased levels of cyclin D in fibro-
blasts.448 The strength and duration of MAPK activation may 
be important in whether the cell responds by proliferation or 
differentiation. Transient or acute MAPK activation that occurs 
in the cell cytoplasm (minutes to hours) is typical of cell-cycle 
progression and proliferation, whereas sustained MAPK activa-
tion into the nucleus (lasting many hours or several days) is char-
acteristic of cell-cycle arrest and differentiation.449,450 Activation 
of the Ras-like small GTPase Rap1 activates the MAPK kinase 
kinase B-Raf and leads to a sustained activation of ERK1/2 in 
cell lines.451 The Rap1 ERK signaling pathway responds to Src 
kinases and cAMP via activation of PKA and is linked to cell 
receptors via adaptor and scaffold proteins such as c-Cbl and 
CrkL. MAPKs also act on additional kinases, including the 90 kD 
ribosomal S6 kinase and the NF-kB activator AP-1.446,452 Despite 
their apparent importance, a requirement for either Raf-1 or 
B-Raf in megakaryopoiesis has not been proven in mouse mod-
els.453,454 Although TPO activates JNK and p38 in c-Mpl–bearing 
cells, primary megakaryocytes, and platelets,443,455 less is known 
of their effects on megakaryocyte development.

FIGURE 15.7. Representative pathways in TPO signaling. TPO binds to the homodimeric c-Mpl, leading to a conformational change that leads to transactiva-
tion of the associated JAK2 molecules. Active JAK2 then phosphorylates tyrosine residues on the receptor, including Y112 and Y117, which form docking sites for 
SH2-domain–containing proteins and adaptors. JAK2 phosphorylates STATs 3 and 5, which form homodimers and translocate to the nucleus where they activate 
transcription. Formation of a complex between SHC, SOS, and GRB2 leads to activation of the RAS /RAF/MAPK pathway. Engagement of p85 through adaptor proteins 
in conjunction with RAS activation leads to activation of PI3K and its downstream effectors. Negative regulators of TPO signaling, including SOCS, Lnk, Lyn, and 
PTEN, are shown in red.
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The PI3K pathway also has a critical role in megakaryopoiesis 
and is activated in response to multiple cytokines, including TPO, 
IL-3, GM-CSF, KL, and IL-6.355,362,411,440,456–461 PI3K is a het-
erodimeric lipid kinase composed of a 110-kD kinase (p110) and 
an 85-kD (p85) regulatory subunit. PI3K activity is initiated by the 
engagement of the two SRC homology 2 domains of p85, either 
by a phosphorylated cytokine receptor (usually in the context of a 
YXXM or YVAC motif)462–464 or an adapter molecule,456,457,465–467 
resulting in conformational changes allowing activation of p110 
and relocation of the kinase to the lipid membrane.468 Although 
p85 interacts directly with some hematopoietic cytokine recep-
tors, the mechanism by which it is activated in TPO signaling 
is not clear; it may involve interaction with an adaptor mol-
ecule.457,469 Once in proximity to its membrane lipid substrates 
and its coactivator, membrane-bound activated Ras,470 active 
PI3K then generates PI 4,5 phosphate (PIP2) and PI 3,4,5 phos-
phate (PIP3), and pleckstrin homology (PH) domain-containing 
proteins are recruited to these phospholipids to initiate signaling 
cascades. Lipid phosphatases, including SRC homology 2-contain-
ing inositol phosphatase (SHIP2)471–473 and PTEN,474,475 nega-
tively regulate PI3K signaling.

Central to the PI3K signaling cascade is 3-phosphoinositide–
dependent protein kinase-1, also known as PDPK1. PDPK1 is 
recruited to PIP2 and PIP3 in the cell membrane through its PH 
domain where it can interact with its effector substrates including 
Akt, ribosomal protein p70 S6 kinase (p70S6K), and PKC. Akt is 
a serine-threonine kinase with multiple targets that have roles in 
cell survival and growth. TPO promotes phosphorylation and acti-
vation of Akt which is blocked by inhibitors of PI3K, and inhibition 
of PI3K in cell line models as well as in primary megakaryocytes 
leads to reduced cell survival and proliferation; furthermore, 
expression of a constitutively active Akt restores proliferation 
and survival in the presence of PI3K inhibitors.362 Akt promotes 
cell survival by phosphorylation of the proapoptotic protein Bad. 
Phosphorylated Bad binds to protein 14-3-3 and is thus targeted 
for proteolysis, removing its inhibitory effect on the pro-survival 
protein Bcl-XL.476,477,478 GSK-3b is also phosphorylated by Akt, 
leading to inhibition of GSK-3b activity and enhanced survival 
and proliferation.479,480 Forkhead family members, including 
FOXO3a, are also phosphorylated by Akt, preventing their trans-
location to the nucleus where they promote cell-cycle arrest and 
apoptosis by induction of p27, Bim, Fas ligand, and GADD45. TPO 
promotes down-regulation of p27 in megakaryocytic cells through 
a PI3K/Akt/FOXO3a pathway.481

In addition, PI3K and Akt signaling activate the mammalian 
target of rapamycin (mTOR) through inhibition of the GTPase 
TSC2 and subsequent activation of the small GTP-binding protein 
Rheb.482,483 mTOR is a serine-threonine kinase and a member of 
the PI3K-related kinase family that functions in the regulation of 
cell size and cell-cycle progression. mTOR controls the phosphory-
lation status of proteins involved in initiating translational control, 
including p70S6K and eukaryotic translation initiation factor 
4E-binding protein (4E-BP). Multiple signaling pathways converge 
on p70S6K and it has multiple sites of inducible phosphorylation; 
however, phosphorylation by PDPK1 and mTOR are essential for 
its activity.484 The Ras–MAPK pathway also modulates mTOR 
activity. TPO induces activation of the mTOR/p70S6K pathway in 
megakaryocytes, and inhibition of mTOR signaling by rapamycin 
leads to reduced proliferation of megakaryocytic progenitors and, 
in some studies, megakaryocyte polyploidization and matura-
tion.485,486,487 mTOR signaling may be particularly important in 
neonatal megakaryopoiesis.488

Although JAK2 has been studied the most, other tyrosine 
kinases are activated by TPO and play a role in megakaryopoisis. 
The src family kinase Lyn is activated in TPO-stimulated mega-
karyocytes.489 Mutagenesis experiments identified tyrosine 112 of 
c-Mpl as critical for Lyn activation.490 Unlike JAK2, Lyn negatively 
regulates megakaryocytic proliferation and differentiation, possibly 

through inhibition of MAPK and Akt signaling, and lyn–/– mice 
show increased megakaryopoiesis.490,491

In vivo, megakaryocytes are affected both by soluble cytokines 
and activation of adhesive receptors in the marrow microenvi-
ronment492; similarly, focal adhesion kinase (FAK) activation in 
platelets requires the co-stimulation of growth factor receptors 
and integrins. In megakaryocytic cell lines, TPO stimulates phos-
phorylation of FAK.493 Targeted deletion of Fak in a mouse model 
resulted in enhanced megakaryopoiesis, with increased numbers 
of megakaryocytic progenitors, mature megakaryocytes, and cir-
culating platelets. Fak–/– megakaryocytes were impaired in their 
ability to active Lyn in response to TPO, but in contrast showed 
increased activation of MAPK and Akt,493 reminiscent of mega-
karyocytes from Lyn–/– mice and suggesting that FAK plays a role 
in the activation of Lyn.

As should be clear from the previous discussion, the mega-
karyocyte (and probably all hematopoietic cells) uses multiple 
molecular pathways to affect cell survival and proliferation. Recent 
work with c-Mpl has helped to clarify the nature and teleology 
behind this seeming redundancy. Phosphorylation of the penulti-
mate tyrosine residue in the cytoplasmic domain of c-Mpl leads to 
Shc, STAT3, and STAT5 activation.419 Moreover, MAPK activation 
is also thought to emanate from the distal half of the receptor.430 
Nevertheless, a truncated form of c-Mpl bearing neither of these 
regions continues to modestly activate STAT5, MAPK, and PI3K 
in a TPO-dependent manner,419 and introduction of a similarly 
truncated receptor into the germline in place of the full-length 
receptor affords the resultant mice a normal steady-state platelet 
count throughout life.494 However, these mice do not respond 
properly to stress; compared with normal mice, platelet recovery 
after immune-mediated or chemotherapy-induced thrombocy-
topenia is substantially delayed. Thus, the seeming redundancy 
in cytokine signaling appears to reflect a capacity of the cell to 
grade the TPO response into steady-state and emergency throm-
bopoiesis. A similar conclusion regarding signaling via STAT5 in 
erythropoiesis has been presented.495

The signaling cascades initiated by TPO are of limited dura-
tion. Multiple mechanisms exist to govern this process. As dis-
cussed above, following initiation of signaling, the ligated c-Mpl 
is internalized and degraded.398–400 Another mechanism of 
feedback inhibition of cytokine receptor signaling is mediated by 
STAT-mediated induction of SOCS proteins.496 At present, five 
members of this STAT-induced family of signaling proteins have 
been found to inhibit signaling, either by directly blocking JAK 
kinase function or by competing for binding to phosphotyrosine 
receptor–signaling sites with secondary signaling mediators. 
Hence, when STAT is activated, it ultimately feeds back to inhibit 
JAK2 signaling. This mechanism can also account for receptor 
cross-talk (i.e., the ability of one cytokine signal to negatively 
affect another), because SOCS proteins induced by one receptor 
can interact with others.385,497 The SH2-domain–containing adap-
tor protein Lnk also binds to and negatively regulates JAK2 that 
has been phosphorylated in response to TPO. In the absence of 
Lnk, mice exhibit thrombocytosis and over time develop a myelo-
proliferative disorder.425,426,498 Naturally occurring mutations 
that disrupt regulation of JAK2 are associated with the develop-
ment of myeloproliferative disorders and leukemia.

cliNical diSorderS  
of MegakaryopoieSiS
A number of disorders of megakaryopoiesis, including congenital 
thrombocytopenias and thrombocythemias, as well as acquired 
myeloproliferative disorders and leukemias, involve mutation 
of transcription factors and signaling molecules that have been 
discussed in this chapter as having a role in megakaryocyte 
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 development (Table 15.2). A brief review of several instructive 
disorders follows.

CAMT: CAMT is the quintessential defect of megakaryocyte 
production, resulting from homozygous or compound heterozy-
gous mutations of MPL encoding c-Mpl.499 The clinical course of 
CAMT confirms the critical role of TPO in both megakaryocytes 
and HSCs. Although children with CAMT are typically born 
with isolated thrombocytopenia and deficiency of megakaryo-
cytes, over time they develop pancytopenia and bone marrows 
performed later in their course will show a severe depletion of 
megakaryocytes and trilineage hypocellularity.500 In addition, 
children with CAMT are at risk to develop clonal disease includ-
ing myelodysplastic syndrome (MDS) or leukemia.501 Serum TPO 
levels are highly elevated due to the absence of receptor-mediated 
uptake.274 Whereas the majority of described mutations are in 
exons 1 to 3 of MPL, mutations have been described throughout 
the coding sequence. Mutations that result in complete disruption 
of the receptor (type I) are associated with an earlier onset of 
marrow failure (median age 22 months), whereas mutations that 
encode amino acid substitutions that result in partial receptor 
function (type II) are associated with transient improvement in 
platelet counts and a later onset of marrow failure (median age 
48 months).500

TAR and ATRUS: As in CAMT, thrombocytopenia with absent 
radii (TAR) also presents at birth with thrombocytopenia, but 
affected infants have the characteristic finding of bilateral absent 
radii. Additional skeletal and nonskeletal defects are frequent, 
including lower extremity, cardiac, renal, and gastrointestinal 
abnormalities.502 Unlike CAMT, thrombocytopenia in TAR tends 
to improve over the first 2 years of life, and children do not usually 
develop other cytopenias. TAR remains enigmatic with an incom-
plete understanding of its genetic etiology, and current evidence 
suggests a complex pattern of inheritance. Platelets from young 
patients with thrombocytopenia have impaired responses to TPO 

and impaired megakaryocyte differentiation, but TPO signaling is 
restored in platelets from adults.503 No defects in THPO (the gene 
for TPO), MPL, or JAK2 have been identified.504–506 A large study 
involving 30 patients with TAR identified a common interstitial 
microdeletion of 200 kb on chromosome 1q21.1 including sev-
eral candidate genes.507 However, in approximately 75% of the 
patients, the deletion was inherited from an unaffected parent, 
suggesting that a second genetic change must be co-inherited 
in order for the phenotype to be expressed. The treatment of 
thrombocytopenia in TAR is largely supportive, as platelet counts 
typically improve with age.

ATRUS shares features with both CAMT and TAR. 
Thrombocytopenia is present at birth, and like TAR, there are 
radial abnormalities, in this case bilateral fusion of the proximal 
radius and ulna. However, platelet counts do not improve with 
age and similar to CAMT, most affected children develop bone 
marrow failure. Autosomal dominant inheritance of a  mutation 
in the HOX family member HOXA11 was reported in two unre-
lated families with ATRUS216,508; it is intriguing that mice lacking 
expression of HOXA11 show skeletal abnormalities but lack a 
hematologic phenotype.509 Additional patients with clinical fea-
tures of ATRUS have been reported who do not have identifiable 
mutations in HOXA11,510,511 suggesting other loci may also be 
involved.

RUNX1: Reflecting the role of RUNX1 in hematopoiesis and 
megakaryocyte development, autosomal dominant mutations 
resulting in haploinsufficiency of RUNX1 are found in the familial 
platelet disorder with a propensity for myeloid malignancy (FPD-
PMM).197,512 In FPD-PMM platelets are normal in size and throm-
bocytopenia is typically moderate, but bleeding may be more 
prominent than expected due to associated platelet dysfunction. 
The major complication of this disorder is not bleeding but the 
development of myelodysplasia or leukemia. The rate of myeloid 
malignancies in affected individuals ranges between 20% and 

GENETIC MUTATIONS IN SELECTED INHERITED PLATELET DISORDERS

taBLe 15.2

Gene Function Gain/Change of Function Loss of Function

MPL TPO receptor ET, PMF CAMT

TPO Growth factor ET

JAK2 Tyrosine kinase PV, ET, PMF

HOXA11 Transcription factor ATRUS

RUNX1 Transcription factor FDP-PMM

FLI1 Transcription factor PTS

GATA1 Transcription factor DS-TMD, DS-AMKL XLT, XLTT

OTT/MAL Fusion protein, 
 transcription factor

AMKL

GPIb/GPIX Adhesive receptor Platelet-type VWD BSS

FLNA Cytoskeletal protein Macrothrombocytopenia

MYH9 Cytoskeletal protein MYH9-related disease

WASp Cytoskeletal protein WAS

TUBB1 Cytoskeletal protein Macrothrombocytopenia

NBEAL2 Vesicle trafficking GPS

AP3 Vesicle trafficking HPS

CYCS Apoptosis regulator AD thrombocytopenia

ATRUS, amegakaryocytic thrombocytopenia with radioulnar synostosis; BSS, Bernard-Soulier syndrome; CAMT, congenital 
amegakaryocytic thrombocytopenia; DS-AMKL, Down syndrome, acute megakaryoblastic leukemia; DS-TMD, Down syndrome-
transient myeloproliferative disorder; ET, essential thrombocythemia; FPD-PMM, familial platelet disorder with predisposition 
to myeloid malignancy; GPS, gray platelet syndrome; HPS, Hermansky Pudlak syndrome; PMF, primary myelofibrosis; PTS, 
Paris-Trousseau syndrome; PV, polycythemia vera; vWD, von Willebrand disease; WAS, Wiskott-Aldrich syndrome; XLT, X-linked 
thrombocytopenia; XLTT, X-linked thrombocytopenia with thalassemia.
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65% and peaks at the fourth decade of life. T-cell malignancies 
have been reported as well.513 Heterozygous mutations of RUNX1 
described in this disorder range from substitutions or large dele-
tions and most commonly affect the RUNX homology domain; 
although most result in haploinsufficiency, some mutations may 
have a dominant negative effect. Additional acquired mutations 
in RUNX1 or karyotypic abnormalities are frequently detected in 
the malignant clone at the time of acute myeloid leukemia/MDS 
diagnosis.

GATA1: As discussed above, GATA1 is essential for differ-
entiation of both erythrocytes and megakaryocytes; thus, muta-
tions affecting this transcription factor are associated with red 
cell abnormalities as well as thrombocytopenia. GATA1 muta-
tions are associated with several phenotypes, including X-linked 
thrombocytopenia (XLT) with dyserythropoiesis, X-linked throm-
bocytopenia with thalassemia (XLTT), and rarely congenital 
erythropoietic porphyria.514 All mutations described to date are 
within the N-terminal zinc finger of GATA1; mutations altering 
the interaction of GATA1 and its co-factor FOG1 are associated 
with XLT, whereas mutations altering the interaction of GATA1 
and DNA are associated with XLTT. Features suggestive of a 
GATA1 mutation include X-linked recessive inheritance, macro-
thrombocytopenia, “gray platelets” with deficient alpha granules, 
red cell abnormalities including dyserythropoiesis or thalassemia, 
and hyperproliferation of megakaryocytes in the bone marrow. 
Although inheritance is X-linked, a mild phenotype due to skewed 
X-inactivation in female family members has been described.515

FLI1: Although no specific FLI1 mutations have been described 
in patients with inherited thrombocytopenia, in Paris-Trousseau 
syndrome there is deletion of the terminal portion of chromosome 
11q (11q23), and within the critical deleted region are several 
genes important to megakaryopoiesis, most notably ETS and 
FLI1.218 Affected infants may have severe thrombocytopenia, con-
genital heart defects, and neurologic abnormalities.516 Platelets 
are normal in size, but Romanovsky staining or electron micros-
copy reveals abnormal giant alpha granules and may show defi-
ciency of dense granules.517,518 Over time platelet counts improve 
and can reach near-normal levels, but a bleeding tendency that 
is out of proportion to the degree of thrombocytopenia frequently 
remains. Multiple genes are deleted; however, thrombocytopenia 
in Paris-Trousseau syndrome can be traced to the hemizygous 
loss of FLI1.519

Macrothrombocytopenias: Giant platelet disorders include 
BSS and MYH9-related disease, although other thrombocy-
topenias are also characterized by large platelets. BSS is an 
autosomal recessive macrothrombocytopenia with significant 
platelet dysfunction due to the deficiency of GPIb, the platelet 
receptor for vWF. GPIb is composed of four subunits, encoded 
by four separate genes: GPIBA, GPIBB, GP5, and GP9. To date, 
mutations in BSS have been found in GPIBA, GPIBB, and GP9. 
Although BSS is classically inherited in an autosomal reces-
sive fashion, the Bolzano mutation (c.515C>T transition in the 
GPIBA gene) is associated with mild macrothrombocytopenia in 
the heterozygous state.520 The mechanism of macrothrombocy-
topenia in BSS has been attributed at least in part to the inter-
action of GPIb with filamin A, a dimeric scaffolding protein.521 
This interaction may be critical for maintaining the platelet 
shape, as platelets from Flna- knockout mice are large and frag-
ile despite normal GPIb expression.522 Macrothrombocytopenia 
associated with mutation of FLNA has also been described in 
X-linked periventricular nodular heterotopia.55 Gain-of-function 
mutations of GPIb are also associated with thrombocytopenia, 
due to inappropriate binding of platelets to vWF and consump-
tion. This disorder resembles type 2B von Willebrand disease 
and is called platelet-type von Willebrand disease.523 In contrast 
to BSS, MYH9-related disease is inherited as an autosomal dom-
inant disorder, and MYH9-related disease is also associated with 
progressive sensineural deafness, nephropathy, and  cataracts. 

Prior to discovery of the underlying gene defect, affected 
patients were diagnosed with various disorders, including May–
Hegglin anomaly, Sebastian syndrome, Ebstein syndrome, and 
Fechtner syndrome.108,524,525 MYH9 encodes the heavy chain of 
myosin IIA, which is active in the organization of the DMS and 
in proplatelet formation.526–528 Review of the peripheral blood 
smear may reveal Dohle-like bodies within neutrophils, which 
represent the abnormal precipitated myosin.

Wiskott-Aldrich Syndrome: Wiskott-Aldrich syndrome is 
caused by mutations involving the WASp, which is a hemato-
poietic-specific regulator of actin polymerization encoded on the 
X-chromosome.107 The full syndrome is manifested by micro-
thrombocytopenia and impaired T-cell function, with eczema, 
frequent viral and bacterial infections, autoimmune phenomena, 
and predisposition to lymphoma.529 Mutations that only partially 
impair WASp function are associated with a less severe clinical 
course, typically X-linked microthrombocytopenia in the absence 
of significant immunodeficiency.530 This has been called X-linked 
thrombocytopenia or XLT, but it must be distinguished from XLT 
related to GATA1 mutations.

Granule Disorders: The study of disorders involving platelet 
a-granules (gray platelet syndrome) or dense granules (Hermansky 
Pudlak syndrome) has provided insights into the cellular mecha-
nisms involved in granule formation in the megakaryocyte. Gray 
platelet syndrome (GPS) is characterized by thrombocytopenia 
with large platelets that appear pale on the peripheral blood 
smear due to a deficiency of a-granules. Families with X-linked 
disease are likely to have GATA1 mutations that can phenotypi-
cally resemble GPS (see above).531 Recently, mutations in NBEAL2 
(neurobeachin-like 2) were identified as the genetic cause of 
autosomal recessive GPS.532,533,534 The function of NBEAL2 is 
not understood but it is a member of a family of proteins that are 
involved in vesicular trafficking. In Hermansky Pudlak syndrome, 
defects in the biogenesis and trafficking of lysosome-related 
organelles, including melanosomes and platelet dense granules, 
underlie the hypopigmentation and bleeding manifestations 
characteristic of the disorder. At least seven mutations in human 
disease, as well as additional mutants in mouse models have 
been described, involving members of multiprotein complexes 
that function to regulate formation of, and cargo recruitment 
into, membrane-bounded transport carriers (AP-3), in the tether-
ing and regulation of fusion between endosomal compartments 
(HOPS), and the intracellular positioning and movement of late 
endocytic organelles (HOPS and BLOC-3).535 Both a- and dense 
granules are deficient in gunmetal mice, in which mutation of 
Rab geranylgeranyl transferase disrupts membrane remodeling 
and granule packaging536; the human mutation has not been 
identified.

BCR/ABL-Negative Myeloproliferative Disorders: BCR/ABL-
negative myeloproliferative disorders include PV, essential throm-
bocythemia (ET), and primary myelofibrosis (PMF). Acquired 
activating mutations in JAK2, typically Val617Phe but rarely 
alternative exon 12 mutations, can be found in most patients 
with PV, and nearly half of those with ET or PMF.537–539,540,541 
Activating mutations in the transmembrane domain of c-Mpl, 
including Trp515Leu or Trp515Lys, are also found in a small 
proportion of patients with PMF and ET.542 JAK2 contains two 
Jak homology domains: JH1, which represents the active kinase 
domain, and JH2, which lacks kinase activity and negatively regu-
lates JH1.543,544 The Val617Phe mutation within JH2 disrupts this 
negative regulation.545 In addition, JAK2 Val617Phe is not down-
regulated normally by Lnk.498

In addition to these acquired conditions, familial thrombo-
cytopenia has also been linked to inherited mutations that alter 
TPO signaling. The mutation Ser505Asn within the transmem-
brane domain of c-Mpl was identified in a large Japanese fam-
ily with thrombocytosis, and the mutant c-Mpl was shown to 
confer cytokine independence in a Ba/F3 cell line.395 Mutations 
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leading to overproduction of TPO have also been identified in 
families with thrombocytosis. The TPO gene displays an unusual 
5′ untranslated region structure. Unlike the majority of genes 
that initiate translation of the encoded polypeptide from the 
first ATG codon present in the mRNA, TPO translation initiates 
at the eighth ATG codon, located within the third exon of the 
full-length transcript.252 Moreover, the eighth ATG is embedded 
in the short open reading frame (ORF) of the seventh ATG, a 
particularly inefficient circumstance for translation initiation.546 
As such, little TPO protein is produced for any given amount 
of mRNA. Although it is not yet certain whether this molecu-
lar arrangement has physiologic consequences (i.e., if it can 
be differentially regulated), mutation of the TPO gene in non-
coding sequences can lead to enhanced translation efficiency 
and thrombocytosis.547 Four pedigrees of familial, autosomal 
dominant thrombocytosis have been linked to mutations in 
the region surrounding the initiation codon. In two families, a 
single mutation in different nucleotides of the intron 3 splice 
donor sequence results in alternate splicing of the primary TPO 
 transcript, eliminating the seventh and eighth ATG codons, and 
in the creation of a new amino terminus by the fusing of the fifth 
ORF with the TPO coding sequence. This novel TPO mRNA is 
efficiently translated, resulting in supraphysiologic levels of cyto-
kine production and polyclonal expansion of thrombopoiesis.548 
In another mutant TPO allele, the deletion of a single nucleotide 
within the seventh ORF leads to its fusion with the TPO coding 
sequence and to now-enhanced translation of TPO from the sev-
enth ATG codon.549 Finally, another mutation within the seventh 
ORF leads to its premature termination, preventing its interfer-
ence with translation initiation from the usual eighth initiation 
codon550 and again enhancing TPO production.

Transient Myeloproliferative Disorder and Acute 
Megakaryoblastic Leukemia: Approximately 10% to 20% of 
infants with Down syndrome develop transient myeloproliferative 
disease (TMD), in which immature megakaryoblasts accumulate 
in the liver, bone marrow, and peripheral blood. Although almost 
indistinguishable from acute megakaryoblastic leukemia (AMKL), 
this disorder undergoes spontaneous remission in most cases.551 
However, approximately 30% of children with a history of TMD 
go on to develop AMKL within 3 years. Certainly an extra copy of 
chromosome 21, which contains the gene RUNX1, predisposes 
these children to megakaryocytic proliferative disorders, although 
the exact role of trisomy 21 is unclear. However, acquired muta-
tions of GATA1, resulting in the production of GATA1S, have been 
detected in the majority of Down syndrome patients with TMD 
and AMKL and represent an early step in leukemic transforma-
tion.552 Note that GATA1 mutations are not found in children with 
AMKL in the absence of Down syndrome, suggesting an important 
interaction between GATA1S and trisomy 21. Instead, a translo-
cation between chromosomes 1 and 22, resulting in the fusion 
protein OTT-MAL, has been detected in AMKL occurring in chil-
dren without Down syndrome.553,554 Expression of the OTT-MAL 
fusion protein in a conditional knockin mouse model led to expan-
sion of multipotent myeloid progenitors, enhanced self-renewal 
of megakaryocytic progenitors, extramedullary hematopoiesis, 
and eventual development of AMKL.555 Further studies showed 
that expression of OTT-MAL activates RBPJ, which normally 
serves as a transcriptional coactivator of Notch, thus deregulating 
Notch signaling. The activation of RBPJ-mediated transcription by 
OTT-MAL is required for the growth of AMKL cells derived from 
leukemic animals.555
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on their surface.9,10 The plasma membrane also contains sodium 
and calcium adenosine triphosphatase (ATPase) pumps, which 
are important for maintaining ionic homeostasis.11

Platelet Membranous Systems
Platelets have features of muscle-related cells in terms of their 
high content of actin and their contractile response during acti-
vation. Similar muscle-like qualities are found in the two mem-
branous systems of platelets, the SCCS and the dense tubular 
system, which resemble transverse tubules and sarcotubules, 
respectively.12

Surface-connected Canalicular System
The SCCS, also called the open canalicular system, is fenestrated 
and contiguous with the surface plasma membrane.3,13,14 The 
SCCS has several prominent functional roles: first, as an internal 
reservoir of membrane to facilitate platelet spreading and filopo-
dia formation after adhesion;15 and second, as a storage reservoir 
for membrane GPs, such as aIIbb3 (GPIIb–IIIa), that increase on 
the platelet surface after activation.16 The system also provides 
a route for granule release during the secretory phase of platelet 
activation4 and serves as a route of ingress and egress for mol-
ecules as they translocate between the plasma and the platelet.

Dense tubules
Unlike the SCCS, the dense tubular system is a  closed-channel 
system consisting of narrow, membrane-limited tubules, 
approximately 40 to 60 nm in diameter.17 It contains residual 
smooth endoplasmic reticulum from the megakaryocyte.18,19 
Peroxidase,20–22 glucose 6-phosphatase,23 acetylcholinesterase (in 
cat, rat, and mouse but not human platelets or megakaryocytes),24 
adenylate cyclase, and Ca2+- and Mg2+-activated ATPases25 have 
been cytochemically demonstrated in the dense tubular system. 
This channel system is involved in the regulation of intracellular 
calcium transport because it has been reported to selectively 
bind, sequester, and release divalent cations after activation.25 

PlaTeleT STrucTure

Structural and Functional anatomy

Light Microscopy
Light microscopy of Wright-stained smears (Fig. 16.1) reveals 
platelets as small, anucleate (i.e., lacking a nucleus) fragments 
with occasional reddish granules, measuring approximately 2 mm 
in diameter with a volume of approximately 8 fl1 and exhibiting 
considerable variation in size and shape. Platelets released from 
the marrow under “conditions of stress” such as thrombocyto-
penia and termed stress platelets are large and often beaded in 
shape, whereas young platelets, recently released from the mar-
row, are termed reticulated in reference to their RNA content and 
in analogy to young red cell reticulocytes.2

Electron Microscopy and Subcellular Features
Platelets exist in two distinct forms, resting and activated, with 
the resting state marked by baseline metabolic activity and the 
activated form resulting from agonist stimulation (e.g., response 
to thrombin). By scanning electron microscopy, circulating resting 
blood platelets appear as flat discs with smooth contours, rare 
spiny filopodia (Fig. 16.2), and random openings of a channel 
system, the surface-connected canalicular system (SCCS), which 
invaginates throughout the platelet and is the conduit by which 
granule contents exocytose after stimulation.3,4 Although the 
platelet is anucleate, transmission electron microscopy reveals a 
complex surface and a cytoplasm packed with a number of differ-
ent subplatelet structures and organelles that are essential to the 
maintenance of normal hemostasis (Figs. 16.3 and 16.4). Initial 
descriptions of platelet anatomy stem from studies employing 
transmission electron microscopy; and platelet structure is clas-
sified into four general areas: the platelet surface, membranous 
structures, cytoskeleton, and granules.

Platelet Surface
plasma Membrane
The platelet plasma membrane separates intra- from extracellular 
regions and, in thin sections, exhibits a typical 20-nm-thick tri-
laminar structure5 whose overall appearance does not differ from 
that of other blood cells.6 The platelet membrane is exceptionally 
complex in composition, distribution, and function, incorporating 
a number of glycoproteins (GPs) and lipids into its phospholipid 
bilayer and integrating a variety of extra- and intraplatelet events 
such as permeability, agonist stimulation, and platelet adhesion, 
activation/secretion, and aggregation.

The lipid composition of the membrane is distributed in an 
asymmetric manner, with neutral species located mainly in the 
outer layer, and anionic forms, such as phosphatidylserine (PS), 
concentrated on the inner side.7 This sequestration of PS, which 
promotes plasma coagulation by contributing to the prothrombi-
nase complex,8 on the inner side of the membrane may account 
for the fact that resting platelets are essentially nonreactive in 
terms of thrombin generation.9 On the other hand, activated 
platelets make a major contribution to thrombin formation 
through the interactions of factors Xa and Va and prothrombin 

FIGURE 16.1. A human peripheral blood smear stained with Wright-Giemsa. Platelets, 
indicated by arrows, are interspersed between erythrocytes and a few leukocytes. The pale,  
grayish-blue cytoplasm contains purple-red granules. Original magnification of 35-mm slide ×100.
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The dense tubular system is also the site of prostaglandin (PG) 
synthesis in platelets.26,27

Platelet Cytoskeleton
(See additional cytoskeleton information in the section “Role of the 
Cytoskeleton in Platelet Function.”)

The shape of platelets and their ability to contract and spread 
depend on an organized cytoskeleton.28 The cytoskeleton can 

direct platelet shape change, send out extracellular extensions, 
collect and then extrude secretory granules, and affect surface 
reactivity (Fig. 16.5). These varied functions are performed by 
three distinct structures: first, the membrane skeleton, which but-
tresses the inner side of the plasma membrane; second, the mass 
of actin and intermediate filaments, which fills the cytoplasm; and 
third, the circumferential microtubule band, which encircles the 
substance of the platelet to produce the resting disclike form.15,28 
Three different protein filaments/tubules contribute to the overall 
network: 5- to 6-nm–diameter microfilaments of actin,29,30 10- to 
12-nm intermediate filaments of desmin and vimentin,31,32 and 
25-nm microtubules composed mainly of tubulin.33–35 Together, 
these filaments, depending on the activation state of the platelet, 
comprise 30% to 50% of total platelet protein.

Membrane Skeleton
The membrane skeleton was first described more than 30 years 
ago by electron microscopy36,37 and then analyzed biochemically 
by detergent lysis in Triton X-100.28,38 The membrane skeleton 
contains short actin filaments that connect surface receptors with 
the bulk of cytoplasmic actin filaments.29 Filamin-A, a component 
of the membrane cytoskeleton, links the cytoplasmic domain of 
GPIba with actin filaments and also binds integrins. Other compo-
nents of the membrane skeleton include structural and signaling 
molecules such as spectrin, talin, migfilin, Src, and small GTPase 
family members (Table 16.1).15,28 Through tight regulation, the 
interactions of these proteins allow platelets to sense and to 
respond to environmental cues.

Cytoplasmic actin and Intermediate Filaments
The bulk of the platelet cytoskeleton consists of a large amount 
of actin (Mr = 42,000) that comprises approximately 25% of total 
platelet protein.39 Other platelet cytoskeletal proteins, such as 
tropomyosin and a-actinin, are present in lower amounts (2% 
to 5% of total platelet protein).40–43 The actin exists in soluble, 
monomeric (G-actin), and filamentous (F-actin) forms and con-
nects to both the membrane skeleton and the microtubules.15 In 
resting platelets, approximately 40% of actin is in microfilaments, 
which are dispersed throughout the cytoplasm and obscured by 
their small size and the many other subplatelet structures present, 
such as granules.44 The intermediate filaments are more stable, 
resistant structures, rich in vimentin, that appear to bear tension 
within the cytoplasm.32

Platelet stimulation results in profound changes in cytoskeletal 
organization. Morphologically, platelets rapidly lose their discoid 
shape, become rounded, and extend filopodia.45,46 With the 

FIGURE 16.2. Scanning electron micrograph of unstimulated human platelets. Most 
are discoid (d  ) in shape. Many surface indentations, indicated by arrows, are present; these 
correspond to openings of the surface-connected canalicular system to the external milieu. 
Magnification ×15,000. (Data from Stenberg PE, Shuman MA, Levine SP, Bainton DF. Optimal 
techniques for the immunocytochemical demonstration of b-thromboglobulin, platelet factor 4, 
and fibrinogen in the alpha granules of unstimulated platelets. Histochem J 1984;16:983–1001.)

FIGURE 16.3. Diagram of a human platelet dis-
playing components visible by electron micros-
copy and cytochemistry. In addition to membranous 
components (plasma membrane, surface-connected 
canalicular system, and dense tubular system), mito-
chondria, microtubules, and glycogen, four types of stor-
age organelles are identified: a-granules, dense bodies, 
lysosomes, and microperoxisomes. Whereas the first two 
can be identified morphologically, microperoxisomes and 
lysosomes are recognizable only by cytochemical stains. 
(From Bentfeld-Barker ME, Bainton DF. Identification of 
primary lysosomes in human megakaryocytes and plate-
lets. Blood 1982;59:472–481, with permission.)
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rise in intracellular calcium, the proportion of F-actin increases 
rapidly to 60% or 70%.46 Actin monomers polymerize into fila-
ments at platelet peripheries,45,47 and bundles of new filaments 
form to fill developing filopodia.48–50 Phosphorylation of myosin 
light chain results in binding of myosin to actin,51,52,53 providing 
the tension required for granule centralization and retraction of 
filopodia.54 Additional proteins, such as talin and surface aIIbb3, 
join the developing electron-dense actin filaments, and the struc-
ture is remodeled through the action of an associated calcium-
dependent protease, calpain.55 The sum of these events in platelet 
function is critical because the combination of various additions, 
rearrangements, and remodeling steps underpins shape change 
and spreading (filopodia and lamellipodia formation), along with 
platelet secretion and clot retraction.

Microtubules
A circumferential microtubule band that supports the discoid form 
of the platelet33,34 is made of two nonidentical subunit proteins  
(a- and b-tubulin), associated with microtubule-associated pro-
teins. The 25-nm-diameter microtubule coil lies adjacent to, but 
does not touch, the plasma membrane.56 Platelet microtubules 
comprise 13 protofilaments of ab tubulin dimers and are primar-
ily polymerized in unstimulated platelets. Platelet activation results 
in microtubule disassembly and then reassembly; such altera-
tions in the marginal microtubule bundle result in platelet shape 
changes.56 Microtubules appear to be key determinates of platelet 
size57 and may be disorganized in giant platelet disorders.58

Platelet Granules and Organelles
Platelets possess secretory granules and mechanisms for 
cargo release to amplify responses to stimuli and influence the 

 surrounding environment. Platelet granule structures include 
a- and dense granules, lysosomes, and peroxisomes. a-Granules 
and the dense bodies are the main secretory granules that release 
cargo (e.g., fibrinogen and adenosine diphosphate [ADP]) upon 
platelet activation.

Platelet granule secretion begins with a dramatic increase in 
platelet metabolic activity, set off by a wave of calcium release and 
marked by increased adenosine triphosphate (ATP) production.59 
After platelet stimulation by agonists, a “contractile ring” devel-
ops around centralized granules,5,6 the granules fuse with the 
surface membranes, and then they extrude their contents.60 The 
molecular events underlying platelet granule release involve many 
of the same proteins and processes observed in other systems of 
membrane docking, fusion, and extrusion.61,62 Granule secretion 
in platelets is a graded process that depends on the number, 
concentration, and nature of the original stimulus/stimuli, either 
strong (e.g., thrombin and collagen) or weak (e.g., ADP and  
epinephrine).62

a-Granules
a-Granules, with a cross-sectional diameter of approximately 
300 nm and numbering approximately 50 per platelet, are 
the predominant platelet granules.63 They are approximately 
spherical in shape, with an outer membrane enclosing two 
distinct intragranular zones that vary in electron density. The 
larger, electron-dense region is often eccentrically placed and 
consists of a nucleoid material that is rich in platelet-specific 
proteins such as b-thromboglobulin.64 The second zone, of 
lower electron density, lies in the periphery adjacent to the 
granule membrane and contains tubular structures with adhe-
sive GPs such as von Willebrand factor (vWF) and multimerin, 

FIGURE 16.4. Ultrastructure of unstimulated human platelets. Membranous organelles, 
including the surface-connected canalicular system (SCCS ) and dense tubular system (DTS ), 
and cytoplasmic organelles, including mitochondria (M ), a-granules (G ), dense bodies (DB ), 
coated vesicles (CV ), and glycogen (GLY ), are visualized at the ultrastructural level. Microtubules 
(MT ) are present as cross-sectional and longitudinal profiles at the poles of the discoid platelets. 
Magnification ×46,000. Bar = 0.5 mm.

FIGURE 16.5. Human platelet cytoskeletons prepared by simultaneous fixation and 
lysis in Triton X-100 detergent. Single actin filaments, indicated by short arrows, course 
throughout the platelet cytoplasm. Clusters of filaments, indicated by long arrows, also are pres-
ent. Note the microtubule coils at the platelet peripheries (arrowheads ). Magnification ×30,000. 
(From Boyles J, Fox JEB, Phillips DR, Stenberg PE. Organization of the cytoskeleton in resting, 
discoid platelets: preservation of actin filaments by a modified fixation that prevents osmium 
damage. J Cell Biol 1985;101:1463–1472, with permission.)
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along with factor V.65,66,67 Platelets take up plasma proteins and 
store them in their a-granules.68,69,70 Select a-granule proteins 
are discussed below and listed in Table 16.2.

Three proteins, b-thromboglobulin, PF4, and thrombospon-
din, are synthesized in megakaryocytes and highly concentrated 
in a-granules. The first two, b-thromboglobulin and PF4, show 
homology in amino acid sequence and share the additional 
features of localization in the dense nucleoid of a-granules, 
heparin-binding properties, and membership in the CXC family 
of chemokines.14,71–74 Together, they constitute approximately 
5% of total platelet protein, and they can serve as useful markers 
for platelet activation in serum or plasma.75,76 Thrombospondin 
may comprise up to 20% of the total platelet protein released in 
response to thrombin, and likely participates in multiple biologic 
processes.77,78

vWF is also synthesized by megakaryocytes and is pres-
ent in the tubular structures of the a-granule peripheral zone, 
similar to its localization within Weibel-Palade bodies of vas-
cular endothelial cells.66,79 Factor V and multimerin, a factor  
V/Va–binding protein,67,80 co-localize with vWF in platelets but 
not in endothelial cells. Fibrinogen is also found in a-granules, 
but is incorporated actively from plasma and not synthesized 
by megakaryocytes.69 In fact, small amounts of virtually all 
plasma proteins, such as albumin, immunoglobulin G (IgG), 
fibronectin, and b-amyloid protein precursor, may be taken 
up into the platelet a-granules.79,81–83 a-Granules also contain 
many growth factors, including platelet-derived growth factor, 
transforming growth factor-b1 (TGF-b1), and vascular endothe-
lial growth factor. These signaling molecules may contribute 
to the mitogenic activity of platelets.84,85 A role for platelet 
a-granule proteins in angiogenesis has been recently reported. 
Both pro- (e.g., VEGF) and antiangiogenesis proteins (e.g., 
endostatin) are stored within a-granules. How populations of 
angiogenesis regulatory proteins may be selectively compart-
mentalized and released from platelets is an area of active 
investigation.86,87,88–90 Likewise, the activation and functions of 
platelet-derived TGF-b1 in cardiac fibrosis and other conditions 
have been described.91,92

Platelet a-granules serve as an important reservoir for aIIbb3 
that contributes significantly to the surface fibrinogen receptors 
present on activated platelets.93,94,95 The a-granule membrane 
protein, P-selectin (granule membrane protein-140) is trans-
located to the plasma membrane after platelet activation.96,97 
Finally, a number of additional proteins have been located to the 
surface of a-granules alone, including CD9, platelet endothelial 
cell adhesion molecule-1 (PECAM-1), Rap 1b, GPIb-IX–V, and 
osteonectin98–100 (Table 16.2).

The platelets and megakaryocytes of patients with gray platelet 
syndrome have decreased numbers of a-granules and reduced 
levels of some proteins. It is proposed that there is incorrect tar-
geting of a-granule proteins to the a-granule in the megakaryocyte 
in this disease.101,102

Dense Bodies
Dense bodies, numbering approximately five per platelet, are excep-
tionally electron-dense and easily distinguished by electron micros-
copy because of their distinctive “bull’s-eye” appearance.103,104 
With an approximate diameter of 250 nm, these granules contain 
a large reservoir of ADP, a critical agonist for platelet activa-
tion that amplifies the effect of other stimuli.132 In addition to 
this nonmetabolic pool of ADP, the dense bodies are rich in ATP, 
pyrophosphate, calcium, and serotonin (5-hydroxytryptamine), 
with lesser amounts of guanosine triphosphate (GTP), guanosine 
diphosphate (GDP), and magnesium.74 The adenine nucleotides are 
synthesized and segregated by megakaryocytes, whereas serotonin 
is incorporated into dense granules from the plasma by circulating  
platelets.133,134,135 There is more ADP than ATP in dense bodies, 
and both can lead to adenosine monophosphate (AMP). In turn, 
AMP can be dephosphorylated to adenosine or cyclized to produce 
cyclic AMP, an inhibitor of the platelet-stimulatory response. The 
dense granule membrane contains P-selectin and granulophysin.136

Lysosomes
Lysosomes are small, acidified vesicles, approximately 200 nm 
in diameter,105 that contain acid hydrolases with pH optima 
of 3.5 to 5.5, including b-glucuronidase, cathepsins, aryl  

Major PlaTeleT CyToSkeleTal ProTeiNS

Protein Molecular Weight Principal Known Function

Actin 42,000 Major protein constituent of microfilaments; 30% of platelet 
protein; F-actin binds myosin.

Myosin II 500,000 Binds actin; phosphorylation of light chains contracts  
microfilaments; 4% of platelet protein.

Talin 235,000 Interacts with a-actinin, vinculin; 2% of platelet protein.

Vinculin 130,000 Interacts with talin; links to actin.

a-Actinin 102,000 Dimer forms a gel with F-actin; promotes actin polymerization.

Actin-binding protein 
(filamin 1)

260,000 Cross-links actin filaments; links membrane skeleton with 
 glycoprotein Ib-IX complex.

Gelsolin 91,000 Caps and severs actin filaments.

Thymosin b4 5,000 Binds 1:1 with G-actin monomer and inhibits its polymerization.

Profilin 15,200 Binds 1:1 with G-actin and inhibits its polymerization; adds 
adenosine triphosphate.

Tropomyosin 28,000 Binds groove on certain F-actins.

Caldesmon 80,000 Regulates actomyosin ATPase and actin bundling.

Myosin light chain kinase 105,000 Phosphorylates myosin, activates its ATPase, and causes 
contraction.

Calmodulin 17,000 Binds four Ca2+; activates myosin light chain kinase.

ATPase, adenosine triphosphatase.

taBLe 16.1
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sulfatase, b-hexosaminidase, b-galactosidase, heparitinase, and 
b-glycerophosphatase. Additional proteins found in lysosomes 
include cathepsin D and lysosome-associated membrane proteins 
(LAMP-1/LAMP-2), which are expressed on the plasma membrane 
after activation).106,107 Lysosomal constituents are released more 
slowly and incompletely (maximally, 60% of the granules) than 
a-granules or dense-body components after platelet stimulation, 
and their release also requires stronger agonists such as thrombin 
or collagen.

Organelles: Microperoxisomes, Coated Vesicles, 
Mitochondria, and Glycogen
Peroxisomes are rare, small (90 nm in diameter) granules, demon-
strable with alkaline diaminobenzidine as a result of their cata-
lase activity.108 The structure may participate in the synthesis of 
platelet-activating factor.109

Mitochondria in platelets are similar, with the exception of 
their smaller size, to those in other cell types. There are approxi-
mately seven per human platelet, and they serve as the site for 
the actions of the respiratory chain and the citric acid cycle.110 
Glycogen is found in small particles or in masses of closely associ-
ated particles, playing an essential role in platelet metabolism.111

platelet Biochemistry and Metabolism

Composition
The platelet is composed of approximately 60% protein, 15% lipid, 
and 8% carbohydrate by dry weight. Platelet minerals include mag-
nesium, calcium, potassium, and zinc. Platelets contain substantial 
amounts of vitamin B12, folic acid, and ascorbic acid.112 The con-
centrations of sodium and potassium within the platelet are 39 and 
138 mEq, respectively.113 This gradient against plasma, apparently 
distributed in two discrete metabolic compartments, is maintained 
by an active ion pump, which derives energy from a membrane 
ATPase of the ouabain-sensitive, Na+/K+-dependent type.114

Unstimulated platelets maintain a low cytoplasmic Ca2+ con-
centration (∼100 to 500 nmol/L) by limiting Ca2+ transport from 
plasma and promoting active efflux of this ion from the cell.115 
Two pools of calcium are present in platelets: a rapidly turning 
over cytosolic pool regulated by a sodium-calcium antiporter in 
the plasma membrane and a more slowly exchanging pool regu-
lated by Ca2+/Mg+-ATPase and sequestered in the dense tubular 
system.116 Platelets are therefore able to transport calcium from 
the cytosol by moving it against a gradient into the extracellular 
space or by sequestration in the dense tubular system.

a-Granule Protein Comments Amount/109 Platelets Concentration in Platelets >Plasma

Coagulant Proteins

Fibrinogen Critical ligand for aggregation 140 mg 3× conc. platelets >plasma

Factor V Critical cofactor for coagulation 4 mg 30× conc. platelets >plasma

Platelet-Specific Proteins

Platelet factor 4 Marker for platelet activation 12 mg 20,000× conc. platelets >plasma

b-Thromboglobulin Marker for activation 10–20 mg 20,000× conc. platelets >plasma

Mitogenic and Angiogenic Factors

Platelet-derived growth factor Smooth muscle mitogen 30–100 ng

Transforming growth factor-b Complex activation pathway; binds 
thrombospondin

Vascular endothelial growth factor Relatively high concentrations in 
platelets

Adhesive Glycoproteins and a-Granule Membrane-Specific Proteins

Thrombospondin Multiple complexes 40 mg 20,000× conc. platelets >plasma

von Willebrand factor (vWF) Role in adhesion 0.3 mg 100× conc. platelets >plasma

Multimerin Binds factor V; resembles vWF- binding 
factor VIII; has RDG sequence

P-selectin Mediates platelet–leukocyte binding 20,000 copies on activated platelets

Dense Granule Constituent Comments

Concentration in Granules 
(nmol/mg Dense Granule 
Protein) Percent Secreted

Adenosine diphosphate Highly concentrated; a critical 
 mediator of aggregation

630 95% secreted with platelet activation

Adenosine triphosphate 440 40% released with activation

Calcium 2,630 70% secreted with activation

Serotonin 100 95% released with activation

conc., concentration.
Note: A number of additional elements are released or secreted from within the platelet. For example, a-granules also contain the major platelet surface glycoproteins (GPs) GPIIb–IIIa and GPIb-
IX along with albumin and immunoglobulin G, adhesive glycoproteins (fibronectin, vitronectin), fibrinolytic components (a2-antiplasmin, plasminogen activator), and coagulation-related proteins 
(high-molecular-weight kininogen, a2-macroglobulin). In addition, dense granules contain guanosine triphosphate/guanosine diphosphate and high concentrations of pyrophosphate, phosphate, 
and magnesium, much of which is secreted with activation. A number of additional proteins are present, some released and some retained in the platelet cytosol, such as a subunit of factor XIII, 
amyloid b-protein precursor, protease nexin I, and tissue factor pathway inhibitor.

Major PlaTeleT GraNular CoNSTiTueNTS SeCreTed WiTH aCTivaTioN

taBLe 16.2
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Energy Metabolism and Generation of ATP
There are several similarities between the energy metabolism of 
the platelet (Fig. 16.6) and that of skeletal muscle. Both involve 
active glycolysis and the synthesis and use of large amounts 
of glycogen,117 and in both, the major mediator of intracellu-
lar energy use is an actomyosin-like ATPase. The platelet, like 
muscle, is metabolically adapted to expend large amounts of 
energy rapidly during aggregation, the release reaction, and clot 
retraction.

The major energy source for the platelet is glucose, which 
is rapidly taken up from the plasma (Fig. 16.6, Step 1). Under 
basal conditions, 40% to 50% of the absorbed glucose is used to 
provide energy for synthetic functions or is converted into glyco-
gen. Electron microscopy reveals prominent masses of glycogen 
in some platelets. The glycolytic pathway with its regulatory 
enzymes (phosphorylase, pyruvate kinase, hexokinase, phospho-
fructokinase, and glyceraldehyde 3-phosphate dehydrogenase),117 
the citric acid cycle, the pentose phosphate shunt, and the NAD–
NADH (nicotinamide adenine dinucleotide–nicotinamide adenine 
dinucleotide [reduced form]) system are all active in the platelet. 
Ninety-eight percent of platelet pyruvate is converted to lactate, 
which leaves the platelet.118–119,120 In addition to glycolysis, plate-
lets contain enzymes for oxidative phosphorylation and fatty acid 
oxidation (Fig. 16.6, Step 2).121,122

ATP production in platelets is affected greatly by the sus-
pending medium, chelating agents, and in vitro manipulation  
of platelets. In plasma, oxidative ATP production by unstimulated 
platelets is predominant, and all ATP formed by oxidative phos-
phorylation may be the product of b-oxidation of fatty acids;123 
glycogen turnover, the hexose monophosphate shunt, and the 
citric acid cycle are virtually inactive.120 Glycolysis is capable 
of completely compensating for reduced ATP production when 
oxidative phosphorylation is inhibited. Platelet stimulation by 
agents that induce aggregation and release is associated with a 
marked increase in metabolic activity involving glycogenolysis,124 
as well as with glycolysis and oxidation to varying degrees.117,125 
The total amounts of ATP synthesized by the two pathways are 
approximately equal because of the greater ATP yield per mole 
of glucose provided by oxidation.118,122 ATP energy is used in 
unstimulated platelets to maintain homeostatic levels of H+, K+, 
Na+, and Ca2+.126,127

Nucleotide Metabolism and the Nonmetabolic Role 
for ADP
Adenine nucleotides constitute 90% of free platelet nucleotides 
and are partitioned into at least two different pools, which 
undergo minimal interchange (Fig. 16.6).97 The metabolic or 

FIGURE 16.6. Simplified scheme of platelet energy metabolism. Platelet energy is derived from the metabolism of glucose and, to a lesser extent, from the 
metabolism of fatty acids. Energy is provided in approximately equal amounts by glycolysis and the citric acid cycle. The platelet energy reserve is provided by the 
metabolic pool of platelet nucleotides that is in a state of continuous turnover. This energy is used for the maintenance of the platelets’ structural integrity and in  
the reactions accompanying the response of platelets to stimuli. The granule-bound storage (nonmetabolic) nucleotide pool is discharged during the release reaction. 
ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; IMP, inosine monophosphate. (Adapted from Hirsh J, Doery JCG. Platelet 
function in health and disease. Prog Hematol 1972;7:185–234.)
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cytoplasmic pool makes up 40% of total adenine nucleotides; it is 
used for the maintenance of various energy-consuming cell func-
tions and is retained during platelet release. In large part made 
up of ATP, this pool is constantly turning over, as revealed by the 
rapid incorporation of 14C-adenine and 32P-phosphate into ATP. 
In unstimulated platelets, the relative concentrations of metabolic 
AMP, ADP, and ATP are maintained by the enzyme adenylate 
kinase (Fig. 16.6, Step 3).128

The storage pool, which is present in the dense bodies, con-
tains approximately two-thirds of the total platelet nucleotides, 
mainly in the form of ADP and ATP.129 It is metabolically inactive, 
does not rapidly incorporate exogenous adenine or phosphate, 
and equilibrates slowly with the metabolic pool.130 Nucleotides in 
this pool are extruded from the platelet during the release reac-
tion (Fig. 16.6, Step 4) and cannot be replenished after release. 
ATP hydrolysis is required for conversion of G-actin to F-actin, 
and the resultant ADP becomes associated with F-actin; this small 
percentage of platelet ADP bound to actin constitutes one-third of 
the nucleotide compartment.131 Perhaps as much as 40% of all 
ATP produced is used during the process of actin treadmilling,132 
and as much as 7% is used in the turnover of the phosphoinositi-
des PIP and PIP2.133

The ATP that is broken down to provide energy for the 
release reaction is not rephosphorylated; rather, it is irreversibly 
degraded to hypoxanthine (Fig. 16.6, Step 5), which diffuses out 
of the cell.128 This reaction also proceeds slowly in stored normal 
platelets.170 Hypoxanthine in the plasma may be reincorporated 
slowly into metabolic AMP by the salvage pathway (Fig. 16.6, 
Steps 6 and 7).129,134 Platelet stimulation results in marked activa-
tion of ATP-producing pathways.135 The steady-state level of ATP 
decreases and hypoxanthine accumulates. In addition, a transient 
but greatly increased uptake of phosphate by platelets occurs.136 
Although ATP-requiring processes are activated by platelet stimu-
lation, it is unknown whether or how these are coupled to signal 
processing in platelets.

Lipid Composition and Metabolism and  
the Generation of Arachidonic Acid
Phospholipids constitute 80% of total platelet lipid, with neutral 
lipids and glycolipids comprising the remainder.137 The five major 
phospholipids identified in human platelets are phosphatidylcho-
line (PC, 38% of total phospholipids), phosphatidylethanolamine 
(PE, 27%), sphingomyelin (17%), PS (10%), and phosphatidylino-
sitol (PI, 5%).8 Studies of platelet subcellular fractions reveal that 
57% of total human platelet phospholipids are present in the 
plasma membrane.138 Most of the negatively charged phospholip-
ids (i.e., PE, PI, and PS) are contained in the inner leaflet,138–140 an 
asymmetric arrangement that prevents inappropriate coagulation 
by sequestering the phospholipids that accelerate plasma coagula-
tion (mainly PS) away from the platelet surface. This asymmetry 
collapses when platelets are activated.141 These same phospho-
lipids (i.e., PS and PE, which interact with coagulation proteins) 
redistribute with platelet activation and are thereby exposed 
on the surface to function in promoting clot formation.142 The 
asymmetric distribution of phospholipids on the platelet surface 
appears to be maintained by one or more membrane scramblase 
enzymes; and a “floppase” has been proposed to reverse the phos-
pholipid asymmetry with activation.

Almost all platelet fatty acids are esterified in phospholipids, 
leaving only trace amounts in the free form. Platelet phospholipids 
are enriched in arachidonate, the precursor of prostaglandins, 
at their “sn-2” position.143 After agonist stimulation, phospho-
lipase A2 activity rises, and arachidonic acid is released from 
membrane phospholipids, predominantly PC.144,145,146 After 
release, arachidonic acid is oxygenated to form the cyclic endo-
peroxide intermediate, PGH2, by cyclo-oxygenase-1, which leads 
to TxA2 formation.143 The lipoxygenase pathway accounts for a 

small  proportion of arachidonate metabolism, producing mainly 
12-HETE (12-hydroxyeicosatetraenoic acid).

Neutral lipids, mainly cholesterol, make up approximately 28% 
of total platelet lipids. Cholesterol is a major constituent of platelet 
membranes and is also present in the platelet cytoskeleton.147 It is 
synthesized by megakaryocytes but not by platelets. Finally, neu-
tral glycolipids, gangliosides, and ceramides have been detected 
in platelets.179

platelet Microparticles and Kinetics

Microparticles
Platelet microparticles are tiny structures rich in surface PS that 
are generated during platelet activation and can contribute signifi-
cantly to the acceleration by platelets of plasma coagulation, spe-
cifically factor Xa and thrombin generation.148 The composition 
of microparticles varies with the agonist or stimulus (C5b-9, iono-
phore A23187, thrombin, tissue factor, shear) involved in their 
formation,149,150 and have been found to bind factors Xa, VIII, 
and Va, along with protein S.151,152 Physiologically, microparticles 
appear to be an important contributor to procoagulant activity as 
their defect in patients is associated with clinical bleeding.153,154

Platelet Heterogeneity
The normal platelet count varies between 150,000 and 400,000/ml, 
and normal platelet size (mean platelet volume) varies between 7.5 
and 10.5 fl. Platelets are released into the blood from long proplate-
let extensions of megakaryocytes.155 Young platelets, that is, those 
recently released by megakaryocytes, are larger and more dense, 
and undergo remodeling in circulation, in part by shedding some 
of their surface components. Macrothrombocytopenias may reflect 
a disturbance in the steps of platelet production,156 and the prop-
erties of large platelets may reflect unique attributes of platelets 
recently released from the marrow or proplatelets produced under 
conditions of accelerated or abnormal production.

Platelet Distribution and Survival Kinetics
Labeling
Platelets labeled with 51Cr (chromate) have been used to estimate 
platelet lifespan in humans at 8 to 12 days,157 and the method 
has been widely validated.158 Other methods reported for platelet 
labeling include 111In (indium) chelated with 8-hydroxyquinoline 
and 32P-labeled diisopropylfluorophosphate, 68Ga (gallium).159 
Platelet labeling is not commonly used for clinical evaluations, but 
all of the published studies give the same approximate values for 
distribution and survival.

Distribution
Approximately one-third of the total platelet mass appears to 
pool in the spleen. The splenic pool exchanges freely with the 
platelets in the peripheral circulation. Transfusion of 51Cr-labeled 
platelets into normal subjects results in approximately two-
thirds remaining in the circulation—in contrast to nearly 100% 
in splenectomized patients.160,161 In addition, administration of 
epinephrine, which evacuates platelets from the spleen, increases 
the peripheral platelet count 30% to 50%.162 Platelet counts in 
asplenic patients are not affected by epinephrine. Some stud-
ies suggest that the splenic pool consists of the youngest, larg-
est platelets. The mechanism of splenic sequestration has been 
hypothesized to result from a longer transit time through the 
splenic cords (which platelets enter because of their small size) or 
from binding to the reticular and endothelial cells of the spleen.163 
Pathophysiologic states can result in 80% to 90% of platelets being 
sequestered in the spleen, resulting in thrombocytopenia. Release 
of platelets from the lungs after intracardiac administration of 
epinephrine has been reported.164 Also, platelet counts rise after 
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vigorous exercise, and this rise is not affected by splenectomy.165 
This nonsplenic pool represents approximately 16% of the total 
platelet mass.

Life Span
Platelet life span, based on the time required to clear labeled 
platelets from the circulation, has been estimated to be 8 to 
12 days in humans. In steady state, when platelet production 
equals destruction, platelet turnover has been estimated at 1.2 
to 1.5 × 1011 cells per day.160,166 Recommendations for esti-
mation of platelet lifespan have been published by the Panel 
on Diagnostic Application of Radioisotopes in Hematology, 
International Committee for Standardization in Hematology,166 
and multiple models for analysis of platelet lifespan have been 
proposed.167 As discussed above, platelets may be removed from 
circulation by pooling in the spleen,161 the liver, and the lung.164

Platelet life span is regulated by Bcl-2 proteins.168,169 Platelet 
Bcl-x(L) is required for survival by suppressing Bak. Bak activa-
tion results in classic apoptosis pathways that result in mitochon-
drial damage, caspase activation, and PS exposure. Platelets from 
Bak-deficient animals live longer than normal,169 indicating a 
predetermined program of platelet death.

Interactions beyond platelets: the Coagulation 
System

Platelet Interactions with the Plasma Coagulation 
System
Activated platelets accelerate thrombin generation. The produc-
tion of factor Xa and thrombin is the result of the coagulation 
“cascade” in which a series of successive calcium-dependent 
complexes is generated by the extrinsic and intrinsic pathways.170 
The complex development occurs primarily on phospholipid 
surfaces.171,172 Soluble Xa binds avidly to Va on the surface of 
activated platelets, indicating that the surface of activated plate-
lets is likely a major site for coagulation reactions.173 The precise 
elements involved in “platelet-based coagulation” remain to be 
elucidated. Platelet-bound VIIIa may serve as a binding site for 
IXa and, in addition to factor Va, the effector cell protease recep-
tor-1 (EPR-1) has been identified as a factor Xa–binding site. An 
additional receptor(s) for IXa may also exist. Whether specific 
receptors for VIIIa and Va exist or if they bind to exposed PS is 
not entirely established. Unlike factor V, it is not clear if factor VIII 
is present within resting, unactivated platelets. Platelets do not 
appear to take up significant amounts of plasma vWF with bound 
factor VIII—a clear difference from their active uptake of plasma 
fibrinogen.70

Thrombin can activate factor XI, particularly on platelet sur-
faces or in the presence of proteoglycans.174,175 In this instance, 
traces of thrombin, generated through tissue factor from sites 
of cellular injury, activate plasma factor XI (bound to platelets 
through the presence of prothrombin itself), which, in turn, 
activates plasma factor IX and leads to a subsequent dramatic 
increase in thrombin production.176–178 Such a sequence of events 
is favored by the presence of platelets that protect any surface-
bound reactants from soluble inhibitors. The process may also 
conserve a small amount of initial thrombin by linking it to immo-
bilized protein substrates, away from plasma inhibitors.178 The 
data are consistent with the clinical observation that the amount 
of platelet factor XI, rather than plasma factor XI, determines 
the bleeding severity in deficient patients, and the information 
explains how factor XI can be activated regardless of other contact 
factors.179,180

This work illustrates that platelets play a multifaceted role in 
coagulation and emphasizes the fundamental difference between 
resting platelets with no ability to accelerate coagulation and 
agonist-activated platelets, which are intensely active participants. 

Both intact platelets and platelet microparticles may contribute to 
these processes. Regardless of the exact mechanisms involved, the 
binding of any coagulation factor to a high-affinity binding site on 
the platelet plasma membrane concentrates that factor locally and 
can orient it with respect to other factors. Also, multiple studies 
show that platelet surface–bound coagulation proteins are gener-
ally protected from their usual plasma inhibitors.181 Finally, such 
binding (e.g., factor Xa to activated platelets) can facilitate the 
rapid delivery of a potent coagulant and potential agonist to a site 
of vessel injury, where it may be most valuable in hemostasis.

Platelet Forms of Plasma Proteins
Three factors (factor V, fibrinogen, and vWF) found in platelet 
a-granules contribute significantly to coagulation (Table 16.3). 
Platelets have particularly large amounts of fibrinogen, which 
they do not synthesize, and lesser amounts of vWF, which they 
do. The origin of FV appears to be a combination of incorporation 
from plasma and de novo synthesis in megakaryocytes. The bulk 
of FV (20% of total factor V in blood) is located in the a-granules, 
and the thrombin-activated form, factor Va, is the major secreted 
platelet phosphoprotein.182,183 The distinct and critical role of FV 
in hemostasis is underscored by the findings in two kindreds of 
factor V Quebec, in which a selective defect in a-granule factor V 
(plasma factor V is nearly normal), probably due to excessive 
granule-based proteolysis, is accompanied by a severe bleeding 
diathesis.184,185 Platelet fibrinogen constitutes up to 10% of total 
platelet protein.186,187 Platelet vWF is present in relatively large 
amounts in a-granules, and may play a role in platelet adherence 
to subendothelium.188

Other Platelet-associated Coagulation Factors
The numerous platelet proteins that participate in plasma coagu-
lation are listed in Table 16.3. Several additional plasma coagula-
tion factors are associated with platelets, along with a variety of 
coagulation inhibitors as noted in the following.

FXIII is contained in the cytosol and is not organelle- 
associated; it is a fully active subunit of plasma factor XIII. FXIII 
makes up 50% of the total amount of factor XIII activity in blood. 
It has been suggested that it provides a subunit for plasma 
factor  XIII.189 High-molecular-weight kininogen is present in 
a-granules and is secreted and expressed on the platelet plasma 
membrane after thrombin activation.190 Platelets contain 2.5% 
of protein S found in whole blood. This protein is synthesized 
in megakaryocytes, stored in a-granules, and released from 
platelets on thrombin stimulation.191 Additionally, platelet-dense 
granules contain polyphosphate at a concentration of approxi-
mately 130  mM,192 which is released upon platelet activation. 
Polyphosphate, a highly anionic polymer, activates the contact 
pathway, heightens Va activation, and accelerates thrombin gen-
eration.193,194 Polyphosphates also incorporate into fibrin clots 
and may alter clot structure.194

protease Inhibitors
All known plasma protease inhibitors195 are also localized to 
platelet a-granules. These include a1-protease inhibitor, a2-mac-
roglobulin, C1 inhibitor, a2-antiplasmin, plasminogen activator 
inhibitor-1, lipoprotein-associated coagulation inhibitor, protease 
nexin I (thrombin inhibitor), and protease nexin II (factors IXa 
and XIa inhibitors).

Clot retraction
When whole blood is placed in a glass tube and simply left to 
clot for several hours at ambient temperature, clear serum is 
expressed from the bulk of the fibrin–red cell mass as platelets 
exert their global contractile potential.196 Clot retraction in vitro 
requires the major surface integrin aIIbb3 (or GPIIb–IIIa)197 and 
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contractile proteins actin and myosin, including the non-muscle 
myosin heavy chain IIA.198 Integrin activation by talin is required 
for clot retraction,199 However, beyond these broadly based stud-
ies, relatively few additional details are available to translate this 
dramatic laboratory event into a physiologic mechanism.

PlaTeleT adHeSioN aNd acTivaTioN
Primary hemostasis and arterial thrombosis are the results of 
a complex series of cell–cell, cell–protein, and protein–protein 
reactions that involve platelets, leukocytes, endothelium, suben-
dothelial matrix, and plasma proteins, such as fibrinogen, vWF, 
and others. The consequences of arterial thrombosis include such 
events as myocardial infarction (MI), unstable angina, and stroke. 
These clinicopathologic entities and their associated cellular 
physiologic mechanisms that are outlined in this chapter, collec-
tively account for the largest cause of morbidity and mortality in 
the Western world.

Platelet adhesion to exposed subendothelium is a complex 
multistep process that involves a diverse array of adhesive ligands 
(vWF, collagen, fibronectin, thrombospondin, and perhaps lam-
inin) and surface receptors (GPIb/V/IX, GPVI, integrins aIIbb3, 
a2b1, a5b1, and a6b1).200,201,202,203 The specific ligand/receptor 
players in primary platelet adhesion are largely dependent on the 
arterial flow conditions present.204 As such, in larger arteries and 
veins, platelet adhesion to the vessel wall is thought to involve 
fibrillar collagen, fibronectin, and laminin. There are at least 25 
forms of collagen, and several of these are present in the blood 
vessel wall, while one (type IV) is present in the subendothelial 
basement membrane.205,206 In high shear conditions, platelet 
tethering is dependent on the unique shear-dependent interac-
tion between GPIb/V/IX and subendothelial vWF, derived either 
from plasma or released by endothelial cells and/or platelets.207 
A tether forms between GPIb and vWF that either halts platelet 
movement or reduces it such that other interactions can proceed. 
Subsequent interactions are mediated by GPVI binding to glycine-
proline-hydroxyproline sites on collagen and perhaps to exposed 
laminin.207 The interaction of GPVI with collagen strongly acti-
vates platelets such that integrins, including a2b1 and aIIbb3 
(GPIIb–IIIa), can engage in high-affinity interactions with ligands.

Following initial platelet adhesion, subsequent platelet–
platelet interactions are initially mediated by two receptors, 

GPIb/V/IX and aIIbb3, and their respective contributions are 
dependent on the flow conditions present. In high shear stress 
conditions, GPIb/V/IX receptor and vWF ligand action are 
predominant, with fibrinogen playing a stabilizing role. At low 
shear conditions, fibrinogen is thought to be the primary ligand 
supporting platelet plug formation through its interaction with 
aIIbb3, although thrombus formation can take place in the 
absence of vWF and fibrinogen, so other ligands may also be 
involved.208

platelet Glycoprotein Ib Complex–von Willebrand 
Factor Interaction and Signaling
The interaction of the platelet GPIb “complex” (the polypeptides 
GPIba, GPIbb, GPIX, and GPV) with its primary ligand, vWF, is 
the receptor–ligand pairing that initiates platelet adhesion fol-
lowed by a cascade of events leading to pathologic thrombosis 
or physiologic hemostasis. A unique aspect of this receptor–
ligand interaction is that it requires the presence of high arterial 
shear rates to take place, thus explaining the predisposition of 
platelet-rich “white clots” in the arterial circulation over clots 
found in the venous circulation, with its relatively lower shear 
forces, in which clot formation takes place independent of the 
GPIb complex.

The GPIb complex consists of four transmembrane sub-
units, each of which is a member of the leucine-rich repeat 
protein superfamily that participates in cell–matrix interactions 
throughout nature. Each of the four subunits contains one or 
more tandem, 24–amino acid leucine-rich repeats flanked by 
conserved disulfide loop structures at both the N and C termini 
of the repeats.209 GPIba is covalently associated with the GPIbb 
chain through disulfide linkage of cysteine residues, and both 
of these chains are noncovalently associated with GPIX in a  
1:1 ratio and with GPV in a 2:1 ratio (Fig. 16.7). GPIb contains 
multiple O-linked carbohydrate groups with sialic acid residues. 
The complex appears as a long rod with globular domains by 
electron microscopy and is predicted to extend far out from the 
platelet surface, a feature which may make it sensitive to shear-
induced conformational changes.210

vWF is a large, multimeric GP that circulates in plasma and 
is also found in platelets and the Weibel-Palade bodies of endo-
thelial cells. Mature vWF is a 2,050–amino acid subunit that is 

Protein Amount Present
Subcellular 
Localization

Mechanism of Release  
or Exposure Proposed Function

Fibrinogen

 Total 5–25 mg/1011 plateletsa

 Surface-associated 0.3–10.0 mg/1011 plateletsb,c Adsorbed to platelet Not released Platelet aggregation by  adenosine 
diphosphate

 Intracellular 3–7 mg/1011 plateletsa Membrane a-granules Secretion Platelet aggregation by thrombin

Factor V 0.25–0.77 mg/1011 plateletsb a-Granules Secretion Receptor for factor Xa

von Willebrand factor 10–64 units/1011 platelets a-Granules Secretion Platelet adhesion

Factor XI 1.2–6.1 units/1011 plateletsa Platelet membrane Unknown Initiation of intrinsic coagulation

Factor XIII 50% of the total in blooda Cytosol Not released a Subunit of factor XIII

High-molecular-weight kininogen 60 mg/1011 plateletsd a-Granules Secretion Contact activation of coagulation

a Quantitation by bioassay.
b Quantitation by radioimmunoassay.
c Quantitation by electroimmunodiffusion.
d Quantitation by competitive enzyme-linked immunosorbent assay.

PlaTeleT-aSSoCiaTed CoaGulaTioN FaCTorS

taBLe 16.3
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disulfide linked into large multimers. It contains three adjacent 
A domains in the N-proximal half of the peptide that collectively 
regulate the adhesion of platelets to subendothelial matrix. In 
this respect, the A1 and A3 domains bind to different matrix col-
lagens, whereas the A1 domain contains the binding site for the 
GPIb complex.211 The A1 domain is the primary role player in 
platelet adhesion, because this part of the molecule is believed to 
change its conformation in response to immobilization and high 
shear forces, thus making it a high-affinity ligand for the GPIb 
complex receptor.212,213

The binding site for vWF is present in the N-terminal 282 
residues of GPIb. Important to the interactions are a cluster 
between residues Asp 252 and Arg 293 containing sulfated 
tyrosine residues and important anionic residues, a disulfide 
loop between Cys 209 and Cys 248, and an N-terminal flanking 
sequence of the leucine-rich repeats (LRG). Mutations involving 
single amino acid residues within these LRGs account for some 
cases of the congenital bleeding disorder Bernard-Soulier syn-
drome, in which the GPIb complex binds poorly, or not at all, to 
vWF. The crystal structure of the N terminus of GPIba in com-
plex with the A1 domain of vWF reveals an elongated complex 
with interactions of the globular A1 domain with the concave 
face of GPIba.214,215

Unlike other receptors, GPIb does not require platelet activa-
tion for its interactions with vWF. In vitro, the interactions of 
vWF and binding with the GPIb complex occur with generally 
very low affinity in the absence of shear. The presence of the 
vancomycinlike antibiotic ristocetin or viper venom proteins, 
such as botrocetin, promotes the interactions. Mobilization may 
uncoil vWF to promote interactions with GPIb.204 The addi-
tion of shear, in a parallel-plate flow system, results in platelet 

interaction with subendothelial vWF that occurs in a bipha-
sic fashion.216 Likewise, the rate of translocation of platelets 
from blood to the endothelial cell surface, which is dependent, 
increases linearly up to wall shear rates of 1,500 s−1, whereas 
the translocation rate remains relatively constant with the wall 
shear rate between 1,500 and 6,000 s−1. Thus, the presence 
of shear is important for promoting the interactions between 
the GPIb complex and vWF. Studies of real-time thrombus for-
mation in the absence of platelet GPIb complex and in blood 
from individuals with severe (type 3) von Willebrand disease217 
indicate that GPIb and vWF interaction are required for platelet 
surface interaction at high shear rates (>1,210 s−1), whereas 
GPIb deficiency results in poor platelet adhesion at lower shear. 
Shear accelerates thrombus formation likely by promoting this 
receptor–ligand interaction.

Glycoprotein Ib Complex Interaction with Thrombin 
and Other Molecules
The GPIb complex serves as an a-thrombin binding site on plate-
lets,218 although the physiologic relevance of the interactions is 
not clear. The density of GPIb complexes (∼20,000/platelet) far 
exceeds the number of thrombin binding sites reported on plate-
lets (∼6,000/platelet). Both exosites I and II of thrombin have 
been implicated in the interactions. Two independently solved 
crystal structures had significant differences.219,220 Involvement of 
exosite I could have important ramifications for thrombin activity, 
as most substrates need to bind exosite 1 to be efficiently cleaved. 
Thrombin binding may influence vWF interactions, although this 
has not been definitively established. Thrombin is also capable of 
cleaving GPV near the surface to release a soluble fragment.

FIGURE 16.7. Glycoprotein (GP) Ib complex. GPIba Disulfide linked to GPIbb is noncovalently associated with GPIX and GPV in the ratio of 2:2:2:1. Phosphoryla-
tion sites within the cytoplasmic tails of GPIba (Ser 609) and GPIbb (Ser 166) are indicated by a circled P. (From Berndt MC, Shen Y, Dopheide SM, et al. The vascular 
biology of the GP Ib-IX–V complex. Thromb Haemost 2001;86:180, with permission.)
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Studies have identified interaction of the GPIb complex with 
ligands other than vWF. These include a study of a reversible asso-
ciation of GPIb with P-selectin, which is examined in more detail in 
the section “Platelets and Endothelium.” The interaction of platelet 
GPIb with the neutrophil adhesion receptor aMb2 (Mac-1) is dis-
cussed in the section “Platelets and White Blood Cells.” Additionally, 
GPIb reportedly interacts with high-molecular-weight kininogen, 
factor XII, and factor XI.

Glycoprotein Ib Complex Signaling
When the GPIb complex interacts with its vWF ligand under con-
ditions of elevated shear stress, signals are initiated that activate 
integrin aIIbb3.221,222 The pathways involved lead to (a) elevation 
of intracellular calcium; (b) activation of a tyrosine kinase sig-
naling pathway that incorporates nonreceptor tyrosine kinases 
such as Src, Fyn, Lyn, and Syk, phospholipase Cg2, and adaptor 
proteins such as SHC, LAT, and SLP-76; (c) inside-out signaling 
through the aIIbb3 integrin followed by platelet aggregation; and 
(d) activation of protein kinase C (PKC), protein kinase G (PKG), 
and phosphoinositide 3-kinase (PI3K). Other downstream players 
and events that play roles after GPIb receptor occupancy include: 
a) the homodimeric signaling protein 14-3-3 and calmodulin, 
(b) receptor cross-linking, and (c) the immunoreceptor tyrosine-
based activation motif (ITAM)–containing proteins Fcg recep-
tor IIA (FcgRIIA) and Fc receptor (FcR) g chain. Signaling through 
the GPIb complex can release ADP and generate thromboxane A2 
generation,212 which in turn activate integrin aIIbb3.

Binding sites for 14-3-3 have been identified in the cytoplasmic 
domains of GPIba, GPIbb, GPIX, and GPV, and yeast two-hybrid 
studies documented in vivo interaction between 14-3-3ζ and both 
GPIba and -b.223 Phosphorylation of Ser 166 of the 14-3-3 consen-
sus sequence in the GPIbb cytoplasmic domain is required to per-
mit high-affinity 14-3-3 binding.223,224 The GPIb complex appears 
to physically associate with the 14-kDa FcRg-chain225 and with 
the 40-kDa FcgRIIA receptor.226 Both of these proteins contain 
nonidentical, but similar ITAM domain sequences and may play 
roles in signaling by GPIb. The lipid kinase PI3K has been found 
to play a role in GPIb-IX mediated activation of aIIbb3 by partici-
pation in complex formation with the GPIb and 14-3-3.227 Thus, 
once vWF binds to GPIb-V–IX, signaling complexes form in the 
vicinity of the GPIba cytoplasmic tail consisting of cytoskeletal 
proteins such as 14-3-3ζ as well as signaling proteins like Src and 
PI 3-kinase. This process leads to Syk activation, protein tyrosine 
phosphorylation, and recruitment of other cytoplasmic proteins 
with pleckstrin homology domains that can support interactions 
with 3-phosphorylated phosphoinositides and ultimately activa-
tion of integrin aIIbb3 228,229

platelet–Collagen Interaction and Signaling
Collagens, one of the most thrombogenic substances in ves-
sels, are very important activators of platelets in the vascular 
subendothelium and vessel wall, and thus are prime targets for 
therapeutic intervention in patients experiencing a pathologic 
arterial thrombotic event such as MI or stroke. Platelets have 
two major surface receptors for collagen, the immunoglobulin 
superfamily member GPVI and the integrin a2b1. The former is 
considered to be the primary player in platelet adhesion, initiat-
ing signaling and subsequent platelet activation. In addition to 
these two surface receptors, the GPIb complex can also be con-
sidered an indirect collagen receptor because its subendothelial 
vWF ligand essentially acts as a bridging molecule between 
platelets and collagen by fixing itself to the latter, which, in turn, 
acts as scaffolding for the multimers. Collagen adhesion also 
results in indirect activation of the protease-activated receptor 1  
via MMP-1. Other molecules, such as CD 36, may also sustain 
collagen interactions.

Glycoprotein VI Receptor
The GPVI receptor, a member of the IgG superfamily,230,231,232 
is expressed in platelets in close association with the 14-kDa 
FcRg-chain, which serves as the signaling subunit for GPVI.233,234 
The receptor exists as a dimer in stable association with the 
FcRg-chain. Expression of GPVI on mouse platelets appears to be 
dependent on FcRg-chain expression, and the latter has also been 
found to be critical for collagen-mediated platelet  activation.234 
GPVI has two Ig C2 loops, and the N-terminal loop likely con-
tains the collagen-binding domain.230 The crystal structure indi-
cates that the GPVI dimers assume a parallel orientation of the 
 collagen-binding domains to fit the helix structure of collagen.235

GPVI is the main receptor involved in collagen-mediated plate-
let activation.236–238 Studies of mice lacking platelet GPVI show 
that they lose collagen-induced platelet activation due to a defect 
in platelet adhesion.239 Thus, GPVI appears to serve as the initial 
receptor involved in platelet adhesion, and it activates integrin 
binding. GPVI alone supports adhesion to insoluble collagens, and 
works with a2b1 to promote platelet adhesion to soluble collagen 
microfibrils. GPVI can also be engaged by collagen-related pep-
tides (arranged in triple helical structures with sequences similar 
to collagen) and the snake venom convulxin, which elicit signals 
through GPVI.

a2b1 Receptor
The first platelet collagen receptor identified was the integrin 
a2b1 receptor, also known as platelet GPIa/IIa and lymphocyte 
VLA-2.240 In all a subunits of integrins, seven tandem repeats 
are localized to the N-terminal end and folded into a seven-
bladed b-propeller structure.241 The a2 subunit also contains an 
I domain between the second and third repeats that includes a 
metal coordination site for Mg2+ that is critical for interaction 
with collagen.230 As with other integrins, activation increases the 
affinity between a2b1 and collagen.242 Currently, a2b1 is believed 
to mediate stable adhesion following GPIb- and GPVI-initiated 
interactions with vWF and collagen, respectively.

Platelet–Collagen Signaling
When compared to vWF, collagen is a more efficient substrate 
when it comes to supporting stable platelet adhesion and throm-
bus formation. The fact that initial platelet tethering to collagen 
under high shear flow first requires interaction between vWF 
and platelet GPIb serves to underscore the importance of the two 
major collagen receptors, GPVI and a2b1, in promoting platelet 
adhesion and activation under shear conditions.

Many of the early signaling events that follow GPVI stimula-
tion have been characterized. Synergism between GPVI pathways 
and those related to other adhesion receptors such as GPIb-V–IX 
and soluble agonists released by activated platelets are likely 
necessary for the full repertoire of platelet–collagen signaling. 
Exposure of platelets to collagen surfaces likely results in GPVI 
clustering that in turn triggers the tyrosine phosphorylation of 
the FcRg chain.233 GPVI signaling may also be influenced by its 
association with glycolipid-enriched microdomains (GEMS, mem-
brane rafts) in the plasma membrane.243 The GPVI/FcRg-chain 
complex leads to platelet activation through a pathway that has 
many aspects in common with signaling by immune receptors, 
such as the Fc receptor family (of which FcgRIIA is the lone family 
member found in platelets) and the B- and T-cell antigen recep-
tors (Fig. 16.8). Immunoreceptors like the Fc receptors and the 
FcRg chain all have the ITAM (immunoreceptor tyrosine-based 
activation motif) in common. Tyrosine phosphorylation of the 
ITAM by Lyn and Fyn of the Src family of tyrosine kinases takes 
place after activation of GPVI. The phosphorylated Src kinase, in 
turn, leads to activation of the tyrosine kinase Syk after its auto-
phosphorylation.244 Syk then initiates a downstream signaling 
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cascade involving the LAT and SLP-76 adapter proteins, which 
leads to formation of a signaling complex by virtue of its multiple 
phosphorylation sites that also act as docking sites, leading to 
recruitment of additional proteins to the plasma membrane.245 
The signaling complex activates cytosolic second messenger-
producing enzymes PI3K and phospholipase Cg2, facilitated by 
tyrosine phosphorylated LAT.246 PI3K leads to the generation of 
PI3,4P2 and PI3,4,5P3 (PIP3), and this, in turn, supports recruit-
ment of proteins to the membrane signalosome complex with 
specific pleckstrin homology (PH) domains, including a member of 
the Tec kinase family, Btk, along with PlCg2.247,248 Syk is critical 
for collagen-mediated platelet activation through the GPVI/FcRg-
chain complex, and knockout mouse studies have shown that 
absence of this enzyme leads to loss of phosphorylation of LAT, 
the adapter SLP-76, and PlCg2.248,249

PLCg2 plays a critical role in aggregation and secretion 
responses to collagen, as demonstrated in PLCg2 knockout 
mice.250,251 The major role of PLC isoforms is concerned with the 
generation of the second messengers inositol 1,4,5-triphosphate 
and 1,2-diacylglycerol (DAG), which participate in intracellular 
calcium homeostasis and activation of many isoforms of PKC. 
The former process culminates in a robust calcium signal that 
promotes efficient platelet activation, via a2b1 as well as aIIbb3. 
Along with the proteins noted above, PI3K and its associated 
second messenger pathway also play a very important role in 
the regulation of PlCg2 through activation of other signaling pro-
teins such as protein kinase B (also known as Akt).252 Platelets 
contain several isoforms of Akt that are important for normal 
platelet function and thrombus formation along with granule 
secretion. Other downstream events include activation of Rap1 
and Pyk2.251–254,255

In addition to GPVI, the a2b1 receptor also propagates sig-
naling. The use of a2b1-selective ligands has demonstrated 
calcium-dependent spreading and tyrosine phosphorylation of 
several proteins when interaction with platelets takes place, 
including Src, Syk, SLP-76, PLCg2, p38 MAP kinase, ILK, Rac, 
and PAK.256

physiologic Inhibition of platelet adhesion
Negative regulation of platelets is essential to set the stimulus 
threshold for thrombus formation, determine final clot size and 
stability, and prevent uncontrolled thrombosis. The mechanisms 
behind the negative regulation of platelet activation are described 
later in the chapter, and in this respect, roles of players such as 
nitric oxide and prostacyclin have been well characterized. Platelet 
activation can also be inhibited by signaling through the adhesion 
molecule PECAM-1 (CD31).257,258,259,260 Expressed on a number 
of blood cells and endothelial cells, PECAM has a wide array 
of regulatory functions in processes such as apoptosis and cell 
activation. Following homophilic interactions and/or clustering, 
PECAM-1 is tyrosine phosphorylated in its cytoplasmic tail ITIM 
domain (immunoreceptor tyrosine–based inhibition motif) by Src 
family kinases, and this engenders recruitment of tyrosine, serine/
threonine, or lipid phosphatases with resultant kinase-dependent 
signaling inhibition.258 Phosphorylation of PECAM-1 recruits and 
activates the SH2 domain–containing protein-tyrosine phospha-
tase, SHP-2.260 Studies suggest that the PECAM-1/SH-2 complex 
functions to counteract platelet activating, most particularly for 
collagen by inhibiting GPVI/ FcRg chain  signaling.260 However, 
PECAM-1 has also been observed to attenuate G-protein mediated 
signaling by thrombin and other agonists. The Src family kinase 
Lyn also inhibits platelet activation by GPVI, and appears to do 
so independently of PECAM.261 Other platelet proteins with ITIM-
domains that also inhibit platelet function include carcinoembry-
onic antigen cell adhesion molecule 1 (CECAM1) and G6B.262

platelet thrombin (protease-activated) 
receptors and Signaling
PARs are G-protein–coupled receptors that use a unique mecha-
nism to convert an extracellular protein cleavage event into 
an intracellular activation signal. In this case, the ligand is 
already part of the receptor per se, by virtue of the fact that it 
is represented by the amino acid sequence SFLLRN (residues 
42 through 47) and is unmasked as a new amino terminus after 
thrombin cleaves the peptide bond between Arg 41 and Ser 42. 
This “tethered ligand” then proceeds to irreversibly dock with 
the body of its own receptor to effect transmembrane signaling, 
as shown in Figure 16.9.

Thrombin signaling in platelets is mediated, at least in part, by 
four members of a family of G-protein–coupled PARs (PAR-1, -2, 
-3, and -4) (see previous section for a discussion of the GPIb com-
plex as a thrombin receptor).263 Human platelets express PAR-1 
and PAR-4, and activation of either is sufficient to trigger platelet 
aggregation.264,265 Mouse platelets express PAR-3 and PAR-4.266 
PAR-1, -3, and -4 can be activated by thrombin, whereas PAR-2 
can be activated by trypsin, tryptase, and coagulation factors VIIa 
and Xa. Presumably, other proteases are capable of recognizing 
the active sites of these receptors and can thus also trigger PAR 
signaling.

PAR-1 is the prototype family member and was the first to be 
cloned and characterized in the human and hamster.264 A syn-
thetic peptide that mimics the PAR-1–tethered ligand (SFLLRN) 
is capable of functioning as an agonist by activating the receptor 
independent of cleavage of the 41-residue N-terminal exodomain.

The mechanism by which G-protein–coupled receptors, such 
as PAR-1, signal through the G proteins is shown in Figure 16.10. 
PAR-1 is capable of coupling to members of the G12/13, Gq, and 
Gi/z families and thus is connected to a significant number of 
intracellular signaling pathways. The a subunits of G12 and G13 
are believed to be involved in mediating platelet shape change,267 
and downstream signaling mediators include Rho family mem-
bers, among others. The a subunit of Gq is needed for platelet 
secretion and aggregation and participates in activation of PlCb 
that leads to calcium mobilization and PKC activation.268 The a 

FIGURE 16.8. Collagen activates platelets through the same pathway as an immune 
receptor. Cross-linking of the glycoprotein (GP) VI/Fc receptor (R) g chain leads to tyrosine 
phosphorylation of the immunoreceptor tyrosine-based activation motif (ITAM) sequence, 
enabling recruitment of the tyrosine kinase (Syk) through its tandem Src-homology 2 (SH2) 
domains. This leads to autophosphorylation and subsequent activation of Syk, which in turn 
leads to tyrosine phosphorylation of phospholipase Cg2 (PLCg2). A large number of proteins 
are implicated in the regulation of PLCg2, as discussed in the text. YP, phosphotyrosine. (From 
Watson SP. Collagen receptor signaling in platelets and megakaryocytes. Thromb Haemost 
1999;82:367, with permission.)
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subunit of Gz is a Gi family member that has been speculated to 
play an epinephrinelike role in human platelets through inhibition 
of adenylate cyclase.269

The b-g subunit counterparts of G proteins involved in PAR sig-
naling are involved in a plethora of activities, including activation 
of protein kinases, channels, and lipid-modifying enzymes, such as 
PI3K, which provide attachment for multiple signaling protein com-
plexes close to the inner leaflet of the cell membrane, potentially 
through surface “hot spots.”270 Thus, this vast network of signaling 
pathways mediated through several G-protein families is in keeping 
with the pleiotropic roles that thrombin has been shown to exhibit 
in cellular homeostasis, which extends beyond platelet activation 
to include endothelial cells, leukocytes, smooth muscle cells, and 
T lymphocytes, along with physiologic processes such as tissue 
injury, inflammation, angiogenesis, and embryonic development.

Physiologic differences exist between PAR-1 and PAR-4 on 
human platelets. PAR-1 appears to mediate a substantial por-
tion of thrombin signaling and appears to be most efficient at 
mediating platelet activation at low concentrations of thrombin, 
whereas PAR-4 can function in the absence of PAR-1, but only 
at high thrombin concentrations. The rate of platelet activation 
through PAR-4 is significantly slower and more sustained than 
that through PAR-1.271,272 Given the importance of this system 
with respect to normal hemostasis, PAR-4 may serve as a redun-
dant, backup receptor to PAR-1, or it may serve as an important 
receptor for one or more proteases other than thrombin.

Once activated, PAR-1 is rapidly uncoupled from signaling and 
internalized into the cell.273 It is then transported to lysosomes 
and degraded.268,269 Platelets presumably have no need for a 
thrombin receptor recycling mechanism, because once activated, 
they are irreversibly incorporated into blood clots. Conversely, 
in cell lines with characteristics similar to megakaryocytes, new 
protein synthesis is needed for recovery of PAR-1 signaling,274 
and in endothelial cells, sensitivity to thrombin is maintained 
by delivery of naive PAR-1 to the cell surface from a preformed 
intracellular pool.275

Subsequent studies employing PAR3 and PAR4 knockout mice 
have also demonstrated defective thrombus formation under 
high shear conditions in vivo, suggesting the possible existence 
of shear-based functional differences between protease-activated 
receptors.276,277

platelet aDp (purinergic) receptors and Signaling
Evidence that ADP plays an important role in both the formation 
of the platelet plug and the pathogenesis of arterial thrombosis 
has been accumulating since its initial characterization in 1960 
as a factor derived from red blood cells that influences platelet 
adhesion.278 ADP is present in high (molar) concentrations in 
platelet-dense granules and is released when platelet stimula-
tion takes place with other agonists, such as collagen; thus, ADP 
serves to further amplify the biochemical and physiologic changes 
associated with platelet activation and aggregation. Inhibitors of 
this ADP-associated aggregation include commonly used clinical 
agents, including ticlopidine, clopidogrel, prasugrel, and ticagrelor, 
proven to be very effective antithrombotic drugs.278,279

Platelet P2Y1 and P2Y12 and P2X1 Receptors
Adenine nucleotides interact with P2 receptors that are ubiquitous 
among different cell types and have been found to regulate a wide 
range of physiologic processes. They are divided into two groups, 
the G-protein–coupled superfamily named P2Y and the ligand-gated 
ion channel superfamily termed P2X.280 Two G-protein–coupled 

FIGURE 16.9. Structure and features of PAR-1. Cleavage of PAR-1 by thrombin between 
arginine 41 and serine 42 exposes a new N terminus that serves as a tethered ligand. Activa-
tion of PAR-1 is followed by a rapid burst of signaling before the receptor is desensitized and, 
in some cases, cleared from the cell surface. (From Brass LF. Thrombin and platelet activation. 
Chest 2003;124:18S–25S.)

FIGURE 16.10. Signaling through G proteins and G-protein–coupled receptors. Agonist binding to the receptor causes the exchange of guanosine triphos-
phate (GTP) for guanosine diphosphate (GDP) on the guanine nucleotide-binding site of the G-protein a subunit. This causes the dissociation of Ga from Gbg, both 
of which can activate intracellular effectors and ion channels. (From Brass LF. Molecular basis of platelet activation. In: Hoffman R, Benz EJ, Shattil SJ, et al., eds. 
Hematology: basic principles and practice. New York: Churchill-Livingstone, 2000:1754, with permission.)
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(P2Y) receptors contribute to platelet aggregation. The P2Y1 recep-
tor initiates aggregation through mobilization of calcium stores, and 
the P2Y12 receptor is coupled to inhibition of adenylate cyclase and 
is essential for a full aggregation response to ADP with stabilization 
of the platelet plug. P2X1 is a third purinergic receptor present in 
platelets that may largely recognize ATP.

The P2Y1 receptor was first cloned in 1993 from a chick brain 
complementary DNA library.281 The P2Y1 receptor has 373 amino 
acid residues and the prototype structure of a G-protein–coupled 
receptor. It is distributed in various tissues such as heart, blood 
vessels, testis, and ovary.280 P2Y1 couples to Gaq, and platelets 
from mice deficient in P2Y1 are unable to change shape or aggre-
gate in response to ADP282; likewise, platelets from mice lacking 
Gaq do not aggregate to ADP.283 After the characterization of 
P2Y1, it became clear that a second platelet ADP receptor had to 
exist that was responsible for the inhibition of cAMP production 
by ADP284,285 and that was the target for antithrombotic drugs (at 
the time, ticlopidine and clopidogrel) that interfered with ADP-
activation. The P2Y12 receptor was cloned in 2001 from human 
and rat platelet complementary DNA libraries using Xenopus 
oocytes.286 The receptor indeed showed the ability to display 
ADP-mediated inhibition of platelet cyclic AMP (cAMP) formation 
that was not blocked by P2Y1 antagonists.

Inhibition of either of the P2Y1 or P2Y12 receptors is sufficient 
to block ADP-mediated platelet aggregation, and coactivation of 
both receptors is therefore necessary, through the G proteins Gq 
and Gi, respectively, for ADP to activate and aggregate the platelet 
(Fig. 16.11).287 A series of studies involving the use of selective 
P2Y1 and P2Y12 receptor antagonists, a cAMP inhibitor, gene 
targeting, and Gq and Gi protein agonists that would theoretically 
activate the two main G-protein pathways associated with ADP 
stimulation (see below) has led to the conclusion that signaling 
events downstream of both receptors are needed to elicit full 
activation.

Studies done with platelets from patients who manifest defective 
P2Y12, along with experiments involving the study of P2Y1 receptor 
function in platelet-rich plasma that has high fibrinogen concentra-
tions, indicate that the P2Y1 receptor has roles in  activation and 

aggregation in addition to shape change. Platelet shape change 
is dependent on two separate G signaling pathways, a Gq-linked 
release of calcium from internal stores, and a G12/G13 link to activa-
tion of Rho kinases and Rho guanine nucleotide exchange factors 
that activate small G proteins.288 The primary role of the P2Y12 
receptor in platelet activation and aggregation is to amplify and 
complete the aggregation response to ADP.284,285 Individuals with 
congenital defects in P2Y12 display a mild to moderate bleeding 
diathesis. Platelets from P2Y12-deficient mice aggregate poorly, or 
not at all, in response to ADP, display a shift in the dose–response 
curves for collagen and thrombin, and lack ADP-induced repression 
of cAMP levels.289 The bleeding time of homozygous knockouts was 
markedly prolonged compared with near normal results in hetero-
zygotes.290 Current data indicated that the P2Y1 receptor elicits 
a transient platelet response (manifested by a rise in cytoplasmic 
calcium, shape change, and reversible aggregation), and the P2Y12 
receptor, via inhibition of adenylyl cyclase, amplifies the ADP 
response. The central role of the P2Y12 receptor in the formation 
and stabilization of thrombi has been demonstrated by the thera-
peutic efficacy of antithrombotic drugs that are antagonists.282,283

The P2X1 is an ATP-gated ion channel known to mediate 
rapid and selective permeability to cations. On platelets, the 
P2X1 receptor has been shown to mediate fast calcium entry 
stimulated by ADP,291 although ATP may be the physiologically 
relevant agonist. P2X1 is a 399–amino acid protein composed of 
two transmembrane domains, intracellular N and C termini, and 
an extracellular loop with 10 conserved cysteine residues.280 At 
least three P2X subunits are required to constitute a membrane 
pore. A study of P2X1-deficient mice has further indicated that 
this receptor contributes to the thrombosis of small arteries.292 
Conversely, increased systemic thrombosis has been reported in 
mice overexpressing the human P2X1 receptor.293

ADP Receptor Signaling
Although considered a weak agonist in comparison to collagen 
or thrombin, ADP clearly plays an important role in  thrombus 
stabilization, likely by contributing to the recruitment of 

FIGURE 16.11. Current view of the interplay between the platelet P2 receptors. Two G-protein–coupled receptors are involved in adenosine diphosphate 
(ADP)–induced platelet aggregation, P2Y1 and P2Y12. The former is responsible for intracellular calcium mobilization, shape change, and transient aggregation, 
whereas the latter is coupled to adenylate cyclase (AC) inhibition and is responsible for amplification of platelet aggregation and potentiation of platelet secretion. 
Both receptors are required for normal platelet response to ADP. A P2X receptor is also present on platelets and is responsible for rapid calcium influx. It therefore 
synergizes with the P2Y1 receptor. Both the P2Y12 and P2X1 receptors have been shown to play key roles in platelet activation and aggregation under high shear 
stress conditions. ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; MLC, myosin light chain; P, phosphorylated; PLC, phospholipase C; Y, phos-
photyrosine. (Modified from Gachet C. ADP receptors of platelets and their inhibition. Thromb Haemost 2001;86:227, with permission.)
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 additional platelets to growing thrombi. Aggregation is often 
reversible when platelets are stimulated by ADP alone. In addi-
tion, low concentrations of ADP serve to amplify the effects of 
both strong and weaker agonists, the latter including serotonin 
and adrenaline, among others. As noted in the preceding para-
graphs, ADP signal transduction downstream from the P2Y1 
receptor leads to a transient rise in free cytoplasmic calcium as 
a result of mobilization from internal stores, and this is followed 
by a secondary store–mediated influx, while a concomitant 
inhibition of adenylate cyclase is initiated by ADP stimula-
tion of the P2Y12 receptor (Fig. 16.11). The G-protein family 
member responsible for signaling through P2Y1 to PlCb is Gq, 
whereas the member responsible for signaling through P2Y12 
to inhibit adenylate cyclase is Gi. While ADP-mediated platelet 
activation via the P2Y1 receptor incorporates the Gq-dependent 
PLC-b second messenger pathway, the P2Y12 receptor mediates 
its postoccupancy signaling through Gi-dependent PI3 kinase 
activation and subsequent repression of cAMP levels. In addi-
tion to the PI3K role, several groups have reported a role for 
Rap1b in P2Y12 signal transduction. Rap1b is a small GTPase 
that is highly expressed in platelets, and its ADP-stimulated 
increased activation is abolished by P2Y12 antagonists and Gi 
knockout mice.294 Rap1b, in turn, is an important intermediate 
in activation of platelet integrins.295 P2Y12 activation has been 
found to play an important role in activation of aIIbb3. Using 
P2Y12 knockout mice, Andre et al. noted that platelets activated 
with PAR-4 or ADP were defective in binding soluble fibrinogen 
relative to wild-type mice.290

platelet activation by Soluble agonists

a2-Adrenergic Receptors and Epinephrine
Epinephrine is unique among platelet agonists because it is con-
sidered to be capable of stimulating secretion and aggregation, 
but not cytoskeletal reorganization responsible for shape change. 
Platelet responses to epinephrine are mediated through a2-adren-
ergic receptors,296,297 and these responses have been found to 
vary among individuals, with some donors with otherwise normal 
platelets manifesting delayed or absent responses.298 The a2A-
adrenergic receptor couples to Gai members, most notably Gaz 
in platelets. Epinephrine synergizes with other agonists, although 
whether ADP or thromboxane is necessary for epinephrine’s 
actions is not entirely clear. Epinephrine may mediate sympa-
thetic stimulation of platelets.

Arachidonic Acid, Thromboxane A2,  
and Thromboxane Receptors
After platelet stimulation by a number of agonists, arachidonic 
acid is generated directly by phospholipase A from its membrane 
phospholipid precursors (PC, PS, and PI) and indirectly by PLC 
generation of DAG followed by DAG lipase action. Most platelet 
agonists are believed to activate this pathway. Three known 
eicosanoid subsets of biochemical compounds are known to 
be derived from the formation of arachidonic acid—the pros-
tanoids, leukotrienes, and epoxides. The prostanoids are formed 
by the cyclo-oxygenase pathway and include endoperoxides and 
 thromboxanes along with prostaglandins. The leukotrienes are 
formed by the lipoxygenase pathway and the epoxides by the cyto-
chrome P450 epoxygenase pathway. Although all three of these 
pathways are present in platelets, most arachidonic acid ends up 
being metabolized to thromboxane A2 (TxA2).299

TxA2 is produced in platelets from arachidonic acid through 
the generation of PGH2 by the enzyme cyclo-oxygenase, which is 
irreversibly inhibited by aspirin through acetylation of a serine 
residue near its C terminus.300,301 PGH2 is the parent compound 
for both biologically active prostaglandins, such as PGE2 and PGI2, 

and TxA2. The former two compounds act to inhibit platelet acti-
vation by generating intracellular cAMP, whereas TxA2 activates 
platelets. Although prostaglandin and thromboxane pathways can 
be present in the same cell, platelets primarily synthesize throm-
boxane, and endothelial cells mainly synthesize prostaglandins 
such as PGI2, which acts as a local vasodilator and thus indirectly 
opposes platelet activation and vasoconstriction.301

Like ADP and epinephrine, TxA2 is also capable of activat-
ing nearby platelets after its release into plasma. It has a very 
short half-life of 30 seconds before its conversion to the inactive 
metabolite thromboxane B2 prevents widespread platelet activation 
beyond the vicinity of thrombus formation.302 Both arachidonic 
acid and analogs of TxA2 have been found to activate and aggregate 
platelets by mediating shape change and phosphorylation of signal-
ing enzymes, such as PlCb, PKC, and so forth.303 The thromboxane 
receptor (TP) is a member of the seven-transmembrane G-protein–
coupled receptor family and has been localized to the plasma 
membrane. Two isoforms of the receptor have been identified in 
platelets—TPa and TPb—and they activate platelets through the Gq 
pathway to PLCb and G12/G13 to myosin light chain phosphoryla-
tion through activation of Rho kinase.303 In addition, the a receptor 
is associated with activation of adenylate cyclase that leads to gen-
eration of cAMP, known to inhibit platelet activation, whereas the 
b receptor inhibits adenylate cyclase activation after its stimulation.

Coordination between Platelet Adhesion Events and 
Soluble Agonist Stimulation in Thrombus Growth
The mechanism by which soluble agonists coordinate their actions 
with platelet adhesion-related processes is an important consid-
eration in the context of the steps required to facilitate thrombus 
growth.304 The application of advanced imaging techniques for 
visualizing individual platelets and thrombus development in live 
animals has dramatically improved understanding of the underly-
ing mechanisms.305,306 Depending on the type and degree of ves-
sel injury, exposure of collagen and generation of thrombin appear 
to serve as initiators of thrombus formation. Thrombus propaga-
tion appears to be a dynamic process, with platelets adhering and 
separating from the core. The bulk of the data supports a role for 
soluble mediators, such as ADP, in the additional accumulation 
of platelets within the growing thrombus. Rapid blood and high 
shear exert complex prothrombotic properties (e.g., by enhancing 
GPIb adhesions) and antithrombotic properties (e.g., by clear-
ing soluble mediators). Within the platelet, initial platelet/vessel 
wall interactions characterized by contact between platelet GPIb 
and matrix vWF result in subsequent conformational changes in 
aIIbb3. Costimulation of platelets by these adhesion events and 
soluble agonist receptors may then potentiate and sustain early 
activation signals initiated by the early GPIb/vWF/aIIbb3. The 
costimulation may then lead to arrest of platelets. Once platelets 
are in close contact, molecules on the surface of one platelet can 
interact directly with those on an adjacent platelet. These contact-
dependent events can promote or inhibit platelet functions.304 
Major receptor pairs that amplify signaling include the Eph recep-
tor tyrosine kinase and its ephrin ligands, semaphoring 4D, which 
reinforces signaling downstream of GPVI. Several adhesion/junc-
tion receptors participate in contact-dependent signaling, includ-
ing PECAM-1, CEACAM1, ESAM, and JAM-A, and the bulk of the 
evidence indicates that they limit platelet activation and thrombus 
growth. Platelets also express connexins, which appear to form 
functional pores in closely attached platelets, but their function 
remains to be established definitively.307

physiologic Inhibition of platelet activation
One of the many remarkable features of platelets is their ability to 
remain in a physiologic resting state and resist becoming  activated 
while navigating the heart, arterial, and venous circulations. 
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Indeed, the pathologic consequences associated with widespread 
inappropriate platelet activation are life- and limb-threatening 
in the settings of well-characterized clinical disorders, such 
as thrombotic thrombocytopenic purpura and heparin-induced 
thrombocytopenia. The mechanisms responsible for maintaining 
the fine balance of keeping platelets in a resting state until they 
encounter a genuine need to undergo adhesion, activation, and 
aggregation at the site of vascular injury are nearly as diverse as 
those responsible for mediating these physiologic phenomena.

Some general mechanisms involved in physiologic inhibition 
of platelet activation include phenomena such as (a) generation 
of negative-regulating molecules by the platelet (e.g., cAMP), 
endothelium (e.g., PGI2, nitric oxide [NO], heparan sulfate), and 
at distant sites (e.g., antithrombin); (b) barrier of endothelial 
cells that prevents direct contact of circulating platelets with col-
lagen; (c) ecto-ADPase (CD39) expression by endothelial cells that 
metabolizes ADP secreted from platelets; (d) tendency for blood 
flow to wash away unbound thrombin and other soluble media-
tors from the site of platelet plug formation; (e) brief half-life of 
certain key platelet activators such as TxA2; (f) tight regulation of 
the affinity state of receptors such as aIIbb3; (g) downregulation 
of signaling receptors to limit their actions; and (h) inhibitory 
pathways mediated by ITIM-containing and/or contact-depen-
dent adhesion receptors, such as PECAM, CECAM-1, JAM-A, 
and potentially others.308 Some of the physiologic and biochemi-
cal phenomena related to inhibition of platelet activation are 
described in the following.

Receptor Downregulation and Desensitization
Signaling through G-protein–coupled receptors present on the 

surface of platelets is limited by their phosphorylation, which 
triggers desensitization, that is, uncoupling from G proteins, 
and internalization via Claritin-mediated endocytosis. G-protein 
kinases and b-arrestin are central to these processes.309 In addi-
tion, G-protein–coupled receptors interact with a myriad of other 
molecules that finely tune their signaling, including regulators 
of G-protein signaling (RGS)310 and GPCR-associated sorting 
proteins.311

Inhibitory Prostaglandins
Generation of the prostaglandins from arachidonic acid 
metabolism, such as PGI2 and PGE2 (at high concentrations), 
results in inhibition of platelet activation and aggregation, and 
 counterbalances the actions of thromboxanes derived from the 
same pathway. While PGI2 and PGD2 inhibit platelet function 
at low doses, PGE2 displays a biphasic response, and inhibits 
platelet function only at higher concentrations, likely via the 
EP4 receptor. The inhibitory effects are mediated via G-protein–
coupled receptors (IP and EP receptors, respectively) that couple 
to the a subunits of Gs to regulate adenylate cyclase–mediated 
generation of cAMP. cAMP levels in platelets are also governed 
by the activity of phosphodiesterase, the enzyme responsible for 
cAMP metabolism. This enzyme activity is inhibited by drugs 
such as the weak antiplatelet agent dipyridamole, the bron-
chodilator theophylline, and sildenafil, used to treat erectile 
dysfunction in men.

Raising cAMP levels causes a number of specific changes in 
platelet function, mediated in large part by activation of protein 
kinase A (PKA). Targets for PKA include vasodilator-stimulated 
phosphoprotein (VASP), the IP3 receptor, which reduces 
intracellular calcium mobilization, Ga13, and the cytoplasmic 
domain of GPIbb. Phosphorylation of the IP3 receptor reduces 
intracellular calcium mobilization, whereas Ga13 phosphoryla-
tion downregulates TxA2 signaling. Phosphorylation of GPIbb 
may reduce platelet activation through its increased interac-
tion with the 14-3-3ζ protein. Other targets include small G 

 proteins of the Rho family, filamin, myosin light chain, VASP, 
and Rap1b.312 The net effect is inactivation of signaling path-
ways and modulation of actin cytoskeletal dynamics to block 
adhesion, granule release, and aggregation.

Nitric Oxide
NO is generated by endothelial cells and platelets from L-arginine 
in response to shear stress forces and other platelet agonists, 
such as thrombin and ADP. The bulk of the evidence suggests that 
at high concentrations NO functions to inhibit platelet activation 
through the cyclic guanosine monophosphate (cGMP) second mes-
senger generated by guanylate cyclase activation.313 Elevations in 
cGMP, by modulating phosphodiesterase activity, can raise intra-
platelet cAMP. Paradoxically, low levels of NO may elicit platelet 
activation pathways. Endothelial NO synthase activity is enhanced 
during platelet activation, presumably as an additional means for 
limiting platelet aggregation.

Other Inhibitory Processes of Platelet Activation
Increasingly, a number of surface receptors are being identified 
that negatively regulate platelet signaling.308 Among these include 
the immunoglobulin (Ig)-immunoreceptor tyrosine-based inhibi-
tory motif (ITIM) superfamily members, PECAM-1, CEACAM-1, 
and G6b-B. While the ITIM members clearly suppress immuno-
receptor tyrosine-based activation motif (ITAM)–associated Fcg 
receptor IIa and glycoprotein VI (GPVI)/FcRg-chain signaling 
pathways in platelets, they also appear to have broader effects at 
multiple levels on platelet function.

platelet Secretion
The extent of secretion of a-, dense-, and lysosomal-granule 
contents is dependent on the strength of the agonist, occurs 
in association with platelet activation, and is one of the many 
downstream consequences mediated by the activation and 
transport to the internal leaflet of the plasma membrane of PKC. 
In turn, release of cargo, such as ADP, vWF, fibrinogen, and cal-
cium ions, enhances activation and aggregation. To date, over 
300 proteins have been identified that are released by platelets 
and may alter the local environment and have important down-
stream consequences.

The strongest responses a platelet can mount to agonist stimu-
lation include activation, secretion, and aggregation. The granule 
secretory (release) phase is most readily documented in vitro by 
the “secondary wave” that denotes a second surge of aggrega-
tion activity of a fixed number of platelets in response to release 
of proaggregatory granule contents. These platelets are exposed 
to an agonist under the controlled in vitro conditions associ-
ated with platelet aggregation studies, in which clinical defects 
in primary hemostasis due to platelet perturbations are further 
characterized. The secondary wave is typically seen best when 
the agonist is a weaker one, such as epinephrine, or is a relatively 
lower concentration of another relatively weak agonist, ADP. 
These two agonists require both cyclo-oxygenase activity and a 
primary wave of aggregation to induce secretion at low calcium 
 concentrations.314

Several studies suggest that the mechanism by which platelet 
granules (vesicles) fuse with the cell membrane to release their 
granule contents involves soluble N-ethylmaleimide-sensitive fac-
tor (NSF) attachment protein (SNAP) receptor (SNARE) complexes 
that are formed between vesicle-associated membrane proteins 
(VAMPs; v-SNAREs), and proteins in the target membranes (dif-
ferent members of the syntaxin, SNAP, and vesicle-associated 
membrane protein [VAMP] gene families; t-SNAREs) in a lock-and-
key form of docking.61,315 These SNARE complexes are crucial 
for membrane trafficking and fusion events such as secretion and 
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 exocytosis. In platelets, the specific isoforms VAMP-2, VAMP-3, and 
VAMP-8 form SNARE complexes with platelet syntaxin 2, 4, and 
SNAP-23 to mediate platelet secretion.61,315 A number of SNARE 
regulators, such as members of the Munc family, Doc2a, and tomo-
syn, regulate SNARE function. Simultaneous with the exocytosis of 
platelet granules, it is apparent that there is also inward (centrip-
etal) movement of other intracellular contents, and this may play a 
role in transporting proaggregatory proteins away from the mem-
brane surface and thus serve as another counterbalancing mecha-
nism for limiting the extent of thrombus formation. Examples of 
this phenomenon include the internalization of fibrinogen from the 
surface of activated platelets, along with aIIbb3 receptors from the 
surface of resting and activated platelets, as noted earlier.316

PlaTeleT aggregaTioN:aiibb3 
recePTor aNd iTS SigNaliNg 
mecHaNiSmS
Platelet aggregation is a complex phenomenon that is the end 
result of a series of adhesion- and activation-related processes. 
The molecular mechanisms involved in platelet aggregation con-
tinue to be an area of very active research that also periodically 
reminds us that there is still much to be characterized about this 
important aspect of platelet function. Essential components of this 
process include an agonist, calcium, and the adhesive proteins 
fibrinogen and vWF. Divalent cations, such as calcium and mag-
nesium, are required for platelet aggregation in trace amounts, 
and these alter the specificity of the integrin aIIbb3 for its ligands. 
Fibrinogen and vWF play dominant roles in platelet aggregation 
through binding to aIIbb3, and also by the ability of the former 
to generate polymerized fibrin as support for the platelets in  
a thrombus. The multivalent nature of fibrinogen and vWF allows 
them to cross-link platelets on binding to aIIbb3 on stimulated 
platelets to initiate platelet aggregation.

The molecular basis of integrin signaling that occurs in 
platelet aIIbb3 is an integral part of thrombus formation and is 
important in understanding this process. GPIIb (aIIb) and GPIIIa 
(b3) were identified as the abnormal proteins present in patients 
with Glanzmann thrombasthenia in the 1970s.316,317 They rep-
resent the most abundant receptor on the platelet surface. Like 
all integrin receptors, this complex is composed of noncovalently 
linked subunits. Each subunit is encoded by separate genes on 
the long arm of chromosome 17. Both subunits consist of a large 
 extracellular domain and very short cytoplasmic domains, and 
together they form a heterodimer. Within their combined extra-
cellular domains is the ligand-binding pocket, with surrounding 
subunit domains conferring specificity. Equally important are the 
short cytoplasmic domains critical for transmembrane signal-
ing. These domains act to regulate the affinity of the receptor, 
transmit intracellular signaling, and anchor the receptor to the 
cytoskeletal elements.318

The signaling pathways of aIIbb3 are complex and have been 
extensively studied. Central concepts of the signaling pathway 
include inside-out signaling, which involves the processes termed 
affinity and avidity modulation,318,319,320,321 and outside-in 
signaling, in which messages are transmitted to the inside of 
the platelet via the events occurring outside the membrane 
through aIIbb3 activation. Primary platelet agonists such as ADP, 
thrombin, and matrix proteins collagen and vWF affect platelet 
aggregation through a process known as inside-out signaling. 
This term denotes an integrin property that involves the bind-
ing action of agonists and extracellular matrix ligands to their 
receptors, leading to activation of numerous platelet functions, 
including the conformational change of aIIbb3 to a high-affinity 
state, referred to as affinity modulation. The relative contribution 
of soluble and extracellular matrix stimuli to inside-out  signaling 

likely varies with flow conditions and other factors related to 
vascular perturbation. For example, GPIb/V/IX function is most 
relevant under high shear stress conditions such as those associ-
ated with arterioles and capillaries and in stenotic arteries. One 
of the effects of inside-out signaling on aIIbb3 is exposure of the 
fibrinogen-binding site through signal transduction involving 
the cytoplasmic domains (Figs. 16.12 and 16.13). The process 
involves a cascade of intracellular pathways that converge on 
Rap1, the Rap1-adaptor molecule RIAM, talin, and kindlin. The 
association between subunit cytoplasmic tails, and likely also the 
integrin subunit transmembrane domains, maintains the aIIbb3 
complex in a resting, nonadhesive conformation. Likewise, talin 
appears to be “auto-inhibited” in resting cells. Inside-out signals 
release talin auto-inhibition to expose a FERM domain in the 
talin head. This domain interacts with the integrin b subunit 
cytoplasmic domains, which causes separation of the integrin 
tails with consequent changes in the extracellular domains to 
increase aIIbb3 affinity. Activation of aIIbb3 also requires kind-
lin-3, an adaptor protein that interacts with a distinct site on b3 
integrin tails. The precise relationship between talin and kindlin 
remains to be elucidated.322

The crystal structure of the aIIbb3 headpiece provides evi-
dence that the receptor can assume different conformations, 
and complexes of the receptor with the drugs eptifibatide and 
tirofiban have been reported.323 Two major conformational 
changes of aIIbb3 have been reported—headpiece extension and 
domain swing-out—both of which may enhance integrin ligand 
binding.324 Thiol-disulfide exchange may also influence aIIbb3 
activation.

Avidity modulation, the less dominant action, acts to clus-
ter the aIIbb3 heterodimers into oligomers through lateral 
 diffusion.325,326 These conversions are critical in allowing aIIbb3 
to engage soluble adhesive ligands. These ligands contain the 
classical integrin-recognition sequence RGD, Arg-Gly-Asp, which 
acts as a bridge between adjacent platelets, allowing aggregation 
to proceed. In addition, more aIIbb3 translocates to the platelet 
surface membrane from the degranulating a-granule pool, where 
additional receptors are stored. These changes facilitate irrevers-
ible binding to fibrinogen.

FIGURE 16.12. Integrin activation is bidirectional and reciprocal. The aIIbb3 complex 
equilibrates between resting and activated states, the resting state predominating in unstimu-
lated platelets and the activated state in stimulated platelets. Conversion from resting to acti-
vated does not imply a single, abrupt change but rather a series of coordinated and linked 
conformational transitions. A: Inside-out signaling. Agonist-dependent intracellular signals 
stimulate the interaction of key regulatory ligands (such as talin) with integrin cytoplasmic tails 
(in this case the b3 tail). This leads to conformational changes in the extracellular domain that 
result in increased affinity for adhesive ligands such as fibrinogen, von Willebrand factor (vWF), 
and fibronectin. Plasma fibrinogen and vWF support platelet aggregation at low and high shear 
rates, respectively, by bridging aIIbb3 receptors on adjacent platelets. Studies in mice deficient 
in fibrinogen and vWF indicate that plasma fibronectin can also promote thrombus initiation, 
growth, and stability at high shear rates. B: Outside-in signaling. Extracellular ligand binding, 
initially reversible, becomes progressively irreversible and promotes integrin clustering and fur-
ther conformational changes that are transmitted to the cytoplasmic tails. This results in the 
recruitment and/or activation of enzymes, adaptors, and effectors to form integrin-based signal-
ing complexes. (From Shattil SJ, Newman PJ. Integrins: dynamic scaffolds for adhesion and 
signaling in platelets. Blood 2004;104:1606–1615.)
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After ligand binding occurs, a multitude of intracellular 
sig nals are generated that are collectively referred to as outside-
in signaling. This “contact-dependent signaling” determines the 
extent to which platelets will spread on a vascular matrix and 
how resistant to detachment they are.318,325 Outside-in signal-
ing occurs in a discrete pattern in which ligand binding initiates 
integrin clustering and assembly of a “nascent” signaling com-
plex proximal to the aIIbb3 cytoplasmic tails, and this is followed 
by the growth of a larger “actin-based” signaling complex. It 
can be envisioned that the nascent complex is characterized 
temporally by (a) activation of Src kinases bound to the b3 
cytoplasmic tail by fibrinogen engaging and facilitating integrin 
clustering, then (b) recruitment and activation of Syk by Src, 
then (c) Src and/or Syk phosphorylation of various substrates 
including adaptor proteins SLP-76 and c-Cbl along with the Rac 
GTPase Vav; and these substrates in turn act by participating 
in signaling to the actin cytoskeleton. As the nascent complex 
assembles, many additional proteins are recruited that can 
influence actin reorganization, including Rac, the adaptor Nck, 
PAK, PI3-kinase, and VASP, an actin-bundling protein. All these 
signaling events during platelet aggregation are further sup-
ported by release of granules induced by the binding of adhesive 
proteins to the extracellular domain of b3. This complex series 
of events serves as a determinant of the final clot size. Once full 
spreading and aggregation of platelets occurs, usually within 
several minutes, focal adhesion kinase is phosphorylated.326 
The PI3K system is activated once aIIbb3 is engaged, leading 
to generation of D3 phosphoinositides. These proteins act to 
prevent the depolymerization of the actin cytoskeleton, with the 

result that the platelet aggregate is stabilized. The end result of 
this outside-in signaling is a stable platelet clot. Not only does 
the aIIbb3 receptor have important roles with respect to platelet 
function, it affects coagulation and may influence inflammatory 
processes as well.

Antithrombotic agents that act on the aIIbb3 receptor have 
had a significant impact on clinical outcomes of patients with 
acute coronary syndromes (ACS) and those requiring percutane-
ous coronary interventions (PCI).327 The three parental agents 
used in the United States are the chimeric monoclonal antibody 
abciximab, the cyclic heptapeptide (based on the RGD sequence) 
eptifibatide, and the synthetic nonpeptide tirofiban. Disappointing 
clinical trial results were seen with the oral aIIbb3 inhibitors used 
for longer term indications, and this even includes an increased 
all-cause mortality rate. The reasons for these results are not 
entirely known.

role oF THe cyToSkeleToN  
iN PlaTeleT FuNcTioN
(See additional cytoskeleton structure information in the section 
on platelet structure earlier in the chapter.)

Once an agonist has interacted with its platelet membrane 
receptor and triggered second messenger formation, a key event 
in platelet activation and subsequent aggregation is the transition 
of the platelet’s shape from the discoid appearance associated 
with its circulating, resting state to the amorphous, amebalike 

FIGURE 16.13. Schematic illustration of aIIbb3 recep-
tor regulation via inside-out and outside-in signaling. ADP, 
adenosine diphosphate; ADPase, adenosine 5′-diphosphatase;  
NO, nitric oxide; PGE2, prostaglandin E2; PGI2, prostacyclin; TxA2, 
thromboxane A2. (From Casserly IP, Topol EJ. Glycoprotein IIb/IIIa 
antagonists—from bench to practice. Cell Mol Life Sci 2002;59:481, 
with permission.)
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appearance with multiple pseudopodial projections that denote 
its activation state and readiness to participate in platelet plug 
formation. The platelet cytoskeleton and its associated signaling 
proteins are responsible for mediating shape change associated 
with activation, spreading, secretion, and aggregation. This cyto-
skeleton is associated with at least 14 different structural proteins 
that function interdependently as a single unit but can be seen 
as consisting of three major functional units: (a) a cytoplasmic 
network consisting mainly of actin, (b) a meshwork of proteins 
immediately proximal to the cytoplasmic leaflet of the platelet 
membrane referred to as the membrane skeleton (because they 
contain surface-associated proteins such as the GPIb complex), 
and (c) the microtubule coil that encircles the platelet to contribute 
to its resting, discoid state.

Transmembrane receptors such as GPIb participate in anchor-
ing the platelets to extracellular matrix in the arterial subendothe-
lium through their extracellular domains, while their cytoplasmic 
domains are almost simultaneously associating with membrane 
skeletal proteins in response. In doing so, these surface receptors 
are providing sites at which tension can be generated by intracel-
lular contractile elements that subsequently lead to shape change 
and activation of signaling proteins.

The cytoplasmic network consists of actin filaments and their 
associated proteins, referred to as intermediate filaments. In rest-
ing platelets, approximately half of the actin is structurally fila-
mentous in nature, and this fraction increases to approximately 
three-fourths during platelet activation.46 During this process, the 
actin filaments are reorganized into longer filaments after their 
initial breakdown into smaller units. Simultaneously, myosin is 
phosphorylated by myosin light chain kinase and then associates 
with F-actin, with the resultant filament then attaching itself to 
the a subunit of the GPIb complex through filamin.328,329 These 
filaments are also anchored at sites called focal adhesions, where 
the tyrosine kinase Fak becomes activated after platelet stimula-
tion. Focal adhesions assemble around the aIIbb3 integrin on its 
conformational change (activation) and so play a very important 
role in signaling pathways associated with platelet activation by 
drawing together membrane receptors, the cytoskeleton, and sig-
naling phosphoproteins, such as members of the Src family, PI3K, 
and Syk, into close physical proximity.330 Other platelet integrin 
receptors, such as a2b1, also organize focal adhesions after bind-
ing to their respective extracellular ligands.

It was noted in the section on GPIb complex signaling that 
phosphorylation of Ser 166 in the cytoplasmic domain of the 
GPIb complex b chain has been observed to be mediated by 
cAMP-associated activation of PKA and that this phosphorylation 
reduced interaction of GPIbb and the signaling molecule,  14-3-3ζ. 
The phosphorylation of GPIbb has also been demonstrated to 
have a direct inhibitory effect on actin polymerization.331

The membrane skeleton consists of actin, filamin-A, talin, vin-
culin, spectrin, cortactin, a-actinin, and several membrane GPs, 
as noted previously. Filamin-A (previously termed actin-binding 
protein), a 280-kDa elongated dimer, serves as a scaffold for many 
proteins, including GPIba and is important to the latter’s signal-
ing and expression, and together they control platelet size. After 
platelet activation, cytoskeletal proteins, in particular filamin and 
talin, are preferentially cleaved by calpains, which are calcium-
dependent proteases. Calpain-mediated cleavage of the b3 tail of 
aIIbb3 may modulate its functions.

The marginal microtubule band maintains a platelet dis-
coid shape and appears to be an essential intermediate in the 
microtubule-driven process of proplatelet formation and platelet 
release.331 This single microtubule polymer is wound in 8 to 12 
coils in the cytoplasmic periphery and is located just beneath the 
plasma membrane. About 90% of b-tubulin in the marginal band 
is of the divergent, megakaryocyte (MK)/platelet-restricted b1 iso-
form. b1-tubulin–null mice show reduced proplatelet formation, 
thrombocytopenia, and platelet spherocytosis.332

PlaTeleT–cell iNTeracTioNS

platelets and endothelium
The mechanisms behind platelet interaction with vWF, collagen, 
and other subendothelial matrix molecules exposed as a result of 
damaged endothelium have been well studied and described in 
earlier sections of this chapter. In addition to these platelet– sub-
endothelial interaction paradigms, platelets (like neutrophils) roll 
on intact, activated endothelium in vivo and then reversibly adhere 
to it in a process that is dependent on endothelial cell expression 
of P-selectin.333,334 This sequence of molecular interactions is a 
well-controlled multistep process involving platelet tethering and 
interaction of platelet P-selectin glycoprotein ligand-1 (PSGL-1) or 
GPIba with endothelial P-selectin (“ rolling”), followed by subse-
quent “firm adhesion” to the vascular wall mediated through b3 
integrins. Platelets rolling on activated endothelium can be inhib-
ited by both anti–P-selectin and anti-GPIba antibodies. GPIba and 
PSGL-1 have structural similarities, including similar ligand-bind-
ing domains, and both are present on platelets and may interact 
with P-selectin. Endothelial P-selectin is rapidly expressed on the 
surface in response to inflammatory stimuli by translocating from 
membranes of storage granules (Weibel-Palade bodies) to the 
plasma membrane within seconds.

Along with endothelial P-selectin, vWF expressed on activated 
venous endothelium promotes platelet adhesion and transloca-
tion.335 When released along the endothelial surface as ultralarge 
vWF, platelets adhere like beads on a string. Platelets are released 
by cleavage of vWF by the metalloprotease, a disintegrin-like 
metalloproteinase with thrombospondin repeats-13 (ADAMTS13), 
that proteolyses vWF within the A2 domain under conditions 
of increased shear stress. Dysfunction in ADAMTS13 function 
underlies thrombotic thrombocytopenic purpura (TTP). In the 
absence of ADAMTS13, the platelet beads along the endothelial 
cells coalesce to form thrombi.

Firm platelet adhesion to intact endothelial cells following 
rolling is a process dependent on aIIbb3 bridging to endothelium 
that involves endothelial receptors such as aVb3 and intercellular 
adhesion molecule-1 interacting with platelet-bound fibrinogen, 
fibronectin, and vWF.335,336,337 This firm adhesion is strength-
ened by inflammatory cytokines, such as RANTES, and additional 
receptor pairs, such as CD40-CD40L.

platelets and White Blood Cells
Platelets contribute to leukocyte rolling and extravasation, 
which are two well-characterized steps involved in the 
translocation of the latter cell from the circulation to sites 
of  infection.338 Leukocytes are also capable of tethering and 
rolling on adherent and activated platelets by interacting with 
P-selectin expressed on the platelet surface, and they will 
subsequently display extravasation mediated by activation of 
Mac-1.339 The a subunits of certain integrins, such as Mac-1, 
have been found to contain “insert” (I) domains, homologous 
to the A1 domain of vWF. This observation has taken on 
added interest since it has been shown that Mac-1 is capable 
of binding to the GPIb complex and that this interaction 
requires the I domain of Mac-1 and the leucine-rich repeat 
region of GPIba. The Mac-1–GPIb complex interaction may be 
important to initiate and propagate inflammation associated 
with the progression of atherosclerotic, purely thrombotic, or 
atherothrombotic processes.

Mac-1 has also been found to associate with other receptors 
of the platelet membrane, including the junctional adhesion 
molecule-3 (JAM-3), intercellular adhesion molecule-2 (ICAM-2), 
fibrinogen bound to aIIbb3, and high-molecular-weight kinino-
gen bound to GPIba.340 During this adhesive process, the asso-
ciation of platelet membrane PSGL-1 and Mac-1 stimulates the 
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in humans has been described in a variety of atherosclerosis 
disease presentations. Antiplatelet agents do not obviously influ-
ence disease progression when applied in the secondary disease-
prevention setting in humans in which atherosclerosis is likely 
advanced, as opposed to the possibly preventable progression 
of early lesions that are present before an initial atherosclerosis 
clinical event.347

platelets in atherothrombosis
The interior of intact atherosclerotic plaques is rich in compo-
nents that are highly thrombogenic (e.g., collagen types I and 
III, fibrinogen/fibrin, thrombospondin), and the luminal surface 
is relatively nonthrombogenic. In contrast to these observations, 
the thrombotic response to plaque disruption is dynamic. In this 
respect, thrombosis, repeat thrombosis, and thrombolysis, along 
with embolization, all occur simultaneously in many patients 
with acute coronary syndrome, and this is considered responsi-
ble for intermittent flow obstructions.348 The initial flow obstruc-
tion is acknowledged as being due to platelet aggregation, but 
subsequent fibrin stabilization is important to the longevity of the 
early and fragile platelet thrombus.349 As a result of reduced flow 
caused by the platelet thrombus at the plaque rupture site, an 
erythrocyte- and fibrin-rich thrombus may form and propagate 
up and down the artery in both directions.348 There is evidence 
that alteration of the endothelium such as may occur with early 
atherogenesis (particularly when under the influence of athero-
sclerosis risk factors) or plaque disruption may cause the endo-
thelium to generate more mediators that enhance constriction, 
such as endothelin-1, and fewer mediators that enhance dilation, 
such as PGI2 and NO.

platelets in Vessel Integrity and Development
Platelets are essential to maintain the integrity of the vasculature, 
although the mechanisms are unknown. Platelets store a number 
of barrier stabilizing cytokines and growth factors which may 
be released constitutively or in a stimulus-dependent manner, 
including sphingosine-1-phosphate (S1P) is essential for barrier 
function, ADP, serotonin, VEGF, and thrombospondin. Platelets 
recruit and promote the differentiation of bone  marrow–derived 
and circulating endothelial progenitor cells, which may contrib-
ute to the vessel response to injury. Finally, platelets regulate 
lymphangiogenesis through interactions between platelet C-type, 
lectin-like receptor 2 (CLEC-2) expressed by platelets and podo-
planin on lymphatic endothelial cells. Disruptions in these inter-
actions in mice result in severe lymphatic vascular defects.
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release of inflammatory cytokines from platelets, which in turn 
induces inflammatory cascades in monocytes. This integrin-, 
selectin-, and cytokine-based set of coordinated reactions linking 
neutrophils, platelets, and monocytes leads to circulating acti-
vated platelets and platelet–white cell aggregates that promote 
formation of atherosclerotic lesions.

role oF PlaTeleTS iN SySTemic 
diSorderS

Inflammation and Immunity
The binding of platelets to leukocytes influences important white 
cell effector responses, such as cell activation, signaling associ-
ated with integrin activation, chemokine synthesis, and so forth. 
Thus, it has become clear that inflammation is capable of leading 
to local thrombosis, and thrombosis is capable of initiating and 
propagating inflammation. Leukocyte interactions with platelets 
result in immediate events, including activation of adhesion 
receptors, reactive oxygen species generation, and thrombin 
formation, but also in delayed responses such as alterations in 
gene expression and protein synthesis. The molecules regulated 
by platelet adhesion include cyclo-oxygenase 2 and tissue factor 
expression. Platelets and leukocytes participate in transcellular 
metabolism of arachidonic acid to generate novel mediators that 
either cell type alone could not generate. Platelets also stimulate 
the formation of neutrophil extracellular traps (nets) composed 
of DNA and proteases. Nets trap and kill bacteria and may also 
form scaffolds for thrombus formation. Platelets can also pro-
mote class switching of B cells through CD40L. The interactions 
of platelets with leukocytes may regulate the development of 
intimal hyperplasia, inflammatory lung and bowel disease, and 
arthritis.

platelets in atherogenesis
Atherosclerosis is the major cause of vascular occlusive disor-
ders such as coronary artery disease, stroke, and peripheral 
arterial disease. Many of the molecular players mediating 
 leukocyte–endothelium interactions that underscore the develop-
ment of atherosclerosis have also been found to play important 
roles coordinating leukocyte attachment and transmigration 
across layers of platelets adherent to injured vascular intima. 
Animal models have recently provided strong evidence linking 
platelets to early events of atherogenesis. An atherosclerosis 
mouse model lacking aIIb exhibited substantial reduction in ath-
erosclerotic lesion formation.341 The importance of P-selectin in 
atherosclerosis lesion formation has been well described.342,343 
Platelet adhesion has been found to activate endothelial cell 
nuclear factor-kB and its regulated genes, many of which 
play key roles in platelet–leukocyte–endothelium–extracellular 
matrix molecular events that support inflammatory and pro-
atherogenic phenotypes. This includes events that contribute 
to lesion maturation such as smooth muscle cell and fibroblast 
proliferation and promotion of collagen synthesis, among oth-
ers. Inhibition of COX-1, an enzyme with expression restricted 
to platelets, in turn inhibits lesion formation in an atherosclero-
sis mouse model.344,247 Another atherosclerosis mouse model 
demonstrates that prolonged antibody blockade of GPIba leads 
to reduced arterial leukocyte accumulation in carotid arterial 
intima and subsequent reduced atherosclerosis lesion forma-
tion.345 vWF may also have a role in atherogenesis.346

In contrast to animal data, conclusions regarding the role of 
human platelets in atherogenesis are not nearly as extensive. 
Mouse data cannot be unequivocally applied to humans, because 
mouse platelets differ from human with respect to expression 
levels of certain surface receptors. Systemic platelet activation 
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in a biphasic fashion.17 In this respect, the rate of translocation 
of platelets from blood to the endothelial cell surface increased 
linearly up to wall shear rates of 1,500 s–1, whereas the translo-
cation rate remained relatively constant with the wall shear rate 
between 1,500 and 6,000 s–1. This ability to mediate translocation 
or rolling of the platelet on vWF is contingent on the gpIb com-
plex, and mammalian cells expressing either the full complex or a 
complex lacking the gpV subunit were able to roll onto vWF in a 
gpIba-chain–dependent manner.18,19

It is clear that arterial thrombus formation is contingent 
on both the presence of high wall shear rates and interaction 
between the gpIb complex and vWF. Studies involving the end-
point of realtime thrombus formation that involved comparison 
of blood from both patients with Bernard-Soulier syndrome 
(which lacks platelet gpIb complex) and severe (type 3) von 
Willebrand disease versus normal blood led to the conclusion 
that gpIb and vWF interaction was required for platelet surface 
interaction at high shear rates (>1,210 s–1), whereas normal 
thrombus formation at lower shear rates (<340 s–1) was possible 
with blood deficient in either gpIb or vWF.20 In normal blood, 
thrombus formation was accelerated as shear rate increased, 
and this served to verify the unique shear flow dependence of this 
receptor–ligand interaction.

The gpIb complex consists of four transmembrane subunits, 
each of which is a member of the leucine-rich repeat protein 
superfamily that participates in cell–matrix interactions through-
out nature. Each of the four subunits contains one or more tan-
dem, 24-amino acid leucine-rich repeats flanked by conserved 
disulfide loop structures at both the N and C termini of the 
repeats.21 gpIba is covalently associated with the gpIbb chain 
through disulfide linkage of cysteine residues, and both of these 
chains are noncovalently associated with gpIX in a 1:1 ratio and 
with gpV in a 2:1 ratio22–24 (Fig. 17.1).

vWF is a large multimeric glycoprotein that circulates in 
plasma and is also found in platelets and the Weibe–Palade bod-
ies of endothelial cells. Mature vWF is a 2,050-amino acid subunit 
that is disulfide linked into large multimers. It contains three 
adjacent A domains in the N-proximal half of the peptide that 
collectively regulate the adhesion of platelets to subendothelial 
matrix. In this respect, the A1 and A3 domains bind to different 
matrix collagens, whereas the A1 domain contains the binding 
site for the gpIb complex.25 The A1 domain is the primary role 
player in platelet adhesion, because this part of the molecule is 
believed to change its conformation in response to immobilization 
and high-shear forces, thus making it a high-affinity ligand for the 
gpIb complex receptor.26,27 It has also been suggested that shear 
stresses may induce conformational changes in the gpIb com-
plex that may be important in increasing its affinity for vWF.28 
Through the simultaneous binding of collagen and platelets, vWF 
can serve as a molecular bridge between platelets and the sub-
endothelial matrix mediating platelet adhesion to the vessel wall. 
Thus by associating with matrix proteins vWF mediates rapid and 
reversible platelet adhesion that promotes the rolling of these cells 
along the surface of vascular injury.

To further add to the mystery behind the mechanism of shear 
dependence in gpIb–vWF interaction, in vitro activation of vWF 
and binding to the gpIb complex occur with generally very low 
affinity without shear, whereas this shear-free binding exhibits 
high affinity in the presence of the vancomycinlike antibiotic ris-
tocetin, and viper venom proteins, such as botrocetin. It is inter-
esting that studies incorporating anti-gpIba and anti-vWF domain 
A1 antibodies have suggested that ristocetin and botrocetin each 

PlaTeleT adHeSioN aNd acTivaTioN
Primary hemostasis and arterial thrombosis are the results of 
a complex series of cell–cell, cell–protein, and protein–protein 
reactions that involve platelets, leukocytes, endothelium, suben-
dothelial matrix, and plasma proteins, such as fibrinogen, von 
Willebrand factor (vWF), and others. The consequences of arterial 
thrombosis include such events as myocardial infarction (MI), 
unstable angina, and stroke. These clinicopathologic entities and 
their associated cellular physiologic mechanisms that are outlined 
in this chapter collectively account for the largest cause of morbid-
ity and mortality in the Western world.

Platelet adhesion to exposed subendothelium is a complex 
multistep process that involves a diverse array of adhesive ligands 
(vWF, collagen, fibrinogen/fibrin, fibronectin, thrombospondin, 
laminin, and vitronectin) and surface receptors (gpIb/V/IX, gpVI, 
integrins aIIbb3, a2b1, a5b1, and a6b1).1–13 The specific ligand/
receptor players in primary platelet adhesion are largely depen-
dent on the arterial flow conditions present.5,14 As such, in larger 
arteries and veins, platelet adhesion to the vessel wall is thought 
to involve fibrillar collagen, fibronectin, and laminin. There are 
at least 25 forms of collagen, and several of these are present 
in the blood vessel wall, whereas one (type IV) is present in the 
subendothelial basement membrane.15 In the high-shear condi-
tions present in smaller arteries, platelet tethering is dependent 
on the unique shear-dependent interaction between gpIb/V/IX 
and subendothelial vWF. The subsequent rapid platelet decelera-
tion allows for other ligand–receptor interactions such as collagen 
and a2b1 that have slower binding kinetics and take on the role of 
mediating firm platelet adhesion. A metalloprotease, ADAMTS13, 
cleaves vWF; this cleavage prevents the accumulation of ultra-
high-molecular-weight multimers that would otherwise cause 
spontaneous platelet clumping and arterial thrombosis.

Following initial platelet adhesion, subsequent platelet–platelet 
interaction (aggregation) is mediated by two receptors, gpIb/V/
IX and aIIbb3, and their respective contributions are dependent 
on the flow conditions present. In high-shear stress conditions, 
gpIb/V/IX receptor and vWF ligand action are predominant, with 
fibrinogen playing a stabilizing role. At low-shear conditions, 
fibrinogen is thought to be the primary ligand supporting platelet 
plug formation through its interaction with aIIbb3. It has been 
shown that thrombus formation can take place in the absence of 
vWF and fibrinogen, and this supports the idea that a third ligand 
directed to the aIIbb3 receptor may also exist in vivo.16

platelet Glycoprotein Ib Complex–von Willebrand 
Factor Interaction and Signaling
It has long been recognized that the interaction of the platelet 
glycoprotein (gp) Ib “complex” (including the single-chain poly-
peptides gpIba, gpIbb, gpIX, and gpV) with its primary ligand, 
vWF, is the receptor–ligand pairing that initiates platelet adhesion 
followed by a cascade of events leading to pathologic thrombosis 
or physiologic hemostasis. A unique aspect of this receptor–ligand 
interaction is that it requires the presence of high arterial shear 
rates to take place, thus explaining the predisposition of platelet-
rich “white clots” in the arterial circulation over clots found in the 
venous circulation, with its relatively lower shear forces, in which 
clot formation takes place independent of the gpIb complex.

Using a parallel-plate flow cytometer, platelet interaction 
with subendothelial vWF has been characterized as occurring 
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appear to use different receptor and ligand-binding sites to facili-
tate the vWF–gpIb complex interaction.29–31

The binding interaction between vWF and gpIb appears to 
involve at least three distinct regions within the N-terminal 282 
residues of gpIb. Each of these regions appears to be responsible 
for either direct binding to vWF or modulating its affinity for the 
ligand.32 In this respect, one region (His 1 to Glu 282), which 
includes a cluster between residues Asp 252 and Arg 293 con-
taining sulfated tyrosine residues and important anionic residues, 
appears to be predominantly responsible for vWF–gpIb complex 
interaction in the presence of botrocetin over ristocetin.33–35

The second region contains the disulfide loop between Cys 209 
and Cys 248 along with two naturally occurring mutations (Gly 
233 to Val and Met 239 to Val) and two additional mutation sites 
identified in the laboratory (Asp 235 to Val and Lys 237 to Val) 
that can individually lead to expression of the pseudo- or platelet-
type von Willebrand disease phenotype.30 This disorder is associ-
ated with a gain-of-function gpIba on platelets that adheres to 
vWF in the presence of lower concentrations of ristocetin (0.3 
to 0.5 mg/ml) than are required for the wild-type phenotype 
(1.5 g/ml). It is analogous to type 2B von Willebrand disease, in 
which high-molecular-weight vWF multimers are absent from 
the plasma, and similar gain-of-function mutations have been 
localized to the Cys 509 to Cys 695 disulfide loop of vWF exon 28.

The third region includes the N-terminal flanking sequence 
of the leucine-rich repeat (LRG) motifs and the LRGs themselves. 
Mutations involving single amino acid residues within these 
LRGs account for some cases of the congenital bleeding disorder, 
Bernard-Soulier syndrome, in which the gpIb complex binds 
poorly or not at all to vWF. Evidence using mammalian Chinese 
hamster ovary cells expressing loss-of-function proteins and 

anti-gpIba monoclonal antibodies has suggested that the more 
N-terminal LRGs may play a more direct role in interaction with 
vWF.36

Glycoprotein Ib Complex Interaction with Thrombin
Recent studies have examined the potential role of the gpIb com-
plex in thrombin-mediated platelet activation. The physiologic 
significance of the interaction of thrombin with the complex has 
remained relatively controversial. gpIba contains a well-charac-
terized high-affinity binding site for thrombin, and thrombin is 
also capable of cleaving gpV near the surface to release a soluble 
fragment.37

Recent studies have suggested that a relationship exists 
between thrombin binding to the gpIb complex and cleavage of 
the seven-transmembrane G-protein–coupled protease-activated 
thrombin receptor, protease-activated receptor (PAR)-1 (see 
section “Platelet Thrombin [Protease-Activated] Receptors and 
Signaling”), and that accelerated coagulation on the surface of a 
developing thrombus is a downstream consequence of thrombin–
gpIb interaction because of enhanced phospholipid exposure.38,39 
These studies support a procoagulant role of this thrombin–gpIb 
pairing and this activity also plays an important role in the gen-
eration of platelet microparticles.40,41 In contrast, studies using 
gpV-null mice have suggested that the gpV subunit may act as 
a negative regulator of thrombin-mediated platelet activation, 
whereas data from another study suggest that thrombin–gpIb 
interaction leads to conformational changes in thrombin that 
reduce its cleavage of fibrinogen.42,43

The phenotype of a gpIba knockout mouse has been reported 
and was similar in many ways to human Bernard-Soulier syn-
drome.44 This mouse was then capable of having the wild-type 
phenotype restored by a human gpIba transgene. Future use of 
this mouse model might be helpful toward further elucidation 
of the physiologic role of platelet gpIb complex interaction with 
thrombin.45 In the meantime, the current data extend further 
support for a role for the gpIb complex as a thrombin receptor on 
platelets, whereas, recent insights not withstanding, elucidation of 
the downstream consequences of that interaction with respect to 
platelet activation and thrombus formation will remain the subject 
of further investigation.

Studies have focused on interaction of the gpIb complex with 
activated intact endothelium through ligands other than vWF 
adherent to subendothelial matrix. These include a study of a 
reversible association of gpIb with endothelial cell P-selectin, 
which is examined in more detail in the section, “Platelets and 
Endothelium.” The interaction of platelet gpIb with the neutrophil 
adhesion receptor Mac-1 is discussed in the section, “Platelets 
and White Blood Cells.” These interactions may contribute more 
to inflammatory responses than platelet thrombus formation. The 
dependence of fibrin-associated platelet procoagulant activity on 
both the gpIb complex and vWF has also been documented.46

Glycoprotein Ib Complex Signaling
For some time, controversy surrounded the question of whether 
the gpIb/V/IX complex signals. This was likely a result of varia-
tions in experimental strategies that involve differences with 
respect to vWF preparations, the use of conformational modu-
lators in experimental work such as botrocetin, cell lines used, 
and other causes. It is reasonable to assume that the receptor 
is capable of signaling, although a lot of questions remain to be 
answered, and the many molecules that are known to participate 
in the process remain to be assembled into a defined pathway.

When the gpIb complex interacts with its vWF ligand under 
conditions of elevated shear stress, there is abundant evidence 
that signaling pathways are activated that lead to (a) elevation of 
intracellular calcium; (b) activation of a tyrosine kinase signaling 

Figure 17.1. Schematic illustration of the glycoprotein (gP) ib/V/iX complex and 
 associated proteins. The N-terminal domain of GPIba contains binding sites for von 
 Willebrand factor (vWF) and thrombin. The cytoplasmic domain of GPIba contains the phos-
phorylation-dependent 14-3-3 binding sites, and also the binding site for filamin that links 
GPIb-IX to the actin cytoskeleton underlining the membrane. The cytoplasmic domain of GPIbb 
is phosphorylated by protein kinase A. (PKA) and this phosphorylation is required for 14-3-3 
binding. The membrane proximal region in the cytoplasmic domain of GPIbb and GPIX contains 
calmodulin-binding sites. From Du, X. Signaling and regulation of the platelet glycoprotein Ib–
IX–V complex. LWW, Curr Opin Hematol 2007;14:262, Figure 2, with permission.
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pathway that incorporates nonreceptor tyrosine kinases such as 
Src, Fyn, Lyn, and Syk, phospholipase C (PlC)g2, and adaptor 
proteins such as SHC, LAT, and SLP-76; (c) GTPase activating 
protein; (d) tyrosine phosphatases (PTP-1B and SHPTP10); (e) 
inside-out signaling through the aIIbb3 integrin followed by plate-
let aggregation32; and (f) activation of protein kinase C (PKC), pro-
tein kinase G (PKG), and phosphoinositide 3-kinase (PI3K). vWF 
binding also up-regulates integrin aIIbb3 affinity indirectly through 
stimulation of adenosine diphosphate (ADP) secretion.33 Other 
downstream players and events that play roles after gpIb receptor 
occupancy include (a) the homodimeric signaling protein 14-3-3 
and calmodulin, (b) receptor cross-linking, and (c) the immunore-
ceptor tyrosine-based activation motif (ITAM)-containing proteins 
Fcg receptor IIA (FcgRIIA) and Fc receptor (FcR) g chain. In 
addition to the above-mentioned components, the effect of shear 
force itself on gpIb signaling, including the affinity and number 
of bonds between vWF and gpIb, play potentially important roles 
as well.34,35

Evidence has also been presented suggesting that indirect 
mechanisms may also be involved in gpIb signaling, that are 
linked to ADP release and/or thromboxane A2 (TxA2) gen-
eration.33,34 The increase in intracellular calcium prompted 
by vWF–gpIb interaction promotes dense granule secretion of 
ADP, which then activates integrin aIIbb3 through the P2Y1 and 
P2Y12 purinergic receptors (see the section on “Platelet P2Y1 
and P2Y12 Receptor Roles in ADP-Mediated Activation” later in 
the chapter).

14-3-3z is among the 10 isoforms of the 14-3-3 family of pro-
teins that is named according to its electrophoretic gel migration 
position. Functionally, this family has a wide range of activities, 
including participating as a DNA damage, cell-cycle checkpoint 
protein, regulation of PKC activity, formation of heterotrimers 
with the signaling kinase Raf and the guanosine triphosphate 
exchange factor Ras, and so forth.47–49 Binding sites for 14-3-3 
have been identified in the cytoplasmic domains of gpIba, gpIbb, 
gpIX, and gpV. In this respect, peptide fragments correspond-
ing to overlapping cytoplasmic sequences of the four subunits 
demonstrated binding in vitro, whereas yeast two-hybrid stud-
ies documented in vivo interaction between 14-3-3z and both 
gpIba and –b.50,51 Site-directed mutagenesis and protein-binding 
experiments confirmed the need for phosphorylation of Ser 166 of 
the 14-3-3 consensus sequence in the gpIbb cytoplasmic domain 
to permit high-affinity 14-3-3 binding.51,52 Findings that have 
evolved in lieu of the above observations include the binding of 
fibrinogen to mammalian-cell–transfected aIIbb3 in response to 
vWF binding to co-transfected gpIb-IX that was inhibited when 
the 14-3-3–binding domain was deleted from the gpIb-IX trans-
fectant.53 Also, the lipid kinase PI3K has been found to play a 
role in this gpIb-IX dependence of aIIbb3 activation through its 
participation in complex formation with the gpIb complex and 
14-3-3.54 The reason for these associations would be to regulate, 
in short order, the formation of inositols phosphorylated in the 
3-position within the reorganizing cytoskeleton in response to 
platelet activation (see section “Role of the Cytoskeleton in Platelet 
Function”).32

Many adhesion receptors initiate signaling through cross-link-
ing, and there is evidence to suggest that the gpIb complex may 
also use this mechanism. The gpV subunit surface expression on 
platelets is roughly half that of the other three subunits (12,000 
vs. 25,000 copies per cell). It has also been suggested that two or 
more gpIba subunits cluster into a complex with the other glyco-
protein subunits.55 The fact that there is one gpV subunit avail-
able in this complex for every two of the other subunits, and that 
both actin-binding protein (ABP or filamin; a membrane skeleton 
protein that associates with gpIba; see later in the chapter) and 
14-3-3 exist as dimers, lends support to the concept of a complex 
consisting of a pair of gpIba–gpIbb–gpIX trimers joined noncova-
lently by a single gpV monomer (Fig. 17.1).

Several studies document a physical association of the gpIb 
complex with the 14-kDa FcRg-chain56 and with the 40-kDa 
FcgRIIA receptor,57 suggesting that platelet activation may also 
occur through gpIb-mediated triggering of Src-family–kinase 
phosphorylation.58,59 Both of these proteins contain nonidenti-
cal but similar ITAM domain sequences. The FcRg-chain forms 
a complex with the gpVI monomer and plays an essential role 
in collagen-mediated platelet activation, as reviewed in the next 
section. The FcgRIIA receptor is a member of the immunoglobu-
lin (Ig) superfamily and is without a clearly defined physiologic 
role in platelets. Occupancy of this receptor by the C-terminal Fc 
domains of immunoglobulin leads to platelet activation, and this 
is blocked by anti-gpIba antibodies, whereas signaling through 
vWF is also blocked with anti-FcgRIIA antibodies.57,60 Both ITAM-
containing receptors can be coimmunoprecipitated with gpIb,56,60 
and both have very similar signaling pathways that involve the 
tyrosine kinase Syk and PlCg2.61–63 Although the physical prox-
imities of these three players have recently become apparent, the 
nature and significance of any physiologic relationships that exist 
between the gpIb complex and these two ITAM receptors with 
respect to vWF-dependent platelet activation remains unclear.

Shear flow studies have demonstrated an important role for 
calcium signals that in turn promote aIIbb3 activation necessary for 
stable platelet adhesion to vWF (34,35). This phenomenon occurs 
independently of extracellular calcium and is thought to involve 
aIIbb3-mediated calcium release from intracellular stores. One 
proposed mechanism to explain this observation involves signaling 
pathways such as those used by ITAM-bearing receptors, because 
the enzyme and adaptor protein components used in both aIIbb3 and 
ITAM signaling are very similar. These components are likely to be 
important in the positive feedback loop linking aIIbb3 activation and 
calcium flux under high shear, which in turn promotes the efficient 
conversion of translocating platelets into firmly adhesive cells.64

Once vWF binds to gpIb-V-IX, signaling complexes form in the 
vicinity of the gpIba cytoplasmic tail consisting of cytoskeletal pro-
teins such as 14-3-3z as well as signaling proteins such as Src and 
PI 3-kinase. This process leads to Syk activation, protein tyrosine 
phosphorylation, and recruitment of other cytoplasmic proteins 
with Pleckstrin homology domains that can support interactions 
with 3-phosphorylated phosphoinositides.65–69

platelet–Collagen Interaction and Signaling
Collagens are very important activators of platelets in the vascular 
subendothelium and vessel wall, and thus are prime targets for 
therapeutic intervention in patients experiencing a pathologic 
arterial thrombotic event such as MI or stroke. Platelets have two 
major surface receptors for collagen, the integrin a2b1 and the 
immunoglobulin superfamily member gpVI. In addition to bind-
ing collagen with high affinity, a2b1 binds laminins, E-cadherins, 
matrix metalloproteins, C1q, echovirus, and rotavirus. In addition 
to these two surface receptors, the gpIb complex can also be con-
sidered an indirect collagen receptor because its subendothelial 
vWF ligand essentially acts as a bridging molecule between plate-
lets and collagen by fixing itself to the latter, which, in turn, acts 
as scaffolding for the multimers.

Collagen supports platelet adhesion through interaction with 
the integrin surface receptor a2b1, although this interaction alone 
does not support platelet activation.72 Laboratory evidence sug-
gests that gpVI and the 14-kDa FcRg-chain signaling subunit 
(FcRg chain) with which gpVI forms a complex are both required 
for collagen-mediated platelet adhesion and activation.61,69–81 
Thus platelet adhesion to collagen is a multistep process. Once 
exposed to an injured vascular wall, vWF adheres to subendothe-
lial collagen and undergoes a conformational change allowing its 
A1 domain to bind to GPIb/V/IX under high-shear flow conditions. 
This rapidly formed bond is quickly broken and re-established 
and this leads to the platelet rolling along the vascular wall. This 
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in turn slows down the platelet and allows the signaling receptor 
GPVI to bind collagen, more specifically the repeating sequence 
Gly–Pro–Hyp (where Hyp is hydroxyproline). Both receptors can 
signal but the role of GPVI is considered predominant in this 
respect.82 A series of signaling events then leads to the inside-out 
signaling activation of a2b1 and interaction of this receptor with 
collagen is stable and allows the platelet to form a high-affinity 
strong adhesive bond with the vessel wall.

The above notwithstanding, of many receptors studied only 
a2b1 and GPVI have a defined role in platelet–collagen interac-
tions although, in spite of extensive studies, their relative impor-
tance with respect to both adhesion and activation continues to be 
debatable. Problems associated with the isolation of collagen from 
extracellular matrices and possible but poorly understood differ-
ences between human ex vivo and mouse in vivo experimental 
systems explain these ongoing unresolved issues.82

a2b1 Receptor
The platelet collagen receptor to be first identified and character-
ized was the integrin a2b1 receptor, also known as gpIa/IIa, and 
on lymphocytes as VLA-2.83 Integrins are a family of a–b heterodi-
mers on the surface of cells that carry out diverse interactions 
between the cell surface and its environment that ultimately lead 
to changes in cell behavior in response to the ligand–receptor 
interaction. In all a subunits of integrins, seven tandem repeats 
are localized to the N-terminal end and folded into a seven-bladed 
b-propeller structure.84 The a2 subunit also contains an I domain 
between the second and third repeats that includes a metal 
coordination site for Mg2+ that is critical for interaction with col-
lagen.85 Similar domains are found on the b subunit, although 
less is known about these, and it appears that the interaction of 
a2b1 with collagen involves only the I domain of a2. The b1 subunit 
exhibits a cysteine-rich domain containing CGXC sequences that 
is close to the membrane surface. This region has protein disul-
fide isomerase activity responsible for regulating conformational 
changes of the b1 subunit (which, in turn, alters a2 conformation, 
increasing its avidity for collagen) in response to inside-out signal-
ing through the cytoplasmic domain.86,87

Glycoprotein VI Receptor
Although the gpVI receptor was identified on the surface of 
platelets in 1982, its role in collagen-mediated platelet activation 
was not appreciated until much later.88 The human and murine 
genes were cloned and characterized, and gpVI was found to be a 
member of the immunoglobulin superfamily.81,87,89,90 The expres-
sion of gpVI in platelets is very closely associated with that of the 
14-kDa FcRg-chain, which also serves as the signaling subunit 
for gpVI.91,92 Expression of gpVI on mouse platelets appears to 
be dependent on FcRg-chain expression, and the latter has also 
been found to be critical for collagen-mediated platelet activa-
tion.76,92 gpVI has two Ig C2 loops, and the N-terminal loop likely 
contains the collagen-binding domain.82 It appears that gpVI has 
a requirement for the quaternary structure of collagen to be in a 
triple-helical conformation for the two to associate.93

Following the cloning of gpVI, mouse knockout studies have 
suggested GPVI may be the primary receptor involved in collagen-
mediated platelet activation.94–96 Further studies have enabled 
the collagen-binding site on gpVI to be characterized.97

Studies incorporating collagen-related peptides (arranged in 
triple helical structures with sequences similar to collagen) and 
the snake venom convulxin as agonists have been shown to signal 
by clustering gpVI molecules on the surface.73,78,98 However, the 
idea of gpVI receptor clustering as a platelet activation mecha-
nism applicable to collagen is tempered by consideration of the 
theoretically much greater distances that would exist between 
adjacent gpVI-binding sites along fibrillar collagen compared with 

the larger, noncovalently linked structures of convulxin, in which 
gpVI-binding site distribution is much different.99

Platelet–Collagen Signaling
When compared to vWF, collagen is a more efficient substrate 
when it comes to supporting stable platelet adhesion and throm-
bus formation. The fact that initial platelet tethering to collagen 
under high-shear flow first requires interaction between vWF 
and platelet gpIb serves to underscore the importance of the two 
major collagen receptors, a2b1 and gpVI, in promoting platelet 
adhesion and activation under shear conditions.

Many of the early signaling events that follow gpVI stimulation 
have been characterized, although synergism between these gpVI 
mediators and those related to other adhesion receptors such as 
gpIb-V-IX and soluble agonists released by activated platelets 
further complicates full elucidation of the players and pathways 
associated with platelet–collagen signaling.

The gpVI signaling pathway has been found to be essential for col-
lagen-mediated platelet activation, and mouse platelet studies have 
shown a central role for this receptor in promoting platelet–collagen 
interaction.61,100 Integrin a2b1 also contributes to platelet adhesion 
through amplification of signals from gpVI.101,102 As noted in the last 
section, exposure of platelets to collagen surfaces is thought to result 
in gpVI clustering that in turn triggers the tyrosine phosphorylation 
of the FcRg chain.91 gpVI signaling may be influenced by its associa-
tion with glycolipid-enriched microdomains (membrane rafts) in the 
plasma membrane, although it is unclear whether gpVI is constitu-
tively associated with the rafts or is recruited.103,104 The gpVI/FcRg-
chain complex leads to platelet activation through a pathway that 
has many aspects in common with signaling by immune receptors, 
such as the FcR receptor family (of which FcgRIIA is the lone family 
member found in platelets) and the B- and T-cell antigen receptors 
(Fig. 17.2). Much of what we know about gpVI signaling has been 
based on earlier work related to immune-receptor signaling.105,106

Figure 17.2. Collagen activates platelets through the same pathway as an immune 
receptor. Cross-linking of the glycoprotein (gp) VI/Fc receptor (R) g chain leads to tyrosine 
phosphorylation of the immunoreceptor tyrosine-based activation motif (ITAM) sequence, 
enabling recruitment of the tyrosine kinase (Syk) through its tandem Src-homology 2 (SH2) 
domains. This leads to autophosphorylation and subsequent activation of Syk, which in turn 
leads to tyrosine phosphorylation of phospholipase Cg2 (PLCg2). A large number of proteins 
are implicated in the regulation of PLCg2, as discussed in the text. YP, phosphotyrosine. From 
Watson SP. Collagen receptor signalling in platelets and megakaryocytes. Thromb Haemost 
1999;82:367, with permission.
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Immunoreceptors such as the FcRs and the FcRg chain all 
have the ITAM in common. Tyrosine phosphorylation of the 
ITAM by Lyn and Fyn of the Src family of tyrosine kinases takes 
place after activation of gpVI. The phosphorylated Src kinase, in 
turn, leads to activation of the tyrosine kinase Syk after its auto-
phosphorylation.107 Syk then initiates a downstream signaling 
cascade involving the LAT and SLP-76 adapter proteins, which 
leads to formation of a signaling complex by virtue of its multiple 
phosphorylation sites that also act as docking sites, leading to 
recruitment of additional proteins to the plasma membrane.108 
Transport to the signaling complex and activation of the cytosolic 
second messenger-producing enzymes PI3K and PlCg2 is also 
facilitated by tyrosine phosphorylated LAT.109 PI3K leads to the 
generation of PI3,4P3 and PI3,4,5P3 (PIP3), and this, in turn, 
supports recruitment of proteins to the membrane signalosome 
complex with specific plekstrin homology (PH) domains including 
a member of the Tec kinase family, Btk, along with PlCg2.110,111 
Syk is critical for collagen-mediated platelet activation through 
the gpVI/FcRg-chain complex, and knockout mouse studies have 
shown that absence of this enzyme leads to loss of phosphoryla-
tion of LAT, the adapter SLP-76, and PlCg2.61,111,112

Adapters such as LAT are modular proteins without enzyme 
activity that support protein–protein interaction. Many adapter 
proteins appear to participate in the regulation of PlCg2. These 
proteins appear to come together in T lymphocytes along with 
PlCg1 to form a LAT/SLP-76 signalosome that is essential for acti-
vation of PlCg2.106 SLP-76 is thought to be especially important 
among adapters in the regulation of PlCg2, because its loss results 
in reduced phosphorylation of PLCg2.112,113

Along with the adapter proteins noted above, PI3K and its 
associated second messenger pathway also play a very impor-
tant role in the regulation of PlCg2 through activation of other 
signaling proteins such as protein kinase B (PKB) (also known as 
Akt).114,115 One of the two PKB isoforms, PKBb (Akt2), is impor-
tant for normal platelet function and thrombus formation and 
leads to impaired alpha and dense granule secretion along with 
impaired aIIbb3 activation when absent.115 Integrin-linked kinase 
(ILK) is another PI3K downstream effector that interacts with b1 
and b3 integrin subunit cytoplasmic tails and is considered impor-
tant in the bidirectional signaling of a2b1 and aIIbb3.396,397 It may 
also be playing a role in regulating PKB.394 Using PI3K inhibitors 
such as wortmannin and LY294002, studies have demonstrated 
significantly reduced PlCg2 activation through gpVI.116–118 These 
inhibitors have also been shown to block platelet activation 
through the FcgRIIA immunoreceptor, and this demonstrates an 
additional similarity between signaling pathways of this receptor 
and the FcRg chain.119

PlCg2 is known to play a critical role in aggregation and secre-
tion responses to collagen, as demonstrated in PlCg2 knockout 
mice and in other studies.63,120,121 The major role of PlC iso-
forms is concerned with the generation of the second messengers 
inositol 1,4,5-triphosphate and 1,2-diacylglycerol (DAG), which 
participate in intracellular calcium homeostasis and activation 
of many isoforms of PKC. The former process culminates in a 
robust calcium signal that promotes efficient platelet activation. 
The PKC isoforms make possible the regulatory serine/threonine 
phosphorylation events needed for activation of a2b1 as well as 
aIIbb3, and interaction of these two integrins with their ligands 
facilitates a second round of signaling that includes some of the 
same molecules downstream of gpVI, such as Syk, SLP-76, and 
PlCg2.122

Recent research has led to increased knowledge about a2b1 
receptor signaling. The use of a2b1-selective ligands has demon-
strated calcium-dependent spreading and tyrosine phosphoryla-
tion of several proteins when interaction with platelets takes 
place, including Src, Syk, SLP-76, PLCg2, p38 MAP kinase, 
ILK, Rac, and PAK.117,123,124 It appears likely that only GPVI 
and GPIb/V/IX are able to bind collagen and vWF, respectively, 

 without prior platelet activation. Once activation starts, a2b1 and 
aIIbb3 are able to bind their respective ligands as well.

Other platelet adhesion receptors
Other adhesive proteins present in the extracellular matrix and 
involved in the interaction between platelets and the subendo-
thelium include fibronectin, thrombospondin, laminin, and vitro-
nectin. Fibronectin is stored in platelet a granules and secreted 
upon thrombin-mediated platelet activation. Thrombospondin 
is also stored in platelet a granules. It interacts with fibrinogen, 
fibrin, fibronectin, and collagen on the platelet membrane and its 
release during platelet activation might relate to its capability to 
overcome the antithrombotic activity of physiologic nitric oxide 
(NO). Laminin is a large glycoprotein and can amplify platelet 
activation through GPVI binding. Recent data suggest that laminin 
may also interact with vWF and the GPIb/V/IX complex thereby 
supporting platelet adhesion under high-shear flow conditions.125 
The extracellular adhesive protein vitronectin can bind to platelet 
receptor aIIbb3 or the integrin avb3 and appears to be functionally 
similar to fibronectin.

physiologic Inhibition of platelet adhesion
Negative regulation of platelets is essential to set the stimulus 
threshold for thrombus formation, determine final clot size and 
stability, and prevent uncontrolled thrombosis. The mechanisms 
behind the negative regulation of platelet activation are described 
later in the chapter, and in this respect, roles of players such 
as NO and prostacyclin have been well characterized. Platelet 
activation and aggregation can also be inhibited by signaling 
through the platelet endothelial cell adhesion molecule (PECAM)-1 
(CD31).126,127 This molecule is expressed on a number of blood 
cells and endothelial cells and has a wide array of regulatory 
functions in processes such as apoptosis and cell activation. It 
becomes tyrosine phosphorylated following platelet stimulation 
by a diverse set of agonists, which suggests that it has a negative 
feedback role in this setting. Its main ligand is itself, so it has 
been proposed that interactions between platelet and endothelial 
PECAM-1 might serve to restrict thrombus growth through the 
signaling mechanisms below; this is supported by studies involv-
ing PECAM-1–knockout mice.128,129

Following homophilic interactions and/or clustering, PECAM-1 
is tyrosine phosphorylated in its cytoplasmic-tail ITIM domain 
(immunoreceptor tyrosine-based inhibition motif) by Src fam-
ily kinases, and this engenders recruitment of tyrosine, serine/
threonine, or lipid phosphatases with resultant kinase-dependent 
signaling inhibition.127,130 The net result is reduced total platelet 
tyrosine phosphorylation, calcium mobilization, and signaling 
through PI3K.127 ITIM-mediated signaling inhibition through 
the ITAM domain is not the only mechanism by which PECAM-1 
dampens platelet adhesion, because low-density lipoprotein and 
thrombin-dependent signaling pathways also appear to be down-
regulated by PECAM-1.127,130 Negative effects have also been 
documented with gpIb signaling and platelet FcgRIIA-mediated 
responses.131,132

Von Willebrand factor multimer size and thus also vWF activ-
ity is mainly regulated by the metalloprotease ADAMTS13 and 
recently other factors have been found to cleave vWF includ-
ing plasmin and leukocyte proteases.133,134 ADAMTS13 cleaves 
released large vWF multimers into smaller fragments. Different 
circumstances can induce vWF unfolding thereby exposing the 
ADAMTS13 cleavage site. These include high-shear flow condi-
tions, denaturing agents such as urea, and mutations seen in 
von Willebrand disease type 2A. In contrast, reduced ADAMTS13 
activity may lead to insufficient vWF processing causing a pro-
thrombotic state such as thrombotic thrombocytopenic purpura 
(see Chapter 48).
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platelet thrombin (protease-activated) 
receptors and Signaling
PARs are G-protein–coupled receptors that use a unique mecha-
nism to convert an extracellular protein cleavage event into 
an intracellular activation signal. In this case, the ligand is 
already part of the receptor per se, by virtue of the fact that it 
is  represented by the amino acid sequence SFLLRN (residues 
42 through 47) and is unmasked as a new amino terminus after 
thrombin cleaves the peptide bond between Arg 41 and Ser 42. 
This “tethered ligand” then proceeds to dock irreversibly with the 
body of its own receptor to effect transmembrane signaling, as 
shown in Figure 17.3.

Thrombin signaling in platelets is mediated, at least in part, by 
four members of a family of G-protein–coupled PARs (PAR-1, -2, 
-3, and -4; see previous section for a discussion of the gpIb com-
plex as a thrombin receptor).135 Human platelets express PAR-1 
and PAR-4, and activation of either is sufficient to trigger platelet 
aggregation.136,137 Mouse platelets express PAR-3 and PAR-4.138 
PAR-1, -3, and -4 can be activated by thrombin, whereas PAR-2 
can be activated by trypsin, tryptase, and coagulation factors VIIa 
and Xa but not thrombin.139–141 Presumably, other proteases are 
capable of recognizing the active sites of these receptors and can 
thus also trigger PAR signaling.

PAR-1 is the prototype family member and was the first to 
be cloned and characterized in the human and hamster.136,142 
A synthetic peptide that mimics the PAR-1–tethered ligand 
(SFLLRN) is capable of functioning as an agonist by activat-
ing the receptor independent of cleavage of the 41-residue 
N-terminal exodomain.

The mechanism by which G-protein–coupled receptors, such 
as PAR-1, signal through the G proteins is shown in Figure 17.4. 
PAR-1 is capable of coupling to members of the G12/13, Gq, and 

Gi/z families and thus is connected to a significant number of 
intracellular signaling pathways. The a subunits of G12 and G13 
are believed to be involved in mediating rearrangement of the 
actin cytoskeleton and platelet shape change,143 and downstream 
signaling mediators include Rho family members, among others. 
The a subunit of Gq is needed for platelet secretion and aggrega-
tion and participates in activation of PlCb that leads to calcium 
mobilization and PKC activation.144,145 The a subunit of Gz is a 
Gi family member that has been speculated to play an epineph-
rinelike role in human platelets through inhibition of adenylate 
cyclase.34,146

The b-g subunit counterparts of G proteins involved in 
PAR-1 signaling are involved in a plethora of activities, includ-
ing activation of protein kinases, channels, and lipid-modifying 
enzymes, such as PI3K, which provides attachment for multiple 
signaling protein complexes close to the inner leaflet of the cell 
membrane.147–149 Thus, this vast network of signaling path-
ways mediated through several G-protein families is in keeping 
with the pleiotropic roles that thrombin has been shown to 
exhibit in cellular homeostasis, which extends beyond platelet 
activation to include endothelial cells, leukocytes, smooth mus-
cle cells, and T lymphocytes, along with physiologic processes 
such as tissue injury, inflammation, angiogenesis, and embry-
onic development.45

Once activated, PAR-1 is rapidly uncoupled from signaling and 
internalized into the cell.150–152 It is then transported to lysosomes 
and degraded.151,153–155 Platelets presumably have no need for a 
thrombin-receptor recycling mechanism, because once activated, 
they are irreversibly incorporated into blood clots. Conversely, in 
cell lines with characteristics similar to megakaryocytes (MKs), 
new protein synthesis is needed for recovery of PAR-1 signal-
ing 151,153 and, in endothelial cells, sensitivity to thrombin is 
maintained by delivery of naïve PAR-1 to the cell surface from a 
preformed intracellular pool.153

Physiologic differences exist between PAR-1 and PAR-4 on 
human platelets. When antibodies to the thrombin interaction 
site of PAR-1 are used, platelet activation is blocked at low, as 
opposed to high, thrombin concentrations.154,155 Antibodies that 
blocked PAR-4 alone had no effect on thrombin-mediated platelet 
activation. If both receptors were blocked, platelet activation was 
blocked at both low and high thrombin concentrations,138 and so 
PAR-1 appears to be most efficient at mediating platelet activa-
tion at low concentrations of thrombin, whereas PAR-4 functions 
in the absence of PAR-1 but only at high thrombin concentra-
tions. Because PAR-1 is capable of mediating platelet activation at 
low thrombin concentrations, the exact role of PAR-4 in human 
platelet function remains speculative. It has been shown that the 
rate of platelet activation through PAR-4 is significantly slower 
and more sustained than that through PAR-1.45,156,157 Given the 
importance of this system with respect to normal hemostasis, 
PAR-4 may serve as a redundant backup receptor to PAR-1, or 
it may serve as an important receptor for one or more proteases 
other than thrombin.

Initial studies addressing the role of thrombin in promoting 
platelet thrombus formation employing ex vivo perfusion systems 
pointed toward its importance at low- to intermediate-shear rates 
(100 to 650 s–1), but not at higher shear rates (>2,600 s–1).158,159 
Subsequent studies employing PAR3 and PAR4 knockout mice have 
also demonstrated defective thrombus formation under high-shear 
conditions in vivo, although suggesting the possible existence of 
shear-based functional differences between PARs.160,161

platelet aDp (purinergic) receptors and Signaling
Evidence that ADP plays an important role in both formation 
of the platelet plug and the pathogenesis of arterial thrombosis 
has been accumulating since its initial characterization in 1960 
as a factor derived from red blood cells that influences platelet 

Figure 17.3. Structure and features of PAr-1. Cleavage of PAR-1 by thrombin between 
arginine 41 and serine 42 exposes a new N terminus that serves as a tethered ligand. Activa-
tion of PAR-1 is followed by a rapid burst of signaling before the receptor is desensitized and, 
in some cases, cleared from the cell surface. From Brass LF. Thrombin and platelet activation. 
Chest 2003;124:18S–25S, with permission.
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adhesion.161,162 ADP is present in high (molar) concentrations 
in platelet-dense granules and is released when platelet stimula-
tion takes place with other agonists, such as collagen; thus, ADP 
serves to amplify further the biochemical and physiologic changes 
associated with platelet activation and aggregation. Inhibitors of 
this ADP-associated aggregation include commonly used clinical 
agents such as clopidogrel that have proven to be very effective 
antithrombotic drugs.163,164

Adenine nucleotides interact with P2 receptors that are ubiq-
uitous among different cell types and have been found to regulate 
a wide range of physiologic processes. They are divided into two 
groups, the G-protein–coupled or “metabotropic” superfamily 
named P2Y and the ligand-gated ion channel or “ionotropic” 
superfamily termed P2X.165 Two G-protein–coupled (P2Y) recep-
tors contribute to platelet aggregation. The P2Y1 receptor initiates 
aggregation through mobilization of calcium stores, and the P2Y12 
receptor is coupled to inhibition of adenylate cyclase and is essen-
tial for a full aggregation response to ADP with stabilization of 
the platelet plug. P2X1 is a third ADP receptor present in platelets 
and has been shown to contribute to aggregation in response to 
collagen. Both the P2Y12 and P2X1 receptors have been shown to 
play key roles in platelet activation and aggregation under flow 
conditions characterized by high-shear stress.166,167

The P2Y1 receptor was first cloned in 1993 from a chick brain 
complementary DNA library.168–170 Messenger RNA was later 
found in MK-like cell lines, such as HEL and K562, along with 
human platelets.171 It was also established that the purported 
agonist effects of purified triphosphate nucleotides were, in fact, 
due to their transformation into diphosphate analogs by the ecto-
nucleotidases present at the cell surface of the platelets and brain 
capillary endothelial cells being studied.171,172 The P2Y1 recep-
tor has 373 amino acid residues and the prototype structure of 
a G-protein–coupled receptor. It is distributed in various tissues 
such as heart, blood vessels, testis, and ovary.165

After the characterization of P2Y1, it became clear that a sec-
ond platelet ADP receptor had to exist which was responsible for 
the inhibition of cAMP production by ADP that, in turn, was unaf-
fected by blocking P2Y1.173–178 The P2Y12 receptor was cloned in 
2001 from human and rat platelet complementary DNA libraries 
using Xenopus oocytes.179 The receptor indeed showed the ability 
to display ADP-mediated inhibition of platelet cyclic AMP (cAMP) 
formation that was not blocked by P2Y1 antagonists. The recep-
tor has been localized to certain regions of the brain, such as the 
substantia nigra and thalamus, in addition to platelets.179

Platelet P2Y1 and P2Y12 Receptor Roles in  
ADP-Mediated Activation
Even at high concentrations ADP is a weak activator of PlC. Thus its 
role in platelet activation is based more on its ability to activate other 

pathways. Inhibition of either of the P2Y1 or P2Y12 receptors is suffi-
cient to block ADP-mediated platelet aggregation, and co-activation 
of both receptors is therefore necessary, through the G proteins Gq 
and Gi, respectively, for ADP to activate and aggregate the platelet 
(Fig. 17.5).180 A series of studies involving the use of selective P2Y1 
and P2Y12 receptor antagonists, a cAMP inhibitor, gene targeting, 
and Gq and Gi protein agonists that would theoretically activate the 
two main G-protein pathways associated with ADP stimulation (see 
below) has led to the conclusion that a signaling event downstream 
from Gi is required for the conformational change and subsequent 
aggregation associated with the aIIbb3 receptor.176,178,180–186

Studies done with platelets from patients who manifest defec-
tive P2Y12, along with experiments involving the study of P2Y1 
receptor function in platelet-rich plasma that has high fibrinogen 
concentrations, have demonstrated that the P2Y1 receptor has 
roles in activation and aggregation in addition to shape change, 
and that it is fully capable of mounting an aggregation response 
which is nonetheless transient in nature.176,187,188 The P2Y1 
receptor is an absolute requirement for ADP-mediated aggrega-
tion based on knockout mouse studies, the demonstration that 
platelets can become refractory to ADP due to desensitization of 
the P2Y1 receptor, and the observation that adrenaline (which 
activates the G protein Gi that mediates inhibition of adenylate 
cyclase) does not restore aggregation in the presence of P2Y1 
selective antagonists.183–188 Platelet shape change is dependent 
on two separate G signaling pathways, a Gq-linked release of cal-
cium from internal stores, and a G12/G13 link to activation of Rho 
kinases and Rho guanine nucleotide exchange factors that acti-
vate small G proteins.143,189,190 The primary role of the P2Y12 
receptor in platelet activation and aggregation is to amplify and 
complete the aggregation response to ADP as well as to other 
agonists.173–177 In the presence of a high ADP concentration, 
the receptor is also capable of mediating partial platelet aggre-
gation on its own in P2Y1 and Gq knockout mice, thus proving 
that aIIbb3 conformational change followed by aggregation can 
actually take place in the absence of calcium mobilization and 
PKC activation.184,190 In general terms, it appears that P2Y12 
is responsible for acting as an ADP co-stimulus receptor in the 
presence of low concentrations of other agonists, such as colla-
gen, thrombin, chemokines, or IgG, whereas the P2Y1 receptor 
has a specific role early in platelet activation.191–193 Another 
role for the P2Y12 receptor is the potentiation of platelet secre-
tion.194,195 Because of its central role in the formation and 
stabilization of thrombi, the P2Y12 receptor is a well-established 
target of antithrombotic drugs such as clopidogrel.194,196

Platelets from P2Y12-deficient mice aggregate poorly or not at all 
in response to ADP display a shift in the dose–response curves for 
collagen and thrombin and lack ADP-induced repression of cAMP 
levels.197 The bleeding time of homozygous knockouts was markedly 
prolonged compared with near-normal results in heterozygotes.198

Figure 17.4. Signaling through g proteins and g-protein–coupled receptors. Agonist binding to the receptor causes the exchange of guanosine triphos-
phate (GTP) for guanosine diphosphate (GDP) on the guanine nucleotide-binding site of the G-protein a subunit. This causes the dissociation of Ga from Gbg, both 
of which can activate intracellular effectors and ion channels. From Brass LF. Molecular basis of platelet activation. In: Hoffman R, Benz EJ, Shattil SJ, et al., eds. 
Hematology: basic principles and practice. New York: Churchill-Livingstone, 2000:1754, with permission.
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P2X1 Receptor
P2X1 was first discovered in platelets using polymerase chain reac-
tion of transcripts from platelets and MK-like cell lines.199–202 This 
third platelet P2 receptor is an ATP-gated ion channel (as are all 
other P2X receptors thus far discovered) and is known to mediate 
rapid and selective permeability to cations. On platelets, the P2X1 
receptor has been shown to mediate fast calcium entry stimulated 
by ADP.203 P2X1 is a 399-amino acid protein composed of two 
transmembrane domains, intracellular N and C termini, and an 
extracellular loop with 10 conserved cysteine residues.165 At least 
three P2X subunits are required to constitute a membrane pore, 
and these receptors are typically expressed on excitable cells, such 
as neurons.

Despite the fact that activation of the P2X1 receptor alone can-
not induce platelet aggregation, it contributes to aggregation in 
response to collagen.204,205 The role of P2X1 in platelet function 
seems to be particularly relevant under flow conditions character-
ized by high-shear stress.205–207 A study of P2X1-deficient (P2X1  

/  ) 
mice has further indicated that this receptor contributes to the 
thrombosis of small arteries. P2X1

−/− mice display resistance 
to the localized arterial thrombosis of mesenteric arterioles trig-
gered by laser-induced vessel wall injury and to the acute systemic 
thromboembolism induced by infusion of a mixture of collagen and 
adrenaline.205 Conversely, increased systemic thrombosis has been 
reported in mice overexpressing the human P2X1 receptor.208

ADP Receptor Signaling
ADP is considered a weak agonist compared with collagen or 
thrombin, for example. Aggregation is typically reversible when 
platelets are stimulated by ADP alone. In addition, low concen-
trations of ADP serve to amplify the effects of both strong and 
weaker agonists, the latter including serotonin and adrenaline, 
among others.136,137 As noted in the preceding paragraphs, 
ADP signal transduction downstream from the P2Y1 receptor 
leads to a  transient rise in free cytoplasmic calcium as a result 
of  mobilization from internal stores, and this is followed by  

secondary-store–mediated influx, whereas a concomitant 
 inhibition of adenylate cyclase is initiated by ADP stimulation 
of the P2Y12 receptor (Fig.  17.5). The G-protein family member 
responsible for signaling through P2Y1 to PlCb is Gq, whereas 
the member responsible for signaling through P2Y12 to inhibit 
adenylate cyclase is Gi. The Gi family member associated with 
P2Y12 appears to be primarily Gi2 inasmuch as Gi2 knockout mice 
have an impaired response to ADP and those lacking Gi3a and 
Gza do not.209–211 ADP also induces a rapid influx of calcium from 
the external media through ligand-gated calcium channels.212,213 
Although partial platelet aggregation without shape change can be 
seen in P2Y1 and Gq knockout mice in the presence of high ADP 
concentrations, the fact that aggregation is not seen at lower con-
centrations suggests that the Gq-dependent PlCb pathway leading 
to phosphoinositide hydrolysis and PKC activation is necessary 
to mobilize calcium after ADP stimulation and is essential for full 
platelet aggregation to take place in response to ADP.144,184,214,215

Although ADP-mediated platelet activation via the P2Y1 recep-
tor incorporates the Gq-dependent PlC-b second messenger 
pathway, the P2Y12 receptor mediates its post-occupancy signal-
ing through Gi-dependent PI3 kinase activation and subsequent 
repression of cAMP levels. In addition to the PI3K role, several 
groups have reported a role for Rap1B in P2Y12 signal transduc-
tion. Rap1B is a small GTPase that is highly expressed in plate-
lets, and its ADP-stimulated increased activation is abolished by 
P2Y12 antagonists and Gi knockout mice.216–218 Rap1B activation 
through other receptors such as FcgRIIA and gpVI also appears 
to have a P2Y12 component.217,218 Evidence suggests that ADP-
induced Rap1B activation lies downstream of PI3K, because PI3K 
inhibitors have been shown to inhibit Rap1B activation, although 
evidence differs as to which isoform is involved.216,218

The same Gi-protein–associated signaling pathway used by 
platelet ADP receptors has been found to act in a synergistic fash-
ion when it is triggered either through other platelet receptors, 
or through key downstream players triggered by other receptors, 
such as PlCg2.219,220 It has been suggested that concomitant signal-
ing through the G proteins and tyrosine kinases of other receptor 
pathways may potentially be seen as a general mechanism in 

Figure 17.5. Current view of the interplay between the platelet P2 receptors. Two G-protein–coupled receptors are involved in adenosine diphosphate 
(ADP)-induced platelet aggregation, P2Y1 and P2Y12. The former is responsible for intracellular calcium mobilization, shape change, and transient aggregation, 
whereas the latter is coupled to adenylate cyclase (AC) inhibition and is responsible for amplification of platelet aggregation and potentiation of platelet secretion. 
Both receptors are required for normal platelet response to ADP. A P2X receptor is also present on platelets and is responsible for rapid calcium influx. It therefore 
synergizes with the P2Y1 receptor. Both the P2Y12 and P2X1 receptors have been shown to play key roles in platelet activation and aggregation under high-shear 
stress conditions. ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; MLC, myosin light chain; P, phosphorylated; PLC, phospholipase C; Y, phos-
photyrosine. Modified from Gachet C. ADP receptors of platelets and their inhibition. Thromb Haemost 2001;86:227, with permission.
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which ADP contributes to efficient platelet activation and aggrega-
tion.191,221 For example, ADP in platelets has been proposed to be  
an important co-factor of PI3 kinase activation that is stimulated 
through the PAR-1 thrombin receptor.222 It is interesting that 
there is a difference in the ability of ADP to potentiate aggregation 
through the two platelet thrombin receptors (PAR-1 and PAR-4), 
in that PAR-1 is more dependent on secreted ADP acting through 
P2Y12 than PAR-4.223,224 Collagen-induced platelet aggregation is 
similarly facilitated by P2Y12.225–227

ADP has been implicated as an important co-factor of platelet 
activation seen in the settings of experimental cross-linking of the 
FcgRIIA immunoreceptor and in patients with heparin-induced 
thrombocytopenia.228 The latter is a disorder in which platelet 
activation and often serious thrombotic sequelae take place as 
a consequence of administration of the anticoagulant heparin or 
low-molecular-weight heparin. In susceptible patients, an auto-
antibody is generated by the immune system that is directed to 
a complex on the platelet membrane formed by the heparin mol-
ecule and platelet factor 4. The Fc portion of the autoantibody is 
then capable of activating the platelet through its interaction with 
the FcgRIIA receptor. Activation of PI3K has been shown to be a 
central player in these two settings.

P2Y12 activation has been found to play an important role 
in activation of aIIbb3. Using P2Y12 knockout mice, Andre et al. 
noted that platelets activated with PAR-4 or ADP were defective in 
binding soluble fibrinogen relative to wild-type mice.201 Similarly, 
in humans it has been observed that P2Y12 antagonists such as 
clopidogrel inhibit P-selectin expression and platelet-leukocyte 
conjugate formation, whereas aspirin does not.229

platelet activation by Soluble agonists

a2 Adrenergic Receptors and Epinephrine
Epinephrine is unique among platelet agonists because it is con-
sidered to be capable of stimulating secretion and aggregation, 
but not cytoskeletal reorganization responsible for shape change. 
Furthermore, generation of the key signaling enzyme PlC through 
epinephrine stimulation appears to be dependent on TxA2 and 
can thus be blocked with aspirin.230 It is interesting, however, that 
epinephrine stimulation in the presence of aspirin is still capable 
of leading to the conformational change in the aIIbb3 receptor 
that precedes fibrinogen binding and platelet aggregation.231,232 
Similarly, the thrombin inhibitor hirudin has been found to block 
epinephrine-associated aggregation of washed platelets in one 
study, suggesting that an element of thrombin co-stimulation of 
platelets may be necessary to enhance the effects of epineph-
rine.233 In low doses epinephrine is thought to prime platelets 
for activation with other agonists and the resulting stimulation is 
stronger than with either agonist alone.

Platelet responses to epinephrine are mediated through 
a2-adrenergic receptors,234,235 and these responses have been 
found to vary among individuals, with some donors with other-
wise normal platelets manifesting delayed or absent responses.236 
Potentiation is typically attributed to cAMP formation inhibition.

Arachidonic Acid, Thromboxane A2, and 
Thromboxane Receptors
After platelet stimulation by a number of agonists, arachidonic 
acid is generated directly by phospholipase A from its membrane 
phospholipid precursors (PC, PS, and PI) and indirectly by PlC 
generation of DAG followed by DAG lipase action. Most platelet 
agonists are believed to activate this pathway. Three known 
eicosanoid subsets of biochemical compounds are known to be 
derived from the formation of arachidonic acid: the prostanoids, 
leukotrienes, and epoxides. The prostanoids are formed by 
the cyclo-oxygenase pathway and include endoperoxides and 
 thromboxanes along with prostaglandins. The leukotrienes are 

formed by the lipoxygenase pathway and the epoxides by the cyto-
chrome P450 epoxygenase pathway. Although all three of these 
pathways are present in platelets, most arachidonic acid ends up 
being metabolized to TxA2.237

TxA2 is produced in platelets from arachidonic acid through 
the generation of PGH2 by the enzyme cyclo-oxygenase, which is 
irreversibly inhibited by aspirin through acetylation of a serine 
residue near its C terminus.238,239 PGH2 is the parent compound 
for both biologically active prostaglandins, such as PGE2 and PGI2, 
and TxA2. The former two compounds act to inhibit platelet acti-
vation by generating intracellular cAMP, whereas TxA2 activates 
platelets. Although prostaglandin and thromboxane pathways can 
be present in the same cell, platelets primarily synthesize throm-
boxane, and endothelial cells mainly synthesize prostaglandins 
such as PGI2, which acts as a local vasodilator and thus indirectly 
opposes platelet activation and vasoconstriction.239

Like ADP and epinephrine, TxA2 is also capable of activat-
ing nearby platelets after its release into plasma. It has a very 
short half-life of 30 seconds before its conversion to the inac-
tive metabolite thromboxane B2 prevents widespread platelet 
activation beyond the vicinity of thrombus formation.240,241 
Both arachidonic acid and analogs of TxA2 have been found to 
activate and aggregate platelets by mediating shape change and 
phosphorylation of signaling enzymes, such as PlCb, PKC, and 
so forth.242,243 Signaling events associated with stimulation of 
the TxA2 receptor (TxR) farther downstream from PlCb and PKC 
include activation of p38 mitogen-activated protein kinase and 
the small heat-shock protein hsp27.244

The TxR is a member of the seven-transmembrane G-protein–
coupled receptor family and has been localized to the plasma 
membrane. The receptor is coupled to the a subunits of the Gq 
and G12/G13 members of the G-protein family.245–247 One isoform 
of the receptor has been cloned from placenta (TxRa) and the 
other from endothelium (TxRb). Both are found in platelets, and 
platelet activation through the Gq pathway has been found to acti-
vate PlCb and G12/G13 regulates myosin light-chain phosphoryla-
tion through activation of Rho kinase.245,246,248 In addition, the 
a receptor is associated with activation of adenylate cyclase that 
leads to generation of cAMP, known to inhibit platelet activa-
tion, whereas the b receptor inhibits adenylate cyclase activation 
after its stimulation.248 Because TxA2 is a net agonist, the effects 
of PlCb activation must somehow outweigh those of adenylate 
cyclase activation, or MK and platelet TxRb receptor expression 
levels may outweigh those of TxRa receptor expression levels.248 
TxR knockout mice have a prolonged bleeding time, do not aggre-
gate in response to TxA2 agonists, and show delayed aggregation 
with collagen.249

Coordination between Platelet Adhesion Events and 
Soluble Agonist Stimulation in Thrombus Growth
The mechanism by which soluble agonists coordinate their 
actions with platelet adhesion-related processes is an important 
consideration in the context of the steps required to facilitate 
thrombus growth.250 The constraint imposed by blood flow on 
these prothrombotic processes represents the primary means by 
which platelet adhesion and activation are negatively regulated. 
These arterial high-shear forces have complex effects on platelet–
vWF matrix interactions that are both pro- and antithrombotic in 
nature. Rapid blood flow also has complex and poorly character-
ized effects on the formation and clearance of soluble agonists 
such as TxA2.

One model to explain these relationships incorporates intra- 
and intercellular calcium signaling phenomena as a central 
unifying process.250 In this model the initial platelet/vessel wall 
interaction is characterized by contact between platelet gpIb and 
matrix vWF with subsequent early platelet aIIbb3 conformational 
change, all leading to weak platelet activation. Co-stimulation of 
platelets by these adhesion events and soluble agonist receptors is 
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then needed to potentiate and sustain activation signals initiated 
by the early gpIb/vWF/aIIbb3 interactions, and this co-stimulation 
leads to deceleration and arrest of platelet movement as the 
nidus of the thrombus develops. Platelet intracellular calcium is 
proposed to be the primary second messenger mediating these 
events, based on evidence suggesting an inverse correlation 
between calcium flux and platelet translocation behavior under 
flow conditions.251 Intercellular calcium-related signaling between 
platelets is then thought to lead to ADP release at the site of con-
tact between platelets, which in turn sustains these aIIbb3-derived 
calcium signals by a P2Y12-linked signaling mechanism.252

physiologic Inhibition of platelet activation
One of the many remarkable features of platelets is their ability to 
remain in a physiologic resting state and resist becoming activated 
while navigating the heart, arterial, and venous circulations, and 
splenic microcirculation for an average of 10 days. Over this time, 
platelets can be expected to remain in a quiescent state while they 
encounter high-shear forces, what must be frequent collisions 
with other circulating cells as well as normal endothelium, and 
relatively profound turbulence associated with arterial branch 
points and diseased yet physically intact arteries and arterioles. 
Indeed, the pathologic consequences associated with widespread 
inappropriate platelet activation are life- and limb-threatening 
when associated with well-characterized clinical disorders such 
as thrombotic thrombocytopenic purpura and heparin-induced 
thrombocytopenia. The mechanisms responsible for maintaining 
the fine balance of keeping platelets in a resting state until they 
encounter a genuine need to undergo adhesion, activation, and 
aggregation at the site of vascular injury are almost as diverse 
as those responsible for mediating these physiologic phenomena.

Some general mechanisms involved in physiologic inhibition 
of platelet activation include phenomena such as (a) generation of 
negative-regulating molecules by the platelet (e.g., cAMP), endo-
thelium (e.g., PGI2, NO, heparan sulfate), and at distant sites (e.g., 
antithrombin); (b) direct contact of circulating platelets with colla-
gen prevented by a barrier of endothelial cells; (c) generation of an 
ecto-ADPase (CD39) by endothelial cells that will metabolize ADP 
secreted from activated platelets and thus is intended to limit fur-
ther activation; (d) tendency for blood flow to wash away unbound 
thrombin from the site of platelet plug formation and hence limit 
the extent of clot formation; (e) brief half-life of certain key platelet 
activators such as TxA2; (f) ability to alter the conformation of a 
receptor such that it is then able to interact with a specific proag-
gregatory ligand, as happens with aIIbb3 and plasma fibrinogen; 
and (g) the ability to inactivate switched-on receptors associated 
with activation through biochemical modification such as phos-
phorylation or their removal from the platelet surface.

Biochemical modification leads to receptor desensitization and 
occurs with G-protein–coupled receptors present on the surface 
of platelets, with the notable exception of PAR-1 because throm-
bin requires an intact N terminus to activate the receptor.253 
Desensitization of G-protein–coupled receptors is normally medi-
ated through phosphorylation of serine and threonine residues 
associated with the cytoplasmic side of the receptor by G-protein–
coupled receptor kinases.254 The role of phosphorylation of these 
residues is to uncouple them from their G proteins and then lay 
the groundwork for internalization of the receptor through the 
binding of arrestin proteins.255,256 Some of the physiologic and 
biochemical phenomena related to inhibition of platelet activation 
are described in the following.

Inhibitory Prostaglandins
PGE2 and PGI2, along with PGE1, are examples of prostaglandins 
generated through the arachidonic acid pathway that inhibit 
platelet activation and aggregation, which are processes  mediated 

in part by other prostaglandins and thromboxanes derived 
from the same pathway. The inhibitors carry this out through 
G-protein–coupled receptors that regulate adenylate-cyclase–
mediated generation of cAMP, which in turn activates PKA (or A 
kinases). PKA then goes on to inhibit other proteins that mediate 
platelet reactivity through phosphorylation.

The receptors of prostaglandins believed to increase cAMP levels 
in platelets such as PGI2 have been described as being coupled to 
the a subunits of Gs. Conversely, most platelet agonists suppress 
cAMP formation by inhibiting adenylate cyclase via one or more of 
the Gi family members that are expressed in platelets.257 In addition 
to these considerations, cAMP levels in platelets are also governed 
by the activity of phosphodiesterase, the enzyme responsible for 
cAMP metabolism. This enzyme activity is inhibited by drugs such 
as the weak antiplatelet agent dipyridamole, the bronchodilator the-
ophylline, and sildenafil, used to treat erectile dysfunction in men.

Raising cAMP levels causes a number of specific changes in 
platelet function. These include limitation of phosphoinositide 
hydrolysis, which is believed to occur through blockade of the ino-
sitol 1,4,5-triphosphate receptor and inhibition of the resynthesis 
of the phosphatidylinositol 4,5-biphosphate precursor of DAG for-
mation. There is also a smaller increase in the cytosolic free Ca2+ 
concentration in response to agonists and an accelerated uptake 
of Ca2+ into the dense tubular system.258–261 The targets through 
which cAMP and PKA reduce platelet reactivity are incompletely 
understood. They include ABP (filamin), myosin light chain, VASP, 
and Rap1B. Another PKA substrate is the b subunit of the gpIb 
complex, and this phosphorylation may in turn reduce platelet 
activation through its increased interaction with the 14-3-3z pro-
tein.51,52 The 14-3-3 family of proteins exists as homodimers and 
modulates effector pathways in diverse cell types through interac-
tion with key signaling enzymes.48

Plekstrin and Protein Kinase C Inhibition
PKC is an important serine-threonine kinase with protean effector 
manifestations in platelet signaling. PKC is the receptor for the 
lipid second messenger DAG, and is a key enzyme in the signal-
ing events that follow activation of receptors coupled to PlC. PKC 
isozymes phosphorylate multiple cellular proteins at serine and 
threonine residues. PKC is actually a family of structurally related 
molecules, and platelets contain at least the a, b, d, â, h, u, and 
perhaps z and l isozymes.262

Once activated, PKC appears to mediate individual roles that, 
in some respects, may be considered contradictory in nature. 
These include positive effects such as mediating secretion and 
aggregation, as well as negative effects that can be observed when 
platelets are incubated with phorbol esters before agonist stimu-
lation. Under these circumstances, the agonist effector-mediated 
responses are reduced or do not occur, particularly if they are 
mediated by effectors downstream from phosphoinositide hydro-
lysis, and this phenomenon may represent a form of negative 
feedback.263–265 This is speculated as possibly being due to a 
shorter duration of signaling for calcium release.266

Several platelet proteins are known PKC substrates, and these 
include plekstrin (P47), myosin light chain (P20), ABP, and the a 
subunits of the G proteins Gz, G12, and G13. The precise role of 
plekstrin in platelets is unknown, although its first and last 100 
residues are homologous with domains in molecules with roles in 
signal transduction. These so-called plekstrin homology domains 
are speculated to play roles in protein–protein interactions, and 
so phosphorylated plekstrin may have a role in the negative 
regulation of PKC. One study suggests that phosphorylated plek-
strin may be accomplishing negative regulation of PKC through 
inhibiting phosphoinositide hydrolysis and the activity of the lipid 
kinase, PI3K.267 Reduced activity of PI3K leads to reduced phos-
phorylation of PI-4,5-P2 to PI-3,4,5-P3, a molecule that, in turn, is 
involved in the activation of the PKC isoforms.268
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Other Inhibitory Processes of Platelet Activation
The aIIbb3 receptor on the surface of activated and resting 
platelets along with the fibrinogen that binds to stimulated 
platelets expressing the activated form of aIIbb3 have been 
observed to undergo rapid internalization into MK and platelet 
a-granules.269–271 It has been speculated that this may represent 
a mechanism by which platelets not involved in clot formation 
may be able to return to a resting state.272 The in vivo evidence 
supporting this unique platelet-inhibitory process is included in a 
paper describing the transfusion of plasma into an afibrinogen-
emic patient followed by the demonstration that platelet fibrino-
gen could be restored faster than new platelets could be produced 
in the bone marrow.273

NO is generated by endothelial cells and platelets from 
l-arginine in response to shear stress forces and other platelet 
agonists, such as thrombin and ADP. This molecule works to 
inhibit platelet activation through the cyclic guanosine mono-
phosphate second messenger generated by guanylate cyclase 
activation. Endothelial NO synthase activity is enhanced during 
platelet activation, presumably as an additional means for limit-
ing platelet aggregation.

platelet Secretion
The extent of secretion of a-, dense-, and lysosomal-granule 
contents is dependent on the strength of the agonist, occurs in 
association with platelet activation, and is one of the many down-
stream consequences mediated by the activation and transport to 
the internal leaflet of the plasma membrane of PKC. Granule con-
tents that are involved in enhancing activation and aggregation 
of both their own and other platelets in the vicinity include ADP, 
vWF, fibrinogen, and calcium ions. Platelets contain three types 
of granules: dense granules contain agonists that amplify platelet 
activation, a granules contain proteins that enhance adhesion, 
and lysosomal granules contain glycosidases and proteases with 
largely unknown function.

The strongest response a platelet can mount to agonist stimu-
lation includes activation, secretion, and aggregation. The granule 
secretory (release) phase is most readily documented in vitro by 
the “secondary wave” that denotes a second surge of aggregation 
activity of a fixed number of platelets in response to release of 
proaggregatory granule contents. These platelets are exposed to 
an agonist under the controlled in vitro conditions associated with 
platelet aggregation studies in which clinical defects in primary 
hemostasis due to platelet perturbations are further character-
ized. The secondary wave is typically seen best when the agonist 
is a weaker one, such as epinephrine, or is a relatively lower 
concentration of another relatively weak agonist, ADP. These 
two agonists require both cyclo-oxygenase activity and a primary 
wave of aggregation to induce secretion at low calcium concentra-
tions.274

Although platelets are anucleate, they contain mRNA and are 
capable of synthesizing a restricted group of proteins mainly 
related to inflammation and apoptosis.275,276 In addition to this, 
vesicles are secreted from the membranes of stimulated plate-
lets referred to as platelet microparticles that are enriched with 
specific membrane proteins which make them significantly pro-
coagulant in settings such as heparin-induced thrombocytopenia, 
peripheral artery disease, and MI.277

Several studies suggest that the mechanism by which platelet 
granules (vesicles) fuse with the cell membrane to release their 
granule contents involves soluble N-ethylmaleimide-sensitive 
factor attachment protein (SNAP) receptor (SNARE) complexes 
that are formed between vesicle-associated membrane proteins 
(VAMPs; v-SNAREs) and proteins in the target membranes 
(different members of the syntaxin, SNAP-25, and VAMP gene 
families; t-SNAREs) in a lock-and-key form of docking.278,279 
Many lines of evidence show that these SNARE complexes are 

crucial for membrane trafficking and fusion events such as 
secretion and exocytosis. There is evidence that suggests the 
specific isoforms VAMP-3 and VAMP-8 form SNARE complexes 
with platelet syntaxin 4 and that these specific complexes medi-
ate platelet secretion.279,280 Simultaneous with the exocytosis of 
platelet granules, it is apparent that there is also inward (cen-
tripetal) movement of other intracellular contents, and this may 
play a role in transporting proaggregatory proteins away from 
the membrane surface and thus serve as another counterbalanc-
ing mechanism for limiting the extent of thrombus formation. 
Examples of this phenomenon include the internalization of 
fibrinogen from the surface of activated platelets, along with 
gpIIbIIIa receptors from the surface of resting and activated 
platelets, as noted earlier.272

PlaTeleT aggregaTioN: aiibb3 
recePTor aNd iTS SigNaliNg 
mecHaNiSmS
Platelet aggregation is a complex phenomenon that is the end 
result of a series of adhesion- and activation-related processes. 
The molecular mechanisms involved in platelet aggregation con-
tinue to be an area of very active research that also periodically 
reminds us that there is still much to be characterized about 
this important aspect of platelet function. Essential components 
of this process include an agonist, calcium, and the adhesive 
proteins, fibrinogen and vWF. Divalent cations, such as calcium 
and magnesium, are required for platelet aggregation in trace 
amounts, and these alter the specificity of the integrin aIIbb3 for 
its ligands.280 Fibrinogen and vWF play dominant roles in plate-
let aggregation through binding to aIIbb3 and also by the ability 
of the former to generate polymerized fibrin as support for the 
platelets in a thrombus.281,282 The multivalent nature of fibrino-
gen and vWF allows them to cross-link platelets on binding to 
aIIbb3 on stimulated platelets to initiate platelet aggregation.

The molecular basis of integrin signaling that occurs in 
platelet aIIbb3 is an integral part of thrombus formation and is 
important in understanding this process. gpIIb (aIIb) and gpIIIa 
(b3) were identified as the abnormal proteins present in patients 
with Glanzmann thrombasthenia in the 1970s.283,284 They rep-
resent the most abundant receptor on the platelet surface. Like 
all integrin receptors, this complex is composed of noncovalently 
linked subunits. Each subunit is encoded by separate genes on 
the long arm of chromosome 17. Both subunits consist of a large 
extracellular domain and very short cytoplasmic domains, and 
together they form a heterodimer. Within their combined extra-
cellular domains is the ligand-binding pocket, with surrounding 
subunit domains conferring specificity.285 Equally important are 
the short cytoplasmic domains critical for transmembrane signal-
ing. These domains act to anchor the receptor to the cytoskeletal 
 elements.286,287,288

The signaling pathways of gpaIIbb3 are complex and have been 
extensively studied. Despite this, the terminal effector molecules 
affecting activation remain unknown. Central concepts of the 
signaling pathway include inside-out signaling, which involves 
the processes termed affinity and avidity modulation,271,290 and 
outside-in signaling in which messages are transmitted to the 
inside of the platelet via the events occurring outside the mem-
brane through aIIbb3 activation. Regarding the former, a major 
knowledge gap exists with respect to how second messengers 
effect functional changes in aIIbb3. As examples, PKC, PI3-kinase, 
and Rap 1b have been implicated as intermediates in inside-out 
signaling, but identity of the effector molecules remains to be 
determined.250, 291 Current knowledge regarding these complex 
pathways has been recently reviewed and is summarized in 
Figures 17.6 and 17.7.285,286,292
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Normally, undisturbed endothelium possesses nonthrom-
bogenic properties that can inactivate activated coagulation 
factors, increase blood flow, inhibit platelet aggregation, and 
modulate fibrinolysis. Substances that inhibit platelet activation 
released by the endothelium include PGI2, NO, and ADPase. 
In addition, platelets release PGE2 that acts to prevent its own 
activation. These molecules act via the Gs protein pathway that 
stimulates protein kinases to modulate various enzymes involved 
in platelet receptor aIIbb3 activation (see later).292 They may also 
act to phosphorylate and inactivate various protein receptor 
agonists.293,294

Primary platelet agonists such as ADP, thrombin, and matrix 
proteins collagen and vWF affect platelet aggregation through 
a process known as inside-out signaling. This term denotes an 
integrin property that involves the binding action of agonists 
and extracellular matrix ligands to their receptors, leading to 
activation of numerous platelet functions, including the confor-
mational change of aIIbb3 to a high-affinity state, referred to 
as affinity modulation. The relative contribution of soluble and 
extracellular matrix stimuli to inside-out signaling likely var-
ies with flow conditions and other factors related to vascular 
perturbation. For example, gpIb/V/IX function is most relevant 
under high-shear stress conditions such as those associated with 
arterioles and capillaries and in stenotic arteries. Ligand binding 
is initially reversible and later becomes irreversible in nature.295 
Therefore, one of the effects of inside-out signaling on aIIbb3 is 
exposure of the fibrinogen-binding site through signal transduc-
tion involving the cytoplasmic domains (Fig. 17.6).293,296 Various 
regulatory intracellular or transmembrane proteins participate 

Figure 17.6. integrin activation is bidirectional and reciprocal. The aIIbb3 complex 
equilibrates between resting and activated states, the resting state predominating in unstimu-
lated platelets and the activated state in stimulated platelets. Conversion from resting to acti-
vated does not imply a single abrupt change but rather a series of coordinated and linked 
conformational transitions. A: Inside-out signaling. Agonist-dependent intracellular signals 
stimulate the interaction of key regulatory ligands (such as talin) with integrin cytoplasmic tails 
(in this case the b3 tail). This leads to conformational changes in the extracellular domain that 
result in increased affinity for adhesive ligands such as fibrinogen, von Willebrand factor (vWF), 
and fibronectin. Plasma fibrinogen and vWF support platelet aggregation at low and high shear 
rates, respectively, by bridging aIIbb3 receptors on adjacent platelets. Studies in mice deficient 
in fibrinogen and vWF indicate that plasma fibronectin can also promote thrombus initiation, 
growth, and stability at high shear rates. B: Outside-in signaling. Extracellular ligand binding, ini-
tially reversible, becomes progressively irreversible and promotes integrin clustering and further 
conformational changes that are transmitted to the cytoplasmic tails. This results in the recruit-
ment and/or activation of enzymes, adaptors, and effectors to form integrin-based signaling 
complexes. From Shattil SJ, Newman PJ. Integrins: dynamic scaffolds for adhesion and signaling 
in platelets. Blood 2004;104:1606–1615, with permission.

A B

Figure 17.7. Schematic illustration of aiib3 receptor 
regulation via inside-out and outside-in signaling. ADP, 
adenosine diphosphate; ADPase, adenosine 5′-diphosphatase; 
NO, nitric oxide; PGE2, prostaglandin E2; PGI2, prostacyclin; 
TxA2, thromboxane A2. From  Casserly IP, Topol EJ. Glycoprotein 
IIb/IIIa antagonists—from bench to practice. Cell Mol Life Sci 
2002;59:481, with permission.
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in this process. Overall, the data provide strong evidence that 
association between subunit cytoplasmic tails and possibly also 
between integrin subunit transmembrane domains works to 
maintain the aIIbb3 complex in a resting nonadhesive conforma-
tion, and disruption of this state causes separation of the tails 
with consequent changes in the extracellular domains to increase 
aIIbb3 affinity.297,298 Evidence currently suggests that any role 
for extracellular or transmembrane molecules in affinity modula-
tion is secondary to aIIbb3 regulation by intracellular proteins, 
in particular a 270-kDa dimer named talin that interacts with 
the integrin cytoplasmic tails.299 The complexity of the mecha-
nisms by which inside-out signaling trigger aIIbb3 activation is 
 significant.200,201

Talin is a large protein that has been implicated as a trigger 
of integrin activation and binds to two sites in the b3 cytoplasmic 
tail: the NPLY sequence in the midsegment of the cytoplasmic tail 
and a sequence in the membrane proximal region.302 Its binding 
to the latter region may follow the former and may trigger sepa-
ration of b3 from the aIIb cytoplasmic tail resulting in activation. 
Other proteins bind to the NPLY sequence and whether these 
function as coactivators or suppressors remains to be determined 
(Chapter 115, ref 303,304). Talin must also be activated to accom-
plish this and multiple activation pathways have been described.

Avidity modulation, the less dominant action, acts to cluster 
the aIIbb3 heterodimers into oligomers through lateral diffu-
sion.305,306 These conversions are critical in allowing aIIbb3 to 
engage soluble adhesive ligands. These ligands contain the classi-
cal integrin-recognition sequence RGD, Arg–Gly–Asp, which acts 
as a bridge between adjacent platelets allowing aggregation to 
proceed.307 In addition, more aIIbb3 translocates to the platelet 
surface membrane from the degranulating a-granule pool, where 
additional receptor is stored. These changes facilitate irreversible 
binding to fibrinogen. An important role for tyrosine kinase- and 
phosphatase-associated phosphorylation–dephosphorylation in 
integrin activation exists as assessed by the blockade of fibrinogen 
binding and platelet aggregation by enzyme inhibitors.308,309

After ligand binding occurs, a multitude of intracellular sig-
nals are generated that are collectively referred to as outside-in 
signaling. This “contact-dependent signaling” determines the 
extent to which platelets will spread on a vascular matrix and 
how resistant to detachment they are.310,311 Outside-in signal-
ing occurs in a discrete pattern in which ligand binding initiates 
integrin clustering and assembly of a “nascent” signaling complex 
proximal to the aIIbb3 cytoplasmic tails, and this is followed by 
the growth of a larger “actin-based” signaling complex. It can be 
envisioned that the nascent complex is characterized temporally 
by (a) activation of Src kinases bound to the b3 cytoplasmic tail 
by fibrinogen engaging and facilitating integrin clustering, then 
(b) recruitment and activation of Syk by Src, then (c) Src and/
or Syk phosphorylation of various substrates including adaptor 
proteins SLP-76 and c-Cbl along with the Rac GTPase Vav, and 
these substrates in turn act by participating in signaling to the 
actin cytoskeleton.292 As the nascent complex assembles, many 
additional proteins are recruited that can influence actin reorga-
nization, including Rac, the adaptor Nck, PAK, PI3-kinase, and 
VASP, an actin-bundling protein.292 All these signaling events 
during platelet aggregation are further supported by release of 
granules induced by the binding of adhesive proteins to the extra-
cellular domain of b3. This complex series of events serves as a 
determinant of the final clot size.

Activation of aIIbb3 by agonists is very rapid and the platelet 
can become fully competent to bind fibrinogen/vWF via the recep-
tor within seconds after its initial encounter with agonist. Once 
full spreading and aggregation of platelets occurs, usually within 
several minutes, focal adhesion kinase is phosphorylated.312–314 
The PI3K system is activated once aIIbb3 is engaged, leading to 
generation of D3 phosphoinositides.315 These proteins act to 
prevent the depolymerization of the actin cytoskeleton, with the 

result that the platelet aggregate is stabilized.316 The end result of 
this outside-in signaling is a stable platelet clot.

In addition to outside-in signaling, following binding of fibrino-
gen to aIIbb3 one or more of a number of other events can be pos-
tulated to occur that facilitate platelet aggregation. These include 
the formation of a dimeric fibrinogen bridge between aIIbb3 
receptors on adjacent platelets, conformational changes in bound 
fibrinogen and/or occupied aIIbb3, and additional interactions of 
bound receptor with cytoskeletal elements.317–320

Although fibrinogen is the dominant ligand, other RGD-
containing peptides also bind to aIIbb3 including vWF, collagen, 
fibronectin, and vitronectin. Because vWF binds to GPIb/V/IX it is 
close to aIIbb3 which may facilitate their interaction. Thus aIIbb3 
may also play a role in platelet adhesion particularly in stabiliz-
ing cell–matrix interactions.321 Other platelet membrane proteins 
have also been shown to associate with aIIbb3 including CD9 and 
Gas6322 and these may play a role in modulating aIIbb3 function.

Not only does the aIIbb3 receptor have important roles with 
respect to platelet function, it affects coagulation and the inflam-
matory process as well. It acts to promote the formation of the 
prothrombinase complex323 and mediates the adhesion of leu-
kocytes to the platelet membrane and endothelium (i.e., vascular 
inflammation).324–327 This receptor may also have a role in cell 
proliferation. In this respect, antagonists to aVb3 or to both aIIbb3 
and aVb3 significantly inhibited intimal hyperplasia after vascular 
injury in all but 1 of at least 12 animal studies.328

platelet aggregation and arterial Shear Flow
Until relatively recently platelet aggregation was considered to 
be comparatively straightforward involving just aIIbb3 interacting 
with fibrinogen as described in the preceding paragraphs. With 
the recent ability to analyze in vivo platelet aggregate formation 
in realtime, though, it has become apparent that this process is 
much more complex than previously thought. Platelet aggregation 
now appears to represent a series of adhesion reactions involving 
multiple receptors and adhesive ligands such as vWF, fibrinogen, 
and fibronectin with the contribution of individual receptor–
ligand interactions dependent on prevailing blood flow conditions. 
It has been postulated that at least three distinct mechanisms can 
initiate aggregation with each mechanism working over a spe-
cific arterial shear range in vivo.329 Under low-shear conditions 
(<1,000 s−1) the predominant mechanism is thought to involve 
fibrinogen and aIIbb3 exclusively and this occurs independent 
of GPIb/vWF interaction.330 Subsequent stimulation by locally 
generated soluble agonists induces platelet shape change and an 
increase in aIIbb3 affinity for fibrinogen. At shear rates between 
1,000 and 10,000 s−1 platelet-platelet interactions become more 
vWF dependent with roles for both GPIb and aIIbb3 in promoting 
platelet aggregates. Now a third mechanism initiating platelet 
aggregation has been identified that occurs when shear rates are 
very high (>10,000 s−1) and it is interesting that this mechanism 
does not require platelet activation or the adhesive function of 
aIIbb3 and is mediated by GPIb/vWF bonds.286,331 This finding 
that nonactivated platelets can form large aggregates under very 
high shear may have important implications behind the mecha-
nism of pathologic thrombus formation in stenosed arteries.

Integrin aIIbb3 antagonists
Antithrombotic agents that act against the aIIbb3 receptor are 
extensive and represent a targeted therapy against the most preva-
lent platelet surface receptor. They have had a significant impact on 
clinical outcomes of patients with acute coronary syndromes (ACSs) 
and those requiring percutaneous coronary interventions (PCIs).

Although many anti-aIIbb3 agents have been developed, only a 
small number are currently approved for clinical use. Examples 
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of approved parenteral agents with various mechanisms of action 
include the chimeric monoclonal antibody abciximab, the syn-
thetic peptide eptifibatide, and the synthetic nonpeptide tirofiban.

Coller reported on the first mouse monoclonal antibody directed 
against the aIIbb3 receptor,332 and abciximab was subsequently 
developed. Abciximab is thought to block access of large molecules 
to the receptor by steric hindrance and/or conformational effects 
rather than interacting directly with the arginine–glycine–aspar-
tic acid-binding site of gpIIb/IIIa.285 Within minutes of receiving 
the standard bolus dose, ∼90% of aIIbb3 receptors are bound.333 
Abciximab then slowly dissociates for up to 4 hours, and platelet 
function can be abnormal for up to 7 days after infusion.334

Eptifibatide is a synthetic cyclic heptapeptide based on an RGD 
sequence that blocks all RGD-recognizing integrin receptors. It 
binds to the ligand-binding pocket of the aIIbb3 receptor such that 
it blocks its interaction with fibrinogen and vWF. It has a very 
rapid onset of action and a low affinity, leading to quick dissocia-
tion. It is approved for use in both the PCI and ACS settings.

Tirofiban is a synthetic nonpeptide tyrosine derivative that 
mimics the RGD recognition sequence.335 This agent also acts by 
blocking the ligand-binding region of the aIIbb3 receptor such that 
it competitively inhibits platelet aggregation. Within minutes, it 
inhibits platelet aggregation, and it dissociates from the receptor 
within seconds. It is approved for use in ACS.

Numerous trials have been conducted to evaluate the effi-
cacy of parenteral aIIbb3 antagonists (Fig. 17.8).285,336 These 
trials evaluated the drugs in terms of 30-day post-intervention 
or event episodes of death or nonfatal MIs after PCI or ACS. 
With >100,000 patients being evaluated in placebo-controlled 
trials, the absolute and relative risk reductions in PCI with the 
use of aIIbb3 inhibitors were 2.9% and 34.0%, respectively.The 
benefit of the aIIbb3 inhibitors among ACS patients is maximized 
in those undergoing PCI.337 This might relate to the relatively 
short time period between vessel injury and initiation of therapy. 
Correspondingly, the risk reductions provided by these agents in 
the medical management of ACS is more modest and the risk/
benefit profile of currently available aIIbb3 agents is substantially 
uncertain for patients with ACS who are not routinely scheduled 
for early revascularization.338 Among this particular population, 
benefit has been found to be highest in those with diabetes mel-
litus and/or elevated serum troponin levels reflecting microvascu-
lar obstruction and myocardial necrosis.339–343 Clopidogrel and 
anticoagulants have essentially curtailed the application of these 
agents in the non-PCI ACS setting.344,345

After longer-term follow-up of 1 year, the evaluation of IIb/IIIa 
platelet inhibitor for stenting (EPISTENT) trial demonstrated a 
significant reduction in mortality after the use of abciximab in PCI. 

This effect has not been demonstrated with the other mentioned 
agents, although significantly fewer studies have been performed 
with them to date. A meta-analysis of the trials performed using 
tirofiban and eptifibatide in ACS showed no significant difference 
in mortality with these agents, but did show that there was a sig-
nificant reduction in endpoints of death/MI, as well as death/MI/
revascularization at 48- to 96-hour, 30-day, and 6-month follow-
up periods.346

Disappointing clinical trial results have been seen with the 
oral aIIbb3 inhibitors, and this even includes an increased all-
cause mortality rate.347,348 This could be explained by possible 
subtherapeutic drug levels leading to platelet activation and/or 
inflammation. Another explanation is that these agents may leave 
the receptor activated as they dissociate away.349

role oF THe cyToSkeleToN iN 
PlaTeleT FuNcTioN
(See additional cytoskeleton structure information in Chapter 16 
on platelet structure.)

Once an agonist has interacted with its platelet membrane 
receptor and triggered second messenger formation, a key event 
in platelet activation and subsequent aggregation is the transition 
of the platelet’s shape from the discoid appearance associated 
with its circulating resting state to the amorphous amoebalike 
appearance with multiple pseudopodial projections that denote 
its activation state and readiness to participate in platelet plug 
formation. The platelet cytoskeleton and its associated signaling 
proteins are responsible for mediating shape change associated 
with activation, spreading, secretion, and aggregation. This cyto-
skeleton is associated with at least 14 different structural proteins 
that function interdependently as a single unit but can be seen 
as consisting of three major functional units: (a) a cytoplasmic 
network consisting mainly of actin, (b) a meshwork of proteins 
immediately proximal to the cytoplasmic leaflet of the platelet 
membrane referred to as the membrane skeleton (because it con-
tains surface-associated proteins such as the gpIb complex), and 
(c) the platelet marginal band, which consists of a single periph-
eral microtubule coil that encircles the platelet to contribute to its 
resting discoid state.

Transmembrane receptors such as gpIb participate in anchor-
ing the platelets to extracellular matrix in the arterial suben-
dothelium through their extracellular domains, whereas their 
cytoplasmic domains are almost simultaneously associating with 
membrane skeletal proteins in response. In doing so, these 

Figure 17.8. Hypothetical model of atherogenesis triggered by platelets. Activated platelets roll along the endothelial monolayer via gpIb/P-selectin or 
PSGL-1/P-selectin. Thereafter, platelets firmly adhere to vascular endothelium via b3 integrins, release proinflammatory compounds (IL-1b, CD40L), and induce a 
proatherogenic phenotype of ECs (chemotaxis, MCP-1; adhesion, ICAM-1). Subsequently, adherent platelets recruit circulating leukocytes, bind them, and inflame 
them by receptor interactions and paracrine pathways, thereby initiating leukocyte transmigration and foam cell formation. Thus, platelets provide the inflammatory 
basis for plaque formation before physically occluding the vessel by thrombosis upon plaque rupture. From Gawaz M, Langer H, May AE. Platelets in inflammation 
and atherogenesis. J Clin Invest 2005;115:3378–3384, with permission.
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 surface receptors are providing sites at which tension can be gen-
erated by intracellular contractile elements that subsequently lead 
to shape change and activation of signaling proteins.

The cytoplasmic network consists of actin filaments and their 
associated proteins, referred to as intermediate filaments. In rest-
ing platelets, approximately half of actin is structurally filamentous 
in nature (with the rest present as globular monomeric G-actin), 
and this fraction increases to approximately three fourths during 
platelet activation.350 During this process, the actin filaments are 
reorganized into longer filaments after their initial breakdown 
into smaller units and this is thought to be regulated in part by 
an increase in phosphatidylinositol-4,5-bisphosphonate (PIP2) 
that accompanies platelet activation. Simultaneously, myosin is 
phosphorylated by myosin light-chain kinase and then associates 
with F-actin, with the resultant filament then attaching itself to 
the a subunit of the gpIb complex through ABP.351,352 These fila-
ments are also anchored at sites called focal adhesions, where the 
tyrosine kinase Fak becomes activated after platelet stimulation. 
Focal adhesions assemble around the aIIbb3 integrin on its confor-
mational change (activation) and so play a very important role in 
signaling pathways associated with platelet activation by drawing 
together membrane receptors, the cytoskeleton, and signaling 
phosphoproteins such as members of the Src family, PI3K, and 
Syk into close physical proximity.353 Other platelet integrin recep-
tors, such as a2b1, also organize focal adhesions after binding to 
their respective extracellular ligands.

The membrane skeleton consists of actin, ABP, talin, vinculin, 
spectrin, cortactin, a-actinin, and several membrane glycopro-
teins, as noted in Chapter 16. ABP is a 250-kDa elongated dimer 
that associates with the cytoplasmic domain of the gpIba chain 
and acts to link the receptor to actin in the early stages of platelet 
activation, as noted in the previous paragraph. After platelet acti-
vation, calpain, the calcium-dependent protease, is activated in 
aggregating and spreading platelets and cleaves the link between 
ABP and gpIb. Thus, ABP may be considered a prototype of sorts 
of membrane skeleton proteins that provides a good example 
of their important role in terms of interaction with second mes-
sengers and other signaling molecules that either may become 
activated or may act on their substrates after platelet stimulation.

The marginal microtubule band maintains platelet discoid 
shape and appears to be an essential intermediate in the 
microtubule-driven process of proplatelet formation and platelet 
release.96 This single microtubule polymer is wound in 8 to 12 
coils in the cytoplasmic periphery and is located just beneath the 
plasma membrane.354 About 90% of b-tubulin in the  marginal 
band is of the divergent, MK/platelet-restricted b1 isoform. 
b1-tubulin–null mice show reduced proplatelet formation, throm-
bocytopenia, and platelet spherocytosis.355

PlaTeleT–cell iNTeracTioNS

platelets and endothelium
The mechanisms behind platelet interaction with vWF, collagen, 
and other subendothelial matrix molecules exposed as a result 
of damaged endothelium have been well studied and described 
in earlier sections of this chapter. In addition to these platelet– 
subendothelial interaction paradigms, evidence has emerged that 
circulating unactivated platelets have the capacity (as do neu-
trophils) to roll on intact activated endothelium in vivo and then 
reversibly adhere to it in a process that is dependent on endothe-
lial cell expression of P-selectin.356–359 This sequence of molecular 
interactions is a well-controlled multistep process involving plate-
let tethering and interaction of platelet P-selectin glycoprotein 
ligand-1 (PSGL-1) or gpIba with endothelial P-selectin (“rolling”), 
followed by subsequent “firm adhesion” to the vascular wall 
mediated through b3 integrins. gpIba and PSGL-1 have structural 

similarities including similar ligand-binding domains. P-selectin 
is also expressed on the surface of activated platelets and is an 
a-granule component in resting platelets. Endothelial P-selectin 
is rapidly expressed on the surface in response to inflammatory 
stimuli by translocating from membranes of storage granules 
(Weibel–Palade bodies) to the plasma membrane within seconds.

As noted in an earlier section, there are multiple general mech-
anisms at play in inhibition of platelet activation that involve intact 
endothelium. It is increasingly recognized that inflammatory stim-
uli facilitate sustained platelet–endothelial interaction by perturb-
ing these antiadhesion and activation mechanisms and increasing 
surface expression of endothelial molecules. Adhesion of platelets 
to inflamed endothelium involves a similar coordinated multistep 
process as occurs in hemostasis and thrombosis, including platelet 
tethering, surface translocation, and firm adhesion.360 In athero-
sclerosis accumulation of modified oxidized lipoprotein particles 
in the setting of hyperlipidemia leads to surface expression of 
endothelial P- and E-selectin as well as endothelial vWF.360,361

Along with endothelial P-selectin, it is not surprising that 
vWF expressed on activated venous endothelium has also been 
implicated in platelet adhesion and translocation.362 The precise 
nature of the relationships between these two endothelial cell 
molecules and the platelet gpIb complex, and the role different 
shear forces may play in determining which ligand gpIb may 
preferentially associate with, remain to be determined. As noted 
in the section on “Platelet Aggregation and Arterial Shear Flow”, 
aggregation is currently considered to consist of a series of adhe-
sion reactions involving multiple receptors and adhesive ligands 
such as vWF, fibrinogen, and fibronectin with the contribution 
of individual receptor–ligand interactions dependent on prevail-
ing blood flow conditions. Studies using intravital microscopy 
have confirmed that platelet–endothelium adhesion takes place 
even under high-shear stress in vivo.363,364 Platelets rolling on 
activated endothelium can be inhibited by both anti-P-selectin 
and anti-gpIba antibodies, and this suggests that platelet gpIb/V/
IX mediates platelet adhesion to both the subendothelial matrix 
and the intact endothelium.365 PSGL-1 on platelets has also been 
shown to mediate platelet rolling on the endothelial cell mono-
layer under high-shear stress.366

Platelet firm adhesion to intact endothelial cells following 
rolling is a process dependent on aIIbb3 bridging to endothelium 
that involves endothelial receptors such as aVb3 and intercellu-
lar adhesion molecule (ICAM)-1 interacting with platelet-bound 
fibrinogen, fibronectin, and vWF.325,358,367,386 This firm  adhesion 
induces platelet surface P-selectin expression, and whether this 
selectin plays any role in their interaction with endothelium 
is unknown. The fact that P-selectin knockout mice have been 
observed to display impaired hemostasis suggests a potential role 
in this respect.369

platelets and White Blood Cells
In addition to the participation of the gpIb complex, selectins, 
and the b3 integrin in the interaction between platelets and intact 
endothelium described above, these proteins along with the b2 
integrin receptor Mac-1 (aMb2 or CD11b/CD18) participate in 
interactions between platelets and leukocytes.370 Platelets con-
tribute to leukocyte rolling and extravasation, which are two 
well-characterized steps involved in the translocation of the latter 
cell from the circulation to sites of infection.371 Normally, after 
interaction of endothelial cell P-selectin with leukocyte receptors 
such as PSGL-1, b2 integrin activation on the leukocyte mediates 
increased adhesion to endothelium, followed by extravasation.

Neutrophils are also capable of tethering and rolling on 
adherent and activated platelets through interactions between its 
P-selectin glycoprotein 1 and P-selectin expressed on the platelet 
surface, and they will subsequently display extravasation medi-
ated by activation of Mac-1 and lymphocyte function-associated 
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antigen 1 (aLb2) which are required to mediate stable leukocyte 
adhesion.372–374 The a subunits of certain integrins, such as Mac-1, 
have been found to contain “insert” (I) domains, homologous to 
the A1 domain of vWF. This observation has taken on added inter-
est since it has been shown that Mac-1 is capable of binding to 
the gpIb complex and that this interaction required the I domain 
of Mac-1 and the leucine-rich repeat region of gpIba.375 Mac-1 
knockout mouse neutrophils were incapable of binding to isolated 
polypeptide fragments corresponding to the extracellular domain 
of gpIba (called glycocalicin). For this reason and others, the role 
of Mac-1–gpIb complex interaction could turn out to be important 
with respect to initiating and propagating inflammation associ-
ated with the progression of atherosclerotic, purely thrombotic, 
or atherothrombotic processes.

Mac-1 has also been found to associate with other receptors of 
the platelet membrane, including the junctional adhesion molecule-3, 
ICAM-2, fibrinogen bound to aIIbb3, and high-molecular-weight 
kininogen bound to gpIba.376–380 These associations have been 
characterized individually, however, their downstream signal-
ing partners along with any coordinated actions that may exist 
between the ligand–receptor pairs in vivo remain to be deter-
mined. During this adhesive process, the association of platelet 
membrane PSGL-1 and Mac-1 stimulates the release of inflam-
matory cytokines from platelets, which in turn induces inflam-
matory cascades in monocytes.381,382 This integrin, selectin, and 
cytokine-based set of coordinated reactions linking neutrophils, 
platelets, and monocytes leads to circulating activated platelets 
and platelet–white cell aggregates that promote formation of ath-
erosclerotic lesions.383

role of platelets in Inflammation
The growing list of pathophysiologic processes in which platelets 
have a proposed role is a reflection of the many different cell 
types with which they interact. These include endothelial cells, 
neutrophils, monocytes, dendritic cells, cytotoxic T lymphocytes, 
malaria-infected red cells, and various tumor cells. In addition 
to the mechanisms behind interaction of platelets with activated 
endothelium and white cells described in the last section, plate-
let activation induces a local release of alpha granule contents 
containing various potent inflammatory substances that further 
enhance the inflammatory response and alter chemotactic, adhesive, 
and proteolytic properties of endothelial cells. These include che-
mokines CXCL4 (PF-4), CXCL7 (PBP, b-TG, CTAP-III, and NAP-2), 
and CCL5 (RANTES), platelet-derived growth factor, IL-1b, CD40 
ligand, TxA2, leukotriene B4, and platelet-activating factor.

The interaction between platelets, leukocytes, and the vascular 
wall can occur in various sequences.384 First, platelets can form 
aggregates with leukocytes that promote leukocyte recruitment 
either by activating leukocyte adhesion receptors or by directly 
serving as a bridging molecule between leukocytes and the endo-
thelium. When adhered to the vessel wall, platelets can attract 
leukocytes by releasing chemoattractants and providing an adhe-
sive surface for leukocyte adhesion. Thus platelets, leukocytes, 
and endothelial cells all become activated in a cascadelike fashion.

A key receptor–ligand interaction in these processes includes 
P-selectin and PSGL-1 (as noted above) that was initially found to 
be important in rolling interactions between leukocytes and the ves-
sel wall and later found to be important in the recruitment of tissue 
factor bearing microparticles in thrombosis as well.385,386 Using 
apolipoprotein E-deficient mice, it has been shown that platelet 
P-selectin plays a critical role in atherosclerosis by promoting leu-
kocyte recruitment on atherosclerosis-prone endothelium.387

A second key interaction involves platelet CD40 ligand, which 
is related to the tumor necrosis family, and CD40. Once on the 
activated platelet surface, CD40L increases release of attractants 
for neutrophils and monocytes, and triggers outside-in signal-
ing by inducing aIIbb3 phosphorylation and enhancing thrombus 

 stability.388,389 High levels of soluble CD40L are released from 
platelets in response to thrombosis that then functions as a 
primary platelet agonist in an autocrine loop with aIIbb3 as the 
primary agonist receptor.

role oF PlaTeleTS iN aTHerogeNeSiS 
aNd aTHeroTHromboSiS
Atherosclerosis is the major cause of vascular occlusive disorders 
such as coronary artery disease, stroke, and peripheral arterial 
disease. Every year, more than 4 million patients are admitted 
to hospitals worldwide with ACS, more than 1.5 million of them 
in the United States.390 Peripheral arterial disease affects up to 
12% of the general population and 20% of those older than age 
70 years.391 The instability associated with atherosclerotic plaque 
progression enhances vulnerability to disruption or ulceration, 
and this is associated with secondary deep vessel wall injury and 
thrombus formation.392–394 Based on extensive laboratory and 
clinical experience, it is clear that platelet activation and aggrega-
tion play an integral role on two fronts: (a) in the cytokine-driven 
local inflammatory changes associated with plaque formation and 
growth, followed by (b) thrombus associated with plaque instabil-
ity (Fig. 17.8).

platelets in atherogenesis
The importance of the role of both arterial wall and systemic 
inflammation in atherogenesis and its later clinical manifesta-
tions, along with the molecular interface between inflammation 
and thrombosis, have been the subject of much recent attention 
in the literature.395,396,397 An increased number of links between 
thrombosis and inflammatory mediators have been observed, and 
new roles for platelets in inflammation are becoming apparent.398

Many of the molecular players mediating leukocyte– endothelium 
interactions have also been found to play important roles coordi-
nating leukocyte attachment and transmigration across layers of 
platelets adherent to injured vascular intima.375,399 In addition, 
the binding of platelets to leukocytes influences important white-
cell effector responses, such as cell activation, signaling associ-
ated with integrin activation, chemokine synthesis, and so forth. 
Thus, it has become clear that inflammation is capable of leading 
to local thrombosis, and thrombosis is capable of initiating and 
propagating inflammation.

As noted in the section, “Platelets and Endothelium,” platelet 
adhesion to intact endothelium (as opposed to exposed subendo-
thelium following vascular injury) has been well characterized 
using intravital microscopy and atherosclerosis animal models, 
and in some cases, adhesion has been shown to occur even 
before detectable atherosclerotic lesions are manifested.400,401 
Animal models have recently provided strong evidence linking 
platelets to early events of atherogenesis. An atherosclerosis 
mouse model lacking aIIb exhibited substantial reduction in ath-
erosclerotic lesion formation.402 The importance of P-selectin in 
atherosclerosis lesion formation has been well described.403–405 
Platelet adhesion has been found to activate endothelial cell 
nuclear factor-kB (NF-kB) and its regulated genes, many of which 
play key roles in platelet–leukocyte–endothelium– extracellular 
matrix molecular events that support inflammatory and pro-
atherogenic phenotypes. This includes events that contribute 
to lesion maturation such as smooth muscle cell and fibroblast 
proliferation and promotion of collagen synthesis, among oth-
ers.406–408 Inhibition of COX-1, an enzyme with expression 
restricted to platelets, in turn inhibited lesion formation in an 
atherosclerosis mouse model.409 Another atherosclerosis mouse 
model demonstrated that prolonged antibody blockade of gpIba 
leads to reduced arterial leukocyte accumulation in carotid 
arterial intima and subsequent reduced atherosclerosis lesion 
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formation.401 This suggests that vWF may also have a role in 
atherogenesis.410

In contrast to animal data, conclusions regarding the role of 
human platelets in atherogenesis are not nearly as extensive. 
Mouse data cannot be unequivocally applied to humans, because 
mouse platelets differ from human with respect to expression 
levels of certain surface receptors. Systemic platelet activation in 
humans has been described in a variety of atherosclerosis disease 
presentations. However, antiplatelet agents have not been found 
to influence disease progression when applied in the secondary 
disease-prevention setting in humans in which atherosclerosis is 
likely advanced, as opposed to the possibly preventable progres-
sion of early lesions that are present before an initial atheroscle-
rosis clinical event.360 With respect to the role of NF-kB noted in 
the preceding paragraph, one study of patients revealed a marked 
elevation of NF-kB in those with unstable as compared to stable 
angina.411

platelets in atherothrombosis
The interior of intact atherosclerotic plaques is rich in compo-
nents that are highly thrombogenic (e.g., collagen types I and 
III, fibrinogen/fibrin, thrombospondin), and the luminal surface 
is relatively nonthrombogenic. In contrast to these observations, 
the thrombotic response to plaque disruption is dynamic. In this 
respect, thrombosis, repeat thrombosis, and thrombolysis along 
with embolization all occur simultaneously in many patients 
with ACS, and this is considered responsible for intermittent flow 
obstructions.412 The initial flow obstruction is acknowledged as 
being due to platelet aggregation, but subsequent fibrin stabiliza-
tion is important to the longevity of the early and fragile platelet 
thrombus.413 As a result of reduced flow caused by the platelet 
thrombus at the plaque rupture site, an erythrocyte- and fibrin-
rich thrombus may form and propagate up and down the artery 
in both directions.412

Normally blood flow is laminar with adjacent fluid layers 
traveling parallel to each other but at different velocities due 
to fluid drag exerted by the vessel wall and this leads to shear 
forces between adjacent fluid planes. However, at arterial 
branch points, curvatures, and areas of stenosis these flow pro-
files develop alterations leading to shear gradients, turbulence, 
flow separation, and eddy formation and these will influence 
atherogenesis. Progression of the lesion exacerbates these flow 
disturbances and so a dangerous cycle of shear-dependent ath-
erosclerosis acceleration can occur.414 The rate of fluctuation 
in blood flow has been quoted as the major parameter alter-
ing endothelial function and as such cell function responds 
to flow changes through a variety of mechanotransduction 
mechanisms.415 These mechanosensory signaling mechanisms 
are very sensitive to changes in wall shear stress leading to 

alterations in cell morphology, gene expression profiles, and 
increased adhesiveness. Thus at high shear rates as occurs 
in stenosed atherosclerotic arteries (>5,000 s−1), shear will 
directly induce platelet activation and aggregation as noted in 
the section on “Platelet Aggregation and Arterial Shear Flow,” 
and recent evidence suggests this can occur independently of 
ADP and TxA2 which implies shear gradients can promote plate-
let deposition and initial thrombus growth even in the presence 
of aspirin and a P2Y12 inhibitor.416

There is evidence that alteration of the endothelium such as 
may occur with early atherogenesis (particularly when under the 
influence of atherosclerosis risk factors) or plaque disruption may 
cause the endothelium to generate more mediators that enhance 
constriction, such as endothelin-1, and fewer mediators that 
enhance dilation, such as PGI2 and NO.413,417,418,419 Coronary 
angioplasty data collected at the time of ACS have shown that 
transient vasoconstriction often accompanies plaque disruption 
or fissuring, and thrombosis.420 This vasoconstriction occurs with 
significant vessel wall damage and is dependent on both platelets 
and thrombin, with platelet dependence shown to be mediated by 
serotonin and TxA2.420,421
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is the zymogen that upon activation becomes factor aIIa or 
a-thrombin. The non-zymogen procofactors factors V and VIII 
also share this nomenclature, in which the proteolytically acti-
vated fully functional cofactor forms are designated factors Va 
and VIIIa; conversely, the inactivated forms are designated with 
an “i” subscript (factor Vai). The protein cofactors that are cell 
associated, tissue factor and thrombomodulin, primarily exist 
in one form and designation. The mechanisms of the individual 
procoagulant reactions are likewise similar. In each case, a com-
plex consisting of a serine protease, a cofactor protein and Ca2+ 
is assembled on a membrane surface. Each complex enzyme 
cleaves a zymogen to an enzyme.5 The progression from com-
plex to complex results in amplification of product formation.6 
In blood, the membrane surface is provided by platelets and by 
other circulating cells and microparticles. The vessel wall also 
contributes cofactors and membrane to support complex forma-
tion. The common features of these membrane-cofactor-protease 
complexes include target recognition, reaction amplification, 
regulation, and localization. The response to injury is rapid and 
ordinarily modulated to ensure a sufficient but not excessive 
response to the injury.

The initiation of the antihemorrhagic response occurs when 
the vascular wall is perforated and the antithrombotic nature 
of the vessel wall is overcome to achieve a prothrombotic state. 
Membrane surface and subcellular elements, including tissue 
factor, are presented and initiate the subsequent phases of 
coagulation. The assembly of the multicomponent procoagulant 
complexes on membrane surfaces triggers propagation of the 
coagulation response. The net result of the activities of these 
complexes (the intrinsic and extrinsic tenase and prothrombinase 
complexes) is an explosive local expression of a-thrombin. The 
initial burst of a-thrombin sustains the procoagulant response 
by activating circulating platelets, the procofactors V and VIII, 
and the zymogen factors VII and XI.7,8–16 Thrombin cleaves the 
fibrinopeptides from fibrinogen and activates factor XIII (to factor 
XIIIa),17 a protransglutaminase that, when activated, cross-links 
(to fXIIIa) and stabilizes the fibrin clot. Tight regulation by anti-
thrombin (AT), tissue factor pathway inhibitor (TFPI), and the 
dynamic protein C system (thrombin-thrombomodulin) ensures 
that the response is appropriate to the stimulating injury. The 
thrombin-activatable fibrinolysis inhibitor (TAFI),18,19 a procar-
boxypeptidase zymogen, thrombin-activated as TAFIa, protects 
the fibrin clot by downregulating the fibrinolytic system. The 
propagation phase thus stems blood loss by producing a platelet-
rich cross-linked fibrin clot.20 Ultimately, inhibition of the pro-
coagulant enzyme complexes by direct inhibition of the serine 
proteases and proteolytic inactivation of the cofactor proteins 
restores homeostasis by limiting coagulation to the site of vascular 
damage and preventing excessive clot formation.

The plasma proenzyme plasminogen is activated to plasmin by 
proteases associated with the vascular endothelial cells. Plasmin 
cleaves the cross-linked fibrin matrix to produce soluble pep-
tides including D-dimer.21,22 The mechanism by which plasmin 
is generated is complex and involves several proteins with key 
roles throughout the hemostatic response. The solubilization 
and removal of the fibrin scaffolding of the hemostatic plug is 
coordinated with the processes of tissue repair and regeneration 
in part triggered by products of the processes. The extracellular 
matrix is degraded to allow for cell migration into the damaged 
area. Vascular cells repopulate the site and recreate the elements 
necessary to restore the vessel to its (relatively) previously unper-
turbed state.

The opposing forces of fibrin clot formation and dissolution main-
tain hemostasis and preserve vascular function and integrity. 
Procoagulant events (platelet adhesion/activation, a-thrombin 
generation, and cross-linked fibrin clot formation) protect the 
vasculature from perforating injury and excessive blood loss 
in a process tightly regulated by plasma and cellular inhibition 
systems. Subsequent activation of the fibrinolytic system removes 
the clot, restores blood flow, and initiates tissue repair and regen-
eration. Hemostasis thus refers to multiple discrete processes 
that collectively culminate in preservation of vascular integrity. 
Circulating and adherent cells collaborate with plasma and cell 
membrane-associated proteins to carry out key roles in both 
pathways. Hemostasis is not a passive but a continuously active 
process in maintaining vascular integrity. With vascular perfo-
ration, focal interactions initiate procoagulant and fibrinolytic 
events and initiate tissue repair. Each process must operate in a 
cooperative fashion, or the entire system is compromised. Thus, 
balance between the procoagulant, anticoagulant, fibrinolytic, and 
antifibrinolytic processes is required to prevent extra vascular 
blood loss, or undesirable intravascular thrombosis.1

Much of our knowledge of hemostasis has been gleaned and 
validated from observations of hemostatic and thrombotic pathol-
ogy; however, much is still not well understood. Epidemiologic 
studies have expanded our knowledge about key factors that 
determine risk for venous and arterial thrombosis; however, 
vascular thrombosis is still the primary cause of death in the 
United States and Western Europe.2 Thus, although the present 
information base is formidable, investigators continue to examine 
the processes that contribute to blood coagulation and fibrinoly-
sis. The current concepts governing the roles of protein and cel-
lular components, their structures, functions, and regulations are 
 summarized in the following sections.

EssEntial FEaturEs  
oF Coagulation
MacFarlane3 and Davie and Ratnoff4 provided the first integrated 
descriptions of the coagulation system. They proposed a “cascade” 
or “waterfall” sequence of events in which the reactions occur in 
a defined series leading to prothrombin activation and fibrin clot 
formation. Each reaction shares a similar mechanism in which 
an inactive zymogen is converted to an active enzyme. Although 
some facets of these initial descriptions are still valid, the emerg-
ing concept of coagulation and fibrinolysis centers on a complex 
network of highly interwoven collections of simultaneously 
occurring processes. Procoagulant, anticoagulant, and fibrino-
lytic processes occur with many positive and negative feedback 
loops regulating the processes. These overlapped reactions can 
be operationally described as five distinct phases: initiation of 
coagulation, propagation of a-thrombin formation, termination of 
the procoagulant response, elimination of the fibrin clot, and tis-
sue repair and regeneration. The reactions involved in these five 
phases share several key features and the nomenclature used to 
describe the protein components of the reactions is similar.

The proteolytic enzymes and their zymogen precursors are 
mostly members of the serine protease family that includes chy-
motrypsin and trypsin with the zymogen and enzyme forms dis-
tinguished by an “a” to signify the active enzyme. For example, 
factor Xa is the active enzyme and factor X is the corresponding 
zymogen. Factor II, most commonly referred to as  prothrombin, 
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These steps occur rapidly and in a precise choreographed 
manner and must be localized to the site of injury. Localization 
presents challenges because the hemostatic response occurs 
under conditions of highly variable flow in vascular tubes of 
various diameters.23 Localization is controlled on several levels. 
Endothelial cells actively inhibit coagulation by constitutively syn-
thesizing various anticoagulants and platelet activation inhibitors. 
Furthermore, the surfaces of inactivated, undamaged blood and 
vascular cells are not conducive to the assembly and function of 
the procoagulant protein complexes. Thus, surface availability 
for procoagulant complex assembly is ordinarily limited by vas-
cular pathology. The activated cell/damaged membrane surfaces 
may also provide for rapid transfer of intermediate products 
between complexes; such two-dimensional transfer of interme-
diates between complexes would increase the rates of complex 
formation and provide protection from the abundant plasma 
inhibitors. The essential features of the hemostatic response (rec-
ognition, amplification, regulation and localization) ensure that 
the response is localized to the injury, amplified appropriately 
according to the severity of the injury, and attenuated to block a 
systemic reaction.24,25

In contrast to hemostasis, thrombosis is invoked by the presen-
tation of intravascular tissue factor either by damaged endothelium 
or by an inflammatory cell. The resulting coagulation process is 
invoked, but in this instance results in the pathology of thrombosis. 
Vascular thrombotic occlusions composed of platelets and fibrin are 
significantly influenced by vascular architecture, vascular cell biol-
ogy, and flow biophysics. In arterial thrombosis, high shear rates 
make platelet-rich clots (white clots) more apparent, while in the low 
shear venous circulation, fibrin-rich clots (red clots) are observed. 
However, it is likely that in both vascular environments, events simi-
lar to those associated with the hemostatic process occur.

ovErviEw oF ProCoagulant 
Pathways: PriMary (ExtrinsiC) 
and aCCEssory (intrinsiC) 
Pathways
Two procoagulant pathways have been identified which converge 
at the “intrinsic” fXase (fIXa·fVIIIa) complex (Fig. 18.1). The 
contact or “intrinsic” pathway is activated by the interaction of 
blood with a foreign surface. This pathway is activated by the fac-
tor XIIa–high-molecular-weight kininogen (HMWK)–prekallikrein 
complex in association with foreign surfaces including glass, 
dextran sulfate, or kaolin. The complex catalyst activates factor XI 
leading to the factor XIa–HMWK complex which activates fIX to 
fIXa. The “intrinsic” fXase rapidly cleaves fX to fXa.

Factor Xa is directly but less effectively produced by the 
“extrinsic” fXase, which is composed of plasma-derived fVIIa and 
tissue factor and expressed when the latter is exposed to blood. 
The “extrinsic” fXase also activates fIX to fIXa as the reaction 
progresses. The “extrinsic” fXase also activates fIX to fIXa as the 
reaction progresses, with suppression of the quaternary complex 
occurring by TFPI. The “intrinsic” fXase complex is kinetically 
superior and ultimately produces the majority of fXa.

Since bleeding pathology is not ordinarily associated with 
defects of the initiation protein complexes of the contact pathway, 
most investigations conclude that the “extrinsic” pathway is not 
the primary provider for hemostasis. The “intrinsic” pathway, 
however, has been implicated in some forms of thrombosis. 
The primary (“extrinsic”) and accessory (“intrinsic”) pathways, 
initiated by independent routes, both lead to the activation of 
 factor IX and converge at the “intrinsic” fXase complex (Fig. 18.1). 
Regardless of the path, the outcome is the formation of the pro-
thrombinase complex and thrombin generation. Each  reaction 

of the primary pathway of coagulation involves the vitamin  
K–dependent zymogens and serine proteases, cofactor proteins, 
and Ca2+ ions assembled on membranes. The complexes display 
reaction rates 105 to 109 times greater than the respective serine 
proteases alone.5

Clinical laboratory tests differentiate between the pathways. 
The activated partial thromboplastin time (aPTT) initiates coagu-
lation through the accessory pathway, whereas the prothrombin 
time (PT) assay initiates coagulation through the primary path-
way.26–28 The designations of primary and accessory pathways 
are based on clinical evidence of bleeding diseases. Deficiencies 
of proteins associated with the “intrinsic” or accessory pathway 
(factor XII, prekallikrein, and HMWK) exist but are not associated 
with abnormal bleeding events, even after surgical challenge.29–31 
However, deficiencies of the protein components of the “extrinsic” 
or primary pathway (prothrombin and factors V, VII, VIII, IX, and X) 
can lead to severe bleeding diatheses.16,32–35 Factor XI deficiency 
may also result in bleeding episodes subsequent to trauma or 
surgery.20,36 The role of the accessory pathway is therefore not 
clearly understood. Factor XI appears to play a role in coagula-
tion,21,37 most likely unrelated to its activity in the “intrinsic” 
pathway, with the contribution of factor XI to hemostasis thought 
to be due to its activation by a-thrombin. Factor XIa then func-
tions in the propagation phase of a-thrombin generation in asso-
ciation with the primary pathway.7,22

Factor XII, prekallikrein, and HMWK are required for activity 
of the contact or accessory pathway and deficiencies are reported 
by the aPTT. Factor XII and prekallikrein are zymogens that are 
activated to serine proteases, while HMWK is a cofactor. The 
accessory pathway factors are hypothesized to play a role in dis-
seminated intravascular coagulation (DIC) associated with the 
systemic inflammatory response syndrome,38,39 and may also 
be involved in the promotion of thrombus stability.5,24,40,41 The 
accessory pathway may also be important in cardiopulmonary 
bypass because of contact between blood components and syn-
thetic surfaces.39

The importance of the membrane component in coagulation 
was initially identified by kinetic studies of the prothrombinase 
complex. In the absence of the membrane surface, the cofactor 
(factor Va)–enzyme (factor Xa) interaction is relatively weak, 
with a dissociation constant (Kd) of 800 nmol/L.42,43,44 The factor 
Va–lipid interaction (Kd = 3 nmol/L) and factor Xa–lipid interac-
tion (Kd = 110 nmol/L)45 show higher affinity. However, all of the 
components must be present to generate the high-affinity factor 
Va–factor Xa–Ca2+ membrane complex, with a Kd of 1 nmol/L.46 
The fully assembled complex is stabilized through factor Va–fac-
tor Xa, factor Va–lipid, and factor Xa–lipid interactions.14,47,48 
Similar properties have been observed for the fIXa/fVIIIa, TF/
fVIIa, and Tm/fIIa complexes.42

The primary pathway of coagulation is initiated or triggered 
by the interaction of circulating factor VIIa with its cofactor 
tissue factor.49,50,51 In general, the serine proteases associ-
ated with hemostasis circulate in their zymogen or inactive 
forms; however, low levels of circulating factor VIIa are pres-
ent in blood.52 This factor VIIa binds to tissue factor expressed 
by pathology and initiates the procoagulant response. Free 
 factor VIIa is a poor enzyme with virtually no proteolytic activ-
ity, but as a consequence is protected from interacting with the 
circulating inhibitors in the absence of tissue factor. Tissue fac-
tor, an integral membrane protein not normally expressed on 
vascular cell surfaces, is constitutively expressed on extravas-
cular cellular surfaces53,54,55,56,57,58 and thus becomes exposed 
upon damage to the endothelial cell layer. Tissue factor is also 
expressed on peripheral blood cells and endothelial cells stimu-
lated by inflammatory cytokines.59,60

Upon interaction of plasma factor VIIa and the injury/pathol-
ogy presented, tissue factor, the “extrinsic” fXase complex (fac-
tor VIIIa–tissue factor) is formed and initiates coagulation by 
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FIGURE 18.1. Overview of hemostasis. There are two pathways to initiate coagulation: the primary extrinsic pathway (shown on right) and the intrinsic (also 
called the contact pathway) (shown on left). The components of these multistep processes are illustrated as follows: enzymes (pink circles), inhibitors (blue circles), 
zymogens (green boxes), or complexes (cream ovals). The intrinsic pathway has no known bleeding etiology associated with it; thus, this path is considered acces-
sory to hemostasis. On injury to the vessel wall, tissue factor, a membrane-bound cofactor, is exposed to circulating factor VIIa, forming the extrinsic fXase, a vitamin 
K–dependent complex. Factor IX and factor X are converted to the serine proteases factor IXa (FIXa) and factor Xa (FXa), which are the enzymatic components of the 
intrinsic fXase and the prothrombinase complexes, respectively. The combined actions of the intrinsic and extrinsic fXase and the prothrombinase complexes lead to 
an explosive burst of the enzyme thrombin (FIIa). In addition to its multiple procoagulant roles, thrombin also acts in an anticoagulant capacity when combined with 
the cofactor thrombomodulin in the protein Case complex. The product of the protein Case reaction, activated protein C (APC), inactivates the cofactors factors Va and 
VIIIa. The cleaved species, factors Vai (FVai) and VIIIai (FVIIIai), no longer support the respective procoagulant activities of the prothrombinase and intrinsic fXase com-
plexes. Once thrombin is generated through procoagulant mechanisms, thrombin cleaves fibrinogen (releasing fibrinopeptides A and B [FPA and FPB, respectively]) 
and activates factor XIII to form a cross-linked fibrin clot. Thrombin-thrombomodulin also activates thrombin-activatable fibrinolysis inhibitor (TAFI) that slows down 
fibrin degradation by plasmin. The procoagulant response is downregulated by the stoichiometric inhibitors tissue factor pathway inhibitor (TFPI) and antithrombin 
(AT). TFPI serves to attenuate the activity of the extrinsic fXase, the trigger of coagulation. AT directly inhibits thrombin, FIXa and FXa. The intrinsic pathway provides an 
alternate route for the generation of factor IXa. Thrombin has also been shown to activate factor XI. The fibrin clot is eventually degraded by plasmin, yielding soluble 
fibrin peptides (see Fig. 18.17). HMW, high molecular weight.

 activating factors IX and X. Factor IXa forms a complex with its 
cofactor, factor VIIIa, to generate the intrinsic “fXase” complex, 
and factor Xa combines with factor Va to form the prothrom-
binase complex. The factor VIIIa–factor IXa complex more effi-
ciently activates factor X to factor Xa, providing a robust source 
of the enzyme component (factor Xa) of the prothrombinase 
complex.

Deficiencies of the “intrinsic” fXase components factor VIIIa 
(hemophilia A) and factor IXa (hemophilia B) illustrate the signifi-
cance of the factor IX activation by the fVIIa/TF complex and the 
enhanced rate of factor X activation by the intrinsic fXase and the 
inhibition of the extrinsic fXase by TFPI. Hemophilia A and B are 
detected using the aPTT. From inspection of Figure 18.1, it would 
appear activation of factor X by the “extrinsic” fXase should com-
pensate for the lack of factor X activation by the “intrinsic” fXase 
in hemophilias A and B. However, this compensatory mechanism 

only occurs during clinical administration of supraphysiologic 
concentrations of recombinant factor VIIa during replacement 
therapy for hemophilia with inhibitors. The natural physiologic 
levels of factor VIIa are not able to provide sufficient levels of 
factor Xa to support normal coagulation. Factor Xa generation 
is suppressed to approximately one-half the level observed when 
factor X is the only substrate presented.61,62

Factor IX, not factor X, appears to be the preferred substrate 
of the extrinsic fXase. In addition, factor IXa, the intermediate 
species in factor IX activation, is generated more rapidly in the 
presence of factor X. Factor IXa activation to the final product 
factor IXa occurs at a higher rate than factor IX activation, 
thereby providing a burst of factor IXa to form the intrinsic 
fXase complex. The low level of factor Xa generated by the tissue 
factor– factor VIIa complex most likely functions in the activa-
tion of factor IX. A model of extrinsic fXase behavior suggests 
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that factor IX is converted to factor IXa by the extrinsic fXase 
or factor Xa– phospholipid complex. Factor IXa is then rapidly 
converted to factor IXa by the extrinsic fXase.61,62 The factor 
VIIIa–factor IXa complex subsequently activates the major frac-
tion of factor X to factor Xa and provides the enzyme component 
for the prothrombinase complex. Measurements of second-order 
rate constants for factor Xa generation by the intrinsic and 
extrinsic fXase complexes also support this model. The rate of 
factor Xa generation by the tissue factor–factor VIIa complex is 
1/50th the rate of factor Xa generation by the factor VIIIa–factor 
IXa complex.61–63 Both complexes thus have distinct roles in the 
procoagulant response.

In summary, the procoagulant response is triggered upon the 
interaction of factor VIIa with tissue factor, when the latter is 
exposed and/or expressed as a result of vascular perturbation. 
The extrinsic fXase generates low levels of factors IXa and Xa 
during the initiation phase of coagulation. Factor Xa–phospholipid 
complexes also assist in the activation of factor IX. Factor  IXa 
combines with factor VIIIa on the membrane surface, and the 
intrinsic fXase accelerates factor Xa generation 50-fold over the 
extrinsic fXase. The burst of factor Xa overcomes circulating levels 
of factor Xa inhibitors and initiates maximal levels of prothrom-
binase complex activity. Prothrombinase activity subsequently 
leads to a burst of a-thrombin generation and propagation of the 
procoagulant response.61,62

ProCoagulant ProtEins: 
aCCEssory Pathway FaCtors 
and FaCtor xi
The procoagulant proteins that make up the intrinsic or accessory 
pathway consist of factor XII, plasma prekallikrein, HMWK, and 
factor XI. These proteins are responsible for the contact activation 
of blood coagulation. The physiologic role of the intrinsic pathway 
is not clearly understood, but does not appear to be essential for 
hemostasis because individuals deficient in factor XII, plasma 
prekallikrein, or HMWK do not manifest abnormal bleeding. 
Factor XI appears to play a more prominent role, unrelated to its 
activities in the intrinsic pathway, after activation by thrombin.7,37 
Each of these proteins is described in terms of its gene structure 
and expression, biochemistry, activation, function, and regulation 
in regard to hemostasis.

Factor XII (hageman Factor, Contact Factor)
Factor XII, or Hageman factor (HF), is the zymogen precursor of 
the serine protease factor XIIa. Factor XII is also known as con-
tact factor for its role in the initiation of coagulation on contact 
with substances such as glass or kaolin. The contact pathway is 
the basis for the activated partial thromboplastin time clotting 
assay. Factor XII circulates in plasma at an average concentra-
tion of 40 mg/ml (500 nmol/L)64,65 (Table 18.1). Increased levels 
of factor XII are seen in postmenopausal women using estrogen 
replacement therapy and during pregnancy. Animal studies also 
demonstrate enhanced expression of factor XII by estrogen and 
prolactin.66–68 Since a deficiency of factor XII is not associated 
with any bleeding abnormality, its precise role in hemostasis is at 
present unknown. Studies show that mice lacking factor XII are 
protected against arterial thrombosis and stroke.40,41,69,70 This 
suggests that the intrinsic pathway of coagulation is essential for 
thrombus stability. The components of the contact pathway are 
also believed to provide a link between coagulation and inflam-
mation,71 with the multifunctional cellular protein gC1q-R/p33 
postulated to play a central bridging role between these two 
processes.72 Misfolded protein aggregates have been implicated 
in activating factor XII.73

Gene Structure and Expression
Human factor XII is produced by a single gene located on chro-
mosome 5 q33-qter74,75 (Table 18.2). The gene for factor XII 
spans approximately 12 kilobases (kb) and is composed of 13 
introns and 14 exons.76 The intron/exon gene structure is simi-
lar to the gene structures of tissue plasminogen activator (t-PA) 
and urokinase-type plasminogen activator (u-PA).76 The pro-
moter does not contain the CAAT or TATA sequences common 
in other genes, but it does contain two LF-A1 transcription 
elements characteristic of genes with liver-specific expres-
sion. The promoter also contains one estrogen- responsive 
element.76,77

Biochemistry
Human factor XII is synthesized as a precursor protein with a 
19-residue signal peptide. The mature factor XII molecule is a 
596-amino acid single-chain b-globulin with a molecular weight 
of approximately 80 kDa.78,79,80,81,82 It circulates at a concen-
tration of 40 mg/ml (500 nmol/L) with a half-life (t1/2) of 2 to 
3 days (Table 18.1). The factor XII molecule is composed of two 
domains: an NH2-terminal heavy chain and a COOH-terminal 
light chain. The heavy chain contains several domain structures: 
fibronectin type I and type II domains, two epidermal growth 
factor (EGF)–like domains, a kringle domain, and a proline-rich 
region (residues 277 to 330) (Fig. 18.2). The light chain contains 
the serine protease catalytic domain, a region homologous to the 
B-chain of the enzyme plasmin. The mature factor XII molecule 
contains approximately 17% carbohydrate. Glycosylation consists 
of an O-linked fucose at Thr90 in the first EGF domain83; N-linked 
carbohydrates at Asn230 and Asn414 in the kringle and catalytic 
domains, respectively; and six O-linked carbohydrates in the 
proline-rich region.84 The factor XII molecule also contains four 
zinc ion (Zn2+)–binding sites.85 Zn2+ binding to factor XII likely 
induces a conformation change that promotes activation of factor 
XII associated with negatively charged surfaces.86–88

Activation
Factor XII undergoes autoactivation on interaction with negatively 
charged surfaces such as glass, kaolin, dextran sulfate, ellagic 
acid, celite, or bismuth subgallate,89–99 and on interaction with 
hydrophobic surfaces.100 This is likely only an in vitro event 
triggered by the artificial surfaces used in studies of the con-
tact pathway, although research is ongoing. Although factor XII 
associates with many physiologically relevant anionic surfaces, 
including negatively charged phospholipids,101–104,105,106–113 the 
autoactivation of factor XII induced by these surfaces in vitro 
does not appear to represent the mechanism for factor XII acti-
vation in vivo.114 Instead, factor XII is most likely activated by 
a cell membrane–associated proteinase.115,116 When factor XII, 
prekallikrein, and HMWK form a complex on anionic phospho-
lipids of the cell membrane, prekallikrein is cleaved, forming the 
enzyme kallikrein. Kallikrein then activates factor XII (plasmin 
activates factor XII as well) via a single cleavage at Arg353-Val354 
to generate an 80-kDa two-chain enzyme, a-factor XIIa (factor 
XIIa, a-HFa, or HFa), composed of an NH2-terminal heavy chain 
(relative molecular weight [Mr] = 52,000) and a COOH-terminal light 
chain (Mr = 28,000) held together by a disulfide bond (Cys340-Cys467) 
(Fig. 18.2). This cleavage is essential for exposure of the active 
site in factor XIIa.117 Factor XIIa can then bind negatively charged 
surfaces and activate factor XI and prekallikrein.118,119 Two 
secondary cleavages can also occur on factor XII: one outside 
the disulfide bond (Arg334-Asn335) and one inside the disulfide 
loop (Arg343-Leu344), generating b-factor XIIa (FXIIf, HFf).

120–123 
b-Factor XIIa has no surface-binding capabilities but is able to 
activate prekallikrein.89,124,125
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Protein Molecular Weight (Da)

Plasma Concentration
Plasma  
t1/2 (days) Carbohydrate (%)

Clinical Phenotypea

Functional 
Classificationnmol/L mg/ml H T

Intrinsic pathway proteins

Factor XII 80,000 500 40 2–3 17 –

Prekallikrein 85/88,000 486 42 15

High-molecular-weight  
kininogen

120,000 670 80 42 –

Low-molecular-weight  
kininogen

66,000 1,300 90 30

Factor XI 160,000 30 5 2.5–3.3 5 ±

Extrinsic pathway proteins

Tissue factor 44,000

Factor VII 50,000 10 0.5 0.25 13 + ±
Factor VIIa 50,000 0.1 13

Factor X 59,000 170 10 1.5 15 +

Factor Xa 48,000 3

Factor IX 55,000 90 5 1 17 +

Factor IXa 45,000

Factor V 330,000 20 6.6 0.5 13–25 +
B region 150,000 50

Factor Va 180,000 8

Factor VIII 280,000 0.7 0.2 0.3–0.5 +

Factor VIIIa 170,000

von Willebrand factor 255,000 (monomer) varies 10 10–15

Prothrombin 72,000 1,400 100 2.5 8 +

a-Thrombin 37,000 5

Fibrinogen 340,000 7,400 2,500 3–5 3 + ±
Aa 66,500

Bb 52,000
g 46,500

Factor XIII 320,000 93 30 9–10 +

A-chain 83,200

B-chain 79,700 5

+, presence of phenotype; −, absence of phenotype; ±, some individuals present with the phenotype and others do not; H, hemorrhagic disease/hemophilia; T, thrombotic disease/thrombophilia.
aClinical phenotype: the expression of either H or T phenotype in deficient individuals.

BioCHemiCal ProPerTieS oF Blood CoagulaTioN ProTeiNS

taBLe 18.1

Function
Factor XIIa is a serine protease that activates factor XI and prekal-
likrein by mechanisms dependent on anionic surfaces and the 
cofactor HMWK.118,126 Factor XIIa also activates the C1  compo-
nent of the complement system.127 In addition, factor XIIa down-
regulates the Fc receptor on monocytes and macrophages,128 
induces release of interleukin (IL)-1 and IL-6 from monocytes and 
macrophages,129 and stimulates neutrophils.130 Although these 
roles have no apparent impact on normal coagulation, factor XII/
XIIa may be an important link between coagulation and inflam-
mation (for review, see Ref. 131). Factor XIIa also activates plas-
minogen to plasmin, linking the contact pathway to fibrinolysis.132

Regulation
C1 inhibitor is the major inhibitor of both factor XIIa and b-factor 
XIIa and irreversibly inhibits both enzymes.133–136 Antithrombin 

and plasminogen activator inhibitor (PAI)-1 also inhibit factor 
XIIa.137–139 Endothelial cells and eosinophils are reported to pro-
duce proteins that inhibit factor XII activation but not factor XIIa 
activity.140–142 Amyloid precursor protein likewise is reported to 
inhibit factor XII activation but not factor XIIa.143

plasma prekallikrein (Fletcher Factor)
Plasma prekallikrein, or Fletcher factor, is the zymogen form of 
the enzyme kallikrein. Prekallikrein circulates in plasma at an 
average concentration of 42 mg/ml (486 nmol/L)144,145 (Table 18.1). 
Approximately 75% circulates in a noncovalent complex with 
HMWK,146,147 and the remaining 25% circulates as free prekalli-
krein. Like factor XII, prekallikrein is a component of the intrinsic 
or accessory pathway and serves as a link between coagulation 
and inflammation. Prekallikrein is also linked to fibrinolytic events. 
Plasma prekallikrein deficiency is rare and is not  associated with 
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Protein
Molecular Weight 
(Da)

Gene Location: 
Chromosome Gene Size (kb)

Gene Organization: 
No. of Exons

Messenger RNA 
Size (kb)

UNIPROT Accession 
Numbera

Intrinsic pathway proteins

Factor XII 80,000 5q33-qter 12 14 2.4 P00748

Prekallikrein 85/88,000 4q34–35 30 15 2.4 P03952

High-molecular-weight 
kininogen

120,000 3q26-qter 27 11 3.5 P01042

Low-molecular-weight 
kininogen

66,000 3q26-qter P01042

Factor XI 160,000 4q35 23 15 2.1 P03951

Factor XII 80,000 5q33-qter 12 14 2.4 P00748

Extrinsic pathway proteins

Tissue factor 44,000 1p21–22 12.4 6 2.3 P13726

Factor VII 50,000 13q34-qter 12.8 9 2.5 P08709

Factor VIIa 50,000

Factor X 59,000 13q34-qter 27 8 1.5 P00742

Factor Xa 48,000

Factor IX 55,000 Xq26.3-q27.1 33 8 2.8 P00740

Factor IXa 45,000

Factor V 330,000 1q21-q25 80 25 6.8 P12259

B region 150,000

Factor Va 180,000

Factor VIII 280,000 Xq28 186 26 9.0 P00451

Factor VIIIa 170,000

von Willebrand factor 255,000 (monomer) 12p-12pter 178 52 8.8 P04275

Prothrombin 72,000 11p11-q12 21 14 2 P00734

a-Thrombin 37,000

Fibrinogen 340,000 4q23-q32 50

Aa 66,500 5.4 6 2.2 P02671

Bb 52,000 8 8 1.9 P02675

g 46,500 8.5 10 1.6 P02679

Factor XIII 320,000

A-chain 83,200 6p24-p25 160 15 3.8 P00488

B-chain 79,700 1q31-q32.1 28 12 2.3 P05160

ahttp://www.uniprot.org.

moleCular geNeTiCS oF Blood CoagulaTioN ProTeiNS

taBLe 18.2

hemostatic defects except perhaps in deficient individuals with 
other cardiovascular risk factors.148,149

Gene Structure and Expression
The human prekallikrein gene is located on chromosome 4q34–35, 
close to the factor XI gene150 (Table 18.2). The human plasma 
prekallikrein gene spans 30 kb and contains 15 exons and 14 
introns.151 A total of 12 allelic variants have been identified in the 
5′ proximal promoter and in 7 of the exons. A common polymor-
phism (30% of the population) leads to an Asn124Ser replacement 
in the heavy chain of the apple 2 domain of prekallikrein. Two other 
polymorphisms in the coding region of the protein, His189Pro in 
the apple 3 domain of the heavy chain and His183Gln, were iden-
tified.151 Prekallikrein and factor XI are highly homologous, and 
both human and rat factor XI prekallikrein genes are located on 
chromosome 4, suggesting a gene duplication event from a com-
mon ancestor.152 Prekallikrein mRNA has been detected in human 
kidney, adrenal gland, placenta, and brain, but the liver is consid-
ered to be the major site of synthesis.153–155

Biochemistry
Human plasma prekallikrein is synthesized as a precursor with 
a 19-amino acid signal peptide. The mature form of the pro-
tein, appearing as a doublet of 85 and 88 kDa when analyzed 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), is a single-chain fast g-globulin of 619 amino acids 
(Table  18.1).132,156,157 Prekallikrein contains 15% carbohydrate 
with five N-linked sugar moieties.153 Structurally, prekallikrein 
contains four tandem repeats, called apple domains, in the NH2-
terminal portion of the molecule (Fig. 18.2). Each apple domain 
consists of 90 to 91 amino acid residues including six to eight 
cysteines that are disulfide bonded to form the distinct domain 
structure.153,158 The apple 1 and apple 4 domains mediate the 
binding of prekallikrein to HMWK.159,160 The apple domains 
of prekallikrein are highly homologous to the apple domains 
of factor XI. Apple domains have been found only in these two 
proteins, lending support to a gene duplication event from a com-
mon ancestor.150,158 The COOH-terminal region of prekallikrein 
contains the catalytic site.
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FIGURE 18.2. Schematic representation of the intrinsic pathway (contact) proteins. Factor XII (FXII), prekallikrein (PK), high-molecular-weight (HMW) 
kininogen, low-molecular-weight (LMW) kininogen, and factor XI (FXI) are shown with their various domains depicted as blocks. Activating proteases are placed in a 
box above the cleavage sites with the specific amino acid residues of the site shown directly underneath. Key interchain disulfide bonds (S–S) are included. For the 
kininogens, horizontal arrows indicate the amino acid residues defining heavy and light chain regions of the activated forms of the cofactors. Factor XI is illustrated 
as a monomer. EGF, epidermal growth factor.

A

B

Activation
Prekallikrein is activated by factor XIIa in complex with the cofac-
tor HMWK on an anionic surface (Fig. 18.2). Prekallikrein is also 
activated by b-factor XII in the absence of a surface.161 The factor 
XIIa–HMWK complex or b-factor XII catalyzes the cleavage of the 
Arg371-Ile372 bond in prekallikrein. This cleavage is also reported 
to occur in the absence of factor XIIa when prekallikrein is bound 
to HMWK on the endothelial cell surface.115,162 The enzyme kal-
likrein is a two-chain molecule composed of an NH2-terminal 
heavy chain (Mr = 53,000) containing the four apple domains and 
a COOH-terminal light chain (Mr = 36,000 or 33,000) containing 
the active site.132,153,163,164

Function
Kallikrein is a member of the trypsin family of serine proteases. 
In the presence of an appropriate anionic surface and the cofac-
tor HMWK, kallikrein activates factor XII to factor XIIa and pro-
teolyzes factor XIIa to b-factor XIIa. Kallikrein also  undergoes 

 autoproteolysis at Lys140-Ala141 to yield b-kallikrein.165,166 
Enzyme activity is significantly reduced on conversion of kallikrein 
to b-kallikrein.164 Kallikrein cleaves HMWK at two sites to gener-
ate the vasoactive nonapeptide bradykinin.167,168 Bradykinin is 
a potent vasodilator and stimulates endothelial cell prostacyclin 
synthesis, resulting in hypotension.169,170 Kallikrein is also an 
activator of fibrinolytic zymogens and converts both plasminogen 
to plasmin and pro–u-PA to u-PA.132,171,172 In addition, kallikrein 
has been reported to activate neutrophils and stimulate elastase 
release as part of the hemostatic and inflammatory responses.173

Regulation
C1 inhibitor and a2-macroglobulin are the major inhibitors of 
kallikrein.174,175 C1 inhibitor forms a 1:1 stoichiometric complex 
with kallikrein and abolishes its proteolytic and amidolytic activi-
ties.175–178 a2-Macroglobulin inhibits the ability of kallikrein to 
generate bradykinin and partially inhibits amidolytic activity.176 
C1 inhibitor and a2-macroglobulin each inhibit equivalent amounts 

72683_ch018_0428-0497.indd   434 7/31/13   11:07 AM



 Chapter 18 Blood Coagulation and Fibrinolysis 435

Th
e 

N
or

m
al

 H
em

at
ol

og
ic

 S
ys

te
m

C

FIGURE 18.2. (continued)

D

of kallikrein in plasma, but C1 inhibitor acts much more rapidly and 
plays the major role in reducing kallikrein activity.179 Antithrombin 
and antithrombin–heparin are slow inhibitors of kallikrein although 
the antithrombin–heparin–HMWK complex is an effective inhibi-
tor.180–182 Protein C inhibitor also inhibits kallikrein.183–185

high-Molecular-Weight Kininogen (Fitzgerald 
Factor, Williams Factor)
HMWK, also known as Fitzgerald factor or Williams factor, 
circulates in plasma at an average concentration of 80 mg/ml  

(670 nmol/L)186,187 (Table 18.1). HMWK acts as a cofactor for the 
activation of factor XII and prekallikrein and is the precursor of 
the vasoactive peptide bradykinin. A second form of kininogen, 
low-molecular-weight kininogen (LMWK), is also found in plasma. 
LMWK can be cleaved to yield bradykinin but has no procoagulant 
activity. LMWK circulates at an average concentration of 90 mg/ml 
(1,300 nmol/L).188 Deficiencies of HMWKs and LMWKs are rare 
and are not associated with bleeding diatheses.189 The major 
established function of the kininogens is to serve as a source of 
bradykinin and thereby to contribute to a number of vascular 
events regulated by bradykinin.190
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Gene Structure and Expression
The two forms of kininogen, HMWK and LMWK, are the prod-
ucts of a single gene191,192 located on chromosome 3q26-qter193 
(Table  18.2). The kininogen gene consists of 10 introns and 
11 exons and spans 27 kb.192 The gene produces messenger RNAs 
(mRNAs) for the two different forms of kininogen by alternative 
splicing.192 HMWK and LMWK share the coding region of the first 
nine exons and the portion of exon 10 containing the bradyki-
nin sequence and the first 12 amino acids following the COOH-
terminal of bradykinin. Exon 10 also codes for a 56-kDa light 
chain unique to HMWK, whereas exon 11 codes for a 4-kDa light 
chain unique to LMWK. Human liver contains mRNAs for both 
HMWK and LMWK191,192; only HMWK is expressed and secreted 
by human umbilical vein endothelial cells.194 Estrogen adminis-
tration195 and pregnancy196 increase HMWK levels. Conversely, 
progesterone treatment reduces kininogen gene expression and 
plasma kininogen levels.197

Biochemistry
Human HMWKs and LMWKs are synthesized as precursor pro-
teins containing 18 amino acid signal peptides. The mature form 
of HMWK is a 120-kDa single-chain a-globulin of 626 residues, 
whereas the LMWK form is a 66-kDa single-chain b-globulin 
composed of 409 residues.187,188,197 Glycosylation at a number of 
shared sites (Asn151, Asn187, Asn276, and Asn383) and sites unique 
to HMWK (Thr515, Thr521, Thr528, Thr539, Thr553, Thr559, Thr575, 
and Thr610) presumably accounts for the substantial increase over 
the masses predicted from the amino acid compositions (70,000 
for HMWK and 46,000 for LMWK). The NH2-terminal heavy chains 
(residues 1 to 362) of the two forms are identical and consist of 
three consecutive regions designated domains 1, 2, and 3 (D1, 
D2, and D3) (Fig. 18.2). Domain 1 has a low-affinity Ca2+-binding 
site.198 Domains 2 and 3 share homology with cysteine protease 
inhibitors.199 Both HMWK and LMWK are potent inhibitors of 
cysteine proteases such as calpain.200,201 Domain 3 also contains 
a cell-binding region202–206 and is reported to inhibit a-thrombin 
activity203,205,207 and platelet activation.205,207,208 The central 
domain of both kininogens, domain 4 (D4), is the bradykinin region. 
Domain 4 also contains a cell-binding region209 and a region that 
inhibits a-thrombin activity.210 The two forms of kininogen have 
different COOH-terminal light-chain regions. The light chain of 
LMWK (residues 372 to 409) consists of a single domain, domain 
5L (D5L), with no known function. The light chain of HMWK (resi-
dues 372 to 626) is composed of two regions, domain 5H (D5H) and 
domain 6H (D6H). Domain 5H contains additional cell-binding 
regions202,203,206,211,212 and mediates HMWK binding to anionic 
surfaces, heparin, and Zn2+.180,181,213,214 Domain 6H has binding 
sites for prekallikrein and factor XI.215–217

Activation
Kallikrein, factor XIIa, and factor XIa cleave HMWK to release bra-
dykinin (residues 363 to 371) (Fig. 18.2). Kallikrein also cleaves 
LMWK to release bradykinin. Bradykinin release from HMWK 
yields a two-chain protein composed of the heavy-chain (D1, D2, 
and D3) disulfide linked (Cys10-Cys596) to the light chain (D5H 
and D6H). This molecule retains procoagulant activity, binding to 
prekallikrein, factor XI, and anionic surfaces via light-chain inter-
actions215,218,219 and induces apoptosis in endothelial cells.220

Function
The major role proposed for the kininogens is as a source of 
bradykinin. Bradykinin release provides a key vasoactive agent 
with a variety of roles and directly links the contact pathway to 
vascular repair processes. HMWK also functions as a nonenzy-
matic cofactor in the contact pathway of coagulation. HMWK binds 

anionic surfaces, prekallikrein, and factor XI, thus enhancing 
their activation by surface-associated factor XIIa. Although most 
studies of contact activation make use of artificial surfaces, cell 
membranes may provide appropriate sites for contact activation 
in vivo. Many cells contain kininogens and express kininogen-
binding sites.187,194,221–226 There is some evidence to support cell 
membrane–associated contact activation. Prekallikrein bound to 
HMWK on platelets or endothelial cells can result in the generation 
of kallikrein by a factor XIIa–dependent115,172 or – independent 
mechanism.115 However, factor XI bound to HMWK on the surface 
of platelets is not activated to factor XIa.227 HMWK and its cleaved 
form exert anticoagulant effects via their inhibitory action on 
platelet adhesion228 and aggregation.229

Factor XI (plasma thromboplastin antecedent)
Factor XI, also known as plasma thromboplastin antecedent, cir-
culates as a homodimer at an average concentration of 5 mg/ml 
(30 nmol/L)230 in complex with HMWK231 (Table 18.1). Factor XI 
is also found in human platelets, and the platelet form accounts 
for approximately 0.5% of the factor XI antigen in blood.232–236 
Factor XI is the zymogen precursor of the enzyme factor XIa. 
Unlike the other members of the accessory or contact pathway, 
factor XIa has an established role in coagulation as part of a posi-
tive feedback loop enhancing a-thrombin generation.7,16 Although 
rare in the general population (∼1 in 100,000 individuals),237 fac-
tor XI deficiency is common in the Ashkenazi (European) Jewish 
population, with approximately 1 in 200 individuals affected by 
factor XI deficiency.238–242 Factor XI deficiency can be associated 
with severe bleeding tendencies243 after injury or surgical trauma. 
Spontaneous hemorrhage is not common. Factor XI deficiency 
is unusual in that bleeding abnormalities vary considerably and 
range from a complete absence of symptoms to life-threatening 
hemorrhage.244 The severity of the bleeding complications is 
also not related to the severity of factor XI deficiency. Individuals 
with mild deficiency may experience severe hemorrhagic events, 
whereas individuals with severe deficiency may have no abnor-
mal bleeding.238,240,242,245–249

Gene Structure and Expression
The gene for human factor XI is located on chromosome 4q35 
and spans 23 kb (Table 18.2). The gene contains 14 introns and 
15 exons.156,250 Although mRNA for human plasma factor XI has 
been found in liver, pancreas, and kidney,251 evidence suggests 
that the primary site of synthesis is the liver: Plasma factor XI 
levels decrease in liver disease, and a patient with no history of 
factor XI deficiency developed a deficiency subsequent to a liver 
transplant from a factor XI-deficient donor.252 Platelet factor XI is 
exclusively synthesized in the megakaryocyte.253 Human platelet 
factor XI lacks exon 5 and may be an alternative splicing product 
of the plasma factor XI gene or a product of a gene specific to 
megakaryocytes.253

There are three major types of genetic mutations associated 
with factor XI deficiency: (a) intronic point mutations that inter-
rupt exon splicing240,254; (b) exonic point mutations that lead 
to mutations in specific amino acids and result in premature 
polypeptide termination, disruption of dimerization, or reduced 
protein secretion240,254–258; and (c) nucleotide deletions that lead 
to decreased protein synthesis.259,260 Two specific exonic point 
mutations account for the majority of the cases of factor XI defi-
ciency in the Ashkenazi Jewish population. An E117X mutation in 
exon 5 (type II mutation) introduces a stop codon and results in 
premature polypeptide termination. The type II mutation accounts 
for approximately 52% of the cases of factor XI deficiency in the 
Ashkenazi Jewish population. An F283L mutation in exon 9 (type 
III mutation) that accounts for 36% of the cases is believed to pre-
vent intracellular dimer formation and protein secretion. These 
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mutations are less frequent in the general population.239,240,254,258 
Approximately 150 mutations have been identified in the factor XI 
gene with four exhibiting founder effects in specific populations.261

Biochemistry
Human factor XI is found in plasma and in platelets. The two forms 
of the protein are somewhat different and may have different func-
tions as well. Plasma factor XI accounts for most of the factor XI 
antigen in the human system and is a disulfide-linked homodimer 
(Mr = 160,000), with approximately 5% of its mass made up by 
carbohydrate (Table 18.1). Each of the two identical polypeptide 
chains is synthesized with an 18-amino acid signal peptide. The 
mature polypeptide chain (Mr = 80,000) consists of 607 amino acid 
residues232–234 and has five potential glycosylation sites, although 
only Asn72, Asn108, Asn432, and Asn473 are glycosylated.262 Exons 3 to 10 
of the plasma factor XI gene encode four NH2-terminal tandem 
sequences termed apple domains (apple 1 to apple 4, Fig. 18.2). 
The apple domains are homologous to the apple domains in human 
plasma prekallikrein.262 Exons 11 to 15 encode the COOH-terminal 
catalytic domain. Human platelet factor XI lacks exon 5 and amino 
acids Ala91-Arg144 in the NH2-terminus of the apple 2 domain. The 
mature platelet polypeptide chain (Mr = 55,000) may form a disul-
fide-linked tetramer of identical subunits (Mr = 220,000) or may be 
disulfide linked to a platelet plasma membrane protein.233,246,253

Plasma factor XI circulates in complex with HMWK.231 Formation 
of this complex, mediated by the apple 1 domain of factor XI, is 
required for factor XI to associate with anionic surfaces.263 The 
apple 1 domain also contains binding sites for a-thrombin264 and 
prothrombin.249 The apple 2, apple 3, or both domains mediate 
the binding of factor IX, the substrate of factor XIa.249,265–268 In 
addition to potentially mediating the factor XIa–factor IX interac-
tion, the apple 3 domain contains binding sites for platelets and 
heparin.269–271 The apple 4 domain contains the site (Cys321) 
involved in the dimerization process. Dimerization is required for 
efficient intracellular processing and protein secretion.255 Factor 
XIIa associates with a region of the apple 4 domain as well.272 
Polyphosphates have also been proposed as a natural cofactor for 
factor XI activation in plasma.273,274

Activation
Plasma factor XI is cleaved at an internal Arg369-Ile370 bond to yield 
a disulfide-linked two-chain activated serine protease (Fig. 18.2). 
The factor XI homodimer yields two disulfide-linked heavy chains 
containing the apple domains and two light chains containing the 
active sites.275–277 Activation of factor XI can be accomplished by 
factor XIIa and a-thrombin and by autoactivation by factor XIa 
itself. Activation of factor XI by factor XIIa requires HMWK and 
an anionic surface. However, deficiencies of factor XII and HMWK 
do not result in bleeding diatheses, whereas factor XI deficiency is 
associated with hemorrhage. This suggests that factor XIIa–depen-
dent activation of factor XI, a part of the contact pathway, is not 
likely to be the primary route of factor XIa generation in hemosta-
sis. The physiologically relevant pathway for factor XI activation 
in coagulation is believed to involve a-thrombin.7,16,278 Factor XI 
in complex with HMWK binds to the platelet surface via the apple 
3 domain.269 The rate of a-thrombin activation of factor XI on 
the platelet surface is greater than the rates of platelet-supported 
factor XIIa activation and factor XIa autoactivation.279 Although 
platelets appear to play a key role in providing the surface for fac-
tor XI activation, the precise mechanism of activation of platelet 
factor XI and its function remain unclear.280

Function
Subsequent to activation, factor XIa remains bound to the sur-
face. Factor XIa is a trypsin-like serine protease that cleaves and 

activates factor IX in a Ca2+-dependent fashion.281–283 Factor IXa 
is the enzyme component of the intrinsic tenase complex that 
provides the burst of factor Xa necessary for normal coagulation. 
As part of a positive feedback loop, a-thrombin activates factor XI. 
In turn, factor XIa generates factor IXa, contributing to the high 
levels of factor Xa that ensure efficient a-thrombin generation.7 
Factor XI as an antithrombotic target is being explored.284,285

Regulation
Factor XIa is regulated by four serine protease inhibitors or 
serpins: antithrombin, a1-protease inhibitor, C1 inhibitor, and 
a2-antiplasmin.133,276,286–296 Factor XIa is also reported to be 
inhibited by PAI-1 and protein C inhibitor.139,297 In addition, 
platelets secrete several factor XIa inhibitors,298,299,300,301,302 
including protease nexin-2 (PN2). PN2 is a truncated form of the 
Alzheimer’s b-amyloid protein precursor and contains a Kunitz-
type serine protease inhibitor domain. Platelet-bound factor XIa is 
protected from inactivation by PN2281; however, heparin enhances 
PN2 inactivation of factor XIa. Factor XIa bound to the surface of 
endothelial cells that secrete heparan sulfate glycosaminoglycans 
(GAGs) may be readily inactivated by PN2.303

ProCoagulant ProtEins: vitaMin 
K–dEPEndEnt ProtEin FaMily
The first identification/description of vitamin K–dependent pro-
teins was introduced by Henrik Dam et al. at the University of 
Copenhagen in the late 1920s.304–306 They demonstrated that 
chickens fed a lipid-free diet exhibited a hemorrhagic condi-
tion. The addition of alfalfa meal or a lipid extract of alfalfa pre-
vented this condition. The active compound, 2-methyl-3-phytyl-1, 
4- naphthoquinone (phylloquinone), was subsequently isolated 
from green plants. Further work performed by Doisy et al.307 in 
the 1930s showed that vitamin K activity in bacteria is also pres-
ent as a series of menaquinones, 2-methyl-1,4-naphthoquinones 
substituted at the 3 position with an unsaturated polyisoprenoid 
chain. The Nobel Prize was awarded to Dam and Doisy in 1941 
for their discovery of the fat-soluble vitamin K.

Simultaneously with the discovery of the vitamin, a natu-
rally occurring antagonist, bishydroxycoumarin (dicumarol), was 
described. This naturally occurring vitamin K antagonist was 
identified as a toxic agent in spoiled sweet clover causing hemor-
rhage in cattle. The increase in clotting time was later identified 
as a function of decreased prothrombin time.308 This led to the 
synthesis of several oral anticoagulant analogs and coumarin 
derivatives, including warfarin.

Vitamin K is essential in the biosynthesis of functional clot-
ting factors. It is the required cofactor for the enzyme catalyzing 
the conversion of 9 to 13 NH2-terminal glutamic acid residues to 
g-carboxy glutamic acid residues (Gla). The enzyme required for 
this conversion uses a reduced form of vitamin K.

This specific posttranslational modification allows the vitamin 
K–dependent proteins to interact with Ca2+ and a membrane 
surface to exert their effect. The modification was initially identi-
fied and characterized in bovine prothrombin.309–312 Gla residues 
were missing or present in decreased amounts in prothrombin 
isolated from cattle treated with coumarin derivatives. The vita-
min K–dependent proteins present in plasma after treatment with 
anticoagulants lacked biologic activity due to decreased Ca2+-
dependent phospholipid binding. Therefore, preventing the for-
mation of Gla residues became a basis for anticoagulant therapy.

Recently, two cDNAs were identified that encode proteins 
with NH2-terminal Gla domains.313 Both appear to be integral 
membrane proteins but bear no other similarity to the vitamin 
K–dependent proteins beyond the Gla domain. Mineralized  tissues 
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contain two proteins with Gla residues.314 Gla has also been 
found as a component of the toxin peptides from the marine snail 
Conus.315–317 The biologic activity of the toxins has been found to 
depend on the Gla residue(s). The identification of Gla in inverte-
brates suggests that vitamin K has a much wider range of biologic 
functions than previously thought. Gas 6 is a novel member of 
the vitamin K–dependent family of proteins, and when bound to 
the receptor tyrosine kinase Axl has been shown to mediate cell 
survival. g-Carboxylation of Gas 6 is necessary for its function.318

The vitamin K–dependent proteins can be divided into two 
classes: procoagulant (factors II, VII, IX, and X; Fig. 18.3A) and 
anticoagulant (protein C, protein S, and protein Z; Fig. 18.3B). The 
vitamin K–dependent proteins are part of a family of serine pro-
teinases (except for protein S and protein Z) related to the trypsin/
chymotrypsin superfamily. Sequence homology exists between 
the proteins at both the gene and the protein level, possibly due 
to a common ancestral gene.319,320 Congenital deficiencies of fac-
tors II, VII, IX, and X are associated with bleeding tendencies, 

whereas protein C and protein S deficiencies are associated with 
thrombotic tendencies. These proteins are composed of separate 
domains, each of which is characterized by highly conserved 
regions that fold, independently from the rest of the molecule, 
into a characteristic three-dimensional shape. The domains of 
the vitamin K–dependent proteins are illustrated in Figure 18.3. 
NH2-terminal Gla domains (containing from 9 to 13 Gla residues) 
are followed by either a kringle domain in factor II or an EGF-like 
domain (EGF) in factor VII, factor IX, factor X, protein C, protein 
S, and protein Z. Protein S contains a thrombin-sensitive region 
before the EGF domain. The active site is contained within the 
serine protease domain for factor II, factor VII, factor IX, fac-
tor X, and protein C and becomes functional on specific peptide 
bond cleavages. Protein S is not a serine protease precursor and 
instead contains a sex hormone-binding globulin-like domain 
in the COOH-terminus. Protein Z contains a “pseudo-catalytic 
domain” in the COOH-terminus and does not function as a serine 
protease enzyme.

FIGURE 18.3. Schematic representation of the vitamin K–dependent proteins. The building blocks for these proteins include an NH2-terminal Gla domain 
with 9 to 13 Gla residues followed by either an epidermal growth factor (EGF)–like domain in factor VII (FVII), factor IX (FIX), factor X (FX), protein C, protein S, and 
protein Z, or a kringle domain in prothrombin. Protein S contains a thrombin-sensitive region (TSR) before the EGF domain. Active sites are contained within the serine 
protease domain. Cleavage sites for the conversion of zymogens to their active forms are designated by arrows; activating proteases are placed in boxes above the 
arrows. Factor IX, factor X, and protein C are activated by proteolytic removal of an activation peptide (AP). Protein S is not a serine protease precursor and instead 
contains a sex hormone–binding globulin–like domain (SHGB) in the COOH-terminus. Protein Z also contains a “pseudo-catalytic domain” in the COOH-terminus 
and does not function as a serine protease. For reference, the molecular weight for each zymogen is listed, and disulfide bonds (-S–S-) critical to the integrity of the 
two-chain zymogens or active forms are presented. A: Panel illustrates the procoagulant vitamin K–dependent proteins factor VII, factor IX, factor X, and prothrombin. 
B: Panel illustrates the anticoagulant proteins, protein C, protein S, and protein Z. C: Structural ribbon diagram of factor IXa (PDB-ID: 1PFX). FSAP, factor VII–activating 
protease; TF, tissue factor; mIIa, meizothrombin.

72683_ch018_0428-0497.indd   438 7/31/13   11:07 AM



 Chapter 18 Blood Coagulation and Fibrinolysis 439

Th
e 

N
or

m
al

 H
em

at
ol

og
ic

 S
ys

te
m

A

FIGURE 18.3. (Continued)

The synthesis of these proteins occurs primarily in the liver 
followed by secretion into circulation. However, recently, a func-
tional prothrombin gene product has been found to be synthe-
sized by human kidney cells.321 The concentration of circulating 
zymogens in plasma varies 200-fold from 100 mg/ml for pro-
thrombin to 0.5 mg/ml for factor VII (Table 18.1). Levels present 
in plasma can be affected by polymorphisms in the promoter or 

coding region322–324 and aberrant levels are considered a risk 
factor for ischemic heart disease.325 Cholesterol and triglyceride 
levels have also been correlated with plasma concentrations of 
the vitamin K–dependent proteins.326–328 Liver function in the 
synthesis of the clotting factors, dietary intake/adsorption of 
vitamin K, and drug interactions can affect individuals on antico-
agulant therapy.329,330
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FIGURE 18.3. (Continued)

Clearance (t1/2) of the vitamin K–dependent proteins varies from 
approximately 6 hours for factor VII to 2.5 days for prothrombin 
(Table 18.1). Once the zymogen is activated to its serine protease form, it 
is then inactivated by inhibitors and the complex cleared from the blood.

These activated forms of the vitamin K–dependent  proteins 
are key components in the formation of the vitamin K– dependent 
coagulation complexes: the extrinsic tenase (factor VIIa– tissue 
factor); the intrinsic tenase (factor IXa–factor VIIIa); prothrom-
binase  (factor Xa–factor Va); and protein Case (thrombin- 
thrombomodulin) (Fig. 18.4). When all the components for each 
complex are assembled on the appropriate membrane surfaces 
(e.g., activated platelets, monocytes, blood cells, or endothelium), 

the  specific reactions occur with rates enhanced by 104 to 109-fold 
over enzyme-substrate alone5 (Table 18.3). A simple calculation 
can illustrate the importance of the rate enhancements achieved 
through complex assembly (vitamin K–dependent serine protease-
cofactor-membrane-Ca2+): If a normal person takes 4 minutes for 
his or her blood to clot, then in the absence of membrane and 
cofactor, blood clot formation would take approximately 3.8 years.

Gene Structure and expression
The family of vitamin K–dependent proteins is mainly synthe-
sized in the liver by hepatocytes. Decreased levels of the vitamin 
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FIGURE 18.4. Vitamin K–dependent complexes. A: Three procoagulant complexes (extrin-
sic tenase, intrinsic tenase, and prothrombinase) and one anticoagulant complex (protein Case) 
are illustrated. Each membrane complex consists of a vitamin K–dependent serine protease 
(factor VIIa [VIIa], factor IXa [IXa], factor Xa [Xa], or thrombin [IIa]) and a soluble or cell  surface–
associated cofactor (factor VIIIa [heavy and light chain VIIIH and VIIIL], factor Va [heavy and light 
chain VH and VL], tissue factor [TF], or thrombomodulin [TM]). Each serine protease is shown 
in association with the appropriate cofactor protein and zymogen substrate(s) on the mem-
brane surface. The membrane serves as a scaffold for the coagulation reactants, enhancing the 
reaction rates by 104- to 109-fold. When vascular damage or inflammatory cytokine activation 
occurs, TF becomes exposed to flowing blood carrying low levels of factor VIIa. The formed 
extrinsic tenase complex activates the circulating serine protease zymogens factors IX and X. 
Factor IXa becomes the serine protease for the intrinsic tenase complex, which, with its cofactor 
factor VIIIa, activates factor X to its active protease form factor Xa. Factor Xa formed primarily 
from the intrinsic tenase combines with its cofactor factor Va to activate II to IIa on the prothrom-
binase complex. Cofactor regulation occurs when IIa released from the prothrombinase complex 
binds to endothelial cell surface protein TM to form the protein Case anticoagulant complex. 
This complex generates activated protein C, which then proteolytically inactivates factors Va 
and VIIIa. (From Mann KG. Coagulation explosion. Vermont Bus Graph 1997, with permission.) 
B: Structural models of extrinsic tenase331 and prothrombinase.332

B

A

K–dependent proteins are indicators of liver dysfunction.333,334 
Liver transplantation has been shown either to treat vitamin K 
deficiency335 or to bring about vitamin K deficiency.336 The genes 
encoding all of the vitamin K–dependent coagulation proteins have 
been sequenced and are seen in Table 18.2. The difference between 
the vitamin K–dependent protein genes and most other eukaryotic 
genes is that the 5′-flanking regions lack TATA boxes. Binding sites 
for liver-enriched or liver-specific (or both) transcription factors, 
which are important for hepatic expression of these proteins, are 
contained within the regulatory region of these genes. A common 
pentanucleotide motif that occurs in a similar location in the regu-
latory region of the genes encoding factor VII, factor IX, and factor 
X may be important in their possible coordinate expression.

posttranslational processing
The vitamin K–dependent proteins are synthesized in the liver 
as preprozymogens in a process that requires a dietary intake 
of vitamin K. They are modified posttranslationally at glutamic 
acid (g-carboxylation to form g-carboxy glutamic acid)310 and at 
aspartic acid and asparagine (b-hydroxylation to form erythro-
b-hydroxy aspartic acid [Hya] and erythro-b-hydroxy asparagine 
[Hyn])79,337,338; they are also modified by sulfation at tyrosine 
residues as well as the addition of sugar moieties (glycosyl-
ation).337,338 This high degree of posttranslational processing 
is necessary for the biologic activity of the mature vitamin 
K– dependent proteins.
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Complexa Substrates Fold Enhancementb

FVIIa/TF/PCPS/Ca2+ FIX >1 × 109c

FVIIa/TF/PCPS/Ca2+ FX 3 × 104

FIXa/FVIIIa/PCPS/Ca2+ FX 1 × 109

FXa/FVa/PCPS/Ca2+ FII 3 × 105

FIIa/TM/PCPS/Ca2+ PC 1 × 105

F, factor; PC, phosphatidylcholine; PS, phosphatidylserine; TF, tissue factor; TM, 
thrombomodulin.
aComplexes are assembled on membranes composed of PC and PS (3:1 molar ratio PC/PS).
bRate enhancement is derived from the ratio of catalytic efficiency [number of catalytic 
events per unit time/Michaelis constant (kcat/Km)] for the complex to the catalytic efficiency 
of the free serine protease for a given substrate.
cNo measurable activation of FIXa by FVIIa without TF and the membrane. The catalytic 
efficiency of the extrinsic tenase toward FIX is reduced relative to FX.

raTe eNHaNCemeNT By ViTamiN K–dePeNdeNT ComPlexeS

taBLe 18.3

proteolytic Maturation
The vitamin K–dependent proteins are synthesized in the liver 
as a single-chain precursor that contains a prepro sequence fol-
lowed by the polypeptide region. The hydrophobic signal peptide 
(prepeptide) gets the protein to the endoplasmic reticulum, the 
first compartment in the secretory pathway. For the vitamin 
K– dependent proteins to become mature, the polypeptide is trans-
located out of the first compartment in the endoplasmic reticulum 
across the lipid bilayer into the lumen of the endoplasmic reticu-
lum. The signal peptide is then removed by a signal peptidase. The 
propeptide, which plays a role in docking vitamin K–dependent 
carboxylase,339 is removed by an endoproteinase. The release of 
the propeptide coincides with g-carboxylation (Gla formation)340 
(Fig. 18.5a). Removal of an internal di- or tripeptide in single-
chain factor X and protein C occurs, which converts them to their 
mature two-chain zymogen form. Several studies describe the 
endoproteinase that cleaves the propeptide and the internal bonds 
as furin/paired basic amino acid cleaving enzyme.341–343

Carboxylation and Vitamin K–dependent 
Carboxylase
The g-carboxylation reaction is catalyzed by the enzyme g- glutamyl 
carboxylase. This enzyme is located in the rough endoplasmic 
reticulum and requires the reduced form of vitamin K, oxygen, 
and carbon dioxide.311 The carboxylation mechanism involves 
proton abstraction of the g-hydrogen of the glutamate residues 
near the NH2-terminus of the nascent prepro protein (Fig. 18.5B). 
The generated carbanion at each glutamic acid residue then 
reacts with free CO2, forming g-carboxy glutamic acid. It  is this 
Gla region that mediates the Ca2+-dependent binding of the 
protein to anionic phospholipid surfaces, thereby ensuring close 
proximity and interaction with other components of the coagula-
tion sequence and with cell receptors for vitamin K–dependent 
ligands. Without vitamin K, the coagulation protein precursors 
continue to be synthesized but are not g-carboxylated. In this 
form, they are still secreted into plasma but are nonfunctional.

The cDNA for the human g-carboxylase gene was cloned and 
sequenced by Wu et al.344 The open reading frame predicts a 
molecular weight of approximately 87.5 kDa. Glycosylation of 
the carboxylase probably accounts for its decreased mobility on 
 SDS-PAGE (94 kDa). Vitamin K–dependent carboxylase has been 
identified in many cell types.345 This supports the notion that 
vitamin K has a wide range of biologic functions.

The presence of vitamin K is essential to maintain the 
g- carboxylation reaction. Vitamin K1 (phylloquinone) is primar-
ily found in leafy green vegetables and vegetable oils. Additional 
K  activity may be provided by vitamin K2 (menaquinones) syn-
thesized by intestinal Gram-negative bacteria. Synthetic vitamin 
K3 (menadione) has no intrinsic activity until it undergoes in 
vivo transformation to the active menaquinone form. These K 
vitamins are 2-methyl-1,4-naphthoquinones with repeating five-
carbon prenyl units at position 3. In vivo, vitamin K is recycled 
in a microsomal oxidation-reduction system for continued use 
in the g- carboxylation reaction. To perform the g-carboxylation 
reaction, vitamin K has to be present in its reduced hydroqui-
none form. As  the precursor proteins are carboxylated, vitamin 
K is oxidized to the epoxide.346 The epoxide in the presence of 2, 
3-epoxide reductase, using thiols as the reducing agent, yields the 
quinone form of vitamin K.347 A subsequent nicotinamide adenine 
dinucleotide phosphate- or nicotinamide adenine dinucleotide-
dependent quinone reductase reaction resynthesizes the hydro-
quinone form. The cycle can thus begin again.

One important target for anticoagulant therapy is the process 
required for the regeneration of reduced hydroquinone vitamin K. 
Anticoagulants that effectively block this reaction include warfarin 
(Coumadin), dicumarol, and phenprocoumon (Fig. 18.5B). These 
oral anticoagulants are structurally similar to the quinone form of 
vitamin K, thereby targeting the reductase enzyme and inhibiting 
the reduction to the requisite hydroquinone form. The affinity 
of the anticoagulants for the reductase enzymes determines the 
efficacy of the drug.12,348 In the United States, the most widely 
used oral anticoagulant warfarin (Coumadin) is also used as rat 
poison. It acts as a competitive inhibitor of oxidized vitamin K 
and interferes with its reduction. Without the regeneration of the 
reduced form of vitamin K, the vitamin K–dependent protein car-
boxylase is unable to convert glutamate to g-carboxy glutamate. 
Thus, these drugs indirectly affect carboxylation and can be over-
come with excess vitamin K. The level of competitive inhibition 
achieved in Coumadin therapy among individuals taking the same 
dose regimen is variable. Factors affecting the efficacy of treat-
ment include liver function in the synthesis of the clotting factors, 
enhancement of effect from other medications, and dietary intake/
adsorption of vitamin K.349 Therefore, proper monitoring of oral 
anticoagulant therapy is essential with frequently measured PT 
and corrected assay sensitivity using the international normal-
ized ratio.350,351 Several lines of evidence indicate that vitamin 
K antagonists inhibit not only posttranslational modification on 
coagulation factors, but also the synthesis of functional extra 
hepatic vitamin K–dependent proteins potentially resulting in 
vascular calcification.352,353

Hydroxylation
Hydroxylation in the context of vitamin K–dependent proteins 
refers to the addition of a hydroxyl group (–OH) to aspartic acid 
and asparagine residues present in the EGF-like domains. The 
EGF-1 domains of human factors IX and X, protein C, and protein 
S contain a homologous aspartic acid residue that is hydroxylated 
to form erythro-b-hydroxy aspartic acid (Hya).79,354,355 Protein S 
also contains asparagine residues in EGF-2 and EGF-4 domains 
that are hydroxylated to form erythro-b-hydroxy asparagine resi-
dues (Hyn).356 This posttranslational modification to Hya and Hyn 
occurs by a b-hydroxylase enzyme, a 2-oxo-glutarate–dependent 
dioxygenase.338,357 The mechanism of action involves the recogni-
tion of a consensus sequence Cys-X-Asp/Asn-X-X-X-X-Tyr/Phe-X-
Cys-X-Cys.356 The reason for this modification to Hya and Hyn is 
unclear. No effect has been found on the overall fold of the EGF-1 
domain, its affinity, or specificity for calcium.358 These modifica-
tions also appear to have no relevance to the biologic activity 
or macromolecular interactions of the vitamin K– dependent 
 proteins.359,360
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FIGURE 18.5. Vitamin K–dependent processes. A: Schematic representation of the synthesis and posttranslational carboxylation pathway of vitamin K– dependent 
proteins in the endoplasmic reticulum. (From Bovill EG, Malhotra OP, Mann KG. Mechanisms of vitamin K antagonism. Baillieres Clin Haematol 1990;3:555–581, 
with permission.) B: The mechanism of g-carboxy glutamate (Gla) generation by a vitamin K–dependent reaction cycle is illustrated. The regeneration of vitamin K 
hydroquinone by the vitamin K–dependent reductases is inhibited by anticoagulants, as illustrated by Coumadin.

A

B
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Glycosylation
The addition of a carbohydrate moiety as a posttranslational 
modification to proteins is referred to as glycosylation. The 
vitamin K–dependent proteins contain significant amounts of 
carbohydrate (Tables 18.1 and 18.4). Carbohydrate adducts on 
Asn, Ser, and Thr residues are found in key domains of these 
proteins, including the activation peptide of factor IX and factor 
X; the EGF domains in factor VII, factor IX, and protein Z; and 
the kringle domain in prothrombin. In most cases, the purpose 
of these modifications remains unknown. However, differences 
in the properties of the carbohydrate variants of protein C have 
been noted.361,362

General Structure/Function Features
The vitamin K–dependent proteins, both procoagulant and anti-
coagulant, share a common protein domain structure. Each has 
a tripartite design: an NH2-terminal g-carboxy glutamic acid 
(Gla) domain, a linker region (kringle domains, EGF-like domains 
[EGF], or a thrombin-sensitive finger region, or all three), and a 
COOH-terminal domain usually consisting of a serine protease 
domain (factors II, VII, IX, and X and protein C) (Fig. 18.3). The 
Gla domain is involved in the Ca2+ ion-dependent binding of vita-
min K–dependent proteins to anionic phospholipid membranes. 
The number of domains in the linker region is variable, and, in 
general, they are involved in protein–protein interactions. The 
COOH-terminal catalytic domain seen in factors II, VII, IX, and X 
and protein C is homologous to the pancreatic serine proteases, 
trypsin, and chymotrypsin. The nonserine protease domain seen 
in protein S (a cofactor of activated protein C [APC]) is homologous 
to sex hormone–binding globulin.363 Protein Z is an  enzymatically 

inactive homolog of factors VII, IX, and X and protein C.364 A 
separate review of the Gla, EGF, and serine protease domains is 
presented below.

The importance of each of the domains has been uncovered 
through studies from natural variants that occur in patients with 
either familial bleeding (i.e., factor IX deficiency/hemophilia B) or 
thrombotic disease (i.e., protein C deficiency). The situations that 
can cause a disease state are either deficiency in the level of pro-
tein present (cross-reactive material [CRM]–negative) or expressed 
protein that is present but nonfunctional (CRM+). Defects have 
diverse causes, including mutations that lead to amino acid sub-
stitutions in one or more domains, defects in posttranslational 
modifications, or mutations that introduce stop codons resulting 
in either no expression or expression of truncated proteins. In the 
case of combined vitamin K deficiency, a rare hereditary bleeding 
disorder,365,366 two studies have identified a missense mutation 
in the g-carboxylase gene that results in a defective g-glutamyl 
carboxylase and thus incomplete processing of the vitamin K–
dependent proteins.367,368

When a hemostatic disorder characterized by a dysfunctional 
protein (CRM+) is identified, it is through the combination of tech-
niques including protein isolation, in vitro studies, and DNA tech-
nology that the root of the defect is elucidated. The importance 
of domains as functional units and of specific amino acid inter-
actions can be uncovered using recombinant DNA technology. 
Single amino acid substitutions can be introduced into domains or 
entire domains removed to determine where the intra- and inter-
protein interactions take place. Structural information through 
nuclear magnetic resonance spectroscopy and x-ray crystallog-
raphy provides amino acid assignments and tertiary structure, 
thus allowing for precise approaches to site-directed mutagenesis 
studies. The combination of all these techniques results in a map 

Protein
Molecular 
Weight (Da)

Plasma  
Concentration

Plasma t1/2 
(days)

Carbohydrate 
(%)

Clinical 
Phenotypea

Protein 
Family

Functional 
Classificationnmol/L mg/ml H T

Protein C  62,000 65 4 0.33 23 + VKD Proteinase 
zymogen

Protein S  69,000 300 20 1.75  8 + VKD Inhibitor/ 
cofactor

Protein Z  62,000 47 2.9 2.5 ± VKD Cofactor

Thrombomodulin 100,000 Cofactor/ 
modulator

a2-Macroglobulin 735,000 2,700–4,000 2,000–3,000 0.002 Complement Proteinase 
inhibitor

Tissue factor pathway 
inhibitor

 40,000 1–4 0.1 6.4 × 10−4–1.4 
× 10−3

Kunitz Proteinase 
inhibitor

Antithrombin  58,000 2,400 140 2.5–3.0 15 Serpin Proteinase 
inhibitor

Heparin cofactor II  66,000 500–1,400 33–90 2.5 10 Serpin Proteinase 
inhibitor

a1-Proteinase inhibitor  53,000 28,000 1,500–3,500 6 12 Serpin Proteinase 
inhibitor

C1 esterase inhibitor 104,000 962 100 0.07 35 Serpin Proteinase 
inhibitor

Protein C inhibitor  57,000 90 5 1 23 + Serpin Proteinase 
inhibitor

+, presence of phenotype; ±, some individuals present with phenotype and others do not; H, hemorrhagic disease/hemophilia; T, thrombotic disease/thrombophilia; VKD, vitamin K–dependent.
aClinical phenotype: the expression of either H or T phenotype in deficient individuals.

BioCHemiCal ProPerTieS oF HumaN aNTiCoagulaNT ProTeiNS aNd THeir iNHiBiTorS

taBLe 18.4
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of how the domains are aligned and interact. Further, using com-
putational molecular dynamics, one can predict conformational 
changes associated with protein–protein, protein–ligand, and 
protein–surface interactions. Identifying residues directly involved 
in binding to membranes, metal ions, or small substrates can lead 
to new drug therapies.

The first x-ray crystal structure of a vitamin K–dependent 
protein was obtained by Tulinsky’s laboratory for prothrombin 
fragment 1 (factor II, residues 1 to 155) in the presence369 and 
absence of calcium.370,371 These results provided information 
regarding the entire Gla domain, the connector peptide, and krin-
gle 1. In the absence of calcium, only the connector peptide and 
the kringle can be visualized in the resulting x-ray crystal analysis. 
Prothrombin is the only vitamin K–dependent protein with a krin-
gle domain. It is likely that organization of the polypeptide chains 
of the Gla domain is similar for all vitamin K–dependent proteins. 
To date, several other vitamin K–dependent protein structures 
have been elucidated372,373,374,375–382 (see Table 18.5). Many 
studies on the individual vitamin K–dependent proteins have been 
conducted and are detailed under each protein subsection.

All the vitamin K–dependent proteins contain an NH2-terminal 
Gla domain, and only factors II, VII, IX, and X and protein C 

 contain a serine protease domain. Factors IX, X, and VII, pro-
tein C, and protein S contain EGF domains. Several recent reviews 
have been written on vitamin K–dependent proteins.383,384–386

Gla Domain
The Gla domain constitutes the first approximately 50 residues of 
the vitamin K–dependent proteins (Fig. 18.3). The negative charge 
elicited from the string of Gla residues (9 to 13) contributes to the 
binding to Ca2+ and the generation of the conformation required 
for binding to anionic phospholipid membranes. This surface 
in vivo is supplied by activated platelets or other blood cells in 
response to vascular damage through exposure of the internal 
face of their cell membranes where it is phosphatidylserine (PS)–
rich.369,387 In vitro systems that attempt to mimic coagulation 
mainly use natural or synthetic preparations of PS and phospha-
tidylcholine, often at a 1:3 molar ratio. Studies have shown that 
PS exposure is crucial for cells to support the membrane-bound 
 enzymatic reactions and that PS is more effective than other 
equally charged lipids.5,388,389 The striking degree of homology 
among the Gla domains of the vitamin K–dependent clotting fac-
tors suggests that the affinity of the calcium-Gla complexes for 

Protein Structure Resolution (Å) PDB Code

Procoagulant proteins

Intrinsic pathway

Factor XII N/A

Prekallikrein Catalytic domain 1.4 2ANY

HMW kininogen N/A

LMW kininogen N/A

Factor XI XI zymogen 2.9 2F83

XIa + inhibitor 1.6 3BG8

Vitamin K–dependent

Factor VII VII zymogen (des Gla) 2.0 1JBU

VIIa (des Gla) 1.7 1KLI

VIIa + TF extracellular domain + inhibitor 1.7 2C4F

Factor IX IXa (des Gla) + inhibitor 1.6 2WPJ

Gla domain 1.5 1EDM

IXa (porcine) 3.0 1PFX

Factor X Xab (des Gla) 1.8 2J4I

Factor II Prethrombin 1 2.2 3NXP

Prethrombin 2 + Fragment 2 1.90 3K65

Meizothrombin (desF1) 2.1 3E6P

a-IIa + inhibitor (small molecule) 1.2 2RM2

a-IIa + inhibitor (hirudin fragment) 1.3 2CF8

Cofactors

Tissue factor Extracellular domain 1.7 2HFT

VIIa + TF extracellular domain 1.8 2A2Q

Factor V C2 domain 1.9 1CZT

Va-inactive (bovine) 2.8 1SDD

Factor VIII VIIIa 3.7 2R7E

VWf A1 domain mutant 1.8 1IJB

A2 domain 1.9 3GXB

A3 domain 1.8 1ATZ

HigHeST reSoluTioN x-ray STruCTureS oF HumaN ProCoagulaNT, aNTiCoagulaNT, FiBriNolyTiC ProTeiNS,  
aNd THeir iNHiBiTorS

taBLe 18.5
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Protein Structure Resolution (Å) PDB Code

Anticoagulant proteins

Dynamic inhibition

Protein C APC (des Gla) 2.8 1AUT

Gla Domain of APC + PC receptor 1.6 1LQV

Protein S N/A

Protein Z PZ + PZI 2.3 3F1S

Thrombomodulin EGF 4–6 of thrombomodulin + IIa 2.3 1DX5

Proteinase inhibitors

a2-macroglobin MG2, TED & CUB domains 2.3 2P9R

TFPI 2nd Kunitz domain of TFPI + antibody 1.8 4DTG

Antithrombin AT 2.8 2B4X

Plasma a-AT 2.6 1E05

Plasma b-AT 2.6 1E04

AT + IIa + heparin 2.5 1TB6

AT + IXa 1.7 3KCG

AT + Xa 3.3 2GD4

Heparin cofactor II Heparin cofactor II 2.4 1JMJ

Heparin cofactor II + IIa 2.2 1JMO

a1-Proteinase inhibitor a1-AT 2.0 1QLP

C1 Esterase inhibitor Latent form 2.4 2OAY

Protein C inhibitor PCI 2.0 2OL2

PCI + IIa + heparin 1.6 3B9F

PZI + PZ 2.3 3F1S

Protein Z–dependent inhibitor MG2, TED, and CUB domains 2.3 2P9R

Proteins of clot formation

Factor XIII XIII zymogen 2.0 1EVU

XIIIa 2.5 1FIE

Fibrinogen 2.9 3GHG

Fragment E + IIa 3.7 2A45

Alpha domain from fibrinogen-420 2.1 1FZD

Fibrin D-dimer 2.3 1FZC

Fibrinolytic system

Proteins

Plasminogen Catalytic domain 2.0 1QRZ

Kringle 1 + inhibitor 2.1 1CEA

Kringle 4 1.9 1PK4

t-PA Single-chain + inhibitor (EGR-cmk) 3.3 1BDA

Two-chain + inhibitor (benzamidine) 2.3 1RTF

u-PA Two-chain + inhibitor 1.5 1C5L

NH2-terminal fragment + receptor + antibody 1.9 2FD6

Factor VII activating protease N/A

Inhibitors

TAFI TAFIa + inhibitor 2.5 3LMS

PAI-1 Latent form 1.8 1LJ5

Active form 2.4 1DVM

PAI-2 Stabilized mutant 2.0 1BY7

a2-Antiplasmin 2.7 2R9Y

AT, antithrombin; HMW, high-molecular-weight; LMW, low-molecular-weight; N/A, Not currently available; PAI, plasminogen activator inhibitor; t-PA, tissue plasminogen activator; TAFI, 
thrombin-activatable fibrinolysis inhibitor; TFPI, tissue factor pathway inhibitor; u-PA, urokinase-type plasminogen activator.

HigHeST reSoluTioN x-ray STruCTureS oF HumaN ProCoagulaNT, aNTiCoagulaNT, FiBriNolyTiC ProTeiNS,  
aNd THeir iNHiBiTorS (CoNTiNued)

taBLe 18.5
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phospholipids would also be very similar. However, this turns 
out not to be the case. The dissociation constants for binding 
to phosphatidylcholine and PS-containing vesicles vary, with Kd 
values in the range of 50 nmol/L for protein Z and protein S,390 
100 to 300 nmol/L for factor X and prothrombin,391 15 nmol/L for 
protein C,390 and 17,000 nmol/L for factor VII.390,392 A system-
atic analysis of the sequence/structural basis for these divergent 
membrane-binding properties is available.382,390

The mode of interaction between the Gla domain-containing 
coagulation factors and biologic membranes has been difficult to 
study and is still a subject for debate. Two models of binding have 
been presented. One involves the bridging of calcium between 
specific Gla residues and the negative anionic phospholipid 
membrane components.392,393 A second model involves a major 
hydrophobic contribution to the membrane binding. X-ray crys-
tallographic370,394–396 and nuclear magnetic resonance studies397 
have been conducted to elucidate the conformational changes, in 
the absence and presence of calcium, that occur on Gla domain 
binding to a lipid membrane. In the absence of calcium, the 
negatively charged Gla residues appear exposed to the solution, 
and the hydrophobic residues of the Gla domain are buried in its 
interior.397 On Ca2+ binding to the Gla domain, the conformation 
is altered to expose the hydrophobic residues, making possible 
their insertion into the lipid membrane. The hydrophobic patch 
in prothrombin fragment 1 surrounding the first pair of Gla 
residues was determined to be Phe4, Leu5, and Val8. Site-directed 
mutagenesis studies of protein C determined these residues (Phe4, 
Leu5, and Leu8) to be important in membrane interactions.398–400 
The actual mechanism of membrane binding is still under active 
investigation.

Epidermal Growth Factor Domain
The Gla domain is followed by two tandem EGF domains (EGF-1 
and EGF-2) in factor VII, factor IX, factor X, and protein C and 
four EGF domains (EGF-1 to EGF-4) in protein S401 (Fig. 18.3). 
The first EGF domain (EGF-1) contains the posttranslationally 
modified amino acid–b-hydroxy aspartic acid in the case of fac-
tors IX and X, and b-hydroxy asparagine in the case of protein 
S.337,354,356,402–404 An EGF-like domain consists of 40 to 50 amino 
acids, including six cysteine residues involved in disulfide bond 
formation. The EGF domains have been evaluated by nuclear 
magnetic resonance spectroscopy.386,405–409 The EGF-2 domains 
of factor Xa,378 factor VIIa,380 activated protein C,382 and factor 
IXa410 have been evaluated by x-ray crystallography. The EGF-like 
domains are found widely distributed in extracellular and mem-
brane proteins. Proteins containing these domains are involved 
in blood coagulation, fibrinolysis, complement activation, and 
microfibril formation in connective tissue and in signal transduc-
tion.356,411,412 These domains are similar to the archetypal pro-
tein, EGF, which contains nine of these domains and is derived 
from a membrane-bound precursor.

The structure of the EGF-like domains is dominated by b 
sheets and b turns. Several point mutations in the EGF domain 
of factor IX have been identified that cause hemophilia B.413 
Calcium-binding sites have been identified in the NH2-terminal 
EGF-like domains isolated from factors VII, IX, and X and pro-
teins C and Z, with Kd values ranging from 1 to 5 mm. This 
Ca2+-binding site is functionally important because vitamin K–
dependent proteins that have missense mutations in EGF-1 that 
disrupt the Ca2+-binding site have reduced biologic activity. In 
these proteins, the second EGF domain does not appear to bind 
calcium. The NH2-terminal EGF domain of protein S does not 
appear to bind Ca2+.

The function of the EGF domain is still unclear. One hypoth-
esis is that it serves as a spacer. A consistent elongation of the 
molecules of factors VII, IX, and X and protein C and protein S 
has been noted. The distance between the membrane-binding Gla 

domain and the serine protease domain is crucial to the place-
ment of the active site in an appropriate position relative to the 
target peptide bond in its substrate.414 Calcium binding serves a 
role in the function of these domains. For example, it has been 
proposed that for appropriate docking of factor VIIa to tissue fac-
tor, Ca2+ binding to the EGF domain is required.415 Calcium bind-
ing to the EGF domains in non-vitamin K–dependent proteins has 
been observed in the Notch protein416 and fibrillin.417

Serine Protease Domain
The serine protease domain accounts for approximately one-half 
the mass of each protein. Peptide bond cleavage at specific sites 
converts the vitamin K–dependent zymogens to their active serine 
protease forms (Fig. 18.3). These enzymes are serine proteases in 
the same family as trypsin and chymotrypsin. The mechanism of 
proteolysis by chymotrypsin involves a catalytic triad, composed 
of Asp102, His57, and Ser195 (chymotrypsin numbering). The 
nucleophilic attack is carried out by the hydroxyl group of Ser195 
with the imidazole ring of His57 taking up the liberated proton 
and the carboxylate ion of Asp102 stabilizing the developing 
charge. More extensive elements of structure (i.e., calcium-, mem-
brane-, and cofactor-binding sites) are required for interactions of 
enzymes and substrates in the coagulation process.

The serine protease domains of all the Gla-containing factors 
show a high degree of sequence identity with each other and to 
trypsin and chymotrypsin, cleaving almost specifically at arginyl 
residues. However, unlike trypsin, which shows little specificity 
beyond the requirement for arginyl or lysyl residues at the cleav-
age site, the activated coagulation factors have extended substrate 
specificity pockets where only a small number of amino acid 
sequences are recognized by each activated factor. Despite a high 
degree of structural similarity between the protease domains of 
protein C and factors II, VII, IX, and X, each of these factors has a 
highly specific function in coagulation. Some of this discrimination 
may be mediated by surface loops and other domains away from 
the substrate-binding pocket that are not highly homologous.

Factor VII (proconvertin, Convertin)
The vitamin K–dependent single-chain zymogen factor VII (Mr = 50,000), 
also known as proconvertin, circulates in plasma at a concen-
tration of 0.5 mg/ml, or 10 nmol/L418,419 (Table 18.1). It is syn-
thesized primarily in the liver. The activated two-chain serine 
protease form, factor VIIa, circulates in plasma at approximately 
1% the concentration of its precursor, or 0.1 nmol/L.52 The 
 mechanism for the initial activation of this zymogen is unclear. 
One recently identified candidate is the factor VII-activating pro-
tease (FSAP; see section on factor VII-activating protease). The 
function of factor VIIa is to serve as an initiator of the extrinsic 
pathway of coagulation when bound to its membrane cofactor, tis-
sue factor. Factor VII has the shortest t1/2 of all the clotting factor 
zymogens (∼3 to 6 hours).420 Its activated form factor VIIa has a 
t1/2 of 2.4 hours.421,422

Factor VII deficiency is an autosomal recessive disorder with 
wide phenotypic and genotypic variability.423–426 Its incidence 
in the general population is approximately 1 in 500,000. In a 
large French–Canadian kindred, the incidence is approximately 
1 in 335.427 Bleeding phenotypes can range from mild to severe 
and include bruising, epistaxis, postsurgical hemorrhage, and 
cerebral hemorrhage. Severe bleeding is most commonly associ-
ated with plasma factor VII levels that are < 1%.428 Patients have 
prolonged PTs, and the final diagnosis is established by plasma 
factor  VII coagulant activity (VII:C) using factor VII-deficient 
plasma and animal thromboplastins, immunologic quantitation 
of factor VII antigen, or both.419,429 Treatment of these individu-
als includes the use of fresh frozen plasma, prothrombin com-
plex  concentrates,430 factor VII concentrates (plasma-derived or 
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recombinant),431 and liver transplantation.432 Due to its short t1/2 
(∼3 to 6 hours), therapy with factor VII concentrates is difficult. 
Recently, the use of recombinant factor VII as a safe and effec-
tive treatment for factor VII deficiency has been evaluated.433–435 
During the last decade, supraphysiologic concentrations of recom-
binant factor VIIa have been used clinically for treatment of 
patients with hemophilia A or B (factor VIII or factor IX deficiency, 
respectively) and patients undergoing surgical procedures.436–441 
Recombinant factor VIIa has been suggested for treatment of 
almost all bleeding disorders.442 The mechanism of hemostasis by 
recombinant factor VIIa is not fully understood, although several 
hypotheses have been proposed.443,444,445,446

Studies on the molecular basis for factor VII deficiency have 
led to the identification of several mutations in the factor VII gene. 
These mutations have been identified in the splice site,447 the pro-
moter region,448 the EGF domain,449 and numerous single base pair 
(bp) mutations.450,451 For more detail, there is a  factor VII muta-
tion database available at europium.csc.mrc.ac.uk.452 Factor  VII 
deficiency in mice is not lethal at the embryonic stage, but factor 
VII−/− neonates die from hemorrhage within the first days after 
birth.453,454

Gene Structure and Expression
The factor VII gene is located on chromosome 13 band q34-qter, 
consists of nine exons, and spans 12.8 kb455,456,457 (Table 18.2). It 
is located approximately 2.8 kb upstream from the factor X gene. 
The mRNA encodes a 2.5-kb message.458 Alternative splicing of 
the factor VII gene yields two gene transcripts. One gene transcript 
contains eight segments as exons, and the second gene transcript 
contains nine segments as exons. The additional exon, which is 
unique among the vitamin K–dependent proteins, is in the prepro 
leader sequence. Factor VII mRNA expression is localized in the 
liver,459 where its expression is 6% of the factor X mRNA level.460 
Extrahepatic synthesis of factor VII has been observed in human 
atherosclerotic vessels.461 The 5′-flanking region of the factor VII 
gene contains binding sites for the liver-enriched transcription 
factor hepatic nuclear factor (HNF)-4.462 Three potential activa-
tion peptide-1 binding sites are also contained in this region. Both 
genetic and epigenetic modifications in the promoter region of 
the factor VII gene have been shown to affect plasma factor VIIa 
levels.463

Biochemistry
Factor VII circulates in plasma as a single-chain zymogen of a 
molecular weight of 50,000.418,456,464,465 Its 406-amino acid 
structure consists of an NH2-terminal Gla domain containing ten 
g-carboxy glutamate residues, b-hydroxy aspartic acid at posi-
tion 63,355 an aromatic residue-rich a-helical region, two EGF 
domains, and a serine protease domain (Fig. 18.3). The NH2-
terminus, along with the serine protease domain, is involved in 
the metal binding properties of the protein and its interaction with 
its cofactor tissue factor.466–468 The COOH-terminus of  factor VII 
is important in its interactions with factor X.469 Structures of 
factors VII470 and VIIa381 and the extrinsic tenase471 have been 
determined and have been utilized in a variety of ways to enhance 
our understanding of this protein.

Activation
The single-chain zymogen factor VII is activated to its two-chain 
serine protease form, factor VIIa, through a single peptide bond 
cleavage between Arg152-Ile153 (Fig. 18.3). The resulting protease 
consists of an NH2-terminal light chain (Mr = 20,000) containing 
the membrane-binding Gla domain (ten Gla residues), linked by a 
single disulfide bond between Cys135-Cys262 to a COOH-terminal 
heavy chain (Mr = 30,000) that contains the catalytic domain. 

A small amount of activated factor VII (10 to 100 pmol/L) already 
circulates in the cleaved active two-chain form.472 This small 
portion of plasma factor VIIa has very poor catalytic efficiency 
in the absence of its cofactor, tissue factor.473,474 The cleavage of 
factor VII to factor VIIa is catalyzed by several proteases, includ-
ing a-thrombin,8 factor IXa,475 factor Xa,8 autoactivation by 
factor  VIIa,476 factor XIIa,477 and FSAP.478 The endothelial cell 
protein C receptor has been reported to bind factor VII and sup-
press its activation by factor Xa.479

Function
Factor VII is a crucial zymogen in blood coagulation and can bind 
to tissue factor with a subnanomolar Kd and become activated by 
a number of proteases. Once converted to its active serine protease 
form and bound to its cofactor, the integral membrane protein tis-
sue factor, it forms the extrinsic tenase complex480,481 (Fig. 18.4). 
The enzyme complex is so named because it contains a protein, 
tissue factor, normally extrinsic to the plasma environment. The 
extrinsic tenase complex (factor VIIa-tissue factor-membrane 
surface-Ca2+) activates a fraction of the circulating vitamin  
K–dependent zymogens, factors IX and X, to their serine protease 
forms.45,482,483,484 Thus, it serves to initiate the formation of the 
intrinsic tenase (factor IXa-factor VIIIa-membrane-Ca2+) and the 
prothrombinase complexes (factor Xa-factor Va-membrane-Ca2+). 
In vitro studies have shown that the rate of activation by the extrin-
sic tenase complex is significantly greater (∼100,000-fold) than 
the rate of substrate (factors IX and X) activation by the enzyme 
factor VIIa alone.485,486 Factor Xa bound to a membrane surface 
can activate additional factor VII in a positive feedback loop.8,487

Regulation
Free factor VIIa, unlike other serine proteases of the coagulation 
cascade,474 is not readily inhibited by circulating protease inhibi-
tors, including the antithrombin–heparin complex.488,489 This is 
most likely because of its poor catalytic efficiency when not bound 
to its cofactor tissue factor. However, when factor VIIa is bound to 
tissue factor, antithrombin–heparin exhibits significant inhibition 
of factor VIIa.490–492 Thus, regulation of tissue factor expression 
is the primary means to control factor VIIa activity. Paradoxically, 
in normal hemostasis, factor VII (10 nmol/L) is an effective com-
petitor of factor VIIa (0.1 nmol/L) for binding to tissue factor. This 
competition downregulates the level of enzymatically active com-
plex (factor VIIa–tissue factor), thus suppressing initiation of the 
clotting cascade. Once the extrinsic tenase complex ( factor VIIa-
tissue factor-Ca2+-membrane) activates factor X to factor Xa, 
tissue factor pathway inhibitor (TFPI) can form a quaternary com-
plex (factor VIIa-tissue factor-factor Xa-TFPI) with no enzymatic 
activity493 (Fig. 18.6).

Factor IX (plasma thromboplastin Component, 
Christmas Factor, hemophilia B Factor)
The zymogen factor IX is a single-chain vitamin K–dependent pro-
coagulant glycoprotein synthesized in the liver, which has also been 
referred to as plasma thromboplastin component, Christmas factor, 
or hemophilia B factor. It circulates in plasma (t1/2 = 24 hours494) 
at a mean concentration of 5 mg/ml, or 90 nmol/L, with a relative 
molecular weight of 55,000495 (Table 18.1). In addition, there may 
be a pool of noncirculating factor IX, which is readily available to 
the intravascular space, systemically distributed and sequestered 
either to the endothelial surface496 or subendothelial components, 
specifically collagen IV.497–499 High levels of factor IX have been 
correlated with an increased risk of venous thrombosis.500

Deficiency of this glycoprotein, known as hemophilia B, is 
considered one of the most common inherited coagulation dis-
orders. The factor IX gene, found on the X chromosome, is a 
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FIGURE 18.6. Regulation of the procoagulant 
response. Four vitamin K–dependent complexes are 
illustrated: the extrinsic tenase, the intrinsic tenase, 
prothrombinase, and protein Case. The procoagulant 
response is regulated by the stoichiometric inhibitors 
antithrombin (AT) and tissue factor pathway inhibitor 
(TFPI). AT inhibits thrombin, factor Xa, and factor IXa that 
are free in solution. TFPI inhibits both factor Xa and the 
factor VIIa–tissue factor (TF)–factor Xa complex. Activated 
protein C (APC) generated from the protein Case complex 
[thrombomodulin (TM)-thrombin (IIa)] inactivates FVa and 
FVIIIa by proteolysis of their heavy chains. PC, protein C. 
Panel A: initiation phase; Panel B: Propagation; Panel C: 
Termination. (Adapted from Mann KG. Coagulation explo-
sion. Vermont Bus Graph 1997, with permission.)

sex-linked recessive bleeding disorder that is found in males. 
The frequency of this disorder in the general population is 
approximately 1 in 30,000 males.495,501 It rarely affects females, 
but several cases have been identified involving a mutation on 
the factor IX gene.502,503 Acquired hemophilia can also occur 
due to the generation of autoantibodies.504 Many mutations, 
including large deletions, small deletions, point mutations, 
and missense mutations, have been identified in factor IX that 
appear to reduce activity in the presence of normal antigen 
levels (CRM+) or impair synthesis resulting in reduction of both 
activity and antigen (CRM−).505,506 Several specific cases and 
studies are noted: X translocation,507 links to factor VLeiden,508 
population studies,509–512 and factor IX Denver.513 The point 
mutation called factor IX Denver results in a 100-fold decrease 
in the binding affinity of factor IXa Denver for factor VIIIa 
(Kd = 9.9 nmol/L) compared to normal factor IXa.513 Mutations 
in the EGF-1-like domain of factor IX, specifically at Gly48, have 
also been identified in CRM+ individuals with hemophilia B.514 
Molecular insights into hemophilia B, as well as hemophilia A, 
have been formatted in reviews with references to accession 
numbers and locus identification.515,516

Hemophiliacs experience prolonged bleeding episodes that 
can be life threatening and lead to chronic disabilities. The 
clinical presentation or phenotype is not homogeneous. Severe 
disease is associated with < 1% functional factor IX, moderate 
disease with 1% to 5%, and mild disease with 5% to 25%. Female 
carriers usually have approximately 20% to 50% functional 
factor IX. Traditionally, treatment for hemophilia B involves 
plasma-derived or recombinant factor IX.517,518 One problem 
with this therapy is the development of inhibitory antibodies. 
There is a North American Immune Tolerance Registry to study 
immune tolerance in hemophiliacs.519 An alternative treatment 
in the last decade has been the use of recombinant factor VIIa 
at supraphysiologic concentrations (∼90 mg/kg). These therapies 
eliminate the immediate danger of bleeding but do not constitute 
a cure for the patients. The potential for gene-based therapy 
for the treatment of hemophilia has become a new avenue for 
investigation.520–523 To date, transgene therapy has proved suc-
cessful in animal models, and human trials have been initiated 
as well.524–531,532

Gene Structure and Expression
The gene for factor IX is located on the X chromosome at posi-
tion q26.3–27.1, near the factor VIII gene.533–535 The gene 
contains eight exons and seven introns and has an overall size 
of 33 kb.536,537 Five cis-acting elements have been identified in 
the promoter region of the factor IX gene.536,539 These include 
binding sites for transcription factor C/EBP,540 an HNF-1 binding 
site,541 an HNF-4 binding site,542 and a site for the D-box bind-
ing protein.543 Two essential age-regulatory elements, AE5′ and 
AE3′, have been identified in the 5′ upstream region of the gene 
encoding factor IX in transgenic mice.544 Together, these elements 
identify the advancing age-associated increase in factor IX gene 
expression.

Single point mutations in the factor IX promoter region have 
been correlated with a rare form of hemophilia B termed hemo-
philia B Leyden.538,545,546 Hemophilia B Leyden is characterized 
by an altered developmental expression of blood coagulation 
factor IX.538 These individuals have increasing levels of factor IX 
after puberty, or after administration of testosterone, resulting in 
decreased bleeding instances.547,548 Studies in mice support the 
role of androgen receptor binding to the factor IX promoter in 
regulating the developmental expression of factor IX.549

Biochemistry
The structure of human factor IX consists of 415 amino acids that 
are separated into a Gla domain (12 Gla residues), two tandem 
EGF domains (EGF-1 [residues 46 to 84] and EGF-2 [residues 
85 to 127]), an activation peptide region, and a serine protease 
domain283,537,550 (Fig. 18.3). Glycosylation in the form of O-linked 
and N-linked oligosaccharides makes up 17% by weight of the 
factor IX protein—specifically, O-linked oligosaccharides at Ser53 
and Ser61 in the EGF-1 domain and O-linked and N-linked oligo-
saccharides at Asn157, Asn167, Thr159, and Thr169 in the activation 
peptide region.551–554 The Gla domains are crucial for binding to 
anionic lipid membranes through Ca2+ interactions. The x-ray 
crystal structure of human factor IX with Ca2+ has shown that 
EGF-1 binds a single Ca2+ with residues Asp47, Gly48, Gln50, 
Asp64, and Asp65 functioning as the ligands.410,555 Hydrophobic 
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interactions556 and a salt bridge (Glu78-Arg94)557 between the 
carboxy end of EGF-1 and EGF-2 have also been identified.379 
Ca2+ binding and hydrophobic interactions lock the domains in a 
manner that ensures biologic activity. Several point mutations in 
the EGF domain give rise to hemophilia B.413

Activation
Factor IX activation to its serine protease form, factor IXa, is a 
two-stage process requiring sequential cleavages at Arg145 and 
Arg180, releasing a 35-residue activation peptide with an approxi-
mate molecular weight of 11,000558,559 (Fig. 18.3). Physiologic 
activators of factor IX are either tissue factor–factor VIIa (extrinsic 
tenase complex)482,560 or factor XIa.561–563 The first step in acti-
vation is the cleavage by its physiologic activators at the Arg145-
Ala146 bond, resulting in factor IXa. This cleavage has been shown 
to be important in its affinity for its cofactor factor VIIIa564 and 
has been identified as a molecular defect in factor IXChapel Hill.

565 
The second step is cleavage at the Arg180-Val181 bond, resulting 
in factor IXa b, the active form, also known as factor IXa. Both 
cleavages are required for full biologic activity of factor IXa.559 
In vitro, factor IX has also been shown to be cleaved by factor Xa 
at Arg145 on phospholipid membrane surfaces,61 producing the 
inactive precursor factor IXa and increasing the overall rate of 
factor IXa production by tissue factor–factor VIIa. Both cleavage 
sites, Arg145 and Arg180, have been identified as single point muta-
tions in hemophilia B.566 The x-ray crystal structure of porcine 
factor IXa has also been solved.379

The active serine protease (Mr = 45,000) structure is com-
posed of a heavy chain (Mr = 28,000) and a light chain (Mr = 
17,000) covalently associated through a disulfide bond. Factor IXa 
forms the intrinsic tenase complex with its cofactor factor VIIIa, 
Ca2+, and a membrane surface primarily supplied by platelets 
(Fig. 18.4). On formation of this complex, factor X is activated to 
its serine protease form, factor Xa. Factor IXa (the enzyme) alone 
without its cofactor (factor VIIIa) has poor amidolytic and proteo-
lytic activity (107-fold less activity).

Function
The main role for factor IXa in blood coagulation is to form the 
intrinsic tenase complex, which efficiently activates factor X to 
factor Xa. The complex is so named because the components, 
including the cofactor, are intrinsic to circulating blood, unlike tis-
sue factor, the cofactor for the extrinsic tenase complex. Both com-
plexes activate factor X to factor Xa. The extrinsic tenase complex 
(factor VIIa-tissue factor-Ca2+-membrane) catalyzes the initial 
formation (picomolar amounts) of factor Xa, which ultimately par-
ticipates in prothrombinase complex assembly and the resulting 
conversion of prothrombin to thrombin, allowing clot formation to 
occur. The intrinsic tenase complex (factor IXa-factor VIIIa-Ca2+-
membrane) generates the second burst of factor Xa that results in 
the propagation phase of the activation of prothrombin to throm-
bin (Fig. 18.7).567 The intrinsic tenase complex is kinetically more 
efficient than the extrinsic tenase complex in generating factor 
Xa. Factor Xa generation by tissue factor–factor VIIa occurs at 

FIGURE 18.7. Profiles of thrombin and factor Xa generation. A: Empirical time course (x-axis: 
0 to 20 minutes) of thrombin–antithrombin formation (y-axis: nmol/L thrombin–antithrombin complex) 
during whole blood coagulation initiated with 5 pmol/L tissue factor.569 Data represent means plus or 
minus standard error of the means for 35 individuals; thrombin–antithrombin levels reach maximum 
levels of 900 nmol/L (blue diamonds) in this group of normal individuals. Clot time (CT) is shown below 
with the symbols for each curve. Thrombin generation is divided into two phases: an initiation phase 
and a propagation phase. When two hemophilia A patients were studied (green squares, red circles), CT 
was delayed, and the propagation phase of thrombin generation was not present.446,568 By not having 
factor VIIIa present, the intrinsic tenase complex is unable to generate the additional factor Xa that is 
required for the burst or propagation phase of thrombin generation. B: Computer simulation of the time 
course of factor Xa generation on activation of the factor VIIa–tissue factor pathway.567 Concentrations 
are expressed as the relative percentage of factor Xa produced by each catalyst at each time point. The 
factor Xa that is initially produced is via the extrinsic tenase complex. After CT, the majority of factor Xa 
generated is via the intrinsic Xase. The clot time represents the time point in the computer simulation at 
which calculated thrombin levels are comparable to thrombin levels (∼10 nmol/L) measured in clotting 
whole blood (see Fig. 18.11).
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only 1/50th the rate of factor X activation by the factor IXa–factor 
VIIIa complex.61–63 Without the intrinsic complex being formed, 
as occurs in situations like hemophilia A or B, factor Xa is not 
generated in levels sufficient to produce the propagation phase of 
thrombin generation (Fig. 18.7).446,568,569

When the competitive substrates factors IX and X are simultane-
ously presented to the extrinsic tenase complex, factor IXa genera-
tion is increased, whereas factor Xa generation is suppressed.61,62 
This occurs because the factor Xa initially produced cleaves factor 
IX at Arg145, producing factor IXa. Factor IXa is a better substrate 
for factor VIIa–tissue factor than factor IX; the intermediate is 
converted to factor IXab (factor IXa) by cleavage at Arg180 by fac-
tor VIIa–tissue factor. This cooperative enzymatic action results 
in factor IX being an improved substrate for the extrinsic tenase 
complex, whereas factor X activation is suppressed.

Regulation
Plasma factor IXa is primarily inhibited by antithrombin570 
(Fig. 18.6). In vitro experiments conducted on phospholipid vesi-
cles and cell membranes showed that PN2/amyloid b-protein pre-
cursor (PN-2/APP) can also inhibit factor IXa.571 Interestingly, an 
insect salivary protein, Prolixin-S, has been shown to inhibit factor 
IXa generation and the intrinsic tenase complex formation.572

One strategy to improve existing antithrombotic therapies has 
been to develop factor IXa inhibitors573—including the use of mono-
clonal antibodies that target factor IX/factor IXa574,575 or aptam-
ers targeting factor IXa.576,577 Currently, problems exist in using 
direct thrombin inhibitors to regulate thrombin activity. Targeting 
the end product of an amplifying cascade results in a narrow 
window of therapeutic dose, which is difficult to achieve in clini-
cal practice.578–580 The advantages of regulating events upstream 
(factor IX/factor IXa; the intrinsic tenase complex) as an approach 
to antithrombotic therapy would be to potentially produce a partial 
reduction in the magnitude of thrombin formation.581,582

Factor X (Stuart Factor)
The zymogen factor X, or Stuart factor, is a vitamin K–dependent 
glycoprotein that is synthesized in the liver.560,583 It circulates 
in plasma at a mean concentration of 10 mg/ml or 170 nmol/L, 
and has a t1/2 of approximately 1.5 days494,584,585 (Table 18.1). 
In the Leiden Thrombophilia study, a population-based case 
control study on venous thrombosis, high levels of factor X alone 
predicted the risk of thrombosis but were not a risk factor for 
venous thrombosis when the levels of other vitamin K–dependent 
proteins were taken into account.586

Factor X deficiency is a rare autosomal recessive disorder with 
varied phenotype and genotype. Homozygous factor X deficiency 
has an incidence of 1 in 1 million in the general population.587,588 
Whereas heterozygotes are often clinically asymptomatic, the 
most severely affected homozygous individuals exhibit extensive 
bleeding early in life. Multiple factor X deficiency cases have been 
identified, and the gene defects have been elucidated in individu-
als with bleeding tendencies589–593,594,595 and in an individual 
without a bleeding tendency,596 although mutations within the 
catalytic domain are not always consistent with the phenotype of 
the individual.597 As with most deficiencies, the level of factor X 
expression is indicative of the bleeding response. When factor X 
levels are approximately 1%, bleeding can include hemarthrosis, 
soft tissue hemorrhage, and menorrhagia. With functional levels 
above 15%, bleeding is infrequent and usually mild. Acquired 
factor X deficiency is rare and is usually associated with light-
chain amyloidosis.598–600 In amyloidosis, factor X is thought to 
be adsorbed onto extracellular amyloid fibrils, thereby decreasing 
the circulating factor X level and increasing bleeding. In these 
cases, replacement with factor X products is not as effective a 
therapy for deficiency because it is continuously removed from 

plasma. Treatment of bleeding from factor X deficiency can 
involve the administration of fresh frozen plasma or prothrom-
bin complex concentrates. No sure venous or arterial thrombotic 
event has ever been reported in congenital factor X deficiency.601

The importance of factor X generation is illustrated by 
transgenic mice with a total deficiency of factor X. Homozygous 
deficiency (−/−) results in partial embryonic lethality with signs 
of massive bleeding.453,603 Those mice that survive to term die 
within 5 to 20 days from fatal neonatal bleeding. The lethality of 
factor X knockout genotype in mice supports the significance of 
factor X function in hemostasis.

Gene Structure and Expression
The gene for factor X spans 27 kb, is located on chromo-
some 13  bands q34-qter, and yields a 1.5-kb mRNA455,603–605 
(Table 18.2). The gene for factor X is located near the gene for fac-
tor VII. Studies to elucidate the liver-specific expression of factor 
X have included the characterization of the human606 and murine 
factor X promoter.607 Using a hepatoma cell line that expresses 
factor X, the first 279 bp of the 5′-flanking sequence upstream 
from the first AUG proved to be sufficient to confer maximal pro-
moter activity.606 From mutagenesis studies, two protein-binding 
sites within the 279-bp fragment were identified that are critical 
for promoter activity: CCAAT (at –120 to –116) and ACTTTG (at 
–56 to –51).606 Factor X also lacks a typical TATA box. In the 
human factor X promoter, the binding proteins HNF-4 (at –73),608 
nuclear factor-Y (at –128),608 GATA-4 (GATA element at –96),609 
and the Sp family of transcription factors I footprinted sites 
(at –165 and –195)609 have been identified as playing crucial roles 
in modulating the activity of the proximal promoter of factor X.

Biochemistry
Human factor X is a vitamin K–dependent glycoprotein of molecular 
weight 59,000 that circulates in plasma (10 mg/ml or 170 nmol/L) as 
a two-chain molecule composed of a disulfide-linked light chain (Mr = 
16,500) and heavy chain (Mr = 42,000)610,611 (Table 18.1). Its struc-
ture contains an NH2-terminal light chain consisting of a Gla domain 
(11 Gla residues), with a single b-hydroxy aspartic acid residue, and 
two EGF-like domains (EGF-1 and EGF-2) (Fig. 18.3). The COOH-
terminal heavy chain consists of an activation peptide region and a 
catalytic (serine protease) domain. Most of the carbohydrate moieties 
(∼15%) are located within the heavy chain584 in the activation pep-
tide domain.612 Ca2+ binding in the first EGF domain has been pro-
posed to enhance the structural rigidity of the factor X molecule.408 
Numerous structures of factor Xa (des Gla)378 have been deposited in 
the Protein Data Bank, the majority of which are bound to inhibitors 
and have provided insight into specificity and function.613

Activation
Factor X is activated to its serine protease form factor Xa 

through a cleavage of the activation peptide at Arg194-Ile195 
(Arg52-Ile53 of the heavy chain) (Fig. 18.3). A 52-amino acid 
activation peptide is released with a relative molecular mass of 
12,000. The resulting catalytic serine protease, factor Xa, has 
a molecular weight of 48,000 and is composed of a light chain 
(Mr = 18,000) and a disulfide-linked heavy chain (Mr = 30,000). 
The activation of factor X is catalyzed by factor VIIa–tissue factor 
(the extrinsic tenase complex)483 and factor IXa–factor VIIIa (the 
intrinsic tenase complex).614 In vitro studies have determined that 
factor X has to be bound to the membrane before activation.45,615

Function
The main function of factor Xa is to form the prothrombinase 
complex (factor Xa-factor Va-membrane-Ca2+) (Fig. 18.4). Factor Xa 
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is the serine protease enzyme in the prothrombinase complex that 
catalytically activates prothrombin to thrombin, the key enzyme 
in blood coagulation. The prothrombinase complex activates 
prothrombin to thrombin 105-fold faster than factor Xa alone.42 
Factor Xa is a unique regulatory enzyme in that it is formed 
through both the extrinsic tenase and intrinsic tenase complexes 
(as mentioned in the section on Factor IX). During the initial 
stages of the hemostatic event, low levels of both factor Xa and 
factor IXa are generated. Once generated, the limited amounts of 
factor Xa produced by extrinsic tenase bind to available mem-
brane sites and convert picomolar amounts of prothrombin to 
thrombin37,616,617 (Fig. 18.7B). This thrombin then activates fac-
tor VIII618 and factor V,619 allowing the initial formation of the 
intrinsic tenase and prothrombinase complexes. Thus, the time 
period in which factor Xa directly generates picomolar amounts 
of thrombin is referred to as the initiation phase of blood coagu-
lation. The burst or propagation phase of thrombin generation 
is then obtained from additional factor Xa generated via the 
intrinsic tenase complex (factor IXa-factor VIIIa-Ca2+-membrane) 
(Fig.  18.7). The intrinsic tenase complex activates factor X at a 
50- to 100-fold higher rate than the extrinsic tenase complex.61–63 
This burst in factor Xa levels overcomes the levels of factor Xa 
inhibitors, such as TFPI, and achieves maximal prothrombinase 
activity and propagation of the procoagulant event.

There is evidence that factor Xa can also trigger intracellular 
signaling events by increasing endothelial cell cytosolic Ca2+ 
and the release of endothelial cell mitogens.620 Mitogenic activ-
ity toward smooth muscle cells621 and lymphocytes622 has also 
been identified. Both factor X and factor Xa have been shown to 
provoke PAR-2 dependent protective signaling responses in endo-
thelial cells.623 An alternative initiation of factor X to factor Xa 
has been identified on stimulated cells of monocytic and myeloid 
differentiation involving the specific adhesive receptor Mac-1.624 
A novel factor Xa receptor, effector cell protease receptor-1, has 
been identified on the surface of a monocytic cell line.625 A platelet 
factor Xa receptor has been described as important in mediating 
prothrombin binding via factor Xa binding to platelet factor Va.626

Regulation
Once assembled, the extrinsic tenase (factor VIIa-tissue factor-
Ca2+-membrane) is rapidly inactivated along with its product fac-
tor Xa through the action of TFPI (Fig. 18.6). The factor Xa active 
site associates with the COOH-terminus of TFPI627,628 to localize 
the TFPI to the membrane. Once localized, the factor Xa–TFPI 
complex rapidly inactivates tissue factor-factor VIIa, forming a 
stable quaternary complex, tissue factor–factor VIIa–TFPI–factor 
Xa. The factor Xa–TFPI complex has been shown to be elevated 
in cancer patients.629

Factor Xa is also inhibited by antithrombin630 when not in 
complex with prothrombinase.631,632 Its inhibition is enhanced 
through the use of heparin, which increases the reactivity of anti-
thrombin with its targets (i.e., factor Xa).

Because factor Xa is a major player in the coagulation cascade, 
it is a target for regulation by synthetic inhibitors in treating isch-
emic heart disease and cerebrovascular disease. Many studies 
are currently underway to develop a new class of antithrombotic 
agents that target factor Xa.633–637,638,639

Factor II (prothrombin)
Factor II, or prothrombin, is a single-chain vitamin K–dependent 
zymogen that, when activated, yields factor IIa (thrombin), the 
key enzyme in blood coagulation. The zymogen prothrombin 
(Mr = 72,000, 8% carbohydrate) is the most abundant of the vita-
min K– dependent proteins and circulates in plasma at a mean 
concentration of 1.4 mmol/L or 100 mg/ml640–642 (Table  18.1). 
Prothrombin is primarily synthesized in the liver with a t1/2 of 

approximately 2.5 days. Low levels of prothrombin expression 
have been identified in other tissues including brain, diaphragm, 
stomach, kidney, spleen, intestine, uterine, placental, and adre-
nal.643,644 Increased prothrombin levels have been associated 
with an increased risk of venous thrombosis.

Human prothrombin deficiency, first described by Quick in 
1943,27 is rare because of the autosomal nature of its expres-
sion. Prothrombin deficiencies are classified as either hypopro-
thrombinemia or dysprothrombinemia and occur due to genetic 
disorders affecting either transcriptional regulation or protein 
function.645,646 These disorders are characterized by variable 
pathologies extending from mild bruising to clinically severe 
bleeding.647 Homozygotes are characterized by severe bleeding, 
and heterozygotes either have mild bleeding or are asymptom-
atic. Prothrombin complex concentrates have been used for pro-
phylaxis and bleeding episodes in individuals with prothrombin 
deficiency.430 The importance of a-thrombin to hemostasis is 
demonstrated in prothrombin-deficient mice, which experience 
embryonic and neonatal lethality.648–650

Gene Structure and Expression
The 21-kb human prothrombin gene is located on chromosome 
11 bands p11-q12 and has been extensively studied.651,652,653,654 
The prothrombin gene contains 14 exons and 13 introns652 and 
is transcribed as a prepropeptide of 622 amino acids.653,654 The 
43-amino acid propeptide mediates posttranslational processing 
to generate the mature protein of 579 amino acids. The promoter 
region of the prothrombin gene lacks a TATA box.

Many studies have been conducted on prothrombin gene 
polymorphisms to determine their relationships to thrombophilia. 
One common polymorphism is the G20210A transition in the 
3′-untranslated region of the promoter. This mutation has been 
linked to familial thrombosis. The G20210A polymorphism of the 
prothrombin gene has been associated with elevated prothrombin 
levels and an increased risk for venous thrombosis.655 It is one of 
the most commonly identified genetic risk factors for thrombosis. 
An additional polymorphism, A19911G, in the prothrombin gene 
has been identified that can modulate the risk of the G20210A 
polymorphism in developing deep vein thrombosis.656 Several 
reviews have been written on the influence of genetic polymor-
phisms (including the prothrombin G20210A) and the laboratory 
diagnosis of thrombophilia.657–659

Biochemistry
Initial observations about the structure/function relationship of 
the prothrombin molecule came about from the partial primary 
structures of bovine and human prothrombins. Subsequently, the 
complete primary structure of human prethrombin 2 (residues 272 
to 579), which is the precursor of thrombin, was determined.660 
Finally, the primary structure for bovine prothrombin661 and 
human prothrombin654 were deduced from isolated cDNAs. The 
elucidated structure of human prothrombin is characterized by an 
NH2-terminal Gla domain (residues 1 to 40 with 10 Gla residues), 
followed by two kringle domains (kringle 1, residues 65 to 143; 
kringle 2, residues 170 to 248) and the serine protease precursor 
domain (residues 272 to 579). Human prothrombin has three 
N-linked sugar chains—two in the first kringle domain and one in 
the catalytic domain.662

The first x-ray crystal structure of a blood coagulation pro-
tein fragment, bovine prothrombin kringle 1, was determined in 
Tulinsky’s laboratory in 1986.371 Kringles have been identified 
as common motifs in many plasma proteins, including prothrom-
bin, plasminogen, t-PA, urokinase, factor XII, and apolipoprotein 
A.663,664 The kringle 1 domain contains four cysteine residues par-
ticipating in two disulfide bonds. The role of the kringle 1 domain 
of prothrombin is still unclear, but it has been suggested that it is 
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involved with the interaction of prothrombin and factor Va in the 
prothrombinase complex.665,666 The NH2-terminal Gla domain and 
the first kringle domain together are referred to as prothrombin 
fragment 1. The kringle 2 domain of human prothrombin, located 
in prothrombin fragment 2 (residues 156  to 271), is similar in 
sequence and presumably in structure. The kringle 2 domain also 
binds Ca2+ and appears to be the primary region in  prothrombin 
that mediates the interaction of the prothrombin molecule with 
factor Va in the prothrombinase complex.667,668 This latter inter-
action has been suggested to  initiate conformational changes that 
make reaction sites accessible for enzymatic cleavage of pro-
thrombin.669 The sequence of the enzyme a-thrombin is contained 
within prethrombin 2  (residues 272 to 579).

Activation
Prothrombin is activated to the procoagulant a-thrombin by two 
cleavages: one at Arg271-Thr272 and another at Arg320-Ile321 by 
the prothrombinase complex (factor Xa-factor Va-phospholipid 
membrane-Ca2+) (Fig. 18.3). Membrane-bound factor Va serves 
as the receptor for factor Xa, the catalytic serine protease. The 
rate of a-thrombin generation by prothrombinase is 3 × 105-fold 
faster than the rate for factor Xa alone at potential physiologic 
concentrations of the proteins.42 Recent studies have indicated 
that the order of these two cleavages differs depending on the cell 
surface upon which prothrombinase is assembled.670,671

On synthetic phospholipid vesicles, the activation of prothrom-
bin by prothrombinase proceeds through an initial cleavage of 
prothrombin at Arg320-Ile321, giving rise to meizothrombin, a two-
chain disulfide-linked molecule (Fig. 18.8; pathway A, cleavage 
at 1).672 The probable mechanism involves meizothrombin dis-
sociating from prothrombinase with a subsequent rebinding step 
and conversion to a-thrombin.672,673 Meizothrombin expresses 
some of the activities of a-thrombin. However, meizothrombin has 
impaired fibrinogen clotting ability compared to a-thrombin.674 
Meizothrombin is subsequently cleaved at Arg271-Thr272 (Fig. 18.8; 
pathway A, cleavage at 2), yielding the NH2-terminal half of the 
molecule, consisting of the Gla domain and two kringle domains 

( prothrombin fragment 1.2: residues 1 to 271) and a-thrombin. 
a-Thrombin consists of an NH2-terminal 49-residue A-chain (resi-
dues 272 to 320) disulfide-linked to a COOH-terminal 259-residue 
B-chain (residues 321 to 579) containing the catalytic triad.

An alternative cleavage pathway occurs when factor Xa alone 
acts on prothrombin or when prothrombinase is assembled on 
washed platelets.670 In the presence of factor Xa, Ca2+, and an 
appropriate membrane surface, the initial cleavage occurs at 
Arg271-Thr272 and gives rise to prothrombin fragment 1.2 and 
prethrombin 2 (Fig. 18.8; pathway B, cleavage at 2). Cleavage 
at Arg320 in prethrombin 2 (Fig. 18.8; pathway B, cleavage at 2) 
yields a-thrombin. In contrast to the meizothrombin pathway, 
the prethrombin 2 intermediate appears not to dissociate from 
prothrombinase.675 Prothrombin fragment 1.2 remains non-
covalently associated with a-thrombin. In vitro, a-thrombin is 
associated (Kd = 10 nmol/L) with prothrombin fragment 2,676 
or the latter’s precursor prothrombin fragment 1.2, or both.677 
In contrast to other vitamin K–dependent proteins, the phos-
pholipid-binding region is no longer covalently attached to 
the serine protease domain after prothrombin conversion to 
thrombin.

Thrombin and meizothrombin catalyze cleavage at Arg155 of 
prothrombin, yielding a truncated molecule called prethrombin 
1 (residues 156 to 579) that lacks the Gla domain. Thrombin can 
also cleave at Arg284, yielding a truncated a-thrombin species 
(residues 284 to 579), which is the form of thrombin found in 
commercial preparations.

The membrane surface that supports the prothrombinase com-
plex in vivo has traditionally been assumed to be primarily pro-
vided by platelets, but can also be provided by other circulating 
blood cells, such as monocytes and lymphocytes, and by vascular 
endothelial cells.678 Since prothrombin activation on platelets 
proceeds through the prothrombin 2 pathway and meizothrombin 
formation has been observed in clotting blood,671,679 it appears 
that prothrombin activation in blood involve both pathways. 
Prothrombin activation through the meizothrombin pathway has 
been reported to occur on the subpopulation of red blood cells 
that express phosphatidylserine on their surface.671
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FIGURE 18.8. Schematic representation of the path-
ways for prothrombin activation. The generation of 
a-thrombin from its zymogen precursor prothrombin by 
factor Xa involves the cleavage of two peptide bonds. The 
reaction begins either via step 1 (cleavage at R320-I321) 
or step 2 (cleavage at R271-T272). Cleavage at 1 (R320), 
pathway A, produces meizothrombin. Meizothrombin is 
composed of a prothrombin fragment consisting of frag-
ment 1 (F1, residues 1 to 155: Gla domain + kringle 1), 
fragment 2 (F2, residues 156 to 271: kringle 2), and resi-
dues 272 to 320 (A-chain) linked by a disulfide bond to 
the catalytic domain (B-chain). Subsequent cleavage at 
R271 (cleavage at 2, pathway A) generates prothrombin 
fragment 1.2 (F1 and F2) and the disulfide-linked het-
erodimer a-thrombin (A- and B-chains). In pathway B 
cleavage occurs first at 2 (R271), generating prothrombin 
fragment 1.2 (F1 and F2) and prethrombin-2. Subse-
quent cleavage at R320 produces the A- and B-chains 
of a-thrombin.
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Function
a-Thrombin can be considered the central enzyme in blood 
coagulation in that it contributes to reactions at all levels, allowing 
for the overall maintenance of vascular fidelity. Its main role is in 
stemming blood loss through fibrin clot formation.680 The series 
of events that leads up to and occurs after fibrin formation also 
involves protein activation by a-thrombin. This includes activation 
of platelets,681 factor VII,8 factor V,682 factor VIII,683 factor XI,7 and 
factor XIII.17 a-Thrombin activity also extends from the proco-
agulant process to anticoagulation and suppression of fibrinolytic 
reactions. For example, a-thrombin-thrombomodulin activates 
the anticoagulant protein, protein C,684 and the antifibrinolytic 
protein, TAFI.36

Relatively minute concentrations of thrombin are generated 
during the initiation phase of blood coagulation, primarily due 
to the factor Xa generated from the extrinsic tenase complex 
(Fig. 18.7). These levels of thrombin, in the range of 0.5 to 2.0 
nmol/L, have been shown to be sufficient for the initiation of rapid 
activation of platelets, factor XIII and factor V, and fibrin forma-
tion in an ex vivo whole blood model.569 All of these processes 
occur before the major burst of thrombin generation during the 
propagation phase of the reaction.

a-Thrombin’s role continues into the tissue repair and remodel-
ing phase that is necessary to regenerate damaged vascular tissue. 
a-Thrombin is a potent mitogen685,686 and stimulates cell division 
in macrophages,687 smooth muscle cells,688 and endothelial cells.689 
a-Thrombin also appears to be involved in the growth and metas-
tasis of tumors by promoting angiogenesis,690,691 possibly through 
vascular endothelial growth factor.692 The roles that thrombin plays 
in coagulation and beyond are outlined in a recent review.693

Regulation
In vivo, the activity of the prothrombinase complex has to be 
tightly regulated to ensure that adequate but limited levels of 
a-thrombin are generated. If too much a-thrombin is continu-
ously generated, localized clot formation can lead to occlusion 
or systemic thrombosis. Equally, if too little a-thrombin is gener-
ated, hemorrhagic conditions result. Two reaction systems, one 
covalent and one proteolytic, regulate a-thrombin generation. 
Antithrombin–heparin (or heparan sulfate) is a potent inhibitor 
of blood coagulation and inhibits both a-thrombin and factor Xa 
via covalent interactions.694,695 a-Thrombin also participates in 
its own downregulation by binding to thrombomodulin on the 
vascular cell surface and converting protein C to APC. This anti-
coagulant serine protease then cleaves factors Va and VIIIa. These 
cofactors for the vitamin K–dependent complexes are no longer 
available for ongoing reactions, thereby eliminating a-thrombin 
generation. In ex vivo models of blood coagulation, prothrom-
bin levels and antithrombin appear to have the most significant 
impact on a-thrombin generation.696 Increased levels of anti-
thrombin reduce a-thrombin generation by inhibiting a-thrombin 
activity and preventing positive feedback.696 Decreased levels of 
antithrombin allow for higher levels of prothrombin activation 
and prolongation of a-thrombin generation.696

ProCoagulant ProtEins: 
ProCoagulant CoFaCtor 
ProtEins
There are two categories of cofactor proteins: the plasma-derived 
soluble procoagulant procofactors factors V and VIII (and their 
circulating carrier von Willebrand factor [vWF]), and the cell- 
associated coagulation cofactor, tissue factor. Factors V and 
VIII are highly homologous (40% identity), sharing many struc-
tural and functional similarities. Tissue factor is a single-chain 

 transmembrane protein that is composed of extracellular, trans-
membrane, and cytoplasmic domains.

tissue Factor (tissue thromboplastin,  
CD142, Coagulation Factor III)
Tissue factor, also known as tissue thromboplastin, CD142, and 
coagulation factor III, is a transmembrane protein that functions 
as a nonenzymatic cofactor for factor VIIa in the extrinsic tenase 
complex. In the absence of injury or stimulus, tissue factor is not 
ordinarily expressed on cellular surfaces in direct contact with 
circulating blood. Presentation of tissue factor to the circulation 
is the event that triggers the procoagulant primary pathway of 
coagulation (Fig. 18.1). There are no known mutations or deficien-
cies of human tissue factor, leading to the speculation that tissue 
factor is essential for life. In mice, inactivation of the tissue factor 
gene to create homozygous tissue factor–null mice proves to be 
lethal during embryonic development.697,698,699,700

Gene Structure and Expression
The tissue factor gene is located on chromosome 1p21–22701,702 
and spans 12.4 kb (Table 18.2). The gene contains five introns 
and six exons.703 Tissue factor expression can be induced in a 
number of cultured cell types. Fibroblasts express tissue factor on 
exposure to serum or mitogenic cytokines,704,705 as do vascular 
smooth muscle cells and keratinocytes.706,707 Monocytic cells 
and monocytes isolated from peripheral blood also express tissue 
factor when stimulated by bacterial endotoxin or other proinflam-
matory agents.706,707 The presence of these cells may be associ-
ated with DIC.708 In vitro, certain leukemic cell lines constitutively 
express low levels of tissue factor.709–711 Tissue factor expression 
by circulating and nonvascular cells plays key roles in cancer, 
sepsis, and perhaps atherosclerotic plaque formation.56,712–716 
However, tissue factor in the subendothelial cell layer is proposed 
to trigger coagulation on exposure to the circulation. Cultured vas-
cular endothelial cells express tissue factor on stimulation by IL-1, 
tumor necrosis factor (TNF)-a, and bacterial endotoxin.706,707 In 
vivo, there is little or no detectable tissue factor expression on 
unstimulated endothelial cells. Certain conditions such as sepsis, 
placental villitis and graft rejection induce tissue factor expression 
on endothelial cells in vivo.708,717–719 The mechanism governing 
tissue factor expression under nonpathologic conditions is pres-
ently unknown. Studies of transcriptional control of tissue factor 
expression in various cell lines have demonstrated that Sp1 sites 
are important in basal transcription of the tissue factor gene. 
EGR-1, activation peptide-1, and NF-k b sites mediate tissue factor 
expression in response to pathologic stimulation.699,720–724

Biochemistry
Tissue factor is a single-chain glycoprotein (Mr = 44,000)725 of 
261 or 263 amino acids (Table 18.1). It is synthesized with a 
signal peptide of 32 amino acids. The variability in protein size is 
due to heterogeneity at the NH2-terminus.701,726,727 Tissue factor 
is a member of the class 2 cytokine receptor superfamily728 and 
a type I integral membrane protein. The type I designation refers 
to the location of the NH2- and COOH-termini. The NH2-terminus 
of tissue factor (residues 1 to 219) is extracellular, whereas the 
COOH-terminus of the protein is intracellular (residues 243 to 
263). Tissue factor also contains a hydrophobic membrane–spanning 
domain (residues 220 to 242) (Fig. 18.9). This domain appears to 
function solely to anchor tissue factor in the membrane.729 The 
NH2-terminal domain of tissue factor is composed of two fibro-
nectin type III domains and is glycosylated at Asn11, Asn124, and 
Asn137.730 X-ray crystal structures of tissue factor show that the 
two fibronectin type III domains are joined at an angle of approxi-
mately 120°.731–736 There are also two disulfide bonds (Cys49-Cys57 
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FIGURE 18.9. Transmembrane cofactors. A: 
 Schematics of tissue factor and thrombomodulin. Tissue 
factor is composed of an extracellular domain (residues 
1 to 219), a transmembrane domain (residues 220 to 
242), and a cytoplasmic domain (residues 243 to 263). 
Two disulfide bonds (S–S) and the sites of the three car-
bohydrate moieties (CHO) are identified by amino acid 
residue. One cysteine (C245) contains a thiol ester linkage 
to a fatty acid. Tissue factor is the cofactor for factor VIIa 
in the extrinsic tenase complex and is exposed on the 
subendothelial surface after injury. Thrombomodulin is 
an endothelial cell surface glycoprotein composed of five 
distinct domains. The domain structures include a lectin-
like domain (residues 6 to 149), a domain containing six 
epidermal growth factor (EGF)-like regions (residues 227 
to 462), a small extracellular domain rich in threonine 
and serine residues (two residues, S472 and S474, have 
been identified as sites of chondroitin sulfate adducts), a 
membrane-spanning region (residues 499 to 521), and 
a cytoplasmic tail (residues 522 to 557). There are nine 
known glycosylation sites (CHO) on the thrombomodulin 
molecule. Thrombomodulin functions as the cofactor in 
the protein Case complex and assists in the generation 
of activated protein C. B: Structural ribbon diagram of 
tissue factor (blue) (PDB-ID: 2HFT)733 and tissue factor 
and factor VIIa (green) (PDB-ID: 1DAN).471 The tissue 
factor carbohydrate side chains have been added to the 
structure.740
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and Cys186-Cys209) in the NH2-terminal extracellular region.737 At 
least one of the disulfide bonds is required for tissue factor activ-
ity. Early studies suggested that glycosylation does not appear to 
play a key role in determining protein  function730,738,739; how-
ever, more recent work indicates that  glycosylation740 and other 
posttranslational modifications741,742 play important roles in 
modulating tissue factor biological activities. The COOH-terminal 
cytoplasmic domain is quite short and contains a single cysteine 
residue (Cys245) that is linked to a palmitate or stearate fatty acyl 
chain via a thioester bond.737 The COOH-terminus also contains a 
serine that may be phosphorylated.743 The function of the COOH-
terminus and the importance of these two modifications are not 
clear, as deletion of this domain has no significant effect on tissue 
factor procoagulant activity.729

Function
The nonenzymatic cofactor tissue factor can bind either factor 
VII or factor VIIa in a Ca2+-dependent manner and form a high-
affinity 1:1 complex. Once bound to tissue factor, the zymogen 
factor VII is rapidly converted to an active enzyme via limited 
proteolysis.744 The tissue factor–factor VIIa, or extrinsic tenase 
complex, activates factors IX and X. When tissue factor is exposed 
or expressed, or both, subsequent to vascular perturbation, low 
levels of circulating factor VIIa bind to tissue factor, and the extrin-
sic tenase triggers the procoagulant cascade. Factor VII bound to 
tissue factor is converted to factor VIIa, augmenting factors IXa 
and Xa generation. The primary role of the complex is to provide 
factor IXa and low levels of factor Xa, which serve to promote 
 factor IXa production61–63,487 and to directly catalyze the conver-
sion of trace amounts of prothrombin to thrombin.

In the absence of tissue factor, factor VIIa is relatively inert. Once 
bound to tissue factor, the catalytic activity of factor VIIa is increased 
20- to 100-fold with low-molecular-weight substrates476,745–747 
and approximately 104-fold with its macromolecular substrates 
 factors  X and IX.745,747,748 Tissue factor alters the active site of 
 factor VIIa, thus functioning as an allosteric activator of the enzyme.

Although the cofactor is necessary for enzymatic activity, complex 
formation between tissue factor and factor VIIa does not share the 
same requirements for an anionic phospholipid membrane surface 
as the other procoagulant complexes. The membrane dependency 
of the extrinsic tenase complex arises from membrane-mediated 
substrate delivery. Both factors X and IX bind to anionic membrane 
surfaces for efficient two-dimensional transfer to the extrinsic tenase.

An additional role for tissue factor–factor VIIa beyond its 
activation of the coagulation cascade involves triggering signal-
ing through the G-protein-coupled, protease-activated receptor 2, 
which is relevant to inflammation and angiogenesis.749,750

Regulation
Tissue factor activity is regulated by controlling its presentation. 
The common accepted source of functional tissue factor is through 
exposure of the subendothelium on vascular damage. However, 
there is controversy regarding the source and presentation of 
active tissue factor and whether functional tissue factor circulates 
in blood in healthy individuals or only in those with patholo-
gies.751,752,753,754 Tissue factor function has been reported to be 
under the control of an allosteric disulfide bond.750,755,756 Once 
the tissue factor–factor VIIa complex is formed in the vicinity of 
an injury, the extrinsic tenase activity is then modulated by TFPI 
and antithrombin reduction of enzymatic activity.

Factor VIII (antihemophilic Factor, Factor 
VIII:antigen, Factor VIII:Coagulant)
Factor VIII, or antihemophilic factor, is a nonenzymatic procofac-
tor that circulates in plasma in complex with the large multimeric 

protein vWF. Initially, factor VIII and vWF were thought to be a 
single entity, and early reports on factor VIII were actually mea-
suring facets of vWF structure and function. The factor VIII protein 
is designated as factor VIII:Ag (antigen; VIII:Ag is vWF), and its 
procoagulant function is designated factor VIII:C (coagulant).757 
Factor VIII circulates at an average concentration of 0.2 mg/ml 
(0.7 nmol/L; Table 18.1). The ratio of factor VIII to vWF is fairly 
constant and in the range of 1 molecule of factor VIII to 50 to 100 
molecules of vWF monomeric units.758,759 vWF acts to regulate 
the plasma concentration of factor VIII. 1-Deamino-8-d-arginine 
vasopressin administration elicits an increase in the plasma con-
centration of vWF and, in turn, increases the plasma level of factor 
VIII.760 vWF also stabilizes factor VIII in plasma. Factor VIII in 
complex with vWF has a plasma t1/2 of approximately 12 hours, 
whereas factor VIII alone undergoes rapid clearance and has a 
t1/2 of approximately 2 hours.761–764 Deficiency of factor VIII, or 
hemophilia A, is a well-characterized bleeding disorder linked to 
the X chromosome. Hemophilia A, therefore, occurs almost exclu-
sively in males and occurs at a frequency of 1:5,000 to 1:10,000 
males. Females with one abnormal factor VIII gene are unaffected 
carriers. The severity of bleeding in hemophilia A patients is cor-
related with the level of functional factor VIII in plasma.765,766 
Approximately 50% to 60% of hemophilia A cases are severe, with 
factor VIII coagulant activity < 1% of normal. Severe hemophilia 
A is manifested in frequent episodes of spontaneous bleeding into 
joints, muscles, and internal organs. Factor VIII coagulant activ-
ity in the range of 1% to 5% of normal (25% to 30% of patients) 
results in moderate hemophilia A. In the moderate form, abnor-
mal bleeding is generally linked to any trauma, including minor 
injury. The remaining patients have 6% to 30% of normal factor 
VIII activity and exhibit mild hemophilia A. In the mild form, fac-
tor VIII deficiency results in bleeding events only subsequent to 
significant trauma or surgery.767

Gene Structure and Expression
The factor VIII gene has been mapped to the long arm of the X 
chromosome in band q28.768,769,770,771,772 The factor VIII gene is 
186 kb in length and contains 25 introns and 26 exons.9,770,773 
The liver and spleen are thought to be the primary sites of  factor 
VIII biosynthesis,774–780 although factor VIII mRNA has been 
detected in other cell types as well.780

Biochemistry
Human factor VIII has a relative molecular weight in the range 
of 280,000 (Table 18.1). The heterogeneity in molecular weight is 
due to proteolysis of the protein in circulation or processing,8 or 
both. It is a glycoprotein of 2,351 amino acids that is synthesized 
as a precursor molecule with a 19-amino acid signal peptide.9,781 
The sequence of factor VIII is highly homologous to factor V.782 
The procofactors factors VIII and V are organized into discrete 
structural domains. The NH2-terminal heavy chains of both 
proteins contain the A1 and A2 domains (Fig. 18.10). The COOH-
terminal light chains contain the A3, C1, and C2 domains. The 
heavy and light chains are separated by the B domain. The three A 
domains of factor VIII are homologous to each other and to the A 
domains of factor V and ceruloplasmin.781,782,782a The C domains 
of factor VIII are homologous to each other and to the C domains 
of factor V. The C domains are also homologous to milk fat globule 
protein and the A-, C-, and D-chains of discoidin 1.784,785 The B 
domain of factor VIII is not homologous to the factor V B domain, 
nor do the B domains of either protein share homology with any 
known proteins.

The factor VIII molecule is secreted as a two-chain heterodi-
mer as a result of intracellular proteolysis at the B-A3 junction 
(Arg1649). Additional cleavages within the B-chain yield A1-A2-B 
fragments that are variable in length.786–789 The B domain 
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FIGURE 18.10. Soluble cofactors. A: Domain structures of the soluble cofactors factor VIII and factor V. The disulfide loop structures of factor VIII and factor V 
defining the a, b, and g loops are illustrated as bubbles. a-Thrombin (IIa), activated protein C (APC), factor Xa, and Russell viper venom (RVV) cleavage sites are 
shown with vertical arrows. The linear domain structures (A1-A2-A3-C1-C2) are illustrated with horizontal arrows bracketed by the beginning and ending amino acid 
number. The B regions (factor V, residues 710 to 1,545; factor VIII, residues 741 to 1,649) are represented by the crosshatched regions. Phosphorylation sites are 
illustrated by a P inscribed in a circle and the phosphoamino acid, serine (S) or threonine (T), illustrated above or below it. Free cysteine thiols are represented by SH 
and identified by residue number. B: Crystal structures. Bovine factor Va des-A2 (PDB-ID: 1SDD)865 and human factor VIIIa (PDB-ID: 2R7E).783

A
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FIGURE 18.10. (Continued)

(residues 741 to 1,649) contains 18 of the 25 potential N-linked 
glycosylation sites in factor VIII and is highly glycosylated. The 
murine factor VIII B-chain is also heavily glycosylated, suggesting 
that glycosylation of the B-chain may be important for protein 
expression or function, or both.789 The B domains of factors VIII 
and V are excised during activation of the proteins to generate the 
cofactor molecules factors VIIIa and Va.

Factor VIII shares homology with the copper ion (Cu+)-binding 
protein ceruloplasmin and contains a Cu+-binding site in the A1 
domain.790,791 This site is important for protein function. A simi-
lar Cu+-binding site in the A3 domain does not appear to play a 
role in protein function.

Factor VIII also contains binding sites for vWF, anionic phos-
pholipids, factor IXa, and, potentially, factor X. Factor VIII inter-
action with vWF requires the NH2- and COOH-termini of the factor 
VIII light chain (A3, C1, and C2 domains), although a specific 
vWF-binding site has been identified at residues 1,673 to 1,684 
on the light chain.758,792–794 The vWF-binding site is removed 
from the factor VIII protein by a-thrombin cleavage at Arg1689. 
A phospholipid-binding domain is located on the factor VIII C2 
domain at residues 2,303 to 2,332.795 High-affinity factor IXa 
binding is mediated by the light chain of the factor VIII molecule. 
The A3 domain contains a high-affinity site for factor IXa local-
ized at residues Glu1811 to Lys1818.796,797 Residues 552 to 565 in 
the A2 domain of the factor VIII heavy chain may also play a role 
in factor VIII interaction with factor IXa.798–800 Mutations within 
this region have been documented in the hemophilia A mutation 
database.801 Specifically, Ser558Phe, Val559Ala, Asp560Ala, and 
Gln565Arg have been described as CRM+ with defective activity 
resulting in mild hemophilia A. These residues have been shown 
to be essential for the catalytic efficiency of the factor VIIIa–factor 
IXa complex while not affecting the binding affinity between the 
two species.802 A model of factor VIII based on the x-ray crystal 
structure of ceruloplasmin has been used to examine struc-
ture/function relationships in the factor VIII molecule.803 This 
approach has recently been expanded upon by using the x-ray 
structure of the C2804 domain to generate 10 hypothetical models 
of the intrinsic tenase complex.805 Based on homology between 
factor VIII and ceruloplasmin, the factor IXa binding sites in the 
A2 and A3 domains are likely located in close proximity on the 
same side of the factor VIII molecule. A factor X binding site may 
exist on the COOH-terminus of the factor VIII A1 domain.806,807

Factor VIII also contains several tyrosine residues modified by 
the addition of sulfate.808 The tyrosine sulfate residues enhance 
a-thrombin cleavage of the procofactor.809 In addition, factor VIII 
contains biantennary complex-type sugar chains with blood group 
A or H, or both, determinants.810

Function
The procofactor factor VIII is activated by a-thrombin to generate 
the cofactor factor VIIIa. Activation by a-thrombin involves cleav-
ages at Arg372 (the A1-A2 junction), Arg740 (the A2-B junction), 
and Arg1689 in the light chain (Fig. 18.10). The resulting molecule 
contains three separate polypeptide chains: A light-chain region 
(A3-C1-C2) bound to the NH2 region of the heavy chain (A1) in 
a Ca2+-dependent manner and the noncovalently associated A2 
region of the heavy chain. Once formed, the cofactor factor VIIIa 
binds its serine protease enzyme factor IXa to form the Ca2+- and 
membrane-dependent complex, the intrinsic tenase (Fig. 18.4). 
This complex is homologous to the prothrombinase complex. 
The intrinsic tenase complex catalyzes factor X conversion to 
factor Xa at a rate several orders of magnitude greater than 
the enzyme factor IXa alone.811,812 Factor Xa generated via the 
intrinsic tenase complex (factor IXa-factor VIIIa-Ca2+-membrane) 
yields the propagation phase of a-thrombin generation by rais-
ing the factor Xa concentration approximately 100-fold over 
that achieved by the extrinsic tenase complex (Fig. 18.7B).567 
Without formation of the intrinsic complex, as occurs in a situa-
tion like that of hemophilia A or B, factor Xa is not generated at 
a level sufficient to produce the propagation phase of a-thrombin 
 generation (Fig. 18.7A).446,568,569

Like the prothrombinase complex, the cofactor (factor VIIIa) 
interaction with the enzyme (factor IXa) in the presence of 
divalent cations and an anionic phospholipid surface is a high-
affinity interaction with a Kd of 2 nmol/L. The interaction of 
factor IXa with phospholipid in the absence of its cofactor is of 
 approximately 100-fold lower affinity.812,813

Regulation
Factor VIIIa function is primarily regulated by dissociation of a 
fragment (residues 373 to 740) containing the A2 subunit from 
the heterotrimer. Once the A2 subunit is displaced, factor VIIIa 

B
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loses all cofactor function. Dissociation is spontaneous and occurs 
rapidly under physiologic conditions. Factor IXa stabilizes factor 
VIIIa, delaying dissociation of the heterotrimer and prolonging the 
transient activity of factor VIIIa.814,815 Factor VIIIa is also regu-
lated by limited proteolysis. Factor IXa cleaves the factor VIIIa 
A1 subunit at Arg336 and eliminates factor VIIIa function.815–817 
In addition to factor IXa, the A1 subunit of factor VIIIa is cleaved 
by factor Xa and a-thrombin.11,808,815,818 APC is a key antico-
agulant enzyme that likewise cleaves the A1 subunit at Arg336. 
APC also cleaves the factor VIIIa A2 subunit at Arg562.11,819 The 
APC cleavages occur sequentially with the A1 cleavage first and 
the A2 cleavage second.820 Factor IXa protects factor VIIIa from 
APC cleavage at Arg562; however, protein S blocks the protective 
effect.821 Although factor VIIIa is proteolytically inactivated by a 
number of enzymes, spontaneous dissociation is the key regulator 
of cofactor function.

Factor V (Labile Factor)
Factor V was first recognized as an unstable plasma component 
necessary for the generation of a-thrombin.27 Factor V is a large 
single-chain glycoprotein that circulates in plasma at an average 
concentration of 6.6 mg/ml (20 nmol/L) (Table 18.1). Factor V is 
also contained in the a-granules of human platelets, with approxi-
mately 18% to 25% of the total factor V present in platelets.822 The 
identification, role in coagulation, and overall importance of factor 
V in hemostasis has been discussed in recent reviews.823–825

Congenital factor V deficiency, or parahemophilia, is an 
extremely rare disorder inherited in an autosomal recessive 
manner. Patients can exhibit severe bleeding diatheses. Although 
complete lack of factor V in humans does not appear to be lethal, 
factor V-deficient mice experience fatal hemorrhage in utero.826 
Combined deficiencies of factors V and VIII have also been 
observed. Interestingly, combined cofactor deficiencies occur 
more commonly than factor V deficiency alone.827,828 Recently, 
the gene for ERGIC-53, a calcium-dependent lectin that serves 
as a glycoprotein-sorting receptor between the endoplasmic 
reticulum and the Golgi complex, has been linked to combined 
factors V and VIII deficiency.829,830 Mutations in this gene in 
patients with combined hemophilia have been described. Factor 
V deficiency becomes even more complex when platelet factor 
V is taken into consideration. Patients have been identified with 
normal functional levels of plasma factor V, but deficiencies of 
platelet factor V that result in bleeding disorders.822,831–833 Lack 
of platelet a-granules and their contents in storage pool disor-
ders leads to deficiency of platelet factor V.831,832 Factor VQuebec 
is an autosomal dominant bleeding disorder characterized by 
mild thrombocytopenia, normal levels of plasma factor V, and 
degraded platelet factor V with very low activity.822,833 A database 
on factor V mutation834 has been compiled by Dr. Hans L. Vos 
(Hemostasis and Thrombosis Research Center, Leiden University 
Medical Center, Leiden, The Netherlands; e-mail: h.l.vos@lumc.nl) 
and is available upon request.

Gene Structure and Expression
The human factor V gene is located on chromosome 1 bands q21-
q25835 (Table 18.2). The gene spans approximately 80 kb and 
consists of 24 introns and 25 exons. Transcription and process-
ing yield an mRNA species of 6.8 kb. The intron–exon structure 
of the factors V and VIII genes are quite similar, and the genes 
likely evolved from a common ancestor. The liver appears to be 
the primary site of factor V biosynthesis.782,836,837 While human 
megakaryocytes express factor V,838–840 platelet factor V is likely 
derived from circulating liver-derived plasma factor V841–844; how-
ever, the source of platelet factor V has not been definitively deter-
mined.845 Bovine aortic endothelial cells846 and vascular smooth 
muscle cells847 also have been reported to express factor V.

Biochemistry
Human factor V (Mr = 330,000)848–851 is a single-chain glycopro-
tein of 2,196 amino acids derived from a precursor molecule with 
a signal peptide (Table 18.1 and Fig. 18.10). Factor V consists of 
an NH2-terminal heavy chain (residues 1 to 709: A1-A2 domains), 
a central B domain (residues 710 to 1,545), and a COOH-terminal 
light chain (residues 1,546 to 2,196: A3-C1-C2 domains). The A 
domains are homologous to those found in factor VIII and plasma 
ceruloplasmin; the C domains are homologous to the slime mold 
protein discoidin.782 Like factor VIII and ceruloplasmin, factor V 
is also a copper-binding protein.852

Factor V undergoes extensive posttranslational modifica-
tion, including phosphorylation, sulfation, glycosylation, and 
formation of mixed disulfides between its five free cysteine 
residues and circulating thiols like cysteine and homocysteine.853 
Phosphorylation occurs at sites in the heavy chain, B region, and 
light chain. Phosphorylation at Ser692 affects the rate of inactiva-
tion of factor Va by APC.854 Factor V is sulfated at a number of 
sites in the heavy chain (Tyr665, Tyr696, and Tyr698), the B region 
(Tyr1494, Tyr1510, and Tyr1515) and the light chain (Tyr1565). The 
sulfation status of factor V has been related to its function.855,856 
Carbohydrate accounts for 13% to 25% of the mass of factor V.857 
The heavy chain has nine potential N-linked glycosylation sites. In 
the B region, 25 asparagine residues are candidates for modifica-
tion with carbohydrate; carbohydrate accounts for approximately 
50% of the mass of the B region. The light chain of factor V has 
three N-linked glycosylation sites. Differential glycosylation of 
Asn2182 in the C2 domain is reported to be responsible for the 
factor V1 and factor V2 variants observed in plasma. The two 
variants have slightly different molecular masses and charges.858 
Factors Va1 and Va2 are distinguished by functional differences 
as well. Factor Va1 does not appear to bind to anionic phospho-
lipid as efficiently as factor Va2 and is not as competent a cofac-
tor in the prothrombinase complex as factor Va2.857,859–861 The 
presence of an oligosaccharide at Asn2182 apparently reduces the 
affinity of factor Va1 for the phospholipid surface and interferes 
with prothrombinase complex assembly and function. The COOH-
terminal fragment of the factor Va light chain (residues 1,753 to 
2,183) that contains the Asn2182 glycosylation site is one of the 
two regions that mediate membrane association.862

Several models of fragments of factor Va have been gener-
ated.863,864 The crystal structure of APC-inactivated bovine factor Va 
(factor Vai), which includes the A1 domain from the heavy chain and 
the entire light chain, showed a domain organization quite different 
from previous models of either factor V or factor VIII.865 Most nota-
bly, the structure places the C1 and C2 domains in a “side-by-side” 
orientation, in which both C domains can interact with the phos-
pholipid surface. This model has been supported by biochemical 
experiments.866 Recently, homology models have been generated 
for the prothrombinase complex.867

Activation
The procofactor factor V does not bind factor Xa and is essentially 
completely inactive.42 Limited proteolysis of the factor V molecule 
yields the active cofactor factor Va. Factor Va functions as both a 
factor Xa receptor and a positive modulator of factor Xa catalytic 
potential in the prothrombinase complex. Rate enhancements of 
300,000-fold derive from the participation of factor Va in the pro-
cess of factor Xa activation of prothrombin.580

a-Thrombin is the primary catalyst of factor V activation in vivo. 
a-Thrombin cleaves factor V at Arg709, Arg1018, and Arg1545,782 
(Fig. 18.10). The a-thrombin-generated form of factor Va is a het-
erodimer consisting of an NH2-terminal heavy chain (Mr = 105,000 
[A1-A2 domains]) linked noncovalently to a COOH-terminal light 
chain (Mr = 73,000 [A3-C1-C2 domains]).850,868–871 The association 
of the heavy and light chains of factor Va shows a divalent cation 
dependence. The B domain is excised during proteolysis.15,868,870
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Factor Xa cleaves factor V at Arg709, Arg1018, and Arg1545, 
producing a factor Va molecule similar to the factor Va produced 
by a-thrombin cleavage.619,872 Factor Xa cleavage of factor V is 
less efficient than a-thrombin cleavage,619,872 although factor V 
released from stimulated platelets is partially activated and is 
more efficiently cleaved by factor Xa than plasma factor V.873

Other enzymes may also activate or partially activate factor 
V. Platelet calpain,874 cathepsin G, and human neutrophil elas-
tase875,876 partially activate factor V. The fibrinolytic enzyme 
plasmin both activates and inactivates factor V.877–879 Plasmin 
cleavage and inactivation of factor V are hypothesized to play 
a role in hemorrhage subsequent to thrombolytic therapy by 
decreasing the level of factor Va cofactor activity.880

Function
Activation of the procofactor factor V yields the functional form fac-
tor Va. Factor Va acts as a cofactor for the serine protease factor 
Xa in the prothrombinase complex. Factor Va forms at least part of 
the receptor for factor Xa on platelets and serves to anchor factor 
Xa to the membrane surface.823 Factor Va stabilizes the prothrom-
binase complex and enhances prothrombin activation.5,682

Factor Va Regulation and Factor VLeiden

Factor Va is regulated by proteolytic inactivation by APC. An 
anionic membrane surface is required for complete cleavage and 
full inactivation of the cofactor; in the absence of phospholipid, 
factor Va cleavage is not complete, and the cofactor retains some 
activity. Protein S, a suggested cofactor for APC, only functions in 
the presence of a phospholipid bilayer as well. In the presence of 
a membrane surface, APC cleaves factor Va sequentially at three 
sites: Arg506, Arg306, and Arg679. Factor Va is initially cleaved 
at Arg506. Subsequently, the membrane-dependent cleavage at 
Arg306 results in complete loss of factor Va cofactor activity. An 
additional APC-mediated cleavage of factor Va fragments occurs 
at Arg679. Loss of cofactor activity coincides with dissociation of 
the A2 domain of APC-cleaved factor Va in a process similar to the 
spontaneous dissociation of factor VIIIa.881,882

The importance of this regulatory mechanism is demonstrated 
by the “APC resistance” syndrome associated with factor VLeiden.883 
Individuals with factor VLeiden have a G to A substitution at nucleo-
tide 1,691 in the factor V gene that results in an Arg506→Gln muta-
tion at the protein level.884 Factor VaLeiden has normal cofactor 
activity as part of the prothrombinase complex. However, unlike 
normal factor Va, factor VaLeiden is not readily inactivated by APC. 
The Arg506→Gln mutation hinders the first step in the sequential 
series of inactivating cleavages by APC. Factor VaLeiden retains 
cofactor activity and continues to promote a-thrombin genera-
tion for an extended period of time. Inactivation of factor VaLeiden 
by cleavage of the Arg306 bond occurs eventually but is markedly 
slower than normal factor Va.885 The prevalence of the factor 
VLeiden mutation is approximately 5% in whites.886 Individuals het-
erozygous for factor VLeiden have a sevenfold greater risk of throm-
bosis than normal individuals, whereas individuals homozygous for 
factor VLeiden have an 80-fold greater risk of thrombosis.887 The risk 
of thrombosis in individuals with factor VLeiden is also exacerbated 
by other genetic and acquired risk factors such as protein C or pro-
tein S deficiency, or both, and use of oral contraceptives.823,888 The 
effects of factor VLeiden are of considerable interest, as factor VLeiden 
is the most common prothrombotic risk factor yet identified.889–891

von Willebrand Factor (von Willebrand Factor: 
antigen, ristocetin Cofactor, von Willebrand 
Factor ristocetin: Cofactor)
vWF is a multifunctional protein with several key roles in coagu-
lation. vWF circulates in plasma at an average concentration of 

10 mg/ml892 (Table 18.1) and is also contained in the a-granules 
of human platelets.893 ABO blood type has a significant influ-
ence on vWF levels, with individuals of types A, B, or AB blood 
having much higher levels of vWF than individuals with type 
O blood.894,895 vWF is also known for its role in ristocetin-induced 
platelet aggregation,896,897 which is the basis of clinical assays. 
vWF was first recognized as the missing or defective factor 
in a severe autosomal dominant bleeding disorder.898–901 von 
Willebrand disease is fairly common and is estimated to occur in 
1% to 2% of the general population.902–905 vWF is also an acute-
phase reactant; levels are elevated as a result of stress, pregnancy, 
or surgical trauma,906–909 and is a key player in hemostasis.910

Gene Structure and Expression
The vWF gene is located on chromosome 12 band 12p-12pter 
and is 178 kb long with 51 introns and 52 exons911,912,913 
(Table 18.2). A pseudogene with approximately 98% homology to 
the vWF gene has been mapped to chromosome 22.912,913 vWF 
is expressed only by endothelial cells and megakaryocytes.914–916 
vWF is stored in Weibel-Palade bodies in endothelial cells and 
in a-granules in platelets.917–919 There are several regulatory 
elements that control vWF expression including GATA-binding 
consensus sequences in the promoter region.920 Endothelial cell-
specific expression appears to be regulated by NF1 and Oct-1 
binding sites.917,920–923 vWF expression is also regulated by 
complex signaling pathways that are directed by specific cellular 
environments.921,924–926 In addition, vWF plasma levels can be 
regulated through release of vWF from endothelial cell and plate-
let storage compartments. Platelet activation results in the release 
of vWF, and endothelial cell vWF release is induced by histamine 
and 1-deamino-8-d-arginine vasopressin.927–929

Biochemistry
vWF is a large adhesive glycoprotein that circulates in plasma as a 
heterogeneous mixture of disulfide-linked multimers. The biocycle 
of vWF comprises a series of steps ranging from regulated expres-
sion of the vWF gene in endothelial cells and megakaryocytes to 
its clearance from the blood.930 vWF is synthesized as a prepro 
molecule containing a 22-amino acid signal peptide, a propeptide 
of 741 amino acids, and the mature vWF protein of 2,050 amino 
acids.931–936 The prepro vWF molecule is comprised of internally 
repeated A, B, C, and D domains arranged in the sequence D1-D2-
D’-D3-A1-A2-A3-D4-B-C1-C2. The A repeats share homology with 
complement factor B, collagen type IV, chicken cartilage matrix 
protein, and the I domain of the integrin a-subunit.937,938 Portions 
of the C domains are homologous to sequences in procollagen 
and thrombospondin.939 Prepro vWF undergoes extensive post-
translational modification to yield the mature vWF protein lacking 
the D1 and D2 domains. The large vWF propolypeptide copuri-
fies with factor VIII and vWF and is designated vWF antigen-II. 
The mature vWF monomer has a molecular weight of approxi-
mately 255,000 based on protein sequence and carbohydrate 
content.931,932,935,936,940 The disulfide-linked multimers range in 
size from dimers (Mr = 600,000) to extremely large multimers of 
20 million D. vWF has binding sites for factor VIII, heparin, col-
lagen, platelet glycoprotein (gp) Ib, and platelet gpIIb–IIIa.941–954

Function
vWF has multiple functions in hemostasis. vWF stabilizes factor 
VIII and protects it from inactivation by APC,185,955 thus signifi-
cantly prolonging factor VIII half-life in circulation.761,763,764 vWF 
is a structural protein and is part of the subendothelial matrix. 
vWF also acts as a bridge between platelets and promotes plate-
let aggregation. The primary platelet-binding site for vWF is the 
gpIb-IX-V receptor complex. gpIb-IX-V is an active receptor on 
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unstimulated platelets and serves to promote platelet aggrega-
tion and adhesion to vWF in the absence of platelet activation.400 
This is likely a key element in the procoagulant response serv-
ing to recruit and localize platelets to the site of damage before 
the events that induce platelet activation.956 Subsequent platelet 
activation also induces expression of another receptor complex, 
gpIIb–IIIa. The gpIIb–IIIa complex recognizes a number of adhe-
sive proteins including vWF. gpIIb–IIIa receptor binding of these 
adhesive proteins creates a strong network of platelets, other cells 
and matrix components.

Endothelial cells secrete vWF multimers, which are larger 
than those found circulating in plasma.957 The function of these 
large multimeric forms of vWF is to bind to and agglutinate blood 
platelets under high shear rates. These large multimers of vWF 
are degraded by a specific metalloprotease called a disintegrin-
like and metalloprotease domain with thrombospondin in type 
I motifs (ADAMTS)-13.958,959,960 In familial and acquired throm-
botic thrombocytopenic purpura, ultra-large vWF multimers are 
correlated to defective ADAMTS-13 activity.961

ProCoagulant ProtEins: 
throMBin (FaCtor iia)
The enzyme a-thrombin, or factor IIa, is the central enzyme in 
blood coagulation and plays myriad roles in hemostasis23 as 
well as roles in tissue repair, development, and pathogenic pro-
cesses.649,687,962–964 a-Thrombin is the most potent activator of 
circulating platelets, thus providing the requisite surface for pro-
coagulant activities. a-Thrombin cleaves fibrinogen to generate the 
fibrin clot,680,965–967 converts factor XIII to factor XIIIa to cross-
link and stabilize the clot,17,968 and, in association with throm-
bomodulin, activates TAFI, which delays dissolution of the fibrin 
clot.36,969 a-Thrombin also acts directly and indirectly to amplify 
its own production. The procofactors V and VIII are activated by 
a-thrombin682,683,782,970 as are factor XI7 and, potentially, factor 
VII.8 In an analysis of a whole blood model of coagulation, a time 
course of a-thrombin generation and of the protein products of 
its catalytic activities illustrates that most procoagulant responses 
to a-thrombin occur during the initiation phase before fibrin 

formation (Fig. 18.11).569 Less than 0.2% of the final a-thrombin 
produced is required to achieve the activation of its primary sub-
strates in blood. After fibrin clot formation, during the propagation 
phase, the bulk of a-thrombin is formed (∼95%).

In addition, a-thrombin also acts as a mitogen in a variety of cell 
types685,686,687–689,971–975; induces the release of cytokines,976–980 
vasoactive compounds,981–983 and chemoattractants984 as part of 
the response to vascular damage; and stimulates events that initi-
ate tissue repair.985–988,989

a-Thrombin acts to indirectly inhibit its own generation 
through the protein C anticoagulation pathway, a dynamic inhibi-
tory system. a-Thrombin forms the protein Case complex with its 
cofactor thrombomodulin, and activates protein C to APC.893,990 
APC cleaves factors Va and VIIIa, thus inhibiting prothrombinase 
and intrinsic tenase function and blocking a-thrombin formation. 
The binding of a-thrombin to thrombomodulin both produces 
a potent anticoagulant and alters a-thrombin reactivity. Once 
bound to thrombomodulin, a-thrombin no longer recognizes 
fibrinogen as a substrate and no longer acts in a procoagulant 
capacity.991,992

a-Thrombin generation must be tightly regulated to ensure 
that localized, adequate levels of the enzyme are produced. 
Markedly decreased levels of a-thrombin due to hypoprothrom-
binemia or reduced a-thrombin activity due to genetic mutation 
(dysprothrombinemia) are often characterized by bleeding diathe-
ses.993,994 Conversely, elevated levels of a-thrombin promote the 
risk of thrombosis. A G→A transition at nucleotide position 20210 
(G20210A) in the 3′-untranslated region of the prothrombin gene 
results in elevated plasma levels of prothrombin655 and is strongly 
associated with venous thrombotic events.995–998

roles in Coagulation
On phospholipids, membrane activation to a-thrombin proceeds 
through the obligate intermediate meizothrombin. In contrast, 
on platelets, the reaction has been reported to proceed through 
prothrombin 2 (see Fig. 18.8).670

Most prothrombin activation to a-thrombin proceeds through 
the obligate intermediate meizothrombin. Both meizothrombin 
and a-thrombin possess catalytic activity and cleave a variety of 
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FIGURE 18.11. Initiation, propagation, and termination of thrombin generation and the procoagulant response. A: Low levels of thrombin are required 
to initiate clot formation (initiation phase) and trigger the coagulation cascade response (propagation phase). The enzymes, cofactors, and inhibitors act together 
to generate a hemostatic response that can be divided into an initiation phase and a propagation/termination phase. During the initiation phase, factors X and IX 
are converted to their respective serine proteases factor Xa and factor IXa; low levels of thrombin are subsequently generated by factor Xa. This thrombin then can 
activate platelets and the procofactors factors V and VIII, which stimulate further thrombin generation during the propagation phase. Thrombin generation is attenu-
ated by shutting down the initiation phase by means of the stoichiometric inhibitor of the extrinsic tenase complex, tissue factor pathway inhibitor (TFPI), followed 
by antithrombin (AT), which directly inhibits thrombin and factors Xa and IXa. B: Time course of early thrombin–antithrombin (TAT) complex formation from whole 
blood coagulation of 35 individuals is presented: y-axis, TAT (solid line [green diamonds]) and free thrombin [dashed line (blue squares)] concentrations (nmol/L) are 
shown on a log scale; x-axis, time in minutes.569 Arrows indicate the time and TAT concentration at which each of the indicated events (osteonectin [OSN] release, 
a marker of platelet activation, factor XIII activation [fXIIIa], fibrinopeptide A [FPA] release, fibrinopeptide B [FPB] release, and prothrombin activation) has entered a 
phase of rapid activation. The percent of total TAT present at the point of activation is shown in parentheses. APC, activated protein C; CT, clot time; PC, protein C; TF, 
tissue factor. (From Brummel KE, Paradis SG, Butenas S, Mann KG. Thrombin functions during tissue factor induced blood coagulation. Blood 2002;100:148–152, 
with permission.)
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substrates. Although meizothrombin is a short-lived intermedi-
ate in the activation process, it appears to play several important 
roles in coagulation. Meizothrombin is a potent vasoactive agent 
and acts on the adrenergic receptor to induce vascular constric-
tion. The vasoactive potency of meizothrombin is five to seven 
times greater than that of a-thrombin.999,1000 However, the abil-
ity of meizothrombin to activate platelets and cleave fibrinogen is 
greatly reduced compared to that of a-thrombin.673,1001 These are 
major roles for a-thrombin in promoting an efficient and effective 
procoagulant response. a-Thrombin has long been recognized as 
the most potent platelet agonist.681 a-Thrombin induces release of 
platelet a-granule contents, including a number of procoagulant 
and adhesive proteins,187,893,1002–1010 and of adenosine diphos-
phate from the platelet-dense granules. a-Thrombin also triggers 
the translocation of anionic phospholipid to the outer leaflet of 
the platelet membrane. a-Thrombin thus provides a cross-linked 
platelet mesh and an anionic surface appropriate for procoagulant 
complex assembly and function.

In addition, a-thrombin generates and stabilizes the fibrin 
clot. a-Thrombin cleaves the Arg16-Gly17 bond in the Aa-chain 
and the Arg14-Gly15 bond in the Bb-chain of fibrinogen, releas-
ing fibrinopeptide A (FPA) and fibrinopeptide B (FPB), respec-
tively.680 FPA and FPB release allow formation of overlapping 
fibrin strands.965–967 a-Thrombin cleavage of the 37-residue 
NH2-terminal activation peptide of factor XIII generates the trans-
glutaminase factor XIIIa.17,968 Factor XIIIa cross-links and stabi-
lizes the fibrin clot by catalyzing the formation of intermolecular 
g-glutamyl â-lysyl isopeptide bonds between fibrin molecules.17 
TAFI, also known as plasma carboxypeptidase B or carboxypepti-
dase U, is likewise activated in an a-thrombin–dependent manner 
to provide activated TAFI (TAFIa).36,969 TAFIa has carboxypep-
tidase B–like activity and is a key link between the coagulation 
and fibrinolytic cascades. TAFIa prevents premature clot lysis by 
cleaving COOH-terminal lysine and arginine residues on fibrin, 
rendering it a less suitable cofactor in t-PA–dependent plasmino-
gen activation.1011 At elevated concentrations, TAFIa also directly 
inhibits plasmin and therefore clot lysis.1011 In addition, TAFI 
is a substrate for factor XIIIa and is cross-linked to fibrin and 
incorporated into the fibrin clot.1012 The a-thrombin–dependent 
processes involved in clot formation and stabilization likely occur 
simultaneously to generate a mature clot that effectively reduces 
blood loss.1013

a-Thrombin has other key roles in procoagulant events as 
well. a-Thrombin activates factor XI7,617 and the procofactors 
factor V, factor VIII,682,683,782,970 and potentially factor VII.8 
Meizothrombin likewise is an efficient activator of factor XI1014 
and possibly factor V.1015 Meizothrombin is thought to function to 
enhance a-thrombin generation by activating factor XI before its 
final processing to form a-thrombin.

roles in anticoagulation
Although a-thrombin is the central enzyme in the procoagu-
lant response, it is also a key mediator of anticoagulant events 
as well.1016 When a-thrombin binds to the cell membrane– 
associated cofactor thrombomodulin, the reactivity of a-thrombin 
is altered. a-Thrombin bound to thrombomodulin no longer 
cleaves fibrinogen or acts as a procoagulant enzyme.991,992 Instead, 
the a-thrombin-thrombomodulin complex, or protein Case, cleaves 
protein C to generate the enzyme APC. APC is a potent anticoagu-
lant and inactivates the cofactors factor Va and factor VIIIa.991,1017 
a-Thrombin activation of platelets also induces the release of anti-
coagulant and inhibitory proteins from the a-granules.299,1018–1020

roles in tissue repair and regeneration
Tissue repair and regeneration is the final phase of the hemo-
static response to injury. Subsequent to lysis of the fibrin clot, 

multiple cell types choreograph the restructuring of the damaged 
vasculature. Vascular permeability is increased, and inflamma-
tory cells accumulate at the site of injury. Smooth muscle cells, 
fibroblasts, and endothelial cells migrate to the site and prolifer-
ate. Cellular differentiation, as well as production and remod-
eling of the extracellular matrix, restores the vascular tissue. 
a-Thrombin contributes to these processes through a variety of 
interactions with different cell types. a-Thrombin is a potent mito-
gen685,686,971–974 and stimulates proliferation of smooth muscle 
cells,686,688,975 macrophages,687 and endothelial cells.687,689 The 
mitogenic effects of a-thrombin are due to direct activation of cel-
lular proliferation or a-thrombin–induced secretion of a variety 
of growth factors, or both. Platelet activation, an early event in 
the procoagulant response, results in the release of a plethora of 
a-granule proteins that regulate cell growth, vascular permeabil-
ity, and chemotaxis.310,1021–1028 a-Thrombin thus mediates mul-
tiple aspects of the hemostatic response to vascular injury from 
the formation and stabilization of the initial fibrin plug to the final 
stages of tissue repair and regeneration.

thrombin receptors
Many of the effects of a-thrombin on platelets and cells are elicited 
through a-thrombin interaction with receptor molecules in which 
a-thrombin binds to a receptor and initiates a signal transduction 
mechanism. The interaction between a-thrombin and the human 
platelet thrombin receptor, protease-activated receptor (PAR)-1, 
however, is characterized by a more unusual mechanism in which 
the receptor is also a substrate for a-thrombin.989,1029,1030 PAR-1 
is a 425-amino acid transmembrane protein with a large NH2-
terminal extracellular domain.989,1030 a-Thrombin cleaves the 
extracellular region of the receptor at Arg41, producing a “teth-
ered ligand.” The new NH2-terminus binds back to and activates 
the receptor.989,1030 PAR-1 is also found on T lymphocytes, mono-
cytes, and endothelial cells and mediates the a-thrombin–induced 
responses of these cells as well.

Two additional a-thrombin receptors homologous to PAR-1 
have also been identified: PAR-3 and PAR-4. PAR-3 is expressed 
on human platelets and endothelial cells, although at much lower 
levels than PAR-1.1031 PAR-3 is required for normal a-thrombin–
dependent platelet activation in mice,736 but in the human system, 
the role of PAR-3 appears to be primarily in cellular development. 
PAR-3 is expressed at high levels on human megakaryocytes, the 
precursor cells of platelets.736 PAR-4, however, is believed to act 
in combination with PAR-1 as a dual mechanism to elicit the mul-
tiple effects of a-thrombin on human platelets.

Structure/Function relationships
In vivo, a-thrombin is derived from proteolytic cleavage of 
prothrombin by the prothrombinase complex (Figs 18.3 and 
18.8). Cleavage of the Arg320-Ile321 bond in prothrombin yields 
meizothrombin. Subsequent cleavage of the Arg271-Thr272 bond 
gives rise to fragment 1.2 and a-thrombin. Human a-thrombin 
cleaves its own NH2-terminus at Arg284-Thr285 to generate a stable 
a-thrombin molecule. The initial form of human a-thrombin has an 
NH2-terminal A-chain of 49 residues, whereas the autocatalytically 
generated stable protein has an A-chain of 36 residues. The COOH-
terminal B-chain of a-thrombin has 259 amino acid residues 
including the catalytic triad residues His363, Asp419, and Ser525.

a-Thrombin is subject to further degradation resulting 
in stable, degraded thrombin molecules with reduced reac-
tivity.1032–1034 These degraded forms are designated b- and 
g-thrombin. The degradation of a-thrombin may be autocatalytic 
or may be due to proteolysis by enzymes other than a-thrombin. 
Human b-thrombin is generated by cleavage at Arg382 and Arg393, 
which deletes a segment of the a-thrombin B-chain.1035,1036 
Cleavage of b-thrombin at Arg443 and Lys474 deletes an additional 
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 segment of the B-chain and results in formation of g-thrombin. 
b- and g-thrombin retain some activity toward small peptide 
substrates,1000,1037 factor XIII,1038 antithrombin,1039 prothrom-
bin,1040 and factor XI.1041 However, both b- and g-thrombin have 
no significant ability to cleave fibrinogen or protein C.640,1039,1042 
These proteolyzed forms of a-thrombin have been identified as 
products of the blood clotting reaction in vivo,679 but their mecha-
nism of production and function is unknown.

The stable form of human a-thrombin possesses at least five 
distinct binding sites for substrates, inhibitors, cofactors, apolar 
molecules, and sodium ions (Na+). The apolar binding site is 
located near the catalytic center of a-thrombin.1043 The Na+ bind-
ing site is in the B-chain, in a cavity formed by three antiparal-
lel b sheets, and appears to play a role in determining whether 
a-thrombin acts as a procoagulant or an anticoagulant. In the 
presence of Na+, a-thrombin recognizes fibrinogen as a substrate 
and acts as a procoagulant. In the absence of Na+, a-thrombin 
has increased specificity for protein C and functions in an antico-
agulant capacity.1044,1045 The binding of Na+ therefore appears 
to mediate the dual nature of a-thrombin as both a procoagulant 
and an anticoagulant.

Exosite I, the fibrinogen-binding site, is an anion-binding, 
electropositive site distinct from, but acting in concert with, 
the active site of the a-thrombin molecule.1045 In addition to 
fibrinogen, exosite I also recognizes the COOH-terminal domain 
of hirudin, the hirudin-like region of PAR-1, and the fifth and 
sixth EGF-like domains of thrombomodulin.1045 Detailed informa-
tion about exosite I is available from the x-ray crystal structure 
of the a-thrombin-hirudin complex. In solution, the COOH-
terminal domain of hirudin is disordered.1046,1047 However, in 
the a-thrombin-hirudin complex, the COOH-terminus of hiru-
din inserts into the large groove in the a-thrombin molecule 
to interact with exosite I. Hirudin also inserts into the active 
site of a-thrombin.1048–1050 The high-affinity interaction (Kd = 
2 × 10−14 mol/L) between a-thrombin and the inhibitor hiru-
din is thus stabilized by electrostatic, polar, and hydrophobic 
 interactions.1048,1051

Exosite II is a second electropositive, anion-binding site located 
on the opposite side of the a-thrombin molecule compared to 
exosite I. Exosite II recognizes the COOH-terminal region of the 
B-chain of thrombin and sulfated polysaccharides such as heparin 
and the chondroitin sulfate moiety of thrombomodulin.1045

The active site of a-thrombin is responsible for mediating 
interactions with substrate molecules including fibrinogen, pro-
tein C, and antithrombin.1045 The active site of a-thrombin is 
similar to the active sites of trypsin and chymotrypsin. However, 
unlike the relatively nonspecific pancreatic enzymes, a-thrombin 
also has secondary binding sites, exosites I and II, that confer 
specificity to a-thrombin. For substrates such as fibrinogen, there 
may be multiple secondary binding sites.1052

regulation
a-Thrombin regulates its own production through complex forma-
tion with thrombomodulin and activation of protein C (Fig. 18.6). 
a-Thrombin enzymatic activity is mediated mainly by antithrom-
bin-III. The inhibitory activity of antithrombin is potentiated in 
vivo by cell-expressed heparan sulfate GAGs or by pharmaceutical 
heparins.694,695 Antithrombin inhibits a-thrombin through forma-
tion of a covalent complex with the active site of a-thrombin.1053 
a-Thrombin-antithrombin (TAT) complexes are rapidly cleared 
from the circulation by the liver.1054

a-Thrombin is also inhibited by a2-macroglobulin, a broad 
specificity proteinase inhibitor. a2-Macroglobulin does not appear 
to be a primary inhibitor of a-thrombin, but rather functions as 
a secondary inhibitor.1000 Unlike antithrombin, a2-macroglobulin 
does not complex with the active site of its target enzymes. 
Enzymes in complex with a2-macroglobulin retain the ability 

to cleave small peptidyl substrates, although they are unable 
to cleave large substrates.1055 a-Thrombin interaction with a2- 
macroglobulin involves limited proteolysis of a2-macroglobulin. 
Subsequent to cleavage, a2-macroglobulin undergoes a conforma-
tion change that traps the enzyme inside the a2-macroglobulin 
molecule.1056,1057 The a2-macroglobulin-enzyme complexes are 
rapidly cleared from circulation.1058,1059

antiCoagulant ProtEins: 
dynaMiC inhiBitory systEM
The protein C pathway provides a dynamic inhibitory system 
to regulate a-thrombin production.1060,1061,1062 The activity of 
this anticoagulant pathway is directly dependent on the level of 
a-thrombin production. The protein C activating complex, or pro-
tein Case, is a membrane-dependent multiprotein complex similar 
to the membrane-dependent procoagulant complexes (Figs. 18.4 
and 18.6). The key proteins in the protein C pathway are a-throm-
bin, thrombomodulin, protein C, and protein S.

protein C
Protein C, first identified as a thrombin inhibitory activity or auto-
prothrombin II-A,1063 is the zymogen form of the enzyme APC. 
Protein C circulates at a concentration of 4 mg/ml (65  nmol/L) 
with a t1/2 of 8 to 10 hours1064–1066 (Table 18.4). The t1/2 of 
protein C is markedly shorter than most other members of the 
vitamin K–dependent protein family and is the likely basis of the 
transient hypercoagulable state subsequent to administration of 
coumarin-based anticoagulants.1067–1071 Homozygous protein C 
deficiency is associated with severe thrombotic tendencies and 
can result in fatal neonatal thrombotic events.1072 Heterozygous 
protein C deficiency is associated with increased risk of throm-
bosis.1073–1075 The mutation in factor VLeiden, which blocks a key 
APC cleavage site in factor VaLeiden, is another defect leading to an 
alteration in the protein C anticoagulant pathway and predisposi-
tion to thrombosis.

Gene Structure and Expression
The protein C gene is located on chromosome 2 bands q14-
q21 and spans 11 kb with eight introns and nine exons1076,1077 
(Table  18.6). The promoter region contains HNF-1, HNF-3, and 
Sp1 binding sites that promote gene expression.1078,1079 HNF-3 is 
a liver-specific transcription factor.

Biochemistry
Protein C is synthesized in the liver as a single-chain polypeptide 
with a prepro sequence of 42 amino acids. The prepro protein is 
subsequently processed to remove the leader sequence and the 
dipeptide Lys156-Arg157. Thus, in plasma, most protein C circulates 
as a heterodimer consisting of a disulfide-linked (Cys141-Cys277) 
heavy and light chain.1080,1081–1085 However, approximately 5% to 
10% of circulating protein C is the single-chain form.361 The two-
chain form of human protein C (Mr = 62,000) is a 419-amino acid 
glycoprotein with approximately 23% carbohydrate (Table 18.4 
and Fig. 18.3B). The NH2-terminal light chain (residues 1 to 155; 
Mr = 21,000) contains the Gla domain (residues 6 to 29; nine Gla 
residues) and a hydrophobic region that connects the Gla domain 
to two EGF domains (residues 55 to 90 and 94 to 134). The 
COOH-terminal heavy chain (residues 158 to 419; Mr = 41,000) 
contains the serine protease domain. Residues 158 to 169 consti-
tute the activation peptide domain. A b-hydroxy aspartate residue 
(Asp71) in the first EGF domain is required for Ca2+-dependent 
alterations in protein C. Ca2+ binding is mediated by the first 
EGF domain as well as the Gla domain and the serine protease 

72683_ch018_0428-0497.indd   463 7/31/13   11:08 AM



464 part ii The Normal Hematologic System • SeCtiON 5 Hemostasis

domain.354,398,402,1086–1091 Leu5 in the NH2-terminus is important 
in mediating phospholipid binding.400 There are several glyco-
sylation variants (Asn97, Asn248, Asn313, and Asn329) with two to 
four N-linked carbohydrate chains.361 The major forms, a-protein 
C and b-protein C, have four and three carbohydrate moieties, 
respectively. All the protein C carbohydrate variants can be acti-
vated, but appear to have different anticoagulant properties and 
rates of activation.1092 An x-ray crystal structure has been deter-
mined for Gla-domainless activated protein C.382

Activation
Protein C is the zymogen form of the enzyme APC. Protein 
C is cleaved at the Arg169-Leu170 bond, releasing its activa-
tion peptide from the heavy chain to generate the active 
enzyme.1093,1094 The a-thrombin-thrombomodulin complex is 
likely the major physiologic activator of protein C.1095 There are 
other activators as well. Plasmin activates and then inactivates 
protein C.1068,1096 Meizothrombin also binds thrombomodulin 
and can efficiently activate protein C.674,1097 Factor Xa has like-
wise been reported to bind to thrombomodulin and activate pro-
tein C1098; however, this mechanism has not been confirmed in 
subsequent studies.1099,1100 More recently, glycosaminoglycans 
have been shown to potentiate factor Xa-mediated protein C 
activation.1101 Copperhead snake venom also contains a protein 
C activator.1102

Function
APC is a serine protease with key anticoagulant functions. The 
most important anticoagulant role for the protein C pathway is 
the proteolytic inactivation of factor Va. APC inactivates factor 
Va via a series of proteolytic cleavages, thus inhibiting the gen-
eration of a-thrombin. APC also cleaves and inactivates factor 
VIIIa, although the spontaneous dissociation of the factor VIIIa 
A2 domain is the probable physiologic regulator of factor Xa gen-
eration. Full inactivation of factor Va by APC requires an anionic 
phospholipid surface, and the rates of APC inactivation of factors 
Va and VIIIa are enhanced by protein S.1103

APC also has a profibrinolytic effect. This effect is due to TAFI. 
TAFI is activated by the a-thrombin-thrombomodulin complex 

and acts to prolong clot lysis. APC cleavage of factor Va inhibits 
a-thrombin generation, thus reducing a-thrombin-thrombomodu-
lin-mediated TAFI activation.1104 The prolongation of clot lysis by 
TAFIa likely contributes to the prothrombotic tendencies associ-
ated with factor VLeiden.1105

The endothelial cell protein C receptor provides cell-specific 
binding sites for both protein C and APC.1106,1107 However, two 
other coagulation proteases, factors VIIa and Xa, have been 
shown to bind to this receptor.1108 Endothelial cell protein C 
receptor is downregulated by TNF-a.1107 Monocytes appear 
to express specific binding sites for APC that are distinct from 
endothelial cell protein C receptor.1109,1110 The cell-expressed 
binding sites may be important in the antiinflammatory proper-
ties of APC.1111 APC blocks the septic shock response in animal 
models1112,1113 and has shown clinical success in severe sepsis 
patients.1114,1115 APC reduces the levels of inflammatory cyto-
kines such as TNF-a.1113,1116 The antiinflammatory properties 
of APC are also due to inhibition of a-thrombin generation 
and, therefore,  inhibition of the proinflammatory properties of 
a-thrombin.

Regulation
Protein C activation and APC activity are controlled on several 
levels. Inflammatory agents such as endotoxin, IL-1b, trans-
forming growth factor-b (TGF-b), and TNF-a regulate protein C 
activation on endothelial cells.1117–1126 TNF-a is responsible for 
downregulation of thrombomodulin on the endothelial cell sur-
face.1120,1123–1126 There are multiple other factors that downregu-
late thrombomodulin as well. APC activity is regulated mainly by 
the protein C inhibitor or PAI-3.1127–1129

protein S
Protein S is a vitamin K–dependent protein that is not a serine 
protease precursor. Protein S circulates at a plasma concentration 
of 20 mg/ml (300 nmol/L)1130,1131 (Table 18.4). Approximately 40% 
of protein S circulates in the free form, and the remaining 60% cir-
culates as a 1:1 complex with C4b-binding protein (C4bBP), a reg-
ulatory protein of the complement system.1130 Protein S is thought 
to function as a cofactor for APC in the inactivation of  factors Va 

Protein
Molecular 
Weight (Da)

Gene Location: 
Chromosome Gene Size (kb)

Gene 
Organization: 
No. of Exons

Messenger 
RNA Size 
(kb)

UNIPROT 
Accession 
Numbera

Protein C 62,000 2q14-q21 11 9 1.8 (1.6) P04070

Protein S 69,000 3 80 15 3.5 P07225

Protein Z 62,000 13q34 14 9 — P22891

Thrombomodulin 100,000 20p-12cen 3.7 Intronless 3.7 P07204

a2-Macroglobulin 735,000 12p12.3-p13.3 48 36 4.6 P01023

Tissue factor pathway inhibitor 40,000 2q31–32.1 85 9 1.4, 4.0 P10646

Antithrombin 58,000 1q23-q25 13.5 7 1.4 P01008

Heparin cofactor II 66,000 22q11 14 5 2.3 P05546

a1-Proteinase inhibitor 53,000 14q32.1 5 7 — P01009

C1 esterase inhibitor 104,000 11q11.2-q13 17 8 — P05155

Protein C inhibitor 57,000 14q32.1 11.5 5 — P05154

ahttp://www.uniprot.org.

moleCular geNeTiCS oF HumaN aNTiCoagulaNT ProTeiNS aNd THeir iNHiBiTorS

taBLe 18.6
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and VIIIa.185,1132,1133,1134–1137 Heterozygous deficiency of protein 
S increases the risk for developing thrombosis; however, the diag-
nosis is complicated.1138 The protein S cofactor effect is minimal, 
however, and does not correlate with the thrombotic pathologies 
manifested in protein S–deficient patients.1139–1145 Protein S has 
also been reported to inhibit prothrombin activation through 
several mechanisms.696,1146–1148 Although the precise function of 
protein S is not clear, protein S is important in anticoagulation.

Gene Structure and Expression
The gene for protein S is located on chromosome 3 and spans 
at least 80 kb1149,1150 (Table 18.6). The gene contains 15 exons 
and 14 introns.1149,1151,1152 A second copy of the protein S gene 
has also been identified; however, this second gene is likely a 
pseudogene.1153,1154 The pseudogene spans approximately 55 
kb and differs from the protein S gene in that it lacks exon 1 and 
has multiple nucleotide substitutions. Protein S is synthesized in 
the liver1155,1156 and by a variety of other cell types including 
endothelial cells,1157–1159 osteoclasts,1160 and lymphoid cells.1161 
Protein S is also found in the a-granules of platelets.1019

Biochemistry
Protein S (Mr = 69,000) is a single-chain glycoprotein with approx-
imately 8% carbohydrate and 11 Gla residues584,1162 (Table 18.4 
and Fig. 18.3B). Protein S is synthesized with a signal sequence 
and propeptide region of 41 amino acids.1151,1152,1156,1163 The 
mature form of the protein has 635 amino acids and is organized 
into eight domains: An NH2-terminal Gla domain (residues 1 to 
45), an aromatic stack, a 29-residue thrombin-sensitive domain 
(residues 46 to 75), four EGF domains (residues 76 to 242), and a 
COOH-terminal domain homologous to the sex hormone-binding 
globulin and androgen-binding protein.1164,1165 The Gla domain 
and EGF domains mediate Ca2+ binding.1166 The Gla domain is 
also involved in interactions with phospholipid membranes.1167 
C4bBP binds to the COOH-terminal sex hormone–binding globu-
lin domain.1168,1169 Protein S reversibly self-associates in the 
absence of Ca2+.1170

Function
The precise function of protein S in the protein C inhibitory 
pathway is not clearly defined. Protein S enhances APC inac-
tivation of factors Va and VIIIa in a phospholipid-dependent 
fashion.185,1132,1133,1134–1137 The interaction between protein S 
and APC alters the structure of APC and moves the APC active 
site closer to the membrane surface.1171 Protein S may also 
serve directly in an anticoagulant capacity. Protein S has been 
reported to bind to factor Xa,1147 factor VIII,1172 and factor Va1146 
to compete for prothrombinase-binding sites on the membrane 
surface696,1148 and to stimulate the inhibition of factor Xa by 
TFPI.1173,1174 These interactions serve to inhibit prothrombin 
activation in vitro.1175 The C4bBP-protein S complex may inhibit 
factor X activation as well.1176

Protein S also has additional potential roles outside of antico-
agulation. Protein S interaction with T cells promotes T cell aggre-
gation and proliferation and may serve to regulate inflammatory 
processes.1177

Regulation
a-Thrombin cleavage of protein S at Arg49, Arg60, or Arg70 in the 
thrombin-sensitive domain inhibits the ability of protein S to act 
as a cofactor for APC.1136,1178–1180 Protein S activity is also regu-
lated by interaction with C4bBP. The 1:1 complex between protein 
S and C4bBP neutralizes the anticoagulant capacity of protein S. 
Approximately 60% of plasma protein S circulates bound to C4bBP.

protein Z
Protein Z, a vitamin K–dependent glycoprotein, is an enzymati-
cally inactive homolog of factors VII, IX, and X, and protein C.364 
Protein Z was first identified in bovine plasma by Prowse and 
Esnouf in 1977,1181 and later in human plasma by Broze and 
Miletich in 1984.1182 The name protein Z came about from its 
being the last of the vitamin K–dependent proteins to elute dur-
ing anion exchange chromatography.1183 Protein Z circulates in 
plasma in a complex with protein Z–dependent protease inhibi-
tor (ZPI).1184 This inhibitor, ZPI, has been identified as a 72-kDa 
member of the serpin superfamily.

Reports suggest that protein Z behaves as a negative acute-
phase reactant.1185,1186 Protein Z levels have been found to be low 
in newborn infants1187,1188 and in individuals with DIC,1189 liver 
disease,1190 and amyloidosis.1191 High plasma levels have been 
found in individuals on chronic hemodialysis and with idiopathic 
thrombocytopenic purpura.1192,1193 Protein Z levels also appear 
to be more susceptible to warfarin therapy than other vitamin  
K–dependent proteins.1194

Gene Structure and Expression
The gene for protein Z is located on chromosome 13 at band q34 
(Table 18.6). It spans approximately 14 kb and consists of nine 
exons, including one alternative exon.364 The gene organization is 
similar to that of the other vitamin K–dependent proteins, factors 
VII, IX, and X, and protein C.

Homozygous and heterozygous protein Z–deficient mice 
showed no abnormalities in growth and development. Protein 
Z deficiency has been reported to be prothrombotic in nature in 
factor VLeiden mice.1195 In general, evidence supports the anti-
coagulant role of the complex between protein Z and the serpin 
protein Z–dependent protease inhibitor (ZPI) and the thrombotic 
consequences of its deficiency.1196–1198 Protein Z–deficient mice 
crossed with factor VLeiden mice did not have viable progeny. 
Several clinical studies identified diminished levels of plasma 
protein Z in patients with unidentified bleeding disorders.1219,1200 
Protein Z has also been identified in liver disease1190 and athero-
sclerosis.1201

Biochemistry
Protein Z has a molecular weight of 62,000 and circulates in 
plasma at a mean concentration of 2.9 ± 1.0 mg/ml1182,1194 
(Table  18.4). The plasma t1/2 of protein Z is 2.5 days.1194 
Structurally, protein  Z is similar to factors VII, IX, and X, and 
protein C, containing a Gla domain (13 residues) and two EGF 
domains at its NH2-terminus364,1202,1203 (Fig. 18.3B). However, 
like protein S, protein  Z does not function as a protease. The 
COOH-terminus contains a region homologous to the catalytic 
domains present in the serine protease zymogens. The catalytic 
triad is not present in protein Z, except for the conserved Asp 
residue.1202,1203

Function
Protein Z is a vitamin K–dependent protein that does not function 
as a serine protease enzyme. Protein Z circulates in plasma in 
complex with ZPI. The function of protein Z in vivo is still unclear 
to date.1204 It has been reported that protein Z inactivates factor 
Xa by forming a Ca2+-dependent complex with factor Xa bound 
to phospholipid with the help of ZPI.1184 Factor IXa has also been 
reported to be a target for the protein Z/ZPI system.1205 The over-
all importance of these protein Z/ZPI activities is unclear.1196 In 
vitro, protein Z has also been shown to have a weak interaction 
(Kd = 8.9 mmol/L) with thrombin that facilitates the binding of 
thrombin to phospholipid surfaces.1206 It is also consumed, like all 
other coagulation factors and inhibitors, during the course of DIC.
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thrombomodulin
Thrombomodulin is a type 1 transmembrane protein consti-
tutively expressed on the surface of vascular endothelial cells 
(Fig. 18.9). It is an essential that displays a range of antiin-
flammatory, anticoagulant, and antifibrinolytic properties.1207 
Thrombomodulin is a high-affinity receptor for a-thrombin and 
acts as a cofactor for the a-thrombin–dependent activation of 
protein C and TAFI. Thrombomodulin activity on the surface of 
endothelial cells is decreased by inflammatory cytokines and 
may contribute to the hypercoagulation characteristic of inflam-
matory states. Thrombomodulin is expressed widely during fetal 
development.1208 Homozygous thrombomodulin-deficient mice 
die in utero before the formation of the cardiovascular system, 
suggesting a potential role for thrombomodulin in mammalian 
development.1209

Gene Structure and Expression
The human thrombomodulin gene is located on chromosome 20 
band p-12cen and spans 3.7 kb1210,1211 (Table 18.6). The gene 
is unusual in that it lacks introns.1212,1213 Thrombomodulin 
expression has been reported in a variety of cell types, includ-
ing vascular endothelial cells,1214,1215 neutrophils,1216 mono-
cytes,1217,1218 platelets,1219 synovial cells,1220 and squamous 
epithelial cells.1221–1223 Vascular expression is limited to endothe-
lial cells. Thrombomodulin activity on the surface of endothelial 
cells is decreased by homocysteine, lipopolysaccharide, IL-1b 
and TNF-a.1117,1118,1224,1225,1226 Many of these same inflamma-
tory agents that downregulate thrombomodulin also upregulate 
tissue factor, contributing to the hypercoagulation associated 
with inflammation. Hypoxia also downregulates thrombomod-
ulin expression.1227 Likewise, thrombomodulin expression is 
decreased by glucose-modified albumin, which may provide a 
link to diabetic thrombotic complications.1228 Conversely, dibu-
tyl cyclic adenosine monophosphate, retinoic acid, shear stress, 
and increased temperature (42°C) upregulate thrombomodulin 
activity on endothelial cells.1229–1233 Upregulation of thrombo-
modulin expression by TNF-a may involve a consensus sequence 
of a cyclic adenosine monophosphate response element in the 
3′-untranslated region of the thrombomodulin gene.1234 Increased 
thrombomodulin gene transcription due to elevated temperature 
is mediated by consensus sequence recognition sites for a heat 
shock element in the 5′-promoter region.1233 Upregulation of 
thrombomodulin expression in response to elevated temperature 
may be a protective mechanism to compensate for the procoagu-
lant effects of the inflammatory mechanism.

Biochemistry
Human thrombomodulin is synthesized with an 18-amino acid 
signal sequence followed by a 557-residue polypeptide chain 
of the mature protein.1210,1212,1213,1235 Thrombomodulin has 
five different domain structures: An NH2-terminal domain hav-
ing weak homology to lectins (residues 6 to 149) such as the 
asialoglycoprotein receptor,1236 six EGF-like domains (residues 
227 to 462), a 34-residue region rich in serine and threonine 
corresponding to potential O-linked glycosylation sites (residues 
463 to 497), a 23-residue hydrophobic transmembrane region 
(residues 499 to 521), and a COOH-terminal domain (residues 
522 to 557) containing several potential phosphorylation sites 
and one free cysteine residue (Cys536) (Fig. 18.9). The fifth and 
sixth EGF domains support a-thrombin association.1238 The 
region required for efficient protein C activation extends from 
the linker region between EGF domains 3 and 4 through EGF-
6.1238–1241 Ser472 and Ser474 in the serine- and threonine-rich 
region are potential sites for chondroitin sulfate addition.1242 
The presence of chondroitin sulfate increases the affinity for 
a-thrombin more than 10-fold,1243 thus increasing the ability of 

 thrombomodulin to block fibrinogen cleavage and platelet activa-
tion by a- thrombin.1244,1245 The chondroitin sulfate moiety also 
enhances inactivation of a-thrombin by antithrombin1244,1246 and 
modulates the Ca2+ dependence of protein C activation.1243,1246 
The O-linked sugar domain of thrombomodulin is required for 
APC generation on cellular surfaces. This domain is extended and 
rigid and rises approximately perpendicular to the membrane 
surface. The O-linked sugar domain likely functions to elevate 
a-thrombin from the membrane surface.1247 The active site of 
a-thrombin bound to thrombomodulin is located approximately 
65 Å from the membrane surface.1248

Although no consensus sequence for internalization via coated 
pit-mediated endocytosis is found in thrombomodulin, coated 
and noncoated pit-mediated endocytosis has been observed.1249 
Internalization appears to be mediated by the NH2-terminal 
lectin-like domain.1250

Function
Thrombomodulin functions as a cofactor for a-thrombin in 
the activation of protein C and TAFI. Production of APC by the 
a-thrombin-thrombomodulin complex is approximately 1,000 
times faster than by equivalent concentrations of protein C and 
thrombin. Once bound to thrombomodulin, a-thrombin’s proco-
agulant activities are neutralized. The high-affinity a-thrombin-
thrombomodulin interaction is mediated mainly by exosite I on 
the a-thrombin molecule. Exosite I also binds fibrinogen, and 
the interaction of a-thrombin with thrombomodulin therefore 
blocks fibrinogen binding and cleavage. In addition, thrombo-
modulin induces conformational changes in a-thrombin.1251–1256 
Overall, the changes that occur on a-thrombin interaction with 
 thrombomodulin reduce the ability of a-thrombin to gener-
ate fibrin, and to activate factor V and platelets,1257,1258 while 
increasing the rate of inactivation of a-thrombin by antithrom-
bin.1259–1261 a-Thrombin-thrombomodulin, or protein Case, 
 functions solely in an anticoagulant and antifibrinolytic capacity.

Regulation
There are several potential mechanisms of thrombomodulin regu-
lation on the cell surface. Thrombomodulin expression is downreg-
ulated by endotoxin and inflammatory cytokines.1123 Shear stress, 
homocysteine, and hypoxia likewise downregulate thrombomodulin 
expression.1226,1227,1232,1262 a-Thrombin may also regulate throm-
bomodulin activity, although evidence is somewhat controver-
sial. Thrombomodulin-dependent a-thrombin internalization has 
been reported.1263–1265 However, the a-thrombin-thrombomodulin 
complex appears to be stable under some conditions.1017,1266 In 
addition, thrombomodulin activity can be regulated proteolyti-
cally, mainly by neutrophil elastase.1267,1268 Neutrophils decrease 
 thrombomodulin activity via oxidation as well.1269

antiCoagulant ProtEins: 
ProtEinasE inhiBitors
Proteinases, enzymes that hydrolyze peptide bonds, are found 
in a wide array of biologic systems, including the blood coagula-
tion process (clot formation and fibrinolysis), digestive system, 
apoptotic cascades, and the immune system. To keep these sys-
tems in balance between activation and inhibition, a complex 
system of proteinase inhibitors has evolved. In blood, proteinase 
inhibitors constitute a significant percentage of circulating pro-
teins. In   general, proteinases that activate the coagulation and 
fibrinolytic cascades have highly defined substrate specificities. 
Coagulation is kept in check through the action of several specific 
and broad-spectrum proteinase inhibitors. Specific clot  formation 
inhibitors are antithrombin and TFPI.  Fibrinolysis-specific 
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inhibitors are PAI-1 and a2-antiplasmin. Together, specific and 
broad-spectrum inhibitors function to localize, limit, and control 
hemostasis.

a2-Macroglobulin
a2-Macroglobulin is a nonspecific proteinase inhibitor that tar-
gets a broad spectrum of protease substrates.1270 It is present 
in human plasma at concentrations ranging from 2 to 4 mmol/L 
(2 to 3 mg/ml) (Table 18.4). a2-Macroglobulin can also be found 
at higher concentrations in extravascular fluids.1271 This protease 
inhibitor can be produced in a variety of cells including hepato-
cytes, fibroblasts, and macrophages.1058,1272 a2-Macroglobulin is 
also found in several species including the horseshoe crab.1273

Reduced levels of serum a2-macroglobulin in humans have 
been observed in individuals with chronic obstructive lung dis-
ease1274 and cancer metastasis.1275 In humans, no absolute defi-
ciency has been reported to date, leading to the suggestion that 
such a congenital deficiency is incompatible with survival. The 
inactivation of the mouse a2-macroglobulin gene results in viable 
mice that produce normal-sized litters but are more resistant to 
endotoxin challenge.1276 In a later study, it was suggested that 
this phenotype in mice functions as a neutralizer of transforming 
growth factor-b and as an inducer of nitric oxide synthesis.1277

Gene Structure and Expression
The gene encoding human a2-macroglobulin spans approximately 
48 kb and consists of 36 exons and 35 introns1278 (Table 18.6). 
It is located on chromosome 12p12.3–13.3.1279–1281 The a2- 
macroglobulin gene is a single copy gene in the human genome. a2- 
Macroglobulin is synthesized in the liver as a pro-a2-macroglobulin, 
which contains a 23-residue signal peptide. Three transcription initi-
ation sites, including a TATA box, a TATA-like structure (ATAAA), and 
a potential HP-1 binding site, have been identified in the liver.1278

Biochemistry
Human a2-macroglobulin circulates in plasma as a tetramer with 
four identical single-chain subunits with an individual relative 
molecular weight of 180,000 and a total relative molecular weight 
of 735,000.1279,1282,1283 An unusual feature of this protein is that 
multiple forms may be found in various species and may appear 
only during acute-phase reactions.1058,1271,1272 A dimeric form 
termed pregnancy zone protein has been found in human plasma 
at peak levels during the last trimester. Therefore, this protein 
may be found in human plasma composed of either two or four 
identical subunits.1284,1285

a2-Macroglobulin has a unique mechanism by which it 
achieves broad specificity.1286 The initial step involves the 
“bait region” of a2-macroglobulin.1057 This region consists of 
a 25-amino acid sequence that has sequence motifs appropri-
ate for many proteases.1287 After proteolysis in this bait region, 
a2-macroglobulin undergoes conformational changes that trap 
the proteinase inside the molecule.1057 The crystal structure of 
human a2-macroglobulin displays a large central cavity capable 
of containing one or two average-sized proteases.1288 These con-
formational changes have been referred to as a slow to fast tran-
sition.1056,1057 The active site of the substrate proteinase is not 
found in complex with the inhibitor. Studies have shown that the 
entrapped proteinase is no longer able to interact with macromo-
lecular substrates, inhibitors, and antibodies, but still appears to 
retain its ability to react with small substrates and inhibitors.1057 
These complexes are rapidly cleared from the circulation by the 
endocytic a2-macroglobulin receptor also known as the low-
density lipoprotein receptor-related protein (LRP). This receptor 
is found on most mast cells and tissues. The proteinase inhibitor 
complex has an approximate t1/2 of 2 to 5 minutes.1058

Another important feature of a2-macroglobulin is the presence of 
a b-cysteinyl-g-glutamyl thiol ester.1289,1290 Studies have shown that 
these thiol esters may directly react with small nucleophiles, such as 
ammonia or methylamine; induce a conformational change; and pre-
vent proteinase binding.1291 The conformational changes associated 
with proteolysis of the bait region generate a thiol ester more suscep-
tible to nucleophilic attack, with the result that surface Lys residues of 
the trapped proteinase can react with it and become covalently linked to 
a2-macroglobulin. Binding studies in vitro have identified specific high-
affinity receptors for a2-macroglobulin-proteinase complexes on many 
cell types, including fibroblasts, macrophages, and hepatocytes.1059

Function
One role for a2-macroglobulin is to inhibit a broad range of protein-
ases. It is distinctive in its capacity to inhibit members from each 
of four mechanistic classes of proteinases (serine, cysteine, and 
aspartic proteinases, and metalloproteinases). a2-Macroglobulin 
functions as a secondary inhibitor to serine proteinases in plasma 
by inhibiting thrombin, kallikrein, and plasmin.1292,1293 It may 
also be important in preventing thromboembolic events when 
there is a congenital deficiency of antithrombin or sepsis.1294,1295 
a2-Macroglobulin also inhibits various growth factors and cyto-
kines, including TGF-b,1296 IL-1b,1297 IL-6,1298 acidic fibroblast 
growth factor,1299 basic fibroblast growth factor,1299 TNF-a,1300 
and IL-2.1301 Polymorphisms identified in a2-macroglobulin have 
been thought to play a role in Alzheimer disease.1302–1304 Overall, 
the biologic role of a2-macroglobulin in vivo is still being elucidated.

tissue Factor pathway Inhibitor
TFPI, formerly called extrinsic pathway inhibitor or lipoprotein- 
associated coagulation inhibitor, is a multivalent,  Kunitz-type 
plasma proteinase inhibitor. TFPI modulates tissue factor– 
dependent coagulation in vivo by rapidly inhibiting the extrin-
sic tenase complex (factor VIIa–tissue factor) as soon as it is 
formed1305–1307 (Fig. 18.6). It circulates in plasma at approximately 
0.1 mg/ml1308 as a heterogeneous collection of partially proteo-
lyzed forms315,1309–1311 (Table 18.4). Ninety percent of circulating 
TFPI is found associated with lipoproteins, primarily low-density 
lipoprotein.1310,1312,1313 Parenteral TFPI is cleared from the cir-
culation primarily by the liver and has an unusually short t1/2 
(minutes) compared to other proteinase inhibitors.

Many reviews of TFPI have been published.1314–1318 The 
importance of TFPI in blood coagulation has been best illustrated 
through transgenic mice that have a complete deficiency (–/–) of 
TFPI. This deficiency is incompatible with birth and survival.1319 
However, this lethality in mice can be rescued by heterozygous 
or homozygous factor VII deficiency.1320 This implies that dimin-
ishing the level of factor VII lessens the need for TFPI-mediated 
inhibition of the factor VIIa-tissue factor coagulation pathway 
during embryogenesis.1320 When mice are generated that have a 
combined heterozygous TFPI deficiency and homozygous apoli-
poprotein E deficiency, they exhibit a greater atherosclerotic bur-
den.1321 These observations suggest a role for TFPI in protection 
from atherosclerosis and as a potential regulator of thrombosis.

To date, there are no known human TFPI-deficient individuals 
described, which suggests that human embryos with TFPI−/− gen-
otype fail to develop. A role for TFPI in preventing thrombosis and 
other cardiovascular diseases is currently under intensive clinical 
and in vitro investigation.1322 One application for recombinant 
TFPI is in the area of sepsis in which patients frequently have 
reduced TFPI levels.1323,1324

Gene Structure and Expression
The human TFPI gene has been localized to chromosome 2 bands 
q31-q32.11325–1327 (Table 18.6). It spans 85 kb, over half of which 
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consists of the 5′ noncoding region. The coding region is distributed 
over nine exons1328; mature TFPI contains three Kunitz domains 
that are encoded on separate exons. The gene specifies a protein 
of 304 amino acids; the first 28 residues comprise a signal peptide. 
Two variants of TFPI (isoforms a and b) arising from alternative 
splicing have been identified; the variable region involves residues 
210 to 251 of the primary gene product, spanning a large por-
tion of the third Kunitz domain. TFPI is expressed constitutively 
by cultured endothelial cells, and its level of synthesis is hardly 
affected by endotoxin or inflammatory cytokines.1311,1329 TFPI is 
not expressed by hepatocytes. TFPI is found bound to low- and 
high-density lipoproteins located within platelets or noncovalently 
associated with endothelial cell heparin sulfate proteoglycans.1308 
TFPI is catabolized in the liver and kidney by uptake/degradation 
via the low-density LRP or its homologs.1330

Biochemistry
TFPI (Mr = 40,000) is a single-chain glycoprotein of the Kunitz pro-
teinase inhibitor family.1331,1332 As isolated, the COOH-terminus of 
TFPI displays some degradation. Structurally, mature full-length 
TFPI (276 amino acids in the a isoform) consists of an acidic 

NH2-terminal region, three tandem Kunitz-like serine protease 
inhibitor domains (K1 to K3), and a positively charged COOH-
terminal region1330,1331 (Fig. 18.12). The tandem Kunitz domains 
are essential for the function of TFPI.1308 The Kunitz 1 inhibitor 
domain (residues 26 to 76) binds factor VIIa-tissue factor. The sec-
ond Kunitz domain (residues 97 to 147) of TFPI binds the factor 
Xa active site. The Kunitz 3 domain (residues 189 to 239) of TFPIa 
binds protein S, and the protein S mediated potentiation of factor 
Xa inhibition by TFPIa involves protein S-Kunitz 3 interaction.1333 
Heparin binds at two heparin-binding sites: a high-affinity site in 
the COOH-terminal basic region and a low-affinity site between 
Gly212 and Phe243 in the third Kunitz domain.627,628,1334

TFPI contains three potential N-linked glycosylation sites 
(Asn117, Asn167, and Asn228), with one or more of these oligo-
saccharides sulfated during expression by cultured endothelial 
cells.1335 Two O-linked glycosylation sites have also been identi-
fied (Ser202 and Thr203). A significant proportion of TFPI molecules 
in the blood is truncated to variable extents at the COOH-terminal 
end (some lacking most of the third Kunitz domain) and has 
compromised inhibitory activity.1336 In contrast, TFPI released by 
heparin infusion is full length and more active than the truncated 
forms.1332 The inhibitory activity of TFPI is enhanced by heparin.
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The normal plasma concentration of TFPI is 0.1 mg/ml. TFPIa 
is found either associated with lipoproteins, such as low- and high-
density lipoproteins or lipoprotein(a), complexed noncovalently 
to endothelial cell heparan sulfate proteoglycans1337; or associ-
ated with endothelial cell surfaces via a glycosyl- phosphatidyl-
inositol (GPI) anchor.1315,1316 On heparin administration, TFPI is 
released from endothelial cells, primarily microvascular, causing 
a two- to 10-fold increase in circulating TFPI levels.1332,1338,1339 
TFPI release on heparin therapy is responsible for the observed 
elevation in PT and raises the possibility that a portion of the 
antithrombotic effect of the polysaccharide may be mediated by 
TFPI. GPI-anchored TFPIa is not released by heparin therapy 
and represents the largest in vivo pool of TFPI. A minor pool 
of TFPI (∼10% of total TFPI in blood) is located within platelets 
and is released after dual stimulation by collagen and throm-
bin.1020 TFPIb has Kunitz 1 and Kunitz 2 domains and a unique 
C-terminal region that contains a GPI-anchor sequence.1316

The qualitative and quantitative properties of TFPI can be 
altered both by the genotype of an individual and by environmental 
factors. This is illustrated by in vitro experiments in which factor 
VLeiden is combined with reduced levels of TFPI. Factor VLeiden, 
when combined with TFPI levels that are at the low end (50%) of the 
normal range, can produce an unregulated propagation phase of 
thrombin generation in a synthetic plasma system.1340 In a control 
with normal factor V, the propagation phase of thrombin generation 
is attenuated substantially at the tissue factor concentrations used 
in this experiment (i.e., it is near threshold). With factor VLeiden and 
low normal TFPI, the propagation phase of thrombin generation is 
equivalent to a situation in which the protein C regulatory system 
is totally dysfunctional. This observation suggests the risk of throm-
botic pathology. An in vivo parallel to this in vitro experiment has 
been reported by Eitzman et al.,1341 who showed that factor VLeiden 
(+/+) mice with reduced levels of TFPI (+/–) died of thrombosis.

Function
TFPI is the principal stoichiometric inhibitor of the extrinsic 
pathway (factor VIIa-tissue factor) of coagulation (Fig. 18.6). The 
extrinsic pathway generates low levels of the serine proteases, 
factor IXa (∼1 pmol/L), and factor Xa (∼10 pmol/L).567 As soon 
as the proteases are formed, factor Xa can activate prothrombin 
to generate thrombin, and factor IXa can combine with its cofac-
tor factor VIIIa and form the intrinsic tenase complex to generate 
more factor Xa. This is followed by the formation of the prothrom-
binase complex (factor Xa–factor Va), which converts prothrombin 
to thrombin. The TFPI mechanism allows the factor VIIa–tissue 
factor complex to initiate factor Xa formation but then suppresses 
high levels of factor Xa product formation by this complex. TFPI is 
the principal regulator of the initiation phase of thrombin genera-
tion567 (Fig. 18.11).

The actual mechanism involves a rapid interaction between 
the second Kunitz domain of TFPI with the factor Xa active site; 
localization of the complex to the membrane surface is mediated 
by the Gla domain of factor Xa.628,1342,1343 Once surface bound, 
the factor Xa-TFPI complex rapidly inactivates tissue factor-factor 
VIIa. This complex formation depends on the binding of the 
first Kunitz domain of TFPI to the factor VIIa active site. These 
interactions together form a stable quaternary complex, tissue 
factor-factor VIIa-TFPI-factor Xa. Ethylenediaminetetraacetic acid 
(EDTA) can readily dissociate this inhibited quaternary complex. 
Protein S enhances TFPIa inhibition of factor Xa1173; although 
whether this affects TFPIa suppression of the factor VIIa–tissue 
factor complex is controversial.1344

Inhibition of factor VIIa–tissue factor by TFPI is not completely 
dependent on the presence of factor Xa because the factor IXa-
TFPI complex can also bind to and inhibit factor VIIa-tissue factor. 
However, the binding affinity of TFPI for factor IXa is significantly 
less than for factor Xa. The physiologic relevance of this route of 

inhibition is thus debatable because high plasma concentrations 
of TFPI are required. At normal plasma concentrations, this mul-
ticomponent interaction of TFPI allows basal function of the fac-
tor VIIa-tissue factor complex but inhibits it after more extensive 
activation occurs.

When combined with the stoichiometric inhibitor antithrom-
bin, a synergistic regulatory effect of blood coagulation occurs 
by inducing kinetic “thresholds” such that the initiating tissue 
factor stimulus must achieve a significant magnitude to propel 
thrombin generation.1345 Tissue factor concentrations below 
the threshold concentration are ineffective in promoting robust 
thrombin generation because of the cooperative influence of the 
inhibitors; concentrations in excess of the threshold yield robust 
and almost equivalent thrombin generation. In a similar fashion, 
TFPI and the dynamic protein C-thrombomodulin-thrombin sys-
tem cooperate to provide a threshold-limited, synergistic inhibi-
tion of thrombin production.1346 In this instance, TFPI slows the 
initiation phase, whereas the APC system reduces the availability 
of the cofactors factors Va and VIIIa, thereby shutting down the 
propagation phase of thrombin generation (Fig. 18.11).

Regulation
TFPI administered intravenously to rats and mice is cleared rap-
idly from the circulation by liver hepatocytes, which recognize 
its COOH-terminal region (third Kunitz domain and basic COOH-
terminus).1347–1349 TFPI is cleared by the promiscuous endocytic 
receptor, low-density LRP. Several lines of evidence suggest that 
TFPI binding to heparin-like sites on the cell surface may precede 
its catabolism by LRP. In addition, TFPI appears to be important 
for factor Xa catabolism. TFPI-factor Xa complexes are cleared by 
a liver receptor that is distinct from LRP.

antiCoagulant ProtEins: sErinE 
ProtEasE inhiBitor suPErFaMily 
(sErPin)
Inhibitory serpins are irreversible covalent suicide protease 
inhibitors. These inhibitors target serine proteases, a family of 
proteolytic enzymes sharing common active site architectures and 
common catalytic mechanisms. Key features of these enzymes 
include a nucleophilic serine hydroxyl moiety that attacks the 
carbonyl group of the targeted bond and the formation of a tran-
sient acyl-enzyme intermediate between the enzyme and the NH2-
terminal part of the substrate polypeptide. In vivo, when a serpin 
successfully reacts with a protease, catalysis of serpin proteolysis 
is arrested at the acyl-enzyme stage, and the serpin-enzyme 
complex is cleared from the circulation by specific receptor-
mediated processes. Members of this multigene inhibitor family 
include antithrombin, heparin cofactor II, a1-proteinase inhibitor 
(also known as a1-antitrypsin), C1 esterase inhibitor, protein C 
inhibitor, PAI-1, a2-antiplasmin, protein Z–dependent protease 
inhibitor, and protease nexin-1. Plasminogen activator-1 and 
a2-antiplasmin are discussed in detail in the section on Inhibitors 
of the Fibrinolytic System, and protein Z–dependent protease 
inhibitor is discussed briefly in the section on Protein Z. Serpins 
function in diverse physiologic processes including blood coagula-
tion, fibrinolysis, complement activation, angiogenesis, apoptosis, 
inflammation, neoplasia, and viral pathogenesis1350–1352 (Table 18.7). 
When a member of the serpin family is either deficient or dys-
functional, several biologic disorders are evidenced, including 
thrombosis,1353,1354 emphysema,1355 lupus erythematosus,1356 
liver disease,1357 and dementia.1358

In the past two decades, advances have been made to 
further understand the mechanism of action of ser-
pins.1053,1359–1367,1368,1369,1370 Serpins in uncleaved states  
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Serpin System(s) Regulated Target Protease(s) Deficiency State

Antithrombin

Coagulation Thrombin, FXa, FIXa, kallikreina, FXIa, and FVIIab Thrombosis

Heparin cofactor II Coagulation Thrombin Thrombosis in some individuals

Protein C inhibitor Coagulation APC, kallikrein None reported

a1-Proteinase inhibitor Inflammation Elastase Pulmonary emphysema

Tissue remodeling Cathepsin G —

Coagulation APC, FXIa, and FXa —

Plasminogen activator inhibitor-1 Fibrinolysis Tissue-type plasminogen activator, urokinase-type  
plasminogen activator

Bleeding

a2-Antiplasmin Fibrinolysis Plasmin Bleeding

C1 esterase inhibitor Complement C1r, C1s Angioedema

Contact factors FXIIa, kallikrein —

Coagulation FXIa —

Protease nexin-1 Coagulation Thrombin None reported

APC, activated protein C; F, factor.
aReaction also requires the presence of high-molecular-weight kininogen.
bAntithrombin–heparin inhibits factor VIIa only when bound to tissue factor.

SerPiN iNHiBiTorS

taBLe 18.7

(native or latent) and cleaved states have been crystal-
lized.1367,1371,1372 Achievement of the first crystal structure for a ser-
pin-protease complex (a1-antitrypsin-trypsin)1373 has confirmed the 
physical displacement of the tethered protease: The conformation of 
a1-antitrypsin in the complex is superimposable with that of the iso-
lated cleaved a1-antitrypsin. The crystal structure also revealed that 
the translocated, tethered protease has undergone an overall 37% 
loss of structure with its catalytic site radically disrupted.

Inhibitory serpins share a similar backbone structure but 
expose a variable reactive site loop. This loop binds to the cata-
lytic groove of the target proteases. Serpin specificity derives in 
part from the sequence of the reactive site loop and also from 
secondary binding sites.1374,1375 Initially, the reaction of a serpin 
and serine protease involves formation of a noncovalent Michaelis 
complex between the exposed reactive site loop and the protease 
active site. Exosite interactions between the two molecules, or 
in some cases, exosite binding of a cofactor, induce structural 
changes that increase the availability of the reactive site loop. 
Reversible complex formation is followed by reaction of the active 
site serine residue of the protease with the serpin “bait” peptide 
bond to form an acyl-enzyme intermediate. Trapping of this 
covalent complex between the reactive site loop and the protease 
appears to involve a process that both physically translocates 
the reactive loop-protease complex approximately 71 Å from the 
initial docking site and induces a general disordering of the pro-
tease’s conformation with consequent loss of any further catalytic 
activity.1373 The energy for translocation and structural alteration 
of the protease derives from the insertion of the proteolytically 
released reactive site loop of the serpin into b sheet A of its central 
core. A kinetic partitioning of serpin-protease reactions between 
stable inhibited complexes and mixtures of regenerated enzyme 
and proteolyzed serpin reflects the relative rates of reactive site 
loop insertion versus deacylation.1376 A number of recent reviews 
have been written on the known serpin conformations and their 
biologic significance.1350,1377–1384

antithrombin
Antithrombin is a member of the serpin proteinase inhibitory 
 family and circulates in blood as a single-chain glycoprotein296 

(Table 18.4). Its t1/2 is approximately 61 to 72 hours.1385,1386 
Other names for antithrombin include antithrombin–heparin 
cofactor and heparin cofactor. Despite its name, antithrombin 
inhibits not only thrombin, but also many of the other enzymes in 
the coagulation pathway.

Congenital antithrombin deficiency exhibits an autosomal 
dominant pattern of inheritance, with an incidence of 1:2,000 
to 1:5,000.1387 The complete absence of antithrombin is lethal. 
Individuals with this deficiency have partial expression of anti-
thrombin and are prone to thromboembolic disease.1388 Inherited 
deficiency is categorized by either quantitative defect with a 
reduction in antigen and activity (type I) or qualitative with 
reduced antithrombin functional activity and normal antigen 
levels (type II).1389 These defects are caused by a variety of 
mutations that include insertions, deletions, and missense muta-
tions.1390,1391,1392 Function can be compromised by mutations 
in the thrombin-binding domain or the heparin-binding domain. 
Unstable variants of antithrombin have been identified in families 
with severe episodic thrombotic disease. Acquired antithrombin 
deficiency occurs in patients with sepsis or severe traumatic 
shock.1393,1394 Therefore, studies are being conducted on the use 
of antithrombin as an agent for treating coagulation abnormalities 
associated with sepsis or other inflammation disorders.1395,1396

Gene Structure and Expression
The gene encoding antithrombin is located on chromosome 
1 in the q23-q25 region1397 and spans 13.5 kb of genomic 
DNA1398 (Table 18.6). The gene is composed of seven exons and 
six introns.1398 The mechanisms underlying antithrombin gene 
expression are not well established. It is primarily expressed in the 
liver with low levels detected in the brain and kidney. Cis-acting 
elements and trans-acting factors have been identified that regu-
late constitutive expression of the human antithrombin gene.1399

Biochemistry
Human antithrombin is a single-chain glycoprotein (Mr = 58,000) 
that circulates in blood at a concentration of approximately 
140 mg/ml (2.4 mmol/L).296,1400 It circulates as two glycoforms, 
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a and b variants, that contain identical polypeptide backbones 
but differ in carbohydrate content and heparin affinity.1401 The 
antithrombin a variant is the predominant form (∼90%).1402 The 
structure of antithrombin a consists of 432 amino acid residues, 
with three disulfide bonds and four sialylated oligosaccharides at 
Asn96, Asn135, Asn155, and Asn192 (Fig. 18.12). The carbohydrate 
residues account for 15% of the total mass.1402,1403,1404,1405 The 
antithrombin b variant is not glycosylated at Asn135. Antithrombin 
b binds heparin more tightly than does antithrombin a and is 
observed to preferentially accumulate on the vessel wall when 
heparan sulfate proteoglycans are exposed.1406 The reactive site 
peptide bond is Arg393-Ser394.

The first x-ray crystal structure of antithrombin that was deter-
mined was a cleaved form that diffracted to 3.2 Å resolution.1407 
Significant differences between structures of antithrombin and 
another serpin, a1-antitrypsin, were identified in the NH2-
terminal region that defines the heparin-binding site. Since then, 
several x-ray crystal structures of intact antithrombin have been 
solved to 2.6 to 3.0 Å.1408–1410

Function
Antithrombin has a broad spectrum of inhibitory activity with 
most of its target proteases participating in the coagulation cas-
cade. It is primarily an inhibitor of the serine protease thrombin 
as well as factor Xa, factor IXa, factor VIIa-tissue factor, factor XIa, 
factor XIIa, and plasma kallikrein.1411–1413 Antithrombin plays a 
key role in maintaining hemostasis. Antithrombin also displays 
antiproliferative and antiinflammatory properties that primarily 
derive from its ability to inhibit thrombin. In addition, latent or 
cleaved forms of antithrombin have antiangiogenic activities.1414 
Heparins and heparan sulfates potentiate these reactions and are 
used in the treatment of thrombosis.1415 When antithrombin is 
complexed with heparin, its rate of inhibition of several coagula-
tion proteases is accelerated by up to 10,000-fold.

In general, binding of heparins to antithrombin improves its 
reactivities with proteases in two ways: (1) By inducing confor-
mational changes in antithrombin, including better presentation 
both of the reactive center loop and of exosites on antithrombin 
that interact with target enzymes; and (2) by enabling a template 
effect, whereby binding of enzyme and antithrombin to the same 
heparin molecule improves the likelihood of the interaction.

The mechanism of inhibition involves reaction of the active 
site of the enzyme with a peptide loop structure (reactive center 
loop, Fig. 18.12) of the serpin to form a tight, equimolar (1:1) 
complex. Inactivation is suspected to proceed through covalent 
bond formation between antithrombin and the protease, followed 
by inactivating structural rearrangements of both antithrombin 
and the protease. However, the exact mechanism of inhibition 
of serine proteases by antithrombin is uncertain. In the case of 
factor Xa inhibition, crystallographic data indicate that heparin-
induced conformational change in antithrombin permits contacts 
between antithrombin and the active site and two exosites of 
factor Xa.1416

heparin Cofactor II (Leuserpin 2)
Heparin cofactor II, also called leuserpin 2, is a member of the 
serpin family.1417 Like antithrombin, heparin cofactor II inhibits 
thrombin in a reaction that is accelerated more than 1,000-fold 
by heparin.1418 However, heparin cofactor II is unique in that it is 
also stimulated by the proteoglycan dermatan sulfate. The plasma 
concentration of heparin cofactor II is 0.5 to 1.4 mmol/L1419,1420 
(Table 18.4). Its plasma t1/2 is approximately 2.5 days. The 
physiologic role of heparin cofactor II is uncertain at the present 
time. Low levels of thrombin–heparin cofactor II complexes are 
detected in normal plasma samples; elevated levels were detected 
in patients with DIC.1421 Although inherited deficiency of heparin 

cofactor II has been associated with thrombosis, this is not always 
the case.1422–1424 The incidence of heparin cofactor II deficiency 
in patients with thromboembolytic disorders appears to be similar 
to that in the normal population.1425

Gene Structure and Expression
The gene encoding human heparin cofactor II, consisting of 
five exons and four introns, spans approximately 14 kb on 
chromosome 22 in the q11 region proximal to the breakpoint 
cluster region.1426,1427 The human heparin cofactor II gene is 
expressed exclusively in the liver and by a hepatoma-derived cell 
line.1428,1429

Biochemistry
Human heparin cofactor II (Mr = 66,000) circulates as a single-
chain protein of 480 amino acid residues that contains 10% car-
bohydrate.1419,1427,1428 It is glycosylated at Asn30, Asn169, and 
Asn368 and is sulfated at Tyr60 and Tyr73. It has three cysteines 
with no identified disulfide bonds. A cationic region of the molecule 
encompassing residues 163 to 194 constitutes the GAG binding 
site; dermatan sulfate and heparin bind to heparin cofactor II at 
nonidentical but overlapping sites in this region.1430,1431 Residues 
Lys173, Arg184, Lys185, Arg189, Arg192, and Arg193 have been spe-
cifically implicated in heparin binding.1432 The NH2-terminal 
region of heparin cofactor II contains a cluster of acidic residues 
that are thought to interact with the positively charged GAG bind-
ing site.1433,1434 This “acidic” tail of heparin cofactor II contains 
two so-called hirudin domains—Glu56AspAspAspTyrLeuAsp62 
and Glu69AspAspAspTyrIleAsp75; in each, the Tyr residue is sul-
fated. It has been proposed that the NH2-terminal “acidic” tail is 
constrained in the native structure through association with the 
highly cationic heparin-binding region. In the presence of GAG, 
the acidic region is displaced from the heparin-binding site, thus 
making it available for binding to the anion-binding exosite I of 
thrombin.1435 However, crystallographic studies of heparin cofac-
tor II indicate that the acidic tail of heparin cofactor II is flexible 
in the crystal and not associated with the heparin-binding site.1367 
Other functionally important regions of heparin cofactor II include 
a chemotactic peptide harbored between residues Asp49 and Tyr60 
that is released by leukocyte proteases.1436 Residues Phe456 to 
Ile460 constitute a pentapeptide recognition motif for the hepatic 
serpin-enzyme complex receptor that may be involved in clear-
ance of heparin cofactor II-enzyme complexes.1437

The domain of heparin cofactor II with homology to other 
serpins is at the COOH-terminus of the protein. It exhibits 
approximately 30% homology to antithrombin and other serpins. 
The reactive site peptide bond is Leu444-Ser445.1438 This reactive 
center loop sequence is consistent for an inhibitor with specificity 
for proteases with a preference for nonpolar residues with rela-
tively bulky side chains in the P1 position. Two such proteases, 
chymotrypsin and cathepsin G, do react with heparin cofactor II. 
Thrombin reactivity with heparin cofactor II is unusual because 
thrombin generally prefers substrates with arginine in the P1 
position. Exosite binding interactions, such as that between the 
hirudin-like sequences of heparin cofactor II and exosite I of 
thrombin, compensate for the less than ideal structure of the P1 
residue and allow thrombin to form a productive Michaelis com-
plex with heparin cofactor II.1367,1439

Function
The only coagulation enzyme inhibited by heparin cofactor II 
appears to be thrombin.1440 However, the rate of thrombin 
inhibition by heparin cofactor II in the absence or presence of 
GAGs is significantly slower than by antithrombin under similar 
conditions. Considering that the plasma concentration of heparin 
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cofactor II is 25% to 50% that of antithrombin and that low levels 
of heparin cofactor II are not strongly associated with thrombo-
sis,1441 the physiologic role of heparin cofactor II as a systemic 
thrombin inhibitor has been questioned. In vitro, heparin cofac-
tor II inhibition of thrombin is stimulated by dermatan sulfate 
proteoglycans synthesized by fibroblasts and vascular smooth 
muscle cells.1442 Thus, heparin cofactor II may be uniquely suited 
to regulate extravascular thrombin in areas of vascular endothe-
lium disruption, in which heparin cofactor II would be exclusively 
stimulated by dermatan sulfate in the subendothelial layers.1443 
In addition, heparin cofactor II may participate in regulation of 
acute inflammation and wound healing by harboring a peptide 
chemotactic for neutrophils and monocytes that is released by 
leukocyte proteolysis.1436

Heparin cofactor II may also have a role in protection from 
thrombosis during pregnancy. Increased levels of dermatan 
sulfate in the maternal and fetal circulation1444 along with 
increased levels of heparin cofactor II in pregnant women have 
been reported.1445,1446 Heparin cofactor II has also been reported 
to potentiate the activation of endothelial cells and promote 
 angiogenesis.1447

a1-proteinase Inhibitor (a1-antitrypsin)
a1-Proteinase inhibitor is the most abundant circulating inhibi-
tor of the serpin family. It is a single-chain glycoprotein that 
circulates in blood at a concentration of 1.5 to 3.5 mg/ml with 
a relative molecular weight of 53,0001272,1448 (Table 18.4). It is 
synthesized predominantly in the liver and has a t1/2 of 6 days.1449 
a1-Proteinase inhibitor is considered an acute-phase reactant.1450

Deficiency in a1-proteinase inhibitor is a common autosomal 
recessive disorder (1:1,600 to 1:1,800) that can potentially be 
lethal.1451,1452 It is found associated with emphysema,1355 liver 
cirrhosis,1357 and hepatocellular carcinoma.1357 Treatment for 
a1-proteinase inhibitor deficiency relies on infusions of human 
plasma-derived a1-proteinase inhibitor.1453 Progress is under 
way to develop a therapy based on gene repair1454–1456 or strate-
gies to block aberrant conformational transitions.1452,1453,1457

Gene Structure and Expression
The gene for a1-proteinase inhibitor is located on chromosome 
14 band q32.1, is approximately 5 kb long,1458 and contains 
seven exons and six introns1458–1461 (Table 18.6). Uniquely, 
a1-antichymotrypsin, corticosteroid-binding globulin, kallistatin, 
and protein C inhibitor also map to the same region on chromo-
some 14.1460,1462,1463 These genes are actively transcribed in 
the liver and cultured hepatoma cells. However, a few other cell 
types (macrophages and intestinal epithelial cells) express some 
of these serpin genes.1464 Hepatocyte nuclear factor-1a and hepa-
tocyte nuclear factor-4 play important roles in expression of the 
a1-proteinase inhibitor gene in hepatic, intestinal, and pulmonary 
epithelial cells.1465

Biochemistry
a1-Proteinase inhibitor is the most studied of the serpins, with 
high-resolution crystal structures achieved for the inhibitor by itself 
and in complex with a target protease.1373 The 452-amino acid 
sequence for human a1-proteinase inhibitor shows two disulfide 
bridges and four glucosamine-based carbohydrate chains.1466,1467 
The reactive site bond that is targeted by serine proteinases is 
between Met358 and Ser359.1468 Studies using 13C nuclear mag-
netic resonance spectroscopy of the complex between human 
13Cmethionine-labeled a1-proteinase inhibitor and porcine pan-
creatic elastase have shown that a tetrahedral intermediate com-
plex is formed during the serpin-proteinase interactions.1469 The 
three-dimensional x-ray crystal structure of cleaved a1-proteinase 

inhibitor identified that for activity, a1-proteinase inhibitor requires 
the insertion of a single residue, Thr345, into b sheet A.1470 This 
was supported by the x-ray crystal structures of a1-proteinase 
inhibitor complexed with synthetic peptides that correspond to 
the unprimed NH2-terminal side of the active site loop.1471 The 
five-stranded b sheet A of a1-proteinase inhibitor undergoes con-
formational changes that facilitate and stabilize the insertion into 
sheet A of the reactive center loop after cleavage by its target serine 
proteases. The solution structure of a1-proteinase inhibitor has also 
been characterized by high-flux neutron scattering and by synchro-
tron x-ray scattering.1472

Function
a1-Proteinase inhibitor can inhibit a wide range of serine pro-
teases. Its primary physiologic target is the inhibition of neutro-
phil elastase to protect the elastin fibers of the lung. The role of 
a1-proteinase inhibitor in blood coagulation is minimal. It has 
been shown to inhibit factor XIa in vivo1473,1474 to be an impor-
tant inhibitor of factor Xa in purified and plasma systems.630 APC 
complexes with a1-proteinase inhibitor have also been detected 
by enzyme-linked immunosorbent assay in patients with DIC.1475 
Inhibition by a1-proteinase inhibitor is heparin independent.

C1 esterase Inhibitor
C1 esterase inhibitor is a member of the serpin proteinase inhibi-
tor family that is present at 170 mg/ml in blood1476 (Table 18.4). 
It is predominantly synthesized in the liver. When complexed with 
a protease (e.g., factor XIa), it has a t1/2 of 95 to 104 minutes.1474 
Targets for C1 esterase inhibitor are found in the complement 
cascade and the coagulation cascade.

Deficiency in C1 esterase inhibitor can result in hereditary 
angioedema1477 and has been identified in a patient with lupus 
erythematosus.1356 Cases of acquired C1 esterase inhibitor 
deficiency have been reported associated with splenic lym-
phoma.1478,1479 C1 esterase inhibitor-deficient mice show no 
obvious phenotypic abnormality,1480 although, in conjunction 
with a bradykinin type 2 receptor knockout, diminished vascular 
permeability was observed.1480 The C1 esterase inhibitor is used 
in the treatment of hereditary angioedema1481,1482 and sepsis.1483 
Its potential use in reducing ischemia reperfusion injury is being 
investigated.1484

Gene Structure and Expression
The primary structure of human C1 esterase inhibitor was initially 
determined by peptide and DNA sequencing.1485 The only pro-
teolytic processing that occurs is that a 22-residue signal peptide 
required for secretion is cleaved. The C1 esterase inhibitor gene 
is located on chromosome 11, bands p11.2-q131485 (Table 18.6). 
The C1 esterase inhibitor gene consists of eight exons and seven 
introns and is approximately 17 kb in length.1486 In vivo, andro-
gens enhance expression of C1 esterase inhibitor. In vitro studies 
show that C1 esterase inhibitor mRNA and protein levels increase 
after stimulation with g- and a-interferon, TNF-a, IL-6, and mono-
cyte colony-stimulating factor.1486

The molecular defects found associated with C1 esterase inhib-
itor deficiency include Alu repeat-mediated deletions, missense 
mutations, frame-shifts, stop codon mutations, promoter variants, 
splice site mutations, or deletions of a few amino acids.1487,1488 
The clinical manifestation of this deficiency is predominantly 
angioedema.

Biochemistry
C1 esterase inhibitor is a single-chain glycoprotein containing 478 
amino acid residues that circulates with an apparent molecular 
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mass of 104,000 when analyzed by SDS-PAGE. The amino acids 
account for only 51% of the apparent molecular mass of the cir-
culating protein, with 35% of the remaining mass accounted for 
by carbohydrate moieties.1476 Neutron scattering, x-ray crystal 
structure determinations, 1H nuclear magnetic resonance spec-
troscopy, and Fourier transform infrared spectroscopy have been 
used to study the structure of C1 esterase inhibitor, revealing a 
two-domain structure.1489–1491 The NH2-terminus, containing 113 
amino acids, is heavily glycosylated with three N-linked and seven 
O-linked oligosaccharides. The COOH-terminus contains 365 
amino acids with three N-linked oligosaccharides. When C1 ester-
ase reacts with target proteases, the serpin undergoes changes 
in its whole secondary structure—not only the reactive site loop.

Function
C1 esterase inhibitor is a member of the serpin inhibitor family. 
It plays an important role in the regulation of the classic comple-
ment pathway, specifically as the sole regulator of the activities 
of C1r and C1s.1492 C1 esterase inhibitor’s role in coagulation is 
mainly targeted to the contact activation pathway through the 
regulation of kallikrein,179,1493 factor XII,134 factor XIIa,136, and 
factor XIa.286,293,1426,1427,1494 Unlike other serpin inhibitors, such 
as antithrombin, protein C inhibitor, or PAI-1, the activity of C1 
esterase inhibitor is not affected by heparin.1495

protein C Inhibitor (plasminogen activator 
Inhibitor-3)
Protein C inhibitor is a member of the serine proteinase inhibitor 
family. It is also known as PAI-3. Protein C inhibitor is considered 
nonspecific in that its targets range from procoagulant, anticoagu-
lant, and fibrinolytic enzymes to plasma and tissue kallikreins, the 
sperm protease acrosin, and prostate-specific antigen.1496,1497 It 
circulates in blood at a concentration of 5 mg/ml1498,1499 (Table 18.4), 
and is cleared from the circulation with a t1/2 of 1 day. When in 
complex with a target (e.g., APC), it is cleared from circulation 
with a t1/2 of 20 minutes.1500 Hereditary or acquired protein 
C inhibitor deficiency has not been documented to date.1501 A 
case control study of thrombophilia showed that high levels of 
protein C inhibitor might constitute a mild risk factor for venous 
thrombosis. Protein C inhibitor-deficient mice (–/–) show impaired 
spermatogenesis and male infertility.1502

Gene Structure and Expression
The gene for protein C inhibitor has been mapped to chromosome 
14 band q32.1 (Table 18.6). It is 11.5 kb in length and consists 
of five exons separated by four introns.1503,1504 The organization 
and location of this gene are similar to those of the genes for 
a1-antitrypsin and a1-antichymotrypsin, suggesting a common 
ancestor for these genes.1503,1505,1506 Human protein C inhibitor 
is mainly synthesized in the liver,1499 but has also been identified 
in platelets and megakaryocytes,1507,1508 the kidney,1509 and the 
testes, seminal vesicle, and prostate.1509

Biochemistry
Human protein C inhibitor in blood has a relative molecular weight 
of 57,000.1498,1505 The mature protein contains 387 amino acids; 
a 19-amino acid signal peptide is present before secretion. Five 
potential N-linked glycosylation sites were found in the mature 
protein,1505 and their roles in protein C inhibitor activity have been 
studied by mutational analysis.1510 The reactive site bond is located 
at Arg354-Ser355, and a stable 1:1 molar complex is formed between 
protein C inhibitor and its target proteinases. Protein C inhibitor 
binds heparin, and its activity is accelerated when in complex with 
heparin1511; unlike other related  heparin-binding serpins such as 

antithrombin, heparin cofactor II, and protease nexin, the primary 
heparin-binding site of protein C inhibitor is in the H helix, not the 
D helix.1512 A recent crystal structure of this inhibitor provides a 
structural basis for understanding its multiple functions.1513

Function
Protein C inhibitor is a nonspecific inhibitor of serine proteinases 
and inhibits APC, thrombin, thrombin-thrombomodulin, factor 
Xa, u-PA,1514–1516 and t-PA.1517,1518 The major target of protein C 
inhibitor, as its name suggests, is APC,1500,1519,1520 although from a 
kinetic point of view, the reaction with thrombin- thrombomodulin 
is the most favorable.1518 This is the physiologically most impor-
tant inhibitor of APC. Protein C inhibitor has been shown to regu-
late TAFI activation by inhibiting the thrombin-thrombomodulin 
complex.1514 Its importance as a dual regulator of coagulation and 
fibrinolysis remains unresolved.1521 The importance of the regu-
lation of APC by protein C inhibitor is evident by the use of this 
complex as a marker for detection of deep vein thrombosis.1522 
Other targets for protein C inhibitor include human kallikrein,183 
factor XIa,183 factor Xa, and thrombin. Because there are no docu-
mented patients with a deficiency to date, the actual function of 
protein C inhibitor in vivo is yet to be elucidated.

ProtEins oF Clot ForMation
Early efforts to understand how blood clots form were directed at 
dissecting the vertebrate coagulation system and determining its 
components. This work revealed the central event in blood coagula-
tion to be the conversion of soluble fibrinogen (factor I) to insoluble 
fibrin. Basically, this is accomplished when the coagulation enzyme 
thrombin (factor IIa) removes small polar peptides (termed fibri-
nopeptides) from each fibrinogen molecule, forming fibrin. These 
fibrin molecules noncovalently interact with each other, forming a 
fibrin web. Fibrin stabilization is accomplished by the action of a 
second coagulation enzyme (factor XIIIa) that introduces numerous 
covalent cross-links between these fibrin molecules. The resulting 
fibrin web is able to capture platelets and red blood cells, effectively 
sealing the wound and stemming plasma loss.

Factor XIII (Fibrin Stabilizing Factor)
The first apparent suggestion of cross-linked fibrin by factor 
XIII came in 1923 from Barkan and Gaspar, who reported that 
fibrinogen preparations, when clotted in the presence of Ca2+, 
generated clots that were insoluble in weak bases.1523,1524 Later, 
in the 1940s, work by Robbins,1525 Laki and Lorand,1526 and 
Lorand1527 confirmed the presence of a serum factor that caused 
the transition to an insoluble clot and termed it fibrin stabilizing 
factor. It was not until 1963 that the International Committee on 
Blood Clotting Factors acknowledged fibrin stabilizing factor as a 
clotting factor and termed it factor XIII.1528 Recommended terms 
and abbreviations for factor XIII have been established.1524

Factor XIII functions as a transglutaminase that can form 
cross-linked amide bonds between specific glutamine and lysine 
residues on polypeptide chains. It plays an important role in 
hemostasis and thrombosis as well as participating in physiologic 
processes of cell proliferation and cell migration. Factor XIIIa has 
multiple substrates including fibrin(ogen), fibronectin, a2-plasmin 
inhibitor, collagen, vitronectin, vWF, actin, myosin, factor V, 
and thrombospondin.1529–1537 Recent reviews discuss the role of 
factor XIII in blood clotting,1538 angiogenesis,1539 cellular func-
tion,1540 inflammation,1541 and cardiac and vascular diseases.1542

Gene Structure and Expression
Plasma factor XIII circulates as a heterotetramer composed of two 
A-chains and two B-chains. The genes are located on different 
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chromosomes. The gene for the factor XIII A subunit is located on 
chromosome 6, bands p24–25,1543,1544 and spans approximately 
160 kb1545 (Table 18.2). The gene has 15 exons specifying a mature 
protein of 730 amino acids. The circulating product of the B subunit 
gene is a protein of 641 amino acids. The gene is located on chro-
mosome 1, bands q31–32.1,1546 spans approximately 28 kb, and 
has 12 exons1547 (Table 18.2). Ten short homologous units, termed 
sushi or glycoprotein-1 domains, are coded for by exons 2 to 11 in 
the B subunit gene.1548,1549 Proteins associated with regulation of 
the complement system also contain sushi domains.1550,1551

Factor XIII deficiency is autosomal recessive and is a rare 
bleeding disorder. It has a frequency in the general popula-
tion of 1 in 2 million.1552,1553 The phenotype displays varying 
degrees of bleeding and is typically associated with the absence 
of cross-linking of fibrin monomers and impaired cross-linking of 
a2-antiplasmin inhibitor to fibrin.1554 Mutations have been identi-
fied in both the A and B subunits,1555 with the latter being the 
least common. Reviews by Loewy et al.1554 and Ariens et al.1556 
describe the deficiency mutations and polymorphisms for both 
gene products that have been identified to date.

Five common polymorphisms in the A subunit have been 
identified. Three of these (Val34Leu, Pro564Leu, and Glu651Gln) 
have allele frequencies > 0.2. Adverse effects have not been 
associated with the Glu651Gln variation; however, young women 
with the Leu564/Leu564 genotype may be at increased risk of 
hemorrhagic stroke.1557 The (Val34→Leu) polymorphism in the 
A subunit is found in approximately 25% of the population.1558 
This Val to Leu replacement takes place three amino acids away 
from the thrombin cleavage site at Arg37-Gly38.1558 Due to its close 
proximity to the thrombin cleavage site, it has been postulated 
that this mutation might modulate factor XIII activation. Studies 
suggest that this polymorphism is a determining factor in arterial 
and venous thrombosis.1559–1564 This polymorphism has been 
suggested to be associated with a protective effect against myocar-
dial infarction.1559,1565 The Leu encoding allele occurs at a lower 
frequency in patients exhibiting myocardial infarction, deep vein 
thrombosis, and cerebral infarction. Studies also showed that the 
Leu34 mutation accelerates factor XIII activation by thrombin and 
affects fibrin cross-linking.1566–1569 This acceleration has been 
proposed to account for the wide reference range reported for 
factor XIII activity. A study by Undas et al.1570 demonstrated in 
a bleeding time blood model that aspirin has a more pronounced 
effect on factor XIII activation when individuals are carriers of the 
Leu34 allele. The mechanism underlying the lower risk for myo-
cardial infarction observed in the Leu34 carriers, despite faster 
factor XIII activation, is still unclear.

Biochemistry
There are two pools of factor XIII—a plasma pool and an intra-
cellular platelet pool. Plasma factor XIII circulates as a 320-kDa 
A2B2 heterotetramer composed of two identical A-chains (Mr = 
83.2 kDa) and two B-chains (Mr = 79.7 kDa)1571 (Table 18.1). The 
A- and B-chains associate noncovalently with an apparent binding 
constant of 0.4 mmol/L.1572 Plasma concentration of factor XIII is 
approximately 30 mg/ml (94 nmol/L),1573 with a reference interval 
in the population of 66% to 134%.1574 The A subunit contains 730 
residues, is not glycosylated, and contains three important func-
tional sites: the catalytic site (Cys314-His373-Asp396), a calcium-
binding site, and the activation peptide.1575,1576 The A subunit is 
arranged into five distinct structural domains: The activation pep-
tide (residues 1 to 37); the b sandwich (residues 38 to 184); the 
catalytic core (residues 185 to 515); barrel 1 (residues 516 to 628); 
and barrel 2 (629 to 730). The activation peptide of one A subunit 
limits access to the active site cysteine of the other A subunit of the 
dimer. The B subunit contains 641 residues, is glycosylated, and 
contains 10 sushi domain repeats.1548 Each sushi domain repeat 
contains approximately 60 amino acids and is stabilized by two 

disulfide bonds. By electron microscopy, the B domain appears as 
strands that are thin, flexible, and kinked.1577 The B-chain has no 
enzymatic activity and has been thought to function as a carrier 
of the A subunit.967,1578,1579

Several x-ray crystal structures of the zymogen factor XIII 
A2 subunit have been solved up to 2.0 Å.968,1580 These studies 
revealed a catalytic triad of Cys314-His373-Asp396 similar in struc-
ture to that observed in cysteine proteases. Crystal structures 
of thrombin-activated factor XIII have been solved with1581 and 
without Ca2+.1582–1584

The bone marrow is the primary site of synthesis for the 
plasma factor XIII A-chain.1585–1587 Intracellular factor XIII is 
present in platelets, megakaryocytes, and monocytes as the 160-
kDa A2 homodimer.1588–1591 The intracellular A2 dimer, located 
in the cell cytosol, does not contain a leader sequence or carbo-
hydrate, and its amino terminus is acetylated. How the A2 dimer 
is transferred out of the cell and which cell type is the primary 
source of plasma A2 are not clearly understood.1592 Secretion 
may be accomplished by the same pathway used by other non-
classically secreted proteins in blood, including fibroblast growth 
factor1593 and the interleukins.1594 Approximately 50% of the 
total potential factor XIII A-chain activity in human blood is found 
in platelets.1588

During fibrin formation, platelet A2 can be expressed on 
the platelet surface and plays an important role in fibrin 
cross-linking. Plasma factor XIII A-chains can also bind to 
thrombin-activated platelets.1595,1596 This binding is enhanced 
by thrombin cleavage of the A-chains as well as the thrombin-
dependent activation of the platelet. The association of the fac-
tor XIIIa molecule with the activated platelet surface allows it 
to participate at the platelet-fibrin interface, thereby stabilizing 
hemostatic plugs. The factor XIIIa binding site on platelets can be 
degraded by plasmin.1595 The B subunit is solely synthesized in 
the hepatocyte1586,1597 and is secreted as a monomer.1597 After 
being secreted, the A and B subunits associate, becoming an 
A2B2 tetrameric molecule in the blood.

Activation
Activation of the zymogen by thrombin occurs in the NH2-
terminus of the A-chains at Arg37-Gly38 and releases a 36-amino 
acid activation peptide from each of the A-chains1598 (Fig. 18.13). 
Whether immediate dissociation of the activation peptide from the 
rest of the molecule is part of the activation process is not clear, 
because crystals of thrombin-activated FXIII showed no change 
in the location and conformation of the activation peptides.1581 
This was also seen in the ion-bound structures,1582–1584 in which 
the active site residues remained inaccessible to solvent and sub-
strate. These combined results suggest that exposure of the cata-
lytic residues is likely to occur on substrate binding.1554 Calcium is 
required for factor XIIIa to expose its active site cysteine.1599–1601 
Catalytic activity is expressed only after the A-chain dimer is 
dissociated from the B-chain through a Ca2+-dependent process 
after thrombin proteolysis.1578,1579 Fibrin and fibrinogen play 
important roles as cofactors in the dissociation of the B-chains 
from thrombin-cleaved factor XIII.1587,1593 The intracellular 
form of factor XIII only contains the A-chain; therefore, it does 
not require the dissociation of the B-chain, but it still requires a 
calcium-dependent thrombin proteolysis.

The process of factor XIII activation in whole blood has been 
correlated with fibrin formation,1013 while in hemophilia this 
coordination is disrupted.1602 This creates a carefully regulated 
system that has cross-linked polymers occurring as soon as fibrin 
is being formed. The rate of thrombin cleavage of plasma factor 
XIII has been shown to be greatly accelerated by the presence of 
fibrin polymers.1603,1604 This positive feedback network between 
thrombin, fibrin(ogen), and factor XIIIa ensures that a stable clot 
can form rapidly to maintain hemostasis.
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FIGURE 18.13. Activation of plasma factor XIII. The thrombin-catalyzed activation of 
plasma factor XIII (A2B2; 320,000 Da) occurs in two steps. In the first step, thrombin cleaves 
the (R37-G38) bond. This releases the activation peptides (residues 1 to 37) from the A-chains, 
producing the inactive intermediate a’2B2. Fibrinogen interactions promote this event. In the 
second Ca2+–dependent step, the B-chains dissociate from the a’2B2 intermediate, exposing 
the active site cysteine, Cys314, of the a’ subunits. These chains can re-associate in the presence 
of divalent cation chelators like ethylenediaminetetraacetic acid (EDTA). The enzyme a’2 is now 
capable of catalyzing the formation of isopeptide bonds between glutamine residues and lysine 
residues of adjoining polypeptide chains. In this model, the a’-chains are oriented in such a way 
as to promote cross-linking of fibrin polymers in an antiparallel configuration.

Function
Activated factor XIII is essential for normal hemostasis and per-
forms numerous functions in pathologic processes.1529,1554 Being 
a transglutaminase, activated factor XIII forms isopeptide bonds 
between the g-carboxylamide and -amino groups of glutamyl and 
lysyl residues, respectively. Factor XIIIa is the only enzyme in 
the blood coagulation cascade that uses a cysteine for catalysis. 
To date, no known endogenous inhibitor has been described to 
regulate this important enzyme. Substrates for factor XIII include 
fibrin(ogen), fibronectin, a2-plasmin inhibitor, collagen, vitronec-
tin, vWF, actin, myosin, factor V, and thrombospondin.1529–1537

Fibrin is the main physiologic substrate for factor XIIIa. The 
basic mechanism involves g-chain dimerization and a-chain 
polymerization by creating isopeptide cross-links. The structural 
specificity for this reaction remains poorly defined. It appears 
to reside within the primary amino acid sequence surrounding 
the surface-exposed glutamine residues.1605,1606 How clot stabi-
lization occurs in fibrin formation is covered in the section on 
Polymerization (Fibrin Formation).

Fibrinogen (Factor I) and Fibrin
This section focuses on the gene structure, structure/function 
relationships, and regulation of fibrinogen and its insoluble coun-
terpart fibrin. These topics, although extensively discussed within 
this section, have also been the subject of several comprehensive 
reviews,1607–1611 as well as a 2000 New York Academy of Sciences 
symposium.1612

Fibrinogen is composed of six polypeptide chains (two 
Aa-chains, two Bb-chains, and two g-chains); after posttransla-
tional modification, the mature protein circulates in the blood 
with an average molecular weight of 340,000 Da (Table 18.1). 
The polypeptide chains are distributed into two symmetric half-
molecules, each containing one Aa-, one Bb-, and one g-chain 
with the NH2- and COOH-termini oriented in the same direction. 
The half-molecules are linked by noncovalent and disulfide bonds 

at their amino termini, yielding a linear arrangement of three 
nodular structures. The outside two domains, formed by the car-
boxyl-terminal regions of the Bb- and g-chains of fibrinogen, are 
designated D, whereas the central domain that contains the amino 
termini of all the chains is designated E. Between 1.7 and 5.0 g 
of fibrinogen is synthesized per day by the liver,1613,1614 with 
approximately 75% of this fibrinogen secreted into the plasma 
and the remainder distributed between the lymph and interstitial 
fluids.1614 This translates into a mean plasma level of 2.5 mg/ml 
with a normal t1/2 of 3 to 5 days.1615,1616 Fibrinogen is considered 
to be an acute-phase reactant, and as such, it is upregulated two- 
to 10-fold in response to a variety of physiologic stresses including 
trauma, pregnancy, and tissue inflammation.1617

Fibrinogen has been found in the blood plasma of all ver-
tebrates, including the most primitive vertebrate, the lamprey. 
Early phylogenetic work on fibrinogen began with protein 
sequences obtained for various fibrinopeptides.1618,1619 It was 
immediately obvious that although these peptides were exception-
ally variable, certain features were conserved; without exception, 
they all contained an arginyl-glycine bond required for thrombin 
cleavage.1620 Determination of the protein sequences for all three 
chains revealed that they were homologous and were evolved 
from a common ancestor.1621 The b- and g-chains share the most 
identity (42%) in their COOH-terminal domains, although they 
share no homology with the C-terminal a-chain.1622–1625 In fact, 
the C-terminal a-chain varies greatly between species (molecular 
weight ranges from 60 to 120 kDa).

Sequence data, especially the detailed work determining 
intron/exon junctures, support the hypothesis that all three fibrin-
ogen genes evolved from a common ancestor through a series of 
duplications that began approximately 1 billion years ago.1626–

1630 At this point, the ancestral gene duplicated to form both the 
Aa-chain and a b/g-chain precursor gene. Then, sometime before 
the last time lampreys and mammals shared a common ancestor 
(450 million years ago), the b/g gene duplicated, forming today’s 
b- and g-chains. There is now a growing collection of proteins 
that share more than 30% sequence identity with both the b- and 
g-chains, including aEC domains,1631–1633 chicken cytotactin,1634 
mouse T-cell protein,1634 sea cucumber,1635 and scabrous gene 
product from the fruit fly.1636

Gene Structure and Expression
The fibrinogen locus is composed of three closely linked genes 
(specifying the polypeptides Aa, Bb, and g) found as single copies 
in a region of approximately 50 kb (bands q23 to q32) of chro-
mosome 41637–1642 (Table 18.2). Both the Aa- and g-chains are 
transcribed from the same DNA strand, whereas the Bb-chain 
is transcribed from the opposing strand.1626 The Aa gene con-
tains six exons, whereas the Bb has eight and the g-chain has 
10.1643–1645 The expression of all three genes appears to share 
a common regulatory mechanism, potentially via their 5′-flank-
ing regions.1646–1648 Therefore, expression for the three chains 
is coordinately controlled and, at least for the hepatocyte, 
results in almost equal levels of mRNA for each chain in the 
cell.1629,1641,1644,1649

A single transcription initiation event at the promoter of each 
chain produces multiple mRNAs due to alternative polyadenylation 
site selection in all three chains, as well as alternative splicing for 
both Aa- and g-chains.1631,1650–1652 In the case of the g-chain, 
normal processing results in a polypeptide chain ending at Valg411 
(human numbering); however, approximately 10% of the time 
during splicing, the last intron is retained as an exon, resulting 
in a new chain, g′, which ends at Leug427.1641,1653 Sometimes the 
a-chain also fails to remove the last intron, producing a translated 
protein product that is 27-kDa larger.1631–1633,1654 The resulting 
larger form of fibrinogen is called fibrinogen-420 (1% to 2% of 
circulating human molecules), and the a-chain extension is called 
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aEC.1655 Interestingly, this new domain shares as much sequence 
identity (∼40%) with the COOH-terminal domain of the b- and 
g-chains as the two share with each other.1654

Common polymorphisms of the fibrinogen genes are associ-
ated with plasma fibrinogen concentrations as well as susceptibil-
ity to, or severity of, atherothrombotic disease.1656 Epidemiologic 
studies have shown a strong association between two polymor-
phisms of the fibrinogen b-chain gene and fibrinogen plasma 
concentration.1657,1658 However, the majority of the studies did 
not find any relation with fibrinogen polymorphisms and cardio-
vascular disease.1657,1658 The effect of these polymorphisms and 
vascular disease still remains in question because environmental 
or intermediate conditions of the phenotype can influence the out-
come. This supports the notion of individualized susceptibility to 
disease, which is determined by the genotype and environmental 
risk factors.

afibrinogenemia
Inherited or congenital afibrinogenemia is an autosomal reces-
sive disorder characterized by a total lack of fibrinogen in the 
plasma. This disorder, originally described in 1920, now affects 
more than 150 families, putting the estimated prevalence in the 
general population at approximately 1 in 1 million.1641,1659,1660 It 
is usually detected at birth with uncontrollable bleeding from the 
umbilical cord. The phenotype varies from mild to severe with 
some patients experiencing spontaneous intracranial hemorrhage 
and splenic rupture throughout life, as well as bleeding after 
minor trauma.1661,1662 It has been suggested that the presence of 
functional vWF, which allows platelet thrombus formation in the 
absence of fibrin, may be responsible for the phenotypic varia-
tion observed.1663,1664 Most patients respond well to replacement 
therapy.1665 To date, 86% of all afibrinogenemia results from a 
truncation mutation in the fibrinogen Aa gene.1659

Investigation of the roles that both fibrinogen and fibrin play 
in vivo has been greatly enhanced by the creation of transgenic 
mice either lacking fibrinogen1666 or expressing a modified form 
of fibrinogen.1667 The fibrinogen-deficient mice (Fib Aa−/−) were 
often able to survive to sexual maturity even though they had 
no immunologically detectable levels of any chain (Aa, Bb, g) in 
 circulation.1666 As expected, plasma from these deficient mice 
was unable to clot in vitro even when combined with exogenous 
thrombin. In addition, the plasma did not support platelet aggre-
gation in vitro. This is consistent with the view that fibrino-
gen bridges platelets via activated receptors (e.g., aIIbb3).1668 
However, in vivo, these mice are able to form platelet thrombi and 
are often able to withstand spontaneous bleeding episodes.1664 
The resilience of the Fib Aa−/− mice is probably due to the fact 
that all factors required for thrombin generation and platelet acti-
vation are present and that platelets have alternative ligands for 
their activated receptors that are capable of supporting adhesion 
and thrombus formation.1660

Breeding experiments crossing fibrinogen-deficient mice with 
other mice deficient in a hemostatic factor are providing insights 
into the roles fibrinogen and fibrin play in vivo. For example, 
mice with combined deficiency in both fibrinogen and vWF were 
found to form stable thrombi, although platelet deposition was 
found to be delayed and unstable.1664 However, crossbreeding 
plasminogen-deficient mice (Plg−/−) with Aa−/− mice eliminated 
many of the spontaneous pathologies1669,1670 (conjunctivitis, 
pulmonary lesions, terminal vessel thrombosis, ulceration, or 
prolapse of the rectum and wasting) normally associated with 
the Plg−/− genotype, including death at 6 months. In addition, 
the delayed tissue repair observed in Plg−/− mice after arterial 
challenge,1671 corneal damage,1672,1673 or skin incision were all 
corrected by the removal of fibrinogen. These data, in combina-
tion with other data not discussed here, support the concept that 
the physiologic role for the plasminogen activation system is 
fibrin lysis.1674

hereditary Dysfibrinogenemias
Like many of the other coagulation disorders, classic dysfi-
brinogenemias were frequently recognized by the mother when 
her child bled abnormally. These disorders are associated with 
prolonged thrombin times usually caused by a point mutation 
in one of the chains, but clinically, the patient presents with 
normal plasma fibrinogen concentrations. Hypofibrinogenemias, 
on the other hand, are associated with low plasma fibrinogen 
concentrations (< 1.5 mg/ml) due to a mutation(s) that can affect 
transcription, mRNA processing, translation, chain processing, 
and assembly, excretion, or stability of the mature protein.1675 
Hypofibrinogenemias can be classified into four groups according 
to the effect of the mutation: (a) mutations that affect intracel-
lular processing, (b) retention in the endoplasmic reticulum, (c) 
intracellular assembly, and (d) Aa-chain truncations.1661,1662,1675

Dysfibrinogenemias can be divided into five groups based on 
their specific action: (a) mutations that impair or impede throm-
bin, (b) defects in the construction of protofibrils, (c) impaired 
lateral association of protofibrils, (d) defects in interactions with 
other substances, and (e) other unknown mechanisms.1675 Thus, 
most common mutations are those that impede conversion of 
fibrinogen to fibrin by thrombin, which catalyzes the hydrolysis 
of the bonds between Arga16-Glya17 and Argb14-Glyb15, releas-
ing FPA and FPB, respectively. The active site of thrombin is 
highly specific for an Arg in the P1 position as observed by 
the human variant replacement of Arga16 by His, which leads 
to delayed release of FPA1676 or Cys, resulting in no release of 
FPA.1677,1678 In the case of Argb14, only a Cys variant (fibrinogen 
Christchurch1679) has been observed.

The identification of these mutations, originally through pro-
tein chemistry methods and now using DNA technology, has 
provided unique insights into the structural/function relationships 
of fibrinogen and fibrin. These mutants were originally gathered 
and published in the Index of Variant Human Fibrinogen,1680 but 
with the advent of the Web, the material has been converted to a 
dynamic database (http://www.geht.org).1681 As of January 2012 
(Release 37), 617 molecular abnormalities were present in the 
database, with 356 found in the Aa-chain (99 were Arga16 muta-
tions), 82 in the Bb-chain, and 176 in the g-chain.

Biosynthesis
Pulse chase experiments in a human hepatic carcinoma line have 
shown that there is a large intercellular pool of both Aa- and 
g-chains, but it is the Bb-chain synthesis that limits assembly 
in the rough endoplasmic reticulum.1682,1683 However, in both 
chicken and rat hepatocytes, it seems to be the Aa-chain that 
limits fibrinogen assembly.1683,1684 Additionally, several extrahe-
patic sites of fibrinogen synthesis have been identified, including 
human cervical epithelial cells1685 and lung alveolar epithelial 
cells.1686 g-Chain–only synthesis has been observed in vivo in the 
brain, lung, and bone marrow.1687,1688 A physiologic role remains 
to be determined.

A number of posttranslational modifications (Table 18.8) must 
occur after synthesis but before secretion. These include removal 
of the signal peptides from all three chains during or after  passage 
across the membrane1689; a biantennary carbohydrate 
(Mr ∼ 2,500 Da) being added to Asng52 on the g-chain much 
earlier than the Asnb364 on the Bb-chain1687,1690–1693; and when 
synthesized, fibrinogen being fully phosphorylated (Sera3 and 
Ser3a46)—but in its circulating form, only 20% to 30% of these 
sites remain phosphorylated.1694 Additionally, the first residue on 
the Bb-chain is also posttranslationally modified to form pyroglu-
tamic acid, thus removing its free amino terminus.

Biochemistry and Activation
The fibrinogen molecule contains two copies of three separate 
polypeptide chains designated Aa, Bb, and g (Table 18.8). These 
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are arranged into two identical half-molecules in an elongated 
structure composed of three globules. In the central globule all 
six NH2-termini of the polypeptides reside, and thus it has been 
referred to as the N-disulfide knot.1618,1695 There are 11 disulfide 
bonds in this region, three of which link the two half-molecules. 
Experiments in which one or more of the 29 intra- and interchain 
disulfides were removed or small deletions made have shown 
that for dimer formation both disulfide bonds and the noncova-
lent interactions of the amino termini are important.1696–1700 The 
common form of the Aa-chain contains 610 amino acid residues 
with an Mr of 66,500 D and two phosphorylation sites (Sera3 
and Sera346), and thrombin cleavage of the Arga16-Glya17 bond 
releases FPA. The Aa-chain of fibrinogen has sites appropriate for 
factor XIIIa-catalyzed formation of cross-links,1701 t-PA enhance-
ment site (residues 148 to 160) found in fibrin,1702 as well as 
consensus integrin recognition sites (residues 95 to 98 and 572 to 
575). The Bb-chain is composed of 461 amino acids, displays an 
Mr of 52,000 Da and has a single glycosylation site (Asnb364) and 
a Ca2+-binding site (residues 381 to 385). Thrombin cleavage of 
the Argb14-Glyb15 bond releases FPB. The g-chain of fibrinogen 
is made up of 411 amino acids with an Mr of 46,500 D, is glyco-
sylated at Asng52, and has a Ca2+-binding site (residues 318 to 
324), a t-PA enhancement site (residues 320 to 324) in fibrin, and 
both donor (Glng398) and acceptor (Lysg406) sites for cross-link 
 formation.

A comprehensive history of early fibrinogen and fibrin struc-
ture/function relationships can be found in an excellent review by 
Blomback.1612 In the first recorded structural experiment, Bailey 
et al.1703 placed both a concentrated solution of fibrinogen (which 
forms a viscous strand) and a fibrin thread in an x-ray beam. 
The resulting patterns were indistinguishable not only from each 
other, but also from the patterns of keratin and myosin. They 
all showed a characteristic 5.1 Å-repeat spacing that was later 
determined to be due to supercoiled a helices.1704 Around this 
same time, a different physiochemical “picture” of fibrinogen was 
emerging. Techniques including electrophoresis, ultracentrifuga-
tion, viscosity measurements, and light scattering were coming 
into vogue and determined that fibrinogen was a prolate ellipsoid 
with a length between 500 and 700 Å, an axial ratio between 
5 and 20 Å, and a molecular weight near 340 kDa.407,1705–1707

Hall and Slayter1708 produced shadow-cast photographs of 
fibrinogen and observed three unconnected globules in a line. The 
center globule was the smallest, with a diameter of approximately 
50 Å; the terminal globules were found to be of equivalent size, 
approximately 60 Å. The total molecule length was estimated 
to be 475 Å; thus, the connections between the globules were 

approximated to 150 Å, and Cohen1709 suggested that these 
globules could be linked by a helices, which would explain the 
characteristic a-helix 5.1 Å-repeat spacing observed in the fiber 
diffraction. This trinodular structure has become known as the 
Hall and Slayter model of fibrinogen.

The reconstruction of fibrinogen from both enzymatic and 
chemical fragmentation products has allowed an exact picture of 
the structure and function of fibrinogen to emerge. Many frag-
ments were subjected to protein sequencing, and the sequences 
reassembled until the whole structure was determined. These 
fragments also gave insights into the polymerization process as 
well as the shape of fibrinogen. Because plasmin is the natural 
protease for fibrin removal, it was the obvious choice for initial 
fragmentation. Nussenzweig et al.1710 characterized such a fibrin-
ogen lysate that was chromatographed using a diethylaminoethyl 
cellulose column. The resulting peaks were denoted A through E, 
and it was determined that the pools D and E contained the bulk 
of the material, with an approximate mass ratio of 2:1. This 
coordinated well with the Hall and Slayter model in which pool E 
would represent the center globule and be called fragment E, and 
the terminal globules would be found in pool D and called frag-
ment D.1711 Thus, fibrinogen is a symmetric molecule, with a dyad 
axis drawn through fragment E.

Much effort has been expended in trying to crystallize fibrino-
gen. The first view was an 18-Å structure of a modified bovine 
fibrinogen,1712 later refined to approximately 4 Å.1713 The modi-
fication was a partial proteolysis that predominantly removed 
the C-terminal a-chains. However, the density for the central 
domain was “poorly defined.” The first look at an unmodified 
fibrinogen was the 5.5-Å followed by 2.7-Å structures of chicken 
fibrinogen.1714,1715 Chicken fibrinogen was chosen as a target 
because it has the shortest a-chains that lack a series of repeated 
sequences found in most other species1633,1716,1717 (Fig. 18.14). 
This structure provided the first atomic resolution view of the 
central domain of fibrinogen, although the a domains were too 
disordered to allow the chain to be traced. A 35-kDa digestion 
product of fragment E (FE5) was solved at 1.4 Å,1719 which cor-
relates well with the observed fragment E region in the 2.7-Å 
chicken fibrinogen structure.

The first atomic resolution structure in the fibrinogen field 
was for a human recombinant g-chain.1720 As predicted, the 
fold of the g-chain was unique and not represented in any of the 
structural databases.1625 The next advance came with the 2.9-Å 
structure of human fragment D,1721 displaying the two globular 
b and g domains forming the furrow. As expected, the b and g 
COOH-terminal domains share the same fold1720,1722 and are 
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FIGURE 18.14. A schematic and crystal structure of human fibrinogen (PDB-ID: 3GHG). All six NH2-termini are gathered together in the central or  
E domain.1718 Three chains [a-, b-, and g-] extend out from this domain through coiled-coils in either direction forming the terminal or D domains. Thrombin (IIa) 
cleavage sites at the N-termini of the Aa and Bb are indicated, with the new N-termini that associate with “holes” in the D domains to form fibrin depicted in the 
boxes. Pink spheres indicate the four Ca2+ sites. Note that the carboxy termini of the a-chains are not visible in this structure.

oriented approximately 130° apart. These observations have been 
confirmed in a structure of lamprey fragment D1723 and a recom-
binant human fragment D.1724,1725 To date, a crystal structure of 
intact human fibrinogen has not been solved.

Polymerization (Fibrin Formation)
The goal of a polymerization is to build a scaffold of sufficient 
mechanical strength to serve as a hemostatic plug. Interestingly, 
only 20% of a “clot” is actually protein—the remainder is sol-
vent.1726 In 1952, Ferry1727 proposed a half-staggered overlap 
model to explain the polymerization process. This model can be 
expressed succinctly in terms of “knobs” and “holes”.1621 When 
thrombin removes the fibrinopeptides, it creates new amino ter-
mini on the a- and b-chains called knobs. Because the knobs are 
located in the central globule (fragment E) of the Hall and Slayter 
model, the holes for them to fit into must be present on the ter-
minal domains (fragment D). To accommodate the half-staggered 
overlap model, the knobs on one molecule interact with holes in 
two different molecules. Reciprocally, a knob from each of these 
molecules fits into the holes on the first molecule’s fragment D. 
The binding sites of the a and b knobs were localized to the g- and 
b-chains, respectively, using fragment D digested to different 
extents.1728 To identify the polymerization hole in the g-chain, 
recombinant g-chain crystals were soaked in a solution containing 
a peptide mimic of the knob.1722 As was expected, the hole was 
preformed and contained a strong electronegative potential that 
was neutralized on the binding of the doubly positively charged 
peptide. The binding interaction was noncovalent and composed 
of only ionic and hydrogen bonds. Using laser tweezers, the 
strength of this interaction has been measured between 125 and 
130 pN, which is the majority of the force holding fibrin polymer 
together at this early stage.1729

The existence of a b-chain hole and that this hole binds the 
b-chain knob were confirmed with a double-D x-ray crystal 
structure in which peptide knobs for the a- and b-chains were 
present.1730 As would be expected, the b-chain knob also binds 
with a combination of ionic and hydrogen bonds to the b-chain 
hole, though it contributes only 15 to 20 pN to the interaction.1729 
In another study using combinations of peptide knobs, it was 
determined that the b hole is not fully formed until the knob is 
present1731 and is much less discriminating in peptide accep-
tance.1732 This conformational change may be the basis for the 
acceleration of fibrin formation observed in the presence of the 
peptide ligand GHRP.1611,1728 No evidence has been found for an 
analogous mechanism with the g hole; rather, the g hole seems 
always ready to accept an a knob, though in the absence of an a 
knob, the b knob readily binds to both holes.1731 A single example 
of an a knob peptide (GPRVVE) has been observed occupying a b 
hole,1733 but recent experiments using laser tweezers have dem-
onstrated that this interaction is not physiologically relevant.1729

The conversion of fibrinogen to fibrin can be separated into 
three congruent processes: (a) removal of the fibrinopeptides, 
(b) assembly, and (c) covalent stabilization. We examine each in 
depth in the following sections.

Fibrinopeptide release
Many early investigators tried to determine the differences 
between fibrinogen and fibrin. Their molecular weights were 
identical, and fibrinogen was the more electronegative of the 
two.1734 In the conversion of fibrinogen to fibrin, thrombin 
catalyzes the hydrolysis of Arg-Gly bonds, removing small, 
polar amino terminal pieces (fibrinopeptides) from the a- and 
b-chains.1735,1736 Cleavage of Arga16 by thrombin releases FPA 
and forms fibrin I. The release of two FPA peptides exposes a site 
in fragment E that aligns with a complementary site in fragment 

72683_ch018_0428-0497.indd   478 7/31/13   11:08 AM



 Chapter 18 Blood Coagulation and Fibrinolysis 479

Th
e 

N
or

m
al

 H
em

at
ol

og
ic

 S
ys

te
m

D to form  overlapping fibrils. Subsequent cleavage by thrombin 
at Argb14 releases FPB and leads to the formation of fibrin II, 
presumably increasing lateral aggregation of the protofibrils. FPA 
and FPB vary in length (between 13 and 21 amino acids in various 
mammals) and constitute < 2% of the total mass.1737

Early studies in citrated plasmas or purified fibrinogen found 
that FPA and FPB are released at very different rates, with FPA 
being released first.1735,1738–1740 A sequential model for release 
has been postulated in which thrombin binds equally to both 
chains, but the presence of FPA hinders the release of FPB 
because thrombin is unable to undergo a required conformation 
change.1741–1744 As the polymerization process proceeds, the FPB 
release rate continues to increase, suggesting that a polymeriza-
tion-induced structure change facilitates its release.1741,1742,1745 
When the fibrinogen to fibrin conversion is studied in a nonan-
ticoagulated whole blood system, the pattern of fibrin formation 
based on fibrinopeptide release is different from that seen in 
citrated plasma or purified fibrinogen.1013

Bettelheim and Bailey1746 first hypothesized that on FPA and 
FPB release these newly exposed amino termini (knobs) must 
be the principal contact sites during polymerization. In human 
fibrinogen, the a-chain knob, after FPA release, begins with the 
sequence GPRVV; whereas the b-chain, after FPB release, starts 
with GHRPL. Synthetic peptide GPR derivatives based on the b 
knob were found to bind to both fibrinogen and fragment D and 
inhibit fibrin monomer polymerization.1728 Peptides based on the 
b knob also bound to both fibrinogen and fragment D but were 
unable to inhibit fibrin monomer polymerization. In analogous 
studies, venoms can be used to selectively remove only FPA 
without activating factor XIII, and fibrin will still form.1747,1748 
Although it appears morphologically the same, this type of fibrin 
lacks the normal strength of fibrin.1749–1751 Removal of only FPB 
(without FPA release) results in fibrin formation in lampreys,1620 
but human fibrinogen clots only if the temperature is maintained 
below 15°C.1751

Fibrin assembly
The release of the FPAs from fibrinogen results in the formation of 
an intermediate termed fibrin monomer, which is all but indistin-
guishable from fibrinogen, and leads to the formation of the fibrin 
dimer through the noncovalent charge-charge (salt links) and 
hydrogen bonds between the knobs and the holes.1752 As fibrin 
monomers continue to be generated, the dimer elongates from 
both ends as a two-stranded molecule until it reaches approxi-
mately 30 monomers, when it becomes a protofibril.1738,1753,1754

The second step in fibrin assembly is the lateral association 
of protofibrils into thicker fibrin fibers.1753,1754 These fibers 
are formed from the association of between 14 and 22 protofi-
brils.1755 Because protofibrils, not dimers, are required for this 
step, it is believed that the forces involved in lateral association 
are weak and, therefore, only become “strong” in large numbers. 
Fragment D, specifically the b-chain, is likely responsible for this 
aspect of fiber growth.966,1756,1757 Clots are known to branch, 
although how this is accomplished is not clear. For example, per-
haps a protofibril can attach and form a link between two growing 
fibers,966,1608,1758 or perhaps this is the role for the C-terminal 
region of the a-chains.1759,1760 The presence or absence of carbo-
hydrates also seems to affect branching.1693

The description of fibrinogen activation and fibrin assembly 
has been based on studies using citrated plasmas, purified pro-
teins, or both. To understand the in vivo process of fibrin forma-
tion, a system with nonanticoagulated blood has been used; in 
this experimental model, the pattern of fibrin formation based 
on fibrinopeptide release is different from systems using citrated 
plasma or purified fibrinogen1013 (Fig. 18.15). In this study, cleav-
age of FPA and subsequent clot formation occur just before the 
propagation phase of thrombin generation. At the point of visual 
clot formation, virtually all fibrinogen (and some product already 
cross-linked) disappears from the fluid phase of the reaction. 
Thus, the “clot” appears to be a mixture composed of fibrin I and 
fibrinogen. The insoluble material present in the fibrin clot is 
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FIGURE 18.15. Schematic representation of whole 
blood fibrin formation. Thrombin at the beginning of 
clot formation simultaneously acts on fibrinogen (D-E-D) 
and factor XIII (fXIII). A portion (∼40%) of fibrinopep-
tide A (FPA) is released from fibrinogen, and an initial 
clot is formed from the complementary overlap of the 
exposed sites between the E and D domains of adjacent 
molecules. Activated factor XIII (fXIIIa) simultaneously 
cross-links adjacent D domains (D=D). Thus, the initial 
soluble fibrin clot is composed of fibrinogen, fibrin, and 
g-g dimers (double yellow lines) with fibrinopeptide B 
(FPB) still attached. The initial clot is continuously acted 
on by thrombin, releasing the remaining FPA and some 
of the FPB to yield a final clot with the majority of FPB 
still attached. The released FPB is selectively acted on 
by a carboxypeptidase B–like enzyme (CPB) cleaving 
the carboxyl terminal arginine to produce des-Arg FPB. 
The significance of this cleavage is still unclear. (From 
Brummel KE, Butenas S, Mann KG. An integrated study 
of fibrinogen during blood coagulation. J Biol Chem 
1999;274:22862–22870, with permission.)
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 virtually all cross-linked by factor XIIIa, whose activation is nearly 
simultaneous with FPA removal. Therefore, the transglutaminase 
factor XIIIa is available to cross-link the g-chains of the initial 
fibrinogen/fibrin I clot. In purified systems, it has been observed 
that FPB removal precedes the cross-linking reaction. However, in 
the whole blood clotting model, the FPB antigen epitope is found 
associated with the b-chain after clot formation has occurred. FPB 
release proceeds at a slower rate than FPA release, occurs after 
g-g dimer formation, and only reaches approximately 38% of its 
theoretical maximum value. Doolittle and Pandi1761 have recently 
proposed that interaction of the b-knob with the b-hole generates 
a conformational change and exposes t-PA binding sites, which 
ultimately hasten a clot’s removal.

Fibrin Cross-linking
To strengthen the “weak” (noncovalent) interactions holding the 
dimers and protofibrils together, factor XIII (a transglutaminase 
found circulating in the plasma) is activated to factor XIIIa by 
thrombin in the presence of Ca2+ to link the side chains of lysyl 
and glutamyl residues by isopeptide bonds. Thrombin activation 
of factor XIII activation has been shown to coincide with FPA 
release during the initiation phase of thrombin generation.569,1013 
The concentrations of thrombin (based on thrombin-antithrombin 
complex) needed for factor XIII activation, FPA release, and FPB 
release have been calculated to be 0.8 ± 0.3 nmol/L, 1.3 ± 0.4 
nmol/L, and 1.7 ± 0.5 nmol/L, respectively.569

It has been proposed that as many as six cross-links can form 
between a fibrin monomer and its neighbors1762,1763 and that 
the presence of these cross-links increases the strength, chemi-
cal resistance to urea, and lysis by plasmin.1525,1526,1764–1768 
Early in fibrin assembly, factor XIIIa has been shown to link 
Glng398 and Lysg406 in reciprocal cross-links between adjacent 
C-terminal g-chains.1532,1769 Once the majority of g-chain cross-
links are inserted, then a much slower process begins to insert 
multiple cross-links between neighboring a-chains.1770 Because 
each a-chain has two glutamyl acceptor sites and five potential 
lysine donor sites, a complex cross-linked network can result.1771 
The result is cross-linked fibrin, which is more resistant to clot 
lysis.1768,1772 Factor XIIIa also covalently attaches a2-plasmin 
inhibitor (the principal fibrinolytic inhibitor) to a-chains in the 
clot, thereby increasing resistance to degradation.1773,1774

Function
Fibrinogen functions in hemostasis to stem blood loss. It serves 
as a molecular bridge to support interplatelet aggregation, and 
it is the precursor of fibrin, which is the main component of 
the protein scaffolding of the forming hemostatic plug. Platelet 
aggregation critically depends on fibrinogen binding to acti-
vated platelets via the platelet fibrinogen receptor gpIIb–IIIa 
as well as fibrin adhesion. Fibrinogen/fibrin also regulates 
thrombin activity by interactions that include the proteolytic 
cleavage by thrombin of fibrinopeptides to form a fibrin clot 
and thrombin exosite binding to fibrin, which potentially limits 
the diffusion of thrombin and thereby regulates clot propaga-
tion. The structure, stability, and duration of the insoluble 
counterpart fibrin are controlled by an interplay between fibrin 
formation and fibrinolysis, which includes other molecular and 
cellular components. An important enzyme for the structure 
and stability of the fibrin clot is the transglutaminase factor 
XIIIa. Its function is to cross-link fibrin and other adhesive pro-
teins including integrin receptors, providing a stable network. 
Once activated, the fibrinolysis inhibitor called TAFI functions 
to attenuate fibrinolysis by removing C-terminal lysines from 
fibrin. This appears to be critical in the stabilization of the 
fibrin clot by reducing the number of sites available for plas-
minogen binding, thus reducing the rate of plasmin generation 
with consequent prolongation of fibrin dissolution.1011,1775 

TAFI has also been shown to play a role in the premature lysis 
of clots from hemophilic plasma.1776

Fibrinogen is primarily recognized for its role in hemosta-
sis but is also required for competent inflammatory reactions. 
Fibrinogen is an acute-phase reactant, with levels increasing dur-
ing inflammation. During these situations, fibrinogen functions as 
a bridging molecule in cell-cell interactions. Fibrin and fibrinogen 
constitute a matrix that can allow for the modulation of cellular 
responses through a variety of different cell types, including endo-
thelial cells, epithelial cells, leukocytes, platelets, and fibroblasts. 
Cellular receptors that can bind fibrinogen and fibrin include the 
integrins aIIbb3, aVb3, and a5b1, and the cellular adhesion mol-
ecules intercellular adhesion molecule-1 and vascular endothelial 
cadherin.

Although the function of fibrinogen and fibrin as a barrier to 
stemming blood loss through the dense fibrin network appears 
central to hemostasis, the findings from fibrinogen-deficient 
mice suggest that compensating mechanisms exist. Homozygous 
Aa-chain–deficient mice are born with normal appearance and 
without elevated fetal mortality.1666 These mice have no detect-
able levels of the Aa-, Bb-, and g-chains in their blood.1666 
Therefore, the maintenance of hemostasis in these animals is 
most likely derived from normal thrombin generation and the 
support of platelet aggregation and adhesion by vWF.

Most clinical assays use fibrin formation as a means to assess 
hemostasis (PT and activated partial thromboplastin time). The 
formation of a visible fibrin clot occurs during the initiation phase 
of coagulation at very low levels of thrombin, approximately 3% to 
5% of the total amount of thrombin produced.569,616 The majority 
of thrombin (∼95%) is generated after clot formation during the 
propagation phase, which is overlooked when a fibrin endpoint 
assay is used.569 In congenital hemophilia A and B, only a slight 
prolongation of clot time is observed; the major impairment is in 
thrombin generation during the propagation phase of the reac-
tion (Fig. 18.7).882 Thus, most catalyst and thrombin formation 
is ignored using the current technology for evaluating clinical 
hemorrhagic risk or thrombosis. The survivability of the afibrino-
genemic genotype in mice and male patients also supports this 
concept that critically important events are taking place beyond 
the endpoint of fibrin formation.

Regulation of Fibrin Lysis
The coagulation system prevents blood loss at the site of injury, 
filling one role in hemostasis. However, there must also exist 
mechanisms to limit the coagulation system and processes to 
remove a clot once it is no longer needed. This role is filled by 
the fibrinolytic system that uses elements from plasma, plate-
lets, tissue, and other blood cells to regulate the degradation 
of fibrin. The main player is the zymogen plasminogen that on 
activation becomes plasmin, a serine protease, whose primary 
physiologic role is the degradation of the fibrin clot and extra-
cellular matrix molecules. Even though the plasmin cleavage 
sites are similar for both fibrinogen and fibrin, we consider 
them separately for clarity.

Fibrinogenolysis
Marder1777,1778 proposed a scheme for fragmentation of 
fibrinogen based on his own detailed studies and the 
work of others.1779,1780 In the first step, fibrinogen is con-
verted to fragment X (Mr ∼247,000) by the removal of the 
C-terminal a-chain as well as the first 42 amino acids of the 
b-chain1781,1782 (Fig. 18.16). Fragment X remains clottable 
before it is split asymmetrically, forming fragment Y (Mr ∼150,000), 
fragment D (Mr ∼88,000), and some small detritus relating to 
the coiled-coil region. Finally, fragment Y is further split into 
fragment D and fragment E (Mr ∼50,000), and some more 
detritus is released.
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FIGURE 18.16. Fibrinogenolysis and fibrinolysis. A: Fibrinogen is represented as a trinodular structure (D-E-D domains). Each E domain and D domain is 
separated by a coiled-coil domain. The Aa-chain tail is shown as a line. Plasmin digests fibrinogen, yielding various fragments, the largest of which is fragment X. 
Fragment X contains the two D domains, the E domain, and the a-helical coiled-coils, but lacks the C-termini of the Aa-chains and the peptide Bb-chains. Fragment 
Y consists of the central E domain connected by the coiled-coil to one of the terminal D domains. Fragment Y can be further degraded by cleavage of the coiled-coil 
domain to release a second D domain and fragment E. B: The domain composition of the monomer units of degraded fibrin is indicated by the circles containing a 
D or an E. Intermolecular cross-links between the g-chains are shown as thicker lines connecting the D regions. The structures of the various-sized fragments of 
cross-linked fibrin monomers resulting from plasmin proteolysis of fibrin are presented.

Fibrinolysis
Differences observed in the degradation products between 
fibrinogen and fibrin are due to the presence of the cross-links, 
not a change in the specificity of plasmin, which predominantly 
attacks the coiled-coil region between fragment E and fragment D. 
Degradation of cross-linked fibrin is much slower than fibrinogen, 
in large part because of the inaccessibility of the plasmin cleav-
age sites.1781,1783,1784 The first step in degrading cross-linked 
fibrin is the removal of the a-chains so that the coiled-coils are 
exposed. As the coiled-coils are cleaved, different-sized fragments 
are released.1785 The smallest of these degradation products are 
double-D (Mr ∼180,000), also known as D-dimer, a soluble frag-
ment in which the two D fragments are linked by two isopeptide 
linkages, and a fragment with the stoichiometry D2E (termed 
DY; Mr ∼235,000), a double-D and a fragment E held in place by 
strong, noncovalent bonding.1786,1787 A large number of interme-
diate-sized fibrin degradation products arising from cleavages 
between the fragment D and fragment E regions are also gener-
ated (Fig. 18.16). The largest of these fragments is the XXD (two 
fragment Xs and a fragment D) with a mass in the range of 595 
kDa. Some of these complexes (e.g., D-dimer) have been identified 
in the blood of patients with various thrombotic or thrombolytic 
disorders.

ProtEins oF thE FiBrinolytiC 
systEM
Clot formation is integrated with clot dissolution to maintain 
hemostasis. The biochemical mechanisms of clot dissolution cen-
ter on fibrin-specific activation of plasminogen to plasmin. The 
key proteins involved are plasminogen, plasminogen activators 
(t-PA and u-PA), PAI-1, a2-antiplasmin, and TAFI (Fig. 18.17).

plasminogen
Plasminogen is the inactive precursor of the enzyme plasmin, 
which is the primary catalyst of fibrin degradation. Hereditary 
plasminogen deficiency has been described as either a defi-
ciency of plasminogen antigen and activity (type I), or as a 
normal antigen level but reduced activity (type II, dysplasmino-
genemia).1788 Thrombophilia and ligneous conjunctivitis are 
clinical manifestations associated with homozygous deficiency; 
the impact of heterozygous deficiency remains in dispute. 
Homozygous plasminogen-deficient mice are viable but exhibit 
severe thrombosis with systemic fibrin deposition, and die 
 prematurely.1789,1790

A B
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FIGURE 18.17. Schematic of the dynamic interaction between the proteins and inhibi-
tors of fibrinolysis. Cross-linked fibrin formation is integrated with fibrin clot dissolution and 
degradation of its products. The enzymes (open circles), inhibitors (hatched circles), zymogens 
(open boxes), and complexes (large open ovals) are illustrated in a simplified form to show this 
multicomponent process. The key proteins involved are plasminogen, plasminogen activators 
(tissue-type plasminogen activator [tPA], single-chain urokinase-type plasminogen activator 
[scu-PA], and two-chain urokinase-type plasminogen activator [tcu-PA]), plasminogen activator 
inhibitor-1 (PAI-1), a2-antiplasmin (a2-AP), and thrombin-activatable fibrinolysis inhibitor (TAFI). 
t-PA and plasminogen both bind to the fibrin surface, where t-PA is an effective catalyst of 
plasminogen activation. Initially, plasmin proteolysis of fibrin generates new, higher affinity bind-
ing sites for plasminogen, setting up an amplifying loop of plasminogen activation. Reinforcing 
this process, generated plasmin can convert the single-chain form of urokinase, an ineffective 
catalyst, to its active form, thus increasing the concentration of available plasminogen activation. 
Opposing these events are antifibrinolytic mechanisms. a2-AP, both soluble and cross-linked to 
fibrin, forms complexes with plasmin, rendering it inactive. PAI-1 rapidly reacts with both t-PA 
and two-chain urokinase, reducing the concentration of plasminogen activators. Formation of 
activated TAFI (TAFIa) results in removal plasmin-generated COOH-terminal lysine residues, thus 
suppressing the rate of fibrin lysis. Fibrin degradation occurs by cleavage at the D-E-D domains 
of fibrin polymers by plasmin to yield a variety of polymers as illustrated (see Fig. 18.16).

Gene Structure and Expression
The plasminogen gene is located on the long arm of chromosome 
6 at band q26-q271791,1792 (Table 18.9). It spans 52.5 kb of DNA 
with 19 exons. It is in close proximity to two genes for apolipo-
protein A and for the plasminogen-related genes A and B.1793–1795 
The first exon codes for the signal sequence; each of the five krin-
gle domains is encoded by two exons, as is the activation peptide. 
Plasminogen expression is normally stable, with the regulation 
of the activity of the fibrinolytic system occurring mainly via the 
regulation of the plasminogen activators and their inhibitors. 
However, plasminogen is an acute-phase reactant protein.1701,1792 
Two sequence elements common to acute-phase reactant genes 
have been located at positions 76 to 81 and –553 to –558.1792 
Other potential regulatory transcriptional elements have been 
identified, including HNF-1, AP-1, CREB, and GATA.1795

Biochemistry
Plasminogen is synthesized in the liver and is present in a wide 
variety of tissues and body fluids, including saliva, lacrimal gland 
secretions, seminal vesicle fluid, and prostate secretions.1796 

Plasminogen circulates in plasma at an approximate concentra-
tion of 200 mg/L (2 mmol/L; Table 18.10). It has a circulating t1/2 
of 2.2 days.1797 The t1/2 in disease states, in which the fibrinolytic 
system is activated, can be shortened dramatically.

Human plasminogen is a single-chain glycoprotein of a relative 
molecular weight of 88,000 containing 2% carbohydrate (Table 10 
and Fig. 18.18). Two major carbohydrate variants of plasminogen 
are found in roughly equal amounts in human plasma: plas-
minogen variant 1 is glycosylated at two sites, Asn289 and Thr346, 
whereas plasminogen variant 2 is glycosylated only at Thr346. 
Isoelectric focusing of either of these major carbohydrate variants, 
even when the proteins are isolated from a single plasma donor, 
reveals additional heterogeneity derived from variable sialic 
acid content.1798–1801 Heterogeneity in the primary sequence 
of plasminogen has also been observed, reflecting the presence 
of two high-incidence polymorphisms and a number of low-
incidence polymorphisms in the human population. Functional 
differences between the two major carbohydrate forms have 
been reported.1802–1806 An additional glycosylation site at Ser249 
 containing a trisaccharide has been identified.1807

The primary structure of plasminogen contains 791 amino 
acids segregated into an NH2-terminal activation peptide domain 
(residues Glu1-Lys77), a region containing five kringles (K1–K5; 
residues Lys78-Arg541), and a catalytic domain (residues Val562-
Asn791)1791,1808,1809 (Fig. 18.18). As secreted into the blood, plas-
minogen has a glutamic acid at its NH2-terminus, referred to as 
Glu-plasminogen. Proteolysis by plasmin at one of several poten-
tial sites in the NH2-terminal region results in a degraded form 
of plasminogen; the most common product is Lys78-plasminogen. 
Removal of the NH2-terminal peptide region results in a major 
structural change in the plasminogen molecule, yielding a species 
of plasminogen that has a higher affinity than Glu-plasminogen 
for fibrin and is a better substrate for plasminogen activators.1810 
The primary site for Lys-plasminogen formation is at the fibrin 
clot; the t1/2 of Lys-plasminogen is shorter than the full-length 
molecule (t1/2 = 0.8 days). Each kringle domain contains 78 
to 80 amino acids. The K1 and K4 kringle domains have been 
identified as containing sites that are responsible for regulating 
the binding of plasminogen to fibrin,1811,1812 a2- antiplasmin,1813 
histidine-rich glycoprotein,1814 the kininogens,1815 thrombo-
spondin,1816 and cell surface receptors. These sites on the 
plasminogen kringles (called lysine-binding sites) bind lysyl 
residues in the target molecules; COOH-terminal lysyl residues 
are bound more avidly. Lysine analogs (i.e., â-aminocaproic acid 
and tranexamic acid) can compete with lysyl residues in proteins 
for binding to plasminogen and, hence, are useful inhibitors of 
fibrinolysis.1817,1818 The conformational change associated with 
the removal of the NH2-terminal activation peptide also occurs 
on binding of lysine or its analogs to the appropriate kringles in 
Glu-plasminogen.1818–1820 The shape of the Glu-plasminogen mol-
ecule changes from a prolate ellipsoid of axial ratio 2.6 to a more 
random coil-type structure of axial ratio > 5, similar in dimension 
to Lys-plasminogen.1821,1822 A fragment of plasminogen compris-
ing K1–K4, also known as angiostatin, has been shown to inhibit 
angiogenesis.1823 The catalytic domain of plasminogen (Val562-
Asn791) shows considerable homology to trypsin and other serine 
proteases and includes the catalytic triad (His603, Asp646, and 
Ser741) typical of these proteases.1824

Function
Plasminogen is a zymogen devoid of enzymatic activity until con-
verted to the serine protease plasmin by cleavage of the Arg561-
Val562 peptide bond by plasminogen activators such as u-PA and 
t-PA (Fig. 18.19). In plasma or bound to fibrin in a blood clot, 
cleavage of this peptide bond by either t-PA or u-PA converts 
Glu-plasminogen into Glu-plasmin, a two-chain enzyme that can 
degrade fibrin, fibrinogen, and a number of other molecules. 
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Protein
Molecular 
Weight (Da)

Gene Location: 
Chromosome

Gene  
Size (kb)

Gene Organization: 
No. of Exons

Messenger 
RNA Size (kb)

UNIPROT Accession 
Numbera

Plasminogen 88,000 6p26-q27 52.5 19 2.9 P00747

Tissue-type plasminogen activator 70,000 8p12-q11.2 32.7 14 2.7 P00750

Urokinase-type plasminogen activator 54,000 10q24  6.4 11 2.4 P00749

Thrombin-activatable fibrinolysis inhibitor 58,000 13q14.11 48 11 1.8 Q961Y4

PAI-1 50,000 7q21.3-q22 12.2  9 3.2 P05121

PAI-2 60,000 18q22.1 16.5  8 1.9 P05120

a2-Antiplasmin 70,000 17p13 16 10 2.2 P08697

Factor VII–activating protease 64,000 10q25-q26 35 13 3.0 Q14520

PAI, plasminogen activator inhibitor.
a http://www.uniprot.org.

moleCular geNeTiCS oF ProTeiNS aNd iNHiBiTorS oF THe FiBriNolyTiC SySTem

taBLe 18.9

BioCHemiCal ProPerTieS oF ProTeiNS aNd iNHiBiTorS oF THe FiBriNolyTiC SySTem

taBLe 18.10

Protein
Molecular 
Weight (Da)a

Amino Acid 
Number

Plasma Concentration

t1/2 Carbohydrate (%)nmol/L mg/ml

Plasminogen 88,000 791 200 2,000 2.2 days 2

Tissue-type plasminogen activator 70,000 527 0.005 0.07 2.4 min 7/13

Urokinase-type plasminogen activator 54,000 411 0.002 0.04 5 min 7

Thrombin-activatable fibrinolysis inhibitor 58,000 401 4.5 75 10 mina 23b

PAI-1 50,000 379 0.01 0.20 <10 min 13

PAI-2 60,000 415 <0.005 <0.07 — 22b

a2-Antiplasmin 70,000 464 70 1,000 2.6 days 13

Factor VII–activating protease 64,000 537 12 190 — 5

PAI, plasminogen activator inhibitor.
aActivated form.
bEstimated value calculated from difference of molecular weight determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and weight of sum of amino acids derived from 
complementary DNA.

Plasmin is composed of a heavy chain (kringle domains) and a 
light chain (catalytic domain) that are attached by two disulfide 
bonds. Glu-plasmin can autodigest by cleaving itself—most com-
monly at Lys77 to generate Lys-plasmin.1825,1826 Inhibition of 
plasmin by a2-antiplasmin is the primary route for regulation of 
plasmin’s hemostatic function; suppression of plasmin activity 
beyond the locale of fibrin deposition is imperative if systemic 
fibrinogenolysis is to be prevented. Plasmin bound through its 
lysine-binding sites to fibrin reacts more slowly with a2-antiplasmin 
than when free in solution. This differential reactivity effectively 
localizes plasmin activity to the fibrin surface.

plasminogen activators
The process of plasminogen activation can occur through three 
distinct pathways: (a) the intrinsic activator system (analogous to 
the contact system of blood coagulation), (b) the extrinsic activa-
tors (t-PA and u-PA), and (c) an exogenous activator system involv-
ing pharmacologic agents (thrombolytic drugs). The pathway used 

in vivo appears to be the extrinsic pathway. However, both the 
intrinsic and exogenous activator systems could play an important 
role in human disease.

Intrinsic Activators
The body has evolved a mechanism to recognize invasion by 
foreign substances. Many of these foreign substances contain 
negatively charged surfaces that allow for the activation of the 
intrinsic (contact) pathway (factor XII, prekallikrein, HMWK, and 
factor XI). Plasminogen can interact with this intrinsic pathway of 
blood coagulation to generate plasmin. There is continued debate 
as to the extent to which the intrinsic pathway functions in regu-
lating normal fibrinolysis. It has been estimated that this pathway 
contributes only approximately 15% of the total fibrinolytic activ-
ity in human plasma.1827 Several studies have established that 
kallikrein and factors IXa and XIIa can directly activate plasmino-
gen to plasmin.1828–1831 At this time, it is best to conclude that 
the physiologic significance and relevance of the contact system 
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glu-plasminogen: 88 kDa
lys-plasminogen: 83 kDa
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Plasminogen 2: T346
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Plasminogen 1: N289, T346
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333
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FIGURE 18.18. Schematic of plasminogen. Plasminogen is the inactive precursor of the enzyme plasmin, which is the primary catalyst of fibrin degradation. 
Human plasminogen is a single-chain glycoprotein containing 2% carbohydrate (CHO). CHO variants are shown for plasminogens 1 and 2. The primary structure 
of plasminogen contains 791 amino acids segregated into an NH2-terminal activation peptide domain (pan), a region containing five kringles, and a catalytic 
domain. Proteolysis by plasmin at one of several potential sites in this NH2-terminal region results in a degraded form of plasminogen; the most common product is 
K78-plasminogen. Cleavage by plasminogen activators at R561-V562 results in plasmin.

in fibrinolysis are not entirely clear. It has been suggested that 
individuals with factor XII deficiency as well as deficiencies in 
some of the other intrinsic coagulation factors may have a subtle, 
but potentially significant, defect in fibrinolysis under certain 
clinical conditions. Additional studies are needed to address this 
 controversial subject.

Extrinsic Activator: Tissue Plasminogen Activator
There are two dominant extrinsic activator systems in the body: 
t-PA and u-PA. These activators have unique structures and prop-
erties that affect the specificity and rate of plasmin generation.

The t-PA molecule is predominantly a product of endothelial 
cells1832,1833,1834,1835,1836; it is also produced by vascular smooth 
muscle cells,1837 neuronal cells,1838 megakaryocytes,1839,1840 
mast cells,1841,1842 monocytes,1843 and fibroblasts.1844 Factors 
that regulate its secretion and release from the endothelium 
are important mediators of blood clotting or inflammation. 
These include thrombin, histamine, acetylcholine, bradykinin, 
epinephrine, ILs, shear stress, and vaso-occlusion.1845,1846 t-PA 
antigen is present in normal plasma at approximately 5 mg/L  
(70 pmol/L; Table 18.10).1847–1851 Functional concentrations have 
been reported to be < 20 pmol/L with the remainder of the t-PA 
antigen found in complex with PAI-1.1848,1852,1853 The t1/2 in 
plasma is quite short, with pharmacokinetic modeling indicating a 
t1/2 of 2.4 minutes for active t-PA and 5 minutes for the t-PA/PAI-1 
complex.1854,1855 The t-PA molecule and the t-PA/PAI-1 complex 

are cleared from the plasma by two specific cell receptor systems 
in the liver as well as receptor-mediated clearance by endothelial 
cells1856 (for review see1778,1857,1858).

Gene Structure and expression
The human gene for t-PA is found on chromosome 8, bands p12-
q11.2, and spans 32.7 kb1859 (Table 18.9). There are 14 exons with 
distinct structural motifs encoded by individual exons.1860–1862 
The processed transcript codes for a protein product of 562 amino 
acids: residues 1 to 23 comprise the signal peptide, whereas resi-
dues 24 to 32 function as a propeptide region. Further processing 
removes residues 32 to 35 to yield the circulating protein product. 
The 5′-flanking region of the t-PA gene extends more than 9,500 
bp with a functional retinoic acid response element identified 
at –7,300 bp1863 and a multihormone responsive enhancer local-
ized to the region –7,145 to –9,758 bp.1864–1866 A number of cis-
acting elements have been identified in the proximal promoter 
region. A transcription initiation site 209 bp upstream of the 
translation start site was initially identified. A consensus TATA 
sequence was identified 22 bp upstream from this transcription 
start site.1861,1862 Subsequently, a TATA-independent transcript 
initiation site 99 bp upstream from the translation start site 
was identified as the primary site of transcription initiation in 
fibroblasts1867 and endothelial cells.1868 The significance of t-PA 
transcripts with different-length 5′-untranslated regions is not 
established; deletion of the entire 5′-untranslated region of t-PA 
was observed to increase the stability of the t-PA transcript.1869 
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FIGURE 18.19. Molecular forms of plasmin(ogen). Plasminogen in its native form has a glutamic acid at residue 1 and is referred to as glu-plasminogen. 
 Glu-plasminogen has a molecular weight of 88,000 Da and contains 791 amino acids. Cleavage at R561-V562 in glu-plasminogen by plasminogen activators (tissue-
type plasminogen activator [t-PA] and urokinase-type plasminogen activator [u-PA]) yields glu-plasmin. Glu-plasmin consists of an NH2-terminal heavy chain linked 
by two disulfide bonds to a catalytic domain. At the localized clot level, plasmin that is formed can cleave glu-plasminogen at the NH2-terminal bond K77-K78 to yield 
lys-plasminogen. Lys-plasminogen can be activated by plasminogen activators that hydrolyze the R561-V562 bond to yield lys-plasmin.

Translational  control of t-PA gene expression has been observed 
in some cell types, implicating a regulatory role for the 3′-untrans-
lated region of the t-PA transcript.1870,1871

A number of polymorphisms of the t-PA gene have been identi-
fied. A 311-bp Alu insertion/deletion polymorphism within the 
eighth intron of the t-PA gene has been extensively studied.1872–1877 
A similar polymorphism in the angiotensin-converting enzyme 
gene has been linked to plasma levels of this enzyme.1878 In con-
trast, no correlation of plasma t-PA levels with its Alu polymor-
phism has been observed.1874–1876 With one exception,1872 clinical 
studies have indicated no correlation between this polymorphism 
and the incidence of stroke or myocardial infarction.1874–1876 A 
single nucleotide polymorphism (–7351 C/T) in an Sp1-binding site 
in the far upstream enhancer element of the t-PA gene has been 
linked to the vascular release rate of t-PA in vivo1879 and to the 
frequency of occurrence of first myocardial infarction.1880

No cases of congenital deficiency of t-PA have been reported. 
Transgenic mice lacking a functional t-PA gene developed nor-
mally and displayed a normal basal hemostatic phenotype.1881 
Mice in which both the t-PA and u-PA genes were disabled had 
shortened lifespans and experienced severe, spontaneous throm-
botic episodes.1881,1882

Biochemistry
The t-PA molecule is a serine proteinase with a molecular weight 
of 70 kDa1883 (Table 18.10 and Fig. 18.20). It was originally iso-

lated as a single polypeptide chain of 527 amino acids1884 with an 
NH2-terminal serine residue; full-length t-PA has an NH2-terminal 
extension of three amino acids (Gly-Ala-Arg).1885–1887 Numbering 
in this chapter is based on Ser1-t-PA, the most extensively studied 
form because of its availability as a recombinant product.

The single-chain t-PA molecule is an efficient plasminogen 
activator in the presence of fibrin1888–1891 and is converted into 
a somewhat more active two-chain molecule by cleavage of the 
peptide bond between Arg275 and Ile276.1799,1889–1892 This cleav-
age is performed primarily by the action of plasmin during fibri-
nolysis; factor Xa and kallikrein can also catalyze this conversion. 
The t-PA molecule divides structurally and functionally into two 
major regions with the Arg275-Ile276 bond as the boundary: the 
38-kDa NH2-terminal portion (Ser1-Arg275), called the heavy or 
A-chain in the two-chain molecule, contains structures involved 
in fibrin binding, fibrin-specific plasminogen activation, and 
plasma clearance mechanisms; and the 28-kDa catalytic region 
(Ile276-Pro527), called the light or B-chain, is homologous to the 
proteolytic domain of other serine proteases. Specifically, the 
A-chain contains a fibronectin fingerlike domain,1893 an EGF-like 
domain,1894 and two kringle domains.369,1895 The finger domain 
extends from residues 4 to 50 and is involved in the binding of 
t-PA to fibrin.1896,1897 The binding of the finger region to fibrin is 
not blocked by â-aminocaproic acid.1898 The finger domain of t-PA 
has sequence homology and structural homology1899 to similar 
structures found in fibronectin. Selected mutations in the finger or 
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FIGURE 18.20. Fibrinolytic proteins tissue-type plasminogen activator (t-PA) and single-chain urokinase-type plasminogen activator (sc-uPA). The 
single-chain t-PA molecule is an efficient plasminogen activator in the presence of fibrin and is converted into a somewhat more active two-chain molecule by 
cleavage of the peptide bond between R275 and I276. This cleavage is performed primarily by the action of plasmin during fibrinolysis. Structurally t-PA contains a 
fibronectin type I domain, an epidermal growth factor (EGF)–like domain, and two kringle domains, as well as a serine protease-type catalytic domain. The kringle 
2 domain and the fibernectin domain of t-PA are involved in the binding of t-PA to fibrin. sc-uPA is an ineffective catalyst. Plasmin or plasma kallikrein can hydrolyze 
the K158-I159 peptide bond, converting sc-uPA into the fully active two-chain form (two-chain urokinase-type plasminogen activator). u-PA is composed of an EGF 
domain (EGF), a single kringle domain, and the serine protease-type catalytic domain. One glycosylation site (CHO) is present in the serine protease domain.

the EGF domain have been shown to result in prolonged half-lives 
in vivo for the modified t-PA molecules, indicating a role for these 
regions in uptake mechanisms.1900,1901 The kringle domains of 
t-PA span residues 87 to 176 (kringle 1) and residues 176 to 
262 (kringle 2). The biologic role of kringle 1 remains undiscov-
ered.1896–1898 The kringle 2 domain is involved in the binding 
of t-PA to fibrin.1896,1897 This binding interaction is blocked by 
lysine and its analogs such as â-aminocaproic acid,1896 indicating 
the presence of a plasminogen-like lysine-binding pocket. The 
overall crystal structure of t-PA kringle 21902 resembles that of 
kringle 4 of plasminogen, although differences are observed in the 
arrangement of residues forming the lysine-binding sites.1902–1905 
The light or B-chain of t-PA contains the active site catalytic triad 
of this serine protease (His322, Asp371, and Ser478).663,1884,1906 
Both the single- and two-chain forms of t-PA cleave plasmino-
gen at Arg561-Val562 to yield the enzyme plasmin. The catalytic 
efficiency of single-chain t-PA toward plasminogen in solution 
and toward tripeptide paranitroanilide substrates is lower than 
the two-chain form.1889,1891,1907 Both forms have been crystal-
lized1908,1909 and exhibit enhanced and roughly equivalent rates 
of proteolysis of plasminogen when fibrin is present.1889

The t-PA molecule has three potential N-linked glycosylation 
sites and one O-linked site. The O-linked site is found at Thr61 in 
the EGF domain.1910 The presence of a fucose at this site appears 
to facilitate the uptake of t-PA by hepatocytes.1911 Two major 
carbohydrate variants of t-PA have been identified. Type I is 

glycosylated at Asn117 (kringle 1), Asn184 (kringle 2), and Asn448 
(catalytic domain), whereas type II is glycosylated only at Asn117 
and Asn448.1912,1913 The presence of carbohydrate at Asn184 
appears to downregulate the fibrinolytic activity of type I t-PA by 
interfering with the association between the lysine-binding site of 
its kringle 2 domain and fibrin.

regulation
Regulation of t-PA activity in blood is accomplished by three pri-
mary mechanisms: Control of its catalytic potential via the fibrin 
dependence of plasminogen activation; control of systemic levels 
of functional t-PA by the concerted processes of rapid t-PA removal 
by hepatic clearance and of inhibition by the circulating serpin 
PAI-1; and control of t-PA activity levels at the site of injury by the 
competing processes of increased t-PA secretion by traumatized 
and recruited cells versus PAI-1 release by activated platelets. 
t-PA manifests its full fibrinolytic potential only when bound to 
fibrin.1914–1916 This binding interaction aligns t-PA and plasmino-
gen on the fibrin surface so that the catalytic efficiency of t-PA is 
enhanced several hundredfold. This is vital to the localization of 
plasmin generation at the site of fibrin deposition. Systemic t-PA 
levels in blood are under highly dynamic control characterized 
by maintenance of relatively low levels of the protein (70 pmol/L) 
with a high clearance rate (t1/2 = 2.4 minutes) and by mainte-
nance of an extremely effective inhibitor, PAI-1 (second-order rate 
constant for complex formation = 107 to 108 M−1second−1), at a 
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circulating concentration severalfold higher than t-PA. The release 
of t-PA from the vessel wall is another important regulator of fibri-
nolysis.1917,1918 The rate at which clots lyse is dependent on how 
rapidly t-PA is secreted by the relevant cells in the vicinity of an 
injury.1919,1920 For example, activated platelets secrete serotonin 
that can induce endothelial cells to release t-PA; they also release 
PAI-1 from their a-granules. Although only a fraction of this PAI-1 
is in the active form, it functions to downregulate plasminogen 
activation.1921–1923

Extrinsic Activator: Urokinase Plasminogen 
Activator
The other major extrinsic activator in the blood is u-PA. This acti-
vator was first identified in the urine,1924–1926 where it is present 
at relatively high concentrations (40 to 80 mg/L).1926,1927 It was 
subsequently detected in the media of cultured human kidney 
cells, endothelial cells, malignant cell lines, and tumors; and in 
plasma.1928–1931 u-PA is a serine protease and is synthesized as 
a single-chain molecule called prourokinase or single-chain u-PA 
(scu-PA). The plasma concentration of scu-PA ranges from 2 to 
4 ng/ml (37 to 74 pmol/L; Table 18.10)1932; the t1/2 of scu-PA is 
quite short, approximately 5 minutes, and metabolism occurs 
in both the liver and the kidney. scu-PA has a very low level of 
proteolytic activity.1933 Plasmin can hydrolyze the Lys158-Ile159 
peptide bond, converting scu-PA into the two-chain form (tcu-
PA).1924,1934–1936 The mechanism in blood by which scu-PA is 
converted into tcu-PA still remains poorly defined. It has been 
postulated that, within a thrombus, t-PA initially activates plas-
minogen bound to fibrin to form plasmin, and that it is this fibrin-
localized plasmin that then converts scu-PA into tcu-PA.1937–1939 
This process results in an amplification of the rate of plasmin 
formation. The main site of urokinase-driven plasminogen activa-
tion appears to be extravascular, where it has an important role 
in promoting degradation of extracellular matrix by triggering 
the activation of plasminogen and, possibly, matrix metallopro-
teinases.1940 Regulation of urokinase is important to normal and 
pathologic processes including embryogenesis, wound healing, 
tumor cell invasion, and metastasis.1941–1943 Inhibitors of uroki-
nase have been shown to suppress the growth of primary tumors 
and to interfere with metastasis of tumor cells.1944–1951

Gene Structure and expression
The human u-PA gene spans 6.4 kb with 11 exons1952 and is 
located on chromosome 10, band q241953 (Table 18.9). The overall 
intron-exon arrangement is similar to that of the t-PA gene. The 
primary amino acid sequence of the purified, intact two-chain 
molecule has been determined,1924,1925,1954 and the cDNA has 
been isolated and sequenced1955: The gene specifies a protein of 
431 amino acids, with the first 20 residues constituting a signal 
peptide.

The disruption of the urokinase gene (u-PA−/−) in mice is not 
lethal.1881 These mice did not display spontaneous thrombi in 
their vasculature. The phenotype of u-PA−/− mice included occa-
sional minor fibrin deposits in the liver and intestine, excessive 
fibrin deposits in chronic nonhealing skin lesions, and increased 
susceptibility to bacterial infections.1881,1956–1958

Biochemistry
u-PA is a single-chain glycoprotein containing 411 amino acids 
(Mr = 54,000; Table 18.10; Fig. 18.20). It has 12 disulfide bonds 
with one (Cys148-Cys279) serving to link the catalytic domain 
(B-chain) to the NH2-terminal domain (A-chain). Posttranslational 
modifications include glycosylation at Asn302, addition of a single 
fucose residue at Thr18,1959 and regulatory phosphorylation at 
Ser138/Ser303.1960 u-PA is composed of an EGF domain (residues 7 
to 43), a single kringle domain (residues 50 to 131), a connecting 
peptide region (residues 132 to 157), and the serine protease-type 

catalytic domain (residues 159 to 411). The EGF domain contains 
the residues essential for urokinase binding to the urokinase 
receptor1961 and appears to be the domain responsible for the 
ability of urokinase to induce cellular proliferation and differen-
tiation.1962–1964 The function of the kringle domain of urokinase 
remains to be established. It displays no binding affinity for fibrin. 
Recent evidence indicates that the kringle domain may have a role 
in mediating the process by which urokinase stimulates smooth 
muscle migration.1965–1967 Residues His204, Asp255, and Ser356 
form the catalytic triad of urokinase; unlike the single-chain form 
of t-PA, they are not properly positioned for efficient catalysis. 
scu-PA does not form complexes with PAI-1 or react with pep-
tidyl chloromethylketones that inhibit the two-chain form; scu-
PA-catalyzed hydrolysis of tripeptide paranitroanilide substrates 
proceeds with 0.1% to 0.4% the efficiency of tcu-PA,1968,1969 and 
plasminogen activation by scu-PA appears to be equally inefficient 
when compared to tcu-PA.1939,1970

The urokinase molecule is asymmetric in shape with the 
growth factor, kringle, and catalytic domains arranged like dif-
ferently configured beads on a string.1959,1971–1973 A crystal 
structure for the entire urokinase molecule has not been accom-
plished. However, a crystal structure at a resolution of 2.5 Å has 
been reported for the catalytic domain. The molecule used was a 
recombinant, nonglycosylated human u-PA (residues 159 to 411) 
with its active site histidine residue derivatized with a peptidyl 
chloromethylketone.1974 The catalytic domain of u-PA has the 
expected overall topography and S1 specificity pocket of a tryp-
sinlike protease, an S2 pocket of hydrophobic character, and a 
solvent-accessible S3 pocket suitable for binding a wide range of 
amino acid side chains. The crystal structure of a mutant uroki-
nase catalytic domain (residues 159 to 404: C122A and N302Q) at 
a resolution of 1.5 Å has also been reported.1975

activation
Conversion of single-chain urokinase to an active two-chain form 
occurs principally through hydrolysis of the Lys158-Ile159 bond. This 
molecular form, referred to as high-molecular-weight tcu-PA, is 
composed of NH2-terminal heavy chain (residues 1 to 158) linked 
by one disulfide bond to the catalytic domain. In the blood, during 
fibrinolysis, plasmin is the primary catalyst of this conversion; in 
addition, both kallikrein and factor XIIa,1934 products of the intrin-
sic pathway of coagulation, hydrolyze this bond. A number of other 
proteases that cleave the Lys158-Ile159 bond have also been identi-
fied, including several cathepsins,1976–1979 mast cell tryptase,1980 
nerve growth factor-g,1981 human T-cell serine proteinase-1,1982 
and FSAP.1983 A second, catalytically active form of two-chain uro-
kinase, known as low-molecular-weight tcu-PA, is found in plasma 
when fibrinolysis is stimulated. It is formed by an additional plas-
min cleavage at Lys135-Lys136. This yields a truncated heavy chain 
containing most of the connecting peptide region (residues 136 to 
158) linked to the catalytic domain by the Cys148-Cys279 disulfide 
bond. This cleavage produces a more efficient enzyme, and this low-
molecular-weight form is used clinically for thrombolytic therapy. 
Another low-molecular-weight form of scu-PA arises from cleavage 
of the Glu143-Leu144 bond by the matrix metalloproteinases Pump 
1 and metalloproteinase 3.1984–1986 This form appears to be a bet-
ter clot-lysing agent than low-molecular-weight tcu-PA.1987

Neutrophil cathepsin G and elastase from granulocytes cleave 
scu-PA at the Ile159-Ile160 bond, yielding a two-chain molecule 
that is inactive.1988,1989 Thrombin1934,1990,1991 and, more effi-
ciently, the thrombin-thrombomodulin complex1992 cleave scu-PA 
at Arg156-Phe157, yielding an inactive two-chain urokinase spe-
cies. The release of the dipeptide Phe157-Lys158 from the catalytic 
domain is catalyzed by cathepsin C1977 or plasmin.1993

Function
t-PA appears to be the primary plasminogen activator in the vas-
culature, with fibrin-localized scu-PA conversion to tcu-PA acting 
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as an amplifying rather than initiating mechanism for plasmin 
formation.1939,1994 Direct scu-PA activation of Glu-plasminogen 
bound to COOH-terminal lysine residues found in partially proteo-
lyzed fibrin has been proposed as contributing to clot lysis.1995–1997 
This catalytic role of scu-PA, although direct, still depends tem-
porally on t-PA-derived plasmin to create the circumstance (plas-
min proteolyzed fibrin) under which it can contribute to overall 
fibrinolysis.

Extrinsic Activator: Factor VII-Activating Protease
Recently, a novel serine protease in human plasma has been 
described that can support coagulation by activating factor 
VII.477,1983,1998 It was originally described as plasma hyaluro-
nan-binding protein and was isolated by adsorption to immo-
bilized hyaluronic acid as a disulfide-linked heterodimer.1998 
Independently, a thrombin-like amidolytic activity was purified 
from commercial prothrombin complex concentrates.1999,2000 
Sequencing data indicated that this protease and plasma hyal-
uronan-binding protein were the same proteins. Subsequently, 
the protease from prothrombin complex concentrates was shown 
to be a potent activator of factor VII and termed FSAP.477 The 
capacity of FSAP to activate factor VII has been challenged.2001 
This protease has also been shown to be an efficient activator of 
single-chain urokinase and appears to catalyze the inactivating 
proteolysis of TFPI.2002 Its single-chain precursor has been puri-
fied from plasma.2003

Gene Structure and expression
FSAP has been mapped to chromosome 10, bands q25-q26.2004 It 
spans 35 kb and is composed of 13 exons (Table 18.10). Its tran-
script specifies a protein of 560 amino acids; the first 23 amino 
acids comprise the signal peptide sequence. Two single nucleotide 
polymorphisms have been identified. One, called FSAP Marburg I 
(SNP-1), yields a Gly511Glu substitution near the COOH-terminus 
of the protease resulting in impairment of its scu-PA-activating 
properties.2005–2007 The second polymorphism, Marburg II, con-
tains a Glu370Gln mutation that does not appear to have an effect 
on the catalytic properties of FSAP.

Biochemistry and activation
FSAP is a single-chain glycoprotein containing 537 amino acids 
with an Mr of 64 kDa.1998 It circulates at a concentration of 
approximately 12 mg/ml (190 nmol/L; Table 18.10). It is composed 
of 5% carbohydrate and is glycosylated at Asn31 (NH2-terminal 
strand) and Asn184 (kringle domain).2003 The structure consists 
of an amino terminal strand (residues 1 to 52) that is followed by 
three EGF-like domains (residues 53 to 166), a kringle domain 
(residues 170 to 254) and a COOH-terminus serine protease 
domain (residues 290 to 537). FSAP has structural regions that 
are homologous to those found in hepatocyte growth factor activa-
tor.2008 It binds to GAGs such as heparin.

The conversion to the active two-chain form requires cleav-
age of the Arg290-Ile291 bond. This generates a heavy chain 
(residues 1 to 290) and a light chain or catalytic domain (residues 
291 to 537). The two chains are linked by a single disulfide bond 
(Cys278-Cys412). The active site residues of this serine protease 
are Asp382, His339, and Ser486. Preparations of single-chain FSAP 
rapidly convert to the two-chain form. Whether this is due to an 
intrinsic activity of the single-chain molecule or to trace amounts 
of the two-chain form in single-chain preparations has not been 
resolved.2009 Heparin promotes conversion of single-chain FSAP 
preparations to the two-chain form,2010 as do natural RNA2011 
and histones.2012 The high-molecular-weight form of two-chain 
urokinase has been shown to convert single-chain FSAP to the 
two-chain form and may represent a physiologic activator.2003 
The rate of this reaction is affected by heparin. In addition 
to factor VII and single-chain urokinase, other substrates for 

FSAP, determined from in vitro assays, include factor V/factor 
Va, factor VIII/factor VIIIa, fibrinogen, single-chain t-PA, fibro-
nectin, and vitronectin.2013 Similar to plasmin, two-chain FSAP 
binds to aprotinin. In vitro assays indicate that it also com-
plexes with serpins such as C1-inhibitor,2014 a2-antiplasmin, and 
antithrombin– heparin.1983,2015 Stoichiometric inhibitors of FSAP 
include C1-esterase inhibitor, a2-antiplasmin, and TFPI.2016

Function
The physiologic function of FSAP still is unclear. The ability of two-
chain FSAP to convert factor VII to factor VIIa in the absence of 
tissue factor suggests that it could contribute to the maintenance 
of normal factor VIIa levels in blood or contribute to the local-
ized production of factor VIIa at the site of vascular injury. In a 
system of synthetic hemophilia (factor VIII deficiency), two-chain 
FSAP has been shown to correct the hemostatic defect.478 Similar 
results have been found with the addition of exogenous factor 
VIIa to hemophilia blood.446 The two-chain form of FSAP appears 
to be an efficient activator of single-chain urokinase, comparing 
favorably with plasmin when heparin is present.1983 It has been 
suggested2013 that GAG-binding properties of FSAP may localize 
it to cell surfaces and extracellular matrix proteins, where it may 
play a role as an initiator of urokinase-dependent proteolytic 
cascades. The role of FSAP in inflammatory processes is under 
investigation.2017

inhiBitors oF thE FiBrinolytiC 
systEM
A wide variety of natural inhibitors of fibrinolysis exist in plasma, 
blood cells, tissues, and extracellular matrices. These natural 
inhibitors can act either to inhibit plasmin directly or to block the 
conversion of plasminogen to plasmin (Fig. 18.17). In this section, 
TAFI, PAI-1, PAI-2, and a2-antiplasmin inhibitor are reviewed in 
terms of their gene structure and expression, biochemistry, and 
function.

thrombin-activatable Fibrinolysis Inhibitor
TAFI (E.C.3.4.17.20) (for reviews, see 2018,2019,2020–2022) is a 
plasma zymogen with homology to procarboxypeptidases A 
and B. Its plasma concentration is 75 nmol/L (4.5 mg/ml; Table 
18.10). TAFI is synthesized in the liver and is thought to circu-
late in blood in complex with plasminogen. A small pool of TAFI 
(< 1% of plasma concentration) is found in platelets and has been 
found to enhance the attenuation of fibrinolysis in vitro.2023,2024 
Activation of TAFI yields an exopeptidase (TAFIa) with carboxy-
peptidase B-like substrate specificity. It catalyzes the removal of 
basic amino acids (arginines, lysines) from the COOH-termini 
of polypeptides. Its primary physiologic activator appears to be 
the thrombin-thrombomodulin complex, thus defining TAFIa as 
a coagulation-dependent activity.969 COOH-terminal lysines that 
appear in fibrin as it degrades have been identified as the primary 
substrates for TAFIa (Fig. 18.21). The initial phase of plasmin 
proteolysis yields products that amplify plasminogen activation by 
t-PA. These fibrin degradation products thus constitute a positive 
feedback process, thereby accelerating clot lysis. COOH-terminal 
lysines that appear in fibrin as it is degraded by plasmin function 
as additional binding sites where efficient plasminogen activation 
can occur. Removal of these terminal lysine residues by TAFIa 
reduces the number of plasminogen-binding sites, thus serving to 
downregulate the rate of plasmin generation and thereby the rate 
of clot lysis. Thus, TAFI/TAFIa functions as an antifibrinolytic fac-
tor by suppressing the positive feedback pathway of fibrinolysis. 
The importance in vivo of the TAFI/TAFIa-mediated regulation of 
fibrinolysis remains to be established. Several studies involving 
animal models of thrombosis1964–1967,2025–2027 have provided in 
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FIGURE 18.21. Mechanism of thrombin-activatable 
fibrinolysis inhibitor (TAFI) regulation of fibrinolysis.  
Thrombin-thrombomodulin (IIa-TM) cleaves TAFI to its 
active carboxypeptidase form TAFIa. TAFIa interferes 
with fibrinolysis by cleaving COOH-terminal Arg (R) or Lys 
(K) residues made available as a consequence of par-
tial plasmin digestion of the fibrin clot. Removing these 
residues attenuates the self-amplifying mechanism of 
fibrin-based plasmin formation wherein partial plasmin 
proteolysis of fibrin increases the number of binding sites 
(COOH-terminal lysines) available for efficient plasmino-
gen activation. (From Mann KG. Coagulation explosion. 
Vermont Bus Graph 1997, with permission.)

vivo evidence consistent with the proposed role of the TAFI/TAFIa 
system in regulating fibrinolysis. However, TAFI knockout mice 
develop normally and prove no more sensitive to a wide range 
of hemostatic challenges than their wild-type littermates.2028 In 
humans, TAFI antigen concentration has been correlated with an 
increase in risk for deep vein thrombosis.2029,2030

The nomenclature associated with carboxypeptidase B-type 
activity in serum reflects the history of its isolation and charac-
terization. The presence of a carboxypeptidase B-type activity 
in serum that differed from that of carboxypeptidase N, a previ-
ously characterized enzyme found in plasma, was first reported 
by two groups: Hendriks et al.18,2031,2032 named the enzyme 
carboxypeptidase unstable because of its short t1/2 compared to 
carboxypeptidase N; Campbell and Okada2033 named their activity 
carboxypeptidase R because of its apparent preference for sub-
strates with COOH-terminal arginine residues, again in contrast 
to carboxypeptidase N, which showed a selectivity for COOH-
terminal lysines. Subsequently, Eaton et al.19,2034 purified a novel 
plasminogen-binding protein from human plasma, which, based 
on sequence homology and enzymatic properties, proved to be a 
procarboxypeptidase. They named this protein plasma procar-
boxypeptidase B. Independently, Bajzar et al.,36 using an assay 
designed to detect the factor responsible for thrombin-dependent 
inhibition of fibrinolysis, purified a protein from human plasma. 
Initial characterization of this protein indicated that it was a pro-
carboxypeptidase B-type protein, which converted to an active 
carboxypeptidase on treatment with thrombin. This group named 
the protein TAFI. Further characterization established that TAFI 
is identical to protein plasma procarboxypeptidase B.19,1010 
Whether carboxypeptidase R and carboxypeptidase unstable are 
identical to TAFI has not been resolved because of differences 
in the reported molecular mass and subunit structure of these 
proteins.

Gene Structure and Expression
TAFI is a member of a multigene family that includes the pan-
creatic and mast cell carboxypeptidases but not other carboxy-
peptidases with a specificity for basic amino acids, such as 
carboxypeptidases N, M, H, and D.2035,2036 TAFI shares a 34% to 
40% amino acid identity with its family members, including exact 

conservation of cysteine residues and residues critical for cataly-
sis, zinc binding, and substrate binding.

The human gene for TAFI maps to chromosome 132037 and 
is composed of 11 exons within 48 kb of DNA2035 (Table 18.9). 
When the TAFI gene is compared with the genes from rat pan-
creatic carboxypeptidases A1, A2, and B and human mast cell 
carboxypeptidase A, the positions of intron/exon boundaries are 
conserved, whereas the intron lengths diverge significantly. The 
TAFI promoter lacks a consensus TATA sequence but does have 
a 70-bp sequence in the 5′-flanking region of the gene that is 
required for liver-specific transcription.2035 Transcription is initi-
ated at multiple sites. Primer extension analysis of human liver 
Poly (A)+ RNA identified nine major transcription start sites with 
similar frequencies of usage.2035 The TAFI transcript is polyad-
enylated at three different sites.

The TAFI transcript encodes a gene product of 423 amino 
acids. The first 22 amino acids comprise a signal peptide that is 
absent in the circulating form of the protein. Three single nucleo-
tide polymorphisms in the coding region of the human TAFI gene 
have been identified, resulting in two distinct isoforms of TAFI: a 
base change of C to T at base 678, resulting in a silent mutation; 
a base change of A to G at base 505, yielding a Thr to Ala substi-
tution at amino acid position 147; and a base change of C to T at 
base 1,057, resulting in an Ile to Thr substitution at TAFI residue 
325. No functional difference was observed between purified 
TAFIa (Ala147) and TAFIa (Thr147).2038 However, purified TAFIa 
(Ile325) showed greater activity and stability than TAFIa (Thr325).

The plasma concentration of TAFI antigen has been observed 
to vary approximately 10-fold in the human population. The 
origin of this variability appears to be primarily genetic.2039 
Polymorphisms in the TAFI gene that have been shown to be 
strongly associated with plasma TAFI levels include a number in 
the 5′-flanking region,2029,2040 the 3′-untranslated region,2040 and 
the coding region.2041

Biochemistry
The TAFI transcript specifies a preprotein of 423 amino acids 
composed of a signal peptide, an activation peptide domain, and 
a catalytic domain. Removal of the signal peptide yields the circu-
lating zymogen of 401 amino acids (45 kDa); when analyzed by  
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SDS-PAGE, the apparent molecular weight of TAFI is 58 kDa 
(Fig.  18.22). The difference in mass derives from a high level of 
glycosylation involving all four of the potential sites (Asn22, Asn51, 
Asn63, and Asn86) present in the activation peptide domain (resi-
dues 1 to 92). In addition to its structural role in suppressing the 
catalytic potential of TAFI, the activation peptide domain mediates 
the association in blood of TAFI with plasminogen.19 The sequence 
of the catalytic domain (residues 93 to 401; 35 kDa) displays exact 
conservation when compared to pancreatic and mast cell carboxy-
peptidases of cysteine residues and residues critical for catalysis, 
Zn2+ binding, and substrate binding.19,2035 The activated form of 
TAFI is a carboxypeptidase that catalyzes the removal of arginine 
or lysine residues from the COOH-termini of polypeptides. TAFIa is 
inhibited by agents that can chelate Zn2+, such as o-phenanthroline, 
and by 2-guanidinoethylmercaptosuccinic acid, a specific inhibitor 
of pancreatic and mast cell carboxypeptidases.19,36 TAFIa is an 
unstable enzyme at physiologic pH and temperature.18,19,36 At 37°C, 
TAFIa has a functional t1/2 of approximately 10 minutes; its loss of 
activity is coincident with a significant change in conformation.2042

Activation
The activation of TAFI requires the cleavage of the zymogen at 
Arg92, yielding an activation peptide of approximately 15 kDa 
and an active carboxypeptidase of 35 kDa (Fig. 18.22). Trypsin,19 
plasmin,19,2043 plasmin-anionic GAG complex,2043 thrombin,19,36 
thrombin-thrombomodulin complex,969 and meizothrombin-
thrombomodulin complex1097 all catalyze this reaction in vitro. 
A ranking of these catalysts in terms of relative catalytic efficiency 
shows the following order: thrombin-thrombomodulin (1.0) > 
meizothrombin-thrombin (0.1) = plasmin-anionic GAG (0.1) > 
plasmin (0.006) > thrombin (0.0008). The complement protease 
MASP-1 also has been shown to activate TAFI.2044 The relative 
contributions of thrombin and plasmin to TAFI generation in vivo 
may be regulated by the availability of their respective cofactors 
at the site of vascular injury: cell-associated thrombomodulin ver-
sus the extent of exposure of subendothelial extracellular matrix. 
Platelet factor 4 has been reported to inhibit activation of TAFI by 
the thrombin-thrombomodulin complex.2045

Function
Thrombin cleavage of fibrinogen yields insoluble fibrin polymers 
and soluble fibrinopeptides, all bearing COOH-terminal arginine 
residues. These COOH-terminal arginines are substrates for TAFIa, 
and the kinetics of their release in an in vitro clot lysis system1011 
and whole blood system where des-Arg FPB was detected1013 
have been reported. The significance of this removal of arginine 
residues from these sites is not known. The activation of many of 
the cofactors and zymogens of the coagulation and fibrinolytic cas-
cades results in the generation of functional proteins with COOH-
terminal arginines or lysines. Their status as TAFIa substrates is 
unknown. Bradykinin and several enkephalins have been shown 
in vitro to be good TAFIa substrates2034; to date, only circumstan-
tial evidence connects TAFIa and bradykinin in vivo.2046

Extensive in vitro data1011,1104,1775,1776,2042,2047,2048 attest to 
the ability of TAFIa to slow the rate of fibrin degradation by plas-
min generated in situ. Proteolysis of insoluble fibrin by plasmin 
proceeds through repetitive cleavages at lysine residues termi-
nating in the formation of soluble fibrin degradation products. 
Before solubilization, each cleavage shortens the fibrin molecule 
and generates a new COOH-terminal lysine residue. COOH-
terminal lysines in partially degraded fibrin have been shown 
to function as potent cofactors for t-PA-catalyzed activation of 
Glu-plasminogen.2049–2053 Removal of the COOH-terminal lysines 
by TAFIa thus reduces the number of sites available for plas-
minogen binding, thereby reducing the rate of plasmin generation 
with consequent prolongation of fibrin dissolution1011,1775,2054 
(Fig. 18.21). TAFIa functions as an attenuator of fibrinolysis,2055 
and thus an adequate rate of TAFIa generation may be critical 
in the stabilization of the blood clot. For example, plasmas with 
specific deficiencies in the coagulation pathway showed reduced 
rates of thrombin production, decreased levels of TAFIa, and pre-
mature clot lysis.1776,2026,2056

Regulation
TAFI circulates in plasma bound to plasminogen19 and is a sub-
strate for factor XIIIa, which catalyzes its covalent attachment to 
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FIGURE 18.22. Schematic of thrombin-activatable 
fibrinolysis inhibitor (TAFI). Activation of TAFI yields 
an exopeptidase (TAFIa) with carboxypeptidase B–like 
substrate specificity. It catalyzes the removal of basic 
amino acids (arginines, lysines) from the COOH-termini 
of polypeptides. TAFI contains four glycosylation sites in 
its activation peptide region. TAFIa is an unstable enzyme 
undergoing spontaneous conformational change result-
ing in a loss of catalytic activity (t1/2 = 8–10 min).

72683_ch018_0428-0497.indd   490 7/31/13   11:08 AM



 Chapter 18 Blood Coagulation and Fibrinolysis 491

Th
e 

N
or

m
al

 H
em

at
ol

og
ic

 S
ys

te
m

fibrin.1012 Whether these two mechanisms for concentrating TAFI 
at the site of fibrin formation contribute to the function of TAFI 
in vivo is not established. It has been proposed,2057 because the 
thrombin-thrombomodulin complex has a Km 10 to 20 times the 
plasma concentration of TAFI, that rates of TAFI activation would 
vary directly with changes in TAFI concentration.

A plasma inhibitor of TAFIa has not been described. 
Carboxypeptidase inhibitors from potato2058 and the leech2059 
active against TAFIa have been identified. TAFIa is an unstable 
enzyme under physiologic conditions.18,19,36 It undergoes a 
spontaneous conformational change with a t1/2 of 10 minutes at 
37°C.2042 This appears to be the primary route of inactivation 
because proteolytic cleavage at Arg302 by thrombin or plasmin 
has now been identified as secondary to and dependent on the 
inactivating conformation change.2060,2061

TAFI plasma concentrations vary significantly in the human 
population. Although genetic factors appear to be the largest con-
tributor to this variation,2040 a growing number of stimuli have 
been shown to affect TAFI plasma concentration.2030,2039,2062–2065 
It has been proposed, in light of the intrinsic instability of TAFIa 
and the absence of a specific inhibitor, that control of the concen-
tration of TAFIa through control of the level of TAFI gene expres-
sion is the primary regulator of the TAFI/TAFIa system in vivo.2066

plasminogen activator Inhibitor-1
PAI-1 is the primary physiologic inhibitor of plasminogen acti-
vation in blood, targeting u-PA and t-PA.2067 It also appears to 
have a role, independent of its antiproteolytic function, in tissue 
remodeling by interfering with vitronectin-dependent processes 
of cell adhesion and migration. Congenital deficiency of PAI-1 is 
rare, with homozygous individuals displaying abnormal bleeding 
in response to trauma.2068–2072 In a normal population, plasma 
PAI-1 concentration varies over a 15-fold range (6 to 80 ng/ml; 
Table 18.10)2073,2074 and exhibits a circadian variation.2075 Some 
of this variability stems from polymorphisms in the PAI-1 gene; 
however, a larger fraction of the variability appears to derive from 
the responsiveness of PAI-1 gene expression to a wide variety of 
physiologic effectors and conditions as well as pharmacologic 
agents.2076 Higher levels of plasma PAI-1 prolong fibrin removal 
by shortening the functional lifetime of plasminogen activators, 
thereby shifting hemostasis to a more thrombotic state.2077 The 
t1/2 of PAI-1 in blood is < 10 minutes. Potential sites of constitu-
tive PAI-1 synthesis in humans include the liver, spleen, adipose 
tissue, and cells of the vasculature, including endothelial cells, 
smooth muscle cells, macrophages, and megakaryocytes. The 
relative contributions from these sources to plasma PAI-1 levels in 
normal or specific pathologic conditions remain unresolved. The 
major fraction of PAI-1 in blood is present in platelets, apparently 
synthesized and stored in the a-granules during the maturation 
of megakaryocytes.2078 Although 75% to 80% of platelet PAI-1 
is present in the latent form, there appears to be enough active 
PAI-1 released from platelets at sites of thrombus formation to 
contribute to the suppression of fibrinolysis.1922,1923

PAI-1 is a single-chain protein with an Mr of 50,000 (13% 
carbohydrate; Table 18.10). It is a typical serpin with its reactive 
site bond, Arg346-Met347, positioned in an exposed loop region2079 
where it is available for complexation with its target proteases. 
However, this conformation, with the reactive site accessible to 
proteases, is unstable (t1/2 ≤ 90 minutes), reverting spontaneously 
to a latent form of the inhibitor in which the reactive loop is bur-
ied in b sheet A of the protein core. This positioning of the reac-
tive loop is observed in PAI-1 and other serpins after cleavage of 
the reactive site bond.2080 Plasma PAI-1 circulates in noncovalent 
association with vitronectin2073,2081 (Kd ≤ 0.05 nmol/L); in vitro, 
this association results in a twofold increase in its functional t1/2 
and, in the presence of heparin, increases PAI-1 reactivity with 
thrombin.1603

Gene Structure and Expression
PAI-1 is an inhibitory serpin with significant sequence homology to 
a1-antitrypsin, antithrombin, and a1-antichymotrypsin.1382,2082–2088 
It shares the fundamental structural plan of these serpins: three 
b sheets, nine a-helices, and a reactive site loop. PAI-1 is distin-
guished from the other inhibitory serpins in that it lacks cysteine 
residues.

The human gene for PAI-1 is located on chromosome 7 bands 
q21.3-q22 in close proximity to the loci for erythropoietin, 
paraoxonase, and cystic fibrosis2089,2090 (Table 18.9). It covers 
12.2 kb of DNA with nine exons specifying the 23 amino acids 
of the signal peptide and 379 amino acids of the mature pro-
tein.2091–2094 Introns, totaling approximately 9,000 bp, define 
boundaries of individual structural subdomains or are found in 
random coil regions of the protein.2091,2092 The transcription 
start site is located 25 bp downstream of a consensus TATA 
sequence.2092,2094 The 5′-flanking region of the PAI-1 gene 
shows an extensive region of nucleotide sequence identity with 
the 5′-flanking region of the gene encoding t-PA.2093,2094 The 3′ 
region of the human PAI-1 gene contains alternative polyadenyl-
ation sites resulting in two mRNA species of different lengths (2.4 
and 3.2 kb).2091

Normal plasma levels of PAI-1 antigen range between 6 and  
80 ng/ml. Polymorphisms in the PAI-1 gene appear to correlate 
with different plasma levels of PAI-1; thus, genotype-specific 
regulation of PAI-1 accounts for some of the observed variation in 
the normal population. Nine polymorphisms have been described, 
with three of these the subject of human population studies.2095 
A polymorphism located 675 bp upstream of the transcription 
start site consists of a single guanine insertion/deletion variation 
(4G/5G) leading to a sequence of four or five guanine nucleotides 
in the promoter.2096 Individuals homozygous for the 4G poly-
morphism have the highest levels of PAI-1; heterozygotes show 
intermediate levels; those homozygous for the 5G allele have the 
lowest levels.2097–2101 The basis of this differential expression 
of the PAI-1 gene appears to be the specificity of a transcrip-
tional repressor protein that binds the 5G allele and not the 4G 
allele.2101 The predictive relationship between the 4G/5G geno-
type, plasma PAI-1 level, and the risk of thrombosis is controver-
sial.2102–2104 The two other polymorphisms investigated both in 
vitro and in human population studies include an eight-allele (CA)

n repeat in intron 32105 and a two-allele Hind III restriction frag-
ment length polymorphism of the 3′-flanking region. Individuals 
with one of the homozygous genotypes associated with the Hind 
III site exhibit higher plasma PAI-1 activity than the complemen-
tary homozygous individuals.2105 In vitro studies of the Hind III 
polymorphism have shown genotype-specific regulation of PAI-1 
synthesis by a number of effector molecules.2106–2109

Congenital PAI-1 deficiency is a rare disorder, with homozy-
gous PAI-1-deficient individuals showing abnormal bleeding after 
trauma or surgery.2068,2069 A study of an extended family with 19 
heterozygotes and 7 individuals homozygous for a null mutation 
in the PAI-1 gene found no significant developmental or other 
abnormalities in the homozygotes beyond abnormal bleeding 
episodes.2071 Homozygous PAI-1-deficient mice display normal 
fertility, viability, and development, with no identified histologic 
abnormalities.2110,2111 A mild hyperfibrinolytic state and greater 
resistance to venous thrombosis were reported. Mice with com-
bined homozygous deficiency of PAI-1 and a2-antiplasmin show 
normal fertility and development while displaying a higher fibri-
nolytic capacity.2112 However, this increase appears to depend on 
the a2-antiplasmin deficiency alone, suggesting a less critical role 
for PAI-1 in the regulation of fibrinolysis.

Biochemistry
PAI-1 is a single-chain glycoprotein of 379 amino acids that has 
no cysteine residues. It is an inhibitory serpin with a reactive 
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site bond, Arg346-Met347, positioned in a surface-exposed, dis-
ordered loop of 20 amino acids.2079 Reaction with t-PA or u-PA 
involves rapid formation (second-order rate constant = 107 to 
108 M−1second−1) of a reversible complex; specific interactions 
between a negatively charged region (amino acids 350 to 355) of 
the PAI-1 molecule and positively charged regions in t-PA2113,2114 
or in u-PA2115 are important to this initial association. Cleavage 
of the reactive site Arg346-Met347 bond in PAI-1 by the protease 
triggers a large conformational change in both the inhibitor and 
the protease that renders the protease unable to efficiently hydro-
lyze the normally transient ester linkage between its active site 
serine residue and the carboxyl moiety of the targeted peptide 
bond. PAI-1 converts to an inactive (latent) form spontaneously; 
it can be returned to its active conformation by treatment with 
denaturants.2116 The crystal structure of latent PAI-1 indicates 
that the reactive site loop is inserted into the b sheet A of the 
molecule, making it unavailable to proteases.2117 The crystal 
structure of a mutant PAI-1 stabilized in the active conforma-
tion by substitutions at four sites (N150→H; K154→T; Q319→L; 
M354→I) shows the reactive site bond to be located at the apex of 
a flexible, exterior loop.2079 The vitronectin binding site of PAI-1 
involves five residues located on the exterior of the molecule.2118 
Extensive structural differences have been noted when this region 
is compared in active and latent conformations of PAI-1.2079 
Stabilization of the conformation of this region of PAI-1 by the 
PAI-1 vitronectin binding interaction presumably impedes the 
insertion of the reactive site loop into b sheet A of the molecule.

Function
PAI-1 is the central physiologic inhibitor of the plasminogen 
activator t-PA in blood. It reacts with both the secreted, single-
chain form of t-PA and the two-chain form generated by plasmin 
during the process of fibrin dissolution. Both PAI-1 and t-PA are 
characterized by high turnover rates (t-PA, t1/2 = 3 to 4 minutes; 
PAI-1, t1/2 = 10 minutes) with functional PAI-1 circulating con-
centrations maintained at least at severalfold molar excess over 
the concentration of functional t-PA (14 pmol/L). From the circu-
lating concentration of PAI-1 and the second-order rate constant 
for the association of PAI-1 with either form of t-PA (107 to 108 
M−1second−1), the predicted t1/2 of t-PA is < 1 minute. This is 
consistent with the observation that approximately 80% of the 
t-PA antigen in plasma (70 pmol/L) is found complexed with PAI-
1. PAI-1-t-PA complexes have a clearance t1/2 of approximately 
5 minutes.1854 Although other plasma proteins have been identi-
fied in vitro with inhibitory activity toward plasminogen activators 
(PAI-2, PAI-3, protease nexin), only PAI-1-plasminogen activator 
complexes have been detected in vivo.1127,2119

PAI-1 is an important inhibitor of u-PA. Unlike t-PA, PAI-1 
forms complexes only with the two-chain form of urokinase; it 
does not complex with the single-chain form of urokinase. The 
second-order rate constant for the association of PAI-1 and tcu-
PA is in the range of 108 M−1 second−1. Conversion of circulating 
scu-PA (37 to 74 pmol/L) to tcu-PA occurs at sites of fibrin lysis. 
Urokinase is also involved in physiologic and pathologic processes 
such as embryo development, wound healing, cell migration, 
inflammation, and metastasis of tumor cells. A large body of in 
vitro work supports a regulatory role for PAI-1 as a protease 
inhibitor in u-PA–mediated events outside the vasculature, and 
as a consequence, its dysregulation has been implicated in the 
pathogenesis of fibrosis in different organs.2120

PAI-1 also appears to be involved in regulating cell adhesion 
and migration by a mechanism independent of its function as a 
protease inhibitor. Its high-affinity association with the somato-
medin B domain of vitronectin makes it an effective competitor 
with other ligands such as urokinase-type plasminogen activator 
receptor (uPAR)2121–2124 and integrins including aVb3

2125 that 
also bind to vitronectin at this site. The ability to interfere with 

the binding of such cell-associated ligands to matrix-associated 
vitronectin suggests a role for PAI-1 as a regulator of the interac-
tion of cells with the extracellular matrix.

plasminogen activator Inhibitor-2
PAI-2 is a member of the serpin subfamily designated the oval-
bumin-related serpins.2126 It was initially identified in human 
placenta as an inhibitor of urokinase.2127 It has also been referred 
to as the placental-type PAI.2127–2132 It is not normally detected 
in plasma, although it has been detected in human thrombi.2133 
During pregnancy, PAI-2 is found in plasma at levels that may 
exceed those of PAI-1.2119 PAI-2 appears to have significant func-
tions within the cytoplasm of certain cell types and in the extra-
cellular region outside of the vasculature, where it may regulate 
urokinase-dependent events. However, its role in hemostasis 
remains problematic and a definitive intracellular role for PAI-2 is 
not established.2134 PAI-2 (–/–) null mice developed normally and 
did not display any phenotypic abnormalities.2135

Gene Structure and Expression
The gene for PAI-2 is located on chromosome 18, band q22.1, 
and spans 16.5 kb2136–2141 (Table 18.9). Its transcript speci-
fies a protein of 415 amino acids that lacks a cleavable NH2-
terminal signal sequence. PAI-2 is synthesized and secreted by 
human white blood cells such as monocytes and macrophages, 
and cells of epithelial lineage such as keratinocytes and certain 
tumor cells.2142,2143–2145 A large number of agonists have been 
shown to affect transcription rates of the PAI-2 gene (reviewed 
in2126,2146,2147). For example, the PAI-2 gene has been shown to 
respond dramatically to TNF2148 and to lipopolysaccharide.2149 
In human monocytes, exposure to lipopolysaccharide induced 
approximately a 100-fold increase in PAI-2 mRNA levels.2150 
Posttranscriptional regulation of PAI-2 mRNA levels has also been 
documented.2151,2152 Regulation of the stability of PAI-2 mRNA 
has been shown to derive in part from an AU rich-mRNA destabi-
lizing determinant in the 3′-untranslated region2152 and from an 
mRNA instability element identified within exon 4 of the coding 
region.2153

Biochemistry and Function
There are two forms of PAI-2: an intracellular nonglycosylated 
form (Mr = 47 kDa) and a secreted glycosylated form (Mr = 60 
kDa) (Table 18.10). However, the nonglycosylated form has been 
observed in the blood of pregnant women.2119 Glycosylation 
occurs at Asn75, Asn115, and Asn339. PAI-2 is structurally dis-
tinguished from other serpins by the presence of a unique 
33-residue-long loop (CD loop: residues 66 to 98) positioned 
between helices C and D. This solvent-exposed loop region has 
two glutamine residues (Gln83 and Gln86) that have been shown to 
be sites for factor XIIIa-catalyzed cross-linking of PAI-2 to fibrino-
gen.2133,2154 PAI-2 cross-linked to fibrinogen remains functional 
after its fibrinogen carrier is converted to insoluble fibrin.2154 The 
CD loop has also been implicated in the association of intracellular 
PAI-2 with other cytoplasmic proteins.2155 The crystal structure 
of PAI-2 at 2-Å resolution has recently been reported using a 
PAI-2 mutant lacking the CD loop.2156 The reactive site bond 
(Arg380-Thr381) is located in a highly disordered reactive center 
loop extending from Thr367 to Pro386. PAI-2 is a serpin inhibi-
tor that can inhibit plasminogen activators. The second-order 
rate constants defining its interactions with two-chain urokinase (1 × 
106 M−1second−1) and two-chain t-PA (2 × 105 M−1second−1) 
are approximately 100-fold lower than those characterizing the 
reaction of PAI-1 with these proteases. Unlike PAI-1, PAI-2 reacts 
very slowly with the single-chain form of t-PA. Also unlike PAI-1, 
PAI-2-t-PA or PAI-2-u-PA complexes have not been detected in 
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plasma. Thus, it has been suggested that PAI-2 may not play an 
important role in regulating intravascular clot lysis. However, 
fibrin deposition at sites of chronic inflammation within blood 
vessels may represent an instance in which monocyte-derived 
PAI-2 could end up cross-linked to fibrin, thereby exerting some 
effect in the vasculature.2133,2154 An extravascular role for PAI-2 
in aspects of tissue remodeling and wound healing that depend 
on urokinase catalysis is consistent with the observed induction 
of PAI-2 production by inflammatory mediators in cell types such 
as keratinocytes and macrophages.

The nonglycosylated form of PAI-2 is found in the cytosol of 
a number of cell types. Data supporting a diverse set of roles for 
intracellular pools of PAI-2 include effects on cellular differentia-
tion,2155 cell proliferation,2157 TNF-a-induced apoptosis,2158,2159 
signal transduction,2160 and, in monocytes, multiple roles in 
modulating adhesion, proliferation, and differentiation.2161

a2-antiplasmin (a2-plasmin Inhibitor)
a2-Antiplasmin (or a2-plasmin inhibitor) is the primary plasmin 
inhibitor in human plasma2162–2165 and thus is an important 
regulator of fibrinolysis.2166 Congenital deficiency of a2-antiplasmin 
is rare, with homozygous individuals displaying a severe to 
moderate bleeding disorder.2167 a2-Antiplasmin is a single-chain 
glycoprotein with a calculated mass of 58 kDa2168 and a relative 
molecular weight of 70 kDa. It is present in plasma at a concentra-
tion of 70 mg/L (Table 18.10). The primary site of synthesis is the 
liver, although the kidney may be another contributing source2169; 
its in vivo t1/2 is 2.6 days.2170,2171 Two NH2-terminal variants 
of a2-antiplasmin are isolated from human plasma in roughly 
equivalent amounts: a2-antiplasmin Met1, the full-length protein 
secreted into the blood; and a2-antiplasmin Asn1, lacking the 
first 12 amino acids (Asn13 in a2-antiplasmin Met1).2172,2173 a2- 
Antiplasmin is a member of the serine protease inhibitor super-
family. It forms a stable 1:1 stoichiometric complex with plasmin 
that has no proteolytic or esterase activity.2163,2164,2174 It is struc-
turally distinct from related serpins in having a 55-amino acid 
extension at its COOH-terminus.1466,1467 This region mediates 
a2-antiplasmin binding to specific regions (lysine-binding sites) 
on the kringle domains of plasminogen and plasmin.2175–2177 
Approximately 30% of a2-antiplasmin in human plasma lacks part 
of this COOH-terminal region (residues 449 to 464). This truncated 
form appears to be functionally inert in plasma,2177,2178 although 
it has been shown, when purified, to slowly form complexes with 
plasmin.2179,2180

The a2-antiplasmin molecule has three domains defining its 
role in fibrinolysis: the reactive site (Arg376-Met377), the plas-
minogen-binding site (both of which are critical to its reactivity 
with plasmin2175,2176,2181), and a cross-linking site mediating 
the attachment of a2-antiplasmin to the a-chain of fibrin during 
clotting.1531 The binding of the plasminogen-binding domain of 
a2-antiplasmin to a lysine-binding site of plasmin has been shown 
to occur more rapidly than the association between the active site 
of plasmin and the reactive site of a2-antiplasmin.2182 Thus, the 
rate of binding of a2-antiplasmin depends primarily on the avail-
ability of the lysine-binding site(s) of plasmin. This dependence of 
the rate of inhibition on an exosite interaction between the two 
molecules results in the differential reactivity of a2-antiplasmin 
with its primary targets in clotting blood: plasmin released into 
the circulating blood (t1/2 = 0.1 second) versus plasmin bound 
through its lysine-binding sites to fibrin or cellular sites at the site 
of vascular injury (t1/2 = 10 seconds).

Gene Structure and Expression
a2-Antiplasmin is a member of a multigene family of serine pro-
tease inhibitors that includes a1-antitrypsin, antithrombin, PAI-1, 
and a1-antichymotrypsin.1382,1467,2082 These serpins interact with 

their target proteases at a reactive Arg-X peptide bond positioned 
in a loop structure located 30 to 40 amino acids from the inhibitor 
COOH-terminus. a2-Antiplasmin differs from other members of its 
family in having a 55-amino acid extension at its COOH-terminus.

The human gene for a2-antiplasmin is located on chromosome 
17, band p132183 and is composed of 10 exons distributed over 
16 kb of DNA2184 (Table 18.9). The 5′-untranslated region and 
leader sequence are interrupted by three introns; a TATA box 
sequence is found 17 nucleotides upstream from the transcrip-
tion initiation site. Exons 4 through 10 code for the protein, with 
exon 10 specifying both the reactive site and the unique COOH-
terminal plasminogen-binding site. One common polymorphism, 
RGW, has been mechanically linked to differences in the levels of 
a2-antiplasmin Met1 and a2-antiplasmin Asn1.2185,2186

Congenital a2-antiplasmin deficiency has been described2167; 
the transmission is autosomal recessive. Bleeding problems vary 
from severe to moderate in homozygotes. The majority of het-
erozygotes have no bleeding problems, although exceptions have 
been described.2187,2188 One instance of congenital deficiency, 
a2-antiplasmin Enschede,2189 is characterized by dysfunctional 
full-length a2-antiplasmin at normal plasma concentrations. All 
other cases involve quantitative defects with the four character-
ized instances showing mutations in the coding exons2190–2192 or 
an intron splicing donor site2193 with consequent truncated, non-
secreted peptide products. Homozygous a2-antiplasmin-deficient 
mice have been generated.2194 They display normal fertility, 
viability, and development, and show no overt bleeding disorder.

Biochemistry
a2-Antiplasmin is a single-chain glycoprotein of 464 amino 
acids with an Mr of 70 kDa (13% carbohydrate; Table 18.10). 
Glycosylation occurs at Asn99, Asn268, Asn282, and Asn289. 
a2-Antiplasmin contains four cysteine residues but only one S–S 
bridge.2195 It is a member of the a1-proteinase inhibitor class of 
the serine proteinase inhibitor superfamily.1382,1467

a2-Antiplasmin functions as the primary inhibitor of plasmin in 
blood.2170 It is synthesized primarily in the liver with a signal pep-
tide of 27 amino acids and circulates at a concentration of 1 mmol/
L2168 with a t1/2 of 2.6 days.2170,2171 Isolation from plasma yields 
both Met1–a2-antiplasmin (464 amino acids) and a truncated form 
with an NH2-terminal Asn (Asn13–a2-antiplasmin)2172; the trun-
cated form appears to be generated within circulating blood by a 
plasma protease.2194,2196 Plasma a2-antiplasmin is also found to 
have two COOH-terminal forms: a slow-reacting, non–plasminogen-
binding form (30%) that lacks the terminal 26 amino acids and 
the fully active molecule with an intact COOH-terminal exten-
sion.2177,2179 Conversion to the non–plasminogen-binding form 
occurs in the blood.2178 a2-Antiplasmin has three functionally 
important domains: a reactive site, a plasmin/plasminogen-bind-
ing site, and a cross-linking site. The reactive site of the inhibitor 
is the Arg376-Met377 peptide bond.1466 a2-Antiplasmin reacts with 
plasmin in a two-step process. First, a rapid (second-order rate 
constant = 2 to 4 × 107 M−1 second−1) reversible interaction 
yields a 1:1 complex (Kd = 10−10 M). Second, a slower first-order 
(t1/2 = 166 seconds) covalent bond forms between the active site 
seryl residue of plasmin and Arg376 of a2-antiplasmin with subse-
quent release of a COOH-terminal fragment (residues 377 to 464) 
of a2-antiplasmin. The plasmin/plasminogen-binding domain is 
located within residues 410 to 464, with Lys464 acting as the key 
residue.2197–2199 It complexes with lysine-binding site(s) located 
in the kringle structures of plasminogen and plasmin, exhibiting 
at least a 10-fold stronger binding to plasmin.1813 Lysine-binding 
sites on kringles 11813,2200 and 42195 have been identified as the 
points of interaction with a2-antiplasmin, although their relative 
importance individually is not resolved.2195 Maximum rates of 
a2-antiplasmin inhibition of plasmin require the unimpeded inter-
action of both the plasminogen-binding domain and the reactive 
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site of a2-antiplasmin with their respective target domains in the 
plasmin molecule.2182 Cross-linking of a2-antiplasmin at Gln14 
to the a-chain of fibrin is catalyzed by activated factor XIII.2201 
In vitro, Asn13 a2-antiplasmin is more efficiently cross-linked to 
fibrin.2196,2202

Function
a2-Antiplasmin is the primary plasmin inhibitor in human 
plasma. Its effective concentration in plasma is in the range 
of 0.5 mmol/L. Approximately one-third of the circulating pool  
(1 mmol/L) is poorly reactive,2177,2179 and another fraction is 
bound to circulating plasminogen (Kd = 4 mmol/L).2182 a2-Anti-
plasmin stabilizes the fibrin scaffolding of the developing blood 
clot by attenuating the rate of plasmin-driven fibrinolysis and 
protects against systemic degradation of fibrinogen and other 
proteins by plasmin. Fibrin, as the key cofactor for efficient t-PA 
activation of plasminogen, localizes plasmin generation to the site 
of fibrin formation. Generated plasmin is partitioned: one frac-
tion is surface associated through binding interactions between 
its lysine-binding sites and active site and insoluble fibrin; the 
other fraction mixes with the circulating blood. a2-Antiplasmin 
rapidly inhibits solution phase plasmin (t1/2 ∼0.1 second), pre-
venting systemic fibrinogen degradation until more than 50% of 
its neutralizing capacity has been exhausted.2170 The in vitro rate 
of inhibition of fibrin-bound plasmin by a2-antiplasmin decreases 
by at least a factor of 100 (t1/2 ≥ 10 seconds).2203 This decrease 
in reactivity reflects the dependence of the rate of inhibition 
on the availability of both the lysine-binding and active sites of 
plasmin. Offsetting this, a2-antiplasmin is accumulated on fibrin 
through a factor XIIIa-catalyzed tethering of the NH2-terminal of 
a2-antiplasmin to the a-chain of fibrin. Approximately 20% of the 
available a2-antiplasmin is rapidly bound to fibrin. This process 
has been shown to play a significant role in stabilizing the fibrin 
clot against lysis.1774,2204

PhysiologiC rEgulation oF 
FiBrinolysis
The physiologic regulation of fibrinolysis centers on controlling 
the rate and location of plasmin formation. Under quiescent 
conditions, there is little systemic plasmin formation. t-PA is a 
poor catalyst of the conversion of plasminogen to plasmin in the 
absence of fibrin. In addition, circulating levels of active t-PA 
are continually suppressed by reactions with PAI-1, thus further 
reducing the potential for solution phase plasminogen activation 
by t-PA. scu-PA has negligible activity toward plasminogen in 
solution. Further, there is no gradual accumulation of plasmin in 
the blood because the circulating concentration and efficacy of 
a2-antiplasmin limit the t1/2 of plasmin formed away from a fibrin 
surface to 0.1 second. Thus, significant plasmin formation occurs 
only after the formation of fibrin. t-PA and plasminogen bind to 
fibrin as the clot forms, localizing plasmin generation to the clot. 
Initial plasmin degradation of fibrin actually increases the num-
ber of plasminogen-binding sites in the fibrin, thus amplifying 
plasmin formation rates. Plasmin also cleaves scu-PA to gener-
ate the active two-chain form of the catalyst, further enhancing 
rates of plasmin activation. In addition, fibrin-bound plasmin is 
protected from inactivation by circulating a2-antiplasmin. These 
mechanisms ensure that plasmin formation is not premature, that 
plasmin formation is localized to the clot; the extent of plasmin 
formation is tied to the amount of fibrin present, thus allowing the 
process to efficiently dissolve thrombi of different sizes.

Regulation of fibrinolysis is achieved through a dynamic balance 
between profibrinolytic and antifibrinolytic processes maintained 
by complex interactions between circulating proteins, clot-based 
factors, and endothelial cells. Recruitment of the  proteins key to 

fibrinolysis to the site of injury occurs simultaneously with the 
initiation of fibrin formation. The fibrin clot not only serves as a 
substrate, but also acts in a role similar to the phospholipid sur-
face in coagulation, functioning as a surface for the activation and 
localization of fibrinolytic proteins. The association of plasmino-
gen and t-PA with fibrin enhances the rate of plasminogen activa-
tion by t-PA. Plasmin bound to fibrin is protected from inhibition 
by a2-antiplasmin.2142,2182,2205 These mechanisms both enhance 
fibrinolysis and serve to limit proteolytic activity to the clot. 
However, profibrinolytic processes are balanced by antifibrinol-
ytic responses. PAI-1 associates with fibrin and inactivates t-PA 
and u-PA within the meshwork of the clot.2206 Factor XIIIa cross-
links and stabilizes the fibrin clot and renders it less susceptible to 
plasmin proteolysis. Factor XIIIa also cross-links a2-antiplasmin 
to fibrin; this incorporation has been shown to play an important 
role in fibrin clot stabilization.1773,1774,2204 TAFIa removes COOH-
terminal lysines from partially proteolyzed fibrin, reducing the 
number of plasminogen-binding sites and attenuating the rate of 
plasmin formation. In addition, activated platelets release PAI-1 
and a2-antiplasmin at the fibrin surface, thus supplementing the 
ongoing downregulation of plasmin levels by the plasma pools of 
these serpins.2207–2211

Cellular regulation of Fibrinolysis
The fibrin clot and, thus, fibrinolysis are localized to the surface 
of the blood vessel at sites where the normally nonthrombogenic 
façade presented by the endothelium is either mechanically 
removed or altered in its molecular composition. The unperturbed 
endothelium secretes PAI-12212 and is actively antifibrinolytic. 
Once the endothelial layer is disturbed, a-thrombin is generated, 
and fibrin formation proceeds at that site.2213 Intact endothelial 
surfaces in the vicinity of the injury become “activated” via inter-
action with products of the coagulation cascade, shifting from an 
antifibrinolytic to a profibrinolytic state. “Activated” endothelial 
cells express t-PA and u-PA as well as specific receptors for the 
plasminogen activators.2214–2216 t-PA is likely the primary activa-
tor of plasminogen at the fibrin surface.1914,1987,2217 u-PA has 
profibrinolytic activity but appears to be primarily associated with 
extracellular matrix degradation and initiation of tissue repair 
and remodeling.2218–2220

In addition to receptors for plasminogen activators, receptors 
for plasminogen2221,2222 have been identified on a number of cell 
types including platelets, monocytes, fibroblasts, and endothelial 
cells, in which they appear to localize and accelerate plasmin 
formation. Plasmin generated at the cell surface is protected from 
serpin inhibitors by binding to specific cell receptors. Therefore, 
the cell surface can serve as a sanctuary for plasmin activity.

Urokinase-type plasminogen activator receptor
uPAR is synthesized and expressed by normal and malignant cells 
including monocytes, neutrophils, fibroblasts, platelets, and endo-
thelial cells.2218,2223–2229 A primary function of uPAR is to localize 
u-PA-mediated plasmin generation to the cell surface; however, 
more generally, uPAR mediates cell migration and tissue remodel-
ing during development and wound healing.2230,2231 Thus, uPAR 
function appears to be enmeshed with coagulation, fibrinolytic, 
and inflammatory processes.2230–2232 uPAR binds both single-
chain u-PA and plasminogen via high-affinity interactions, forming 
a ternary complex that enhances plasminogen activation2225,2233 
and initiates proteolysis of the extracellular matrix.2234 The 
receptor is a heterogeneously glycosylated  single-chain polypep-
tide (Mr = 50,000 to 60,000) of 313 amino acids.2235 Although 
uPAR is an integral membrane protein, there is no defined 
transmembrane sequence. uPAR is instead anchored to the cel-
lular  membrane by a glycosyl- phosphatidylinositol  moiety.2236 
The  glycolipid is most likely attached to Gly283,  indicating that 
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the mature protein consists of 283 amino acids.2236,2237 Because 
uPAR has no intracellular domain, uPAR mediated signaling 
presumably occurs through surface interactions with other 
components of the plasma membrane. At least 9 stable and 33 
membrane-associated binding proteins have been identified.2238 
The neutrophils of individuals experiencing the hematopoietic 
stem cell disorder paroxysmal nocturnal hemoglobinuria, a dis-
ease in which these glycosyl-phosphatidylinositol moieties are 
lacking, show impaired transendothelial migration.2227,2239 The 
absence of the receptor may play a role in the hypercoagulable 
state associated with this disorder. The crystal structure of uPAR 
has been reported in its ligand free form2240 and complexed with 
sc-UPA.2241

tissue-type plasminogen activator receptors
Many structurally unrelated components that bind t-PA have 
been described. These receptors can be separated into two dis-
tinct functional groups: activation receptors and clearance recep-
tors. Activation receptors are described as localizing t-PA onto 
a cell surface and enhancing the activation of plasminogen by 
t-PA.2242 Receptors in the activation category include annexin II (42 
kDa),2243,2244 heparan sulfate and chondroitin sulfate-like proteogly-
cans,2245 cytokeratin 8 and 18,2246,2247 and tubulin.2248 In patients 
with promyelocytic leukemia, overexpression of the t-PA receptor 
annexin II has been associated with a hyperfibrinolytic state result-
ing in bleeding.2249 The t-PA receptor(s) on endothelial cells is poorly 
defined (for descriptions of these receptors, see Bachmann1788).

Clearance receptors are responsible for clearing t-PA from 
the circulation and its subsequent degradation. These receptors 
control not only the plasma concentration of t-PA but also the 
levels of inactive t-PA/PAI-1 complexes. t-PA clearance occurs 
principally in the liver and involves two different receptors: the 
mannose receptor and the LRP/a2-macroglobulin receptor. The 
mannose receptor is a major t-PA receptor and binds t-PA with 
a high-affinity Kd of 1 to 4 nmol/L.2250–2252 Liver endothelial 
cells and Kupffer cells bind t-PA via the mannose receptor. The 
other major pathway for t-PA clearance is through the LRP/
a2-macroglobulin receptor. This receptor has a relative molecular 
weight of 600 kDa.1788 This receptor mediates the clearance of 
t-PA, t-PA/PAI-1, and u-PA/PAI-1 complexes, toxins, cytokines, 
apolipoprotein E-enriched chylomicron remnants, and complexes 
of a2-macroglobulin.2253 Free and PAI-1-complexed t-PA have 
also been shown to be cleared from the circulation through a gly-
coprotein 330-kDa LRP receptor and a 130-kDa very-low-density 
lipoprotein receptor.2253–2255

role of platelets in the regulation of Fibrinolysis
Platelets are vital to procoagulant events and contribute to the 
fibrinolytic process as well. Platelets bind both t-PA and plas-
minogen and support plasmin generation.2256–2258 Plasmin bound 
to the platelet surface is also protected from inhibition by a2- 
antiplasmin.2259 Platelets likewise contribute to the antifibrinol-
ytic mechanism. Activated platelets release PAI-1, a2-antiplasmin, 
C1-esterase inhibitor, and a2-macroglobulin, which function to 
inhibit plasminogen activators and plasmin. Therefore, platelets, 
when present at high concentrations, can promote thrombosis 
and inhibit fibrinolysis.

Several studies have shown that plasmin can directly modify 
the function of platelets.2259–2264 When plasmin is present at a low 
concentration, it can inhibit platelet aggregation by arachidonic 
acid metabolism or by proteolysis of membrane glycoproteins. 
At a high plasmin concentration, a proteolytic modification of the 
platelets occurs that affects fibrinogen binding and platelet aggre-
gation. Plasmin is also able to increase the number of plasminogen-
binding sites on the surface of platelets, an alteration that may 
function as a positive feedback loop for t-PA-mediated plasmin 

production. Increasing the size of the pool of fibrin-localized, 
platelet-bound plasminogen would augment the other readily 
activatable pool (plasminogen bound to fibrin), thereby increasing 
the amount of plasminogen available for efficient t-PA activation. 
Plasmin has also been shown to degrade the platelet-binding site 
for factor XIIIa, decreasing the rate of clot stabilization.2233

ConClusion
This chapter describes the process of blood coagulation by divid-
ing it into sections based on procoagulant, anticoagulant, and 
fibrinolytic enzymes, cofactors, and inhibitors in the overall pro-
cess of fibrin formation and fibrin dissolution. The role of each 
protein is described as either essential or accessory to hemostasis. 
The overall process of blood coagulation and fibrinolysis is better 
described when all the players are considered as contributing to 
a threshold-limited, complex, intertwined process that together 
promotes hemostasis.

Our understanding of the coagulation process has ancient 
historical roots; the accomplishments of numerous clinical and 
basic investigators have provided a relatively complete descrip-
tion of the inventory, connectivity, and dynamics of the overall 
process that occurs after vascular injury. Significant progress has 
been made in achieving a complete set of x-ray crystal structures 
for all the proteins involved in these processes (Table 18.5). The 
challenge for the future is the use of this knowledge in the devel-
opment of new technology for the advancement of diagnosis, 
prophylaxis, and treatment of vascular disease.
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Once formed, new vessels survive for years.1 This prolonged 
survival is maintained by the interaction of VEGF with its 
receptor VEGFR-2, phosphoinositide 3-kinase, b-catenin, and 
VE-cadherin.1,30 The angiopoietins also play a role in maintain-
ing vessel survival through their receptors Tie1 and Tie2. Ang1 
stabilizes the vessel, whereas Ang2 has an opposite effect14,15,31 
(see later). An essential element in the maintenance of the 
integrity of vessels is their “coating” with smooth muscle cells 
and pericytes.32 Evidence suggests that vascular smooth muscle 
cells and ECs have a common precursor.33 On stimulation with 
platelet-derived growth factor-BB, these precursor cells differenti-
ate into smooth muscle cells, whereas VEGF stimulation drives 
them to differentiate into EC.33 Besides providing physical support 
for endothelial vessels, smooth muscle cells and pericytes are a 
source of factors that are important for the maintenance and con-
trol of vascular integrity and function.1,32 The extracellular matrix 
plays a key role in that respect by being a dynamic storage site 
for growth factors and proenzymes that are important in vessel 
function and angiogenesis.1

Vascular endothelial Growth Factor  
and Its receptors
VEGF is the pivotal factor controlling angiogenesis. As such, it is 
the best-studied angiogenic factor. Several proteins belong to the 
VEGF family and include VEGF (also known as VEGF-A), VEGF-B, 
VEGF-C, VEGF-D, and placental growth factor.14 Although VEGF-A 
is the main angiogenic factor discussed here, VEGF-B seems 
to play an important role in coronary vascular development.34 
VEGF-C is essential for lymphangiogenesis by interacting with 
the VEGFR-3 receptor.35 The function of VEGF-D has yet to be 
determined.14

Being the major regulator of angiogenesis, VEGF is a mitogen 
and survival factor for EC.11,14 As mentioned earlier, it is also a 
potent inducer of vascular permeability, an essential step in the 
angiogenic process.1,11,14 It has two well-characterized receptors, 
VEGFR-1 and VEGFR-2 (also known as Flt-1 and Flk-1/kinase 
domain receptor, respectively).14 They are both tyrosine kinases. 
VEGFR-2 is the main effector of a VEGF-induced chemotactic and 
mitogenic response in EC. VEGFR-2 also mediates the ECs’ per-
meability effects.14 The role of VEGFR-1 in EC response to VEGF 
has not been totally elucidated. However, it seems to negatively 
control the VEGF effects by acting as a decoy.14,36,37 Indeed, 
mice that have been engineered not to express VEGFR-1 have 
evidence of excess and disorganized angiogenesis.36 In addition 
to its role  in angiogenesis, VEGF has been shown to be trophic 
for nerve cells, lung epithelial cells, and cardiac muscle fibers.38

angiopoietins and their receptors
Angiopoietins and Tie receptors play an important role in angio-
genesis. To date, four angiopoietins have been identified.14 
However, only Ang1 and Ang2 have been fully characterized. 
They interact with the Tie tyrosine kinase receptors, mainly Tie2. 
Ang1 plays an important role in stabilizing the vasculature.14 
Supportive cells express Ang1 and interact with EC through the 
Tie2 receptor. Genetically engineered mouse embryos that lack 
Ang1 develop a normal primary vasculature. However, they do 
not undergo further vascular remodeling.16 Transgenic mice that 

noRmAl AngiogEnEsis
Blood circulation requires the production and maintenance of a 
vast network of vessels that have specialized functions depending 
on their organ location. The vascular network involves a complex 
interaction between endothelial cells (ECs), specialized cells such 
as smooth muscle cells and pericytes, and the extracellular matrix. 
Vasculogenesis is the de novo development of vessels.1 It is seen 
mainly at the embryonic stage of development with the differenti-
ation of a common pluripotent precursor, the hemangioblast, into 
endothelial and hematopoietic cells. Angiogenesis is the develop-
ment of new vessels from pre-existing vessels.1 It is an essential 
process for wound healing and the maintenance of the integrity of 
the vascular network. Pathologic angiogenesis is seen in disease 
states including cancer, retinal, and autoimmune diseases.2

As outlined by Conway, Collen, and Carmeliet,1 physiologic 
angiogenesis is a well-organized stepwise process that involves 
dilation and increased permeability of the parent vessel, disso-
lution of the extracellular matrix, division and migration of EC, 
cord formation, and the development of lumina, and, finally, the 
maintenance of new vessel integrity. The entire process involves 
the complex and choreographed effects of multiple inducers and 
inhibitors (Table 19.1).

The first step in angiogenesis is vasodilation. This is medi-
ated through the activation of the soluble guanylate cyclase by 
nitric oxide (NO).3 NO also up-regulates vascular endothelial 
growth factor (VEGF) production.4 By causing intercellular adhe-
sion molecules to redistribute (platelet-EC adhesion molecule-1 
and VE-cadherin, among others), VEGF induces an increase in 
vascular permeability.5,6 The VEGF-induced increase in vascular 
permeability is negatively controlled by angiopoietin-1 (Ang1) 
through its receptor, Tie2.7 The next key step to vascular devel-
opment is the dissolution of the extracellular matrix, which is 
accomplished by proteases belonging to the matrix metallopro-
teinase family.8,9 These proteases also induce the liberation of EC 
growth factors from the extracellular matrix, including VEGF and 
basic fibroblast growth factor. The action of matrix metallopro-
teinases is negatively controlled by a family of protease inhibitors, 
including the tissue inhibitors of metalloproteinases.10

Degradation of the extravascular matrix allows the develop-
ment of the key element of the angiogenesis process, namely, 
EC division and migration. The list of factors that stimulate this 
process is extensive (Table 19.1), but a key role is played by 
VEGF in concert with Ang1.6,11,12,13–16 Angiopoietin-2 (Ang2) 
could have angiogenic effects in the presence of VEGF, whereas 
it is antiangiogenic in the absence of VEGF.14–17 The role played 
by the endothelial NO synthase and NO has been the subject of 
controversy, with reports showing that NO has both pro- and 
antiangiogenic effects.18,19,20,21 Other factors that stimulate angio-
genesis include basic fibroblast growth factor and platelet-derived 
growth factor.22,23,24 EC growth is negatively controlled by endog-
enous angiogenesis inhibitors that include angiostatin, endostatin, 
interferons, and antithrombin.25,26,–28 ECs then migrate in large 
part through the action of integrins (aVb3 and aVb1).29 The end 
result of EC division and migration is sprouting and the forma-
tion of cords.1 This is followed by lumen formation, which is 
controlled by different VEGF isoforms, Ang1, and integrins.1,15 
Thrombospondin-1 acts as an endogenous inhibitor of lumen 
development.1
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Activators Function Inhibitors Function

VEGF, VEGF-C, PlGF,  
and homologs

Stimulate angiogenesis, permeability; 
stimulate lymphangiogenesis,  
pathologic angiogenesis

VEGFR-1, soluble VEGFR-1, and 
NP-1

Sink for VEGF, VEGF-B, PlGF 
(VEGFR-1), and VEGFR165 (NP-1)

VEGFR VEGFR-2: angiogenic signaling;
VEGFR-3: (lymph) angiogenic  
signaling

Ang2 Ang1 antagonist; induces vessel 
regression in absence of  
angiogenic signals

Ang1 and Tie2 receptor Ang1: stabilizes vessels, inhibits  
permeability

TSP-1 ECM proteins; inhibits EC  
migration, growth, and adhesion

Ang2: destabilizes vessels before 
sprouting

TSP-2 Inhibits angiogenesis

Platelet-derived growth  
factor-BB and receptors

Recruit smooth muscle cells Meth-1, Meth-2 Contains metalloprotease, 
thrombospondin, and disintegrin 
domains

TGF-b1, endoglin, TGF-b  
receptors

Stabilize vessels by stimulating ECM 
production

Angiostatin and related  
plasminogen kringles

Inhibits EC survival and  
migration

Fibroblast growth factor, hepa-
tocyte growth factor, monocyte 
chemotactic protein-1

Stimulate angiogenesis, stimulate 
arteriogenesis

Endostatin Inhibits EC survival and  
migration

Integrins aV b3, aV b5 MMP receptors Vasostatin, calreticulin Inhibits EC growth

VE-cadherin, platelet-EC  
adhesion molecule

EC junctional molecules, promote  
EC survival

Platelet factor-4 Heparin-binding molecule;  
inhibits binding of bFGF  
and VEGF

Ephrins Regulate arterial/venous  
specifications

Tissue inhibitors of  
metalloproteinases, MMP  
inhibitors

Suppresses pathologic  
angiogenesis

Proteolytic fragment of MMP Inhibits binding of MMP2 to 
a V b3

Plasminogen activators, MMPs Cell migration and matrix remodeling; 
liberate bFGF/VEFG from ECM;  
activate TGF-b1; generate angiostatin

Plasminogen-activator  
inhibitor-1

Stabilizes nascent vessels (prevents 
ECM dissolution)

IFN-a, -b, -g; IL-4, -12, -18 Inhibits EC migration, IFN-a 
down-regulates bFGF

Nitric oxide synthase,  
cyclo-oxygenase-2

Nitric oxide/prostaglandins stimulate 
angiogenesis and vasodilation

Prothrombin kringle 2  
antithrombin fragment

Suppresses EC growth

AC133 Angioblast differentiation Prolactin fragment; secreted  
protein (acidic and rich in  
cysteine) fragment

Inhibits bFGF and VEGF; inhibits 
EC binding and activity of VEGF

Ang, angiopoietin; bFGF, b-fibroblast growth factor; EC, endothelial cells; ECM, extracellular matrix; IFN, interferon; IL, interleukin; Meth, metalloproteinase and 
thrombospondin; MMP, matrix metalloproteinase; NP, neuropilin; PlGF, placental growth factor; TGF, transforming growth factor; TSP, thrombospondin; VEGF, vascular 
endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
Adapted from Conway EM, Collen D, Carmeliet P. Molecular mechanisms of blood vessel growth. Cardiovasc Res 2001;49:507–521.

ActivAtoRs And inHibitoRs of AngiogEnEsis

taBLe 19.1

overexpress Ang1 have evidence of vascularization character-
ized by larger vessels rather than a greater number of vessels.15 
Additionally, those vessels are resistant to leak, further supporting 
the role of Ang1 as a stabilizing factor.

The function of Ang2 has been more difficult to character-
ize.14,17 It too binds with high affinity to the Tie2 receptor. 
Transgenic overexpression of Ang2 in mice is embryonically lethal 
and induces a phenotype that is similar to Ang1 or Tie2 knockout 
experiments. Thus, it has been suggested that Ang2, by acting as 
an antagonist of Tie2, negates the stabilizing effects of Ang1 on 
the vasculature. As such, Ang2 may be a destabilizing factor that 
helps initiate angiogenesis and vascular remodeling.14

NOtCh Signaling
Carmeliet and Jain have proposed a model for vessel development 
whereby in the angiogenesis process, ECs can be divided into two 
categories, namely tip cells and stalk cells.39 Tip cells migrate and 
lead vessel development whereas stalk cells divide. The process 

is controlled by the NOTCH signaling pathway. VEGF activation 
of VEGFR-2 leads to up-regulation of DLL4 in tip cells. DLL4 then 
activates NOTCH in stalk cells. NOTCH down-regulates VEGFR-2 
and up-regulates VEGFR-1 in stalk cells, making them less sensi-
tive to VEGF-stimulated sprouting. The end result is to maintain 
the lead of tip cells in vessel development.40 However, NOTCH 
stimulates stalk cell proliferation in vivo through activation of 
WNT signaling.41 NOTCH up-regulates its own inhibitor Nrarp 
in stalk cells.42 It has been observed that the tip cell position is 
dynamic with stalk cells moving into the tip position depending on 
modulation of VEGFR-1 and VEGFR-2 expression.39,42

Origin of endothelium
Asahara et al. have shown that human buffy coat cells can dif-
ferentiate into cells expressing endothelial markers, including 
VEGFR-1, VEGFR-2, and CD31.43 This raises the possibility that 
circulating endothelial stem cells can be recruited to sites of angio-
genesis. This may be particularly relevant for tumor angiogenesis, 
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whereby tumors can develop their vasculature both from recruit-
ment of local endothelium and circulating endothelial stem cells.44 
Factors involved in the recruitment of endothelial stem cells may 
include stromal cell–derived factor-1,  thrombopoietin, and soluble 
kit ligand.44

angiogenesis in Normal and Malignant 
hematopoiesis
There is mounting evidence suggesting the presence of a common 
precursor for ECs and hematopoietic cells.45 This hemangioblast 
gives rise to both ECs and hematopoietic cells in embryonic devel-
opment. Embryonic stem cells express VEGFR-2 and can give rise, 
depending on culture conditions, to hematopoietic progenitor cells 
and angioblasts.45 Stimulation of hematopoietic stem cells with 
growth factors, including kit ligand, interleukin-3, granulocyte-
macrophage colony-stimulating factor, and granulocyte colony-
stimulating factor, induces the release by those cells of VEGF, 
which then induces the release of hematopoietic growth factors by 
bone marrow ECs.45 Thus, there is a dynamic interaction between 
hematopoietic and endothelial elements in the bone marrow. This 
interaction seems to modulate, at least in part, hematopoiesis.

Several studies have shown evidence of increased angiogenesis 
in hematopoietic malignancies.46 Such evidence has been demon-
strated in multiple myeloma and lymphomas, as well as in acute 
and chronic leukemias.46,47,48,49,50,51–53,55,56 Malignant hema-
topoietic cells have been shown to produce angiogenic factors, 
including VEGF.46 Expression of angiogenic factors has been sug-
gested to have prognostic significance in hematopoietic malignan-
cies, although results have been variable.46 Similar to the effect 
observed in normal hematopoiesis, VEGF stimulates the produc-
tion of hematopoietic growth factors by ECs.46 Consequently, 
malignant cells exploit their environment to their advantage by 
developing a synergistic relationship with ECs (Fig. 19.1). This 
has led to the active investigation of antiangiogenic agents as a 
novel therapeutic strategy for hematologic malignancies.

In addition to the effects of vascular endothelium in modulat-
ing and responding to angiogenic stimuli, vascular endothelium 
also influences other functions,56,57 including vasoconstriction, 
selective permeability, hemostasis, antigen presentation, and the 

inflammatory response. The EC surface is a dynamic interface 
between soluble and cellular constituents of the blood and the 
remainder of the body.58 A brief discussion of ECs structure and 
regulation of hemostasis follows.

EndothEliAl CEll stRuCtuRE
Individual ECs measure approximately 20 to 50 mm2 in surface 
area. The total vascular surface area in a normal adult is esti-
mated to be at least 4,000 m2.58 However, the geometry of the 
vascular system is not static. As indicated in Figure 19.2, the 
surface area facing a unit volume of blood differs, depending on 
the vascular bed being considered. For example, the surface area-
to-volume ratio is approximately 1,000 times greater in capillaries 
than in large blood vessels.59 This vascular geometry has implica-
tions for regulation of hemostasis and is discussed later.

Figure 19.1. Hypothesis for the role of angiogenesis in leukemia. (1 ) Angiogenic factors 
(AFs) produced by leukemic cells can stimulate cell growth and invasion, or inhibit apoptosis 
(autocrine mechanism). (2  ) AFs produced by leukemic cells can also stimulate endothelial cell 
proliferation and the production of endothelial cell hematopoietic growth factors (HGFs) (para-
crine mechanism). AFR, angiogenic factor receptor; HGFR, hematopoietic growth factor receptor. 
(From Dickson DJ, Shami PJ. Angiogenesis in acute and chronic leukemias. Leuk Lymphoma 
2001;42:847–853, with permission.)
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are plotted from published data. (From Rushmer RF. 
 Properties of the vascular system. In: Cardiovascu-
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A B

Figure 19.3. endothelial cell morphology. A: Cultured human umbilical arterial endothelial cells with the typical cobblestone appearance (phase-contrast, 
×100). B: Scanning electron photomicrograph of a primate aorta. The bar indicates a distance of 100 mm. (From Faggiotto A, Ross R, Harker L. Studies of hyper-
cholesterolemia in the nonhuman primate. I. Changes that lead to fatty streak formation. Arteriosclerosis 1984;4:323–340, with permission of the American Heart 
Association.)

ECs are anchored to the vessel wall by basement membrane 
secreted by ECs and smooth muscle cells. Basement membrane 
contains a large number of connective tissue components, includ-
ing collagen, microfibrils, glycosaminoglycans (GAGs), fibronectin, 
and thrombospondin. These components may serve as ligands 
for a number of cell adhesion processes that are important in 
angiogenesis, hemostasis, vascular repair, and inflammation.57,60

ECs typically exist as a cell monolayer, exhibiting contact 
inhibition and a cobblestone appearance (Fig. 19.3). Two types 
of cell–cell junctional structures have been reported: adherens 
junctions and tight junctions. These structures regulate perme-
ability and maintain polarity.61 Two cell receptors thought to be 
important in EC monolayer organization are platelet-EC adhesion 
molecule-162 and vascular cadherin.63 CD146 (MelCAM) is associ-
ated with the EC cytoskeleton and likely serves as an EC junction 
component.64 Members of the junctional adhesion molecule fam-
ily appear to be components of tight junctions.65

ECs contain unique intracellular structures called Weibel-
Palade bodies66; these organelles contain the adhesion protein 
von Willebrand factor, which is secreted constitutively and also 
in response to cell stimulation.67 The Weibel-Palade body mem-
brane contains P-selectin, which is expressed on the EC surface 
after EC activation. When expressed on the vascular surface, 
P-selectin mediates neutrophil and monocyte adhesion to the ves-
sel wall.68 Selectin-independent platelet adhesion to endothelium 
has also been reported.69 The role of P-selectin in inflammation 
and thrombosis is being increasingly recognized.70 Integrins 
mediating platelet-EC and leukocyte-EC interactions are discussed 
in Chapters 17 and 7, respectively. Additional EC proteins have 
been reported to undergo regulated release or cell-surface expres-
sion, including tissue plasminogen activator (TPA), interleukin-8, 
endothelin-1, and multimerin.71 These and other proteins may be 
contained in Weibel-Palade bodies or other distinct organelles. 
The regulated secretion of these EC proteins has been reviewed.71

endothelial Cell phenotypes: resting versus 
activated
The concept of differing EC phenotypes (e.g., resting [constitu-
tive] vs. activated) has been applied to numerous EC functions,72 
including the inflammatory response, regulation of coagula-
tion, and angiogenesis. This chapter focuses on EC phenotypes 
as related to the functions of angiogenesis, and hemosta-
sis and thrombosis. Other EC functions have been reviewed 
 elsewhere.57,72

thE VEssEl WAll And 
hEmostAsis: gEnERAl ConCEPts
The three major cell types of the normal vessel wall are ECs 
(intima), smooth muscle cells (media), and connective tissue ele-
ments, such as fibroblasts (adventitia). The circulating coagulation 
proteins contained in the blood are in immediate contact with 
quiescent vascular endothelium that normally presents a throm-
boresistant surface in that ECs are unable to initiate coagula-
tion73,74 or promote platelet adhesion and activation.75–78 Thus, in 
the absence of vascular trauma or perturbation (activation), blood 
remains fluid as a result of antithrombotic activities expressed by 
ECs. However, after traumatic vascular injury, exposure of blood 
to cells within the vessel wall, especially fibroblasts, or to extracel-
lular matrix (subendothelium) results in rapid initiation of coagu-
lation because fibroblasts73 and subendothelium containing EC 
remnants79 constitutively express tissue factor (TF) procoagulant 
activity. Alternatively, perturbation (activation) of EC by stimuli, 
such as cytokines,80 may induce altered EC hemostatic function 
(in the absence of vascular injury), resulting in net EC expression 
of thrombotic activity. These hemostatic properties of unperturbed 
and perturbed EC are critical in determining the coagulant bal-
ance of the vessel wall and the extent of activation of coagulation.

A cell-based model of hemostasis has been presented in which 
fibroblasts or perturbed EC express TF to initiate coagulation; 
amplification and propagation of coagulation then occur on the 
platelet surface. Modulation of coagulation occurs via EC anti-
thrombotic activities and plasma protease inhibitors.81

AntithRombotiC PRoPERtiEs of 
unPERtuRbEd EndothElium
Antithrombotic mechanisms responsible for unperturbed (native) 
EC thromboresistance are illustrated in Figure 19.4. Major anti-
thrombotic properties can be classified as antiplatelet activities, 
anticoagulant activities, and fibrinolytic activities.

antiplatelet activities
Vascular endothelium inhibits platelet function by several mecha-
nisms. The EC plasma membrane does not permit adherence of 
resting platelets.82 Additionally, ECs synthesize and secrete three 
potent antiplatelet agents: prostacyclin (PGI2), NO, and certain 
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Figure 19.4. Vessel wall antithrombotic properties. The major antithrombotic properties are depicted in boxes. Heparinlike glycosaminoglycans (GAG), such 
as heparan sulfate, catalyze inactivation of serine proteases, such as thrombin (T) and factor Xa, by antithrombin (AT). Formation of the T-thrombomodulin complex 
activates protein C to activated protein C (APC). The endothelial cell (EC) protein C receptor (ECPCR) promotes protein C activation. Binding of APC to EC-bound protein 
S (and factor V) promotes proteolysis of factors Va and VIIIa (dashed line), inhibiting coagulation. APC also possesses anti-inflammatory properties that are mediated 
by EC protease-activated receptor (PAR)-1. This APC activity requires ECPCR (not shown). Secretion of vessel wall prostacyclin (PGI2) and nitric oxide and expression 
of CD39 limit platelet thrombus formation at sites of vascular injury. Tissue plasminogen activator (TPA) is secreted and bound to EC to initiate fibrinolysis. Secretion 
of tissue factor pathway inhibitor (TFPI) by EC suppresses tissue factor-mediated initiation of coagulation. Dermatan sulfate-catalyzed activation of heparin cofactor 
II and an inhibitor to contact activation are not illustrated in the figure. FDP, fibrin degradation products. (Modified from Rodgers GM. Hemostatic properties of normal 
and perturbed vascular cells. FASEB J 1988;2:116–123.)

adenine nucleotides. PGI2 is constitutively synthesized by EC 
cyclo-oxygenase (prostaglandin H synthase) and phospholipase 
A2 in response to thrombin83 and other vasoactive agonists.84 In 
addition to PGI2’s ability to prevent adhesion of activated platelets 
to EC, this agent also possesses potent vasodilating properties.76 
PGI2 inhibits platelet function by increasing levels of platelet cyclic 
adenosine monophosphate. Aspirin inhibits the synthesis of PGI2 
by irreversibly acetylating and inactivating EC cyclo-oxygenase.85 
Recovery of PGI2 production by EC occurs with subsequent EC 
synthesis of cyclo-oxygenase.

A second inducible form of cyclo-oxygenase, called cyclo-
oxygenase-2, has been identified in a variety of cells, including 
ECs.86,87 Both cyclo-oxygenase proteins are homologous, with 
similar molecular weights and structural features. Investigators 
believe that cyclo-oxygenase-2 mediates the vascular response to 
injury and inflammation.

NO is thought to be important primarily in regulating vascular 
tone,88,89 although this agent is also a potent inhibitor of platelet 
adhesion to vascular endothelium.77 Constitutive and inducible 
pathways generate NO from the terminal guanidino nitrogen of 
arginine in a reaction catalyzed by NO synthetase.88,90 The con-
stitutive mechanism generates small amounts of NO and medi-
ates physiologic responses. Increased synthesis of NO occurs in 
response to cytokines (inducible pathway), such as tumor necrosis 
factor, to mediate inflammatory events.89 Both the constitutive 

and inducible forms of NO synthetase are present in ECs. Other 
stimuli to NO generation include adenosine diphosphate (ADP), 
thrombin, shear stress, and bradykinin.57 EC-derived NO also 
inhibits leukocyte adhesion, as well as vascular smooth muscle 
cell proliferation. Elevated levels of cyclic guanosine monophos-
phate result from NO stimulation and mediate the biologic activi-
ties of this antiplatelet agent. Synthesis of NO is insensitive to the 
effects of aspirin.

A third EC antiplatelet property is ectoenzymes that rapidly 
metabolize ADP and adenosine triphosphate to adenosine mono-
phosphate and adenosine.91 ADP is a potent platelet agonist, 
and adenosine is a potent inhibitor of platelet function. Thus, 
ECs can convert a platelet agonist to an antiplatelet agent by 
this mechanism. EC ectoenzymes are insensitive to the effects of 
aspirin. This ectoenzyme antiplatelet property of EC may explain 
earlier reports of EC thromboresistance to platelet adhesion. The 
EC ecto-ADPase responsible for inhibition of platelet function is 
CD39.92 Deletion of this EC receptor in mice results in a pro-
thrombotic state and platelet dysfunction.93

anticoagulant activities
Vascular ECs synthesize and express heparinlike GAG, such as 
heparan sulfate and dermatan sulfate, on their luminal surface.94 
These GAGs catalyze the inactivation of serine proteases, such 
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as thrombin and factor Xa, by protease inhibitors, such as anti-
thrombin and heparin cofactor II, respectively, via formation of 
a covalent protease–antiprotease complex. Of these two protease 
inhibitors, antithrombin is considered to be more important.95 
The molecular basis for the effect of heparin in promoting anti-
thrombin neutralization of serine proteases involves interaction 
of a specific pentasaccharide sequence of the EC heparinlike 
molecule with an allosteric site on the antithrombin molecule.94,95 
This interaction results in conformational changes in antithrom-
bin that permit more efficient binding to and inhibition of pro-
tease molecules. In vivo, antithrombin molecules are associated 
with EC GAG,94 providing a mechanism for instantaneous control 
over activation of coagulation. Surprisingly, mice deficient in the 
enzyme responsible for generating the pentasaccharide activity do 
not show a procoagulant phenotype.96 Nevertheless, this heparan 
sulfate–antithrombin mechanism is considered to be an important 
natural anticoagulant process because deficiency of antithrombin 
in humans is associated with a thrombotic tendency.97 In con-
trast, the clinical relevance of the heparin cofactor II mechanism 
is uncertain.98

Another key vascular anticoagulant activity is the protein C 
pathway that consists of two plasma proteins—protein C and pro-
tein S—and an EC receptor, thrombomodulin (Fig. 19.4). ECs syn-
thesize and express protein S99 and thrombomodulin,100 whereas 
protein C is synthesized by the liver. Thrombin generation leads to 
thrombin’s binding to thrombomodulin; the thrombin–thrombomodulin 
complex then activates protein C to generate activated protein C 
(APC).101 APC binds to protein S, resulting in inhibition of coagu-
lation by proteolysis of two coagulation cofactor proteins, factors 
Va and VIIIa. Inactivation of factors Va and VIIIa prevents further 
thrombin formation. The involvement of factor V in mediating the 
anticoagulant effect of APC has been described.102 It appears that 
APC down-regulation of coagulation (proteolysis of factors Va and 
VIIIa) occurs more efficiently on vascular endothelium rather than 
on platelets.103

An additional component of the protein C pathway exists: the 
EC protein C receptor (ECPCR). This protein binds protein C to 
enhance protein C activation by the thrombin–thrombomodulin 
complex.104,105 ECPCR is found primarily on large-vessel endothe-
lium106 and is induced by thrombin stimulation. Blocking ECPCR 
with a monoclonal antibody in a primate model indicates that 
ECPCR plays a major role in in vivo protein C activation.107

Certain components of the protein C pathway possess addi-
tional anticoagulant activities. For example, APC also possesses 
profibrinolytic activity that results from the ability of APC to 
neutralize plasminogen-activator inhibitor-3 (PAI-3) activity.100 
Thrombomodulin may also inhibit factor Xa.108 An additional 
antithrombotic activity of protein S has been described as inhi-
bition of TF activity by enhancing the interaction between TF 
pathway inhibitor (TFPI) and factor Xa.109 Recurrent thrombosis 
has been associated with deficiency or abnormality of the protein 
C pathway components, indicating that this anticoagulant mecha-
nism is relevant for in vivo hemostasis.

APC possesses activities other than those associated with 
anticoagulant activity. In gene-expression studies using microar-
ray techniques, APC was found to modulate anti-inflammatory 
and cell-survival pathways. APC suppressed adhesion molecule 
expression, decreased activity of the nuclear factor-kB transcrip-
tion pathway, and inhibited apoptosis.110 Recent information 
suggests that APC uses the ECPCR to signal EC via the protease-
activated receptor (PAR)-1 pathway (discussed later).111

Regulation of TF procoagulant activity by a plasma protein 
called TFPI has been described.112,113,114 This protein is syn-
thesized primarily by EC115 and is an important regulator of 
TF-factor VIIa activation of factor X (discussed in Chapter 18). 
Additionally, TFPI can inhibit vascular cell proliferation.116 TFPI 
may be important for in vivo hemostasis because administra-
tion of this inhibitor in the setting of TF-induced disseminated 

intravascular coagulation reduces thrombosis117 and low levels 
of TFPI are a risk factor for thrombosis.118 Heparin or low- 
molecular-weight heparin releases TFPI from EC storage sites.119

Fibrinolytic activities
ECs synthesize and secrete plasminogen activators, primarily 
TPA, in response to stimulation by thrombin or vasoactive stimuli, 
such as histamine and vasopressin.120 TPA has been localized to 
the Weibel-Palade organelles in EC.121 Specific EC receptors for 
TPA exist.122 In response to inflammatory mediators, ECs synthe-
size another plasminogen activator, urokinase,123 which activates 
plasminogen in the fluid phase or bound to fibrin. Activation of 
plasminogen by TPA generates plasmin; localization of TPA and 
plasminogen to the fibrin clot leads to physiologic fibrinolysis and 
release of soluble fibrin degradation products (Fig. 19.4). Fibrin 
degradation products possess potent antiplatelet and antithrom-
bin activities and contribute to the anticoagulant effect of fibrino-
lysis. Activation of plasminogen is regulated by PAIs. The major 
inhibitor of TPA is PAI-1; PAI-1 is secreted by vascular EC124 but is 
also present in platelet a-granules.125 This inhibitor also regulates 
urokinase activity.126 PAI-2 is a less significant inhibitor of TPA 
that is found primarily in placenta.126 Details of the fibrinolytic 
mechanism and its regulation are discussed in Chapter 18.

PRothRombotiC PRoPERtiEs  
of unPERtuRbEd EndothElium
Unperturbed ECs possess procoagulant activities that promote 
coagulation after vascular injury or perturbation.80 However, in 
the absence of initiating stimuli, these activities remain latent and 
do not contribute to thrombosis. Major prothrombotic activities 
of resting EC include binding sites (receptors) for coagulation 
zymogens or proteases (factor XII,127 factor XI,128 factors X and 
Xa,129,130,131,132 factors IX and IXa,129,133,134 and thrombin135) 
and cofactor proteins [high-molecular–weight kininogen,136 fac-
tor VIIIa,134 and factor Va 137] and synthesis and expression of 
factor V138,139 and von Willebrand factor.140 Resting ECs can 
also activate bound factor XII and promote functional cleavage 
of prekallikrein.127 Investigators have also reported a factor 
XII-independent pathway for prekallikrein activation on EC; this 
activation is mediated by an EC-associated thiol protease.136 In 
addition, when high-molecular–weight kininogen is bound to EC, 
factor XI (XIa) can associate with EC to promote factor IX activa-
tion.141 On the other hand, ECs also secrete an inhibitor to contact 
activation.142 The role of EC in activation of intrinsic coagulation 
has been reviewed.143 These prothrombotic activities are illus-
trated in Figure 19.5.

EC receptors for coagulation proteases permit assembly of 
complexes consisting of cofactor proteins, proteases, and zymo-
gen substrates that result in optimal activation and localization 
of coagulation.144 Whereas factor V is secreted primarily into the 
fluid phase,138 von Willebrand factor is secreted both into plasma 
and the subendothelium, providing a source of adhesive protein 
for the platelet response to vascular injury.145

hEmostAtiC PRoPERtiEs of 
PERtuRbEd EndothElium
In this discussion, the term EC perturbation means exposure of EC 
to diverse stimuli, such as traumatic vascular injury, certain cyto-
kines, atherogenic stimuli (homocysteine, modified low- density 
lipoprotein [LDL]), lipopolysaccharide (endotoxin), immune com-
plexes, and certain infectious organisms. From this list, it is 
obvious that a variety of inflammatory, infectious, or malignant 
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Figure 19.5. Vessel wall prothrombotic properties. The major prothrombotic properties are depicted in boxes. Expression of tissue factor activity initiates 
coagulation, and endothelial cell (EC) synthesis of factor V promotes thrombin formation. Thrombin formation is enhanced by feedback activation of factor XI. Vessel 
wall injury also promotes platelet adhesion and thrombus formation by exposure of subendothelial von Willebrand factor (VWF). An inducible EC prothrombin activator 
may directly generate thrombin. EC can be induced to express an activator of factor V (Va). Thrombin exerts multiple procoagulant activities, including platelet activa-
tion and cleavage of fibrinogen, resulting in the fibrin clot. Thrombin binding to thrombomodulin activates thrombin-activatable fibrinolysis inhibitor to down-regulate 
fibrinolysis (not shown). EC secretion of tissue plasminogen activator (TPA) inhibitor further stabilizes the fibrin clot by preventing fibrinolysis. Also not shown are EC-
binding sites for coagulation zymogens or proteases. Protease-activated receptor (PAR)-2 is activated by the tissue factor–factor VIIa complex and factor Xa to con-
tribute to EC activation by pathologic stimuli. (Modified from Rodgers GM. Hemostatic properties of normal and perturbed vascular cells. FASEB J 1988;2:116–123.)
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disorders, as well as metabolic defects, may be associated with 
hemostatic dysfunction resulting from altered EC hemostatic 
properties. With the exception of traumatic vascular injury, altera-
tion of these key EC coagulant properties is not associated with 
cytotoxicity or EC desquamation. The major hemostatic proper-
ties reviewed in this section include TF activity, thrombomodulin 
activity (protein C pathway), factor V activation, and fibrinolytic 
activities (TPA, PAI-1). In general, these activities are concordantly 
regulated, with stimuli that induce TF expression also suppressing 
protein C activation and fibrinolysis. The net result of these events 
is that the perturbed EC surface is converted from an antithrom-
botic surface to a prothrombotic surface.

The key hemostatic activity induced by EC perturbants is TF 
expression, because TF is considered to be the major initiator 
of coagulation.146 Details of the regulation of cellular TF activ-
ity are given in Chapter 18. Stimuli reported to induce EC TF 
activity include cytokines, lipopolysaccharide, oxidized LDL, 
homocysteine, and certain infectious organisms. Expression of 
EC TF antigen in pathologic human and primate tissues using 
immunohistochemical methods has been reported,147–149 includ-
ing vascular tissue from patients with sickle-cell anemia150 and 
skin biopsies from patients treated with intradermal cytokines.151 
The importance of vessel wall TF activity in arterial and venous 
thrombosis has been recently confirmed.152

EC TF procoagulant activity may be modulated by a novel EC 
protease, PAR-2. PARs represent a group of G-protein–coupled 
receptors present in ECs and other tissues.153 Thrombin or other 
proteases cleave the amino terminus of the receptor exodomain; 

the amino-terminus fragment then binds to the cell-associated 
domain of the receptor to activate the protease.154 In ECs and 
fibroblasts, activated PAR-1 is internalized and sorted to lyso-
somes; this process terminates thrombin signaling.153

There are at least four members of the PAR family.153 Human 
PAR-1, PAR-3, and PAR-4 can be activated by thrombin, and it 
is proposed that their in vivo role is sensing thrombin genera-
tion.153 ECs contain both PAR-1 and PAR-2,153,155 but thrombin 
does not activate PAR-2. Rather, data indicate that PAR-2 may be 
activated directly by TF–factor VIIa and indirectly by TF–factor 
VIIa-generated factor Xa.156 It has been proposed that PAR-2 may 
function as a coagulation protease “sensor” and thereby contrib-
ute to EC activation by pathologic stimuli.156 Stimulation of EC 
PAR-2 also increases TF expression.155 EC PAR-2 may mediate 
additional thrombin-induced vascular functions, including leu-
kocyte adhesion157 and mitogenesis.158,159 Studies investigating 
embryonic development indicate that PAR-1 messenger RNA is 
abundant in EC, suggesting that PAR-1 signaling in EC is impor-
tant in vascular development.160 PAR-1 also mediates the EC 
response to APC; APC and ECPCR cleave PAR-1 to initiate signal-
ing events.111 Figure 19.6 illustrates the interactions between the 
TF–factor VIIa complex and EC PAR-2, with resulting alteration of 
EC function. The role of PARs in vascular biology and disease has 
been recently reviewed.161

An additional mechanism for EC generation of thrombin has 
been reported. Perturbed ECs express a prothrombin activator that 
can generate thrombin independent of the intrinsic and extrinsic 
coagulation pathways.162 The description of trypsin expression by 
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Figure 19.6. interactions of the tissue factor 
(TF)–factor Viia complex with the endothelial cell 
protease-activated receptor (PAr)-2 and their con-
sequences. Expression of endothelial cell TF results in 
TF-dependent factor VIIa activation of PAR-2. Cleavage 
of the amino terminus of PAR-2 reveals a tethered ligand 
sequence that binds to PAR-2 to initiate signaling, trig-
gering responses that include calcium influx, expression 
of surface adhesion molecules for leukocytes, and release 
of growth factors.153,156 Activation of PAR-2 may also 
enhance endothelial cell expression of TF activity155 
(dashed line).

cultured EC and by vascular EC in situ suggests that a variety of 
EC-derived proteases may also regulate blood coagulation.163

Because both ECs139 and platelets164 can activate prothrom-
bin, the question arises as to the importance of EC in thrombin 
generation. One study observed synergism of thrombin generation 
when a reconstituted model containing ECs, platelets, and puri-
fied coagulation proteins was tested.165 Synergy was maximal 
at platelet concentrations <1 × 108/ml.165 Thus, in thrombocy-
topenic states, the large surface area of vascular endothelium, 
especially in the microcirculation,59 may play a role in amplifying 
platelet prothrombin activation. Studies with human arterial vas-
cular tissue indicate that vascular tissue alone (in the absence of 
platelets) is sufficient to generate large amounts of thrombin.166

Regulation of the anticoagulant protein C pathway by EC per-
turbants has also been a subject of interest because of the recur-
rent thrombotic disorders associated with deficiency of protein C 
pathway components (proteins C and S).100,101 Down-regulation 
of the protein C pathway has focused on thrombomodulin, the EC 
membrane protein that activates protein C after complexing with 
thrombin. Several mechanisms have been identified to explain 
the role of thrombomodulin in down-regulating protein C acti-
vation. Thrombomodulin has structural homology to the native 
LDL receptor,167 a prototypical membrane receptor involved in 
endocytosis. The effects of tumor necrosis factor on the protein 
C pathway appear to result from enhanced endocytosis and sub-
sequent degradation of thrombomodulin.168 Additionally, tumor 
necrosis factor, a cytokine that reduces protein C activation, has 
been reported to inhibit transcription of thrombomodulin RNA.169

Another important EC hemostatic property regulated by relevant 
perturbing stimuli is secretion of PAI-1 and TPA. Treatment of cul-
tured EC with interleukin-1 results in both diminished TPA secretion 
and increased PAI-1 secretion.170 Increased amounts of PAI-1 relative 
to TPA diminish vascular fibrinolytic activity, resulting in enhanced 
thrombotic potential because of failure to lyse fibrin thrombi.

In addition to the humoral and biochemical stimuli discussed 
earlier, biomechanical forces (shear stress) can regulate EC gene 
expression and phenotype.171 For example, either laminar or turbu-
lent shear stress has been reported to regulate a large number of EC 
genes differentially, including adhesion molecules and growth fac-
tors, as well as hemostasis proteins.172 Shear stress also attenuates 
cytokine-induced EC TF expression.173 These data indicate that vas-
cular endothelium is responsive to biomechanical stimuli. A uniquely 
flow-induced EC gene is the transcription factor, lung Kruppel-like 
factor, which may be an important regulator of EC function.174

Diversity of endothelial Cell hemostatic 
properties
There is significant heterogeneity in arterial, venous, and capillary 
EC with regard to expression of hemostatic and other functional 

activities.58,175 For example, aortic EC express more factor V activ-
ity than do venous EC,130 and PGI2, a major metabolite secreted by 
human venous EC, is not substantially produced by human capil-
lary cells.176 Different fibrinolytic and anticoagulant properties 
have been reported between cultured venous and capillary EC.177 
Increases in blood flow lead to up-regulation of NO synthase mes-
senger RNA in aortic, but not pulmonary, arterial EC.178 Vascular 
anticoagulant activity in the microcirculation is reinforced by geo-
metric aspects of the vessel wall.59 For example, the thrombomod-
ulin concentration in the microcirculation would increase more 
than a thousandfold59 compared with a large vessel. Consequently, 
in large vessels, thrombin circulates freely to catalyze coagulation, 
whereas in the microcirculation, thrombin exists mostly bound to 
thrombomodulin, promoting anticoagulation.101

The differential concentration of thrombomodulin in large 
versus small vessels may also affect vascular fibrinolysis in spe-
cific vascular beds. Thrombin-activatable fibrinolysis inhibitor is 
stimulated by low thrombomodulin concentrations but decreased 
at high concentrations of thrombomodulin.179 This implies that 
enhanced fibrinolysis would be seen in the microcirculation that 
contains high levels of thrombomodulin activity.

These data suggest a vascular model in which procoagulant 
activities are dominant in the arterial circulation and anticoagu-
lant activities are dominant in the microcirculation. This distri-
bution of vascular hemostatic properties is consistent with the 
necessity for rapid thrombin generation and fibrin clot formation 
after arterial injury, while providing the venous and microcircu-
lation with anticoagulant mechanisms to protect against throm-
bosis.80 Unique EC environments may also explain localization 
of certain pathologic processes. For example, verotoxin-induced 
EC platelet thrombi localized to arterioles and capillaries may be 
explained by distinct responses of EC to verotoxin,180 and endog-
enously generated NO is more effective in inhibiting thrombosis in 
venules than in arterioles.181

The concept of EC diversity is also supported by gene-expres-
sion profile studies that have identified characteristic expression 
patterns of arterial versus venous EC as well as large versus 
microvascular EC.182
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InTroducTIon
This chapter reviews the biochemistry and importance of 
various blood group antigens with a focus on red cells, plate-
lets, and white blood cells. Because the circulating blood 
cells originate from a common progenitor cell, it is not sur-
prising that there are a number of common blood group 
antigens. But what is surprising is the fact that the various 
cell lineages have so many unique and different antigens. 
Studies characterizing the red cell antigens were first performed 
approximately 100 years ago, whereas studies investigating the 
platelet and white cell antigens were performed much more 
recently. There are a number of explanations for this, including 
the earlier recognition of red cells and the early attempts to 
transfuse these cells. Additionally, red cells have proved to be not 
only more plentiful, but also easier for investigators to work with. 
Indeed, the early techniques used to study red cell antigens, such 
as primary and secondary agglutination reactions using direct 
and indirect antiglobulin tests, proved so robust that they are still 
used today.

The nomenclature used for red cells is complex, yet historically 
interesting. Until recently, there was no attempt to be systematic. 
In the past, some blood groups were named after the individual 
(Kell is derived from Mrs. Kellner) or animal (Rh is derived from 
the rhesus monkey) lacking the antigen. Others were named after 
the discoverers (e.g., LW was named for Landsteiner and Weiner). 
Finally, some names are best described as quaint (e.g., the 
Lutheran blood group system was named according to a misla-
beled blood sample). As is discussed, a more systematic approach 
for naming antigenic systems of red cells, platelets, and white cells 
is now used. However, the traditional names are still frequently 
used and, to add to the confusion, a number of laboratories con-
tinue to use other traditional nomenclatures (e.g., the Fisher-Race 
terminology continues to be used for the Rh system).

For biologists, a compelling question presents itself: What 
are the purposes of blood group antigens? For the majority of 
antigens, the answer is unknown, but there is increasing evi-
dence that suggests certain antigens participate in host defense. 
Blood group antigens of red cells, platelets, and white cells can 
be made of proteins, carbohydrates attached to proteins, or 
lipids. Within each category, the antigen can be intrinsically 
produced during the formation of that cell, or it can be adsorbed 
from the plasma. Similarly, the antigens can be attached to the 
surface of the cell, can be partially embedded within the mem-
brane (phosphatidylinositol glycan), or can be transmembrane. 

Recognizing this, investigators have grouped red cell antigens 
according to the functional activities of their associated car-
bohydrate, lipid, or protein.1,2 These include functions such 
as membrane stabilization, transport across the membrane, 
receptor function, enzymatic activity, and others. However, it is 
important to emphasize that although these blood group anti-
gens are one component of this particular function, there is little 
evidence that they exist solely for this function. Consequently, 
although it is interesting to understand how a protein or carbo-
hydrate associated with a blood group antigen contributes to a 
cell’s integrity, it may not be the sole explanation for the pres-
ence of the antigen.

Any discussion of blood group antigens must touch on dis-
ease associations. In this review, we also comment on generally 
agreed on associations. Readers should be cautious about the 
reported associations between certain blood groups and dis-
eases, as these associations could be collateral to other factors. 
However, there is general agreement that infectious agents, 
especially parasites and some bacteria, have led to blood group 
antigenic selection. Perhaps this is best exemplified by the 
geographic distribution of the Duffy blood group system, which 
is encoded by two alleles. The Fy(a-b-) phenotype is rare in 
most populations, with the exception being blacks originating 
from West Africa. Studies have demonstrated that the Duffy 
glycoprotein can serve as a receptor for Plasmodium vivax, an 
etiologic agent of malaria; hence, there is a strong selection 
advantage for those individuals not expressing this glycopro-
tein (i.e., Fy [a-b-]).

These dramatic observations and other studies provide indirect 
evidence that perhaps the major biologic advantage of antigens on 
cells is to enhance the ability of the species to distinguish self from 
non-self. Hence, one can anticipate in the ongoing “evolutionary 
warfare” between species and their invaders that when a micro-
organism uses a component of a blood group to invade that cell, 
spontaneous mutations producing another blood group would 
have a selective advantage. Additionally, nonhazardous muta-
tions, which do not provide advantage or disadvantage, might not 
necessarily be deleted. It is likely that this helps to explain the 
enormous number of blood groups found on red cells, platelets, 
and white cells. Some of these blood groups are common (typically 
termed public systems within the platelet nomenclature), whereas 
others are rare (termed private systems).

This chapter summarizes red cell and platelet blood groups 
by first summarizing the approach to nomenclature and then 
 reviewing the common blood groups.

red cell, PlaTeleT, and WhITe cell anTIgens
Kathryn e. Webert, James W. smith, donald M. arnold, howard h. W. chan, 
nancy M. heddle, John g. Kelton
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red Blood cell anTIgens
In humans, 33 blood group systems with 298 antigens have been 
identified.3,4,5 Additional antigens have been identified but have 
not been assigned to established systems. Red blood cell antigens 
may be proteins, glycoproteins, or glycolipids. Most red cell anti-
gens are synthesized by the red cells; however, some antigens, 
such as those of the Lewis and Chido/Rodgers systems, are 
adsorbed onto the red cell membrane from the plasma. Some red 
cell antigens are specific to red cells; however, others are found 
on other cells throughout the body.

The importance of red cell antigens is multifold. Since 
the work of Landsteiner in the early 1900s, it has been rec-
ognized that knowledge and understanding of blood groups 
are essential for transfusion therapy. In routine practice, it is 
necessary to determine the compatibility of certain red blood 
cell antigens between the blood donor and the blood recipi-
ent. This is because individuals who lack antigens on their red 
blood cells can form alloantibodies, or be alloimmunized, if 
they are exposed to blood expressing the antigen. This might 
occur with transfusion of blood products or during pregnancy. 
Antibodies that react with red blood cell antigens can cause 
problems such as delayed and immediate hemolytic transfusion 
reactions (HTRs) and hemolytic disease of the newborn (HDN). 
Furthermore, the study of red cell antigens and the associated 
membrane structures allows for a greater understanding of the 
physiology of red blood cells. For example, abnormalities of 
some blood group systems, such as Rh and Kell, may be associ-
ated with both functional and morphologic changes in the red 
cells. Finally, study of the inheritance of blood group antigens 
provides a greater understanding of the mechanisms of gene 
expression.

In this chapter, the red cell antigen groups are presented in 
order of relative clinical importance. The summary tables, given 
in each antigen section, list important clinical information and the 
most important antigens of each blood group system. As noted, 
many red cell antigens (as well as the platelet antigens) have an 
interesting but inconsistent approach to nomenclature. However, 
because these names are commonly used, they are used along 
with the nomenclature proposed by the International Society of 
Blood Transfusion (ISBT).

International Society of Blood Transfusion 
Terminology
The ISBT Working Party on Terminology for Red Cell Surface 
Antigens was established in 1980 with the goal of creating a 
uniform nomenclature. Blood antigens were categorized into 
systems, collections, and series. The most recent monograph pro-
duced by the Working Party was produced in 2004 and included 
blood group antigens categorized into 29 systems, six collections, 
and two series.6 Updates to this monograph have been published 
online (http://ibgrl.blood.co.uk/ibgrl/ISBT%20Pages/ISBT%20ter-
minology%20pages/terminology%20Home%20page.htm#system) 
and there are now 30 systems recognized.

Systems
A blood group system is genetically discrete from other blood 
group systems and consists of one or more antigens governed by 
either a single gene locus or a complex of two or more closely 
linked genes with virtually no recombination events occurring 
among them. Furthermore, it must be defined by a human 
alloantibody, and the gene encoding it must have been identi-
fied and sequenced. There are currently 30 recognized systems 
(Table 20.1).

Collections
The concept of collections was introduced into the ISBT terminol-
ogy in 1988 to bring together related sets of antigens (genetically, 
biochemically, or serologically), which could not correctly be 
classified as systems because they have not been shown to be 
genetically distinct from all existing systems. Seven collections are 
currently recognized (Table 20.2).

Series
An antigen may be assigned a number if it is a low-frequency 
antigen (the 700 series) or if it is a high-frequency antigen (the 
901 series). A low-frequency antigen is an antigen that has an 
incidence of <1% in most populations tested, similar to the plate-
let designation of “private.” The 700 series currently consists of 
18 antigens (Table 20.3). High-frequency antigens are antigens 
with an incidence of >90% in most populations, similar to the 
platelet “public” system. Originally, high-frequency antigens were 
assigned to the 900 series. However, because so many of the 
original antigens assigned to the 900 series have been reassigned 
to collections, the 901 series was created. There are currently six 
antigens in the 901 series (Table 20.4).

Each blood group antigen is given an identification number con-
sisting of six digits. The first three numbers represent the system 
to which the antigen has been assigned. The second three digits 
identify the antigen. Each system also has an alphabetic symbol. For 
example, the ABO system is number 001, and the A antigen is the 
first antigen of that system; thus, it has the ISBT number 001001 or 
ABO001. By convention, the zeros may be omitted, and numbers are 
separated by a dot (i.e., the A antigen would be 1.1 or ABO1). This 
terminology is useful for databases and as a classification system; 
however, most clinical laboratories still use traditional terminology.

Red Cell Blood Group Systems

ABO (ISBT 001) and Hh (ISBT 018) Blood Group 
Systems

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Anti-A Yes IgM;  
some IgG

Yes Yes Common (53%)

Anti-B Yes IgM;  
some IgG

Yes Yes Common (87%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

The ABO blood group system was discovered by Landsteiner 
in 1900 when he noticed that the red cells of some individuals 
could be agglutinated by the serum of others. It remains the most 
important of all blood group systems for several reasons: (a) when 
the ABO antigen is not expressed on the red cell, individuals 
always have ABO antibodies in their plasma, with the stimulus 
for antibody production being a variety of environmental agents; 
and (b) the ABO antibodies formed are frequently mixtures of both 
immunoglobulin M (IgM) and IgG antibodies, both having thermal 
reactivity at 37°C and both capable of activating complement.

These unique characteristics of the antigens and antibodies of 
the ABO blood group system provide optimal conditions for rapid 
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(Continued )

Gene Name(s)

ISBT No.
System Name 
(symbol)

No. of 
Antigens Antigen(s) ISBT HGNC Gene Product(s)

Chromosomal 
Location

001 ABO (ABO) 4 A, B, AB, A1 ABO ABO A = a-3-N-acetyl-d- 
galactosaminyltransferase

9q34.2

B = a-3-d-galactosyltransferase

002 MNS (MNS) 46 M, N, S, s, U, He, Mia, Mc, Vw, Mur,  
Mg, Vr, Me, Mta, Sta, Ria, Cla, Nya, Hut,  
Hil, Mv, Far, sD, Mit, Dantu, Hop, Nob,  
Ena, EnaKT, N’, Or, DANE, TSEN, MINY, MUT, 
SAT, ERIK, Osa, ENEP, ENEH, HAG, ENAV, 
MARS, ENDA, ENEV, MNTD

MNS GYPA
GYPB
GYPE

Glycophorin A (GYPA)
Glycophorin B (GYPB)
Glycophorin E (GYPE)

4q31.21

003 P (P1) 3 P1, PK, NOR P1 22q11.2-qter

004 Rh (RH) 54 D, C, E, c, e, f, Ce, Cw, Cx, V, Ew, G, Hro, Hr, 
hrs, VS, CG, CE, Dw, c-like, cE, hrH, Rh29, 
Goa, hrB, Rh32, Rh33, HrB, Rh35, Bea, 
Evans, Rh39, Tar, Rh41, Rh42, Crawford, 
Nou, Riv, Sec, Dav, JAL, STEM, FPTT, MAR, 
BARC, JAHK, DAK, LOCR, CENR, CEST, 
CELO, CEAG, PARG, CEVF

RH RHD
RHCE

Acetylated RhD protein
Acetylated RhCE protein

1p36.11

005 Lutheran (LU) 20 Lua, Lub, Lu3, Lu4, Lu5, Lu6, Lu7, Lu8, Lu9, 
Lu11, Lu12, Lu13, Lu14, Lu16, Lu17, Aua, 
Aub, Lu20, Lu21, LURC

LU B-CAM B-cell adhesion molecule 19q12-q13

006 Kell (KEL) 35 K, k, Kpa, Kpb, Ku, Jsa, Jsb, Ula, K11,  
K12, K13, K14, K16, K17, K18, K19,  
Km, Kpc, K22, K23, K24, VLAN, TOU,  
RAZ, VONG, KALT, KTIM, KYO, KUCI, KANT, 
KASH, KELP, KETI, KHUL, KYOR

KEL KEL Zinc endopeptidase 7q33

007 Lewis (LE) 6 Lea, Leb, Leab, LebH, ALeb, BLeb LE FUT3 a-1,3/1,4-l-Fucosyltransferase 19p13.3

008 Duffy (FY) 6 Fya, Fyb, Fy3, Fy4, Fy5, Fy6 FY DARC Duffy antigen receptor for  
chemokines

1q21-q22

009 Kidd (JK) 3 Jka, Jkb, JK3 JK SLC14A1 Urea transporter 18q11-q12

010 Diego (DI) 22 Dia, Dib, Wra, Wrb, Wda, Rba, WARR,  
ELO, Wu, Bpa, Moa, Hga, Vga, Swa, BOW, 
NFLD, Jna, KREP, Tra, Fra, SW1, DISK

DI SLC4A1 Anion exchanger 1, solute carrier 
family 4/band 3

17q12-q21

011 Yt (YT) 2 Yta, Ytb YT ACHE Acetylcholinesterase 7q22

012 Xg (XG) 2 Xga, CD99 XG XG Xga glycoprotein Xp22.32

013 Scianna (SC) 7 Sc1, Sc2, Sc3, Rd, STAR, SCER, SCAN SC ERMAP Erythrocyte membrane-associated 
protein (ERMAP)

1p34

014 Dombrock (DO) 8 Doa, Dob, Gya, Hy, Joa, DOYA, DOMR, DOLG DO ART4 ADP-ribosyltransferase 4 12p13.2-q13.3

015 Colton (CO) 4 Coa, Cob, Co3, Co4 CO AQP1 Aquaporin-1 (AQP1) 7p14

016 Landsteiner-Wiener 
(LW)

3 LWa, LWab, LWb LW ICAM4 Intracellular adhesion  
molecule 4 (ICAM4)

19p13.2-cen

017 Chido/Rodgers 
(CH/RG)

9 Ch1, Ch2, Ch3, Ch4, Ch5, Ch6, WH,  
Rg1, Rg2

CH/RG C4B/C4A Complement component 4A 
protein[en]Complement  
component 4B protein

6p21.3

018 H (H) 1 H H FUT1 Galactoside 2-a-l- 
fucosyltransferase 1

19q13.1-qter

019 Kx (XK) 1 Kx KX XK Membrane transport  
protein XK

Xp21.1

020 Gerbich (GE) 11 Ge2, Ge3, Ge4, Wb, Lsa, Ana, Dha,  
GEIS, GEPL, GEAT, GET1

GE GYPC Glycophorin C (GPC) and GPD  
(glycophorin C precursor)

2q14-q21

021 Cromer (CROM) 18 Cra, Tca, Tcb, Tcc, Dra, Esa, IFC, WESa, 
WESb, UMC, GUTI, SERF, ZENA, CROV, 
CRAM, CROZ, CRUE, CRAG

CROM CD55 CD55/decay accelerating  
factor (DAF)

1q32

022 Knops (KN) 9 Kna, Knb, McCa, S11, Yka, McCb, S12, S13, 
KCAM

KN CR1 CD35/CR1 1q32

023 Indian (IN) 4 Ina, Inb, INFI, INJA IN CD44 CD44 11p13

024 Ok (OK) 3 Oka, OKGV, OKVM OK BSG Basigin 19p13.3

025 Raph (RAPH) 1 MER2 RAPH CD151 CD151 11p15.5

Blood Group SySTeMS

TABLE 20.1
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red cell destruction if ABO-incompatible blood is transfused: A 
clinical scenario termed an acute HTR.

There are three alleles of the ABO gene in the ABO blood group 
system (A, B, and O) that are inherited in Mendelian fashion 
(Table 20.1). Both A and B are codominant alleles, whereas O is a 
recessive allele. Hence, these three result in four different pheno-
types: A, B, AB, and O. An individual with the A phenotype can be 
homozygous for the A gene (AA) or heterozygous (AO). Similarly, the 
B phenotype can be the result of homozygous (BB) or heterozygous 
(BO) gene inheritance. The genotype of the AB phenotype is AB, and 
the group O phenotype is always genetically OO. Thus, there are four 
ABO group phenotypes (A, B, AB, and O) that arise from six pos-
sible genotypes (AA, AO, BB, BO, AB, and OO). The alleles normally 
occupy the same position of a paired chromosome. Rarely, individu-
als may express a cisAB phenotype in which the A and B alleles 
appear to be carried on the same chromosome. This phenomenon 
is caused by a collection of mutant ABO alleles that encode a glycos-
yltransferase capable of synthesizing both A and B antigens.7

The frequencies of ABO phenotypes are variable among dif-
ferent ethnic populations. In whites, the O and A phenotypes are 
the most common, occurring in >40% of the population. The B 
phenotype is found in approximately 10% of whites, and the AB 
phenotype is encountered in only 3% of individuals. In contrast, 
around the world, the O phenotype is the most common ABO 
phenotype, particularly in South and Central America. The A phe-
notype is found in 10 to 35% of individuals throughout the world 
with the highest frequency among the aborigines of northern 
Scandinavia and northern America.

ABO Gene
The ABO gene is located at 9q34.2. The gene consists of at least 
seven exons spanning over 18 kb in the DNA genome. The A and B 

Gene Name(s)

ISBT No.
System Name 
(symbol)

No. of 
Antigens Antigen(s) ISBT HGNC Gene Product(s)

Chromosomal 
Location

026 John Milton Hagen 
(JMH)

6 JMH, JMHK, JMHL, JMHG, JMHM, JMHQ JMH SEMA7A Semaphorin 7A 15q22.3-q23

027 I (I) 1 I I GCNT2 I- b-1, 
6-N-acetylglucosaminyltransferase A

6p24.2

028 Globoside (GLOB) 1 P GLOB B3GALNT1 UDP-N-acetyl-galactosamine 
globo-triaosylceramide 3-b-N 
acetylgalactosaminyl-transferase

3q25

029 Gill (GIL) 1 GIL GIL AQP3 Aquaporin-3 (AQP3) 9p13

030 Rh-associated  
glycoprotein (RHAG)

4 Duclos, Ola, DSLKa, RHAG 4 RHAG RHAG 6p12.3

031 Forssman
(FOR)

1 FORS1 GBGT1 GBGT1 globoside alpha-1,3-N- 
acetylgalactosaminyltransferase 1

9q34.13-q34.3

032 JR 1 Jra ABCG2 ABCG2 ATP-binding cassette, sub-family G 
(WHITE), member 2

4q22.1

033 LAN 1 LAN ABCB6 ABCB6 ATP-binding cassette, sub-family B 
(MDR/TAP), member 6

2q36

HCNC, HUGO gene nomenclature committee (www.genenames.org); ISBT, International Society of Blood Transfusion; No, number.
Data from Daniels GL, Fletcher A, Garratty G, et al. International Society of Blood Transfusion Working Party on terminology for red cell surface antigens. Vox Sang 2004;87:304–316; Denomme GA, Rios 
M, Reid ME. Molecular protocols in transfusion medicine. San Diego, CA: Academic Press, 2000; Logdberg L, Reid MA, Lamont RE, et al. Human Blood Group Genes 2004: chromosomal locations and 
cloning strategies. Transfus Med Rev 2005;19:45–57; Costa FP, Hue-Roye K, Sausais L, et al. Absence of DOMR, a new antigen in the Dombrock blood group system that weakens expression of Do(b), 
Gy(a), Hy, Jo(a), and DOYA antigens, Transfusion 2010; 50:2026–2031; Smart EA and Storry JR. The OK blood group system: a review. Immunohematology 2010; 26:124–126; Walker PS, Reid ME. 
The Gerbich blood group system: a review. Immunohematology 2010; 26:124–126; and International Society of Blood Transfusion Working Party on terminology for red cell antigens web site: http://www.
isbtweb.org/fileadmin/user_upload/WP_on_Red_Cell_Immunogenetics_and/Updates/Table_of_blood_group_antigens_within_systems_v3_2_130331.pdf Accessed April 3, 2013

Blood Group SySTeMS (ConTInued)

TABLE 20.1

alleles result from differences in seven nucleotides, resulting in dif-
ferent substrate specificity of the encoded enzyme. The difference 
in substrate specificity is mainly determined by the amino acids 
266 and 268 in exon 7.8 The O phenotype is due to either a frame-
shift mutation leading to a stop codon or, rarely, a mutation pro-
ducing a nonfunctional enzyme. Numerous mutations are found in 
ABO, but the most common mutation results in the A2 phenotype. 
In A2, the A allele of the ABO gene has two nucleotides different 
from the A1 phenotype, which results in diminished enzymatic 
activity and, consequently, weakened antigen expression. For 
example, a red cell with A1 phenotype carries more than 800,000 
A antigens, but only 250,000 A antigens are present in a red cell 
with the phenotype A2.9 Similarly, weak subgroups of group B have 
been described due to mutations of the B allele of the ABO gene.

ABO Antigens
The antigens of the ABO system are located on carbohydrate 
oligosaccharide chains, which are parts of glycosphingolipids or 
gp molecules. There are four different types of oligosaccharide 
chains: Type 2 and type 4 oligosaccharide chains are predomi-
nantly on the red cell membrane; type 1 chains are found in 
plasma, saliva, and body fluids; and type 3 chains are found in the 
mucins secreted by gastric mucosa or ovarian cysts.

The ABO gene does not encode directly for the antigens but 
encodes for enzymes that add specific sugars to the red cell mem-
brane. These sugars are the ABO red cell antigens that are detect-
able with serologic testing. The A allele encodes for the a(1,3) 
N-acetyl-galactosaminyl-transferase which adds an N-acetyl-
galactosamine to the red cell membrane. The B allele encodes for 
the a(1,3) galactosyltransferase which adds a galactose to the red 
cell membrane. In an individual with the AB phenotype, the A and 
B transferases coexist and compete for the same substrate. The O 
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allele encodes for a nonfunctional transferase; hence, a specific 
sugar is not attached to the red cell membrane. Mutations of the 
A and B alleles result in amino acid substitutions within the trans-
ferases, and this translates into weakened expression of the A and 
B antigens (frequently classified as subgroups). The most common 
subgroups associated with the A allele are A1 and A2. The A1 sub-
group occurs in approximately 80% of group A individuals, and 
the A2 subgroup is present in approximately 20%. The other sub-
groups of A are less frequently encountered, with the A3 subgroup 
being the next most frequent, occurring in 1 in 1,000 individuals. 
The clinical relevance of A and B subgroups is of greater signifi-
cance in blood donors than recipients. Because of the weakened 
antigen expression on the red cells of an individual who has 
inherited a subgroup allele, it is possible that serologic phenotyp-
ing of red cells results in misclassification of the red cell phenotype 
as group O. For a blood recipient, this would not be a problem, 
as group O blood is compatible with all other groups (universal 
donor); however, if a donor unit of blood from an individual with 
an A or B subgroup is misclassified as group O and transfused to 
an O individual, intravascular hemolysis could result.

On the red cell membrane, both the A and B transferases add 
sugar moieties to a substrate that is encoded by the H (FUT1) 
gene. FUT1 is located at chromosome 19q13.1-qter, and the 
genes inherited at this locus are inherited in a Mendelian man-
ner. Two alleles have been identified at this locus: H and h. The 
allele H, most frequently inherited, encodes for an enzyme termed 
H transferase type II [a(1,2) fucosyl-transferases; FUT1], which 
adds an l-fucose to the terminal galactose molecule of oligosac-
charide chains in an a(1–2) linkage. This structure is called H 
substance, and it is to this structure that the A and B transferases 
add specific sugars resulting in A and B antigens. The rare allele 

ISBT 
Number Name Symbol

Antigen 
Number

Antigen 
Symbol

Antigen 
Incidence (%)

205 Cost COST 205001 Csa 95

205002 Csb 34

207 Ii I 207002 I a

208 Er ER 208001 Era >99

208002 Erb <1

208003 Er3 >99

209 GLOB 209002 Pk >99a

209003 LKE 98

210 210001 Lec 1

210002 Led 6

212 Vel VEL 212001 Vel >99

212002 ABTI >99

213 MN 213001 Hu

CHO 213002 M1

213003 Tm

213004 Can

213005 Sext

213006 Sj

ISBT, International Society of Blood Transfusion.
a By standard serologic tests, may appear to be low incidence.
Reference: International Society of Blood Transfusion Working Party on Terminology for Red 
Cell Antigens web site: http://www.isbtweb.org/fileadmin/user_upload/WP_on_Red_Cell_
Immunogenetics_and/Table_of_collections_v3.0_121028.pdf. Accessed April 3, 2013.

ColleCTIonS of anTIGenS

TABLE 20.2

ISBT Number Name Symbol

700002 Batty By

700003 Christiansen Chra

700005 Biles Bi

700006 Box Bxa

700017 Torkildsen Toa

700018 Peters Pta

700019 Reid Rea

700021 Jensen Jea

700028 Livesay Lia

700039 Milne

700040 Rasmussen RASM

700044 JFV

700045 Katagiri Kg

700047 Jones JONES

700049 HJK

700050 HOFM

700052 SARA

700054 REIT

ISBT, International Society of Blood Transfusion.
Reference: International Society of Blood Transfusion Working Party on Terminology for Red Cell Antigens 
web site: http://www.isbtweb.org/fileadmin/user_upload/WP_on_Red_Cell_Immunogenetics_and/
Table_of_low_incident_antigens_700_series_v2.0_110914.pdf. Accessed April 3, 2013.

The 700 SerIeS (loW-InCIdenCe anTIGenS)

TABLE 20.3

ISBT 
Number Name Symbol

Incidence 
(%)

Implicated in 
Hemolytic Disease  
of the Newborn 
and/or Hemolytic 
Transfusion Reaction

901003 August Ata >99 Yes

901008 Emm >99 No

901009 Anton AnWj >99 Yes

901011 Sid Sda 91 No

901014 PEL >99 Yes

901016 MAM >99 Yes

ISBT, International Society of Blood Transfusion.
Adapted from International Society of Blood Transfusion Working Party on Terminology for 
Red Cell Antigens web site: http://www.isbtweb.org/fileadmin/user_upload/WP_on_Red_Cell_
Immunogenetics_and/Table_of_high_incidence_antigens_901_series_v3.0_121028.pdf. 
Accessed April 3, 2013.

The 901 SerIeS (hIGh-InCIdenCe anTIGenS)

TABLE 20.4

sometimes inherited at the H locus is h. This h allele encodes for a 
nonfunctional transferase. If the h allele is inherited in the homo-
zygous state (hh), l-fucose molecules (H substance) are not present 
on the red cell membrane. Without the presence of H substance 
on the red cell membrane, the A and B transferases, even when 
present, are not able to add the specific sugars that give A and 
B antigen specificity. This hh genotype is known as the Bombay 
phenotype: Serologically, the red cells group as O; however, unlike 
the true O phenotype, which has large amounts of H antigen on 
the red cells, red cells from the Bombay phenotype lack H antigen  
(Fig. 20.1). Children of a parent with the Bombay phenotype (hh) 
may have normal A or B antigen expression, or both, if they inherit 
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Figure 20.1 Biosynthesis of ABO blood group antigens. The antigens of the ABO system are located on the carbohydrate of type II oligosaccharides. H trans-
ferase is required to add fucose to the oligosaccharide chain and form H substance. Without the presence of H substance, A transferase and B transferase are not 
able to add terminal sugar moieties to the oligosaccharide chain. Fuc, l-fucose; Gal, d-galactose; Glc-NAc, d-N-acetyl-glucosamine.

the dominant H allele from the other parent. The clinical relevance 
of the Bombay phenotype relates to the ability of these individuals 
to form not only anti-A and anti-B but also anti-H. The presence 
of all three of these antibodies makes it difficult to find compatible 
blood if transfusion is required. The only compatible blood for an 
individual with the Bombay (hh) phenotype is blood from another 
Bombay individual, and this phenotype is extremely rare.

The ABO(H) antigens are found not only on red cells, but also on 
other blood cells; in most body fluids (except cerebrospinal fluid); 
and on the cell membranes of tissues such as intestine, urothelium, 
and vascular endothelium. The expression of ABO(H) antigens on 
the red cell membrane and tissue membranes is controlled by the 
FUT1 (H) gene. The expression of ABO(H) antigens into body fluids 
is controlled by the FUT2 (Se) gene. The FUT2 gene, similar to the 
FUT1 (H) gene, is located at chromosome 19 (19cen-qter); however, 
they are not part of the ABO system. The dominate Se allele codes 
for H transferase type 1 [a(1,2) fucosyltransferase; FUT2]. Without 

the prior addition of a fucose to the oligosaccharide chains, A and 
B antigens would not be expressed in the body secretions, irrespec-
tive of the presence of A and B transferases (Fig. 20.1).

Despite the wide distribution of ABO(H) antigens in various 
cell membranes and body fluids, the normal physiologic func-
tion of these glycoproteins and glycolipids is largely unclear. The 
carbohydrate moieties of the ABO(H) antigens might contribute to 
the formation of glycocalyx. However, based on the observation 
that individuals who lack all ABH antigens (Bombay phenotype) 
have normal red cell survival and function, the role of ABO anti-
gens in maintaining a state of health is unknown.10 There is some 
evidence that ABO blood groups may be associated with certain 
diseases.11 For example, the normal range of von Willebrand 
factor (vWF) antigen level varies among individuals with dif-
ferent ABO blood groups. Individuals with blood group O have 
the lowest vWF antigen level, followed by group A, then group 
B, and the highest levels in those with group AB.12 However, 
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the normal range of vWF is generally defined as the level in the 
normal general population irrespective of the ABO blood group. 
It has been postulated that ABO antigen expression can affect 
the glycosylation, thus altering the proteolysis and clearance of 
vWF.13,14 Studies have shown that individuals with blood group 
O are less susceptible to arterial and venous thromboembolism 
possibly associated with a lower level of vWF.14–16 In addition, 
blood group ABO may be associated with resistance to certain 
infections and, therefore, may offer a survival advantage. For 
example, individuals with blood group O may be less susceptible 
to severe Plasmodium falciparum malaria,17,18 but may be more 
likely to have severe infection with Vibria cholerae O13919,20 or 
Escherichia coli O139.21 Gastric cancer and peptic ulcer disease 
have been reported to be more prevalent in individuals with 
blood group O22,23 because of the association between blood 
group O and a gastric pathogen, Helicobacter pylori. It has been 
shown that H. pylori binds more readily to gastric epithelium in 
group O individuals because of lack of expression of ABO and 
Lewis antigens in non-hematopoietic tissue (see also section 
on Lewis antigens).24 In contrast, secretors of ABO and Lewis 
antigens in the gastrointestinal tract are more susceptible to 
norovirus,25 rhinoviruses, echoviruses, influenza viruses, and 
respiratory syncytial virus.26

Antibodies and Clinical Significance
All immunocompetent individuals produce antibodies against the 
missing ABO(H) blood group antigens (Table 20.5). Anti-A and 
anti-B production does not require red cell stimulation through 
transfusion or pregnancy but occurs predominately through envi-
ronmental exposure, such as bacteria.27 Anti-A and anti-B are 
usually detectable within 3 to 6 months after birth.28 By the age 
of 5 years, the titers of anti-A and anti-B antibodies reach maxi-
mum and persist throughout adulthood. The titers of IgM anti-A 
and anti-B antibodies may gradually decline with advanced age.29 
Newborn infants do not usually have a significant amount of anti-
A or anti-B in their plasma; therefore, pretransfusion testing is not 
usually required for transfusions within the first 4 months of life. 
Infants born to alloimmunized mothers are an exception to this 
rule, as other specific blood group antibodies may have crossed 
the placenta and may be present in the infant’s circulation.

The “naturally occurring” anti-A and anti-B antibodies are 
predominantly IgM, although variable amounts of IgG may 
be present. Like most IgM immunoglobulins, ABO antibodies 
are especially effective at complement activation for two reasons: 
the antibodies have thermal activity most reactive at body temper-
ature, and the high density of antigen sites on the red cell mem-
brane allows for large numbers of antibodies to bind to the cell 
membrane. Therefore, the transfusion of ABO-incompatible blood 
typically presents as acute intravascular hemolysis. Anti-ABO 

Phenotype Antibody Antigen Gene Product Gene

A Anti-B N-acetylgalactosamine A transferase 9q34.1-q34.2

B Anti-A d-galactose B transferase 9q34.1-q34.2

AB None N-acetylgalactosamine and 
d-galactose

A transferase  
and B transferase

9q34.1-q34.2

O Anti-A and anti-B l-fucose Absent or  
nonfunctional  
A or B transferase

Absent or  
nonfunctional gene

A2 Anti-B and variable 
amount of anti-A1

N-acetylgalactosamine A transferase 9q34.1-q34.2

SuMMary of aBo GeneS and anTIGenS

TABLE 20.5

antibodies, anti-human leukocyte antigen (HLA) antibodies, and 
anti-human platelet antigen (HPA) antibodies can cause alloim-
munization resulting in platelet transfusion refractoriness.30 The 
ABH expression on the platelet is linked to the red cell phenotype; 
yet the expression on the platelet may be determined mainly by 
the enzyme H transferase type II (FUT1).31

In allogeneic stem cell transplant, ABO incompatibility may 
cause hemolysis, pure red cell aplasia, and delayed engraftment 
of donor cells.32 However, ABO incompatibility may not affect 
the long-term survival.32,33 After ABO unmatched hematopoietic 
stem cell transplantation, the patient’s red cells will switch to the 
donor’s blood group. Due to the fact that ABO antigens are not 
limited to the red cells, peripheral tissue may continue to express 
the recipient’s original antigens for life.34 These isohemagglutinin 
will be adsorbed onto the red cells and cause ABO discrepancy 
during crossmatch.35,36 Similarly, in kidney transplantation, ABO-
incompatible recipients have higher graft loss in the immediate 
posttransplant period, but the long-term survival is similar to 
those with ABO-mismatched recipients.37 Moreover, delay in the 
production of ABO antibodies in infants may provide an “immuno-
logic gap” for ABO-incompatible organ transplantation.38

The antibodies against ABO antigens are not a major cause of 
HDN for several reasons. First, soluble A or B substance in the fetal 
plasma can neutralize the alloantibodies. Second, antigens A or B 
expressed on other body tissues may also bind alloantibodies. Third, 
alloantibodies against ABO antigens are specific for sugar molecules; 
these antibodies generally have a weaker binding affinity than anti-
bodies reacting with protein antigens such as the D antigen.

In routine blood group typing, the transfusion recipient’s red 
cells are typed using commercial sources of anti-A and anti-B 
antibodies (forward or cell typing). The presence of anti-A and 
anti-B in the serum/plasma of the recipient is detected by testing 
the serum/plasma against group A and group B red cells (reverse 
or serum typing). The interpretation of these two tests must agree 
for the patient’s blood group to be assigned. Sometimes, the 
serum and cell grouping do not agree; this is termed ABO discrep-
ancy. In these circumstances, the laboratory should proceed with 
additional testing to correctly identify the patient’s ABO blood 
group. New technologies in blood group genotyping may identify 
and resolve these discrepancies.

Discrepancies in ABO grouping can be found in various condi-
tions. For example, the ABO(H) antigens may be weakened in the 
donors with mutations of the ABO alleles. In patients with some 
types of leukemia or cancer, or having diseases associated with 
chromosome 9 translocations, the ABO(H) antigens may also be 
weakened and serologically typed as negative for that particular 
antigen. Alternatively, an individual may acquire an ABO antigen 
on the red cells; for example, one can acquire a B antigen after 
bacterial infections, or acquire an A antigen associated with Tn 
activation of the red cells.39
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The Rh blood group system was discovered by Landsteiner and 
Weiner in 1940.40 They injected rabbits with red cells from the 
rhesus monkey, and the antibody produced was initially termed 
Rh and is now known as anti-D. Unlike the ABO blood group sys-
tem, Rh antibodies are not environmentally stimulated; however, 
the D antigen is highly immunogenic, causing anti-D formation in 
up to 70% of D-negative individuals who are exposed to D-positive 
blood. Anti-D is IgG and is known to cause HTRs and HDN.

Rh Terminology
Three different systems of nomenclature have been developed to 
describe the genes and antigens of the Rh blood group system 
antigens: The Wiener system, the Fisher-Race system, and the 
Rosenfield numeric terminology. Wiener proposed that the Rh 
antigens were the products of a single gene.41 The Fisher-Race 
nomenclature was based on the theory that reactions observed 
with various Rh antisera could be explained by three pairs of 
allelic genes: Cc, Dd, and Ee.42 Genetic analysis does not support 
either of these models. However, both the Wiener notation and 
the Fisher-Race nomenclature remain widely used today because 
of familiarity. In 1962, Rosenfield et al. proposed a system of 
nomenclature that was based on serologic findings.43 The symbols 
were used to convey phenotypic information rather than genetic 
information.44 In this system, the antigens are numerically named 
in order of their discovery or assignment to the Rh blood group 
system. The various nomenclatures for common Rh system anti-
gens are listed in Table 20.6.

Genes
The Rh antigens are encoded by two genes: RHD and RHCE. The 
genes are located at chromosome 1p36.11 (Table 20.1). RHD 
encodes for the D antigen, whereas RHCE encodes for the Cc and Ee 
antigens. The d antigen does not exist; however, by convention, d is 
used to connote the absence of the D antigen. RHD and RHCE each 
contain ten exons and are distributed over 69 kilobase pairs (kbp).45 
Both the RHD and the RHCE genes encode for similar polypeptides 
of 417 amino acids with 12 membrane-spanning domains.45 In the 
red cell membrane, these two polypeptides form a complex with a 
glycoprotein termed the Rh-associated glycoprotein (RhAG), which 
is encoded by the RHAG gene (RH50) on chromosome 6. The RhAg 
and associated antigens have recently been designated the thirtieth 
blood group system. The structure of the Rh antigens suggests that 
they are transport proteins and the RhAG protein may play a role in 
the transport of ammonium. The Rh-associated proteins are trans-
port proteins involved in ammonia/ammonium transport.46,47 The 
physiologic role of the Rh protein is poorly defined, but it has been 
suggested that these proteins may act to keep total blood ammonia 
low by trapping ammonium within the red blood cell.46,48

Antigens
There are 54 antigens that have been assigned to the Rh blood group 
system: D, C, E, c, e, f, Ce, Cw, Cx, V, Ew, G, Hro, Hr, hrs, VS, CG, CE, Dw, 
c-like, cE, hrH, Rh29, Goa, hrB, Rh32, Rh33, HrB, Rh35, Bea, Evans, 
Rh39, Tar, Rh41, Rh42, Crawford, Nou, Riv, Sec, Dav, JAL, STEM, 
FPTT, MAR, BARC, JAHK, DAK, LOCR, CENR, CEST, CELO, CEAG, 
PARG, and CEVF (Table 20.1). Of the 54 antigens in the Rh blood 
group system, the most common and important are D, C, E, c, and e. 
Although individuals can become alloimmunized to the C, c, E, and 
e antigens after red cell exposure through transfusion or pregnancy, 
these antigens are much less immunogenic than D. Less than 3% 
of individuals exposed to the C, c, E, and e antigens become alloim-
munized; hence, pretransfusion testing is not routinely performed to 
match for these antigens. The principal phenotypes of the Rh blood 
group system and their frequencies are outlined in Table 20.7.

An individual is considered to be Rh positive if his or her red cells 
express the D antigen. The term Rh negative refers to the absence of 
the D antigen. The absence of the D antigen occurs in approximately 
15% to 17% of individuals in white populations and is less frequent 
in other populations.49 In white populations, the absence of the D 
antigen is usually due to the deletion of the RHD gene.49 In Asian 
and black populations, the absence of the D antigen is usually due 
to an inactive RHD rather than a gene deletion.50,51

Rosenfield Numeric 
Terminology

Fisher-Race 
Terminology

Wiener 
Terminology

Rh1 D Rho

Rh2 C rh9

Rh3 E rh0

Rh4 c hr9

Rh5 e hr0

Rh6 ce (f) hr

Rh7 Ce rhi

Rh8 Cw rhw1

Rh9 Cx rhx

Rh10 V (Ces) hrv

Rh11 Ew rhw2

Rh12 G rhG

rh Blood Group SySTeM: anTIGenS

TABLE 20.6

Haplotype Based on  
Antigens Present Frequency (%)

Fisher-Race Wiener Whites Blacks Asians

DCe R1 42 17 70

DcE R2 14 11 21

Dce R0 4 44 3

DCE Rz <0.01 <0.01 1

ce r 37 26 3

Ce r′ 2 2 2

cE r″ 1 <0.01 <0.01

CE ry <0.01 <0.01 <0.01

rh Blood Group SySTeM: prInCIpal phenoTypeS

TABLE 20.7

Rh Blood Group System (ISBT 004)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Anti-D Yes IgG;  
some IgM

Yes Yes Common (15%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of rh anTIBodIeS
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Cis Product Antigens. Ce(rh1) is an antigen that almost always 
accompanies C and e when they are encoded by the same haplotype.44

Cc and Ee Variant Antigens. Various Rh antigens appear to 
be determined by alleles of the Cc and Ee antigens. Variants of 
C include Cw(Rh8), Cx(Rh9), and MAR. Variants of the E antigen 
include Ew(Rh11) and ET(Rh24). Variants of the e antigen include 
hrB (Rh31), hrs (Rh19), and es(Rh20).

G Antigen (Rh12). The G antigen is found on any red cell that 
also has the C or D antigen.

Weak D Phenotype
Some red cells that express the D antigen require prolonged incuba-
tion with the anti-D reagent or application of the antiglobulin test 
for agglutination to occur. These red cells are considered to be D 
antigen-positive and are described as weak D, formerly termed Du. 
The weak D phenotype is thought to occur by one of three mecha-
nisms: (a) inheritance of an RHD gene encoding for a weakened 
expression of D, (b) interaction of the D allele with other genes, and 
(c) inheritance of an RHD gene missing some epitopes. In the first 
mechanism, the weak D phenotype is due to an RHD gene encoding 
for a D protein with reduced D antigen expression.44 This is more 
common in the black population and generally occurs in associa-
tion with the Dce haplotype. In the white population, weak D is less 
common but may occur in association with the haplotype DCe or 
DcE.44 In the second mechanism, the weak D phenotype occurs as a 
result of the position of the D allele. This is most easily conceptual-
ized using the Fisher-Race terminology. Red cells from individuals 
with a C allele in a trans position to the D allele (i.e., Dce/Ce) have 
weakened expression of D due to C being on the opposite chromo-
some. Individuals with the weak D phenotype by either of these two 
mechanisms do not form alloantibodies after exposure to D-positive 
red cells. Finally, the third mechanism, sometimes termed partial 
D, occurs when individuals lack part of the D antigen complex. The 
D antigen is thought to be a mosaic consisting of several individual 
parts or epitopes. Most D-positive individuals inherit the gene 
encoding the entire D antigen. However, the partial D phenotype 
describes red cells that are deficient in components of D, resulting in 
a decreased expression of the D antigen (weak D). Individuals with 
partial D may produce anti-D if transfused with D-positive red cells.

The weak D and partial D phenotypes have implications for the 
practice of transfusion medicine. Donors with weak D red cells should 
be considered Rh(D) positive. It is important that donor blood with 
weak D not be mislabeled as Rh(D) negative because the weak D anti-
gen could induce an immune response if this blood were transfused 
to an Rh(D)-negative individual.33 It is generally recommended that 
patients who phenotype as weak D can be transfused with Rh(D)-
positive blood. The most common types of weak D do not appear to 
be at risk of alloimmunization to the D antigen, therefore, these indi-
viduals can safely receive D-positive blood and would not require Rh 
immune globulin prophylaxis during pregnancy. However, it should 
be noted that some weak D types, identified by molecular analysis or 
the RHD gene are susceptible to alloimmunization.52

Rhnull Phenotype
The Rhnull phenotype occurs when red cells do not express Rh 
antigens. This phenotype occurs because of at least two mecha-
nisms. First, the inheritance of an abnormal RHAG gene appears 
to result in the absence of the Rh antigen expression despite the 
presence of normal RHD and RHCE genes.30 This is termed regu-
lator type Rhnull. The second mechanism is termed amorph type 
of Rhnull and involves the inheritance of a mutation in the RHCE 
genes in association with a D-negative background.53 The Rhnull 
phenotype is associated with abnormalities in the red cell mem-
brane causing stomatocytosis and hemolysis. The presence of the 
Rh proteins in the red cell membrane appears to be necessary 
for the expression of other membrane proteins such as the LW, 

Duffy, and U antigens. Rhnull cells have been demonstrated to lack 
the LW and Fy5 antigens and have weakened expression of the 
S, s, and U antigens.54 Fortunately, the Rhnull phenotype is rare, 
as these individuals form an alloantibody (anti-Rh29) that reacts 
with all other red cells except Rhnull when they are transfused. 
Thus, obtaining compatible blood can be challenging.

Antibodies and Clinical Significance
Most Rh antibodies are IgG, although some may be IgM. They are 
usually not capable of activating complement. Anti-D is one of the 
most common Rh antibodies because of the high immunogenic-
ity of the D antigen. Anti-D can cause severe HDN and HTR. The 
frequency of anti-D has greatly decreased with the use of pro-
phylactic Rh immune globulin administration to Rh(D)-negative 
mothers during pregnancy and at delivery if the infant is Rh(D) 
positive. Antibodies against antigens of the Rh system including 
C, c, E, and e can be associated with mild HTR or HDN.49

SuMMary of IMporTanT CharaCTerISTICS of Kell anTIBodIeS

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Anti-K Yes IgG;  
rarely IgM

Yes Yes Very common 
(98%)

Anti-k Yes IgG;  
rarely IgM

Yes Yes Rare (<2%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

Kell Blood Group System (ISBT 006)

The Kell blood group system was discovered in 1946 and was 
named after Mrs. Kellner, the mother of the first child discovered 
to be affected with HDN because of Kell antibodies.55,56

Genes and Antigens
The Kell blood group system consists of 35 antigens: K, k, Kpa, Kpb, 
Ku, Jsa, Jsb, Ula, K11, K12, K13, K14, K16, K17, K18, K19, Km, 
Kpc, K22, K23, K24, VLAN, TOU, RAZ, VONG, KALT, KTIM, KYO, 
KUCI, KANT, KASH, KELP, KETI, KHUL, and KYOR. The antigens 
are coded by a complex of genetic loci, known as the Kell locus, 
which is located at 7q33 (Table 20.1). The KEL gene contains 19 
exons distributed over 21.5 kbp.45 There are at least four subloci 
in the complex, each of which has an allele for a high-frequency 
antigen (k, Kpb, Jsb, and KEL11) and for one or more alleles for a 
lower-frequency antigen (K, Kpa and Kpc, Jsa, and KEL17).57 The 
most common haplotype is k/Kpb/Jsb/Kel11. The phenotype fre-
quency of the common Kell antigens is shown in Table 20.8. The 
k antigen is a high-frequency antigen that is present in more than 
98% of whites and blacks. The K antigen is much less common.

The KEL gene encodes a type 2 integral membrane protein, 
called zinc endopeptidase, containing 732 amino acids, which is 
present at 3,500 to 17,000 copies per red blood cell.45,56 The pro-
tein has enzymatic activity, and it has been demonstrated in vitro 
to cleave big endothelin-3, which is a peptide with vasoconstrictor 
activity.58 The Kell protein is associated with the Kx protein in 
the red cell membrane (see section Kx Blood Group System [ISBT 
019]).59 Individuals have been identified who do not express the 
Kell protein (Kellnull phenotype) and who are healthy with no 
structural or functional abnormalities of their red cells identified.
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Frequency (%) Frequency (%)

System Phenotype Whites Other System Phenotype Whites Other

ABO O 45 49a Xg Xg(a+) Males, 65.6;

A 40 27 females, 88.7
B 11 20 Xg(a−) Males, 34.4;

AB 4 4 females, 11.3
MNS M+N− 28 26a Scianna Sc:1,−2 99.7c

M+N+ 50 44 Sc:1,2 0.3

M−N+ 22 30 Sc:−1,2 Very rare

S+s−U+ 11 3 Sc:−1,−2 Very rare

S+s+U+ 44 28 Dombrock Do(a+b-+) 17.2 11a

S−s+U+ 45 69 Do(a+b+) 49.5 44

S−s−U− 0 <1 Do(a−b+) 33.3 45

S−s−U+w 0 Rare Colton Co(a+b−) 89.3

P P1 79 94a
Co(a+b+) 10.4

Lutheran Lu(a+b−) 0.15 Co(a−b+) 0.3

Lu(a+b+) 7.5 Co(a−b−) Very rare

Lu(a−b+) 92.35 Landsteiner-Wiener LW(a+b−) >99 93.9d

Lu(a−b−) Very rare LW(a+b+) <1 6.0

Kell K+k− 0.2 Rarea
LW(a−b+) Very rare 0.1

K+k+ 8.8 2 LW(a−b−) Very rare Very rare

K−k+ 91.0 98 Chido/Rodgers Ch+, Rg+ 95.0

Kp(a+b−) Rare 0 Ch−, Rg+ 2.0

Kp(a+b+) 2.3 Rare Ch+, Rg− 3.0

Kp(a−b+) 97.7 100 Ch−, Rg− Very rare

Js(a+b−) 0 1 Hh H+ >99.9

Js(a+b+) Rare 19 Kx Kx+ ∼100

Js(a−b+) 100 80 Kx− Rare

Ko Very rare Very rare Gerbich Ge2, Ge3, Ge4 100
Lewis Le(a+b−) 22 23a Wb, Lsa, Ana, Dha Rare

Le(a+b+) 72 55 Cromer Cra, Tca, Dra, Esa, IFC, WESb, UMC 100

Le(a−b+) 6 22 Tcb, Tcc, WESa Rare

Le(a−b−) Rare Rare

Duffy Fy (a+b−) 17 9a Knops Kn(a+b−) 94.5 99.9a

Fy(a+b+) 49 1 Kn(a−b+) 1 0

Fy(a−b+) 34 22 Kn(a+b+) 4.5 0.1

Fy(a−b−) Rare 68 McC(a+) 98 94

Kidd Jk(a+b−) 28 57a
Sla(a+) 98 60

Jk(a+b+) 49 34 Yka(a+) 92 98

Jk(a−b+) 23 9 Indian In(a+b−) Very rare Very raree

Jk(a−b-) Very rare Very rare In(a+b+) <1 7

Diego Di(a+b−) Rare Rarea
In(a−b+) >99 93

Di(a+b+) Rare Rare Ok Ok(a+) 100

Di(a−b+) >99.9 >99.9 Raph MER2+ 92

Yt Yt(a+b−) 91.9 97b
MER2− 8

Yt(a+b+) 7.9 23

Yt(a−b+) 0.2 0

a Blacks; b Israelis; c Most populations; d Finns; e Iranians/Arabs.
Data from AABB technical manual, 14th ed. Bethesda, MD: American Association of Blood Banks, 2002; and Denomme GA, Rios M, Reid ME. Molecular protocols in transfusion medicine. San 
Diego, CA: Academic Press, 2000.

prInCIpal phenoTypeS of Blood SySTeMS

TABLE 20.8
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Antibodies and Clinical Significance
The K antigen is very immunogenic. Only the D antigen has 
greater potential to induce alloimmunization. Because of this, 
anti-K is often encountered. Anti-K typically is induced by blood 
transfusion. The antibody tends to be IgG. Anti-K is clinically 
significant and has been implicated in both HTR and HDN. 
There is poor correlation with maternal anti-K titer and disease 
severity.60 Furthermore, HDN associated with anti-K tends to be 
more severe than HDN caused by anti-D. This is thought to occur 
because the Kell antigens are well expressed on fetal cells and 
appear on erythroid progenitor cells. It is postulated that anti-K, 
in addition  to causing hemolysis, also causes a suppression of 
erythropoiesis.61,62

The k antigen is also highly immunogenic. However, because 
only individuals not expressing the k antigen (i.e., KK phenotype) 
produce anti-k, and because the k antigen is present in most indi-
viduals, anti-k is much less common. Anti-k has been associated 
with both HDN and HTR. The other Kell blood group system anti-
bodies are much less common but are also clinically significant.

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Fya Yes IgG Yes Yes Common (34%)

Fyb Yes IgG Yes Yes Common (17%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of duffy anTIBodIeS

Duffy Blood Group System (ISBT 008)

The Duffy blood group system was discovered in 1950 in the 
serum of a multiply transfused male patient with hemophilia, 
Mr. Duffy.63

Gene and Antigens
The Duffy system consists of six antigens, Fya, Fyb, Fy3, Fy4, 
Fy5, and Fy6, which are encoded at the Duffy locus on chromo-
some 1q21-q22 (Table 20.1). The gene, DARC (or FY), contains 
two exons distributed over 1.521 kbp.45 The antigens, Fya and 
Fyb, are encoded by a pair of codominant alleles. The pheno-
types of the Duffy system and their frequencies are presented in 
Table 20.8. The most common phenotype in the white popula-
tion is Fy(a+b+), and the most common phenotype in the black 
population is Fy(a-b-). The Fyx antigen represents a form of 
weak Fyb. The Fy5 antigen is defined by an interaction of the 
Duffy and Rh gene products.44 The antigens Fya, Fyb, and Fy6 
are sensitive to denaturation by enzymes such as papain, ficin, 
or a- chymotrypsin. Fy3 and Fy5 are not sensitive to enzyme 
denaturation.

The Duffy DARC gene encodes for a glycoprotein (DARC) that is 
found on red cells as well as other tissues including brain, heart, 
lung, kidney, and spleen. On red cells, the glycoprotein has been 
identified as a receptor for various chemokines and may contribute 
to chemokine-induced leukocyte migration to sites of inflamma-
tion.64,65 DARC may also play a role in renal disease as increased 
DARC expression has been noted in different causes of renal injury.66 

It is thought that DARC expression is increased in an attempt to con-
trol inflammation.66 The glycoprotein is also the receptor for P. vivax 
and P. knowlesi. Therefore, individuals who do not express Fya or 
Fyb on their red cells are not susceptible to these forms of malaria. In 
parts of Africa where malarial infection is common, most individuals 
are Fy(a-b-), likely because of natural selection.44

Antibodies and Clinical Significance
The Duffy antibodies are usually IgG. Anti-Fya is a common allo-
antigen. Fya is considered clinically significant, as it has been 
associated with HDN and HTR. Anti-Fyb is uncommon. It has been 
associated with mild HTR and only rarely with HDN.44,67 The 
other Duffy antibodies are much less common.

SuMMary of IMporTanT CharaCTerISTICS of KIdd anTIBodIeS

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Jka Yes IgG;  
rarely IgM

Yes Yes Common (23%)

Jkb Yes IgG;  
rarely IgM

Yes Yes Common (28%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

Kidd Blood Group System (ISBT 009)

The Kidd blood group system consists of three antigens: Jka, 
Jkb, and JK3 (Table 20.1). The system was named for the woman 
(Mrs. Kidd) whose serum was found to contain the antibody, and 
the antigen was named Jk for the initials of the woman’s child 
(John Kidd) affected by HDN.68

Gene and Antigens
The Kidd blood group system gene is located at chromosome 
18q11-q12. The gene, SLC14A1, also known as JK or HUT11, is 
distributed over 30 kbp and contains 11 exons.45 It encodes for the 
urea transporter hUT-B1.69 The principal phenotypes of the Kidd 
blood group system and their frequencies are outlined in Table 
20.8. The antigens Jka and Jkb are found at relatively the same fre-
quencies in the white populations but differ in other ethnic groups 
such as blacks and Asians.45 The Jk(a-b-) phenotype is rare and 
is found primarily in the Polynesian population.70 These null red 
cells have been demonstrated to be resistant to lysis by 2M urea; 
however, this phenotype is not associated with shortened red cell 
survival or clinical symptoms.71

Antibodies and Clinical Significance
The Kidd antibodies are usually IgG but occasionally are IgM. 
These antibodies tend to be short-lived; therefore, they are fre-
quently not detected before transfusion. However, they are capa-
ble of a rapid amnestic response and have been associated with 
severe delayed HTRs. The antibodies have rarely been associated 
with HDN, usually of mild severity.56
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The MNS blood group system was discovered in 1927. The 
M and N antigens get their names from the letters in the word 
immune, because anti-M and anti-N antibodies were discovered 
in the sera of rabbits immunized with human red cells. The letter 
I was not used because it was felt this would be confused with the 
number 1.72,73 The S antigen was named after the city in which it 
was discovered—Sydney, Australia.73

Genes and Antigens
The MNS blood group system consists of 46 antigens: M, N, S, s, 
U, He, Mia, Mc, Vw, Mur, Mg, Vr, Me, Mta, Sta, Ria, Cla, Nya, Hut, Hil, 
Mv, Far, sD, Mit, Dantu, Hop, Nob, Ena, ENKT, N′, Or, DANE, TSEN, 
MINY, MUT, SAT, ERIK, Osa, ENEP, ENEH, HAG, ENAV, MARS, 
ENDA, ENEV, and MNTD (Table 20.1). The M and N antigens are 
carried on glycophorin A, whereas the antithetical antigens, S and 
s, are carried on glycophorin B. They are encoded by the GYPA, 
GYPB, and GYPE genes located at chromosome 4q31.21. GYPA 
has seven exons distributed over 60 kbp.45 GYPB has five exons 
and is distributed over 58 kbp.45 GPA and GPB contribute to most 
of the carbohydrate on the red cell membrane. The sialic acid 
of the O-glycans on these sialoglycoproteins results in the Tred 
cell membrane being negatively charged. This negative charge 
prevents red cells from sticking together, prevents red cell adher-
ence to endothelial cells of the blood vessel walls, and protects 
from invasion by pathogens.74,74,75,76 The presence of glycophorin 
A has been demonstrated to be necessary for the adhesion of 
certain malarial parasites (P. falciparum) as well as for bacte-
ria and viruses (e.g., influenza virus and encephalomyocarditis 
virus).76,77–80 Other proposed functions of glycophorin A include 
regulation of transport of band 3 to the red cell membrane and 
complement regulation.70,78,81–83 The main phenotypes and fre-
quencies of the MNS blood group system are listed in Table 20.8.

Antibodies and Clinical Significance
Anti-M and anti-N antibodies are typically IgM and are reactive 
at cold temperatures. Antibodies against M and N are naturally 
occurring (environmentally stimulated). They are not generally 
considered to be clinically significant. Rarely, anti-M has been 
implicated in cases of HDN and HTR.61–64 Anti-N has only rarely 
been associated with HDN or HTR. In contrast, antibodies against 
S, s, and U are capable of causing HTR and HDN.70 Anti-S and 
anti-s tend to be IgG and occasionally are IgM. Antibodies to many 
low-prevalence antigens in the MNS system have also been associ-
ated with HDN.76

P Blood Group System and Related Antigens  
(ISBT 003)

The first P system antigen was discovered by Landsteiner and 
Levine in 1927.44 Initially, the system was thought to include the 
P, Pk, and LKE antigens, but these antigens have subsequently 
been assigned to the globoside antigens (see section GLOB 
Collection [ISBT 209]).44

Genes and Antigens
The P blood group system consists of a single antigen: P1 
(Table 20.1). P1 is the product of a galactosyltransferase encoded 
by the gene P1, which is located at chromosome 22q11.2-qter.45 
It has been suggested that this transferase is encoded by the gene 
A4GALT, but this has been contradicted by recent studies.52 The 
P1 antigen is similar to the ABO antigens because it is composed 
of a chain of sugars linked to glycolipids on red cells (Fig. 20.2). P1 
is formed when b-D-galactose (Gal) is added in an a(1–4) linkage 
to paragloboside.44 In the white population, 79% of individuals 
express the P1 antigen.44

Antibodies and Clinical Significance
Anti-P1 is naturally occurring and is commonly found in individu-
als lacking the P1 antigen. Anti-P1 is usually IgM. It has not been 
reported to cause HDN and has been associated with HTR only in 
rare instances.84 Identification of anti-P1 is aided by the fact that 
the activity of the antibodies is inhibited by hydatid cyst fluid or 
pigeon egg white.44

Individuals who lack the P1 antigen who also do not express 
the P and Pk antigens may produce anti-P,P1,Pk, also known as 
anti-Tja. This antibody can be either IgM or IgG and has been 
associated with severe hemolytic reactions.85,86

SuMMary of IMporTanT CharaCTerISTICS of p anTIBodIeS

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

P1 Rare IgM;  
rarely

No Rare Common (21%)

IgG

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of luTheran anTIBodIeS

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Lua Seldom IgM;  
some IgG

Mild No Very common 
(92%)

Lub Seldom IgG;  
some IgM

Mild No Very rare (0.1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

MNS Blood Group System (ISBT 002)

SuMMary of IMporTanT CharaCTerISTICS of MnS anTIBodIeS

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Anti-M Seldom IgG;  
some IgM

Few Few Common (22%)

Anti-N Rarely IgM;  
rarely IgG

Rare Rare Very rare (<1%)

Anti-S Occasionally IgG;  
some IgM

Yes Yes Common (45%)

Anti-s Yes IgG;  
rarely IgM

Yes Yes Very rare (<1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

Lutheran Blood Group System (ISBT 005)
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Figure 20.2 Differences between ABO (A) and Lewis (B) blood groups. ABO blood group antigens are synthesized in the red cells on type II oligosaccharides, 
but Lewis blood group antigens are produced in the plasma on type I oligosaccharides and then adsorbed onto the red cell surface. Type II oligosaccharide chains 
differ from type I chains in the linking position of the terminal galactose moiety. The Le (FUT3) gene encodes type III H transferase, which adds a fucose group (red-
colored fucose group) to the second-last sugar moiety of the type I oligosaccharide chain. Synthesis of the Lec and Led antigens does not depend on the activity of 
the Le gene. Fuc, l-fucose; Gal, d-galactose; Gal-NAc, d-N-acetyl-galactosamine; Glc, d-glucosamine; Glc-NAc, d-N-acetyl-glucosamine.

The first Lutheran blood group antibody (anti-Lua) was found 
in 1946 in the serum of a previously transfused patient named 
Lutteran. The label on the sample was misread, and the blood 
group system was named Lutheran.70

Genes and Antigens
The Lutheran blood group system consists of 20 antigens: 
Four pairs of antigens (Lua/Lub, Lu6/Lu9, Lu8/Lu14, and Aua/
Aub) and 11 independent antigens (Lu3, Lu4, Lu5, Lu7, Lu11, 
Lu12, Lu13, Lu16, Lu17, Lu20, Lu21, and LURC) (Table 20.1).6 
The antigens are encoded by the B-CAM (LU) gene located at 
chromosome 19q12-q13. The gene contains 15 exons and is 
distributed over approximately 12 kbp.39 The gene products 
include the Lutheran glycoprotein, which is 597 amino acids 
long, and a spliced version of the B-cell adhesion molecule 
(B-CAM), which is 557 amino acids in length.45,70 The Lutheran 
glycoproteins are members of the Ig superfamily and have 

been demonstrated to act as a receptor for laminin.87,88 The 
Lutheran blood group may play a role in the pathophysiology 
of sickle cell disease and polycythemia vera. In sickle cell dis-
ease, B-CAM and Lu are overexpressed on red cells, which may 
mediate increased red cell adhesion to laminin.89 In polycythe-
mia, there is increased phosphorylation of the Lu glycoprotein, 
which increases red cell adhesion.90 The principal phenotypes 
of the Lutheran blood group system and their frequencies are 
outlined in Table 20.8.

Antibodies and Clinical Significance
The Lutheran antigens are not very immunogenic; therefore, anti-
bodies in this system are rare.70 Anti-Lua and anti-Lub are usually 
IgG and are reactive on the indirect antiglobulin test.  Anti-Lua 
has not been implicated in HTR but has been implicated in 
mild HDN.70 Anti-Lub has been associated with mild,  subclinical 
HDN.91,92
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Figure 20.3 The relationship among ABO, P, and ii blood group systems. These antigens are located on terminal oligosaccharides. Among these blood 
groups, the structure in common is lactosylceramide (red sugar moieties). Lewis blood group antigens also share similar structures, but they are not synthesized in 
red cells. Fuc, l-fucose; Gal, d-galactose; Gal-NAc, d-N-acetyl-galactosamine; Glc, d-glucosamine; Glc-NAc, d-N-acetyl-glucosamine.

The Lewis blood group system is different from other blood 
group systems, as the antigens (Lea and Leb) are formed in the 
plasma and absorbed onto the red cell membrane. This unique 
feature has implications for transfusion practices for several 
reasons: (a) transfused red cells always absorb Lewis antigens 
from the plasma of the transfusion recipient; hence, within 
several days of the transfusion, the phenotype of the circulating 
transfused red cells is the same as the patient’s red cell phe-
notype; and (b) soluble antigen in transfused plasma has the 
potential to inhibit Lewis system antibodies that may be in the 
plasma of some individuals.

Genes and Antigens
The two alleles (Le and le) are inherited in Mendelian fashion. Le 
is the dominant allele, and le is the recessive allele. The FUT3 (Le) 

gene is located on chromosome 19 (19p13.3)93,94 and is closely 
linked to the FUT1 (Hh) and FUT2 (Sese) genes. There are 11 dif-
ferent mutations of the FUT3 gene.95,96 The silent le allele is due 
to mutations that result in defective gene products. The FUT3 gene 
encodes for an enzyme, a(1,3/1,4) fucosyltransferase (FUT3, H 
transferase type 3), which adds fucose molecules to carbohydrate 
precursor chains (Fig. 20.3). The enzyme itself is a type II mem-
brane-bound protein of 361 amino acids.97

Antigens
As mentioned previously, Lewis antigens (Lea and Leb) on the red 
cells are not intrinsic to the red cell membrane but are absorbed 
from the plasma onto the cells.98 The antigenic epitopes are 
located at the fucose moieties of glycosphingolipids. The biosyn-
thesis of the antigens Lea and Leb involves two different pathways. 
The formation of antigen Lea is catalyzed by the enzyme FUT3 that 
adds a fucose group to the type 1 oligosaccharide precursor chain 
(Fig. 20.3). In individuals with FUT2 (SeSe or Sese genotypes), 
most type 1 oligosaccharide precursor chains are converted to 
an intermediate product similar to the H antigen. The intermedi-
ate product is subsequently catalyzed by the enzyme FUT3 and 
forms the Leb antigen. Therefore, the phenotypes Le(a−b+) and 
Le(a+b−) are not due entirely to the FUT3 gene but depend on 
the presence or absence of the FUT2 (Se) gene. This relationship 
between the FUT2 and FUT1 genes has practical implications for 
the laboratory. For example, the easiest way to determine an indi-
vidual’s secretor status is to type his or her red cells to determine 
their Lewis phenotype. The Le(a+b−) phenotype indicates that 
the individual is a nonsecretor; the Le(a−b+) phenotype indicates 
that the individual is a secretor; and the Le(a−b−) phenotype 
does not allow secretor status to be assigned. If the FUT2 gene 

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Lea Seldom IgM No Rare Rare (6%)

Leb Seldom IgM No Rare Common (22%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of leWIS anTIBodIeS

Lewis Blood Group System (ISBT 007)
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product (FUT2) is partially active, such as in individuals with 
Sew, some type 1 precursor chain is converted to Lea antigen, 
and the remaining is converted to Leb. The resultant phenotype, 
Le(a+b+), is rare in whites but common in Asians. The fucose 
residual may also be added to the type 2 oligosaccharide precur-
sor chain and forms the Lex and Ley antigens that are similar to 
ABO(H) antigens in biochemical structure.

In the Lewis blood group system, the phenotype distribution 
varies among different ethnic groups. The Le(a−b+) phenotype 
is found in 70% of the white population and approximately 50% 
of the black population. The Le(a−b−) phenotype is less common 
in the white population but is found in approximately 30% of the 
black population. The Le(a+b+) phenotype is rare in both the 
white and black populations (Table 20.8).

In addition to red blood cells, Lewis antigens are found on 
other cell surfaces, such as gastric mucosa. They are also found 
in the lipopolysaccharide envelope of Helicobacter pylori.99 
Although the gastric mucosa predominately expresses Lea and 
Leb, the cell envelope of H. pylori mainly expresses Lex and 
Ley.99 The relationship between the Lewis antigens and the 
pathogenesis of H. pylori infection is uncertain. The similarity of 
the antigens may deceive the host immune system and facilitate 
the colonization of H. pylori.100 In a murine model, H. pylori 
infection has been shown to induce antibodies cross-reactive to 
gastric mucosa and to contribute to the development of chronic 
gastritis and peptic ulcers.101 However, this has not been firmly 
established in humans because no concordance in the expres-
sion of the Lewis antigen has been found between the bacteria 
and the host.102,103 Some studies showed that Leb and H anti-
gens on the gastric mucosa mediated the binding of H. pylori via 
a binding protein (blood group antigen-binding adhesin).104,105 
However, other studies demonstrated that H. pylori adherence 
is not dependent on the Lewis antigen.106 Similarly, it has been 
disputed whether blood group O is a risk factor for peptic ulcer 
disease.107–109 Also, the isoform antigens Lex and Ley may be 
found as neoantigens on malignant tissue.110

Antibodies and Clinical Significance
Like the ABO system, antibodies specific for Lewis antigens are 
naturally occurring, being formed through exposure to environ-
mental antigens. The antibodies are usually IgM, complement 
activating, and reactive at or below room temperature. Although 
Lewis antibodies have been reported to cause HTRs, this does 
not usually occur for several reasons. First, although Lewis 
antibodies can activate complement, the process is relatively 
slow, thus allowing the inhibitors within the complement cas-
cade to stop the process before the membrane attack complex 
is activated. Second, soluble antigen present in the plasma of 
the transfused blood product can neutralize the antibody, pre-
venting subsequent binding of antibody to transfused red cells. 
Finally, within 24 to 48 hours of transfusion, the transfused red 
cells absorb Lewis antigens from the patient’s plasma, taking on 
the Lewis phenotype of the patient’s own red cells. This latter 
mechanism also prevents delayed transfusion reactions from 
occurring. Lewis antibodies may be clinically relevant if the 
antibody causes in vitro hemolysis during serologic laboratory 
testing. When these “in vitro hemolytic antibodies” are detected, 
they should be considered clinically relevant, and antigen-neg-
ative blood should be selected for transfusion. Lewis antibodies 
do not cause HDN because they are IgM and do not cross the 
placenta. Furthermore, Lewis antigens are poorly developed on 
fetal red cells.

Anti-Lea antibody is more common than anti-Leb antibody. 
Both anti-Lea and anti-Leb antibody are found in individuals 
with the Le(a−b−) phenotype. In contrast, individuals with the 
Le(a−b−) phenotype do not develop anti-Lea because of the pres-
ence of residual Lea antigen in the secretions.

The Diego blood group system consists of 22 antigens: Dia, Dib, 
Wra, Wrb, Wda, Rba, WARR, ELO, Wu, Bpa, Moa, Hga, Vga, Swa, 
BOW, NFLD, Jna, KREP, Tra, Fra, SW1, and DISK (Table 20.1).6

Gene and Antigens
The Diego system antigens are carried on the band 3 protein. 
The antigens are encoded by the gene SLC4A1, which is found at 
chromosome 17q12-q21 (Table 20.1). SLC4A1 contains 20 exons 
and is distributed over 228 kbp.45 Band 3 is a multipass trans-
membrane protein that serves as an anion transporter. The Dia 
antibody was initially found in the serum of a Venezuelan woman 
and was implicated in HDN.111 The principal phenotypes of the 
Diego blood group system and their frequencies are outlined in 
Table 20.8. The expression of the antigen Dia is almost exclusively 
restricted to populations of Mongolian descent, such as American 
Indians, Chinese, and Japanese.100 An altered version of the 
band 3 protein is found in a condition known as Southeast Asian 
ovalocytosis. This condition may confer a degree of resistance to 
Plasmodium falciparum.112

Antibodies and Clinical Significance
Anti-Dia and anti-Dib are usually IgG and are detected by the indi-
rect antiglobulin test. HDN has been reported with both anti-Dia 
and anti-Dib.113–117 HTR is rare but has been reported.118

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Dia Yes IgG;  
some IgM

Yes Rare Very common 
(>99.9%)

Dib Yes IgG;  
some IgM

Yes Rare Very rare 
(<0.1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of dIeGo anTIBodIeS

Diego Blood Group System (ISBT 010)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Yta Rare IgG No Yes Very rare (0.2%)

Ytb Rare IgG No Yes Very common

(91.9%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of yT anTIBodIeS

Yt Blood Group System (Cartwright) (ISBT 011)

The Yt system consists of two antigens: Yta and Ytb 
(Table 20.1). The system was named after Cartwright, the indi-
vidual discovered producing the antibody. Because all of the 
other letters in the individual’s name were already being used, 
the last letter, T, was selected. The letter Y was placed first to 
denote “why not T?”.70
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Gene and Antigens
The ACHE gene is located at chromosome 7q22. It encodes for 
an acetylcholinesterase, which is a dimerized glycosyl phos-
phatidylinositol (GPI)-linked glycoprotein in the red blood cell 
membrane. Its function is unknown; however, the molecule is enzy-
matically active. Yta and Ytb antigens result from a single amino 
acid substitution, which does not appear to affect the enzymatic 
activity of acetylcholinesterase.119 The antigens are antithetical. 
Yta occurs with a frequency of approximately 99%, and Ytb has 
a frequency of approximately 8% (Table 20.8).120 Because they 
are carried on a GPI-linked protein, Yt antigens may be absent or 
reduced in individuals with paroxysmal nocturnal hemoglobinuria 
(see Chapter 31).

Antibodies and Clinical Significance
Antibodies against the Yt antigens are usually IgG. They do not 
activate complement. Yt antibodies have been implicated in 
delayed HTR but not in HDN.112

The Xg blood group system consists of two antigens: Xga and 
CD99 (Table 20.1). The Xga antigen was discovered in 1962 by 
Mann in the serum of a multiply transfused male. Because the 
antigen frequency appeared to differ between males and females, 
the antigen was named Xga, as it appeared to be controlled by the 
X chromosome. The g in the name stands for Grand Rapids, the 
hometown of the patient.121

Gene and Antigens
The gene encoding Xga, XG, is found at Xp22.32. The gene is not 
subject to lyonization or X inactivation. The gene that encodes 
CD99, now also named CD99 (previously MIC2), is closely linked 
to XG. The Xga antigen is located on a sialoglycoprotein. The 
antigen is only weakly expressed on the red cells of infants. The 
Xga antigen is resistant to treatment by sialidase and dithioth-
reitol (DTT); however, it is sensitive to treatment with proteolytic 
enzymes. The principal phenotypes of the Xg blood group system 
and their frequencies are outlined in Table 20.8.

Antibodies and Clinical Significance
Anti-Xga antibodies are usually IgG and may be able to acti-
vate complement. Anti-Xga can be naturally occurring.122 
Alloantibodies to CD99 have been detected in only two healthy 
individuals and are not thought to be clinically significant.122 
There have been no documented cases of HTR or HDN with these 
antibodies.

The Scianna blood group system consists of seven antigens: 
Sc1, Sc2, Sc3, Rd, STAR, SCER, and SCAN (Table 20.1).

Gene and Antigens
The gene for this system, ERMAP, is located on chromosome 
1p34 and is linked to Rh. ERMAP encodes a glycoprotein (ery-
throid membrane-associated protein), the function of which is not 
known. However, based on its structure, ERMAP is known to be 
a member of the butyrophilin-like family of the immunoglobulin 
superfamily.123 The Sc1 antigen is a high-frequency antigen, 
with the incidence in most populations being close to 99.9% 
(Table 20.8).45 Sc2 is antithetical to Sc1 and is present in approxi-
mately 1% of the population.45 The antigens are resistant to treat-
ment of red cells with proteolytic enzymes such as papain, ficin, 
trypsin, a-chymotrypsin, and sialidase.70

Antibodies and Clinical Significance
The Scianna antibodies are usually IgG. Scianna antibodies can 
activate complement and have been reported to cause mild 
HDN.124,125,126 The antibodies have not been associated with severe 
HTR.125,126

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Doa Rare IgG No Yes Common (33.3%)

Dob Rare IgG No Yes Common (17.2%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of 
doMBroCK anTIBodIeS

 

Xg Blood Group System (ISBT 012)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Xga No IgG No No Common (males, 
34.4%; females, 
11.3%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of XG anTIBodIeS

Scianna Blood Group System (ISBT 013)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Sc1 No IgG Rare No Very rare 
(<1%)

Sc2 No IgG Rare No Very common 
(>99%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of SCIanna anTIBodIeS

 

Dombrock Blood Group System (ISBT 014)
The Dombrock blood group system consists of eight antigens: 

Doa, Dob, Gya, Hy, Joa, DOYA, DOMR, and DOLG (Table 20.1).4,127

Gene and Antigens
The gene for the Dombrock blood group system, ART4 (or 
DO), is found at chromosome 12q13.2-q13.3.128 The antigens 
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Antibodies and Clinical Significance
Antibodies against the Colton blood group antigens are usually 
IgG and may activate complement. These antibodies are clinically 
significant and have been implicated in acute and delayed transfu-
sion reactions.143,144–148

in the Dombrock system have been demonstrated to be car-
ried on a GPI-linked glycoprotein.129–132 Homology studies 
suggest that the Dombrock glycoprotein is a member of the 
adenosine 5′-diphosphate ribosyl-transferase ectoenzyme gene 
family and has been identified as ADP-ribosyltransferase 4 
(ART4).131–133,134,135 However, the function of this molecule 
is uncertain, as no enzymatic activity has been demonstrated 
on the red cells and no pathology has been associated with 
absence of this  glycoprotein.135

The antigens Doa and Dob are antithetical. The frequencies of 
the three main phenotypes defined by these antigens are listed 
in Table 20.8. The antigens Gya, Hy, and Joa are high-incidence 
antigens, with gene frequencies of >99% in all populations stud-
ied.136 The antigens are resistant to papain or ficin treatment but 
sensitive to trypsin, pronase, or DTT (200 mmol/L) treatment.133

Antibodies and Clinical Significance
The Dombrock antibodies are usually IgG and do not activate 
complement. They have not been associated with clinical HDN, 
but the antibodies have been associated with severe HTR.135,137–139 
A baby born to a mother with an anti-DOMR antibody required 
phototherapy for hyperbilirubinemia.4

Colton Blood Group System (ISBT 015)

The Landsteiner-Wiener blood group system consists of three 
antigens: LWa, LWab, and LWb (Table 20.1).

Genes and Antigens
The gene encoding the Landsteiner-Wiener blood group system 
antigens, ICAM-4, is found at chromosome 19p13.2-cen. The 
ICAM-4 gene contains three exons distributed over 2.6 kbp.45 
It encodes the LW glycoprotein, also known as intracellular 
adhesion molecule 4 (ICAM4). The LW glycoprotein is associ-
ated with the Rh proteins in the red blood cell membrane as 
part of a multiprotein macromolecular complex.149 The LW 
glycoprotein is an intercellular adhesion molecule and has 
been demonstrated to bind to CD11/CD18 integrins located on 
leukocytes.150 It is hypothesized that its function may involve 
being a marker for lymphocyte maturation and differentia-
tion.70 LWnull red cells appear to have normal morphology and 
survival.149

The frequencies of the Landsteiner-Wiener blood group 
system phenotypes are outlined in Table 20.5. LWa is the 
most commonly expressed antigen, found in more than 99% 
of whites. The expression of LW antigens is influenced by 
the expression of the Rh blood group system D antigen. 
Individuals who are D antigen-positive have increased expres-
sion of LW antigens compared to those individuals who are D 
antigen-negative.151

Antibodies and Clinical Significance
Antibodies to the LW antigens are usually IgG but are occa-
sionally IgM. The antibodies have been associated with mild 
HDN and HTR. Production of LW autoantibodies may occur 
in conditions associated with transient loss of LW antigens. 
Conditions associated with loss of LW antigens include preg-
nancy, Hodgkin  disease, lymphoma, leukemia, sarcoidosis, and 
solid malignancies.70,112

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

LWa Yes IgG;  
some IgM

Yes Yes Very rare (<1%)

LWb Yes IgG;  
some IgM

Yes Yes Very common 
(>99%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of 
landSTeIner-WIener anTIBodIeS

 

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Coa Yes IgG Yes Yes Very rare (0.3%)

Cob Yes IgG No Yes Very common 
(90.3%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of ColTon anTIBodIeS

 

The Colton blood group system was discovered in 1967. It con-
sists of three antigens: Coa, Cob, and Co3 (Table 20.1).

Gene and Antigens
The Colton blood group antigens are encoded by a gene located at 
7p14. The gene, AQP1 (CO), contains four exons distributed over 
2.2 kbp.45 The gene encodes a glycoprotein called the channel-
forming integral protein-1 (CHIP-1) or aquaporin 1 (AQP1).140 
AQP1 functions as a water transport channel. The antigen is 
strongly expressed in the proximal tubules and cortical collecting 
ducts of the kidney and is responsible for 80% of water reabsorp-
tion in the kidney. In red cells, AQP1 is responsible for osmotic 
water permeability.1 Most individuals with the null phenotype, 
Co(a-b-), have red cells with markedly reduced osmotic water 
permeability but no obvious phenotype abnormality and are 
apparently healthy 1; however, a Colton-deficient individual with 
congenital dyserythropoietic anemia has been described.141 Also, 
Colton-deficient individuals have been demonstrated to develop 
an inability to concentrate urine after water deprivation.142 The 
principal phenotypes of the Colton blood group system and their 
frequencies are outlined in Table 20.8.

Landsteiner-Wiener Blood Group System  
(ISBT 016)
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The Chido and Rodgers system consists of nine antigens: Ch1 
to 6, Rg1, Rg2, and WH (Table 20.1). The Chido antigen was ini-
tially described by Harris et al..152 The antigen was described as 
“nebulous” because the antigen strength was variable. The Chido 
and Rodgers system is not composed of true red cell antigens, 
as they are not actually located on intrinsic structures of the red 
cell. Instead, they are on the fourth component of the complement 
system (C4), which becomes bound to red cells. However, the 
antigens are detected on the surface of red cells by conventional 
methods and were therefore initially considered to be red cell 
antigens and were included in the ISBT terminology as the 17th 
system (ISBT 017).

Genes and Antigens
The genetic loci of the Rodgers and Chido antigens are closely 
linked and are located on chromosome 6p21.3 in genes closely 
linked to major histocompatibility complex (MHC) II. Both genes 
encode complement components. The C4B (CH) gene contains 
41 exons and encodes for C4b.45 The C4A (RG) gene contains 
41 exons distributed over 21 kbp and encodes for C4a.45 The 
Chido antigen is located on the C4d fragment of C4b.153–155 The 
expression of the antigen is variable, as it is determined by the 
concentration of plasma complement, which is genetically deter-
mined.156 The Rodgers antigen is located on the C4a component 
of complement.153,155 The principal phenotypes of the Chido/
Rodgers blood group system and their frequencies are outlined in 
Table 20.8. Ch1 to 6 and Rg1 and Rg2 have frequencies >90%, 
whereas WH has a frequency of approximately 15%. The antigens 
are sensitive to treatment with proteases and resistant to treat-
ment with sialidase, DTT, and acid.

Inherited low levels of C4 have been demonstrated to be associ-
ated with various autoimmune disorders, including autoimmune 
chronic active hepatitis.157,158 Individuals who are Ch- (lack 
C4b) have an increased risk of bacterial meningitis. Individuals 
who are Rg- (lack C4a) have an increased risk of systemic lupus 
erythematosus.158,159

Antibodies and Clinical Significance
Antibodies in the Chido/Rodgers system are usually IgG and 
do not activate complement. They are not clinically significant. 
Antibodies to these antigens are typically found in individuals 
who have been transfused. They generally do not cause HTR 
but may result in anaphylactic reactions if large volumes of 
plasma are transfused.160,161 These antibodies have not been 
implicated in HDN.

The Kx blood group system consists of one antigen: Kx 
(Table 20.1).

Genes and Antigens
The Kx antigen is carried on the XK protein, which is encoded 
by the XK gene. The XK gene is located on the short arm of the 
X chromosome (Xp21.1). The structure of XK resembles a glu-
tamate transporter; however, its actual cellular function has 
not yet been determined.60 In the red blood cell membrane, 
the XK protein is found in a complex with the Kell glycopro-
tein. The two proteins are covalently linked by a disulfide 
bond.59 It is thought that the expression of the XK protein 
is required for the normal expression of the Kell antigens on 
red cells.

The XK protein has the structure of a membrane transporter 
protein; however, its function is not known.162 Patients with 
absent XK, due to gene deletions or mutations, are said to have 
the McLeod syndrome. The McLeod phenotype is inherited in an 
X-linked pattern, unlike the KEL gene, which has an autosomal 
mode of inheritance.60 The McLeod syndrome is a condition 
occurring in males characterized by decreased expression of 
the Kell blood group system antigens, acanthocytes, hemolytic 
anemia, and elevated serum creatinine kinase.1 Associated 
symptoms include muscle wasting, decreased deep tendon 
reflexes, choreiform movements, and cardiomyopathy.56 The 
McLeod phenotype may also occur in patients with X-linked 
chronic granulomatous disease. X-linked chronic granulomatous 
disease has been demonstrated to occur because of deletion of 
or mutations in the CYBB gene, which is also located on the X 
chromosome at a location discrete from that of the KEL locus. 
The association between the two disorders is due to deletions 
of parts of the X chromosome that include both genes.56 Other 
X-linked conditions that have been associated with the McLeod 
phenotype include retinitis pigmentosa and Duchenne muscular 
dystrophy.163,164

Antibodies and Clinical Significance
Patients who lack the Kx antigen form alloantibodies if they 
are transfused with antigen-positive blood. Patients with the 
McLeod phenotype who have been transfused have been 
reported to form anti-Kx.143,165 It is suggested that these 
patients receive Kx-negative blood, but there are no reports of 
the antibody causing HDN or HTR. Furthermore, some patients 
without clinical or hematologic features of the McLeod syn-
drome have been demonstrated to form an IgG autoantibody 
with Kx specificity.165,166 The autoantibody does not appear to 
cause hemolysis.

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

Ch No IgG No No Rare (2%)

Rg No IgG No No Rare (2%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of ChIdo/rodGerS 
anTIBodIeS

Chido/Rodgers Blood Group System (ISBT 017)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

Kx No IgG No No Very rare (<0.1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of KX anTIBodIeS

Kx Blood Group System (ISBT 019)
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Gerbich Blood Group System (ISBT 020)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

Cra Seldom IgG No Yes Very rare (<1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of CroMer anTIBodIeS

The Gerbich blood group system was discovered in 1960 and 
is named for a patient who lacked the antigen, Mrs. Gerbich.70

Gene and Antigens
The Gerbich blood group system contains 11 antigens: Ge2, Ge3, 
Ge4, GEPL, GEAT, and GET1 which occur at high frequencies, and 
Wb, Lsa, Ana, Dha, and GEIS, which occur at low frequencies (Table 
20.1). The principal phenotypes of the Gerbich blood group system 
and their frequencies are outlined in Table 20.8. The antigens are 
encoded by the GYPC gene on chromosome 2 (2q14-q21).132 The 
gene contains four exons distributed over 13.5 kbp.45 The antigens 
are carried on glycophorin C or glycophorin D, or both. The func-
tions of glycophorin C and glycophorin D are thought to involve the 
structural integrity of the red cell membrane, as the glycoproteins 
are involved in linking the red cell membrane and the membrane 
skeleton.167 This is supported by the fact that red cells deficient in 
the Gerbich antigens, called the Leach phenotype, are elliptocytes.168 
Glycophorin C can serve as a binding site for P. falciparum.169

Antibodies and Clinical Significance
The antibodies against the Gerbich blood group system tend to 
be IgG. These antibodies have only rarely been reported to cause 
HDN or HTR.70,170,171

Cromer Blood Group System (ISBT 021)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

Kna No IgG No No Very rare (<1%)

Knb No IgG No No Very common 
(>99.9%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of KnopS anTIBodIeS

exons and is distributed over 40 kbp.45 The antigens are located 
on a glycoprotein called decay accelerating factor (DAF). DAF 
accelerates the decay of C3 and C5 convertases, thus inhibiting 
the amplification of complement activation by both the classic and 
alternate pathways. DAF is also a receptor for Escherichia coli and 
enterovirus.172 Individuals with the null phenotype of the Cromer 
system, known as the Inab phenotype, have been described but do 
not have significant complement-induced lysis in vivo.173

Tca, Tcb, and Tcc are antithetical antigens, as are WESa and 
WESb. Tcb, Tcc, and WESa are low-incidence antigens, whereas 
the rest are high-incidence antigens138,174 (Table 20.8).

Antibodies and Clinical Significance
Antibodies to Cromer antigens do not cause HDN, perhaps because 
DAF is strongly expressed on the apical surface of trophoblasts 
and, therefore, absorbs antibodies from the maternal serum.1,175 
Antibodies to Cromer antigens have not been implicated in HTR, 
likely because the placenta is a rich source of fetal-derived DAF 
which is thought to adsorb the antibodies.176,177

Knops Blood Group System (ISBT 022)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency 
of Antigen-
Negative 
Blood (White 
Population)

Ge2, Ge3, Ge4 Rare IgG Rare Rare Very rare (<0.1%)

Wb, Lsa, Ana, Dha Rare IgG Rare Rare Very common 
(>99%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of GerBICh anTIBodIeS

The Cromer blood group system was discovered in 1965 and 
named after Mrs. Cromer, the first patient found to produce the 
antibodies.70

Genes and Antigens
The Cromer blood group system consists of 18 antigens: Cra, Tca, 
Tcb, Tcc, Dra, Esa, IFC, WESa, WESb, UMC, GUTI, SERF, ZENA, CROV, 
CRAM, CROZ, CRUE, and CRAG. (Table 20.1). The antigens in the 
Cromer blood group system are encoded by the CD55 (DAF or 
CROM) gene located at chromosome 1q32. The gene contains 11 

The Knops blood group system was established in 1991. It is 
named after Mrs. Knops, the first antibody producer.70

Genes and Antigens
The Knops system consists of eight antigens and one provisional 
antigen: Kna, Knb, McCa, S11, Yka, McCb, S12, and KCAM. S13 is 
a provisional antigen (Table 20.1). Most of the antigens are com-
mon, occurring with a prevalence of >90% in most populations 
(Table 20.8). The Sl1 antigen occurs with a much greater preva-
lence in white populations (98%) than in black populations (60%).1 
Knb occurs at a low incidence.

The antigens in the Knops blood group system are encoded by 
the CR1 (KN) gene found at chromosome 1q32.45 The antigens are 
found on a glycoprotein called complement receptor 1 (CR1) that is 
also known as CD35. The gene is located within the regulation of 
the complement activation cluster. CR1 is a member of the comple-
ment control family. It inhibits both the classic and alternate 
pathways of complement activation by cleavage of C4b and C3b, 
thus protecting the red cells from hemolysis. It is hypothesized that 
low levels of CR1 on red cells may increase deposition of immune 
complexes on blood vessel walls, resulting in damage to the blood 
vessels.178 Some antigens in the Knops blood group system may 
act as a binding site for P. falciparum.

Antibodies and Clinical Significance
Antibodies in the Knops blood group system are usually IgG and 
do not bind complement.70 They have not been implicated in HDN 
or HTR.
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528 Part iii Transfusion Medicine

Indian Blood Group System (ISBT 023) and in tumor cells. It plays a role in tumor angiogenesis as it 
induces expression of vascular endothelial growth factor and hyal-
uronase.3,181 In addition, it regulates lymphocyte responsiveness, 
monocarboxylate transporter expression and spermatogenesis. It 
also functions as a signaling receptor for the cyclophilin family of 
proteins3,182. The Oka antigen is resistant to treatment with prote-
ases, sialidase, DTT, and acid.

Antibodies and Clinical Significance
Antibodies in the initial patient with anti-Oka were IgG and did 
not activate complement. Anti-Oka has not been associated with 
HTR or HDN, but it has been demonstrated to cause decreased 
red cell survival.

RAPH Blood Group System (ISBT 025)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

Oka No IgG No No Very rare (<0.1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of oK anTIBodIeS

The Indian blood group was so named because 4% of Indians 
from Bombay express the antigen.70

Genes and Antigens
The Indian blood group system consists of four antigens: Ina, Inb, 
INFI, and INJA (Table 20.1). The antigens of the Indian blood group 
system are encoded by the CD44 gene located at chromosome 11p13. 
The gene contains at least 19 exons and is distributed over 50 kbp.45 
CD44 is thought to be the major human hyaluron receptor and also 
may bind fibrinogen, laminin, collagen, and osteopontin.1 The interac-
tion between CD44 and hyaluron is likely required for the adhesion 
of lymphoid and erythroid cells to the bone marrow stroma during 
lymphopoiesis and erythropoiesis. A patient with a novel form of con-
genital dyserythropoietic anemia and CD44 deficiency was noted to 
have the In(a-b-) phenotype.179 The principal phenotypes of the Indian 
blood group system and their frequencies are outlined in Table 20.8.

Antibodies and Clinical Significance
Antibodies in the Indian system are usually IgG and do not 
activate complement.70 These antibodies have not been associated 
with HDN, but anti-Inb has been implicated in one immediate HTR.180

The Ok blood group system consists of one antigen: Oka, OKGV, 
and OKVM (Table 20.1).3 Antibodies against the Oka antigen were 
initially identified in 1979 in the serum of a Japanese woman, Mrs. 
Okbutso.70

Genes and Antigens
The Oka antigen is encoded by the BSG (OK) gene, which is located 
at 19p13.3. The BSG gene contains seven exons distributed over 
1.8 kbp.45 The gene encodes for basigin or CD147, an extracel-
lular matrix metalloproteinase inducer. Basigin has been shown 
to induce the production of matrix metalloproteinase in fibroblasts 

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

JMH1 No IgG No No Very rare (<0.1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of John MIlTon 
haGen anTIBodIeS

The RAPH blood group system consists of one antigen: MER2 
(Table 20.1). The system is named after the first patient known to 
have antibodies against the antigen. The MER2 antigen was given 
system status in 1999.

Genes and Antigens
The gene, CD151 (RAPH), is found on chromosome 11p15.5 and 
it encodes for the CD151 protein. Although the exact function of 
CD151 is unknown, anti-MER2 was found in three individuals. 
All individuals had renal failure and two had sensorineural deaf-
ness and pretibial epidermolysis bullosa.183,184 This suggests that 
CD151 is likely essential for the assembly of the kidney basement 
membrane, is a component of the inner ear, and has some func-
tional significance in the skin.183,185 Ninety-two percent of English 
blood donors are positive for MER2 (Table 20.8).70

Antibodies and Clinical Significance
Antibodies against MER2 are IgG. They have not been docu-
mented to cause HDN but there is a case report of an anti-MER2 
possibly associated with HTR.184

John Milton Hagen Blood Group System  
(ISBT 026)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

Ina No IgG No No Very common 
(>99%)

Inb Seldom IgG No Rare Very rare (<1%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of IndIan anTIBodIeS

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

MER2 No IgG No No Rare (8%)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of raph anTIBodIeS

Ok Blood Group System (ISBT 024)
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The John Milton Hagen blood group system consists of six anti-
gens: JMH, JMHK, JMHL, JMHG, JMHM, and JMHQ (Table 20.1). 
It was recognized as a system by the ISBT Working Party in 
July 2000.186

Genes and Antigens
The JMH antigen is encoded by SEMA7A, which is located on 
chromosome 15q22.3-q23. The gene product is semaphoring 7A. 
The function of semaphoring 7A is unknown.

Antibodies and Clinical Significance
Antibodies against JMH are usually autoimmune and do not tend 
to be clinically significant. Individuals producing alloanti-JMH 
have been reported.187,188 The antibodies tend to be IgG. They 
have not been documented to cause HDN or HTR.

I Blood Group System (ISBT 027)

Globoside Blood Group System (ISBT 028)

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

P Yes IgG (biphasic 
activity)

Very rare

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of 
GloBoSIde anTIBodIeS

The I blood group system consists of one antigen: I (Table 20.1). 
This antigen was previously classified in the Ii Collection but was 
recognized as a blood group system in 2004.6,186 The i antigen, 
the precursor of the I antigen, provisionally remains within the Ii 
Collection of antigens (ISBT 207).

Genes and Antigens
The I antigen is located on the same carbohydrate chains on which 
the ABH antigens are located (Fig. 20.3). The enzyme responsible 
for the conversion of i-active straight chains to I-active branched 
chains is N-acetylglucosaminyltransferase A and is encoded by 
GCNT2 on chromosome 6p24.2.

Antibodies and Clinical Significance
The anti-I antibody is found as an IgM autoantibody in most 
normal individuals. The antibody is generally reactive at 
low temperatures and is not clinically significant. Anti-I cold 
agglutinins increase in titer after infection with Mycoplasma 
pneumoniae and tend to be polyclonal in nature.189 Monoclonal 
anti-I autoantibodies are found in high titers in cold hemolytic 
agglutinin disease. These antibodies are clinically significant 
and cause hemolysis. Anti-I alloantibodies are rare because the 
i phenotype is very uncommon. When they occur in adults with 
the i phenotype, they are clinically significant and can cause 
hemolysis.

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

GIL No IgG No Possibly 
(rare)

Very rare

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of GIll anTIBodIeS

The Globoside blood group system consists of one antigen: P 
(Table 20.1). This antigen was previously classified in the Globose 
Collection of antigens along with Pk and LKE. These antigens 
were initially considered to be part of the P blood group system 
and are related to the P1 antigen.

Genes and Antigens
The P antigen has been demonstrated to be on almost all human 
red blood cells.44 It is synthesized from globotriaosylceramide by 
the action of UDP-N-acetylgalactosaminyltransferase (P synthase) 
encoded by B3GALNT1 (B3GALT3) found at chromosome 3q25. 
The function of the P antigen is not known. It has been demon-
strated to be a receptor for parvovirus B19 and individuals who 
lack this antigen have been demonstrated to be naturally resistant 
to parvovirus B19 infection.190,191

Antibodies and Clinical Significance
Autoantibodies against the P antigen are uncommon and may be 
idiopathic or secondary to other disorders such as syphilis and 
infections with various agents (e.g., measles, mumps, Epstein-
Barr virus, cytomegalovirus, varicella-zoster virus, adenovi-
rus, influenza A, M. pneumoniae, Haemophilus influenzae, and 
E. coli).192 Anti-P has been implicated in paroxysmal cold hemo-
globinuria and is known as the Donath-Landsteiner antibody. 
This antibody is IgG and has biphasic activity in that it binds 
to red blood cells and fixes complement component C1 at low 
temperatures (0° to 4°C) and causes hemolysis at higher tempera-
tures. Please see Chapter 31 for a more complete discussion of 
paroxysmal cold hemoglobinuria.

Gill Blood Group System (ISBT 029)
The Gill Blood group system consists of one antigen: Gil (Table 20.2).

Antibody 
Specificity

Clinically 
Significant

Antibody 
Class HDN HTR

Frequency of 
Antigen-Negative 
Blood (White 
Population)

I Seldom IgM No No Very uncommon 
(adults)

i Seldom IgM No No Very common (adults)

HDN, hemolytic disease of the newborn; HTR, hemolytic transfusion reaction; Ig, 
immunoglobulin.

SuMMary of IMporTanT CharaCTerISTICS of I anTIBodIeS 
(InCludInG I ColleCTIon)
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530 Part iii Transfusion Medicine

Genes and Antigens
The Gil antigen is located on the glycerol transporter aquaporin 3 
encoded by the AQP3 gene found on chromosome 9p13.193 
Aquaporin 3 functions as a water and glycerol channel.194

Antibodies and Clinical Significance
The Gil antigen is a high-frequency antigen. It has not been 
 implicated in HDN but may have possibly been associated with 
one HTR.195

RhAG Blood Group System (ISBT 030)
The RhAG Blood group system is the newest blood group sys-
tem. The RhAG blood group system consists of 4 antigens: two 
 high-frequency antigens, Duclos and DSLK (Duclos-like), and 2 
low-frequency antigens, Ola and RHAG4 (Table 20.2). The antigens 
are encoded by the RHAG gene located at chromosome 6p12.3.

Genes and Antigens
RHAG is the ancestral gene from which RHCE and RHD arose.196 
The RhAG protein consists of 409 amino acids. It associates with 
the Rh proteins and forms the Rh-core complex in the red cell 
membrane.197 As described earlier, the RhAG protein is important 
in that it must be present for the expression of the Rh antigens. 
This may occur because of mutations or deletions in RHAG or the 
Rh antigens. If the RhAG protein is not present, the red cells lack 
Rh antigens and are said to be Rhnull.

196 The RhAG protein is also 
believed to contribute to the red cell membrane structure through 
its interactions with various proteins including band 3, glycopho-
rin A and B, LW, and CD47.196 Further, it has been demonstrated 
to be an ammonia transporter.47,198

Antibodies and Clinical Significance
There are no reports of alloantibodies against the RhAg antigens.

Low-incidence Antigens (700 Series)
An antigen is considered to be a low-incidence antigen if (a) 
it occurs in <1% of a population tested; (b) it is not part of 
an existing blood group system or related closely enough to 
another antigen to merit collection status; and (c) it is serologi-
cally distinct from other low-incidence antigens. Furthermore, 
to allow identification of further examples, red cells containing 
the antigen and antibody must be available. Table 20.3 lists the 
18 low-incidence antigens that comprise the 700 series of the 
ISBT terminology.

Typically, these antibodies arise as a result of no known stimu-
lus. Occasionally, antibodies to these antigens may be discovered 
in mothers of neonates with HDN. Because of the low frequency of 
these antigens, initial screening against a standard red cell panel 
is negative; however, the serum is positive when tested against 
paternal cells. Family studies often detect other individuals with 
the antigen.

High-incidence Antigens (901 Series)
An antigen is considered to be a high-incidence antigen if it is 
found on >90% of individuals in populations tested. Antigens 
that are found in >99% of the population are termed public anti-
gens. As noted previously, high-incidence antigens were initially 
included in the 900 series but are now contained in the 901 series. 
The 901 series currently contains six antigens (Table 20.4).

The significance of high-incidence antigens is that the rare 
individual lacking a high-incidence antigen may experience severe 
HTRs when transfused with antigen-positive blood. Because by 

definition the majority of the population expresses the antigen, it 
is very difficult to find compatible blood for such a patient.

Collections of Antigens
In the ISBT terminology, related sets of antigens (genetically, bio-
chemically, or serologically) that cannot correctly be classified as 
systems, as they have not been shown to be genetically distinct 
from all existing systems, are designated as collections. Six collec-
tions are currently recognized: Cost, Ii, Er, GLOB, Lec/Led, and Vel 
and MN/CHO (Table 20.2).

Ii Collection (ISBT 027)
The I antigen was described in 1956 by Weiner et al..199 The 
antigen was named I for individuality. In 2004, the I Blood Group 
System (ISBT 027) was created and now contains the I antigen. 
The i antigen provisionally remains within the Ii Collection of 
antigens.6,200

Genes and Antigens
The Ii antigens are synthesized on red blood cells and are located 
on the same carbohydrate chains on which the ABH antigens 
are located (Fig. 20.2). The I antigens are located below the ABH 
antigens. The antigens are synthesized by a regulated, stepwise 
addition of sugars by a series of glycosyltransferases.200 The i anti-
gen consists of the disaccharides, galactose-N-acetyl-glucosamine, 
linked in a straight, nonbranched chain. The I antigen consists of 
the linear chains modified into branched chains.201 Adult red blood 
cells express predominantly the I antigen. Conversely, fetal cells 
predominantly express the i antigen with little or no I expression. 
However, during the first 18 months of life, the infant’s red cells 
gradually express more I and less i. Very rarely, adult red blood cells 
express predominantly the i antigen. The gene involved is most 
likely GCNT2 (IGnt), which is found on chromosome 6p24.2.200

Antibodies and Clinical Significance
The anti-i autoantibody may commonly be found in individuals 
with lymphoproliferative disorders such as chronic lymphocytic 
leukemia, lymphoma, and Hodgkin disease. Patients with mono-
nucleosis secondary to Epstein-Barr virus infection may have 
transient anti-i, which causes hemolysis.

GLOB Collection (ISBT 209)
The GLOB or globoside collection of antigens includes Pk and LKE 
antigens (Table 20.2). The antigens of the GLOB collection were 
initially considered to be part of the P blood group system, and 
they are related to the P1 antigen. Prior to 2004, this collection 
also included the P antigen.

PlaTeleT anTIgens
Alloantibodies directed against platelet surface antigens can cause 
isolated thrombocytopenia. The antibodies most commonly play a 
role in neonatal alloimmune thrombocytopenia (NAT) and post-
transfusion purpura (PTP), but they also mediate the destruction 
of platelets in passive alloimmune thrombocytopenia (PAT), post-
transfusion refractoriness (PTR), and transplantation-associated 
thrombocytopenia (TAT).30 Although the mechanisms of platelet 
clearance are understood in some disorders (e.g., NAT), the 
platelet-antibody interaction and resulting thrombocytopenia are 
less well understood in others (e.g., PTP). Limiting factors include 
the lack of appropriate investigational technology and the rar-
ity of some of the disorders. Until recently, the identification of 
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incompatible antigens relied on serologic methods that require 
well-characterized antisera. After the identification of the genetic 
basis for the major platelet alloantigens, a number of different 
genotyping techniques were developed. This advance has made 
it possible for more laboratories to perform platelet alloantigen 
investigations based on DNA methodology rather than relying on 
the requirements for sufficient platelets and appropriate typing 
antisera for serology-based phenotyping.

Immunization to platelet alloantigens can occur in normal individ-
uals when exposed during pregnancy, transfusion, or transplantation 
to alloantigens they lack. Unlike red cell alloantibodies, it is uncom-
mon for alloantibodies against platelets to form spontaneously.

Platelet Glycoprotein Polymorphisms
Alloantigens are expressed on platelet proteins, glycoproteins, and 
carbohydrates. Many of these proteins are found exclusively on 
platelets as complexes containing two or more different polypep-
tide chains and are termed platelet-specific proteins. Most of these 
platelet glycoproteins also function as cell receptors. These recep-
tors play a major role in the interaction of platelets with the dam-
aged vessel wall (adhesion) and with other platelets (aggregation).

On platelets, most alloantigens are caused by a structural 
change in a protein due to an alternate amino acid that is encoded 
by a polymorphism in the gene. Many of these polymorphisms 
arise from single base pair mutations within the gene. To date, 
all the polymorphisms on platelets have been diallelic, with only 
a single mutation recorded at each respective locus (Fig. 20.4).

Because of the tremendous variability in the human genome 
among individuals, a typical person can be heterozygous for 24,000 
to 40,000 substitutions, each encoding a different amino acid.202–204 
Thus, it is likely that there are many polymorphisms that encode 
variant forms of platelet proteins that have yet to be identified.

Nomenclature
Like red cells, the initial platelet alloantigens were described 
and characterized based on the binding of alloantibodies from 
immunized individuals to platelet proteins. Before the advent of 
glycoprotein-specific assays, the rate of identifying novel alloan-
tigens was low, and the practice of identifying the antigen by the 
first few letters of the proband surname was sufficient. Alleles 
were noted with a superscript a or b and were assigned in the 
temporal order in which they were identified with serum from 
alloimmunized patients (e.g., Koa Kob; Baka Bakb). However, a 
rapid increase in the detection rate of new antigens also coincided 
with confusing reports when the same alloantigen was discovered 
more than once by different investigators and given more than 
one designation.

This prompted a reconsideration and standardization of the 
nomenclature in the form of the human platelet antigen (HPA) 
system.205 The system was based on organizing the antigens 
based on their recognition by specific alloantisera. HPA des-
ignations were assigned to antigens at a certain locus as they 
were reported chronologically in the literature. However, to 
establish consistency in the terminology, the high- and low-
frequency alleles were assigned a and b, respectively. Thus, the 
PLA1/PLA2 antigens became HPA-1a/-1b, and the Baka/Bakb 
antigens became HPA-3a/-3b. For a few loci, alloantibodies 
to the low-frequency antigen had been reported first, which 
resulted in the reversal of a/b allele assignments (e.g., HPA-
2a/-2b = Kob/Koa; HPA-5a/-5b = Brb/Bra). It was proposed that 
the Platelet Nomenclature Committee, a joint panel of the ISBT 
and the International Society of Thrombosis and Haemostasis, 
be charged with ensuring the orderly assignment of new HPA 
designations after confirmation of the alloantibody reactivity and 
specificity. A list of HPA assignments based on the 2002 platelet 
workshop describes 16 HPA systems and antigens (Table 20.9). 

Some alloantibodies have been reported that recognize only the 
low-frequency antigens at certain loci, mainly on gpIIIa. Thus, 
their HPA designations are not considered at present to be true 
antigen systems, because there is, as yet, no evidence that the 
antithetical high-frequency polymorphism induces structural 
changes that would be immunogenic in an individual homozy-
gous for the low-frequency allele. Only HPA-1 through HPA-5 
and HPA-15 alloantigens constitute complete systems in which 
alloantibodies to both alleles have been reported.

The HPA system is useful when considering the alloimmune 
thrombocytopenias, especially for the simple identification of the 
relevant pathologic alloantibody and the zygosity of the patient 
for that allele. However, it should be noted that the HPA system 
is misleading from a genetic point of view.206 Many polymor-
phisms evolved at different loci on the PLA1 variant of the gpIIIa 
gene. Thus, there are two HPA designations (i.e., HPA-1a and 
HPA-4a) for the single gpIIIa gene encoding Leu33 and Arg143. 
Furthermore, Newman noted that if alloantibodies were found 
to all the high-frequency alleles on gpIIIa, then the designations 
PLA1, Pena, Mob, Cab, and Srb all would refer to the same molecular 
entity. However, although a description of the gene by its haplotype 
would be of benefit when considering the concept that combina-
tions of polymorphisms could have different effects on protein 
function, at present, there is no nomenclature that can efficiently 
describe haplotypes.

Platelet-specific Alloantigens: Biochemistry  
and Genetics

Glycoprotein IIb/IIIa (aIIbb3)
Glycoproteins IIb and IIIa form a heterodimer complex that is a 
member of the integrin family of integral membrane proteins, a 
superfamily of noncovalently associated a and b subunits involved 
in cell-cell and cell-vessel contact. Of these, gpIIb/IIIa, with 50,000 
to 80,000 surface copies, is expressed most abundantly by far 
on platelets.207 Activated gpIIb/IIIa mediates platelet aggrega-
tion through binding to fibrinogen and VWF. A complex of the 
a and b subunits is required for expression of the gpIIb and 
gpIIIa subunits on the surface. A deficiency of gpIIb/IIIa results 
in Glanzmann thrombasthenia, an inherited bleeding disor-
der.208,209 The gene for gpIIIa, located on chromosome 17, may 
be the most polymorphic of the human integrin subunits.210–214 
Hence, a large number of platelet alloantigens, including HPA-1 
(PLA), HPA-4 (Pen), HPA-6 (Ca/Tu), HPA-7 (Mo), HPA-8 (Sr), HPA-
10 (La), HPA-11 (Gro), HPA-14 (Oe), and HPA-16 (Duv) deter-
minants), are located on gpIIIa. Polymorphisms of the gene on 
chromosome 17 encoding the a subunit, gpIIb, are responsible for 
the HPA-3 (Bak) and HPA-9 (Max) alloantigens. Glycoprotein IIb 
is synthesized exclusively by megakaryocytes; thus, gpIIb/IIIa is 
unique to platelets. However, the gpIIIa subunit also is expressed 
on endothelial cells in association with the subunit av to form 
the vitronectin receptor, also expressed in low numbers on the 
platelet surface.

Glycoprotein Ia/IIa (a2b1)
The collagen receptor, gpIa/IIa, is a member of the integrin 
family of cell surface receptors. These membrane glycoprotein 
heterodimers consist of noncovalently associated a and b sub-
units.68,215–218 Patients in whom deficiencies of gpIa/IIa are 
reported demonstrate chronic mucocutaneous bleeding associ-
ated with prolonged bleeding times.219,220 Three or more alleles 
of the a2 gene regulate the level of expression of gpIa/IIa on 
platelets.221–223 Quantitative binding of platelets to type I or 
III collagens correlates with the number of gpIa/IIa molecules 
expressed on the platelet surface.222 Alloantibodies to the HPA-5 
(Br/Zav) and HPA-13 (Sit) determinants are expressed on gpIa.
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532 Part iii Transfusion Medicine

Figure 20.4 Schematic representation of amino acid substitutions that determine human platelet antigens (HPAs). The relative locations of the various 
amino acid substitutions encoded by single nucleotide polymorphisms are indicated on the respective platelet glycoprotein (GP). One antigen (HPA-14bw) results from 
an in-frame deletion of three nucleotides on the HPA-1b allele of the b-Illa (ITGB3 ) gene. Immunization to the alloantigens determined by the highly polymorphic gene 
for GPIIIa accounts for the majority of clinically significant alloimmune thrombocytopenias.

Glycoprotein CD109
CD109 is a monomeric 175-kD glycoprotein that is anchored 
to the platelet membrane by glycosylphosphatidyl-inositol 
(GPI).224 The precise function for the GPI-anchored protein is 
not known. However, the recent determination of the cDNA 
sequence for CD109 indicates that it is a novel member of the 
a2M/C3, C4, C5 family of thioester-containing proteins and 

thus may mediate covalent cell-substrate and cell-cell interac-
tions.225 Although CD109 expression has been reported to be 
activation dependent on platelets, this has not been established. 
It is possible that the protein is constitutively expressed on 
the resting platelet and undergoes structural changes after 
activation that expose epitopes for certain monoclonal antibod-
ies.224,226,227 The HPA-15 (Gov) alloantigens are expressed on 
CD109.224,226
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Glycoprotein Ib/IX/V
Glycoprotein Ib consists of two disulfide-linked proteins (gpIba 
and gpIbb) and is found on the platelet surface in association 
with gpIX and gpV.228 The four polypeptides share similar 
structural features, including a region of leucine-rich repeats, 
and are encoded by four separate genes. The short arm of 
chromosome 22 contains the gene for gpIba; the long arm con-
tains the gene for gpIbb.229,230 The genes for gpIX and gpV are 
located on chromosome 3.231 The gpIb-IX-V complex resides 
on the platelet surface as a heptamer, with one molecule of gpV 
flanked by two molecules each of gpIX, gpIba, and gpIbb.228,232 
A region within the amino-terminal domain of gpIba functions 
as the major receptor for VWF, which mediates platelet contact 
and adhesion to damaged endothelium.233–235 A deficiency 
or lack of gpIb-IX-V is associated with the Bernard-Soulier 
syndrome, an inherited bleeding disorder.236–238 Platelets 
express approximately 25,000 copies of the gpIb-IX-V com-
plex.239 Alloantibodies have been reported that recognize the 
HPA-2 (Ko) and HPA-12 (Iy) determinants on gpIba and gpIbb, 
respectively.

Antibody 
Specificity

Clinically 
Significant NAT PTP PAT PTR TAT Comments

HPA-1a Yes Yes Yes Yes Yes Yes Associated  
with severe  
thrombocytopenia

HPA-1b Seldom Yes Yes No Yes No

HPA, human platelet antigen; NAT, neonatal alloimmune thrombocytopenia; PAT, passive 
alloimmune thrombocytopenia; PTP, posttransfusion purpura; PTR, posttransfusion 
refractoriness; TAT, transplantation-associated thrombocytopenia.

SuMMary: hpa-1 anTIGenS

Clinically Significant Platelet Alloantigens

HPA-1: Pl A Polymorphism

HPA System Antigen Original Designation Amino Acid Substitution Glycoprotein Reference

1 HPA-1a Zwa, PLA1 Leu33 bIIIa 211

HPA-1b Zwb, PLA2 Pro33

2 HPA-2a Kob Thr145 Iba 425

HPA-2b Koa, Siba Met145

3 HPA-3a Baka, Leka Ile843 aIIb 225

HPA-3b Bakb Ser843

4 HPA-4a Yukb, Pena Arg143 bIIIa 238

HPA-4b Yuka, Penb Gln143

5 HPA-5a Brb, Zavb Glu505 Ia 221

HPA-5b Bra, Zava, Hca Lys505

HPA-6bw Caa, Tua Gln489 bIIIa 241

Arg489

HPA-7bw Moa Ala407 bIIIa 243

Pro407

HPA-8bw Sra Cys636 bIIIa 221

Arg636

HPA-9bw Maxa Met837 aIIb 245

Val837

HPA-10bw Laa Gln62 bIIIa 246

Arg62

HPA-11bw Groa His633 bIIIa 248

Arg633

HPA-12bw Iya Glu15 Ibb 250

Gly15

HPA-13bw Sita Met799 Ia 252

Thr799

HPA-14bw Oea Deleted-Lys611 bIIIa 253

Lys611

15 HPA-15a Govb Ser703 CD109 224

HPA-15b Gova Tyr703

HPA-16bw Duva Ile140 bIIIa 254

Thr140

HPA, human platelet antigen.

huMan plaTeleT alloanTIGenS

TABLE 20.9

The HPA-1a/1b alloantigen system has been associated 
with all of the alloimmune thrombocytopenic syndromes 
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534 Part iii Transfusion Medicine

and is the primary cause of NAT and PTP in whites.240 
Alloimmunization to the HPA-1 antigens is important both for 
the frequency (>75%) and for the severity of thrombocytope-
nia, which often is greater for syndromes involving the gpIIb/
IIIa complex.30 A Leu (HPA-1a) to Pro (HPA-1b) change at 
residue 33 is encoded by a T to C substitution at position 196 
of gpIIIa (ITGB3) cDNA.241 The gene frequencies in the white 
population are 0.85 and 0.15 for HPA-1a and HPA-1b, respec-
tively. A third allele for the HPA-1 system has recently been 
reported.242 A naturally occurring Leu33Val change result-
ing from a C to G change at position 175 on the ITGB3 gene 
was shown to affect the binding of some anti-PLA1 antisera. 
The mutation occurs 5′ to the polymorphism at position 176 
encoding the HPA-1 antigens and therefore it is likely that cur-
rent genotyping methods will incorrectly identify the Val33 b3 
gene as encoding the Leu33 form of the protein. It is possible 
that the frequency of this polymorphism is higher than the 2 
per 2,951 individuals reported.242 A second substitution, Leu 
to Arg at residue 40, of <3% of HPA-1b alleles, has no known 
clinical significance.243,244

Alloimmunization to HPA-1a is associated with the immune 
response genes HLA-DRB3*0101 or -DQB1*0201. Heterogeneity 
in the binding of anti-HPA-1a antibodies to platelets may be 
a consequence of a complex and disulfide-bonded structure 
in the amino-terminal portion of gpIIIa that imposes a three-
dimensional structural constraint on the HPA-1a antigen.245–248 
Further evidence for structural factors distant to the Leu33Pro 
substitution in the control over the expression of the HPA-1a 
epitope was recently reported in 1 of 6,000 individuals tested for 
antigen status using phenotyping and genotyping. An Arg93Gln 
substitution on the Leu33 allele disrupted the formation of 
the HPA-1a antigen phenotype in an individual who had been 
typed positive for PLA1 using genotyping.249 Alloantibodies to 
PLA1 inhibit clot retraction and platelet aggregation, possibly by 
blocking fibrinogen binding.250,251

HPA-5: Br/Zav Polymorphism

Antibody 
Specificity

Clinically 
Significant NAT PTP PAT PTR TAT Comments

HPA-15a Yes Yes No No Yes No Usually causes 
moderate  
thrombocytopenia

HPA-15b Yes Yes ? No Yes No

HPA, human platelet antigen; NAT, neonatal alloimmune thrombocytopenia; PAT, passive 
alloimmune thrombocytopenia; PTP, posttransfusion purpura; PTR, posttransfusion 
refractoriness; TAT, transplantation-associated thrombocytopenia.

SuMMary: hpa-15 anTIGenS

The HPA-5a/5b alloantigens have been associated with 
all of the alloimmune thrombocytopenic syndromes and are 
the second most common cause of NAT in whites.240 A Glu 
(HPA-5a) to Lys (HPA-5b) change at residue 505 is encoded 
by a G to A  substitution at position 1648 of gpIa (MMRN1) 
cDNA.252 The frequencies in the white population are 0.89 
and 0.11 for HPA-5a and HPA-5b, respectively. The HPA-5b 
allele is in linkage disequilibrium with the -52T polymor-
phism associated with lower levels of surface gpIaIIa.221,222 
However, platelets from HPA-5aa and HPA-5bb homozygous 

donors do not demonstrate differences in their static adhesion 
to collagen.252

HPA-15: Gov Polymorphism

The HPA-15a/15b (Gova/b) alloantigens have been associated 
with NAT, PTP, and PTR.224,226,253 Large studies on the fre-
quency of the HPA-15 alloantibodies have recently been made 
possible by the adaptation of the monoclonal antibody immobili-
zation of platelet antigens (MAIPA) technology to include mono-
clonal capture antibodies for CD109. These studies indicate 
that immunization to the HPA-15a/15b alloantigens is second 
only to the HPA-1a antigen, occurring as often as HPA-5a/5b 
antibodies.254 The HPA-15a/15b antigens are the result of a Ser 
(HPA-15a) to Tyr (HPA-15b) change at residue 703 encoded by 
a C to A substitution at position 2108 of CD109 cDNA.255 Large 
European studies indicate that the frequencies for the HPA-15a 
and -15b antigens are 0.59 and 0.41, respectively. The HPA-
15a/15b alloantigens are unique because they can be removed 
from the platelet surface by the action of phospholipase on the 
membrane anchor.224

HPA-3: Bak PolymorphismAntibody 
Specificity

Clinically 
Significant NAT PTP PAT PTR TAT Comments

HPA-5a Yes Yes Yes No Yes No Usually causes 
moderate  
thrombocytopenia

HPA-5b Yes Yes Yes Yes Yes Yes

HPA, human platelet antigen; NAT, neonatal alloimmune thrombocytopenia; PAT, passive 
alloimmune thrombocytopenia; PTP, posttransfusion purpura; PTR, posttransfusion 
refractoriness; TAT, transplantation-associated thrombocytopenia.

SuMMary: hpa-5 anTIGenS

Antibody 
Specificity

Clinically 
Significant NAT PTP PAT PTR TAT Comments

HPA-3a Yes Yes Yes No No No Can cause  
severe  
thrombocytopenia

HPA-3b Seldom ? Yes No Yes No

HPA, human platelet antigen; NAT, neonatal alloimmune thrombocytopenia; PAT, passive 
alloimmune thrombocytopenia; PTP, posttransfusion purpura; PTR, posttransfusion 
refractoriness; TAT, transplantation-associated thrombocytopenia.
The HPA-3a/3b (Baka/b, Leka) alloantigens have been associated with NAT and  
PTP. Although less common, HPA-3a antibodies can occasionally cause  
thrombocytopenia as severe as the HPA-1a mediated disease. An Ile (HPA-3a) to 
 Ser (HPA-3b) change at residue 843 is encoded by a T to G substitution at position  
2622 of gpIIb (ITGA2B) cDNA,256 creating the HPA-3 epitopes on the heavy chain of the 
integrin subunit. The frequencies in the white population are 0.61 and 0.39 for 
 HPA-3a and HPA-3b, respectively. Unlike other platelet-specific alloantigens, 
posttranslational glycosylation modifications may contribute to the expression of the  
HPA-3a/3b epitopes.256–258

SuMMary: hpa-3 anTIGenS
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HPA-2: Ko Polymorphism Low-frequency Antigens
It is now clear that immunization to low-frequency polymor-
phisms is more common than previously thought. These anti-
gens have been identified following detection of antibody in the 
maternal serum that reacts only to determinants on the paternal 
platelets. In some cases the antigen has been found in a few other 
individuals in the general population. However, the vast majority 
of cases referred for NAT testing that test negative for antibodies 
to the common antigens cannot be explained by incompatibility 
for low-frequency alleles.270 Genetic variations of the ITGA2B 
(gpIIb) and ITGB3 (gpIIIa) genes that entered the human genome 
after the HPA-1a/1b and HPA-3a/3b polymorphisms have been 
reported in association with alloimmunization causing NAT. For 
example, HPA-9bw (Maxa) antigen is found only in individuals 
carrying the HPA-3b (Bakb) form of the ITGA2B gene.271 The 
majority of the low-frequency antigens on gpIIIa have occurred 
as mutations on the Leu33 form of the ITGB3 gene. Of interest, a 
second immunogenic polymorphism (Hita) has been identified that 
results in a third allele of HPA-7w.272 Until alloimmunization to 
the antithetical antigen is demonstrated in an individual homozy-
gous for the low-frequency antigen, these polymorphisms are not 
considered true alloantigen systems within the HPA nomencla-
ture. Table 20.10 summarizes the low-frequency polymorphisms 
identified to date.

Other Platelet Antigens
The Naka antibody originally was reported in a multitrans-
fused Japanese patient.272a The antibody bound to gpIV on 
approximately 90% of donor platelets. However, further stud-
ies demonstrated that individuals who formed the anti-Naka 
antibodies actually lacked gpIV on their platelets.273,274 The 
antibody bound to epitopes on gpIV that were not encoded 

HPA Synonym Protein Nucleotide Amino Acid Reference

6bw Caa, Tua IIIa G1544A Arg489Gln 457–459

7bw Moa IIIa C1297G Pro407Ala 460

7cw Hita IIIa C1297T Pro409Ser 272

8bw Sra IIIa C1984T Arg636Cys 461

9bw Maxa IIb G2603A Val837Met 271

10bw Laa IIIa G281A Arg62Gln 462

11bw Groa IIIa G1996A Arg633His 463,464

12bw Iya Ib G141A Gly15Glu 465,466

13bw Sita Ia T2531C Met799Thr 467

14bw Oea IIIa 1909-1911 del AAG Lys611 del 468

16bw Duva IIIa C497T Thr140Ile 299

17bw Vaa IIIa C622T Thr195Met 469

18bw Caba Ia G2235T Gln716His 470

19bw Staa IIIa A487C Lys137Gln 471

20bw Knoa IIb C1949T Thr619Met 471

21bw Nosa IIIa G1960A Glu628Lys 471

22bw Seya IIb A584C Lys164Thr 471a

23bw Huga IIIa C1942T Arg622Trp 471a

24bw Cab2 IIb G1508A Ser472Asn 472

25bw Swia Ia C3347T Thr1087Met 473

26bw Seca IIIa G1818T Lys580Asn 474

loW-frequenCy plaTeleT alloanTIGenS

TABLE 20.10

The HPA-2a/2b (Koa/b) antigens have been associated with 
NAT and PTR and are expressed on gpIba.259–263 A Thr HPA-2a 
to Met HPA-2b change at residue 145 is encoded by a G to A sub-
stitution at position 524 of gpIba (GP1BA) cDNA. The frequen-
cies in the white population are 0.911 and 0.089 for HPA-2a 
and HPA-2b, respectively.261 Some evidence has been reported 
that shows anti-HPA-2 alloantibodies prevent ristocetin-induced 
agglutination 261; however, this has not been confirmed in other 
studies.264,265 The HPA-2 antigens may be in linkage disequilib-
rium with a variable number of tandem repeat (VNTR) polymor-
phism that is responsible for four different molecular weights for 
the gpIba molecule. A tandem of 13 amino acids in the mucin-rich 
domain can be expressed with one to four repeats, thus encod-
ing polypeptides of different lengths (VNTR-A, -B, -C, and -D 
alleles have 4, 3, 2, and 1 repeats, respectively).266 The HPA-2b 
allele may have originated on the VNTR-B allele, from which the 
VNTR-A allele was derived. Because <1,000 base pairs separate 
the HPA-2 and VNTR loci, the rate of cross-over during meiosis 
would be low, and, in most populations, the HPA-2b antigen is 
expressed on the VNTR-A and -B alleles.260,267 However, there 
is evidence that crossover may have occurred.268

HPA-4: Pen Polymorphism

Antibody 
Specificity

Clinically 
Significant NAT PTP PAT PTR TAT Comments

HPA-4a Yesa Yes Yes No No No Usually causes 
moderate  
thrombocytopenia

HPA-4b Yesa Yes No No No No

HPA, human platelet antigen; NAT, neonatal alloimmune thrombocytopenia; PAT, passive 
alloimmune thrombocytopenia; PTP, posttransfusion purpura; PTR, posttransfusion 
refractoriness; TAT, transplantation-associated thrombocytopenia.
aAnti+HPA-4 alloantibodies are important in the Asian population due to the higher frequency 
of the HPA-4b allele.

SuMMary: hpa-4 anTIGenS

Antibody 
Specificity

Clinically 
Significant NAT PTP PAT PTR TAT Comments

HPA-2a Yes ? No No ? No Usually causes 
moderate  
thrombocytopenia

HPA-2b Yes Yes No No Yes No

HPA, human platelet antigen; NAT, neonatal alloimmune thrombocytopenia; PAT, passive 
alloimmune thrombocytopenia; PTP, posttransfusion purpura; PTR, posttransfusion 
refractoriness; TAT, transplantation-associated thrombocytopenia.

SuMMary: hpa-2 anTIGenS

The HPA-4a/4b (Pena/b /Yukb/a) alloantigens have been associ-
ated with NAT and PTP. An Arg (HPA-4a) to Gln (HPA-4b) change 
at residue 143 is encoded by a G to A substitution at position 525 
of gpIIIa (ITGB3) cDNA.269 Because the frequencies in the white 
population are >0.99 and <0.01 for HPA-4a and HPA-4b, respec-
tively, this alloantigen system is of little consequence clinically 
in North America and Europe. However, HPA-4b is expressed in 
approximately 1% of Asians and contributes significantly to plate-
let alloimmunization. Anti-HPA-4a antibodies can inhibit platelet 
aggregation, consistent with the proximity of the epitope to the 
RGD-binding domain.250
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by polymorphisms; thus, anti-Naka is more correctly called an 
isoantibody, similar to the anti-gpIIb/IIIa antibodies induced 
in transfused individuals who lack gpIIb/IIIa on their platelets 
(Glanzmann thrombasthenia).

Alloantigens Not Specific to Platelets
Alloantigens that are not restricted to the megakaryocyte lineage 
can also be expressed on platelets. These include the ABH blood 
determinants and MHC class I molecules.

ABH Blood Group Antigens
It is now known that most of the membrane proteins on the surface 
of platelets can express determinants of the ABH blood groups. 
These include the gpIb/IX/V, gpIIb/IIIa, gpIV, gpV, CD31, and CD109 
molecules.275–277 Approximately 25% of platelets mismatched for 
the A or B blood groups are immediately cleared when transfused 
to an incompatible recipient. The remaining ABO-incompatible 
platelets have a normal survival, possibly explained by the platelet-
to-platelet variability in the number of A and B antigens.278–280

Human Leukocyte Antigens
The class I HLAs are expressed on the surface of platelets. These 
highly polymorphic antigens are the major cause of refractori-
ness to platelet transfusion. In contrast to the relatively constant 
numbers of molecules on lymphocytes, the level of expression of 
the HLA molecule on platelets can vary markedly (up to 35-fold) 
among different individuals.281,282 Because the HLA-C antigen 
levels are very low on platelets, only the HLA-A and -B antigens 
are a consideration when cross-matching for transfusion.283 
Although a number of reports suggest that HLA antigens can play 
a role in causing NAT, other studies indicate that HLA antibodies 
may be innocent bystanders and would not play a role in fetal/
neonatal thrombocytopenia.284–287

Alloimmune Thrombocytopenic Disorders
Platelet-specific alloantibodies play a major role in the immu-
nopathology and thrombocytopenia observed in NAT and PTP. 
Alloantibodies also mediate platelet clearance in two less common 
syndromes: PAT and TAT. In addition, antiplatelet antibodies may 
play a role in refractoriness to platelet transfusions. However, 
more commonly in these patients, the thrombocytopenia is com-
plicated by septicemia or by HLA antibodies.

Neonatal Alloimmune Thrombocytopenia
NAT is caused by maternal IgG alloantibodies that cross the 
placenta and cause the destruction of fetal platelets. Maternal 
alloimmunization to paternally derived alloantigens on the fetal 
platelets can occur early, often within the first trimester of the 
first pregnancy. Although analogous to HDN, alloimmunization to 
inherited paternal platelet antigens and the destruction of fetal 
platelets can occur during the first pregnancy with an antigen-
incompatible fetus. Thus, NAT often presents as unexpected iso-
lated severe thrombocytopenia in an otherwise healthy neonate. 
Thrombocytopenia can be severe, with the platelet count falling 
to <10 × 109/L within the first few days after birth, and may 
take several weeks to return to normal. Clinical findings include 
petechiae in 90%; gastrointestinal tract hemorrhage in 30%; and 
hemoptysis, hematuria, and retinal bleeding in <10% of patients. 
Intracranial hemorrhage is found in 10% to 20% of neonates and 
can occur early during pregnancy. Hydrocephalus, porencephalic 
cysts, and epilepsy can complicate recovery from fetal and neo-
natal intracranial bleeding. Anemia and hyperbilirubinemia can 
occur from extravasation and resorption of blood.

Although more than 23 different platelet alloantigen systems 
have been described, most cases of NAT are caused by alloan-
tibodies to HPA-1a (PLA1, Zwa) (78%), HPA-5b (Bra, Zava), and 
HPA-15b (Gova). Recent evidence suggests that alloimmunization 
to HPA-15 antigens in NAT can occur more often than thought 
previously and can be as frequent as immunization to HPA-5 
antigens. Other alloantigens implicated in NAT include HPA-1b, 
HPA-2b, HPA-3a, HPA-3b, HPA-4a, HPA-4b, HPA-5a, and HPA-
15a. However, it is now clear that immunization to “private” 
alloantigens also can cause NAT. The majority of these have 
been found as rare polymorphisms on paternal b3 (ITGB3). The 
mother carries the common form of the gene and becomes immu-
nized to alloantigens expressed only on the fetal platelets and on 
those from the father and his immediate family (e.g., HPA-8bw). 
In some cases, a polymorphism has also been detected in a few 
unrelated individuals in the general population and is termed a 
low-frequency antigen (e.g., HPA-6bw). These rare alloantigens 
have been, to date, reported only in NAT, which requires only 
one exposure to paternal alloantigens during pregnancy. This is 
in contrast to the other classic alloimmune syndrome, PTP, which 
is associated with two temporally distinct exposures to the immu-
nizing antigen. The PTP patient is usually immunized initially via 
pregnancy and is later re-exposed via transfusion. This require-
ment for two exposure events would exclude the rare platelet 
alloantigens from a role in PTP. However, it is possible that a 
selection bias could eventually increase the relative frequency of 
the rare antigens in the general population and allow for their 
participation in PTP and other transfusion and transplantation-
mediated alloimmune disorders. In theory, directed donations of 
blood, organs, or bone marrow to family members could cause 
alloimmunization involving a rare alloantigen. It is now apparent 
that the low-frequency alloantigen HPA-9bw (Maxa) may be impli-
cated more frequently in some cases of severe thrombocytopenia 
and intracranial hemorrhage than was previously suggested. Two 
recent reports indicate that immunization to HPA-9bw is not 
uncommon and can account for up to 2% of confirmed cases of 
NAT.288,289

In large studies, antibodies to HPA-1a are found in the major-
ity (78%) of serologically confirmed cases of NAT, with antibodies 
to HPA-5a and -5b and HPA-15a and -15b antigens identified 
in approximately 20%. All other specificities account for the 
remaining small percentage of alloantibodies found. However, 
up to 60% of clinically identified cases of NAT lack serologic evi-
dence of antiplatelet alloantibodies.240 In some cases, a portion 
of clinically identified NAT may be reported “antibody-negative,” 
possibly due to a lack of assay sensitivity or specificity. The first 
report of platelet alloantibodies in 1969 was followed by almost 
20 years in which only three additional alloantibody specificities 
were detected using then-current methodology, including the 
platelet suspension immunofluorescence test and direct binding 
enzyme immunoassays. When the use of glycoprotein-specific 
assays for antiplatelet antibody studies became established, the 
rate of detection of new alloantibodies and antigens increased sig-
nificantly.30 By measuring the binding of maternal IgG to specific 
platelet glycoproteins, the MAIPA and radioimmunoprecipitation 
assays are able to detect specific antiplatelet alloantibodies bind-
ing to proteins expressed in low numbers on the platelet surface 
(e.g., IaIIa) and discriminate this from background binding of 
IgG to non-platelet-specific epitopes (e.g., anti-HLA). Although 
the sensitive and specific MAIPA assay is used widely in refer-
ence laboratories to screen for alloantibodies, it too is limited 
by the requirement for specific monoclonal antibodies to vari-
ous platelet glycoproteins to detect antiplatelet antibodies. Thus, 
some clinical NAT cases may not be corroborated with a positive 
laboratory test for alloantibodies because the maternal immuni-
zation is directed against epitopes on platelet proteins to which 
monoclonal antibodies are unavailable. This was demonstrated 
by the report of alloimmunization to epitopes on a novel platelet 
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protein, CD109. Although no alloantibodies were detected using 
the routine MAIPA assay with capture monoclonal antibodies to 
glycoproteins Ia/IIa, Ib/IX, and IIb/IIIa, anti-Gova/b (HPA-15a/15b) 
reactivity was readily identified using radioimmunoprecipitation. 
Until monoclonal antibodies to CD109 are used routinely in the 
MAIPA, the radioimmunoprecipitation assay may be used to 
detect HPA-15 alloantibodies. The enhanced sensitivity imparted 
by radiolabeling the majority of platelet proteins, including those 
expressed in low numbers on the platelet surface, has established 
the radioimmunoprecipitation assay as a universal screening 
method for platelet alloantibodies in NAT.

NAT is estimated to occur in 1 in 1,000 to 2,500 births. The 
alloantibodies most often involved are directed against HPA-1a. 
Because the HPA-1b/1b (PLA1-negative) phenotype is found in 
approximately 2% of the North American population, the theo-
retical risk for NAT in newborns is approximately 1 in 50 births, 
which is much higher than observed cases. Although it is pos-
sible that limitations in recognition and technical issues in test-
ing for alloantibodies might play a role in the underdiagnosis 
of some cases of NAT, the lower-than-expected responsiveness 
to the HPA-1a antigen in susceptible women demonstrates that 
additional factors play a role in alloimmunization.290 Maternal 
immunization to HPA-1a shows an HLA restriction, wherein HPA-
1b/1b women who produce alloantibodies are almost exclusively 
HLA-DRB3*0101 or -DQB1*0201. The risk factor in the case of 
-DQB1*0201 is 141, similar to that for the HLA-B27 restriction 
in the autoimmune disease ankylosing spondylitis.291 In one case 
of NAT, T cells were shown to play a role in the HLA restric-
tion. Peptides that contain the same Leu33 polymorphism that is 
recognized by anti-HPA-1a antibodies were able to stimulate T 
cells sharing CDR3 motifs.292 However, alloimmunization to the 
HPA-1b (PLA2) antigen is not associated with a specific HLA type 
and has a much lower incidence in NAT.293,294 This may explain 
the observation that although phenotype frequencies for HPA-1a 
and HPA-1b predict that anti-HPA-1b should be observed six times 
more frequently than anti-HPA-1a, alloimmunization to HPA-1a 
accounts for far more cases of NAT than anti-HPA-1b.30 In a large 
study of clinically suspected NAT, alloantibodies to HPA-1a were 
found more frequently by a ratio >100:1 when compared with 
anti-HPA-1b.240 Another risk factor may involve blood group anti-
gens. In one report, severe NAT due to HPA-1a immunization was 
associated with maternal ABO genotypes, with group A mothers 
having a higher risk of giving birth to children with severe throm-
bocytopenia, possibly due to genetic linkage.295 Immunization to 
the HPA-5a/5b alloantigens also has been associated with specific 
class II genes.296,297 However, unlike the reversed relative risk 
versus the expected rates of immunization reported for the HPA-
1a/1b system, the theoretical ratio of alloimmunization against 
HPA-5a versus HPA-5b is similar to the observed ratio.30,298

The differences in the rate of immunization to platelet alloan-
tigens also vary between different racial or ethnic populations. 
The distribution and frequency of platelet alloantigen genes in 
the worldwide population is a major factor in determining which 
alloantigens are most important in the investigation of NAT in 
different countries (Table 20.11). Although studies have shown 
that the HPA-1a antigen accounts for the majority of NAT cases 
in the white population, it has rarely been shown to play a role in 
the Japanese. This may be explained by the lower frequency for 
HPA-1b in the Japanese population compared with whites (0.02 
vs. 0.15). Without accounting for differences in the frequency 
of immune response genes, alloimmunization to HPA-1a should 
be at least 50 times less in the Japanese population. Antibodies 
to HPA-4a/4b are most frequently reported in Japanese cases 
of alloimmunization. This may be related directly to the higher 
frequency for HPA-4b in the Japanese population compared with 
whites (0.0083 vs. <0.001), which would increase the number of 
individuals homozygous for the rare allele who would then be at 
risk for alloimmunization to HPA-4a.

Immunization to platelet nonspecific alloantigens such as ABO 
and HLA is more likely to play a role in transfusion- and trans-
plantation-associated thrombocytopenia rather than NAT. As 
these antibodies pass from the mother into the fetal circulation, 
they are likely to be targeted to the larger population of HLA- and 
ABO-bearing cells rather than to platelets. In cases in which only 
ABO or HLA antibodies are observed in NAT, it is possible that 
platelet-specific alloantibodies are present but go undetected due 
to the technical limitations of current assays.

Diagnostic tests for NAT should be designed to determine the 
maternal and paternal platelet alloantigen haplotypes to assess 
the presence of antigen incompatibilities. Genotyping should be 
used to determine the alloantigen status because few laboratories 
have adequate typing sera available to perform immunopheno-
typing for all the relevant alloantigens. Because genotyping uses 
very little sample, it also allows for the determination of fetal 
platelet antigens directly, rather than inferring them from the 
paternal platelet typing. To detect platelet-specific alloantibodies 
in maternal serum, a specific and sensitive assay should be used 
that can discriminate the presence of coexisting platelet nonspe-
cific antibodies (e.g., anti-HLA). Due to the possibility of maternal 
alloimmunization to relatively low-frequency alloantigens, includ-
ing HPA-5b, it is preferable to test for antiplatelet antibodies 
using the father’s platelets as a target. Although it is important to 
assess the risk for NAT in future pregnancies, this can be com-
plicated by the presence of both alleles in a heterozygous father. 
In such cases, the fetal platelet alloantigens can be determined by 
genotyping fetal amniocytes obtained between 16 and 20 weeks’ 
gestation. Although the presence of high-titer anti-HPA-1a is 
associated with severe neonatal thrombocytopenia when tested 
before 28 weeks’ gestation, fetal/neonatal morbidity and severe 
thrombocytopenia have been observed when no antiplatelet anti-
body can be detected. Therapy with intravenous g-globulin also 
can reduce antibody levels in women who still deliver severely 
affected children, making it difficult to predict severity of throm-
bocytopenia based on antibody titer.299

Posttransfusion Purpura
PTP typically presents as severe thrombocytopenia resulting 
within 7 to 10 days after an immunogenic blood transfusion. It 
usually affects elderly women who have been sensitized to the 
platelet alloantigen during a previous pregnancy.30,300 Because 
prior transfusion also has been reported as the initial immuniz-
ing event, occasionally males can develop PTP. As in NAT, the 
most common alloantibody implicated in PTP is directed against 

Gene Frequency

Antigen White Black Asian References

HPA-1a 0.85–0.89 0.92 0.99–1.00 242,425–429

HPA-1b 0.11–0.15 0.08 0.00–0.01

HPA-2a 0.91–0.93 0.82–0.88 0.87–0.92 237,426,427,429,430

HPA-2b 0.07–0.09 0.11–0.18 0.08–0.13

HPA-4a 1.00 1.00 0.99–1.00 242,427–430

HPA-4b 0.00 0.00 0.00–0.01

HPA-5a 0.87–0.95 0.79 0.95–0.97 426–430

HPA-5b 0.05–0.13 0.21 0.03–0.05

huMan plaTeleT anTIGen (hpa) frequenCy By  
eThnIC Group

TABLE 20.11
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HPA-1a and follows transfusion of antigen-positive blood to HPA-
1b/1b/HLA-DR3-positive individuals. The frequency of PTP has 
decreased significantly in recent years, likely as a result of routine 
pre-storage leukoreduction in certain countries.301

Thrombocytopenia can result from the transfusion of any 
blood product—not only platelets—and is most commonly seen 
after the infusion of packed red cells. Fever and chills are often 
observed during the transfusion; this is followed by petechiae and 
ecchymoses once thrombocytopenia develops. It is important to 
recognize this rare disorder because the severe thrombocytopenia 
can cause mucosal surface bleeding and subsequent anemia, with 
fatal intracranial hemorrhage observed in approximately 10% 
of patients. Therapy using high-dose intravenous g-globulin has 
been shown to be effective and may be augmented with transfu-
sion of antigen-negative platelets. Because PTP often presents in 
postoperative patients, the differential diagnosis of PTP includes 
other common thrombocytopenic syndromes such as heparin-
induced thrombocytopenia and bacteremia. However, unlike 
PTP, these other disorders do not commonly present with severe 
thrombocytopenia (<10 × 109/L). In addition, heparin-induced 
thrombocytopenia is often associated with thrombotic complica-
tions rather than the overt bleeding that characterizes PTP.

The major challenge of PTP is to understand the mechanism 
underlying the destruction of autologous platelets that follows 
the exposure and sensitization to immunizing blood product. A 
number of theories have been proposed to explain the clearance 
of the antigen-negative (HPA-1b/1b) platelets in the presence of 
anti-HPA-1a antibodies. The mechanisms proposed include the 
adsorption of alloantigen-alloantibody immune complexes to 
receptors on recipient platelets with subsequent clearance medi-
ated by complement or by the reticuloendothelial system (inno-
cent bystander syndrome); the binding to autologous platelets of 
soluble or microparticle-associated alloantigen derived from the 
destruction of transfused blood product, thus making the recipient 
platelets a target for the alloantibodies; or, finally, the presence 
of pseudospecific alloantibodies that are produced in the early 
phase of the anamnestic response and can bind to determinants 
on autologous platelets, leading to their destruction.30,300 This is 
supported by evidence that anti-HPA-1a antibodies from patients 
with PTP not only have a higher titer than NAT, but also react to 
a broader, more complex epitope.242

As in NAT, platelet typing and antiplatelet antibody testing 
are necessary to identify the pathogenic alloantibodies. However, 
because of the severe thrombocytopenia in the acute stages of 
PTP, genotyping is required to assess the risk for alloimmu-
nization. Although anti-HPA-1a is most often implicated, PTP 
also is reported in association with alloimmunization to other 
platelet-specific antigens, including HPA-1b, HPA-3a/3b, HPA-4a, 
HPA-5a/5b, HPA-2b, and HPA-15b. Some of these antigens are 
distributed with relatively low frequencies in the population, and 
screening for antiplatelet antibodies should therefore use sensitive 
and specific assays and an informative panel of target platelets.

Passive Alloimmune Thrombocytopenia
The abrupt onset of thrombocytopenia within a few hours after 
transfusion of a blood product is a hallmark of PAT. Platelet-
specific alloantibodies in the blood product (usually plasma) 
rapidly clear the recipient’s antigen-positive platelets. This syn-
drome manifests within hours of transfusion and has a shorter 
duration of thrombocytopenia than PTP, mediated by the amount 
and specificity of the transfused alloantibody. Testing for PAT 
has shown that it is difficult to measure alloantibody in the 
recipient’s plasma, suggesting that the transfused antibodies are 
limited and bind to the incompatible platelets soon after trans-
fusion. However, the alloantibody can be detected in the donor 
plasma, and in one case, sensitization of recipient platelets by the 
transfused alloantibody in vivo was demonstrated using direct 

radioimmunoprecipitation to measure IgG bound to platelet gpI-
aIIa directly on the patient’s platelets.302 Alloantibodies against 
the HPA-1a and HPA-5b antigens have been implicated in passive 
alloimmune thrombocytopenia.30,300 Severe thrombocytopenia 
is found in association with the transfusion of blood products 
containing alloantibodies to the HPA-1a antigen. The finding that 
even red blood cell concentrates can cause PAT due to anti-HPA-
1a antibodies correlates with reports that as little as 10 ml of 
plasma containing alloantibodies can cause thrombocytopenia in 
transfused volunteers.303 Because thrombocytopenia can occur in 
multiple transfusion recipients, it is important to investigate cases 
of suspect PAT to ensure that the alloimmunized blood donor does 
not donate blood in the future.304

Transplantation-associated Alloimmune 
Thrombocytopenia
Alloimmune mechanisms can explain the rare syndrome of 
transplantation-associated alloimmune thrombocytopenia that 
can complicate transplantation either with a solid organ or with 
allogeneic bone marrow.30 Both anti-HPA-1a and anti-HPA-5b 
alloantibodies can cause thrombocytopenia that may develop very 
soon or sometimes longer after transplantation. In one case, a 
man with Ph1 chromosome-positive chronic myelogenous leuke-
mia developed severe thrombocytopenia (17 × 109/L) 18 months 
after receiving an allogeneic bone marrow transplant from his 
HLA-matched sister.305 An immune mechanism was suggested 
by the repeated platelet count increase after treatment with 
high-dose intravenous g-globulin and remission after splenec-
tomy. Anti-HPA-1a antibodies were detected in Ig eluted from the 
patient’s platelets. Although chromosome analysis of the patient’s 
marrow demonstrated a normal Ph1-negative female karyotype, 
sensitive Southern blot analysis of splenic cell DNA identified 
a small amount (3%) of residual male cells. The patient’s sister 
was HPA-1a positive, and another brother was HPA-1a nega-
tive. Although pretransplant platelet alloantigen studies were not 
done, it was deduced that the patient was likely HPA-1a negative 
(HPA-1b/1b) and that the thrombocytopenia was mediated by a 
host versus donor alloimmune thrombocytopenia in which the 
patient’s residual lymphoid cells developed an anti-HPA-1a allo-
immune response to HPA-1a-positive platelets derived from the 
engrafted bone marrow.

Alloimmune-mediated platelet destruction due to a bone mar-
row transplant recipient’s pre-existing anti-HPA-5b antibodies 
was suggested by a rapid transient increase in platelet count 
from 43 to 108 × 109/L after administration of intravenous 
g-globulins.306 The patient received the allogeneic marrow from 
her HLA-matched brother who typed positive for HPA-5b. The 
detection of a small amount (<5%) of group A blood cells in the 
recipient after transplantation with her brother’s group O mar-
row indicated that a chimeric state existed in this patient. The 
thrombocytopenia eventually improved as the level of circulating 
antibody decreased.

Thrombocytopenia that may also have an alloimmune mecha-
nism was reported in patients after autologous peripheral blood 
stem cell transplantation for metastatic breast carcinoma.307 
Both patients had pre-existing anti-HPA-1a antibodies that rose 
in titer after transplantation. Because moderate to severe throm-
bocytopenia is expected soon after transplantation due to marrow 
ablative treatment, variable rate of engraftment of donor marrow-
derived megakaryocyte precursors, and fever and other comorbid 
clinical factors, it is difficult to determine the pathogenic mecha-
nism in these patients. Although the thrombocytopenia may have 
resulted from a refractory state caused by the rapid clearance of 
transfused platelets by alloantibodies, it is also possible that plate-
lets derived from engrafted autologous marrow were destroyed in 
a PTP-like syndrome.
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Solid organ transplants rarely can lead to alloimmune 
thrombocytopenia. Donor-derived immunocompetent lymphoid 
cells contained within the organs transplanted from a single 
donor to three recipients (two kidneys, one liver) are suspected to 
be the cause of severe thrombocytopenia (platelet count nadirs: 
2, 2, and 12 × 109/L) that developed within 5 to 8 days.308 
The severe thrombocytopenia in the renal transplant patients 
was refractory to intravenous g-globulins and platelet transfu-
sions. One patient recovered after splenectomy 50 days after 
transplantation, and the other died due to multiorgan failure 
associated with bacteremia and severe thrombocytopenia. The 
thrombocytopenia resolved in the liver transplant recipient 
after receiving a new liver following rejection of the first trans-
plant. Serum from the multiparous female organ donor was 
shown to contain anti-HPA-1a alloantibodies. Platelet typing 
and antibody studies of the transplant recipients showed that 
although they typed HPA-1a positive, anti-HPA-1a antibodies 
were detected in their posttransplant, but not pretransplant, 
sera. These observations suggest that anti-HPA-1a antibodies 
derived from transplanted immunocompetent lymphoid cells 
were responsible for the severe thrombocytopenia in these 
patients. A similar case of donor lymphocyte-induced throm-
bocytopenia was caused by a liver transplant obtained from 
a donor who died of bleeding related to severe autoimmune 
thrombocytopenia. Anti-gpIIb/IIIa antibodies without allospeci-
ficity were detected in both the organ donor and the posttrans-
plant recipient serum.309

Platelet Transfusion Refractoriness
Nonimmune patient-dependent factors usually are involved when 
unexpectedly poor platelet count increments are observed after 
transfusion. Although ABO or HLA incompatibility and platelet 
storage can contribute to reduced platelet count recovery,276,310–312 
more often septicemia, drugs, and increased platelet consumption 
in severely thrombocytopenic patients are responsible for platelet 
transfusion refractoriness.

Although there is only anecdotal evidence that platelet-specific 
alloantibodies can cause platelet transfusion refractoriness,263,313 
some refractory patients do benefit from transfusion with platelets 
that are HLA and platelet alloantigen compatible.314 However, 
in a prospective study, platelet-specific alloantibodies accounted 
for, at most, 5% of the patients with platelet transfusion refrac-
toriness.315 Depletion of leukocytes prior to storage of platelets 
for transfusion has reduced the incidence of platelet transfusion 
refractoriness.316

Platelet Polymorphisms as Risk Factors  
for Cardiovascular Disease
There is increasing evidence that ischemic vascular disease may 
result from interactions between environmental factors (e.g., 
smoking), genetic susceptibility, and concurrent diseases (e.g., 
diabetes). There is good evidence to show that platelets can play a 
major role in the formation of an occlusive thrombus at the site of 
a ruptured atherosclerotic plaque.317 The rate of formation or the 
susceptibility for platelets to participate in thrombus formation 
may depend partly on factors that include certain polymorphisms 
on the platelet glycoproteins.

Measures of platelet reactivity using in vitro assays demon-
strate heterogeneous results, indicating that there is a range of 
platelet reactivity among individuals. For example, some individu-
als’ platelets may be considered hyperreactive based on the lower 
epinephrine dose threshold that induces platelet aggregation. 
The major platelet glycoproteins that function as receptors and 
mediate aggregation and adhesion can also differ antigenically 
and structurally between individuals. Recent evidence suggests 

that certain polymorphisms on glycoproteins IIb/IIIa, Ib/IX/V, and 
IaIIa may be associated with enhanced platelet function in vivo.

Platelet aggregation is mediated by gpIIb/IIIa, the major recep-
tor for fibrinogen and VWF. GpIIb/IIIa is highly polymorphic, 
having four known alleles of the aIIb subunit and eight alleles 
of the b3 subunit.318 The Leu33Pro alleles on b3 are the most 
clinically important. The Leu33 allele encodes the HPA-1a alloan-
tigen, which is highly immunogenic to some Pro33 (HPA-1b/1b) 
individuals. Although these alleles are distributed within the gen-
eral white population with frequencies of 0.85 (HPA-1a) and 0.15 
(HPA-1b), the frequency for HPA-1b was found to be almost four 
times higher among younger patients with myocardial infarction 
or unstable angina.319 Since that first report, other studies have 
not been able either to establish or to exclude HPA-1b as a risk 
factor for ischemic vascular disease.320

However, in vitro studies indicate that gpIIb/IIIa-mediated 
functions such as aggregation, adhesion, spreading, and clot 
retraction demonstrate heterogeneity and that the HPA-1b phe-
notype was associated with a lower activity threshold.321,322 
Interactions between platelet integrins and the extracellular 
matrix are important for cell migration, which is directly involved 
in restenosis after angioplasty. Recent studies using the HPA-1a 
or HPA-1b forms of gpIIIa transfected into Chinese hamster ovary 
cells demonstrated enhanced migration activity when the HPA-1b 
form of the protein was a constituent of the integrin complex, 
as either aIIbb3 or avb3.323 Further, a reduced affinity of the 
platelet function inhibitor abciximab for platelets with the HPA-1b 
phenotype suggested that patients with this allele may have a 
less favorable outcome to treatment after percutaneous coronary 
intervention.281 Recent reports suggest that postoperative patients 
on long-term mechanical circulatory support may be at higher 
risk for bleeding depending on their HPA-1 polymorphism.324,325 
Other studies involving the Ile843Ser polymorphism responsible 
for the HPA-3 alloantigens on aIIb have not established an asso-
ciation with cardiovascular disease. Although small studies have 
reported a link with both the HPA-3a and HPA-3b antigens with 
either stroke or myocardial infarction, larger studies have not 
reported a similar association.326–329 However, a recent report 
in a Chinese population demonstrated an increased incidence of 
the HPA-3bb genotype in younger patients (<60 years) with acute 
ischemic stroke.330

Three dimorphisms of gpIba have potential relevance in 
thrombotic risk. The Thr145Met alleles encode the HPA-2 allo-
antigens, which are in linkage disequilibrium with a VNTR poly-
morphism in the macroglycopeptide region of gpIba. This results 
in a duplication of the 13-amino acid sequence one to four times 
(VNTR D to VNTR-A) and would result in an increasingly longer 
polypeptide. However, the few studies that report an associa-
tion between any of the variable polymorphisms and the risk for 
coronary artery disease have not been supported in others.331–333 
An additional polymorphism in the Kozak region of the molecule 
may be important for regulating the efficiency of translation of 
gpIba, thus affecting the number of receptors expressed.334,335 
However, an association between this dimorphism and a risk 
for arterial thrombosis could not be demonstrated in subsequent 
studies.336–338 One study from Australia did report an association 
between the Kozak polymorphism and ischemic stroke, suggest-
ing that further studies may be warranted.339

The level of expression of a major collagen receptor, gpIaIIa, 
can vary up to threefold depending on the inheritance of linked, 
allelic polymorphisms in the MMRN1 (a2 or gpIa) gene. The 
807-T/C/G polymorphism segregates independently of the alleles 
encoding the HPA-5a/5b and HPA-13bw alloantigens. Although 
some studies suggested an association of the 807T allele (high 
receptor density) with myocardial infarction or stroke, other 
studies were unable to confirm this observation.340–343 However, 
in a large study of 2,237 male patients, an association between 
younger patients with the 807T allele and myocardial infarction 
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was reported.344 Evidence of a functional effect of the HPA-5 
alleles was described by Kunicki et al. The binding of platelets to 
decorin, but not collagen, was attenuated when the platelet donor 
expressed at least one of the low-frequency HPA-5b alleles. In 
addition, antibodies to HPA-5a were able to inhibit adhesion to 
decorin.345

WhITe Blood cell anTIgens
Antigens expressed on granulocytes, lymphocytes, and monocytes 
are traditionally known as self antigens. These include the human 
neutrophil antigens (HNAs) and HLA class I and II. Class I HLA 
antigens are present on every cell and tissue in the body, except 
for red cells, sperm, and some placental cells. Class II HLA anti-
gens are expressed mainly on select cells of the immune system 
(e.g., T and B cells, macrophages, and monocytes). White cells also 
express some antigens that are shared with other cells, including 
red cells and platelets.

White cell antigens play a pivotal role in host defense, self-
recognition, and autoimmunity. White blood cell alloantigen sen-
sitization is implicated in fetal neutropenia, febrile nonhemolytic 
transfusion reactions (FNHTRs), transfusion-associated acute 
lung injury (TRALI), graft rejection, and graft versus host disease 
(GVHD). Because of their high degree of polymorphism, these 
antigens are used as molecular “fingerprints” in forensic medi-
cine, paternity testing, and anthropologic studies. Many white 
cell antigens are recognized by monoclonal antibodies, which 
identify proteins that are markers of differentiation, cell adhesion 
molecules, and various phagocytic, complement, and chemotactic 
receptors. These antibodies and antigens (discussed elsewhere; 
see Chapter 10) have been well characterized and are assigned 
to cluster designation (CD) antigens based on their patterns of 
reactivity.

In this section the major white blood cell antigens on granulo-
cytes and lymphocytes are discussed and disease states associated 
with pathologic antibodies directed at these antigens are empha-
sized. Monocytes share some antigens with lymphocytes (includ-
ing class I and II HLAs) and neutrophils (HNA-4a), but these cells 
are not discussed in detail.

Granulocyte Antigens
The HNA antigen system is specific to granulocytes. Granulocytes 
also express antigens that are shared with other tissues and 
cells including HLA class I and certain blood group antigens. 
The antigens on granulocytes were initially defined using human 
alloantisera, most often through the diagnosis and investiga-
tion of infants with alloimmune neonatal neutropenia. HNA-1a 
and HNA-1b antigens are most often implicated in alloimmune 
neutropenia and the availability of monoclonal antibodies has 
facilitated the detailed characterization of these alloantigens. In 
addition to alloimmune neonatal neutropenia, alloimmunization 
to these granulocyte antigens has been implicated in the devel-
opment of FNHTRs and TRALI. Sensitization occurs when an 
individual lacking these antigens is exposed through transfusion 
or pregnancy.

Nomenclature
In 1998, the Granulocyte Working Party of the ISBT introduced 
the HNA nomenclature for granulocyte antigens, which replaced 
the old N terminology.346 Unlike the HPA nomenclature system 
for platelet alloantigens, the neutrophil alloantigen nomen-
clature assigns different antigens on the same glycoprotein to 
the same HNA antigen system, with alleles distinguished by 
lowercase  letters. For example, NA1, NA2, and SH antigens of 

the old terminology are polymorphisms of the same protein, 
the FcgRIIIb receptor (CD16b), encoded by FCGR3B gene, and 
thus are designated as HNA-1a, HNA-1b, and HNA-1c in the 
new terminology (HNA-1 = FcgRIIIb). Seven alloantigens have 
been assigned HNA designations on five glycoproteins (HNA-1 to 
HNA-5) (Table 20.12). The HNA nomenclature does not account 
for the different haplotypes possible for certain genes (e.g., 
FcgRIIIb). It works best for antigen systems with two alleles at 
a single locus, but like the HPA system for platelet alloantigens, 
the HNA system does not define the haplotypes that may result 
from crossover between alleles. Thus, although the majority of 
base substitutions at position 266 of FCGR3B (FcgRIIIb) encod-
ing the HNA-1c antigen have been found on the HNA-Ib form 
of the gene, HNA-1c can also occur with variants of HNA-Ib. 
Modifications to the nomenclature may be required in the future 
to clarify these issues and to address the antigen system by its 
molecular characterization.

HNA-1a, -1b, and -1c
One of the most immunogenic neutrophil membrane proteins is 
the Fcg receptor IIIb (FcgRIIIb), a neutrophil-specific receptor 
that binds the Fc portion of IgG antibodies. 30% of granulocyte 
autoantibodies in infants with autoimmune neutropenia are spe-
cific for epitopes on this receptor, most commonly HNA-1a and 
HNA-1b,347 and most cases of alloimmune neonatal neutropenia 
are due to sensitization by these antigens.348

Together, FcgRIIIb and the highly homologous FcRIIIa form 
the Fc receptor class III, which binds to polymeric IgG antibod-
ies with low affinity. FcgRIIIb is a 233-amino acid glycoprotein 
secured to the membrane via a GPI anchor, thus giving it lateral 
mobility within the phospholipid bilayer.308,309,311,349 cDNA 
analysis has revealed that five nucleotide base substitutions at 
positions 141, 147, 227, 277, and 349 on chromosome 1 are 
associated with HNA-1a/1b polymorphism of FCGR3B.350,351 Four 
of these changes encode a different amino acid, two of which 
result in a different glycosylation pattern because of the changes 
at bases 227 and 277. Thus, HNA-1b FcgRIIIb has two additional 
glycosylation sites, which accounts for the larger molecular mass 
of this form of the gene product (65 to 80 kD) compared with the 
HNA-1a FcgRIIIb product (50 to 65 kD). The soluble FcgRIIIb 
found in plasma has the same HNA antigens as those found 
on neutrophils, which have been shown to be the source of the 
soluble glycoprotein.352 The frequencies for HNA-1a and HNA-1b 
demonstrate marked differences among different racial groups. 
The HNA-1a frequency in whites ranges from 0.30 to 0.37, and 

HNA System Antigen
Original 
Designation Glycoprotein

1 HNA-1a NA1 FcgRIIIb (CD16b)

HNA-1b NA2

HNA-1c SH

2 HNA-2a NB1 CD177

3 HNA-3a 5b CTL2

4 HNA-4a Marta CR3 (CD11b)

5 HNA-5a Onda Leukocyte function antigen-1 
(CD11a)

HNA, human neutrophil antigen.
Modified from Stronek D. Neutrophil alloantigens. Trans Med Rev 2002;16:67–75.

huMan neuTrophIl alloanTIGenS

TABLE 20.12
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that of HNA-1b ranges from 0.63 to 0.70. However, in the Asian 
population, the frequency of HNA-1a is higher (0.60 to 0.66) and 
HNA-1b is lower (0.30 to 0.33).353–356

The FCGR3B gene (which encodes for FcgRIIIb protein) shares 
homology with the FCGR3A gene. A C733T change in FCGR3A 
creates an early stop codon, resulting in FcgRIIIb, a GPI-anchored 
protein that is 21 amino acids shorter than FcgRIIIa, a transmem-
brane protein. At positions 227 and 349, FcgRIIIa is the same as 
the HNA-1a form of FcgRIIIb, but at positions 141, 147, and 277, 
FcgRIIIa is homologous to HNA-1b FcgRIIIb. Neither anti-HNA-
1a nor anti-HNA-1b antibodies recognize FcgRIIIa, suggesting 
that these alloantigens depend on tertiary conformations that are 
modified due to changes in the membrane anchor. Genotyping 
procedures with genomic DNA require multisite analysis to ensure 
differentiation of the HNA-1a and HNA-1b partial polymorphisms 
on FcgRIIIa from those on FcgRIIIb.354,357,358

The HNA-1c polymorphism results from an Ala78Asp change 
due to a C266A substitution in FCGR3B.358 HNA-1c is expressed 
on neutrophils in 4% to 5% of whites, but is expressed much more 
frequently (25% to 38%) in blacks.358–360 In many individuals with 
the HNA-1c polymorphism, the FCGR3B gene is duplicated on the 
same chromosome361,362 and in most cases, HNA-1c results from 
a mutation in the HNA-1b form of FcgRIIIb.

HNA-2a
The neutrophil HNA-2a alloantigen has been implicated in alloim-
mune neonatal neutropenia, FNHTRs, autoimmune neutropenia, 
and TRALI.363,364 It is expressed on CD177, a 58- to 64-kD GPI-
anchored glycoprotein on neutrophils in 97% of whites.365 The 
function of HNA-2a glycoprotein is unclear but it is assumed to 
have a receptor role.366 It belongs to the Ly-6 gene family,367 
which encodes proteins characterized by repeating cysteine-rich 
domains including the urokinase-type plasminogen activator, 
the reactive inhibitor of lysis receptor (CD59), and polycythemia 
rubra vera-1.368 The HNA-2a negative phenotype seems to be the 
result of intron fragments in the mature mRNA, which prevents 
expression of HNA-2a on the cell surface and not due to a gene 
deficiency or deletion.369 This is supported by the observation that 
the sensitization of HNA-2a-negative individuals does not produce 
alloantibodies that react with HNA-2a itself, but rather with a 
different unrelated antigen.370 Unlike other neutrophil polymor-
phisms, the HNA-2a antigen is expressed only on a subpopula-
tion of neutrophils and the proportion of neutrophils expressing 
HNA-2a has been reported to remain remarkably stable in an 
individual over time. HNA-2a has a higher level of expression in 
women compared with men.357,365,371

HNA-3a (5b)
HNA-3a has been characterized as a 70- to 95-kD glycoprotein on 
neutrophils, but its presence on lymphocytes, platelets, endothe-
lial, kidney, spleen, and placental cells has been indirectly assumed 
as a result of adsorption studies.366,372 Alloantibodies to HNA-3a 
are well-known granulocyte agglutinins and have been implicated 
in neonatal alloimmune neutropenia373 and TRALI.374,375 Indeed, 
alloantibodies directed against HNA-3a antigen have been fre-
quently implicated in severe and fatal TRALI reactions.

The molecular nature and cellular distribution of HNA-3a has 
been recently elucidated.376,377 The polymorphism is encoded by 
an Arg154Gln substitution on choline transporter-like protein-2 
(CTL2). Approximately half of HNA-3a-specific antibodies from 
patients with TRALI bind a cyclic peptide of arg154 CTL2, sug-
gesting that tertiary structures distal to the antigen site may be 
important in the formation of the epitope.378 Approximately 5% of 
the population is homozygous for HNA-3b and would be at risk for 
alloimmunization to HNA-3a. The immunogenicity of the HNA-3b 
antigen is much lower than HNA-3a.379

HNA-4a (Mart) and HNA-5a (Ond)
HNA-4a and HNA-5a are high-frequency antigens localized on 
leukocyte adhesion molecules on granulocytes and nongranulo-
cytic leukocytes. HNA-4a is located on the aM chain (CR3, CD11b) 
and HNA-5a is expressed on the aL chain (leukocyte function anti-
gen-1, CD11a) of the leukocyte b2 integrin family. HNA-4a results 
from a single-nucleotide substitution of G302A, which encodes an 
Arg61His exchange, and HNA-5a results from a G2446C substitu-
tion, which encodes an Arg766Thr exchange.380 Although sensi-
tization by these antigens has led to alloantibody formation, only 
one case of neonatal alloimmune neutropenia has been linked to 
anti-HNA-4a antibodies.381

Shared Antigens
Granulocytes also express antigens that are associated with other 
peripheral blood cells and tissues. The class I HLA antigens (HLA-
A, -B, and -C) are found on granulocytes, but not in sufficient 
quantities to allow their detection by cytotoxicity tests used for 
lymphocytes. No class II HLA antigens can be detected on mature 
granulocytes; however, they are present on immature cells.

Detecting Antibodies to Granulocyte Antigens
The two most commonly used tests to detect granulocyte-specific 
antibodies.382 are the granulocyte agglutination test (GAT)383 
and the granulocyte immunofluorescence test (GIFT)364 GAT 
uses a microtechnique with purified granulocyte suspensions 
in microtest plates. GIFT is performed in microtiter plates 
where cell-bound antibodies are detected with fluorescein- 
conjugated anti-human Ig. Coexisting antibodies to HLA and 
other  granulocyte-specific antigens may interfere with these 
assays. Even with the use of well-characterized test sera and 
procedures to eliminate HLA reactivity (e.g., absorption or 
chloroquine stripping), the GAT and GIFT assays have limited 
sensitivity and specificity. Biochemical characterization of granu-
locyte antigens has facilitated the development of more specific 
methods for the investigation of  granulocyte-specific antibodies. 
These include antigen capture (e.g., the monoclonal antibody-
specific immobilization of granulocyte antigens assay), immu-
noblot, and immunoprecipitation assays, similar to the assays 
used to study platelets.

Clinical Significance of Granulocyte Antigens
Alloantibodies
Alloantibodies specific for the HNA-1a, -1b, and -1c antigens on 
FcgRIIIb are most commonly implicated in alloimmune neonatal 
neutropenia.348,384 Affected neonates are born to mothers who 
lack the antigen. IgG alloantibodies in the mother may form any 
time after the first trimester of pregnancy (when the hematopoietic 
cells are developed and cross the placenta) causing the destruc-
tion of fetal neutrophils. Symptomatic infants may present with 
delayed separation of the umbilical cord, skin infections, otitis 
media, or pneumonia within the first 2 weeks of life.385 Although 
most infections are mild, overwhelming sepsis can occur, with a 
mortality rate of approximately 5%. The neutropenia is generally 
self-limiting, reflecting the transient nature of maternal antibodies 
in the infant, and most infants recover within 2 weeks to 6 months 
as the titer of the alloantibody diminishes.

HNA-1a, -1b, and -1c antibodies and to a lesser extent HNA-2a 
and HNA-3a antibodies have also been implicated in FNHTRs.386 
While most of these febrile reactions to red cell concentrates appear 
to be caused by granulocyte-specific antibodies in the recipient 
that mediate destruction of the transfused cells, most reactions to 
platelet transfusions are the result of cytokines that accumulate in 
the platelet product during storage.387 Pre-storage leukoreduction 
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reduces the risk of FNHTRs. FNHTRs may also occur with the trans-
fusion of plasma containing HLA or neutrophil-specific antibodies.

TRALI is a rare but serious complication of blood transfusion 
characterized by hypoxemia, respiratory distress, and pulmonary 
infiltrations on chest radiograph within 6 hours of a completed 
transfusion.388 Although the pathophysiology of TRALI remains 
uncertain, investigators have postulated that antibody-mediated 
leukocyte activation in the lungs results in inflammation and com-
plement activation causing increased vascular permeability, capil-
lary leakage, and pulmonary tissue damage.389 HNA-1a, HNA-1b, 
HNA-2a, and HNA-3a antibodies have been implicated in TRALI 
reactions 390; and antibodies against HNA-3a, which are strong 
granulocyte agglutinins, have been associated with severe TRALI 
reactions. Risk factors for TRALI include the volume of the blood 
product transfused,391 the type of blood product (plasma transfu-
sions are most commonly implicated) and the underlying condition 
of the patient (critically ill, surgical, etc.). Pooled plasma from multi-
ple donors (including solvent detergent-treated plasma) may reduce 
the risk of TRALI since the pathogenic antibody is diluted.392

Kopko et al. performed a look-back investigation on a TRALI fatal-
ity associated with transfused plasma containing anti-HNA3a.375 
Among 36 recipients who were available for review, 15 transfu-
sion reactions were observed in 13 patients including eight severe 
reactions highly suggestive of TRALI. The association between anti-
HNA-3a and severe or fatal TRALI reactions remains unconfirmed 
in the absence of well-designed prospective surveillance studies.

Granulocyte antibodies have also been implicated in immune-
mediated neutropenia following bone marrow transplantation, refrac-
toriness to granulocyte transfusions, and drug-induced neutropenia.

Autoantibodies
Primary autoimmune neutropenia is caused by granulocyte- 
specific autoantibodies. The syndrome occurs most often in 
infancy and usually resolves spontaneously by 1 to 2 years. 
In a serologic investigation of 240 cases of antibody-positive 
autoimmune neutropenia in infancy, 31% of autoantibodies 
showed preferential binding to granulocytes that were homo-
zygous HNA-1a and 3% to granulocytes that were homozygous 
HNA-2a.347 Other autoantibody specificities demonstrated were 
FcgRIIIb (27%), CD11b/CD18 (21%), CR1 (14%), and FcgRII (2%). 
Secondary autoimmune neutropenia is most often associated with 
another autoimmune disease such as Felty syndrome, systemic 
lupus erythematosus, or malignancy (e.g., lymphoma). In 
those cases, granulocyte-specific antibodies are not as readily 
 detectable.

Lymphocyte Antigens
Numerous monoclonal antibodies, assigned a CD designation, 
recognize a number of molecules associated with various aspects 
of lymphocyte function and differentiation. The most clinically 
important lymphocyte antigens are the HLAs, and they will be 
the focus of this section. Lymphocytes also express a number of 
shared antigens, including HNA-3a, HNA-4a, and HNA-5a, and 
blood group antigens ABH, Lewis, Ii, P1, and P.

HLA Antigens
HLA antigens are encoded by the MHC, a cluster of genes encom-
passing approximately one thousandth of the human genome. 
The MHC is located on the short arm of chromosome 6 (band 
6p 21.3) and was defined initially by investigation of antibodies in 
individuals sensitized through pregnancy or transfusion.393 These 
antigens are distributed on many types of cells and tissues and 
are important in the regulation of the immune response. They 
play a primary role in graft rejection and GVHD in transplanta-
tion and transfusion. The immune response to specific antigens is 
controlled by immune response genes, which are also located in 
the MHC (for discussion elsewhere, see Chapter 18).

The HLA complex on chromosome 6 has over 200 genes, 
more than 40 of which encode leukocyte antigens (Fig. 20.5). 
Of the three coding regions in the MHC, only the class I and II 
 antigensare involved in the immune response. The class I genes 
encode HLA-A, -B, -C, -E, -F, and -G, and the class II genes 
encode HLA-DP,  -DQ, -DR, -DN, and -DO. These class I and II 
gene  products are structurally and functionally distinct. The class 
III genes encode complement components C2, C4A, C4B, Bf, 
21-hydroxylase, and tumor necrosis factor-a and -b.394

Molecular Structure
The class I HLA molecule consists of two polypeptide chains, a and 
b, each encoded by different genes395–398 (Fig. 20.6). The HLA-A, 
-B, and -C genes encode the larger a-chain, a 45-kD transmem-
brane protein with three amino acid domains. Two of these, a1 
and a2, account for most of the variation in the molecule due to 
polymorphisms of the HLA genes. A constant region, similar to the 
constant region of Ig molecules, is in the a3 domain close to the cell 
membrane. The class I a-chain is noncovalently associated with a 
smaller molecule, b2-microglobulin. No polymorphisms have been 
reported on this 12-kD extracellular protein encoded by a gene on 
chromosome 15. X-ray crystallography demonstrates further simi-
larities to Ig  molecules. The membrane-proximal a3 domain and the 
b2-microglobulin portions of the HLA molecule have Ig-like folds, in 
contrast with the a1 and 2 portions, which form a platform topped 
by a helices. A groove between these  helices is the binding site for a 
peptide  fragment from a processed antigen.

Class II HLA molecules also share similarities with Igs. Like 
the class I molecules, they consist of a heavy (a) and a light chain 
(b) (Fig. 20.6). The heavy a-chain has a molecular weight of 34 
kD, and the smaller b-chain has a molecular weight of 29 kD. 
Both chains are transmembrane molecules, each with two struc-
tural domains. Similar to the class I molecule, HLA class II has a 
functional antigen-binding groove formed by the distal a1 and b1 
domains.399 The a2 and b2 constant regions share homology with 
Ig constant regions, b2-microglobulin, T-cell receptors, and class 
I heavy chains. This homology may account for similarity in the 
crystallographic structure of the class I and class II antigens.400

Nomenclature
The nomenclature of the HLA antigens has been standardized by 
the World Health Organization (WHO) nomenclature committee, 
which regularly reviews newly reported specificities and genetic 
loci from results of International Histocompatibility Testing 
Workshops401–403 (Table 20.13). The nomenclature specifies the 
region of the gene (e.g., HLA-A) and a number. Because the anti-
gens were originally defined by the reactivity of antisera, some 
early specificities have been further subclassified. These specifici-
ties are called splits and usually are written to incorporate the 
parent antigen in parentheses (e.g., HLA-A9 is split to HLA-23[9] 
and HLA-24[9]). It is also common among the HLA-A and -B 
alleles for specific antisera to cross-react with more than one anti-
gen. Antisera that react with one specificity in these cross-reactive 
groups (CREGs) may demonstrate reactions with other antigens 
in the same group (e.g., HLA-A2 and -A28 or -A19 [consisting 
of A29 to A33]).404–406 Those HLA regions and genes that have 
been defined using molecular techniques are identified using a 
unique nomenclature. The nomenclature for the class I antigens 
includes the locus name, an asterisk (*), and a four-digit number 
(e.g., HLA-A*0101). The first two digits of the number refer to the 
serologic specificity. Because both the a and b (A and B) genes 
are polymorphic for the class II antigens, the chain also must be 
specified (e.g., HLA-DRB1*0101 or HLA-DQA1*0101). The immu-
nogenetics/HLA (IMGT/HLA) database found at http://www.ebi.
ac.uk/imgt/hla provides a current database for sequences of the 
human major histocompatibility complex (HLA) and includes the 
official sequences for the WHO HLA Nomenclature Committee.407
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Figure 20.5 Organization of the major histocompatibility complex (MHC) on chromosome 6. A partial gene map of the human leukocyte antigen (HLA) 
complex is shown. The major loci of the genes expressed in the HLA class I and class II regions are depicted, as well as the unrelated class III genes. The following 
genes are shown in order, but not to scale: BF (complement factor B or CBF  ), C2 (complement component 2), C21B (cytochrome P450, subfamily 21 or TTC21B ), 
C4A/C4B (complement components C4A/C4B), HSP (heat shock protein), LMP (large multifunctional protease), LTA/LTB (lymphotoxins A and B), MICA/MICB (MHC 
class I chains A and B), P450 (cytochrome P450), PSMB8 and 9 (proteasome b 8 and 9), TAP1/TAP2 (transporter proteins associated with antigen processing), 
TAPBP (TAP-binding protein, tapasin), TNF (tumor necrosis factor-a), and HSPA1A/HSPA1B/HSPA1L (heat shock proteins 1A A-type/1A B-type/1A-like).
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Figure 20.6 Schematic representation of the 
human leukocyte antigen (HLA) class i and class 
ii molecules. The class I and class II molecules are 
each composed of two polypeptide chains that are 
manufactured separately in the endoplasmic reticulum. 
A peptide-binding groove is created by the a1 and a2 
peptide-binding domains of the class I molecule. A simi-
lar peptide-binding structure is created in the class II 
molecule by the association of the a1 and b1 peptide-
binding domains. The HLA class I and II molecules also 
have immunoglobulinlike domains (a3: Class I; a1 and 
b1: Class II) proximal to a transmembrane domain and 
cytoplasmic tail. MHC, major histocompatibility complex.

Class I Human Leukocyte Antigen
HLA-A, HLA-B, and HLA-C antigens (class Ia) are expressed on all 
nucleated cells and on (anucleate) platelets. In addition, soluble 
HLA-A and -B antigens can be found in plasma where they circulate 
in association with high-density lipoproteins.408–411 Adsorption of 
these vesicles into other cell membranes may explain why red cells 
also carry these antigens. The class I antigens are products of the 

highly polymorphic HLA-A, -B, and -C genes.396,412,413 Molecular 
techniques have vastly increased the number of HLA-A specifici-
ties; however, it may not be appropriate to designate these as anti-
gens, because the resulting proteins may not initiate alloantibody 
formation. These alleles are more correctly referred to as genetic 
polymorphisms. HLA-E, -F, and -G molecules (class Ib) are similar 
in structure to the class Ia molecule but have a different tissue 
distribution.414–416
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Class II Human Leukocyte Antigen
The class II HLAs are found on lymphocytes, monocytes, mac-
rophages, endothelial cells, activated T cells, and Langerhans 
cells.394,399 Many of these cells play an important role in initiat-
ing the immune response. The class II genes are proximal to the 
centromere on the short arm of chromosome 6 and consist of 
one a-chain (DRA) gene and one or two b-chain (DRB) genes. 
Therefore, one DRA- and one DRB1-encoded polypeptide are 
expressed by all individuals. The other DRB genes (HLA-DRB2 
to HLA-DRB9) do not always encode a polypeptide that is coex-
pressed with the DRB1 product. Only the DRB3, 4, and 5 gene 
products are associated with a DRB1-encoded polypeptide. 
Although two a-chain genes and two b-chain genes are found for 
the DQ and DP regions, only one product (a + b) is expressed.417

Class III Human Leukocyte Antigen
The class III region of the MHC contains a cluster of genes respon-
sible for complement, hormones, intracellular peptide processing, 
and other developmental characteristics. Thus, the class III region 
is not actually a part of the HLA complex, but is located within 
the HLA region, because its components are either related to the 
functions of HLA antigens or are under similar control mecha-
nisms to the HLA genes. Complement components encoded by 
this region include C4A, C4B, C2, and properdin factor B (Bf). 
The C4A and C4B loci encode C4 variants. These polymorphic 
genes also are responsible for the Rodgers (C4A) and the Chido 
(C4B) red cell phenotypes.418–420 Other proteins, including 21- 
hydroxylase and tumor necrosis factor-a and -b, are also encoded 
in this MHC region.

Methods of Detecting Class I and II Human 
Leukocyte Antigens and Antibodies
Both serologic and molecular techniques have been used to identify 
polymorphisms of the class I genes. Serologic methods use lym-
phocytotoxic (functional) assays, in which sera with known anti- 
HLA-A, -B, and -C specificities are incubated with test cells. Cell 
viability is monitored after the addition of complement, which 
damages the cell membrane of antibody-sensitized lymphocytes, 
allowing the uptake of dye such as eosin.421,422 Because of the 
requirement for a relatively large and informative number of spe-
cific typing sera, commercial kits are generally used for serotyping. 
Molecular methods can detect polymorphisms, and sequencing can 

identify changes at each locus. Lymphocytotoxic techniques can 
also identify anti-HLA antibodies. In these assays, patient serum is 
screened against a panel of typed cells. Generally, 30 to 60 different 
target cell phenotypes are required to identify the antibody speci-
ficities. These methods are used to select potentially compatible 
platelets for patients who are refractory to platelet transfusions.

The class II antigens have also been detected using both sero-
logic and cellular assays. Serologic typing for the class II antigens 
is performed using a method similar to that used for the class I 
antigens; however, instead of using unfractionated lymphocytes, 
the typing of class II antigens is done using only B lymphocytes. 
These are first isolated from peripheral blood and incubated with 
specific anti-DR/-DQ sera to determine the class II phenotype. It is 
now known that a single gene does not exist for HLA-D; however, 
the term continues to be applied to functional assays such as the 
mixed lymphocyte culture, the primed lymphocyte typing test, 
and T-cell clones.423 Because of the limitations of the functional 
assays, molecular methods have largely replaced the cellular 
assays for HLA class II typing. This typing is used for the identifi-
cation of compatible bone marrow donors and recipients.

Inheritance of Human Leukocyte Antigens
Closely linked genes on one chromosome, such as those of the 
MHC, are often inherited as a unit cluster or haplotype. A child 
inherits one haplotype from each parent, resulting in four pos-
sible phenotypes. In some cases, an individual exhibits only two 
or three of the four HLA-A and -B antigens as a result of homo-
zygosity or chromosome deletions. Heterozygosity at some gene 
loci is only detectable by molecular-based assays and not the less 
sensitive serologic assays; for example, an individual may type 
serologically as homozygous HLA-A2 yet by molecular studies is 
heterozygous HLA-A*0201/HLA-A*0202.

The chance that any two of the children are completely identi-
cal is 25%. However, crossover can occur during meiosis, thus 
creating a new haplotype. For the MHC, there is a crossover 
rate of 0.8% between the A and B loci and approximately 0.5% 
between the B and DR loci. Because of linkage disequilibrium, 
alleles at linked loci are associated more frequently than would be 
expected. Thus, HLA-A1 (13.8%) and HLA-B8 (9%) are in linkage 
disequilibrium because their actual haplotype frequency (6%) is 
much higher than would be expected (1.3%) if they were inde-
pendently inherited. Linkage disequilibrium contributes to racial 
differences in haplotype frequency (e.g., HLA-A1, -B8 is rare in 
Asians; HLA-A34 is almost exclusive to blacks). Inheritance of 
the class III gene cluster as a closely linked unit, referred to as a 
complotype, is associated with certain disease states.419,424

Clinical Significance of the Major 
Histocompatibility Complex and Human 
Leukocyte Antigen
The highly polymorphic antigens of the MHC provide useful mark-
ers in forensic medicine, in paternity testing, for anthropologic 
studies and for disease associations.425–427 Matching across HLAs 
determines the suitability of donors for solid organ and bone mar-
row transplantation and HLA antibodies have been implicated in 
transfusion reactions and in platelet refractoriness.

Association with Disease
Many diseases have been associated with specific HLA-A, -B, -C, 
and -DR antigens and with complement allotypes and HLA 
haplotypes (Table 20.14),428–433 for example Hodgkin’s lym-
phoma and the A1, B5, B8, and B18 haplotypes. However, the 
A1, B8 haplotype is prevalent in long-term survivors, suggesting 
that it may have a protective effect.434 Other HLA-associated 

Locus Serologic Antigens Alleles

HLA-A A1 to A80 A*0101 to A*8001

HLA-B B7 to B81 B*0702 to B*8301 

HLA-C Cw1 to Cw10 Cw*0102 to Cw*1803 

DRA none DRA*0101 to DRA*0102

DRB1 none DRB1*0101 to DRB1*1612

DQA1 DQ1 to DQ9 DQA1*0101 to DQA1*0602

DQB1 none DQB1*0501 to DQB1*0634

DPA1 DPw1 to DPw6 DPA1*0103 to DPA1*0401

DPB1 none DPB1*0101 to DPB1*9901

tHLA, huma n leukocyte antigen.
Modified from Williams TM. HLA antigens and alleles. In:Simon TL, Snyder EL, Solheim BG, 
et al., eds. Rossi's principles of transfusion medicine, 4th ed. Hoboken, NJ: John Wiley and 
Sons Ltd, 2009:890.

SeroloGIC anTIGenS and dna polyMorphISMS  
of The hla SySTeM

TABLE 20.13
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malignancies include cutaneous T-cell lymphoma, Burkitt lym-
phoma, cervical squamous cell carcinoma, Kaposi sarcoma, 
and colorectal carcinoma. Other disease associations were with 
the HLA-B antigens (e.g., ankylosing spondylitis and HLA-B27) 
435,436; however, the use of molecular techniques has now dem-
onstrated strong associations of some class II molecules with 
certain diseases, including autoimmune conditions. Three loci, 
DQB1, DQA1, and DRB1, may be associated with susceptibility 
or resistance to insulin-dependent diabetes mellitus.437,438 The 
a- and b-chains from each haplotype might form pairs of mole-
cules with modified peptide-binding properties, which, together 

with a dosage effect, may play a role in accelerating the disease. 
The importance of specific peptide-binding grooves, possibly 
controlled by amino acids at key positions, is also demonstrated 
in the HLA associations with celiac disease and rheumatoid 
arthritis.439

Certain immune response genes are linked to HLA haplotypes, 
conferring an increased susceptibility to antibody formation. For 
example, HLA-B8-DR3-positive individuals are more prone to 
forming alloantibodies to HPA-1a, the major platelet antigen most 
commonly implicated in NAT and posttransfusion purpura.440,441 
Although a number of mechanisms have been proposed to explain 
the association between certain diseases and specific HLAs, 
including cross-reactive antibody responses, linkage of an HLA 
locus with a non-HLA disease-associated gene, regulation of T-cell 
development, thymic selection of T-cell receptor repertoire on 
HLA molecules with self-peptides, and interaction of class II HLA 
molecules with superantigens (cross-reactive), the exact mecha-
nisms are unknown.

Transplantation
For solid organ transplants, HLA matching has reduced graft 
rejection and improved graft survival, with closer matches 
(6/6 for HLA-A, -B, and -DR) associated with better outcomes. 
The importance of HLA-A, -B, and -DR matching on graft 
survival has been consistently observed, especially for sec-
ond kidney transplants.310,406,442–444 Similarly, the success of 
bone marrow transplantation depends on the degree of HLA 
matching. Related HLA-identical transplantations are associ-
ated with lower rates of delayed engraftment, rejection, or 
GVHD than transplants with marrow from non-HLA-identical 
relatives.445–447 Nevertheless, matching for HLA-A, -B, and 
-DR does not eliminate the risk of acute GVHD and graft  
rejection 448–450; more precise matching for DRB1, DQB, and 
HLA-C using molecular techniques may further reduce the 
risk.451–453

Transfusion-associated Acute Lung Injury
HLA antibodies have been implicated in TRALI reactions. In 
early studies by Popovky and Moore, class I HLA antibodies 
were detected in the plasma of 59% of donors implicated in 36 
cases of TRALI.454 Since then, reports of the frequency of anti-
HLA class I antibodies in implicated donor plasma have varied 
widely but support an etiologic role of these antibodies in at 
least some patients. In a review of 26 patients with TRALI in 
which antibody-antigen concordance had been demonstrated, 
12 showed class I HLA specificity, 15 showed class II specificity, 
and three were specific for neutrophil antigens.455 The role of 
class II HLA antibodies in TRALI is uncertain, as neutrophils, 
the effector cells in TRALI, do not express HLA class II antigens. 
One hypothesis is monocyte activation, which is supported by the 
observation of monocyte activation and proinflammatory cyto-
kine generation following the incubation of recipient monocytes 
with class II HLA antibodies in plasma from donors implicated 
in TRALI reactions.456

Platelet Transfusion Refractoriness
Immune platelet refractoriness is another transfusion complica-
tion thought to be mediated by HLA antibodies. Alloantibodies 
against HLA-A and HLA-B formed after exposure to prior transfu-
sions or pregnancies cause early destruction of transfused plate-
lets. The use of HLA-A and HLA-B-matched platelet transfusions 
is often beneficial in these difficult cases. When HLA-identical 
donors are not available, the selection of CREG-compatible HLA 
antigen matches or matching of highly immunogenic epitopes 
using molecular techniques can be used.404

Disease
Associated HLA 
Antigens and Alleles Relative Risk

Birdshot  
retinochoroidopathy

A29 109.0

Ankylosing spondylitis B27  87.4

Reactive arthropathy, 
including Reiter syndrome

B27  37.0

Dermatitis herpetiformis DR3  15.9

Idiopathic membranous DR3  12.0

glomerulonephritis

Celiac disease DR3  10.8

DR7, DR11 6.0–10.0

DR7, DQB1*0201 Not assessed

DR11, DQA1*0501

Sicca syndrome DR3  9.7

Idiopathic Addison disease DR3  6.3

Systemic lupus  
erythematosus

DR3  5.8

Grave disease DR3  3.7

Myasthenia gravis DR3  2.5

B8  3.4

Type 1 diabetes mellitus DR3  3.3

(insulin-dependent) DR4  6.4

DR2  0.19

DQB1*0302  9.5

DQB1*0201  2.4

DQB1*0602  0.15

DRB*0101 Not assessed

Goodpasture syndrome DR2 15.9

Multiple sclerosis DR2  4.1

DRB1*1501 Not assessed

DRB5*0101

DQB1*0602

Pemphigus vulgaris DR4 14.1

(Ashkenazi Jews)

Postpartum thyroiditis DR4  5.3

Rheumatoid arthritis DR4  4.2

Behçet syndrome B51  3.8

Psoriasis vulgaris Cw6 13.3

Hashimoto disease DR11  3.2

HLA, human leukocyte antigen.
Modified from Klein J, Sato A. The HLA system. N Engl J Med 2000;343:782–786.

aSSoCIaTIonS BeTWeen CerTaIn hla MarKerS  
and dISeaSe

TABLE 20.14
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C h a p t e r  2 1

The first documented transfusion of blood in humans occurred 
in 1667, but it was not until almost 300 years later that transfu-
sion become a therapeutic practicality.1 Landsteiner’s landmark 
discovery in the early 1900s of blood groups and agglutinating 
antibodies was the key that unlocked this therapeutic pathway. 
The development of anticoagulants, blood preservatives, and ster-
ile collection sets in the middle of the 20th century made blood 
banking possible by enabling the collection and preservation of 
donor blood for later use.

In the past few decades, the complexity of blood banking and 
blood component therapy has virtually exploded. The recognition 
of both infectious and noninfectious complications of transfu-
sion led to numerous practice changes involving blood donor 
screening, component production and modification, compatibility 
testing, and blood utilization. The menu of blood component 
options and therapeutic services has progressively expanded, 
along with efforts to establish evidence-based guidelines for their 
optimal use. Specialized recommendations have been developed 
for supporting specific patient populations such as immunosup-
pressed patients, chronic transfusion recipients, hematopoietic 
cell transplant recipients, and neonates.2,3 In the United States, 
all blood establishments (blood banks and transfusion services) 
are regulated by the US Food and Drug Administration (FDA).4 
FDA regulations govern all aspects of blood collection, component 
processing, storage, compatibility testing, and administration. 
The FDA requires blood establishments to comply with highly 
stringent quality assurance standards that ensure control of pro-
cesses and restrict variability. The AABB (formerly known as the 
American Association of Blood Banks) issues accreditation stan-
dards and recommendations that further establish the standard 
of practice in the US.5

Today, Transfusion Medicine is itself a Board-recognized clini-
cal specialty. In addition to overseeing the complex donor center 
and transfusion service operations, Transfusion Medicine physi-
cians are increasingly important participants in the clinical care 
team. Transfusion Medicine specialists can guide the selection of 
therapeutic options to best support a patient’s medical needs, and 
can coordinate the supply and delivery of these blood components 
and therapeutic services.6 This chapter serves as an introduction 
to blood components and transfusion services available in the 
United States.

BLood donaTion and coLLecTion

Donor Selection
In the United States (US), donor eligibility criteria are established 
and enforced by the FDA and to a lesser degree by the American 
Association of Blood Banks (AABB). Donor selection is undertaken 
with two goals in mind: to protect the health of the donor by 
ensuring that a donation does not place the donor at risk, and to 
protect the recipient by ensuring that the donor meets all health 
and screening criteria so that the risk of transmitting infectious 
agents or causing other adverse events is minimized.2 In the US, 
most fresh blood products are from unpaid volunteers. These 
donors have decreased risk of transmitting infectious agents, 
especially in the “window period,” when screening tests fail to 
detect infection.7,8 Paying donors for fresh transfusion products 
was stopped after studies in the 1970s showed that paid donors 

had a much higher prevalence of hepatitis.8–12 Commercial 
plasma-derivative manufacturers still use paid donors, but comply 
with FDA-approved donor eligibility criteria and employ pathogen 
reduction processes during manufacturing that reduce infectious 
risks, as discussed later in this chapter.

Donor Identification and registration
Donor registration must accurately identify the potential donor, 
including name, birthdate, address, and phone number, so the 
donor can be traced if needed. Records must link donors to all 
prior donations and test results and be kept for at least 10 years.

Donor Information
The donor must be given educational material describing signs and 
symptoms of AIDS and activities associated with increased risk of 
acquiring human immunodeficiency virus (HIV). The donor must 
be informed that testing may not detect all infections, and that 
individuals who have engaged in risk behavior should not donate.2

Donor health history
Information to be elicited is defined by the FDA and the AABB. The 
medical history is obtained by a trained interviewer, or donors may 
complete an FDA-approved self-administered questionnaire on 
paper or a computer. Responses are then reviewed with the donor 
by qualified staff. 2 The history includes a review of current health, 
ensuring that the donor feels well, is free of signs of infection, and 
that his or her cardiovascular status can tolerate an acute blood vol-
ume loss of 10% to 15%. The donor is questioned about recent expo-
sures to blood, potential exposure to HIV or hepatitis, sexual contact 
with individuals at risk for HIV, needle sharing by the donor or sexual 
partners, travel to or residence in areas endemic for malaria or vari-
ant Creutzfeldt-Jakob disease, medications, and immunizations.

The donor must meet certain requirements of age and vital 
signs. The hemoglobin must be at least 12.5 g/dl. Donor weight 
must be sufficient so that the donation constitutes no more than 
a 15% loss of blood volume. There must be no arm stigmata of 
parenteral drug abuse.5

Informed Consent
The donor must sign the health history form verifying that all 
questions were answered truthfully, that the donation process is 
understood, and that he consents to testing for infectious agents 
transmitted by transfusion, including HIV and hepatitis.2

additional Donor Criteria for Specific 
Components
Donors may be eligible to donate some blood components but not 
others.

Medications That Impact Therapeutic 
Effectiveness of Particular Blood Components
Acetylsalicylic acid (ASA) irreversibly acetylates platelet cyclo-
oxygenase and inhibits platelet aggregation.13 Platelet-mediated 
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hemostasis is restored, however, if ASA-inhibited platelets are 
mixed with untreated platelets.14 After a single dose of aspirin, 
ASA-exposed platelets are inhibited for the rest of their lifespan, 
but platelets produced after clearance of the drug restore hemo-
static function. Therefore, platelets from donors who have taken 
ASA are acceptable as long as 48 hours have elapsed from the last 
dose. Platelets donated within 2 days of ASA ingestion are accept-
able for use if mixed with platelets from unexposed donors.5

Nonsteroidal anti-inflammatory drugs (NSAIDs) may impair 
platelet function, but the effects of many are reversible13—that is, 
platelet function is restored once the platelets are removed from 
the offending drug.15 Therefore, individuals taking reversible 
NSAIDs can donate platelets for transfusion. Individuals who are 
taking irreversible NSAIDs, however, or other irreversible anti-
platelet agents (e.g., ticlopidine) are not eligible to donate platelets 
for transfusion.5

Warfarin reduces levels of functional blood clotting factors (see 
Chapter 55). Transfusable plasma units or cryoprecipitate cannot 
be made from donors taking this medication.5

TRALI Mitigation Strategies for “High Plasma 
Volume” Components
Studies in the early 2000s indicated that blood products contain-
ing a large volume of plasma (e.g., plasma and apheresis platelet 
units) were associated with a higher per unit risk of transfusion-
related acute lung injury (TRALI) compared to components 
containing small amounts of plasma (e.g., red cell units and 
cryoprecipitate). Furthermore, plasma or platelet units contain-
ing donor antibodies to white blood cell (HLA and neutrophil) 
antigens were implicated in a substantial proportion of TRALI 
cases.16,17 In an attempt to reduce the frequency of TRALI, the 
AABB recommended in 2006 that blood collection agencies take 
steps to reduce production of high plasma volume products from 
donors with an increased likelihood of having WBC antibodies.18 
Women with a history of pregnancy are at highest risk of being 
immunized to WBC antigens. Therefore, in response to AABB 
recommendations, many blood collection facilities have stopped 
making transfusable plasma components from women with a 
history of pregnancy or from all women. Whole blood collections 
are still accepted from these women, but the plasma portion of 
their collections is used only for cryoprecipitate production and/or 
manufacturing into plasma derivatives. It has been more challeng-
ing to exclude women with a history of pregnancy from platelet-
pheresis donations, as the platelet supply is difficult to sustain. 
Some blood collection facilities exclude multiparous women as 
platelet donors or screen them for the presence of HLA antibodies.

Directed Donations
A directed donation (DD) is a donation in which the donor directs 
his/her donated blood product to a specific designated patient.2 
The donation must usually be ordered by the recipient’s doctor. 
DD programs exist primarily for emotional reasons, although 
these programs are required to be offered in certain states. In 
these programs, patients anticipating the need for blood can select 
who their donors will be. The donor is often a family member 
or acquaintance of the recipient. DDs are not of medical benefit 
where an established blood supply exists but can be useful in 
rare circumstances when specific characteristics of the donor’s 
blood are medically needed (e.g., for rare HLA or blood types 
obtained from family members). Directed donors must meet all 
regular donation criteria; however, exceptions can be made if rare 
types are needed. Data show DDs are no more safe than regular 
community donations from an infectious disease perspective. 
Directed donors are more likely to be first-time donors, who have 
a higher incidence of HIV and HCV than repeat blood donors.19 
DDs theoretically may have higher risk of causing transfusion 

complications such as (1) hemolytic disease of the newborn in 
future pregnancies after a woman has received blood from her 
husband or his relatives,20 (2) TRALI in a mother to child trans-
fusion, or (3) transfusion-associated graft-versus-host disease 
(TA-GVHD) from a related family donation.21 Directed donations 
from blood relatives are irradiated to prevent TA-GVHD.

BLood coLLecTion Process
Phlebotomy and collection of blood proceed only if the donor is 
deemed suitable after pre-donation screening. Blood is collected 
in accordance with established standards 5 and is collected either 
manually or with an automated collection device.

Whole Blood (Manual) Collection
The phlebotomy site is swabbed with a disinfectant.22 Blood is 
collected in a primary plastic collection bag with a large bore 
needle allowing rapid flow and mixture with anticoagulant. The 
volume drawn is standardized for the collection bag used (either 
450 or 500 ml). The blood draw is controlled by scales that dis-
continue flow when the desired weight is collected. Blood and 
anticoagulant are mixed gently during the collection. Specimen 
tubes for testing are also procured. Because most whole blood 
units will be separated into components, the primary bag has one 
to three attached satellite bags allowing separation of components 
in a sterile closed system. The collection tubing is heat-sealed 
into segments that are left attached to provide samples for cross-
matching. The whole blood is transported to a laboratory where it 
can be separated into its components (red cells, plasma, platelets).

Blood Component Separation
Whole blood is centrifuged to sediment the red blood cells (RBCs) 
(Fig. 21.1). Most of the supernatant “platelet-rich plasma” is 
pushed off into an attached sterile satellite bag. The bag contain-
ing platelet-rich plasma may then be centrifuged at a higher rate 
to sediment platelets. Most of the plasma is then removed into a 
third satellite bag. This leaves behind a platelet pellet which is 
then resuspended in 40 to 70 ml of residual plasma resulting in 
a platelet concentrate. If platelet concentrates are not going to be 
produced from the donation, the initial centrifugation of the whole 
blood is done at high speed, and the plasma is removed directly 
from the red blood cells and frozen. Further processing of plasma 
and red cell components is discussed later in this chapter.

terminology
The whole blood in the original collection bag (450 or 500 ml) is 
referred to as one whole blood unit, and each component made 
from that unit is defined as one “unit” of that component. Because 
a whole blood unit constitutes approximately 10% of a donor’s 
blood volume, each component can be considered roughly 10% 
replacement therapy for an adult patient.

“Closed” versus “Open” Systems
If blood component manipulation is done without opening the 
system to air (closed system), all components may be stored to 
the limit of their viability. If the bag or tubing is entered, however, 
the system is considered potentially open to air/bacteria, and the 
product outdates in 4 hours if stored at room temperature or 
24  hours if refrigerated. Devices using high-temperature welds 
can sterilely attach additional containers or tubing to the original 
unit in a way that prevents entry of bacteria. With these “sterile 
connection devices,” blood components may be split into aliquots, 
filtered, or otherwise manipulated without loss of shelf life.2
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FIGURE 21.1. Preparation of components from a whole blood donation. AHF, 
antihemophilic factor; RBC, red blood cell. (Reprinted from Jeter EK, Spivey MA. 
Blood components and their use. In: Jeter EK, ed. Introduction to transfusion medi-
cine: a case study approach. Bethesda, MD: American Association of Blood Banks 
Press, 1996:5, with permission.)

automated Blood Collection and Separation 
Devices: apheresis
The word apheresis is derived from a Greek word that means to 
separate or to take away. Initially, it referred to a manual pro-
cess in which whole blood was withdrawn from the donor and 
centrifuged, the plasma retained, and the red cells returned to 
the donor. In 1914, Abel experimentally removed plasma from 
anephric dogs, and replaced it with crystalloid.23 It was not until 
the advent of plastic bags that manual apheresis could be used 
routinely in humans. Between 1950 and 1980, manual apheresis 
was the primary source of plasma for fractionation.

In the 1970s and 1980s automated cell separator devices 
changed the approach to apheresis. This technology has become 
the routine collection method for many blood components and is 
used in the treatment of many diseases.2,24

In discontinuous centrifugal devices, anticoagulated blood is 
collected into a spinning disposable bowl. Centrifugal force causes 
red cells to move to the outside of the bowl, and platelet-rich 
plasma moves to the inside. White blood cells (WBCs) (buffy coat) 
settle in between. With optical detectors, the desired component 
is pumped into an attached plastic blood bag. The remaining com-
ponents are returned to the donor.

Continuous flow devices continuously subject incoming blood 
to a centrifugal force, establishing a standing cell gradient. The 
fraction(s) to be removed is pumped into a bag, and the rest 
is reinfused continuously. The extracorporeal blood volume is 
lower than with the discontinuous technique, and the procedure 
is faster. An increasing proportion of blood components are 
being collected using automated cell separation. These devices 
can collect multiple unit-equivalents of platelets, plasma, or red 
blood cells from one donation. Apheresis is the main source of 
plasma for fractionation because multiple units of plasma may 
be obtained without red cells and possible resultant iron defi-
ciency. Apheresis technology is now used to collect the majority 
of platelets in the US and in many regions apheresis platelets 
have entirely replaced platelets derived from whole blood units. 

Apheresis platelets have several advantages. Up to three thera-
peutic platelets doses (equivalent to 18 whole blood–derived 
platelet units) can be obtained from one apheresis donation. 
This minimizes possible recipient exposure to infectious agents. 
If a donor is large enough, it is possible to obtain two RBC unit- 
equivalents from one apheresis donation, returning plasma, 
platelets, and saline to the donor to minimize volume loss. Some 
apheresis devices can be programmed to collect any desired 
combination of red cells, plasma, or platelet products from the 
same donation. Apheresis technology is also used for therapeutic 
plasma exchange (TPE) and for collection of peripheral blood 
hematopoietic progenitor cells (HPCs) or donor lymphocytes, as 
discussed later in this chapter and in Chapter 102.2

Membrane filtration can be combined with apheresis to collect 
plasma. Blood is pumped over a membrane with a specific pore 
size that permits passage of plasma but not cells. Such devices have 
been used to collect plasma for fractionation or to perform TPE.

Complications of Donation
Most people easily tolerate blood donation but occasional prob-
lems arise, the most common of which are from venipuncture, 
consisting of bruises, soreness, and hematoma. These complica-
tions may be striking but usually resolve spontaneously. Nerve 
irritation and/or injury (0.02% to 0.9%) and arterial puncture 
(0.003% to 0.01%) are less common. Donors normally compen-
sate for volume loss by increasing heart rate and vascular resis-
tance, but 2% to 7% of donors experience vasovagal reactions, 
with syncope occurring in 0.1% to 0.3%. Fatigue (8%), nausea, 
and vomiting (1.1%) are also seen.25,26,27–29 Apheresis donors 
can develop transient symptomatic hypocalcemia (tingling or 
muscle cramps) from the citrate infused when anticoagulated 
blood components are returned to them. These symptoms are 
treated by slowing the flow of the device and or giving the donor 
oral calcium supplements.30 Intravenous calcium infusions are 
needed only during prolonged apheresis procedures such as those 
for HPC collection.24

Whole blood
Nutritive solution Empty bag

Red blood cells
Nutritive solution
added to RBCs

Plasma

Centrifuge
Freeze, thaw at 4�C

Hard spin for plasma production
Soft spin for platelet production

Fresh Frozen Plasma Platelets Plasma Cryoprecipitate
AHF
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550 Part iii Transfusion Medicine

Donor testing
Every blood donation undergoes a series of tests to determine 
its suitability for transfusion. In the United States, the following 
tests must be performed on every unit collected: ABO group and 
Rh type, red cell antibody screen, serologic tests for infectious 
markers including hepatitis B surface antigen (HBsAg), antibod-
ies to hepatitis B core (HBc) antigen, hepatitis C, HIV-1 and -2, 
human T-cell lymphotropic virus (HTLV)-I and -II, and syphilis, 
and nucleic acid tests for HIV-1 RNA, HCV RNA, and West Nile 
virus RNA.5 In 2010 the FDA recommended one-time testing of 
allogeneic donors for antibodies to T. cruzi (the causative agent 
of Chagas disease).31 Donor testing is discussed more fully later 
in this chapter.

Blood components are not released for transfusion unless all 
donor tests for infectious markers are negative.5 This extensive 
testing results in a delay of 24 to 48 hours from the time of col-
lection until an RBC component can be released for transfusion. 
Platelet products are typically not available until 36 to 48 hours 
after collection because of additional bacterial testing (see 
Bacterial Contamination).

red BLood ceLL PreserVaTion 
and sToraGe
RBCs are collected and stored in solutions that maintain their 
viability.

anticoagulant/preservative Solutions
Blood banking was not practical until anticoagulant and preserva-
tive solutions capable of preserving red cells in viable form were 
developed.

Citrate anticoagulant is used for essentially all transfusable 
blood components today. It chelates ionized calcium in blood, 
blocking calcium-dependent coagulation steps. After transfusion, 
citrate is readily metabolized by the liver.32

During World War I, a sodium citrate and glucose solution 
was developed that permitted blood storage for several days. This 
citrated blood was used to treat shock in British and American 
soldiers.32 During World War II, it was found that the addition 
of citric acid (acid citrate dextrose [ACD]) preserved RBCs for 
21 days. Continued efforts resulted in citrate phosphate dextrose 
(CPD) solution,33 a modified ACD, with added NaH2PO4 and a 
higher pH. Stored in CPD, red cell phosphate and 2,3-diphospho-
glycerate (2,3-DPG) are maintained at higher levels than in ACD; 
however, RBC viability was still only 21 days.

In the 1950s, it was noted that red cells that had lost their 
adenosine triphosphate (ATP) did not survive well during storage.34 
Nakao 35 showed that ATP content and posttransfusion viability of 
aged red cells could be improved by the addition of adenine, which 
allows the RBCs to maintain the adenine nucleotide pool. Simon et 
al. 36 described the maintenance of red cell ATP levels using preser-
vatives containing glucose and low concentrations of adenine, lead-
ing to the adenine-supplemented anticoagulants now in use.32,37

CPDA-1, which is CPD fortified with adenine, became avail-
able in the United States in 1978. It had been used extensively 
in Europe for several years before then. Initial concerns about 
potential toxicity of adenine proved to be unfounded. CPDA-1 is 
now a common anticoagulant-preservative and allows storage of 
RBC concentrates for 35 days.5

packed red Cells versus red Cells in additive 
Solutions
After whole blood is collected into CPD or CPDA-1, the red 
cells may be centrifuged, allowing removal of most of the 

plasma (“packed RBCs”). Approximately 20% of the anticoagulant- 
containing plasma must be left to provide metabolic substrate for 
RBCs during storage. Another approach to red cell preservation 
involves more complete removal of the anticoagulated plasma 
from the red cells (“dry pack”), followed by resuspension of the 
red cells in 100 ml of an additive solution. Such additive solutions 
contain saline, adenine, and glucose, with or without mannitol to 
decrease hemolysis. The storage of RBCs in additive solutions is 
extended to 42 days.2,32 RBCs in additive solution are now the 
most common preparations for transfusion. RBCs collected in any 
of the anticoagulants and preservatives must be stored at 1° to 6°C 
to maintain optimum function.5

Changes in red Cells during Storage
Stored liquid RBCs undergo biochemical and structural changes 
that have major influences on their viability and function after 
transfusion.32,38,39–41

Structural Changes
A number of red cell changes contribute to decreased cell viability 
after storage.38,40,41 RBCs are normally disc shaped. Soon after 
storage they become spherical with surface projections (spher-
oechinocytosis). Later defects include loss of membrane lipids and 
protein, as well as alterations in structural proteins. Loss of mem-
brane deformability correlates with viability.39 The more severe 
membrane changes are irreversible and probably contribute to 
decreased posttransfusion RBC survival.38,40

Blood bag plasticizers appear to influence membrane stability. 
Red cells are stored in polyvinyl chloride (PVC) bags that contain 
the plasticizer di-2-ethylhexylphthalate (DEHP). Morphologic 
deterioration is greater in RBCs stored in containers that do 
not have DEHP, with increased hemolysis and loss of deform-
ability, suggesting that DEHP has a direct membrane stabilizing 
effect.42,43 Adding DEHP can both prevent and repair deteriora-
tion of stored red cells, with many of the spherical cells reverting 
to normal discoid morphology.44 However, concerns have been 
raised about potential toxic effects of DEHP. Efforts are being 
made to find alternatives to DEHP.45

Biochemical Changes
During storage, red cells metabolize glucose, producing lactic and 
pyruvic acid, resulting in lower pH and decreased glycolysis. As 
glycolysis slows, RBC ATP content falls. Because human RBCs con-
tain no enzymes to synthesize adenine or other purines de novo, 
the nucleotide pool gradually becomes exhausted. In the presence 
of adenine, ATP may be regenerated. Understanding this has led 
to prolonged RBC storage by the addition of exogenous adenine 
and inorganic phosphate, both of which improve the cells’ ability 
to regenerate ATP.32

Red cells lose potassium and gain sodium during storage. 
This is because the Na+-K+ gradient is normally maintained by a 
Na+-K+ ATPase that does not function well at 4°C. Gamma irra-
diation of red cells to prevent graft-versus-host disease (GVHD) 
(see section GVHD) doubles the rate of potassium leakage.46,47 
Red cells reabsorb potassium after transfusion.48

Red Cell 2,3-Diphosphoglycerate
Another significant change in stored RBCs is 2,3-DPG depletion, 
which decreases RBC oxygen delivery.32,49,50 In blood preserved 
in ACD, 2,3-DPG drops to below 50% within 48 hours. In CPD, 
CPDA-1, and additive solution–stored red cells, 2,3-DPG is bet-
ter maintained but is still depleted after about 2 weeks. Studies 
show that if RBCs are cooled down rapidly to 17 to 18 degrees C 
within 1 hour after collection, the fall of 2,3-DPG can be delayed 
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significantly.51 2,3-DPG levels improve rapidly within the first 
6 hours after transfusion, and return to near-normal levels within 
24 hours.48,52

The clinical implications of transfusion of blood with decreased 
2,3-DPG content is controversial 32,53 The oxygen dissociation 
curve of cells that are 2,3-DPG–depleted is shifted to the left, 
resulting in increased hemoglobin oxygen affinity and decreased 
tissue oxygenation. These changes are thought to be of limited 
clinical significance because the stored red cells rapidly regain 
their 2,3-DPG in the circulation. In select patients, such as those 
in shock, lower RBC 2,3-DPG levels may have a negative effect. 
However, the acidosis that may be present in such patients 
shifts the oxygen dissociation curve to the right. Because of 
such compensatory mechanisms, the need for blood specifically 
altered to preserve or reconstitute red cell 2,3-DPG has not been 
demonstrated.

rejuvenating Solutions
A number of chemical agents—dihydroxyacetone,54 pyruvate,55 
phosphoenolpyruvate,56 and inosine 57—are capable of main-
taining near-normal red cell 2,3-DPG content during storage, or 
of replenishing 2,3-DPG after storage. Although none of these 
chemicals are likely to be used in transfusion because of their side 
effects, studies with these agents have resulted in the development 
of rejuvenating solutions.

Rejuvenating solutions contain pyruvate, inosine, glucose, 
phosphate, and adenine, and may be added to red cells up to 
3  days after the expiration date. Treatment with rejuvenating 
solutions corrects the metabolic defects of the red cell, with a 
return to normal levels of ATP and 2,3-DPG. These rejuvenated 
red cells may either be washed and transfused within 24 hours 
or frozen for later use.2 Such rejuvenated red cells have a nor-
mal survival and oxygen affinity.58–60 In practice, rejuvenation is 
rarely performed.

In Vivo recovery of Stored red Cells
After transfusion of stored blood, red cells that have developed 
lethal degrees of damage are removed promptly from the circulation 
of the recipient. Red cells that survive the first 24 hours after trans-
fusion have normal survival thereafter.61,62 Therefore, the criterion 
by which the adequacy for transfusion of banked blood is assessed 
is the proportion of transfused red cells that remain in circulation 
at 24 hours after transfusion. Generally, 75% survival at 24 hours is 
considered evidence of adequate viability; the anticoagulant systems 
in current use readily achieve this goal. Work to develop optimal 
additive solutions capable of maintaining red cell ATP and 2,3-DPG 
levels and to prolong red cell storage time continues.

Clinical Implications of Stored Blood
Whether the age of transfused blood affects clinical outcomes 
is highly controversial, with many studies coming to different 
conclusions 63,64 For a variety of complex methodologic reasons, 
the ability of even well-designed randomized controlled trials to 
demonstrate significant clinical differences based on the age of 
transfused blood has been questioned.65

Frozen red Cells
Red cell freezing is a labor-intensive process that is used primar-
ily for storing rare blood types or prolonged storage of autologous 
red cells in the event of planned or postponed surgery. Glycerol 
is gradually added to the red cells as a cryoprotectant to a final 
concentration of 40% (weight/volume). The cells are then frozen at 
–65°C or colder for up to 10 years. Immediately after thawing, an 
automated cell processor must be used to wash the glycerol from 

the cells. The washed cells are resuspended in isotonic saline and 
glucose. In most cases, postthaw storage is limited to 24 hours 
because an open system is used to process the cells.2 However a 
closed system maintaining sterility has been developed and RBCs 
processed in this manner can be stored in a refrigerator for up to 
2 weeks after thawing.66,67

Potential new technologies for RBC biopreservation are now 
under investigation, such as hypothermic storage and lyophiliza-
tion. Hypothermic red cell storage potentially maintains higher 
levels of 2,3-DPG but still requires improvements. Lyophilization 
of red cells potentially would allow stable, indefinite, room tem-
perature storage and would be ideal for remote storage and mili-
tary applications. These methods have still not been sufficiently 
developed.68

PLaTeLeT PreParaTion and 
sToraGe

preparation of platelet Concentrates
Platelets, like erythrocytes, are actively metabolizing cells and 
require specific conditions for their preparation and storage to 
optimally maintain viability and function.69,70 They are prepared 
for transfusion either as platelet concentrates from whole blood or 
by apheresis. Although the preparation differs, both products are 
stored under the same conditions.

Platelet concentrates may be prepared from whole blood col-
lected into bags with satellites (Fig. 21.1). The anticoagulants in 
current use, CPD and CPDA-1, are satisfactory for preparation of 
platelet concentrates. The whole blood is kept at room tempera-
ture and must be processed within 8 hours of collection. The unit 
of whole blood is centrifuged at low speed at room temperature, 
and the supernatant, platelet-rich plasma is expressed into a sat-
ellite bag. The supernatant is centrifuged again to further concen-
trate the platelets. Most of the supernatant platelet-poor plasma is 
expressed, and after 1 hour, the platelets are gently resuspended 
in the remaining plasma (50 to 60 ml). Approximately 60% to 75% 
of the donor platelets, or a minimum of 5.5 × 1010 platelets/unit, 
are recovered.71

In Europe and Canada, whole blood platelet concentrates are 
prepared from the buffy coat.2 Briefly, the whole blood unit is 
spun inverted at high speed, and the platelet-poor plasma and 
the buffy coat are withdrawn, each into its own satellite bag. 
The buffy coat is then centrifuged at low speed to separate the 
platelets from the red and white cells. The functional quality of 
these platelets is comparable to those prepared by the American 
method.71 Platelet concentrates prepared from buffy coat contain 
fewer white cells than those prepared from platelet-rich plasma, 
although filtration is necessary to meet the European standards 
for leukoreduced products. In some European countries, platelet 
concentrates are pooled, resuspended in an additive solution, 
and filtered before storage.72 In the United States and Canada, 
the pooling of platelets before storage has been evaluated73,74,75; 
currently, only one system has been FDA-approved for this use 
in the US.76

apheresis (pheresis) platelets
In the US the majority of platelets are collected from single donors 
by apheresis using the automated collection devices described 
earlier.2 Platelets collected in this way must contain at least 3 × 
1011 platelets in approximately 300 ml of plasma by AABB stan-
dards. This is equal to about six whole blood platelet concentrates. 
With improved apheresis technology many platelets collections 
are so abundant that they can be split into multiple products that 
still meet the 3 × 1011 requirement. Apheresis platelets are leuko-
cyte-reduced by the collection technology. Because the procedure 
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is carried out in a closed system, the platelets can be stored for 
5 days in the appropriate plastic bag.2,5,77 Apheresis platelets are 
usually collected from random donors but can also be collected 
from HLA-compatible donors to support alloimmunized patients. 
There is no significant functional difference between apher-
esis platelets and those from whole blood donations.75 However, 
pheresis platelets typically contain fewer WBCs and, therefore, are 
less likely to cause febrile transfusion reactions than whole blood–
derived platelet concentrates,78,79 unless these concentrates have 
been leukoreduced prior to storage.80,81 The use of apheresis 
platelets also results in fewer donor exposures for recipients.

platelet Storage and Functional Integrity
Platelet products must be kept under specific conditions to ensure 
optimal recovery and function. Unlike red cells, platelets stored at 
4°C undergo shape changes and lose their viability. Platelet sur-
vival and function are optimized by storage at room temperature 
(20° to 24°C).82,83 During storage, platelets metabolize glucose to 
lactate and hydrogen, which are buffered by bicarbonate present 
in the plasma, resulting in a release of CO2. The nature of the 
bag in which platelet concentrates are stored is important. The 
plastics used in the early era of platelet transfusion were made of 
PVC and plasticizers and were not permeable to O2 and CO2. In 
these bags, stored platelets become depleted of oxygen, resulting 
in a shift from oxidative to glycolytic metabolism, with increased 
lactate generation, decreased pH, and decreased platelet viability. 
As the pH decreases below 6.2, platelets undergo shape change, 
are damaged, and show reduced in vivo recovery. The platelets 
could not be stored for longer than 72 hours in the PVC bags. 
The plastic blood bags currently in use are more gas permeable. 
This permits continued oxidative metabolism and prolongation 
of storage time.84–86 Although platelet viability is maintained for 
up to 7 days in the new plastic containers,87,88 storage of platelet 
concentrates at room temperature is currently approved for only 
5 days in the US because of the risk of bacterial growth.89,90 
Viability is best preserved if the platelets are gently agitated dur-
ing storage. Platelets must be stored in sufficient plasma to main-
tain a pH greater than or equal to 6.2.5

Even under optimum storage conditions, platelets, like red 
cells, develop a storage lesion.91 After storage at room tempera-
ture, the changes that occur in the platelets include decreased 
aggregation in response to single platelet agonists such as 
adenosine diphosphate, and reduction in adenosine diphosphate 
and ATP content both in granules and in the metabolic pool. 
Beta-thromboglobulin and platelet factor-4 are released, and 
both dense and alpha-granules are depleted. There is increased 
surface expression of P-selectin (CD62), a molecule derived from 
the alpha-granule membrane of the resting platelet. Platelets may 
develop morphologic changes and impaired responses to hypo-
tonic shock. It has been difficult, however, to correlate the clinical 
response to platelet transfusions with specific in vitro findings.

The in vivo effectiveness of stored platelets is dependent on 
the recovery of transfused platelets in the circulation of recipients. 
This has been assessed through platelet recovery and survival 
studies in normal volunteers using autologous radiolabeled plate-
lets.92 Platelet recovery is the percentage of transfused platelets 
that are found in circulation immediately after transfusion. Even 
when fresh platelets are transfused, only about two thirds of the 
transfused platelets are recovered in the circulation93; the remain-
ing 30% to 40% are pooled in the spleen.94 At the end of storage, 
mean platelet recovery is approximately 40% to 50%.86,95 After 
the initial recovery, there is little difference in survival of fresh 
versus stored platelets; both show a half-life of 3 to 5 days in 
healthy adults.83 In patients, however, the observed recovery and 
survival of transfused platelets are often substantially lower than 
these figures (as discussed in the section Dosage and Expected 
Response).

The in vivo hemostatic efficacy of transfused platelets is dif-
ficult to assess. The use of bleeding times in thrombocytopenic 
patients as an indicator of function is not of value because of great 
variability in technique and lack of reproducibility of results.96 
Function is best assessed through clinical assessment of hemo-
stasis.97 The clinical response generally correlates with the post-
transfusion platelet increment.

Platelet Additive Solutions
Platelet additive solution (PAS) use is less developed than addi-
tive solutions for RBCs, especially in the US. Removal of variable 
amounts of plasma and storage of platelet in PAS has many 
potential advantages, including optimized survival, decreased 
adverse reactions (e.g., allergic, febrile, TRALI), and pathogen 
inactivation.98

PAS generally contain acetate, which functions both as a 
metabolic substrate and as a buffer. Platelets stored in one of 
these solutions (platelet additive solution-2) showed increased 
P-selectin expression and decreased in vivo recovery compared to 
platelets stored in plasma 72,99; moreover, platelets stored in the 
additive solution resulted in lower transfusion responses.99,100 
Another solution, platelet additive solution-3, however, appears 
to show suitable preservation of platelet function for 7 days and is 
now in use in both Europe and the US. Platelet additive solutions 
are included in the pathogen reduction systems for platelets that 
are approved in Europe. These systems include exposure of the 
platelets to pathogen reduction agents and UV light, as discussed 
later in this chapter. This processing appears to be associated 
with some loss of platelet product potency, but the clinical impor-
tance of these changes is unclear.101,102

Frozen Platelets
Frozen storage of platelets has been investigated and a potential 
role of such preparations has been established only for patients 
with alloantibodies for whom satisfactory donors cannot be found. 
Autologous platelets may be frozen using dimethyl sulfoxide as the 
cryoprotective agent. In vitro recovery of frozen and thawed plate-
lets and posttransfusion increments may be satisfactory for clini-
cal use, although only approximately half of the platelets survive 
the freeze-thaw process.103,104 This recovery may be improved 
by combining a platelet additive solution with a reduced concen-
tration of dimethyl sulfoxide.105 Theoretically, autologous frozen 
platelet transfusions may permit support of highly alloimmunized 
patients through periods of chemotherapy-induced myelosuppres-
sion.104,106 Currently, frozen platelets are not available for clinical 
use; however, studies are beginning to evaluate preserving plate-
lets by freeze-drying with trehalose.107,108

PreParaTion of PLasMa 
coMPonenTs
Plasma is obtained from whole blood donations and apheresis 
collections. The plasma may be used for transfusion, further 
 processed by the blood center into cryoprecipitate, or sent to 
 commercial facilities for manufacturing into plasma derivatives.

plasma Components for transfusion
Plasma components such as FFP and cryoprecipitate are pro-
duced from individual volunteer blood donations and are briefly 
described here. As noted earlier, transfusable plasma units are not 
typically made from donors with an increased likelihood of hav-
ing antibodies to WBC (e.g., women or women with a history of 
pregnancy); this strategy reduces the TRALI risk associated with 
plasma transfusion.
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Fresh Frozen Plasma, Plasma Frozen within 
24 Hours (FP24)
Fresh frozen plasma (FFP) is prepared by separating citrated 
plasma from whole blood and freezing it within 8 hours of collection 
or by freezing citrated apheresis plasma within 6 hours of  collection. 
Each unit of FFP prepared from whole blood contains approxi-
mately 200 ml of plasma. Apheresis plasma may be packaged into 
200- or 400-ml bags. FFP may be stored at –18°C or below for up to  
1 year. Under these conditions, there is minimal loss of activity of the 
labile coagulation factors V and VIII. One milliliter of FFP contains 
approximately one unit of coagulation factor activity. After thawing, 
FFP may be stored in the refrigerator for up to 24 hours before use.

A product called “Plasma frozen within 24 hours after phlebot-
omy” (FP24) has largely replaced FFP production in the United States. 
As discussed earlier, TRALI mitigation strategies have restricted 
the donations from which transfusable plasma units can be made. 
In order to maintain a sufficient supply of plasma components for 
transfusion, most blood collection facilities in the US are labeling 
their plasma units as “Plasma frozen within 24 hours after phle-
botomy” rather than “FFP.” This labeling permits blood centers to 
make transfusable plasma units from donations that reach the com-
ponent processing facility more than 8 hours after collection. The 
content of FP24 is identical to that of FFP except that the Factor VIII 
 content may be reduced to 80% that of FFP.109,110,111 This Factor 
VIII content is more than sufficient for the therapeutic applications in 
which plasma is utilized, e.g., trauma, liver disease, warfarin reversal, 
etc. Therefore, FFP and FP24 are typically used interchangeably.112

Liquid Plasma, Thawed Plasma
Liquid plasma is a term for plasma that is separated from whole 
blood and stored at 1°C to 6°C without freezing. Thawed plasma is 
a term for FFP or FP24 that is thawed and stored in the refrigera-
tor for up to 5 days after thawing. The only significant difference 
between these products and FFP/FP24 is the content of the labile 
coagulation factors (V and VIII).

After 5 days of refrigerated storage, Factor VIII and V levels are 
at about 65% to 75% of their original levels. After 28 days’ storage, 
Factor VIII activity is approximately 40% of normal and Factor V 
levels approximately 50% to 60% of normal. Other coagulation 
factors, including fibrinogen, ADAMTS 13, and factors II, VII, 
IX, X, and XIII, are generally stable under refrigerated storage 
conditions.112,113,114–116,117

Liquid plasma or thawed plasma should not be used for clot-
ting factor replacement in patients who have specific deficiencies 
of factor V or VIII. However, these products can be used for plasma 
replacement in massively bleeding patients, as these products 
will still maintain clinically hemostatic factor levels in the patient 
(i.e., 30% of normal). Because Vitamin K-related  factors are not 
depleted during refrigerated storage, these prolonged storage 
products would be equivalent to FFP or FP24 for warfarin reversal.

Plasma, Cryoprecipitate Reduced
This is the supernatant remaining after removal of cryopre-
cipitate from FFP (see “Cryoprecipitated Antihemophilic Factor”). 
Storage conditions are the same as for FFP. This product is defi-
cient in fibrinogen, Factor VIII, von Willebrand factor (vWF), and 
 factor XIII. Cryoprecipitate-reduced plasma was initially thought to 
be superior to FFP for treatment of TTP because of its lower vWF 
content. Randomized studies have verified that this fluid is thera-
peutically effective for TTP; however, it is not superior to FFP.118

Cryoprecipitated Antihemophilic Factor
Cryoprecipitated AHF, or cryoprecipitate, is an extract of FFP 
that is enriched in high-molecular-weight plasma proteins. 

It  is prepared by thawing one unit of FFP at 1°C to 6°C. Under 
these conditions, the high-molecular-weight proteins remain 
as a precipitate. The precipitated protein is concentrated by 
 centrifugation, and all except approximately 15 ml of supernatant 
is removed. The remaining 15 ml and the precipitate are refrozen. 
Each unit of this cryoprecipitate contains approximately 80 to 
120 units of Factor VIII and at least 150 mg of fibrinogen. It also 
contains factor XIII, fibronectin, and the high-molecular-weight 
multimers of vWF.

Cryoprecipitate was originally developed for the treatment 
of hemophilia A. It is no longer the treatment of choice for that 
disorder, because less infectious alternatives are available. At 
the present time, cryoprecipitate is most often used for correc-
tion of hypofibrinogenemia (<100 mg/dl) in bleeding patients. 
Cryoprecipitate has also been used topically, along with thrombin 
and calcium, as a “fibrin glue.” However, commercial products 
that are much more effective as topical hemostatic or sealant 
agents are now available. A commercial fibrinogen concentrate 
for intravenous infusion is available, but as of April 2012 this 
product was approved in the US only for treatment of congenital 
fibrinogen deficiency.

The typical dose of cryoprecipitate of one unit per 5 to 10 kg 
can be expected to raise the recipient’s fibrinogen level by approx-
imately 70 mg/dl.2,3 Multiple units of cryoprecipitate are often 
pooled before administration.

Commercial plasma Derivatives
Commercial plasma derivatives are made from pooled plasma 
collected from hundreds or thousands of donors. In the United 
States, paid plasmapheresis donors provide most of the plasma 
derivatives, but excess (“recovered”) plasma from volunteer whole 
blood donations is used also. Plasma units are pooled and frac-
tionated into a number of purified proteins. The most commonly 
used fractionation procedure is based on Cohn’s cold ethanol 
fractionation process, developed in the 1940s.119 As the tempera-
ture, ionic strength, pH, and ethanol concentration are varied, 
plasma can be separated into several fractions. Fraction I contains 
Factor VIII and fibrinogen, fraction II contains the immunoglobu-
lins, and fraction V contains albumin. Fractions III and IV contain 
a number of other coagulation factors and proteins. Although 
other approaches such as ion-exchange chromatography have 
been applied to the preparation of certain plasma products, 
Cohn’s method remains the standard.

Because the plasma pools used for the production of plasma 
derivatives are derived from many donors, contamination with 
infectious agents is common. All plasma derivatives are treated 
by methods demonstrated to inactivate HIV, HCV, and hepatitis B 
virus (HBV), such as prolonged heat and treatment with organic 
solvents and detergents, which inactivates lipid-coated viruses. 
Pooled plasma products, however, could still transmit infectious 
agents that lack a lipid coat and that are resistant to heat. Human 
parvovirus B19 is one such agent. The FDA requires screening 
for, and exclusion of, donations that contain high titers of the 
B19 virus,120 but low levels of B19 virus can still be present in 
the pools. Many plasma derivatives undergo additional purifi-
cation steps such as affinity chromatography, precipitation, or 
nanofiltration that would further reduce their contamination by 
infectious agents.119,121

There are many commercial plasma derivatives available. 
Some examples are described in the following.

Solvent/Detergent-treated Plasma
Solvent/detergent-treated plasma is made from hundreds or 
thousands of units of FFP that have been thawed, pooled, sub-
jected to treatment with organic solvents and detergents, filtered, 
and refrozen.122 The product was developed to reduce the risk 
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of transmitting enveloped viruses, such as HIV, HCV, and HBV. It 
appears to be therapeutically equivalent to FFP.122 A version of 
this product introduced in the US in the late 1990s was withdrawn 
after reports of thromboembolic complications. European ver-
sions of this product, however, are in current use and have a good 
safety record. In contrast to individual plasma units, this pooled 
plasma product has not been associated with transfusion-related 
acute lung injury (TRALI), presumably because of dilution of anti-
bodies from individual donors during plasma pooling.

Coagulation Factor Concentrates
The coagulation factor concentrates, both the recombinant prod-
ucts and those made from plasma, are discussed in detail 
elsewhere as part of the management of inherited or acquired 
coagulation disorders (see Chapters 53 and 54). Recombinant 
coagulation products are used when available; these include 
Factors VIII, IX, and VIIa. Some factors are available only as 
plasma-derived concentrates, including fibrinogen and protein C.

Immunoglobulins
Intramuscular immune globulin preparations are prepared from 
pooled plasma by cold ethanol fractionation. They contain dimeric 
and polymeric IgG, artifacts of the fractionation procedure, which 
are capable of nonspecifically activating complement by both 
the classic and alternative pathways. This mechanism probably 
explains the major adverse effects that occur if these products are 
administered intravenously.119 Products labeled for intramuscular 
use must therefore not be given intravenously.

Intravenous immune globulin preparations (IVIGs) are pro-
duced by various chemical modifications designed to decrease the 
aggregation of IgG. Nonspecific complement activation is reduced, 
whereas the ability of the Ig molecules to interact with pathogenic 
organisms and complement is retained. Many of these products 
may also be administered subcutaneously.

Nonspecific immune globulin preparations contain a broad 
spectrum of antibodies naturally present in the donor population. 
They are most often used for treatment of primary immunodefi-
ciency or as immune modulators.123 Immune globulins against a 
particular target are derived from the plasma of donors selected 
for high concentrations of antibodies to that target. Such prepara-
tions include Rh immune globulin, hepatitis B immune globulin, 
and Varicella zoster immune globulin.

IVIGs have been associated with some adverse reactions, 
including renal failure, hemolysis, and thrombotic events. Both 
IM and IV immune globulin products should be used with caution 
in patients with IgA deficiency, because they may contain small 
quantities of IgA.

BLood coMPonenT ModificaTion

Leukocyte reduction
When whole blood is separated by centrifugation, WBCs sedi-
ment at the interface between red cells and platelet-rich plasma. 
Therefore, WBCs typically contaminate both red cell and platelet 
components, with concentrations of WBCs approximately 109/
product. WBCs in blood components can mediate febrile transfu-
sion reactions, stimulate HLA alloimmunization in transfusion 
recipients, and transmit some cell-associated pathogens such as 
cytomegalovirus (CMV).124 Therefore, it is desirable to remove 
WBCs from transfusable blood components.

Historically, several methods have been used to reduce the 
number of WBCs in transfusable blood components. Relatively 
nonspecific methods were used initially, including saline wash-
ing of red cells or physical separation of the WBC layer (buffy 

coat) from the RBCs.124 Later, microaggregate filters were used 
to remove WBCs after centrifugation.125 These methods resulted 
in white cell reduction of 70% to 90% and were effective in pre-
venting most febrile reactions to red cells. Freezing and deglyc-
erolization of red cells have also been used to remove WBCs and 
result in approximately 2-log WBC removal. Ultimately selective 
leukoreduction filters were developed that can reduce WBCs from 
blood components by 3 or more logs. These synthetic fiber filters 
remove WBCs by a combination of mesh density, chemical attrac-
tion, and active adhesion.124 All leukocyte-reduced red cells are 
now produced using these special filters and, by FDA criteria, 
have less than 5 × 106 WBCs/unit and at least 85% of the original 
RBC component.

Leukofiltration of RBC components may be performed at the 
blood collection center, in the hospital transfusion service, or at 
the bedside. Filtration prior to storage reduces WBC breakdown 
products in the blood component and there is some evidence that 
RBC viability is better preserved. The clinical importance of these 
benefits has not been demonstrated.124 In practice, most RBC 
leukofiltration is performed by blood collection centers within the 
first few days after collection.

Apheresis platelets usually contain very few WBCs and usually 
qualify as leukoreduced (<5 × 106 WBCs) without the need for 
filtration. In contrast, whole blood–derived platelet concentrates 
contain large numbers of WBCs, and many of the febrile transfu-
sion reactions to these products appear to be due to cytokines 
produced by the WBCs in these products during storage.126,127–129 
Therefore, removal of WBCs from whole blood–derived platelet 
concentrates before storage is beneficial. One system is approved 
in the US that allows prestorage leukocyte reduction and pooling 
of whole blood platelets.

The use of leukoreduced products has evolved over the last 
decade or two. Initially these products were indicated for patients 
with a history of febrile, nonhemolytic transfusion reactions, 
to reduce the risk of HLA alloimmunization, and as an alterna-
tive to cytomegalovirus (CMV) antibody screening of donors to 
reduce the risk of transfusion-transmitted CMV. Now the use of 
leukoreduced products has become nearly universal, although the 
medical necessity of universal leukoreduction remains somewhat 
controversial.130

Washed products
Saline washing with automated cell washers can be used to reduce 
the amount of plasma in cellular blood products. These washers 
are capable of removing approximately 99% of plasma proteins 
from red cell products.2 Although cell washing was previously also 
used for leukocyte reduction, it is no longer used for this purpose. 
Today, washing is primarily used to reduce incompatible plasma 
and also prevent severe allergic reactions (which are thought to 
be triggered by donor plasma proteins). Washing is also used to 
reduce RBC supernatant potassium, which may be required prior 
to massive or rapid infusion of stored RBC to neonates. Washing 
on an automated cell processor takes 30 to 45 minutes/unit. 
Because the washing procedure is usually performed in an “open” 
system, the red cells have only a 24-hour shelf life after washing. 
A closed processing system has been developed that may permit 
longer storage of washed cells.66 Although many facilities perform 
red cell washing, few offer washed platelets. Use of automated 
cell washers to wash platelets has been described.2 However, in 
practice, it may be difficult to ensure adequate platelet recovery 
and viability after washing.

Irradiation of Blood products
Gamma irradiation of cellular blood components is used to prevent 
transfusion-related GVHD by impairing the proliferative capacity 
of lymphocytes in the blood component. The recommended dose 
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for the irradiation of blood and blood products is 2500 cGy at the 
center of the irradiation field, with a minimum dose of 1500 cGy 
at any point in the field.5,131 This dose of radiation has no signifi-
cant adverse effect on red cell, platelet, or granulocyte function. 
However, there are changes in the red cell membrane that result 
in an increased loss of potassium from the cell, limiting the stor-
age time of red cell concentrates to 28 days.46,47 The amount of 
accumulated free potassium in the supernatant of irradiated red 
cells may be clinically important in massive transfusion, especially 
in the neonate.132 It may be desirable to irradiate proximate to 
transfusion, or wash stored irradiated RBCs if massive transfusion 
of irradiated products is required for a patient at risk for hyperka-
lemia. The dose of irradiation used for cellular blood components 
is not sufficient to inactivate pathogens.133 The irradiation doses 
required for pathogen inactivation would irreparably damage 
blood components.

aLTernaTiVes To aLLoGeneic 
donor BLood

autologous Blood
Autologous blood donation is blood donated by a patient, intended 
for transfusion back into the same patient. Blood collected for 
autologous use is not released to other patients.

Use of a patient’s own (autologous) blood may reduce or 
eliminate the need for allogeneic blood. There are three types of 
autologous blood collection procedures. In preoperative autolo-
gous donation (PAD), patients donate one or more units of blood 
to a blood bank during the weeks preceding an elective procedure. 
In acute normovolemic hemodilution (ANH), blood units are col-
lected in the operating room immediately prior to surgery. In 
autologous blood cell salvage, blood lost during or after a surgical 
procedure is salvaged for reinfusion.

Preoperative Autologous Donation
Preoperative blood donation (PAD) is most often used for patients 
who are expected to require transfusion during elective surgery. 
It is also used in patients for whom crossmatch-compatible blood 
cannot otherwise be made available, as in patients with rare blood 
groups or with multiple alloantibodies. For autologous collections, 
the donor eligibility criteria are not as stringent as for allogeneic 
donors. The key consideration is whether the patient can tolerate 
the acute withdrawal of a unit of whole blood representing 10% 
to 15% of their blood volume. Patients with significant cerebral 
or cardiac disease should be evaluated before they are enrolled 
in a PAD program. Children are also eligible for autologous blood 
donation, but the volume of blood collected and anticoagulant 
used must be adjusted to body weight.

An autologous donor may donate blood every 3 days as long as 
the donor’s hemoglobin remains at or above 11 g/dl. An “aggres-
sive” donation schedule stimulates a more substantial endogenous 
erythropoietin response, with the potential for more autologous 
units collected or a higher patient hemoglobin at surgery.134 In 
most instances, the units of blood are stored in the liquid state 
for up to 35 to 42 days. They may be frozen if a longer interval 
between donation and surgery is required, but this significantly 
increases the cost and is not routinely recommended.135,136

All autologous collections must be tested for ABO group and Rh 
type. The units must be labeled For Autologous Use Only. If autol-
ogous blood is to be transfused at an institution that is not the 
collecting facility, the blood unit must be tested for transfusion-
transmitted infectious diseases.5 Units with reactive infectious 
disease tests must be labeled with biohazard labels. Regulators 
permit the use of autologous units with positive infectious disease 
tests. However, some hospitals do not accept such units because 

of concerns related to the risk of accidental transfusion of the unit 
into the wrong patient.

PAD is not necessarily beneficial to the patient. There is a 
reported 12-fold increase in the number of autologous donors 
hospitalized after a donation compared to allogeneic donors, 
with an increased risk in the elderly.137 Iron supplementation 
is recommended, but may not be sufficient to prevent anemia, 
especially if the last unit of autologous blood is collected <7 days 
preoperatively. This anemia may increase the patient’s likelihood 
of requiring transfusion.138 PAD is expensive and the logistics of 
collecting and shipping the blood in the desired timeframe are 
complex. Autologous blood may be wasted or transfused unneces-
sarily, particularly if collected for procedures in which transfusion 
is rarely needed.139,140

Transfusion complications such as bacterial contamination, 
febrile nonhemolytic transfusion reactions (FNHTRs), allergic 
reactions, and volume overload can occur with autologous trans-
fusion.141 The possibility of an accident or error such as the trans-
fusion of the wrong unit or an allogeneic unit into the autologous 
donor/patient has been reported to be as high as 1.2%.142 The 
cost-effectiveness of PAD is has been questioned, given its high 
cost, risks, and limited benefit.143

Acute Normovolemic Hemodilution
The second approach to autologous blood procurement involves 
the withdrawal of blood immediately before the surgical proce-
dure and replacing the blood with crystalloid, colloid, or both, 
thereby acutely lowering the patient’s hematocrit.139,144 The 
blood lost during surgery is therefore relatively dilute, reducing 
total red cell loss. The higher hematocrit blood withdrawn imme-
diately prior to surgery is used for transfusion. Patients most 
likely to benefit from this maneuver are those with anticipated 
large surgical blood losses who can tolerate low intraoperative 
hematocrits.145,146

Units collected by ANH can be stored at room temperature for 
up to 8 hours or at 1°C to 6°C for up to 24 hours.147 The blood 
so collected does not undergo any storage-related changes. The 
relative efficacy of ANH in comparison to other blood conservation 
techniques has been debated.146,148,149 The cost of ANH is signifi-
cantly less than that of PAD because there is little incremental cost 
associated with collecting the blood and no required testing.149

Intraoperative and Postoperative Salvage  
and Reinfusion
A third approach to autologous transfusion is the collection 
and retransfusion of blood lost during or after surgery.2,150 
Perioperative salvage has been shown to be effective in reducing 
the need for allogenic blood in a variety of surgical procedures. 
The AABB publishes Standards for Perioperative Autologous 
Blood Collection and Administration, which provide guidance for 
use of these blood conservation options.147

There are two basic techniques available. Intraoperatively, an 
anticoagulated vacuum suction device can be used to collect blood 
from the surgical field and deliver it to a centrifuge- like device 
that washes the shed blood with saline before it is reinfused. 
Only red cells are salvaged by this method (platelets and plasma 
are lost). There has been concern about the safety of reinfusing 
materials suctioned from obstetric, cancerous, or contaminated 
surgical fields. Published experience to date, however, suggests 
that reinfusion of salvaged cells after processing with leukore-
duction filters may be safe in these settings.151 Postoperatively, 
blood shed into joints or body cavities can be collected into sterile 
containers. The salvaged material must be filtered to remove fat 
and particles, and may then be reinfused either directly or after 
washing. The shed fluid contains red cell stroma, free hemoglo-
bin, activated clotting factors, and fibrin degradation products. 
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It appears that there is not an increased risk associated with infu-
sion of unwashed shed blood if the volume reinfused is limited to 
approximately 1 L. There is little value to salvaging shed blood 
in settings where the volume of fluid drained from the surgical 
site is small or has a low hematocrit. Because these devices are 
expensive, patient selection is important.152

erythropoiesis Stimulating agents
Erythropoiesis stimulating agents (ESA) have been used to 
stimulate red cell production in patients, either to increase the 
number of units that can be collected preoperatively 134,153,154 
or to increase preoperative red cell mass.155 The use of epoietin 
alfa has been approved to facilitate autologous blood donation in 
the European Union, Canada, and Japan, but not in the United 
States.156 Epoietin alfa has also been approved for perisurgical 
use in anemic patients (Hgb ≤13 g/dl) in the US and Canada.

artificial Oxygen Carriers
Some aspects that make the artificial oxygen carriers particularly 
appealing include: the prospect of being free of most or all of the 
infectious risks of allogeneic blood; no need to perform blood 
grouping and cross match; extended shelf life and possibility of 
storage at room temperature; the potential for a virtually unlimited 
supply; and the possibility of development of homogeneous and 
standardized products with controlled characteristics optimized 
to achieve the goal of oxygen delivery without raising all other 
complexities of allogeneic blood.157–160 No artificial oxygen carrier 
is currently approved by the FDA for clinical human use in the US.

Perfluorocarbon (PFC) emulsions boost oxygen delivery by 
increasing the amount of dissolved oxygen. Use of these oxygen 
carriers must be coupled with oxygen and increased FiO2 to 
further increase the amount of dissolved oxygen. The PFCs that 
reached clinical trials include Fluosol-DA (Alpha Therapeutics, Los 
Angeles, CA) and Oxygent (Alliance Pharmaceutical Corporation, 
San Diego, CA). Fluosol-DA was initially used to improve oxygen 
delivery to the heart muscle during percutaneous translumi-
nal coronary angiography, but it was subsequently withdrawn 
because of difficulties in storage and preparation, and lack of 
utilization in angioplasty.

Hemoglobin-based oxygen carriers (HBOCs) increase the oxy-
gen delivery by increasing total hemoglobin. Despite being an 
effective oxygen carrier, vasoconstriction (initially attributed to 
extravasation of the HBOC to interstitial space and scavenging 
nitric oxide)161, hypertension, and renal, pancreatic, and liver 
injury have been described as complications. Approaches such as 
purification, polymerization, cross-linking, conjugating with other 
macromolecules, and encapsulating in vesicles or other nanopar-
ticles have been pursued to minimize toxicity and associated 
complications in subsequent generations of HBOCs.162

A 2008 meta-analysis of 16 trials on 5 different HBOCs indi-
cated that regardless of the individual product or indication 
studied, HBOCs are associated with significantly higher risk of 
death (relative risk of 1.30) and myocardial infarction (relative 
risk of 2.71) compared to the controls.163,164,165 A new generation 
of products is in development as “oxygen bridges” until anemia 
management via compensatory erythropoiesis with production 
of cellular hemoglobin can be achieved with the use of ESA and 
intravenous iron therapy.

use of BLood coMPonenTs
Table 21.1 lists the blood components available for clinical use 
and briefly summarizes the indications for the use of each. The 
use of each component is discussed in detail in the following 
 sections.

patient Informed Consent
Although approximately 14 million units of RBCs are transfused 
in the United States each year, their efficacy has never been dem-
onstrated in well-designed trials. For purposes of obtaining the 
patient’s informed consent, the treating physicians and patient 
must understand that not all is known about the relative risks and 
benefits of blood transfusion.

The elements of transfusion consent comprise: a discussion of 
blood transfusion risks 166,167 and benefits; alternatives to blood; 
an opportunity to ask questions; and patient consent.168 Consent 
should occur as far in advance of transfusion as possible, so that 
alternatives to allogeneic blood such as autologous blood can be 
made available. Some states have legislated that alternatives to 
allogeneic blood be offered to patients whenever there is a rea-
sonable possibility that a blood transfusion may be necessary. It 
should also be noted that blood transfusion has been legislated to 
be a medical service not subject to commerce and trade laws, thus 
excluding the principle of implied warranty and granting blood 
banks immunity from strict product liability.169

patient Blood Management
Of the estimated 39 million discharges in the US in 2004, 5.8% 
(2.3 million) were associated with blood transfusion.170 The 
rate of blood transfusion more than doubled from 1997 to 2009. 
Increased provider awareness of the costs associated with blood 
transfusion171 and recognition of the potential negative outcomes 
have stimulated initiatives in Patient Blood Management.172 Blood 
Management has been defined as the appropriate use of blood 
and blood components, with a goal of minimizing their use. This 
goal has been motivated historically by: 1) known blood risks; 2) 
unknown blood risks; 3) preservation of the national blood inven-
tory; and 4) constraints from escalating costs.172

Patient-focused blood management173 is an evidence-based 
approach that is multidisciplinary (transfusion medicine special-
ists, surgeons, anesthesiologists, and critical care specialists) and 
multiprofessional (physicians, nurses, pump technologists, and 
pharmacists). Preventative strategies are emphasized to identify, 
evaluate, and manage anemia174,175 (e.g., pharmacologic ther-
apy139 and reduced iatrogenic blood losses from diagnostic test-
ing) 176; to optimize hemostasis (e.g., pharmacologic therapy177 
and point of care testing) 178; and to establish decision thresholds 
(e.g., guidelines) for the appropriate administration of blood ther-
apy (the impact of these activities on blood transfusion outcomes 
is illustrated in Figure 21.2.172,179,180

In the US, The Joint Commission (TJC) developed Patient Blood 
Management Performance Measures which have been placed in 
their Topic Library. These are available to be used as additional 
patient safety activities and/or quality improvement projects by 
provider institutions.181

Patient Blood Management strategies for patients undergoing 
cardiac surgery have been shown to be safe and effective in reduc-
ing transfusion, while at the same time delivering high-quality 
outcomes. One institution reported that only 11% of patients 
undergoing cardiac surgeries received blood transfusions; this 
program ranked first in their state for lowest risk-adjusted 
mortality.182

red ceLL Transfusion
The main indication for RBC transfusion is inadequate oxygen 
delivery as a result of anemia and, in some cases, hypovole-
mia. Wound healing is not impaired in the presence of anemia, 
and transfusion does not improve wound healing. Patients with 
chronic diseases should never be transfused simply because of 
mild asymptomatic anemia or as part of supportive care.
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Component Composition Volume Indications and Expected Benefit

Whole blood RBC and plasma (approx. Hct, 40%); 
WBCs; plateletsa

500 ml To increase red cell mass and plasma volume  
(plasma deficient in labile clotting factors V and VIII);  
for hypovolemic anemia, massive transfusion, or 
exchange transfusion in neonates

Packed RBCs RBC and reduced plasma (approx.  
Hct, 75%); WBCs; plateletsa

250 ml To increase red cell mass in symptomatic anemia;  
10 ml/kg raises Hct by 10%

RBCs, adenine-saline 
added

RBC and 100 ml of additive solution 
(approx. Hct, 60%); WBCs; plateletsa; 
little plasma

330 ml To increase red cell mass in symptomatic anemia;  
10 ml/kg raises Hct by 8%

RBCs, leukocytes reduced 
(prepared by filtration)

>85% original volume of RBCs;  
<5 × 106 WBCs

>85% of original 
volume

To increase red cell mass; <5 × 106 WBCs to 
decrease the likelihood of febrile reactions, immunization 
to leukocytes (HLA antigens), or CMV transmission

RBCs, washed RBCs (approx. Hct, 75%); reduced 
WBCs; no plasma

225 ml To increase red cell mass; reduce risk of allergic  
reactions to plasma proteins; or reduce free  
potassium dose

RBCs, frozen RBCs (approx. Hct, 75%); 225 ml To increase red cell mass; minimize febrile or  
allergic transfusion reactions; use for prolonged  
RBC blood storage

RBCs, deglycerolized <5 × 106 WBCs; no platelets;  
no plasma

Granulocytes, pheresis Granulocytes (>1.0 × 1010  
polymorphonuclear cells/unit);  
lymphocytes; platelets (>2.0 × 1011/
unit); some RBCs

220 ml To provide granulocytes for selected patients with sepsis 
and severe neutropenia (<0.5 × 109/L)

Platelet concentrates Platelets (>5.5 × 1010/unit);  
RBCs; WBCs; plasma

50 ml Bleeding due to thrombocytopenia or thrombocytopathy; 
1 unit/10 kg raises platelet count by 17–50 × 109/L

Platelets, pheresis Platelets (>3 × 1011/unit); RBCs; 
WBCs; plasma

300 ml Same as platelets; sometimes HLA-matched; benefit is 
equivalent to 6 platelet concentrates

Platelets, leukocytes 
reduced

Platelets (as above); <5 × 106 
WBCs/final dose of pooled or pheresis 
platelets

300 ml Same as platelets; <5 × 106 WBCs to decrease the 
likelihood of febrile reactions, alloimmunization to  
leukocytes (HLA antigens), or CMV transmission

FFP; thawed plasma FFP: all coagulation factors; thawed 
plasma: reduced factors V and VIII

200 ml Treatment of some coagulation disorders; 10 ml/kg of 
FFP raises factor levels by approximately 10%

Cryoprecipitated  
antihemophilic factor

Fibrinogen; factors VIII and XIII; von 
Willebrand factor

15 ml Deficiency of fibrinogen, 1 unit/5 kg raises fibrinogen  
70 mg/dl; also used for factor XIII replacement; not  
first-choice therapy for hemophilia A, von Willebrand 
disease, topical fibrin sealant

approx., approximate; CMV, cytomegalovirus; FFP, fresh frozen plasma; Hct, hematocrit; RBC, red blood cell; WBC, white blood cell.
aWBCs and platelets are nonfunctional.
Modified from Triulzi DJ, ed. Blood transfusion therapy: a physician’s handbook, 7th ed. Bethesda, MD: American Association of Blood Banks, 2002.

Blood CoMponenTs and IndICaTIons for Use

taBLe 21.1

Indications for red Blood Cell therapy
The therapeutic goal of a blood transfusion is to improve oxygen 
delivery according to the physiologic need of the recipient. The 
usual response to an acute reduction in hemoglobin in the normo-
volemic state is to increase cardiac output to maintain adequate 
oxygen delivery.183 The heart is the principal organ at risk in 
acute anemia. In a normal heart, increased lactate production 
and an oxygen extraction ratio of 50% occur at a hemoglobin of 
approximately 3.5 to 4 g/dl.184 In a model of coronary stenosis, 
the anaerobic state occurs at a hemoglobin of approximately 6 to 
7 g/dl.185 No single number, either extraction ratio or hemoglobin, 
can serve as an absolute indicator of transfusion need. However, 
the use of a physiologic value in conjunction with clinical assess-
ment of the patient status would permit a rational decision 
regarding the appropriateness of transfusion before the onset of 
hypoxia or ischemia.186

Literature on mortality in surgical patients refusing transfusion 
provides insight into the circumstances in which transfusion may 

be of benefit. In a review of 16 reports of the surgical outcomes in 
Jehovah’s Witness patients who underwent major surgery with-
out blood transfusion, mortality associated with anemia occurred 
in only 1.4% of the 1,404 operations.187 A more detailed analysis 
of 61 studies of Jehovah’s Witness patients found that, with the 
exception of three patients who died after cardiac surgery, all 
deaths attributed to anemia occurred in patients with hemoglo-
bin ≤5 g/dl.188 In one large study of surgical patients refusing 
transfusion, the risk of death was found to be higher in patients 
with cardiovascular disease than in those without.189 A subse-
quent analysis190 found that although the risk of death was low 
in patients with postoperative hemoglobin levels of 7.1 to 8.0 g/dl, 
morbidity occurred in 9.4%; the odds of death in patients with a 
postoperative hemoglobin level ≤8 g/dl increased 2.5 times for 
each gram decrease in hemoglobin level.190

A large retrospective study of elderly patients who underwent 
surgical repair of hip fracture found that transfusion of patients 
with hemoglobin levels ≥ 8 g/dl did not influence 30-day or 
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FIGURE 21.2. Patient blood management. These principles applied in the perisurgical period enable treating physicians to have the time and tools to provide 
patient-centered evidenced-based patient blood mangement in order to minimize allogeneic blood transfusions. (From Goodnough LT, Shander A. Patient blood 
management. Anesthesiology 2012;116:1367–1376, with permission.)

90-day mortality.191 This was confirmed by a subsequent192 
randomized, prospective study. Prospective, randomized trials 
in patients undergoing cardiac surgery193 and receiving critical 
care194 have each demonstrated that such patients can toler-
ate anemia without transfusion to hemoglobin levels between 
7 and 8 g/dl, with equivalent clinical outcomes comparable to 
patients maintained at hemoglobin levels of greater than 10 g/dl. 
A Cochrane meta-analysis of prospective randomized trials com-
paring “high” versus “low” hemoglobin thresholds on more than 
3700 patients195 found that a hemoglobin of 7 g/dl was sufficient 
for the majority of patients.

AABB clinical practice guidelines suggest that patients 
should not be transfused with red blood cells, in the absence of 
symptoms/signs of anemia, unless the Hgb concentration is less 
than 7 to 8 g/dl, or less than 8 g/dl for patients with symptoms 
or known to have cardiovascular disease.196 Comprehensive 
blood management guidelines from the Societies of Thoracic 
Surgeons and Cardiovascular Anesthesiologists contain similar 
recommendations, suggesting that RBC transfusion may be 
life-saving when hemoglobin is less than 6 and is reasonable 
in most patients when hemoglobin is less than 7.197 However, 
it is unlikely that a hemoglobin value alone should serve as a 
“transfusion trigger;” patients should be managed, rather than 
laboratory values.198

red Cell transfusion in Specific Settings
Massive Hemorrhage
One of the major indications for blood transfusion is the restora-
tion of circulating blood elements after the loss of large amounts 
of blood (Table 21.2).199 In general, adults who lose <20% of 
their blood volume (or approximately 1 L) do well without red 
cell transfusion, providing that fluid resuscitation is adequate to 
maintain the circulating blood volume and that further blood loss 
is avoided. Young healthy patients can sustain losses of up to 30% 
to 40% of blood volume as long as intravascular blood volume is 
adequately maintained with intravenous (IV) fluids.

Massive hemorrhage is generally defined as transfusion of 
more than 10 U of RBC (one complete blood volume replacement) 
within 24 hours. Massive hemorrhage is a common complication 
in a number of clinical settings. In traumatic injury, hemorrhage 
is a major cause of morbidity and is responsible for almost 50% 
of deaths occurring within 24 hours of injury and up to 80% of 
intraoperative trauma mortalities.200–202 In addition, cardiovascu-
lar and hepatobiliary procedures can frequently result in massive 
bleeding203,204; postpartum hemorrhage events can complicate 
labor and delivery; and diverticulosis or varices can lead to sig-
nificant gastrointestinal bleeding.204–207 Blood component support 
before and after control of massive hemorrhage is critical in these 
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Volume Lost

ml % of Blood Volume Clinical Signs

   500 10 None; occasionally vasovagal syncope

1,000 20 At rest, there may be no clinical  
evidence of volume loss; a slight  
postural drop in blood pressure may 
be seen; tachycardia with exercise

1,500 30 Resting supine blood pressure and 
pulse may be normal; neck veins flat 
when supine; postural hypotension

2,000 40 Central venous pressure, cardiac 
output, systolic blood pressure below 
normal even when supine and at 
rest; air hunger, cold clammy skin; 
tachycardia

2,500 50 Signs of shock; tachycardia,  
hypotension, oliguria, drowsiness,  
or coma

ClInICal sIgns of Blood loss

taBLe 21.2

scenarios.206 Despite the need for consensus on the management of 
patients with massive bleeding, currently no such consensus exists.

An estimated 10% of military trauma patients and 3% to 
5% of civilian trauma patients receive massive transfusions 
(MTs).205,208,209 Within the standard definition of massive hemor-
rhage there appears to be an important subset of patients who 
may benefit from blood components in addition to RBCs, spe-
cifically, those with rapid massive bleeding.210 Both Moore et al. 
210 and Holcomb et al. 205 demonstrated that patients receiving 
10 U of RBCs in the first 6 hours after injury had a higher rate 
of mortality than those receiving the same quantity of RBCs over 
a 24-hour period. Early identification of this patient population 
and specific massive transfusion (MT) support strategies involving 
multiple blood components have been associated with improved 
survival.211

In response, transfusion services have implemented protocols 
to quickly and efficiently provide packages of blood products to 
patients with massive hemorrhage. There are a number of criteria 
available to help evaluate the effectiveness of different strategies 
used by transfusion services. Evaluation of the effectiveness of 
these protocols should include several parameters: clinical out-
comes (survival, length of hospital stay, multisystem organ fail-
ure, infection rate, etc); post-resuscitation laboratory parameters 
(hemoglobin, prothrombin time [PT], partial thromboplastin time 
[PTT], fibrinogen, and PLT count); and 24-hour blood component 
and crystalloid use. A recent review summarizes the literature to 
date, highlights some of the limitations of the available evidence, 
and identifies areas in need of additional study.212

Recent data from the US Army’s Institute of Surgical Research 
have shown improvement in outcomes when soldiers requir-
ing MTs received resuscitations with ratios of component types 
that were similar to whole blood transfusions.213,214 Subsequent 
reports, primarily in the military literature, further support a 
component therapy transfusion in ratios of 1 U RBC/1 U plasma/1 
random donor unit of PLTs.205,215–217 However, these are retro-
spective studies, with a survivorship bias.205,215–217 The military 
data also lack adjustment for confounding variables such as 
injury severity.205,215–217 Nevertheless, these data have led to 
widespread support of this ratio, particularly the 1:1 ratio of RBC/
plasma, although considerable debate remains on this topic.218–220

Civilian trauma studies have also evaluated the impact of more 
aggressive ratios and noted an association with improved survival 

with use of MT protocols.221–224 Similar to the military data, such 
studies also support using a more aggressive RBC/plasma ratio, 
reporting a significant reduction (41% vs 62%) in 30-day mortal-
ity as compared with those that received less plasma.225 This was 
independent of age and Trauma Related Injury Severity Score, 
which by themselves were independent predictors of mortality.225

Several studies have called into question the benefit of higher 
plasma ratios.223,226 Nevertheless, the cumulative data appear to 
support early, proactive support with high ratios of plasma to RBC 
along with additional support with platelets.218,219 Not all studies 
showed a mortality benefit, and in the absence of randomized tri-
als, data to convincingly support a particular ratio or formula are 
needed. However, the existing data suggest that a well-organized 
MT protocol that is activated in a timely fashion is likely to demon-
strate improved patient outcomes and result in less overall blood 
product usage in large trauma centers.218,219

Elective Surgery
In preparation for surgery, preoperative requests for typed and 
crossmatched blood should be based on the predetermined likeli-
hood of a procedure requiring a blood transfusion. “Maximum 
surgical blood order schedules” or “standard blood orders” specify 
the number of units that should be crossmatched for a variety 
of procedures and include guidelines for pretransfusion assess-
ment.227,228 A pretransfusion request for type and crossmatch 
should be sent to the blood bank if it is likely (≥10% probability) 
that blood will be required for a specific surgical procedure. The 
request should be for a type and screen if it is unlikely (<10%) 
that the patient will require blood. As discussed previously under 
patient blood management, preoperative evaluation and manage-
ment of anemia to correct deficits in red cell mass is the single 
most important determinant of the likelihood of perioperative 
blood transfusions.172

Nutritional Deficiencies and Other Anemic States
RBCs are often transfused in the management of various types of 
anemia. Published guidelines (see above) advise transfusing on 
the basis of clinical indications. Physiologic adaptations to ane-
mia, including elevated red cell 2,3-DPG content and increased 
cardiac output, compensate to preserve oxygen transport and 
delivery to a significant extent in chronic anemias. Transfusion is 
rarely indicated in these patients if there is time to correct anemia 
with alternative therapies.

Patients who are anemic solely because of deficiency of iron, 
folate, or B12 rarely require transfusion. Patients with “life-
threatening” anemia (Hgb <6.5 g/dl) by WHO (World Health 
Organization) and NCI (National Cancer Institute) criteria may 
require transfusion.229 Elderly patients who present with per-
nicious or severe iron deficiency anemia may require red cell 
transfusion, particularly when angina or congestive heart failure 
has been the cause of the patient seeking medical attention. 
Iron-deficient patients who are also bleeding actively (e.g., from 
the gastrointestinal tract) may also require red cell transfusion. 
In such situations, the goal of transfusion is not to correct the 
patient’s hemoglobin concentration, but to raise it sufficiently to 
stabilize the patient until specific therapy can be administered.

Hemolytic Anemias
Patients with acute or chronic hemolytic anemias may require 
red cell transfusion; often, this need arises at the time of a hemo-
lytic or aplastic crisis. Such patients are often critically ill, and 
safe transfusion requires careful clinical attention. In autoim-
mune hemolytic anemia,230,231 the clinician may be faced with a 
severely anemic patient for whom crossmatch-compatible blood 
cannot be obtained. These patients produce an antibody that 
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reacts with all RBCs including their own, and the transfusion of 
serologically incompatible red cells may be necessary. At a hemo-
globin <6 g/dl, most patients require transfusion. In these cases, 
withholding transfusion in the absence of “compatible” RBCs 
places the patient in needless danger. Although “incompatible” 
cells will have a shorter than normal lifespan, transfusion reac-
tions are infrequent. The risk of complications is increased if the 
patient has brisk hemolysis and a large volume of blood is infused, 
or if the patient has an undetected alloantibody in addition to the 
autoantibody. If time allows, special techniques should be used to 
evaluate these patients for alloantibodies prior to transfusion (see 
“Autoagglutination”). Consultation with a transfusion medicine 
specialist is recommended in these cases.

Hypoproliferative Anemias
In aplastic and sideroblastic anemias, myelodysplastic states, and 
myelofibrosis, patients often depend on regular transfusion of 
red cells and may die of transfusion-induced iron overload after 
several years of such support unless precautions are taken to 
remove iron. The development and use of erythropoiesis stimulat-
ing agents have reduced the need for transfusion in many patients 
with hypoproliferative anemia, such as those with end-stage 
 kidney disease (see Chapter 41) and in patients with chemotherapy-
induced anemia.232

Hereditary Red Cell Disorders
In children with thalassemia (see Chapter 34), bone marrow 
hyperplasia with its undesirable effects on the skeleton may be 
ameliorated, and iron absorption decreased, by regular transfu-
sions to maintain a near-normal hemoglobin concentration.233 
Such a program is possible only in conjunction with an aggressive 
iron chelation program, as the iron load otherwise leads to fatal 
hemosiderosis. In patients with sickle cell disease and vaso-occlusive 
crises (see Chapter 33), the adverse microvascular effects of sickle 
cells can be relieved temporarily by hydration with crystalloid 
therapy to restore intravascular volume, rather than with RBC 
transfusions (to avoid chronically unnecessary risks of alloimmu-
nization and iron overload). Red cell exchange may be indicated 
when impaired oxygenation leads to <90% O2 saturation, in order 
to address the generation of sickle cells in acute chest syndromes. 
A multicenter trial (STOP trial) showed a significant decrease in 
the incidence of stroke in patients with abnormal transcranial 
Doppler studies who were treated with simple or exchange trans-
fusions to maintain their hemoglobin S concentrations <30%, 
compared to patients who remained on standard supportive care 
with transfusion only when clinically indicated.234

pretransfusion testing of red Cells

Compatibility Testing Process
The process of selecting red cells for transfusion involves three 
stages. Blood grouping involves determination of the ABO group 
and Rh type of both recipient and donor specimens. The recipi-
ent’s serum or plasma is screened for the presence of unexpected 
red cell antibodies. Crossmatching, either serologically or elec-
tronically, after selection of a donor unit of the appropriate group 
and type determines whether the donor cells are compatible with 
the recipient’s plasma.

Properly selected blood products will be compatible with the 
recipient, indicating that transfusion should not result in hemo-
lysis of donor red cells. Because only the ABO and Rh(D) red cell 
antigens are prophylactically matched in routine transfusion prac-
tice, there are always significant antigenic differences between 
donor and recipient, both for red cells and for the accompanying 
leukocytes, platelets, and plasma. Repeated exposure to foreign 

antigens with chronic transfusion or pregnancy may result in 
antibody formation in the recipient.

There is no room for error in the provision of blood for transfu-
sion. If clerical or laboratory error results in donor and recipient 
being mismatched for the ABO group, transfusion of even a few 
milliliters of red cells may lead to a life-threatening transfusion 
reaction with shock, intravascular coagulation, and acute renal 
failure. Such reactions are uncommon because of rigid adher-
ence to a routine designed to maximize safety at all levels of the 
transfusion process; however, with the decrease in the risk of 
transfusion-transmitted infections, such reactions are becoming 
one of the leading risks of transfusion.166,235 Careful identification 
of the patient for whom the blood is ordered, including complete 
labeling of the specimen at the bedside of that patient, is essential. 
Careful ABO blood grouping along with comparing results of ABO 
testing with historical records for each patient adds to the level 
of safety. Ensuring positive identification of crossmatched units of 
blood and verifying that the information identifying the unit with 
the intended recipient is reviewed in the presence of that recipient 
before the administration of the blood are crucial.2,5

Blood Grouping
The presence of ABO antigens is determined by testing the 
unknown RBCs with anti-A and anti-B sera by one of a variety of 
methods including slide, tube, gel, or microplate tests.2 Identifying 
which ABO antigens are on the surface of an individual’s RBCs is 
called the forward grouping or forward typing. Cells agglutinated 
only with anti-A serum are group A; those reacting only with anti-
B are group B. Those reacting with both antisera are group AB, 
and red cells that fail to agglutinate with either anti-A or anti-B 
are group O.

“Reverse grouping” or “reverse typing” should be performed to 
confirm the reaction obtained by the forward grouping test. This 
involves testing the reactions of the serum or plasma from the 
person of unknown type with reagent red cells of known A and B 
type. Agglutination of the red cells indicates the presence of anti-
A or anti-B in the individual’s serum. The conclusions of forward 
and reverse tests should agree as shown in Table 21.3.

The antisera used in blood group antigen detection can be 
obtained from donors with naturally occurring high levels of 
antibodies, from people or animals specifically stimulated to 
produce antibodies against blood groups, or from monoclonal 
antibodies of mouse or human origin. The advantages of mono-
clonal antibodies include their high quality and stability and their 
ease of production in large quantities. Antisera must be of known 
specificity and potency, and control testing must be done on a 
routine basis.2

The Rh type of red cells is determined by examining the cells’ 
reaction with anti-D serum from commercial sources. Commercial 

Expected Reactions of

Patient’s Cells with Patient’s Serum with

Patient Blood 
Group Anti-A Anti-B A Cells B Cells

O None None + +

A + None None +
B None + + None

AB + + None None

aBo groUpIng

taBLe 21.3
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antisera may be modified by the manufacturer with the addition 
of high concentrations of protein or by chemically altering the 
immunoglobulin (Ig) G molecules in such a way that they perform 
as direct agglutinins in the laboratory. This permits rapid, reliable 
testing to determine the D antigen status of the cells. However, these 
high-protein reagents may cause false positive reactions because of 
spontaneous aggregation of some red cells in their presence. If this 
happens, an Rh-negative patient could be typed as Rh-positive if the 
recommended Rh control is not tested simultaneously. This problem 
has led to the development of low-protein, saline-reactive monoclo-
nal reagents. Monoclonal anti-D reagents contain both human IgM 
and polyclonal IgG antibodies and are currently most widely used. 
They can also be used in the antiglobulin test for weak D. As with all 
reagents, the manufacturers’ instructions must be followed.2

Red cells reacting weakly with anti-D reagents are called weak D. 
If  donor blood is being tested, the absence of D must be con-
firmed. If the initial test for D is negative, a second, more sensitive 
test must be performed using a method that detects weak D. If D 
is detected by either method, the unit is labeled Rh-positive.2,5 
In patients, testing for weak D is not required. Patients who are 
typed as Rh-negative, but who are really weak D–positive, will not 
be adversely affected by the transfusion of Rh-negative products. 
Patients known to be weak D–positive, however, may be given 
Rh-positive donor blood. Before concluding that a patient is weak 
D–positive, care must be taken to ensure that the patient has not 
recently been transfused with Rh-positive red cells or experienced 
a large fetal–maternal hemorrhage.

Testing for Red Cell Antibodies
Antibodies in potential blood transfusion recipients fall into 
several categories. The most common blood group antibodies 

Clinical Significance

Blood Group 
System Antibody

Relative Frequency in 
Antibody Screening

Hemolytic Transfusion 
Reaction

Hemolytic Disease 
of the Newborn

ABO Anti-A All group B and O Yes Yes

Anti-B All group A and O Yes Yes

Rhesus Anti-D Common Yes Yes

Anti-c Common Yes Yes

Anti-E Common Yes Yes

Anti-C Common Yes Yes

Anti-e Uncommon Yes Yes

Kell Anti-K Common Yes Yes

Anti-k Rare Yes Yes

Kidd Anti-Jka Common Yes Yes

Anti-Jkb Rare Yes Yes

Duffy Anti-Fya Common Yes Yes

Anti-Fyb Uncommon Yes Yes

MNS Anti-M Common Rare Rare

Anti-N Rare Rare Rare

Anti-S Uncommon Yes Yes

Anti-s Rare Yes Yes

Lewis Anti-Lea Common Yes No

Anti-Leb Uncommon No No

P Anti-P1 Common Rare No

Ii Anti-I Uncommon No No

sIgnIfICanCe of CerTaIn Blood groUp anTIBodIes

taBLe 21.4

that are clinically significant and may be implicated in hemolytic 
 transfusion reactions or hemolytic disease of the newborn are 
shown in Table 21.4.

All human plasmas contain naturally occurring antibodies that 
react with the complementary antigens of the ABH system. These 
are of great importance in transfusion, as they are complement-
fixing IgM antibodies; transfusion of incompatible red cells leads 
to immediate hemolytic reactions. Many people also have natu-
rally occurring antibodies (usually low-titer IgM antibodies react-
ing at or below room temperature) that react with some antigens 
of the Lewis, P, Ii, MN, or other systems; these are rarely active 
above room temperature and are only occasionally important 
in transfusion. Finally, people exposed to foreign red cells by 
prior transfusion or pregnancy may produce IgG antibodies to 
antigens of certain other systems, primarily Rh (C, c, D, E, e), Kell, 
Duffy, Kidd, and Ss, but many less common possibilities exist. 
These red cell antibodies are clinically significant. They do not 
often lead to intravascular hemolytic reactions, but transfused 
incompatible red cells may exhibit decreased survival caused by 
increased clearance in the reticuloendothelial system. Many of 
these IgG antibodies can also cause hemolytic disease of the fetus 
and newborn.2,236

There are two major classes of antibodies that react with 
red cells. Complete or saline antibodies agglutinate red cells 
suspended in saline solution; these are usually IgM. Antibodies 
that do not react visibly in saline and are capable of producing 
agglutination reactions only with special techniques to make their 
interaction with red cells detectable are called incomplete agglu-
tinins; these are generally IgG antibodies.

The best example of a room temperature saline agglutination 
test is that used in ABO grouping. Other red cell antibodies that 
are readily detected in saline suspension are those belonging to 
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Patient IgG-coated
RBC

Anti-IgG Agglutination

Patient C3d-coated
RBC

Anti-C3d Agglutination

+

+

FIGURE 21.3. Direct antiglobulin test with anti-immunoglobulin G (IgG) and anti-C3d. 
RBC, red blood cell. (Reprinted from Jeter EK, Spivey MA. Pretransfusion testing. In: Jeter 
EK, ed. Introduction to transfusion medicine: a case study approach. Bethesda, MD: American 
 Association of Blood Banks Press, 1996;56, with permission.)

the Lewis, MN, P, and Ii blood group systems. With the important 
exception of ABO system antibodies, many of the others detected 
with this test are of no clinical significance, as they are not 
 reactive at 37°C.

The best examples of incomplete agglutinins, or IgG antibod-
ies, are those that react with antigens of the Rh system. If such 
antibodies are not detected in the recipient, immediate hemolysis 
of transfused, incompatible red cells is extremely rare. However, 
their presence may lead to a significantly decreased survival of 
transfused cells and the development of an extravascular hemo-
lytic syndrome (delayed hemolytic transfusion reaction [DHTR]).

Antiglobulin Test
The antiglobulin (Coombs) test (Figs. 21.3 and 21.4) is based on 
the reaction between an antihuman globulin (AHG) reagent and 
antibody- or complement-coated red cells. AHG reagents are com-
mercially available and are prepared either by the injection of an 
animal with human globulin or through hybridoma technology. 
AHG reagents may be polyspecific or monospecific. The polyspe-
cific reagents contain antibodies with both antihuman IgG and 
anticomplement activity. Monospecific AHG reagents, anti-IgG, 
anti-C3b, and anti-C3d, are used to determine which protein is 
responsible for a positive direct antiglobulin test.2

The direct antiglobulin test is performed by washing the 
patient’s cells with saline, adding polyspecific AHG, and observ-
ing for agglutination (Fig. 21.3). Positive reactions (agglutination) 
suggest the presence of IgG antibodies or complement bound to 
the red cell.2 The indirect antiglobulin test is used to determine 
the presence of red cell antibodies in serum or plasma (Fig. 21.4). 
Reagent red cells are incubated with the patient’s serum or 
plasma, washed to remove unbound immunoglobulins, mixed 
with AHG (usually monospecific anti-IgG), and then centrifuged 
briefly. The cell button is gently resuspended and examined for 
agglutination. A positive reaction suggests that IgG antibodies in 
the patient’s plasma have bound to the reagent cells. A positive 
indirect antiglobulin test therefore indicates the presence of anti-
bodies capable of reacting with red cells and possibly capable of 
hemolyzing such cells if they were transfused.

Direct and indirect antiglobulin tests are the simplest 
approaches to the detection of IgG anti–red cell antibodies. 
Because many of these serologic reactions are rather weak, the 
addition of various media has been used to enhance the aggluti-
nation reaction. These tests involve procedures that diminish the 
mutually repulsive electrostatic forces between red cells, permit-
ting visible agglutination by IgG antibodies.2 Antigens that often 

require such enhancing tests include those of the Kidd (Jka and 
Jkb), Rh (D, C, E, c, e), Kell, and Duffy (Fya and Fyb) systems.

Media That Enhance Agglutination
Adding albumin, low-ionic-strength saline (LISS) or polyethylene 
glycol (PEG) solutions to antibody identification tests can enhance 
the sensitivity of the test system.237 These solutions augment 
the  antibody-antigen interaction in a variety of ways, enhanc-
ing the detection of weak or otherwise undetectable antibodies. 
Treating reagent red cells with proteolytic enzymes such as papain 
or ficin also increases the sensitivity for some antibodies such as 
those reacting with Rh and Kidd system antigens. These enzyme 
reagents weaken or destroy other red cell antigens (M,N,Fya, Fyb, 
and, in some cases, S, s)—a trait that can be helpful in the identi-
fication of multiple red cell antibodies in a single serum sample.2

Other Antibody Identification Tests
Sera containing several antibodies may be analyzed by absorbing 
with one or more selected red cells.2,236 Antibodies so adsorbed 
may be eluted from the cells, and their specificity may be deter-
mined. Alternatively, the specificity of antibodies not absorbed 
and remaining in the supernatant can be identified. When neces-
sary, the identity of certain antibodies may be confirmed by their 
inhibition by soluble antigens, such as A, B, and Lewis substances 
present in the saliva of secretors. Neonatal (cord) red cells exhibit 
a number of antigens very weakly and may be used to investigate 
antibody specificity.

Selection of red Cells for transfusion
A series of serologic tests is used to select donor blood for 
patients. Although individual transfusion services prefer different 
specific methods, the general principles of compatibility testing 
are the same.

A properly labeled, fresh sample of patient blood must be 
provided. If the patient has been transfused or has been pregnant 
within the preceding 3 months, the specimen must be obtained 
within 3 days of the anticipated transfusion.5

Donor
The ABO group of the donor unit must be confirmed. The donor 
unit Rh typing must also be repeated if the unit is labeled as 
Rh-negative. These tests are performed to confirm the blood 
group and to ensure that the unit has not been mislabeled.

Recipient
The recipient’s ABO group and Rh type must be determined. 
The recipient’s serum is screened for the presence of antibodies 
that may have been induced by prior pregnancy or transfusion. 
A set of commercially prepared group O red cells, expressing 
18 clinically relevant antigens (D, C, E, c, e, M, N, S, s, P1,Lea, 
Leb, K, k, Fya, Fyb, Jka, and Jkb), is used in this test in accor-
dance with FDA rules. The use of group O reagent red cells 
avoids agglutination by anti-A or anti-B. These reagent cells are 
incubated with the patient’s serum and tested with the indirect 
antiglobulin test for reactions indicating the presence of anti-
body in the serum.2

If such screening reactions are positive, the antibody specificity 
can be determined by reaction of the serum with a commercially 
prepared panel of reagent red cells of known antigenic composi-
tion. If an antibody has been found on the screen and the patient’s 
clinical status allows, it is best to withhold transfusion until identi-
fication is complete. The incidence of unexpected RBC antibodies 
in patients requiring transfusion is low.238,239
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Type and Screen
If it is unlikely that blood will be required, for example, for a 
surgical procedure with <10% likelihood of transfusion, a “type 
and screen” rather than a crossmatch should be requested. In 
this instance, the blood bank types the patient’s blood and screens 
for unexpected antibodies; if antibodies are not found, the blood 
bank ensures that blood of the appropriate group is available for 
transfusion if necessary. In such an event, a telephone call can 
trigger a rapid crossmatch test and blood will be available with 
minimal delay. The appropriate use of type and screen improves 
the efficiency of the blood bank. It assists in inventory control by 
not segregating blood for patients who are unlikely to require it 
and is therefore more cost-effective.

Crossmatch
If no antibody has been detected on the screen and there is no 
record of the previous presence of a clinically significant antibody, 
only verification of ABO compatibility between the donor unit and 
recipient is required before transfusion. This can be done either 
by an immediate spin crossmatch or a computer crossmatch.

The immediate spin crossmatch consists of mixing the patient’s 
serum with donor saline-suspended red cells at room tempera-
ture, spinning the tube, and reading the results immediately. The 
purpose of this test is to detect ABO incompatibility due to the 
presence of anti-A, anti-B, or both, in the patient’s serum.2

The conditions for computer or “electronic” crossmatch are 
outlined in the AABB standards.5 Briefly, the computer system 
must be validated to prevent release of ABO-incompatible blood. 
This computer crossmatch can be used only for patients who do 
not have a record of clinically significant antibodies. The recipi-
ent’s ABO blood group must have been determined on at least two 
separate tests. The system must contain complete information on 
the donor unit and the recipient, including ABO group and Rh 
type. Data entered must be verified as correct before the release of 
blood. The system must contain logic to alert the user to discrep-
ancies for either the donor unit or the recipient, including unit 
labeling, blood grouping, and ABO incompatibilities.

If a clinically significant red cell antibody has been found 
when a patient’s plasma or serum is screened for unexpected 
antibodies, antibody identification should be performed. Once the 
antibody specificity has been identified, donor units that lack the 
corresponding antigen should be selected, and a crossmatch using 
an indirect antiglobulin test should be performed on each unit to 
ensure compatibility. The physician should also be advised about 
the nature of the problem, as well as the potential for delays if 
further units are required.

Once a unit of blood is crossmatched for a patient, there must 
be positive identification of the patient and the blood product both 
in the laboratory before release of a blood product to the nursing 
ward as well as at the patient’s bedside by the transfusionist. 
Before every transfusion, the requisition, the label on the blood 
product, and the patient’s identification must be checked. These 
aspects of patient and blood product identification are critical 
safety steps and must be documented.5

Uncrossmatched Blood for Emergency Transfusion
For patients in hemorrhagic shock, it is necessary to transfuse 
blood immediately, and no blood bank testing should be attempted 
before emergency transfusion. The risk of transfusing group O 
“uncrossmatched” red cells is extremely low and is certainly much 
lower than the risk of the patient’s death if blood transfusion is 
delayed. If a patient is to be given uncrossmatched blood, a speci-
men of the patient’s blood should be obtained prior to transfusion 
so that typing and screening can be performed while the transfu-
sion is proceeding.

Once the patient’s blood group has been determined, ABO 
group-compatible uncrossmatched blood may be used.5 Until the 
patient’s Rh type is determined, uncrossmatched blood should 
be Rh(D)-negative when used in women of childbearing age, in 
whom sensitization to D would be undesirable. As Rh-negative 
blood is often in limited supply, Rh-positive blood is often used for 
emergency transfusion of older females and of males of unknown 
blood group. In such cases, sensitization may occur, but the risk 
of an immediate hemolytic reaction is low.236

Despite the lack of a crossmatch, transfusion of group-specific 
blood under emergency situations is safe. The incidence of red cell 
alloantibodies in healthy people is low, and most such antibodies 
do not cause dangerous acute intravascular hemolytic transfusion 
reactions. However, the decision to use uncrossmatched blood is 
the responsibility of the attending physician, who must weigh the 
risks against the expected benefits and document in the patient’s 
record the need for the uncrossmatched blood.

Table 21.5 outlines the selection of blood and plasma by ABO 
type. If the blood group is known, group-compatible red cells and 
plasma can be selected. If the blood group is not known, group O 

Selection of Blood 
Component

Component Recipient ABO Type Preferred Alternate

Red blood cells O O None

A A O

B B O

AB AB A, B, O

Fresh frozen 
plasma

O O A, B, AB

A A AB

B B AB

AB AB None

Modified from Jeter EK, Spivey MA. Introduction to transfusion medicine: a case study 
approach. Bethesda, MD: American Association of Blood Banks Press, 1996.

seleCTIon of Blood and plasMa By aBo Type

taBLe 21.5

FIGURE 21.4. Indirect antiglobulin test. IgG, immunoglobulin G; RBC, red blood 
cell. (Reprinted from Jeter EK, Spivey MA. Pretransfusion testing. In: Jeter EK, ed. 
Introduction to transfusion medicine: a case study approach. Bethesda, MD: Ameri-
can Association of Blood Banks Press, 1996;56, with permission.)
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red cells should be used; if plasma is required, group AB plasma 
should be used because it contains no anti-A or anti-B.

Crossmatching Problems
Standard serologic techniques often depend on agglutination as 
an end point. There are several agglutinating phenomena that 
can interfere with the correct interpretation of these serologic 
tests and may delay antibody identification and crossmatching. 
Pseudoagglutination refers to red cell clumping (rouleaux forma-
tion) that typically occurs in the presence of dysproteinemias, or 
after the administration of dextran or hydroxyethyl starch. Dilution 
in saline abolishes the reaction.2,236 Autoagglutination refers to red 
cell agglutination by the patient’s own serum or plasma and often 
indicates the presence of a cold agglutinin. Washing patient red 
cells with warm saline can often remove enough of the antibodies 
so testing can be completed.2 Polyagglutination is the phenomenon 
in which a patient’s red cells are agglutinated by most or all group-
compatible sera. During bacterial or viral infections, enzymes of the 
infecting organism can cause alteration of antigenic structures on 
the red cell membrane, exposing previously hidden antigens such as 
T, or more rarely, Tn.236 Most adult sera contain naturally acquired 
antibodies capable of reacting with these determinants. The situa-
tion may be elucidated by testing the patient’s red cells with cord 
serum, which lacks the antibodies necessary for this reaction, and 
by examining for reactions with plant lectins that have specific 
activity with the antigens involved in polyagglutination.240,241

red Cell autoantibodies
A positive indirect antiglobulin test against all screening and 
donor red cells often indicates the presence of an IgG, warm-
reacting autoantibody. The patient’s direct antiglobulin test is 
also positive. Such autoantibodies may preclude the identifica-
tion of any serologically compatible donor units. If red cells are 
transfused, it is essential that ABO compatibility be ensured. The 
patient’s serum should be screened for alloantibodies that might 
be masked by the autoantibody.2,230,231,242,243 Such screen-
ing requires the removal of the autoantibody from the patient’s 
serum, so that any alloantibodies present can be identified. If the 
patient has not been transfused within the last 3 to 4 months, 
this can be done by absorbing autoantibody from the serum with 
autologous red cells, from which already attached antibody has 
been removed by enzyme or chemical treatment.2 Alternatively, 
autoantibody may be removed by absorption with a panel of cells 
selected to lack the antigens to which the patient may become 
alloimmunized. The autoantibody-depleted serum can then be 
examined for the presence of residual alloantibodies, and a sero-
logic crossmatch can be done. If only the autoreactive antibody is 
present, transfusion of red cells is generally well tolerated.

alloantibody to high-incidence antigens
Occasionally, a patient may have a red cell antibody that does not 
react with the patient’s own cells but reacts with all donor red 
cells. Identification of these antibodies is particularly challenging, 
requiring rare cells that lack common red cell antigens. Assistance 
of specialized laboratories may be needed both to identify the 
antibody to a high-incidence antigen as well as to locate com-
patible blood. In some of these cases, it is not clear whether the 
antibody is likely to cause significant hemolysis. The utilization 
of DNA-based methodologies to identify donors with rare blood 
types is a useful tool in these challenging situations.244

Drugs
Some drugs may stimulate an autoantibody in the patient that 
reacts with all reagent cells tested as well as with donor red cell 

units crossmatched. Drugs implicated include a-methyldopa, 
levodopa, fludarabine, and procainamide.2 In some cases, the 
in vitro findings may be identical to those found in autoimmune 
hemolytic anemias. The presence of these antibodies may or may 
not be clinically significant but may result in a delay if a transfu-
sion is required. In most cases, however, drug-induced antibodies 
are associated with a positive direct antiglobulin test that is not 
part of the standard pretransfusion or crossmatch testing, and the 
indirect antiglobulin test is negative. The mechanisms of drug-
induced hemolytic anemias are discussed in Chapter 29.

Red Cell Genotyping
The use of DNA-based methods for red cell antigen identification 
can assist in securing the optimal blood products for transfusion. 
The molecular bases for many of the major blood group antigens 
have been identified and DNA-based methods for their detection 
developed. Because these methods do not directly detect the pres-
ence of red cell antigens, challenges with widespread application 
still exist.244 When used with standard serologic testing, however, 
such methods are useful in identifying donors for patients with 
multiple red cell antibodies or blood donors with rare antigen types. 
Additionally, these methods are helpful in determining a patient’s 
red cell antigen makeup when chronically or recently transfused or 
when access to a blood specimen increases patient risk (e.g., fetus).

Special Considerations in Neonatal transfusion

Pretransfusion Testing
The so-called naturally occurring IgM ABO antibodies do not begin 
to appear until approximately 3 to 6 months of age. However, IgG 
antibodies of maternal origin, including maternal anti-A or  anti-B, 
may be passively transferred to the fetus. Thus, pretransfusion 
testing in the newborn consists of ABO and Rh typing of the infant’s 
cells and an antibody screen for passively transferred maternal 
IgG antibodies, including anti-A or anti-B. If the initial antibody 
screen is negative, the infant may be transfused with products 
compatible with the patient’s ABO/Rh type, and no  further com-
patibility testing is required for the first 4 months of life. If a clini-
cally significant antibody of maternal origin is detected, units that 
are antigen-negative or crossmatch-compatible must be issued 
until the antibody is no longer  detectable in the infant’s serum.5

Selection of Products for Neonatal Transfusion
Preterm infants may require multiple transfusions to replace 
blood drawn for laboratory tests. It has become common practice 
to limit donor exposure by reserving one unit or one half unit for 
a single preterm infant. Serial aliquots may be obtained using a 
sterile connection device up to the outdate of the unit.245,246,247 
Blood products for low-birth-weight infants should be irradiated 
to prevent transfusion-related GVHD and should be CMV reduced 
risk (i.e., CMV antibody negative and/or leukoreduced). Either 
CPDA-1 or additive red cells may be used for aliquot transfusions. 
However, the safety of additive solutions has not been demon-
strated in the setting of massive transfusion of infants (i.e., one 
unit or more in a neonate). The amount of free potassium in the 
supernatant of the irradiated blood may also become clinically 
important in the setting of massive transfusion.132 For massively 
transfused infants at increased risk of hyperkalemia, the dose of 
free potassium in the red cell product may be decreased by delay-
ing irradiation until just before issue or by washing the RBCs.

Exchange Transfusion
The most common indication for exchange transfusion in the neo-
nate is hyperbilirubinemia that has not responded adequately to 
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phototherapy, particularly that associated with hemolytic disease 
of the newborn. Usually, one to two blood volumes are exchanged.

Red cells collected in CPD or CPDA-1 that are less than  
1 week old are preferred. Because several clotting factors in 
newborns are at the low end of hemostatic levels, many centers 
perform exchanges using whole blood, or red cells reconstituted 
with plasma, to prevent further lowering of factor levels by the 
exchange. Red cells used for the exchange transfusion should be 
irradiated to prevent transfusion-related GVHD.2

administration of Blood
The first step before the administration of blood or of a blood 
product is to obtain consent for the transfusion from the patient. 
Every hospital should set its own policy. A note in the chart 
indicating that the risks of transfusion as well as the indications 
and alternatives have been discussed with the patient and that 
the patient has accepted this form of therapy may be adequate, 
depending on applicable laws and regulations. There must be a 
written order for the administration of the product.5

All blood products should be given through an  appropriate 
blood administration set containing a filter; careful aseptic 
 technique should be practiced at all times. There must be confir-
mation and documentation that the information identifying the 
blood product with the patient has been verified in the presence 
of the patient.5

Vital signs should be documented before and after transfusion 
and as clinically required. For the first 15 minutes after the infu-
sion has begun, the patient should be kept under close observa-
tion to detect any signs of a serious transfusion reaction. If none 
is observed, the infusion rate may be increased. One unit of red 
cells is often given in 1 to 4 hours, depending on the amount to 
be transfused and on the patient’s cardiovascular status. Infusion 
of a unit for longer than 4 hours is not recommended, as there 
is a risk of bacterial proliferation because the opened unit is at 
room temperature. Normal (0.9%) saline, 5% albumin, or ABO-
compatible plasma may be added. No other solution and no medi-
cation should be added to or infused through the same tubing as 
a blood product unless there is documentation of compatibility 
or FDA approval.5 Dextrose causes red cells to agglutinate or 
hemolyze; hypotonic saline causes hemolysis. Ringer’s lactate or 
other solutions containing calcium must never be added to a blood 
product because the calcium present leads to coagulation. After 
the transfusion has been completed, the transfusion tag or record 
should become part of the patient’s chart.

When the patient being transfused is in severe congestive heart 
failure, additional measures should be taken. Administration of 
diuretics before or during the transfusion may not be adequate 
to prevent aggravation of heart failure by volume overload. In the 
presence of heart failure, transfusion should proceed slowly (e.g., 
1 ml/kg/h) with careful observation and additional diuretics given if 
clinically indicated. If slower rates than this are needed, the blood 
component may be divided by the blood bank into two or more 
parts and each part transfused over 4 hours. The unused portions 
should be kept in the blood bank until needed for transfusion.

PLaTeLeT Transfusion
Platelet transfusion may be life-saving when hemorrhage is 
caused by thrombocytopenia. Modern treatment for hematologic 
malignancies would not be possible without the ability to prevent 
or treat thrombocytopenic bleeding. Similarly, many surgical 
procedures would not be feasible without platelet transfusions. 
Whether this therapeutic modality is effective depends on recipi-
ent factors, such as the presence of sepsis, azotemia, drugs, and 
platelet antibodies, and on the ability of the blood bank to provide 
functional platelets in sufficient numbers.93,248,249

administration of platelets
Platelet concentrates may be provided by the blood bank in their 
individual plastic bags or pooled before transfusion. Apheresis 
platelets do not require any preparation. Once the blood bag is 
opened by puncturing one of the sealed ports, the platelets must 
be administered within 4 hours.5 Platelets must be  administered 
through a filter approved for platelet use, either a standard  
170-mm filter or a leukoreduction platelet filter.

Dosage and expected response
The usual dose of platelets is one unit for each 10 kg body weight, 
or approximately six units (or one apheresis platelet) for a typical 
adult dose.250 The in vivo recovery of transfused platelets should 
be assessed by a platelet count obtained 10 minutes to 1 hour 
posttransfusion.251,252

As noted earlier, even under ideal circumstances, only two 
thirds of transfused platelets are expected to be found in the cir-
culation of the recipient. One can estimate the maximum expected 
increase in circulating platelet count after transfusion of one 
apheresis platelet product containing the minimum of 3 × 1011 
platelets into a 70-kg adult with a blood volume of 5 L as follows: 
Maximum increase in count = 2/3 × 3 × 1011 platelets distributed 
in 5 L blood volume = 40 × 109/L.

In practice, the observed posttransfusion platelet recovery in 
patients is often much lower than ideal. Hematology patients typi-
cally achieve an increment of approximately 20 × 109/L, about 
50% of ideal, after infusion of 3 × 1011 platelets.253 A recovery as 
low as 30% of the ideal is generally considered “acceptable.”254 
This would correspond to an increase in platelet count of approxi-
mately 13 × 109/L after transfusion of one apheresis platelet 
product to a 70-kg adult. The expected and “acceptable” increases 
in platelet count would be proportionately lower in a larger adult 
and higher with transfusion of a larger dose of platelets.

Many investigators have assessed the acceptability of a post-
transfusion platelet increment by calculating a corrected count 
increment (CCI). With the CCI, the measured increment in 
 circulating platelet count is corrected for the patient’s size and 
for the dose of platelets given as follows: CCI = (posttransfusion 
count – pretransfusion count) × body surface area (m2)/number 
of platelets administered (1011).

The maximum achievable CCI is approximately 25 × 109/L. 
The typical CCI in patients is approximately one half of this, and 
the lowest “acceptable” CCI is considered to be approximately 
7.5 × 109/L.251,254 Patients with in vivo recoveries or CCIs lower than 
acceptable values should be evaluated for causes of platelet refracto-
riness such as an enlarged spleen or alloimmunization (as discussed 
in the section, “Platelet Refractoriness and Alloimmunization”).

In healthy adults, the half-life of transfused platelets is 3 to 5 
days.83 In thrombocytopenic patients, however, platelet survival 
is reduced. A fixed rate of platelet consumption of 7.1 × 109/L/
day has been measured in otherwise stable patients with severe 
thrombocytopenia.255 It is assumed that this platelet consumption 
is associated with maintenance of vascular integrity. The rate of 
consumption may be higher in critically ill patients.

Given the limited absolute increase in platelet count achieved 
with the standard dose of platelets and the presence of ongo-
ing platelet consumption, many patients return to their baseline 
platelet count within 1 to 2 days of platelet transfusion.249 In 
stable patients, the transfusion-free interval may be increased 
by administering larger doses of platelets with each transfu-
sion.256,257 However, this strategy can result in an increase in the 
total number of platelets transfused.253

Indications for platelet transfusion
The risks of posttraumatic and spontaneous bleeding increase as 
the platelet count falls. In general, assuming that platelet function 
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is normal, there is minimal risk of spontaneous bleeding due to 
thrombocytopenia at platelet counts >50 × 109/L, and this level 
is usually sufficient to permit surgical procedures.258 As the count 
falls below this level, there is an increasing risk of microvascular 
bleeding, characterized by petechiae, ecchymoses, oozing at veni-
puncture and incision sites, epistaxis, menorrhagia, gastrointesti-
nal bleeding, or intracranial hemorrhage.

The precise degree of bleeding risk at any given platelet count 
is difficult to determine, as many other clinical variables have 
important effects. These include the cause of thrombocytopenia; 
the duration of thrombocytopenia; the nature of concurrent dis-
ease processes including sepsis, uremia, vasculitis, or malignant 
processes invading blood vessels or other organs; the coexistence 
of coagulopathies, such as liver disease, vitamin K deficiency, 
intravascular coagulation, or heparin treatment; and the presence 
of drugs such as ASA or semisynthetic penicillins that interfere 
with platelet function.259

In general, the risk of significant spontaneous hemorrhage 
increases gradually as the platelet count drops to <50 × 109/L 260 
and is high at counts <5 × 109/L 248,249 (Figs. 21.5 and 21.6).

Clinical practice guidelines,258,261,262 and a Cochrane meta-
analysis263 for platelet transfusion therapy have been published. 
Additionally, a Performance Indicator for prophylactic platelet 
transfusions has been developed by The Joint Commission181 
for patients with malignant hematologic diseases or those who 
undergo stem cell transplantation, in which a platelet count 
threshold of 10,000/mm is appropriate for prophylactic platelet 
transfusions.264

Current guidelines from the European Union and United 
States recommend a transfusion trigger of 10×109/L for platelets 
transfused prophylactically.261,265 These guidelines are based on 
outcomes from four randomized clinical trials that compared pro-
phylactic triggers of 10×109/L versus 20×109/L in patients with 
acute leukemia and in autologous and allogeneic hematopoietic 
stem cell transplant recipients.264,266–268 Two additional prospec-
tive studies also demonstrated safety with the lower threshold of 
10×109/L for prophylactic platelet transfusions.269,270 The impact 
of these thresholds on numbers of platelet and blood transfusions 

is variable, however 270; one study demonstrated a 36% and 16% 
reduction in platelet and blood transfusions, respectively,270 while 
another showed no differences.269

A recent trial 271 demonstrated that “low dose” prophylactic 
platelet transfusions are equally effective as those with “standard” 
or “high” dose. For therapeutic platelet transfusions, algorithms for 
platelet transfusions based on point of care testing have demon-
strated promise in patients who have platelet-derived bleeding such 
as in cardiothoracic surgery178,272 and in trauma.212 Additional 
evidence-based studies in platelet transfusion are needed.273

Prophylactic Platelet Transfusion
Prophylactic platelet transfusion in the management of acute 
leukemia prevents major bleeding episodes, except perhaps dur-
ing the terminal phase of the patient’s illness.274,275 However, no 
difference in mortality has been demonstrated between patients 
transfused prophylactically and those transfused only when 
bleeding occurred.275 Despite lack of such proof, it is common 
practice to attempt to prevent bleeding problems by administering 
prophylactic transfusions to thrombocytopenic patients.

The indications for prophylactic transfusion remain controver-
sial. Until recently, it was common practice to transfuse platelets 
when the count was <20 × 109/L. A number of studies have 
demonstrated that reducing the trigger for prophylactic platelet 
transfusion from 20 × 109 to 10 × 109/L resulted in decreased 
platelet transfusion without an increased frequency of significant 
hemorrhage. In these studies, however, the trigger for transfusion 
was liberalized in the presence of clinical factors suspected to 
increase the risk of hemorrhage, such as fever, an increased WBC 
count, coagulopathy, bleeding, or invasive procedures. When sig-
nificant hemorrhagic events occurred, they were often in patients 
with morning platelet counts >20 × 109/L.264,266,276 Infection, 
vascular lesions, or prolonged duration of thrombocytopenia may 
contribute to the risk of significant hemorrhage.266,276 Thus, it 
appears that a prophylactic transfusion trigger of 10 × 109/L is 
as safe as one of 20 × 109 in most patients with acute leukemia 
or after myeloablative hematopoietic cell transplant.268 However, 
an assessment of individual clinical risk factors is appropriate.

A strategy of therapeutic-only platelet transfusions in patients 
after autologous peripheral blood stem cell transplantation was 
found to reduce platelet transfusions by one half, despite 27% 
of transfusions given in breach of protocol guidelines, with no 
difference in number of red blood cell transfusions required.277 
Important questions remain regarding whether prophylactic 
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FIGURE 21.5. Stool blood loss as a measure of thrombocytopenic bleeding. When stool 
blood loss was determined in 20 aplastic thrombocytopenic patients, blood loss was less than  
5 ml/d at platelet counts >10 × 109/L. At platelet counts between 5 and 10 × 109/L, blood loss 
averaged 9 ± 7 ml/d. At levels <5 × 109/L, blood loss was markedly elevated at 50 ± 20 ml/d. 
(From Slichter SJ. Controversies in platelet transfusion therapy. Annu Rev Med1980;31:523, 
with permission; and modified from Slichter SJ, Harker LA. Thrombocytopenia: mechanisms 
and  management of defects in platelet production. Clin Haematol 1978;7:523. Reprinted with 
 permission from Annu Rev Med 1980;31 by Annual Reviews, www.annualreviews.org.)

FIGURE 21.6. Clinical bleeding as a manifestation of platelet count. Fraction of total 
bleeding days with grossly visible hemorrhage according to platelet count, in 92 thrombocyto-
penic leukemic patients. (From Slichter SJ. Controversies in platelet transfusion therapy. Annu 
Rev Med 1980;31:522; and modified from Gaydos LA, Freireich EJ, Mantel N. The quantitative 
relation between platelet count and hemorrhage in patients with acute leukemia. N Engl J Med 
1962;266:907. Reprinted with permission from the Annu Rev Med 1980;31 by Annual Reviews, 
www.annualreviews.org.)
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platelet transfusions are effective in reducing the risk of bleeding 
in clinically stable patients. A trial of prophylactic platelets study 
(TOPPS) versus therapeutic platelet transfusions in thrombocytope-
nic patients with malignancy, is currently underway in the UK.278

Prophylactic platelet transfusion is usually recommended 
before major surgical procedures in patients with platelet count 
<50 × 109/L.250,261,279 The safety of performing surgical proce-
dures at counts below this level has not been formally evaluated. 
It has been demonstrated that bone marrow aspirations and biop-
sies, bronchoscopies, and lumbar punctures may be safely per-
formed in patients with platelet counts of <20 to 25 × 109/L.261 
However, the minimum safe platelet level for specific invasive 
procedures remains to be defined.

Prophylactic transfusion of platelets is generally not recom-
mended in patients with platelet consumption disorders, such as 
idiopathic thrombocytopenic purpura (ITP) and thrombotic throm-
bocytopenic purpura (TTP). In ITP, there is reduced recovery 
and survival of transfused platelets; transfusion usually does not 
result in a measurable increase in platelet count. There is some 
evidence that platelet transfusion may be harmful in patients with 
TTP.280,281 However, platelet transfusion may be used to treat life-
threatening bleeding in patients with these disorders.262

Therapeutic Platelet Transfusion
Rapid massive bleeding is unlikely to be due solely to thrombo-
cytopenia and suggests the presence of a vascular injury. Rapid 
massive bleeding in the postoperative setting is usually surgical 
in nature and, therefore, not correctable by platelet transfusion. 
However, bypass-induced platelet dysfunction may contribute 
to bleeding after cardiac surgery282; platelet transfusion may 
improve hemostasis in such situations.

Platelet transfusion is most useful in thrombocytopenic patients 
with microvascular bleeding (e.g., oozing or mucous membrane 
or gastrointestinal bleeding). Transfusion to achieve a platelet 
count of 50 × 109/L is generally recommended 250,258,262,279 for 
bleeding patients. However, hemostasis may be achieved through 
repeated platelet transfusion even in the absence of a demon-
strable rise in platelet count. Transfusion is indicated in bleeding 
patients with platelet dysfunction, regardless of the platelet count.

Dilutional thrombocytopenia may occur after massive transfu-
sion of red cells and plasma volume expanders. In the absence 
of platelet consumption, a platelet count of <50 × 109/L is not 
generally seen unless more than two blood volumes (20 red cell 
units in an adult) have been replaced.217,283,284 However, in set-
tings such as trauma where there is activation of coagulation and 
consumption of platelets in addition to blood loss, there is some 
evidence that pre-emptive use of platelets in the resuscitation 
 support may be of benefit.212,219,220

In all situations, the clinical decision regarding platelet trans-
fusions requires consideration of several variables, including 
an estimation of platelet count and function, cause of thrombo-
cytopenia, and state of the coagulation system; the presence or 
likelihood of bleeding (the development of petechiae, spontaneous 
mucous membrane oozing, and retinal hemorrhages are often 
danger signals indicating hemostatic incompetence); and the haz-
ards of transfusion, which include all those encountered with the 
transfusion of any blood product.

platelet refractoriness and alloimmunization
Refractoriness to platelet transfusions is a clinical state that can 
be defined as an unacceptable recovery of transfused platelets 
on  two or more occasions. As noted previously, a CCI of <5 to 
7.5 × 109/L measured at 10 minutes to 1 hour after the transfu-
sion is a commonly used definition of an unacceptable response 
or, as a general rule of thumb, an absolute increment of <13 × 109/L 
after transfusion of six units of platelets to a 70-kg adult. Clinical 

factors reported to be associated with refractoriness to platelet 
transfusion are listed in Table 21.6.93,254,263,285–287

Immune Causes of Refractoriness
The major immune cause of refractoriness is the presence of anti-
HLA antibodies. These antibodies are stimulated by pregnancy or 
by transfusion of WBC-containing blood products. Platelets bear 
HLA class I antigens on their surface. Anti-HLA antibodies are pro-
duced by 30% to 50% of recipients of WBC-containing blood prod-
ucts (Table 21.7).124 They are found in up to 30% of untransfused 

Immune Factors

Alloantibodies

 Anti-HLA
 Antiplatelet glycoprotein
 ABO

Autoantibodies

 Idiopathic thrombocytopenic purpura
 Drug-related

Nonimmune Factors

Splenomegaly

Fever, infection

Disseminated intravascular coagulation

Immune complexes

Bone marrow transplantation

Amphotericin

faCTors reporTed To Be assoCIaTed wITh 
plaTeleT refraCTorIness

taBLe 21.6

Type of Blood Products Received

Author Control Leukoreduced

Elghouzzi   26/93 (0.28)   10/67 (0.15)

Schiffer   13/31 (0.42)       5/25 (0.20)

Andreu   11/35 (0.31)       4/34 (0.12)

Sniecinski   10/20 (0.50)       3/20 (0.15)

Rebulla       5/15 (0.33)       4/16 (0.25)

Van Marwijk   11/26 (0.42)       2/27 (0.07)

Oksanen       3/15 (0.20)       2/16 (0.12)

Handa       9/23 (0.39)       4/49 (0.08)

Lane       7/20 (0.35)       3/26 (0.11)

Williamson    21/56 (0.37)   15/67 (0.22)

TRAP 59/131 (0.45) 25/137 (0.18)

Note: This is a summary of prospective controlled trials in hematology and oncology 
patients. Each numerator indicates the number of patients developing HLA antibodies; the 
denominator indicates the number of patients transfused with that type of blood product. The 
number in parentheses represents the calculated proportion of patients making antibodies.
Modified from Dzik WH. Leukoreduced blood components: laboratory and clinical aspects. 
In: Simon TL, Dzik WH, Snyder EL, et al., eds. Rossi’s principles of transfusion medicine, 
3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins, 2002:270–287.

effICaCy of leUkoCyTe-redUCed prodUCTs In prevenTIng 
TransfUsIon-IndUCed hla alloIMMUnIzaTIon

taBLe 21.7
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women with a history of pregnancy.288,289 After exposure to blood 
products, up to two thirds of women with a history of pregnancy 
produce HLA antibodies.290 Transfusion of platelets that are sero-
logically incompatible with a  pre-existing HLA antibody typically 
results in no increase in platelet counts.291,292

The incidence of clinically significant alloantibodies to plate-
let-specific glycoproteins in transfusion recipients is unclear. 
Antibodies to platelet glycoproteins have been detected almost 
exclusively in patients who also have broadly reactive anti-HLA 
antibodies. Using the sensitive MAIPA (monoclonal antibody 
immobilization of platelet antigen) assays, investigators have 
reported detection of antibodies to platelet glycoproteins in as 
many as 25% of HLA-alloimmunized transfusion recipients.293–296 
A significant proportion of the antibodies detected have ill-defined 
specificity, and the contribution of such antibodies to platelet 
refractoriness is unclear. The presence of platelet-specific anti-
bodies in patients who are broadly sensitized to HLA presents an 
enormous transfusion support challenge. Although many blood 
centers maintain HLA-typed donor registries, at present, very few 
of these donors are typed for platelet antigens. The solid-phase red 
cell adherence or recently developed MAIPA-based platelet cross-
matching assays could theoretically be used to test HLA-selected 
products for compatibility with a patient’s antiplatelet antibodies, 
although it has not yet been established whether these assays 
have adequate sensitivity and specificity for this application.

As discussed earlier, high-titered ABO antibodies have been 
implicated in platelet refractoriness. Many investigators recommend 
a trial of ABO-compatible products in refractory patients, although 
studies have not demonstrated a high likelihood of improvement.

Antiplatelet autoantibodies are usually associated with abso-
lute refractoriness to platelet transfusion. However, in the 
event of life-threatening bleeding, patients with ITP may benefit 
clinically from repeated infusions of platelets even in the absence 
of a demonstrable rise in platelet count. Antifibrinolytics or 
recombinant factor VIIa may also be helpful in this setting, as 
discussed later (see “Role of Pharmacologic Agents in Managing 
Thrombocytopenic Patients”).

Nonimmune Causes of Refractoriness
Of the nonimmune factors implicated in refractoriness, sple-
nomegaly is the most potent. Transfused platelets pool in the 
enlarged spleen; increasing the dose of platelets does not neces-
sarily improve the posttransfusion increment. Each of the other 
nonimmune factors listed in Table 21.6 has been reported to be 
associated with refractoriness, although the importance of each 
factor has not been demonstrated consistently.93,254,285,286,297

Prevention of HLA Alloimmunization
Although platelets express HLA class I molecules on their surface, 
purified platelets do not appear to induce primary immunization 
to HLA antigens. It appears that the presence of WBCs is neces-
sary, presumably because of their dual expression of both HLA 
class I and class II antigens.298 Multiple studies have demon-
strated that the prophylactic use of leukoreduced blood products 
significantly decreases the incidence of HLA immunization in 
transfusion recipients (Table 21.7).124,299,300 Use of leukoreduced 
blood products is recommended for patients who are likely to 
require intensive platelet transfusion support, because the devel-
opment of anti-HLA antibodies would complicate such support.

Purified platelets can stimulate a secondary immune response to 
HLA.298 Patients with prior pregnancy are highly likely to produce 
HLA antibodies after transfusion. HLA alloimmunization has been 
observed in up to two thirds of such patients. The use of leukore-
duced products appears to be of limited benefit in such patients: HLA 
antibodies are produced by 33% to 44% of patients with a history 
of pregnancy despite the use of leukoreduced products.290,299,301

As an alternative to removing WBCs from blood products, in 
vitro studies indicate that ultraviolet (UV) irradiation of WBCs 
abrogates their ability to present HLA antigens in mixed lympho-
cyte culture.302,303 In vivo studies demonstrate that UV irradiation 
of blood products is as effective as leukocyte reduction in prevent-
ing primary HLA alloimmunization.290 UV irradiation of platelet 
products requires special blood containers and equipment and is 
not currently available in the United States.

Early studies suggested that HLA alloimmunization in platelet 
transfusion recipients could be reduced by minimizing donor 
exposure through the use of pheresis platelets rather than pooled 
platelet concentrates.304,305 However, it has been shown that if all 
products are leukoreduced, there is no incremental benefit to the 
use of pheresis products.290

Diagnosis and Management of Alloimmunization
Historically, anti-HLA antibodies have been detected by lympho-
cytotoxicity assays. Newer methods of testing for HLA antibodies 
include enzyme or flow-based immunoassays in which HLA gly-
coproteins are immobilized on a plastic plate or beads.306 A com-
mercially available solid-phase red cell adherence assay permits 
screening for serologic reactivity against platelets selected from 
inventory.307

Early studies demonstrated that thrombocytopenic patients 
with lymphocytoxic antibodies could be successfully supported 
with platelets obtained from donors who were HLA-identical 
to the patient, or donors who were partially HLA-matched 
and whose lymphocytes were serologically compatible with the 
patient’s antibody.291,308 These observations led to the practice 
of providing apheresis platelets from “HLA-matched” donors for 
patients with lymphocytoxic antibodies. Depending on the avail-
ability of family members, the rarity of the patient’s HLA type, 
and the size of the HLA-typed donor registry, it may be difficult 
or impossible to locate platelet donors who are HLA-identical to 
the patient.

Therefore, many platelets provided as HLA-matched bear 
one or more antigens that are foreign to the recipient. Serologic 
crossmatching of partially mismatched products can be used to 
identify those that are more likely to result in a good posttransfu-
sion increment.291,292,309

In most HLA-alloimmunized patients, the specificity of the 
antibody can be defined.297,310,311 Patients can be successfully 
supported with products that lack the HLA antigens(s) to which 
the antibodies are directed.297,310 If the platelet inventory is HLA-
typed, products lacking the offending antigen(s) can usually be 
found in inventory; thus, many patients can be supported with 
products on the shelf, without the need for special donor recruit-
ment or serologic crossmatching.

Alternatively, serologic crossmatching of HLA-untyped prod-
ucts may be used to support patients whose antibodies are not 
broadly reactive. For many alloimmunized patients, it is possible 
to identify serologically compatible platelets among HLA-untyped 
products in the blood center inventory using the solid-phase red 
cell adherence crossmatching assay.307 However, compatible 
products are unlikely to be found in inventory for patients who 
have broadly reactive antibodies; such patients require specific 
recruitment of HLA-selected donors.

In summary, HLA-alloimmunized patients may be supported 
(a) by using products from donors who are HLA-identical to the 
patient or who lack HLA antigens foreign to the recipient; (b) by 
using products that are partially HLA-matched and serologically 
compatible; (c) by identifying the specificity of the patient’s HLA 
antibody and avoiding products that bear the offending antigen(s); 
or (d) by serologic crossmatching of products in inventory. These 
methods are equally effective clinically.297 The first method 
is often limited by the inadequate availability of donors. The 
last method is not applicable to patients with broadly reactive 
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antibodies, who comprise approximately 10% to 15% of alloim-
munized patients.307,311

It should be noted that HLA antibodies may appear or disap-
pear over the course of a patient’s treatment.93,297 It is important 
to monitor patients’ responses to platelet transfusion and to re-
evaluate them serologically if they do not respond to products that 
were previously acceptable.

Platelet Transfusions for Refractory Patients
Strategies for the optimal use of platelets are undergoing evolu-
tion.278 A published guideline suggests withholding prophylactic 
transfusion for nonbleeding patients who do not achieve accept-
able posttransfusion increments in platelet counts.261 However, 
many clinicians arbitrarily transfuse one dose of platelets daily, 
based on the assumption that some platelets are necessary to 
maintain vascular integrity.255 For bleeding patients, many prac-
titioners recommend infusion of larger or more frequent doses of 
platelets.254,312

Role of Pharmacologic Agents in Managing 
Thrombocytopenic Patients
Attempts to improve responses with intravenous immunoglobin 
(IgG) therapy in patients refractory to platelets have not convinc-
ingly demonstrated benefit; some found improved 1 hour but not 
24 hour posttransfusion increments.313 Fibrinolytic inhibitors 
were shown to be of value in avoiding platelet transfusions in 
aplastic patients,314 by helping stabilize any clots that are being 
formed.315 Anecdotal reports 316 have suggested that recombinant 
factor VIIa (rFVIIa) may stop bleeding, particularly in patients 
with refractory, severe thrombocytopenia.317,318 However, a 
randomized trial failed to demonstrate any difference between 
the placebo group and the three rFVIIa cohorts combined, in the 
primary endpoint of bleeding score at 38 hours319. Raising red 
cell mass by blood transfusion or treatment with erythropoiesis 
stimulating agents (ESA) has been shown to improve coagulopa-
thy related to anemia320 or uremia,321 but evidence for clinical 
efficacy is needed. Thrombopoiesis-stimulating agents have been 
shown to be efficacious in improving platelet counts in patients 
with immune thrombocytopenias.322,323 Platelets contain sig-
nificant amounts of micro RNAs that may provide proteins that 
affect hemostasis and inflammation.324,325 Finally, development 
of fibrinogen-coated, ADP-encapsulated liposomes may offer a 
promising platelet substitute.326

Selection of platelet products

ABO Group
The clinical importance of ABO compatibility in platelet transfusion 
is controversial. Platelets bear both intrinsic327 and adsorbed328 
antigens of the ABH system. Transfusion of ABO-incompatible 
platelets may be associated with decreased posttransfusion plate-
let recovery and normal survival.329–332 The reduction in recovery 
is variable and may be related to the isohemagglutinin titer of the 
recipient. Rarely, a high titer of anti-A or anti-B may cause frank 
refractoriness to ABO-incompatible platelets.333–335

Platelet products contain a significant amount of donor plasma. 
Rarely, high-titered donor isoagglutinins in platelet products may 
cause intravascular hemolysis of recipient red cells,336 especially 
platelets from group O donors.337,338 Some investigators have 
suggested that patients who receive platelets mismatched for ABO 
develop refractoriness at a higher rate than patients who receive 
ABO-compatible products.335,339,340 However, these studies were 
small, did not control for the presence of HLA antibodies, and 
differed in their observations as to whether it was cell or plasma 
compatibility that was important. Most important, patients who 

developed refractoriness to ABO-incompatible products did not 
show better responses when given ABO-identical products, 
suggesting that ABO may not have been the cause of refractori-
ness.338,340 In practice, it is difficult to ensure availability of ABO-
identical platelet products, and many centers simply limit the 
volume of incompatible plasma transfused.

Rh Type
Platelets do not carry Rh antigens, and the donor’s Rh type is 
important only because the red cells present in the platelet con-
centrate may immunize Rh-negative recipients. Although early 
studies found that as many as 19% of D-negative recipients of 
platelets from D-positive donors developed anti-D, several recent 
studies in hematology/oncology patients found that immunization 
did not occur.341,342 It is possible that the difference in observa-
tions is related both to an increase in intensity of chemotherapy 
as well as to a substantial improvement in the purity of platelet 
products. The red cell content of most apheresis platelets cur-
rently is below the dose thought to be immunizing. For most 
platelet recipients, anti-D prophylaxis would be of little benefit.343 
For pediatric patients and females with future childbearing poten-
tial, however, it may be reasonable to consider administration of 
intravenous anti-D Ig to prevent D immunization.343–345

PLasMa Transfusion

Use of plasma Components
FFP or FP24 are utilized in patients who are bleeding or who 
are having an invasive procedure and who are deficient in mul-
tiple coagulation factors or in a single factor for which there is 
no specific factor concentrate available. They are also used for 
replacement of clotting factors during massive transfusion, for 
reversal of warfarin (if immediate reversal is necessary), and as 
the replacement fluid for plasma exchange procedures in patients 
with TTP.3,346 They should not be used as volume expanders or for 
therapeutic plasma exchange for other disorders, because alter-
native fluids with lower risks of infectious diseases, allergic reac-
tions, and TRALI are available for these purposes (e.g., crystalloid, 
albumin, starch). The typical dose of plasma is 10 to 20 ml/kg.3 
Patients may not tolerate infusion of larger volumes. The expected 
rise in coagulation factor activity is approximately 10% for each 
10 cc/kg of plasma infused.347

efficacy of plasma transfusions
In a recent evidence-based review, the Transfusion Practices 
Committee of the AABB recommended plasma therapy for only 
a few clinical indications, based on the available evidence in the 
literature (which was assessed to be of “weak quality”): trauma 
patients with substantial hemorrhage, patients undergoing com-
plex cardiovascular surgery, and patients with intracranial hem-
orrhage requiring emergency reversal of warfarin-associated 
coagulopathy.348 Patients with mild prolongations of the INR 
(less than 1.7) are not at risk of bleeding and do not need plasma 
therapy for minor procedures,349 so that for the majority of clini-
cal settings there is ample evidence that plasma transfusions are 
inappropriate. However, logistical/technical barriers that prevent 
effective and timely plasma therapy (possibly resulting in plasma 
therapies that are “too little, too late”) have probably contributed 
to the paucity of evidence demonstrating any benefit for plasma 
therapy.177

One of the largest prospective studies of plasma transfusions 
and their effect on INR and bleeding included both medical and 
surgical patients with pretransfusion INR of between 1.1 and 
1.85.350 The authors reported that less than 1% of patients 
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had normalization of their INR and only 15% had at least 50% 
 correction. The median dose of plasma was 2 units (only 5 to 
7 ml/kg), and there was no correlation between plasma dose and 
change in INR. This study had many of the limitations common to 
other reports351 in this clinical arena: lack of control groups, only 
modest prolongation in coagulation tests, poorly-defined clinical 
endpoints (e.g., change in hemoglobin or need for transfusion), 
and/or an inadequate dose of plasma therapy.

The paucity of evidence for the benefit of plasma transfusion 
therapy has been accompanied by growing evidence that risks of 
plasma have been underrecognized; in a prospective study, 6% 
of transfused patients developed transfusion-associated cardiac 
overload,352 which is much higher than previously-reported rates 
in retrospective studies.353,354 Transfusion-related acute lung 
injury355 is a significant cause of morbidity/mortality from blood 
transfusions, whose incidence has declined subsequently with 
use of plasma from male donors or female donors who have no 
 history of pregnancy.356

GranuLocyTe Transfusions
Severe bacterial and fungal infections in the setting of prolonged 
chemotherapy-associated neutropenia are common causes of 
morbidity and mortality in the treatment of malignancy. Risk of 
serious bacterial infection appears as the neutrophil count falls 
below 1.0 × 109/L and increases rapidly below 0.5 × 109/L. 
Fungal infections occur with much higher frequency as the 
neutrophil count falls below 0.2 × 109/L.357 Other risk factors 
include the duration of neutropenia and the rate of fall of the 
neutrophil count.358 The use of growth factors (e.g., granulo-
cyte colony-stimulating factor [G-CSF]) has reduced the severity 
and duration of neutropenia, but many patients still have long 
periods of poor granulocyte production, lasting 2 to 3 weeks or 
longer.359–361 Although the idea of enhancing host defenses with 
granulocyte infusions dates back 60 years, difficulty obtaining 
adequate granulocyte yields as well as safety concerns stifled 
the initial interest generated after early clinical successes in the 
1970s.362,363 Modern apheresis techniques, growth factors which 
increased yields, and positive results from clinical trials led to 
renewed interest in applying granulocyte therapy to a wider range 
of patients.364,365

Clinical Indications and efficacy
Currently, there is no definitive evidence from controlled trials 
to support or refute the use of granulocyte transfusion therapy 
in neutropenic patients.366,367,368 Currently a large randomized 
control trial is being undertaken in an attempt to clarify this 
situation; nonetheless, prior clinical granulocyte transfusion tri-
als in the setting of neutropenia give insight into populations 
that may benefit from this therapy. A review of 32 papers369 
revealed that most studies have been uncontrolled, involved small 
heterogeneous populations of patients, and had different treat-
ment approaches. Approximately 62% of the 206 patients with 
bacterial sepsis were reported to have benefited from granulocyte 
transfusion; conversely, 71% of 63 patients with invasive fungal 
infection did not respond to the infusions. Seven controlled trials 
were completed between 1972 and 1982: Three showed a positive 
effect, two showed benefit in specific patient populations, and two 
demonstrated no benefit. Some studies were likely limited by the 
cytapheresis techniques used and the low cell yields obtained, as 
most donors were pretreated with corticosteroids only. Further 
analysis confirmed the importance of higher neutrophil doses 
as well as leukocyte compatibility in the three positive trials. 
More recent trials370,371 provide additional evidence supporting 
the use of granulocyte transfusions in critically ill neutropenic 
patients with bacterial as well as candida sepsis. Based on this 

information, granulocyte therapy may warrant consideration in 
severely neutropenic patients with bacterial infections unrespon-
sive to typical antimicrobial therapy.

The applicability of granulocyte infusions in the setting of inva-
sive fungal infections remains unclear. No study has shown clear 
efficacy in patients with active aspergillosis, although often the 
neutrophil dose was not known or was suboptimal. Limited clini-
cal and animal model data give some indication of usefulness in 
the setting of candidal and noninvasive fungal infections.370,372,373 
As the overall data are limited, a brief trial of granulocyte infu-
sions may be warranted in patients with self-limited neutropenia 
and documented fungal infection who are refractory to standard 
antifungal therapy.

The effect of the prophylactic use of granulocyte transfusions 
to diminish the risk of serious infections in severely neutropenic 
patients during therapy of hematologic malignancies and after 
bone marrow transplantation has been investigated in a num-
ber of controlled trials.365,374 Although prophylactic granulocyte 
transfusion may decrease the risk of septicemia, the increased 
incidence of adverse effects observed with this therapy may out-
weigh the beneficial effects.375–381 Until there are more published 
randomized, controlled clinical trials, the use of prophylactic 
granulocyte transfusions should be carefully considered and 
viewed as experimental.

Granulocyte transfusions may also be indicated in infected 
patients with severe neutrophil dysfunction (e.g., chronic granu-
lomatous disease and leukocyte adhesion deficiency) who are not 
responding to appropriate antimicrobial therapy. Although con-
trolled trials have not been performed, transfused granulocytes 
do migrate within recipients and appear to be of therapeutic 
benefit.382–384 Because of the adverse effects associated with the 
transfusion of granulocytes, they should be used judiciously in the 
patient with severe documented infections, as the infusions may 
result in alloimmunization of the recipient and render him or her 
unresponsive to granulocyte transfusion therapy at a later date.

Neonatal bacterial sepsis continues to be a major cause of 
morbidity and mortality. The neutrophil function in neonates is 
impaired, with diminished chemotaxis and abnormal adhesion 
properties. Infection may result in neutropenia and depletion 
of the neutrophil storage pool. Granulocytes have been used to 
treat neonatal sepsis with varying results.367 The efficacy of this 
approach has been evaluated in six controlled trials with four 
studies demonstrating a survival benefit. Overall, data analysis 
does not show clear benefit when other available therapies are 
considered.362,367 When compared with standard therapy of 
intravenous Ig, neonates with group B Streptococcus may experi-
ence increased survival after receiving granulocyte support.385 
Although conflicting data exist, centers that experience a high 
mortality rate in septic infants with neutropenia and ongoing neu-
trophil storage pool depletion may consider a trial of granulocyte 
therapy. The recommended dose is 1 × 109 granulocytes/kg of 
body weight.365

Donor preparation/Selection
High granulocyte yields were initially obtained using preparations 
from donors with chronic myelogenous leukemia.386 Subsequently, 
methods were developed to collect sufficient granulocytes from 
normal donors. Apheresis became the standard method for col-
lecting granulocyte concentrates.358,387,388 The quantity and qual-
ity of granulocytes obtained depend on the apheresis collection 
technique as well as the level of donor neutrophils. Infusion of 
hydroxyethyl starch or dextran to improve the sedimentation of 
donor red cells during centrifugation improves the efficiency of 
apheresis, but the granulocyte yield remains low358. Data sug-
gested a daily granulocyte dose of about 10 × 1010 cells would 
be needed to achieve benefit.389 Oral corticosteroids produce a 
transient donor neutrophilia, but the collection yield remains in 
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the range of 2 to 3 × 1010.390 Studies have shown the ability of 
G-CSF to increase the dose/collection. Donors treated with G-CSF 
with or without corticosteroids produce yields ranging from 2.4 to 
9.9 × 1010 granulocytes. Although adverse effects occur in 30% to 
69% of donors, most consist of mild to moderate degrees of bone 
pain, headache, myalgias, and fatigue. Data from the bone mar-
row transplant literature support the short-term safety of G-CSF 
use in healthy donors, although rare serious adverse events have 
been reported. Long-term follow-up data are limited and deserve 
further attention.391 G-CSF administration to healthy donors is 
generally performed under institutional review board–reviewed 
protocols. Based on available evidence, donor pretreatment with 
a single dose of G-CSF (300 to 600 mg subcutaneously) with dexa-
methasone (8 mg orally) 12 hours before collection gives reliable 
yields in a well-tolerated and cost-effective manner. Although 
repeated daily G-CSF stimulation and granulocyte collection have 
been reported,392,393 standard practice is to perform a second 
collection no sooner than 7 days after the initial cytapheresis 
procedure.394

Prospective granulocyte donors should meet all FDA and 
AABB standards for donation. Because granulocyte products 
must usually be transfused before completion of donor infec-
tious disease testing, donors who have been tested recently are 
strongly preferred. Donors should also be free of disorders that 
might be exacerbated by dexamethasone (e.g., diabetes) or G-CSF 
(e.g., arthritis, vasculitis, splenomegaly, gout, thrombocytopenia). 
Donor/recipient pairs should be ABO-compatible because of the 
large RBC content in the product. RBC compatibility must be veri-
fied for each granulocyte product. CMV infections are a significant 
risk when seropositive donors are used for immunocompromised 
seronegative patients; therefore, CMV-negative patients should 
receive CMV-negative products.386

Patients requiring granulocyte transfusions may have become 
alloimmunized to HLA, and or RBC antigens during the course 
of prior transfusion support or pregnancy. Studies suggest 
decreased recovery and survival as well as failure of granu-
locytes to localize at the site of inflammation in patients who 
have lymphocytotoxic or granulocyte-specific antibodies.386,395 
Recipients can be screened for the presence of HLA antibodies 
particularly if clinical suspicion for alloimmunization is high. 
In alloimmunized patients, HLA-compatible random donors or 
family members can be used; random donors may be preferred 
over family members if related allogeneic transplantation is 
anticipated as part of the treatment for the underlying disease. 
If laboratory tests for alloimmunization are not readily available, 
the likelihood of sensitization may be estimated by reviewing 
the  patient’s record for a history of platelet refractoriness or 
febrile transfusion reactions.

Granulocyte Collection/Storage
Once an appropriate donor has been selected and prepared, 
granulocytes are typically collected by leukapheresis during which 
7 to 10 L of blood is processed over 3 to 4 hours. Hydroxyethyl 
starch is often used to reduce RBC contamination by sedimenta-
tion. According to AABB standards, at least 1 × 1010 granulocytes/
apheresis are collected.5 Current techniques achieve mean yields 
of 2 to 3 × 1010/leukapheresis in 200 to 400 ml of plasma, with 10 
to 30 ml of RBCs, and 1 to 6 × 1011 platelets. For pediatric recipi-
ents, whole blood buffy coats from donors stimulated with G-CSF 
may present an alternative to apheresis.396 Although granulocytes 
can be stored for up to 24 hours at room temperature, transfu-
sion within 8 hours of collection is recommended. Biochemical 
assessments of the effects of storage on subsequent function (e.g., 
nicotinamide adenine dinucleotide phosphate oxidase activity, 
adhesion protein expression, respiratory burst activity, and bac-
tericidal activity) reveal that effective storage may be possible for 
up to 48 hours at 10°C.397

administration of Granulocytes
Granulocytes should be administered on a daily basis until the 
patient’s endogenous neutrophil count rises to 0.5 × 109/L or 
until the infection clears. Granulocyte concentrates should be 
given through a standard filter set to ensure that aggregates are 
not administered. The concentrate should be given slowly (over 1 
to 2 hours) with the patient under constant observation, including 
the use of pulse oximetry. Transfusion reactions occur in 10% to 
50% of patients but are usually mild, consisting of fever and chills. 
Premedication with antihistamines, acetaminophen, or steroids 
is common practice before infusion. More severe reactions occur 
in 1% to 5% of patients and tend to be pulmonary in nature. A 
serious potential interaction between granulocyte transfusions 
and amphotericin B has been reported,398 but this association 
has not been substantiated by others.399,400 Nevertheless, many 
physicians administer granulocytes and amphotericin at least 
8 hours apart to limit the potential for increased pulmonary tox-
icity. If there are any signs or symptoms of respiratory distress, 
the transfusion should be discontinued immediately, the recipi-
ent should be examined for hypoxemia or pulmonary edema, 
and a chest radiograph should be done to assess for pulmonary 
infiltrates. If major adverse effects do occur, the recipient should 
be studied for the presence of antibodies that react with neutro-
phils. Granulocyte products contain lymphocytes and are capable 
of causing transfusion-associated GVHD (TA-GVHD). Thus all 
granulocyte products should be irradiated with 1500 to 3000 cGy 
to prevent transfusion-related GVHD without significantly impair-
ing granulocyte function.397 Pre- and posttransfusion neutrophil 
counts should be determined to guide therapy. With large doses 
(>8 × 1010), neutrophil increments may exceed 2 × 109/L imme-
diately after infusion and may last for 24 to 48 hours.401

adVerse effecTs of BLood 
Transfusion
The potential complications of blood transfusion therapy are 
many, but most present problems only in patients requiring 
repeated or large numbers of transfusions. The risks associated 
with the transfusion of any specific unit of blood are low. However, 
the risks must be weighed against the benefits at the time each 
transfusion is ordered.

Transfusion complications can be classified as immunologic and 
nonimmunologic (Table 21.8). Many of the immune reactions are 
caused by the stimulation of antibody production by foreign alloanti-
gens present on transfused red cells, leukocytes, platelets, or plasma 
proteins. Such alloimmunization may lead to immunologically 
mediated reactions when transfusions carrying these antigens are 
administered in the future. These include hemolytic reactions caused 
by red cell incompatibility; febrile or pulmonary reactions caused by 
leukocytes and platelet antigens; allergic or anaphylactic reactions 
caused by antibodies reacting with soluble antigens, usually plasma 
proteins, in the transfused material; and GVHD caused by engraft-
ment of transfused lymphocytes in immunosuppressed recipients.

The nonimmune reactions are caused by the physical or 
chemical properties of the transfused blood products, as well as 
contaminating infectious agents. Nonimmune reactions include 
circulatory overload and certain adverse effects encountered spe-
cifically when large numbers of transfusions are given.

Immunologic transfusion reactions

Alloimmunization to Transfused Antigens
alloantibodies reacting with red Cell antigens
Although the antigenic composition of transfused red cells 
always differs from that of the recipient, only a minority of 
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result, there is a greater likelihood of minor-antigen incompatibil-
ity between donor and recipient. The differing immunogenicity of 
various red cell antigens also plays a role. For patients with sickle 
cell anemia, red cells phenotypically matched for Rh and Kell 
antigens are recommended. This measure was shown to reduce 
the alloimmunization rate in this population from 3% to 0.3% per 
unit transfused.408

alloantibodies reacting with Leukocyte antigens
Alloimmunization to HLA and other leukocyte-associated antigens 
has been discussed earlier with respect to problems encountered 
in granulocyte and platelet transfusion. These antibodies occur 
mainly in multiparous women289,409 and multitransfused patients. 
In patients receiving nonleukoreduced transfusion  support for 
aplastic anemia or acute leukemia, 20% to 70% become immu-
nized to HLA antigens.410 Interestingly, HLA alloimmunization 
is significantly increased in male patients with pre-existing 
RBC antibodies compared to multiply transfused male patients 
without such antibodies.411 As discussed in the section “Platelet 
Transfusion” and shown in Table 21.7, the prophylactic use of leu-
kocyte-reduced blood products significantly reduces the  incidence 
of HLA alloimmunization in patients with no prior exposure to 
these antigens.

alloantibodies reacting with plasma proteins
Although antibodies to soluble plasma proteins such as  lipoproteins 
and to Gm and Inv determinants on IgG are often detectable in 
multitransfused patients, transfusion reactions have rarely been 
attributed to such antibodies.412–414 Some anaphylactic reac-
tions are attributed to anti-IgA antibodies,415,416,417 especially in 
patients who are IgA-deficient, although the presence of antibod-
ies that react with IgA is not always clearly correlated with the 
occurrence of this type of transfusion reaction.418

Hemolytic Transfusion Reactions
The development of antibodies capable of reacting with red 
cell antigens may lead to red cell destruction, usually involving 
transfused rather than recipient cells. The clinical significance 
of such reactions ranges from life-threatening to trivial. Whether 
hemolysis occurs immediately within the circulation, more slowly 
within the reticuloendothelial system, or not at all depends on the 
antigen and antibody involved.419–421,422

The incidence of such reactions is variably reported. Several 
studies from the Mayo Clinic document a hemolytic reaction rate, 
both immediate and delayed, of between 1 in 6,200 and 1 in 
1,400 red cell transfusions. In these reports, reactions caused by 
clerical error and ABO mismatching were virtually nonexistent, 
but some reactions were attributed to weak atypical antibod-
ies missed in pretransfusion testing.419,423 The high reaction 
rate was related in part to a high index of suspicion and in 
part to the use of sensitive tests for serologic evidence of minor 
delayed hemolytic transfusion reactions (DHTRs). In contrast, in 
a review of fatal hemolytic reactions reported to the US Bureau 
of Biologics (now the FDA’s Center for Biologics Evaluation and 
Research or CBER), 86% were caused by ABO incompatibility, 
and of these, 89% were caused by simple clerical error.424,425 
More recent FDA data has shown a decrease in deaths due to 
ABO incompatibility although overall, hemolytic transfusion 
reactions still represent a leading cause of transfusion-related 
mortality.426

Immediate (Intravascular) hemolytic transfusion 
reactions
Immediate hemolytic transfusion reactions (IHTRs) are most 
typically associated with ABO incompatibility, because anti-A and 
anti-B antibodies are predominantly IgM and are capable of bind-
ing complement and causing immediate destruction of red cells. 

Immunologic
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multitransfused recipients develop red cell alloantibodies. The 
risk of red cell alloimmunization has been estimated at 1.0% 
to 1.4% per unit transfused 402,403; in multitransfused patients, 
the incidence of such antibodies ranges from 5% to 30%.404,405 
Multiple red cell antibodies may be encountered. Antibodies 
to Rh system antigens and to Kell (K) are most often detected. 
Antibodies to antigens of the Duffy (Fy) and Kidd (Jk) systems 
also occur, but transfusion-induced antibodies to other red cell 
antigens are less commonly found.

The production of such antibodies is a property of both the 
recipient’s immune response and the immunogenicity of the 
different red cell antigens. The incidence of antibodies does not 
appear to be related to the patient’s diagnosis. For example, 
patients with hemoglobinopathies, thalassemia, and leukemia 
and those undergoing surgery requiring multiple transfusions 
produce antibodies with approximately the same frequency.404,406 
The reported incidence of RBC alloimmunization for patients with 
thalassemias is 5% to 10%, versus 20% to 30% for those with 
sickle cell anemia. The increased incidence of alloimmunization 
in sickle cell patients has been attributed to the difference in race 
between the blood donor pool and the patient population.407 As a 
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An IHTR caused by ABO incompatibility is rare and is  usually 
related to human error. Other red cell antigens such as Jka, K, 
and Fya (which may bind complement) may also lead to such 
reactions.

Infrequently, hemolytic transfusion reactions may be caused by 
destruction of recipient red cells after the transfusion of plasma-
containing antibodies.427,428 For example, anti-A1 occurring 
naturally in group A donors of subgroup A2 has been reported to 
cause hemolytic transfusion reactions.429 More recently, hemo-
lytic transfusion reactions have been reported in association with 
apheresis platelets containing abnormally high titer (>1:250) anti-
A or anti-B antibodies in the plasma. Plasma volume reduction 
is recommended for such products if the plasma is incompatible 
with the recipient.430 Hemolytic reactions caused by the transfu-
sion of plasma containing other antibodies are extremely rare, as 
blood donors are screened for red cell antibodies other than ABO.

Signs and Symptoms. IHTRs occur soon after the incompatible 
transfusion has begun. Occasionally, they are mild; more typically, 
there is a sudden change clinically. Fever with or without chills is 
one of the most common manifestations of such reactions. Other 
signs and symptoms include anxiety, chest or back pain, flushing, 
dyspnea, tachycardia, and hypotension. If the patient is under 
general anesthesia, these symptoms may not be recognized; only 
severe hypotension and evidence of oozing or hemoglobinuria 
serve as clues to the presence of a hemolytic reaction.

IHTRs may be life-threatening, and complications may include 
acute renal failure, shock, and intravascular coagulation. It has 
been estimated that a fatal immediate hemolytic reaction occurs 
in approximately 1/600,000 red cell transfusions 422. The mortal-
ity of a severe IHTR increases with the amount of blood trans-
fused, with a 44% mortality rate in patients receiving more than 
1 L of incompatible blood.

Pathophysiology. The primary event in IHTRs is the interaction 
between the antibody and the red cell membrane, resulting in 
the development of immune complexes, activation of complement 
leading to the release of C3a and C5a with anaphylatoxic activity, 
and the coagulation mechanism via cytokines and factor XII (lead-
ing to both consumptive coagulopathy and generation of bradyki-
nin). Vasomotor mediators implicated in the transfusion reaction 
include histamine, serotonin, and cytokines. Shock results from 
release of such vasoactive substances.421,422

The renal failure that may occur in this setting is of complex and 
poorly understood etiology but appears to be primarily ischemic, 
caused by a combination of hypotension, vasoconstriction (via 
nitric oxide inactivation by hemoglobin), and intravascular coagu-
lation. The free hemoglobin circulating in such patients was once 
thought to be the major cause of renal failure by precipitating in 
and obstructing the renal tubules, but there is adequate evidence to 
discount this hypothesis. Infusion of incompatible red cell stroma, 
free of hemoglobin, is sufficient to produce acute renal failure.420

Management. On any suspicion of a hemolytic transfusion reaction, 
the transfusion must be discontinued immediately, as the severity of 
the reaction is related to the volume of red cells infused. A recheck 
of the patient’s identity with the information on the discontinued 
blood unit is necessary to rule out bedside identification errors. 
The reaction must be reported to the blood bank without delay; a 
posttransfusion blood sample and the discontinued bag of blood 
should be sent to the blood bank for investigation of the cause of the 
reaction. Hydration must be begun immediately to prevent renal 
failure. An infusion of normal saline is given to maintain the blood 
pressure and increase the urine flow rate to 100 ml/h. Diuretics 
may be needed to maintain urine output. If oliguric renal failure 
develops, fluid challenges must be restricted. Once renal failure is 
established, the usual supportive measures, including fluid restric-
tion, management of electrolyte balance, and dialysis, are required.

Additional interventions may be needed depending on the severity 
of the reaction. Some recommend early heparinization at moderate 
dose as management of coagulopathy if no specific contraindication 
exists; its use remains controversial. The patient may require support 
of the defective hemostatic mechanisms with platelets and cryopre-
cipitate or plasma. In massive intravascular hemolytic transfusion 
reactions, exchange transfusion has been performed.431

Investigation of Immediate Transfusion Reactions. The following steps 
must be carried out in the investigation of patients with immediate 
transfusion reactions. The patient’s identity must be confirmed, 
and all the records on the patient and the donor blood label must 
be checked for clerical errors. A new, properly labeled sample of 
blood must be drawn from the patient and sent to the blood bank 
with the discontinued unit of blood. The posttransfusion sample 
must be visually checked for hemolysis. In intravascular reac-
tions, free plasma hemoglobin can be detected most quickly by 
centrifuging a tube of blood anticoagulated with ethylenediamine-
tetraacetic acid (EDTA) or heparin; pink to red plasma indicates 
intravascular hemolysis—that is, evidence of red cell destruction. 
There must be an investigation for possible alloantibodies. A direct 
antiglobulin test must be performed on the specimen submitted at 
the time of the reaction. If the test is positive, the pretransfusion 
sample should also be tested, because the patient may have had a 
positive direct antiglobulin test before transfusion.

Red cell typing should be repeated on all specimens. If the 
posttransfusion ABO and Rh types do not agree with pretransfu-
sion results, there has been an error in patient identification or 
typing. Antibody detection tests should be repeated on the pre- 
and post-reaction samples. The direct antiglobulin test on the 
post-reaction specimen may reveal sensitization of red cells in 
the patient only if the antibody or complement-coated transfused 
incompatible cells have not been immediately destroyed. A sero-
logic crossmatch should be positive, although the antibody may 
not be readily demonstrable in serum at the time the reaction is 
suspected clinically. In a minority of patients in whom there is 
a high clinical suspicion of a hemolytic transfusion reaction, no 
immunologic abnormality may be identified. In some, repeated 
examination for antibodies over a prolonged period of time may 
eventually reveal the cause; in others, results may be persistently 
negative. In such patients,51Cr red cell survival testing may be of 
value in documenting hemolysis caused by incompatibility.432–435

Patients with major hemolytic transfusion reactions should be 
assessed for the possible presence of intravascular coagulation, 
and their renal function should be monitored closely. Urinary 
hemosiderin or free hemoglobin in the urine may also be detected; 
wine-colored urine is typical of intravascular hemolysis. The labo-
ratory can confirm the identity of the pigment. Demonstration of 
methemalbuminemia, reduced serum haptoglobin, or hyperbiliru-
binemia may provide supportive evidence.

Prevention. Most IHTRs are preventable. The most likely cause is 
human error, such as mislabeling of the patient sample, drawing the 
sample from the wrong patient, transcription errors, and improper 
identification of the unit with the recipient. Mechanisms to ensure 
positive identification of the patient (recipient), the blood sample, 
and the transfusion component must be in place to prevent IHTRs.5

Delayed hemolytic transfusion reactions
DHTRs generally are much milder than those occur-
ring  immediately, and red cell destruction is predominantly 
 extravascular.419,423,436,437 The transfused red cells are destroyed 
beginning 2 to 10 days after a transfusion. Investigation may 
reveal the presence of a red cell antibody not detected in the 
pretransfusion blood sample. The direct antiglobulin test is often 
positive, but the reaction is transient and may be missed if it is 
performed too late. The test reverts to negative as the incompat-
ible red cells are removed from the circulation.
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DHTRs almost always represent secondary, or anamnestic, 
antibody responses. On first exposure to an immunogenic red 
cell antigen, a primary antibody response generally is delayed in 
onset and slow to reach its peak. For example, anti-D appears a 
minimum of 4 to 8 weeks after transfusion and may not develop 
for up to 5 months, after most or all the donor red cells have been 
removed by the aging process.419 The antibody level gradually 
declines, and antibody screening and crossmatch tests may be 
negative. After a subsequent transfusion, the previously sensi-
tized recipient manifests a much more brisk immune response, 
with high concentrations of IgG antibody developing within days. 
Donor cells remaining in the circulation may become coated with 
antibody and removed by the reticuloendothelial system. Rarely, 
primary immunization after transfusion may lead to a DHTR.438

In delayed hemolytic reactions, destruction of the sensitized red 
cells is predominantly extravascular; that is, the IgG-coated red cells 
are removed by the reticuloendothelial system. Often, there are no 
symptoms, with a new red cell antibody and positive direct anti-
globulin test detected incidentally.439 If present, symptoms and signs 
may include fever, falling hematocrit, jaundice, and, infrequently, 
hemoglobinemia and hemoglobinuria. Rarely, the reactions may 
be dramatic; renal failure is uncommon, but fatalities have been 
reported. The antibodies responsible for DHTRs are well defined. 
Antibodies to Kidd (Jk) antigens and to antigens of the Rh system are 
the major offenders, with anti-Kell and anti-Duffy (Fy) implicated in 
most other delayed reactions. Anti-Kidd antibodies are particularly 
troublesome because the plasma concentration of these antibodies 
declines more rapidly than others, so pretransfusion tests are more 
commonly negative in patients who are in fact sensitized.236

Investigation of Delayed Hemolytic Transfusion Reaction. If a DHTR is sus-
pected, a fresh blood sample should be obtained from the patient. 
This sample should be screened for the presence of previously 
undetectable red cell antibodies. A direct antiglobulin test should 
be done. If it is positive, the antibodies should be eluted from 
the red cells and identified. If the transfused cells have already 
been destroyed, the direct antiglobulin test will not be positive, 
but an antibody should be detectable in the patient’s serum. The 
physician must be advised and the patient given a card indicat-
ing the presence of the antibody. The blood bank must retain a 
permanent record of clinically significant antibodies because the 
antibody may again become undetectable.

Management. In most instances, no specific therapy is neces-
sary. The few patients who experience severe reactions should 
be treated with adequate hydration. If further transfusions are 
indicated, crossmatch-compatible blood negative for the offend-
ing antigen(s) should be administered. The physician and patient 
should be informed about the antibody so that transfusions may 
be administered safely in the future.

pseudohemolytic transfusion reactions
In patients manifesting a clinical syndrome consistent with 
intravascular hemolysis, but in whom no blood group incompat-
ibility can be identified, other explanations should be considered. 
Conditions that mimic hemolytic transfusion reactions are called 
pseudohemolytic transfusion reactions.421 These include bacterial 
contamination with organisms such as Yersinia, resorption of large 
hematomas, and hemolysis caused by drug reactions or vascular 
prostheses. Pretransfusion hemolysis of donor blood caused by 
mechanical trauma, freezing, heat, or hypotonic solutions, should 
always be considered a potential cause of such a reaction.421

Febrile Nonhemolytic Transfusion Reactions
FNHTRs440,441,442 have been reported in a variable proportion of 
patients receiving transfusions, ranging between 0.5% and 3.0%; 
they are more common in multiply transfused patients. The typical 

reaction consists of a chill followed by fever of 1°C or greater, usu-
ally during or within a few hours of the transfusion. Headache, 
nausea, and vomiting may occur. Occasionally, the reaction may be 
severe but usually these reactions are mild. Whatever their degree, 
febrile transfusion reactions usually run their course within a few 
hours. Some causes of FNHTRs are as follows.

Alloimmunization to antigens on leukocytes and platelets is 
one of the most common causes of nonhemolytic febrile reac-
tions. Early studies detected the presence of leukoagglutinins in 
such patients.443,444 HLA antibodies are most commonly found, 
followed by platelet-specific antibodies; granulocyte-specific anti-
bodies are detected in only a minority of patients.445–447

Another cause of FNHTRs is the transfusion of cytokines that 
have developed during product storage, especially in nonleukore-
duced whole blood–derived platelet concentrates stored at room 
temperature.448 During storage, leukocytes in platelet concentrates 
release cytokines that appear to be responsible for the febrile reac-
tion.126 The causative role of accumulated cytokines is supported 
by the observation that leukoreduction filtration after storage does 
not eliminate many of the FNHTRs to platelet concentrates.127 The 
incidence of FNHTRs to nonleukoreduced platelet concentrates 
increases with the age of the platelet concentrate and the leukocyte 
concentration in the product. The reactions appear to be medi-
ated by the supernatant of the platelet products.126,129,449 The 
concentration of cytokines in platelet concentrates and incidence 
of FNHTRs can be decreased by leukoreducing the products soon 
after collection. Apheresis platelets are leukoreduced by the collec-
tion technology and have reduced cytokine levels.450

The possibility of bacterial contamination of the product must 
be considered as a possible cause of FNHTR. Symptoms caused 
by transfusion of bacteria or their toxins can be mild or may be 
fatal. Platelet components are involved more often because they 
are stored at room temperature. However, certain organisms 
such as Yersinia enterocolitica proliferate in red cells at storage 
temperatures of 1°C to 6°C. Bacterial contamination is often not 
considered as a cause of a febrile reaction; it may be more preva-
lent than reported because of underinvestigation.451–453

Management of Febrile reactions
The approach to management of febrile transfusion reactions must 
be based on an understanding of all the possible causes. Although 
many such reactions are caused by WBC alloimmunization or cyto-
kines, fever may also be an indication of an unsuspected hemolytic 
transfusion reaction or contamination of the donor blood by bacte-
ria or endotoxin. For these reasons, every transfusion complicated 
by a febrile transfusion reaction should be discontinued until the 
patient has been carefully assessed by a physician and the blood 
bank alerted. Although controversial, the physician, depending on 
the clinical condition of the patient and the institution’s policies 
regarding such steps, may elect to restart the transfusion if a hemo-
lytic or bacterially contaminated transfusion has been ruled out.

The possibility of a hemolytic reaction should be considered 
when fever occurs. If suspected, the donor unit, along with a 
patient blood specimen, should be returned to the blood bank 
for investigation. Other tests for hemolysis should be done as 
discussed previously, if clinically indicated. The donor unit and 
patient blood should be cultured if there is any suspicion of bacte-
rial contamination.

The symptoms of a febrile transfusion reaction may often 
be ameliorated with an antipyretic such as acetaminophen 
or hydrocortisone in patients who develop severe reactions. 
Meperidine may be used to decrease or stop severe shaking chills. 
Antihistamines are indicated only if the patient also has allergic 
symptoms such as hives.

prevention of Febrile transfusion reactions
Febrile transfusion reactions to red cells occur most commonly in 
patients who have been sensitized to WBC antigens by previous 
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transfusions or pregnancies. In such patients, the risk of a febrile 
transfusion reaction varies with the leukocyte content of the donor 
unit. Use of leukoreduced red cells may decrease the incidence of 
FNHTRs.454–456 Every patient who experiences a reaction does 
not routinely need specific preventive measures, because only a 
minority will have a second reaction.

When whole blood–derived platelets are given, febrile reac-
tions are common. Removal of leukocytes from these components 
at the time of transfusion often fails to prevent FNHTR because 
of the high level of cytokines in these products.126,129 Reduction 
of the level of cytokines by using platelet concentrates stored for 
a shorter time, prestorage leukoreduction of the platelet concen-
trates, plasma reduction, or use of apheresis platelets reduces 
the incidence of FNHTR to platelet products.79,457 If reactions 
persist, premedication with antipyretics or corticosteroids may 
be required. Because granulocyte concentrates cannot be modi-
fied by leukoreduction, premedication should be considered in 
patients who receive these products.

Transfusion-related Acute Lung Injury
Transfusion-related acute lung injury (TRALI) most commonly 
presents as severe respiratory distress of sudden onset, caused 
by a syndrome of noncardiogenic pulmonary edema resembling 
the adult respiratory distress syndrome.458,459 Chills, fever, chest 
pain, hypotension, and cyanosis, as well as the usual manifesta-
tions of pulmonary edema, may be seen. TRALI is reported by 
the FDA as the number-one cause of transfusion-associated fatal-
ity.426,460 The incidence of TRALI varies greatly, from 1 in 5,000 to 
1 in 557,000 depending on the blood component involved.355,426

It is hypothesized that TRALI reactions may be the result of 
two cumulative events461: the first event is linked to the patient 
(i.e., underlying sepsis, hematologic disease, and/or postsurgical 
status), and the second event is related to the transfusion of poten-
tial granulocyte primers such as inflammatory cytokines, active 
lipids, and/or alloantibodies.355,462 The diagnosis of a TRALI 
reaction is based on the onset of acute lung injury (ALI) within 6 
hours of transfusion.463,464 ALI is characterized by an acute onset 
of hypoxemia (oxygen saturation <90% by pulse oximetry for a 
patient breathing room air or a PaO2/FiO2 ≤300 mmHg), bilateral 
infiltrates on frontal chest radiograph, and no evidence of circula-
tory overload. Based on studies of adult respiratory distress syn-
drome, which has similar pulmonary manifestations, it has been 
suggested that agglutination of granulocytes and complement acti-
vation occur in the pulmonary vascular bed, leading to capillary 
endothelial damage with consequent fluid leak into the alveoli.465

Management involves supportive measures for the pulmonary 
edema and hypoxia, including ventilatory support if required. 
Hemodynamic monitoring may be required to determine whether 
fluid overload is a factor; if not, diuretics are of no proven 
value.466 The AABB requires evaluation of donors implicated in 
TRALI.5 Donors whose plasma is implicated in such reactions 
should be examined for the presence of granulocyte-specific 
and HLA antibodies that react with recipient leukocytes. It is 
recommended to avoid further transfusion of plasma-containing 
products from implicated donors found to have anti-HLA or anti-
granulocyte antibodies. In 2006, the AABB recommended that 
blood banks minimize the production of high-plasma-content 
components (such as plasma products and pheresis platelets) 
from donors at risk for alloimmunization (e.g., women with a 
history of pregnancy).18 This change has resulted in a decrease of 
reported TRALI cases355,356,426.

Allergic Reactions
Allergic reactions are common in transfusion recipients, with an 
estimated incidence of 1% to 3%,441 but their actual incidence 
may be higher because they are often not reported. They range 

from urticarial lesions (hives), other skin rashes, bronchospasm, 
and angioedema to anaphylactic shock. Minor reactions are dose-
related, with an incidence related to the volume of plasma trans-
fused. Whole blood and plasma are more likely than concentrated 
red cells to cause such reactions; washed red cells or albumin are 
rarely implicated. Minor urticarial reactions are the only transfu-
sion reactions that do not necessitate immediate discontinuation 
of the transfusion. Fortunately, the incidence of severe anaphy-
lactic transfusion reactions is very low, as such reactions can be 
life-threatening.

Most allergic reactions are thought to be mediated by recipient 
IgE to proteins or other soluble substances in donor plasma. The 
interaction between the antigen and IgE stimulates the release 
of histamine from mast cells and basophils. Most patients do 
not have repeated allergic reactions, but those with a history of 
atopy are at higher risk for additional reactions. For patients with 
repeated allergic reactions, premedication with an H1-blocking 
antihistamine is usually sufficient for prevention. If maximal 
premedication fails to control the allergic response, reducing 
the plasma content of the transfused blood product is another 
option. This can be accomplished by centrifuging the product and 
 removing almost all the plasma or by red cell washing.

In patients with severe anaphylactoid or anaphylactic reac-
tions, antibodies reacting with IgA in donor plasma should 
be considered. The incidence of genetically determined IgA 
deficiency in the otherwise normal population is high, ranging 
from 1 in 400 to 1 in 500.467 Without necessarily having prior 
transfusion exposure, approximately 20% to 25% of such patients 
produce antibodies to IgA, generally class-specific (i.e., reacting 
with all IgA molecules). Such patients should be transfused, when 
necessary, with washed red cells468 or with IgA-deficient blood 
products. In addition, many patients with normal IgA levels have 
antibodies that react with some, but not all, IgA molecules; the 
incidence of such limited-specificity antibodies has been reported 
at 2% of normal adults,469 but the incidence may be as high as 
21% in multiply transfused patients.440 The concentration of such 
limited-specificity antibodies generally is low, and the resulting 
reactions are usually milder, but the possibility of a major  reaction 
exists.417

Posttransfusion Purpura
Posttransfusion purpura470–472,473 is the development of life-threat-
ening thrombocytopenia 5 to 10 days after transfusion. This rare 
complication is caused by the development of alloantibodies 
directed against platelet-specific antigens; anti–HPA-1a is often 
implicated, although antibodies with other specificities have also 
been reported (see Chapter 47). Posttransfusion purpura is thought 
to occur as a result of a secondary immunologic response to the 
platelet-specific antigen, most patients having been sensitized by 
prior pregnancy or transfusion. The mechanism of destruction 
of the patient’s own platelets is uncertain. Management includes 
high-dose IVIG,474 corticosteroids,475 or plasma exchange.473

Posttransfusion thrombocytopenia may also be associated with 
the passive administration of a platelet-specific antibody.476–478 
Both anti–HPA-1a and anti–HPA-5a have been implicated; these 
cases can be defined as passive posttransfusion purpura, and the 
resulting thrombocytopenia occurs within hours of the transfu-
sion. It is important to identify the donors of these blood products 
to prevent further infusion of plasma-containing products from 
such donors.

Transfusion-related Immunomodulation
Allogeneic blood transfusion results in the transfer of not only 
RBCs, but also significant amounts of potential immune effector 
cells, their products (e.g., cytokines), and various substances that 
may be seen by the host immune system as foreign antigens. 
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A large body of literature exists that substantiates the modu-
lation of host immune systems by transfused allogeneic cells 
and substances, raising the possibility of the development of 
clinical syndromes generally referred to as transfusion-related 
 immunomodulation (TRIM).479 Beneficial transfusion-related 
immunomodulatory effects have been reported in renal trans-
plant patients, women with recurrent spontaneous abortions, and 
patients with Crohn’s disease.480

A large number of clinical studies have been performed spe-
cifically addressing two potential harmful TRIM-associated effects: 
cancer recurrence and postoperative bacterial infections. The aim 
of the studies has been to document TRIM and to ascertain the 
potential benefit of leukoreduction or use of autologous blood.481–489 
Despite some reported observations of a transfusion-associated 
increased risk of cancer recurrence or postoperative infections, 
many studies include potential confounders or sources of bias. 
Meta-analyses have concluded that a deleterious clinical effect of 
transfusion immunomodulation remains controversial.490,491,492

Transfusion-associated Graft-versus-Host Disease
Most cellular blood products, including red cell, platelet, and gran-
ulocyte products, contain viable, immunocompetent T lympho-
cytes.493 When transfused into immunoincompetent recipients, 
these donor lymphocytes may proliferate in the patient and lead to 
the clinical syndrome of transfusion-associated graft-versus-host 
disease.494,495 TA-GVHD has also been reported in immunocom-
petent patients, especially those who receive transfusions from 
family members or from random donors who share HLA antigens, 
as is the case when the donor is homozygous for a shared HLA 
haplotype.496,497 In these cases, the recipient does not recognize 
the donor cells as foreign, allowing the transfused lymphocytes 
to proliferate and cause TA-GVHD. A higher incidence has been 
reported in countries such as Japan, whose populations are 
genetically similar.

Transfusion of leukocyte or platelet concentrates or fresh 
blood has been responsible for most cases of posttransfusion 
GVHD. Frozen-thawed plasma products (FFP, cryoprecipitate) 
have not been definitively associated with TA-GVHD. TA-GVHD 
occurs earlier than that seen after bone marrow transplantation, 
usually within 1 to 2 weeks, but is otherwise similar.498 Fever 
is the most common symptom, followed by a typical erythema-
tous, maculopapular skin rash that begins centrally and spreads 
peripherally to the hands and feet. Abnormalities of hepatic 
function, nausea, and bloody diarrhea often occur as the process 
progresses. Leukopenia followed by pancytopenia due to marrow 
failure is quite common in TA-GVHD and is seen most often 2 to 
3 weeks after the onset of symptoms. The diagnosis is based on 
the clinical picture and can be confirmed histologically with a skin 
biopsy. Laboratory confirmation that the GVHD is transfusion-
induced can be obtained by demonstrating the presence of donor 
lymphocytes in the patient. This can be done by HLA typing of 
patient and donor cells by DNA methods for class I and II anti-
gens, by cytogenetic analysis, or by analysis of DNA microsatellite 
polymorphisms or variable-number tandem repeats.493 Severe 
systemic infections are the most common cause of death, which 
often occurs within 3 to 4 weeks from the time of the implicated 
transfusion. Despite aggressive treatment, the fatality rate in 
TA-GVHD is significantly higher than that associated with bone 
marrow transplantation and has been reported to be >90%.498

Corticosteroids, antithymocyte globulin, cyclosporine, and 
growth factors have all been used with minimal success in the 
treatment of TA-GVHD. Although a few reports of spontaneous 
resolution have been reported, current treatment approaches 
have used combinations of immunosuppressant medications 
with lymphocyte-directed antibody therapy (anti-CD3, anti–inter-
leukin-2 receptor, antithymocyte globulin). Because of the lack of 
effective treatment regimens, TA-GVHD should be prevented by 

pretransfusion irradiation of all blood products administered to 
patients at risk. Irradiation inhibits proliferation of donor lym-
phocytes with little significant adverse effect on red cell, platelet, 
or granulocyte function. Changes in the red cell membrane do 
occur that result in an increased loss of potassium from the cell, 
limiting the storage time of irradiated red cells to 28 days. This 
may be important in neonates, as the dose of free potassium may 
be high in a relatively large-volume transfusion, necessitating the 
use of freshly irradiated or washed RBCs. The recommended dose 
for the irradiation of blood and blood products is 2,500 cGy at the 
center of the irradiation field, with a minimum dose of 1,500 cGy 
at any point in the field.5,131

Based primarily on case reports and reviews, a number 
of immunosuppressed and immunocompetent patient groups 
can be stratified according to risk for developing TA-GVHD498 
(Table 21.9).

Nonimmunologic adverse effects of Blood 
transfusion

Transfusion-associated Circulatory Overload
Transfusion of red cell preparations or plasma products may 
result in transfusion-associated circulatory overload (TACO). 
In chronically anemic patients, the plasma volume expands so 
that the blood volume is normal. Virtually the entire volume of 
the blood product infused remains in the circulation; in elderly 
patients with limited cardiac reserve or in severely anemic 
patients in congestive heart failure, transfusion may lead to 
fatal pulmonary edema. Diuretic therapy and other measures to 
manage heart failure may be of some benefit; partial exchange 
transfusion may be indicated. Prevention of these reactions is 
most important. Transfusions should be administered slowly, at 
a rate of 1 to 2 ml of blood/kg of body weight per hour, with the 

paTIenTs aT InCreased rIsk for TransfUsIon-
assoCIaTed grafT-versUs-hosT dIsease

taBLe 21.9

High Risk

Bone marrow transplant (allogeneic and autologous)

Intrauterine transfusions

Granulocyte or HLA-matched platelet transfusions

Transfusions from blood relatives

Congenital immunodeficiencies

Hodgkin disease

Moderate Risk

Hematologic malignancy (acute myelogenous leukemia/acute lymphocytic  
leukemia/non-Hodgkin lymphoma)

Patients treated with purine-analog drugs (e.g., chronic lymphocytic leukemia)

Malignancies treated with intensive chemo-/radiotherapy (i.e., neuroblastoma, 
sarcoma)

Solid organ transplant recipients

Preterm infants

Newborns receiving exchange transfusion

Low/Theoretical Risk

Human immunodeficiency virus/acquired immunodeficiency syndrome

Healthy term newborns

Modified from Schroeder ML. Transfusion-associated graft-versus-host disease. Br J 
Haematol 2002;117:275–287.
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patient under close observation. Splitting red cell components or 
volume-reducing apheresis  platelets can be helpful in managing 
the most difficult cases.

Massive Transfusion
Metabolic effects
Stored blood differs in its composition from that circulating in 
the body. If large amounts of stored blood are infused rapidly, 
one may observe adverse effects related to such differences. The 
elevated K+ content of stored red cells rarely leads to hyperka-
lemia, but it is a risk in the presence of renal failure, shock with 
acidosis, or hemolysis. Plasma contains a significant amount of 
citrate as anticoagulant; recipients with normal circulatory status 
promptly metabolize this in the liver, but during plasma exchange 
or in patients in shock or severe liver failure, citrate excess may 
lead to hypocalcemia. Hypocalcemic reactions caused by citrate 
may be treated by intravenous calcium infusion.499

hypothermia
Hypothermia may occur if a large volume of cold blood is 
infused rapidly. Hypothermia is one of the most common com-
plications of massive transfusion and contributes to the associ-
ated coagulopathy. Neonates and the elderly are particularly 
sensitive to this reaction. Hypothermia affects the way the liver 
metabolizes citrate, resulting in an increased risk of hypocalce-
mia. Rapid infusions of citrated blood products in such patients, 
especially through central venous lines, may lead to arrhyth-
mias. Hypothermia interferes with platelet function and clotting, 
both of which are improved when the patient is warmed.499 
One way of approaching this problem is with the use of warmed 
intravenous fluids or blood. Blood-warming devices are avail-
able that can adequately warm the blood administered, even 
during a rapid and massive transfusion. All patients who are 
receiving large amounts of red cells and plasma should have 
those products administered through blood-warming devices. 
Blood warmers must be checked regularly to ensure that they 
maintain their temperature. If the blood is overheated, hemoly-
sis and the associated complications of transfusing hemolyzed 
blood may result.

Any one of these potential problems alone is rarely signifi-
cant. However, in the critically ill patient who requires massive 
transfusion, acidosis, hypoxemia, hypothermia, hypocalcemia, 
and hypo- or hyperkalemia often coexist, with a consequent risk 
of cardiac arrhythmias. Neonates receiving exchange transfu-
sions are particularly susceptible to such physical and metabolic 
effects.132,500

Dilutional Coagulopathy
Massive transfusion of one to two blood volumes in patients 
results, first, in abnormalities of the prothrombin time (PT) and 
of the activated partial thromboplastin time (APTT); and second, 
in thrombocytopenia.501 Massively transfused patients are often 
affected by sepsis, shock, and intravascular coagulation, which 
may aggravate the dilutional hemostatic defects.

In practice, most patients tolerate otherwise uncomplicated 
dilutional coagulopathy well. Factor VIII activity may rise as a 
response to stress; factor V falls, but rarely to dangerous levels. 
Moderately severe thrombocytopenia, accompanied in some 
cases by a significant degree of platelet dysfunction, may be a 
more significant problem. Transfusion therapy of such patients is 
best guided by laboratory measurements, but clinical assessment 
is most important because conventional coagulation tests take 
time to obtain. As discussed earlier in this chapter, for patients 
undergoing rapid massive transfusion, the first line of treatment 
(with regard to hemostatic blood products) should include plasma 
to correct the levels of coagulation factors, followed by platelet 
products.205,206,208,222,224

Age of Transfused Blood
In 2008, a study suggested a relationship between the length of 
blood product storage and the in-hospital mortality of transfused 
cardiac surgery patients.63 The study was retrospective in nature 
and elicited much discussion and further investigation. Meta-
analyses of studies looking at the effect of age of transfused blood 
on patient outcomes failed to clarify an association.502,503,504 
Prospective studies are now ongoing.505–507

The changes that stored red blood cells undergo while await-
ing transfusion are referred to as the “storage lesion.” In short, 
these changes are a decrease in both 2,3-diphosphogylcerate, 
ATP, and an increase in extracellular potassium. Red cell mem-
brane changes result in decreased flexibility of the cell, hemolysis, 
and formation of microparticles. Whether the red cell storage 
lesion is responsible for deleterious clinical effects awaits further 
investigation.

Miscellaneous
Air embolism is a potential hazard when perioperative infusion 
devices are used.508 Fat embolism may occur in the rare situa-
tion in which blood products are transfused via the bone marrow. 
The plastic materials used to ensure the flexibility of some blood 
storage bags can leach into the product and, although no adverse 
effects have been demonstrated to date,509 attempts are being 
made to identify alternatives.

Iron Overload: Transfusion Hemosiderosis
Iron overload is a major problem in patients who require long-
term red cell transfusion support for chronic anemias due to 
bone marrow failure.510,511 Each unit of red cells contains 
approximately 0.25 g of iron. After a large number of red cell 
transfusions, in the absence of blood loss, the recipient develops 
the stigmata of transfusion siderosis: impaired growth, failure of 
sexual maturation, myocardial and hepatic dysfunction, hyper-
pigmentation, and, often, diabetes. Patients such as those with 
thalassemia who are at risk of this complication should receive 
prophylactic aggressive iron chelation therapy.

infecTious coMPLicaTions  
of BLood Transfusion

Overview of Blood Donor Screening  
for Infectious Diseases
In the 1960s, transfusion-associated hepatitis (TAH) occurred 
in more than 30% of multiply transfused patients. The develop-
ment and implementation of a screening test for HBsAg and the 
switch to an all-volunteer blood supply resulted in a dramatic 
reduction in the incidence of both B and non-A, non-B (NANB) 
TAH (Fig. 21.7).512 However, a significant risk of NANB hepatitis 
persisted.

In the early 1980s, the blood banking industry was further 
challenged with the appearance of AIDS. In the early and mid-
1980s, before the identification of the causative agents of AIDS or 
NANB hepatitis, the idea of using surrogate tests to identify dona-
tions at increased risk of transmitting one of these infections was 
introduced. Candidate tests included those that would detect the 
consequences of an infection (e.g., elevated alanine aminotrans-
ferase [ALT] in the case of NANB hepatitis or inverted helper-to-
suppressor T-cell ratio in the case of AIDS) or those likely to be 
positive in individuals who engaged in high-risk sexual activity 
or needle sharing (e.g., antibody to the hepatitis B core antigen 
[anti-HBc]).513–516 Before the availability of a specific test for HIV, 
some blood suppliers implemented HBc antibody testing or donor 
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T-cell testing in an attempt to reduce the risk of transmitting AIDS 
through blood transfusion.

After the development and implementation of a test for HIV 
antibody in 1985, it became clear that there is a delay between 
the onset of infection and the development of detectable antibody. 
A blood donation made during this “window period” could pass 
infectious disease screening tests but transmit infection. The FDA 
required blood centers to inform prospective donors about the 
window period and to question them directly about specific risk 
behaviors. Gradually, improvements in the sensitivity of the HIV 
antibody test led to shortening the HIV window period from 45 
days to about 22 days.517,518

During the mid-1980s, surrogate tests for NANB hepatitis 
and risk activity (ALT and HBc antibody) became required in the 
United States. A donor screening test for the retrovirus HTLV-I 
was implemented in 1988. The first donor screening test for anti-
body to hepatitis C became available in 1990, and an improved 
test became available in 1992. In 1996, a donor screening test for 
HIV-1 p24 antigen was implemented because available informa-
tion suggested that this test could shorten the HIV window period 

by an additional 6 days.518 By this time, the risks of transfusion-
transmitted HIV and hepatitis were too low to measure prospec-
tively and could only be estimated with the aid of mathematic 
modeling (Fig. 21.8).519–521

Despite the extremely low risk of transfusion-transmitted HIV 
and hepatitis, there continued to be immense public pressure to 
further improve transfusion safety. In 1999, nucleic acid testing 
(NAT) for HIV and HCV RNA was added to blood donor screening 
via clinical trials. Initially available NAT methods were labor-inten-
sive and could not be applied to rapid screening of large numbers 
of blood donations. NAT screening was rendered feasible by per-
forming the assays on “minipools” of donor specimens (initially 
pooling 16 to 24 samples together for testing, more recently 6 to 
16 samples). Clinical trials of minipool NAT for HIV and HCV RNA 
confirmed that this testing detects infection earlier than antigen or 
antibody assays.522,523 NAT testing for HIV and HCV RNA is now 
required by the FDA. With implementation of licensed NAT for HIV, 
the FDA permitted discontinuation of the HIV p24 antigen test.

NAT assays continue to be improved and new assays devel-
oped. Donor NAT assays for HIV and HCV RNA are now fully 
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FIGURE 21.7. Annualized incidence of posttransfusion hepatitis 
B and non-A, non-B at the National Institutes of Health, 1964 to 
1986. First-, second-, and third-generation tests refer to tests for hepatitis 
B surface antigen. ALT, alanine aminotransferase. (Reprinted from Alter HJ. 
You’ll wonder where the yellow went: a 15-year retrospective of posttrans-
fusion hepatitis. In: Moore SB, ed. Transfusion-transmitted viral diseases. 
Arlington, VA: American Association of Blood Banks, 1987, with permission.)
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FIGURE 21.8. Decline in risk of human immunodeficiency virus 
(HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV) trans-
mission by transfusion, 1983 to 2001. Estimates indicated by solid 
symbols are based on donor prevalence measurements; estimates 
indicated by shaded symbols are based on recipient follow-up studies; 
estimates indicated by open symbols represent projections based on 
mathematical modeling. Estimated risk of infection per unit transfused 
in 2000–2001 was 1:220,000 for HBV, 1:1.6 million for HCV, and 1:1.8 
million for HIV. (From Fiebig E, Busch MP, with permission; modified 
from Busch MP, Kleinman SH, Nemo GJ. Current and emerging infec-
tious risks of blood transfusions. JAMA 2003;289:959–962.)

72683_ch021_0547-0586.indd   578 29/07/13   9:32 PM



Tr
an

sf
us

io
n 

M
ed

ic
in

e

 ChaPter 21 Transfusion Medicine 579

Infection Tests Designed to Detect

Hepatitis B Hepatitis B surface antigen

IgM and IgG antibody to hepatitis B core antigen

HBV DNAa

Hepatitis C IgG antibody to hepatitis C peptides

Hepatitis C virus RNAa

HIV-1/-2 IgM and IgG antibody to HIV-1/-2

HIV-1 RNAa

HTLV-I/-II IgG antibody to HTLV-I/-II

Syphilis IgM and IgG antibody to treponemal antigens

Or nontreponemal serologic reactivity (e.g., rapid plasma reagin)

WNV WNV RNAa

T. cruzi IgG antibody to T. cruzi b

HIV, human immunodeficiency virus; HTLV, human T-cell lymphotropic virus; Ig, 
immunoglobulin; WNV, West Nile virus.
aNucleic acid testing is usually performed on minipools of 6 to 16 donor samples.
bT. cruzi antibody testing may be limited to one-time testing of each donor.

InfeCTIoUs dIsease TesTIng perforMed on U.s.  
Blood donaTIons

taBLe 21.10

automated and have been multiplexed to include HBV DNA detec-
tion. Testing for West Nile virus RNA was initiated in 2003 using 
investigational assays; this testing is now required by FDA.

Additional donor serologic screening tests have also been 
developed or are in development. A donor screening assay 
for antibodies to T. cruzi became available in 2007; FDA now 
requires every donor to be tested once for this infection (see 
below). Tests for Babesia infection are in development.

Residual Risks of Infection
Table 21.10 lists the tests currently performed on volunteer blood 
donations in the United States. It is thought that the residual 
risk of transmitting HIV and hepatitis by transfusion is related 
mainly to window period donations. The probability that a dona-
tion was made during the window period can be calculated from 
the observed incidence of new infections in blood donors and 
the length of the window period.19,521,524 The implementation of 
nucleic acid testing for HIV and HCV has permitted direct detec-
tion of donors with newly-acquired infections (i.e., donors who 
are NAT-positive, antibody negative). New HIV and HCV infections 
in repeat blood donors are very rare. However, studies indicate 
that first-time donors are two to three times more likely than 
repeat donors to have newly-acquired infection.19 Thus, current 
estimates of transfusion risk include an adjustment for a 2- to 
3-fold higher probability that a first-time donor is in the window 
period compared to a repeat donor.523,524–526 Table 21.11 shows 
the current risk estimates for transfusion-transmitted HIV, HCV, 
and HBV based on the length of the window period and the esti-
mated frequency of window period donations.

Because the current risks of transmitting HIV and HCV 
are low, the absolute benefit gained from further incremental 
improvements in blood donor testing for these infections would 
be very small. The implementation of individual-unit NAT for HIV 
and HCV, for example, would be associated with extremely high 
cost with very little incremental improvement in blood safety in 
the US.527,528 Similarly, the value of processes to chemically inac-
tivate residual pathogens in blood products has been questioned 
in view of the low residual risks of HIV and HCV. These treat-
ments, however, might represent a reasonable approach toward 
reducing the risk of transmitting infectious agents for which there 

are currently no donor screening tests.529,530 Some pathogen 
reduction treatments for platelets and fresh plasma are in use out-
side the US, but as of April 2012 these were not approved for use 
in the US. Commercial plasma derivatives are, however, subjected 
to a solvent/detergent treatment that inactivates lipid-enveloped 
viruses such as HIV, HCV, and HBV. Solvent/detergent treatment 
cannot be applied to cellular blood components.

transfusion-associated hepatitis
Before the development of serologic tests capable of determining 
the cause of TAH, all TAH was thought to be due to hepatitis B 
(the “serum hepatitis” agent). After the HBsAg test become avail-
able, however, it was discovered that hepatitis B accounted for 
only about 25% to 30% of TAH cases.531,532 Subsequent studies 
excluded hepatitis A virus (HAV), CMV, and the Epstein-Barr 
virus (EBV) as common causes of TAH. The designation NANB 
hepatitis was created to describe the majority of TAH cases.533 In 
1988, the major causative agent of NANB hepatitis was identified 
as HCV.534,535 Widespread testing of all blood donations for this 
virus was implemented in 1990. An improved test for hepatitis C 
became available in 1992. Since then, TAH has become rare.

Hepatitis B
The discovery of HBsAg and application of this test to blood donor 
screening led to a dramatic reduction in transmission of HBV 
by transfusion (Fig. 21.7).536 Screening of all blood products for 
HBsAg began in 1970 in the United States with low-sensitivity tests 
and was made mandatory in 1972. The high-sensitivity HBsAg 
test in current use becomes positive an average of 38 days after 
the onset of infectivity.537 This test detects most but not all donors 
who are infectious for hepatitis B. Three types of  individuals with 
hepatitis B infection may be missed by the current HBsAg test: (1) 
individuals with early infection whose HBsAg has not yet become 
detectable; (2) individuals who were previously vaccinated against 
HBV and have anti-HBs but who acquire HBV infection after sub-
sequent exposure (so-called “vaccine breakthrough” infections); 

Agent

Window 
Period  
(Days)b

Incidence of  
New Infections  
in Repeat Donors  
(per 100,000 
Person-Years)

Estimated 
Risk/Unit 
Transfusedc

Hepatitis B 38 2.49 1:280,000

Hepatitis C 7.4 2.98 1:1,149,000

Human  
immunodeficiency 
virus

9.0 2.16 1:1,467,000

aEstimates are based on figures from Zou S, Dorsey KA, Notari EP, et al. Prevalence, 
incidence, and residual risk of human immunodeficiency virus and hepatitis C virus 
infections among United States blood donors since the introduction of nucleic acid testing. 
Transfusion 2010;50:1495–1504525; and Zou S, Stramer SL, Notari EP, et al. Current 
incidence and residual risk of hepatitis B infection among blood donors in the United States. 
Transfusion 2009;49:1609–1620.526
bWindow-period estimates assume minipool nucleic acid testing for HIV and HCV and no 
HBV DNA testing.
cEstimated risk/unit transfused is calculated using an adjustment for the proportion of units 
from first-time donors, whose incidence of infection is two to four times higher than that of 
repeat donors.
Modified from Galel S. Infectious disease screening. In: Roback JD, Grossman BJ, Harris T, 
Hillyer CD, eds. AABB technical manual, 17th ed. Bethesda, MD: AABB, 2011:239–270.544

CUrrenT esTIMaTed rIsks of TransfUsIon-TransMITTed 
InfeCTIon Based on wIndow perIod/InCIdenCe esTIMaTesa

taBLe 21.11
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and (3) individuals with chronic infection whose HBsAg has fallen 
below the limits of detection (“occult HBV infection”).

Units from individuals with chronic occult HBV (category 3 
above) are currently excluded from the US blood supply by donor 
testing for anti-HBc. In the US, anti-HBc–positive donations are 
permitted into pooled plasma derivatives, however, because 
HBV infectivity is eradicated from these products by the patho-
gen inactivation processes to which the products are subjected. 
Based on currently mandated donor screening tests (i.e., HBsAg 
and anti-HBc), the current estimated risk of HBV transmission by 
individual blood components in the United States is 1 in 280,000 
units 526 (Table 21.11).

As of April 2012, HBV DNA testing of blood donors was not 
required in the US. However, most US blood donors were, in fact, 
being tested for HBV DNA because probes for this target were 
included in the donor screening NAT assays used for HIV and 
HCV RNA detection. In November 2011 the US FDA issued a draft 
guidance document indicating its intention to make HBV DNA 
screening a requirement.538 HBV DNA tests detect some, but not 
all, of the HBV-infected donors missed by HBsAg testing.539 HBV 
DNA screening of blood donors has more value in HBV endemic 
countries where donors are not screened for anti-HBc.540

Hepatitis C
Donor screening for HCV includes NAT for HCV RNA as well as 
HCV antibody testing. It is estimated that the donor RNA test 
detects infection an average of 7.4 days after exposure. Based on 
window period/incidence modeling, the risk of HCV transmission 
by transfusion of fresh blood products is now estimated to be 
approximately 1 in 1,149,000 (Table 21.11).525

Hepatitis A Virus
Transfusion-related transmission of HAV by fresh blood prod-
ucts is rare.541,542 However, transmission of HAV has been 
associated with pooled plasma products.543 Because HAV is not 
lipid- enveloped, infectivity is not eliminated by solvent/detergent 
treatment. Therefore, immunization to HAV is recommended for 
patients who are expected to receive pooled plasma products, 
such as those with clotting disorders.543 The FDA does not require 
donor screening for this agent. Some plasma-derivative manufac-
turers, however, test plasma pools for HAV nucleic acid in an effort 
to reduce the risk of transmitting this agent.

human Immunodeficiency Virus  
type 1 and type 2
Current donor screening for HIV includes nucleic acid testing 
for HIV-1 RNA and testing for antibodies to HIV-1 and HIV-2. 
The window period for HIV, based on time to detection of RNA 
via minipool nucleic acid screening, is currently estimated at 9 
days.525 The current estimated risk of HIV transmission by trans-
fusion is approximately 1:1,467,000 units (Table 21.11). Donor 
questioning regarding HIV risk behavior and the temporary exclu-
sion of individuals at increased risk of being in the HIV window 
period are critical and essential elements of this safety level.544 
Whether certain deferral periods could be shortened without com-
promising blood transfusion safety has been the topic of intense 
public discussion.545

Other Infections
Essentially any infection that can circulate in the blood of an 
apparently healthy blood donor can be transmitted by transfu-
sion. Recently, the AABB’s Transfusion-Transmitted Diseases 
(TTD) Committee evaluated a number of potentially transmissible 

infections, their risks of causing severe disease, and the need for 
intervention strategies.546 This analysis is available online and is 
updated periodically. Some of the agents that have been the focus 
of recent interventions or public debate are discussed below.

Infections Transmitted by Arthropods
Over the past decade, much attention has been focused on infec-
tious agents that can be transmitted to donors by insects and 
further transmitted to patients via transfusion.546 This category of 
pathogens includes West Nile virus, Trypanosoma cruzi, babesia, 
malaria, and dengue fever.

West Nile Virus
West Nile virus was first detected in the United States in 1999, and 
has since spread through the North American continent in annual 
epidemics. Birds are the natural reservoir of the virus, which is 
spread to humans by mosquitos.547 Eighty percent of infected 
individuals are asymptomatic, 20% have a relatively nonspecific 
febrile illness, and <1% develop neuroinvasive disease (meningi-
tis, encephalitis, or flaccid paralysis), which can lead to chronic 
disability or death.

WNV was first demonstrated to be transmissible by transfu-
sion in 2002, when infection in 23 recipients was linked to blood 
components later found to contain WNV RNA but no WNV anti-
body.548 In 2003, minipool NAT screening of blood donations for 
West Nile virus RNA was implemented throughout the United 
States using investigational assays. WNV NAT assays are now 
FDA-approved and required. Transmissions despite minipool 
donor testing led to the discovery that 20% to 30% of donors with 
WNV infection may be missed by minipool testing because of low 
levels of circulating virus.549,550 Therefore, at times of high WNV 
activity, donor WNV RNA screening must performed on individual 
donations.551

Malaria
Malaria is a common infection globally. However, transfusion-
transmitted malaria is rare in the United States, with only zero 
to three cases per year occurring during the last decade.552 
This degree of safety is remarkable considering that there is no 
donor screening test for malaria in the United States. Screening 
is accomplished entirely by donor questioning. According to cur-
rent FDA guidelines, individuals are deferred from donation for 
1 year after travel to a malarious area and for 3 years after living 
in a malarious area. Almost 3% of otherwise eligible donors are 
excluded on the basis of this questioning. Of the donors impli-
cated in the recent cases of transfusion-transmitted malaria in 
the United States, approximately 60% (including the majority of 
Plasmodium falciparum infections) should have been excluded by 
donor deferral criteria. The remaining cases are largely related to 
chronic asymptomatic infections in donors who are beyond the 
deferral period.552

Babesiosis
Babesiosis is caused by a protozoan parasite that infects human 
RBCs. It is transmitted by the Ixodes tick, the same vector that 
transmits the causative agents of Lyme disease and human granu-
locytic anaplasmosis. US cases of babesiosis were first identified 
in the northeast United States but have now also been identified 
in Minnesota, Wisconsin, and California.553

Incubation ranges from 1 to 6 weeks or longer. Symptoms 
range from none to mild flulike symptoms to a malaria-type 
illness with hemolytic anemia. Asymptomatic individuals may 
remain infective for months or years.546 More than 150 cases of 
transfusion-transmitted babesiosis have been identified, including 
fatalities. Asplenic, immunocompromised, and elderly patients 
appear to be at increased risk for severe infection. It is suspected 
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that transfusion-transmitted babesiosis is vastly underrecognized. 
The need for an intervention to reduce transfusion-transmitted 
babesia in the US has been acknowledged at the national 
level.553,554 Antibody screening of donors or pathogen reduction 
could theoretically reduce transmission, but there is currently no 
intervention approved for use.

Lyme disease is caused by the spirochete Borrelia  burgdorferi 
and is transmitted by the same tick vector that transmits babe-
siosis. The organism has been found to survive the storage 
conditions of RBC and platelet components. Nevertheless, there 
have been no documented cases of transfusion-transmitted Lyme 
disease.546

trypanosoma cruzi
Trypanosoma cruzi, the protozoan parasite that causes Chagas 
disease, is endemic in portions of Mexico, Central America, and 
South America. It is transmitted to humans by the reduviid bug. 
Acute infection is usually self-limited, although rarely it may 
involve myocarditis or meningoencephalitis and may be fatal, 
particularly in immunocompromised patients. In most cases, 
however, the acute infection goes undiagnosed, and the infec-
tion becomes chronic. After decades, 20% to 30% of chronically 
infected individuals develop cardiac or intestinal dysfunction that 
can be fatal. The transmission of T. cruzi by transfusion is well 
documented in endemic areas.546 A blood donor screening assay 
for T. cruzi antibody became available in the US in 2007. The vast 
majority of the infected donors detected have been immigrants 
from endemic areas; US-acquired T. cruzi appears to be rare. 
Therefore, the FDA has endorsed a strategy of testing each US 
donor only once for this infection.31

Dengue Virus
Studies in dengue-endemic regions outside the continental US 
have documented a high prevalence of blood donors with asymp-
tomatic viremia during dengue outbreaks.555 Concern about this 
virus in the US has increased recently with recognition of infec-
tions in the southern part of the country.556 Although there does 
not currently appear to be a need for blood donor screening for 
this virus within the continental US, activity of this virus will need 
to be monitored.

Transmissible Spongiform Encephalopathies: 
Creutzfeldt-Jakob Disease and Variant  
Creutzfeldt-Jakob Disease
Both classical Creutzfeldt-Jakob disease (CJD) and variant 
Creutzfeldt-Jakob disease (vCJD) are rapidly progressive fatal 
infections of the nervous system caused by prions.546 Individuals 
at increased risk for classical CJD are currently excluded from 
blood donation in the United States, despite evidence that this 
disease is not transmissible by transfusion.546

In contrast, variant CJD (vCJD) does appear to be transmissible 
by transfusion. Human vCJD is caused by the same prion that 
causes bovine spongiform encephalopathy (BSE), or “mad cow 
disease.” As of April 2012, four cases of apparent transfusion-
transmitted vCJD had been identified in the UK, where a BSE 
epidemic occurred between 1980 and 1996. In addition, one case 
of vCJD had been identified postmortem in a hemophilia patient 
in the UK who died of other causes. Worldwide, steps have been 
taken in an effort to minimize the risk of vCJD transmission by 
blood products in the absence of a donor screening test for the 
infection. In the United States, individuals are currently excluded 
from donating blood if they lived in the UK for 3 months or more 
between 1980 and 1996, if they lived in Europe for 5 years or 
more since 1980, or if they received a transfusion in the UK or 
France since 1980.557 Filters that may absorb prions are in devel-
opment, and attempts to develop blood donor screening tests are 

also underway.546 Because prions lack lipid coats and nucleic 
acid, the causative agent of vCJD would not be inactivated by any 
of the pathogen inactivation processes currently in use or under 
development.

Bacterial Contamination
Bacteria are present in approximately 1/3,000 cellular blood 
components.558 Potential sources of bacteria include asymptom-
atic bacteremia in the donor and bacteria from the donor’s skin. 
Bacterial contaminants multiply fairly readily in platelet compo-
nents, which are stored at room temperature, but less readily in 
red cell products, which are refrigerated.

Recognition of morbidity and mortality from transfusion of 
bacterially contaminated platelets prompted the AABB to imple-
ment, in 2004, a requirement for bacterial testing of platelet 
components. AABB now also requires diversion of the first several 
milliliters of donor blood into a sample pouch to reduce contami-
nation of platelet units by skin contaminants.5

The quantity of bacteria in blood components just after collec-
tion is too low to detect by any diagnostic assay. The platelet bac-
terial screening process used by most US blood centers involves a 
36 to 48 hour quarantine of the platelet components. First, there 
is a 24-hour hold after collection to allow potentially contami-
nating bacteria to multiply to detectable levels. Then, a sample 
is taken from each product and inoculated into a blood culture 
bottle. If the culture is negative after 12 to 24 hours, the product 
is made available for use, but the culture is continued for the shelf 
life of the unit. About 1 in 5,000 apheresis platelets are found 
by this screening to be bacterially contaminated.559 This screen-
ing process is imperfect, however, and still fails to detect some 
bacterially contaminated platelets. Recently, a strip immunoassay 
which could be used by hospitals to retest platelets was reported 
to find bacteria in approximately 1 in 3000 pheresis platelets that 
had been negative on their culture screen.560 This immunoassay 
or alternative tests are associated with false positives and logisti-
cal challenges, however, and still fail to detect some contaminated 
products.561 Given the imperfections of current platelet screens, 
and the lack of any bacterial screen for red cell products, bacte-
rial contamination must remain in the differential diagnosis when 
transfusion recipients become febrile or hypotensive following 
transfusions. The pathogen inactivation systems in development 
for cellular blood components all appear likely to inhibit the 
growth of bacteria.562

Cytomegalovirus
CMV is a DNA virus in the herpesvirus family.563 Like other her-
pesviruses, it remains latent after acute infection, with the poten-
tial for reactivation.

In immunologically normal adults, CMV disease manifesta-
tions range from none to a mononucleosis-like syndrome. In 
immunosuppressed or immunodeficient patients, however, both 
primary and reactivation disease may be associated with over-
whelming manifestations including thrombocytopenia, hemolytic 
anemia, pneumonitis, colitis, hepatitis, meningoencephalitis, and 
death. Effective antiviral treatment is available. The incidence 
of severe disease can be reduced by prophylactic treatment of 
high-risk patients with antiviral drugs or by careful monitoring 
of such patients and initiation of therapy with the first evidence 
of infection.563

CMV is transmitted only through cellular blood compo-
nents. The incidence of transmission of CMV by transfusion 
appears to be low (<1%) in immunologically normal recipi-
ents.564 Immunodeficient patients, however, are at increased 
risk of acquiring CMV from transfusion. CMV transmission to 
these patients can be greatly reduced by restricting their cellular 

72683_ch021_0547-0586.indd   581 29/07/13   9:32 PM



582 Part iii Transfusion Medicine

components to products obtained from CMV-seronegative donors 
or by use of leukoreduced blood components.563 Most studies 
have detected no transmission of CMV by leukoreduced blood 
components. Some transmissions were detected, however, in a 
large randomized study that evaluated the incidence of CMV infec-
tion and CMV disease in 502 bone marrow transplant recipients 
randomized to receive either leukoreduced (i.e., leukofiltered) or 
CMV antibody negative blood components.565 CMV infection was 
observed in 1.3% of recipients of seronegative components and in 
2.4% of recipients of leukoreduced components, a difference that 
was not statistically significant. However, in the leukoreduced 
arm, all CMV-infected patients developed disease, and five out of 
six died; in the serologically screened arm, there were no cases of 
CMV-related disease or death. A meta-analysis estimated that the 
risk of transfusion-transmitted CMV is approximately 1.5% with 
use of CMV antibody–screened components, compared to 2.5% 
with leukoreduced, antibody-unscreened components.566 Most of 
the cellular components in the US are leukoreduced. Whether it is 
clinically beneficial to perform CMV antibody screening in addi-
tion to leukoreduction remains controversial.563

It is generally recommended that cellular products with a 
reduced risk of transmitting CMV (leukoreduced or CMV antibody 
negative) be used for patients at increased risk of severe primary 
CMV disease, including unborn babies (i.e., intrauterine transfu-
sion), low-birth-weight infants of seronegative mothers, seronega-
tive recipients of seronegative solid organ or HPC transplants, and 
seronegative patients with severe cellular immunodeficiency (e.g., 
HIV-infected patients). Products with reduced CMV risk are often 
provided also for seronegative patients who are likely to require 
transplantation in the future, in order to reduce their future risk 
of CMV-reactivation disease.563

There is no clinical benefit of providing products of reduced 
CMV risk to patients who are already seropositive. Although 
second-strain infections may occur, these have not been shown 
to be clinically important given the high risk of reactivation dis-
ease these patients face. In CMV-positive recipients of allogeneic 
hematopoietic progenitor cell transplants, the use of CMV-positive 
stem cell donors has no detectable adverse effect on patient out-
comes.567 Therefore, it seems that CMV-seropositive blood com-
ponents would also be acceptable in this setting.

Seronegative recipients of seropositive organ and stem cell 
transplants are at high risk of CMV disease 568 and are likely to be 
monitored closely, treated prophylactically, or both. It is unclear 
whether providing blood products with reduced CMV risk to such 
patients is of clinical benefit.

pathogen reduction technologies
Donor screening and testing cannot completely eliminate the pos-
sibility of transfusion-transmitted infection or blood product con-
tamination. The ideal pathogen reduction technology (PRT) would 
effectively inactivate residual pathogens without adversely affect-
ing the function, toxicity, or immunogenicity of the blood compo-
nent. Most commercial plasma derivatives are treated with heat 
and/or organic solvents and detergents (SD). SD treatment inac-
tivates lipid-coated agents. Cellular blood components, however, 
cannot withstand this treatment. Most of the PRTs in development 
for cellular products consist of blood product additives that bind 
to and damage DNA and thereby prevent residual pathogens from 
proliferating in the blood component or in the recipient. These 
treatments would theoretically also prevent transfusion-related 
GVHD because the DNA of WBCs in the blood product would also 
be affected. The efficacy of PRT agents is dependent on their abil-
ity to penetrate cellular membranes or viral envelopes and reach 
the target nucleic acid. Because of concern that DNA-altering 
agents could cause long-term toxicity in transfusion recipients, 
many of the PRT systems include processes that remove the DNA-
binding agent or inactivate it. PRTs in distribution outside the US 

and in development have been recently reviewed.530,562 Examples 
are listed in Table 21.12.

PRTs can reduce the residual risk related to window period 
transmissions of HIV, HCV, and HBV, but these risks are small. 
The primary benefit of PRTs is to reduce transmission of agents 
for which there are currently no tests.529 These treatments are 
costly. The incremental costs of PRT can be offset if they are 
approved by regulators as eliminating the need for irradiation, 
CMV antibody screening, and bacterial testing.529 Elimination 
of platelet bacterial testing would also expedite release of these 
products.

Several PRT systems for plasma are in use outside the US. One 
(S/D plasma) is a commercial product manufactured from pools 
of donor plasma. A pooled product has both theoretical advan-
tages and disadvantages. For example, pooling dilutes antibodies 
from individual donors and thereby theoretically reduces the risk 
of antibody-mediated transfusion complications such as TRALI. 
However, pooling could increase a recipient’s risk of exposure to 
an emerging pathogen that is not removed or inactivated by the 
manufacturing process. PRTs that involve treatment of individual 
plasma units are more logistically challenging. All of the plasma 
PRTs listed in Table 21.12 have been determined to satisfy the 
Council of Europe plasma quality standards.

As of April 2012, the amotosalen/UV and riboflavin/UV PRTs 
for platelet products were in distribution in some countries out-
side of the US. Both of these treatments appear to be associated 
with some loss of platelet product potency.101,102 The clinical 
importance of the potency changes relative to the theoretical ben-
efit of PRT is unclear.

TheraPeuTic aPheresis
Therapeutic apheresis is an important modality of therapy in the 
management of several diseases.30,569–575 The term plasmapher-
esis refers to the selective removal of plasma. This includes the 
collection of plasma from normal donors. A therapeutic plasma 
exchange, on the other hand, refers to the removal of a large 
proportion of a patient’s plasma and replacement with crystalloid 
or colloid fluids and/or plasma product. These terms are often 
used interchangeably. Therapeutic cytapheresis, the removal 
of red cells, leukocytes, or platelets, is used infrequently in the 

Component Technology Manufacturer

Plasma:  
commercially  
prepared pools

•	 Solvent/detergent treatment Octapharma

Plasma: individual 
units

•	 Amotosalen (psoralen) + UV light Cerus

•	 Riboflavin (vitamin B2) + UV light Terumo BCT

•	 Methylene blue + light MacoPharma

Platelets •	 Amotosalen (psoralen) + UV light Cerus

•	 Riboflavin (vitamin B2) + UV light Terumo BCT

•	 UV light MacoPharma

Red Blood Cells •	 Frangible nucleic acid crosslinker Cerus

Whole Blood •	 Riboflavin (vitamin B2) + UV light Terumo BCT

UV, ultraviolet.
Modified from Galel S. Infectious disease screening. In: Roback JD, Grossman BJ, Harris T, 
Hillyer CD, eds. AABB technical manual, 17th ed. Bethesda, MD: AABB, 2011:239–270.544

paThogen redUCTIon TeChnologIes for TransfUsaBle 
Blood CoMponenTs

taBLe 21.12
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management of patients with hemoglobinopathies, leukostasis, or 
thrombocytosis, respectively.

Guidelines for clinical practice have been developed by the 
American Society for Apheresis (ASFA) and are regularly updated 
every 3 to 7 years with a systematic review of the medical lit-
erature. The current guidelines published in 2010 576 review the 
therapeutic apheresis procedures most commonly performed 
(i.e., therapeutic plasma exchange (TPE), red blood cell exchange, 
erythrocytapheresis, thrombocytapheresis, leukocytapheresis, 
extracorporeal photopheresis (ECP), immunoadsorption (IA), 
selective removal methods, adsorptive cytapheresis, and mem-
brane differential filtration. Additionally, the guidelines contain 
59 specific disease fact sheets listing the type of apheresis proce-
dure to be performed and the rationale for it, the recommended 
blood volume to be exchanged, and the duration of the treatment.

The disorders for which therapeutic apheresis has been used 
are divided into four categories: category I, for which apheresis is 
the accepted first line of therapy; Category II, for which apheresis 
is considered a second-line therapy, after a patient has failed or 
is unable to undergo the first-line therapy; category III, for which 
the optimum role of apheresis therapy is not established and deci-
sion making should be individualized; and category IV disorders, 
in which published evidence demonstrates or suggests apheresis 
to be ineffective or harmful.570,576,577 Some of the indications for 
TPE (categories I and II) are listed in Table 21.13.

therapeutic plasma exchange

Indications
The therapeutic goal of therapeutic plasma exchange (TPE) 
is to remove plasma components such as monoclonal pro-
teins and cryoglobulins,573 immune complexes,571 lipoproteins, 
or toxins  573 responsible for physical or metabolic problems. 
These may include removal of autoantibodies, as in myasthe-
nia gravis 574 and Goodpasture syndrome573; or alloantibod-
ies, as in posttransfusion purpura or patients with Factor VIII 
inhibitors.572 The existence and pathogenic role of antibod-
ies or immune complexes are presumed in several situations 

often treated with TPE, including neurologic disorders such as 
Guillain-Barré syndrome,569,574,578–580 polyneuropathy,574 and 
various  nephritides.573,581 In thrombotic thrombocytopenic pur-
pura (TTP), TPE using cryoprecipitate-reduced plasma582 or fro-
zen plasma as the replacement fluid serves to either replace the 
 missing vWF-cleaving metalloprotease or to remove autoantibod-
ies to this protein.118,583 TPE or plasma transfusion584–586 may 
be life-saving in this disease, as it controls the microangiopathy.

Technical Considerations
The amount of plasma to be removed from the patient is deter-
mined by the physician, depending on the clinical situation. A 
patient’s plasma volume may be estimated at 40 ml/kg, deter-
mined from a nomogram based on the patient’s sex, height, 
weight, and hematocrit587; or estimated according to the weight 
and hematocrit by the following formula:

Circulating blood volume = patient weight (kg) × 70 ml/kg.

Circulating plasma volume = circulating blood volume ×  
(1.0 − hematocrit [expressed as a decimal]).

TPE is typically performed with 1.0 to 1.5 plasma volume 
exchanges or approximately 3,000 to 4,500 ml. If <1,000 ml is 
removed from an adult, it may be possible to replace the loss with 
crystalloid alone; if a more extensive plasma exchange is per-
formed, use of a colloid is necessary. Albumin (5%) is the replace-
ment fluid most commonly used in the United States. FFP or FP24 
is indicated in certain instances, such as TTP or as a component of 
the replacement fluid in the setting of a coagulopathy.

After exchange of one plasma volume, approximately 62% of 
the original plasma has been removed. The efficiency of plasma 
exchange decreases with further exchange (Table 21.14).

In practice, measurement of plasma protein concentrations 
after exchange has confirmed the approximate validity of these 
estimates. However, efficacy varies with the plasma factor to be 
removed. IgM and fibrinogen, which are largely confined to the 
intravascular space, are removed most efficiently.588–590 IgG is 
removed less efficiently by plasma exchange because only 45% 
to 50% of the body’s IgG is located in the intravascular space, 
although IgG levels can be reduced by repeated TPE. Patients 
receiving plasma exchange for immunologic diseases generally 
have 1.0 to 1.5 plasma volumes exchanged at each procedure; this 
is often repeated, for a total of 5 to 7 exchanges over a period of 
7 to 10 days. Such plasma exchange schedules have been deter-
mined empirically; the optimal exchange regimens for different 
diseases are unknown.

therapeutic Cytapheresis
Therapeutic leukapheresis is used in the treatment of patients with 
leukostasis as a result of extremely high circulating concentrations 
of immature cells.572,591,592 At blast counts >100 × 109/L, there is 
an increasing risk of cerebral and pulmonary leukostasis, resulting 

Accepted as Therapy (Category I)

Thrombotic thrombocytopenic purpura

Posttransfusion purpura

Guillain-Barré syndrome

Myasthenia gravis

Chronic inflammatory demyelinating polyneuropathy

Goodpasture syndrome

Refsum disease

Accepted as Supportive Therapy (Category II)

Cold agglutinin hemolytic anemia

ABO-incompatible marrow transplant

Cryoglobulinemia

Lambert-Eaton myasthenic syndrome

Rapidly progressive glomerulonephritis

Autoimmune thrombocytopenia

Myeloma and Walderstrom macroglobulinemia, and other paraproteinemias with 
renal failure or hyperviscosity

Coagulation factor inhibitors

Familial hypercholesterolemia

soMe IndICaTIons for TherapeUTIC plasMa exChange

taBLe 21.13

plasMa exChange: TheoreTICal effICIenCy

taBLe 21.14

Number of Plasma Volumes 
Exchanged

Percent (%) of Original Plasma 
Remaining

0.5 60

1.0 38

1.5 22

2.0 15
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in impaired capillary blood flow resulting from obstruction of small 
vessels. This situation may be encountered in the acute  leukemias 
but rarely in chronic lymphocytic leukemia or chronic myelogenous 
leukemia. Therapeutic leukapheresis decreases the circulating 
blast count more rapidly than chemotherapy alone; chemotherapy 
must be instituted promptly once the patient is stabilized, to 
 prevent rebound leukocytosis. The only exception is in pregnancy, 
in which leukapheresis may be indicated until after the delivery of 
the fetus, thereby protecting the fetus from the teratogenic effects 
of chemotherapy.

Therapeutic leukapheresis has also been used in the treat-
ment of patients with other leukemic diseases, such as chronic 
lymphocytic leukemia that is resistant to drugs, Sézary syndrome, 
and hairy cell leukemia, and as maintenance therapy in chronic 
myelogenous leukemia. However, it has not found a distinct role 
in such conditions.572,592,593 Collection of leukocytes by apheresis, 
followed by ex vivo exposure of the leukocytes to UV light in the 
presence of a psoralen, and reinfusion of the treated leukocytes 
(“photopheresis”) has become standard therapy for cutaneous 
T-cell lymphoma. This procedure may be useful in the treatment 
of other disorders such as GVHD.592

Therapeutic plateletpheresis572,594,595 is performed very rarely 
and is not considered to be first-line therapy. It is indicated in 
patients with very high platelet counts, usually >1.0 to 1.5 × 1012/L, in 
whom the high count is directly responsible for serious thrombotic or 
hemorrhagic problems, or in whom other urgent clinical situations 
necessitate immediate lowering of the platelet count. Therapeutic 
plateletpheresis must be followed by cytotoxic therapy to prevent 
rebound after the procedure, or its effect is very short-lived.

Erythrocytapheresis (red cell exchange) is used in sickle cell 
disease to replace sickled cells with normal erythrocytes and 
thereby prevent thromboses and improve capillary circulation.572 
Stroke prevention by maintaining hemoglobin S level below 30% 
and acute chest syndrome are the two major indications for red 
cell exchange in patients with sickle disease.576

therapeutic absorption of plasma Constituents
Apheresis technology may be used to selectively remove con-
stituents of plasma implicated in disease processes. In these 
procedures, a patient’s plasma is withdrawn and separated by 
apheresis technology, passed over a selective absorption column, 
and reinfused into the patient. This technique has been used 
to selectively remove IgG (staphylococcal protein A columns) or 
low-density-lipoprotein (LDL) cholesterol.592 Selective apheresis 
may specifically treat diseases such as LDL-hypercholesterolemia. 
Patients with LDL-hypercholesterolemia are at risk of develop-
ing severe coronary artery disease despite a low-fat diet and 
cholesterol-lowering agents. Selective LDL apheresis involves 
separation of the patient’s plasma, followed by selective removal 
of apoB-containing atherogenic lipoproteins, preserving the car-
dioprotective HDL cholesterol, after which the cleansed plasma is 
recombined with the cellular portion of the blood and returned to 
the patient. This procedure was shown to be safe and efficacious 
in controlling patients with familial hypercholesterolemia.596

adverse effects
Adverse reactions to therapeutic apheresis are common but 
usually mild.597–599 In a 1-year period in Canada, there were 
side effects in 12% of more than 5,235 procedures in 627 
patients.598 They included vasovagal reactions, fluid imbalance 
with hypovolemia or overload, fever, chills, and hypocalcemic 
citrate reactions ranging from paresthesias to arrhythmias. If 
plasma is used as the replacement fluid, urticarial reactions may 
be encountered. Mild dilutional coagulopathy and thrombocyto-
penia occur but are rarely significant.600,601 Problems related 
to venous access are common. The possibility of immunologic 

rebound after plasma exchange has been suggested but has not 
been observed clinically,602,603 perhaps because many patients 
so treated are also receiving immunosuppressive agents for the 
underlying diseases. Infections related to indwelling venous lines 
are not uncommon. Deaths have been reported with therapeutic 
apheresis.597,599,604 It is important that patients be carefully 
assessed and the  indications reviewed before implementing this 
form of therapy.

suMMary
Blood transfusion is an essential component of therapy for a wide 
variety of disorders. The menu of blood components and the 
technologies for collecting, processing, and screening blood are 
constantly changing. Collaboration between transfusion medicine 
professionals and patient care teams ensures the most appropri-
ate application of blood transfusion therapies.
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C h a p t e r  2 2

Disorders of Red Cells

P A R t  i V

S e C t I O N  1 I N t r O d u C t I O N

 Hct (%) = MCV (fl) × RBC (106/ml)/10

MCH (pg) = Hb (g/dl) × 10 /(RBC (106/ml)

MCHC (%) = Hb (g/dl) × 100/Hct (%) concentration

 = MCH (pg) × 100/MCV (fl)1

Most physicians prefer to define anemia using the Hb con-
centration, although for practical purposes the Hct is compa-
rably reliable. The electronic counters also generate an index 
of red cell size, the red cell distribution width (RDW). The RDW 
is a quantitative measure of the variation in red cell size, and 
the higher the value, the more heterogeneous the RBC popula-
tion size. The mean normal Hb and Hct values and the lower 
limits of the normal ranges of these parameters depend on 
the age and gender of the subjects, as well as their altitude of 
residence.

anemia in adults
Many references consider Hb concentrations of 14 g/dl and 12  g/dl  
as  the lower limits of normal, at sea level, in adult men and 
women, respectively, particularly in the industrialized world.2 
These values have received wide acceptance and often are used 
in population surveys.3 However, data from a large, diverse, and 
carefully selected sample suggest that these values are somewhat 
high. The sample studied during the second National Health and 
Nutrition Examination Survey (NHANES II), 1976–1980, was 
selected statistically as representative of the entire population of 
the United States.4 Age, gender, and race, as well as geographic 
and socioeconomic factors, were figured into the selection pro-
cess. For the purpose of determining normal values, subjects were 
excluded if they were pregnant, if a hereditary hemoglobinopathy 
was detected, or if the transferrin saturation, MCV, or erythrocyte 
protoporphyrin value was abnormal. By these means, iron defi-
cient subjects were effectively excluded. The values of the remain-
ing 11,547 subjects were used to calculate a 95% reference range. 
In adult subjects (age 10 to 44 years), the lower limit of normal 
was 13.2 g/dl in men and 11.7 g/dl in women (Fig. 22.1). Values 
for African-American subjects were approximately 0.5 to 0.6 g/dl 
lower than those of Caucasian subjects. Consistent with these 
observations, the World Health Organization (WHO) defines the 
lower limit of normal for Hb concentration at sea level to be 12.0 g/dl 
in women and 13.0 g/dl in men.5

This introductory chapter focuses on the general concepts of 
anemia, the classification of the most common types of anemia, 
the approach to patients with hemolysis, and the assessment of 
posthemorrhagic anemia. Anemia rarely is a disease by itself; 
almost always it is a sign of an acquired or genetic abnormality. 
The various medical conditions that lead to anemia encompass 
nearly the full spectrum of human disease.

Definition of AnemiA
Red blood cells (RBCs) circulate in the peripheral blood for 
100 to 120 days, and approximately 1% of the body’s red 
cells are lost and replaced each day. Red cells recognized as 
being old are removed from the circulation by macrophages 
in the spleen, liver, and bone marrow (Chapter 6). An eryth-
ropoietic feedback loop ensures that the total red cell mass 
remains constant. A reduced RBC mass results from loss of 
RBCs from the circulation at a rate greater than their produc-
tion: this may reflect increased RBC clearance, decreased RBC 
 production, or both.

Anemia is functionally defined as an insufficient RBC mass 
to adequately deliver oxygen to peripheral tissues. For practical 
purposes, any of the three concentration measurements per-
formed on whole blood can be used to establish the presence of 
anemia: the hemoglobin (Hb) concentration, typically expressed 
as grams Hb per deciliter (g/dl) in the United States and as grams 
per liter in Europe; the hematocrit (Hct; also called the packed 
cell volume[PCV] or volume of packed red blood cells [vPRC]), 
which represents the proportion of blood volume represented 
by RBCs, expressed as a percent or as a decimal; and the RBC 
concentration in cells per microliter (106/ml) in the United States 
or per liter (1012/L) by international terminology.

In the past, these parameters were measured using manual 
physical and chemical techniques. The term “hematocrit” origi-
nally referred to the graduated tube in which the vPRC was 
measured following centrifugation. Now these parameters are 
determined by electronic cell counters and Hb analyzers (Chapter 1). 
In most of the current analyzers, RBC concentration, Hb concen-
tration, and mean corpuscular volume (MCV in fl) are directly 
measured. These measured values are used to calculate the hema-
tocrit (Hct), mean corpuscular Hb (MCH), and mean corpuscular 
Hb concentration (MCHC):
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hemoglobin Values in the elderly
Anemia is a common condition in the older population. In a com-
munity dwelling American population of individuals over 65 years, 
8.5% have a Hb concentration meeting the WHO definition of 
anemia.6 Other investigators have confirmed that the prevalence 
of anemia rises steadily with age, increasing from approximately 
10% in individuals 65 years and older to 20% in individuals over 
85 years.7 It is a significant predictor of morbidity, mortality, and 
performance status in the elderly, whether considered as a gen-
eral risk factor or in the setting of a specific clinical circumstance, 
such as heart failure.8–11 While clinical conditions such as iron 
deficiency, B12 or folate deficiency, the decline in testosterone 
production in male aging,12 and the impact on EPO production 
of the routine decline in creatinine clearance with advancing 
age,8 are likely responsible for a majority of cases, the etiology 
of a significant proportion of these anemias cannot be readily 
explained.7 Studies of the development of otherwise unexplained 
anemia in the aging population have suggested the involvement 
of a number of possible mechanisms, from an increased incidence 
of underlying diseases which may be associated with cytokine 
activation and the anemia of chronic disease,13,14 to changes in 
the hematopoietic reserve15,16 or even in the characteristics of 
hematopoietic progenitors themselves.17 Taken together, slightly 
lower limits of normal Hb concentration may be applicable in 
evaluating the elderly. However, the too-easy acceptance of mild 
anemia as a physiologic phenomenon in the elderly runs the 
risk of ignoring a potentially valuable early clue to an important 
underlying disorder.

hemoglobin Values in Infants and Children
At the other extreme of life, the definition of anemia in infancy 
and childhood is different from that in adults. The lower 
limit of normal Hb concentration at birth is 14 g/dl, and this 
decreases to 11 g/dl by 1 year of age. This Hb decrement, 
referred to as the physiologic anemia of infancy, occurs as 
part of the normal physiologic adaptation from the relatively 
hypoxic intrauterine existence to the well-oxygenated extra-
uterine environment (Chapter 43). Also, as fetal erythropoiesis 
is replaced, the MCV decreases from birth (100 to 130 fl) to 1 
year of age (70 to 85 fl).

Even after the first year of life, normal childhood Hb and 
MCV values remain considerably lower than those occurring in 

adolescents and adults (Table 22.1). From the NHANES II study, 
the lower limit of normal Hb concentration in both male and 
female children aged 1 to 2 years was 10.7 g/dl, and the value 
rose with advancing age until adult levels were reached at age 15 
to 18 years.

There has been no completely satisfactory explanation for 
these differences in normal Hb values of children and adults, but 
it is not due to nutritional deficiencies. Interestingly, it has been 
demonstrated that serum inorganic phosphate is 50% higher 
in children compared to adults, and this hyperphosphatemia is 
associated with elevated erythrocyte adenosine triphosphate and 
2,3-diphosphoglycerate content, and thus the erythrocyte oxygen 
affinity is decreased in children compared to adults. On this basis, 
it has been postulated that lower Hb values in children may be 
due to altered Hb-oxygen affinity and may thereby represent a 
physiologic anemia of childhood.18

At puberty, the Hb concentration in children reaches the same 
levels seen in adults. The higher Hb levels in males presumably 
are a reflection of the effects of androgens on erythropoiesis.

Limitations in the use of hemoglobin 
Concentration, hematocrit, and red Blood Cell 
Measurements in defining anemia
For practical purposes, the blood Hb and Hct determinations are 
equally useful in assessing for anemia in most patients, but there 
are limitations that must be recognized:

1. Hb and Hct changes may reflect altered plasma volume, not a 
change in RBC mass (Table 22.2). In pregnancy, for example, the 
plasma volume increases, thereby decreasing the Hb concentra-
tions, although in fact, total RBC mass actually is increased, but 
to a lesser degree than the plasma volume.19,20,21,22 Similarly, 
individuals with massive splenomegaly may have some ane-
mia because of hypersplenism, but the degree of anemia may 
appear more severe because of an increased plasma volume. 
Conversely, burn patients lose plasma, not RBC, through the 
injured skin, leaving Hb and Hct concentrated at a higher level. 
Other causes of dehydration with depletion of intravascular 
space also produce a spuriously high Hb concentration. In 
chronically ill patients with a reduced red cell mass, the magni-
tude of anemia may be masked by an associated contraction of 
the plasma volume.23,24,25,26,27

2. Another consideration is that Hb and Hct changes may 
reflect underlying physiologic conditions with different oxygen 

ReD BlooD Cell ChaRaCteRIstICs In ChIlDhooD

taBLe 22.1

Age

Lowest 
Normal 
Hb (g/dl)

Normal Red Blood Cell 
Size Mean Corpuscular 
Volume (fl)

Fetal Hb 
(%)

Birth 14.0 100–130 55–90

1 mo 12.0 90–110 50–80

2 mo 10.5 80–100 30–55

3–6 mo 10.5 75–90  5–25

6 mo–1 y 11.0 70–85 <5

1–4 y 11.0 70–85 <2

4 y–puberty 11.5 75–90 <2

Adult female 12.0 80–95 <2

Adult male 14.0 80–95 <2

Hb, hemoglobin.

FIGURE 22.1. The lower limit of normal blood hemoglobin concentration in men and 
women of various ages. Values were calculated from a sample of 11,547 subjects selected 
to represent the population of the United States. Subjects with iron deficiency, pregnancy, or 
an abnormal hemoglobin value were excluded from the sample. (Data from Dallman PR, Yip R, 
Johnson C. Prevalence and causes of anemia in the United States, 1976 to 1980. Am J Clin 
Nutr 1984;39(3):437–445.)
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needs. For example, chronically hypoxemic subjects, such as 
 individuals who live at high altitudes or patients with a right-
to-left cardiac shunt, are typically polycythemic with elevated 
Hb/Hct levels. A normal Hb/Hct level in such a patient actually 
may represent anemia by the functional criterion of adequately 
meeting tissue oxygen requirements.

3. Some abnormal Hb variants have an altered ability to bind 
and release oxygen, and this can be associated with changes 
in Hb concentration. For example, Hb Yakima has increased 
oxygen affinity with a low P50, and higher than normal 
Hgb levels are characteristic. Conversely, Hb Kansas has 
decreased oxygen affinity, high P50, and lower than normal 
Hgb levels. Despite the disparate Hb levels in these cases, 
both satisfy the criteria of appropriate oxygen delivery for 
tissue oxygen needs.

4. Acute blood loss is another example of the problem of denoting 
anemia by the Hb concentration or Hct. Immediately after loss 
of a liter of blood, the Hb concentration/Hct is normal, because 
the initial response to acute hemorrhage is vasoconstriction. 
The shift of fluid from extravascular to intravascular space, 
and thus the decrease in Hb concentration, does not begin for 
6 hours, and can continue for 48 to 72 hours. Reticulocytosis 
occurs after 24 to 48 hours.

5. Impaired partial synthesis of one globin chain, as in thalas-
semia trait, may be reflected in a low Hb (10 g/dl) and a high 
RBC count (6.5 million/ml), thus giving anemia by one measure 
(Hb) and erythrocytosis by another (RBC). This is largely why 
the RBC count is the least reliable and least commonly used 
indicator of anemia.

In addition to the issues listed above, changes in posture 
also have effects on red cell concentration that can influ-
ence Hb and Hct measurements. When normal individuals 
assume a recumbent position, the Hct falls an average 7% 
(range, 4% to 10%) within 1 hour.28 When the upright posi-
tion is resumed, the Hct increases by a similar amount within  
15 minutes. These changes have been attributed to altera-
tions in plasma volume as fluid moves between the circulation 
and the extravascular spaces in the lower limbs as a result of 
hydrostatic forces.

CliniCAl effeCts of AnemiA
Patients with anemia usually seek medical attention because 
of decreased work or exercise tolerance, shortness of breath, 
palpitations, or other signs of cardiorespiratory adjustments to 
anemia. At times, they feel fine, but their friends or family may 
note pallor. It is not uncommon that anemia in a child is first 
recognized by a visiting relative, the process sometimes occur-
ring so slowly as to not be noted by parents or other immediate 
family members.

Cardiovascular and pulmonary Features  
of anemia
The clinical manifestations of anemia depend on the magnitude 
and rate of reduction in the oxygen carrying capacity of the blood, 
the capacity of the cardiovascular and pulmonary systems to 
compensate for the anemia, and the associated features of the 
underlying disorder that resulted in the development of anemia. 
The Hb concentration is not the only determinant of the observed 
symptoms. Coexistent cardiovascular or pulmonary disease, 
particularly in older individuals, may exaggerate the symptoms 
associated with a degree of anemia that would be well tolerated 
under other circumstances.

If the anemia has been insidious in onset and there is no 
cardiopulmonary disease, the patient’s adjustment may be so 
effective that the blood Hb concentration may fall to 8 g/dl or 
even lower before the patient experiences enough symptoms to 
appreciate the situation.29 In cases of iron deficiency anemia, per-
nicious anemia, or other types of slowly developing anemia, Hb 
concentrations may reach levels of 6 g/dl or lower before patients 
are motivated to seek medical attention.30 This is particularly 
true in children where no limitations of physical activity may 
be apparent despite the existence of very severe anemia.31 The 
physiologic adjustments that take place with a slowly falling red 
cell mass chiefly involve the cardiovascular system and changes 
in the Hb-oxygen dissociation curve.

In many patients, respiratory and circulatory symptoms are 
noticeable only after exertion; however, when anemia is suffi-
ciently severe, dyspnea and awareness of vigorous or rapid heart 
action may be noted even at rest. When anemia develops rapidly, 
shortness of breath, tachycardia, dizziness or faintness (par-
ticularly upon arising from a sitting or recumbent posture), and 
extreme fatigue are prominent. In chronic anemia, only moderate 
dyspnea or palpitation may occur, but in some patients, conges-
tive heart failure,32 angina pectoris, or intermittent claudication33 
can be the presenting manifestation. In patients with severe 
chronic anemia, tachycardia and postural hypotension may not be 
present because the total blood volume actually may be increased 
because of an expanded plasma volume. In the elderly particu-
larly, cardiovascular adaptation to anemia is predominantly by 
increasing stroke volume, rather than by heart rate.34 It is in 
these cases that rapid administration of a blood transfusion may 
precipitate congestive heart failure by aggravating an already 
expanded blood volume. Concern about this possibility should not 
preclude expansion of the blood’s oxygen carrying capacity by 
transfusion if necessary; rather the judicious use of diuretics in 
the peritransfusion period should be considered in patients with 
clinical signs of volume overload.

Heart murmurs are a common cardiac sign associated with 
anemia. They usually are systolic in time and best heard in 
the pulmonic area.35,36,37 Often, they are moderate in inten-
sity, and at times may be rough in quality and raise suspicion 
of organic valvular heart disease. In a study from Bosnia, 
25% of the heart murmurs investigated in a pediatric cardiol-
ogy clinic were attributable to anemia and resolved with its 
correction.38

ConDItIons assoCIateD WIth DIsCoRDanCe BetWeen 
hemoGloBIn ConCentRatIon anD ReD Cell mass

taBLe 22.2

Increase in plasma volume relative to RBC mass (Hb disproportionately low)

Hydremia of pregnancy

Congestive splenomegaly

Recumbency (vs. upright)

Decrease in plasma volume relative to RBC mass (Hb high, normal, or low; but 
high relative to RBC mass)

Dehydration

Protracted diarrhea (especially in infants)

Peritoneal dialysis with hypertonic solutions

Diabetic acidosis

Diabetes insipidus with restricted fluid intake

Burn patients

Stress erythrocytosis, spurious polycythemia

Decrease in plasma volume and RBC mass (Hb normal, RBC mass low)

Acute blood loss

Chronic disease

Hb, hemoglobin; RBC, red blood cell.
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pallor
Pallor is a sign of anemia, but many factors other than Hb con-
centration affect skin color. These include the degree of dilation 
of peripheral vessels, the degree of pigmentation, and the fluid 
content of the subcutaneous tissues. Certain people routinely have 
pale-appearing skin without being anemic. Patients with myx-
edema may manifest pallor without anemia. In simple vasovagal 
syncope, pallor results from cutaneous vasoconstriction and is not 
a sign of anemia. Jaundice, cyanosis, racial skin pigmentation, 
and dilation of the peripheral vessels all can mask the pallor of 
anemia.

The pallor associated with anemia is best detected in the 
mucous membranes of the mouth and pharynx, the conjunctivae, 
the lips, and the nail beds. In the hands, the skin of the palms first 
becomes pale, but the creases may retain their usual pink color 
until the Hb concentration is less than 7 g/dl.

A distinctly sallow color implies chronic anemia. A lemon-
yellow pallor suggests pernicious anemia, but it is observed only 
when the condition is well advanced. Definite pallor associated 
with mild scleral and cutaneous icterus suggests hemolytic ane-
mia. Marked pallor associated with petechiae or ecchymoses 
suggests more generalized bone marrow failure due to acute 
leukemia, aplasia, or myelodysplastic syndromes.

Skin and Mucosal Changes
Other changes in the integument occur with anemia. Thinning, 
loss of luster, and early graying of the hair may occur, the last 
especially in patients with pernicious anemia, in whom it may 
precede the development of anemia. The nails may lose their 
luster, become brittle, and break easily. This finding is especially 
noticeable in chronic iron deficiency anemia,39 in which the nails 
may actually become concave instead of convex. Chronic leg 
ulcers may occur, especially in patients with sickle cell anemia and 
rarely in those with other hemolytic anemias. Glossitis occurs in 
association with pernicious anemia. When nutritional deficiency 
is associated with anemia, symmetric dermatitis may develop, 
fissures may be present at the angles of the mouth, glossitis may 
occur, and erythematous lesions on the face, neck, hands, or 
elbows may be found.

Neuromuscular Features
Headache, vertigo, tinnitus, faintness, scotomata, lack of mental 
concentration, drowsiness, restlessness, and muscular weak-
ness are common symptoms of severe anemia. Paresthesias 
are common in pernicious anemia and may be associated with 
other symptoms and signs of peripheral neuropathy, and more 
 especially with combined system disease.

Ophthalmologic Findings
A variety of ophthalmologic findings have been observed in ane-
mic patients.40,41,42 Approximately 20% of such patients have 
flame-shaped hemorrhages, hard exudates, cottonwood spots, or 
venous tortuousness affecting the retina. The hemorrhages occur 
even in the absence of coexisting thrombocytopenia. Papilledema 
related solely to anemia has been described,43,44 and it clears 
when the anemia disappears.

Gastrointestinal Changes
Gastrointestinal symptoms are common in anemic patients. Some 
are manifestations of the underlying disorder (e.g., hiatal hernia, 
duodenal ulcer, or gastric carcinoma); others may be a conse-
quence of the anemic condition, whatever its cause. Glossitis and 
atrophy of the papillae of the tongue commonly occur in perni-
cious anemia and less often in iron deficiency anemia. Painful, 

ulcerative, and necrotic lesions in the mouth and pharynx occur in 
aplastic anemia and in acute leukemia, usually reflecting the neu-
tropenia accompanying these conditions. Dysphagia may occur in 
chronic iron deficiency anemia.

eVAluAtion AnD ClAssifiCAtion  
of AnemiA

history and physical examination
All aspects of the history and clinical examination are important. 
The duration of the symptoms and their onset, whether insidi-
ous or acute, should be established. It is very helpful to know the 
most recent date at which a routine hematologic examination was 
normal.

The family history is most useful for increasing suspicion of 
hereditary hemolytic diseases (including hemoglobinopathies) 
and hereditary bleeding disorders (including hereditary vascular 
abnormalities like hereditary hemorrhagic telangiectasias). Key 
clues are histories of bleeding, jaundice, gallstones, and splenec-
tomy (see Approach to Hemolysis).

The patient’s occupation, household customs, and hobbies 
must be ascertained because certain drugs, solvents, and other 
chemicals may produce hemolytic anemia or aplastic anemia, 
as well as granulocytopenia and thrombocytopenia. Also, social 
habits (alcohol use), travel history (to malarious or other infec-
tious areas), and drug history are all important in ascertaining 
the underlying etiology.

The dietary history is critical to the analysis, and questions 
regarding the diet must be specific in the hope of obtaining quan-
titative information. In very young children, those who obtain 
the bulk of their nutrition from cow’s milk (good for calories, 
very low in iron) are at great risk for iron deficiency anemia. 
Changes in weight are most important in both adults and chil-
dren. Formerly obese individuals who have undergone bariatric 
surgery and other individuals who have undergone gastric resec-
tion are at risk for anemia from iron, copper, and other nutrient 
deficiencies.45

The patient should be questioned about early graying of the 
hair, burning sensations of the tongue, skin changes, sores about 
the angles of the mouth, and discomfort and brittleness of the 
fingernails, which are symptoms of anemias caused by deficiency 
of specific nutrients.

Change in stool habits may be an important clue to neoplasms 
of the colon and rectum underlying the anemia. The significance 
of tarry stools often is not appreciated by patients, and specific 
inquiry is necessary. The amount of blood lost from hemorrhoids 
may be overlooked or overestimated. In men, occult blood loss 
most often is from the gastrointestinal tract.

In women, additional important information includes an 
appraisal of the amount of blood lost during menstruation. Data 
about number of pads or tampons used and the presence or 
absence of clots should be obtained. The average amount of blood 
lost per period is approximately 50 ml, representing roughly 25 mg 
of elemental iron. Menstrual flow should be deemed excessive if 
more than 12 pads are used each period, if clots are passed after 
the first day, or if the period duration exceeds 7 days. The num-
ber of pregnancies and abortions and the interval since the most 
recent of these are also important, for each represents  significant 
iron loss.

The presence or absence of fever must be known; its pres-
ence suggests infection, lymphoma, other neoplasm, or collagen 
vascular disease. Pains in the limbs, paresthesias, and difficulty 
in walking suggest pernicious anemia. Abnormal color of the 
urine, suggesting blood or Hb, may signify urinary tract disease 
or hematologic problems. Bilirubin is not detected in the urine 
of people with uncomplicated hemolytic anemia (“acholuric 
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jaundice”), but a darker than normal color may result from the 
increased excretion of urobilinogen and its conversion to urobilin.

Bruises, ecchymoses, and petechiae are other important points 
in the history. Their presence indicates that the disorder produc-
ing anemia may also involve platelets or the liver. Alternatively, 
the anemia itself may be the consequence of blood loss resulting 
from a disorder of hemostasis.

In all instances, the presence or absence of symptoms 
 suggestive of an underlying disease such as chronic renal disease, 
liver disease, chronic infection, endocrinopathy, or malignancy 
must be explored. Anemia can be the presenting feature of many 
of these disorders.

The physical examination can provide further clues to the 
cause of anemia. Scleral icterus suggests the presence of hemo-
lytic anemia or ineffective erythropoiesis. Sternal tenderness near 
the middle or lower third of the sternum, of which the patient 
may have been unaware, may represent acute expansion of 
hematopoietic marrow and can be a useful sign in some patients 
with acute leukemia. Palpation of the liver and spleen and a sys-
temic check for lymphadenopathy can provide clues to infection, 
 lymphoma, leukemia, or metastatic carcinoma.

The initial patient evaluation should include a urinalysis. 
Even when the color of the urine does not suggest blood, the 
routine urinalysis should be tested for occult blood. A positive 
reaction may be due to hematuria, hemoglobinuria, or even 
myoglobinuria. Hematuria may be differentiated from the other 
conditions by finding RBCs on microscopic examination of the 
urine, or by centrifuging a fresh urine specimen, thereby clear-
ing the bloody color from the supernatant and depositing the 
RBCs in the bottom of the tube. Hematuria reflects disease of 
the kidneys or urinary tract. Sickle cell trait may be accompa-
nied by innocuous hematuria. Hemoglobinuria implies intra-
vascular hemolysis. The significance of urobilinogen has been 
noted above.

evaluation of Basic hematology Laboratory data
To identify the cause of anemia, information from the medical his-
tory and physical examination must be integrated with some key 
laboratory tests. There is no one simple classification of anemia. 
A useful approach entails asking several questions, outlined in the 
following sections (Fig. 22.2).

Is Anemia Associated with Other Hematologic 
Abnormalities?
Specifically, is the anemia associated with thrombocytopenia or 
abnormalities in white blood cell numbers or the presence of 
abnormal leukocytes? If the answer to this question is yes, con-
sideration must be given to the possibility of bone marrow failure 
due to aplastic anemia, leukemia, or other malignant marrow dis-
ease. Alternatively, pancytopenia can be secondary to peripheral 
destruction or sequestration of cells as in hypersplenism. In most 
cases, these disorders can be differentiated by careful review of 
screening hematologic studies and close attention to the medical 
history and physical examination.

Is There an Appropriate Reticulocyte Response  
to Anemia?
The number of erythrocytes in the circulation at a given time is 
the result of a dynamic equilibrium between the delivery of red 
cells into the circulation on the one hand and their destruction or 
loss from the circulation on the other. Each day, approximately 
1% of the RBC pool is replaced by young erythrocytes released 
from the marrow. The homeostatic mechanisms of the body bring 
about recovery from anemia by accelerating erythropoiesis, and 
this response of the normal marrow is brought about through 

No

What are the red blood 
cell indices?

MCV >100 MCV 80–100 MCV <80

Evaluate for
macrocytic
anemia

Evaluate for
normocytic
anemia

Evaluate for 
microcytic
anemia

Is anemia associated with other
hematologic abnormalities?

No

Is there an appropriate reticulocyte
response to anemia?

Yes

Is there evidence of hemolysis?
↑ bilirubin, ↑ lactic dehydrogenase,
↓ haptoglobin, hemosiderin in urine 

Yes No

Evaluate
for cause of 
hemolysis

Evaluate for
hemorrhagic causes
of anemia

Yes

Bone marrow examination
to assess for:
Leukemia
Aplastic anemia
Myelodysplasia
Myelofibrosis
Myelophthisis
Megaloblastic anemia

FIGURE 22.2. Questions to ask in the initial evaluation of anemia. MCV, mean corpuscular volume (fl); ↑, increased; ↓, decreased.
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If Anemia Is Associated with a Less Than 
Appropriate Reticulocyte Response, What Are  
the Red Cell Indices?
Anemia with low reticulocytes usually reflects some impairment of 
normal erythropoiesis, and this can be due to two kinds of defects. 
Erythropoiesis may be impaired because of a reduction in red 
cell precursors (hypogenerative). Alternatively, red cell production 
may be ineffective, a condition characterized by erythroid hyper-
plasia in the bone marrow, but with the production of essentially 
nonviable red cells, most of which do not reach circulation.

There are numerous causes of anemia with low reticulocyte 
counts, and it is in this group that analysis of RBC indices is 
most helpful. Of these, the MCV tends to be the single most useful 
measurement,49,50,51 although some clinicians prefer to use the 
MCH.52 The MCV and MCH almost always correlate closely.53,54

An initial step in classification of anemias with low reticu-
locyte counts separates them into three groups on the basis of 
average cell size: the macrocytic, microcytic, and normocytic 
anemias (Fig.  22.2). Anemia is classified as macrocytic if MCV 
exceeds 100 fl. Usually, the MCH is also increased, whereas the 
MCHC remains within normal limits (Fig. 22.3). Microcytic ane-
mia is identified when the MCV is less than 80 fl in adults. The 
anemia is normocytic when the indices are within normal limits, 
with an MCV between 80 and 100 fl. In children, MCV values 
vary as a function of age, and, correspondingly, the definition 
of microcytic, normocytic, and macrocytic differ accordingly 
(Table  22.1). As a practical matter for those who take care of 
children, it is important to know the age-related differences in 
RBC size, because many laboratory reports contain only adult 
normal values, often signaling the child’s age appropriate hema-
tologic values as abnormal.

The MCHC is useful in detecting severe hypochromia, but it is 
rarely abnormal when the MCV is normal.51,52,53,54–56 A reduced 
value for MCHC is observed most often in association with iron 
deficiency, and this index tends to be the last to fall as iron defi-
ciency worsens.57,58,59 The changes in MCHC with iron deficiency 
were seen more frequently in the past when centrifugal methods 
were used to determine the Hct before the availability of electronic 
cell counting. Because of plasma trapping, centrifugal Hct meth-
ods overestimate the volume of packed red cells and, therefore, 

methoDs of CoRReCtInG the RetICuloCyte Count  
foR the DeGRee of anemIa

taBLe 22.3

Reticulocyte count = % reticulocytes in red blood cell (RBC) population

Corrected reticulocyte count = % reticulocytes × (patient Hct/45)

Reticulocyte production index
 = Corrected reticulocyte count ÷ maturation time in peripheral blood in daysa

 (Normal values of all of above 0.5–1.5%)

Absolute reticulocyte count = % reticulocytes × RBC count/L3

  (Normal values for the absolute reticulocyte count are from 25 to 75 × 109/L;
  values < 100 × 109/L indicate an inappropriately low erythropoietic response 

to anemia.)

a Reticulocyte maturation time = 1 day for Hct ≥ 40%; 1.5 days for Hct 30–40%; 2.0 days 
for Hct 20–30%; 2.5 days for Hct < 20%.
Data from Hillman RS, Finch CA. Red cell manual, 5th ed. Philadelphia, PA: FA Davis, 1985.

the release of erythropoietin. At maximum stimulation, the bone 
marrow is capable of producing erythrocytes at six to eight times 
the normal rate.

The reticulocyte count provides an initial assessment of 
whether the cause of anemia is due to impaired RBC production 
or to increased loss in the peripheral circulation (e.g., blood loss, 
hemolysis) (Fig. 22.2). The reticulocyte count is traditionally mea-
sured by microscopic examination of a smear prepared from fresh 
blood stained with a supravital stain, such as new methylene blue. 
The normal reticulocyte count by light microscopy is 0.5% to 1.5% 
of the total red cells. More recently, automated methods based 
on flow cytometry have become widely utilized. The automated 
methods count a larger number of cells, and exhibit a greater 
degree of reproducibility.46

In the presence of anemia, the reticulocyte count must be 
corrected because it is spuriously elevated when it is related to 
the reduced number of RBC in an anemic patient. An additional 
correction of this index needs to be made because reticulocytes 
released under intense erythropoietin stimulation remain in the 
peripheral blood for more than the usual 1-day survival time of 
nonstress reticulocytes. There are a number of ways to adjust the 
reticulocyte count for the degree of anemia (Table 22.3). While 
all of these methods have value, the absolute reticulocyte count is 
traditionally the easiest to estimate.

Automated reticulocyte counting also allows the evaluation 
of other parameters, such as reticulocyte hemoglobin content 
(CHr) and the proportion of immature reticulocytes (immature 
reticulocyte fraction, IRF). Availability of these methods depends 
on the particular cell counting equipment. A CHr < 28 pg sug-
gests iron deficiency,47 while a reduced IRF (<0.23) suggests 
underproduction.48 The degree to which the IRF adds to infor-
mation provided by any of the adjusted reticulocyte parameters 
is unclear.

If Anemia Is Associated with Reticulocytosis, Is 
There Any Evidence for Hemolysis?
The most characteristic presentation of hemolysis is reticulo-
cytosis with some degree of hyperbilirubinemia as a marker of 
increased heme catabolism. Other markers reflect direct red cell 
injury (e.g., increased serum lactic dehydrogenase) or increased 
excretion of Hb (e.g., low serum haptoglobin, hemoglobinemia, 
hemoglobinuria, and increased urinary hemosiderin). The evalu-
ation and diagnostic considerations related to hemolytic anemia 
are complex and are considered separately elsewhere in this 
chapter (see Approach to Hemolysis).

FIGURE 22.3. Erythrocyte indices in 28 patients with untreated or relapsed pernicious 
anemia. Dashed lines enclose the 95% confidence limits in normal subjects. Solid dots indi-
cate males; open circles indicate females. MCH, mean corpuscular hemoglobin; MCHC, mean 
corpuscular hemoglobin concentration; MCV, mean corpuscular volume. (From Hallberg L. Blood 
volume, hemolysis and regeneration of blood in pernicious anemia. Scand J Clin Lab Invest 
1955;7(Suppl 16):1–127, with permission.)

4040

50

60

60

80

100

120

140

160

MCV MCH MCHC

30

30

72683_ch022_0587-0616.indd   592 7/17/13   11:00 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 22 anemia:General Considerations 593

underestimate MCHC. Plasma trapping increases from 1% to 3% 
with normal blood to as much as 6% in iron deficiency, a conse-
quence of anisocytosis and reduced cell deformability.60

Is the Anemia Associated with a Low Reticulocyte 
Response and Microcytic Red Blood Cells?
The large majority of patients in this category have defects in 
 cellular Hb synthesis due to either iron deficiency, thalassemia 
trait, or Hb E syndromes (see Approach to Microcytic Anemia).

Is the Anemia Associated with a Low Reticulocyte 
Response and Macrocytic Red Blood Cells?
In these patients, the anemia is characterized by reticulocyto-
penia with red cells having an increased MCV. Many of these 
disorders are due to megaloblastic anemia resulting in impaired 
nuclear development, and the formation of other blood cells is also 
affected (see Approach to Macrocytic Anemia).

Is the Anemia Associated with a Low Reticulocyte 
Response and Normocytic Red Blood Cells?
Normocytic anemia, low reticulocyte count, and normal bilirubin lev-
els characterize a large number of anemias. The anemia of chronic 
disease usually is normocytic, although rarely may be slightly micro-
cytic. In these cases, there usually is clinical evidence of a syndrome 
associated with cytokine activation. The anemia of renal failure is 
normocytic and largely is due to reduced erythropoietin production. 
Acquired pure red cell aplasia (PRCA) is a normocytic anemia, which 
occurs in adults and children (see Approach to Normocytic Anemia).

Is the Anemia Associated with Populations  
of Red Cells of Different Size?
The red cell indices represent mean values and do not reveal 
any variation that may exist within a population of cells. The 
MCV can be normal if there are combined abnormalities, such 
as when iron deficiency (decreased MCV) is accompanied by a 
megaloblastic anemia (increased MCV). For these purposes, it is 
important to examine the peripheral blood smear. Also, the elec-
tronically derived RDW allows for recognition of these phenomena 
because it quantifies the degree of heterogeneity of RBC size (i.e., 
anisocytosis) in a population of cells, and this has proven to be of 
value.49,61 The upper limit of normal values for RDW is 14.6%.43 
An increased RDW value is an early and pronounced finding in 
iron deficiency and most megaloblastic anemias; no differences 
from normal are seen in heterozygous thalassemia. In iron defi-
ciency, the RDW value may become abnormal even before the 
MCV falls below the lower limits of normal.

Is the Anemia Associated with Abnormalities Seen 
on the Blood Smear?
Despite the technical advances provided by current electronic 
complete blood cell count (CBC) measurements, review of the 
peripheral blood smear remains a critical aspect of the diagnostic 
evaluation for anemia. It confirms the electronically determined 
classification of RBC size. Most important, it also allows for 
 recognition of the many variations in RBC size and shape that 
frequently are seen in patients with hemolysis.

Microcytes and macrocytes can be detected on the blood smear 
on the basis of a change in red cell diameter. Normal red cells 
approximate the size of the nucleus of a small lymphocyte, and the 
area of central pallor is one-third to one-half of the diameter of the 
red cell (Fig. 22.4A). An increase in the area of central pallor of 
erythrocytes on the blood smear is indicative of hypochromia, and 

when the change is pronounced, little more than a faint ring of 
color in the periphery may be apparent (Fig. 22.4B). Hypochromia 
and microcytosis almost always occur together.

The automated analysis of the blood has made the erythro-
cyte indices more accurate and reproducible.62 However, the 
evaluation of the blood smear still remains important because 
it may reveal abnormal cell populations too small to affect 
the erythrocyte indices. For example, as iron deficiency devel-
ops, some microcytic cells are produced while the RBC indices 
are still normal. Furthermore, as B12 deficiency progresses, 
some characteristic oval macrocytes and hypersegmented neu-
trophils may appear long before there are MCV or Hb changes 
(Fig. 22.5B,C). Moreover, examination of the smear is important 
for detecting conditions characterized by two populations of 
cells, only one of which is of abnormal size. This dimorphic 
anemia is particularly characteristic of sideroblastic anemias 
(Fig. 22.4E). It also is seen in iron deficiency after iron therapy 
is started (Fig. 22.4C), and in iron deficient individuals who have 
been transfused.

Review of the blood smear may reveal underlying causes of 
the anemia. A leukoerythroblastic picture (teardrop RBC, nucle-
ated RBC, early white blood cell precursors, or abnormalities in 
platelet shape) suggests marrow infiltration by hematologic or 
other malignant cells (Fig. 22.6). The marked elevation in serum 
proteins in multiple myeloma may result in a stacking of RBCs in 
rouleaux formation. The appearance of RBC in agglutinates (as 
opposed to their stacking into rouleaux) is seen with cold agglu-
tinin disease. Also, probably one of the most valuable outcomes 
of reviewing the blood smear is that it often reveals abnormal 
red cell shapes  characteristic of certain hemolytic anemias in 
particular.

Is a Bone Marrow Examination Needed to Clarify 
the Cause of Anemia?
Examination of the bone marrow is most useful in reticulocytope-
nic anemias, particularly when there is more than one hemato-
poietic cell line affected. Both hypoplasia and marrow infiltrative 
disease due to leukemia, tumor, or granulomas (myelophthisic 
anemia) may readily be demonstrated in the bone marrow aspi-
rate and biopsy. Myelofibrosis can be recognized as a component 
of myeloid metaplasia. If the marrow is normocellular except for 
reduced erythropoiesis, the underlying cause may be red cell 
 aplasia, renal disease, or endocrinopathy.

Examination of iron in bone marrow macrophages was tradi-
tionally considered the definitive way to demonstrate decreased 
iron stores. In most cases, however, the diagnosis of iron 
 deficiency can be made by simple blood tests, thus obviating the 
need for an iron stain of the bone marrow. On the other hand, to 
make the diagnosis of sideroblastic anemia, a bone marrow exam-
ination is necessary to identify ringed sideroblasts. Megaloblastic 
anemias usually can be recognized by peripheral blood findings, 
but a marrow examination will confirm the diagnosis.

In some anemias with low reticulocyte counts, marrow 
 erythropoiesis surprisingly is quite active. This is referred to as 
ineffective erythropoiesis, and it occurs when developing red cells 
are defective and are destroyed before they leave the marrow or 
shortly thereafter. A very small fraction of erythropoiesis is inef-
fective, even in normal subjects; however, in certain  conditions, 
especially megaloblastic anemias, thalassemias, sideroblastic 
anemias, and congenital dyserythropoietic anemias, ineffective 
erythropoiesis becomes greatly exaggerated. The increased intra-
medullary destruction of erythroblasts in these conditions is asso-
ciated with accelerated heme catabolism, resulting in an  elevated 
unconjugated bilirubin level in the plasma. Also, the serum lactic 
dehydrogenase level, a marker of cell destruction, is markedly 
elevated. Ineffective erythropoiesis can be confused with hemo-
lytic anemia because signs of excessive red cell destruction and 
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FIGURE 22.4. Peripheral blood smear of erythrocytes in a variety of hypochro-
mic, microcytic anemia. A: Normal red cells. B: Iron deficiency anemia. Note the 
large area of central pallor. C: Dimorphic population of cells in iron deficiency anemia 
responding to treatment. D: Thalassemia minor. The cells are thin and appear pale but 
nearly normal in diameter. Note the basophilic stippling in several RBC: Sideroblastic 
anemia. A hypochromic, microcytic population of cells is mixed with relatively normo-
cytic red blood cell. Part C from Tkachuk DC, Hirschmann JV] in Wintrobe’s atlas of 
clinical hematology. Philadelphia, PA: Lippincott Williams & Wilkins, 2007. Part D from 
Pierira I, George TI, Arber DA in Atlas of peripheral blood. Philadelphia, PA: Lippincott 
Williams & Wilkins, 2012 and Tkachuk DC, Hirschmann JV in Wintrobe’s atlas of clini-
cal hematology. Philadelphia, PA: Lippincott Williams & Wilkins, 2007.
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erythroid hyperplasia of the bone marrow are found in both 
conditions. However, the two conditions are distinguished from 
one another by the degree of reticulocytosis, which is increased 
in hemolytic anemia and usually low in ineffective erythropoiesis.

APPRoACh to mACRoCytiC AnemiA
Macrocytosis is a common finding in clinical settings. In 1.7% 
to 3.6% of cases involving patients seeking medical care, MCV 
is increased, often in the absence of anemia.63,64,65,66,67,68 Mild 

macrocytosis (MCV of 100 to 110 fl) is particularly common and 
often remains unexplained, even after careful study.63 Even so, 
this finding should not be ignored, because it can be an important 
early clue to reversible disease. For example, it may appear 1 year 
or more before anemia develops in patients with pernicious ane-
mia, and neurologic disease can progress during that interval.69

Morphologic and biochemical criteria allow macrocytic ane-
mias to be divided into two groups: the megaloblastic anemias 
and the nonmegaloblastic macrocytic anemias. The types of mac-
rocytic anemias clinicians encounter vary considerably depend-
ing on the population served. If alcoholism is common in the 
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FIGURE 22.5. Megaloblastic anemia. A: Normal red cells. B: Macroovalocytes in 
pernicious anemia. From Pierira I, George TI, Arber DA in Atlas of peripheral blood. 
Philadelphia, PA: Lippincott Williams & Wilkins, 2012. C: Hypersegmented neutrophils 
seen in patient with megaloblastic anemia.

A B

C

population, it is likely to be the most common cause. In cancer 
patients, high MCVs are most likely due to chemotherapy. In 
hospitals largely serving the elderly, pernicious anemia and other 
 nutritional anemias may predominate.68

When confronted with a diagnostic problem involving mac-
rocytic anemia, the physician should first distinguish between 
megaloblastic and nonmegaloblastic anemia (Fig.  22.7). The 
most useful steps for this purpose are morphologic examinations.

Megaloblastic anemias
The term megaloblast is a designation that was first applied 
by Ehrlich to the abnormal erythrocyte precursors found 
in the bone marrow of patients with pernicious anemia. 
Megaloblasts are characterized by their large size and by 
specific alterations in the appearance of their nuclear chro-
matin (Fig. 22.8). These distinctive cells are now known to 
be the morphologic expression of a biochemical abnormality: 
retarded DNA synthesis.70 RNA synthesis remains unimpaired 
while cell division is restricted.71,72 As a result, cytoplasmic 
components, especially Hb, are synthesized in excessive 
amounts during the delay between cell divisions. An enlarged 
cell is the product of such a process. Megaloblastic anemias 
are defined by the presence of these cells or by other evidence 
of defective DNA synthesis.

A pathogenetic classification of the causes of megaloblastic 
anemias is presented in Table 22.4. Most often, megaloblastic ane-
mia is the consequence of deficiency of vitamin B12 or folate, or 
both. Less commonly, megaloblastic anemia results from inherited 
or drug-induced disorders of DNA synthesis.

Hematologic Features of Megaloblastic Anemia
Examination of the blood smear often reveals the two most 
 valuable findings for differentiating megaloblastic from non-
megaloblastic anemia: neutrophil hypersegmentation and oval 
macrocytes.

Neutrophil hypersegmentation is one of the most sensitive and 
specific signs of megaloblastic anemia (Fig. 22.5C). Normally, the 
nuclei of circulating, segmented neutrophils have fewer than five 

FIGURE 22.6. Peripheral blood smear. A leukoerythroblastic response seen in patient 
with metastatic breast cancer. From Pierira I, George TI, Arber DA in Atlas of peripheral blood. 
 Philadelphia, PA: Lippincott Williams & Wilkins, 2012.
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FIGURE 22.7. Diagnostic approach to a patient with macrocytic anemia.
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lobes. In megaloblastic anemia, neutrophils with six or more lobes 
may be detected. In a large study, more than 98% of patients with 
megaloblastic anemia had at least one six-lobed neutrophil of the 
100 cells examined, as compared with only 2% of normal control 
subjects.73 Hypersegmentation is among the first hematologic 
abnormalities to appear as the megaloblastic state develops.74 It per-
sists for an average of 14 days after institution of specific therapy.75

The main products of megaloblastic erythropoiesis are 
macrocytic erythrocytes with a distinctly oval shape. Such cells 
are well filled with Hb, and often central pallor is reduced or 
absent (Fig.  22.5B). The oval shape may be useful in distin-
guishing megaloblastic anemias from other causes of macro-
cytosis; the macroreticulocytes that characterize accelerated 
erythropoiesis tend to be round and distinctly blue or gray in 
Romanowsky dyes.

Although oval macrocytes are prominent in megaloblastic 
anemia, the size and shape of the erythrocytes may vary consider-
ably. Quantitative measures of anisocytosis, such as the RDW, are 
substantially increased, and the increase may precede the devel-
opment of anemia.76 Morphologic changes on the blood smear, 
however, are most conspicuous when anemia is pronounced.

Megaloblastic anemias usually develop gradually, and the 
degree of anemia is often severe when first detected. Hb values 
less than 7 or 8 g/dl are not unusual. Macrocytosis characteristi-
cally precedes the development of anemia69,77,78 and may even do 
so by several years. The MCV usually is between 110 and 130 fl.

Bone Marrow
A megaloblastic marrow is cellular and usually hyperplastic, 
with erythrocyte precursors predominating. The characteristic 
megaloblasts are distinguished by their large size and especially 
by their delicate nuclear chromatin. The chromatin has been 
described as particulate or sieve-like, as distinguished from 
the normal denser chromatin of normoblasts (Fig. 22.8). This 
morphologic change may be detected at all stages of erythro-
cyte development; however, the identification of orthochromatic 
megaloblasts is particularly useful in the recognition of mega-
loblastic anemia because they differ so markedly from any cell 
found in normal marrow. In the orthochromatic megaloblast, the 
abundant cytoplasm appears mature (pink), whereas the nucleus 
appears immature as a result of the megaloblastic change.

Leukopoiesis is also abnormal; extraordinarily large (up to 20 
or 30 mm) leukocytes are found. These abnormalities of cellular 
development may occur at any stage in the myeloid series, but 
they are particularly common among the metamyelocytes. The 
nucleus of these giant metamyelocytes is enlarged, both absolutely 
and in relation to the total cell size; it may be bizarre in shape and 
in chromatin structure or staining properties.

In general, megakaryopoiesis is less disturbed than that of 
either of the other two cell lines; however, when megaloblastic 
change is severe, megakaryocytes may be reduced in number and 
abnormalities of nuclear chromatin may be evident.
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Vitamin B12 and Folate Levels in Serum  
and Erythrocytes
Once it is established that a patient has CBC and morphologic 
evidence of megaloblastic anemia, it should next be determined if 
this is due to vitamin B12 or folate deficiency (Chapter 36). Useful 
studies include measurement of serum and RBC folate levels and 
serum Vitamin B12 levels. Unlike serum vitamin B12, serum folate 

is labile, being sensitive to short-term changes in folate balance. 
Thus, serum folate concentration may increase within a few 
hours after consumption of folate-containing food. Furthermore, 
a low intake of folate may result in reduced serum levels before 
true deficiency develops.74 The erythrocyte folate level is a much 
better index of tissue folate stores. Erythrocyte folate levels are 
established during formation of the red cell and persist throughout 
its lifespan. Thus, it may take 3 to 4 months of folate deprivation 
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FIGURE 22.8. Normoblasts and megaloblasts contrasted (Wright stain X 1000). A–E: Normoblast. A: Pronormoblast. B: Basophilic normoblast. C: Early 
polychromatophilic normoblast. D: Late polychromatophilic normoblast. E: Orthochromatic normoblast with stippling. F–O: Megaloblasts. F: Promegaloblast (left ) 
and basophilic megaloblast (right). G–K:  Polychromatophilic megaloblasts. L–O: Orthochromatic megaloblasts.
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before low values are obtained. Other studies such as serum 
homocysteine and serum methylmalonic acid can confirm a diag-
nosis of B12 deficiency, particularly when initial assays are at odds 
with the clinical and hematologic picture. Vitamin B12 absorption 
studies (Schilling test) or antibodies to intrinsic factor or parietal 
cells, can further define the specific causes of these disorders.

Nonmegaloblastic Macrocytic anemias
Nonmegaloblastic anemias are not united by any common patho-
genetic mechanism. They simply represent macrocytic anemias in 
which the RBC precursors appear normal without the character-
istic nuclear and cytoplasmic findings of megaloblastosis. When 
macrocytosis is found, it tends to be mild; the MCV usually ranges 
from 100 to 110 fl and rarely exceeds 120 fl.64 Several causes of 
nonmegaloblastic macrocytosis are recognized (Table 22.5).

Accelerated Erythropoiesis
Mild to moderate macrocytosis often follows erythropoietin-
mediated acceleration of red cell production, as may be induced 

by blood loss or hemolysis. In part, this increased cell size occurs 
because reticulocytes are approximately 20% larger than mature 
red cells.79 Also, under conditions of accelerated red cell produc-
tion, a premature release of bone marrow reticulocytes (shift 
reticulocytes) occurs, and these cells are even larger and contain 
more RNA than normal circulating reticulocytes.80 Last, an eryth-
roblast cell division may be skipped under this erythropoietic 
stress, a phenomenon that results in a macroreticulocyte that is 
approximately twice the normal size.81

Alcoholism
Macrocytosis, usually mild, is evident in 40% to 96% of alcoholics, 
many of whom have no anemia.82,83,84 The finding is so character-
istic of the condition that testing for macrocytosis has been used as 
part of the screening procedure for the detection of chronic alcohol 
use. It may be present in both heavy and moderate drinkers.85 
Macrocytosis and anemia in alcoholic individuals have several 
causes. Folate deficiency can lead to megaloblastic anemia, and 
alcoholic cirrhosis may be associated with spur cell hemolytic ane-
mia. Most often, however, alcoholic macrocytosis is associated with 
none of these factors and instead results from poorly defined direct 
effects of alcohol on the bone  marrow. Antibodies against acetalde-
hyde-modified RBC protein are detected in up to 94% of alcoholics 
with high MCVs, but less frequently in those with normal MCVs.85 
There are no morphologic stigmata of megaloblastic anemia. Serum 
and erythrocyte folate levels are usually normal, and the macrocyto-
sis does not respond to folate treatment. If the patient abstains from 
alcohol use, the MCV returns to normal levels after 2 to 4 months.

Liver Disease
The causes of anemia in liver disease are multifactorial, result-
ing from intravascular dilution due to hypervolemia, impaired 
ability of the marrow to respond optimally to the anemia, and 
in some patients, a severe hemolytic anemia associated with 
morphologically abnormal erythrocytes (spur cells). The anemia 
is usually mild to moderate. In cirrhotic patients, the Hb level 
averages approximately 12 g/dl, and remains above 10 g/dl in 
the absence of bleeding or severe hemolysis. The anemia of liver 
disease is mildly macrocytic: the MCV rarely exceeds 115 fl in the 
absence of megaloblastic changes in the bone marrow. In addi-
tion, liver disease is associated with thin macrocytes, defined as 
cells with increased surface area86 but without a corresponding 
increase in volume.87 The increased surface area of thin macro-
cytes is the consequence of excessive membrane lipids, especially 

nonmeGaloBlastIC maCRoCytIC anemIas

taBLe 22.5

Hemolytic anemia/reticulocytosis

Posthemorrhagic anemia

Alcoholism

Liver disease

Myelodysplastic syndrome

Myelophthisic anemias

Aplastic anemia

Acquired sideroblastic anemia

Congenital dyserythropoietic anemia (CDA) types I and III

Diamond-Blackfan anemia

Hypothyroidism

Spurious macrocytosis (paraproteinemia, inflammation)

PathoGenetIC ClassIfICatIon of meGaloBlastIC anemIa

taBLe 22.4

Vitamin B12 deficiency
 Dietary deficiency (rare)
 Lack of intrinsic factor
 Pernicious anemia
 Gastric surgery
 Ingestion of caustic materials
 Biologic competition for vitamin B12:
  Small-bowel bacterial overgrowth
  Fish tapeworm disease
 Familial selective vitamin B12 malabsorption (Imerslund-Gräsbeck syndrome)
 Drug-induced vitamin B12 malabsorption
 Chronic pancreatic disease
 Zollinger-Ellison syndrome
 Diseases of the ileum
 Previous ileal resection
 Regional enteritis

Folate deficiency
 Dietary deficiency
 Increased requirements:
  Pregnancy
  Chronic hemolytic anemia
 Alcoholism
 Congenital folate malabsorption
 Drug-induced folate deficiency
 Extensive intestinal (jejuna) resection

Combined folate and vitamin B12 deficiency
 Tropical sprue
 Gluten-sensitive enteropathy

Inherited disorders of DNA synthesis
 Orotic aciduria
 Lesch-Nyhan syndrome
 Thiamine responsive megaloblastic anemia
 Transcobalamin II deficiency
 Homocystinuria and methylmalonic aciduria

Drug- and toxin-induced disorders of DNA synthesis
 Folate antagonists (e.g., methotrexate)
 Purine antagonists (e.g., 6-mercaptopurine)
 Pyrimidine antagonists (e.g., cytosine arabinoside)
 Alkylating agents (e.g., cyclophosphamide)
 Zidovudine (AZT, Retrovir)
 Trimethoprim
 Oral contraceptives
 Nitrous oxide
 Arsenic
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tyPICal hemoGloBIn anD mean oRPusCulaR Volume 
Values In aDults WIth CeRtaIn anemIas

taBLe 22.7

Condition
Hb Concentration 
(g/dl) MCV (fl)

Normal men 16 (14–18) 89 (80–100)

Normal women 14 (12–16) 89 (80–100)

Iron deficiency anemia 8 (4–12) 74 (55–85)

Anemia of chronic diseases 10 (8–13) 85 (75–95)

b-Thalassemias minor 12 (9–14) 68 (55–75)

b-Thalassemias major (2–7) (48–72)

Hemoglobin H disease 9 (7–11) 70 (53–88)

Hemoglobin E trait (AE) 14 (12–17) 73 (71–78)

Homozygous hemoglobin E (EE) 12 (11–15) 64 (58–76)

Hemoglobin C disease (CC) 10 (7–14) 77 (55–93)

Congenital sideroblastic anemia 6 (4–10) 77 (49–104)

Acquired sideroblastic anemia 10 (7–12) 104 (83–118)

Note: Values are means, with approximate range in parentheses. Hb, hemoglobin; MCV, 
mean corpuscular volume.

cholesterol,87 but also phospholipids. On the blood smear, thin 
macrocytes are characterized by an increased diameter and a vis-
ibly enlarged area of central pallor. The characteristic target cell of 
liver disease is a thin macrocyte. Because the volume of such cells 
is normal, their presence has no effect on the erythrocyte indices.

Miscellaneous Anemias
Macrocytosis may accompany various anemias with low reticulocyte 
counts, including myelodysplastic and myelophthisic conditions. The 
reason for macrocytosis in these disorders is not well understood.

Congenital red cell hypoplasia or Diamond-Blackfan anemia 
(DBA) is a pure RBC aplasia in children that is due to impaired 
differentiation of developing erythroblasts (Chapter 39). This dis-
order is characterized by a life-long anemia that presents in the 
first few months of life. Many children with DBA have congenital 
abnormalities, including short stature and skeletal defects (usu-
ally affecting the thumb). The diagnosis of DBA is suggested by a 
macrocytic (although sometimes normocytic) anemia with reticu-
locytopenia presenting in the first 6 months of life. Bone marrow 
examination reveals decreased erythroid precursors.

Congenital dyserythropoietic anemias (CDAs) are a group of ane-
mias characterized by ineffective erythropoiesis and dyserythropoi-
esis (Chapter 40). The term dyserythropoiesis refers to the presence 
of morphologically abnormal erythroblasts in the bone marrow 
with multinuclearity, karyorrhexis, or megaloblastic changes. 
Three major types of CDA have been distinguished on the basis of 
morphologic and serologic classification, and these have been des-
ignated CDA types I, II, and III. The degree of anemia encountered 
in the CDAs varies considerably. It may range from a mild to mod-
erate anemia that is only discovered or diagnosed later in life to a 
severe anemia apparent in infancy. Morphologically, the anemia is 
generally mildly macrocytic in CDA types I and III and is normocytic 
in CDA type II. In all of the disorders, the bone marrow findings 
are consistent with ineffective erythropoiesis: there is erythroid 
hyperplasia along with morphologically abnormal precursors. An 
elevation in serum lactate dehydrogenase and indirect bilirubin 
levels may be observed. Decreased serum haptoglobin often is seen.

Spurious macrocytosis can result from laboratory artifacts. 
Cold agglutinins, marked leukocytosis, or other acute phase reac-
tants can lead to an incorrect high MCV value.65 Care is needed so 
that these situations do not lead to a fruitless search for a  disorder 
known to cause macrocytic anemia. Since reticulocytes are larger 
than mature RBCs, significant reticulocytosis can increase the 
MCV. This is not a spurious macrocytosis, but it is misleading.

APPRoACh to miCRoCytiC AnemiA
Most microcytic anemias are due to deficient Hb synthesis, often 
associated with iron deficiency or impaired iron use (Table 22.6). 
The differentiation of iron deficiency from the anemia of chronic 
disease and the differentiation of iron deficiency from thalassemia 
trait syndromes are both common clinical issues. Significant 
microcytosis is detected in nearly 3% of all patients who require 
admission to the hospital.56,88

The typical Hb level seen in adults with a variety of microcytic 
anemias is depicted in Table 22.7. The laboratory evaluation of 
microcytic anemias focuses on screening hematologic studies, 
followed by more definitive tests to distinguish iron deficiency 
anemia, the anemia of chronic disease, hemoglobinopathies, or 
sideroblastic anemias (Fig. 22.9). A few commonly used studies 
are described below; others are described elsewhere in this text.

Iron pathway disorders
The principal source of iron for Hb production is that carried by 
transferrin, the iron-transport protein in plasma. Under normal 

circumstances, plasma iron levels are not rate limiting in eryth-
ropoiesis, and transferrin is able to supply all the iron required 
for normal or accelerated production rates. However, in iron 
deficiency anemia, the storage sites in macrophages are depleted 
of iron and the plasma iron concentration falls. When transferrin 
saturation with iron is less than 16%, the red cell production rate 
decreases, and hypochromic, microcytic cells are manufactured. 
This state is known as iron deficient erythropoiesis.

In the anemia associated with chronic disorders (Chapter 41), 
the macrophage iron level is normal or increased, but export of 
iron from macrophages is downregulated.89 Thus, iron accumu-
lates in the macrophage, whereas the plasma level falls, and the 
marrow is deprived of adequate supplies.

Together, iron deficiency anemia and the anemia of chronic dis-
ease are among the most common causes of anemia. Iron deficiency 
predominates in children and young women; but it also occurs in 
older individuals, in whom it may reflect occult bleeding due to 
underlying pathology. The anemia of chronic disorders is most 
common among elderly people,90 but it also can occur in younger 
individuals affected by certain chronic inflammatory states.

PathoGenIC ClassIfICatIon of mICRoCytIC anemIas

taBLe 22.6

Disorders of iron metabolism
 Iron deficiency anemia
 Anemia of chronic disorders

Disorders of globin synthesis
 a- and b-thalassemias
 Hemoglobin E syndromes (AE, EE, E-b-thalassemia)
 Hemoglobin C syndromes (AC, CC)

Sideroblastic anemias
 Hereditary sideroblastic anemia
 Acquired sideroblastic anemia
 Refractory anemia with ringed sideroblasts
 Malignancies
 Myeloproliferative disorders

Lead intoxication (usually normocytic)
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FIGURE 22.9. Diagnostic approach to a patient with microcytic anemia. ↑, increased; ↓, decreased.
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Distinguishing typical iron deficiency anemia from the anemia 
of chronic disorders is usually not difficult. Anemia, hypochromia, 
and microcytosis are typically more pronounced in iron defi-
ciency, as are the degrees of anisocytosis and poikilocytosis. The 
anemia of chronic disease is usually normocytic. However, when 
iron deficiency is early and mild, the morphologic findings in the 
two conditions may be similar.

Measurement of Serum Iron and Iron-binding 
Capacity
Serum iron levels are a measure of the amount of iron bound 
to transferrin. Total iron-binding capacity (TIBC) is an indirect 
measurement of transferrin in terms of the amount of iron it will 
bind. Transferrin also can be measured directly by immunologic 
techniques and is available in many laboratories.

A limitation in the use of serum iron determinations is the 
considerable variability in values.51,62,91,92 A technical problem 
relates to contamination of glassware and reagents with iron, 
although the use of disposable, plastic equipment has significantly 
reduced such contamination as a clinical issue. Even if technical 
problems are eliminated, serum iron values in an individual can 
vary from 10% to 40% within a single day or from day to day,93,94 
and many normal subjects demonstrate a predictable diurnal 
variation, with highest values in the morning and lowest values in 
the evening.52 In contrast to serum iron, TIBC (or transferrin) val-
ues show only slight day-to-day fluctuation or diurnal variation.91 
It also must be recognized that serum iron levels are influenced by 
the recent ingestion and absorption of iron medication.

The normal mean serum iron value for men is approximately 
120 mg/dl (21.8 mmol/L). The composite normal range is approxi-
mately 70 to 200 mg/dl (13 to 36 mmol/L); however, values vary 
substantially from one laboratory to another. The TIBC averages 
340 mg/L (61 mmol/L) in both men and women, with a composite 
normal range of 250 to 435 mg/dl (45 to 78 mmol/L). TIBC satu-
ration is calculated with the following formula: TIBC saturation 
(%) = (serum iron × 100)/TIBC. The normal value is 20% to 
45%. Values below 16% are noted in association with both iron 

deficiency and the anemia of chronic disorders (Fig. 22.10). The 
degree of reduction tends to be greater in iron deficiency than in 
chronic disorders, but considerable overlap exists between these 
two conditions. In both children and adults, however, a value of 
less than 5% is almost certainly due to iron deficiency anemia. 
In sideroblastic anemias, and in transfused thalassemic patients, 
the TIBC saturation invariably is increased and often approaches 
100%. In laboratories that measure transferrin directly, an iron 
transferrin saturation index is calculated that provides the same 
information as the TIBC saturation.

The absolute value for TIBC may be helpful in distinguishing 
between iron deficiency and the anemia of chronic disorders. The 
TIBC often is increased in iron deficiency and decreased in chronic 
disease (Fig. 22.11), and some consider it to be the best test to dis-
tinguish these two disorders,95 although in hospitalized patients 
elevated TIBC is an insensitive marker of iron deficiency.96

Serum Ferritin
Determination of serum ferritin concentration also is used for 
evaluating iron stores in patients with iron deficiency.97 Ferritin 

FIGURE 22.10. Transferrin iron saturation in patients with several types of  anemia. The 
values are low (>16%) in iron deficiency anemia and the anemia of chronic disorders, with 
 considerable overlap. Values of less than 5% are found only in iron deficiency. Transferrin satura-
tion is increased in sideroblastic anemia.
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is chiefly an intracellular iron storage protein, but trace amounts 
are also secreted into plasma. In most clinical circumstances, the 
serum ferritin concentration is proportional to total body iron 
stores. In contrast to serum iron measurements, ferritin values 
are not influenced by recent iron therapy.98

The mean ferritin value for normal adult men is 90 to 95 mg/L, 
with a range of approximately 20 to 500 mg/L. For women, mean 
values of approximately 35 mg/L are noted, with a usual range 
of 10 to 200 mg/L, when iron deficiency anemia is excluded.99 In 
infants, values are high at birth but rapidly fall to approximately 
30 mg/L, where they remain until puberty. Serum ferritin values in 
men tend to rise steadily with age. These levels show little or no 
diurnal variation. Day-to-day variation averages approximately 
15%, mostly because of methodologic factors.99

In patients with uncomplicated iron deficiency, mean ferritin 
values of 3 to 6 mg/L have been reported. In patients with exces-
sive iron stores, values are usually greater than 1,000 mg/L and 
may reach 10,000 mg/L (Fig. 22.12).100 Also, the serum ferritin 
level in patients with anemia of chronic diseases may increase 
disproportionately relative to the increase in iron stores, probably 
because ferritin is an acute phase reactant. This phenomenon 
complicates the diagnosis of iron deficiency when it coexists with 
inflammatory disease. In some other illnesses, the serum ferritin 
level increases because of factors other than augmented iron 
stores. One such condition is liver disease, in which damage to 
the hepatic cell can cause the release of intracellular ferritin (non-
glycosylated and iron-rich).100 Serum ferritin values also may be 
inappropriately increased in association with various malignan-
cies, especially hematologic malignancies.99,101,102

Evaluation of Bone Marrow Iron Stores
In bone marrow aspirates, hemosiderin appears as golden-
yellow refractile granules. More often, the specimen is stained by 
the Prussian blue method, which renders hemosiderin blue.103 
Experienced observers can grade the marrow hemosiderin stores 
from 0 to 6+ (Table 22.8).104 Normal marrow is graded 1+ to 3+. 
In iron deficiency, marrow hemosiderin is absent; in the anemia 
of chronic disorders, iron is always present, most often of grade 
2 or 3+, but sometimes 4 or 5+. Iron stores are greatly increased 
(5 to 6+) in thalassemia major and in sideroblastic anemias. 
Nowadays the marrow assessment of iron is used much less, 

because serum ferritin provides a simple measurement that cor-
relates with clinical iron states in the anemia of chronic disease 
and in iron deficiency states.

Transferrin Receptors
Transferrin receptors (TfRs) are disulfide-linked transmembrane 
proteins that facilitate the entry of transferrin-bound iron into 

CRIteRIa foR GRaDInG IRon staIns In Bone  
maRRoW asPIRates

taBLe 22.8

Grade Criteria
Iron Content 
(mg/g)

0 No iron granules observed 42 ± 23

1+ Small granules in reticulum cells, seen only 
with oil-immersion lens

130 ± 50

2+ Few small granules visible with low-power lens 223 ± 75

3+ Numerous small granules in all narrow 
 particles

406 ± 131

4+ Large granules in small clumps 762 ± 247

5+ Dense, large clumps of granules 1,618 ± 464

6+ Very large deposits, obscuring marrow detail 3,681 ± 1,400

Gale E, Torrance J, Bothwell T. The quantitative estimation of total iron stores in human 
bone marrow. J Clin Invest 1963;42:1076.

FIGURE 22.11. Total iron-binding capacity (TIBC) in patients with iron deficiency and 
in those with chronic disease. A high value indicates iron deficiency. Low to  normal values 
are found in chronic disease but may also occur in iron deficiency.

20

Chronic
disease Normal

Iron deficient

15

10

%
 o

f p
at

ie
nt

s

5

150 200 250 300 350

TIBC

400 450 500

FIGURE 22.12. Measurements of serum ferritin in uncomplicated iron deficiency, 
inflammation, liver disease, and iron overload. Geometric mean values for each group 
(horizontal line). Patients with iron deficiency (total iron-binding capacity >400 mg/100 ml and 
transferrin saturation below 16% or absent marrow iron or both) (open circles). Normal range 
(shaded area). From Lipshitz D, Cook JD, Finch CA. A clinical evaluation of serum ferritin as an 
index of iron stores. N Engl J Med 1974;290:1213–1216, with permission.
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cells (Chapter 23). A soluble, truncated form of the protein can 
be detected in plasma, and its immunologic quantification can be 
useful in detecting iron deficiency and distinguishing it from the 
anemia of chronic disease. Values in iron deficient subjects are 
clearly increased, and are typically not increased in uncomplicated 
anemia of chronic disease.105,106,107 Therefore, TfR determination 
may be useful in distinguishing iron deficiency from the anemia 
of chronic disease, but must be interpreted in association with 
the ferritin concentration.96 It has been proposed that the ratio of 
serum TfR concentration to the logarithm of the serum ferritin con-
centration has a better capacity to distinguish iron deficiency from 
the anemia of chronic disease than does the unadjusted serum TfR 
concentration108 (Fig. 22.13). Serum TfR levels also vary with the 
total mass of red cell precursors. Therefore, the value increases in 
hemolytic anemia, thalassemia, and polycythemia, and decreases 
in hypoplastic anemia and renal failure.76

Other Tests to Assess Iron Metabolism
erythrocyte Zinc protoporphyrin
Red cell precursors normally synthesize slightly more protopor-
phyrin than is needed for heme synthesis. The excess remains 
with the cell throughout its lifespan and has been called free 
erythrocyte protoporphyrin (FEP). When iron is not available for 
heme synthesis, protoporphyrin accumulates in excess as zinc 
protoporphyrin. Measurement of FEP is available as a screen-
ing test for iron deficiency, and the test requires only a drop of 
blood and 1 minute of processing.51,109 The level of FEP increases 
dramatically in iron deficiency and is a sensitive laboratory 
abnormality in this condition.51,109,110,111,112 The erythrocyte zinc 
protoporphyrin content also is greatly increased in lead poisoning 
but is normal in thalassemia.109,110

Liver Iron Stores
Iron stores can also be estimated by liver biopsy using both his-
tochemical and chemical methods of analysis.113,114 Even gross 
inspection of a Prussian blue–stained biopsy specimen can provide 
a reasonably reliable estimate of iron stores.115 Criteria for grading 
the preparations from 1 to 4+ have been established,113,114,116 and 

these correlate well with chemical analysis. Chemical analysis has 
been important in evaluating hemochromatosis and transfusion-
iron overload, because a disproportionate amount of iron is in 
parenchymal cells in the form of ferritin, which does not stain with 
Prussian blue.117 Measurement of hepatic iron stores has been 
used mainly to assess iron overload states, because the correlation 
between serum ferritin and true tissue iron content is not as good 
when there is elevated tissue iron content. Currently, however, 
magnetic resonance imaging using T2* technology is replacing liver 
biopsy as a noninvasive way to measure liver iron content.118,119

urinary Iron excretion
Storage iron has been evaluated by urinary excretion of iron after 
the administration of a chelating agent.120,121,122,123 The chelator 
most commonly used for this purpose is deferoxamine. A rough 
correlation exists between iron stores and urinary iron excretion 
after deferoxamine administration.

disorders of hemoglobin Synthesis
The Hb disorders associated with microcytosis include the thalas-
semias and certain structural Hb variants.

The thalassemias are a group of inherited disorders in which 
synthesis of one of the normal polypeptide chains of globin is 
severely deficient (Chapter 34). In mild forms of the disease (thal-
assemia minor), hypochromia and microcytosis are prominent, 
whereas anemia is absent or mild. In other thalassemic disorders, 
including homozygous b-thalassemia (b-thalassemia major) and 
Hb E b-thalassemia, hypochromic, microcytic anemia is usually 
quite severe.

Some structurally abnormal Hb also may be associated with 
moderate microcytosis. This is particularly characteristic of 
patients carrying an Hb E gene. Heterozygotes for this hemoglo-
binopathy typically have microcytosis without anemia.124,125,126 
Homozygotes have a greater degree of microcytosis and either 
mild or no anemia.53,124,125 Like thalassemia, Hb E diseases are 
characterized by reduced b-chain synthesis.127 Microcytosis also 
occurs in homozygous Hb C disease.128,129

The possibility of thalassemia minor is often raised by find-
ing that the microcytosis is more severe than might be expected 
for the mild degree of anemia. In addition, basophilic stippling 
and target cells tend to be more prominent in thalassemia than 
in iron deficiency. An important feature of thalassemia trait–like 
conditions (which include the Hb E syndromes) is that the RBC 
count often is very high normal to elevated despite having anemia 
and small RBC. This characteristic has allowed several different 
measures for differentiating iron deficiency from thalassemia trait 
and Hb E disorders. One of the most useful is a modification of 
the Mentzer index,130 which is based on the MCV and RBC count:

MCV/RBC (106) > 14 (suggestive of iron deficiency)
MCV/RBC (106) 12 to 14 (indeterminate)
MCV/RBC (106) < 12 (suggestive of thalassemia trait disorders)

RDW, a measures of anisocytosis derived from erythrocyte 
volume distribution, has been advocated for distinguishing iron 
deficiency from thalassemia minor in patients with microcyto-
sis.49,58,61,131 Anisocytosis is an early and prominent finding in 
iron deficiency, often detectable before significant microcytosis, 
hypochromia, or even anemia is apparent. In contrast, anisocyto-
sis tends to be absent or mild in thalassemia minor. The normal 
value for RDW is 13.4 ± 1.2% (mean, 2 SD), and the upper limit of 
normal is 14.6% (40). In iron deficiency, the value is 16.3 ± 1.8%, 
whereas in b- or a-thalassemia minor, the value is normal (13.6 ± 
1.6%). An increased RDW appears to be 90% to 100% sensitive 
for iron deficiency but only 50% to 70% specific.132 An increased 
value for RDW in an otherwise normal complete blood count 
most often represents early iron deficiency, but other nutritional 
 deficiencies are also possible causes.

FIGURE 22.13. Ratio of serum transferrin receptor concentration [TfR] to log10 serum 
ferritin concentration [Ferr] in anemic patients with iron deficiency (IDA; n 5 19), 
anemia of chronic disease (ACD; n 5 65), and features of both syndromes (IDA/ACD; 
n 5 7). Bars indicate the mean (dot) and 95% confidence intervals of values in the three groups.
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Homozygous hemoglobinopathies, especially Hb C125 and Hb 
E,53,126 tend to be microcytic and normochromic, and many  target 
cells are apparent in the blood smear (Chapter 34).

Distinguishing homozygous b-thalassemia (b-thalassemia 
major) from b-thalassemia minor is rarely a problem, because 
the former is accompanied by signs of hemolysis and ineffective 
erythropoiesis; there also are characteristic findings on the blood 
smear, including nucleated red cells, extreme anisocytosis and poi-
kilocytosis, and target cells (Chapter 34). However, it is a common 
diagnostic problem to distinguish patients with b-thalassemia trait 
from those with iron deficiency. In almost all cases of b-thalas-
semia trait, the fraction of Hb A2 is increased, whereas the value 
for Hb A2 is normal or decreased in iron deficiency.133 An excep-
tion is that if a patient with b-thalassemia trait happens to be iron 
deficient at the time of evaluation, the Hb A2 be normal. When 
iron replete, the same patient’s Hb A2 will be elevated as expected.

a-Thalassemia syndromes result from decreased a-globin chain 
synthesis that is directed by four structural genes. Four different 
a-thalassemia syndromes have been recognized on chromosome 16. 
Silent carrier state (a-thalassemia II) individuals lack one a globin 
gene; the a, b-globin chain synthetic ratio is decreased from unity, 
but these individuals are hematologically normal and have no clini-
cal problems. a-Thalassemia trait (a-thalassemia I) individuals lack 
two a-globin genes, a-globin synthesis is impaired, and there is a 
mild hypochromic microcytic anemia. Hb H disease is caused by 
the deletion of three a-globin genes, and the consequence of this is 
a mild to moderate hemolytic anemia. Beyond the neonatal period, 
the unbalanced chain synthesis leads to an excess in b-globin chains 
which form Hb H (b4 tetramers). Hb H is mildly unstable, particu-
larly in the presence of oxidant stress, thereby causing intermittent 
hemolysis. Homozygous a-thalassemia (hydrops) is due to a deletion 
of all four a-globin genes, resulting in severe anemia because of the 
complete absence of a-globin chains. This disorder is incompatible 
with life, and fetuses are aborted early, are stillborn, or die within the 
first few hours of life.

A common clinical problem is to identify a-thalassemia trait, 
which has a similar presentation to b-thalassemia trait and to 
iron deficiency. The diagnosis often is a presumptive one, made 
after excluding iron deficiency, b-thalassemia trait, and any other 
abnormal Hb. The a-thalassemia syndromes occur primarily 
in those of Asian and African descent, and it is of interest that 
in Africans with a-thalassemia trait, the globin gene deletions 
occur on different chromosomes (i.e., trans deletions), whereas in 
Asians with a-thalassemia trait, the gene deletions occur on the 
same chromosome (i.e., cis deletion). As a consequence of these 
racial differences, Hb H disease and homozygous a-thalassemia 
occur only in Asians. Moreover, virtually all Africans with a-thal-
assemia have a-thalassemia trait (Chapter 34).

GeneRAl DiAGnostiC APPRoACh 
to hemoGloBinoPAthies AnD 
thAlAssemiAs
The clinical and laboratory features of specific thalassemia and 
hemoglobinopathy syndromes are discussed in the chapters 
addressing those syndromes. Thalassemia and hemoglobinopa-
thy syndromes are suspected in patients with microcytosis, in 
patients with unexplained hemolytic anemia, and in patients 
with the red cell abnormalities suggestive of hemoglobinopa-
thies, such as sickle cells or the characteristic inclusions of Hb 
C disease. The principal tool in the identification of hemoglo-
binopathies and thalassemia is the hemoglobin electrophoresis. 
Hb C, Hb E, Hb S, and Hb H can be detected by electrophoresis. 
The presence of increased amounts of Hb A2 and/or Hb F indi-
cates b-thalassemia variants. The most common approach to 
Hb electrophoresis uses cellulose acetate at alkaline pH (usually 

8.2–8.6); however, Hb A2 and Hb C migrate to the same position, 
and must be distinguished by electrophoresis at an acidic pH on 
citrate agar. Specific quantitative tests using alkali denaturation 
for Hb F or ion-exchange microcolumns for Hb A2 are widely 
available. Isoelectric focusing can separate a number of Hb types 
not clearly distinguished in cellulose acetate or citrate agar, and 
high pressure liquid chromatography (HPLC) techniques have 
replaced electrophoretic methods in many reference laborato-
ries. DNA sequencing is often employed in the analysis of rare or 
novel Hb variants.

a-Thalassemia syndromes are not associated with increases 
in Hb A2 and Hb F, and thus are not detectable on electrophore-
sis unless three a genes are deleted, resulting in Hb H disease. 
For this reason, the diagnosis of a-thalassemia trait is usu-
ally made presumptively, having excluded iron deficiency and 
b-thalassemia. Specific DNA-based testing is available, but it is 
seldom used for routine diagnostic purposes. Its major value is in 
prenatal diagnosis, and the counseling of potential parents at risk 
for having children with homozygous a-thalassemia. Unstable 
Hbs are detected by the heat denaturation test.

Sideroblastic anemias
The sideroblastic anemias are due to acquired and hereditary 
disorders of heme synthesis (Chapter 24). A classic morphologic 
feature of this type of anemia, as seen in the peripheral blood 
smear, is the presence of erythrocyte dimorphism (Fig. 22.4E), 
with a microcytic population of cells mixed with a normal red 
cell population and the presence of occasional, heavily stippled, 
hypochromic cells. In hereditary (X-linked) sideroblastic anemia, 
the anemia and microcytosis are pronounced (Table 22.7), and 
these changes are accompanied by considerable anisocytosis and 
poikilocytosis. The serum iron concentration usually is elevated, 
and the TIBC is increased. In all cases of sideroblastic anemia, 
regardless of the specific etiology, impaired heme synthesis leads 
to retention of iron within the mitochondria. Morphologically, this 
is seen in marrow aspirates which reveal many nucleated red 
cells with iron granules (i.e., aggregates of iron in mitochondria) 
that have a perinuclear distribution.134,135 These unusual cells, 
known as ringed sideroblasts, are found only in pathologic states 
and are distinct from the sideroblasts (erythroblasts with dif-
fuse cytoplasmic ferritin granules) seen in 30% to 50% of normal 
RBC precursors in marrow. Most common sideroblastic anemias 
occur in middle age and later life, and these acquired disorders 
can be idiopathic, secondary to drugs, alcohol, or myeloprolifera-
tive disorders (Table 22.6). In addition, there are rare congenital 
sideroblastic anemias that conform to an X-linked pattern of 
inheritance, usually occurring in males, although skewed lyoniza-
tion has resulted in affected females. Autosomal-dominant and 
sporadic cases also occur. Several different genetic mutations 
have been identified in these congenital sideroblastic anemias.136 
Severe anemias are recognized in infancy or early childhood, 
whereas milder cases may not become apparent until early adult-
hood or later. Patients may present with pallor, icterus, moderate 
splenomegaly, or hepatomegaly. Iron overload is a major compli-
cation of this disorder. In some cases in which there is little or no 
anemia, there still may be clinical evidence of iron overload (i.e., 
diabetes mellitus and liver dysfunction).

APPRoACh to noRmoCytiC AnemiA
Normocytic anemias are those in which the values for MCV are 
within normal limits, between 80 and 100 fl in adults. At times, 
however, the anemias that fall into this category also may be 
macrocytic or microcytic. For example, the anemia associated 
with hypothyroidism and liver disease may be either normocytic 
or slightly macrocytic. Also, because of reticulocytosis, the anemia 
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associated with acute hemorrhage or chronic hemolysis may be 
normocytic or slightly macrocytic. The anemia of chronic disorders, 
although most often normocytic, is sometimes microcytic, and its 
pathogenesis is best understood in the context of microcytic ane-
mias, as described above. Lastly, iron deficiency early in the course 
of anemia may be normocytic before becoming microcytic.

The normocytic anemias are not related to one another by 
common pathogenetic mechanisms. In many instances, anemia is 
only of incidental importance, a minor manifestation of a systemic 
disease with other, more serious consequences. Importantly, 
however, sometimes anemia is the first evidence of disease and 
the sign leading to discovery of the underlying disorder.

Despite the varied etiologic background and the often inciden-
tal nature of the normocytic anemias, they can be classified in a 
way that forms a basis for diagnostic investigation (Fig. 22.14). 
As a first step, it should be determined whether the erythropoi-
etic response is appropriate to the degree of anemia. When bone 
marrow function is unimpaired and the iron supply is ample, 
erythropoiesis can increase manyfold. In most cases, marrow 
examination is not necessary to determine that the erythropoietic 
response is adequate, because reticulocytosis may be prominent, 
and polychromatophilic macrocytes may be detected on routinely 
stained smears. These manifestations of appropriate marrow 
response are typical of hemolytic anemia and posthemorrhagic 
anemia. The history, physical examination, and signs of exces-
sive erythrocyte destruction (e.g., hyperbilirubinemia) provide the 
information necessary to differentiate these two conditions. The 
diagnostic approach to anemias due to hemolysis and after acute 
hemorrhage are discussed separately below.

When anemia is apparent but the erythropoietic response is 
less than appropriate, most likely the underlying disorder directly 
or indirectly affects the bone marrow. Indirect effects should be 
investigated first, because often a diagnosis can be made without 
resorting to marrow aspiration and biopsy. For example, several 
disorders are associated with reduced secretion of erythropoietin 

History of jaundice, splenomegaly
Presence of blood smear abnormalities
Elevated bilirubin or lactic dehydrogenase

Increased red blood cell production

Reticulocytes

Yes No

Hemolysis Hemorrhagic anemia

Positive Negative Normal or high Low

Serum chemistries to screen for 
renal, hepatic, and endocrine disease

Consider erythropoietin levels, 
thyroid studies

Anemia of renal disease
Anemia of liver disease
Anemia due to endocrine failure

Bone marrow
aspirate and biopsy

Infiltrative disorder (leukemia, 
myeloma, myelofibrosis, metastases)

Red cell aplasia

Myelodysplastic syndrome

Dyserythropoietic anemia (type II)

Serum iron

Anemia of chronic disease

Early iron deficiency

Normal/decreased red blood cell production

FIGURE 22.14. Diagnostic approach to a patient with normocytic anemia.

(Table 22.9). In these conditions, screening tests usually uncover 
an underlying systemic disease, and for this purpose, renal func-
tion, liver function, and thyroid status should be assessed by use 
of appropriate biochemical tests. Although severe protein-calorie 
malnutrition is accompanied by reduced erythropoietin secre-
tion and a mild normocytic anemia, such undernutrition is rare 
in developed countries and thus is not likely to be confused with 
other systemic disorders. The anemia of chronic disease typically 
presents as a normocytic anemia with low reticulocytes. This can 
be recognized by the underlying inflammatory state and the previ-
ously described iron studies. One of the causes of this is thought 
to be a blunted erythropoietic response due to the presence of 
inflammatory cytokines (Chapter 41).

Normocytic anemia with marked reticulocytopenia also is a 
characteristic of pure red cell aplasia (PRCA). Acquired PRCA 
in adults represents a relatively rare group of disorders usually 
occurring in the fifth to seventh decades of life (Chapter 39). 
The anemia can occur as a primary disorder or secondary to 
some other disease. Early studies suggested an association with 
thymoma, but more recent data indicate this is much less com-
mon. Most cases of PRCA are seen with a variety of hematologic 
malignancies (in particular chronic lymphocytic leukemia) and 
also with nonhematologic malignancies, rheumatoid arthritis, 
systemic lupus erythematosus, and in association with a variety 
of drugs and chemicals. Laboratory data reveals isolated anemia, 
reticulocytopenia, and a bone marrow almost completely void of 
erythroblasts. The remainder of the CBC is normal.

Transient erythroblastopenia of childhood (TEC) is a form of 
RBC aplasia occurring in young children, caused by transient 
antibody-mediated suppression of normal erythropoiesis that 
frequently follows a viral infection (Chapter 39). In contrast to 
Diamond-Blackfan syndrome, there are no congenital abnor-
malities and no abnormal RBC features. The natural history of 
transient erythroblastopenia of childhood is one of spontaneous 
recovery over a few weeks.
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grounds, hemolytic anemias have been divided into acute and 
chronic forms, but such a division is of limited usefulness because 
acute episodes may develop during the course of chronic hemo-
lytic disorders. Of somewhat greater use is a classification based 
on the site of hemolysis: whether it is predominantly within the 
circulation (intravascular) or within tissue macrophages (extra-
vascular). Most hemolytic diseases are characterized by extravas-
cular red cell destruction. The intravascular hemolytic disorders 
are accompanied by unique manifestations, such as hemoglobi-
nemia, hemoglobinuria, and hemosiderinuria, and this type of 
hemolysis is easily recognized (Table 22.10).138

Hemolytic disorders also may be considered to be caused by 
an intrinsic defect in the cell itself or by extrinsic agents acting on 
otherwise normal red cells. It is this classification which generally 
is most useful to the clinician (Table 22.11). Most intrinsic defects 
are inherited, whereas the extrinsic ones are acquired. Exceptions 
to this generalization are few; these include paroxysmal nocturnal 
hemoglobinuria (Chapter 31), an acquired disorder characterized 
by an intrinsic red cell defect. Also, certain inherited intrinsic 
defects (e.g., the most common form of glucose-6-phosphate dehy-
drogenase [G6PD] deficiency) are associated with no ill effects in 
the absence of an extrinsic agent, usually an infection or exposure 
to a drug (see Chapter 28).

Intrinsic and extrinsic abnormalities originally were defined by 
performing cross-transfusion erythrocyte survival studies. When 
normal erythrocytes are transfused to patients with an extrinsic 
cause for hemolysis, the donated cells are destroyed as rapidly 
as the patient’s own cells. On the other hand, when the patient’s 
RBCs are removed from their unfavorable environment and 
transfused to a normal recipient, their survival time is normal.  
In contrast, when the disorder is due to an intrinsic red cell 
defect, the RBCs of the patient, when given to a normal recipient, 
are removed from the circulation more rapidly than those of the 
recipient; the normal erythrocytes, if transfused into the patient, 
maintain a normal lifespan. While such cross-transfusion experi-
ments played an important role in clarifying the pathogenesis of 
various hemolytic disorders, obviously they cannot be used in the 
evaluation of patients.

The intrinsic disorders of the erythrocyte are due to defects 
affecting the red cell membrane (Chapter 27), disorders of cell 
metabolism (Chapter 28), or various Hb abnormalities (Chapters 
33 through 35) (Table 22.11).

The acquired hemolytic anemias are further subclassified on 
the basis of the extrinsic factors causing hemolysis. These include 
antibodies (Chapters 29 and 30) and other nonimmune causes 

hemolytIC anemIas ChaRaCteRIzeD By sIGnIfICant 
IntRaVasCulaR ReD Cell DestRuCtIon

taBLe 22.10

Paroxysmal nocturnal hemoglobinuria

Erythrocyte fragmentation disorders

Transfusion reactions resulting from ABO isoantibodies

Paroxysmal cold hemoglobinuria

Acquired autoimmune hemolytic anemia (occasionally)

Associated with certain infections
 Blackwater fever in falciparum malaria
 Clostridial sepsis

Caused by certain chemical agents
 Arsine poisoning
 Snake and spider venoms
 Drug reactions with glucose-6-phosphate dehydrogenase (G6PD) deficiency
 Intravenous administration of distilled water
Thermal injury

ClassIfICatIon of the noRmoCytIC anemIas

taBLe 22.9

Anemia associated with appropriately increased erythrocyte production
 Posthemorrhagic anemia
 Hemolytic anemia
Decreased erythropoietin secretion
 Impaired source:
  Renal: anemia of renal insufficiency
  Hepatic: anemia of liver disease
 Reduced stimulus (decreased tissue oxygen needs)
 Anemia of endocrine deficiency
 Protein-calorie malnutrition
 Anemia of chronic disorders

Anemia with impaired marrow response
 Red blood cell aplasia
 Acquired pure red cell aplasia in adults
 Transient erythroblastopenia of childhood
 Transient aplastic crises associated with hemolysis
 Aplastic anemia (pancytopenia)
 Bone marrow infiltrative disorders
 Leukemia
 Myeloma
 Other myelophthisic anemias
 Myelodysplastic anemias
 Congenital dyserythropoietic anemia ([CDA] type II)

Aplastic crises with hemolytic anemia is a self-limiting form of 
red cell aplasia seen in patients with chronic hemolytic anemia. It is 
characterized by a rapid decrease in the steady-state Hb concentra-
tion and a very low reticulocyte count (see Approach to Hemolysis).

When the normocytic anemia with reticulocytopenia is associated 
with leukopenia and thrombocytopenia, there should be suspicion for 
intrinsic marrow disease due to aplastic anemia, leukemia, myelo-
fibrosis, or myelophthisis. Morphologic abnormalities suggestive of 
marrow infiltration found on the blood smear include nucleated red 
cells, teardrop poikilocytes, immature leukocytes, and large, bizarre 
platelets or megakaryocyte fragments (Fig. 22.6). When such changes 
are detected, as well as in any patient with anemia along with other 
cytopenias, marrow aspiration and biopsy should be performed.

Of the different congenital dyserythropoietic anemias, type II 
CDA is the most common, and it is the one that almost always 
presents as a normocytic anemia. This disorder is recognized by 
distinct multinuclearity of the marrow normoblasts (Chapter 40).

APPRoACh to hemolysis
Hemolytic disorders are characterized by signs of accelerated 
erythrocyte destruction together with those of vigorous blood 
regeneration. Under maximal stimulation, the normal marrow 
is capable of undergoing hyperplasia until its production rate 
increases approximately six to eight times.137 With optimal mar-
row compensation, the survival of red cells in the circulation can 
decrease from the normal 120 days to as few as 15 to 20 days 
without anemia developing. Such an increase in destruction and 
production of erythrocytes can result in a compensated hemolytic 
state without anemia being present. In this regard, it is of interest 
that a significant fraction of patients with hereditary spherocy-
tosis patients are not anemic. However, when red cell survival is 
so short that anemia develops despite a vigorous erythropoietic 
response, the term hemolytic anemia is appropriate.

pathogenesis and Classification
Disorders associated with hemolytic anemia have been classified 
in various ways, none of which is entirely satisfactory. On clinical 
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(Chapter 32), including physical trauma, infectious agents, physi-
cal agents, chemical agents, hypophosphatemia, and liver disease 
(spur cell anemia). A separate category is needed for paroxysmal 
nocturnal hemoglobinuria, which is unique among the acquired 
hemolytic anemias in that it is related to an intrinsic abnormality 
of the red cell (Chapter 31).

Each of these different hemolytic anemias is discussed in detail 
elsewhere in this book. The remainder of this section focuses on 
the general clinical and laboratory features that are common to 
most congenital and acquired hemolytic anemias.

Clinical Features of Congenital hemolytic anemia

Degree of Anemia
The severity of anemia varies greatly, even among patients with 
the same congenital disorder. Most commonly, the anemia with 
congenital hemolytic disorders is mild to moderate because the 
shortened erythrocyte survival is partially offset by increased 
activity of the bone marrow. Often, patients accommodate remark-
ably well to the anemia and may exhibit few signs or symptoms. 
Consequently, detection can be delayed until later in childhood 
and discovered incidentally. Moreover, some patients have no ane-
mia at all. The disease may then remain unsuspected until late in 
adult life unless jaundice, a crisis, or complications of gallbladder 
disease draw attention to the condition. Sometimes, such cases 
are discovered only in the course of a family study.

In some congenital hemolytic disorders, such as homozygous 
b-thalassemia, the rate of red cell destruction far exceeds the eryth-
ropoietic capacity of the marrow, and these individuals usually have 
a very severe anemia requiring life-long red cell transfusions.

Jaundice
Jaundice often is first noted in the neonatal period,139 and photo-
therapy frequently is used to reduce the hyperbilirubinemia and, 
sometimes, exchange transfusions are required. In some older chil-
dren and adults with congenital hemolytic anemia, icterus is absent 
or mild enough to pass unnoticed. Careful inquiry often elicits a 
history of episodes of jaundice or the passing of dark urine associ-
ated with trivial infections. In other cases, jaundice is persistent but 
never becomes intense. Often, slight scleral icterus is the only sign 
of hemolytic disease. As noted earlier, the jaundice of hemolytic dis-
ease is acholuric; the bilirubin, being unconjugated, is not excreted 
in the urine. Furthermore, pruritus is absent. These features help 
to distinguish the icterus of hemolytic disease from that found with 
disorders of the hepatobiliary system.

Aplastic Crises
Aplastic crises result from transient failure of red cell production 
(Fig. 22.15) caused by infection with the type B19 human par-
vovirus.140–143 The same virus also causes erythema infectiosum 
(fifth disease, a common childhood exanthem)144,145 and may 
cause an acute polyarthropathy syndrome in adults as well as 
aseptic meningitis146 and fetal death with hydrops  fetalis.147,148 
Parvovirus infection may occur sporadically but most often is an 
epidemic disease that can affect several family members simul-
taneously or multiple people in a large geographic area. School-
age children (age 5 to 10 years) are most at risk for parvovirus 
infection,143 but cases have been reported of parvovirus infec-
tion in young adults.143,149 Any patient with moderately severe 
chronic hemolytic disease who becomes infected with parvovi-
rus is at risk for an aplastic crisis. Blood Hb concentrations fall 
several grams, sometimes to life-threatening levels,149 and the 
reticulocyte count falls abruptly, usually to less than 1%. The 
magnitude of the crisis depends on the severity of the underlying 
hemolytic process. In most cases, leukocyte and platelet counts 
are unaffected, but neutropenia and thrombocytopenia can occur 
and, rarely, may be severe.142 The bone marrow is cellular, but 
erythroid hypoplasia is the characteristic finding; in particular, 
the more mature erythrocyte precursors tend to disappear. 
Giant pronormoblasts may be observed. Recovery is heralded by 
reticulocytosis. The entire episode, from onset of symptoms to 
reappearance of reticulocytes, lasts approximately 10 to 12 days 

ClassIfICatIon of most Common Causes of hemolysIs

taBLe 22.11

Acquired Hemolytic Disorders
 Immunohemolytic anemias
  Autoimmune hemolytic anemia
  Hemolytic disease of the newborn
  Transfusion of incompatible blood

 Traumatic and traumatic hemolytic anemia
  Prosthetic valves and other cardiac abnormalities
  Hemolytic uremic syndrome (HUS)
  Thrombotic thrombocytopenic purpura (TTP)
  March hemoglobinuria
  Disseminated intravascular coagulation (DIC)

 Infection
  Protozoa (Malaria, Toxoplasmosis, Leishmaniasis, Babesiosis)
  Bacteria (Clostridial infection, cholera, bartonellosis, typhoid, etc.)

 Other causes
  Paroxysmal nocturnal hemoglobinuria (PNH)
  Spur cell anemia in liver disease
  Associated with hemodialysis and uremia
  Thermal red blood cell (RBC) injury
  Hypophosphatemia
  Snake venoms

Inherited Hemolytic Disorders
 RBC Membrane abnormalities
  Hereditary spherocytosis
  Hereditary elliptocytosis syndromes
  Hereditary stomatocytosis
  Hereditary xerocytosis

 RBC Enzyme disorders
  Glucose-6-phosphate dehydrogenase (G6PD) deficiency
  Pyruvate kinase (PK) deficiency
  Glucose-phosphate isomerase (GPI) deficiency
  Pyrimidine 5′ nucleotidase deficiency

 RBC Hemoglobin disorders
  Sickle cell anemia syndromes
  Thalassemia syndromes
  Unstable hemoglobin disorders

FIGURE 22.15. Severe aplastic crisis in a patient with hereditary spherocytosis who 
previously had well-compensated hemolysis. Note the profound reticulocytopenia  during 
the early phases of the reaction, followed by reticulocytosis. Hb, hemoglobin. (Data plotted 
from Owren P. Congenital hemolytic jaundice. The pathogenesis of the “hemolytic crisis.” Blood 
1948;3:231–248.)
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in subjects with normal immunologic responses, but may persist 
much longer in patients with defective or suppressed immune 
systems.150 Parvovirus infection also produces erythroid apla-
sia in normal subjects, but the decrease in Hb concentration is 
minimal when erythrocyte survival is normal,151 and such small 
changes go undetected. During the acute phase of aplastic crisis, 
parvovirus DNA often can be detected in the serum by poly-
merase chain reaction assays.144 The appearance of a specific 
immunoglobulin (Ig) M (IgM) antibody in serum is a marker of 
recent infection.142 It is replaced by an IgG antibody that persists 
for years and is found in 60% of normal subjects. A single infec-
tion apparently confers life-long immunity. However, parvovirus 
antibody titers are only helpful in the immunocompetent.

Splenomegaly
The spleen typically is enlarged in patients with congenital hemo-
lytic anemias, except for individuals with sickle cell anemia older 
than 5 years of age. Most often, the degree of enlargement is mild 
to moderate. At times, splenomegaly leads to discovery of the 
disease because the spleen is detected on a routine physical exam-
ination. It is not uncommon for children with hereditary spherocy-
tosis to first be recognized by the finding of splenomegaly during a 
routine physical examination in an otherwise healthy child.

Cholelithiasis
Gallstones and their complications play a significant role in 
the clinical manifestations of congenital hemolytic anemias. 
Symptoms of gallbladder disease rarely may be the initial manifes-
tations of a hemolytic process and the ones that bring the  illness 
to the attention of a physician. Gallstones typical of hemolytic 
anemia are so-called black pigment stones.152,153 They differ from 
brown pigment stones and cholesterol stones, neither of which is 
associated with hemolysis. The hepatic bile of patients with hemo-
lytic anemia contains greatly increased amounts and concentra-
tions of unconjugated bilirubin, decreased concentrations of bile 
acids,153,154 and increased concentrations of ionized calcium.155

The prevalence of cholelithiasis in patients with hemolytic 
anemia increases with age and with the intensity of the hemolytic 
process. In a large study series involving Jamaican patients with 
sickle cell anemia, the prevalence ranged from 8% among patients 
16 to 25 years old to 55% in patients older than age 35 years with 
reticulocyte counts greater than 15%.156

Leg Ulcers
Chronic ulcerations of the legs are peculiar and uncommon 
complications of chronic hemolytic disease. They are particu-
larly characteristic of sickle cell anemia (Chapter 33),157 but 
also occur in association with other hemolytic disorders,158–161 
such as hereditary spherocytosis162 (Chapter 31). The ulcers 
often are bilateral and tend to involve the areas overlying or 
proximal to the medial or lateral malleoli. They tend to be 
chronic or recurrent and, upon healing, leave the skin indurated 
and pigmented.

Skeletal Abnormalities
When hemolytic anemia is severe during active phases of growth 
and development, the pronounced expansion of erythroid bone 
marrow may lead to a tower-shaped skull, thickening and stria-
tion of frontal and parietal bones (“frontal bossing”), maxillary 
and dental abnormalities, and other distortions of bony struc-
tures. Such abnormalities are particularly characteristic of severe 
thalassemia major, the so-called thalassemic facies (Chapter 34). 
Nowadays it is much less common to see these skeletal malfor-
mations, because patients with homozygous b-thalassemia are 

transfused aggressively with red cells to maintain a higher Hb 
level, and this suppresses expansion of the erythroid marrow 
and its subsequent effects on bone structure. However, in patients 
with thalassemia intermedia, a slightly milder clinical variant not 
necessitating RBC transfusions, the characteristic bone changes 
may occur because of the expanded size of the erythroid marrow. 
The skeletal changes also may occur in patients with sickle cell 
anemia and in exceptional patients with other forms of congenital 
hemolytic anemia.160

Clinical Features of acquired hemolytic anemia
Hemolytic anemia sometimes develops acutely, such as after the 
transfusion of incompatible blood or the ingestion of an oxidant 
drug by patients with G6PD deficiency or in association with an 
acute febrile illness. Some instances of autoimmune hemolytic 
anemia, thrombotic thrombocytopenic purpura, and other hemo-
lytic disorders may also begin abruptly.162 Aching pains in the 
back, abdomen, or limbs are common, as are headaches, malaise, 
vomiting, shaking chills, and fever.162 Abdominal pain may be 
severe, and the accompanying muscular spasm and rigidity may 
simulate the signs of an acute abdominal condition requiring sur-
gical treatment. Pallor, jaundice, tachycardia, and other symptoms 
of severe anemia may be prominent.

Acquired hemolytic anemia also can begin insidiously, 
developing gradually over a period of weeks or months. 
Cardiovascular adjustments to the anemia may be adequate, 
and patients may have few symptoms. Pallor, scleral icterus, 
or a jaundiced complexion may be the first evidence of illness, 
and often, these signs are noticed by friends or associates 
before they are appreciated by the patient or the family. As in 
congenital hemolytic anemia, the course may be interrupted by 
aplastic crises.141

In other instances, the clinical setting may be dominated 
by the manifestations of an underlying disease of which the 
hemolytic anemia is one manifestation. For example, signs and 
symptoms of lymphoma, lupus erythematosus, or mycoplasma 
pneumonia may overshadow those of the associated hemolytic 
process.

Laboratory Features of hemolysis
The laboratory studies used to identify a hemolytic process 
include those related to the increase in erythrocyte destruction 
and those related to the compensatory increase in the rate of 
erythropoiesis.

Signs of Increased Red Blood Cell Destruction
Serum Bilirubin
The amount of bilirubin in the circulation depends in part on the 
rate at which the bilirubin is formed and in part on the efficiency 
with which it is excreted by the liver. Hyperbilirubinemia is a 
hallmark of hemolytic anemia (Fig. 22.16), although occasion-
ally the serum bilirubin is within the normal range despite brisk 
hemolytic disease.163 The increased serum bilirubin level in 
hemolysis almost always consists of the unconjugated (indirect-
reacting) pigment. The conjugated fraction remains within normal 
limits, and no bilirubin is evident in the urine. Except for during 
the neonatal period, values greater than 5 mg/dl are unusual in 
patients with hemolytic anemia and suggest coexisting hepatic 
dysfunction.

Serum Lactic dehydrogenase
Serum lactic dehydrogenase (LDH) often is increased in patients 
with hemolytic anemia, although not to as great an extent as 
in megaloblastic anemia. The increase in LDH probably results 
from liberation of the erythrocyte enzyme into the plasma during 
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serial observations of the degree of anemia, reticulocytosis, and 
jaundice. For these reasons, determination of red cell survival 
is reserved for use in evaluating patients with especially difficult 
diagnostic problems.

rate of Carbon Monoxide production
Determinations of the rate of endogenous carbon monoxide 
production provide accurate assessments of the rate of heme 
catabolism. With these methods, values of approximately two to 
ten times the normal rate have been detected in small groups of 
patients with hemolytic disease. At the present stage of devel-
opment, however, these methods are not available for routine 
 clinical use.168,169

Signs of Intravascular Hemolysis
When erythrocytes are destroyed within the circulation, and 
also when extravascular destruction is so rapid that it exceeds 
the capacity of the macrophage system, Hb is released into the 
plasma. The disposal of Hb and its heme group occurs by several 
mechanisms (Chapter 6), and characteristic laboratory abnor-
malities are found (Table 22.12).

hemoglobinemia
At low concentrations, plasma Hb may be measured by means of 
the benzidine reaction, which allows detection not only of Hb but 
also of any other heme pigments that may be present. If special 
precautions are observed to avoid artifactual hemolysis during 
collection of blood, normal values of less than 1 mg/dl of plasma 
are found. Plasma usually appears visibly red when Hb exceeds 

hemolysis.163 Increased serum LDH is a nonspecific finding, 
because it also is elevated in other medical conditions associated 
with tissue injury.

Serum haptoglobin
When Hb enters the plasma, it binds to haptoglobin, and the 
complex is removed by hepatocytes. As a result, serum haptoglo-
bin decreases in individuals with hemolytic disease. Moreover, 
despite the intravascular site of haptoglobin function, this pro-
tein becomes depleted in association with both intravascular 
and extravascular hemolysis, such as sickle cell anemia,164 
hereditary spherocytosis,164,165 hereditary elliptocytosis,166 and 
pyruvate kinase deficiency.160 Haptoglobin also disappears in 
megaloblastic anemia and other conditions with intramedullary 
hemolysis (ineffective erythropoiesis) (Fig. 22.17).167 In micro-
angiopathic hemolytic anemias with intravascular hemolysis, 
low haptoglobin levels are the most sensitive marker of red cell 
destruction, and may be seen in the absence of anemia or hemo-
globinemia).

The interpretation of haptoglobin levels sometimes is compli-
cated by the fact that haptoglobin is an acute phase reactant, the 
synthesis of which increases in response to inflammatory, infec-
tious, or malignant disease. Haptoglobin values also may fall in 
association with liver disease because of impaired synthesis and 
in hereditary deficiency of the protein.

erythrocyte Survival
The strictest definition of hemolysis requires demonstration that 
the red cell lifespan is reduced. From a practical perspective, 
however, erythrocyte lifespan determinations are rarely neces-
sary, because they provide little additional information beyond 
what can be assessed by more easily obtained data, such as 

FIGURE 22.16. Total serum bilirubin values in 48 normal subjects and 72 patients with 
hereditary spherocytosis. (Data from Mackinney A, Norton NE, Kosower NS. Ascertaining 
genetic carriers of hereditary spherocytosis by statistical analysis of multiple laboratory tests. 
J Clin Invest 1962;41:554–567, with permission.)
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cells are sloughed into the urine. Hemosiderinuria, therefore, 
constitutes reliable evidence that hemoglobinemia has occurred 
in the recent past.138,170 After an acute episode of intravascular 
hemolysis, however, several days may pass before increased 
iron excretion can be detected. Moreover, the abnormality may 
persist for some time after the episode has terminated. In most 
conditions associated with chronic intravascular hemolysis, 
such as in some of the fragmentation hemolysis syndromes, 
increased iron excretion is a constant finding, whereas hemo-
globinuria occurs only intermittently. Hemosiderinuria may be 
detected by means of a qualitative test based on the Prussian 
blue reaction.170

Methemalbumin and Hemopexin
Hb in plasma is readily oxidized to methemoglobin, from which 
the heme group easily detaches. The liberated heme binds 
to hemopexin and also to albumin, forming methemalbumin. 
Hemopexin-heme and methemalbumin impart a coffee-brown 
color to plasma. With either combination, a spectral absorption 
band is observed at 620 to 630 nm, which, unlike a similar band 
in methemoglobin, does not disappear if hydrogen peroxide is 
added. With the addition of ammonium sulfide, the 620- to 630-nm 
band disappears and a band at 558 nm forms (Schumm test).175 
Low hemopexin values are seen in thalassemia major, sickle cell 
anemia, and the fragmentation hemolytic anemia that follows 
cardiac surgical procedures. The measurement of hemopexin is 
seldom used to assess hemolytic anemia.

Signs of Accelerated Erythropoiesis
Laboratory signs of increased erythropoiesis are almost always 
present in patients with chronic hemolytic disease. In patients 
who have had an acute hemolytic episode, signs of increased red 
cell production appear after 3 to 6 days (Table 22.12). These same 
signs of increased RBC production also occur after hemorrhage 
and after specific therapy for anemia caused by iron, folate, or 
vitamin B12 deficiency.

reticulocytosis
An increased number of reticulocytes continues to be the most 
readily available and most often used index of accelerated 
erythropoiesis. In cases of hemolytic anemia, the erythrocyte 
production rate and the absolute reticulocyte count is usually 
greatly increased when hemolysis is severe enough to produce 
anemia. In most types of hemolytic anemia, the reticulocyte 
count consistently increases to levels that correlate fairly well 
with the severity of the process. Exceptions occur during aplas-
tic crises. Also, some patients with acquired immunohemolytic 
anemia may have normal reticulocyte counts, and in one report, 
values of less than 2% were found in 26% of 35 such patients.162 
In these cases, it is thought that the autoantibodies are directed 
against marrow erythroid precursors as well as circulating 
erythrocytes.

Morphologic Findings in the Blood
When reticulocytes are increased, polychromatophilia and fine 
basophilic stippling are apparent on routinely stained smears of 
blood. Macrocytosis is found in association with most hemolytic 
disorders because of erythropoietin-mediated stimulation of Hb 
synthesis and because prematurely released (shift) reticulocytes 
are larger than normal erythrocytes. Exceptions occur in heredi-
tary spherocytosis and sickle cell anemia, diseases in which the 
intrinsic defect of the cell tends to decrease its size.

When hemolysis is brisk, nucleated erythrocytes may be found 
in the blood (erythroblastosis), usually in numbers below 1% of 
all the nucleated cells. In infants, however, erythroblastosis may 
be more striking, especially in hemolytic disease of the newborn.

50 mg/dl. At levels greater than 100 mg/dl, Hb can be measured 
directly by the cyanomethemoglobin method.

Plasma Hb levels are normal in most patients with hereditary 
hemolytic anemias, including hereditary spherocytosis, but can be 
increased in severe, acquired, immunohemolytic anemia, at times 
reaching 100 mg/dl.170 Particularly high values, up to 1,000 mg/dl, 
are  found only in patients with disorders associated with intra-
vascular hemolysis.138

hemoglobinuria
When plasma Hb exceeds the haptoglobin binding capacity, Hb 
dimers are excreted into the urine, resulting in hemoglobinuria. 
Urine that contains Hb ranges from faint pink to deeper red, or 
even to almost black, similar to a cola beverage.

Hemoglobinuria can be distinguished from hematuria (whole 
RBCs in the urine) by microscopic examination of a freshly 
voided urine specimen. Urine also may appear red because 
of ingestion of certain drugs (Pyridium) or food (beets), or 
because of porphyrinuria (Chapter 26) or myoglobinuria. Of 
these various red urinary pigments, only Hb and myoglobin 
produce a positive reaction in the commonly available tests for 
occult blood, which are based on the benzidine or orthotolidine 
reactions.171

Hemoglobinuria must be distinguished from myoglobinuria, 
which occurs as the result of massive muscle injury.172–174 
Myoglobin is a heme pigment of low molecular weight (17,000 Da); 
it is not bound by haptoglobin and therefore does not accumu-
late to an appreciable extent in plasma. Thus, inspection of the 
plasma can help to distinguish myoglobinuria from hemoglobinuria, 
the presence of a red color in the plasma favoring the  latter. 
More  precise identification is accomplished by spectroscopic 
analysis.

urine hemosiderin and urinary Iron excretion
Hb in the glomerular filtrate is partially reabsorbed by the prox-
imal tubular cells, and the Hb iron is incorporated into ferritin 
and hemosiderin. Subsequently, the iron-containing tubular 

laBoRatoRy sIGns of hemolysIs

taBLe 22.12

Accelerated red cell destruction
 Decreased erythrocyte lifespan
 Increased heme catabolism
 Increased serum unconjugated bilirubin level
 Increased carbon monoxide production
 Increased rate of urobilinogen excretion
 Increased serum lactate dehydrogenase
 Decreased serum haptoglobin
 Hemoglobinemia
 Hemoglobinuria
 Hemosiderinuria
 Methemalbuminemia
 Decreased serum hemopexin
 Fall in blood hemoglobin level at a rate >1.0 g/dl/wk

Accelerated erythropoiesis
 Complete blood count
 Reticulocytosis
 Macrocytosis
 Blood smear findings
 Polychromatophilia
 Basophilic, stippling
 Erythroblastosis
 Abnormal red blood cell forms
 Bone marrow (erythroid hyperplasia)
 Ferrokinetic (increased plasma iron turnover)
 Biochemical (increased erythrocyte creatine)
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Acanthocytes indicate disturbed erythrocyte lipid composition; 
they occur in association with abetalipoproteinemia and the spur 
cell anemia that occasionally accompanies hepatic cirrhosis.

Echinocytes (sea urchin cells) are a nonspecific abnormality 
and are also found in uremia.

Sickle cell anemia was named after the unmistakable sickle-
shaped red cells that characterize that disorder (Figs. 22.19A,B).

Target cells (Fig. 22.19C) are characteristic of thalassemia, 
Hb E syndromes, and Hb C disorders. Target cells also occur 
in nonhemolytic states, such as obstructive jaundice and after 
splenectomy.

Schistocytes, helmet cells, or other fragmented red cells 
(Fig. 22.19D) suggest hemolysis associated with physical trauma 
to the erythrocyte or with diseases affecting small blood vessels.

Bite cells are erythrocytes that look as if a semicircular bite has 
been taken from one edge. Hemighosts are red cells that look as 
if the Hb has shifted to one side of the cell, leaving the other side 
clear. These hemighosts also are referred to as blister cells and 
may appear to contain a coagulum of Hb that has separated from 
the membrane (Fig. 22.19E). These cells are seen in patients with 
oxidant-induced injury, such as in G6PD deficiency.

Autoagglutination may be apparent in blood smears 
(Fig. 22.19F) or may even be visible to the naked eye when the 
blood is allowed to flow along the side of a glass container. The 
phenomenon is particularly characteristic of immunohemolytic 
disease caused by cold agglutinins. Autoagglutination must be 
distinguished from rouleau formation, a manifestation of multiple 
myeloma and related diseases and the phenomenon responsible 
for accelerated rates of erythrocyte sedimentation.

Direct Antiglobulin Test
The test used for detection of immunohemolytic anemia is the 
direct antiglobulin or Coombs test (see discussion in Chapter 29). 
Positive test results indicate that the red cells are coated with IgG 
or complement components, especially C3. However, 2% to 5% of 
patients with immunohemolytic disease have negative test results 
because the amount of globulin on the cell surface is below the 
detection limits.176 Occasionally, patients have weakly positive 
test results and no clinical evidence of hemolysis. Positive tests 
are found in as many as 34% of patients with AIDS without other 
evidence of immunohemolytic disease.177

Osmotic Fragility Test
The osmotic fragility test is a measure of the resistance of 
erythrocytes to hemolysis by osmotic stress. The test consists of 
exposing red cells to decreasing strengths of hypotonic saline 
solutions and measuring the degree of hemolysis. A symmet-
ric, sigmoidal curve is obtained in most subjects (Fig. 22.20). 
Increased fragility is indicated by a shift of the curve to the 
left, whereas osmotic resistance (reduced fragility) is signified 
by a rightward shift of the curve. Increased osmotic fragility 
is observed in conditions associated with spherocytosis. With 
prior incubation of sterile blood for 24 hours,178 the increased 
osmotic fragility of spherocytes is greatly accentuated, whereas 
normal cells become only slightly more fragile. The osmotic fra-
gility of unincubated blood may be normal in some patients with 
hereditary spherocytosis, and for this reason, the test should 
be performed on incubated samples. Determination of osmotic 
fragility is of value chiefly in confirming important morphologic 
findings, especially the presence of spherocytes. In most cases, 
however, the osmotic fragility test does not provide information 
that was not already available from an expert examination of a 
well-prepared, stained blood smear. Osmotic gradient ektacy-
tometry is more sensitive and specific than the osmotic fragility 
test for the diagnosis of hereditary spherocytosis, but is not 
widely available.159

Neutrophilic leukocytosis and thrombocytosis may accompany 
hemolytic anemia. These findings tend to be most common and 
most pronounced in patients with acute hemolytic anemias. 
Platelets are not only numerous but also large. The changes are 
less pronounced in chronic hemolytic processes.

Bone Marrow
The major alteration in the bone marrow in hemolytic anemia is 
erythroid hyperplasia, as manifested by a reduction in the myeloid 
to erythroid ratio.

Laboratory tests useful in the differential 
diagnosis of hemolysis

Specific Morphologic Abnormalities
Detection of certain distortions of red cell shape is of particular 
diagnostic use because their presence suggests only one or a few 
entities. Descriptive features of certain such abnormal red cells are 
presented in Table 22.13 and illustrated in Figures 22.18 and 22.19.

Spherocytes, erythrocytes that lack an area of central pallor 
(Fig. 22.18B), are the hallmark of hereditary spherocytosis. They 
are also found in most patients with acquired immunohemolytic 
anemias (Fig. 22.18C), thermal injury, hypophosphatemia, or 
 certain kinds of chemical poisoning.

Oval cells or elliptocytes (Fig. 22.18D) are the sine qua non of 
common hereditary elliptocytosis, which usually is a morphologic 
curiosity, but not associated with significant hemolysis. However, 
some hereditary elliptocytosis variants are also associated with 
marked poikilocytosis (Fig. 22.18E and F), and these individuals 
have significant hemolytic anemia.

Stomatocytes (Fig. 22.18G), which suggest a disturbance in red 
cell cation content, are found in association with a rare inherited 
hemolytic disease and also in liver disease.

moRPholoGIC aBnoRmalItIes In hemolytIC anemIa

taBLe 22.13

Cell Description Clinical Disorders

Spherocyte Spheroid RBC with no 
central pallor

Hereditary spherocytosis
Immunohemolytic anemia
Burns

Elliptocytes Oval RBC Hereditary elliptocytosis
Megaloblastic anemia

Stomatocytes Uniconcave red cell; slitlike 
rather than circular area of 
central pallor

Hereditary stomatocytosis
Alcoholism

Acanthocytes 5–10 spicules of various 
lengths, irregular in  
spacing and thickness

Spur cell anemia with liver 
disease
Abetalipoproteinemia

Echinocytes 10–30 spicules evenly  
distributed over cell 
surface

Uremia

Sickle cells RBC with sickle shape Sickle cell anemia

Target cells Solid area in center of 
central pallor

Thalassemia
Hemoglobin C disorders
Liver disease
Lecithin-cholesterol  
acyltransferase deficiency
Postsplenectomy

Schistocytes Triangular, helmet-shaped, 
fragmented, or greatly 
distorted cell; small

Microangiopathic anemia
Turbulent blood flow
Hemolytic uremic syndrome

RBC, red blood cell.
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FIGURE 22.18. Red blood cell abnormalities associated with 
 hemolysis.  A: Normal red blood cells for comparison. B: Microspherocytes 
from patient with hereditary spherocytosis. C: Spherocytes from patient with 
autoimmune hemolytic anemia. D: Hereditary elliptocytosis—common variant 
with minimal or no hemolysis. E: Hereditary elliptocytosis—hemolytic variant.  
F: Hereditary elliptocytosis—pyropoikilocytosis variant. G: Hereditary stomato-
cytosis. Parts C, E, and G from Pierira I, George TI, Arber DA in Atlas of peripheral 
blood. Philadelphia, PA: Lippincott Williams & Wilkins, 2012.
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Hb disease (Chapter 35), in the thalassemias (Chapter 34), and 
in certain kinds of chemical injury (Chapter 32). Heinz bodies 
are not observed when ordinary staining procedures are used, 
but require the use of special supravital stains (Fig. 22.21). 
Cells containing these inclusions may be found in the blood 
during an acute hemolytic episode in subjects with G6PD defi-
ciency and also in splenectomized individuals with unstable Hb 
disease. When the spleen is intact, however, the inclusions are 

Tests for Hemolytic Disorders Associated with 
Heinz Body Formation
In certain disorders, the hemolytic process involves precipita-
tion of Hb, with the formation of inclusions known as Heinz bod-
ies. These inclusions are rapidly removed by the spleen. Heinz 
body formation is the principal mechanism of hemolysis in 
G6PD deficiency and related disorders (Chapter 28), in unstable 

FIGURE 22.19. A: Sickle cell anemia. B: Sickle hemoglobin SC disease. C: Target cells in hemoglobin EE. D: Schistocytes in patient with thrombotic thrombo-
cytopenic purpura. E: Blister cell from oxidative assault in patient with glucose-6-phosphate dehydrogenase deficiency. F: Autoagglutination in cold agglutinin 
disease. Parts A, B, D, E, and F from Pierira I, George TI, Arber DA in Atlas of peripheral blood. Philadelphia, PA: Lippincott Williams & Wilkins, 2012.
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anemia and reticulocytosis (Table 22.14). They usually can be dis-
tinguished from hemolytic disease by the absence of icterus and 
by a rising Hct on subsequent determinations.

Anemias caused by ineffective erythropoiesis often are accom-
panied by jaundice and erythroid marrow hyperplasia; however, 
the reticulocyte count usually is not increased.

A particularly confusing situation may arise after occult 
hemorrhage into the retroperitoneal space or other tissue com-
partments; anemia develops rapidly, and reticulocytosis follows. 
Furthermore, indirect hyperbilirubinemia may occur as the result 
of reabsorption of the products of Hb breakdown at the site of 
hemorrhage. Thus, the picture of hemolytic anemia may be simu-
lated in several ways. Diagnosis depends on detecting signs of the 
hemorrhage itself or the disease process leading to it. If occult 
hemorrhage is suspected, serial observations usually clarify the 
situation; once the hemorrhage ceases, the Hct, reticulocyte count, 
and bilirubin values return to normal.

In individuals with acholuric jaundice but without anemia, the 
differential diagnosis lies between a compensated hemolytic state 
and Gilbert syndrome or other disorders of bilirubin catabolism. 
Reticulocytosis or morphologic abnormalities of erythrocytes are 
typical findings in the former. In mild compensated hemolytic dis-
ease, however, one cannot always be certain that the hematologic 
values will be abnormal. Fasting induces an exaggerated increase 
in bilirubin levels in patients with Gilbert syndrome,179 and this 
phenomenon may be useful in distinguishing Gilbert syndrome 
from hemolytic anemia.

Anemia associated with marrow invasion may be accompa-
nied by erythroblastosis and bizarre abnormalities of erythrocyte 
shape. Mild reticulocytosis may develop because of premature 
release of cells from the marrow. Usually, however, patients do 
not have jaundice, and evidence of the invasive disease may be 
detected by examination of the bone marrow.

Determining the Specific Cause of Hemolysis
Information from the medical history and physical examination, 
careful review of the CBC and peripheral blood smear, and results 
from the direct antiglobulin test, taken together, form the basis of 
the initial diagnosis assessment of hemolysis. From these data, 
five groups of patients can be distinguished.

1. Those patients in whom the diagnosis is clear because of medi-
cal history such as obvious exposure to infectious, chemical, or 
physical agents. Some infections, such as malaria, can cause 
hemolysis directly, whereas in other cases it is more indirect, 
associated with an underlying G6PD deficiency or an unstable 
Hb, such as Hb H.
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FIGURE 22.20. Osmotic fragility (as manifested by percent hemolysis) of normal and 
hereditary spherocytosis (HS) erythrocytes after incubation in salt solutions of vary-
ing tonicity. In fresh HS erythrocytes, note the “tail” of cells with increased sensitivity as a 
result of splenic conditioning (left). In the incubated red blood cell (RBC), note that the entire HS 
population of RBCs is more osmotically sensitive (right). From Glader BE, Naumovski L. Heredi-
tary red blood cell disorders. In: Rimoin DL, Connor JM, Pyeritz RE, Emery AE, eds. Principles and 
practice of medical genetics. New York: Churchill Livingstone, 1996, with permission.

FIGURE 22.21. Heinz bodies (seen with brilliant cresyl blue supravital stains of blood) 
during hemolytic episodes in patient with glucose-6-phosphate dehydrogenase 
(G6PD) deficiency. From Pierira I, George TI, Arber DA in Atlas of peripheral blood. Philadelphia, 
PA: Lippincott Williams & Wilkins, 2012.

removed with such efficiency that the inclusion-containing cells 
often are not seen.

diagnostic Strategy for the patient  
with hemolytic anemia

Establishing the Presence of Hemolytic Anemia
The most common manifestations of chronic hemolytic anemia 
include anemia and reticulocytosis, often associated with various 
signs of excessive blood destruction. In contrast, an acute hemo-
lytic anemia initially may not be accompanied by signs of accel-
erated red cell production. Such a diagnosis may be suspected 
because of the abrupt onset of hemoglobinuria or other signs of 
intravascular hemolysis or because of a rapid fall in blood Hb 
concentration from previously stable levels.

Conditions Sometimes Mistaken for  
Hemolytic Anemia
Anemias associated with acute hemorrhage and those with 
partially treated deficiency states are characterized by transient 

ConDItIons sometImes mIstaken foR hemolytIC anemIa

taBLe 22.14

Associated with anemia and reticulocytosis
 Hemorrhage
 Recovery from iron, folate, or vitamin B12 deficiency
 Recovery from marrow failure

Associated with jaundice and anemia
 Ineffective erythropoiesis (intramedullary hemolysis)
 Bleeding into a body cavity or tissue

Associated with jaundice without anemia
 Defective bilirubin conjugation
 Crigler-Najjar syndrome
 Gilbert syndrome

Marrow invasion (myelofibrosis, metastatic disease)

Myoglobinuria
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6 to 11 days.182 The degree of reticulocytosis is related to the 
magnitude of hemorrhage, but rarely exceeds 15%. Other signs 
of erythrocyte regeneration include polychromatophilia and mac-
rocytosis, and the MCV may transiently increase. If the patient is 
seen for the first time during this stage, the findings may be mis-
taken for those of hemolytic anemia; however, signs of increased 
bilirubin production are conspicuously absent, unless there has 
been bleeding into a body cavity or tissue space.

An external hemorrhage of a magnitude sufficient to cause 
significant anemia is usually evident. Similarly, substantial 
bleeding from the gastrointestinal or female reproductive tract 
is likely to be a dramatic event with readily detected signs and 
symptoms. Internal bleeding, as from a ruptured aneurysm, 
may be less apparent but should be suspected when there is 
the abrupt onset of shock or unexplained hypotension and 
tachycardia. Often, these manifestations are accompanied by 
symptoms referable to the site of bleeding. Hemorrhage into 
the retroperitoneal space, a body cavity, or a cyst sometimes 
presents a diagnostic problem. There may be a rapid onset 
of anemia accompanied by hyperbilirubinemia arising from 
the breakdown and absorption of RBCs. Under such circum-
stances, the picture may be transiently  confused with acute 
hemolytic anemia. In all cases, the onset of a sudden, unex-
plained anemia should lead to the suspicion of covert bleeding. 
The suspicion is strengthened if signs of regeneration, such 
as reticulocytosis, appear and no evidence of excessive blood 
destruction is found.

Elective surgery is a special circumstance in which hemor-
rhage is predictable. Surgical mortality is clearly increased when 
patients are severely anemic. In Jehovah’s Witness patients who 
refuse transfusion, surgical mortality is approximately 60% at Hb 
values less than 6 g/dl and more than 30% at values between 6 
and 8 g/dl.183 At values greater than 8 g/dl, no increased mortality 
is observed. An older guideline requiring preoperative transfusion 
if the Hb is less than 10 g/dl has been replaced by a lower trig-
ger point, 7 g/dl, in otherwise healthy, younger patients.184,185 
Surgeons and anesthesiologists use several techniques to avoid 
the need for allogeneic transfusions.186 These techniques include 
the use of autotransfusion of cells harvested during surgery187 
and preoperative harvesting of autologous blood.188,189 The pre-
operative or postoperative use of erythropoietin injection or iron 
medication has proved disappointing190,191 but may have a role 
with severely anemic Jehovah’s Witness patients.192

2. Those patients with a positive direct antiglobulin test. Such 
individuals may be presumed to have immunohemolytic ane-
mia. The subsequent investigation requires a search for an 
underlying disease as well as a serologic study of the nature of 
the antibody.

3. Those patients with antiglobulin-negative, spherocytic hemo-
lytic anemia. Such patients probably have hereditary sphero-
cytosis. It is appropriate to confirm the presence of spherocytes 
by the osmotic fragility test and also to attempt to establish 
the familial nature of the illness by studying family members. 
Immunohemolytic anemia may be associated with spherocyto-
sis and is occasionally associated with a negative antiglobulin 
reaction. Exposure to chemical or infectious agents producing 
spherocytosis may not always be easy to establish.

4. Those patients with other specific morphologic abnormalities 
of erythrocytes. The significance of various types of abnormally 
shaped red cells was discussed previously. Some poikilocytes, 
such as elliptocytes and sickle cells, are virtually pathogno-
monic findings.

5. Those with no specific morphologic abnormalities and a nega-
tive reaction to the antiglobulin test. These patients warrant 
a battery of screening tests, including Hb electrophoresis, the 
heat denaturation test for unstable Hb disease, tests for com-
mon red cell enzymes such as G6PD and pyruvate kinase, and 
a screening test for paroxysmal nocturnal hemoglobinuria.

If all of these procedures yield normal results, making the diag-
nosis is likely to be difficult. Possibilities include one of the rarer 
erythrocyte enzyme deficiencies or an unusual variant of congeni-
tal dyserythropoietic anemia. These entities can be established 
only by using specific assays and, soon to be available, genomic 
sequencing for enzyme and cytoskeletal protein gene mutations.

APPRoACh to ACute 
PosthemoRRhAGiC AnemiA
When blood loss occurs in small amounts over a prolonged period, 
no anemia develops until iron stores are depleted. In such cir-
cumstances, the hematologic findings are those of iron deficiency 
anemia. On the other hand, when larger amounts of blood are 
lost over shorter periods of time, anemia may develop, although 
iron stores remain adequate. This latter condition is called acute 
posthemorrhagic anemia.

The patient may be asymptomatic and appear to be in shock, 
or the entire situation might be confused with an acute hemolytic 
process.

The physiologic changes that occur with acute blood loss in 
otherwise healthy individuals are summarized in Table 22.15. 
The immediate effects of acute hemorrhage are primarily cardio-
vascular. The plasma volume and red cell mass are reduced in 
proportional amounts; consequently, no decrease is observed in 
the Hct.180,181 Because of the time required for extracellular fluid 
to restore the blood volume, the amount of blood loss tends to be 
underestimated by the degree of anemia, especially early in the 
disease course. The platelet count increases, often reaching levels 
above normal within 1 hour, and values greater than 1 million 
platelets/ul can be observed. There also is a neutrophilic leuko-
cytosis over 2 to 5 hours. Typically, the leukocyte count is 10 to 
20 × 104/mL. The leukocytosis is explained in part by the effect of 
epinephrine on granulocyte demargination and release from the 
marrow granulocyte reserve.

When first detected, the anemia following acute hemorrhage is 
normocytic with few signs of erythrocyte regeneration. The Hct or 
Hb may not reach the minimum value until 3 days or more after 
the hemorrhage ceases.

Some increase in the number of reticulocytes is usually per-
ceptible within 3 to 5 days, and maximal values are reached at 

ClInICal featuRes of aCute hemoRRhaGe In healthy 
younG aDults

taBLe 22.15

Volume of 
Blood Loss (ml)

Blood 
Volume (%) Symptoms

500–1,000 10–20 Few if any symptoms

1,000–1,500 20–30 Asymptomatic while at rest in a 
recumbent position; light-headedness 
and hypotension when upright; 
tachycardia

1,500–2,000 30–40 Symptoms present when subject 
is recumbent; thirst, shortness of 
breath, clouding or loss of conscious-
ness; blood pressure, cardiac output, 
venous pressure decrease; pulse 
usually becomes rapid; extremities 
become cold, clammy, and pale

2,000–2,500 40–50 Lactic acidosis, shock; irreversible 
shock, death
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be among the most likely individuals to develop iron deficiency, 
along with young children whose growth outstrips their iron sup-
ply. An understanding of normal iron physiology is essential to 
best appreciate the pathophysiology of iron deficiency anemia.

normal Iron PhysIoloGy

Total body Iron
Iron endowment varies with age and sex. Full-term infants begin 
life with approximately 75 mg/kg body weight of iron, primar-
ily acquired from their mothers during the third trimester of 
gestation. These abundant stores are rapidly depleted over the 
first few months of life, and most young children have tenuous 
iron balance, as their intake must keep pace with rapid growth. 
Requirements decrease after adolescence, and men have a small 
gradual increase in iron stores throughout life. The body iron 
content of normal adult men is 50 mg/kg body weight or greater. 
In contrast, postpubertal women have increased losses of iron due 
to menstruation, pregnancy, and childbirth, resulting in a body 
iron endowment averaging 35 mg/kg. After menopause, women 
accumulate iron linearly in parallel with adult men.

Most of the body iron is found in heme-containing oxygen 
transport and storage proteins, including hemoglobin and myoglo-
bin (Table 23.1). Smaller amounts are incorporated into enzymes 
with active sites containing heme or iron–sulfur clusters, including 
enzymes of electron transport chain, peroxidases, catalases, and 
ribonucleotide reductase. Most nonheme iron (approximately 1 g 
in adult men) is stored as ferritin or hemosiderin in macrophages 

Iron deficiency has been recognized since medieval times. 
Chlorosis, a term derived from the Greek word meaning green, 
was applied by Varandaeus to a disorder that was later described 
in 1554 as “De morbo virgineo.”1 The disease became well known 
as the “green-sickness,” due to a greenish pallor occurring almost 
exclusively in teenaged girls.2 It was depicted in paintings by the 
Dutch masters and was alluded to by Shakespeare. Other clinical 
features were breathlessness, palpitations, slight ankle edema, 
and gastrointestinal complaints. Emotional disturbances, depres-
sion, irritability, and moodiness were common.

Chlorosis became especially common in the last decade of 
the 19th century and then declined in incidence. Today, most 
believe that chlorosis resulted from a combination of factors 
affecting adolescent girls: the demands of growth and the onset 
of menses, an inadequate diet, and a legacy of poor iron stores 
from early childhood. In the 1830s, anemia, hypochromia, and 
lack of iron in the blood were linked to this disorder.3 In 1832, 
Pierre Blaud described the response of chlorosis to his deservedly 
famous pills (ferrous sulfate plus potassium carbonate). Many 
observers, including Niemeyer and Osler, confirmed his findings.4 
Ferrous sulfate remains a cornerstone of modern treatment of 
iron deficiency.

In the late 1920s and early 1930s, a distinct hypochromic ane-
mia was described. Like chlorosis, chronic hypochromic anemia 
chiefly affected women. It differed from chlorosis in that it was 
detected later in life, especially in the fourth and fifth decades.5 
Other distinguishing clinical features were epithelial changes 
involving the tongue and nails and achlorhydria. The anemia most 
often affected women with poor diets, multiple pregnancies, or 
menstrual irregularities. Today, menstruating women continue to 

Protein Function Fe Oxidation State Amount (g) Percent of Total

Hemoglobin Erythrocyte O2 transport 2 (heme) 2.600 65.0

Myoglobin Muscle O2 storage 2 (heme) 0.130  6.0

Transferrin Plasma Fe transport 3 0.003  0.1

Ferritin Intracellular Fe storage 3 0.520 13.0

Hemosiderin Intracellular Fe storage 3 0.480 12.0

Others (enzymes) 0.150  3.9

 Catalase, peroxidase H2O2 degradation 2

 Cytochromes Electron transport 2/3 (heme)

 Aconitase Tricarboxylic acid cycle 4Fe•4S cluster

 Ferrochelatase Heme biosynthesis 2Fe•2S cluster

 Duodenal cytochrome  
 b–like protein (Dcytb)

Intestinal Fe reduction 2 (heme)

Adapted from Theil E, Raymond K. Transition-metal storage, transport, and biomineralization. In: Bertini I, Gray HB, Lippard SJ, Valentine JS, eds. 
Bioinorganic chemistry. Mill Valley, CA: University Science Books, 1994:611.

IMPORTANT FE-CONTAINING COMPOUNDS IN THE HUMAN

TablE 23.1
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and hepatocytes. Only a tiny fraction of iron (∼0.1%) is in transit 
in the plasma, bound to the carrier protein, transferrin.

Iron balance
Iron is not actively excreted from the body; it is eliminated only 
through the loss of epithelial cells from the gastrointestinal tract, 
epidermal cells of the skin, and, in menstruating women, red 
blood cells. On the basis of long-term studies of body iron turn-
over, the total average daily loss of iron has been estimated at 
∼1 to 2 mg in normal adult men and nonmenstruating women.6 
Although iron is a physiologic component of sweat, only a tiny 
amount of iron (22.5 mg/L) is lost by this route.7 Urinary iron 
excretion amounts to <0.05 mg/day and is largely accounted for 
by sloughed cells. Menstruating women lose an additional, highly 
variable amount over each menstrual cycle, from 0.006 (average) 
to more than 0.025 mg/kg/day.8

These iron losses are normally balanced by an equivalent 
amount of iron absorbed from the diet (1 to 2 mg/day). The 
bioavailability of iron in the U.S. diet has been estimated to be 
∼16.6%, but only a fraction of dietary iron is absorbed and the 
amount of bioavailable iron is lower in many parts of the world. 
Fractional absorption of dietary iron can increase up to three- to 
fivefold (3 to 5 mg/day) if iron stores are depleted. Thus, iron bal-
ance is primarily, if not exclusively, achieved by control of absorp-
tion rather than by control of excretion.

Intestinal absorption
Iron is absorbed in the duodenum, and humans and other 
omnivorous mammals have at least two distinct pathways for iron 
absorption: one for uptake of heme iron and another for ferrous 
(Fe2+) iron. Heme iron is derived from hemoglobin, myoglobin, 
and other heme proteins in foods of animal origin, representing 
approximately 10% to 15% of iron content in the typical Western 
diet,9 although heme-derived iron accounts for 2/3 of absorbed 
iron in meat-eating humans. Exposure to acid and proteases 
present in gastric juices frees the heme from its apoprotein. 
Heme is taken up by mucosal cells, but the specific receptor is still 
unknown.10 Once heme iron has entered the cell, the porphyrin 
ring is enzymatically cleaved by heme oxygenase.11 The liberated 
iron then probably follows the same pathways as those used by 
nonheme iron. A small proportion of the heme iron may pass into 
the plasma intact via heme exporter protein FLVCR (feline leuke-
mia virus, subgroup C receptor),12 which transfers heme onto a 
heme-binding protein, hemopexin.13 Absorption of heme iron is 
relatively unaffected by the overall composition of the diet.9

Dietary nonheme iron is largely in the form of ferric hydroxide 
or loosely bound to organic molecules such as phytates, oxa-
late, sugars, citrate, lactate, and amino acids. Low gastric pH is 
thought be important for the solubility of inorganic iron. Dietary 
constituents may also have profound effects on the absorption 
of nonheme iron, making the bioavailability of food iron highly 
variable.9 Ascorbate, animal tissues, keto sugars, organic acids, 
and amino acids enhance inorganic iron absorption, whereas 
phytates, polyphenols, and calcium inhibit it.14 Depending on 
various combinations of enhancing and inhibitory factors, dietary 
iron assimilation can vary as much as tenfold.

Molecular Mechanisms of Iron absorption
Absorption of nonheme iron occurs in the duodenum, where fer-
rous iron is imported into enterocytes by divalent metal ion trans-
porter 1 (DMT1, also known as Nramp2, DCT1, SLC11A2).15,16 
DMT1 is a protein with 12 predicted transmembrane segments, 
which is expressed on the apical surface of absorptive entero-
cytes. Levels of DMT1 are markedly increased in iron-deficient 
animals17 and in some animals with increased intestinal iron 

absorption resulting from other causes.18 In addition to iron, 
DMT1 may also contribute to the absorption of other nutritionally 
important metals (e.g., Mn2+).19 Evidence in vitro demonstrates 
that DMT1 is a proton-coupled symporter.15,20 The Na+/H+ 
exchanger in the duodenum is thought to create the “acid micro-
climate” that provides the proton electrochemical gradient as the 
driving force for iron uptake.16

DMT1 does not transport the Fe3+ form of iron, but as dis-
cussed previously, most dietary nonheme iron arrives at the brush 
border as Fe3+ ion. A duodenal cytochrome b–like ferrireductase 
enzyme, Dcytb (also called CYBRD1), likely reduces dietary Fe3+ 
to make it a substrate for transport by DMT1.21 Dcytb is induced 
in response to stimuli that increase iron absorption; however, 
since knockout mice appear to have normal metabolism, Dcytb 
may not be the only ferrireductase enzyme involved in absorption 
of nonheme iron.22

A variable fraction of iron taken into the mucosal cell is 
delivered to the plasma. The remainder is used by the cell or 
incorporated into ferritin,23 an intracellular iron storage protein 
discussed in a later section. Iron retained in mucosal ferritin is 
not absorbed, rather, it is lost from the body when the senescent 
mucosal cells are sloughed into the intestine at the end of their 
3- to 4-day lifespan (1011 cells/day).24

Iron not stored in the absorptive enterocytes is transferred 
across the basolateral membrane of the cell to the lamina pro-
pria and ultimately to the plasma. This is accomplished, at least 
in part, by the iron exporter ferroportin (also known as FPN1, 
IREG1, MTP1, SLC40A1), a multi-transmembrane segment pro-
tein expressed on the basolateral surface of enterocytes.25,26,27,28 
Ferroportin is also expressed in other tissues involved in handling 
large iron fluxes including macrophages recycling iron from old 
red blood cells, hepatocytes storing iron, and placental tropho-
blast delivering iron from mother to fetus. Complete ablation of 
ferroportin in mice, including extraembryonic tissues, resulted in 
embryonic death,28 whereas selective inactivation that preserved 
placental ferroportin expression resulted in live births, demon-
strating the essential function of ferroportin in materno-fetal iron 
transfer. Ferroportin is also essential for systemic iron homeosta-
sis as inactivation of ferroportin in all tissues in mice other than 
placenta led to the development of severe anemia resembling iron 
deficiency, and stemmed from the inability to mobilize iron from 
enterocytes, macrophages, and hepatocytes.28

Similar to apical iron uptake, basolateral iron efflux is aided by 
an enzyme that changes the oxidation state of iron. Ferroportin 
exports Fe2+ and this iron must be oxidized to its Fe3+ form to 
bind to transferrin. A membrane-bound multicopper oxidase, 
hephaestin, has been implicated in this process.29 Hephaestin 
closely resembles ceruloplasmin,30 which has been shown to be 
involved in efflux of iron from hepatocytes and macrophages. 
Mice carrying a large deletion in the X-chromosomal hephaestin 
gene29 have impaired placental iron transfer and decreased intes-
tinal iron absorption.31,32 Their iron deficiency results in anemia 
during the neonatal period, but affected animals generally recover 
and show only subtle evidence of iron deficiency as adults. The 
simplest interpretation is that hephaestin is important in placen-
tal iron transport but dispensable for intestinal iron uptake. The 
functional relationship between hephaestin and ferroportin has 
not yet been defined in detail. A model incorporating current 
knowledge of nonheme iron transport is shown in Figure 23.1.

regulation of Iron absorption
Because the total body iron content is largely determined by the 
efficiency of absorption of iron, the regulation of absorption has 
been of great interest for many years. Both systemic mechanisms 
and local mechanisms within enterocytes (discussed later in the 
chapter) regulate dietary iron uptake. The systemic signals that 
are of prime importance in determining absorptive rate are the 

72683_ch023_0617-0642.indd   618 7/31/13   8:26 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 23 Iron Deficiency and Related Disorders 619

amount of storage iron in the body and the erythropoietic activity. 
When storage iron is depleted, iron absorption is increased; when 
it is excessive, iron absorption is decreased. This has been termed 
the stores regulator.33 The erythroid regulator33 modulates iron 
absorption in response to erythropoietic need and mediates an 
increase in intestinal iron absorption when the red cell production 
rate is increased. This is observed in effective as well as in inef-
fective erythropoiesis when erythroid precursors are destroyed 
relatively close to their site of origin in the bone marrow (as seen 
in thalassemia syndromes, congenital dyserythropoietic anemias, 
and sideroblastic anemias). It is now known that the hormone 
hepcidin functions as both the stores and erythroid regulator.

hepcidin and Systemic regulation  
of Iron Metabolism
Hormone hepcidin has emerged as the key systemic regulator of 
iron homeostasis. Hepcidin is a small peptide of 25 amino acids, 
produced in the liver, secreted into the plasma, and excreted 
through the kidneys.34,35 Hepcidin is structurally similar to anti-
microbial peptides involved in innate immunity, but its main role 
is to inhibit iron fluxes into plasma.36 Mutations in the human 
hepcidin gene cause severe, early-onset iron overload.37 Mice 
lacking hepcidin also develop severe iron overload,38 whereas 

transgenic mice constitutively expressing hepcidin have severe 
iron deficiency anemia.39 A single injection of synthetic hepcidin 
into mice exerts a prolonged hypoferremic effect.40 All of these 
effects can be explained by the biologic activity of hepcidin. 
Hepcidin binds to the iron exporter ferroportin, causing ferro-
portin endocytosis and lysosomal degradation,41 and resulting 
in cessation of cellular iron export. Thus, hepcidin directly and 
coordinately controls the entry of iron into the plasma from ferro-
portin-expressing cells, including absorptive cells of the intestine 
and tissue macrophages (Fig. 23.2).

Alterations in hepcidin production lead to changes in iron 
absorption and recycling. Multiple signals are known to regulate 
hepcidin expression, including iron, erythropoiesis, inflammation, 
and growth factors.

As with other hormones that are feedback regulated by the 
substances whose concentration they control, hepcidin expres-
sion is controlled by iron. When iron is deficient, hepatocytes 
produce less hepcidin, allowing more iron to enter plasma. When 
iron is abundant, hepcidin production increases, limiting further 
iron absorption and release from stores. In human volunteers 
ingesting a single dose of oral iron, hepcidin concentrations in 
urine increased within several hours and were proportional to 
the increase in transferrin saturation.42 Serum hepcidin concen-
trations in healthy subjects also correlate with body iron stores 
as reflected by serum ferritin.43 The specific forms of iron that 
increase hepcidin synthesis may include diferric plasma transfer-
rin and intracellular iron in hepatocytes, and the transduction 
pathways that regulate hepcidin synthesis in response to these 
iron forms are just now being elucidated.

The two transferrin receptors TfR1 and TfR2, and HFE, an 
MHC class I–like membrane protein, may serve as holotransfer-
rin sensors.36 HFE can interact with both transferrin receptors, 
but this interaction is modulated by holotransferrin concentra-
tions. Because HFE and holotransferrin binding sites on TfR1 
overlap, increasing concentrations of holotransferrin result in 
displacement of HFE from TfR1, and free HFE then interacts with FIGURE 23.1. Nonheme iron absorption in the intestine. The figure shows a drawing of an 

absorptive enterocyte from the proximal duodenum. The apical brush border is at the top. Dietary 
nonheme iron enters the gut as the ferric (Fe3+) ion and is converted to the ferrous (Fe2+) ion 
by a surface reductase activity, probably mediated by the duodenal cytochrome b-like (DCYTB) 
protein. The Fe2+ iron enters the cell through the action of divalent metal ion transporter 1 
(DMT1). Within the cell, some iron is stored, and some is transported across the basolateral 
membrane. Ferroportin is believed to function as a basolateral Fe2+ iron transporter. Hephaestin, 
a ferroxidase, facilitates basolateral iron export, possibly by oxidizing the iron as it exits the cell 
to the Fe3+ form to bind to plasma apotransferrin.

Fe2+

Fe3+

APICAL

BASOLATERAL

DCYTB

FERROPORTINHEPHAESTIN

DMT1

FERRITIN

Fe3+

Fe2+

FIGURE 23.2. Regulation of systemic iron homeostasis by hepcidin. Hepcidin controls 
the entry of iron into plasma by causing degradation of its receptor, the iron exporter ferroportin. 
The major iron flows that are regulated by hepcidin–ferroportin interactions include the release 
of iron from macrophages that recycle iron in the spleen and the liver, dietary iron absorption in 
the duodenum, and, at least in part, the release of iron from storage in hepatocytes. The feedback 
stimulation of hepcidin by plasma holotransferrin and iron stores ensures that extracellular iron 
concentration and iron stores stay within normal limits. Hepcidin synthesis is suppressed by 
erythropoietic activity, ensuring a sufficient supply of iron to the bone marrow when demand 
for hemoglobin synthesis is high. During inflammation, hepcidin production is stimulated and 
iron entry into plasma is inhibited, causing the hypoferremia and anemia of inflammation. From 
Ganz T. Molecular control of iron transport. J Am Soc Nephrol 2007;18(2):394–400.
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erythropoiesis.64 However, GDF-15 does not seem to be involved 
in homeostatic hepcidin suppression by effective erythropoiesis.65

Hepcidin gene expression is induced in response to inflamma-
tory cytokines,66 accounting for iron sequestration in the anemia 
of inflammation (see Chapter 45).59,67 IL-6 signaling through the 
STAT-3 pathway seems to be a key regulator of hepcidin expres-
sion in inflammation.68,69 Apart from increased transcription, 
elevated hepcidin concentrations in circulation could result from 
impaired renal clearance of hepcidin. Because of its small size 
(2.7 kDa), hepcidin is filtered through the glomerular membrane 
and is then taken up and degraded in the proximal tubule. A frac-
tion of the filtered hepcidin is excreted into urine, and urinary 
hepcidin concentrations are proportionate to plasma hepcidin 
levels in healthy subjects.43 In chronic kidney diseases, however, 
hepcidin clearance is impaired,70 contributing to the hormone 
accumulation in plasma.

regulation of Iron absorption by  
Intracellular Mechanisms
In addition to the regulation by systemic signals, iron absorption 
is subject to local regulation by intracellular mechanisms in duo-
denal enterocytes. At least two mechanisms have been described: 
one related to the enterocyte iron levels and the other to the 
hypoxia pathway.

Intracellular iron levels in enterocytes (and most other cells) 
are sensed by two iron-regulatory proteins (IRP1 and IRP2).71 
When cytoplasmic iron is low, IRPs bind to iron-regulatory ele-
ments (IREs),72 stem–loop structures located in the 5′ or 3′ 
untranslated regions of different mRNAs. Binding of IRPs to 3′ 
IREs stabilizes mRNAs by protecting them from endonucleolytic 
cleavage, resulting in increased protein synthesis. mRNAs which 
contain 3′ IREs encode iron uptake proteins such as transferrin 

TfR2.44,45 TfR2 protein is further stabilized by binding of holo-
transferrin.46 The holotransferrin/HFE/TfR2 complex then stimu-
lates hepcidin expression through an incompletely understood 
pathway, possibly by potentiating BMP pathway signaling. HFE, 
however, may also regulate hepcidin expression without complex-
ing with TfR2.47 The role of HFE or TfR2 in hepcidin regulation by 
iron is supported by genetic evidence: HFE and TfR2 mutations in 
humans or mice cause hepcidin deficiency and an adult form of 
hemochromatosis.36

The BMP pathway with its canonical signaling via Smad pro-
teins has a central role in the regulation of hepcidin transcrip-
tion. BMP receptors are tetramers of serine/threonine kinase 
receptors, with two type I and two type II subunits. Recent data 
indicate that type I subunits Alk2 and Alk3 and type II subunit 
ActRIIA and BMPRII are specific BMP receptors involved in iron 
regulation.48,49 In the liver, BMP pathway signaling to hepcidin 
is modulated by a coreceptor hemojuvelin and, at least in mice, 
by the ligand BMP6.50,51,52 Loss of hemojuvelin or BMP6 in mice 
decreases hepcidin expression and impairs hepcidin response to 
acute or chronic iron loading.53 In humans, hemojuvelin muta-
tions result in severe hepcidin deficiency and cause juvenile 
hemochromatosis.54 No pathogenic human mutations in BMP6 
have yet been identified. It remains to be clarified how BMP 
receptors and hemojuvelin interact with iron-sensing molecules 
that regulate hepcidin expression.

Two other membrane proteins, a serine protease matriptase-2 
(MT-2, also called transmembrane protease serine 6, TMPRSS6) 
and the receptor neogenin also influence hepcidin synthesis, 
likely by modulating hemojuvelin concentration on the cell mem-
brane.55,56 Whether these molecules are involved in iron sens-
ing is unclear, but the concentration of hepatic MT-2 is acutely 
increased by iron deficiency.57 Mutations in MT-2 in humans and 
in mice lead to increased hepcidin expression and development of 
iron-restricted anemia, discussed later in this chapter.

As already mentioned, hepcidin synthesis also increases in 
response to stored intracellular iron in hepatocytes but the under-
lying mechanism is yet unclear. Hepatic BMP6 mRNA increases in 
response to iron loading, suggesting that BMP6 may be a media-
tor of intracellular iron signal.58 However, hepcidin increase after 
chronic iron loading is still observed in BMP6-deficient mice,53 
indicating that additional pathways must play a role in hepcidin 
regulation by intracellular iron. Figure 23.3 summarizes our 
current understanding of the molecular mechanisms involved in 
hepcidin regulation by iron.

Hepcidin synthesis, and consequently absorption of iron and 
its availability for erythropoiesis, is also regulated by erythro-
poiesis itself. Increased erythropoietic activity due to bleeding, 
hemolysis, or administration of erythropoietin in humans or mice 
causes hepcidin suppression.59,60,61 Very low hepcidin concentra-
tions are observed in patients with absolute iron deficiency ane-
mia, or anemias with high erythropoietic activity.43 In turn, low 
hepcidin allows increased absorption of dietary iron and release 
of iron from stores, thus increasing iron supply to the bone mar-
row for hemoglobin synthesis. The mechanisms by which eryth-
ropoiesis regulates hepcidin production are not well understood, 
but it is thought that erythroid precursors in the bone marrow 
secrete a factor which exerts its effect on hepatocytes and causes 
hepcidin suppression.60

The suppressive effect of erythropoiesis on hepcidin is par-
ticularly prominent in diseases with ineffective erythropoiesis 
such as b-thalassemia,62,63 where erythrocyte precursors mas-
sively expand but undergo apoptosis rather than mature into 
erythrocytes. The severe suppression of hepcidin, particularly in 
untransfused b-thalassemia, leads to increased iron absorption 
and the development of lethal iron overload. Growth differentia-
tion factor GDF-15, a BMP-related protein released by erythroid 
precursors during cellular stress or apoptosis, may contribute to 
hepcidin suppression in anemias with expanded but ineffective 

FIGURE 23.3. Molecular mechanisms of hepcidin regulation. Hepcidin is regulated by 
iron, inflammation, and erythropoiesis, but molecular details for the latter are not understood. In 
the iron-regulated pathway, extracellular iron in the form of holotransferrin (HoloTf) is sensed by 
the two transferrin receptors (TfR1 and TfR2). Binding of HoloTf to its receptors promotes HFE 
interaction with TfR2 instead of TfR1, and HFE/TfR2 complex then sensitizes the BMP receptor 
to its ligands such as BMP6. Hemojuvelin (HJV), a membrane-linked BMP pathway coreceptor, 
also potentiates the BMP receptor activation. Once activated, BMP receptors initiate SMAD sig-
naling which increases hepcidin transcription. This pathway is also modulated by matriptase-2 
(MT-2) protease which cleaves hemojuvelin, and by neogenin which may augment or stabilize 
membrane hemojuvelin. Intracellular iron in hepatocytes also increases hepcidin expression, 
possibly through a mechanism that enhances BMP6 production, eventually leading to activation 
of the BMP receptor. Alternative ligands with BMP6-like activity must exist because mice that 
lack BMP6 still increase hepcidin mRNA in response to iron stores. Hepcidin transcription is 
prominently increased by inflammation, predominantly through the activity of IL-6, its receptor, 
and its canonical JAK–STAT3 pathway. From Ganz T, Nemeth E. Hepcidin and iron homeostasis. 
Biochim Biophys Acta. 2012 Jan 26 [Epub].
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of heme oxygenase for enzymatic degradation of heme. Some of 
this iron may remain stored in macrophages as ferritin or hemo-
siderin, but most is delivered to the plasma, and the rate of iron 
export is determined by the hepcidin–ferroportin interaction. In 
plasma, iron becomes bound to transferrin, completing the cycle. 
A small amount of iron, probably <2 mg, leaves the plasma each 
day to enter hepatic parenchymal cells and other tissues. Here, 
the iron is stored or used for synthesis of cellular heme proteins, 
such as myoglobin and the cytochromes.

plasma Transport
The plasma iron-binding protein, transferrin, is a glycoprotein 
with a molecular weight of approximately 80 kDa.90 Transferrin 
is synthesized chiefly in the liver and actively secreted by hepa-
tocytes, but lesser amounts are made in other tissues, including 
the central nervous system, the ovary, the testis, and helper  
T lymphocytes (T4+ subset). The rate of synthesis shows an 
inverse relationship to iron in stores; when iron stores are 
depleted, more transferrin is synthesized, and when iron stores 
are overfilled, the level of transferrin decreases. Transferrin keeps 
iron nonreactive in the circulation and extravascular fluid, deliv-
ering it to cells bearing transferrin receptors.

Transferrin can be measured directly using immunologic tech-
niques; and normal concentration in the plasma is approximately 
2 to 3 g/L. Alternatively, transferrin is quantified in terms of the 
amount of iron it will bind, a measure called the total iron-binding 
capacity (TIBC; normal values for plasma iron and TIBC are given 
in Appendix A). In the average subject, the plasma iron concen-
tration is ∼18 mmol/L (100 mg/dl), and the TIBC is ∼56 mmol/L  
(300 mg/dl). Thus, only about one third of the available transferrin 
binding sites are occupied, leaving a large capacity to deal with 
excess iron. Plasma iron concentration varies over the course of the 
day, with the highest values in the morning and the lowest in the 
evening. Levels of serum transferrin are more constant, and there 
is no apparent diurnal variation in TIBC. General practice has been 
to evaluate transferrin saturation using a first morning, fasting 
sample to standardize the results, but this may not be helpful.91

Transferrin has two homologous iron-binding domains, each 
of which binds an atom of trivalent (ferric) iron.92 The iron atoms 

receptor and a DMT1 isoform. In contrast, IRP binding to 5′ 
IREs blocks translation of mRNA, by preventing the interaction 
with the cap-binding complex eIF4F and the small ribosomal 
subunit,73 resulting in decreased protein synthesis. 5′ IREs are 
present in ferritin mRNA and one of ferroportin transcripts. In 
iron-replete cells, neither IRP binds to IREs, resulting in greater 
degradation of 3′ IRE-containing transcripts (e.g., TfR1), and 
increased translation of 5′ IRE-containing transcripts (e.g., fer-
ritin), thus shifting the cellular phenotype from an iron-importing 
to an iron-storing one.

How does intracellular iron concentration modulate IRP bind-
ing to IREs? IRP1 contains a 4Fe•4S iron–sulfur cluster that, 
when saturated with iron, converts IRP1 to a cytosolic aconitase 
that catalyzes the conversion of citrate to isocitrate.74,75,76 In this 
enzyme form, IRP1 has low affinity for IREs in mRNAs. When 
iron-poor, IRP1 loses its aconitase activity and greatly increases 
its affinity for IREs. IRP2 is less abundant than IRP1 and does 
not have an identified enzyme function. Instead, intracellular 
iron levels control its degradation.77,78 In iron-replete cells, IRP2 
is ubiquitinated by an iron-sensitive E3 ubiquitin ligase com-
plex containing FBXL5 protein,79,80 and ubiquitinated IRP2 is 
degraded by proteasomes.

Targeted inactivation of the genes encoding murine IRPs has 
shed light on the roles of IRP1 and IRP2 in vivo. It is still not 
entirely clear why it is necessary to have two IRPs, but they may 
respond differently over the physiologically relevant range of oxy-
gen tensions.81 There are no obvious consequences from the loss 
of IRP1 alone, and loss of IRP2 results in mildly abnormal iron 
homeostasis and iron-deficient erythropoiesis.82,83 Loss of both 
IRP proteins is incompatible with life.84 Tissue-specific knockout 
of both IRPs in the intestine of mice confirmed their role in the 
regulation of iron transport in enterocytes. These animals had 
higher protein levels of ferroportin and ferritin and lower protein 
levels of DMT1. The knockout mice also had impaired intestinal 
function and died within 4 weeks of birth.85

Even though IRPs regulate translation of ferroportin mRNA 
through its 5′ IRE, duodenal ferroportin protein expression is par-
adoxically increased in iron deficiency. Recently, an alternative 
ferroportin transcript (FPN1B) was identified that could explain 
this phenomenon. FPN1B, which is highly expressed in the duode-
num, lacks IRE and thus is not subject to translational repression 
by IRPs when intracellular levels are low.86 This ensures that the 
transfer of iron from absorptive enterocytes into plasma continues 
even when those cells are iron deficient.

Dcytb mRNA also does not contain an IRE but is strongly upreg-
ulated in iron-deficient duodenum,87 indicating additional regula-
tion of transcription of iron-related genes. Hypoxia-inducible 
factor (HIF) transcription factors may serve as important local 
regulators of intestinal iron absorption. Iron deficiency induced 
HIF signaling in duodenum of mice, and caused increased 
DcytB and DMT1 expression, and an increase in iron uptake.88 
Accordingly, targeted deletion of Hif-2a in the intestine resulted 
in dramatic decrease in the expressions of DMT1-IRE and Dcytb 
mRNA.89 In vitro studies further demonstrated that HIF-2a 
directly binds to the promoters of DMT1 and Dcytb, activating 
their transcription. Thus, HIF-2a appears to be one of the critical 
local regulators of iron absorption.

Iron Cycle
Most functional iron in the body is not derived from daily intesti-
nal absorption (1 to 2 mg/day) but rather from recycling of iron 
(20 to 25 mg/day) from senescent erythrocytes and other cells 
(Fig. 23.4). The most important source and destination of recycled 
iron is the erythron. At the end of a 4-month lifespan, effete eryth-
rocytes are engulfed by reticuloendothelial macrophages, which 
lyse the cells and degrade hemoglobin to liberate their iron. This 
process is poorly understood, but it appears to involve the action 

Circulating
erythrocytes

Bone marrow

Liver

Intestine

Plasma
Fe-transferrin

Reticuloendothelial
macrophages

FIGURE 23.4. Iron cycle in humans. Iron (Fe) enters the body through the small intestine 
and travels in the plasma bound to transferrin. It is delivered to the erythroid bone marrow, 
where it is incorporated into hemoglobin and released into the circulation in mature erythrocytes. 
After a lifespan of approximately 120 days, erythrocytes are engulfed by macrophages in the 
reticuloendothelial system. There the Fe is extracted from hemoglobin and returned to plasma, 
where it becomes bound to transferrin, completing the cycle. Fe in excess of tissue needs is 
stored in the liver.
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the influx of protons. The low pH facilitates release of iron from 
transferrin and strengthens the apotransferrin–receptor interac-
tion. Released iron is reduced by an endosomal ferrireductase, 
STEAP3,107 and transferred to the cytosol by DMT1.108 Because 
DMT1 must cotransport protons with iron atoms, vesicle acidifica-
tion is also important for the function of this transporter. After the 
iron enters the cytosol, the protein components of the endosome 
return to the membrane surface, where neutral pH  promotes the 
release of apotransferrin to the plasma. Both transferrin and TfR1 
participate in multiple rounds of iron delivery.

Mutations in DMT1 can have profound effect on erythroid devel-
opment. Although rare, DMT1 mutations have been described in 
several patients with congenital iron deficiency anemia.109,110,111 
The patients suffer from severe microcytic, hypochromic anemia, 
due to the inability to transport iron out of Tf/TfR1 endocytic ves-
icles, thus preventing iron delivery for heme synthesis. Although 
DMT1 is also involved in duodenal iron absorption, most of these 
patients develop hepatic overload at a young age, suggesting that 
iron absorption is at least partially intact, probably due to dietary 
heme absorption. Blood transfusions to correct the anemia also 
contribute to patients’ iron overload.

Once inside the cell, erythroid iron must be shuttled to the 
mitochondrion, where it will be incorporated into protoporphyrin 
IX by ferrochelatase, the final enzyme of heme biosynthesis. How 
iron that is exported from endosome reaches the mitochondrion 
and is transported across the outer mitochondrial membrane is 
not well understood. Iron transport across the inner mitochon-
drial membrane seems to be mediated by mitoferrin-1, a trans-
membrane iron transporter.112 Inactivation of the mitoferrin-1 
gene in mice prevents red blood cell production, underscoring 
the importance of this protein in erythroid biology. An alternative 
mechanism for iron delivery from Tf/TfR endosome to the mito-
chondrion has also been proposed. The “kiss and run” hypothesis 
suggests that the Tf-containing endosome directly contacts the 
mitochondrion,113 thereby bypassing the cytosol. The details of 
the mechanism remain to be determined.

are incorporated one at a time and appear to bind randomly at 
either or both of the two sites. When binding is complete, the iron 
lies in a pocket formed by two polypeptide loops. One mole of 
anion, usually carbonate or bicarbonate, is taken up, and 3 moles 
of hydrogen ion are released for each mole of iron bound. There 
are functional differences between the two iron-binding sites,93 
but it is not clear that these have physiologic importance.

Under physiologic circumstances, ferric iron binds to transfer-
rin with very high affinity, with an affinity constant of ∼1–6 × 
1022 M–l. The affinity of iron–transferrin interaction is pH-depen-
dent, decreasing as pH is lowered. Other transition metals, such 
as copper, chromium, manganese, gallium, aluminum, indium, 
and cobalt, can be bound by transferrin but with less affinity 
than iron.

Iron Delivery to Erythroid precursors
The biologic importance of transferrin in erythropoiesis is illus-
trated by abnormalities observed in patients and mice with con-
genital atransferrinemia.94–96,97,98 When transferrin is severely 
deficient, red cells display the morphologic stigmata of iron defi-
ciency. This occurs despite the fact that intestinal iron absorption 
is markedly increased in response to a perceived need for iron 
for erythropoiesis. Nonhematopoietic tissues avidly assimilate the 
non–transferrin-bound metal. Similarly, mutant mice lacking tis-
sue receptors for transferrin die during embryonic development 
from severe anemia, apparently resulting from ineffective iron 
delivery to erythroid precursor cells.98

Transferrin delivers its iron to developing normoblasts and 
other cells by binding to specific cell-surface receptors. The trans-
ferrin receptor (TFRC, TfR1) is a disulfide-linked homodimer of 
a glycoprotein with a single membrane-spanning segment and a 
short cytoplasmic segment. It is a type II membrane protein, with 
its N terminus located within the cell. The native molecular weight 
of TfR1 is ∼180 kDa. Each TfR1 homodimer can bind two trans-
ferrin molecules. Diferric transferrin is bound with higher affinity 
(association constant 2–7 × 10–9 M) than monoferric transferrin. 
As a result, diferric transferrin has a competitive advantage in 
delivering iron to the erythroid precursors.99 Apotransferrin has 
little affinity for the receptor at physiologic pH but considerable 
affinity at lower pH, an important factor in intracellular iron 
release.

Transferrin receptor 2 (TfR2), which shares ∼45% homology 
with TfR1 in its large extracellular domain,100 binds transferrin 
with lower affinity, and its role in cellular iron uptake is unclear. 
TfR2 is highly expressed in the liver and, as discussed earlier 
in this chapter, acts as an iron sensor that regulates hepcidin 
expression.36 TfR2 is also expressed in erythroid precursor cells, 
where it interacts with the erythropoietin receptor and enhances 
the delivery of EpoR to cell surface.101

The role of TfR1 is relatively well understood. TfR1 numbers 
are modulated during erythroid cell maturation, reaching their 
peak in intermediate normoblasts. Very few TfR1 molecules are 
found on burst-forming-unit erythroid cells, and only slightly 
greater numbers are found on colony-forming-unit erythroid cells. 
However, by the early normoblast stage, approximately 300,000 
receptors are found on each cell, increasing to 800,000 at the 
intermediate stages. The rate of iron uptake is directly related to 
the number of receptors. The number decreases as reticulocytes 
mature, and late in maturation, erythroid cells shed all remaining 
receptors by exocytosis and by proteolytic cleavage.102 The shed 
receptors (referred to as soluble transferrin receptors, sTfR) can 
be found in plasma in a concentration that correlates with the 
rate of erythropoiesis.103 An increase in plasma sTfR is a sensi-
tive indicator of erythroid mass and tissue iron deficiency.104,105

After ligand and receptor interact, iron-loaded transferrin under-
goes receptor-mediated endocytosis (Fig. 23.5).106 Specialized 
endocytic vesicles form, which are acidified to a pH of 5 to 6 by 

FIGURE 23.5. Cellular uptake of iron–transferrin. Iron bound to plasma Tf (HoloTf) is deliv-
ered to the cell by binding to cell-surface transferrin receptor 1 (TfR). The ligand–receptor com-
plex enters the cell through invagination of clathrin-coated pits to form specialized endosomes. 
The endosomes become acidified through the entry of protons, releasing Fe3+ iron from Tf 
and strengthening the apo-Tf/TfR complex at low pH. The released iron is reduced to Fe2+ by 
STEAP3 ferrireductase and exits the endosome through the divalent metal ion transporter 1 
(DMT1) to go to sites of storage and use within the cell (ferritin, mitochondria). The apo-Tf/TFR 
complex then returns to the cell surface, where apo-Tf is released. Both Tf and TFR participate 
in multiple rounds of iron delivery.
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second type of macrophage, comprising the reticuloendothelial 
system, acquires iron in a similar fashion but is able to return 
it to the plasma. The latter macrophages, found especially in the 
sinuses of the spleen and the liver, play a primary role in the 
normal reutilization of iron from destroyed red cells, allowing 
completion of the iron cycle shown in Figure 23.4.

After erythrophagocytosis by reticuloendothelial macrophages, 
the red cell membrane is destroyed, heme is released from hemo-
globin, and iron is liberated by heme oxygenase. The subcellular 
location of these events is not well defined. Subsequently, two 
phases of macrophage iron release are observed: an early phase, 
complete within a few hours after erythrophagocytosis, and a later 
phase, taking place over a period of days.122 Iron is exported from 
macrophages through ferroportin, the iron exporter that is also 
found on the basolateral surface of absorptive enterocytes.28 The 
early phase probably reflects immediate export of iron resulting 
from the sequential induction of ferroportin mRNA expression by 
heme released from hemoglobin, and ferroportin protein transla-
tion by heme-derived iron acting via the IRE/IRP system.123 The 
later phase of iron release probably represents mobilization of 
stored iron in response to iron demand. This is likely achieved by 
modulating expression of hepcidin, the iron-regulatory hormone 
that causes degradation of macrophage ferroportin. Expression of 
hepcidin decreases when erythroid iron needs increase, allowing 
more ferroportin molecules to remain on the membrane of recy-
cling macrophages.124 Iron exported through ferroportin must be 
oxidized to be bound to transferrin. The ferroxidase reaction is 
catalyzed by the plasma copper protein, ceruloplasmin.125 When 
the gene encoding ceruloplasmin was disrupted in mice, mac-
rophages failed to release their iron at a normal rate, resulting 
in hypoferremia despite the presence of normal iron stores.125 
The abnormality was corrected by administering ceruloplasmin 
intravenously. A similar phenomenon was noted in aceruloplas-
minemic human subjects.126 Ceruloplasmin probably acts by 
catalyzing the oxidation of ferrous iron to the ferric form, which 
is a prerequisite for iron binding by apotransferrin.

Because of the large daily iron flux through erythrophagocytos-
ing macrophages (20 to 25 mg), iron release from macrophages 
is a critical determinant of the availability of iron for plasma 
transferrin and, consequently, for erythropoiesis. The anemia of 
inflammation, also called the anemia of chronic disease,127 char-
acterized by macrophage iron retention, illustrates the deleterious 
effects of perturbing the delicate balance between macrophage 
iron storage and release (see Chapter 45).

Intracellular iron in macrophages is stored in two compounds: 
ferritin and hemosiderin. Iron-free ferritin (apoferritin) exists as a 
sphere with a diameter of 13 nm.128 It has a hollow central cavity, 
6 nm in diameter, which communicates with the surface by six 
channels through which iron and other small molecules can enter 
and leave. The protein shell is constructed of 24 molecules of two 
distinct ferritin subunits, designated H (for heavy or heart) and L 
(for light or liver), and these proteins are ubiquitously expressed. 
H and L ferritins are highly homologous, suggesting that they 
were derived from a common ancestral protein. However, there 
are functional differences between the two subunits. Loss of ferri-
tin H in mice causes early embryonic lethality indicating that there 
is no functional redundancy between the two ferritin subunits.129 
H chains contain a ferroxidase center not found in L chains and 
are able to oxidize iron.130,131 Ferritin shells rich in H chains 
reflect this property and acquire iron more rapidly,132 whereas 
those rich in L chains appear to be more stable and resistant to 
denaturation. The primary role of ferritin is cellular protection 
against oxidative damage that would be caused by highly reactive 
free iron.133

At least 20 distinct ferritin heteropolymers, with varying 
proportions of L and H chains, have been isolated from human 
tissue.134 Fully assembled, iron-free apoferritin has a molecu-
lar weight of approximately 400 to 500 kDa. When iron is 

The rate of iron entry into normoblasts is intimately related 
to heme biosynthesis.114 In less mature erythrocyte precursors, 
an optimal amount of heme may be necessary to sustain TfR1 
synthesis.115 Furthermore, a decrease in intracellular free heme 
concentration induced by inhibitors of heme synthesis (e.g., iso-
niazid) leads to increased iron uptake, and an increase in intra-
cellular free heme induced by inhibitors of globin synthesis (e.g., 
cycloheximide) has the opposite effect. These phenomena appear 
to reflect a feedback inhibition system that regulates the supply of 
iron according to the needs of the cell for hemoglobin synthesis. 
This is part of a highly coordinated erythroid regulatory system 
that acts to balance the amounts of a- and b-globin proteins and 
heme, avoiding toxic buildup of any intermediates of hemoglobin 
production.116

Iron Metabolism within Normoblasts
In the normal subject, ∼80% to 90% of the iron that enters ery-
throid precursor cells is ultimately taken up by mitochondria 
and incorporated into heme. Most of the remainder is stored 
in ferritin.117 Granules of ferritin may sometimes be detected 
using the Prussian blue reaction.118 Normoblasts with Prussian 
blue–positive (siderotic) granules are called sideroblasts, and, 
if the granules persist after enucleation, the mature cells are 
called siderocytes. In normal individuals, approximately half of 
the normoblasts are sideroblasts, each containing less than five 
small granules. By electron microscopy, these normal siderotic 
granules are seen to be aggregations of ferritin, often surrounded 
by a membrane (siderosomes).119 Isolated molecules of ferritin 
not surrounded by a membrane may also be seen by electron 
microscopy but not with light microscopy. Another kind of sid-
eroblast, the ringed sideroblast, is found only under pathologic 
circumstances (sideroblastic anemias; see Chapter 24). In the 
ringed sideroblast, siderotic granules form a full or partial ring 
around the nucleus, and electron microscopy reveals that the iron 
is deposited in mitochondria. The spleen plays an active role in 
the removal of the iron-laden mitochondria when cells enter the 
circulation.

It is intriguing that even though erythroid precursors require 
large amounts of iron and heme for hemoglobin synthesis, they 
have been found to express the heme exporter FLVCR and the 
iron exporter ferroportin. FLVCR, initially identified as the recep-
tor for feline leukemia virus subgroup C which causes erythroid 
aplasia in cats, is highly expressed in early erythroid precursors. 
The loss of FLVCR in mice caused embryonic lethality due to the 
lack of definitive erythropoiesis.120 When FLVCR was ablated 
postnatally, the mice developed a hyperchromic macrocytic ane-
mia with proerythroblast maturation arrest. These studies sug-
gest that FLVCR is necessary for survival of erythroid precursors. 
Because heme is toxic to cells at high concentrations, it is thought 
that FLVCR functions as a safety valve to prevent accumulation of 
excess heme early during erythroid differentiation.

Erythroid precursors also express ferroportin86,121 but its role 
in erythroid maturation is yet unclear. It is interesting that ery-
throid cells preferentially express non-IRE ferroportin transcript 
during the stages of rapid iron uptake, thus avoiding any iron-
induced increase in ferroportin translation dependent on the IRE/
IRP system.

Macrophage Iron recycling
Although there are many types of tissue macrophages, those that 
participate in the catabolism of red blood cells can be subdivided 
into two categories. One type, exemplified by pulmonary alveolar 
macrophages, is able to phagocytose erythrocytes or other cells 
and convert the iron they contain into storage forms, but lacks 
the ability to return the iron to the circulation. This type of mac-
rophage appears to retain the iron throughout its life span. The 
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cells, as demonstrated by atransferrinemic human patients and 
hypotransferrinemic (hpx) mice, both of which develop marked 
iron overload in nonhematopoietic tissues.

The placenta also accepts iron from transferrin and may do so 
even at relatively low plasma iron levels, thus effectively compet-
ing with the maternal erythroid bone marrow. The export of iron 
from placental trophoblast into fetal circulation occurs through 
ferroportin, and this step is controlled by fetal hepcidin.124 Some 
iron in placenta is stored within ferritin and hemosiderin.

Skeletal muscle uses iron for myoglobin synthesis and also 
maintains an iron storage pool that, although large, is not eas-
ily mobilized for use by other tissues.148 Proliferating cells in 
many tissues have increased numbers of transferrin receptors 
compared to their quiescent counterparts, reflecting their need 
for iron.

Iron DefIcIency anemIa

pathogenesis of Iron Deficiency anemia
Although its handling is frequently termed “iron metabolism”, 
iron itself is not metabolized; iron disorders are of iron balance 
or distribution. Iron deficiency anemia, hemochromatosis, and 
the anemia of chronic disease/inflammation are each examples 
of this principle.

Three pathogenic factors are implicated in the anemia of iron 
deficiency. First, hemoglobin synthesis is impaired as a conse-
quence of reduced iron supply. Second, there is a generalized 
defect in cellular proliferation. Third, survival of erythroid precur-
sors and erythrocytes is reduced, particularly when the anemia 
is severe.

When transferrin saturation falls below ∼15%, the supply of 
iron to the marrow is inadequate to meet basal requirements for 
hemoglobin production (generally ∼25 mg of iron daily in average 
adults). As a result, the amount of free erythrocyte protoporphy-
rin increases, reflecting the excess of protoporphyrin over iron 
in heme synthesis. Globin protein synthesis is reduced and each 
cell that is produced contains less hemoglobin, resulting in micro-
cytosis and hypochromia. This is the normal adaptive response 
to iron deficiency in humans and mice. If globin synthesis was 
not decreased in heme deficiency, misfolding and precipitation 
of excess globin chains would lead to apoptosis. Globin synthesis 
is controlled by heme availability at both the transcriptional and 
translational levels. Heme regulates globin gene expression by its 
ability to bind a transcription suppressor Bach1. When heme is 
deficient, Bach1 associates with small Maf proteins (sMafs) and 
causes transcriptional repression of globin genes.149,150 When 
heme is abundant, heme binding to Bach1 causes its dissocia-
tion from sMafs and Bach1 degradation,151,152 permitting sMaf 
interaction with transcriptional activators to increase expression 
of globin genes.

On the translational level, heme regulates globin synthesis 
by binding to and controlling the activity of heme-regulated 
eIF2a kinase (HRI).153 HRI functions by phosphorylating the a 
subunit of a key regulatory translation initiation factor eIF2 and 
preventing its participation in the initiation of translation. With 
high intracellular heme concentrations, heme binds to HRI and 
renders it inactive, but in heme deficiency, heme dissociates 
from HRI, and the kinase is activated by autophosphorylation. 
HRI then phosphorylates eIF2a, preventing the recycling of eIF2 
for another round of protein synthesis initiation, resulting in 
reduced globin protein synthesis and preventing formation of 
toxic globin precipitates in the absence of heme. In Hri−/− mice, 
the adaptive hypochromic and microcytic response to iron defi-
ciency was absent.116 Iron deficiency and consequently decreased 
heme levels instead resulted in aggregation of globins within the 
erythrocytes and their precursors, causing increased apoptosis of 

incorporated into the molecule, it is deposited in the central core. 
Theoretically, a single ferritin molecule could hold up to ∼4,500 
iron atoms. More often, molecules with 2,000 or fewer iron atoms 
are found. The iron is stored as a trivalent polymer of ferric 
hydroxide and phosphate.

Although H and L chains make up the abundant cytoplas-
mic ferritin molecules, a unique ferritin protein is present in 
mitochondria, and is encoded by a distinct intronless gene.135 
Mitochondrial ferritin appears to have a ferroxidase activity, 
making it most analogous to H-ferritin.136 Although incompletely 
understood, the role of mitochondrial ferritin is important enough 
that it has been conserved among species and can even be found 
in fruit flies.137

In a wide variety of cell types, the synthesis of apoferritin is 
stimulated by exposure to iron.138 This effect of iron takes place at 
the translational level of protein synthesis, via the IRE/IRP system 
described earlier in the chapter. An iron-responsive element (IRE) 
found at the 5′ end of ferritin mRNAs is both necessary and suf-
ficient for the iron effect.139 In red cell precursors, hemin rather 
than iron itself may exert a similar function.115,140

Apoferritin is formed first, and iron is added later. A cytosolic 
iron chaperone, poly(rC)-binding protein 1 (PCBP1), delivers iron 
in the form of Fe2+ to ferritin.141 Iron then enters ferritin through 
one of the six penetrating channels. As it passes into the core, it is 
oxidized to the Fe3+ form by molecular oxygen, with apoferritin 
catalyzing the oxidative process.142 Iron is deposited irregularly 
and in varying amounts, forming microcrystals. Mobilization of 
iron from ferritin depends on iron reduction or chelation.

Ferritin is also found in plasma in small amounts (12 to  
300 mg/L), and in the absence of inflammation,143 the circulat-
ing ferritin concentration correlates roughly with the amount of 
iron in stores. Plasma ferritin appears to be actively secreted into 
plasma, primarily by macrophages144,145 and is iron-poor com-
pared to tissue ferritin.

Hemosiderin was formerly distinguished from ferritin on 
the basis of solubility and the Perls Prussian blue reaction. 
However, these distinctions are not reliable; as with hemosid-
erin, ferritin can also be stained with Prussian blue and can 
exist in insoluble forms. Hemosiderin is not a precisely definable 
chemical entity.146 It appears to be formed by incomplete degra-
dation of ferritin and conglomeration of iron, ferritin proteins, 
and other subcellular constituents. It differs from ferritin in hav-
ing a higher iron-to-protein ratio as well as being less soluble 
in aqueous solutions. Standard hemosiderin preparations may 
contain a variety of organic constituents, including proteins, lip-
ids, sialic acid, and porphyrins. In most instances, hemosiderin 
appears to be derived from ferritin. Hemosiderin appears to 
represent a more stable and less available form of storage iron 
than ferritin. Newly deposited or newly mobilized iron enters or 
leaves the ferritin compartment. Only after prolonged storage 
or continued mobilization does the hemosiderin compartment 
change in size.

Iron Metabolism in Other Tissues
Iron is required in small amounts by all tissues for the synthesis 
of iron-containing enzymes and proteins, including cytochromes, 
catalase, ribonucleotide reductase, ferrochelatase, and globins. 
Cells are generally thought to acquire their iron from transferrin 
through binding to cell-surface transferrin receptor 1, although 
there is little experimental evidence that this is the major iron 
acquisition mechanism in most cases. Aside from erythroid pre-
cursors and tumor cells, iron uptake by hepatic parenchymal cells 
has been most extensively studied. Normally, approximately 5% of 
iron leaving plasma is accounted for by this pathway.147 This frac-
tion increases markedly when transferrin saturation increases or 
when erythropoiesis is depressed. Transferrin is not essential for 
iron assimilation by hepatocytes or most other nonhematopoietic 

72683_ch023_0617-0642.indd   624 7/31/13   8:26 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 23 Iron Deficiency and Related Disorders 625

Genetic forms of Iron Deficiency anemia
Genes involved in hereditary iron deficiency anemia are listed in 
Table 23.2.81,97,175,176,177,178 The main biologic and clinical dif-
ference in genetic forms of iron deficiency anemia are outlined 
in Table 23.3.

Several forms of genetic iron deficiency anemia are associ-
ated with hypochromic microcytic anemia and iron overload 
outside of the erythron. These are caused by autosomal reces-
sive mutations in several genes and are exceedingly rare. DMT1 
(SLC11A2) encodes an iron transporter involved in dietary iron 
absorption and iron transfer from Tf/TfR endosomes into the 
cytosol of erythroid precursors. Glutaredoxin 5 (GLRX5) is an 
enzyme involved in mitochondrial iron–sulfur cluster biogen-
esis. The human patients carrying these mutations have similar 
blood films and erythrocyte abnormalities, but also have hepatic 
iron overload that is not fully explained by their transfusion 
histories.109,110,111,175,179,180 Deficiency of serum transferrin, 
called hypotransferrinemia or atransferrinemia, is due to muta-
tions in the transferrin gene itself.97,181 This interrupts iron 
delivery to erythroid precursors, triggering an increase in intes-
tinal iron absorption and consequent tissue iron deposition. 
Deficiency of another major plasma protein, ceruloplasmin, 
also causes mild iron deficiency anemia associated with iron 
accumulation in the liver and brain.176 Iron deficiency results 
from lack of ferroxidase activity needed to mobilize iron from 
storage.176,182,183

Some patients have congenital, iron-refractory iron deficiency 
anemia (IRIDA) without iron overload.178,184–190 The disease 
is caused by recessive mutations in the Tmprss6 gene, which 
encodes serine protease matriptase-2. This gene is mutated in a 
novel mouse mutant, Mask.191 In addition to a hair pattern that 
led to the strain name, Mask mice have severe iron deficiency 
anemia attributable to elevated hepcidin expression. Matriptase-2 
is highly expressed in the liver, and acts by cleaving hemojuv-
elin, a BMP pathway coreceptor and a key regulator of hepcidin 
expression.56,178 Measurement of serum hepcidin concentrations 
in IRIDA patients confirmed that hepcidin levels were much 
higher than would be expected for the degree of iron deficiency 
and anemia, where hepcidin is usually undetectable.178,189,190 
How TMPRSS6 expression or activity is regulated is still unknown. 
Further studies will be needed to evaluate the possibility that 
less severe or heterozygous mutations increase susceptibility 
to common, acquired iron deficiency anemia. In genome-wide 
association studies (GWAS), common variants of TMPRSS6 were 
associated with alterations in hemoglobin levels, serum iron, 

erythroid precursors in the bone marrow and spleen, and accel-
erated destruction of mature RBCs that were hyperchromic and 
normocytic.

Cellular proliferation is also restricted in iron deficiency, and 
red blood cell numbers fall. Although there is relative erythroid 
hyperplasia in the bone marrow, both the degree of erythroid 
hyperplasia and the reticulocyte count are low for the degree of 
anemia. There is a significant component of “ineffective eryth-
ropoiesis” in iron deficiency, and a proportion of immature 
erythroid cells in iron-deficient subjects are so defective that 
they are rapidly destroyed. Their iron is reused within the bone 
marrow, making the interpretation of ferrokinetic studies more 
complicated.154,155

In iron deficiency, survival of circulating erythrocytes is 
normal or somewhat shortened.156,157,158,159 Cross-transfusion 
studies indicate that the shortened survival results from an intra-
corpuscular defect. There is a strong correlation between the 
degree to which red cell survival is shortened and the proportion 
of morphologically abnormal cells on blood smear.156 The prin-
cipal site of destruction is the spleen.158 The reduced erythrocyte 
viability is associated with decreased membrane deformability.160 
This abnormality appears to result from oxidative damage to the 
membrane.160,161

Other iron-containing proteins are also reduced in iron 
deficiency, and some of these may be responsible for clinical 
and pathologic manifestations. It is suggested that many of the 
enzymes are depleted in proportion to the degree of anemia.162 
Among the iron proteins reduced in iron deficiency are cyto-
chrome c,162,163 cytochrome oxidase,164,165 a-glycerophosphate 
oxidase,166,167 muscle myoglobin,162,163 succinic dehydrogenase, 
and aconitase.

In iron-deficient rats, impaired exercise performance cor-
related with reduced levels of a-glycerophosphate oxidase in 
muscle.166,167 As a result, glycolysis was impaired, which led to 
lactic acidosis and, in turn, adversely affected work performance. 
Lactic acidosis was also noted in a patient with severe iron defi-
ciency anemia.168 Levels of catecholamines are increased in the 
blood and urine of iron-deficient patients and animals.169,170 The 
increase is explained in part by decreased tissue levels of mono-
amine oxidase.171,172 Conceivably, a disturbance in catechol-
amine metabolism may contribute to the behavioral disturbances 
seen in iron-deficient children.173,174 As described later, there 
are several characteristic epithelial changes in iron deficiency. 
The pathogenesis of these abnormalities is not understood, but it 
is reasonable to assume that deficiencies in tissue iron enzymes 
are at fault.

Protein (Gene Symbol) Chromosome Protein Function Disease Caused by Mutations

DMT1 (SLC11A2) 12 Transmembrane iron transporter Hypochromic, microcytic anemia, usually with 
hepatic iron overload109,110,111

Glutaredoxin 5 (GLRX5) 14 Participates in iron–sulfur cluster 
biogenesis

Anemia with iron overload and sideroblasts175

Transferrin (TF)  3 Plasma iron-binding protein; 
ligand for TfR1 and TfR2

Atransferrinemia, iron deficiency anemia with  
tissue iron overload94,95,97

Ceruloplasmin (CP)  3 Plasma ferroxidase Aceruloplasminemia, mild iron deficiency anemia 
associated with iron accumulation in the liver and 
brain176

Matriptase-2 (TMPRSS6) 22 Hepcidin suppressor, acts by 
cleaving membrane hemojuvelin

Iron-refractory iron deficiency anemia 
(IRIDA)177,178,189,190

Modified from Andrews NC. Forging a field: the golden age of iron biology. Blood 2008;112:219–230.

GENES INVOLVED IN HEREDITARY IRON DEFICIENCY ANEMIA

TablE 23.2
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outlined in Table 23.4. It has been confirmed by experiments 
in which normal volunteers were gradually depleted of iron by 
phlebotomy.203,204

prevalence
Iron deficiency is the most common nutritional deficiency in both 
developing and developed countries. Iron deficiency anemia may 
be defined by cutoff hemoglobin values of 12.1 g/dl in women and 
13.8 g/dl in men at or near sea level, with higher cutoff values 
at high altitude.205 In the United States, the most comprehen-
sive surveys for iron deficiency anemia have been the National 
Health and Nutrition Examination Surveys (NHANES). According 
to data from NHANES III, covering the years 1988 to 1994, the 

or erythrocyte volume,192,193–195 suggesting that TMPRSS6 has 
a critical role in maintenance of iron homeostasis and normal 
erythropoiesis.

clInIcal features of Iron 
DefIcIency

Stages in the Development of Iron Deficiency
When it is not a result of major blood loss, iron deficiency is the 
end result of a long period of negative iron balance. As the total 
body iron level begins to fall, a characteristic sequence of events 
ensues. First, the iron stores in the hepatocytes and the macro-
phages of the liver, spleen, and bone marrow are depleted. Once 
stores are gone, plasma iron content decreases, and the supply 
of iron to marrow becomes inadequate for normal hemoglobin 
production. Consequently, the amount of free erythrocyte proto-
porphyrin increases, production of microcytic erythrocytes begins, 
and the blood hemoglobin level decreases, eventually reaching 
abnormal levels.

This progression corresponds to three recognized stages. The 
first stage, also called prelatent iron deficiency or iron depletion, 
represents a reduction in iron stores without reduced serum 
iron levels.196 This stage is usually detected by a low serum 
ferritin measurement, unless inflammation is present in which 
case serum ferritin does not reflect storage iron.143 Latent iron 
deficiency is said to exist when iron stores are exhausted but 
the blood hemoglobin level remains higher than the lower limit 
of normal.197 In this second stage, certain biochemical abnor-
malities of iron-limited erythropoiesis may be detected, including 
reduced transferrin saturation, increased TIBC,198 increased free 
erythrocyte protoporphyrin,199 increased zinc protoporphyrin,200 
and increased serum transferrin receptor (sTfR).201 The mean 
corpuscular volume usually remains within normal limits, but 
a few microcytes may be detected on a blood smear. Patients 
report generalized fatigue or malaise, even though they are not 
yet anemic.

Finally, in the third stage, the blood hemoglobin concentra-
tion falls below the lower limit of normal, and iron deficiency 
anemia is apparent. Iron-containing enzymes, such as the cyto-
chromes, also reach abnormally low levels during this period. 
Clinical manifestations include a constellation of constitutional 
symptoms: fatigue, decreased exercise tolerance with tachycar-
dia, dermatologic manifestations, decreased intellectual perfor-
mance, dysphagia, depression, and restless legs syndrome.202 
This progression forms the basis for the stages of iron deficiency 

DMT1 Glutaredoxin 5 Atransferrinemia Aceruloplasminemia TMPRSS6 (Matriptase-2)

Age at diagnosis At birth Usually midlife Late onset provided some 
Tf is present

Late onset with moderate 
anemia

18–24 mo

Liver iron overload Yes Yes Yes Yes No

Brain damage No No No Yes No

Serum iron High High Low Low Low

Transferrin saturation High High High or nonmeasureable Low Low

Ringed sideroblasts No Yes No No No

Hepcidin levels Low to normal Not yet measured Low Low High for anemia

Ferritin Low to mildly elevated High High High Low to normal

Provided courtesy of Photis Beris.

MAIN BIOLOGIC AND CLINICAL DIFFERENCES IN GENETIC FORMS OF IRON DEFICIENCY ANEMIA

TablE 23.3

Stage 1 
(Prelatent)

Stage 2 
(Latent)

Stage 3 
(Anemia)

Bone marrow iron Reduced Absent Absent

Serum ferritin Reduced <30 mg/L <30 mg/L

Transferrin  
saturation

Normal <16% <16%

Free erythrocyte 
protoporphyrin, zinc 
protoporphyrin

Normal ↑ ↑

Serum transferrin 
receptor

Normal ↑ ↑

Reticulocyte  
hemoglobin  
content

Normal ↓ ↓

Hemoglobin Normal Normal Reduced

Mean corpuscular 
volume

Normal Normal Reduced

Symptoms Rare Fatigue,  
malaise in  
some patients

Pallor, pica,  
epithelial 
changes

↑, increased; ↓, decreased.

STAGES IN THE DEVELOPMENT OF IRON DEFICIENCY

TablE 23.4

72683_ch023_0617-0642.indd   626 7/31/13   8:26 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 23 Iron Deficiency and Related Disorders 627

to fortify and the iron compound to use in fortification requires 
consideration of a number of factors. The iron salt should be 
absorbable but should not affect appearance, taste, or shelf life. 
The salt must be chosen with consideration of the food to be forti-
fied, and that choice must be individualized to the target popula-
tion. In Western countries, wheat flour is a typical choice; its use 
is widespread, and highly available ferrous salts can be used in 
such products as bread because their shelf life is inherently short. 
Target foods in other countries include salt, sugar, rice, and con-
diments. For infants, fortified milk- or soy-based formulas and dry 
cereals are important sources of iron in the diet.

prevalence of hypoferremia in the United States was <1% in adult 
men <50 years of age, 2% to 4% in adult men >50 years of age, 
9% to 11% in menstruating teenagers and women, and 5% to 
7% in postmenopausal women. Inasmuch as serum ferritin is an 
acute phase reactant regulated by inflammation, these data may 
underestimate the prevalence of anemia in some populations, 
particularly the elderly. Recent analyses have estimated preva-
lence of iron deficiency anemia in the elderly (>65 years of age) 
and extreme elderly (>75 years of age) ranging from 10% to up 
to 36%.206,207,208

Iron deficiency is particularly common in young children and 
pregnant women. Iron deficiency was detected in 9% of infants 
and toddlers, with anemia in approximately one third of those 
children.209 In infancy, the occurrence of iron deficiency was 
equal in both sexes. It is usually detected between the ages of 
6 and 20 months. The peak incidence was at a younger age in 
infants born prematurely than in those born at term, because pre-
mature infants do not have full opportunity to acquire maternal 
iron during the third trimester. The prevalence of iron deficiency 
was also higher among people living in chronic poverty.210 Iron 
deficiency tends to run in families, possibly as a result of eco-
nomic factors. If an iron-deficient child is identified, the mother 
and siblings of that child are frequently also deficient. Despite the 
prevalence of iron deficiency anemia in these populations, the US 
preventative services task force recommends screening only for 
pregnant women.211

Etiology
Iron deficiency occurs as a late manifestation of prolonged negative 
iron balance, as a result of major blood loss, or because of failure 
to meet an increased physiologic need for iron. The normal mecha-
nisms for maintaining iron balance were discussed earlier in this 
chapter. Factors leading to negative iron balance, increased require-
ments, or inadequate iron for erythropoiesis are listed in Table 23.5. 
In many instances, multiple etiologic factors are involved. The 
association of a marginal diet with some source of blood loss, such 
as that associated with menstruation, is a common combination. 
Another example is hookworm infestation, which produces anemia 
primarily in those people whose diets are marginally adequate.

Diet
The total amount of iron in the diet roughly correlates with caloric 
content; in the United States, the average diet contains ∼6 mg of 
iron per 1,000 kcal. The bioavailability of dietary iron in specific 
foods was described earlier in this chapter.

The early stages of human evolution were characterized by 
hunter–gatherer food patterns and by diets rich in meat. In evo-
lutionary terms, agriculture is a recent development to which 
humans have not fully adapted. Thus, individuals whose diets 
are rich in meat, a source of heme iron, usually absorb more iron 
from their diets than those who subsist on grains and vegetables. 
The increased prevalence of iron deficiency among the economi-
cally deprived and people in developing countries is explained 
in part by the fact that heme iron is less abundant in their diets.

Because many factors influence the bioavailability of iron, it 
is difficult to make recommendations about the optimal amount 
of iron in the diet. In the usual mixed diets of Western countries, 
adult men should consume 5 to 10 mg/day, and adult women 
should consume 7 to 20 mg/day.196 Because women are usu-
ally smaller and consume less food than men, and because their 
requirements are greater, their daily iron intake may be marginal. 
Iron deficiency is rarely seen in American men as a result of diet 
alone. Exceptions to this rule are sufficiently unusual to justify 
case reports.212

In many countries, foods are fortified to compensate for the 
insufficient amounts of iron in the diet.213,214 Selection of the food 

NEGATIVE IRON BALANCE

Decreased Iron Intake

 Inadequate diet

 Impaired absorption

  Achlorhydria

  Gastric surgery

  Celiac disease

  H. pylori infection

  Duodenal bypass

  Drugs that increase gastric pH

  Tannins, phytates, bran

  Competing metals

  Inflammation, ↑ Hepcidin

Increased Iron Loss

 Blood donation

 Iatrogenic: diagnostic phlebotomy for testing

 Gastrointestinal bleeding

 Intestinal parasites

  Anatomic lesions: hemorrhoids, gastritis, diverticulosis, varices, hiatal hernia, 
Meckel’s diverticulum, arteriovenous malformation, peptic ulcer

 Neoplasm

 Inflammatory bowel disease

 Milk-induced enteropathy (infants)

 Use of salicylate or nonsteroidal anti-inflammatory agents (NSAIDS)

 Excessive menstrual flow

 Gynecologic neoplasm

 Bladder neoplasm

 Epistaxis

 Hemoglobinuria

 Self-induced bleeding (autophlebotomy)

 Pulmonary hemosiderosis

 Tuberculosis

 Bronchiectasis

 Hereditary hemorrhagic telangiectasia

 Anticoagulant, antiplatelet therapies

 Chronic hemodialysis

 Runner’s anemia

Increased Requirements

 Infancy

 Pregnancy

 Lactation

Genetic Forms of Iron Deficiency Anemia

ETIOLOGIC FACTORS IN IRON DEFICIENCY ANEMIA

TablE 23.5
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of anemia supervene. The list of etiologies presented here is not 
meant to be comprehensive; many other, less common, lesions 
have been reported to occur in association with isolated cases of 
iron deficiency anemia.

Two thirds of patients with hemorrhoids experience rectal 
bleeding, which is usually obvious to the patient. Nevertheless, 
a large majority of patients allow at least 1 year to elapse before 
seeking medical attention, and perhaps one third wait for more 
than 10 years. Nevertheless, although hemorrhoids are frequently 
associated with iron deficiency anemia, the clinician should be 
reluctant to accept them as the only bleeding lesions; a care-
ful investigation is warranted because hemorrhoids may divert 
attention from another, less obvious, lesion elsewhere in the 
alimentary tract.

Upper gastrointestinal bleeding is typically due to duodenal or 
gastric ulcers or gastritis, all of which can cause sufficient blood 
loss to result in iron deficiency. Certain drugs are associated with 
gastrointestinal bleeding. Of these, nonsteroidal anti-inflamma-
tory drugs (NSAIDs), including aspirin, are the most important. 
NSAID administration causes mucosal damage manifested by 
petechial hemorrhage, erosions, and ulcers. The problem is more 
likely to occur in elderly patients and women and with higher 
(“anti-inflammatory”) doses than with lower (“analgesic”) ones.226

Studies with aspirin demonstrate that at doses of 2 to 6 g daily, 
70% of patients have gastrointestinal bleeding at an average rate 
of 5 ml/day.227 Regular use of aspirin more often than four times 
weekly is associated with bleeding.228 The incidence of aspirin-
induced bleeding has probably decreased as the pattern of analge-
sic use has changed. Acetaminophen, which is not associated with 
gastrointestinal bleeding, has become more popular than aspirin 
as an over-the-counter analgesic. Newer NSAID preparations are 
also less likely to cause significant gastrointestinal blood loss. The 
popularity of aspirin is on the rise again for prophylaxis of coro-
nary artery disease, but in low doses. Other drugs associated with 
gastrointestinal bleeding include stanozolol, anticoagulants, anti-
platelet agent therapy for coronary artery disease corticosteroids, 
and ethacrynic acid.

Iron deficiency anemia occurs in ∼15% of patients with esoph-
ageal hiatal hernia.229 Anemia is particularly common (30%) with 
the paraesophageal variety of lesions and in large hernias.230 
Reasons for the bleeding include reflux esophagitis and trauma to 
the gastric mucosa at the neck of the hernial sac.229 Anemia may 
be the presenting manifestation even in the absence of dyspeptic 
symptoms.

Colonic diverticuli can also bleed in patients with diverticulosis 
and diverticulitis. Usually, the blood loss is small and intermit-
tent and may resemble the pattern of hemorrhoidal bleeding. 
Intestinal bleeding can also result from the presence of adenoma-
tous polyps. A careful investigation for other sources of intestinal 
blood loss is warranted to exclude the possibility of a neoplasm.

Iron deficiency anemia may be the first sign of a malignant 
neoplasm of the gastrointestinal tract, and management of the 
bleeding lesion is important.143,231,232,233 Carcinoma of the cecum 
is often clinically silent until anemia occurs. Less often, in carcino-
mas of other parts of the colon, as well as of the stomach and the 
ampulla of Vater, iron deficiency anemia may be the only initial 
symptom.

In a survey of 32 patients with ulcerative colitis, 26 (81%) had 
iron deficiency anemia.234 Average fecal blood loss of 6 to 25 ml/
day was noted in five patients who were moderately anemic with 
relatively mild symptoms of colitis.

An important cause of gastrointestinal blood loss in tropical 
areas is infection with intestinal and genitourinary parasites,235 
including whipworm, Trichuris trichiura236; hookworm, Necator 
americanus or Ancylostoma duodenale237,238; and schisoto-
somes.239 Hookworm is particularly important, affecting some 
20% of the world’s population.225 It is endemic in a zone extend-
ing from the southern United States to northern Argentina in 

Impaired absorption
Achlorhydria is common in iron-deficient subjects, both as a 
result of the deficiency and as a factor in its development.215 
Gastric acid facilitates absorption of nonheme iron,216 probably 
by increasing its solubility rather than affecting the activity of the 
proton-symporter DMT1, and absorption of inorganic iron is pro-
foundly impaired in patients with atrophic gastritis. Therapeutic 
measures used to reduce gastric acidity, such as the administra-
tion of antacids and drugs that block acid production, also impair 
iron absorption but usually not to a clinically significant degree. 
Gastric infection with Helicobacter pylori is now recognized as an 
important cause of otherwise unexplained iron deficiency anemia, 
which responds to eradication of the bacterial infection.217

Iron deficiency anemia is a common complication of gastric 
surgeries, including total gastrectomy,218 partial gastrectomy,219 
and vagotomy with gastroenterostomy.220 Reduction in gastric 
acidity is only one factor in the impaired iron absorption that 
follows such operations. Other gastric secretions that aid in iron 
absorption may also be lost.221 Also, because most iron absorp-
tion takes place in the duodenum, the rapid intestinal transit that 
follows loss of the reservoir function of the stomach may lead to 
decreased absorption. For the same reason, iron deficiency is 
more common when the duodenum is surgically bypassed.220 
Finally, recurrent bleeding, as well as increased sloughing of iron-
containing epithelial cells, may contribute to the development of 
postgastrectomy anemia.221

In addition to gastrectomy, other defects in the gastrointes-
tinal tract may lead to malabsorption of iron, contributing to 
the development of iron deficiency. The anemia associated with 
celiac disease (gluten sensitivity, sprue, idiopathic steatorrhea) is 
often hypochromic rather than megaloblastic222,223; in fact, iron 
deficiency anemia may be the initial and dominant manifestation 
of celiac disease, with steatorrhea detectable only by laboratory 
test analysis.222,224 Both malabsorption and intestinal blood loss 
are factors in the development of iron deficiency.223 Most patients 
with tropical sprue are deficient in iron.225

Copper Deficiency
It has long been known that copper deficiency is associated with 
abnormalities in iron metabolism and iron deficiency anemia. In 
recent years, it has become clear that this is due, at least in part, 
to the importance of the copper-containing ferroxidases cerulo-
plasmin and hephaestin. As mentioned earlier in this chapter, 
these enzymes are required for the optimal mobilization of iron 
from cells to plasma. They oxidize Fe2+ exported by ferroportin 
into Fe3+ form which can then bind to apotransferrin.

blood loss
Blood loss is a significant cause of iron deficiency anemia. It is 
important not only because of its prevalence, but also because the 
accurate detection, precise diagnosis, and proper management of 
the bleeding lesion may be of far greater importance to the ulti-
mate well-being of the patient than repletion of iron stores. Each 
1 ml of red blood cells contains ∼1 mg of iron. Thus, assuming the 
consumption of an average diet, chronic RBC loss of as little as 1 
to 2 ml/day can result in a negative iron balance.

Gastrointestinal Bleeding
Gastrointestinal bleeding is the most common cause of iron defi-
ciency in adult men and is second only to menstrual blood loss 
as a cause in women. Any hemorrhagic lesion of the alimentary 
tract may cause iron deficiency. Most commonly, the lesions cause 
occult bleeding or the steady loss of small amounts of blood. 
They may go unnoticed or may be tolerated until the symptoms 
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that presently, blood collection practices fail to protect committed 
blood donors from iron deficiency.248 Re-examination of measures 
to prevent iron deficiency in women of child-bearing age by iron 
replacement after donation249 may now be in order to protect 
donors better, including changes in evaluation of iron status, in 
the hemoglobin standard, and internally between donations.250

Alveolar Hemorrhage
Acute hemorrhage into the pulmonary alveoli may be severe 
enough to cause the blood hemoglobin level to fall 1.5 to 3.0  
g/dl in 24 hours.251 Reticulocytosis and hyperbilirubinemia often 
accompany such episodes, leading to an incorrect diagnosis of 
hemolytic anemia. Iron in the shed blood is converted to hemosid-
erin by pulmonary macrophages, but it cannot be used for hemo-
globin synthesis. Thus, repeated hemorrhages can lead to iron 
deficiency despite a normal total amount of body iron. Hemoptysis 
and alveolar infiltrates are the other prominent manifestations. 
However, if the hemorrhages are small, the hemoptysis may be 
unnoticed, making the diagnosis difficult without a chest x-ray 
examination. Patients may swallow the blood-containing sputum, 
rendering the stools positive for occult blood and resulting in fur-
ther diagnostic confusion.

Idiopathic pulmonary hemosiderosis, an illness of children 
and young adults, is characterized by alveolar hemorrhage that 
is not due to another form of lung disease.252,253 Iron deficiency 
anemia almost invariably accompanies the disease and may be 
the initial and only symptom. Hemoptysis and alveolar infiltrates, 
however, are common manifestations. Interstitial fibrosis may 
develop after repeated episodes, with dyspnea, clubbing, and even 
cor pulmonale.

Anemia is also a common finding in antiglomerular basement 
membrane antibody disease (Goodpasture syndrome).253,254 The 
presence of renal disease distinguishes this illness from other 
forms of pulmonary hemosiderosis, but kidney involvement may 
not be evident early in the course of the disease or the degree of 
proteinuria or microscopic hematuria may be modest. Eventually, 
however, most patients develop azotemia. Focal or diffuse glo-
merulonephritis is evident from renal biopsy, and linear deposits 
of immunoglobulins are characteristic of, although not completely 
specific for, the disease. Detection of antibasement membrane 
antibodies in serum is ∼80% to 85% sensitive and 98% specific 
for the diagnosis.251

Other illnesses associated with pulmonary alveolar hemor-
rhage include rapidly progressive glomerulonephritis, systemic 
lupus erythematosus, and certain other collagen vascular dis-
eases and systemic vasculitides. The presence of antineutrophil 
cytoplasm antibodies or other autoantibodies is considered a 
particularly poor prognostic sign in patients with pulmonary 
hemosiderosis.252 Alveolar hemorrhage is also observed as 
a toxic reaction to trimellitic anhydride, d-penicillamine, or 
lymphangiography.

Hemoglobinuria
Paroxysmal nocturnal hemoglobinuria can result in urinary iron 
losses averaging 1.8 to 7.8 mg/day.255 Consequently, this rare 
disorder often is complicated by hypoferremia and hypochro-
mic anemia.256 Hemoglobinuria in other disorders, such as the 
erythrocyte fragmentation syndromes associated with prosthetic 
cardiac valves, also may be complicated by iron deficiency.257,258

Factitious Anemia
Self-induced blood-letting (autophlebotomy) is an unusual cause 
of iron deficiency.259,260 In almost all reported instances, such 
anemia occurred in unmarried women in paramedical occupa-
tions. Blood was removed by venipuncture or injuring preexisting 

the Western hemisphere, as well as in Mediterranean countries, 
South Asia, and Africa. The worms attach to the upper small 
intestine and suck blood from the host. The amount of blood lost is 
proportional to the number of worms harbored, which can be esti-
mated by the fecal excretion of hookworm eggs. Female subjects 
harboring >100 worms (5 ml/day of blood loss) and male sub-
jects harboring >250 worms (12.5 ml/day of blood loss) tend to 
become anemic.237 Other factors affecting iron balance including 
an iron-deficient diet, repeated pregnancies, and achlorhydria are 
contributory factors in development of hookworm anemia. At one 
time, many people believed that hookworm anemia resulted from 
elaboration of a toxin, but this is not the case. The anemia has all 
of the characteristics of iron deficiency and may be improved with 
iron therapy, whether or not the worms are removed. Conversely, 
removal of worms with an effective antihelminthic agent does not 
correct the anemia unless iron stores are replenished.

Schistosomiasis and trichuriasis are other parasitic infections 
associated with iron deficiency.235 With Schistosoma mansoni, 
blood loss is from the intestine, whereas with Schistosoma 
haematobium the loss is from the urinary tract.239 Trichuris 
(whipworm) has caused iron deficiency in inhabitants of Central 
America.236

Menstruation
Menstrual blood loss is the most common cause of iron deficiency 
in women.8,240,241,242 In healthy normal women, menstrual blood 
flow averages ∼35 ml per menstrual period, and the upper limit 
of normal is ∼80 ml per period. Although flow varies considerably 
among different women, it is remarkably constant from one period 
to the next in the same person. In Swedish women with a dietary 
intake of ∼10 mg of iron per day, 67% of women with menstrual 
blood loss >80 ml per period were anemic.240,241 In another 
study, British women with iron deficiency anemia lost an average 
of 85 ml per period.242 In contrast, a Canadian population with 
flows >80 ml per period had no overt anemia or hypoferremia.243

Menstrual blood flow is increased by the use of certain intra-
uterine contraceptive devices244 and is reduced by the use of oral 
contraceptives. Estimating menstrual blood loss from information 
obtained in interviews is difficult because few women have a basis 
for determining the normality of their flow. It is important to elicit 
a history including a detailed description of the events during 
each menstrual period. Any of the following findings are indica-
tions of excessive menstrual flow: (a) inability to control flow with 
tampons alone; (b) use of more than 12 pads per period or 4 per 
day, unless the patient is unusually fastidious; (c) passage of clots, 
especially if they are larger than ∼2 cm in diameter or if they per-
sist after the first day; and (d) period duration exceeding 7 days.

Blood Donation
There are 5 million regular blood donors in the United States,245 
and regular blood donation is an important source of iron loss. 
Each unit of blood donated contains 200 ml RBC246 equaling 
∼200 mg of iron. In most blood centers, a hemoglobin concentra-
tion, which is an insensitive determination for iron status, is the 
only indicator for iron deficiency anemia. As assessed by serum 
ferritin concentration, iron stores were reduced in 8% of male 
and 23% of female blood donors.245 The authors concluded that 
the use of iron supplements decreased the incidence of deficiency, 
and should be recommended to people who choose to donate 
more than once or twice a year. In a recent analysis of the RISE 
(Retrovirus Epidemiology Donor Iron Status Evaluation) study,247 
for frequent blood donors, two thirds of women and almost half 
the men were iron deficient: the true prevalence among regular 
donors is even higher, inasmuch as the RISE study enrolled only 
frequent donors who had been accepted for donation, and excluded 
those deferred because of anemia. The unavoidable conclusion is 
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and body weight. Newborn babies in the upper range of normal 
birth weights have more iron than those in the lower range. 
Premature infants are at higher risk of iron deficiency during the 
first year of life, because they have not had the full opportunity 
to accumulate iron stores during the third trimester of gestation.

Newborn iron levels can be influenced by the technique that 
the obstetrician uses to clamp the umbilical cord at delivery.275 
As much as 100 ml of fetal blood may remain in the placenta 
with early clamping of the cord. Cord clamping delayed for only 
3   minutes can result in a 58% increase in red cell volume. If 
delayed clamping is impractical, as in cesarean section proce-
dures, a similar effect can be achieved by clamping the cord at the 
placental end, raising the clamp, and allowing gravity to drain the 
cord.276 Although the newborn has no immediate need for these 
erythrocytes, the iron they contain can be used later to meet the 
demands of growth.

The fetus is an effective scavenger of maternal iron, in which 
fetal hepcidin controls the placental transfer of iron from maternal 
plasma to the fetal circulation,124 therefore, maternal iron stores 
have little or no effect on the body iron stores of the newborn.277 
No difference was found between the hemoglobin values in infants 
of anemic mothers and those in infants of nonanemic mothers 
either at birth or later.278 Furthermore, iron supplementation 
during pregnancy has no effect on the subsequent development of 
iron deficiency in the infant, although it may be protective for the 
mother. Finally, as measured by serum ferritin levels, maternal 
iron stores bear no relation to fetal stores.276 These observations 
are consistent with results of studies in animals that demonstrate 
iron transported across the placenta against a gradient, even at 
the expense of maternal iron stores.279

Growth
In the absence of disease, iron requirements of an adult man are 
relatively low and vary little. In contrast, in infancy, childhood, 
and adolescence, the requirements for iron are relatively great 
because of the increased needs of rapidly growing tissues. The 
most rapid relative growth rates in human development occur in 
the first year of life. Body weight and blood volume approximately 
triple, and the circulating hemoglobin mass nearly doubles. Still 
greater relative growth occurs in premature and low birth–weight 
infants. Premature infants weighing 1.5 kg may increase their 
weight and blood volume sixfold and may triple the circulating 
hemoglobin mass in 1 year. To meet the demands imposed by 
growth, the normal-term infant must acquire 135 to 200 mg of 
iron during the first year of life. A premature infant may require 
as much as 350 mg in the same period.280

The relatively slower rates of growth in children through the 
remainder of the first decade require a positive iron balance of 
∼0.2 to 0.3 mg/day. The growth spurt that occurs in the early 
teens requires a positive balance of ∼0.5 mg/day in girls and 0.6 
mg/day in boys.196 Toward the end of this period, the onset of 
menstruation occurs in girls, and their requirements then equal 
those of adult women.

Diet in Infancy and Childhood
Iron stores in the infant are typically depleted by 4 to 6 months 
of age as a result of the demands of growth. During this critical 
period, a normal full-term infant must absorb ∼0.4 to 0.6 mg of 
iron daily from the diet. To achieve this level of absorption, an 
iron intake of 1 mg/kg/day is recommended for full-term infants, 
2 to 4 mg/kg/day for preterm infants, and at least 6 mg (to a 
maximum of 15 mg) for preterm infants receiving erythropoietin 
therapy.281 These amounts may be difficult to achieve without 
supplementation.

Both human milk and cow’s milk contain relatively small 
amounts of iron, but the infant more readily absorbs the iron in 

hemorrhoids, by laceration of the gastrointestinal tract with such 
instruments as knitting needles, or by means that remained 
obscure. A single case was reported in which an infant apparently 
developed severe iron deficiency as a result of deliberate parental 
action in which all iron from the child’s diet was removed.261

Hereditary Hemorrhagic Telangiectasia
Hereditary hemorrhagic telangiectasia is an uncommon disorder 
characterized by recurrent hemorrhages from the nose, gastrointes-
tinal tract, and other sites. Iron deficiency anemia, sometimes very 
difficult to control, is an important complication of the illness.262

Iatrogenic Blood Loss
Diagnostic phlebotomy can result in substantial iron losses in 
patients with chronic disorders, particularly in hospitalized 
patients.263,264 In a study of 100 adult hospital inpatients in the 
1980s, the average blood loss from diagnostic phlebotomy was 
12.4 ml/day or 175.0 ml over the course of hospitalization on 
general wards.263 Patients in intensive care units lost an average 
of 41.5 ml/day or 762.0 ml during their stay. Of the 100 patients, 
36 required blood transfusions, in part because of the losses from 
phlebotomy. Phlebotomy can contribute to a negative iron bal-
ance, and in patients with marginal iron stores, may precipitate 
or aggravate iron deficiency anemia and prevent compensatory 
erythropoiesis.

Chronic renal failure Treated with hemodialysis
Iron deficiency affects a significant fraction of patients treated with 
hemodialysis now that the anemia related to chronic kidney dis-
ease is treated with pharmacologic agents and blood transfusions 
are restricted.265,266 Absolute iron deficiency results from the loss 
of blood associated with the dialysis process and diagnostic tests. 
Gastrointestinal blood losses may also be substantial, averaging 
6.27 ml/day in one study.267 Telangiectasias are among the most 
common bleeding gastrointestinal lesions in patients with renal 
failure. Other factors contributing to negative iron balance include 
reduced dietary iron intake and malabsorption of iron caused by 
the aluminum hydroxide used to control hypophosphatemia.

Administration of erythropoiesis stimulating agents (ESA) 
results in a “functional iron deficiency” even when body iron 
stores are replete.268 The intense, periodic erythropoietic stimulus 
due to ESA therapy exceeds the mobilization of iron from macro-
phages, so that adequate transferrin-bound iron is not available to 
red blood cell precursors.268–270 For this reason, parenteral iron 
supplementation is often provided as an adjunct to ESA therapy 
in patients with ESKD.143,268

runner’s anemia
Iron deficiency anemia can occur in long-distance runners.271 
Over 50% of regular joggers and competitive runners become iron 
deficient.272 Mild mechanical hemolysis accompanies strenuous 
exercise, resulting in hemoglobinemia and hemoglobinuria (also 
called march hemoglobinuria). Gastrointestinal bleeding contrib-
utes to blood loss and iron deficiency.272–274 Fecal blood excretion 
increases substantially after a race or an intense training exercise 
and may reach 5 to 7 ml/day. Stress, intestinal ischemia, and the 
jarring effect of running have been advanced as possible explana-
tions for the gastrointestinal blood loss.

Decreased Total body Iron at birth
Body iron concentration in normal neonates averages ∼75 to 100 
mg/kg weight. Similar concentrations are found throughout fetal 
development, resulting in a linear relationship between body iron 
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maternal iron stores.296 Because normal menstruation is usually 
inhibited while breastfeeding continues, iron requirements in the 
lactating mother approximate those of the menstruating woman.

Signs and Symptoms of Iron Deficiency
The onset of iron deficiency anemia is usually insidious, and the 
progression of symptoms is gradual. As a result, patients accom-
modate remarkably well to advancing anemia and may delay a 
visit to their physicians for prolonged periods.

Fatigue and Other Nonspecific Symptoms
Iron deficiency anemia can be associated with irritability, palpi-
tations, dizziness, breathlessness, headache, and fatigue. Fatigue 
is a particularly common complaint among patients. Even latent 
iron deficiency (i.e., iron deficiency without any anemia at all) 
has been described to result in fatigue,297 but others were 
unable to confirm this observation.298 Nevertheless, iron therapy 
has been shown to ameliorate fatigue: a group of 44 nonanemic 
women reporting fatigue were treated both with iron and with 
placebo in random order. Symptomatic improvement in women 
receiving iron was significantly better than that of women 
given the placebo, but only in women whose iron stores were 
depleted. In a recent randomized clinical trial of intravenous 
iron therapy in 90 premenopausal nonanemic women present-
ing with fatigue, serum ferritin ≤50 ng/ml and Hgb ≥12 g/dl, 
fatigue scopes decreased significantly within 6 weeks of therapy 
compared to placebo, particularly in women with baseline serum 
ferritin ≤15 ng/ml.299

Neuromuscular System
Despite the lack of symptoms at rest, investigators have demon-
strated that even mild degrees of iron deficiency anemia impair 
muscular performance, as measured by standardized exercise 
tests.173,300 Total exercise time, maximal workload, heart rate, 
and serum lactate levels after exercise are all affected adversely 
in proportion to the degree of anemia. Furthermore, work perfor-
mance and productivity at tasks requiring sustained or prolonged 
activity are impaired in iron-deficient subjects and improve 
when iron is administered.301,302 As a result, measures directed 
toward iron nutrition of a workforce can produce important eco-
nomic dividends, more than offsetting the costs of the treatment 
 program.

Abnormalities in muscle metabolism are noted even when 
deficiency is mild.303 Blood lactate levels were measured in mildly 

human milk. In one study, 49% of the iron in human breast milk 
was absorbed, compared with 10% of the iron in cow’s milk.282 
As a result, iron deficiency is relatively uncommon in the first 
6 months of life in infants exclusively fed breast milk.

Formula-fed infants are likely to become iron deficient unless 
iron-supplemented formulas are used. In the United States, such 
formulas are often supplemented with iron (10 to 12 mg/L) as 
ferrous sulfate, of which a variable proportion is absorbed.281 
Approximately 7% to 12% of the iron in cow’s milk–based formu-
las is absorbed, with the lower percentage seen when formulas 
with higher iron content are given.283 Less iron is absorbed from 
soy-based formulas, but soy formulas containing 12 mg/L of iron 
appear to be adequate.284 Fortified dry cereals for infants are 
another important source of iron in the diet of both breast-fed 
and formula-fed infants. Currently, infant cereals are fortified 
with small-particle elemental iron at a concentration of 0.45 mg/g, 
from which ∼4% is absorbed.285 Two servings per day will supply 
the needs of most infants.

Excessive intake of cow’s milk is an important cause of iron 
deficiency in the first 2 years of life.280,286 Not only is cow’s milk 
a poor source of iron, it may cause gastrointestinal blood loss (see 
next section). In general, cow’s milk should not be given to infants 
<1 year of age, although it may be tolerated if the remainder of 
the diet is iron-rich.287 Some parents allow their toddler children 
to use the bottle as a pacifier and constant companion, and the 
children become addicted (“milkaholics”). In one study, inad-
equate diet was considered the only factor in the development of 
iron deficiency in 20 of 55 infants288; few patients in this series 
had iron deficiency resulting from defective stores at birth, unless 
the diet was also inadequate. A unique disorder termed Bahima 
disease, described in Uganda, was attributed to the practice of 
feeding children a diet of cow’s milk almost exclusively.289

blood loss in Infancy
Occult hemorrhage, often without obvious anatomic lesions, 
may be observed in some iron-deficient infants.285,290,291 The 
process is often accompanied by diffuse disease of the bowel 
with protein-losing enteropathy and impaired absorption of 
other nutrients.292,293 It probably results from hypersensitivity 
to a heat-labile protein in cow’s milk.294,295 The daily loss of 1 to 
4 ml of blood, along with increased serum albumin turnover, was 
observed while fresh cow’s milk was consumed, and these abnor-
malities ceased abruptly with the substitution of heat-treated or 
soybean-protein feeding formulas.

pregnancy and lactation
Pregnancy is a major drain on the limited iron reserves of young 
women. Each pregnancy results in an average loss to the mother 
of 680 mg of iron, the equivalent of 1,300 ml of blood. An addi-
tional 450 mg of iron must be available to support the expanded 
blood volume during pregnancy. The latter amount of iron does 
not represent a net loss after delivery because the iron is returned 
to stores; it must be available. However, during the pregnancy or 
iron deficiency will supervene.

Prorated over the full term of pregnancy, the iron require-
ment amounts to ∼2.5 mg/day (Table 23.6). Because most of the 
loss occurs during the third trimester, the requirement is small 
early in pregnancy and rises to as much as 3.0 to 7.5 mg/day in 
the third trimester. These amounts are greater than those that 
can be absorbed from even the best of diets, and stores may be 
insufficient to meet them. For this reason, iron supplementation 
is frequently recommended as a component of prenatal care. In 
the absence of supplements, maternal iron deficiency may occur, 
usually manifesting in the third trimester.

Lactation results in a daily iron loss of ∼0.5 to 1.0 mg. The 
iron content of human breast milk is probably not affected by the 

Iron Fate Mean Amount (mg) Range (mg)

Lost to fetus  270 200–370

Lost in placenta, cord   90  30–170

Lost with bleeding at delivery  150  90–310

Normal body iron loss  170 150–200

Added to expanded red  
blood cell mass

 450 200–600

 Total 1,130  670–1,650

Returned to stores when red 
blood cell mass contracts after 
delivery

 450 200–600

 Net loss (over 9 months)  680 470–1,050

IRON BALANCE IN PREGNANCY

TablE 23.6
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Oral abnormalities, including atrophy of the lingual papil-
lae, are the most common of iron deficiency–induced epithelial 
changes (Fig. 23.7, Table 23.7). These may present as soreness 
or burning of the tongue, either spontaneously or stimulated by 
food or drink, and by varying degrees of redness.319 The filiform 
papillae over the anterior two thirds of the tongue are the first to 
atrophy and may disappear completely. In severe cases, fungi-
form papillae also may be affected, leaving the tongue completely 
smooth and waxy or glistening.322 These changes are generally 
reversed after 1 to 2 weeks of iron therapy. Angular stomatitis, 
characterized by ulcerations or fissures at the corners of the 
mouth, is a less specific sign of iron deficiency, and it also occurs 
in riboflavin and pyridoxine deficiencies.

iron-deficient female athletes after standardized exercise tests. 
Peak lactate levels fell significantly after 2 weeks of iron treat-
ment. This observation led to the suggestion that iron deficiency 
forces the muscles to depend to a greater extent on anaerobic 
metabolism than occurs in normal subjects.

Animal studies demonstrate that muscle function is disturbed 
in iron deficiency. The spontaneous activity level of iron-deficient 
rats decreased,304 and short-term exercise tolerance in treadmill 
running tests was reduced,166,167,303,305 even at mild degrees 
of deficiency.306 These abnormalities could not be explained by 
anemia alone, because they persisted after anemia was corrected 
by exchange transfusion.166,167 All were corrected promptly when 
iron was administered. In contrast, in a patient study no abnor-
malities of muscle function were noted in six nonanemic patients 
with long-standing iron deficiency, induced for the treatment of 
polycythemia vera.307

A variety of behavioral disturbances have been observed in 
iron-deficient children.174,308,309,310,311,312 These children have 
been reported to be irritable and disruptive, with short attention 
spans and a lack of interest in their surroundings. Neurologic 
development in infants313 and scholastic performance in older 
children314 may be impaired. Cognitive performance is defective 
in iron-deficient rats.315 All of these behavioral abnormalities are 
ameliorated with the initiation of iron therapy.

The ability to maintain body temperature on exposure to 
cold is impaired in iron-deficient patients316 and animals.317 
Occasional patients experience neuralgia pains, vasomotor dis-
turbances, or numbness and tingling. In children, iron deficiency 
has been associated with neurologic sequelae, including develop-
mental delay, ischemic stroke, increased intracranial pressure, 
papilledema, and the clinical picture of pseudotumor cerebri.318 
The pathogenesis is probably complex, involving severe anemia, 
thrombocytosis, and reduced levels of tissue iron enzymes.

Epithelial Tissues
Patients with long-standing iron deficiency may develop a con-
stellation of symptoms characterized by defective structure or 
function of epithelial tissues. Especially affected are the nails, the 
tongue and mouth, the hypopharynx, and the stomach. These epi-
thelial lesions tend to occur together in the same patients at the 
same time319,320 but also may occur as isolated findings.

In iron-deficient subjects, the fingernails may become brittle, 
fragile, or longitudinally ridged, but these findings are quite non-
specific. Alterations more typical of iron deficiency are nail thin-
ning, flattening, and ultimately the development of koilonychia, 
concave or “spoon-shaped” nails (Fig. 23.6). Koilonychia is now 
rarely seen in clinical practice, but of 400 babies attending a well-
baby clinic in West Virginia before 1970, 5.5% had koilonychia, 
and nearly all of these infants appeared to be iron deficient.321 
Koilonychia is a relatively nonspecific finding, which can also 
result from prolonged repeated exposure to hot soapsuds and 
other caustic agents.

FIGURE 23.6. Koilonychia in a 1.5-year-old child with iron deficiency anemia.

FIGURE 23.7. Tongue of a patient with iron deficiency anemia. Moderately severe papil-
lary atrophy evident before therapy (A) and restoration after iron repletion (B). (Courtesy of 
R. W. Monto, Detroit, MI.)
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abnormalities in the immune response: defective lymphocyte-
mediated immunity and impaired bacterial killing by phagocytes. 
Evidence of defective cellular immunity includes as much as a 
35% reduction in the number of circulating T cells. Both helper 
and suppressor T cells are affected.329 In addition, iron-deficient 
subjects do not respond as well as normal subjects to certain skin 
test antigens, such as to Candida, diphtheria, and Trichophyton. 
These abnormalities can be corrected by the administration of 
iron. No abnormalities have been noted in testing with tuberculin 
or dinitrochlorobenzene. Ribonucleotide reductase is an iron-con-
taining enzyme required for the synthesis of DNA for cell division. 
Some authors have suggested that reduced levels of this enzyme 
might lead to impaired ability of the T cells to proliferate, thereby 
accounting for the defects in cell-mediated immunity, but others 
have reported changes in cytokine production in iron-deficient 
patients.

The nitroblue tetrazolium dye test of phagocyte function yielded 
abnormal results in iron-deficient children, and the abnormality 
could be corrected by iron administration.330,331 Furthermore, a 
decrease in the magnitude of the “oxidative burst” accompanying 
phagocytosis was observed.332 Finally, killing of several types of 
pathogenic bacteria by neutrophils was defective.330,333

The sequence of changes in neutrophil function was studied 
as iron deficiency developed in rats. Myeloperoxidase activity 
was reduced to a greater extent and responded more slowly to 
iron therapy than did defects in the oxidative burst.334 Because 
the oxidative burst is considerably more important in bacterial 
killing than is myeloperoxidase, the observations suggest that the 
neutrophil conserves its most important function as the deficiency 
develops. The defect in the oxidative burst could be demonstrated 
only with the use of agents that induced phagocytosis; no defect 
was noted when the burst was stimulated by soluble agents. 
Thus, phagocytosis, rather than the oxidative burst itself, may be 
at fault.

In experiments in an iron-deficient mouse model, lack of hep-
cidin was responsible for the high inflammatory response to lipo-
polysaccharide treatment.335 Taken together, these abnormalities 
provide a basis for an expectation that resistance to infection 
may be impaired in iron deficiency. However, a clinically relevant 
relationship between states of iron deficiency and susceptibility 

The association of dysphagia, angular stomatitis, and lingual 
abnormalities with hypochromic anemia was reported as early as 
the beginning of the 20th century. Dysphagia affects women more 
often than men and is relatively uncommon in patients younger 
than age 30 years. However, it has been observed in adoles-
cents174,319 and even toddlers. Patients with sideropenic dyspha-
gia (also known as Paterson-Kelly syndrome and Plummer-Vinson 
syndrome) note a gradual onset of difficulty swallowing and 
describe discomfort localized to the area of the neck near the 
cricoid cartilage. They experience dysphagia with solid foods 
but have little problem with liquids. If not treated, the dysphagia 
worsens, and ultimately the diet is so restricted that it interferes 
with the maintenance of balanced nutrition.

The most common anatomic lesion is a “web” of mucosa at the 
juncture between the hypopharynx and the esophagus.323 These 
webs, which may be multiple, usually extend from the anterior wall 
into the lumen of the esophagus, but they may encircle the lumen 
completely, forming a cufflike structure. In some patients, a benign 
stricture is noted, and the opening into the esophagus at the cricoid 
area may be reduced to the size of a pinhole or slit. Postcricoid 
webs may occur in the absence of documented iron deficiency, but 
nearly all affected patients were iron deficient in one investigative 
series.320 Both webs and strictures may be demonstrated by radio-
graphic examination (lateral view) of the neck after barium swal-
low (Fig. 23.8). Multiple exposures or cineradiography are required 
for optimal demonstration of these abnormalities.

At biopsy, the webs appear to be constructed of normal epithe-
lium with underlying loose connective tissue, sometimes showing 
a chronic inflammatory reaction. In a small percentage, hyper-
chromatic nuclei and increased mitotic activity are observed in 
the basal cell layer. Biopsy of the strictures demonstrates chronic 
nonspecific inflammation and degeneration of striated muscle. 
Carcinoma in the postcricoid area has been noted as a late compli-
cation of the syndrome in 4% to 16% of patients.319 For relief of the 
dysphagia, clinicians often must rupture the webs, dilate the ste-
nosis, or both, although treatment with iron supplements relieves 
dysphagia in mild cases if the associated webs are small.324,325

The variation in the prevalence of sideropenic dysphagia sug-
gests that factors other than iron deficiency may contribute to 
oroesophageal abnormalities. Genetic factors may be important, 
as may some unrecognized coexisting nutritional abnormalities.

Immunity and Infection
The relationship between iron deficiency and infection is com-
plex.326,327,328 Iron deficiency clearly results in at least two 

Site Finding

Nails Flattening

Koilonychia

Tongue Soreness

Mild papillary atrophy

Absence of filiform papillae

Mouth Angular stomatitis

Hypopharynx Dysphagia

Esophageal webs

Stomach Achlorhydria

Gastritis

EPITHELIAL LESIONS ASSOCIATED WITH IRON DEFICIENCY

TablE 23.7

FIGURE 23.8. Esophageal web (arrows) in Plummer-Vinson syndrome.
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The red cell distribution width (RDW) is increased in iron defi-
ciency, and this often is useful in distinguishing iron deficiency 
from thalassemia trait conditions in which the RDW is normal. 
Both the percentage and the absolute number of reticulocytes 
may be normal or slightly increased. In experimentally induced 
iron deficiency in certain animal species, including rats, mice, 
and pigs, reticulocytosis is pronounced. The chief finding on blood 
smear is hypochromia, observed as an increase in the size of the 
region of central pallor (Fig. 23.10). The more severe the anemia, 
the more severe the hypochromia and the greater the percentage 
of erythrocytes affected. When hypochromia is extreme, most of 
the red blood cells appear as mere rings. Tiny microcytes and a 
moderate number of poikilocytes, particularly tailed and elon-
gated elliptical forms (pencil cells), are also found. In almost all 
instances, however, a variable number of well-filled red corpus-
cles are present, and some macrocytes, often polychromatophilic, 
can be distinguished. The mean corpuscular volume and mean 
corpuscular hemoglobin values are reduced in most patients, and 
the mean corpuscular hemoglobin concentration is reduced in 
long-standing or severe disease. The degree of change in the red 
cell indices is related in part to the duration and in part to the 
severity of the anemia. In mild iron deficiency of short duration, 
the indices may be within normal ranges.

Iron-related Indices
The laboratory diagnosis of absolute iron deficiency has tradi-
tionally been based on low serum iron, low percent transferrin 
saturation, and low ferritin.143 However, it has long been known 
that inflammation can mimic some aspects of iron deficiency 
by impairing the utilization of existing iron stores for red cell 
production, and inducing an iron-sequestration syndrome and 
hypoferremia.351 The molecular mechanisms that underlie the 
redistribution of iron during inflammation are discussed in 
Chapter 45, but may center on cytokine-stimulated overproduc-
tion of hepcidin, particularly IL-6.36

Serum ferritin has the potential to differentiate true iron 
deficiency from inflammatory iron sequestration. However, both 
inflammation and intracellular iron accumulation stimulate the 
production of the iron storage protein ferritin whose soluble form 
is detectable in plasma and serum. Therefore, interpretation of 
serum ferritin in patients with inflammation due to comorbidi-
ties is more challenging. The generally accepted cut-off level for 
serum ferritin to indicate absolute iron deficiency has been ≤12 
ng/ml.352 However, studies correlating the presence or absence of 
stainable iron with serum ferritin in patients and in normal indi-
viduals, and also patients with anemia responsive to iron therapy, 
indicate that this threshold level of ferritin had only a sensitivity 
of 25% for detecting iron deficiency.353 The sensitivity could be 
improved to 92%, with a positive predictive value of 83%, by using 
a diagnostic cutoff value of ≤30 ng/ml.

The differentiation among absolute iron deficiency, functional 
iron deficiency, and iron-sequestration syndromes (Fig.  23.11) 
is important for patient management.268 Functional iron defi-
ciency is manifest by a fall in iron saturation either during 
endogenous erythropoietin–stimulated erythropoiesis,268,354,355 
or with initiation of ESA therapy even in normal volunteers with 
adequate iron stores.268,356 The manifestation of functional iron 
deficiency is reduced transferrin saturation, as illustrated in 
Figure 23.12. Absolute iron deficiency may be the presenting sign 
of occult blood loss from gastrointestinal lesions including malig-
nancy,233,357 whereas an iron sequestration phenotype is indica-
tive of an underlying inflammatory disorder. Commonly used 
laboratory tests such as serum iron, total iron-binding capacity, 
mean corpuscular volume, transferrin saturation, and ferritin 
provide limited diagnostic value.127,358

Increased soluble transferrin receptor (sTfR) has been reported 
to be an indicator of iron deficiency,359 because sTfR is released 

to infections remains controversial.336 Conversely, considerable 
data suggest that iron deficiency and iron sequestration by bind-
ing proteins protect against infection by depriving the invading 
organisms of the metal.337,338 Thus, optimal immune function is 
highly dependent on iron balance; both iron-deficient and iron 
overloaded hosts are at higher risk for infection.

Pica
Pica is a striking symptom of iron deficiency. Hippocrates wrote 
that a “craving to eat earth” was associated with “corruption 
of the blood.” Abnormal eating patterns were also a prominent 
manifestation of chlorosis. Pagophagia, defined as the purpose-
ful eating of at least one tray of ice daily for 2 months, is a 
common form of pica. In one study, the ingestion of ice aver-
aged nearly 2  kg/day, and some patients ate an astounding 4 
to 9 kg/day.339 This dramatic symptom was relieved within 1 to 
14 days after iron was administered. Another study found that 
pagophagia was a symptom of iron deficiency in 23 of 38 con-
secutive adult patients, and iron therapy was curative.340 Pica is 
especially striking when the patient consumes bizarre, nonfood 
substances.341

Crosby estimated the incidence of pica in his iron-deficient 
patients to be 50%.342 Approximately one half of them ate ice; 
the rest experienced “food pica.” The latter consists of compul-
sively eating one food, often something that is brittle and makes 
a crunching sound when chewed.343 Because patients may be 
ashamed of this compulsive habit, they often do not volunteer the 
information during the medical interview. Direct tactful inquiry is 
necessary to elicit the history of pica.

Genitourinary System
Disturbances in menstruation are common in iron deficiency, and 
not infrequently, iron deficiency results from, or is exacerbated by, 
excessive menstrual blood loss. Beeturia, the excretion of a pink 
to red pigment in the urine after the ingestion of beets, has been 
reported to be more common in iron-deficient patients than in 
normal subjects.344 However, it is likely that a significant fraction 
of the normal population also has this symptom.345

Skeletal System
Changes in the skull similar to those found in association with 
thalassemia or chronic hemolytic anemia have been reported in 
children with iron deficiency anemia of long duration.346,347 The 
diploic spaces may be widened, and the outer tables thinned, at 
times with vertical striations producing a hair-on-end appearance. 
In addition, abnormalities of the long bones are noted, especially 
the metacarpals and phalanges, with expansion of the medulla 
and thinning of the cortices.348 These changes likely result from 
expansion of the erythroid marrow during bone growth and 
development.

laboratory evaluatIon

Complete blood Count and peripheral Smear
The severity of anemia depends on the presenting circumstances 
of iron deficiency. If discovered when the patient is being evalu-
ated for preadmission testing for elective surgery (Fig. 23.9),348 
or for an underlying or unrelated disease, the anemia can be mild 
to moderate (Hgb 8 g/dl to 12 g/dl). If symptoms of anemia are 
the presenting complaint, the blood hemoglobin level may be 8 g/
dl or lower.

Anisocytosis is an important early sign in iron deficiency and 
one that has differential diagnostic value when quantified.349,350 
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Hb < 12 g/dl for females
Hb < 13 g/dl for males

SF < 30 µg/L and/ 
or TSAT < 20%

SF 30–100 µg/L
and/or TSAT < 20%

Normal

Iron status? 

Serum creatinine
Glomerular 
filtration rate 
(GFR)

Anemia of 
chronic 
disease

Abnormal Vitamin 
B12 and/or 
folic acid

SF > 100 µg/L
and/or TSAT > 20%

NormalChronic kidney 
disease (CKD)

Low

Rule out iron 
deficiency

Iron deficiency
Consider referral to 
gastroenterologist to 
rule out malignancy

Folic acid and/or
vitamin B12 therapy

Consider 
referral to 
nephrologist

No response

R
esponse

No action required

Evaluation necessary

Erythropoiesis-
stimulating agent 
therapy (ESA)

Iron therapy
1) Oral iron in divided doses
2) IV iron if intolerance to oral iron, 
gastrointestinal uptake problems (e.g., high
hepcidin), or short timeline before surgery

No

Yes

FIGURE 23.9. Screening, evaluation, and 
management of preoperative anemia in 
elective orthopedic surgical patients. Algo-
rithm for the detection, evaluation, and manage-
ment of preoperative anemia. SF, serum ferritin; 
TSAT, transferrin saturation. From Goodnough LT, 
et al. Detection, evaluation, and management of 
preoperative anaemia in the elective orthopaedic 
surgical patient: NATA guidelines. Br J Anaesth 
2011;106:13–22.

FIGURE 23.10. Blood smear from a patient with microcytic anemia due to iron 
 deficiency. (Courtesy of Irma Pereira MT [ASCP]SH.)

FIGURE 23.11. Iron deficiency states. The relationships between absolute iron deficiency, 
iron sequestration, and functional iron deficiency are illustrated. Patients can have one or more 
combinations that all result in iron-restricted erythropoiesis. (From Goodnough LT. Transfusion. 
2011 Dec 12 [Epub].)
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regulated by opposing stimuli and its levels tend to be variable.363 
For example, in conditions with mixed iron deficiency and inflam-
mation, hepcidin may be low, normal, or elevated depending on 
the degree of iron deficiency or inflammation. In resistance to 
ESA therapy due to chronic kidney disease, hepcidin levels may 
be high because of decreased hepcidin renal clearance and pos-
sibly inflammation. In the absence of inflammation, in conditions 
of accelerated erythropoiesis due to endogenous erythropoietin 
or ESA stimulation, hepcidin levels will be low. Thus in patients 
with mixed conditions, hepcidin levels may not help treating phy-
sicians arrive at a definitive diagnosis but may give guidance in 
identifying patients who are likely to respond to iron (oral vs. IV) 
therapy (i.e., hepcidin levels are low with marginal storage iron 
or accelerated erythropoiesis). More complex algorithms will need 
to be developed and tested to provide optimal guidance in the 
evaluation and management of anemia.86,364 Expected changes in 
hepcidin levels and iron parameters in various clinical conditions, 
in iron therapy strategies, and in the potential use of hepcidin-
targeted therapies in patients with various forms of anemia, are 
summarized in Table 23.8.

Clinically, it would be helpful to detect the earliest changes 
in red cell indices that reflect iron-restricted erythropoiesis. One 
approach would be to identify newly formed iron-deficient cells 
when they are released from the bone marrow as reticulocytes. 
Flow cytometric analysis of reticulocytes allows determination 
of reticulocyte hemoglobin content (CHr)365,366 or percentage 
of hypochromic reticulocytes (% HYPO).367 As illustrated in 
Figure  23.13, this approach can also identify functional iron 
deficiency in iron-replete volunteers receiving ESA therapy.368 
The % HYPO measure is regarded as a time-averaged marker of 
iron-restricted erythropoiesis (20 to 120 day), whereas the CHr 
measure is a real-time parameter (48 hours).369 Many existing 
laboratory analyzers are capable of measuring CHr but may 
require modification with software patches.

leukocytes and platelets
The leukocytes are usually normal in number, but mild granu-
locytopenia may occur in long-standing cases of iron deficiency. 
Recent large-volume hemorrhage may cause a slight neutrophilic 
leukocytosis, and occasional myelocytes may be found in periph-
eral blood. In iron deficiency due to parasitic infestation, eosino-
philia may be present.

Thrombocytosis commonly accompanies iron deficiency.370 
The platelet count often increases to approximately twice the 
normal level, and values return to normal after iron therapy. The 
cause of the thrombocytosis of iron deficiency is unknown.

by erythropoietic precursors in proportion to their expansion, and 
is not increased by inflammation. However, this assay was found 
to have a specificity of 84% and a positive predictive value of only 
58% in a population of patients likely to be typical of the most 
difficult diagnostic environments for assessing iron status.353 
Interpretation of increased sTfR therefore may be challenging, 
even in the absence of known causes of increased erythropoiesis 
other than iron deficiency. Similarly, attempts to combine ferritin 
and sTfR results (sTfR/log ferritin)360 still fall short when analyzed 
for diagnostic sensitivity and specificity, and must be corrected for 
acute phase reactant changes in the setting of inflammation.358

The development of sensitive, accurate, and reproducible 
immunoassays43,361 and mass-spectrometric assays362 for human 
hepcidin has allowed detailed definition of physiologic and patho-
logic changes of hepcidin in healthy volunteers and in patients. 
In contrast to ferritin, changes in hepcidin concentrations are 
frequently the cause of, rather than the result of, iron disorders. 
Measurements of hepcidin may be useful for diagnosing absolute 
iron deficiency or differentiating it from iron-sequestration syn-
dromes. In absolute iron deficiency, serum hepcidin concentra-
tions are very low.43 Low hepcidin would also identify patients 
most likely to respond to iron therapy. In iron sequestration 
syndromes, on the other hand, hepcidin would be expected to 
be high as the pathogenic mediator of iron restriction in inflam-
mation. In patients with mixed presentations, hepcidin may be 
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FIGURE 23.12. The impact of endogenous erythropoietin-mediated erythropoi-
esis or ESA (erythropoiesis stimulating agent) mediated erythropoiesis, on iron 
 saturation. Patients undergoing autologous blood donation prior to elective orthopedic surgery 
are shown at baseline and after treatment with placebo or one of two doses of recombinant 
human erythropoietin (rHuEPO) at each visit during the donation period. All patients received 
supplemental oral iron. Mean transferring saturation in 24 patients receiving placebo (D), 300 U 
per kg rHuEPO (Z), or 600 U per rHuEPO (u). (From Mercuriali F, Zanella A, Barosi G, et al. Use 
of erythropoietin to increase the volume of autologous blood donated by orthopedic patients. 
Transfusion 1993;33:55–60.)

Condition
Expected Hepcidin 
Levels Iron Parameters Iron Therapy Strategies

Potential Hepcidin 
Therapy

Absolute iron deficiency  
anemia (IDA)

Low Low TSAT and ferritin PO or IV if poorly tolerated 
or malabsorbed

No

Functional iron deficiency  
(ESA therapy, CKD)

Variable, depending on 
± CKD

Low TSAT, variable ferritin IV Antagonist (if hepcidin levels 
not low)

Iron sequestration (anemia of 
inflammation [AI])

High Low TSAT, normal-to- 
elevated ferritin

IV Antagonist

Mixed anemia (AI/IDA) or  
(AI/functional iron deficiency)

Variable Low TSAT, low-to-normal 
ferritin

IVa Antagonist (if hepcidin levels 
not low)

aMixed anemia is a diagnosis of exclusion without a therapeutic trial of iron.
CKD, chronic kidney disease; ESA, erythropoiesis-stimulating agent; IV, intravenous; PO, oral; TSAT, transferrin saturation.
From Goodnough LT. Iron deficiency syndromes and iron-restricted erythropoiesis. Transfusion. 2011 Dec 29 [Epub].

POTENTIAL ROLE OF HEPCIDIN IN DIAGNOSIS AND MANAGEMENT OF PATIENTS WITH IRON-RESTRICTED ERYTHROPOIESIS

TablE 23.8
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19th century. It is effective, reasonably well tolerated, and inex-
pensive. If equivalent amounts of elemental iron are given, ferrous 
gluconate and ferrous fumarate are equally satisfactory and have 
approximately the same incidence of side effects. Although iron 
deficiency clearly promotes increased absorption, individual vari-
ations are great, and absorption may be vastly different at varying 
degrees of anemia and in the presence of complicating illnesses.

The dose is best calculated in terms of elemental iron. For 
adults, the optimal response occurs when ∼200 mg of elemental 
iron is given orally each day. The usual ferrous sulfate tablet 
(325 mg) contains ∼65 mg of elemental iron. Iron is absorbed 
more completely when the stomach is empty; when iron inges-
tion occurs after or with a meal, absorption decreases substan-
tially.372 However, gastrointestinal irritation is common when the 
stomach is empty. Consequently, patients are frequently advised 
to take oral iron immediately after or even with a meal. The gain 
in patient acceptance may be more important than the reduced 
absorption of iron. However, it is important to remember that, 
whereas absorption is enhanced by the presence of orange juice, 
meat, poultry, and fish, other substances such as cereals, tea, and 
milk inhibit it. This is particularly important in toddlers, because 
administration of oral iron with milk often compromises therapy.

For iron-deficient children, the optimal dosage is 1.5 to  
2.0 mg elemental iron per kilogram of body weight given orally 
three times per day. Palatable elixirs and syrups are the most 
satisfactory pediatric preparations, although they can stain the 
teeth if not given carefully. Children usually tolerate this form of 
therapy on an empty stomach.

In adults, a 200-mg daily oral dose produces a maximal rate 
of hemoglobin regeneration. However, the maximal rate is not 
necessarily the only legitimate therapeutic goal. If the underlying 
disease has been corrected and the anemia is mild to moderate, a 
slower rate of response may be acceptable. Thus, if such patients 
cannot tolerate 200 mg/day of elemental iron, it is reasonable 
to reduce the dose to 100 mg/day.373 Because less iron is given, 
tolerance improves. In this circumstance, speed of response is 
exchanged for increased patient compliance, although it may 
be necessary to treat for longer. Regardless of the form of oral 
therapy used, treatment should be continued for at least 3 to  
6 months after the anemia is relieved. If treatment does not 
continue, relapse is common. The continued therapy allows for 
repletion of iron stores.

Side Effects of Oral Iron Therapy
Some patients given oral iron report gastrointestinal symptoms, 
including heartburn, nausea, abdominal cramps, and diarrhea. 
However, functional gastrointestinal symptoms are common in the 
general population, and patients may incorrectly ascribe them to 
iron treatment. In one double-blind study, ferrous sulfate, ferrous 
gluconate, ferrous fumarate, and placebo were administered in 
identically appearing tablets.374 No significant differences were 
found among the three iron salts. Approximately 12% of subjects 
had symptoms that could reasonably be ascribed to iron ingestion. 
Often, tolerance of iron salts improves when a small dose is given 
at first and increased over the course of several days to the full 
dose. A polysaccharide–iron complex is marketed that is alleged to 
be as effective as ferrous sulfate while causing fewer side effects. 
The question of whether it is as well absorbed as ferrous sulfate 
has not been definitively resolved.

Enteric-coated preparations are designed to reduce side 
effects by retarding dissolution of the iron. However, this effect 
may markedly decrease absorption, especially in achlorhydric 
individuals, whose gastric juice cannot dissolve the coating. 
Sustained-release preparations also reduce side effects by retard-
ing dissolution, but in so doing, the most actively absorbing 
regions of the intestine are bypassed. According to most stud-
ies,375 absorption is therefore reduced.

bone Marrow
Macrophage iron is absent or severely reduced in the marrow, 
spleen, and liver of iron-deficient subjects. Fewer than 10% of 
the marrow normoblasts are sideroblasts. In addition, the iron- 
deficient bone marrow is characterized by mild to moderate 
erythroid hyperplasia. There may be striking nuclear distor-
tions, resembling those found in dyserythropoietic anemias.371 
Karyorrhexis and nuclear budding are particularly common, but 
multinuclearity, nuclear fragmentation, and even intranuclear 
bridging may be observed. The individual normoblasts appear 
small and may have scanty cytoplasm, often with irregular ragged 
borders. When therapy is given, erythroid hyperplasia initially 
increases, but as erythropoiesis is restored to normal, the cellular-
ity of the marrow likewise becomes normal.

manaGement of Iron DefIcIency
Management is primarily focused on repletion of iron stores. 
Most of the time, this therapy is straightforward, simple, and 
inexpensive. The response to treatment is predictable and grati-
fying. There is, however, an important caveat: correction of the 
iron deficiency is only part of the task confronting the clinician. 
Particularly in older adults, iron deficiency may be an early sign 
of a serious illness, such as an occult gastrointestinal malig-
nancy. Clearly, correction of the anemia without recognition and 
treatment of a possible underlying disease is poorly practiced 
medicine. The cause of iron deficiency anemia can be identified in 
the great majority of cases. Once an etiologic diagnosis is made, 
appropriate therapy can begin.

Iron can be administered orally or intravenously. The oral 
route is the safest and least expensive. It is important to note 
that therapeutic doses are quite different for oral and intravenous 
preparations. Most iron-deficient patients respond well to oral 
therapy, but intravenous administration of iron may sometimes 
be required.

Oral Iron Therapy
The most common preparation used orally is ferrous sulfate, 
which has been a mainstay of treatment for iron deficiency since 
it was first introduced by the French physician Pierre Blaud in the 

FIGURE 23.13. The effect of depleted iron stores or erythropoiesis-stimulating agent 
(ESA) therapy on flow-cytometry detection of percentage hypochromic reticulocytes 
(% HYPO). (From Goodnough LT, Nemeth E, Ganz T. Detection, evaluation, and management of 
iron-restricted erythropoiesis. Blood 2010;116:4754–4761.)
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blood loss, iron-restricted erythropoiesis and high hepcidin levels 
can coexist in patients in whom absorption of dietary or oral iron 
supplements is impaired.364 In these instances, and in circum-
stances of ongoing blood loss,384 intravenous iron therapy may 
be needed either as a diagnostic trial or as definitive therapy.385

Intravenous Iron Therapy
Therapy with ESAs in management of the anemia of chronic renal 
failure has led to substantial clinical experience in supplemental 
intravenous iron therapy in this setting.386,387 Hyporesponsiveness 
to ESA therapy is a common phenomenon388,389 due to a variety 
of comorbid conditions, but particularly related to functional iron 
deficiency.354,356 Patients with anemia undergoing dialysis may 
show suboptimal or no response to oral iron therapy for several 
reasons. During ESA therapy, although absorption of iron can 
increase up to fivefold390 presumably due to hepcidin suppres-
sion by increased erythropoiesis, ongoing external iron losses due 
to hemodialysis and blood testing can exceed the intake.391,392 
Furthermore, some patients have poor compliance with iron 
therapy or significantly reduced gastrointestinal iron absorption. 
Absorption of oral iron can be enhanced with ascorbate by at 
least 30%, because it prevents formation of insoluble and unab-
sorbable compound and reduces ferric iron to ferrous iron.392 
Iron absorption and release from stores may be impaired due to 
high hepcidin levels from diminished clearance by the kidneys, 
not completely corrected by routine hemodialysis, as well as from 
inflammation.

IV iron administration is recommended in renal dialysis 
patients undergoing ESA therapy.393 Patients treated with IV iron 
(100 mg twice weekly) achieved a 46% reduction in ESA dosage 
required to maintain hematocrit (Hct) levels between 30% and 
34%, compared to patients supplemented with oral iron.394 To 
further address the management of iron-restricted erythropoiesis 
in CKD patients undergoing dialysis, a randomized controlled 
trial evaluated the efficacy of IV iron supplementation in patients 
with ferritin between 500 and 1,200 ng/ml.395 The administration 
of IV iron (and increasing the dose of ESA by 25%) resulted in a 
greater correction of anemia compared with increasing the dose 
of ESA alone. After the end of the trial, there was greater success 
in reducing the dose of ESA in the patients receiving IV iron, com-
pared to the non-iron-treated arm.

IV iron therapy also improves responses to ESA therapy 
in patients with inflammatory bowel disease396 compared to 
responses in a similar patient group who received oral iron sup-
plementation.397 Decreased reticulocyte hemoglobin (CHr) is an 
indicator of the inadequacy of iron supply in the face of increased 
iron demand stimulated by ESA therapy.359 The requirement 
for a kinetic balance between iron delivery and level of eryth-
ropoietin stimulation may explain the need for intravenous iron 
supplemental therapy in ESA-treated patients, even those with 
replete iron stores.393 The clinical response to the combination 
of IV iron and ESA therapy may be attributed to the ability of the 
parenteral route to circumvent the inflammation-induced block to 
intestinal iron absorption and deliver a large dose of iron to the 
reticuloendothelial system, which could increase iron efflux from 
macrophages, perhaps by increasing the translation of ferroportin 
mRNA.

Currently approved intravenous iron preparations are listed 
in Table 23.9.398 The risk–benefit profile of IV iron continues to 
undergo evaluation in renal dialysis patients,393,399 as well as in 
patients with anemia of chronic diseases.127 IV iron can allow 
up to a fivefold greater erythropoietic response to significant 
blood loss anemia in normal individuals.400,401 A greater rate of 
red cell production is probably not possible unless red marrow 
expands into yellow marrow space, as is seen in patients with 
hereditary anemias.402,403 One potential limitation to IV iron 
therapy may be that much of the administered iron ends up in 

Failure of Oral Iron Therapy
Clinicians often encounter patients said to have iron deficiency 
anemia unresponsive to oral therapy. The most common expla-
nations for failure to respond to oral iron include (a) incorrect 
diagnosis, (b) complicating illness, (c) failure of the patient to take 
prescribed medication, (d) inadequate prescription (dose or form), 
(e) continuing iron loss in excess of intake, and (f) malabsorption 
of iron.

In managing a problem of alleged failure to respond to iron, 
it is important to review the data on which the diagnosis of iron 
deficiency anemia was based and to take note of any laboratory 
procedures that might have yielded erroneous information. At 
times, even though iron deficiency is present, a coexisting cause 
for anemia may impair response. Examples are iron deficiency 
as a complication of the anemia of inflammation in rheumatoid 
arthritis, H. pylori infection, as well as so-called dimorphic ane-
mia, in which iron deficiency and pernicious anemia coexist.

In some patients, blood loss is so great that oral iron therapy 
cannot keep up with it. If this situation is not correctable (e.g., 
in the case of hereditary hemorrhagic telangiectasia), parenteral 
therapy must be given. Finally, rare patients may be unable to 
absorb iron. This is unusual; even patients with sprue or total 
gastrectomy are usually able to absorb adequate amounts of 
ferrous sulfate. Patients with iron-refractory iron deficiency syn-
drome (IRIDA) have a mutation in the protease TMPRSS6 causing 
increased hepcidin production177,178,189,190 and are refractory 
to oral iron therapy but partially responsive to intravenous iron 
therapy.

In individuals who are compliant with oral therapy and not 
actively bleeding, but still poorly responsive to treatment, addi-
tion of ascorbic acid (usually 500 mg twice a day) may improve 
iron absorption and the hemoglobin response.376–378 Subclinical 
ascorbic acid deficiency has been suggested as an etiology of 
refractory iron deficiency anemia.379

Even under the best of circumstances, oral iron supplementa-
tion is poorly tolerated and patients may be noncompliant, not 
only from side effects of oral iron but because of their diagnosis or 
the therapy they are undergoing for their disease. Nevertheless, 
in stable patients with mild to moderate anemia in which there is 
some time for management strategies, and particularly in those 
patients in whom diagnostic laboratory testing has not definitively 
ruled out iron-restricted erythropoiesis, a therapeutic trial of oral 
iron therapy can be recommended.380 In general, absorption of 
oral iron inversely correlates with hepcidin levels.381,382 Thus, 
hepcidin measurements may help to determine a priori which 
patients are good candidates for oral iron therapy. Exceptions 
may be patients who malabsorb iron because of damage to the 
intestinal lining such as in celiac disease, and in patients undergo-
ing treatment with proton-pump inhibitors.

In a study of patients with anemia,353 5 of 54 who had bone 
marrow examinations had absent iron stores indicating absolute 
iron deficiency. There were an additional eight patients who were 
categorized as iron deficient because of their response to oral iron 
therapy; half of these had serum ferritins ≥12 ng/ml and one of 
the patients had a serum ferritin >100 ng/ml. This analysis sug-
gests that in the absence of a diagnostic bone marrow examina-
tion, it is difficult to rule out iron deficiency confidently, and an 
empiric trial of iron therapy may be desirable to identify patients 
who have absolute iron deficiency for successful patient manage-
ment, because it may be a sign of serious underlying illness,231,383 
including malignancy.233,357

Failure to respond to a trial of oral iron therapy does not rule 
out iron-restricted erythropoiesis or even true iron deficiency in 
the setting of inflammation, as inflammatory hepcidin elevation 
would cause impaired iron absorption.36 Furthermore, ongoing 
blood (and iron) losses may exceed even maximal gastrointestinal 
absorption of iron.384 Clinical situations are often complex, and 
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and red cell production responses in ESA-treated patients. Once 
ESA therapy is administered, even subjects with normal baseline 
levels develop TSAT and ferritin decreases to levels indicating 
iron-restricted erythropoiesis.354,356 Accordingly, guidelines by 
the National Comprehensive Cancer Network (NCCN) have recom-
mended that iron studies be obtained at baseline in order to iden-
tify patients who are candidates for supplemental iron therapy, 
and that if subsequent hemoglobin levels after 4 weeks of ESA 
therapy indicate no response (<1 g/dl increase in hemoglobin), 
then IV iron supplemental therapy should be considered, along 
with an increase in ESA dose.413

Despite these beneficial effects in treatment of iron deficiency, 
intravenous iron administration may generate oxidative stress 
and other inflammatory changes.393 A mouse model showed that 
red cell transfusion of aged blood resulted in oxidative stress 
and inflammatory cytokine secretion in response to macrophage-
ingested iron from membrane-encapsulated hemoglobin, but not 
from stroma-free lysate derived from stored red cells.414 Long-
term effects of the intravenous iron preparations will require 
careful study in relevant clinical settings.327,415

The hypoferremia and anemia of inflammation can be viewed 
as a mechanism of defense against providing iron to unwanted 
pathogens,416 and therefore adaptive. On the other hand, oth-
ers are not convinced that iron deficiency or iron-restrictive 
anemia should be regarded as a desirable condition that benefits 
patients with infection or inflammation. Although more evidence 
is clearly needed, in patients who show symptoms attributable 
to moderate or severe anemia of inflammation, and who do not 
suffer from overwhelming or difficult to control infection, iron-
restricted erythropoiesis can and should be treated, an argument 
that is not new.373 In iron-restricted anemias other than absolute 
iron deficiency, the optimal treatment is still evolving and may 
be improved by the ongoing development of hepcidin-targeted 
therapies.

Important clinical subjects for further study in this area should 
include improving the diagnosis of various forms of iron-restricted 
anemia in complex clinical settings, testing optimal combina-
tions of ESA and IV iron treatments, analysis of the relative 
risk–benefits of ESA and IV iron therapy, and the appropriate 

the reticuloendothelial system as storage iron, from where it is 
not readily available for erythropoiesis,403 particularly if hepci-
din concentrations are elevated. However, for patients with iron 
deficiency, 50% of IV iron is incorporated into hemoglobin within 
3 to 4 weeks.404 For patients with anemia of chronic disease or 
renal failure, IV iron is mobilized less rapidly from the reticulo-
endothelial system.405 Nevertheless, when iron dextran was given 
intravenously to patients with the anemia of rheumatoid arthritis, 
cellular hemoglobin concentrations increased significantly.406

In patients with malignancy and chemotherapy-induced 
 anemia, five trials have studied IV iron in the setting of therapy 
with ESAs. In one study407 of patients undergoing chemotherapy, 
155 patients were treated with ESA and randomized to receive 
either no iron; oral iron as 325 mg if ferrous sulfate twice daily; 
100-mg boluses of IV iron dextran weekly until the total calculated 
iron deficit was administered; or a single of IV iron dextran to the 
same calculated dose. There were significant improvements in 
hemoglobin levels and hematopoietic responses in both patient 
groups treated with IV iron arms, compared to those receiving 
oral iron or no iron therapy.

Another study408 assigned 189 patients to receive ESA weekly 
plus no iron, oral iron as 325 mg of ferrous sulfate thrice daily, 
or IV ferrous gluconate as 125 mg weekly boluses. The cohort 
treated with IV iron had improved hemoglobin and hematopoietic 
responses compared to the other cohorts. A third study409 ran-
domly assigned 67 patients with lymphoproliferative malignan-
cies not receiving chemotherapy with IV or no iron. Again, IV iron 
resulted in improved hemoglobin and hematopoietic responses.  
A fourth study of 398 patients with chemotherapy-induced 
anemia who were treated with ESA therapy, found significant 
improvement in hemoglobin levels and hematopoietic responses 
in the patient cohort treated with IV iron,410 further confirmed by 
a fifth study.411

Iron-restricted erythropoiesis has been shown to be a consid-
eration at time of cancer diagnosis even before ESA therapy: 17% 
of carefully screened patients were found to have serum ferritins 
<100 ng/ml and 59% had transferrin saturations (TSAT) less than 
20% at diagnosis.412 Additionally, renewed attention has been 
placed on the dose–response relationship between ESA dosage 

Trade Name DexFerrum INFeD Ferrlecit Venofer Feraheme Ferinjecta Monofera

Manufacturer American Regent, Inc Pharmacosmos Sanofi Aventis Vifor AMAG Vifor Pharmacosmos

Carbohydrate High-molecular-
weight dextran

Low-molecular-
weight dextran

Gluconate Sucrose Carboxymethyl 
dextran

Carboxymaltose Isomaltoside 
1,000

Molecular weight  
measured by  
manufacturer (Da)

265,000 165,000 289,000–440,000 34,000–60,000 750,000 150,000 150,000

Total-dose or >500 mg 
infusion

Yes Yes No No Yes Yes Yes

Premedication TDI only TDI only No No No No No

Test dose required Yes Yes No No No No No

Iron concentration  
(mg/ml)

50 50 12.5 20 30 50 100

Vial volume (ml) 1–2 2 5 5 17 2 or 10 1, 2, 5, or 10

Black box warning Yes Yes No No No No No

Preservative None None Benzyl alcohol None None None None

aNot approved in the United States.
Note: Ferric gluconate and iron sucrose are also referred to as iron salts.
TDI, total-dose infusion.
From Goodnough LT, Shander AS. Current status of pharmacologic therapies in patient blood management. Anesth Analg 2012; in press.

CURRENTLY AVAILABLE INTRAVENOUS IRON PREPARATIONS

TablE 23.9
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themselves are not altered, however, and relapse of the anemia 
is associated with recurring dysphagia. With more severe lesions, 
dilatation of the esophagus is required for relief.

Relapse occurs in a significant fraction of patients who respond 
to iron treatment, in part because of failure to complete the full 
course of therapy and in part because of recurrence (or continua-
tion) of the predisposing condition or illness.

preventive Treatment
Certain people are at such high risk for developing iron deficiency 
that prophylactic measures may be considered. These include 
infants, pregnant women, adolescents, regular blood donors, 
women with menorrhagia, and patients receiving continuous, 
high-dose aspirin therapy. Iron supplementation has been recom-
mended for pregnant women for almost half a century. Although 
the advantages of this practice have not been definitively estab-
lished,419,420 the large iron cost of pregnancy and delivery to the 
mother (Table 23.6) indicate that it is warranted, evidenced by 
recommendations by the US preventative services task force that 
pregnant women be screened for iron deficiency.211

In 1999, the Committee on Nutrition of the American Academy 
of Pediatrics made recommendations for iron supplementation in 
infants.281 They suggest that breastfeeding is preferable for the 
first 5 to 6 months of life if it is feasible, and beyond 6 months of 
age, breast-fed infants should receive supplemental iron at 1 mg/
kg/day. Infants who are not breast-fed should be given formula 
supplemented with 12 mg/L of iron through the first year of life. 
The Committee recommends using iron-fortified cereal at the 
time that a solid diet is begun. Finally, fresh cow’s milk should be 
avoided until after the first birthday.

recovery from anemia after acute hemorrhage
Morphologic evidence of active red cell regeneration should dis-
appear after 10 to 14 days, if hemorrhage does not recur. The 
leukocyte count should be normal after 3 to 4 days. Sustained 
reticulocytosis is suggestive of continued bleeding. Persistent 
leukocytosis may result from the same cause, from hemorrhage 
into body cavities, or from complications. The latter, particularly 
infections, tend to delay the hematopoietic response.

acute Iron Intoxication
The accidental ingestion of iron compounds by children who have 
mistaken the tablets for candy is a common problem, particularly 
with toddlers whose mothers are taking iron-containing prenatal 
vitamin supplements.421–423 A few cases have also been reported 
in adults.424 At one time, the associated mortality rate was as 
high as 50%. Those persons who died had swallowed 3 to 10 g 
or more.

Symptoms of iron intoxication have been classified in four 
stages. In the first stage, gastrointestinal symptoms predominate 
(vomiting, diarrhea, and melena). Shock may ensue, followed 
by dyspnea, lethargy, and coma. These events occur in the first 
6  hours after ingestion. In the second stage, lasting from 6 to  
24 hours after ingestion, transient improvement occurs and may 
continue to recovery. In stage three, metabolic acidosis is present. 
Death may take place 12 to 48 hours after ingestion. Stage four 
consists of intestinal obstruction as a late complication caused by 
scarring of the intestine.

These ill effects are the consequence of the local irritative action 
of the iron, resulting in mucosal ulceration and bleeding. Capillary 
dilatation and diapedesis of red cells may occur. Many factors 
cause the shock, including the absorption of iron in amounts far 
above the binding capacity of the plasma. Serum iron values as 
high as 3,000 mg/dl have been observed. Late coma is the result of 
hypoxia, metabolic disturbances, and hepatic damage.

use of adjuncts such as anti-inflammatory therapy or frequent 
dialysis. Basic scientific insights that could facilitate the progress 
in this area include understanding the molecular nature of the 
erythropoietic iron regulator and suppressor of hepcidin, details 
of the mechanisms by which circulating and stored iron regulates 
hepcidin, the contribution of hepcidin-independent mechanisms 
to anemia of inflammation, and the role of genetics in sporadic 
iron deficiency.

Side Effects of Parenteral Iron Therapy
Side effects may be local or systemic. With intravenous injec-
tion, rates of administration greater than 100 mg/minute are 
associated with pain in the vein injected, flushing, and a metallic 
taste.417 Such reactions are brief in duration and relieved imme-
diately by slowing the injection. Systemic reactions may be either 
immediate or delayed. Immediate side effects include hypoten-
sion, headache, malaise, urticaria, nausea, and rare anaphylac-
toid reactions, particularly to iron dextran. Delayed reactions 
include lymphadenopathy, myalgia, arthralgia, and fever. Most of 
the reactions are mild and transient, but the anaphylactoid reac-
tions may be life-threatening.417,418 For iron dextran therapy, the 
clinician should be prepared for the possibility of anaphylaxis by 
having epinephrine, oxygen, and facilities for resuscitation avail-
able. Sodium ferric gluconate, iron sucrose, and iron saccharates 
are generally better tolerated than the iron–dextran complex, as 
long as the recommended dosages are not exceeded.143,385

response to Therapy
When specific iron therapy is given, patients often show rapid 
subjective improvement, with disappearance or marked dimi-
nution of fatigue, lassitude, and other nonspecific symptoms. 
This response may occur before any improvement in anemia is 
observed. Similarly, pica has been reported to be relieved within 
1 week of therapy.339

The earliest hematologic evidence of response to treatment is 
an increase in the percentage of reticulocytes and their hemoglo-
bin content. The reticulocytes attain a maximal value on the fifth 
to tenth day after institution of therapy and thereafter gradually 
return to normal. The maximal value usually ranges from 5% 
to 10% and is inversely related to the level of hemoglobin. The 
reticulocyte response may not be detectable in mild iron defi-
ciency anemia.

The blood hemoglobin level is the most accurate measure of 
the degree of anemia in iron deficiency. During the response to 
therapy, the red cell count may increase temporarily to values 
above normal, but the hemoglobin value lags behind. The red 
cell indices may remain abnormal for some time after the normal 
hemoglobin level is restored. As recovery occurs, a normocytic cell 
population gradually replaces the microcytic cell population, and 
one of the early signs of response to therapy is an increase in the 
RDW from pretreatment levels. When treatment is fully effective, 
hemoglobin reaches normal levels by 2 months after therapy is 
initiated, regardless of starting values.

Of the epithelial lesions in iron deficiency, those affecting the 
tongue and nails are the most responsive to treatment. After 
1  to 2 weeks, small regenerating filiform papillae are observed. 
After 3 months, the tongue has usually returned to normal; how-
ever, in patients with severe anemia, some atrophy may persist. 
Koilonychia usually disappears in 3 to 6 months, with the concav-
ity moving toward the end of the nail as the nail grows. Gastritis 
and the associated defects in gastric secretion often do not 
respond to therapy, especially in older adults. In patients younger 
than 30 years of age, gastric acid secretion and normal epithelial 
architecture may be restored.215

Dysphagia may be relieved by iron therapy if the associ-
ated postcricoid webs are small or medium sized.324 The webs 
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The introduction of deferoxamine as a therapeutic agent has 
greatly modified the outlook.425 In the setting of acute iron poison-
ing this hexadentate chelator, which has a high specific affinity for 
iron, can be given orally and intravenously. The molecular com-
plex is small and is excreted quickly by the kidneys. Nonetheless, 
it is prudent to manage iron poisoning in consultation with an 
experienced toxicologist.
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The sideroblastic anemias are a heterogeneous group of disor-
ders1–3 uniquely characterized by pathologic iron deposits in 
erythroblast mitochondria4,5 (Fig. 24.1A) that are housed within 
a distinct, mitochondrial ferritin.6,7 The iron-glutted mitochon-
dria account for the so-called ring sideroblast, an erythroblast in 
which numerous Prussian blue–positive granules often appear in 
a perinuclear distribution, particularly in the later stages of its 
maturation (Fig. 24.1B).

The basis for the mitochondrial iron accumulation in the vari-
ous sideroblastic anemias can be regarded as either insufficient 
generation of heme as a result of primary defects in the heme 
biosynthetic pathway or from faults in mitochondrial functions 

A

C

E

B

D

F

FIGURE 24.1. Morphologic features of sideroblastic anemia. A: Electron micrograph of an erythroblast with iron-laden mitochondria. B: Bone marrow smear 
(Prussian blue stain) with ring sideroblasts. C, D: Blood smears (Wright stain) of severe and mild sideroblastic anemia. E: Siderocytes (Wright stain). F: Electron 
micrograph of a Pappenheimer body in a peripheral red blood cell.

that involve iron pathways, creating an imbalance between 
mitochondrial iron import and its utilization. Iron delivery to the 
erythroid cell does not appear to be downregulated in the face of 
these alterations, and iron continues to be transported normally 
to mitochondria, where it accumulates.8,9 Globin synthesis is also 
reduced, but this effect is secondary, as it can be corrected in vitro 
by the addition of heme.10,11

Kinetically, the sideroblastic anemias are characterized by inef-
fective erythropoiesis, like other erythroid disorders with defective 
cytoplasmic or nuclear maturation.12,13 Erythroid hyperplasia of the 
bone marrow is accompanied by a normal or only slightly increased 
reticulocyte count. The plasma iron turnover rate is increased, but 
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Congenital SA

 X-linked (XLSA)

 Mitochondrial carrier protein SLC25A38 deficiency

 Glutaredoxin 5 deficiency

 Associated with erythropoietic protoporphyria

 Cause unknown

 Associated with genetic syndromes

  X-linked with ataxia (XLSA/A)

  Myopathy, lactic acidosis, and sideroblastic anemia (MLASA)

  Congenital sideroblastic anemia and B cell immunodeficiency (SIFD)

  Pearson marrow-pancreas syndrome

  Thiamine-responsive megaloblastic anemia (TRMA)

Acquired Clonal SA

 Refractory anemia with ring sideroblasts (RARS)

 Refractory anemia with ring sideroblasts and thrombocytosis (RARS-T)

 Refractory cytopenia with multilineage dysplasia and ring sideroblasts (RCMD-RS)

Reversible SA: Associated with

 Alcoholism

 Certain drugs (isoniazid, chloramphenicol, linezolid)

 Copper deficiency (nutritional, malabsorption, zinc ingestion, copper chelation)

 Hypothermia

CLASSIFICATION OF THE SIDEROBLASTIC ANEMIAS (SAs)

taBLe 24.1

iron incorporation into circulating red cells is reduced. Red cell sur-
vival tends to be normal or slightly reduced. Slight hyperbilirubine-
mia may be noted, as well as an increase in urobilinogen excretion, 
as a result of a raised erythropoietic component of the “early-label” 
bilirubin peak.14 Thus, it can be inferred that a substantial propor-
tion of the developing ring sideroblasts are nonviable, and their 
expiration through enhanced apoptotic mechanisms within the 
marrow15,16,17 accounts for the kinetic abnormalities.

The progeny of surviving ring sideroblasts are often but not 
always hypochromic and microcytic erythrocytes, a finding that 
provides morphologic evidence of impaired hemoglobin produc-
tion as well as an initial clue to the diagnosis. The degree of hypo-
chromia and microcytosis varies considerably from one form of 
sideroblastic anemia to another (Fig. 24.1C,D). Often, dimorphism 
is pronounced, with a hypochromic/microcytic population of cells 
existing side by side with a normal or even a macrocytic one. The 
siderotic mitochondria of the developing cell may be retained in 
some circulating erythrocytes (Pappenheimer bodies) and are 
regularly found with concurrent hypofunction or absence of the 
spleen; these cells are the nearly pathognomonic siderocytes in 
the Wright-stained blood smear18 (Fig. 24.1E,F).

A common feature of many sideroblastic anemias that are not 
reversible is an excess of total body iron. The serum iron con-
centration is increased, often to the point of complete saturation 
of transferrin, and the level of serum ferritin roughly reflects the 
degree of iron overload. The ineffective erythropoiesis mediates 
increased intestinal absorption of iron by suppressing hepcidin 
production.19,20 The consequent iron overload state is called eryth-
ropoietic hemochromatosis, and its clinical and pathologic features 
and course can rival those of hereditary hemochromatosis21,22 
(see Chapter 25). The occasional concomitant presence of alleles 
for genetic hemochromatosis accentuates the iron overload,23–25 
but their prevalence in patients with sideroblastic anemia does not 
appear to be greater than in the general population.22,26–28

Diverse defects affecting the utilization of iron by the devel-
oping red cell are reflected in the various forms of sideroblastic 
anemia (Table 24.1). Within the congenital group, the majority 

appear as isolated anemia, the X-linked and a recently identi-
fied autosomal recessive type being the most frequent; however, 
in a large proportion of cases the cause remains unexplained. 
Very uncommon are several genetically defined syndromic forms 
involving multiple systems. Acquired sideroblastic anemia is con-
siderably more common than the congenital forms and occurs as a 
clonal disorder manifesting only anemia or multilineage dysplasia 
or even myeloproliferative features. Several diverse factors, such 
as ethanol, certain drugs, copper deficiency, and hypothermia, 
produce the ring sideroblast abnormality that is fully reversible.

HiStoRiCal aSpeCtS
The history of sideroblastic anemias can be said to have begun 
in 1945 with Cooley’s report of a family with X-linked micro-
cytic hypochromic anemia29 (Table 24.2). Near that time iron-
containing granules in erythroblasts, including their perinuclear 
distribution, were described separately,31,32 and 10 years later 
were demonstrated to represent iron-laden mitochondria.4 Over 
the next two decades these ring sideroblasts were recognized in 
pyridoxine-responsive anemia and in numerous patients with 
“refractory” anemia of unknown cause, hereditary or acquired, 
forming the basis for a 1965 symposium and adoption of the term 
sideroblastic anemia.1 By then, the iron overload of these disor-
ders had also become fully appreciated.35,36

The spectrum of the sideroblastic anemias was widened further 
by finding various reversible causes of the phenotype as well as by 
descriptions of certain congenital syndromic forms (Table 24.2). 
With the advent of molecular biology tools, the genetic causes of 
several clinically distinct types of congenital sideroblastic anemia 
and in part their pathogenesis have been elucidated during the 
last two decades.

Heme SyntHeSiS in eRytHRoiD 
CellS
Developing erythroid cells have the greatest requirement of any 
cell type for heme for hemoglobin, and they produce more than 
80% of the heme in the body. The expression and regulation of 
erythroid heme synthesis are unique in that they are linked (a) 
to the differentiation events after the signaling action of erythro-
poietin on erythroid precursors when they acquire the machinery 
for hemoglobin synthesis, (b) to the availability of iron, and (c) to 
the production of globin during development of the red cell. As in 
hepatocytes, 5-aminolevulinate (ALA) synthase and porphobilino-
gen (PBG) deaminase have considerably lower relative activities 
than the remaining enzymes in the heme biosynthetic pathway 
(see Chapter 6) and are sites of pathway regulation.62 In contrast 
to the liver, the relative activity of ferrochelatase, the terminal 
enzyme in the pathway, appears also to be low in erythroid cells.62 
Furthermore, developing red cells express erythroid-specific 
isozymes or messenger RNA (mRNA) transcripts of the first four 
enzymes of heme synthesis, namely ALA synthase, ALA dehydra-
tase, PBG deaminase, and uroporphyrinogen III synthase.

ALA synthase, the first and rate-controlling enzyme of heme 
synthesis, is generated in the cytosol as a precursor protein with 
an N-terminal signal sequence that is proteolytically cleaved 
and processed on transport of the protein into the mitochon-
drial matrix.63,64 The mature mitochondrial protein catalyzes 
the formation of ALA from glycine and succinyl coenzyme A 
(CoA) and requires pyridoxal 5′-phosphate (PLP) as an obligate 
cofactor. Recently it was discovered that the erythroid-specific 
mitochondrial carrier family protein SLC25A38 importing gly-
cine across the mitochondrial inner membrane to likely meet the 
high molar requirement of this substrate by the ALAS enzyme is 
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First Description or Discovery Year Reference(s)

X-linked microcytic hypochromic anemia by T. Cooley 1945 29

Three brothers with pyridoxine-responsive anemia mentioned 1940s 30

Perinuclear iron-positive granules in erythroblasts 1947 31, 32

Case report of pyridoxine-responsive anemia 1956 33

Acquired refractory anemia with sideroblastic bone marrow 1956 34

Iron deposits in erythroblast mitochondria 1957 4

Sideroblastic anemia term adopted at international symposium 1965 1

Associated iron overload 1965 35, 36

Reversible sideroblastic anemia from antituberculosis agents 1965 37

Experimental sideroblastic anemia with antituberculosis drugs 1965, 1974 38, 39

Reversible sideroblastic anemia from chloramphenicol 1967 40

Reversible sideroblastic anemia from alcohol 1969 41

Thiamine-responsive megaloblastic anemia (Rogers syndrome) 1969 42

Sideroblastic anemia in erythropoietic protoporphyria 1973, 1993 43, 44

Sideroblastic anemia from copper deficiency 1974 45, 46

Pearson marrow-pancreas syndrome 1979 47

Sideroblastic anemia associated with hypothermia 1982 48

X-linked sideroblastic anemia with ataxia (XLSA/A) 1985 49

RARS inclusion in classification of myelodysplastic syndromes 1986 50

Mitochondrial DNA deletion as cause of Pearson syndrome 1989 51

Mutation in ALAS2 as cause of XLSA 1992 52

Mutation in ABCB7 as cause of XLSA/A 1999 53

Mutations in SLC19A2 as cause of TRMA 1999 54–56

MLASA and causative mutation in PUS1 2004 57,58

Mutation in GLRX5 as a cause of AR sideroblastic anemia 2007 59

Mutations in SLC25A38 as cause of AR sideroblastic anemia 2009 60

Mutation in YARS2 as another cause of MLASA 2010 61

AR, autosomal recessive; MLASA, myopathy, lactic acidosis, and sideroblastic anemia; RARS, refractory anemia with ring 
sideroblasts; TRMA, thiamine-responsive megaloblastic anemia; XLSA, X-linked sideroblastic anemia; XLSA/A, X-linked 
sideroblastic anemia with ataxia.

MILESTONES IN THE HISTORY OF SIDEROBLASTIC ANEMIAS

taBLe 24.2

necessary for normal erythroid heme synthesis.60 Two separate 
genes encode the ALA synthase isoenzymes.65,66 The housekeep-
ing gene (ALAS1), located on chromosome 3,66,67 is expressed 
ubiquitously,68 whereas the erythroid-specific gene (ALAS2) is 
on the X chromosome.65,66,69,70 Expression of the housekeeping 
gene, at least in hepatocytes, is controlled by glucose levels and is 
increased by certain steroids, various drugs, and chemicals (see 
Chapter 26). This gene is repressed by administration of heme, 
the end product of the pathway, so that heme levels tightly regu-
late transcription of its mRNA in a feedback manner.68 Expression 
of the erythroid gene is essential for hemoglobin production, 
and ALAS1 cannot compensate if ALAS2 is lacking.71 ALAS2 is 
activated and transcribed in concert with other erythroid genes 
through the action of erythropoietin63,68 (Fig. 24.2); it is not 
repressed by heme but is upregulated by hypoxia.72 Cellular iron 
supply may also control ALAS2 mRNA levels,73 whereas exog-
enous heme inhibits translation of ALAS2 mRNA,74 although the 
mechanisms by which these occur are not known. Translational 
regulation of erythroid ALA synthase mRNA is mediated through 
interaction of its cis-acting iron-responsive element (IRE)75,76 with 
iron regulatory proteins (IRP1 and IRP2; also called IRE binding 
proteins 1 and 2)77,78,79 that are modulated through iron-sulfur 
(Fe-S) clusters generated in mitochondria and by cellular iron 
status80,81 (Fig. 24.2) (see Chapter 23). In this manner, regulation 
of protoporphyrin production is linked to iron availability and to 

mitochondrial function for the formation of heme. The low ALA 
synthase activity observed in erythroid cells in iron deficiency 
is consistent with such a control mechanism.82 While the signal 
sequences of the ALAS1 and ALAS2 precursor proteins contain 
two heme-binding motifs implicated in regulating translocation of 
the enzyme into mitochondria by interaction of heme with these 
motifs83,84 (Fig.  24.2), mitochondrial import of ALAS2 does not 
appear to be affected by heme.85 Within the mitochondrion, the 
ALAS2 isoform uniquely associates with the succinyl-CoA synthe-
tase bA subunit, seemingly to stabilize the ALAS2, to control the 
generation of its substrate succinyl-CoA, or both.86 The role of a 
major splice isoform of ALAS2 that is functional in vivo87 in the 
regulation of the enzyme or erythroid heme synthesis remains to 
be determined.

ALA dehydratase, a cytosolic enzyme, catalyzes the formation 
of the pyrrole PBG from two molecules of ALA. For this enzyme, 
two tissue-specific isozymes are produced by a single gene, which 
contains two promoter regions, generating housekeeping and ery-
throid-specific transcripts with alternative first noncoding exons 
(exons 1A and 1B).88,89 Although both transcripts encode identi-
cal polypeptides, the erythroid-regulated form would provide for 
the production of the large amounts of heme for hemoglobin. Not 
being a rate-limiting enzyme for heme biosynthesis, its expression 
in erythroid cells in manyfold excess amounts62 may also serve as 
the proteasome inhibitor CF-2 to inhibit protein degradations.90
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FIGURE 24.2. Pathways of regulation of erythroid 5-aminolevulinate 
synthase (ALAS2). Epo, erythropoietin; Fe-S, iron-sulfur cluster; Tf, 
transferrin; TfR, transferrin receptor; IRE-BP, iron-responsive element bind-
ing protein; – denotes inhibition, + denotes stimulation. (Modified from May 
BK, Dogra SC, Sadlon TJ, et al. Molecular regulation of heme biosynthesis in 
higher vertebrates. Progr Nucleic Acid Res Mol Biol 1995;51:1–51.)

In the case of PBG deaminase, which acts in the cytosol to 
form the linear tetrapyrrole hydroxymethylbilane from four mol-
ecules of PBG (see Chapter 6), two tissue-specific isoenzymes also 
are produced by a single gene.91 The gene has two overlapping 
transcription units, each with its own promoter: an upstream 
ubiquitous promoter and another downstream promoter active 
only in erythroid cells. Two mRNAs are generated by alternative 
splicing, one encoding the ubiquitous PBG deaminase isoenzyme 
and the other encoding the erythroid isoenzyme. To what extent 
the erythroid-specific enzyme has a regulatory role in the overall 
production of heme in erythroid cells is not known. In response to 
erythropoietin or hypoxia, bone marrow PBG deaminase activity 
increased 3.5-fold, apparently by de novo synthesis.92

The gene for uroporphyrinogen III synthase likewise has 
two promoters generating housekeeping and erythroid-specific 
transcripts with unique 5′-untranslated sequences (exons 1 and 
2A).93 As for ALA dehydratase and PBG deaminase, the erythroid-
promoter activity is increased during erythroid differentiation. 
Uroporphyrinogen decarboxylase, the fifth enzyme of the path-
way with its site of action in the cytosol, is not known to have 
erythroid-regulatory features; however, its mRNA is markedly 
increased in erythroid tissue94 and the enzyme activity is higher 
in erythroid cells than in the liver.62

After translation, all three terminal enzymes of heme biosyn-
thesis (coproporphyrinogen oxidase, protoporphyrinogen oxi-
dase, ferrochelatase), like ALA synthase, are transported to their 
mitochondrial sites of action. Single genes encode these enzymes, 
and erythroid-specific transcription products are not known for 
them. However, erythroid-specific regulation of their expression 
is accommodated by the presence of promoter sequences in their 
genes for binding of erythroid transcription factors (e.g., GATA-
1, NFE-2)95–97 to enhance production of these enzymes during 
erythropoiesis.98 Ferrochelatase, the last enzyme of the heme 
synthetic pathway, catalyzes the insertion of iron into proto-
porphyrin to form heme. A repressor sequence in the promoter 
region of its gene is believed to be involved in the regulation of the 
binding of the erythroid transcription factors GATA-1 and NFE-2 
to their recognition sites.97 The activity of ferrochelatase relative 
to the activity of ALA synthase is in considerable excess,62,99 but 
the enzyme becomes rate-limiting as a defective protein in eryth-
ropoietic protoporphyria (see Chapter 26). As it contains an Fe-S 
cluster, its expression and stability are also dependent on cellular 
iron levels  and intact Fe-S cluster assembly machinery,100,101 
and its activity is regulated by the essential mitochondrial ATPase 
inhibitory factior 1 (Atpif1) through modulation of mitochondrial 
pH and redox potential.102
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The export of heme out of the mitochondrion into the cytosol 
for its pairing with globins of hemoglobin and other heme pro-
teins is mediated at least in the mouse by an isoform of the feline 
leukemia virus C receptor (FLVCR1), named FLVCR1b118. This 
heme exporter is essential for erythropoiesis as its loss leads to 
heme accumulation in the mitochondrion and termination of ery-
throid differentiation.

The events coordinating the production of globin chains with the 
rate of heme synthesis are well understood, and appear to occur 
at more than one level. Heme is required for initiation of globin 
mRNA translation and it acts by inhibiting a protein kinase called 
heme-regulated inhibitor (HRI), which inactivates the translational 
initiation factor 2 (eIF-2a) in the absence of heme119 (Fig. 24.2). 
Moreover, absence of this kinase adversely modifies the phenotype 
of disorders of heme synthesis (iron deficiency, protoporphyria) 
and of globin production (b-thalassemia).119 In addition, heme 
controls globin gene expression at the transcriptional level.120,121

Congenital SiDeRoblaStiC 
anemiaS
Congenital sideroblastic anemias have emerged as not uncommon 
disorders. They are clinically and genetically heterogeneous, with 
diverse underlying causes, inheritance patterns, phenotypes, and 
associated features. Genetic analysis and molecular approaches 
have revealed a spectrum of specific defects, some appearing as 
isolated anemia and others involving multiple systems3,122,123 
(Table 24.3). Defined underlying defects affect heme biosynthesis 
directly or indirectly by disrupting Fe-S cluster biogenesis, or 
they involve pathways related to mitochondrial protein synthesis. 
However, in at least one third of cases the root cause remains 
undiscovered. Severity of anemia is highly variable within some 
types, and morphologic features overlap among them.

The large amounts of iron required for erythroid heme 
synthesis are delivered through transferrin receptor–mediated 
endocytosis of iron transferrin (see Chapter 23), and iron avail-
ability ultimately limits the normal rate of heme synthesis in 
erythroid cells.103 High expression of transferrin receptors is 
also linked to erythropoietin-induced differentiation68,103; an ery-
throid-specific isoform of human transferrin receptor has been 
described104; and erythroid-active elements have been identified 
in the promoter of the murine gene.105,106 During the height of 
hemoglobinization, the erythroid cell may not depend upon the 
“standard” mode for regulation of intracellular iron homeostasis 
via the IRE/IRP system to ensure a maximal supply of iron to 
mitochondria.107 With erythroid maturation and the accumula-
tion of cellular hemoglobin, the transferrin receptor number pro-
gressively decreases.103 While surface transferrin receptors and 
iron uptake are increased in iron-deficient erythroblasts,108,109 
they are not altered in states of impaired heme synthesis, such 
as in the presence of succinylacetone110 or in erythroid cells from 
patients with sideroblastic anemia.8 Transport of iron out of the 
endosome by the divalent metal transporter DMT1 requires an 
endosomal ferrireductase (Steap3) in erythroid cells.111 How 
the further transfer of iron to mitochondria and to apoferri-
tin is accomplished is not understood. It may be facilitated by 
a cytoplasmic chaperone,112 or through direct interaction of 
endosomes with mitochondria.113 Iron is imported across the 
mitochondrial inner membrane by mitoferrin 1 that is highly 
expressed in erythroid cells and stabilized by interacting with 
the ATP-binding cassette protein ABCB10.114,115 An oligomeric 
complex of mitoferrin 1, ABCB10 and ferrochelatase appears to 
facilitate the incorporation of iron into protoporphyrin to form 
heme.116 Iron imported into the mitochondrion is also used for 
the generation of Fe-S clusters, which in part are exported to 
the cytosol for their addition to IRP1 in the regulation of cellular 
iron uptake81 and translation of ALAS2,117 and for expression of 
ferrochelatase.100,101

Erythrocyte

Mode of  
Inheritance

Defective 
Enzyme/Protein

Gene/
Chromosomal 
Location of Gene

Mean 
Corpuscular 
Volume Protoporphyrin

Severity of 
Anemia

X-linked sideroblastic anemia X-linked ALAS2 ALAS2/Xp11.21 Decreaseda Decreased Mild to severe

Mitochondrial carrier protein  
deficiency

Autosomal SLC25A38 SLC25A38/3p22.1 Decreased Decreased Severe

Glutaredoxin 5 deficiency Autosomal Glutaredoxin 5 GLRX5/14q32.13 Decreased Not reported Mild to severe

Protoporphyria Autosomal Ferrochelatase FECH/18q21.3 Decreased Markedly 
increased

Mild

Unknown cause Varied ? ? Variable Variable Mild to severe

X-linked sideroblastic anemia  
with ataxia

X-linked ABCB7  
mitochondrial 
transporter

ABCB7/
Xq13.1-q13.3

Decreased Increased Mild

Myopathy, lactic acidosis,  
and sideroblastic anemia

Autosomal Pseudouridine 
synthase 1 
Mitochondrial tyrosyl 
tRNA synthetase

PUS1/12q24.33

YARS2/12p11.21

Normal/
increased
Not reported

Not reported

Not reported

Severe in time

Severe

CSA and B cell immunodeficiency Autosomal ? ? Decreased Not reported Severe

Pearson syndrome Sporadic/maternal Respiratory chain 
components

Multiple/ 
mitochondrial DNA

Increased Increased Severe

Thiamine-responsive  
megaloblastic anemia

Autosomal Thiamine  
transporter

SLC19A2/1q23.3 Increased Normal/increased Mild to severe

a Often normal or increased in females expressing the disorder.

GENETIC AND HEMATOLOGIC FEATURES OF THE CONGENITAL SIDEROBLASTIC ANEMIAS (CSAs)

taBLe 24.3
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Genetic Defects expressed Only in the erythron

Inheritance Patterns and Pathogenesis
X-Lined Sideroblastic anemia
The inheritance follows an X-linked pattern, the anemia occur-
ring most commonly in males and their maternal uncles and 
cousins.29,124–128,129,130 Minimal expression of the erythroid 
abnormality may be seen in carrier females that is consistent 
with variable X inactivation affecting the mutant locus of the 
disorder. However, in many kindreds, the anemia has occurred 
only in females and may have been lethal in hemizygous male 
 conceptions.131,132,133,134,135,136

Early observations already implicated defects in ALA synthase 
as underlying the impaired heme biosynthesis in this form of 
sideroblastic anemia. In patients who responded to pyridoxine 
supplementation, the incorporation of glycine, but not of ALA, 
into heme was reduced in reticulocytes.30 ALA synthase activity 
in bone marrow was low before pyridoxine administration and 
returned to normal or supranormal levels after an erythropoietic 
response.129,137–139 It was presumed that the residual activity or 
stability of a defective erythroid ALA synthase was enhanced by 
additional supply of its coenzyme PLP through a mass action effect 
(e.g., if the enzyme had a reduced affinity for the coenzyme138 or 
was abnormally sensitive to proteolysis137). Usually, pharmaco-
logic amounts of pyridoxine are required when an erythropoietic 
response occurs, but the response is variable and rarely complete. 
Individuals may present with profound anemia only in adulthood or 
even late in life,129,140,141,142 suggesting that the disorder can prog-
ress with time. In some cases, prior additional dietary or medicinal 
intake of pyridoxine,143 possible changes in pyridoxine metabolism 
with advancing age,144 or initiation of hemodialysis145,146 can be 
factors in unmasking mild phenotypes that were not symptomatic 
at a younger age. In female patients expressing the disease, skewed 
X inactivation in hematopoietic tissue that occurs with advancing 
age147 and involves progressive inactivation of the X chromosome 
bearing the normal allele has been the explanation as the anemia 
usually evolved in adulthood135,136 or late in life.148 Constitutive 
skewed X inactivation to account for disease expression in females 
in childhood is very uncommon.136

After the cloning and characterization of the erythroid ALA 
synthase gene75,149 and its localization to the X chromosome, 
linkage of the disorder to the ALAS2 locus was established,129,150 
and many heterogeneous missense mutations involving invariant 
or highly conserved amino acid residues in the catalytic domain of 
the enzyme have been found to cause the disorder151 (Fig. 24.3). 
A nonsense mutation in one case,135 nucleotide deletions, and 
regulatory mutations in the promoter region and in the intron 
1 enhancer sequence151a of the ALAS2 gene have been the excep-
tions. Hence, in at least four families described up to 68  years 
ago,29,125,128,152 the underlying molecular defect in ALAS2 could 
also be defined.25,153–155 A majority of the mutations identified 
to date reside in exons 5 and 9 (Fig. 24.3); the latter contains 
the PLP-binding lysine (K391) of the enzyme.156 Among the 
66   distinct mutations so far encountered, only 22% occurred in 
more than one unrelated family or proband, and nearly one third 
of the probands are female. An apparent somatic mutation in the 
ALAS2 gene was found in an older male patient with acquired 
sideroblastic anemia.157

Sites of ALAS2 mutations and severity of anemia or extent of 
its responsiveness to pyridoxine supplements can be correlated 
to a considerable extent. The activity of the recombinant enzyme 
is reduced for many, but not all, ALAS2 mutants so far examined 
and is variably enhanced by PLP.52,129,130,142,153,158,159 Some 
mutants have altered substrate kinetics159,160 or fail to bind to the 
b-subunit of succinyl-CoA synthetase.86,160 A three-dimensional 
structure model of the human enzyme161 and the resolved crystal 
structure of the significantly homologous ALAS of Rhodobacter 
capsulatus162 made it possible to explain how altered structure 
by many of the naturally occurring mutations that give rise to 
X-linked sideroblastic anemia (XLSA) affects the function of the 
enzyme. For example, mutations changing an amino acid located 
in the vicinity of the PLP-binding site exhibit a response to 
pyridoxine, whereas mutations involving sites of substrate bind-
ing, enzyme stability, or folding are refractory to pyridoxine.162 
However, while clinical severity can thus be related at least in part 
to the effect of a specific mutation on enzyme function, marked 
variation in severity of anemia has been observed between some 
kindreds bearing the same mutation as well as within a few 

FIGURE 24.3. Diagram of the structure of the 
human erythroid 5-aminolevulinate synthase 
gene (ALAS2) and the location of mutations 
identified to date in X-linked sideroblastic 
anemia. Two mutations in the promoter region 
(c.-206C>G; c.-91_-44del) and two mutations 
disrupting the intron 1 enhancer of ALAS2 are not 
indicated. IRE, iron-responsive element; kb, kilo-
bases. *Codon K391, the pyridoxal 5′-phosphate 
binding lysine. (Data from HGMD® Professional 
2012.2 and unpublished material.)
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kinships,129,130,163,164 implicating undefined genetic differences 
or environmental factors for the apparent variable penetrance.

Mitochondrial Carrier protein SLC25a38 Deficiency
A significant segment of congenital sideroblastic anemias (~15%) 
is associated with biallelic mutations in the gene encoding the 
erythroid-specific mitochondrial inner membrane carrier protein 
SLC25A38.60,165 The SLC25A38 gene has an amino terminal 
targeting signal and three mitochondrial carrier family protein 
domains that encode six transmembrane helices. From its struc-
tural features, the protein is predicated to function as an amino 
acid transporter. Data so far obtained in the yeast Saccharomyces 
cerevisiae deficient in the protein indicate a heme biosynthetic 
defect and suggest that it serves as a glycine importer across the 
mitochondrial inner membrane.60

Heterogeneous mutations spread throughout the SLC25A38 
protein domains have been reported in 26 families, includ-
ing three sibling pairs.60,166 The mutations are missense type 
occurring in conserved amino acids at substrate contact points 
as well as nonsense and splicing errors. Two thirds of patients 
are homozygous and one third are compound heterozygotes for 
defects.

Glutaredoxin 5 Deficiency
The human counterpart of a zebrafish mutant (shiraz) deficient in 
glutaredoxin 5,80 which is essential for the synthesis of Fe-S clus-
ters such as for IRP1 and thus ALAS2 translation, was identified 
in a single patient.59 A homozygous mutation in the GLRX5 gene 
that affects intron 1 splicing and markedly reduces GLRX5 RNA 
production was associated with microcytic sideroblastic anemia. 
The anemia was detected in the fifth decade, became severe by 
age 60, and improved with iron chelation therapy for the associ-
ated iron overload. Studies in cell lines derived from the patient 
indicated severe impairment of Fe-S cluster biogenesis and also 
revealed markedly reduced levels of ferrochelatase.167

Sideroblastic anemia in protoporphyria
Marked deficiency of ferrochelatase underlies erythropoietic pro-
toporphyria as a result of a large variety of mutations in the gene 
encoding the enzyme (see Chapter 26). The defect is manifested 
mainly, if not exclusively, in erythroid cells and leads to marked 
accumulation of free protoporphyrin, the substrate of the enzyme, 
during the final stages of erythroid maturation when the defec-
tive ferrochelatase becomes rate-limiting for heme production.168 
Erythroid heme synthesis appears to be compromised in most 
patients as reflected in a mild microcytic hypochromic anemia.169 
In ten patients marrow ring sideroblasts with typical mitochon-
drial iron deposits were observed43,44 but not in one sibling 
pair with mild microcytosis without anemia.168 Bone marrow 
examination has generally not been performed in this disorder 
so that the incidence of the ring sideroblast feature is not known. 
The genetic heterogeneity in protoporphyria may account for the 
phenotypic variation of hematologic features.

Undefined Congenital Sideroblastic anemia(s)
It is estimated that at least one third of nonsyndromic cases of 
congenital sideroblastic anemia are currently molecularly unex-
plained.165 These may have autosomal or X-linked defects not 
yet detectable in the known causative genes, or defects in novel 
genes to be discovered. Novel genetic defects are also likely in 
some previously described kindreds. For example, in two families 
sideroblastic anemia occurred in a vertical distribution includ-
ing father-to-son transmission and consistent with a dominant 
trait.170,171 In another family manifesting the anemia in both 
genders, a defect in mitochondrial DNA was postulated172; the 
mild anemia was characterized by erythrocyte dimorphism and 
macrocytosis.

Clinical and Laboratory Features of XLSA  
and SLC25A38 Deficiency
If severe, XLSA is recognized in infancy or early childhood. 
However, not infrequently the disorder is milder or asymptom-
atic and may be discovered only in young adulthood or even in 
later life. Because severity of anemia can also vary within kin-
dreds,129,130,164 diagnosis in family members may be delayed or 
overlooked unless complete pedigree studies or DNA analyses for 
an ALAS2 mutation identified in the proband are performed. In 
contrast, patients with SLC25A38 genetic defects typically present 
at birth or in early childhood with severe anemia.

All patients develop manifestations of iron overload. Linkage to 
human leukocyte antigen (HLA) is not evident22 as HFE mutations 
were underrepresented in a series of XLSA patients examined.26 
Mild to moderate enlargement of the liver and spleen is common, but 
liver function usually is normal or only mildly disturbed at presenta-
tion. Liver biopsy reveals iron deposition that is indistinguishable 
from hereditary hemochromatosis36 (Fig. 24.4). In the X-linked form 
the iron burden does not correlate with the severity of anemia, and, 
not infrequently, well-established but asymptomatic micronodular 
cirrhosis is discovered in the third or fourth decade.22,36,134,141,173 
Hepatocellular carcinoma developed in two reported cases.163,174 
Clinical diabetes or abnormal glucose tolerance may or may not 
be related to the iron overload process. Skin hyperpigmentation is 
uncommon. The most dangerous manifestations of the iron overload 
are cardiac arrhythmias and congestive heart failure, which usually 
occur late in the disease course. In severely affected infants or young 
children, growth and development tend to be impaired.127

The hallmark is a microcytic anemia. In severe cases, micro-
cytosis and hypochromia are pronounced (mean corpuscular vol-
ume [MCV], 50 to 60 fl), and striking anisocytosis, poikilocytosis, 
target cells, and occasional siderocytes are prominent findings on 
blood smear (Fig. 24.1C). The red cell volume distribution is usu-
ally abnormally wide and, notably, dimorphism is seen in males 
with the X-linked form124 as well as in autosomal forms of the 
disease.60,166,170 Some female carriers of the X-linked trait have 
a biphasic Coulter counter red cell histogram25,128 (Fig. 24.5), or 
only a very small microcytic erythrocyte population. However, 
most women who express XLSA exhibit macrocytosis, although 
dimorphism may be evident (Fig. 24.1D). Presumably few viable 
erythrocytes with a markedly defective or nonfunctional mutant 
ALAS2 enzyme as often encountered in women reach the circula-
tion, so that most of the erythrocytes are progeny of the residual 
normal clone that are released from the marrow at an accelerated 
rate in response to the anemic hypoxia. Leukocyte and platelet 
values usually are normal; they may be reduced in the presence 
of splenomegaly (hypersplenism). Erythroid hyperplasia is found 
on marrow examination, and maturation is usually normoblastic 
with poorly developed cytoplasm. Megaloblastic changes may be 
observed if complicating folate deficiency is present. Marrow retic-
uloendothelial iron is increased, and the telltale ring sideroblast 
emblem is prominent in late, nondividing erythroblasts.175,176 
Transferrin saturation is increased, as is the serum ferritin level, 
and transferrin levels tend to be decreased. Ferrokinetic studies 
reflect ineffective erythropoiesis. A reduced serum haptoglobin 
level is consistent with the ineffective erythropoiesis.

The erythrocyte protoporphyrin level usually is low or nor-
mal.12,131 In one female patient, the low protoporphyrin level was 
shown to be restricted to the microcytic red cells.132 Kindreds in 
which the erythrocyte protoporphyrin is increased131,170 can be 
considered to represent disorders other than XLSA or SLC25A38 
deficiency.

Treatment and Prognosis
Approximately two thirds of patients with sideroblastic anemia 
due to identified ALAS2 defects can be expected to respond to 
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A B

C D
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FIGURE 24.4. Histopathology of the iron overload in congenital sideroblastic anemia. A, B: Liver section of a 26-year-old man with SLC25A38 deficiency 
and moderate hemochromatosis. C, D: Autopsy liver section of a 45-year-old man with X-linked sideroblastic anemia, micronodular cirrhosis, and hemochromatosis. 
E, F: Section from the heart of the latter patient with marked hemosiderosis. (A, C, and E: Hematoxylin stain; B, D, and F: Prussian blue stain.)

pyridoxine administration. Doses of 50 to 100 mg/day are large 
compared with the estimated adult daily requirement for vitamin 
B6 of 1.5 to 2.0 mg and are sufficient for a maximal response, 
although in some cases a supplement of only 2 to 4 mg/day was 
found to be effective.129 Higher doses may be toxic. No convinc-
ing evidence is available that the parenteral route or PLP, the 

active coenzyme form, is more effective than oral administration. 
However, the response to pyridoxine is quite variable. With an 
optimal response, reticulocytosis is observed, blood hemoglo-
bin concentration returns to normal or near-normal levels in 
1 to 2 months, and low erythrocyte protoporphyrin levels increase 
to normal.12,177 The morphologic red cell abnormalities then 
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diminish but very rarely completely resolve, even when ALA 
synthase activity and the hemoglobin level are restored with pyri-
doxine supplementation. Approximately two thirds of responding 
patients experience a distinct but suboptimal improvement with 
pyridoxine administration, and the hemoglobin concentration sta-
bilizes at less than normal levels. When an effect of pyridoxine is 
achieved, continued maintenance treatment is necessary because 
relapses follow within several months after discontinuance of the 
vitamin. In a few instances, subsequent remissions with resumed 
treatment were less complete.12 In the occasional case with 
accompanying megaloblastic changes, folic acid should be given, 
which usually leads to normoblastic maturation, suboptimal retic-
ulocytosis, and some increase in the hemoglobin level. In severely 
anemic individuals who do not respond to pyridoxine, periodic 
red cell transfusions are necessary to relieve symptoms and to 
allow normal growth and development of children. Transfusion 
of red cells should be kept to a minimum to lessen or delay the 
development of iron overload.

Based on the assessed extent of iron overload, including liver 
biopsy, an iron depletion program should be instituted to pre-
vent or stabilize already established organ damage.134,178,179,180 
Therapeutic phlebotomies are well tolerated and preferred in 
patients with mild or moderate anemia in the absence of contra-
indications such as heart disease.134,173,181–183 After the initial 
removal of all storage iron, maintenance phlebotomies should be 
continued indefinitely. For patients with severe anemia, or for 
those who depend on regular transfusions and thus become mas-
sively iron loaded,184,185 an iron-chelating agent is administered. 
As recommended for thalassemia,185 deferoxamine is infused 
over 12 hours subcutaneously or intravenously, at 40 mg/kg/
day, and for at least 5 days each week. Although iron removal 
with deferoxamine is enhanced by ascorbate, large supplements 
can cause acute cardiac toxicity by facilitating excessive mobili-
zation of ferritin iron, and any intake of the vitamin should be 
limited to 200 mg daily.186 The risks of deferoxamine treatment 
are minimal.179,187 Occasional local reactions can be controlled 
with inclusion of small amounts of hydrocortisone in the infusate. 
Rare hypersensitivity is amenable to desensitization.188 Reported 
visual and auditory neurotoxicity is unlikely without excessive 
doses of the drug. The new, orally active tridentate iron chela-
tor deferasirox (Exjade) has an efficacy similar to deferoxamine 
or better180,189; the recommended initial daily dose is 20 mg/
kg and can be increased to 30 mg/kg. Although the long-term 
safety profile of this agent is not known, it has emerged as 
a  preferred iron chelator. The goal of iron chelation therapy is 
to maintain the serum ferritin concentration below 500 mg/L. 
The increased risk of infection with Yersinia (and perhaps other 
organisms) in iron overload, although uncommon, increases 
further with deferoxamine treatment.179,190 Removal of the iron 
excess has occasionally reduced severity of the anemia8,25,182,183 

by improving erythroblast mitochondrial function, such as res-
toration of secondary ferrochelatase deficiency183; by enhancing 
pyridoxine responsiveness25; and by diminishing the ineffective 
erythropoiesis.182

Splenectomy in congenital sideroblastic anemia appears to be 
invariably complicated by thromboembolic complications and, 
often, a fatal outcome.140,141,153,191,192 Factors other than per-
sistent thrombocytosis seem to play a role. Control of the platelet 
count and anticoagulant therapy usually are not effective, so sple-
nectomy is contraindicated.

These supportive measures provide for a favorable prog-
nosis and often for normal survival. Curative bone marrow 
transplantation was achieved in seven reported patients with-
out known molecular defects,193–197 including recovery from 
chronic graft-versus-host disease after subsequent orthotopic 
liver transplantation in one of these cases198; one patient suc-
cumbed to graft-versus-host disease and prior iron overload.196 
Hematopoietic stem cell transplantation has also been successful 
in several unreported cases with SLC25A38 deficiency.

In contrast to acquired clonal sideroblastic anemia, predisposi-
tion to leukemic evolution has not been observed.

Sideroblastic anemia as a Component  
of Genetic Syndromes

X-Linked Sideroblastic Anemia with Ataxia
In a large kindred with XLSA associated with nonprogressive 
ataxia (XLSA/A),49 linkage to the phosphoglycerate kinase locus 
at Xq13 was demonstrated199 and linkage to ALAS2 was excluded 
using a highly polymorphic repeat sequence within intron 
7 of the ALAS2 gene.70 Cloning and chromosomal mapping to 
Xq13.1-q13.3 of the human ABCB7 gene,200,201 an ortholog of the 
ATM1 gene in yeast that encodes a transporter protein required 
for mitochondrial iron homeostasis,202 led to identification of a 
mutation in this gene as the underlying defect in the kindred.53 
Distinct mutations in the ABCB7 gene have been identified in 
three additional families.203,204,205 All the mutations result in 
substitutions of conserved amino acids (Ile400Met, Glu433Lys, 
Val411Leu, Glu209Asp) and affect a region of the protein involved 
in binding and transport of a substrate. It is postulated that 
ABCB7 participates in the export of Fe-S clusters generated in 
mitochondria for assembly of cytosolic Fe-S cluster– containing 
proteins.206 Expression of wild-type ABCB7, but not mutant 
ABCB7, in Atm1p-deficient yeast restores phenotypic defects as 
well as the production of cytosolic Fe-S proteins.203 As in yeast,206 
a defective ABCB7 protein leads to mitochondrial siderosis in the 
human disorder. How heme synthesis becomes impaired in ery-
throid cells has not been elucidated and may be a consequence 
of reduced Fe-S cluster biogenesis impacting on the translation 
of ALAS2.80,167 Because free protoporphyrin, as well as zinc 
protoporphyrin, accumulates in erythrocytes,49,203,204,205 the 
generation of ferrochelatase,101,207 an Fe-S-containing protein, is 
probably affected. Neither ALA synthase nor ferrochelatase has 
been examined in erythroid cells with the XLSA/A defects. The 
mechanism for the neural dysfunction in this disorder remains 
elusive. As in Friedreich ataxia,208 disrupted mitochondrial iron 
homeostasis in neural cells is likely involved in the pathogenesis.

Among five kindreds so far encountered, the neurologic 
features are overriding and include delayed motor and cog-
nitive development, incoordination, and nonprogressive 
cerebellar atrophy with or without atrophy of pons and 
medulla.49,203,204,205,209 The anemia is mild to moderate, and 
morphologic features are indistinguishable from the isolated 
heritable forms of sideroblastic anemia, including variable 
abnormalities in female carriers as observed in XLSA. Both free 
and zinc-chelated erythrocyte protoporphyrin are increased. 
Iron overload has not been evident.

FIGURE 24.5. Dimorphic red cell distribution in a female patient with mild X-linked 
sideroblastic anemia. Redrawn from the output of a Coulter analyzer. RBC, red blood cell.
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Mitochondrial Myopathy, Lactic Acidosis,  
and Sideroblastic Anemia
This autosomal recessive disorder results from mutations in the 
genes encoding either pseudouridine synthase (PUS1)58,165,210,211 
or mitochondrial tyrosyl transferase (YARS2).61,212 In the former, 
missense or nonsense mutations so far described predict an 
inactive protein. Mitochondrial and cytoplasmic transfer RNAs 
lack pseudouridine at the expected sites,213 likely causing faulty 
translation of mitochondrial genes of respiratory complexes I and 
IV. The YARS2 mutations reduce levels of the enzyme and lead to 
decreased mitochondrial protein synthesis and respiratory chain 
dysfunction.61 How these protein deficiencies lead to mitochon-
drial iron accumulation and anemia is unclear.

The PUS1 defects have occurred in four families of Jewish 
Iranian descent, in one family from the Shetland Islands, and 
in one Italian family57,58,165,210,211; in the Iranian families con-
sanguinity was present, and parents of the Italian brothers were 
distantly related. The disorder is characterized by muscle weak-
ness, basal lactic academia and normocytic sideroblastic anemia 
with clinical onset in childhood or around adolescence.57 Some 
cases have exhibited intellectual impairment and/or craniofacial 
abnormalities. Diminished oxidative phosphorylation is reflected 
in decreased activity of mitochondrial enzymes of the respiratory 
chain as well as in the raised blood lactic acid level. The myopathy 
and the anemia are variably progressive, and transfusions are 
usually required by the third decade of life if not earlier.

Based on reports of one family and two further unrelated cases 
with YARS2 mutations,61,212 the myopathy and anemia appear of 
variable severity. While some cases developed a cardiomyopathy, 
intellectual impairment or developmental abnormalities were not 
observed.

Congenital Sideroblastic Anemia and B-Cell 
Immunodeficiency
A novel syndrome of severe microcytic sideroblastic anemia that 
is associated with B-cell immunodeficiency, periodic fevers and 
developmental delay and presents in infancy has been described 
in 12 children.213a In addition, neurologic defects and other multi-
system derangements are variably present. Commonly early death 
was attributed to cardiac or multi-organ failure. The molecular 
etiology remains to be determined.

Pearson Marrow-Pancreas Syndrome
This progressive, congenital multisystem mitochondrial disorder 
is associated with sporadic major deletions, rearrangements, or 
duplications of mitochondrial DNA, leading to the loss of multiple 
proteins encoded by the mitochondrial genome.214,215 About 
one half of cases are heteroplasmic for a 4,977 bp deletion that 
involves mitochondrially encoded subunits of respiratory complex 
I (NADH dehydrogenase), complex IV (cytochrome c oxidase), 
and complex V (ATP synthase) as well as several mitochondrial 
tRNA genes.215 Thus, translation of mitochondrial DNA-encoded 
proteins may be affected. The spectrum of mitochondrial genomic 
deletions has also extended to other non-overlapping deletions. 
The heteroplasmic nature of mitochondrial DNA at the cellular 
and organ levels is considered to account for the high variability 
of tissues involved over time.

The disorder generally presents within the first 6 months after 
birth with anemia, metabolic acidosis, and exocrine pancreatic 
insufficiency. Also common is development of hepatic and renal 
failure. Some infants lack the metabolic derangements initially and 
present only with anemia, resulting in oversight of this syndrome. 
Usually 25% are anemic in the neonatal period; by 6 months of 
age, anemia is evident in 75% of cases. Any associated neutrope-
nia and thrombocytopenia are mild. The anemia tends to be severe 
and is normocytic or macrocytic.216 In the bone marrow, erythroid 

precursors are often reduced in number but ring sideroblasts are 
prominent, in which abnormalities in mitochondrial ultrastructure 
are pronounced.217 A distinctive feature is the presence of striking 
vacuoles in myeloid and erythroid precursors.47 Erythrocyte pro-
toporphyrin values were increased when measured.

Approximately one half of patients succumb to the metabolic 
derangements. The anemia may improve or remit in up to one 
third of cases by 10 years of age. Survivors often develop the 
Kearns-Sayre syndrome.214,218

Thiamine-responsive Megaloblastic Anemia
This autosomal recessive syndrome, also known as Rogers syn-
drome,42 is caused by mutations in the SLC19A2 gene, which 
encodes a 497 amino acid high-affinity thiamine transporter.54,55,56 

The protein is predicted to have 12 transmembrane spanning 
regions. Twenty-eight distinct mutations have been reported to 
date.219 Most of these are nonsense or frameshift type; missense 
mutations result in proteins that are not properly targeted to 
the cell membrane for their site of function.220,221 The dominat-
ing megaloblastic feature of the anemia is considered to be due 
to defective nucleic acid synthesis because limited intracellular 
thiamine impairs the pentose phosphate pathway and de novo 
synthesis of ribose-5-P.222 The unique additional feature of mar-
row ring sideroblasts may relate to the role of thiamine in the 
generation of succinyl-CoA, a substrate of ALAS2.223

The cardinal clinical characteristic of the syndrome is the triad 
of megaloblastic anemia, non-type I diabetes mellitus, and sen-
sorineural deafness. Other clinical features have been described 
in some cases.219 The disorder has typically manifested between 
infancy and adolescence.219,224 Some patients have a milder phe-
notype, and a few have presented as adults.

Hematologic findings are macrocytic anemia, variable degrees 
of neutropenia and thrombocytopenia with megaloblastic changes 
and fewer marrow ring sideroblasts than in other congenital sid-
eroblastic anemias.224 Thiamine (vitamin B1) in pharmacologic 
doses (25 mg/day) usually improves the anemia and the diabetes 
initially, but it has become ineffective in adulthood.225

animal Models of Sideroblastic anemia
The first genetically designed animal model of sideroblastic ane-
mia was developed in zebrafish (the sau mutant, sauternes), in 
which hematopoiesis resembles that of higher vertebrates also 
at the molecular level, as hematopoietic gene expression and 
function are conserved.226 The chemically induced mutant gene 
encodes the zebrafish ortholog of human ALAS2 and expresses 
embryonic hypochromic anemia with severe heme deficiency. 
The two mutation sites, predicting Val249Asp and Leu305Gln 
substitutions, are in exon 6 and exon 7, respectively, and repre-
sent conserved amino acids across large phylogenetic boundaries, 
including the human. However, the mutants’ blood cells did not 
reveal ring sideroblasts, perhaps because of species differences in 
cellular iron metabolism.

A second model in zebrafish (the sir mutant, shiraz) has a defi-
ciency of glutaredoxin 5, an essential component of Fe-S cluster 
assembly, and expresses hypochromic anemia.80 In the absence 
of the Fe-S cluster, the iron regulatory protein IRP1 blocks ALAS2 
translation by binding to the IRE of the ALAS2 mRNA. As in the 
ALAS2 zebrafish mutant, ring sideroblasts were not observed and 
may reflect species differences.

In a transgenic mouse model with homozygous deficiency of 
ALAS2, erythroid differentiation is arrested, and embryos die by 
day 11.5.71 Mice chimeric for ALAS2-null mutant cells or trans-
genic mice generated with partial ALAS2 expression227 exhibit 
the phenotype of human XLSA, with severe anemia and typical 
ring sideroblasts in the marrow.

In another mouse model, deletion of the Abcb7 gene led to 
fatal neonatal bone marrow failure, demonstrating that Abcb7 is 
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essential for hematopoiesis.228 While marrow ring sideroblasts 
were not observed in these animals or in animals chimeric for the 
human Abcb7 mutation Glu433Lys, siderocytes were detected in 
the peripheral blood.

The combination of isoniazid (INH) and cycloserine admin-
istered to guinea pigs produces sideroblastic anemia in a few 
weeks.38,39 Blood PLP concentrations become reduced, and bone 
marrow ALA synthase as well as ferrochelatase activity is dimin-
ished.39 The latter may be secondary to mitochondrial damage by 
the iron deposits.

The flexed-tail (f/f) mouse has a transient embryonic and 
neonatal anemia associated with siderotic granules (iron-laden 
mitochondria) in erythrocytes and reduced heme synthesis, 
which coincides with the physiologic cessation of hepatic eryth-
ropoiesis.229,230 The defect is a frameshift mutation in the f gene 
(sideroflexin, sfxn1) that encodes a protein proposed to facilitate 
transport of a component required for iron utilization into or out 
of mitochondria.231

aCquiReD Clonal SiDeRoblaStiC 
anemia
Since the initial description of acquired idiopathic sideroblastic 
anemia by Bjorkman,34 a considerable spectrum of its manifesta-
tions has been recognized. The anemia is a component of certain 
stem cell disorders, namely the myelodysplastic syndromes50,232,233 
and the myeloproliferative diseases.234,235,236,237 Uncommonly, the 
ring sideroblast abnormality has been observed in acute leukemia 
and in erythroleukemia at the time of diagnosis.238,239 The disor-
der arises in conjunction with the clonal overgrowth of an altered 
hematopoietic progenitor cell having a proliferative advantage 
over the normal cell population and, thus, was included among the 
myelodysplastic syndromes.50 Currently three variants are distin-
guished: refractory anemia with ring sideroblasts (RARS), RARS 
with thrombocytosis (RARS-T), and refractory cytopenia with mul-
tilineage dysplasia and ring sideroblasts (RCMD-RS) (Table 24.1).

etiology and pathogenesis

Clonality
The clonal nature of the disorder was first suggested by the 
morphologic and kinetic findings of two populations of red cells, 
the hypochromic, short-lived cell population being the product 
of the abnormal clone that bears the characteristic ring sidero-
blasts.240,241,242 The clonal derivation of the disorder was spe-
cifically indicated by the finding of a single glucose-6-phosphate 
dehydrogenase isoenzyme in hematopoietic cells, but not in fibro-
blasts, of an individual who was also heterozygous for a glucose-
6-phosphate dehydrogenase polymorphism.243 Further evidence 
was provided with simultaneous clonality and cytochemical analysis 
of erythroid progenitors,244 and cytogenetic studies corroborated 
the clonality of the abnormal hematopoiesis.245,246 Chromosomal 
abnormalities are detectable in bone marrow cells of up to 50% 
of patients, and deletions in chromosomes 5, 11, and 20 as well 
as trisomy 8 and loss of Y occur most frequently.247,248 Although 
structurally abnormal X chromosomes are uncommon, Xq13 break-
points were particularly associated with myelodysplasia and ring 
sideroblasts in one study.249 Another recurring cytogenetic abnor-
mality is an isodicentric chromosome Xq13.1 (idicXq13.1) occur-
ring only in females.250 In a few patients, abnormalities of the long 
arm of chromosome 3 were associated with thrombocytosis.251,252

More recently it was found that the RARS-T subtype is 
associated with the V617F mutation in Janus-associated kinase 
2 (JAK2), which is common in myeloproliferative disorders,253 in 
up to 65% of cases.254,255,256 How the more active mutant JAK2, 
by dysregulating the JAK-STAT (signal transducer and activa-
tor of transcription) signaling pathway, may play a role in the 

pathogenesis of the ring sideroblast, if it does at all, is not known. 
A strong correlation has also been found between somatic muta-
tions in splicing factor SF3B1, a core component of the RNA splic-
ing machinery located at the U2snRNP spliceosome catalytic site, 
and the presence of ring sideroblasts in patients with MDS, ranging 
from an incidence of 57% to 82%.257,258,259,260 While mutant SF3B1 
thus appears to initiate production of the sideroblastic phenotype, 
the downstreatm mechanism(s) leading to the dysregulated iron 
metabolism in the mitochondrion remains to be identified.260a It 
has been suggested that the presence of a SF3B1 mutation imparts 
a “benign” clinical phenotype and favorable prognosis.258,260b

The natural history of this acquired sideroblastic anemia 
syndrome is commonly characterized by a chronic, stable ane-
mia and, uncommonly, by a progressive marrow failure state 
or leukemic evolution.247,261 An initial genetic change causing 
expansion of an abnormal hematopoietic clone manifested by 
defective erythroid cell development is thus insufficient to result 
in a malignancy, even when persisting for many years. A “second 
hit” or mutation appears to be necessary for any leukemic evo-
lution262 that can be reversible, whereas the initial manifested 
defect expressed in the sideroblastic state persists.263,264

Abnormalities in Heme Synthesis
The defective erythropoiesis is characterized at least in part 
by impaired hemoglobin synthesis, as reflected in the presence 
of a hypochromic erythrocyte population. Various studies had 
indicated that the biosynthesis of heme is impaired at the levels 
of ALA synthase and ferrochelatase. Reduced activity of ALA 
synthase in marrow cells was the most consistent abnormality in 
earlier series of patients138,265–267 and was particularly demon-
strable in the youngest erythroblast fraction.268 In occasional 
patients, the addition of PLP enhanced the low enzyme activity 
in vitro, but reported erythropoietic responses to pyridoxine or to 
PLP administration,269 as well as restoration of low ALA synthase 
activity to normal,265,270 were unusual and may have reflected 
an inherited defect of ALAS2.135,142 In a later study, the activity 
of detergent-solubilized ALA synthase in bone marrow cells was 
actually somewhat increased,139 suggesting enhanced translation 
of the enzyme in response to raised cellular iron levels.

A constant feature is mild to moderate elevation of the eryth-
rocyte protoporphyrin,240 rarely reaching values encountered 
in hereditary protoporphyria62,240,242,271 (see Chapter 26). The 
latter cases may now be explained by a likely acquired deletion 
of a ferrochelatase allele due to a cytogenetic abnormality of the 
clonal disorder.272 The erythrocyte protoporphyrin increases fur-
ther after pyridoxine administration but without improvement of 
the anemia,240,265,273,274 suggesting a block at the ferrochelatase 
step. Impaired activity of this enzyme was found in approximately 
one half of patients studied,138,267 likely representing a second-
ary effect of the mitochondrial iron deposition. Studies of iron 
metabolism in erythroid cells revealed increased accumulation 
of nonheme iron into membrane or mitochondrial fractions and 
reduced incorporation of iron into heme.8,9 Thus, impaired iron 
utilization for heme biosynthesis remained the common denomi-
nator in the pathogenesis.

Subsequently, a defect(s) intrinsic to mitochondria, causing 
diminished heme production in the abnormal clone as well as 
accounting for the decreased activity of several other mitochondrial 
enzymes (i.e., cytochrome oxidase, oligomycin-sensitive adenosine 
triphosphatase, and mitochondrial serine protease) in granulocytes 
and erythroblasts275 was sought. Various heteroplasmic point 
mutations of conserved nucleotides in mitochondrial DNA, as well 
as in transfer RNAs and mitochondrial ribosomal RNAs, were 
found in hematopoietic cells of patients with clonal sideroblastic 
anemia.276,277 Many of these affect cytochrome c oxidase and may 
be implicated in impaired reduction of iron for its incorporation 
into protoporphyrin by ferrochelatase. Such mitochondrial defects 
are consistent with the heterogeneity of hemoglobin content found 
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between individual erythroblasts by scanning microspectropho-
tometry,278 as well as with the variable size of hypochromic 
microcytic erythrocyte and ring sideroblast cell populations in the 
disorder. A gradual accumulation of affected erythroid precursors 
and the known higher mutation rate in mitochondrial DNA than 
in nuclear DNA would provide a basis for the slowly progressive 
nature of the anemia and its expression in later life, respectively.

A uniformly reduced transcript of the ABCB7 transporter 
was observed in 33 patients with RARS279 and may indicate one 
mechanism leading to this ring sideroblast phenotype. In vitro 
studies also suggested a link between this ABCB7 down-regulation 
and SF3B1 mutations280 in association with reduced erythroid 
development and the aberrant expression of mitochondrial fer-
ritin in CD34+ cells that had previously been observed in low-risk 
myelodysplastic syndromes.281

Nuclear Abnormalities
The principal, often macrocytic, red cell population in the blood 
may represent the progeny of the normal residual erythroid pre-
cursors with a shortened marrow maturation time in response to 
raised erythropoietin levels. The commonly observed morphologic 
nuclear abnormalities of erythroid precursors and their defective 
DNA synthesis and mitosis,282,283 however, suggest that more 
viable precursors of the dysplastic clone produce the macrocytic 
erythrocytes, whereas a greater proportion of developing cells 
expressing impaired heme synthesis is destroyed in the bone 
marrow. By analogy, various other aberrations of erythroid cell 
metabolism can occur in dysplastic hematopoietic clones,284 
including altered genetic control of globin chain production. Thus, 
hemoglobin H disease was acquired in association with eryth-
roleukemia, acute leukemia, and myelofibrosis,285 as well as in 
sideroblastic anemia with myeloproliferative features286 and in 
patients with sideroblastic anemia before leukemia developed.287

Iron Overload
Excessive absorption of dietary iron occurs over time in many, if 
not all, patients with stable disease and can be attributed to the 
ineffective erythropoiesis, as in congenital sideroblastic anemias 
and other long-standing disorders with erythroid maturation 
defects.20 The consequent iron accumulation closely resembles 
that of hereditary hemochromatosis. Although the presence of at 
least one allele for this disorder would likely contribute to the iron 
overload,22 the incidence of HFE mutations was no greater than 
in the normal population in most studies.22,27,28,288 Inadvertent 
administration of iron for the anemia and red cell transfusions 
add predictably to the parenchymal iron deposition.184,261,289

Clinical Features
The disorder usually occurs in middle-aged and older individu-
als, but younger persons, including children, are not spared. The 
anemia develops insidiously and may be discovered during a 
routine examination or in association with an unrelated com-
plaint. The older individual more often experiences symptoms of 
fatigue and angina if there is coexisting coronary artery disease. 
Physical examination may reveal no abnormality except for pallor. 
Hepatosplenomegaly is found in one third to one half of patients. 
With advanced iron overload, usually after repeated red cell trans-
fusions, symptoms and signs of liver decompensation as well as 
heart failure and arrhythmia occur.

Laboratory Findings
The anemia is usually moderate and may be normocytic but more 
often is macrocytic (Fig. 24.6). The mean corpuscular hemoglobin 
concentration is normal or slightly reduced, and a variable popu-
lation of hypochromic cells is found on blood smear. A particularly 

characteristic finding is the presence of occasional basophilic 
stippling in hypochromic cells that stains positive for iron.23,240 
Typical Pappenheimer bodies are uncommon unless there is 
associated hyposplenism or the spleen is absent. Leukocyte and 
platelet values are usually within the normal range. The presence 
of the erythroid abnormalities alone constitutes the RARS subtype 
of the disorder in the World Health Organization (WHO) classifica-
tion of myelodysplastic syndromes233 (see Chapter 73). Associated 
moderate leukopenia, thrombocytopenia, or both tend to be 
accompanied by other myelodysplastic features, such as morpho-
logically abnormal leukocytes (e.g., the pseudo-Pelger anomaly) or 
immature forms in the peripheral blood,247 and define the WHO 
category RCMD-RS.233 The presence of leukocytosis, thrombocy-
tosis, or both is indicative of a mixed myelodysplastic/myelopro-
liferative disease.234,235,236,237

Erythroid hyperplasia is found on bone marrow examina-
tion. A feature claimed to be helpful in distinguishing idiopathic 
sideroblastic anemia from erythroleukemia is the lack of periodic 
acid-Schiff (PAS)–positive material in the erythroblasts. Mild 
megaloblastic changes are common and may or may not be 
related to accompanying folate deficiency. Marrow hemosiderin 
content is increased, and ring sideroblasts constitute up to 100% 
of the erythroblasts unless masked by concomitant iron defi-
ciency.2,240,290,291 In contrast to hereditary sideroblastic anemia, 
ring sideroblasts are evident at all stages of erythroid matura-
tion.175 Their distinctive expression of mitochondrial ferritin also 
permits their detection by flow cytometry methods.7,292 Because 
the hematologic phenotype often may be indistinguishable from 
XLSA in female patients,135,136 the analysis of X inactivation sta-
tus and DNA for ALAS2 defects should be considered.

Serum transferrin saturation is increased in most patients and 
exceeds 90% in approximately one third of them.240 Substantially 
increased deposition of iron is found in the liver, but hepatic dys-
function is rare at presentation. Serum ferritin levels are elevated.

Characteristically, the erythrocyte protoporphyrin is mod-
erately increased, up to 300 mg/dl (normal is 20 to 65 mg/
dl). Values ranged from 1,055 to 10,514 mg/dl in the patients 
with probable acquired deletion of one ferrochelatase allele 
in the hematopoietic clone, and some had associated dermal 
photosensitivity.62,242,271,272

treatment and prognosis
Treatment consists of supportive measures. Pyridoxine adminis-
tration cannot be expected to be beneficial because ALAS2 defects 
are not involved in the pathogenesis. Administration of large 
doses of androgen (e.g., 50 to 300 mg of oxymetholone per day)240 
is rarely useful and tends to produce or worsen fluid retention 

FIGURE 24.6. Characteristics of the anemia in 17 patients with acquired clonal sidero-
blastic anemia. Shaded areas, normal range (mean ± 2 standard deviations). VPRC, volume 
of packed red cells; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin 
concentration. (From Kushner JP, Lee GR, Wintrobe MM, et al. Idiopathic refractory sideroblastic 
anemia. Clinical and laboratory investigation of 17 patients and review of the literature. Medicine 
1971;50:139–159.)
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and hepatic dysfunction. The effectiveness of erythropoietin has 
been examined in patients with the myelodysplastic syndromes, 
including RARS. Most, if not all, patients with uncomplicated sid-
eroblastic anemia have high levels of endogenous erythropoietin, 
and it would appear unlikely that additional administration of the 
hormone would be beneficial. However, prolonged administra-
tion of recombinant erythropoietin, with or without granulocyte 
colony-stimulating factor, can lead to gratifying improvement or 
even correction of the anemia in around 40% of patients,293,294 
in particular in individuals who have a low or intermedi-
ate-1 International Prognostic Scoring System (IPSS) score.295 A 
response is also more likely to occur if the endogenous serum 
erythropoietin level is not commensurate with the degree of the 
anemia,296 and large doses may be required.

Many studies evaluating various drug regimens for the 
myelodysplasias included the RARS subtypes. The drugs used 
have included the hypomethylating agents 5-azacytidine and 
decitabine, anti-tumor necrosis factor (TNF) fusion protein (etan-
ercept), antithymocyte globulin (ATG), thalidomide and its deriva-
tive lenalidomide, and valproic acid.297–299 On average, major 
responses with improved erythropoiesis or hematopoiesis have 
been less than 50% (see Chapter 73).

Many patients are not significantly incapacitated by the ane-
mia. Without abnormalities of the other hematopoietic cell lines 
and with minimal iron overload, often no progression occurs for 
many years.247 Such individuals frequently succumb to other 
concurrent diseases, but continued medical follow-up is indicated. 
Iron status should also be assessed with laboratory studies once 
per year. Transfusion of packed red cells is necessary for patients 
with symptomatic anemia, but it should be kept to a minimum 
because it accelerates the iron overload.

Iron overload, particularly when accentuated by repeated 
transfusions, can be a significant cause of morbidity and mor-
tality (liver failure or heart failure)261,300 and is improved with 
chelation.301,302 When the serum ferritin level is approximately 
500 mg/L or higher, along with the increased transferrin satura-
tion, it should be countered. Histologic and chemical determina-
tion of iron in the liver biopsy provides the optimal assessment 
of the degree of iron overload. In mildly or moderately anemic 
individuals, iron removal can be accomplished with graded 
phlebotomies. Patients with more severe anemia or who are 
transfusion-dependent require iron chelation as described for 
congenital sideroblastic anemias. Because each unit of blood 
deposits 200 mg of iron, iron overload develops fairly rapidly with 
regular transfusions, and it is controlled more easily if treatment 
with an iron chelator is begun after approximately 20 units of 
blood have been given. In some cases, anemia was improved after 
iron removal8,303,304,305; an independent effect of deferoxamine 
on erythropoiesis was also implicated.304,305

The survival of patients with isolated anemia who are stable and 
not transfusion-dependent may not differ from that of healthy individ-
uals. A prospective study of 232 patients, which validated the proposal 
of the two types of the disorder, provided prognostic information.247 
In pure sideroblastic anemia, with the marrow failure restricted to 
the erythroid cell lineage and now called RARS, overall survival was 
the same as in age-matched controls, and leukemic transformation 
was not observed. In RARS with features of impaired granulopoi-
esis, megakaryopoiesis, or both, survival was reduced to 56% at 
3 years, and, in approximately 5% of cases, evolution to acute 
leukemia occurred. Other factors associated with the development 
of leukemia are the presence of few ring sideroblasts, more severe 
ineffective erythropoiesis, and impaired bone marrow colony 
formation.247,261 The probability of leukemic transformation is 
also increased in the presence of certain bone marrow karyo-
type abnormalities (e.g., monosomy 7, deletion 20q, or complex 
defects).247,248,306 When sideroblastic anemia followed therapy for 
various malignant disorders, leukemic evolution tended to be the 
rule.307,308

ReveRSible SiDeRoblaStiC anemiaS

alcoholism
Anemia associated with alcoholism usually has numerous 
causes.309 A ring sideroblast abnormality is never the sole cause 
but occurs in 25% to 30% of anemic alcoholic patients310,311 
and probably only in the presence of malnutrition and folate 
 deficiency.41,311

The production of heme is impaired by ethanol, as indicated 
by the ability of heme to restore the concomitantly inhibited 
globin synthesis in reticulocytes312 and by the observation 
that the heme-regulated inhibitor activity of globin translation 
increases.313 Inhibitory effects of alcohol have been observed at 
several steps of the heme biosynthetic pathway. Reduced activity 
of erythrocyte ALA dehydratase314 was believed to be related to 
zinc depletion.315 Activity levels of erythrocyte uroporphyrinogen 
decarboxylase, leukocyte coproporphyrinogen oxidase, and fer-
rochelatase are also decreased in alcoholic patients; those of ALA 
synthase and PBG deaminase are increased.314,316 Certain abnor-
malities of vitamin B6 metabolism have been observed. Serum 
levels of PLP are low in chronically ill alcoholic persons317 but do 
not correlate with the presence or absence of ring sideroblasts.311 
Acetaldehyde enhanced the degradation of PLP,317,318 and, in one 
study, alcohol-induced sideroblastic anemia responded to PLP 
but not to the combination of folic acid and pyridoxine.319 The 
colony formation of early (burst-forming unit–erythroid) and late 
(colony-forming unit–erythroid) human erythroid progenitor cells 
is preferentially suppressed by ethanol and acetaldehyde over 
that of myeloid cell progenitors at concentrations found in vivo 
and is partially reversed by folinic acid and pyridoxine.320 Thus, 
a direct role of vitamin B6 deficiency in the sideroblastic change is 
uncertain. Important in the pathogenesis may be the direct effects 
of ethanol, acetaldehyde, or both on the heme biosynthetic steps 
or on mitochondrial metabolism, because these agents also inhibit 
hepatic mitochondrial protein synthesis.321

Blood hemoglobin values range from 6 to 10 g/dl, and the MCV 
is normal or increased. The transient sideroblastic change is com-
monly evident in dimorphic circulating erythrocytes. Siderocytes, 
present in approximately one third of patients, are a specific 
finding309 and provide the most persistent clue for the ethanol-
associated ring sideroblast defect. Megaloblastic hematopoiesis 
resulting from folate deficiency is frequent but is not always pres-
ent.309 A striking finding is vacuolization of pronormoblasts. The 
percentage of marrow ring sideroblasts ranges up to 70%, and 
they typically represent later stage normoblasts.41 Marrow iron 
stores usually are increased, as are the serum transferrin satura-
tion and the serum ferritin level.

Withdrawal of alcohol is followed by disappearance of ring 
sideroblasts within a few days to 2 weeks310 (Fig. 24.7). Recovery 
from the anemia may occur over several weeks and also depends 
on the presence of other erythroid defects induced by alcohol310 
as well as any associated medical illness that affects erythro-
poiesis (see Chapter 41). A prompt recovery phase may exhibit 
reticulocytosis and erythroid hyperplasia in the bone marrow 
resembling hemolytic anemia.310

Drugs

Antituberculosis Agents
Reversible sideroblastic anemia occurs in association with the 
treatment of tuberculosis with INH; in a few patients, pyrazin-
amide and cycloserine also were implicated.322 These drugs 
interfere with vitamin B6 metabolism, and deprivation of PLP 
reduces ALA synthesis and, thus, heme production.322 INH reacts 
with pyridoxal to form a hydrazone and inhibits pyridoxal phos-
phokinase. Bone marrow ALA synthase activity is also inhibited 
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state. Reticulocytopenia, increased serum iron values, and pro-
longed plasma iron clearance are characteristic.326 These abnor-
malities, as well as the ring sideroblasts and anemia, disappear 
upon withdrawal of the drug.

Linezolid causes reversible myelosuppression and the ring 
sideroblast abnormality has also been observed.333 Its toxicity 
resembles that of chloramphenicol in that it inhibits mitochon-
drial protein synthesis (mRNA translation), although it blocks 
assembly of the initiation complex, while chloramphenicol 
inhibits peptidyl transferases and thus peptide elongation.334 
Vacuolization of erythroid precursors is common, and the hema-
tologic abnormalities disappear upon discontinuation of the drug.

Other Drugs
Several miscellaneous drugs have been implicated in producing 
sideroblastic anemia in a few patients. These include fusidic acid, 
busulfan, melphalan, penicillamine and triethylene tetramine 
dihydrochloride.

Copper Deficiency
Deficiency of copper generally does not occur in humans because 
requirements are low relative to its wide distribution in food.335 
However, copper deficiency anemia is encountered in various 
clinical settings and typically leads to sideroblastic anemia and 
neutropenia. It has developed after prolonged parenteral nutri-
tion45,46,336,337 and forced enteral feeding338,339 if copper was not 
included in the formulations, and in association with intestinal 
malabsorption340; some patients have had prior gastrointestinal 
operations, e.g., gastrectomy, bariatric surgery.341,342 Copper defi-
ciency also occurs with the use of copper-chelating agents343 and 
after prolonged ingestion of zinc, such as in the form of zinc sup-
plements344 and with the chronic use of denture cream containing 
zinc.345,346 In six instances, the deficiency developed from inges-
tion of coins and was attributed to their zinc  content.347,348–351

A novel syndrome of severe sideroblastic anemia with the neu-
rologic manifestations of central nervous system demyelination, or 
peripheral neuropathy with optic neuritis, or myelopathy and pro-
found copper deficiency was recognized only 10 years ago352,353,354 
and was proposed to represent another combined system disor-
der resembling vitamin B12 deficiency.355 Subsequently numerous 
cases with this syndrome were reported.341 In some, excess zinc 
ingestion was present and not infrequently remote prior gastric 
resection was noted.341 Myeloneuropathy has been the most fre-
quent neurologic abnormality.

The pathogenesis is understood in part from extensive studies of 
the severe anemia that develops late in the course of dietary copper 
deficiency in swine.356 In these animals the anemia is microcytic 
and hypochromic and is associated with several defects of iron 
metabolism. Intestinal absorption and mobilization of iron from 
reticuloendothelial cells and hepatocytes to transferrin are impaired 
because of the associated lack of ceruloplasmin (ferroxidase). In 
reticulocytes of deficient animals, protoporphyrin production from 
glycine and ALA and ferrochelatase activity are not reduced,357 
but iron metabolism in erythroid mitochondria is impaired in that 
heme synthesis from ferric iron and protoporphyrin is decreased.358 
It was postulated that the reduction of ferric iron to ferrous iron is 
defective, being somehow linked to the diminished levels of cyto-
chrome oxidase also observed. Low levels of intracellular copper 
enzymes, such as cytochrome oxidase, may interfere with hemato-
poiesis in other ways and also account for the neutropenia as well as 
the neuropathology in humans. The cause of copper deficiency after 
ingestion of excess zinc has been attributed to induction of the intes-
tinal protein metallothionein by zinc,359 which preferentially binds 
copper,360 prevents its absorption, and enhances its excretion.361

The anemia is progressive and may be profound if untreated. 
The MCV usually is normal or slightly increased at presentation; 

by INH in a dose-dependent manner in vitro and is restored by 
PLP.138 Cycloserine inhibits PLP-requiring enzyme reactions and 
directly inactivates pyridoxal.322 Pyrazinamide appears to have 
anti–vitamin B6 properties, but a specific mechanism has not been 
determined.

The relative incidence of anemia in relation to the extensive 
use of these drugs appears to be low, perhaps because of the 
regular concomitant administration of pyridoxine. Unknown 
contributory factors or another hematologic disorder may render 
certain individuals more susceptible to the antipyridoxine effects 
of the drugs.322 In one study, ring sideroblasts or increased 
erythroblast iron was found in 58% of all patients treated for 
tuberculosis.323 Anemia has occurred from 1 to 10 months after 
institution of INH treatment. It is moderately severe (volume of 
packed red cells, 0.20 to 0.26 L/L), the red cell indices are usu-
ally reduced, and the erythrocytes show dimorphic morphologic 
features with prominent hypochromia and microcytosis.324 Ring 
sideroblasts are invariably present in the bone marrow. Serum 
pyridoxal concentrations were subnormal in most patients stud-
ied.325 Transferrin saturation tends to be increased. The anemia 
usually is promptly and fully reversed on withdrawal of the drug 
or by administering large doses of pyridoxine while continuing 
use of the drug.

Chloramphenicol and Linezolid
In contrast to the sporadic or idiosyncratic and usually fatal aplas-
tic anemia occurring within weeks or months of chloramphenicol 
use, the dose-dependent and reversible hematologic toxicity of the 
drug is predictable and is characterized by suppression of eryth-
ropoiesis326 and by the ring sideroblast abnormality.40,327 A pri-
mary mitochondrial injury by the agent impairs heme synthesis 
as well as erythroid differentiation and proliferation. Therapeutic 
concentrations of chloramphenicol (10 mg/ml) inhibit the synthe-
sis of mitochondrial membrane proteins, such as cytochrome a 
+ a3 and b, and, thus, mitochondrial respiration.328,329 Impaired 
heme synthesis is evident in reduced activities of ferrochelatase330 
and ALA synthase,331 which appear to be secondary effects as 
these enzymes are synthesized in the cytosol. The greater sensitiv-
ity of erythroid cells to chloramphenicol has been demonstrated 
in vitro, in that therapeutic concentrations of the drug inhibit 
erythroid colony growth but not granulocyte colony growth.332

The anemia may reach moderately severe levels. Bone mar-
row study reveals variable degrees of hypocellularity and ring 
sideroblasts as well as prominent vacuolization of early erythroid 
precursors. Erythrokinetic parameters reflect a hypoproliferative 

FIGURE 24.7. The rate of clearance in days of ring sideroblasts in 16 alcoholic patients 
after alcohol intake ceased. (From Eichner ER, Hillman RS. The evolution of anemia in alco-
holic patients. Am J Med 1971;50:218–232.)
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hypochromic microcytic erythrocytes may be detectable on the 
blood smear. The granulocytes are commonly <1,000/mm3; the 
platelet count is usually normal. The bone marrow tends to be 
hypoplastic, with impaired myeloid maturation.45,46 Vacuolization 
of early erythroid and granulocytic precursors is a prominent 
finding, as are large iron-positive cytoplasmic inclusions in 
plasma cells.45,354 In most instances, moderate numbers of ring 
sideroblasts are observed, in particular if the anemia is suffi-
ciently severe. The hematologic features have occasionally led to 
the erroneous diagnosis of a myelodysplastic syndrome before the 
copper deficiency was recognized.354,362,363

Serum iron levels and transferrin saturation are normal. The 
serum copper and ceruloplasmin levels are uniformly low. In 
cases of zinc-induced copper deficiency, serum zinc levels are 
increased from two- to threefold above the mean normal value.

With correction of the copper deficit, recovery of the hemato-
logic abnormalities is uniformly prompt and complete. In some 
cases, recovery followed discontinuation of the excess zinc intake 
alone. Zinc as a therapeutic agent should thus be prescribed with 
caution,364,365 and its use as a stimulus for general well-being 
should be discouraged. Moreover, the zinc content has been 
removed from denture cream products. The neurologic abnor-
malities may improve or only stabilize with continued copper 
supplementation.341,353,354,362 The usual dose of copper may not 
be sufficient for all patients as relapse has occurred,366 and long-
term follow-up is advised for all patients.

hypothermia
In 1982, O’Brien et al. described three patients who, during epi-
sodic hypothermia, exhibited erythroid hypoplasia and ring sid-
eroblasts as well as thrombocytopenia in the presence of a normal 
number of megakaryocytes.48 As the body temperature returned 
to normal, these changes slowly reversed. The ring sideroblast 
abnormality might be explained by the well-known inhibition 
of the translocation of proteins into mitochondria by reduced 
temperature.48,367 Heme synthesis368 and iron incorporation into 
hemoglobin by reticulocytes369 have also been shown to be dimin-
ished at lowered temperatures.

anemia FRom DeFeCtS in 
eRytHRoiD Heme SyntHeSiS 
WitHout Ring SiDeRoblaStS

anemia of Lead poisoning
Lead poisoning has occurred from a wide array of sources, 
including lodged bullets, inhaled fumes in various industries or 
lead particles in a firing range, ingested contaminated herbs and 
food supplements, and beverages containing lead solubilized 
from glazes of utensils and linings of stills.370,371 In children, the 
primary source was ingestion of lead-based paint chips. Organic 
lead is acquired by absorption through the skin or by gasoline 
sniffing. Heterozygotes of hereditary ALA dehydratase deficiency 
are said to be more susceptible to lower levels of lead exposure,372 
as are persons with one or both genes for the less common allele 
(ALAD2) of the enzyme.373 Although lead has been eliminated 
from various consumer products and occupational exposure is 
monitored, it may still remain the most common cause of occupa-
tional poisoning worldwide.374

The anemia that accompanies lead poisoning (plumbism) is 
in part the result of various inhibitory effects of lead on heme 
biosynthesis.375,376 Most enzymes in the heme biosynthetic 
pathway are inhibited by lead to varying degrees. Presumably, 
lead displaces an essential metal or reacts with active-site thiol 
groups of the enzymes, but the precise mechanism is not worked 

out in most cases. ALA dehydratase is most sensitive to lead 
in vitro and in vivo, followed by ferrochelatase, coproporphy-
rinogen oxidase, and PBG deaminase, respectively. The effects 
of lead on the production of heme are also interrelated with iron 
metabolism. In erythroid cells, lead impedes the intracellular 
delivery of iron to waiting ferrochelatase, and the surrogate 
metal zinc is inserted into protoporphyrin by ferrochelatase as 
in iron deficiency377 so that zinc protoporphyrin accumulates. 
These events probably account for the usual absence of the 
ring sideroblast abnormality in persons with lead intoxication. 
Ferrochelatase may be directly inhibited in acute and more 
severe lead intoxication, and, only then, nonchelated protopor-
phyrin accumulates in erythrocytes.378,379 Lead also impairs 
globin synthesis.380 With prolonged lead exposure, erythroid 
hypoplasia may occur.381

Other effects of lead increase the rate of red cell destruction. 
Changes in the spatial arrangement of red cell membrane proteins 
caused by lead are believed to inhibit adenosine triphosphatase, 
leading to cellular loss of K+.382 If the lead burden is sufficiently 
severe (i.e., with blood lead concentrations of 200 mg/dl or 
greater), impaired erythrocyte pyrimidine 5′-nucleotidase activ-
ity causes accumulation of nucleotides that inhibit the pentose 
phosphate shunt383 and promote hemolysis as in the genetically 
determined deficiency of the enzyme (see Chapter 28).

The typical clinical manifestations are autonomic neuropathy 
causing abdominal pain and ileus (lead colic) and motor neu-
ropathy (lead palsy).384 A lead line may be seen on the gums and 
tonsils. Occasionally, renal dysfunction (lead nephropathy) may 
prompt the diagnosis. These classic features denote advanced 
lead toxicity, and more common are insidious, nonspecific mus-
culoskeletal and neuropsychiatric complaints.370

The hematologic changes in lead poisoning are variable and 
can be attributed to the multiplicity of toxic actions on the ery-
thron. More recently, anemia was present in only 25% of adult 
patients.370 Anemia in children is also a late sign of lead poison-
ing by current standards385 and frequently is superimposed on 
pre-existing iron deficiency.386 The severity of the anemia ranges 
from mild to moderate, and the red cells tend to be mildly hypo-
chromic and microcytic (Table 24.4). The reticulocyte count may 
be raised in patients with overt hemolysis.384 Coarse basophilic 
stippling may be prominent (Fig. 24.8), representing polysomal 
aggregates that presumably are retained because RNA degra-
dation is impaired as a result of the pyrimidine 5′-nucleotidase 
deficiency, but it is not always present and does not correlate 
with the lead burden.385,387 Osmotic fragility of the erythrocytes 
is decreased; mechanical fragility is increased consequent to the 
membrane injury.387 An electrophoretically “fast” hemoglobin 
similar to hemoglobin A3 may be found.388 The bone marrow 
usually reveals erythroid hyperplasia, but it may be hypoplastic. 
Authentic ring sideroblasts are uncommon, if they occur at all.

The mean red cell life span is reduced with a random pattern 
of destruction despite problems with the accelerated 51Cr elution 
from red cells due to lead effects on the red cell membrane.389 
Serum iron levels tend to be normal or slightly increased unless 
the patient has associated iron deficiency. The findings of fer-
rokinetic studies are consistent with ineffective erythropoiesis 
accompanied by mild hemolysis.389

Parameters of heme biosynthesis reflect the inhibition of the 
various enzymatic steps and correlate with the lead burden.375 
ALA dehydratase activity in erythrocytes is reduced in proportion 
to blood lead levels, and, in contrast to the hereditary deficiency 
of the enzyme, its in vitro activity is restored to normal by reduc-
ing agents such as glutathione or dithiothreitol.375 As a conse-
quence of the reduced activity, urinary ALA is greatly increased, 
whereas levels of PBG are rarely increased, a combination that 
distinguishes plumbism from acute porphyrias, in which PBG is 
excreted in greater excess than ALA. Urinary coproporphyrin, 
and to a lesser degree uroporphyrin, levels are also increased in 
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Normal (Range) Lead Poisoning (Range)

Hemoglobin (g/dl) Male 14.0–18.0 10.7

Female 12–16 8–13

Volume packed red cells (L/L) Male 0.40–0.54 0.35

Female 0.37–0.47 0.29–0.43

Mean corpuscular volume (fl) 89 (83–96) 79 (70–92)

Mean corpuscular hemoglobin 34 (32–36) 31 (27–36)

concentration (g/dl)

Reticulocytes (%) 1.6 (0.6–2.7) 4.4 (1.5–11.6)

Stippled cells (%) Rare 1.8 (0.1–7.5)

Leukocytes (× 109/L) 4–11 4–15

Adapted from Dagg JH, Goldberg A, Lochhead A, et al. The relationship of lead poisoning to acute intermittent porphyria. 
QJM 1965;34:163–175 and Griggs RC. Lead poisoning: hematologic aspects. Prog Hematol 1964;4:117–137.

HEMATOLOGIC CHANGES IN THE ANEMIA OF LEAD POISONING IN ADULTS

taBLe 24.4

lead poisoning. The zinc protoporphyrin level in erythrocytes is 
increased more than in iron deficiency.

The upper limit of the “normal” level of blood lead, which 
is mostly contained in erythrocytes, is 30 mg/dl of whole blood. 
Adults with concentrations of 30 to 75 mg/dl show decreased 
ALA dehydratase activity, increased urinary excretion of ALA, 
and an increase in erythrocyte protoporphyrin,390 and may 
have nonspecific symptoms of lead poisoning. Clear symptoms 
usually are associated with concentrations that exceed 75 mg/
dl. Concentrations in urine >0.1 mg/24 hours also establish the 
diagnosis of lead intoxication. When urinary lead excretion is bor-
derline, response to slow intravenous infusion of 25 mg/kg (not 
to exceed 2 g) of the chelator calcium disodium ethylenediamine-
tetraacetic acid can confirm the diagnosis; excretion of more than 
0.2 mg of lead in 24 hours indicates an increased lead burden.

Treatment consists of removal of the lead source and admin-
istration of ethylenediaminetetraacetic acid, 50 mg/kg/day in two 
divided doses, by slow intravenous infusion with ample fluids 
for 5 days.371,390 This regimen may be repeated in 3 to 4 weeks, 
depending on the response of blood lead levels. Renal function 
should be monitored. Recovery usually is prompt. An oral chelat-
ing agent, 2,3-dimercaptosuccinic acid, is also available.391

Certain porphyrias
Heme biosynthesis is strikingly perturbed in the various porphyr-
ias that result from heterogeneous molecular defects in each of 
the enzymes in the pathway (see Chapter 26). Tissue-specific dif-
ferences of expression and of regulation of these enzymes likely 
account for the absence of anemia in most porphyrias, as the 

FIGURE 24.8. Hypochromia and red cell stippling in lead poisoning.

defective enzymes do not become rate-limiting in the erythroid 
cell. In a few of them, erythroid heme production may be mini-
mally compromised, as noted for protoporphyria previously; or 
accumulation of biosynthetic intermediates perturbs erythroid cell 
development, survival, or both.

Congenital Erythropoietic Porphyria
In this rare disorder, expressed as an autosomal recessive trait, 
erythroid heme biosynthesis is not diminished.392,393 Because of 
the low residual uroporphyrinogen III synthase activity, uropor-
phyrin I accumulates, mainly in erythroid cells. Variable anemia 
is associated with dyserythropoiesis and varying degrees of 
peripheral hemolysis. The porphyrin accumulates in the nuclei of 
developing erythroblasts and is believed to affect their matura-
tion. Anemia often is not the principal clinical problem. In some 
patients, the hemolytic process was improved by splenectomy.

Hepatoerythropoietic Porphyria
Hepatoerythropoietic porphyria represents the homozygous defi-
ciency of uroporphyrinogen decarboxylase and is expressed 
as a variably severe form of porphyria cutanea tarda typically 
manifesting during infancy or early childhood.394 About 40 cases 
have been reported, and anemia was noted in more than 50% of 
patients.395 Severe anemia or a hemolytic process is the excep-
tion. The level of erythrocyte protoporphyrin, primarily as zinc 
protoporphyrin, is increased and is attributed to a relatively 
increased conversion of uroporphyrinogen III to protoporphyrin 
late in erythroid maturation when iron supply may become rate 
limiting. The anemia has not been characterized.

Harderoporphyria
Anemia has been encountered in this erythropoietic variant of 
hereditary coproporphyria, in which large amounts of the tricar-
boxylic harderoporphyrin accumulate.396,397,398 Affected indi-
viduals carry distinctive homozygous or compound heterozygous 
mutations in the coproporphyrinogen III oxidase gene, and the 
mutant enzyme has 18% to 24% residual activity.397 Clinically, 
neonatal hemolytic anemia with hyperbilirubinemia and hepato-
splenomegaly is followed by mild microcytic anemia and variable 
photosensitivity in adulthood. Neurovisceral symptoms of acute 
porphyria may occur.398 Expression of the defect is usually lim-
ited to erythroid tissue and is characterized by impaired heme 
synthesis and dyserythropoiesis with associated iron overload.397
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Key CliniCal SummaRy pointS
•	 General Definition of Sideroblastic Anemia (SA)

Sideroblastic anemia comprises a wide spectrum of heritable 
or acquired erythropoietic disorders. Regardless of clinical and 
peripheral blood abnormalities, the unifying feature of all forms 
of SA is the presence of bone marrow ring sideroblasts.

•	 Prompt Diagnosis of a Sideroblastic Anemia
Consider in all adults and children/infants with unexplained 

anemia of any severity from history, clinical examination, and 
basic laboratory data. Certain features are suggestive: history 
of chronic anemia; exposure to factors causing reversible SA 
(Table  24.1); family history of anemia; presence of neurologic 
abnormalities, myopathy, lactic acidosis, immunodeficiency in 
children or young adults.

Suspect a congenital SA in the presence of microcytosis with-
out evidence of iron deficiency or thalassemia; the MCV and 
erythrocyte morphology are most accurate before any red cell 
transfusion (Fig. 24.9).

Establish the diagnosis of SA by performing a Prussian blue 
stain on the bone marrow aspirate smear.

•	 Differential Diagnosis
If ring sideroblasts are evident in the marrow, review the 

patient’s constellation of clinical findings to narrow the differen-
tial diagnosis (Table 24.1, Fig. 24.9).

Where the causative gene is known, mutation analysis pro-
vides definitive diagnosis of a congenital SA; some molecular 
genetic tests are available in several clinical laboratories listed on 
the www.genetests.org website, others may be available in certain 
research laboratories.

Evaluate for iron overload with serum iron profile and ferritin; 
assess parenchymal organ involvement as indicated.

•	 Treatment
Withdraw an identified reversible cause.
Recommend a therapeutic trial of pyridoxine (adult dose 

50 to 100 mg/day) in patients with microcytic SA until the genetic 
cause can be determined; the vitamin is only effective in some 
cases with XLSA.

For symptomatic anemia, provide supportive treatment with 
red cell transfusion.

Remove excess body iron by phlebotomy if anemia is mild; by 
use of iron chelation in patients with severe/transfusion-dependent 
anemia.

FIGURE 24.9. Schema for diagnostic evaluation of patients with a sideroblastic anemia. MCV, mean corpuscular volume; XLSA, X-linked sideroblastic ane-
mia; ARCSA, autosomal recessive sideroblastic anemia; XLSA/A, X-linked sideroblastic anemia with ataxia; Igs, immunoglobulins; MLASA, myopathy, lactic acidosis, 
and sideroblastic anemia; mtDNA, mitochondrial DNA; TRMA, thiamine-responsive megaloblastic anemia. *Microcytic hypochromic red cells may be present in the 
blood smear in many, but not all, of these disorders. **Typically present in infancy or childhood.

MCV decreased

Ring sideroblasts present in Prussian blue
stained smear of bone marrow aspirate

Red cell morphology

MCV normal or increased*

Reversible sideroblastic anemia

Isoniazid intake Exclude by history

Reversible sideroblastic anemia

Alcoholism, certain
drugs (see text)

Copper deficiency
(zinc ingestion)

Determine serum copper
and ceruloplasmin

Irreversible sideroblastic anemia

XLSA in females Determine ALAS2 mutation

Determine SLC19A2 mutation

Determine PUS1, YARS2 mutation

Perform mtDNA
mutational analysis

+ Myopathy, acidosis - MLASA**

+ Acidosis, pancreatic insufficiency –
   Pearson syndrome**

+ Diabetes mellitus, deafness - TRMA**

RARS Exclude other causes

RARS + thrombocytosis − RARS-T

RARS + other cytopenia(s) − RCMD-RS

Unknown cause

Exclude by history

Irreversible sideroblastic anemia

XLSA in males Determine ALAS2 mutation

Determine SLC25A38 mutation

Determine ABCB7 mutation

ARCSA**

XLSA/A**

Determine serum Igs and
lymphocyte profile

ARCSA +
Immunodeficiency**

Unknown cause
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Prescribe thiamine (25 mg/day) in the TRMA syndrome.
Manage the clinical aberrations associated with the syndromic 

forms of congenital SA with available supportive measures.

•	 Follow-up
Educate the patient and family about the disease and relevant 

inheritance.
Encourage patients to keep records of diagnostic studies and 

recommended therapy.
In cases with congenital SA, provide for examination of family 

members and for their genetic testing as indicated.

WebSite ReSouRCe
www.UpToDate.com—contains three sections on sideroblastic 
anemias: causes; pathophysiology; diagnosis and treatment.

SeLeCteD reFerenCeS
The full reference list for this chapter can be found in the online version.

 1. Mollin DL. Sideroblasts and sideroblastic anaemia. Br J Haematol 
1965;11:41–48.

 2. Bottomley SS. Sideroblastic anaemia. Clin Haematol 1982;11:389–409.
 3. Fleming MD. Congenital sideroblastic anemias: iron and heme lost in mito-

chondrial translation. Hematology Am Soc Hematol Educ Program, 2011; 
525–531.

 5. Sorenson GD. Electron microscopic observations of bone marrow from 
patients with sideroblastic anemia. Am J Pathol 1962;40:297–314.

 7. Cazzola M, Invernizzi R, Bergamaschi G, et al. Mitochondrial ferritin expres-
sion in erythroid cells from patients with sideroblastic anemia. Blood 
2003;101:1996–2000.

 15. Muta K, Krantz SB. Inhibition of heme synthesis induces apoptosis in human 
erythroid progenitor cells. J Cell Physiol 1995;163:38–50.

 18. Cartwright GE, Deiss A. Sideroblasts, siderocytes and sideroblastic anemia. 
N Engl J Med 1975;292:185–193.

 19. Pippard MJ, Weatherall DJ. Iron absorption in non-transfused iron loading 
anaemias: prediction of risk for iron loading and response to iron chelation 
treatment, in b thalassemia intermedia and congenital sideroblastic anae-
mias. Haematologia 1984;17:2–24.

 20. Tanno T, Miller JL. Iron loading and overloading due to ineffective erythro-
poiesis. Adv Hematol 2010; 2010:358283 (Epub 2010 May 11).

 21. Bottomley SS. Secondary iron overload disorders. Semin Hematol 
1998;35:77–86.

 29. Cooley TB. A severe type of hereditary anemia with elliptocytosis. Interesting 
sequence of splenectomy. Am J Med Sci 1945;209:561–568.

 31. McFadzean AJS, Davis LJ. Iron-staining erythrocytic inclusions with special 
reference to acquired haemolytic anaemia. Glasgow Med J 1947;28:237–279.

 34. Bjorkman SE. Chronic refractory anemia with sideroblastic bone marrow. 
A study of four cases. Blood 1956;11:250–259.

 36. Hathway D, Harris JW, Stenger RJ. Histopathology of the liver in pyridoxine-
responsive anemia. Arch Pathol Lab Med 1967;83:175–179.

 44. Rademakers LHPM, Koningsberger JC, Sorber CWJ, et al. Accumulation of 
iron in erythroblasts of patients with erythropoietic protoporphyria. Eur J 
Clin Invest 1993;23:130–138.

 47. Pearson HA, Lobel JS, Kocoshis SA, et al. A new syndrome of refractory 
sideroblastic anemia with vacuolization of marrow precursors and exocrine 
pancreatic dysfunction. J Pediatr 1979;95:976–984.

 49. Pagon RA, Bird TD, Detter JC, et al. Hereditary sideroblastic anaemia and 
ataxia: an X-linked recessive disorder. J Med Genet 1985;22:267–273.

 52. Cotter PD, Baumann M, Bishop DF. Enzymatic defect in “X-linked” sidero-
blastic anemia: molecular evidence for erythroid d-aminolevulinate synthase 
deficiency. Proc Natl Acad Sci U S A 1992;89:4028–4032.

 53. Allikmets R, Raskind WH, Hutchinson A, et al. Mutation of a putative mito-
chondrial iron transporter gene (ABC7) in X-linked sideroblastic anemia and 
ataxia (XLSA/A). Hum Mol Genet 1999;8:743–749.

 55. Fleming JC, Tartaglini E, Steinkamp MP, et al. The gene mutated in thiamine-
responsive anaemia with diabetes and deafness (TRMA) encodes a functional 
thiamine transporter. Nat Genet 1999;22:305–308.

 57. Casas KA, Fischel-Ghodsian N. Mitochondrial myopathy and sideroblastic 
anemia. Am J Med Genet 2004;125A:201–204.

 59. Camaschella C, Campanella A, De Falco L, et al. The human counterpart of 
zebrafish shiraz shows sideroblastic-like microcytic anemia and iron over-
load. Blood 2007;110:1353–1358.

 60. Guernsey DL, Jiang H, Campagna DR, et al. Mutations in mitochondrial 
carrier family gene SLC25A38 cause nonsyndromic autosomal recessive 
congenital sideroblastic anemia. Nat Genet 2009;41:651–653.

 61. Riley LG, Cooper S, Hickey P, et al. Mutation of the mitochondrial tyrosyl-tRNA 
synthetase gene, YARS2, causes myopathy, lactic acidosis, and sideroblastic 
anemia-MLASA syndrome. Am J Hum Genet 2010;89:52–59.

 62. Bottomley SS, Muller-Eberhard U. Pathophysiology of heme synthesis. Semin 
Hematol 1988;25:282–302.

 65. Cox TC, Bawden MJ, Abraham NG, et al. Erythroid 5-aminolevulinate syn-
thase is located on the X chromosome. Am J Hum Genet 1990;46:107–111.

 71. Nakajima O, Takahashi S, Harigae H, et al. Heme deficiency in erythroid 
lineage causes differentiation arrest and cytoplasmic iron overload. EMBO J 
1999;18:6282–6289.

 75. Cox TC, Bawden MJ, Martin A, et al. Human erythroid 5-aminolevulinate 
synthase: promoter analysis and identification of an iron-responsive element 
in the mRNA. EMBO J 1991;10:1891–1902.

 77. Melefors O, Goossen B, Johansson HE, et al. Translational control of 5- 
aminolevulinate synthase mRNA by iron-responsive elements in erythroid 
cells. J Biol Chem 1993;268:5974–5978.

 81. Rouault TA. The role of iron regulatory proteins in mammalian iron homeo-
stasis and disease. Nature Chem Biol 2006;2:406–414.

 86. Furuyama K, Sassa S. Interaction between succinyl Co-A synthetase and the 
heme-biosynthetic enzyme ALAS-E is disrupted in sideroblastic anemia. J 
Clin Invest 2000;105:757–764.

 101. Crooks DR, Ghosh MC, Haller RG, et al. Posttranslational stability of the heme 
biosynthetic enzyme ferrochelatase is dependent on iron availability and 
intact iron-sulfur cluster assembly machinery. Blood 2010;115:860–869.

 110. Bottomley SS, Wolfe LC, Bridges KR. Iron metabolism in K562 erythroleuke-
mia cells. J Biol Chem 1985;260:6811–6815.

 113. Sheftel AD, Zhang AS, Brown C, et al. Direct interorganellar transfer of iron 
from endosome to mitochondrion. Blood 2007;110:125–132.

 114. Shaw GC, Cope JJ, Li L, et al. Mitoferrin is essential for erythroid iron assimi-
lation. Nature 2006;440:96–100.

 115. Chen W, Paradkar PN, Li L, et al. Abcb10 physically interacts with mitoferrin 
1 (Slc25a37) to enhance its stability and function in erythroid mitochondria. 
Proc Nat Acad Sci USA 2009;106:16263–16268.

 129. Cox TC, Bottomley SS, Wiley JS, et al. X-linked pyridoxine-responsive 
sidero-blastic anemia due to a Thr388-to-Ser substitution in erythroid 
 5-aminolevulinate synthase. N Engl J Med 1994;330:675–679.

 132. Lee GR, McDiarmid WD, Cartwright GE, et al. Hereditary, X-linked, sidero-
achrestic anemia. The isolation of two erythrocyte populations differing in 
Xga blood type and porphyrin content. Blood 1968;32:59–70.

 135. Bottomley SS, Wise PD, Wasson EG, et al. X-linked sideroblastic anemia in 
ten female probands due to ALAS2 mutations and skewed X chromosome 
inactivation (Abstract). Am J Hum Genet 1998;63(Suppl):A352.

 136. Aivado M, Gattermann N, Rong A, et al. X-linked sideroblastic anemia associ-
ated with a novel ALAS2 mutation and unfortunate skewed X-chromosome 
inactivation patterns. Blood Cell Mol Dis 2006;37:40–45.

 141. Bottomley SS. Sideroblastic anemia: death from iron overload. Hosp Pract 
1991;26(Suppl 3):55–56.

 147. Busque L, Mio R, Mattioli J, et al. Nonrandom X-inactivation patterns in nor-
mal females: lyonization ratios vary with age. Blood 1996;88:59–65.

 149. Conboy JG, Cox TC, Bottomley SS, et al. Human erythroid 5-aminolevulinate 
synthase: gene structure and species-specific differences in alternative RNA 
splicing. J Biol Chem 1992;267:18753–18758.

 151. HGMD Professional. http://www.hgmd.org. (Accessed August 1, 2012).
 156. Ferreira GC, Neame PJ, Dailey HA. Heme biosynthesis in mammalian sys-

tems: evidence of a Schiff base linkage between pyridoxal 5′ phosphate 
cofactor and a lysine residue in 5-aminolevulinate synthase. Protein Sci 
1993;2:1959–1965.

 159. Bottomley SS, Wise PD, Wasson EG, et al. The spectrum of molecular defects 
in the erythroid 5-aminolevulinate synthase gene in hereditary sideroblastic 
anemia (Abstract). Blood 1998;92(Suppl 1):669a.

 160. Bishop DF, Tschaikovskii V, Hoffbrand AV, et al. X-linked sideroblastic ane-
mia due to carboxy-terminal ALAS2 mutations that cause loss of binding 
to the b-subunit of succinyl-CoA synthetase (SUCLA2). J Biol Chem 2012;  
287:28943–28955.

 162. Astner I, Schulze JO, van den Heuvel J, et al. Crystal structure of 5- 
aminolevulinate synthase, the first enzyme of heme biosynthesis, and its link 
to XLSA in humans. EMBO J 2005;24:3166–3177.

 165. Bergmann AK, Campagna DR, McLoughlin EM, et al. Systematic molecular 
genetic analysis of congenital sideroblastic anemia: evidence for genetic 
heterogeneity and identification of novel mutations. Pediatr Blood Cancer 
2010;54:273–278.

 166. Kannengiesser C, Sanchez M, Sweeney M, et al. Missense SLC25A38 varia-
tions play an important role in autosomal recessive inherited sideroblastic 
anemia. Haematologica 2011;96:808–813.

 167. Yeh H, Jeong SY, Ghosh MC, et al. Glutaredoxin 5 deficiency causes sidero-
blastic anemia by specifically impairing heme biosynthesis and depleting 
cytosolic iron in human erythroblasts. J Clin Invest 2010;120:1749–1761.

 169. Holme SA, Worwood M, Anstey AV, et al. Erythropoiesis and iron metabolism 
in dominant erythropoietic protoporphyria. Blood 2007;110:4108–4110.

 170. von Waveren Hogervorst GD, van Roermund HPC, Snijders PJ. Hereditary 
sideroblastic anaemia and autosomal inheritance of erythrocyte dimorphism 
in a Dutch family. Eur J Haematol 1987;38:405–409.

 175. Hall R, Losowsky MS. The distribution of erythroblast iron in sideroblastic 
anaemias. Br J Haematol 1966;12:334–340.

 179. Porter JB. Practical management of iron overload. Br J Haematol 
2001;115:239–252.

 187. Kushner JP, Porter JB, Olivieri NF. Secondary iron overload. Hematology (Am 
Soc Hematol Educ Program) 2001;47–61.

 191. Aleali SH, Castro O, Spencer RP, Finch SC. Sideroblastic anemia with splenic 
abscess and fatal thromboemboli after splenectomy. Ann Intern Med 1975; 
83:661–663.

 203. Bekri S, Kispal G, Lange H, et al. Human ABC7 transporter: gene structure 
and mutation causing X-linked sideroblastic anemia with ataxia with disrup-
tion of cytosolic iron-sulfur protein maturation. Blood 2000;96:3256–3264.

 206. Lill R. Function and biogenesis of iron-sulphur proteins. Nature 2009;460: 
831–838.

72683_ch024_0643-0661.indd   660 29/07/13   9:46 PM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 24 Sideroblastic Anemias 661

 214. Rotig A, Cormier V, Blanche S, et al. Pearson’s marrow-pancreas syndrome. 
A multisystem mitochondrial disorder of infancy. J Clin Invest 1990;86: 
1601–1608.

 215. Rotig A, Bourgeron T, Chretien D, et al. Spectrum of mitochondrial DNA rear-
rangements in the Pearson marrow pancreas syndrome. Hum Mol Genet 
1995;4:1327–1330.

 217. Bader-Neunier B, Mielot F, Breton-Gorius J, et al. Hematologic involvement in 
mitochondrial cytopathies in childhood. A retrospective study of bone mar-
row smears. Pediatr Res 1999;46:158–162.

 219. Bergmann AK, Sahai I, Falcone JF, et al. Thiamine-responsive megaloblas-
tic anemia: identification of novel compound heterozygotes and mutation 
update. J Pediatr 2009;155:888–892.

 228. Pondarre C, Campagna DR, Antiochos B, et al. Abcb7, the gene responsible 
for X-linked sideroblastic anemia with ataxia, is essential for hematopoiesis. 
Blood 2007;109:3567–3569.

 237. Broseus J, Florensa L, Zipperer E, et al. Clinical features and course of refrac-
tory anemia with ring sideroblasts associated with marked thrombocytosis. 
Haematologica 2012;97:1036–1041.

 240. Kushner JP, Lee GR, Wintrobe MM, et al. Idiopathic refractory sideroblastic 
anemia. Clinical and laboratory investigation of 17 patients and review of the 
literature. Medicine 1971;50:139–159.

 243. Prchal JT, Throckmorton DW, Carroll AJ, et al. A common progenitor for 
human myeloid and lymphoid cells. Nature 1978;274:590–591.

 247. Germing U, Gattermann N, Aivado M, et al. Two types of acquired idiopathic 
sideroblastic anaemia (AISA): a time-tested distinction. Br J Haematol 
2000;108:724–728.

 256. Schmitt-Graeff AH, Teo S-S, Olschweski M, et al. JAK2V617F mutation status 
identifies subtypes of refractory anemia with ringed sideroblasts associated 
with marked thrombocytosis. Haematologica 2008;93:34–40.

 258. Papaemmanuil E, Cazzola M, Boultwood J, et al. Somatic SF3B1 mutation in 
myelodysplasia with ring sideroblasts. N Eng J Med 2011;365:1384–1395.

 261. Cazzola M, Barosi G, Gobbi PG, et al. Natural history of idiopathic refractory 
sideroblastic anemia. Blood 1988;71:305–312.

 264. Hussein KK, Salem Z, Bottomley SS, et al. Acute leukemia in idiopathic sidero-
blastic anemia: response to combination chemotherapy. Blood 1982;59:652–656.

 281. Tehranchi R, Invernizzi R, Grandien A, et al. Aberrant mitochondrial iron 
distribution and maturation arrest characterize early erythroid precursors in 
low-risk myelodysplastic syndromes. Blood 2005;106:247–253.

 290. Stavem P, Rorvik TO, Rootwelt K, et al. Severe iron deficiency causing loss of 
ring sideroblasts. Scand J Haematol 1983;31:389–391.

 292. Della Porta MG, Malcovati L, Invernizzi R, et al. Flow cytometry evaluation 
of erythroid dysplasia in patients with myelodysplastic syndrome. Leukemia 
2006;20:549–555.

 293. Malcovati L, Lentini G, Hentschel B, et al. Treatment of anaemia in myelo-
dysplastic syndromes with prolonged administration of recombinant human 
granulocyte colony-stimulating factor and erythropoietin. Br J Haematol 
2000;109:367–375.

 295. Jadersten M, Montgomery SM, Dybedal I, et al. Long-term outcome of treat-
ment of anemia in MDS with erythropoietin and G-CSF. Blood 2005;106: 
803–811.

 296. Wallvik J, Stenke L, Bernell P, et al. Serum erythropoietin (EPO) levels 
correlate with survival and independently predict response to EPO treat-
ment in patients with myelodysplastic syndrome. Eur J Haematol 2002;68: 
180–186.

 302. Gattermann N. Guidelines on iron chelation therapy in patients with 
myelodysplastic syndromes and transfusional iron overload. Leuk Res 
2007;31S3:S10–S15.

 304. Jensen PD, Heickendorf L, Pedersen B, et al. The effect of iron chelation 
on haemopoiesis in MDS patients with transfusional iron overload. Br J 
Haematol 1996;94:288–299.

 309. Savage D, Lindenbaum J. Anemia in alcoholics. Medicine 1986;65:322–338.
 310. Eichner ER, Hillman RS. The evolution of anemia in alcoholic patients. Am J 

Med 1971;50:218–232.
 322. Bottomley SS. Sideroblastic anaemia. In: Jaacobs KA, Worwood M, eds. Iron 

biochemistry and medicine II. London: Academic Press, 1980:363–392.
 324. Haden HT. Pyridoxine-responsive sideroblastic anemia due to antitubercu-

lous drugs. Arch Intern Med 1967;120:602–606.
 326. Scott JL, Finegold SM, Belkin GA, et al. A controlled double-blind study of the 

hematologic toxicity of chloramphenicol. N Engl J Med 1965;272:1137–1142.
 333. Montpetit MC, Shammo JL, Loew J, et al. Sideroblastic anemia due to LZD 

in a patient with left ventricular assist device. J Heart Lung Transplant 
2004;28:1119–1122.

 340. Halfdanarson TR, Kumar N, Hogan WJ, Murray AJ. Copper deficiency in 
celiac disease. J Clin Gastroenterol 2009;43:162–164.

 341. Kumar N. Copper deficiency myelopathy (Human swayback). Mayo Clin Proc 
2006;81:1371–1384.

 344. Fiske DN, McCoy HE III, Kitchens CS. Zinc-induced sideroblastic anemia: 
report of a case, review of the literature, and description of the hematologic 
syndrome. Am J Hematol 1994;46:147–150.

 345. Nations SP, Boyer PJ, Love LA. Denture cream: an unusual source of 
excess zinc, leading to hypocupremia and neurologic disease. Neurology 
2008;71:639–643.

 347. Broun ER, Greist A, Tricot G, et al. Excessive zinc ingestion. A reversible 
cause of sideroblastic anemia and bone marrow depression. JAMA 1990;264: 
1441–1443.

 353. Prodan CI, Holland NR, Wisdom PJ, et al. CNS demyelination associated with 
copper deficiency and hyperzincemia. Neurology 2002;59:1453–1456.

 354. Gregg XT, Reddy V, Prchal JT. Copper deficiency masquerading as myelodys-
plastic syndrome. Blood 2002;100:1493–1495.

 362. Kumar N, Elliott MA, Hoyer JD, et al. “Myelodysplasia,” myeloneuropathy, and 
copper deficiency. Mayo Clin Proc 2005;80:943–946.

 366. Prodan CI, Bottomley SS, Holland NR, Lind SE. Relapsing hypocuprae-
mic myelopathy requiring high-dose oral copper replacement. J Neurol 
Neurosurg Psychiatry 2006;77:1092–1093.

 375. Sassa S. Toxic effects of lead, with particular reference to porphyrin and 
heme metabolism. In: DeMatteis F, Aldridge WN, eds. Heme and hemopro-
teins. New York: Springer, 1978:333–371.

 383. Lachant NA, Tomoda A, Tanaka KR. Inhibition of the pentose phosphate 
shunt by lead: a potential mechanism for hemolysis in lead poisoning. Blood 
1984;63:518–524.

 393. de Verneuil H, Ged C, Moreau-Gaudry F. Congenital erythropoietic porphyria. 
In: Kadish KM, Smith KM, Guilard R, eds. The porphyrin handbook, vol. 14—
medical aspects of porphyrins. Amsterdam: Academic Press, 2003:43–65.

 395. Cantatore-Francis JL, Cohen-Pfeffer J, Balwani M, et al. Hepatoerythropoietic 
porphyria misdiagnosed as child abuse. Arch Dermatol 2010;146:529–533.

 398. Hasanoglu A, Balwani M, Kasapakra CS, et al. Harderoporphyria due to 
homozygosity for coproporphyrinogen oxidase missense mutation H327R. 
J Inherit Metab Dis 2011;34:225–231.

72683_ch024_0643-0661.indd   661 29/07/13   9:46 PM



662

HemocHromatosis
corwin Q. edwards, James c. Barton

C h a p t e r  2 5

 chromosome 1q21).1,2 The iron overload phenotype of patients 
with HJV hemochromatosis is much more severe at the same age 
than the phenotype of typical patients with hemochromatosis due 
to HFE C282Y homozygosity and the penetrance of hemochro-
matosis type 2a genotypes (risk to cause iron overload) is also 
greater. Hemochromatosis type 2a often causes abdominal pain 
and hepatomegaly in children, hypogonadotrophic hypogonad-
ism in teenagers, arthropathy, and severe heart failure, cardiac 
arrhythmias, and cirrhosis before the age of 30 years.3 Based on 
the volume of blood removed to achieve iron depletion in some 
patients, it can be deduced that they absorbed 3.2 to 3.9 mg of 
dietary iron per day.4 In severe HFE hemochromatosis, 2 mg of 
iron or less is absorbed daily.5,6

Two pathogenic HJV mutations (either homozygous or com-
pound heterozygous configuration) occur in each patient. The 
most common HJV mutation causes a change in nucleotide 
959G→T, which codes for substitution of the normal glycine by 
valine in position 320 of the polypeptide sequence of the HJV 
protein (HJV G320V). This mutation has been detected in patients 
with juvenile-onset hemochromatosis of diverse European ethni-
cities.7,8 About 30 pathogenic HJV mutations have been reported. 
Many are novel (not detected in unrelated patients with hemo-
chromatosis type 2a.)7–11 Some HJV hemochromatosis patients 
also have an abnormal HFE genotype but the latter does not 
account for iron overload in most cases.12

Hemojuvelin is involved in the up-regulation of hepcidin syn-
thesis, not in the regulation of HFE function. Decreased hemo-
juvelin activity decreases hepcidin synthesis, thus decreasing 
hepcidin binding and inactivation of ferroportin. Consequently, 
regulation of iron transport out of absorptive enterocytes into 
the plasma via ferroportin is decreased, even in the presence of 
increased storage iron.

Type 2b, Mutations of Hepcidin Gene (HAMP)
Hemochromatosis type 2b is associated with iron overload of vari-
able severity and age of onset and is also transmitted as an auto-
somal recessive trait.12,13 This disorder is rare. Hemochromatosis 
type 2b is due to mutations in the hepcidin gene (HAMP, chromo-
some 19q13). HAMP is an acronym for hepcidin antimicrobial pep-
tide. The word hepcidin is derived from hepatic bactericidal protein.

The first reported HAMP mutation (nucleotide 208T→C) causes 
substitution of the normal cysteine by arginine at amino acid 70 
(C70R).14 Approximately 12 other HAMP mutations have been 
reported.15–18 Mutant hepcidin has decreased ability to bind to 
ferroportin, its only receptor. Consequently, ferroportin is not 
degraded and thus continues to transport iron across the baso-
lateral membrane of absorptive enterocytes in the presence of 
excess iron stores.19 Some hemochromatosis type 2b patients, 
usually those heterozygous for pathogenic HAMP promoter or 
coding region mutations, also have HFE mutations that contribute 
to the pathogenesis of iron overload (“digenic” hemochromatosis).

hemochromatosis type 3, Mutations  
of transferrin receptor-2 Gene (TFR2)
Hemochromatosis type 3 is a rare autosomal recessive disorder 
reported in persons of European or Asian ancestry caused by muta-
tions of the transferrin receptor-2 gene (TFR2) located on chromo-
some 7q22.20 The clinical phenotype is moderately variable and 
resembles either that of HFE hemochromatosis or that of  juvenile 
hemochromatosis types 2a and 2b. Fewer than 20 pathogenic TFR2 

iron overload
Iron overload can result from any process that causes iron accu-
mulation in excess of iron loss. Examples of such processes include 
(a) erythrocyte transfusions in individuals who do not experience 
blood loss (e.g., patients with hemolytic anemia, aplastic anemia, 
and sideroblastic anemia); (b) absorption of excessive amounts of 
normal dietary iron (hemochromatosis types 1 through 4, disor-
ders of ineffective erythropoiesis); and (c) absorption of increased 
amounts of excessive dietary iron (e.g., high-dose medicinal iron 
and African iron overload).

Definition
The definition of iron overload typically includes a description of 
an individual’s iron phenotype, such as (a) an elevated serum fer-
ritin concentration; (b) excessive iron in the liver or myocardium 
(estimated histologically or by chemical methods); and (c) the 
requirement of a greater than normal number of phlebotomies to 
induce iron-limited erythropoiesis.

HemocHromatosis

hemochromatosis type 1, HFE 
hemochromatosis
The definition of “classical,” autosomal recessive hemochroma-
tosis (type 1) typical of Western European whites once required 
demonstration of the rare triad of cutaneous hyperpigmentation 
(“bronzing”), diabetes mellitus, and cirrhosis that was presumed 
to represent complications of severe iron overload. The eventual 
ability to measure iron in liver and other tissues, serum, and by 
phlebotomy to achieve iron depletion revealed that hemochroma-
tosis was more common than previously believed and that the 
diagnosis could be defined by severity of iron overload. In 1996, 
it was discovered that most patients with this type of hemochro-
matosis were homozygous for a common missense mutation 
(C282Y) of the HFE gene on chromosome 6p21.3. Thus, most cur-
rent definitions of hemochromatosis in Western European whites 
include specification of the iron phenotype and HFE genotype. 
Three important relationships of phenotype and genotype defini-
tions are: (a) HFE C282Y homozygosity is a genetic configuration 
that markedly increases the risk that iron overload will eventually 
develop without other readily demonstrable cause; (b) iron phe-
notypes and organ-specific complications of HFE C282Y homozy-
gotes vary greatly due to genetic and environmental factors; and 
(c) iron overload, not HFE C282Y homozygosity or abnormal HFE 
protein, causes tissue injury in target organs.

hemochromatosis type 2, Juvenile 
hemochromatosis
Hemochromatosis type 2 is characterized by nontransfusion iron 
overload, often severe, that typically occurs in children or young 
adults.

Type 2a, Mutations of Hemojuvelin Gene (HJV)
Hemochromatosis type 2a is an autosomal recessive disorder 
due to pathogenic mutations in the hemojuvelin gene (HJV; 
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mutations have been reported.20–24 The penetrance of hemochro-
matosis type 3 genotypes is relatively great. Consanguinity has 
been identified in some affected families. TFR2 Y250X and R455Q 
have been detected in individuals or kindreds who were not closely 
related.20 Pathogenic TFR2 mutations either result in gain-of-func-
tion or in decreased quantities of functional transferrin receptor-2. 
TFR2 protein is thought to modulate the signaling pathway that 
controls hepcidin expression25 with consequent low hepcidin26 and 
increased iron absorption and deposition in hepatocytes.

hemochromatosis type 4, Mutations  
of Ferroportin Gene (SLC40A1)
Hemochromatosis type 4 is an uncommon heterogeneous dis-
order transmitted as an autosomal dominant trait. It is caused 
by mutations of a gene of the solute carrier family 40 (member 
#1) (SLC40A1, chromosome 2q32), which encodes the synthe-
sis of ferroportin, the sole receptor of hepcidin.27–30 There are 
two distinct ferroportin hemochromatosis phenotypes. Loss-of-
function SLC40A1 mutations encode ferroportin that either is 
not presented normally to the cell surface or has defective iron 
transport activity. Such mutations decrease iron absorption 
from the intestine and inhibit iron egress from macrophages. 
Phenotypes of affected patients include normal or low transferrin 
saturation, mild anemia, and predominance of iron retention in 
macrophages. Gain-of-function mutations encode ferroportin that 
cannot bind hepcidin normally or be internalized after hepcidin 
binding (hepcidin resistance). This increases iron absorption and 
stimulates iron export by macrophages. Affected patients have 
elevated transferrin saturation and iron deposition in hepatocytes.

Ferroportin mutations are cosmopolitan. Most reported muta-
tions are restricted to single families. SLC40A1 V162del has been 
reported in persons with iron overload from Australia, Europe, 
and Asia. SLC40A1 A77D has been reported in persons with iron 
overload in Italy, Australia, and India. SLC40A1 Q248H occurs 
as a polymorphism in natives who reside in diverse areas of sub-
Saharan Africa and in African Americans, but probably does not 
cause iron overload.31

History

hemochromatosis type 1, Classical, hereditary
The first report of a person with hemochromatosis was included 
in a discussion of diabetes mellitus in 1865.32 The patient was a 
28-year-old Parisian man who sold newspapers and who died of a 
febrile illness that complicated his diabetes. His autopsy revealed 
hepatomegaly and hypertrophic cirrhosis. The second case of 
hemochromatosis was reported in 1871 and described a 51-year-
old man who lived in Paris.33 He had skin bronzing of his face and 
hands. His autopsy revealed a chocolate-colored, enlarged liver. 
Microscopic examination of his liver showed pigment granules 
inside and outside of hepatocytes. In 1886, the term pigmentation 
cirrhosis was used to describe the triad of skin bronzing, diabetes 
mellitus, and hepatic cirrhosis.34 The name hämochromatose was 
first used by von Recklinghausen in his 1889 description of 12 
individuals who had pigmentation of multiple organs.35 He believed 
that the iron that accumulated in organs came from red blood cells.

etiology

Cloning of the HFE Gene
In 1996, the hemochromatosis gene was isolated by positional 
cloning and two common mutations that account for most cases of 
hemochromatosis in persons of Western European descent were 
discovered.36 The gene was named HFE (H = hemochromatosis;  

Fe = iron).37,38 The cloning of HFE was reported more than 130 years 
after the first case description of hemochromatosis at autopsy and 
confirmed reports during an interval of more than two decades that 
hemochromatosis was transmitted as an autosomal recessive condi-
tion linked to the HLA locus on the short arm of chromosome 6.39–47

Function of the HFE Gene
The normal HFE gene encodes normal HFE protein which is 
expressed in duodenal crypt cells and reticuloendothelial cells.48 
In a normal individual, HFE protein binds to b2-microglobulin, 
which decreases the affinity of cell membrane transferrin recep-
tors for transferrin.49–52 This decreases iron absorption. In iron 
deficiency, HFE protein synthesis is decreased, binding of HFE 
protein to b2-microglobulin is decreased, the affinity of the trans-
ferrin receptor for transferrin is increased, and thus duodenal 
crypt cells absorb more iron.

effects of HFE Gene Mutations
The HFE protein binding site for the b2-microglobulin binding 
site has two cysteine molecules that form a disulfide bridge. In 
HFE C282Y homozygotes, tyrosine replaces a cysteine molecule 
at amino acid position 282 in the product of both HFE gene 
copies (maternal and paternal) and thus the disulfide bridge  
is absent. This prevents binding of the abnormal HFE protein 
to b2- microglobulin on the cell surface. Excessive iron is then 
absorbed through the crypt cells and passed into the circula-
tion.53–58 Despite these observations, the full function and 
 participation of the HFE protein in iron absorption has not been 
elucidated. Studies of penetrance of hemochromatosis demon-
strate that HFE C282Y homozygosity is necessary but probably 
not sufficient for iron overload to develop.

PatHoPHysiology
Normal adults absorb an amount of iron each day that precisely 
balances daily losses (men ~1 mg, women 1 to 3 mg). In healthy 
children and infants, daily iron absorption corresponds to the iron 
requirements of growth and development. In acute blood loss or 
iron deficiency, daily iron absorption increases until the total body 
deficit has been replaced. In persons with hemochromatosis, the 
absorption of dietary iron is inappropriately great in comparison 
with quantities of total body iron. In some persons with HFE hemo-
chromatosis and iron overload, daily iron absorption may exceed 2 
mg at a time when iron absorption should have decreased to nearly 
zero.59,60 In some children with juvenile hemochromatosis, average 
daily iron absorption may exceed 3 mg/day. Phlebotomy therapy 
to achieve iron depletion in hemochromatosis may increase iron 
absorption to 10 mg/day and iron absorption may remain inap-
propriately elevated long after iron deficiency resolves.61–63 Iron 
loading in hemochromatosis types 1 to 4 is caused either by an 
abnormality in hepcidin synthesis or a decrease of its activity via 
decreased function of ferroportin. HFE, HJV, and TFR2 probably all 
have a contributory role in regulating hepcidin synthesis.

effects of hepcidin
Hepcidin, the central regulator of iron absorption, is a  low-molecular–
weight thionin-like, defensin-like peptide with many cysteine pairs 
encoded by the HAMP gene. Hepcidin has antimicrobial activity 
against bacteria and fungi, is present in plasma, and is excreted 
in urine. Hepcidin is synthesized in hepatocytes in response to 
anemia, hypoxia, and inflammatory stimuli mediated by interleu-
kin 6,64–68,69,70,71 and in the presence of adequate or increased 
amounts of iron.72–75 It is also involved in the abnormalities of 
iron metabolism that occur in the anemia of chronic disease.76–79 
Hepcidin levels are inversely related to iron absorption.
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Ferroportin, the sole receptor for hepcidin, occurs as a 
multimer on the surfaces of cells responsible for gathering 
and recycling iron: enterocytes (basolateral surfaces), macro-
phages, hepatocytes, and placental syncytiotrophoblasts. The 
binding of cell surface ferroportin by hepcidin results in fer-
roportin tyrosine phosphorylation at the plasma membrane, 
dephosphorylation, and degradation by ubiquitination.19,69,80 
Thus, hepcidin participates in regulation of plasma iron levels 
and tissue distribution of iron by post-translational regulation 
of ferroportin.

hepcidin effect in Iron Deficiency
In iron deficiency, hepcidin production is down-regulated so the 
amount of hepcidin available to bind ferroportin is reduced. More 
iron is exported from absorptive enterocytes by ferroportin than 
usual, resulting in increased absorption of iron through duodenal 
enterocytes into the plasma.81

hepcidin effect in Iron repletion
In normally iron-replete humans, the production of hepcidin is 
up-regulated. The hepcidin bonds with ferroportin inducing fer-
roportin internalization and degradation.19,69,80 Consequently, 
the amount of ferroportin is reduced and iron absorption from 
duodenal enterocytes into plasma decreases.

hepcidin effect in hemochromatosis
Dysregulation of hepcidin production underlies the pathophysiol-
ogy of most types of hemochromatosis (types 1, 2a, 2b, and 3). In 
iron-loaded individuals with HFE hemochromatosis, for example, 
hepcidin expression by the liver is inappropriately low82,83 and 
thus iron absorption continues despite increased iron stores. 
Hepcidin levels are decreased in all types of hemochromatosis 
except in patients with “classical” ferroportin hemochromatosis 
(type 4). In those patients, iron overload is caused by a mutation 
in the ferroportin gene (SLC40A1) that results in diminished or 
absent functional quantities of ferroportin.81 In such cases, hepci-
din production and regulation are normal.

Molecular Basis of Increased Iron absorption  
in hemochromatosis
Several factors in the duodenum contribute to inappropriately 
high iron absorption in HFE hemochromatosis. In enterocytes, 
DMT1 (divalent metal transporter-1) transports iron across 
the apical microvillous membrane into the cell in the presence 
of hydrogen ions derived from gastric acid and ferroportin 
transports iron across the basolateral membrane into the 
plasma. Untreated C282Y homozygotes have inappropriate 
up-regulation of DMT1 and ferroportin mRNA expression in 
proportion to their serum ferritin level.84 Absorption of heme 
iron is also increased in proportion to serum ferritin levels.5,60 
The interaction of transferrin, transferrin receptor, and HFE 
protein at the basolateral membranes of duodenal absorption 
cells may play a minor role in regulating iron absorption in 
persons with HFE hemochromatosis.85 SLC40A1 mutations that 
encode ferroportin that either is not presented normally to the 
cell surface or has defective iron export activity are associated 
with loss-of-function, normal or low transferrin saturation, and 
predominance of iron retention in macrophages. Such muta-
tions decrease iron absorption from the intestine and inhibit 
iron export from macrophages.

The complicated interactions of HFE, DMT1, transferrin, 
transferrin receptors, hemojuvelin, hepcidin, and ferroportin in 
regulating iron absorption in normal individuals and in persons 
with hemochromatosis are a topic of intense and productive 
research.75,80,86–90

organ and cellular inJury  
due to iron overload
After many years of increased iron absorption, hepatocyte 
and Kupffer cell iron storage sites become overloaded and 
iron accumulates progressively in the myocardium, pancreas, 
anterior pituitary, spleen, and other organs. Cardiac myocytes, 
beta-cells of the pancreatic islets, and gonadotroph cells of the 
anterior pituitary have especially great affinity for otherwise 
unbound iron. Some individuals with severe iron overload due 
to hemochromatosis have body iron burdens that are more than 
10 times normal. Usually, such individuals do not develop symp-
toms or signs of illness until after they have had iron overload 
for three to five decades. Exceptions include the organ damage 
and death that can occur before the age of 30 years in persons 
with severe iron overload due to juvenile hemochromatosis.

Iron that is bound to transferrin or stored in modest amounts 
in ferritin is not toxic. In the presence of excessive iron stores, 
non–transferrin-bound or non-ferritin iron occurs and generates 
reactive oxygen species (oxyradicals), especially the hydroxyl radi-
cal.91–97 It is likely that hydroxyl, alkoxyl, and peroxyl radicals are 
involved in lipid peroxidation which damages microsomes, mito-
chondria, and lysosomes. Hydroxyl radicals are also thought to 
be involved in iron-related damage of enzymes, proteins, nucleic 
acids, and polysaccharides. Lipid peroxidation then results in 
disruption of membrane-dependent functions of lysosomes, mito-
chondria, endoplasmic reticulum, cell membranes, and DNA.91,94 
Excess iron and iron-induced oxyradicals may also activate stel-
late cell transformation to fibroblasts in the liver and act as car-
cinogens in hepatocytes or extrahepatic parenchymal cells.

differential diagnosis of iron 
overload
Many heritable or acquired disorders are associated with 
increased body iron stores. Some of these disorders appear in 
Table 25.1,1,12,13,20–24,26,27,36,72–74,98–135,136,137–200 including gene 
location, mode of heritability, and gene mutation responsible for 
the disorder. Table 25.1 provides guidance for physicians who are 
evaluating and managing patients with iron overload.

HFE HemocHromatosis gene

HFE Location
The HFE gene is located approximately 4 megabases telo-
meric to the HLA region on the short arm of chromosome  
6(6p). HFE is structurally similar to other HLA class I-like genes. 
HFE is composed of seven exons, of which the first six encode for 
the six domains of the HFE protein. The seven exons of HFE result 
in formation of a messenger RNA transcript of 4.2 kilobases. This 
in turn results in the synthesis of the HFE product, a protein of 
343 amino acids. The most common mutation of HFE (C282Y) 
associated with iron overload is caused by a mutation of one 
nucleotide base 845G→A in exon 4 of the HFE gene.36

HFE Mutations
More than 60 mutations of the HFE gene have been 
 reported.15,36,201–205,206,207–222,223,224–239 The most common muta-
tion that occurs in people who have hemochromatosis is a change 
in nucleotide 845 from the normal guanidine to adenine in exon 4 
of the HFE gene (referred to as 845G→A). This nucleotide change 
results in the substitution of tyrosine in place of the normal cyste-
ine in amino acid position 282, referred to as Cysteine282Tyrosine, 
Cys282Tyr, or C282Y. This mutation causes the majority of iron 
accumulation in subjects who have  hemochromatosis.36
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HERITABLE AND ACQUIRED DISORDERS ASSOCIATED WITH IRON OVERLOAD: DIFFERENTIAL DIAGNOSIS

taBLe 25.1

Heritable Disorder Chromosomal Assignment Heritability Cause of Iron Loading References

HFE Hemochromatosis 6p21.3 Autosomal recessive Mutations of HFE 36

Juvenile Hemochromatosis

 HJV Hemochromatosis 1q21 Autosomal recessive Mutations of hemojuvelin 1,12,98–101
 HAMP Hemochromatosis 19q13 Autosomal recessive Hepcidin antimicrobial peptide 

gene mutations
13,72–74

TFR2 Hemochromatosis 7q22 Autosomal recessive Inactivation of transferrin 
receptor 2

20–24,26,102

SLC40A1 Hemochromatosis 2q32 Autosomal dominant Ferroportin gene mutations 27,101,103–107

H-Ferritin Hemochromatosis 11q 12-q13 Autosomal dominant H-ferritin gene mutations 108

Porphyria cutanea tarda 1p34 Autosomal dominant or  
sporadic

Heterogeneous 109,111–126,128,129

African iron overload Unknown Autosomal dominant Unknown 130–136,137

Neonatal iron overload Unknown Heterogeneous In utero iron transfer 138–144

Atransferrinemia 3q21 Autosomal recessive Transferrin gene mutations 
and red cell transfusions

145,146

Aceruloplasminemia 3q23-q24 Autosomal recessive Ceruloplasmin gene mutations 147–154

Hereditary hyperferritinemia 
and cataract syndrome

19q13.1-q13.3.3 Autosomal dominant l-Ferritin gene mutations 155–165

Friedreich ataxia 9p23-p11,9q13 Autosomal recessive Frataxin gene mutations 166–173

Panthothenase kinase- 
associated neurodegeneration

20p13-p12.3 Autosomal recessive Pantothenase kinase gene 
mutations

174,175

b-Thalassemia major 11p15.5 Autosomal recessive b-Globin gene mutations, 
chronic hemolysis, red cell 
transfusions

—

Other chronic hemolytic 
anemias

Hereditary X-linked 
 sideroblastic anemia

Xp11.21 X-linked d-Aminolevulinic acid synthase 
gene mutations

176–178

X-linked sideroblastic anemia 
with ataxia

Xq13.1-q13.3 X-linked ABCB7 mutationsa 179–182

MlASA syndromeb 12q24.33 Autosomal recessive Pseudouridine synthase-1 
mutations

183,184

GLRX5 sideroblastic anemia 14q32.13 Autosomal recessive Glutaredoxin 5 mutations 185,186

DMT1 iron overloadc 12q13 Autosomal recessive SLC11A2 mutationsd 187,188

Pyruvate kinase deficiency 1q21 Autosomal recessive Pyruvate kinase gene 
 mutations

189–191

G6PD deficiencye Xq28 X-linked G6PD gene mutations 192,193

Congenital dyserythropoietic 
anemias

Type I 15q15.1-q15.3 Autosomal recessive Ineffective erythropoiesis 194,195

Type II 20q11.2 Autosomal recessive Ineffective erythropoiesis 196–198

Type III 15q21 Autosomal dominant Ineffective erythropoiesis 199,200

Acquired Disorder Cause of Iron Loading

Transfusions Red cell iron infusion

Medicinal iron Excessive iron ingestion

Iron injections Parenteral injection

Myelodysplasia with ring sid-
eroblasts

Excessive iron absorption; 
transfusion

Portacaval shunt Excessive iron absorption

Hemodialysis Iron infusion

Nonalcoholic fatty liver disease Excessive iron absorption

a ABCB7, ATP-binding cassette, subfamily B, member 7.
b MlASA, myopathy with lactic acidosis and sideroblastic anemia.
c DMT1, divalent metal transporter-1.
d SlC11A2, solute carrier family 11, member 2.
e G6PD, glucose-6-phosphate dehydrogenase.
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The second most common HFE gene mutation in hemochro-
matosis patients is a change in nucleotide 187 from the normal 
cytidine to guanidine 187C→G in exon 2. This results in substitu-
tion of aspartate for the normal histidine at amino acid position 
63. Both the C282Y and H63D mutations were identified in the 
initial report of the isolation and cloning of HFE.36

Of the reported mutations of the HFE gene, 31 are missense 
mutations that result in substitution of the normal amino acid 
by another. There are 27 reported nonsense mutations of HFE, 
12 of which are splice errors that are associated with intron 
sequence variants. Eight mutations involve a nucleotide change 
that does not result in an amino acid substitution (synonymous 
mutations). Some important HFE gene mutations are given in 
Table 25.2. Other mutations occur in noncoding regions of 
HFE.240 It is expected that other rare mutations of the HFE gene 
will be identified in adults with hemochromatosis phenotypes.

HFE Mutations in Hemochromatosis Patients and 
in Different Populations
In the first report of the HFE gene and its mutations, 83% of 
subjects with hemochromatosis were C282Y homozygotes.36 The 

prevalence of homozygosity for C282Y varies from 33% to 100% 
among groups of hemochromatosis patients. In the United States, 
59% to 89% of hemochromatosis patients are C282Y homozy-
gotes. The percentage of hemochromatosis patients from 14 
countries who have the C282Y and H63D genotypes is presented 
in Table 25.3.36,98,228,241–276

The prevalence of HFE mutations is high in some populations, 
such as those of Central, Western, and Northern Europe, and 
in countries that were populated predominantly by people who 
originated in these areas of Europe, including the United States, 
Canada, and Australia.241,277 It is predicted that the prevalence of 
HFE mutations is very low in parts of the world with little or no 
ancestry from Central and Western Europe, including sub-Saharan 
Africa (Native Africans), the Middle East, the Orient, and Native 
Americans in North, Central, and South America. The frequency of 
homozygosity for the HFE C282Y mutation in the United States var-
ies from 0% to 1.00% in whites, 0% to 0.22% in Mexican Americans, 
and 0% to 0.06% in blacks (Table 25.4). The prevalence of C282Y, 
H63D, and wild-type HFE genotypes from nine studies in the United 
States is presented in Table 25.4.211,242,244,278–283 Extensive data 
about genotype frequencies in many countries, and from different 
regions within countries, have been published.241,277,284

SIXTY-SEVEN MUTATIONS OF THE HEMOCHROMATOSIS GENE (HFE ) IN HEMOCHROMATOSIS TYPE 1: NUCLEOTIDE AND AMINO-ACID 
CHANGES, TYPE OF MUTATION, EXON OR INTRON INVOLVED, AND EFFECT OF THE MUTATION ON IRON LOADING

taBLe 25.2

Change Type of Mutation Effect on Iron Loading Reference

Nucleotide 
Complementary 
DNA Position AminoAcid Symbols Missense Nonsense

Exon or 
Intron 
Affected

Probands or 
Homozygotes

c.-20G→A fs — Yes 5’UTR ↑ 201

88C→T leu30leu l30l No No Exon 2 None 202

128G→A;a

187C→G
Gly43Asp;
His63Asp

G43D;
H63D

Yes — Exon 2 ↑ 203

138T→G leu46Trp l46W Yes — Exon 2 ↑ 204

c.del149-170b leu50fs l50fs — Yes Exon 2 None 205,206

128G→A Gly43Asp G43D Yes — Exon 2 ↑ 15

157G→A Val53Met V53M Yes — Exon 2 None 207

175G→A Val59Met V59M Yes — Exon 2 None 207

187C→G His63Asp H63D Yes — Exon 2 ↑ 36

187C→Ga

845G→C
His63Asp;
Cys282Tyr

H63D;
C282Y

Yes — Exon 2,4 ↑ 208

189T→C His63His H63H No No Exon 2 None 207

193A→T Ser65Cys S65C Yes — Exon 2 ↑ 209

196C→T Arg66Cys R66C Yes __ Exon 2 ↑ 202

199C→T Arg67Cys R67C Yes __ Exon 2 ↑ 206

c.del 203 Val68fs V68fs __ Yes Exon 2 ↑↑ 210

211C→T Arg74Stop R71Xc — Yes Exon 2 ↑↑ 15,206,239

277G→C Gly93Arg G93R Yes — Exon 2 ↑↑ 211

c.del 277 Gly93fs G93fsd __ Yes Exon 2 ↑↑ 212

314T→C Ile105Thr I105T Yes — Exon 2 ↑ 211

340G→A Glu114lys E114K Yes — Exon 2 ↑ 206

IVS2 (+4)T→C Splice error — — — Intron 2 None 213

381A→C Gln127His Q127H Yes — Exon 3 ↑ 207

385G→A Asp129Asn D129N Yes — Exon 3 None 204

414C→G Try138Stop Y138X — Yes Exon 3 ↑↑ 204

471del Ala158fs A158fs — Yes Exon 3 ↑↑ 214

c.del478 Pro160fs P160fs — Yes Exon 3 ↑↑ 215

(Continued )
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Change Type of Mutation Effect on Iron Loading Reference

Nucleotide 
Complementary 
DNA Position AminoAcid Symbols Missense Nonsense

Exon or 
Intron 
Affected

Probands or 
Homozygotes

502G→C Glu168Gln E168Q Yes — — ↑ 216

502G→C;a

187C→G
Glu168Gln;
His63Asp

E168Q;
H63D

Yes — Exon3 ↑ 217

502G→T Glu168Stop E168X — Yes Exon 3 ↑↑ 218

506G→A Trp169Stop W169X — Yes Exon 3 ↑↑ 218

527 C→T Ala176Val A176V Yes — Exon 3 ↑ 219

548T→C leu183Pro l183P Yes — Exon 3 ↑↑ 220

IVS3 (+1)G→T Splice error Null allele — Yes Exon 3 ↑↑ 221

IVS3 (+21)T→C Gly43Asp G43D Yes — Intron 3 ↑ 202

IVS3(+21)T→C Splice error __ __ Yes Intron 3 None 202

IVS3(-48)C→G Splice error __ __ Yes Intron 3 None 222

c.del616-48C→T fs X __ Yes Exon 4 None 223

636G→C Val212Val V212V No No Exon 4 None 224

671G→A Arg224Gly R224G Yes __ Exon 4 ↑ 202

689A→T Tyr230Phe Y230F Yes __ Exon 4 ↑↑ 204

c.del691-693 Tyr231fs Y231X __ Yes Exon 4 ↑↑ 225

696C→T Pro232Pro P232P No No Exon 4 None 202

697C→T Gln233Stop Q233X __ Yes Exon 4 ↑↑ 226

c.dup794 Trp267fs W267fs __ Yes Exon 4 ↑↑ 227

724G→A Asp242Asp D242D No No Exon 4 None 223

747G→A lys249lys K249K No No Exon 4 None 223

814G→T Val272leu V272l Yes — Exon 4 ? 228

829G→A Glu277lys E277K Yes — Exon 4 None 229

845G→A Cys282Tyr C282Y Yes — Exon 4 ↑↑ 36

845G→C Cys282Ser C282S Yes — Exon 4 ↑↑ 230

845G→Aa Cys282Tyr; C282Y; Yes — Exon 4 ↑ 231

842C→A Thr281lys T281K

848A→C Gln283Pro Q283P Yes __ Exon 4 ↑↑ 232

884T→A Val295Glu V295E Yes __ Exon 4 None 223

884T→C Val295Ala V295A Yes — Exon 4 ? 210

867G→C leu289leu l289l No No Exon 4 None 202

IVS4 (+37)A→G Splice error — — Yes Intron 4 None 207

IVS4 (+48) G→A Spice error — — Yes Intron 4 None 233

IVS4 (+109)A→G Splice error — — Yes Intron 4 None 207

IVS4 (-44)T→C Splice error — — Yes Intron 4 ? 234

IVS4(-50) A→G Splice error — — Yes Intron 4 ? 235

IVS4 (+115)T→C Splice error — — Yes Intron 4 None 207

942T→C Synonymous — No No — None 219

989G→T Arg330Met R330M Yes — Exon 5 ↑↑ 207

IVS5 (+1)G→A Splice error — — Yes Intron 5 ↑ 236

IVS5 (-47)G→A Splice error — — Yes Intron 5 ? 234

c.1022-1034del13 His341fs H341X — Yes Exon 6 ↑↑ 234

HFEdel HFEdel — — Yes ↑ or ↑↑ 237,238

↑, increased; ↑↑, markedly increased; ?, effect unknown; A, adenine; C, cytosine; G, guanine; T, thymine; fs, frameshift; IVS, intron sequence variant; 5′UTR, untranslated region.
a Double missense complex allele in cis (on same allele).
bOriginally published as 370del22.205,206
c Originally described as R74X.15,206
d  W94fs may be correct designation.206

SIXTY-SEVEN MUTATIONS OF THE HEMOCHROMATOSIS GENE (HFE ) IN HEMOCHROMATOSIS TYPE 1: NUCLEOTIDE AND AMINO-ACID 
CHANGES, TYPE OF MUTATION, EXON OR INTRON INVOLVED, AND EFFECT OF THE MUTATION ON IRON LOADING  (ContinuEd )

taBLe 25.2
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PREVALENCE (%) OF HFE GENOTYPES IN HEMOCHROMATOSIS PATIENTS IN 14 COUNTRIES

taBLe 25.3

Country Studied (N) C282Y/C282Y C282Y/wt C282Y/H63D H63D/H63D H63D/wt wt/wt References

United States 818 59.4–88.6 0.6–26.7 4.5–20.3 0–7.0 0–8.1 0.6–12.0 36,242,246

Canada 128 95.3 0 0 0 1.6 3.1 247

France 1,097 67.2–92.4 0.9–4.4 2.3–7.1 1.1–8.2 1.5–4.9 0–9.8 241,248–252

Germany 288 72.0–94.6 1.1–2.0 0–8.3 2.8 0–6.0 0–5.3 253–256

United 
Kingdom

277 90.0–100.0 0–1.7 0–5.5 0–0.9 0 0–4.3 228,257–260

Spain 259 57.0–92.8 0–6.0 0–11.0 0–4.5 0–11.0 3.2–13.6 261,263–267

Portugal 25 88.0 6.2 1.5 0 0 4.6 —

Italy 263 33.3–69.0 2.7–6.3 4.4–10.0 1.3–3.3 4.0–13.3 11.3–36.7 268,270

Sweden 125 89.0–92.0 1.1 3.4 1.1 1.1 1.1 270,271

Australia 184 88.8–100.0 0–5.6 0–1.4 0 0 0–4.0 272,273

Greece 10 50.0 — — — — 50.0 274

Brazil 15 53.3 6.6 0 0 6.6 33.5 275

Austria 40 77.5 0 7.5 2.5 2.5 10.0 98

Belgium 49 93.9 0 4.1 0 2.0 0 276

Total 3,578 33.0–100.0 0–6.6 0–11.0 0–8.2 0–13.0 0–50.0 —

wt, wild type.

PREVALENCE (%) OF HFE GENOTYPES IN THE UNITED STATES

taBLe 25.4

Population Studied (N) C282Y/C282Y C282Y/wt C282Y/H63D H63D/H63D H63D/wt wt/wt Reference

Whites

Kaiser 30,418 0.44 9.80 1.80 2.40 23.3 62.4 278

NHANES III 2,016 0.30 9.50 2.40 2.20 23.6 62.1 279

Connecticut 100 1.00 8.00 0 4.00 24.0 63.0 280

Alabama 176 0 13.10 6.80 3.40 15.4 60.3 211

Maine 1,001 0.70 9.70 2.20 1.70 24.6 61.1 281

New Mexico 287 0 9.80 2.40 2.40 19.9 65.5 282

Alabama 142 0.70 10.60 3.50 2.80 19.7 62.7 244

California 193 0 15.00 1.00 3.60 24.3 58.0 242

Missouri 1,450 0.40 8.90 2.40 3.50 23.9 61.0 283

Total 35,783 0–1.00 8.00–13.10 0–6.80 1.70–4.00 15.4–24.6 58.0–65.0 —

Blacks

Kaiser 1,462 0 3.50 0.30 0.20 8.4 87.5 278

NHANES III 1,600 0.06 2.30 0.06 0.32 5.6 91.7 279

Connecticut 56 0 2.00 0 0 3.5 94.5 280

Michigan 172 0 3.00 0 0 3.0 94.0 569

Total 3,290 0–0.06 2.00–3.50 0–0.30 0–0.32 3.0–8.4 87.5–95.0 —

Mexican Americans

Kaiser 4,049 0.22 3.50 0.84 1.40 20.6 73.4 278

NHANES III 1,555 0.03 2.75 0.19 1.10 19.7 76.3 279

Connecticut 100 0 3.00 1.00 1.00 15.0 82.0 280

Total 5,704 0–0.22 2.80–3.50 0.19–1.00 1.00–1.40 15.0–21.0 73.0–82.0 —

Hemochromatosis and Iron Overload Screening 
Study
The largest study of the prevalence of HFE mutations and of serum 
iron tests was recently completed and published. It is called the 
HEIRS Study (Hemochromatosis and Iron Overload Screening 

Study).136,285,286,287,288,289 Tests for the C282Y and H63D muta-
tions of HFE, serum iron concentration, transferrin saturation, 
and serum ferritin concentration were measured in about 102,000 
outpatients in the United States and Canada. Participants were 
recalled for additional evaluation if they were C282Y homozygotes 
or if they had elevated results of transferrin saturation (percent 
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PREVALENCE OF HFE C282Y AND H63D GENOTYPE ACCORDING TO RACE OR ETHNIC GROUP IN THE HEIRS STUDYa

taBLe 25.5

C282Y/C282Y C282Y/H63D H63D/H63D
C282Y  
Heterozygotes

H63D 
Heterozygotes No HFE Mutation

Race or 
Ethnic 
Group

Total No. of  
Participants No.

Prevalence  
(%) No.

Prevalence 
(%) No.

Prevalence 
(%) No.

Prevalence  
(%) No.

Prevalence  
(%) No.

Prevalence  
(%)

White 44,082 281 0.44 908 2.0 1,029 2.4 4,548 10 10,537 24 26,779 61

Native 
American

648 1 0.11 7 0.77 7 1.3 35 5.7 128 20 470 72

Hispanic 12,459 7 0.027 48 0.33 154 1.1 351 2.9 2,199 18 9,700 78

Black 27,124 4 0.014 35 0.071 30 0.089 605 2.3 1,520 5.7 24,930 92

Pacific 
Islander

698 0 0.012 0 0.096 0 0.20 15 2.0 62 8.4 621 89

Asian 12,772 0 0.000039 0 0.0055 29 0.20 16 0.12 1,070 8.4 11,657 91

Multiple / 
Unknown

1,928 6 — 19 — 21 — 111 — 313 — 1,458 —

All 99,711 299 — 1,017 — 1,270 — 5,681 — 15,829 — 76,615 —

Prevalence rates were derived with Hardy–Weinberg proportions within the five ethnic groups who were not C282Y homozygotes.
a Data from participants with complete information on HFE C282Y and H63D mutations, transferrin saturation, and serum ferritin levels, except 1,457 who heard about the study from a 
participating family member, were included.
Modified from Adams PC, Reboussin DM, Barton JC, et al. Hemochromatosis and iron-overload screening in a racially diverse population. N Engl J Med 2005;352:1769–1778.287

Used with permission.

saturation >50% in men, >45% in women) or elevated serum fer-
ritin (>300 mg/L in men, >200 mg/L in women).

The Study centers were Washington DC; Birmingham, 
Alabama; Irvine, California; Portland, Oregon; Honolulu, Hawaii; 
and London, Ontario, Canada. Of 99,711 study subjects, 44,082 
were Caucasians, 27,124 were blacks, 12,772 were Asians, 
12,459 were Hispanics, 698 were Pacific Islanders, and 648 were 
Native Americans.

The prevalence of C282Y homozygosity was highest in 
Caucasians (0.44%, 4.4 per 1,000) and lowest in Asians (0.39 
per 1,000,000), followed by Pacific Islanders (0.012%), blacks 
(0.014%), Hispanics (0.027%), and Native Americans (0.11%). The 
prevalence of the C282Y/C282Y, C282Y/H63D, and H63D/H63D 
genotypes in the study participants is presented in Table 25.5.287 
Among Caucasians, the H63D/H63D and the C282Y/H63D geno-
types were about 4 times and 3.5 times as common, respectively, 
as the C282Y/C282Y genotype.287

Prevalence of HFE Mutations in Other Large 
Population Studies
In a study of 65,238 Norwegians, 0.68% were C282Y 
 homozygotes.290 In a study of 41,038 participants in a 
Southern California health appraisal clinic, the prevalence of 
C282Y homozygosity among 30,418 whites was 0.46% (139 
 homozygotes).278

association of Iron Loading and HFE Mutations
Some mutations are associated with severe iron loading, such 
as C282Y, R330M, IVS3 (+1) G→T, E168X, C282S, R74X, and 
G93fs (Table 25.2). Some mutations are believed to have a 
modest or moderate effect on iron accumulation, for example, 
H63D, S65C, G93R, I105T, and E168Q. Other HFE mutations 
have been identified in individuals without iron overload or in 
whom the effect of the mutation on iron accumulation could 
not be determined, such as V53M, V59M, Q127H, E277K, and 

in several intron sequence variants. Some mutations code 
for the normal amino acid (synonymous mutations) and do 
not affect iron absorption. The HFE mutations with severe,  
mild, or unknown effects on iron accumulation are shown in 
Table 25.2.

Interaction of Mutations of Hfe  
and of Other Genes

Interaction of Mutations of HFE and Hepcidin
Mutations of HFE and other genes involved in maintaining 
iron homeostasis can have a synergistic effect on iron accu-
mulation in hemochromatosis. A striking example of this is 
the heavy iron loading that occurred in an individual who had 
C282Y homozygosity and a mutation of the hepcidin gene (a 
HAMP mutation resulting in deletion of four nucleotides and 
methionine50deletion, an intron sequence variant in exon 2 
and intron 1, referred to as M50del IVS2+1(–G), a frameshift 
deletion). This represents a “digenic” configuration of a muta-
tion in each of two autosomal recessive genes, neither of which 
alone would likely cause heavy iron accumulation. This digenic 
genotype caused massive iron overload by age 27 years.291 The 
affected man underwent removal of 27 g of iron for 4 years 
before his serum ferritin concentration became normal (at 
diagnosis 1,645 mg/L, after treatment 40 mg/L). Mutations of 
other genes, such as the transferrin receptor-2 or ferroportin, 
can also result in heavy iron accumulation in individuals who 
also have HFE mutations.

Some investigators reported that a variant in the D-loop 
of mitochondrial DNA (mtDNA) where a T→C substitution 
occurred at nucleotide 16189 (mtDNA 16189T→C) was asso-
ciated with more severe iron phenotypes in patients with 
hemochromatosis.292 Other investigators did not confirm this 
report.293 It seems likely that additional mutations in diverse 
genes will be found to explain increased or decreased rates of 
iron absorption in C282Y homozygotes.
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freQuency of HemocHromatosis 
in men and Women
Hemochromatosis is transmitted as an autosomal recessive con-
dition and therefore there should be equal numbers of male and 
female homozygotes. Overt iron overload, organ injury, and illness 
occur more frequently in men than in women with this disorder. 
Men with hemochromatosis have approximately two and a half 
times as much mobilizable body storage iron as women. Most 
women are protected from severe iron overload by the menstrual 
loss of 15 to 25 mg of iron each month and by the transfer of 
approximately 750 mg of iron to the fetus during pregnancy. 
Regardless, menstrual blood losses and pregnancy do not explain 
all of the differences in body iron stores between male and female 
homozygotes. Testosterone suppresses hepcidin production294 
and this could account in part for the tendency of men with hemo-
chromatosis to develop more severe iron overload than women.

clinical features  
of HemocHromatosis

Symptoms
The presence or absence of symptoms in persons with hemochro-
matosis is related to the stage at which the diagnosis is estab-
lished. Individuals diagnosed to have hemochromatosis during a 
routine office visit are expected to have no organ injury and many 
of them are not heavily iron loaded, if at all. This is common 
among women, young men, children, and the healthy siblings who 
undergo family screening after a proband is diagnosed. Subjects 
in whom the diagnosis is established after they seek medical 
attention due to symptoms are typically ill (Table 25.6).245,295–302 
These persons usually have iron overload and evidence of organ 
injury. The frequency of symptoms, physical signs, and laboratory 
abnormalities in subjects with  hemochromatosis (sick probands) 

CLINICAL OBSERVATIONS (%) IN SUBJECTS WITH HEMOCHROMATOSISa FROM NINE STUDIES

taBLe 25.6

Author Sheldon Finch Milder Milman Fargion Niederau Adams Moirand Bulaj

Year Published 1935 1955 1980 1991 1992 1996 1996 1997 2000

Reference # 295 296 297 298 299 300 302 301 245

Number of patients 311 787 34 179 212 251 194 352 505

Men 295 711 34 140 181 224 141 176 315

Women 16 76 — 39 31 27 53 176 190

Symptoms  
(% of patients)

Weakness 13 70 73 79 — 82 64 54 —

Weight loss — 44 53 69 — — — — —

Arthralgias — — 47 44 — 44 — 40 —

Abdominal pain 26 29 50 34 — 56 — — —

loss of libido and/or  
impotence

6 14 56 41 — 36 — — —

Amenorrhea — — — 10 — 15 — — —

Cardiac complaints — 33 35 — — — — — —

Asymptomatic — — 15 — — — — — —

Physical and laboratory 
findings (% of patients)

Skin pigmentation 84 85 82 70 35 72 38 52 —

Hepatomegaly 92 93 76 84 75 81 41 — —

Abnormal hepatic  
function tests

— — 54 92 — — 30 — 10

Cirrhosis 92 — 94 84 69 57 — 20 17

Hepatoma 6 14 18 — 12 — 4 — 3

Splenomegaly 55 50 38 12 — 10 — — 8

Diabetes 79 82 53 47 30 — 24 12 10

Testicular atrophy — 16 50 — — — 18 — —

Hypogonadism,  
documented

— — 40b — 20b — — — —

Hypogonadotrophic  
hypogonadism

— — 100b — — — — — 5

Arthropathy — — 44 — 13 — 37 — —

Cardiac arrhythmia — 35 26 — 20 35 14 14 8

Congestive heart failure — 33 35 15 — — 14 — —

a These symptoms of illness, abnormal physical examination findings, and laboratory abnormalities were observed in patients in nine studies from seven countries.
b Findings in men only; not all men were studied.
Modified from Barton JC, Edwards CQ, eds. Hemochromatosis: genetics, pathophysiology, diagnosis and treatment. Cambridge, UK. Cambridge University Press. 2000:315.
Used with permission of publisher.
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CLINICAL OBSERVATIONS IN HEMOCHROMATOSIS PROBANDS 
IDENTIFIED DUE TO ILLNESS OR ONLY DUE TO UTAH  
SCREENING STUDIESa

taBLe 25.7

Abnormality

59 Sick  
Probands 
(%)

38 Screening  
Probands 
(%) p Valueb

Symptoms

Asymptomatic 0 90 <0.0001

Abdominal pain 48 5 <0.0001

Weakness, lethargy 54 5 <0.0001

Palpitations 37 5 <0.0010

Impotence (men) 25 3 <0.0080

Weight loss 17 5 <0.0160

Clinical findings

Skin pigmentation 71 19 <0.0001

Arthropathy 48 10 <0.0001

Hepatomegaly 56 3 <0.0001

liver enzyme elevation 68 8 <0.0001

liver iron stain grade 
3–4c

98 21 <0.0001

Hepatic cirrhosis 42 0 <0.0001

Diabetes mellitus 27 0 <0.0010

Cardiomegaly 14 0 <0.0370

Documented  
hypogonadism

16 0 <0.0260

a Data summarized from Witte Dl, Crosby WH, Edwards CQ, et al. Practice guideline 
development task force of the College of American Pathologists. Hereditary 
hemochromatosis. Clin Chim Acta 1996;245:139–200.303
b p values calculated by chi-square test.
c Scale of 0–4; normal grade 0–1.
Modified from Edwards CQ, Griffen lM, Bulaj ZJ, et al. Hemochromatosis: genetics, 
pathophysiology, diagnosis and treatment. Cambridge, UK: Cambridge University Press, 
2000;314.
Used with permission of publisher.

compared with probands who were identified during screening 
and compared with their homozygous relatives who were identi-
fied during family evaluation (clinically unselected homozygotes) 
are given in Table 25.7.303 Approximately 90% to 98% of people 
who are found to have hemochromatosis during screening are 
asymptomatic.

The most common symptom in nonscreening hemochroma-
tosis patients at diagnosis is arthralgias, (approximately 40% of 
homozygotes).245 The joints most commonly involved with typical 
hemochromatosis arthropathy are  metacarpal–phalangeal (MCP) 
joints, especially the second and third.304 Pain or other mani-
festations can also occur in knees, hips, shoulders, and other 
diarthrodial joints. Weakness, fatigue, and lethargy are common 
but nonspecific symptoms. Weight loss, abdominal pain, loss of 
libido in men, and palpitations also occur in some iron-loaded 
homozygotes. The prevalences of arthralgias, abdominal pain, 
loss of libido or impotence, and palpitations in different study 
populations are displayed in Tables 25.6 and 25.7.

physical examination abnormalities
Gray or bronze pigmentation is the most common physical 
examination abnormality in hemochromatosis homozygotes 

diagnosed in nonscreening settings (35% to 84%). Other com-
mon findings include arthropathy (13% to 68%), hepatomegaly 
(54% to 93%), splenomegaly (10% to 55%), irregular heartbeat, 
congestive heart failure, telangiectases, and loss of midline 
body hair or testicular atrophy. The frequency of physical 
abnormalities in hemochromatosis from nine studies is shown 
in Table 25.6. The prevalence of self-reported illness according 
to HFE genotype in two very large US and US–Canadian popula-
tion screening studies is given in Tables 25.8301 and 25.9.278

Laboratory abnormalities
The most common laboratory abnormalities in subjects with 
hemochromatosis are elevations of serum iron concentration, 
percent transferrin saturation, and serum ferritin concentra-
tion.136,305 Transferrin saturation may be elevated in chil-
dren or teenage homozygotes before serum ferritin elevation 
occurs, long before symptoms or physical examination abnor-
malities develop. This is attributed to the increased release of 
iron by macrophages via ferroportin in the presence of low 
hepcidin levels. The typical values of transferrin saturation 
according to the method of ascertainment in 291 Utah homo-
zygous probands are presented in Table 25.10.245 The results 
of transferrin saturation and serum ferritin concentration in 
normal individuals, C282Y heterozygotes, C282Y/H63D com-
pound heterozygotes, and H63D homozygotes according to 
HFE genotype from a large US population screening study are 
shown in Table 25.11.278

In untreated C282Y homozygotes, the average hemoglobin 
concentration is greater than that of control subjects with-
out common HFE mutations.306,307 Likewise, the value of 
mean corpuscular volume of untreated C282Y homozygotes is 
elevated, sometimes above the upper reference limit, even in 
patients without liver disease.306 The mean red blood cell count 
and mean coefficient of variation of mean corpuscular volume 
(RDW) are lower in C282Y homozygotes.308 These erythrocyte-
associated characteristics, usually more pronounced in men 
than women, are due to the ample amounts of iron con-
stantly available to marrow erythroblasts via transferrin, the 
saturation of which is increased in most C282Y homozygotes. 
Genome-wide linkage analyses confirm that a locus (loci) on 
chromosome 6p21 is significantly associated with hemoglobin 
concentration.309 This locus is presumed to be HFE.

Radiographs of hands are often abnormal in homozygotes 
who have arthralgias. Approximately 50% of homozygotes have 
radiographic changes. The plain films reveal narrowing of the 
MCP joint spaces, subperiosteal bone resorption, and periarticular 
demineralization. Plain films of knees may reveal chondrocalcino-
sis, linear calcium deposition in the cartilage that is visible across 
the joint space.

The next most common laboratory abnormality in untreated 
hemochromatosis patients diagnosed in nonscreening venues 
is elevation of serum levels of alanine aminotransferase and 
aspartate aminotransferase (8% to 92%). The prevalence of 
this abnormality varies markedly according to the method of 
ascertainment (Tables 25.6 and 25.7). Usually, these enzyme 
levels are elevated two to five times the upper limit of normal in 
nonscreening subjects. The significance of elevated serum lev-
els of hepatic transaminases is often different in C282Y homo-
zygotes detected in screening programs than in nonscreening 
patients. In HEIRS Study participants with hyperferritinemia, 
mean serum levels of transaminase activities were significantly 
lower in C282Y homozygotes than nonhomozygotes. The prob-
ability of being a C282Y homozygote increased as the trans-
aminase activities decreased. Thus, study participants with 
hyperferritinemia detected in screening are more likely to be 
C282Y homozygotes if they have normal liver transaminase 
activities.310 If hepatic failure is present, serum transaminase 
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ASSOCIATION BETWEEN HFE GENOTYPE AND MEDICAL CONDITIONS RELATED 
TO IRON OVERLOAD IN 98,529 PRIMARY CARE PATIENTS IN THE HEIRS STUDY

taBLe 25.8

Self-Diagnosis and 
Genotype Men (N = 36,474) Women (N = 62,055)

Odds Ratio p Valuea Odds Ratio p Valuea

Arthritis <0.001 <0.001

C282Y/C282Y 0.99 1.10
C282Y/H63D 0.83 0.86
H63D/H63D 1.28b 1.02

C282Y/+ 1.07 1.01

H63D/+ 1.02 1.01

No C282Y or H63D mutation 1.00 1.00

Diabetes 0.003 <0.001

C282Y/C282Y 1.06 0.80
C282Y/H63D 0.91 0.79
H63D/H63D 0.89 1.13

C282Y/+ 0.81b 1.05

H63D/+ 0.98 0.97

No C282Y or H63D mutation 1.00 1.00

Liver Diseasec 0.14 0.41

C282Y/C282Y 3.28a 0.60
C282Y/H63D 1.65a 0.82
H63D/H63D 0.71 1.13

C282Y/+ 1.12 1.23

H63D/+ 1.06 0.92

No C282Y or H63D mutation 1.00 1.00

Heart disease 0.74 0.02

C282Y/C282Y 0.62 0.26
C2828Y/H63D 1.08 0.90
H63D/H63D 1.00 1.47a

C282Y/+ 0.88 1.10

H63D/+ 0.89 0.96

No C282Y or H63D mutation 1.00 1.00

Impotence or infertility 0.005 0.04

C282Y/C282Y 1.42 1.09
C282Y/H63D 1.00 0.85
H63D/H63D 1.13 0.99

C282Y/+ 0.85 0.93

H63D/+ 0.96 0.95

No C282Y or H63D mutation 1.00 1.00

a p values for the genotype effect are from logistic-regression models and indicate the probability of observing these 
differences in prevalence if there is no effect of the C282Y or H63D allele. Participants who joined the study only because 
they heard about it from a participating family member were excluded.
b Odds ratio is significant at p < 0.05; CI, confidence interval.
c Includes all types of liver disease.
Modified from Adams PC, Reboussin DM, Barton JC, et al. Hemochromatosis and iron-overload screening in a racially 
diverse population. N Engl J Med 2005;352:1769–1778.287

Used with permission.

and bilirubin levels may be very elevated. Other common 
laboratory abnormalities include elevation of serum glucose 
concentration (0% to 82%); arrhythmia on electrocardiography; 
cardiomegaly on chest radiography; decreased ejection fraction 
on echocardiography; elevated or very low thyroid-stimulating 
hormone in hypothyroidism or hyperthyroidism, respectively; 

and blood test evidence of hypogonadism, usually the hypo-
gonadotrophic type with decreased serum concentrations of 
testosterone, dihydrotestosterone, luteinizing hormone, and 
follicle-stimulating hormone.311 Tables 25.6 and 25.7 show 
the frequency of lab abnormalities in individuals who have 
hemochromatosis.
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PREVALENCE OF HEALTH PROBLEMS ACCORDING TO HFE 
GENOTYPE IN 41,038 PATIENTS IN KAISER PERMANENTE  
HEALTH APPRAISAL CLINIC

taBLe 25.9

Men Women

N % N %

Arthropathy

C282Y/C282Y 16/56 29 29/68 43

C282&/H63D 112/292 38 143/301 48

wt/wt 3,975/10,889 37 5,324/11,458 47

Diabetes

C282Y/C282Y 1/56 2 6/68 9

C282Y/H63D 29/292 10 15/301 5

wt/wt 1,045/10,889 10 843/11,458 7

Liver Problems

C282Y/C282Y 4/56 7 6/68 9

C282Y/H63D 11/292 4 11/301 4

wt/wt 534/11,889 5 392/11,458 3

Arrhythmias

C282Y/C282Y 8/56 14 23/68 34

C282Y/H63D 53/292 18 103/301 34

wt/wt 1,868/10,889 17 3,730/11,458 33

Impotence

C282Y/C282Y 15/56 27 — —

C282Y/H63D 118/292 40 — —

wt/wt 3,904/10,889 36 — —

Modified from Beutler E, Felitti VJ, Koziol JA, et al. Penetrance of 845G→A (C282Y) HFE 
hereditary haemochromatosis mutation in the USA. lancet 2002;359:211–218.278

Used with permission.

TRANSFERRIN SATURATION AND SERUM FERRITIN CONCENTRATION VALUES OF HEMOCHROMATOSIS HOMOZYGOTES 
ACCORDING TO THE METHOD OF ASCERTAINMENT: UTAH STUDIES OF 505 HOMOZYGOTES

taBLe 25.10

Variable

Probands Identified Due to 
Illness (Sick)  
(N = 184)

Probands Identified by 
Elevated Transferrin Saturation 
(Screening) (N = 107)

Clinically Unselected 
Homozygous Relatives of 
Probandsa (N = 214)

Men Women Men Women Men Women

Number 136 48 66 41 113 101

Age (yr)b 51 51 37 45 41 44

Transferrin saturation (%)b 87 81 82 79 82 69

Ferritin concentration (ng/ml)c

Median 1300 657 421 319 552 170

Tenth, ninetieth percentiles 518, 3,164 242, 2,682 99, 1,274 69, 1,023 147, 1,495 28, 580

a The homozygous relatives were 164 siblings, 10 parents, 19 offspring, 7 nieces, 6 nephews, 1 aunt, 2 uncles, 1 grandmother, and 4 persons who married into an affected 
family and had transferrin saturation values similar to those of homozygotes.
b Mean values.
c The p values calculated by the Kruskal–Wallis nonparametric test for the comparison of ferritin concentrations were as follows: clinically affected probands as compared 
with probands identified because they had elevated transferrin saturation values: <0.001 for men, 0.002 for women; clinically affected probands as compared with clinically 
unselected homozygous relatives: <0.001 for men, <0.001 for women; probands identified because of elevated transferrin saturation values compared with clinically 
unselected homozygous relatives: 0.37 for men, 0.004 for women.
Modified from Bulaj ZJ, Ajioka RS, Phillips JD, et al. Disease-related conditions in relatives of patients with hemochromatosis. N Engl J Med 2000;343:1530.245

Used with permission of publisher.

Liver Biopsy Findings
Liver morphology by microscopy is usually normal in homozy-
gotes whose serum ferritin is not elevated. When serum ferritin 
concentration is elevated, the hepatic parenchymal cell stainable 
iron is usually increased. The same comments apply to the mea-
sured hepatic iron concentration. Many 40- to 50-year-old male 
homozygotes have hepatic fibrosis when hemochromatosis is 
diagnosed (2% to 32%) (Table 25.12).245 A range of 0% to 92% 
of male homozygotes have cirrhosis at the time of diagnosis, 
usually the sick individuals (Tables 25.6 and 25.7). Most women 
with hemochromatosis do not have fibrosis or cirrhosis at diag-
nosis. Cirrhosis is not expected to occur until the hepatic iron 
concentration is elevated to approximately 22,000 mg (22 mg)  
of iron per gram of liver dry weight (normal, approximately  
1,000 mg iron per gram dry weight).312 Hemochromatosis homo-
zygotes who are only identified because they participated in 
screening studies rarely have heavy liver iron overload or hepatic 
fibrosis (Tables 25.7 and 25.12).245,285,303

In hemochromatosis patients, an elevated serum concen-
tration of collagen type IV correlates strongly (p < 0.0001) 
with hepatic fibrosis or cirrhosis.313 Serum collagen type IV 
levels in a group of 42 hemochromatosis patients were com-
pared to those of 19 control subjects. A serum concentration 
of collagen type IV >115 ng/ml had a sensitivity of 100% and 
a specificity of 69% for far-advanced hepatic fibrosis (grade 3) 
and cirrhosis (grade 4).313 Among homozygotes who are diag-
nosed very late, 10% to 29% of those with cirrhosis develop 
hepatocellular carcinoma.314–317 Hepatocellular carcinoma 
in hemochromatosis may be multifocal rather than focal 
and may not cause marked elevation of a-fetoprotein that is 
common in individuals who have a large nodular hepatoma. 
Multifocal hepatocellular carcinoma may not be visible by 
ultrasonography until the diameter of the nodules reaches  
1 cm. The frequency of hepatic fibrosis, cirrhosis, and hepato-
cellular carcinoma in hemochromatosis patients is presented in  
Tables 25.6, 25.7, and 25.12.
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MEAN VALUES OF TRANSFERRIN SATURATION AND SERUM 
FERRITIN CONCENTRATION BY HEMOCHROMATOSIS GENOTYPE 
FROM A U.S. POPULATION STUDY

taBLe 25.11

wt/wta
C282Y/ 
wt

C282Y/ 
H63D

C282Y/ 
C282Y

Men (N ) 12,601 1,603 300 73

Transferrin saturation (%) 27 31 40 64
bSerum ferritin (mg/l) 118 122 191 395

Women (N ) 13,674 1,690 305 79

Transferrin saturation (%) 23 27 32 46
bSerum ferritin (mg/l) 52 56 70 159

a wt, wild type.
b Geometric mean.
Modified from Beutler E, Felitti VJ, Koziol JA, et al. Penetrance of 845G→A (C282Y) HFE 
hereditary haemochromatosis mutation in the USA. lancet 2002;359:211–218. 278

Used with permission.

HFE mutations and otHer 
conditions

arthropathy
Arthropathy is common in patients diagnosed to have hemo-
chromatosis in nonscreening settings and is a major cause of 
morbidity in some individuals.18,21–24 The proportion of non-
screening patients who have severe iron overload is relatively 
high and the prevalence of hemochromatosis arthropathy is 
significantly greater in patients whose serum ferritin levels are 
greater than 1,000 mg/L at diagnosis than in those with lower 
serum ferritin levels.20,26 Hemochromatosis homozygotes with 
arthropathy usually experience symmetrical arthralgias in 
the second and third MCP and proximal interphalangeal (PIP) 
joints.318 MCP joint swelling, decreased range of motion, and 
decreased ability to make a fist are typical physical findings. 
Radiographic findings include hypertrophy and related abnor-
malities of MCP and PIP joints, subchondral cysts with sclerotic 
margins at the metacarpal heads, and joint space narrowing, 

LIVER BIOPSY FINDINGS IN SICK, SCREENING, AND CLINICALLY UNSELECTED HOMOZYGOUS 
RELATIVES: UTAH STUDY OF 505 HOMOZYGOTES

taBLe 25.12

Variable

Sick Probands 
Identified Due to 
Illness (N = 184)

Screening Probands Identified 
by Elevated Transferrin 
Saturation (N = 107)

Clinically Unselected 
Homozygous Relatives 
of Probands (N = 214)

 Men Women Men Women Men Women

Number 136 48 66 41 113 101

Liver  
biopsies (N)

123 44 54 33 78 40

Cirrhosis 55 10 3 2 14 2

Fibrosis 32 9 6 2 13 4

Hepatocellular 
carcinoma

14 0 0 0 2 0

Modified from Bulaj ZJ, Ajioka RS, Phillips JD, et al. Disease-related conditions in relatives of patients with hemochromatosis.  
N Engl J Med 2000;343:1531.245

usually with asymmetric cartilage loss. Other degenerative 
changes that occur in some cases include chondrocalcinosis, 
involvement of radiocarpal joints, osteophytes at severely 
affected MCP joints, and generalized osteoporosis of affected 
hands.2,319,320 Approximately two-thirds of patients with hand 
arthropathy have or will develop hip or knee arthropathy. Knee 
radiographs often reveal chondrocalcinosis.320 Many patients 
with hip or knee arthropathy eventually require joint replace-
ment. Other diarthrodial joints are affected less frequently (e.g., 
shoulders, elbows, ankles, and toes).

In persons diagnosed to have hemochromatosis in screening 
programs, the proportion who have severe iron overload is rela-
tively low and thus typical hemochromatosis arthropathy is not 
common. Among the 98,529 participants in the HEIRS screening 
study (36,474 men and 62,055 women), there was no significant 
difference in the incidence of self-reported arthritis between 
groups of C282Y homozygotes and participants without HFE muta-
tions.287 In another large questionnaire study, there was no signifi-
cant difference in the prevalence of arthropathy between 45 C282Y 
homozygotes who were identified by screening and 9,299 control 
subjects.278 The results of another screening study were similar.321
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The prevalence of common HFE mutations did not differ sig-
nificantly in 1,000 patients who had inflammatory arthritis and 
in 1,000 normal control subjects.322 In another study of patients 
without a diagnosis of hemochromatosis, the prevalence of HFE 
C282Y was greater in those with radiographic evidence of hand 
osteoarthritis than in control subjects. Serum ferritin levels 
were similar in patients with and without hand osteoarthritis.41 
Some HFE C282Y homozygotes develop rheumatoid-factor–posi-
tive rheumatoid arthritis,323 psoriatic arthritis, gouty arthritis, 
or other types of arthropathy not attributable to iron overload. 
Osteoporosis defined by decreased bone mineral density was 
present in 34% of 38 C282Y homozygotes and C282Y/H63D 
compound heterozygotes who had not undergone iron deple-
tion therapy. Osteopenia was present in 79%. Vitamin D and 
 parathyroid hormone values were normal. Hypogonadism was 
present in 13%.324

Diabetes Mellitus
Diabetes was reported in early accounts of hemochromatosis32–34 
and for years was considered to be essential for establishing a 
diagnosis of hemochromatosis. Diabetes remains common in 
patients with hemochromatosis who have severe iron overload 
and cirrhosis (Tables 25.6 and 25.7).299,300,315,325 Siderosis of 
pancreatic islets, pancreatic fibrosis, and cirrhosis contribute 
significantly to diabetes pathogenesis in such cases but other 
factors also influence diabetes risk and expression. Some hemo-
chromatosis homozygotes who have diabetes have elevated 
body mass index and decreased insulin secretory capacity.326,327 
Similar abnormalities occur in mouse models of hemochromato-
sis.328 Cirrhosis contributes to insulin resistance and hyperglu-
cagonemia. A family history of diabetes in first-degree relatives 
is a significant predictor of diabetes risk among persons with 
hemochromatosis,329,330 consistent with observations that dia-
betes and hemochromatosis segregate independently as genetic 
traits.39 Diabetes is associated with decreased survival after diag-
nosis in nonscreening patients with hemochromatosis and C282Y  
homozygosity.331

As hemochromatosis case definition has changed from that of 
a rare, severe iron overload phenotype to a relatively common dis-
order defined primarily by HFE C282Y homozygosity, the preva-
lence of diabetes in hemochromatosis case series has decreased to 
a level that approaches that of the general age- and sex-matched 
population.332 Among the 98,529 participants in the HEIRS Study 
(36,474 men and 62,055 women), there was no significant differ-
ence in the prevalence of self-reported diabetes between groups of 
C282Y homozygotes and the participants with normal HFE geno-
types.287 In a study of 22,347 control subjects without HFE muta-
tions, 8.4% reported having diabetes, whereas 5.6% of 124 C282Y 
homozygotes reported having diabetes. Similarly, 7.0% of C282Y/
H63D compound heterozygotes had diabetes.278 The prevalence 
of HFE C282Y in groups of patients with diabetes is similar to that 
in corresponding control subjects.278,333–338

Other endocrinopathy
Hypogonadism, thyroid disease, and adrenal insufficiency occur 
in some hemochromatosis patients, usually those who have been 
heavily iron loaded for decades. Of nondiabetes endocrinopathy in 
hemochromatosis, the second most common type is hypogonad-
ism (Tables 25.6 and 25.7). This is usually of the hypogonadotro-
phic type.311,339 Iron is deposited selectively in the gonadotroph 
cells of the anterior pituitary.295,311,339–347 In a group of 141 iron-
loaded hemochromatosis patients, 9 patients (6%) had abnormally 
low testosterone levels. Of these nine patients, eight (89%) also 
had low values of luteinizing hormone and follicle-stimulating 
hormone. These findings are characteristic of hypogonadotrophic 
hypogonadism.311 Hypothalamic dysfunction occurs in some 

 patients.119,311,339,344,348–353 Other patients with hemochroma-
tosis have primary gonadal failure typically unrelated to iron 
overload. In a different study of 181 unrelated men who were 
HFE C282Y homozygotes, none had hypogonadism.354 It seems 
reasonable to evaluate for hemochromatosis in individuals who 
have hypopituitarism of unknown cause.355

In the HEIRS Study, hypothyroidism was detected in 1.7% of 
176 HFE C282Y homozygotes and 1.3% of 312 control subjects 
who did not have C282Y. None of the C282Y homozygotes and 
1% of the controls had hyperthyroidism. These minor differences 
in prevalence were not statistically significant.356

Polycystic ovary syndrome (PCOS) affects approximately 5% of 
white women and is often associated with decreased serum hep-
cidin concentration. Homozygosity for the HFE C282Y mutation 
also is associated with decreased serum hepcidin. In a study of 
107 unrelated women who were C282Y homozygotes, a 13-year-
old and a 16-year-old had PCOS. Each had elevated serum ferritin 
concentration and grade 3 to 4 hepatic parenchymal stainable 
iron.354 It seems likely that low serum hepcidin concentration due 
to both PCOS with loss of menses at a very young age and HFE 
hemochromatosis contributed to early-onset iron overload.

hepatocellular Carcinoma
The relative risk of hepatocellular carcinoma in patients with 
hemochromatosis who have cirrhosis is 219-fold higher than in 
patients with hemochromatosis who do not have cirrhosis.315,357 
Among patients who have both end-stage hemochromatosis and 
cirrhosis, 10% to 29% develop hepatoma.314–317,358,359 About 3% 
to 4% of patients with hemochromatosis complicated by cirrhosis 
develop hepatocellular carcinoma per year.357,360 There are also 
reports of hepatoma in hemochromatosis patients who did not 
have cirrhosis.361–366 The histology of primary liver cancer in 
hemochromatosis is heterogeneous. Although the majority of pri-
mary liver cancers in hemochromatosis are of the hepatocellular 
type, biliary cancers also occur, including cholangiocarcinoma and 
combined hepatocellular cholangiocarcinoma.317,366

In some reports, the proportion of patients with hepatocellular 
carcinoma who also have C282Y homozygosity 367,368 or C282Y 
heterozygosity is significantly increased.368–370 In another report, 
the prevalence of HFE mutations in patients with hepatocellular 
carcinoma was similar to that in control subjects.371 Positive asso-
ciations of HFE mutations, chronic viral hepatitis, and hepatocel-
lular carcinoma have been reported.367,370 Recent guidelines have 
been published about the evaluation and management of patients 
who have hepatocellular carcinoma.372,373,374

Colorectal polyps and Colorectal Cancer
In the Prostate, Lung, Colorectal and Ovarian Cancer Screening 
Trial, a study of 679 persons with advanced distal adenoma and 
697 control persons revealed no significant relationship of C282Y 
and H63D or dietary iron intake on the risk of advanced distal 
adenomatous colorectal polyps.375 In a study of 475 case patients 
and 833 control subjects, C282Y and H63D mutations were asso-
ciated with an increased risk of colon cancer.376 In a cohort study 
of 28,509 participants, C282Y homozygotes had twofold increased 
risk for colorectal cancer and female C282Y homozygotes were at 
twofold increased risk for breast cancer.377

Other types of Cancer
Iron can be carcinogenic. Possible mechanisms of carcinogenesis 
include redox cycling of iron, that produces reactive oxygen spe-
cies and free radicals, which in turn cause lipid peroxidation and 
damage to proteins and DNA.378 Iron may facilitate tumor cell 
growth and modify immune system responses.379 The results of 
some studies suggested that HFE mutations were associated with 
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colorectal or breast or other carcinomas,377,380–382 whereas results 
of some studies did not identify HFE mutations as a risk factor for 
cancer.383,384,385,386 In the cohort study of 28,509 participants 
cited above, male C282Y homozygotes did not have increased risk 
for prostate cancer.377 C282Y/H63D compound heterozygotes and 
C282Y heterozygotes did not have increased risk for colorectal, 
breast, prostate, or other cancers.377 In a meta-analysis of the 
risk of 66,263 people with HFE mutations to develop 31 different 
disorders, compared with 226,515 control subjects without HFE 
mutations, there was no identifiable risk for the development of 
cancers other than hepatocellular carcinoma.384

porphyria Cutanea tarda
The most common type of porphyria is sporadic porphyria cuta-
nea tarda. An elevated amount of storage iron is characteristic of 
this disorder. The interaction of iron and porphyria cutanea tarda 
has been reviewed.112,387–389 In addition, the presence of one or 
two HFE C282Y or H63D mutations is common in subjects with 
sporadic porphyria cutanea tarda and increased storage iron. 
Some patients with porphyria cutanea tarda (either sporadic 
or familial) and heavy iron loading are homozygous for HFE 
 mutations.109,111,390–393

Porphyria cutanea tarda occurs in individuals who have 
decreased activity of uroporphyrinogen decarboxylase which 
results in the accumulation of uroporphyrinogen I. In the pres-
ence of excess iron, accumulated uroporphyrinogen undergoes 
iron-mediated oxidation, resulting in production of uroporpho-
methene. Uroporphomethene then further inhibits the already 
decreased activity of uroporphyrinogen decarboxylase.394,395 
An association of the uroporphyrinogen decarboxylase gene 
on chromosome 1q and hemochromatosis alleles on chromo-
some 6p was first reported in 1989.109 This was substantiated 
after HFE was cloned and sequenced and HFE mutations were 
identified.111,112,396 In a study of 108 subjects in Utah who had 
porphyria cutanea tarda, 19% were C282Y homozygotes and 
7% were C282Y/H63D compound heterozygotes.111 The HFE 
mutation(s) causes increased iron absorption which further 
depresses the already decreased activity of the enzyme uropor-
phyrinogen decarboxylase. This results in the accumulation of 
uroporphyrin I in organs. Deposition of porphyrin in skin causes 
photosensitivity, blistering, and scarring.

Risk factors for the expression of porphyria cutanea tarda 
include common HFE mutations,396–403 hepatitis C, alcohol-
ism, oral estrogen therapy (but possibly not transdermal estro-
gen),110,387,398 and tamoxifen.397 Hepatitis C infection, a potent 
risk factor, occurs in 28% to 74% of individuals with porphyria 
cutanea tarda. A 2002 study from Galveston was performed to 
assess the factors involved in the expression of porphyria cutanea 
tarda.399 In 39 consecutive patients with porphyria cutanea tarda, 
9% had HFE genotype C282Y/C282Y, 9% had C282Y/wt, 12% had 
C282Y/H63D, 9% had H63D/H63D, and 26% had H63D/wt. None 
had the S65C mutation. Among these patients, 79% drank alcohol, 
73% of 11 women took estrogens, 86% were smokers, and 74% 
were positive for the hepatitis C antibody. The authors concluded 
that HFE mutations were common and that the expression of 
porphyria cutanea tarda was multifactorial. Three or more risk 
factors for expression of porphyria cutanea tarda were detected 
in 92% of the 39 patients.399

The prevalence of the C282Y, H63D, and S65C mutations of 
HFE and antibody to the hepatitis C virus was compared in 65 
patients with sporadic porphyria cutanea tarda and in 108 con-
trol subjects.400 Of the porphyria patients, 17% had the C282Y 
mutation (4% of controls). There was no significant difference in 
the prevalence of the H63D and S65C mutations or compound 
C282Y/H63D heterozygosity between groups. Hepatitis C antibod-
ies were detected in 28% of the patients with porphyria cutanea 
tarda. In another study of porphyria cutanea tarda patients in 

France, hepatitis C was identified as the major risk factor for 
porphyria.401

In a study of 190 German patients with sporadic porphyria 
cutanea tarda and 115 age-matched healthy blood donors, 39% 
of patients with porphyria had HFE C282Y (3% of control subjects) 
and 12% were C282Y homozygotes (0% of controls).402 The H63D 
mutation was present in 45% of patients with porphyria (10% of 
controls) and 9% of patients with porphyria were C282Y/H63D 
compound heterozygotes. In studies among the Basque popula-
tion in Spain, patients with porphyria cutanea tarda did not have 
increased frequency of HFE C282Y, H63D, or S65C mutations. 
Hepatitis C was present in 35% of the porphyria patients.403

Tamoxifen therapy in patients with breast cancer has been asso-
ciated with the occurrence of porphyria cutanea tarda.397,404,405 
A woman with porphyria cutanea tarda that was caused by oral 
contraceptives only experienced full remission of porphyria while 
undergoing anastrazole therapy for metastatic adenocarcinoma 
of the breast.404

Steatohepatitis
Many reports of the prevalence of HFE gene mutations and/or 
hyperferritinemia in subjects with nonalcoholic steatohepatitis were 
reviewed recently.406,407,408,409–421 In 36 men in Massachusetts who 
had nonalcoholic steatohepatitis, 2.8% were C282Y homozygotes, 
17.0% were C282Y heterozygotes, 5.6% were H63D homozygotes, 
and 44.0% were H63D heterozygotes.419 In 348 control subjects, 
none was a C282Y homozygote, 11.0% were C282Y heterozygotes, 
2.9% were H63D homozygotes, and 26.0% were heterozygous for 
the H63D mutation. Individuals with nonalcoholic steatohepatitis 
who had a HFE mutation had higher levels of transferrin saturation 
and serum ferritin, and those with C282Y had significantly higher 
levels of alanine aminotransferase and a greater level of hepatic 
fibrosis than those without C282Y.419 Insulin resistance syndrome 
is common in people who have nonalcoholic steatohepatitis, with 
or without mutations of HFE.415,417,420–422

hereditary Spherocytosis
Individuals who have hereditary spherocytosis may develop 
severe iron overload and hepatic cirrhosis if they are HFE C282Y 
homozygotes or heterozygotes.393,423–433 Iron overload can also 
occur in patients with hereditary spherocytosis who do not have 
common HFE mutations.434,435 In a Utah family, for example, 
two brothers with C282Y homozygosity had iron overload.424 
Iron overload in the propositus with both hemochromatosis and 
hereditary spherocytosis was much more severe than that of his 
brother who had hemochromatosis without hereditary spherocy-
tosis. The son of the propositus was a C282Y heterozygote who 
also had hereditary spherocytosis. His serum ferritin concentra-
tion and liver iron stores were modestly elevated.

b-thalassemia Minor
b-Thalassemia minor and hemochromatosis sometimes occur 
in the same person. In one family, an index patient with 
b-thalassemia minor and hemochromatosis had a brother with 
b- thalassemia minor who was a C282Y homozygote. The pro-
band’s wife was also a C282Y homozygote. One of their chil-
dren had b-thalassemia minor and hemochromatosis, whereas 
the other had hemochromatosis alone. The proband’s brother 
married a woman who was a C282Y/wt heterozygote. Both of 
their children were C282Y homozygotes.436 Some persons with 
b-thalassemia minor who have common HFE mutations develop 
iron load.437–442 In a study of 22 iron-loaded Italian patients 
with b-thalassemia minor and 62 relatives, b-thalassemia trait 
appears to worsen the iron-related complications of C282Y homo-
zygosity. It is believed that the mild ineffective erythropoiesis of 
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b-thalassemia trait exaggerates the amount of iron absorbed by 
the duodenum. C282Y heterozygotes and H63D heterozygotes 
with b-thalassemia trait did not develop iron overload.437 In some 
other populations, heterozygosity for common HFE mutations 
appeared to be unassociated with development of iron overload 
in persons who also had thalassemia minor.443–446

On the island of Sardinia, an area not reached by Celtic migra-
tions, HFE C282Y is very rare. The H63D mutation prevalence 
is similar to that of other populations, 277 and the prevalence of 
b-thalassemia minor is 13%.438 Among 152 Sardinian men who 
had b-thalassemia minor, approximately 2.6% were H63D homo-
zygotes, 29.5% were H63D/wt heterozygotes, and 68% were wt/
wt (normal HFE genotype). Concurrent control subjects were not 
studied.438

In a study from Turin, 71 subjects with transfusion-dependent 
b-thalassemia major and 200 control subjects were tested for 
C282Y and H63D.439 None of the patients (or controls) was a 
C282Y homozygote. One patient (1.4%) was a C282Y/H63D com-
pound heterozygote (similar to 0% among controls); 21.0% of 
patients (20.0% of controls) were H63D heterozygotes; and one 
patient (1.4%) was a H63D homozygote (1.0% in controls). The lat-
ter patient had greater iron overload than expected. The authors 
concluded that H63D homozygosity caused the heavy hepatic 
iron accumulation and advanced hepatic fibrosis. Individuals 
with either HFE H63D or C282Y were more heavily iron loaded 
than could be explained by transfusion-dependent homozygous 
b-thalassemia alone.

refractory anemia with ringed Sideroblasts
Iron accumulation varies in this myelodysplastic disorder.158 In 40 
patients from Switzerland, Greece, and France who had refrac-
tory anemia with ringed sideroblasts and nontransfusion iron 
overload, 1.25% had C282Y. This prevalence was similar to that in 
200 normal control subjects (2.50%). The prevalence of the H63D 
mutation was also similar in patients and controls (19% and 13%, 
respectively).447 Ineffective erythropoiesis alone may account for 
the increased intestinal absorption of iron in most nontransfused 
patients with refractory anemia with ringed sideroblasts.

X-Linked Sideroblastic Anemia
Some men with X-linked sideroblastic anemia (mutations of the 
aminolevulinate synthase gene, (ALAS2) with ringed sideroblasts 
and heavy iron overload also have HFE mutations. Coinheritance 
of X-linked sideroblastic anemia and HFE gene mutations was 
first described in a 59 year-old French man who had hepatic 
iron overload and C282Y/H63D compound heterozygosity. His 
iron overload was much more severe than that of his 61 year-
old brother who had X-linked sideroblastic anemia but no HFE 
mutation.448

Among 18 unrelated patients with X-linked sideroblastic ane-
mia, 17.0% had HFE C282Y (5.5% in white controls) and 23.0% 
had H63D (15.0% in controls).449 Prevalence of the C282Y muta-
tion was significantly greater in the patients with sideroblastic 
anemia than in controls, but prevalence of H63D was similar 
in both groups. After iron depletion, the responsiveness of ane-
mia to pyridoxine supplementation increased in some patients. 
Coinheritance of one or more HFE mutations and a mild mutation 
of ALAS2 can result in heavy iron overload.450 The iron status of 
patients with mutations of ALAS2, with or without HFE mutations, 
has been reviewed.451–453,454

Infections in hemochromatosis patients
Individuals who have hemochromatosis, especially those with cir-
rhosis, are susceptible to infection by organisms that rarely cause 
illness in people with normal body iron stores, including Vibrio 

vulnificus and Yersinia enterocolitica.455–467,468 Listeria,469,470 
Escherichia coli,471 and zygomycosis472–474 may also cause severe 
and sometimes unusual infections in hemochromatosis patients.

Vibrio vulnificus
V. vulnificus is a motile free-living, Gram-negative bacillus that 
grows as normal flora in warm coastal saline waters worldwide. It 
usually does not cause infection in humans except in persons who 
have iron overload, cirrhosis, compromised immunity, or renal 
insufficiency. When ingested with raw shellfish (especially oys-
ters), it can cause gastroenteritis, septic arthritis, or fatal septice-
mia.466,467,468,475,476 Serious wound infections have also occurred 
in patients with hemochromatosis.468 Invasive organisms are 
encapsulated. The organism thrives in blood that has elevated 
iron content460 but can also derive iron for its own metabolism 
from erythrocytes or hemoglobin. Most infections in patients with 
hemochromatosis have been reported from states adjacent to the 
Gulf of Mexico and from Northern Australia. In both areas, HFE 
hemochromatosis is common in whites and V. vulnificus is abun-
dant in coastal waters.

Yersinia enterocolitica
Y. enterocolitica belongs to the family Enterobacteriaceae. It 
can cause transfusion-associated sepsis, gastroenteritis, septic 
arthritis, hepatic abscesses, osteomyelitis, or bloody diarrhea. 
It is usually ingested in contaminated water, pork, milk, bean 
sprouts, or chocolate.477,478 Unlike V. vulnificus, Yersinia is often 
present in colder climates or occurs as a contaminant in any 
climate. In patients with hemochromatosis, Yersinia can cause 
severe infections,404 including bacteremia477 and multiple hepatic 
abscesses.470,478–483

IgG Deficiency
Some patients with hemochromatosis and HFE C282Y homozy-
gosity have frequent, severe, or unusual infections and common 
variable immunodeficiency or immunoglobulin (Ig) G subclass 
deficiency.484 Approximately 30% of probands have selective 
IgG isotype deficiency, especially that of subclasses IgG1 or IgG3. 
Deficiency of IgA or IgM is uncommon. Mean values of age, trans-
ferrin saturation, and serum ferritin at diagnosis and phlebotomy 
units required to induce iron depletion were similar in probands 
with or without CVID or IgGSD; phlebotomy had no effect on IgG 
levels.484 There was concordance of Ig and hemochromatosis 
phenotypes in probands and respective human leukocyte antigen 
(HLA)-identical siblings and a significant positive association of 
selective IgG deficiency to C282Y-bearing chromosome 6p HLA 
haplotypes that included HLA-A*03, B*07. This suggests that a 
gene that modulates IgG subclass levels occurs on these hemo-
chromatosis-associated chromosomes.484

Coronary artery Disease
Hemochromatosis can cause cardiac arrhythmias or congestive 
heart failure due to siderosis of conducting fibers and cardiac myo-
cytes.297,300,302,485–492 This complication is much more prevalent 
in juvenile hemochromatosis than in HFE hemochromatosis. It was 
estimated that German adults with hemochromatosis had a 300-fold 
increased risk of developing cardiomyopathy.315 In a more recent 
Swedish study of nationwide, population-based health and census 
registers, the risk of cardiomyopathy in persons with hemochroma-
tosis was significantly elevated (hazard ratio 3.2 [95% CI 2.15 to 
4.81]), but the risk of ischemic heart disease was barely elevated.493 
Neither cardiomyopathy nor ischemic heart disease risk was 
increased in first-degree relatives of persons with hemochromato-
sis.493 Most studies have revealed no association between coronary 
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artery disease and HFE mutations.494,495–505 Other studies suggest 
that an association exists.506,507 Total mean serum  cholesterol and 
low-density lipoprotein levels were lower in C282Y homozygotes 
than in HFE wild-type participants in the HEIRS Study.508 Whether 
these differences influence manifestations of coronary or peripheral 
atherosclerosis in C282Y homozygotes is unknown.

diagnosis

history and physical examination Findings
Recent guidelines and reviews have been published about screen-
ing and about the evaluation and management of individuals 
in whom hemochromatosis is suspected, and for relatives of a 
person who has HFE hemochromatosis.360,509,510,511,512,513 A 
large percentage of HFE C282Y homozygotes who are identi-
fied during screening studies do not have symptoms of illness 
and do not have persistently elevated serum ferritin concentra-
tion.136,278,287,514,515 Currently, screening of the general popula-
tion for hemochromatosis is not recommended.516

Hemochromatosis with iron overload may be suspected in an 
individual who has some combination of the following: arthral-
gias, right upper quadrant abdominal pain, impotence, palpi-
tations, unexplained fatigue or weight loss, gray-bronze skin, 
hepatomegaly, stigmata of portal hypertension, diabetes, or 
hypogonadism. Most hemochromatosis homozygotes do not have 
these findings. Individuals in whom the diagnosis is established 
during routine screening are nearly always asymptomatic and 
have no physical examination abnormalities. People in whom the 
diagnosis is established after seeking evaluation due to illness 
usually have several of the symptoms and physical examination 
abnormalities stated above. Only heavily iron-loaded patients 
with far-advanced organ injury have all of the above symptoms 
and physical examination abnormalities. The wide variation in 
the frequency of symptoms and signs of hemochromatosis from  
12 reports appears in Tables 25.6 through 25.9.

Laboratory Findings
Transferrin saturation is the first blood test to become elevated 
in hemochromatosis homozygotes and usually is greater than 
60% in symptomatic men and greater than 50% in symptomatic 
women.245,302,303,517 Unbound iron-binding capacity is usu-
ally decreased in untreated homozygotes.518–521 In iron-loaded 
patients, serum ferritin concentration is elevated. Liver stainable 
iron and the hepatic iron index are also elevated in iron-loaded 
homozygotes. The sensitivity of elevated transferrin saturation 
to identify a patient with hemochromatosis is 94% to 98%, and 
its specificity is 70% to 98%.303,517 Typical results of transferrin 
saturation and serum ferritin concentration in different groups of 
hemochromatosis homozygotes are displayed in Tables 25.10 and 
25.11. HFE C282Y homozygosity was present in 89% of hemo-
chromatosis patients in the Utah studies, whether or not iron 
overload was present.245

Evaluation of Relatives
After the diagnosis of hemochromatosis is established in an index 
patient (proband), it is important to study his or her siblings. Test 
selection is the same as for the index patient: transferrin satura-
tion; serum ferritin concentration; and HFE mutation analysis to 
identify C282Y, H63D, and S65C alleles. Young homozygous sib-
lings of a hemochromatosis proband may have a normal serum 
ferritin concentration.245 Serum ferritin levels should be measured 
at 2- or 3-year intervals. When serum ferritin becomes  elevated, it 
is reasonable to begin intermittent phlebotomy therapy to prevent 
accumulation of excess iron in the liver and other organs.

HFE homozygous relatives who have marked elevation of 
serum ferritin concentration greater than 700 mg/L522 or greater 
than 1,000 mg/L523,524 and elevated serum concentrations of 
hepatic transaminases may have hepatic cirrhosis. Liver biopsy in 
such individuals is usually necessary to determine the presence or 
absence of hepatic fibrosis or cirrhosis and allows measurement 
of hepatic iron stores. Typical liver biopsy findings in iron-loaded 
homozygotes appear in Figure 25.1 and Table 25.12. The great 
majority of homozygous relatives identified during family screen-
ing are less iron loaded and have fewer complications than their 
corresponding probands. Authors of a recent article made recom-
mendations about when and for whom to advise liver biopsy in 
these settings.525

Heterozygous Relatives
HFE heterozygotes do not become iron loaded unless they have 
an additional disorder that increases iron accumulation.526 There 
was no difference in the amount of heme iron or non-heme–iron 
absorption in C282Y heterozygotes and normal control subjects. 
Similarly, differences in non-transferrin–bound iron, transferrin 
saturation, or serum ferritin levels did not differ significantly 
between C282Y heterozygotes and normal controls.527 Transferrin 
saturation and serum ferritin concentration measurements in 
large numbers of C282Y heterozygotes and normal individuals are 
displayed in Table 25.11.278

Because approximately 10% of whites of Central, Western, and 
Northern European ancestry are C282Y heterozygotes, the occur-
rence of hemochromatosis in whites in consecutive generations 
is common. It seems reasonable to measure transferrin satura-
tion or unbound iron-binding capacity in the interested parents 
and adult children of homozygotes, in addition to all siblings of  
the proband.

Homozygous Relatives
In a study of the relatives of 291 hemochromatosis probands, 
214 homozygous relatives were identified.245 When these 214 
clinically unselected individuals were stratified by age and sex, 
it became apparent that 90% of the homozygous male relatives 
were iron loaded by age 40 years, and 52% had iron-related 
organ injury. Clinically unselected female homozygous relatives 
became iron loaded on average approximately one decade later 

FIGURE 25.1. Grade 4 hepatic parenchymal cell stainable iron in a 30-year-old 
 asymptomatic  HFE C282Y homozygous woman who was evaluated after her sick brother 
was found to have hemochromatosis.
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than men. After age 50, 88% of clinically unselected female homo-
zygous relatives became iron loaded and 16% of them had iron-
related organ injury.245 The results of transferrin saturation and 
serum ferritin concentration tests in 291 probands and their 214 
clinically unselected homozygous relatives in the Utah studies are 
displayed in Table 25.10.

management

phlebotomy therapy
Detailed discussions of phlebotomy therapy for hemochroma-
tosis patients have been published.303,528 Overall, men require 
approximately twice as many units of phlebotomy to induce iron 
depletion as women.301,303,529 Complications of hemochromato-
sis that respond to and complications that do not improve after 
phlebotomy therapy are displayed in Table 25.13. Treatment for 
specific problems usually should be managed as in patients who 
do not have hemochromatosis.

Initial Weekly Phlebotomy Schedule
The main treatment of iron-loaded hemochromatosis patients 
is phlebotomy therapy.303,528,529 In a phlebotomy of 500 ml of 
whole blood with a hematocrit of 40%, 200 ml of packed red 
blood cells are removed. Because each 1 ml of packed red cells 
contains about 1 mg of iron, each 500-ml phlebotomy removes 

about 200 mg of iron. When the diagnosis of iron overload due to 
hemochromatosis is established, it is important to start the first 
phase of phlebotomy therapy. Serum ferritin level, not serum iron 
or transferrin saturation levels, should be used to monitor levels 
of storage iron during phlebotomy.530

Most iron-loaded homozygotes tolerate removal of 500 ml 
of whole blood each week. Some women, small individuals, or 
elderly patients may only tolerate removal of 250 ml of whole 
blood each week. Twice-weekly phlebotomy may be performed 
for very heavily iron-loaded patients who have cardiac arrhyth-
mias or hepatic failure in an effort to improve cardiac and hepatic 
function quickly. Phlebotomy therapy should be continued until 
the hemoglobin drops by approximately 1 to 2 g/dl below base-
line, the mean corpuscular volume drops by approximately 3 to 
5 fl below baseline, and serum ferritin concentration drops to 20 
to 50 mg/L. These findings provide evidence of iron-limited eryth-
ropoiesis, which concludes the initial rapid sequence phase of 
phlebotomy therapy. The patient then enters the second, life-long 
maintenance phase of phlebotomy therapy.303,528–532

Life-long Maintenance Phlebotomy Schedule
After the initial iron depletion is accomplished, the patient enters 
the life-long maintenance phase of phlebotomy therapy. Removal 
of 500 ml of whole blood every 2 to 4 months (every 3 to 6 months 
in women) prevents re-accumulation of excessive organ storage 
iron. The goals of life-long maintenance phlebotomy therapy 
include maintenance of a normal hemoglobin level and main-

CLINICAL CHANGES EXPECTED FOLLOWING PHLEBOTOMY THERAPY

taBLe 25.13

Observed Complications of Iron 
Overload Expected Treatment Outcome

No complications Prevention of complications of iron overload; normal life expectancy.

Weakness, fatigue, lethargy May resolve if only due to iron overload.

Elevated hepatic transaminases in serum Resolution or marked improvement.

Hepatomegaly Resolution often occurs.

Hepatic cirrhosisa Usually no change.

Increased risk for primary liver cancerb May persist in presence of cirrhosis.

Right upper quadrant painc Resolution if only due to iron overload.

Arthropathy Arthralgias may improve; joint deformity not expected to resolve; worsening 
sometimes occurs.

Hypogonadotrophic hypogonadism May resolve if pituitary injury is not extensive.

Diabetes mellitus Occasional improvement, often temporary.

Hyperthyroidism, hypothyroidism Resolution is rare.

Cardiomyopathy Resolution sometimes occurs.

Hyperpigmentation Resolution usually occurs.

Hyperferritinemiad Resolution.

Hyperferremia Usually decreases, then rises again after cessation of phlebotomies.

Excess absorption and storage of 
 nonferrous metalse

little or no change.

Infection with Vibrio vulnificus or other 
bacteria

little or no change.

a Regression was reported in some patients. Falize l, Guillygomarch A, Perrin M, laine F, Guyader D, Brissot P, Turlin B, Deugnier Y. 
Hepatology 2006;44:472–477.446
b Increased risk is usually only in those who have hepatic cirrhosis.
c Right upper quadrant pain that is only due to iron overload usually improves, but not if the pain is due to hepatocellular carcinoma, 
portal vein thrombosis, gallbladder disease, or other non-iron causes.
d Serum iron levels may be normal or subnormal in persons with hemochromatosis due to severe iron deficiency, chronic inflammatory or 
infectious disease, vitamin C deficiency, or prolonged fasting.
e Cobalt, manganese, zinc, and lead.
Modified from Barton JC, McDonnell SM, Adams PC, et al. Management of hemochromatosis. Ann Intern Med 1998;129:935.528

Used with permission of publisher.
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tenance of the serum ferritin concentration less than 300 mg/L 
in men and less than 200 mg/L in women.533 A very low serum 
ferritin and the presence of anemia indicate that the frequency of 
phlebotomy therapy can be decreased to 4- or 6-month intervals.

Patients and physicians often want to estimate the duration of 
weekly phlebotomy therapy to achieve iron depletion. Based on a 
study of the correlation of serum ferritin to the number of grams 
of iron removed by phlebotomy therapy, 1 mg/L of pretreatment 
serum ferritin corresponded to ~8 mg of mobilizable iron.522  
A person whose pretreatment serum ferritin concentration is 600 
mg/L is likely to have ~4,800 mg (8 × 600 mg) of mobilizable 
storage iron. Each ml of centrifuged red blood contains about 
1 mg of iron and each 500-ml unit of blood with a hematocrit 
of 40% contains approximately 200 mg of iron. Therefore, a 
patient whose serum ferritin is 600 mg/L is predicted to undergo 
~24 units of phlebotomy to achieve iron depletion ([8 × 600 
mg] = 4,800 mg/200 mg/unit = 24 units). This simple estimate 
holds reasonably well except in patients whose serum ferritin is 
elevated out of proportion to storage iron due to hepatic necrosis 
or another source of inflammation that causes hyperferritinemia. 
After patients achieve iron depletion by phlebotomy, the number 
of units of whole blood removed, multiplied by 200 mg iron per 
phlebotomy, provides a reliable calculation of the number of 
grams of iron that were removed.

hemochromatosis homozygotes as Blood Donors
Experts in the Department of Transfusion Medicine at the National 
Institutes of Health in Bethesda studied hemochromatosis patients 
as blood donors for patients treated at the National Institutes of 
Health.534 They evaluated 1,402 units of blood from hemochro-
matosis donors and concluded that if such individuals do not have 
serologic results necessitating deferral, they do not pose a health 
risk for recipients. The authors also noted that these donors could 
significantly augment the blood supply at the Institutes. After 27 
months of study, blood from hemochromatosis donors repre-
sented 14% of all blood donations. In another report, an ethicist 
at the Centre for Environmental Philosophy and Bioethics of the 
University of Ghent, Belgium concluded that hemochromatosis 
patients can be free, voluntary, altruistic blood donors if they 
do not request any benefit other than blood removal.535 When 
phlebotomy therapy is performed in a setting other than a blood 
bank, the blood cannot be collected and processed properly for 
future transfusion.

Clinical Changes after Iron Depletion
If hepatic cirrhosis and arthropathy were not present before iron 
depletion therapy, these complications of hemochromatosis may 
be preventable by initial iron depletion followed by life-long main-
tenance phlebotomy therapy. An important question is whether 
hepatic fibrosis or cirrhosis can diminish following iron depletion. 
Regression of hepatic fibrosis was studied in 36 hemochromatosis 
patients who underwent two liver biopsies, the first one before 
and the second after iron depletion, with an interval of at least 2 
years between biopsies.536 Regression of fibrosis occurred in 9 of 
13 patients whose initial fibrosis was far advanced (grade 3), and 
in 8 of 23 whose initial biopsy showed cirrhosis (grade 4). The 
clinical changes that may occur following iron depletion appear 
in Table 25.13.528

Dietary recommendations
Persons with hemochromatosis have increased risk to develop a 
life-threatening infection with V. vulnificus from raw shellfish (see 
the section, “Infections”). It is prudent to advise these individuals 
not to consume raw shellfish, although consumption of cooked 
shellfish is safe. Much more iron can be removed in each 500-ml 

whole blood phlebotomy each week than can be absorbed during 
that week. For this reason, it is not necessary to impose severe 
dietary restrictions in an attempt to avoid all foods that contain 
iron. Regardless, heme iron of meat, especially red meat, is read-
ily absorbed. It is reasonable to advise patients to eat red meat in 
moderation, to decrease dietary intake of saturated fat and animal 
protein, and to increase consumption of fresh vegetables and fruit, 
as for anyone else who follows a prudent cardiovascular diet.528

alcohol Intake
Alcohol can be hepatotoxic. Individuals with hepatic damage from 
iron overload may benefit from avoiding drinks containing alcohol. 
It is estimated that 30 g317,537 or greater than 60 g538,539 of  alcohol 
per day can worsen iron-related liver damage. Consumption of 
these amounts of alcohol by a person with cirrhosis may also 
increase the risk of hepatocellular carcinoma.317,538,539

Vitamins
It is reasonable to advise hemochromatosis patients to avoid 
medicinal intake of vitamin C (ascorbic acid) because it can 
increase the absorption of dietary iron, mobilization of stor-
age iron, or production of free radicals.540–544 Vitamin C also 
may cause oxidative damage of the myocardium and cardiac 
conduction system, resulting in rare fatal arrhythmias in iron-
loaded patients who have hemochromatosis or  thalassemia 
major.541,544–547 It seems reasonable for hemochromatosis 
patients to not take multiple vitamins that contain iron.

Prognosis
The outlook for an iron-loaded hemochromatosis patient is 
related to whether the patient undergoes iron depletion therapy 
before the development of cirrhosis or diabetes mellitus. In a 
study of 111 hemochromatosis patients in England, the average 
survival of 85 people who underwent phlebotomy therapy was 63 
months, compared with 18 months in the 26 subjects who did not 
become iron depleted.314 In a study of survival among 251 hemo-
chromatosis patients in Germany, survival of those who became 
iron depleted was similar to that of the background population.300 
Hemochromatosis patients with diabetes had a 10-year survival 
of 65%; in patients without diabetes, the survival was 90%. The 
10-year survival of hemochromatosis patients with cirrhosis was 
72%, whereas survival of patients without cirrhosis was 82%. Iron 
overload that could not be depleted within 18 months from the 
onset of phlebotomy therapy was also associated with decreased 
survival. In 422 hemochromatosis probands homozygous for HFE 
C282Y, serum levels of ferritin greater than 1,000 mg/L at diagno-
sis were positively associated with male sex and cirrhosis. Even 
with treatment, the relative risk of death from iron overload was 
fivefold greater in probands with serum levels of ferritin greater 
than 1,000 mg/L.548 Additional reports of survival and prognosis 
of hemochromatosis patients have been published.299,325,549,550

imaging of tHe liver

Computed tomographic Scanning of the Liver
Single-energy computed tomographic (CT) scanning is not ade-
quately sensitive to distinguish hepatic iron overload from a fatty 
liver. CT scanning also has very limited value in the assessment of 
sources of hepatic inhomogeneity, including edema, regenerative 
nodules, perfusion abnormalities, iron, fibrosis, or cirrhosis.551 
Similarly, density histogram analysis of unenhanced hepatic 
CT does not distinguish among most diffuse liver diseases.552 
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 Dual-energy CT scanning is able to distinguish hepatic iron from 
fat.553 In a dual-energy CT scan, an iron-loaded liver appears 
brighter than paraspinous muscles.

Magnetic resonance Imaging of the Liver
Magnetic resonance (MR) imaging has largely replaced CT scan-
ning in the evaluation of livers that are presumed to be cirrhotic. 
Some of the advantages of MR scanning include superior contrast 
resolution, multiplanar capability, greater sensitivity and specificity 
in the detection and characterization of abnormalities, and no use 
of ionizing radiation.551 MR imaging can be used to identify hepatic 
cirrhosis, regenerating nodules, increased iron, and hepatocellular 
carcinoma in subjects who have hemochromatosis.554–564

Iron is a paramagnetic element that becomes magnetized in 
a magnetic field. The result is that the transverse (T2) relaxation 
time of iron becomes shortened compared with the longitudinal 
(T1) relaxation time. In an iron-loaded liver, the shortened T2 
relaxation time causes a decrease in signal intensity. The result 
is that an iron-loaded liver appears darker than paraspinous 
muscles on T2-weighted MR images. The proton transverse relax-
ation rate (R2) is related to the presence of iron. For this reason, 
the R2 value is expected to allow measurement of a wide range of 
liver iron concentrations on MRI machines that have a magnetic 
field strength of 1.5 Tesla.555 Comparison of both MR imaging 
and biomagnetic liver susceptometry in 23 patients yielded a high 
correlation over a wide range of hepatic iron concentration.556

Gradient-echo MR scanning after gadolinium is considered to 
provide the most useful information about iron stores, using both 
T1- and T2-weighted images. An MR magnet strength of 1.5 tesla 
provides better predictive ability than a 0.5-tesla magnet. The 
intensity of the signal in liver is often compared to signal intensity 
in paraspinous muscles. Iron causes increased attenuation of the 
gradient-echo signal in hepatocytes,551,554,557,559,560 which means 
that iron-loaded liver tissue appears darker than paraspinous 
muscle. Whereas CT cannot quantify iron stores less than five 
times normal, gradient-echo MR allows quantification of iron 
stores that are minimally increased.555,557,561–564

Gradient-echo sequences allow quantification of storage iron 
that correlates well with chemical measurement of iron in a liver 
biopsy sample. Thus, MR scanning can provide credible estima-
tion of the hepatic iron concentration in patients who, for any 
reason, do not undergo liver biopsy. After iron depletion, there 
is a decreased amount of attenuation of the gradient-echo sig-
nal, so the liver appears lighter than before.561–564 Conventional 
T1-weighted and T2-weighted spin-echo MR565 or MR T2-star 
(T2*) imaging565–568 can identify increased amounts of iron in 
myocardium and liver. Organs that are iron loaded have low sig-
nal intensity, so they appear dark on T2* MR images.
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two cardinal features prevail: cutaneous photosensitivity and 
neurologic symptoms of intermittent autonomic neuropathy, 
motor nerve palsies, and central nervous system disturbances. 
The cutaneous photosensitivity is a manifestation of the 
unique fluorescent properties of the porphyrins (the oxidized 
forms of the natural porphyrinogens in the heme synthesis 
pathway) that accumulate in those porphyrias in which the 
enzyme defects cause porphyrin accumulation (Fig.  26.1). 
The neurologic manifestations are associated with increased 
production of the porphyrin precursors 5-aminolevulinic acid 
(ALA) and porphobilinogen (PBG), which characterize the 
acute or inducible porphyrias. Among some of these, however, 
photosensitivity occurs as well if the enzyme defect also leads 
to accumulation of porphyrins. The distinguishing clinical 
manifestations of the porphyrias form the basis for the clas-
sification in Table 26.1. The diagnosis of a specific porphyria 
is ascertained by its characteristic profile of accumulated and 
excreted metabolic intermediates of the heme synthesis path-
way (Table 26.2). It can be further confirmed by the activity of 
the affected enzyme but best by identification of the molecular 
defect causing the porphyria.

The porphyrias are diverse disorders that arise from various inher-
ited enzyme defects in the heme biosynthesis pathway (Fig. 26.1). 
The first authentic cases of porphyria were described in 1874.2,3 
Since that time, eight genetically distinct forms of porphyria 
have been characterized (Fig. 26.1; Table  26.1), each caused by 
a partial deficiency, and in one type by activation, of a different 
enzyme within the pathway (Table 26.2). The genes encoding these 
enzymes have been cloned, their chromosomal location is defined, 
and DNA analyses have revealed many heterogeneous molecular 
defects in all the porphyrias. The biosynthetic blocks resulting from 
the defective enzymes are expressed either in the liver or in the 
bone marrow, the sites where most of body heme is produced. The 
clinical and pathologic phenotype of each porphyria is dictated by 
effects of the associated enzyme defect and the mode of inheritance 
(Table 26.2) and is often influenced by certain metabolic and envi-
ronmental factors that affect the tightly regulated heme pathway. 
In some “late-onset porphyrias,” acquired clonal hematopoietic dis-
orders may harbor a somatic mutation involving a heme synthesis 
enzyme that contributes to the expression of the porphyria.

Although the pathophysiologic mechanisms of the clinical 
manifestations of the porphyrias are only partly understood, 

FIGURE 26.1. The heme biosynthetic pathway, its enzymes, and the eight forms of human porphyria associated with genetic defects of these  
enzymes. The major compound accumulated and excreted in excess in the seven porphyrias beyond the ALA synthase step is the substrate of the respective defi-
cient enzyme; genetic defects in the erythroid ALA synthase (ALAS2) causing increased enzyme activity lead to increased flux of intermediates through the pathway 
and accumulated protoporphyrins. In the acute or inducible porphyrias (*), increased hepatic ALA production results from release of the normal negative feedback on 
ALA synthase exerted by heme,1 indicated by the trail of arrows. ALA, 5-aminolevulinic acid; Fe++, ferrous iron.

HEME BIOSYNTHETIC PATHWAY ENZYME TYPE OF PORPHYRIA
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ClassifiCation of the PorPhyrias

taBLe 26.1

I. Porphyrias with only cutaneous photosensitivity

 Congenital erythropoietic porphyria (CEP)

  Porphyria cutanea tarda (PCT); hepatoerythropoietic porphyria (HEP)

 Erythropoietic protoporphyria (EPP)

 X-linked protoporphyria (XLPP)

II. Acute porphyrias with only neurologic manifestations

 Acute intermittent porphyria (AIP)

 ALA dehydratase porphyria (ADP)

III.  Acute porphyrias with both neurologic manifestations and cutaneous  
photosensitivity

 Variegate porphyria (VP)

 Hereditary coproporphyria (HCP)

IV. Dual porphyrias

GenetiC and MetaboliC features of the PorPhyrias

taBLe 26.2

Type of 
Porphyria Inheritance

Defective 
Enzyme

Gene 
(Symbol/
Locationa)

Enzyme Activity (%)b Porphyrin/
Precursor 
Accumulated/
Excretedd

Route of 
Excretion

Tissue 
SourceHeterozygote Homozygotec

X-linked 
protopor-
phyria

X-linked 5-Aminolevulinate 
synthase 2

ALAS2/
Xp11.21

2 to 3 times 
normal

Free and zinc 
protoporphyrin

Feces Bone marrow

ALA dehy-
dratase

Autosomal 
 recessive

ALA dehydratase
(PBG synthase)

ALAD/9q33.1 50 <10 ALA, copropor-
phyrin

Urine Liver

Acute inter-
mittent

Autosomal 
 dominant

PBG deaminase 
(HMB synthase)

HMBS/11q23.3 50 1–16 PBG, ALA Urine Liver

Congenital 
erythropoi-
etic

Autosomal 
 recessive

Uroporphyrinogen 
III synthase

UROS/10q25. 
2-q26.3

50 1–20 Uroporphyrin I, 
coproporphyrin I

Urine Bone marrow

Cutanea 
tarda

Autosomal 
 dominant, or 
acquired

Uroporphyrinogen 
decarboxylase

UROD/1p34 50 3–27 Uroporphyrin I 
+ III, 7-COOH 
porphyrin

Urine Liver

Hereditary 
copropor-
phyria

Autosomal  
dominant

Coproporphyrinogen 
oxidase

CPOX/3q12 50 2–10e Coproporphyrin 
IIIf, PBGf, ALAf

Feces, 
urine

Liver

Variegate Autosomal  
dominant

Protoporphyrinogen 
oxidase

PPOX/1q22 50 0–20 Protoporphyrin 
Coproporphyrinf 
PBGf, ALAf

Feces 
Urine

Liver

Protoporphyria Autosomal 
 recessive

Ferrochelatase FECH/18q21.3 50 <10 Free protopor-
phyrin

Feces Bone marrow

Protoporphyria “Pseudodominant”g Ferrochelatase FECH/18q21.3 50–70 20–30 Free protopor-
phyrin

Feces Bone marrow

ALA, 5-aminolevulinic acid; PBG, porphobilinogen; HMB, hydroxymethylbilane.
a Gene symbol and chromosomal location as listed in the Human Gene Mutation Database, located at http://www.hgmd.org.
b Percentage of normal.
c Often a compound heterozygote.
d The major metabolite and route are shown in boldface. The route of porphyrin excretion is determined by the number of carboxyl groups on the porphyrin and hence by its water solubility.
e In harderoporphyria the activity is 18% to 24% of normal (see text).
f Increased in urine during acute attack; in VP urine coproporphyrin is increased when symptoms are only cutaneous.
g One allele is mutant and the other allele is usually underexpressed (see text).

a marked accumulation in erythroid precursors of uroporphy-
rin and coproporphyrin, which are predominantly of the isomer  
I type because defects reside in the gene for the enzyme uroporphy-
rinogen III synthase (UROS; Fig. 26.1). Many marrow erythroblasts 
and immature circulating erythrocytes exhibit intense red fluores-
cence in ultraviolet light. The large amounts of porphyrins released 
from these cells cause the most intense photosensitivity of all the 
porphyrias.

Probably first recognized by Schultz2 and Baumstark3 in 1874, 
CEP was described comprehensively and distinguished from 
other porphyrias by Gunther in 1911.4 It is a very rare disease, 
with less than 200 cases reported. It occurs with equal frequency 
in males and females and in a wide variety of racial groups. 
Usually, the illness is first detected in infancy5 but, in a number 
of instances, was not apparent until later in life.6 All evidence 
is consistent with transmission of the disorder as an autosomal 
recessive trait.5,7

Molecular Basis and Pathogenesis
The pattern of porphyrin accumulation in CEP reflects a defect 
in the conversion of PBG to uroporphyrinogen III. This conver-
sion requires two enzymes: PBG-deaminase (PBGD) and UROS 
(Fig. 26.1). Affected individuals are homozygotes or compound 
heterozygotes for mutations in the UROS gene that result in mark-
edly reduced activity of UROS (1% to 20% of normal), leading to 
the overproduction of uroporphyrinogen I through nonenzymatic 
cyclization of the substrate hydroxymethylbilane in erythroid 
precursors.5,7 In heterozygotes (parents and some siblings of 

PorPhyrias with Cutaneous 
Photosensitivity

Congenital erythropoietic porphyria
Congenital erythropoietic porphyria (CEP; Gunther porphyria), 
the second least common of the porphyrias, is characterized by 
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patients with the disease), the activity of the synthase is interme-
diate (approximately 50%) between that found in affected indi-
viduals and that in normal subjects.8 The UROS gene resides on 
chromosome 10 (10q25.2–q26.3)9 and has alternative promoters 
that generate identical housekeeping and erythroid-specific tran-
scripts.7 Forty-six distinct mutant alleles have been identified and 
molecular defects include point mutations, deletions, insertions, 
splicing defects, intron branch chain mutations, and erythroid-
specific promoter mutations.5,7,10 Approximately one third are 
homoallelic and about 20% of alleles remain undefined. The 
most common mutation (Cys73Arg) has occurred in one third of 
alleles (and in nearly one half of homoallelic cases) and correlates 
with the most severe phenotype of nonimmune hydrops fetalis, 
transfusion-dependent anemia from birth, or both, particularly in 
homoallelic cases.5 In most instances, mild forms of the disease 
have been heteroallelic or only one mutant allele could be identi-
fied. Residual enzyme activity of the mutant proteins expressed in 
prokaryotic systems, or gene promoter-reporter activities in cases 
of promoter mutations, have provided more precise genotype/
phenotype correlations.5,7,11 However, in two instances marked 
divergence of phenotypic expression among siblings suggested 
undefined modifying factors.12,13 In another family it was dem-
onstrated that the clinical phenotype is markedly affected by 
co-inheritance of an activating (gain-of-function) mutation in the 
erythroid-specific 5-aminolevulinate synthase (ALAS2) gene.14

In addition, variant genetic forms of the CEP phenotype are 
described. (1) In two patients porphyrin patterns and enzyme 
assays were consistent with a uroporphyrogen decarboxylase 
(UROD) rather than a UROS defect, and the presence of a second 
dyserythropoietic defect was suggested to account for the clinical 
severity.15,16 (2) A variant caused by a mutation in the X-linked 
erythroid transcription factor GATA binding protein 1 (GATA1) 
demonstrated that CEP can result from a genetic defect in a trans-
acting factor.17 (3) CEP has occurred as a milder form in later 
life.6,18 Of 16 such cases, 8 were associated with a myelodysplas-
tic syndrome; the pattern of excess porphyrins was characteristic 
of childhood-onset CEP but at lower concentrations and erythro-
cyte UROS activity was normal.18 Presumably UROS mutations 
could not be identified if only a minor clone of uroporphyric cells 
harbors a somatic mutation; alternatively another gene that deter-
mines UROS activity remains a possibility. This late-onset form of 
CEP has been termed “erythropoietic uroporphyria secondary to 
myeloid malignancy.”18

Although defective UROS operating in the erythron charac-
terizes the primary inherited abnormality, no overall deficiency 
of heme production is evident, perhaps because normal UROS 
activity appears to be the highest relative to all other heme bio-
synthetic enzymes in erythroid cells. It is more than 1,000 times 
greater than the activity of ALA synthase,19 the rate limiting 
enzyme, so that even very low residual enzyme activity seems to 
be sufficient to support normal or even increased rates of heme 
synthesis. Uroporphyrin I is the predominant urinary porphyrin, 
but increased excretion of uroporphyrin III also invariably occurs, 
implying up-regulation of the UROS or of enzymes higher up in 
the pathway. These findings are consistent with the idea that the 
pathophysiology of CEP is a result of the accumulation of uropor-
phyrin I rather than of subnormal production of uroporphyrino-
gen III and heme.20 However, it is unclear why uroporphyrin I, 
not coproporphyrin I, is the main porphyrin excreted, which may 
relate to the relative UROD activity in normal erythroid cells being 
on the order of one tenth of that of UROS.19

The large amounts of porphyrins released from erythroid cells 
and deposited in multiple tissues21 exert the principal damage in 
the skin and subcutaneous regions through oxygen-dependent 
phototoxic reactions on excitation by light (see section “Porphyria 
Cutanea Tarda”).22,23 This relentless process leads in varying 
degrees to the formation of subepidermal bullae, secondary 
infection, scarring, epidermal atrophy, and resorption of acral 

structures. Laboratory parameters of hemolysis correlate with 
severity of anemia. Associated splenic sequestration leads to 
splenomegaly and variable leukopenia and thrombocytopenia. 
Whether photolysis of the porphyrin-laden erythrocytes occurs in 
vivo is not known.

Clinical Description
The first sign of this affliction is often discoloration of the infant’s 
diapers by the urine, which ranges in color from pink to deep bur-
gundy and fluoresces under Wood’s light.24 The most prominent 
manifestation is pronounced cutaneous photosensitivity. Exposure 
to visible light is followed by the development of vesicular or bullous 
lesions containing a porphyrin-rich, fluorescent fluid. The lesions 
tend to heal slowly, leaving pigmented scars (Fig. 26.2A). Often, they 
become infected, ulcerated, and necrotic. Over a period of years, 
patients develop progressive mutilation and disfigurement with loss 
of portions of the fingers, nose, eyelids, or ears (Fig. 26.2B). Corneal 
scarring can lead to blindness.5 Skin not exposed to light is unaf-
fected. Hypertrichosis is prominent and fine hair growth may cover 
much of the face and extremities. The patients often adopt extreme 
precautions to avoid the sun. Deposition of porphyrin in the dentin 
of the teeth causes them to appear red (erythrodontia), brown, or 
yellowish. Even if discoloration is not apparent in ordinary light, the 
teeth exhibit red fluorescence in ultraviolet light. At necropsy, the 
entire skeleton has this red fluorescence.21 Osteopenia and osteo-
lytic lesions can occur.25

Anemia, the result of both hemolysis and ineffective eryth-
ropoiesis, is detected in most patients, and usually the spleen is 
enlarged. The most severe phenotypes are transfusion-dependent.

Laboratory Findings
The anemia is normocytic, normochromic, and of variable severity. 
Detailed morphologic descriptions of the blood and bone marrow 
have been reported in a few patients. Anisocytosis, poikilocytosis, 
polychromasia, basophilic stippling, and nucleated erythrocytes are 
fairly common features of the peripheral blood.26 Following sple-
nectomy, needlelike fluorescent red cell inclusions that may rep-
resent precipitated porphyrin have been observed.27 Morphologic 
abnormalities of the bone marrow range from erythroid hyper-
plasia to striking dyserythropoiesis.5,17,26,28 Nuclear inclusions 
containing hemoglobin may be present.15,28 Results of studies 
of the marrow with light and fluorescence microscopy suggest 
the coexistence of normal and abnormal erythropoietic cells.15,28 
Fluorescence is restricted to the morphologically abnormal cells 
and is most marked in cell nuclei.15,28,29 Evidence of a dual nature 
of the erythroid precursors has been supported by ultrastructural 
studies in two cases.15,30 Kinetically, the anemia is characterized by 
both a shortened red cell survival and ineffective erythropoiesis.31 
Its morphologic and kinetic features closely resemble those of con-
genital dyserythropoietic anemia type I (Chapter 40).

The most characteristic metabolic abnormality is greatly 
increased urinary excretion of uroporphyrin I, a biologically use-
less isomer that cannot be converted to heme. Urinary excretion 
of uroporphyrin III and coproporphyrins I and III is also increased 
but to a lesser extent than uroporphyrin I.5,20 Total urinary por-
phyrin excretion may exceed 100,000 mg daily (normal is <300 
mg), and the urine usually fluoresces on exposure to ultraviolet 
light. Fecal excretion of porphyrins, especially coproporphyrin I, 
is greatly increased.20 The concentration of uroporphyrin I is 
increased in erythrocytes and plasma, but the marrow porphyrin 
content exceeds that of the peripheral blood or other tissues.20

Treatment
Splenectomy may partially or completely relieve the hemo-
lytic anemia and may also lead to reduced porphyrinuria and 
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 photosensitivity.26–28 However, this operation is not always ben-
eficial32 and is not always warranted by the degree of anemia. 
Suppression of erythropoiesis by transfusion decreases porphyrin 
excretion.5,33 A young boy with CEP was successfully treated with 
chronic hypertransfusion;34 transfusion-induced iron overload 
was avoided by means of concomitant iron chelation therapy. 
After puberty, his relapse on this regimen was controlled with the 
addition of hydroxyurea.35

Another patient was treated successfully with long-term orally 
administered charcoal at a dose of 60 g three times daily.36 Oral 
charcoal appeared to act by binding porphyrins excreted in bile 
and serving as a sump that diverted circulating and skin porphy-
rins to a fecal route of elimination in two cases37,38 but had no 
effect in others.5 In two patients, severe anemia improved with 
administration of the antioxidants a-tocopherol and ascorbic 
acid.25 Hematopoietic stem cell transplantation (HSCT) remains 
the only known curative treatment and to date was successful in 
17 of 21 patients.5,7,39

In theory, the most definitive method to control the disease 
would be transfer of the normal gene into hematopoietic stem 
cells of the affected patient. After in vitro correction of the enzyme 
defect by viral transfer of the normal gene into deficient cells, 
long-term correction of the disease in CEP mice had provided 
support for hematopoietic stem cell gene therapy clinical trials, 
and gene correction of CEP-derived iPSCs (induced pleuripotential 
stem cells) was recently achieved to circumvent potential proviral 
insertional leukemogenesis.40 In another approach, the function 
of the common mutant protein Cys73Arg could be rescued with 
a proteasome inhibitor in cultured cells.41 Prenatal diagnosis or 
exclusion of the disorder is possible with enzyme assay or DNA 
analysis of amniotic fluid cells.42,43

Most patients must rely on avoidance of exposure to sun-
light. They should be instructed to wear photoprotective cloth-
ing, including gloves and broad-brimmed hats. Conventional 
sunscreen agents are ineffective because they do not screen 
out the wavelengths in the Soret band of the nearly visible 
spectrum (around 400 nm) that are responsible for inducing 
porphyrin-mediated photosensitivity.44 To be effective, a local 

agent must be visible on the skin. Reflective materials, such 
as zinc oxide and titanium oxide, are useful, as is ordinary 
pigmented theatrical makeup.45 Preparations containing sub-
stituted quinones (such as 2-hydroxyl-1,4 naphthoquinone, also 
known as hemotannic acid or Lawsone) and dihydroxyacetone 
turn the skin a cosmetically acceptable brownish-tan and may 
be effective. Therapy with b-carotene beadlets may also offer 
some protection from the deleterious effects of light (see section 
“Erythropoietic Protoporphyria”). A single-observer clinical 
study of 29 CEP cases together with a proposal for a manage-
ment algorithm derived from the patient cohort has recently 
been presented.39,46

Congenital Erythropoietic Porphyria in Animals
CEP (pink tooth) in cattle appears to be milder than the human 
disorder. The disease is inherited as an autosomal recessive 
trait, and heterozygous animals are clinically and biochemically 
normal,47,48 although an increased ratio of coproporphyrin I to 
coproporphyrin III in the urine was reported.49 Photosensitivity 
of the skin areas not covered by pigmented hair and hemolytic 
anemia are observed. The teeth and bones are stained red. UROS 
activity is severely impaired in erythrocyte lysates.50

A similar disorder has been observed in pigs and cats.51,52 A 
naturally occurring feline CEP was recently characterized by clini-
cal phenotype, biochemical analysis, and molecular studies.53 In 
the fox squirrel (Sciurus niger), as part of the apparently normal 
physiology of the species, large amounts of uroporphyrin I are 
deposited in the tissues and excreted in the urine.54 As in human 
CEP, the normoblasts and young erythrocytes show a red fluores-
cence; however, hemolytic anemia is lacking, and the fox squirrel 
seems to suffer no ill effects. Erythroid UROS activity is lower than 
that found in the closely related but nonporphyric gray squirrel 
(Sciurus carolinensis).54

In knockin mouse models of patient mutations, the pheno-
types closely resemble the human disorder.55,56 These mice 
would appear suitable for studies of pathogenesis and therapies 
in CEP.

FIGURE 26.2. Congenital erythropoietic porphyria. A: In an Indian boy. Note facial hypertrichosis, scarring, and discoloration of the teeth. B: In a 50-year-old 
Caucasian man. Note the severe photomutilation. (Courtesy of Dr. Neville Pimstone, University of California, Davis, CA.)
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porphyria Cutanea tarda
Porphyria cutanea tarda (PCT) is the most commonly encoun-
tered porphyric disorder. It results from reduced activity of UROD 
(Fig. 26.1) in the liver, leading to accumulation of uroporphyrins 
(oxidized uroporphyrinogens), their release into plasma, and 
excretion in the urine.20 Clinical manifestations are limited to 
the skin in the form of a photosensitive bullous dermatosis as 
a consequence of the circulating uroporphyrins. Neurovisceral 
symptoms never occur. Symptoms usually arise in mid- or later 
life (hence the name tarda) and are nearly always brought on by 
genetic and environmental factors, most often hepatic siderosis, 
alcohol abuse, hepatitis C virus, and estrogen therapy. Since the 
first comprehensive description of the disease in 1937.57, three 
variant forms of the illness have been recognized: familial, spo-
radic, and toxic.

Molecular Basis and Pathogenesis
Among the variants of the disorder, a genetic basis has been 
established for one, designated familial PCT (type II), but it 
accounts on average for only 20% to 30% of cases.58,59,60,61 
Studies of patients with subnormal UROD activity in both hepatic 
and extrahepatic tissues, and their relatives, revealed that the 
enzyme defect is inherited as an autosomal dominant trait.62–65 
Enzyme activity is one-half normal in all tissues, as is the amount 
of UROD protein detected with antibodies.66–68 In the rare homo-
zygous form, designated hepatoerythropoietic porphyria (HEP), 
residual enzyme activity ranges from 3% to 27% of normal,20,68–71 
but immunoreactive enzyme is variable.67,68,72 Since the cloning 
of the human UROD gene,73 located on chromosome 1 (1p34),74 at 
least 113 different mutations in the gene have been identified.10,75 
Usually, a given mutation is found in one or in a few kindreds only. 
The majority are various point mutations in the coding region of 
the gene or splice site mutations, resulting in changes of amino 
acids, frameshifts, or deletions; in some instances, large nucleo-
tide deletions were detected. The defects usually result in the pro-
duction of an unstable or inactive enzyme from the mutant allele. 
Functional consequences of many of the mutations have been 
defined or predicted on the crystal structure of the enzyme.76,77 
In the homozygous version among about 40 cases reported,  
15 different mutations have been identified.10,75,78 The mutations 
are homoallelic or heteroallelic, causing instability or impaired 
catalytic activity of the enzyme, and survival hinges on residual 
enzyme activity encoded by the alleles.

When reduced UROD activity is restricted to the liver and a 
genetic basis for the disorder is not evident, it is called sporadic 
PCT (type I).64,66,79 Both the catalytic activity and the immuno-
reactivity of erythrocyte UROD are normal in this variant.67,79 In 
the liver, catalytic activity of UROD is subnormal, but immuno-
reactive enzyme is present in normal or increased amounts.79 
After prolonged remission is induced by phlebotomy therapy, 
both catalytic activity and immunoreactivity become normal.80 
These findings, coupled with lack of a family history in most 
cases of sporadic PCT, have implied that this form of the disease 
is acquired and not inherited. At the molecular level, no muta-
tions could be found in the UROD gene or its promoter region.81 
However, in a few families, clinically manifest PCT was associ-
ated with decreased UROD activity in liver and normal activity 
in erythrocytes and other tissues.75 These cases were called type 
III PCT; molecular studies have not identified UROD mutations 
in them.82

The cutaneous damage produced by the accumulated uropor-
phyrins in plasma and skin of patients with PCT is the conse-
quence of the fundamental properties of the porphyrins. As they 
absorb light at 400 to 410 nm (Soret band), not only does their 
photoexcitation yield energy as fluorescence, but in the aerobic 
environment of tissues, reactive oxygen species (superoxide anion 

and other reactive metabolites) are produced44 that are damaging 
to cells. In vivo, superoxide anions are generated by activation 
of xanthine oxidase.83 The complement system is light activated 
in vitro in sera containing porphyrins and in vivo in the skin of 
porphyric patients, promoting release of proteases from dermal 
mast cells.23 Chemotactic activity is also generated under these 
conditions, and the peroxides produced by photoexcitation of the 
porphyrin and those arising from polymorphonuclear leukocytes 
with activation of the complement system may act synergistically 
to contribute to the development of the cutaneous lesions. As 
a consequence of these events, the dermal–epidermal junction 
becomes disrupted and leads to skin fragility and the formation of 
vesicles and bullae that easily rupture. Sclerodermoid changes of 
the skin result from a light-independent effect (the “dark effect”) of 
the uroporphyrin on collagen synthesis by skin fibroblasts.84 The 
pathogenesis of the hyperpigmentation, hypopigmentation, and 
hypertrichosis is not understood.

Most family members carrying a defective gene of familial PCT 
do not have clinically apparent disease but a significant number 
have increased excretion of porphyrins;77 in occasional pedigrees, 
overt manifestations of the disease were noted in several genera-
tions.63 Clinical expression of both familial and sporadic PCT is 
nearly always associated with prevalent confounding factors that 
cause hepatic injury, so the disorder remains silent without these. 
In large series of PCT, most patients had more than one of four 
cardinal hepatotoxic risk factors, namely hepatic iron excess, 
excessive alcohol use, viral infection (hepatitis C), and medicinal 
estrogens,60,61,85 although these are far more common than the 
estimated frequency of PCT (approximately 1 per 25,000).20

hepatic Iron
The central role of iron in the clinical expression of PCT has been 
recognized for 52 years.86,87 Numerous studies documented hepa-
tocellular siderosis in most patients with significant uroporphyrin-
uria.88,89,90 The iron deposits generally are moderate in amount, 
1.5 to 4 times normal, but are usually greater with co-inheritance 
of hemochromatosis susceptibility alleles (Chapter 25).88,91–93 
Except for the geographic variation in the frequency of the hemo-
chromatosis HFE alleles,75,94 on average, 35% of patients with 
PCT are heterozygous for the Cys282Tyr mutation, and 15% are 
homozygous or double heterozygotes with the His63Asp muta-
tion.60,61,85,94 The cause of excess hepatic iron in the remaining 
cases appears to result from down-regulation of hepcidin expres-
sion regardless of iron status and consequent to the oxidative 
stress associated with the other risk factors for PCT.95 However, 
in another study serum hepcidin levels were found increased.96 
Transfusional iron overload also promotes clinical expression of 
PCT.97

Depletion of iron by repetitive phlebotomy98 or by adminis-
tration of deferoxamine99 uniformly induces both clinical and 
biochemical remissions. Replenishment of iron stores promptly 
reignites symptoms in patients in whom a remission has been 
induced by phlebotomy.88,100 The explanation for the provoking 
influence of iron is based on studies in mouse models, which indi-
cate that the hepatic UROD activity of 50% in UROD-deficient ani-
mals must be reduced to 20% or less of normal in order for PCT to 
be manifest and is achieved by concomitant iron overload.101,102 
An inhibitor of the enzyme was found in liver cytosol of these ani-
mals, as well as of PCT patients, and is a porphomethene that is 
generated by iron-dependent partial oxidation of uroporphyrino-
gen via catalysis by cytochrome P4501A2 (CYP1A2) or another 
enzyme.103,104 This is consistent with the diminished hepatic 
UROD activity without reduction in enzyme protein in symptom-
atic PCT patients and the restoration of hepatic UROD activity to 
its genetically determined level after iron depletion.60,79,80 The 
mechanism for the generation of sufficient inhibitor in patients 
with sporadic PCT that does not occur in iron overload states in 
general remains to be defined. The oxidative environment in the 
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hepatocyte generated by the common environmental risk factors 
accompanying clinical expression of the disorder, as well as other 
traits such as the allele variants of CYP1A2 and G51M1A,105 prob-
ably play an important role.94

alcohol
Ethanol exacerbates PCT. Heavy alcohol intake was found in 25% 
to 100% of patients in many studies,60,61,85,89,94,106 and hepatic 
cirrhosis is not uncommon.89,90 Yet the porphyria is an uncommon 
complication of alcoholic liver disease, occurring in only approxi-
mately 2% of cases.107 The association of clinically expressed PCT 
with alcoholism would relate to its hepatotoxicity and its effect of 
stimulating iron absorption.108 In this regard, PCT is particularly 
common among the Bantu population of South Africa, where it 
is associated with excessive consumption of alcoholic beverages 
brewed in iron containers,109 thus providing a double threat to 
susceptible people. Studies have suggested that an undefined 
hemochromatosis gene plays a role in the iron overload of this 
population when iron intake is excessive (Chapter 25).110

hepatitis C
A striking association between symptomatic PCT, familial and 
sporadic, and hepatitis C is well recognized but is variable around 
the world. Although most patients with hepatitis C infection do not 
have the porphyria, as many as 80% of PCT patients are chroni-
cally infected with the virus in some locations.60,61,75,94,111 This 
infection elicits oxidative stress in hepatocytes as well as down-
regulation of hepcidin expression94 and would explain, at least in 
part, the liver damage often found in PCT. Association of PCT with 
human immunodeficiency virus (HIV) infection also occurs,112 
and such patients may be infected with both HIV and the hepatitis 
C virus.94,112,113 Dual infection causes more severe hepatic dis-
ease; whether the HIV virus per se plays a role in the expression 
of PCT is not known. Thus, patients should be evaluated for the 
presence of hepatitis C and HIV at the time of diagnosis.

estrogens
The association of estrogen ingestion and expression of PCT 
has been reported numerous times but occurs only in a very 
small percentage of patients who ingest estrogens, consistent 
with an underlying predisposition to the disease. The cutane-
ous symptoms have occurred with the use of estrogen as a 
post-menopausal supplement,60 for contraception,114 and for 
prostatic carcinoma.115 Uncommonly, patients present with the 
disorder during pregnancy,116 but pregnancy has also not exac-
erbated PCT.117 The mechanism of the estrogen effect is thought 
to relate to its adverse effects on the liver such as steatosis and 
steatohepatitis. It is generally a lesser factor, as venesection alone 
has brought about full recovery. Most women needing estrogen 
supplements at the usual dose can probably use them, provided 
that storage iron is removed and maintained at a low level.

Other Susceptibility Factors
Additional susceptibility factors that are positively associated with 
PCT are smoking, allele variants of CYP1A2 and GSTM, and ascor-
bic acid deficiency.61,105,118,119 Several diverse drugs and radiation 
have also been implicated in precipitating PCT in a few cases.

renal Failure
PCT occurs in patients with renal failure undergoing hemodialy-
sis.120 Symptoms may first arise in this setting for several reasons. 
Iron overload is not uncommon in such patients, and intravenous 
iron used in conjunction with erythropoietin for the anemia may 
precipitate clinical PCT.121 Hemodialysis or peritoneal dialysis 
does not effectively clear circulating plasma uroporphyrins,122,123 
presumably because porphyrins are bound to proteins.124 The 
uremic state may also contribute to an inhibited UROD and uro-
porphyrin accumulation independent of an underlying enzyme 

defect or inhibition.125 In most reported cases, the lack of family 
or molecular studies makes it difficult to classify the porphyria.

Clinical Description
Cutaneous changes represent the clinical manifestations of 
PCT.20,89 Skin lesions are found predominantly on light-exposed 
areas such as the face and hands and, in women, on the legs and 
feet as well. There is little discomfort with sun exposure per se, 
and blue (visible) light triggers only an insidious cutaneous dam-
age. The most common complaint is marked skin fragility in areas 
subjected to repeated minor trauma, such as the hands and fore-
arms (Fig. 26.3). Vesicles and bullae form primarily on the dorsa 
of the hands and may erode, leaving atrophic scars that often 
display zones of both hyperpigmentation and hypopigmentation. 
Small, 1- to 2-mm, firm, whitish papules (milia) are commonly 
noted on the hands and, at times, on the face.

Facial hypertrichosis occurs in most patients, is generally more 
noticeable in women, and may be an isolated presenting feature.126 
Hypertrichosis, sometimes striking, is occasionally observed on 
areas of the skin that are rarely exposed to the sun, such as the trunk 
and legs. Other findings include hyperpigmentation of facial skin, 
alopecia, and scleroderma-like changes on the skin of the face, neck, 
and hands. The histologic appearance of the scleroderma-like lesions 
is identical to that seen in patients with systemic scleroderma.89 
Occasionally, patients have overt signs and symptoms of underlying 
liver disease, but no good correlation exists between the degree of 
liver disease and the occurrence or severity of the porphyria.

In the homozygous form of familial PCT, or HEP, the skin 
changes just described usually occur before the age of 5 years and 
photosensitivity may be severe, resembling CEP and including 
disfigurement.75,78 Developmental delay and seizures have also 
been reported. Other features are pink urine, dental fluorescence, 
and occasionally hepatosplenomegaly. Severity of clinical mani-
festations can vary in affected children within a family; in some 
instances the clinical phenotype is unusually mild.78,127

Laboratory Findings
Patients with symptomatic PCT excrete greatly increased amounts 
of porphyrins in the urine. Uroporphyrin and heptacarboxylic 
porphyrin predominate, with lesser amounts of coproporphyrin 
and small amounts of 5- and 6-carboxylate porphyrins.89,128 
Usually, the daily urinary excretion of uroporphyrin is approxi-
mately 3,000 mg (normal, <50 mg), but considerably higher values 
may be found. Uroporphyrin in the urine is predominantly isomer 
I, whereas the heptacarboxylic porphyrin is predominantly isomer 

FIGURE 26.3. Porphyria cutanea tarda in a 60-year-old man. Note denuded skin areas 
over the fingers, an erosion, blisters, and milia.
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III.20,89 Photosensitive cutaneous symptoms rarely occur when 
the daily urinary excretion of uroporphyrin is <1,000 mg. Urinary 
coproporphyrin rarely exceeds 600 mg daily.89 An unusual 
and distinctive tetracarboxylic porphyrin, isocoproporphyrin, is 
excreted in feces,129 and a slight increase may be noted in total 
fecal porphyrin excretion.20 Plasma porphyrin level is typically 
increased, with a fluorescence peak at neutral pH near 619 nm. 
Homozygotes for the defect have mild anemia; it was severe in 
three cases.75 The erythrocyte protoporphyrin was found to be 
moderately increased when measured and is primarily zinc pro-
toporphyrin.75,78

The serum iron concentration and, hence, transferrin satura-
tion are commonly increased as is the serum ferritin level.60,89 
Values for liver function tests vary considerably from one case 
to another. Some patients have mild degrees of jaundice and 
slight to moderate elevations in serum transaminase levels. Liver 
biopsy specimens display characteristic reddish-pink fluores-
cence.89,90,130 On microscopic examination, siderosis, periportal 
inflammation, focal necrosis, fatty infiltration, and some evidence 
of fibrosis are common findings.89,90,130,131 Often, fluorescent 
and birefringent needle inclusions are noted.131 Electron micro-
scopic studies reveal needlelike lucent areas, which appear to 
be in lysosomes.132 Microscopic examinations of skin biopsy 
specimens show bullae formed by the separation of the epidermis 
from the dermis; periodic acid-Schiff–positive, diastase-resistant 
material around vessel walls in the upper dermis; and a sparse 
inflammatory cell infiltrate.89,133 Immunofluorescence studies 
display deposition of immunoglobulin G (and less often immuno-
globulin M) or complement around upper dermal vessels and at 
the dermal–epidermal junction.133

Treatment
Exposure to alcohol and excessive estrogen supplements in 
women, as well as smoking, should be avoided. Abstinence from 
alcohol can lead to remissions in some patients with the por-
phyria associated with alcoholic liver disease, but removal of 
iron by phlebotomy can induce remissions even if alcohol intake 
continues.98,134 It is of interest that occasionally remission has 
been achieved in patients with PCT and hepatitis C after antiviral 
treatment alone.135 Conversely, poor response to interferon-a is 
common in patients with hepatitis C and PCT.136 Transdermal 
administration of estrogen was found to be safe in a small num-
ber of patients137 and avoids any possible first-pass effects of the 
hormone on the liver.

The definitive treatment of both sporadic and familial PCT 
is the removal of iron stores by phlebotomy, which leads to 
clinical and biochemical remission in virtually every case and 
may improve concomitant hepatitis C virus infection. It is recom-
mended that any antiviral therapy be deferred until a de-ironed 
state is reached.94 If there are no contraindications, 500 ml of 
blood is removed every 1 to 2 weeks. Initial serum transferrin 
saturation and ferritin values are obtained to estimate the iron 
burden. Liver biopsy must also be considered to assess the dis-
ease status of associated viral hepatitis and hemochromatosis. 
Clinical remissions often occur after the removal of approximately 
3 L of blood; 89,98 patients who also have hemochromatosis usu-
ally require considerably more therapy and indefinite regular 
maintenance phlebotomies. The optimal approach is to achieve 
mild iron deficiency, defined by onset of iron-limited erythropoi-
esis in which the mean corpuscular volume is decreased to low 
normal, the serum transferrin saturation is low normal, and the 
serum ferritin is near 20 mg/L or lower. Although further over-
production of uroporphyrins is halted thereafter, the chronically 
accumulated, relatively hydrophobic porphyrins are released 
slowly from the liver. Patients should be advised that formation of 
new skin lesions ceases gradually, and full recovery often extends 
over several months to a year or more.89 Remissions for years 

are the rule89,98 and are permanent when the known precipitat-
ing factors are avoided or removed; any clinical and biochemical 
relapse responds to another course of phlebotomies.89,98

Hydroxychloroquine and chloroquine have also been used in 
the treatment of PCT. After the administration of chloroquine 
(0.5 to 1.0 g/day) for several days, a large amount of the por-
phyrins stored in the liver was mobilized and excreted in the 
urine.138 This purging effect results from the formation of an 
easily excreted water-soluble complex between uroporphyrin 
and the drug.139 The chloroquine effect was often accompanied 
by malaise, anorexia, fever, and signs of hepatocellular damage. 
Subsequent use of lower doses made it possible to avoid the toxic 
response without impairing efficacy,140 but this maneuver does 
not always preclude toxicity.89 Because of the potential danger of 
the hepatic reaction to antimalarials and because phlebotomy is 
usually safe and effective, administration of low doses of hydroxy-
chloroquine or chloroquine should be reserved for patients for 
whom phlebotomy is unsuitable. Moreover, patients with HFE 
hemochromatosis appear not to respond to this therapy.141

The use of sunscreen agents effective in the Soret band of 
the spectrum and avoidance of sunlight through protective 
clothing can be useful until the beneficial effects of phlebotomy 
are achieved. These measures are the principal means to help 
patients with the homozygous form of PCT in whom phlebotomy 
is not effective. The antimalarials may be beneficial in these indi-
viduals.75 Severe anemia and cutaneous symptoms responded 
to erythropoietin in one case.142 Efforts toward somatic gene 
therapy were initiated by demonstrating correction of the enzyme 
defect with retroviral gene transfer in vitro in transformed B-cell 
lines143 and may become a prospect in vivo as noted for CEP.
Prenatal exclusion of HEP has been possible.144

Treatment of patients with PCT and renal failure presents 
special challenges. The disorder may be particularly severe 
because such patients lack the renal excretory pathway for 
porphyrins, leading to higher porphyrin levels in plasma and 
tissues. Chloroquine–porphyrin complexes are not filtered out 
by standard hemodialysis. High-flux hemodialysis appears to 
remove porphyrins from plasma better and may be of some 
 benefit.145 The treatment of choice is administration of recombi-
nant erythropoietin to mobilize stored iron and relieve the anemia 
so that phlebotomies can be performed as necessary to induce 
 remission.146,147 This method is preferable to the alternative of 
depleting iron stores with iron chelation.147 In patients refractory 
to these treatment methods, the porphyria fully resolved after 
renal  transplantation.148

Toxic Porphyria Cutanea Tarda
In Turkey between 1956 and 1961, an epidemic of acquired por-
phyria affecting more than 3,000 people occurred as the result 
of exposure to flour contaminated with a seed-wheat fungicide, 
hexachlorobenzene.149–151 Members of both sexes were affected, 
and many of the subjects were children. Affected people devel-
oped hepatomegaly, hypertrichosis, hyperpigmentation, uropor-
phyrinuria, and a photosensitive dermatosis. Uroporphyrinuria 
and a variety of other signs and symptoms persisted in some 
individuals for more than 25 years,152,153 and no effective therapy 
has been devised for this toxic porphyria. Studies in animals 
demonstrated that hexachlorobenzene, or one of its metabolites, 
is a potent inhibitor of hepatic UROD.154,155 Iron magnifies this 
inhibitory effect,154 and clear genetic susceptibility to this type of 
acquired porphyria has been shown in mice.156

Other polyhalogenated aromatic hydrocarbons also have pro-
duced a toxic porphyria in humans. 2,3,7,8-Tetrachlorodibenzo-
p-dioxin, a by-product in the manufacture of the herbicides 
2,4-dichlorophenoxyacetic acid, 2,4,5-trichlorophenoxyacetic 
acid, and some polychlorinated biphenyls have proved porphy-
rinogenic for humans.157 Animal studies indicate that compounds 
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of this class inhibit hepatic UROD activity.158 As in the case of 
hexachlorobenzene-induced porphyria, iron magnifies the inhibi-
tion of UROD, and iron depletion minimizes the inhibitory effect 
of these agents.159 The parallel between the permissive effects of 
iron in these toxic porphyria models and the role of iron in the 
pathogenesis of both familial and sporadic PCT is striking.

Hepatocellular Carcinoma
An increased frequency of hepatocellular carcinomas is recog-
nized in patients with PCT,160,161,162 and such tumors are associ-
ated with a long symptomatic period before the start of treatment 
as well as with the presence of cirrhosis or chronic active hepati-
tis.161 The body iron status is not known in these cases, but iron 
overload could also play a role. Thus, in the presence of hepatitis 
or cirrhosis, surveillance for hepatocellular carcinoma with regu-
lar hepatic imaging is indicated.

In contrast, documented evidence supports a PCT-like illness as 
a manifestation of porphyrin-producing hepatoma in an otherwise 
normal liver (paraneoplastic PCT) in several cases.163,164,165,166 
When the tumor could be surgically removed, the cutaneous 
symptoms and biochemical abnormalities remitted.163,166

Animal Models of Porphyria Cutanea Tarda
The first genetically designed animal model of PCT and HEP was 
developed in zebrafish, designated yquem.167 Heterozygous and 
homozygous mutants have 67% and 36% of wild-type UROD activ-
ity, respectively. The enzyme deficiency was linked to a missense 
mutation in the UROD gene, predicting a Met38Arg substitution 
that involves a conserved amino acid across all species examined, 
including humans. The mutant phenotype could be rescued by 
transient and germline expression of the wild-type allele.

Transgenic mice with one disrupted UROD allele (UROD+/−) 
have half the wild-type hepatic UROD protein and enzyme activity 
but no accumulation of porphyrins.101 However, in response to 
iron loading, hepatic porphyrins accumulate, and UROD activity 
declines to 20%. When bred to HFE−/− mice, UROD+/−/HFE−/− 
animals developed a porphyric phenotype with further reduction 
of UROD activity to 14%, resembling the human condition.

HFE−/− mice that are fed ethanol also develop uroporphyria 
and reduced hepatic UROD activity, seemingly mediated by effects 
of ethanol on hepatic iron metabolism.168 Additional mouse 
models have been informative for understanding the susceptibil-
ity factors in PCT. CYP1A2 knockout mice are highly resistant to 
developing uroporphyria induced by chemicals.169 In mice that 
are genetically unable to synthesize ascorbic acid, a threshold of 
body iron was demonstrated at which a biphenyl-induced uro-
porphyrin accumulation occurs despite ascorbate repletion.170 
Extensive study of such animal models of hepatic uroporphyria 
has provided a paradigm of the complex interactions among 
genetic factors, chemicals, drugs, and endogenous factors includ-
ing iron homeostasis.171

PCT was identified in a flock of German Blackface sheep with 
clinical features similar to human PCT.172 It is associated with a 
point mutation in the ovine gene, predicting the amino acid sub-
stitution Leu131Pro, which is located in the active site cleft of the 
UROD protein.

erythropoietic protoporphyria
Erythropoietic protoporphyria (EPP), the third porphyric dis-
order with only cutaneous manifestations, is not uncommon, 
with an estimated prevalence of 1 per 75,000 to 200,000. Since 
the first clear description of the disease by Magnus et al. in 
1961,173 hundreds of cases have been reported throughout the 
world.20,174,175,176 Defects in the gene encoding ferrochelatase 
(FECH), the last enzyme in the heme biosynthetic pathway 
(Fig. 26.1), underlie most cases and result in accumulation of free 

protoporphyrin, mainly in erythroid tissue. The cutaneous mani-
festations are distinctive, but considerable individual variation is 
noted in clinical severity as well as in biochemical abnormalities. 
Three patterns of inheritance are recognized for the disorder 
(Table 26.2), and two variants occur.

Molecular Basis and Pathogenesis
Subnormal FECH activity is found in all tissues examined 
from patients with EPP, namely bone marrow,177 reticulo-
cytes,178 liver,179 cultured skin fibroblasts,179 and lymphocytes.180 
However, the protoporphyrin accumulates principally, if not 
entirely, in erythroid cells,181 whose contribution to heme pro-
duction far exceeds that of all other tissues. Although the normal 
relative activity of FECH in erythroid tissue, in contrast to liver, is 
the second lowest among the enzymes of the heme biosynthetic 
pathway and is only three times higher than 5-aminolevulinate 
synthase,19 defective FECH in EPP does not appear to be rate 
limiting until late in erythroid development.177 Patients often 
exhibit a mild hypochromic-microcytic anemia as a consequence 
of the FECH deficiency that in turn appears to limit iron assimila-
tion.177,182,183,184 Protoporphyrin begins to accumulate in bone 
marrow erythroblasts just before the nucleus is lost,185 and reticu-
locytes and young erythrocytes probably are the major source 
of protoporphyrin in plasma on its rapid release from these 
cells.186,187 Because of its low water solubility, the protoporphyrin 
is not excreted in urine but is taken up by the liver and excreted 
exclusively through the biliary tract.

Based on clinical features and FECH activity in many pedi-
grees, inheritance of this porphyria was first believed to most 
often follow an autosomal dominant pattern with incomplete 
penetrance.183,188 In a few families, autosomal recessive inheri-
tance was evident.174,189 However, FECH activity in tissue lysates 
from patients with clinical EPP is always only 20% to 30% of nor-
mal,20,181 not the 50% value expected for an autosomal-dominant 
enzyme deficiency. Neither levels of FECH activity nor levels of 
erythrocyte and fecal protoporphyrin consistently correlate with 
severity of symptoms. Moreover, most obligate carriers of the 
disorder have no symptoms. Their erythrocyte and fecal proto-
porphyrin levels are usually normal, and tissue FECH activity is 
approximately 50% of normal.20,179,181 To explain these findings, 
it was proposed that more than one allele is involved in the full 
expression of the disease.174,190

Upon the cloning and characterization of the human FECH 
gene,191 which is located on chromosome 18 (18q21.3),192 at 
least 187 different molecular defects have been identified and are 
highly heterogeneous, commonly as missense/nonsense muta-
tions, nucleotide deletions and insertions, and intronic point 
mutations near intron/exon splice sites in one FECH allele.10,192a 
Most often, the defects lead to frameshifts or deletions, resulting 
in a truncated protein (“null allele”). The entire FECH gene was 
absent in one patient as a result of a chromosome 18q dele-
tion.193 Two types of regulatory defects in the gene have also been 
reported, impairing transcription due to hypermethylation of the 
promoter region194 or a point mutation affecting transcription fac-
tor binding in the promoter.195 In about 4% of cases a mutation is 
present on each allele, defining recessive inheritance,10,196 where 
the majority are missense mutations. Although these few double 
heterozygotes clarify the phenotypic differences between symp-
tomatic and asymptomatic family members, all other manifesting 
cases usually coinherit a “low-expression” normal FECH allele 
trans to a deleterious mutant allele.197,198 The low-expression 
allele is highly associated with a specific ancestral haplotype 
involving a single nucleotide polymorphism site in the FECH 
gene (IVS3-48T/C) that influences the use of a constitutive aber-
rant acceptor splice site in the gene.199 The aberrantly spliced 
RNA fraction is degraded, decreasing the steady-state level of 
FECH mRNA expressed by the allele by ≥20%. Hence the term 
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“ pseudodominant EPP” came into use for patients with a FECH 
mutation trans to a hypomorphic IVS3-48C allele, to distinguish 
them from those with autosomal recessive EPP who are hetero- 
or homoallelic for FECH mutations. The frequency of the hypo-
morphic IVS3-48C allele differs widely between ethnic groups, 
ranging from 67.8% in Japanese to <1% in West Africans, and 
in general correlates with prevalence of clinical EPP among indi-
viduals with a mutant FECH allele in the different  populations.176 
When a low-expression allele is not found, a dominant-negative 
effect of FECH mutants may be operative.200 Because the enzyme 
activity is restricted to its homodimers,201 a mutant monomer 
may generate nonfunctional homodimers and impaired or unsta-
ble heterodimers, resulting in residual enzyme activity of <50% 
of normal.202,203 Thus, the ultimate effect of a specific mutation 
in the FECH gene depends on how it affects the integrity of the 
protein and whether the nonmutated allele is expressed at a lower 
level to reduce FECH activity to below a threshold of around  
30% of normal as found in clinically overt EPP.

More recently a third pattern of inheritance of EPP that is 
X-linked was described and is referred to as X-linked proto-
porphyria (XLPP).204 In the United Kingdom and in the US, the 
disorder accounts for 2% and 10% of unrelated EPP patients, 
respectively.192a,205 FECH enzyme activity is normal but erythrocyte 
protoporphyrin concentrations are higher than in EPP due to FECH 
deficiency. Around 40% is zinc protoporphyrin, indicating that 
the supply of the iron substrate as well as ferrochelatase activity 
becomes rate limiting. To date, five distinct mutations have been 
identified in exon 11 of the erythroid-specific 5-aminolevulinate 
synthase gene (ALAS2) (Fig. 26.1), which resides on the X chromo-
some, and lead to predicted amino acid sequence disruption or dele-
tion of up to 40 C-terminal amino acids of the enzyme.192a,204,205a 
The recombinant mutants have two- to three-fold increased 
activity,205b explaining the protoporphyrin overproduction. This 
gain-of-function in the enzyme contrasts with all other previously 
described ALAS2 mutations that decrease enzyme activity and 
cause X-linked sideroblastic anemia (Chapter 24). It also reflects a 
critical role of the C-terminal structure of ALAS2 for its activity and 
thus erythroid heme synthesis.

About 5% of EPP families in a large cohort were mutation-neg-
ative for FECH and ALAS2.205 However, in these the disease was 
strongly associated with inheritance of the IVS3-48C allele and 
decreased FECH activity, suggesting that most may have muta-
tions in regions of the FECH gene that are not included in current 
strategies for mutation detection. In one case mild photosensitivity 
was ascribed to the IVS3-48CC genotype alone.205

The pathophysiology of EPP is mediated by the accumulated 
protoporphyrin. As it leaks out of erythroid cells into plasma, 
it gains entry into tissues. It is extracted solely by the liver and 
secreted unchanged into the bile. The liver is capable of clearing 
large amounts of protoporphyrin, but its secretion across the cana-
licular membrane and into the bile appears to be rate limiting.206 
Yet despite microscopic evidence of hepatobiliary changes in many 
EPP patients, cholestasis leads to cirrhosis and hepatic failure in 
only a few (<5%).207 This complication tends to be an abrupt event, 
is unrelenting, and is not predictable from prior biochemical fea-
tures or the clinical course of the patient. However, it occurs more 
commonly in compound heterozygotes for two mutations196 and in 
XLPP204 than in heterozygotes. Profoundly reduced ferrochelatase 
activity predisposes to liver failure.208 In an analysis of 112 EPP 
patients, all 18 who developed liver disease carried a null allele 
mutation, whereas none of 20 patients having missense mutations 
had liver disease as yet.209 Undetected molecular derangements194 
or undefined hepatic factors,210 including a greater hepatic source 
of the excess protoporphyrin related to the defect, can be postu-
lated. Excess alcohol intake211 and viral hepatitis,212 as well as 
hyperthyroidism,212a also accentuate the genetic disorder.

In the skin, the hydrophobic protoporphyrin transfers to 
endothelial cells of capillaries to produce the light-induced 
skin damage in patients with EPP.213,214 Porphyrin-sensitized, 

oxygen-dependent histochemical reactions and the activation of 
complement eliciting an inflammatory response are involved in 
the pathogenesis.22,23 The extensive double-bond structure of 
the protoporphyrin renders it particularly photoactive, result-
ing in the unique acute epidermal phototoxicity,173 in contrast 
to the porphyrins that accumulate in the other porphyrias with 
cutaneous photosensitivity. The activated porphyrin also stimu-
lates fibroblast proliferation, accounting for a characteristic waxy 
thickening of the sun-exposed skin 23

Variant erythropoietic protoporphyria
The presence of an abnormal transcript of mitoferrin 1 (MFRN1) 
associated with reduced FECH activity was identified in a series 
of 7 patients with the EPP phenotype but without genetic defects 
in FECH in 6 of them, although no cause for the aberrant splic-
ing of MFRN1 mRNA was found in the MFRN1 sequence.215 Four 
patients also had a previously reported C-terminal deletional 
ALAS2 mutation, and 4 cases had advanced liver disease. MFRN1, 
which transports iron into mitochondria, is highly expressed and 
regulated in erythroid cells.216 A molecular complex of FECH 
protein, MFRN1 and ABCB10 (a MFRN1 stabilizer) integrates 
mitochondrial iron import with heme synthesis.217 Thus, aberrant 
MFRN1 can contribute to the EPP phenotype in some patients, 
apparently by reducing FECH activity.

Late-onset erythropoietic protoporphyria Variant
EPP that is clinically indistinguishable from the inherited forms 
has developed in later years in the setting of a myelodysplas-
tic syndrome218 including the sideroblastic anemia subtype 
(Chapter 24),19 or a myeloproliferative disorder.219 Two cases 
were associated with severe cholestatic liver disease.219,260 In 
several instances acquired deletion of one FECH gene was demon-
strated.218–220 An associated low-expression allele or a mutation 
in the other FECH allele, or altered erythroid heme biosynthesis 
in the dysplastic clone, likely contributes to the clinical expres-
sion in such cases. One case with late-onset XLPP has also been 
reported.220a

Clinical Description
EPP typically first manifests in childhood or early adoles-
cence.20,183,221 The cutaneous features of photosensitivity are 
unlike those seen in patients with other porphyrias; bullae, scar-
ring, sensitivity to trauma, hypertrichosis, and hyperpigmentation 
are extremely unusual.213 In some cases, the symptoms are only 
subjective.222.223 Exposure to the sun (or to UV light) for periods 
of a few minutes up to several hours induces diffuse, intensely 
unpleasant sensations of prickling, itching, or burning (photopar-
esthesias) followed by the development of erythema, urticaria, and 
edema.183,213 Less commonly, solar urticaria, a confluent, hivelike 
rash, occurs within minutes of exposure and lasts approximately 
30 minutes.173,213 In general, the signs and symptoms involve 
only the uncovered areas of the body and subside in the course of 
hours or days without significant sequelae.

Occasionally, these early reactions are followed within a day or two 
by vesicular eczematous lesions (solar eczema) that become crusted, 
last for several weeks, and heal with scar formation.224 Chronic skin 
changes may include shallow pitted scars or pseudovesicles over the 
cheeks and nose and thickened leathery skin (pachydermia) over the 
dorsa of the hands (Fig. 26.4A and B).183,213,224 Many cutaneous man-
ifestations of EPP do not differ greatly from those found in patients 
with photosensitivity of unknown cause (so-called polymorphic light 
eruptions), which is common and is not associated with abnormal por-
phyrin metabolism. In one study of over 600 light-sensitive patients, 
only 8% were found to have laboratory evidence of EPP.225

A number of EPP patients have been identified with palmar 
keratoderma.226 They represent a subtype of EPP, which is char-
acterized by seasonal palmar keratoderma, relatively low eryth-
rocyte protoporphyrin concentrations, and recessive inheritance 
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Although EPP is generally a benign disorder with clinical 
manifestations limited to the skin, as noted above a small subset 
of patients (<5%) develops progressive liver disease, leading to 
a fatal cirrhosis in the second to fourth decades of life.207,209 
At autopsy, massive hepatic deposits of protoporphyrin are 
found.207,228 Associated with the fulminant liver failure are ris-

with different hetero- or homoallelic FECH mutations. These 
individuals appear to carry a lower risk of liver disease than other 
patients with recessive EPP.226

Cholelithiasis tends to develop early in life183 and ultimately 
occurs in approximately 10% of patients. The gallstones fluoresce 
and consist, in part, of precipitated protoporphyrin.20,227

A B

C D

E

FIGURE 26.4. Erythropoietic Protoporphyria. A, B: In a 29-year-old man.Note cobblestonelike, flesh-colored, lichenoid papules over the nose and dorsum of the 
hand joints. C: Dilute suspension of erythrocytes under the fluorescence microscope. Note a fraction of fluorescing cells. (Courtesy of Dr. Maureen Poh-Fitzpatrick, 
Columbia University, New York.) D, E: Needle biopsy section of liver. Note deposits of protoporphyrin pigment in the parenchyma and a portal triad (D), and birefrin-
gence of the deposits, including a dark Maltese cross figure near the left center (E).

72683_ch026_0682-0706.indd   691 17/07/13   5:35 PM



692 part iV disorders of red Cells • SeCtiON 2 disorders of iron Metabolism and heme synthesis

ing blood protoporphyrin levels with progressive cholestasis,  
hemolysis, increasing photosensitivity, and neurologic crises 
resembling those of the acute porphyrias.207,229,230 The neuro-
logic dysfunction was best correlated with a markedly increased 
level of plasma protoporphyrin and was believed to cause neuro-
toxicity, leading to axonal degeneration.230

Laboratory Findings
The free erythrocyte protoporphyrin (FEP) concentration is 
greatly increased in symptomatic patients. Reported values range 
from 600 to 4,500 mg/dl (normal, <50 mg/dl).20,183 However, in 
the XLPP form of EPP about 40% of the protoporphyrin is in the 
form of zinc-protoporphyrin and total erythrocyte protoporpyrin 
values ranged from 1,130 to 11,000 mg/dl.204 Increased levels of 
erythrocyte protoporphyrin are observed in certain other condi-
tions, especially iron deficiency anemia and in lead poisoning, but 
only rarely do they exceed 300 mg/dl; the excess protoporphyrin is 
present as the zinc chelate231 and is distinguished spectrally from 
the nonchelated FEP that is found in EPP and XLPP.232 Plasma 
protoporphyrin is usually increased as well, and a normal plasma 
porphyrin in a patient with increased erythrocyte protoporphyrin 
may exclude EPP. In asymptomatic carriers, the FEP ranges from 
normal values to 200 mg/dl.20 The life-threatening liver disease 
may be predicted by increasing FEP and plasma protoporphyrin 
levels along with altered liver function tests. In patients with 
severe protoporphyric liver disease, the FEP concentration gen-
erally exceeds 2,000 mg/dl, and values >8,000 mg/dl have been 
reported.207

Fluorescence microscopy of a dilute suspension of freshly 
obtained blood reveals fluorescence in a variable proportion of 
erythrocytes (Fig. 26.4C).173 Protoporphyrin is increased chiefly 
in young erythrocytes186 but is heterogeneous, and a population 
of reticulocytes without protoporphyrin is also present, reflect-
ing a nonuniform expression of the genetic defect at the cellular 
level.187 In asymptomatic carriers, a small population of such 
fluorocytes may be detected even when the FEP concentration is 
normal.174

Most patients with EPP have mild, slightly hypochromic ane-
mia and reduced iron stores.182,183,184,225 Studies of red cell 
survival and iron kinetics have failed to detect a characteristic 
abnormality,20,225 but hemolysis was occasionally reported.233 
Severe hemolytic anemia may occur with advanced hepatic dis-
ease that is exacerbated by photo-oxidative stress occurring dur-
ing the prolonged operative procedure of liver transplantation.234 
Why some cases exhibit the ring sideroblast abnormality in eryth-
roblasts (Chapter 24)235,236 but others do not177 is not clear and 
may relate to the nature of the defect. This feature has not been 
systematically studied.

Fecal protoporphyrin excretion usually is increased in symp-
tomatic patients.183 Values may be as high as 1,400 mg/g (dry 
weight; normal, <100 mg/g) and vary widely from patient to 
patient, although variations in a given patient are not great.237 
In some carriers, fecal protoporphyrin is increased even when 
the FEP is normal. An increasing ratio of FEP to fecal proto-
porphyrin and an increasing ratio of biliary protoporphyrin to 
biliary bile acids may also suggest impending hepatic decom-
pensation.207,237,238 Urinary porphyrin and porphyrin precursor 
concentrations are normal.

The majority of patients with EPP have no clinical evidence 
of liver disease, although 20% to 30% have slight elevations 
of liver enzymes; in the eight families with XLPP a higher  
percentage of liver dysfunction was noted.204 However, in most 
if not all cases, the liver contains dark brown pigment deposits 
(Fig. 26.4D) in hepatocytes, Kupffer cells, and portal macrophages 
as well as within the lumens of ductules and interlobular ducts 
that exhibit the characteristic red fluorescence of protoporphyrin 
when transilluminated with light of wavelength 380 to 500 nm.239 

These deposits are crystalline in nature on electron microscopy. 
They also exhibit a distinctive type of birefringence, not shared 
by any other pigment known to occur in the liver, that is demon-
strable in routinely fixed and stained paraffin-embedded sections 
and is as sensitive as the red fluorescence (Fig. 26.4E).239 Not 
infrequently, the pigmentation is accompanied by bile stasis and 
varying degrees of portal inflammation, fibrosis, and ductular 
proliferation. In patients who have developed the protoporphyric 
liver disease, liver histology shows micronodular or macronodular 
cirrhosis and massive deposits of the pigment throughout.207

DNA analysis with amplification of exons and flanking intronic 
sequences has detected FECH or ALAS2 mutations in about 95% 
of patients with EPP.176,205 As large intragenic deletions in FECH 
are not uncommon their identification requires the use of a gene 
dosage analysis method.240 EPP patients are at risk of vitamin D 
deficiency and monitoring 25-hydroxyvitamin D is advised.241,242

Treatment
Therapy is directed at reducing the consequences of sun expo-
sure and minimizing the hepatotoxic effects of protoporphyrin. 
Topical sunscreens must be effective in the 400-nm portion of the 
spectrum to be useful. The only readily available effective topical 
preparations are opaque formulations containing oxidates of zinc 
or titanium. Most proprietary sunscreens contain compounds 
that reduce transmission only of the sun-burning portion of the 
spectrum between 290 and 320 nm. The induction of carotenemia 
(serum carotene levels above 400 mg/dl) can be effective in reduc-
ing photosensitivity,213 although some studies suggested lack of 
efficacy.243 Carotenemia is best induced by the administration of 
synthetic b-carotene beadlets (LumiteneTM, Tishcon Corporation, 
Westbury, NY) in adults at a dose of 120 to 180 mg/day, but doses 
up to 300 mg/day may be needed.244 The ability of carotene to 
quench photoexcited oxygen and to scavenge highly reactive free 
radicals probably explains its action.245 Increased tolerance to 
sunlight occurs after 3 to 4 weeks of treatment, and the protec-
tive effect may last 4 to 8 weeks after cessation of the drug.213 In 
northern climates, this therapy may be required only in spring 
and summer, but winter sports enthusiasts may benefit from more 
prolonged therapy. To date, no significant side effects have been 
reported in patients using b-carotene.

In patients unresponsive to b-carotene, narrow-band ultravio-
let B (TL-01) phototherapy and psoralen and ultraviolet A light 
treatment have been effective.246,247 Two patients experienced 
marked reduction in photosensitivity with administration of pyri-
doxine.248 Oral cysteine also appears to be effective as a free radi-
cal quencher,249 and, in a preliminary report, a flavonoid mixture 
(hydroxyethylrutosides) was effective as an antioxidant.250

An a-melanocyte-stimulating-hormone analog, afamelanotide 
(ScenesseTM, Clinuvel, Melbourne, Australia), is probably the most 
effective agent for alleviating the photosensitivity of EPP by pro-
moting melanin synthesis and increasing skin pigmentation.251,252 
It has become available in some European countries and is cur-
rently in a Phase 3 clinical trial in the United States. The prepara-
tion is a 16-mg sustained-release resorbable implant (grain of rice 
size) formulation of afamelanotide that is inserted subcutaneously. 
Studies to date showed that this prophylactic treatment signifi-
cantly increased sunlight tolerance and improved quality of life.

Multiple attempts to minimize the hepatotoxic effects of pro-
toporphyrin have been directed at both reducing the amount 
of protoporphyrin presented to the liver for excretion and 
 depleting hepatic protoporphyrin stores. Suppression of eryth-
ropoiesis and the erythrocyte protoporphyrin accumulation can 
be achieved with transfusion therapy,253 but the hazards of 
transfusion-induced iron overload and the risk of transfusion-
related infectious disorders make this form of therapy undesir-
able. Administration of iron with the rationale of enhancing 
porphyrin conversion to heme was followed by decreases in stool 
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and erythrocyte porphyrins and improved liver function,254 but 
the disease was aggravated by oral iron therapy in others.255 The 
use of nonabsorbable porphyrin binders, namely cholestyramine 
and activated charcoal, aimed at reducing enterohepatic recircu-
lation of porphyrin, and/or bile acids, to promote fecal porphyrin 
excretion have benefited selected patients.256–258 None of these 
approaches is well established, owing to inconsistent or uncertain 
efficacy and experience in relatively few cases.

In some patients with liver failure, the circulating protoporphy-
rin burden could be reduced by hemin infusion, plasma exchange, 
red cell exchange, or by extracorporeal albumin dialysis 259,260; 
parenteral and oral n-acetyl cysteine was beneficial in one 
case.261 Once severe liver damage has occurred, usually no form 
of medical therapy is effective. Thus, liver transplantation was 
undertaken as a life-saving measure.262,263 The results have been 
favorable in part, with patient and graft survival rates up to 66% 
at 5 years.263,264,265 However, the protoporphyrin burden from 
erythroid tissue remains and recurrence of protoporphyrin hepa-
topathy is common, supporting most evidence that the primary 
if not the only contribution of the excess protoporphyrin is from 
bone marrow. Moreover, in a case with EPP due to heteroallelic 
FECH mutations and coincidental acute leukemia, a successful 
marrow transplant from a sibling carrying one FECH mutation 
cured the patient’s manifestations of the porphyria.266 HSCT has 
also been performed in four EPP patients with a prior liver trans-
plant to treat or prevent disease recurrence in the graft.267,268 
Although in three of the four cases successful engraftment led to 
clinical and biochemical resolution, two succumbed to infectious 
complications. In a fifth patient bone marrow transplantation 
following medical control of severe progressive protoporphyrin 
cholestasis was curative.269 Apart from its inherent risks, HSCT 
would appear to be the ideal treatment in EPP patients prone to 
severe liver disease before liver transplantation becomes nec-
essary. Identification of patients at risk of severe liver disease 
remains the principal challenge.

The most definitive treatment for the disease would be replace-
ment of the defective gene in affected tissues. Targeting the hema-
topoietic stem cells with gene therapy will probably suffice once it 
is technically feasible. In vitro studies have demonstrated effective 
transfer of normal FECH complementary DNA into cultured fibro-
blasts from patients with EPP with correction of the biochemical 
defect.270,271 Genetic analysis of EPP patients’ spouses for carrier 
status of a FECH mutation and a low-output FECH allele allows 
assessment for the probability of clinical disease in offspring as 
well as prenatal testing or pre-implantation genetic diagnosis.

Erythropoietic Protoporphyria in Animals
Bovine EPP was described in 1977272 and is transmitted as an 
autosomal recessive trait.273 Affected calves have acute photosen-
sitization during the first few weeks of life, the erythrocyte and 
fecal protoporphyrin is greatly increased, and FECH is reduced to 
10% in all tissues examined.181 The animals do not develop ane-
mia or hepatobiliary disease. Carrier dams have approximately 
half the normal FECH activity. DNA analysis revealed a novel stop 
codon mutation (X417L).274

A protoporphyric disorder occurs in mice that are fed a diet 
containing 2.5% by weight of griseofulvin and exhibits a pro-
nounced hepatic component.275 It is similar in many respects to 
the human disease, and the hepatic histopathologic abnormali-
ties are indistinguishable by light or electron microscopy.276–278 
Another murine EPP (fch) is produced by chemical mutagenesis 
with ethylnitrosourea.279 It is characterized by photosensitivity, 
severe hepatobiliary dysfunction in early life, and microcytic 
hypochromic anemia as well as a redistribution of storage iron 
to the spleen.280 FECH activity in various tissues is 2.7% to 6.3% 
of normal in homozygotes and approximately 50% in heterozy-
gotes. A point mutation has been identified in the FECH gene 

(Fechm1Pas), and prokaryotic expression studies have substanti-
ated it as the basis for the porphyria.281 Bone marrow transplan-
tation is effective in this mouse model.282 Moreover, reversal of 
the phenotype and restoration of normal hematopoiesis have been 
achieved with pre-selective gene therapy283,284 as well as with the 
use of a dual gene therapy technology.285 A third mouse model 
exhibiting a protoporphyria is produced by targeted deletion of 
iron-regulatory protein 2 (IRP2).286 The phenotype is manifested 
by iron-limited erythropoiesis, marked overexpression of ALAS2 
from loss of IRP-dependent translational repression, and mark-
edly increased levels of free and zinc protoporphyrin. These fea-
tures closely resemble those of XLDPP.

A genetically designed model of EPP was developed in zebraf-
ish named dracula.287 Protoporphyrin IX accumulates in the 
mutant embryos, and the phenotype shows light-dependent 
hemolysis and liver disease. The mutation is a G to T transversion 
at a splice donor site in the FECH gene and creates a stop codon.

aCute or inDuCiBle PorPhyrias 
with neurologiC Manifestations
Porphyrias manifesting neurologic and psychiatric illness are called 
acute porphyrias to reflect the often abrupt onset of symptoms. 
They are also referred to as inducible porphyrias because symp-
toms are usually brought on by endogenous or exogenous factors 
that stimulate heme biosynthesis through certain biochemical 
mechanisms. These disorders are deficiencies of the remaining four 
enzymes of the heme synthetic pathway that restrict the capacity 
for the production of heme in the liver and lead to derepression 
of ALA synthase: PBGD, ALA dehydratase (ALAD), coproporphy-
rinogen oxidase (CPOX), and protoporphyrinogen oxidase (PPOX) 
(Fig. 26.1). During acute attacks, hepatic ALA synthase is markedly 
induced, and the porphyrin precursors ALA and PBG accumulate 
because PBGD becomes rate limiting, normally having the second 
lowest relative activity among the enzymes of the hepatic heme 
synthetic pathway.19 These events are best understood in the liver, 
and they may occur in neural tissue. Deficiencies of CPOX and PPOX 
also result in accumulation of their respective porphyrin substrates 
and therefore can be accompanied by photosensitivity, whereas 
only the precursors accumulate with deficient PBGD and ALAD, and 
photosensitivity does not occur.

acute Intermittent porphyria
Patients with acute intermittent porphyria (AIP; pyrrolopor-
phyria, Swedish porphyria) were probably reported by Gunther.4 
The extensive family studies in Sweden by Waldenström pro-
vided the first comprehensive description of the disorder.57 It 
is transmitted in an autosomal dominant manner with low pen-
etrance and results from mutations in the gene encoding PBGD 
(hydroxymethylbilane synthase, uroporphyrinogen I synthase) 
(Fig. 26.1).288 The prevalence of the trait in most countries had 
been estimated at 1 to 2 per 100,000.20 More recent population 
screening studies in northern Europe with enzyme assays and 
DNA analysis indicate a much higher prevalence of carriers, 
ranging from 1 to 2 per 10,000, and an even higher prevalence 
in Sweden and France.20 A study of psychiatric patients in  
the United States showed a higher prevalence of AIP than in the 
general population (approximately 0.21%).289

Molecular Basis and Pathogenesis
A decreased conversion of PBG to porphyrins observed in liver 
tissue from patients with AIP provided the first evidence that the 
enzyme PBGD is defective.290 Decreased catalytic activity of PBGD 
to approximately half of normal was subsequently demonstrated 
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in all tissues examined, including liver,291 erythrocytes,292 cul-
tured skin fibroblasts,293,294 cultured amniotic cells,294 and mito-
gen-stimulated lymphocytes.295 Considerable heterogeneity of the 
defect became evident from biochemical and immunologic studies 
of the enzyme in erythrocytes from patients with AIP. Up to 10% 
of unrelated and clinically affected individuals had either normal 
or indeterminate levels of erythrocyte PBG-D activity.296,297,298 
Overlapping enzyme activity levels could be resolved with internal 
family reference values,299 consistent with apparent genetic regu-
lation of the enzyme activity.300 Patients with normal erythrocyte 
PBGD activity responded to an ALA loading test with increased 
excretion of PBG and reduced excretion of fecal protoporphyrin, 
just like patients with low PBGD activity in erythrocytes, suggest-
ing that the defect is expressed in the liver but not in erythro-
cytes.301 Approximately 80% of patients with half-normal PBGD 
catalytic activity were found to have half-normal PBGD protein 
concentration, referred to as cross-reacting immunologic mate-
rial negative, and approximately 20% of pedigrees were cross-
reacting immunologic material positive (i.e., the PBGD catalytic 
activity was half-normal, but the PBGD protein was normal or 
even increased).288,302 In addition, molecular heterogeneity was 
indicated by detection of differing restriction haplotypes for the 
PBGD gene locus.288,303

After the cloning and sequencing of the PBGD gene,304 the 
molecular basis for two isoforms of the enzyme was estab-
lished,305,306,307 and genetic defects responsible for AIP could be 
identified. A single PBGD gene, located in the chromosomal region 
11q23.3,308 under the control of two independently regulated 
promoters, produces two transcripts through alternative splic-
ing. In the mRNA of the enzyme produced in all cells (ubiquitous 
mRNA), exon 1 is spliced to exon 3, whereas exon 1 is excluded in 
the transcript in erythroid cells, and translation begins in exon 3 
(Fig. 26.5). Thus, the erythroid-specific protein lacks the 17 amino 
acids that are encoded by exon 1 for the ubiquitous enzyme.

Close to 400 different mutations have been identified in the 
PBGD gene, most of which were found in single pedigrees.10,288,309 
High frequencies of a few mutations in restricted geographic areas 
(e.g., Sweden, The Netherlands, Switzerland, Canada, Argentina) 
are believed to represent founder effects.288 On the other hand, 

approximately 3% of all index cases with AIP may have de novo 
mutations.310 Approximately two thirds of mutations are single-
base substitutions, and the remaining mutations consist of inser-
tions or deletions, resulting in a spectrum of splice defects of 
transcripts, frameshifts, stop codons, unstable proteins, or reduced 
catalytic activities of the enzyme; a few are in the promoter region 
of the gene.10,288,309,311 The least common mutations (i.e., involv-
ing the exon 1–intron 1 junction or exon 1) restrict the PBGD 
defect to nonerythroid tissues and account for the normal activ-
ity of the enzyme in erythrocytes observed in such cases. In four 
families, double heterozygotes or homozygotes for point mutations 
had severe PBGD deficiency.312,313,314,315 Although, in general, 
no correlation between the genotypes and phenotypes has been 
found, some prevalent mutations exhibit higher penetrance.316,317 
Using the knowledge of the three-dimensional structure of PBGD, 
structural and functional outcomes of the mutations can be pre-
dicted.318,319 For instance, many mutations change amino acids in 
the vicinity of the active site of the enzyme, and a number of these 
are involved in binding the primer or substrate of the enzyme; 
others perturb conformation of the protein.

The genetic lesion and its wide spectrum underlying AIP are 
well defined; however, the pathogenesis of the clinical manifes-
tations remains poorly understood. Several mechanisms have 
been postulated for the neurovisceral symptoms and signs that 
characterize the disorder.20 The prevailing one is that the por-
phyrin precursor ALA, which accumulates after the induction of 
hepatic ALA synthase (ALAS1)320,321 in response to diminished 
cellular heme because of the PBGD deficiency, is toxic to the 
nervous system. Studies in animals indicate that ALA can alter 
neural structure and function as an agonist for g-aminobutyric 
acid receptors,322,323 it inhibits release of neurotransmitters at 
neuromuscular junctions324,325 and spinal cord synapses,326 and 
it exerts lethal effects on neuronal and glial cells in culture.327 
Additional support for ALA as the responsible neurotoxin are 
the observations that patients with severe ALAD deficiency (see 
below) and patients with hereditary tyrosinemia,328 both of whom 
excrete excess ALA but not PBG, display neurologic features simi-
lar to those of patients with AIP. Furthermore, the finding that 
liver transplantation in patients with AIP promptly normalizes the 
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overproduction of ALA and PBG and eliminates chronic debilitat-
ing neurovisceral attacks has established the hepatic overproduc-
tion of the porphyrin precursors as the cause of the neurologic 
symptoms.329,330,331 On the other hand, urine and serum levels of 
ALA, along with PBG, correlate only roughly with symptoms and 
signs.321 It has not been possible to produce an acute porphyric 
attack by administering ALA to animals,332 a normal human 
subject,333 or even patients with latent porphyria,334 although 
convulsion can be induced by intraventricular injection of ALA 
and PBG in rats.334,335

A second postulated mechanism has been that episodic deple-
tion of cellular heme from marginal to critical levels deprives 
enzymatic oxidations and energy-producing reactions involving 
hemoproteins in neural tissues.320,336 Experimental inhibition 
of the heme biosynthetic pathway in dorsal root ganglia cultures 
causes severe segmental degeneration.337 The administration 
of heme to patients suffering an acute porphyric attack usually 
reverses the neuropathic manifestations, but this effect more 
likely results from inhibition of the hepatic ALA overproduction 
by the heme (Fig. 26.1); it is not known whether intravenously 
administered heme enters the brain.

Another mechanism was suggested by studies in animals that 
implicated accumulation of neurotoxic levels of tryptophan and 
serotonin. Heme depletion impairs catabolism of tryptophan by 
the heme-dependent enzyme hepatic tryptophan pyrrolase.338,339 
In one study, patients with attacks of AIP had serum levels of 
tryptophan, serotonin, and urinary 5-hydroxyindoleacetic acid 
that were above normal and that declined after heme administra-
tion.340 Levels of melatonin, implicated in the regulation of the 
circadian rhythm, were found to be decreased. Results of studies 
in animals and in cultured pineal glands suggested that melatonin 
may also be involved in the regulation of heme synthesis in some 
manner.341

Most people (approximately 90%) heterozygous for the PBGD 
defect never have symptoms, but certain precipitating factors 
cause both biochemical and clinical evidence of the porphyric dia-
thesis. Steroid compounds, both endogenous and synthetic, and 
medications are the most commonly identified precipitating fac-
tors of symptoms.20 Gonadal hormones, especially the 5-b steroids 
and ovarian hormones or their metabolites, are most significant 
and are potent inducers of hepatic ALA synthase.20 They prob-
ably account for the typical onset of symptoms in early adulthood, 
as well as for the susceptibility of women to porphyric attacks 
during the luteal phase of the menstrual cycle, when progester-
one is high. Hence, the benefit of agonistic analogs of luteinizing 
hormone-releasing hormone (LHRH) can be attributed to induc-
tion of pituitary refractoriness to LHRH to suppress production 
of progesterone and its 5-b metabolites.342 The barbiturates and 
sulfonamides head the list of countless drugs that can provoke por-
phyric attacks and usually do so by inducing hepatic cytochrome 
P450 enzymes for their metabolism via microsomal hydroxylation, 
thereby increasing the need for hepatocellular heme and leading to 
induction of ALA synthase,20 or by direct transcriptional activation 
of ALA synthase.343 However, the response of patients is highly 
variable.20,344 Dieting or decreased caloric intake with intercur-
rent illness may precede acute attacks. With carbohydrate admin-
istration, through high doses of glucose, the urinary excretion of 
ALA and PBG often strikingly decreases, and symptoms tend to 
improve.321,345 The missing link of this fasting-feeding response by 
the liver was found to be in the regulation of hepatic ALA synthase 
by PGC-1a.346 Although this transcriptional co-activator mediates 
hepatic gluconeogenesis and fatty acid oxidation in response to 
fasting, it also induces ALA synthase.

Clinical Description
The clinical features of the defect are typically acute symptoms and 
signs reflecting neurovisceral and psychiatric deficits (Table 26.3). 

They are more common in women and are highly variable, even 
among affected siblings. Attacks usually last for several days to 
even several months and are separated by symptomless intervals 
varying from months to decades. Patients may have as few as three 
attacks in a lifetime or several per year (Fig. 26.6).321 Most often, 
the acute attack is an autonomic neuropathy manifested by moder-
ate to severe abdominal pain that is unrelenting, at times cramping, 
variable in location, and characteristically accompanied by consti-
pation, which may be severe, and often vomiting (Table 26.3). In 
some cases, pain is predominant in the back and limbs. The abdo-
men is usually soft, with no rebound tenderness or other signs of 
peritoneal irritation, and dilated bowel loops may be palpable. The 
abdominal radiograph may show evidence of segmental intestinal 
dilation and spasm. Other common findings are tachycardia, labile 
hypertension or hypotension, and urinary retention.321 The pulse 

Signs and Symptoms Incidence (%)

Abdominal pain 85–95

Vomiting 43–88

Constipation 48–84

Tachycardia 28–80

Muscle weakness 42–68

Mental changes 40–58

Hypertension 36–54

Extra-abdominal pains 50–52

Sensory deficit  9–38

Fever  9–37

Convulsions 10–20

Respiratory paralysis  9–14

Data from three reports, 417 patients: Stein JA, Tschudy DP. Acute intermittent porphyria.  
A clinical and biochemical study of 46 patients.Medicine 1970;49:1–16; Waldenström J. 
The porphyrias as inborn errors of metabolism. Am J Med 1957;22:758–773; and 
Goldberg A. Acute intermittent porphyria: a study of 50 cases. QJM 1959;28:183–209.

siGns and syMPtoMs of aCute interMittent PorPhyria

taBLe 26.3

FIGURE 26.6. Typical courses of acute intermittent porphyria. (From Moore MR, McColl KEL, 
Rimington C. Disorders of porphyrin metabolism. New York: Plenum, 1987:79, with permission.)
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rate is often considered a good index for judging the activity of the 
disease and even the diagnosis.347

Less often, and with prolonged or more severe attacks, 
peripheral motor neuropathy occurs. Symptoms include weak-
ness in one or more extremities, especially the upper extremi-
ties and proximal musculature, that may progress to flaccid 
quadriparesis.348,349 Bulbar and respiratory muscle paralysis 
can be life-threatening. Blindness has resulted from both occipi-
tal lobe and optic nerve involvement.321,350,351 Sensory abnor-
malities occur less often. The extreme variability of neurologic 
abnormalities is further indicated by manifestations of central 
nervous system disturbances. Acute anxiety and emotional 
lability with progression to confusion, frank psychosis, and 
coma occasionally dominate the clinical presentation.349,352–354 
Tonic-clonic seizures occurred in 17% to 32% in two series of 
patients,321,355 whereas lifetime prevalence of seizures among 
patients in Sweden was only 5%.356 Seizures may result from 
profound hyponatremia caused by inappropriate antidiuretic 
hormone secretion, reflecting hypothalamic dysfunction, or may 
be a cerebral manifestation of the metabolic defect.20,321 Death 
may occur when psychomotor manifestations intensify, or from 
cardiac arrhythmia.321

In older reports, the mortality rate from neurologic involve-
ment was approximately 30%.357 Improvement in supportive 
care in the 1970s reduced the mortality rate to approximately 
10%,344,345 and the introduction of therapy with intravenous 
heme reduced the mortality rate further.355,358 Nevertheless, 
delayed diagnosis of severe attacks in particular continues to 
occur up to the present, leading to marked disability or a fatal out-
come.359,360 If peripheral nerve deficits develop, they may clear 
slowly, over months or years, or never completely. Depression, 
including suicidal tendencies, may occur with frequent attacks or 
with chronic symptoms.355

Chronic hypertension and renal impairment develop in up to 
50% of patients with AIP as late complications.344,356,361,362 The 
hypertension may predispose and nephrotoxic effects of porphy-
rin precursors may contribute to renal insufficiency.363 Moreover, 
end-stage renal disease is associated with higher plasma ALA/
PBG levels and accumulation of plasma porphyrins, leading to 
progression of peripheral neuropathy and even cutaneous lesions 
resembling PCT. In such cases combined liver and kidney trans-
plantation should be considered.331,364

Several studies indicate a significant association between 
primary liver cancer and AIP in European countries.362 In 
Sweden, where the incidence of AIP is high, in the latest analy-
ses the annual occurrence of hepatocellular carcinoma in AIP 
gene carriers was 0.8%,365,365a and in France and Switzerland 
0.3% and 0.16%, respectively.366 Liver cirrhosis and other risk 
factors, such as alcohol and viral hepatitis, were uncommon in 
these series.362,366 Impaired detoxification capacity of mutagenic 
substances by the liver with impaired heme synthesis or toxic-
ity of ALA are thought to enhance a genetic change over time. 
In Sweden it is recommended that all patients carrying an acute 
porphyria gene be screened yearly for hepatocellular carcinoma 
after age 50 using liver imaging.365 In one patient with hepatoma 
but not porphyria, the tumor produced large amounts of PBG as 
an apparent paraneoplastic feature.367

The few reported children homozygous for the genetic 
defect313,314,315,368 manifested central nervous system defects, 
including hypoplasia of brain structures and altered postnatal 
cerebral myelination, with variable developmental delay and neu-
rologic deficits. Neurovisceral features were not observed.

Laboratory Findings
Results of routine hematologic measurements usually are within 
normal limits; however, leukocytosis occasionally is observed 
during acute attacks,321 a finding that may support an erroneous 

impression of an abdominal condition requiring an emergency 
operation. Anemia is an uncommon finding and, when present, 
may not be related to the porphyria.321 Some patients have an 
unexplained reduction in both the plasma volume and the red cell 
mass even though the volume of packed red cells is normal.369 
Red cell survival is normal, suggesting that the decreased red cell 
mass results from reduced erythropoiesis.

The telltale urinary overexcretion of the porphyrin precursors, 
PBG and, to a lesser extent ALA, is diagnostic. The ratio of PBG to 
ALA in urine is usually 3:1, whereas in lead poisoning, ALA dehy-
dratase porphyria (see below) and hereditary tyrosinemia urinary 
ALA is markedly increased but PBG is normal or only slightly 
raised. Normally, <7 mg of ALA and <4 mg of PBG are excreted 
in 24 hours regardless of the analytic method used. During acute 
attacks, the urinary excretion of PBG generally ranges from 20 
to 200 mg daily.321,370 In one study, 21 symptomatic patients 
excreted an average of 83 mg of PBG in 24 hours (range, 8 to 
150 mg).321 A rough correlation exists between the amount of 
PBG excreted and the severity of clinical symptoms. ALA and PBG 
excretion diminishes during remission and may return to normal. 
In 12 asymptomatic patients, the average urinary PBG excretion 
was 32 mg in 24 hours (range, 12 to 60 mg), and ALA excretion 
was 10 mg in 24 hours (range, 6 to 18 mg).321 Serum normally 
contains only trace amounts of ALA and PBG, but patients with 
AIP may have serum PBG concentrations as high as 300 mg/dl 
during acute attacks.20 Increases in the liver content of ALA and 
PBG have been noted at autopsy in patients who died during acute 
attacks.

A rapid qualitative method of detecting excess PBG in urine 
is the Watson-Schwartz test.370 This test yields negative results 
in normal subjects and positive results when PBG excretion 
exceeds approximately 6 mg/L.371 Other urinary chromogens, 
particularly urobilinogen, as well as certain drugs and drug 
metabolites may also form a similar color when they react with 
Ehrlich reagent, but only the PBG–Ehrlich complex is water 
soluble and cannot be extracted with chloroform and buta-
nol. When properly performed and interpreted, the Watson-
Schwartz test is reliable. In inexperienced hands, false-positive 
results are common; in one referral center, 75% of patients with 
supposedly positive findings had normal values when quantified 
by chromatography.321 The commercial PBG Test Kit (Thermo 
Fisher Scientific Inc., Middleton, VA) is recommended for rapid 
detection of PBG in urine.372 The urine should also be saved for 
subsequent quantitation of ALA and PBG by ion exchange chro-
matography373 and of porphyrins for specific diagnosis of the 
type of acute porphyria.

Because PBG is a colorless compound, freshly excreted urine 
from patients with AIP appears normal in color. On exposure 
to light and air, two reactions are accelerated that cause PBG-
containing urine to darken on storage. First, PBG is oxidized to 
porphobilin, a dark brown, amorphous product.374 Second, PBG 
may be nonenzymatically converted to a mixture of porphyrins, 
especially uroporphyrin, a reaction favored at acidic pH, and 
quantitation of uroporphyrin and coproporphyrin in urine then 
detects mild to moderate elevations.371 Therefore, the so-called 
urine porphyrin screen commonly carried out is also positive. 
However, it merely detects an increased concentration of copro-
porphyrin, which is associated with a variety of illnesses, and thus 
of no diagnostic value. Fecal porphyrin excretion is normal or only 
slightly increased.20,375

Another useful measurement for diagnosis and detection of 
relatives with the latent defect, in whom urinary PBG excretion 
is often normal,292,298 is the erythrocyte PBGD activity, provided 
it is recognized that the erythrocyte value may be indetermi-
nate or normal in up to 10% of cases because of heterogene-
ity of PBGD mutations and, rarely, because the enzyme is not 
affected in red cells.296,297,298,299 If biochemical studies indicate 
the presence of AIP, DNA analysis is encouraged to identify the  
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disease-causing mutation.376 The marked genetic heterogeneity 
encountered precludes the feasibility of a routine genetic test for 
diagnosis, although molecular techniques have been refined to 
localize the region of a mutation and simplify sequencing of the 
relevant DNA segment of new probands. Then, carriers within the 
family are easy to detect for preventive measures.

Hyponatremia, reduced blood volume, and mild elevation of 
blood urea nitrogen often are observed during acute attacks.321 
The findings may be attributed to vomiting. The syndrome of 
inappropriate antidiuretic hormone secretion has been docu-
mented20,321 and is presumably the result of a hypothalamic 
abnormality. When carefully sought, other evidence for hypotha-
lamic involvement is found, such as disturbed regulation of growth 
hormone and adrenocorticotropic hormone secretion. However, 
the increased antidiuretic hormone secretion may be an appropri-
ate response in patients with unexplained reduction in total blood 
volume,377 and fluid restriction would not be proper therapy 
for such patients. In one study of 45 patients hospitalized for 
acute porphyric attacks, hyponatremia was more often related to 
vomiting, poor intake, and excess renal sodium loss than to inap-
propriate secretion of antidiuretic hormone.378 Hypomagnesemia 
associated with tetany has also been reported.345

Abnormal electroencephalographic patterns are a common 
laboratory sign of the neurologic dysfunction. Diffuse nonspecific 
slowing of the wave pattern was found in 14 of 24 patients during 
an acute attack.321 In the presence of encephalopathy, magnetic 
resonance (MR) imaging studies have usually shown reversible 
contrast-enhancing subcortical white matter lesions of variable 
size with normal diffusion-weighted MR images, interpreted to 
represent vasogenic edema.379,380 In some cases with cortical 
blindness, similar lesions were limited to the occipital lobes.381 
The cerebrospinal fluid usually is normal. The peripheral neu-
ropathy is a “dying back” process in which neuron damage fol-
lows axonal demyelination.20,348 Electrophysiologic studies and 
microscopic examination of nervous tissue382–384 indicate that 
the acute attack affects primarily neuronal bodies, leading to an 
acute axonal degeneration of peripheral and autonomic nerves 
and to neuronal loss and gliosis in the central nervous system. 
In patients with latent porphyria, slower motor and sensory 
conduction velocities are detectable,385 as is parasympathetic 
dysfunction of peripheral nerves when assessed with bedside tests 
of cardiovascular reflexes.386 Parasympathetic dysfunction has 
also been demonstrated by spectral analysis of heart rate vari-
ability,387 which may predispose to arrhythmias in symptomatic 
and latent disease.

Treatment
When an acute attack occurs, patients usually require hos-
pitalization because the clinical course is difficult to predict, 
and causes for the symptoms other than porphyria must be 
excluded. Precipitating factors should be removed, but often 
the specific factor in a particular attack cannot be identified. 
Pain should be treated with safe analgesics and narcotics such 
as morphine. Fluid, electrolyte, and caloric deficits should 
be restored. Carbohydrate is administered intravenously (as  
10% dextrose) so that the equivalent of 300 to 500 g of glucose is 
given daily.321,345,376 Propranolol has been effective in  reducing 
tachycardia and hypertension in some patients388 but must be 
used very cautiously if at all in patients with hypovolemia.389 
Maintenance of the patient’s morale and alleviation of fear are 
also important and facilitate recovery.

Although carbohydrate loading may suffice for mild attacks, 
for most acute attacks the very effective therapy with intrave-
nous hemin (a soluble hydroxyl derivative of heme) should be 
started.376 This compound has been used in therapeutic trials 
since the early 1970s,390,391 with the rationale being to correct the 
apparent heme deficiency and repress hepatic ALA synthase and 

thus the overproduction of porphyrin precursors. Hemin became 
commercially available in 1983 (PanhematinTM, currently sup-
plied by Lundbeck, Inc., Deerfield, IL, 313 mg of hemin/vial), and 
its use in the treatment of the acute attack was a major advance. 
Early initiation of this therapy leads to a more rapid response and 
fewer residual neural deficits.376,392 The lyophilized hemin is best 
reconstituted with albumin to enhance stability393 and is admin-
istered at a dose of 3 to 5 mg/kg body weight once daily for 4 to  
5 days. Phlebitis at the site of injection may occur.

After infusion of hemin, dramatic reductions in ALA and 
PBG concentrations in serum and urine are observed, and clini-
cal symptoms often improve within 24 to 48 hours. Because of 
instability of the hemin in solution, thrombocytopenia and a mild 
transient coagulopathy manifested by prolongation of both the 
partial thromboplastin time and the prothrombin time occurred 
with some regularity during hemin infusion therapy and are 
attributed to degradation products of hemin.394,395 Reconstitution 
of the compound with albumin decreases the incidence of phle-
bitis and prevents the anticoagulant effect.376,393 A Finnish 
preparation, heme arginate, is more stable and does not produce 
coagulopathy.396 This product is not available in the United States 
but has been introduced in Canada (NormosangTM, distributed by 
Medunik Canada). The patient’s therapeutic and clinical course 
is best monitored with plasma PBG determination.397 Tin pro-
toporphyrin, an inhibitor of heme oxygenase, in combination 
with heme arginate restored efficacy when tolerance to the heme 
developed, but it is not widely available.

The management of seizures is a considerable challenge. If 
they are related to metabolic disturbances of hyponatremia and 
hypomagnesemia, correction of these derangements may control 
them. However, if seizures are related to the porphyric diathesis 
or are a chronic associated problem, their management may be 
difficult because most anticonvulsants are contraindicated.398 An 
agent such as clonazepam appears to be safe, but its efficacy in 
the control of grand mal seizures is not documented. Magnesium 
sulfate was used effectively in one reported case.399 Several anti-
epileptic drugs (gabapentin, vigabatrin, and levetiracetam) are 
not metabolized by the liver and are the treatment of choice for 
epilepsy in acute hepatic porphyrias.400,401

Prompt diagnosis of the symptomatic patient is of essence 
to guide specific therapy and reduce morbidity or mortality. 
The disorder is often not recognized and diagnosis is delayed 
because the clinical features mimic many other conditions, or 
may be atypical as when dominated by encephalopathy or new 
onset seizures.359,360,380,402,403 Prevention of acute attacks is the 
cornerstone of treating the patient in whom the diagnosis has 
been established and includes identification of carriers among 
relatives. Avoidance of most drugs is important, as thoroughly 
discussed by Hift et al.404 Patients should receive a list of safe and 
unsafe drugs (Table 26.4) or be provided with access information 
to updated drug lists. Extensive lists of drugs and their status 
are found at the web sites www.porphyriafoundation.com (in 
the United States) and www.porphyria-europe.com (in European 
Union countries, South Africa, and Canada), and a guide for 
drug prescription at www.drugs-porphyria.org. For anesthesia 
purposes, an adequate number of agents that are considered 
safe have been evaluated.406 Patients should be warned that fast-
ing may induce attacks; they should regularly take in sufficient 
calories to maintain a normal body weight and promptly consult 
a physician whenever adequate oral intake is interrupted by 
intercurrent illness. Two nutritional hepatic markers, insulinlike 
growth factor 1 and transthyretin, have been found useful for 
assessment of disease morbidity and severity in the clinical fol-
low-up of AIP patients.407 Rarely prevention of frequent recurrent 
attacks may require weekly or biweekly infusions of hemin.376 
Treatment with recombinant erythropoietin reduced PBG excre-
tion, increased well-being, and decreased severity of attacks in 
anemic patients in one study.408
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In women whose attacks are related to the menstrual cycle, 
prevention may be achieved by suppression of ovulation with oral 
contraceptives.20,321 Paradoxically, oral contraceptive steroids 
can also worsen symptoms in some women.20,376 Long-acting 
LHRH agonists that permit suppression of ovulation without the 
administration of exogenous steroids can be highly effective in 
women who have frequent cyclical attacks.342,376,409 Pregnancy 
is generally uncomplicated,410 although one study reported an 
excess risk of perinatal death.411 Meticulous prenatal and perina-
tal care can ensure a good outcome.344,412 Hemin can be adminis-
tered safely during pregnancy.413 Low-dose estrogen replacement 
is probably safe in women with an acute porphyria who are 
naturally menopausal.414

Liver transplantation has become established as a treatment 
option for severe refractory AIP in carefully selected patients 
as it leads to phenotypic cure.329,330,331 Recently an increased 
incidence of hepatic artery thrombosis associated with the proce-
dure was reported, with the recommendation to use antiplatelet 
therapy after transplantation.415 Domino liver transplantation 
has also been performed, from donors with AIP.416 As expected, 
recipients developed AIP, confirming that the liver is the source of 
the neurotoxin in the disorder.

Administration of recombinant human PBGD was found to 
be safe and effective in removing PBG from plasma and urine in 
asymptomatic AIP carriers.417 It has not been investigated for effi-
cacy in patients during overt disease. Studies toward gene therapy 
with nonviral gene delivery in human and murine PBGD-deficient 
fibroblasts have demonstrated restoration of PBGD activity.418

Acute Intermittent Porphyria in Animals
Several lines of cats with naturally occurring porphyria clinically 
resemble CEP, but the biochemical and molecular findings were 
found to be typical of AIP.419 Both autosomal dominant and reces-
sive inheritance is associated with distinct mutations in the PBGD 
gene.

The neurologic syndrome of AIP related to the PBGD defect 
was verified in transgenic mouse experiments.420 The PBGD-
deficient mice exhibit the typical biochemical characteristics 
as well as the neuropathologic features of the human disease 
when treated with phenobarbital.421 The data suggested that 
heme deficiency and consequent dysfunction of heme proteins 
can cause porphyric neuropathy. Moreover, the limited heme 
synthesis in the PBGD-deficient mice impairs activation of cyto-
chrome P450 genes by phenobarbital,422 whereas zinc mesopor-
phyrin represses the induced hepatic ALA synthase and reduces 
heme oxygenase activity,423 making this compound a potential 
candidate for treatment of acute porphyrias. Administration of 
recombinant PBGD enzyme can reduce PBG excretion by 75%,424 
and adenoviral-mediated expression of PBGD in liver restores 
enzyme activity and protects against the phenobarbital-induced 
neuropathy in this animal model.425–427 These results suggest that 
gene therapy for AIP targeting only the liver could be sufficient to 
control the human disease.

5-aminolevulinic acid Dehydratase Deficiency 
porphyria
ALA dehydratase deficiency porphyria (ADP; plumboporphyria) 
is the least common porphyria and has been described in seven 
unrelated cases. It is inherited as an autosomal recessive trait, 
and mutations in both ALAD alleles result in the disorder. The 
clinical phenotype is strikingly similar to that of AIP.

Molecular Basis and Pathogenesis
ALAD (PBG synthase) is the second enzyme in the heme bio-
synthetic pathway (Fig. 26.1) and is encoded by a single gene, 
located on chromosome 9 (9q34).428 The ALAD gene contains two 
promoter regions that generate housekeeping (ubiquitous) and 
erythroid-specific transcripts by alternative splicing of a separate 
exon 1 in each case to exon 2, and both transcripts encode identi-
cal ALAD polypeptides.429 In eight reported patients (including two 
siblings), the erythrocyte enzyme activity was <10% of normal, 
and, in the asymptomatic parents and relatives carrying the trait, 
it was approximately 50%,430–435,436 in keeping with an earlier 
study of a family with heterozygous ALAD deficiency and absence 
of clinical manifestations.437 Immunologic studies demonstrated 
considerably more enzyme protein (20% to 33%) than catalytic 
activity, implying that a structural defect affects the active site of 
the enzyme.436,438–440 In five of the cases, mutations have been 
identified in both alleles of the ALAD gene,10,435,436,441,442,443 and 
they were compound heterozygotes. The mutations often occurred 
near the catalytic site of the enzyme and were thought likely to 
affect binding of the structural zincs of the enzyme. However, 
subsequent research indicated that all the mutations so far asso-
ciated with the porphyria favor a variable shift of the wild-type 
octameric structure of the enzyme to a much less active hexamer 
as the mechanism for the impaired enzyme activities, represent-
ing the first example of a conformational disease.444

Unsafe

Alcohol Fentanyl Novobiocin

Barbituratesa Glutethimide Phenylbutazone

Carbamazepine Griseofulvina Primidone

Carisoprodol Ketoconazole Progesterone, synthetic 
progestins

Clonazepam (high doses) Lamotrigine Pyrazinamide

Danazol Mephenytoina Pyrazolones (aminopy-
rine, antipyrine)

Diclofenac, other NSAIDs Meprobamatea Rifampin

Diphenylhydantoina Mebutamate Succinimides

Enalapril Tybutamate Sulfonamide antibioticsa

Ergot preparations Methyprylon Tramadol

Estrogens Metoclopramide Trimethadione

Ethchlorvynol Nifedipine Valproic acid

Safe

Acetaminophen Digoxin Penicillin and  
derivatives

Aspirin Erythropoietin Propanolol

Atropine Estrogens (natural/
endogenous)

Phenothiazines

Chloral hydrate Gabapentin Ranitidine

Cimetidine Gentamycin Streptomycin

Colchicine Glucocorticoids Tetracyclines

Coumarins Insulin Thiouracil

Cytarabine Levetiracetam Thyroxine

Daunorubicin Narcotic analgesics Vigabatrin

Note: Statements about drugs in acute porphyria are based on experience with patients, on 
tests in animals with experimental porphyria, and on studies in cell cultures; a system for 
prediction of drug porphyrogenicity from structural and functional information is proposed.405 
As most drugs have not been tested, the extensive list of unsafe and safe drugs at www.
drugs-porphyria.com should be consulted.
a Drugs that have most often been cited as agents precipitating acute attacks.
Adapted from References 20 and 376.

soMe Major druGs Considered unsafe or safe in the 
aCute PorPhyrias

taBLe 26.4
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In an asymptomatic child heterozygous for a novel ALAD 
mutation, enzyme activity was only 12%, whereas it was 30% in 
family members carrying the mutation.445 In the case with late 
onset,433 likewise, only a single mutation was identified, ALAD 
activity was 1% of normal, and the late clinical expression of the 
disease was considered to be related to the patient’s coincidental 
acquisition of the clonal disorder polycythemia vera.446

Heterogeneity of the genetic defects probably accounts for the 
phenotypic variation among the patients. The mechanism for the 
dominating neurologic features present in all the cases appears to 
be similar to those discussed for AIP, and the large accumulation 
of ALA caused by the biosynthetic block supports its implicated 
importance as a neurotoxin in the pathogenesis. The neuropathies 
of hereditary tyrosinemia328 and lead intoxication are likewise 
associated with ALA accumulation, and ALAD is the enzyme in the 
heme synthetic pathway that is most susceptible to lead. The role 
of the two common alleles of human ALAD (ALAD1 and ALAD2), 
resulting in three polymorphic isozyme phenotypes447,448 in these 
conditions, is not defined.

Clinical Description
The clinical findings have differed among the small number of cases 
with ADP. Two unrelated male patients who were reported as the 
first described cases of the disease had onset of major symptoms 
of abdominal pain and motor neuropathies, with some respira-
tory muscle involvement, in adolescence;430 they were reported as 
surviving more than 20 years later.449 Four other young males also 
manifested acute episodes of symptoms and courses resembling 
the variable neural manifestations of acute porphyrias.434,435,436 In 
contrast, a child was afflicted with recurrent severe neurovisceral 
manifestations as well as severe respiratory muscle compromise 
since birth.431 Motor neuropathy but no abdominal symptoms first 
developed in a man at age 63, persisted, and progressed in asso-
ciation with development of a clonal hematopoietic disorder.433,446 
Heterozygotes for ALAD deficiency are asymptomatic.

Laboratory Findings
The distinguishing laboratory finding in ADP is a markedly 
increased urinary excretion of ALA that has ranged from 8 to 
80 times the normal value and correlates with clinical sever-
ity; the PBG values are slightly increased, up to six times nor-
mal.430,431,434,435,436,443 Plasma ALA concentration is increased 
approximately 10-fold.433 Urinary coproporphyrin (isomer III) is 
also typically raised 10- to 70-fold but remains unexplained. Fecal 
porphyrins are normal in most cases. The erythrocyte zinc proto-
porphyrin is increased, from 3 to 30 times normal.

This spectrum of biochemical abnormalities closely resembles 
those found in lead poisoning, although in the latter the abnormal 
values are usually considerably lower; blood lead determinations 
would exclude this diagnosis. Despite the defects in both alleles, 
erythropoiesis does not appear to be compromised but hemoglo-
bin values were often not reported. Heterozygotes for an ALAD 
defect have no biochemical abnormalities except for the reduced 
levels of ALAD activity.437

Treatment
Supportive measures as outlined for AIP are generally helpful 
for acute episodes of ADP as well. Heme infusions have been of 
 benefit in alleviating the neuropathic symptoms.432,435,436 In the 
small child, the disease was reported to impair nutrition and nor-
mal development markedly. At age 6, liver transplantation was 
performed to attempt to reduce the metabolic abnormalities.450 
The high basal urinary excretion of ALA and porphyrin was 
not influenced by this procedure, indicating that these products 
originated mainly in extrahepatic tissues. However, clinical chal-
lenges with drugs and intercurrent illnesses no longer increased 
the urinary ALA and PBG, so heme synthesis does not appear to 

be induced in nonhepatic tissues.450 It was hypothesized that a 
bone marrow transplant might more effectively remove the major 
source of the abnormal metabolites.

aCute or inDuCiBle PorPhyrias 
with Both neurologiC anD 
Cutaneous Manifestations

Variegate porphyria
Variegate porphyria (VP; South African porphyria) is inherited as 
an autosomal dominant trait with low penetrance and is caused by 
mutations in the gene encoding PPOX, the enzyme that catalyzes 
the penultimate step of heme biosynthesis (Fig. 26.1). Consequent 
proximal backup in porphyrins leads to skin fragility and photo-
sensitivity. Because the production of heme also becomes reduced 
and ALA synthesis is induced, acute neurovisceral attacks occur 
that closely mimic the picture of AIP. The disorder is called varie-
gate because it can present with neurologic attacks, photocutane-
ous lesions, or both.

Although Gunther4 and Waldenström57 recognized cases of 
porphyria in which neurologic and cutaneous manifestations 
occurred together, the extensive investigations of Dean and 
Barnes in South Africa first provided the most complete infor-
mation about this disease and clearly distinguished it from AIP. 
They identified 300 patients whose lineage was traced to a single 
couple having migrated from Holland in 1688.109 This com-
mon ancestor of almost all South African patients explained the 
prevalence of the disease of approximately 3 per 1,000 among 
the white (Afrikaner) population;451 the sobriquet South African 
porphyria stems from this prevalence. VP is less common outside 
South Africa, but hundreds of cases have been reported from 
other countries.452 The prevalence of VP in Finland has been 
estimated at 1.3 per 100,000.453 In the United States and Europe, 
it has probably been underestimated or overlooked454,455 because 
the cutaneous manifestations tend to be more mild in temperate 
and cold latitudes than in South Africa. Indirect evidence sug-
gested that George III of England and other members of the royal 
houses of Stuart, Hanover, and Prussia suffered from this form 
of porphyria (often called the royal malady).456 Attempts at ret-
rospective diagnosis with DNA material from deceased relatives 
of George III were undertaken but have not proved conclusively 
that he had VP.457 An analysis of hair from the king had revealed 
high concentrations of arsenic, and its source was considered con-
sistent with the king’s medications as was its likely contribution 
to his illness by interfering with heme metabolism.458 Measured 
against the nature of VP as currently understood, the case for 
porphyria in George III is now largely discredited.459

Molecular Basis and Pathogenesis
PPOX activity is half-normal in cultured skin fibroblasts460 and 
blood lymphocytes461 and accounts for the observed pattern 
of porphyrin excretion (Table 26.2). The gene for the enzyme 
was the last of the heme synthesis enzymes cloned and char-
acterized,462–465 and it has been mapped to chromosome 1 
(1q22).462,464 To date, 179 distinct mutations in the PPOX 
gene have been identified in patients with VP throughout the 
world10,452 and include missense and nonsense mutations, inser-
tions, deletions, and splice site mutations. Most of the mutations 
occur in single pedigrees, and only approximately 8% occur in 
four or more families. One mutation (C452T) in exon 3 of the 
gene, causing replacement of arginine by tryptophan in codon 
59 (Arg59Trp), is found in 95% of VP patients in South Africa.466 
It is also found in Holland, and extended haplotype studies in 
South African and Dutch VP families carrying the mutation 
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have confirmed their common ancestry.467 When expressed in 
Escherichia coli, the mutant protein had an almost undetectable 
catalytic activity, presumably related to its location in the binding 
motif of flavin adenine dinucleotide, an essential co-factor for the 
enzyme.468 On average, mutations in heterozygotes are associated 
with a PPOX activity of 50%, with loss of all enzyme activity from 
the mutant allele, and thus are referred to as severe mutations. 
In double heterozygotes and homozygotes, enzyme activities are 
<20% of normal, which would be contributed by residual activity 
of the mutant protein encoded by at least one of the alleles in het-
eroallelic cases or by residual activity from both alleles in homoal-
lelic cases. Such mutations are referred to as mild. The functional 
consequences of many of the mutations have been predicted on 
the structure of the crystallized protein.469,470

The photosensitivity symptoms result from the accumulating 
porphyrins, which are released into plasma and exert the photo-
chemical reactions in the skin.23 Protoporphyrinogen is a compet-
itive inhibitor of CPOX471 and, as such, is believed to account also 
for the accumulation and increased excretion of coproporphyrin.

The neurovisceral symptoms in VP are attributed to an asso-
ciated relative deficiency of hepatic PBGD.472 This enzyme is 
inhibited by coproporphyrinogen and protoporphyrinogen in an 
allosteric manner, and their accumulation can account for the 
relative PBGD deficiency.473 The inhibition is insufficient to pro-
duce biochemical changes of increased ALA and PBG excretion 
during quiescent periods. Together with increased demands for 
heme and induction of ALA synthase by endogenous or exogenous 
porphyrinogenic agents, the PBGD step is considered to become 
rate limiting so that the porphyrin precursors accumulate, 
accounting for the neurovisceral manifestations as in AIP. That 
the liver is the principal site for the accumulation of heme synthe-
sis intermediates appeared to be confirmed in a patient with VP 
who was considered recovered from the porphyria following liver 
transplantation for alcohol-associated cirrhosis.474

Clinical Description
VP is rarely expressed before puberty, and it is not uncommon 
for the disease to remain clinically and biochemically latent 
throughout life.452 Previously, in South Africa, 90% of patients 
were symptomatic, and cutaneous involvement was the initial 
feature in one half of patients.451 More recent experience reflects 
a changing pattern with <10% of VP patients experiencing a neu-
rovisceral attack,475,476 and, with the advent of genetic testing, up 
to 60% are asymptomatic.452 The changes are attributed to more 
sensitive diagnostic testing, physician and patient education, and 
less use of drugs that precipitate symptoms. In the United States 
and Europe, skin manifestations are uncommon and, when pres-
ent, tend to be mild and rarely are the initial manifestation of the 
disease.452,453

The characteristic cutaneous feature is severe mechanical fra-
gility of the skin that is limited to sun-exposed areas, especially 
the face and hands (Fig. 26.7), and is often indistinguishable from 
PCT. Trivial mechanical trauma to these areas results in detach-
ment of the epidermis from the dermis, with formations of bullae 
or erosions. The light microscopic and ultrastructural changes 
in the skin of patients with VP are also similar to those found in 
PCT. Vascular walls are particularly affected, and the pathologic 
changes are observed in asymptomatic patients with increased 
porphyrin excretion.477 In addition, facial hypertrichosis and 
hyperpigmentation are common.

The neurovisceral attacks of VP do not differ in any important 
respect from those of AIP, although hyponatremia was quite com-
mon;451 psychiatric features are uncommon.452 Acute attacks are 
less common in VP than in AIP and usually occurred after expo-
sure to a porphyrinogenic drug (Table 26.4).358,451,478 In early 
studies, the mortality rate during an acute attack approached 25% 
but was subsequently reduced dramatically.358,479

Hepatocellular carcinoma developed in six reported cases;480 
four of them were elderly individuals (age ≥70). Because VP pre-
senting in old age is uncommon, it is possible that the porphyria 
manifested a paraneoplastic feature in some of them, as observed 
in PCT. Regular screening for the tumor in patients with VP is 
suggested.480

To date, 13 unrelated compound heterozygotes and two homo-
zygotes for PPOX defects have been encountered.10,452 The major 
clinical features are severe photosensitivity and, commonly, mental 
retardation, seizures, sensory neuropathy, retarded growth, and 
skeletal abnormalities. With onset in adolescence, the permanent 
neurologic features are absent, but neurovisceral attacks may occur.

Laboratory Findings
Patients with symptomatic VP with skin disease or with neuro-
visceral features uniformly have abnormal biochemical findings. 
The most characteristic laboratory abnormality is the excretion 
of large amounts of protoporphyrin and coproporphyrin in the 
feces.20,451,479 In South African patients, fecal protoporphyrin 
excretion reached 1,500 mg/g dry weight, and fecal coproporphy-
rin excretion reached 1,300 mg/g dry weight (normal total fecal 
porphyrin excretion is <200 mg/g).451 A significant feature is the 
presence of 5-COOH porphyrins.481 The diagnosis of VP can be 
established by fecal analysis during an acute attack, during peri-
ods when only cutaneous manifestations are present, or during a 

A

B

FIGURE 26.7. Cutaneous manifestations of variegate porphyria. A: Bulla on index finger, 
pigmented scars, and collapsed blisters at fingertips of a 27-year-old woman. B: Hands of a 
36-year-old man. Note erosions on back of hands, depigmented scars of past lesions, and 
subungual involvement. (Courtesy of Dr. Lennox Eales, University of Cape Town, South Africa.)
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clinically latent stage of the disease with high-performance liquid 
chromatography techniques. However, up to 30% of asymptomatic 
patients have normal fecal porphyrin profiles.452 Measurement of 
porphyrins in bile sampled by duodenal aspiration was shown in 
a series of patients to provide a clearer differentiation between 
patients or carriers and normal subjects, particularly in people 
in whom fecal porphyrin values are indeterminate.482 The mean 
biliary porphyrin value in patients with VP was 68.0 mmol/l, as 
compared with 0.7 mmol/l in normal controls, and the lowest 
patient value was more than nine times the highest control value.

Because the plasma porphyrins are commonly increased in VP, 
examination of plasma for the characteristic fluorescence emis-
sion spectrum (emission maximum, 626 nm, at neutral pH)20 is 
probably the fastest way to establish the diagnosis in symptomatic 
patients. For the detection of asymptomatic carriers, this method 
was found to be 100% specific and 86% sensitive in one study.483 
It was not considered sufficiently sensitive in another study484 or 
when it was compared to DNA analysis.485

During acute attacks, ALA and PBG are excreted in large 
amounts in the urine, as in AIP. However, the demonstration of 
excessive urinary ALA or PBG justifies only the diagnosis of acute 
porphyric attack, and a more specific diagnosis is not possible 
without analysis of the feces or plasma. In contrast to AIP, uri-
nary excretion of ALA and PBG generally returns to normal after 
an acute attack20,451,452 and usually is normal or only slightly 
increased in patients in whom the only clinical manifestations are 
cutaneous. During latent periods, urinary porphyrin excretion is 
usually normal; during acute attacks, or in the presence of super-
imposed liver dysfunction, it may be greatly increased.20,451,479 
When cutaneous symptoms alone are present, coproporphyrin 
is the major urinary porphyrin, but uroporphyrin excretion may 
also be increased.451 During acute attacks, nonenzymatic conver-
sion of PBG to uroporphyrin may occur, giving rise to an artifac-
tually dramatic elevation of urinary uroporphyrin excretion.451

Measurement of PPOX activity can establish the diagnosis. 
Because it is a mitochondrial enzyme, the assay requires nucle-
ated cells, such as Epstein–Barr-transformed lymphocytes.472,473 
Time and costs involved make it impractical as a routine diagnos-
tic test. The erythrocyte protoporphyrin is somewhat increased in 
heterozygotes. In homozygotes or double heterozygotes, it ranges 
from five to ten times above normal; anemia is usually absent.

Treatment
Acute attacks should be prevented and treated as outlined for 
AIP. Hemin or heme arginate is used for severe attacks and is 
most effective if administered early in the course of the attack.392 
Glucose may be of benefit.451 Protection against sun exposure is 
the only practical way to deal with the photosensitivity.

Identifying abnormal gene carriers in families is important 
because, as in AIP, most acute attacks can be prevented by avoid-
ing precipitating drugs or other factors. Because biochemical 
studies apart from assay of the PPOX enzyme are often incon-
clusive in asymptomatic individuals, mutational analysis is the 
definitive approach for detection of carriers.

Animal Models of Variegate Porphyria
A mouse model for South African VP with the Arg59Trp mutation 
has been established by targeted gene replacement.486 The bio-
chemical features closely resemble the human disease.

A zebrafish mutant (montalcino) with a defect in the ppox gene 
has been isolated and displays a recessive inheritance pattern.487 
The mutant also has hypochromic anemia, which could be par-
tially rescued by the human gene.

hereditary Coproporphyria
Hereditary coproporphyria (HCP) is transmitted as an auto-
somal dominant trait with a low penetrance. Mutations in the 

gene encoding CPOX (Fig. 26.1) result in impaired activity of the 
enzyme and lead to accumulation and excessive excretion of cop-
roporphyrin. Analogous to VP, the porphyrin produces photosen-
sitivity, and neurovisceral attacks occur with induction of heme 
biosynthesis.

Excessive fecal excretion of coproporphyrin by a patient with 
porphyria was first noted in 1936,488 clinical features were 
recorded in 1949,489 and the first comprehensive description 
of the disorder was that of Berger and Goldberg.490 A review 
describing clinical and laboratory findings in 111 patients with 
HCP appeared in 1977.491 The disorder is less common than AIP 
and VP.

Molecular Basis and Pathogenesis
CPOX activity is reduced to half-normal in all tissues examined, 
including cultured skin fibroblasts,492 mixed leukocytes,491 lym-
phocytes,493 liver,494,495 and kidney.495 In homozygotes, enzyme 
activity was 10% of normal.496,497 The cloning and characteriza-
tion of the CPOX gene,498–500 which is located on chromosome 3 
(3q12),501 led to the identification of numerous mutations in the 
gene. To date, 64 different mutations have been reported, and 
almost all have been restricted to single families.10,502 The muta-
tions are predominantly missense mutations affecting enzyme 
function or stability or leading to production of incomplete pro-
teins. Despite the marked allelic heterogeneity at the molecular 
level and a wide range of residual enzyme activities of mutant 
proteins, clinical features are similar.

The pathogenesis of the clinical features can be viewed as the 
same as in VP, with induction of ALA synthase during attacks.503 
The photosensitivity occurs mainly during periods of a neurovis-
ceral attack, probably because plasma levels of the photosensitiz-
ing coproporphyrin become sufficiently elevated. Coproporphyrin 
is transported efficiently from the hepatocyte into bile or plasma 
and does not accumulate in the liver.504

Clinical Description
The disease is generally latent before puberty, and two thirds of 
patients have no symptoms.491,505 In one patient, the first attack 
occurred at age 84.505 Acute attacks are usually precipitated 
by drugs,506 and acute peripheral neuropathy may be the only 
manifestation.507,508 The neuropathic findings are similar to those 
of AIP509,510 but are generally less severe; occasionally, only psy-
chiatric features are evident.506 Photosensitivity is less common 
than in VP, and unlike in the latter, it tends to occur mainly in the 
presence of neurovisceral episodes. Rarely, intermittent episodes 
of cutaneous symptoms may be the only clinical manifestation of 
the disease.491 They are similar to those of VP and PCT. The few 
homozygotes reported had early manifestations.490,496,497

One case of hepatocellular carcinoma associated with HCP 
has been reported.511 After surgical resection, no recurrence was 
observed at 5 years of follow-up.

Laboratory Findings
The fecal coproporphyrin level is usually increased after puberty 
and may approach or exceed 10,000 mg/g dry weight during an 
attack. An increase in the fecal coproporphyrin isomer III-to-
isomer I ratio is uniformly a distinguishing feature, including 
latent cases in whom fecal coproporphyrin may be normal.502,512 
During acute attacks, urinary coproporphyrin excretion may be 
profoundly increased but usually is normal during remissions. As 
in VP, urinary ALA and PBG are typically increased only during 
attacks.

Treatment
HCP should be managed as described under AIP and VP. Heme 
arginate is effective for acute attacks513,514 as well as for needed 
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maintenance therapy with regular infusions.515 Detection of 
affected relatives of patients is important because avoiding spe-
cific drugs will probably prevent overt symptoms. CPOX assay is 
not available as a clinical test, leaving stool porphyrin determina-
tions as the only practical method for screening carriers short 
of molecular analysis when the mutation in the family can be 
identified.

Erythropoietic Harderoporphyria
In this clinically distinct variant of HCP, unique kinetic character-
istics of the CPOX enzyme are associated with accumulation of 
a tricarboxylic coproporphyrin, harderoporphyrin.516,517 In five 
affected patients the enzyme activity ranged from 18% to 24%.517 
The two missense mutations reported, predicting the codon 
changes Lys404Glu and His327Arg, affect the second decarbox-
ylation of coproporphyrinogen III to protoporphyrinogen IX with 
the inappropriate release of harderoporphyrin, the intermediate 
substrate of the reaction, from the enzyme.517,518,519

Homozygotes for the Lys404Glu mutation, or double hetero-
zygotes paired with a CPOX null allele, had transient neonatal 
hemolytic anemia and mild microcytic anemia with variable 
photosensitivity in adulthood; neurologic symptoms were absent. 
Associated iron overload is attributed to presumed ineffective 
dyserythropoiesis.517 Erythrocyte porphyrins are increased two- 
to threefold. Urine coproporphyrin plus harderoporphyrin is 
increased about twentyfold. Fecal porphyrins are increased sev-
eralfold and the predominant porphyrin is harderoporphyrin. The 
infant homoallelic for the His327Arg mutation with a hardero-
porphyria phenotype and massively increased urine  porphyrins 
succumbed early to an apparent acute porphyric attack.519 
Heterozygotes have a normal phenotype.

Dual PorPhyria
During the last three decades, a number of families were discov-
ered to have defects of two distinct porphyrias. In two families, 
individuals had one or the other trait. Two cases of PCT were 
described in a family in which five other members had VP.520 In 

a second instance, the father had PCT and the daughter had typi-
cal EPP.521

Based on clinical and biochemical studies and a few mutational 
analyses, 10 different combinations have been described in which 
patients possessed two porphyria defects (Fig. 26.8). The first 
such type reported involved the occurrence of VP and PCT.522 
In South Africa, 25 of 106 patients with VP excreted porphy-
rins typical of PCT as well. The clinical features and subsequent 
enzyme assays523 were consistent with those of both porphyr-
ias. Biochemical data in further cases were also consistent with 
concomitant defects of VP and PCT, but family studies were not 
reported.524,525 Additional dual porphyrias consisting of an acute 
form plus a cutaneous form that have been encountered include 
AIP with PCT, with clinical manifestations of both defects;526 HCP 
with PCT;527 HCP with CEP in a child manifesting hepatospleno-
megaly, hemolytic anemia, severe photodermatosis, and impaired 
growth and mental development;528 and AIP with possible EPP 
and severe neurovisceral manifestations that were fatal.529 In the 
latter case, biochemical studies reflected a PBGD defect as well as 
FECH deficiency. Analysis of the sciatic nerve revealed reduced 
PBGD activity coupled with increased activity of ALA synthase, 
representing the first such data in human neural tissue.

In 1985, a large kindred of 200 descendants stemming from a 
marriage in 1886 was encountered in Chester, Scotland, in which 
clinical presentations had been typical of AIP and, in some cases, 
were severe and fatal.530–532 Biochemical studies reflected values 
ranging from those observed in AIP to those found in VP. Clinically 
affected patients had both deficient PBGD and PPOX activities in 
peripheral blood leukocytes, although there appeared to be some 
overlap with control values in some cases.530 A linkage analysis 
with polymorphic markers suggested that the locus for the disease 
is on chromosome 11 and separate from the PBGD gene.533 Later 
DNA analyses of this family revealed a nonsense mutation in the 
PBGD gene but a defect was not detected in the PPOX gene.534  
A second form of two co-existing acute porphyria defects involved 
PBGD and CPOX.535 Among 17 family members examined, the 
dual enzyme deficiency was found in five, PBGD deficiency alone 
in four, and CPOX deficiency alone in two.535 Only the proband 
with both defects suffered mild acute attacks of porphyria and had 
the most marked changes in porphyrin and porphyrin precursor 

ALA synthase 

ALA dehydratase

PBG deaminase 

Uroporphyrinogen III synthase 

Uroporphyrinogen decarboxylase 

Coproporphyrinogen oxidase 

Protoporphyrinogen oxidase

Ferrochelatase

(537) 
(536,
540)

(522–
525)

(529) 

(527) 

(528)

(535)

?

(530–532,534)

(526,
541) 

(539)

FIGURE 26.8. Enzyme defects in dual porphyrias. Pairs of the respective 
enzymes involved in the 10 reported forms of dual porphyria are joined by brack-
ets. ALA, 5-aminolevulinic acid; PBG, porphobilinogen. (Reference numbers in 
parentheses.)

72683_ch026_0682-0706.indd   702 17/07/13   5:35 PM



 Chapter 26 Porphyrias 703

D
is

or
de

rs
 o

f 
r

ed
 C

el
ls

excretions, probably involving a precipitating factor. In a third 
example, HCP with partial ALAD deficiency was characterized by 
a severe neurologic attack.536 A boy had a deficiency of enzymes 
representing two nonacute porphyrias, UROS and UROD, which 
caused severe photosensitivity and hemolytic anemia,537 with 
subsequent development of severe osteoporosis, renal and liver 
siderosis, and nephrotic syndrome.538 A last reported family with 
digenic inheritance of HCP and VP was confirmed at the molecu-
lar genetic level.539 Identification of specific molecular defects 
had substantiated two other forms of dual porphyria mentioned 
above.540,541

The occurrence of these combinations of porphyrias, for the 
most part, probably represents coincidental inheritance of two 
defects. In some instances, consanguinity of parents was noted. 
Atypical findings of porphyrins and their precursors encountered 
in the diagnostic evaluation may indicate the presence of a com-
plex porphyric state.

Key CliniCal suMMary Points

Broad Definitions of the eight porphyrias
The porphyrias comprise a group of distinct genetic disorders, 
each resulting from the partial deficiency (with one exception) of 
a specific enzyme in the eight-step heme biosynthetic pathway 
(Fig. 26.1) with its root cause known at the molecular level. The 
pathophysiology of clinical manifestations rests on the toxicity 
profile of the accumulated pathway intermediate(s) (Table 26.2) 
caused by the enzyme deficiency, much like roadwork causing a 
traffic jam in front of the roadwork. Additionally, although heme 
synthesis is essential in all cells, the metabolic block of a defective 
enzyme in porphyrias is expressed either in the liver or in the ery-
throid tissue, the principal sites of body heme production. Thus,

Acute hepatic porphyrias (AIP, VP, HCP, ADP) are clinically 
expressed when the impaired heme pathway in the liver is taxed 
further through its marked induction by factors such as drugs 
(P450 inducers), progesterone, and dietary restrictions so that 
PBG and neutrotoxic ALA accumulate, leading exclusively to neu-
rovisceral manifestations. The sites of the primary biosynthetic 
block in VP and HCP account for porphyrin accumulations also 
causing cutaneous photosensitivity.

Porphyria cutanea tarda (PCT), or chronic hepatic por-
phyria, is expressed in the liver and is linked to deficient UROD 
in combination with various hepatotoxins (iron, alcohol, viral 
hepatitis, estrogen), causing insidious, protracted skin fragility 
and a bullous photodermatosis due to uroporphyrin accumula-
tion. Although familial PCT (Type II), associated with inherited 
UROD deficiency, is less common than the sporadic (Type I) form, 
a genetic basis for the latter has not been identified.

Erythropoietic protoporphyria (EPP) is expressed in ery-
throid cells where the deficient FECH enzyme becomes rate 
limiting for heme synthesis. The nature of the accumulated 
protoporphyrin uniquely elicits acute cutaneous photosensitivity 
without blistering or skin fragility. Fulminant protoporphyric liver 
disease occurs unpredictably in ≤5% of patients.

X-linked protoporphyria (XLPP), as EPP, is expressed in 
erythroid tissue but is much less common. It is unique among 
the porphyrias in that it is caused by genetic gain-of-function 
defects in the erythroid ALAS (ALAS2) enzyme. The overactive, 
rate controlling enzyme of the erythroid heme pathway drives the 
pathway excessively so that FECH and iron become rate limiting. 
Both free and zinc protoporphyrin accumulate in greater amounts 
and protoporphyric liver disease is more frequent than in EPP.

Congenital erythropoietic porphyria (CEP) is expressed in 
erythroid cells where the roadblock due to marked UROS deficiency 
coupled to the site of 85% of body heme production results in mas-
sive uroporphyrin and coproporphyrin accumulation, causing the 

most severe photodermatosis of the cutaneous porphyrias with 
usual onset in early life.

In the presence of clinical manifestations, accurate diag-
nosis of each porphyria can be established with characteristic 
laboratory test abnormalities.

Diagnosis and treatment of acute hepatic 
porphyrias (aIp, Vp, hCp)

Diagnosis
Consider an acute porphyria attack in all adults with unexplained 
symptoms seen in acute porphyria (Table 26.3). Suggestive fea-
tures are as follows: abdominal pain, muscle weakness, CNS 
disturbance, seizures, hyponatremia, dark or orange-red urine.

Test for increased urine PBG in single-voided sample with 
Rapid PBG Test Kit (Thermo Fisher Scientific Inc., Middleton, 
VA), which is singularly specific for diagnosis of an acute attack in 
AIP, VP, and HCP. Then save same urine sample to establish the 
porphyria type by quantitation of ALA, PBG, and porphyrin levels 
together with measurements of plasma porphyrin, fecal porphy-
rins, and erythrocyte PBGD (Table 26.2).

During remission, these quantitative tests can usually but not 
always establish the diagnosis. Suggestive but inconclusive results 
can be confirmed by mutational analysis.

Treatment
For a documented acute attack: (1) Usually hospitalize patient 
for control of acute symptoms: withdraw unsafe medications 
(Table  26.4), correct dehydration/electrolyte imbalance; provide 
nutritional support and narcotic analgesics for pain, phenothi-
azine for nausea/vomiting, b-adrenergic blockers for hyperten-
sion; consider seizure precautions. (2) Begin hemin (3 to 4 mg/
kg/day for at least 4 days) as soon as possible; give intravenous 
glucose (10%, 300 g/day) for mild attacks or while awaiting hemin 
delivery. (3) Monitor patient closely for respiratory and neurologic 
status; serum electrolytes, magnesium, and renal function; blad-
der distention.

Follow-up
(1) Educate patient and family about the disease, its inheri-
tance, precipitating factors, and important preventive mea-
sures. (2) Encourage patient to wear medical alert bracelet 
and to keep records of diagnostic studies and recommended 
therapy. (3) Treat chronic manifestations such as pain and 
depression, and disability. (4) Provide access to genetic test-
ing for patient and family members. (5) Consider monitor-
ing for hepatocellular carcinoma with hepatic imaging.  
(6) For severe recurrent attacks unresponsive to supportive ther-
apy, consider curative liver transplantation as last resort.

Diagnosis and treatment of porphyria Cutanea 
tarda (pCt)

Diagnosis
Consider in all patients with symptoms of cutaneous fragility, blis-
ter formation, poorly healing ulcerations.

Plasma porphyrin is increased. Urine uroporphyrin with 7- 
carboxylate porphyrin is usually ≥1,000 mg/24 hrs. In Type II 
PCT erythrocyte UROD activity is ∼50% of normal and is normal 
in Type I PCT.

Assess for factors precipitating clinical disease: iron overload 
with serum transferrin saturation, serum ferritin, DNA analysis 
for genetic hemochromatosis; hepatitis C, HIV; alcohol excess; 
estrogen use; chronic renal disease.
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Treatment
(1) Discontinue any risk agents. (2) Perform one unit (500 ml) 
phlebotomy every 2 weeks to serum ferritin level of ∼20; if phle-
botomy is contraindicated or not tolerated, use oral hydroxychlo-
roquine (100 mg twice a week) or chloroquine (125 mg twice a 
week). (3) In presence of chronic renal disease, facilitate phlebot-
omy with erythropoietin. (4) Provide sunscreen agent against the 
400 to 420 nm light spectrum until primary therapy is effective. 
(5) Treat any concomitant hepatitis after patient is de-ironed.

Follow-up
(1) Educate patient about the disease and preventive measures. 
(2) Monitor plasma porphyrin yearly for potential symptom recur-
rence. (3) In the presence of hepatitis or cirrhosis, monitor yearly 
for hepatocellular carcinoma with hepatic imaging. (4) Consider 
mutation analysis if Type II PCT likely, then genetic testing of fam-
ily members.

Diagnosis and treatment of erythropoietic 
protoporphyria and X-linked protoporphyria

Diagnosis
Consider in infants/children with cutaneous symptoms of intense 
burning pain often within minutes of sun/light exposure, with 
or without redness or swelling. Chronic changes of sun-exposed 
skin include shallow facial scars and/or leathery skin over dorsal 
hands. Very rarely advanced liver disease may be the predomi-
nant presenting feature. In adults the clinical phenotype suggests 
late onset disease associated with a clonal hematopoietic disorder.

In EPP, free erythrocyte protoporphyrin is ≥600 mg/dl; plasma 
porphyrin is usually increased. In XLPP, erythrocyte protoporphy-
rin is ≥1,000 mg/dl, ∼60% as free and ∼40% as zinc-protopor-
phyrin. Fecal porphyrins may be increased or normal.

Assess hepatic function.

Treatment
(1) Avoid sunlight (including long-wave UV light that passes 
through windows) with protective clothing. (2) Suggest a tanning 
product that increases pigmentation. (3) Advise a trial of synthetic 
b-carotene (LumitineTM, Tishcon Corp., Westbury, NY) to improve 
sunlight tolerance. (4) Prescribe the α-melanocyte-stimulating 
hormone analog afamelanotide (ScenesseTM, Clinuvel, Melbourne, 
Australia) upon its approval; it is available in Europe and in clini-
cal trial in the United States. (5) Prevent vitamin D insufficiency 
with supplementation if blood levels are low. (6) Avoid cholestatic 
agents (e.g., estrogens) if hepatic dysfunction present.

For severe liver disease: cholestyramine and other porphyrin 
absorbents, plasmapheresis and intravenous hemin may be help-
ful; liver transplantation and/or HSCT may be required.

Follow-up
(1) Educate patient and family about the disease. (2) Provide 
patient and family members access to genetic testing. (3) Monitor 
erythrocyte protoporphyrin(s) and hepatic function yearly; if cho-
lelithiasis is suspected, monitor with imaging.

Diagnosis and treatment of Congenital 
erythropoietic porphyria

Diagnosis
Consider in infants/children with symptoms of marked skin fragil-
ity, bullous photodermatosis prone to infection, disfigurement of 
face and hands in time; red, fluorescent diaper discoloration may 

be an initial clue for the disorder. Beginning in adults, the cuta-
neous symptoms most likely reflect late onset disease associated 
with a clonal hematopoietic disorder.

Measurement of erythrocyte, plasma, urine, and fecal por-
phyrins reveals massively increased levels of uroporphyrin I and 
coproporphyrin I.

Evaluate for hemolytic anemia and test for dental fluorescence.

Treatment
(1) Rigorously protect from sunlight and treat infected skin 
lesions. (2) Give red cell transfusions for symptomatic ane-
mia; splenectomy may be necessary for marked hypersplenism. 
(3) Erythrocyte hypertransfusion reduces porphyrin accumu-
lation and requires management of attendant iron overload.  
(4) Porphyrin binders (e.g., oral charcoal) may decrease the por-
phyrin burden. (5) Consider HSCT for severe progressive disease; 
it has been successful and curative in 17 of 21 patients so treated.

Follow-up
See Reference 39.

Mutation analysis
After biochemical studies have defined the type of porphyria, 
DNA analysis to identify the disease causing mutation(s) is recom-
mended, permitting rapid and accurate detection of asymptomatic 
at-risk family members. Mutation analysis is available for each 
porphyria at The Mount Sinai Porphyria Diagnostic Laboratory, 
toll-free at 866-322-7963.
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This chapter focuses on hemolytic disorders and abnormalities 
of red blood cell (RBC) shape resulting from alterations of the 
erythrocyte membrane. The major emphasis is on the hereditary 
spherocytosis (HS) and hereditary elliptocytosis (HE) syndromes 
because these are most commonly encountered by clinicians.1 The 
traditional classification of these disorders, retained in this chap-
ter because of its clinical applicability (Fig. 27.1), has been based 
on RBC shape changes. There has been an explosion of knowledge 
regarding the biology of the erythrocyte membrane, providing a 
better understanding of membrane structure and function as well 
as revealing the heterogeneous and diverse pathobiology of these 
disorders. Readers should consult prior editions of this text for 
details of previously cited primary references.

tHe eRytHRoCyte membRane
The erythrocyte membrane, because of its easy accessibility, is the 
most studied biologic membrane. Composed of a lipid bilayer and 
an underlying cortical membrane skeleton (Fig. 27.2), the eryth-
rocyte membrane provides the red cell with the deformability and 
stability required to withstand its travels through the circulation. 
The erythrocyte is subjected to high sheer stress in the arterial 
system, dramatic changes in size in the microcirculation with 
capillary diameters as small as 7.5 mm, and marked fluctuations 
in tonicity, pH, and pO2 as it travels through the body.2

The lipid bilayer is composed primarily of phospholipids inter-
calated with unesterified cholesterol and glycolipids. Phospholipids 
are asymmetrically organized, with the choline phospholipids, 
phosphatidylcholine (PC) and sphingomyelin (SM), primarily in the 
outer half of the bilayer; and the amino phospholipids, phospha-
tidylethanolamine (PE) and phosphatidylserine (PS), in the inner 
half of the bilayer.3 In pathologic states, such as thalassemia, 
sickle cell disease, and diabetes, loss of phospholipid asymmetry 
with externalization of PS leads to activation of blood clotting via 
conversion of prothrombin to thrombin and facilitates macro-
phage attachment to erythrocytes, marking them for destruction.4

Lipids are arranged in domains within the bilayers, as 
large, lipid-rich macroscopic domains, protein-bound microscopic 
domains, or domains associated with the detergent-resistant frac-
tion of the membrane (called DRM or lipid rafts).5,6 The role(s) of 
these domains has yet to be elucidated, but DRM domains may 
facilitate malarial invasion of the erythrocyte.7,8

The erythrocyte membrane contains about 15 major proteins 
and hundreds of minor ones.9–11 One erythrocyte proteomic 
study found 340 of 527 proteins were membrane-associated.12 
A human erythrocyte proteome database is maintained at the 
 Max-Planck Unified (MAPU) proteome database: http://www.

mapuproteome.com/rbc.13 Typically, membrane proteins are 
classified as integral, penetrating or crossing the lipid bilayer and 
interacting with the hydrophobic lipid core, or peripheral, inter-
acting with integral proteins or lipids at the membrane surface 
but not penetrating into the bilayer core. The integral membrane 
proteins include the glycophorins, the Rh proteins, Kell and Duffy 
antigens, and transport proteins such as band 3 (AE1, anion 
exchanger 1), Na+,K+-ATPase, Ca2+-ATPase, and Mg2+-ATPase. 
An assortment of membrane receptors and antigens are present 
on various integral membrane proteins. Peripheral membrane 
proteins include the structural proteins of the spectrin–actin-
based membrane skeleton.14

The membrane skeleton, composed of an intricately interwo-
ven meshwork of proteins, interacts with both integral membrane 
proteins and the lipid bilayer.14 The major proteins of the mem-
brane skeleton include spectrin, actin, ankyrin, protein 4.1R, and 
protein 4.2 (Fig. 27.2 and Table 27.1).

Spectrin is the principal structural component of the membrane 
skeleton, as well as its most abundant protein, comprising 25% to 
30% of membrane protein. Spectrin functions include provision 
of structural support for the lipid bilayer, maintenance of cellular 
shape, and regulation of lateral movement of integral membrane 
proteins.9 Spectrin is composed of a and b chains, which, despite 
a number of similarities, including both containing 106 amino acid 
a-helical “spectrin repeats” composed of triple-helices linked by 
short connecting regions, are distinct proteins encoded by separate 
genes. ab-Spectrin chains intertwine in an antiparallel manner to 
form 100-nm long heterodimers. These ab-spectrin heterodimers 
self-associate with other ab-spectrin heterodimers to form (ab)2 het-
erotetramers, the functional spectrin subunit in the erythrocyte.15 
Tetramers provide significant flexibility and structural support 
for the lipid bilayer, helping maintain cellular shape.9,16 Spectrin 
 heterodimer–tetramer interconversion is governed by a simple ther-
modynamic equilibrium that favors tetramer formation.17

The primary linkage of spectrin to the plasma membrane is 
via binding of spectrin tetramers to ankyrin, which in turn binds 
to the integral protein band 3.18 Protein 4.2 binds to band 3 and 
probably to ankyrin, presumably promoting their interactions.19

A second linkage of spectrin to the plasma membrane is medi-
ated by its association with the “junctional complex,” a multipro-
tein complex that includes spectrin, actin, adducin, and protein 
4.1R.20 Protein 4.1R directly interacts with both spectrin and 
actin, as well as other proteins of the junctional complex and the 
plasma membrane including band 3, glycophorin C (GPC), p55, 
calmodulin, CD44, pIC1n, CASK, mature parasite-infected anti-
gen, and phosphatidylserine. Other important junctional complex 
proteins include the b subtype of actin, tropomyosin, tropomodu-
lin, p55, and adducin.9 Adducin is a heterodimer of structurally 
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Stomatocytes

Elliptocytes

Poikilocytes/fragments

Severely impaired horizontal protein
interactions (hemolytic HE, HPP)

Expansion of outer lipid bilayer relative to
inner surface (uremia, PK deficiency, artifact)

Accumulation of cholesterol in outer lipid
bilayer (liver disease)

Accumulation of sphingomyelin in outer lipid
bilayer (abetalipoproteinemia)

Echinocytes

Acanthocytes
Expansion of inner surface of bilayer
relative to outer aspect (vinca alkaloids,
alcoholism, cation permeability disorders)

Deformation due to altered horizontal
membrane protein (spectrin-dimer)
interactions (common HE)

Target cells

Reflects   surface area: volume

Absolute   surface area due to    phospholipid
and cholesterol (obstructive liver disease)

Relative   surface area due to    volume (iron
deficiency, thalassemia, HGB E, HGB C)

Spherocytes

R-E removal of antibody and RBC membrane
fragments (autoimmune hemolysis)

Spectrin, ankyrin, and/or band 3 deficiency
         membrane instability       loss of
membrane lipid          surface area (   MCV)
(hereditary spherocytosis)

FIGURE 27.1. Diagrammatic representation of abnormal cells associated with alterations in the erythrocyte membrane. HE, hereditary elliptocytosis; 
HGB, hemoglobin; HPP, hereditary pyropoikilocytosis; MCV, mean corpuscular volume; PK, pyruvate kinase; RBC, red blood cell; R-E, reticuloendothelial.

related proteins, a-, b-, or g-adducin, which functions in the early 
assembly of the spectrin/actin complex by capping the ends of 
fast-growing actin filaments and by recruiting spectrin to the ends 
of actin filaments.20,21

Another membrane skeleton linkage to the plasma membrane 
is mediated via binding of a multiprotein complex containing the 
Rh proteins, the RH-associated glycoproteins, CD47, LW, gly-
cophorin B, and protein 4.2 to ankyrin.

Erythrocyte membrane disorders result from alterations in 
the quantity or quality (or both) of individual proteins and their 
dynamic interactions with each other.2,22 Disruption of the 
vertical protein–protein interactions of the membrane, i.e., the 
spectrin–ankyrin–band 3 linkage or the band 3–protein 4.2 inter-
action, leads to uncoupling of the membrane skeleton from the 
lipid bilayer. This leads to membrane instability with loss of lipids 
and some integral membrane proteins, resulting in loss of mem-
brane surface area and the phenotype of spherocytosis (Fig. 27.2). 
Disruption of the horizontal interactions of membrane skeleton 
proteins, including perturbation of spectrin self-association or 
junctional complex protein–protein interactions, leads to mem-
brane instability, altered membrane deformability and mechani-
cal properties, and the phenotype of elliptocytosis (Fig. 27.2).23

Development of biochemical techniques has allowed the sepa-
ration and quantification of membrane proteins (Fig. 27.3) and the 
detection of membrane protein abnormalities in many hereditary 
red cell disorders. Advances in molecular biology have allowed 
determination of the precise genetic defects in many cases.

HeReDitaRy SpHeRoCytoSiS
HS is a hemolytic disorder characterized by anemia, intermit-
tent jaundice, splenomegaly, and responsiveness to splenec-
tomy.24,25 There is marked clinical heterogeneity, ranging from 
an asymptomatic condition to a fulminant hemolytic anemia. The 
morphologic hallmark of HS is the spherocyte, created by loss of 
membrane surface area and characterized by abnormal erythro-
cyte osmotic fragility (OF) in vitro. The interesting history of HS is 
recounted in detail by Dacie26 and by Packman.27 The earliest clin-
ical account of the disorder is probably the 1871 report of Vanlair 
and Masius,28 and the 1934 studies of Haden drew attention to a 
probable structural abnormality of the membrane as the basis for 
hemolysis.29 Subsequent investigation of HS afforded important 
insights into the structure and function of cell membranes and the 
role of the spleen in maintaining erythrocyte integrity.

prevalence and Genetics
HS is the most common of the hereditary hemolytic anemias 
among people of northern European descent. In the United States, 
the incidence of the disorder is approximately 1 in 3,000 to 
5,000.24,25 When mild and asymptomatic forms of the disease are 
considered, the incidence is closer to 1:2,000.30,31 The disease is 
encountered worldwide, but its incidence and prevalence in other 
ethnic groups are not clearly established.
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4.2

Band 3
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α-Spectrin

Band 3

Glycophorin C

p55
Adducin

4.9

Actin
Tropomyosin

Tropomodulin

Horizontal Interaction
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FIGURE 27.2. The erythrocyte membrane. A model of the major proteins of the erythrocyte membrane is shown: a- and b-spectrin, ankyrin, band 3 (the anion 
exchanger), 4.1R (protein 4.1R) and 4.2 (protein 4.2), Rh (Rhesus polypeptide), RhAG (Rh-associated glycoprotein), LW (Landsteiner-Weiner glycoprotein), actin, and 
glycophorin. Membrane protein–protein and protein–lipid interactions are often divided into two categories: (1) vertical interactions, which are perpendicular to the 
plane of the membrane and involve spectrin–ankyrin–band 3–protein 4.2 interactions and weak interactions between spectrin and the negatively charged lipids of the 
inner half of the membrane lipid bilayer; and (2) horizontal interactions, which are parallel to the plane of the membrane and include interactions between junctional 
complex proteins and spectrin or other membrane proteins. (Reprinted with permission from Perrotta S, Gallagher PG, Mohandas N. Hereditary spherocytosis. Lancet 
2008;372:1411.)

In the majority of affected families, HS is transmitted in an 
autosomal dominant manner. Up to 25% of HS patients demon-
strate nondominant inheritance, and the parents of these patients 
are clinically and hematologically normal.32,33 In many of these 
patients, HS is due to a de novo mutation. In others, it is inherited 
in an autosomal recessive fashion, typically linked to abnormali-
ties in the a-spectrin or protein 4.2 genes. A few cases of severe, 
homozygous HS have been reported, usually in cases where there 
is parental consanguinity.34,35

pathogenesis
The pathogenesis of HS involves the interplay between an intrin-
sic erythrocyte membrane protein defect and an intact spleen that 
selectively retains, damages, and eventually destroys abnormal 
HS erythrocytes.

Membrane Protein Defects
The primary lesion in HS erythrocytes is caused by membrane 
protein defects that result in membrane instability. The first 
biochemical defect recognized in patients with HS was spectrin 
deficiency, and the degree of spectrin deficiency was found to cor-
relate with the extent of spherocytosis, the degree of abnormality 
of the OF test, and the severity of hemolysis (Fig. 27.4).32,33,36–38 
In some cases, spectrin deficiency is the result of impaired syn-
thesis, whereas in other instances, it is caused by quantitative or 
qualitative deficiencies of other proteins that integrate spectrin 
into the cell membrane, especially ankyrin. In the latter case, 
free spectrin is degraded, thereby leading to spectrin deficiency. 
Analysis of red cell membrane proteins in patients with HS has 
identified several major abnormal patterns: spectrin deficiency 
alone, combined spectrin and ankyrin deficiency, band 3 defi-
ciency, protein 4.2 deficiency, or no obvious biochemical abnor-
mality. Each of the variant subsets is associated with mutations 
that result in different protein abnormalities and varied clinical 
expression (Table 27.2).39 A tabulation of these mutations, search-
able by gene or phenotype, maintained by investigators from Yale 
University and the National Human Genome Research Institute of 

the National Institutes of Health, is available at http://research.
nhgri.nih.gov/RBCmembrane/.

spectrin Deficiency
In the erythrocyte, a-spectrin is synthesized in three- to four fold 
excess with b-spectrin synthesis rate-limiting for membrane assem-
bly of ab-spectrin heterotetramers.40,41 Excess a-chains normally 
are degraded. Clinical abnormalities caused by a-spectrin deficiency 
are found only in the homozygous or compound heterozygous 
state, as heterozygotes produce sufficient normal a-spectrin to 
balance b-spectrin production and maintain a normal phenotype. 
In contrast, defects of b-spectrin are clinically apparent in the het-
erozygous state because synthesis of b-spectrin is rate-limiting. Red 
cell membranes from patients with autosomal recessive HS due to 
a-spectrin deficiency have only 40% to 50% the normal amount of 
spectrin, whereas spectrin levels range from 60% to 80% in patients 
with autosomal dominant HS due to b-spectrin defects.24,25

Determination of the precise genetic defects in a-spectrin–linked 
HS has been slow. The large size of the a-spectrin gene (52 exons) 
and decreased mRNA associated with presumed null alleles has 
made mutation detection difficult. However, several variant alleles 
have been associated with a-spectrin–deficient, nondominant 
HS.42,43 These include spectrinBug Hill, an alanine to aspartic acid 
substitution in the aII domain, and spectrinLEPRA, low-expression 
Prague, a C to T substitution associated with increased utilization 
of an alternative acceptor splice site in intron 30. Whether these 
are disease-causing variants or are in linkage disequilibrium with 
other, as yet uncharacterized mutations, has not been determined.

Mutations of b-spectrin impair b-spectrin synthesis or produce 
truncated b-spectrin chains that are unstable or do not bind to 
ankyrin and, thus, are not assembled onto the membrane skel-
eton.44,45 One HS-associated b-spectrin variant, b-SpectrinKissim-

mee, is a point mutation that leads to defective binding of spectrin 
to protein 4.1R.46 Occasionally, cases of b-spectrin–linked HS 
arise de novo.47

ankyrin Defects
Combined spectrin and ankyrin deficiency is the most common 
biochemical abnormality found in the red cell membrane in cases 
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SDS-PAGE 
Band Protein

Amino 
Acids (#)

Molecular 
Weight × 103 
(Gel/Calculated)

Oligomeric 
State Gene Symbol

Chromosomal 
Location Exons (#)

Associated 
Disorders

1 a-Spectrin 2,429 240/281 Heterodimer/
tetramer

SPTA1 1q22–q23 52 HE, HPP, HS

2 b-Spectrin 2,137 220/246 Heterodimer/
tetramer

SPTB 14q23–q24.1 32 HE, HPP, HS

2.1a Ankyrin-1 1,880 210/206 Monomer ANK1 8p11.2 42 HS

2.9 a-Adducin — 97/80 Heterodimer/
tetramer

ADD1 4p16.3 16 —

2.9 b-Adducin 726 97/80 Heterodimer/
tetramer

ADD2 2p13.3 17 —

3 Band 3 (AE1), 
anion exchanger1

911 90–100/102 Dimer or tetramer SLC4A1 17q21 20 HS, HAc, SAO, HSt

4.1b Protein 4.1R 588 80 + 78/66 Monomer EPB41 1p33–p34.2 >23 HE

4.2 Protein 4.2 691 2/77 Dimer or trimer EPB42 15q15–q21 13 HS14

4.9 Dematin 383 48–52/43–46 Trimer EPB49 8p21.1 15 —

4.9 p55 466 55/53 Dimer MPP1 Xq28 12 —

5 b-Actin 375 43/42 Oligomer ACTB 7pter–q22 6 —

5 Tropomodulin 359 43/41 Monomer TMOD 9q22 9 —

6 G3PD 335 35/36 Tetramer GAPD 12p13 9 —

7 Stomatin 288 31/32 Oligomer STOM 9q33.2 7 HSt

7 Tropomyosin 239 27 + 29/28 Heterodimer TPM3 1q31 13 —

PAS-1c Glycophorin A 131 36/14 Dimer GYPA 4q31.21 7 —

PAS-2c Glycophorin C 128 32/14 — GYPC 2q14-q21 4 HE

PAS-3c Glycophorin B 72 20/8 Dimer GYPB 4q31.21 5 —

PAS-3c Glycophorin D 107 23/11 — GYPD 2q14 q21 4 HE

G3PD, glucose 3-phosphate dehydrogenase; HAc, hereditary acanthocytosis; HE, hereditary elliptocytosis; HPP, hereditary pyropoikilocytosis; HS, hereditary spherocytosis; HSt, hereditary 
stomatocytosis; PAS, periodic acid Schiff stain; SAO, Southeast Asian ovalocytosis; SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
a Multiple ankyrin isoforms are seen on SDS-PAGE gels numbered 2.1, 2.1, 2.3, etc.
b Protein 4.1R is a doublet (4.1a and 4.1b) on SDS-PAGE gels, with 4.1a derived from 4.1b by deamidation.
c Glycophorins are visible only on PAS-stained gels.
Modified with permission from Gallagher PG, Lux SE, Disorders of the erythrocyte membrane. In: Nathan DG, Orkin SH, Ginsburg D, Look AT, eds. Hematology of infancy and childhood, 6th ed. 
Philadelphia, PA: WB Saunders, 2003:567–568.

MAJOR HUMAN ERYTHROCYTE MEMBRANE PROTEINS, THEIR GENES, AND ASSOCIATED DISORDERS

taBle 27.1

of typical, autosomal dominant HS.48 Ankyrin is the principal 
binding site for spectrin on the red cell membrane, and studies 
of membrane skeleton assembly indicate that ankyrin deficiency 
leads to decreased incorporation of spectrin on the membrane 
despite normal spectrin synthesis. As expected, there is propor-
tional deficiency of spectrin and ankyrin in these erythrocytes 
(Fig. 27.5).

Ankyrin gene mutations are the most common defect asso-
ciated with dominant HS. The majority of ankyrin defects are 
private point mutations in the coding region of the ankyrin gene 
associated with reduced or absent expression of the mutant 
allele.34 Around 15% to 20% of these mutations arise de novo.49 
A few cases of spectrin/ankyrin–deficient HS are associated with 
mutations in the ankyrin gene erythroid promoter.50,51,52

HS has been associated with karyotypic abnormalities involv-
ing deletions or translocations of the ankyrin-1 gene locus on 
chromosome 8p. Ankyrin deletions may be part of a contiguous 
gene syndrome associated with HS, mental retardation, typical 
facies, and hypogonadism.53,54

Band 3 Deficiency
Heterozygous band 3 mutations are found in 10% to 25% of 
patients with autosomal dominant HS.55,56 Erythrocyte mem-
branes demonstrate a 20% to 40% decrease of band 3 content 
and decreased or absent protein 4.2. Red cell anion transport 

is decreased proportional to the band 3 deficiency. Numerous 
band 3 gene mutations spread throughout the regions encoding 
both the cytoplasmic and membrane-spanning domains have 
been described. Many of these are null mutations associated with 
markedly reduced or absent band 3 mRNA. Others are missense 
mutations that disrupt band 3–membrane protein interactions or 
disrupt normal band 3 cellular trafficking from the endoplasmic 
reticulum to the plasma membrane.56,57

Affected patients typically exhibit mild to moderate HS.24,25 
Mushroom-shaped or “pincered” red cells on peripheral smear 
have been associated with band 3–deficient HS. Homozygotes or 
compound heterozygotes for band 3 mutations usually exhibit 
more severe HS. Band 3 alleles that influence band 3 expres-
sion have been reported that, when inherited in trans to a band  
3 mutation, aggravate band 3 deficiency and worsen the clinical 
phenotype.58–60 Although band 3 is expressed in the distal tubules 
of the kidney, only a few patients with band 3–associated HS 
exhibit defects in urinary acidification.61,62

protein 4.2 Deficiency
Autosomal recessive HS has been described in a subset of 
patients, primarily those of Japanese ancestry, whose erythrocyte 
membranes demonstrate marked deficiency of protein 4.2.63 
In some cases, there is co-existing deficiency of band 3 and 
ankyrin. Clinical severity and red cell morphology are variable, 
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FIGURE 27.3. Protein composition of the red blood cell membrane skeleton. The 
major components of the erythrocyte membrane as separated by sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis and revealed by Coomassie blue staining. G3PD, glucose 
3- phosphate dehydrogenase. (Reprinted with permission from Gallagher PG, Tse WT, Forget 
BG. Clinical and molecular aspects of disorders of the erythrocyte membrane skeleton. Semin 
Perinatol 1990;14:352.)

FIGURE 27.4. Relationship between spectrin deficiency and unincubated osmotic 
fragility in hereditary spherocytosis. Spectrin content, measured by radioimmunoassay, 
is shown on the vertical axis; and osmotic fragility, measured by the NaCl concentration that 
produces 50% hemolysis of red blood cells, is shown on the horizontal axis. Circles represent 
patients with typical, autosomal dominant HS and triangles represent patients with nondomi-
nant HS. Open symbols represent patients who have undergone splenectomy. (Reprinted with 
permission from Agre P, Asimos A, Casella JF, et al. Inheritance pattern and clinical response to 
splenectomy as a reflection of erythrocyte spectrin deficiency in hereditary spherocytosis. N Engl 
J Med 1986;315:1579.)

with spherocytes, elliptocytes, or sphero-ovalocytes on periph-
eral smear. A few mutations of the protein 4.2 gene have been 
described in these patients, primarily null or missense muta-
tions. One missense mutation, Protein 4.2Nippon, associated with 

a spherocytic, ovalocytic, and elliptocytic hemolytic anemia, is 
relatively common in Japan.64 Protein 4.2 deficiency also occurs 
in association with HS-associated mutations in the cytoplasmic 
domain of band 3, likely due to disruption of band 3–protein 4.2 
interactions.

Erythrocyte Abnormalities
The molecular basis of HS is heterogeneous, thus it is likely that 
the loss of membrane surface area is a consequence of several 
molecular mechanisms (Fig. 27.6). The common denominator 

Carrier Mild Spherocytosis
Moderate 
Spherocytosis

Moderately Severe 
Spherocytosisa

Severe 
Spherocytosisb

Hemoglobin (g/dl) Normal 11–15 8–12 6–8 <6

Reticulocytes (%) 1–3 3–8 8 10 10

Bilirubin (mg/dl) 0–1 1–2 2 2–3 3

Spectrin content  
(% of normal)c

100 80–100 50–80 40–80d 20–50

Peripheral smear Normal Mild spherocytosis Spherocytosis Spherocytosis Spherocytosis and 
 poikilocytosis

Osmotic fragility:  
Fresh blood

Normal Normal or slightly 
increased

Distinctly increased Distinctly increased Distinctly increased

Incubated blood Slightly increased Distinctly increased Distinctly increased Distinctly increased Markedly increased

a Values in untransfused patients.
b By definition, patients with severe spherocytosis are transfusion-dependent.
c Normal (±SD) = 245 ± 27 × 105 spectrin dimers per erythrocyte. In most patients, ankyrin content is decreased to a comparable degree. A minority of hereditary spherocytosis patients lack 
band 3 or protein 4.2 and may have mild to moderate spherocytosis with normal amounts of spectrin and ankyrin.
d The spectrin content is variable in this group of patients, presumably reflecting heterogeneity of the underlying pathophysiology.
Reprinted with permission from Walensky LD, Narla M, Lux SE. Disorders of the red blood cell membrane. In: Handin RI, Lux SE, Stossel TO, eds. Blood: principles and practice of hematology, 
2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins, 2003:1753.
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is a weakening of protein–protein interactions that link the 
membrane skeleton to the lipid bilayer, leading to microvesicula-
tion, loss of membrane surface area, decreased surface/volume 
ratio, and spherocytosis. In cases associated with spectrin defi-
ciency, the  membrane skeleton is unable to provide adequate 
support for the lipid bilayer, causing destabilization of the lipid 
bilayer with  the resultant loss of band 3–containing membrane 
microvesicles. In cases associated with band 3 deficiency, the 
lipid-stabilizing effect of band 3 is lost, releasing band 3–free 
microvesicles from the membrane. The loss of membrane surface 
area transforms red cells from biconcave discs to spherocytes 
with decreased cellular deformability, limiting their ability to pass 
through the sinusoids  of the spleen and predisposing them to 
splenic entrapment, conditioning, and destruction.

The membrane defect in HS leads to a variety of secondary met-
abolic changes. These include increased sodium and potassium 
flux across the HS membrane, which leads to increased mem-
brane sodium-potassium adenosine triphosphatase activation; 
accelerated adenosine triphosphate (ATP) breakdown; increased 
glycolytic rate; decreased 2,3-diphosphoglycerate (2,3-DPG) con-
centration, and lower intracellular pH. HS erythrocytes are slightly 
dehydrated, although the reason for decreased RBC water content 
is not known. Possibilities include activation of K-Cl cotransport, 
a pathway that leads to dehydration and is activated by acid pH, 
possibly in the acid environment of the splenic cords, or increased 
Na+/K+ pump activity stimulated in response to increased passive 
cation leaks, leading to decreased total cation content, water efflux 
from the red cell, and cellular dehydration. Dehydration of HS red 
cells is important because it can further impair their deformability.

Role of the Spleen
The spleen plays a critical role in the pathobiology of HS, as 
destruction of spherocytes in the spleen is the primary cause of 
hemolysis in HS patients.65 The survival of infused HS red cells 
into normal recipients is reduced, whereas the survival of nor-
mal red cells in HS subjects is normal. Despite the persistence of 
spherocytosis after splenectomy, red cell survival is normal or only 

slightly reduced. Taken together, these observations demonstrate 
that an intrinsic red cell defect leads to RBC destruction, but only 
in the presence of an extrinsic factor—an intact spleen.

splenic entrapment
The unique anatomy of the splenic vasculature leads to sequestra-
tion of spherocytes selectively in the spleen. Arterial blood enters 
directly into the splenic cords, a network of channels formed by 
reticulum cells and lined by macrophages. Most of the blood that 
enters the splenic cords passes rapidly through direct channels, 
which reenter the venous system after traversing fenestrations 
between the lining endothelial cells. A small fraction of blood in 
the splenic cords percolates more slowly through this maze before 
reaching the venous sinuses. The hematocrit of blood from the 
splenic cords is high, the environment is acidic, and red cells are 
exposed to macrophages that line these channels. The size of fen-
estrations in the venous sinuses is small relative to the RBC size, 
and to pass through requires significant deformability of the red 
cell and its membrane.66 This, however, is a major problem for 
spherocytes, which have lost surface area and are dehydrated. 
Spleens removed from HS patients reveal congested cords, rela-
tively empty venous sinuses, and few spherocytes traversing sinus 
walls. The most severely damaged spherocytes, cells unable to 
negotiate the fenestrations in the venous sinus, are removed from 
the circulation by macrophages. However, impaired deformability 
of HS red cells is only significant for the passage of these cells 
through the spleen. After splenectomy, red cell survival normalizes, 
even though spherocytes persist and sometimes are increased. 
Splenectomy has no effect on surface area loss by HS reticulocytes 
or mature red cells, because surface area loss is due to the intrinsic 
membrane lesion in these cells. The intrinsic membrane lesion is 
an independent event that continues even after splenectomy.

splenic conditioning
In addition to trapping HS red cells, the spleen also “condi-
tions” these cells in a way that accelerates membrane loss and 
spherocyte formation. Some conditioned red cells reenter the 
systemic circulation, gradually shifting from osmotically normal 
to osmotically fragile cells during their circulation. Osmotically 
fragile microspherocytes are concentrated in and emanate from 
the splenic pulp. The more conditioned or spheroidal cells are 
responsible for the most fragile portion, or “the tail” of the fresh 
OF curve. The conditioning effect of the spleen is a cumulative 
injury, thought to result from several passages through the organ. 
The mechanism(s) of splenic conditioning is not clear. It may be 
the result of hemoconcentration and erythrostasis with macro-
phage-induced membrane injury, possibly related to the lower pH 
in the spleen. The calculated transit time for spherocytes is short 
relative to the time required for severe metabolic compromise, 
thus it is unlikely that metabolic depletion is important, and the 
ATP content of HS cells in the spleen is normal.

clinical Features
Anemia, jaundice, and splenomegaly are the clinical features of HS 
most commonly encountered. However, signs and symptoms are 
highly variable, both with respect to the age of onset and severity.24,25 
For example, anemia or hyperbilirubinemia may be of such magni-
tude as to require exchange transfusion in the neonatal period or 
cases may escape clinical recognition altogether, presenting very late 
in life.67 Anemia usually is mild to moderate, but it may be absent, 
mild, moderate, or severe requiring transfusion. Beyond the neonatal 
period, jaundice is intermittent and is associated with fatigue, cold 
exposure, emotional distress, or pregnancy. An increase in scleral 
icterus and a darker urine color is commonly seen in children with 
nonspecific viral infections. Even when patients have no detectable 
jaundice, there is usually laboratory evidence of ongoing hemolysis. 
Splenomegaly is the rule, and in large family studies, palpable spleens 

FIGURE 27.5. Role of spectrin and ankyrin in hereditary spherocytosis. The relationship 
between spectrin and ankyrin content in erythrocytes of patients with dominant hereditary sphe-
rocytosis. Each point, expressed as a percentage of control (100%), represents the mean value 
for a kindred for both spectrin and ankyrin levels. The line represents a computer-generated 
fitting of the data for 19 of the 20 kindreds. The degree of spectrin and ankyrin deficiencies 
is essentially identical in these kindreds with one exception (open circle ), an otherwise typical 
family in which erythrocytes are primarily ankyrin-deficient. (Reprinted with permission from 
Savvides P, Shalev O, John KM, et al. Combined spectrin and ankyrin deficiency is common in 
autosomal dominant hereditary spherocytosis. Blood 1993;82:2953.)
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have been detected in more than 75% of affected members. No 
apparent correlation has been shown between spleen size and dis-
ease severity, but it may exist. The liver is normal in size and function.

From a clinical perspective, it has been useful to classify HS 
according to the severity of disease (Table 27.2).24,25 Moderate 
HS is the most common presentation, recognized as a chronic 
hemolytic disorder with characteristic spherocytes on peripheral 
blood smear and an autosomal dominant pattern of inheritance.

Mild HS occurs in 20% to 30% of cases of HS. Anemia is absent, 
as the bone marrow is able to fully compensate for the persistent 
destruction of red cells, and there is little or no splenomegaly.68,69 
Because patients in this group usually are asymptomatic, they 
often are not diagnosed until later in life. Sometimes, they are 
identified as a result of hemolytic or aplastic episodes triggered by 
infection. Occasionally, the condition is identified through family 
surveys performed to document the hereditary nature of hemo-
lytic disease in a relative.

Moderate HS accounts for 60% to 75% of all HS cases. It is 
associated with mild to moderate anemia, modest splenomegaly, 
and intermittent jaundice.68,69 The reticulocyte count and serum 
bilirubin levels are elevated. Patients may require transfusion 
during intercurrent illness.

Severe HS occurs in ∼5% of cases of HS. It is characterized 
by severe hemolytic anemia, the need for red cell transfusion 
particularly during infancy and early childhood, and usually an 
incomplete response to splenectomy. The pattern of inheritance 
is frequently nondominant.32,33,35

The silent carrier of HS exists in families with autosomal reces-
sive HS. In most cases, carriers have no signs of HS or minimal 
signs of HS, e.g., a slightly increased reticulocyte count, a few 
spherocytes on peripheral blood smear, a minimally abnormal 

incubated OF, or abnormal erythrocyte spectrin content detected 
when using sensitive techniques.32 Using a conservative estimate 
of 1:5,000 HS incidence in the United States, combined with the 
observation that ∼25% of cases are autosomal recessive, it has 
been calculated that the HS silent carrier state might exist in 1.4% 
of the U.S. population.

Hereditary Spherocytosis in Infancy
In the neonatal period, jaundice is likely to be the most prominent 
feature of HS. Thirty percent to 50% of adult HS patients report a 
history of neonatal jaundice and the diagnosis of HS is prominent 
in etiologic studies of severe neonatal hyperbilirubinemia.70,71 
The magnitude of hyperbilirubinemia may be severe, requiring 
phototherapy or exchange transfusion.72 Virtually all HS infants 
who are homozygous for the mutation responsible for Gilbert 
syndrome are jaundiced enough to require phototherapy.72 In 
contrast to jaundice, most newborns with HS are not anemic. 
Spherocytosis on the peripheral blood smear and reticulocytosis 
are frequently minimal or absent. However, anemia develops 
rapidly over the first few weeks of life in many infants and may 
require transfusion.72 Maturation of splenic filtering and devel-
opment of the splenic circulation appear to increase the rate 
of hemolysis after birth; at the same time, the erythropoietic 
response to anemia is blunted. Within a few months, erythropoi-
esis increases, anemia improves, and the need for red cell trans-
fusions disappears in all but the most severely affected infants.

Complications
The two major complications seen in HS are episodes of worsen-
ing anemia and the development of gall bladder disease.

FIGURE 27.6. Pathophysiology of hereditary spherocytosis (HS). The primary defect in HS is a deficiency of membrane surface area, leading to the formation 
of spherocytes. Decreased surface area may be produced by different mechanisms: defects of spectrin and ankyrin lead to reduced density of the spectrin–actin 
membrane skeleton, destabilizing the overlying lipid bilayer and releasing band 3–containing microvesicles; or defects of band 3 and protein 4.2 lead to band 3 
deficiency and loss of its lipid-stabilizing effect, resulting in the loss of band 3–free microvesicles. Both pathways result in loss of membrane surface area, spherocyte 
formation, and decreased deformability. These deformed erythrocytes become trapped in the hostile environment of the spleen cords, where splenic conditioning 
inflicts further membrane damage or they are removed by splenic macrophages. RBC, red blood cell.
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Exacerbations of anemia occur in almost all HS patients, even 
in the large majority of HS patients who have mild or clinically 
silent disease, associated with various stresses such as infection, 
major surgery, trauma, pregnancy, etc. For example, previously 
mild anemia can become much more severe during pregnancy, 
usually because of the increased plasma volume, but occasion-
ally as a consequence of accelerated hemolysis.73 As with other 
chronic hemolytic states, some anemic crises are preceded by a 
febrile illness and may be observed concurrently in more than 
one affected member of a single family. In some cases, there may 
be increased hemolysis (decreased hemoglobin, increased reticu-
locytes, and increased bilirubin concentration) associated with 
nonspecific viral infections.74

Aplastic/hypoplastic crises resulting from parvovirus B19 
infection may occur, just as is seen in individuals with other 
chronic hemolytic disorders.75 Parvovirus B19 selectively infects 
erythroid precursors and inhibits their growth. Erythropoietic 
arrest leads to a sudden decrease in hemoglobin concentration 
and reticulocytopenia. Recovery occurs within 7 to 10 days and is 
heralded by reticulocytosis and thrombocytosis. Parvovirus infec-
tion may be the first manifestation of HS, and multiple HS family 
members infected with parvovirus have developed aplastic crises 
at the same time, leading to descriptions of “epidemics” of HS.76 
Infection with parvovirus is a particular threat to susceptible 
pregnant women, because it can infect the fetus, leading to severe 
anemia, hydrops fetalis, and fetal death.

Less commonly, exaggeration of anemia is the result of 
exhaustion of folate reserves by the sustained increase in net 
DNA synthesis.77 Megaloblastic arrest of erythropoiesis has been 
observed most commonly during pregnancy, in association with 
liver disease, or in patients recovering from an aplastic crisis.

Cholelithiasis is common in HS just as in other chronic 
hemolytic disorders. Bilirubin pigment gallstones may be found 
in infants and young children,78 but the incidence of gallstones 
increases markedly with age, and they are present in 40% to 80% 
of adults. The history of family members with cholelithiasis in the 
second or third decade of life is a clue to the possibility of HS or 
another inherited hemolytic disorder. In patients with mild HS, 
cholelithiasis may be the initial presentation of the disease. The 
development of gallstones is increased approximately fivefold in 
HS patients who are homozygotes for the uridine diphosphate-
glucurono-syltransferase mutation responsible for Gilbert syn-
drome.79,80 Because of their high incidence, HS patients should 
be periodically examined by ultrasound for the presence of gall-
stones, beginning early in childhood.

A few other unusual complications have been noted in HS 
patients. Heterotopia of the bone marrow has been noted rarely 
in the renal pelvis or along the vertebral column.81 These extra-
medullary masses of marrow may be mistaken for malignant 
tumors. After the spleen is removed, they undergo fatty metamor-
phosis. Hemosiderosis and multiple endocrine disorders resulting 
from transfusion-induced iron overload have been described. 
Interestingly, symptomatic iron overload also has been reported 
in some untransfused HS patients who are heterozygous for the 
hemochromatosis gene. Cases of HS and hematologic malignancy, 
including multiple myeloma, leukemia, and myeloproliferative 
disorders, have been reported, suggested to be linked to the per-
sistent hematopoietic stress of HS; but the relationship with HS, 
if more than coincidental, remains to be determined. Gout and 
chronic leg ulcers/dermatitis are unusual complications in adults 
with HS.82,83 Other rare complications include thrombosis, spi-
nocerebellar degenerative syndromes, movement disorder with 
myopathy, and hypertrophic cardiomyopathy.84

laboratory Features
The classic laboratory features of HS include anemia, reticulo-
cytosis, increased mean corpuscular hemoglobin concentration 

(MCHC), spherocytes on the peripheral blood smear, hyperbiliru-
binemia, and an abnormal OF test.

Anemia is typically mild, accompanied by reticulocytosis 
with values of 5% to 20%. This compensation is associated 
with increased erythropoiesis and elevated levels of erythropoi-
etin.68,69 Erythrocyte indices demonstrate a normal or borderline 
low mean corpuscular volume (MCV) despite increased numbers 
of reticulocytes, reflecting the membrane loss and dehydration. 
The MCHC is usually increased (≥35%) due to mild cellular dehy-
dration.85,86 Examination of indices obtained by automated cell 
counters can be used as a screening test for HS. In unsplenec-
tomized children, an MCHC >35.4/dl and a red cell distribution 
(RDW) width >14 had a sensitivity of 63% and a specificity of 
100%86 for the diagnosis of HS. Histograms of hyperdense eryth-
rocytes (MCHC > 40 g/dl) obtained from laser-based cell counters 
have been used as a screening test for HS, and when combined 
with an elevated MCHC, have been claimed to identify nearly all 
cases of HS.

RBC morphology is distinctive but not diagnostic. Typical HS 
patients have obvious spherocytes on peripheral blood smear. 
Spherocytes lack central pallor, their mean cell diameter is 
decreased, and they appear more intensely hemoglobinized. 
Spherocytes are a feature of many hemolytic anemias, thus their 
identification alone does not establish a diagnosis of HS. The 
number of spherocytes and microspherocytes varies considerably 
from patient to patient; as few as 1 to 3/hpf in mild HS to as many 
as 20 to 30/hpf in moderate HS (Fig. 27.7). In severe HS, many 
poikilocytes also are present in addition to the spherocytosis. 
Unlike the spherocytes associated with immune hemolytic dis-
ease and thermal injury, most HS spherocytes are fairly uniform 
in size and density. Varying degrees of polychromatophilia and 
anisocytosis are noted. Because the degree of spherocytosis or 
“conditioning” is a function of cell age, reticulocytes and young 
red cells are morphologically normal. Specific morphologic find-
ings, including pincered erythrocytes (band 3), spherocytic acan-
thocytes (b-spectrin), or spherostomatocytes (protein 4.2) have 
been correlated with specific membrane defects.24,25

Osmotic Fragility
Red cells behave as perfect osmometers when suspended in vary-
ing concentrations of hypotonic salt solutions, and OF of red cells is 
a measure of their spheroidicity. With a decreased membrane sur-
face area relative to volume, spherocytes are unable to withstand 

FIGURE 27.7. Hereditary spherocytosis. A typical Wright-stained peripheral blood smear 
from a patient with autosomal dominant hereditary spherocytosis is shown. Small, dense, round, 
conditioned spherocytes that lack central pallor are visible throughout.
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the introduction of small amounts of free water that occurs when 
they are placed in progressively more hypotonic solutions. As a 
consequence, spherocytes hemolyze more than discoid RBCs at 
any salt concentration (Fig. 27.8). Hemolysis is determined by 
measuring the fraction of total hemoglobin released from red cells 
into the extracellular fluid at progressively more dilute salt con-
centrations. The fresh OF test detects circulating spherocytes, cells 
that have been conditioned by the spleen. This appears as a “tail” 
produced by a small population of abnormal cells that undergo 
hemolysis at salt concentrations that do not affect normal red cells. 
The most sensitive test to detect spherocytes is the incubated OF 
test performed after incubating RBCs 18 to 24 hours under sterile 
conditions at 37°C. This procedure takes advantage of the observa-
tion that all erythrocytes lose membrane under these incubation 
conditions; however, the process is markedly accelerated in HS red 
cells. Hemolysis of HS cells may be complete at solute concentra-
tions that cause little or no lysis of normal cells. HS individuals 
may have a normal fresh OF if reduced surface area is balanced 
by a reduction in volume (due to cell dehydration), but the OF after 
prolonged incubation at 37°C is usually abnormal. Although OF 
correlates well with the magnitude of spherocytosis, no correla-
tion is observed between OF and hemoglobin concentration. The 
sensitivity of the incubated OF test may be outweighed by a loss of 
its specificity, i.e., spherocytes due to any cause exhibit abnormal 
incubated OF. A normal OF does not exclude the diagnosis of HS, as 
10% to 20% of HS patients, i.e., those with mild HS, lack circulating 
spherocytes.

Osmotic gradient ektacytometry is more sensitive and spe-
cific than the OF test for the diagnosis of HS but is not widely 
available.

Other laboratory tests used to diagnose HS include the auto-
hemolysis test, the spontaneous hemolysis of red cells incubated 
under sterile conditions without glucose, the glycerol lysis test, 
and the pink test; but these rarely are used nowadays, and they 
offer no advantage over the OF test. The cryohemolysis test and 
eosin-5-maleimide (EMA) binding to erythrocytes, a flow cytom-
etry-based method reflecting relative amounts of band 3 and 
Rh-related proteins, have been utilized for use as screening tests 
in HS.87 These have been advocated over the incubated OF test as 
they are claimed to have a higher predictive value. These claims 
are based on the observation that there have been no reports of 
positive results in immune-mediated or non–membrane-associated 
hemolytic disease. However, these tests are not specific, detecting 
other erythrocyte abnormalities, especially those associated with 
abnormal band 3, including congenital dyserythropoietic anemia, 

and abnormalities of erythrocyte hydration and viscosity, includ-
ing sickle cell disease and cryohydrocytosis.88,89 The EMA binding 
test has gained wide popularity because of its ease in execution 
and relatively low cost of performance. Similar to OF testing, its 
predictive value is enhanced if family history, clinical information, 
and additional laboratory data are also available.89

In the past, doubt existed whether HS could be diagnosed in 
the newborn period because many HS infants have few circulating 
spherocytes. Moreover, fresh red cells from normal neonates are 
relatively resistant to OF, whereas incubated infant erythrocytes 
are osmotically more fragile. However, OF detects HS in many 
but not all infants if appropriate normal neonatal RBC controls 
are used. Osmotic gradient ektacytometry reliably detects HS in 
newborns.90

The bone marrow is characterized by erythroid hyperpla-
sia. Normoblasts may constitute 25% to 60% of all nucleated 
cells. When complicated by folate deficiency, megaloblastic fea-
tures of both myeloid and erythroid precursors are prominent. 
Examination of the bone marrow is not needed to diagnose HS.

Molecular Studies
Once the diagnosis of HS is made, it is possible to further charac-
terize the specific membrane lesion. Studies using polyacrylamide 
gel electrophoresis separation or specific radioimmunoassays 
allow quantification of major membrane proteins, looking for 
abnormalities in spectrin, ankyrin, band 3, protein 4.2, or other 
proteins. Detection of the specific genetic abnormality is accom-
plished via mutation screening or direct DNA sequence analyses. 
However, these studies are cumbersome, expensive, and available 
only in select research laboratories. Detailed molecular studies, 
which have proven to be highly informative for our understanding 
of both the pathogenesis of HS and normal membrane structure 
and function, are indicated for studying difficult or particularly 
interesting and informative cases.

Diagnosis
The diagnosis of HS generally is straightforward. Often, there is a 
family history of HS or a family history of anemia, splenectomy, or 
cholecystectomy. The signs and symptoms of HS are nonspecific 
and associated with many chronic hemolytic states (mild pal-
lor, intermittent jaundice, and splenomegaly). Typical laboratory 
features include mild anemia, reticulocytosis, increased MCHC 
and RDW, normal MCV despite reticulocytosis, spherocytes on the 
peripheral blood smear, hyperbilirubinemia, and an abnormal 
incubated OF test. Other disorders, such as immune hemolytic 
disease, glucose-6-phosphate dehydrogenase deficiency, certain 
syndromes of red cell fragmentation, and thermal and chemical 
injury of red cells, also are associated with spherocytosis. In most 
of these conditions, spherocytes are but one of several types of 
abnormal RBCs present, whereas in HS, there are few abnormal 
forms other than spherocytes. Additional historical data, such as 
onset later in life, temporal relationship to prescription of vari-
ous medications such as methyldopa, or symptoms attributable 
to malignancy or connective tissue disease, as well as additional 
laboratory data, such as a positive direct antiglobulin reaction in 
immune hemolytic disease, may help differentiate other disorders 
from HS.

treatment
For practical purposes, the treatment of HS revolves around sup-
portive care, splenectomy, and management of postsplenectomy 
complications.91,92

Neonates with severe hyperbilirubinemia caused by HS are 
at risk for kernicterus,71 and such infants should be treated 
with phototherapy or exchange transfusion, or both, as clinically 
indicated.93 Red cell transfusions are sometimes needed during 

FIGURE 27.8. Osmotic fragility curves in hereditary spherocytosis. Diagrams of the 
osmotic fragility (OF) test, as manifested by percent hemolysis, of normal and hereditary sphe-
rocytosis (HS) erythrocytes after dilution in salt solutions of varying tonicity. (Left ) In the fresh OF, 
a “tail” of osmotically sensitive HS erythrocytes produced by splenic conditioning is seen prior 
to splenectomy. (Right ) In the incubated OF, the entire population of HS erythrocytes is more 
osmotically sensitive. (Reprinted with permission from Glader B, Other Hereditary Red Blood Cell 
Disorders. In: Emery and Rimoin's Principles and Practice of Medical Genetics. Rimoin DL, Connor 
JM, Pyeritz RE, Korf BR, Eds. Fifth Edition, Churchill Livingstone, New York 2007, pp1675–1698.)
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hemolytic or aplastic crises. Erythropoietin therapy for the first 
few months of life has been suggested to diminish the need for 
red cell transfusions until erythropoiesis reaches its full postnatal 
expression,94,95 but this therapy is not well studied.

Folic acid is required to sustain erythropoiesis, and normal 
dietary folate may be inadequate for children and some adults 
with chronic hemolytic anemia. For this reason, HS patients are 
instructed to take supplementary folic acid to prevent the rare 
megaloblastic crises, although in mild cases, this is probably 
unnecessary.

HS is unique among the congenital hemolytic anemias in that 
splenectomy is permanently curative except in some severe, 
autosomal recessive cases96,97; and even these severe cases 
exhibit significant clinical improvement.65,98 Within days of 
splenectomy, jaundice fades, the hemoglobin concentration 
rises, and red cell survival is dramatically improved. Transfusion 
requirements are decreased or eliminated, and the risk of chole-
lithiasis is reduced. Spherocytosis and increased OF persist, but 
the tail of the fresh OF curve, created by splenic conditioning, 
disappears. The MCV may fall but the MCHC does not change 
significantly.

For many years, splenectomy was recommended for all 
patients with HS without regard to clinical severity. The ratio-
nale was that splenectomy eliminated the need for transfusion 
therapy, ensured freedom from aplastic crises, and minimized 
the risk of gall bladder disease. This position has been tempered 
in recent years because it is now known that the spleen has a 
critical immunologic role in protecting against certain types of 
infections, and overwhelming postsplenectomy infection with 
encapsulated bacteria, especially Streptococcus pneumonia, 
may occur. The emergence of penicillin-resistant pneumococci 
has heightened concerns, as has growing recognition of the 
increased risk of postsplenectomy cardiovascular disease, par-
ticularly thrombosis and pulmonary hypertension.99–103 Finally, 
the important role of the spleen in protection of individuals living 
in geographic regions where parasitic diseases such as malaria 
or babesiosis occur has re-emerged as international travel has 
become more common.

The risk of postsplenectomy sepsis is greatest in children 
younger than 5 years of age, but even older children and adults 
are at increased risk. Death from sepsis may occur decades after 
splenectomy.104,105 In one comprehensive review, postsplenec-
tomy infection was assessed in 850 HS patients, 786 of whom 
were children.106 Most patients had undergone surgery during 
the first 5 years of life. Thirty cases of septicemia (3.52%) and 
19 septic deaths (2.23%) were identified. The estimated rate 
of mortality from sepsis was approximately 200 times greater 
than that expected in the general population. Although most 
septic episodes were observed in children whose spleens were 
removed in the first years of life, older children and adults were 
also susceptible. Another report of 226 patients splenectomized 
for HS estimated the mortality from overwhelming sepsis to be 
0.73/1,000 years. Mortality rates for 35 children who underwent 
splenectomy prior to 6 years of age and for 191 individuals who 
were older than 6 at the time of splenectomy were 1.12/1,000 
and 0.66/1,000 years of life postsplenectomy, respectively, far 
beyond that of the general population. Rates for both these stud-
ies may overestimate the risk of postsplenectomy, as some of the 
participants underwent splenectomy prior to introduction of the 
pneumococcal vaccine.

The rationale that splenectomy prevents development of gall-
stones and symptomatic biliary tract disease, and also obviates 
the need for major gallbladder surgery, is not as valid today as 
it was in the past. Development of laparoscopic cholecystectomy 
has had a significant impact on the management of nonanemic 
patients with mild HS who have gallstones. In these patients, 
if they have no signs or symptoms related to their hemolytic 
anemia, it is reasonable to follow them without splenectomy. If 

surveillance ultrasound examinations reveal gallstones, laparo-
scopic cholecystectomy can be performed, preventing biliary tract 
disease.

The benefits of splenectomy must be balanced against the 
immediate and long-term risks of the procedure.107,108 Recently 
published HS management guidelines recognize these concerns 
and recommend discussion between health care providers, 
patient, and family when splenectomy is entertained.91 It seems 
reasonable to splenectomize HS patients with severe hemolytic 
anemia, and patients suffering from significant complications of 
anemia including growth failure, skeletal changes, extramedullary 
hematopoietic tumors, and leg ulcers/dermatitis. Splenectomy 
for patients with moderate HS and compensated, asymptomatic 
anemia is controversial, and should be undertaken on a case-by-
case basis. Patients with mild HS and compensated hemolysis can 
be managed expectantly and referred for splenectomy if clinically 
indicated. The higher risk of overwhelming sepsis in young chil-
dren who undergo splenectomy makes it important to defer the 
operation until at least age 6 in all but the most severe patients. 
Prior to splenectomy, patients should receive immunization 
with pneumococcal, Haemophilus influenzae, and meningococcal 
vaccines.

Laparoscopic splenectomy, associated with less postopera-
tive discomfort, quicker recovery, shorter hospitalization, and 
decreased cost, is now the preferred method for splenec-
tomy.109,110 Operative complications of splenectomy, which 
include local infection, bleeding, and pancreatitis, are uncom-
mon.111 Partial splenectomy has been explored for infants and 
very young children with severe HS.112–116 The purpose of partial 
splenectomy is to preserve splenic immunologic function, reduc-
ing splenic destruction of spherocytes and thereby palliating 
hemolysis and anemia. Although long-term data for this proce-
dure are lacking, intermediate follow-up demonstrates that there 
is sustained and clinically significant improvement in laboratory 
parameters and clinical signs and symptoms in most patients.117 
In nonresponders, there was rapid regrowth of the spleen. A 
second (complete) splenectomy may eventually be required, but 
hopefully at a time when the patients are considerably older 
and the risk of sepsis is less. The role of radiologic imaging as 
part of the preoperative evaluation prior to partial splenectomy 
has been emphasized.118 Proponents of this procedure note that 
splenic function is preserved in young children when the risk of 
overwhelming sepsis is highest and that chronic transfusions and 
iron overload are decreased. Opponents note that patients who 
can be well managed with judicious transfusion therapy may be 
subjected to two operative procedures, possibly both with general 
anesthesia.

Postsplenectomy care includes counseling of patients or par-
ents to seek prompt medical care during febrile illness. Use of 
early antibiotic therapy for splenectomized febrile children has 
led to a decrease in the incidence of severe postsplenectomy 
infection, leading some to propose having antibiotics available at 
home for immediate treatment of febrile illness. The emergence 
of penicillin-resistant pneumococci requires consideration when 
selecting antibiotic therapy in splenectomized patients.

The role of prophylactic antibiotics postsplenectomy is a mat-
ter of current controversy, and few data exist to provide recom-
mendations. Some recommend that all splenectomized children 
(and adults) receive penicillin prophylactically for life. Others 
recommend prophylaxis up to 6 years of age, while others pre-
scribe antibiotics for 10 years postsplenectomy. There are even 
fewer data regarding the prescription of prophylactic antibiotics 
in adults postsplenectomy.

There have been several reports of major thrombotic events 
postsplenectomy for HS.99,100,119 Some of these cases have actu-
ally been variants of stomatocytosis, where postsplenectomy risk 
of thrombosis is well known. Anticoagulants have not been evalu-
ated in this setting.
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HeReDitaRy elliptoCytoSiS 
SynDRomeS
The HE syndromes are a family of genetically determined 
erythrocyte disorders characterized by elliptical red cells on the 
peripheral blood smear (Fig. 27.9).120 Some HE syndromes are 
associated with symptomatic hemolytic disease, although most 
are clinically silent and are discovered incidentally when a blood 
smear is reviewed. The varied clinical and hematologic manifesta-
tions of HE are an expression of the numerous molecular defects 
that give rise to an elliptocytic-shaped erythrocyte.

The HE syndromes are classified into several groups 
(Table  27.3).121 Common HE is a dominantly inherited condi-
tion characterized by many elliptocytes in the peripheral blood 
smear. The clinical severity of common HE is extremely vari-
able, ranging from an incidental asymptomatic condition, most 
commonly observed, to a mild to moderate hemolytic anemia. 
The clinical expression of hemolytic HE ranges from a moderate 
hemolytic anemia to severe, near-fatal, or fatal hemolytic anemia. 
Hereditary pyropoikilocytosis (HPP) is a severe hemolytic anemia, 
with red cell fragments, poikilocytes, and microspherocytes seen 
on a peripheral blood smear. From a clinical perspective, it is dif-
ficult to distinguish severe hemolytic HE from HPP. Once regarded 
as a separate condition, HPP is now recognized to be a variant 
of the HE disorders. Spherocytic HE is a rare condition in which 

both ovalocytes and spherocytes are present on the blood smear. 
Southeast Asian ovalocytosis (SAO), also known as stomatocytic 
elliptocytosis, is an HE variant prevalent in the malaria-infested 
belt of Southeast Asia and the South Pacific, and it is character-
ized by rigid spoon-shaped cells that have either a longitudinal slit 
or a transverse ridge.

prevalence of hereditary elliptocytosis Variants
When considered together, the HE variants occur with an esti-
mated frequency of 1:1,000 to 5,000. The distribution of HE is 
worldwide, and no racial or ethnic group appears to be spared.121 
In the U.S. population, the prevalence of HE is approximately  
3 to 5/10,000, and it appears to be much more common among 
patients of African ancestry. In areas where malaria is endemic, 
HE occurs considerably more frequently. In one study from equa-
torial Africa, common HE had a prevalence of 0.6%. Resistance 
of hereditary elliptocytes to invasion by malaria parasites may 
explain the high prevalence.122

pathogenesis of hereditary elliptocytosis 
Disorders
The HE disorders are caused by intrinsic membrane protein 
abnormalities, which lead to an alteration in RBC membrane func-
tion, changes in RBC shape, and, in some cases, hemolysis.

FIGURE 27.9. Hereditary elliptocytosis. Peripheral blood smears representative of different hereditary elliptocytosis syndromes are shown. A: 
Micropoikilocytes and elliptocytes in a neonate with transient poikilocytosis and an a-spectrin gene mutation. B: Same child at 7 months of age, now exhibiting mor-
phology of common hereditary elliptocytosis. C: Compound heterozygous hereditary elliptocytosis due to two a-spectrin self-association–site structural mutations. 
Note distorted red cell shapes, elliptocytes, and fragments. D: Hereditary pyropoikilocytosis. Red cell abnormalities are similar to those in (A) and (C) with prominent 
budding and fragmentation. (Courtesy of Irma Pereira MT [ASCP]SH.)

A

C

B

D
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Membrane Protein Defects
A primary defect of the membrane skeleton leading to the HE 
phenotype was suggested by the retention of an elliptical shape 
by membrane ghosts and skeletons prepared from hereditary 
elliptocytes, uniform instability of HE membrane ghosts and 
skeletons to mechanical stress, and abnormal heat sensitivity of 
spectrin prepared from the red cells of some patients with HE. 
Subsequent studies have shown that the principal defect in HE 
is mechanical weakness or fragility of the erythrocyte membrane 
skeleton, due to qualitative and/or quantitative defects in several 
membrane skeleton proteins, a- and b-spectrin, protein 4.1R, or 
glycophorin C.121

The majority of HE-associated defects occur in spectrin, the 
principal structural protein of the membrane skeleton. Spectrin is 
composed of a- and b-spectrin, two structurally similar, noniden-
tical proteins encoded by separate genes. The majority of spec-
trin is triple helical repeats connected by nonhelical segments. 
The “spectrin repeat,” originally defined in erythroid cells, is a 
conserved triple helical, coiled-coil bundle of amino acids found 
in a diverse array of proteins that participate in protein–protein 
interactions and complex formations, with functions as diverse 
as membrane assembly and signal transduction.9,14 In the eryth-
rocyte, a- and b-spectrin assemble side to side in an antiparallel 
position, forming a flexible rod in which the NH2-terminus of 
a-spectrin and the COOH-terminus of b-spectrin form an a-b 
heterodimer. These heterodimers self-associate to form an atypi-
cal triple helical repeat in which one helix is contributed by the 
NH2-terminus of a-spectrin and two helices are contributed by the 
COOH-terminus of b-spectrin to form tetramers, the form of spec-
trin critical for membrane stability as well as erythrocyte shape 
and function. Spectrin tetramers are connected into a highly 
ordered two-dimensional lattice through binding, at their tail 
ends, to actin oligomers at the junctional complex, facilitated by 
protein 4.1R, into a uniform hexagonal lattice.16,20 Recent studies 
have shown that local dissociation of tetramers and reassociation 
of dimers provide the membrane the ability to accommodate the 
distortions required for passage through the microvasculature.17

Disruption of erythrocyte membrane skeleton protein inter-
actions by mutations that alter protein structure, function, or 
amount leads to diminished membrane mechanical stability and 
in severe cases, to hemolysis. Most cases of HE are caused by 
spectrin mutations that perturb the interactions between ab-
spectrin heterodimers, impairing spectrin tetramer formation, 

and, consequently, disrupting the integrity and mechanical 
stability of the membrane skeleton.15 Mutation of protein 4.1R 
likely perturbs formation of the spectrin–actin–protein 4.1R–gly-
cophorin C junctional complex and attachment of this complex to 
the membrane. In 4.1R-deficient erythrocytes, abnormalities in 
membrane stability and cellular deformability are proportional to 
levels of protein 4.1R.

spectrin abnormalities
Most elliptogenic spectrin mutations are located in the region 
of spectrin self-association, impairing tetramer formation 
(Fig. 27.10). These mutations create abnormal proteolytic cleav-
age sites that typically reside in the third helix of a repetitive 
segment and give rise to abnormal tryptic peptides on two-
dimensional tryptic peptide maps of spectrin. Abnormal tryptic 
digests of spectrin extracted from HE erythrocytes were first used 
to identify HE mutations, followed by identification of the precise 
genetic defects after cloning of the a-and b-spectrin genes. In 
a-spectrin, the majority of reported mutations are amino acid 
substitutions. In b-spectrin, mutations are amino acid substitu-
tions and truncations of the COOH-terminus of the b-spectrin 
chain. When inherited in the heterozygous state, these mutations 
lead to typical HE. When inherited in trans to modifier alleles that 
worsen clinical severity, mild to moderate hemolytic HE is seen. 
Homozygosity and compound heterozygosity are associated with 
hemolytic HE and/or HPP. Several cases of homozygous b-spectrin 
self-association site mutations have been associated with fatal or 
near-fatal fetal and neonatal anemia.123

Although most HE mutations are located in the region of spec-
trin self-association sites, a few spectrin mutations distant from 
this region have been described. In the heterozygous state, these 
mutations are asymptomatic, but may be associated with hemo-
lytic HE or HPP in the homozygous state.

Functionally, HE-associated self-association contact site mis-
sense mutations likely disrupt predicted conformational rear-
rangements in the predicted protein structure (Fig. 27.11).124 
Mutations outside the self-association region likely disrupt long 
range protein–protein interactions, disrupting positively coupled, 
cooperative interactions of spectrin self-association, spectrin–
ankyrin binding, and ankyrin-band 3 binding.23 Thus, these 
mutations may act to block repeat-to-repeat transfer of conforma-
tional information, decrease the ability of spectrin to transregulate 
ankyrin binding, and disrupt the register of spectrin repeats and 
perturb binding of other proteins, e.g., ankyrin, to spectrin.23,125

Common HE Hemolytic HE
Hereditary 
Pyropoikilocytosis

Spherocytic 
Elliptocytes

Southeast Asian 
Ovalocytosis

Anemia None Moderate-severe Severe Mild to moderate None

Hemolysis None-mild Moderate-severe Severe Mild to moderate None

Splenomegaly None Present Present Present None

Peripheral blood smear 15–90% elliptocytes Elliptocytes; poikilocytes; 
fragments

Poikilocytosis; RBC 
 budding with frag-
ments; elliptocytes; 
 microspherocytes

Rounded elliptocytes; 
spherocytes

Rounded elliptocytes, 
some having a trans-
verse bar dividing cell

Osmotic fragility Normal Normal/increased Increased Increased Normal to decreased

Inheritance Dominant Recessive Recessive Dominant Dominant

Other Poikilocytosis with 
severe hemolysis, seen 
transiently in some 
infants

Normal/low mean 
 corpuscular volume

Low/very low mean cor-
puscular volume

Rigid erythrocytes

HE, hereditary elliptocytosis; RBC, red blood cell.

CLASSIFICATION OF HEREDITARY ELLIPTOCYTOSIS SYNDROMES

taBle 27.3
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Clinically, the most severe clinical phenotypes are associated 
with mutation of the ab-spectrin self-association contact site, the 
atypical hybrid repeat created by 2 helices of b-spectrin and one 
of a-spectrin. Modifier alleles also influence clinical severity.126 
The most common of these is the low-expression allele, spectrin 
aLELY (LELY: low-expression allele from Lyon).127,128 In aLELY, a 
mutation in intron 45 leads to variable splicing and loss of exon 
46 in about half of the a-spectrin mRNA synthesized. Spectrin 
proteins lacking exon 46 have a reduced ability to participate in 
dimer and tetramer assembly and are degraded. When aLELY is 
present as the only variant, it is clinically silent because normal 
a-spectrin is synthesized in large excess. However, when aLELY 
is present in trans to an a-spectrin HE mutant, incorporation 

of the latter into heterodimers is favored, thereby leading to 
increased proportion of the elliptocytogenic spectrin in red cells 
and worsening clinical severity. Conversely, when co-inherited 
in cis to an HE a-spectrin mutation, it reduces the amount of 
the mutation incorporated into heterodimers and ameliorates 
clinical severity. aLELY is a common allele, affecting ∼30% of 
a-spectrin alleles of Europeans and 20% of Japanese and West 
Africans.129

protein 4.1r Defects
Protein 4.1R abnormalities associated with HE are much less 
common than spectrin mutations. One site on protein 4.1R binds 
to the distal end of the spectrin ab-heterodimer, increasing the 

FIGURE 27.11. Molecular modeling of mutations of the ab-spectrin self-association site. Using dynamic modeling and energy minimization, the three-
dimensional structure of the ab-self-association contact site was determined and the structural consequences of elliptocytosis-associated mutations determined. A: 
Mutations involving a-spectrin. B: Mutations involving b-spectrin. Longitudinal and end-on views are shown for each mutation. The mutated residue is depicted using 
a solid-filled representation. Every pathologic point mutation, including seemingly conservative substitutions such as G for A, A for V, or K for R (single-letter amino 
acid codes), led to conformational rearrangements in the predicted structure. The degree of structural disruption, as measured by root-mean-square deviation of the 
predicted backbone structure, correlated strongly with the severity of clinical disease associated with each mutation. (Reprinted with permission from Zhang Z, Weed 
SA, Gallagher PG, Morrow JS. Dynamic molecular modeling of pathogenic mutations in the spectrin self-association site. Blood 2001;98:1645.)

A B

FIGURE 27.10. Defects of the ab-spectrin self-association site in hereditary elliptocytosis (HE) and hereditary pyropoikilocytosis (HPP). A model 
of the triple helical spectrin repeats that constitute the ab-spectrin self-association site is shown. Limited tryptic digestion of spectrin, followed by two-dimensional 
gel electrophoresis, identifies abnormal cleavage sites (arrows ) in spectrin associated with various mutations. Symbols denote positions of various genetic defects 
identified in patients with HE or HPP. In most cases, the mutation found is adjacent to the abnormal cleavage site, either in the same helical coil or in helical coils 
juxtaposed next to each other in the triple helical model. The hashed lines denote the location of spectrin chain truncations. (Reprinted and modified with permission 
from Gallagher PG, Tse WT, Forget BG. Clinical and molecular aspects of disorders of the erythrocyte membrane skeleton. Semin Perinatol 14:351,1990.)
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binding of spectrin to oligomeric actin. The NH2-terminal domain 
of 4.1R interacts with glycophorin C, phosphatidylinositol, and 
phosphatidylserine, facilitating the attachment of the distal end 
of the spectrin to the membrane. Complex patterns of alternate 
splicing lead to the production of various tissue and developmen-
tal-stage–specific isoforms of 4.1R, including an erythropoiesis 
stage-specific splicing event that generates the 80 kDa mature 
erythroid protein 4.1R isoform.130

Deficiency of protein 4.1R has been described in several 
kindreds from southern France and northern Africa.121 Partial 
deficiency of protein 4.1R is associated with mild dominantly 
inherited HE. Heterozygotes have approximately 50% of the 
normal amount of protein 4.1R and have mild hemolytic anemia. 
Homozygotes have no detectable protein 4.1R and a severe trans-
fusion-dependent hemolytic anemia with prominent elliptocytosis 
and spherocytosis. Homozygous 4.1R-deficient erythrocytes are 
deficient in p55 and glycophorin C, fragment more rapidly than 
normal at moderate sheer stresses, and display a dramatically 
disrupted skeletal network.

Structural abnormalities of protein 4.1R associated with HE 
have also been found, including deletions and duplications of the 
exons encoding the spectrin-binding domain.131,132

Glycophorin c Deficiency
The Leach phenotype, typically associated with a 7 kb deletion 
of genomic DNA that removes exons 3 and 4 from the GPC/
GPD locus, is characterized by GPC deficiency with elliptocytosis. 
GPC-deficient erythrocytes are also partially deficient in 4.1R, 
speculated to be the basis for the elliptocytosis, and lack p55. 
These abnormalities are presumed to be caused by disruption 
of a multiprotein complex that recruits, assembles, or stabilizes 
itself on the membrane. In contrast to other forms of HE, hetero-
zygous carriers of glycophorin C deficiency are asymptomatic with 
normal RBC morphology. Homozygous-deficient individuals have 
mild elliptocytosis but no anemia.

membrane abnormalities leading to elliptocyte 
Formation
Disruption of erythrocyte membrane skeleton protein interac-
tions by mutations that alter protein structure, function, or 
amount leads to diminished membrane mechanical stability 
and in severe cases, to hemolysis. The mechanism by which 
these protein defects result in elliptocyte formation is not clear. 
Elliptocytes acquire their shape after release from the marrow 
and as they age in vivo. Normal erythrocytes assume an elliptical 
shape in capillaries and in vitro when exposed to shear stress. 
They resume a normal biconcave shape after passage through 
the microcirculation and in vitro after removal of shear stress. If 
mechanical distortion is maintained for long periods, even nor-
mal red cells remain misshapen, suggesting that the membrane 
skeleton is altered as a consequence of sustained shape change. 
In HE, it is possible that altered membrane protein interactions 
lead to skeletal reorganization after less extensive deformation 
or shear stress. With repeated distortions imposed by pas-
sage through small capillaries, cells with unstable membrane 
skeletons gradually elongate to form irreversible elliptocytes. 
Erythrocytes with more severe skeletal defects presumably 
are unable to withstand normal circulatory shear stress and 
undergo fragmentation. This may explain the poikilocytosis 
seen in homozygous HE and HPP. In all hemolytic HE and HPP 
syndromes, more severely distorted cells are retained in splenic 
cords, thus splenectomy markedly ameliorates the associated 
anemia. Despite alterations in membrane mechanical fragil-
ity and stability, intravascular hemolysis has little role in the 
destruction of HE erythrocytes because hemoglobinuria, hemo-
globinemia, and hemosiderinuria are not features of the hemo-
lytic HE syndromes.

clinical Features
The HE syndrome variants are clinically and hematologically het-
erogeneous, sharing the features of elliptocytes on a peripheral 
smear (Table 27.3). There is much overlap when these disorders 
are classified on a clinical, biochemical, or molecular basis.

Common Hereditary Elliptocytosis
Individuals with common HE are typically discovered acciden-
tally when elliptocytes are identified during routine evaluation 
of the peripheral blood film.121 These individuals usually are not 
anemic, their red cell survival is normal, and there is no spleno-
megaly. In contrast to the clinical picture, the peripheral blood 
smear is striking, containing 15% to 100% elliptocytes (Fig. 27.8). 
Episodic hemolytic anemia may occur during acute or chronic 
illnesses. Other common HE cases involve mild compensated 
hemolysis without anemia.

Hemolytic anemia with prominent elliptocytosis and poikilocy-
tosis, termed by some infantile poikilocytosis or infantile pykno-
cytosis, may be observed in the first few months of life. It is most 
common in patients of African ancestry. Affected infants have 
moderately severe hemolytic anemia and hyperbilirubinemia in 
the newborn period, the latter often necessitating exchange trans-
fusion. The blood smear is characterized by elliptocytosis, marked 
red cell fragmentation, and poikilocytosis (Fig. 27.9B). These 
morphologic changes are indistinguishable from those noted in 
patients with HPP. In contrast to HPP, the hemolysis and anemia 
abate, evolving to asymptomatic typical common HE through-
out childhood (Fig. 27.9C). The basis for this phenomenon is 
unknown, but increased concentrations of free 2,3-DPG observed 
in the neonatal period may contribute to membrane instability by 
perturbing protein 4.1R–actin interactions.133

Hemolytic Hereditary Elliptocytosis
In some cases of HE, the hemolytic process is incompletely 
compensated and patients have a chronic hemolytic anemia of 
variable severity.121 Morphologic characteristics may include 
poikilocytosis, microelliptocytosis, and red cell fragmentation. 
The spleen may be enlarged, and gallstones occur with increased 
frequency. As in other hemolytic states, abrupt episodes of more 
severe anemia may occur in association with viral infection or 
other intercurrent illnesses, and hemolytic, aplastic, and megalo-
blastic crises may occur. There is overlap between the findings in 
patients with hemolytic HE and HPP (see below).

In some families, hemolytic HE has been transmitted through 
several generations. In other families, not all individuals with HE 
manifest chronic hemolysis, but instead exhibit asymptomatic 
common HE or, at the other end of the spectrum, severe HPP. 
This variation reflects the genetic heterogeneity of the HE syn-
dromes. Some a-spectrin mutations, such as mutations of codon 
28, disrupt numerous critical protein–protein interactions, leading 
to severe membrane dysfunction, and are associated with greater 
clinical severity. Thus, homozygous or compound heterozygous 
patients with different spectrin mutations manifest variable 
clinical severity.134 In some cases, inheritance of modifier alleles, 
such as the common aLELY allele, that alter a-spectrin expression 
may worsen or ameliorate the clinical course. Even patients with 
mutations of different HE genes, such as patients with both a- and 
b-spectrin self-association site mutations, have been described. 
Given the vast combination of mutant alleles and modifier alleles, 
it is not surprising that there is great clinical, laboratory, and 
biochemical variability in the HE syndromes.

Hereditary Pyropoikilocytosis
This severe congenital hemolytic anemia, which overlaps with 
severe hemolytic HE, is characterized by a peripheral blood smear 
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that resembles those seen in patients with thermal burns.135 
Affected individuals, typically of African ancestry, present in 
infancy or early childhood with moderate-to-severe hemolytic 
anemia; and, unlike common HE, the hemolytic anemia is life-
long rather than transient. Complications of chronic hemolysis, 
including splenomegaly, cholelithiasis, and growth retardation, 
have been described. Intermittent transfusions may be required. 
Splenectomy improves or ameliorates the anemia. Most impres-
sive are changes in red cell morphology, which include extreme 
poikilocytosis, microspherocytosis, microelliptocytosis, membrane 
budding, and cell fragments. The MCV may be extremely low, 
30 to 50 fl, the MCHC is normal, and OF is increased. Thermal 
instability of HPP erythrocytes, susceptibility to budding and frag-
mentation upon heating to 46°C, once thought to be diagnostic of 
HPP, is not unique, as it is also found in some HE erythrocytes. 
Unlike HE red cells, HPP erythrocytes are also partially deficient 
in spectrin.

Studies of the genetics of HPP have revealed that many HPP 
probands have inherited structural mutations on both a-spec-
trin alleles from HE parents in a homozygous or compound 
heterozygous manner. In others, the HPP proband has inher-
ited a structural mutation of spectrin from an HE parent on 
one allele and a null allele of a-spectrin from an asymptomatic 
parent whose red cells have no detectable biochemical abnor-
mality.136 This null or “thalassemia-like” allele synthesizes little 
or no normal spectrin, enhancing the relative expression of the 
structural spectrin mutant and contributing to a superimposed 
spectrin deficiency.

Spherocytic Elliptocytosis
This syndrome is characterized morphologically by two popula-
tions of cells: red cells that are more rounded than typical heredi-
tary elliptocytes, and a variable number of microspherocytes.121 
In contrast to other HE syndromes with hemolysis, no poikilocytes 
or fragments are seen. The disorder has been seen primarily in 
families of European descent and may account for as many as 
15% to 25% of cases of HE in whites. Affected individuals have an 
incompletely compensated hemolytic process with mild anemia 
and a predisposition to aplastic crises. The relative numbers of 
spherocytes and elliptocytes vary considerably, even within fami-
lies. As in HS, the osmotic fragility and mechanical fragility may 
be increased. Splenectomy is curative.

Southeast Asian Ovalocytosis
This interesting variant, also known as stomatocytic elliptocy-
tosis, is characterized morphologically by plump, rounded ellip-
tocytes (ovalocytes), many of which have one or two transverse 
ridges. These red cells are found in people from Malaysia, New 
Guinea, Indonesia, and the Philippines. Outside the neonatal 
period, their presence is not associated with shortened RBC 
life span, anemia, or hemolysis.137,138 SAO RBCs demonstrate 
increased red cell rigidity, increased thermal stability, and 
decreased OF.139

The molecular defect in SAO results from an abnormal band 
3 protein lacking codons 400 to 408 at the cytoplasmic and 
membrane-spanning domains.140 All individuals with the SAO 
phenotype are heterozygotes, with one normal band 3 allele and 
one mutant band 3 allele. The homozygous state has never been 
observed and is thought to be lethal in utero.141 There is tight 
binding of band 3 protein to ankyrin in SAO red cells, restricting 
the lateral mobility of band 3. Because band 3 protein is a recep-
tor for malarial parasites, its reduced mobility may limit invagina-
tion and penetration by the parasite. In vitro, SAO erythrocytes 
are resistant to invasion by several strains of malaria. Studies of 
children in Papua New Guinea indicate that SAO does not actually 
reduce the incidence of infection with Plasmodium falciparum, 

but it does provide remarkable protection against cerebral 
malaria. This effect is likely due to reduced cytoadherence of SAO 
red cells to the cerebral vasculature, but the exact mechanism is 
not yet known.121 In populations in which SAO is prevalent, its 
frequency is increased in older individuals, suggesting a favorable 
effect on longevity.

laboratory evaluation
Initial laboratory studies in a patient with a suspected HE syn-
drome should assess whether the patient is anemic (hemoglobin 
concentration/hematocrit), whether the anemia is well compen-
sated (reticulocyte count), and whether the anemia is caused by 
accelerated RBC destruction (increased serum lactate dehydroge-
nase and bilirubin concentration). The mean cell volume (MCV) 
is also important because some hemolytic HE and HPP variants 
with RBC fragmentation often demonstrate severe microcytosis as 
a result of RBC fragmentation.

Careful evaluation of the blood smear is essential both for the 
diagnosis of HE and the classification of the disorder into major 
subtypes. At least 15% and often as many as 50% to 90% of red 
cells are elliptical, whereas smears from normal subjects contain 
fewer than 15% elliptocytes. In patients in whom elliptocytosis is 
the only morphologic abnormality, hemolysis is usually minimal 
or absent, with the exception of spherocytic elliptocytosis, in 
which the presence of “fat” ovalocytes is associated with acceler-
ated red cell destruction. In other patients with hemolytic forms 
of HE, poikilocytosis almost always is seen on the blood film, and 
in HPP, many red cells circulate as cell fragments and micro-
spherocytes, producing a marked decrease in mean cell volume. 
OF is normal in nonhemolytic HE but is increased in hemolytic HE 
variants with poikilocytosis, HPP, and spherocytic elliptocytosis.

The finding of more than 30% oval red cells on the peripheral 
blood film, some containing a central slit or a transverse ridge, 
together with an absence of clinical and laboratory evidence 
of hemolysis in an individual from Southeast Asia or the South 
Pacific, is highly suggestive of SAO. A screening test for SAO is 
the failure of ovalocytes to undergo membrane changes (form 
spicules) after metabolic depletion or when suspended in hyper-
tonic salt solutions. The mechanism of this resistance to change 
in shape presumably is because of the extreme rigidity of the red 
cell membrane. The OF is decreased (i.e., resistant to hemolysis) 
in SAO red cells.

Once the diagnosis of an HE syndrome is established, it is 
possible to further characterize the specific membrane lesion. 
Biochemical studies including studies of membrane protein 
quality and quantity; functional studies of spectrin, such as 
analyses of spectrin self-association; and tryptic mapping of 
spectrin digests to detect mutant spectrin peptides can be 
performed. Genetic studies to identify specific mutations and 
associated modifier alleles can also be performed. Like HS, 
these studies, available in specialized research laboratories, are 
indicated for studying difficult or particularly interesting and 
informative cases.

treatment
In view of the benign nature of typical HE, therapeutic interven-
tion is not indicated in most individuals. Patients with HE vari-
ants associated with severe hemolytic anemia should be provided 
supportive care comparable to that in HS, e.g., supplemental folic 
acid, periodic screening for cholelithiasis, and transfusion during 
hemolytic or aplastic crisis. Splenectomy is followed by dramatic 
improvement or normalization of the hemoglobin concentration 
and a decrease in the reticulocyte count, despite the persistence 
of elliptocytes on the peripheral smear.

No therapeutic interventions are required for individuals with 
SAO.
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StomatoCytiC DiSoRDeRS
Stomatocytes are erythrocytes with a central slit or mouth-shaped 
(stoma) area of central pallor when examined on dried smears. 
In wet preparations, they are uniconcave rather than biconcave, 
giving them a bowl-like appearance. In vitro, stomatocytes are 
produced by drugs that intercalate into the inner half of the lipid 
bilayer, thereby expanding the inner lipid surface area relative to 
that of the outer half of the bilayer. In contrast, echinocytes (RBCs 
with numerous fine spicules) are thought to be the result of pref-
erential expansion of the outer lipid bilayer relative to the inner 
layer. A few stomatocytes may be observed in blood smears pre-
pared from normal individuals.142 Acquired stomatocytosis has 
been associated with acute alcoholism and hepatobiliary disease, 
vinca alkaloid administration, neoplasms, and cardiovascular 
disease. Stomatocytosis is also sometimes observed as a process-
ing artifact. Stomatocytes are associated with rare hereditary 
disorders of red cell cation permeability known as the hereditary 
stomatocytosis syndromes,143 aberrant Rh blood group antigen 
expression, sitosterolemia, and familial deficiency of high-density 
lipoproteins. Each of these stomatocytic disorders is associated 
with mild to moderate hemolysis.

To appreciate the pathophysiology of the hereditary stomato-
cytosis syndromes (Table 27.4), an understanding of normal red 
cell cation and water transport is essential.144 The RBC mem-
brane, which is freely permeable to water, controls its volume 
primarily through regulation of the monovalent cation content. 
Small passive cation leaks (Na+ in, K+ out) are normally balanced 
by the active outward transport of sodium (3 mEq/red cell/hour) 

and inward transport of potassium (2 mEq/red cell/hour). These 
cation pumps are linked, require ATP, and are dependent on 
the membrane enzyme Na+-K+-adenosine triphosphatase. If the 
membrane permeability leak to monovalent cations increases, 
cation pumps have limited compensatory ability, and, if this 
capacity is exceeded, red cell volume changes in parallel with the 
total cation change. Red cells swell when the inward sodium leak 
exceeds the potassium leak out; red cells shrink when the potas-
sium leak out exceeds the inward sodium leak. These membrane 
permeability abnormalities are recognized by observing altered 
RBC hydration (decreased or increased MCHC) and altered red 
cell sodium, potassium, and total monovalent cation content.

hereditary stomatocytosis
Hereditary stomatocytosis (also known as hereditary hydro-
cytosis, or overhydrated stomatocytosis) refers to a heteroge-
neous group of autosomal dominant hemolytic anemias caused 
by altered sodium permeability of the red cell membrane 
(Table  27.4).145,146 The major pathophysiologic abnormality is 
the result of a marked increase in sodium permeability (15 to 40 
times normal), leading to increased RBC sodium, a lesser decrease 
in intracellular potassium, an increase in total monovalent cation 
content, and, thereby, an increase in cell water. Despite a marked 
compensatory increase of active sodium and potassium trans-
port, increased pump activity is unable to compensate for the 
markedly increased inward sodium leak. Treatment of these cells 
with dimethyl adipimidate (a bifunctional imidoester that cross-
links proteins) normalizes membrane permeability, corrects cell 

FEATURES OF HEREDITARY STOMATOCYTOSIS SYNDROMES

taBle 27.4

Stomatocytosis (Hydrocytosis) Intermediate Syndromes

Severe 
Hemolysis Mild Hemolysis Cryohydrocytosis

Stomatocytic 
Xerocytosis

Xerocytosis with 
High PC Xerocytosis

Hemolysis Severe Mild to moderate Moderate Mild Moderate Moderate

Anemia Severe Mild to moderate Mild to moderate None Mild Moderate

Blood smear Stomatocytes Stomatocytes Stomatocytes or nl Stomatocytes Targets Targets, echinocytes

MCV (80–100 m3)a 110–150 95–130 90–105 91–98 84–92 100–110

MCHC (32–36%) 24–30 26–29 34–40 33–39 34–38 34–38

Unincubated 
 osmotic fragility

Very increased Increased Normal Decreased Very decreased Very decreased

RBC Na+ (5–12 
mEq/LRBC)

60–100 30–60 40–50 10–20 10–15 10–20

RBC K+ (90–103 
mEq/LRBC)

20–55 40–85 55–65 75–85 75–90 60–80

RBC Na+ +K+ 110–140 115–145 100–105 87–103 93–99 75–90

(95–110 mEq/
LRBC)

Phosphatidylcholine 
content

Normal ±Increased Normal Normal Increased Normal

Cold autohemolysis No No Yes No No ?

Effect of 
 splenectomy

Good Good Fair ? ? ?Poor

Genetics AD, ?AR AD AD AD AD AD

AD, autosomal dominant; AR, autosomal recessive; LRBC, liter of red blood cells; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; PC, phosphatidylcholine; 
RBC, red blood cell.
a Values in parentheses are the normal range.
Modified with permission from Walensky LD, Narla M, Lux SE. Disorders of the red blood cell membrane. In: Handin RI, Lux SE, Stossel TO, eds. Blood: principles and practice of hematology, 
2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins, 2003:1818.
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cation and water content, improves membrane deformability, and 
corrects the abnormal RBC morphology. Moreover, these treated 
RBCs have an improved survival in vivo. In most patients, excess 
cation permeability is associated with an absence of red cell 
membrane protein band 7 on sodium dodecyl sulfate gels. This 
protein is referred to as band 7.2b or stomatin,147–149 and its 
function is currently unknown. No abnormalities in the stomatin 
gene, which has been isolated and cloned, have been identified 
in stomatin-deficient individuals with hereditary stomatocytosis. 
Homozygous knock-out mice that completely lack the murine 
analog of erythrocyte stomatin exhibit no features of the heredi-
tary stomatocytosis syndrome seen in humans, suggesting that 
stomatin deficiency is not the proximate cause of the disease in 
humans, although it may be a marker for another membrane 
defect that is responsible.150

The severity of hemolytic disease is diverse, both between 
different families and among affected members of the same fam-
ily. In most patients, symptoms related to intermittent anemia 
and jaundice are so mild that no therapy is required. Rarely, the 
anemia is of sufficient severity to require transfusion therapy. 
Exchange transfusion for severe neonatal hyperbilirubinemia 
was required in one case. Splenomegaly is an expected corollary 
of severe anemia. Approximately 10% to 50% of circulating red 
cells are stomatocytes (Fig. 27.12). The MCV is elevated, often 
strikingly, the MCHC is normal or low (as a result of increased 
cell water content), and OF is increased. Red cell sodium content 
is increased and potassium content is decreased. In most patients, 
hemolytic anemia is improved after splenectomy, but splenectomy 
is considered contraindicated in most cases because there is a 
high risk of postsplenectomy thromboembolic disease and chronic 
pulmonary hypertension. This has been attributed to increased 
erythrocyte endothelial cell adhesion due to increased phosphati-
dylserine exposure of overhydrated erythrocytes.151 Fortunately, 
most patients have compensated hemolysis and splenectomy is 
not required.

hereditary Xerocytosis
Hereditary xerocytosis (also known as desiccytosis or dehydrated 
stomatocytosis) is a rare autosomal dominant hemolytic anemia 
characterized by red cell dehydration due to net potassium loss 
from cells that is not accompanied by a proportional gain of 
sodium (Table 27.4).145,152 Measurement of RBC cations reveals 
a slight increase in cell sodium content, a greater decrease 
in potassium concentration, and, thus, a decrease in the net 
intracellular cation content and cell dehydration. In some cases, 
reduced red cell 2,3-DPG has been noted. In several families, an 
increase in erythrocyte PC content has been observed. Although 
the total red cell membrane protein content may be elevated, 
specific abnormalities of stomatin or other membrane proteins 
have not been observed. The red cells in hereditary xerocytosis 
are sensitive to shear stress and readily undergo membrane 
fragmentation.

Xerocytosis patients characteristically have mild to moderate 
hemolysis. The MCHC is increased, reflecting cellular dehydra-
tion, whereas the MCV is slightly increased, reflecting both 
increased reticulocyte count and artifact from electronic cell 
counters which, because of alterations in cellular stiffness, esti-
mate the MCV about 10% too high. Peripheral blood film reveals 
stomatocytes, target cells, spiculated cells, and some cells in 
which hemoglobin is concentrated (“puddled”) in discrete areas 
on the cell periphery (Fig. 27.12). Peripheral blood smears from 
mildly affected patients is nearly normal. The OF is decreased. 
Splenectomy is to be avoided because it has minimal effect on 
the hemolytic anemia and increases the risk of thrombosis.153,154 
A subset of patients with hereditary xerocytosis also exhibits 
transient in utero ascites, nonimmune hydrops fetalis, and/
or pseudohyperkalemia which are unrelated to the degree of 

anemia.155,156,157 The basis for the transient ascites and hydrops 
is unknown.

Recently, mutations in the mechanotransduction protein 
PIEZO1 were identified in patients with hereditary xerocyto-
sis.158 PIEZO1 is encoded by the FAM38A gene on chromosome 
16, located in the region previously linked to both hereditary 
xerocytosis and pseudohyperkalemia (see section “Intermediate 
Stomatocytic Syndromes”).159–161 This work suggests that PIEZO 
proteins play a previously unrecognized role in erythrocyte volume 
regulation, with PIEZO1-mutant erythrocytes gradually becom-
ing dehydrated during their repeated cycles of travel through the 
microcirculation, associated with changes in oxygenation/deoxy-
genation. Thus, the PIEZO proteins may participate in the initial 
calcium-permeable cation conductance pathways involved in sickle 
cell dehydration.158,162,163

intermediate stomatocytic syndromes
Some cases of hereditary RBC cation permeability abnormalities 
share features of both hereditary stomatocytosis and xerocytosis 
(Table 27.4).145,164 Affected individuals have stomatocytes and 
target cells on the peripheral blood smear. The OF of red cells is 
either normal or slightly increased. The sodium and potassium 
permeability is somewhat increased, but the intracellular cation 
concentration and the red cell volume usually are normal or 
slightly reduced.

FIGURE 27.12. Hereditary stomatocytosis. A: Wright-stained peripheral blood smear from 
a patient with hereditary hydrocytosis. Instead of central pallor, characteristic erythrocytes have 
a central mouth-like or “stoma” appearance, hence the term stomatocytosis. B: Wright-stained 
peripheral blood smear from a patient with hereditary xerocytosis, showing dense, abnormal 
erythrocyte forms where hemoglobin appears puddled at the periphery.

A

B
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Cryohydrocytosis is a variant of hydrocytosis with abnor-
mal cation transport and overhydrated red cells (Table 27.4). 
Cryohydrocytosis cells exhibit a profound increase in cation 
permeability in vitro at low temperatures (5°C) compared with 
37°C. A similar susceptibility to cold-induced cation permeability 
in which potassium and water loss predominates and xerocytes 
instead of hydrocytes are present has also been described. Blood 
samples left at room temperature for a few hours may manifest 
pseudohyperkalemia as a result of potassium efflux from red 
cells into the plasma. Despite the mildly dehydrated red cells, no 
anemia or hemolysis is associated with this defect. Careful analy-
sis of potassium loss at low temperatures is an excellent way to 
distinguish between cryohydrocytosis, pseudohyperkalemia, and 
intermediate forms; at least five different phenotypes can be dis-
tinguished. In a group of cryohydrocytosis patients, two different 
mutations in the Rh-associated glycoprotein (RHAG), Ile61Arg 
or Phe65Ser, were found.165 Additional studies support the role 
of Rh proteins as an ammonia channel in erythrocytes, with the 
cryohydrocytosis-associated mutations leading to increased cation 
conductance/permeability.166,167

A subgroup of stomatin-deficient cryohydrocytosis patients 
with hepatosplenomegaly, cataracts, seizures, and movement dis-
orders has been described. In two affected kindreds, mutations in 
the glucose transporter 1 (GLUT1), encoded by the SLC2A1 gene, 
have been found.168

Study of a group of stomatocytosis, spherocytosis, and sphero-
stomatocytosis patients with large cation leaks at 0°C revealed 
varying patterns of cation loss over a range of temperatures. 
Erythrocyte membranes from some of these patients demon-
strated band 3 deficiency. Several missense mutations in exon 17, 
encoding an intramembrane domain of band 3, were discovered 
in these patients.119 In vitro studies suggested that these muta-
tions convert band 3 from an anion exchanger to a nonselective 
cation leak channel.169

rh-null Disease
Most hematologists are familiar with the Rh antigen because of 
the immune sensitization that occurs in Rh-negative individuals 
exposed to Rh-positive red cells. The Rh locus (RH30) is composed 
of two closely linked genes, one encoding the D polypeptide and 
the other encoding the CE protein.170 The importance of the Rh 
locus for membrane integrity was recognized through the dis-
covery of rare individuals whose red cells have absent (Rhnull) or 
markedly decreased (Rhmod) Rh antigen expression.171 Rh pro-
teins are part of a multiprotein complex that includes 2 Rh pro-
teins and 2 Rh-associated glycoproteins (RhAG).172 Other proteins 
that associate with this complex include CD47, LW, glycophorin B, 
and protein 4.2. The Rh-RhAG complex interacts with ankyrin to 
link the membrane skeleton to the lipid bilayer.173

Rhnull and Rhmod diseases are characterized by mild to moder-
ate normocytic, normochromic hemolytic anemia with stomato-
cytes and occasional spherocytes on peripheral blood smear. 
Though the clinical syndromes are the same, the genetic basis of 
the Rh deficiency syndrome is heterogeneous, with at least two 
groups defined. The “amorph type” is due to defects involving 
the RH30 locus encoding the RhD and RhCE polypeptides. The 
“regulatory type” of Rhnull and Rhmod phenotypes results from 
suppressor or “modifier” mutations at the RH50 locus encoding 
the Rh-associated glycoproteins. When one chain of the Rh-RhAG 
complex is absent, the entire Rh multiprotein complex is either 
not transported to or assembled at the membrane.

sitosterolemia
Sitosterolemia, also known as phytosterolemia, is a recessively 
inherited disorder associated with elevated plasma levels of 
plant sterols. Affected patients exhibit early onset xanthoma-
tosis and premature coronary artery disease.174 Hematologic 

manifestations include macrothrombocytopenia and stomatocytic 
hemolytic anemia.175,176 Mutations in the transporters ABCG5 or 
ABCG8 lead to gastrointestinal hyperabsorption and decreased 
biliary elimination of plant sterols as well as altered cholesterol 
metabolism.177 Plant sterols are not synthesized endogenously in 
humans, but are passively absorbed in the intestine.178 ABCG5 
and ABCG8 actively pump plant sterols out of the intestinal cells 
back into the intestine and out of liver cells into bile ducts. It has 
been suggested that the stomatocytic phenotype is due to inter-
calation of plant sterols into the inner leaflet of the lipid bilayer.

Familial Deficiency of high-density lipoproteins
Familial deficiency of high-density lipoproteins (Tangier disease) 
is a rare autosomal recessive disorder associated with accumu-
lation of cholesterol esters in many tissues. Affected patients 
exhibit markedly reduced high-density lipoproteins and mild 
hypertriglyceridemia. Accretion of cholesterol leads to enlarged 
yellow- or orange-colored tonsils, hepatosplenomegaly, cloudy 
corneas, neuropathy, and premature atherosclerosis. Hematologic 
manifestations include a mild to moderate hemolytic anemia with 
stomatocytosis. Erythrocyte membranes have low free cholesterol 
content, leading to a decreased cholesterol/phospholipid ratio 
and a relative increase in PC. Patients with Tangier disease have 
mutations in ABCA1, a protein involved in the cellular export of 
cholesterol.

aCantHoCytiC DiSoRDeRS
Acanthocytes are dense, contracted red cells with several irregu-
larly spaced “thorny” projections on the surface. Acanthocytes 
differ from echinocytes in that there are fewer projections, and 
the width and length of these projections vary considerably. No 
central pallor is evident. By contrast, echinocytic spicules are simi-
lar in dimension and evenly distributed around the cell periphery. 
Acquired acanthocytosis is encountered in patients with severe 
liver disease, in malnourished states such as anorexia nervosa 9, 
in hypothyroidism, and after splenectomy. Acanthocytosis also is 
seen in hereditary disorders such as abetalipoproteinemia, the 
McLeod phenotype, and the neuroacanthocytosis syndromes.

spur cell anemia
Acanthocytosis in liver disease (hepatocellular injury) is attrib-
utable to a marked increase in the cholesterol content and 
the cholesterol to phospholipid ratio of red cell membranes 
(Fig. 27.13).179 This red cell lipid profile is in contrast to the equal 
increase in both cholesterol and phospholipid seen in obstructive 
liver disease. In cirrhotic liver disease, abnormal lipoproteins 
produced by the liver are loaded with cholesterol; this excess 
cholesterol is readily transferred to RBCs, resulting in the forma-
tion of flat, scalloped cells.180 These cells, however, are further 
conditioned by the spleen, resulting in membrane fragmentation, 
and the evolution of acanthocytes that look like “spurs.”

These spur RBCs are cholesterol loaded, with a decreased 
surface area to volume ratio, and their cellular deformability is 
decreased. Once formed, spur cells are destroyed over time by 
the spleen, accounting for the hemolytic anemia associated with 
severe liver disease. Such patients usually have moderate-to-
severe hemolysis, hyperbilirubinemia, splenomegaly, as well as 
clinical and laboratory evidence of liver disease. This acantho-
cytic, spur cell anemia can occur in any condition associated with 
severe hepatocyte injury.

abetalipoproteinemia
Abetalipoproteinemia is a rare, autosomal recessive disorder char-
acterized by acanthocytosis, malabsorption of fat, hypolipidemia, 
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retinitis pigmentosa, and progressive ataxia.181,182 Although 
affected infants ostensibly are normal at birth, steatorrhea, 
abdominal distention, and growth failure develop in the first 
months of life. Retinitis pigmentosa and progressive ataxia are 
first noted in children between 5 and 10 years of age. Without 
treatment, neurologic disability is progressive, with death usu-
ally occurring during the second or third decade. In some cases, 
cardiac arrhythmias and heart failure precede death. Many of the 
clinical abnormalities have been attributed to fat-soluble vitamin 
deficiency, especially vitamin E, but this has not been well studied. 
Retinal and neuromuscular abnormalities may be stabilized by 
the administration of vitamin E.

The primary biochemical defect is failure to synthesize 
or secrete lipoprotein-containing products of the apolipopro-
tein B gene, the B apoproteins B100 and B48, or defects 
in the multifunctional microsomal triglyceride transfer pro-
tein,183 required for production of apoprotein B–containing b- 
lipoproteins.184 Absorption of lipids through the intestine is 
defective, serum cholesterol levels are extremely low, and serum 
b-lipoprotein is absent. Secondary alterations in CD1 lead to 
immune defects.185 The serum appears transparent. Clinical 
manifestations are variable depending upon the extent to which 
apolipoprotein B-mediated metabolic processes are affected.

Acanthocyte formation is thought to reflect an increase in the 
surface area of the outer lipid bilayer relative to the inner bilayer, 
attributed to increased SM in the outer bilayer mirroring the 
altered plasma lipid profile of these patients, presumably because 
of lipid exchange. Normal red cells become acanthocytic when 
infused into individuals with abetalipoproteinemia. In affected 
patients, red cell precursors and young erythrocytes are of normal 
shape, with acanthocyte formation increasing with erythrocyte 
aging, reaching up to 50% to 90% of erythrocytes on peripheral 
smear (Fig. 27.14). For unknown reasons, the anemia in abetali-
poproteinemia (increased SM) is minimal to mild, whereas in spur 
cell anemia (increased cholesterol) there is moderate-to-severe 
hemolysis. Occasionally, severe anemia is observed in patients 

with abetalipoproteinemia. This is usually the result of broad 
nutritional deficiencies, including folate deficiency, related to 
malabsorption.

mcleod phenotype
The McLeod phenotype, named after the first patient described, 
is an X-linked abnormality of the Kell blood group system.186,187 
Red cells, leukocytes, or both from affected patients react poorly 
with Kell antisera. Associated findings in affected males include 
acanthocytosis ranging from 8% to 85%, a mild, well-compensated 
hemolytic anemia, and susceptibility to alloimmunization by Kell 
antigens. Elevated serum creatine phosphokinase levels are seen, 
often accompanied by myopathy and peripheral neuropathy. 
Central nervous system abnormalities may appear, particularly 
after the fourth decade of life. Females have only occasional 
acanthocytes and minimal to no hemolysis. Because of the sus-
ceptibility to alloimmunization, it is important to diagnose affected 
patients, since if they are transfused, they may develop antibodies 
compatible only with McLeod red cells.

The McLeod phenotype is the result of mutation in the XK 
gene located on the X chromosome, which encodes a membrane 
protein necessary for Kell antigen expression. XK is linked to 
Kell, a zinc endopeptidase that carries the Kell antigens, by a 
disulfide bond. McLeod erythrocytes lack XK and Kell proteins. 
Contiguous X-chromosome gene deletions including the XK gene 
have led to McLeod individuals with co-inherited chronic granulo-
matous disease, Duchenne’s muscular dystrophy, and/or retinitis 
pigmentosa.188

neuroacanthocytosis syndromes
The neuroacanthocytoses are a group of degenerative neuro-
logic disorders marked by great phenotypic and genetic hetero-
geneity that share the features of acanthocytes on peripheral 
blood smear.189,190 These disorders include the X-linked McLeod 

FIGURE 27.13. Alterations of erythrocyte shape in liver disease. N Schematic illustration of the pathophysiology of acanthocyte (“spur cell”) and target cell 
formation in liver disease. RBC, red blood cell. (Reprinted with permission from Gallagher PG, Lux SE, Disorders of the erythrocyte membrane. In: Nathan DG, Orkin 
SH, Ginsburg D, Look AT, eds. Hematology of infancy and childhood, 6th ed. Philadelphia, PA: WB Saunders, 2003:645.)
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loading, or ATP depletion, can induce echinocyte formation. In 
echinocytes produced by ATP depletion or calcium loading, it 
has been suggested that altered phospholipid distribution is a 
consequence of decreased aminophospholipid translocase activ-
ity, an ATP-dependent enzyme that actively translocates amino-
phospholipids from the outer half of the bilayer to the inner half 
echinocytes.

taRGet Cell DiSoRDeRS
Target cells are discoid RBCs with a centralized hemoglobinized 
area in the clear center, resembling a bull’s eye or target. Target 
cells are the morphologic expression of an increase in the ratio 
of the cell surface area to cell volume. This ratio is influenced 
by increases in surface area as well as decreases in cell volume. 
An absolute increase in cell surface area due to net membrane 
accumulation of phospholipids and cholesterol is the basis of 
target cell formation in obstructive liver disease and disorders 
of intrahepatic cholestasis (Fig. 27.13). This accumulation is 
caused by abnormal low-density lipoproteins that occur in 
obstructive jaundice. These low-density lipoproteins are laden 
with cholesterol and lecithin, which is readily transferable to 
red cell membrane, thereby leading to an expansion of the 
cell membrane surface. This process explains why HS patients 
who develop sudden obstructive jaundice due to cholelithiasis 
have a decrease in hemolysis and normalization of OF; i.e., the 
increased membrane surface area temporarily normalizes the 
previously abnormal surface area to volume ratio of sphero-
cytes. Decreased cell volume leading to target cell formation is 
associated with decreased hemoglobin synthesis (thalassemia 
or iron deficiency), several structural mutations of hemoglobin 
(S, C, D, and E), or some primary disorders of cell hydration.

Target cells have decreased OF, as the excess of membrane 
surface area leads to an increase of the critical hemolytic volume. 
Typically, an increase in cell surface area does not affect red cell 
survival, but decreased cell volume associated with cellular dehy-
dration or reduced hemoglobin synthesis may.

Immediately postsplenectomy, target cells appear, reaching 
levels of 2% to 10%. Like other target cells, membrane lipids are 
increased, OF is decreased, and the cell surface area to volume 
ratio is increased.200 As discussed above, splenic conditioning 
normally removes excess membrane from erythrocytes. The exact 
mechanism responsible is not defined, although the reduction 
in red cell lipid content suggests that lipases may be involved. 
Postsplenectomy, red cells may eventually lose their excess lipid 
by conditioning in non-splenic sites, leading to a gradual decrease 
in target cells.

Familial lecithin–cholesterol acyltransferase 
Deficiency
Target cells are also observed on peripheral smears of patients 
with lecithin–cholesterol acyltransferase (LCAT) deficiency. 
Familial LCAT deficiency is a rare, autosomal recessive disorder 
due to mutations in LCAT, an enzyme that catalyzes the trans-
fer of fatty acids from PC to cholesterol.201,202 Manifestations 
include mild anemia, corneal opacities, hyperlipidemia, renal 
disease, and premature atherosclerosis.202,204 In the circulation, 
LCAT is complexed with high-density lipoproteins. Deficient 
plasma LCAT activity is responsible for a marked decrease in 
plasma levels of unesterified cholesterol and an increase in the 
amount of free cholesterol. The red cell membrane may contain 
twice the normal amounts of unesterified cholesterol, but PC 
also is increased, whereas SM and PE are reduced. These RBC 
lipid changes are reversible when the target cells are incubated 
with normal plasma. Typically the anemia of LCAT deficiency is 
mild, with both hemolysis and decreased erythropoiesis due to 

FIGURE 27.14. Acanthocytes. Blood smear from patient with liver disease. Note the 
numerous erythrocytes with thorny projections, or acanthocytes. (Courtesy of Irma Pereira MT 
[ASCP]SH.)

syndrome described above; chorea-acanthocytosis (ChAc); and 
other neurodegenerative disorders such as Huntington’s  disease 
like 2 (HDL2), due to mutations in the junctophilin-3 gene; 
and pantothenate kinase-associated neurodegeneration (formerly 
known as Hallervorden-Spatz syndrome and its allelic variant 
HARP syndrome—hypobetalipoproteinemia, acanthocytosis, reti-
nitis pigmentosa, and pallidal degeneration), due to mutations in 
the pantothenate kinase 2 (PANK2) gene.191,192 The etiology of the 
acanthocytic erythroid phenotype in these disorders is unknown. 
Further investigation of the pathobiology in erythroid cells may 
provide important insights into the neurodegenerative processes 
affecting the brain.

ChAc is an autosomal recessive disorder characterized by 
acanthocytes, normolipoproteinemia, and progressive neuro-
logic disease, beginning in adolescence or adult life. Neurologic 
manifestations are variable and may include limb chorea, pro-
gressive orofacial dyskinesia, tongue biting, muscle wasting, 
and hypotonia. Mutations have been identified in the chorein 
gene (also known as CHAC or VPS13A—vacuolar protein sort-
ing 13 homolog A) in ChAC patients.193–195,196,197 The role of 
chorein is unknown, either in erythrocytes or in the brain. In 
yeast, its homolog is involved in protein sorting and transport. 
Abnormalities in erythrocyte membrane phosphorylation have 
been identified, and perturbations in a network of intercon-
nected kinases are suggested to play a role in acanthocyte 
formation.198,199

eCHinoCytiC DiSoRDeRS
Echinocytes are RBCs with numerous fine uniform spicules dis-
tributed equally throughout the cell surface. These cells differ 
morphologically from acanthocytes, which have fewer projections, 
and the spicules vary in size. It is thought that echinocytes are 
the result of preferential expansion of the outer lipid bilayer rela-
tive to the inner layer. As mentioned previously, stomatocytes, in 
contrast, are produced by agents that expand the inner lipid sur-
face area relative to the outer half of the bilayer. The presence of 
echinocytes on the peripheral blood film often is an artifact caused 
by interactions of red cells with glass. However, echinocytes also 
are seen in association with hemolytic anemias in patients with 
hypophosphatemia, pyruvate kinase deficiency, uremia; and are 
also seen in some long-distance runners. The mechanism of echi-
nocytosis in these diverse disorders is not clear. In vitro, a variety 
of factors, such as exposure of red cells to certain drugs, calcium 
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in the bone marrow and the spleen of affected patients.
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overview of erytHrocyte 
metaBolism
Mature red blood cells (RBCs) are anucleate (thereby incapable of 
cell division), devoid of ribosomes (thereby incapable of protein 
synthesis) and lack mitochondria (thereby incapable of oxida-
tive phosphorylation). Despite these limitations RBC survive 100 
to 120 days in the circulation, and effectively deliver oxygen to 
peripheral tissues. Glucose is the main metabolic substrate of 
red blood cells and it is metabolized by two major pathways: the 
glycolytic or “energy producing” pathway and the hexose mono-
phosphate (HMP) shunt or “protective” pathway. Under normal 
conditions approximately 90% of glucose flows through glycolysis, 
with a much smaller fraction being channeled through the HMP 
pathway. However, the fraction of glucose entering the pentose 
phosphate pathway can increase significantly under conditions 
of increased oxidative stress. The major products of glycolysis are 
ATP (a source of energy for numerous RBC membrane and meta-
bolic reactions), NADH (a necessary cofactor for methemoglobin 
reduction by cytochrome b5 reductase), and 2,3-diphosphoglycer-
ate ([2,3-DPG], an important intermediate that modulates hemo-
globin-oxygen affinity) (Fig. 28.1). Mature RBC are incapable of de 
novo purine or pyrimidine synthesis, although many enzymes of 
nucleotide metabolism are present in erythrocytes. The latter are 
now known to be important for RBC preservation in vitro; and it 
also is recognized that abnormalities in purine and pyrimidine 
metabolism are associated with inherited hemolytic disease.

The consequences of red cell enzymopathies are diverse. Some 
enzyme variants cause hemolytic disease, with anemia being the 
sole expression of the enzymopathy. In other enzyme disorders 
hemolysis is one feature of a multisystem disease affecting many 
tissues. Also, in some cases erythrocyte enzyme abnormalities 
have no adverse effects on RBC function, and, if they occur in 
patients with hemolytic anemia, it is not always clear that the 
enzyme deficiency and hemolysis are causally related. This chap-
ter focuses on the varied enzyme defects associated with hemoly-
sis. These RBC enzyme disorders are due to abnormalities in the 
HMP shunt and glutathione metabolism, glycolytic enzyme defi-
ciencies, and abnormalities in purine and pyrimidine metabolism.

disorders of Hexose 
monopHospHate sHunt and 
GlutatHione metaBolism
The HMP shunt pathway metabolizes 5% to 10% of glucose uti-
lized by red blood cells, and this is critical for protecting red cells 
against oxidant injury (Fig. 28.2). The HMP pathway is the only 
RBC source of reduced nicotinamide adenine dinucleotide phos-
phate (NADPH), a cofactor important in glutathione metabolism. 
Red blood cells contain relatively high concentrations of reduced 
glutathione (GSH), a sulfhydryl-containing tripeptide (glutamylcys-
teinylglycine) which functions as an intracellular reducing agent 
that protects cells against oxidant injury. Oxidants, such as super-
oxide anion (O2

−) and hydrogen peroxide (H2O2), are produced 
by exogenous factors (i.e., drugs, infection) and also are formed 
within red cells as a consequence of reactions of hemoglobin 

with oxygen. However, when these oxidants accumulate within 
red cells, hemoglobin and other proteins are oxidized, leading to 
loss of function and RBC death. Under normal circumstances this 
does not occur, since GSH, in conjunction with the enzyme gluta-
thione peroxidase (GSH-Px), rapidly inactivates these compounds. 
During the oxidant detoxification process, however, GSH itself is 
converted to oxidized glutathione (GSSG), and GSH levels fall. In 
order to sustain protection against persistent oxidant injury, GSH 
levels must be maintained, and this is accomplished by glutathi-
one reductase (GSSG-R), which catalyzes reduction of GSSG to 
GSH. This reaction requires the NADPH generated by glucose-
6-phosphate dehydrogenase (G6PD), the first enzymatic reaction 
of the HMP shunt. Thus, it is the tight coupling of the HMP shunt 
and glutathione metabolism that is responsible for protecting 
intracellular proteins from oxidative assault. Almost all hemolytic 
episodes related to altered HMP shunt and glutathione metabo-
lism are due to G6PD deficiency, and this enzyme deficiency is 
known to affect millions of people throughout the world.1–4 Rare 
cases of hemolysis associated with decreased GSSG-R activity, 
GSH-Px deficiency, and deficiencies of GSH synthetic enzymes also 
have been described.

Glucose-6-phosphate Dehydrogenase Deficiency
The importance of this enzyme for red cell integrity was first rec-
ognized following the observation that some African-American 
soldiers taking the antimalarial drug primaquine would develop 
acute hemolytic anemia with hemoglobinuria. Initially it was 
observed that GSH was decreased in the RBC of susceptible 
individuals during acute hemolytic episodes. Subsequently, the 
activity of G6PD, one of the enzymes needed to keep adequate 
GSH levels, was found to be deficient in affected red cells.5,6 Soon 
thereafter, the worldwide distribution of G6PD deficiency became 
apparent, and the variation of clinical expression of enzyme defi-
ciency was discovered. In most individuals with G6PD deficiency, 
there is no anemia in the steady state, reticulocyte counts are 
normal, but RBC survival may be slightly decreased. However, 
episodic exacerbations of hemolysis accompanied by anemia 
occur in association with the administration of certain drugs, 
with some infections, and with the eating of fava beans. In a 
minority of cases G6PD deficiency is associated with a chronic 
hemolytic process. To date, over 400 G6PD biochemical variants 
have been recognized.2,3,7

Genetics
The gene for G6PD is located on the X chromosome (band X 
q28),8–10 The fact that normal males and females have the same 
enzyme activity in their red cells is explained by the Lyon hypothe-
sis.1,11 This hypothesis maintains that one of two X chromosomes 
in each cell of the female embryo is inactivated and remains inac-
tive throughout subsequent cell divisions for the duration of life. 
In fact, it was studies by Beutler on females with G6PD deficiency 
which were used in proof of the Lyon hypothesis.12 Enzyme defi-
ciency is expressed in males carrying a variant gene, whereas 
heterozygous females usually are clinically normal. However, 
dependent upon the degree of lyonization, and the degree to 
which the abnormal G6PD variant is expressed, the mean red 
blood cell enzyme activity in females may be normal, moderately 
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reduced, or grossly deficient. A female with 50% normal G6PD 
activity has 50% normal red cells and 50% G6PD-deficient red 
cells. The G6PD-deficient cells in females, however, are as vulner-
able to hemolysis as are enzyme-deficient red blood cells in males.

The concept of X chromosome inactivation and the study of 
G6PD has been informative in other areas. In particular, it has 
facilitated our understanding of monoclonal and multiclonal dis-
orders of cell proliferation. Most tumors, both benign and malig-
nant, can be demonstrated to have a clonal origin, being derived 
from one cell.13–15 For example, analysis of the G6PD enzyme in 

uterine myomata of women heterozygous for G6PD A and G6PD 
B revealed that any given tumor had either G6PD A or enzyme B, 
but not both.16 The same principle has been used to demonstrate 
the clonal origin of the malignant transformation of acute leuke-
mia17,18 and chronic myelocytic leukemia,19 and also the clonal 
nature of polycythemia vera,20 primary thrombocythemia,21 and 
paroxysmal nocturnal hemoglobinuria.22

Prevalence and Geographic Distribution
Deficiency of G6PD is the most common metabolic disorder of 
red blood cells and has been estimated to affect over 400 million 
people worldwide.2,3,23 Although global in its distribution, G6PD 
deficiency is encountered with greatest frequency in the tropical 
and subtropical zones of the Eastern Hemisphere. The incidence 
of the deficiency state is approximately 20% among African Bantu 
males,24,25 12% in African-American men,26 and 8% in Brazilian 
blacks. As many as 20% of female African-Americans may be 
heterozygous for G6PD mutants,27 and as many as 1% are homo-
zygous. In Sardinia, the incidence varies from 35% at low altitudes 
to 3% in areas above 600 meters.28 The deficiency state has been 
reported from most areas of Greece, again with greatest frequency 
(20% to 32%) in the lowlands.29 The condition is also prevalent 
among Sephardic Jews, and as many as 60% to 70% of Kurdish 
Jews may be affected.3,30,31 In the male Asian population, the inci-
dence of G6PD deficiency is estimated to be 14% in Cambodia,32 
5.5% in South China,33,34 2.6% in India,32 and less than 0.1% 
in Japan.35 In China the frequency of G6PD deficiency in males 
ranges from 0% to 17.4%, with the highest prevalence being seen 
in ethnic groups geographically related to historical malaria. It is 
rare among Native Americans.36

Because of its high incidence among populations in which 
malaria was once endemic, G6PD deficiency is thought to have 
conferred a selective advantage against infection by falciparum 
malaria.37–39 Partial indirect support for this is that G6PD 
deficiency in Sardinia is more common at sea level compared 
to higher elevations, and this also parallels the endemicity of 
malaria. In addition, it has been observed that parasitized female 
heterozygotes for G6PD deficiency (who therefore have normal 
and G6PD-deficient RBC) have more malaria parasites in nor-
mal erythrocytes compared to their own G6PD-deficient cells.40 
Moreover, it has been demonstrated that the in vitro growth of 
malarial parasites is inhibited in G6PD-deficient red cells.41 The 
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precise reasons for the observed inhibition of parasite growth in 
G6PD-deficient red cells are not known. One possibility is that the 
oxidant stress which causes GSH instability, and destroys the host 
RBC, also kills the parasite.2,42–44

The Enzyme and Its Variants
The monomeric form of G6PD contains 515 amino acids and has a 
molecular weight of 59 KDa.45,46 The active form of G6PD in vivo 
is a dimer which requires NADP for its stability.47 The G6PD gene 
has been cloned and sequenced. It is known to contain 13 exons, 
and is over 18 kb in length.46,48,49

The normal or wild-type enzyme is G6PD B, although hundreds 
of variant enzymes now have been identified. By international 
agreement, standardized methods have been used to characterize 
these enzyme variants, which differ on the basis of biochemical 
properties such as kinetic activity, electrophoretic mobility, the 
Michaelis constant for its substrate glucose-6- phosphate and 
cofactor NADP, the ability to utilize different substrate analogues, 
heat stability, and pH optima. Throughout the years the pub-
lished list of recognized G6PD biochemical variants has been 
periodically updated,50,51 and over 400 biochemical variant forms 
of G6PD are recognized.3 However, differences between some 
variants are subtle, and most likely reflect minor technical differ-
ences between laboratories rather than true enzyme differences. 
Moreover, advances in molecular biology have revealed that many 
biochemical G6PD variants, in fact, have the same DNA defect 
(see below).

The World Health Organization (WHO) has classified G6PD 
variants on the magnitude of the enzyme deficiency and also the 
severity of hemolysis.52 Class I variants have very severe enzyme 
deficiency (less than 10% to.20% of normal) and have chronic 
hemolytic anemia. Class II variants also have severe enzyme 
deficiency (less than 10% of normal), but there is usually only 
intermittent hemolysis. Class III variants have moderate enzyme 
deficiency (10% to 60% of normal) with intermittent hemolysis 
usually associated with infection or drugs. Class IV variants have 
no enzyme deficiency or hemolysis. Class V variants are those 
in which enzyme activity is increased. Variants in the last two 
groups, although of much interest to biologists, geneticists, and 
anthropologists, are of no major clinical significance.

The normal wild-type enzyme, G6PD B, is found in most 
Caucasians, Asians, and a majority of blacks. It has normal 
catalytic activity and is not associated with hemolysis (Class IV).  
A commonly encountered variant is G6PD A+ which is found 
in 20% to 30% of blacks from Africa.53 It has normal catalytic 
properties and does not cause hemolysis (Class IV). It differs 
from G6PD B in that it has a much faster electrophoretic mobility 
(the letters A and B refer to relative electrophoretic mobilities). 
The structure of G6PD A+ differs from that of G6PD B by the 
substitution of a single amino acid, an asparagine for aspartate 
at the 126th position of the protein.54 Another common variant, 
G6PD A−, is the enzyme responsible for primaquine sensitivity in 
blacks, and it is the most common variant associated with mild 
to moderate hemolysis (Class III). This G6PD variant is found in 
10% to 15% of African-Americans, and with similar frequencies 
in western and central Africa.55 It has an electrophoretic mobility 
identical to that of G6PD A+. However, this is an unstable enzyme 
and its catalytic activity, although nearly normal in bone mar-
row cells and reticulocytes,56 decreases markedly in older RBC.57 
Hence, this variant is designated G6PD A− compared with G6PD 
A+ (the + and – denote enzyme activity). G6PD Mediterranean is 
a common abnormal variant found in people whose origins are 
in the Mediterranean area. However, this same variant also is 
found in the Middle East and India.2 The electrophoretic mobility 
of G6PD Mediterranean is identical to that of G6PD B, but its cata-
lytic activity is markedly reduced, and hemolysis can be severe 
(Class II).56 G6PD Canton is a common variant enzyme seen in 

Asians.58 Its biochemical properties are very similar to those of 
G6PD Mediterranean.

Advances in molecular biology have further enhanced our 
understanding of G6PD deficiency, and now over 160 different 
gene mutations or mutation combinations have been identi-
fied.2,59,60,61 These DNA changes almost all are missense muta-
tions leading to single amino acid substitutions in the enzyme. 
Large deletions have not been identified, suggesting that complete 
absence of G6PD might be lethal.3 The mutations are located 
throughout the entire coding region of the gene.62 However, in 
Class I variants associated with chronic hemolysis, mutations are 
clustered around exon 10, an area that governs the formation of 
the active G6PD dimer.62,63 The correlation between the different 
biochemical variants, the site of genetic mutation, and the extent 
of hemolysis is a matter of current investigation.2

An interesting example of how molecular biology has enhanced 
our understanding relates to G6PD A−, once thought to be a single 
unstable variant found in blacks throughout the world. However, 
molecular analysis now has demonstrated that G6PD A− may 
have more than one genotype. In all cases there is a mutation at 
nucleotide 376 (A→G), which also is the nucleotide substitution 
characteristic of G6PD A+. In addition, the G6PD A− variants have 
a second mutation, and in the majority of cases it is at nucleotide 
202 (G→A).3,64 A smaller fraction of G6PD A− subjects have the 
second substitution at nucleotide 680 (G→T) or at nucleotide 968 
(T→C).65 Thus, the G6PD A− variant, once thought to be a single 
homogeneous mutation in Africans, now turns out to represent at 
least three different genotypes.3 Also, a number of G6PD variants 
originally described in non-Africans are now found to have one of 
the known G6PD A− mutations (Table 28.1). For example, G6PD 
Betica,66 a Spanish variant and G6PD Matera,67 an Italian variant, 
have demonstrated base substitutions at nucleotides 202 and 376, 
identical to the common G6PD A− variant. They are examples, 
therefore, of G6PD A−. One subject with G6PD Betica had base 
substitutions at nucleotides 376 and 968, identical to the less com-
mon G6PD A− variant.66

There are several other variants that appear clinically and bio-
chemically heterogeneous but have been found to be genetically 
more uniform. For example, G6PD Mediterranean involves many dif-
ferent ethnic groups, although most subjects have the same genetic 
defect, a single base substitution (C→T) at nucleotide 563.66,67,68 
Moreover, just as in the case of G6PD A−, many of the different bio-
chemical variants have turned out to have the same molecular defect 
as G6PD Mediterranean (Table 28.1).

In China there are at least 21 variants causing G6PD defi-
ciency. The three most common are G6PD Canton (G→T at 
nucleotide 1,376), G6PD Kaiping (G→A at nucleotide 1,388), and 
G6PD Gaohe (A→G at nucleotide 95).69

G6PD Canton and G6PD Gaohe are mainly regarded as WHO 
Class II variants, while G6PD Kaiping is considered a WHO Class 
III variant.

Because leukocyte and platelet G6PD is regulated by the same 
gene as that of red cells, documentation of decreased activity in 
the white blood cells70,71,72 and platelets71 of deficient individu-
als is not surprising. Because of the normally short survival of 
leukocytes and platelets, however, most individuals with G6PD 
deficiency do not manifest impairment of phagocytosis or bacte-
ricidal activity of granulocytes.71,72 The exception to this occurs 
with Class I G6PD deficiency, where some affected individuals 
may have neutrophil dysfunction and increased susceptibility to 
infection.73,74

Pathophysiology
As red cells age, the activity of G6PD declines. The normal enzyme 
(G6PD B) has an in vivo half-life of 62 days.56 Despite this loss of 
enzyme activity, normal old red blood cells contain sufficient G6PD 
activity to generate NADPH and thereby sustain GSH levels in the 
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face of oxidant stress. In contrast, the G6PD variants associated 
with hemolysis are unstable and have much shorter half-lives. The 
activity of G6PD A− in reticulocytes is normal, but it declines rap-
idly thereafter with a half-life of only 13 days.56,75 The instability 
of G6PD Mediterranean is even more pronounced, with a half-life 
measured in hours.56 The clinical correlate of this age-related 
enzyme instability is that hemolysis in patients with G6PDA− 
generally is mild and limited to older deficient erythrocytes. In 
contrast, the enzymatic defect in G6PD Mediterranean is due to 
much greater enzyme instability, and red blood cells of all ages are 
grossly deficient. Consequently, the entire red blood cell population 
of individuals with G6PD Mediterranean is susceptible to oxidant-
induced injury, and this can lead to severe hemolytic anemia.

G6PD-deficient erythrocytes exposed to oxidants (infection, 
drugs, fava beans) become depleted of GSH. This reaction is cen-
tral to the cell injury in this disorder since once GSH is depleted 
there is further oxidation of other RBC sulfhydryl-containing pro-
teins. Oxidation of the sulfhydryl groups on hemoglobin leads to 
the formation of denatured globin or sulfhemoglobin. The latter 
form insoluble masses which attach to the red cell membrane by 
disulfide bridges, and these are known as Heinz bodies.76 Also, 
with some Class I variants the oxidation of membrane sulfhy-
dryl groups leads to the accumulation of membrane polypeptide 
aggregates, presumably due to disulfide bond formation between 
spectrin dimers and other membrane proteins.77,78–80 The end 
result of these changes is the production of rigid, non-deformable 
erythrocytes that are susceptible to stagnation and destruction by 

reticuloendothelial macrophages in the spleen and liver.81,82 Both 
extravascular and intravascular hemolysis occurs in G6PD-deficient 
individuals, the latter giving rise to hemoglobinemia and hemoglo-
binuria. Rare patients with unstable hemoglobinopathies also may 
manifest oxidant injury, since these abnormal hemoglobins are 
inordinately susceptible to mild oxidant stress (Chapter 35).

Clinical and Hematologic Features
The clinical expression of G6PD variants encompasses a con-
tinuous spectrum of hemolytic syndromes. In most affected indi-
viduals the deficiency state goes unrecognized, while in some it 
causes episodic or chronic anemia. The common clinical entities 
encountered are acute hemolytic anemia, favism, neonatal hyper-
bilirubinemia, and congenital nonspherocytic hemolytic anemia.

acute hemolytic anemia
With most G6PD variants, hemolysis occurs only after exposure 
to oxidant stresses. In the steady state there is no anemia, no 
evidence of increased red cell destruction, nor alteration in blood 
morphology. Sudden destruction of enzyme-deficient erythro-
cytes is triggered by drugs having a high redox potential and 
by selected infectious or metabolic perturbations. The clinical 
and laboratory features of an acute hemolytic episode are best 
illustrated in a figure from a classic study with primaquine-
induced hemolysis in subjects with G6PD A− (Fig. 28.3)5,6 After 
2 to 4 days of primaquine ingestion, all the signs, symptoms, and 

G6PD Variant Classification Nucleotide Substitution
Amino Acid 
Substitution Population WHO Classification

A−

Alabama
Betica
Ferrara
Septic

202 G→A
376 A→G

68 Val→Met
126 Asn→Asp

Africa; Italy; Spain;
Canary Islands; Mexico

3

A+ 376 A→G 126 Asn→Asp Africa 4

A− 376 A→G
680 G→T

126 Asn→Asp
227 Asn→Asp

Africa; Spain;
Canary Islands

3

A−

Betica 
Selma

376 A→G
968  T→C

126 Asn→Asp
387 Arg→Cys

3

Mahidol 487 G→A 163 Gly→Asp Southeast Asia; China; Taiwan 3

Mediterranean
Birmingham
Cagili
Dallas
Panama
Sassari

563 C→T 188 Ser→Phe Italy; Greece; Saudi Arabia; 
Iran; Iraq; Israel; Egypt

2

Walter Reed
Iowa
Iowa City
Springfield

1,156 A→G 386 Lys→Glu 1

Union 1,360 C→T 454 Arg→Cys Philippines; Spain; Italy 2

Canton
Maewo

1,376 G→T 459 Arg→Leu China, Twain 3

Kaiping
Anant
Dhon
Petrich-like
Sapporo-like

1,388 G→A 463 Arg→His 2

Data modified from Beutler, E., G6PD deficiency. Blood 1994;84(11):3613–3636; Beutler, E., Glucose-6-phosphate dehydrogenase deficiency. N Engl J Med 1991;324(3):169–174; Miwa, S. 
and H. Fujii, Molecular basis of erythroenzymopathies associated with hereditary hemolytic anemia: tabulation of mutant enzymes. Am J Hematol 1996;51(2):122–132.

BioCHEmiCAl, EpiDEmiologiC, AnD CliniCAl FEAtuREs oF sElECt g6pD VARiAnts

taBLe 28.1
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laboratory results characteristic of an acute hemolytic episode 
are observed. Jaundice, pallor, and dark urine, with or with-
out abdominal and back pain, are sudden in onset. An abrupt 
decrement of 3 to 4 g/dl in hemoglobin concentration occurs. 
The peripheral blood smear contains spherocytes and eccentro-
cytes or “blister” cells. In response to anemia, red cell produc-
tion increases; an increase in reticulocytes is apparent within  
5 days and is maximal by 7 to 10 days after onset of hemolysis. 
Despite continued drug exposure, the acute hemolytic process 
ends spontaneously after about 1 week, and the hemoglobin 
concentration thereafter returns to normal levels. The anemia 
is self-limited because the old susceptible population of erythro-
cytes is replaced by younger RBC with sufficient G6PD activity 
to withstand an oxidative assault. Although red cell survival 
remains shortened as long as use of the drug continues, compen-
sation by the erythroid marrow effectively abolishes the anemia 
in subjects with G6PD A−. In contrast, hemolysis occurring with 
the G6PD Mediterranean variant is more severe because a larger 
population of circulating erythrocytes is vulnerable to injury.83 
Hemolytic crises occur in heterozygous female subjects, as well 
as in hemizygous male patients. Of interest, the incidence of 
clinically significant G6PD deficiency in elderly women report-
edly is increased, and this is thought to reflect skewed lyoniza-
tion that occurs with aging. In a fascinating study from Hong 
Kong, the incidence of G6PD deficiency in elderly females (80 
to 107 years) was increased (1.73%) compared to newborn girls 
(0.27%).84 In virtually all cases acute hemolytic episodes are due 
to administration of drugs, or are associated with infection or 
fava bean exposure.

Drug-induced Hemolysis. Primaquine is but one of several drugs that 
can precipitate hemolysis. The common denominator of these 
drugs is their interaction with hemoglobin and oxygen, thus accel-
erating the intracellular formation of H2O2 and other oxidizing 
radicals. The published lists of suspect drugs are lengthy; however, 
many of the putative hemolytic agents were incriminated before it 
was recognized that infections often mimic the adverse effects of 

drugs. Consequently, many hemolytic events previously ascribed to 
drugs may, in fact, have resulted from infections for which drugs 
were given. Aspirin is such a drug, and it now is recognized that it 
can safely be given to individuals with Class II and III G6PD vari-
ants. Some drugs and chemicals, however, are predictably injuri-
ous for all G6PD-deficient subjects,3,30 and these agents are listed 
in Table 28.2. Other drugs, although producing a modest shorten-
ing of survival of G6PD-deficient red cells, can be given safely in 
usual therapeutic doses to individuals with Class II and III G6PD 
variants (Table 28.2). Ascorbic acid is safe in usual therapeutic 
doses, although large amounts may pose problems.85 Similarly, 
acetaminophen (Tylenol), aminopyrine, sulfisoxazole (Gantrisin), 
sulfamethoxazole, and vitamin K can be given safely in usual ther-
apeutic doses.30 It also should be noted that other agents that are 
not drugs also can cause hemolysis in G6PD-deficient individuals. 
Examples of these include naphthalene (moth balls), henna com-
pounds (used for hair dyes and tattoos), and some Chinese herbs.86

Infection-induced Hemolysis. Infection is probably the most common 
factor inciting hemolysis,87,88 About 20% of G6PD-deficient sub-
jects with pneumonia experience an abrupt drop in hemoglobin 
concentration.87 A variety of infectious agents has been impli-
cated: salmonella,89–91 Escherichia coli,87 b-hemolytic strepto-
cocci,92 and rickettsiae.93 Hemolysis is particularly prominent 
in G6PD-deficient subjects with viral hepatitis.91,94,95 The accel-
erated destruction of red cells imposes a bilirubin load on an 
already damaged liver, resulting in an exaggerated increase in 
serum bilirubin level. Despite the magnitude of bilirubin reten-
tion, however, convalescence is generally complete and unevent-
ful. Although hemolysis triggered by infection characteristically 
is mild, on rare occasions acute renal failure secondary to mas-
sive intravascular hemolysis can occur.93,94 The mechanism for 
destruction of G6PD-deficient red cells during infection is not 
known. One possible explanation for this relationship is that 
oxidants generated by phagocytosing macrophages may diffuse 
into the extracellular medium, where they pose an oxidative 
threat to G6PD-deficient erythrocytes.96

Acute
hemolysis

Recovery Resistance or
equilibrium50

40

30

Hemoglobinuria

12
8
4
0

100

60

1680

30 mg primaquine daily

−4−8 24

Days

32 40 114 116 120

40

20

10

H
em

at
oc

rit
  %

 R
et

ic
s

 %
 C

R
51

 la
be

le
d 

rb
c

re
m

ai
ni

ng

Drug

FIGURE 28.3. The course of primaquine-induced hemolysis in the glucose-6-phosphate dehydrogenase (G6PD) A− variant. From Alving A, et al. Mitiga-
tion of the haemolytic effect of primaquine and enhancement of its action against exoerythrocytic forms of the Chesson strain of Plasmodium vivax by intermittent 
regimens of drug administration. Bull WHO 1960;22:621–631.
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Hemolysis Associated with Diabetic Acidosis. Diabetic ketoacidosis 
rarely is associated with triggering destruction of G6PD-deficient 
red cells.97 Correction of acidosis and restoration of glucose 
homeostasis reverses the hemolytic process. Changes in blood pH, 
glucose,98 and pyruvate99 have been proposed as possible mecha-
nisms for hemolysis. Also, occult infection may be a common trig-
ger for inducing both acute hemolysis and diabetic acidosis.

Favism
Exposure to the fava bean (Vicia fava, broad bean) is toxic and 
potentially fatal for some individuals, and this has been known, 
allegedly, since the time of Pythagoras.1 Studies several years ago 
revealed that individuals made ill by the fava bean invariably 
are deficient in G6PD.100 Unlike other agents capable of inducing 
hemolysis, the fava bean is toxic for only some G6PD-deficient 
individuals. The variant most frequently implicated is G6PD 
Mediterranean and, as a result, favism is encountered commonly 
in Italy, Greece, and the Middle East, areas where fava beans are 
a dietary staple.3,101 It also occurs in the Asian G6PD variants.32 

Of particular interest, Africans and African-Americans with G6PD 
deficiency are much less susceptible, although hemolytic episodes 
have been reported.102

Most cases of favism result from ingestion of fresh beans. 
Consequently, the peak seasonal incidence of this disorder in 
the Mediterranean is in the spring and coincides with har-
vesting of the bean.103 Hemolysis of comparable severity can 
follow consumption of fried fava beans, a popular Chinese 
snack. Favism has been observed in nursing infants of mothers 
who have eaten the beans,103 as well as in a newborn infant  
whose mother had eaten fava beans 5 days before delivery.104 
Enzyme deficiency was held responsible for fatal hydrops 
fetalis in the male infant of a hematologically normal Chinese 
woman who ingested fava beans during the final month of preg-
nancy.105 Moreover, inhalation of pollen from the fava plant has 
been incriminated.106

Favism occurs most commonly in children between the ages of 
1 and 5 years. As with other clinical manifestations of G6PD defi-
ciency syndromes, it is seen primarily in males, although it also 
can occur in females with severe enzyme deficiency. Symptoms of 
acute intravascular hemolysis occur within 5 to 24 hours of inges-
tion of the bean. Headache, nausea, back pain, chills, and fever 
are followed by hemoglobinuria, anemia, and jaundice. The drop 
in hemoglobin concentration is precipitous, often severe, and may 
require a red cell transfusion.

Favism does not occur in all susceptible G6PD individuals,107 
and it is thought that additional genetic factors are involved, 
presumably related to how fava bean oxidants are metabolized. 
Furthermore, the reaction to the fava bean by the same indi-
vidual at different times may not be consistent.103 Clearly, a fac-
tor other than enzyme deficiency is operative. Two pyrimidine 
aglycones, divicine and isouramil, have been implicated as the 
toxic components of fava beans.108,109 Both compounds rapidly 
overwhelm the GSH-generating capacity of G6PD-deficient cells 
and reproduce many of the metabolic derangements noted 
during hemolytic episodes.110 To date, however, there are no 
convincing data to explain the erratic hemolytic episodes seen 
in favism.

Neonatal hyperbilirubinemia
Hyperbilirubinemia and hemolysis resulting from G6PD deficiency 
are well documented in the newborn period, rarely present at 
birth but with a peak incidence of clinical onset between days 2 
and 3.111–113 In most cases there is more jaundice than anemia. 
Close monitoring of serum bilirubin levels in infants known to 
be G6PD-deficient is warranted.114,115,116 Neonatal hyperbiliru-
binemia is seen with G6PD Mediterranean (Class II) variants. An 
increase in the incidence of neonatal hyperbilirubinemia also is 
seen in Southeast Asia32,117 and China118; and a significant frac-
tion of the latter are associated with G6PD Canton.119 African-
American infants with G6PD A− (Class III) once were considered 
to be at minimal risk, but this is no longer held; and significant 
hyperbilirubinemia can occur in these neonates.111,120,121 In 
Africa, untreated hyperbilirubinemia often leads to kernicterus 
with severe neurologic injury or death.122,123 It is of interest that 
data from the USA Kernicterus Registry from 1992 to 2004 indi-
cate that over 30% of kernicterus cases are associated with G6PD 
deficiency.124

The observation that the incidence of hyperbilirubinemia in 
G6PD-deficient infants born in Australia to Greek immigrants is 
lower than that noted in deficient infants in Greece suggests that 
local environmental variables are probably important.125 Herbs 
used in traditional Chinese medicine and clothing impregnated 
with naphthalene also are examples of covert oxidants to which 
susceptible infants may be exposed. Lastly, drugs (e.g., sulfon-
amides) and fava bean ingestion by mothers in late gestation 
have been implicated as the inciting stimulus of hemolysis in 
newborns.105,121,126

Unsafe (Class I, II, and III G6PD Variants)

Aceteanilide Thiazolesulfone

Diaminodiphenyl sulfone (Dapsone) Phenazopyridine (Pyridium)

Furazolidone (Furoxone) Phenylhydrazine

Glibenclamide Primaquine

Henna (Lawsone) Sulfacetamide

Isobutyl nitrate Sulfanilamide

Methylene blue Sulfapyridine

Nalidixic acid (Neg—Gram) Thiazolesulfone

Naphthalene (Mothballs) Trinitrotoluene (TNT)

Niridazole (Ambilhar) Urate oxidase (Rasburicase)

Nitrofurantoin (Furadantin)

Safe in Usual Therapeutic Doses (Class II and III G6PD Variantsa)

Acetaminophen (Tylenol) Trimethoprim

Acetophenetidin (Phenacetin) Phenylbutazone

Acetylsalicylic acid (Aspirin) Phenytoin

Aminopyrine (Pyramidon) Probenecid (Benemid)

Antazoline (Antistine) Procainamide hydrochloride 
(Pronestyl)

Antipyrine Pyrimethamine (Daraprim)

Ascorbic Acid Quinine

Benzhexol (Artane) Streptomycin

Chloramphenicol Sulfacytine

Chloroguanidine (Proguanil, Paludrine) Sulfadiazine

Chloroquine Sulfamethoxazole (Gantanol)

Colchicine Sulfamethoxypyridazine (Kynex)

Diphenhydramine (Benadryl) Sulfisoxazole (Gantrisin)

Isoniazid Tiaprofenic acid

l-Dopa Trimethoprim

Menadione sodium bisulfate (Hykinone) Tripelennamine (Pyribenzamine)

p-Aminobenzoic acid Vitamin K

p-Aminosalicylic acid

aSafety for Class I G6PD variants is not known.
Data modified from Beutler, E. Glucose-6-phosphate dehydrogenase deficiency: a historical 
perspective. Blood 2008;111(1):16–24.

DRugs AnD CHEmiCAls AssoCiAtED WitH HEmolysis in 
g6pD DEFiCiEnCy

taBLe 28.2
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Although the cause of hyperbilirubinemia in G6PD-
deficient infants sometimes reflects accelerated red cell break-
down,112,123,127 often there is no obvious RBC destruction or 
oxidant exposure. It has been suggested that hyperbilirubinemia 
may have another etiology, possibly related to impaired liver 
clearance of bilirubin. In support of this hypothesis are the 
observations that carboxyhemoglobin production, a marker of 
hemolysis or RBC breakdown, is the same in G6PD Mediterranean 
deficient neonates with and without hyperbilirubinemia.128 It 
is now thought that the variable degree of hyperbilirubinemia 
in G6PD-deficient neonates reflects the presence or absence of 
the variant form of uridine-diphosphoglucuronosyl-transferase 
responsible for Gilbert’s syndrome.116 The relative importance of 
the latter is underscored by the observation that most jaundiced 
G-6-PD neonates are not anemic and that evidence for increased 
bilirubin production secondary to hemolysis often is lacking.129

Congenital Nonspherocytic hemolytic anemia
A very small fraction of G6PD-deficient individuals have chronic 
lifelong hemolysis in the absence of infection or drug exposure. 
These rare Class I G6PD variants are extremely heterogeneous 
with respect to biochemical kinetics, but have in common very low 
in vitro activity and/or marked enzyme instability.63 Most of these 
variants have DNA mutations at exon 10, an area which affects 
monomer-dimer interactions and thereby enzyme activity.63 The 
hemolytic anemia associated with Class I variants is indistinguish-
able from the congenital nonspherocytic hemolytic syndromes 
related to glycolytic enzyme deficiencies.

Anemia and jaundice often are noted first in the newborn 
period. Hyperbilirubinemia often necessitates exchange transfu-
sion. Typically, hemolysis occurs in the absence of a recognized 
triggering factor, although exposure to drugs or chemicals with 
oxidant potential exaggerates an already established hemolytic 
process. Beyond infancy, signs and symptoms of the hemolytic 
disorder are subtle and inconstant. Exaggeration of anemia 
occurs after exposure to drugs with oxidant properties, even those 
that are safe for individuals with Class II and III G6PD variants. 
Hemolysis also can be accelerated with exposure to fava beans.130

No hematologic alterations of the Class I variants are distinc-
tive. The hemolytic process may be fully compensated, although 
mild to moderate anemia is the rule (hemoglobin 8 to 10 g/dl). 
Under basal conditions the usual reticulocyte count is 10% to 15%. 
Splenectomy is sometimes of benefit.131

In a few instances, leukocyte dysfunction associated with 
Class I variant G6PD deficiency has been described.73,74,132 The 
abnormality is characterized functionally by defective bactericidal 
activity (but normal chemotaxis and phagocytosis), and clinically 
by recurrent infections with catalase-positive organisms. Overall, 
however, clinical infections are not a major problem in G6PD 
deficiency.

Diagnosis
Because of its prevalence and worldwide distribution, G6PD defi-
ciency should be given serious consideration in the differential 
diagnosis of any nonimmune hemolytic anemia. Most commonly, 
anemia is first recognized during or after an infectious illness, 
after exposure to one of several suspect drugs or chemicals, or 
following exposure to fava beans. Also, G6PD deficiency should be 
considered in neonates with excessive and unexplained hyperbili-
rubinemia. Clinical and hematologic features reflect the severity of 
hemolysis but are not themselves specifically from G6PD deficiency. 
Irregularly contracted erythrocytes (eccentrocytes with hemoglobin 
puddled to one side of the RBC) and “bite” cells are seen in the 
Wright-stained peripheral blood smear. Previously, these bite cells 
were considered a consequence of splenic removal of Heinz bodies. 
Now, however, it is recognized that these RBC contain a coagulum 
of hemoglobin which has separated from the membrane, often 

leaving an unstained non-hemoglobin–containing cell membrane 
(i.e., having the appearance of a bite removed from the cell).80 
These morphologic alterations are a consequence of the oxidative 
assault on hemoglobin. Brilliant cresyl blue supravital stains of 
the peripheral blood may reveal Heinz bodies during hemolytic 
episodes.

The specific diagnosis of G6PD deficiency is made by adding 
a measured amount of hemolysate to an assay mixture contain-
ing substrate (glucose-6-phosphate) and cofactor (NADP) and 
then spectrophotometrically measuring the rate of NADPH gen-
eration.133 Alternatively, a variety of screening tests which utilize 
hemolysate as a source of enzyme also can be used. The fluores-
cent spot test is the simplest, most reliable, and most sensitive of 
the screening methods.134 This test is based on the fluorescence 
of NADPH, after glucose-6-phosphate and NADP are added to a 
hemolysate of test cells. Other screening methods detect NADPH 
generation indirectly by measuring the transfer of hydrogen ions 
from NADPH to an acceptor. In the methemoglobin reduction 
test,135 methylene blue is the acceptor used for the transfer of 
hydrogen from NADPH to methemoglobin, thereby facilitating 
its reduction. It is important to mention this test because, when 
combined with a technique for the elution of methemoglobin from 
intact cells, it can be used to detect relative G6PD sufficiency 
of individual RBC,136 thereby detecting the carrier state with 
approximately 75% reliability. Regardless of the screening test 
used to detect G6PD deficiency, it should be recognized that false 
negative reactions occur if the most severe enzyme-deficient red 
blood cells have been removed by hemolysis. This generally is not 
critical in testing male Caucasians, but it certainly is a problem 
in diagnosing some Caucasian females and blacks of both sexes, 
especially during the reticulocytosis following acute hemolysis. 
In these cases, family members can be studied. An alternative 
approach to diagnosis is to wait until the hemolytic crisis is over 
and reevaluate the patient after the red blood cell mass is repopu-
lated with cells of all ages (approximately 2 to 3 months). False 
negative tests are less of a problem in diagnosing G6PD deficiency 
when quantitative spectrophotometric enzyme assays are utilized.

Treatment
Management of the patient with G6PD deficiency is determined by 
the clinical syndrome with which it is associated. Individuals hav-
ing variants associated with acute hemolysis may have a signifi-
cant fall in hemoglobin concentration requiring a RBC transfusion. 
This is the case more commonly in G6PD Mediterranean (Class II) 
then in G6PD A− (Class III). All affected individuals should avoid 
exposure to drugs known to trigger hemolysis. Pregnant and 
nursing women known to be heterozygous for the deficiency also 
should avoid ingestion of drugs with oxidant potential, because 
some gain access to the fetal circulation and to breast milk. If the 
indication for its use is sound, however, an offending drug justifi-
ably may be given despite modest shortening of red cell survival. 
For example, primaquine is safely given to individuals with the 
G6PD A− variant, provided it is started cautiously (15 mg/day or 
45 mg once or twice weekly) and the blood count is monitored 
closely.137 The mild anemia caused by its administration is rapidly 
corrected by a compensatory erythropoietic effort and does not 
recur unless the dose of drug is escalated.

Chronic nonspherocytic hemolytic anemia due to Class I G6PD 
variants may require more active intervention. Exchange transfu-
sion during the first week of life often is required to prevent bili-
rubin encephalopathy. Beyond the newborn period, anemia rarely 
is of such severity as to require regular blood transfusions. During 
aplastic crises, however, transfusions may be lifesaving. As with 
other syndromes resulting from G6PD deficiency, drugs capable of 
exaggerating hemolysis should be avoided. Splenectomy, although 
occasionally bringing about a modest improvement in hemoglo-
bin concentration,138 is generally without benefit.131 Because 
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of its antioxidant properties, vitamin E had been proposed as a 
therapeutic agent,139–141 but subsequent evaluation of large doses 
of the vitamin failed to demonstrate an ameliorative effect on 
anemia.142

Therapy for hyperbilirubinemia and neonatal hemolysis result-
ing from G6PD deficiency includes the following: phototherapy or 
exchange transfusion to prevent kernicterus; RBC transfusion 
for symptomatic anemia; removal of potential oxidants that 
may be contributing to hemolysis, and treatment of associated 
infections. In infants known to be G6PD-deficient, prevention of 
severe hyperbilirubinemia by administration of a single IM dose 
of Sn-mesoporphyrin, an inhibitor of heme oxygenase, is highly 
effective and appears safe; but this therapy is not yet clinically 
available.143,144 A study from Nigeria has reported a much poorer 
outcome for G6PD-deficient infants born at home, presumably 
a reflection of delayed identification and treatment of hyperbili-
rubinemia in these neonates.123 In the United States, guidelines 
have been established for following hyperbilirubinemia in babies 
following discharge from the hospital.111

Screening
Aside from the District of Columbia, there is no generalized 
neonatal screening program for G6PD deficiency in the United 
States. The approach here has been to recognize that neona-
tal hyperbilirubinemia may be caused by G6PD deficiency and 
these children should be tested and monitored closely. In some 
countries where the predominant G6PD variants are Class II 
mutations, screening programs have been instituted. Neonatal 
screening for G6PD deficiency has been very effective in reduc-
ing the incidence of favism later in life in Sardinia145 and other 
regions where this potentially fatal complication is common.112 
Prenatal diagnosis utilizing molecular techniques is potentially 
available, but the benign course of most G6PD variants has pre-
cluded its development.146

Routine blood bank screening has been considered unwar-
ranted and G6PD deficiency is not considered a problem in 
transfusion medicine. Even in areas where G6PD deficiency is 
endemic, screening of blood donors is not required. One careful 
evaluation of the recipients of G6PD-deficient blood uncovered 
no deleterious consequences.147 However, patients receiving 
G6PD Mediterranean blood may have an increased serum 
bilirubin and lactate dehydrogenase (LDH) concentration fol-
lowing transfusion, and this can be confused with a transfusion 
reaction.148 In premature infants, simple transfusions with 
G6PD-deficient red cells have been associated with hemolysis 
and severe hyperbilirubinemia requiring exchange transfu-
sion.149 Also, massive intravascular hemolysis has occurred 
in an Indian neonate following an exchange transfusion with 
G6PD-deficient blood.150 In view of these occurrences, it has 
been recommended that in areas where G6PD deficiency 
(presumably Class II variants) is common, donor blood should 
be screened for the enzyme before transfusing premature 
infants149 or using the blood for a neonatal exchange transfu-
sion.150 This recommendation currently is not standard blood 
banking practice.

related Disorders of hexose Monophosphate 
Shunt and Glutathione Metabolism
In addition to G6PD, other enzymes of the HMP shunt pathway 
(6-phosphogluconate dehydrogenase [6PGD]), the closely linked 
reactions of glutathione metabolism (GSSG-R, GSH-Px), and the 
glutathione synthetic pathway are important in protecting RBC 
against oxidant injury. Rare abnormalities in these enzymes 
have been reported, and in some cases they are associated with 
hemolysis.

6-Phosphogluconate Dehydrogenase Deficiency
The enzyme 6PGD catalyzes the conversion of 6-phosphoglu-
conate to pentose-5-phosphate (Fig. 28.2), and, in the process, 
NADPH is generated from NADP. Although deficiency of 6PGD is 
well documented, it appears to have little or no significance for 
red cell viability. Presumably this reflects the fact that NADPH 
is generated by the proximal enzyme, G6PD, suggesting that the 
second dehydrogenase may not be necessary for cell integrity.

Glutathione Reductase Deficiency
GSSG is reduced in the presence of NADPH by GSSG-R (Fig. 28.2). 
The enzyme contains flavin adenine dinucleotide (FAD) as a 
prosthetic component, and as a result, normal enzyme activity is 
dependent on the dietary availability of riboflavin. Not surpris-
ingly, partial GSSG-R deficiency is a relatively common feature 
of disorders that are compounded by suboptimal nutrition.151 
GSSG-R levels are restored within days by the administration of 
physiologic quantities of riboflavin.152 The association between 
riboflavin induced GSSG-R deficiency and various disease states 
is of no hematologic consequence.152,153

Genetically determined GSSG-R deficiency has been docu-
mented in three siblings who were offspring of a consanguineous 
marriage.154 Enzyme activity was not enhanced by incubation 
of hemolysates with FAD. Despite near absence of erythrocyte 
GSSG-R activity, the siblings were hematologically normal, except 
for episodes of hemolysis after the ingestion of fava beans. All 
three of the siblings acquired cataracts at an early age (24 to 
32 years).155 During the past 35 years, there have been no new 
reports of hereditary GSSG-R deficiency associated with hemolysis.

Glutathione Peroxidase Deficiency
GSH-Px catalyzes the oxidation of GSH by peroxides, including 
hydrogen peroxide and organic hydroperoxides (Fig. 28.2). Rare 
cases of hemolysis in association with moderate deficiency of 
erythrocyte GSH-Px activity have been described in adults and 
children.156–158 Of all the reported cases suggesting a relation-
ship between hemolysis and GSH-Px deficiency, one of the most 
persuasive was that of a 9-month-old Japanese girl with chronic 
nonspherocytic hemolytic anemia.159 This patient’s erythrocyte 
GSH-Px activity was 17% of control activity, while her hemato-
logically normal parents had 51% to 66% control enzyme activity. 
However, it is not known whether this specific enzyme defect was 
responsible for the patient’s chronic hemolytic anemia. The gen-
eral consensus today is that GSH-Px deficiency is probably not a 
cause of hemolysis or other hematologic problems. The reason for 
this opinion is that many healthy normal individuals, particularly 
those of Jewish or Mediterranean ancestry, have reduced GSH-Px 
activity without evidence of hemolysis.160 Moreover, low GSH-Px 
activity, in the absence of hemolysis, also is observed in normal 
people from New Zealand with selenium (Se) deficiency (Se being 
an integral part of GSH-Px).161,162 In view of these observa-
tions, the role of GSH-Px deficiency as a cause of hemolysis is 
questioned. Some argue that GSH-Px is only one of the cellular 
mechanisms available to detoxify peroxides. Under physiologic 
conditions, catalase and nonenzymatic reduction of oxidants by 
GSH also may be important factors regulating the rate of H2O2 
detoxification. From a clinical perspective, because of the ques-
tionable role of GSH-Px, any patient with hemolytic anemia and 
reduced GSH-Px activity should be extensively evaluated for other 
causes of hemolysis.

Defects in Glutathione Synthesis
Glutathione is actively synthesized in RBC and has an intracel-
lular half-life of only 4 days, in part due to cellular efflux of 
GSSG. RBC are capable of de novo GSH synthesis, and this is 
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accomplished by two critical enzymes (Fig. 28.3). g-Glutamyl-
cysteine synthetase (GCS) catalyzes the first step in GSH synthe-
sis, the formation of g-glutamyl-cysteine from glutamic acid and 
cysteine. Glutathione synthetase (GS) catalyzes the formation 
of GSH from glutamyl-cysteine and glycine. In many tissues, 
but not RBC, these two enzymes are part of the g-glutamyl 
cycle, which is involved with the synthesis and degradation of 
GSH and is also thought to have a role in amino acid transport 
across cell membranes. Hereditary hemolytic anemia, charac-
terized by reduced GSH content, has been reported in patients 
with deficiencies of both GCS and GS activity. The clinical 
effects of these disorders depends on the severity of enzyme 
deficiency and whether the g-glutamyl cycle also is affected in  
non-erythroid tissues.

g-Glutamyl-cysteine synthetase deficiency is a rare hemo-
lytic anemia which was first described in two adults who were 
brother and sister.163 Both of these patients had a lifelong his-
tory of mild hemolytic anemia, intermittent jaundice, cholelithia-
sis, and splenomegaly. They also manifested severe neurologic 
dysfunction and generalized aminoaciduria.164 This disorder 
is an autosomal recessive condition and, in the family studied, 
presumed carriers had reduced GCS activity, although erythro-
cyte GSH levels were normal. Hemolytic anemia was seen only 
in the homozygous state where erythrocyte GSH levels were 
approximately 5% of normal, and there was markedly reduced 
GCS activity. A third patient with GCS deficiency, unrelated to 
the first cases, was a 22-year-old woman with markedly reduced 
RBC GCS activity, severely reduced erythrocyte GSH concentra-
tion, and chronic hemolytic anemia.165 Family members of this 
patient had 50% reduced enzyme activity but no decrease in RBC-
glutathione content or evidence of hemolysis. Of particular inter-
est, in contrast to the first patients described with GCS deficiency, 
this patient had no neurologic disease. To date there have been a 
total of 8 probands reported with GCS deficiency and hemolysis; 
and 4 of these also have had severe neurologic disease.166,167,168 
The molecular defect in these cases has been associated with dif-
ferent missense mutations. There is no specific therapy for GCS 
deficiency, although it would seem prudent to obtain periodic 
gallbladder ultrasound examinations since affected patients have 
had cholecystectomies.

Glutathione synthetase deficiency has been incriminated as 
the cause of chronic hemolytic anemia alone (due to isolated RBC 
enzyme deficiency) and as the cause of a generalized syndrome 
(due to enzyme deficiency in many tissues) characterized by mild 
hemolytic disease, severe metabolic acidosis, and mental deterio-
ration. The first syndrome, mild hemolytic anemia and intermit-
tent jaundice, has been described in several  families.164,169,170,171 
Exposure to oxidant drugs and to fava beans has occasioned tem-
porary acceleration of hemolysis. Splenomegaly has been noted 
in approximately one-half of the reported cases. A concurrent 
deficiency of glutathione-S-transferase is thought to be caused by 
the instability of this enzyme in the absence of adequate intracel-
lular GSH.172 The second more generalized syndrome is charac-
terized by mild hemolytic anemia, persistent metabolic acidosis 
presenting in the newborn period, and progressive cerebral and 
cerebellar degeneration.173,174,175,176 Acidosis is caused by the 
accumulation of 5-oxoproline, a metabolic product of g-glutamyl-
cysteine. Abnormally large quantities of the dipeptide are pro-
duced because of the loss of feedback inhibition of g-GCS by GSH. 
This disorder is suspected in patients with hemolytic anemia and 
markedly reduced red blood cell GSH content. Virtually no GS 
activity is detected in homozygous-deficient  individuals.163,169,177 
Rarely, therapy is required for the hematologic consequences of 
GS deficiency. Exposure to drugs and chemicals with oxidant 
potential should be avoided by those individuals with chronic 
hemolytic anemia. In some cases, splenectomy has been effica-
cious in modifying the anemia, although hemolysis may con-
tinue as manifested by persistent reticulocytosis.170,178 In those 

individuals with GS deficiency and oxoprolinemia, administra-
tion of oral sodium bicarbonate or citrate is necessary to control 
acidosis.176

Glycolytic enzyme 
aBnormalities—General 
considerations
Hemolytic anemias due to glycolytic enzymopathies are relatively 
rare, affecting a few thousand individuals,59,179,180 and this is in 
contrast to G6PD deficiency, which affects millions throughout 
the world. Abnormalities in virtually every glycolytic enzyme 
have been described, although over 90% of cases associated with 
hemolysis are due to pyruvate kinase (PK) deficiency (Fig. 28.4). 
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FIGURE 28.4. Overall metabolic pathway of glycolysis in the erythrocyte. Enzyme 
abbreviations: 2,3 DPGM, 2,3 diphosphoglycerate mutase; 2,3-DPGP, 2,3-diphosphoglycer-
ate phosphatase; GPI, glucosephosphate isomerase; G-3-PD, glyceraldehyde-3-phosphate 
dehydrogenase; HK, hexokinase; LDH, lactate dehydrogenase; PFK, phosphofructokinase; PGK, 
phosphoglycerate kinase; PGM, phosphoglycerate mutase; PK, pyruvate kinase; TPI, triosephos-
phate isomerase. Substrate abbreviations: 1,3-DPG, 1,3-diphosphoglycerate; DHAP, dihydroxy-
acetone phosphate; G-3-P, glyceraldehyde-3-phosphate; 2-PG, 2-phosphoglycerate; 3-PG, 
3- phosphoglycerate; PEP, phosphoenolpyruvate.
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Most glycolytic enzymopathies manifest an autosomal recessive 
pattern of inheritance. Heterozygotes almost always are hemato-
logically normal, although their red blood cells contain less than 
normal levels of enzyme activity. It once was thought that hemo-
lysis occurred only in those individuals who were homozygous for 
the enzyme deficiency. However, true homozygosity for a given 
mutant enzyme now is known to be less common, and usually 
restricted to consanguineous kindred. The vast majority of cases 
of hemolytic anemia due to glycolytic enzyme deficiencies are a 
consequence of double heterozygosity for two different enzyme 
variants, and this accounts for the diverse biochemical and clini-
cal heterogeneity of the red cell glycolytic enzymopathies. The one 
exception to this autosomal mode of inheritance for glycolytic 
enzymopathies is phosphoglycerate kinase (PGK) deficiency, 
which is an X-linked disorder.

Clinical manifestations of hemolysis due to glycolytic enzymop-
athies include chronic anemia, reticulocytosis, and some degree 
of hyperbilirubinemia. In the vast majority of cases the hemolytic 
process is recognized and diagnosed in childhood. Frequently 
there is a history of neonatal jaundice, often requiring an 
exchange transfusion, and rarely causing kernicterus. The mag-
nitude of chronic anemia varies; there may be accelerated hemo-
lysis with some nonspecific infections or transient aplastic crises 
associated with parvovirus infection. In some enzymopathies, 
such as PK deficiency, the adverse consequences are restricted 
to the erythrocyte. In other cases, such as in phosphofructoki-
nase (PFK), aldolase, triosephosphate isomerase (TPI), and PGK 
deficiencies, hemolytic anemia is but one feature of multisystem 
disease (see Table 28.3).

The possibility of a glycolytic defect usually is considered 
when chronic hemolytic anemia cannot be explained by the 
more common causes (i.e., hereditary spherocytosis or hemoglo-
binopathies). There are no specific morphologic abnormalities, 
although anisocytosis and poikilocytosis are common. In virtually 
all cases a specific assay of RBC enzyme activity is necessary to 
make the diagnosis. Screening tests are readily available, but 
these have limited value when there is a partial deficiency or 
a mixed population of RBC. A particular problem in identifying 
glycolytic enzymopathies relates to the fact that the most severely 
deficient cells are removed (i.e., hemolyzed) and the remaining 
cells may be biochemically less abnormal. Consequently, “false 

negative” assays can obscure the correct diagnosis. For this 
reason, it sometimes is helpful to study parents and other fam-
ily members for the presumed heterozygous state of the enzyme 
deficiency. In some cases DNA-based molecular diagnostic tests 
may be available.

Therapy for red blood cell glycolytic defects is similar to that 
of other chronic hemolytic anemias. RBC transfusions often are 
needed. Splenectomy usually is beneficial in severely anemic 
patients since the spleen (along with the liver) participates in 
the destruction of enzymatically abnormal cells. In most cases, 
however, the response to splenectomy is only partial, although 
RBC transfusion requirements may decrease. Cholelithiasis is 
a common problem, and all patients with glycolytic enzymopa-
thies should have periodic gallbladder ultrasound examinations, 
even following splenectomy. The biologic and clinical features 
of specific glycolytic disorders are summarized in the following 
paragraphs.

pyruvate Kinase Deficiency
Of the enzymatic deficiencies involving glycolysis, PK deficiency 
is the most common and the most extensively studied. Over 400 
cases have been reported.181,182 Undoubtedly there are many 
more cases, since newly diagnosed patients currently are not 
reported unless there are unusual associated findings.

Geographic Distribution
Most cases of PK deficiency have been reported from Europe, the 
United States, and Japan; however, the disorder occurs world-
wide.179,183,184 The frequency of the heterozygote state has been 
estimated on the basis of studies that screened various popula-
tions for low enzyme activity. In Germany and in the United States, 
the prevalence of apparent heterozygosity for PK deficiency has 
been estimated to be about 1%.183 In one report from Hong 
Kong, 3% of newborn infants were noted to be heterozygous for 
a PK variant.185 A particularly high frequency exists among the 
Pennsylvania Amish, in whom the disorder can be traced to a sin-
gle immigrant couple.186–188 An increased incidence also has been 
observed in children from a polygamist community.189 In studies 
looking at the most common PK mutations found in a Caucasian 

Enzymopathy
Approximate Fraction of 
Enzymopathiesa (%) Mode of Inheritanceb Effects of Enzymopathyc

Hexokinase (HK) <1 AR Mild/severe CNSHA

Glucosephosphate Isomerase (GPI) 3–5 AR Moderate/severe CNSHA; ± neurologic deficits

Phosphofructokinase (PFK) <1 AR Mild CNSHA; ± myopathy

Aldolase <1 AR Mild/moderate CNSHA; ± myopathy

Triosephosphate Isomerase (TPI) <1 AR Moderate/severe CNSHA; neurologic deficits,

Phosphoglycerate Kinase (PGK) <1 X-linked Mild/severe CNSHA; ± neurologic deficits; ± myopathy

Pyruvate Kinase (PK) 80–90 AR Moderate/severe CNSHA

Pyrimidine 5′ Nucleotidase (P5′N) 2–3 AR Moderate CNSHA

Adenosine Deaminase (ADA) excess <1 AD Mild CNSHA

Adenylate Kinase (AK) <1 AR CNSHA

aApproximate estimates derived from Tanaka, KR, Zerez CR. Red cell enzymopathies of the glycolytic pathway. Semin Hematol 1990;27(2):165–85; Eber SW. Disorders of erythrocyte glycolysis 
and nucleotide metabolism. In: Handin R, Lux S, Stossel T, eds. Blood: principles and practice of hematology. Philadelphia, PA: Lippincott, Williams & Wilkins: 2003:1887–1920, 259; Beutler E.  
Red cell enzyme defects as nondiseases and as diseases. Blood 1979;54(1):1–7; Mentzer W. Pyruvate kinase deficiency and disorders of glycolysis. In: Nathan DG, et al., eds. Hematology of 
infancy and childhood. Philadelphia, PA: WB Saunders, 2003.
bAD, autosomal dominant; AR, autosomal recessive.
cCNSHA, chronic nonspherocytic hemolytic anemia.

FEAtuREs oF glyColytiC AnD nuClEotiDE EnzymopAtHiEs

taBLe 28.3
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population, a prevalence of PK deficiency has been estimated to 
be 51 per million population.190

Biochemical Genetics
PK catalyzes the conversion of phosphoenolpyruvate (PEP) to 
pyruvate; and this is one of the two glycolytic reactions resulting 
in net ATP production (Fig. 28.4). PK is a tetrameric protein with 
a molecular weight of 230 kDa. There are two different PK genes 
(PKM2 and PKLR) which encode for 4 distinct PK isozymes.

The PKM2 is on chromosome 15 (15q22)191; and it encodes for 
two isozymes (PK-M2 and PK-M1). PK-M2 is the isozyme present 
in all tissues during fetal life. As fetal maturation proceeds, other 
tissue-specific PK isozymes begin to appear. PK-M2 persists as 
the predominant isoenzyme in mature leukocytes and certain 
other tissues (platelets, lung, kidney spleen, and adipose tissue). 
In addition, PK-M2 is the major isozyme in erythroid precur-
sors.59 PK-M1, which differs from PK-M2 as a result of alternative 
splicing, is the PK isozyme present in mature muscle and brain 
tissue.192

The PKLR gene is on chromosome 1(1q21)193; and it also 
encodes for two isozymes (PK-L and PK-R). PK-L is the predomi-
nant isozyme in hepatocytes.194 PK-R is the isozyme present in 
mature erythrocytes.182,195,196 The hemolytic anemia associated 
with PK deficiency is due to mutations of the PKLR gene. In some 
patients with hemolytic anemia, a decrease in the liver PK-L iso-
zyme has also been observed; but this is of no clinical significance 
since the liver also has residual PK-M2 activity.197–199 During 
normal erythroid differentiation, the PK isozyme switches from 
the M2 to the R-type.59 Of interest, in one severe form of PK defi-
ciency (PK Beppu), PK-M2-type persists in mature erythrocytes; 
and it has been proposed that this compensatory PK-M2 produc-
tion allows affected red cells to survive, analogous to the beneficial 
effect of persistent fetal hemoglobin production in homozygous 
b-thalassemia.59

Over 200 different mutations of the PKLR gene have been 
identified as causes of chronic hemolytic anemia. Most of these 
are missense mutations (approximately 70%), although a few 
are either nonsense or insertional mutations, deletions, or splic-
ing abnormalities.59,182,200,201 Most PK mutations are very rare, 
occurring only once; and the variable phenotypic expression of PK 
deficiency undoubtedly reflects the heterogeneity of these differ-
ent PK mutants. A few mutations are seen with some frequency. 
A significant fraction of affected Caucasians (30% to 40%) have at 
least one 1529G→A mutation resulting in an amino acid change 
(510Arg→Gln).202,203 This particular mutation is common in the 
United States and in northern Europe. Homozygosity for this 
1529G→A mutation was seen in children from a polygamist com-
munity in the western United States.204 A second common muta-
tion, 1456C→T (484Arg→Trp), is observed in Spain, Portugal, and 
Italy, where it accounts for approximately 30% of all cases. A third 
common mutation, 1468C→T (Arg490→Trp), is found predomi-
nantly in the eastern hemisphere. The PK deficiency seen in the 
Amish population is associated with a 1436G→A (479Arg→His) 
mutation.188 The PK deficiency in Gypsies is due to a deletion of 
1,149 bp, resulting in the loss of exon 11.205

At one time, PK deficiency was thought to be a consequence of 
decreased production of a structurally normal enzyme; but it now 
is recognized that most PK variants are abnormal proteins which 
differ with respect to their biochemical kinetics and physical prop-
erties.206–208 The heterozygous state for a PK variant is clinically 
silent with no hemolysis or anemia.

There is little or no relationship between red cell PK activity in 
vitro and severity of hemolysis.59,183 In part, this reflects the fact 
that in vitro assay conditions are very different from what exists 
in vivo. In addition, the presence of young RBC with elevated 
enzyme activity can mask the presence of a very unstable PK vari-
ant; or there can be persistence of PK-M2 in mature RBC.59,209,210 

Moreover, since most individuals with PK deficiency are doubly 
heterozygous for two different PKLR mutants,59 the study of 
RBC from affected subjects characterizes the mixture of PK vari-
ants without providing specific information about the individual 
enzymes. In the minority of individuals with homozygous disease, 
a relationship between defective PK enzymes and severity of 
hemolysis occasionally is apparent.206,207,211 Ongoing molecular 
biology studies are focused on determining the relationship of 
specific mutations (genotype) with hemolysis (phenotype).182,200

Pathophysiology
PK deficiency results in impaired glucose utilization and, thereby, 
decreased pyruvate and lactate production. In addition, glycolytic 
intermediates proximal to the block accumulate in red cells, and, 
of particular interest, the levels of 2,3-DPG may increase up to 
threefold.212,213 The major impairment due to PK deficiency is a 
diminished capacity to generate ATP.214 Paradoxically, however, 
PK-deficient patients with high reticulocyte counts may have 
normal or even elevated levels of ATP.214 This occurs because 
PK-deficient reticulocytes generate ATP through mitochondrial 
oxidative phosphorylation, and this is associated with a 6 to 
7 fold increase in oxygen consumption compared to normal 
reticulocytes.214,215 The advantage of oxidative phosphorylation 
for PK-deficient reticulocytes is that ATP can be generated requir-
ing minimal flow of pyruvate from glycolysis. When reticulocytes 
mature, however, mitochondria disappear, oxidative phosphoryla-
tion ceases and ATP levels fall. The effects of this will vary because 
there are marked cellular differences in the enzyme content of 
PK-deficient red cells. In severely PK-deficient RBC, the fall in ATP 
leads to cell injury, although the precise ATP-dependent reactions 
leading to irreversible membrane injury are not known. In some 
cases this injury is characterized by an increase in membrane cal-
cium, accelerated potassium loss, decreased total monovalent cat-
ion content, and cellular dehydration.215 The end result of these 
changes is a loss of membrane plasticity, and the formation of 
rigid RBC marked for premature destruction in the spleen.216,217

The reticulocytes most deficient in PK are doomed to almost 
immediate extinction once they lose their mitochondria. Less 
severely deficient cells survive to a nearly normal age, their ATP 
needs satisfied despite marginal metabolic resources.215 This 
vulnerability of enzyme-deficient reticulocytes is seen in erythro-
kinetic studies which demonstrate that reticulocyte-rich fractions 
of blood from PK-deficient subjects have a shorter survival than 
do reticulocyte-poor fractions.215,217 Given the unique metabolic 
abnormalities of the PK-deficient reticulocyte it is understand-
able why the spleen poses a problem for them. Because of their 
greater adhesive tendencies, reticulocytes endure a longer sojourn 
in the spleen,216,217 where limited oxygen and glucose restrict 
effective oxidative phosphorylation.215 Impaired ATP produc-
tion then leads to RBC destruction in the spleen or in the liver 
after escape from the spleen.216,217 Because severely deficient 
reticulocytes are metabolically more stable in the absence of the 
spleen, an exaggerated and sustained reticulocytosis usually fol-
lows splenectomy.183

As noted previously, the concentration of 2,3-DPG may be up 
to three times normal.212 This increase is responsible for a right-
ward shift in the oxygen dissociation curve of hemoglobin. As 
a result, PK-deficient subjects have a greater exercise tolerance 
than would be expected from the degree of anemia.213

Clinical Features
The clinical expression of PK deficiency is quite variable, rang-
ing from hydrops fetalis218,219 to pronounced neonatal jaundice 
requiring multiple exchange transfusions,185,220,221 and occa-
sionally complicated by kernicterus186,222 to a fully compensated 
hemolytic process detected as an incidental finding in adults.223 
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Unlike hemolysis associated with G6PD deficiency, the jaundice 
noted in PK-deficient infants invariably is associated with anemia 
and often with splenomegaly. The PK deficiency observed among 
the Pennsylvania Amish is particularly severe.186

Beyond the neonatal period, anemia of varying degree, jaun-
dice, and splenomegaly characterize erythrocyte PK deficiency. 
There are no specific or distinguishing clinical characteristics 
of this disorder; and no tissues are affected besides the red 
cells. Anemia may be surprisingly well tolerated because of the 
increased red cell 2,3-DPG content which is responsible for a 
rightward shift in the oxygen dissociation curve of hemoglobin.

The clinical course may be complicated by aplastic crises, 
characterized by an abrupt but temporary arrest of erythropoiesis 
and a precipitous drop in hemoglobin concentration and reticu-
locyte count. These crises usually are related to infection with 
parvovirus B19 which is cytotoxic for erythroid progenitors.224,225 
After the first decade of life, gallstones are detected with increased 
frequency.183 Bone changes associated with hyperplastic bone 
marrow, such as those seen in thalassemia, occasionally may 
result in frontal bossing.226 Chronic leg ulcers occur rarely.227,228 
Pregnancy has been associated with good maternal and fetal 
outcomes.229 However, there also are reports of complications 
during pregnancy, including preeclampsia and worsening hemo-
lytic anemia.230 Iron overload is a predictable complication of 
chronic transfusion therapy, but it may occur also in patients 
with a limited or no history of transfusions.231 The rare cases 
of hemosiderosis occurring in minimally transfused PK-deficient 
individuals may be due to coexistent inheritance of the more com-
mon hereditary hemochromatosis gene.230,232,233

Diagnosis
Anemia due to PK deficiency is moderate to severe in degree. The 
hemoglobin concentration characteristically is 6 to 12 g/dl.183 The 
peripheral blood reveals all the morphologic hallmarks of accel-
erated erythropoiesis: polychromatophilia, anisocytosis, poikilo-
cytosis, and variable numbers of nucleated red cells. Irregularly 
contracted erythrocytes with surface spicules,234 tailed poikilo-
cytes,214 and acanthocytes222 have been observed in the smears 
of some affected individuals. Before splenectomy, the reticulocyte 
count may be increased (5% to 15%); but after splenectomy, 
reticulocyte counts as high as 70% occasionally are noted.183,207 
The latter is due to the longer survival of PK-deficient reticulocytes 
following splenectomy.

The hematologic features of PK deficiency are not distinctive. 
The specific diagnosis rests on laboratory documentation. The 
once-used autohemolysis test has no current role in the diagnosis 
of PK deficiency.235 Simple specific enzyme screening tests are 
available, but false negative results are common because of the 
many different variant enzyme kinetics. In cases where PK defi-
ciency is suspected, a direct quantitative assay of the enzyme is 
essential. Leukocytes must be excluded from the system, because 
the leukocyte PKM2 gene is not affected in hemolytic variants 
to PK deficiency, and the PK activity of white blood cells is  
300 times that of normal red cells.236 Most deficient individuals 
have 5% to 25% of the normal mean activity. Heterozygous carri-
ers of a PK variant have approximately one-half normal activity, 
although there is considerable overlap with normal. The biochem-
ical heterozygote sometimes is difficult to detect. Recommended 
methods for the characterization of PK variants have been estab-
lished by the International Committee for Standardization in 
Hematology.206 In patients, usually infants, who are transfused 
before the enzyme disorder is recognized, the dilution of enzyme-
deficient RBC with transfused cells often makes it difficult to make 
the diagnosis based on chemical enzyme analysis.

In families with a child with PK deficiency, the issue of pre-
natal diagnosis in subsequent pregnancies is a matter of con-
cern. Most assuredly molecular diagnostic techniques for the 

prenatal diagnosis of PK deficiency have proven to be useful.237 
In particular, DNA analysis should be helpful in diagnosing 
those fetuses with the more common mutations described above, 
thought to account for 45% of cases of PK deficiency in non-Gypsy 
Caucasians. The large number of cases of PK deficiency in Gypsies 
are associated with a unique deletional mutation which also could 
be used for molecular diagnosis.237

treatment
During the first years of life, severe anemia is managed with red 
cell transfusions. Maintenance of the hemoglobin concentration 
above 8 g/dl permits normal growth and development. The deci-
sion for transfusion therapy must relate to patient tolerance of 
anemia rather than an arbitrary level of hemoglobin. Because of 
increased red cell 2,3-DPG content, patients may tolerate moder-
ately severe anemia with little problem.213

Splenectomy is useful for long-term control of anemia. 
However, because of the well-known risk of post-splenectomy 
sepsis due to Streptococcus pneumoniae in young children, sur-
gery should be delayed until 5 years of age whenever possible.  
Preoperative assessment of red cell survival and splenic seques-
tration is of no value in selecting patients for splenectomy, and 
this in part reflects the importance of the liver as a site of red 
cell destruction. Splenectomy most commonly is followed by 
improvement but not a complete correction of the hemolytic 
disorder.183,214,217 Transfusion requirements, if present before 
splenectomy, decrease or are eliminated. In almost all patients, 
an incompletely compensated hemolytic process with reticulocy-
tosis, some degree of hyperbilirubinemia, and an ongoing risk for 
gallstone formation usually persist.

A severe hemolytic anemia associated with PK deficiency in 
Basenji dogs has been corrected by bone marrow transplanta-
tion.238 Similarly, marrow transplantation has been shown to be 
effective in mutant mice with splenomegaly and chronic hemolytic 
anemia due to PK deficiency.239 These successes in animal stud-
ies clearly indicate a possible role for stem cell transplantation 
in this therapy in humans. There is one report of a 5-year-old 
boy with transfusion-dependent hemolytic anemia due to PK 
deficiency who received an HLA identical bone marrow trans-
plant from his sister; and he is alive several years later without 
evidence of hemolysis.240 Despite the success in this one patient, 
in almost all cases of hemolytic anemia due to PK deficiency, 
the risk-benefit ratio currently remains weighted in favor of 
splenectomy over stem cell transplantation. In the future this 
may change. Moreover, PK deficiency (as a single gene defect, of  
recessive inheritance, affecting primarily one cell line, and being 
amenable to hematopoietic stem cell modification) is considered a 
candidate disease for gene therapy in the future.241,242

Other enzymopathies affecting Glycolysis

Hexokinase Deficiency
Hexokinase (HK) catalyzes the conversion of glucose to glucose-6 
phosphate (Fig. 28.4). As the first enzyme in the glycolytic path-
way, HK has a strategic role in the regulation of glucose consump-
tion. The activity of HK declines rapidly as red cells age, and in 
older cells, HK activity is lower than that of any other glycolytic 
enzyme. The concentration of 2,3-DPG also may be low, and this 
has consequences on hemoglobin-oxygen affinity and work per-
formance (see below).

There are four HK isozymes and each one is coded for by a 
different gene (HK1, HK2, HK3, HK4). The HK1 gene codes for 
the HK found in erythrocytes, and this gene maps to chromosome 
10.243–245 Type I HK isozyme also is present in lymphocytes and 
platelets. However, deficiency of type I HK isozyme in lympho-
cytes is offset by an increase in the amount of type III isozyme.246 
As with PK deficiency, deficient HK activity may result from 
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quantitative deficiency of an apparently normal enzyme247,248 
from abnormalities that affect substrate affinity,249–251 or heat 
stability.252–254 The molecular defect has been identified in a few 
cases of HK deficiency.255,256

Seventeen different kindred with HK deficiency have been 
described in families of European, Mediterranean, Scandinavian, 
and Asian background.245,247–249,251 The inheritance pattern is 
consistent with an autosomal recessive mode of transmission. In 
about 25% of reported cases, neonatal hyperbilirubinemia can 
occur and may require exchange transfusion.248,250,257 In many 
affected individuals, mild anemia or recurrent episodes of jaun-
dice are not noted until after the first decade of life. Splenomegaly 
is common. Regular RBC transfusions may be required in severely 
affected patients.248 Splenectomy ameliorates but does not cure 
the hemolytic process.248–250 Symptoms may be out of propor-
tion to the degree of anemia because low levels of erythrocyte 
2,3-DPG reduce oxygen release to tissues at any given oxygen 
tension.213,258

There are no unique RBC features associated with HK defi-
ciency. The diagnosis rests on the assay of red cell HK activity. 
Because HK is among the most age-dependent of red cell enzymes, 
its activity must be considered in relation to the reticulocyte count 
or the activity of other age-dependent enzymes.248

Glucosephosphate Isomerase Deficiency
Glucosephosphate isomerase (GPI) catalyzes the interconversion 
of fructose-6-phosphate and glucose-6-phosphate (Fig. 28.4). GPI 
deficiency is the second most common glycolytic enzymatic defect 
associated with hemolytic disease.259 Since the first description 
of the disorder in 1968,260 approximately 50 cases have been 
reported.59,261–264,265 Just as for the case of PK deficiency, many 
more cases probably exist but are not published or listed in any 
rare disease registry. It is estimated that 0.2% of North Americans 
are heterozygous for a GPI mutant.266

The gene for GPI is located on chromosome 19. Several differ-
ent gene mutations of GPI associated with hemolysis have been 
identified.59,265,267,268,269 A single form of GPI is synthesized by 
all cells of the body; consequently, structural mutations of the 
enzyme are expressed in all tissues.263,270 Because most muta-
tions result in enzyme instability,271 the defect imposes functional 
compromise mainly in older mature erythrocytes. Both missense 
mutations and gene deletion have been described.265,267,272,273 It 
is inherited in an autosomal recessive manner. Obligate hetero-
zygotes for mutant alleles are hematologically normal but have 
reduced red cell GPI activity. Symptomatic GPI deficiency results 
equally from homozygosity for a single mutant gene or compound 
heterozygosity for two different abnormal alleles.59,267,272,274

The severity of hemolytic disease varies considerably. Hydrops 
fetalis with death in neonates has been reported,274–276 and 
anemia and hyperbilirubinemia complicate the postnatal course 
in many patients.263,270 Chronic transfusion therapy may be 
required. As with other chronic hemolytic anemias, the clinical 
course may be complicated by aplastic and hyperhemolytic crises. 
Mental retardation and excessive stores of hepatic glycogen were 
noted in a single patient.274 Neuromuscular impairment (hypoto-
nia, ataxia, dysarthria, mental retardation) occasionally has been 
seen, but in only 5 of the known variants.265 Splenectomy has 
eliminated or dramatically reduced the transfusion requirement 
in most patients.260,262,263,266 Post-splenectomy hemoglobin con-
centrations are 8 to10 g/dl. Following splenectomy, reticulocyte 
counts may increase dramatically (50% to 75%).266

Red cell morphology is characterized by anisocytosis, poikilo-
cytosis, polychromatophilia, and often the presence of nucleated 
red cells. Definitive diagnosis requires specific enzyme assay 
of a RBC hemolysate. Prenatal diagnosis of GPI by enzymatic 
assay of amniotic fluid cells has been demonstrated in a kindred 
with unusually severe hemolytic disease.275 Several abnormal 

GPI mutations have been identified and molecular diagnos-
tic techniques for prenatal diagnosis are becoming available  
(P. Gallagher, Yale University, personal communication).

Phosphofructokinase Deficiency
PFK catalyzes the phosphorylation of fructose-6-phosphate to 
fructose-1,6-diphosphate, and this is one of the rate limiting reac-
tions of glycolysis (Fig. 28.4). The PFK enzyme in RBC is a tetra-
meric protein made up of varying combinations of muscle or M 
type subunits, liver or L type subunits, and platelet or P type sub-
units.277–279 Three different structural loci encode for these M, L,  
or P subunits of PFK. The M type subunit is encoded for a gene 
on chromosome 1,280 and this gene has been characterized281 
and cloned.282,283 The L type PFK subunit is encoded by a gene 
located on chromosome 21,284 and the structural organization of 
this gene also has been characterized285 and cloned.286 The gene 
encoding for the P subunit of PFK is located on chromosome 10.287  
The subunits are variably expressed in different tissues. Muscle 
and liver PFK are composed exclusively of M4 and L4 tetramers, 
respectively. The red blood cell contains equal amounts of M and 
L subtypes and all possible tetrameric variations are present (L4; 
L3 M1; L2 M2; L1 M3; M4).279 Neutrophil PFK is composed pri-
marily of L4 homotetramers, and platelet PFK consists of both P 
and L subunits. The variable structure of PFK in different tissues 
provides an explanation for the diversity of syndromes associated 
with deficiency states. These syndromes include chronic hemolytic 
disease with myopathy, hemolytic disease alone, and myopathy 
alone.288

The first PFK deficiency syndrome described was character-
ized by congenital nonspherocytic hemolytic disease and myopa-
thy (Tarui’s disease, glycogenosis type VII289,290). More than 39 
unrelated families have been identified.291 It is inherited as an 
autosomal recessive disorder. The myopathy is characterized by 
muscle fatigue and cramping with exercise and pathologically 
by increased muscle glycogen.289 There is a mild compensated 
hemolytic anemia. The hemoglobin concentration is normal, or 
even increased. Both myopathy and hemolytic disease result 
from the total lack of M subunit expression. Biopsies of muscle 
reveal that PFK activity is completely lacking, while erythrocyte 
PFK activity is about 50% of normal.289,290,292 The red cell PFK 
in these patients is composed exclusively of L4 subunits.279,289 
Glycolytic intermediates proximal to PFK are increased in con-
centration, and those distal to the block are decreased.292,293 Of 
particular interest, 2,3-DPG is decreased,294 and this presumably 
leads to an unfavorable shift of the hemoglobin-oxygen affinity, 
thereby accounting for the mild erythrocytosis in some patients 
and absence of anemia despite shortened red cell survival in 
others.

PFK deficiency also has been implicated as the cause of 
hemolytic disease in the absence of myopathy.279,293,295,296 Some 
individuals manifest mild myopathic symptoms during ischemic 
exercise tolerance tests.293 This syndrome is attributed to the 
synthesis of an unstable but catalytically active M subunit. Muscle 
cells are protected because of continued synthesis of the enzyme, 
whereas anucleate erythrocytes, incapable of protein synthesis, 
sustain early loss of enzyme activity.295 Although myopathy with-
out hemolysis has also been attributed to PFK deficiency, hemo-
lytic disease may have been dismissed because of the absence of 
anemia.293 Heterozygosity for L subunit deficiency is associated 
with about one-half normal red cell PFK activity, but with no 
myopathic or hemolytic features.293,297,298

Aldolase Deficiency
Aldolase catalyzes the conversion of fructose-1,6-diphosphate to 
dihydroxyacetone and glyceraldehyde-3-phosphate (Fig. 28.4). 
Aldolase is a tetrameric protein, and three tissue isozymes  
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(A, B, C) have been identified.299 Type aldolase, the main iso-
zyme in red blood cells and muscle, has been characterized and 
cloned.300,301 The gene which encodes aldolase A is located on 
chromosome 16.302

Aldolase deficiency as a cause of hemolytic anemia is very 
rare, and has been identified in only four kindred. The first case 
was documented in a child whose parents were first cousins. In 
addition to mild hemolytic anemia, the child had hepatomegaly 
associated with increased glycogen deposition and psychomo-
tor retardation.303 A second report of aldolase deficiency in a 
Japanese family described more severe hemolytic anemia (hemo-
globin 6 g/dl; 7% to.8% reticulocytes) without attendant hepato-
megaly or developmental delay.304 In a third case, a 4½-year-old 
boy in Germany was identified with aldolase deficiency.305 He 
had a history of neonatal jaundice, recurrent episodes of jaun-
dice beyond the newborn period, and anemia requiring red 
cell transfusions in the first year of life. In addition, however, 
he had a myopathy characterized by severe muscle weakness, 
exercise intolerance, and laboratory evidence of rhabdomyolysis 
in association with fever and an upper respiratory infection. In 
a fourth reported case, a young girl of Sicilian extraction had a  
transfusion-dependent hemolytic anemia requiring splenectomy at 
40 months of age.306 She also had a myopathy with recurrent and 
progressive episodes of rhabdomyolysis. She died due to hyper-
kalemia and rhabdomyolysis during a febrile illness associated 
with gastrointestinal hemorrhage at 54 months of age. Molecular 
analysis in each of the above cases has identified several different 
missense or nonsense mutations, each resulting in a thermolabile 
unstable enzyme.305,306,308 The mechanism of hemolysis in these 
cases is uncertain. Deficient red cells accumulate proximal glyco-
lytic intermediates, especially fructose-1,6-diphosphate.

Triosephosphate Isomerase Deficiency
TPI catalyzes the reversible isomerization of glyceraldehyde -3- 
phosphate and dihydroxyacetone phosphate (Fig. 28.4). TPI is a 
dimeric enzyme composed of identical subunits. Several electro-
phoretically distinct bands result from posttranslational modifica-
tion of a single protein309 that is encoded by a single structural 
gene located on the short arm of chromosome 12.310 Only one 
isozyme of TPI is produced, and thus enzyme deficiency involves 
all body tissues. Enzyme activity is greatly reduced in red cells, 
as well as leukocytes, muscle, and skin fibroblasts.264 Thirty-five 
cases of TPI deficiency with hemolytic anemia have been identi-
fied. The enzyme abnormality in almost all cases is due to a single 
amino acid substitution which results in an unstable enzyme.311 
Several different point mutations in the TPI gene have been 
identified and reviewed.312,313,314 Most are missense mutations 
resulting in a single amino acid substitution, and one is due to a 
deletion. The majority of the mutants result in heat-labile enzymes 
with residual catalytic activity. All clinically affected patients have 
been homozygotes or, less commonly, compound heterozygotes. 
Of the known mutations, one accounts for the molecular defect in 
most studied families with TPI deficiency; and this variant is due 
to a 315G→C mutation which results in an amino acid substitution 
(104 glu→asp).312,314

Hemolysis due to TPI deficiency is one aspect of a multiple 
system disease. A most unique feature of this enzymopathy is an 
associated severe neurologic disorder characterized by spastic-
ity, motor retardation, and hypotonia.314,315 It is inherited as an 
autosomal recessive disorder. Heterozygotes, with half normal 
erythrocyte TPI activity, are clinically normal. Of interest, the 
frequency of the heterozygous state for TPI deficiency is relatively 
high (0.1% to 0.5% in Caucasians, 5.5% in African-Americans).316 
Despite this estimate, less than 40 individuals with symptomatic 
disease have been identified.59,288,314 The rare incidence of clini-
cally significant homozygous TPI deficiency suggests incompat-
ibility with fetal life.

TPI deficiency is a progressive, ultimately fatal disease. In most 
cases, anemia and hyperbilirubinemia have been noted at birth 
or during the first weeks of life.314,315,317 The degree of anemia is 
variable, but most affected infants and children require periodic 
blood transfusions. Death from hemolytic anemia in the first week 
of life occurred in a sibling and a cousin of the patient described 
in the first reported case.315 Splenectomy appears to have no 
discernible benefit.315 Late in the first year of life, spasticity and 
a delay in the acquisition of motor skills are noted. Neurologic 
involvement generally is progressive, giving rise to paraparesis, 
weakness, and hypotonia. Recurrent systemic infections are a 
problem in most affected children, but it is not known whether 
these are related to impaired TPI activity in phagocytes. Death, 
probably from cardiac arrhythmias, usually occurs before the fifth 
birthday. In the only adult thus far identified as having TPI defi-
ciency,318 neurologic dysfunction, although profound, was stable. 
An interesting report of TPI deficiency with chronic hemolytic 
anemia has been described in a 13-year-old boy and his 23-year-
old brother. Noteworthy was the observation that the 13-year-
old boy had hyperkinetic torsion dyskinesia, but his 23-year-old 
brother had no neurologic abnormalities.319,320

The diagnosis of TPI deficiency is suspected in young children 
with chronic hemolytic disease not due to the more common 
causes of hemolysis. Associated motor neurologic symptoms raise 
the index of suspicion for TPI deficiency. There are no specific 
RBC abnormalities. In suspected cases it is necessary to assay 
for TPI activity in a RBC hemolysate. The large number of cases 
associated with the codon 104 mutation has allowed the use of 
chorionic villous biopsy samples and molecular techniques for 
prenatal diagnosis.321,322

Phosphoglycerate Kinase Deficiency
PGK catalyzes the conversion of 1,3- diphosphoglycerate to 
3-phosphoglycerate, and this is one of two glycolytic reactions 
resulting in net ATP generation from ADP (Fig. 28.1). An alter-
native fate of 1,3-DPG is the formation of 2,3-DPG, a reaction 
catalyzed by 2,3-diphosphoglyceromutase (DPGM). The product 
of the latter reaction is 2,3DPG, an important intermediate which 
is known to enhance oxygen release from hemoglobin. Hereditary 
deficiency of PGK activity has been recognized as a rare cause 
of chronic hemolytic anemia for 40 years.323 Red cells severely 
deficient in PGK predictably accumulate DHAP,324 have higher 
than normal concentrations of 2,3-DPG,324 and have decreased 
concentrations of ATP.323 The altered intermediate profile in PGK-
deficient RBC thus reflects an increased flow of triose phosphates 
through the DPG pathway at the expense of ATP generation.

The genetics of this disorder are unique amongst glycolytic 
enzymopathies in that it is X-linked.323 PGK is known to be 
encoded by a single structural gene on the X chromosome q13.325 
Biochemical variants of PGK with abnormal kinetics and/or 
enzyme instability have been observed in 26 separate families,326 
and the single amino acid substitutions and genomic structure 
have been identified in almost all of these variants, most of which 
are due to missense mutations.59,291,326

Similar to G6PD deficiency, male hemizygotes with little or no 
enzyme activity are symptomatic, with chronic hemolysis that can 
be severe, often requiring RBC transfusions.323,327,328 In contrast, 
females who are mosaics have normal and PGK-deficient red cells, 
and there may be variable degrees of hemolysis.323,329 Clinical 
exacerbations of hemolysis, most of which appear to be triggered 
by intercurrent infections, are responsible for recurrent episodes 
of jaundice. Splenectomy obviates transfusion in most patients but 
does not fully correct the hemolytic process. In deficient male sub-
jects, PGK activity is decreased in leukocytes,323 platelets, muscle, 
liver, and brain, as well as in red cells.330 Although leukocyte 
PGK activity may also be low, there is no evidence that affected 
individuals have leukocyte dysfunction or increased infections.  
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Of far greater consequence is progressive neurologic deterioration. 
Some deficient male infants experience apparently normal devel-
opment until 3 to 4 years of age, when motor regression, expres-
sive aphasia, and emotional liability become apparent. Seizures 
and progressive extrapyramidal disease follow late in the first 
decade.323,324,327,331 Most PGK variants manifest both hemolysis 
and neurologic disease (PGK-Uppsala, PGK-Tokyo, PGK-Matsue, 
PGK-Michigan); however, there are exceptions. PGK-Shizuoka is 
characterized by hemolysis and muscle disease,332 while PGK-San 
Francisco has only hemolysis without other symptoms.333 At the 
other extreme, recurrent exertional rhabdomyolysis producing 
renal failure but without associated neurologic or hematologic dis-
ease has been observed in PGK-Creteil.334 The absence of hemoly-
sis in this variant is most intriguing, since red cell PGK activity was 
less than 3% of normal. Also, clinically silent variants producing 
PGK deficiency have been described, and these variants differ from 
the normal enzyme with respect to electrophoretic mobility and 
isoelectric focusing.325 The reasons for these major phenotypic 
differences in PGK deficiency remained to be defined.

Glycolytic enzymopathies of Doubtful Clinical 
Significance
Hemolysis has been associated with deficiencies of other glycolytic 
enzymes, but the causal relationship between enzymopathy and 
reported hematologic disturbances is far from clear.259

Glyceraldehyde-3-Phosphate Dehydrogenase 
Deficiency
The enzyme glyceraldehyde-3-phosphate dehydrogenase (G3PD) 
catalyzes the reversible conversion of glyceraldehyde-3-phosphate 
to 1,3- diphosphoglycerate (see Fig. 28.4). This reaction is coupled 
to the reversible reduction of NAD to NADH. The latter is the 
major cofactor for methemoglobin reduction by cytochrome b5 
reductase. Mild hemolytic anemia attributed to G3PD deficiency 
was described in two brief reports over 30 years ago.335,336 The 
limited content of these reports precludes conclusions regarding 
the relationship between G3PD deficiency and hemolysis.

2,3-Diphosphoglyceromutase Deficiency
The enzyme 2,3-diphosphoglyceromutase (2,3-DPGM) has more 
than one metabolic role. Its main function relates to its catalytic 
role in the conversion of 1,3-DPG to 2,3-DPG (Fig. 28.4). This reac-
tion is of special interest, because 2,3-DPG reduces the affinity of 
hemoglobin for oxygen, thereby shifting the oxygen hemoglobin 
dissociation curve to the right (see Chapter 6). A second function 
of the enzyme relates to its phosphatase activity which catalyzes 
the degradation of 2,3-DPG to 3-PGA. These two different actions 
of 2,3-DPGM reflect two different active sites on the same mol-
ecule.337 Deficiency of red cell 2,3-DPGM is associated with defi-
ciency of 2,3-DPG phosphatase of comparable magnitude.337,338 
The third metabolic role of this enzyme is to facilitate the conver-
sion of 3-PGA to 2-PGA. The reports of 2,3-DPGM deficiency are 
too few and too disparate to permit a unified clinical description. 
Total deficiency of the mutase and phosphatase activity of DPGM 
and 2,3-DPG phosphatase activity was described in a 42-year-old 
man who was well except for ruddy cyanosis and a hemoglobin 
of 19 g/dl.338 Erythrocyte 2,3-DPG content was low, as was the 
p50 determination. Two of his children had approximately 55% 
normal 2,3-DPGM activity, suggesting they were heterozygous 
and their father was homozygous, with fully compensated hemo-
lytic anemia.339,340 Deficiency of 2,3-DPGM imparts no known 
metabolic lesion having implications for cell survival. Deficient 
cells consume glucose normally and contain normal or increased 
amounts of ATP, decreased glutathione concentration and reduced 

triose phosphates.338,340 It seems doubtful that 2,3-DPGM defi-
ciency is a cause of significant clinical disease.

Enolase Deficiency
Enolase catalyzes the conversion of 2-PGA to PEP (Fig. 28.4). 
Chronic hemolytic anemia associated with erythrocyte enolase 
deficiency was identified in two sisters.341 Ingestion of nitrofu-
rantoin exacerbated the condition, an occurrence not explained 
by the enzyme deficiency.

Lactate Dehydrogenase Deficiency
LDH catalyzes the terminal reaction in glycolysis, the conversion 
of pyruvate to lactate (Fig. 28.4). The enzyme is a tetrameric 
protein composed of H and M subunits. Severe deficiency of LDH 
in erythrocytes, leukocytes, platelets, and serum of a 65-year-old 
Japanese man has been reported.342 This individual was homo-
zygous for an autosomal recessively transmitted deficiency of the 
H subunit of LDH. Although no anemia or evidence of hemolysis 
was noted, red cells contained a marked increase of glyceralde-
hyde-3-phosphate, dihydroxyacetone phosphate, and fructose-
1,6-diphosphate. This severe LDH deficiency was without effect 
on red cell integrity.

aBnormalities of purine 
and pyrimidine nucleotide 
metaBolism
Mature RBC are incapable of de novo purine or pyrimidine syn-
thesis, although many enzymes of nucleotide metabolism are 
present in erythrocytes (Fig. 28.5). The latter are now known to be 
important for RBC preservation in vitro; and it also is recognized 
that abnormalities in purine and pyrimidine metabolism are asso-
ciated with inherited hemolytic disease.

Initial interest in RBC nucleotide metabolism was stimulated 
by blood bank concerns related to ATP and 2,3-DPG loss dur-
ing storage of red blood cells. Several studies demonstrated that 
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FIGURE 28.5. Schema of purine and pyrimidine metabolism in mature erythrocytes.  
Enzyme abbreviations: ADA, adenosine deaminase; ADK, adenosine kinase; AK, adenylate 
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inosine, adenosine, and adenine each could minimize loss of 
organic phosphates and thereby improve viability of stored blood. 
These studies defined an important role for purine nucleoside 
metabolism in maintaining energy pools of stored RBC, and this 
has had a major impact on the science of transfusion medicine.343

In certain immune and metabolic disorders due to inborn 
errors of purine metabolism, erythrocytes share the same enzy-
matic deficiency, without any adverse effect on RBC function or 
viability. The RBC enzyme abnormalities in these cases can serve 
as a marker of disease in other tissues, and in some cases assay 
of red cell enzyme activity is used for diagnostic purposes.344 The 
two most common disorders for which the red cell is used as a 
biopsy tool are adenosine deaminase (ADA) deficiency associated 
with severe combined immune deficiency,345 and purine nucleo-
side phosphorylase deficiency associated with impaired T-cell 
immunity346 (see below).

Red cell purine and pyrimidine enzyme disorders also have 
been associated with inherited hemolytic syndromes, and  
these cases have further identified the important role of nucleo-
tide metabolism in mature erythrocytes. The remainder of this 
section focuses on the pyrimidine and purine enzyme disorders 
associated with hemolysis pyrimidine 5′ nucleotidase (P5′N) defi-
ciency, ADA excess, and adenylate kinase (AK) deficiency.

pyrimidine 5′ Nucleotidase Deficiency
Ribosomal RNA in normal reticulocytes is degraded to 5′ nucleo-
tides. The enzyme P5′N further catalyzes the degradation of 
cytidine and uridine mononucleotides to inorganic phosphate 
and the corresponding nucleoside. Whereas the mononucleotides 
are impermeable to the RBC membrane, after P5′N exposure 
the nucleosides can passively diffuse from the cell. P5′N thus 
rids maturing reticulocytes of pyrimidine degradation products 
of RNA without compromising the purine (adenine) nucleotide 
pool necessary for energy-dependent reactions. Another enzyme, 
thymidylate nucleotidase, is thought to catalyze the degradation 
of thymidine monophosphate in a similar manner. This is sup-
ported by the observation that P5′N-deficient cells exhibit brisk 
nucleotidase activity when thymidine and deoxyuridine mono-
phosphates are used as substrates.347–349,350

Reticulocytes deficient in P5′N accumulate large quantities 
of cytidine and uridine compounds, increasing the total nucleo-
tide pool to more than five times that present in normal red 
cells.348,351,352 Cases of P5′N deficiency formerly were classified 
as “high ATP syndromes” owing to the erroneous assumption that 
the large amount of nucleotide within deficient cells was adenine 
phosphate rather than pyrimidine phosphate.353,354 In addition to 
the increased nucleotide pool content, elevated levels of GSH 355  
and decreased activity of ribosephosphate pyrophosphate (PRPP) 
synthetase are consistent but unexplained findings of P5′N defi-
ciency.353,354 As a consequence of impaired ribosomal degrada-
tion, intracellular aggregates form in P5′N-deficient cells, and 
these appear as basophilic stippling on Wright-stained peripheral 
blood smears.

The gene encoding P5′N is located on chromosome 7p15-
p14.356 Over 20 different mutations in the gene for P5′N 
have been identified in 30 different families with this enzyme 
deficiency.357,358

P5′N deficiency is a rare RBC defect, yet it is the most common 
enzyme abnormality affecting nucleotide metabolism.259,350,357,358 
Over 60 patients representing a wide geographic distribution have 
been reported, with a predisposition for people of Mediterranean, 
Jewish, and African ancestry.350,357,358,359 In all families studied, 
the disorder follows an autosomal recessive mode of transmis-
sion. Family members who are biochemical heterozygotes are 
hematologically normal, whereas homozygotes with less than 5% 
to 10% normal P5′N activity have lifelong hemolytic anemia asso-
ciated with splenomegaly and intermittent jaundice. The disorder 

is characterized by mild to moderate anemia, reticulocytosis, 
and hyperbilirubinemia. Transfusions usually are not required. 
Splenectomy is followed by a modest increase in hemoglobin 
concentration but affords no significant benefit.354,359,360 There 
are no associated P5′N abnormalities in platelets or leukocytes. 
Developmental retardation has been noted.361

The possibility of P5′N deficiency as the cause of hemolysis 
is suggested by the presence of marked basophilic stippling, a 
unique RBC morphologic feature characteristic of this hemo-
lytic disorder. Definitive diagnosis requires demonstration of 
decreased RBC nucleotidase activity359 or increased pyrimidine 
nucleotides in erythrocytes. Normally, RBC nucleotides are almost 
entirely adenine nucleotides. However, in P5′N deficiency, up to 
80% of nucleotide pool may be pyrimidine nucleotides. The lat-
ter is the basis for a simple screening test that utilizes ultraviolet 
spectroscopy to demonstrate a shift in the absorption spectrum of 
red cell lysates.360

The reason why P5′N deficiency leads to hemolytic anemia 
is not known, although there have been a variety of proposed 
mechanisms.362,363 One curious explanation relates to a con-
comitant decrease in the G6PD activity of P5′N-deficient cells,364 
which is associated with decreased pentose phosphate shunt 
activity and increased incubated Heinz body formation. The 
mechanism whereby P5′N deficiency affects pentose phosphate 
shunt activity involves both competitive inhibition of glucose-
6-phosphate and noncompetitive inhibition of NADP for G6PD 
by pyrimidine nucleotides.364 Interestingly, both P5′N and G6PD 
deficiencies are characterized by hemolytic crises complicat-
ing intercurrent infections. Also of interest was the report of a 
Bangladeshi family which had the genes for both hemoglobin E 
and P5′N deficiency.365 One individual homozygous for both con-
ditions had a severe hemolytic anemia, while family members 
homozygous for Hb E were asymptomatic and those homozygous 
for P5′N had a mild hemolytic anemia. Globin-chain synthetic 
studies indicated the interaction between these two genotypes 
was due to decreased Hgb E stability in P5′N-deficient eryth-
rocytes. Since, as described above, the HMP shunt is impaired 
in P5′N deficiency, it was postulated that the marked hemo-
globin instability in enzyme-deficient cells was due to oxidant 
stresses exerting their effects on Hb E, which normally is mildly 
unstable.365

P5′N enzyme is readily inactivated by heavy metals such as 
lead, and it has been proposed that the basophilic stippling in 
lead poisoning is secondary to acquired P5′N deficiency.366,367 As 
blood lead levels approach 200 μg/dl packed red cells, P5′N activ-
ity decreases to levels comparable to those associated with the 
homozygous deficiency state, intracellular pyrimidine nucleotides 
accumulate, and basophilic stippling can be demonstrated.348,367 
As in congenital P5′N deficiency, pyrimidine nucleotide accumula-
tion inhibits pentose phosphate shunt activity, further compound-
ing a direct inhibitory action of lead on G6PD.368

adenosine Deaminase excess
Adenosine is a common substrate for two different enzymes, 
adenosine kinase (ADK) and ADA. The Km (adenosine) is much 
lower for ADK than for ADA, and thus normally metabolism 
proceeds through ADK with phosphorylation of adenosine to 
form AMP (Fig. 28.5). In the presence of plasma adenosine, ADK 
thereby helps maintain the red cell adenine nucleotide pool.369,370 
The enzyme ADA catalyzes the deamination of adenosine to form 
inosine.

Hereditary deficiency of ADA is associated with severe com-
bined immunodeficiency,345 and since the enzyme deficiency also 
exists in erythrocytes, assay of red cell ADA can be used to diag-
nose this immune disorder. Red cell adenine nucleotide content is 
increased in severe ADA deficiency, but this has no adverse effects 
on RBC, and there is no anemia.371,372
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Surprisingly, hereditary hemolytic anemia occurs in asso-
ciation with a 60- to 100-fold excess of normal ADA activity,373 
and this has been described in a few families, including a large 
kindred of English-Irish ancestry and in a Japanese family.374 In 
these patients with hemolysis and increased RBC-ADA activity, 
erythrocyte ATP content is reduced.373,374 The decrease in ade-
nine nucleotides presumably occurs because elevated ADA activ-
ity, despite the higher Km for adenosine, effectively competes with 
normal levels of ADK, thereby producing a “relative” deficiency of 
the latter enzyme.359,370

In patients with hemolytic anemia and marked ADA excess, 
the purified enzyme exhibits normal biochemical properties and 
the defect appears to be due to excess production of a structurally 
normal enzyme.375,376,377 The synthesis of this enzyme is directed 
by a gene on chromosome 20, and posttranslational modifications 
result in different tissue isozymes. No specific DNA mutation 
has been identified to account for increased ADA production in 
patients with hemolytic anemia.

This rare hemolytic enzymopathy is unique because it is asso-
ciated with an enzyme excess, and also because it is inherited in 
an autosomal dominant pattern.373,378 Clinical features include 
mild to moderate anemia, reticulocytosis, and hyperbilirubinemia. 
No other tissues share in enzyme excess, and there are no other 
systemic effects. There are no distinguishing clinical, hematologic, 
or morphologic features to aid in the diagnosis of this condition. 
The specific diagnosis can be suspected if red cell ATP levels are 
low and confirmed by demonstrating increased ADA activity in a 
hemolysate. Usually no specific therapy is indicated, since most 
patients have very mild anemia. In contrast to these rare patients 
with a marked excess of enzyme activity and hemolytic anemia, a 
much smaller increase in enzyme activity (2- to 4-fold) has been 
observed in most patients with congenital hypoplastic anemia 
(Diamond-Blackfan syndrome)379,380 (see Chapter 43).

adenylate Kinase Deficiency
AK catalyzes the interconversion of adenine nucleotides (AMP + 
ATP→2 ADP) (Fig. 28.5). This is thought to be the only enzyme 
reaction in mature RBC that can lead to ADP synthesis from AMP, 
and thus AK would appear to have a critical role in salvaging AMP, 
and protecting the erythrocyte adenine nucleotide pool.381 In 
erythrocytes, AMP is formed in two reactions: the ADK-mediated 
phosphorylation of adenosine and the APRT-mediated phosphory-
lation of PRPP. There are three isozymes: AK1, AK2, and AK3.382 
AK 1 is the isozyme in red cells, muscle, and brain.

Hereditary nonspherocytic hemolytic anemia in association 
with AK deficiency has been described in nine different kindred 
distributed worldwide.381,383–386,387,388,389,390 This is an autoso-
mal recessive disorder and heterozygote-deficient individuals are 
not affected. A moderate to severe chronic nonspherocytic hemo-
lytic anemia has been reported in almost all homozygous or com-
pound heterozygous enzyme-deficient individuals. Splenectomy 
sometimes is beneficial.387 Mental retardation has been reported 
in some cases with severe erythrocyte AK deficiency,384,387,388,389 
and this may reflect that AK1 is the isozyme in both RBC and 
brain.

The causal relationship of this enzyme abnormality to hemoly-
sis is not entirely clear, because some individuals with profound 
AK deficiency have no evidence of hemolysis.381 In one sibship, 
there was congenital hemolytic anemia and less than 1% normal 
erythrocyte AK activity in an 8-year-old girl, while her brother 
also had no detectable AK activity, but was hematologically  
normal.381 In another family with AK deficiency, a 4-year-old 
girl had chronic hemolysis with occasional exacerbations during 
infections, and occasionally she required RBC transfusions.386 
Her RBC had no detectable AK activity, while her parents had 
half normal activity. In this patient, decreased activity of other 
phosphotransferases was noted; in particular, PRPP-synthetase 

activity was reduced, just as in P5′N deficiency. The authors 
proposed that defects in multiple phosphotransferases may be 
responsible for the shortened lifespan of AK-deficient RBC.386 The 
significance of these observations is unknown.

Molecular analysis has revealed the gene defect in six of the 
known kindred with chronic hemolysis and AK deficiency. In the 
first case a single nucleotide substitution resulting in an amino 
acid change (Arg121→Trp) was detected.59,382 Analysis of sub-
sequent probands has revealed other missense mutations,388,390 
nonsense mutations,389 and deletion mutations.390
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clAssiFicAtion
In autoimmune hemolytic anemia (AIHA), pathologic antibodies 
(autoantibodies) attach to and lead to the destruction (hemolysis) 
of endogenous erythrocytes (red blood cells, RBCs) resulting in 
anemia. By definition, both autoantibodies and associated RBC con-
sumption must be identified. AIHA is readily subclassified accord-
ing to the characteristic temperature activity of the responsible 
antibodies (Table 29.1). Cold-active antibodies typically have little, if 
any, activity at body temperature but have greater affinity for RBCs 
as the temperature decreases toward 0°C. Conversely, warm-active 
antibodies have their greatest affinity at 37°C. Generally speaking, 
cold-active antibodies are typically IgM, fix complement, and lead to 
immediate intravascular RBC destruction or hepatic-mediated clear-
ance. In contrast, warm-active antibodies are typically IgG, may or 
may not fix complement, and primarily lead to RBC loss by splenic-
mediated clearance of sensitized cells. Patients who express both 
(mixed) cold- and warm-active antibodies are particularly trouble-
some clinically because of the dual impact from severe RBC destruc-
tion and characteristically poor response to therapy.1 Drug-induced 
immune hemolytic anemia (DI-IHA) is caused by warm-active 
antibodies that may be clinically and serologically indistinguishable 
from the idiopathic warm autoimmune type (a-methyldopa type), or 
may be dependent on the presence of the drug in serologic studies 
to demonstrate attachment of the antibody to the RBC. The clini-
cal spectrum of drug-induced antibody attachment to RBCs ranges 
from asymptomatic positive serologic studies to life-threatening 
massive hemolysis.2 Finally, a different type of immune-mediated 
hemolytic anemia can occur as a complication of organ transplan-
tation. Because the antibodies are generated from donor-derived 
lymphocytes, the disorder is not truly of “auto”-immune origin, but 
can be thought of as a graft-versus-host disorder.

etiology of the Immune response 
in autoimmune hemolytic anemia
Immunologic tolerance is a state in which the individual is inca-
pable of developing an immune response to a specific antigen. 
Self-tolerance refers to lack of responsiveness to an individual’s 
own (self) antigens, which is the normal state. Autoimmunity 
results from a loss of self-tolerance leading to T-cells or antibodies 
reacting against self-antigens and the consequent tissue injury. In 
AIHA, autoantibodies are directed against targets on the individ-
ual’s own RBCs (“self-antigens”), leading to their enhanced clear-
ance through Fc-receptor–mediated phagocytosis (“extravascular 
hemolysis”) or complement-mediated breakdown (“intravascular 
hemolysis”). AIHA may be in large part due to self-reactive anti-
bodies against erythrocyte band 3, an anion transporter found in 
the RBC membrane that is involved in RBC senescence.3,4

Central Tolerance
Central tolerance refers to the normal deletion of self-reactive T- 
and B-lymphocyte clones during their maturation in the central 
lymphoid organs (thymus for T-cells; bone marrow for B-cells).5 
Central tolerance prevents widespread autoimmunity by preferen-
tially selecting nonautoreactive (i.e., “normal”) T-cells for circula-
tion into the periphery (“intrathymic negative selection”). Central 
tolerance is not complete, and a population of T-cells with inter-
mediate avidity for self-antigens invariably escapes into the circu-
lation. Under certain conditions these cells can become activated 
and lead to organ-specific or systemic autoimmune disease.6,7

Peripheral Tolerance
The mechanisms by which self-reactive T-cells that escape intra-
thymic negative selection and are deleted in the peripheral tissues 
constitute peripheral tolerance, including anergy, suppression by 
regulatory T-cells, and clonal deletion by activation-induced cell 
death (see Fig. 29.1).

Anergy refers to prolonged or irreversible functional inac-
tivation of lymphocytes. Activation of antigen-specific T-cells 
requires two signals: (i) recognition of peptide antigen in 
association with self-MHC (major histocompatibility complex) 
molecules on the surface of antigen-presenting cells and (ii) 
a set of costimulatory signals provided by antigen-presenting 
cells (the co-stimulators B7-1 and B7-2). In the absence of co-
stimulators, a negative signal is delivered, and the T-lymphocyte 
becomes anergic. Anergic lymphocytes cannot be activated even 
if the relevant antigen is presented by antigen-presenting cells 
(e.g., dendritic cells) that can deliver co-stimulation. Anergy 
also affects B-cells as they encounter antigen in the absence of 

Cold-active antibodies

 Cold agglutinin disease (CAD)

  Primary or idiopathic
  Secondary

   Lymphoproliferative diseases
   Autoimmune disorders
   Infections

    Mycoplasma pneumoniae
    Infectious mononucleosis
    Other viruses

 Paroxysmal cold hemoglobinuria (PCH)

  Syphilis
  Measles, mumps, other viruses

Mixed cold- and warm-active antibodies

Warm-active antibodies

 Idiopathic autoimmune hemolytic anemia
 Secondary autoimmune hemolytic anemia

  Lymphoproliferative disorders
  Autoimmune and immunodeficiency disorders
  Malignancy
  Viral infections

 Drug-induced immune hemolytic anemia (DI-IHA)

  Drug adsorption type (penicillin)
  Neoantigen type (quinidine/stibophen)
  Autoimmune type (a-methyldopa)
  Nonimmune type (first-generation cephalosporins)

Transplant-associated hemolytic anemia

 Hematopoietic stem cell transplant

  Minor ABO group mismatch
  Major ABO group mismatch
  Passive antibody transfer

 Solid organ transplant

  Passenger lymphocyte syndrome
  Passive antibody transfer

CLASSIFICATION OF IMMUNE HEMOLYTIC ANEMIAS

taBLe 29.1
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FIGURE 29.1. Schematic illustration of the mechanisms involved in central and peripheral tolerance. The principal mechanisms of tolerance in CD4+ 
T-cells are shown. APC: antigen-presenting cell. (Used with permission from Abbas AK, Diseases of immunity. In: Kumar V, Abbas A, Fausto N, eds. Robbins and Cotran 
pathologic basis of disease, 7th ed. Philadelphia, PA: Elsevier Saunders, 2005:223–225.)

specific helper T-cells. They become unable to respond to subse-
quent antigenic stimulation and may be excluded from lymphoid 
follicles.6

Suppression by regulatory T-cells involves CD4+ cells that 
co-express CD25, the a chain of the interleukin-2 (IL-2) receptor, 
but some CD4+ cells that lack CD25 may also induce peripheral 
tolerance by suppression. These T-cells can suppress (inhibit) 
lymphocyte activation and effector functions in part by the secre-
tion of cytokines such as interleukin-10 (IL-10) and transforming 
growth factor-b (TGF-b). However, the precise mechanism of their 
action is unknown.

Clonal deletion by activation-induced cell death refers to the 
process by which CD4+ T-cells that are activated by self-antigens 
may receive signals that cause apoptosis. Lymphocytes express 
Fas (CD95), a member of the tumor necrosis factor (TNF)-receptor 
family, and activated lymphocytes express FasL, a membrane 
protein that is structurally homologous to the cytokine TNF. The 
engagement of Fas by FasL induces apoptosis of activated auto-
reactive T-cells. Self-antigens that are abundant in peripheral 

tissues cause repeated and persistent stimulation of self-antigen–
specific T-cells, leading eventually to their elimination via Fas-
mediated apoptosis. FasL on T-cells engaging Fas on the B-cells 
may also delete self-reactive B-cells.6

Factors Affecting Initiation of Autoimmunity
Autoimmunity can be affected by a number of different factors, 
including the nature of the autoantigens, genetic associations, 
and environmental factors. In AIHA, autoantigenic T-cell epi-
topes have been mapped for the RhD autoantigen.8 Although 
these autoantigenic sites may be a potential target for novel 
therapeutic interventions, the precise mechanism of disease 
initiation remains unclear. In addition, MHC class I and class 
II genes may predispose individuals to certain types of autoim-
mune disease. For example, the human HLA-DQ-6 molecule has 
been associated with AIHA. However, the genetic association is 
multifactorial as with most other autoimmune diseases. Finally, 
inflammatory stimuli such as viral and bacterial infections have 
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Antibody
Intravascular 
Clearance

Extravascular 
Clearance—Liver

Extravascular  
Clearance—Spleen

Complement 
Dependency Hemoglobinuria Bilirubinemia

Specificity of 
Antiglobulin Test

IgM Low-titera + + – + ± + Complement

IgM High-titera + – – + + + Complement

IgG Low-titerb – – + – – + Immunoglobulin

IgG High-titerb – ± + – ± + Immunoglobulin

a Anti-A or anti-B blood group antibodies are examples of IgM antibodies that can be present at low or high concentrations.
b Anti-Rho(D) is an example of an IgG antibody that can be present at low or high concentration.

RED CELL DESTRUCTION BY IgM AND IgG ANTIBODIES

taBLe 29.2

been implicated as environmental triggers of autoimmunity, 
possibly because of antigenic mimicry leading to tolerance 
breakdown, i.e., environmental or infectious agents may have 
molecular structures similar to self-antigens. Other possible 
mechanisms involve production of interferon g during viral 
infection that causes up-regulation of FcRI. Alternatively, viral 
infection may cause a change in the expression pattern of 
Fc receptors as a result of transcriptional activation or other 
mechanisms (discussed further under section “IgG-Mediated  
Red Blood Cell Destruction”).9

Mechanism of Immune-mediated  
red Blood Cell Lysis
The most important features of RBC destruction by IgM and IgG 
antibodies are summarized in Table 29.2.

IgM-mediated Red Blood Cell Destruction
Destruction of erythrocytes sensitized with IgM antibodies is 
mediated by the complement system, either directly by cytolysis 
or indirectly via interaction of RBC-bound activation and degrada-
tion fragments of C3 with specific receptors on reticuloendothelial 
cells, principally liver macrophages (Kupffer cells).

The pentameric structure of IgM enables efficient comple-
ment activation. High-titer IgM antibodies can cause direct 
intravascular hemolysis by generating the cytolytic membrane 
attack complex (MAC) of complement on the RBC surface. 
With sufficient antibody density, complement activation may 
be robust enough to overwhelm the inhibitory activity of the 
complement-regulatory proteins DAF (CD55) and MIRL (CD59) 
on the RBC surface and result in hemolysis.10 However, in most 
clinical situations, IgM antierythrocyte antibodies are present 
in sublytic quantities. Under these conditions, DAF (CD55) and 
MIRL (CD59) are able to prevent direct RBC lysis. Nonetheless, 
some C3b is deposited on the RBC surface as a consequence of 
the IgM-induced complement activation, and interactions of C3b 
and its ligand iC3b with their specific complement receptors (CR) 
on liver macrophages (Kupffer cells) are ultimately responsible 
for the immune destruction of RBCs under sublytic conditions. 
Table 29.3 summarizes the characteristics of various comple-
ment receptors.10,11,12

Although ligation of erythrocyte-bound C3b to CR1 on Kupffer 
cells may mediate some of the clearance, interaction between 
RBC-bound iC3b and macrophage CR3 is probably the prin-
cipal mediator of extravascular destruction of complement-
sensitized erythrocytes. Clearance of the complement-sensitized 
RBCs is likely mediated by phagocytosis, because the liver 
lacks the unique anatomy of the spleen and is thus unable to 
 sequester cells. Once RBC-bound iC3b has been converted to C3dg  
(ligand for CR2), the RBCs are no longer subject to immune 

destruction because phagocytic cells do not express the specific 
receptor for C3dg. Thus, erythrocytes bearing only C3dg have a 
normal life span.13,14

IgG-mediated Red Blood Cell Destruction
IgG is a relatively ineffective initiator of activation of the clas-
sical complement pathway. Consequently, direct complement-
mediated cytolysis of RBCs induced by IgG antibodies is unusual 
(a notable exception is the D–L antibody of paroxysmal cold 
hemoglobinuria [PCH]). In the absence of complement acti-
vation, clearance of IgG-sensitized erythrocytes is primarily 
splenic. Two distinct processes appear to be involved. First, 
binding to Fc receptors expressed by tissue macrophages in the 
red pulp of the spleen can mediate direct and complete phago-
cytosis. Second, partial phagocytosis, in which the phagocytes 
remove a portion of the membrane, results in a decrease in the 
surface area-to-volume ratio and the consequent generation 
of spherocytes, the classic morphologic hallmark of immune 
hemolytic anemia. The loss of deformability as a consequence of 
spherocyte formation results in sequestration of the abnormal 
RBCs in the red pulp because the consequent rigidity limits their 
ability to traverse the splenic cords into the sinuses. The trapped 
spherocytes are vulnerable to phagocytosis by macrophages that 
are found in abundance in the splenic cords. In addition, the 
life span of the sequestered RBCs is shortened by the unfavor-
able metabolic environment found in the splenic cords (splenic 
conditioning). Once trapped, RBC destruction is complete within 
minutes.

The liver clears IgG-coated RBCs less efficiently than the 
spleen. Nevertheless, the liver plays a clinically significant role 
in RBC destruction. The quantity of antibody fixed to the RBC 
roughly correlates with the site of destruction (smaller amounts 
of antibody lead mainly to splenic sequestration whereas larger 
amounts of antibody lead to increased sequestration within the 
liver).15,16 The more rapid clearance of RBCs sensitized with 
a higher density of IgG antibodies and the shift in clearance 
from the spleen to the liver are due to complement activation.16 

Although IgG alone can mediate RBC clearance, the concomitant 
presence of RBC-bound C3 fragments greatly enhances the rate of 
immune-mediated destruction.

Phagocytosis of IgG-coated RBCs occurs in the spleen and is 
mediated by surface receptors for the Fcg region of the IgG mol-
ecule. There are three different classes of Fcg receptors. FcgRI 
mediates in vitro cytotoxic activity. FcgRII inhibits B-lymphocyte 
and mast-cell activation. FcgRIII is responsible for phagocytosis, 
endocytosis, and antibody-dependent cell-mediated cytotoxicity 
and therefore plays a key role in hemolysis. The characteristics of 
FcgR are summarized in Table 29.4.

Of the four subclasses of IgG, IgG3 has the highest affinity for 
the FcgR and therefore is most efficient at causing extravascular 
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Receptor Characteristics Complement Ligand Cellular Distribution Function

CR1 (CD35) 210–330 kDa
Four allotypes
Single-chain  
glycoprotein 30 SCRs

C3b (high affinity)
C4b iC3b (weak affinity)

RBCs; neutrophils; monocytes;  
macrophages; B- and some T-cells,  
follicular dendritic cells; Langerhans 
cells; Kupfer cells

Regulates C3, C4, and C5 convertase  
of classic and alternative pathways of  
complements; factor 1 cofactor, RBC CR1, 
phagocyte CR1

CR2 (CD21) 145 kDa; integral membrane 
glycoprotein 15 SCRs

C3dg, C3d B-cells; follicular dendritic cells Immune modulation; cellular receptor  
for the Epstein-Barr virus

CR3 (CD11b/CD18) 165 kDa (CD11b); 95 kDa 
(CD18); heterodimer

iC3b Neutrophils; monocytes; macrophages; 
NK cells; cytotoxic T-cells

Adherence and phagocytosis of  
opsonized RBCs

CR4 (CD11c/CD18) 150 kDa (CD11c); 95 kDa 
(CD18); heterodimer

iC3b Neutrophils; monocytes; macrophages; 
NK cells; cytotoxic T-cells

Undefined

RBCs, red blood cells; SCR, short consensus repeat.

CHARACTERISTICS OF COMPLEMENT RECEPTORS

taBLe 29.3

CHARACTERISTICS OF FCg RECEPTORS

taBLe 29.4

Receptor Characteristics Affinity for IgG Cellular Distribution Function

FcgRI (CD64) 72 kDa; integral membrane  
glycoprotein IgG

High (1–3 × 10−8 L/M) Monocytes; tissue  
macrophages neutrophils

Binds monomeric IgG interferon-g stimulated 
ADCC and resetting of IgG-coated RBCs; not 
essential for phagocytosis

FcgRII (CDw32) 40 kDa; integral membrane  
glycoprotein

Low (2 × 10−5 L/M) Monocytes; tissue  
macrophages; neutrophils  
platelets; B-cells

Binds aggregated IgG; mediates ADCC;  
weak mediator of resetting; important for 
phagocytosis

FcgRIII (CD16) 50–80 kDa; both integral membrane 
(FcgRIIIa) and glycosyl phosphatidylinosi-
tol-anchored (FcgRIIIb) forms

Low (5 × 10−5 L/M) Neutrophils (FcgRIIIb); tissue  
macrophages; NK cells 
(FcgIIIa)

Binds aggregates IgG; important for  
clearance of IgG-sensitized RBCs

ADCC, antibody-dependent cell-mediated cytotoxicity; NK, natural killer; RBCs, red blood cells.

hemolysis (IgG3> IgG1> IgG4>>> IgG2).17,18 The critical role of 
Fcg receptors in immune destruction in vivo is further demon-
strated by the therapeutic approach to management of AIHA and 
immune thrombocytopenic purpura (ITP). Treatment with corti-
costeroids, intravenous IgG (IVIG), anti-D, and/or splenectomy is 
aimed at reducing the capacity of reticuloendothelial cells to medi-
ate immune clearance of IgG-sensitized RBCs.19 Administration of 
monoclonal antibody 2.4G2 in mice, which binds to and blocks 
mouse FcgRII and FcgRIII, allows rapid recovery after induction 
of AIHA, suggesting that alteration of the balance of stimulatory to 
inhibitory Fcg receptors has a marked effect on disease progres-
sion and susceptibility. Understanding the detailed structure of 
the Fcg receptors may lead to the development of novel therapeu-
tic strategies. For example, molecules that inhibit the binding of 
the FcgR to an IgG-coated RBC or those that might inhibit the Fcg 
receptor signaling at the different steps leading to phagocytosis 
may be useful therapeutic tools. Treatments that decrease expres-
sion of the activating Fcg receptor or increase expression of the 
inhibitory Fcg receptor may also be effective.9

Laboratory Diagnosis
Two criteria must be met to diagnose AIHA: clinical or laboratory 
evidence of hemolysis and serologic evidence of an autoantibody.

Common Laboratory Features
The basic tests to evaluate hemolysis include a complete 
blood count (CBC) with peripheral smear, bilirubin, lactate 

dehydrogenase (LDH, particularly isoenzyme 1), haptoglobin, and 
urine hemoglobin or hemosiderin. Universal signs of hemolysis 
include decreased serum hemoglobin and hematocrit, increased 
serum LDH and unconjugated bilirubin, and polychromasia and 
reticulocytosis given adequate hematopoietic reserve. Haptoglobin 
is typically reduced, although sequential levels should be assessed 
because the protein is an acute-phase reactant and thereby depen-
dent on both hepatic function and systemic stress. Intravascular 
hemolysis further manifests with increased free hemoglobinemia, 
increased hemoglobinuria, hemosiderinuria, methemalbumin-
emia, and decreased serum haptoglobin. Hemoglobinemia is usu-
ally evident in the specimen collection tube as a distinctly red- or 
pink-tinged serum or plasma. Hemolysis in AIHA can be either 
intravascular or extravascular. Typically, intravascular hemoly-
sis is rapid and aggressive, whereas extravascular hemolysis is 
milder. The peripheral blood smear may reveal spherocytes in 
warm AIHA or RBC agglutination in cold AIHA.

Serologic Investigation
The demonstration of RBC surface-bound immunoglobulin or evi-
dence of complement fixation supports the diagnosis of immune-
mediated RBC destruction. IgM-coated RBCs may spontaneously 
agglutinate because the pentameric antibody can directly cross-link 
RBCs. The capability for IgM antibodies to agglutinate saline-
suspended RBCs without additional reagents led to the traditional 
terminology of “complete” antibodies. In contrast, IgG antibodies typi-
cally require antihuman globulin (AHG) as a co-factor to agglutinate 
saline-suspended RBCs and are thus termed “incomplete” antibodies.
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The explanation for this serologic difference lies in the physi-
cal properties of the RBCs and the antibody molecules involved. 
Erythrocytes have a strong net negative surface charge (“zeta 
potential”) produced by the sialoglycoprotein coat, such that the 
shortest separation attainable between two RBCs is approximately 
18 nm. Other factors may also play a role in maintaining the sepa-
ration distance, such as water that is tightly bound to the surface 
of the RBCs. IgM molecules, with their large pentameric structure, 
create a 30-nm distance between adjacent binding sites and can 
therefore bridge two RBCs. The smaller IgG can accommodate a 
span of only 12 nm between antigen-recognition sites and thus 
usually cannot lead to agglutination alone.20 Exogenous AHG 
can bridge IgG molecules, which explains the term “incomplete” 
above. However, some IgG antibodies can indeed agglutinate 
RBCs (e.g., anti-A, anti-B, and anti-M), revealing the influence on 
agglutination of the number of antigen sites per RBC21 and how 
far the antigenic determinants project from the surface of the 
RBC. The blood group-defining A and B oligosaccharides extend 
well beyond the lipid bilayer membrane.22 In addition to their rel-
ative abundance, they are also close together on the RBC surface, 
potentiating agglutination. The critical number of IgG molecules 
required to agglutinate RBCs is approximately 7,000 to 20,000 
per RBC, whereas the requisite number of IgM molecules is only 
25 to 50 per RBC.23,24 Although serologic tricks such as enzyme 
treatment, centrifugation, and addition of substances such as 
albumin, polyvinylpyrrolidone (PVP), and dextran have been used 
to enhance agglutination by IgG antibodies, the most common 
way to determine the presence of immune system components 
on RBCs is with the direct antiglobulin test (DAT, direct Coombs).

Direct Antiglobulin Test (Direct Coombs Test)
In 1908, Moreschi described antiglobulin reactions as an aid to 
RBC agglutination.25 This work remained largely unnoticed until 

1945, when the investigation of anti-RBC antibodies was revolu-
tionized with the development of the antiglobulin test by Coombs 
et al.26 and its role in the identification of maternal IgG on fetal 
RBCs in hemolytic disease of the newborn (HDN) in 1946.27 
The principle of the DAT is quite simple. In order to ascertain 
if RBCs carry surface-bound immunoglobulin and/or comple-
ment, antisera with reactivity to human immunoglobulin and/or 
complement molecules is added to a suspension of the RBCs in 
question, providing the necessary cross-link to elicit agglutination. 
Figure 29.2 illustrates the principle of the test.28 An ethylenedi-
aminetetra-acetic acid (EDTA)-collected sample from the patient 
is used to prevent subsequent complement adherence to the RBC 
membrane in vitro. The test is performed by first washing the 
RBCs to remove nonspecifically adhered proteins. Following the 
addition of AHG, the mixture is centrifuged to enhance agglutina-
tion. The result is interpreted by resuspending the RBCs gently 
and observing carefully for clumps. Magnifying mirrors or low-
power microscopy may aid in discerning weak reactions. Negative 
reactions are further incubated at room temperature, centrifuged, 
and read again, as this additional incubation promotes positive 
reactions in the presence of complement.29 Initial testing is done 
with polyspecific AHG (antisera), which contain anti-IgG, anti-C3d, 
and, occasionally, some anti-light–chain activity. Monospecific 
reagents differentiate between IgG and C3d to further define the 
specificity. Other monospecific antisera are available for C3b, C4b, 
C4d, and IgG heavy chain.30 Specific antiserum for IgM or IgA 
is rarely used, as IgM is not usually found attached to the RBC 
surface ex vivo, and IgA is very rarely a cause of immunoglobu-
lin coating by itself.31,32 The U.S. Food and Drug Administration 
(FDA) has licensed monoclonal reagents, the most common of 
which is anti-C3d, which do not cross-react with other comple-
ment components.30

Early DAT methodology suffered from relative insensitivity. 
More recent developments have improved the sensitivity for 

FIGURE 29.2. Direct antiglobulin test (DAT) and indirect antiglobulin test (IAT). The DAT reflects in vivo antibody sensitization of RBCs. Erythrocytes are 
washed to remove any unbound antibodies, and anti-IgG AHG reagent (AHG: antihuman globulin) is then added. IgG antibodies cannot cause direct RBC agglutination, 
but IgG-coated RBCs will agglutinate in the presence of AHG containing anti-IgG. This test can also be performed using anticomplement AHG reagent. If it is present, 
RBC-bound IgG can be eluted for specificity determination. The IAT is used to detect the presence of IgG antibodies in serum (in vitro sensitization). Reagent RBCs are 
incubated in the presence of serum that may contain antibodies. If they are present, antibodies bind to their target antigens on the reagent RBCs. After incubation, 
the RBCs are washed to remove unbound antibodies. Anti-IgG AHG reagent is added and will cause IgG-coated erythrocytes to agglutinate. (From Zarandona JM, 
Yazer MH. Teaching case report. The role of the Coombs test in evaluating hemolysis in adults. Can Med Assoc J 2006;174:305–307.)
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RBC-bound immunoglobulin and complement. The traditional 
tube method described above detects a lower limit of 150 to 200 
IgG molecules per RBC.33 With PVP enhancement and an auto-
analyzer, the detection limit decreases to as few as 8 IgG per RBC 
producing 5% agglutination. If bromelin is added as well, the sen-
sitivity increases even further, with 1 IgG per RBC producing 5% 
agglutination and 3 IgG per RBC producing 50% agglutination.34 
Additional acceptable techniques include flow cytometry, enzyme-
linked antiglobulin tests (ELISA), radioimmunoassays (RIA) using 
125I-labeled anti-IgG or staphylococcal protein A, solid-phase 
techniques using microtiter plates, and gel testing.35 However, 
only the tube test, solid-phase test, and gel tests are in common 
use. Of these, the solid-phase and gel tests are the most standard-
ized and have largely replaced older tube testing technology.

A positive DAT does not always mean decreased RBC sur-
vival. Most patients with a positive DAT have no obvious clinical 
signs of hemolytic anemia. DAT interpretation must consider the 
context of clinical history and other laboratory findings. Outside 
of AIHA, a positive DAT may also be seen with (i) alloantibod-
ies in a recipient of RBC or plasma transfusion, (ii) antibodies 
from maternal circulation that cross the placenta and coat the 
fetal RBCs, (iii) antibodies directed against certain drugs that 
bind to the RBC membrane (e.g., penicillin), (iv) nonspecifically 
adsorbed proteins including immunoglobulins and Wharton’s 
jelly, (v) RBC-bound complement, and (vi) antibodies produced by 

FIGURE 29.3. Flowchart suggesting a rational clinical laboratory approach for investigating a positive DAT. AIHA: autoimmune hemolytic anemia; CAD: 
cold agglutinin disease; DI-IHA: drug-induced immune hemolytic anemia; HTR: hemolytic transfusion reaction; PCH: paroxysmal cold hemoglobinuria. (Modified from 
Brecher ME, ed. Technical manual, 15th ed. Bethesda, MD: American Association of Blood Banks, 2005:480.)

DAT+

Does the patient have evidence of
increased red cell destruction?

Test with anti-IgG and anti-C3d

Test serum and eluate

Consider HTR

Consider AIHA

Consider DI-IHA 

Consider DI-IHA

New
alloantibodies?

Autoantibodies?

No reactivity?

Negative

Test serum for cold
agglutinin

Consider
CAD and
thermal

amplitude

Donath-Landsteiner
test

Consider
PCH

Positive  

Positive  

Negative

Stop workup
 No

Yes

IgG-Positive
C3d +/– 

IgG-Negative
C3d-Positive 

passenger lymphocytes in transplanted organs or hematopoietic 
components. Further evaluation of a positive DAT in a patient 
with clinical and laboratory evidence of hemolysis includes test-
ing for clinically significant antibodies to RBC antigens and testing 
the eluate. Figure 29.3 illustrates an approach to the evaluation 
of a positive DAT.29 A negative DAT, on the other hand, does 
not exclude AIHA. Possible causes of a negative DAT with clini-
cal evidence of hemolysis include an IgA or IgM autoantibody, 
insufficient antibody molecules for detection, and low-affinity 
autoantibodies.35 Repeat testing, enhancement techniques, and 
the use of nonroutine reagents may be required when the clinical 
suspicion is strong.29

Indirect Antiglobulin Test (Indirect Coombs Test)
Approximately 80% of patients with AIHA have autoantibodies in 
their serum as well as on their RBCs.36 The antibodies in their 
serum or plasma and the antibodies eluted from their RBCs (the 
“eluate”) are detected by the indirect antiglobulin test (IAT; more 
commonly known as the antibody screen). Unlike the DAT, which 
uses patient RBCs with reagent serum, the IAT tests patient serum 
against reagent RBCs. Immunoglobulin from the patient serum 
attaches to the reagent RBCs and is detected with antiglobulin 
sera, which cross-link the RBCs together and produce agglutina-
tion, as in the DAT. See Figure 29.2.28
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Warm autoantibodies are typically panagglutinins, react-
ing with all cells in the diagnostic RBC panel (i.e., panreactive). 
Formerly, panagglutinins were believed to react with a basic 
determinant of the Rh antigen system as they do not react with 
the very rare Rhnull RBCs which do not express Rh antigens.37 
However, as more eluates are studied with a broader population 
of rare null phenotypes, it has been shown that, in addition to Rh, 
autoantibodies react to LW antigens, glycophorins A, B, C, and 
D, and, very rarely, Kidd or Kell blood group system antigens.38 
A small number of case reports exist describing AIHA associated 
with ABO antigens.39,40

Elution
If the DAT is positive for RBC-bound antibody, that antibody can 
be eluted (removed) from the RBC with the aid of acid or xylene, 
and any binding specificities can be further investigated with a 
reagent red cell panel. Elutions are not typically performed on 
DAT specimens positive only for complement, as these molecules 
do not exhibit antigen specificity. Occasionally, however, when 
antibody presence is suspected but perhaps at too low a concen-
tration to be detected on the RBCs, eluates may show reactivity. 
Elution tends to produce a more concentrated antibody solution, 
so reactions are often stronger. Once the antibody is in solution, 
indirect antiglobulin techniques may help define the antibody 
characteristics.29

Other Serologic Techniques
Generally, autoantibodies are panreactive, whereas alloantibod-
ies exhibit antigen specificity, reacting only with specific antigen-
positive RBCs. In certain situations an autoantibody may mimic 
an alloantibody. For example, an alloantibody to a high-incidence 
antigen in a post-transfusion setting can mimic an autoantibody 
with a positive DAT (mixed field) and reactions with all panel 
cells. In addition, autoantibodies may exhibit apparent specificity. 
Autoadsorption and antigenic phenotyping can help differentiate 
autoantibodies and alloantibodies, especially if the patient has 
not been transfused recently. Autoadsorption uses autologous 
RBCs to adsorb autoantibodies prior to repeating serum testing 
for alloantibodies. If an antibody exhibits specificity, demonstra-
tion that autologous RBCs are negative for the corresponding 
antigen confirms the alloantibody; in the absence of a recent 
transfusion, a positive result suggests that it is an autoantibody. 
Autoadsorption can also be used to cross-match donor RBC 
units for patients with warm autoantibodies who have not been 
recently transfused.29

immune Hemolytic AnemiAs 
cAuseD By colD-ActiVe AntiBoDies
Cold-active antibodies exhibit greater titer and RBC-binding activ-
ity as the temperature decreases toward 0°C. Two different clini-
cal syndromes are manifested from cold autoimmune antibodies. 
Cold agglutinin disease (CAD) is associated with IgM antibodies 
usually directed at the RBC I antigen. CAD typically occurs in 
adult patients and may be primary or secondary to another dis-
ease process, usually infectious. In contrast, PCH is caused by an 
IgG hemolysin, the Donath-Landsteiner (D-L) antibody.41 Both 
PCH and CAD are less common than warm AIHA and make up 
approximately 20% or less of AIHAs. See Tables 29.5 and 29.6.

Cold agglutinin Disease
Although Landsteiner first described cold agglutinins in 1903,42 
it was not until the late 1940s and early 1950s that the connec-
tion between cold autoantibodies and RBC destruction was firmly 

Primary Cold 
Agglutinin 
Disease

Secondary  
Cold 
Autoantibodies

Paroxysmal  
Cold 
Hemoglobinuria

Immunoglobulin IgM IgM IgG

Clonality Monoclonal Monoclonal  
or polyclonal

Polyclonal

Direct antiglobulin 
test

C3 C3 C3

Hemolysis Chronic, mild Self-limited,  
mild to severe

Episodic, self-limited, 
mild to severe

Target RBC 
antigen

I I, i P

RBC, red blood cell.

COLD AUTOANTIBODIES

taBLe 29.5

made. In the 1950s, Schubothe coined the term “CAD,” and the 
disorder became recognized as a separate entity from other 
acquired hemolytic processes.43 The responsible pathologic IgM 
antibodies are distinguished from naturally occurring cold auto-
antibodies by their titer and thermal amplitude, a term describing 
the range of temperatures over which the antibody is reactive. 
Natural cold autoantibodies occur with titers less than 1:64 at 
4°C and have little to no activity at higher temperatures. However, 
pathologic cold agglutinins typically have titers well over 1:512 
and may react at 28°C to 31°C (peripheral body temperature) or 
even up to 37°C.31 See Table 29.6 and Figure 29.4.

Primary versus Secondary Cold Agglutinin Disease
Primary or idiopathic CAD is typically an affliction of older adults, 
with a peak incidence around age 70.43 Both sexes are affected, 
but women predominate.44 A monoclonal IgMk antibody is the 
usual culprit, and, as with other monoclonal gammopathies of 
unknown significance, may be a harbinger of future B-cell neo-
plasms. Most commonly, patients tolerate a relatively benign, 
waxing and waning hemolytic anemia.

Patients with Waldenstrom macroglobulinemia or other B-cell 
neoplasms may produce monoclonal anti-RBC antibodies with 
cold reactivity. As in primary CAD, they are nearly always IgMk. 
This type of secondary cold agglutinin may be effectively treated 
with antineoplastic chemotherapy. A return of hemolysis may 
herald a tumor relapse. Other non–B-cell tumors reported in 
association with cold antibody production include squamous cell 
carcinoma of the lung, metastatic adrenal adenocarcinoma, meta-
static adenocarcinoma of the colon, basal cell carcinoma, and a 
mixed parotid tumor.45

Another scenario of secondary cold autoantibody hemolysis 
occurs after Mycoplasma pneumoniae infection or infectious 
mononucleosis and is more commonly seen in younger adults. 
This transient, self-limited process is mediated by polyclonal IgM 
(k or l), lasts a few weeks, and seldom requires more than sup-
portive care. In rare cases, massive intravascular hemolysis and 
acute renal failure may be seen. See Table 29.7.

Antibody Characteristics
Immunochemistry and Origin
As stated earlier, nearly all cold agglutinins are IgM. A few reports of 
IgG or IgA agglutinins are recorded, and a mixed IgM–IgG has been 
seen in infectious mononucleosis and angioimmunoblastic lymph-
adenopathy.46 Those patients with non-IgM antibodies are more 
likely to have cold autoantibody hemolysis secondary to another 
disease and are less likely to display specificity for the I antigen.44,47
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Cold Agglutinin 
Disease

Paroxysmal Cold 
Hemoglobinuria

Mixed Warm and 
Cold Autoimmune 
Hemolytic Anemia

Warm Autoimmune 
Hemolytic Anemia

Drug-Induced Hemolytic 
Anemia

Percentage of cases 16–32% 32% (children); rare in adults 7–8% 40–70% 12–18%

Direct antiglobulin test C3 C3 IgG ± complement IgG ± C3; rarely C3 alone IgG or C3; occasionally IgG ± C3

Ig IgM IgG IgG, IgM IgG, occasionally with IgA 
or IgM

IgG

RBC eluate Nonreactive Nonreactive IgG IgG IgG or nonreactive

Antibody specificity I > i >> Pr P Panreactive Panagglutinin Rh-related

Unclear > I> others Rarely Rh Drug-dependent

RBC, red blood cell.

SEROLOGIC OVERVIEW OF HEMOLYTIC ANEMIAS

taBLe 29.6

Anti-idiotypic antibodies and direct nucleotide sequencing 
of the rearranged immunoglobulin variable-region genes have 
revealed significant cross-reactivity and homologies among cold 
autoantibodies with similar specificity.48,49 For instance, the 
monoclonal anti-idiotypic antibody 9G4 recognizes an idiotypic 
determinant present on the heavy chains of both anti-I and anti-i 
cold agglutinins as well as the responsible neoplastic B-cells.50 
Essentially all pathologic anti-I and anti-i cold agglutinins are 
derived from a distinct subset of heavy-chain variable-region 
genes called VH4 family genes, specifically VH4–21.51 In ∼40% 
of the patients, a circulating B-cell clone can be identified with a 
distinctive karyotypic marker (trisomy 3q11-q29; trisomy 12; or 
48XX+3+12). The chromosomal abnormalities were associated 
with chronic idiopathic cold agglutinin syndrome as well as with 
monoclonal cold agglutinins secondary to a neoplasm.52,53,54 In 
addition, the cold agglutinins have the same serologic specific-
ity and isoelectric focusing spectrotype and are therefore likely 
derived from a pre-neoplastic or neoplastic B-cell clone.7

I/i Blood Group System Specificity
More than 90% of cold-active antibodies have the I antigen as 
their target on the RBC, and the i antigen is the binding site for 
a significant portion of the remaining 10%.31 The closely related 
I/i antigens are high-frequency carbohydrates similar to the ABO 

Neoplasms

 Waldenstrom macroglobulinemia

 Angioimmunoblastic lymphoma

 Other lymphomas

 Chronic lymphocytic leukemia

 Kaposi sarcoma

 Myeloma

 Nonhematologic malignancy (rare)

Infections

 Mycoplasma pneumoniae
 Mononucleosis (Epstein-Barr virus)

 Adenovirus

 Cytomegalovirus

 Encephalitis

 Influenza viruses

 Rubella

 Varicella

 Human immunodeficiency virus

 Mumps

 Ornithosis

 Legionnaires’ disease

 Escherichia coli
 Subacute bacterial endocarditis

 Listeriosis

 Syphilis

 Trypanosomiasis

 Malaria

Other

 Autoimmune diseases

 Tropical eosinophilia

SECONDARY COLD AGGLUTININ DISEASE

taBLe 29.7

antigens. The RBC surface densities of I and i are inversely propor-
tional, with neonatal RBCs exclusively expressing large amounts 
of i antigen, usually converting to exclusively I antigen by 18 
months of age. Consequently, adult RBCs are used to detect anti-I 
agglutinins and cord RBCs are needed to detect anti-i agglutinins. 
Extremely rare adults have been described who never express 
I antigen on the RBCs. Other uncommon but reported antigen 

FIGURE 29.4. Temperature ranges for cold agglutinin fixation and lytic complement 
action. (From Schubothe H. The cold hemagglutinin disease. Semin Hematol 1966;3:27–47, 
with permission.)
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targets include Pr. Anti-Pr cold agglutinins tend to be high-titer, 
with a wide thermal range, and cause symptomatic anemia.55,56 
Other infrequent targets are Gd, Fl, Vo, Li, Sa, Lud, M, N, Me, Om, 
D, Sdx, and P.38,44,57 The fact that M. pneumoniae induces anti-I 
antibodies in the majority of patients is potentially related to the 
finding that sialylated I/i antigens serve as specific Mycoplasma 
receptors.58 Minor modification of this antigen may incite autoan-
tibodies. Another theory suggests that an I-like antigen appears 
on the organism itself, and cross-reacting antibodies lead to RBC 
lysis.59 Despite the high rate of antibody production, clinically 
significant hemolysis occurs in very few patients.60 Infectious 
mononucleosis is also associated with CAD, but to a much lesser 
degree than Mycoplasma. Only 0.1% to 3.0% of mononucleosis 
patients have clinical hemolysis,61 although anti-i is present in 
8% to 69% of sera post-infection.62–64 Therefore, the majority of 
patients with antibodies are asymptomatic. Anti-I activity is usu-
ally noted as well, but not to the same degree. Also, anti-Pr and 
anti-N have been reported.65 Both IgM and IgG antibodies as well 
as IgM rheumatoid-like factors reacting with IgG may act as cold 
agglutinins after infectious mononucleosis.66,67 See Table 29.7 for 
a list of other infectious diseases associated with cold agglutinins, 
most of which are anti-I, although anti-i has been seen in cyto-
megalovirus infections and in lymphomas.68

Functional Characteristics
Cold agglutinins attach to the RBC in the cooler peripheral circu-
lation. As the blood returns to the warmer core circulation, the 
antibody dissociates from the RBC. Antibodies that attach, fix 
complement, and then dissociate are free to attack another eryth-
rocyte and begin the process again.69 Complement fixation and 
activation, which are responsible for the destruction of the RBCs, 
are far more efficient at the warmer core temperatures. However, 
with a high antibody titer and a wide thermal amplitude, there 
may be sufficient temperature overlap to produce hemolysis at 
22±10°C.43 See Figure 29.4. Because of this diversity of tempera-
ture requirements for optimal activity of the antibody and comple-
ment, RBC destruction is usually not particularly severe with cold 
autoantibodies. Quite impressive exceptions occur, and these are 
typically the antibodies with either high titers (>1:1,000) or activ-
ity up to 37°C even in the face of modest titers. Thermal amplitude 
is a better predictor of hemolysis than titer.46,70 High-titer cold 
agglutinins with a narrow thermal amplitude may produce a 
clinical picture with bursts of hemolysis associated with exposure 
to cold, often manifested as intermittent hemoglobinuria between 
quiescent periods.69

A frequent misconception about cold agglutinins is the assump-
tion that they are cryoglobulins, whereas in fact they are two dis-
tinct disease processes. Both may cause cyanosis and Raynaud 
phenomenon in cooler temperatures. However, cryoglobulins do 
not fix complement on the RBCs or lead to hemolysis.

Clinical Manifestations
Mild, chronic hemolytic anemia with exacerbations in the winter is 
the general rule for CAD. Rarely does the hemoglobin drop below 
7 g/dl.71 Pallor and jaundice may occur if the rate of hemolysis is 
greater than the endogenous capability to metabolize bilirubin.44 
Some patients have intermittent bursts of hemolysis associated 
with hemoglobinemia and hemoglobinuria on exposure to cold 
and may be forced to move to warmer climates to minimize 
attacks. Acrocyanosis can occur from agglutination of RBCs in the 
cooler vessels of the hands, ears, nose, and feet.31,44 Digits may 
become cold, stiff, painful, or numb and may turn purplish. Limbs 
may manifest livedo reticularis, a mottled appearance that is 
readily reversible upon warming of the affected area. Only rarely 
does actual gangrene of digits develop, and nearly all of these 
cases have an associated cryoglobulin.72 A minority of chronic 
CAD patients have mild splenomegaly or hepatomegaly. The 

spleen may be enlarged or more frequently palpable in secondary 
cold agglutinins due to lymphoma or infectious mononucleosis.44

If hemolysis does occur after Mycoplasma infections, it typi-
cally begins during the post-pneumonia recovery period when 
cold autoantibody titers are at peaking. The process, even if 
severe, resolves spontaneously within 1 to 3 weeks.31 Hemolytic 
anemia after infectious mononucleosis may begin with the onset 
of illness or within the next 3 weeks.44 The self-limited, post-infec-
tious CAD tends to affect younger patients, whereas the chronic 
idiopathic form is a disease of the elderly, with peak incidence at 
∼age 70 years.43

Laboratory Features
Mild chronic anemia is the rule, but the hemoglobin may fall to 
5 to 6 g/dl, especially in the winter months in cold climates. The 
peripheral smear, if not obtained from a carefully collected pre-
warmed specimen properly maintained warm until spread on a 
warm slide, may show significant agglutination and RBC clumping 
under magnification. Occasionally, clumping is so extensive as to 
be grossly visible without magnification and may even preclude an 
adequate smear examination. Agglutinates are frequently visible 
in the specimen tube and can appear to be a large clot. Dissolution 
with warming demonstrates that the clumped and clotted appear-
ance is a result of a cold agglutinin rather than Rouleaux forma-
tion or fibrin strands. Often, the first suspicion of a cold agglutinin 
comes from a failed attempt to obtain a valid RBC count and 
indices on an automated CBC. The initially reported RBC count 
is often artifactually low and the MCV artifactually high, produc-
ing a spuriously high MCHC. The reticulocyte count is modestly 
elevated except in rare cases of concomitant marrow failure, 
such as those due to parvovirus B19 infection.73 Spherocytosis is 
not pronounced as in warm AIHA. WBC and platelet counts are 
usually normal, but low levels of both have been reported, as has 
leukocytosis.44 Bilirubin is mildly elevated, rarely >3 mg/dl. LDH 
may be increased (reflecting RBC destruction), and complement 
and haptoglobin are often low or absent. During brisk hemolysis, 
hemoglobinuria and hemoglobinemia are manifest. The DAT is 
positive with polyspecific and anticomplement antisera. As above, 
IgM has dissociated and is not detectable. In extremely rare cases, 
the antibody involved is IgG or IgA, either alone or in addition 
to IgM.31,44 Mixed warm and cold autoantibodies are not rare 
(discussed later). Titers measured at 4°C may range from 1:1,000 
to 1:1,000,000, although typical values are between 1:1,000 and 
1:500,000. Much lower levels can be clinically significant if activ-
ity is measurable at 37°C. Post-infectious CAD titers are lower 
(<1:4,000) than the chronic idiopathic or lymphoma-associated 
varieties. In patients with monoclonal IgM, evaluation of serum 
proteins frequently reveals an M spike, shown by serial observa-
tions to be stable in the chronic idiopathic disease.74

Management
primary Cold agglutinin Disease
Because of the mild chronic nature of the anemia, the majority of 
patients need no specific therapy other than the general principle 
of avoiding temperatures below those at which their antibody 
shows activity. In some cases this may necessitate a move to a 
warmer climate. For patients with more severe anemia and car-
diovascular compromise, aggressive therapy is indicated.

Immunosuppressive Therapy: The ideal therapy would only suppress 
production of the pathologic antibody. Until that becomes an 
option, a common approach in treating symptomatic CAD is to 
use cyclophosphamide or chlorambucil. A minority of patients 
respond, and in these cases transfusions can be avoided. One 
alternative is chlorambucil, beginning with 2 to 4 mg/day and 
increasing by 2 mg every 2 months until either a response is 
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obtained or unacceptable myelotoxicity results. Twice-weekly 
blood counts plus reticulocyte count should be monitored for 
toxicity.31,75 Pulse therapy with cyclophosphamide (250 mg/day) 
and prednisone (100 mg/day ×4 days) every 2 to 3 weeks, blood 
counts permitting, or a large dose regimen of cyclophosphamide 
(1,000 mg), and intravenous methylprednisolone (500 mg) may 
adequately control hemolysis.76 In addition, a-interferon has 
reportedly produced significant remissions.77 However, recent 
studies have shown that rituximab is the most effective form of 
treatment and can be used as first line.

Rituximab: Rituximab, a chimeric human/murine monoclonal CD20 
antibody, has been used with success in CAD in several case 
reports and series. The proposed mechanism of action involves 
complement-dependent cytotoxicity, antibody-dependent cellular 
cytotoxicity, direct apoptotic effects, and inhibition of B-cell prolifer-
ation. The most effective and best-evaluated treatment is rituximab 
in standard lymphoma dose (375 mg/m2 each week for 4 weeks). 
Berentsen et al., in an open, uncontrolled prospective phase 2 
study of rituximab in CAD showed that 20 of 27 patients responded 
with a median duration of response of 11 months.78 Most relapsed 
patients responded to retreatment with rituximab. Similar results 
were obtained by other studies.79 Some pediatric patients were 
successful with just two infusions.80 This evidence suggests that 
rituximab can be used as first-line treatment in symptomatic CAD.

Plasmapheresis: Given the predominantly intravascular distribu-
tion of IgM, a logical conclusion would be that plasmapheresis or 
plasma exchange should provide rapid relief from hemolysis due 
to cold autoantibodies. Unfortunately, the results have been some-
what disappointing.81,82 Simply removing the circulating antibody 
does not diminish ongoing endogenous antibody production, so 
improvements are transient at best. In patients with chronic CAD, 
plasmapheresis should probably be combined with immunosup-
pressive therapy in an attempt to decrease antibody produc-
tion.83 Successful use of plasmapheresis to temporarily decrease 
cold agglutinin titers in order to permit safe coronary artery 
bypass surgery has been reported.84 Other reports of successful 
cardiac surgery involving warm cardioplegia have circumvented 
the need for cold exposure and thus the risk of hemolysis.85,86 
Cryofiltration apheresis has been used for acute exacerbations 
and for surgical procedures requiring hypothermia, such as coro-
nary artery bypass surgery with cardioplegia. In one small study, 
two of five such patients who received cryofiltration apheresis had 
a favorable response with a reduction in titer.87

Blood Transfusion: Although most patients with CAD have mild ane-
mia and do not need transfusion, RBC support may be required 
in patients who are clinically symptomatic or severely anemic.88 
Patients with high-titer or wide-thermal–amplitude antibodies 
can pose extremely difficult serologic problems for the blood bank 
laboratory. Testing needs to be performed carefully at 37°C to 
minimize the effects of the cold agglutinin so that a search for 
alloantibodies may be properly performed.31 This still does not 
eliminate interference from some particularly pesky autoantibod-
ies. Time-consuming and technically challenging cold autoadsorp-
tions may be necessary to rule out the presence of underlying 
alloantibodies. Occasionally, incompatible units may need to be 
issued because of residual agglutination from the cold autoanti-
body. Most cold agglutinins are directed at the I antigen, which is 
present on nearly all adult donor RBCs. Locating i adult RBCs (i.e., 
I-negative) is not practical because of their extreme rarity. Reports 
have documented i adult RBCs effectiveness and lack thereof.89,90 

If transfusion is necessary to treat significant cardiovascular com-
promise, RBC infusion through an in-line blood warmer at 37°C 
is recommended.91 Uncontrolled heating of RBC products is quite 
dangerous because of the damaging effects of excessive heat and 
should be avoided. If blood warmers are not available, transfusion 

may still be accomplished by the slow infusion of room tempera-
ture RBCs into a large vein while keeping the patient warm.31,44

Steroids: Unlike their effectiveness in treating warm AIHA, steroids 
have little or no place as monotherapy in the treatment of CAD 
but are often a component in multidrug regimens. The few reports 
of a response have been suspect in their serologic evaluations or 
have required such high maintenance doses of prednisone that 
side effects of therapy were intolerable.92

Splenectomy: Given that most CAD-induced RBC destruction is 
hepatic, it should be no surprise that splenectomy has been quite 
ineffective in treating CAD and is therefore not advised. In the 
rare patient who has the unusual serologic characteristic of hemo-
lysins reactive at 37°C as well as agglutinating activity at cooler 
temperatures, splenectomy may be of some benefit.31

Newer Agents: Because the hemolytic anemia of cold reactive anti-
bodies is mediated by complement, the use of anti-C5 reagents 
(e.g., eculizumab) and other complement-modifying agents may 
be of benefit.93

Secondary Cold agglutinin Disease
Hemolysis from infection-associated cold agglutinins lasts for 
2 to 3 weeks, and therapy is typically not required. Given the 
transient nature of the antibody, even in the rare patient with 
significant hemolysis, supportive measures such as transfusion 
and plasmapheresis should suffice. Attempts to alter antibody 
production with immunosuppressives are generally not indi-
cated. Patients with cold agglutinins and malignancies should 
have their treatment regimens directed at their underlying 
disease with the addition of supportive measures as the clinical 
situation dictates.

paroxysmal Cold hemoglobinuria
PCH was the first hemolytic anemia to be described because of 
its dramatic presentation of intermittent attacks of pain, fever, 
and hemoglobinuria following exposure to cold. In their classic 
1904 paper, Donath and Landsteiner41 described an antibody that 
produces the characteristic syndrome. The Donath-Landsteiner 
antibody is a hemolysin that binds to RBCs at low temperatures in 
the periphery and fixes complement. When the RBCs return to the 
warm central body core, they are destroyed by complement lysis. 
The D–L antibody occurs in three clinical syndromes: (i) chronic 
PCH associated with late-stage or congenital syphilis, (ii) acute 
transient PCH occurring after an infectious illness, and (iii) chronic 
idiopathic PCH. The first type was formerly the most common, but 
because there are now effective treatments for syphilis, it is now 
quite rare. Chronic idiopathic PCH has always been uncommon. The 
acute transient variety is believed to be one of the most common 
causes of acute hemolytic anemia of children.94,95 See Table 29.6.

Antibody Characteristics
Immunochemistry and Origin
Typically, PCH antibodies are polyclonal IgG.96 Originally described 
in patients with advanced or congenital syphilis, the antibody is 
not cross-reactive in syphilis serology tests in patients with 
syphilis or in those who manifest the acute transient variety of 
PCH.97,98 PCH has been reported in family members, suggesting a 
genetic predisposition.44 The origin or stimulus for antibody pro-
duction is likely micro-organism antigen(s) that induce antibodies 
that cross-react with the P blood group system.99

P antigen Specificity
The antibody in PCH is directed against the P antigen, which 
is a glycosphingolipid globoside found on the RBCs of most 
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individuals.100,101 The P antigen is similar to the Forssman gly-
colipids present in many micro-organisms.99 This similarity sug-
gests that infectious agents may elicit D–L antibodies as a result 
of cross-reactivity.

Functional Characteristics
The D–L IgG antibody is a potent hemolysin, causing significant 
RBC destruction even in low titers. The D–L antibody is classically 
described as a “biphasic” hemolysin. This is based on the test 
for the antibody originally described by Donath and Landsteiner, 
whereby the patient’s serum is incubated with RBCs at 0°C to 4°C 
and then warmed to 37°C to produce lysis. The antibody requires 
the cooler temperatures to bind to the RBC, but complement-
mediated lysis does not proceed until the temperature is raised. 
For optimal lysis, complement C1 should be available when the 
antibody initially binds.97,98 Upon warming, C4, C2, and the 
remainder of the complement cascade bind and disrupt the mem-
brane, producing lysis. Some D–L antibodies have a wider thermal 
amplitude and bind to the RBC at temperatures compatible with 
complement activity. These seem to be “monophasic” hemolysins, 
in that cooling is not necessary to produce binding activity. Some 
believe that the distinction between biphasic and monophasic 
activity is unwarranted, representing only differences in thermal 
amplitude.44 Also, other cold-active antibodies that vigorously fix 
complement may produce in vitro hemolysis biphasically but yet 
not have the distinguishing characteristics (IgG, anti-P specificity) 
that qualify them as true D–L antibodies.

Clinical Manifestations
Although uncommon, PCH may not be as rare as initial reports 
suggested. In series of all hemolytic anemias, the incidence has 
ranged from 1.7% to 10.0%.31,61,102 PCH may account for more 
than 40% of immune hemolytic anemias in children <5 years of 
age.103 The sudden onset of fever, back or leg pain, and hemoglo-
binuria after exposure to the cold are the hallmarks of PCH. Cold 
exposure may be only a few minutes, and symptoms may follow 
shortly or several hours later. Fever to 40°C is not unusual. Other 
symptoms may include pain or aching in the back, legs, or abdo-
men, cramps, headache, nausea, vomiting, and diarrhea. The first 
urine voided after the onset is dark red-to-black and typically clears 
in a few hours. Rarely, it persists for a few days. The spleen may be 
palpable during an attack and shortly thereafter, and mild jaundice 
may appear.44 Vasomotor phenomena manifest as cold urticaria, 
tingling of hands and feet, cyanosis, and Raynaud  phenomenon, 
and even gangrene has been reported.104,105 Systemic symptoms 
may appear without the hemoglobinuria and vice versa.

There does not appear to be any racial or gender predilection 
in PCH. Children are almost exclusively affected by the acute tran-
sient syndrome.31,44 An antecedent upper respiratory infection 
in children is usually identified, although the responsible organ-
ism may not be determined. Attacks have been associated with 
measles, measles vaccinations, mumps, Mycoplasma pneumonia, 
influenza A, adenovirus, varicella, cytomegalovirus, Haemophilus 
influenzae, and infectious mononucleosis.106,107,108,109,110,111 

Although episodes are typically self-limited and nonrecurring, 
they can be quite severe and even life-threatening without sup-
portive care.

The original chronic PCH associated with syphilis has all but 
disappeared. The diagnosis of chronic PCH now should prompt 
an investigation for occult syphilis infection and, in its absence, 
should be considered the idiopathic variety.

Laboratory Features
Hematologic findings in PCH are typical for acute, severe 
intravascular hemolysis. Hemoglobin levels <5 g/dl can be 
seen.103,106,107,111 The peripheral smears may show spherocytes, 

nucleated RBCs, polychromatophilia, anisocytosis, poikilocyto-
sis,31 and erythrophagocytosis by neutrophils.107,108,110 The WBC 
count may be depressed very early in the attack, but is usually nor-
mal or high. Platelet counts are usually normal. Reticulocytopenia 
is quite common early in the episode, and reticulocytosis appears 
in the recovery phase.44 Once haptoglobin is exhausted, hemoglo-
binuria results. The plasma is frequently tinged red, reflecting the 
free hemoglobin. As in other instances of hemolysis, the LDH and 
bilirubin (mostly unconjugated) are elevated. Complement levels 
are depressed.

Urine tests are positive for hemoglobin and methemoglobin, 
giving it its dark red-to-black appearance. Occasionally, RBCs are 
found in the sediment, but the discoloration is primarily pigment. 
Rarely does the patient have renal insufficiency with elevated 
blood urea nitrogen and creatinine.112 Hemosiderinuria is found 
in patients with the chronic variety.

The Donath-Landsteiner test is a simple procedure involving 
incubating patient serum in melting ice with washed group O, 
P-positive RBCs, and fresh normal serum as a source of comple-
ment. Later, the tube is transferred to 37°C for a second incuba-
tion. Lysis visible to the naked eye after the warm incubation is 
a positive test.29 Appropriate controls should be run simultane-
ously. Other serologic testing in the blood bank should reveal a 
positive DAT with anticomplement antisera. The anti-IgG DAT is 
rarely positive, because of dissociation of the antibody from the 
RBC at warmer temperatures. If the blood specimen is processed 
at cold temperatures, RBC surface-bound IgG can occasionally 
be demonstrated.31 The D–L antibody may be demonstrated 
using the IAT. The method of using an ice-cold saline wash to 
avoid elution of the antibody and then testing with monospecific 
antisera for IgG is a sensitive indicator for antibody presence.31 
Differentiation between cold agglutinins and the D–L antibody 
can be made by careful characterization of the antibody involved, 
including specificity and immunoglobulin class. The classic age 
discrepancy and the rare occurrence of cold agglutinins in chil-
dren may lend clinical support to the diagnosis.

Management
Treatment of acute attacks is essentially supportive. Given the 
transient nature of the syndrome, little else is indicated. In severely 
anemic children, steroids are usually given, although their benefit 
has not been documented.103,108 Blood transfusion may be safely 
accomplished with standard banked blood even though essentially 
all donor units are P-antigen–positive. Delaying a needed transfu-
sion to locate the rare unit of pp blood (i.e., P-negative) among 
200,000 units29 may put the patient in far more danger than 
transfusing readily available units. Warming both the patient and 
the blood is advisable. The hemoglobin rises the expected amount 
in most situations. In the rare patient in whom the hemoglobin 
does not rise, rare-donor files may be able to locate pp or Tj(a–) 
units. When this pp unit is available, transfusion results have been 
excellent.113 As with other immune hemolytic anemias, critical 
situations may be ameliorated by plasmapheresis.114 Chronic PCH 
is best treated by the avoidance of cold and rarely requires any 
other therapy. Patients who have documented syphilis should be 
appropriately treated, and most show response.115

immune Hemolytic AnemiAs 
cAuseD By mixeD colD- AnD 
WARm-ActiVe AntiBoDies
Some patients with warm AIHA also possess a cold agglutinin. 
Although the majority of these cold agglutinins are not clinically 
significant, they may occasionally demonstrate sufficient ther-
mal amplitude (>30°C) or high titer (>1:1,000 at 0°C to 4°C) to 
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indicate CAD. Similar to the separate entities, mixed-type AIHA 
can be either idiopathic or secondary to lymphoproliferative 
disorders or systemic lupus erythematosis (SLE). Patients usually 
have a chronic course interrupted by severe exacerbations, which 
can result in a hemoglobin level <5 g/dl. These exacerbations do 
not appear to be associated with cold exposure, and they do not 
result in acrocyanosis or Raynaud phenomenon.116

The laboratory work-up demonstrates a DAT that is positive 
for both IgG and C3. As with the separate diseases, the mixed-
type AIHA produces difficulties with the antibody screen and the 
cross-match. The RBC eluate typically indicates a panreactive 
warm IgG autoantibody. The cold autoantibody usually exhibits 
specificity against the I antigen, but reactivity against i has been 
reported.116,117 Because of technical difficulties associated with 
performing the cross-match, due to the autoantibody interfer-
ence, cross-match–incompatible units may have to be transfused 
in situations where patients are severely symptomatic or severely 
anemic.88 Mixed-type AIHA appears to respond to treatment in a 
similar manner as warm AIHA. Patients generally respond to ste-
roids, and immunosuppressive agents and splenectomy have been 
employed successfully as well. Associated diseases, if present, also 
need to be treated to optimize recovery.116 See Table 29.6.

immune Hemolytic AnemiAs 
cAuseD By WARm-ActiVe 
AntiBoDies
Autoantibodies with greatest activity at 37°C are responsible for 
the majority of patients with AIHA. Excluding drug-induced auto-
antibodies, ∼70% of all AIHA patients have the warm-antibody 
type.31,61 In general, these autoantibodies are IgG, may or may 
not fix complement, and typically destroy RBCs by extravascular 
hemolysis in the spleen (exceptions do occur). They may be sec-
ondary to an underlying disease, or in some cases, no underlying 
process is ever identified, and are labeled idiopathic. Certain 
drugs may induce development of warm-active antibodies, even 
generating a true autoantibody in the absence of a distinct auto-
immune disorder. See Table 29.6.

primary versus Secondary autoimmune 
hemolytic anemia
Warm autoantibodies are responsible for 48% to 70% of AIHA 
cases.31,118 Primary or idiopathic warm AIHA accounts for less 
than half of the cases. It can occur in any age group, and females 
predominate (2:1) in most series.61,96,119 There is no racial predi-
lection, but a genetic predisposition is suggested by intrafamilial 
occurrences.44 No blood group has been consistently shown to be 
selectively affected. HLA-A1, -B7, and -B8 recur in the literature as 
being overrepresented in this population, though not all series have 
reached this conclusion.120–123 The incidence of AIHA has been 
reported to be in the range of 1:50,000 to 75,000,92,118 rising with 
age, but most of the increase is in the secondary hemolytic anemias 
as opposed to idiopathic. The immune system abnormality that 
leads to the production of the pathologic antibody in either primary 
or secondary hemolytic anemia is still not completely understood.

With an aggressive search and long follow-up, most patients 
with warm autoantibodies are found to have an underlying 
associated condition. Lymphoproliferative disorders such as 
chronic lymphocytic leukemia (CLL), Hodgkin lymphoma, non-
Hodgkin lymphoma, and Waldenstrom macroglobulinemia are 
the leading causes of secondary cases.124 Other secondary 
causes include autoimmune disorders (e.g., SLE, rheumatoid 
arthritis, scleroderma, and ulcerative colitis), nonlymphoid neo-
plasms (e.g., ovarian dermoid cysts, teratomas, and carcinomas), 
immunodeficiency disorders (e.g., AIDS, dysglobulinemia, and 

Autoimmune disorders

 Systemic lupus erythematosus
 Rheumatoid arthritis
 Scleroderma
 Ulcerative colitis
 Antiphospholipid antibodies

Lymphoproliferative disorders

 Chronic lymphocytic leukemia
 Acute myelocytic leukemia
 Hodgkin’s lymphoma
 Non-Hodgkin’s lymphoma
 Waldenström macroglobulinemia
 Other lymphoproliferative disorders
 Multiple myeloma

Other neoplastic disorders

 Thymoma
 Ovarian dermoid cyst
 Teratoma
 Kaposi sarcoma
 Carcinoma

Viral infections

 Epstein-Barr virus
 Hepatitis C virus
 HIV/AIDS

Other

 Diphtheria–pertussis–tetanus vaccinations
 Pregnancy
 Bone marrow transplantation
 Congenital immune deficiency states
 Hypogammaglobulinemia
 Dysglobulinemia

DISEASES OR CONDITIONS ASSOCIATED WITH WARM 
AUTOIMMUNE ANTIBODIES

taBLe 29.8

hypogammaglobulinemia), and childhood viral illnesses.124 As 
a result of these secondary causes, the incidence of warm AIHA 
increases starting around 40 years of age. Children have a peak 
incidence in the first 4 years of life. See Table 29.8.

Antibody Characteristics
Immunochemistry and Origin
Most antibodies are IgG with a preponderance of IgG1 and, to 
a lesser extent, IgG3.125 The subtypes vary in their efficiency at 
causing hemolysis because of the higher affinities of the mac-
rophage Fc receptors for the IgG1 and IgG3 subclasses.126,127 
Various combinations of IgG subclasses may occur together. 
Although it is uncommon for IgA or IgM to occur in concert with 
IgG, it is even less common for them to occur singly.31,32 See 
Tables 29.4 and 29.6.

Blood Group Specificity
Warm autoantibodies are panagglutinins, reacting with all the 
RBCs in the diagnostic panel. Of the reported specificities, Rh is 
by far the most common (70%), including all but the Rhnull eryth-
rocytes. Occasionally, the IAT identifies an antibody with relative 
Rh specificity for a particular Rh antigen such as e. It is extremely 
rare for antibodies of true specificity to occur in the absence of 
those of broader specificity. Thus, little is to be gained by transfus-
ing antigen-negative blood to these patients. Other blood group 
specificities that have been reported include Wright (Wrb), Ena, 
Duffy (Fyb), Gerbich (Ge), Kidd (Jka), Kell (K), Lutheran (Lu), LW, 
M, N, S, Pr, A, B, IT, Sc3, U, Vel, and Xga.38,44
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Clinical Manifestations
Warm AIHA has a highly variable clinical presentation. Typically, 
patients insidiously develop anemic symptoms such as weakness, 
dizziness, fatigue, and dyspnea on exertion. Other, less specific 
symptoms include fever, bleeding, coughing, abdominal pain, 
and weight loss.128 Cases with insidious onset generally follow 
a chronic waxing and waning course. In patients with fulminant 
hemolysis, the anemic symptoms can be accompanied by jaundice, 
pallor, edema, and dark urine (hemoglobinuria). Splenomegaly, 
hepatomegaly, and lymphadenopathy may accompany the ane-
mia. This more acute, potentially life-threatening presentation 
is usually associated with viral infections, especially in children. 
Post-infectious acute-onset hemolysis tends to be short-lived.44 In 
cases of secondary disease, the symptoms of AIHA may precede 
the recognition of the underlying illness by months to years, but 
ultimately the symptoms of the underlying disorder predominate. 
When presentation includes massive splenomegaly or lymphade-
nopathy, an underlying lymphoproliferative disorder should be 
considered. Symptoms can be precipitated by trauma, surgery, 
infection, pregnancy, and psychologic stress. See Table 29.9.

pregnancy
The rate of autoantibody formation in pregnant women has been 
reported at 1:50,000, fivefold greater than in an age-comparable 
control population.129 Hemolysis tends to increase during the 
pregnancy and may remit after delivery of the infant. Maternal 
hemoglobin levels <5 g/dl have been reported.130 Infants born to 
mothers with hemolytic anemia may or may not suffer any hemo-
lysis. Fetal and neonatal IgG are of maternal origin, and diminish 
post-partum naturally with clearance. Maternal antibody-pro-
ducing lymphocytes do not typically cross the placenta. Even if 
difficulties are encountered initially, the infant should normalize 
in a matter of weeks, as there is no endogenous ongoing neonatal 
production of pathologic antibodies.131,132

Infancy and Childhood
AIHA in infancy and childhood can be quite different from that 
in adults. The disease onset is more likely to be sudden and 
severe, usually preceded by a viral prodrome. There is a slight 
male predominance, and the prognosis is relatively good for a 
complete and lasting remission within several weeks of the onset. 

Most children respond well to steroids, and rarely is splenectomy 
considered.44 A particular association of childhood vaccines and 
hemolytic anemia has been documented.133,134

evans Syndrome
Children can have very severe Evans syndrome, the concomitant 
occurrence of warm AIHA and immune thrombocytopenic pur-
pura (ITP) described in 1949.135,136,137 The thrombocytopenia 
may precede, coincide with, or follow the AIHA.110 This is more 
 common in children and is less likely to respond well to ther-
apy.138,139 Multiagent protocols have shown some success.140,141 
Recent use of rituximab also has demonstrated clinical utility (see 
management).

Laboratory Features
Hemoglobin and hematocrit values at presentation can vary from 
essentially normal in the compensated hemolyzing patient to 
extremely low in the rare patient with fulminant RBC destruction. 
The MCV is usually elevated, reflecting the increased proportion 
of young RBCs and perhaps a relative folate deficiency in patients 
with chronic hemolysis. Reticulocyte counts are usually elevated 
as well, sometimes remarkably so, but may be depressed early in 
the course.142 Reticulocytopenia may have myriad causes, includ-
ing marrow shutdown from intervening infection, malignancy 
myelophthisis, parvovirus B19 infection, or the possibility of the 
autoimmune antibody being directed at antigens in great con-
centration on the reticulocytes themselves.44,143,144,145 The bone 
marrow is usually hyperplastic even in the face of reticulocytope-
nia.142 The peripheral smear typically reflects the reticulocytosis 
with polychromatophilia and macrocytosis, as well as nucleated 
RBCs. Spontaneous agglutination is uncommon with warm auto-
antibodies but may occur if the RBCs are strongly sensitized with 
immunoglobulin. Spherocytes are produced in varying quantity. 
Albeit unusual, the presence of erythrophagocytosis by mono-
cytes, or rarely neutrophils, on the peripheral smear is an indica-
tion of AIHA.146

WBC counts are usually slightly elevated but may be depressed. 
Thrombocytopenia should raise the consideration of Evans 
syndrome.142 Both leukopenia and thrombocytopenia may be 
immune-mediated, as shown in some cases by the presence of 
antileukocyte and antiplatelet antibodies.147 Platelet dysfunction 
may occur as well.148 Serum bilirubin is elevated but rarely >5 mg/
dl in the absence of concomitant liver disease, with the major frac-
tion unconjugated.149 Hemoglobinemia and depressed or absent 
haptoglobin can be seen in rapid hemolysis, even if extravascular. 
Urobilinogens are increased, and hemoglobinuria and hemo-
siderinuria may follow severe hemolysis. Resultant renal failure 
has been reported.150 Stercobilinogens may turn the stool dark. 
Biologic false-positive syphilis tests are common, and other abnor-
mal antibodies have been reported, including antithyroid antibod-
ies, rheumatoid factors, and anticardiolipin  antibodies. Serum 
immunoglobulin abnormalities have been reported with both 
elevated or depressed levels, but with no consistent pattern.151,152

The hallmark of immune-mediated hemolytic anemia is the 
presence of immunoglobulin, complement, or both on the surface 
of the RBCs. In >95% of warm AIHA cases, the DAT is positive. 
Series vary in their DAT results. Between 20% and 66% have 
only IgG on the surface, 24% to 63% have IgG and C3, 7% to 14% 
have only C3, and 1% to 4% are DAT-negative.31,118,153 Patients 
with SLE are particularly prone to positive tests for complement 
on their RBCs. IgG1predominates, either alone or in combination 
with other subclasses, and IgG4 is uncommon. In rare cases of 
warm hemolysins, IgM antibodies that fix complement and are 
associated with severe, life-threatening hemolysis have been 
reported.154 It is even more uncommon for IgG antibodies to act 
as hemolysins.155 The severity of hemolysis is loosely correlated 
with the quantity of antibody bound to the RBC and the strength of 

Sign Frequency (%) Symptom Frequency (%)

Splenomegaly 82 Weakness 88

Hepatomegaly 45 Dizziness 50

Lymphadenopathy 34 Fever 37

Jaundice 21 Bleeding 10

Thyromegaly 10 Dyspnea 9

Edema 6 Cough 6

Cardiac failure 5 Weight loss 5

Pallor 4 Gastrointestinal 
disturbance

5

Anorexia 4

Dark urine 3

Angina 2

Confusion 2

Modified from Pirofsky B. Clinical aspects of autoimmune hemolytic anemia. Semin Hematol 
1976;12:251–265.

WARM AUTOIMMUNE HEMOLYTIC ANEMIA: PRESENTING  
SIGNS AND SYMPTOMS

taBLe 29.9
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the DAT.156,157 However, other factors play a large role in the sig-
nificance of the clinical picture, such as the immunoglobulin sub-
class, with IgG3 being the most efficient at binding to Fc receptors.

Still other characteristics remain undefined to explain why 
immune hemolysis occurs in DAT-negative patients, and why 
some other patients with RBC-bound immunoglobulin have no 
increase in RBC turnover. If standard techniques do not demon-
strate a positive DAT, other, more sensitive techniques may be 
successful. The antibody screen reveals the presence of the pan-
agglutinin in the serum in 80% of cases. Specificity for other anti-
gens can be sought as described earlier but is difficult to obtain 
accurately without a large selection of rare, antigen-negative RBCs 
and is of marginal clinical benefit.

Management
General principles of treatment are guided by the severity of hemo-
lysis. Those patients with a positive DAT, mild reticulocytosis, and 
normal hematocrit are not routinely subjected to steroid therapy. 
Folate deficiency can be prevented with daily supplements, which 
probably should be given to any patient with hemolysis. When the 
RBC life span shortens beyond the point of marrow compensation 
and a consequent anemia appears, intervention is indicated. Given 
the high proportion of secondary hemolytic anemias, a search for 
an underlying disorder that requires specific therapy, such as a lym-
phoproliferative disorder, is indicated. See Table 29.8. Treatment of 
the secondary disorder may also bring the AIHA under control. 
However, in some situations, each disorder must be addressed 
separately. Many treatment options exist for these patients, who 
can have vast differences in the severity of their disease.158,159,160

First-Line treatment
Steroids: Glucocorticoids are the initial therapy of choice for 
warm AIHA, usually on the order of 1.0 to 1.5 mg/kg or 40 mg/
m2/day of prednisone or its equivalent. Higher daily doses or 
high-dose pulsed therapy may be efficacious.159,161 Response may 
not be evident for 3 to 4 days but should be noticeable by 7 days. 
Reticulocyte counts may increase, and the hemoglobin should rise 
2 to 3 g/dl per week. Once the hemoglobin reaches 10 g/dl, wean-
ing of the steroid can begin, at a rate to parallel the response. 
Rapid responders can reduce their dose by 50% over 4 to 6 
weeks. Beyond this point, tapering should proceed more slowly 
over 3 to 4 months. Some even continue a low dose for prolonged 
periods thereafter to prevent relapse, although no data exist to 
support this practice fully. This schedule should be adjusted for 
the individual response to the treatment and for any significant 
side effects that result. Side effects include increased susceptibil-
ity to infection, hypertension, fluid retention, diabetes, myopa-
thy, peptic ulceration, osteoporosis, and even reversible facial 
cosmetic changes, and may be intolerable. Alternate-day steroid 
therapy decreases some of the side effects and may still be effec-
tive. Consideration should be given to concomitant prophylactic 
antacids, bisphosphonates, vitamin D, and calcium according to 
the recommendation of the American College of Rheumatology. 
Careful monitoring of blood glucose and aggressive treatment of 
diabetes is recommended because diabetes is a major risk factor 
for treatment-related deaths from infections.162

The mechanism of action of steroids is multifactorial. Initially, 
steroids act through tissue macrophages delaying the reticuloen-
dothelial clearance of IgG- and C3-coated RBCs.163 Steroids may 
act by reducing antibody avidity,164 and eventually may actually 
decrease antibody production.165 Initial responses to steroids are 
generally excellent, with >80% of patients having a prompt reduc-
tion in hemolysis. In one series, only 7% took longer than 2 weeks, 
and even fewer more than 3 weeks. Therefore, if there has been 
no improvement after 3 weeks of therapy, the patient may be 
considered a steroid treatment failure. Recurrence of hemolysis 
after remission is usually gradual, especially if the steroids were 
weaned over a prolonged period.

Relapse of warm AIHA occurs in the vast majority of patients. 
Approximately 40% to 50% of patients require maintenance doses 
of prednisone (5 to 20 mg/day).166 If the maintenance prednisone 
dose is >15 mg/day, other measures should be considered. Free 
autoantibody in the serum (positive IAT or antibody screen) 
may disappear, but the DAT remains positive in most patients, 
although perhaps weaker.44 Complete and lasting remission rates 
from steroids alone are reported as occurring in only 16% to 35% 
of patients,167,168 so the majority of patients with warm AIHA 
require additional therapy.

Second-Line treatment
Second-line treatment is indicated in those surgical candidates 
who have not responded to prednisone, require prednisone doses 
>10 to 20 mg/day to maintain remission, or have suffered intoler-
able side effects.

Splenectomy: The rationale for splenectomy is twofold. The spleen is 
the major site of RBC sequestration and destruction in warm AIHA, 
resulting from the interaction of IgG antibodies with the macro-
phage Fc receptors. Splenectomy has little effect on the clearance 
of IgM-coated RBCs and therefore would not be indicated in the 
unusual patient with a warm-active IgM antibody. The spleen is 
also believed to be a major producer of IgG antibodies.31,32 Overall 
responses are probably ∼60% to 75%, but many of these patients 
relapse or remain on steroids, albeit at lower, more tolerable 
doses.31,169,170 The likelihood of response to splenectomy may be 
higher in idiopathic AIHA than in secondary AIHA.171 The com-
plications of splenectomy are those inherent in major abdominal 
surgery and also include subdiaphragmatic abscess, pulmonary 
embolism, and increased susceptibility to infections, especially in 
children.44,172 Pneumococcal, meningococcal, and Haemophilus 
influenzae vaccinations should be given, preferably administered 
preoperatively.173 Subsequent to splenectomy, patients should be 
given antibiotics promptly with any febrile illness.

Rituximab: Rituximab may be used as a second-line treatment 
option in patients who refuse splenectomy or are at high surgi-
cal risk. Rituximab is a chimeric human/murine monoclonal 
anti-CD20 antibody approved for use in lymphoma. Successful 
rituximab use in refractory warm AIHA and Evans syndrome has 
been documented in several case reports and series.174,175-177,178 
Regimens identical to the lymphoma treatment (375 mg/m2/week 
× 4 weeks) have produced remissions in some patients who 
were refractory to other therapeutic regimens. A response rate of 
87% was reported for one series of refractory pediatric patients. 
Twenty-three percent of the responders relapsed, but subsequent 
courses of rituximab induced additional remissions.178 Thus far, 
few side effects have been reported, but rare reactions to the 
infusion have been documented.179 B-cell counts remain low for 
months after treatment, raising the risk of infections due to poor 
immune response.180 The efficacy and toxicity of rituximab mono-
therapy was tested in additional retrospective studies in a mixed 
population of refractory primary or secondary AIHA. These stud-
ies have been summarized in a review by Lechner et al.181 Overall 
response rate was 82%. Safety data available are limited and 
adverse events include two patients with severe infections and one 
patient with myocardial infarction.182 The most severe potential 
long-term complication of rituximab treatment was progressive 
multifocal leukoencephalopathy (PML), which, however, has been 
observed in only two patients with AIHA.181 If remissions remain 
durable and potential side effects are less harmful than other 
treatments for warm AIHA, such as prolonged steroid use or sple-
nectomy, rituximab may become accepted second-line therapy.

Immunosuppressive therapy
Immunosuppressive therapy is indicated for patients who have 
failed to respond to splenectomy and/or rituximab therapy.181 
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Cyclophosphamide is an effective immunosuppressive agent with 
capability to suppress the immune response, even if adminis-
tered after antigen presentation.183 This is particularly desir-
able for administration after the onset of immune hemolysis. 
Beneficial effects of cyclophosphamide therapy are reported 
in reviews.166,168,169 Blood counts should be followed closely. 
Other significant side effects from the antimetabolites and cyclo-
phosphamide include hemorrhagic cystitis, bladder fibrosis, 
secondary malignancies, sterility, and alopecia.31,166,184,185 No 
properly controlled trial exists from which to draw conclusions, 
but the reviews and case reports suggest a response rate of 
approximately 40% to 60% in those patients who did not respond 
to steroids and splenectomy.168,169,170 A reasonable immuno-
suppressive regimen might include azathioprine (80 mg/m2/
day) or cyclophosphamide (60 mg/m2/day), concomitantly with 
prednisone (40 mg/m2/day). Prednisone may be tapered over 3 
months or so, and the cytotoxic agent continued for 6 months 
before reducing the dose gradually.166 Bone marrow suppres-
sion may dictate minor dose adjustments. Rapid withdrawal has 
led to rebound immune response.186 Alternatively, high-dose 
cyclophosphamide (50 mg/kg/day ×4 days) has produced a com-
plete remission in 66% of patients who were refractory to other 
therapies. Severe myelotoxicity and its attendant potential for 
complications are expected.173

Mycophenolate mofetil, an inhibitor of inosine 
5′- monophosphate dehydrogenase, is an immunosuppressant 
initially employed to treat allograft rejection. It has been shown 
to induce complete or partial remission of hemolysis in case 
reports. Doses begin at 1 g/day and are then increased to 
2 g/day. In cases of partial remission, reduction in doses of other 
immunosuppressives was possible without sacrificing efficacy. 
Long-term side effects are not fully established. Short-term side 
effects consist primarily of gastrointestinal intolerance and mild 
myelosuppression.176,177,187,188

Cyclosporine A has been used both successfully and unsuc-
cessfully in refractory hemolytic anemia patients, as were 
many of the other immunosuppressive medications previously 
described. Doses of 3 mg/kg/day with target serum levels of 200 
to 400 ng/ml produced remissions.178,189 It has also been used in 
combination with other remedies with some success, including 
danazol and prednisone.141,179,180,190,191

transfusion
As with CAD, red cell transfusion support may be required in 
patients who are clinically symptomatic or severely anemic. 
Patients with WAIHA should be tested for the presence of co-
existing alloantibodies, which may have developed following 
pregnancies or prior transfusions. Alloantibodies, rather than 
autoantibodies, may cause major transfusion reactions in such 
patients if not discovered. However, identifying an alloantibody in 
the presence of an autoantibody takes additional time. Thus, if the 
patient needs to be transfused emergently, transfusion should be 
given prior to the availability of the results. Most patients will tol-
erate even serologically incompatible blood. Blood bank personnel 
should be involved early in the decision to transfuse to minimize 
delays and possible confusion.192

Other therapies
Intravenous immunoglobulin (IVIG) has not enjoyed the success in 
AIHA that it has in immune thrombocytopenia (ITP). Case reports 
of success193–195 and failure196,197 have appeared. Escalating the 
dose from the standard 0.4 to 1.0 g/kg/day (×5 days) may be 
helpful. In one refractory patient, weekly maintenance infusions 
of 800 mg/kg/week helped to control transfusion requirements.198 
The mechanism of action of IVIG is not completely clear. Recent 
evidence suggests that IVIG exerts inhibitory effects on dendritic 
cells by down-regulating costimulatory molecules, blocking matu-
ration, and modifying their interactions with lipopolysaccharide 

and cytokines.199 Other postulated mechanisms include modulat-
ing expression and function of Fc receptors, interfering with the 
activation of complement, modulating immune response through 
anti-idiotype antibodies, and effects on B- and T-cells.200

Plasmapheresis has been used with limited success in attempts 
to remove the antibody.31,201,202 However, in some patients ful-
minant hemolysis proceeds unchecked and plasmapheresis may 
serve as a temporizing measure until other immunosuppressive 
therapies can take effect. Selective removal of IgG with staphy-
lococcal protein A columns has also been reported with some 
benefit.203

Stem cell transplantation (SCT) has been described for many 
severe, life-threatening autoimmune syndromes, including hemo-
lytic anemia and Evans syndrome. Sources of the stem cells have 
been autologous, HLA-matched sibling, and cord blood.204,205 
Relapses and the expected range of complications, including death, 
have occurred. For very severe and refractory cases of Evans 
syndrome, SCT offers the only chance of long-term cure. Available 
data suggest that allogeneic SCT may be superior to autologous 
SCT, but both carry risks of severe morbidity and of transplant-
related mortality. As more refractory patients are seen, stem cell 
reconstitution after high-dose immune suppressive regimens will 
no doubt expand. Cure of Evans syndrome following reduced-
intensity conditioning has been reported and should be considered 
for younger patients in the context of controlled clinical trials.206

Alemtuzumab is a humanized anti-CD52 monoclonal anti-
body that is an effective therapy for B-CLL, mycosis fungoides, 
and T-cell prolymphocytic leukemia. There have been recent 
case reports that suggest alemtuzumab may be useful for the 
treatment of AIHA in B-CLL patients who have failed other 
treatments.207,208

Complications
Hoffmann suggests that venous thromboembolism is an under-
recognized complication of AIHA and may in some instances be 
related to co-existent antiphospholipid antibodies.209 Although it 
is premature to recommend anticoagulant prophylaxis in general 
for patients with AIHA hemolytic episodes, consideration might 
be given to those at particularly high risk, such as those with evi-
dence of co-existing antiphospholipid antibodies.

DRug-inDuceD immune  
Hemolytic AnemiA
Drugs can produce hemolysis by both immune and nonim-
mune mechanisms. In the 1970s and 1980s, a-methyldopa and 
high-dose penicillin were responsible for the majority of cases 
of drug-induced immune hemolytic anemia (DI-IHA). In recent 
years there has been a significant decline in DI-IHA due to 
a-methyldopa and high-dose penicillin because of declining use 
of those medications. More recent estimates of the incidence of 
DI-IHA are approximately 1 per million.210 Second- and third-
generation cephalosporins, especially cefotetan and ceftriaxone, 
have been associated increasingly with cases of immune hemo-
lytic anemia, accounting for ∼80% of the DI-IHA.211 Rarely, these 
cases of cephalosporin-induced immune hemolytic anemia are 
fatal. Other antibiotic agents associated with immune hemolytic 
anemia include b-lactamase inhibitors (clavulanate, sulbactam, 
and tazobactam) found in combination with b-lactam antibiotics 
in Timentin (ticarcillin/clavulanate), Unasyn (ampicillin/sulbac-
tam), Zosyn (piperacillin/tazobactam), and piperacillin.211 AIHA 
has been noted with increased incidence in patients receiving 
purine nucleoside analogs such as fludarabine, cladribine, and 
pentostatin for hematologic malignancies.209 The mechanism by 
which these drugs cause AIHA is unclear. See Figure 29.4 and 
Tables 29.6 and 29.10.

72683_ch029_0746-0765.indd   760 7/31/13   11:35 AM



D
is

or
de

rs
 o

f 
R

ed
 c

el
ls

 Chapter 29 Autoimmune Hemolytic Anemia 761

Acetaminophen Doxepin Omeprazole

Aminopyrine “Ecstasy” Oxaliplatin

Amphotericin B Elliptinium acetate p-Aminosalicylic acid

Ampicillin Erythromycin Penicillin G

Antazoline Etodolac Phenacetin

Apazone (azapropazone) Fenfluramine Podophyllotoxin

Buthiazide (butazide) Fenoprofen Probenecid

Carbenicillin Fludarabine Procainamide

Carbimazole Fluorescein Propyphenazone

Carboplatin 5-Fluorouracil Pyramidon

Catergen Glafenine Quinidine

Cefotaxime Hydralazine Quinine

Cefotetan Hydrochlorothiazide Ranitidine

Cefoxitin Ibuprofen Rifampin (rifampicin)

Ceftazidime Insecticides Sodium pentothal

Ceftriaxone Insulin Stibophen

Cephaloridine Interferon-a Streptomycin

Cephalothin Intravenous contrast media Sulfonamides

Chaparral Isoniazid Sulfonylurea derivative

Chlorambucil Latamoxef Sulindac

Chlorinated hydrocarbons Levodopa Suprofen

2-Chlorodeoxyadenosine Mefenamic acid Suramin

Chlorpromazine Mefloquine Teniposide

Chlorpropamide Melphalan Tetracycline

Cianidanol 6-Mercaptopurine Thiazides

Ciproflaxin Mephenytoin Thiopental

Cisplatin Methadone Thioridazine

Cladribine Methicillin Tolbutamide

Cyclofenil Methotrexate Tolmetin

Diclofenac Methyldopa Triamterene

Diethylstilbestrol Nafcillin Trimellitic anhydride

Diglycoaldehyde Nalidixic acid Zomepirac

Dipyrone Nomifensine

Modified from Arndt PA, Garratty G. The changing spectrum of drug-induced hemolytic 
anemia. Semin Hematol 2005;42:137–144.

DRUGS ASSOCIATED WITH IMMUNE HEMOLYSIS 
OR AUTOANTIBODIES

taBLe 29.10

Mechanisms
Drug-induced antibodies can be divided into two main groupings 
based on the requirement for the drug in detection. Drug-dependent 
antibodies (penicillin type or immune complex type) require the 
presence of the drug in the test system, whereas drug-independent 
antibodies (autoantibodies) do not. See Table 29.11 and Figure 29.5.

Drug-dependent antibodies may be true autoantibodies with 
serology that is identical to warm AIHA. There are three major 
mechanisms by which drugs can cause immune hemolysis in 
vivo212 (see Fig. 29.5):

1. The drug adsorption mechanism, in which the antibody reacts 
with a drug tightly bound to the RBC membrane

2. The neoantigen or immune complex mechanism, in which the 
drug combines loosely with the RBC membrane and the anti-
body reacts with new antigenic site(s) created by the combina-
tion of drug and membrane

3. The autoimmune mechanism, which is indistinguishable from 
true AIHA without drug exposure

Some medications may produce hemolysis by more than one 
mechanism, and differentiating among them is not always pos-
sible. Nonimmunologic adsorption of proteins to the RBC mem-
brane can also cause a positive DAT, but is not associated with 
increased RBC destruction.

Drug Adsorption Mechanism (Penicillin Type)
Ina penicillin-type drug absorption mechanism, the drug binds 
tightly to the RBC membrane and the antibody attaches to the 
drug without direct interaction with the erythrocyte. Penicillin 
binds to the RBC membrane covalently and can be demon-
strated on the RBC in most patients receiving high doses of 
the drug, even in the absence of antibody.213 Attachment of 
only the drug does not harm the erythrocyte. However, when 
the drug is given in large doses (>10 million units/day), it 
can induce production of IgG antibody, which attaches to the  
membrane-bound drug, thus producing a positive DAT with 
AHG sera.213 Eluates from these RBCs do not react with RBC 
panels, in stark contrast to the previously discussed true auto-
immune antibodies, which display panagglutinin activity. The 
explanation lies in the fact that penicillin-induced antibodies 
are attached to the drug alone and not to membrane compo-
nents of the erythrocyte. If reagent cell suspensions are first 
coated with penicillin, agglutination occurs with all RBCs, thus 
providing a diagnostic testing strategy when drug-induced 
hemolysis is suspected.31

The benzylpenicilloyl determinant is the primary antigen-
binding site. High-titered IgG antibenzylpenicilloyl antibodies are 
responsible for the positive DAT and appear in ∼3% of patients 
receiving high doses of the drug.214 Only some of these patients 
develop hemolysis.31 Rare exceptions of complement fixation to 
the RBCs exist in patients on penicillin. These have been associ-
ated with IgG attachment, and the DAT is positive with both anti-
IgG and anti-C3 sera.215,216

RBC destruction in the drug adsorption mechanism of hemo-
lysis is through sequestration by splenic macrophages of the IgG-
coated RBCs.217,218 Rarely, when associated with complement 
fixation, the RBCs may be lysed (intravascular hemolysis).219 
Anemia develops gradually over ∼7 to 10 days and can be life-
threatening if not recognized and the drug discontinued. Once 
the medication is stopped, the hemolysis resolves over the ensu-
ing couple of weeks. However, the DAT may remain positive for 
several weeks. Of clinical importance is the observation that other 
signs of penicillin hypersensitivity, such as urticaria and airway 
reactivity, are usually absent.31

Other drugs can also cause hemolysis by this mechanism. 
Cephalosporins,220–224 tetracycline,225,226 tolbutamide,227 and 
semisynthetic penicillins228,229 can cause DI-IHA by this mechanism.

Neoantigen Mechanism (Quinidine/Stibophen Type)
The neoantigen mechanism is also known as the immune complex 
mechanism. The antibody is specific for a combination antigen, or 
neoantigen, created jointly by the drug and RBCs. Investigations 
with rare antigen-negative RBCs revealed that 2 antibodies have 
specific sites on the RBC membrane to which they attach along 
with the drug.230,231

The neoantigen mechanism differs from the drug adsorp-
tion mechanism in a few key areas. Unlike the penicillin 
model, these drugs bind very loosely to the RBC membrane. 
Only a small dose of the medication is required for hemoly-
sis to occur, as opposed to the very large doses of penicillin 
required. Hemolysis is usually sudden, severe, and accom-
panied by hemoglobinuria2 instead of the subacute anemia 
typically seen with the drug adsorption type. Renal failure is 
a frequent occurrence in the neoantigen mechanism.232,233 
The effector phase is mediated predominantly by complement 
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Drug Adsorption Neoantigen Autoimmune Nonimmune Adsorption

Prototype drug Penicillin Quinidine/stibophen a-Methyldopa First-generation cephalosporins

Role of drug Cell-bound hapten Antibody binds drug + RBC Induces drug-independent RBC 
antibody

Modifies RBC membrane; adsorbs 
proteins nonspecifically

Typical direct  
antiglobulin test

IgG Complement IgG Non-Ig

Antibody reactions Reacts only with  
drug-coated cells

Reacts only with drug present Drug-independent  
panagglutinin

No antibody present

Typical clinical presentation Subacute onset; mild to 
severe hemolysis

Acute onset; severe hemolysis Insidious onset; chronic  
mild hemolysis

No hemolysis

MECHANISMS OF DRUG-INDUCED HEMOLYSIS OR POSITIVE DIRECT ANTIGLOBULIN TEST

taBLe 29.11

RBC Drug
adsorption

RBC Neoantigen

RBC Autoimmune

Drug

Antibody

FIGURE 29.5. A proposed theory of drug-induced antibody reactions. A: The antibody 
attaches only to the drug, which is tightly bound to the red blood cell (RBC) membrane (penicillin 
type). B: The antibody attaches to a neoantigen created by components of both the drug and 
the RBC membrane (quinidine/stibophen type). C: The antibody attaches mainly to the mem-
brane, not requiring the presence of the drug (a-methyldopa type). (Adapted from Habibi B. 
Drug induced red blood cell autoantibodies co-developed with drug specific antibodies causing 
haemolytic anaemias. Br J Haematol 1985;61:139–143.)

fixation and subsequent intravascular hemolysis. Some seques-
tration of RBCs occurs in splenic macrophages or the liver via 
complement receptors. The DAT is positive only for the pres-
ence of complement, and IgM or IgG are rarely still attached 
to the RBC.31 Therefore, eluates are nonreactive primarily 
because there is no immunoglobulin to elute. In vitro, serum 
reacts with RBCs only in the presence of the drug or a reactive 
metabolite.31 These drugs may also induce thrombocytopenia 
by similar mechanisms.234,235

Autoimmune Mechanism (a-Methyldopa Type)
Unlike the previous two mechanisms, which require the presence 
of the offending drug for antibody reaction with the RBC mem-
brane, hemolysis induced by a-methyldopa is truly autoimmune 
in nature. Antibodies bind to erythrocyte membrane antigens in a 
manner indistinguishable from the sporadic AIHA discussed ear-
lier. With declining use of a-methyldopa, these antibodies are now 
seen in association with cladribine, fludarabine, levodopa, mef-
enamic acid, and procainamide.211 The etiology of these antibod-
ies is unknown, but the drugs likely directly stimulate the immune 
system to mimic an autoimmune disease. The DAT is positive with 
anti-IgG and is usually negative with anti-C3. The eluate shows 
a panreactive antibody. The characteristics of the IgG antibody 
eluted from the RBCs are strikingly similar to those in idiopathic 
warm AIHA. They are polyclonal236 and bind as a panagglutinin 
to reagent cells even in the absence of the drug. As in warm AIHA, 
these antibodies have a predilection for Rh antigens, with some 
specific anti-c and anti-e documented.236,237

Despite a high incidence of immunoglobulin coating of RBCs, 
only a minority of patients actually develop clinical hemolysis.2 
Explanations of this phenomenon have been unsatisfactory. The 
amount of antibody on the RBC correlates poorly with in vivo 
hemolysis, and no threshold has been well established.61,238

Nonimmunologic Protein Adsorption Mechanism
Proteins other than immunoglobulins may attach nonspecifically to 
the RBC membrane and cause positive antiglobulin reactions. These 
do not cause increased RBC destruction and are of importance only 
because of the need to differentiate them from those of clinical 
significance. This is most commonly seen in patients on cephalo-
sporins, which produce a positive DAT in ∼3% of patients.239,240 
Other drugs that have been associated with this mechanism include 
cefotetan, cisplatin, diglycoaldehyde, oxaliplatin, suramin, and the 
b-lactamase inhibitors clavulanate, sulbactam, and tazobactam.211 
Many different RBC-bound proteins have been detected within a few 
days of instituting the medication, including fibrinogen, albumin, 
complement, immunoglobulins, and a2-macroglobulin.240 Clinical 
distinction between this benign finding and other, potentially signifi-
cant ones involves the demonstration of a nonreactive eluate with 
cephalosporin-treated RBCs and the absence or low titer of antidrug 
antibodies in the serum.31 In the absence of hemolysis, a positive 
DAT is not a cause for discontinuing the medication.

Multiple Mechanisms—Unifying Hypothesis
Many medications have been implicated in producing hemolysis 
by more than one mechanism, sometimes simultaneously in the 
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same patient. Arndt and Garratty have referred to a unifying 
hypothesis in their review.211 The drug or its metabolites interact 
with the constituents of the RBC membrane, resulting in produc-
tion of different populations of antibodies. Of these antibodies, 
some react with drug epitopes alone (drug adsorption). Other 
antibodies may react with drug and membrane components (neo-
antigen mechanism), and others with RBC membrane components 
(autoantibody mimickers). See Figure 29.6.

Clinical Manifestations
The clinical features of DI-IHA are similar to those found in 
idiopathic AIHA, including pallor, jaundice, and easy fatigabil-
ity. Splenomegaly is not uncommon, but lymphadenopathy and 
hepatomegaly should not be attributed to drug-related hemo-
lysis.241 The severity of these symptoms depends on the rate 
of hemolysis, which is, in part, dependent on the mechanism 
involved. Those patients with the neoantigen mechanism are at 
the greatest risk for plummeting hemoglobins, hemoglobinuria, 
and renal  failure.2,232,242 Cefotetan has been implicated in many 
severe hemolytic reactions.243–245 Fatal reactions are rare but 
may occur.224,246 Cefotetan, ceftriaxone, and fludarabine have 
been associated with fatalities.211,247 The drug adsorption and 
autoimmune varieties are typically characterized by insidious 
onset of hemolysis over days to weeks. A careful medication his-
tory is necessary to evaluate the possibility of a culprit drug in all 
patients with AIHA.

Laboratory Features
Just as with idiopathic AIHA, anemia with reticulocytosis and a 
positive DAT are hallmarks of the condition. Elevated indirect 
bilirubin and LDH are common findings. Rampant RBC destruc-
tion leads to hemoglobinemia, hemoglobinuria, and elevated 
creatinine levels. Distinguishing the mechanisms involved can be 
accomplished by the serologic results. One can differentiate the 
neoantigen mechanism from cold autoantibodies by the absence 
of high-titer cold agglutinins or D–L antibodies in the drug-
induced cases. Drug-induced antibodies also do not react in the 
absence of the drug or a metabolite in IATs. Only a careful history 
and resolution of the hemolysis after discontinuation of the drug 
can separate the a-methyldopa variety from true autoimmune 
antibodies. Antibodies to cefotetan react to very high titers against 
drug-treated RBCs and at lower titers with untreated RBCs with or 
without drug present. Antibodies to ceftriaxone are the immune 

complex type.211 The positive DAT may persist for a few weeks to 
months after stopping the medication responsible, especially with 
the autoimmune mechanism.31

Management
A careful drug history, including over-the-counter medications, 
nutritional or dietary supplements, and illicit drugs, is impera-
tive. Discontinuing the implicated medication is usually all that 
is necessary in management of drug-induced hemolytic anemia. 
Problems may arise when a positive DAT occurs and uncertainty 
exists as to whether significant RBC destruction is occurring. As 
previously described, many medications may be associated with a 
positive DAT test and yet not cause hemolysis. The drug need not 
be stopped in these patients.

In cases of brisk hemolysis associated with the neoantigen mech-
anism, stopping the offending agent can be life-saving. Although 
the helpfulness of prednisone therapy is questionable,248 it has 
been used with some success in fludarabine-associated DI-IHA.247 
Transfusion can be accomplished, usually without difficulty in 
cross-matching, as the antibodies in the drug adsorption and neo-
antigen mechanisms are drug-dependent. However, patients with 
the autoimmune mechanism may encounter the same difficulties 
as previously discussed in the section on warm AIHA. It is impor-
tant to keep in mind that transfused RBCs may be destroyed at the 
same rate as endogenous RBCs if drug or active metabolites are 
still circulating. Prognosis is typically excellent for these patients 
after discontinuation of the drug. With the variety of choices of 
pharmaceuticals available, alternative therapies are nearly always 
accessible to treat the underlying condition adequately.

tRAnsPlAnt-AssociAteD immune 
Hemolytic AnemiAs
Although it is not technically an autoimmune hemolytic pro-
cess, the immune hemolysis associated with transplantation is 
analogous in many ways. In both cases, antibodies are generated 
against endogenous self-antigens; the key distinction lies in the 
source of the antibody-producing lymphocytes. That source can 
be either the lymphocytes and their precursors contained in a 
stem cell product being utilized for hematopoietic reconstitution, 
or they can be lymphocytes that are merely passengers contained 
in the vascular and perivascular regions of a solid organ being 
transplanted.249 See Table 29.12.

hematopoietic Stem Cell transplants
Hematopoietic stem cell transplants can be ABO-compatible or 
ABO-mismatched. The mismatch can include major, minor, or both 
major and minor ABO incompatibilities.250 ABO-compatible stem 
cell transplants have the same ABO type for the donor and recipi-
ent. A major ABO mismatch implies the introduction of a foreign 
ABO antigen, as would be seen with a group O recipient of a group 
A, B, or AB donor stem cell product. A minor ABO mismatch implies 
the introduction of a foreign ABO antibody(isohemagglutinin), as 
would be seen with a group A, B, or AB recipient of a group O 
donor stem cell product. Both major and minor incompatibilities 
would be seen with a group A recipient of a group B donor prod-
uct or a group B recipient of a group A donor product. Appropriate 
selection of RBC- and plasma-containing blood products can help 
minimize the complications of passive antibody transfer.250 The 
acute impact of a minor incompatible stem cell transplant is ame-
liorated with a simple washing of the donor product to prevent 
passive transfer of pre-existing antibodies. However, when there 
is a minor incompatibility, the novel hematopoietic stem cells will 
eventually produce lymphocytes that generate antibodies against 
the recipient’s original remaining RBCs. This immune hemolysis 

Antibody to drug

Antibody to
(mainly) membrane
components

Antibody to drug and
membrane components

Red cell membrane

Drug

FIGURE 29.6. Proposed unifying hypothesis for drug-induced antibody reactions. The 
thicker darker lines represent antigen-binding sites on the Fab region of the drug-induced anti-
body. Drugs (haptens) bind loosely (or firmly) to cell membranes, and antibodies can be made to 
(a) the drug (producing in vitro reactions typical of a drug adsorption [penicillin-type] reaction); 
(b) membrane components, or mainly membrane components (producing in vitro reactions typi-
cal of autoantibody); or (c) part-drug, part-membrane components (producing an in vitro reaction 
typical of the so-called immune complex mechanism). (From Garratty G. Target antigens for 
red-cell bound autoantibodies. In: Nance SJ, ed. Clinical and basic science aspects of immuno-
hematology. Arlington, VA: American Association of Blood Banks, 1991:33–72.)
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Immediate Days-Weeks-Months

Hemolysis of original RBCs due to 
ABO antibodies in the donor stem cell 
product (minor ABO group mismatch)

Passenger lymphocyte syndrome

Passive transfer of ABO antibodies: 
infusion of plasma, platelets, IVIG, 
intravenous anti-D, and antilymphocyte 
globulin

Passive transfer of ABO antibodies: 
infusion of plasma, platelets, IVIG, 
intravenous anti-D, and antilymphocyte 
globulin

Hemolysis of donor RBCs contained 
in stem cell product by original pre-
existing ABO antibodies (major ABO 
group mismatch)

Hemolysis of donor RBCs produced by 
the newly engrafted marrow caused 
by residual ABO antibodies (major 
ABO group mismatch)

Alloantibodies produced by residual 
cells of the original immune system

Alloantibodies produced by engrafted 
cells of the donor’s immune system 
(weeks-months)

Autoimmune hemolytic anemia Autoimmune hemolytic anemia

IVIG, Intravenous immunoglobulin; RBC, red blood cell.

TIMING OF POST-TRANSPLANT IMMUNE HEMOLYTIC ANEMIA

taBLe 29.12

may begin 7 to 10 days post-transplant and can be abrupt and 
severe. As the patient’s original—but now incompatible—RBCs 
are destroyed, they are replaced by a combination of transfused 
cells and post-engraftment novel donor-type RBCs. Consequently, 
the immune-mediated RBC destruction is limited by the residual 
original-type RBCs remaining.

Solid Organ transplants and the passenger 
Lymphocyte Syndrome
The immune hemolysis associated with solid organ transplanta-
tion is typically due to a passenger lymphocyte syndrome. This 
situation can be seen with just about any solid organ being 
transplanted, as long as the donor and recipient share an RBC 
incompatibility. The classic example involves a group O organ 
transplanted into a group A recipient. Donor lymphocytes that are 
merely passengers in the transplanted organ react to recipient 
(endogenous) RBCs and generate antirecipient RBC antibodies. The 
consequent hemolytic anemia is more frequent with transplanted 
organs containing significant lymphoid mass. The incidence is 
lowest in kidney transplant recipients (9% to 17%), intermediate 
among liver transplant recipients (29% to 40%), and highest in 
heart–lung transplant recipients (70%).250,251–253 Extensive perfu-
sion of transplanted organs does not necessarily prevent this pas-
senger lymphocyte syndrome, implying extravascular lymphocyte 
sequestration. Unlike the hemolysis associated with minor ABO-
incompatible hematopoietic stem cell transplants, the target RBCs 
are not replaced by transfusion and a novel engrafted marrow. 
Consequently, the immune-mediated RBC destruction is limited 
only by the survival of the passenger lymphocytes.
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Hemolytic disease of the fetus and newborn (HDFN) results from 
the destruction of red blood cells by maternal immunoglobulin 
(Ig) G antibodies that gain access to the fetal circulation during 
pregnancy. These antibodies may be directed against Rhesus (Rh) 
or other blood group antigens on fetal red blood cells, inherited 
from the father and not present on the mother’s red blood cells. 
HDFN associated with blood group antibodies has a broad spec-
trum of effects, ranging from mild anemia and hyperbilirubine-
mia in an infant to life-threatening complications before birth.1 
Clinical manifestations of severe hemolytic disease before birth 
include profound fetal anemia, hepatosplenomegaly, generalized 
edema, massive ascites, and congestive heart failure. The accel-
erated destruction of fetal red blood cells elicits extramedullary 
hematopoiesis and release of nucleated and other immature red 
blood cells into the peripheral circulation (erythroblastosis fetalis). 
Ongoing hemolysis of red blood cells after birth results in neonatal 
hyperbilirubinemia that may cause kernicterus and permanent 
neurologic injury or death.

Historical backgrounD
In the 20th century, HDFN was recognized as a distinct clinical 
entity, its pathogenesis was delineated, and an effective strat-
egy for preventing its most common form was introduced. Case 
reports in the early 1900s (and before) described edematous 
(hydropic) stillborns and anemic infants with marked jaundice 
who died within days of birth. Not until 1932 were these phenom-
ena realized to be the same hematologic disease process when 
Diamond et al. described the interrelationship of neonatal anemia, 
jaundice, and edema as symptoms that occur in varying degrees 
and combinations in erythroblastosis fetalis.2

The precise etiology of the disease remained obscure until 
seminal observations on blood group antigens and incompatibility 
in pregnancy were made in the 1940s. Landsteiner and Weiner 
first used immune sera raised in rabbits against red blood cells 
from Rhesus monkeys to agglutinate human red blood cells, thus 
discovering the Rhesus factor.3 This antigen, now known as 
the D antigen of the Rhesus blood group in humans, is present 
exclusively on red blood cells of Rh-positive individuals. In the 
year before this discovery, Levine and Stetson recognized that 
a woman could become immunized against paternally inherited 
red blood cell determinants of the fetus during pregnancy.4 Using 
Landsteiner’s anti-Rh antisera to investigate cases of erythroblas-
tosis fetalis, Levine et al. subsequently demonstrated that 90% 
of the mothers were Rh negative, and all the fathers and infants 
were Rh positive.5 This statistical association as well as the 
presence of Rh agglutinins in the blood of mothers with affected 
infants supported their theory that alloimmunization and trans-
placental passage of these antibodies caused destruction of fetal 
red blood cells.5 The inciting stimulus for red blood cell alloim-
munization in pregnancy, the passage of fetal red blood cells into 
the maternal circulation or fetal–maternal hemorrhage (FMH), 
was directly demonstrated by Chown in 1954.6

Methods to monitor alloimmunized pregnancies and to treat 
affected fetuses and infants were first introduced in the late 1940s. 
Neonatal exchange transfusion enabled simultaneous correction 
of the anemia and reduction of bilirubin concentration in affected 
infants.1,7 In 1961, Liley described the relationship between the 
concentration of bilirubin in amniotic fluid and the degree of 
destruction of fetal red blood cells, providing a tool to assess the 
severity of intrauterine hemolytic disease.8 Two years later, Liley 

introduced the technique of intraperitoneal transfusion of anemic 
fetuses, which was used for more than 20 years before it was 
largely supplanted with intravascular transfusion techniques.9

Primary prevention of D alloimmunization became possible 
with the advent of anti-D immune prophylaxis. The ability of pas-
sively transferred antibodies to effectively block active immuniza-
tion to foreign antigens was first demonstrated by Von Dungern 
in 1900.1 Experimental studies in the 1960s applied this approach 
to D alloimmunization, revealing that Rh-negative men could be 
protected if administered anti-D immune globulin (RhIG) before 
transfusion with Rh-positive red blood cells.10,11 Between 1963 
and 1968, clinical trials involving Rh-negative pregnant women 
demonstrated that administration of RhIG within 72 hours of 
delivery was successful in reducing the incidence of D alloim-
munization from 7% to 15% to 1% to 2%.12,13,14,15,16,17 Meta-
analysis of clinical trials of postpartum RhIG administration 
confirms a >90% reduction in the alloimmunization rate among 
treated women compared to untreated women (Table 30.1).17 The 
recognition that FMH occurring primarily in the third trimester 
contributed to residual risk of alloimmunization during pregnancy 
led to the clinical observation that additional, antenatal RhIG 
prophylaxis could further reduce the risk of D alloimmunization 
to <1%.18,19 Meta-analysis of two randomized controlled trials 
involving more than 4,500 women confirms the effectiveness of 
antenatal administration of RhIG at 28 weeks and 32 weeks of 
pregnancy (Table 30.1).20,21,22

By 1971, the administration of RhIG to D-negative women 
after delivery of a D-positive infant and after abortion was recom-
mended by the World Health Organization and rapidly became 
widespread practice.23 Recommendations for antenatal admin-
istration of RhIG were more controversial in some countries 
because of supply concerns and economic cost–benefit argu-
ments, but were introduced in Canada and the United States in 
1979 to 1980 and in the United Kingdom in 1998.24,25,26,27 In 
the United States, the incidence of HDFN due to anti-D decreased 
from 40.5 to 10.6 cases per 10,000 total births between 1970 and 
1986.28,29 RhIG accounted for most of this improvement, but the 
trend toward smaller families and improved quality of perinatal 
care also contributed to the decline in the incidence of anti-D in 
pregnant women and related perinatal mortality, respectively.30

Despite all preventive efforts, HDFN due to anti-D continues 
to occur in about 6.7 of 1,000 live births in the United States.31 
Failure to prevent maternal D alloimmunization is usually due 
to inadvertent failure to administer RhIG, or, less commonly, 
to production of anti-D antibodies early in pregnancy before an 
antenatal dose of RhIG. No prophylactic measures are available to 
prevent sensitization to other blood group antigens in pregnancy, 
most notably Rhesus (c), Kell (K1), and Duffy (Fya), and the cor-
responding maternal alloantibodies can cause severe HDFN.32,33

PatHoPHysiology
The risk of maternal alloimmunization to blood group antigens is 
related to the frequency of blood group alleles in the population, 
volume of incompatible red blood cell exposure, immunogenicity 
of the sensitizing red blood cell antigen, and maternal immune 
responsiveness. The propensity of maternal red blood cell anti-
bodies to cause HDFN and the severity of the disease in individual 
cases are affected by the inherent characteristics of the red blood 
cell antibodies and the compensatory physiologic reaction to the 
anemia in the infant.
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Treatment Control

Odds Ratio,  
95%  
Confidence 
Interval

Postpartum RhIG (Treatment) vs. No Treatment (Control)

Immunization after  
6 mo (5 RCTs)

10/4,756 (0.2%) 204/2,824 (7%) 0.08 (0.06, 0.11)

Immunization in a 
subsequent  
pregnancy (4 RCTs)

11/682 (1.6%) 57/389 (14.6%) 0.12 (0.70, 0.19)

Postpartum and Antenatal RhIG (Treatment) vs. Postpartum RhIG (Control)

Immunization in 
pregnancy after birth 
of Rh-positive infant 
(2 RCTs)

5/1,112 (0.4%) 13/1,185 (1.1%) 0.44 (0.18, 1.12)

Immunization at 
2–12 mo,  
primigravidae  
(1 RCT)

0/362 (0) 4/360 (0.7%) 0.13 (0.02, 0.96)

RCT, randomized controlled trial.
Data from Lee D, Rawlinson VI. Multicentre trial of antepartum low dose anti-D immunoglobulin. 
Transfus Med 1995;5:15–19; and Hensleigh PA. Preventing rhesus isoimmunization: antepartum 
Rh immune globulin prophylaxis versus a sensitive test for risk identification. Am J Obstet 
Gynecol 1983;146:749–755; Crowther C, Middleton P. Anti-D administration after childbirth for 
preventing Rhesus alloimmunization. Cochrane Database Syst Rev. 2000;(2):CD000021.

Meta-aNalysis oF aNti-D iMMuNe GlobuliN (RHiG) 
CliNiCal tRials

taBLe 30.1

Fetal–Maternal hemorrhage
Although the fetal circulation is separated from the maternal cir-
culation by placental membranes and fetal capillaries, blood cells 
pass between the fetal and maternal bloodstreams throughout 
gestation. FMH occurs in 3% of pregnancies in the first trimester, 
12% in the second trimester, 45% in the third trimester, and 64% 
to 100% after delivery.34,35 The total volume of fetal cells in the 
maternal circulation is usually small and does not exceed 0.1 to 
0.25 ml in most cases.36 Large-volume FMH occurs less often, 
with more than 15 ml of fetal red blood cells (approximately 30 ml 
whole blood) detected at a rate of 1.6% after cesarean section or 
complicated vaginal delivery and 0.7% after spontaneous  vaginal 
delivery.37 Invasive procedures, clinical maneuvers, or other 
 traumatic events during pregnancy may also elicit  sufficient FMH 
to induce or augment the production of alloantibodies against red 
blood cells in susceptible pregnant women (Table 30.2).38,39,40

Maternal alloimmunization to Blood Group 
antigens
The likelihood of a relevant blood group incompatibility occurring 
in pregnancy depends on the frequency of blood group alleles 
in the population.41 Among Caucasians and African Americans 
in the United States, approximately 15% and 8%, respectively, 
of women are D negative and lack a functional D gene on both 
chromosomes.41 Incompatibility with respect to the D antigen 
occurs in approximately 10% of pregnancies; among D-negative 
women, approximately 60% to 70% of pregnancies yield D-positive 
infants. American Indians and Asians are almost all D positive; 
consequently, D alloimmunization is extremely rare among these 
populations.41 Although virtually all pregnant women are exposed 
to fetal red blood cells with childbirth, alloimmunization to blood 
group antigens occurs in only a fraction of incompatible pregnan-
cies. Approximately one in six multiparous D-negative women 

Fetal–Maternal 
Hemorrhage (%)

Primary RhD 
Alloimmunization (%)

Pregnancy and delivery

  Before 29 week of 
gestation

3–12 0.3–1.9

 35 week to delivery 65–100 7–15

Abortion

 Induced abortion 4–30 4–5

 Spontaneous abortion 3–12 1.5–2.0

 Threatened abortion 10 ND

Ectopic pregnancy 24 Case reports

Amniocentesis 7–15 2–5

Cordocentesis 57 ND

Chorionic villus sam-
pling

14 1–2

External cephalic ver-
sion

2–28 ND

Abdominal trauma 28 Case reports

ND, not determined.
Data from Huchet J, Dallemagne S, Huchet C, et al. The antepartum use of anti-D 
immunoglobulin in rhesus negative women. Parallel evaluation of fetal blood cells passing 
through the placenta. The results of a multicenter study carried out in the region of Paris. 
J Gynecol Obstet Biol Reprod (Paris) 1987;16:101–111; Medearis AL, Hensleigh PA, 
Parks DR, et al. Detection of fetal erythrocytes in maternal blood postpartum with the 
fluorescence-activated cell sorter. Am J Obstet Gynecol 1984;148:290–295; Ness PM, 
Baldwin ML, Niebyl JR. Clinical high-risk designation does not predict excess fetal-maternal 
hemorrhage. Am J Obstet Gynecol 1987;156:154–158; American College of Obstetricians 
and Gynecologists. Prevention of RhD alloimmunization. Washington, DC: ACOG Practice 
Bulletin No. 4, May 1999.

Fetal–MateRNal HeMoRRHaGe aND RHD 
alloiMMuNizatioN: Rates aMoNG RH-NeGative WoMeN 
WitH D-Positive iNFaNts, WHo Do Not ReCeive aNti-D 
iMMuNe GlobuliN

taBLe 30.2

developed anti-D antibodies without RhIG prophylaxis in incompat-
ible pregnancies. The risk of alloimmunization to the D antigen has 
been estimated for other obstetric interventions (Table 30.2).38,39,40

A primary determinant of the risk of red blood cell alloimmuni-
zation is the volume of incompatible red blood cell exposure. Less 
than 1 ml of D-positive, fetal red blood cells is sufficient to induce 
anti-D antibody formation in 0.3% to 1.9% of D-negative women 
before delivery, whereas transfusion of a unit of D-positive red 
blood cells (300 ml) immunizes approximately 70% of D-negative 
individuals.16,41 Host factors also influence the risk of red blood 
cell alloimmunization. Concomitant ABO and D incompatibility 
between the mother and fetus (e.g., a type O, D-negative mother 
with a type A, B, or AB, D-positive fetus) results in an almost nine-
fold reduction in the risk of alloimmunization to the D antigen in 
a first pregnancy.18,42 ABO incompatibility does not prevent a sec-
ondary immune response in a sensitized individual in subsequent 
pregnancies. The D antigen is one of the most potent immunogens 
among red blood cell antigens, but even after incompatible blood 
transfusion or multiple D-positive pregnancies, approximately 
30% of D-negative individuals do not produce anti-D antibod-
ies and are called “nonresponders.”41 Complex genetic factors 
regulate immune responses, and the basis of this variability to red 
blood cell immunization among individuals is not well understood.

The overall frequency of alloimmunization to clinically  significant 
blood group antigens among women ranges from 0.04% to 0.3%.43–47 
The variability in these rates may be due to geographic differences 
in blood group antigen expression, national blood transfusion prac-
tice, and higher-order birth and abortion rates in the population, 

72683_ch030_0766-0784.indd   767 7/31/13   11:38 AM



768 part iv Disorders of Red Cells • SeCtiON 3 Hemolytic anemia

individuals, and increased antibody production after antigenic 
stimulation can occur.41 Consequently, group O mothers with 
potent IgG anti-A, -B, or -A,B are at greatest risk of having affected 
infants. Among group A or B infants born to group O mothers, 
30% to 50% have detectable maternal IgG antibody bound to their 
red blood cells compared to 5% among all infants.49 Because ABO 
IgG antibodies can occur without prior red blood cell exposure, 
they can result in hemolytic disease of the newborn (HDN) in a 
first pregnancy. However, ABO antigens are not fully developed 
on red blood cells at birth, and similar carbohydrate antigens 
occur on other tissues that effectively neutralize anti-A, anti-B, 
and anti-A,B antibodies to a large extent, thereby mitigating 
their effect. At birth, neonatal anemia due to ABO HDN is usually 
mild. Antibodies directed against other carbohydrate blood group 
antigens (Lewis, I, P) are naturally occurring IgM antibodies that 
are inconsequential in pregnancy because IgM is not transported 
across the placenta.

Fetal and Neonatal Immune-mediated anemia
In contrast to naturally occurring antibodies against carbohydrate 
blood group antigens, antibodies against Rhesus, Kell, and other 

as well as the sensitivity of laboratory methods used in prenatal 
antibody screening.43–48 Anti-D is still among the most frequently 
detected antibodies in sensitized pregnancies despite a precipitous 
decline in its incidence after the introduction of RhIG prophylaxis 
(Table 30.3).43,44 In recent decades, other red blood cell alloantibod-
ies have accounted for proportionately more cases of maternal allo-
immunization and HDFN. The K1 antigen surpassed the D antigen 
as the leading cause of alloimmunization among women in a recent 
series, occurring at a rate of 3.2 in 1,000 compared to 2.7 in 1,000 
for anti-D.43 Women who develop anti-K1 antibodies in pregnancy 
often have a history of blood transfusion as the immunizing stimu-
lus.48 In another series of 1,133 Dutch women with positive anti-
body screens, anti-E was the most common antibody detected (23%) 
followed by anti-K (18.8%), anti-D (18.7%), and anti-c (10.4%).47

aBO Blood Group Isoagglutinins
ABO incompatibility occurs statistically in one of every five 
pregnancies. ABO isoagglutinins are present in the sera of all 
individuals whose red blood cells lack the corresponding antigen 
and are usually of the IgM class. High titers of IgG antibodies are 
more likely to occur in group O individuals than in group A or B 

Antibody Incidence  
(Number per 1,000 Samples)

Blood Group System 196744 199643 Association with HDFN

Rhesus (Rh)

D 43.3 2.7 Mild to severe HDFN, hydrops fetalis

C 0.1 0.7 Mild to severe HDFN, hydrops fetalis

c 1.2 0.9 Mild to severe HDFN, hydrops fetalis

E 1.3 2.0 Mild to severe HDFN, hydrops fetalis

e 0.05 0 Mild to severe HDFN, hydrops fetalis (rare)

Other Other Rh specificities in rare cases of moderate to severe fetal anemia: Cw, Cx, Goa, RH36 
(Berrens, Bea), RH37 (Evans), RH32

Kell

K1 2.1 3.0 Mild to severe HDFN, hydrops fetalis

K2 0 0.03 Other Kell specificities in rare cases of moderate to severe fetal anemia: k ([Cellano; K2] [rare]), Jsa, Jsb, Ku

Lewis (Lea, Leb) 2.2 3.0 Not a cause of HDFN

Duffy

Fya 0.4 0.8 Mild to severe HDFN, hydrops fetalis

Fyb 0.02 0.03 Not a cause of HDF; no or mild HDN

MNS

M 0.7 0.5 Rare cases of moderate to severe HDF

N 0.1 0.03 Not a cause of HDF; no or mild HDN

S 0.2 0.1 Rare cases of moderate to severe HDF

Other Other MNS specificities in rare cases of moderate to severe fetal anemia: s, U, Mta

Lutheran (Lua, Lub) 0.02 0.1 No or mild HDFN

Ii 0.3 0.1 Not a cause of HDFN

Kidd

Jka 0.2 0.2 Mild to severe HDFN

Jkb 0 0 Mild to severe HDFN (rare)

P (P1) 0.6 0.03 Not a cause of HDFN

Other P group specificities in rare cases of moderate to severe fetal anemia: PP1Pk

Other 0.3 0.03 HLA (Bga, Bgb, Bgc): Not a cause of HDFN

Other blood group specificities in rare cases of moderate to severe fetal anemia: Diego (Dia), Cartwright 
(Yta), Biles (Bi), Radin (Rd), Wright (Wra)

ReD blooD Cell alloaNtiboDies: oCCuRReNCe iN WoMeN aND assoCiatioN WitH HeMolytiC Disease oF tHe Fetus aND 
NeWboRN (HDFN)

taBLe 30.3
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protein blood group antigens only rarely occur without exposure 
to incompatible red blood cells.41 IgM may be detected in the 
primary immune response after the initial stimulus, but IgG may 
be the only immunoglobulin found and is typically present 5 to 15 
weeks after FMH. Because FMH usually occurs late in the third 
trimester or at delivery, IgG antibodies against red blood cell allo-
antigens usually do not reach appreciable concentration to cause 
significant disease in a first pregnancy. Upon re-exposure to the 
red blood cell antigen, however, an anamnestic immune response 
rapidly produces IgG with enhanced avidity for target fetal red 
blood cells, translating to earlier onset and greater severity of 
hemolytic disease in subsequent incompatible pregnancies.

Maternal IgG red blood cell antibodies bind to their target 
red blood cells and cause Fc-receptor–mediated extravascular 
destruction by splenic macrophages and other cytotoxic effector 
cells in the reticuloendothelial system. Progressive removal of 
portions of the red blood cell membrane by macrophages and 
other phagocytic cells in the spleen can produce spherocytes in 
the peripheral circulation. Anti-D is usually high-affinity IgG1 and 
IgG3, which are the typical IgG subclass responses to protein anti-
gens, and involve T-helper (Th) cells for their production.50 The 
immunoglobulin subclasses IgG1 and IgG3 have greater affinity 
for Fc receptors on phagocytic cells than IgG2 and IgG4, which 
may account for their association with more severe hemolytic 
disease.41,50 The concomitant presence of maternal antihuman-
leukocyte antigen (HLA) and anti-D is associated with a mild 
course of HDFN, possibly due to the competitive binding of the 
HLA antibodies to Fc receptors on cytotoxic effector cells.51

Extravascular destruction of red blood cells often cannot 
account completely for the degree of fetal anemia due to anti-K1, 
unlike most cases of HDF due to anti-D and other red blood cell 
alloantibodies. Severe fetal anemia may occur with anti-K1 despite 
low maternal antibody titers and falsely reassuring concentrations 
of bilirubin in amniotic fluid.48,52 In Kell-sensitized pregnancies, 
affected fetuses often have fewer reticulocytes and normoblasts 
in their peripheral circulation than infants with comparable 
anemia caused by anti-D, which suggests impaired production of 
red blood cells.53,54 Anti-K1 was shown to inhibit specifically the 
growth of K1-positive erythroid progenitor cells in vitro, whereas 
anti-D exhibited no effect with D-positive precursors in the same 
assay.55 These observations support the dual action of maternal 
anti-Kell in eliciting both peripheral red blood cell destruction and 
erythropoietic suppression to produce fetal anemia.

Most cases of severe fetal anemia are caused by anti-D, anti-c, 
and anti-K1; rarely, anti-Fya or other IgG red blood cell alloantibod-
ies are associated with severe HDFN (Table 30.3). Compensatory 
hematopoiesis in the bone marrow and extramedullary hemato-
poiesis primarily in the liver and spleen result in the release of 
nucleated red blood cells, reticulocytes, normoblasts, and other 
immature erythrocytes in the fetal circulation. Severely affected 
fetuses have marked hepatosplenomegaly due to the extramedul-
lary hematopoiesis, which can lead to portal and umbilical venous 
obstruction, portal hypertension, and hepatocellular damage.1 
Production of albumin and other plasma proteins by the liver is 
markedly impaired, and hypoproteinemia results. Severe anemia 
and hepatic dysfunction with hypoproteinemia and portal hyper-
tension may also lead to the development of congestive heart 
failure. Hydrops fetalis describes the ultimate outcome of these 
physiologic insults, with the development of generalized edema 
(anasarca), marked ascites, and pleural and pericardial effusions. 
Although the pathogenesis of hydrops fetalis is not clearly defined, 
the extent of hepatic damage rather than the degree of anemia 
more consistently correlates with the severity of the condition.1

Neonatal Immune-mediated hyperbilirubinemia
Immune-mediated destruction of fetal red blood cells results in 
increased serum concentration of free heme, which is further 

metabolized to unconjugated (indirect) bilirubin. During gestation, 
unconjugated bilirubin and other metabolites are transported 
across the placenta and eliminated by the mother. When the 
umbilical cord is severed at birth, unconjugated bilirubin begins 
to accumulate because infants have immature liver function and 
are not capable of efficiently metabolizing bilirubin.

Unconjugated bilirubin is transported in the plasma bound 
to albumin, but when its concentration exceeds the plasma-
binding capacity or when it is displaced from carrier proteins, 
the lipophilic free molecule can cross cell membranes and impair 
mitochondrial function to cause cell death. Preterm infants are 
at greater risk for developing bilirubin encephalopathy than are 
term infants because of the immaturity of their blood–brain bar-
rier as well as their more pronounced hepatic deficiency. Bilirubin 
toxicity is potentiated by factors that displace bound bilirubin or 
otherwise increase circulating levels of unbound bilirubin, such as 
decreased albumin concentration, free heme molecules, acidosis, 
increased levels of free fatty acids, or drugs such as sulfonamides 
and sodium benzoate.1 Infants with severe unconjugated hyper-
bilirubinemia may develop nerve deafness or the spectrum of 
kernicterus, leading to severe brain damage, mental retardation, 
spastic choreoathetosis, or, in many cases, death.

clinical features
The clinical spectrum of HDFN ranges from the ominous intra-
uterine development of hydrops fetalis to varying degrees of 
neonatal hyperbilirubinemia and anemia. Approximately one 
half of infants with detectable maternal anti-D are unaffected or 
only mildly affected, whereas 30% have moderate disease in the 
neonatal period, and approximately 20% are severely affected in 
utero (Table 30.4).1,56 The onset of intrauterine disease occurs 
before 34 weeks’ gestation in approximately one half of the cohort 
of severely affected fetuses, or approximately 9% of affected preg-
nancies, overall.56 Similar trends are observed when anti-c, anti-
Kl, and anti-Fya are detected in pregnancy, in that many fetuses 
are unaffected, and most of the rest have only mild or moderate 
disease, but a small number have hydrops fetalis or severe anemia 
necessitating intrauterine transfusion (Table  30.4).31,32,33,48,56,57 
Maternal IgG antibodies with other specificities have been impli-
cated in cases of severe fetal anemia or life-threatening HDN in 
rare cases.31,32,33,57–59

Severely affected newborn infants have cord blood hemoglobin 
concentrations <12 g/dl and cord bilirubin concentrations >5 
mg/dl. If intrauterine transfusions have been given, the course of 
hemolytic disease in the neonatal period may be relatively mild 
and the blood type at birth may reflect the ABO and D-negative 
type of the transfused red blood cells. Infants transfused before 
birth are at risk for developing late anemia at several weeks of age 
because intrauterine transfusion may suppress erythropoiesis and 
persistent circulating maternal alloantibody may cause ongoing 
hemolysis for 4 to 8 weeks. Infants with moderate disease have 
12 to 14 g/dl hemoglobin in cord blood and 7 to 12 g/dl hemo-
globin in the first days of life. The bilirubin level in cord blood 
rarely exceeds 5 mg/dl due to maternal clearance. After birth, 
however, jaundice may occur within the first 24 to 36 hours of life, 
earlier than the “physiologic jaundice” otherwise associated with 
immature liver function, and the bilirubin concentration peaks 
between 3 and 5 days of life. Mild HDN is characterized by cord 
blood hemoglobin of 14 g/dl or greater and only slightly increased 
bilirubin (<4 mg/dl).

The most common cause of HDN is maternal ABO antibodies, 
although only a minority of infants with detectable maternal ABO 
antibodies have clinical signs of hemolysis. Exceedingly rare cases 
of fetal anemia due to ABO antibodies have been reported, but 
nonimmune hydrops superimposed on ABO incompatibility could 
not be excluded.1 Nonimmune hydrops fetalis may be caused by 
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Antibodies 
(Number)

Affected Pregnancies 
(Number)

None or 
Mild (%)

Severity (% Affected Pregnancies Resulting in Mild, 
Moderate, or Severe Disease)

Reference

Mild–Moderate (e.g., 
Phototherapy and/or Neonatal 
Exchange Transfusion) (%)

Severe (e.g., Intrauterine 
Transfusion, Hydrops, or 
Perinatal Death) (%)

Rhesus

D 566 257 51 30 19 1,56

c, cE 302 164 70 23  7 1

E 633 162 89 11 — 1

C, Ce, Cw, e 193  50 86 14 — 1

Kell 478  16 50 37 13 1

K1 127  13 30 30 38 48

Duffy  35   6 67 16 16 1

Fya  68  47 94  2  4 57

CliNiCal seRies oF RHesus, Kell, aND DuFFy alloaNtiboDies iN PReGNaNCy

taBLe 30.4

intrauterine infection, cardiac disease, or chromosomal disor-
ders (Table 30.5). Because the neonatal anemia is usually mild, 
the compensatory hematopoietic activity in ABO HDN is not as 
pronounced as in HDN due to anti-D or anti-K1. Consequently, 
nucleated red blood cells and erythropoietic progenitors may 
be evident, but spherocytes predominate in the peripheral 
blood smear of infants with ABO HDN (Fig. 30.1). The failure 

to recognize hemolysis due to ABO blood group incompatibility 
or other risk factors for hyperbilirubinemia resulted in 90 cases 
of kernicterus in a 17-year period.60 This contemporary tragedy 
underscores the ongoing importance of monitoring progressive 
jaundice in all infants.

laboratory evaluation
All pregnant women should have their ABO/Rh type and antibody 
screen determined at the first visit to the obstetrician.61 These 
initial tests identify women as candidates for RhIG administration 
or for additional monitoring during pregnancy. After detection of 
clinically significant red blood cell alloantibodies, further testing 
may be required for evaluation of FMH, antenatal assessment 
of fetal anemia, and detection of neonatal anemia and hyper-
bilirubinemia. The principles of these laboratory tests and con-
troversies surrounding their use are described below; specific 
practice recommendations for prevention and treatment of HDFN 
are described in the subsequent sections entitled “Prevention 
of Maternal D Alloimmunization with Rh Immune Globulin,” 

Figure 30.1. ABO hemolytic disease of the newborn (HDN). Peripheral blood from 
an infant with ABO HDN, with numerous spherocytes, occasional nucleated red blood cells, 
 anisocytosis, and polychromasia (Wright-Giemsa stain). (©2002 American Society for Clinical 
Pathology. Used with permission.)

Hydrops fetalis (fetal edema, anemia)

  Hemolytic disease of the fetus due to maternal anti-D, -c, -K1, -Fya, or other 
blood group antibodies

 Homozygous a-thalassemia

 Twin-to-twin or fetomaternal transfusion

 High-output cardiac failure

 Congenital infection (e.g., parvovirus, cytomegalovirus, toxoplasmosis, syphilis)

 Genetic disorders (e.g., Turner syndrome, 45, X)

 Idiopathic

Neonatal hyperbilirubinemia (nonphysiologic)

 Unconjugated (indirect) hyperbilirubinemia
  Hemolysis

   Hemolytic disease of the newborn due to maternal ABO isohemagglutinins, 
anti-D, or other blood group antibodies

  Hereditary spherocytosis

  Glucose-6-phosphate dehydrogenase deficiency, pyruvate kinase deficiency

  a-Thalassemia

  Extravascular blood loss/accumulation (e.g., cephalohematoma)

  Genetic disorders (e.g., Crigler-Najjar syndrome, Gilbert syndrome)

  Endocrine disease (e.g., hypothyroidism)

 Conjugated (direct) hyperbilirubinemia
  Infection, sepsis

  Metabolic disorders (e.g., Dubin-Johnson syndrome, cystic fibrosis)

  Hepatic disease and anatomic abnormalities (e.g., biliary atresia)

  Cholestasis from total parenteral nutrition or antibiotics (e.g., ceftriaxone)

DiFFeReNtial DiaGNosis oF HyDRoPs Fetalis  
aND NeoNatal HyPeRbiliRubiNeMia

taBLe 30.5
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“Management of Red Blood Cell Alloimmunization in Pregnancy,” 
and “Treatment of the Newborn Infant.”

Maternal aBO/rh type and antibody Screen
The red blood cell ABO/Rh type is assigned in the forward group 
reaction by incubating the patient’s red blood cells with specific 
IgM or IgG antibodies that cause their immediate and visible 
agglutination if they express the corresponding A, B, or D anti-
gens. The ABO reverse group identifies plasma reactivity due to 
ABO isoagglutinins and should confirm the forward, red blood 
cell typing reactions. The forward reaction for the D antigen may 
include an additional phase with antihuman globulin to enhance 
red blood cell agglutination and detect weak expression of the D 
antigen on the red blood cells.

Formerly known as Du, weak D phenotypes are due to quanti-
tative or qualitative alterations in D antigen expression. The need 
to test D-negative pregnant women for weak expression of D has 
been controversial. Weak D occurs in as much as 1% to 3% of the 
general population, but the majority (90%) of weak D individuals 
(types 1, 2, 3) possess a normal D antigen, only produced in lower 
quantities on the red blood cell surface, and cannot be immunized 
to make anti-D.24,62,63 The remaining 10% of weak D individu-
als express aberrant D proteins, and are recognized as partial D 
phenotypes, many of whom will develop anti-D after exposure to 
D-positive red blood cells.63,64 Most D-positive individuals with 
anti-D belong to partial D category DVI, which occurs in 0.02% 
to 0.05% of Caucasians.63 The AABB (American Association of 
Blood Banks) considers testing pregnant women for weak D 
to be optional, and the American College of Obstetricians and 
Gynecologists (ACOG) recommends against administration of RhIG 
to weak-D–positive women.38,61

Although severe HDF in women with weak D is rare, women 
with known partial D phenotypes (e.g., DVI) are at risk of D allo-
immunization, and fatal HDF has occurred as a result.65,66 If 
pregnant women are tested for weak D, consideration should be 
given to using a method that accurately distinguishes between 
those individuals with D variants who are not at risk of anti-D 
alloimmunization from those who are at risk and may benefit 
from RhIG prophylaxis.63,64 The alternative is not to test preg-
nant women (or transfusion recipients) for weak D, which would 
result in these individuals being classified as D-negative and 
candidates for RhIG prophylaxis. This presents a challenge to 
countries that do not have a sufficient supply of RhIG, and not 
surprisingly, in a recent survey, international practices on testing 
for weak D and RhIG administration diverge from practice in the 
United States.40 Eight of ten countries reported that they perform 
further testing for weak D or D variants if the woman types as D 
negative or if the typing results are anomalous, to limit admin-
istration of RhIG to women with partial D at risk of developing 
anti-D.40 The relative effectiveness of RhIG in preventing the 
sensitization of partial D women compared to D-negative women 
is not yet known.

The antibody screen detects maternal antibody in plasma by 
hemagglutination in an indirect antiglobulin test, formerly called 
the indirect Coombs’ test. The reaction conditions should allow 
detection of clinically significant IgG alloantibodies that are reac-
tive at 37°C in the antiglobulin phase. Conditions that permit 
identification of IgM antibodies are not required in the setting of 
obstetric testing, because IgM antibodies cannot cross the pla-
centa. If IgM antibodies cause interference in the antibody screen, 
reducing agents such as dithiothreitol can be used to eliminate 
their reactivity in the assay and allow for specific detection of 
IgG antibodies. If the initial antibody screen is negative, the need 
to repeat testing at 28 weeks’ gestation is currently debatable. 
Arguments for eliminating this testing include the extremely low 
probability that anti-D or other antibodies are formed during 
pregnancy.46,67

Serologic and Molecular testing for paternal/
Fetal Blood Group antigens
If a potentially significant red blood cell alloantibody is detected 
in a pregnant woman, the blood type of the biologic father may be 
investigated to assess the risk of HDFN. Three possibilities exist: 
the father lacks the antigen, and the fetus is not at risk; the father 
is heterozygous for the antigen, and the fetus may be at risk; or 
the father is homozygous for the antigen, and the fetus is definitely 
at risk. Because no antithetic allele for RhD exists, paternal zygos-
ity cannot be definitively determined by serologic testing for the D 
antigen but RH D inheritance is closely linked to Rh antigens C/c 
and E/e. The probability that the father is heterozygous for D can 
be deduced by serologic determination of the extended Rhesus 
phenotype (D, Cc, Ee) and most probable combination of haplo-
types given the gene frequencies in different ethnic populations 
and the Rh type of previous children.68 Another indirect approach 
to determine paternal zygosity involves parallel quantitative 
amplification of RHD- and RHCE-specific sequence.69 The develop-
ment of direct, D-allele–specific molecular assays is complicated 
by the genetic diversity of the D locus and the variety of insertions, 
deletions, and missense and nonsense mutations in the RHD gene 
that can produce the D-negative phenotype. Recently, a molecular 
test specifically to detect the most prevalent D-negative allele in 
white populations, the complete RHD deletion, was developed.70 
This approach may be amenable to routine use in most laborato-
ries, but its clinical application will be limited until modification 
allows for detection of other common D-negative alleles in ethni-
cally and racially heterogeneous donor populations. Determining 
the paternal genotype of other blood group determinants is more 
straightforward with the currently available allele-specific assays 
for other Rh (C/c, E/e), Kell (K1/K2), Duffy (Fya/Fyb), Kidd (Jka/
Jkb), and other red blood cell loci.47,69

If paternal testing indicates that the father may carry a 
clinically significant red blood cell antigen, fetal testing should 
be performed to determine if the allele is present. Considerable 
genetic diversity underlies aberrant RH alleles associated with the 
Rh-negative phenotype, which has important implications for fetal 
testing.47,69 The most prevalent D-negative genotype in Caucasian 
populations is the complete deletion of RHD; in African blacks and 
African Americans, other variant RHD genes are more likely to be 
found.32 The RHD pseudogene, which contains all ten exons but a 
stop codon between exons 3 and 4 that blocks transcription of the 
gene, is found in 69% of South African blacks and 24% of African 
Americans.32 Similarly, the variant RHD gene r’s (Cdes) underlies 
serologic RhD negativity in 22% of African Americans. The pres-
ence of one of these genes in the fetus can lead to a false-positive 
result (i.e., the fetus types as RHD-positive by molecular methods 
but is found to be D negative by serology after birth) and unnec-
essary prenatal intervention. A maternal blood sample should be 
analyzed in parallel with the fetal sample. False-negative results 
(i.e., the fetus types as RHD negative, but is found to be D positive 
by serology at birth) have been attributed to erroneous paternity 
or rearrangement at the paternal RHD gene locus. If no paternal 
sample is available, an RHD-negative fetal blood type determined 
by molecular methods should be interpreted with caution, and the 
pregnancy should be monitored to ensure that maternal anti-D 
titers do not increase.32

The most common method to obtain fetal DNA for molecu-
lar testing is still amniocentesis in the United States, because 
noninvasive alternatives are not yet routinely available.32,71,72 
Amniocentesis is performed at 24 weeks’ gestation and is rela-
tively safe, but is associated with a pregnancy loss rate of about 
0.3%.73 This risk is avoided with noninvasive methods to obtain 
fetal cells or fetal cell-free DNA from the maternal circulation, 
and maternal blood has been used routinely for RHD fetal typ-
ing in Europe.47,71,72 Fetal DNA can be isolated from maternal 
plasma as early as 32 days’ gestation, and constitutes 3% to 6% 
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of the plasma DNA pool in the second and third trimesters.47 
Cell-free fetal DNA is rapidly cleared, and does not persist into 
subsequent pregnancies in contrast to the potential for long-term 
persistence of fetal leukocytes that can complicate analysis of 
cell-associated fetal DNA.74 Several groups have demonstrated 
96% to 100% accuracy in predicting the RHD phenotype with 
over 200 pregnancies tested.40,47 False positives were due to the 
presence of a pseudogene or D variant, and false negatives from 
the failure to isolate sufficient fetal DNA. When negative results 
are obtained (e.g., no RHD-specific signal is detected), the pres-
ence of fetal DNA in the plasma should be confirmed by another 
fetus-specific DNA sequence from a highly polymorphic paternal 
antigen or from the Y chromosome for male fetuses (e.g., SRY). 
There are no reported strategies for Kell typing or Rh typing other 
than RHD using a sample of maternal blood, which likely reflects 
the difficulty of developing a sensitive assay for subtle allelic dif-
ferences that will still be specific in the presence of an excess of 
maternal DNA.40,47

Maternal red Blood Cell alloantibody titers
If molecular testing suggests the fetus is at risk for HDFN, or 
if molecular testing cannot be performed, determination of the 
maternal red blood cell alloantibody concentration may be used 
as a screening test to guide further clinical management.75 The 
concept of a “critical titer” of maternal antibody has been criti-
cized based on the poor predictive accuracy for severe HDN.76,77 
However, critical titers are used not to predict the development 
of severe hemolytic disease after birth, but rather to predict its 
absence during gestation, because titers below “critical” thresh-
olds are unlikely to require aggressive intervention in utero. In 
a classic study almost 50 years ago, Allen et al. followed 174 
pregnancies with no history of affected fetuses or infants and with 
antibody titers of 32 or lower and reported 174 (96%) had live 
infants at 37 weeks’ gestation.78 The observation that significant 
intrauterine disease is unlikely to occur when the antiglobulin 
titer remains low has been substantiated in recent studies and 
maternal antibody titers are a useful screening tool in a woman’s 
first alloimmunized pregnancy.75

Antibody titers are determined with the indirect antiglobulin 
test by making several dilutions of maternal serum in saline, 
adding reagent red blood cells and anti-IgG, and observing for 
macroscopic agglutination in the tubes. The titer is reported as 
the reciprocal of the highest dilution at which this endpoint is 
observed; for example, agglutination with a serum dilution of 
1:16 but not 1:32 would be reported as an antibody titer of 16. 
Alternatively, a 12-point scoring system that takes into account 
the strength of agglutination as well as the dilution factor may be 
a more specific indication of severe fetal anemia, but it is used 
less commonly than simple tube titration in current practice.41,75

Because serial measurements of maternal antibody titer are 
necessary, an initial maternal sample should be frozen for com-
parison in subsequent titers determined with the same method, 
technique, and reagent red blood cells.61 A difference of greater 
than two dilutions or a score increase of more than 10 should 
be considered a significant change in titer.61,75 For anti-D, the 
critical titer is considered by most experts to be 32 (range, 
8  to  32).61 Critical titers for antibodies other than anti-D have 
been suggested, based on cumulative clinical experience at a 
center or historical published data. The utility of antibody titers 
in monitoring Kell-sensitized pregnancies is limited because the 
severity of intrauterine disease may not correlate with antibody 
concentration, and severe HDF has occurred with low anti-Kl 
titers (e.g., 8).53 In contrast, other antibodies are less likely than 
anti-D or anti-Kl to cause hemolytic disease at low titers, and 
higher thresholds have been proposed for anti-Fya (titer, 64), 
anti-M (titer, 32 to 64), and anti-U (titer, 128).33,75 Anti-M often 
demonstrates IgG and IgM components that can be distinguished 

with the use of reducing agents in titration studies, and anti-M–
sensitized pregnancies are managed on the basis of the titer of the 
IgG component.33

Investigated as an alternative to maternal antibody titer, anti-
body functional assays, such as the monocyte monolayer assay, 
the antibody-dependent cellular cytotoxicity assay, and the chemi-
luminescence test, examine the behavior of potentially significant 
red blood cell antibodies in vitro.77,79 These assays evaluate the 
ability of the maternal IgG antibody to interact with target red 
blood cells and effector cells expressing Fc receptors, such as 
lymphocytes or monocytes, to cause adherence, phagocytosis, or 
cytotoxic lysis. The antibody-dependent cell-mediated cytotoxicity 
assay showed a higher specificity than maternal antibody titer 
for prediction of fetal disease and may be more useful in guiding 
decisions about invasive testing for D alloimmunization in preg-
nancy.77 Antibody functional assays, however, have not been as 
widely used in the United States as in Europe, primarily because 
prenatal testing is not centralized in highly specialized labora-
tories in the United States, and the technical complexities of the 
tests precludes their use at most American centers.61

tests for Fetal–Maternal hemorrhage
An assessment of the volume of fetal cells in the peripheral cir-
culation of a D-negative woman is performed to determine the 
adequacy of the dose of administered RhIG after delivery of a 
D-positive infant and in other obstetric situations.38,39,40,80 A 
common approach to evaluating FMH is the rosette test to screen 
for the presence of fetal cells followed by the Kleihauer-Betke 
acid elution method to quantify the magnitude of the bleed. The 
rosette test is a modified antiglobulin reaction, based on detection 
of the fetal (D-positive) red blood cells in a maternal (D-negative) 
blood sample. On reaction with reagent anti-D Ig, fetal (D-positive) 
red blood cells form small clumps or rosettes around indicator 
D-positive red blood cells (Fig. 30.2).41 The presence of rosettes is 
a sensitive qualitative screen for FMH. A positive test is obtained 
in 75% of women with FMH of 2.5 ml of D-positive red blood cells 
(5 ml whole blood) and all women with FMH of 5 ml of D-positive 
red blood cells (10 ml whole blood) or more.80,81 If it is deter-
mined that an infant has the weak D phenotype, the rosette test is 
not reliable, and FMH should be evaluated with tests that do not 
rely on detection of the expression of the D antigen, such as the 
Kleihauer-Betke acid elution method.61 Rarely, maternal anti-D 
is present at such high concentration on the surface of fetal red 

Figure 30.2. rosette assay for fetal–maternal hemorrhage (FMH). D-positive red blood 
cells are identified in a background of D-negative red blood cells by the formation of rosettes in 
this screening test for FMH. There are two rosettes in this field: a large one in the center and a 
smaller one above it; unagglutinated red blood cells appear as refractile biconcave (unstained) 
disks.
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blood cells that interaction with the reagent anti-D is blocked, and 
the rosette assay produces a false-negative result.

The Kleihauer-Betke acid elution method provides a quantita-
tive estimate of the volume of FMH based on the different solubil-
ity properties of fetal hemoglobin (HbF) and adult hemoglobin 
(HbA). On a peripheral blood smear treated with an acidic solution 
and counterstained, red blood cells containing acid-soluble HbA 
appear as pale ghosts compared to the deeply stained red blood 
cells containing acid-resistant HbF (Fig. 30.3). The Kleihauer-
Betke test result is reported as the percentage of HbF-stained 
fetal cells present on the smear.80 The corresponding magnitude 
of FMH is calculated by multiplying the percentage of fetal cells, 
expressed as a fraction, by the maternal blood volume, which is 
70 to 75 ml/kg or approximately 5,000 ml for an average pregnant 
woman. For example, a Kleihauer-Betke result of 1.4% indicates 
the presence of 70 ml of fetal whole blood (0.014 × 5,000 ml). 
The Kleihauer-Betke test is sensitive to bleeds between 0.01% 
and 0.06% or 0.2 to 1.0 ml, but samples containing at least 0.5% 
fetal cells are detected more reliably.81,82 Kleihauer-Betke results 
that exceed the total predicted fetal blood volume based on gesta-
tional age (i.e., 3 ml at 12 weeks; 30 ml at 20 weeks) may reflect 
the inherent technical imprecision of the method or may reveal 
precedent maternal conditions associated with increases in HbF-
containing red blood cells such as hereditary persistence of HbF. 
Notably, the levels of HbF often increase during pregnancy in as 
many as 25% of women.83 In addition to these false- positives, 
the Kleihauer-Betke test tends to overestimate the quantity of 
hemorrhage, resulting in administration of more RhIG than is 
necessary.82 This inherent potential for “overdosing” RhIG is not a 
problem from a medical standpoint given the safety record of the 
drug, but it is a concern to countries coping with RhIG shortages 
or those striving for the most cost-effective use of RhIG.40

Alternative methods to quantify FMH include flow cytometry 
and the enzyme-linked antiglobulin test.84,85 Most flow cytometric 
assays for FMH are based on detection of the D antigen on fetal 
red blood cells, but detection of HbF-containing fetal red blood 
cells is also possible.84 Flow cytometric methods are sensitive to 
FMH of 0.1% or 1.8 ml and can be used to detect events as rare 
as 1 fetal cell in 10,000 maternal cells.82 The enzyme-linked anti-
globulin test is a modified enzyme-linked immunosorbent assay 
and detects D-positive red blood cells in a maternal D-negative 
background by successive incubations with anti-D, anti-IgG con-
jugated with the enzyme alkaline phosphatase, and an enzyme 
substrate.85 This test is sensitive to 0.25% or 3 ml FMH.41,85 
Both the enzyme-linked antiglobulin test and flow cytometry are 

reproducible and reliable but are not as commonly used in prac-
tice as the Kleihauer-Betke test for quantifying FMH in the United 
States.40

amniotic Fluid analysis
Amniotic fluid analysis by spectrophotometry, introduced by Liley 
in 1961 as an indirect marker of fetal red blood cell destruction, 
is still a cornerstone of obstetric management of alloimmunized 
pregnancies more than 40 years later.8 The principle of the test 
is based on the characteristic light absorbance by amniotic fluid 
between 365-nm and 535-nm wavelengths in unaffected preg-
nancies and the observed deviation from this linear baseline in 
alloimmunized pregnancies when bilirubin or other optically 
active compounds are present. An increase in optical density at 
450 nm (∆OD450) relative to the normal baseline is proportional to 
the amount of bilirubin present in the amniotic fluid. Liley corre-
lated the DOD450 values to clinical outcomes in 101 Rh-sensitized 
pregnancies from 27 weeks’ gestation to term, generating what 
is commonly referred to as the Liley curve (Fig. 30.4).8 Values in 
the lowest zone of the Liley curve, zone I, are reassuring because 
these infants have only a 10% chance of needing treatment after 
birth.8 In contrast, readings in zone III predict severe hemolytic 
disease with the risk of impending hydrops and imminent fetal 
death (within 7 to 10 days) with 98% accuracy.8 The presence 
of contaminating meconium, blood, or the porphyrin-containing 
breakdown products of red blood cells interferes with the analysis 
in approximately 10% of cases but can be remedied with chloro-
form extraction of the amniotic fluid, reducing this rate to 1%.86 
Amniotic fluid analysis may also be affected by fetal conditions 
other than hemolytic disease, such as congenital hepatitis, and 
maternal diseases, such as sickle cell anemia.

In most cases, Liley’s method accurately reflects the severity 
of HDF due to anti-D after 27 weeks’ gestation. Extrapolating 
Liley curves for gestation ages earlier than 27 weeks has been 
used to manage alloimmunized pregnancies in the second trimes-
ter, but this approach has been shown to be unreliable in some 
studies.86–89 Queenan et al. developed a modified DOD450 curve 
for this situation, by evaluating amniotic fluid in 520 unaffected 

Figure 30.3. Kleihauer-Bethke acid elution for fetal hemoglobin (Hb). Cord blood was 
mixed with blood from a healthy adult to simulate fetal–maternal hemorrhage, and a Kleihauer-
Bethke was performed. Red blood cells containing HbF are deeply stained red; red blood cells 
containing HbA appear as pale pink ghosts.
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Figure 30.4. Liley graph and management zones for alloimmunized pregnancies, 
based on amniotic fluid increase in optical density at 450 nm (DOD450) determina-
tion. Patients in zone I or low zone II are allowed to proceed to term, patients in the middle of 
zone II can progress to 36 to 38 weeks of gestation in most cases; patients in zone III or with 
a rising value in the upper part of zone II should be delivered or the fetus should receive intra-
uterine blood transfusion, depending on gestational age. (Reprinted from Liley AW. Liquor amnii 
analysis in management of pregnancy complicated by rhesus sensitization. Am J Obstet Gynecol 
1961;82:1359–1370. Copyright ©1961, with permission from Elsevier.)
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pregnancies from 14 to 40 weeks’ gestation and in 75 D-immunized 
pregnancies to develop four zones to guide management decisions 
in the second trimester (Fig. 30.5).89 The upper two zones repre-
sent the infants at greatest risk in the Rh-positive (affected) zone 
and the intrauterine death zone. Analyzing the trends in the four 
zones was successfully used to manage pregnancies complicated 
by alloimmunization to the D antigen as well as the simultaneous 
presence of multiple blood group antibodies.89,90 The controversy 
over appropriate management of second-trimester alloimmunized 
pregnancies spurred development of alternate management strat-
egies that relied solely on fetal blood sampling that was, in turn, 
met with resistance because of the risks associated with cordocen-
tesis.91,92 The increasing use of Doppler ultrasonography to moni-
tor alloimmunized pregnancies has largely quenched this debate, 
and most centers have implemented a less invasive strategy for 
management of alloimmunized pregnancies, reserving fetal blood 
sampling for patients with elevated ∆OD450 values or elevated 
peak middle cerebral artery (MCA) Doppler velocities.32

Noninvasive Fetal Monitoring
An important advance in the management of alloimmunized 
pregnancies has been the use of ultrasonography to predict the 
severity of anemia. Ultrasonography can accurately establish 
gestational age and evaluate fetal development, and can detect 
signs of hydrops fetalis, by the presence of extracellular fluid in 
two body compartments. Ascites is often the first sign of hydrops, 
and other sonographic signs of severe or worsening fetal ane-
mia include increases in the size of the fetal liver or spleen, an 
increase in placental thickness, the presence of effusions or poly-
hydramnios, visualization of both sides of the fetal bowel, and 
abnormalities of pulsed Doppler flow velocity waveforms in fetal 
vessels.93

The increase in blood flow velocity that occurs with anemia 
can be measured by Doppler ultrasonography of the fetal MCA. 
In the largest prospective, multicenter study of 165 fetuses with 
maternal red blood cell alloimmunization (anti-D, -c, -E, or -Fya), 
an increase in peak velocity in the MCA expressed as more than 
1.5 multiples of the median (MoM) had a sensitivity of 88% and a 
specificity of 82% for severe fetal anemia.94 The performance of 
Doppler ultrasonography was better than amniocentesis using the 

Liley curve, but similar to amniocentesis with Queenan’s method. 
Doppler ultrasonography has also been used to manage Kell-
sensitized pregnancies, and is preferred to amniocentesis, which 
is often unreliable when HDF is caused by anti-K1, because these 
antibodies not only cause hemolysis, but also suppress erythro-
poiesis as reflected by falsely reassuring ∆OD450 values in the set-
ting of profound fetal anemia.33 Fetal blood sampling to measure 
fetal hematologic parameters directly is generally undertaken 
after Doppler ultrasonography of the MCA suggests the presence 
of severe or worsening fetal anemia.

Fetal Blood Sampling
Fetal blood sampling (percutaneous umbilical blood sampling, 
cordocentesis) provides direct access to the fetal circulation for 
laboratory measurements and transfusion.95 With ultrasono-
graphic guidance, a needle (22- or 20-gauge spinal needle) can 
be introduced into an umbilical vessel as it enters the placenta 
or, rarely, at other points in its course. Fetal blood sampling per-
mits direct measurement of HbF, hematocrit, reticulocyte count, 
and bilirubin, and normal values for these variables have been 
determined for fetuses from 15 weeks’ gestational age onward. In 
addition, the fetal blood cells can be typed for the antigen in ques-
tion, and, if positive, the presence of the corresponding maternal 
red blood cell antibody on the surface of fetal red blood cells can 
be assessed by the direct antiglobulin test.

The risk of fetal loss is generally greater with cordocentesis 
(1.0% to 2.7%)95,96,97 than amniocentesis (0.3%),73 but their com-
parative risk has not been systematically evaluated. As experience 
with these invasive procedures increases at an institution, the 
risk of procedure-related morbidity and mortality decreases. Both 
amniocentesis and cordocentesis may cause FMH with conse-
quent increases in maternal antibody titers that could potentially 
accelerate the course of HDF. Other complications of fetal blood 
sampling include fetal bradycardia, chorioamnionitis, placenta 
trauma, infection, cord hematoma, thrombosis, bleeding from the 
puncture site, and rupture of the membranes.97

Laboratory testing of Newborn Infants
Infants born to women with potentially significant red blood cell 
antibodies or those demonstrating clinical signs of hemolytic 
disease despite a negative maternal antibody screen should have 
their ABO and D blood type determined and a direct antiglobu-
lin test (DAT) performed at birth.61 Anti-A and anti-B are not 
detected in the antibody screen because the reagent red blood 
cells are type O but can be detected in an indirect antiglobulin 
test using reagent group A or B red blood cells. The DAT involves 
mixing cord red blood cells directly with antihuman globulin (anti-
IgG) and observing for visible agglutination, which reveals the 
presence of maternal antibodies on the surface of the newborn’s 
red blood cells.41 A negative DAT does not exclude the possibil-
ity of immune-mediated hemolytic anemia and may reflect a low 
surface concentration on fetal red blood cells or low avidity of 
the offending antibody under the reaction conditions. In many 
cases, maternal antibody may be concentrated by elution from 
the surface of the fetal cells, facilitating its detection. If HDN is still 
suspected in the absence of both ABO incompatibility and detect-
able maternal antibody, the maternal serum or an eluate prepared 
from the infant’s red blood cells can be tested against the biologic 
father’s red blood cells.41 This procedure may detect a maternal 
antibody directed against a low-incidence red blood cell antigen 
that has been associated with severe HDN in rare cases, such as 
anti-Wra (Wright), but is not represented on most red blood cell 
panels used for antibody identification.41,61

AABB does not endorse routine immunohematologic testing 
of infants in the absence of clinically significant maternal anti-
bodies or without a clinical suspicion of HDN.61 Despite these 
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recommendations, some institutions continue to perform ABO/D 
typing and DATs on all newborn infants; others perform selective 
testing for infants born to group O mothers. The latter strategy is 
intended to identify infants at risk of ABO HDN, whose hospital 
discharge may be planned at <24 hours, but it has been criticized 
because all newborn infants should be monitored for jaundice 
during the first weeks of life.61

Jaundice is the visible manifestation of increased serum bili-
rubin concentration, and it becomes apparent when levels exceed 
5 mg/dl. Laboratory detection of total, direct (conjugated), and 
indirect (unconjugated) bilirubin provides important diagnostic 
information regarding the cause of the jaundice (Table 30.5). In 
immune-mediated hemolytic disease, the total serum bilirubin 
concentration may be routinely assayed to guide clinical man-
agement, because it is almost entirely unconjugated (indirect) 
bilirubin. Under investigation are transcutaneous bilirubin mea-
surements as well as measurements of unbound bilirubin, such 
as the bilirubin-to-albumin ratio, serum-free bilirubin, bilirubin 
reserve binding capacity, bilirubin saturation index, and other 
signs of elevated bilirubin production such as the carboxyhemo-
globin level and exhaled carbon monoxide levels. These tests may 
be used in addition to, but not in lieu of, total serum bilirubin in 
managing infants with immune-mediated hemolytic anemia.

Prevention of maternal D 
alloimmunization witH rH 
immune globulin
RhIG prophylaxis is an international standard in obstetric 
care.40 Although the efficacy of RhIG in preventing alloimmuni-
zation to the D antigen is unequivocal, the mechanism by which 
it inhibits the primary immune response is not entirely known. 
Immune-mediated immunosuppression by passively transferred 
anti-D antibodies may occur in part by rapid macrophage-medi-
ated clearance of anti-D coated red blood cells in the red pulp of 
the spleen.98,99 RhIG, however, does not result in complete clear-
ance of fetal red blood cells but is effective even though fetal red 
blood cells persist in the maternal circulation.98 Similarly, the 
theory that administered RhIG blocks the antigenic stimulus by 
coating D-positive red blood cells (i.e., epitope masking) is not 
supported by the fact that immunosuppressive doses of RhIG 
bind only to a small fraction of the available antigen sites on 
red blood cells.98

RhIG most likely prevents alloimmunization to the D antigen 
both by rapid clearance of anti-D coated red blood cells by mac-
rophages in the red pulp of the spleen and by down-regulation of 
immune response, which blocks antibody production by B  cells 
before development of the anti-D response occurs.99 The two 
molecular interactions responsible for B-cell inhibition occur 
between the B-cell receptor (membrane IgG) and the D antigen 
on the red blood cell and between the B-cell Fcg receptor and 
the Fc portion of the bound anti-D on the red blood cell surface. 
In a primary immune response, naive B cells are stimulated to 
produce antibody when B-cell receptors alone are activated by 
antigen (Fig. 30.6A). In the presence of RhIG, this signal is over-
ridden, and apoptosis occurs when Fc receptors are simultane-
ously aggregated in the complex by their association with the 
red-blood-cell–bound anti-D antibodies (Fig. 30.6B). Memory B 
cells differ from naive B cells in that they can be activated to 
produce antibody even in the presence of pre-existing antibodies. 
This model is consistent with the observation that RhIG prevents 
the primary immune response, and is not effective for prevent-
ing a secondary or anamnestic immune response in a previously 
sensitized woman.

Interestingly, immune suppression to the D antigen can be 
induced not only by anti-D, but also by other passively transferred 
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Figure 30.6. Mechanisms of anti-D immune globulin (rhig) immune prophylaxis.  A: 
Alloimmunization. Activation of naive B-cells in a D-negative individual occurs with exposure to 
D-positive red blood cells through interaction of the B-cell receptor (surface immunoglobulin) 
and D antigen. B: RhIG immune suppression. Inhibition of B-cells is mediated by passively trans-
ferred anti-D (RhIG), which cross-links the B-cell receptor and Fcg receptor (FcgRII). C: Specific-
ity of immune suppression. Inhibition of B-cells from a D-negative, K1-negative individual occurs 
despite exposure to D-positive, K1-positive red blood cells with the administration of anti-K1, in 
lieu of RhIG, through formation of the same receptor configuration as in (B) (i.e., cross-linking 
the FcgRII receptor and B-cell receptor for the D antigen). D: Fc-receptor–independent pathways 
for RhIG immune suppression. Inhibition or apoptosis of B cells may occur through interaction 
between the Fc portion of anti-D antibodies (RhIG) and immune complex formation on the sur-
face of D-positive red blood cells. TGF, transforming growth factor.

antibodies to a co-expressed blood group antigen, as long as the 
Fcg receptor is complexed with the B-cell receptor and the antigen 
(Fig. 30.6C). This phenomenon of co-inhibition was supported by 
the observation that passively administered anti-K1 IgG antibodies 
suppressed anti-D antibody formation in D-negative/K1-negative 
human subjects given D-positive/K1-positive red blood cells.100 
Finally, animal models of antibody-mediated immune suppression 
suggest the existence of Fc-receptor–independent pathways.98 
For example, RhIG may bind and localize factors to the B cell 
that inhibit antibody production and induce apoptosis, such as 
transforming growth factor-b (Fig. 30.6D). The immune response 
is regulated by cellular (e.g., dendritic cells) and soluble mediators 
(e.g., cytokines), which affect the potential for immunogenicity 
or tolerance. Down-regulation of immature dendritic cells may 
also prevent development of the primary immune response after 
RhIG administration. A role for immunomodulatory cytokines was 
suggested by Branch et al., who reported an increased plasma 
concentration of two anti-inflammatory cytokines, TGF-b and 
prostaglandin E2 (PGE2), in D-negative women after antenatal 
administration of 300 mg of RhIG.101 TGF-b is a powerful negative 
modulator of immune responses, and the finding that the cytokine 
is elevated after RhIG administration is consistent with a role in 
the prevention of the primary immune response to D fetal red 
blood cells.99,101
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rh Immune Globulin Viral Safety record
All commercially available RhIG products approved for clinical 
use are polyclonal anti-D preparations derived from the plasma 
of immunized human donors (Table 30.6). Subsequent to the real-
ization in the 1980s that human immunodeficiency virus (HIV) 
could be transmitted through blood product transfusion was the 
demonstration that the Cohn-Oncley fractionation process used 
for producing some of the RhIG formulations (e.g., RhoGAM) 
effectively partitioned and inactivated HIV. To further improve 
the safety of plasma derivatives, a serologic test to screen plasma 
donors for HIV was first implemented in 1985; a serologic test for 
hepatitis C virus (HCV) was introduced in 1991; and nucleic acid 
testing for both HIV and HCV was added to the repertoire in 2000. 
As a further precaution, specific viral removal steps, such as size-
exclusion filtration (e.g., RhoGAM), or viral inactivation methods, 
such as solvent–detergent treatment (e.g., Rhophylac), have been 
added to the manufacturing process (Table 30.6). Despite these 
measures, every RhIG product derived from human plasma car-
ries the warning that the potential for disease transmission has 
not been eliminated.

More than 500,000 doses of RhIG are given to an estimated 
350,000 women each year, and no cases of hepatitis or HIV trans-
mission attributed to RhIG have been documented in the United 
States.102,103 In Ireland and the former East Germany, however, 
hepatitis C was transmitted to several hundred women by differ-
ent batches of contaminated intravenous RhIG in the late 1970s, 
before the introduction of routine donor screening for anti-HCV 
antibodies in 1991.104 In 1994, HCV RNA was also detected in 
batches of RhIG manufactured in Ireland between 1991 and 1994, 
and a single donor was implicated in contributing the infectious 
plasma to the pool.104 A large-scale retrospective investigation 
screened more than 19,000 recipients of anti-D in this timeframe 
and identified 19 women with the same strain of HCV as the 
implicated donor.104

HCV transmission was linked in 1993 and 1994 to two 
brands of intravenous immune globulin (IVIG) (Gammagard and 
Polygam), and these infections were the impetus for introducing 

viral inactivation steps for all plasma derivatives, including 
RhIG. No cases of viral transmission have been documented 
in the United States to any plasma derivative since 1995.105a 
Another precautionary step recently taken in the United 
Kingdom is the importation of all source plasma for anti-D 
products from the United States, in light of a potential risk of 
transmission of variant Creutzfeldt-Jacob disease from plasma 
collected in Europe.40 Four cases of human variant Creutzfeldt-
Jacob disease transmission have been attributed to red blood 
cell transfusion to date, all in the United Kingdom.105b To 
decrease the reliance on human plasma, monoclonal antibodies 
directed against D antigen epitopes have been developed with 
recombinant technology and appear to compare favorably to 
RhIG in preventing D alloimmunization but are not commer-
cially available.106a Rozrolimupab, a mixture of 25 different fully 
human recombinant anti-D monoclonal antibodies, is currently 
in clinical testing.106b

rhIG Dosage and administration
The effective dose of RhIG to prevent sensitization (20 mg/ml 
D-positive red blood cells) was determined experimentally 
by challenging D-negative male volunteers with incompatible 
blood.107 Dosage formulations of different preparations of RhIG 
are based on this conversion, with the “standard” 300 mg (1,500 
IU) sufficient to protect against FMH of 15 ml D-positive red 
blood cells (30 ml fetal whole blood) (Table 30.6).80 The intra-
venous preparation (WinRho) is used more often for treating 
immune thrombocytopenia (ITP) than for preventing D alloim-
munization, but it is effective for both indications. Dosage adjust-
ments must be made for FMH that exceeds the volume covered 
by a dose of RhIG41:

•	 Multiply the percentage of fetal cells in maternal circula-
tion (expressed as a fraction) by the maternal blood volume 
(approximately 5,000 ml) to determine the volume (ml) fetal 
whole blood in the maternal circulation (Kleihauer-Betke result 
of 1.4%: 0.014 × 5,000 ml = 70 ml fetal whole blood).

Route of Administration/
Brand Name Manufacturer

Fractionation and 
Viral Inactivation Dose

Coverage of 
D-Positive Red Blood 
Cells (Whole Blood) Labeled Indications

IM

RhoGAM
MicRhoGAM

Ortho-Clinical 
Diagnostics, Raritan, 
NJ

Cold alcohol fraction-
ation; size-exclusion 
filtrationa

300 mg (1,500 IU)
50 mg (250 IU)

15 ml (30 ml)
2.5 ml (5 ml)

Pregnancy/obstetric; 
D-incompatible transfusion

BayRho-D full dose
BayRho-D mini dose

Bayer Biological, 
Elkhart, IN

Cold ethanol frac-
tionation; solvent–
detergent and heat 
treatmentb

300 mg (1,500 IU)
50 mg (250 IU)

15 ml (30 ml)
2.5 ml (5 ml)

Pregnancy/obstetric; 
D-incompatible transfusion

IV or IM

WinRho SDF Cangene Corporation, 
Winnipeg, Canada; 
distributed by Nabi, 
Boca Raton, FL

Ion exchange chro-
matography; solvent–
detergent and filtration

120 mg (600 IU)
300 mg (1,500 IU)
1,000 mg (5,000 
IU)

6 ml (12 ml)
15 ml (30 ml)
Not for obstetric use

Pregnancy/obstetric; 
D-incompatible transfusion; 
immune thrombocytopenia 
(ITP)

Rhophylac CSL Behring LLC, 
Kankakee, IL

Ion exchange chro-
matography; solvent–
detergent and filtrationc

300 mg (1,500 IU) 15 ml (30 ml) Pregnancy/obstetric; 
D-incompatible transfusion; 
immune thrombocytopenia 
(ITP)

aFiltration reduces levels of enveloped (e.g., hepatitis C, hepatitis B, human immunodeficiency virus) and non-lipid–enveloped viruses (e.g., parvovirus, hepatitis A).
bSolvent–detergent and heat treatment removes and inactivates enveloped and nonenveloped viruses.
cSolvent–detergent treatment inactivates enveloped viruses, and filtration removes some non-lipid–enveloped viruses.

aNti-D iMMuNe GlobuliN PRoDuCts available iN tHe uNiteD states iN 2012

taBLe 30.6
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•	 Divide by the volume of D-positive whole blood covered and 
round off by standard convention to determine required num-
ber of 300-mg vials of RhIG (70 ml fetal whole blood ÷ 30 ml 
whole blood per 300-mg vial = 2.3 vials).

Given the inherent imprecision in calculating FMH with the 
Kleihauer-Betke test, some American authorities advocate admin-
istering one additional vial of RhIG than this calculated dose to 
ensure administration of sufficient RhIG.41,80 For example, if the 
number of vials is calculated to be 2.3, round off to 2.0 vials, but 
administer 3.0 vials. If the number of vials is calculated to be 2.5, 
round off to 3.0 vials, but administer 4.0 vials.41

RhIG is indicated for antenatal and post-natal prophylaxis 
as well as any clinical situation in which FMH is demonstrated 
or suspected in D-negative pregnant women. RhIG may also be 
administered to D-negative women of childbearing potential who 
inadvertently or unavoidably receive incompatible D-positive red 
blood cells or cellular components (e.g., platelets) prepared from 
D-positive whole blood in an attempt to prevent D alloimmuniza-
tion.108 RhIG should not be administered to infants or to the fol-
lowing pregnant women41,80:

•	 A D-negative woman whose infant is D-negative
•	 Any D-positive woman, including women with known weak 

D phenotype
•	 A D-negative woman known to be immunized to D

Although the appropriate dose of RhIG to administer was deter-
mined experimentally in red blood cell challenge experiments, the 
dosing interval of <72 hours after exposure was an arbitrary 
decision in early clinical trials but has been universally adopted. 
RhIG has been shown to be effective if administered 13  days, 
and possibly as late as 28 days, after exposure to D-positive red 
blood cells.109 Consequently, RhIG should be administered within 
72  hours of potentially sensitizing events, but it should still be 
given if this interval is exceeded, as soon as the oversight is rec-
ognized. Depending on the administered dose and sensitivity of 
the laboratory tests, RhIG is detectable in maternal circulation 
for up to 6 months, with an average half-life of approximately 24 
days. Cases of D alloimmunization in post-date pregnancies have 
been reported when delivery occurred more than 12 weeks after 
the antenatal dose of RhIG, although the residual circulating RhIG 
after the standard antenatal dose of 300 mg should still protect 
against 1 to 2 ml of D-positive fetal red blood cells at 40 weeks.24

Serious adverse reactions to RhIG are extremely rare but 
include anaphylaxis in IgA-deficient individuals. More com-
monly, mild to moderate discomfort may occur at the site of 
intramuscular injection. Products labeled only for intramuscular 
injection must not be given intravenously, because they may 
contain immune complexes that could activate circulating comple-
ment proteins and subsequently cause a systemic inflammatory 
response. The anti-D antibodies in RhIG preparations can cross 
the placenta and bind to fetal cells but do not cause significant 
hemolysis.110 Although the possible effects on infants were not 
consistently examined in previous clinical trials of RhIG, no short-
term or long-term detriment to infants whose mothers received 
RhIG during pregnancy has been demonstrated.111

rh Immune Globulin Immunoprophylaxis 
Guidelines in Different Countries
ACOG recommends an antenatal RhIG dose of 300 mg at 28 weeks 
of gestation for nonsensitized, D-negative women and another 
300 mg after delivery of a D-positive infant, based primarily on 
data reviewed at the 1977 McMaster Conference revealing the 
high success rate associated with this regimen (Table 30.7).16,38 
Current recommendations from the Royal College of Obstetricians 
and Gynaecologists (United Kingdom) differ from those from ACOG 
in that antenatal prophylaxis is given as 100-mg (500-IU) doses at 

Antenatal 300 mg RhIG at 28 weeks’ gestation unless father of 
baby is known to be D-negative

Postpartum 300 mg RhIG after the delivery of a D-positive infant. 
American College of Obstetricians and Gynecologists 
acknowledges American Association of Blood Banks’ 
recommendation for routine FMH screening in this 
situation to identify FMH >15 ml D-positive red blood 
cells requiring larger dose of RhIG.

Abortion 50 mg RhIG in the first trimester; 300 mg RhIG after 
the first trimester; for induced or spontaneous abor-
tion, ectopic pregnancy

Potentially sensitizing 
events

50 mg RhIG in the first trimester; 300 mg RhIG after 
the first trimester. This includes chorionic villus sam-
pling, amniocentesis, and fetal blood sampling. RhIG 
should be considered in cases of threatened abortion, 
second- or third-trimester antenatal bleeding, external 
cephalic version, and abdominal trauma.

FMH, fetal-maternal hemorrhage.
Data from Crowther C, Middleton P. Anti-D administration after childbirth for preventing 
Rhesus alloimmunization. Cochrane Database Syst Rev. 2000;(2):CD000021; Lee D, 
Rawlinson VI. Multicentre trial of antepartum low dose anti-D immunoglobulin. Transfus 
Med 1995;5:15–19; and Hensleigh PA. Preventing rhesus isoimmunization: antepartum 
Rh immune globulin prophylaxis versus a sensitive test for risk identification. Am J Obstet 
Gynecol 1983;146:749–755.

ReCoMMeNDatioNs FoR PRoPHylaCtiC aNti-D iMMuNe 
GlobuliN (RHiG) aDMiNistRatioN to D-NeGative 
WoMeN WitHout aNti-D WitHiN 72 HouRs oF DeliveRy, 
aboRtioN, oR eveNt

taBLe 30.7

both 28 weeks and 34 weeks of gestation, and another 100 mg 
(500 IU) is given after delivery of a D-positive infant.39 Compared 
to the American strategy, the British approach achieves similar 
low rates of alloimmunization with less RhIG [300 mg (1,500 IU) 
vs. 600 mg (3,000 IU)].39,40 This approach also avoids the risk of 
alloimmunization if delivery occurs more than 12 weeks after 
administration of the antenatal dose.24 A potential drawback, 
however, is the additional clinic visit required for the third injec-
tion at 34 weeks of gestation. Routine antenatal prophylaxis has 
not been implemented in all countries40; other differences in 
practices include indications and methods for  testing for FMH, 
availability of noninvasive pre-natal diagnosis for D, and testing 
D-negative women for weak D to determine eligibility for RhIG.40

All international medical authorities, however, emphasize the 
importance of recognizing potentially sensitizing events and appro-
priately administering RhIG after amniocentesis, chorionic villus 
sampling, percutaneous umbilical blood sampling, and obstetric 
complications, including abdominal trauma,  manual  removal of 
placenta, and antepartum vaginal bleeding (Table 30.2).38,39,40 
Smaller doses of anti-D immune globulin can be administered 
after first-trimester events and procedures, because of the small 
total red blood cell mass of the fetus before 12 weeks’ gestation. 
Consequently, ACOG recommends 50 mg to protect against sen-
sitization by 2.5 ml of red blood cells in the first trimester (≤13 
weeks’ gestation) and the standard 300-mg dose after 12 weeks.

Unfortunately, the sensitization rate among D-negative women 
is higher than theoretically achievable rates, suggesting a failure 
to follow recommended prophylactic regimens.29 Although post-
partum doses were almost always administered, anti-D immune 
globulin was less consistently administered after abortion (88% to 
94%), antepartum hemorrhage (31%), and amniocentesis (14%) in 
a 1985 study.112 Deficiencies were noted as recently as 1994 in a 
series of more than 900 women in which RhIG administration fol-
lowed only 60% of invasive procedures or other events associated 
with FMH.113 Ongoing vigilance in public health care is required 
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to ensure effective use of RhIG given the potential severity of 
HDFN due to D alloimmunization.

management of reD blooD cell 
alloimmunization in Pregnancy
Management of red blood cell alloimmunization depends first on 
whether the woman has had one or more pregnancies, because 
HDFN is usually mild in a first pregnancy but likely to increase 
in severity in subsequent pregnancies. Although an obstetrician 
may provide routine pre-natal care to an alloimmunized pregnant 
woman in her first pregnancy and follow antibody titers, perform 
serial ultrasounds, and initiate amniotic fluid studies (if needed), 
referral to specialty centers experienced in Doppler ultrasonogra-
phy and intrauterine transfusion is recommended by fetal–maternal 
specialists for optimal clinical management.32,94

Certain red blood cell antibodies are far more often implicated 
in cases of alloimmune fetal hydrops (e.g., anti-D, -c, -Kl, and 
-Fya) than others (e.g., anti-E and anti-M).32,58,114 Other IgG red 
blood cell antibodies have demonstrated the potential in rare 
cases to cause severe fetal anemia or life-threatening HDN (Table 
30.3), and still more IgG red blood cell antibodies have been 
reported to cause mild HDN. Although anecdotal reporting intro-
duces bias toward the most severe cases, the previous behavior 
of non-D antibodies in sensitized pregnancies influences clinical 
management. If the antibody screen at the initial obstetric visit 
detects the presence of anti-D or other potentially significant red 
blood cell alloantibodies, additional monitoring is necessary dur-
ing the pregnancy, and pre-natal intervention may be required. 
An algorithm for clinical management of a patient with red blood 
cell sensitization in a first affected pregnancy contains decision 
points based on maternal antibody titer, paternal phenotype, and 
serial fetal MCA Doppler or serial amniocentesis beginning at 
24 weeks’ gestation32 (Fig. 30.7). If the fetus is suspected to be 
antigen positive, and MCA Doppler reaches 1.5 MoM or greater, 
cordocentesis should be performed at an experienced referral 
center, and blood should be available for intrauterine transfusion 
if the fetal hematocrit is found to be <30%.32 If serial amniocen-
tesis is performed instead of MCA Doppler, ∆OD450 values rising 
into the upper portion of the Rh-positive, affected zone of the 
Queenan curve (Fig. 30.5) or the 80th percentile of zone 2 of the 
Liley curve (Fig. 30.4) should trigger fetal blood sampling, with 
preparation for intrauterine transfusion if necessary.32 Women 
with significant red blood cell alloantibodies who have had a 
prior affected pregnancy, involving either intrauterine transfu-
sion or neonatal exchange transfusion, should be referred to a 
tertiary care center experienced in the management of severe 
HDFN. Maternal antibody titers are not indicated because they 
do not predict the degree of fetal anemia. Amniocentesis can be 
performed at 15 weeks’ gestation to determine fetal antigen sta-
tus for patients with a history of a severely affected fetus. Serial 
MCA Doppler assessment has been recommended starting at 18 
weeks’ gestation with repeated assessments every 1 to 2 weeks.32 
Alternatively, serial amniocentesis for measurement of ∆OD450 
against the Queenan curves can begin at 18 weeks’ gestation. 
Subsequent management decisions follow the same algorithm for 
a first affected pregnancy (Fig. 30.7).32

Intrauterine Fetal transfusion
Intrauterine transfusion is performed to alleviate symptoms and 
extend gestation until the developing infant is mature enough to 
survive after delivery. Generally indicated if the fetal hematocrit 
falls below 30%, intrauterine transfusion can be given as early as 
17 weeks’ gestation by the intraperitoneal route and at approxi-
mately 20 weeks by the intravascular route.114,115 The only access 
before 17 weeks’ gestation, the intracardiac route, is only an 

option in extreme circumstances, and most transfusions are given 
after 20 weeks by the intravascular or intraperitoneal routes.115

Intraperitoneal transfusions are given by injecting blood 
into the abdominal cavity of the fetus, which is then absorbed 
into the fetal circulation by the subdiaphragmatic lymphatic 
system.115 The presence of ascites, however, interferes with 
absorption, limiting the benefit to the most severely affected 
infants. Intravascular transfusion directly into the fetal circulation 
has largely supplanted the intraperitoneal method. The obvious 
advantage of the intravascular approach was the potential benefit 
offered to infants with hydrops and the ability to directly evalu-
ate hematologic parameters after the transfusion.115,116,117 A 
combined approach using both intravascular and intraperitoneal 
transfusion may produce more stable hematocrits and permit 
longer intervals between transfusions.116,117

The red blood cell volume to administer to a fetus during an 
intrauterine transfusion depends on the technique, the initial 
hematocrit, the target hematocrit, and the gestational age.41 For 
intraperitoneal transfusion, the volume of red blood cells is calcu-
lated by the following equation, which assumes the hematocrit of 
the donor red blood cell unit is approximately 75%: (gestational 
age in weeks = 20) × 10 ml.114 In a nonhydropic fetus, the rate 
of absorption is approximately 10% to 15% per 24 hours.114 
Intravascular intrauterine transfusions are usually given as sim-
ple transfusions of small aliquots of red blood cells ranging in vol-
ume from 50 to 100 ml, and not as exchange transfusions, due to 
the technical complexity of the latter. Several equations have been 
developed to calculate the dose of red blood cells to transfuse for 
intravascular transfusion, including the following method41,118:

 1. Calculate the fetoplacental volume (ml): Ultrasound estimated 
fetal weight (g) × 0.14.

 2. Calculate the volume to transfuse (ml): Fetoplacental volume 
× [(desired hematocrit — pretransfusion hematocrit) ÷ donor 
unit hematocrit]

The red blood cells used for intrauterine transfusion should 
be type O, D-negative, and antigen-negative if other clinically 
significant maternal alloantibodies are present, and they should 
be crossmatched against maternal serum. If antigen-negative red 
blood cells are needed but cannot be located, maternal red blood 
cells can be transfused to the infant if ABO/Rh compatible and 
after reducing the amount of antibody-containing plasma.119 All 
red blood cell units for intrauterine transfusion should also be col-
lected from cytomegalovirus (CMV)-seronegative donors or leuko-
cyte-reduced to reduce the risk of CMV transmission, should lack 
hemoglobin S as a precaution against the potential for red blood 
cell sickling in hypoxic tissue beds, and should be g-irradiated to 
prevent transfusion-associated graft-versus-host disease.41

Fetal blood is usually aspirated at the conclusion of intravas-
cular transfusions to determine the final hematocrit and adequacy 
of the treatment. The goal of transfusions is usually to keep the 
fetal hematocrit around 27% to 30%.41,114 Based on the associa-
tion of increased umbilical cord venous pressure and mortality 
after transfusion, some authors recommend that in a severely 
anemic fetus, the final hematocrit after intravascular transfusion 
should not exceed a value of 25% or a fourfold increase from the 
pre-transfusion value.120 Repeat transfusions are planned, based 
on an approximate 1% decline per day in hematocrit after intra-
vascular transfusion.41 Ongoing brisk hemolysis of fetal cells with 
severe disease often necessitates a shorter interval between the 
first and second transfusion, usually 7 to 14 days, compared to 
subsequent transfusions, usually 21 to 28 days.114

Complications of intrauterine transfusions in general include 
infection, premature rupture of membranes, premature labor, 
fetal hemorrhage, FMH resulting in increased maternal antibody 
titers and accelerated course of fetal hemolytic disease, and the 
risks of allogeneic blood components including virus transmission 
and graft-versus-host disease.115 The risk of virus transmission 
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Figure 30.7. Algorithm for clinical management of a patient with red blood cell sensitization. Maternal titers are performed for a first affected preg-
nancy (shaded boxes). If a woman has a history of a previously affected fetus or infant, maternal antibody titers are not predictive of degree of fetal anemia and the 
patient should be referred to a tertiary care center for early intervention to determine fetal antigen status and initiate middle cerebral artery (MCA) Doppler assess-
ment. MoMs, multiples of the median; ∆OD450, optical density at 450 nm. (Modified from Moise KJ. Red blood cell alloimmunization in pregnancy. Semin Hematol 
2005;42:169–178, with permission from Elsevier.)

with blood collected from repeat donors in the United States is 
currently estimated as 1 in 200,000–500,000 units for hepatitis 
B; 1 in 1,390,000 units for hepatitis C; and <1 in 2,000,000 
units for HIV.121a,121b,121c The risk of physical injury during 
intrauterine transfusion, such as damage to fetal viscera with 

the intraperitoneal approach or umbilical cord damage with 
the intravascular approach, is minimized with the use of para-
lytic agents (i.e., vecuronium) to reduce fetal movement during 
intrauterine transfusions.114,115 The procedure-related risk of 
fetal loss with intravascular transfusion is estimated as 4% to 
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9%.114 Complications of intravascular transfusion, not previously 
reported with intraperitoneal transfusion, include umbilical cord 
hematoma, fetal bradycardia, and porencephalic cysts.114,115 
The procedure-related risks of intrauterine transfusion must be 
weighed against the risks of pre-term delivery and prematurity, 
and transfusions are rarely performed after completion of 34 
gestational weeks.114

Investigational Strategies to prevent or treat 
hemolytic Disease of the Fetus and Newborn
Investigational treatment strategies for HDF aim to modulate 
the maternal immune response and delay or avert the need for 
intrauterine transfusion by administering pre-natal IVIG or per-
forming therapeutic plasma exchange. Results with therapeutic 
plasma exchange in red blood cell alloimmunized pregnancies 
are variable, and in many cases, the maternal anti-D titer was not 
affected or rebounded to even higher levels after treatment.122 
Pre-natal intravenous IVIG administration, to either the mother 
or fetus, is not efficacious and is not recommended for routine 
use for management of HDF.123 For an alloimmunized woman 
with multiple fetal losses facing her reproduction options with 
a man heterozygous for the implicated blood group antigen, 
pre-implantation diagnosis after in vitro fertilization may pro-
vide a means to identify antigen-negative embryos.124 Another 
investigational approach proposes to immunize these high-risk 
women against paternal HLA antigens before conception, citing 
the apparent mitigating effect of HLA antibodies on HDFN caused 
by anti-D.51 Research to suppress selectively the maternal B cells 
that produce red blood cell alloantibodies is ongoing.114 Finally, 
recombinant human antibodies directed against D antigen epit-
opes are being tested to decrease the reliance on human plasma 
for Rh immunoprophylaxis.106a,106b

treatment of tHe newborn 
infant
The therapeutic approach to anemia and jaundice after birth due 
to HDFN depends on the gestational age at delivery, severity of 
disease, and other factors.125,126 Treatment of each affected infant 
must be individualized after a detailed history, physical examina-
tion, and laboratory investigation. An infant born with hydrops 
requires intensive and immediate supportive care. A thorough 
physical examination may reveal findings of pallor, tachycardia, 
and tachypnea, which reflect neonatal anemia. The infant must 
be monitored for worsening jaundice and neurologic findings of 
bilirubin toxicity. In contrast to “physiologic” jaundice developing 
on the second or third day of life, early jaundice appearing in the 
first 24 hours of life is always pathologic and may signify hemo-
lysis. Initial laboratory assessment should include ABO/D blood 
typing and a direct antiglobulin test, as well as bilirubin measure-
ment and a complete blood count for assessment of hemoglobin, 
hematocrit, reticulocyte count, and red blood cell morphology 
(polychromasia, spherocytes, and nucleated red blood cells). Early 
erythrocyte precursors and nucleated red blood cells may be 
prominent in the peripheral blood smear with hemolytic disease 
due to anti-D, whereas spherocytes predominate in ABO HDN. 
Serial tests of bilirubin concentration are recommended to follow 
the rate of the rise in bilirubin and to determine the most appro-
priate form of treatment.125 Ongoing hemolysis increases the 
concentration of unconjugated bilirubin; the concentration of con-
jugated bilirubin is usually normal or not >0.5 mg/dl and should 
not be subtracted from the total bilirubin for treatment decisions. 
Conjugated bilirubin above the upper limit of the normal range 
in HDN may indicate mild cholestasis or “inspissated” bile.125 
Infants with jaundice due to immune-mediated hemolysis are 

generally considered at greater risk for bilirubin encephalopathy 
than infants with jaundice due to other causes, at any given serum 
unconjugated bilirubin concentration.125 Acid-base disturbances, 
asphyxia, free heme groups, and other by-products of hemolysis 
may potentiate the toxic effects of bilirubin in infants with allo-
immune hemolysis.125,126 The bilirubin-to-albumin ratio is also 
taken into consideration, because serum bilirubin is transported 
in the plasma tightly bound to albumin and the portion that is 
unbound or loosely bound can more readily leave the intravascu-
lar space and cross the intact blood–brain barrier.

phototherapy
Phototherapy is the first line of treatment for neonatal jaundice 
and can avert the need for an exchange transfusion in infants with 
HDN. Light exposure converts insoluble unconjugated bilirubin 
into a water-soluble photoisomer, permitting more rapid excretion 
through the urine or bile without conjugation. Factors affecting 
optimal phototherapy include the dose of light, its spectral emis-
sion curve, the infant’s exposed surface area, the depth of penetra-
tion of the light, and characteristics of the infant’s skin and tissues. 
The effective wavelength of light for transcutaneous degradation 
of unconjugated bilirubin is in the range of 430 to 490 nm, found 
at high irradiance in blue light.127 Conventional phototherapy 
uses banks of lights, whereas fiberoptic light systems contain 
optical fibers in a blanket or band that is wrapped around the 
infant. The fiberoptic light systems expose greater surface area to 
light, are convenient to use, and are less disruptive to parent–child 
bonding than conventional phototherapy. Double phototherapy 
uses both fiberoptic and conventional phototherapy and lowers 
serum bilirubin faster than conventional phototherapy alone.125C 
Intensive phototherapy implies irradiance in the blue-green spec-
trum (wavelengths of approximately 430 to 490 nm) of at least 30 
mW/cm2 per nm (measured at the infant’s skin directly below the 
center of the phototherapy unit) and delivered to as much of the 
infant’s surface area as possible.126

Clinical practice guidelines from the American Academy of 
Pediatrics (AAP) treat infants with jaundice caused by immune-
mediated hemolysis more aggressively than infants with “physi-
ologic” jaundice, with comparable serum unconjugated bilirubin 
concentration.126 Treatment of jaundiced pre-term infants and 
jaundice on the first day of life in any infant requires individu-
alized treatment decisions. In general, phototherapy should be 
initiated in term infants if bilirubin increases by 0.5 mg/dl/hour 
or more, or if total bilirubin exceeds the established parameters, 
which are determined by gestational age and the presence of risk 
factors such as hemolysis, sepsis, or acidosis. Premature infants 
are treated earlier in the course of disease at lower bilirubin 
concentrations than term infants. Earlier initiation of therapy, at 
lower bilirubin concentrations, may also be clinically indicated 
in other scenarios. For example, infants who required extensive 
pre-natal treatment may be started on optimal phototherapy after 
birth. High-dose IVIG may block binding of antibody-coated red 
blood cells to Fc receptors on reticuloendothelial cells, thereby 
blunting the destruction of red blood cells.126,128 The AAP recom-
mends administration of IVIG (0.5 to 1 g/kg over 2 hours) if the 
total serum bilirubin is rising despite intensive phototherapy or 
the total serum bilirubin level is within 2 to 3 mg/dl (34 to 51 
mmol/L) of the exchange level (Fig. 30.8).

Adverse effects of phototherapy include increased insensible 
water loss, diarrhea, photosensitization, overheating, and hyper-
pigmentation. Because of the potential for retinal damage with 
phototherapy, protective eye devices must be used.127

exchange transfusion
Exchange transfusion is usually needed when phototherapy, 
IVIG, or both fail to adequately decrease bilirubin concentration 
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Figure 30.8. guidelines for exchange transfusion in 
infants 35 weeks or more. B/A, bilirubin to albumin; 
g6PD, glucose-6-phosphate dehydrogenase; TSB, 
total serum bilirubin. (Reproduced with permission from 
American Academy of Pediatrics, Subcommittee on Hyper-
bilirubinemia, “Management of hyperbilirubinemia in the 
newborn infant 35 or more weeks of gestation.” Pediatrics 
2004;114:297–316. Copyright ©2004 by the American 
Academy of Pediatrics.)

or the initial serum bilirubin concentration places the infant at 
high risk for developing kernicterus. Classical criteria for early 
exchange transfusion within 12 hours of birth are a cord bilirubin 
 concentration exceeding 3 to 5 mg/dl for pre-term infants and 5 
to 7 mg/dl for term infants or a rate of rise of 0.5 mg/dl/hour or 
greater.125

Treatment decisions after the first 24 hours for pre-term 
infants are guided by weight, bilirubin concentration, the rate 
of its increase (>0.5 mg/dl/hour), and the presence of comorbid 
factors such as hemolysis, asphyxia, significant lethargy, tempera-
ture instability, sepsis, or acidosis.

For infants at 35 weeks’ or more gestation, exchange trans-
fusion is recommended when the total serum bilirubin rises to 
threshold levels despite intensive phototherapy, based on the 
gestational age and the presence of risk factors (Fig. 30.8).126 It is 
also a clinical option to use the bilirubin-to-albumin ratio together 
with, but not in lieu of, the total serum bilirubin level as an addi-
tional factor in determining the need for exchange transfusion.126 
Immediate exchange transfusion is recommended if infants show 
signs of acute bilirubin encephalopathy (e.g., hypertonia, arching, 
fever, high-pitched cry) or if total serum bilirubin is 25 mg/dl (428 
mmol/L) or higher.126

If exchange transfusion is indicated, a transfusion volume 
approximately twice the infant’s total blood volume (85 ml/
kg × 2 for a term infant; 100 ml/kg × 2 for a pre-term infant) 
is administered incrementally while removing aliquots of the 
infant’s blood over a period of 1 to 2 hours. The procedure either 
involves a push–pull method with a single vascular access or 
an isovolemic method that requires two catheters to allow for 
simultaneous withdrawal and infusion.1,125 The umbilical artery 
is usually used for withdrawing blood, and the umbilical vein is 
usually used for infusion. The isovolemic method may be prefer-
able because mean arterial pressure and cerebral blood volume 
may be more stable than during the single-catheter, push–pull 
method.125 An exchange of approximately two blood volumes 
removes approximately 85% of red blood cells but only approxi-
mately 45% of plasma bilirubin because the latter re-equilibrates 
between intravascular and extravascular spaces. Consequently, 

infants with aggressive hemolytic disease may require more than 
one exchange transfusion before an acceptable bilirubin concen-
tration is achieved.

Red blood cell units chosen for neonatal exchange transfusion 
should be O, Rh negative, or ABO/Rh type specific; should lack the 
blood group antigen implicated in hemolytic disease (e.g., ABO 
hemolytic disease requires the use of type O red blood cells); and 
should be compatible with maternal serum. Maternal serum or 
plasma is usually used in crossmatching red blood cells for infants 
because it contains the implicated antibody in high concentration 
and is available in large quantity. If a maternal sample is not avail-
able, the infant’s plasma or serum can be used for compatibility 
testing; however, the concentration of circulating antibody may be 
low if most is bound to the infant’s red blood cells. In this case, the 
bound antibody can be eluted from the surface of the infant’s red 
blood cells, and the resulting eluate can be used for crossmatch-
ing. Rarely, HDN is due to an antibody to a high- incidence blood 
group antigen present in almost all persons, and no compatible 
units can be identified.41 In this case, maternal blood can be col-
lected and washed to remove incompatible plasma for the infant.

Any blood component collected from biologic relatives must 
be irradiated as a precaution against transfusion-associated 
graft-versus-host disease, as well as blood components trans-
fused to infants who received intrauterine transfusion or who 
are otherwise immunocompromised due to premature birth or 
severe primary immune deficiency. Because of the difficulty in 
identifying all high-risk newborn infants, many transfusion ser-
vices provide g-irradiated blood for all infants until the age of 
4, 6, or 12 months.129 Another common standard of practice is 
the use of either leukocyte-reduced cellular components or units 
selected from CMV-seronegative donors to reduce the risk of 
CMV transmission to newborn infants.129 Most blood banks also 
transfuse only units that lack hemoglobin S to infants to avoid the 
potential for hypoxia-induced sickling in a critically ill infant and 
fresh (<5 to 7 days old) or washed red blood cell units to avoid the 
risk of potassium-mediated cardiac toxicity with large transfusion 
volumes.41,129 To prepare a two-blood volume exchange transfu-
sion, red blood cells should be reconstituted with ABO-compatible 
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plasma to the desired total volume and hematocrit. Albumin infu-
sion before or during exchange in an effort to enhance bilirubin 
removal is controversial.125

Severe reactions related to the neonatal exchange transfu-
sion have been reported in about 5% to 10% of infants, and 
include citrate-related arrhythmias, bleeding caused by dilutional 
coagulopathy or thrombocytopenia, catheter-related infection, 
and bacterial sepsis.126 The mortality rate among term infants 
within 6 hours of exchange transfusion was estimated as 3 to 4 
per 1,000.126 Adverse reactions during the transfusion are more 
often related to the infant’s underlying disease rather than the 
transfusion. In a study involving 331 exchanges given to 190 
infants, there was only one death within 6 hours of an exchange 
transfusion, an infant who was critically ill before the proce-
dure.130 Procedure-related reactions during exchange transfusion 
were noted in <10% of infants (22 of 328) and included transient 
mild bradycardia.130 Other potential complications of neonatal 
exchange transfusion include hypervolemia and volume overload, 
cardiac toxicity due to citrate or hyperkalemia, air emboli or 
thrombosis in the umbilical vein, necrotizing enterocolitis, bleed-
ing due to dilutional coagulopathy or thrombocytopenia, bacterial 
sepsis, or viral transmission, as previously described for fetal 
blood component transfusion.1

transfusion for Late-onset Neonatal anemia
Infants who respond to phototherapy alone or those who receive 
intrauterine transfusion may also require straight red blood 
cell transfusion between 2 and 10 weeks of life due to anemia 
developing as a result of low-grade hemolysis or erythropoietic 
suppression. Maternal antibody persists in the infant’s circulation 
for approximately 6 weeks, and resultant hemolysis is usually 
associated with a marked reticulocytosis. In contrast, the late 
anemia associated with intrauterine transfusion is character-
ized by sustained suppression of erythropoiesis and decreased 
to absent reticulocytes and low erythropoietin concentrations.131 
Erythropoietic suppression also occurs with anti-K1 and anti-D, 
irrespective of intrauterine transfusion.125,132 To counter this late 
hypoproliferative anemia, erythropoietin treatment resulted in 
increased reticulocyte count and hemoglobin concentration and 
avoided the need for transfusion in some infants with HDN.131,132

Infants with circulating red blood cell antibodies should be 
closely monitored for at least 8 to 10 weeks to identify the devel-
opment of late anemia. Hemoglobin concentrations below 7 to 
10 g/dl have been proposed as transfusion “triggers.” In general, 
the decision to transfuse should be guided, most importantly, by 
the infant’s condition, such as lethargy, poor feeding, or failure to 
thrive, rather than the hemoglobin concentration and reticulocyte 
count in isolation.

adjunctive and experimental treatment
Whereas phototherapy and exchange transfusion effectively 
eliminate bilirubin in most infants with HDN, experimental 
strategies are aimed at preventing hyperbilirubinemia by block-
ing its production. Metalloporphyrins are heme analogs that 
block the rate-limiting enzyme, heme oxygenase, in the heme 
metabolic pathway. Tin (Sn)-mesoporphyrin (SnMP) was used to 
treat two infants with severe immune-mediated hyperbilirubi-
nemia after their parents refused exchange transfusion because 
of their religious convictions as Jehovah’s Witnesses.133 In both 
cases, phototherapy failed to achieve adequate control, but SnMP 
effectively halted the progression of hyperbilirubinemia. Without 
such extenuating circumstances, however, the use of SnMP is not 
recommended.125 Other agents investigated as means to decrease 
serum bilirubin include phenobarbital, clofibrate, cholestyramine, 
agar, and charcoal.125 The clinical effectiveness and the potential 
toxicity of these various treatments require further study before 

they can be recommended for treatment of immune-mediated 
hemolytic disease.

clinical outcomes of treatment 
for Hemolytic Disease of tHe 
fetus anD newborn
The survival rate among infants who required intrauterine 
transfusion varies with institution and experience, but infants 
without signs of hydrops have a relatively favorable prognosis. 
A survey of 16 institutions in the United States and Canada involv-
ing 1,087 intrauterine intravascular transfusions given to 389 
fetuses revealed a survival rate of 90% for nonhydropic fetuses 
and 82% in cases of hydrops.114 The degree of hydrops, and not 
merely its presence, is predictive of the outcome of alloimmunized 
pregnancies.134 In 2001, Van Kamp et al. reported that 41 of 
42 fetuses with mild hydrops (98%) survived, compared to only 
21 of 55 fetuses with severe hydrops (55%).134 Hydrops can be 
reversed in 60 to 70% of fetuses after intrauterine transfusion, 
and almost all fetuses with resolved hydrops survived, whereas 
persistent hydrops was more often associated with an unfavor-
able outcome.134 The long-term neurodevelopmental outcome 
of infants successfully treated in utero with red blood cell trans-
fusion compares favorably to other high-risk, very-low-birth-
weight infants.135 The majority of surviving infants who received 
intrauterine transfusion demonstrate normal development and 
neurologic function; <10% exhibit mild to severe developmental 
delays or cerebral palsy (spastic tetraparesis or hemiplegia).135–

137a The  most recent and largest study of neurodevelopmental 
outcome of children treated with intrauterine transfusion for HDF 
to date is the LOTUS study, a national cohort study from Leiden 
University Medical Center, The Netherlands.137b The overall inci-
dence of neurodevelopmental impairment was 4.8% (14 of 291 
children), and the risk factors for neurodevelopmental impair-
ment were the presence of fetal hydrops, the number of intrauter-
ine transfusions, and severe neonatal morbidity.137b

Uncertainties persist regarding the degree and duration of 
hyperbilirubinemia that place an infant at risk for bilirubin 
encephalopathy and kernicterus. In the early 1950s before effec-
tive treatment was available, approximately one half of infants 
with bilirubin concentrations >30 mg/dl developed kernicterus. 
An overall decrease in the incidence of kernicterus has been 
observed, but evidence for the efficacy of current treatment 
for neonatal hyperbilirubinemia and the effect of high levels of 
bilirubin on behavioral and neurodevelopmental outcomes is 
limited.125,138 Recently, a prospective blinded study compared 
140  term and near-term infants with total serum bilirubin lev-
els of 25 mg/dl (428 mmol/L) or more to 419 control subjects 
and found no significant differences between the two groups 
in neurodevelopmental outcomes.139 However, the subgroup of 
infants with hyperbilirubinemia resulting from immune-mediated 
hemolytic disease had lower IQ scores than the control group. 
This study corroborates previous observations that hemolysis 
enhances the risk of bilirubin-induced central nervous system 
injury, and supports the rationale for more aggressive treatment 
of infants with hyperbilirubinemia associated with HDFN than 
other infants with physiologic jaundice.

conclusion
Before discovery of RhIG, HDFN from anti-D was a significant 
cause of perinatal mortality or long-term disability. The incidence 
of D alloimmunization among D-negative women decreased from 
14% to 1 to 2% with the widespread use of postpartum RhIG in 
the late 1960s, and further decreased to 0.1% with the use of 
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routine antenatal RhIG prophylaxis after 1979. Smaller family 
size in recent decades also contributed to the decline in the num-
ber of cases, but HDFN due to anti-D continues to occur at a low 
rate in the United States, which likely reflects inadvertent failure 
to administer RhIG prophylaxis, inadequate pre-natal care, or 
antenatal sensitization prior to RhIG administration at 28 weeks’ 
gestation. Maternal alloimmunization to other red blood cell 
alloantigens in the Rhesus, Kell, or other blood groups currently 
cannot be routinely prevented and also cause HDFN. Advances in 
pre-natal care, noninvasive monitoring, and intrauterine transfu-
sion have improved clinical outcomes to the extent that survival 
rates for nonhydropic fetuses with alloimmune hemolysis cur-
rently approach 90%, and those with hydrops fetalis can be effec-
tively treated in most cases.
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Definition
Although usually classified as a hemolytic anemia, paroxysmal 
nocturnal hemoglobinuria (PNH) is a disease of the hematopoietic 
stem cell. PNH arises as a result of nonmalignant clonal expansion 
of one or several hematopoietic stem cells that have acquired a 
somatic mutation of PIGA (phosphatidylinositol glycan-class A). 
The PIGA gene is located on the X chromosome, and it encodes 
an enzyme that is an essential component of the complex biosyn-
thetic pathway that generates glycosyl phosphatidylinositol (GPI). 
The GPI moiety serves as a membrane anchor for more than 20 
proteins of diverse function that are normally expressed on hema-
topoietic cells. As a consequence of somatic mutation of PIGA, 
progeny of affected stem cells are deficient in all GPI-anchored 
proteins (GPI-APs). Among the GPI-APs normally expressed on 
hematopoietic cells are the complement regulatory proteins CD55 
(decay accelerating factor [DAF]) and CD59 (membrane inhibi-
tor of reactive lysis [MIRL]), and it is the deficiency of these two 
proteins that accounts for the complement-mediated intravascular 
hemolysis that is the primary clinical manifestation of the disease. 
In addition to complement-mediated intravascular hemolysis, an 
element of bone marrow failure is present in all patients, and PNH 
frequently arises in association with a defined bone marrow fail-
ure process, particularly aplastic anemia and, to a lesser extent, 
low-grade myelodysplastic syndrome (MDS). Thrombophilia is a 
major cause of morbidity and mortality in PNH.1

PNH is characterized, in the classic case, by macroscopic 
hemoglobinuria. When intravascular hemolysis occurs at night, 
while the patient is asleep, hemoglobin accumulates in the blad-
der, and the patient becomes alarmed the following morning by 
the startlingly abnormal appearance of the first voided urine. The 
hemoglobinuria is painless and ranges in color from red to brown 
to black. Typically the gross hemoglobinuria resolves during the 
course of the day. In most patients, however, the classic pattern 
is absent at diagnosis. In these patients, the disease is charac-
terized by symptoms of lethargy, malaise, and asthenia, and by 
laboratory evidence of chronic, low-grade intravascular hemolysis 
that may or may not be punctuated by episodes of macroscopic 
hemoglobinuria, usually occurring in association with infection 
or unusual stress such as trauma or surgery. Thrombocytopenia, 
leukopenia, and thrombosis involving unusual sites are other 
notable clinical characteristics of PNH. As cited above, a close 
association exists between PNH and certain bone marrow failure 
syndromes, particularly aplastic anemia, but the basis of this 
association is incompletely understood.

The history of PNH has been chronicled.2,3,4,5 Strübling pub-
lished a remarkable paper on PNH in 1882, clearly recognizing 
the uniqueness of the disease and providing laboratory support 
for his prescient hypothesis on the etiology of nocturnal hemoglo-
binuria (positing that it was caused by the acidosis that resulted 
from carbon dioxide accumulation associated with sleep-related 
hypoventilation). Marchiafava and Nazari (1911) and Micheli 
(1931) subsequently detailed the clinical characteristics of the dis-
ease (in some older literature, PNH is called Marchiafava-Micheli 
syndrome). By 1953, at least 162 cases had been collected. 
Although the advent of flow cytometry has greatly improved 
diagnostic sensitivity and specificity, undoubtedly some cases go 
undiagnosed as the classical signs and symptoms are often absent 
initially. Even today there may be a significant time lapse between 

the onset of clinical symptoms and the correct diagnosis. Failure 
to distinguish hemoglobinuria (when present) from hematuria; 
the rarity of the disease, which limits familiarity with its protean 
clinical manifestation; and the absence of gross hemoglobinuria at 
presentation in many cases are the primary factors that account 
for the delay in diagnosis.

It can be argued that the term paroxysmal nocturnal hemoglo-
binuria is imprecise because it describes only one feature of the 
illness—a feature, moreover, that is found in only one-quarter of 
affected individuals at presentation. Nonetheless, the term has 
been established through long, popular use and consequently is 
part of the essence of the disease.

etiology aND PatHogeNesis

Sensitivity to Complement-mediated Lysis
The chronic intravascular hemolysis that is the clinical hallmark 
of PNH is due to the abnormal sensitivity of the erythrocytes to 
complement-mediated lysis. From 1937 to 1939, Ham and Dingle 
made the seminal observations that connected the hemolysis to 
complement.5 Those studies demonstrated that the abnormal 
cells are hemolyzed when incubated in acidified serum and that 
the hemolysis is complement-dependent. The lysis of the defective 
cells in acidified serum (a process that activates the alternative 
pathway of complement) became the standard technique for the 
diagnosis of PNH; and appropriately, the assay was called Ham’s 
test. Approximately 10 years after the studies of Ham and Dingle, 
cross-transfusion studies confirmed that hemolysis in PNH results 
from an intrinsic abnormality of the red cell. In those studies, 
Dacie reported that normal erythrocytes survive normally in 
patients with PNH, whereas the life span of PNH erythrocytes is 
shortened both in the patient and in a normal recipient. Not all 
PNH red cells are equally sensitive to complement-mediated lysis, 
however, and cohorts of relatively long-lived and very short-lived 
cells can be distinguished in red cell survival studies. Moreover, 
the proportions of complement-sensitive and complement-insen-
sitive cells vary greatly among patients. Generally, the percentage 
of abnormal cells remains stable in an individual patient, although 
there are clearly exceptions. The percentage of markedly com-
plement-sensitive cells correlates with the clinical course of each 
patient with respect to the hemolytic component of the disease 
and perhaps to thrombotic propensity.

A defining feature of PNH is phenotypic mosaicism based on 
sensitivity of the erythrocytes to complement-mediated lysis. This 
remarkable characteristic was first clearly elucidated by Rosse 
and Dacie in 1966,6 and Rosse further refined the analysis in 
1973.7 Using an in vitro test that quantitates the sensitivity of 
erythrocytes to complement-mediated lysis (the complement lysis 
sensitivity assay), three phenotypes of PNH erythrocytes were 
identified (Table 31.1; Figs. 31.1 and 31.2). One of the pheno-
types (designated PNH I) was characterized by normal or near-
normal sensitivity to complement, whereas another phenotype 
(designated PNH III) was 15 to 25 times more susceptible to lysis. 
A third phenotype (PNH II) was of intermediate sensitivity, about 
3  to 5 times more susceptible than normal cells. Most patients 
have a mixture of type I and type III cells, but mosaics of type I, 
type II, and type III, as well as type I and type II, are also observed.

As noted above, the proportion of complement-sensitive and 
-insensitive cells varies greatly among patients. For example, the 
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erythrocytes of one patient (hypothetical patient A) may be com-
prised of 10% PNH III cells and 90% PNH I cells, whereas another 
patient (hypothetical patient B) may have 75% PNH III cells and 
25% PNH I cells. The intensity of the hemolytic component of 
the disease is related to the size of the PNH III population.8 The 
proportions of sensitive and insensitive cells usually remain stable 
for long periods (years to decades); but population shifts may be 
observed during the course of the disease, and in some patients, 
the abnormal clone remits spontaneously.9,10 The threshold for 
biochemical evidence of intravascular hemolysis is crossed when 
the population of GPI-deficient PMNs (as a measure of the PNH 
clone size) is 20% to 25% or greater.11 Patients with a clone size 
of 20% to 25% usually have 3% to 5% PNH erythrocytes (the 
population of PNH III cells is smaller than the clone size because 
the complement-sensitive red cells are selectively destroyed intra-
vascularly). As a rule, visible hemoglobinuria is absent when PNH 
III erythrocytes constitute less than 20% of the red cell population 
(corresponding to a PNH clone size of 40% to 60%).8 Paroxysms 
of gross hemoglobinuria occur when the PNH III population 
ranges from 20% to 50% of the population (corresponding to a 
PNH clone size of 60% to 90%), and constant hemoglobinuria is 
associated with greater than 50% PNH III erythrocytes (PNH clone 

Phenotypic 
Designation

Complement 
Sensitivitya

GPI-AP 
Expression by 
Flow Cytometryb

Type of PIGA 
Mutation

PNH I Normal Normal None

PNH II Moderately sensitive 
(3–4 times normal)

Dim positive Missense  
(partial PIGA 
inactivation)

PNH III Markedly sensi-
tive (15–20 times 
normal)

Negative Nonsense, 
frameshifts, 
deletions,  
insertions (com-
plete inactivation 
of PIGA)

GPI-AP, glycosyl phosphatidylinositol-anchored proteins; PIGA, phosphatidylinositol  
glycan-class A; PNH, paroxysmal nocturnal hemoglobinuria.
aBased on the complement lysis sensitivity assay of Rosse and Dacie.
bBased on flow cytometric analysis of GPI-AP expression of erythrocytes.

PNH PHeNotyPes

taBLe 31.1

Figure 31.1. Phenotypic mosaicism in PNH. Erythrocytes from a patient with PNH and from a normal volunteer donor (NL) were analyzed by flow cytometry 
using anti-DAF (CD55) and anti-MIRL (CD59) as primary antibodies. The histogram of the erythrocytes from the normal donor shows uniformly positive staining with 
both antibodies. In contrast, the patient’s histogram (PNH) suggests three discrete populations of cells (a negative population [called PNH III], a population with partial 
expression [called PNH II], and a population with normal expression [called PNH I]). Statistical analysis of the three groups of cells from the patient showed that the 
negative population contributed 14% to the total, the intermediate population contributed 75%, and the normal population contributed 11%. From Endo M, Ware 
RE, Vreeke TM, et al. Molecular basis of the heterogeneity of expression of glycosyl phosphatidylinositol-anchored proteins in paroxysmal nocturnal hemoglobinuria. 
Blood 1996;87:2546–2557.
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Figure 31.2. Analysis of glycosyl phosphatidylinositol-anchored proteins (gPi-AP) on erythrocytes (A) and granulocytes (B) from a patient with 
PNH. Erythrocytes and isolated granulocytes from a patient with PNH and from a normal volunteer donor (NL) were analyzed by flow cytometry using anti-DAF 
(CD55), anti-MIRL (CD59), or anti-FcgRIIIb (CD16b) (granulocytes only) as primary antibodies. The histograms of the cells from the normal donor show uniformly 
positive staining with both antibodies. In contrast, the patient’s histograms (PNH) demonstrate two discrete populations of cells. In the case of the erythrocytes (A), 
30% of the cells are negative for DAF and MIRL expression, and 70% show normal expression. In the case of the granulocytes (B), 65% are negative for DAF and 
MIRL expression. The same population of cells shows abnormal expression of FcgRIIIb, but the deficiency is partial rather than absolute. Together, these results 
demonstrate three characteristic features of PNH: (1) The hematopoietic cells are a mosaic of normal and GPI-AP–deficient cells; (2) the proportion of abnormal 
granulocytes is greater than the proportion of abnormal erythrocytes; (3) the deficiency of FcgRIIIb is partial rather than absolute.

size >90%). PNH II cells (the erythrocytes of intermediate sensitiv-
ity to complement), even when present in high proportions, are 
associated with no visible hemoglobinuria.

The proportion of abnormal cells is greater in the marrow than 
in the blood and, among circulating erythrocytes, is greatest in 
young cell populations (the percentage of GPI-deficient reticulo-
cytes is similar to the percentage of GPI-deficient PMNs).

PNH is not an immune-mediated hemolytic anemia that arises 
as a consequence of the development of autoantibodies. Rather, 
the failure to regulate an alternative pathway of complement 
activation on the erythrocyte surface underlies the hemolysis of 
PNH (Fig. 31.3). Under physiologic conditions, the alternative 
pathway is in a state of continuous, low-grade activation. Normal 
erythrocytes are not hemolyzed as a result of this low-grade 
alternative pathway activation because specific cell-surface pro-
teins have evolved that inhibit the activity of complement (Fig. 
31.3). In contrast, PNH erythrocytes are deficient in the two 
most important membrane regulators of complement (CD55 and 
CD59), and consequently, they are subject to chronic, spontane-
ous hemolysis in vivo (Fig. 31.3). Failure to inhibit alternative 
pathway activation has a profound effect on red cell survival, 

as studies have shown that the half-life of complement-sensitive 
PNH cells is approximately 6 days (compared to 60 days for 
normal erythrocytes).

Rosse and colleagues reported the first clear evidence of the 
nature of the aberrant interactions of PNH erythrocytes with 
complement in 1973 and 1974.12,13 Those investigators showed 
that when complement is activated in vitro by either the classical 
or the alternative pathway, PNH erythrocytes bind much greater 
amounts of activated C3 than normal erythrocytes. The differ-
ence in C3 deposition was particularly striking when acidified 
serum was used to activate the alternative pathway. Subsequent 
studies showed that PNH red cells lacked the capacity to regulate 
the formation and stability of the amplification C3 convertases of 
complement,14,15 thus accounting for the greater binding of acti-
vated C3. A second defect was suggested by experiments demon-
strating that PNH erythrocytes also failed to regulate the activity 
of the cytolytic membrane attack complex of complement.16,17 
Collectively these observations indicated that PNH erythrocytes 
had two complement regulatory defects, one that affected regula-
tion of the C3 convertases and a second that affected regulation 
of the membrane attack complex (Fig. 31.3).
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Figure 31.3. Complement-mediated lysis of PNH erythrocytes. Upper panel: The hemo-
lytic anemia of PNH is Coombs-negative because the process is mediated by the antibody- 
independent alternative pathway of complement. The GPI-anchored complement regulatory 
protein CD55 (DAF) restricts formation of both the C3 and the C5 amplification convertases, 
whereas CD59 (MIRL) blocks formation of the cytolytic membrane attack complex (C5b-9). 
Inhibition of formation of the cytolytic membrane attack complex of complement (C5b-9) by 
the humanized monoclonal anti-C5 antibody eculizumab ameliorates the hemolytic anemia 
in patients with PNH. Lower panel: Normal erythrocytes are protected against complement- 
mediated lysis (lightning bolts) primarily by CD55 (blue filled circles) and CD59 (green filled 
circles). Deficiency of these GPI-anchored complement regulatory proteins results in comple-
ment activation on PNH erythrocytes. The membrane attack complex forms a pore in the red cell 
membrane resulting in colloid osmotic lysis and release of red cell contents including hemoglo-
bin and LDH into the intravascular space.

erythrocyte Membrane protein Deficiencies

Acetylcholinesterase
While Beck and Valentine reported in 1951 that neutrophils from 
patients with PNH were deficient in leukocyte alkaline phospha-
tase,18 the first erythrocyte membrane protein that was found to 
be deficient in PNH was acetylcholinesterase.19 In 1959, Auditore 
and Hartmann19 presented evidence that the extent of the ace-
tylcholinesterase deficiency correlated with the severity of the 
hemolysis. More detailed studies by others20 showed that PNH I 
red cells had a relatively normal amount of acetylcholinesterase, 
while PNH III erythrocytes were profoundly deficient. Although 
the deficiency of acetylcholinesterase plays no role in the abnor-
mal susceptibility of PNH red cells to complement-mediated lysis, 
ultimately the observations that the red cells lack acetylcho-
linesterase and that the neutrophils lack alkaline phosphatase 
provided important insights into the fundamental defect that 
underlies PNH.

Decay Accelerating Factor (CD55)
In 1983, two groups reported that PNH erythrocytes were deficient 
in DAF (CD55).21,22 DAF, first identified by Hoffman23,24 in 1969 
and subsequently purified by Nicholson-Weller and colleagues in 
1982,25 is a 70 kD protein that inhibits the formation and stability 
of the C3 convertases of complement (Fig. 31.3). Thus, the absence 
of DAF provided a plausible explanation for the greater binding 
of activated C3 to PNH erythrocytes. Detailed studies, however, 

Figure 31.2. (continued)
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demonstrated that DAF does not regulate the activity of the mem-
brane attack complex of complement. Those results implied that 
PNH erythrocytes were deficient in a second complement regula-
tory protein that was functionally distinct from DAF.

Membrane Inhibitor of Reactive Lysis (CD59)
In 1989, Holguin et al.26 reported the isolation from normal eryth-
rocytes of an 18 kD protein called MIRL (CD59) that protected 
PNH III red cells against complement-mediated lysis (Fig. 31.3). 
As anticipated, PNH cells were found to be deficient in MIRL, and 
additional studies by those investigators and others demonstrated 
that MIRL inhibits complement-mediated lysis by blocking the 
assembly of the membrane attack complex26,27,28,29 (Fig. 31.3).

By comparing expression of DAF and MIRL on PNH I, PNH 
II, and PNH III erythrocytes, the functional basis of the differ-
ent complement sensitivity phenotypes was determined.30 Those 
studies showed that PNH III cells are completely deficient in both 
DAF and MIRL, whereas PNH II cells are partially deficient in the 
two complement regulatory proteins, and PNH I cells have normal 
expression. Thus, the variability in sensitivity to lysis among the 
different phenotypes is explained by quantitative differences in 
expression of DAF and MIRL. Additional experiments demon-
strated that the combined deficiency of DAF and MIRL was suf-
ficient to explain the enhanced susceptibility of PNH erythrocytes 
to hemolysis in acidified serum.31

Of the two complement regulatory proteins, MIRL is more 
important than DAF in protecting cells from complement-mediated 
lysis in vivo. Antigens of the Cromer-related blood group complex 
are located on DAF, and rare cases of a null phenotype called 
Inab have been reported.32 Like PNH cells, Inab erythrocytes are 
deficient in DAF, but unlike PNH erythrocytes, MIRL expression is 
normal on Inab red cells.33 Although Inab erythrocytes bind more 
activated C3 when exposed to acidified serum,33 they undergo 
little or no hemolysis. Further, subjects with the Inab phenotype 
have no known hematologic abnormalities, and in particular, 
they have no clinical evidence of hemolysis.28,32 These observa-
tions show that isolated deficiency of DAF does not produce the 
PNH syndrome. In contrast, a patient with an inherited, isolated 
deficiency of MIRL (CD59) had a syndrome that was indistinguish-
able from PNH.34,35 Clinically, the patient experienced recurrent 
episodes of hemoglobinuria, suggesting that MIRL is essential 
for protecting erythrocytes against complement-mediated lysis in 
vivo. Recurrent thromboembolic events were also observed in this 
patient. That patient had normal DAF expression, but in vitro, his 
cells were susceptible to hemolysis in acidified serum, implying 
that MIRL deficiency accounts primarily for the positive Ham’s test 
in PNH.31 While the above studies provide interesting insights into 
the individual function of DAF and MIRL in vivo, it is important to 
remember that in PNH, both proteins are deficient (because both 
are GPI-anchored). Therefore, it is the combined deficiency of DAF 
and MIRL that results in the markedly abnormal susceptibility of 
the red cells of PNH to complement-mediated lysis.

Basis of the Protein Deficiencies in Paroxysmal 
Nocturnal Hemoglobinuria
If only DAF or only MIRL were deficient in PNH, it would have 
been logic to hypothesize that the disease was due to mutations 
affecting the gene that encodes the particular protein. That PNH 
cells were deficient in multiple proteins (MIRL, DAF, and acetyl-
cholinesterase on red cells and leukocyte alkaline phosphatase 
on neutrophils), however, eliminated the possibility that the gene 
for each protein was mutant. Rather, a more plausible hypothesis 
was that the PNH defect involved a post-translational modification 
common to all of the proteins that are deficient in PNH. In 1984, 
Medof and colleagues36 reported that isolated DAF spontane-
ously reincorporated into erythrocyte membranes. This property 

of DAF had actually been appreciated by Hoffman in 1969.23,24 
Working with the butanol-saturated aqueous phase of a crude 
extract prepared from normal human erythrocyte stroma, he 
showed that the sample contained a factor capable of inhibiting 
complement-mediated lysis by accelerating the decay of the C3 
convertase. He further showed that this substance (that he called 
decay accelerating factor of stroma [DAF-S]) had the capacity to 
reincorporate into red cells and remain functionally active. In 
1980, Low and Zilversmit37 demonstrated that alkaline phospha-
tase that had been solubilized from cells by butanol extraction 
exhibited the capacity to bind to phospholipid vesicles. In this 
case, the incorporation was thought to be due to the attachment of 
a phosphatidylinositol moiety to the enzyme. Subsequent experi-
ments demonstrated that isolated acetylcholinesterase also spon-
taneously reincorporated into cell membranes. Previous studies 
had shown that alkaline phosphatase, acetylcholinesterase, and 
5′-ectonucleotidase (another protein that is deficient in PNH) 
were released from the cell surface by treatment with phosphati-
dylinositol-specific phospholipase C (PIPLC). The cumulative work 
of a number of investigators showed that both the capacity to 
reincorporate into membranes and susceptibility to cleavage by 
PIPLC was characteristic of a group of amphipathic membrane 
proteins that shared the common structural feature of being 
anchored to the cell surface through a GPI moiety. The structural 
link between DAF and acetylcholinesterase, alkaline phosphatase, 
and 5′-ectonucleotidase was made in 1986 by Davitz et al.38 and 
Medof et al.,39 when those investigators presented evidence that 
DAF is a GPI-anchored protein. Subsequent studies confirmed that 
MIRL is also a GPI-anchored protein.40 The results of those studies 
suggested the following paradigm: all proteins that are deficient 
in PNH are GPI-anchored, and all GPI-anchored proteins that are 
expressed by hematopoietic cells are deficient in PNH. All data to 
date are consistent with this postulate.

GPI-anchored proteins are functionally diverse. In addition 
to the complement regulatory proteins (DAF [CD55] and MIRL 
[CD59]) and enzymes (acetylcholinesterase, alkaline phosphatase, 
and 5′-ectonucleotidase [CD73]) discussed above, proteins with a 
variety of receptor, adhesion, and immune modulatory functions 
(e.g., FcgRIIIb [CD16b], urokinase receptor [CD87], endotoxin-
binding protein receptor [CD14], and LFA-3 [CD58]) are also 
GPI-anchored. Further, a number of proteins whose function is 
unknown are GPI-anchored. Over 80 eukaryotic proteins have 
been shown to be GPI-anchored and approximately 30 of these 
are found in humans. Currently the list of proteins deficient in 
PNH numbers at least 23 (Table 31.2). This number is less than 
the total number of GPI-anchored human proteins because PNH 
is an acquired disease that affects only hematopoietic cells. Thus, 
GPI-anchored proteins that are present on somatic tissues other 
than hematopoietic cells are expressed normally in patients with 
PNH. Despite the fact that PNH cells lack a number of functionally 
diverse membrane constituents, the only pathologic component of 
the disease that is unequivocally causally related to GPI-anchored 
protein deficiency is the abnormal susceptibility of the erythro-
cytes to complement-mediated lysis.

Molecular Basis of paroxysmal Nocturnal 
hemoglobinuria
The observation that, based on sensitivity to complement, the 
peripheral blood of PNH patients is a mosaic comprised of both 
normal and abnormal cells suggested that the abnormal cells 
were the progeny of a mutant clone and that they coexisted with 
the progeny of residual normal stem cells. Further, that PNH is 
an acquired rather than an inherited disease implied that the 
abnormal clone arises as a consequence of a somatic mutation. 
In 1970, Oni et al.41 analyzed G6PD isoforms in both the com-
plement-sensitive and the complement-insensitive erythrocytes of 
a female PNH patient who was heterozygous at the G6PD locus. 
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Protein

Leukocyte alkaline phosphatase

Acetylcholinesterase

Decay accelerating factor (DAF, CD55)

Membrane inhibitor of reactive lysis (MIRL, CD59)

FcgRIIIb (CD16b)

Lymphocyte function-associated antigen 3 (LFA-3, CD58)

Endotoxin binding protein (CD14)

CAMPATH-1 (CD52)

5′-Ectonucleotidase (CD73)

Urokinase plasminogen activator receptor (CD87)

JMH-bearing protein (CD108)

CD66b (formerly CD67)

CD66c

p50-80

CD24

CD48

Thy-1 (CD90)

CD109

CD157

GP500

GP175

Folate receptor

Cellular prion proteina

aDeficient on resting platelets, but putative transmembrane form expressed on activated 
platelets.

GlyCosyl PHosPHAtiDyliNositol-ANCHoReD PRoteiNs 
DefiCieNt iN PARoxysmAl NoCtuRNAl HemoGlobiNuRiA

taBLe 31.2

The complement-insensitive cells expressed both G6PD isoforms, 
indicating a polyclonal origin for this cohort. In contrast, the 
complement-sensitive cells expressed only one isoform, a finding 
consistent with monoclonality. These studies provided the first 
experimental evidence in support of the clonal hypothesis of PNH. 
In 1969, Aster and Enright42 reported that a portion of both the 
platelet and granulocyte populations from patients with PNH was 
abnormally sensitive to complement-mediated cytolysis. This pub-
lication represented another watershed event in the understand-
ing of the origins of PNH, because it indicated that the mutation 
arose in a primitive hematopoietic stem cell that has the capacity 
to differentiate along myeloid lines. Subsequent studies showed 
that monocytes are also affected, and, in most patients, affected 
lymphocytes were demonstrated. Together with the observation 
that all proteins that are deficient in PNH are GPI-anchored, these 
studies suggested that PNH arises as a result of a somatic muta-
tion affecting a pluripotent hematopoietic stem cell and that the 
gene that is mutant is essential for the normal biosynthesis of the 
GPI anchor.

The GPI anchor is a complex structure with at least 25 proteins 
being essential for assembly of the moiety.43,44 Hypothetically, the 
PNH phenotype would result if any of these proteins were nonfunc-
tional, because if the GPI anchor is not synthesized, GPI-anchored 
proteins are not expressed. Accordingly, it seemed probable that 
PNH would be found to be heterogeneous at the molecular level as 
mutations affecting any one of several genes that encode elements 
critical for GPI anchor assembly would produce the disease phe-
notype. In 199245 and 1993,46 however, two groups published the 
surprising finding that GPI-protein deficient lymphocyte cell lines 

derived from different patients with PNH all belonged to the same 
complementation class (Class A) of GPI-AP–deficient cell lines. 
Additional experiments confirmed that the PNH cell lines had the 
same biochemical defect as the complementation Class A mutants. 
Like the Class A mutants, the PNH cell lines failed to synthesize 
N-acetylglucosaminyl-phosphatidylinositol (GlcNAc-PI), the first 
intermediate in the pathway of GPI anchor assembly (Fig. 31.4).

A gene that restores normal expression of GPI-anchored pro-
teins in the complementation Class A PNH cell lines was identi-
fied by Kinoshita and colleagues in 1993.47,48 As predicted by the 
studies cited above, the gene, called PIGA, encodes a protein that 
is essential for the normal synthesis of GlcNAc-PI.47 Subsequently, 
Takeda et al.48 showed that PIGA complements the deficient 
expression of GPI-anchored proteins in PNH lymphoblastoid cell 
lines and that those cell lines harbored somatic mutations in 
PIGA. Together, those studies defined both the biochemical and 
the molecular basis of the deficiency of GPI-anchored proteins in 
PNH (Fig. 31.4).

Additionally, Takeda and colleagues observed that a heterozy-
gous mutation was sufficient to produce the PNH phenotype.48 As 
presaged by the studies of Hyman et al.,49 the dominant expres-
sion of the somatic mutation was explained when PIGA was 
mapped to chromosome Xp22.1. As males have a single X chro-
mosome, any functionally significant mutation affecting PIGA is 
expressed. Females are functionally haploid due to X-inactivation. 
Therefore, somatic mutations in PIGA appear dominant when 
they occur on the active X chromosome. To date, somatic muta-
tions affecting PIGA account for the PNH phenotype in all patients 
in whom the genetic basis has been identified. PIGA mutations 
have not been identified in all patients studied, but this apparent 
discrepancy is likely a technical artifact rather than a true differ-
ence in etiology. The chromosomal location of PIGA provides the 
most logical explanation for the uniformity of the molecular defect 
in PNH. This interpretation supposes that all other genes that are 
essential for synthesis of the GPI moiety are autosomal, a supposi-
tion supported by available data.

Analysis of PIGA has revealed that the same mutation can 
be identified in isolated neutrophils, monocytes, and lympho-
cytes from individual patients with PNH, confirming that the 
disease involves the hematopoietic stem cell.48,50 More than 150 
PIGA mutations have been identified in affected cells of patients 
with PNH. Only three large deletions have been observed51,52 
(Fig.  31.5). The remaining mutations consist of nucleotide sub-
stitutions of the missense or nonsense types, or small deletions 
or insertions that cause frameshifts and introduce premature 
termination codons (Fig. 31.5). The mutations are distributed ran-
domly over the entire coding region and at splice junctions (Fig. 
31.5). At least 19 mutations have been observed in more than one 
patient. Absence of repetitive mutations indicates that PIGA lacks 
molecular hot spots. The simplest explanation for these observa-
tions is that clonal selection and expansion depends on complete 
or nearly complete inactivation of PIGA such that expression of 
GPI-AP proteins is below a critical threshold. Therefore all PIGA 
mutations in PNH are loss-of-function mutations.

Studies of PIGA mutations have also provided insights into the 
molecular basis of the phenotypic mosaicism of PNH.50 Cloned 
lymphocyte cell lines were established from the peripheral blood 
of a patient whose erythrocytes were a mixture of PNH I, PNH II, 
and PNH III cells (Fig. 31.1). Based on expression of GPI-anchored 
proteins, lymphocyte clones with four different phenotypes were 
observed. Analysis of clones with normal expression of GPI-AP 
revealed no somatic PIGA mutations. In contrast, among the three 
phenotypically distinct lymphocyte clones with abnormal GPI-AP 
expression, four discrete PIGA mutations were identified. In the 
lymphocyte clones with the PNH II phenotype, a missense muta-
tion that changed a highly conserved amino acid was found. This 
finding suggests that cells with partial expression of GPI-anchored 
proteins (PNH II) are derived from stem cells with mutations that 
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Figure 31.4. The PNH defect. Transmembrane proteins have three domains: an ectoplasmic domain (rectangle with horizontal lines), a transmembrane domain 
(blue rectangle), and a cytoplasmic domain (red rectangle). In contrast, glycosyl phosphatidylinositol (GPI)-anchored proteins lack the cytoplasmic and transmembrane 
domains. This class of proteins is anchored to the cell by a GPI moiety consisting of phosphatidylinositol (brown hexagon), glucosamine (green circle), and three 
mannose (yellow circles) residues. The GPI moiety is linked to the COOH-terminus of the protein portion of the molecule by ethanolamine. The PIGA gene product 
is essential for the transfer of the nucleotide sugar uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) to phosphatidylinositol (PI) to form GlcNAc-PI, the first 
intermediate in the synthesis of the GPI anchor. PIGA is located on the short arm of the X chromosome. Hematopoietic cells in PNH are deficient in all proteins that 
are GPI-anchored because a somatic mutation in a hematopoietic stem cell partially or completely inactivates the PIGA gene product. Consequently, the GPI moiety 
is not synthesized.

incompletely inactivate PIGA. In the case of the lymphocyte clones 
with the PNH III phenotype, three separate mutations were identi-
fied, each of which was expected to inactivate completely the PIGA 
gene product. Collectively, these experiments demonstrate that 
the phenotypic mosaicism that is characteristic of PNH is a con-
sequence of genotypic mosaicism. Further, because any mutation 
that completely inactivates PIGA results in PNH III cells, phenotyp-
ically identical cells can have different PIGA genotypes (Fig. 31.6).

Studies of the pattern of X chromosomal inactivation indicated 
that, in the female patient with four different PIGA mutations, the 
abnormal clones were not derived from a common ancestor.50 
Further, that each of the mutations was discrete demonstrated 
that the mutational events occurred independently rather than 
by clonal evolution. These results demonstrate that PNH is not 
strictly a monoclonal process and that they have important impli-
cations for the origins of the disease.

Studies of mutational frequency in PNH have produced con-
flicting results. Some of the disparity is almost certainly due to 

differences in experimental design and interpretation of data. 
While an abnormally high mutational rate may contribute to 
generation of multiple PIGA-mutant clones, a selective advantage 
for GPI-AP–deficient stem cells and variable extent of expansion 
of the mutant clones appears to be necessary to explain the out-
growth of multiple PNH clones, some of which dominate hemato-
poiesis and some of which persist subclinically.

the pathophysiology of paroxysmal Nocturnal 
hemoglobinuria Is Unique
Despite the progress that has been made in determining the basis 
of the abnormal sensitivity of the erythrocytes to complement-
mediated lysis and the global absence of GPI-anchored proteins 
(GPI-AP) from hematopoietic cells, an issue that is fundamental to 
a more complete understanding of PNH remains largely enigmatic. 
In order for PNH to become clinically evident, the hematopoietic 
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Figure 31.6. PIGA genotype determines PNH phenotype. A flow cytometry histogram modeled after that of a patient with PNH (Fig. 31.1) is shown. In this case, 
approximately 75% of the patient’s hematopoiesis was derived from a clone (red filled circles) with a PIGA missense mutation that produced the PNH II phenotype. 
Three discrete PI-A mutations that produced a null phenotype were found among the PNH III cells (green, yellow, and blue filled circles). These three clones together 
contributed 11% of the patient’s hematopoiesis. In this case, the PNH II clone has expanded much more than any of the PNH III clones.

cells. That PIGA mutations are necessary for the development of 
PNH is incontrovertible. At issue is whether PIGA mutations are 
both necessary and sufficient to account for the PNH syndrome 
and whether the PIGA mutation provides an absolute or a condi-
tional growth/survival advantage.

PNH differs from monoclonal hematopoietic stem cell disor-
ders such as chronic myelogenous leukemia in which the t(9;21) 
that generates the fusion protein BCR–ABL is sufficient to account 
for the proliferative advantage of the mutant cell, and in which all 
normal hematopoiesis is progressively and invariably displaced 
as a consequence of the uncontrolled proliferation of a trans-
formed clone. In PNH, the peripheral blood is a mosaic of normal 
and abnormal cells and the proportion of GPI-AP−:GPI-AP+ cells 
 varies greatly among patients; that ratio tends to remain fixed 
over long periods of observations. PNH is, therefore, more aptly 
characterized as having deregulated cellular proliferation and 
expansion, rather than cellular transformation.

The oligoclonal nature of PNH50 suggests that a powerful selec-
tion process that is most likely based on phenotype is at work in 
the bone marrow. According to this hypothesis, stem cells with 
mutant PIGA have an advantage because of some pathological 
process (perhaps immune-mediated) that involves a GPI-AP. For 
example, an autoimmune process could arise in which the target 
antigen is a GPI-AP expressed on hematopoietic stem cells. Under 
those circumstances, PIGA-mutant stem cells (lacking GPI-AP) 
would escape immune-mediated destruction because the target 
antigen is absent.

Figure 31.5. Diagram of the human PIGA gene and the locations of somatic muta-
tions reported in patients with PNH. The boxes represent exons within the PIGA gene, and 
the blackened areas denote noncoding regions. Lines connecting the exons represent introns. 
The hatched region within exon six indicates the putative PIGA transmembrane domain. Single 
nucleotide substitutions are indicated above the gene as inverted triangles, while small nucleo-
tide deletions and insertions are identified beneath the gene by diamonds. Large DNA deletions 
and insertions are denoted by horizontal lines below the gene. (From Nishimura J, Murakami Y, 
Kinoshita T. Paroxysmal nocturnal hemoglobinuria: an acquired genetic disease. Am J Hematol 
1999;62:175–182, with permission of Wiley-Liss.)

Mutations in PNH cause Loss-of-function of PIGA

Exon
1 2 3 4 5

: Base substitution
: Deletion/Insertion
: Large deletion/Insertion

6

stem cells bearing the mutant PIGA must expand so that prog-
eny sufficient to produce symptoms and signs of the disease are 
generated. In many instances, GPI-AP–deficient (GPI-AP−) cells 
dominate hematopoiesis in patients with PNH, suggesting that 
the mutant stem cell has either a greater proliferative capacity or 
a survival advantage relative to GPI-AP sufficient (GPI-AP+) stem 
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Hematopoietic cells express a relatively large number of 
functionally diverse GPI-AP (Table 31.2). Thus, absence of 
all GPI-AP is probably not required for the clonal selection of 
the mutant stem cells. Rather, the selective advantage may 
be dependent on the absence of a single protein that is GPI-
anchored, and the reason for the global deficiency of GPI-AP 
is that PIGA is located on the X chromosome. According to 
this supposition, an autosomal gene encodes the GPI-AP that is 
conditionally detrimental (e.g., an antigen targeted for immune 
destruction or a receptor for a negative growth regulator). 
Inasmuch as two alleles rather than one must be mutated, the 
probability of inactivating an autosomal gene through somatic 
mutagenesis is remote compared with the probability of inac-
tivating an X-linked gene. Therefore, stem cells with a defi-
ciency of the detrimental GPI-AP are most likely to arise as a 
consequence of PIGA mutations, as is the case in patients with 
CLL treated with Campath1H (anti-CD52).53 Assuming that the 
GPI-AP complement regulatory proteins are not the targets of 
the underlying pathologic process, the hemolytic anemia that is 
the clinical hallmark of PNH may represent an epiphenomenon 
related to the chromosomal location of PIGA.

Although a compelling case can be made in support of the 
paradigm that the PIGA mutation bestows a conditional growth 
advantage upon the affected stem cell, the hypothesis that the 
mutant stem cells have an absolute growth or survival advan-
tage must also be considered. Data that both support and chal-
lenge this hypothesis can be found.54,55,56 The most compelling 
argument against an intrinsic growth or survival advantage for 
PIGA-mutant cells is made by the results of studies using trans-
genic mice.57 By using homologous recombination, Kawagoe 
et al.58 disrupted Piga (the murine homologue of PIGA). Only 
mice with a low degree of chimerism survived. Among those 
animals, the percentage of GPI-AP− erythrocytes ranged from 
∼1% to 5%. During 10 months of observation, the ratio of GPI-
AP−:GPI-AP+ peripheral blood cells did not increase. Studies by 
others using conditional knockout technology have confirmed 
these observations.57

What Is the Origin of the pIGa-Mutant  
Stem Cells?
Patients with PNH often have more than one PIGA-mutant 
clone.50,59 A tenet of the Darwinian selection hypothesis as it 
applies to PNH is that PIGA-mutant hematopoietic stem cells 
are present during the time when the selection pressure is 
applied to the bone marrow. PIGA-mutant hematopoietic ele-
ments have been identified in the peripheral blood and bone 
marrow of normal volunteers, providing experimental support 
for this concept, although whether the GPI-AP–deficient cells 
identified in normal individuals originate from hematopoietic 
stem cells with mutant PIGA has been questioned.60 While 
there is experimental data that suggest that the mutational fre-
quency of the gene is abnormally high,60 the fact that PIGA is 
located on the X chromosome (so that only one allele need be 
mutated for the phenotype to become apparent) likely accounts 
primarily for the existence of multiple discrete clones in many 
patients with PNH.

a two-Step Model of paroxysmal Nocturnal 
hemoglobinuria pathogenesis
Studies by Inoue and colleagues suggest that a two-step mecha-
nism may account for the unique pathophysiology of PNH.61 
Those investigators identified two patients whose PIGA-mutant 
cells had a concurrent, acquired rearrangement of chromo-
some 12. Detailed analysis showed that in both cases, the 
chromosome 12 rearrangement resulted in disruption of the 

3′ untranslated region of HMGA2. As a consequence, a nega-
tive regulatory region of the locus was disrupted, resulting in 
ectopic expression of the gene. HMGA2 is a member of the high 
mobility group of proteins (HMGA1a, HMGA1b, HMGA2) that 
function as architectural transcription factors. HMG members 
possess no intrinsic transcriptional activity. Instead, these non-
histone phosphoproteins orchestrate assembly of stereospecific 
transcriptional regulatory proteins into enhanceosomes. The 
cellular targets of HMGA2 are incompletely defined but appear 
to include cyclin A and E2F1.

Molecular studies established a causal role for HMGA2 in 
benign mesenchymal tumors. Rearrangement of 12q13-15 
is observed in these neoplasms, but tumorigenesis does not 
depend on generation of chimeric proteins derived from fusion 
of HMGA2 with specific translocation partners. Rather, clonal 
expansion induced by HMGA2 appears to result from deregu-
lated expression of the protein. For the two PNH patients, 
ectopic expression was a consequence of gain-of-function 
mutational events caused by disruption of the 3′UTR shown 
to contain elements that negatively regulate HMGA2 mRNA 
stability, including the microRNA let-7a.62,63 Additional stud-
ies will be required to determine whether aberrant expression 
of HMGA2 underlies clonal expansion in PNH patients without 
structural abnormalities of 12q13-15, but studies by Murakami 
and colleagues support this hypothesis.64

In contrast to a disorder characterized by cellular transfor-
mation and malignant cellular growth, PNH manifests many 
of the characteristics of a benign tumor, since there is limited 
expansion of PIGA-mutant clones (the peripheral blood of 
patients is a relatively stable mosaic of normal and abnormal 
cells); PIGA-mutant cells respect tissue boundaries (there is 
no invasion of non-hematopoietic tissues); PIGA-mutant cells 
respond appropriately to signals that normally regulate hema-
topoiesis (function is not autonomous); and transformation 
into acute leukemia occurs rarely (PNH is not a premalignant 
condition).65 The studies of Inoue and colleagues61 suggest the 
concept of PNH as a benign tumor of the bone marrow with 
aberrant expression of HMGA2 acting in concert with mutant 
PIGA (and the consequent deficiency of GPI-APs) to produce the 
proliferative phenotype that underlies clonal expansion. These 
studies did not define how the aberrant expression of HMGA2 
works additively or synergistically with mutant PIGA to produce 
the proliferative phenotype.

The findings of Inoue et al. provide new insights into the eti-
ology of the nonmalignant clonal hematopoiesis of PNH. These 
studies support a two-step process consisting of (i) clonal selec-
tion based on phenotype (i.e., GPI-AP deficiency resulting from 
mutant PIGA) and (ii) clonal expansion as a consequence of a 
second somatic mutation that bestows an additional growth/
survival advantage. Clonal selection may induce the exit of PIGA-
mutant stem cells from a dormant state, thereby favoring acquisi-
tion of the second mutation that underlies clonal expansion. The 
variable expansion of PIGA-mutant clones among patients and 
among mutant clones in the same patient could be explained by 
heterogeneity involving the second genetic event that partners 
with mutant PIGA. According to this hypothesis, mutant PIGA is 
promiscuous with respect to the second mutant gene with which 
it partners. But the benign nature of PNH suggests that genes 
involved in clonal expansion of PIGA-mutant stem cells are dif-
ferent from those that underlie malignant clonal diseases such as 
acute leukemia.

In summary, the basis of the clonal dominance in PNH is 
incompletely understood; however, available evidence supports 
a two-step model of pathogenesis. Step 1 of this model is clonal 
selection. In this case, a loss-of-function mutation affecting PIGA 
causes deficiency of GPI-APs on affected stem cells. These mutant 
stem cells have a relative growth or survival advantage that is 
likely enhanced in the setting of bone marrow failure (e.g., aplastic 
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anemia). Thus, principles of Darwinian evolution may apply to 
development of PNH. Clonal expansion, step 2 of the PNH patho-
genesis model, is envisioned as a consequence of clonal evolution 
in which a second somatic (gain-of-function) mutation working in 
concert with the consequences of mutant PIGA bestows upon the 
double mutant stem cell an absolute proliferative advantage.61 
The extent of expansion of a particular mutant clone and the 
dominance of one PIGA-mutant clone in the presence of other 
PIGA mutants may be mediated by the nature of the second event 
that may be molecularly heterogeneous. Alternatively, a limited 
number of second mutations may partner with mutant PIGA, and 
the extent of clonal expansion may be determined by how the 
second mutation affects gene function.

aplastic anemia and paroxysmal Nocturnal 
hemoglobinuria
Patients with clinical PNH can be divided into the following two 
groups: those without a preceding history of aplastic anemia 
(classic PNH); and those with an antecedent history of aplastic 
anemia who subsequently develop PNH (PNH/aplastic anemia).1 
An association between aplastic anemia and PNH has been recog-
nized at least since 1961, and numerous subsequent studies have 
confirmed the association. The probability is negligible that these 
two rare diseases would occur together so frequently by chance. 
Therefore, a pathophysiologic link between PNH and aplastic 
anemia must exist.

Hillmen et al.65 reported that 23 of 80 PNH patients (29%) 
had an antecedent history of aplastic anemia, and in a series of 
220 French patients with PNH, Socié and colleagues identified 
65 (30%) in whom the diagnosis of aplastic anemia preceded that 
of PNH.66 The latter group of investigators also found that 10% of 
PNH patients with no antecedent history of aplastic anemia devel-
oped pancytopenia during the period of observation covered by 
the study (median follow-up of 2 years). The estimated cumula-
tive incidence of pancytopenia was 8.2% (± 2.4%, SE) at 2 years 
and 14.2% (± 3.3%, SE) at 4 years.66 This incidence appears to 
be somewhat higher than that observed in the study reported by 
Hillmen et al. in which 5 of 80 patients (6%) with PNH subse-
quently developed aplasia.65

On the other hand, the proportion of patients with aplastic 
anemia who subsequently develop PNH varies widely among stud-
ies, in part because the criteria for diagnosis of PNH are not uni-
form. In some cases, a positive Ham’s test or sucrose lysis test was 
required for diagnosis, and in other cases, identification by flow 
cytometry of a population of peripheral blood cells with GPI-AP 
deficiency was used to classify patients. A recent study reported 
that PNH cells were found in the BM in 89% of 115 patients with 
aplastic anemia at some point during the course of their illness.67 
Two other studies reported 38% (11 of 29 patients)68 and 32% 
(12 of 37 patients)69 for the portion of patients with aplastic ane-
mia treated with immunosuppression who developed laboratory 
evidence of PNH during the course of their disease. In the latter 
study, 23% of patients had clinical signs and symptoms of PNH. 
Therefore, in most patients with aplastic anemia, evidence of PNH 
is subclinical or transient. These results suggest that the selective 
pressure that favors PIGA-mutant cells occurs frequently in the 
setting of aplastic anemia, but that the clinical syndrome occurs 
at a significantly lower frequency.

The time between the diagnosis of aplastic anemia and the 
development of PNH varies from a few months to several years. 
In the series reported by Socié et al.,66 the median time between 
diagnosis of aplastic anemia and laboratory evidence of PNH was 
3.1 years (range 0.17 to 15 years). Using an assay with the capac-
ity to detect 0.004% GPI-AP–deficient erythrocytes, Mukhina et al. 
reported that 61% of patients with aplastic anemia had detect-
able PNH cells prior to therapy.70 Similar results were obtained 
in more recent studies using high-resolution flow cytometry.71 In 

most of these cases, the GPI-AP–deficient cells would be unde-
tected by conventional flow cytometry, in which the sensitivity 
threshold for detecting cells with the PNH phenotype is 1% to 3%. 
Identification of very small populations of GPI-AP–deficient cells 
by high-resolution flow cytometry has led to a new class of PNH, 
termed subclinical PNH (PNH-sc).1 Patients with PNH-sc have no 
clinical or laboratory evidence of hemolysis. Small populations of 
GPI-AP–deficient hematopoietic cells (peripheral blood erythro-
cytes, granulocytes, or both) are detected by very sensitive flow 
cytometric analysis. PNH-sc is observed in association with bone 
marrow failure syndromes, particularly aplastic anemia and the 
refractory anemia variant of MDS.

In summary, while 40% to 60% of patients with aplastic ane-
mia have small, subclinical populations of GPI-AP− hematopoietic 
cells at diagnosis,71 only 10% to 15% subsequently develop clini-
cally apparent PNH.72,73 In the remainder, GPI-AP− cells persist 
subclinically or disappear,71,74 suggesting that mutant PIGA (and 
the consequent deficiency of GPI-APs) is necessary for clonal 
selection but is insufficient to account for the clonal expansion 
required for clinical manifestations of PNH to become apparent. 
The simplest interpretation of these observations is that factors in 
addition to mutant PIGA contribute to the development of clinical 
signs and symptoms of PNH by affecting the extent to which the 
PIGA-mutant stem cells expand.

As expansion of the mutant clones occurs later in the course 
of aplastic anemia, the process could be influenced directly or 
indirectly by therapy. Although many patients with aplastic 
anemia who develop PNH are treated with immunosuppressive 
therapy (e.g., anti-thymocyte globulin and cyclosporin), there is 
no evidence that immunosuppression causes PNH.73 Patients with 
aplastic anemia who respond to androgens appear equally likely 
to develop PNH.66

The basis of the relationship between PNH and aplastic ane-
mia is speculative. Essentially all patients with PNH have some 
evidence of bone marrow failure (e.g., thrombocytopenia, leu-
kopenia, or both) during the course of their disease. Therefore, 
bone marrow injury may play a central role in the development 
of PNH by providing the conditions that favor the growth/survival 
of PIGA-mutant, GPI-AP–deficient stem cells. Currently, there 
is no evidence that the types of PIGA mutations that occur in 
PNH/aplastic anemia are different from those observed in clas-
sic PNH.75 Further, a distinction between classic PNH and PNH/
aplastic anemia may be artificial, as the underlying pathophysi-
ologic process could be the same. According to this hypothesis, in 
classic PNH, the aplastic or hypoplastic component is subclinical 
and short-lived, with disease noted only after the PIGA-mutant 
clone has expanded sufficiently to dominate hematopoiesis.

Leukocytes and platelets
Deficiency of GPI-AP on neutrophils, monocytes, platelets, and 
lymphocytes has been demonstrated in the peripheral blood 
of patients with PNH, and identical PIGA mutations have been 
identified in neutrophils, monocytes, and lymphocytes from the 
same patient.48,50 Together, these studies indicate that the somatic 
mutation that gives rise to PNH affects a hematopoietic stem cell. 
Most PNH patients have pancytopenia or either neutropenia or 
thrombocytopenia in combination with anemia at some point 
during the course of their illness. The neutropenia and thrombo-
cytopenia, however, are due to abnormal hematopoiesis rather 
than to increased peripheral, complement-mediated destruction, 
as in vivo studies have demonstrated normal survival of neutro-
phils and platelets in patients with PNH. That absence of GPI-
anchored complement regulatory proteins from PNH neutrophils 
and platelets does not affect their survival implies that these cell 
types (unlike erythrocytes) have mechanisms in addition to those 
provided by CD55 and CD59 that protect them from complement-
mediated destruction in vivo.
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In vitro studies have shown functional abnormalities of PNH 
leukocytes and platelets. Further, deficiency of some of the GPI-AP 
from PNH leukocytes and platelets would seem to have important 
functional consequences (e.g., deficiency of FcgRIIIb from neutro-
phils, deficiency of urokinase-type plasminogen activator receptor 
from monocytes and neutrophils, deficiency of LFA-3 from lym-
phocytes, or deficiency of the folate receptor from hematopoietic 
stem cells) (Table 31.2). However, evidence that deficiency of 
GPI-APs other than erythrocyte CD55 and CD59 contributes to 
the pathophysiologic manifestations of PNH is largely conjectural. 
At least in some cases, functional redundancy appears to account 
for the lack of untoward consequences associated with GPI-AP 
deficiency.

hematopoietic Stem Cells
The PNH defect can be demonstrated in erythroid and granu-
locytic precursors grown in vitro (i.e., CFU-E, BFU-E, and 
CFU-GM).60 Two populations of colonies can be identified in such 
studies, and they differ from one another in complement sensitiv-
ity and expression of acetylcholinesterase.76 These latter observa-
tions support the concept of a clonal process originating from a 
mutant hematopoietic stem cell.

Cytogenetic studies on hematopoietic cells of patients with 
PNH have yielded mixed results. The issue is complicated because 
patients with aplastic anemia can have karyotypic abnormalities. 
Araten and colleagues reported karyotypic abnormalities in 11/46 
(24%) of PNH patients examined in a retrospective study.77 In 7 of 
those patients, there was evidence of clonal regression, and none 
of the patients developed an excess of blasts or a transforma-
tion into acute leukemia. These findings suggest that karyotypic 
abnormalities in PNH do not predict progression into a malignant 
phenotype. To date, the only nonrandom chromosomal abnor-
mality specific for PNH involves rearrangement of 12q13-15 that 
results in ectopic expression of HMGA2.78 A systematic study of a 
large number of patients is needed to determine if other nonran-
dom karyotypic abnormalities that contribute to the clonal expan-
sion of PIGA-mutant cells exist.

Uncommonly (∼1%), patients with PNH develop acute leuke-
mia.65,66 In some cases, the leukemic clone arises from the PNH 
clone because the blasts are GPI-AP–deficient.79 Similar observa-
tions have been made in MDS arising in the setting of PNH.80 
However, in other cases, PNH cells disappear following the onset 
of the leukemia81 or myelodysplasia.82 While transformation into 
acute leukemia or other clonal myelopathies is uncommon in 
PNH, the incidence is probably higher than in the general popula-
tion. Therefore, an element of genetic instability may be associ-
ated with PNH or the process that underlies PNH.

CliNiCal maNifestatioNs
PNH usually begins insidiously with the abrupt onset of clini-
cally apparent hemoglobinuria being the presenting symptom 
in only 25% of cases.83,84 The course is chronic with a generally 
stable clinical pattern in a given individual. The illness ranges in 
severity from a mild, clinically benign process to a chronically 
debilitating, potentially lethal disease. The diagnosis is made 
most frequently in the fourth to fifth decades of life,65,66,84 but 
PNH is also encountered in childhood85 and in old age (age range 
16 to 75 years65 and 6 to 82 years66 in two large series). Both 
genders are affected, with perhaps a slight female predominance, 
and PNH has been described in many racial groups. The disease 
has no familial tendency. Inherited cases due to global deficiency 
of GPI-AP have not been reported, suggesting that germ line 
mutations of PIGA are embryonically lethal. This hypothesis is 
supported by the lack of success in producing a homozygous or 
hemizygous knockout mouse using a targeted mutation of Piga.58 

Observations in humans also support the hypothesis. An X-linked 
lethal disorder characterized by cleft palate, neonatal seizures, 
contractures, and central nervous system structural malforma-
tions was investigated using whole exome sequencing.86 In that 
case, a germ line mutation of PIGA was identified, but the PNH 
phenotype was not observed. In vitro studies indicated that the 
mutant PIGA had partial function, thereby accounting for the 
absence of hemolysis. Similarly, two unrelated kindreds with 
germ line mutations in the promoter of the autosomal gene PIGM 
were identified. Homozygotes were characterized by a propensity 
toward venous thrombosis and seizures, but clinically significant 
hemolysis was not observed. The lack of hemolysis was explained 
by flow cytometric analysis that showed only partial deficiency of 
GPI-anchored complement regulatory proteins on the red cells.87 
Together, these observations indicate that germ line deficiency of 
GPI-APs sufficient to produce the PNH phenotype is not compat-
ible with life. As previously noted, a patient with an inherited 
deficiency of MIRL (CD59) had a syndrome that was clinically 
indistinguishable from PNH, but other GPI-APs were expressed 
normally by that patient.35

Most commonly, patients with classic PNH complain initially 
of malaise, lethargy, and asthenia. Yellowish discoloration of the 
skin (jaundice) and sclera (icterus) may be observed by astute 
family members.

hemoglobinuria
Although essentially all patients with classic PNH have episodes 
of hemoglobinuria sometime during their illness, this defining 
symptom is reported as part of the initial evaluation in only one-
quarter of all patients (Table 31.3). Nocturnal hemoglobinuria 
appears to result from an increase in the rate of hemolysis that 
occurs during sleep. It is not related to time of day, however, 
because the pattern can be reversed if the patient is kept awake 
at night and allowed to sleep during the day. In patients with 
nocturnal hemoglobinuria, the urine is usually darkly discolored 
in the morning and clears gradually over the course of the day. 
When hemolysis is intense, however, hemoglobinuria persists 
throughout the day.

The cause of the nocturnal exacerbation is poorly understood. 
Retention of CO2 causing a slight fall in plasma pH sufficient to 
activate the alternative pathway of complement is a possible 
explanation, but this hypothesis has been challenged.

Signs and Symptoms Number of Patients (%)

Symptoms of anemia 28 (35)

Hemoglobinuria 21 (26)

Hemorrhagic signs and symptoms 14 (18)

Aplastic anemia 10 (13)

Gastrointestinal symptoms  8 (10)

Hemolytic anemia and jaundice  7 (9)

Iron deficiency anemia  5 (6)

Thrombosis or embolism  5 (6)

Infections  4 (5)

Neurologic signs and symptoms  3 (4)

From Dacie JV, Lewis SM. Paroxysmal nocturnal haemoglobinuria: clinical manifestations, 
haematology, and nature of the disease. Ser Haematol 1972;5:3–23.

PReseNtiNG feAtuRes iN 80 PAtieNts witH PARoxysmAl 
NoCtuRNAl HemoGlobiNuRiA

taBLe 31.3
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episodic hemolysis
In addition to the sleep-related pattern, most patients with classic 
PNH experience irregular but recurrent exacerbations of hemo-
lysis and hemoglobinuria. Paroxysms may be precipitated by a 
wide variety of events, including infections (even minor ones), 
surgery, transfusions, iron supplementation, vaccinations, and 
menstruation. Attacks of hemoglobinuria are unrelated to cold 
exposure, thus distinguishing PNH clinically from paroxysmal cold 
hemoglobinuria.

Mild hemolytic episodes often pass without significant symp-
toms, but more severe attacks may be associated with substernal, 
lumbar, or abdominal pain together with drowsiness, malaise, 
fever, and headaches. The abdominal pain may be colicky and 
may last for 1 to 2 days. The abdomen may be tender, especially 
in the left upper quadrant, with guarding and rebound tender-
ness. The back pain resembles that noted in patients with other 
types of intravascular hemolysis (such as in an ABO incompatible 
transfusion reaction) and is most severe in the lumbar region. 
Headaches may be excruciating and sometimes last for days.

Marrow hypoplasia
Because many patients with PNH/aplastic anemia have only a 
small proportion of complement-sensitive cells, few of the changes 
usually associated with hemolytic anemia are obvious. Therefore, 
the PNH/aplastic syndrome is probably under-diagnosed. Clinicians 
need to maintain a high degree of suspicion, and any evidence of 
hemolysis (e.g., elevated serum lactate dehydrogenase [LDH]) in a 
patient with aplastic anemia warrants evaluation for PNH. In one 
series of 80 European patients with PNH, aplastic anemia was the 
first diagnosis in 23 cases (29%)65,83; the same was true of 26 of 
85 patients (31%) from Thailand88 and 65 of 220 French patients 
(30%).66 In some instances, the diagnosis of hemolysis is made 
first, and pancytopenia develops subsequently.

thromboembolic Complications
PNH is associated with a striking predisposition toward intravas-
cular thromboses, especially within the venous circulation.65,66,89 
Intra-abdominal veins are the most commonly affected. Cerebral 
vein and superficial dermal vein thrombosis also appear to be 
represented disproportionately. Thrombotic disease accounts for 
about 50% of all deaths in patients with PNH. Fatal thromboses 
usually involve the portal system or the brain.

Recurrent abdominal pain is the dominant clinical manifesta-
tion in some patients with PNH (Table 31.3). The cause of the pain 
is often obscure but may be severe enough to suggest an acute 
abdomen warranting emergency surgery. The possibility that a 
thrombosis in the portal or mesenteric veins is the cause of the 
pain should be considered in this setting. Both transient intestinal 
ischemia and intestinal infarction due to thrombosis involving the 
microcirculation are other possible causes.

Hepatic venous thrombosis (Budd-Chiari syndrome) is a serious, 
potentially fatal complication of PNH.90,91 In various series, 15% 
to 30% of patients with PNH had hepatic venous thrombosis, and 
this complication might be even more common because affected 
individuals can be asymptomatic when Budd-Chiari syndrome is 
in its early stage.92 The clinical manifestations include nausea, 
abdominal pain, variable degrees of ascites, variceal bleeding, 
and signs of liver failure. Often the liver increases abruptly in 
size, but hepatomegaly is not always noted. Three pathophysi-
ologic stages of hepatic venous thrombosis have been defined.92 
In the early or mildest stage, only venules or small hepatic veins 
are involved. Patients may be asymptomatic and therefore the 
condition may go unrecognized. Mild, easily controlled ascites is 
detected in some patients. In the second stage, larger hepatic veins 
are partially occluded. Ascites is noted in most patients with such 
abnormalities. Some individuals develop variceal bleeding, and a 

few become jaundiced. The third or advanced stage is character-
ized by complete occlusion of large hepatic veins. Ascites is almost 
always present, jaundice is common, and variceal bleeding occurs 
in a few patients. This stage is often fatal.

An increase in the level of serum LDH, alanine aminotrans-
ferase, and aspartate aminotransferase may be an early clue to 
the presence of hepatic vein thrombosis. Plasma concentration 
of conjugated bilirubin also may increase, but other biochemi-
cal tests of liver function are of limited value. Ultrasonography 
is the most effective noninvasive method for early detection of 
hepatic vein thrombosis, with a sensitivity and specificity of 85% 
or more.93,94 Computed tomographic and magnetic resonance 
imaging (MRI) scans are more sensitive than ultrasound. MRI is 
better for visualizing the whole length of the vena cava and may 
permit differentiation of the acute form from the subacute form of 
the disease.94 Radioactive isotope scanning demonstrates patchy 
uptake in most of the liver, except for a normally functioning, 
hypertrophied caudate lobe that is spared because of its separate 
venous drainage. Hepatic venography is definitive, but this proce-
dure carries more risk than noninvasive techniques. Biopsy may 
demonstrate congestion and liver cell loss, but the procedure is 
hazardous and not always informative.

Small-vessel thromboses may cause severe and refractory 
headaches or they presage progressive cerebrovascular thrombo-
sis.95 Isotopic brain scanning and electroencephalography usually 
are of little help in monitoring PNH patients with headaches.

renal abnormalities
Both acute and chronic renal insufficiency occurs in patients 
with PNH.96,97 Acute renal insufficiency is associated with hemo-
globinuric crises and may resolve without residual damage. In 
one series of 19 patients with PNH, however, 12 individuals had 
reduced values for creatinine clearance while their underlying 
disease was stable. Furthermore, at least three of these patients 
had progressive renal insufficiency. Patients with PNH may also 
have hematuria, proteinuria, hypertension, an inability to con-
centrate their urine, or some combination of these abnormalities. 
The kidneys usually are enlarged when examined radiographi-
cally, and MRI may reveal hemosiderin deposition. The renal 
abnormalities probably result from repeated thrombotic episodes 
involving small venules.

Dysphagia and Male Impotence
When closely questioned, many patients with PNH complain of 
painful or difficult swallowing. The symptom is often worse in the 
morning and appears to be exacerbated during hemolytic epi-
sodes. Studies of peristalsis have shown that the esophageal con-
tractions that occur in this setting have 9 to 10 times the normal 
force. The pathogenesis of these esophageal complaints is specu-
lative. Inasmuch as hemoglobin binds nitric oxide, it has been 
proposed that the plasma free hemoglobin that is a consequence 
of the chronic intravascular hemolysis characteristic of PNH acts 
as a sump for nitric oxide.98 Esophageal (and intestinal spasm) 
may ensue because of consumption by plasma free hemoglobin of 
the smooth muscle–relaxing activity of nitric oxide. This hypoth-
esis is supported by observations that patients receiving artificial 
hemoglobin also experience dysphagia and odynophagia.99

Male impotence is common in patients with PNH and is worse 
during hemolytic exacerbations. As is the case with dysphagia, 
nitric oxide deficiency that is a consequence of the sump effect 
of plasma free hemoglobin may underlie the erectile dysfunction.

Infections
The apparent increased incidence of infections in patients 
with PNH may be attributable to leukopenia, to treatment with 
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corticosteroids, or to functional defects in leukocytes (although 
compelling experimental support is lacking). Even mild infections 
may constitute a serious hazard because they may precipitate a 
hemolytic exacerbation.

physical examination
Findings are largely nonspecific (related to anemia, thrombocyto-
penia, or neutropenia). Jaundice may be observed in patients with 
brisk hemolysis. Moderate splenomegaly and mild to moderate 
hepatomegaly are sometimes observed and should raise concerns 
about hepatic or splenic vein thrombosis.

laboRatoRy fiNDiNgs

Blood
Essentially all patients with PNH are anemic, and in many, the 
anemia is severe. The red cells are usually macrocytic, as observed 
in other bone marrow failure syndromes, but the MCV varies 
considerably among patients. Occasionally, the red cells may 
appear hypochromic and microcytic because of iron deficiency 
resulting from chronic and acute hemoglobinuria. Moderate 
anisocytosis and poikilocytosis are common but spherocytes are 
not observed in the peripheral blood film. Polychromatophilia, 
reflecting reticulocytosis, is observed unless bone marrow failure 
is severe. Relative reticulocytosis may be marked, but the absolute 
reticulocyte count is often lower than that found in association 
with other hemolytic disorders at comparable degrees of anemia. 
This discrepancy reflects underlying marrow dysfunction that is 
invariably a component of the disease. Normoblasts (nucleated 
red blood cells) may also be found in the peripheral blood film. 
The osmotic and mechanical fragility of the erythrocytes is nor-
mal, and the reaction to the direct antiglobulin (Coombs’) test is 
negative (although it may become positive in patients treated with 
eculizumab, see below).

Leukopenia is often observed and may be marked, espe-
cially in the setting of PNH/aplastic anemia. The leukopenia is a 
 consequence of bone marrow rather than complement- mediated 
destruction.100 Neutrophil alkaline phosphatase (a GPI-AP) 
expression is low or absent. Functional leukocyte defects have 
been demonstrated but their clinical relevance is conjectural.

Thrombocytopenia of moderate to severe degree is common, 
but platelet life span and function generally are normal.101 Thus, 
like the leukopenia, the thrombocytopenia of PNH is a conse-
quence of bone marrow failure. Bleeding due to severe thrombo-
cytopenia may contribute to the morbidity and mortality of the 
disease.

plasma
The plasma may be golden brown, reflecting the presence of 
increased levels of unconjugated bilirubin, hemoglobin, and met-
hemalbumin. Predictably, serum haptoglobin concentration is low 
and LDH concentration is markedly elevated, reflecting intravas-
cular hemolysis.

Urine
When the rate of blood destruction is increased, the urine 
contains increased amounts of urobilinogen. In addition, intra-
vascular hemolysis leads to depletion of serum haptoglobin, 
which results in the continuous presence of hemoglobin in the 
glomerular filtrate of the kidney. The cells of the proximal con-
voluted tubules that reabsorb much of the hemoglobin become 
heavily laden with iron. The excretion of this iron in the form of 
granules gives rise to hemosiderinuria. In addition, spectroscopic 

examination may reveal variable amounts of free hemoglobin. The 
continuous loss of relatively large amounts of iron in the urine can 
result in iron deficiency. Average daily losses of up to 16 mg have 
been observed, and as much as 4 mg of iron excreted in 24 hours 
has been demonstrated even in the absence of gross hemoglo-
binuria. Albuminuria has been detected immediately before and 
after an episode of hemoglobinuria, and long-term study of PNH 
patients has shown an unexpectedly high incidence of functional 
renal abnormalities, such as hematuria, hyposthenuria, tubular 
malfunction, and declining creatinine clearance.96,97

Bone Marrow
In patients with classic PNH, normoblastic hyperplasia is a 
characteristic finding. As many as 50% of the nucleated cells 
may be normoblasts, but only occasionally are megaloblastic 
changes evident. The absence of morphologic changes consistent 
with megaloblastic anemia suggests that deficiency of the GPI-
anchored form of the folate receptor (Table 31.2) does not result in 
abnormalities in folate metabolism that are clinically significant. 
The number of megakaryocytes may be decreased. When pan-
cytopenia is evident, a hypoplastic marrow is usually observed, 
although in some patients, pancytopenia is associated with a cel-
lular marrow, a feature that is more consistent with the ineffective 
hematopoiesis associated with a myelodysplastic process.

Cytogenetic Studies
Although a number of karyotypic abnormalities have been 
reported in PNH,77 the only nonrandom chromosomal aberrations 
specific for PNH involve rearrangement of the HMGA2 locus on 
12q13-15.61 Apparently, the presence of karyotypically abnormal 
bone marrow cells is not a negative prognostic factor in PNH.77

Diagnostic tests
Until the early 1990s, the diagnosis of PNH was based on the 
results of special tests that exploited the abnormal sensitivity of 
PNH red cells to lysis by complement. Among the available assays, 
Ham’s test (acidified serum lysis) and the sucrose lysis test (sugar 
water test of Hartmann) were most commonly used for the clini-
cal diagnosis of PNH. While these tests are sensitive and specific 
when properly performed, and relatively simple in both theory 
and practice, their accuracy is strongly operator-dependent. 
Therefore, in the hands of an inexperienced technician, results 
are not always reliable. This problem is compounded by the fact 
that the tests are usually performed on a sporadic basis in most 
clinical laboratories because the diagnosis of PNH is entertained 
relatively uncommonly.

The recognition that deficiency of GPI-AP underlies PNH has 
resulted in the development of a simple, reliable method for diag-
nosing the disease.102 By analyzing expression of GPI-AP on hema-
topoietic cells using monoclonal antibodies and flow cytometry, 
the abnormal cells can be readily identified (Figs. 31.1 and 31.2). 
The simplest method is to analyze expression of MIRL (CD59) on 
erythrocytes (Fig. 31.1). Because it is normally present in relatively 
high density, red cells with either complete or partial deficiency of 
MIRL are easily distinguished from normal (Fig. 31.1). Therefore, 
PNH I (normal expression), PNH II (partial expression), and PNH III 
(negative expression) erythrocytes can be identified by analyzing 
the flow cytometry histogram (Fig. 31.1). Analysis of erythrocyte 
DAF (CD55) expression is also informative. Because erythrocytes 
express ∼6 to 8-fold less DAF (CD55) than MIRL (CD59), however, 
separation into discrete populations may be less obvious when 
anti-DAF is used as the primary antibody. By using both antibod-
ies, the diagnosis can be confirmed (Figs. 31.1 and 31.2A).

The size of the PNH clone is best determined by analysis 
of GPI-AP expression on granulocytes. Unlike the life span of 
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peripheral blood RBCs that is markedly shortened as a conse-
quence of deficiency of the GPI-anchored complement regulatory 
proteins CD55 and CD59, the life span of PIGA-mutant, GPI-AP–
deficient PMNs is normal.100

Therefore, the percentage of GPI-AP–deficient PMNs is believed 
to be an accurate reflection of the contribution of the mutant 
clone(s) to hematopoiesis. The value of determining the size of the 
PNH clone is that some of the clinical manifestations of the disease, 
particularly the risk of thromboembolic complications, appear to 
be proportional to clone size.103,104 Analysis of GPI-AP on granulo-
cytes is technically more challenging than on erythrocytes, because 
of the difficulties associated with shipping, processing, and analyz-
ing these fragile cells. Further, granulocyte expression must be 
analyzed within 24 to 48 hours after the blood sample is acquired, 
whereas erythrocytes can be analyzed 1 to 2 weeks after the blood 
is obtained if the sample is properly stored at 4°C.

GPI-AP–deficient populations that comprise >1% to 3% of the 
red cells can be identified by standard flow cytometry. Concern 
that recent red cell transfusion might result in a false-negative 
result seems unfounded. Because the assay is very sensitive 
and because the proportion of GPI-AP–deficient cells is greater 
in the reticulocyte population than in the peripheral blood as a 

whole, massive transfusion that both replaces essentially all of 
the patient’s blood volume and also completely suppresses hema-
topoiesis would be required to produce a false-negative result. 
Transfusion will have an impact on the percentage of GPI-AP– 
deficient cells that are observed, but the possibility that the diag-
nosis would be obscured is remote. Conversely, it is unlikely that 
a recent hemolytic episode would result in a false-negative result 
because all the abnormal cells are destroyed. However, when 
documenting the proportion of affected cells and determining the 
precise erythrocyte phenotype, the analysis is best done when 
the patient has not been recently transfused, as well as when the 
patient is not experiencing a hemolytic crisis related to infection 
or some other cause.

By careful gating and by using triple-antibody staining tech-
niques, the sensitivity of flow cytometry can be enhanced by 
about three orders of magnitude, such that as few as 0.003% 
GPI-AP–deficient cells (RBCs and WBCs) can be consistently and 
reproducibly detected71 (Fig. 31.7). This high-resolution analysis 
is used to identify patients with PNH-sc (Fig. 31.7B). Patients with 
PNH-sc in the setting of aplastic anemia and the refractory anemia 
variant of MDS appear to have a more benign clinical course than 
patients without PNH-sc.71,105,106 In addition, some71,105,106 but 

Figure 31.7. High sensitivity flow cytometry for diagnosis of PNH. A: Two-color flow cytometry histogram of erythrocytes (upper panels) and neutrophils 
(lower panels) from a normal volunteer (left) and from a patient with classic PNH (right). Erythrocytes were stained with phycoerythrin (PE)-labeled anti-glycophorin 
A (vertical axis) and a combination of fluorescein isothiocyanate (FITC)-labeled anti-CD55 and anti-CD59 (horizontal axis). Neutrophils were stained with PE-labeled 
CD11b (vertical axis) and FITC-labeled anti-CD55 and anti-CD59 (horizontal axis). No GPI-AP–deficient erythrocytes or neutrophils were among ∼100,000 cells 
counted in this analysis for the normal control, whereas the patient had 72% GPI-AP–deficient erythrocytes and 96% GPI-AP–deficient neutrophils. B: Two-color 
flow cytometry histogram of erythrocytes and neutrophils from two patients with aplastic anemia but with no clinical evidence of PNH. In the example on the left, 
approximately 0.077% of the erythrocytes and 0.74% of the neutrophils failed to express CD55 and CD59. In the example on the right, 3% of the erythrocytes and 
21% of the neutrophils failed to express CD55 and CD59.

72683_ch031_0785-0808.indd   798 7/16/13   11:10 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 31 Paroxysmal Nocturnal Hemoglobinuria 799

Figure 31.7. (continued)

not all107 studies suggest that patients with PNH-sc respond more 
favorably to immunosuppressive therapy.

A diagnostic assay for PNH using fluorescent aerolysin (FLAER) 
that exploits the unique properties of the bacterial toxin aeroly-
sin has been developed.108 This channel-forming protein binds 
directly to the GPI anchor. By fluorochrome labeling of a modified 
recombinant form of the protein that does not cause lysis, this 
reagent can be used to detect leukocytes with the PNH pheno-
type.108 The primary advantage of this assay is that because it 
detects all GPI-APs, it is specific for PNH. The primary disad-
vantage is that the FLAER reagent does not bind well to RBCs. 
Thus FLAER cannot be used to characterize GPI-AP expression 
on erythrocytes.

Analysis of expression of GPI-AP on erythrocytes is a highly 
specific test for PNH. There is no other known disease in which 
the erythrocytes include a mosaic of both GPI-AP+ and GPI-AP− 
cells. Subjects with isolated deficiency of either DAF (the Inab 
phenotype) or MIRL (CD59) will be identified by this method 
(assuming that anti-DAF and anti-MIRL antibodies are used). 
Such patients are extremely rare, however, and their flow cytom-
etry histograms are readily distinguishable from patients with 
PNH because 100% of the cells are abnormal and expression 
of only one GPI-AP is deficient. Patients with inherited abnor-
malities of GPI-AP synthesis would be distinguished from patients 
with PNH because in the former case, mosaicism would not be 
observed.

DiffeReNtial DiagNosis

The diagnosis of PNH must be considered in any patient who has 
the following: (1) signs and symptoms of intravascular hemolysis 
(manifested by an abnormally high LDH) of undefined cause (i.e., 
Coombs-negative) with or without macroscopic hemoglobinuria 
often accompanied by iron deficiency; (2) pancytopenia in associa-
tion with hemolysis; (3) venous thrombosis affecting unusual sites, 
especially intra-abdominal, cerebral, or dermal locations accom-
panied by evidence of hemolysis; (4) unexplained recurrent bouts 
of abdominal pain, low backache, or headache in the presence of 
chronic hemolysis; and (5) Budd-Chiari syndrome.

It is important to document evidence of hemolysis before 
proceeding with tests more specific for clinical PNH. As dis-
cussed above, a history of gross hemoglobinuria (nocturnal 
or otherwise) is not part of the initial clinical presentation in 
approximately three-fourths of patients with PNH (Table 31.3). 
However, except for patients with PNH-sc, laboratory evidence 
of hemolysis is a relatively constant feature of the disease. 
Quantitation of serum LDH is particularly informative because 
intravascular hemolysis results in markedly elevated values. 
If LDH concentrations are difficult to interpret because of 
other comorbid conditions (e.g., liver disease), then alterna-
tive evidence for chronic intravascular hemolysis should be 
sought (e.g., low serum haptoglobin, urine hemosiderin). 
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Without evidence of hemolysis, more specific tests for clinical 
PNH are generally unwarranted. PNH must be differentiated 
from antibody-mediated hemolytic anemias, especially parox-
ysmal cold hemoglobinuria and the cold agglutinin syndrome, 
and from HEMPAS (Hereditary Erythroblastic Multinuclearity 
with a Positive Acidified Serum Lysis Test, or Congenital 
Dyserythropoietic Anemia type II). The mechanism that under-
lies the abnormal susceptibility of HEMPAS erythrocytes to 
acidified serum lysis is different from that of PNH.109By using 
flow cytometry, there is no difficulty distinguishing PNH from 
other hemolytic diseases because deficiency of GPI-APs affecting 
a portion of the erythrocytes is diagnostic of PNH.

By definition, patients with PNH-sc have no clinical or labora-
tory evidence of hemolysis. PNH-sc is diagnosed by using high-
resolution flow cytometry. Patients with aplastic anemia and the 
refractory anemia variant of MDS should undergo screening for 
PNH-sc at diagnosis and yearly thereafter. Finding PNH-sc appears 
to have important prognostic and therapeutic implications, as 
patients with PNH-sc/aplastic anemia or PNH-sc/MDS-RA may 
have a more benign clinical course and a higher rate of response to 
immunosuppressive therapy than those without PNH-sc.71,105,106

tReatmeNt
The size of the PNH clone and the type and severity of the bone 
marrow failure component of the disease are the main factors that 
determine the clinical course. Some patients have a relatively benign 
clinical course with only a moderate degree of anemia and mini-
mal hemolysis, and in such patients, no PNH-specific treatment is 
required. Other patients have severe anemia punctuated by hemolytic 
crises and thromboembolic complications; in such patients, treatment 
of the complement-mediated hemolytic anemia is clearly warranted. 
In other patients, the disease is dominated by bone marrow failure 
rather than by hemolysis, and in those patients, the focus of treat-
ment should be on the underlying marrow failure process. By taking 
into account the size of the PNH clone and the type and severity of 
the bone marrow failure component of the disease, a classification 
has been developed that provides a rational basis for management.

Clinical Classification
The basic approach to classifying PNH is straightforward. Flow 
cytometric analysis of peripheral blood erythrocytes and granulo-
cytes (± monocytes) is needed to determine the phenotype of the 

red cells and the size of the PNH clone (based on the percentage 
of GPI-AP–deficient granulocytes (± monocytes). CBC, reticulocyte 
count, serum concentration of LDH, bilirubin (fractionated), hapto-
globin, and iron stores are needed to assess the degree of marrow 
failure and hemolysis and whether iron deficiency is present. Bone 
marrow aspirate and biopsy and cytogenetic analysis are needed 
to characterize the status of the bone marrow. Once the basic 
evaluation is complete, patients should be classified based on the 
categories developed by the International PNH Interest Group.1

The three categories are as follows (Figure 31.8):
Classic PNH. Patients with classic PNH have clinical evidence 

of intravascular hemolysis (reticulocytosis, abnormally high con-
centration of serum LDH and indirect bilirubin, and abnormally 
low concentration of serum haptoglobin), but have no evidence 
of another defined bone marrow abnormality. A cellular marrow 
with erythroid hyperplasia and normal or near-normal morphol-
ogy, but without nonrandom karyotypic abnormalities, is consis-
tent with classic PNH. The PNH clone is large (>50% and often 
>90%). Patients with a large population of PNH II erythrocytes, 
however, will have minimal hemolysis.

PNH in the setting of another specified bone marrow disorder. 
This subcategory of patients has at least laboratory evidence 
of hemolysis but also has concomitantly a defined underlying 
marrow abnormality. Bone marrow analysis and cytogenetics 
are used to determine if PNH arose in association with aplastic 
anemia or MDS. Standard criteria are used for diagnosis of the 
bone marrow abnormality (e.g., aplastic anemia, low-risk MDS). 
Finding nonrandom karyotypic abnormalities that are associated 
with a specific bone marrow abnormality may contribute diag-
nostically (e.g., abnormalities of chromosomes 5q, 7, and 20q are 
associated with MDS). The large majority of patients with PNH/
AA and PNH/MDS have relatively small PNH clones (<50%), and 
require no specific PNH therapy; and in these cases, treatment 
should focus on the underlying bone marrow failure syndrome.73 
Approximately half of the patients with clinical PNH in the set-
ting of bone marrow failure will require therapy (eculizumab for 
hemolysis or anticoagulation for thrombosis).73

Subclinical PNH (PNH-sc). Patients with PNH-sc have no clinical 
or laboratory evidence of hemolysis. Small populations of GPI-AP–
deficient hematopoietic cells (peripheral blood erythrocytes, 
granulocytes, or both) are detected by sensitive flow cytometric 
analysis.74 PNH-sc is observed in association with bone marrow 
failure syndromes, particularly aplastic anemia and refractory 
anemia-MDS. In approximately 80% of these cases, the proportion 
of GPI-AP–deficient cells is <1.0%.74 These patients require no 

Figure 31.8. Classification of PNH. This classification is modified based on the recommendations of the International PNH Interest Group.

72683_ch031_0785-0808.indd   800 7/16/13   11:10 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 31 Paroxysmal Nocturnal Hemoglobinuria 801

PNH-specific therapy; however, as noted above, finding a popu-
lation of GPI-AP–deficient erythrocytes in patients with aplastic 
anemia may be clinically relevant, as some71,105,106 but not all107 
studies suggest that these patients have a particularly high prob-
ability of responding to immunosuppressive therapy with a more 
rapid rate of onset of response compared with patients with aplas-
tic anemia without a population of GPI-AP–deficient erythrocytes. 
Treatment with immunosuppressive therapy appears to have no 
influence on the size of the PNH clone.73

An algorithmic approach to management of PNH based on the 
above disease classification is shown (Fig. 31.9).

Management of the anemia of paroxysmal 
Nocturnal hemoglobinuria
Coombs-negative hemolytic anemia is the clinical hallmark of 
PNH, but because the disease usually arises in the setting of 
an underlying abnormality of the bone marrow, hemolysis may 
account for only part of a patient’s anemia. Further, the eryth-
rocytes of PNH are a mosaic of normal and abnormal cells, and 
the portion of GPI-AP–deficient RBCs varies among patients (Figs. 
31.1 and 31.2). For example, in hypothetical patient A, only 15% of 
the circulating RBC may be GPI-AP–deficient while, in hypotheti-
cal patient B, 75% GPI-AP–deficient erythrocytes may be observed 
(Fig. 31.10). In the former, hemolysis would contribute modestly 
to an observed anemia, while in the latter, a significant hemolytic 
component would be expected (Fig. 31.10). Another complicat-
ing factor is that deficiency of GPI-AP may be partial rather than 
complete (Figs. 31.1 and 31.10), and partial expression of CD55 
and CD59 is sufficient to protect PNH II cells from spontaneous 
complement-mediated lysis in vivo.30 Therefore, even if a patient 
has a high proportion of PNH II cells, only modest evidence of 
spontaneous hemolysis is usually observed (Fig. 31.10). But brisk 
hemolysis can occur in patients with predominantly PNH II eryth-
rocytes in situations where complement activation is enhanced 
(e.g., by infection, trauma, surgery, pregnancy, or unusual stress).

Prior to initiating therapy, an effort should be made to deter-
mine how much of the anemia is a consequence of hemolysis and 
how much is due to impaired erythropoiesis (Table 31.4). Review 
of the complete blood count is informative because evidence of 
thrombocytopenia, leukopenia, or both suggests stem cell dysfunc-
tion. The capacity of the marrow to respond to the anemia can be 
inferred from the reticulocyte count. An element of marrow failure 
is likely a contributing factor in a patient with PNH who has ane-
mia with an inappropriately low reticulocyte count.

Biochemical parameters of hemolysis should be assessed 
(Table 31.4). Normal or minimal elevation of LDH argues against 
hemolysis as a major contributing factor to the anemia. The pres-
ence of urine hemosiderin suggests chronic intravascular hemolysis 

but provides no quantitative information, while gross hemoglobin-
uria indicates clinically significant intravascular hemolysis.

The concentration of erythropoietin should be determined, as 
renal dysfunction may complicate PNH.96 Iron deficiency due to 
hemosiderinuria/hemoglobinuria is common.

Treatment of anemia that is primarily a consequence of bone 
marrow failure should be aimed at the underlying disease (e.g., 
aplastic anemia, MDS). Patients with PNH/aplastic anemia or 
PNH/RA-MDS appear to have a favorable response to immuno-
suppressive therapy.71,105,106 If absolute or relative erythropoietin 
deficiency is thought to contribute to the anemia, replacement 
with the recombinant protein is warranted, but patients should be 
closely monitored, as erythropoietin supplementation could exac-
erbate hemolysis by increasing production of GPI-AP–deficient 
erythrocytes (patients treated with eculizumab would be protected 
against such a hemolytic exacerbation). There are also anecdotal 
reports of patients responding to pharmacologic doses of eryth-
ropoietin even when the endogenous concentration is high.110 
Androgens may also be beneficial in patients with PNH who have 
a hypoproliferative component to their anemia.111 Complement 
inhibitory therapy (i.e., eculizumab) would not be expected to 
have efficacy in the treatment of anemia due to  marrow failure.

Complement Inhibitory therapy
Patients with evidence of clinically significant intravascular 
hemolysis (markedly elevated LDH, macroscopic hemoglobin-
uria, reticulocytosis, or transfusion dependence) are candidates 
for treatment with eculizumab (Soliris, Alexion Pharmaceuticals 
Inc.). However, patients need not be transfusion-dependent to 
benefit from eculizumab, as the debilitating symptoms of lethargy, 
malaise, and asthenia that accompany the chronic, complement-
mediated intravascular hemolysis of PNH are ameliorated by 
treatment with eculizumab. Eculizumab is a humanized monoclo-
nal antibody that binds complement C5, preventing its activation 
to C5b by the APC C5 convertase and thereby inhibiting MAC for-
mation (Fig. 31.1).112 In 2007, eculizumab was approved by both 
the US FDA and the European Union Commission for treatment 
of the hemolysis of PNH. The drug is now available in countries 
outside of North American and Europe. Treatment of patients 
with classic PNH with eculizumab reduces transfusion require-
ments, ameliorates the anemia of PNH, and improves quality 
of life.10,113,114 Following treatment, serum LDH concentration 
returns to normal or near-normal, with approximately one-half to 
two-thirds of patients achieving transfusion independence;84 but 
mild to moderate anemia, hyperbilirubinemia, and reticulocytosis 
persist in essentially all treated patients. Eculizumab appears to 
reduce the risk of thromboembolic complications.115 For patients 
being treated with eculizumab who have no prior history of 
thromboembolic complications, prophylactic anticoagulation may 

Management of PNH Based on Disease Classification

Classify PNH based on flow cytometric characteristics, reticulocyte
count, serum LDH concentration, bone marrow analysis

Subclinical PNH

No specific PNH
therapy−focus
on underlying
BMF syndrome∗

Focus on BMF †
patients with large
PNH clones may
benefit from
eculizumab¶

PNH/BMF syndrome Classic PNH

Treat with eculizumab§

inadequate
reponse

BMT, [steroids,
splenectomy]∗∗,
supportive care

Figure 31.9. Algorithm for management of PNH based on disease classification.   
Disease classification is based on the recommendations of the International PNH Interest 
Group (Fig 31.8). *Some, but not all, studies suggest a favorable response to immunosuppres-
sive therapy (IST). †BMT eradicates the PNH clone, and typically, treatment with IST does not 
affect PNH clone size (<10% of patients with PNH/BMF have PNH clone size >50%). §Some 
patients respond to danazol as first line therapy. **Consider for patients with clinically significant 
extravascular hemolysis. BMF, bone marrow failure (aplastic anemia and low-risk MDS); BMT, 
bone marrow transplant. (Reproduced from Parker CJ. Management of paroxysmal nocturnal 
hemoglobinuria in the era of complement inhibitory therapy. Hematology Am Soc Hematol Educ 
Program 2011:21–29, with permission of the author).
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Figure 31.10. impact of phenotype and degree of mosaicism on the 
hemolytic anemia of PNH. Hypothetical histograms of erythrocytes from 
patients with PNH stained with anti-CD59 are illustrated. The proportion and 
type of abnormal erythrocytes varies greatly among patients with PNH and 
these characteristics are important determinants of clinical manifestations. 
In general, patients with a high percentage of type III erythrocytes have clini-
cally apparent hemolysis (panel A ). If the erythrocytes are partially deficient 
in GPI-AP, hemolysis may be modest even if the percentage of the affected 
cells is high (panel B ). A patient may have a diagnosis of PNH, but if the 
proportion of type III cells is low, only biochemical evidence of hemolysis 
may be observed (panel C). (Modified from Parker C, Omine M, Richards S, 
et al. Diagnosis and management of paroxysmal nocturnal hemoglobinuria. 
Blood 2005;106:3699–3709.)

•	 Complete blood count
•	 Reticulocyte count
•	 Serum concentration of lactate dehydrogenase (LDH), bilirubin (total and direct 

fractions), and haptoglobin
•	 Urine hemosiderina

•	 Flow cytometric analysis of erythrocytes and granulocytes for expression of  
glycosyl phosphatidylinositol-anchored proteins (GPI-AP)

•	 Serum erythropoietin concentration
•	 Serum concentration of blood urea nitrogen and creatinine
•	 Serum iron studies (iron concentration, total iron binding capacity, transferrin 

saturation index, and ferritin concentration

aIndicative of chronic hemolysis but provides no quantitative information.
Modified from Parker C, Omine M, Richards S, et al. Diagnosis and management of 
paroxysmal nocturnal hemoglobinuria. Blood 2005;106:3699–3709.

iNfoRmAtioN useful foR mANAGiNG ANemiA iN PAtieNts 
witH PARoxysmAl NoCtuRNAl HemoGlobiNuRiA

taBLe 31.4

be unnecessary, while it is recommended that anticoagulation 
continue for those patients who experienced a thromboembolic 
event prior to initiating therapy with eculizumab.84 Eculizumab 
is expensive (∼$400,000/year in the United States), and it has no 
effect either on the underlying stem cell abnormality or on the 
associated bone marrow failure. Consequently, treatment must 
continue indefinitely and leukopenia, thrombocytopenia, and 
reticulocytopenia, if present, persist. Patients treated with ecu-
lizumab are at risk for infection with Neisseria organisms, and 
vaccination against Neisseria meningitidis is required prior to 
initiation of therapy. Nonetheless, deaths from meningococcal sep-
sis have been observed in patients being treated with eculizumab. 
Some advocate the use of prophylactic penicillin in patients 
treated with eculizumab, as the currently available vaccine does 
not protect against some species of meningococcus.84 Treatment 
with eculizumab appears to have a favorable impact on survival, 
as a recent study of 79 patients treated between 2002 and 2010 

showed the same survival as that of age- and sex-matched con-
trols from the general population.84 However, the contribution of 
eculizumab to survival in this study cannot be quantified accu-
rately as a control patient group was not included.

reasons for eculizumab Failure
The recommended maintenance dose of eculizumab is fixed 
(900 mg every 2 weeks ± 2 days), rather than being based on 
weight or body surface area. Due to differences in the rate of drug 
metabolism, some patients may show evidence of breakthrough 
intravascular hemolysis (i.e., a rise in LDH and development 
of constitutional symptoms) near the end of a treatment cycle. 
In these cases, breakthrough hemolysis can be ameliorated by 
reducing the length of the treatment cycle from 14 days to 13 days 
or 12 days, and in some instances, the maintenance dose of eculi-
zumab may also have to be increased. All patients with PNH have 
an element of bone marrow failure, and patients treated with 
eculizumab who have higher degrees of relative reticulocytope-
nia may remain anemic or even transfusion-dependent despite 
excellent control of intravascular hemolysis. Iron stores and 
serum erythropoietin concentration should be quantified in these 
patients, and if iron stores are adequate, and serum erythropoi-
etin concentration is inappropriately low, a trial of recombinant 
erythropoietin is warranted in patients who have symptomatic 
anemia or who are transfusion-dependent. Following treat-
ment with eculizumab, serum LDH returns to normal or near-
normal, but mild to moderate anemia and laboratory evidence 
of hemolysis persist in essentially all treated patients.113 A small 
subgroup of eculizumab-treated patients experiences little or no 
improvement in either anemia or constitutional symptoms. In 
these patients, hemolysis is mediated by opsonization of the PNH 
erythrocytes by activation and degradation products of comple-
ment C3, and when tested, they are found to be Coombs’-positive 
for C3 but not IgG.116–118,119 The known pathophysiology of PNH 
predicts that CD55 deficiency would result in ongoing extravas-
cular hemolysis of PNH erythrocytes as a consequence of C3 
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opsonization (Fig. 31.3), as eculizumab does not block the activity 
of the APC C3 convertase that is unregulated because of DAF defi-
ciency (Fig. 31.3). Support for this hypothesis is provided by the 
studies of Risitano and colleagues,119 who showed that in patients 
treated with eculizumab, a portion of the PNH erythrocytes (i.e., 
the CD59-deficient population) had complement C3 bound. Those 
studies also confirmed the Coombs’-negative designation of PNH, 
as no C3 was found bound to PNH erythrocytes prior to initiation 
of treatment with eculizumab, implying that PNH erythrocytes 
upon which complement has been activated are destroyed directly 
as a consequence of MAC-mediated cytolysis. Thus, those studies 
provide a plausible explanation for the persistent hemolytic ane-
mia observed in PNH patients treated with eculizumab. By inhibit-
ing formation of the MAC, eculizumab prevents direct cytolysis of 
PNH erythrocytes, allowing the manifestations of DAF deficiency 
to become apparent in the form of aberrant regulation of the 
APC C3 convertase and the consequent deposition of activated 
C3 on the cell surface (Fig. 31.3).120 Covalently bound activa-
tion and degradation products of C3 then serve as opsonins that 
are recognized by specific receptors on reticuloendothelial cells 
resulting in extravascular hemolysis. The extravascular hemolysis 
of patients with PNH receiving eculizumab does not require treat-
ment in the absence of constitutional symptoms, symptoms of 
anemia, or transfusion dependence. As the process is extravascu-
lar, splenectomy or corticosteroids may ameliorate the hemolysis 
in symptomatic or transfusion-dependent patients by removing 
or inhibiting the function of phagocytic cells. Long-term use of 
corticosteroids is associated with significant toxicity, however, 
and concerns about both postoperative and late complications 
temper enthusiasm for splenectomy. It is also conceivable that 
the primary site of phagocytosis is hepatic rather than splenic. In 
such cases, response to splenectomy would likely be inadequate. 
Based on experience in the treatment of refractory autoimmune 
hemolytic anemia, a trial of danazol can be considered, however, 
Rituxan is not indicated, as the process is mediated by C3 opso-
nization rather than opsonization by IgG antibody.

androgenic Steroids, Cortical Steroids,  
and Immunosuppressive therapy
Although efficacy is controversial,1 some patients with PNH 
respond to treatment with androgenic steroids and prednisone.111

Approximately one-third of patients appear to respond to 
androgen therapy with an increase in hemoglobin concentra-
tion, a reduction in transfusion requirement, or both; however, 
attempting to identify the responders in advance is problematic. 
The mechanism by which androgenic steroids ameliorate the ane-
mia of PNH is not understood, although the rapid onset of action 
is consistent with complement inhibition.121 The adverse effects of 
androgen therapy can be substantial, ranging from virilization in 
women and acne in both sexes to serious liver disease, including 
peliosis hepatitis and hepatocellular carcinoma. Although neither 
of the last two complications has been reported in androgen-
treated patients with PNH, some suggest androgens might pre-
dispose to an insidious form of hepatic vein thrombosis.111 These 
considerations make prudent institution of androgen therapy for 6 
to 8 weeks with discontinuation if no clear response is observed. 
Oral preparations such as fluoxymesterone (5 to 30 mg/day) or 
oxymetholone (10 to 50 mg/day) have been used most commonly. 
Because of fewer virilizing adverse effects, the synthetic androgen 
danazol (400 to 800 mg/day in two divided doses) is an attrac-
tive alternative to anabolic steroids. Once hemolysis is controlled, 
a dose of 200 to 400 mg/day may be sufficient to sustain the 
response. Monitoring of liver function studies is mandatory, but 
prolonged use of danazol appears to be safe in most patients.

Corticosteroids have been used as treatment for both chronic 
hemolysis and acute hemolytic exacerbations. As is the case 
with androgenic steroids, treatment is empiric, and there is no 

experimental data that provides a plausible explanation for why 
steroids should ameliorate the hemolysis of PNH. Nonetheless, 
some patients appear to respond rapidly and dramatically to 
glucocorticoids (given in the dosage range of 0.25 to 1.0 mg/
kg/d of prednisone). The rapid response (often within 24 hours of 
initiating therapy) suggests that complement inhibition accounts 
for the anti-hemolytic activity of glucocorticoid therapy. Such an 
effect could be direct (the result of inhibition of the activity of some 
component of the alternative pathway of complement) or indirect 
(the result of dampening a process, such as inflammation, that 
stimulates activation of complement).

The main value of corticosteroids may be in attenuating acute 
hemolytic exacerbations.1 Under these circumstances, brief pulses 
of prednisone may reduce the severity and duration of the crisis 
while avoiding the untoward consequences associated with long-
term use. The value of steroids in treating chronic hemolysis is 
limited by toxicity, and the harm that can accrue from long-term 
use cannot be overemphasized. An every other day schedule may 
attenuate some of the adverse effects of chronic steroid use, but 
patients may note worsening of symptoms on the off day. Careful 
follow-up is essential and both bacterial prophylaxis and pro-
phylaxis against steroid-induced osteopenia are recommended. 
Awareness of the potentially debilitating effects of steroid myopa-
thy and sensitivity to the disfiguring consequences of iatrogenic 
Cushing’s syndrome are essential for proper management.

Responses to immunosuppressive therapy with cyclosporin 
and anti-thymocyte globulin have been reported.122–124 This 
approach to management has been applied primarily to patients 
with PNH/aplastic anemia, and as noted above, immunosuppres-
sive therapy appears to have no effect on the size of the PNH 
clone.73 Use of high-dose cyclophosphamide for treatment of PNH 
and PNH/aplastic anemia has been investigated.11

transfusions
Blood transfusions may be required for treatment of anemia. The 
recommendation that the blood be given in the form of saline-
washed or frozen-thawed, deglycerolized red cells in order to avert 
a hemolytic episode has been questioned.125 But hemofiltration 
is recommended to prevent transfusion reactions resulting from 
interaction between donor leukocytes and recipient antibodies. 
Transfused red cells survive normally in patients with PNH, and 
transfusion to nearly normal hemoglobin levels can produce 
short-lived “remissions.” Clinical improvement may result from a 
temporary decrease in the production of abnormal cells with a con-
sequent reduction of hemolysis and other disease-associated epi-
phenomena. Iatrogenic hemochromatosis can occur from chronic 
transfusions, but may be delayed because of iron loss from hemo-
globinuria and hemosiderinuria. In fact, iron overload in patients 
with classic PNH is rare. But iron overload remains a concern 
in patients who require chronic transfusion when the anemia is 
primarily a consequence of marrow failure rather than hemolysis.

Iron
As a result of chronic hemoglobinuria and hemosiderinuria, iron 
deficiency eventually develops in most patients (even in heav-
ily transfused patients).126 The amount of iron lost should be 
replaced, since iron-limited erythropoiesis may contribute to the 
anemia, and hemolysis appears to be exacerbated by iron defi-
ciency. Most patients tolerate oral iron therapy well, but hemolytic 
episodes have been precipitated by such treatment. This phenom-
enon probably results from the outpouring of a cohort of young 
erythrocytes, a larger proportion of which is more complement-
sensitive. Parenteral iron repletion is generally safe. If hemoglo-
binuria after iron therapy is troublesome, hematopoiesis can be 
suppressed by a brief period of transfusion during which iron 
stores are repleted. Alternatively, a short course of high doses 
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of prednisone given during the early phases of iron replacement 
therapy may ameliorate the hemolytic exacerbation. For patients 
treated with eculizumab, a hemolytic exacerbation would not 
be induced by iron replacement, and iron deficiency should not 
develop in patients on eculizumab, as inhibition of hemolysis 
eliminates hemoglobinuria and the consequent iron loss.

Splenectomy
The role of splenectomy in the management of patients with PNH 
is debatable. Reports of amelioration of hemolysis and improve-
ment in cytopenias following splenectomy are anecdotal. Concerns 
about lack of proven efficacy and the potential for postoperative 
complications, particularly thrombosis, limit enthusiasm for sple-
nectomy in the management of PNH.1

Folate
Although most normal western diets supply adequate folate, 
supplemental folate (1 to 5 mg/day) is recommended to ensure 
compensation for increased utilization associated with heightened 
erythropoiesis that is a consequence of hemolysis.

Bone Marrow transplantation
Bone marrow or other forms of stem cell transplantation has been 
used in the treatment of PNH for nearly 40 years.127 The unique 
pathophysiology of PNH should be taken into account when plan-
ning a transplant strategy. PNH is a nonmalignant clonal disease, 
and observation of a patient who underwent a syngeneic stem cell 
transplant128 underscores two important differences in response 
to transplant compared with malignant clonal myelopathies such 
as acute leukemia. First, cytoreduction of the “tumor” cell burden 
prior to transplant conditioning is not required, whereas the suc-
cess of transplant for acute leukemia (and other malignant clonal 
myelopathies) is dependent on maximum pretransplant tumor 
debulking. Second, graft vs. tumor effect is not essential for eradi-
cation of the PNH clone, whereas graft vs. tumor effect plays a 
critical role in the outcome of transplant for malignant disorders.

The optimal transplant conditioning regimen for PNH should 
be made on a case-by-case basis.1 Clearly some conditioning is 
essential, as infusion of syngeneic donor marrow without condi-
tioning has limited, transient, efficacy.129 Using a nonmyeloabla-
tive regimen, Childs and colleagues reported that eradication 
of the PNH clone was incomplete without any graft vs. tumor 
effect,130 but as noted above, a myeloablative regimen can com-
pletely eradicate the PNH clone without graft vs. tumor effect.128 
Together, these observations can be used in planning a transplant 
strategy for patients with PNH, depending upon the anticipated or 
desired role of graft vs. tumor effect in the therapeutic process.

While allogeneic BMT is potentially curative, the benefits must 
be weighed against the significant morbidity and mortality associ-
ated with the procedure. The experience of the International Bone 
Marrow Transplant Registry (IBMTR) was reviewed in 1999.131 A 
total of 57 patients were included in that study, with 48 receiving 
HLA-identical sibling transplants. The 2-year probability of sur-
vival for this group was 56%. Only 1 of 7 patients who underwent 
unrelated donor transplant was alive after 5 years of follow-up. 
However, improvements in HLA matching using molecular tech-
niques may improve outcomes with unrelated donors, though 
unlikely to reach those observed for transplant using stem 
cells from HLA-identical sibling donors. Successful treatment of 
patients with PNH using nonmyeloablative stem cell transplanta-
tion has been reported.130,132,133

When BMT is used to treat patients with PNH/aplastic ane-
mia or PNH-sc/aplastic anemia, the decision on transplantation 
should be guided primarily by recommendations for management 
of that particular marrow failure syndrome, typically based on 

the degree of aplasia and transfusion dependence. For patients 
with classic PNH, both recurrent life-threatening thrombosis and 
refractory, transfusion-dependent hemolytic anemia are indica-
tions for transplantation. In the pre-eculizumab era PNH patients 
who had thrombosis at presentation had only a 40% survival rate 
at 4 years.66 Progression to pancytopenia was also a risk factor 
that negatively affected survival,66 as did development of MDS or 
acute leukemia, age over 55 at diagnosis, and thrombocytopenia 
at diagnosis (Table 31.5). Surprisingly, however, an antecedent 
history of aplastic anemia has been reported to influence favor-
ably survival in a multivariate analysis (Table 31.5).66 That rarely 
some patients with PNH undergo spontaneous remission must 
also be taken into account when deciding on the appropriateness 
of allogeneic BMT as treatment for PNH.65,134

In the unusual circumstance in which the patient has a synge-
neic twin, bone marrow transplantation is the most appropriate 
therapy for classic PNH because absence of graft vs. host disease 
greatly reduces transplant-associated morbidity and mortality, 
while graft vs. tumor effect is not necessary for eradiation of the 
PIGA-mutant clone.128,135 Syngeneic transplantation without pre-
conditioning has been unsuccessful because abnormal hemato-
poiesis usually returns, suggesting that the residual PIGA-mutant 
stem cells have a survival or proliferative advantage relative to the 
transplanted GPI-AP+ cells.129 This same phenomenon may limit 
the efficacy of gene therapy, as transducing PIGA-mutant stem 
cells with normal PIGA would hypothetically eliminate the con-
ditional growth or survival advantage. An attractive alternative 
approach to gene therapy would take advantage of the fact that 
the hematopoietic stem cells of patients with PNH are a mosaic. 
Conceivably, the GPI-AP+ cells can be selected and used for mar-
row rescue following myeloablation. The success of this approach 
depends upon developing a method for separating uniformly and 
efficiently the GPI-AP+ population from the GPI-AP− population 
and acquiring GPI-AP+ stem cells sufficient to repopulate the 
ablated marrow. Fluorescence-activated cell sorting may be use-
ful for this purpose, as CD34+, CD38− hematopoietic stem cells 
express both CD55 and CD59.136

The question now arises regarding when and how best to per-
form transplant in the eculizumab era. Short-term treatment with 
eculizumab may provide an opportunity to reduce hemolysis and 

Factor

Relative Risk of  
Disease-Related Mortality 
(95% Confidence Interval) p value

Development of  
thrombosis

10.2 (6.0–17) <0.0001

Progression to  
pancytopenia

5.5 (2.8–11) <0.0001

Myelodysplastic disease or 
acute leukemia

19.1 (7.3–50) <0.001

Age over 55 4.0 (2.4–6.9) <0.0001

More than one treatment 2.1 (1.3–3.6) <0.003

Thrombocytopenia at 
diagnosis

2.2 (1.3–3.8) <0.003

Aplastic anemia antedat-
ing paroxysmal nocturnal 
hemoglobinuria

0.32 (0.14–0.72) <0.023

Modified from Socié G, Mary J-Y, deGramont A, et al. Paroxysmal nocturnal 
haemoglobinuria: long-term follow-up and prognostic factors. Lancet 1996;348:573–577.

Risk fACtoRs AffeCtiNG suRvivAl befoRe tHe 
AvAilAbility of eCulizumAb

taBLe 31.5
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stabilize the blood counts, prior to a planned transplant. In one 
recent report, eculizumab was used until 2 weeks before a highly 
lymphoablative conditioning regimen, with good success.137

Before the availability of eculizumab, the primary indications 
for transplantation for PNH were bone failure, recurrent life-
threatening thrombosis, and uncontrollable hemolysis.1 The latter 
process can be eliminated by treatment with eculizumab, and the 
thrombophilia of PNH may also respond to inhibition of intravas-
cular hemolysis by eculizumab.138 Nonetheless, transplantation is 
the only curative therapy for PNH; and the availability of molecu-
larly defined, matched unrelated donors, less toxic conditioning 
regimens, reductions in transplantation-related morbidity and 
mortality, and improvements in post-transplantation supportive 
care make this option a viable alternative to medical manage-
ment.138 The decision of who should receive a transplantation 
and when it should be performed is complex, however, and 
requires an understanding of the unique pathobiology of PNH and 
the input of physicians experienced in transplantation and medi-
cal management of PNH.139 The recent studies of Kelly et  al.84 
showing normal survival for patients with PNH treated with 
eculizumab make the decision concerning medical management 
versus transplantation even more challenging.

prevention and treatment of thrombosis
In contrast to our thorough understanding of the basis of the 
hemolysis, much less is known about the mechanism that under-
lies the thrombophilia of PNH89 (Table 31.6).

A recent review of 13 retrospective studies of PNH in nonpreg-
nant patients revealed considerable variation in the reported rate 
of thromboembolic disease; however, overall 14.4% (95% confi-
dence interval 7.6 to 25.5) of the patients included in these studies 
were affected.140 Thromboembolic complications of PNH appear 
to be more common among patients from western countries (with 
the exception of Mexico141), with intra-abdominal (hepatic and 
mesenteric veins) and cerebral veins being the most commonly 

involved sites (Table 31.6). Nine of these studies described cause 
of death, with 22% of the mortality being due to venous thrombo-
sis (higher among westerners).

Clinicians should be particularly alert for thrombotic disease 
in patients with indwelling catheters, after surgical procedures, 
during prolonged sedentary periods, and during the puerperium 
(pregnancy and PNH are discussed below). Female patients should 
avoid the use of estrogen-containing oral contraceptives because 
these agents increase the risk of serious thrombotic disease.

Treatment of thromboembolic complications  
of Paroxysmal Nocturnal Hemoglobinuria
Anticoagulation is required for treatment of venous thrombosis 
(including cerebral vein thrombosis) associated with PNH, with 
thrombolytic therapy being advocated for extensive acute or life-
threatening hepatic vein thrombosis (see below). Mild to moderate 
thrombocytopenia (platelet count between 50,000 and 100,000/
ml) is not a contraindication to anticoagulation; however, platelet 
transfusion may be required for patients with counts < 50,000/ml. 
Occasional episodes of hemolysis coincident with the administra-
tion of heparin have been reported,111 and this phenomenon has 
been attributed to activation of the alternative pathway of comple-
ment by heparin. This complication is rare, however, and concern 
for exacerbation of hemolysis by heparin should not deter its use 
in standard pharmacologic doses in situations where anticoagula-
tion is warranted. Once adequately anticoagulated with heparin, 
Coumadin therapy should be initiated with a goal of maintaining 
the international normalized ratio between 2.0 and 2.5. Although 
data on recurrence rates have not been generated, patients with 
PNH who experience a thromboembolic episode probably warrant 
life-long anticoagulation.

For hepatic vein thrombosis or other life-threatening condi-
tions, prompt treatment with heparin or thrombolytic agents 
is recommended.91,142 Even with heparin therapy, extensive 
hepatic vein thrombosis is associated with a poor prognosis.95,142 
Experience with thrombolytic therapy in this setting is limited, 
but success has been reported with the use of streptokinase, uro-
kinase, and tissue plasminogen activator.142,143 A recent review of 
nine patients receiving intravenous tissue plasminogen activator 
on 15 occasions reported serious hemorrhagic complications in 
three, so thrombolysis must be considered a high-risk interven-
tion.144 A PNH patient with chronic hepatic vein thrombosis 
markedly improved following bone marrow transplantation.135

Prophylactic anticoagulation
In the study of Socié et al. that antedated the use of eculizumab,66 
30% of French patients experienced an episode of thrombosis 
within 8 years of the diagnosis of PNH, and based on Kaplan-
Meier estimates, approximately 50% of patients were predicted to 
have this complication within 15 years. Because of the relatively 
high incidence of thrombosis (particularly among westerners) 
and its associated morbidity and mortality, an argument can be 
made for prophylactic anticoagulation in patients without contra-
indications such as severe thrombocytopenia.104 A nonrandom-
ized study with a relatively short follow-up period suggested a 
significant reduction in thrombotic events when PNH patients 
with ≥50% GPI-AP–deficient granulocytes received prophylactic 
anticoagulation with Coumadin104 (Table 31.6). A second, more 
recent retrospective study supports the use of prophylactic anti-
coagulation for patients with large PNH clones (>50% to 60%).103 
The benefits of prophylactic anticoagulation, however, must be 
weighed against potential adverse effects of long-term anticoagu-
lation. Patients at risk for cerebral vein thrombosis and portal/
hepatic vein thrombosis would likely derive the greatest benefit 
from prophylactic anticoagulation. A method for identifying that 
subgroup of patients, however, has not been developed.

The pathogenesis of the thrombophilia of PNH is incompletely understood

•	 Sites of thrombosis that are disproportionately represented in PNH

•	 Hepatic vein (Budd-Chiari syndrome)

•	 Mesenteric veins

•	 Portal vein

•	 Cerebral veins

•	 Dermal veins

•	 Propensity toward thrombosis appears roughly proportional to the size of the 
PNH clonea

•	 The risk of thromboembolic disease appears higher in Caucasian and  
African-American patients than in patients of Asian/Pacific Island or Hispanic 
ancestry even when adjusted for clone size

•	 Caucasian and African-American patients with >50% GPI-AP–deficient  
granulocytes who have no contraindications are candidates for prophylactic 
anticoagulation with warfarinb

•	 Patients with PNH who have experienced a thromboembolic event should 
remain anticoagulated indefinitelyc

a The size of the PNH clone is determined by flow cytometric analysis of expression of GPI-
AP on peripheral blood granulocytes.
bStandard intensity warfarin therapy (INR 2.0–3.0) is recommended for chronic therapy.
c Long-term anticoagulation should be reassessed in any patient who undergoes a 
spontaneous remission or in whom the PNH clone size falls to below 50%.
Modified from Parker C, Omine M, Richards S, et al. Diagnosis and management of 
paroxysmal nocturnal hemoglobinuria. Blood 2005;106:3699–3709.

tHRombosis AND PARoxysmAl NoCtuRNAl 
HemoGlobiNuRiA (PNH)

taBLe 31.6
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Eculizumab appears to reduce the risk of thromboembolic 
complications.115 For patients being treated with eculizumab who 
have no prior history of thromboembolic complications, prophylac-
tic anticoagulation may be unnecessary.84 Because PNH patients 
with prior thrombosis are at higher risk for recurrent thrombosis, 
anticoagulation for eculizumab-treated patients who experienced 
a prior thromboembolic event should be continued.84,138

pregnancy and paroxysmal Nocturnal 
hemoglobinuria
Pregnancy is often hazardous in PNH;145–147 however, patients 
with PNH can have successful, uncomplicated pregnancies147–150. 
De Gramont and colleagues147 reported that approximately one-
third of 38 pregnancies observed in 28 patients with PNH were 
uncomplicated and that life-threatening complications in mothers 
are uncommon. Complications experienced by mothers in that 
series were mainly hemorrhage and acute hemolysis. However, 
45% of the pregnancies resulted in either spontaneous miscar-
riage or elective termination. Other studies145 have reported a 
maternal mortality of ∼6%, with the major complications being 
related to thrombosis (particularly Budd-Chiari syndrome). Fetal 
wastage and prematurity were also reported to be relatively 
common. Based upon a review of 20 published reports that 
described the outcome of 33 pregnant women with PNH, Ray and 
colleagues140 calculated an all-cause maternal mortality rate of 
20.8% (95% confidence intervals 7.3 to 39.0). Approximately half 
of all infants were delivered preterm. Three deaths were reported 
among 34 live births (perinatal mortality of 8.8% with 95% confi-
dence intervals of 1.9 to 23.7).

When possible, patients with PNH who are contemplating preg-
nancy should be counseled about the potential for both maternal 
and fetal complications. However, in approximately 25% of cases of 
PNH and pregnancy, PNH is first diagnosed during pregnancy.140 
The care of a pregnant patient with PNH requires the combined 
expertise of an experienced hematologist and an obstetrician who 
specializes in the management of high-risk pregnancies.151

Unless there is an absolute contraindication, patients should 
receive therapeutic doses of subcutaneous heparin during preg-
nancy. Low-molecular-weight heparin may be advantageous 
because it is associated with a lower incidence of drug-induced 
thrombocytopenia compared with unfractionated heparin. 
Nonetheless, the platelet count should be monitored frequently 
(weekly), as thrombocytopenia frequently complicates PNH during 
pregnancy. Patients should undergo hepatic ultrasound monthly 
to monitor the patency of hepatic veins. Anticoagulation should 
be initiated as soon as the pregnancy is documented and should 
continue 4 to 6 weeks into the postpartum period.140 Coumadin 
should be used for anticoagulation during the postpartum period.

In the eculizumab treatment era, the question has arisen 
regarding the safety of treating a pregnant woman with PNH. Since 
eculizumab is a hybrid of IgG2 and IgG4, little antibody is believed 
to cross the placenta. Two reports have documented the safety of 
treatment throughout gestation for both mother and baby.152,153

pediatric paroxysmal Nocturnal hemoglobinuria
PNH can occur in the young (about 10% of patients are younger 
than 21),1,65,66,154 but is often misdiagnosed and misman-
aged.85,155 A retrospective analysis of 26 cases85 underscored the 
many similarities between childhood and adult PNH. Signs and 
symptoms of hemolysis, bone marrow failure, and thrombosis 
dominate the clinical picture, with hemoglobinuria occurring less 
often in young patients. A generally good response to immunosup-
pressive therapy (6 of 9 patients) was observed. However, based 
on the lack of spontaneous remissions and poor long-term sur-
vival (80% at 5 years, 60% at 10 years, and only 28% at 20 years), 
sibling-matched stem cell transplantation is the recommended 
treatment for childhood PNH. A recent Dutch study confirmed the 

common presentation of bone marrow failure in 11 children with 
PNH,155 and reported that five patients eventually received BMT 
(three matched unrelated donors and two matched family donors) 
of whom four are alive. A recent cohort of 12 children with PNH 
documented five with myelodysplastic features without excess 
blasts or malignant transformation.156 Mortality appears high in 
young patients with PNH treated with transplantation using unre-
lated donors, although surviving cases have been reported.133,155

Dysphagia, Male Impotence, abdominal pain
Many patients with PNH are troubled by dysphagia and odyno-
phagia, especially during hemolytic exacerbations.1 These symp-
toms appear to be a consequence of esophageal spasm. The cause 
of the spasm is speculative, but may be due to acquired deficiency 
of nitric oxide (NO), a bioactive molecule that mediates smooth 
muscle relaxation.99 Males with PNH may experience episodes 
of impotence, particularly during hemolytic exacerbations. The 
cause of the impotence may also be a consequence of decreased 
bioavailability of NO. Sildenafil citrate has shown efficacy in the 
treatment of hypercontractile motility disorders of the esophagus, 
including idiopathic achalasia, where the mechanism of disease 
appears to be impaired NO production similar to that reported for 
erectile dysfunction.157–159 Therefore, sildenafil citrate and phar-
macologically related compounds are candidate therapies for both 
the dysphagia/odynophagia and male impotence of PNH. Agents 
such as oral or dermal nitroglycerine that supply NO pharmaco-
logically have also shown efficacy.

Some patients with PNH are debilitated by recurrent episodes 
of colicky abdominal pain.1 The etiology of the abdominal pain is 
largely speculative, but thrombosis of mesenteric vessels appears 
to play a role in some cases. Vascular spasm may also contribute to 
this process. Vigorous hydration and pain control are the mainstays 
of management, but mesenteric vein thrombosis can result in intes-
tinal infarction necessitating surgical intervention. Still to be deter-
mined are the roles of anticoagulation, complement inhibition, and 
NO supplementation in the management of abdominal pain of PNH.

Geographic/ethnic Differences
The natural history of PNH appears different for Americans 
and Europeans compared with Asian/Pacific Islanders and 
Hispanics.88,134,141,160,161 In general, the manifestations of bone 
marrow failure are more common in Asians/Pacific Islanders and 
Hispanics. In contrast, thrombosis and infection appear more 
common in American and European patients (Table 31.6). The 
basis of these phenotypic differences is unknown, but the rela-
tionship of ethnicity and geography to the natural history of PNH 
should be considered when formulating a management plan.

Disease CouRse aND PRogNosis
PNH is a chronic disease. Retrospective studies that antedated 
the use of eculizumab suggested a median survival of 10 to 15 
years.65,66 Approximately 25% of patients survive for 25 years 
or longer after diagnosis.65 The major causes of morbidity and 
mortality are thrombosis, bleeding, and infections. The latter two 
complications are due to thrombocytopenia and neutropenia, 
respectively, which are consequences of the abnormal hemato-
poiesis that underlies this stem cell disorder. The salutary effects 
of eculizumab therapy on both hemolysis and thrombosis should 
also help reduce the early mortality of PNH, but long-term data 
have not been reported to date.84

In some PNH patients, the severity of the illness lessens with 
time, and (in one series) approximately one-third of patients who 
survived 10 years experienced a spontaneous clinical remission.65 
These cases suggest that, in time, the abnormal clone(s) can 
gradually lose their relative proliferative or survival advantage. 
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That the disease spontaneously remits in some instances provides 
a basis for hope for both patient and physician. Additionally, this 
feature of the disease should enter into management decisions, 
particularly when the patient is a candidate for allogeneic bone 
marrow transplantation.65 Spontaneous remission, however, 
appears to occur primarily in patients with PNH/aplastic anemia, 
with such remission being unlikely in patients with classic PNH.

Development of other clonal myelopathies, including myelodys-
plastic disease and acute leukemia, adversely affect prognosis.66 The 
incidence of acute leukemia in association with PNH appears to be 
in the range of 1%,66 although higher (7.7% in a study of Japanese 
patients160 and lower (0 of 80 patients in a study from England65) 
incidences have been reported. The rate of myelodysplastic disease 
in association with PNH is on the order of 5%.66 Other clonal myelop-
athies that have been reported in association with PNH include 
myelofibrosis, chronic lymphocytic leukemia, chronic myelocytic leu-
kemia, polycythemia vera, and erythroleukemia. In some instances, 
the clonal myelopathy arises in the PNH clone,79,80 whereas in other 
instances it arises in a GPI-AP+ clone.81,82 The association of PNH 
with other stem cell disorders, particularly myelodysplasia and acute 
leukemia, suggests that genetic instability is a component of the dis-
ease.162 This process may be a consequence of the as yet undefined 
bone marrow injury that underlies PNH.

Future Directions for Clinical and Basic 
research
Among the important issues that need to be addressed through 
careful clinical studies are the following:

a. Guidelines for management of the thrombophilia of PNH
b. Guidelines for bone marrow and stem cell transplantation
c. Guidelines for how best to use eculizumab
d. Guidelines for management of pregnancy and PNH
e. Clearer definitions of the effects of ethnic/geographic  differences 

on the natural history of PNH

An international observational study designed to generate data 
on the natural history and treatment of PNH is currently open to 
enrollment (http/www.pnhregistry.com).

Basic research into the mechanism of the thrombophilia of 
PNH and the basis of clonal selection and clonal dominance will 
likely produce new insights into the pathobiology of PNH and the 
physiology of benign and malignant clonal hematopoiesis.
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Hemolysis occurs when red blood cells (RBCs) are exposed to 
a variety of infectious agents, chemicals, or physical stresses. 
In some cases these effects are antibody mediated (Chapters 
29 and  30). In other patients, such as those with glucose-6- 
phosphate dehydrogenase (G6PD) deficiency (Chapter 28) or those 
with unstable hemoglobins (Chapter 35), there is an underlying 
propensity of the RBCs to be more susceptible to injury. In still 
other cases, such as paroxysmal nocturnal hemoglobinuria (PNH), 
hemolysis occurs as a consequence of an acquired clonal abnor-
mality in the RBC membrane (Chapter 31). Hemolytic anemia also 
occurs when otherwise normal red cells are injured directly by 
infectious agents, chemicals, thermal injury, mechanical stresses, 
or altered metabolites. These etiologies of hemolysis are the focus 
of this chapter.

Hemolysis Due to iNfeCtioN
A variety of infectious processes can lead to hemolytic destruction 
of normal RBCs. In some cases, such as in Mycoplasma pneu-
moniae infection or with infections related to paroxysmal cold 
hemoglobinuria, hemolysis is related to antibody-mediated cell 
destruction (Chapter 29). With the infections described in this sec-
tion, hemolysis is largely the result of direct nonimmune effects on 
erythrocytes. Some of the infections discussed here are not major 
problems in North America or Europe; however, to the extent that 
there is significant international travel to and from endemic areas, 
recognition of these infections is important for medical personnel 
worldwide.

Malaria
Malaria is an acute, chronic, or recurrent febrile disease caused in 
humans by four species of Plasmodia: Plasmodia vivax, Plasmodia 
falciparum, Plasmodia malariae, and Plasmodia ovale. Infections 
with P. falciparum are the major form of malaria in Africa and 
Southeast Asia, whereas P. vivax is most common in Central 
America and India. These protozoan microorganisms are capable 
of parasitizing erythrocytes and other body tissues. Malaria is 
spread by female mosquitoes of the genus Anopheles (Fig. 32.1). 
The sexual phase of the Plasmodium life cycle takes place within 
the mosquito. The semitropical and tropical endemic distribution 
of malaria corresponds to the distribution of the vector.

On a worldwide basis, malaria is the most prevalent of all seri-
ous diseases; it has been estimated that approximately 2.5 billion 
people are at risk for malaria, and that approximately 500 million 
people are infected with P. falciparum.1,2 Ninety percent of the 
deaths is in African children.3 Malaria has not been endemic in 
the United States since the 1940s, but approximately 1,000 cases 
have been reported each year since 1985, and there has been 
a steady increase in the number of cases reported annually.4 
Malaria can also be transmitted by blood transfusions5 or by shar-
ing needles among intravenous drug abusers.6,7

Clinical Manifestations
After the initial exposure to malaria, some patients are completely 
asymptomatic, whereas others have nonspecific flulike symptoms 
that mimic a viral illness.8 Classically, the most prominent clinical 
manifestations are recurrent paroxysms of chills and fever with 
temperatures as high as 105° to 106°F (40.5° to 41°C) associated 
with malaise, headache, vomiting, and other systemic symptoms. 

The paroxysms tend to recur regularly every 36 to 72 hours. They 
are most prominent with P. malariae infections and much less 
with P. falciparum. Splenomegaly is noted in about one half of 
patients during early stages of disease8 and becomes more com-
mon later. Jaundice and hepatomegaly may develop in later stages 
of the illness.

Of the various malaria species, P. falciparum infection causes 
the most morbidity and mortality. In the acute stage, it can be 
associated with increasing parasitemia, hypotension, malignant 
hyperthermia, and death. In addition, P. falciparum malaria is 
associated with cerebral, pulmonary, and renal complications.9 
The overall mortality from a study of over 1,800 children with 
malaria in Kenya was 3.5%; in 84% of cases death occurred within 
24 hours of admission.10 The most important prognostic factors 
for death were impaired consciousness and respiratory distress 
(Fig. 32.2). Severe anemia alone did not affect prognosis.3,10

Anemia is common in malaria.11–13,14 It is particularly char-
acteristic of P. falciparum malaria because of the greater extent 
of red cell parasitization with this species. With uncomplicated P. 
falciparum malaria, moderately severe anemia is seen in approxi-
mately 20% of previously healthy patients during or after the first 
infection.15 Complete eradication of malaria parasites from the 
blood may take months to years, particularly in areas of high 
transmission; immunity to malaria is slowly acquired. In tropical 
areas, anemia tends to be most prevalent and most severe in chil-
dren from 1 to 5 years of age,16 whereas only moderate anemia is 
usually noted in adolescents and adults.

In children, the circulating parasite count is inversely propor-
tional to the hematocrit.17 Leukocyte numbers may be normal, 
but patients often have leukopenia. Thrombocytopenia has been 
observed in about two thirds of patients with P. falciparum 
malaria,9,16 often associated with splenomegaly.18

The most serious hematologic complication of malaria is acute 
intravascular hemolytic anemia (blackwater fever), which occurs 
as a rare event in the course of infection by P. falciparum. The 
clinical manifestations are fulminating, the intravascular hemoly-
sis being associated with prostration, vomiting, chills, and fever. 
Hemoglobinemia, hemoglobinuria, and hyperbilirubinemia are 
consistent features, and in the most severe episodes, acute oligu-
ric renal failure supervenes.

Pathogenesis
After a bite from the female Anopheles mosquito, sporozoites 
introduced into the circulation go to the liver parenchyma where 
they proliferate into thousands of merozoites (Fig. 32.1). The 
duration of this liver development stage varies between species. 
The infected hepatocytes next release merozoites into the blood-
stream where they invade erythrocytes.

The ability of various Plasmodia to infect red cells is related to 
their attachment to specific membrane receptors. Of the species 
that infect humans, P. vivax and P. ovale invade only reticulo-
cytes. P. malariae invades mature red cells, and P. falciparum 
invades erythrocytes of all ages. As a result, the proportion of cells 
parasitized in P. vivax malaria rarely exceeds 1%, whereas as 
many as 50% of cells may be affected in P. falciparum malaria. It 
is of interest that P. vivax invades only Duffy blood-group– positive 
red cells19; in West Africa where the Duffy antigen is missing on 
red cells, P. vivax malaria is nonexistent. P. falciparum appar-
ently has two receptors: one that binds to sialic acid groups on 
the erythrocyte membrane protein glycophorin and another that 
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Figure 32.1. Life cycle of malaria. An Anopheles mosquito bites an infected person, taking blood that contains micro- and macrogametocytes (sexual forms). 
In the mosquito, sexual multiplication (“sporogony”) produces infective sporozoites in the salivary glands. (1) During the mosquito bite, sporozoites are inoculated 
into the bloodstream of the vertebrate host. Some sporozoites leave the blood and enter the hepatocytes, where they multiply asexually (exoerythrocytic schizogony), 
and form thousands of uninucleated merozoites. (2) Rupture of hepatocytes releases merozoites, which penetrate erythrocytes and become trophozoites, which then 
divide to form numerous schizonts (intraerythrocytic schizogony). Schizonts divide to form more merozoites, which are released on the rupture of erythrocytes and 
re-enter other erythrocytes to begin a new cycle. After several cycles, subpopulations of merozoites develop into micro- and macrogametocytes, which are taken up 
by another mosquito to complete the cycle. (3) Parasitized erythrocytes obstruct capillaries of the brain, heart, kidney, and other deep organs. Adherence of parasit-
ized erythrocytes to capillary endothelial cells causes fibrin thrombi, which produce microinfarcts. These result in encephalopathy, congestive heart failure, pulmonary 
edema, and frequently death. Ruptured erythrocytes release hemoglobin, erythrocyte debris, and malarial pigment. (4) Phagocytosis leads to monocyte/macrophage 
hyperplasia and hepatosplenomegaly. (5) Released hemoglobin produces hemoglobinuric nephrosis, which may be fatal. (From Rubin E, Farber JL. Pathology, 3rd 
ed. Philadelphia, PA: Lippincott Williams & Wilkins, 1999.)

binds to a trypsin-sensitive, nonsialated ligand.20,21,22 Other pro-
posed parasite receptors include surface heparinlike molecules23 
and complement receptor type-1.24

Further development of the parasite within red cells is along 
one of two pathways, either asexual or sexual differentiation 
(Fig. 32.1). Sexual forms, or gametocytes, continue their develop-
ment within mosquitoes. The asexual differentiation of parasites 
in red cells proceeds from young ring forms through trophozoites 
to produce schizonts containing 6 to 32 merozoites (Fig. 32.3). In 
the process, parasites use 25% to 75% of the hemoglobin of the 
cell.25 The intraerythrocytic phase lasts 24 to 72 hours, depending 
on the species. The schizonts then lyse, the cell ruptures, and the 
merozoites are released to invade other cells, thereby continuing 

the erythrocyte cycle. The simultaneous rupture of billions of 
schizonts from red cells is associated with the classic paroxysms 
of malarial fever.

Erythrocytes parasitized by certain strains of P. falciparum 
develop electron-dense knobs that mediate the attachment of the 
infected red cells to venules.26–28 Such sequestration of parasite-
infected RBC creates an obstruction to tissue perfusion. In addi-
tion, the sequestration in venules prevents parasitized cells from 
entering the splenic circulation, thereby evading destruction and 
enhancing merozoite development; this phenomenon may be a 
factor in the rapid development of anemia in severe infections.29

The anemia in malaria is due to a combination of factors that 
include parasite-mediated RBC destruction, splenic removal of 
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Figure 32.2. Prevalence, overlap, and mortality for major clinical subgroups of severe 
malaria in 1,809 African children. In 1,027 of these children, malaria was present without 
signs of impaired consciousness, respiratory distress, or severe anemia. In a subset of all chil-
dren presenting with malaria (782 patients; approximately 40% of total) there was evidence 
of severe anemia (hemoglobin <5 g/dl), severe respiratory distress, impaired consciousness, 
and/or some combination of these clinical findings. Almost all deaths occurred in the children 
who presented with combinations of these clinical abnormalities. Total numbers of patients 
are given in parentheses. Mortality is given as a percentage. (Modified from Marsh K, For-
ster D, Waruiru C, et al. Indicators of life-threatening malaria in African children. N Engl J Med 
1995;332(21):1399–1404.)
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Figure 32.3. Plasmodium falciparum. 1: Very young ring form trophozoite. 2: Double infec-
tion of single cell with young trophozoites, one a marginal form, the other a signet ring form. 
3,4: Young trophozoites showing double chromatin dots. 5–7: Developing trophozoites. 8: Three 
medium trophozoites in one cell. 9: Trophozoite showing pigment in a cell containing Maurer 
spots. 10,11: Two trophozoites in each of two cells, showing variation of forms that parasites 
may assume. 12: Almost mature trophozoite showing haze of pigment throughout cytoplasm. 
13: Aestiveo-autumnal slender forms. 14: Mature trophozoite, showing clumped pigment. 15: 
Parasite in the process of initial chromatin division. 16–19: Various phases of the develop-
ment of the schizont. 20: Mature schizont. 21–24: Successive forms in the development of the 
gametocyte, usually not found in the circulation. 25: Immature macrogametocyte. 26: Mature 
macrogametocyte. 27: Immature microgametocyte. 28: Mature microgametocyte. (Reproduced 
from Wilcox A. Manual for the microscopical diagnosis of malaria in man. National Institutes of 
Health Bulletin No. 180.)

infected RBCs, and decreased red cell production (Table 32.1). 
Hemoglobin digestion and cell disruption by the parasite are 
clearly the major causes of hemolysis.11,12,30 The malarial pig-
ment hemozocin, a product of hemoglobin degradation,25 also 
inhibits erythropoiesis.31,32

The role of the spleen in red cell destruction is related to the 
decreased deformability of RBCs infected with Plasmodia,33–35 
erythrocyte retention in the red pulp, prolonged exposure to 
splenic macrophages, and removal of parasitized cells or “pitting” 
of the parasite, with consequent damage to the cell.36–38 A similar 
process of macrophage-mediated destruction of parasitized RBCs 
occurs in the marrow sinusoids.39 Moreover, normal nonparasit-
ized RBCs have a shorter survival in malaria, presumably a conse-
quence of hypersplenism and hyperactive macrophages.40

Even after complete clearance of the parasites, hemolysis may 
persist for 4 to 5 weeks.41 A complement-mediated process may 
be responsible in part, and the direct antiglobulin test is often 
positive.42

Dyserythropoiesis with characteristic morphologic findings also 
occurs in malaria. It is thought that this contributes to the slow 
recovery seen after a single malarial attack and also to the per-
sistence of anemia in individuals with chronic parasitemia.13,43,44

Anemia often persists for weeks following treatment of 
malaria, and this results in part from relative marrow failure, as 
occurs in association with other forms of infection (see Chapter 
41).12,41 Abnormalities in several of the cytokine mediators of the 
anemia of chronic disorders (tumor necrosis factor, interferon 
gamma) have been reported in patients with severe P. falciparum 
malaria.45,46,47–49

Serum erythropoietin levels often are inadequate for the 
degree of anemia.50,51,52 The bone marrow response to erythro-
poietin also appears to be impaired.53 Circulating concentration of 
the iron regulatory peptide hepcidin, a key mediator of the anemia 
of chronic disease, is elevated early in the course of malaria.54,55 
This results in impaired iron mobilization.56,57

The percentage of reticulocytes tends to be low during active 
infection and increases transiently after effective treatment. In 
P. vivax malaria, however, the low reticulocyte count may be 
explained in part by the increased affinity of the organism for 
immature erythroid precursors and reticulocytes.58 Infection by 
P. vivax appears to be retricted to reticulocytes.59

The pathogenesis of acute intravascular hemolysis (black-
water fever) remains uncertain, and currently this complication 
is less commonly seen, although it still occurs.60,61 Blackwater 
fever does not reflect an unusual degree of parasitemia. In many 
historical cases, the acute intravascular hemolysis appears to 
have been precipitated by quinine ingestion62,63; quinine, for 
many years the primary treatment agent for malaria, may act as 
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Accelerated red blood cell (RBC) destruction

Direct parasite destruction of red cells

Decreased deformability of parasitized RBCs and destruction by splenic  
macrophages

Macrophage-mediated destruction of parasitized RBCs in marrow and liver  
sinusoids

Destruction of nonparasitized cells by immune mechanisms

Destruction of nonparasitized cells by hypersplenism and hyperactive  
macrophages

Hapten (quinine)-induced intravascular hemolysis (blackwater fever)

Decreased RBC production

Bone marrow suppression due to inflammatory cytokines

Inadequate erythropoietin production

Dyserythropoiesis

Modified from Menendez C, Fleming AF, et al. Malaria-related anaemia. Parasitol Today 
2000;16(11):469–476.
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a hapten, becoming antigenic after interacting with the red cell. 
However, cases involving untreated individuals also have been 
reported.9 Some episodes thought to represent blackwater fever 
may have resulted from the use of primaquinelike drugs in G6PD-
deficient people.

Certain inherited red cell disorders appear to confer resistance 
to malaria, either by inhibiting parasitic invasion or by slowing 
intracellular growth. It is thought that these phenomena may con-
tribute to increased prevalence of such inherited diseases because 
of their effects on survival (balanced polymorphism). These disor-
ders include sickle cell trait,64–66 G6PD deficiency,67–69,70 thalas-
semia,71,72 hemoglobin E variants,70 hemoglobin C variants,73 
ovalocytosis of the Melanesian (Malayan) type,74 and lack of the 
Duffy blood group antigen.19

Diagnosis
Diagnosis of malaria in the United States is often delayed because 
it is not suspected.8,75 Such delays are dangerous because the 
early mortality rate from P. falciparum malaria approaches 10%, 
and these deaths can be prevented with adequate treatment. 
Malaria should be considered in the differential diagnosis of any 
febrile patient returning from an endemic zone.

Diagnosis traditionally has required identification of parasites 
on the blood smear (Fig. 32.3). They can be recognized on ordi-
nary Wright-stained smears, but the chances for detection and 
identification of species are enhanced by the use of thick smears. 
Single negative smears do not exclude the disease with certainty 
in patients with low-grade infections. Parasites may be detected 
in blood during any phase of the illness, but the chances of detec-
tion are greatest during afebrile periods. P. falciparum disease is 
distinguished from that caused by other strains by heavy parasit-
emia involving all ages of erythrocytes and by the lack of tropho-
zoites and schizonts; usually, only ring forms and the distinctive, 
banana-shaped gametocytes are apparent (Fig. 32.2).

Simple test strips that take 10 to 15 minutes are available for 
diagnosis of malaria from a drop of fingerstick blood. The sensitiv-
ity of these tests is probably as good as microscopy. Diagnosis by 
rapid polymerase chain reaction is also available.76–78 Regardless 
of the method used, it is important to distinguish P. falciparum 
malaria from other malaria species because of therapeutic con-
siderations, and because only P. falciparum infection has the 
potential for being rapidly fatal.9

Management
Therapeutic considerations for malaria include supportive medi-
cal care for anemia and other complications. Administration of 
folate to patients with malaria is controversial; its use is associ-
ated with higher hematocrits, but may also prolong parasitemia.79 
Chemoprophylaxis should be recommended to all people traveling 
to an endemic area.80,81 Because of the spread of drug-resistant 
strains of P. falciparum, however, no single regimen is completely 
effective. Knowledge of the characteristics of the malaria strains 
in the sites to be visited is essential. Because of changes in drug 
resistance and the development of new agents, before recom-
mending a regimen to a prospective traveler, physicians should 
become familiar with current guidelines from the U.S. Centers for 
Disease Control and Prevention (CDC), Atlanta, Georgia. See the 
CDC website (http://www.cdc.gov/travel/malinfo.htm).

Babesiosis
Infection by tick-borne protozoans of the genus Babesia is rare in 
humans.82–83,84 The infection has been reported in Nantucket and 
other islands off the northeastern U.S. shore, as well as in neigh-
boring coastal areas of New England. It also is found in north cen-
tral states, Washington, and California.85 Most cases of babesiosis 
described in Europe have occurred in asplenic individuals.84,86 In 
the United States, Babesia microti is the causative agent, whereas 
Babesia divergens is the species identified in Europe, and the 
latter cases are usually more severe.82,87 Babesiosis also can be 
transmitted by blood transfusion.88

Babesiosis is characterized by an acute febrile illness and 
hemolytic anemia, very similar to malaria. In most cases it is a 
mild self-limited disorder that goes undiagnosed, and thus is not 
reported. It is likely the true incidence of babesiosis in healthy 
hosts is underrecognized. However, in asplenic individuals it can 
produce serious, often fatal illness with hemolytic anemia, renal 
failure, or pulmonary edema.82,84,89

Laboratory features include hemoglobinuria, hyperbilirubi-
nemia, normocytic anemia, thrombocytopenia, and sometimes 
leukopenia.82 Both B. microti and B. divergens can be seen in 
RBCs on the peripheral blood smear and can be confused with 
malaria.82 Serologic antibody tests and polymerase chain reac-
tion–based assays are available to aid in diagnosis.90

In mild cases of babesiosis no treatment may be necessary. In 
more severe cases, the combinations of atovaquone and azithra-
mycin or of clindamycin and quinine are useful. The atovaquone/
azithramycin is reportedly better tolerated.90,91 Red cell exchange 
transfusions have been used also.90,91,92

trypanosomiasis
Moderate to severe hemolytic anemia is a regular feature of 
African trypanosomiasis (sleeping sickness).93–95 This often fatal 
illness is caused by Trypanosoma brucei gambiense or T. brucei 
rhodesiense. The diseases induced by the two subspecies are 
similar except that T. brucei gambiense infection follows a more 
chronic course. The organisms are transmitted to humans and 
domestic animals by the bite of the tsetse fly.

Normocytic anemia with reticulocytosis is prominent. Red 
cell survival is shortened and autoagglutination of erythrocytes 
with accelerated erythrocyte sedimentation characteristically is 
observed. The results of the direct antiglobulin (Coombs) test may 
be positive. Erythrophagocytosis by macrophages is seen through-
out the reticuloendothelial system.96

The toxic effects of the parasite and immunologic mechanisms 
both are implicated in the destruction of red cells. The inten-
sity of the hemolytic anemia may fluctuate with the degree of 
parasitemia. Transient hepatosplenomegaly and decreased serum 
complement levels accompany the episodes. Marrow failure often 
supervenes during the terminal phases of the illness. Diagnosis 
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depends on serologic tests or demonstration of the parasite in 
the blood.97

Visceral Leishmaniasis (Kala-azar)
Leishmaniasis is an infection caused by intracellular protozoan 
parasites transmitted by sandflies. There are three main forms 
of Leishmania infections in humans: cutaneous, mucocutaneous, 
and visceral. The major hematologic problems occur with the 
visceral infection (kala-azar) and involve the lymph nodes, liver, 
spleen, and bone marrow. The disorder is caused by Leishmania 
donovani, and is found throughout Asia and Africa, affecting indi-
viduals of all ages. A variant parasite, L. donovani infantum is the 
form that causes kala-azar in southern Europe and North Africa, 
and it primarily affects young children and infants. Visceral 
leishmaniasis mainly occurs in local endemic areas; however, it 
may be contracted on short-term visits. It has been recognized 
in Europe in travelers returning from Mediterranean holidays.98 
Both cutaneous and visceral leishmaniasis have been reported 
in military personnel returning from deployment in the Persian 
Gulf.99,100

Following an incubation period of 1 to 3 months, there is the 
insidious onset of fever, sweating, malaise, and anorexia, but 
these acute symptoms gradually abate. Next, hepatosplenomegaly 
gradually evolves, and this stage of illness is associated with 
anemia, neutropenia, and thrombocytopenia. In young children 
with acute visceral leishmaniasis, particularly in Mediterranean 
populations, the clinical and hematologic features may be more 
aggressive with a rapid onset of severe hemolytic anemia.101

The bone marrow is hyperplastic with dyserythropoietic 
changes, and the diagnosis can usually be made by finding mac-
rophages containing intracellular parasites (Leishman-Donovan 
bodies). The overall hematologic picture is typical of hypersplen-
ism. Red cell survival studies indicate that hemolysis is the major 
cause of anemia in leishmaniasis.101,102

In most cases there is no evidence of immune hemolysis, 
although both immunoglobulin G (IgG) and complement occasion-
ally are found on the red cells. Similar to what is seen in malaria, 
nonsensitized red cells are destroyed by macrophages recruited 
to the spleen and liver as part of the inflammatory response to 
the parasite.

Bartonellosis (Carrion’s Disease)
A severe, acute hemolytic anemia is produced in humans by 
Bartonella bacilliforms, a flagellated bacillus.103 The infection is 
limited to South America, particularly in the Andean valleys of Peru, 
Ecuador, and Columbia, at elevations of 500 to 3,000 m.104–107 The 
bacillus is transmitted by the sand fly (Phlebotomus) and prob-
ably by other arthropods. After a 2- to 3-week incubation period, 
the acute phase of the illness, known as Oroya fever, begins. It is 
marked by malaise, headache, muscle pains, remittent fever, chills, 
and rapid onset of severe anemia. The disease has existed in Peru 
since pre-Incan times.103,108 The highest rates of infection are in 
children.104,107

The findings in the blood are characteristic of acute extravas-
cular blood destruction.103,109 As viewed in Wright- or Giemsa-
stained blood smears, numerous Bartonella organisms are 
apparent in the erythrocyte.103 The organisms are rod shaped 
(1 to 2 m in length and 0.2 to 0.5 m in width) or round (0.3 to 1.0 
m in diameter).

In patients who recover from the acute phase, a quiescent 
period ensues during which the organisms disappear from the 
blood. A chronic eruptive stage follows, verruca peruviana, a 
benign condition characterized by hemangiomalike lesions of the 
skin but without hematologic manifestations.109

Bartonella infection can be treated by antibiotic combinations 
containing chloramphenicol and other antibiotics, often a beta 

lactam. Verruca peruviana is typically treated with streptomycin-
containing regimens. In the era prior to antibiotics, the only avail-
able treatment was blood transfusion.104,110

Clostridial Sepsis
Clostridium perfringens septicemia occurs after septic abortion 
or in association with a diseased biliary tree, traumatic wound 
infections, cancer, leukemia, endocarditis, gastrointestinal 
arteriovenous malformations, or necrotizing enterocolitis of 
newborns.111–117 Sometimes no underlying disease is identi-
fied.118,119,120 Profound, often fatal hemolytic anemia is a regu-
lar feature of clostridial sepsis.118,121 Signs of intravascular red 
cell destruction are prominent, and many microspherocytes are 
found in the blood. The hemolysis can be rapid and massive, 
with hematocrit values falling to very low levels in a matter of 
hours.119,120 Hemolysis is thought to result from the elabora-
tion of a clostridial toxin, a phospholipase that attacks eryth-
rocyte membrane lipids to form highly lytic lysolecithins.122,123 
The diagnosis should be suspected when fever, jaundice, and 
intravascular hemolysis occur together in a patient with a his-
tory of previous gastrointestinal or genitourinary surgery, a 
recent wound, cancer, or other disease. Clostridial infections 
respond to antibiotic therapy, but in order to affect outcome, 
treatment must be started quickly, usually before culture results 
are available.124

Other Bacterial Infections
Acute hemolytic anemia with bacterial infection is common, 
especially in childhood, and has been reported with streptococ-
cal, staphylococcal, or pneumococcal septicemia or endocardi-
tis.125–128 Intravascular hemolysis with hemoglobinuria has been 
reported in patients with cholera129 and with typhoid fever.130 
Escherichia coli 0157 gastroenteritis can cause the hemolytic- 
uremic syndrome, but can also bring about hemolytic anemia 
with no renal involvement or red cell fragmentation.131 Severe 
hemolytic anemia not attributable to autoimmune mechanisms is 
observed occasionally in patients with miliary tuberculosis.126,132 
Certain spirochetal infections are also associated with hemolytic 
anemia, including relapsing fever caused by Borrelia recurrentis133 
and leptospirosis.134

The pathogenesis of hemolysis in most cases cited above is 
uncertain. In some it is thought that anemia is due to direct action 
of the infectious agent or its products on erythrocytes. Adsorption 
of microbial antigens to red cells has been detected by immu-
nofluorescent techniques,135 and this phenomenon may lead to 
phagocytosis or complement-mediated erythrocyte destruction. 
The capsular polysaccharide of Haemophilus influenzae type b, 
polyribosyl ribitol phosphate (PRP), is released from growing 
organisms during human infection and can be found in body 
fluids including red cells. It has been proposed that the hemolytic 
anemia that occurs during H. influenzae type b infection may be 
due to absorption of PRP to red cells and immune destruction of 
sensitized erythrocytes.136

In other cases, serious bacterial infections are associated with 
disseminated intravascular coagulation and a microangiopathic 
hemolytic anemia. Also, as discussed above, C. perfringens may 
release phospholipases that can lead to red cell membrane injury 
and cell destruction. Of interest, some bacteria release neuramini-
dase, an enzyme that cleaves red cell sialic acid residues, thereby 
exposing a cryptic “T antigen.”137 These “T-activated” red cells 
can react with anti-T IgM antibodies present in most human 
adult plasma, thereby resulting in RBC agglutination and possible 
hemolysis in vivo.137 The main bacteria that release neuramini-
dase are C. perfringens and Streptococcus pneumoniae; however, 
Bacteroides, E. coli, Actinomyces, and Vibrio cholerae also have 
been implicated.138
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Hemolysis Due to DRuGs  
AND CHemiCAls
Many drugs and chemicals injure normal red cells to cause 
 hemolytic anemia. Some of the more common occurrences 
are summarized below. (Drug-induced immune hemolysis is 
 discussed in Chapter 29.)

Oxidant Drugs and Chemicals
Certain chemical agents can bring about the oxidative denatur-
ation of hemoglobin, leading to the sequential formation of met-
hemoglobin, sulfhemoglobin, and Heinz bodies. In some cases, the 
chemical itself acts as an oxidizing agent; more often, however, it 
interacts with oxygen to form free radicals or peroxides. These 
free radicals or peroxides, if produced in quantities too great 
to be detoxified by the glutathione-dependent reduction system, 
denature hemoglobin and damage other cellular structures, such 
as the cell membrane.139 Individuals deficient in G6PD or other 
components of glutathione-dependent detoxification processes 
(Chapter 28) are particularly sensitive to the hemolytic effects of 
oxidant compounds (Table 32.2). These agents may also unmask 
otherwise insignificant defects in the metabolic pathways that 
defend the erythrocyte against oxidative stress.140 However, some 
of these agents are powerful enough to overcome the defense 
mechanisms of otherwise normal erythrocytes, and can cause 
hemolysis if given to healthy subjects in higher than usual doses 
or if renal failure leads to unusually high blood levels.

Hemolytic anemia caused by oxidant drugs varies consider-
ably in severity. Usually the anemia is noted within 1 to 2 weeks 
after drug therapy is initiated with laboratory findings of low 
hemoglobin, reticulocytosis, hyperbilirubinemia, and low serum 
haptoglobin. Also, in some cases, hemoglobinemia and hemoglo-
binuria may be apparent. Cyanosis with methemoglobinemia or 

sulfhemoglobinemia is sometimes noted. The hemolytic process 
usually disappears within 1 to 3 weeks after use of the offending 
drug has been discontinued.

Morphologic findings characteristic of hemolytic anemia caused 
by oxidant drugs and chemicals include the following: Heinz bod-
ies (seen with brilliant cresyl blue supravital stains of blood dur-
ing hemolytic episodes) (Fig. 32.4A); “bite cells” (seen in routine 
Wright-stained blood smear) as erythrocytes that look as if a 
semicircular bite has been taken from one edge (Fig. 32.4B)141,142; 
and hemighosts143 or eccentrocytes,144 erythrocytes that look as 
if the hemoglobin has shifted to one side of the cell, leaving the 
other side clear (Fig. 32.4C). These hemighosts also are referred 
to as  “blister cells” and may appear to contain a large vacuole. 
These RBCs contain a coagulum of hemoglobin that has separated 
from the membrane, often leaving an unstained non-hemoglobin– 
containing cell membrane.145 Hemighosts appear only when 
hemolysis is brisk,141,143 and probably indicate a particularly 
severe degree of oxidant damage. All of these morphologic altera-
tions are consequences of oxidative assault on hemoglobin.

Although the treatment of drug-induced nonimmune hemolysis 
is largely supportive, erythropoietin has been used in cases asso-
ciated with a blunted erythropoietic response, particularly in the 
hemolytic anemia that is observed in hepatitis C patients treated 
with ribavirin.146

arsine poisoning
Arsine (AsH3) is the most acutely toxic form of arsenic. It is a 
colorless, nonirritating, highly toxic gas that is produced by the 
action of water on a metallic arsenide. Arsine poisoning is associ-
ated most often with the use of acids in refining, extracting, or 
otherwise processing crude metals that contain arsenic as an 
impurity.147,148 Industrial processes such as galvanizing, solder-
ing, etching, and lead plating can expose workers to this noxious 
gas.149 Arsine is also used in the transistor industry to stabilize 
silicon, and leakage from cylinders in which the gas is transported 
can lead to accidental poisoning.150

Manifestations of poisoning appear 2 to 24 hours after exposure 
and include abdominal pain, nausea, and vomiting; the passage 
of dark-red urine; jaundice; anemia; reticulocytosis; leukocytosis; 
and other signs of acute hemolytic anemia. Hemoglobinemia and 
hemoglobinuria are found, and acute, oliguric renal failure may 
ensue. The antiglobulin test result is negative. The mortality rate 
can approach 20%.150,151 The mechanism of red cell injury is not 
known for certain. Interactions between arsine and oxyhemoglo-
bin may be involved.152,153 Also, arsine-induced membrane injury 
with altered ion transport has been proposed.152,154

The treatment of choice for acute toxicity is exchange transfu-
sion to remove the arsenic-containing erythrocytes and to restore 
the blood hemoglobin levels.155,156

Copper toxicity
Hemolytic episodes due to copper toxicity have been noted in 
humans after accidental exposure to toxic amounts of copper 
sulfate.157–159 Moreover, copper has been implicated in hemo-
lytic episodes after hemodialysis due to faulty copper tubing and 
increased levels of the metal in dialysis fluid.160,161

When inorganic copper enters the blood in large amounts, 
much of it accumulates in RBCs.162,163 Within RBCs it may dam-
age the cell membrane, accelerate oxidation of hemoglobin, and 
inactivate enzymes of the pentose–phosphate and glycolytic path-
ways.163 Which of these abnormalities is responsible for short-
ened RBC survival is not known.

The release of inorganic copper into the circulation accounts 
for the hemolytic anemia that is observed in patients with Wilson 
disease (hepatolenticular degeneration).164,165,166–171 This inher-
ited illness, characterized by a lifelong tendency to accumulate 
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C

A B

Figure 32.4. Morphologic findings characteristic of hemolytic anemia caused by oxidant drugs and chemicals. A: Heinz bodies (seen with brilliant cre-
syl blue supravital stains of blood during hemolytic episodes). B: “Bite cells” (seen in routine Wright-stained blood smear) as erythrocytes that look as if a semicircular 
bite has been taken from one edge. C: “Blister cells” or hemighosts (seen in routine Wright-stained blood smear) appear as if hemoglobin has shifted to one side of 
the cell, leaving the other side clear. These blister red blood cells contain a coagulum of hemoglobin that has separated from the membrane, leaving an unstained 
non-hemoglobin–containing cell membrane. This image is from a patient receiving Pyridium. (Courtesy of Irma Pereira, MT [ASCP]SH.)

copper, is due to defects in the copper transporting intracellular 
ATPase ATP7B, which leads to a deficiency of ceruloplasmin, 
the plasma copper transport protein.172,173 It usually becomes 
symptomatic in the teens or early 20s, when copper concen-
tration in the liver or nervous system reaches toxic levels.174 
Hemolytic anemia can be associated with the early stages of 
Wilson disease175 and occasionally may be the first manifestation 
of the disorder,170,171,176–178 or it may be associated with hepatic 
decompensation.167 However, it may appear late in the course 
of the disease if chelation therapy is discontinued.164,165 The 
hemolytic episodes in Wilson disease usually are transient and 
self-limited, but they may be severe and recurrent. When they 
occur with hepatic decompensation, death from liver failure often 
follows.167 The true incidence of copper-induced hemolysis in 
Wilson disease is not known: reported frequencies range from 2% 
to 50%.177–179 Treatment of this complication may require plasma 
exchange transfusion.180

Lead toxicity
Risk factors for lead toxicity are related to occupational hazards 
in adults and environmental exposure in children.181,182,183 
Occupational hazards include the manufacturing of batteries, 
paint or pigments, mining, or smelting; the primary route of 
assimilation is by inhalation. Environmental exposures in children 
occur by ingestion of lead from ceramics, paint, gasoline, or water 
from lead pipes, or having a parent who works in a high-lead 
environment. Lead poisoning through use of herbal or traditional 
medicines has also been reported.184,185

Acute toxicity occurs when lead accidentally gets into a food or 
water source. Such acute poisoning leads to lead encephalopathy 
(headache, confusion, stupor, coma, and seizures) and in addition 
there is abdominal colic, hypertension, and hemolytic anemia. 
Chronic exposure over time also is associated with a variety of neuro-
logic, gastrointestinal, reproductive, and hematologic complications.
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The peripheral smear shows extensive coarse basophilic stip-
pling and reticulocytosis. Red cell morphology is not otherwise 
characteristic. The diagnosis of lead-related hemolysis can be 
made from the history of lead exposure, the physical finding of 
the gingival lead sulfide line, and the coarse basophilic stippling 
of red cells. The diagnosis is confirmed by measuring the blood 
and urine lead levels.

Lead inhibits two steps in heme synthesis: d-aminolevulinic 
acid dehydratase and heme synthetase (or ferrochelatase). The 
latter enzyme catalyzes the insertion of iron into protoporphyrin 
IX to form heme. The lead-induced inhibition of ferrochetalase is 
responsible for the increase in free erythrocyte protoporphyrin 
seen in this disorder and also is the basis of a simple screening 
test for lead toxicity.

The explanation for hemolysis in acute lead toxicity is not 
known for sure, but it is intriguing that the basophilic stippling 
seen in acute lead poisoning is similar to that found in heredi-
tary deficiency of the enzyme pyrimidine 5′-nucleotidase (P5′N) 
(Chapter 28). In the enzyme-deficient cells, intracellular aggre-
gates form as a consequence of impaired ribosomal degradation; 
these aggregates appear as basophilic stippling on Wright-stained 
peripheral blood smears. Of interest, the P5′N enzyme is readily 
inactivated by heavy metals such as lead, and it has been pro-
posed that the basophilic stippling in lead poisoning is secondary 
to acquired P5′N deficiency.186–189 As blood lead levels approach 
200-mg/dl packed red cells, P5′N activity decreases to levels com-
parable to those associated with the homozygous deficiency state, 
intracellular pyrimidine nucleotides accumulate, and basophilic 
stippling can be demonstrated.187,190

Water (Osmotic hemolysis)
There are anecdotal reports of hemolysis following inadvertent 
injection of water and other hypotonic fluids.191 Hemoglobinuria, 
renal failure, and death were observed in association with trans-
urethral resection of the prostate when distilled water was used 
for irrigation. Apparently, the water entered the bloodstream by 
way of the lymphatic and venous channels opened during the 
operation.192 Hemolysis also has been noted in survivors of near-
drowning in fresh water.193 The entry of more than 0.6 L of water 
into the circulation produces hemoglobinemia and hemoglobin-
uria as a result of osmotic hemolysis.

Hemolysis witH VeNoms

Spider Bites
Certain spider bites produce severe, necrotic, gangrenous lesions 
(“necrotic arachnidism”) that may be associated with hemolytic 
anemia or disseminated intravascular coagulation, and occasion-
ally renal failure.194,195–198 In South America and the south-
western part of the United States, the spiders implicated are the 
brown recluse spider (Loxosceles reclusa) and other Loxosceles 
species.198,199 In the northwestern United States, a similar picture 
follows the bite of the hobo spider, Tegenaria agrestis.200,201

The initially painless Loxosceles bite develops into a 
painful, edematous, necrotic lesion that may progress to an 
extensive, slowly healing, gangrenous process, necrotic arachnid-
ism.199,202,203 In a few patients, systemic manifestations, includ-
ing intravascular hemolytic anemia, develop within several hours 
to 5 days later. Hemoglobinuria and severe anemia are character-
istic findings; spherocytes and leukocytosis are found in the blood. 
Thrombocytopenia also has been observed, sometimes associated 
with diffuse intravascular coagulation.204 In some cases, red cells 
are coated with complement and the direct antiglobulin test is 
positive.203,205,206 Most often, the hemolytic episode subsides 
spontaneously in about 1 week, but occasionally severe reactions 
occur with renal failure and death.

The spider venom primarily attacks endothelium and second-
arily activates granulocytes with adhesion and discharge of their 
granular contents.207 Granulocytes are required for the necrotic 
process to ensue. The spider venom also causes complement-
dependent intravascular hemolysis associated with cleavage of 
glycophorin from the red cell membrane.202,205,208 These events 
occur because Loxosceles venom contains sphingomyelinase 
 activity that activates a membrane-bound metalloproteinase.209–211 
Recombinant Loxosceles neutral sphingomyelinase is the target 
antigen in an experimental antivenom for brown recluse bite.212

Treatment of spider-bite–induced hemolysis is largely 
supportive.

Snake bites
Snake bites are a significant health problem worldwide, espe-
cially in parts of Asia where thousands of people die from them 
annually.213 The composition of snake venom varies considerably 
between species, between the same species living in different geo-
graphical locations, and in the same snake at different times of the 
year. Most venoms contain a mixture of active ingredients.214,215 
The problems resulting from snake venoms include neurotoxicity, 
myotoxicity, renal failure, edema, bleeding due to activation of 
clotting proteins, and intravascular hemolysis. Hemolysis is seen 
following evenomation with most poisonous snakes including 
cobras,216,217 Australian king brown snakes,218 the Tunisian saw-
scaled (carpet) viper,219 North American rattlesnakes,220 habu 
snakes221(191), and the several species of Russell viper (Dabois 
russelli) found throughout India and the rest of Asia.213–215,222 
Much of our information regarding the pathophysiology of enven-
omization comes from studies of the Russell viper in Asia.215

The clinical presentation of intravascular hemolysis from 
snake bites can be acute and fulminant, or the effects can be 
delayed for a few hours to days. Hemoglobinemia and hemoglo-
binuria are present, the severity of which varies with the degree of 
evenomation and species of snake. There are a variety of compo-
nents in venom which may be contributing to hemolysis. The best 
studied of these is phospholipase A2, which has direct toxicity for 
many tissues including the red cell membrane.215,223 Venom from 
the habu snake contains enzymes that activate complement and 
cleaves CD55 and CD59 from the red cell membrane, thus leav-
ing the red cell susceptible to complement-induced lysis.221 Other 
snake venoms contain protein kinase C inhibitors implicated in 
hemolysis.224

Bee Stings
Africanized honey bees (Apis mellifera) were originally a problem 
in Brazil225 where these bees were accidentally released in the 
1950s. By 1990, they were reported in Texas and are now dis-
tributed through the United States as far north as the Canadian 
border.226 These bees are aggressive and their attacks are usually 
massive.227

The effects of bee stings can be immediate or delayed. 
“Immediate” reactions are related to anaphylaxis. “Delayed” reac-
tions refer to patients who are asymptomatic after massive bee 
evenomation, but 12 to 24 hours later, have evidence of hemo-
lysis, disseminated intravascular coagulation, thrombocytopenia, 
rhabdomyolysis, liver dysfunction, or renal failure.228,229 The 
delayed effects are related to the degree of evenomation, and it is 
thought that problems in an adult occur after 100 to 500 stings, 
although as few 30 to 50 stings can be problematic in a child.230 
In one instance, a 3-year-old child stung 200 to 300 times by 
honeybees died after the development of intravascular hemolysis 
and oliguric renal failure.231 The venom contains melittin and 
phospholipase A2, which together disrupt the red cell membrane 
and cause hemolysis.227 Hemolytic reactions to bee stings appear 
to be rare. Renal failure is a much more significant problem than 
hemolytic anemia.
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Hemolysis witH tHeRmAl iNJuRy

Burns
Acute hemolytic anemia has been observed after extensive 
thermal burns.232–234 Signs of intravascular hemolysis are asso-
ciated with schistocytes, spherocytes, and echinocytes in the 
blood along with increased osmotic and mechanical fragility of 
the erythrocytes.234,235 The severity of the reaction is related to 
the area of body surface affected. In one series, hemoglobinuria 
was found in 11 of 14 patients who were moderately to severely 
burned with more than 15% of the body surface involved in most 
cases.234 In another series, hemolysis was apparent in patients 
with third-degree burns affecting more than 20% of the body 
surface.236

Hemolysis occurs during the first 24 to 48 hours after the 
burn235 and as much as 30% of the circulating red cell mass 
may be destroyed in this 2-day period.237 After the acute hemo-
lytic episode, anemia develops and may last for many weeks,232 
although signs of hemolysis disappear. This later stage of the ane-
mia of thermal injury is probably a form of the anemia of chronic 
disorders (see Chapter 41).238,239,240,241

The acute hemolytic reaction in burned patients results from 
the direct effects of heat on erythrocytes. When red cells are 
heated to temperatures >47°C, irreversible morphologic and 
functional abnormalities occur, the severity of which is related to 
the temperature and the duration of exposure.242,243 The major 
alterations are fragmentation of the cells and the development of 
spherocytes, accompanied by an increase in osmotic and mechan-
ical fragility. These changes result from irreversible denaturation 
of the cytoskeletal protein spectrin.244–246 Mildly heat-damaged 
erythrocytes are removed predominantly by the spleen, and with 
greater degrees of damage, the red cells also are destroyed in the 
liver.243,247

heated Fluids and Blood
Overheating of biologic fluids is another clinical circumstance 
resulting in thermal red cell damage. One reported example of 
this was the overheating of dialysis solution due to failure of 
thermostatic controls on the hemodialysis equipment.248 It is 
also recognized that direct microwave warming of blood prior 
to transfusion can damage red cells and cause hemolytic anemia 
following infusion.249,250,251 Similarly, the heating of intravenous 
tubing has resulted in hemolysis.252

The U.S. Food and Drug Administration-approved inline 
blood warmers, equipped with thermometers and alarms, and 
close adherence to the manufacturer’s specific directions should 
provide a safety level that prevents the accidental overheating of 
blood.

A, B C

Figure 32.5. Schistocytes in patients with (A) thrombotic thrombocytopenic purpura, (B) disseminated intravascular coagulation, and (C) aortic 
valve replacement.

fRAGmeNtAtioN Hemolysis
When red cells are subjected to excessive physical trauma, they 
may undergo premature fragmentation and intravascular hemo-
lysis, thereby resulting in hemoglobinemia, hemoglobinuria, and 
hemosiderinuria. The hallmark of this type of hemolysis is the 
fragmented red cell or schistocyte, and these cells take the form 
of crescents, helmets, triangles, and/or microspherocytes (Fig. 
32.5). Hemolytic anemias resulting from red cell fragmentation 
are  associated with abnormalities of the heart and great vessels, 
diseases of small vessels, disseminated intravascular coagula-
tion, and hypertension (Table 32.3). In most of these conditions 
 hemolysis is one of many clinical findings, and usually not the 
major problem.

Cardiac and Large Vessel abnormalities

Etiology
Soon after the advent of open-heart surgery came the realization 
that the postoperative course of some patients was complicated by 
the development of anemia of varying severity. The discovery of 
fragmented red cells as a characteristic feature of this type of ane-
mia was made in 1961, when Sayed et al. described these morpho-
logic alterations in a patient who developed severe and persistent 
intravascular hemolysis after repair of an ostium primum defect 
with Teflon.253 It is now well recognized that fragmented erythro-
cytes with intravascular hemolysis are commonly associated with 
a wide variety of structural defects of the heart or great vessels 
(Table 32.3). Surgically inserted prosthetic devices, particularly 
heart valves, furnish the most striking examples of red cell frag-
mentation. Most of the prosthetic valves associated with hemolytic 
disease are of the aortic variety,254–257 but cases of hemolysis 
caused by mitral valve replacement258,259,260,262,263,264,265 unsuc-
cessful mitral valvoplasties,266,267 and repair of ruptured chordae 
tendineae268 also have been reported. The use of bioprostheses 
has reduced the risk of hemolysis greatly, although red cell frag-
mentation still occurs after the insertion of porcine xenografts 
or bioprostheses constructed from bovine tissues.261,269–273 In 
these patients, hemolysis usually is associated with a paraval-
vular leak,270 a torn cusp,271 or other manifestations of valvular 
dysfunction,269 including infective endocarditis or calcification.274

Intracardiac patch repairs of various types also may lead to 
intravascular hemolysis253,275,276; typical cases involve patients 
with Teflon patches used in the repair of ostium primum defects.

Mechanical ventricular assist devices and other similar pump-
based technologies employed as a bridge to cardiac transplanta-
tion are also associated with mechanical hemolysis.277,278

Last, although red cell fragmentation is associated most 
strikingly with intracardiac surgical procedures, intravascular 
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Associated with abnormalities of the heart and great vessels

 Synthetic valvular prostheses

 Valve homografts

 Valve xenografts and xenobioprostheses

 Autograft valvoplasties

 Ruptured chordae tendineae

 Intracardiac patch repairs

 Unoperated valve disease (especially aortic stenosis)

 Coarctation of the aorta

Associated with small vessel disease: microangiopathic hemolytic anemia

 Thrombotic thrombocytopenic purpura (TTP)

 Hemolytic-uremic syndrome (HUS)

 HUS/TTP-related disorders

  Disseminated carcinoma

  Chemotherapy/drugs

  Transplant-associated microangiopathy

 Pregnancy and postpartum period

  HELLP syndrome

  TTP/HUS

 Malignant hypertension

 Disseminated intravascular coagulation

 Immune mechanisms

  Lupus erythematosus

  Acute glomerulonephritis

  Scleroderma

  Wegener granulomatosis

 Hemangiomas

  Giant hemangioma (Kasabach-Merritt syndrome)

  Hemangioendothelioma of the liver

  Plexiform lesions in pulmonary hypertension

 March hemoglobinuria

HELLP, hemolysis, elevated liver enzymes, and low platelet counts.

CAuses oF ReD Cell FRAgmeNtAtioN

taBLe 32.3

hemolysis occurs in many patients with valvular heart disease 
who have not had surgery.279–282 Most often, this red cell frag-
mentation is noted in patients suffering from severe aortic valve 
disease, especially aortic stenosis; occasionally, however, patients 
with mitral valve involvement are affected. Intravascular hemoly-
sis also has been reported in patients with a ruptured aneurysm 
of the sinus of Valsalva,283 coarctation of the aorta,284 coarctation 
with a bicuspid aortic valve,285 and a ventricular septal defect in 
conjunction with a patent ductus arteriosus.286 The hemolysis 
accompanying valvular heart disease that has not been treated 
surgically is usually minor and rarely severe.

Incidence
Clinically significant hemolytic disease is reported in 5% to 25% of 
patients with various types of valvular prostheses,254,287,288 usu-
ally involving replacement of defective aortic valves, and in about 
5% of patients with Teflon repairs of ostium primum defects.231 
The incidence of clinically detectable hemolysis in patients with 
mitral valve prostheses is considerably lower, although the 
incidence of hemolysis with ring repair of mitral valve defects 
was 3.8% in one series.265 When more sensitive techniques 
are used to detect red cell destruction, such as red cell survival 

studies279,281,289 or haptoglobin levels,282,290–292 most patients 
with aortic valvular prostheses have evidence of mild intravascu-
lar hemolysis. Undoubtedly, the severity of the valvular disease is 
an important variable.

Pathogenesis
Several mechanisms may account for the intravascular nature 
of the hemolysis and the appearance of the characteristic frag-
mented cells.

Direct mechanical trauma, for instance by the closure of pros-
thetic valves, has been postulated; it is known also to occur in 
other conditions, such as march hemoglobinuria.293 However, 
it is unlikely that valve closure itself is responsible for RBC frag-
mentation inasmuch as many patients with prosthetic valves do 
not have clinically significant hemolysis. It also is unlikely that 
the presence of prosthetic materials per se contributes to red cell 
fragmentation,254,294 although Teflon that is not covered by endo-
thelium253,276 has been found at reoperation in some patients. 
In all likelihood, therefore, both hemolysis and the lack of endo-
thelialization depend on the presence of a third factor, such as 
turbulence.

The most common feature in recorded cases of hemolysis 
occurring after the insertion of prosthetic devices is the exis-
tence of some form of hemodynamic defect, such as regurgita-
tion through or around valvular prostheses254,263,270 or mitral 
insufficiency after Teflon patch repair of atrioventricular canal 
defects.275 Teflon patch-associated hemolysis has become less 
common as the use of biomaterial and autologous patches has 
increased.295,296 Extreme turbulence is a common factor in all of 
these patients and can routinely generate shearing stress >3,000 
dyn/cm2,259,297,298 leading to mechanical hemolysis in vitro299 
and in vivo, such as in the presence of regurgitant defects between 
the aorta and the left ventricle, when the lumen of the aortic pros-
thesis is small relative to the stroke volume or when the ball of a 
ball valve is large relative to the diameter of the aorta.

Clinical Manifestations
No distinctive clinical features are noted, with the exception of 
those related to pre-existent heart disease or cardiac surgery. The 
development of hemolysis sometimes coincides with severe dete-
rioration of cardiac function because of the tear of a valve cusp or 
the loosening of valve attachments. When the hemolysis is clini-
cally significant, jaundice often is obvious, but hemoglobinuria 
may not be detectable by the naked eye.

Laboratory Findings
The blood findings of these patients vary widely, depending on 
the severity of the hemolytic process. The hemoglobin level may 
be normal if the hemolysis is compensated, or it may be extremely 
low. Most cells are normocytic and normochromic, but there also 
are variable numbers of fragmented erythrocytes, and these are 
identical to the schistocytes seen in patients with microangio-
pathic hemolytic anemia (Fig. 32.5). The number of fragmented 
cells apparent in the blood smear directly reflects the severity of 
the hemolytic process.300 In patients with long-standing hemoly-
sis, iron stores may be depleted because of hemoglobinuria and 
hemosiderinuria, and the red cells may appear hypochromic due 
to iron deficiency. Hemosiderinuria is present in many patients 
when hemoglobinuria is not detectable. The serum bilirubin level 
is slightly or moderately raised. Serum haptoglobin is reduced or 
absent. Lactic dehydrogenase (LDH) levels usually are elevated. 
The reaction to the antiglobulin test is usually, but not always, 
negative. A positive direct antiglobulin test is observed occasion-
ally in a few patients with prosthetic valves301–303 and occasion-
ally in patients with severe aortic valve disease in the absence of 
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surgical intervention.304 It is possible that mechanical damage 
may expose subsurface antigens, which then elicit the production 
of autoantibodies.

Treatment
A marked degree of anemia and elevated LDH often indicate wear 
or malfunction of a valvular prosthesis,258,300 and under these cir-
cumstances, prompt surgical intervention and valve replacement 
are usually indicated. Only occasionally does the condition causing 
hemolysis improve spontaneously.256 Severity of the hemolytic 
process increases with physical activity.305 When iron deficiency 
has developed because of prolonged hemosiderinuria, iron ther-
apy is indicated. Erythropoietin has been used to reduce the need 
for blood transfusion.306 Folate supplementation may also assist 
in maintaining an adequate erythropoietic response to hemolysis.

Small Vessel Disease (Microangiopathic 
hemolytic anemia)
In 1952, Symmers introduced the term microangiopathic hemo-
lytic anemia to describe a clinical syndrome now commonly called 
thrombotic thrombocytopenic purpura (TTP).307 Brain et al. sub-
sequently popularized the term,308 and it is now used to designate 
any hemolytic anemia related to red cell fragmentation occurring 
in association with small vessel disease (Table 32.3).

The term thrombotic microangiopathy also is used to describe 
syndromes characterized by hemolytic anemia with red cell frag-
mentation, thrombocytopenia, and thrombotic lesions in small 
blood vessels.309

TTP and the hemolytic-uremic syndrome (HUS) are similar 
disorders included in this category. They share many laboratory 
and clinical features, and the clinical distinction between TTP 
and HUS is not always clear. There are also TTP/HUS-related 
conditions seen with pregnancy, cancer, collagen vascular dis-
ease, drug therapy, tissue transplantation, and other disorders 
(Table 32.3). A detailed discussion of TTP, HUS, and related dis-
orders can be found in Chapter 48, and TTP related to pregnancy 
is  discussed in Chapter 42.

hemolysis due to Malignant hypertension
An association between red cell fragmentation and malignant 
hypertension was first recorded in 1954 and has since been 
confirmed in many other studies.310,311 The pathogenesis of 
microangiopathic hemolytic anemia in malignant hypertension 
is attributed to the presence of fibrinoid necrosis within the arte-
rioles,308 which in turn appears to depend on the presence of 
hypertension.

hemolysis due to Disseminated Intravascular 
Coagulation
Microangiopathic hemolytic anemia is associated with a variety 
of disorders characterized by disseminated intravascular coagu-
lation (DIC), including sepsis,312,313 purpura fulminans,314 heat 
stroke,315 and abruptio placentae.316 In all of these clinical condi-
tions, red cell fragmentation is thought to result from the deposi-
tion of fibrin within the microvasculature. Fortunately, hemolysis 
often is not severe and may not contribute significantly to the 
morbidity of the disease. As the underlying disease comes under 
control with appropriate therapy, the fragmentation of red cells 
also ceases.

The generation of RBC fragmentation with DIC is supported by 
classical experimental animal data. When intravascular coagula-
tion is induced in rabbits by the infusion of endotoxin308 or throm-
bin,317 the onset of red cell fragmentation and hemoglobinemia is 

closely linked to the development of renal glomerular thrombosis. 
These findings indicate a link between the deposition of platelet 
and fibrin thrombi and red cell fragmentation, and this is sup-
ported by histologic studies that associate hemolysis with a loose 
fibrin network to which red cells adhere.318 From in vitro experi-
ments it has been observed that when red cells are forced through 
a loose fibrin clot within a slide chamber, they attach to fine fibrin 
threads and fold around these razor-sharp strands (Fig. 32.6).319 
As other cells flow past the attached RBCs, they cause either their 
release or their fragmentation, often with resealing of the mem-
brane, and thus the formation of red cell fragments described. 
Similar results are obtained when nylon or glass fibers are used 
in artificial circuits.319

Fragmentation hemolysis with Immune 
Disorders
Microangiopathic hemolytic anemia may be a feature of diseases 
in which the microvasculature is damaged by immune mecha-
nisms. Connective tissue diseases characterized by vasculitis, 
which occasionally lead to red cell fragmentation, include lupus 
erythematosus320 and perhaps rheumatoid arthritis, Sjögren syn-
drome, and polyarteritis nodosa.309 Red cell fragmentation also 
has been observed in association with polymyositis,309 sclero-
derma,321 Wegener granulomatosis,322,323 giant cell arteritis,324 
and Still disease.325 The diverse symptomatology of vascultic 
disorders, along with the presence of microangiopathic hemolysis, 
may lead to these disorders being confused with TTP. ADAMTS13 
activity levels, although often lower in vaculitic disorders than in 
healthy patients, are rarely as low as is typical for TTP (discussed 
in Chapter 48).326,327

Circulating immune complexes trigger the coagulation cas-
cade,328 leading to fibrin deposition, which in turn stimulates the 
proliferation of endothelial cells. Fibrin deposition and endothelial 
changes, including immune-complex–mediated damage of endo-
thelial cells, are probably responsible for the red cell fragmenta-
tion that occurs in disorders characterized by the presence of 
circulating immune complexes. Such complexes, together with 
red cell fragmentation, have been found in patients with a variety 
of disorders, including TTP, subacute bacterial endocarditis,329 
and glomerulonephritis.330,331 The significance of this association 
is unclear, however, because immune complexes are commonly 

Figure 32.6. Scanning electron micrograph. Red cells are “clotheslined” over fine fibrin 
strands (in vitro model). Other cells, moving past these trapped erythrocytes, may cause their 
fragmentation. Thicker fibrin strands in background do not cause this injury. (From Bull BS, Kuhn 
IH. The production of schistocytes by fibrin strands. Blood 1970;35:104.)
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found in patients with some of these conditions, whereas red cell 
fragmentation and other manifestations of thrombotic microangi-
opathy are much less common.

Giant hemangiomas and 
hemangioendotheliomas
Microangiopathic hemolytic anemia has been identified in 
patients with giant hemangiomas332,333,334 and in patients with 
hemangioendotheliomas of the liver.335,336 Microangiopathic 
hemolytic anemia also has been described in the blue rubber–bleb 
nevus syndrome, a rare disorder characterized by subcutaneous 
and gastrointestinal hemangiomas.337 It is thought that local 
coagulation in the abnormal blood vessels plays a role in red 
cell fragmentation.332 Therapeutic resolution of the hemangioma 
cures the microangiopathic hemolytic anemia and consumption 
coagulopathy.333

March hemoglobinuria
March hemoglobinuria is an unusual hemolytic disorder in 
which transient hemoglobinemia and hemoglobinuria develop 
in susceptible individuals after strenuous exercise that involves 
forceful contact of the body with a hard surface. Although red cell 
fragmentation is not always evident, the condition carries all the 
hallmarks of acute intravascular hemolysis, which presumably 
results from the mechanical disruption of circulating red cells. 
Few cases have been reported since Fleischer described the first 
case in 1881.293 Clinically inapparent hemoglobinemia may be 
more common.

March hemoglobinuria primarily affects young males.293,338 
Hemoglobinuria is precipitated by prolonged marches or com-
petitive running, but the syndrome has also been noted in conga 
drum players339,340 and people participating in karate exer-
cises.341 Passage of red or dark urine after physical exertion is 
often the only complaint. Occasionally, symptoms include nausea; 
vague abdominal, back, or thigh pain; or a burning feeling in 
the soles of the feet. Hemoglobinuria characteristically occurs 
immediately after exercise and lasts for only a few hours. March 
hemoglobinuria most commonly affects athletes at the beginning 
of a running career or on resumption of road training.342

Laboratory studies show evidence of intravascular hemolysis, 
specifically hemoglobinemia and a decreased serum haptoglobin 
concentration. Significant anemia is uncommon. The bilirubin 
concentration rarely exceeds 2 mg/dl. Serum lactic dehydrogenase 
levels may be elevated. The urine contains hemoglobin; after recur-
rences, it also may contain hemosiderin. Long-distance runners may 
develop iron deficiency attributable to hemosiderinuria, although 
the possibility of exercise-associated gastrointestinal bleeding in 
long-distance runners must also be considered.343 Swimmers, who 
do not sustain comparable trauma, have a similar situation.344

Hemoglobinuria can be prevented by the use of shoes with 
thicker and more resilient soles than those usually worn. Thus, 
one postulate was that susceptible individuals destroy red cells in 
the soles of their feet while running. Confirmation came from the 
ingenious experiments of Davidson, who inserted polyvinyl tubes 
containing blood into the running shoes of susceptible individu-
als and showed that these runners destroyed their own and the 
control blood at about the same rate, and to a greater degree 
than control subjects running on the same surface.345 Whether 
hemolysis is entirely attributable to the type of exercise and the 
style of running or whether other factors make the red cells of 
some people particularly susceptible to hemolysis is not clear.346

No specific therapy is usually needed for individuals with 
march hemoglobinuria. Attacks may be prevented by wearing 
shoes with more resilient soles and by changing to a less trau-
matic running style. Banfi and colleagues have reported that 

immersion of the legs in cold water for several minutes, either 
before or after training, prevents hemolysis and hemoglinuria in 
rugby players.347

otHeR CAuses of Hemolysis
Hemolytic anemia is also seen in association with a number of 
nonhematologic systemic disorders, and in most cases there are 
several etiologies to the anemia.

hypersplenism
Normal functions of the spleen include the monitoring and pro-
cessing of “old” and “damaged” red cells. These culling and pitting 
functions are executed by macrophages that line reticuloendo-
thelial sinuses of the spleen, and also the liver and bone marrow 
(Chapter 65). Macrophages have receptors that recognize immu-
noglobulin and complement molecules on the RBC surface, and 
possibly receptors that detect alterations in the outer portion of 
the phospholipid bilayer. The spleen is considered to be the most 
stringent of the reticuloendothelial filters, and this is aided by the 
slow rate of blood flow through the splenic red pulp.

Broadly defined, the term hypersplenism refers to sequestra-
tion and/or destruction of blood cells occurring in an enlarged 
spleen, associated with peripheral anemia and/or neutropenia 
and/or thrombocytopenia. In experimental animals with spleno-
megaly induced by methyl cellulose injections, there is acceler-
ated destruction of normal erythrocytes.348 Also, in humans, it is 
generally held that splenomegaly from any cause can be associ-
ated with increased filtering, extended macrophage attack, and 
increased erythrocyte destruction.349 Rarely does hypersplenism 
cause significant hemolysis. However, under conditions where 
macrophages are activated, there may be increased red cell 
destruction, and this may explain the accelerated hemolysis com-
monly seen with infections, in particular with malaria.36

Massive splenomegaly often is associated with an increased 
plasma volume, and in these cases the low hemoglobin or hema-
tocrit gives a falsely low estimate of the true red cell mass.

Liver Disease
Anemia in liver disease has many causes including hemolysis 
(Chapter 41). One component of this shortened red cell survival 
relates to portal hypertension and associated splenomegaly. However, 
the hemolysis occurring under these conditions is usually mild, with 
varying degrees of a compensatory increase in red cell production.

Another cause of hemolysis in liver disease is associated with 
the formation of “spur cells,” a variant form of acanthocytes. In 
patients with liver disease, abnormalities in lipid metabolism 
result in RBCs becoming selectively loaded with excess choles-
terol. The cholesterol-loaded RBCs have impaired ability to repair 
peroxidized membrane lipids,350 and thus they undergo oxidative 
damage. As a consequence, they become rigid and nondeform-
able, and are rapidly cleared by the reticuloendothelial system, in 
particular the spleen351,352 (see Chapter 41).

Attempts to correct portal hypertension have utilized angio-
graphic techniques to create a communication between the intra-
hepatic portal vein and the hepatic vein. The placement of these 
transjugular intrahepatic portosystemic shunts (TIPS) avoids the 
anesthetic and surgical risks of other shunting procedures; however, 
some 10% of patients develop mild intravascular hemolysis.353 The 
hemolysis usually is self-limited and rarely requires intervention.

renal Disease
Hemolytic anemia and renal failure together can occur with 
the thrombotic microangiopathies (Chapter 48). Anemia also 
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is a frequent complication of primary renal disease, the most 
common cause being due to impaired erythropoietin pro-
duction (Chapter 41). However, in some cases there also is 
a hemolytic component354,355 that is thought to be a conse-
quence of uremia. Classic cross-transfusion studies demon-
strated that normal erythrocytes have a shortened survival 
in uremic patients, whereas red cells from uremic patients 
survive normally when transfused into healthy control indi-
viduals.356,357 RBC survival is decreased in proportion to the 
blood urea nitrogen concentration,358 and it improves signifi-
cantly following intensive hemodialysis.359 The exact uremic 
metabolite responsible for red cell injury is not known and 
the specific uremia-induced RBC injury that causes shortened 
RBC survival also is not defined. Of interest, it has also been 
observed that uremic red cells have increased expression of 
phosphatidylserine (PS) on the outer membrane surface, and 
 incubation of normal RBC in uremic plasma also induces 
increased expression of PS on the outer cell surface.360,361 
These observations are important because it is now thought 
that one mechanism for macrophage recognition of damaged 
RBCs may be the loss of phospholipid asymmetry across the 
membrane, particularly the appearance of PS on the external 
side of the membrane362,363 (Chapter 6).

hypophosphatemia
Severe hypophosphatemia can occur in patients undergo-
ing prolonged antacid therapy, in those receiving intravenous 
hyperalimentation without phosphorus supplementation, in 
debilitated and starved people, and in alcoholics. In addi-
tion to confusion, weakness, anorexia, malaise, paresthesias, 
and electroencephalographic and electromyographic changes, 
hypophosphatemia also has been noted to cause hemolytic 
anemia.364–366,367,368–370,371 The anemia is characterized by 
reticulocytosis and microspherocytosis seen on the peripheral 
smear.365 In affected individuals, the serum phosphorus concen-
tration invariably is very low.

PostPeRfusioN syNDRome
Cardiopulmonary bypass sometimes is associated with several 
adverse reactions including acute intravascular hemolysis, leuko-
penia, a hemostatic deficit, and nonspecific systemic inflammatory 
reactions, collectively referred to as the postperfusion syndrome. 
This systemic dysfunction may result in acute respiratory distress 
syndrome and shock.

After cardiopulmonary bypass, intravascular hemolysis can 
occur with hemoglobinemia. The mechanism of hemolysis asso-
ciated with this syndrome was thought to be due to mechanical 
factors during surgery.372 However, it now is recognized that 
complement is activated during the procedure373 and the terminal 
C5b-9 complement complexes are deposited on both erythrocytes 
and polymorphonuclear neutrophilic leukocytes.374 In one inter-
esting study utilizing lysed erythrocyte membranes recovered 
from blood of patients at the end of bypass surgery, C5b-9 com-
ponents were identified on the red cell ghosts but not on intact 
erythrocytes. Moreover, the appearance of ghosts carrying C5b-9 
neoantigens always coincided with hemolysis.374 Thus, it now is 
thought that complement activation occurs as blood flows through 
the oxygenator, and the resultant deposition of C5b-9 on red cells 
leads to immediate intravascular hemolysis. The same reactions 
presumably lead to granulocyte activation and sequestration in 
the lungs.373

The hemolytic process is transient. Hematologic treatment 
is directed toward RBC support as needed until spontaneous 
 resolution occurs.
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occurs with lower frequency in the rest of the world as the result 
of voluntary or forced population migration from high prevalence 
areas. Results of studies of DNA polymorphisms linked to the bS 
gene suggest that it arose from three independent mutations in 
tropical Africa.8,9 The most common bS chromosome is found in 
Benin and central West Africa. A second haplotype is prevalent 
in Senegal and the African West Coast, and a third haplotype 
is seen in the Central African Republic (Bantu-speaking Africa). 
The same three haplotypes are associated with the bS gene in 
black Americans and Jamaicans.10 The Hb S gene in the east-
ern province of Saudi Arabia and in Central India is associated 
with a different DNA structure that is not encountered in Africa 
and probably represents a fourth independent occurrence of the 
sickle cell mutation.9 Only the Benin and Senegal haplotypes 
are prevalent among North Africans, Greeks, and Italians, sug-
gesting that the bS mutation spread to the Mediterranean basin 
from West Africa.10,11 In some parts of Africa, as many as 25% 
of the population have sickle cell trait, whereas in the United 
States,12,13 Latin America, and the Caribbean,14 the prevalence of 
the sickle gene varies from approximately 2% to 8% (Table 33.1). 
In the United States, the expected incidence of SCA (Hb SS) at 
birth is 1 in 625. Taking into account recent trends of decreased 
mortality among children, approximately 100,000 cases of sickle 
cell disease would be expected among African Americans in the 
United States.15

Before this century, most individuals with SCA died before the 
age of reproduction. Without selective advantage to Hb S trait, the 
sickle gene would have been eliminated. The most widely accepted 
theory to account for the remarkable stability of the sickle gene 
in Africa is that of balanced polymorphism.16,17 Recognition that 
sickle cell trait has its highest prevalence in areas that are hyperen-
demic for malaria suggested that Hb S afforded selective protection 
against lethal forms of malaria (Fig. 33.1).18 Preferential sickling of 
parasitized cells has been observed in the blood of children with 
sickle cell trait and malaria.17 Selective removal of sickled cells 
from the circulation probably reduces the degree of parasitemia 
and substantially limits the infectious process.

PAthOPhySiOlOgy
The sickle mutation substitutes thymine for adenine in the sixth 
codon of the b gene (GAG → GTG), thereby encoding valine 
instead of glutamic acid in the sixth position of the b chain. This 
ostensibly minor change in structure is responsible for profound 
changes in molecular stability and solubility.

molecular basis of sickling
An abundance of information indicates that the distortion of cells 
containing Hb S is the result of Hb polymerization.19 Deoxy Hb S 
polymers in the cell exist in a spectrum of forms from scattered 
individual fibers to highly ordered fiber aggregates that essentially 
fill the cell and distort it into the classic sickle shape or other 
elongated forms. It is the presence of polymer that causes the 

This chapter discusses hemoglobin (Hb) variants that cause alter-
ations in erythrocyte morphology and rheology. Hb S, or sickle Hb, 
is a variant Hb of tremendous clinical importance due to its high 
prevalence and worldwide distribution. Homozygous Hb SS (sickle 
cell anemia) alone is the most common heritable hematologic dis-
ease affecting humans.

Long before they were recognized in the Western hemisphere, 
sickling disorders were known in Africa by onomatopoeic names 
denoting the recurrent, unrelenting, and painful nature of the 
crises.1,2 Although symptoms of sickle cell anemia (SCA) could 
be traced in one Ghanaian family to the year 1670,3 disorders of 
Hb synthesis went unrecognized by the scientific community until 
1910, when Herrick, a Chicago cardiologist, recorded observa-
tions made during investigation of anemia in a 20-year-old West 
Indian student.4 Herrick’s report led not only to the recognition 
of hundreds of abnormalities of Hb synthesis, but also to a series 
of remarkable scientific advances involving protein chemistry, 
molecular biology, physiology, and genetics. The term sickle cell 
anemia was first used in 1922, when it was recognized that a com-
mon African ancestry was present in all initial cases described.5 
In 1949, Linus Pauling and collaborators demonstrated for the 
first time that an abnormal protein could be causally linked to 
a disease.6 A historical review has been published summarizing 
the major developments related to sickle cell disease in the first 
100 years since the disease’s description.7

The genetic basis for Hb synthesis is discussed in Chapter 22. 
Each major hemoglobinopathy occurs in both a heterozygous and 
a homozygous form. In the heterozygous state, red cells contain 
both normal adult Hb (Hb A) and the variant Hb. Because they 
rarely have phenotypic expressions of clinical significance, het-
erozygotes are said to have the trait for that abnormality, for 
example, sickle cell trait. In the homozygous state, Hb A is totally 
lacking, and clinical manifestations are of variable severity; indi-
viduals so affected have SCA. In addition, disease may result from 
the combination of two variant hemoglobins or from a variant Hb 
and an interacting thalassemia gene. These doubly heterozygous 
states are designated by both aberrant gene products, such as Hb 
SC disease or Hb S/b-thalassemia. The term sickle cell disease is 
used in a generic sense to refer to all of the sickling syndromes, 
although the compound heterozygous HbS/b0-thalassemia is com-
monly classified as SCA, due to phenotypic similarity to HbSS.

ePiDemiOlOgy
Hb S, so-called because of the sickle shape it imparts to deoxygen-
ated red cells, is responsible for a wide spectrum of disorders that 
vary with respect to degree of anemia, frequency of crises, extent 
of organ injury, and duration of survival. Some of the sickling syn-
dromes lack significant pathologic potential, but they are easily con-
fused with clinically aggressive disorders on the basis of laboratory 
evaluation; consequently, precision in diagnosis is essential both to 
proper clinical management and to meaningful genetic counseling.

The highest prevalence of Hb S in the world is in sub-Saharan 
Africa, followed by the Arabian and Indian subcontinents. It 
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WoRlDWiDe PRevalenCe of SiCkle Cell TRaiT anD DiSeaSe

table 33.1

Region
Trait 
Prevalence (%)

Disease 
Prevalence (%) Reference

Africa

Nigeria 24.5 2 1043,1044

Republic of Congo 23.3 0.96 1045

Tanzania 13.0 691

Burkina Faso 1.75 1046

India 0–34 varies with 
region

1047–1049

South America

Brazil 4–9.8 0.08–0.1 1050

Venezuela 2.5 1051

Central America

Jamaica 10.0 1052

North America

United States

(African Americans) 8.0 0.16 1053

Europe

Belgium 0.07 1054

France 0.7 0.06 1055,1056

England 0.05 1057

Spain 0.001–0.03 1058

Greece 0.9–4 792,1059

East 
Mediterranean

Turkey 0.5–10 1060–1063

Arab Peninsula

Oman 6.0 1064

Saudi Arabia 2–27 0.2–1.4 1065,1066

 reversible, oxygen-linked changes in the rheologic properties of 
the sickle erythrocyte that characterizes the disease. Upon oxygen-
ation, these polymers dissolve or “melt,” and the sickle erythrocyte 
loses most of those pathologic properties caused by the presence 
of polymer. If the concentration of Hb S in such solutions or in 
the red cell approaches 30 g/dl, a semisolid gel forms.

Structure of Hemoglobin S Polymer
The structure of the deoxygenated Hb S polymer has been 
deduced from studies involving the use of electron microscopy 
(Fig. 33.2)20 and x-ray diffraction.21 The polymerized Hb fiber is 
a helical structure with 14 Hb tetramers in each layer; these form 
a central core of four strands and an outer sheath of 10 additional 
strands with a diameter of ∼21 nm.22 Only one of the two b6 Val 
residues appears to participate in the intermolecular contact; it 
fits into a hydrophobic pocket formed by a b85 Phe and a b88 Leu 
residue on a b chain of a nearby Hb S tetramer. Bonds between 
contact points include both hydrophobic and electrostatic forces.

Physiologic Determinants of Polymerization
The equilibrium of Hb S between its liquid and solid phases is 
determined by four variables: oxygen tension, Hb S concentration, 
temperature, and hemoglobins other than Hb S. Polymerization 
occurs only with deoxygenation, which results in a fall in oxy-
gen affinity, thereby stabilizing the deoxy state. An increase in 
2,3-diphosphoglycerate decreases the affinity of Hb S for oxygen 

and enhances gelation.23 Likewise, a decrease in pH decreases 
oxygen affinity via the Bohr effect, thereby increasing the amount 
of deoxy Hb S at any given oxygen tension. There is a positive 
correlation between Hb S concentration and gelation.24 Under 
standard laboratory conditions, gelation occurs as the concentra-
tion of deoxy Hb S is raised above 20.8 g/dl.25 Because the mean 
Hb concentration of the red cell is normally >30 g/dl, intracellular 
gelation of Hb S is a predictable consequence of deoxygenation.

The influence of other hemoglobins on Hb S polymerization 
is variable. Both Hb A and Hb F have an inhibitory effect on 
 gelation.26 When these hemoglobins are deoxygenated, they enter 
the sickle polymer less readily than does deoxy Hb S, thereby 
retarding gelation by a dilutional effect. Because there are 20 
surface amino acid differences between bS and g chains and only 
a single residue difference between bS and bA chains, it is not 
surprising that Hb F is excluded from Hb S polymers to a greater 
extent than Hb A. Other hemoglobins interfere with polymer for-
mation less well. By measuring the minimum gelling concentra-
tion of various mixtures of hemoglobins, the extent of interaction 
can be quantitated. Deoxy Hb S molecules copolymerize most 
effectively with other Hb S molecules and, in decreasing order, 
with Hb C, D, O Arab, A, J, and F.27 These in vitro observations 
predict the clinical severity of disorders involving these variants. 
In contrast, the doubly heterozygous state for Hb S and hereditary 
persistence of fetal Hb (HPFH), in which red cells contain approxi-
mately 70% Hb S and 30% Hb F, is not associated with clinical 
disease.28,29,30,31 It is possible to estimate how much inhibition 
of polymerization would result from therapeutic interventions 
such as altering Hb S solubility, which might be accomplished by 
modifying polymer structure, lowering mean corpuscular Hb con-
centration (MCHC), or elevating the fraction of Hb F.32 Recently, 
the primary significance of polymerization has been called into 
question because modulators of polymerization, such as the Hb F 
level, neither correlate with the frequency nor predict the onset 
of pain crises, nor do they address the initiation of acute vascular 
occlusion.33

Kinetics of Sickling
Sickling is not an instantaneous phenomenon; the kinetics of 
sickling suggest that molecular polymerization occurs in stages. 
The delay period between deoxygenation and polymerization is 
attributed to nucleation processes, in which Hb S tetramers form 
small aggregates without modification of internal viscosity. When 
these aggregates reach a critical mass, a rapid addition of free 
Hb units occurs to form fibers that then undergo alignment to 
form a tactoid.34 A red cell spends ∼1 to 2 seconds in the arte-
rial circulation and 1 second in the microcirculation; it then takes 
∼15 seconds returning to the lungs.35 If the delay time is >15 
seconds, the cell can return to the lungs and be reoxygenated 
before any significant polymerization has begun, but if the delay 
time is between 1 and 15 seconds, gelation occurs while the cell 
is in the venous circulation. Sickling in the large veins does not 
produce vaso-occlusion, but the cell membrane may be damaged, 
resulting in a loss of water and a shorter delay time in subsequent 
trips through the circulation. If the delay time is less than 1 second, 
gelation can occur while the cell is in one of the narrow vessels 
of the microcirculation. Because the cell is much less deformable, 
it may not be able to “squeeze” through and may become tran-
siently or permanently stuck. Under physiologic conditions, the 
delay between complete deoxygenation and erythrocyte sickling is 
∼2 seconds. Small increments in deoxyhemoglobin concentra-
tion (e.g., those that occur with loss of cell water) profoundly 
shorten the delay time,36 thereby potentiating sickling. The delay 
time, however, is strongly influenced by changes in Hb concen-
tration, the presence of hemoglobins other than Hb S, tempera-
ture, pH, and 2,3-diphosphoglycerate.37 Increased intracellular 
 2,3-diphosphoglycerate decreases the oxygen-binding affinity of 
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Hb, thereby inducing sickling. In a study of cultured human red 
cells and mice, the induction of adenosine A(2B) receptor led to 
increased levels of 2,3-diphosphoglycerate in the cells, conse-
quently inducing more sickling.38 Recent findings point to the role 
of free heme in the kinetics of sickling; increasing amounts of free 
heme added to dialyzed Hb S solutions enhances polymerization.39

cellular pathology
Red cells containing Hb S acquire the sickle-shape deformity upon 
deoxygenation because of the intracellular polymerization of Hb. 
This phenomenon may be monitored directly with light or scanning 
electron microscopy (Fig. 33.3) and indirectly by measuring changes 
in viscosity or filterability.40 Electron micrographs demonstrate 
filaments in parallel array, some of which extend into the protuber-
ances of sickled cells.41 The membrane is secondarily involved by 
repeated or prolonged sickling. Irreparable damage to membrane 
structures obviates resumption of the normal disc shape despite 
solubilization of intracellular polymers and thus produces the irre-
versibly sickled cell (ISC).42 Both Hb polymerization and membrane 
injury contribute to the pathophysiology of the sickling syndromes.

Red Cell Sickling
The sickling of erythrocytes containing Hb S is induced by the 
same physicochemical perturbations as those responsible for the 
gelation of Hb S solutions. Arterial blood, having a high oxygen 
saturation, contains fewer sickle cells than blood collected from 
various sites in the venous circulation.43 The oxygen affinity is 
abnormally sensitive to pH fluctuations in the physiologic range; 
a decrease in pH from 7.4 to 7.2 results in twice the normal 
decrement in oxygen affinity.44 Sickling is greatly potentiated by 
increasing the intracellular concentration of Hb S. Predictably, 
red cells containing relatively more Hb F sickle less readily and 
survive longer than cells containing little Hb F.

Membrane Alterations
Red cell sickling is associated with reversible membrane changes. 
With repeated cycles of sickling and unsickling, aberrations in 
membrane function and structure become increasingly pro-
nounced, culminating in fixation of the membrane in the sickled 
configuration.45

Figure 33.1. global distributions of Hb S and malaria. This map shows the distribution of the Hb S allele. Part A indicates estimates for the combined yearly 
total number of individuals affected by Hb SS, Hb SC, and Hb Sb-thalassemia by World Health Organization region. Part B shows the global distribution of malaria 
(red) before intervention to control malaria. From Rees DC, Williams TN, and Gladwin MT. Lancet. 2010 Dec 11;376(9757):2018–2031, with permission.
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reversibly and irreversibly sickled cells
When red cells are sickled, they leak K+ and gain Na+, a phenom-
enon previously ascribed to partial failure of the Na+, K+-adenosine 
triphosphatase (ATPase) pump.46 Because the net flux of Na+ and 
K+ is approximately equal in reversibly sickled cells, no change 
occurs in intracellular hydration or Hb concentration.47 The intra-
cellular concentration of Ca2+ is increased during sickling, owing in 
part to increased membrane permeability for Ca2+ and possibly to 
impairment of the ATPase-dependent Ca2+ pump.48

From 5% to 50% of cells from individuals with SCA are 
ISCs, permanently stabilized in their abnormal crescent or oval 
shape.49 ISCs contain substantially less Hb F than reversibly sick-
led cells,50 and their endowment of Hb F appears to be the pri-
mary determinant of irreversible sickling. In the ISC, the quantity 
of membrane lipids is decreased consistent with membrane loss, 
probably as a result of vesiculation.51 The normal phospholipid 
organization of the red cell membrane (phosphatidyl choline and 
sphingomyelin in the outer monolayer and phosphatidyl ethanol-
amine and phosphatidyl serine [PS] in the inner monolayer) is 
altered by deoxygenation, resulting in negatively charged PS on 
the red cell surface. This phospholipid may initiate blood clotting 
by enhancing the conversion of prothrombin to thrombin, as sug-
gested by the findings of increased plasma levels of fragment 1.2 
in the circulation.52

dehydration
Two pathways play a major role in formation of dense cells: the 
Ca2+-activated K+ channel (Gardos pathway) and the K–Cl co-
transport channel (KCC). KCC regulates RBC volume, especially in 
reticulocytes, and its dominant isoform is KCC3.53 The transient 
increase in free Ca2+ induced by red cell deoxygenation and sick-
ling leads to activation of the Gardos pathway and subsequent 
activation of KCC with further K+ loss. In ISCs, unlike reversibly 
sickled cells, K+ loss exceeds Na+ gain, and there is overall loss 

of cell water and increased concentration of intracellular Hb S. 
Although total cellular Ca2+ is increased, it is compartmentalized 
in cytoplasmic vesicles, resulting in normal levels of free cytoplas-
mic Ca2+ and prevention of dysfunction of the inner membrane.54

The rate of dehydration of sickle cells is uneven, and those des-
tined to become ISCs dehydrate by a fast-track process. Reversible 
permeability pathways for Na+, K+, Mg2+, and Ca2+, sometimes 
referred to as the sickling-induced pathway, are the result of ionic 
shifts affecting cell hydration (58). The combined activity of the 
Gardos channel and K–Cl co-transport leads to rapid dehydra-
tion of a relatively young subpopulation of sickle cells, many with 
the characteristics of ISCs. The antimycotic agent clotrimazole is 
an inhibitor of the Gardos channel and prevents dehydration of 
sickle cells in vitro and in vivo.55,56 An analog of clotrimazole (ICA 
17043, Senicapoc) with greater potency and fewer side effects has 
been shown to prevent dehydration of red cells in a transgenic 
sickle mouse model57 and was tested in clinical trials (see the sec-
tion “Reduction of Red Cell Hemoglobin Concentration”).

In vitro, KCC is activated by cell swelling, low pH, or urea.58,59 
When activated, K+ and Cl– leave the cell via facilitated diffusion 
down their concentration gradients. Water follows their efflux, 
leading to cell dehydration. The activity of the KCC is abnor-
mally increased in SCA58,60; regulation of its activity involves 
phosphorylation and dephosphorylation reactions in membrane-
bound serine/threonine kinases and phosphatases. Magnesium 
is abnormally reduced in sickle erythrocytes, and increasing cell 
magnesium produces a marked decrease in the activity of K–Cl co-
transport.56 Still another approach to prevention of red cell dehy-
dration has been to inhibit chloride conductance with a reversible 
anion conductance inhibitor.61 The sickling-induced permeability 
pathway may be affected by transport inhibitors, including dipyri-
damole at pharmacologic levels.62

adhesion
Sickle red cells demonstrate abnormal adherence to vascular 
endothelium,63,64,65 monocytes, macrophages, and model lipid 
membranes. Compared with normal red cells, sickle cells are 
2 to 10 times more adherent to bovine and human endothelial 
cells.63 This property of sickle blood is imparted by deformable 
sickle cells rather than by ISCs,66,67 perhaps because rigid cells 
are unable to form multiple surface contacts with endothelial 
cells. Furthermore, red cell deformability has a strong positive 
correlation with the frequency and severity of pain crises.66,68 
Individuals who generate a relatively greater number of ISCs have 
decreased red cell deformability and milder disease compared 
with those whose red cells are more deformable. Presumably, 
rigid ISCs are unable to enter capillaries or to adhere tenaciously 
to capillary endothelium, whereas deformable sickle cells enter 
capillaries readily, adhere to the endothelium, and compromise 
blood flow.

When examined under dynamic conditions, red cell adherence 
is noted primarily at sites of turbulence rather than where flow 
is laminar.69 Several mechanisms for increased adherence have 
been proposed.70 The repellent force of the red cell is thought to 
reside in negatively charged sialic acid residues that are homo-
geneously distributed over the surface of the membrane. The 
distribution of negative charges on membranes of sickle red cells 
is patchy and interrupted,63 creating surface areas that may have 
an electrostatic attraction for other cells. Alternatively, abnormal 
adherence may be a derivative of cellular dehydration, which 
induces an abnormality of negative charge distribution in normal 
red cells similar to that of sickle red cells.71 Auto-oxidation of 
sickle red cells is yet another possible mechanism for increased 
adherence. Induction of excessive free radical generation in nor-
mal red cells is associated with increased adherence under condi-
tions that allow the influx of calcium.72

Conditions and factors that promote the expression of adhe-
sion receptors by endothelial cells include hypoxia, thrombin, tis-
sue necrosis factor, platelet-activated factor, and interleukin-1.73 

Figure 33.2. electron photomicrographs of cell-free pellets of deoxyhemoglobin (Hb) S.  
A: Transverse section through fibers of polymerized Hb S (×97,000). B: Longitudinal section through 
same (×102,000). From Finch JT, Perutz MF, Bertles JF, et al. Structure of sickled erythrocytes and of 
sickle-cell hemoglobin fibers. Proc Natl Acad Sci U S A 1973;70:718, with permission.
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These conditions/factors also cause increased adhesion of sickle 
cells to endothelium in vitro. Thrombospondin may be an impor-
tant plasma adhesogen because of its ability to bridge CD36 
expressed on sickle reticulocytes.74 Thrombospondin-mediated 
adherence occurs under flow conditions with both microvascu-
lar and large-vessel endothelial cell assays. Thrombospondin 
levels are elevated in sickle cell patients during crisis,75 perhaps 
as a result of platelet activation. Fibronectin may link endothelial 
receptors with the fibronectin receptor a4 b1 (VLA-4) expressed on 
sickle reticulocytes.76,77 Ultralarge forms of von Willebrand factor 
are postulated to promote adherence through nonreceptor mecha-
nisms such as by binding with co-clustered hemichrome-band 
3 aggregates on sickle membranes.78 Erythrocyte membrane sul-
fatide, a sulfated glycosphingolipid, may also play an important 
role in adhesion and its blockage with specific antibodies sig-
nificantly prevents endothelial adhesion.79 Different mechanisms 
may predominate under various circumstances or in different 
parts of the circulation. Coagulopathy might cause thrombos-
pondin release and precipitate vaso-occlusion in microvessels, 
and dehydration-induced vasopressin elevation might stimulate 
von Willebrand factor release and precipitate vaso-occlusion in 
large postcapillary venules. The increased sickle cell adherence to 
injured endothelium, the role of platelet and leukocyte receptors, 
and the possible stimulation of nitric oxide (NO) production by 
adherent red cells all require further evaluation.

Circulating activated endothelial cells have been assayed using 
immunohistochemical examination of buffy coat smears with antien-
dothelial cell antibodies.80 In one study patients with SCA who had 
acute painful episodes had higher levels of circulating endothelial 

cells than patients with no recent events, who, in turn, had higher 
levels than controls. Circulating endothelial cells were predomi-
nantly microvascular (CD36+) and expressed markers of endothelial 
cell activation (intercellular adhesion molecule [ICAM]-1, vascular 
cell adhesion molecule [VCAM]-1, E-selectin, and P-selectin). This 
suggested that vascular endothelium is activated in patients with 
SCA and that adhesion proteins on the cells may have a role in 
the vascular pathology. Using an animal model with the ex vivo 
rat mesocecum venules and human sickle cells, two monoclonal 
antibodies were demonstrated to inhibit interactions between sickle 
cells and endothelial cells by blocking ligand binding to integrin avb3, 
a molecule that binds to several adhesion proteins, including von 
Willebrand factor and thrombospondin.73 P-selectin may also medi-
ate SS red cell adhesion to endothelial cells in vitro.81

Rheology of Sickle Cells
The clinical features of SCA are directly or indirectly related to 
increased blood viscosity. The viscosity of plasma in sickle cell 
subjects is slightly higher than that of plasma from normal sub-
jects because of higher total protein concentration.82 However, at 
all shear rates, the viscosity of oxygenated sickle blood is lower 
than that of normal blood, mainly as a result of lower hematocrit 
values.83 The viscosity of a sickle blood sample increases with 
decreased oxygen saturation, primarily because of reduced cel-
lular deformability.82,84 When the cell concentration of sickle 
blood is raised in vitro to 45%, viscosity becomes higher than that 
of normal blood. The extent to which membrane rigidity,85 Hb 
polymerization,86 and increased intracellular Hb concentration83 

Figure 33.3. erythrocytes from a patient with sickle cell anemia (SCA) examined with scanning electron microscopy. A: Oxygenated blood. Red cells 
appear normal except for one microspherocyte. Three leukocytes are evident in the field. B: Oxygenated irreversibly sickled cells are smooth in texture and outline but 
are ovoid or boatlike in shape. C: Partial deoxygenation causes the cells to assume bizarre shapes with spikes, spicules, and filaments that protrude from the cells. 
D: More complete deoxygenation causes the cells to assume sickled shapes with longitudinal surface striations.
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contribute to altered blood flow depends in part on the method 
used to study the properties of sickle red cells. Reduction in the 
cellular deformability of oxygenated sickle red cells has been dem-
onstrated by increased viscosity of sickle blood (viscometry),83 
decreased filtration of dilute cell suspensions through narrow 
pores,87 decreased ability of cells to undergo deformation in 
shear fields (ektacytometry),88 and increased aspiration pressures 
needed to induce entry of cells into micropipets.89 Cellular dehy-
dration, as well as the resulting increase in cytoplasmic viscosity, 
is a major determinant of abnormal rheologic behavior of oxygen-
ated sickled red cells. Sickled red cell membranes demonstrate 
extensional rigidity and persistent deformation, as documented 
by videomicrographs of micropipet aspiration.89 The rheologic 
properties of oxygenated sickle cells are strongly influenced by the 
state of cell hydration and the increased propensity for oxidative 
damage to the membrane.90,91 The already compromised deform-
ability of oxygenated sickle cells is dramatically reduced further 
after deoxygenation. Under conditions of high shear stress, 
increased internal viscosity appears to determine the rheologic 
behavior of ISCs, whereas at low shear rates, membrane rigid-
ity assumes greater significance.92 Under physiologic conditions, 
increased viscosity results primarily from cellular dehydration. 
The poor deformability of ISCs, as measured by ektacytometry, 
can be rectified by osmotically hydrating them to a normal MCHC. 
The membrane rigidity of oxygenated sickle cells also can be 
returned to a normal level by replacing Hb S with Hb A, sug-
gesting that the interaction of Hb S with the cell membrane is an 
important determinant of cellular rigidity.93 Peripheral vascular 
resistance is increased in proportion to ISC numbers, the extent of 
ISC deoxygenation, and ISC density.94 The functional significance 
of the impaired flow properties of sickle red cells has been dem-
onstrated by measuring exercise tolerance before and after partial 
exchange transfusion. By increasing the relative number of cells 
containing Hb A without increasing the total Hb concentration, 
exercise capacity improved significantly.95

pathogenetic role of hemolysis
Intravascular hemolysis results from the lysis of complement-
sensitive red cells96 and Hb lost during sickling- or shear-induced 
membrane fragmentation.97 Extravascular hemolysis may occur 
by two mechanisms: monocyte and macrophage recognition 
and phagocytosis of red cells that have undergone sickling- or 
oxidation-induced membrane changes98 and physical entrapment 
of rheologically compromised red cells.99 Intravascular and extra-
vascular patterns of hemolysis are believed to account for 1/3 and 
2/3 of sickle hemolysis, respectively;100 however, this informa-
tion has not been re-evaluated using more modern diagnostic 
methods. The multiple mechanisms for intra- and extravascular 
hemolysis in SCA result in complex interactions involving red 
cell dehydration, sickling, increased sensitivity to complement- 
mediated lysis,101 and clustering of membrane protein band  
3 leading to accumulation of IgG and complement on the cell 
 surface,102 collectively leading to red cell trapping and fragmenta-
tion, osmotic lysis, and erythrophagocytosis.103

Hemolysis can be quantitated utilizing different biomarkers, 
but the accepted measures of hemolytic rate are the direct red cell 
survival (red cell lifespan) assessment or the amount of plasma 
Hb. Traditional red cell survival measurement involves exposure 
to radioactive chromium 51; however, more recent methods 
utilizing erythrocyte labeling with different biotin densities may 
be safer.104 Several factors bear a strong relationship to the rate 
of hemolysis. Of greatest significance is the relative number of 
ISCs.105 The extent of Hb polymer formation, calculated from the 
MCHC and the relative proportion of Hb fractions, also correlates 
closely with the severity of hemolysis.106 Of particular interest is 
the relationship between hemolytic rate and adherence of sickle 
cells to macrophages.107

Cell-free Hb, a direct result of hemolysis, is a known cause of con-
sumption of nitric oxide, although other mechanisms may also result 
in low NO levels, such as increased plasma arginase levels, and 
increased levels of an NO inhibitor, asymmetric dimethylarginine 
(ADMA).108,109 SCA individuals are recognized to be NO-deficient, 
but the role of NO deficiency in the development of vasculopathy and 
endothelial dysfunction, is still incompletely understood. Because of 
the multitude of mechanisms involved in the pathophysiology of SCA 
(inflammation, adhesion, hemolysis, hypoxia-reperfusion injury, 
etc.), the contribution of NO consumption in the genesis of vascular 
dysfunction in SCA is not completely defined.

Two distinct clinical phenotypes have been proposed to clas-
sify patients based on the type of disease complications and the 
pathophysiologic role of hemolysis. The first includes clinical 
manifestations of sickle cell disease linked to hyperviscosity: 
vaso-occlusive pain crises and acute chest syndrome (ACS), which 
are associated with high white blood cell counts and relatively 
elevated steady-state hemoglobin levels.110 The second encom-
passes clinical complications attributed to hemolysis-induced 
“dysregulation of NO metabolism” leading to endothelial dysfunc-
tion (vasculopathy), and includes pulmonary hypertension (PHT), 
leg ulceration, priapism, and possibly stroke. This classification 
has recently been called into question, as classic biomarkers of 
intravascular hemolysis, such as lactate dehydrogenase (LDH) 
and reticulocyte count, are not consistently elevated in all cases 
of “hyperhemolysis.” Furthermore, in other conditions where 
instravascular hemolysis is marked, such as paroxysmal noctur-
nal hemoglobinuria, there is no significant increase in leg ulcers 
or stroke.103,111,112 Additional mechanisms other than hemolysis-
induced low NO levels may be involved in the promotion of endo-
thelial dysfunction. For instance, the pathophysiology of renal 
dysfunction may be related to induction of heme oxygenase-1, 
release of heme, and HbS instability.113

pathogenesis of Vaso-occlusion
Possible factors involved in the development of sickle cell 
vaso-occlusion include Hb S polymerization, sickle cell deform-
ability, sickle blood viscosity, the fraction of dense cells, sickle cell– 
endothelial cell adherence, endothelial cell activation, hemostatic 
activation, vascular tone, white blood cell and platelet activation, 
enhanced local and regional inflammatory response, ischemia 
and reperfusion injury, and oxidative stress.114,115,116 These pro-
cesses and events are highly interconnected, leading to clinically 
significant outcomes, and often reinforcing or producing a “vicious 
cycle” of vaso-occlusion.117 The mechanisms of vaso-occlusion 
may vary with anatomic site and with different circumstances. 
For example, there is functional heterogeneity of endothelial cells 
from large-vessel and microvessel sources, and there are organ-
to-organ differences in microvascular architecture.118 During 
inflammation, increased white blood cell interactions with endo-
thelium could be a triggering event. Under other circumstances, 
platelet activation might result in an elevation in thrombospondin 
level or clinical dehydration might lead to an increased release of 
von Willebrand factor, thus promoting vaso-occlusion.

Because of their higher Hb S concentration, the densest 
cells are least deformable and are at greatest risk for intracel-
lular polymerization. Obstruction by these cells develops at the 
 arteriolar–capillary junctions in model systems.118,119 The role 
of dense cells may be to create a “logjam” behind an obstruc-
tion rather than to initiate the vascular plug. The proportion of 
dense cells increases immediately before an acute pain crisis and 
falls during the first few days afterward.120,121 Initiation of vaso-
occlusion by adherent cells may explain the fractional reduction in 
the least dense, most adherent cells during the initial stages of a 
vaso-occlusive pain crisis. This is consistent with a correlation of 
the frequency of painful events and better red cell deformability, 
rather than poorer deformability as might be expected.
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The abnormal interaction between sickle cells and vascular 
endothelium may be of greater relevance for vaso-occlusive events 
than alterations in red cell morphology or viscosity. Although 
endothelial adherence does not correlate with standard hemato-
logic measurements, it correlates significantly with the severity 
of pain crises.122 Likewise, patients with clinically less severe 
sickling disorders, such as Hb SC disease, tend to have less 
adherent red cells.123 When red cells from patients with SCA are 
suspended in autologous plasma, however, dramatic increases in 
adherence are noted at the onset of vaso-occlusive events. Both 
plasma fibrinogen and fibronectin have been implicated as factors 
modulating adherence.124 These findings from in vitro studies 
complement the classic clinical observation of a temporal relation-
ship between infections and pain crises125 and the demonstration 
of increased plasma fibrinogen levels during vaso-occlusive crises. 
Red cell adherence is also augmented by hyperosmolar conditions 
and by endothelial injury. Together, these observations suggest 
that alterations in the environment of the red cell predispose to 
vaso-occlusion by amplifying the abnormal attraction of sickle red 
cells to vascular endothelium.

Sickled red cells may adversely affect local regulation of 
vascular tone. Normal endothelial-cell–derived vasoactive fac-
tors include nitric oxide and prostacyclins (vasodilators) and 
endothelin-1 and platelet-derived growth factor-b (vasoconstric-
tors). These agents act on vascular smooth muscle cells and 
inhibit or stimulate platelet aggregation and adhesion. Vascular 
tone is also modulated by local oxygen tension and shear forces. 
An abnormal state of vasodilation and low vascular resistance in 
subjects with sickle cell disease occurs during steady-state periods, 
but during crisis states there is a decrease in the levels of vaso-
dilator substances such as the prostacyclins and an increase in 
vasoconstrictor substances including endothelin and prostaglan-
dins. This shift in the balance of vascular tone toward vasocon-
striction results in slowing of vascular flow, further obstruction, 
and more profound deoxygenation of sickled red cells.126 A family 
of enzymes termed nitric oxide synthase (NOS) catalyzes arginine 
and produces NO,127 the major endothelium-derived relaxing 
factor in normal physiology. NO plays a central role in vascular 
homeostasis by maintaining vasomotor tone and limiting isch-
emia-reperfusion injury. 128 Plasma levels of the NO metabolites 
(nitrite and nitrate) and plasma arginine levels are depressed in 
sickle cell patients during vaso-occlusive crisis and the acute chest 
syndrome.129,130 The rate of NO depletion correlates with the 
severity of hemolysis and is associated with the release of cell-free 
hemoglobin, which scavenges NO. The effect of scavenging is com-
pounded by decreased bioavailability of the arginine substrate, 
which is rapidly consumed by erythrocyte arginase after its release 
from the hemolyzed red blood cell.131,132 Downstream effects of 
intravascular hemolysis and NO consumption include increased 
endothelin-1 expression, heme- and free-iron–mediated oxygen 
radical generation, platelet activation, and increased endothelial 
adhesion–molecule expression.133 Low arginine levels in sickle cell 
patients with vaso-occlusive crisis and ACS provide a rationale for 
arginine therapy in these conditions.134

Adhesion of red cells to endothelial cells alters vascular flow 
as described earlier. Specific ligands that may mediate adhesion 
of sickled red cells to endothelium include von Willebrand factor, 
thrombospondin, fibrinogen, fibronectin, laminin, and vitro-
nectin.135,136 Factors that act as vasoconstrictors, such as free 
radicals, prostaglandins (PGI2 and PGD2), and endothelin-1, may 
enhance adhesion of sickled red cells to the endothelium. Infection 
or tissue inflammation may exacerbate erythrocyte adhesion 
through inflammatory cytokines such as tumor necrosis factor.137

Alterations in the number and function of white blood cells 
may contribute to vaso-occlusive events.138,139 Changes in chemo-
taxis and adhesion and increased stickiness of neutrophil mem-
branes also have been observed in crisis states.140,141 Leukocytes 
may interfere with microvascular flow by lodging in the capillary 

entrance or adhering to venous or capillary endothelium.142 
Increased white blood cell counts in patients with sickle cell dis-
ease have been associated with increased mortality143 and SCI 
in the brain.144 The beneficial effect of hydroxyurea in the Multi-
Center Study of Hydroxyurea was associated with its effect in 
reducing leukocyte counts.145 Data from the Cooperative Study of 
Sickle Cell Disease (CSSCD) showed that increased baseline white 
blood cell counts in infants are a predictive factor for severe mani-
festations of sickle cell disease in later childhood.146 Furthermore, 
acute infection, possibly because of the attendant leukocytosis, is 
often a triggering mechanism for vaso-occlusive pain events. In 
addition, four separate reports have linked the administration 
of granulocyte colony-stimulating factor (G-CSF) or granulocyte-
macrophage colony-stimulating factor (GM-CSF) to the initiation 
of severe or even fatal sickle cell crisis.147–150 An experimental in 
vivo model using blood flow in the cremasteric muscle of sickle 
cell mice has indicated that leukocytes that are adherent to the 
vessel wall can contribute directly to vascular occlusion by means 
of their interaction with sickle red cells; inhibition of leukocyte 
adhesion by targeted disruption of P- and E-selectin expression 
can prevent vaso-occlusion.151 Leukocytes may cause further 
tissue damage by release of inflammatory mediators and oxygen 
radicals. Endothelium adhesion molecules such as E-selectin, 
VCAM-1, and ICAM-1 mediate leukocyte recruitment and promote 
an inflammatory response, as may the release of heme from red 
cell lysis.152

It has been postulated that patients with sickle cell disease 
live in a state of “chronic inflammation.” The heightened state 
of inflammation results from different factors, including constant 
red cell sickling, increased white and red blood cell adhesion 
and damage to endothelium, increased cytokine generation, or 
ischemia-reperfusion injury, all causing more vaso-occlusion 
and repeated endothelial damage (Fig. 33.4).116 In sickle cell 
transgenic mice, induction of hypoxia followed by re-oxygenation 
enhances peroxide production and increases leukocyte recruit-
ment.153 In addition, ischemia-reperfusion injury causes inhi-
bition of oxygen-sensing prolyl hydroxylase enzymes, leading 
to activation of hypoxia and inflammatory signaling cascades, 
altering the stability of transcriptional factors hypoxia-inducible 
factor (HIF) and nuclear factor-kB (NF- kB).154,155 An inhibitor 
to the nuclear factor-kB was shown in a sickle cell mouse model 
to reduce the expression of ICAM-1 and VCAM-1 on circulating 
endothelial cells of patients with sickle cell disease.156 Examples 
of biomarkers of inflammation that are elevated in sickle cell dis-
ease are C-reactive protein (CRP), erythrocyte sedimentation rate 
(ESR), interleukins, and secretory phospholipase A2, (linked to the 
development of ACS), among others.117,157,158

Consistent alterations in platelet number and function have 
suggested the involvement of platelets in vaso-occlusive events. 
Abnormalities include increased platelet counts, increased plate-
let volume,159 decreased platelet survival,160 and decreased 
platelet aggregation.161 The latter has been attributed to a refrac-
tory state resulting from in vivo platelet activation. In support of this 
interpretation is the demonstration that plasma b-thromboglobulin, 
a measure of release activity from platelet a-granules, is elevated 
in the steady state and increases further during vaso-occlusive 
crises.162 Elevated urinary levels of thromboxane metabolites 
and depressed platelet thrombospondin content provide evidence 
for platelet activation in steady-state sickle cell patients.163,164 
The levels of the contact factors (factor XII, prekallikrein, and 
high-molecular–weight kininogen) are low and decrease further 
during crises.165 The coagulation inhibitors protein C and free 
protein S are reduced in steady-state sickle cell disease;166,167 
antithrombin III activity levels have been variable, but increased 
thrombin–antithrombin III complexes and plasma factor VII levels 
indicate increased tissue factor activity during the steady state.168 
Plasma prostacyclin activity, thought to be generated from vessel 
wall PG, is increased.169 The level of fibrin d-dimer, a breakdown 
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fragment of cross-linked fibrin, increases during vaso-occlusive 
crises and returns to normal after crisis resolution.170 Platelet acti-
vation is profoundly inhibited by NO, and this inhibition is blocked 
by plasma hemoglobin-mediated NO scavenging.171 Whether these 
alterations in hemostasis and fibrinolysis are of pathogenic signifi-
cance or are simply epiphenomena remains to be determined.

SiCkle Cell AnemiA (hemOglObin SS)

clinical features
The clinical features of SCA result more from the vaso- 
occlusive consequences of sickle cells than from the anemia itself. 
These features may be divided into those that characteristically 
are acute and episodic and those that are chronic and often 
progressive. Although signs and symptoms attributed to Hb S 
have been observed in early infancy,172 affected individuals char-
acteristically are asymptomatic until the second half of the first 
year of life. The lack of clinical expression of the Hb SS genotype 
during fetal and early postnatal life is explained by the produc-
tion of a sufficient quantity of Hb F to limit clinically important 
sickling. Because erythrocytes contain increasing amounts of Hb 
S and proportionally decreasing amounts of Hb F over the first 
several months of life, the conditions for sickling under physi-
ologic conditions gradually are met. Prospective studies of affected 
infants followed from birth indicate a close temporal relationship 
between the postnatal decline in Hb F and evolution of ane-
mia.173,174,175,176 Mild hemolytic anemia is apparent by 10 to 12 
weeks of age (Fig. 33.5).176,177

Clinical features change with age. In the first year of life 
splenomegaly (usually noted after 6 months of age), dactylitis, 
and ACS are commonly seen.173 Loss of function of the spleen 

has been documented as early as 5 months of age,176,178 and 
death from overwhelming infection is an increased risk before 
12 months of age.175 The first vaso-occlusive episode is experi-
enced before 4 years of age by the majority,175 but not until late 
childhood or adulthood by a few. During adolescent and especially 
young adult years, organ dysfunction (e.g., renal, pulmonary, 
cardiac, and hepatic dysfunction) becomes more prevalent and, 
in older adults frequently causes mortality.143,179

The Cooperative Study of Sickle Cell Disease and the Jamaican 
Cohort Study, the two largest prospective sickle cell cohorts to 
date, have generated information regarding the “natural history” 
of sickle cell disease in thousands of pediatric and adult patients. 
More recently, the Dallas Cohort has offered important data about 
survival and risk factors in sickle cell disease.180

Compound heterozygote states, such as Hb SC and Hb  
Sb+-thalassemia, can exhibit any of the clinical features seen in 
Hb SS, but often do so with lesser frequency and severity. Hb 
Sb0-thalassemia has a very similar phenotype to Hb SS, and is 
often considered together with Hb SS in the literature, sometimes 
with both conditions being referred to as SCA. The term sickle 
cell disease is used to describe all clinically significant genotypes 
that involve Hb S.

Acute Events: Characteristics, Management, 
Prevention
Vaso-occlusive events: dactylitis and pain
The term sickle cell crisis was introduced to describe a recur-
ring attack of pain involving the skeleton, chest, abdomen, or all 
three. Using the term in a broader sense, vaso-occlusive “crises” 
comprise a variety of syndromes that are typically recurrent 
and potentially catastrophic. Clinical manifestations are sud-
den in onset and are directly attributable to obstruction of the 

Figure 33.4. The chronic inflammatory state and vaso-occlusion. Hemoglobin S polymer formation leads red blood cell membrane surface exposure of 
glycolipids and protein epitopes. Red and white cell adhesion to the endothelium, coupled with endothelial damage due to cell-free hemoglobin and ischemia reperfu-
sion injury, low nitric oxide bioavailability, and activation of the coagulation cascade by glycolipds, lead to activation of the vascular endothelium. Endothelial activation 
augments NFkB activity and endothelin-1 production, in association with increased surface adhesion molecule expression. Further adhesive interactions between 
the endothelium and red cells, leukocytes, and platelets are induced, coupled with a pancellular activation that results in an up-regulation of numerous inflammatory 
mediators. As such, a vicious circle of repeated cell activation, cellular adhesion, and inflammatory molecule production perpetuates the chronic inflammatory state 
that has a fundamental role in the vaso-occlusive process. Modified from Conran N, Franco-Penteado CF, Costa FF. Hemoglobin. 2009;33(1):1–16.
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microcirculation by intravascular sickling. Modest exacerbation of 
anemia and increased leukocytosis are common. Infections often 
precede vaso-occlusive episodes in children, suggesting that fever, 
dehydration, and acidosis may be contributing factors. In adults, 
a triggering event is not often identified, however.

The initial vaso-occlusive episode in infants, named hand-foot 
syndrome or dactylitis, often involves the small bones of the hands 
and feet. By 2 years of age, nearly 50% of Jamaican children and 
25% of American children with SCA have experienced at least 
one episode of dactylitis.173,181 Typically, the dorsa of the hands 
and/or feet are swollen, nonerythematous, and exquisitely pain-
ful. Fever and leukocytosis are common. Radiographic changes 
are limited initially to soft-tissue swelling; cortical thinning and 
destruction of metacarpals, metatarsals, and phalanges appear 
2 to 3 weeks after the onset of symptoms. Dactylitis is sudden in 
onset and may last 1 or 2 weeks. It may recur on one or more 
occasions until the patient is ∼3 years of age.181

Usually, after the first few years of life, interruption of blood 
flow occurs in the larger bones of the extremities, spine, rib cage, 
and periarticular structures, producing painful crises of the bones 
and joints.182,183 The sinusoidal circulation of the bone marrow 
provides an ideal vascular bed for the sickling phenomenon.

In the CSSCD, epidemiologic features of pain crises were 
analyzed in a large group of patients with sickle cell disease.184 
The average rate of pain was 0.8 episode/patient-year in Hb 
SS, 1.0 episode/patient-year in Hb S b0-thalassemia, and 0.4 
episode/patient-year in Hb SC disease and Hb S b+-thalassemia. 
However, the rate varied widely from patient to patient: 39% of 
patients with SCA had no episodes of pain, but 1% had more 
than six episodes per year. With Hb SS patients 5% accounted 
for almost one third of all the episodes. The pain rate increased 
moderately from childhood to the third decade of life. A higher 
rate of pain events has been associated with low nocturnal 
oxygen saturation detected by continuous monitoring during 
sleep.185 When children with a history of asthma experience an 
episode of pain, antecedent or concurrent respiratory symptoms 
(cough, wheeze, tachypnea, retractions, or grunting) occur more 
frequently than in children without a history of asthma, suggest-
ing that involvement of the respiratory system is a risk factor for 
these events.186

Pain resulting from ischemia of the bone marrow is gnaw-
ing and progressive in severity. Although pain can affect any 
bone in the body, the most frequent sites are the humerus, 
tibia, and femur. Involvement of facial bones is less common 
but is well documented. The swelling associated with infarction 
of the orbital bone may be sufficient to produce proptosis and 
 ophthalmoplegia.187 Swelling of the elbows or knees may mimic 
rheumatic fever or septic arthritis.188 Infarcts involving deep 
bones are usually not associated with detectable swelling, ery-
thema, or surface temperature change. Laboratory findings, too, 
are inconstant and nonspecific. The radiographic features of bone 
infarction and periostitis usually do not appear until after the res-
olution of symptoms. Increased signal with T2-weighted images is 
seen by magnetic resonance imaging (MRI) in approximately one 
third of pain crises.189 Discrete areas of decreased localization of 
99Tc-sulfur colloid identify areas of decreased marrow blood flow, 
and 85Sr or 99Tc-phosphate localizes the increased osteoblastic 
activity that occurs with healing.190 Although radionuclide bone 
and bone marrow scans theoretically enable differentiation of 
bone infarcts from osteomyelitis, in practice they are of limited 
value.182 Unlike osteomyelitis, bone infarcts are associated with 
no more than a low-grade fever, little or no left shift in the leuko-
cyte differential, and only occasional edema. As a cause of bone 
pain, infarction is >50 times as common as osteomyelitis.182

An abdominal pain crisis, a diagnosis of exclusion, is attrib-
uted to small infarcts of the mesentery and abdominal viscera. 
An abdominal pain crisis is characterized by severe abdominal 
pain and signs of peritoneal irritation; however, the differential 
diagnosis of other causes of abdominal pain (e.g., cholecystitis, 
pancreatitis, constipation) should always be considered. The 
persistence of bowel sounds differentiates pain crises from 
acute intra-abdominal disorders requiring surgical intervention. 
Diagnosis is facilitated by prior experience with the patient, 
because the pattern of pain tends to repeat itself from crisis to 
crisis. Atypical clinical or laboratory features should suggest one 
of several complications to which patients with SCA are especially 
susceptible, such as ACS, urinary tract infection, or cholecystitis.

On average, painful crises persist for 4 or 5 days, although 
protracted episodes may last for weeks, especially among adults. 
Data from the CSSCD indicate that an increased frequency of 
painful events is associated with a high hematocrit and a low 
Hb F level.184 Adults with high rates of pain episodes tend to die 
earlier than those with low rates.184 Of therapeutic significance, it 
was noted in the CSSCD that even when the Hb F level was low, a 
small increase was associated with an ameliorating effect on the 
pain rate and potentially improved survival.

No specific form of therapy has proven effective for acute vaso-
occlusive crises. None of the many medications and manipula-
tions that have been touted as beneficial have withstood critical 
scrutiny. Low-molecular–weight dextran, phenothiazines, fibrino-
genolytic agents, bicarbonate and other alkalis, and urea solu-
tions, when evaluated in controlled clinical studies, were found 
to be without apparent effect.191–196 Other therapeutic strategies, 
although not subjected to randomized clinical trials, have enjoyed 
only fleeting popularity. These strategies have included carbonic 
anhydrase inhibitors,197 vasodilators, anticoagulants, progester-
one,198 testosterone,199 papaverine,200 antithyroid drugs,201 and 
hyperbaric oxygen.202 Studies of pentoxifylline, an agent that 
increases red blood cell deformability and inhibits platelet aggre-
gation,203 and cetiedil, a smooth muscle relaxant that inhibits 
sickling and cell dehydration,204 suggested a reduction in dura-
tion of painful crises, but results have not been substantiated by 
further trials. Poloxamer-188, a nonionic surfactant compound, 
reduced total analgesic use, but a Phase III trial demonstrated 
only a slight shortening of the duration of pain crises.205 Phase II 
and III randomized, placebo-controlled, double-blind studies 
investigating the Gardos channel blocker Senicapoc (ICA-17043), 
showed improvement of anemia and reduction of dense erythro-
cytes and reticulocytes when compared to placebo; however, they 

Figure 33.5. Hemoglobin concentration as a function of age in infants with sickle cell 
anemia (SCA). From O’Brien RT, McIntosh S, Aspnes GT, et al. Prospective study of sickle cell 
anemia in infancy. J Pediatr 1976;89:205, with permission.
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failed to demonstrate reduction of painful crises.206,207 Despite 
encouraging results in Phase II trials, a prospective, multicenter, 
double-blind, randomized, placebo-controlled clinical trial for 
up to 72 hours of inhaled NO gas failed to demonstrate benefit 
in reducing duration of pain crisis or amount of narcotic use.208 
Vitamin D levels are reported low in the majority of individuals 
with sickle cell disease, and there are reports linking chronic 
pain with vitamin D insufficiency and deficiency.209,210,211,212 
Replacement of vitamin D has been reported in a few patients to 
improve symptoms of chronic pain.213,214 The duration and sever-
ity of pain crises are notoriously variable, and the natural course 
is one of spontaneous improvement. Consequently, uncontrolled 
reports of effective therapies must be viewed with skepticism, 
especially if the proposed treatment entails an element of risk.

The cornerstones of present-day therapy are fluids and anal-
gesics. The volume of fluids administered should be sufficient to 
abolish any deficit, correct hypertonicity, and fully compensate 
for ongoing losses imposed by fever, hyposthenuria, vomiting, or 
diarrhea. Typically 150% maintenance intravenous hypotonic flu-
ids are used in the first 12 to 24 hours of the pain event, and sub-
sequently reduced gradually. Precipitants of the crisis should be 
sought and eliminated. Infection, a common precipitating cause 
in children, may require antibiotic therapy. Acidosis is corrected 
readily with intravenous administration of sodium bicarbonate, 
but its etiology should be investigated and treated. Oxygen therapy 
in the absence of documented hypoxemia is without benefit and 
triggers an increase in the number of ISCs when discontinued.215 
Red blood cell transfusions are not indicated in the treatment of 
the acute pain crisis, unless there is associated accentuated ane-
mia (e.g., parovirus B19 induced “aplastic crisis”). Furthermore, 
because fever and back pain are common features of pain crises, 
transfusion reactions may escape early recognition.216

Control of pain requires the liberal use of analgesics,217 but 
narcotic addiction is unlikely as long as analgesics are closely 
monitored. Nonsteroidal inflammatory drugs (NSAIDs) used in 
association with opioids offer benefit, but should be used with 
caution in patients with renal dysfunction. Regardless of the 
use of opioids and/or NSAIDs, pain should be treated promptly 
(within 60 minutes from initial assessment) and re-evaluated 
within 30 minutes from first dose of analgesic, according to pub-
lished quality of care indicators.218 The use of patient-controlled 
analgesia enables patients to administer opioids to themselves 
as needed and provides an element of self-control in pain man-
agement.219,220 Patient-to-patient variability in the response to 
pain treatment is common, and there has been great interest in 
developing individualized pain therapy to improve the efficacy 
of treatment, as well as patient experience and satisfaction.221 
Some of this individual variation may be explained by polymor-
phic enzyme cytochrome P450 (CYP) 2D6 variant alleles that are 
commonly observed among African Americans and may lead to 
impaired codeine conversion to morphine.222 Nonpharmacologic 
management of pain, such as with self-hypnosis, has been used 
successfully for pain control in selected subjects.223 Local use of 
warm packs may be beneficial in some. Prophylactic approaches 
to pain management are discussed later in this chapter.

central nervous system events
Stroke is a catastrophic complication of SCA that affects 6% to 
17% of children and young adults.224,225 Data from the CSSCD, in 
which ∼4,000 patients were followed for an average of 5 years, 
indicated that infarctive stroke was most frequent in children 
and older adults with Hb SS, whereas hemorrhagic stroke had 
the highest incidence in patients 20 to 29 years of age.224 The 
mortality rate was 26% after hemorrhagic stroke, but 0% after 
infarctive stroke. Severe anemia, a history of recent or recurrent 
acute chest syndrome, previous transient ischemic attack (TIA), 
and hypertension were independent risk factors for ischemic 
stroke; anemia and leukocytosis were independent risk factors for 

hemorrhagic stroke.224 The risk of stroke is increased in patients 
with Hb F levels <8%226 and in patients with siblings who have 
had strokes. Data from the CSSCD also revealed that silent cere-
bral infarcts (SCI, areas of increased signal intensity, primarily in 
deep white matter or watershed areas of the cerebral cortex, not 
attributed to an overt neurologic event or finding) on MRI were 
a strong independent risk factor for stroke.227,228 In addition, 
nocturnal hypoxemia is a risk factor for acute neurologic events 
(stroke, TIA, or seizures).229 By far the best predictor of stroke risk 
at this time, however, is transcranial Doppler (TCD) velocity.230

The pathogenesis of cerebral vascular disease is incompletely 
understood (Fig. 33.6). Pathologically, vascular narrowing (ste-
nosis) results from segmental proliferation and fragmentation 
of the intima. The internal elastic lamina may show degenera-
tive changes, and the tunica media may be disrupted by fibrosis 
and hemorrhage. Occlusion is the result of progressive prolif-
eration of vascular smooth muscle, superimposed thrombosis, 
or embolus.231,232 Increased adherence of sickle red cells to the 
endothelium of vessel walls and decreased cerebral vessel CO2 
responsiveness (reflecting diminished reserve capacity for vaso-
dilatation), may be additional mechanisms.233,234 Aneurysms can 
be demonstrated in some patients who have sustained intracra-
nial hemorrhage and may be observed as an incidental finding in 
children with cerebral vaso-occlusive disease.233

The distal internal carotid and proximal middle and anterior 
cerebral arteries are stenotic or occluded in sickle cell patients 
who have experienced a stroke.235 In response to chronic anemia 
and hypoxemia, cerebral blood flow is markedly increased.236 
TCD velocities in the major cerebral arteries are influenced by 
both of these factors and are abnormally elevated in patients at 
high risk for stroke.230,237 There are several factors that appear 
to modulate TCD velocities and stroke risk. Hb desaturation is 
linked to elevated TCD velocities and stroke,238,239 whereas G6PD 
deficiency and elevated markers of hemolysis increase the risk of 
elevated TCD velocities.240 The most common sites of ischemic 
stroke are the parenchymal areas supplied by the anterior and 
middle cerebral arteries and the border zones between their distal 
circulations.241,242 When acute or chronic conditions arise lead-
ing to diminished oxygen availability (e.g., an episode of ACS, an 
aplastic crisis, nocturnal hypoxemia), the increased hypoxic stress 
coupled with the inability of the cerebrovasculature to undergo 
further dilatation leads to ischemia.229

Increasing evidence for genetic modifiers of stroke has accumu-
lated. In a clinical epidemiology study, 42 sibships of patients with 
SCA in which one sibling had had a stroke revealed a greater than 
expected number of families having two or more children with 
a stroke.243 In another study, children with SCA were far more 
likely to have an abnormally elevated flow velocity on TCD if they 
had a sibling with an abnormal TCD.244 Specific b-S-globin gene 
haplotypes have been associated with increased stroke risk, but 
findings have been inconsistent.245,246 Certain HLA alleles and the 
presence of alpha thalassemia are recognized protective factors 
for cerebrovascular disease.240,247,248 Genes regulating immune 
function and inflammation, including Fcg receptor and tumor 
necrosis factor-a (TNF-a), have not contributed to an increased 
risk of stroke, whereas single nucleotide polymorphisms (SNPs) 
within the vascular cell adhesion molecule (VCAM)-1 gene may 
influence this risk.249,250 Other SNPs shown to be associated with 
increased stroke risk are ANXA2, TGFBR3, and TEK, whereas 
SNPs in the ADCY9 gene were linked to decreased stroke risk.248

A novel approach to “disentangling the web of interactions 
among genes, environment, and phenotype” has been the use of a 
Bayesian network, a multivariate dependency model that accounts 
for simultaneous associations and interactions among multiple 
genes and their interplay with clinical and physiologic factors.251 
Using data and stored samples from the CSSCD, 108 SNPs in 39 
candidate genes from almost 1,400 individuals were analyzed. 
Candidate genes were involved in vasoregulation, inflammation, 
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cell adhesion, coagulation, hemostasis, cell proliferation, oxida-
tive biology, and other functions. In 92 patients who had had an 
overt stroke, the network was used to determine 11 genes whose 
variants had a direct effect modulated by hemoglobin F levels and 
9 genes whose variants were indirectly associated with stroke.

Clinically, strokes are characterized by the abrupt onset of 
hemiparesis, aphasia, seizures, sensory deficits, and altered con-
sciousness, occurring singly or together. The patient may make a 
full recovery, but incomplete resolution of neurologic deficits may 
happen. Diffusion weighted imaging (DWI) MRI permits noninva-
sive and early visualization of focal ischemia. Emergent treatment 
of stroke includes vigorous hydration, simple transfusion, patient 
stabilization, followed by exchange transfusion once Hb concen-
tration is at least 8 g/dl.

Strokes tend to be repetitive because of the progressive nature 
of cerebral vascular disease. Patients with moyamoya are more 

than twice as likely to incur subsequent stroke or transient isch-
emic attack despite transfusion treatment.252 In general, unless 
patients begin a long-term transfusion program, they are at risk 
for recurrent cerebral infarctions with progressive neurologic 
deterioration. Chronic transfusion therapy designed to maintain 
the level of Hb S at <30% reduces the risk of recurrent strokes 
(within 36 months) from approximately 70% to 90% to 10% to 
20%.233 Interruption or termination of treatment, even after 
8 years of chronic transfusion, is associated with a stroke 
recurrence rate similar to that of untransfused patients,253,254 
suggesting that transfusion therapy for secondary stroke pro-
phylaxis should be continued indefinitely. However, reduction 
of the intensity of chronic transfusion to allow pretransfusion 
Hb S levels to reach 50% appears safe after the first few years 
of prophylaxis255,256 and is routinely utilized by many sickle cell 
centers.257 Many chronically transfused children have transfusions 

Figure 33.6. Vaso-occlusive effects in the central nervous system. A: T1-weighted magnetic resonance imaging (MRI) in a 6-year-old girl with hemoglobin 
(Hb) SS and a history of stroke. There is extensive atrophy involving the distributions of the left anterior and middle cerebral arteries with compensatory enlargement 
of the left lateral ventricle. B: Magnetic resonance angiography in the same patient showing occlusion of left middle cerebral artery and diminished flow through both 
anterior cerebral arteries. C: T2-weighted sagittal MRI in a 4-year-old boy with “silent infarcts.” Small areas of leukomalacia are seen in deep white matter in frontal 
and parietal areas (arrows). D: Pathologic section of internal carotid artery showing fibrinous thrombus with parallel layers of fibrin deposited on intimal surfaces and 
atrophic media. Courtesy of Dr. J. J. Jenkins, St. Jude Children’s Research Hospital.
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discontinued when they reach adulthood. In one series of nine 
adult patients who stopped transfusion after a median of 6 years, 
none suffered recurrent stroke.258 In an initial report, long-term 
treatment with hydroxyurea appeared to prevent stroke recur-
rence in children who were treated with relatively high doses 
(30 to 40 mg/kg/day).259,260 In a larger prospective trial, 35 
children with SCA and stroke had transfusions discontinued and 
hydroxyurea started.261 Initially, transfusion was stopped before 
hydroxyurea therapy was started, but later, transfusion was over-
lapped until full-dose hydroxyurea therapy was tolerated. Overall, 
stroke reoccurred at a rate of 5.7 events per 100 patient-years, 
but children receiving overlapping therapy had only 3.6 events per 
100 patient-years. In a cohort from Jamaica, where blood supply 
is limited, hydroxyurea therapy was the only reliable treatment 
option and was shown to prevent stroke recurrence in children 
with prior stroke events.262 These findings led to the Stroke with 
Transfusions Changing to Hydroxyurea (SWiTCH) study, a phase 
III randomized, multicenter clinical trial, which compared stan-
dard treatment (transfusions with iron chelation) to alternative 
treatment (hydroxyurea with phlebotomy) for stroke prophylaxis 
in children who had experienced prior stroke.263,264,265 SWiTCH 
was a noninferiority trial with a composite primary endpoint 
of stroke and hepatic iron overload. This study was interrupted 
early because more strokes were observed in the hydroxyurea/
phlebotomy arm and only equivalence in liver iron content was 
seen in the two arms. Chronic transfusion therapy and iron chela-
tion remains the standard treatment for secondary prevention of 
stroke in children with SCA. Unfortunately, chronic blood transfu-
sion does not prevent progression of brain vasculopathy or silent 
cerebral infarcts in children receiving this therapy for secondary 
stroke prevention, which makes blood transfusion an imperfect 
choice for this indication.263,264

In a series of studies led by Robert Adams, an abnormal 
transcranial Doppler ultrasound examination (defined by a time-
averaged mean maximum velocity ≥200 cm/s in the distal inter-
nal carotid or proximal middle cerebral artery) was predictive of 
a 40% stroke risk in HbSS patients.230 In the Stroke Prevention 
in Sickle Cell Anemia (STOP) trial, 130 patients with abnormal 
TCD velocities were prospectively randomized to receive chronic 
transfusion or standard observation.266 A 92% reduction in the 
risk of stroke occurred in the patients receiving chronic transfu-
sion. The appropriate length of time for transfusion for primary 
stroke prevention in patients with abnormal TCD velocities was 
addressed by the STOP II Trial.267 Patients enrolled in STOP II had 
had an initial abnormal TCD velocity and transfusion for at least 
30 months, during which time the TCD velocity became normal 
(<170 cm/s). Patients were then randomly assigned to continue or 
stop transfusion, and the primary endpoint was stroke or a rever-
sion to an abnormal TCD exam. Among the 41 children enrolled 
in the discontinuation-of-transfusion group, abnormal TCD results 
developed in 14 and stroke in 2 others within a mean of 
4.5 months (range 2.1 to 10.1 months) of the last transfusion. 
None of these endpoint events occurred in the 38 children who 
continued to receive transfusions. A recent analysis of the partici-
pants of the STOP II trial demonstrated that among children who 
discontinued transfusions there was significant progression of 
SCI in comparison with those who continued transfusions.268,268 
In a separate cohort of children who were receiving chronic 
transfusion therapy for primary stroke prevention after having 
had abnormal TCD velocities, transfusions were successful in pre-
venting progression of vasculopathy.269 As discussed earlier, the 
same protection does not seem to be conferred by transfusions to 
children with prior overt strokes.

Overall, among 209 total patients who underwent randomiza-
tion in STOP and STOP II, 20 strokes occurred. In all cases, the 
last TCD examination before the stroke showed an abnormal 
velocity.270 The estimated stroke risk for untreated patients was 
10% per year for an abnormal TCD and 2% to 5% per year for a 

conditional TCD. Extrapolation from these data has led to rec-
ommendations for the frequency of TCD screening in children 
with HbSS/Sb0 thalassemia between the ages of 2 and 16 years 
(Table 33.2).271 Information regarding utility of TCD examination 
in adults is extremely limited, although velocities are probably 
intermediate between those found in children with sickle cell dis-
ease and normal adult controls.272

Since the results of the STOP trials, TCD programs have 
led to a dramatic reduction of stroke incidence in some cen-
ters.271,273,274 However, despite the well-publicized results of 
the STOP Trials, performance of TCD screening has been variable. 
Preliminary data from the C-Data Registry of the Comprehensive 
Sickle Cell Centers indicate that a TCD exam was performed in the 
past year in only 42% of 2- to 12-year-old children with HbSS and 
Hb Sb0 thalassemia, the genotypes at greatest risk for stroke.275 
The greatest perceived barrier to TCD screening in children with 
sickle cell disease was poor patient adherence to TCD appoint-
ments, which in part was attributable to the second most com-
mon obstacle: distance to a “vascular laboratory.”276 There also 
has been concern about complications of chronic transfusion, 
particularly the risk of iron overload. The availability of oral iron 
chelators, may partially alleviate that concern.

The use of hydroxyurea for primary stroke prevention is cur-
rently under investigation. In a French study, 6 of 10 patients 
with abnormal TCD whose velocities normalized on transfusion 
were switched successfully to treatment with hydroxyurea.277 In 
a Belgian study, patients with abnormal TCD were treated with 
hydroxyurea and observed for a total of 96 patient-years.278 Only 
a single neurologic event, a seizure, was observed. In two different 
cohorts of children with SCA, hydroxyurea treatment resulted in 
significant decrease in TCD velocities.279,280 In addition, hydroxy-
urea treatment of adult patients with sickle cell disease resulted 
in improved, but not normalized, cerebral oxygen levels.281 The 
ongoing phase III multicenter randomized TCD with Transfusions 
Changing to Hydroxyurea (TWiTCH) trial aims at maintaining 
or lowering TCD velocities in children who have received blood 
transfusions for abnormal TCD velocities for at least 12 months. 
In the TWiTCH trial, children with abnormal TCD velocities are 
randomized to continue transfusions, or to discontinue transfu-
sions and begin hydroxyurea after a period of overlap between the 
two treatment arms (clinicaltrials.gov # NCT01425307).

Although the relative risk of primary stroke is lower among 
patients with conditional TCD velocities (time-averaged mean 
maximum velocity 170 to 199 cm/sec) than those with abnormal 
velocities (risk 2 to 5 vs. 9% per year), more children have con-
ditional TCD velocities (17% vs. 9% prevalence), so the absolute 
number at risk for stroke without therapy is comparable. The 
risk of conversion from a conditional to abnormal TCD velocity is 

Initial TCD Resulta Frequency of Testing

Age (years)

2–5 6–11 12–16

Normal Yearly Yearly × 3 Yearly × 2

Low conditional Every 6 mo Every 6 mo Every 6 mo

High conditional Every 3 mo Every 3 mo Every 3 mo

Abnormal Within 1 mo Within 1 mo Within 1 mo

a TCD result: normal, <170 cm/s; low conditional, 170 to 184 cm/s; high conditional, 185 
to 199 cm/s; abnormal, ≥200 cm/s.

ReCommenDeD TRanSCRanial DoPPleR (TCD) SCReening 
SCHeDule in CHilDRen WiTH SiCkle Cell DiSeaSe

table 33.2

72683_ch033_0823-0861.indd   834 7/31/13   11:47 AM



 ChaPtEr 33 Sickle Cell anemia and other Sickling Syndromes 835

D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

highest in children under 10 years of age.282,283 Currently, con-
ditional TCD velocity is not an indication for treatment, but the 
ongoing phase III multicenter Sparing Conversion to Abnormal 
TCD elevation (SCATE) study is investigating whether hydroxy-
urea therapy in children under age 11 years with conditional TCD 
will be less likely to develop abnormal TCD velocities than those 
who are observed (clinicaltrials.gov # NCT01531387).

SCI occurs in 27% of children with SCA under 6 years of 
age,284 and 37% by their 14th birthday.285 Data from the CSSCD 
have shown that children with SCI had an increased incidence of 
new stroke and new or more extensive SCI 227 and that SCIs were 
the strongest independent predictor of stroke.228 Data from the 
STOP trial indicated that those who had SCI as well as abnormal 
velocities were at higher risk for developing a new SCI or stroke 
than those whose MRI showed no abnormality.286 However, a 
comparison of patients who were in both the CSSCD and STOP 
studies indicated that those who had abnormal TCDs did not have 
an unusually high frequency of MRI abnormality; conversely, those 
who had SCI did not have an unusually high frequency of abnormal 
TCD velocities, suggesting that those findings represent different 
aspects of the pathophysiology of the brain in children with sickle 
cell disease.287 The ongoing Silent Cerebral Infarct Transfusion 
(SIT) trial is a phase III multicenter randomized study aiming at 
determining whether blood transfusion therapy will limit overt 
clinical strokes or new or progressive SCI in children with SCA 
and SCI identified by MRI screening in comparison with children 
randomized to observation (clinicaltrials.gov # NCT00072761).288 
Baseline results of the SIT trial showed that lower Hb concentra-
tion and higher systolic blood pressure were associated with SCI 
in children with SCA.289

acute chest syndrome
Acute chest syndrome (ACS) is an acute illness characterized 
by fever and/or respiratory symptoms, accompanied by a new 
pulmonary infiltrate on a chest X-ray.290 ACS remains one of the 
most common causes for hospitalization, critical care utilization, 
and mortality in children and adults with sickle cell disease.291,292 
The term acute chest syndrome was coined because it is not 
usually possible to determine the relative importance of vascular 
occlusion and infection in the acute pulmonary process in any 
given patient. Infection tends to predominate in children and 
infarction in adults, but the two processes are often interrelated 

and concurrent.293 Impaired access of oxygen to infected seg-
ments of the lung likely enhances local sickling, with resulting 
focal microvascular thrombotic disease. Data from the CSSCD 
indicate that patients with Hb SS have an incidence of ACS of 
∼13/100 patient-years; the rate is highest in children 2 to 4 years 
of age (25/100 patient-years) and decreases gradually with 
increasing age to that seen in adults (9/100 patient-years).294 
A higher ACS rate is associated with a higher rate of mortality 
from all causes. The risk of ACS is associated with a lower fetal Hb 
level and a higher steady-state hematocrit and leukocyte count.295

Before the availability of pneumococcal vaccines and the 
widespread use of penicillin prophylaxis, pulmonary events in 
children typically were the result of bacterial infection.276,296 
Streptococcus pneumoniae was the most common causative 
organism. Infiltrates often affected multiple lobes, and resolution 
was slower than in the general population.297 Identified infectious 
agents have included Mycoplasma pneumonia,298 Chlamydia 
pneumonia,299 parvovirus B19,300 and respiratory viruses. The 
National Acute Chest Syndrome Study Group reported causes and 
outcomes based on analysis of 671 episodes of ACS.301 Nearly 
half of the patients were initially admitted for another reason, 
primarily pain. The mean length of hospitalization was 10.5 days; 
13% required mechanical ventilation, and 3% died. Patients who 
were 20 years of age or older had a more severe course. A specific 
cause of ACS was identified in 38% of all episodes and in 70% 
of episodes with complete data (Table 33.3).301 The most com-
mon specific causes were pulmonary fat embolism, chlamydia, 
mycoplasma, miscellaneous viruses, and bacterial infections 
resulting from coagulase-positive Staphylococcus aureus and 
Streptococcus pneumoniae. Recently, influenza, especially H1N1, 
was shown to be associated with increased risk and severity of 
ACS, and therefore should be prevented whenever an outbreak 
or epidemic is detected.302 In adults, an infectious basis for lobar 
consolidation is established less often than in children, and antibi-
otic therapy is without apparent effect on the duration or severity 
of symptoms.303 In situ vaso-occlusion owing to erythrocyte stasis 
appears to be the more common primary event. Interestingly, an 
association between smoking and increased rate of ACS and pain 
events has been observed among adults with sickle cell disease.304

The relationship of asthma/reactive airway disease to ACS 
has been examined. In children with Hb SS, asthma is associ-
ated with an increased incidence of sickle-cell–related morbidity, 

Number of Episodes Age at Episode of Acute Chest Syndrome

Cause (N = 670) Percentage 0–9 years (N = 329) 10–19 years (N = 188) ≥20 years (N = 153)

Fat embolism, with or 
without infection

59 8.8 24 16 19

Chlamydia 48 7.2 19 15 14

Mycoplasma 44 6.6 29 7 8

Virus 43 6.4 36 5 2

Bacteria 30 4.5 13 5 12

Mixed infections 25 3.7 16 6 3

Legionella 4 0.6 3 0 1

Miscellaneous infections 3 0.4 0 3 0

Infarction 108 16.1 50 43 15

Unknown 306 45.7 139 88 79

Modified from Vichinsky EP, Neumayr LD, Earles AN, et al. Causes and outcomes of the acute chest syndrome in sickle cell disease. National Acute Chest Syndrome Study Group. New Engl J 
Med 2000;342:1855–1865.

CauSeS of aCuTe CHeST SynDRome

table 33.3
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including ACS and pain episodes, and mortality.305,306 A similar 
relationship was observed between asthma and the incidence of 
ACS in pediatric patients with Hb SC.307 Sickle cell patients with a 
history of asthma were four times more likely to develop ACS dur-
ing a hospital admission for pain and had a substantially longer 
duration of hospitalization.308 Similarly, children with pulmonary 
function test (PFT)-documented lower airway obstruction had 
a greater risk for pain and ACS hospitalization (risk ratio 2.0, 
CI: 1.3 to 3.3).309 In Jamaican children with sickle cell disease, 
asthma and bronchiolar hyperreactivity were more common than 
in ethnic-matched controls and were associated with recurrent 
ACS.310 Much less information is available for adult patients, but 
a high prevalence of airway hyperresponsiveness to methacholine 
challenge was noted in those with a history of reactive airway dis-
ease.311 Hematologically, ACS is characterized by a sudden drop 
in Hb concentration and an increase in the number of platelets 
and leukocytes.312 Rib infarcts are a primary trigger of ACS when 
bone pain is followed by soft-tissue reaction, pleuritis, splinting, 
hypoventilation, atelectasis, and the typical radiologic picture.313 
Incentive spirometry with the use of maximal inspirations every 
2 hours has been shown to prevent ACS in patients with sickle 
cell disease who were hospitalized with chest or back pain.314 
Lung crises may result from embolization of fat from infarcted 
bone marrow (pulmonary fat emboli)315 or deep-vein thrombi. 
Occlusion of major pulmonary vessels is a recognized cause of 
sudden death. Pulmonary fat emboli are found more commonly 
than previously appreciated when a diagnosis is sought by fat 
staining of pulmonary macrophages obtained by bronchoalveolar 
lavage.315 Fat emboli are associated with bone pain, chest pain, 
neurologic symptoms, acute decreases in Hb level and platelet 
count, and prolonged hospitalization. Secretory phospholipase 
A2 (sPLA2), an inflammatory mediator that liberates free fatty 
acids and lysophospholipids and may be responsible for acute 
lung injury, is markedly elevated in sickle cell patients 24 to 
48 hours before the diagnosis of ACS in patients presenting with 
a pain event316,317 and in most patients at the time of diagnosis 
of ACS.318 A clinical trial involved patients hospitalized for pain 
who developed fever and elevated sPLA2 and were randomized 
to receive transfusion or observation.158 Because of slow accrual, 
conclusions could not be reached regarding the effect of transfu-
sion to pre-emptively avert an ACS event, but information regard-
ing the sensitivity of this test was provided; a threshold level of 
sPLA2 ≥ 48 ng/ml offered 73% sensitivity and 71% specificity.

A comprehensive review of the management of ACS in children 
has been recently published and is a useful guideline for treat-
ment of this complication.319 Because the relative importance of 
infection and infarction is difficult to ascertain, broad-spectrum 
parenteral antibiotics, such as a third- or fourth-generation ceph-
alosporin, should be provided for children with ACS. A macrolide 
antibiotic is indicated to cover Mycoplasma and Chlamydia. Of 
utmost importance is the correction of hypoxemia. If the arterial 
PO2 value is <75 mm Hg or the O2 saturation by pulse oximetry is 
significantly below baseline, the clinician should consider prompt 
simple or partial exchange transfusion.320

Intravenous dexamethasone was shown to result in a shorter 
hospital stay and reduced need for blood transfusion and oxygen 
when compared to placebo in children with ACS.321 Because there 
appeared to be a high risk of recurrent symptoms and readmis-
sion to the hospital after dexamethasone was abruptly discontin-
ued, a recent randomized study investigated the use of tapered 
oral dexamethasone for ACS treatment.322 Despite a very small 
number of participants, this trial showed a reduction in hospital-
ization duration in the dexamethasone arm, but higher rates of 
rebound pain. sL-selectin was found elevated among patients with 
rebound pain and could be a useful biomarker during ACS. Nitric 
oxide inhalation has been utilized in the regulation of hypoxic 
pulmonary vasoconstriction,323 but definitive trials have not yet 
substantiated its therapeutic role.

priapism
Priapism is an unwanted, painful, and persistent erection of the 
penis. Useful reviews of this topic have been published.324,325 
The incidence of priapism in patients with sickle cell disease has 
been reported to be between 3% and 45%326,327; it has a bimodal 
distribution of age of onset, with peaks at 5 to 13 years of age 
and at 21 to 29 years of age.328 Most priapism episodes begin 
during sleep329 or early in the morning; they may be associated 
with physiologic dehydration and hypoventilation, which results 
in metabolic acidosis followed by increases in sickling and 
stagnation of blood within the penile sinusoids or the corpora 
cavernosa. In data from the CSSCD, subjects with priapism had 
significantly lower levels of hemoglobin and higher levels of bili-
rubin, reticulocytes, white blood cells, and platelets, suggesting 
an association of priapism with increased hemolysis, perhaps 
related to a diminished availability of circulating NO, which plays 
an important role in erectile function.330 Although priapism is 
usually self-limited and of relatively short duration, it is often 
recurrent and may become chronic. “Stuttering” priapism refers 
to multiple episodes, each <4 hours in duration, which may 
occur several times a week and may herald a prolonged event. 
Usually, these do not require medical intervention. Typically, pri-
apism results from engorgement of the paired cavernosal bodies 
with sparing of the glans and corpus spongiosum and is main-
tained by the partial obstruction of venous drainage. However, 
tricorporal priapism may occur, especially in postpubertal 
patients, and is associated with a poor prognosis.331 Although it 
occurs with approximately equal frequency in prepubertal and 
postpubertal males, priapism is more difficult to manage in the 
latter group.332,333 Numerous ISCs and clots are found in the 
distended sinuses when needle aspiration or incisional drainage 
is performed.334 The repetitive trapping of cells in the corpora 
cavernosa, with or without surgical intervention, may lead to 
fibrosis of the septa and impotence.

Penile blood gas measurements and technetium-99 penile 
scintigraphy scans have been used to define intracorporeal 
hemodynamics and to guide therapy. However, these modalities 
are not readily available, and a more conventional approach to 
treatment is necessary. Of particular concern is an increased 
rate of impotence reported in sickle cell patients whose attacks 
lasted >24 hours335,336 As with other complications resulting 
from the sludging of sickled erythrocytes, aggressive hydration 
and adequate analgesia are of primary importance and should be 
pursued within the first few hours of symptoms. If no response 
is seen within 12 to 24 hours, partial exchange transfusion to 
lower the Hb S level to <30% may be performed; this is occasion-
ally sufficient.337 However, an association of sickle cell disease, 
priapism, exchange transfusion, and neurologic events, includ-
ing seizures and obtundation, referred to as ASPEN syndrome, 
is of concern.338,339 If no resolution occurs within another 12 to 
24 hours, corporal aspiration and irrigation with saline may be 
indicated through such means as a Winter procedure,340 in which 
a fistula between the glans penis and the corpora cavernosa is 
created using a biopsy needle. The Dallas program reported rapid 
complete detumescence in 35 of 37 consecutive episodes of pro-
longed priapism in pediatric patients treated with aspiration and 
irrigation with a dilute epinephrine solution.341 If penile aspira-
tion is unsuccessful, creation of a cavernosa spongiosum shunt342 
or a venous bypass may be considered.

Prevention of recurrent priapism has been accomplished in 
some patients with chronic transfusion, particularly through 
exchange transfusion. a-Adrenergic agonists increase contrac-
tion of the smooth muscle of the trabecular arteries of the 
cavernosa and facilitate venous outflow from the corpora, 
promoting detumescence. a-Adrenergic agents including etile-
frine, pseudoephedrine, and phenylephrine may be adminis-
tered either orally or by intracavernous injection.343,344 Other 
approaches have been the administration of diethylstilbestrol,345 
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the gonadotropin- releasing hormone analog leuprolide acetate,346 
low-dose  antiandrogens,347 finasteride,348 and oral phosphodies-
terase S inhibitor.349 Sildenafil is reported to improve priapism, 
but can trigger pain as a side effect.350 A polyethylene glycol-
modified adenosine deaminase (PEG-ADA) has been used in 
transgenic sickle mice to reduce adenosine levels and promoted 
increased cavernosal relaxation, suggesting a possible new 
avenue of treatment for priapism.351 Despite either conservative 
or aggressive treatment, >25% of patients have some degree of 
impotence352 and may be candidates for a penile prosthesis after 
6 to 12 months.353

exacerbation of anemia
Hematologic “crises,” characterized by sudden exaggeration 
of anemia, are pathogenetically and temporally unrelated to 
vaso-occlusive crises. If they are unrecognized or untreated, the 
decrease in Hb concentration may be so precipitous and severe as 
to cause heart failure and death within hours.

Aplastic Crises. Aplastic crises are the most common of the hemato-
logic complications. The pathogenesis and course of aplastic crises 
in SCA are similar to those of other chronic hemolytic states. 
Several characteristics are indicative of an infectious basis: the 
crises are characteristically preceded by or associated with febrile 
illnesses; several members of families with congenital hemolytic 
anemia may have concurrent aplasia;354 recurrence of crisis 
within the same individual is not observed;355 and most aplastic 
episodes occur during childhood.356 Epidemiologic studies clearly 
implicate human parvovirus B19 as the cause for almost all 
aplastic crises.355,356 Aplasia is the result of direct cytotoxicity of 
the parvovirus to erythroid precursors, especially colony-forming 
units, erythroid (CFU-E).357 However, not all parvovirus infections 
result in problems; serologic evidence of previous infection was 
found in 71% of subjects with SCA who reached adulthood, but 
only 27% had a previous clinically recognized aplastic crisis.358

In the early phase of an aplastic crisis, peripheral blood 
reticulocytes and bone marrow normoblasts disappear or are 
greatly reduced in number. Because red cell survival in Hb SS 
is no more than 10 to 20 days, cessation of erythropoiesis is fol-
lowed by a rapid decrease in Hb concentration. The process is 
self-limited, however; within 10 days, red cell production resumes 
spontaneously, and large numbers of reticulocytes and nucleated 
erythrocytes appear in the peripheral blood. Thereafter, the Hb 
concentration returns to its precrisis level. Often, the patient is 
first seen early in the recovery phase, when differentiation from 
a hemolytic crisis may be difficult. Although leukocytes and plate-
lets are usually normal, all marrow elements may be affected.359 
Treatment consists of supportive care with red cell transfusion 
when necessary.

Susceptible hospital workers exposed to patients with aplas-
tic crises are at high risk of contracting nosocomial erythema 
infectiosum.360 Because infection during the midtrimester of 
pregnancy may result in hydrops fetalis and stillbirth, respira-
tory isolation precautions are a necessity if an aplastic crisis is 
suspected.361

In addition to causing aplastic crisis, an acute parvovirus 
event not infrequently will lead to a prolonged vaso-occlusive 
pain crisis or it may trigger acute splenic sequestration.362–364 
Less frequently, it is associated with long-term problems, such 
as glomerulonephritis, which may cause end-stage renal failure, 
cardiac dysfunction, and stroke.365,366

Splenic Sequestration. Splenic sequestration is characterized by sud-
den trapping of blood in the spleen. A splenic sequestration crisis 
is defined by a decrease in the steady-state Hb concentration of at 
least 2 g/dl, evidence of compensatory marrow erythropoiesis, and 
an acutely enlarging spleen.367 This complication occurs in infants 
and young children whose spleens are chronically enlarged before 

autoinfarction and fibrosis. Although splenic sequestration has 
been documented in infants as young as 3 to 4 months of age,368 
it is observed most commonly during the second 6 months of life 
and is a less frequent finding after 2 years of age; however, it has 
been reported in adults.367,369 In a large pediatric French cohort 
study, the risk of recurrence decreased with age: when the first 
episode occurred after 2 years, the risk was lower than when it 
occurred before 1 year of age (hazard ratio, 0.60).370

Children experiencing splenic sequestration may have an ear-
lier onset of splenomegaly and a lower level of Hb F at 6 months of 
age.371 Crises often are associated with respiratory tract infections 
or with parvovirus B19, usually in conjunction with an aplastic 
crisis.372,373 The already enlarged spleen rapidly increases in size 
at the expense of blood volume; hypovolemic shock and death 
may occur within hours.374 The sole pertinent postmortem finding 
is engorgement of splenic sinusoids with sickled cells. Individuals 
who survive have a tendency for recurrent episodes until 5 or 
6 years of age, by which time sufficient fibrosis of the spleen has 
occurred to limit its expansion. There has been wide variability 
in the long-term management of patients with splenic sequestra-
tion, and currently, no consensus exists. Chronic transfusion and 
surgical splenectomy have both been used in an effort to avoid 
recurrence. Due to concerns with invasive encapsulated organ-
isms, often monthly erythrocyte transfusions are used and total 
splenectomy is delayed until an age after which the risk of sepsis 
is lower. Partial splenectomy has also been used in an attempt to 
preserve immunologic function in children with SCA and severe 
splenic sequestration,375 but the indications for this procedure 
and long-term outcomes are still under investigation. Although it 
is encountered much less frequently, sudden trapping of blood in 
the liver (hepatic sequestration crisis) also occurs.376

Hemolytic Crises (Hyperhemolytic Crises). Hemolytic (hyperhemolytic) 
crises result from a sudden acceleration of the hemolytic process. 
They have been described in association with co-inherited heredi-
tary spherocytosis377 and concurrent mycoplasma infection.298 
Other causes of hyperhemolytic crisis include acute or delayed 
hemolytic transfusion reactions (usually Coombs test positive),378 
and drug-induced hemolysis.379 Although ∼10% of black male 
patients with SCA have the unstable A variant of glucose 6-phos-
phate dehydrogenase (G6PD),380 they have no more severe ane-
mia and no greater frequency of acute hemolytic episodes than 
those with normal levels of G6PD, even when challenged with 
oxidant drugs and infections, because of the young mean age of 
sickle red blood cells.381

Megaloblastic Crises. Megaloblastic crises result from the sudden 
arrest of erythropoiesis by folate depletion.382 Chronic erythroid 
hyperplasia imposes a drain on folate reserves, and biochemical 
evidence of mild folate deficiency has been demonstrated with 
high frequency in subjects with SCA.383 Megaloblastic crises 
likely occur when food consumption is interrupted by illness or 
alcoholism or when the folate requirement is augmented by rapid 
growth or pregnancy. The inverse relationship between plasma 
homocysteine concentration and folate status has led to a series 
of reports describing homocysteine levels and the possible need 
for folate supplementation. However, both elevated homocysteine 
levels384 and normal homocysteine levels have been reported.385 
Currently, folic acid deficiency, as a cause of exaggerated anemia 
in sickle cell disease, appears to be extremely rare in the United 
States. Nevertheless, it is common practice to prescribe prophy-
lactic folic acid (1 mg/day) to patients with sickle cell disease in 
areas of the world where folate is not routinely added to grain-
derived products.

infections
Overwhelming infection may be the presenting manifestation of 
SCA in early childhood. Acute infection has been one of the most 

72683_ch033_0823-0861.indd   837 7/31/13   11:47 AM



838 Part iV Disorders of Red Cells • SECtiON 4 Hereditary Disorders of Hemoglobin Structure and Synthesis

common causes of hospitalization and previously was the most 
frequent cause of death, particularly during the first 3 years of 
life. S. pneumoniae is the usual infecting organism; the blood and 
spinal fluid are the major sites of infection.386,387 Previously, the 
incidence of invasive infection with S. pneumoniae was ∼7/100 
patient-years in children with SCA who were <5 years of age; 
this rate was 30 to 100 times that which would be expected in a 
healthy population of this age.387,388 More than 70% of meningitis 
in children with SCA also resulted from S. pneumoniae.389 The 
mortality rate of pneumococcal sepsis was as high as 35%, but 
widespread improvement in parental education and aggressive 
management of the febrile child have greatly improved the likeli-
hood of surviving a septic event.390 Furthermore, penicillin pro-
phylaxis and pneumococcal vaccines have dramatically lowered 
the risk of invasive pneumococcal infection. Despite the dramatic 
decline in the rate of pneumococcal sepsis in recent decades (sec-
ondary to widespread use of pneumococcal immunization and 
penicillin prophylaxis), invasive pneumococcal infection still exists 
and may be life threatening.391,392 A major threat to continued 
success in prevention and management of S. pneumoniae invasive 
infection has been the emergence of antibiotic-resistant pneumo-
coccal organisms over the past two decades.391,392

Beyond 5 years of age, Gram-negative bacteria replace 
S. pneumoniae as the major infectious agents.295,387 In contrast 
to infections in young children, those in older children and adults 
generally have an identifiable source or focus (e.g., Escherichia 
coli associated with urinary tract infection).387,393 Osteomyelitis, 
sometimes involving multiple sites, occurs with increased fre-
quency at all ages. The increased risk of osteomyelitis may 
stem from tissue ischemia and infarction associated with pain 
crises; these provide a potential nidus for infection in the long 
bones. Although >80% of hematogenous osteomyelitis in the 
general population is caused by Staphylococcus, most cases of 
osteomyelitis occurring in individuals with SCA are caused by 
Salmonella.394,395 Serum antibody levels against Salmonella anti-
gens are normal, but microinfarcts of the intestinal mucosa may 
predispose to invasive infections.396 A positive blood culture for 
Salmonella in a patient with SCA strongly suggests the diagnosis 
of osteomyelitis. Staphylococcal bone infection, clinically indistin-
guishable from Salmonella infection, also occurs with increased 
frequency in sickle cell disease.397

Bloodstream infections in hospitalized adults with sickle cell 
disease have been increasingly recognized. In one series,398 28% 
were caused by Staphylococcus aureus, the majority of which 
were methicillin-resistant. Gram-negative organisms, anaerobes, 
and yeast were also found and >80% of the infections were con-
sidered to be catheter-related. Bloodstream infections frequently 
are associated with bone and joint infection.399

The pathophysiologic basis for increased susceptibility to 
aggressive infection relates in large part to the loss of spleen 
function.400 During the first few years of life, recurrent peri-
vascular hemorrhage and infarction reduce the spleen to a 
small siderofibrotic vestige.401 Despite the frequent occurrence 
of splenomegaly in the first few years, spleen function often 
is impaired by 6 to 12 months of age.176 Howell-Jolly bodies 
and “pits” (depressions in the red blood cell membrane) are 
seen in peripheral blood erythrocytes,402 and radiolabeled 
sulfur colloid is not cleared by the spleen.403 Spleen function 
is temporarily restored by transfusion therapy in early life, 
suggesting that functional asplenia is a consequence of altered 
perfusion imposed by intrasplenic sickling.404 In the absence 
of spleen function, bloodborne particulate antigens fail to elicit 
an expected antigenic response.405 Spleen function is necessary 
for effective host response to S. pneumoniae in the absence 
of preformed antibodies; in the presence of antibody, organ-
isms are trapped effectively at extrasplenic sites. Because the 
acquisition of pneumococcal antibodies occurs with advancing 
age, young children without spleen function fare less well than 

older children and adults. However, responses to conjugated 
Haemophilus  influenzae vaccine in young infants with SCA were 
appropriate.406 Other mechanisms may contribute to the vulner-
ability of children with sickle cell disease to infectious crises. 
Serum IgM levels are decreased.407 The alternative pathway for 
complement activation may be defective.408 Alterations of B- and 
T-lymphocyte number and function and of the function of neutro-
phils and monocytes are of uncertain significance.409,410

Prevention of Infection. The use of penicillin prophylaxis has been 
a major advance in the management of sickle cell disease. Two 
controlled trials, one in Jamaica and the other organized by the 
National Institutes of Health, led to the widespread acceptance of 
penicillin prophylaxis as standard therapy.411,412 In the latter trial 
(PROPS), twice-daily oral penicillin V resulted in an 84% reduc-
tion in the incidence of pneumococcal bacteremia in infants <36 
months of age. Current recommendations are to initiate penicillin 
prophylaxis by 3 months of age and to continue it at least until 
5 years of age in children with Hb SS or Hb Sb0-thalassemia (or 
longer if there was a history of surgical splenectomy, incomplete 
pneumococcal immunization, or invasive pneumococcal infec-
tion). A multi-institutional controlled trial found no further advan-
tage of penicillin in the prevention of invasive pneumococcal 
infection in children >5 years of age.413 The use of prophylaxis 
in young children with Hb SC disease or Hb Sb+-thalassemia is 
controversial,414 but many centers maintain all children with 
sickle cell disease on penicillin until 5 years of age. Of concern 
has been the question of whether prophylaxis might increase the 
risk of penicillin-resistant pneumococcal organisms. Its usage 
reduces nasopharyngeal colonization with S. pneumoniae, but 
the effect on the development of antibiotic resistance has been 
equivocal.415–417

Unfortunately, the pneumococcal serotypes that are most prev-
alent in the community and most highly virulent (types 6A, 14, 19, 
and 23F) are least immunogenic.418,419 Although the immunologic 
response of children 2 years of age and older to polysaccharide-
conjugated pneumococcal vaccine is comparable to that of the gen-
eral population,420 antibody titers fall more rapidly than in adults. 
Children with sickle cell disease should receive a primary immuni-
zation with the 23-valent polysaccharide vaccine at 2 years of age 
and a booster immunization 3 to 5 years later421; the vaccine is 
ineffective in children <2 years of age. Administration of booster 
doses of this vaccine to older children and adults with sickle cell 
disease is controversial, but a booster is administered to teenagers 
and adults once every 10 years in many centers.

In contrast, the seven-valent protein-conjugated pneumococ-
cal vaccine (PCV-7 ) is immunogenic in the first few months of 
life and is routinely administered to infants in the United States. 
This vaccine (which includes serotypes 4, 6B, 9V, 14, 18C, 19F, 
and 23F) is administered at 2, 4, 6, and 12 months of age (same 
immunization schedule as in the general pediatric population) and 
produces adequate antibody concentrations in the same range as 
those achieved among infants without sickle cell disease.422,423 In 
addition, significant rises are seen in antibody concentration to all 
seven protein-conjugated pneumococcal vaccine serotypes after 
the administration of polysaccharide-conjugated pneumococcal 
vaccine at 24 months of age. Recently, the protein-conjugated vac-
cine has been reported to lower the incidence of invasive pneumo-
coccal disease between 65% and to >90% in children with sickle 
cell disease,424,425 but it has not completely eliminated invasive 
pneumococcal infection.391 In 2010 the 13-valent pneumococcal 
conjugate (PCV13) vaccine replaced PCV-7 in the United States and 
the United Kingdom; PCV13 has the additional serotypes 1, 3, 5, 
6A, 7F, and 19A.426 It is unclear whether addition of the serotypes 
included in the PCV13 vaccine will significantly improve protection 
as replacement colonization has been with predominantly non-
PCV13 serotypes, and a resurgence of invasive disease has been 
seen in some areas with predominantly non-PCV13 serotypes.391
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The conjugated H. influenzae type B vaccine induces protective 
antibody levels in young infants with SCA390,406 and has virtually 
eliminated invasive H. influenzae infection in this population. 
Yearly influenza virus vaccine (including H1N1 strains) and the 
complete series with 3 doses of hepatitis B vaccine offers further 
protection. Meningococcal polysaccharide diphtheria toxoid-
conjugated vaccine offers protection against groups A, C, Y, and 
W-135 meningococcus and is recommended in children with 
sickle cell disease at age 2 with a booster at 5 years of age. It is 
unclear if adults should receive a booster of the meningococcus 
vaccination, but some centers offer boosters every 5 years. For 
updated information regarding the recommended schedule of 
immunization in children and adults in the United States, the 
Centers of Disease Control website (www.CDC.gov) should be 
consulted. The high frequency of parvovirus B19 infections in 
children with sickle cell disease, their life-threatening nature, and 
the associated risk of complications indicate the need for a vac-
cine that would confer lifelong immunity. A vaccine for parvovirus 
B19 (viral particles 1 and 2 proteins expressed in a baculovirus 
system with adjuvant MF-59) has been developed and undergone 
pilot testing, but side effects have stalled further studies.427

Management of Fever. Any fever ≥38.5°C in a child with SCA must 
be considered a medical emergency because of the potential risk 
of overwhelming pneumococcal sepsis, especially during the 
high-risk period between 6 months and 3 years of age. Previously, 
routine hospitalization of every febrile patient with SCA was stan-
dard management, to deliver intravenous antibiotic coverage until 
blood cultures were demonstrated to be negative. More recently, 
the majority of febrile patients have been managed in the emer-
gency department and the outpatient setting if they do not have 
high-risk characteristics (e.g., toxic appearance, very high fever, 
serious localized infection, exceptionally high or low white blood 
cell count, a history of invasive infection, or inadequate capacity 
for close follow-up).390,428–430 These children may be managed 
with prompt assessment, rapid administration of ceftriaxone, 
observation for at least 2 hours, and close outpatient follow-up.

Chronic Organ Damage
growth and development
The sickling syndromes profoundly affect growth and development. 
Growth curves for the height, weight, and sexual  development of 
children with SCA were constructed in the 1980s to permit the iden-
tification of individuals whose growth delay was greater than what 
could be accounted for by the hemoglobinopathy (Fig. 33.7).431,432 
Although normal at birth, the heights and weights of children with 
SCA were significantly delayed by 2 years of age.431–433 The growth 
curves maintain a relatively normal configuration but deviate 
progressively from the normal curves. Increases in velocity of ado-
lescent height and weight growth occur later, and the magnitude 
of the growth spurt is substantially less than in healthy children. 
Puberty also is delayed. Menarche occurs 2 to 3 years later than 
in the general population (median age, 14.0 to 15.5 years),434 and 
Tanner stage V is not achieved until the median ages of 17.3 and 
17.6 years for girls and boys, respectively.432 As in normal subjects, 
progression through Tanner stages is orderly and appropriate for 
bone age, and the age of menarche correlates closely with age and 
weight. By adulthood, both men and women with sickle cell disease 
appear to acquire normal or near-normal heights, but their mean 
weights are still lower than those of controls.432 Investigations in 
small numbers of subjects show that growth hormone, thyroid hor-
mone, adrenocorticotropic hormone and cortisol levels, and pitu-
itary responses to growth-hormone–releasing factor are normal.435 
Transient hypogonadism may occur in adolescence. The normal 
relationship of puberty and growth pattern seen in most patients 
suggests that the delay in skeletal maturation represents constitu-
tional delay rather than gonadal or pituitary failure.432

Low weight appears to be the most critical variable influ-
encing differences in physical maturation among the sickling 
syndromes.432 The basis for delay in weight gain is not fully 
understood, although it has been hypothesized that chronic 
hemolysis leads to a state of high protein turnover and increased 
basal metabolic requirements.436 Recent studies have shown that 
decreased growth velocity in children with SCA was indepen-
dently associated with decreased Hb concentration and increased 
total resting energy expenditure (REE).437 REE measured by indi-
rect calorimetry is 15% to 20% greater in Hb SS patients.436,438,439 
Increased whole-body protein breakdown and protein synthe-
sis may be related to increased bone turnover.440 Prepubertal 
children with sickle cell disease do not compensate for their 
higher resting energy expenditure by increasing their energy 
intake, measured by weighing all food consumed during a 3-day 
period.441 Furthermore, caloric intake is significantly decreased 
at the time of an admission for acute illness, contributing to an 
overall energy deficit.442 When body composition of children and 
adolescents with sickle cell disease is measured by bioelectrical 
impedance analysis, male subjects have significantly lower fat-
free mass and body fat compared with controls.443 Response to 
nasogastric dietary supplementation has been reported.444

Other studies have suggested increased requirements for zinc, 
folate, riboflavin, vitamin B6, ascorbate, and the fat-soluble vitamins 
A and E, but consistent correlations between deficiencies and growth 
retardation have not been established.438,445–447 A relationship 
between zinc deficiency and hypogonadism in adults with SCA has 
been suggested.448 Defective growth hormone secretion, decreased 
insulinlike growth factor-1, and partial resistance to growth hor-
mone in short children with sickle cell disease were reported.449,450

Figure 33.7. Height and weight (mean, ±1 standard deviation) of American boys 
and girls with sickle cell anemia (SCA) compared with National Center for Health 
Statistics growth percentiles. From Phebus CK, Gloninger MF, Maciak BJ. Growth patterns 
by age and sex in children with sickle cell disease. J Pediatr 1984;105:28, with permission.
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bones and Joints
In addition to the acute episodes of skeletal pain described previ-
ously, chronic and progressive destruction of the bones and joints 
may take place in the absence of clearly defined episodes of pain. 
The most prominent changes evolve slowly from the cumulative 
effect of recurrent small episodes of ischemia or infarction within 
the spongiosa of bone. Radiographs of the long bones of adults 
show a mottled strandlike increase in density randomly distrib-
uted within the medullary region (Fig. 33.8). These irregular 
areas of increased density are produced by new bone laid down 
on devitalized trabeculae.451 Because the bone is weakened dur-
ing the early stages of repair, weight bearing may collapse the 
femoral head, producing the clinical and radiologic features of 
 osteonecrosis, which affects patients with all the genotypes of 
sickle cell disease but occurs most often in those with Hb SS and 
a-thalassemia (4.5 cases/100 patient-years).452 The overall preva-
lence of osteonecrosis of the hip in persons with sickle cell disease 
is approximately 10%, but it occurs in 50% in those >35 years of 
age.452 The prevalence of osteonecrosis of the humoral head is 
approximately one half as much.453 Typically, the pain from osteo-
necrosis of the hip begins insidiously, is brought on by walking or 
quick movements, and is localized to the groin or buttock. After 
several months, radiographs may show areas of increased density 
mixed with areas of increased lucency, followed by the appear-
ance of a “crescent sign,” segmental collapse, molding of the femo-
ral head, loss of joint space, involvement of the acetabulum, and 
complete degeneration of the joint. When osteonecrosis occurs in 
the femoral capital epiphysis before closure, healing with mini-
mal destruction may occur. However, long-term follow-up shows 
that in the majority of cases, the hip is painful and permanently 
damaged.454 Because weight bearing is not required of the shoul-
der joint, the prognosis of osteonecrosis of the humeral head is 

substantially better. Only ∼20% of patients have pain or limited 
range of movement at the time of diagnosis,453 but functional 
abnormalities of the shoulder may be a long-term consequence 
in adults.455

Avoidance of weight bearing in the early phases of bone 
necrosis may permit sufficient repair to preserve reasonable joint 
function. More often, however, the deformity is progressively crip-
pling. Total hip replacement is usually recommended for the pain-
ful hip in stage III or IV or for restoration of joint movement, if this 
is desired. However, the prognosis for hip replacement has been 
suboptimal, with a 30% chance that arthroplasty will require revi-
sion within 4 to 5 years.456,457 For stage I and II osteonecrosis, 
core decompression, in which a core of cancellous bone ∼8 mm in 
diameter is removed from the neck and head of the femur through 
an incision in the lateral cortex, has been of benefit.458,459 In a 
prospective randomized trial, physical therapy alone appeared 
to be as effective as hip core decompression followed by physi-
cal therapy, improving hip function and postponing the need for 
additional surgical intervention at a mean of 3 years after treat-
ment.460 Grafting with autologous bone marrow obtained from 
the iliac crest is a possible new option for osteonecrosis of the 
hip.461 This technique, which is currently investigational, appears 
most effective in the early stages of osteonecrosis, before sub-
chondral collapse has occurred, and provides progenitor cells to 
the proximal femur which stimulate bone remodeling.

Another characteristic bone change develops in the vertebral 
column of some individuals during the second decade of life. 
Recurrent infarcts of the main vertebral arteries lead to ischemic 
damage of the central portion of the vertebral body growth plates. 
Because the outer portion of the plates is supplied by numerous 
apophyseal arteries, vertebral growth is irregular, producing a 
“fish-mouth” deformity in which symmetric cuplike depressions 
are confined to the central three fifths of the vertebral plates.462 
Other skeletal changes result from expansion of medullary cavi-
ties owing to long-standing erythroid hyperplasia. Radiographs 
of the skull show a thickening of the diplöe and thinning of the 
outer table of the calvaria in the frontal and parietal regions. 
Gnathopathy (prominent maxillary overbite) may result from 
overgrowth of maxillary bone and frequently leads to significant 
malocclusion.463

Low bone mass density (osteopenia and osteoporosis) has been 
recognized in adults and more recently in children.209,464 and 
has been associated with the severity of hemolysis.465 Vitamin D 
replacement in those cases of vitamin D deficiency has been 
reported to offer salutary effects on bone mass density.466

Joints may be affected by avascular necrosis of adjacent 
bone.467 The joint effusion, pain, fever, and leukocytosis accom-
panying such infarcts make differentiation from septic arthritis 
difficult. Numerous neutrophils and sickled erythrocytes are found 
in the joint fluid.468 Less commonly, joint disease is related to 
infection,469 gout,470 or synovial hemosiderosis. Adults may have 
deformities of the hands and feet with shortening of the digits, the 
remote sequelae of dactylitis during early childhood.471

cognitive function
Multiple studies have reported deficits in global and specific 
neuropsychologic functioning in school-aged children with 
sickle cell disease when compared with their siblings or healthy 
children.472–474 Children with SCA who have experienced an 
overt stroke have significant cognitive impairment, reduced 
language function, and problems in adjustment.475 Diminished 
performance has been noted in the areas of visual–motor inte-
gration, attention and concentration, arithmetic, memory, and 
reading. Similarly to children, adults with SCA have poorer cog-
nitive performance when compared with healthy controls, even 
without a history of prior stroke.476 Significant areas of deficit 
in adults with SCA were in working memory, processing speed, 
and measures of executive function.

Figure 33.8. Sickle cell anemia. A: Femur. The cortex is thinned, and the normal bony 
architecture is disturbed. Adjoining small areas of translucency are areas of sclerosis.  
B: Tibia and  fibula. Marked thinning of the cortex of the bones as well as periosteal reaction 
and  disarrangement of the trabeculae. The latter changes and the extensive coarseness of the 
cortical layers suggest the bone is involved from within.

A B
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MRI data from several studies investigating the central nervous 
system of children with Hb SS without a history of overt stroke 
show a prevalence of SCI varying from 11% to 37%.284,285,477,478 
Data from the CSSCD gathered over a 10-year period of follow-up 
of school-aged children with Hb SS indicated that those with SCI 
had significantly lower scores for math and reading achievement, 
full-scale intelligence quotient (IQ), verbal IQ, and performance IQ, 
when compared with individuals with normal MRI of the brain.472 
However, even in children with normal MRI findings, the scores for 
verbal IQ and math achievement declined with increasing age.479 
A meta-analysis of 17 reports of cognitive functioning in children 
concluded that sickle cell disease is associated with detrimental 
effects even in the absence of cerebral infarction on MRI.480 Direct 
effects of sickle cell disease on brain function or indirect effects of 
chronic illness may be important. A multi-institutional study from 
France in which children with sickle cell disease were compared 
to sibling controls reported impaired cognitive function in patients 
both with a history of stroke and with SCI.481 In addition, a hema-
tocrit <20% and a platelet count >500 × 109/L were independent 
risk factors for cognitive deficiency. Patients with infarction in the 
frontal lobe differed from their peers in measures of attention, 
executive function, and memory.482,483 In another study, children 
with SCI had twice the rate of school difficulties as those without 
infarcts, including poor educational attainment, defined as repeat-
ing a grade in school because of lack of educational progress, a 
requirement for special educational services, or both.484

Lower Hb concentration is a reported risk factor for both the 
development of SCI and neurocognitive impairments.289,485,486 
Other recognized risk factors for decreased cognitive function are 
hypoxemia and age. Nocturnal hemoglobin oxygen desaturation 
has been examined in a small group of children with SCA and 
found to be associated with lower neuropsychological measures of 
executive function.487 In addition, elevated blood flow velocity by 
TCD in children with SCA was associated with decreased language 
function (syntactical skills), even when controlling for the degree 
of anemia.488

New MRI modalities that examine cerebral blood flow, such as 
arterial spin-labeled (ASL) perfusion, and the effect of oxygenation 
on the magnetic properties of blood Hb, such as blood oxygen-
ation level-dependent (BOLD) signal changes, deserve further 
investigation, but may prove useful in diagnosing and monitoring 
brain microvasculature damage in sickle cell disease.489–491

Interventions for improving neurocognitive performance in 
patients with sickle cell disease are lacking. An association of oral 
hydroxyurea (HU) therapy with improved cognitive functioning on 
tests of verbal comprehension, fluid reasoning, and general cogni-
tive ability has been seen in a small group of children with sickle 
cell disease and may be an effect of improved blood and oxygen 
supply to the brain or reduced fatigue and illness related to HU 
treatment.492 Because several reports support the hypothesis that 
the severity of anemia is related to cognitive functioning,481,493,494 
a multicenter study has been performed to determine whether 
short-term transfusion results in improved neurocognitive per-
formance in adults with sickle cell disease; however, results are 
not yet available. In addition, neuropsychologic performance in 
patients who have undergone successful bone marrow transplants 
has been measured, and it appears that full-scale IQ levels have at 
least stabilized.495,496

cardiovascular system
Cardiac enlargement, particularly an increase in left ventricular 
(LV) dimensions and mass, results from an increase in cardiac 
output imposed by chronic anemia and has its onset in early 
childhood.497 The typical physical examination reveals cardio-
megaly, a hyperdynamic precordium, and a grade II–III (out of 
VI) systolic ejection murmur with wide radiation. An ejection click 
from pulmonary artery dilatation and an S3 or apical diastolic 
rumble also may be heard. Autopsies have revealed that right and 

left ventricular dilation is common in both children and adults.498 
Right ventricular (RV) preload and systolic function do not worsen 
during childhood; however, RV mass index and the prevalence 
of PHT increase, consistent with rising pulmonary vascular 
resistance.499 Significant LV dilatation and LV hypertrophy due 
to abnormal loading conditions was also found in children.500 
Echocardiography, performed on adult sickle cell patients from 
the CSSCD in their baseline state, showed striking left atrial and 
biventricular enlargement, normal shortening fraction, prolonged 
ejection time, and increased stroke volume.501 Adult sickle cell 
patients may have RV enlargement and dysfunction (decreased RV 
ejection fraction) even in the absence of overt PHT.502 Brain natri-
uretic peptide (BNP) mediates natriuresis and vasodilation and 
its elevation is associated with diminished exercise tolerance and 
poor prognosis in patients with LV cardiac failure. Increased BNP 
in patients with sickle cell disease reflects the increased cardiac 
chamber volume and pressure overload. Elevation of N-terminal 
(NT)-proBNP is observed in the setting of PHT and is associated 
with functional impairment and increased mortality.503,504

Systolic dysfunction is rare in young patients with sickle cell 
disease, but diastolic dysfunction is common and easily diagnosed 
and monitored using new tissue Doppler and speckle track-
ing echocardiography techniques.505,506 LV diastolic dysfunc-
tion is associated with hemoglobin concentration, but not with 
iron deposition in the myocardium.507 Diastolic dysfunction, as 
reflected by a low E/A ratio, was associated with mortality with a 
risk ratio of 3.5, even after adjustment for tricuspid regurgitation 
jet velocity (TRV). The presence of both diastolic dysfunction and 
PHT conferred a risk ratio for death of 12.0.508

In general, there is an absence of atherosclerotic heart dis-
ease, although one study reported myocardial infarction and 
fibrosis in 17% of patients.509 Adults with sickle cell disease 
may present with clinical signs of acute myocardial infarction in 
the absence of atherosclerosis or coronary occlusion, but this is 
uncommon.510 In children, rare cases of myocardial infarction 
and transient ventricular dysfunction have been reported,511,512 
although myocardial perfusion abnormality measured by thal-
lium-201 single-photon emission computed tomography may be 
relatively frequent.513–515 Congestive heart failure generally does 
not occur in the absence of extracardiac complications of sickle 
cell disease.501 However, physical performance is severely com-
promised; adults are usually unable to exceed 50% of expected 
work capacity,516,517 and children and adolescents have 60% to 
70% work capacities.518–520 This is the result of a high cardiac 
output at rest and an inability to increase output as an adaptive 
response under stress and increased physical demand.

Electrophysiology changes have also been noted in patients 
with sickle cell disease. In a screening study of sickle cell subjects 
between the ages of 10 and 24 years, prolongation of the QTc 
interval was observed in 29/76 (38%) subjects, and was not asso-
ciated with the presence of LV hypertrophy.521

Other factors may compound the cardiac embarrassment 
resulting from anemia. The shunting of blood through infarcted, 
nonaerated segments of the lung compromises arterial oxygen 
saturation, and sludging of sickled erythrocytes in small pulmo-
nary arteries may result in PHT. Myocardial injury or infarction 
may be associated with fat embolism.522 Myocardial hemosidero-
sis, the consequence of long-standing transfusion therapy, may be 
responsible for intractable heart failure, but is an uncommon find-
ing in patients with sickle cell disease compared to patients with 
thalassemia major, who frequently develop this complication.

pulmonary system
Chronic pulmonary disease, an event more commonly observed in 
adults with sickle cell disease, is presumably related to recurring 
episodes of ACS, and is characterized by lung fibrosis on high- 
resolution chest computerized tomography, decreased radio-
lucency of the lungs, and impairment of pulmonary function, 
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primarily in a restrictive pattern.523,524 Typically, the vital capacity 
and total lung capacity are reduced, and gas mixing and exchange 
are compromised. Less often, obstructive lung disease is noted. 
Blood is shunted through poorly aerated or collapsed segments 
of the lung, creating a disparity between ventilation and perfu-
sion. The resulting reduction in the functional pulmonary vascu-
lar tree is responsible for a decrease in arterial oxygen tension 
(70 to 90 mm Hg) and desaturation of arterial blood. Hb oxygen 
saturation is lower in children with Hb SS/Sb0 thalassemia com-
pared with those with Hb SC/Sb+ thalassemia.525–527 Although 
pulse oximetry may underestimate true arterial saturation, pulse 
oximetry values correlate positively with Hb and fetal Hb levels in 
patients with Hb SS.528–530

There is a high prevalence of asthma and airway responsive-
ness among pediatric patients with sickle cell disease.310,531,532 
The morbidity of asthma among adults is less defined; however, 
wheezing (without necessarily a formal diagnosis of asthma) has 
been associated with increased pain and ACS events.533 Because 
of the high prevalence of asthma and airway hyperresponsiveness 
in sickle cell disease, the overlap of symptoms of asthma exac-
erbation and ACS, and the inheritance pattern of asthma within 
families of patients with sickle cell disease, it is hypothesized that 
the asthma (or airway hyperresponsiveness) symptoms are in fact 
part of the pathophysiology of sickle cell disease, rather than there 
being two separate co-morbid conditions.534 Further investigation 
is needed to confirm this hypothesis.

Sleep disordered breathing (obstructive sleep apnea, snor-
ing) may be increased among patients with sickle cell disease, 
although most studies did not utilize polysomnography to confirm 
findings, but relied on validated sleep disorder questionnaires.263 
Further investigation in this area might establish supportive ther-
apeutic options to reduce nightly oxygen desaturation. Pulmonary 
hypertension (PHT) is a major cause of morbidity and mortality 
among adults with sickle cell disease.535–538 It is not known why 
PHT was rarely recognized as a complication of sickle cell disease 
in earlier studies, but it is possible that the high frequency seen 
in older patients reflects current success in preventing mortal-
ity in severely affected children and young adults.536,539 PHT 
is defined by a mean pulmonary artery pressure ≥25 mmHg, 
and includes pulmonary arterial hypertension (PAH), pulmonary 
venous hypertension (PVH) (which results from LV dysfunction), 
or a combination of both (mixed disease). It is important to note 
that high cardiac output can also elevate pulmonary artery pres-
sure, adding to the complex and multifactorial pathophysiology of 
PHT in sickle cell disease. Tricuspid regurgitant jet velocity (TRV) 
has been a noninvasive surrogate measure of PHT. Specifically, 
TRV values ≥2.5 m/s measured by Doppler echocardiography 
are suggestive of PHT, and values ≥3.0 m/s are highly indicative 
of PHT.132 In a landmark study, 32% of adults with Hb SS had 
TRV ≥2.5 m/s; this was associated with a tenfold increase in risk 
of death and a mortality rate of ∼16% at 18 months and 40% at  
40 months of follow-up. Subsequently, other studies utilizing TRV 
as a noninvasive screening test also found significant associations 
between elevated TRV and increased mortality.540,541 Markers of 
hemolytic anemia, including low hemoglobin level, high reticulo-
cyte count, and high LDH, were associated with elevated TRV, as 
were a history of renal or cardiovascular complications, increased 
systemic systolic blood pressure, and priapism. In subsequent 
studies, TRV was validated against direct right heart catheteriza-
tion in adults, and 25% to 65.5% were shown to have true PHT, 
for a prevalence of PHT in the total screened population varying 
from 6% to 10%.539,542,543 TRV as measured by echocardiogram 
should not be used alone to establish a diagnosis of PHT. Definitive 
diagnosis requires right heart catheterization and a mean pulmo-
nary artery pressure ≥25 mmHg. A potential screening for PHT in 
adults with sickle cell disease has been proposed utilizing a com-
bination of TRV, NT-proBNP, and 6-minute walk tests results.524 
TRV elevation has been reported in children;  however, it does not 

seem associated with increased mortality and it is unclear if it 
truly reflects PHT in children.544 It is possible that TRV elevation 
reflects increased cardiac output in children,545 therefore there is 
no recommendation at present for using TRV as a screening test 
in children with sickle cell disease.

PHT may represent one element of generalized vasculopathy 
seen in some patients with sickle cell disease (associated with 
systemic hypertension, renal dysfunction, priapism, and cere-
brovascular events), but it is not associated with markers of 
inflammation, fetal hemoglobin level, or platelet count.133 There 
is growing evidence that altered arginine metabolism is involved, 
in particular, the intravascular release of arginase activity from 
ongoing hemolysis.108,536

Therapeutic intervention for PHT has been limited. Arginine 
supplementation lowered pulmonary artery pressures by >15% 
after 5 days of therapy in a pilot study;546 however, a larger study 
failed to show benefit (unpublished). Sildenafil, a phosphodiester-
ase 5-inhibitor, resulted in decreased pulmonary artery systolic 
pressure and increased exercise tolerance in a small group of 
adults.547 Sildenafil was tested in a large multicenter placebo-
controlled double-blinded trial of adults with sickle cell disease 
with elevated TRV and low exercise capacity by the 6-minute 
walk distance test (walk-PHaSST study); however, the trial was 
stopped early due to a higher percentage of subjects experiencing 
serious adverse events (pain) in the sildenafil arm.548 There was 
no evidence of a treatment effect on the 6-minute walk distance 
test, TRV, or N-terminal pro-BNP. It is unclear why sildenafil 
increased the incidence of painful events, but lowering of the pain 
threshold has been postulated as a possible explanation. Other 
management considerations include endothelin receptor agonists 
(ambrisentan and bosentan), hydroxyurea treatment, chronic 
transfusion therapy (especially for severe PHT), and various forms 
of prostaglandin therapy.133 Endothelin receptor agonists were 
tested in 2 clinical trials (ASSET studies), but due to low accrual 
rate, the studies were interrupted early, and were therefore 
underpowered to show any benefit.549 Treatment of risk factors 
such as hypoxemia, severe anemia, or LV systolic and diastolic 
dysfunction is indicated.

hepatobiliary and gastrointestinal systems
Liver enlargement is present by 1 year of age and persists to 
a moderate degree throughout life. Analysis of histologic sec-
tions reveals distention of sinusoids with sickled cells, Kupffer 
cell erythrophagocytosis, and varying degrees of periportal 
fibrosis and hemosiderin pigment.550 Sickle cell disease may 
be associated with disturbance in hepatic function.551 Acute 
enlargement of the liver, such as may occur with sequestration 
of sickle cells, subcapsular infarction, or hepatic vein thrombo-
sis,552–554 is associated with tenderness or right upper quadrant 
pain. Intrahepatic infarcts may be complicated by abscess for-
mation. In addition, hepatic function as assessed by lidocaine 
 metabolism is impaired in patients with sickle cell disease, sug-
gesting caution when using hepatically metabolized medication 
in these patients.555

It is not unusual for hyperbilirubinemia (with increases in 
both direct and indirect bilirubin) to punctuate the course of 
SCA. These episodes may result from hemolysis, intercurrent 
infectious hepatitis, intrahepatic sickling (hepatic crisis, “sickle 
hepatopathy”), or choledocholithiasis. It has been suggested that 
coexistent glucose 6-phosphate dehydrogenase deficiency may be 
a contributing factor.556

The clinical picture of acute viral hepatitis is similar to that seen 
in non-sickle–cell patients except for the remarkable elevation of 
serum bilirubin concentration (which may reach 100 mg/dl).557 
Hepatitis A virus may be a frequent cause of acute icteric hepati-
tis in endemic areas and may result in fulminant hepatic failure 
and death.558 Sickle cell patients respond normally to hepatitis B 
vaccine,559 although surface antibody titers after immunization 
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should be measured to identify those who do not convert and 
require booster injections.560 Evidence of prior hepatitis C virus 
infection has been found in 10% to 21% of SCA patients,561,562 
but since the advent of screening of transfused blood for hepa-
titis C, new cases of this infection have become extremely rare. 
Liver biopsies may show progression to chronic active hepatitis 
and cirrhosis. Orthotopic liver transplantation has been used in 
a few patients with sickle cell disease with success; however, the 
frequency of neurologic complications during the transplant may 
be disproportionally high.563

The histologic consequences of intrahepatic sickling include 
impaction of hepatic sinusoids with sickled erythrocytes, patchy 
areas of hepatocellular necrosis, engorgement of Kupffer cells, 
and bile stasis.550,564 In a recent report, sickle hepatopathy was 
defined by a total serum bilirubin concentration >13 mg/dl, not 
explained by severe acute hemolysis, viral hepatitis, extrahepatic 
obstruction, or hepatic sequestration.565 In children, manifesta-
tions of sickle hepatopathy are relatively mild and transient. These 
include right upper quadrant pain, hepatomegaly, fever and leuko-
cytosis, mild elevation of serum transaminase levels, and moderate 
to marked elevation of serum bilirubin and alkaline phosphatase 
levels.566 Although the course in children is benign and symptoms 
usually resolve in 1 to 3 weeks, progression to fulminant hepatic 
failure, generalized bleeding, and death are much more frequent 
in adults565 and are occasionally seen in adolescents.567 Prompt 
exchange transfusion and, occasionally, chronic transfusion have 
been the only effective therapies in these patients.567–569

Because of a sustained increase in heme catabolism, the 
frequency of pigmentary gallstones in sickle cell disease is high. 
These stones, which may be either radiolucent or radio-opaque, 
have been documented in children <5 years of age.570–572 The 
incidence of gallstones increases with age, from 12% in the 2- to 
4-year-old age group to 42% in the 15- to 18-year-old age group 
and 60% in adults.572 In Jamaica, the prevalence of gallstones was 
53% at 23 years of age in Hb SS and 20% in Hb SC.573 When ultra-
sonography is used routinely, the finding of gallbladder sludge 
with or without concurrent stones is common;574 even if it is not 
present initially, patients with sludge eventually develop stones. 
Genetic variations in the uridine diphosphate–glucuronosyltrans-
ferase 1a promoter significantly influence serum bilirubin levels 
and the development of symptomatic cholelithiasis in children 
with SCA.575 Chronic transfusion, even if used for prolonged peri-
ods, does not seem to prevent the development of gallstones.576 
Although patients are not always able to distinguish the pain of 
choledocholithiasis from that of abdominal vaso-occlusive crises, 
elective cholecystectomy may be followed by a dramatic decrease 
in the frequency of abdominal crises.577 Laparoscopic chole-
cystectomy has replaced open cholecystectomy in most centers 
because it results in shorter hospitalization and decreased post-
operative pain and other complications.578–580

Although duodenal ulcer disease has been reported in patients 
with SCA,581 there is no clear evidence that it is more com-
mon than in the general population. Gastric acid output is not 
increased in patients with duodenal ulcers.582 Severe ischemic 
colitis has been reported in several patients,583–585 and pancreati-
tis has been a rare problem in sickle cell disease.586

The chronic use of blood transfusions will eventually lead to 
accumulation of iron in the liver (hemosiderosis). Although iron 
initially accumulates in reticuloendothelial cells of the liver (sinu-
soids), with continued transfusions, it is incorporated in paren-
chymal cells (hepatocytes), increasing the risk of liver injury with 
hepatocyte damage, synthetic dysfunction, fibrosis, and eventually 
cirrhosis.587

Kidneys
A variety of defects in renal function has been described,588 and a 
number of histologic alterations noted,589 Even in the absence of 
clinically apparent renal disease, small cortical infarcts of varying 

ages are evident,590 hemosiderin is deposited in the epithelium 
of proximal convoluted tubules, glomerular arterioles are dilated 
and congested, glomerular surface area relative to kidney size is 
increased,589 and varying degrees of juxtamedullary glomerular 
hypertrophy and sclerosis are seen. Symmetric enlargement of the 
kidneys is a regular feature, and distortion of the collecting system 
has been a common finding on intravenous pyelograms.590 Frank 
papillary necrosis may occur.

Hyposthenuria591,592 and a limited capacity for hydrogen ion 
excretion593–595 are a result of tubular damage, and are present 
after 6 to 12 months of age. Hyposthenuria may be corrected tem-
porarily by red cell transfusions until up to 15 years, but not there-
after.591 Disruption of the countercurrent multiplication system 
owing to sludging of sickle cells in the more hypertonic portions of 
the renal medulla has been proposed as the mechanism responsi-
ble for the concentrating defect.591 The demonstrated obliteration 
of a portion of the vasa rectae is in keeping with this hypothesis.590 
Presumably because of the large fluid consumption necessitated by 
the renal-concentrating defect, most patients experience enure-
sis.596 Enuretic sickle cell patients have nocturnal urine osmolality 
equivalent to that of nonenuretic patients but may respond to des-
mopressin.597,598 In addition, enuretic patients have a higher rate 
of psychosocial problems than sibling controls.599

Urinary acidification is abnormal in sickle cell patients, probably 
resulting from an incomplete form of distal tubular acidosis attrib-
utable to diminished ability of the collecting duct to maintain hydro-
gen ion gradient.593,595 Impaired potassium excretion by the kidney 
and subsequent hyperkalemia, increased phosphate reabsorption, 
and increased uric acid clearance have also been described.600–602

Hematuria is common and may be both brisk and prolonged. 
Bleeding may originate in one kidney or both, or it may take place 
in an alternating fashion. The most common lesion is an ulcer in 
the renal pelvis at the site of a papillary infarct.603,604 The pos-
sibility that painless hematuria may be the result of poststrepto-
coccal glomerulonephritis,605 renal medullary carcinoma,606 or 
other disorders unrelated to the hemoglobinopathy should not 
be overlooked. Idiopathic hematuria rarely requires more than 
symptomatic treatment. The risk of clotting within the collecting 
system is best minimized with a high fluid intake. Although there 
is no controlled study of its use, ε-aminocaproic acid is said to 
shorten the duration of hematuria in both SCA and sickle trait 
patients.607,608 Its use, however, is attended by a risk of ureteral 
obstruction resulting from blood clots.

The nephrotic syndrome is an infrequent but well-documented 
complication of SCA that occurs in adolescents and adults. The 
syndrome may be associated with hypertension, hematuria, 
parovovirus B19 infection,366 and progressive renal insufficiency 
culminating in renal failure. Pathologic lesions include glomerular 
enlargement and focal segmental glomerulosclerosis.564,609 In 
more advanced disease, a lesion that resembles membranoprolif-
erative glomerulopathy has been described;610 immune complex 
nephropathy has also been reported.611 Glomerular enlargement 
is secondary to the increased glomerular filtration rate and effec-
tive renal plasma flow that are found in children but that decline 
to subnormal levels with increasing age or from adverse effects 
of nonsteroidal anti-inflammatory agents.612,613 In addition, the 
increased cardiac output and vasodilation from increased produc-
tion of prostacyclins contributes to the glomerlular hyperfiltration. 
Glomerular damage in adults is very common and associated 
with albuminuria and progressive renal failure.614 Glomerular 
hyperfiltration also occurs in children, with a prevalence of 76% 
in one pediatric cohort, progressive decrease with age, and inverse 
association with cystatin-C levels and systolic blood pressure.615 
Microalbuminuria occurs commonly in adults (37%),616 but in chil-
dren its prevalence is lower and is reported from 16% to 18%.615,617 
The use of angiotensin-converting enzyme inhibitors (ACEi) might 
be beneficial in preventing progression of microalbuminuria and 
proteinuria in sickle cell disease, but prospective studies have 
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not been conducted. In addition, hydroxyurea, used in conjuction 
with ACEi or alone, might offer additional benefit in reducing 
proteinuria and improving renal urine concentrating ability.618,619 

However, chronic red cell transfusion begun at an early age may 
be protective against microalbuminemia.620 Approximately one 
fourth of adult sickle cell patients have at least 1+ proteinuria, 
and 7% have serum creatinine concentrations above the normal 
range.621 The overall incidence of hypertension in patients with 
Hb SS is low (2% to 6%), compared with a published incidence of 
28% for the black population in the United States.622 Data from 
the CSSCD confirmed that individuals with sickle cell disease have 
a significantly lower blood pressure than the general population, 
but hypertension is still a risk factor for stroke and increased 
mortality.623 Intermittent hypertension occurring during sickle 
cell crises and associated with transient elevation of plasma renin 
activity has been attributed to the reversible sludging of red cells 
in the small vessels of the kidney.

Renal failure, which occurs in ∼4% of patients with SCA 
at a median age of onset of 23 years,624,179 is a significant 
cause of mortality in adults.143 The preazotemic manifesta-
tions of hypertension, proteinuria, and increasingly severe 
anemia predict end-stage renal failure with an average survival 
(despite dialysis) of 4 years after diagnosis.624 Potentially valu-
able newer measures of declining renal function include serum 
cystatin-C and markers of tubular damage (increased serum b2 
microglobulin, increased urinary N-acetylglucosaminidase or 
endothelium-1).625,626 In addition, 2 genes (MYH9 and APOL1) 
have been identified as having SNPs associated with proteinuria 
and end-stage renal disease.627,628 Management of renal failure 
is the same as that for renal insufficiency resulting from other 
causes. Both hemodialysis629 and peritoneal dialysis, when 

used in conjunction with a transfusion program, are efficacious 
in transiently correcting uremic complications. The role of renal 
transplantation has not been well established because of limited 
numbers of patients and posttransplant problems of increased 
pain crises, graft thrombosis, and recurrence of sickle nephrop-
athy.630 A report from the North American Pediatric Transplant 
Cooperative Society described nine patients with end-stage 
sickle cell nephropathy for whom graft survival was 71% at 2 
years after transplant.631 In another report, 82 patients with 
end-stage sickle cell nephropathy received renal allografts.632 
The short-term result was similar to that seen with other causes 
of end-stage renal disease, and this approach seems to improve 
survival in comparison with those patients managed with 
chronic dyalisis.633 Pharmacologic doses of exogenous erythro-
poietin have been effective in correcting anemia,634 but higher 
hematocrits have been associated with increased pain crises.635

eyes
A variety of ocular lesions results from occlusion of the small ves-
sels of the eye by sickled erythrocytes (Fig. 33.9). The prominence 
of end arterioles within the retina renders this tissue especially 
vulnerable to irreversible injury after vascular occlusion.

Sludging of blood in conjunctival vessels is responsible for the 
so-called conjunctival sign,636 which consists of dark red, comma-
shaped, or corkscrew-shaped vascular fragments that appear to 
be isolated from other vessels. The anomalous segments are seen 
most often in that part of the temporal bulbar conjunctiva covered 
by the lower lid. A direct relationship between the prominence of 
these saccular segments and the number of ISCs on blood smears 
has been noted.637,638

Figure 33.9. Ocular abnormalities in sickle 
cell anemia. A: “Comma” vascular sign: superfi-
cial conjunctival vessel that contains densely packed 
sickled cells (arrow ). B: Widened veins and tortuous 
large vessels of the retina. C: Large preretinal hemor-
rhage of approximately 2 weeks’ duration. There is 
partial resorption and exposure of a darkened area 
that was the probable site of intraretinal hemorrhage. 
D: Old pigmented chorioretinal scar. Photographs by 
Professor Mansour Armaly, The George Washington 
University Medical Center.
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Vaso-occlusive disease of the retina is responsible for both 
nonproliferative and proliferative (neovascular) changes.639,640 
The former consist of “salmon patches,” produced by small intra-
retinal hemorrhages; iridescent spots, representing collections of 
iron-loaded retinal macrophages; and schisis cavities, left after 
resorption of blood. Hemorrhages that break into the potential 
space between the sensory retina and pigment epithelium stimu-
late pigment production and migration, giving rise to black, disc-
shaped scars known as “black sunbursts.” Proliferative changes 
begin with the formation of arteriovenous anastomoses, followed 
by the development of vascular fronds resembling sea fans.641 
Immunohistochemical techniques have been used to demonstrate 
the association of vascular endothelial growth factor and fibroblast 
growth factor with sea fan formation.642 Vessels grow anteriorly 
toward the pre-equatorial, ischemic portion of the retina. Inspection 
of sea fans with ultraviolet light after the intravenous injection 
of fluorescein usually reveals small leaks into the vitreous. Major 
hemorrhages from sea fans that extend into the visual axis can 
generate visual symptoms. More often, however, they are confined 
to the peripheral portions of the retina and go undetected except by 
ophthalmoscopy. With time, repeated vitreous hemorrhages cause 
vitreous degeneration and vitreoretinal traction, which in turn pro-
duces retinal holes, tears, and detachment. Although these changes 
may culminate in loss of vision, they do so less often in association 
with Hb SS than in association with Hb SC disease.641,643,644

The prevalence of sickle retinopathy (both proliferative and 
nonproliferative) increases with age and is more common among 
patients with HbSC than those with HbSS. In a large study of 
sickle cell patients, the prevalence of sickle retinopathy was 54.6% 
and 18.1% in patients with HbSC and HbSS, respectively, and 
was more common among men than women.645 No correlation 
has been found between retinopathy and various hematologic 
parameters except Hb F level, which is higher in less-affected 
patients.646 Screening for sickle retinopathy is recommended 
beginning at 10 years of age, and should be done annually for 
HbSC or bi-annually for other genotypes.

Diagnosis and monitoring of sickle retinopathy generally has 
been performed with noncontact wide-field fundus photography 
(Fig. 33.9). However, current technology utilizing wide-field 
angiography offers a 200° field of view in a single frame, allow-
ing better visualization of peripheral proliferative changes, and a 
scanning laser ophthalmoscope; this requires a bolus dose of 5 ml 
of 10% sodium fluorescein. In a small study of 6 patients with this 
technique, peripheral vascular changes were detected that would 
have been missed using standard techniques.647

Proliferative retinal disease may be arrested by laser photo-
coagulation or cryocoagulation,637 to seal off the feeder vessels 
of neovascular patches and coagulate vascular leaks. However, 
because the long-term complication rate is relatively high, most 
retinal specialists have abandoned feeder vessel treatment in 
favor of scatter photocoagulation, except in recalcitrant cases with 
repetitive bleeding.648 Vitreous hemorrhages can be removed 
by pars plana vitrectomy followed by photocoagulation. Retinal 
detachment is treated by scleral buckling surgery, although poten-
tial complications include persistent intraocular hemorrhage, 
hyphema with secondary glaucoma, infarctions of the macula and 
optic nerve from elevated intraocular pressure, and the potential 
for intraoperative sickling crises.648

An additional ocular complication of sickle cell disease is 
hyphema. Bleeding into the anterior chamber leads to trapping of 
sickled red cells, mechanical obstruction of the outflow apparatus, 
compromised circulation of the aqueous humor, and increased 
intraocular pressure, which may result in sudden blindness.649 
This complication, which also can occur with sickle cell trait red 
cells, may be managed effectively by lowering intraocular pres-
sure through anterior-chamber paracentesis.

Mild edema of the eyelids is frequently seen in asso-
ciation with vaso-occlusive pain crises, but more significant 

sickle “orbitopathy” has been described in approximately 20 
patients.650,651 A vaso-occlusive process in the marrow space 
around the orbit may result in frontal headache, fever, eyelid 
edema, and orbital compression. Subperiosteal hematomas are 
common and appear to result from bone marrow infarction. 
Although supportive care is usually adequate, the presence of 
optic nerve dysfunction or unusually large hematomas may 
require surgical evacuation to prevent loss of vision.650

leg ulcers
Breakdown of the skin over the malleoli and distal portions of 
the legs is a recurring problem during adult life (Fig. 33.10).652 
Stasis of blood in the small vessels supplying these areas may 
interfere with the healing of minor traumatic abrasions. Venous 
incompetence detected by Doppler ultrasonography was more 
frequent in Jamaican patients with Hb SS than in controls and 
was highly associated with leg ulcers.653 These were observed in 
2.5% of sickle cell patients >10 years of age in North America,654 
but they affect as many as 75% of adults with SCA who live in 
tropical areas.655 A number of other risk factors have been iden-
tified. Ulcers are common in patients with Hb SS but quite rare 
in those with Hb SC disease or Hb Sb+-thalassemia.654 They are 
more common in men than in women and in those >20 years of 
age. There is a positive correlation with a low steady-state Hb 
concentration and with a low level of Hb F.654 Recently, associa-
tions with severity of hemolysis and with single-nucleotide poly-
morphisms in the Klotho gene and TGF-b pathway genes have 
been reported.112

The ulcers typically form a shallow depression with a smooth 
and slightly elevated margin; often, they have a surrounding area 
of edema. There may be exudation, crusting, and granulation at 
the base. Secondary infection of the ulcer with undermining of 
the edges and progressive extension are common. Single or mul-
tiple bacterial organisms may be cultured from the lesions and 
may contribute to their refractoriness. Healing leaves a thinned 
depigmented epithelium that is often surrounded by areas of 
hyperpigmentation and hyperkeratosis. This fragile epithelium is 
likely to break down with minimal trauma or edema, leading to 
recurrence rates >70%.656

Healing of leg and ankle ulcerations is facilitated by bed rest, 
elevation of the affected extremities, wet-to-dry dressings, and 
eradication of documented wound infections with systemically 
administered antibiotics. When acute inflammation has sub-
sided, occlusive zinc-oxide–impregnated gel boots (Unna boots) 
are applied, and partial ambulation is permitted. In refractory 

Figure 33.10. Chronic leg ulcers in an adult patient with sickle cell anemia (SCA).
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or progressive cases, the healing process may be enhanced if 
the level of Hb S is maintained at <40% with transfusions. Split-
thickness skin grafting may be necessary.657 A number of alter-
native approaches have also been described in recent years. Zinc 
deficiency has been invoked to explain slow tissue healing,658 
and oral zinc therapy may hasten healing in some patients.659 
Erythropoietin and hydroxyurea may improve healing by increas-
ing fetal or total Hb levels (or both).660,661 Hydroxyurea has been 
linked to the development of leg ulcers anecdotally, but larger 
studies have not found this association. The use of collagen-matrix 
dressings (RGD peptide matrix) resulted in greater ulcer closure 
in a controlled collaborative trial.662 Recently a phase II clinical 
trial in 23 adults with refractory leg ulcers compared standard 
care with arginine butyrate (500 mg/kg, 5 d/week) plus standard 
care.663 Healing of the ulcers was significantly better in the argi-
nine butyrate arm.

pregnancy
Pregnancy poses potentially serious problems for the woman with 
SCA, as well as for the fetus and neonate.664–666 In the absence 
of medical supervision, the mortality for mother and infant has 
been as high as 20% and 50%, respectively.667 With optimal 
care, mortality and morbidity are reduced substantially, even in 
difficult settings in Africa.668 The jeopardy imposed by preg-
nancy is explained in part by marginal health status before 
conception and in part by the sinusoidal circulation of the 
placenta, whereby a high degree of oxygen extraction provides 
an excellent milieu for sickling, stasis, and infarction. Although 
life-threatening complications generally are not encountered 
until the third trimester, an increased incidence of pyelone-
phritis, hematuria, and thrombophlebitis is noted throughout 
pregnancy.669 Anemia is more severe and may be compounded 
by folate deficiency. During late pregnancy and the postpartum 
period, major infarctions may involve the lungs, kidneys, or 
brain. Toxemia, heart failure, and postpartum puerperal endo-
metritis occur with greater frequency in women with SCA than 
in the general population.669–671

The risk to the fetus is serious; fetal wastage results from 
a combination of abortion and stillbirth.669 The incidence of 
congenital malformations or susceptibility to complications is 
comparable to that shared by all preterm infants.672 Opiates are 
not associated with teratogenicity, congenital malformations, or 
toxic effects other than transient suppression of movement and 
variability in fetal heart tones.673 Hydroxyurea, even when used 
throughout pregnancy, has not been associated with teratogenic 
changes, both in a small number of pregnancies, and among 
adults who participated in the MSH trial and were followed for up 
to 17 years.674,675 Nevertheless, it is a teratogen in animals and 
should be stopped once pregnancy is recognized.664

Infants born to women with SCA are at greater risk of pre-
term birth, low birth weight, being small for gestational age, and 
neonatal jaundice,670 but since 1980, the neonatal mortality rate 
has ranged from 0% to 10%.664 According to a CSSCD report 
21% of infants were small for their gestational age.671 Possible 
etiologic factors are severe maternal anemia; frequent episodes 
of vaso-occlusion leading to hypoperfusion and hypoxia of the 
placenta; increased risks of abruptio placentae, placenta previa, 
and toxemia of pregnancy; diminished maternal nutrition; and 
increased narcotic use in the mother. Pre-eclampsia and acute 
anemic events were risk factors identified by the CSSCD.671 The 
increased risk of preterm labor and prematurity may be caused 
by similar factors, including anemia, abruptio placentae, placenta 
previa, toxemia, and narcotic use, as well as increased urinary 
tract infection and chorioamnionitis. A high maternal Hb F 
level may have an ameliorating effect on perinatal mortality.676 
Treatment of sickle cell disease during pregnancy may include 
repeated blood transfusions, but this is not indicated in all cases 
(see “Treatment” section).

The efficacy and safety of various methods of contracep-
tion have not been investigated systematically in women with 
sickle cell disease. Despite a theoretical possibility of  enhancing 
 thrombotic risk, low-estrogen–dose birth control pills are some-
times recommended. Studies in Nigeria and Brazil found no 
adverse effects from the progestational contraceptive implant and 
a possible improvement in fetal Hb level.677,678 An association of 
pain crises and menstrual periods seen in 37% of women suggests 
the use of a continuous combined contraceptive pill regimen or 
medroxyprogesterone (Depo-Provera) to induce amenorrhea in 
severe cases.679 A review of progesterone-only contraceptive use 
suggested that they are safe and result in less frequent and severe 
painful crises.680

prognosis
The prognosis for persons with SCA has undergone dramatic 
change as a result of early diagnosis, improved patient education, 
and effective therapeutic interventions. In a retrospective review 
of autopsy cases from the United States in 1972, 20% to 30% 
were <5 years of age at the time of death.334 The median age 
at death was 14 years, and survival beyond 40 years of age was 
unusual. In a 1976 report of a screening program that used cord 
blood samples, 31% of children diagnosed at birth died before 15 
years of age at a mean age of 2 years.681 The disproportionate 
number of reported deaths occurring in early childhood was the 
result of overwhelming bacterial infections and splenic seques-
tration crises.175,682

Newborn screening for sickle cell disease and greater aware-
ness of the unique needs of affected infants and children have 
resulted in an improved prognosis.683,684 The simple adoption of 
a standardized protocol for the management of febrile illnesses 
reduced the mortality in children with SCA 0 to 5 years of age 
from 3.2/100 patient-years to 1.4/100 patient-years.390 In 1989, 
the CSSCD documented an 85% survival rate at 20 years of age.685 
In that study, peak incidence of death (mostly resulting from infec-
tions) occurred between 1 and 3 years of age. Cerebrovascular 
accidents and traumatic events exceeded infections as a cause of 
death in the second decade of life. Mortality data for young chil-
dren with Hb SS born in the early 1990s in three large states with 
newborn hemoglobinopathy screening indicated that 1% died as a 
result of sickle cell disease related causes during the first 3 years 
of life.686 In the Dallas newborn cohort study, infants identified by 
newborn screening were followed for up to 18 years.687 The cumu-
lative overall, sickle cell related, and stroke-free survival rates were 
approximately 86%, 94%, and 88.5% by age 18 years. It was con-
cluded that childhood mortality from sickle cell disease is decreas-
ing and that a smaller proportion of deaths are from infection.

In a report from the CSSCD,143 causes of death for 209 adult 
patients who died during the study were analyzed. Among adults 
with Hb SS, the median age at death was 42 years for males and 
48 years for females. However, among those with Hb SC disease, 
the median age at death was 60 years for males and 68 years for 
females. Only 18% of deaths occurred in patients with chronic 
organ failure; of these, 58% had chronic renal failure, 29% had 
chronic congestive failure, and 23% had chronic debilitating 
stroke. One third of the deaths occurred in the context of hos-
pitalization for an acute painful episode, ACS, or stroke, which 
was predominantly hemorrhagic. Six percent died from infec-
tion, 6% had perioperative deaths, and 6% died from trauma. 
Miscellaneous causes included cancer, gastrointestinal bleeding, 
and fulminant hepatic failure. In ∼23%, the exact cause of death 
was unknown. Statistical modeling revealed that in patients 
with SCA, ACS, renal failure, seizures, baseline white cell count 
>15,000/mm3, and a low level of fetal Hb were associated with 
an increased risk of early death. It was concluded that a high level 
of fetal Hb is a relatively reliable childhood forecaster of improved 
adult life expectancy.
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In a four-decade prospective cohort study from Los Angeles 
involving more than 1,000 patients, it was noted that children 
born after 1975 had an 89% survival to age 20 years.179,688 A 
higher rate of hospitalization for sickle cell pain crises in adults 
was associated with increased rates of avascular necrosis, leg 
ulcers, chronic lung disease, renal failure, and early death. Of 
the patients who died, 73% had one or more forms of irrevers-
ible organ damage. By the fifth decade, nearly one half of the 
surviving patients had documented irreversible organ damage, 
including end-stage renal disease, chronic pulmonary disease 
with PHT, retinopathy, and cerebral infarctions, underscoring 
the need for preventive therapy to ameliorate the progression of 
sickle vasculopathy.

Overall, although mortality in children with sickle cell disease 
has progressively decreased in developed nations, the burden of 
mortality in sickle cell disease is increasingly shifting to adults, 
particularly among young adults (18 to 30 years) who have 
recently transitioned out of pediatric sickle cell programs.15,180,689 
Mortality during childhood years, especially before 5 years of age, 
remains elevated in developing nations, however.690,691

determinants of severity
Extensive data from the CSSCD highlighting frequency/incidence 
and risk factors for various complications of sickle cell disease 
have been published.692 Because of the large number of patients 
involved and the efforts to avoid patient selection bias, these data 
represent an ambitious attempt to describe the natural history of 
sickle cell disease. A large, carefully followed cohort of sickle cell 
patients from Jamaica described in numerous publications and 
a textbook provides another major source of data for prognostic 
analysis.14

SCA is remarkably variable in its clinical expression, even 
among affected members of the same family. Whereas many 
individuals have recurrent severe complications, others enjoy a 
relatively benign, virtually symptom-free course.693 Occasionally, 
patients with apparently mild SCA are found on further study to 
be doubly heterozygous for Hb S and another Hb variant having 
the same electrophoretic mobility as Hb S or to be heterozygous 
for both Hb S and HPFH. That clinical heterogeneity is related to 
genetic variables is suggested by the tendency for differences in 
disease severity to follow selected geographic and ethnic lines. In 
the eastern oases of Saudi Arabia, for example, SCA is clinically 
benign,694,695 whereas in western Saudi Arabia, it is comparable 
in severity to that seen in African Americans.696 Several impor-
tant modulators of hematologic and clinical severity have been 
identified; however, Hb F level, the presence of a-thalassemia, 
and the b-globin gene cluster haplotype are the most important 
ones.240,245,697–699

Because Hb F is excluded from the Hb S polymer, individuals 
with relatively greater amounts of Hb F should have less severe 
disease than those with less Hb F. The level of Hb F in patients 
with SCA is determined by the number of red cells containing Hb 
F (F cells), the Hb F concentration within F cells, and the survival 
of F cells.700 The proportion of reticulocytes containing Hb F is 
relatively constant over time, but it varies greatly among affected 
individuals (2% to 50%). Other confounding factors in studies to 
determine the prognostic significance of Hb F include the variabil-
ity in techniques used to measure fetal Hb and the fact that Hb F 
levels in sickle cell patients gradually decline over a long period 
of childhood and do not reach equilibrium until 12 years of age. 
The expression of high levels of Hb F and F reticulocytes may be 
inherited as an autosomal dominant characteristic.701,702

In the eastern province of Saudi Arabia694,703 and in Kuwait,704 
Iran,705 India,706 and the West Indies,707 mild disease is associ-
ated with Hb F levels of 15% to 30%. Levels of Hb F influence the 
age at which symptoms develop277 and partially determine the 
risk of acute splenic sequestration,174,371 stroke,233,235 ACS,294 

leg ulcers,654 pain crises,181 loss of spleen function,277 and mor-
tality.708 Among patients of West African ancestry, higher levels 
of Hb F are associated with an improvement in hematologic fea-
tures,181,709 but an improvement in measures of clinical severity 
related to increased Hb F has been difficult to establish. One study 
concluded that Hb F levels substantially <20% conferred mini-
mal benefit on disease severity, indicating a threshold effect.709 
However, evidence from the CSSCD indicates that even when the 
fetal Hb level is low, small increments in the level may have an 
ameliorating effect on the pain rate and may ultimately improve 
survival.184 The limited capacity of Hb F levels to predict disease 
severity, however, does not negate the importance of Hb F pro-
duction. Hb F levels are determined not only by synthetic rates but 
also by the extent to which F cells are enriched by differential cell 
survival. Thus, high levels of Hb F may reflect increased synthesis, 
resulting in mild disease, or greater amplification through accel-
erated destruction of cells containing no Hb F, a manifestation of 
more severe disease.700

Co-inheritance of SCA and a-thalassemia is not an unusual 
event. Nearly 30% of black Americans have a single a-gene dele-
tion, and in ∼2%, deletion of two of the four a-globin genes has 
been found. Hematologic studies provide support for the clinical 
relevance of a-thalassemia. Subjects with SCA and a-thalassemia 
have a higher Hb concentration, lower MCV and MCHC, fewer 
ISCs, a lower reticulocyte count, lower serum bilirubin concentra-
tion, and relatively more Hb A2 than subjects without concurrent 
a-thalassemia.698,710–713 The a-gene deletion also is associated 
with improved cell deformability,714 a decreased fraction of dense 
cells,714,715 protection against cation leak,716 and improved red 
cell survival.717 There is relatively little effect of a-thalassemia 
on Hb F levels,711,712 although in patients with the Senegal hap-
lotype, Hb F levels are higher.718 The mechanism responsible for 
these differences in hematologic status is probably mediated by a 
decrease in the MCHC, because the extent and the rate of Hb S 
polymerization are highly dependent on the cellular concentration 
of Hb S.

Data from the CSSCD demonstrated that coexistent  
a-thalassemia is associated with a diminished mortality risk in 
patients >20 years of age.143 In addition, stroke risk is decreased 
in the presence of alpha thalassemia.240,247,248 The rheologic 
benefits of more deformable a-thalassemic sickle cells are offset 
by rheologic impairment associated with the greater viscos-
ity of a higher hematocrit induced by a-thalassemia.719 Thus, 
a- thalassemia is associated with more frequent vaso-occlusive 
pain crises by virtue of its effect on hematocrit.184 Osteonecrosis 
and perhaps sickle retinopathy occur more often in sickle cell sub-
jects with coexistent a-thalassemia.720–722 Sickle cell trait is also 
influenced by a-thalassemia.723 Subjects with lower fractional 
content of Hb S associated with a-thalassemia have less severely 
impaired urinary-concentrating ability.724

Genetic factors that modulate the phenotype of sickle cell dis-
ease are associated with restriction fragment length polymorphic 
sites within the b-globin-like gene cluster.725 These b-globin 
gene haplotypes are characteristic of different populations; most 
patients with SCA in the United States have the Benin haplotype, 
with fewer having the Bantu (Central African Republic) and 
Senegal types. The origin of these genes in malarial regions of 
Africa is shown in Figure 33.1.18 In Mediterranean populations, 
the bs gene is usually associated with a Benin haplotype, whereas 
the haplotype found in eastern Saudi Arabia and parts of India 
resembles but is distinct from that of Senegal. The Senegal haplo-
type is associated with higher levels of Hb F 718,726–728 and with 
fewer hospitalizations and painful episodes.245,729 By contrast, 
the Bantu haplotype has been associated with the highest inci-
dence of organ damage, particularly renal failure.245

Fetal Hb levels in both sickle cell patients and normal indi-
viduals have been found to be partially controlled by an X-linked 
gene located at Xp22.2, the F-cell production locus.697 Female 
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gender increases the expression of Hb F in patients with SCA 
and in normal individuals.697 Multiple regression analysis in one 
study showed that the F-cell production locus was the strongest 
predictor of Hb F level, although not accounting for approxi-
mately one half of the variation.730 When b-globin haplotype 
and gender were considered together, the Hb F level in female 
patients of all haplotype groupings was higher than that in 
male patients, with the highest level occurring in female patients 
with one Senegal haplotype chromosome (Hb F, 12.8%).731 
Thus, gender and b-globin gene cluster haplotype interact in 
the modulation of Hb F and Hb level in SCA. Recent discov-
eries demonstrate physical interactions between the b locus 
control region and the downstream structural g- and b-globin 
genes, and with transcription factors and chromatin remodel-
ing complexes. These interactions all play roles in globin gene 
expression and globin switching at the human b-globin locus.732 
In Jamaica, high levels of Hb F (and a normal a-globin gene 
complement) have been associated with benign disease, which 
occurred in 15% of patients.700

A cohort of 392 infants with Hb SS or Hb Sb0-thalassemia 
from the CSSCD were followed for an average of 10 years begin-
ning at <6 months of age. Eighteen percent had an adverse 
outcome, defined as death, stroke, frequent pain, or recurrent 
ACS.146 Three statistically significant predictors of an adverse 
outcome could be identified at 2 years of age: Hb level <7 g/dl, 
leukocytosis in the absence of infection, and an episode of dac-
tylitis before 1 year of age. However, in a report from the Dallas 
newborn cohort, hospitalizations in the first 3 years of life for pain 
(other than dactylitis), ACS, and dactylitis did not predict death 
or stroke.733 Nevertheless, early pain and ACS both predicted a 
modest increase in later pain episodes, and early ACS strongly 
increased the odds of more frequent ACS throughout childhood.

Sickle cell disease should no longer be considered a single-
gene disorder,734 because a number of epistatic and pleiotropic 
genes have been defined.735,736 Genomewide association studies 
(GWAS), which have been used to identify common genetic factors 
that influence health and disease, are hard to perform in sickle 
cell disease due to the large datasets required. The few GWAS 
studies that have been conducted in patients with SCA have exam-
ined SNPs associated with elevated bilirubin levels, cholelithiasis, 
fetal hemoglobin levels, and disease severity.737,738,739,740 Some 
SNPs appear to be significant from these studies, such as SNPs in 
KCNK6 (a potassium channel gene) and telomere length regulator 
gene TNKS, which were both associated with increased disease 
severity.739 The most striking and potentially important informa-
tion from recent GWAS studies has been the discovery of 3 loci 
with large effects on HbF production: the gene encoding B-cell 
lymphoma/leukemia (BCL) 11A (chromosome 2), genes encoding 
HB1SL (chromosome 6), and Myb, a transcription factor.741–744 
Together these 3 loci explain 40% of the variation in the amount 
of HbF produced.741 Understanding the role of BCL-11A and other 
loci, and their relationship with the globin switch that occurs early 
in life may potentiate the development of treatment compounds 
and gene therapy strategies that reactivate HbF production.745,746

laboratory features

Red Blood Cells
In SCA, a moderately severe normocytic, normochromic anemia 
manifests by 3 months of age670 and persists throughout life.176 The 
average Hb concentration is 8 g/dl, with a range from ∼6 to 10 g/dl. 
Mean Hb levels vary with gender and with age; they are higher in 
adult men compared with women and higher in males between the 
ages of 20 and 39 years.747 In adults with Hb SS, the mean MCV is 
∼90 fl, and the mean MCHC is ∼34.0 g/dl.747 The MCV and MCHC 
are substantially lower (means 72 fl and 32.5 g/dl, respectively) in 
patients with concurrent a-thalassemia minor (–a/–a genotype) and 

in children with incidental iron deficiency.748 The MCV in males with 
SCA is less than that for females in almost all age groups;749 this 
may reflect the higher Hb F concentration seen in female patients. 
Automated blood cell counters (based on aperture and impedance 
or light-scatter techniques) may result in overestimation of the MCV 
and underestimation of the MCHC750 because of the inability of 
dehydrated, dense sickled red cells to deform like normal cells as 
they pass through the narrow counter aperture. However, the use 
of two-angle light-scattering technology permits accurate measure-
ment of MCV and MCHC and generation of histograms of these 
properties.751 This allows quantitation of the percentage of dense, 
dehydrated red cells.

Blood smears contain variable numbers of sickled forms, 
target cells, and ovalocytes (Fig. 37.11). The great variety of 
sickle cells is best appreciated by scanning electron microscopy 
(Fig. 37.2). The morphologic features of accelerated erythropoi-
esis, which include polychromatophilia, basophilic stippling, and 
normoblastosis, are prominent. The mean reticulocyte count is 
∼10%, with a range of 4% to 24%.747 Howell-Jolly bodies reflect 
functional asplenia. Numerous pits in red cell membranes, also 
a feature of the asplenic state, require phase-interference con-
trast microscopy for visualization.402 With transmission electron 
microscopy, dense aggregates of Hb can be seen adjacent to red 
cell membranes.752

Erythrokinetic studies performed in the steady state indicate a 
four- to fivefold increase in red cell production and erythron iron 
turnover and a comparable shortening of red cell survival. The 
curves of cell survival obtained with 3H- or 32P-labeled diisopro-
pylfluorophosphate indicate a random rather than a senescent 
mode of cell destruction.753 This pattern of cell loss is explained 
by the lack of dependence of ISC formation on cell age.105 Chronic 

Figure 33.11. Blood smears of patients with hemoglobin (Hb) SS and Hb SC 
 disease. A: Red blood cell morphology in sickle cell anemia (SCA) is characterized by sickled 
forms (dense elongated cells with pointed ends), target cells, ovalocytes, and polychromatophilia. 
B: Hb SC disease is characterized by target cells, relatively few sickled forms, and a small pro-
portion of cells that contain dark blunt protuberances (hemoglobin “crystals”).

A

B
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hemolysis, some of which is intravascular, is responsible for an 
increase in endogenous carbon monoxide generation and for 
elevated serum levels of unconjugated bilirubin and heme pro-
teins.754 Serum immunoreactive erythropoietin levels are lower 
than those noted in association with other anemias of comparable 
severity.755

White Blood Cells
The white blood cell count is consistently elevated owing to an 
increase in the number of mature granulocytes. The mean leu-
kocyte count under steady-state conditions is 12 to 15 × 109/L, 
with a range of 6 to 20 × 109/L.749 This increase is explained to a 
large extent by a shift of granulocytes from the marginated to the 
circulating compartments.138 Both total and segmented leukocyte 
numbers increase during vaso-occlusive crises and infections, but 
only with bacterial infections does a consistent increase occur in 
bands (nonsegmented neutrophils), often to levels >1 × 109/L.139

Platelets and Coagulation
The platelet count is increased (mean, approximately 440 × 
109/L), reflecting reduced or absent splenic trapping.159,749,756 
Totals of both platelets and megathrombocytes decrease during 
vaso-occlusive crises.159,160 Platelet aggregation is decreased, 
the likely result of in vivo platelet activation.161,757 The plasma 
b-thromboglobulin level is elevated.162 The contact factors are 
decreased,165 whereas factor VIII activity, fibrinogen concentra-
tion, and fibrinolytic activity are increased.758–760 Some of these 
alterations likely reflect vascular endothelial damage inflicted by 
the sickling process and not primary perturbations responsible 
for crises.

Other Laboratory Tests
Inflammatory markers are increased in sickle cell disease and 
reflect the “heightened inflammatory state” of the disease. 
Inflammatory markers, such as CRP, sPLA2, fibrinogen, Von 
Willebrand factor, interleukines, serum ferritin, and TNFa, are all 
elevated,117,761 in addition to elevation of WBC. The sedimenta-
tion rate is difficult to interpret due to the presence of anemia, 
hyperfibrinogenemia, and the failure of sickle cells to undergo 
rouleaux formation.

diagnosis
The diagnosis of SCA (HbSS) rests on the electrophoretic or chro-
matographic separation of hemoglobins in hemolysates prepared 
from peripheral blood. The predominant hemoglobin is S; Hb F is 
present in varying concentrations; and Hb A2 is normal. There is 

no Hb A. Electrophoresis using cellulose acetate and an alkaline 
buffer is rapid, inexpensive, and effective in the separation of 
normal hemoglobins from common variants. Whole blood, blood 
specimens dried on filter paper, or Hb solutions may be used.762 
However, several relatively rare Hb variants have an electro-
phoretic mobility identical to that of Hb S on cellulose acetate. 
Because most of these variants do not co-polymerize with Hb 
S on deoxygenation, the doubly heterozygous states are seldom 
associated with the clinical and hematologic features of sickling. 
The interaction of Hb S with b0-thalassemia also gives an electro-
phoretic pattern that is indistinguishable from that of homozygous 
SCA, except for an increase in Hb A2. In general, the appropriate 
diagnosis can be made by taking into consideration associated 
hematologic data (Table 33.4). However, detailed family studies, 
Hb separation by isoelectric focusing or high-performance liquid 
chromatography (HPLC), globin-chain electrophoresis, or struc-
tural analysis of Hb [by protein chemistry, mass spectrometry, or 
sequencing of polymerase chain reaction (PCR)-amplified DNA] 
may be required to characterize accurately the genotypic basis 
for a sickling disorder.

A variety of simple tests permits detection of Hb S. The sickling 
phenomenon can be induced by sealing a drop of blood under 
a coverslip to exclude oxygen or by adding agents that induce 
chemical deoxygenation, such as 2% sodium metabisulfite or 
sodium dithionite.763 The decreased solubility of deoxy Hb S 
forms the basis for tests in which blood is added to a buffered 
solution of a reducing agent such as sodium dithionite. Hb S 
is insoluble and precipitates in solution, rendering it turbid, 
whereas solutions containing hemoglobins other than Hb S 
remain clear. Hyperglobulinemia and other sickling hemoglobins 
may cause false positive results;764 false negatives may result 
from the addition of an inadequate number of red cells. Neither 
the sickle cell preparation nor solubility tests differentiate SCA 
from sickle cell trait or detect Hb variants that interact with Hb S. 
Thus, they should never be used as a primary screening test. 
Their principal value has been as an adjunct to electrophoretic 
identification of Hb S.

Quantitation of Hb A2 is performed by HPLC. Quantitation of 
Hb F can be carried out by alkali denaturation, HPLC, or radioim-
munodiffusion.752,765 The distribution of Hb F in red cells may be 
analyzed by its resistance to acid elution or, more precisely, by 
Hb F-specific antibodies that measure the number of “F cells.”766

Although the diagnosis of Hb SC disease is straightforward, 
that of Hb Sb-thalassemia may sometimes be problematic. In Hb 
Sb+-thalassemia, there is a preponderance of Hb S, with Hb 
A comprising 5% to 30% of the total, and elevation of HbA2. 
This must be distinguished from sickle cell trait, in which Hb 
A exceeds Hb S, and from the presence of Hb A resulting from 
red blood cell transfusions within the previous 3 to 4 months. 
Hb Sb0-thalassemia produces an electrophoretic pattern that is 

Diagnosis Symptoms Anemia Red Blood Cell Morphology Distinguishing Features

Sickle cell anemia (Hb SS) Present Moderate or severe ISCs, target cells —

Hb S/b0-thalassemia disease Present Moderate or severe ISCs, target cells, hypochromia, 
microcytosis

Hb A2 increased; mean cell 
volume and mean corpuscular 
Hb concentration decreased

Hb S/hereditary persistence of fetal Hb Absent Absent Target cells Hb F evenly distributed in 
erythrocytes

Hb S/D-Punjab disease Present Moderate ISCs, target cells Hb S and D separable on 
citrate agar at acid pH

ISC, irreversibly sickled cell.

DiffeRenTial DiagnoSiS of eleCTRoPHoReTiC PaTTeRn of Hemoglobin (Hb) SS aT PH 8.6

table 33.4
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 visually  indistinguishable from that of SCA, but a diagnosis can be 
made by the presence of an elevated Hb A2 level and a decreased  
MCV. In addition, upon exam of the peripheral blood, both  
HbSb+-thalassemia and HbSb0-thalassemia display large num-
bers of target cells. However, because SCA with coincident 
 a-thalassemia also has a phenotype with reduced MCV and mildly 
elevated Hb A2, family- or DNA-based studies may be necessary to 
make this distinction.

Neonatal Diagnosis
The first statewide newborn hemoglobinopathy screening pro-
gram was initiated in New York in 1975,767 but the impetus 
for universal screening came from the demonstration that early 
diagnosis and comprehensive care could reduce morbidity and 
mortality in infants with SCA through the prevention of pneumo-
coccal sepsis with penicillin prophylaxis.411 A National Institutes 
of Health Consensus Conference concluded that every child should 
be screened early for sickle cell disease,768 leading to statewide 
newborn screening programs in all 50 states.769 Universal rather 
than targeted screening is necessary to ensure that all with 
disease are identified and none are discriminated against or 
 stigmatized.768

It is estimated that between 2,000 and 3,000 children are 
born yearly with sickle cell disease in the United States,15 and 
approximately 280,000 worldwide.770 Most newborn screening 
programs use dried blood spots on filter paper, because Hb test-
ing can easily be integrated into existing metabolic programs with 
established methods of sample collection, specimen processing, 
data management, and quality control.771 A comparison of liquid 
cord blood and heel-puncture blood on filter paper showed that 
both systems were subject to a small error rate, primarily involv-
ing carrier phenotypes, but cord blood testing was more prone 
to lead to inconclusive results and noncompliance in sample col-
lection.772 Isoelectric focusing and HPLC have replaced cellulose 
acetate electrophoresis in most screening programs.773

The primary goal of newborn screening for sickle syndromes is 
reduction of morbidity and mortality by identifying affected infants 
at birth, referring them to treating centers, initiating prophylactic 
penicillin early, and providing ongoing care by knowledgeable 
health professionals.771 The number of early deaths avoided has 
been estimated at 0.6 to 1.2/100 births.774 All cases of suspected 
disease still must be confirmed with a separate sample from the 
infant, because clerical errors may be encountered.772 A com-
mon problem is the need to establish a mechanism for educating 
and counseling parents of carriers detected by testing at birth.768 
Using public health and state genetic program resources, it is 
possible to provide parents with individual counseling, education, 
and extended family testing.775 Prenatal education for expectant 
mothers, which includes information about newborn sickle cell 
screening, significantly increases the follow-up rate for infants 
with sickle cell trait and contributes to a greater retention of 
information.776

Each of these techniques allows the detection of minor Hb 
components in the presence of large amounts of Hb F. The pattern 
in infants destined to develop SCA comprises Hb F, a relatively 
small amount of Hb S, and no Hb A. Neonates who are doubly 
heterozygous for Hb S and b0-thalassemia and for Hb S and HPFH 
have a Hb “FS” separation pattern indistinguishable from that for 
Hb SS. They may be differentiated by hemoglobinopathy testing of 
the parents or by repeat testing of the infant at a later age, when 
the production of HbA2 will be high enough to allow detection of 
its elevation above the normal range. Another potential pitfall is 
misdiagnosis of Hb Sb+-thalassemia by incorrect identification 
of an FS or FAS (sickle cell trait) pattern rather than the correct 
FSA pattern.777 Molecular genetic analysis using PCR-based tech-
niques may provide reliable confirmatory testing (e.g., for distin-
guishing Hb Sb0-thalassemia from Hb SS).778,779 The combination 

of isoelectric focusing and HPLC also is an effective strategy for 
dramatically reducing the risk of errors.780

Prenatal Diagnosis
The clinical application of recombinant DNA techniques to the 
prenatal diagnosis of SCA permits a high level of diagnostic 
accuracy with relatively little risk to the fetus.781 Guidelines for 
the ethical application of prenatal diagnosis have been devel-
oped,782 and the use of routinely incorporating screening and 
counseling into the early prenatal care of populations at risk has 
been demonstrated.783

Initially, prenatal diagnosis required fetal blood sampling. 
Subsequently developed assays permit the use of DNA prepared 
from amniotic fluid cells obtained at 15 to 20 weeks’ gestation 
or from a biopsy of chorionic villi obtained at 10 to 12 weeks’ 
gestation. The latter technique is an outpatient procedure that 
involves passing a catheter through the cervix with ultrasonographic 
guidance.784,785 It provides earlier diagnostic information, thereby 
permitting termination of pregnancy in the first trimester, when it 
is simpler, safe, and less psychologically stressful. The least invasive 
method of prenatal diagnosis uses fetal cells from the maternal 
circulation isolated by a variety of techniques such as flow cytom-
etry.786 Preimplantation genetic diagnosis (PGD) allows couples who 
are sickle cell carriers to select unaffected embryos prior to in vitro 
fertilization. In some cases, PGD has been performed in combination 
with HLA typing, allowing the delivery of an unaffected child who is 
also HLA identical to an affected sibling, therefore providing an ideal 
stem cell donor for the affected child.787 However, PGD is expen-
sive and has a pregnancy success rate of only 13% to 30%.787–790 
Although prenatal diagnosis of fetuses conceived by couples at risk 
of having children with sickle cell disease is widely accepted in some 
countries,791 use of this technology has been infrequently requested 
by couples at risk in the United States. Reduction in the rate of 
affected births has not been observed in the United States, despite 
genetic counseling efforts by sickle cell programs. Recently Greece 
has observed a decline in the number of new births with sickle cell 
disease and thalassemia, which has been attributed to aggressive 
education and early pregnancy termination.792

Several strategies have been used successfully for the analysis 
of fetal DNA. Methods that involve the use of restriction frag-
ment length polymorphisms are indirect and suitable only for 
those cases in which the parents at risk can be shown to carry 
the appropriate linked polymorphism.793 The most widely used 
approach is based on the fact that the DNA mutation in the bS 
gene is itself a cleavage site for the restriction enzyme Mst II,794,795 
which cleaves DNA at the normal sixth codon and, therefore, 
generates abnormally long DNA fragments with base mutations 
involving this codon. Synthetic oligonucleotides that are specific 
for the bS nucleotide substitution also permit direct, rapid, and 
sensitive detection of the bS gene.796 The use of the PCR to amplify 
b-globin sequences enzymatically before restriction enzyme or oli-
gonucleotide analysis greatly increases the sensitivity and speed 
of the procedure, making it possible to provide genetic diagnoses 
within a few hours.796,797 The dot-blot method of allele-specific 
hybridization uses fixation of PCR-amplified target b-globin DNA 
to filters and hybridization of the filters with labeled probes 
complementary to bA and bS sequences.798 Prenatal screening of 
single-gene disorders from maternal blood is possible using cell-
free fetal DNA obtained from maternal plasma.799

treatment
In addition to prophylactic measures aimed at preventing specific 
complications of sickle cell disease, three treatment options have 
been used increasingly for overall management: chronic blood 
transfusion, hydroxyurea, and stem cell transplantation. Gene 
therapy remains a future goal.
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Preventive Measures
Until a safe and widely applicable mechanism for the prevention 
of intravascular sickling is found, a high priority must be placed 
on the prevention of complications. Because vaso-occlusive crises 
are precipitated by infection, fever, dehydration, acidosis, hypox-
emia, and cold exposure, measures to prevent or remedy these 
conditions assume importance. Optimal hydration is essential, 
especially during febrile illnesses. In estimating fluid require-
ments, the hyposthenuria of SCA, as well as increased insensible 
losses, must be considered. Because the liberal use of salicylates 
imposes an acid load, acetaminophen is the preferred antipyretic. 
Sudden transition to high altitude and exposure to situations likely 
to cause chilling should be avoided.

The high risk of overwhelming pneumococcal disease in 
children mandates the use of penicillin prophylaxis and pneu-
mococcal vaccination. Preventive measures and early medical 
intervention for febrile illnesses substantially reduce mortality.386 
Effective primary prevention of stroke through the use of TCD 
screening has been discussed above.

Blood Transfusion
One of the most effective therapeutic measures presently available 
is the transfusion of normal red cells.800,801 However, because of 
the complications of transfusion therapy, it is reserved for selected 
indications, such as severe anemia, stroke prevention, pregnancy, 
progressive or recurrent organ damage, preparation for surgery, 
and certain severe acute vaso-occlusive events. Transfusion ther-
apy facilitates improved blood and tissue oxygenation, reduces the 
propensity for vaso-occlusion by diluting host cells, and temporar-
ily suppresses the production of red cells containing Hb S. With 
chronic transfusion support, splenic involution and fibrosis are 
reversed in some patients.802 The viscosity of deoxygenated sickle 
cell blood is disproportionately reduced by the addition of normal 
red cells. A mixture of one-fourth Hb A cells and three-fourths 
Hb S cells reduces the viscosity of deoxygenated blood by 50%.86 
Accordingly, the relative number of Hb S-containing cells needs 
to be reduced only to ∼40% to prevent most clinically significant 
vaso-occlusive events.803 Replacement of patient cells with donor 
cells is readily accomplished by a limited exchange transfusion, 
in which patient blood is removed before or during packed cell 
transfusion.804,805 Repeated partial exchange transfusion, which 
can be performed through erythrocytapheresis, greatly reduces 
the net gain of iron.806,807 However, the long-term central venous 
access, which is often required, may be associated with an unusu-
ally high rate of catheter infection, thrombosis, and premature 
removal of the central line.808,809 Repeated simple transfusions 
are probably equally effective in terminating the consequences 
of in vivo sickling. Packed red cell transfusions at 3- to 4-week 
intervals generally are sufficient to maintain the relative number 
of donor cells in the circulation at >70%, but Hb S is more easily 
suppressed in some patients than others.810 Furthermore, chronic 
transfusion may result in recurrent splenomegaly and the addi-
tional problem of hypersplenism.811

Although it is effective in circumventing the numerous com-
plications of SCA,812 chronic transfusion therapy is limited by 
logistic and toxicologic considerations. The requisite commit-
ment of personnel and blood resources is considerable, and the 
risks of alloimmunization and hemosiderosis are cumulative and 
potentially life-limiting. Among individuals with SCA, 18% to 
36% become alloimmunized, considerably more than with other 
forms of anemia.813,814 The greater risk of alloimmunization in 
SCA is primarily a result of racial differences between the blood 
donor and recipient populations. The development of multiple 
antibodies is a relatively common problem;814 antibodies against 
C, E, and Kell (K) antigens account for most of the alloantibod-
ies. The use of racially matched and selected minor blood-group 

antigen-matched blood for chronically transfused patients with 
sickle cell disease has been recommended to prevent alloimmu-
nization.812,814 Hemolytic transfusion reactions are associated 
with as many as 3% of transfusions. Most occur several days 
after the transfusion and are accompanied by a falling hemato-
crit, hemoglobinuria, increased jaundice, and, frequently, a pain 
episode.216,815 In some cases, a delayed hemolytic transfusion 
reaction may lead to a fall in Hb level to a level lower than before 
transfusion, with a life-threatening or fatal outcome resulting 
from attempts to provide further transfusions.

Iron overload has been an inevitable result if chronic trans-
fusion is not performed by partial exchange methodology, such 
as erythrocytapheresis. The severity of iron overload has tradi-
tionally been monitored with serum ferritin concentration, and 
there is a strong intrapatient correlation between ferritin levels 
and volumes transfused.816 However, there is wide interpatient 
variability, indicating a need to assess iron stores more directly, 
such as by liver biopsy, to determine the necessity for iron 
chelation.816,817 As little as 10 units of packed red blood cells 
(PRBCs) per year will increase the liver iron concentration (LIC) 
obtained by biopsy above 3 mg Fe/g of dry weight liver, the 
normal upper limit of LIC.818 Calibration studies have shown 
excellent correlation between LIC and quantitative MRI (both 
R2* and R2) at low and moderate LIC values.819–820,821 These 
noninvasive MR methods to measure iron levels have improved 
the clinical management of iron overload in target organs such 
as the liver and, more recently, the heart.820,821,822 The super-
conducting quantum interference device (SQUID) also has been 
utilized successfully for monitoring liver iron but has limited 
availability.823

With repeated transfusions, iron will accumulate progressively 
in several organs in addition to the liver, including the heart, 
pancreas, kidneys, pituitary, and gonads. Iron endocrinopathy 
and myocardial hemosiderosis have not been as problematic in 
SCA as in thalassemia major.507,824 Similarly, liver fibrosis is less 
common in sickle cell disease than thalassemia major, but does 
occur.587,825 Reasons for these differences are not completely 
understood, but might be related to the age when transfusions 
are initiated, total cumulative volume of transfusion, differences 
in iron metabolism (e.g., lower nontransferrin bound iron levels 
in sickle cell disease), and the chronic inflammatory state of sickle 
cell disease, which might confer hepcidin-mediated protection 
against the toxic effects of iron on the tissues.826,827

Although chelation with desferrioxamine (Desferal) has 
reduced organ damage and significantly prolonged life expectancy 
in transfused thalassemia patients, its use has several serious 
limitations. The administration of desferrioxamine as a life-long, 
daily, subcutaneous, or intravenous infusion is cumbersome and 
has caused logistical hardships that promote inconsistent adher-
ence to treatment.828 In addition, vision and hearing need to be 
monitored yearly due to the potential of the drug for ototoxicity 
and retinal damage.

Deferiprone (L1; Ferriprox), an oral chelator licensed in the 
United States in 2011, is a small molecule with a short half-life 
that is believed to have better access to intracellular iron. It is 
administered three times a day and its side effects are well rec-
ognized: agranulocytosis occurring in 0.6/100 patients per year, 
and, more commonly, transient neutropenia, arthropathy, zinc 
deficiency, increased transaminase levels, and gastrointestinal 
symptoms.829 Encouraging preliminary reports suggestive of 
effective penetration into cardiac cells prompted a large retro-
spective study, which showed a significantly lower rate of car-
diac death and cardiac events in patients treated by deferiprone 
(75 mg/kg/day) compared to those treated by standard sub-
cutaneous desferrioxamine.830 Randomized prospective trials 
have shown an advantage of deferiprone over desferrioxamine 
in decreasing myocardial iron as measured by T2* MRI and in 
improving LV function in thalassemia patients.831,832
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The tridentate chelator deferasirox (ICL670; Exjade) is given 
as a single daily oral dose because of its long half-life. The dis-
solvable powder has a recommended daily dose ranging from 20 
to 40 mg/kg/day. Deferasirox was studied extensively in murine 
models and in adults and children >2 years old,833,834 and was 
approved in the United States in 2005 for transfusion-induced 
iron overload. Several clinical trials have shown its efficacy in 
reducing LIC, and recent evidence points toward use of higher 
doses of deferasirox (30 to 40 mg/kg/day) to produce adequate 
liver iron clearance.835–837 In addition, there is some evidence 
to support the efficacy of deferasirox in reducing myocardial 
iron and improving function.838–840 However, a comparison in a 
prospective randomized trial of deferasirox and deferiprone for 
removing cardiac iron has not been performed. Common side 
effects of deferasirox included rash (11%) and transient gastro-
intestinal symptoms (10% to 15%), in addition, many patients 
complain of unpleasant drug taste (personal communication). 
The drug combination of an oral chelator and desferrioxamine 
has been used in patients with thalassemia major and provided 
improved negative iron balance,841 but no large trials have been 
conducted in patients with sickle cell disease. A phase II trial of a 
new tridentate oral iron chelator, FBS0701, has been completed 
in adult patients with thalassemia. The drug has also shown effi-
cacy in reducing LIC without serious drug-related side effects.842 
FBS0701 is available in capsule form, potentially reducing the 
inconvenience of unpalatable taste.

Although oral chelators have the potential to improve therapy 
for iron overload by improving compliance and therefore clini-
cal response, suboptimal adherence has been reported.843,844 
Current recommendations for the management of iron overload in 
sickle cell disease are to monitor serum ferritin and LIC (by liver 
biopsy or MRI) longitudinally, and to initiate iron chelation when 
LIC becomes ≥7 mg Fe/g of dry weight liver. During ongoing 
transfusion therapy LIC at least should be maintained between 5 
and 7 mg Fe/g of dry weight liver.845,846

indications for transfusions
Anemia. Anemia with Hb levels as low as 5 g/dl generally is well 
tolerated and requires no therapy. During hematologic crises, 
however, the Hb concentration may fall precipitously, requiring 
rapid correction. An aplastic crisis caused by parvovirus infec-
tion often requires a single packed red cell transfusion before 
erythropoiesis eventually returns. A severe splenic sequestration 
crisis may require an immediate transfusion to restore blood 
volume and oxygen-carrying capacity. If the patient does not have 
an elective splenectomy, chronic transfusion therapy to maintain 
splenic function has been used as an alternative. However, recur-
rences of sequestration have occurred despite transfusion.847 The 
experimental use of polymerized bovine Hb in adult patients and 
polymerized human Hb along with erythropoietin in a sickle cell 
patient with multiple red cell antibodies has been described,848 
but overall evidence of efficacy is lacking and there is concern 
about effects on NO metabolism.

Progressive Organ Damage. The risks and expense of a long-term 
transfusion program are justified if progressive or recurrent 
vaso-occlusive events threaten major organ function.849 Chronic 
transfusion therapy minimizes the risk of recurrent or pro-
gressive neurologic deterioration in children who have had a 
stroke.233,850,851 In addition transfusions have a role in primary 
stroke prevention.266 Progressive retinopathy, sickle cell renal 
disease, and cardiac decompensation may also be arrested with 
repeated transfusions. Short-term transfusion therapy may be of 
benefit for a variety of complications, including ACS, pain events, 
priapism, protracted hematuria, and chronic skin ulcerations.852

Surgery. Anesthesia, surgery, and postsurgical convalescence 
expose patients to the formidable consequences of  hypoventilation, 

hypotension, cooling, dehydration, acidosis, and immobilization. 
Although recommendations regarding the preparation of patients 
for surgery have varied, simple transfusions before elective pro-
cedures and partial exchange transfusions before emergency 
surgery have been used.853 The CSSCD noted a perioperative 
mortality rate over a 10-year period of 1.1%.854 A large mul-
ticenter prospective trial compared the rates of perioperative 
complications among patients randomly assigned to receive either 
an aggressive transfusion regimen (to decrease the Hb S level 
to <30%) or a conservative regimen (to increase the Hb level to 
10 g/dl).855 Perioperative complications, including ACS, were 
similar in the two groups except for transfusion-associated com-
plications, which were more common in the aggressively treated 
group. It was concluded that with good perioperative manage-
ment, it is unnecessary to reduce markedly the Hb S level before 
surgery.855 In a recent national survey of practice in the United 
Kingdom, it was found that most patients undergoing cholecystec-
tomy and adenoidectomy do so without preoperative blood trans-
fusion, whereas almost all patients undergoing hip arthroplasty 
are prepared by exchange transfusion.856 There was no difference 
in the rate of postoperative complications in patients who received 
a transfusion and those who did not.857

Pregnancy. As do women who are hematologically normal, women 
with SCA experience a decrease in Hb concentration during preg-
nancy as a consequence of hemodilution. In general, however, 
the minor aggravation of anemia is without symptomatic conse-
quence, and no therapy is indicated. However, the final weeks of 
pregnancy are often complicated by vaso-occlusive events that 
may have devastating consequences for both mother and fetus. 
In an attempt to prevent progressive placental infarction and 
premature delivery, some authors advocate the use of transfusion 
therapy during the third trimester.671,858 In the only randomized 
study of its effectiveness, however, prophylactic transfusion ther-
apy did not have a favorable impact on maternal morbidity (other 
than a reduction in the number of pain crises) or fetal wastage.859

Pharmacotherapy
hemoglobin f inducers
Reversal of ontogeny with re-institution of Hb F synthesis860 is 
a long-standing objective that appears increasingly attainable. 
This therapeutic strategy is based on the observation that  clinical 
expression of the sickle gene is prevented by Hb F synthesis in 
the perinatal period, as well as throughout life in individuals with 
HPFH.

Initial attempts to augment g-globin synthesis were based 
on the observation that DNA in the vicinity of a wide variety of 
expressed genes is undermethylated relative to the DNA flank-
ing inactive genes.861,862 5-Azacytidine, a cytidine analog that 
blocks DNA methylation, reactivated dormant genes in cultured 
cells and increased Hb F synthesis in anemic baboons.863 When 
given to patients with severe SCA, 5-azacytidine caused a four- to 
sixfold increase in net g-globin synthesis, a marked increase in 
the proportion of reticulocytes containing Hb F (F reticulocytes), 
and a precipitous decrease in the number of ISCs and dense red 
cells.864,865

Because of the known carcinogenic potential of 5-azacytidine, 
alternative stimulants of fetal Hb were sought. Hydroxyurea, a 
cytotoxic drug that has no known effect on DNA methylation, also 
increases Hb F production in anemic primates866 and in patients 
with severe SCA.867,868 Hydroxyurea preferentially arrests the 
development of the more mature erythroid precursors, perhaps 
resulting in the recruitment of earlier erythroid progenitors 
with a greater capacity for Hb F synthesis.869 Alternatively, 
hydroxyurea may have a direct effect on “reprogramming” glo-
bin synthesis by early erythroid progenitors, a suggestion that is 
supported by the fact that the increase in F-reticulocyte numbers 
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that follows hydroxyurea administration occurs sooner (within 2 
to 3 days) than would be expected if the effect represented recov-
ery from bone marrow suppression.867,868,870 Alterations in the 
physical properties of red cells produced under the influence of 
5-azacytidine and hydroxyurea appear to be out of proportion to 
modest changes in the level of Hb F. This disparity is attributed 
in part to reduced bS-globin synthesis and in part to increased 
formation of a2gbS tetramers, which do not participate in poly-
mer formation.

Patients taking hydroxyurea consistently develop macrocy-
tosis, which may occur before any change in Hb F takes place 
(Fig. 33.12). They also show a rapid correction toward normal red 
cell density distribution and improved whole-blood viscosity. The 
density profile is characterized by the disappearance of two red 
cell populations: the densest, most dehydrated, ISC-enriched frac-
tion and the least dense, most hydrated cells.661 The least dense 
cells tend to adhere most tenaciously to the endothelium, and 
the most dense cells are the least deformable. It is possible that 
these changes in red cell density distribution may be unrelated 
to the increased Hb F induced by hydroxyurea therapy.871 
Hydroxyurea therapy is associated with the intravascular and 
intraerythrocytic generation of NO, which may have a role in 
the clinical response that precedes the improvement in fetal Hb 
level.872,873,874

In 1995, a double-blind multi-institutional trial of hydroxyurea 
versus placebo (Multicenter Study of Hydroxyurea, MSH trial) in 
∼300 adults with moderate to severe SCA was concluded with 
convincing evidence of clinical benefit from the drug.875 Patients 
treated with hydroxyurea had ∼50% lower rates of pain crises, 
ACS, hospitalization, and transfusion. There was wide variability 
in drug tolerance and clinical response, but the primary toxicity 
and dose-limiting factor was mild neutropenia. In addition to 
reducing acute events, hydroxyurea therapy has been reported 
to reduce mortality among adult patients with SCA. Patients with 
absolute HbF levels above 0.5 g/dl, in response to hydroxyurea 
therapy, had a 40% reduction in mortality.876 Data from an 
extended (17 years of follow-up) nonrandomized prospective 
study of adults with sickle cell disease in Greece showed that mor-
tality could be reduced by 73% through hydroxyurea therapy.877 
Because of the favorable outcome in the majority of treated 
patients, hydroxyurea has become widely used in the treatment 
of adult patients who experience frequent vaso-occlusive crises878 
and was approved by the Federal Drug Administration in the 
United States for this indication.

A multicenter phase I–II trial indicated that school-aged chil-
dren treated with hydroxyurea had increases in fetal Hb, Hb con-
centration, and MCV similar to those of adults and suggested that 
clinical benefit and toxicity may also be similar.879–883 Long-term 
hydroxyurea therapy at a maximum tolerated dose (MTD) (average 
dose 25 mg/kg/d) was well tolerated by pediatric patients and had 
sustained hematologic efficacy with apparent long-term safety.884 
Preliminary studies have pointed to a possible beneficial effects on 
organ function. A return of splenic function was noted in several 
patients treated with hydroxyurea,878,885,886 and lack of progres-
sion of silent cerebral infarcts was also noted in children.887 
Hydroxyurea can be utilized as an oral solution (100 mg/ml), which 
is especially convenient for young children.888 Pilot trials suggested 
that hydroxyurea with or without concurrent phlebotomy may be 
substituted for chronic transfusion in the prevention of recurrent 
stroke;260,261 however, a randomized phase III trial (SWiTCH 
study) comparing hydroxyurea versus transfusions did not support 
this initial observation (see above).265

Studies in young children, 6 to 24 months of age at onset of 
treatment and 2 to 5 years of age, have not indicated unusual 
toxicity from hydroxyurea.889,890 Further follow-up of the 
younger group indicated that after 4 years, hydroxyurea was 
associated with increased Hb concentration, percentage of Hb 
F, and MCV, and decreased reticulocytes, WBC, and platelets. 
In general, infants with SCA tolerated prolonged hydroxyurea 
therapy with sustained hematologic benefits, fewer ACS events, 
and improved growth.891 The phase III randomized placebo-
controlled trial for infants (ages 9 to 18 months) with SCA 
(BABY HUG study) assessed the effect of hydroxyurea therapy 
on organ dysfunction and clinical complications, and examined 
laboratory findings and toxic effects.892 Ninety-six patients 
received hydroxyurea and 97 placebo. Hydroxyurea signifi-
cantly decreased pain, dactylitis, ACS, hospitalization rates, and 
transfusion requirement. Spleen and renal functions were not 
improved when assessed by 99Tc-spleen scan and99 Tc- DTPA 
clearance, respectively. Analysis of secondary endpoints of 
the BABY HUG study, however, did show reduction of pitted 
cell and Howell-Jolly body counts, suggesting improvement 
of splenic function in the hydroxyurea-treated arm. In addi-
tion, urine specific gravity improved and total kidney volume 
decreased at study exit, suggesting preservation of renal func-
tion. Toxicity was limited to mild-to-moderate neutropenia. The 
positive results of the BABY HUG study warrant consideration of 
hydroxyurea for all children with SCA.

Figure 33.12. effect of hydroxyurea on red blood cells. A. Peripheral blood smear of patient with Hb SS prior to treatment with hydroxyurea showing sickle 
forms (solid arrow), polychromasia, Howell-Jolly body (dashed arrow ), and anisocytosis. B. Peripheral blood smear of same patient after 12 months of hydroxyurea 
therapy shows significant decrease in number of sickle forms, macrocytosis (solid arrows), and decreased polychromasia.
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Hydroxyurea has led to weight gain and improved exercise 
performance in adults893 and growth in children.894 A modified 
dose based on hydroxyurea pharmacokinetics in patients with 
renal dysfunction has been recommended.895

Cross-sectional and prospective studies of hydroxyurea treat-
ment have examined potential acquisition of genotoxicity with 
chromosomal karyotype, illegitimate VDJ recombination events, 
white cell cytostasis and cytotoxicity development, and micronu-
cleated reticulocyte formation. These have not shown significant 
increases in genotoxicity compared with the measurements prior 
to initiation of therapy or those performed on placebo-controlled 
sickle cell disease subjects.896,897,898,899 Although caution about 
the long-term carcinogenic and teratogenic potential of hydroxy-
urea needs to be exercised, to date there is no evidence that the 
drug leads to an increased cancer risk or to congenital anomalies 
in offspring of women who inadvertently became pregnant while 
taking hydroxyurea.900,901 Prediction of fetal Hb response in 
patients with sickle cell disease receiving hydroxyurea has been 
difficult,902 but the multicenter phase I–II trial found that baseline 
Hb F and Hb concentrations, maximum tolerated dose, compli-
ance, and therapy-related changes in blood counts had predictive 
value.903

Increased levels of Hb F during stress erythropoiesis result 
from premature maturation of early erythroid progenitor cells 
under the influence of high concentrations of erythropoietin.904 In 
patients with SCA, doses of erythropoietin >1,000 units/kg were 
shown to increase Hb F levels modestly.905 In one study, erythro-
poietin given in combination with hydroxyurea failed to show any 
additional effect on Hb F production,906 but another trial in which 
hydroxyurea was alternated with erythropoietin and supplemen-
tal iron did result in a significant further increase in Hb F level.907 
A recent report suggests that erythropoietin therapy may allow 
more aggressive HU dosing in high-risk sickle cell patients and in 
the setting of mild renal insufficiency, common to the older sickle 
cell population.908 Furthermore, erythropoietin appears to be safe 
when used in conjunction with hydroxyurea.

Butyrate is a short-chain fatty acid known to induce gene 
expression by inhibiting histone deacetylase and changing chro-
matin structure.909 Butyrate was found to be the likely cause of 
the delayed g- to b-globin switch in infants of mothers with poorly 
controlled diabetes.910 Subsequently, parenteral infusions of butyr-
ate were shown to augment Hb F production in primates.911 Short 
courses of intravenous arginine butyrate administered to children 
with SCA were associated with increases in F reticulocytes and 
relative rates of g-globin synthesis,912 but  administration of the 
drug over a 10-week period did not demonstrate a hematologic 
response.913 Subsequently, intermittent or pulse dosing of butyr-
ate for 4 days at a time resulted in a sustained increase in Hb F 
in most patients.914 Oral sodium phenylbutyrate has also been 
shown to increase fetal Hb levels,915 as has the antiepileptic drug 
valproic acid.916 In a phase II clinical trial of arginine butyrate 
there was improvement of refractory leg ulcers.663

Decitabine, an azacytidine analog (5-aza-2′-deoxycytidine), 
causes induction of Hb F through DNA hypomethylation.917 In 
recent small-scale clinical trials in patients with sickle cell dis-
ease, treatment with decitabine resulted in significant increases 
in mean g-globin synthesis, Hb F levels, and the number of F 
cells (RBC that contain Hb F).917–919 Interestingly, increased 
Hb F levels were observed in 100% of patients with sickle cell 
disease who received decitabine, including patients who had 
previously failed to respond to hydroxyurea.920 A current clinical 
trial is testing decitabine in adults with sickle cell disease who do 
not tolerate hydroxyurea due to hematologic or other toxicities 
(clinicaltrials.gov # NCT01375608).

Recent findings from GWAS studies have identified BCL11A 
as a critical modulator of the fetal-to-adult hemoglobin switch in 
humans and a silencing factor for the g-globin genes.745,921,922 
Down-regulation of BCL11A results in robust induction of fetal 

hemoglobin,921 and suggests developing strategies to down- 
regulate or inhibit BCL11A function.

antisickling agents acting on membrane
Poloxamer-188, also known as RheothRx, is a nonionic copolymer 
emulsifying agent that may counteract the tendency of sickle cells 
to adhere to endothelium by decreasing the interaction between 
red cells and fibrinogen.923 In phase II trials the duration of pain-
ful episodes was reduced, particularly in younger patients and in 
those receiving hydroxyurea.205,924

reduction of red cell density
Therapy designed to reduce the MCHC is based on the fact that 
small decrements in the MCHC significantly delay the rate of 
deoxy Hb S polymerization and inhibit red cell sickling. The delay 
time of gelation of deoxy Hb S is inversely proportional to the 30th 
power of Hb S concentration.925 Anecdotal accounts of patients 
with a low MCHC on the basis of iron deficiency led to the sugges-
tion that symptomatic crises were fewer926 and red cell survival 
was longer.927 One approach to reduction of the MCHC used the 
long-acting antidiuretic hormone desmopressin, salt restriction, 
and water loading. When combined, these measures induced 
sufficient hyponatremia and osmotic swelling of red cells to 
reduce the MCHC by 2 to 3 g/dl,928 but clinical testing uncovered 
problems related to poor compliance, fluctuating levels of serum 
sodium, neurologic complications, and lack of efficacy.929

The Ca2+-activated K+ channel (Gardos channel) contrib-
utes to the deleterious dehydration of sickle cells. One of the 
membrane-active agents, cetiedil, appears to inhibit sickling by 
inducing red cell swelling and decreasing the MCHC as a result 
of inhibiting the Gardos pathway and increasing passive Na+ 
influx more than K+ efflux. In a placebo-controlled study, cetiedil 
appeared to shorten the duration of pain crises but had no effect 
on the total analgesic requirement.204 Clotrimazole and other 
imidazole antimycotics also prevent sickle cell dehydration by 
inhibiting the Gardos pathway. In a small group of sickle cell 
patients, clotrimazole resulted in reduced red cell dehydration, 
increased cell potassium content, and increased Hb levels.817 
A more potent analog, ICA-17043 (Senicapoc) was developed 
and shown to decrease the RBC membrane cation permeability 
by decreasing the Gardos channel activity and calcium-induced 
K+ efflux. ICA-17043 was shown to reduce RBC density in mice 
in comparison with untreated controls, even in the setting of 
hypoxia-induced RBC dehydration.930 These preliminary results, 
coupled with the long half-life of ICA-17043 (allowing once-daily 
dosing) and minimal side effects, fostered further investigation 
in a clinical trial of adults with sickle cell disease.931 A phase II 
clinical trial randomized 90 adult patients with sickle cell disease 
to receive a loading dose of 150 mg of ICA-17043 followed by 
10 mg daily, a lower loading dose of 100 mg followed by 6 mg 
daily, or placebo.206 Study participants were treated for 12 weeks, 
and hematologic efficacy was demonstrated in the higher dose 
treatment arm by a significant increase in Hb concentration, 
and decrease in LDH, bilirubin, reticulocyte count, and dense 
RBCs. In this phase II study, the activity of the Gardos channel 
decreased significantly and hemolysis was reduced. However, in 
a phase III multicenter clinical trial, ICA-17043, failed to reduce 
the frequency of painful events, leading to an early closure of the 
study. Because the K–Cl co-transporter is a major determinant 
of sickle cell dehydration and is inhibited by increasing red cell 
magnesium, phase I and II trials of oral magnesium pidolate in 
adult sickle cell patients have been conducted.932,933 In 10 adult 
patients with Hb SS, a 4-week course of oral magnesium supple-
mentation (using magnesium pidolate) resulted in increased red 
cell Mg2+ and K+ concentrations, a reduction in K–Cl co-transport 
activity, and a decrease in the number of dense Hb SS erythro-
cytes.932 A subsequent study on 20 patients with Hb SS involved 
the administration of magnesium pidolate for 6 months.933 In this 

72683_ch033_0823-0861.indd   854 7/31/13   11:47 AM



 ChaPtEr 33 Sickle Cell anemia and other Sickling Syndromes 855

D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

unblinded study, a reduction in the number of pain crises was 
noted during the period of magnesium supplementation. In both 
studies, a significant decrease in red cell density was noted and 
clinical toxicity was absent except for mild reversible diarrhea. 
The combination approach of oral hydroxyurea and magnesium 
treatment was used in children with SCA in a phase I study.934 
The maximum tolerated dose of magnesium pidolate when used 
in combination with hydroxyurea was 125 mg/kg/day. K–Cl 
co-transporter activity significantly declined after 3 months of 
magnesium pidolate.

anti-inflammatory agents
Sickle cell disease patients live in a state of “baseline heightened 
inflammation,” which contributes to and sustains the pathophysi-
ologic cycle of vaso-occlusion and tissue damage. Attenuation of 
the inflammatory response in sickle cell disease could potentially 
ameliorate symptoms of the disease.

Adenosine is a purine nucleoside that modulates many intra-
cellular processes, such as signal transduction and energy trans-
fer. The concentration of adenosine rises rapidly in response to 
cellular damage, such as tissue ischemia. Adenosine functions 
through signaling of four receptor subtypes: A1, A2A, A2B, and 
A3.935 There is evidence of excessive adenosine signaling in sickle 
cell disease, as both adenosine and 2,3-diphosphoglycerate (DPG) 
concentrations were elevated in individuals with sickle cell disease 
and induce sickling in vitro.38 Adenosine A2A receptor activation 
in invariant natural killer T (iNKT) and natural killer (NK) cells 
reduced inflammation and lung injury in sickle cell mice.936 A 
current phase I trial is evaluating the safety and maximum toler-
ated dose of an adenosine A2A receptor agonist (Lexiscan) in ado-
lescents and adults with SCA (clinicaltrials.gov # NCT01085201).

Adenosine A2B receptor-mediated induction of 2,3-DPG 
decreases the oxygen binding affinity of Hb and induces eryth-
rocyte sickling (caused by excess adenosine) in cultured human 
RBCs and in sickle cell disease transgenic mice,38 suggesting a 
possible role of excessive adenosine signaling through the A2B 
receptor in the pathogenesis of sickle cell disease. A2A receptor 
activation or A2B receptor blocking could be two new avenues of 
therapy for sickle cell disease that have the potential of reducing 
its exaggerated inflammatory response.

bone marrow (hematopoietic stem cell) transplantation
Bone marrow transplantation has the potential to normalize 
Hb synthesis in patients with SCA and is currently the only 
 curative treatment for sickle cell disease. The first transplant 
was  performed in a child with both SCA and acute myeloblastic 
leukemia in 1984; bone marrow from an HLA-identical sibling 
abolished both diseases.937 Since then, hundreds of patients 
with severe SCA have been transplanted using human leuko-
cyte antigen (HLA)–identical sibling donors. The four largest 
HLA-matched sibling donor transplant series collectively have 
shown excellent results, with overall survival ranging from 92% 
to 94%, event-free survival 82% to 86%, and rejection rate 7% 
to 13%.495,938,939,940 The incidence of graft-versus-host disease 
(GVHD) has varied from 10% to 20%. Treatment-related mortality 
has ranged from 2% to 7%, and the most common causes of death 
have been complications of GVHD, sepsis, and stroke (primarily 
hemorrhagic). These four reports have described myeloabla-
tive regiments utilizing pretransplant conditioning regimens of 
busulfan, methotrexate, cyclophosphamide, and antithymocyte 
globulin (ATG) in most cases.

Current indications for stem cell transplant in sickle cell 
disease are broad, but have in common increased disease sever-
ity (e.g., stroke, recurrent ACS, intractable pain, red cell allo- 
immunization, AVN of the hip). Abnormal TCD velocities are 
another potential indication for transplant, although there is not 
a consensus among hematologists regarding this.941

Previous reports have indicated the effectiveness of conven-
tional stem cell transplants in preventing recurrence of CNS 
events following transplant.495 Brain parenchymal damage has 
been reported in a study of nine children with severe sickle cell 
disease in whom CNS evaluations were performed serially before 
and after transplant.496 Neurologic examinations and neuropsy-
chometric tests were stable, but serial MRI/magnetic resonance 
angiogram (MRA) studies showed that new brain parenchymal 
lesions occurred in all seven patients who had pretransplant 
lacunae or infarcts.

The possibility of infertility is a concern among patients under-
going myeloablative conditioning regimens for stem cell trans-
plant. Recently ovarian stimulation followed by oocyte retrieval 
and cryopreservation provided fertility preservation in an ado-
lescent with severe sickle cell disease scheduled to undergo a 
hematopoietic stem cell transplant.942 This approach, along with 
sperm banking, can be alternatives for young sickle cell patients 
who will undergo stem cell transplant and aspire to have families 
in the future.

The availability and the relative success of bone marrow trans-
plantation worldwide have raised a number of social and ethical 
questions about its use. For example, how severe must sickle cell 
disease be to justify a transplant-associated mortality rate of 5% 
to 10%? In the United States, only 6% of patients with SCA met 
the criteria for transplantation specified in the study protocol; fur-
thermore, a survey of children with SCA in the San Francisco area 
estimated that only 18% would have sibling donors.943 Although 
these criteria would result in approximately 1% of American 
children with SCA being eligible for transplantation, criteria 
used in Belgium were based on the poor prognosis of children 
with sickle cell disease who were returning to a setting of lim-
ited medical care in central Africa.747 Another point of view has 
been that transplantation is warranted in virtually all patients for 
whom a suitable donor is available,944 particularly before organ 
dysfunction and transfusion exposure occur. It has been noted 
that the transplant enrollment criteria parallel those of studies 
using hydroxyurea treatment.945 When these two modalities are 
compared, transplantation offers a definitive cure for SCA but a 
significant risk of mortality, whereas hydroxyurea offers amelio-
ration of the clinical symptoms with short-term complications that 
appear to be reversible and small. When transplantation, periodic 
prophylactic blood transfusion, and hydroxyurea were compared 
in a decision analysis study for children with severe sickle cell 
disease, bone marrow transplant was the strategy treatment 
of choice.946

Other approaches to transplantation have been developed out-
side of sickle cell disease. Cord blood stem cells harvested from 
HLA-identical newborn sibs, as well as unrelated donors, have 
been successfully transplanted.947,948 Directed donor banking of 
cord blood from a sibling of a child with a disorder treatable by 
stem cell transplantation provided a cord blood allograft that was 
successful in 16 of 17 cases.949 Unrelated donor cord blood stem 
cell transplants, on the other hand, have not had favorable out-
comes, likely due to the HLA mismatches that result from ethnic 
and racial differences between donors and recipients.950,951

When stable mixed chimerism is established after stem cell 
transplant, even a minority of donor cells with a selective advan-
tage may overcome a genetic defect. In an analysis of 50 patients 
with successful allografts, five had chimerism with a relatively low 
proportion of donor cells (range, 11% to 74%). These five patients 
had normal Hb levels and much lower Hb S fractions than the 
proportion of donor chimerism, suggesting that donor erythroid 
progenitors or erythrocytes had a survival advantage over their 
recipient sickle cell counterparts.952 Because these patients were 
also clinically asymptomatic, it appears that full-donor chimerism 
is not necessary to cure nonmalignant disorders, and reduced 
intensity regimens that allow mixed chimerism may be effec-
tive.952,953 In fact, reduced intensity stem cell transplantation 
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from matched donors has been described in 10 adults with sickle 
cell disease, and sustainable marrow engraftment with stable 
mixed chimerism was achieved in 9 out of the 10 subjects. This 
regimen utilized low-dose total body irradiation, alemtuzumab, 
and sirolimus, and appears to be a viable option for patients who 
would otherwise not be able to tolerate an aggressive conditioning 
regimen.954

Worldwide, hematopoietic stem cell transplant is under-
utilized in patients with sickle cell disease, a multifactorial 
phenomenon resulting from high costs, lack of expertise, lack 
of available HLA-matched donors, insufficient referral to trans-
plant centers, and increased use of disease-modifying therapies 
(hydroxyurea, erythrocyte transfusions) among other reasons. 
Therapy preference and decision making among patients with 
severe SCA and their families was analyzed after they received 
standardized nondirective presentations and educational mate-
rials. Ten percent expressed preference for stem cell transplant, 
17% for chronic transfusion, and 70% for hydroxyurea.955 
However, many patients and families still perceive this treat-
ment to be dangerous in comparison with other therapies, such 
as hydroxyurea and chronic transfusions, and choose not to 
pursue transplant even when a matched HLA sibling donor is 
available.955,956

gene therapy
Gene therapy offers great promise as a potential cure for sickle 
cell disease, but there are currently concerns about random 
genomic insertion that must be resolved.957 In the past, low effi-
ciency of gene transfer to stem cells and suboptimal globin gene 
expression, as well as safety concerns, have limited progress. The 
insertion of a therapeutic globin gene does not necessarily confer 
selective advantage to transduced stem cells, therefore complex 
DNA regulatory sequences have to be preset within the transfer 
vector for proper gene expression. Recent use of lentiviral vectors 
derived from the HIV genome have allowed more efficient trans-
duction of human cells. Two transgenic mouse strains with human 
SS disease have been transduced using lentiviral vectors using 
globin genes linked to regulatory elements of the LCR, resulting 
in reduced sickling, improved renal-concentrating capacity, and 
human b-globin synthesis at 10% to 50% of the level of endog-
enous b-globin production.958 Proof of concept of gene therapy as 
a viable strategy for hemolgobinopathies has been shown in an 
adult with thalassemia (HbEb0-thalassemia) who has remained 
transfusion-independent 33 months after lentiviral b-globin gene 
transfer.959

SiCkle Cell tRAit
Sickle cell trait, the heterozygous state for the Hb S gene, is pres-
ent in ∼8% of black Americans and in as many as 20% of some 
African populations (Table 33.1). The red cells of such individu-
als contain both Hb A and Hb S, but there is always more Hb A 
than Hb S.

clinical features
Sickle cell trait is known to confer a better prognosis from 
malarial infection.960 It rarely is associated with clinical or 
hematologic manifestations of significance. Individuals have no 
anemia, and red cell morphology is normal. Growth and develop-
ment proceed normally,961 and no increased frequency of bone 
and joint disease is observed.962 A prospective study of pregnant 
women with sickle cell trait documented an overall incidence of 
complications and a distribution of birth weights similar to those 
of a control group.963 Life expectancy and overall mortality rate 
for persons with sickle cell trait are the same as for the gen-
eral population. The prevalence of the trait among professional 

football players is the same as that in the black population, sug-
gesting that it imposes no limitation in physical  capabilities.964 
Nevertheless, most of the complications associated with SCA 
have been described in individuals with sickle cell trait. In such 
reports, the presence of Hb S was likely an incidental finding, 
unrelated to the observed deficit. For example, studies of sudden 
death in soldiers and athletes undergoing strenuous physical 
conditioning lack pertinent information concerning the relative 
amounts of Hb A and Hb S and the presence of potential but 
undetected underlying illness.965,966 Nevertheless, a compre-
hensive analysis of sudden unexplained deaths among more 
than 2 million recruits undergoing basic training in the United 
States Armed Forces demonstrated a small increase of such 
deaths, especially those related to exertional heat illness (EHI), 
in association with sickle cell trait.967 Following this finding, 
an interventional trial examined the hypothesis that preventing 
EHI would reduce mortality for all recruits, including those with 
sickle cell trait.968,969 The intervention consisted of monitoring 
of core temperature, minimizing efforts in hot weather, increas-
ing water consumption, and use of light clothing, among other 
measures. No deaths among individuals with or without sickle 
cell trait were observed when precautionary measures were 
undertaken, which was a significant decline from the predicted 
13 deaths among recruits with sickle cell trait. Currently, sickle 
cell trait is not a disqualifying condition for entry into the United 
States Armed Forces, and universal precautions against EHI 
have been fully implemented.

A study of almost 2 million National Collegiate Athletic 
Association (NCAA) athletes found 273 deaths between 2004 and 
2008, with five (2%) of these deaths occurring in athletes with 
the sickle cell trait, all in association with heat exertion (exer-
tional deaths).970 The study concluded that the risk of exertional 
death was 37 times greater in athletes with sickle cell trait than 
that among those without it. This study, however, did not have 
information of the sickle cell trait status of the entire cohort, and 
estimated trait prevalence based on prior epidemiologic studies 
(1:12 African Americans are sickle cell trait carriers). The results 
of this study prompted the NCAA to adopt a policy requiring 
Division I institutions to perform testing for sickle cell trait in all 
incoming athletes in the United States. Because the risk under 
even the most adverse circumstances is low (1 in 3,200 in the 
Armed Forces study), it is important that the millions of black 
individuals, including aspiring athletes, with sickle cell trait not be 
stigmatized or labeled as sick. Due to this concern, the American 
Society of Hematology (ASH) released a statement in 2012 oppos-
ing testing or disclosure of sickle cell trait status as a prerequisite 
for participation in athletic activities. This position was subse-
quently adopted by the Sickle Cell Disease Association of America 
(SCDAA) among other professional societies.

Other complications of the trait are well documented but 
relatively rare: hematuria, urinary tract infection, and splenic 
infarction. The former generally is transient and probably is 
related to poor perfusion of the renal papillae.588,607,971 Frank 
renal papillary necrosis has been described.604 Renal medullary 
carcinoma is a rare malignancy of the renal medulla; most of 
the reported cases have occurred in individuals with sickle cell 
trait.606,972 Urine-concentrating ability also is impaired, although 
renal acidification is normal.973 A Jamaican study of older adult 
women showed an increased frequency of bacteriuria in those 
with sickle cell trait.974 During pregnancy, women with sickle cell 
trait have increases in bacteriuria and pyelonephritis.975 There 
are numerous reports of splenic infarction in individuals with 
sickle cell trait who were exposed to altitudes of 10,000 feet or 
more in unpressurized aircraft, but this has not been reported 
in commercial flights, in which cabin pressure is equivalent to 
∼8,000 feet.976 Individuals with sickle cell trait, especially whites, 
have suffered splenic infarction at mountain altitudes.977 Most 
individuals with sickle cell trait, however, tolerate simulated high 
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altitude with impunity.978 A case control study identified sickle 
cell trait as a risk factor for venous thromboembolism;979 how-
ever, further investigation linking thrombosis risk and sickle cell 
trait is necessary to establish this association.

diagnosis
Sickle cell trait is characterized by an electrophoretic pattern 
containing both Hb A and Hb S, with more Hb A than Hb S. The 
interaction of a-thalassemia with sickle cell trait is responsible for 
a trimodal distribution of Hb S with means of ∼41%, 35%, and 
28%, corresponding to the aa/aa, –a/aa, and –a/–a genotypes, 
respectively.980,981 The positive correlation between the propor-
tion of Hb S and the output of a genes indicates the greater affinity 
of bA chains than of bS chains for a chains in the formation of Hb 
tetramers. Excess bS chains presumably are destroyed by prote-
olysis.982 The relative amount of Hb S is also decreased by iron983 
and folate984 deficiencies.

screening programs
There are two possible reasons to screen groups for the presence 
of sickle cell trait: (a) to inform affected persons of health risks and 
(b) to provide information that might affect an individual’s repro-
ductive decisions. Most hemoglobinopathy screening is now done 
to identify sickle cell disease in neonates. Therefore, identification 
of sickle cell trait occurs at a time when counseling of the affected 
individual is impossible. Counseling of family members of new-
borns with sickle cell trait may be of value but is only performed 
sporadically in most states.

The technique chosen for screening should be genetically 
diagnostic and should clearly differentiate between sickle cell 
trait and those disorders of Hb that have implications for health. 
Conventional Hb electrophoresis 985 and thin-layer isoelectric 
focusing on acrylamide gel986 and high-performance liquid chro-
matography have been adapted satisfactorily to mass screening. 
Because solubility tests do not detect b-thalassemia trait, Hb C, 
and other Hb variants that interact with Hb S to cause disease, 
they should not be used for screening.

OtheR SiCkling SynDROmeS
Several of the doubly heterozygous states for Hb S and a sec-
ond disorder of Hb synthesis are characterized by clinical and 
hematologic aberrations that to some extent mimic the features 
of SCA. The clinically significant disorders resulting from double 
 heterozygosity for Hb S and a second Hb variant are considered 
to be forms of sickle cell disease.

hemoglobin sc disease
The sickling disorder known as hemoglobin SC disease results 
from the inheritance of an Hb S gene from one parent and an 
Hb C gene from the other parent. Red cells contain approxi-
mately equal amounts of the two hemoglobins. Hb A is absent, 
and Hb F is normal or slightly increased. The disorder occurs 
with an approximate frequency of 1 in 1,100 births among black 
Americans767 and 1 in 1,400 births in Jamaica.987 In Ghana, the 
presumed site of origin of the Hb C mutation,988 Hb SC disease 
is as prevalent as SCA, and in some regions it affects as many as 
25% of the population.1

The clinical and laboratory features of Hb SC disease cannot 
be explained by co-polymerization of Hb C with Hb S.989 The 
solubility of mixtures of deoxy Hb S and Hb C is no different from 
that of mixtures of Hb S and Hb A.990 Differences in the sickling 
properties of sickle trait cells and Hb SC cells are related to two 
factors: a higher proportion of Hb S and a higher concentration 

of hemoglobin in Hb SC cells compared with Hb AS cells.989,991 
The 10%-to-15% greater proportion of Hb S in Hb SC cells is the 
result of differences in rates of subunit assembly, which, in turn, 
are determined by the net surface charges of bA, bS, and bC.989 
The higher MCHC of Hb SC cells is the result of Hb C inducing, 
by mechanisms not fully understood, an increase in the activity 
of K–Cl co-transport, which causes loss of K+ and consequently of 
intracellular water.992

Clinical Features
The clinical manifestations of Hb SC disease are similar to, but 
on average less frequent than, those of SCA.14,992 Growth and 
sexual development are delayed compared to normal children, 
but less so than in children with SCA.435 Symptoms in the first 
year are rare, and one fourth of affected individuals remain 
asymptomatic throughout the first decade of life.992,993 The 
most common symptom is episodic abdominal or skeletal pain, 
qualitatively similar to that caused by vaso-occlusive events in 
SCA. The average number of painful episodes per year for Hb 
SC patients is approximately one half that for persons with SCA 
(0.4 vs. 0.8 episodes per year).184 Moderate enlargement of the 
spleen is present in approximately two thirds of children and 
often persists into adult life. Spleen perfusion is intact, however, 
and as a result, symptomatic splenic infarction994 and acute 
splenic sequestration995–997 may occur in adults as well as in 
children. Loss of spleen function is more gradual and occurs at 
a later age than occurs in SCA.178 The frequency of infections of 
patients with Hb SC disease is increased, but fatal pneumococcal 
septicemia, although well  documented,998 is less of a risk than 
is noted in SCA.999 In contrast to the infectious complications 
of SCA, those of Hb SC disease are characteristically associated 
with a primary focus, tend not to recur, and respond promptly to 
therapy.1000,1001 S. pneumoniae is the most common bacterial iso-
late, and the respiratory tract is the most common focus.1000–1002 
The incidence of bacteremia drops abruptly after 2 years of age, a 
contrasting pattern to SCA, in which the incidence declines gradu-
ally between 2 and 6 years of age.387 Because bacteremia rarely 
progresses to septicemia and a fatal outcome in young children 
with Hb SC disease, some investigators believe that prophylactic 
penicillin is not necessary.414 However, fatal pneumococcal sep-
ticemia was reported in a series of seven children with Hb SC, 
six of whom were >3 years of age.1003 Central nervous system 
deficits, asymptomatic hematuria, ankle ulceration, priapism, 
and other complications of sickling occur with Hb SC disease but 
are infrequent events. In the United States, the median lifespan 
for male and female Hb SC patients is 60 and 68 years of age, 
respectively.143

Because of the frequency with which they occur, certain compli-
cations of Hb SC disease deserve special comment. Proliferative ret-
inopathy is more common and more severe than in SCA.641,643,644 
Progressive loss of vision may have its onset early in the second 
decade, and patients should be encouraged to have an annual 
ophthalmologic examination starting at 10 years of age. Aseptic 
necrosis of the femoral head has been reported to have a greater 
frequency in Hb SC disease than in Hb SS, but the age-adjusted 
prevalence is lower.452 ACS, attributed to fat emboli after bone 
marrow infarction, occurs most commonly during the final months 
of pregnancy1004,1005 in women with Hb SC. The exaggerated 
vulnerability of individuals with Hb SC disease to certain compli-
cations is thought to be a function of the higher viscosity of the 
blood relative to that in SCA. Two analyses of adults with Hb SC 
disease688,1006 have re-emphasized the common clinical features of 
pain crises, avascular necrosis of the hip, proliferative sickle reti-
nopathy, and splenic infarction/sequestration. In one series, it was 
noted that co-morbidity of obesity, hypertension, and type 2 diabe-
tes mellitus were common.1006 In the other, decreased morbidity 
was noted in patients who had concurrent a-thalassemia 2.688
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Moderately severe complications of in vivo sickling occur 
in Hb SC-Harlem disease1007 and in the Hb SC/a-thalassemia 
syndrome.1008 Combined Hb SC disease and hereditary sphe-
rocytosis was documented as the cause of recurrent splenic 
sequestration crises.1009

Laboratory Features
Anemia is mild or nonexistent; 75% of children 2 to 15 years of 
age have a hematocrit between 28 and 38, and 75% of adults 
have a hematocrit between 28 and 42 (with males having higher 
levels than females).749 Compared with Hb SS, the MCV may be 
decreased (10 to 15 fl lower), and the MCHC may be increased 
owing to cellular dehydration.749,1010 Reticulocytes are modestly 
increased in number. Blood films contain as many as 50% target 
cells. Although sickled cells are relatively rare, cells containing Hb 
“crystals” are noted regularly.1011 These hyperchromic shrunken 
cells are distorted into pyramidal or elongated contours by con-
densed aggregates of Hb (Fig. 33.11). The white blood cell count 
and leukocyte differential are normal.139

Treatment
Unlike the extensive investigations of the use of hydroxyurea 
in adults and children with Hb SS, data in patients with Hb SC 
disease are lacking. One study involving six adult Hb SC dis-
ease patients noted that hydroxyurea resulted in an increase in 
hematocrit and MCV, improved cell hydration, and no significant 
difference in Hb F level.1012 In a study of six severely affected 
children with Hb SC disease, MCV and Hb F increased, and 
patients improved clinically, but Hb concentration did not change 
after hydroxyurea treatment.1013 One symptomatic patient with a 
high hematocrit responded to recurrent phlebotomy.1014 The first 
randomized clinical trial specifically targeting individuals with 
Hb SC was a phase II multicenter double-blinded trial comparing 
the effects of hydroxyurea and magnesium (pidolate).1015 Subjects 
were randomized to hydroxyurea + placebo, magnesium + pla-
cebo, hydroxyurea + magnesium, or placebo + placebo. The pri-
mary endpoint was the proportion of hyperdense red blood cells 
after 8 weeks of treatment. Thirty-six subjects were evaluable, but 
the study was terminated early because of slow enrollment. In the 
combined hydroxyurea groups, MCV and HbF were increased, 
but differences were not seen in hyperdense red cells or vaso-
occlusive events.

hemoglobin s–b-thalassemia
The doubly heterozygous condition of Hb S and b-thalassemia is 
designated as Sb0-thalassemia if there is no b-globin  synthesis 
from the affected allele and Sb+-thalassemia if b-globin synthe-
sis is present but reduced. The clinical manifestations are quite 
variable, and patients may be nearly asymptomatic or have prob-
lems similar to those occurring in the worst cases of SCA.1016 In 
general, Hb Sb0-thalassemia resembles Hb SS in severity (and 
therefore is sometimes included under the  designation “sickle 
cell anemia”), and Hb S b+-thalassemia is somewhat milder than 
Hb SC disease. Patients with Hb Sb0-thalassemia have a slightly 
higher Hb level, a greater Hb A2 level (4% to 6%), and a smaller 
MCV (65 to 75 fl) than those with Hb SS. Hb Sb+-thalassemia 
patients have a higher Hb level and lower reticulocyte count 
than those with Hb Sb0-thalassemia.1016,1017 In children with 
Hb Sb0-thalassemia, splenic dysfunction measured by pit cell 
counts occurs within the first year of life, but only 20% of those 
with Hb Sb+-thalassemia have elevated pit counts by 20 years 
of age.1018 Patients with Hb Sb+-thalassemia, unlike those with 
SCA, often have splenomegaly beyond the first few years of 
childhood.

hemoglobin s/hereditary persistence  
of fetal hemoglobin
In HPFH, Hb F levels are elevated relative to the patient’s age. 
Deletional mutations typically involve large segments of DNA 
and result in a pancellular distribution of Hb F. Approximately 
1 in 1,000 African Americans carry the deletion HPFH gene. 
Nondeletion mutations result in more variable levels of Hb F (4% 
to 30%) and heterocellular or pancellular distribution. The doubly 
heterozygous condition for Hb S and HPFH results in a heteroge-
neous disorder that is generally extremely mild and associated with 
a pancellular distribution of Hb F, normal blood counts, microcyto-
sis, target cells, and 20% to 30% Hb F.14,30,31 Overall, there is ∼1 
case of Hb S/HPFH for every 100 cases of Hb SS, but it is important 
to identify this condition because of its extremely good prognosis.

hemoglobin se disease
Hb E is characterized by the substitution of lysine for glutamic acid 
at position 26 of the b chain and results in a mild b-thalassemia 
phenotype. Because of the increase in the Asian population in the 
United States, the doubly heterozygous condition of Hb SE is now 
occasionally seen. Patients with Hb SE may have mild anemia 
and microcytosis along with ∼30% Hb E, but blood smears look 
relatively normal (except for target cells), and patients are usually 
asymptomatic.31,1019

hemoglobin sd disease
Of the 16 variants fulfilling the electrophoretic and solubility 
criteria for Hb D or Hb G, at least nine have been recognized in 
association with Hb S.1020 With one exception, the doubly hetero-
zygous states for Hb S and Hb D or Hb G are clinically silent. Hb 
D-Punjab (Hb D-Los Angeles) interacts with Hb S to produce mild 
hemolytic anemia and symptoms that mimic those of mild sickle 
cell disease. The Hb SD-Punjab syndrome was first detected in a 
Caucasian man1021 whose case had been previously reported as 
an instance of SCA in the white race. Subsequently, Hb SD-Punjab 
disease was recognized in a number of subjects, most of African 
origin.1022,1023 In each of these subjects, the clinical and hemato-
logic features were those of mild sickle cell disease. Elevation of 
Hb F, however, is not protective among individuals with Hb SD as 
it is for those with Hb SS. For example, in Middle Eastern Kuwaiti 
sickle cell patients, elevated Hb F level was not protective against 
pain events in patients with Hb SD.1024

hemoglobin so-arab disease
Hb O-Arab interacts strongly with Hb S in vitro. As would 
be  predicted, the doubly heterozygous state is clinically and 
 hematologically indistinguishable from SCA.27,1025,1026 Functional 
asplenia occurs at an early age and is followed by progressive 
splenic infarction. The disorder is differentiated readily from Hb 
SC disease, with which it is confused on electrophoretic grounds, 
by the greater prominence of symptoms, the severity of the ane-
mia,   and the presence of numerous ISCs on blood smears.1027

hemoglobin c disorders
In Hb C, lysine replaces glutamic acid in the sixth position of 
the b-chain. The positive charge resulting from this substitution 
gives the variant a slow electrophoretic mobility at both an acid 
and an alkaline pH. This variant appears to have originated on 
the west coast of Africa,1027 where the carrier rate is as high as 
25%. Although less convincing than for Hb S, the distribution of 
Hb C in Africa suggests that it also may have conferred a sur-
vival advantage in areas endemic for malaria. Among the Dogon 
of West Africa, where the gene frequency of Hb C is high and 
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that of Hb S is low, cerebral malaria and other forms of severe 
malaria are uncommon in those having Hb C.1028 Although not 
providing full protection against malaria, Hb C appears to mini-
mize the risk of severe infection. These clinical observations are 
supported by in vitro studies that demonstrate the inability of Hb 
CC red cells to release merozoites by cell lysis at the appropri-
ate stage of parasite development.1029 The heterozygous state 
is noted in 2% to 3% of blacks, and homozygous Hb C disease 
affects ∼1 in 5,000.13 As with Hb S, Hb C has been identified in 
individuals with no known African ancestry.1030 The bC gene can 
be identified in fetal DNA by using restriction fragment length 
polymorphisms725 and by sequence-specific oligonucleotide 
probes.1031

Hemoglobin C Trait
The heterozygous state for Hb C (Hb AC) is clinically silent. 
Although the hemoglobin concentration is within the broad range 
of normal, the mean for groups of subjects is low. The red cell 
mass and red cell survival also may be decreased.1032 Reticulocyte 
numbers, however, are not increased. The physiologic basis for 
the apparent failure of appropriate erythropoietic response to 
shortened cell survival is probably similar to that operative in Hb 
CC disease. The peripheral blood smear contains moderate num-
bers (5% to 30%) of target cells. By electrophoretic analysis, 30% 
to 40% of the hemoglobin is Hb C, and 50% to 60% is Hb A; Hb A2 
(separated chromatographically) is increased slightly. The relative 
amount of Hb C with coexistent a-thalassemia is less, reflecting 
the higher affinity of bA-compared with bC-globin for limited 
amounts of a-globin during hemoglobin assembly.1033

Hemoglobin C Disease
Hemoglobin C disease (Hb CC) is a mild disorder that characteris-
tically is detected through newborn hemoglobinopathy screening 
programs or during the investigation of an unrelated medical 
problem.1034 Growth and development are appropriate, and preg-
nancy and surgery are well tolerated. Mild intermittent abdominal 
discomfort, arthralgia, and headaches are noted in some reports, 
but their relationship to the hemoglobinopathy, if any, is unclear. 
The spleen is enlarged in many affected individuals, and sponta-
neous rupture of the organ has been reported.1035 Spleen function 
is unaffected, however, and unusual infectious problems are not 
observed. As with other hemolytic disorders, cholelithiasis occurs 
with increased frequency.

Anemia is mild to moderate in severity.1036 The mean packed 
cell volume is 33%; individual values often fall within the normal 
range. Reticulocyte counts are elevated only slightly (2% to 6%). 
Erythrocyte morphology is strikingly abnormal, with micro-
cytosis, target cells (≥90%), occasional spherocytes, and cells 
distorted by what appear to be crystals of hemoglobin.1011,1037 
Target cells appear more plump and smaller in diameter than 
those seen in individuals with liver disease, although their resis-
tance to osmotic lysis is similar to that of other target cells.1037 
Red blood cell survival is shortened with evidence of splenic 
sequestration. Considering the relative indolence of the hemo-
lytic process, it is surprising that anemia is not fully compensated 
by a greater erythropoietic effort. This apparent inconsistency is 
explained by a decrease in the oxygen affinity of hemoglobin 
of Hb CC erythrocytes, which have an intracellular pH lower 
than that of normal cells.1038 The right-shifted oxygen dissocia-
tion curve of whole blood permits normal tissue oxygenation in 
spite of a smaller than normal red blood cell mass. Shortened 
red cell survival probably is related to the decreased solubil-
ity of deoxy-Hb C, a consequence of electrostatic interactions 
between positively charged b-6 amino groups and negatively 
charged groups on adjacent molecules.1037 When suspended in 
hypertonic medium, Hb CC cells form intracellular crystals, a 

process that begins along the membrane1039 and is enhanced 
by deoxygenation.1037 Intracellular aggregates of hemoglobin 
limit cell deformability by increasing internal viscosity,1040 
thereby predisposing to fragmentation, spherocyte formation, 
and splenic sequestration. Diagnosis rests on the electrophoretic 
or chromatographic analysis of hemoglobin. The major fraction 
is Hb C, Hb A is absent, and Hb F is slightly increased. Relatively 
more Hb F (to 22%) is present in individuals who have coexis-
tent Hb CC disease and a-thalassemia.1041 Therapy is neither 
available nor needed; however, genetic counseling and clinical 
monitoring are advised.

key POintS
 1. Sickle cell disease is a common worldwide genetic disorder 

with an autosomal recessive pattern.
 2. Sickle cell disease is a chronic condition with intermittent and 

unpredictable acute vaso-occlusive episodes (e.g., pain, ACS, 
splenic sequestration, priapism, etc.).

 3. The most common and also the most severe genotype is Hb SS 
(sickle cell anemia). HbSb0-thalassemia is frequently classified 
with Hb SS due to its similar phenotype.

 4. Pathophysiology involves a complex intertwined array of 
processes including vaso-occlusion in the microcirculation, 
hypoxia-reperfusion injury, chronic hemolysis, increased 
endothelial adhesion, hypercoagulability, and enhanced 
inflammatory response.

 5. All tissues can be affected, causing progressive organ dysfunc-
tion and eventually organ failure.

 6. The overall survival in sickle cell disease has improved in the 
last few decades due to early diagnosis, prophylaxis against 
infection, and use of disease-modifying therapies.

 7. Effective therapies include hydroxyurea, chronic blood trans-
fusion, and stem cell transplantation.

WebSiteS Of inteReSt
The following websites offer useful information about sickle cell 
disease, both for patients and medical providers:

•	 www.NHLBI.gov
•	 www.CDC.gov
•	 www.SCDAA.org

The website www.clinicaltrials.gov offers information about 
prospective clinical trials. Using the search option, trials inves-
tigating sickle cell disease can be retrieved. In addition to these 
websites, two textbooks offer particularly extensive information 
about sickle cell disease.14,1042
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is the area of the world where the frequency of a-thalassemia is 
so high as to cause a major public health problem, because of 
the increased number of patients with severe HbH disease and 
fetuses with Hb Bart hydrops fetalis. In the eastern oasis of Saudi 
Arabia, more than 50% of the population appears to have a clini-
cally silent form of a-thalassemia, and HbH disease is recognized 
with increasing frequency.5 In a random population sample, the 
gene frequency of deletion-type a-thalassemia-2 (-a) was 0.18 in 
Sardinians and 0.07 in Greek Cypriots; the occurrence of non-
deletion a-thalassemia is estimated to be one-third that of the 
deletion-type.6 In African-Americans, a-thalassemia is relatively 
common, but rarely is it of clinical significance. Of 211 healthy 
African-Americans in whom the a-globin genotype was character-
ized, 27.5% lacked a single a-globin gene, and 1.9% lacked two 
of the four a-globin genes.7 With the rise in Asian immigration to 
North America over the past few decades the prevalence of a-thal-
assemia and other hemoglobinopathies has increased steadily.8 
The epidemiologic changes in the prevalence of hemoglobin dis-
orders have important implications for public health programs, 
including new laboratory strategies, newborn screening, counsel-
ing, and patient management.9,10 About 3% of the world’s popu-
lation (150 million people) carry b-thalassemia genes. In Europe 
they are particularly prevalent in inhabitants of Italy and Greece. 
In Italy, the highest prevalence of the carrier state, in descending 
order, has been found in Sardinia (10.3%), the Delta region of the 
Po River near Ferrara (8%), and Sicily (5.9% with an almost equal 
distribution over the entire island).11,12,13 In Greece, the preva-
lence varies considerably, ranging from <5% to nearly 15% in 
the southern and central areas.32,33 In Cyprus, one individual in 
seven is a carrier of b-thalassemia and one individual in 1,000 is 
currently homozygous.1 In Sardinia the incidence of homozygous 
b-thalassemia is 1 in 250 live births. There are an estimated 3,500 
individuals with thalassemia major in Greece and 4,300 in Italy14 
(Cianciulli personal communication). b-Thalassemia is encoun-
tered less often in the northern and western parts of Africa. In the 
Maghreb (African countries opening on the Mediterranean) fre-
quencies vary from 3% in Algeria to 7% in Morocco and Lybia.15 
In Egypt, thalassemia represents a serious health problem, with 
a predicted 1,000 new patients born each year.16 In Turkey, the 
frequency varies from 0.8% to 10.8%.17 It has been described in 
high frequencies (10% to 20%) in Indian and Kurdish Jews.18 In 
Arabs it averages 2%.19 Few data are available for Pakistan.20 
Among Indians, frequencies between 3.5% and 14.9% have been 
reported.21 In North America, thalassemia used to affect mainly 
individuals of Mediterranean origin and African-Americans, 
but is, at present, most frequently observed in Asians. In fact, 
increases in Asian immigration and births in the United States, 
particularly in California, have led to a prevalence rate of HbE/b-
thalassemia among Southeast Asians of ∼1 in 2,200.22 In one 
survey of healthy black men, heterozygous b-thalassemia was 
documented in 1.4%.23 b-Thalassemia in Jamaica may have its 
origin in both the African and Asian immigrant populations.24 
In sporadic cases, b-thalassemia has been noted in Northern 
Europeans with no apparent Mediterranean or Asian ancestry.15 
Although well documented in natives of Southeast Asia and south-
ern China, b-thalassemia is far less prevalent in these regions 
than is a-thalassemia.25 HbE, the hallmark of Southeast Asia, 
is most frequently found at the border of Thailand, Laos, and 
Cambodia, where the frequencies may reach 50% to 60%. In Great 
Britain, which today is a multiethnic society due to substantial 

The thalassemias are a group of congenital anemias that have in 
common deficient synthesis of one or more of the globin subunits 
of the normal human hemoglobins (Hbs). The primary defect is 
usually quantitative, consisting of the reduced or absent synthe-
sis of normal globin chains, but there are mutations resulting 
in structural variants produced at reduced rate (e.g., HbE, Hb 
Lepore) and mutations producing hyperunstable hemoglobin 
variants with a thalassemia phenotype (thalassemic hemoglobin-
opathies). Therefore, a rigid differentiation from the qualitative 
changes of hemoglobin structure that characterize the hemo-
globinopathies is no longer appropriate. According to the chain 
whose synthesis is impaired, the most common thalassemias are 
called a-, b-, g-, or db-thalassemias. These subgroups have in 
common an imbalanced globin synthesis, with the consequence 
that the globin produced in excess is responsible for ineffective  
erythropoiesis (intramedullary destruction of erythroid precur-
sors) and hemolysis (peripheral destruction of red cells). In the 
last few years, the advances of DNA analysis have permitted 
understanding the basic aspects of gene structure and function 
and the characterization of the molecular basis for deficient globin 
synthesis. The thalassemias result from the effect of a large num-
ber of different molecular defects, which may interact, leading to 
a variety of clinical and hematologic phenotypes.

PRevalenCe, geogRaPhiC 
disTRibuTion, and The Role  
of malaRia
Thalassemia is considered one of the most common genetic disor-
ders worldwide. It occurs in a particularly high frequency in a broad 
belt extending from the Mediterranean basin through the Middle 
East, Indian subcontinent, Burma, Southeast Asia, Melanesia, and 
the islands of the Pacific. According to data collected through the 
Hereditary Disease Program of the World Health Organization 
and based on local surveys and reports by visiting experts, the 
carriers of hemoglobin disorders in the world are estimated to be 
269 million.1 Recent global epidemiologic data on the demograph-
ics and prevalence of hemoglobinopathies have established that 
these disorders represent a significant health problem in 71% of 
229 countries and that around 1.1% of couples worldwide are at 
risk for having children with a hemoglobin disorder.2 From data 
available it has been estimated that the annual number of births is 
22,989 for b-thalassemia major; 5,183 for Hb Bart hydrops fetalis 
syndrome; 9,568 for hemoglobin H disease (the intermediate form 
of a-thalassemia); and 19,128 for HbE/b-thalassemia.2,3

Diseases caused by a-thalassemia are encountered commonly 
in Southeast Asia and China with up to 40% of the regional popu-
lation being carriers, and less commonly in India, Kuwait, the 
Middle East, Greece, Italy, and Northern Europe.4 Southeast Asia 

Dedication: We wish to dedicate this chapter to Rino Vullo and Antonio Cao who 
passed away on June 22, 2010, and June 21, 2012, respectively.
Rino Vullo in Ferrara and Antonio Cao in Cagliari pioneered a new way of approach-
ing thalassemia, believing in the power of science to change the fate of what was 
considered for many decades a hopeless disease. Their scientific and human contri-
butions will remain in the history of hematology. 
*Dr. Renzo Galanello died on May 13, 2013.  He was a pediatrician, a hematologist 
and a geneticist of enormous competence. We will miss his enthusiastic approach 
to science, to medicine, to life itself.
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migration from Cyprus, the Indian subcontinent, Southeast Asia, 
and the Middle East, it is estimated that 0.37 per 1,000 fetuses 
have a major hemoglobin disorder, 20% being thalassemias and 
80% being sickle cell disease. A formal patient register was also 
recently established in Great Britain in 1997. At the end of 1999, 
807 patients with thalassemia major were alive and residing in 
the United Kingdom, most of whom were of Pakistani or of Cypriot 
origin.26 Detailed information on the frequency of thalassemia in 
different world regions is available from Modell and Darlison,2 
and Galanello et al.27

the role of Malaria
Even in the first description from Italy of children affected by 
thalassemia, Maccanti observed that all the patients came from 
malarial areas and, 20 years later, Vezzoso noted that the distribu-
tion of Cooley’s anemia in Italy coincided with that of malaria.28,29 
The hypothesis that malaria had an influence in maintaining the 
high prevalence of hemoglobinopathies in the world was first 
suggested in 1949 by Haldane, who also proposed that the small 
red cells of the carriers of thalassemia could be more resistant to 
the malaria parasites.30 A few years earlier, Neel and Valentine 
had calculated that, in the absence of some kind of selective pres-
sure, the mutation rate for thalassemia had to be in the order 
of 1 in 2,500.31 Carcassi et al. and Siniscalco et al. in Sardinia 
obtained suggestive epidemiologic data on the distribution of 
thalassemia and malaria, but their results were not confirmed in 
other populations.32 Molecular biology studies helped to clarify at 
least some aspects of the problem. In fact, they revealed the very 
high number of b-thalassemia mutations that are, for the most 
part, regionally specific, as well as the association of particular 
mutations with specific b-globin gene haplotypes. The regional 
specificity of mutations suggests local processes for their eleva-
tion to high frequencies, while the close association with specific 
haplotypes suggests a recent cause. These observations point to 
the conclusion that the selective pressure of malaria has amplified 
the b-thalassemia genes to high frequency so recently that neither 
migration, recombination, nor genetic drift could have had suf-
ficient time to bring them into spatial or genetic equilibrium with 
their background.33

The mechanism by which the thalassemia heterozygote could 
be protected from malaria is still not clear. Several studies have 
demonstrated reduced red cell invasion by malaria parasites in 
the severe forms of thalassemia, but the results in the heterozy-
gous states for a- and b-thalassemia have been contradictory.34–36 
A provocative study performed in newborns with a-thalassemia 
revealed an increased susceptibility to infection by Plasmodium 
vivax, a less severe form of malaria, and suggested that this could 
confer permanent cross-species protection against Plasmodium 
falciparum.37 Both parasites invade preferentially young circulat-
ing red cells, and early infection in a period of life when maternal 
antibodies are still present could protect them from later severe 
disease. Also, some form of immunologic mechanism could be 
involved in protecting carriers of thalassemia from malaria and 
possibly from other diseases as well.38 However, recent in vitro 
studies using red blood cells (RBCs) with common hemoglobinop-
athies (e.g., a- and b-thalassemias, HbS, HbC, HbE) and enzyme 
(glucose-6-phosphate dehydrogenase [G6PD]) defects have shown 
a reduced parasite invasion/growth and an increased susceptibil-
ity to phagocytosis of the infected RBC as a malaria-protective 
effect.39,40 A recent systematic review and meta-analysis of 
studies that estimated the risk of malaria in patients with and 
without hemoglobinopathies, showed a decreased risk of severe 
P. falciparum malaria in sickle cell carriers, homozygous and 
heterozygous hemoglobin C, and homozygous and heterozygous 
a-thalassemia.41 These hemoglobinopathies differ substantially in 
the degree of protection provided and confer mild or no protection 
against uncomplicated malaria and asymptomatic parasitemia.

Moreover, evidence has been obtained for complex epistatic 
interactions among different inherited hemoglobin disorders 
with respect to malaria protection, at least partly explaining 
some profound differences in their distribution among different 
 populations.3

geneTiC meChanisms and 
moleCulaR PaThology
Synthesis of hemoglobin, the molecule used for oxygen transport, 
is directed by two gene clusters: The a locus, which contains the 
embryonic z gene, plus the two adult a genes; and the b cluster, 
which contains the embryonic â, the fetal Gg and Ag, and the adult 
d and b genes (Fig. 34.1). Different hemoglobins are produced 
during development and two globin gene switches take place: the 
embryonic to fetal switch (â to g and z to a), which starts very 
early in pregnancy and is completed at 10 weeks of gestation; and 
the fetal to adult switch (g to b), which occurs during the perinatal 
period.42 The globin gene switches, besides the changes in hemo-
globin composition, come with changes in other morphologic and 
biochemical characteristics of the erythropoietic cell line, includ-
ing the shift from the nucleated megaloblast to macrocyte and 
to the definitive normocyte; the shift in the site of erythropoiesis 
from the yolk sac to liver, spleen, and bone marrow; and changes 
in the membrane antigenic profile and in the red cell glycolytic 
activity.43 Recent discoveries about transcriptional regulation of 
fetal hemoglobin represent a major advance in understanding the 
switching mechanisms and for developing targeted approaches to 
ameliorate the severity of b-hemoglobinopathies. Genetic linkage 
and genome-wide association studies have led to the identification 
of a variety of nuclear factors acting as multiprotein complexes, 
involved in globin gene regulation and switching.44,45,46,47,48,49 
The most relevant are BCL11A and KLF1. BCL11A is a zinc-finger 
transcription factor necessary for normal B and T lymphopoi-
esis, that in cooperation with other transcriptional factors, acts 
also as a direct developmental stage-specific repressor of fetal 
hemoglobin expression.50 KLF1 is a zinc-finger erythroid-specific 
transcriptional regulator, known as an activator of the b-globin 
gene through direct binding to the critical CACCC box promoter 
element, that activates BCL11A expression by associating with the 
BCL11A promoter.48,51 Therefore, KLF1 has a dual role in globin 
gene regulation, functioning as a direct activator of the b-globin 
gene and an indirect repressor of the g-globin gene.52–54 Protein–
protein and protein–DNA interactions, involving the b-globin gene 
cluster and the locus controlling region (LCR), result in complex 
developmental-related chromatin modifications that activate or 
repress the different globin genes (Fig. 34.2). The globin genes 
are relatively small and composed of three exons, coding for func-
tional domains of the hemoglobin, and two intervening sequences 
(introns).43 The different globin gene expression during develop-
ment is controlled through the action of transcription factors and 
regulatory elements (promoters, enhancers, and silencers) that 
flank each globin gene, and of more remote sequences important 
for the regulation of all of the cluster (see below). The promoter 
of each globin gene contains sequences that act as binding sites 
for erythroid-restricted or ubiquitously expressed transcription 
factors responsible for tissue-specific and developmental-specific 
regulation of the globin genes. Particularly relevant promoter 
sequences are the TATA box, situated 30 bp upstream of the ini-
tiation site, and the CAAT and CACCC boxes at approximately –70 
and –110 bp from the initiation site, respectively. Among the tran-
scription factors, some have been studied in detail for their role 
in the regulation of globin gene expression. GATA-1 is the first of 
a family of DNA-binding proteins, whose binding sites are present 
in one or more copies in almost all the regulatory elements of the 
globin genes.55 Nuclear factor-erythroid 2 (NFE2), EKLF, FOG-1, 
and SP1 are other transcription factors involved in the expression 
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of the b-globin gene.56–59 Like other genes, globin genes possess 
a series of motifs critical for their expression: the CAP site, which 
indicates the start of transcription; the AGT initiation codon, 
which is the signal for starting translation in messenger RNA 
(mRNA); the donor and acceptor splice sites, which are involved in 
the processing (splicing) of mRNA; the termination codon, which 
interrupts translation; and the polyadenylation signal, which is 
crucial for the addition of a poly (A) tail to the mRNA. The impor-
tance of these critical sequences is underscored by the fact that 
nucleotide substitutions that either alter them or create new simi-
lar consensus sequences in a globin gene cause abnormal mRNA 
processing and constitute the molecular basis for most types of 
thalassemia. Detailed information on positions, genotypes, and 
phenotypes for the known globin gene variants are available 
at the websites listed at the end of this chapter. Essentially the 

process of globin gene expression consists of the following steps: 
Transcription of DNA into a primary mRNA transcript; process-
ing of the primary mRNA, involving modifications at both its 5′ 
(capping) and 3′ (polyadenylation) ends together with removal of 
the introns and joining of the exons (splicing) to produce mature 
mRNA, the final template for protein synthesis; and translation of 
mRNA in the globin protein. Transcription and RNA processing 
occur in the nucleus, while translation occurs in the cytoplasm [for 
review, see (15,60)]. Thalassemia syndromes result from a large 
series of molecular defects, which alter the expression of one or 
more globin genes.

a-thalassemia
The a-globin genes are duplicated and located in the telomeric 
region of chromosome 16 (16p13.3) in a cluster containing an 
embryonic a-like gene (z2) and three pseudogenes (pseudo z1, 
pseudo a1, pseudo a2) (Fig. 34.1).61 A gene (u) with unknown 
function, but whose mRNA can be found through all stages of 
development, is part of the a cluster. Several regions of the cluster 
contain tandem arrays of short GC-rich sequences (minisatel-
lites), identified as hypervariable regions, and many Alu family 
repeats.62,63 The a cluster is surrounded by widely expressed 
genes (MPG, C16 orf 35 and Luc 7L). Upstream of the a cluster 
there are four highly conserved noncoding sequences or multi-
species conserved sequences (MCS), called MCS-R1-R4, that are 
involved in the regulation of the a-like globin genes.64 When the 
multipotent hemopoietic progenitors committed to the erythroid 
lineage start their differentiation to mature erythrocytes, several 
specific erythroid transcription factors, including GATA-1, GATA-
2, SCL NF-E2, and cofactors, such as FOG, pCAF, and p300, bind 
to the MCS-R elements and the a-like globin gene promoters, 
causing extended modifications associated with chromatin activa-
tion. Then, RNA polymerase II is engaged both at the upstream 
regulatory regions and at the globin gene promoters beginning 
transcription in erythroid progenitors.64 The importance of the 
MCS as regulatory elements is suggested by the presence of rare 
deletions of this region that produce a-thalassemia, although both 

Figure 34.1. a- and b-globin gene cluster and hemoglo-
bins (Hbs) produced during development. LCR, locus control 
region. Embryos
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a genes on each chromosome are intact (see below). The human 
a-globin gene cluster of apparently normal individuals contains 
a series of DNA sequence variations (e.g., single nucleotide poly-
morphism [SNP], variations in the number of tandem repeats 
[VNTRs]; and copy number variants [CNVs], which have been of 
considerable value in the analysis of evolutionary aspects of the 
gene cluster, in defining the origin of many of the a-thalassemia 
mutations, and in identifying functionally important areas of the 
cluster.)65,66 The a complex is arranged in the order in which it is 
expressed during development: 5′z2 … a2-a1. There is a very high 
homology between a2 and a1 genes; they differ only in the IVS-2 
(two base substitutions and a 7-bp insertion/deletion) and in the 
3′ noncoding region (18 base substitutions and a single-base dele-
tion in the 3′ untranslated region).67,68 This remarkable homology 
has been maintained during evolution through repeated rounds 
of gene conversion.67,68,69 The embryonic z gene shows only 
58% homology with the a genes in the coding region. The level 
of transcription of the two a genes differs: the a2 gene expresses 
two to three times more a-globin than a1.70,71 This would imply 
that the globin structural variants of the a2 gene should represent 
about 35% of the total hemoglobin, while the a1 globin mutants 
should represent about 15%. However, contrasting results have 
been reported on this point. Shakin and Liebhaber have reported 
identical translation profiles of a2- and a1-mRNA, and higher per-
centages of a2-globin variants (24% to 40% as compared to 11% to 
23% for the a1-globin variants).72 Molchanova et al. confirmed 
the average ratio of 2.6:1, observed for a2- and a1-mRNA, but 
reported an average percentage of the abnormal hemoglobin in 
heterozygotes with a2 mutations (23.5%) to be only slightly higher 
than that in heterozygotes with a1 mutations (19.7%), suggesting 
a less efficient translation of a2-mRNA.73 It should be pointed out 
that, besides the rate of transcription and efficiency of translation, 
other factors, such as the stability of the variant, the affinity of 
the variant for b-chains, and the number of active a genes, may 
influence the final level of the abnormal hemoglobin. The issue 
of different expression of the two a genes is important not only 
for the a-globin structural variants, but also for the pathophysiol-
ogy of the deletional and nondeletional forms of a-thalassemia. 
Normal individuals have usually four a-globin genes, but as a 
result of unequal genetic exchange, some may have five or six 
a genes while still being phenotypically normal.74–76 Multiple 
arrangements with three to six z-like embryonic genes have also 
been reported.77,78

The a-thalassemias are classified generally into the a° thalas-
semias, in which there is absence of a-chain production from the 
affected chromosome, and the a+ thalassemias, in which the pro-
duction of the a-chains from the mutated chromosome is reduced.

Deletion a-Thalassemia
a-Thalassemia is caused most frequently by deletions of DNA 
that involve one or both a-globin genes. The a-globin genes are 
embedded within two highly homologous regions extending for 
about four kb, whose sequence homology has been maintained 
by gene conversion and unequal crossover events.61,79 Three 
homologous subsegments (X, Y, and Z) separated by nonho-
mologous elements have been defined. Reciprocal recombination 
between Z boxes, which are 3.7 kb apart, and between X boxes, 
which are 4.2 kb apart, gives rise to chromosomes with only one 
a-gene. These a-thalassemia determinants, which are the most 
common, are referred to as –a 3.7 kb rightward deletion and –a 
4.2 kb leftward deletion, respectively (Fig. 34.3).80 Based on the 
exact location within the Z box where the crossover took place, 
the –a 3.7 kb deletion is further subdivided into –a 3.7 I, –a 3.7 
II, and –a 3.7 III.69 Besides the deletion a-thalassemia determi-
nants, the nonreciprocal crossover produces chromosomes with 
three a-globin genes: aaa anti-3.7 and aaa anti-4.2.81,82 More 
complex recombination events result in chromosomes with four 

or five a genes.73 In addition to the common –a 3.7 kb and –a 
4.2 kb deletions, an increasing number of deletions that produce 
a+-thalassemia have been reported.83,84 Most of the deletions are 
rare or highly region-specific. The result of a single a-globin gene 
deletion is a reduced production of a-chains from the affected 
chromosome (a+-thalassemia). Measurements of a-globin mRNA 
in patients with –a 4.2 determinants suggest that there is a com-
pensatory increase in expression of the remaining a1 gene, while 
in the chromosome with –a 3.7 deletion, the remaining a gene is 
expressed roughly halfway between a normal a2 and a1 gene.85,86 
These differences in expression most likely are a consequence of 
changes in the rate of transcription, due to the new combinations 
of flanking sequences, to the modification in chromatin structure 
resulting from the deletion, or to variation in the interaction 
with the HS-40 (MCS-R2) regulatory element.87 Deletions that 
remove all or part of the a-globin gene cluster, including both a 
genes (entirely or in part) and sometimes the embryonic z2 gene, 
result in a0-thalassemia. The extent of the deletions, completely 
removing both a-globin genes, is from 100 kb to over 250 kb and 
sometimes other flanking genes, such as a DNA repair enzyme, 
a protein disulphide isomerase, and several anonymous house-
keeping genes, are removed (Fig. 34.3).66,84 However, interest-
ingly, in subjects with these large deletions, the only phenotypical 
manifestation is a-thalassemia. Several molecular mechanisms 
(illegitimate recombination, reciprocal translocation, truncation 
of chromosome 16) have been described as responsible for these 
large deletions.63 The associated phenotype is the a0-thalassemia 
phenotype. At present approximately 50 deletions completely or 
partially deleting both a-globin genes, therefore resulting in a0 
thalassemia, have been reported.64,66 A series of naturally occur-
ring human deletions that remove MCS regulatory elements have 
been identified.88–90 Despite the presence of intact a-globin genes 
of carriers, these deletions have the a° thalassemia phenotype. 
A shown by human deletions and by studies of transgenic mice, 
among the four regulatory elements (MCS-R1 to R4), the most 
relevant for a-globin gene expression is MCS-R2, located 40 kb 
upstream from the z globin gene.91 An interesting patient with 
a severe hemoglobin H disease phenotype and all four a intact 
genes, but lacking MCS-R2 in both chromosomes and also MCS-
R1 and R3 in one chromosome, has been recently described.92 
This report proves that the complete loss of the major MCS-R2 
regulatory element severely downregulates a-globin gene expres-
sion but is not associated with the complete absence of a-chain 
production. A novel deletion involving the a1 and u gene that inac-
tivates the intact a2 gene has been reported.93 Subsequent studies 
have shown that the deletion juxtaposes to the structural normal 
a2 globin gene a downstream widely expressed gene (Luc 7L).94 
Transcription of antisense in RNA from Luc 7L through the a2 
gene mediates methylation of the associated CpG island with 
silencing of a2 globin gene expression. These findings identify a 
new mechanism underlying human genetic disease.

Nondeletion a-Thalassemia
Single nucleotide mutations or oligonucleotide deletions/inser-
tions in regions critical for a-globin gene expression produce 
a-thalassemia. Nondeletional a+-thalassemia are relatively com-
mon, except the Constant Spring mutation, which is quite frequent 
in Southeast Asia. Several molecular mechanisms (mutations 
affecting RNA splicing, the poly [A] addition signal, the initiation 
of mRNA translation, chain termination mutations, in-frame dele-
tions, frameshift mutations) and at least 72 well-defined types of 
nondeletion a-thalassemia have been described.84 The major-
ity (50) of nondeletional mutants occur in the a2 gene and, as 
expected, have a more severe effect on a-globin gene expression, 
while 17 have been reported in the a1 gene, and 5 on a –a chromo-
some. Hb Constant Spring (a 142 TAA→CAA, StopSGln) is the most 
common of the nine potential chain termination mutants, which 
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change the stop codon to one amino acid, allowing mRNA transla-
tion to continue to the next in phase stop codon located within the 
polyadenylation signal. The result of this class of mutation is the 
production of a very low amount (∼1%) of an a-chain variant elon-
gated by 31 amino acids. It has been suggested that the reason for 
the reduced production of the elongated variants is the instability 
of the mRNA due to disruption of the 3′ untranslated region.95 
Other extended a-chain variants are Hb Icaria (a 142 Lys), Koya 
Dora (a 142 Ser), Seal Rock (a 142 Glu), and Paksé (a 142 Tyr). 
Heterozygotes for a-globin elongated chains, besides the presence 
of a very small amount of the hemoglobin variant, have the phe-
notype of a-thalassemia. Mutations of  a-globin genes, which result 
in the production of highly unstable globin variants such as Hb 
Quong Sze (a 125 Leu→Pro), Hb Heraklion (a 37 Pro→0) and Hb 
Agrinio (a 29 Leu→Pro), unable to assemble in stable tetramers 
and thus rapidly degraded, produce the phenotype of a-thalas-
semia.96 A regularly updated overview of these variants can be 
found at the Hb Var website. A novel mechanism for nondeletion 
a-thalassemia has been suggested to explain the a-thalassemia 
phenotype with intact a genes in some Melanesian patients.64 
Among 283 single nucleotide polymorphisms (SNP) identified by 
resequencing of approximately 213 Kb of DNA containing the a 
cluster and the surrounding regions, one SNP creating a GATA-1 
binding site, always linked with a-thalassemia phenotype, has 

been identified.97 This new GATA-1 site, which binds transcrip-
tion factors in vivo and is activated in erythroid cells because it is 
located closer to MCS elements, competes most efficiently with the 
a-globin promoters, thereby causing a-thalassemia.

b-thalassemia
The b-globin gene is located in the short arm of chromosome 11 in 
a region containing also the d gene, the embryonic â gene, the fetal 
Gg and Ag genes, and the pseudogene b1 (Fig. 34.1).98 The five 
functional globin genes are arranged in the order of their develop-
mental expression. The complete sequencing of the  b-globin gene 
complex has shown interspersed repetitive sequences (microsatel-
lite repeats of [CA]n, an [ATTTT]n repeat, AluI and KpnI families of 
repeat DNA sequences), which may play a role in the generation of 
the deletions of the b cluster. The region also contains many poly-
morphic base substitutions, which produce restriction fragment 
length polymorphisms (RFLPs), combined in a restricted number 
of haplotypes in linkage disequilibrium with b-thalassemia muta-
tions.99 Haplotype analysis provides information relevant for 
population genetics of the hemoglobinopathies. A1 with the a-like 
globin genes, variations in the number of b cluster genes, mostly 
involving the g genes (which may be present in one to five copies), 
have been reported.100,101 Like the a genes, b-globin genes are 

Figure 34.3. Most common deletional a-thalassemia defects.
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subject to a very complex regulatory mechanism, acting at the 
level of single genes as well as of the entire b cluster.

The appropriate expression of the different b-like globin 
genes in erythroid tissues during development depends on a 
major regulatory region highly conserved in mammals named 
the locus control region (LCR), located 5 to 25 kb upstream from 
the â-globin gene.102 Five DNAase hypersensitive sites (HSs) have 
been described in this region and each HS contains one or more 
binding motifs for erythroid-specific transcriptional activator1 
(GATA-1 and NF-E2) and for ubiquitous DNA-binding proteins.103 
The importance of the LCR for the control of b-like globin gene 
expression has also been suggested by a series of naturally 
occurring deletions that totally or partially remove the HS sites 
and result in the inactivation of the intact downstream b-globin 
gene.104,105 b-Thalassemia mutations result in either a complete 
absence of b-globin chains (b0-thalassemia) or in a largely vari-
able reduction of b-globin output (b+-thalassemia). More than 
200 different mutations producing b-thalassemia have been so 
far described; the large majority are point mutations in function-
ally important sequences of the b-globin gene; while, in contrast 
to a-thalassemia, gene deletion is a rare cause of b-thalassemia 
(Table 34.1). A complete updated list of b-thalassemia mutations 
has been published and is also available through the globin gene 
server websites (see the end of the chapter).

Nondeletion b-Thalassemia
Point mutations resulting in b-thalassemia are single nucleotide 
substitutions or oligonucleotide insertions/deletions that affect the 
b gene expression by a variety of mechanisms (Table 34.1).

Three main categories can be identified: (a) mutations alter-
ing b gene transcription (promoter and 5′ untranslated region 
mutants); (b) mutations affecting mRNA processing (splice junc-
tion and consensus sequence mutants, exon and intron cryptic 
site mutants, the polyadenylation site and other 3′ untranslated 
region mutants); and (c) mutations resulting in abnormal mRNA 
translation (nonsense, frameshift, and initiation codon mutants).

Transcription Mutations
promoter Mutations
Several mutations have been described in or around the con-
served motifs in the 5′ flanking sequence of b-globin genes (TATA 
box, proximal and distal CACCC box). They reduce binding of RNA 
polymerase, thereby reducing the rate of mRNA transcription 
to 20%–30% of normal. They result in a moderate decrease of 
b-globin chain output (b+-thalassemia) and hence in a mild phe-
notype. One mutation C→T at position –101 to the b-globin gene 
(distal CACCC box) is unusually mild and associated with a silent 
phenotype in carriers and in a very mild thalassemia intermedia 
clinical picture in genetic compounds with severe b-thalassemia 
mutations.106,107 The promoter mutations –28 A→G and –29 A→G 
are relatively common in Chinese and black populations, while 
–87 C→G and the silent –101 C→T have been described in the 
Mediterranean population. The first mutation in the conserved 
CCAAT box at positions –76 to –72 of the b-globin gene (–73 A→T) 
has been described in a Chinese patient.108

5′ Untranslated region Mutations
Several mutations (single-base substitution and minor deletions) 
have been reported in this 50-nucleotide region; all have mild 
effects on gene transcription. Heterozygotes have normal or bor-
derline red cell indices and HbA2; and compound heterozygotes, 
with severe b-thalassemia alleles, usually have a mild phenotype. 
The only homozygous state for a mutation at the b-globin gene 
mRNA capsite (Cap +1 ASC) shows hematologic values of a thal-
assemia trait.109

Mutations Affecting mRNA Processing
RNA processing essentially consists in the removal of the interven-
ing sequences and in the splicing of the coding regions to produce 
functional mRNA. The precision of this process relies on critical 
sequences present at intron/exon boundaries: the invariant dinu-
cleotides—GT—at the 5′ (donor) and—AG—at the 3′ (acceptor) 
splice junctions and the flanking sequences (consensus sequences) 
that are rather well conserved.110

Splice Junction and Consensus Sequence Mutants
Mutations of the invariants 5′—GT— and 3′—AG—dinucleotides 
completely abolish normal splicing and result in b0-thalassemia. 
Twenty-seven base substitutions or short deletions involving 
the invariant dinucleotides have been identified. Other cryptic 

MuTaTionS CauSing b-THalaSSeMia

taBLe 34.1

Transcriptional Mutants Phenotype Number of Mutations

Promoter Silent  3

Mild  6

b+ 17

5′-UTR Silent  4

Mild  1

b+  2

RNA Processing

Splice junction b° 27

Consensus splice sites Silent  2

b°  1

Mild  1

b+  8

Cryptic splice sites in introns b°/b+  1

b°  1

b+  3

Cryptic splice sites in exons Mild  2

b+  3

3′-UTR RNA cleavage:  
Poly (A) signal

Silent  1

Mild  4

b+  5

Others Silent  1

Mild  1

b+  1

RNA Translation

Initiation codon b°  9

Nonsense codons b° 16

Frameshift b° 72

Deletions b° 15

Dominant b- Thalassemias

Missense mutations b° 12

Deletion or insertion of intact 
codons

b°  9

Premature termination b°  2

Frameshift or aberrant 
splicing

b° 23

UTR, untranslated region.
Data from Thein and Wood129.
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splice sites present elsewhere in precursor mRNA are used for 
 alternative splicing, but the misspliced mRNA cannot be translated 
into functional b-globin.111,112 The efficiency of normal splicing 
may be decreased by mutations within the consensus sequences 
immediately adjacent to the splice junctions. The reduction of 
b-globin production is quite variable and the resulting phenotypes 
range from mild to severe. For example, the mutations at position 
five of IVS-1 (G→C, G→T, G→A) produce a consistent reduction of 
b-globin synthesis and hence a severe b+-thalassemia phenotype; 
while the IVS-1–6 T→C mutation (Portuguese mutation), quite 
common in Mediterraneans, only mildly affects  normal splicing 
and results in a mild thalassemia intermedia clinical picture.113 
Even in the consensus sequence mutations, abnormal alternative 
splicing using neighboring cryptic sites may occur.112

Cryptic Site Mutants in Introns and exons
Along introns and exons there are sequences similar to those 
found at the intron/exon boundaries, which normally are not 
used for splicing (“cryptic” splice sites). A number of nucleotide 
substitutions involving these sequences transform a cryptic site 
into a legitimate one. This new splice signal competes with the 
normal consensus sequence for splicing and, in some cases, is 
used preferentially (up to 90% in the IVS-1–110 G→A substitution 
and almost 100% in the IVS-1–116 T→G substitution), resulting 
in a severe b+- or b0-thalassemia phenotype.114,115 Two cryp-
tic splice site mutations in IVS-1 and three in IVS-2 have been 
described. In the exons, three cryptic splice sites can be activated 
by nucleotide substitution: one at codon (cd) 10 (C→A), a second 
at codon 19 (A→G), and a third by mutations at codons 24 (T→A), 
26 (G→A), 26 (A→C), or 27 (G→T). The nucleotide substitutions 
partially activate the cryptic splice sites, resulting in both nor-
mally and abnormally spliced b-mRNA. Mutations at codon 19, 
26, and 27 result in the production of abnormal hemoglobins (cd 
19, Hb Malay [Asn→Ser], cd 26 HbE [Glu→Lys], cd26 Hb Tripoli 
[Glu→Ala] cd 27 Hb Knossos [Ala→Ser]) and are associated with 
a mild or silent phenotype because of the preferential use of the 
normal splice sites.112,116–118

poly (a) and Other 3′Utr Mutants
Downstream of the mRNA terminal codon there is a highly con-
served AAUAAA sequence, which represents a signal for cleavage 
and polyadenylation reaction, as a part of the RNA transcript 
processing. Since polyadenylation is important in determining 
the stability of mRNA, mutations at the AAUAAA sequence affect 
the efficiency of translation, resulting in b+-thalassemia of vari-
able, but usually mild, severity. Seven nucleotide substitutions at 
different positions, two oligonucleotide deletions (of two and five 
bases), and one deletion of the total AATAAA sequence have been 
described. Other mutations in the 3′ untranslated region (+1480 
C→G) also produce b+-silent  thalassemia.

Mutations Affecting mRNA Translation
A very large group of mutations alter the different steps of mRNA 
translation. Three categories of mRNA translation mutations can 
be identified: initiation codon mutations, nonsense mutations, and 
frameshift mutations.

Initiation Codon Mutations
The initiator codon ATG, which encodes for methionine, is a 
critical signal for starting translation. Nine different point muta-
tions of the initiation codon have been reported as a cause of 
b0-thalassemia.

Nonsense Mutations
Single nucleotide substitutions may change a codon for a given 
amino acid to one of the three possible chain termination codons: 

TAA, TAG, or TGA. The result is a premature interruption of mRNA 
translation, with absence of b-globin production (b0-thalassemia). 
A very low level of b-mRNA has been detected in erythroid cells 
affected by mutations in exons 1 and 2 as a consequence of rapid 
degradation of the mutant b-mRNA.119,120 This process is referred 
to as nonsense-mediated decay and may be a mechanism to 
eliminate mRNAs encoding truncated polypeptides, with potential 
harmful effects for the erythroid cell.121,122 Nonsense mutations 
in exon 3 are associated with b-mRNA levels comparable with 
normal levels. The protective process does not occur, and mutant 
b-mRNA is probably translated to produce the abnormal globin 
(see Hyperunstable Globins, below).123

The most common nonsense mutation in the Mediterranean 
population, particularly in Sardinians, where it accounts for 
more than 95% of the cases of b-thalassemia, is the C→T 
base substitution at codon 39, while the nonsense mutation 
at codon 17 A→T shows a high frequency in the Chinese and 
Thai populations.124,125

Frameshift Mutations
Insertion or deletion of one or a few nucleotides (other than three 
or multiples of three) alters the reading frame of the encoded 
mRNA starting at the site of the mutation. The new reading frame 
usually results in a novel abnormal amino acid sequence and in 
a premature termination further downstream. The mutant globin 
chain is rapidly degraded and the final result is a b0-thalassemia. 
The frameshift resulting from a single-base deletion at codon 
6  (-A) is relatively common in the Mediterranean population, 
while the –4 nucleotides deletion at codons 41 and 42 are par-
ticularly common in Chinese and Asian Indian populations.126 The 
position of the premature termination (in exon 1, 2, or 3) caused 
by the frameshift mutation affects the mutant mRNA level and 
processing as previously reported for nonsense mutations.

b-Globin Gene Deletions
Several deletions affecting only the b-globin gene and ranging in 
size from 290 bp to about 67 kb have been reported. Only one, 
the 619-bp deletion, removing the 3′ end of the b-globin gene, is 
relatively common in the Sind and Punjab populations of India 
and Pakistan.127 All the others are extremely rare and have in 
common the deletion of the promoter region and at least part 
of the b-globin gene. The phenotype is that of b0-thalassemia 
with unusually high levels of HbA2 and F in heterozygotes. 
This is probably the result of the removal of competition for the 
upstream LCR, thus allowing an increased interaction between 
the LCR and the g and d gene in cis, with a consequently more 
efficient expression of these genes.128 Other deletions causing 
b-thalassemia remove either the whole b-globin cluster or the 
LCR. Total deletions of the b cluster result in lack of any globin 
production and, hence, in (â Gg Ag db)0-thalassemia. Deletions 
of the b-LCR leaving the b gene intact inactivate the b gene. To 
date a total of ten deletions removing the whole b-globin clus-
ter and eight removing the upstream LCR have been reported 
[original references in (129)]. These deletions confirm, in vivo, 
the critical importance of the LCR for the control of expression of 
the b-globin genes.

b-Thalassemic Hemoglobinopathies
This group includes some structurally abnormal hemoglobins 
associated with a thalassemia phenotype. They can be classified 
according to the molecular mechanism in:

 1. db hybrid genes,
 2. activation of cryptic splice sites,
 3. hyperunstable b-globins, and
 4. unknown mechanism.
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db Hybrid Genes
Unequal crossing over between the homologous d- and b-globin 
genes results in the formation of hybrid db and bd genes, 
referred to as Lepore and anti-Lepore genes, respectively. 
The Lepore hemoglobins contain the N-terminal amino acid 
sequence of the normal d-chain and the C-terminal sequence 
of the normal b-chain, and depending on the point of transi-
tion from d to b sequence, three different variants of Hb Lepore 
have been described: Boston or Washington (d87/bIVS-2–8), 
Baltimore (d68/b84), and Hollandia (d22/b IVS-1–16).130–133 
The rate of production of the Lepore hemoglobins (about 10% in 
the carriers) likely depends on the structure of the hybrid gene, 
which has the promoter of the d gene (this would explain the 
lower Hb Lepore amount as compared to normal HbA); and the 
IVS-2 of the b gene, which probably contains an enhancer (this 
would explain the higher level of Hb Lepore as compared with 
HbA2). Moreover, a relative instability of the Lepore mRNA may 
be responsible for the low level of synthesis. Nonhomologous 
crossing over between the b and d genes also results in the pro-
duction of a hybrid bd gene in a chromosome also containing the 
normal b and d genes. These anti-Lepore genes produce about 
15% to 20% of the abnormal hemoglobin. Based on the position 
of the fusion point, several anti-Lepore hemoglobins have been 
identified (Hb Miyada, P Congo, P Nilotic, and Hb Lincoln Park, 
which has in addition a valine residue deleted at position 137), 
and carriers have normal hemoglobin levels and normal red 
cell indices.

A similar nonhomologous crossing over involving the Ag- and 
b-globin gene produces an abnormal hybrid chain, which con-
tains g and b sequences (Hb Kenya). Restriction enzyme analysis 
in these patients shows a deletion of about 22.5 kb and the loss 
of sequences extending from exon 2 of the Ag gene to exon 2 of 
the b gene.134

Activation of Cryptic Splice Sites
This group, including the HbE, Hb Malay, and Hb Knossos, has 
been previously described.

Hyperunstable Globins
A singular group of b-globin gene mutants are characterized 
by amino acid substitutions, additions, or deletions in the 
b-globin chain associated with a clinically detectable thalasse-
mic phenotype in the heterozygous state. For this reason, these 
forms are also referred to as dominantly inherited b-thalas-
semia. The molecular lesions include 12 missense mutations, 
9 small deletions or insertions of intact codons resulting in 
severe b-globin destabilization, 2 premature terminations, 
and 23 frameshift or aberrant splicing  producing elongated or 
truncated b-globin chains. Most of these  mutations are located 
in the exon 3.135

In contrast with the typical recessively inherited forms of 
b-thalassemia, which lead to a reduced synthesis of normal 
b-globin chains, this group of mutations results in the produc-
tion of b-globin variants, which are extremely unstable. These 
hyperunstable globins fail to form functional tetramers and pre-
cipitate in the erythroid precursors, leading to ineffective eryth-
ropoiesis, which is exacerbated by the concomitant relative 
excess of a-chains. Most of the patients present the phenotype 
of thalassemia intermedia; a few patients have a thalassemia 
trait; and some may even have a severe anemia requiring red 
blood cell transfusions. Laboratory findings consist of varying 
degrees of hypochromic microcytic anemia, increased HbA2 
and an imbalanced a- to b-globin synthesis ratio. In most of 
the cases the hemoglobin variant cannot be detected in the 
peripheral blood.

Unknown Mechanism
Adams et al. reported a patient with 8% of an abnormal hemo-
globin (Hb Vicksburg b75 Leu→0) and the phenotype of thalas-
semia intermedia.136 The reason for the thalassemia intermedia 
phenotype associated with Hb Vicksburg has not yet been defined.

The original patient has been re-examined and, despite the 
use of the new technologies of DNA analysis, the predicted Hb 
Vicksburg deletion was not present.137 Moreover, even the Hb 
variant was not detected on two occasions, while HbA, absent at 
the beginning, has now been found. DNA analysis showed that the 
patient was a compound heterozygote for the –88 C→T b+ allele 
and IVS- 2–849 A→G mutation that causes b0-thalassemia.137,138 
It has been proposed that Hb Vicksburg arose as a stem cell 
mutation on the b+-thalassemia chromosome. The variable 
hemoglobin composition at different ages suggests that over time 
there were at least two clones of erythroid progenitors contribut-
ing to erythropoiesis.137,138 A phenotype of mild heterozygous 
b- thalassemia with microcytosis and increased levels of HbA2 has 
been reported in patients with two hemoglobin variants: Hb North 
Shore (b134 Val→Glu) and Hb Woolwich (b132 Lys→Glu).138,139 
In both cases, a mild deficit of b-globin chain synthesis has been 
reported. DNA analysis of these patients has not been performed 
and the mechanism responsible for the thalassemic phenotype 
remains unknown.

d-thalassemia
Several mutations of the d-globin gene, which result in reduced 
(d+-thalassemia) or absent (d0-thalassemia) production of d- globin 
chains, have been described. These conditions do not have clini-
cal relevance, but the coinheritance with b-thalassemia mutations 
may create problems in b-carrier identification, since the HbA2 
may be normal or borderline. The classes of mutations are simi-
lar to those responsible for b-thalassemia. Some d-thalassemia 
mutations have been described in cis to b-thalassemia. The 
d+27 C→T, fairly common in the Mediterranean population, has 
been reported in cis to b+IVS-2–745 C→G, b039 C→T, and b+27 
G→T (Hb Knossos).140–142 Also the Corfu deletion (–7.2 kb) has 
been reported isolated or associated with the b+IVS-1–5 G→A 
 mutation.143,144

db-thalassemia
db-Thalassemia includes a group of disorders characterized by 
reduced or absent production of both d- and b-globin chains 
and by a variable increase in g-chain synthesis, which is only 
partially able to balance the d- and b-chain deficiency. The most 
common molecular mechanism consists of deletions of variable 
extent of the b-like globin cluster, which involve the d- and 
b-globin genes. Based on the presence of one (Gg) or both (Gg 
and Ag) globin genes, and hence on the residual synthesis of 
only Gg- or both Gg- and Ag-globin chains, two groups of db0-
thalassemia have been identified: Gg (Ag db)0- and Gg Ag(db0)-
thalassemia. In Table 34.2 the different varieties with the size 
of the deletion are summarized. Some have been described in a 
single family or a few families, while others, such as the Sicilian, 
the Spanish Gg.

Ag(db0), and the black Gg (Ag db)0, are more common. 
Homozygotes have been reported as well. For some dele-
tions, the 3′ breakpoint has not been defined. The majority 
of the deletions that result in db-thalassemia are due to ille-
gitimate recombination. Similar but more complex mechanisms 
have been invoked to explain other db0-thalassemias such as 
Macedonian/Turkish Gg Ag(db)0 thalassemia, which is char-
acterized by a double deletion/inversion rearrangement.145,146 
The reasons for the increased expression of the g genes in db0-
thalassemia and for the differences between db0-thalassemia 
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and  hereditary  persistence of fetal hemoglobin (HPFH, see 
below) have not been defined. Juxtaposition to the globin genes 
of new sequences as a result of the deletion; removal of inter-
gene sequences critical for control of g-globin gene expression; 
and altered spatial relationships between the LCR and the genes 
of the b cluster (with changes in LCR/globin gene promoter 
interaction and competition) have been postulated to explain 
the upregulation of the g-globin genes and the phenotypic differ-
ences between db- thalassemia and deletion HPFH. It is possible 
that a combination of the above mechanisms plays a role, and 
that a balance between regulatory sequences, with positive or 
negative effects on the g gene expression, may finally determine 
the amount of HbF in the red cells. A recent study of three fami-
lies with elevated HbF identified using comparative genomic 
hybridization, breakpoint DNA sequencing, and chromatin 
immunoprecipitation identified a 3.5 kb intergenic region near 
the 5′ end of the b-globin gene, which is necessary for g-globin 
gene silencing.147 This region binds the fetal hemoglobin silenc-
ing factor BCL11A and its partners in the chromatin of adult 
erythroid cells. The Corfu db-thalassemia is characterized by a 
deletion of 7.2 kb, which removes the d gene associated with the 
b-IVS-1–5 G→A mutation.148 Carriers for this mutation have the 
unusual  hematologic phenotype of heterozygous b- thalassemia 

with normal levels of HbA2, while homozygotes have rela-
tively high levels of HbF and a mild clinical phenotype.144 The 
7.2-kb deletion has been reported isolated as a deletion form 
of d-thalassemia not associated with increased HbF.144,145 
Two varieties of nondeletion db-thalassemia have also been 
described. One, relatively common in Sardinia, is of the db0 
type and presents two mutations in cis: the common b039 C→T 
nonsense mutation, and a point mutation at position –196 in the 
Ag gene promoter, which is responsible for the Italian/Chinese 
nondeletion Ag HPFH (see below).149 The other, reported in 
two Chinese families and characterized by decreased expres-
sion of the b-globin gene and increased expression of both Gg 
and Ag globin genes (db+-thalassemia), showed no deletion in 
the b-globin cluster.150 In one of these families, the –29 A→G 
mutation in the promoter of the b gene (a mild b+ allele) and 
a non-polymorphic C→T substitution in the 3Ag enhancer have 
been identified.151,152

hereditary persistence of Fetal hemoglobin
HPFH is characterized by the presence of increased levels of 
HbF in adult life in the absence of relevant hematologic abnor-
malities. The amount of HbF is quite variable, ranging in the 
carriers from 2.0% to 30%, and this variability reflects a marked 
molecular heterogeneity. Both deletion and nondeletion defects 
have been identified. The deletions resulting in HPFH, listed 
in Table  34.3, extend from 13 kb (HPFH-5 or Sicilian HPFH) 
to about 106 kb (HPFH-1 or black HPFH).153,154 They remove  
d- and b-globin genes, but spare both Gg and Ag genes. As 
in db0-thalassemia, the most common mechanism producing 
deletions is an illegitimate recombination followed by unequal 
crossing over. Nondeletion HPFH usually is the result of muta-
tions in the promoter regions of Gg and Ag genes (Table 34.3). 
Most of these mutations are single nucleotide substitutions 
in or very close to the conserved sequences that bind vari-
ous regulatory transcription factors. As a consequence, there 
are changes in the binding of repressor or activator proteins 
that may modify the balance of the competition between the 
promoter and the LCR, ultimately resulting in increased HbF 
synthesis in adult life.129 In some families, mostly with interact-
ing b-thalassemia or sickle cell anemia, it has been shown that 
HPFH may segregate unlinked to the b-globin cluster.155–157 
Several patterns of inheritance have been identified: autosomal 
or X-linked dominant and autosomal recessive. The locus for 
the X-linked form seems to reside at Xp22.2-22.3.158 Craig et 
al., by using polymorphic markers covering the whole genome 
to study a single very large family, localized a putative locus for 
HPFH at 6q22.3-q24.157 Candidate-gene association studies and 
genome-wide association studies allowed the identification of 
common single nucleotide polymorphism (SNPs) in the HBS1L-
MYB intergenic region on chromosome 6p23, and in the IVS2 of 
BCL11A gene in chromosome 2p16.1, associated with increased 
HbF levels in healthy subjects, in b-thalassemia, and in sickle 
cell anemia.45,159,160,161

These SNPs explain a significant proportion of the inter- 
individual variation of HbF levels and of the thalassemia 
severity, and represent potential therapeutic targets for HbF 
induction.162,163,164

Unusual Causes of b-thalassemia
Insertion of a transposable element into IVS2 of the b-globin 
gene, resulting in the expression of approximately 15% of nor-
mal b-globin mRNA, has been reported with the phenotype of 
b-thalassemia.165 Mutations in the general transcription factor 
TFIIH, involved in basal transcription and DNA repair, cause 
trichothiodystrophy and are frequently associated with the 

Deletion Size (kb)  
Deletion sizes from (129)

Deletional

GgAg(db)°-thalassemia

Mediterranean 13.378

Southeast Asian 12.584

Eastern European 9.124

Black 11.767

Macedonian/Turkish 11.465

Macedonian/Turkish 1.593

Indian 32.621

Spanish ∼95

Japanese 113.629

Turkish ∼30

Gg(Ag db)°-thalassemia

Black 35.811

Chinese 78.847

Indian 0.834

Indian 7.460

Italian ∼52

Belgian ∼50

Yunnanese ∼88

German ∼52

Turkish 36.211

SE Asian 79.208

Malaysian 2 ∼42

Nondeletional

Sardinian Ag-196 C→ T/b°39

Chinese Not defined

MuTaTionS ReSponSible foR DeleTional anD 
nonDeleTional db–THalaSSeMia

taBLe 34.2
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b-thalassemia
The basic defect in b-thalassemia is a reduced or absent produc-
tion of b-globin chains with relative excess of a-chains. The direct 
consequences are a net decrease of hemoglobin production and 
an imbalance of the globin chain synthesis. The former is more 
evident in carriers, leading to a reduction of mean cell hemoglo-
bin (MCH) and mean cell volume (MCV), and has a minor clinical 
significance. The latter has dramatic effects on the red cell precur-
sors, ultimately resulting in their extensive premature destruction 
in the bone marrow and in the extramedullary sites. This process 
is referred to as ineffective erythropoiesis and is the hallmark of 
b-thalassemia. Using ferrokinetic analysis, it has been shown that 
in b-thalassemia patients only 15% of 59Fe was incorporated in 
circulating erythrocytes, indicating that ineffective erythropoiesis 
could account for as much as 60% to 75% of total erythropoie-
sis.171,172 Hemolysis of the erythrocytes containing inclusions that 
reach peripheral blood is a minor cause of anemia, particularly in 
thalassemia major (Fig. 34.4).

The excess a-chains may, in minor amounts, combine with 
residual b- (in b+-thalassemia) and g-chains (whose synthesis 
persists usually in small quantity after birth), undergo proteolysis, 
or in large part become associated with the erythroid precursors 
and red cell membrane, with deleterious effects on erythroid 
maturation and survival. Therefore, the main determinant of the 
clinical severity is the extent of the relative excess of a-chains in 
red cell precursors and hence the degree of a/non-a imbalance. 
In 1966, Fessas et al. described the presence of inclusion bod-
ies in erythroblasts of thalassemic patients, suggesting that they 
were precipitated by a-chains.174 The composition of inclusion 
bodies in b-thalassemia, completely consisting of precipitated 
a-chains, has been confirmed by immunoelectron microscopy.175 
Oxidation of excess a-chains results in the formation of hemi-
chromes, whose basic structure consists of the covalent binding of 
distal histidine E7 to the sixth coordination site of the heme iron. 
Irreversible hemichromes and denatured a-chains precipitate as 
inclusion bodies early during differentiation and throughout ery-
throid maturation.176a-Chain precipitation in the red cell mem-
brane causes structural and functional alterations with changes in 
deformability, stability, and red cell hydration.174,177 Isolated red 
cell membranes from b-thalassemia intermedia, particularly from 
splenectomized patients, are rigid and unstable. Protein 4.1, a 
major component of the cytoskeleton, undergoes partial oxidation 
in b-thalassemia, resulting in its defective capability to mediate 
the formation of the spectrin–protein 4.1–actin complex, which is 
critical to maintain cytoskeleton stability.178 In vitro experiments, 
using purified a-chains released within normal red blood cells, 
support the role of aggregated a-chains in causing red cell mem-
brane rigidity.179 A further consequence of the membrane-bound 
hemichromes is their association with the cytoplasmic domain 

MuTaTionS ReSponSible foR HeReDiTaRy peRSiSTenCe  
of feTal HeMoglobin (HpfH)

taBLe 34.3

Deletion Size (kb)  
Deletion sizes from (129)

Deletional

gb Fusion

Hb Kenya 22.675

GgA (d b)°-thalassemia

Black 84.918

Ghanaian 83.679

Indian 47.733

Italian ∼40

Sicilian 12.910

Southeast Asian ∼28

Nondeletional

Gg mutations

Black −202 C→G

Tunisian −200+C

Black/Sardinian/British −175 T→C

Japanese −114 C→T

Australian −114 C→G

Ag mutations

Black −202 C→T

British −198 T→C

Italian/Chinese −196 C→T

Brazilian −195 C→G

Black −175 T→C

Greek/Black −117 G→A

Black −114 to −102 del

Georgia −114 C→T

phenotype of the b-thalassemia trait.166 Some mutations in the 
 erythroid transcription factor GATA have been reported as a cause 
of b-thalassemia associated with thrombocytopenia.167,168 Large 
somatic deletions at chromosome 11 p15.5, including the b-globin 
cluster and leading to thalassemia intermedia, have been reported 
in heterozygous b-thalassemia patients.169,170 The deletion in a 
subpopulation of erythroid cells resulted in a somatic mosaic with 
10% to 20% of erythroid cells heterozygous with one normal copy 
of the b-globin gene, and the rest homozygous without any normal 
b-globin gene.

PaThoPhysiology
Pathophysiology of the thalassemia syndromes is extremely com-
plex and encompasses intracellular processes as well as their 
consequences for the organism as a whole. The complete com-
prehension of the pathophysiology of the thalassemias is essential 
for the understanding of the differences in clinical expression 
between a- and b-thalassemia, the high variability of the clinical 
phenotypes, and potential therapeutic treatment. Figure 34.4. Pathophysiology of b-thalassemia. Ig, immunoglobulin.

Ineffective erythropoiesis
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Intranuclear

+

Activation of prothrombinase complex

Phosphatidylserine exposure

Membrane damage (lipids and protein)

Membrane damage (lipids and protein)

↑ Fragmentation and instability

↑ Rigidity

↓ Deformability

Inclusion bodies

Autologous IgG

Complement binding

Inclusion bodies

Hypercoagulability
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of protein band 3, creating a neoantigen, which is subjected to 
opsonization with autologous immunoglobulin G (IgG) and com-
plement and immune removal of the cell by macrophages.180,181 
Red blood cells in b-thalassemia lose K+, store Ca2

+, and are 
dehydrated, resulting in altered deformability.174 Besides oxida-
tion, free a-chains are subjected to degradation, resulting in the 
formation of denatured a-globin protein, heme, and free iron. 
These degradation products play a role in damaging erythroid 
precursors and red cell membranes.

Free iron, via the Fenton reaction, generates reactive oxygen 
species, which cause lipid and protein peroxidation with conse-
quent damage to red cell membranes and intracellular organ-
elles.182 High levels of iron, closely associated with denatured 
hemoglobin, have been found in the membrane of b-thalassemic 
red cells.183 In vitro and in vivo experiments (in humans and ani-
mals) have shown that the oral iron chelator deferiprone, which 
may enter the cells, is able to remove free iron from thalassemic 
red cells, resulting in an improvement of red cell survival.184,185 
These results confirm the role of free iron in damaging the red 
cell membrane structure. Also, heme, and its oxidized form 
hemin, produce oxidative damage to the different components of 
the red cell membrane with consequent structural and functional 
alterations.177,186 Recently a new protein relevant for a-globin 
stabilization has been discovered and its function deeply ana-
lyzed.187 This protein, named a-hemoglobin–stabilizing protein 
(AHSP), is an abundant erythroid protein that specifically binds 
free a-globin chains, stabilizes their structure, and limits their 
ability to participate in chemical reactions that generate reactive 
oxygen species.188

All the above-reported alterations of erythroid precursors 
cause their extensive premature death by apoptosis in the bone 
marrow, significantly contributing to ineffective erythropoiesis.189 
Of the two major pathways of apoptosis, the mitochondrial path-
way and the cell surface death domain pathway, the death domain 
pathway seems to be mainly involved.190 Both FAS and FAS ligand 
appear to be upregulated at all stages of b-thalassemic erythroid 
progenitors. Procaspase 8, one of the initiator caspases, whose 
activation is a hallmark of the death receptor domain pathway, is 
also activated.190 In turn, caspases inactivate GATA-1, a transcrip-
tion factor necessary for erythroid growth maturation, thereby 
suppressing and limiting the thalassemic erythropoiesis.191 Other 
recent studies in mouse models of b-thalassemia have shown that 
increased or excessive activation of the Jak2/STAT5 pathways 
promotes unnecessary disproportionate proliferation of erythroid 
progenitors, exacerbating ineffective erythropoiesis.192

The ineffective erythropoiesis and anemia have several conse-
quences in the organism as a whole, producing the clinical pic-
ture of the disease. The first response to anemia is an increased 
production of erythropoietin, causing a marked erythroid hyper-
plasia, which may range between 10 and 30 times normal.172 
Anemia may produce cardiac enlargement and sometimes severe 
cardiac failure. Erythroid expansion produces skeletal deformi-
ties, osteoporosis, and occasionally extramedullary masses, and 
contributes to splenomegaly. Untreated or undertreated thalas-
semia major patients have retarded growth as a result of anemia 
and the excessive metabolic burden imposed by erythroid expan-
sion. Environmental factors, such as poor nutrition and infec-
tions, may contribute to growth failure. The high vascularization 
of expanded marrow results in an increase in plasma volume, 
which, associated with splenomegaly, aggravates the anemia.

Ineffective erythropoiesis is associated with increased iron 
absorption, whose mechanism has been recently clarified.193. 
Expression of growth differentiation factor-15 (GDF-15), a TGF-b 
superfamily member, usually associated with cellular stress or 
apoptosis, has been found at particularly high levels in the serum 
of patients with thalassemia and other conditions associated with 
ineffective erythropoiesis. Elevated levels of GDF-15 contribute 
to the suppression of hepcidin, a small peptide produced in the 

liver, considered the major regulator of iron.194 Low levels of 
hepcidin result in increased intestinal iron absorption and most 
of that excess iron is stored in the liver.195 A second novel ery-
throid regulator of hepcidin expression, i.e., twisted gastrulation 
factor 1 (TWSG1), has been recently identified in thalassemic 
and human cells.196 In transfusion-dependent patients, iron 
overload is largely increased by repeated blood transfusions (see 
Complications of Transfusions). Iron overload damages several 
organs (myocardium, liver, endocrine glands), leading to severe 
complications. Removal of the abnormal red blood cells by the 
reticuloendothelial elements of the spleen results in splenomegaly 
and hypersplenism, which, when severe, may exacerbate anemia 
and cause thrombocytopenia and leukopenia.

A further consequence of the red blood cell membrane damage 
is the loss of the normal asymmetric distribution and increased 
surface exposure of the procoagulant, negatively charged phos-
pholipids phosphatidylserine and phosphatidylethanolamine. 
Perturbation of the cell membrane causes thalassemic RBCs to 
become rigid and deformed, increasing their cohesiveness and 
tendency to aggregate.197 The anionic phospholipids increase 
thrombin generation, which leads to activation of platelets and 
endothelial cells.198,199,200 Further evidence of the chronic platelet 
activation has been well documented in patients with thalassemia, 
as evidenced by increased platelet aggregation and expression 
of CD62P (P-selectin) and CD 63, shorter platelet survival, and 
elevated levels of urinary metabolites of prostacyclin (PGI2) and 
thromboxane A2 (TXA2), two markers of hemostasis.197,201,202 
Moreover, thrombocytosis and increased platelet aggregation 
associated with splenectomy contribute to the higher risk of 
thromboembolic events. Decreased levels of naturally occurring 
anticoagulants, such as protein C and protein S, and elevated 
plasma levels of the thrombin–antithrombin III complex, have 
been reported.203,204 It has also been shown that adherence of 
thalassemic red cells to endothelial cells is markedly enhanced 
as compared to that of normal red cells, and elevated levels of 
endothelial adhesion proteins (intracellular adhesion molecule-1, 
E-selectin, vascular cell adhesion molecule-1, von Willebrand fac-
tor) in the serum and plasma of thalassemic patients have been 
described.205,206 Activated monocytes and granulocytes, found 
in patients with thalassemia, could contribute to the endothelial 
damage and the hypercoagulable state.207,208

a-thalassemia
As in the case of b-thalassemia, the primary defect of a-thalassemia 
is the imbalance of globin biosynthesis, with an excess of b- and/
or g-globin chains. Unlike a-chains, which are highly unstable 
and unable to form soluble tetramers, excess g-chains in fetal 
life and b-chains in extrauterine life associate to form relatively 
soluble g4 tetramers (Hb Bart) and b4 tetramers (HbH), respec-
tively. These excess non–a-chains damage mostly mature red 
cells and to a lesser extent erythroid precursors, leading mainly 
to hemolysis and minimally to ineffective erythropoiesis. The 
different characteristics of the excess chains in a-thalassemia 
are of great importance in determining its pathophysiology; but 
in addition, the functional properties of HbH and Hb Bart and 
the number of a genes contribute to the difference in severity 
of a-thalassemia as compared to b-thalassemia syndromes. Red 
blood cells in a-thalassemia are rigid, as in b-thalassemia, but 
unlike b-thalassemia, they are hyperhydrated and have red cell 
membranes that are hyperstable. The reason for hyperhydra-
tion has not been clearly defined, but is likely a consequence 
of the effect of b-chain excess on the KCl cotransporter system. 
Membrane skeletal-bound b-globins become partially oxidized, 
with consequent membrane damage. In vitro studies have shown 
that entrapment of b-chains in normal red cells does not result in 
any significant change in membrane protein function or thiol con-
centrations, but rather produces changes in red cell  deformability, 
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as reported in vivo in patients with HbH disease.209,210 Interaction 
of excess b-globin with the cytoplasmic domain of protein band 
3 is abnormal in erythrocytes of patients with HbH disease, since 
b4 tetramers tend to adhere tightly to protein band 3.211 b-Globin 
tetramers precipitate as the red cell becomes old, forming inclu-
sions. These inclusions can be induced in vitro by vital stains, 
such as brilliant cresyl blue or new methylene blue, and are more 
common in splenectomized patients.212 Studies using monoclonal 
antibodies have shown that red cell inclusions in HbH disease are 
composed of b-globin. Membrane-bound inclusion bodies perturb 
the flow velocity during transit through the spleen capillaries, 
ultimately resulting in mechanical trapping and macrophagic 
phagocytosis.213 Red cell hemolysis is a significant pathophysi-
ologic mechanism of HbH disease, but ineffective erythropoiesis is 
a component, even if moderate. This has been suggested by mor-
phologic and ferrokinetic studies and by the analysis of plasma 
levels of the transferrin receptor.214,215 Excess b-chains accumu-
late and precipitate not only in old red cells, but also in marrow 
erythroid precursors, where they may cause some intramedullary 
cell death. b4 inclusion bodies alter the normal membrane phos-
pholipid bilayer, exposing phosphatidylserine, which represents 
a signal for the development of apoptosis and red cell removal 
by the macrophages in the spleen and other reticuloendothelial 
organs.216,217 Programmed cell death has been found moder-
ately increased in patients with HbH disease. Red cell membrane 
deformability and stability is even more affected in patients with 
HbH/Hbcs.218 As compared with patients with HbH disease, 
HbH/Hbcs patients have a higher amount of HbH and a higher 
percentage of erythrocytes with inclusion bodies and with trans-
located phosphatidylserine.213,217,219 All these characteristics 
may account for the increased hematologic severity of HbH/Hbcs 
disease. g-Globin tetramers (Hb Bart) are much less prone than 
b-globin tetramers to precipitate and form inclusions.220 Besides 
the characteristics of excess b- and g-globin chains discussed 
above, other functionally abnormal properties are important in 
determining the pathophysiology of a-thalassemia. HbH and, 
even more, Hb Bart, have a very high oxygen affinity and show 
no heme/heme interaction or Bohr effect, hence severely reduc-
ing their oxygen-carrying capacity.221,222 Some a-globin chain 
variants barely symptomatic in the heterozygous state, are either 
unstable because of folding defects and/or defective in binding to 
a-hemoglobin–stabilizing protein (AHSP) and are associated with 
the a-thalassemia phenotype.96 When the patients are homozy-
gous for such variants or compound heterozygotes with another 
a thalassemic defect, they present the phenotype of HbH disease 
or chronic hemolytic anemia or even hydrops fetalis syndrome.

genoTyPe–PhenoTyPe CoRRelaTion 
in Thalassemia
Progress in molecular biology and the wide availability of methods 
for DNA analysis have allowed for the definition of globin gene 
defects in thalassemia syndromes and for the understanding of 
the mechanisms of globin gene regulation and expression, and 
have partially elucidated the relationship between genotype and 
phenotype. This knowledge is helpful in clinical practice for plan-
ning the management of the patients, and in genetic counseling 
for the prediction of phenotype from genotype in couples at risk. 
In patients, the differentiation at presentation between thalas-
semia major and intermedia is essential to design the appropri-
ate treatment. In fact, the prediction of a mild phenotype may 
avoid unnecessary transfusions and their complications, while 
the diagnosis of thalassemia major will allow an early start of the 
transfusion program, thus preventing hypersplenism and the red 
cell sensitization often associated with a delayed start of red cell 
administration.223 As reported above, in b-thalassemia the glo-
bin chain imbalance is the main determinant of clinical severity. 

Therefore, the presence of factors able to reduce the globin chain 
imbalance results in a milder form of thalassemia. These factors 
are the coinheritance of a-thalassemia or of genetic determinants 
that increase g-chain production and the presence of silent or 
mild b-thalassemia alleles, associated with a high residual output 
of b-globin. Examples of these alleles are the silent –101 C→T 
and the mild IVS-1–6 T→C mutation in the Mediterranean popu-
lation and the –29 A→G in Africans. Deletion and nondeletion 
HPFH mutations, associated with a high HbF level in carriers, 
when in genetic compounds with severe b-thalassemia alleles, 
result in mild thalassemia intermedia. A mild phenotype may 
also be determined by coinheritance of genetic determinants 
associated with g-chain production, mapping outside the b-globin 
cluster. Several single nucleotide polymorphisms (SNPs) at the 
BCL11A gene on 2 p16.1 and HBS1L-MYB intergenic region on 
6q23.3 have been associated with variable HbF levels in patients 
with thalassemia and sickle cell disease.45,160,224 The effect of 
a- thalassemia determinants in ameliorating the disease severity 
is less consistent, but the coinheritance of the deletion of two 
a-globin genes with homozygous b+-thalassemia, and sometimes 
even with b0-thalassemia, produces the clinical picture of thalas-
semia intermedia.15,225 Variants at the three main quantitative 
trait loci (QTLs ) regulating HbF levels (i.e., BCL11A, HBS1L-MYB 
intergenic region, Xmn1 CG –g gene) and a-thalassemia have 
been associated with the mild thalassemia intermedia phenotype 
and with a delayed need for transfusions in patients with homo-
zygous b zero  thalassemia.163,226

The precise definition of the phenotype from the genotype is 
helpful also in genetic counseling, since it may avoid prenatal 
diagnosis in cases of expected very mild thalassemia intermedia 
in the fetus. Prenatal diagnosis in at-risk couples where the –101 
C→T mutation is present should not be considered and the same 
applies to the coinheritance of the triple a-gene arrangement 
or of the HPFH mutations associated with high levels of HbF. 
The ameliorating effect that results from the presence of mild 
b-thalassemia alleles is less constant. The mild b-thalassemia 
allele IVS-1–6 T→C, common in the Mediterranean population, 
shows remarkable phenotypic diversity in some populations, 
such as the Jewish population.227 Despite the progress in bet-
ter defining genetic determinants able to influence the clinical 
severity of b-thalassemia, phenotype prediction from genotype 
is not always accurate. However, the information obtained from 
extended genetic analysis may be used for planning appropriate 
management and for providing adequate genetic counseling, and 
may also reveal potential new targets for therapeutic intervention. 
As reported above, the wide range of phenotypic manifestations of 
thalassemia results from the heterogeneity of the primary muta-
tion and from the coinheritance of other globin gene-associated 
determinants, which may ameliorate or worsen the disease 
 severity.228 However, other known or unknown genetic determi-
nants may modify the clinical expression of the thalassemia syn-
dromes. Several secondary genetic modifiers have been identified 
in the recent years. The presence of (TA)7 polymorphism in the 
promoter region of the uridine diphosphoglucuronosyltransferase 
gene, which in the homozygous state is associated with Gilbert 
syndrome, is a risk factor for the development of cholelithiasis in 
thalassemia major and intermedia patients and in patients with 
HbE/b-thalassemia.229,230 Other candidate genes for modification 
of the thalassemia phenotype are the apolipoprotein E â4 allele, 
which seems to be a genetic risk factor for left ventricular fail-
ure in homozygous b-thalassemia.231 Less consistent data have 
been reported for genes involved in iron metabolism (C282Y and 
H63D HFE gene mutations), probably because their effect on iron 
overload is hidden as a result of treatment (e.g., secondary iron 
overload from red cell transfusion and iron chelation).232,233

In a-thalassemia, the symptomatic form of HbH disease shows 
a wide phenotypic diversity. The phenotype varies depending 
on the number of a genes affected and on the type of mutation 
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 present.234,235 Studies that have correlated hematologic and clini-
cal findings with a-globin genotypes indicate that HbH patients 
with nondeletion a-thalassemia defects have a more severe clini-
cal expression (see below).236,237,238,239

Unlike with b-thalassemia, limited progress has been made in 
the search for genetic modifiers of HbH disease.238 One type of 
genetic modification is coinheritance of b-thalassemia mutations, 
also referred to as the HbH/b-thalassemia trait. Subjects with this 
genotype have severe hypochromia, microcytosis, and anemia, 
and do not present HbH at the electrophoresis.240

CliniCal and laboRaToRy feaTuRes

a-thalassemia: Clinical Forms
Despite the large number of different a-thalassemia alleles (over-
all more than 100) only four hematologic and clinical conditions 
of increasing severity are recognized: silent carrier, a-thalassemia 
trait, HbH disease, and Hb Bart hydrops fetalis.241,242

Silent Carrier
This condition results from the presence of a single a-globin 
gene defect associated with the 3.7 or 4.2 kb deletion (-a/aa) and 
from nondeletion defects. This genotype is characterized in the 
newborn period by a very mild increased percentage (1% to 2%) 
of Hb Bart, a tetramer of four g-globin chains (g4), which is pro-
duced when there is an excess of g-chains in relation to a-chains. 
However, failure to demonstrate Hb Bart in cord blood does not 
exclude the silent carrier state.243,244 Among black Americans, 
the incidence of the silent carrier state determined by gene map-
ping is about 27%, yet Hb Bart is detected in only 12% of cord 
samples. Similar trends have been found in Mediterranean and 
Saudi Arabian populations.245,246

Adult individuals with three functional a genes may have a 
completely silent phenotype (normal red blood cell indices) or 
present a moderate thalassemia-like hematologic picture (reduced 
MCV and MCH and very mild anemia) with normal HbA2 and 
F.241,242 Analysis of globin chain synthesis in vitro in peripheral 
blood reticulocytes displays a reduced a:b ratio in the range of 0.8 
to 0.9. It has been shown that, at birth, children with the –a4.2 
deletion, which removes the a2 gene, have a more severe pheno-
type than children with the –a3.7 deletion, which deletes most of 
the less productive a1 gene, resulting in a hybrid gene consist-
ing of the 5′ part of the a2 gene linked to the 3′ part of the a1 
gene.86,246 However, with increasing age, the two genotypic forms 
become phenotypically indistinguishable, presumably because of 
upregulation of a-globin production by the a1-gene in subjects 
with the –a4.2 deletion.87,247

a-Thalassemia Trait
This condition is characterized in the newborn by more markedly 
increased levels of Hb Bart (5% to 6%) and in the adult by thal-
assemia-like red cell indices, normal HbA2 and F, and a reduced 
a:b-globin chain synthesis ratio in the range of 0.7 to 0.8.241,242 
Subjects with two residual functional a genes, either in cis on the 
same chromosome (–/aa or a0-thalassemia carriers) or in trans 
in opposite chromosomes (-a/-a, homozygous a+-thalassemia), 
clearly show the a-thalassemia carrier state. Carriers of nondele-
tion defects have quite variable hematologic phenotypes ranging 
from the a-thalassemia trait to the silent carrier state (see above). 
Double heterozygotes for –a/and nondeletion a-thalassemia (-a/
[aa]T) and homozygotes for nondeletion defects ([aa]T/[aa]T) 
have the typical phenotype of the a-thalassemia carrier state. 
However, homozygotes for some nondeletional forms of a-thal-
assemia may have a mild HbH disease.248 It should be pointed 

out that homozygotes for the Hb Constant Spring mutation, the 
most common nondeletion defect in the Asian population, have 
a clinical syndrome that is similar to HbH disease (see below).249 
The a-thalassemia carrier state should be differentiated from 
iron deficiency and from d- and b-thalassemia interaction (see 
carrier detection). This differentiation has important practical 
consequences.

Hemoglobin H Disease
HbH disease is common in Southeast Asia and relatively frequent 
in Mediterranean countries and parts of the Middle East, while 
occurring rarely in populations of African descent. This clinical 
condition results from the presence of only one functional a gene, 
usually as a consequence of the compound heterozygous state for 
a0-thalassemia/a+-thalassemia (–/-a or –/aTa). As a consequence 
of the relative excess of b-chains, individuals with HbH disease 
produce a variable amount of this abnormal hemoglobin, a tetra-
mer of b-globin chains (b4). The HbH is unstable and precipitates 
inside the red cells and to some extent in erythroid precursors, 
causing membrane damage and premature erythrocyte destruc-
tion. As reported above, both hemolysis and ineffective erythro-
poiesis contribute to anemia in HbH disease, but the predominant 
mechanism is hemolysis. HbH has a much higher oxygen affinity 
than HbA and this may worsen the severity of anemia in patients 
with HbH disease. In the neonatal period, subjects with the HbH 
disease genotype have a consistently elevated Hb Bart (∼25%), 
which may still be detected in small amounts in some adults with 
HbH disease. The syndrome of HbH disease shows a considerable 
variability in clinical and hematologic severity. The majority of 
patients have minor disability, a few are severely affected requir-
ing regular blood transfusions, and rare cases of HbH disease 
have been described with the hydrops fetalis clinical picture (see 
below).15,65 The most relevant features are microcytic and hypo-
chromic hemolytic anemia, hepatosplenomegaly, jaundice, and 
moderate thalassemia-like skeletal modifications.65,237,238,239 The 
hemoglobin concentration is usually in the range of 7 to 10 g/
dl and the MCV varies with age (being around 58 fl in childhood 
and around 64 fl in adulthood), while the MCH is around 18 pg 
irrespective of age. Reticulocytes range between 5% and 10%, and 
the a:b-globin chain synthesis ratio is markedly reduced, in the 
order of 0.20 to 0.60. Hemoglobin electrophoresis at alkaline pH 
shows a fast-moving band (HbH) in amounts ranging from 1% to 
40%. Sometimes, because of the low quantity and the possible 
loss due to instability in the preparation of the hemolysate, HbH 
may escape detection. The most sensitive method to detect HbH 
consists of the incubation of peripheral blood cells for 1 to 2 hours 
at 37°C in the presence of supravital dyes (brilliant cresyl blue or 
methyl violet), which induce precipitation of the abnormal hemo-
globin as inclusion bodies, easily recognizable at the microscope 
(Fig. 34.5). Determination of the a-globin genotype may be useful 
for prognosis of HbH disease, because the nondeletion forms are 
more severe than the deletion forms. Anemia is accentuated dur-
ing pregnancy and may worsen quite dramatically with infections, 
fever, ingestion of oxidant drugs, aplastic anemia associated with 
Parvovirus B19, and hypersplenism.237 A variable spleen enlarge-
ment is almost always present, while liver enlargement is less 
common. A mild phenotype of HbH disease may result from the 
homozygous state for nondeletional a-thalassemia. Although the 
phenotype in some cases is closer to that of the homozygous state 
for a+-thalassemia, the degree of anemia and hypochromia may 
be more severe.250 In particular, homozygotes for the elongated 
a-chain variant Hb Constant Spring are asymptomatic, but show 
mild pallor and jaundice with liver and spleen enlargement in 
about 50% of the cases.15,251 The hemoglobin level ranges from 
9 to 11 g/dl and the MCV tends to be normal (88 ± 6 fl), while 
the MCH is slightly reduced (26 ± 3 pg). The peripheral blood 
contains HbA2, A, Hb Constant Spring, and traces of Hb Bart 
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rather than HbH.15 The severity of HbH disease shows a good 
correlation with the degree of a-chain deficiency. Thus, the more 
severe and variable phenotypes are associated with interactions 
involving nondeletion a-thalassemia defects that affect the domi-
nant a2 gene, including (–/aConstant Springa), (–/aNcoIa) and 
(–/aHphIa).237,238,239 Patients with the nondeletional genotypes 
present earlier, with more severe hemolytic anemia, significant 
growth delay, dysmorphic facial features, and more marked hepa-
tosplenomegaly; they require more transfusions. Few patients 
with HbH disease resulting from the interaction of a+-thalassemia 
(-a) with the deletion of the MCS regulatory region have been 
reported.66 A severe case of HbH disease due to deletions of vari-
able extent of both upstream MCS-Rs while all four downstream 
a-globin genes are intact has been recently described.92

A very few cases of unusually severe HbH disease associ-
ated with hydrops fetalis due to coinheritance of a0- and a+-
thalassemia have been described.65,252–254 In four cases, the 
a+-thalassemia alleles were mutations of the a2 gene associated 
with hyperunstable a-globin variants. The interaction between 
two relatively common forms of a-thalassemia (–Med/aTSaudia) can 
present with HbH hydrops fetalis.255 In these families, prenatal 
diagnosis can be indicated.

Patients with HbH disease may develop complications includ-
ing hypersplenism, leg ulcers, gallstones, and abnormal left 
ventricular dysfunction. Hypersplenism has been reported in 
10% of Thai patients with HbH disease, but seems to be rare else-
where.256 Iron overload as assessed by serum ferritin is increased 
in a large proportion (50% to 75%) of patients and is significantly 
correlated with age.237,239,257 Some patients develop increased 
liver iron concentration.

In general, patients with HbH disease do not need any treat-
ment. Some clinicians recommend folic acid supplementation as 
for other hemolytic anemias. Patients should be advised to avoid 
oxidant drugs because of the risk of hemolytic crisis. Occasional 
blood transfusions may be required when the hemoglobin level 
suddenly drops as a consequence of hemolytic or aplastic crisis. 
Pregnant women with HbH disease need careful monitoring of 
the hemoglobin levels. Splenectomy may be indicated in the pres-
ence of hypersplenism, but the potential complication of venous 
thrombosis, reported in some patients with HbH disease follow-
ing splenectomy, should be considered.258,259 Chelation therapy 
should be initiated in patients with elevated serum ferritin and/or 
liver iron concentration.

Hemoglobin Bart Hydrops Fetalis Syndrome
Hb Bart hydrops fetalis syndrome is the most severe a- thalassemia 
clinical condition, often associated with the absent function of all 
four a-globin genes (homozygous a0-thalassemia or –/–). A  few 
cases of hydrops fetalis have been reported in infants with 

very low levels of a-chain synthesis, resulting from interaction 
of common a0-thalassemia determinants with uncharacterized 
nondeletion defects.253,254,256 Hb Bart hydrops fetalis syndrome 
is relatively common in Southeast Asia, while in Mediterranean 
populations it is relatively rare due to the low frequency of 
a0-thalassemia.15,260,261 Because of the extreme rarity of the –/aa 
genotype, this disorder rarely, if ever, affects infants of African 
descent. A fetus homozygous for a0-thalassemia produces mainly 
Hb Bart (g4), which is functionally useless for oxygen transport, 
and his or her survival to late pregnancy is due to the presence 
of small amounts of embryonic hemoglobins Portland 1 (z2g2) and 
Portland 2 (z2b2). There is a marked variability in the intrauter-
ine clinical course of fetuses with Hb Bart hydrops fetalis. Many 
pregnancies terminate unnoticed or early in gestation. In some 
cases pregnancy proceeds to term, but the fetus is stillborn or 
severely ill; in others the fetus does not become hydropic and 
is born normally.262,263 The clinical features of this syndrome 
are those of a very severe anemia (Hb level range, 3 to 8 g/dl), 
with marked hepatosplenomegaly, generalized edema, signs of 
cardiac failure, and extensive extramedullary erythropoiesis in 
many organs.15,264 Other congenital abnormalities, particularly 
of the skeletal, cardiovascular, and urogenital system, have been 
reported. Complications during pregnancy are common and 
include severe and mild pre-eclampsia (hypertension, fluid reten-
tion with or without proteinuria), polyhydramnios or oligohy-
dramnios (increased or reduced accumulation of amniotic fluid, 
respectively), and antepartum hemorrhage. Postpartum compli-
cations include placenta retention, eclampsia (fits and coma), 
hemorrhage, anemia, and sepsis. At present there is no effective 
treatment for the Hb Bart hydrops fetalis syndrome. Early treat-
ment with intrauterine transfusions after noninvasive monitoring 
by Doppler ultrasonography or in utero hematopoietic stem cell 
transplantation have been attempted, but may not be justified 
because of the unknown future risks for infants of severe devel-
opmental abnormalities.265,266,267,268,269 Given the severity of 
this syndrome and of the maternal obstetric complications, early 
termination of at-risk pregnancies is recommended and several 
regions have initiated universal prenatal screening programs to 
address homozygous a-thalassemia.270,271

Unusual Forms of a-Thalassemia
There are two unusual forms of a-thalassemia: one is the acquired 
HbH disease associated with myelodysplasia, and other is the 
a-thalassemia associated with mental retardation syndrome.

a-thalassemia/Myelodysplasia Syndrome (omim catalog 
#300448)
Patients with myelodysplasia may rarely develop an unusual form 
of HbH disease characterized by the presence of classic HbH 
inclusion bodies in red blood cells, often detectable levels of HbH 
(1% to 57%), and a severe microcytic and hypochromic anemia 
with anisopoikilocytosis.272 The a- to b-globin mRNA ratio, stud-
ied in a few patients, showed a marked reduction (0.06 to 0.50), 
and the a- to b-globin chain synthesis ratio was similarly reduced 
(a:b ratio = 0.28).273 Structural analysis of the a-globin genes and 
of their flanking regions has revealed no abnormalities in such 
patients.274 Recent studies have shown that some patients with 
a-thalassemia/myelodysplasia syndrome have point mutations 
and/or splicing abnormalities in the ATRX gene (see below).275 In 
one patient a large deletion of the telomeric region of the short 
arm of one allele of chromosome 16, including both a-globin 
genes, was reported.276

a-thalassemia and Mental retardation Syndromes
There are two different syndromes in which a-thalassemia is asso-
ciated with mental retardation.235,277 The first is  characterized 
by a relatively mild mental retardation and a variety of facial and 

Figure 34.5. Hemoglobin H inclusion bodies.
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skeletal abnormalities. These subjects have extended (1 to 2 mega-
bases) deletions resulting from rearrangements of the short arm of 
chromosome 16. The deletions remove both a-globin genes and up 
to 52 other genes.278 Two common patterns of a-thalassemia have 
been described: One is characterized by parents with a normal 
a-globin genotype (aa/aa) whose affected offspring have the phe-
notype of severe a-thalassemia trait (genotype –/aa). In the other, 
one parent has the phenotype of the mild thalassemia trait and the 
child has HbH disease. This condition is called ATR-16 syndrome 
(OMIM catalog #141750).

The second group of patients has a complex phenotype char-
acterized by severe mental retardation, quite uniform clinical 
features (hypertelorism, flat nasal bridge, triangular upturned 
nose, wide mouth, urogenital abnormalities), other developmental 
abnormalities, and defective a-globin synthesis, resulting in a rel-
atively mild form of HbH disease. No structural changes of the a 
cluster or 16p chromosome have been found in these patients and 
the transmission is X-linked. Recently it has been shown that this 
syndrome is associated with mutations in an X-encoded gene, the 
ATRX gene, a member of the DNA helicase family.279–281 To date 
128 acquired and/or inherited mutations predominantly lying in 
2 highly conserved domains of the ATRX protein have been identi-
fied.282 ATRX, a large protein with 2492 residues, is a member of 
the snf2 family of ATP-dependent remodeling proteins and a key 
regulatory component of nucleosomal dynamics and higher order 
chromatin conformation. ATRX protein plays a prominent role in 
the control of gene transcription and in the maintenance of chro-
mosome stability.283,284 Mutations in this gene downregulate the 
expression of the a-globin genes and of other unidentified genes, 
producing the complex phenotype. This condition is referred to as 
Atrx syndrome (OMIM catalog #301040).

More detailed information about the forms of a-thalassemia 
associated with mental retardation or myelodysplasia and about 
the role of ATRX are reported in published reviews.272,282

a-thalassemia in association with  
Structural Variants
A number of syndromes result from the interaction of a-thalassemia 
genes with those producing structurally abnormal hemoglobins. 
In some disorders, thalassemia genes that otherwise would 
have gone unnoticed are given clinical expression by the variant 
hemoglobin; in others, the relative amount of the variant hemo-
globin is altered by the thalassemia gene. Features common to 
all these syndromes are red cell hypochromia and microcytosis, 
in addition to the presence of a hemoglobin variant. Some of the 
mutations causing a-chain structural variants appear to have 
occurred in chromosomes with only a single a-globin gene. Thus, 
Q/a0-thalassemia has a clinical phenotype similar to that of HbH 
disease.285 Affected subjects synthesize no HbA. This disorder 
has been described in individuals from Thailand, China, Iran, 
and India.286,287 The mutation responsible for HbG-Philadelphia 
sometimes occurs on a chromosome with a single a-globin gene 
and other times on a chromosome containing both a genes. 
This variant is encountered primarily in black individuals.288 In 
persons with a normal a-globin gene on the same chromosome 
containing the HbG mutation, HbG-Philadelphia/a0- thalassemia 
(aGa/–) is characterized clinically by a-thalassemia minor; 
whereas in individuals with no normal a-gene cis to the aG-gene 
(-aG/–), the doubly heterozygous state resembles clinically HbH 
disease. The variant hemoglobin constitutes approximately 40% 
of the total concentration of hemoglobin in the former situation, 
and more than 90% in the latter.37 HbI/a-thalassemia has been 
reported in a black patient.289 That the gene for HbI is not linked 
in cis with an a-thalassemia gene is indicated by the presence of 
30% HbA. The combination of a-thalassemia with b-chain vari-
ants is associated with a decrease in the relative amount of the 
variant hemoglobin and a clinical picture similar to that of the het-

erozygous state for the structural variant.15 The lower than usual 
percentage of the variant hemoglobin is attributed to the prefer-
ential binding of a-chains with bA-chains. The b-chain variants 
noted in association with a-thalassemia include HbS, HbC, HbE, 
and HbJ Bangkok.15 The interaction of a-thalassemia and the 
HbS trait produces a trimodal distribution in the relative amount 
of HbS. Individuals with a full complement of a-globin genes 
have more than 35% HbS, compared with 28% to 35% in those 
with the (–a/aa) genotype, 25% to 30% in those with the (-a/-a) 
genotype, and no more than 20% in those with the rare (–/-a) 
genotype.290,291 Reductions in MCV and MCH are also observed. 
a-Thalassemia modifies some of the hematologic consequences of 
homozygous sickle cell anemia. Subjects with the (-a/-a) genotype 
have a higher hemoglobin concentration, lower red cell indices, 
fewer irreversibly sickled cells, a lower reticulocyte count, and 
lower serum bilirubin levels than subjects without concurrent 
a-thalassemia.292–294 The ameliorating effect of a-thalassemia is 
probably mediated by a decreased red cell concentration of HbS. 
a-Thalassemia fails, however, to temper significantly the clinical 
expression of sickle cell anemia. More information on the effects 
of a-thalassemia on sickle cell anemia can be found in Steinberg 
MH66 and in the chapter on sickle cell anemia in this book. For 
the interaction of a-thalassemia and HbE, see Hemoglobin E 
Syndromes in this chapter.

b-Thalassemia majoR
From a clinical point of view, the b-thalassemia syndromes 
represent the most relevant forms of thalassemia. The designa-
tions commonly used to describe the b-thalassemia syndromes 
are based on clinical severity. The most severe form is defined 
as b-thalassemia major and is characterized by transfusion-
dependent anemia. Thalassemia intermedia is the term used to 
designate a form of anemia that, independently from the geno-
type, does not require transfusion, or only sporadic or intermittent 
transfusions. Thalassemia minor indicates the heterozygous state, 
which is usually completely asymptomatic. Thalassemia minima 
was used in the Italian literature to indicate a carrier in whom no 
hematologic or clinical symptoms were recognizable, but the term 
should probably be abandoned. Some authors use the term thal-
assemia minima to indicate the condition of silent carrier.

history
Originally, there was a disease called anemia splenica infantum 
that included several conditions, often not well distinguished from 
one another. Syphilis was considered a possible cause, as were 
tuberculosis and leishmaniosis. These children were usually born 
normally and grew normally until the second half of the first year, 
when they were noticed to become paler and paler, and to develop 
an enormous abdomen, containing a spleen that could extend 
from a few centimeters below the left costal margin to the iliac 
crest and below, sometimes visible from the outside. At this time 
in the disease course, the patients liked to be left alone and to lie 
down “in a monotonous morbid state.”28 Bone deformities, espe-
cially of the skull, soon appeared, giving the children a distinctive 
“Mongolian” appearance.295,296 The disease was often present in 
more than one sibling; or, more frequently, other siblings had pre-
viously died of the same disease. The first systematic descriptions 
of what was going to be identified as thalassemia major came 
from Cooley and Lee295 from Michigan, who observed the disease 
in Italian and Greek children, and from Maccanti, a pediatrician 
from Ferrara, Italy, who also noted that the children were often 
coming from malarial areas near the Po river.28,295 Anemia, leu-
kocytosis, and normoblastemia were always present. Both groups 
tried unsuccessfully the entire armamentarium of therapies 
then available (arsenium, fresh veal bone marrow,  sunshine, the 
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quartz lamp, cod liver oil, and, of course, iron) and even blood 
transfusions, which were helpful but short-lasting in one patient 
but caused increased hemolysis in another.28 This is not surpris-
ing, considering the very limited blood matching available at the 
time and the already enormous size of the spleen at presentation. 
Splenectomy and Roentgen irradiation of the spleen were also 
performed without benefit. All the children died shortly after pre-
sentation. Detailed autoptic data, showing peculiar abnormalities 
in the bones and spleen fibrosis, are available. Almost at the same 
time, Rietti, also from Ferrara, had reported three adult patients, 
two of whom were father and son, who presented with “primitive 
hemolytic jaundice” associated with decreased osmotic fragil-
ity.297 Anemia, microcytosis, anisocytosis, and basophilic stippling 
were noted. The syndrome was probably a form of thalassemia 
intermedia, and for a long time the eponymic title of Rietti-Greppi-
Micheli was used in Italy, from the names of those who in those 
years described similar clinical pictures. In 1932, in consideration 
of the Mediterranean origin of the patients affected by Cooley ane-
mia, Whipple and Bradford proposed the name of thalassemia, 
from the Greek word thalassa, meaning sea.298 Subsequently, 
the severe and the mild form of thalassemia were denominated 
thalassemia major and minor, respectively.299

Unfortunately, the lack of communication between the two 
sides of the Atlantic made the research in this field, as in others, 
proceed slowly in parallel.300,301 In 1940, Wintrobe reported the 
presence of a familial hemopoietic disorder in adolescents and 
adults of Italian origin, while in Italy, between 1943 and 1947, 
Silvestroni and Bianco defined the hematologic, clinical, and epi-
demiologic characteristics of thalassemia minor and its relation-
ship with thalassemia major.302 A detailed report of that research 
can be found in a comprehensive book on thalassemia by Ida 
Bianco Silvestroni.303 The picture was further clarified by the 
identification of HbA2 and its increase in the parents of patients 
affected by thalassemia major.304,305 The patients, on the other 
hand, were found to be completely devoid of HbA and to have, in 
addition to HbA2, only an alkali-resistant variant usually found in 
the newborn, HbF.306 The newly born erythrokinetic technique 
defined the enormous and ineffective erythropoiesis present in 
this disease.307 Between 1956 and 1961 the chemical structure of 
hemoglobin was described, and soon the complete sequences of 
globin chains were clarified.308

The idea of thalassemia resulting from a defect in the produc-
tion of adult hemoglobin is due to the contribution of several 
authors. Globin chain synthesis was able to confirm this hypoth-
esis.309 The developments in molecular biology are recent history 
and continue to clarify more aspects of the disease.

Clinical Features
The clinical picture of b-thalassemia major includes features that 
are due to the disease itself and others that represent the conse-
quences of therapy and are, in a sense, iatrogenic.

Anemia
The early symptoms of the disease appear usually in the first 
year of life, at the time when the synthesis of g-chains is not 
replaced by the synthesis of b-chains. In an ethnically composite 
population of transfusion-dependent children diagnosed in the 
United Kingdom, the mean age at presentation was reported to be 
6 months, while in a study from Greece the age was 13.1 months, 
ranging from 2 to 36 months.310,311 In a study from Sardinia 
the disease was recognized at around 8 months in patients with 
transfusion-dependent thalassemia but at age 2 years in non–
transfusion-dependent children.312 The age at diagnosis is influ-
enced by the molecular defect and by the degree of suspicion of 
the treating physician. Pallor is usually the first sign, accompanied 
by splenomegaly of various severity, fever, and failure to thrive.

Bone Deformities
Untransfused or poorly transfused patients with thalassemia 
develop typical bone abnormalities that were described even in 
the first reports of the disease and that are due to the extremely 
increased erythropoiesis, with consequent expansion of the bone 
marrow to 15 to 30 times normal. The skull is large and deformed 
by frontal and posterior bossing with the diploe increased in thick-
ness to several times normal. The outer and inner tables are thin 
and the trabeculae are arranged in vertical striations, resulting in 
a “hair on end” appearance. A peculiar, stratified appearance of 
the skull has been reported (Fig. 34.6).313 The zygomatic bones 
are prominent, the base of the nose is depressed and pneumatiza-
tion of the sinuses is delayed. Overgrowth of the maxilla produces 
severe malocclusion, with a rodent-like appearance. Metatarsal 
and metacarpal bones are the first to expand as a consequence 
of increased erythropoiesis (Fig. 34.7). The ribs are broad, often 
with a “rib-within-rib” appearance, and the vertebral bodies are 
square. The trabeculation of the medullary space gives the bones 
a mosaic pattern. Shortening of long bones is frequent, as a 
result of premature fusion of the humeral and femoral epiphyseal 
lines.314,315 Extramedullary erythropoiesis gives rise to masses 
that protrude from bones where red marrow persists.316

Overgrowth from the vertebral bodies can cause cord com-
pression and paraparesis.317 Ear impairment due to extra-
medullary marrow growing in the middle ear, and progressive 
visual loss caused by compressive optic neuropathy have been 
reported.318,319 This kind of picture is more often present in 
patients with thalassemia intermedia, in whom transfusions are 
avoided at the price of intense autologous marrow hyperactivity. 
Improvement in the radiologic bone appearance in the cohorts 
of patients who have undergone regular transfusions from an 
early age has been striking. The lack of severe skull deformities 
is reflected in the mildness of thalassemic features that are now 
observed in most patients. However, bone lesions of a different 
nature are often observed as a consequence of excessive deferox-
amine (DFO) therapy.

Osteoporosis
Reduced bone mineral density and consequent susceptibility to 
fractures have been observed in thalassemia patients and, in 
recent years, have been the subject of intense research. Mineral 
density is usually investigated with dual-energy x-ray absorpti-
ometry (DEXA) at the spinal (L1 to L4) and femoral neck level. 
Osteoporosis is defined as a decrease in bone mineral density 

Figure 34.6. radiograph of the skull. In the frontal area, the bone has a lamellated struc-
ture, parallel to the inner table of the diploe. In the parietal area, erythroid hyperplasia has 
perforated the outer table, producing a characteristic “hair on end” appearance. (Courtesy of 
Dr. C. Orzincolo.)
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≥2.5 SD below the young adult mean value, while a decrease 
between –1 and –2.5 SD is defined as osteopenia.320 Osteoporosis 
in thalassemia has been found to affect 48% of the patients, with 
an additional 44% affected by osteopenia.321 Although more fre-
quent and severe in males than in females, this complication rep-
resents an important cause of morbidity in adult patients of both 
sexes.321 The pathogenesis of osteoporosis in thalassemia major 
is multifactorial and results from a variety of genetic and acquired 
factors. The polymorphism at the Sp1 site of the collagen type I 
gene (COLIA 1) has been associated with severe osteoporosis and 
pathologic fractures of the spine and the hip.321–323 Moreover, 
the vitamin D receptor (VDR) Bsm1 and Fok1 polymorphisms 
were found to be risk factors for bone mineral damage, low bone 
mineral density, and short stature in prepubertal and pubertal 
patients.324 However, different studies of genetic polymorphisms 
have given contradictory results.322,325 Acquired factors include 
the primary disease itself, causing ineffective hematopoiesis with 
progressive bone marrow expansion; and several secondary 
factors such as endocrine dysfunction, iron overload and chela-
tion therapy, vitamin deficiencies, and decreased physical activ-
ity.326,327 In particular, vitamin D deficiency is frequent among 
adolescents.328 Male sex, lack of spontaneous puberty, and diabe-
tes represent significant risk factors for osteoporosis, while trans-
fusional history, chelation, and erythropoietic activity do not.329

Defective osteoblastic activity is thought to be the major patho-
genetic mechanism for osteoporosis. There are data demonstrat-
ing in thalassemia patients increased serum levels of Dickkopf-1, 
a soluble inhibitor of osteoblast differentiation that correlates 
with reduced bone mineral density. Also sclerostin, an inhibi-
tor of osteoblast function, is increased and correlates with bone 
mineral density of the spine, radius, and femoral neck.330 In addi-
tion, there is evidence of increased osteoclast activation. Elevated 
markers of bone resorption, such as urinary N-terminal peptides 

of collagen type I and serum tartrate-resistant acid phosphatase 
isoform 5b, have been demonstrated.331,332 The increased osteo-
clast activity seems to be due to an overproduction of cytokines 
that are involved in osteoclast differentiation and function.333 
There is evidence that the receptor activator of nuclear factor 
kappa B ligand (RANKL)/osteoprotegerin (OPG) pathway medi-
ates osteoclast proliferation in thalassemia and contributes to the 
pathogenesis of osteoporosis.334 The hypothesis that the RANKL/
OPG system is involved in mediating the action of sex steroids on 
bone334 has not been confirmed.335 Fractures, often secondary 
to mild or moderate trauma, are more frequent in thalassemia 
patients than in the general population. In a retrospective study, 
12% of patients with thalassemia major were found to have suf-
fered from fractures, with an equal distribution between males 
and females. Prevalence increased with age. The presence of 
other endocrinopathies, anthropometric parameters, heart dis-
ease, or hepatitis C were not significant independent predictors of 
fractures.336,337 Bone pain of varying severity is a common com-
plaint among adult patients and has been attributed to expanded 
bone marrow with consequent pressure on the cortical bone.338 
Magnetic resonance imaging (MRI) in these cases may show the 
reappearance of hypercellular areas in bones previously replaced 
by fatty marrow. Reduced and irregular mineralization of the 
bone has been found using microradiography and X-rays in thal-
assemic patients with and without clinically evident bone abnor-
malities.339 Back pain is sometimes associated with compression 
fractures and intervertebral disc degeneration.327,340

In a recent study, pain was found to be associated with low 
vitamin D, lower bone density, and bisphosphonate use.341 
Osteoporosis is a progressive disease, thus early detection, pre-
vention, and treatment are essential for effective control of this 
potentially debilitating condition.326 Annual follow-up should be 
started during adolescence.342 Therapy includes sex hormone 
replacement therapy, regular exercise, and a diet rich in calcium 
and vitamin D. In consideration of the pathogenetic data suggest-
ing that in thalassemia patients the reduced osteoblastic activity 
is accompanied by a comparable or even greater increase in 
bone resorption, antiresorptive drugs such as bisphosphonates 
are being increasingly used. To date, alendronate, pamidronate, 
and zoledronate have been reported to be effective in increas-
ing bone mineral density and normalizing bone turnover.343–345 
Neridronate has improved bone mineral density and reduced 
back pain in a cohort of thalassemia patients with osteoporosis.346 
One study evaluating the effect of calcitonin on bone mass showed 
that it prevented bone pain, improved radiologic findings, and 
decreased the number of fractures.347 Other agents, like teripa-
ratide and strontium ranelate, are being studied, but their effects 
remain to be proven.342

Cholelithiasis
Gallstones have been reported in patients with thalassemia348,349 
(Fig. 34.8). The percentages found were variable, depending on 
the transfusion regimens and consequent residual inefficient 
erythropoiesis and hemolysis, on the time of splenectomy, and, 
more importantly, on the associated presence of the (TA)7 pro-
moter mutation of the gene of uridindiphosphoglucoronyl-trans-
ferase.350 A recent cooperative study including 858 patients with 
transfusion-dependent thalassemia found a prevalence of choleli-
thiasis of 30%. The Gilbert genotype [homozygosity for (TA)7 motif] 
influenced both the prevalence of cholelithiasis and the age at 
which it developed.351 Ultrasonography of the gallbladder should 
be checked regularly. If gallstones are present at the time of sple-
nectomy, cholecystectomy should be performed at the same time.

thromboembolic Complications
Numerous reports of thromboembolic complications in thal-
assemia have been published. In a multicenter study the 

Figure 34.7. Mosaic pattern produced by trabeculation in the bones of the hand of a 
patient with thalassemia major. Note the rectangular contour of the metacarpals.
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frequency of thromboembolic events was found to be 4% in 
patients with thalassemia major and 10% in patients with 
thalassemia intermedia.352 Other groups have reported similar 
prevalences.353 In a large study of 8860 patients from differ-
ent countries, female sex, previous splenectomy, and profound 
anemia were found to represent risk factors.354 A chronic 
hypercoagulable state has been observed even in childhood.205 
The mechanisms underlying hypercoagulability in thalassemia 
are still unclear. Several authors197,200 have suggested that the 
presence of a chronic hypercoagulable state could be due to the 
procoagulant effect of the anionic phospholipids exposed on the 
surface of the damaged circulating red blood cells and to endo-
thelial derangement occurring as a consequence of an inflam-
matory state associated with the disease. Also, blood cells and 
platelets have an  important role in increasing the thrombotic 
risk in  thalassemia.355

In addition, vascular endothelial cell injury and the per-
oxidative status due to iron overload are possible pathogenetic 
 mechanisms.198,206,356

Concomitant prothrombotic conditions are frequently pres-
ent in thalassemia patients after the first decade of life: insulin-
dependent diabetes, estrogen therapy, atrial fibrillation, and 
postsplenectomy thrombocytosis, among others. Prophylactic 
measures are necessary when additional risk factors (e.g., sur-
gery, parturition, immobilization) are present.354 (See also thalas-
semia intermedia.)

Pseudoxanthoma Elasticum
Pseudoxanthoma Elasticum (PXE) is an autosomal recessive 
multisystem disorder affecting elastic tissues. In the majority of 
families affected by PXE the gene carrying mutations is the ABCC6 
gene, encoding a transmembrane transporter protein probably 
involved in calcium and phosphate homeostasis and primarily 
expressed in the liver, the kidneys, and the intestine. More than 
300 mutations have been identified and lead to the absence of a 
functional ABCC6 protein. This absence results in a deficiency of 
circulating factors which should prevent aberrant mineralization, 
and induces the accumulation of calcium phosphate in skin, eye, 
and vascular lesions.357,358 Clinically it is characterized by typical 
lesions of the skin (small yellowish papules or larger coalescent 
plaques), eyes (breaks of the elastic lamina of Bruch’s membrane 
called angioid streaks), and arteries (degeneration of the elastic 
lamina of the arterial wall often accompanied by arterial calcifica-
tion).359,360 An acquired PXE-like syndrome has been described 
in several hemolytic disorders.361,362 The first reports of typical 
skin lesions, angioid streaks in the retina, calcified arterial walls, 
and aortic valve disease in two patients affected by thalassemia 
was published by Aessopos et al. in 1989.363 Several subsequent 
reports have confirmed the existence of a clinical syndrome 
resembling PXE in thalassemia patients.364–366,367 It  appears to 
be age-dependent and it is more common in thalassemia interme-
dia than in thalassemia major. In a study published in 1998 and 
including patients affected by thalassemia intermedia older than 
30 years, arterial calcifications were found in 55%, skin lesions 
in 20%, and ocular alterations in 52%. Eighty-five percent had at 
least one of the three typical lesions.368

In PXE-like syndromes, lesions are structurally indistinguish-
able from those of the inherited form. The typical histopathologic 
features are the abnormal, mineralized, and fragmented elastic 
fibers (elastorrhexia) in skin, eyes, and arterial blood vessels. 
Nevertheless, b-thalassemia patients do not harbour mutations 
in the ABCC6 gene,366,369 and the pathophysiology remains 
unclear. At first, it was suggested that, like so many other com-
plications of the disease, this syndrome could be the result of an 
iron-induced oxidative tissue damage, caused by hemolysis and 
iron overload.368,370 Recently, it has been demonstrated that a 
significant, progressive, liver-specific downregulation of Abcc6 
expression can be found in the mouse model of b-thalassemia. 
Despite the fact that these mice do not develop connective miner-
alization, they could represent a model for clarifying the increased 
susceptibility to dystrophic mineralization in dermal, ocular, and 
vascular tissue of b-thalassemia patients.371 The abnormalities 
in elastic fibers of arterial walls may lead to several serious and 
life-threatening vascular complications in both the inherited and 
acquired forms. In the thalassemic population several cases of 
cardiac involvement have been reported, including rupture of 
chordae tendineae and aneurysmatic dilatation of the ascending 
aorta.368,372–375 In an Italian study, five out of 14 thalassemia 
patients with a PXE-like syndrome died because of cardiovas-
cular complications. Thrombotic events and gastrointestinal and 
intracranial bleeding, which preclude the use of platelet antiag-
gregants, can also complicate the clinical course.376 Close surveil-
lance of these patients is therefore mandatory.

No effective therapy is available for PXE and PXE-like syn-
dromes. Several promising avenues for the treatment are currently 
being explored. The phosphate binders, a group of drugs given in 
the attempt to limit the intestinal absorption of phosphate, and 
consequently normalizing the serum calcium phosphate product, 
could offer a means of reducing the calcium/phosphate load in 
patients with PXE. Histopathologic regression of skin calcifica-
tions was demonstrated in 3 out of six patients treated with alu-
minum hydroxide for 1 year, and in all six no progression of the 
ocular angioid streaks was observed.377 In a knocked-out ABCC6 
gene (Abcc6 –/–) mouse model of PXE, a magnesium carbonate–
enriched diet completely prevented mineralization of the  vibrissae, 

Figure 34.8. Spine of a 35-year-old patient with thalassemia major. Reduced mineral 
bone density is evident, in addition to a gallstone-filled gallbladder.

72683_ch034_0862-0913.indd   879 31/07/13   2:52 PM



880 part iV Disorders of Red Cells • SeCtiON 4 Hereditary Disorders of Hemoglobin Structure and Synthesis

an early biomarker of the mineralization process.378 The mecha-
nisms by which magnesium may prevent calcium phosphate depo-
sition in tissues are not clear, but a marked increase in the urinary 
output of calcium, with concomitant reduction in phosphate, has 
been obtained in these mice.378,379

These results suggest that changes in diet, and specifically 
changes in dietary magnesium and phosphate binders, may 
offer a potential treatment modality for this so far intractable 
disease.380 Recent reports on the use of intraocular injection of 
antiangiogenic agents targeting vascular endothelial growth fac-
tor in age-associated macular degeneration have suggested that 
significant improvements in visual acuity could also be achieved 
in patients with PXE.381,382

Molecular strategies based on specific mutations identified in 
the ABCC6 gene, gene therapy approaches targeting a transgene 
to restore its function in the liver, and anti-mineralization factors 
with a potential role as modifiers (fetuin-A, for example) are still 
being tested.

Secondary Gout
Hyperuricemia is not unusual in thalassemia patients, but gouty 
arthritis has rarely been reported.383

Laboratory Findings and Diagnosis
Laboratory data at presentation are characterized by HbF levels 
ranging from 10% to 100%; HbA2 may be normal or increased 
up to 5% to 7%; and the remaining percentage is constituted by 
HbA. HbF is heterogeneously distributed among red cells. The 
reticulocyte count is low, usually below 1%. MCV is typically 60 to 
70 fl and MCH is 12 to 18 pg/cell. In the peripheral blood smear a 
great variation in size and shape of the erythrocytes is always evi-
dent. Microcytes, tear drop cells, and nucleated red cells are pres-
ent, together with large and pale target cells (Fig. 34.9). The Hb 
composition varies mainly accordingly to the patient’s genotype. 
Homozygotes for b0-thalassemia mutations have only HbF (93% 
to 97%) and HbA2 (3% to 7%) and no HbA, while  homozygotes 

for b+-thalassemia mutations and b0/b+ genetic compounds have 
HbA, HbA2, and a variable, but always significantly elevated, 
amount of HbF (10% to 90%). HbA2 in homozygous b-thalassemia 
may be normal or increased and so of no diagnostic value. Hb 
separation to determine the hemoglobin pattern can be performed 
with different methods (electrophoresis at alkaline or acidic pH, 
isoelectric focusing, high performance liquid chromatography [for 
details, see (384,385)]). In the case of transfused patients, diagno-
sis can be made by globin chain synthesis analysis from periph-
eral blood reticulocytes, which shows a severe a/non-a imbalance 
(usually higher than 2), or by b-globin gene analysis to identify the 
various DNA mutations (details on DNA methods can be found in 
specific surveys and laboratory manuals).386

therapy

Blood Transfusion
The decision on whether and when to start transfusion therapy in 
a child with thalassemia is not an easy one and should be based 
on a precise molecular diagnosis indicating the severity of the 
thalassemic defect, on the level of hemoglobin, and on general 
conditions and satisfactory growth. Evidence of increasing sple-
nomegaly, of bony expansion, and of consequent modification of 
facial features should also be considered. The age at which start-
ing transfusion becomes necessary in thalassemia varies accord-
ing to the prevalent genotypes in a particular ethnicity. Delaying 
the age of transfusion increases the risk of developing allo- and 
autoantibodies.223

For many years after the description of thalassemia major 
as a clinical entity, therapy was limited to blood transfusion 
when symptoms of anemia were so severe as to incapacitate the 
patient. The corresponding levels of hemoglobin (Hb) were dif-
ferent in different patients, but varied between 6 and 7 g/dl. As 
a consequence of continuous anemia, erythropoiesis, although 
inefficient, was intense, the bone marrow underwent an enor-
mous expansion, and the plasma volume increased greatly. In 
addition, the liver and spleen increased in size as a consequence 

A B

C
Figure 34.9. Peripheral blood smears in b-thalassemia major (A) and intermedia (B) 
and in heterozygous b-thalassemia (C).
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of both extramedullary erythropoiesis and hemolytic activity in 
the reticuloendothelial tissue. The bone deformities caused by 
the expanded marrow are typical of thalassemia and gave to all 
the poorly transfused patients similar features (see above). In 
the 1960s, however, the superiority of regular and methodically 
repeated transfusions was recognized, first by Orsini in France, 
and later by Wolman in Philadelphia and Piomelli in New York, 
who started a program of chronic transfusion directed at main-
taining a baseline Hb level adequate to eliminate hypoxia and thus 
suppress its consequences.387–389 It was calculated then that the 
amount of iron administered to maintain a minimum Hb of 9.5 g/
dl was only 50% greater than that resulting from a baseline Hb 
of 6 g/dl, and that the additional iron intake could be counterbal-
anced in part by the reduction of intestinal iron absorption. This 
kind of regimen, that never allowed Hb level to fall below 9.5 to 
10 g/dl, was termed “hypertransfusion.” Complete bone marrow 
suppression, however, is seldom obtained at these Hb levels, and 
therefore some bone remodeling and expansion of the blood vol-
ume persist. To completely correct the effects of anemia, Propper 
et al. in 1980 launched what was called a “supertransfusion” regi-
men, where the pretransfusion hematocrit was kept at ≥ 35%.390 
The hypothesis was that, as a consequence of the reduction of the 
blood volume, the amount of blood needed to maintain a higher 
baseline would not have been greater than the blood volume used 
for the lower baseline. A few papers from Europe confirmed the 
data; but, since the blood that is destroyed between transfusions 
and that needs replacing is a percentage of the patient’s red cell 
mass, patients kept at a higher baseline Hb level require a larger 
amount of blood and therefore accumulate more iron.391–393 In 
a study of patients kept at a pretransfusion hemoglobin level 
between 9 and 10 g/dl, the erythroid marrow activity, evaluated 
through the measurement of serum transferrin receptor, did not 
exceed two to three times normal levels. On the basis of these 
studies, the majority of centers choose to transfuse at a Hb level 
of 9 to 10.5 g/dl.394 The recommended post transfusion Hb is 
14 to 15 g/dl. Leuko-reduced packed red cells are recommended 
for eliminating the adverse reactions attributed to contaminat-
ing white cells and for preventing platelet alloimmunization. The 
number of residual leukocytes should not be higher than 1 × 106. 
At present the preferred method for leukoreduction is prestorage 
filtration of whole blood with an inline filter within 8 hours after 
blood collection. Alternatively, laboratory filtration can be used 
pretransfusion. With this method, packed red blood cells are pre-
pared from donor whole blood, then filtered prior to release from 
the blood bank. Finally, the packed red cell unit can be filtered at 
the bedside.

The current recommended practice is to use red cell units 
that have not been stored more than 2 weeks. Extended red cell 
antigen typing, including at least the Rh antigens, Duffy, Kidd, and 
Kell, is recommended before the patient is started on a transfu-
sion regimen. Transfusion of young red cells (neocytes) obtained 
by centrifugation has been proposed in the attempt to reduce the 
total blood requirement, but the results obtained were not suf-
ficient to justify the increased cost and the exposure to a larger 
number of donors.395,396

In general, the transfusion rate is 5 to 6/ml/kg/hour. In the 
case of patients with cardiac failure, blood should be infused at 
a slower rate (no more than 3 to 4 ml/Kg/h), and the administra-
tion of diuretics before transfusion is advised. The recommended 
interval between transfusions should take into account the 
patient’s practical needs, as long as a pretransfusional Hb rang-
ing between 9 and 10.5 g/dl is maintained. It is important to keep 
an accurate record of the amount transfused, in order to calculate 
the iron intake of the patient. The annual intake is expressed in 
ml/kg/yr of pure red cells, assuming that 1 ml of pure red cells 
contains 1.08 mg of iron.397 It has been observed that the level 
of Hb maintained during the warm months is lower than that 
during the cold months. Possible mechanisms include expansion 

of plasma volume with resultant hemodilution in the patient, and 
lower hemoglobin content in donor blood.398

For the comfort and safety of the patient, there should be a 
designated area at the hospital where transfusions will be admin-
istered and supervised by regular staff, well known to the patients 
and their families. It is often necessary for the center to be able to 
provide after hours transfusions, especially for children going to 
school and for working patients.

Complications of transfusions
Although blood transfusions are life-saving for thalassemia patients, 
who no longer die of anemia, they can be complicated by transfu-
sion reactions, alloimmunization, infections, and hemosiderosis.

Febrile Nonhemolytic Transfusion Reactions. A cooperative effort con-
ducted 20 years ago, the Cooleycare initiative, reviewing more 
than one hundred thousand red cell transfusions in Italy and 
Greece, found that transfusion reactions complicated 1% of all 
transfusional events in 16% of the patients.399 About 90% of the 
red cell units infused were leukocyte-poor. Chills, fever, urticaria, 
headache, and chest pain accounted for more than 80% of symp-
toms reported, and in two-thirds of cases, reactions were reported 
during transfusion.400 Alloimmunization to HLA-antigens on leu-
kocytes is the most common cause of febrile reaction in multiply 
transfused thalassemic patients. If blood is not filtered prestorage, 
cytokines may develop during storage and be responsible for the 
reaction. Treatment includes acetaminophen or hydrocortisone. 
Allergic reactions, due to plasma proteins and manifesting as 
hives, pruritus, and more rarely edema, are best treated with an 
antihistaminic drug.

Alloimmunization. Alloimmunization and autoimmunization can 
complicate transfusion therapy. The frequency of alloimmuniza-
tion against red cells is variable, the lower percentages being 
found in patients who received blood matched for the AB0, 
Rhesus, and Kell systems from their first transfusion. In a multi-
center study, allo- and autoantibodies were reported in 16.5% and 
4.9% of patients, respectively. Splenectomized patients were 2.5 
times more likely to have developed alloantibodies.401

Another study from a single large center found that 19.5% of 
the thalassemia patients developed alloantibodies, 94% of them 
being against the Rhesus or Kell antigens. Older age, higher 
transfusion frequency, and splenectomy were risk factors for 
alloimmunization.402

The risk of developing alloantibodies is not uniform and is 
probably genetically determined. Transfusion in infancy seems to 
induce immune tolerance.223 Asians appear to be at a higher risk 
of developing allo- and autoantibodies.403 In addition, the risk 
of alloimmunization is higher in individuals from ethnic minori-
ties that, in general, donate less. In the US, the donation rates of 
African-American are 25% to 50% of that of white individuals.404

This phenomenon is present also in Europe, where the immi-
grant population, potentially at risk for hemoglobinopathies, is 
increasing in recent years. Donation by minorities should be 
encouraged to prevent the formation of red blood cell alloantibod-
ies, which can result in hemolytic transfusion reactions and diffi-
culty in finding appropriate red blood cells for future transfusions.

Infections. The risk of transfusion-transmitted viral infection is 
well known. Among the most frequent and clinically relevant are 
the widely diffused hepatotropic viruses hepatitis B and C (HBV, 
HCV ). The prevalence of infection of these viruses in multitrans-
fused patients is different in different parts of the world and is 
directly related to the frequency in that population. Worldwide, 
from 0.3% to 5.7% of thalassemia patients are hepatitis B surface 
antigen (HBsAg)–positive405,406,407 and from 4.4% to 85% are 
positive for anti–hepatitis C antibodies.408,409 The prevalence of 
HBV chronic infection is higher in countries in Asia and Southeast 
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Asia, whereas HCV chronic infection is widespread through-
out the world. The DNA-recombinant vaccine against hepatitis 
B virus, safe and effective, is available and should be administered 
to all patients who have not yet been infected. Hepatitis G virus 
and GB virus C (GBV-C) are RNA viruses that were independently 
identified in 1995, and were subsequently found to be two isolates 
of the same virus. Together with transfusion-transmitted (TT) 
virus, they are common among thalassemia patients but have not 
been found to contribute to chronic hepatocellular damage.410 
West Nile Virus infection has become of concern in recent years. 
Epidemics have been reported, and the virus can be transmitted 
through blood transfusion.411,412 In the United States, testing for 
West Nile virus antibodies has been implemented in 2003,413 and 
nucleic acid testing is widely used in Europe in endemic areas.

CMV is widespread in most populations. A European collab-
orative study revealed a positive CMV IgG test in two-thirds of the 
thalassemia patients examined.414

HIV infection was acquired almost exclusively before the sys-
tematic screening of blood donation. In 1987 the prevalence of 
HIV in thalassemia patients from 13 European or Mediterranean 
countries was found to be 1.56%. Two years later no HIV sero-
conversion was observed in the same areas when a total of 2,972 
patients affected by thalassemia who had received 96,518 blood 
units were examined.415 Since 2004, several cases of transfusion-
associated variant Creutzfeld-Jacobs Disease (vCJD) have been 
reported and linked to blood collected from preclinically affected 
donors. Animal data suggest that all blood components are vec-
tors for prion disease transmission.416 Malaria can be transmit-
ted by transfusion in endemic areas.417 A screening program for 
Trypanosoma cruzi, a parasitic infection endemic in Central and 
South America, which is spreading into nonendemic countries 
with the migration of infected individuals, was developed in 1998 
in the United Kingdom418 and in 2007 in the United States.413 
Although significant improvements have been made to further 
decrease the incidence of transfusion-transmitted infections, risks 
remain for infectious disease agents specific to red blood cell 
concentrates including emerging viruses, bacteria, protozoa, and 
residual contaminating leukocytes.419–421 Pathogen and leukocyte 
inactivation of red blood cells is therefore of potential relevance in 
order to transfuse patients with completely pathogen-inactivated 
blood units. A pathogen inactivation system for red blood cells, 
based on a nucleic acid (DNA and RNA) targeting and crosslink-
ing compound, is being actively developed and is reaching clinical 
application.422

In a recent review, the major results from more than 150 arti-
cles published by the Retrovirus Epidemiology Donor Study 
(REDS), conducted from 1989 to 2001, and the REDS-II, con-
ducted from 2004 to 2012, were reported. These were National 
Heart, Lung, and Blood Institute–funded, multicenter programs 
focused on improving blood safety and availability in the United 
States. REDS-II also included Brazil and China, while the just 
launched REDS-III will also include South Africa. The three 
major research domains of REDS/REDS-II have been evaluation 
of infectious risk, blood donation availability, and blood donor 
characterization. Blood safety studies have included protocols 
evaluating epidemiologic and/or laboratory aspects of human 
immunodeficiency virus, human T-lymphotropic virus 1/2, hepa-
titis C virus, hepatitis B virus, West Nile virus, cytomegalovirus, 
human herpesvirus 8, parvovirus B19, malaria, Creutzfeldt-Jakob 
disease, influenza, and Trypanosoma cruzi infections.423

Predisposing factors for bacterial infections include prior 
splenectomy, iron overload, and use of the iron chelator deferox-
amine. Despite the availability of prophylactic measures against 
encapsulated organisms, the risk of severe, sometimes fatal, 
infections is still high in splenectomized patients.424 Iron over-
load and deferoxamine favor the growth of organisms such as 
Yersinia enterocolitica and Klebsiella pneumoniae, Yersinia being 
more prevalent in temperate regions and Klebsiella in tropical 

and  subtropical areas. Yersinia infection should be suspected in 
the presence of fever, diarrhea, right-lower-quadrant abdominal 
pain, and a palpable abdominal mass. Abdominal suppurative 
complications have been reported.425 Deferoxamine, but not 
deferiprone or deferasirox, increases growth of Yersinia both in 
vivo and in vitro. In fact, being a siderophore, deferoxamine can 
be used by this organism as a source of iron. Growth of Klebsiella, 
on the contrary is only moderately enhanced by DFO in vitro and 
not at all by deferiprone or deferasirox. Several reports have 
described infection with Aeromonas hydrophila in Asia. The 
growth of Aeromonas hydrophila, however, does not seem to be 
affected by any of the three chelators.426

hemosiderosis
In patients who undergo transfusional therapy for several years, 
the accumulation of iron, if untreated, causes considerable mor-
bidity and ultimately leads to death. Since each unit of blood 
contains approximately 200 milligrams of iron, a patient who 
receives 25 to 30 units of blood a year, by the third decade of life, 
in the absence of chelation, will accumulate over 70 g of iron.427 
In addition to the iron administered through blood transfusions, 
a hyperactive bone marrow will favor increased intestinal iron 
absorption that will contribute, although marginally, to the total 
body load. This mechanism has recently been clarified. Duodenal 
iron absorption is regulated by the hepcidin-ferroportin axis, and 
hepcidin, in turn, is regulated by plasma iron concentration and 
iron stores. Hepcidin is a 25–amino acid peptide, synthesized in 
the hepatocytes, that controls the concentration of ferroportin 
on the intestinal epithelium. Ferroportin is the primary means 
of cellular iron efflux and a key component of iron metabolism. 
Hepcidin regulates ferroportin activity by inducing its internal-
ization and degradation. Low levels of hepcidin correlate with 
higher levels of ferroportin, resulting in increased intestinal iron 
absorption.

In addition, hepcidin is homeostatically regulated by the iron 
requirements of erythroid precursors for hemoglobin synthesis. 
In iron-loading anemias associated with ineffective erythropoi-
esis, hepcidin production is suppressed by a signal mediated by 
growth differentiation factor 15 (GDF15), which is expressed at 
high levels in conditions of intense erythropoietic drive.430 As a 
consequence, in b-thalassemia, whenever the bone marrow is not 
completely suppressed by blood transfusions, iron absorption is 
increased, even in the presence of iron overload.195,428–431

Excessive iron may damage the cell by several mechanisms. In 
patients who have fully saturated transferrin, a significant fraction 
of the total iron in plasma circulates in the form of low molecular 
weight complexes not bound to transferrin.432 Although the exact 
mechanism of tissue damage remains unclear, the most impor-
tant pathogenetic factor appears to be iron-induced peroxidative 
injury to the phospholipids of lysosomes and mitochondria. The 
redox active component of non-transferrin–bound iron is referred 
to as the labile plasma iron and it can be identified with oxidant-
sensitive fluorescent methods.433–435

Control of circulating labile plasma iron is crucial to prevent 
oxidative damage and to decrease the risk of organ dysfunction. 
At present, an easy method for serial labile plasma iron measure-
ments is not available.436,437

Excessive iron stores lead to depletion of substances that 
defend against free radical attack, e.g., among others, ascorbic 
acid, which is oxidized to oxalate, and vitamin E.438 This in 
turn causes sequestration of the iron in the reticuloendothelial 
system, somehow protecting tissues from siderosis.439 At subop-
timal concentration, ascorbic acid is a pro-oxidant and enhances 
the catalytic effect of iron in free radical formation. The pres-
ence of the genetic hemochromatosis mutations does not seem 
to influence the degree of iron overload and its consequences 
in regularly transfused and chelated patients with thalassemia 
major.232
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Assessment of Iron Stores. The iron status of multitransfused 
patients can be assessed by several methods. The use of two 
or more parameters will usually provide a good estimate of the 
total amount of iron accumulated. Serum iron is always elevated. 
Transferrin saturation correlates reasonably well with serum 
ferritin.440,441 After only a few years of transfusion, however, 
transferrin is completely saturated in the majority of patients. 
In thalassemia major, serum ferritin has, in general, been found 
to correlate well with iron stores, as measured by phlebotomy, 
and with liver iron, either measured directly by liver biopsy or 
by MRI.195,429 (Fig. 34.10) Significantly higher ferritin levels are 
present in patients with endocrinopathies,442,443 cardiac failure, 
and arrhythmias than in patients without such complications. 
Levels above 2,500 ng/dl have been reported to be associated 
with a four-fold higher risk of death.444

Several variables can interfere with the reliability of ferritin 
as a marker of iron overload. Ferritin, being an acute phase 
reactant, is increased in chronic disease, malignancy, or inflam-
matory disorders. A ferritin concentration of 4,000 mcg/L is 
considered the maximum level of physiologic synthesis, while 
higher values would represent the release of intracellular fer-
ritin from damaged cells.445 Ascorbic acid deficiency can lead 
to decreased synthesis and release of ferritin. This can there-
fore lead to ferritin levels that are only mildly elevated, even in 
the presence of massive iron stores.446 A low level of hepcidin 
also results in iron depletion of macrophages, decreasing their 
secretion of ferritin and, therefore, serum ferritin levels. This 
phenomenon is particularly evident in thalassemia interme-
dia.195 Conversely, patients with active liver disease may have 
high levels of serum ferritin that do not mirror the body iron 
load.447. Despite all this, serial measurements of serum ferritin 
remain a reliable means, and the easiest one, to evaluate iron 
overload and efficacy of chelation therapy. The measurement of 
iron excretion over 24 hours, after an intramuscular injection 
of 500 mg of desferrioxamine was, in the past, used largely to 
establish the time to start chelation therapy or to evaluate the 
iron burden. Unfortunately, the correlation between urinary 
excretion and body iron is not very good, as many factors, 
including dose of chelator administered per unit of weight of 
the patient and vitamin C status, contribute to influence iron 
excretion.

The total iron burden can be estimated by direct measure-
ment of iron concentration in the liver. Needle biopsy speci-
mens of 1  mg dry weight are adequate. The measurement is 

done by atomic absorption spectrometry on ashed or lyophi-
lized samples and correlates well with the total amount of blood 
transfused and with the extent of hepatic fibrosis.448 Removal 
of body iron by phlebotomy after bone marrow transplantation 
has demonstrated that total body iron stores (in milligrams 
per kilogram of body weight) are equivalent to 10.6 times the 
hepatic iron concentration (in milligrams per gram of liver, 
dry weight). The correlation’s standard error is <7.9. In the 
absence of cirrhosis, the correlation is linear up to a body iron 
burden of 250 mg/kg.448

The variation in iron concentration throughout the liver, 
however, increases with the iron loading and in the presence 
of cirrhosis. The coefficient of variation for multiple needle 
biopsy measurements ranges from an average of 19% for dis-
ease-free liver to more than 40% for end-stage cirrhosis.450,451 
Magnetic susceptometry, a noninvasive method, is based on 
the magnetic response of ferritin and hemosiderin iron con-
tained in the liver.452,453 The equipment necessary for this 
measurement (SQUID: superconducting quantum interference 
device) is available in two sites in the US, one in Germany, and 
one in Italy.

At present, MRI R2* assessed clinically via its reciprocal, 
T2-star (T2*), is widely used for the evaluation of iron in myocar-
dium and liver. The T2* technique for the measurement of tissue 
iron, was developed in 2001 by Anderson and colleagues, and 
validated by chemical estimation of iron in patients undergoing 
liver biopsy.454

T2* is a magnetic relaxation property of any tissue and is 
inversely related to intracellular iron stores. Iron deposits shorten 
T1, T2, and T2*. T2* has become the most widely used because 
it is the most sensitive to iron deposition. Measurement is simple, 
quick, and robust, and has high reproducibility. An additional 
advantage of the technique that makes it particularly helpful for 
measuring heart iron is its ability to measure ventricular function. 
As myocardial iron increases, there is a progressive decline in 
ejection fraction. In the original study all patients with ventricular 
dysfunction had a myocardial T2* of <20 ms.

Iron calibration in humans for cardiovascular magnetic reso-
nance R2* against myocardial iron concentration has been 
reported.455 An MRI multislice multi-echo T2* technique for 
global and segmental measurement of iron overload in the heart, 
whose reproducibility has been validated, is in use in most Italian 
centers.454,456,457

A validated, noninvasive method of measuring and imaging 
liver iron concentration in vivo using a magnetic resonance imag-
ing unit (MRI) was reported by St. Pierre et al.450 High degrees 
of sensitivity and specificity of mean liver proton transverse 
relaxation rates (R2) were found at clinically significant liver iron 
concentrations. Although most 1.5 Tesla magnets are able to 
perform iron estimation measurements, specialized software and 
local expertise are required for accurate assessment. As a result, 
some centers have chosen to purchase commercial software or 
outsource their image analysis to a central facility where the data 
are sent by telemedicine.

More recently MRI T2* was used for assessing iron in the pan-
creas,458–460 hypophysis,461 and kidneys.462,463

Clinical Manifestations of Iron Overload
heart
Cardiac complications are frequent and heart failure and 
arrhythmias are responsible for 70% of the deaths of patients 
treated with deferoxamine442. A recent Italian cooperative study, 
performed as a part of the MIOT (Myocardial Iron Overload in 
Thalassemia) initiative, demonstrated that out of 776 thalas-
semia major patients, 22% had a diagnosis of one or more 
cardiac  problems, including heart dysfunction (66%), arrhyth-
mias (14%), and both heart dysfunction and arrhythmias (19%). 

Figure 34.10. Correlation between liver iron concentration and serum ferritin in 
patients with b-thalassemia. The solid line represents the linear regression for thal-
assemia major (n = 22), and the dashed line that for thalassemia intermedia (n = 22). 
(Reprinted with permission of Origa R, Galanello R, Ganz T, et al. Liver iron concentrations and 
urinary hepcidin in b-thalassemia. Haematologica 2007;92:583–588.)
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The prevalence of heart dysfunction and/or arrhythmias is sig-
nificantly higher in males than in females.464

Heart disease, a consequence of iron overload, is mediated 
through the labile iron-induced peroxidative injury to the phos-
pholipids of lysosomes and mitochondria, demonstrated both in 
vitro and in the experimental animal.434,465 In the absence of 
chelation, subclinical dysfunction appears in the second decade of 
life, or when approximately 20 grams of iron have been accumu-
lated. Subsequently, cardiomegaly and left ventricular deteriora-
tion progress to congestive heart failure. Arrhythmias can cause 
sudden death.466 In asymptomatic thalassemia patients with nor-
mal myocardial mass, diastolic dysfunction appears to be an early 
event, even when the systolic function is only mildly impaired. 
The classic picture of end-stage iron-induced cardiomyopathy is 
a combination of left ventricular diastolic dysfunction, pulmonary 
hypertension, and right ventricular dilatation.467

Although chelation has a crucial role in preventing or correct-
ing the cardiac damage, iron accumulation has been documented 
in patients with good compliance and low ferritin and liver iron 
concentration.468,469

The measurement of cardiac iron, until recently, was difficult 
to obtain. The results of endomyocardial biopsies are not accu-
rate,470 and traditional diagnostic tools (ECG, 24-hour tracings, 
echocardiography, nuclear studies), although routinely utilized, 
are not predictive of subsequent cardiac dysfunction. When posi-
tive, the myocardiopathy is often advanced. As mentioned above, 
the cardiovascular magnetic resonance relaxation parameter R2* 
(assessed clinically via its reciprocal, T2*) measured in the ven-
tricular septum has greatly increased the amount of information 
obtainable on heart iron content and function. A fast spin-echo 
sequence is available to permit acquisition of multiple images 
in one breathhold.471 The technique has recently been validated 
against 12 human hearts from transfusion-dependent patients.445

The predictive value of cardiac T2* for heart failure and 
arrhythmia in thalassemia has been assessed on 652 thalassemia 
major patients from 21 UK centers. The relative risk of developing 
heart failure within 1 year was 160 with cardiac T2* values <10 
ms (compared with >10 ms) and 270 with a T2* <6 ms. Cardiac 
T2* was <10 ms in 98% of patients who developed heart failure 
and had a greater predictive value than serum ferritin and liver 
iron concentration.472 (Fig. 34.11).

Right ventricular dysfunction, which mirrors the decrease in 
left ventricular function, has been demonstrated with worsening 
of cardiac iron loading.473,474

A poor correlation between myocardial and liver iron has been 
clearly documented468 (Fig. 34.12).

The prognosis for thalassemic patients with heart failure has 
always been considered dismal.475 More recently, however, the 
availability of more intensive chelation regimens, particularly 
effective on the cardiac iron load, has modified the course of 
the disease, and cardiac failure and arrhythmias can be con-
sidered reversible complications in a large number of patients. 
Improvements of as little as 2% to 3% in ejection fraction, mea-
sured by MRI, have been found to reduce significantly the risk of 
cardiac failure within a year.476

Deferoxamine has been crucial in improving survival and 
decreasing iron-induced heart disease. However, with the intro-
duction of MRI T2*, myocardial siderosis was found in two-thirds 
of thalassemia major patients on deferoxamine treatment and was 
associated with a high prevalence of left ventricular dysfunction.469

It has been suggested that deferiprone is more effective than 
deferoxamine in chelating iron from the heart. In a 9-year study, 
we observed 52 cardiac events, including ten cardiac deaths, in 
patients treated with deferoxamine only, while no cardiac event 
developed in patients who were switched to deferiprone.444 No 
data are yet available on the efficacy of deferasirox on life expec-
tancy, but continuous treatment with deferasirox for 2 years at 
a high dose has been shown to remove iron from the heart in 
patients with mild, moderate, and severe cardiac siderosis.477

In another MRI study, monotherapy with deferasirox was 
effective in patients with mild to moderate iron stores, but failed 
to remove cardiac iron in patients with severe hepatic iron bur-
dens, and the left ventricular ejection fraction was unchanged. 
At present, for patients with severe myocardial siderosis and 
impaired left ventricular function, combined chelation therapy 
with subcutaneous deferoxamine and oral deferiprone is indi-
cated. There are data, in fact, that combined therapy reduces 
myocardial iron and improves cardiac function.478

In a long-term study from Cyprus, combined therapy with def-
eroxamine and deferiprone was shown to prevent deaths related 
to iron overload.479 Results of multivariable analysis demon-
strated a 7.4-fold improved survival for each year on combination 
therapy.480

Similarly, a Greek study reported a risk of cardiac death of 9.5 
per 1,000 patient-years for deferoxamine, 2.5 for deferiprone, 
and 1.4 for combination therapy. In the deferasirox group no 
cardiac deaths were recorded. The risk for a de novo cardiac 
event for patients on DFO was 9.1 times greater than for patients 

Figure 34.11. Proportion of patients developing 
heart failure after 1 year, according to different 
baseline cardiac T2* values. (Adapted from Kirk P, 
Roughton M, Porter JB, et al. Cardiac T2* magnetic reso-
nance for prediction of cardiac complications in thalas-
semia major. Circulation 2009;120:1961–1968.)
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on DFP and 23.6 times greater than for those on the combination 
of DFP and DFO. For DFX, there was one cardiac event over 269 
patient-years.481

In addition, the striking reduction in cardiac deaths observed 
in the United Kingdom in the last decade has been attributed to 
the combined benefits of T2*, which identifies myocardial sidero-
sis, and of tailored intensification of chelation therapy.482

Acute episodes of sterile pericarditis were seen, in the pre-
chelation era, in about half of the patients with massive iron over-
load, but are now uncommon in regularly transfused patients.483

Diabetes represents a risk of cardiac complications even when 
other variables have been accounted for. The presence of iron 
overload in the pancreas predicts heart siderosis.459

Pulmonary hypertension is a possible concomitant cause.484 
An elevated tricuspid regurgitant jet velocity has been described 
in one-third of transfusion-dependent thalassemia patients, both 
adults and children. Age, splenectomy, hepatitis C, and smoking 
were significant univariate risk factors.485

However, the use of tricuspid regurgitant jet velocity as a sur-
rogate marker of pulmonary hypertension could be inadequate in 
patients with chronic anemia and hyperdynamic cardiac activity.486

A recent review of Italian patients by means of a shared 
Internet database, found that approximately 19% of regularly 
transfused and chelated thalassemia major patients needed car-
diovascular drug therapy. This subgroup was characterized by a 
dilated and mildly hypokinetic left ventricle when compared with 
the majority of thalassemia major patients, who did not need 
cardioactive drugs.487 Management of cardiac complications in 
patients with thalassemia major has been described.488 In asymp-
tomatic or minimally symptomatic patients with left ventricular 
dysfunction, the angiotensin-converting enzyme inhibitor enala-
pril produced significant improvement in systolic and diastolic 
function as demonstrated by echocardiography.489 The treatment 
of arrhythmias is difficult and the risk of pro-arrhythmic effects of 
antiarrhythmic drugs is high. The help of a cardiac electrophysiol-
ogist is often necessary. Heart  transplantation has been attempted 
with variable results. This kind of treatment, however, should 
no longer be necessary, except for older patients who could not 

 benefit from the effective chelation and supportive therapy avail-
able nowadays.490,491

Liver
Liver disease is a major complication of thalassemia major and is 
due to the damage produced by iron overload and, in a large pro-
portion of older patients, to the effects of transfusion-transmitted 
viral infections. Liver iron can be assessed by different meth-
ods. Today the method of choice is the MRI R2 or its reciprocal 
T2. A correlation between T2* and liver iron concentration, as 
measured by biopsy, has been observed with a relatively good 
sensitivity and specificity for levels above 3.2 mg Fe/g dry tissue. 
Sensitivity and specificity for higher liver iron concentrations 
are less satisfactory (e.g., at 7 mg Fe/g, dry tissue sensitivity and 
specificity are 70% and 88%, respectively. The R2 (1/T2) technique 
(Ferriscan®) has been registered in the European Union, and can 
be done on a standard MRI scanner, with data sent electronically 
to a commercial organization for analysis.450,492

Hepatic siderosis in the absence of chelation is present from 
the very early stages of iron loading and progresses to fibrosis 
and cirrhosis.493

The mechanisms responsible for the effects of iron are not 
completely clear. Data in rats suggest that peroxidation of intra-
cellular organelles (lysosomes and mitochondria) and membrane 
components by reactive oxygen species is the major cause of tis-
sue toxicity and organ damage. Iron mediated oxidation, and the 
consequent loss of integrity of RNA is considered an important 
contributing factor to disease development.494

Also, an interplay between iron and calcium has been 
 demonstrated in isolated rat liver in a laboratory setting and 
could be considered as an important mechanism of iron toxicity 
in liver cells.

Liver biopsy is still considered the gold standard to assess 
liver inflammation and fibrosis. The degree of liver fibrosis is best 
documented histologically by the Ishak score.495,496

However, liver biopsy is an invasive procedure associated with 
some discomfort, and its accuracy for the evaluation of liver fibro-
sis is questionable in relation to inadequate tissue sampling and 

Figure 34.12. Heart multislice multi-echo Mri T2* obtained with a 1.5 T scanner. Short axis plane shows discordance of liver and heart iron deposi-
tion. A: Heart iron deposition, in contrast with minimal liver iron load. B: Severe hepatic iron overload and normal heart iron. (Courtesy of Alessia Pepe, Magnetic 
Resonance Unit Fondazione G. Monasterio CNR, Tuscany Region, Italy.)
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intraobserver and interobserver variability.497 Transient elastog-
raphy, a technique that uses both ultrasound and low-frequency 
elastic waves whose propagation velocity is directly related to 
the elasticity of the liver tissue, is widely used to measure liver 
stiffness in chronic hepatitis C and appears to be a reasonably 
accurate method for detection of cirrhosis in thalassemia patients, 
regardless of the degree of iron overload.495,498,499,500

Fibrosis of the liver directly correlates with age, number of 
units of blood transfused, and liver iron concentration.501

HCV infection is widely diffused among thalassemia patients 
who had been transfused before 1989 when the virus was 
identified and before a systematic screening of blood units was 
performed.502 The most common genotype is the genotype 
1b.409,503,504,505 In the United States, a third of the transfusion-
dependent thalassemia patients were found to have antibodies 
against HCV. Of these, one-third were RNA positive.407 The resid-
ual risk of transfusion-transmitted infections associated with the 
window-period donations is extremely low in industrialized coun-
tries, especially after the introduction of NAT technology to screen 
blood donations, but it remains significant where the prevalence 
of infection in the population is high.506–508 Other hepatotropic 
viruses, such as GB virus C and transfusion-transmitted (TT) 
virus, are also common among thalassemia patients but have not 
been found to contribute to chronic hepatocellular damage. HCV 
hepatitis becomes chronic in 70% to 80% of infected individuals. It 
has been calculated that 20% of HCV chronically infected patients 
will develop cirrhosis within 10 years and that their risk of devel-
oping hepatocellular carcinoma is increased.509 Transaminase 
levels typically fluctuate between normal and slightly elevated 
values, with a good correlation being demonstrated between 
transaminase levels and viral load measured by quantitative poly-
merase chain reaction.502

Recommendations on the management of chronic hepatitis in 
patients with thalassemia have recently been published.503

According to these recommendations, the standard of care for 
the treatment of chronic hepatitis C and compensated cirrhosis 
is the combination of a pegylated interferon (Peg-interferona2a 
or Peg-interferona2b) and ribavirin. Treatment should be admin-
istered for 48 weeks to patients infected by genotype 1 or 4, and 
for 24 weeks to patients infected by genotype 2 or 3. International 
guidelines recommend stopping antiviral therapy after 12 weeks 
in patients infected with genotype 1 or 4 if serum HCV-RNA lev-
els have not decreased by at least two log units compared with 
baseline, on the basis of strong evidence that such patients have 
a small likelihood of achieving sustained viral response after 48 
weeks of treatment.510 Small series have also been reported from 
the US Thalassemia Clinical Research Network.511

Also, direct-acting antiviral (DAA) agents are becoming avail-
able for the optimal treatment regimen of genotype 1 chronic HCV 
infection.512

Single nucleotide polymorphisms (SNPs) associated with 
IL28B influence the outcome of peginterferon-alfa±/ribavirin 
therapy of chronic HCV infection. Polymorphisms in IL28B are 
strongly associated with the first phase viral decline during 
peginterferon-a±/ribavirin therapy of chronic HCV infection, 
irrespective of HCV genotype.513

Hepatocellular carcinoma represents the first cause of death 
in patients with genetic hemochromatosis in whom liver cirrhosis 
has already developed at the time of diagnosis, and it frequently 
complicates the course of cirrhosis due to chronic HCV and HBV 
hepatitis. As a consequence of the numerous risk factors present 
in multitransfused patients, the development of the tumor is to be 
expected with advancing age of the thalassemia patients. In fact, 
several such cases have been reported.514

Surveillance is of great importance. Because a-fetoprotein 
determination lacks adequate sensitivity and specificity for effec-
tive surveillance and for diagnosis, all patients with chronic HBV 
hepatitis and patients with HCV and cirrhosis should undergo 

liver ultrasound every 6 months. Diagnosis of hepatocellular 
carcinoma should then be based on imaging techniques and/or 
biopsy.515 In fact, when diagnosed and treated early this once 
invariably fatal tumor can be effectively treated.

Kidney
Renal function has not been extensively studied until recently. 
Renal failure had been described in association with toxicity due 
to very high doses of deferoxamine.516 In a small series, 40% of 
the patients on subcutaneous deferoxamine developed a clinically 
significant decrease in glomerular filtration rate.517

The advent of novel measures of renal function facilitating 
early detection of kidney disease, in addition to the introduc-
tion of a chelator that can induce nephrotoxicity,518,519 have 
produced a flurry of interest in the subject. In a study from the 
US Thalassemia Clinical Research Network, regular transfusions 
were associated with a decrease in creatinine clearance and 
almost one-third of the patients had hypercalciuria. Albuminuria 
was found in over half of patients, but was not consistently asso-
ciated with transfusion therapy.520 Other studies have shown 
impaired renal function with elevated cystatin C levels, glomeru-
lar dysfunction with proteinuria, and tubulopathy with hypercal-
ciuria increasing with age and duration of blood transfusion. In a 
study, most adults with thalassemia major followed for 10 years 
maintained the estimated glomerular filtration rate within the 
normal range. However, some patients with tubular dysfunc-
tion secondary to either thalassemia major or its treatment 
developed an abnormal estimated glomerular filtration rate.521 
Renal tubular dysfunction may be related to the disease itself, to 
the effects of iron overload or to the chelator (see below). Some 
patients demonstrated an increased creatinine clearance leading 
to hyperfiltration.522

Iron can be demonstrated in kidneys. Nevertheless, kidney 
MRI T2* correlates weakly with liver and cardiac T2*.462

endocrine Glands
Iron deposition is the main cause of damage to the endocrine 
glands, directly or through the hypothalamic-pituitary axis. Direct 
damage to almost all endocrine glands has been demonstrated 
histologically and by MRI. High ferritin levels, poor compliance 
with chelation, and splenectomy increase the risk of being affected 
by all endocrinopathies.442,443,525

Intensive iron chelation can normalize the iron load and thereby 
prevent or even reverse multiple endocrine complications.526

Growth Retardation. Stunted growth is common in thalassemia and 
it is typically characterized by normal growth during childhood, 
decreased growth velocity at the end of the first decade of life, 
and evident growth failure at the expected age of puberty in 
those patients who lack sexual maturation. Poor pubertal growth, 
however, was found to be present also in a group of thalassemic 
patients regardless of hypogonadism.527

Sitting height is reduced as a consequence of spinal growth 
abnormalities. A recent survey from the US found that approxi-
mately 25% of patients with a thalassemia syndrome328 had 
short stature. In children, however, growth was mildly affected 
and final height was close to midparental height. A report from 
India, where the majority of adult patients reached a height below 
150 cm, highlights the importance of adequate hemoglobin levels 
and regular transfusion from childhood for normal growth,528 
confirming observations made in the United States and Europe 
before the introduction of hypertransfusion.387

Between 12% and 54% of short children with thalassemia 
major have been found to have growth hormone (GH) defi-
ciency.328,529 Dysfunction of the GH–IGF-1 axis, hypothyroidism 
and hypogonadism, chronic liver disease, and in some patients 
zinc deficiency, undernutrition, and psychosocial stress can con-
tribute to the growth disturbance. In clinical practice, regular 
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growth assessment in both standing and sitting positions every 
4 to 6 months, annual determination of bone age, and annual 
pubertal staging should be performed from the age of 11 years. 
Treatment with recombinant human GH improves height velocity, 
but most patients remain below their target height.530

Adults with GH deficiency have a decreased life expectancy. 
Therefore the role of treatment with GH in selected deficient 
adults who present with cardiomyopathy or severe bone dis-
ease needs to be evaluated.531 Desferrioxamine (DFO) toxicity is 
responsible in some cases of reduced or absent growth velocity, 
platyspondyly with short trunk, metaphyseal irregularity of long 
bones, and widened growth plates, in particular of the wrist and 
knee.532,533 These abnormalities were first reported in patients 
who had started high-dose subcutaneous DFO before the age of 
3 years, but were later confirmed also in patients on a standard 
dose of DFO.534 A negative correlation between the maximum 
dose of DFO received and height was later described in a group of 
adolescent patients.535

Hypogonadism. Hypogonadism is very common, affecting in all 
series more than 50% of the patients.407 It ranges from com-
plete lack of sexual maturation to arrested or delayed puberty. 
Secondary amenorrhea affects 65% of the women who had had 
spontaneous menarche.536 Significant improvement in sponta-
neous sexual maturation has been observed in patients born 
after 1975, suggesting a crucial role for adequate chelation.442 
A quarter of sexually mature men go on to develop impotence.536 
Hypogonadism is hypogonadotropic in origin and is probably 
due to the free radical oxidative damage caused by iron depo-
sition in the anterior pituitary and/or in the hypothalamus.537 
Investigations for the diagnosis of pubertal hypogonadism include 
bone age measured by x-ray of the wrist and hand, study of the 
hypothalamic–pituitary–gonadal axis (GnRH test), dosage of sex 
steroids, and pelvic ultrasound in females.

Hormonal replacement therapy consists in the administra-
tion of small doses of oral conjugated estrogens or transdermal 
17b-estradiol, plus cyclic or continuous gestagen administration 
and progesterone to females; testosterone enanthate in males. 
Therapy is initially given for a period of 3 to 6 months. If puberty 
does not develop spontaneously within 6 months after the end 
of treatment, sex steroids are reintroduced at increasing doses. 
Hormone replacement, in addition to inducing the secondary 
sexual characters, enhances height velocity, contributes to the 
prevention of osteoporosis, and has enormous psychological ben-
efits. Fertility is normal in female patients with normal menstrual 
function, or it can be induced with human menopausal gonado-
tropin or FSH.538 In men with thalassemia major, sperm count, 
sperm motility, and proportion of sperm with normal morphology 
are significantly lower than in control individuals.539

Gonadotropin treatment, using human chorionic gonadotropin 
plus human FSH or Gn-RH, is given to stimulate spermatogenesis 
and induce fertility.540,541

Pregnancy. In women with hypogonadotropic hypogonadism, 
gonadal function is usually intact and fertility is therefore retriev-
able. Hundreds of pregnancies have now taken place and severe 
obstetric complications have been quite rare.542–544 Ninety-one 
percent of the pregnancies recently reported by an Italian coop-
erative group resulted in successful delivery, and no secondary 
complications of iron overload developed or worsened during 
pregnancy.545 Anemia should be avoided to protect the fetus 
from hypoxia (Hb levels suggested 10 g/dl), and chelation therapy 
should be discontinued because of concerns regarding terato-
genicity. However, over 80 cases have been reported in which 
desferrioxamine was given in various periods of gestation without 
evidence of teratogenic effects.546

Preexisting cardiomyopathy, expanded plasma volume, 
increased cardiac output, continuous iron accumulation in the 

absence of chelation, and reduced glucose tolerance can dete-
riorate maternal health in the course of pregnancy. A few cases 
of cardiac failure, even fatal, have been observed, but care by 
an expert multidisciplinary team should now be able to prevent 
serious complications. Delivery has been performed by elective 
Cesarean section in approximately half of the cases reported. As 
a consequence of gonadotropin-induced ovulation, multiple preg-
nancies and preterm births are not rare.547 To decrease the risk 
of thromboembolic events, the use of low molecular weight hepa-
rin is recommended peripartum, especially in splenectomized 
women with thrombocytosis. Low-dose aspirin is indicated during 
the entire pregnancy for women with high platelet counts. Genetic 
counseling is mandatory before conception.

Hypothyroidism. Hypothyroidism is the second most common endo-
crine disorder after hypogonadism, having been reported in 5.6% 
to 17% of patients.407,442,443

The majority of patients have subclinical or mild forms, while 
approximately one-third have the overt form. Central hypothy-
roidism is less frequent. No difference in the mean level of serum 
ferritin concentration was found between patients with or without 
hypothyroidism. Regular assessment of FT4 and TSH is recom-
mended after the first decade of life. Thyroid ultrasonography 
can show irregular echo pattern and thickening of the capsule. 
Abnormal thyroid function has been reversed to normal by means 
of intensive chelation therapy with DFO alone or in combination 
with deferiprone.526

Hypoparathyroidism. Hypoparathyroidism affects 3% to 10% of 
thalassemia patients and it is attributed to iron deposition in 
the parathyroids.407 Males seem to be affected more often than 
females.

Early detection requires periodic estimation of calcium homeo-
stasis. Serum calcium levels below 8 mg/dl (2 mmol/L), phos-
phorus above 7 mg/dl (2.6 mmol/L), and low 1,25-dihydroxy 
vitamin D are suggestive of hypoparathyroidism. Symptoms are 
usually mild and include paresthesias, muscle pain, and, when 
severe, tetany and even convulsions. Extreme hypocalcemia is a 
late event. Intracranial calcifications have been reported in 40% 
of patients with hypoparathyroidism in the absence of symptoms 
and independently from the severity of the hormonal deficit.547 
In mild forms the treatment of choice to normalize calcium and 
phosphate is calcitriol at a dosage of 0.25 to 1 mg twice daily, care-
fully monitoring serum calcium.

Adrenal. No clinically symptomatic adrenal insufficiency has been 
reported,548,549 but dynamic hormonal testing has given conflict-
ing results. Some authors found integrity of the pituitary adrenal 
axis,549 while others found subclinical hypoadrenalism, which 
might become clinically relevant in case of major stressful events, 
in up to 46% of patients.550,551

Diabetes.  Diabetes mellitus has been reported with a frequency 
variable between 4.9%552 and 14%,328 with a mean age at 
diagnosis of 18 to 22 years. The reported prevalence of insulin-
dependent diabetes and of impaired glucose tolerance is sig-
nificantly lower in patients born after 1975, probably as a result 
of chelation therapy.553,554 The peak incidence of diabetes was 
observed in 1986 (3.9%), decreasing to 0.8% in 2007 in parallel 
with the progressive decrease of the annual mean serum ferritin 
levels.555 Patients with a serum ferritin level >2,500 mg/L were 
3.5 times more likely to have diabetes mellitus.443 Iron deposi-
tion in the pancreas resulting in excess collagen deposition, 
fibrosis, and fatty degeneration with progressive b cell destruc-
tion can be demonstrated histologically.556 Pancreatic iron, as 
evaluated by MRI, is the strongest predictor of b cell toxicity, 
but total body iron burden, age, and body habitus also influence 
glucose regulation.557
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It has been suggested that liver damage could contribute to the 
impairment of islet cells’ function.558 HCV infection may induce 
insulin resistance by a direct effect on insulin-signaling pathways 
and may cause a direct cytopathic effect at the islet cell level, 
reducing insulin release.559 In a survey, 36% of HCV positive 
patients had either a diagnosis of diabetes or an abnormal fast-
ing blood glucose, a percentage significantly higher than in HCV 
negative patients.328 Impaired glucose tolerance characterized by 
insulin resistance can precede the appearance of symptoms by a 
few months to several years and can be followed by progressive 
insulin deficiency leading to overt diabetes.560 Impaired b cell 
function, as reflected by a reduction in the insulin secretion index, 
can be found in normoglycemic patients.561

Asymptomatic hyperglycemia is the presenting sign in the 
overwhelming majority of patients. Ketoacidosis is uncommon, 
and retinopathy develops in a quarter of patients, a percentage 
that is approximately half that of age- and sex-matched diabetic 
controls without thalassemia.562 Intensive chelation may reverse 
glucose intolerance and postpone the onset of insulin-dependent 
diabetes.526

Impaired glucose tolerance is often responsive to oral hypogly-
cemic drugs. In the insulin-dependent form, therapy needs to be 
closely monitored, as glucose control is often difficult.

exocrine Glands
Low serum levels of chymotrypsin and lipase have been described 
in patients with thalassemia, and have been attributed to hemo-
siderosis of the pancreatic acinar tissue.563 An ultrasonographic 
study demonstrated hyperechogenicity of the pancreas and sig-
nificantly decreased size of the gland when compared to controls, 
both of which were significantly correlated with patient's age and 
duration of transfusion therapy. Serum concentrations of trypsin 
and lipase were significantly lower in patients than in controls.564

eye
Ocular involvement is not rare, but it is usually of moderate 
severity. In a recent report from India, more than half of the 
patients had some eye problems. Lenticular opacities were the 
most common ocular finding (44%).565 It has been known for a 
long time that retinal pigmentary changes may complicate hemo-
chromatosis. Accordingly, retinal hyperpigmentation detected in 
a group of thalassemia patients was attributed to iron overload. 
Also reported were abnormal electroretinographic potentials, 
similar to those observed in experimental siderosis bulbi.566 Their 
severity was directly correlated with iron overload. The presence 
of retinal angioid streaks should raise the suspicion of pseudo-
xanthoma elasticum.367,567 Nevertheless, most eye problems in 
patients with thalassemia major are a consequence of DFO toxic-
ity and will be discussed below.

pulmonary problems
Pulmonary problems, mainly due to ventilatory restrictive impair-
ment, have been reported in patients with thalassemia major. 
Iron deposition in the respiratory system has been proposed as 
a potential cause.568 However, no correlation was found between 
restrictive impairment and iron deposition in the respiratory sys-
tem evaluated by MRI.569

Chelation
To prevent hemosiderosis, iron needs to be chelated and excreted. 
Iron balance is obtained when the daily excretion is sufficient 
to eliminate the iron introduced by transfusion. This amount 
approximates, in most patients, 0.3 to 0.5 mg/Kg. The two main 
sources of chelatable iron are (1) the intracellular labile pool, 
derived from lysosomal catabolism of ferritin and from transfer-
rin- and nontransferrin-bound iron, and (2) the iron derived from 
red cell catabolism in macrophages.434,570 The first contributes 

chiefly to the hepatocellular load and is excreted as fecal iron, 
while the second is the major source of urinary iron. Ferric iron 
has six coordination sites, which need to be chelated completely, 
for the generation of harmful free radicals to be prevented. Three 
chelators are presently in use: deferoxamine (DFO), deferiprone, 
and deferasirox. (Fig. 34.13) DFO is hexadentate and therefore 
forms stable iron-chelate complexes using a single molecule, while 
the molecules of deferiprone and deferasirox, being bidentate 
and tridentate, respectively, could, in theory, dissociate from iron 
at suboptimal concentrations and promote, rather than prevent, 
iron toxicity.571

Adherence to chelation therapy and persistence with it is chal-
lenging, as the benefits of therapy are not perceived immediately. 
Children are the most compliant (not being directly responsible 
for the drug administration), followed by adolescents and adults. 
Compliance appears to be better with oral chelation (deferasirox 
in a study), but switching from one chelator to another increases 
adherence.572,573 A strict relationship between the patient and the 
health team is necessary to maintain or improve adherence.573

Deferoxamine B
DFO, a trihydroxamic acid produced by Streptomyces pilosus 
was first used for the treatment of transfusional hemosiderosis in 
1962.574 Because of its large molecular weight, it is not efficiently 
absorbed from the gut and it cannot, therefore, be administered 
orally. At the beginning, the drug was given by intramuscular 
injection, but, because of its short half-life and the finite chelat-
able iron pool available at any given time, negative iron balance 
was not obtained.575 In a seminal study performed in the United 
Kingdom, it was found that patients treated with DFO had, after 
7 years, lower ferritin levels and lower liver iron concentration 
than those not chelated.576,577 It was only with the administra-
tion of prolonged parenteral infusions, however, intravenous 
at first, and then subcutaneous, that negative iron balance was 
achieved.578,579 Today, DFO is most frequently administered 
subcutaneously, by means of a portable battery-operated pump 
(Fig. 34.14), at a dose ranging between 20 and 60 mg/kg/day over 
8 to 12 hours at night.

Pharmacokinetic studies have shown that a plateau is reached 
within 4 to 8 hours after starting the infusion and that, at the 
end of it, plasma levels fall rapidly.580 Nontransferrin-bound 
iron (NTBI) is efficiently bound by DFO, so that the effects of free 
radical formation and lipid peroxidation are prevented.581 The 
efficacy of DFO in reducing the iron burden, in improving organ 
function, and in improving survival has been repeatedly demon-
strated.442,582

In order to avoid severe effects on growth and bone metabo-
lism, DFO should be started when ferritin levels reach 1,000 
ng/ml, or after 10 to 15 units of blood have been given.583,584  

Figure 34.13. Molecular structure and chemical properties of the three chelators 
presently available.
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A discrete variability was demonstrated between patients, but the 
mean liver iron concentration after 1.3 years of transfusions was 
found to be 8.5 mg/g, slightly above the limit of 7 mg/g, which, in 
patients with idiopathic hemochromatosis, is considered compat-
ible with a normal life expectancy.585 Decreasing growth velocity 
is an indication to lower the dose of the chelator. The adequacy of 
therapy is monitored by repeated measurements of serum ferritin 
and by more direct quantification of heart and liver iron, usually 
by magnetic resonance.

In the case of cardiac dysfunction and gross iron overload, 
continuous 24-hour deferoxamine infusion, delivered via an 
intravenous catheter implanted in a large vein, has been used 
with good results,586 although the drug is more efficient on the 
liver than on the heart.587 Improvement of cardiac performance 
can usually be demonstrated even before the total iron load is 
significantly reduced, probably as an effect of the binding of the 
toxic labile plasma iron. The more frequent catheter-related 
complications are infection and thromboembolism at a rate of 
1.15 and 0.48 per 1,000 catheter days, respectively.588 In heart 
cell cultures, studies have demonstrated that DFO removes the 
iron directly from iron-loaded heart cells, inhibits lipid peroxi-
dation, and reverses the abnormalities in cellular contractility 
and rhythmicity induced by the iron.589,590 Recently, the effi-
cacy of DFO on the heart has been found to be insufficient. In 
fact, myocardial iron loading (T2* < 20 ms), was demonstrated 
in 65% of patients treated by subcutaneous deferoxamine ther-
apy investigated by MRI. In 13% the iron overload was severe 
(T2* < 8 ms)469 (Fig. 34.15).

The administration of DFO by twice daily subcutaneous bolus 
injection has been demonstrated to induce the same urinary iron 
excretion as the slow, pump-mediated infusion and to be well 
accepted, especially by older patients.352,591,592 The main limit 
of DFO is the inconvenience of parenteral administration. The 
patients’ adherence therefore, is often erratic, especially during 
the teenage years.

Deferoxamine B Toxicity. The most common side effects of DFO are 
represented by local redness and soreness at the site of infusion. 
Inflammation,  necrosis, and even ulceration can be caused by the 
intradermal insertion of the needle. If the reaction persists after 
appropriate needle placement in the subcutaneous tissue, hydro-
cortisone (5 to 10 mg) can be added in the syringe. The direct 
and rapid injection of DFO in a vessel can cause brief episodes 
of nausea, hypotension, and collapse. Systemic allergic reactions 
and, occasionally, anaphylaxis require desensitization or changing 
chelator.593,594

Retinal and optic nerve disturbances, manifesting as loss 
of central vision, night blindness, and finally amaurosis, were 
reported in patients treated with high-dose intravenous or subcu-
taneous DFO.595,596 All the cases reported were reversible upon 
discontinuation of therapy and the resumption of treatment was 
well tolerated. High frequency sensorineural hearing loss was 
observed in a large percentage of patients during intensive DFO 
therapy. The defect was correlated with the total monthly dose 
of DFO received, and it was more frequent in younger patients 
with low serum ferritin levels.597 Auditory toxicity can often be 
prevented by keeping a therapeutic index devised for that purpose 
(mean daily dose of DFO [mg/kg] divided by the serum ferritin 
[ng/L]) below 0.025.598 The hearing defect should be detected 
early, by performing an audiogram at least yearly, or whenever 
symptoms, even subtle, are reported. In fact, significant improve-
ment has been observed after reduction of the DFO dose in 
patients with a mild defect, whereas only a small benefit has been 
gained by those severely affected.599

Stunted growth and rickets-like bone abnormalities have 
been described when treatment was initiated early, at a dos-
age higher than 40 mg/kg, or when the iron burden was not 
severe.533,600 Sitting height is more often affected than standing 
height, as a consequence of vertebral growth impairment or flat-
ness of vertebral bodies. Cupping of the ulnar, radial, and tibial 
metaphyses, which are poorly ossified and with irregular sclerotic 
margins, can be demonstrated radiographically and, when more 
advanced, can produce severe deformity of the knees and elbows 
(Fig. 34.16). Reduction of the DFO dose is sufficient to reestablish 
normal growth velocity, but orthopedic surgery has sometimes 
been required for correction of advanced varus and valgus defor-
mities of the knees.534 An acute, often lethal, pulmonary infiltra-
tion syndrome has been observed in patients treated intensively 
with very high doses of DFO (10 to 20 mg/kg/h).601,602 Renal 
failure has also been reported in this context.516,517 Infection with 
Yersinia enterocolitica is a well-known complication of hemosid-
erosis. The presence of DFO in plasma and tissues facilitates the 
growth of the organism, which uses the drug as a siderophore.603 
Fever and gastrointestinal symptoms are an indication to tempo-
rarily discontinue DFO. Antibiotic therapy is indicated as Yersinia 
infection can be severe and even life-threatening.604 Klebsiella, 
whose growth is only moderately favored by DFO,426 is becoming 
more frequent in thalassemia, especially in tropical and subtropi-
cal countries.

Deferiprone
Deferiprone (DFP) is a member of the family of the hydroxypyr-
idin-4-one chelators that have been intensively studied during 
the past two decades in order to find an orally active alternative 
to DFO for the treatment of transfusional iron overload. Because 
each molecule provides two coordination sites, three molecules 
of deferiprone are required to fully bind the six coordination 
sites of an iron atom. The iron-chelate complex that is formed 
has a lower stability than the one formed by DFO. The sources 
of chelatable iron are both parenchymal and reticulo-endothelial 
cells. In addition, iron is mobilized from transferrin, lactoferrin, 
and hemosiderin. The drug is excreted in the urine within 3 
to 4 hours after having been glucuronidated in the liver. Three 
doses a day are therefore necessary. The recommended dosage is  

Figure 34.14. Deferoxamine needs to be administered by subcutaneous infusion by 
means of a pump. The available models are different in technical characteristics, size, and 
price.

Figure 34.15. Myocardial iron loading in patients on long-term deferoxamine treatment.
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75 mg/kg/day in three subdoses given 1 hour before meals. 
DFP is easily absorbed from the gut and a peak concentration 
is reached in the plasma 45 minutes after ingestion.605,606 Food 
reduces the rate of absorption but not the total amount absorbed. 
DFP is available as film coated, immediate-release tablets con-
taining either 500  or 1,000 mg of the active agent and as a 
liquid formulation containing 100 mg/ml. The majority of iron is 
excreted in the urine, while fecal excretion ranges between 5% 
and 20%. The dose of 75 mg/kg/day has been shown to induce 
a urinary iron excretion equivalent to that achieved with 40 mg/
kg/day of DFO.445 Greater excretion can be obtained with a dose 
of 100 mg/kg/day, and no more side effects occur at this dose.607 
Ascorbic acid has no effect on iron excretion in response to 
deferiprone. A decrease in NTBI was demonstrated in a small 
series of patients.608 Deferiprone, as well as the other oral che-
lator, deferasirox, were found to be efficient  scavengers of the 
labile iron pools of cardiomyocytes, and to restore contractility 
impaired by iron overload.609 

Deferiprone was licensed for clinical use in India in 1995 and 
in Europe in 1999. The FDA approved the drug in the United 
States in 2011. In a randomized trial comparing the efficacy over 
1 year of DFO and deferiprone, the latter was found to be signifi-
cantly more effective than deferoxamine in improving asymptom-
atic myocardial siderosis. Left ventricular ejection fraction also 
increased significantly more with deferiprone than with DFO.610 
The efficacy of deferiprone in removing iron from the heart has 
been suggested also by a recent MRI study.611

Finally, in the setting of a large natural history study involving 
all the thalassemia major patients treated in seven Italian centers 
over 9 years, deferiprone therapy was associated with signifi-
cantly greater cardiac protection than DFO.444

Numerous experiences around the world have been reported 
on the effectiveness of combining deferiprone and DFO ther-
apy.612 Results have usually demonstrated an additive effect 
of combination therapy because the two drugs access different 
pools of iron. It has been suggested that deferiprone, being 
able to pass through membranes, could “shuttle” tissue iron to 
DFO in the bloodstream and then be reused.613 Combination 
therapy is now being widely used.479,614,615 A randomized, 
placebo-controlled clinical trial demonstrated that, in compari-
son to the standard chelation monotherapy of DFO, combina-
tion treatment with additional deferiprone reduced myocardial 
iron and improved ejection fraction and endothelial function in 
thalassemia major patients with mild to moderate cardiac iron 
loading.616

A small non-randomized study and several case reports have 
confirmed the efficacy of combined therapy in the context of 
severe cardiac iron overload.617–619

Several studies have documented the efficacy of such therapy 
to rapidly decrease ferritin levels and cardiac iron, as measured 
by T2*, at the same time improving cardiac function in severely 
iron-overloaded patients. Reversal of some endocrinopathies was 
observed after normalization of iron stores with intensive com-
bined iron chelation.526

In Cyprus, mortality due to cardiac causes decreased sharply 
after combined therapy was implemented in the majority of thal-
assemia patients.479,480

Alternating deferiprone and DFO can improve adherence and, 
in a long-term prospective study, decreased mortality in compari-
son to DFO alone.612,620

Deferiprone Toxicity. The most frequent adverse effects are gastro-
intestinal discomfort or nausea, reported by 33% of the patients 
in the first year and decreasing to 3% thereafter. The intensity is 
usually mild to moderate and few patients have abandoned the 
treatment because of that. The new liquid formulation seems to 
cause a lower incidence of gastrointestinal side effects. The most 
severe adverse effects observed with deferiprone are agranulo-
cytosis and neutropenia. In a prospective multicenter study the 
overall frequency of agranulocytosis was 0.5% and the incidence 
was 0.2 per 100 patient-years. Milder neutropenia occurred in 
8.5% of patients.621

Neutropenia occurred more frequently in non-splenectomized 
patients.622 The complication usually appears shortly after incep-
tion of therapy, but a case has been reported after 9 years. 
Rechallenge with the drug can produce relapse of the agranulocy-
tosis and is contraindicated.623 The concomitant administration of 
drugs that can induce neutropenia (e.g., interferon, hydroxyurea) 
should be avoided.

Arthropathy, particularly of the knee, occurs in 6% to 39% of 
patients and it appears to be more frequent in patients who have 
more severe iron overload.621,622,624 It has been hypothesized 
that the formation of 1:1 or 1:2 deferiprone iron complexes 
can induce inflammatory changes, possibly mediated by free 
radicals. Other, less severe, unwanted effects include exces-
sive appetite, zinc deficiency, and fluctuation in liver enzymes, 
affecting 7% of the patients, more commonly if HCV positive.625 
Progressive liver fibrosis was reported in 5 out of 14 patients 
treated with deferiprone for over 2 years.626 However, a large 
multicenter study, involving 56 patients over 3.5 years, whose 

Figure 34.16. A: Desferrioxamine toxicity. The 
growth plate of the distal ulna is wide, and the 
metaphysis exhibits a cuplike deformity with sclerotic 
and irregular borders. B: A similar picture is present in 
the metaphyses of the femur and fibula. (Courtesy of 
Dr. C. Orzincolo.) A B
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liver biopsies were evaluated in blinded fashion, did not con-
firm an effect of deferiprone on hepatic fibrosis.627 Reversible 
neurologic symptoms were elicited in 2 patients when a dose 
three times higher than  suggested was mistakenly given for over 
2 years.

Deferasirox
This compound is a member of a new class of tridentate iron-
selective synthetic chelators, the bis-hydroxyphenyl-triazoles. As 
a tridentate chelator, two molecules of deferasirox bind one mol-
ecule of iron. The plasma half-life is 8 to 16 hours.

Deferasirox (Exjade) is available as tablets for oral suspension 
containing 125 mg, 250 mg, or 500 mg. It should be adminis-
tered orally once daily on an empty stomach (≥30 minutes before 
eating), preferably at the same time each day. It should not be 
administered with aluminum-containing antacid preparations, 
since the absorption of deferasirox may be decreased. In a large 
randomized trial comparing the two drugs, deferasirox was 
shown to be as effective as deferoxamine when administered at 
doses of 20 and 30 mg/kg. The rate of transfusional iron intake, 
however, strongly influences the effectiveness of deferasirox. For 
most patients with transfusional iron intake averaging <0.3 mg/
kg/day, a dose of 20 mg/kg of deferasirox is effective in reducing 
liver iron concentration, while an iron intake of >0.5 mg/kg/day 
requires doses >30 mg/kg/day.397

Careful assessment of the patient’s blood consumption, of fer-
ritin trends and liver iron content during treatment is important 
to regulate the dose of deferasirox to be administered. Currently, 
doses of deferasirox of up to 40 mg/kg/day are approved for use.

Cardiac iron removal is crucial to reduce morbidity and mor-
tality in thalassemia. Clinical data suggest that deferasirox is able 
to remove cardiac iron. Myocardial T2*, assessed by cardiovas-
cular magnetic resonance, was measured in patients on a mean 
deferasirox dose of 33.6 ± 9.8 mg/kg per day. After 3 years, 68% 
of patients with baseline T2* from 10 to <20 ms normalized 
their value, and 50% of patients with baseline T2* >5 to <10 ms 
improved to 10 to <20 ms. Left ventricular ejection fraction did 
not vary significantly throughout.477

The safety and efficacy of deferasirox in pediatric patients 
reported in a study519 was similar to that of adult patients, and 
younger pediatric patients responded similarly to older pediatric 
patients. The recommended starting dose and dosing modifi-
cations are the same for children and adults. A recent study 
reporting on 111 children concluded that deferasirox is at least 
as effective as DFO in maintaining safe serum ferritin levels and 
normal growth progression. The height and weight standard 
deviation scores in children treated with deferasirox did not 
differ from those of patients treated with DFO. Fluctuations in 
liver enzymes and non-progressive increases in serum creati-
nine were the most common adverse events.628 Deferasirox was 
approved in 2005 by the Food and Drug Administration in the 
United States, and in 2006 in Europe, for use in patients 2 years 
of age and older.

Deferasirox Toxicity. The most common adverse effects are related 
to gastrointestinal discomfort, including nausea, vomiting, and 
abdominal pain.629,630

Because lactose monohydrate is among the inactive ingredients 
of the tablet, some cases of diarrhea can be attributed to coexis-
tence in the patient of congenital or acquired lactose intolerance.

A skin rash can develop, usually within the first month of 
treatment (Fig. 34.17). For rashes of mild to moderate severity, 
the drug may be continued without dose adjustment, since the 
rash often resolves spontaneously. In severe cases, it may be 
interrupted and reintroduced at a lower dose with escalation, in 
combination with a short period of oral steroid administration.

Approximately one-third of patients are reported to develop 
increases in serum creatinine >33% above baseline on two 

 separate occasions.519 In two-thirds of cases the creatinine level 
returns to normal without dose adjustment. Therapy should not 
be started in patients with a creatinine clearance below 40 ml/min 
or with a serum creatinine >2 times the age-appropriate upper 
limit of normal.

Several cases of Fanconi syndrome have been reported with 
the use of deferasirox.518,631–633

Fanconi syndrome is secondary to generalized dysfunction of 
the renal proximal tubule and results in renal losses of phosphate, 
amino acids, bicarbonate, glucose, urate, and other molecules.

Although no conclusive pathogenetic explanation to defera-
sirox-related serum creatinine increase and proximal tubulopathy 
has been found, careful monitoring of renal function and serum 
ferritin levels in patients receiving deferasirox is mandatory. 
Regarding hepatic toxicity, in the original phase 3 study, 6% of 
patients treated with deferasirox developed elevations in ALT 
levels >5 times the upper limit of normal at two consecutive occa-
sions. Of these, two patients had drug-induced hepatitis, proven 
by liver biopsy.629

Increased ALT levels >10 times above the upper limits of nor-
mal were reported in 1.0% of patients.519

There have been postmarketing reports (both spontaneous 
and from clinical trials) of cytopenias, including agranulocyto-
sis, neutropenia, and thrombocytopenia.634 The relationship 
of these episodes to treatment with deferasirox is uncertain. 
Interruption of treatment should be considered in patients who 
develop unexplained cytopenia. Reintroduction of therapy with 
deferasirox may be considered, once the cause of the cyto-
penia has been elucidated. Non-fatal upper gastrointestinal 
tract irritation, ulceration, and gastrointestinal bleeding have 
been reported in patients, including children and adolescents, 
receiving deferasirox. Caution should be used when the drug is 
prescribed in association with non-steroidal anti-inflammatory 
drugs, corticosteroids, oral bisphosphonates, or anticoagulants. 
Gastrointestinal symptoms, increases in serum creatinine, and 
skin rash are dose related, while increases in transaminases are 
not. Alternating deferasirox with deferiprone has been used suc-
cessfully to overcome intolerance to both drugs.635 Combining 
the two drugs is also a promising alternative for the treatment of 
severe cardiac iron overload.636,637

New Chelators
Despite the availability of three iron chelators, morbidity and mor-
tality are still a major problem for transfusion-dependent patients. 
Iron chelators in current use (see above) are efficacious in many 

Figure 34.17. Typical rash appearing in patients on deferasirox therapy.
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patients, but each has limitations relating to safety, ease of admin-
istration, patient acceptance, and compliance.638 FBS0701 is a 
novel, orally available iron chelator, a member of the desazades-
ferriothicin class of siderophore-related tridentate chelators. The 
results of a multicenter phase-2 study designed to assess safety, 
tolerability, and pharmacodynamics of FBS0701 have been pub-
lished. The compound seems promising, having a good chelating 
efficacy and a safety and tolerability profile at therapeutic doses 
that compare favorably to other oral chelators.638

Vitamin Supplementation
Vitamins and trace minerals represent key buffers against the oxi-
dative stress due to iron overload. Chronic demands on oxidative 
buffering capacity may produce deficiencies in key amino acids 
and enzymatic cofactors.639 Siderosis of the exocrine pancreas 
sometimes causes a decrease in circulating pancreatic trypsin and 
stool elastase levels640,641 that results in vitamin malabsorption. 
In addition, liver damage may play a role in the depletion of lipid-
soluble antioxidants, such as vitamins E and A.642

A large cooperative survey of dietary habits revealed dietary 
inadequacy, that increased with increasing age for vitamins A, C, 
E, B-6, folate, thiamin, calcium, magnesium and zinc. Also, cir-
culating levels of serum 25-OH vitamin D remained insufficient in 
the majority of subjects despite daily supplementation.639

Vitamin D is essential for intestinal calcium absorption and 
plays a critical role in global calcium homeostasis and bone 
metabolism.643 Nevertheless, its receptors are found in nearly all 
tissues and therefore the vitamin is now believed to play a sys-
temic role. Cardiac iron loading was found to be more common 
in thalassemia patients with vitamin D deficiency and secondary 
PTH elevation, but the association of this deficit with left ventricu-
lar dysfunction is still unproven.664

Vitamin D deficiency is also inversely related to hepatic iron 
concentration and ferritin, as previously described in hereditary 
hemochromatosis, because of inhibition of hepatic 25-hydroxylation 
by excess iron.645

In conclusion, chronically transfused thalassemia major 
patients have broad spectrum nutritional deficiencies of both 
water- and fat-soluble nutrients. It is therefore advisable to 
 perform periodic nutritional evaluation and supplement as 
 necessary.639

Hemosiderotic patients are often ascorbate deficient and a case 
of frank scurvy has been reported.438,439

DFO-induced iron excretion is enhanced by ascorbic acid 
supplementation because of the expansion of the chelatable iron 
pool which DFO can access.434,646

However, ascorbate, a natural reducing agent, accelerates 
iron-induced lipid peroxidation in biologic systems at low concen-
trations and it has been shown to alter the function of rat myo-
cardial cells in culture. In addition, anecdotal echocardiographic 
observations have in the past suggested cardiotoxicity.647

Vitamin C supplementation is therefore recommended only 
for patients not affected by myocardiopathy, with unsatisfactory 
iron excretion and demonstrated ascorbate deficiency. When 
necessary, 50 mg per day of ascorbate in children up to 10 years 
and 100 mg per day thereafter should be sufficient. Vitamin C 
should be given when DFO infusion is already under way. Alfa-
tocopherol, a lipid-soluble antioxidant, is able to interrupt the 
membrane lipid peroxidation process. Supplementation with 
Vitamin E is therefore often suggested, but data demonstrating 
its efficacy are lacking. Folic acid deficiency was reported in 
early studies from Thailand.648 Folate supplementation is advised 
for patients with a hyperactive bone marrow, like those with 
thalassemia intermedia, and during pregnancy. Zinc has been 
found to be low in patients with thalassemia major. Nevertheless, 
these patients have a normal zinc binding capacity, which is 
generally increased in nutritional zinc deficiency.649,650 Zinc 

 supplementation can become necessary when desferrioxamine 
and deferiprone are given in combination.615

Splenectomy
Splenectomy, associated with sporadic blood transfusions, has for 
many years represented the mainstay of therapy in thalassemia. 
It was often performed shortly after diagnosis because the spleen 
soon reached an enormous size and caused severe hypersplenism, 
frequently leading to profound neutropenia and thrombocytope-
nia. A cooperative observational study involving 872 regularly 
transfused thalassemia patients born between 1960 and 1999 
found that, overall, 67% of the patients had not been splenecto-
mized, but the probability of having undergone the procedure was 
strongly influenced by the date of birth651 (Fig. 34.18). For patients 
born in 1960 and in 1980 the probability of being splenectomized 
was 57% and 7%, respectively. No patient younger than 5 years 
was splenectomized after 1987. This trend toward a delay in, 
spleen removal is likely due to the improvement in global manage-
ment of thalassemia, and may represent an important protection 
against the risks associated with the splenectomy, e.g., infections, 
thromboembolic complications, and pulmonary hypertension (see 
below). Rational criteria for splenectomy were first indicated by 
Modell.652 She suggested that surgery should be performed when 
blood consumption increased over 50% above the average con-
sumption of the splenectomized population—in practice, when 
more than 200 to 250 ml/kg/year of pure red cells are required 
to maintain a pre-transfusional Hb of 9 to 9.5 g/dl. Splenectomy 
reduces the transfusion requirement to approximately 150 ml/kg/
year, with some variation from patient to patient, and the effect 
has been demonstrated to be long-lasting.653

Attempts at recognizing the appropriate time for splenectomy 
by the study of Tc-99 sulfur colloid or Tc-99 red blood cell uptake 
have not proven of great practical use. Cytopenias and physical 
encumbrances remain strong indications. Risks associated with 
splenectomy include an increased susceptibility to infections with 
encapsulated bacteria and an increase in thromboembolic events. 
Laparoscopic splenectomy, when possible, avoids the disfiguring 
scar created by laparotomy, reduces the hospital stay, and, in the 
end, does not seem to have a higher financial cost.654 However, 
the large size of the spleen when splenectomy is considered 

Figure 34.18. Cumulative proportion of splenectomy-free survival in different birth 
cohorts (1960–1969, 1970–1979, 1980–1989, and 1990–1999). During the period of 
observation, 284 patients (32.6%) were splenectomized, whereas 588 patients (67.4%) still had 
their spleen in at the end of the study (P < 0.0001).
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 necessary, makes laparoscopic surgery difficult. In addition, the 
risk of thrombosis of the portal vein seems to be higher.655,656

The problem of postsplenectomy sepsis with encapsulated 
organisms has been recognized for many years.657–659 These 
infections are often abrupt in onset and rapidly fatal. The clinical 
spectrum of serious bacterial postsplenectomy infections among 
patients with hemoglobinopathies includes sepsis (the most com-
mon and severe complication), bacteremia, pneumonia, skin and 
liver abscesses, and urinary tract infections.424,660 Overwhelming 
postsplenectomy sepsis (OPSI) results from the removal of a major 
site of antibody production (in particular the splenic marginal 
zone) and, possibly, the long-term decrease of T cell subsets of 
functional relevance for primary immune responses. Splenic mac-
rophages are critical in clearing opsonized encapsulated bacteria 
and intraerythrocytic parasites such as those causing malaria and 
babesiosis, which explains the fulminant nature of these infec-
tions in persons with anatomic or functional asplenia.661–664

The most frequently responsible bacteria are Streptococcus 
pneumoniae, Hemophilus influenzae, and Neisseria meningitidis, 
but cases have been reported in which E. coli and Staphylococcus 
aureus were the causative agents.665 A recent study from Israel 
reported that 35% of splenectomized patients with hemoglo-
binopathies, despite being vaccinated against Streptococcus 
pneumoniae and on prophylactic penicillin, developed serious 
infections, two of which were fatal. The most common germ 
involved was E. coli, followed by Streptococcus pneumoniae and 
Campylobacter.424

Klebsiella appears to be an increasingly common cause of 
infection, particularly in Asia.666,667

Capnocytophaga canimorsus, a Gram-negative rod, present as a 
commensal organism in the saliva of cats and dogs, has also caused 
severe infections in asplenic and splenectomized  individuals.668

The risk of severe infections is greatest in younger children and 
in the first years after splenectomy, but it never disappears. It has 
been suggested that thalassemia patients are exposed to a higher 
risk than other non-immunodeficient patients splenectomized for 
different causes.669 From a review of the literature, Singer found 
that 25% of patients undergoing splenectomy for thalassemia 
developed postsplenectomy sepsis.670 Later, however, in Thai 
patients, the frequency was found to be 4%, but the mortality 
associated was 89%. Guidelines for the prevention of postsple-
nectomy infections were published by the British Committee for 
Standards in Haematology in 1996 and updated in 2011.671

The guidelines recommend antibiotic prophylaxis with peni-
cillin, amoxicillin, or erythromycin for the first 2 years after 
surgery, and for children until age 16 years. Compliance with 
penicillin prophylaxis can be a problem and requires continuous 
reinforcement.672,673 Polysaccharidic antipneumococcal immuni-
zation (PPSV23) should be given 2 weeks before the procedure, or 
whenever possible after it. Re-immunization of asplenic patients 
is currently recommended every 5 years. According to these 
guidelines, for older children and adults who may or may not have 
received previous pneumococcal conjugate vaccine (PCV), there is 
insufficient evidence to recommend a change in policy from PPSV 
to PCV either for primary immunization or for boosting. On the 
contrary, the American Academy of Pediatrics recommends that 
children 6 through 18 years of age who are at increased risk of 
invasive pneumococcal disease because of anatomic or functional 
asplenia, should receive a single dose of the recently developed, 
13 valent conjugated antipneumococcal vaccine regardless of 
whether they have previously received the seven valent conju-
gated vaccine or PPSV23.674

The efficacy of antipneumococcal immunization in conjunction 
with early antibiotic therapy has been demonstrated in children, 
but infection by serotypes not included in the vaccine or poorly 
immunogenic has been reported.675

Immunization against Haemophilus influenzae is also rec-
ommended.676 Previous recommendations did not include 

 meningococcal vaccination, but the revised guidelines recommend 
meningococcal four-valent conjugated vaccine against serogroups 
A, C, Y e W135 for unimmunized patients. Patients should also be 
offered annual influenza vaccination. The risk, already increased, 
of thrombotic events, can be exacerbated by splenectomy.353

Thrombocytosis, due at least in part to the presence in the 
circulation of platelets previously marginated in the spleen, devel-
ops in 75% of the splenectomized patients, and in 15% it reaches 
1,000,000/mm3 or more, peaking between 8 days and 4 months 
after surgery.677,678 A correlation between splenectomy and pul-
monary hypertension has been suggested on the basis of the high 
prevalence of asplenia found among patients with unexplained 
pulmonary hypertension, and confirmed by case series reports.679 
Recurrent lung thromboembolism could be responsible for the 
phenomenon.680

In the attempt to avoid the above mentioned complications of 
surgical splenectomy, several alternatives have been proposed, 
with mixed results. Partial splenectomy and partial dearterial-
ization of the spleen have been reported to have an immediate 
beneficial effect, but of short duration.681 Partial embolization 
of the spleen has been successfully performed with long-lasting 
results, but it has sometimes led to complications.682,683 It has the 
advantage of not requiring general anesthesia and not leaving a 
scar. The procedure is followed by severe pain lasting a few days 
and requiring spinal anesthesia. The theory that a residual por-
tion of spleen protects the patient from infections and thrombotic 
events is tempting, but still unproven. It has been hypothesized 
that the spleen could represent a reservoir for the transfused iron 
and that splenectomy would, therefore, expose the patient to the 
risk of more massive siderosis of the liver.684 However, the iron 
content of the spleen at splenectomy is low, amounting to no more 
than one-fifth to one-tenth of the liver iron content.685 As demon-
strated by modern MRI techniques, splenic iron content plateaus 
at 1  to 1.5 g, even as hepatic content continues to grow.686 In 
addition, no difference has been observed, in terms of liver fibro-
sis, between splenectomized and non-splenectomized patients.687

prognosis with Conventional therapy
The improved survival of patients with thalassemia major has 
been reported in several countries and has been attributed to bet-
ter transfusion therapy, more adequate chelation, the availability 
of magnetic resonance for the evaluation of cardiac iron overload, 
and the referral of patients to centers of excellence. Between 1949 
and 1957, in Ferrara, only 9% of the patients reached age 6 years, 
and at the end of the 1970s half of the Italian patients had already 
died at age 12. A review of the fate of patients followed between 
1960 and 1976 at Cornell Medical Center reported a median 
survival of 17.1 years for patients transfused at low hemoglobin 
level and not chelated, while for hypertranfused and well-chelated 
ones, median survival was 31 years. Today, at least in developed 
countries, most patients will reach the age of employment and 
marriage.688,689

A large cooperative Italian study, including 977 uniformly 
treated patients, demonstrated significantly better survival for 
patients born in more recent years and for females (Fig. 34.19), 
but mortality remains increased compared to the general 
population. In 2010, 68% of the patients were alive at the age 
of 35 years, with 67% of the deaths being due to heart dis-
ease. Infections represented the second cause of death, being 
responsible for 15% of the deaths, followed by liver disease and 
thromboembolic events, both at 4%. Similar data are reported 
from most world centers. In a report of 1,044 Greek patients, the 
overall survival at the age of 50 years was 65%. The standardized 
mortality ratio compared to the general population improved sig-
nificantly from 28.9 in 1990–1999, to 13.5 in 2000–2008, while 
the standardized cardiac mortality ratio decreased from 323 to 
107, respectively.690
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The importance of good chelation in improving life expectancy 
has been repeatedly demonstrated. In fact, lower ferritin levels 
are associated with a lower probability of heart failure and with 
prolonged survival, using a cut-off as low as 1,000 ng/ml.444 Both 
in the Italian and in the Greek series, birth cohort had a signifi-
cant effect on survival (P < 0.001). In Cyprus, where mortality of 
thalassemia patients had been high, a marked improvement 
in survival was noted for patients of all ages since 2000,479 an 
observation also made in the United Kingdom476,482 and in Italy 
(Fig. 34.20). The use of MRI and the introduction of oral iron che-
lation have produced significant improvement in terms of reduc-
tion of iron overload among US patients.691

Complications remain frequent and for the most part are due 
to the oxidative damage mediated by labile iron. Surveillance, 
prophylaxis, and prompt treatment of infection remain essential, 
and chronic hepatitis should be managed with the best available 
current therapies.

With extended survival, new complications are appearing that 
will change the classical picture of thalassemia and will require 
new therapeutic approaches.

Several studies investigating the effects of thalassemia on psy-
chosocial adjustment have given contradictory results. According 

to a survey from Greece, 42% of the patients examined had psy-
chiatric problems, while other authors demonstrated that thalas-
semic adults have normal psychological development and better 
social adjustment and self-esteem than their normal peers.692,693 
A study from the Thalassemia Clinical Research Network, com-
paring health-related quality of life of 264 patients with thalas-
semia over age 14 to US normals, found that patients reported 
a statistically significant worse quality of life on five of the eight 
subscales (physical functioning, role-physical, general health, 
social functioning, and role-emotional). Women, older patients, 
and those with more disease complications and side effects from 
chelation fared worse.694 Cultural and economic variables prob-
ably influence the acceptance of the chronic problems of thalas-
semia.695 Psychological support seems appropriate as an adjunct 
in treatment. However, no randomized controlled trials assessing 
the effectiveness of specific psychological interventions have so far 
been performed.696

A recent survey of the education and employment status 
of patients with thalassemia in the United States and Canada 
revealed that 70% of adults were employed, of whom 67% 
reported working full-time. Sixty percent had a college degree and 
14% had achieved some post-college education. Eighty-two per-
cent of school age children were at expected grade level. Neither 
transfusion nor chelation was associated with lower employment 
or educational achievement.697

In this chapter we have described the course and therapy 
of thalassemia major as we see it now in developed countries 
with adequate economic and health resources. However, the 
disease is widely diffused in countries where sanitary problems 
are enormous and the resources required for the management 
of thalassemia are not available. In third world countries, many 
thalassemia patients are rarely, if ever, transfused and chelated. 
Their survival is therefore severely limited and their quality of life 
poor.698

Some countries have adopted a genetic control program 
according to WHO recommendations, while the poorest and least 
developed countries have not yet acknowledged the magnitude of 
the problem.699,700

There are countries in Asia, where South-South partnerships 
are being created to link centers with expertise to centers where 
competence and expertise need to be developed.701

Stem Cell Transplantation
Hematopoietic stem cell transplantation (HSCT) is an accepted 
approach to the treatment of thalassemia major, and so far the 
only curative one. The first bone marrow transplant for thalas-
semia was performed in Seattle in 1981.702

Thousands of patients have since received transplants world-
wide. The vast majority were affected by thalassemia major, 
while a few had thalassemia intermedia, HbE/b-thalassemia, or 
HbH disease. The largest experience has been recorded in Italy 
by Lucarelli and his group, who, on the basis of their experience, 
suggested that patients be classified into three levels of transplan-
tation risk, based on the presence or absence of portal fibrosis, 
hepatomegaly, and regular chelation.703,704 The lowest risk is 
present in patients regularly chelated and without liver fibrosis or 
hepatomegaly. Patients poorly chelated, with hepatomegaly and 
portal fibrosis, have the highest risk, while the intermediate risk 
group includes patients with one or two risk factors. The ideal 
donor is an HLA-identical donor. At present the prognosis for 
HSCT from an HLA-matched sibling donor is excellent. A recent 
review by the European Bone Marrow Transplantation Group of 
1,061 thalassemia patients of a median age of 7 years, from 28 
countries, reported overall survival and thalassemia-free survival 
of 91% and 83%, respectively. The age threshold for  better results 
was 14 years. In a multicenter study reporting on 179  young 
thalassemia major patients, 7 years was found to be the age 

Figure 34.19. Kaplan-Meier survival curve after the first decade of life, subdivided 
by cohort of birth of patients from an italian cooperative study. The survival data were 
collected in 2009. The role of the cohort of birth is evident.

Log-rank test: p<0.0001
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Figure 34.20. Decrease in death rate in a multitransfused population of italian thalas-
semia patients by year at death. Death constantly decreased, because of the decrease of 
cardiac causes. (Data collected in 2009 as part of the 7 Centers Study.)
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above which mortality risk was higher.705 In adult patients, 
transplant-related mortality remains elevated. Lucarelli and his 
group transplanted 107 adult patients with a probability of sur-
vival, event-free survival, nonrejection mortality, and rejection of 
66%, 62%, 37%, and 4%, respectively, with a median follow-up of 
12 years.706 A second group of 15 patients with a median age of 
21 years was treated with a reduced-dose intensity-conditioning 
regimen that produced some improvement in thalassemia-free 
survival (67%) and lower, but still elevated, transplant-related 
mortality (27%). In addition, the risk of developing chronic GVHD 
remained high.707

alternative Donors
An HLA-compatible sibling is available for only 25% to 30% of 
thalassemia patients. Therefore, alternative donors have been 
used as a source of hematopoietic cells. HLA-identical relatives 
can be found in families coming from small ethnic communities 
or where inbreeding is common. A higher risk of rejection mor-
tality, infection, and GVHD was reported in eight patients trans-
planted from an HLA-identical parent.708 While HSCT from HLA 
mismatched family members has given disappointing results, 
matched unrelated donors can be considered a viable alternative 
when a matched sibling is not available. In fact, approximately 
30% of Caucasian patients with thalassemia major who started 
the search found a suitable donor in one of the international 
hematopoietic stem cell donor registries that now include more 
than 18 million volunteers worldwide. Initially, these HSCTs 
were aggravated by high risk of death and GvHD, but more 
precise characterization of HLA alleles using stringent criteria 
of compatibility with the recipient (i.e., identity or single allelic 
disparity for HLA-A, B, C, DRB1, and DQB1 loci) and high-resolu-
tion molecular typing for both class I and class II loci can reduce 
the risk of immune-mediated complications and fatal events.709 
The probability of cure after HSCT was about 85% for children 
belonging to classes I and II of the Pesaro classification, and 65% 
for children belonging to class III and for adults.

Additional genetic characteristics have been reported to 
be of prognostic value in choosing the potential donor more 
accurately.710

Conditioning regimen
The bone marrow of thalassemia patients is hypercellular. The 
ideal conditioning regimen should therefore be capable of eradi-
cating the thalassemic marrow and be sufficiently immunosup-
pressive to permit sustained engraftment. For many years after 
inception of HSCT for thalassemia, the preparatory regimen 
included IV dimethyl busulfan or oral busulfan at the dose of 
14  mg/kg plus 120 to 200 mg/kg of cyclophosphamide. More 
recently, the introduction of conditioning regimens including 
intravenous busulfan or treosulfan associated with thiotepa and 
fludarabine has improved results. In a study of 60 thalassemia 
patients (median age 7 years, range 1 to 37) who underwent allo-
geneic HSCT, a conditioning regimen combining thiotepa/treosul-
fan/fludarabine proved to be safe and effective. Neither the class 
of risk nor the donor used influenced outcome.711

Reduced-intensity preparative regimens have resulted in 
minimal toxicity, but in a high percentage of incomplete engraft-
ment and graft rejection, confirming the need for a myeloablative 
regimen.712

GVHD prophylaxis consisting in cyclosporine and short course 
methotrexate is effective in preventing acute and chronic GvHD. 
Antithymocyte globulin is often added to reinforce immunosup-
pression, in particular for transplants from unrelated donors or 
when an HLA disparity is present.

Rejection can appear in different patterns.713 The patients can 
have no take, develop aplasia, or, more often, have autologous 
reconstitution of the thalassemic marrow after engraftment. The 
most common transplant-related cause of death is infection, 

especially in patients who remain aplastic after graft rejection. 
A  few splenectomized patients have died, after transplant, of 
overwhelming sepsis.

Persistent mixed chimerism was observed, over a period 
of time varying between 2 and 11 years after BMT, in 11% of 
patients transplanted for thalassemia.714,715 Despite the pres-
ence of large numbers of residual host cells, these patients no 
longer required red blood cell transfusions, producing levels of 
Hb A ranging from 8.3 to14.7 g/dl. The mechanisms underlying 
this apparent state of immunologic tolerance or education are 
not clear. However, these observations may be useful in defining 
optimal strategies for gene therapy and in utero hematopoietic 
stem cell transplantation.

Cord Blood Transplantation
Umbilical cord blood has rapidly become a valuable alternative 
stem cell source for allogeneic HSCT. In thalassemia patients, 
related cord blood transplantation appears to have a probability 
of success comparable to that offered by bone marrow trans-
plantation; and, in addition to avoiding general anesthesia to 
the donor, it is associated with lower risks of transplant-related 
mortality, chronic GVHD, and transmission of viral infections. A 
large, ongoing international study, retrospectively comparing cord 
blood to bone marrow recipients, (Locatelli, personal communica-
tion) has revealed overall survival and thalassemia-free survival 
to be very similar in the two groups, in the order of 95% and 88%, 
respectively, while acute and chronic GVHD were almost double in 
bone marrow recipients (20% and 12% vs 10%, and 5% for cord 
blood recipients). The mean age in the two groups were similar, 8 
vs. 6 years, and almost all patients belonged to good-risk classes. 
The main disadvantage of cord blood is represented by the lon-
ger time necessary to reach safe platelet and neutrophil counts. 
Studies have shown that the number of nucleated cells infused is 
the most significant predictor of success.716,717

These results support targeted efforts to bank family cord 
blood units that can be used for a sibling diagnosed with thalas-
semia or other diseases which can be cured by allogeneic hema-
topoietic stem cell transplantation.718

Umbilical Cord Blood transplantation
Umbilical cord blood is less restricted with regards to HLA match-
ing, so that a mismatch at 1 or 2 loci is usually tolerated without a 
significant increase in GVHD or impaired survival.

The use of unrelated cord blood as a source of stem cells for 
thalassemia patients has not been explored in well-designed 
clinical trials. In a recent report of 35 unrelated transplants, the 
5-year overall survival and thalassemia-free survival were 88% 
and 74%, respectively. However, 40% of the patients developed 
chronic skin GVHD.719

Other reports have been less favorable,720 suggesting that 
unrelated cord blood transplantation in thalassemia is still an 
experimental, high-risk approach.

Peripheral blood stem cell transplantation has been tried in 
patients with thalassemia.705,721 The results showed that major 
outcomes obtained with this source of hematopoietic cells are 
not statistically different from those obtained with bone mar-
row in terms of rejection and disease-free survival. However, an 
increased risk of chronic graft-versus-host disease was observed.

Side effects of Stem Cell transplantation
Chronic Graft-versus-Host Disease. Chronic graft-versus-host disease 
(cGVHD) a multiorgan disorder with features of an autoimmune 
disease, is particular feared when transplanting patients, such 
as those with thalassemia, who undergo transplantation more to 
improve their quality of life than to avoid an impending risk of 
death. In an historic series the incidence of cGVHD was 27%.722 
Among Middle Eastern patients transplanted in Italy, the incidence 
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of chronic GVHD was 18%,723 In a group of patients treated with 
reduced-toxicity conditioning regimen, only one out of 56 patients 
at risk developed chronic GVHD.711 The risk of GVHD is lower after 
cord blood transplantation. After grafting from an unrelated donor 
chosen according to stringent criteria of HLA-compatibility, the risk 
of GVHD is not higher.724

Growth, Development, and Fertility. Short stature is present in a signifi-
cant percentage of children transplanted for thalassemia. There 
appears to be a strict correlation between age at the time of trans-
plant and final adult height. In a study, the patients whose age at 
transplant was <7 years reached their genetic target for height, 
while those who were >7 years did not.725 This is in contrast with 
most studies in children transplanted for hematologic malignan-
cies that have demonstrated that the younger the patient was at 
the time of HSCT, the greater the loss in height. Probably the del-
eterious effects on growth of iron and desferrioxamine, at an early 
age, are even more profound than the effects of pretransplant 
conditioning.726 Results on pubertal maturation remain unsat-
isfactory after HSCT. In a series of 50 prepubertal patients with 
thalassemia major, who had been transplanted during childhood 
or in the peripubertal period, clinical and hormonal evidence of 
gonadal dysfunction was found, and normal puberty developed in 
only 40% of patients. There was no correlation between pubertal 
maturation and age at HSCT or serum ferritin levels.727 Sterility 
from pretransplant conditioning is also considered a possible side 
effect of the procedure. In fact, the myeloablative conditioning 
regimen including busulfan and cyclophosphamide may induce 
gonadal dysfunction in males and females, especially when high 
doses of busulfan are used. Nevertheless, a few successful cases 
of spontaneous pregnancy and paternity have been reported in 
patients transplanted for thalassemia.728

Counseling is mandatory, as artificial reproductive techniques 
are available.729 In postpubertal male patients, sperm can be 
stored, while for prepubertal males, immature testicular tissue 
cryopreservation is still an experimental procedure.730

Cryopreservation of ovary tissue collected before transplan-
tation is feasible and can maintain fertility even after a long 
period of time. Several pregnancies have been recorded following 
autologous reimplantation of frozen ovarian tissue harvested after 
puberty.731

Malignancies. A few solid tumors and several cases of early and 
late non-Hodgkin lymphoma have been observed in patients 
transplanted for thalassemia. The overall frequency has been 
calculated to be less than 7/100,000 per year.732–734

Regular screening for oral squamous cell carcinoma should 
be performed in patients experiencing chronic graft-versus-host 
disease secondary to HSCT, as malignant lesions of the buccal 
mucosa can appear decades after the transplant.735

Iron Depletion
The hemochromatosis present at the time of grafting will not dis-
appear after transplantation without some kind of intervention. 
After HSCT, ferritin increases, reaching a peak around the third 
month after the procedure, probably as a consequence of bone 
marrow aplasia and shifting of iron to the storage compartment.

The conditioning regimen can contribute to the increase in 
NTBI levels. In one study, NTBI peaked as early as 4 days prior 
to transplantation, and was detectable for 6 to 18 days in all 
patients.736

Normally, endogenous antioxidants play a role in scavenging 
toxic free radicals and preventing cell damage.737 However, in 
patients undergoing HSCT, chemotherapy-based conditioning 
regimens can result in a pro-oxidant status, as indicated by a 
reduced total radical antioxidant parameter of plasma.738,739

After transplant, ferritin usually returns to pretransplant levels. 
In the absence of therapy, the iron content of the body remains 

stable, potentially for many years. One study demonstrated that 
ferritin levels normalized only in moderate-to-severely iron-
overloaded pediatric patients as a result of the use of storage iron 
for growth.740 The effects of persistent iron overload on the long-
term morbidity of HSCT recipients (particularly as it relates to late 
organ dysfunction) have not been investigated.

Considering the damage that iron induces in non-transplanted 
thalassemia patients, phlebotomy is indicated for patients with 
high ferritin levels and/or high parenchymal iron concentration 
measured before transplant. Bimonthly venesections should be 
performed starting at least 18 months after grafting. Their effec-
tiveness in reducing ferritin level, median liver iron concentration, 
and liver enzymes has been repeatedly demonstrated.449

Monthly erythrocytaphereses are equally effective. This tech-
nique has the advantage of saving plasma and mononucleated 
cells, but it is more costly and time consuming. Cirrhosis of the 
liver can be reversed after iron depletion by phlebotomy.741

In one report deferasirox was used in seven patients trans-
planted for thalassemia without negative effects on donor chime-
rism or liver function. Serum ferritin levels decreased while serum 
creatinine significantly increased, but it remained within normal 
limits in all patients.742

Deferoxamine can also be used to reduce the iron burden in 
patients in whom low levels of hemoglobin after transplantation 
or difficult venous access prevent phlebotomy.743 Chelation with 
deferoxamine should not be started too soon after transplant, 
because this chelator has been reported to interfere with graft-
ing. Deferiprone is contraindicated in this setting for its potential 
toxicity on the myeloid cell line.

Quality of Life after hematopoietic Stem  
Cell transplantation
The long-term prognosis of thalassemia patients who are treated 
according to modern criteria is satisfactory and continuously 
improving. Therefore the choice to undergo HCST must be moti-
vated by serious arguments. On one hand, the freedom from 
transfusion and chelation, and, if the transplant is done early 
enough, from the consequences of iron overload; on the other, 
the immediate risks of death and of acute and chronic GVHD and 
possibly of the long-term effects of toxic conditioning regimens 
need to be considered.

Not many data are available in this regard. In a report of 28 
children with b-thalassemia from Middle Eastern countries who 
underwent allogeneic HSCT in Italy, child-self and parent-proxy 
reports were collected to prospectively evaluate health-related 
quality of life The study demonstrated that physical functioning 
declined significantly from the time of transplant to 3 months after 
it but then increased significantly up to 18 months after the pro-
cedure. As expected, chronic GVHD was significantly associated 
with lower scores.723

The results of this study, however, collected in poorly treated 
patients, may not be applicable to a population of patients enjoy-
ing adequate conventional therapy.

Hemoglobin F Reactivation
For patients with homozygous b-thalassemia, an increased 
g- globin chain production would result in a more balanced a/
non-a ratio and an amelioration of the severity of the anemia. 
In fact, g-chains can neutralize the harmful excess of a-chains 
and allow a better survival of erythroid precursors in the bone 
marrow and of the red cells in the peripheral blood. Effective 
procedures to enhance red cell production could reduce or 
even eliminate the need for transfusions and would represent a 
major advance in the treatment of homozygous b-thalassemia. 
Toward this aim, many efforts in the last decades have focused 
on the pharmacologic induction of fetal hemoglobin in patients 
with hemoglobinopathies. Three different therapeutic classes of 
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g-globin  inducers have been investigated, including cytostatic-
hypomethylating agents (e.g., hydroxyurea, 5-azacytidine, and 
decitabine); short-chain fatty acid derivatives, some of which 
are histone deacetylase inhibitors (e.g., sodium phenylbutyrate, 
arginine butyrate, and isobutyrate); and recombinant eryth-
ropoietin.744,745,746 These classes of compounds act through 
complex distinct mechanisms, only partially clarified. Cytostatic-
hypomethylating compounds, preferentially killing dividing cells, 
alter the kinetics of erythropoiesis and induce g-globin gene 
hypomethylation. Accelerated erythropoiesis is associated with 
the emergence of primitive erythroid progenitors, which are 
more committed to HbF synthesis.747 Because heavily methylated 
genes, as are g-globin genes in the adult, cannot be transcribed 
and are therefore effectively silenced, demethylation results in 
transcriptional activation.748 Small clinical trials have been con-
ducted with 5-azacytidine with some apparent clinical benefit, but 
the carcinogenic risk of the drug has discouraged its use.749,750 
Recent clinical trials with a more tolerable deoxycytidine analog, 
decitabine, have shown a modest but significant increase in total 
hemoglobin and in absolute fetal hemoglobin.751,752 The largest 
experience has been reported with hydroxyurea (HU), a potent 
inhibitor of ribonucleotide reductase that interferes with DNA 
synthesis and promotes cell death, resulting in perturbation of the 
kinetics of erythroid differentiation. Several studies suggested that 
HU may induce HbF synthesis through the guanosine 3′,5′-cyclic 
monophosphate (CGMP) signaling pathway.753 HU has been given 
in many different regimens and doses, alone or in combination 
with other drugs, including erythropoietin. In some patients with 
thalassemia intermedia and HbE/b-thalassemia, there has been 
a modest to moderate effect on total hemoglobin concentration 
and HbF, but not in all patients.754–756 A 13-year experience in a 
large group of Iranian patients with b-thalassemia showed that 
HU at a dose of 8 to 15 mg/kg/day was effective in decreasing or 
determining cessation of the need for regular blood transfusions 
without any major side effects.757 HU has also been used effec-
tively in thalassemia intermedia to reduce the size of extramedul-
lary erythropoietic masses when these compress vital organs or 
tissues.316,758 Recombinant human erythropoietin (Epo) and the 
new synthetic form, darbepoetin, with a longer half-life, have 
been used to stimulate erythropoiesis and promote erythroid cell 
survival. The results have been modest and variable among the 
patients.759–761

The use of compounds that further stimulate erythropoietic 
expansion is questionable. Combined use of agents that counter-
balance their effects (e.g., Epo and HU) may offer a better thera-
peutic potential.

Butyrate and its analogs, including short-chain fatty acid 
derivatives, have been used to induce HbF production in hemo-
globinopathies, with variable responses.762,763 This class of com-
pounds increases g-globin gene expression by promoting histone 
acetylation (through histone deacetylase inhibition), which is 
associated with transcriptional activation and increased mRNA 
translation.745,764,765 Butyrate and other histone deacetylase 
inhibitors have shown other epigenetic mechanisms, namely, 
decreased DNA methylation, signaling activation through the 
soluble guanylate cyclase and p38MAP kinase pathway as well 
as ERKMAP kinase inhibition (for review, see Ref. 745). Clinical 
trials with these agents in patients with b-thalassemia have 
shown a modest effectiveness and a variability in response among 
patients.762,766–769 Moreover, the inconveniently frequent admin-
istration of high doses makes this treatment intolerable for many 
patients. In general, the small-scale studies of the induction of 
fetal hemoglobin in thalassemia major have been unsuccessful, 
probably because the magnitude of activation of the g-globin 
genes is not sufficient to correct the severe chain imbalance char-
acteristic of the disease.770 Moreover, there are concerns about 
the potential for serious side effects from the long-term use of 
chemotherapeutic agents like 5-azacytidine and HU. Therefore, 

the use of HbF inducers remains experimental and cannot be 
recommended outside of clinical trials.

Recent discoveries using new technologies of DNA analysis 
have further elucidated the mechanism of human fetal hemoglo-
bin regulation.771,772,773 Physical interactions between the b-LCR 
and the downstream g- and b-globin genes with transcription 
factors and chromatin-remodeling complexes have been shown to 
play a role in globin gene switching. These insights might lead to 
the design of new therapeutic approaches to enhance fetal hemo-
globin expression in adult erythroid cells.

Gene Therapy
b-Thalassemias were among the first diseases to be considered 
for gene therapy. In principle, the tissue to be corrected (i.e., the 
bone marrow) can be removed, treated, and reinfused into the 
patient. Moreover, the gene and the molecular lesions respon-
sible for the disease are well known. Therefore, genetically based 
strategies, aimed to insert a normal copy of the human b-globin 
gene, along with key regulatory sequences into autologous hema-
topoietic stem cells (HSCs), represent a feasible alternative to 
bone marrow transplantation to definitively cure b-thalassemia. 
However, this approach has been impeded over the last decade by 
challenging obstacles, including the extremely complex regulation 
of the globin genes, the isolation and the biology of the optimal 
target cell (i.e., the pluripotent self-renewing hematopoietic stem 
cell), a safe and efficient transduction, and a stable and effective 
transgene expression.

For at least two decades gene transfer vectors based on the 
Moloney murine leukemia retrovirus (MLV) have been used to 
transfect HSCs, but the transfection was at a very low rate and the 
transfused globin genes were unstable and only rarely integrated 
intact into the genome, thus losing any therapeutic efficacy.774,775 
The main problems associated with the use of retroviral vectors 
for gene therapy include the inability of these vectors to target 
non-dividing HSCs, the possibility of accommodating only small 
segments of DNA, and the risk of insertional activation of proto-
oncogenes.

To obtain gene therapy for the hemoglobinopathies, vectors 
must target HSCs because these are the only cells capable of self-
maintenance as well as erythroid differentiation. Because of the 
complexity of globin gene regulation, relatively large segments of 
DNA need to be integrated into the genome of gene-transduced 
target human HSCs, if good levels of globin expression have to be 
attained. The corrective construct should contain the structural 
human b-globin gene as well as its promoter and critical elements 
of the human b-LCR (locus control region). Experience from treat-
ing X-linked severe combined immunodeficiency (X-SCID) showed 
that several patients, cured of their disease, developed leukemia 
as a result of insertional mutagenesis.776

Results from trials performed in Paris and London reported 
in 5 out of 20 patients with X-SCID treated with specific gene 
therapy, the occurrence of leukemia, which was associated with 
oncogene transactivation by the vector’s transcriptional control 
elements.776,777

To solve these problems, the use of lentiviral vectors was first 
introduced in the early 2000s.778–780 The major advantages of 
these vectors were the ability to infect quiescent hematopoietic 
stem cells at higher rates and to export unspliced the vector RNA 
from nuclei, thereby ensuring the integrity of the expression cas-
sette. In the year 2000, the group led by Sadelain published the 
first study in which a murine model of thalassemia  intermedia 
was efficiently cured with a lentiviral globin vector.780 Soon 
after, therapeutic efficacy was demonstrated in a murine model 
of sickle cell disease,781 and even in a murine model of thalas-
semia major.782 In the following years different laboratories 
confirmed and extended these initial results, demonstrating 
the efficacy of lentiviral gene therapy with xenotransplants of 
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genetically corrected human thalassemic HCSs into recipient 
SCID mice.783

After many animal experiments, the first human gene therapy 
trial for b-thalassemia and sickle cell anemia began in France in 
2006.784 Two patients with thalassemia were treated. In the first 
patient, the gene-corrected bone marrow failed to reconstitute 
and the patient required a rescue with untransduced back-up 
bone marrow. The second patient had recently been reported 
to be free of transfusion for more than 3 years of post-gene 
therapy follow-up, maintaining a hemoglobin level between 9 and 
10 g/dl.784 However, further analysis of the patient discovered a 
dominant cell clone with integration site into the HMGA2 gene, 
a potential oncogene.785,786 The patient continues to be strictly 
monitored to anticipate a potential evolution into a leukemic 
state. A more extended follow-up and larger numbers of patients 
are needed to confirm the initial positive results, as well as to 
insure that the globin lentiviral vectors are sufficiently safe and 
offer to thalassemia patients a better option than the traditional 
transfusion and chelation therapy. In recent years, a new, highly 
promising technology has been developed that allows derivation 
of patient-specific embryonic-like stem cells from adult differenti-
ated cells (e.g., skin fibroblast). These reprogrammed cells, pro-
duced by transduction with the transcription factors Sox2, Oct3/4, 
Myc, and Klf4, are called induced pluripotent stem cells (iPS) 
because they have the ability to differentiate into all embryonic 
tissues. iPS can be easily obtained and have the great advantage 
of being expandable in large amounts and indefinitely. Moreover, 
the possibility of making them amenable to gene correction by 
homologous recombination renders these cells highly attractive 
for gene therapy. A proof of principle of this use has recently been 
provided by employing iPS to correct a murine model of sickle cell 
anemia.787 The field is very exciting and rapidly developing, and 
in the near future has the potential to completely revolutionize the 
field of gene therapy and regenerative medicine. However, some 
major challenges need to be overcome before iPS can be consid-
ered for clinical use, including the improvement of the efficiency 
with which somatic cells are reprogrammed and the demonstra-
tion that genetically engineered iPS have no potential to undergo 
subsequent malignant transformation.788

Thalassemia minoR

Classical Form: Clinical picture
The classical heterozygous carrier of b-thalassemia is usually 
asymptomatic, and the diagnosis is made by chance, because of 
positive family history or during population screening. Several 
series have been published on the clinical and hematologic fea-
tures of people with thalassemia minor.789,790 Anemia is mild or 
absent. In pregnancy, anemia can be more severe than in normal 
women, and folate supplementation, at the dose of 5 mg daily, is 
recommended.791,792 Iron absorption is increased, and frank iron 
overload has been reported. Inappropriate administration of iron 
has been proposed as a possible cause in some of the patients.793 
In addition, it has been observed that the b-thalassemia trait 
aggravates the clinical picture of hemochromatosis in individuals 
homozygous for the mutations C282Y and H63D, favoring higher 
rates of iron accumulation and the possible development of iron-
related complications.793 On the other hand, the H63D mutation 
has been reported to increase iron overload in b-thalassemia 
carriers.794 Iron deficiency anemia occurs less frequently in 
children heterozygous for b-thalassemia as compared to normal 
controls, but its clinical expression, at similar levels of iron deple-
tion, is more severe. The hemoglobin nadir at the end of the first 
trimester of life is also deeper and more prolonged in carriers of 
the trait.795 Serum bilirubin levels present considerable varia-
tion. Homozygosity for the mutation typical of Gilbert syndrome 

is one of the factors determining hyperbilirubinemia in these 
individuals.796 Increased risk of gallstones has also been observed 
in women with the b-thalassemia trait as compared to con-
trols.797 Data from Sicily seem to indicate that heterozygotes for 
b- thalassemia have a longer life expectancy.798 Men have a lower 
risk of myocardial infarction than the general population.799 A 
partially improved cardiovascular risk profile has been observed 
in terms of low hematocrit, low-density lipoprotein (LDL) choles-
terol, and apo-B in carriers of b-thalassemia.800 The LDL lower-
ing effect of the thalassemia trait is evident even in patients with 
familial hypercholesterolemia.801

Laboratory Features
The reported mean hemoglobin concentration in affected 
Italian men and women was 12.7 and 10.9 g/dl, respectively; 
in Greek men, 13.9 g/dl802; and in Oriental men and women, 
12.1 and 10.8 g/dl, respectively.790,791,793,803 A slightly lower 
hemoglobin concentration was noted in Jamaicans with hetero-
zygous b0-thalassemia (11.3 g/dl) compared with those having 
heterozygous b+-thalassemia (12.5 g/dl).804 Hemoglobin is less 
markedly decreased in Africans than in Mediterraneans.805 The 
red cell count is elevated, and the MCV and MCH values are 
reduced. The mean cell hemoglobin concentration (MCHC) is 
normal or only slightly decreased. In one series of 244 cases 
of b0-thalassemia carriers, the MCV was 67 ± 4.6 fl (mean ± 
1 SD), the MCH was 22.4 ± 1.6 pg, and the MCHC was 32.9 
± 0.8 g/dl red blood cells.791 The degree of reduction in the 
MCV is directly related to the degree of reduction in b-globin 
production.806 The MCVs produced by b0 mutations are lower 
than those produced by b+ mutations.807 Heterozygotes for mild 
b-thalassemia mutations, as a group, have higher MCV and MCH 
as compared to the severe b0 and b+ alleles. Microcytosis and 
hypochromia, associated with variation in size and shape of the 
erythrocytes, are commonly observed in the peripheral blood 
smear. Basophilic stippling is frequently found in heterozygous 
individuals from the Mediterranean, but not in Africans or 
Orientals.808,809 Reticulocytes are generally increased to twice 
the normal numbers and have been found to correlate with 
the hemoglobin level.793 In children, the MCV is lower than in 
adults and normally increases with age; in thalassemia carri-
ers, the correlation with age is less evident.810 The evolution of 
hematologic parameters in children at various ages is reported 
in Table 34.4.811 Free erythrocyte protoporphyrin is normal or 
slightly increased. Osmotic fragility is decreased. Red cell sur-
vival, measured by 51Cr, shows mild ineffective erythropoiesis, 

Age Hb (g/dl) MCV (fl) HbA2 (%) HbF (%)

At birth 18.3 ± 2.3 99 ± 8 0.5 ± 0.2 73.8 ± 10.1

4 mo 10.1 ± 1.1 70 ± 6 3.2 ± 0.7 27.0 ± 10.5

7 mo 10.5 ± 0.8 59 ± 4 4.8 ± 0.7 8.2 ± 4.0

9–10 mo 11.1 ± 0.9 59 ± 2 5.1 ± 0.5 4.4 ± 2.1

2 y 11.2 ± 0.9 58 ± 2 4.8 ± 0.4 4.1 ± 2.1

2–6 y 10.7 ± 1.0 61 ± 4 5.3 ± 0.6 nd

6–12 y 11.0 ± 1.0 62 ± 5 5.2 ± 0.6 nd

Adult male 13.3 ± 0.8 67 ± 6 5.0 ± 0.5 1.0 ± 0.5

Adult female 11.8 ± 0.9 66 ± 4 5.0 ± 0.5 0.9 ± 0.6

Hb, hemoglobin; MCV, mean corpuscular volume; nd, not determined.

Main HeMaTologiC paRaMeTeRS of b-THalaSSeMia 
CaRRieRS aCCoRDing To age

taBLe 34.4
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rather than peripheral hemolysis.812 HbA2 is constantly ele-
vated in heterozygous carriers of b-thalassemia in all the ethnic 
groups studied. The values range from 3.5% to 7% with a mean 
of 5%.15 This increase appears to be determined by an increased 
output of d-chains from both loci, in cis and in trans, to the thal-
assemia gene. HbF is increased in half of the patients, but the 
values observed are generally in the range of 1% to 3%. The dis-
tribution within the red cells is usually heterogeneous.813,814 A 
minority of carriers show unusually high levels of HbA2 (>6.5%) 
associated with a variable increase of HbF. The molecular basis 
of these forms is large deletions of the b-globin gene, which 
remove its 5′ promoter region. Globin chain synthesis analy-
sis in heterozygous b-thalassemia shows variable imbalance 
correlated to the severity of the b-globin chain defect.15 The 
physiologic decrease of HbF in the first weeks of life is slower in 
b-thalassemia heterozygotes (Table 34.4).

atypical Carriers
The typical phenotype of the b-thalassemia trait, essentially 
characterized by reduced MCV and MCH, and increased HbA2, 
may be modified by several genetic and acquired factors, causing 
problems in carrier identification. The coinheritance of hetero-
zygous b-thalassemia with homozygous a+-thalassemia (-a/-a) 
or heterozygous a0-thalassemia (–/aa) has a substantial effect on 
MCV and MCH, which increase sometimes up to  normal values 
(Fig. 34.21).815 However, the HbA2 in these double heterozygotes 
remains in the carrier range, thus allowing their identification. 
Atypical carriers with reduced MCV and MCH and normal or 
borderline HbA2 include double heterozygotes for d- and b-thal-
assemia and carriers of some mild mutation, such as the –87 
C→G, the –29 A→G, and IVS-1–6 T→C (Table 34.5). The differ-
ential diagnosis includes iron deficiency and a-thalassemia trait. 
Specific tests and sometimes family studies allow correct identifi-
cation (see below).699,816 A third group of atypical b- thalassemia 
carriers is represented by heterozygotes for very mild or silent 
b-thalassemia mutations (Table 34.5). As a result of minimal 
deficiency of b-globin production, these carriers have normal 
MCV and MCH and normal or borderline HbA2.816,817 The a- to 
b-globin chain synthesis ratio is normal or slightly higher than 
1, confirming that these mutations cause only a very mild reduc-
tion in the expression of the b-globin gene. In this group also, 
the  carriers of the triple a-globin gene  arrangement (aaa/aa), 
which for the excess of a-globin chain produced may be consid-
ered a very mild b-thalassemia allele, should be included.77,818 
Identification of these silent carriers is usually retrospective 
in parents of patients with mild thalassemia intermedia. An 
extreme, although rare, instance of complex thalassemia gene 
combination that may lead to an almost silent phenotype is the 

coinheritance of a-, d-, and b-thalassemia.818 Acquired factors 
able to modify the typical phenotype of b-thalassemia trait are 
iron deficiency anemia and folate deficiency. Iron deficiency ane-
mia, when severe, may decrease the high HbA2 levels typical of 
heterozygous b-thalassemia, and folate deficiency may increase 
the MCV up to normal values.819 When these deficiency anemias 
are present, other tests, such as DNA analysis to identify the 
b-globin gene mutation or retesting after correction of the ane-
mia, are warranted to make a correct diagnosis.

Iron deficiency, diagnosed on the basis of serum ferritin 
and mild anemia, has been reported to cause mild reduction of 
HbA2, hence reducing its reliability for b-thalassemia carrier 
 identification.820,821

db and hereditary persistence of Fetal 
hemoglobin Carriers
db0-Thalassemia carriers show red blood cell changes milder than 
those observed in b-thalassemia trait. Overall, MCV and MCH are 
around 70 fl and 24 pg, respectively. HbA2 is normal or reduced, 
and HbF is increased (5% to 20%) and heterogeneously distrib-
uted among red cells. The degree of globin chain imbalance is 
mild (a to non-a ratio around 1.5). Heterozygotes for deletional 
HPFH are characterized mostly by normal MCV, MCH, and HbA2. 
Only in some cases is there a mild reduction of red cell indices and 

Figure 34.21. effect of coinheritance of different a-thalassemia alleles in b-thalassemia carriers. Hb, hemoglobin; MCV, mean cell volume.
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27 pg, respectively. Hemoglobin pattern analysis can be obtained 
in a single step by high-pressure liquid chromatography (HPLC). 
This method gives an accurate quantitation of HbA2 and HbF and 
detects the large majority of Hb variants.824,825 Several automatic 
devices for hemoglobin separation and quantitation are available, 
and a comparative study has shown that all provide reliable detec-
tion of hemoglobin variants and good HbA2 quantification.826 
Alternatively, cellulose acetate electrophoresis or isoelectric focus-
ing can be used for detecting Hb variants, but quantitation of HbA2 
and HbF should be performed, respectively, by microchromatog-
raphy and alkali denaturation. Elution of HbA2 and HbF bands 
after electrophoresis is an accurate but time-consuming method. 
Appropriate tests for iron status determination and globin chain 
synthesis analysis are supplementary hematologic methods useful 
in carrier detection procedures.823 Family studies may be help-
ful in some atypical cases, particularly in genetic compounds for 
two different alleles. The carrier detection procedure should be 
designed in order not to miss any carrier or couple at risk. Based 
on the frequency and heterogeneity of thalassemia types pres-
ent in a population, appropriate screening programs are set out. 
The most used flow chart in Mediterranean populations, where 
thalassemias are common and heterogeneous, is reported in 
Figure 34.22.11 In addition to MCV and MCH, the first set of tests 
includes HbA2 quantitation to avoid missing double heterozygotes 
for a- and b-thalassemia with normal MCV and MCH. Globin chain 
synthesis analysis is performed to differentiate a-thalassemia trait 
from d-+ b-thalassemia or mild b-thalassemia alleles. With this 
relatively complex flow chart, only the truly silent b-thalassemia 
carrier and the triple a-globin gene arrangement may be missed. 

HbA2. HbF ranges from 15% to 30% with pancellular distribu-
tion. a-/n-a–globin synthesis is normal or mildly unbalanced.822 
Nondeletional HPFH heterozygotes have red cell indices, HbA2, 
and a- to non-a ratios similar to those of deletional HPFH carriers, 
while mean HbF levels vary from 1.5% to 27%.

Carrier Detection

b-Thalassemia and db-Thalassemia
Carrier detection methods should be able to identify typical and 
atypical heterozygous b-thalassemia as well as db-thalassemia 
and the hemoglobin variants, such as HbS and HbE, which, by 
interacting with b-thalassemia, may result in the production of 
clinically significant syndromes. As compared to most genetic 
diseases, carrier detection in hemoglobinopathies is relatively 
easy because it may be achieved through hematologic examina-
tion rather than DNA analysis. However, DNA analysis is needed 
for the identification of globin gene mutation, which is essential 
for prenatal diagnosis. Basic hematology methods for carrier 
detection consist of red blood cell indices determination and 
hemoglobin pattern analysis. More specialized tests (including 
iron status determination and globin chain synthesis analysis) and 
eventually DNA analysis are required in some cases for definitive 
diagnosis.384,386,823

The recommended method for blood count is the electronic 
measurement of red cell indices. All red cell indices are  important 
in the evaluation, but the most useful for thalassemia carrier 
identification are MCV and MCH, with cut-off values of <78 fl and 

Figure 34.22. Flow chart for the diagnosis of thalassemia syndromes. Hb, hemoglobin; HPFH, hereditary persistence of fetal hemoglobin; MCH, mean cell 
hemoglobin; MCV, mean cell volume; THAL, thalassemia. (Reprinted with permission of Cao A, Congiu R, Sollaino MC, et al. Thalassaemia and glucose-6-phosphate 
dehydrogenase screening in 13- to 14-year-old students of the Sardinian population: preliminary findings. Community Genet 2008;11:121–128.)
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In populations with low frequency of thalassemia the initial screen-
ing IVS-1–6 T→C Poly A site AACCCC AATGAA cd, codon; UTR, 
untranslated region can be performed by the evaluation of red cell 
indices modification, followed by the hemoglobin pattern analysis 
to confirm the presence of a thalassemic allele. The osmotic fragil-
ity test, less expensive than MCV and MCH determination, is a 
simple approach to screening for thalassemia.827 However, this 
test is sensitive but not specific, is difficult to standardize, and does 
give false negative results. Several mathematical indices derived 
from red cell parameters, measured using electronic counters, 
have been proposed to identify b- thalassemia carriers, discrimi-
nating thalassemia trait from iron deficiency (Mentzer, England 
and Fraser, Shine and Lal). However, these indices turned out to 
be inaccurate, particularly in pregnant women, in children, and in 
a- thalassemia–b-thalassemia interaction, predicting the correct 
diagnosis only in 80% to 90% of the patients.828 Therefore, their 
use is not appropriate, particularly in populations with a high fre-
quency of b-thalassemia, where missing a carrier may have serious 
consequences.

Two common problems in screening for b-thalassemia are the 
presence of borderline HbA2 values (i.e., HbA2 = 3.2% to 3.8%) 
and the differential diagnosis of microcytosis with normal to 
borderline HbA2.816,818 Borderline HbA2 may be associated with 
low or normal MCV and MCH. Several b-thalassemia genotypes 
have been associated with borderline HbA2 including mild b+ 
thalassemia mutations (i.e., HBB c.92+6 TC), coinherited d- and 
b-thalassemia, and b promoter mutations (i.e., HBB c.-142 CT).829 
However, all these determinants explain only a limited propor-
tion of borderline HbA2 levels, and the unexplained cases pose 
relevant screening and genetic counseling problems. Recently, 
mutations of the KLF1 gene have been described in a consistent 
proportion of subjects with borderline HbA2, and this facilitates 
carrier detection and genetic counseling.830 A phenotype char-
acterized by microcytosis, hypochromia, normal or borderline 
HbA2, and normal HbF may result from iron deficiency, a-thal-
assemia, d-+ b-thalassemia interaction, mild b-thalassemia, or, 
very rarely, âgdb-thalassemia. After exclusion of iron deficiency 
by erythrocyte zinc protoporphyrin determination and/or evalu-
ation of transferrin saturation, the different thalassemia deter-
minants leading to this phenotype are discriminated by globin 
chain synthesis analysis and eventually by a-, d-, and b-globin 
gene analysis.

db0-thalassemia carriers and HPFH heterozygotes, both char-
acterized by increased HbF levels, can be clearly differentiated by 
globin chain synthesis analysis, showing an a/non-a imbalance in 
the former. Identification of the molecular defect by globin gene 
DNA analysis may be requested to confirm the diagnosis.

The presence of the Hb Lepore can be suspected in the pres-
ence of an abnormal slow Hb band on the electrophoretic pattern 
associated with reduced MCV, MCH, and HbA2 and usually a mild 
increase (∼2% to 5%) of HbF. The diagnosis is confirmed by DNA 
analysis of the b-globin gene cluster. In couples at risk identified 
by the carrier detection procedures described above, the specific 
mutation is defined by globin gene DNA analysis using polymerase 
chain reaction (PCR)-based methods. There are now many differ-
ent PCR-based techniques that can be used to detect globin gene 
mutations, including dot blot analysis, reverse dot blot analysis, 
the amplification refractory mutation system (ARMS), denaturing 
gradient gel electrophoresis (DGGE), mutagenically separated 
polymerase chain reaction, gap-PCR, restriction endonuclease 
(RE) analysis, real-time PCR, Sanger sequencing, pyrosequencing, 
multiplex ligation-dependent probe amplification (MLPA), and 
gene array systems.831,832,833,834 Each method has advantages 
and disadvantages and the choice depends not only on the techni-
cal expertise of the laboratory, but also on the type and variety of 
the mutations likely to be encountered in the populations being 
tested. In fact, despite the marked heterogeneity of thalassemia 
mutations, a limited number of molecular defects are prevalent 

in each population (Table 34.6). This information is very useful in 
practice because the most appropriate probes or primers can be 
selected according to the carriers’ ethnic origin. It is advisable for 
any diagnostic laboratory to have at least two alternative methods 
for detecting mutations.

a-Thalassemia
a-Thalassemia carriers are more difficult to identify than b- or 
db-thalassemia carriers because they do not have typical changes 
in HbA2 or HbF levels. MCV and MCH are always reduced in car-
riers of –a/-a and –/aa genotypes, while –a/aa carriers often have 
normal or sometimes a mild reduction of MCV and MCH values. 
The hemoglobin pattern in adult a-thalassemia carriers is nor-
mal, although as a group they have slightly lower levels of HbA2. 
In the newborn the electrophoretic detection of Hb Bart (g4), a 
fast-moving band, is useful for diagnosis of a-thalassemia trait. 
a+-Thalassemia carriers usually show up to 3% of Hb Bart, and 
a0-thalassemia carriers (–/aa) and a+-thalassemia homozygotes 
(-a/-a) may have 3% to 8%. However, in some carriers Hb Bart 
may be undetectable.244,246

A simple test for detecting a-thalassemia carriers is the incu-
bation of the peripheral blood with brilliant cresyl blue; the smear 
examination may show rare red blood cells with HbH inclusion 
bodies, although their absence does not exclude a-thalassemia 
carrier status.246 Globin chain synthesis is used to identify a-thal-
assemia carriers that show an a:b ratio lower than 0.9. This test 
is helpful in the presence of microcytosis with normal HbA2 to 
differentiate the a-thalassemia trait from the d-+ b-thalassemia 
interaction (see b-Thalassemia Carrier Detection). Definitive 
diagnosis of a-thalassemia carriers can also be achieved with 
DNA analysis of the a-globin genes. The methods used depend 
upon the type of mutations expected in each population and are 
divided into those that detect deletions (gap-PCR and sometimes 
Southern blotting) and those that detect point mutations, that is, 
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nondeletion a-thalassemia (direct detection by restriction enzyme 
analysis, allele-specific oligonucleotide hybridization, DGGE, and 
DNA sequencing).391,835,836 The a0-thalassemia phenotype can 
be detected with an anti-z globin monoclonal antibody, since 
small amounts of embryonic z globin are produced in adult life 
by chromosomes lacking both a-globin genes.837 Detection of 
a0-thalassemia carriers is important for prevention of Hb Bart 
hydrops fetalis syndrome, for which prenatal diagnosis is always 
indicated, also to avoid the severe toxemic maternal complications 
during pregnancy. HbH disease is not considered to be among the 
hemoglobinopathies targeted for prevention.

Hemoglobin E
The diagnosis of heterozygous HbE is based on the hemoglobin 
pattern analysis by electrophoresis or HPLC separation. At alka-
line pH (8.4), HbE moves at the same position as HbA2 and can 
be distinguished by its high concentration; usually 25% to 30% 
HbE has the same elution time of HbA2 atHPLC.838 Lower pro-
portions of HbE in carriers indicate the presence of coinheritance 
a-thalassemia or of iron deficiency anemia. The blue dye dichloro-
phenolindophenol (DCIP) can be used as a screening test for HbE, 
which will dissociate and precipitate at the bottom of the tube 
upon incubation with this dye at 37°C.839

prenatal Diagnosis
The availability of prenatal diagnosis added a new option to 
couples at risk for a major hemoglobinopathy, leading to a signif-
icant change in the effectiveness of screening and counseling in 
hemoglobinopathy prevention.840 Prenatal diagnosis of both a- 
and b-thalassemia was carried out for the first time in the 1970s 
using globin chain synthesis analysis in fetal blood, obtained 
by fetoscopy or placental aspiration around the 19th week of 
gestation.841 The advent of DNA analysis and the introduction 
of chorionic villus sampling resulted in a notable improvement 
in prenatal diagnosis that can now be performed within the first 
trimester of pregnancy, generally at 10 to 12 weeks of gesta-
tion.842,843 Fetal DNA can be obtained also from amniocytes at 
15 to 17 weeks of pregnancy. Chorionic villus sampling is carried 
out transcervically or transabdominally and the risk of fetal loss 
with this procedure has given contrasting results, ranging from 
0.5% to 4.5%.844,845 However, in experienced hands, the fetal 
loss rate appears to be 0.5% to 1%, similar to natural wastage for 
pregnancies of this duration.846 After sampling, fetal DNA analy-
sis is performed by the PCR-based methods. Methods aimed at 
identifying the mutations are traditionally separated into direct 
(those designed to interrogate samples for the presence/absence 
of specific candidate mutations known to be present in the popu-
lation) or indirect methods (those that screen regions of genes 
to identify/exclude sequence variation of genes within each gene 
region (for review see 832). As a consequence of recent immigra-
tions and the admixture of different ethnic groups, the spectrum 
of mutations, particularly in western countries, has increased. In 
this context, more generic methods such as DNA sequencing, are 
more appropriate. In general, the mutation to be detected in the 
fetus is first identified in the parents. The results of DNA analysis 
are very accurate, but misdiagnosis may occur for several rea-
sons (e.g., failure to amplify the target DNA fragment, mispater-
nity, maternal contamination, and sample exchange). However, 
the risk of misdiagnosis can be significantly reduced using 
a number of precautionary measures, such as the fetal DNA 
analysis for selected polymorphic markers.844,847 The advent of 
DNA amplification has made it possible to define the genotype 
of a single cell biopsied from cleaving embryos (preimplantation 
diagnosis), and to analyze the polar body obtained during the 
maturation of the oocyte (preconception diagnosis).848,849 These 
procedures avoid the need to  terminate affected pregnancies 

through identification and transfer only of healthy embryos, 
established from in vitro fertilization. Successful experiences in 
many couples with this approach have been reported in hemo-
globinopathies.850–852 However, preimplantation genetic diag-
nosis (PGD) is a technically challenging, intensive procedure, 
which requires the close collaboration of a team of specialists. 
PGD is now an established reproductive alternative to prenatal 
diagnosis, offered in several specialized centers throughout 
the world (http://www.eshre.com).832 PDG requires close col-
laboration between experts in assisted reproductive techniques 
and DNA-experienced laboratories. Hemoglobinopathies are 
the monogenic disease for which PGD has been used more fre-
quently.853 PGD performed in combination with HLA typing for 
selecting unaffected and histocompatible embryos to facilitate 
bone marrow transplantation raises relevant bioethical prob-
lems. The ultimate success (an unaffected baby suitable as a 
bone marrow donor), based on genetic combinations, success of 
implantation, and frequency of delivery rate, is very limited in 
practice, rarely surpassing about 10% for any cycle.854–856 In the 
last decades there have been efforts in developing noninvasive 
methods for prenatal diagnosis, analyzing fetal cells or fetal free 
DNA present in maternal blood during pregnancy.857,858 The 
rarity of fetal erythroblasts in the maternal circulation has lim-
ited the practicality of this approach, while the use of fetal DNA 
holds promise for the noninvasive prenatal diagnosis of various 
hemoglobinopathies.859,860

b-thalassemia prevention programs adapted to meet the need 
of different communities have been implemented in several at-
risk countries across the world.861 These programs are based on 
education, carrier screening, and genetic counseling associated, 
in most but not all countries, with prenatal diagnosis. As for 
the timing, carrier screening can be premarital, preconceptual, 
or antenatal, each one offering different options to the carrier 
couples at risk.11,862–865

Hemoglobinopathy screening programs are mostly offered on 
a voluntary basis, but in some countries, including Saudi Arabia 
and Palestinian territories laws in place make premarital screen-
ing mandatory.865,866

The incidence of thalassemia major has decreased significantly 
after the introduction of prevention programs in several areas, 
including Sardinia, Cyprus, Taiwan, Iran, India, and Guangdong 
(China) (Fig. 34.23).271,863,867–870

Thalassemia inTeRmedia

Genetic Determinants
The remarkable clinical diversity of thalassemia intermedia 
may be produced by a great variety of genotypes. Thalassemia 
intermedia most commonly is associated with a homozy-
gous or compound heterozygous state for two b-thalassemia 
alleles.15,871–873 However, several patients with this mild clini-
cal picture have only a single b-globin gene affected and are 
considered heterozygotes for b-thalassemia. It has been clearly 
established that the severity of the b-thalassemias is related to 
the degree of globin chain imbalance. Therefore, in homozygous 
b-thalassemia, any inherited or acquired factor able to reduce 
the degree of globin imbalance may produce milder clinical 
forms (Fig. 34.24). On the other hand, in simple b-thalassemia 
heterozygotes, the worsening of globin chain imbalance may 
turn the asymptomatic carrier state into a significant clinical 
phenotype (Table 34.5).

Homozygotes or compound heterozygotes for mild 
b- thalassemia mutations, characterized by a residual high 
b-globin chain production, usually have thalassemia inter-
media. Examples are the homozygous state for –29 A→G 
in black patients and the IVS-1–6 T→C in Mediterranean 

72683_ch034_0862-0913.indd   902 31/07/13   2:52 PM



 Chapter 34 Thalassemias and Related Disorders: Quantitative Disorders of Hemoglobin Synthesis 903

d
is

or
de

rs
 o

f 
R

ed
 C

el
ls

patients.114,874,875 Compound heterozygotes for a mild and a 
severe mutation may cover a remarkably broad clinical spectrum 
of severity.227,815 This variability can be related to the presence 
of a-thalassemia or of genetic determinants able to increase the 
g-chain production.227 Few homozygotes for silent mutations 
have been reported (e.g., b CAP + 1 ASC, IVS-2–844 C→G); 
they have the hematologic and clinical characteristics of b- 
thalassemia trait.110,876 Compound heterozygotes for a silent 
and a severe mutation usually have a very mild thalassemia 
intermedia, but exceptions with a severe phenotype have been 
reported.108,236,817,818,877–879 Coinheritance of  a-thalassemia 
with homozygous b-thalassemia leads to a reduction in the 
excess of the a-chain pool and in the imbalance of the glo-
bin chain (Fig.  34.24A). Interacting a-thalassemia has been 
reported in patients with b-thalassemia intermedia from 
the Mediterranean and Southeast Asia.880–883 However, the 
ameliorating effect depends both on the type of coinherited 
a-thalassemia (the presence of two a genes deleted being 
more effective) and on the severity of the b-thalassemia allele 
(a-thalassemia being less effective in ameliorating the homo-

zygous b0-thalassemia). Genetic determinants maintaining a 
high g-chain synthesis after birth result in a reduction of the  
a/non-a-chain imbalance, thus producing a mild phenotype when 
coinherited with homozygous severe b-thalassemia. Moreover, a 
high g-chain synthesis produces a net increase in total hemo-
globin synthesis. Rarely, the increase of g-chain output depends 
on the type of thalassemia mutations per se, as it occurs in 
db-thalassemias, caused by deletions of variable extent in the 
b-globin gene cluster, or in deletions removing the b-globin 
gene promoter. Most commonly the persistence of HbF produc-
tion depends on the  co-transmission of specific determinants 
associated with quantitative trait loci linked or unlinked to the 
b-globin cluster. The most common of these loci is –158 C→T 
Gg promoter substitution, which is in linkage disequilibrium 
with several b0-thalassemia mutations (cd 6 [-A], cd 8 [-AA], 
IVS-2–1 G→A).871,884 This mutation leads to enhanced g-chain 
production under conditions of erythropoietic stress and par-
tially compensates for the absence of b-chain synthesis with 
consequent amelioration of the a/non-a imbalance and of the 
clinical phenotype. The –158 Gg C→T substitution has been 

Figure 34.23. Fall in the birth rate of infants with homozygous b-thalassemia in Sardinia.

Figure 34.24. Mechanisms of b-thalassemia intermedia. A: Reduced globin chain imbalance. B: Increased globin chain imbalance. HPFH, hereditary  
persistence of fetal hemoglobin.
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found occasionally in patients with b+ IVS-1–6 T→C and with 
the severe b0 39 C→T mutation.885 Genetic determinants capable 
of sustaining a continuous increased production of HbF in adult 
life and mapping outside the b-globin gene cluster have been 
identified on chromosome 2p16 (BCL11A gene) and on chro-
mosome 6q23 (HBS1L-MYB intergenic region).44,45,159 Several 
polymorphisms at these loci have been associated with increased 
HbF levels in patients with different  hemoglobinopathies (e.g., 
b-thalassemia, sickle cell anemia, HbE/b-thalassemia) belonging 
to different populations (Sardinians, Chinese, Thais, African-
Americans).45,160,886 Coinheritance of these determinants and 
a-thalassemia contributes to the amelioration of the phenotype of 
homozygous  b-thalassemia, resulting in a thalassemia intermedia 
phenotype.163,164 However, in some patients with  thalassemia 

intermedia homozygotes or compound heterozygotes for severe 
b-thalassemia mutations, even of the b0 type, the inherited 
modifying factors able to ameliorate the clinical features are still 
unknown. Less commonly, the phenotype of thalassemia inter-
media has been reported in subjects carrying only one b-globin 
gene defect. The worsening of the globin chain imbalance which 
converts the asymptomatic carrier state into a significant clinical 
phenotype depends on several mechanisms (Fig. 34.24B). Among 
them, five groups have been defined: (1) the dominantly inher-
ited b-thalassemia mutations (also reported as hyperunstable 
globins or inclusion body thalassemias);887,888 (2) compound 
heterozygosity for severe b-thalassemia with both deletion and 
nondeletion pancellular HPFH; (3) compound heterozygosity for 
b-thalassemia and some structural b-chain variants (HbD-Los 
Angeles b 121 GluSGln, HbC b 6 Glu→Lys, HbO-Arab b 121 
Glu→Lys);889 (4) coexistence of somatic deletions of a region of 
chromosome 11 p15;169,170 and (5) coinheritance of triplicated 
a-globin gene with excessive a-globin production.76,890,891 This is 
the most common group. Recently, cases have also been reported 
of simple b-thalassemia heterozygosity presenting with an inter-
mediate to severe phenotype because of duplication of the com-
plete a-globin gene cluster, including the upstream regulatory 
element HS-40, resulting in a-globin gene quadruplication.892,893 
However, it should be pointed out that several patients, hetero-
zygotes for b-thalassemia with the typical thalassemia intermedia 
clinical picture, have been reported in whom extensive analysis 
of b- and a-globin gene cluster and family studies fail to identify 
any other associated molecular defect.894,895 Recently, a new 
protein has been identified that binds to a-globin, preventing its 
precipitation.187 This protein belongs to the group of molecular 
chaperones and is referred to as AHSP. Transgenic mice, lacking 
functional AHSP, showed red blood cell changes consistent with 
damage caused by excess a-chains. Unexplained cases of thalas-
semia intermedia in b-thalassemia heterozygotes might result 
from mutations in AHSP that would cause the a-chain excess to 
be more detrimental.896 However, few and discordant results 
have been reported.892,893

Clinical Features
The clinical spectrum of thalassemia intermedia is heterogenous 
and variable in severity, ranging from mild anemia and jaundice 
to a thalassemia major–like clinical picture. It is usually diagnosed 
later compared to thalassemia major. Modell and Berdoukas 
reported that only 11% of patients with thalassemia intermedia 
presented in the first year of life, 30% in the second year, and 59% 
later in life.310

Conventionally, thalassemia intermedia is considered transfu-
sion-independent if hemoglobin is spontaneously maintained at or 
above 7 to 7.5 g/dl.897

However, regular transfusions often become necessary with 
advancing age, while in other cases they are required only 
occasionally (infections, hypersplenism, and pregnancy).898 It 
is not easy to predict which patients will become transfusion-
dependent and when. Age at presentation seems to represent 
a good indicator of future transfusion independency. Cao et al., 
describing a group of 34 patients with thalassemia intermedia, 
observed that those who became transfusion-dependent were 
diagnosed at a mean age of 8.5 ± 1.8 months, while those who 
remained transfusion-independent were diagnosed at 17.4 ± 
11.8 months.899

Patients with truly transfusion-independent forms may be 
completely asymptomatic until adulthood, experiencing anemia 
of various degrees and mild jaundice, while growth and develop-
ment are not impaired. In severely affected patients, thalassemia 
intermedia generally presents between the ages of 2 and 6 years, 
and although many are able to survive without regular transfu-
sions, growth and development can be delayed.

b-THalaSSeMia MuTaTionS oCCuRRing in SpeCifiC 
populaTionS wiTH HigH fReQuenCy

taBLe 34.7

Population Alleles

African American −88 C→T
−29A→G

Italians IVS -1 −1 G→A
IVS -1 −6 T→C
IVS -1 −110 G→A
cd 39 C→T
IVS -2 −745 C→G

Greek IVS -1 −1 G→A
IVS -1 −6 T→C
IVS -1 −110 G→A
cd 39 C→T
IVS -2 −745 C→G

Indian cd 8/9 +G
IVS -1 −1 G→T
IVS -1 −5 G→C
cd 41/42-TTCT
619-base pair deletion

Thai −28 A→G
cd 17 A→T
cd 19 A→G
IVS -1 −1 G→T
IVS -1 −5 G→C
cd 41/42-TTCT
IVS -2 −645 C→T

Chinese −28 A→G
cd 17 A→T
cd 41/42-TTCT
IVS -2 −645 C→T

Middle East cd 8 -AA
cd 8/9 +G
IVS -1 −5 G→C
cd 39 C→T
cd 44 - C
IVS -2 −1 G→A

Israeli −28 A→G
IVS -1 −110 G→A
cd 39 C→T
cd 44 - C
IVS -2 −1 G→A

North African Cd 6 -A
IVS -1 −1 G→A
IVS -1 −110 G→A
cd 39 C→T

cd, codon.
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The spleen is palpable in the majority of the patients and its 
size increases with time. Hypersplenism may develop, causing a 
decrease in hemoglobin levels and sometimes thrombocytopenia 
and neutropenia.

Bone deformities are common and include frontal bossing, 
prominence of the zygomatic bones, depression of the base of the 
nose, shortening of long bones, cortical thinning, and dilatation 
of the medullary cavities, as described for thalassemia major.897 
The more severe skeletal abnormalities indicate excessive mar-
row activity secondary to anemia and are an indication to begin 
transfusions.

Osteoporosis is frequently found in thalassemia intermedia 
and along with cortical thinning is responsible for pathologic 
fractures of long bones and vertebrae. The pathophysiology 
of bone disease is complex and is due to bone marrow expan-
sion, endocrine dysfunction, genetic factors, direct iron toxic-
ity to osteoblasts, and increased osteoclast activity.327 Vitamin 
D deficiency has an important role.900 The development of 
osteoporosis in some patients has been associated with specific 
polymorphisms in candidate genes (vitamin D receptor, estrogen 
receptor, calcitonin receptor, and collagen type 1 a1), but the 
hypothesis has not been confirmed.321 Bone and joint pains are 
also frequently reported.

Extramedullary erythropoiesis is common in thalassemia 
intermedia and can produce all sorts of bizarre symptoms.902,903 
It is found in up to 65% of patients with thalassemia intermedia, 
compared to thalassemia major patients on regular transfusions, 
where the prevalence remains below 1%.897

Symptoms are usually reported during the third and 
fourth  decades of life; however, there have been reports in 
 children.904,905

Ectopic erythropoietic masses may be found in various body 
sites, including spleen, liver, lymph nodes, and kidneys, but 
also in paravertebral, intrathoracic, pelvic, and intracranial 
 locations.316,906

Most cases remain asymptomatic and are usually diagnosed 
incidentally by radiologic techniques, while others lead to com-
pression of adjacent structures as tumor-like masses.

Paraspinal involvement occurs in 11% to 15% of cases and may 
present with a variety of neurologic symptoms, including back 
pain, paraparesis, paraplegia, urinary urgency, and bowel incon-
tinence.906,907 (Fig. 34.26) Spinal cord compression causing para-
paresis and cauda equina syndrome requires urgent treatment.

The intrathoracic location is often asymptomatic; however, it 
may present with pleural effusion or mediastinal syndrome.908–910 

(Fig. 34.25)
There is currently no consensus on the best treatment strategy 

for extramedullary erythropoiesis. Hydroxyurea and transfu-
sions have proven to be effective,908,911 but when rapid regres-
sion is required, surgical treatment and/or radiotherapy may be 
 indicated.912–914

Magnetic resonance imaging (MRI) is considered the method of 
choice for the diagnosis and follow-up of extramedullary erythro-
poiesis, especially for paraspinal localizations.907,908,915

transfusion therapy
Thalassemia intermedia, is, by definition, transfusion-independent. 
However, at some time during the life of a patient the decision 
to initiate transfusion therapy may need to be made. In general, 
transfusion becomes necessary when the sense of well-being of 
the patient decreases to a level inadequate to the activities of a 
normal life. This usually occurs at levels of hemoglobin below 7 
g/dl. In children, in addition to the level of hemoglobin, the main 
indicators are stunted growth, poor general condition, and skel-
etal deformities.

Also, it is important to consider the consequences of withhold-
ing transfusions in terms of medullary and extramedullary hyper-
plasia. Other circumstances that may require transfusion therapy 
include infections, hypersplenism, periods of rapid growth, and 

Figure 34.25. extramedullary erythropoiesis manifesting as bulky space-occupying masses in the chest. The patient was a 34-year-old woman, 
untransfused by her choice. Molecular defect was heterozygous b0 thalassemia plus a gene duplication. A: Antero-posterior projection. B: Lateral projection.

A B
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pregnancy. Parvovirus B19 infections can cause aplastic crises, 
characterized by peripheral reticulocytopenia and giant and 
bizarre pronormoblasts in the bone marrow and, sometimes, 
transient pancytopenia. Anemia is often severe enough to require 
blood transfusion.

In adult patients who have been transfusion-independent for 
decades, transfusions can become necessary because of reduced 
marrow activity and development of severe anemia. This phe-
nomenon has been attributed by some authors to a decreased 
production of erythropoietin, but further research is necessary to 
confirm this hypothesis. When the decision to transfuse is made, 
the transfusion regimen should be similar to the one generally 
adopted for thalassemia major. A level of pretransfusional Hb 
around 9.5 to 10 mg/dl is usually sufficient to adequately sup-
press the bone marrow activity, promoting better growth and 
decreasing iron absorption from the gut. Several authors believe 
that patients with more severe forms of thalassemia intermedia, 
mimicking thalassemia major, should be transfused immediately 
following diagnosis.898

In the OPTIMAL CARE study, a large cooperative effort includ-
ing heterogeneous patients from the Middle East, Iran, and Italy, 
and in several observational studies, transfused thalassemia 
intermedia patients experienced fewer complications related 
to chronic anemia, ineffective erythropoiesis, and hemolysis 
(extramedullary hematopoiesis, pulmonary hypertension, and 
thromboembolic events), while suffering higher rates of iron over-
load–related endocrinopathy.900

The introduction of transfusions earlier in life will probably 
increase iron accumulation overload, that can, however, be con-
trolled by effective iron-chelating drugs.916

Another reason to start transfusion early is that the risks of allo-
immunization and autoimmunization seem to be lower if transfu-
sions are initiated early in life. In a report, 34% of 139 patients with 
thalassemia intermedia developed this complication,917 and a Greek 
study reported a frequency of alloimmunization of 21% versus 
47.5% in patients transfused before and after the age of 3 years.223

The consequences can be dramatic when the autoimmune 
hemolytic anemia develops during pregnancy, causing severe 
anemia incompatible with survival of the fetus.545

The pathogenesis of allo- and autoimmunization is unclear, 
and it has been attributed to “hidden” antigens from peripheral 
red blood cell fragmentation. Transfusion of blood phenotypically 
matched at least for the ABO, Rh, and Kell systems is necessary 
and can prevent alloimmunization in many cases.918

Therapy with immune suppressants, intravenous immuno-
globulins, hydroxyurea, and even splenectomy can be attempted. 
Remission of the hemolytic process has been reported with 
allogeneic bone marrow transplantation.919 Hypersplenism is an 
almost inevitable complication of thalassemia intermedia, often 
leading to transfusion dependency that is usually reversed by 
splenectomy. An exception is represented by the association of 
duplication of a genes plus heterozygous b-thalassemia, in which 
splenectomy can aggravate the hemolytic process.920

In any case, the risks of postsplenectomy infection and throm-
bosis should always be kept in mind.

Iron Overload
Iron overload in thalassemia intermedia can be caused by two 
mechanisms: increased intestinal absorption and, more rarely, 
transfusions. In non-transfused patients iron overload develops 
more slowly and accumulates in different sites. The role of hep-
cidin in this process is being unveiled. Hepcidin is a 25–amino 
acid peptide synthesized in the hepatocytes that controls the con-
centration of ferroportin on the intestinal epithelium. Low levels 
of hepcidin correlate with higher levels of ferroportin, resulting 
in increased intestinal iron absorption that for the most part is 
stored in the liver (Fig. 34.27). The lack of hepcidin results in 
hyperabsorption of dietary iron, but also in iron depletion of mac-
rophages, lowering their secretion of ferritin and, consequently, 
serum ferritin levels. Therefore, reliance on serum ferritin alone 
may delay adequate treatment195,428,429 (Fig. 34.10).

In thalassemia intermedia, the high erythropoietic drive 
induces hepcidin deficiency, in large part mediated by growth 
differentiation factor 15 (GDF15). GDF15, identified as a hepcidin 
suppressor factor, is expressed at high levels in patients with 
ineffective erythropoiesis.430 Data suggesting that Janus kinase-2 
(Jak2) may affect iron metabolism, regulating ferroportin degra-
dation,192 have not been confirmed.458,921

Iron Chelation
Studies performed by magnetic resonance have shown that, in 
thalassemia intermedia, iron tends to accumulate in the liver, 
while the heart is usually spared.

Iron assessment in thalassemia intermedia should include 
direct liver iron concentration by MRI or, if necessary, by 
biopsy.922–924

The decision to start iron chelation in patients with thalas-
semia intermedia depends on several factors: degree of iron 
overload, rate of iron accumulation, duration of exposure to 
excess iron, and various other factors, including compliance.906 
In a study, elevated liver iron concentration was associated with 
an increased rate of morbidity in patients with phenotypes of any 
severity. An increase in 1 mg Fe/g dry weight in liver iron con-
centration was independently and significantly associated with 
higher odds of thrombosis, pulmonary hypertension, hypothy-
roidism, osteoporosis, and hypogonadism.925

Figure 34.26. CT scan of the spine of a 40-year-old patient with thalassemia 
 intermedia showing an extramedullary mass compressing the spinal marrow.
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It is suggested that chelation therapy should be initiated if liver 
iron concentration exceeds 7 mg/g dry weight of liver tissue.926 
However, lower levels of liver iron concentration for initiation of 
chelation therapy may also be considered, especially if oral chela-
tors are available.906

Three chelating agents are currently available: desferriox-
amine (DFO), deferiprone (DFP), and deferasirox (DFX).

Deferoxamine has demonstrated significant benefits in terms 
of morbidity and mortality in iron-overloaded thalassemia major 
patients.442,690 However, data on safety and efficacy in thalas-
semia intermedia are limited. In the past, in a small study of ten 
transfusion-independent patients treated with DFO for 6 months, 
a significant reduction of serum ferritin, accompanied by iron 
excretion, was seen.927

Data on the use of the first available oral iron chelator, DFP, 
in thalassemia intermedia are also limited. A small clinical trial 
using deferiprone in nine intermittently transfused thalassemia 
intermedia patients demonstrated significant reductions in 
mean serum ferritin, hepatic iron, red cell membrane iron, and 
serum nontransferrin-bound iron levels. Adverse events were 
mostly mild and included gastrointestinal symptoms and joint 
pain.928

Deferiprone is known to be more effective than desferriox-
amine in removing cardiac iron,444,610 and these two agents in 
combination are used for intensive chelation in the presence of 
severe iron overload.480,526 However, data for thalassemia inter-
media patients are not yet available and, considering that cardiac 
iron overload is virtually absent in thalassemia intermedia, inten-
sive combination treatment may rarely be necessary.924,929,930

A recent, randomized, double-blind, placebo-controlled study 
of 1 year duration assessed the efficacy and safety of deferasirox 
in 166 thalassemia intermedia patients. Liver iron concentration 
and serum ferritin decreased and the frequency of adverse events 
compared favorably with placebo.931

In the rare patients with sufficiently high hemoglobin levels, 
phlebotomy could be used to decrease the iron overload accu-
mulated with previous transfusions or through the gastrointes-
tinal tract.932 A few patients have been treated by bone marrow 
 transplantation.728,919

endocrine Complications
Endocrine complications are rare in patients with thalassemia 
intermedia, but hypogonadism, diabetes, and hypothyroidism 

have been reported.925 Although patients generally experience 
delayed puberty, they have normal sexual development, and fer-
tility is usually preserved. Hundreds of children have been born 
to women and men with thalassemia intermedia, mostly after 
spontaneous conception. However, pregnancy may be complicated 
by miscarriage, preterm delivery, intrauterine growth restriction, 
and thromboembolic events.538,545,933 In some series, miscar-
riages seem to be more frequent than in the normal population, 
especially if severe anemia is present.543

Anemia becomes more severe during pregnancy, especially 
during the first and second trimester and, in order to prevent 
fetal growth restriction due to hypoxia, blood transfusion is often 
required.906,916

However, transfusions in previously untransfused women 
may induce alloimmunization, which contributes to worsening 
of anemia.495,897 Alternative approaches, such as erythropoietin 
administration, have been suggested.934

Sometimes splenomegaly can interfere with uterus enlarge-
ment and splenectomy can become necessary.

The risk of thrombosis is high enough to warrant antithrom-
botic therapy before and after delivery.356,933

Folic acid deficiency, a risk factor for neural tube defects, is 
common in thalassemia intermedia. Therefore, oral folic acid 
supplementation is recommended during pregnancy. Caesarean 
section is often chosen as a method of delivery, especially when 
a fetopelvic disproportion, not rare in these women, is present.

Leg Ulcers
Trophic leg ulcers developing above the medial malleolus are a 
common and distressing finding in older patients with thalas-
semia intermedia (Fig. 34.28). The pathophysiology is still unclear, 
but it seems that the low hemoglobin levels associated with 
abnormal red cell rheology and increased hemoglobin F levels 
that cause reduced oxygen release determine tissue hypoxia. 
This promotes thinning of the skin and subcutaneous fragility, 
which in turn increase the risk of lesions both spontaneous and 
from minimal trauma.935,936 Hemolysis-induced low arginine 
and nitric oxide bioavailability, associated with oxidative stress 
and hypercoagulability have been demonstrated in patients with 
thalassemia intermedia. These factors contribute to endothelial 
dysfunction and development of vasculopathy, which have been 
implicated in the pathogenesis of pulmonary hypertension, stroke, 
priapism, and also leg ulcers.680,937,938

Figure 34.27. iron distribution in the liver of thalassemia intermedia (A) and major (B) patients. A: Stored iron is found mainly at the biliary pole of hepa-
tocytes. Only sporadic iron-loaded hypertrophic Küpffer cells are observed (arrow ) (Perls’ stain, original magnification is ×250). B: Stored iron is observed mainly 
in hypertrophic Küpffer cells (arrows ) (Perls’ stain, original magnification is ×250). At higher magnification (×400, insert), fine hemosiderin granules are also seen 
in the cytoplasm of hepatocytes. (Reprinted with permission of Origa R, Galanello R, Ganz T, et al. Liver iron concentrations and urinary hepcidin in b-thalassemia. 
Haematologica 2007;92:583–588.)
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Treatment is often unsatisfactory, as leg ulcers are difficult 
to heal and frequently recur. It may include simple measures, 
like pressure dressing939 and elevation of legs and feet for a 
few hours during the day or at night, or, in more complicated 
cases, skin grafting.935 Regular blood transfusion, associated with 
hydroxyurea, may be useful in persistent cases.940 In one report, 
a transfusion-independent patient suffering from persistent leg 
ulcerations responded to 1-year therapy with exchange transfu-
sions, which reduced the percentage of HbF from 70% to 35%.941 
Other reported treatments include topical G-CSF, as well as 
platelet growth factor, zinc supplementation, and local hyperbaric 
oxygen sessions.942

thromboembolic Disease
Hypercoagulability and thromboembolic events have been reported 
in all thalassemia syndromes. However, they appear to be more 
common in thalassemia intermedia compared to a normal age- 
and sex-matched population and to thalassemia major patients.200

In a report on 8,860 thalassemia patients from the Mediterranean 
countries and Iran, thromboembolism occurred in 4% of 2,190 
patients with thalassemia intermedia compared to 0.9% of 6,670 
patients with thalassemia major. In the thalassemia intermedia 
group, these events primarily occurred in the venous system 
and included deep vein thrombosis (40%), portal vein thrombo-
sis (19%), stroke (9%), pulmonary embolism (12%), and others 
(20%).354

In an Italian multicenter study, the prevalence of thromboem-
bolic events was found to be 9.6% in patients with thalassemia 
intermedia as compared to 4% in patients with thalassemia 
major.943

In a large cooperative study thrombosis was the fifth most 
common complication, affecting 14% of the patient population. 
On multivariate analysis, splenectomy, age above 35 years, and 
a serum ferritin level ≥ 1,000 mg/l were associated with a higher 
risk for thrombosis. Conversely, a positive history of transfusion 
and a hemoglobin level ≥ 9 g/dl were found to be protective 
against thrombosis.900

Thrombosis of the portal vein after splenectomy has been 
reported.944

In addition, a magnetic resonance imaging study described the 
presence of silent white matter lesions in the brains of as many as 
60% of splenectomized adults. The occurrence and multiplicity of 
the lesions were associated with older age and transfusion naivety 
(83% of lesion-positive patients had never had a transfusion vs. 
25% of lesion negative patients).945

The pathogenesis of the chronic hypercoagulable state is com-
plex. Circulating damaged red cells and erythroid precursors and 
red cell remnants expose negatively charged phosphatidyl-serine 
through the “flip-flop” phenomenon and subsequently activate 
thrombosis. Splenectomy favors the persistence of these dam-
aged red cells in the circulation, especially in non-transfused 
patients.946 Endothelial cells are also activated and damaged by 
the oxidative stress due to hemolysis and iron overload, leading 
to increased expression of adhesion molecules and impaired nitric 
oxide production. Furthermore, increased platelet numbers and 
aggregation are common in thalassemia.200 Higher plasma levels 
of markers of coagulation and of fibrinolysis activation are pres-
ent in splenectomized thalassemia intermedia patients compared 
to thalassemia major and to healthy individuals.356 Also, sple-
nectomy, as well as liver dysfunction, cause deficiency of natural 
anticoagulants, such as protein C and protein S and increased 
levels of thrombin-ATIII complex.198

It has been suggested, on the basis of data from a large mul-
ticenter study, that splenectomized patients who will develop 
thromboembolic events may be identified early on by the high 
number of circulating nucleated red blood cells and platelet 
counts, evidence of pulmonary hypertension, and transfusion 
naivety.947

In a subanalysis of a large cooperative study, platelet counts 
over 500 × 109/l were an independent and significant predictor of 
thrombosis in splenectomized thalassemia intermedia patients.916 
Therefore, platelet antiaggregants should be given early in the 
disease, particularly in splenectomized patients. High counts of 
nucleated red blood cells and evidence of pulmonary hypertension 
were also predictive of development of thromboembolic events in 
splenectomized thalassemia intermedia patients.947

Finally, a model for assessing the risk of thrombosis in thal-
assemia has been proposed to estimate the thrombotic risk as a 
function of intrinsic (thalassemia type and number of circulating 
red blood cells) and extrinsic (infection, surgery, and splenectomy) 
factors.197

Recommended treatment options include platelet anti-aggre-
gants, such as aspirin, in patients with thrombocytosis or anti-
coagulant agents, such as low molecular weight heparin, in 
patients undergoing surgery, and in the peripartum period. 
Heparin therapy, followed by long-term oral anticoagulants or anti-
platelet agents is indicated after thromboembolic events. Although 
reasonable and widely applied, these recommendations are not 
supported by compelling evidence from the literature.897,906

Liver Disease
Hepatocellular carcinoma has been reported in adult patients with 
thalassemia intermedia as a consequence of iron overload and 
chronic viral infection.948

Gallstones are more common in thalassemia intermedia than 
in thalassemia major because of greater ineffective erythropoiesis 
and peripheral hemolysis, in the absence of regular transfusions. 
Coinheritance of the Gilbert’s syndrome (mutation of the A[TA]
nTAA motif of the promoter of the bilirubin in UDP-glucuronosyl-
transferase gene) increases the indirect bilirubin level and the 
risk of gallstones in thalassemia syndromes.373 The effect is even 
more evident in thalassemia intermedia patients, in whom the 
prevalence of gallstones seems to be related to allele dosage: 27% 
in patients with normal (TA)6/(TA)6 genotype, 68% in heterozy-
gous patients for the mutated (TA)7, and 80% in homozygotes 
(TA)7/(TA)7.229

Pronounced jaundice is a frequent consequence of hemolysis, 
especially in patients with coexistent Gilbert’s syndrome, and is 
often found disturbing for esthetical reasons.

Cardiac Disease
While heart disease, as a consequence of iron overload, is the first 
cause of death in thalassemia major, patients with  thalassemia 

Figure 34.28. Large malleolar ulcer in a patient with thalassemia intermedia. After 
numerous unsuccessful attempts the lesion was cured with compressive bandages.
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intermedia are usually not affected by severe hemosiderosis and 
are therefore less prone to cardiac problems. MRI data have 
demonstrated that in patients with thalassemia intermedia car-
diac iron overload is virtually absent.924,929,930 Nevertheless, a 
large multicenter study of 110 Greek patients found that 5.4% 
had congestive heart failure, 8% acute pericarditis, 34% chronic 
pericardial changes, and more than half had some kind of valvular 
defect.373

Chronically high cardiac output in non-transfused patients has 
an important role in left ventricular remodeling, which has been 
demonstrated to be more pronounced than in regularly transfused 
thalassemia major patients.949 Regular transfusions seem to be 
protective toward the development of heart failure.900 However, 
pulmonary hypertension is known to be the leading cause of car-
diac failure in thalassemia intermedia.

pulmonary hypertension
Pulmonary hypertension is defined as systolic pulmonary artery 
pressure >25 mmHg at rest and >30 mmHg during exercise with 
a normal pulmonary artery wedge pressure <15 mmHg and an 
increased pulmonary vascular resistance greater than three Wood 
units. It is now considered the leading cause of cardiac failure in 
thalassemia intermedia.

In the previously mentioned Greek study, pulmonary hyperten-
sion was found in 59% of cases and all the patients with conges-
tive heart failure had severe pulmonary hypertension with normal 
systolic left ventricular function.373 Risk factors for pulmonary 
hypertension have been identified as being splenectomized, hav-
ing high nucleated red blood cell counts, not being transfused, and 
not being treated with hydroxyurea or iron chelation. In addition, 
a risk factor is a previous history of thromboembolism.950

The mechanisms underlying pulmonary hypertension in thal-
assemia intermedia are unclear. There is evidence that chronic 
hemolysis, through the induction of nitric oxide and arginine 
depletion, may lead to vasoconstriction, vessel wall hypertrophy, 
hypercoagulability, local thrombosis, and increase of thrombox-
ane and endothelin, resulting in chronic organ damage and endo-
thelial dysfunction.951

Platelet activation has been shown to be significantly higher 
in thalassemia intermedia compared to thalassemia major.952 
Complex interactions between platelets, coagulation factors, 
erythrocytes, and endothelial cells with inflammatory and vascu-
lar mediators may also contribute to the endothelial dysfunction 
and subsequent pulmonary vascular remodeling.952,953

For all the above mentioned reasons, screening for pulmonary 
hypertension is an essential part of the diagnostic follow-up in 
patients with thalassemia intermedia.

Regular transfusions associated with adequate iron chelation 
reduce tissue hypoxia, ineffective erythropoiesis, and circulation 
of damaged erythrocytes, therefore preventing hemolysis and 
hypercoagulability, which contribute to the development of pul-
monary hypertension.637

However, the preventive role of transfusion is still controver-
sial. Pulmonary hypertension has been described also among 
transfused thalassemia major patients, mostly after splenectomy, 
implying that in some cases regular transfusions do not prevent 
the disease.

Many authors recommend regular transfusions and iron che-
lation in thalassemia intermedia patients when early signs of 
pulmonary hypertension appear.373,906,954

Hydroxyurea prevents hemolysis and hypercoagulability by 
increasing hemoglobin F synthesis and reducing thrombocytosis. 
A retrospective study found no pulmonary hypertension in 50 
thalassemia intermedia patients treated with hydroxyurea for 7 
years.900,955

Specific treatments for pulmonary hypertension are being 
studied. New agents, like prostacyclin analogs (epoprostenol, ilo-
prost, oral beraprost), endothelin receptor antagonists (bosentan, 

sitaxsentan), and phosphodiesterase 5 inhibitors (sildenafil) have 
been successfully used to treat pulmonary hypertension. Some of 
these have been used in patients with hemoglobinopathies.

Bosentan is often used with good results, but it sometimes 
needs to be discontinued because of hepatotoxicity or inadequate 
efficacy.

Sildenafil citrate was first successfully used in a 34-year-old 
transfusion-dependent man with thalassemia intermedia956 and, 
more recently, in four patients who during therapy experienced 
reduction of pulmonary pressure, improvement of cardiovascular 
function, and better exercise tolerance.957

Unfortunately, there are no randomized, controlled trials 
demonstrating the long-term safety and efficacy of these new 
treatments in patients with hemoglobinopathies. Two random-
ized trials in sickle cell disease, one using sildenafil and the other 
bosentan, were discontinued because of the increase of painful 
crises in one and lack of beneficial effects in both.958,959

Further studies including larger groups of patients are neces-
sary to establish the long-term safety and efficacy of these new 
agents in patients with thalassemia intermedia.

pseudoxanthoma elasticum
Pseudoxanthoma elasticum (PXE) is an autosomal recessive, multi-
system disorder affecting elastic tissues, because of a mutation on 
chromosome 16p13.1. The gene encodes the membrane transport 
protein ABCC6 and more than 300 mutations have been described. 
Clinically it is characterized by typical lesions of the skin (small 
yellowish papules or larger coalescent plaques), eyes (breaks of 
the elastic lamina of Brush membrane named angioid streaks), 
and arteries (degeneration of the elastic lamina of the arterial wall 
often accompanied by arterial calcification). Acquired PXE-like 
syndromes have been described in several hemolytic disorders.

Typical skin lesions, angioid streaks in the retina, calcified 
arterial walls, and aortic valve disease resembling PXE have been 
reported in patients affected by thalassemia.367,367

It appears to be age-dependent and it is more common in 
thalassemia intermedia than in thalassemia major. In a study 
published in 1998 and including patients affected by thalassemia 
intermedia older than 30 years, arterial calcifications were found 
in 55%, skin lesions in 20%, and ocular alterations in 52%. Eighty-
five percent had at least one of the three typical lesions.368

The presence of PXE is usually suspected because of the char-
acteristic skin lesions.

The typical histopathologic features of PXE both in the inher-
ited and the acquired form are the abnormal, mineralized, and 
fragmented elastic fibers (elastorrhexia) in skin, eyes, and arterial 
blood vessels; however, the genetic mutations of the inherited 
form are not present in patients with PXE and thalassemia.369

The pathophysiology remains unclear and it is attributed to 
iron-induced oxidative tissue damage, caused by hemolysis and 
iron overload.

Thrombotic events and gastrointestinal and intracranial bleed-
ing, which preclude the use of platelet antiaggregants, can compli-
cate the clinical course.376

Although no effective therapy is available, phosphate bind-
ers, a group of drugs given in the attempt to limit the intestinal 
absorption of phosphate and consequently normalizing the serum 
calcium phosphate product, could offer a means of reducing the 
calcium/phosphate load in patients with PXE. Histopathologic 
regression of skin calcifications was demonstrated in 3 out of six 
patients treated with aluminum hydroxide for 1 year and in all 
six no progression of the ocular angioid streaks was observed.377

In a knock-out mouse model of PXE, obtained by silencing the 
Abcc6 gene, a magnesium carbonate–enriched diet completely 
prevented mineralization of the vibrissae, an early biomarker of 
the mineralization process. These results suggest that phosphate 
binders may offer a potential treatment modality for this so far 
intractable disease.378
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Other Complications
Folic acid deficiency can be present960,961 because of increased 
folate utilization by the hyperactive bone marrow. Daily 
 supplementation with 1 mg of folic acid is advised for patients 
with thalassemia intermedia.962

b-Thalassemia in assoCiaTion wiTh 
b-Chain sTRuCTuRal vaRianTs

hemoglobin S thalassemia Syndromes
The term sickle cell disease refers, not only to homozygous HbSS, 
but also to all genotypes in which HbS interacts with other globin 
gene mutations, including b°-thalassemia, b+-thalassemia, db-
thalassemia, HPFH, and HbLepore. The clinical course of these 
phenotypes is extremely variable; however, the thalassemia gene 
is expressed with some degree of microcytosis, hypochromia, and 
variation in the relative proportions of HbA2 and HbF. Sickling 
symptoms, if present, are often milder than those noted in 
patients with homozygous sickle cell anemia.

Hemoglobin S–b-Thalassemia
The double heterozygous state for HbS and b-thalassemia is 
the most common variant of sickle cell disease in individuals of 
Mediterranean ancestry and the second most common sickling 
disorder. In the U.S. it is estimated to affect about 1 in 1667 
Americans at birth.963 HbS/b0-thalassemia occurs approximately 
once in every 23,000 Afro-Americans964 and in Jamaica has a 
frequency of one in 6,750.965

HbS/b-thalassemia is clinically more similar to sickle cell 
disease than to thalassemia major or intermedia. The severity 
depends on the type of b-thalassemia mutation. Patients who 
inherit a b° gene are clinically indistinguishable from those 
with homozygous sickle cell anemia and have very low levels of 
HbA, while patients with b+ genes present milder phenotypes 
and may even be asymptomatic because of the higher levels of 
HbA.966,967

Hematologically HbS/b-thalassemia presents with higher red 
blood cell counts and HbA2 levels and lower MCV and MCH values 
(mean 68 fl and 20 pg, respectively) compared to HbSS.968

The risk of stroke in patients with HbS/b°-thalassemia is 
considered high and therefore transcranial Doppler screening is 
recommended, as in homozygous HbSS.969

Complications of both diseases are frequently seen, including 
delayed growth and puberty, vaso-occlusive events, and acute 
chest syndrome.

Splenomegaly is more common in patients with HbS/b-
thalassemia, compared to HbSS, and the spleen tends to remain 
enlarged and functional in adulthood. As a consequence, several 
cases of fatal splenic sequestration have been reported in patients 
with HbS-b+-thalassemia.970–972

Avascular necrosis of the femoral head is more frequent and 
appears earlier in sickling disorders with higher hematocrits, like 
HbS/b+-thalassemia.973

Proliferative sickle retinopathy also seems to be more common 
and severe in sickle-thalassemia than in homozygous HbSS.974,975

While antibiotic prophylaxis is highly recommended in HbSS 
and HbS/b°-thalassemia, in patients with HbS/b+-thalassemia its 
use is controversial, because their splenic function is not usually 
impaired and they are not considered at high risk of having pneu-
mococcal septicemia.976

Various phenotypes of sickle cell disease may have a milder 
course when associated with a concomitant a-thalassemia trait 
as a result of a decrease in the MCHC, which lowers HbS polymer 
formation.977

Other genetic modifiers can influence the phenotype, as 
hypothesized on the basis of the discordance of symptoms in 
affected members of a single family.978

In particular, the relative amount of HbF plays an important 
role in disease severity.979

Precise diagnosis is important to predict the clinical course and 
prognosis, and to perform correct genetic counseling.

In HbS/b-thalassemia, HbS is the most abundant hemoglobin, 
HbA2 is increased, and HbF may be normal or variably increased. 
HbA accounts for less than 30% of the total amount of hemoglobin 
in patients with b+ gene mutations, while it is virtually absent in 
HbS-b°-thalassemia.968,980

The electrophoretic picture of HbS/b+-thalassemia and sickle 
cell trait may be similar, but usually the relative proportions 
of HbS and HbA allow a correct diagnosis. On the other hand, 
HbS-b°-thalassemia and homozygous sickle cell anemia may be 
indistinguishable.

Although consistently elevated by 1 year of age, HbA2 may be 
difficult to measure accurately with electrophoresis because of its 
proximity to the HbS band, and with HPLC because of co-elution 
of minor components with HbA2 (secondary to post-translational 
modifications of HbS).824,981

Hemoglobin S–db-Thalassemia
db-thalassemia is a condition characterized by high levels of HbF. 
The coinheritance with sickle cell disease has been described in 
African-Americans, Indians, and individuals of Mediterranean 
origin.982–985

Patients are usually asymptomatic and may show signs only 
of mild anemia or hematologic alterations, which include micro-
cytosis, presence of target cells, and rare sickled cells. The elec-
trophoretic pattern is characterized by the prevalence of HbS and 
elevated HbF (15% to 40%), associated with the absence of HbA 
and decreased HbA2. Some patients however may present with 
a severe clinical course, because of heterogenous distribution of 
HbF among peripheral red blood.985

Hemoglobin S-Hereditary Persistence  
of Fetal Hemoglobin
Compound heterozygosity for HbS and HPFH is characterized by 
a relatively benign clinical picture. A recent study demonstrated 
that, in patients with HbS-HPFH, HbF levels are 50% to 90% dur-
ing infancy and tend to decline steeply within the first few years of 
life, stabilizing at approximately 30% between ages 3 and 5 years. 
Furthermore, hematologic parameters are nearly normal, with 
average hemoglobin concentration being 13 ± 1 g/dl and average 
MCV 75 ± 4 fl.986

In adults the electrophoretic pattern is similar to that of homo-
zygous sickle cell anemia: HbS 70% to 80% of the total hemoglo-
bin, Hb F 20% to 30%, decreased HbA2, and absent HbA.

In HbS-HPFH patients, all red blood cells contain uniformly 
distributed HbF in sufficient concentration to dilute HbS and 
inhibit its polymerization despite the high percentage of HbS.

A correct diagnosis is necessary in order to allow appropriate 
counseling and alleviate anxiety associated with the diagnosis of 
sickle cell disease. Therefore, in sickle cell patients with elevated 
HbF levels after the age of 1 year, molecular testing should be 
performed.

Hemoglobin S Hemoglobin Lepore
The double heterozygosity for sickle hemoglobin with Lepore 
hemoglobin is a relatively rare condition. The Hb Lepore gene 
alone or in combination with the HbS gene manifests as microcy-
themia; therefore the Hb S/Hb Lepore is similar to microdrepano-
cytosis. This syndrome is usually characterized by a disorder of 
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moderate severity, with chronic hemolytic anemia, splenomegaly, 
and few painful crises.987–990

The electrophoretic mobility of HbLepore at an alkaline pH is 
identical to that of HbS; therefore the condition can be confused 
with sickle cell anemia. At an acid pH, however, Hb Lepore 
migrates with HbA. HbS accounts for 60% to 80% of the hemoglo-
bin, Hb Lepore for approximately 10%, and HbF for 9% to 25%. 
HbA2 is decreased and HbA is absent.

Hemoglobin C Thalassemia
The association of HbC with b-thalassemia, especially with b+-
thalassemia in Africans (more common than b°-thalassemia in 
this ethnic group) results in a clinical picture similar to homo-
zygous HbCC, with mild hemolytic anemia, splenomegaly, and a 
benign clinical course.991 However, unlike the homozygous state, 
Hb C/b-thalassemia is a microcythemic condition. The diagnosis 
is based on the presence of target cells, specific intraerythrocytic 
Hb C crystals in blood smear and Hb C level at 100%.

In Italian, North African, and Turkish individuals HbC may be 
coinherited with b°-thalassemia, resulting in a more severe clini-
cal course, similar to thalassemia intermedia.992

Hb C-Hb Lepore has been described in an African-American 
and in an Algerian family.993,994

hemoglobin e Syndromes
HbE is the most common abnormal hemoglobin of Southeast Asia, 
but it has recently been reported from other Asian regions, like 
Pakistan995 and India.996

In southern China thousands of patients are affected.1 It is 
estimated that 30 million people are heterozygous for HbE and 
that one million are homozygous.997

As a consequence of migratory fluxes, the epidemiology of thal-
assemia has changed in most industrialized countries. In North 
America hemoglobin E-b-thalassemia affects 13% of patients with a 
hemoglobinopathy and it is more common in the Western states.998

HbE is a thalassemic hemoglobinopathy because the nucleo-
tide substitution G→A at codon 26 of the b gene changes the 
encoded aminoacid (Lys→Glu) and creates a new alternative 
splice site in exon 1.117 This results in the synthesis of structur-
ally abnormal variant hemoglobin HbE by the normally spliced 
b-mRNA and in a b+-thalassemia phenotype because of the use 
of the new splice site. Its molecular and clinical features have 
been reviewed.999,1000 When HbE is present, alone or in different 
combinations with a- and b-thalassemia or with other abnormal 
hemoglobins, many different HbE syndromes are observed, which 
can be divided into asymptomatic and symptomatic forms.

Asymptomatic Forms
HbE heterozygotes are clinically normal with only minimal 
hematologic changes. Red blood cells are normocytic or slightly 
microcytic with minor morphologic changes, such as target cell 
morphology. HbE constitutes 25% to 30% of the total hemoglobin 
and this amount is reduced by the coexistence of a-thalassemia.839

Patients homozygous for HbE are usually asymptomatic and 
have normal hemoglobin levels, although in some cases mild 
anemia may be present. They show microcytosis and 20% to 
80% of target red cells at peripheral blood smear examina-
tion. Hemoglobin analysis reveals 85% to 95% of HbE with the 
remainder being HbF. The a/non-a–globin chain synthesis ratio 
is around 2.0.1001

Symptomatic Forms
The clinical spectrum of the disease is very heterogeneous, rang-
ing from a mild phenotype to a severe transfusion- dependent 

anemia.1002–1004 This heterogeneity depends only in part on 
the different interacting b-thalassemia alleles.1005 HbE-b°-
thalassemia is characterized by HbE and F, only while in Hb-b+-
thalassemia, some HbA is detected in addition to HbE and HbF. 
HbE in  association with b-thalassemia is considered to represent 
one-half of all the severe thalassemia syndromes worldwide.

A large study has been going on since 1997 in Sri Lanka, 
attempting to define the genetic and environmental factors that 
modify the severity of HbE thalassemia.1006 Considerable phe-
notypic heterogeneity occurred within a relatively narrow range 
of hemoglobin values. Major genetic factors included the type of 
b-thalassemia mutation, the coinheritance of a-thalassemia, and 
polymorphisms associated with increased synthesis of fetal hemo-
globin. The presence of the Xmn-1 polymorphism in the promoter 
region of the Gg gene explained the variation of Hb F production. 
Among the environmental factors, coinfection with the malaria 
parasite, previous splenectomy, a variable increase in response 
to erythropoietin, and attenuation of this response with time 
appear to be important. The remarkable variation and instability 
of clinical phenotypes requires periodic reassessment of the need 
for transfusion therapy.1004,1006

As a consequence of the interaction of HbE with HbH disease 
and Hb Constant Spring, three symptomatic syndromes have been 
identified:1007,1008

(a) HbAE Bart’s disease, resulting from the interaction of HbH 
disease with heterozygous HbE;

(b) HbEF Bart’s disease, which is due to the interaction of HbH 
disease with homozygous HbE or HbE-b-thalassemia;

(c) homozygous HbE with homozygous Hb Constant Spring 
 syndrome.

The anemia in these forms is moderate to severe and the vari-
ous genotypes can be suspected on the basis of the hemoglobin 
pattern and/or family studies, but DNA analysis is required for 
the definition of the exact genotype. Phenotypes similar to thal-
assemia major can be predicted from the early onset of clinical 
symptoms and the requirement of regular blood transfusion from 
infancy.

Clinical picture
Most HbE b-thalassemia patients are not transfused or are 
transfused very little, and iron chelation is rarely administered. 
Erythropoiesis is markedly increased, and extramedullary masses 
are common.911 As is the case in other forms of sporadically 
transfused thalassemias, allo- and autoimmune hemolytic anemia 
develops frequently.1009

Infections, mostly due to gram-negative bacteria, are a 
major complication and cause of death in patients with Hb E 
b- thalassemia, especially after splenectomy.1004 Prospective stud-
ies indicate increased susceptibility to bacterial, fungal, and viral 
infections.1010,1011 Pythium insidiosum (a type of water mold 
which is now classified within the kingdom Chromista together 
with algae) has been reported to have caused arterial occlusion 
and gangrene of the legs.406 Gallstones are present in 50% of 
the patients and are strongly associated with the 7/7 genotype 
of the UGTA1A promoter.1004,1012 The clinical syndrome of 
hypertension, convulsions, and cerebral hemorrhage occurring 
immediately or as late as 2 weeks after multiple blood trans-
fusions in Hb E b-thalassemia is a possible complication.1013 
Monitoring blood pressure during and after blood transfusion is, 
therefore, necessary, as prompt therapy with anti-hypertensive 
drugs will reduce mortality from cerebral hemorrhage. In a group 
of nontransfusion-dependent b-thalassemia/HbE patients, non-
transferrin–bound iron (labile plasma iron and directly chelatable 
iron) was found to be increased and to respond to treatment with 
deferiprone.1014 An increased risk of thrombosis reported in these 
patients, especially after splenectomy, can be explained by chronic 
low-grade coagulation and platelet activation, chronic low-grade 
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inflammation, endothelial cell injury, impaired fibrinolysis, and 
decreased naturally occurring anticoagulants.1015 Hypoxemia 
is observed in the majority of splenectomized patients.1016 The 
underlying mechanism is unknown, but it has been attributed to 
increased aggregation of platelets in the pulmonary vessels, based 
on the autoptic finding of pulmonary arterial occlusion in a large 
number of such patients.1017 Accordingly, the administration of 
aspirin can ameliorate the degree of hypoxemia in the majority of 
cases. Stem cell transplantation, be it bone marrow or cord blood, 
has proven effective.1018,1019 Some, but not all, b-thalassemia/
HbE patients respond to hydroxyurea treatment.1020 In an Indian 
trial, patients who responded showed an increase in hemoglobin, 
mean corpuscular volume, mean cell hemoglobin content, fetal 
hemoglobin, and F cells.1021 In a study, membrane deformability 
and cell hydration, whose improvement is important for extend-
ing the life span of erythrocytes, did not change significantly, 
except in splenectomized patients.1022

Pregnancy in women affected by b-thal/HbE disease is pos-
sible, but the cases reported were significantly associated with an 
increased risk of fetal growth restriction, preterm birth, and low 
birth weight.1023

Survival of patients with b-thalassemia/HbE in Thailand 
has been reported to be 30 years, significantly longer than the 
10 years reported for homozygous b-thalassemia.1024
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More than 1,100 mutations affecting the globin subunits of 
hemoglobin have been described (http://globin.cse.psu.edu/), and 
among these, sickle cell disease along with hemoglobinopathies 
associated with HbE, HbC, and the b- and a-thalassemias are 
mankind’s most common single-gene disorders (see Chapters 33 
and 34). Much less common are hemoglobin mutations discussed 
in this chapter that affect the ability of the molecule to bind and 
release oxygen, that reduce its stability, and that allow its heme 
iron to be oxidized. Exogenous agents can also oxidize hemoglo-
bin, interfering with oxygen transport.

Hemoglobins witH Altered 
oxygen Affinity
The affinity of hemoglobin for oxygen is characterized by the 
amount of oxygen bound at any given oxygen tension. Oxygen 
affinity is usually designated by the P50, which is the partial pres-
sure of oxygen at which hemoglobin is 50% saturated. Oxygen 
affinity can be modified by pH, temperature, and organic phos-
phates. The normal co-operativity of hemoglobin, or heme–heme 
interactions in the hemoglobin tetramer, determines the sigmoidal 
shape of the hemoglobin–oxygen dissociation curve. This is a 
result of the fact that the deoxygenated T (tense) form of hemoglo-
bin has a lower affinity for oxygen than the oxygenated R (relaxed) 
form (see Chapter 6). Consequently, globin gene mutations that 
alter areas of the molecule involved with T–R interactions can 
lead to alterations in oxygen affinity. Both high- and low-oxygen–
affinity hemoglobin variants are encountered and all globin genes 
have been affected.

high-oxygen–affinity hemoglobins
Globin gene mutations can increase the affinity of the hemoglo-
bin molecule for oxygen and cause erythrocytosis. More than 90 
high-oxygen–affinity variants have been reported in http://globin.
cse.psu.edu/ and Wajcman and Galacteros.1 Familial erythrocy-
tosis is a valuable clue to the presence of a high-oxygen–affinity 
hemoglobin variant; isolated cases are caused by new mutations. 
These a- or b-globin chain mutations are dominant disorders, 
expressed clinically in the heterozygote. They may be lethal in 
homozygotes if they affect the a-globin chain and are expressed 
in utero. One g-globin variant (HbF-Monserrato-Sassari, HBG2 
cys93arg) in a normal newborn and a possible d-globin variant 
(Hb Noah Mehmet Oesteurk, HBD his143tyr) have been described. 
Several homozygotes for b-globin high-oxygen–affinity variants 
have been described and these individuals can have more severe 
disease.2–5 Compound heterozygotes with a high-oxygen–affinity 
hemoglobin and b0-thalassemia have also been described, mim-
icking the homozygous state as normal adult hemoglobin A (HbA) 
is not present.

Pathophysiology
Stabilization of the R state of the hemoglobin tetramer (a2b2), with 
its high affinity for oxygen, or destabilization of the low-oxygen–
affinity T state is caused by globin gene mutations in critical areas 

that can effect the R→T transition (Table 35.1).6 The increased 
avidity for oxygen (low P50) of these variants reduces oxygen deliv-
ery to tissues, thereby stimulating erythropoietin production and 
increasing red cell mass. Patients with high-oxygen–affinity hemo-
globins with erythrocytosis usually have normal urine erythropoi-
etin levels. However, erythropoietin levels increase when they are 
phlebotomized to a normal red cell mass.7,8 Individuals with these 
hemoglobin variants appear to be reasonably compensated for the 
low P50 by the increased red cell mass. Oxygen consumption and 
arterial pO2 are normal, but in some cases there is reduced mixed 
venous pO2 and decreased resting cardiac output.

Not unexpectedly, the JAK2 V617F mutation found in some 
individuals with polycythemia vera is absent in patients with 
high-oxygen–affinity hemoglobin variant induced erythropoiesis.9

Diagnosis
The differential diagnosis of increased red cell mass is discussed 
in Chapter 44. The diagnosis of high-oxygen–affinity hemoglobins 
is suspected by finding isolated erythrocytosis without accompa-
nying leukocytosis, thrombocytosis, and splenomegaly, as might 
be expected in cases of polycythemia vera. A family history of 
erythrocytosis is also suggestive of a high-oxygen–affinity hemo-
globin variant. Other disorders expressed in the erythrocyte that 
cause isolated erythrocytosis include 2,3-diphosphoglycerate 
(2,3-DPG) mutase mutations that reduce the synthesis of this 
modulator of hemoglobin–oxygen affinity, some instances of met-
hemoglobinemia, and chronic carbon monoxide (CO) poisoning.

Determination of the red cell oxygen equilibrium curve is 
the benchmark for the diagnosis of erythrocytosis due to high-
oxygen–affinity hemoglobins. The oxygen-binding characteris-
tics of hybrid tetramers (a2bAbvar) are likely to be intermediate 
between purified HbA and purified variant, and the shape of the 
hemoglobin–oxygen dissociation curve can at times be biphasic. 
Measurement of blood P50 confirms the shift in the hemoglobin–
oxygen dissociation curve. Rarely, the whole-blood P50 is normal, 
requiring study of dialyzed purified hemoglobin. An accurate P50 
value is difficult to “calculate” from pO2 data, and it is best to 
measure the pO2 and hemoglobin saturation directly. P50 mea-
surements are not widely available but can be done with several 
instruments.

High oxygen affinity is observed in both erythrocytes and 
purified dialyzed hemoglobin. The concentration of 2,3-DPG is 
normal, indicating that altered oxygen affinity is not caused by 
reduced levels of this modulator of hemoglobin function. This is 
in contrast to what is seen in the rare instance of red cell 2,3-DPG 
mutase deficiency, where both erythrocytes and whole blood have 
high oxygen affinity, and the oxygen affinity of the purified hemo-
lysate stripped of 2,3-DPG is normal.10

High-performance liquid chromatography (HPLC) studies may 
reveal an abnormal hemoglobin, but normal studies do not 
exclude the possibility of a high-affinity hemoglobin that migrates 
with normal HbA. As with all evaluations for abnormal hemoglo-
bins, determining the DNA sequence of the globin genes provides 
the definitive information.

Examples of high-oxygen–affinity hemoglobins that illustrate 
the varying mechanisms and heterogeneous clinical findings seen 
with these variants are discussed in the following. A detailed 
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a1b2 interface contacts (sliding contact) connecting a1b1 and a2b2 dimers

a1b1, a2b2 interface

Mutations that reduce 2,3-diphosphoglycerate (2,3-DPG) binding

Heme pocket mutations

Miscellaneous

aOther than single amino acid substitutions, these mutations can include small deletions and 
insertions of amino acids, reading frameshifts, fusion globins, and elongated globin chains.

SiteS Of GlObin MUtAtiOn ASSOciAteD witH increASeD 
OxyGen Affinitya

taBLe 35.1

understanding of the structure of hemoglobin and the importance 
of each residue in determining function allows a molecular expla-
nation of most of the clinical abnormalities observed.

a-Globin Chain Variants
Because there are four a-globin genes, most stable a-globin vari-
ants form 25% or less of the total hemoglobin, compared with 
40% to 50% for b-globin variants. As a result, the clinical effects of 
a-globin variants are less striking than those of b-globin variants. 
However, the coincident inheritance of a b-thalassemia gene can 
modulate the concentration of high-affinity a-variant hemoglobins 
and homozygosity for a high-oxygen–affinity variant affecting 
a-globin chains has been described.

Hb Chesapeake (HBA arg92leu) was the first reported high-
affinity hemoglobin variant.11 It was discovered in an 81-year-old 
patient with erythrocytosis, an abnormal hemoglobin detected 
by hemoglobin electrophoresis, and erythrocytes with increased 
oxygen affinity. Fifteen members of the proband’s family were 
similarly affected. Hb Chesapeake represented ∼20% of the total 
hemoglobin. With a P50 of 19 mm Hg (normal ∼26 mm Hg), Hb 
Chesapeake produced moderate erythrocytosis. The mutation 
affected an invariant residue that stabilizes the R state at the a1b2 
area of contact, making the T conformer less favored.

Hb Nunobiki (HBA1 arg141cys), is one of four mutations of this 
invariant residue, all of which exhibit high oxygen affinity and 
moderate to mild erythrocytosis.12 This group of mutations repre-
sents an interesting cluster of variants that illustrates the effects of 
different mutations at the same amino acid residue. As a mutant 
of the 3′-HBA1 gene that is expressed to a lesser extent than the 
5′-HBA2 gene, Hb Nunobiki makes up ∼13% of the hemolysate 
and is accompanied by only mild erythrocytosis. High oxygen 
affinity is a result of the breaking of the C terminal-to-C terminal 
salt bridge that is indispensable for the stabilization of the T state, 
favoring the R state.

b-Globin Chain Variants
All possible single-base mutations of the b99 site disturbing 
the a1b2 area of contact have been described and include Hb 
Kempsey (HBB asp99asn), Hb Yakima (asp99his), Hb Radcliffe 
(asp99ala), Hb Ypsilanti (asp99tyr), Hb Hotel-Dieu (asp99gly), Hb 
Chemilly (asp99val), and Hb Coimbra (asp99glu). As expected for 
stable b-globin chain variants, all are present at 40% to 50% of the 
hemolysate, exhibit moderately high oxygen affinity, and are char-
acterized clinically by erythrocytosis. Hbs Kempsey, Radcliffe, and 
Hotel Dieu have a decreased response to 2,3-DPG. Hbs Ypsilanti 
and Radcliffe form stable hybrid tetramers in the hemolysates in 
which the abnormal b chains coexist with normal b chains.

Six of the possible seven mutations of the C-terminal CAC (tyr) 
codon have also been described. One of them, Hb Cochin-Port 

Royal (tyr146arg), has nearly normal oxygen affinity but decreased 
2,3-DPG interaction and Bohr effect.13

Three mutations of b82 lys have been described: Hb Rahere 
(lys82thr), Hb Helsinki (lys82met), and Hb Providence (lys82asn). 
All have moderately high oxygen affinity and moderate erythro-
cytosis. These mutants have drastically reduced 2,3-DPG binding 
as a result of the elimination of one of the normal binding sites 
for this allosteric effector. Hb Porto Alegre (HBB ser9cys) has 
high oxygen affinity and a tendency to aggregate, but erythro-
cytosis is not present.14 Polymerization of Hb Porto Alegre is 
based on the formation of disulfide bonds in oxygenated samples 
and is different from HbS polymerization. Polymerization of this 
mutant diminishes heme–heme interaction and increases the 
oxygen affinity.

Hb Tak (HBB 147(+AC), modified C-terminal sequence: 
147thr-lys-leu-ala-phe-leu-leu-ser-asn-phe-157tyr-COOH), is 
elongated by 11 amino acid residues.15,16 It forms 40% of the 
hemolysate, has a very high oxygen affinity with no co-operativity, 
and no allosteric interaction with pH or 2,3-DPG. The C terminus 
of the b-globin chain is actively involved in the conformational 
changes of the hemoglobin molecule by stabilizing the T state. By 
having these stabilizing interactions disrupted, Hb Tak is totally 
frozen in the R state. Hb Tak is also slightly unstable. In spite 
of these severe functional abnormalities, a heterozygous patient 
did not have erythrocytosis. The extreme biphasic nature of the 
 hemoglobin–oxygen affinity curve observed in mixtures of Hb Tak 
and HbA suggests that hybrid tetramer (a2bAbTak) formation is 
absent. The top portion of the oxygen equilibrium curve is normal, 
and it begins to be abnormal only at <40% saturation. Because 
physiologic oxygen exchange occurs most commonly above that 
level of saturation, the tissues may not be hypoxic, removing the 
stimulus for increased erythropoiesis.

Clinical Features
Patients with high-affinity hemoglobins and erythrocytosis have a 
benign clinical course and rarely have complications, apart from a 
ruddy complexion. Splenomegaly is typically absent. Hemoglobin 
concentration and hematocrit are increased variably, and usually 
only moderately, suggesting that modulation by variations in other 
genes might affect the physiologic response to hypoxia. Some 
patients with Hb Malmo (HBB his97gln) have been reported to be 
symptomatic and to benefit from phlebotomy and the transfusion 
of normal blood, but this clinical course is an exception.17

Many cases of high-oxygen–affinity hemoglobins are diagnosed 
during a routine hematologic examination or when the family of 
a proband known to have erythrocytosis is examined. In very lim-
ited studies, exercise capacity in the laboratory and the indices of 
working capacity and cardiac tolerance were similar in patients 
with high-oxygen–affinity hemoglobins and in controls.18 It has 
been suspected that carriers of these variants may have enhanced 
athletic performance under some circumstances, and this has led 
to the unfortunate and sometimes fatal use of erythropoietin or 
transfusion to enhance performance in competitive athletics.

In a population-based study of erythrocytosis, high-oxygen–
affinity variants accounted for 3% of all cases.19 By early diagnosis 
of high-affinity hemoglobins, unnecessary invasive diagnostic pro-
cedures and inappropriate therapeutic interventions, such as car-
diac catheterization, can be avoided. Patients have received 32P 
treatment based on a mistaken diagnosis of polycythemia vera.

Increased morbidity or mortality in mothers with high-oxygen–
affinity hemoglobins or their offspring has not been observed, sug-
gesting that the affinity of the mother’s hemoglobin is irrelevant 
with respect to oxygen delivery to the fetus.18 Low ambient pO2, 
as in unpressurized airplanes and ascent to altitude, do not repre-
sent a risk, because high-affinity hemoglobins are avid for oxygen. 
Hypothetically, carriers should be less prone to “the bends” during 
deep sea diving, because of slower oxygen release during ascension.
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Treatment
Patients with high-oxygen–affinity hemoglobins have reasonable 
compensation for their abnormality, with adequate tissue oxygen 
delivery despite increases in blood viscosity. Intervention is there-
fore rarely required. Exercise studies before and after phlebotomy 
in patients with Hb Osler (HBB tyr145asn), a variant with a P50 
of 10 to 11 mm Hg and a hemoglobin concentration of ∼22 g/dl, 
did not show an impairment after phlebotomy.18 Limited stud-
ies have suggested that phlebotomy generally does not improve 
exercise performance. However, rare individuals appear to have 
benefited from phlebotomy, and thus other unknown factors may 
be interfering with their normal compensation for high hemo-
globin–oxygen affinity, and increased blood viscosity may have 
become a burden. Prudence dictates that before embarking on a 
regimen of chronic phlebotomy, one should be conservative and 
review the hematologic and physiologic findings at 6-month inter-
vals during the first few years after diagnosis. In older patients, 
special attention should be directed to blood flow to the heart and 
central nervous system. Thrombosis has been reported in indi-
viduals with high-oxygen–affinity variants but a causal relation-
ship has not been established. In an example of a patient with a 
high-oxygen–affinity hemoglobin with concurrent b-thalassemia, 
treatment with hydroxyurea reduced the PCV from 61% to 39%, 
increased HbF from 3.6% to 30%, and P50 from 6 to 10 mm Hg.20 
This case should not be a recommendation for routine treatment 
of erythrocytosis due to high-oxygen–affinity hemoglobins with 
cytostatic agents.

Low-oxygen–affinity hemoglobins
Hemoglobin variants with reduced affinity for oxygen are in many 
respects the converse of high-oxygen–affinity variants. About half as 
many low-oxygen–affinity variants have been described compared 
to high-oxygen–affinity variants. They are expressed in the hetero-
zygote, with homozygosity likely to be embryonic lethal. A major 
clinical feature is anemia that, at times, is accompanied by cyanosis.

Pathophysiology
Alterations of critical molecular regions involved directly in the 
R–T transition result in the stabilization of the deoxy T state or 
destabilization of the oxy R state. Low-oxygen–affinity hemo-
globins deliver more O2 to the tissues per gram of hemoglobin, 
and this is reflected by an oxygen–hemoglobin dissociation curve 
shifted toward the right of normal and an increase in P50. When 
hemoglobin has a right-shifted or low-affinity curve, the difference 
between oxygen binding in the lungs at PO2 levels of 100 mm Hg 
and unloading in the tissues at 40 mm Hg can be twice as great as 
the differences in a hemoglobin with a normal oxygen equilibrium 
curve. Patients with a moderately right-shifted oxygen equilibrium 
curve (P50 between 35 and 55 mm Hg) may be mildly anemic, 
but some individuals with very right-shifted oxygen equilibrium 
curves (P50 ∼80) are not anemic. A right-shifted oxygen equilib-
rium curve leads to an increase in the synthesis of 2,3-DPG and a 
decrease in its destruction.

Diagnosis
The first report of a low-oxygen–affinity hemoglobin was Hb 
Kansas (HBB asn102thr), which presented with asymptomatic 
cyanosis without anemia or hemolysis.21 Detection of a low-
oxygen–affinity hemoglobin is part of the differential diagnosis of 
patients with cyanosis (see later). Before undertaking extensive 
diagnostic procedures in cases of cyanosis that are not clearly 
the result of cardiovascular or pulmonary disease, fractionating 
hemoglobin by HPLC and measuring blood P50 is advisable. A 
search for low-affinity hemoglobins as an explanation for anemia 
without cyanosis is less compelling, but if other investigations 

prove fruitless, unexplained normocytic anemia without reticulo-
cytosis might be evaluated by measuring P50.

A simple bedside test can distinguish cyanosis resulting from 
low-oxygen–affinity hemoglobins or cardiopulmonary cyanosis 
from that occurring with methemoglobinemia, M hemoglobins, 
or sulfhemoglobinemia. When blood from carriers of low-oxygen–
affinity hemoglobins or patients with cardiopulmonary disease 
is exposed to ambient oxygen, it will turn from purple-greenish 
to bright red. In contrast, blood of patients with methemoglo-
binemia, sulfhemoglobinemia, or M hemoglobins will remain 
abnormally colored.

Clinically apparent cyanosis is observed only in carriers of 
low-oxygen–affinity variants with greatly right-shifted curves 
and where the variant comprises a substantial portion of the 
hemolysate. Cyanosis is present from birth in some low-oxygen–
affinity hemoglobins due to a-globin chain mutants. In carriers 
of b-globin chain mutants, cyanosis may appear from the middle 
to the end of the first year of life as g-globin gene expression and 
HbF synthesis wanes and is replaced by b-globin gene expression 
and HbA. Neonatal cyanosis has been associated with g-globin 
variants that have low oxygen affinity.22 Globin gene sequencing 
is the sole means of definitive diagnosis.

Clinical Features
Three low-oxygen–affinity variants have been described at b102. 
Hb Kansas, the best-studied variant, has a whole-blood P50 of ∼70 
mm Hg, decreased co-operativity, and a normal Bohr effect.21 The 
b102 asn residue is invariant among b-globin chains and par-
ticipates in the only hydrogen bond between asn 102 and asp 94 
across the a1b2 interface in oxyhemoglobin. This bond is broken 
when the molecule assumes the T state. The new thr residue is 
incapable of forming this bond, and low oxygen affinity results 
from destabilization of the R conformer. The changes induced by 
this substitution at the a1b2 interface allow Hb Kansas to dissoci-
ate into ab dimers, the near opposite of the high-oxygen–affinity 
Hb Chesapeake.

Hb Beth Israel (HBB asn102ser) was found in a patient with 
cyanosis of the fingers, lips, and nail beds.23 The P50 was 88 mm 
Hg, and arterial blood was only 63% saturated despite a normal 
pO2. The hemolysate also had a low oxygen affinity and a nor-
mal Bohr effect. Erythrocyte 2,3-DPG was mildly elevated. The 
molecular mechanism of reduced oxygen affinity is the same as 
for Hb Kansas, although the defect may be more disruptive locally, 
because the serine side chain is shorter than that of threonine.

Hb Bologna (HBB lys61met) is informative because it was 
present as a compound heterozygote with b0-thalassemia and 
comprised 90% of the hemolysate.24 Adults were neither cyanotic 
nor anemic despite having a P50 of 37.6 mm Hg. During gestation, 
the high concentration of HbF makes it doubtful that this mutation 
would have an effect on fetal development.

Hb Bruxelles (HBB phe42del) is a deletion of the most con-
served amino acid residue of hemoglobin.25,26 Phenylalanine 
residues at b41 and b42 are conserved in all normal mammalian 
non-a–globin chains and are indispensable for the structural 
integrity and oxygen-binding functions of the molecule. From 
age 4 years, the index case of Hb Bruxelles had severe hemolytic 
anemia and cyanosis, requiring blood transfusion once. Later in 
life, her hemoglobin concentration stabilized at 10 g/dL. Reasons 
for this “switch” of phenotype are unknown. Other mutations of 
b41 and b42, which are predominately unstable hemoglobins, are 
discussed later.

Treatment
Treatment is not needed for these variants. The importance of 
early diagnosis is to avoid unnecessary work-up and to alleviate 
concern for the patient and family.
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UnstAble Hemoglobins
The unstable hemoglobins result from globin chain mutations 
that cause hemoglobin tetramer instability and intracellular 
precipitation of its globin subunits. These intraerythrocytic pre-
cipitates are detectable by supravital staining and appear as 
globular aggregates called Heinz bodies. These inclusions reduce 
the life of the erythrocyte by binding to the membrane, decreas-
ing cell deformability, and increasing membrane permeability. 
The resultant hemolytic disorder is sometimes called congenital 
Heinz body hemolytic anemia. Heinz bodies and hemolysis also 
occur with certain hereditary erythrocyte enzyme deficiencies 
(see Chapter  28). More than 140 unstable variants of both the 
b- and a-globin chains with widely varying clinical severity have 
been reported, almost always as heterozygotes for the mutation, 
although some homozygous cases have been reported. The major 
clinical features are anemia, reticulocytosis, pigmenturia, and 
splenomegaly.

pathophysiology
The pathophysiology of unstable hemoglobins relates to the spe-
cific mutations leading to altered heme–globin interaction, the 
process of Heinz body formation, and destruction of red cells 
containing denatured hemoglobin.

Mutations That Alter Heme–Globin Interaction
Mutations that change the primary structure (amino acid sequence) 
of globin, depending on the substitution and its location, can alter 
the secondary structure (a-helical), the tertiary structure (folding 
of the globin chain), or the quaternary structure (interactions 
within the hemoglobin tetramer). The mechanisms that can lead 
to this hemoglobin instability are listed in Table 35.2.

Heme–globin interactions are vital for oxygen delivery but 
also contribute to molecular stability and intracellular solubil-
ity. For example, introduction of a charged amino acid residue 
into the heme pocket, a site normally formed by residues with 
nonpolar side chains, results in hemoglobin instability (e.g., Hb 
Bristol). Mutations involving residues that interact directly with 
heme, such as those near the (F8) proximal histidine that reacts 
with heme-iron (e.g., Hb Köln), are associated with hemoglobin 
instability. Also, mutations associated with nontyrosine substitu-
tions of the (E7) distal histidine (e.g., Hb Zürich) cause molecular 
instability. An interesting effect of this is that the ligand-binding 
properties of iron are changed, and Hb Zürich has a much higher 
affinity for CO.27,28

Disruption of the secondary structure reduces subunit solubil-
ity and is often a result of the introduction of proline residue that 
cannot be accommodated into the a-helix except in its first two 
positions. a-Helices comprise ∼70% of a globin subunit and must 
be folded into a globin motif. Introduction of water into the mol-
ecule destroys its stability, and this can be caused by substitution 

of a charged residue, for example, alanine, for a nonpolar residue, 
such as proline (e.g., Hb Brockton).29

Loss of intersubunit contact hydrogen bonds or salt bridges in 
the a1b1 contact area will interfere with hemoglobin quaternary 
structure and also reduce stability. Dissociation of a1b1 contacts 
normally does not occur in red cells, whereas dissociation of a1b2 
contact does take place. Dissociation of a1b1 dimers into mono-
mers is normally minimal, as it generates methemoglobin and 
consequent instability. Dissociation of chains along the a1b1 con-
tact generates a- and b-globin chains that uncoil, loosening their 
heme–globin interaction and favoring methemoglobin formation. 
Mutations affecting the a1b1 interface tend to be more unstable 
than those affecting the a1b2 contact. Examples of unstable 
hemoglobin mutations that are due to decreased a1b1 contact 
include Hb Philly,30 Hb Peterborough,31 and Hb Stanmore.32

a-Hemoglobin–stabilizing protein (AHSP) binds free a-globin 
chains, protecting them from precipitation (see Chapter 6). 
In vitro studies suggest that the impaired interaction of AHSP 
with a- globin variants when the mutation lies in the molecular 
sites where ASHP binds a-globin might affect the stability of 
the variant. In these studies, recombinant Hb Groen Hart (HBA 
pro119ser), Hb Diamant (HBA pro119leu), and a-globin termi-
nation mutants had impaired interactions with AHSP. These 
 observations suggest an additional mechanism for unstable 
a-globin variants.33,34

Heinz Body Formation
Heme loss is inhibited by maintaining heme iron in the reduced 
ferrous (Fe2+) state by the action of methemoglobin reductases 
and detoxification of oxygen radicals. Therefore, dimerization 
and the dispersion and precipitation of free heme is minimized. 
Hemoglobin dimers autoxidize and lose heme more readily than 
tetramers. Generation of methemoglobin increases the thermoin-
stability of hemoglobin, suggesting that the pathways and events 
accompanying the conversion of ferrous to ferric heme are impor-
tant for hemoglobin stability.

Heinz bodies are the product of hemoglobin denaturation. First 
suggested to be heme-depleted globin chains, these inclusions 
were subsequently identified as hemichromes, derivatives of fer-
ric hemoglobin that have the sixth coordination position occupied 
by a ligand provided by the globin. Hemichromes are generated 
when heme is dissociated from the heme pocket and rebinds 
elsewhere in the globin after the a- or the b-chains have dena-
tured. Irreversible hemichromes are a stage in the formation of 
Heinz bodies (also see Chapter 6). Membranes prepared from the 
red cells of patients with Hb Köln (HBB val98met) who have had 
splenectomies contain aggregates composed of disulfide-linked 
spectrin, Band 3, globin, and high-molecular-weight complexes 
composed in part of denatured spectrin.

Red Cell Destruction
Red blood cells containing Heinz bodies have a shortened lifespan. 
Hemichrome can bind to Band 3 of the erythrocyte membrane. 
Decreased deformability of the erythrocyte leads to preferential 
trapping in the spleen, where Heinz bodies are removed. The 
coincident loss of small amounts of membrane gradually converts 
discoid cells into spherocytes that are eventually removed from 
the circulation. Membrane damage might also result from lipid 
peroxidation and protein cross-linking because of free-radical 
formation that is a result of Fenton chemistry.

Hyperunstable hemoglobins are an uncommon class of vari-
ants in which the mutation, usually in the third exon of the globin 
gene, leads often to a truncated globin that is barely detectable or 
is undetectable.35,36 These hemoglobins, presumably synthesized 
normally, are rapidly destroyed, creating the phenotype of domi-
nantly inherited thalassemia.

Weakening or modification heme–globin interactions

Interference with the secondary structure of a globin subunit

Interference with the tertiary structure of the subunit

Altered subunit interactions interfering with the quaternary structure

aOther than single amino acid substitutions, these mutations can include small deletions and 
insertions of amino acids, reading frameshifts, fusion globins, and elongated globin chains.

SiteS Of GlObin MUtAtiOn ASSOciAteD witH UnStAble 
HeMOGlObinSa

taBLe 35.2
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Diagnosis
Patients with unstable hemoglobins may have characteristically 
dark urine or pigmenturia. This is a result of the presence of 
dipyrroles that are also present in Heinz bodies. The absence of 
pigmenturia does not exclude the diagnosis of unstable hemoglo-
bin, and the severity of the hemolysis is unrelated to pigmenturia. 
For example, carriers of Hb Köln and Hb Zürich (HBB his63arg) 
both can have pigmenturia, but hemolysis with Hb Köln can be 
severe whereas it is usually very mild with Hb Zürich. The P50 of 
unstable hemoglobins is variable and can be normal, low, or high. 
This is a result of different mutations variously affecting heme–
globin interaction, and the tertiary and quaternary structures of 
the molecule.

Blood Smear
Abnormalities of the blood smear are nonspecific. They can 
include anisocytosis, basophilic stippling, Howell-Jolly bodies, 
nucleated red blood cells, and microspherocytes. Fragmented cells 
appear to have had a “bite” taken from them and are thought to 
result from the phagocytosis of Heinz bodies during passage of 
the cell through the spleen. The mean corpuscular hemoglobin 
concentration may be as low as 25 g/dl because of heme loss 
or Heinz body formation. Some reported values for reticulocytes 
may be factitiously high, as inclusion bodies are mistaken for 
reticulocytes.

Heinz Body Preparation
Heinz bodies in circulating red cells are usually seen only after 
splenectomy or during an acute hemolytic episode. Under such 
circumstances, >50% of the cells typically contain one or more 
large, spherical inclusions. Heinz body detection requires the 
incubation of erythrocytes with a supravital stain such as new 
methylene blue or crystal violet. The Heinz bodies appear as 
single or multiple inclusions of 2 mm in diameter or less and often 
appear attached to the membrane. Heinz bodies may be found in 
fresh blood, but usually, incubation for 24 hours without glucose 
is required for their formation. A normal control should always be 
run simultaneously.

Hemoglobin Stability Tests
The isopropanol test is a good screening test for unstable hemo-
globins, but it can give false-positive results when the sample 
contains >5% HbF.37 In the heat denaturation test, a hemolysate 
is incubated for 1 or 2 hours at 50°C, and hemoglobin instability is 
suggested by the development of a visible precipitate.38 Although 
the test is simple, the results can vary because of different con-
centrations of the abnormal variant and different temperatures 
needed for denaturation. Controls with a normal stable hemoly-
sate must be run simultaneously.

Hemoglobin High-performance Liquid 
Chromatography
When the mutation is such that heme dissociates from the abnor-
mal globin chain, as in the example of Hb Köln, the partially 
heme-deficient molecule is susceptible to reversible and irre-
versible hemichrome formation with subsequent denaturation. 
Precipitates tend to be pale, and the pattern found during hemo-
globin separation is characterized by lack of discrete peaks and 
multiple diffuse bands when electrophoresis is used, unless stabi-
lized by the addition of hemin. Dipyrroluria is present, suggesting 
that free heme was converted to dipyrroles rather than bilirubin.

About a quarter of unstable hemoglobins are not detectable 
by commonly used methods of hemoglobin separation. On HPLC, 

some unstable hemoglobins such as Hb Köln, Hb Zurich, and Hb 
Hasharon demonstrate characteristic elution times.

Detection of the Variant Hemoglobin  
and Mutation Analysis
If clinical and hematologic studies suggest an unstable variant, the 
determination of the molecular defect becomes the final step in 
diagnosis. DNA analysis is the ultimate approach to defining the 
globin mutation. New mutations are common, so a family history 
need not be present.

Clinical Features
The presence of an unstable hemoglobin should always be consid-
ered when hemolytic anemia is present and its cause is not clearly 
defined. Chronic hemolysis as a result of unstable hemoglobins 
can be associated with all of the known complications of hemoly-
sis, including aplastic crisis, jaundice with cholelithiasis, leg ulcers, 
splenomegaly, and hypersplenism and pulmonary hyperten-
sion.39 A special feature of unstable hemoglobins is pigmenturia. 
Similar to glucose-6-phosphate dehydrogenase (G6PD) deficiency, 
increased hemolysis often is associated with fever, infections, and 
ingestion of certain drugs (see Chapter 28). Dusky cyanosis has 
been described in some patients with unstable hemoglobins pre-
disposed to methemoglobin formation. In one case in which the 
g-globin chain of HbF was affected (HbF-Poole; HBG2 trp130gly), 
hemolytic anemia was present in the newborn but disappeared as 
the g- to b-globin switch was completed.40 Sometimes the disease 
is seen in early childhood; it can be found in adults incidentally, or 
when fever or drug treatment induces hemolysis.

Many unstable hemoglobin variants produce mild hemolytic 
disease with minimal or no anemia. In the steady state, reticu-
locyte counts range between 4% and 10%. Splenomegaly may 
be present. Most patients with mild disease are first seen during 
a hemolytic crisis induced by drugs or infection. More than one 
half of the unstable variants are associated with no hematologic 
abnormality and are detected through screening programs (http://
globin.cse.psu.edu).

Just as in all other chronic hemolytic anemias, B19 parvovirus 
infection can temporarily shut down erythropoiesis, rapidly wors-
ening the anemia and resulting in an aplastic crisis. Anemia may 
also increase during infection and after treatment with oxidant 
drugs such as sulfonamides. The intensity of hemolysis is vari-
able and is dependent on the mutation and fraction of abnormal 
hemoglobin present.

Hb Köln, described in multiple kindreds, is the most common 
unstable hemoglobin and is characterized by anemia, reticulocy-
tosis, splenomegaly, and 10% to 25% Hb Köln.41 It is not associ-
ated with oxidant-drug–induced hemolysis. The independent 
occurrence of this variant in so many apparently unrelated indi-
viduals suggests that the Hb Köln mutation, located at a methyl-
ated CpG dinucleotide sequence of the b-globin gene, can act as a 
“hotspot” for mutation through the deamination of the methylcy-
tosine nucleotide to form thymine.

Hb Zürich has also been reported on multiple occasions.42 
This variant, forming ∼25% of the hemolysate, is accompanied 
by mild anemia exacerbated by oxidant drugs, pigmenturia, and, 
as discussed previously, an increased affinity for CO. The latter 
protects the b-globin heme group from oxidation and increased 
instability. Carriers have a special susceptibility to sulfonamide-
induced hemolytic crisis. Investigation of the basis for variation in 
drug-related hemolysis of family members with Hb Zürich disease 
suggested that tobacco smoking ameliorated hemolysis, probably 
because the high affinity of Hb Zürich for CO stabilized the hemo-
globin tetramer.43,44

Hb Hasharon (HBA2 asp47his) is another more common vari-
ant affecting the a-globin chain, found in Ashkenazi Jews and 
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causing hemolysis in newborns but not in most adults.45,46 This 
variant comprises 15% to 20% of the hemolysate, and inclusion 
bodies are not found.

Some unstable hemoglobins are linked to a- or b-thalassemia 
genes: the a-chain mutants Hb Suan-Dok (HBA2 leu109arg) and 
Hb Petah Tikva (HBA ala110asp) coexist in cis with a-thalassemia 
and some b-chain mutants such as Hb Leiden (HBB glu6 or 7del), 
Hb Duarte (HBB ala62pro), and HbG-Ferrara (HBB asn57lys) 
coexist with a b0-thalassemia mutation in trans.

Pulmonary Hypertension
Altered nitric oxide (NO) bioavailability has become recognized 
as a common occurrence in hemolytic anemia and might account 
for a commonality of clinical findings in what are very differ-
ent pathophysiologic entities.47,48 Because a variable fraction 
of hemolysis occurs within the vasculature, heme and arginase 
released from the erythrocyte into blood consume NO and 
deplete supplies of arginine, the substrate of the NO synthases. 
Pulmonary hypertension and priapism, common complications of 
hemolytic anemia, have been described in patients with unstable 
hemoglobins.49,50

Miscellaneous
In a case of hemolytic anemia resulting from Hb Bristol-Alesha 
(HBB val68met), moyamoya and transient ischemic attacks 
occurred in a 10-year-old girl.51 The authors suggested that 
chronic hypoxemia may be the cause of occlusive moyamoya 
in unstable hemoglobinopathies or in hemoglobins with altered 
oxygen affinity.

Hyperunstable Hemoglobin
Some uncommon globin mutations are hyperunstable. Although 
these mutants are synthesized in normal amounts, they are 
unable to form stable tetramers or even dimers and are rapidly 
catabolized. These variants therefore have features of both unsta-
ble hemoglobins and thalassemias, and they have been called 
thalassemic hemoglobinopathies. The phenotype is that of severe, 
dominantly inherited b-thalassemia rather than unstable hemo-
globin disease, because the affected globin chain fails to accumu-
late and participate in tetramer formation. In the first recognized 
example of this phenotype, three generations of a family had a 
dominantly transmitted hemolytic anemia with splenomegaly, 
gross abnormalities of the erythrocytes, dyserythropoiesis, and 
large inclusion bodies in bone marrow erythroblasts and in nucle-
ated red cells of the peripheral blood.35,36

Dominantly inherited b-thalassemias (sometimes the a-globin 
chain is similarly affected) have been identified in many ethnic 
groups and are caused by missense mutations, deletions or 
insertions of intact codons, single-base substitutions leading 
to premature termination of translation (nonsense mutations), 
and mutations causing frameshifts or aberrant splicing. Most of 
the mutations are in exon 3 of the affected gene, and this loca-
tion might permit globin mRNA to escape nonsense-mediated 
decay and allow enough denatured protein, along with the unin-
volved globin chain, to accumulate and damage the developing 
erythroblast.

treatment
Unstable hemoglobinopathies are generally mild disorders and do 
not require therapy except supportive and preventive measures. 
As with other hemolytic anemias, Parvovirus B19 infections can 
cause the development of severe acute anemia. Administration of 
folic acid to prevent megaloblastic arrest of erythropoiesis might 
be warranted, although access to a nutritious diet is probably 

satisfactory. The possibility of fever-associated hemolysis should 
be recognized, and avoidance of oxidant drugs, including acet-
aminophen and sulfonamides, are other management consider-
ations. Chronic hemolysis is associated with a high incidence of 
cholelithiasis.

Severe hemolysis raises the question of splenectomy because 
the spleen undoubtedly plays an important pathophysiologic role 
in the destruction of Heinz-body–containing red cells. As in other 
chronic hemolytic anemias, the decision to perform a splenec-
tomy must be balanced with the role of the spleen as a defense 
against pneumococcal infections early in life and the need for 
antipneumococcal vaccines and prophylactic penicillin in cases 
where splenectomy is performed in childhood. On balance, sple-
nectomy might be beneficial for individuals with severe unstable 
 hemoglobinopathies, and partial correction of the anemia is 
sometimes achieved. Nevertheless, predicting the response to 
splenectomy is difficult. Hydroxyurea has been used to stimulate 
HbF production and help repair anemia in two cases of unstable 
hemoglobin disease.52

m Hemoglobins
The M (met) hemoglobins are characterized by heme-iron oxida-
tion. Heme iron is more stable in the ferric than the ferrous state. 
Erythrocyte methemoglobin reductive capacity cannot effectively 
compensate for this instability of ferrous heme. The major clini-
cal feature of these disorders is cyanosis. They are not noted for 
clinical severity. The misdiagnosis of other causes of cyanosis and 
unneeded treatment are the major hazards of these rare variants.

pathophysiology
In the M hemoglobins, the mutant globin chain creates an abnor-
mal microenvironment for the heme iron, displacing the equilib-
rium toward the oxidized or ferric (Fe3+) state. A combination of 
Fe3+ and its abnormal coordination with the substituted amino 
acid generates a visible spectrum that resembles, but is clearly 
different from, methemoglobin that is not due to a globin gene 
mutation, in which the heme iron is oxidized but there is no asso-
ciated amino acid substitution.

In the Iwate prefecture of Japan, “black children” had been 
observed for more than 160 years, and this was associated with a 
brownish-colored hemoglobin in the hemolysate of a patient that 
was eventually characterized as HbM Iwate (HBA his87tyr).53 Six 
b-, two a-, and two g-globin HbM variants have been reported. In 
five of the eight described HbM variants, the mutation involves the 
substitution of the distal (E7) or proximal (F8) histidine interacting 
with the heme iron via tyrosine (http://globin.cse.psu.edu). With 
HbM Milwaukee (HBB val67glu), the longer side chain of the glu-
tamic acid residue can reach and perturb the heme iron. In two 
novel variants that form methemoglobin, an amino acid deletion 
was suspected to alter the orientations of the distal and proxi-
mal histidine residues.54 Properties of some M hemoglobins are 
shown in Table 35.3. The strength of attachment of ferric heme to 
globins differs among M hemoglobins.

HbM Milwaukee is an example of an M hemoglobin that is not 
caused by mutation of the proximal or distal histidine residues, but 
by the nearby b67 (E11) val (http://globin.cse.psu.edu). When this 
residue is replaced by a glutaminyl residue, it perturbs the heme 
iron and generates an M hemoglobin. Of interest, other mutations 
of that site, such as Hb Bristol (val67asp) or Hb Sidney (val67ala), 
are unstable or have low affinity but do not lead to heme–iron 
oxidation. X-ray crystallography shows that the carboxylic group 
of the new glutaminyl residue in Hb Milwaukee occupies the sixth 
coordination position of the iron, and that the proximal histidine 
maintains its role as the tenant of the fifth coordinating position, 
stabilizing the abnormal ferric state of HbM Milwaukee.
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Variant Percent Hb (g/dl) Reticulocytes (%) P50 Bohr Effect

HbM Hyde Park (Milwaukee-2)(b) 23–32 10–13 4–6 Normal Present

HbM Iwate (a) 19 17 — Decreased Decreased

HbM Boston (a) 20–30 — — Decreased Decreased

HbM Milwaukee (b) 50 14–15 1–2 Decreased Present

HbM Saskatoon (b) 35 13–16 0.8–3.2 Normal Present

HbM Chile (b) 17 13.2 1.2 — —

HeMAtOlOGic feAtUreS Of SOMe HbM VAriAntS Of tHe a- AnD b-GlObin GeneS

taBLe 35.3

Oxygen-binding Properties and the R→T Transition 
of M Hemoglobins
HbM Milwaukee, HbM Hyde Park (HBB his92tyr), and HbM Boston 
(HBA his58tyr) all adopt deoxy or deoxylike conformation upon the 
deoxygenation of the two normal chains, although the abnormal 
chains cannot off-load oxygen. This, and crystallographic, electron 
paramagnetic resonance, and nuclear magnetic resonance (NMR) 
spectroscopy, and 2,3-DPG–binding studies affirm that after two 
heme groups become deoxygenated, the entire molecule adopts 
the deoxy T conformation.

With HbM Milwaukee, Hb M Saskatoon (HBB his63tyr), and 
HbM Hyde Park, a normal Bohr effect and P50 strongly suggest 
that the hemoglobin adopts the R state when the two normal 
chains are oxygenated. NMR studies of HbM Milwaukee support 
the notion that the conformational changes take place when the 
normal heme groups are oxygenated. In contrast, HbM Iwate is 
in the crystallographic T configuration when its normal heme 
groups are in the ferric state, explaining its decreased oxygen 
affinity; the molecule does not shift to the R state when the normal 
heme groups are liganded and remains in the low-affinity T state. 
A  similar situation probably exists in HbM Boston, as the habit 
of the deoxy crystal remains intact after oxygenation, suggesting 
that no conformational change has occurred that would require a 
different crystal structure.

HbM Saskatoon and HbM Boston have different properties 
despite the common substitution of the distal histidine. This 
occurs because HbM Saskatoon does not change its conformation 
when oxygenated, whereas the latter variant does. Why proper-
ties of the b-globin chains differ from those of the a-globin chain 
when their distal histidine is substituted is unresolved.

Iron Oxidation and Spectral Characteristics
In M hemoglobins, the affected heme groups are stabilized in 
the ferric state and have an abnormal microenvironment. They 
exhibit an abnormal visible absorption spectrum that is easily 
distinguished from methemoglobin. This characteristic separates 
these variants from some unstable hemoglobin mutants that also 
have a tendency to form methemoglobin.

Heme iron in the abnormal subunits of the M hemoglobin 
exhibit abnormally low redox potential. They are oxidized more 
rapidly by molecular oxygen and are resistant, to a variable 
degree, to reduction by dithionite. Differences also exist in the rate 
of reduction of the five M hemoglobins with NADH-cytochrome b5 
reductase (CYB5R3). HbM Iwate, HbM Hyde Park, and HbM Boston 
are not reduced at all, whereas HbM Milwaukee is reduced slowly 
and HbM Saskatoon is reduced normally by this reductase. These 
last two variants might be less oxidized in vivo than expected. Full 
ferric conversion might occur only in vitro, because of the high 

autoxidation rate of these abnormal hemoglobins. Older red cells 
might, nevertheless, have fully oxidized abnormal chains consis-
tent with the presence of clinically apparent cyanosis.

Clinical Features and Diagnosis
Clinically, the skin and mucous membranes of HbM carriers have 
an appearance similar to, but not identical with, cyanosis, some-
times called pseudocyanosis. Pseudocyanosis is not associated 
with dyspnea or clubbing. Skin and mucosal surfaces are brown-
ish/slate-colored, more like methemoglobinemia, but not as slate 
blue-purple as true cyanosis. This distinction is subtle and might 
not be apparent without comparing the two conditions at the same 
time. Skin reflects hemoglobin molecules with an abnormal ferric 
heme and abnormal spectrum, whereas cyanosis is caused by the 
presence of more than 5 g/dl of deoxyhemoglobin. Pseudocyanosis 
is present from birth in a-globin–chain abnormalities and from the 
middle of the first year of life in the b-chain mutants. The g-globin 
gene HbM variants, HbF-M Osaka (HBG2 his63tyr) and HbF-M 
Fort Ripley (HBG his92tyr), have been associated with neonatal 
“cyanosis” that disappears as g-globin–chain synthesis wanes.55,56 
A mixture of the abnormal pigment and true cyanosis, resulting 
from hemoglobin desaturation of the normal chains, is observed in 
the low-oxygen–affinity HbM Boston and HbM Hb Iwate.

A mild hemolytic anemia and reticulocytosis have been 
observed in HbM Hyde Park and can be explained by the instabil-
ity of the hemoglobin induced by partial heme loss.

HbM should be considered in all patients with abnormal 
homogeneous coloration of the skin and mucosa, particularly if 
pulmonary and cardiac functions are normal. The diagnosis can 
be suspected by observing an abnormal brown coloration of the 
blood in a tube. To distinguish this coloration from methemoglo-
bin, the addition of KCN to the hemolysate is useful. KCN will turn 
blood containing methemoglobin red but has little if any effect on 
HbM-containing hemolysates. Lack of color conversion with KCN 
is diagnostic of HbM.

A spectrophotometric recording of the visible spectrum of 
the hemolysate is critical for the diagnosis, and the mutation 
is confirmed by DNA analysis. M hemoglobins do not have an 
absorbance peak at 630 to 635 nm which is typical of methemo-
globin. In the presence of HbM, accurate measurement of oxygen 
saturation and CO hemoglobin is difficult with most instruments. 
Absorption maxima at different wavelengths of all hemoglobin M 
variants have been reported.

treatment
Treatment for individuals with HbM is neither necessary nor 
possible. A correct diagnosis is most important, because this will 
forestall therapeutic and diagnostic misadventures.
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metHemoglobinemiA UnrelAted 
to globin gene mUtAtions
Normally, small amounts of hemoglobin are continually being 
oxidized by endogenous agents, including oxygen itself (auto-
oxidation). When oxygen reacts with deoxygenated hemoglobin 
to produce oxyhemoglobin, one electron from heme-iron (Fe2+) is 
transferred to the bound oxygen, thereby forming a ferric–super-
oxide anion complex (Fe3+–O2

–). Subsequently, when hemoglo-
bin is deoxygenated, most oxygen is released as O2, but a small 
amount leaves as superoxide anion (O2

–). The partially transferred 
electron is not returned to iron, leaving the heme-iron as Fe3+ 
(methemoglobin). Increased temperature and low pH promote 
auto-oxidation.6 Usually, methemoglobin levels are <1% of the total 
hemoglobin, because erythrocytes contain cytochrome b5 reduc-
tase that catalyzes its reduction (see Chapter 6). Genetically deter-
mined methemoglobinemia, unrelated to globin gene mutations, 
occurs in individuals with hereditary deficiency of cytochrome b5 
reductase. Acquired methemoglobinemia occurs in normal indi-
viduals exposed to drugs and chemicals that oxidize hemoglobin 
iron at a rate that exceeds the capacity for enzymatic reduction.

Cyanosis
Cyanosis most often is due to cardiac or pulmonary disease, 
but genetic and acquired disorders of hemoglobin can result in 
significant arterial desaturation. In the M hemoglobins and with 
sulfhemoglobin and methemoglobin, the altered visible spectrum 
of the abnormal pigments is responsible for the brownish/slate 
skin color. The spectral properties of sulfhemoglobin versus met-
hemoglobin are such that patients can be markedly “cyanotic,” 
with 0.5 g/dl of sulfhemoglobin; 1.5 g/dl of methemoglobin is 
required to produce “cyanosis”; true cyanosis requires 10 times 
this concentration of deoxyhemoglobin.

Although dyspnea is not a feature of M hemoglobins, it can 
be present even with relatively low levels of methemoglobinemia. 
Because the altered hemes in HbM, sulfhemoglobin, and methe-
moglobin do not transport oxygen, affected individuals with all 
three conditions may have normal hemoglobin concentrations but 
are functionally anemic, simply because of insufficient operational 
heme groups. This effect is clinically significant only in extreme 
cases of methemoglobinemia and sulfhemoglobinemia or when 
the overall hemoglobin level is low. With HbM, the proportion of 
normal to abnormal heme is genetically determined and fixed, so 
that decreased oxygen delivery is problematical only when super-
imposed on underlying anemia.

The clinical effects of nonfunctional heme groups are not 
limited to an inability to transport oxygen. Small amounts of non-
functional heme can have clinical significance if their presence 
produces a physiologically dysfunctional shift in the oxygenation 
of neighboring unmodified subunits. This is the molecular basis 
of the left-shifted oxygenation curve, the impaired oxygen deliv-
ery to the tissues, and the resulting respiratory distress seen in 
relatively mild degrees of methemoglobinemia. This phenomenon, 
called the Darling-Roughton effect, occurs as oxidized subunits in 
partially oxidized tetramers are held in an R-like conformation, 
increasing the oxygen affinity of the remaining subunits. Although 
mixed venous blood is unusually saturated, the abnormal spec-
trum of the methemoglobin dominates this effect, causing cyano-
sis. An analogous left shift in the oxygenation curve, but to a more 
pronounced degree, is present with CO poisoning and impaired 
oxygen delivery exacerbates dyspnea.

Cytochrome b5 reductase Deficiency
Mutations of the cytochrome b5 reductase 3 gene (CYB5R3; 
22q13) cause decreased activity of the soluble form of this 

erythrocyte enzyme and hereditary methemoglobinemia. CYB5R3 
is a transferase that facilitates electron transfer from NADH to 
cytochrome b5, which then directly reduces methemoglobin. A 
second erythrocyte enzyme is NADPH-methemoglobin reductase, 
which by itself is unable to reduce methemoglobin effectively, and 
individuals lacking this enzyme do not have methemoglobinemia. 
However, in the presence of redox compounds such as methylene 
blue, NADPH methemoglobin reductase rapidly reduces methemo-
globin. Thus this agent is useful in treating methemoglobinemia.

Cytochrome b5 reductase enzyme deficiency is a recessive 
trait, and only homozygotes or individuals who are compound 
heterozygotes for two different gene mutations express the 
disease. Of interest, however, heterozygotes can be at risk 
for acquired methemoglobinemia when exposed to oxidant 
drugs.57,58 Two forms of cytochrome b5 reductase deficiency are 
recognized, types I and II.

Type I deficiency is limited to erythrocytes and is manifested 
by methemoglobinemia only. Patients are more cyanotic than 
sick, in the worst cases complaining of fatigue with strenuous 
exercise. They have normal survival and have normal pregnan-
cies. Methemoglobin levels vary from 20% to 40%. When exposed 
to methemoglobin-inducing drugs or chemicals, these patients 
are at risk for developing further methemoglobinemia symptoms. 
Enzymatic activity of the NADH-dependent methemoglobin reduc-
tase system is reduced in the erythrocyte.

Type II deficiency is a generalized form cytochrome b5 reduc-
tase deficiency, affecting 10% to 15% of patients. It is a severe 
and lethal disease, with a strong neurologic component. Although 
the methemoglobinemia can be treated, the neurologic syndrome 
is refractory. The disease is secondary to homozygosity or com-
pound heterozygosity for defective cytochrome b5 reductase in 
all tissues.

At least 33 mutations of CYB5R3 have been associated with 
methemoglobinemia.62 Seventeen exon mutations were associ-
ated with type 1 disease, 15 with type II, and 1 with both types 
of disease. Missense, nonsense, deletions, and other classes of 
mutation have been described.

A high incidence of hereditary methemoglobinemia is found 
among Alaskan Eskimos, Northwest Indians, Navajo Indians, 
and natives of Yakusk, Siberia, groups that might have common 
ancestry. In one report from Alaska, the gene frequency was 0.07, 
but these results were based on enzyme assay and not detection 
of the gene. Cytochrome b5 reductase deficiency has also been 
observed sporadically among Puerto Ricans and in Mediterranean 
populations.

acquired (toxic) Methemoglobinemia
Many chemical agents and drugs can induce methemoglobinemia 
in normal people (Table 35.4). Dapsone- and primaquine-induced 
methemoglobinemia, at levels of 15% to 33%, have been reported 
in human immunodeficiency virus (HIV)-infected patients. Nitrites 
also are common offenders, and recreational use of amyl, butyl, 
or isobutyl nitrites is a cause of acquired methemoglobinemia. 
Infections that release toxins (including nitrites) can produce 
methemoglobin. Aniline dyes and aniline reduce molecular oxy-
gen and generate methemoglobin. Phenylhydroxylamine, after 
reducing oxyhemoglobin, can generate nitrosobenzene, which is 
reduced again to phenylhydroxylamine by red cell enzymes. The 
cycle can then, in turn, generate more methemoglobin. Henna, a 
natural product used worldwide as a hair dye and to stain skin 
and nails, contains a chemical, 2-hydroxy-1,4-naphthoquinone, 
that can increase methemoglobin production, especially in G6PD-
deficient individuals. Use of benzocaine as a topical anesthetic is 
often associated with methemoglobinemia. Certain medications 
used to treat diaper rash that contain benzocaine and resorcinol 
have been reported to produce methemoglobin levels as high 
as 35%.57–64

72683_ch035_0914-0926.indd   921 30/07/13   1:21 PM



922 part iv Disorders of red cells • SeCtiON 4 Hereditary Disorders of Hemoglobin Structure and Synthesis 

Local anesthetics

 Benzocaine

 Lidocaine

 Procaine

 Prilocaine

Analine dyes

Chlorates

Dapsone

Diarylsulfonylureas (sulofenur)

Primaquine

Rasburicase

Nitrates and nitrites

Nitroglycerine

Cerium nitrate

Amyl nitrate

Isobutyl

Nitrobenzines

Nitrofurans

Pyridium

Primaquine

Sulfonamides

Acetaminophen/phenacetin

DrUGS AnD AGentS tHAt cAn cAUSe MetHeMOGlObineMiA

taBLe 35.4

Newborn infants are at increased risk for methemoglobinemia 
because of a transient decrease in NADH cytochrome reductase 
activity during the neonatal period; normal adult enzyme activity 
is present by 3 to 4 months of age. Infantile methemoglobinemia 
has occurred in association with nitrate contamination of the water 
supply.60 Children with septic shock also can have methemoglobin-
emia, presumably because of increased circulating nitrite/nitrate 
levels. In children with Plasmodium falciparum malaria, mean 
methemoglobin levels are increased, and this is related to disease 
and anemia severity.61 Because malaria itself produces hypoxia, 
the additional reduction in oxygen-carrying capacity because of the 
presence of methemoglobinemia might be particularly critical for 
the subgroup of patients who are anemic or acidotic.

Diagnosis
The possibility of acquired methemoglobinemia should be con-
sidered in anyone with recent or sudden apparent cyanosis who 
is unresponsive to 100% oxygen and without cardiopulmonary 
pathology. Sulfhemoglobinemia (see later) should also be consid-
ered in these cases. Acquired methemoglobinemia is not rare; it 
is much more common than any of the genetic causes of methe-
moglobinemia. In a retrospective study of acquired methemoglo-
binemia (methemoglobin level >2%), 138 cases were encountered 
over a period of 28 months.64 Patients’ ages ranged from 4 days 
to 86 years, and there was one fatality and three near-fatalities. 
Dapsone was the most common etiology of acquired methemoglo-
binemia, accounting for 42% of all cases. The mean peak methe-
moglobin level among these individuals was 7.6%. In five of the 
patients with the most severely elevated levels, 20% benzocaine 
spray was the causative agent and was associated with a mean 
peak methemoglobin level of 44%. Eleven pediatric patients devel-
oped methemoglobinemia either from exogenous exposure, such 
as drugs, or because of serious illness, such as gastrointestinal 
infections with dehydration. Ninety-four percent of patients with 
methemoglobinemia were anemic.

Long-standing symptoms, or symptoms in siblings, is sugges-
tive of a hereditary methemoglobinemia. Because the enzyme 
deficiency is inherited as a recessive trait, clinical disease is not 
expected in the parents. The differential diagnosis includes the 
HbM variants and low-oxygen–affinity hemoglobins. Because of 
the “dominance” of the HbM genes, one parent often has the same 
symptoms.

The diagnosis of cytochrome b5 reductase deficiency is made 
by direct assay of the enzyme. Genetic ascertainment is available 
for the known mutations. Pre-natal diagnosis is available for type II 
congenital methemoglobinemia.

treatment
Acquired methemoglobin is treated by stopping the offend-
ing agent once it is identified. Direct drug intervention with 
intravenous methylene blue is indicated in patients with 40% 
to 60% methemoglobin, particularly when symptoms are pres-
ent. Methemoglobin levels of 70% can be fatal. The usual dose 
of methylene blue is 1 to 2 mg/kg, and the maximum dose is 
7 mg/kg. It can be given intravenously in acute methemoglobin-
emia. For intravenous administration, it should be given slowly 
over 35 minutes to avoid high concentrations and paradoxical 
methemoglobin production. Rapid improvement in cyanosis 
and normalization of methemoglobin level usually occurs 30 to 
60 minutes after methylene blue injection. If there is coexistent 
G6PD deficiency, methylene blue is not effective, because of the 
lack of NADPH production, and its use may result in hemolysis. 
A transient drop of pulse oximeter arterial oxygen saturation can 
be seen following methylene blue injection, a result of interfer-
ence by methylene blue with the light-wave emission of the pulse 
oximeter. Methemoglobin levels can increase again following suc-
cessful treatment.65 In type I cytochrome b5 reductase deficiency, 
treatment is mainly for cosmetic purposes. Oral methylene blue, 
100 to 300 mg daily, can maintain methemoglobin levels of 5% to 
10%. Ascorbic acid, 200 to 500 mg daily, also can reverse cyanosis 
in patients with type I methemoglobinemia.

In aniline-induced methemoglobinemia, methylene blue can 
couple with oxyhemoglobin to generate free radicals and has some-
times produced hemolysis. In these cases, dosing should be limited.

Automated red blood cell exchange has been used successfully 
when methylene blue is ineffective and may be superior to manual 
exchange transfusion.66

PUlse oximetry
Virtually all of the classes of hemoglobin variants and methe-
moglobinemia discussed above have been associated with unex-
pected low oxygen saturations when this is measured by pulse 
oximetry. Some low-oxygen–affinity variants have both a low 
pulse oximeter measured oxygen saturation and a low arterial 
oxygen saturation although the arterial oxygen pressure was 
normal.67–70 These anomalies are due to the altered absorption 
spectrum of the hemoglobin variant that confounds the settings of 
the pulse oximeter which uses set wavelengths of light to calculate 
oxygen saturation. Attention should be paid to measurement of 
blood oxygen saturation when any hemoglobin variant is pres-
ent. Blood oxygen saturation can be measured using an arterial 
blood gas analyzer, by pulse oximetry, or by using a CO-oximeter. 
The first method measures blood partial pressure of dissolved 
oxygen and provides the PaO2 and SaO2. The convenient pulse 
oximeter provides a transcutaneous measure of absorbance at 
two wavelengths (660 and 940 nm) but is inaccurate when dys-
hemoglobins, such as methemoglobin (hemoglobin with oxidized 
[Fe3+] heme iron), carboxyhemoglobin, and sulfhemoglobin, are 
present. CO-oximetry, the most accurate of all the methods, can 
be inaccurate in cases of M hemoglobins.
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Figure 35.1. An algorithm for evaluation of low SpO2. Arterial blood gas should be done on room air and with simultaneous SpO2 measurement. (Redrawn 
from Ref. 70.)

Oxygen saturation calculated from pH and PO2 should be inter-
preted with caution, because the algorithms used assume normal 
hemoglobin oxygen affinity, normal 2,3-DPG concentrations, 
and no dyshemoglobins such as methemoglobin or hemoglobin-
opathies. CO-oximeter reports should include the dyshemoglobin 
fractions in addition to the oxyhemoglobin fraction. In cases of 
increased methemoglobin fraction, pulse oximeter values trend 
toward 85%, underestimating the actual oxygen saturation. 
Hemoglobin M variants may yield normal methemoglobin levels 
and increased carboxyhemoglobin or sulfhemoglobin fractions 
measured by CO-oximetry.

In a systematic review, 25 publications and 4 unpublished 
reports representing 45 patients with low SpO2 and a confirmed 
variant hemoglobin were identified.70 Fifty-seven family members 
of patients had a confirmed or suspected variant hemoglobin. 
Three low-oxygen–affinity variant hemoglobins had concordantly 
low SpO2 and SaO2. Eleven variant hemoglobins were associated 
with unexpectedly low SpO2 measurements but normal SaO2. 
Most variant hemoglobins were associated with spuriously low 
SpO2. The differential diagnosis of possible variant hemoglobin 
should be considered in asymptomatic patients found to have 
unexpectedly low SpO2. Otherwise these patients might be sub-
jected to unneeded extensive cardiopulmonary investigations in 
search of the cause of their “hypoxemia.” A approach to the evalu-
ation of low oxygen saturation is shown in Figure 35.1.

dysHemoglobinemiAs: CArboxy-, 
sUlf-, And nitrosoHemoglobins
CO and NO are present in normal red cells in very low concentra-
tions, and both can bind to hemoglobin to form carboxyhemoglobin 
(CO hemoglobin) and nitrosohemoglobin (NO hemoglobin), respec-
tively. Carboxyhemoglobin avidly binds oxygen and cannot release 

it to the tissues. Nitrosohemoglobin may have critical physiologic 
functions. In addition to these normally occurring liganded hemo-
globins, sulfur compounds can bind to the pyrrole ring of heme, 
forming a thiochlorin, referred to as sulfhemoglobin (see Chapter 6). 
Mutations or environmental conditions can increase the concen-
trations of all these liganded or oxidized hemoglobins, thereby 
producing dyshemoglobinemias. Sometimes, increased levels of 
dyshemoglobins are life-threatening, and because effective treat-
ments are available, their presence should be identified promptly.

Carbon Monoxide poisoning: 
Carboxyhemoglobinemia
CO, a toxic gas, is odorless, colorless, and tasteless, has a low solu-
bility in water, and is relatively inert. It combines with hemoglobin 
heme with high affinity and with lesser affinities to myoglobin and 
cytochrome heme. Under physiologic conditions, its affinity for 
hemoglobin is ∼240 times greater than that of oxygen. Once CO 
is bound to heme, its “off” rate is very slow, producing a very high 
affinity constant of CO for heme and a life-threatening danger for 
organisms exposed to high levels of CO.

Further endangering those exposed to CO, once two mol-
ecules of CO are bound to hemoglobin, the molecule switches to 
the R state, and the two globin chains that can bind oxygen will 
be in their high-affinity conformation. This high ligand affinity 
makes the delivery of oxygen to the tissues by the remaining 
oxygen-binding sites more difficult (Darling-Roughton effect). 
Consequently, the oxygen equilibrium curve of blood is shifted to 
the left with increasing CO levels.

In the absence of increased environmental CO, the blood 
of adults contains ∼1% to 2% CO hemoglobin. This endog-
enous CO is derived from heme catabolism, specifically, the 
first enzymatic reaction catalyzed by heme oxygenase (see 
Chapter 6). Caloric restriction, dehydration, and Japanese 

Low oxygen saturation by
pulse oximetry (SpO2)

Rule out artifact
e.g., motion, lighting, nail polish

Assess clinically
Signs and symptoms of hypoxemia, respiratory or cardiac disease

Personal or family history of hemoglobinopathy
Assess response to oxygen therapy

Arterial blood gas#
Co-oximetry to determine SaO2
(will also identify high MetHb)

Concordant
= True Hypoxemia

Cardiorespiratory investigations

Investigations for congential
variant hemoglobin∗

Investigations for congential
variant hemoglobin∗

Congenital methemoglobinemia

* Evaluation for variant hemoglobins are discussed in Chapters 33–35.

Other variant hemoglobin

Discordant
(“Saturation gap”)
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and Amerindians seem to generate higher endogenous levels 
of CO. Hemolytic anemia, hematomas, and infection tend to 
increase CO production up to threefold. Fetuses and newborns 
have double the normal adult levels of CO hemoglobin, and 
this increases further in the presence of neonatal hemolysis. 
Exogenous sources of CO include atmospheric CO, which is a 
product of incomplete combustion and oxidation of hydrocar-
bons, and natural sources.

The most commonly used instrument for the detection and 
quantification of carboxyhemoglobins is the CO-oximeter, which 
also provides the levels of oxy-, deoxy-, and methemoglobin.

Chronic CO Intoxication
It has been estimated that CO intoxication is responsible for 
upward of 50,000 emergency room visits yearly.71 Symptoms 
of CO hemoglobinemia can include irritability, nausea, lethargy, 
headache, and sometimes a flulike condition. A study of more 
than 1,000 CO-poisoned patients suggested that symptoms 
might not correlate well with blood levels of CO hemoglobin.72 
Higher CO hemoglobin levels produce somnolence, palpitations, 
cardiomegaly, and hypertension, and might contribute to athero-
sclerosis. Long-term neuropsychological symptoms can persist 
and even be permanent.71 Chronic CO poisoning can produce 
erythrocytosis, the magnitude of which varies with the level of 
CO hemoglobin. By increasing red cell production, chronic CO 
poisoning can mask the mild anemia of thalassemia trait or other 
acquired or genetic hemolytic disorders.

The most frequent exogenous source of CO is cigarette smok-
ing, which can increase carboxyhemoglobin to 15%. Waterpipes 
have also been associated with CO hemoglobinemia. Pregnant 
women, fetuses, neonates, and infants are particularly suscep-
tible to CO poisoning from smoking. Because CO hemoglobin 
increases hemoglobin-O2 affinity, this may cause erythrocy-
tosis, especially in smokers. The second most common cause 
of chronic CO exposure is defective heating exhaust systems 
and vehicles that leak CO into the passenger compartment. 
Occupational exposure is seen in garage workers, toll booth 
attendants, tunnel workers and other situations and occupa-
tions with poor ventilation, firefighters, and workers with 
industrial exposure.

Acute CO Intoxication
Carboxyhemoglobin levels >20% are usually required before symp-
toms appear. Accidental exposures to high environmental levels of 
CO or suicide attempts by deliberate exposure to a CO source are 
the most frequent causes of acute poisoning in the United States, 
responsible for ∼4,000 adult deaths a year. Acute CO intoxica-
tion in children is responsible for ∼400 deaths a year, is more 
severe, and sometimes has unique symptomatology. Children 
are more likely to have severe sequelae such as leukoencepha-
lopathy, white-matter destruction, and severe myocardial ischemia. 
Carboxyhemoglobinemia has been associated with high doses of 
sodium nitroprusside in children, with levels of 5.5% to 7.7%.73 The 
mechanism is unclear but is hypothesized to be the induction of 
heme oxygenase, the first enzyme in heme catabolism that gener-
ates CO.74

CO rapidly affects the central and peripheral nervous system 
and cardiopulmonary functions. Cerebral edema is common, 
as are alterations of sensory and peripheral nerve function. CO 
induces increased permeability in the lung, resulting in acute pul-
monary edema. Cardiac arrhythmia, generalized hypoxemia, and 
respiratory failure are the common causes of CO-related death. 
Carboxyhemoglobin levels >40% are present in these cases. In 
survivors, considerable neurologic deficits may remain.

Less severe acute cases present with the same types of 
symptoms as patients with chronic intoxication. Arrhythmias, 

myocardial ischemia, lactic acidosis, convulsions, and coma also 
can occur. An interesting complication observed several days after 
the exposure to CO are patches of necrotic skin induced by local-
ized hypoxia. The levels of carboxyhemoglobin that can elicit any 
of these symptoms vary widely among patients.

Treatment
Treatment of chronic exposure is principally rapid removal 
of the patient from the source of environmental CO and if 
needed, breathing 100% O2 will increase the rate of CO removal. 
Hyperbaric oxygen, whose efficacy is unproven,71,74 perhaps 
because of the almost inevitable delay in its institution, should be 
reserved for exceptional cases of CO intoxication.74 In acute expo-
sure, after identification and removal of the source of CO, 100% 
O2 should be administered.

Sulfhemoglobinemia
Sulfhemoglobin is a green-pigmented protein with a sulfur atom 
incorporated into the heme ring. It is first suspected in a cyanotic 
patient with near-normal oxygen tension who is felt to have met-
hemoglobinemia but does not respond to therapy with methylene 
blue. Although it shares a similar absorption peak with methe-
moglobin, the absorption peak of methemoglobin, unlike that of 
sulfhemoglobin, is abolished by cyanide. At low concentrations, 
sulfurated tetramers are shifted toward the deoxy or T form, 
producing a right shift of the oxygen equilibrium curve. This shift 
in the hemoglobin–oxygen dissociation curve reduces the likeli-
hood of dyspnea unless the concentrations of sulfhemoglobin are 
exceptionally high.

Sulfhemoglobin has been associated with the use of certain 
“oxidant” medications, although mostly when used in doses 
higher than recommended, during drug abuse, with occupa-
tional exposure to sulfur compounds and with exposure to 
polluted air.75 Sulfhemoglobin and methemoglobin have been 
reported to coexist in some cases of drug-induced hemoglobin-
opathy, and chemicals and drugs reported to produce these syn-
dromes are similar. Congenital sulfhemoglobinemia is rare and 
has been described with an unstable hemoglobin. It is likely, 
that, because of drug-related and industrial exposure to  sulfur, 
this condition is underdiagnosed. For equivalent amounts 
of abnormal pigment, the patient with sulfhemoglobinemia 
appears bluer than the patient with methemoglobinemia, and 
concentrations of 0.5 g/dl can produce cyanosis. These individ-
uals are less symptomatic than those with methemoglobinemia, 
as cyanosis occurs at a sulfhemoglobin concentration 10 times 
lower than the methemoglobin level needed to cause cyanosis. 
Treatment is rarely required in addition to withdrawal from 
the putative offending agent. Exchange transfusion is the sole 
therapeutic option for symptomatic cases.

Nitrosohemoglobins
NO is generated from l-arginine by nitric oxide synthases (see 
Chapter 6). NO diffuses out of the originating cells and into 
nearby target cells, where it binds the heme groups of enzymes 
and hemoglobin. The reaction of free NO with erythrocytes is 
diffusion-limited. It has been proposed that S-nitrosylhemoglobin 
is formed in the lungs, whereas in tissues NO is liberated from 
hemoglobin leading to vasodilation. It is hypothesized that by 
sensing the physiologic oxygen gradient in tissues, hemoglobin 
exploits conformation-associated changes in the position of 
b93 cys to bring local blood flow into line with oxygen require-
ments.76–81 This hypothesis is controversial, however, and there 
is little direct evidence that NO is liberated from the b93 cys site 
as hemoglobin assumes the T state.
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Megaloblastic aneMias:DisorDers of iMpaireD 
Dna synthesis
ralph carmel

historical backgrounD
The story of megaloblastic anemia, its causes, and how they were 
decoded is a wonderfully instructive chapter of medicine. Clinical 
observations set the stage for a series of insightful clinical investi-
gations that converted a dreaded “pernicious” condition into one 
that is now easily treated.

A puzzling illness with anemia, debilitation, languor, and, 
finally, torpor and death was described by Addison1 in 1849. 
Although possibly similar cases were reported earlier and 
Addison believed the anemia to be related to adrenal dysfunction, 
this is generally taken as the first description of pernicious ane-
mia. Neuropathy was noted by Osler and Gardner in 1877, and 
Lichtheim associated it with myelopathy 10 years later. In 1880, 
Ehrlich identified megaloblasts and proposed them as the precur-
sors of the “giant blood corpuscles” described in the peripheral 
blood by Hayem.

The clinical breakthrough occurred in 1926 when Minot and 
Murphy,2 using the then new technique of reticulocyte assess-
ment, showed that the manifestations could be reversed and held 
in abeyance by eating prodigious amounts of liver; for this, they 
shared the Nobel Prize. Three years later, Castle,3 building on 
earlier descriptions of achylia gastrica, demonstrated that gastric 
juice contains an “intrinsic factor” (IF) that combines with an 
“extrinsic factor” in meat and allows it to be absorbed. Several 
decades later, the extrinsic factor, vitamin B12, was synthe-
sized,4,5 and its structure was demonstrated by Hodgkin,6 who 
was awarded a Nobel Prize for her crystallographic work.

Studies by Wills,7 who treated macrocytic anemia with yeast, 
and by many others defined the need for folate, which was isolated 
and characterized by 1948.8 The ability of nutritional folate defi-
ciency to cause megaloblastic anemia was proven in a notable self-
experiment by Herbert.9 The stories of these and other discoveries 
are available in several highly readable books and articles.10–13

Cure is so simple now that the once deadly diseases are con-
sidered domesticated. That gratifying development has been so 
successful that the potential for clinical neglect has emerged,14–16 
even as major metabolic and molecular advances continue. The 
definitions of insufficiency have expanded,17 and accurate and 
accessible biochemical tools have facilitated exploration of poten-
tial impact on public health. This has not been free of controversy.

norMal physiology anD 
pathophysiology
Megaloblastic anemia is, most often, a product of folate or cobala-
min (vitamin B12) deficiency. These metabolically intertwined 
vitamins, whose disorders are sometimes difficult to differentiate, 
require very distinct diagnostic and therapeutic approaches. The 
two are discussed separately throughout this chapter, which sig-
nals the need to always differentiate between them.

Biochemistry and Metabolism

Folate
Folate, or pteroylglutamate, consists of a pteridine ring, parami-
nobenzoate, and one or more glutamate side chains (Fig. 36.1). 
Folates vary in their reduction states, one-carbon moieties, 
and glutamation states. Polyglutamated folates, with three or 
more g-carboxyl–linked glutamate residues, predominate intra-
cellularly; they are better retained in cells than monoglutamated 
forms, which traverse membranes more easily.18 Polyglutamated 
forms are also more effective participants in enzymatic reactions, 
although N5-methyltetrahydrofolate (methylTHF), the major folate 
in the body, tends to be a poor substrate for polyglutamation.

Folic acid is pharmacologically stable but must be reduced to 
be active. Folates reduced to tetrahydrofolate (THF) at positions 
N5 through N8 (Fig. 36.1) function as one-carbon group donors, 
acceptors, or modifiers. THFs with varying one-carbon moieties 
at the N5, N10, or both positions, attach to enzymes and serve as 
co-substrates in cytoplasmic or mitochondrial one-carbon group 
transfers involving amino acids (Fig. 36.2, reactions 4, 5, and 7), 

FIGURE 36.1. Folate structure. The constituents are, from left to right, pteridine and p-ami-
nobenzoic acid (PABA), which constitute the pteroyl moiety, and one or more glutamates that 
are attached by g-carboxyl linkage (in this diagram, three glutamates are linked). Metabolic 
activity requires reduction to tetrahydrofolate at positions 5, 6, 7, and 8. Various one-carbon 
moieties are attached to the nitrogen at position 5 (N5-methyl, N5-formyl, or N5-formimino) or 
10 (N10-formyl), or bridging 5 and 10 (N5,10-methylene or N5,10-methenyl). Each folate par-
ticipates in specific reactions by transferring, accepting, or transforming its one-carbon moiety.
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purines (reactions 10 and 11), and pyrimidines (reaction 2). By 
indirectly contributing to S-adenosylmethionine (AdoMet) genera-
tion, folate is linked to important methylations, including meth-
ylation of DNA cytosine (Fig. 36.2, reaction 13). Cellular folate 
metabolism and its compartments are reviewed elsewhere.18,19

Cobalamin
Cobalamin, a 1,355-Da member of the corrin family, is an organo-
metallic co-factor. Four nitrogens of its planar tetrapyrrole anchor 
a central cobalt atom linked with a nucleotide (5,6-dimethyl-
benzimidazole) below and a variable prosthetic moiety above 
the pyrrole plane (Fig. 36.3). Specific cobalamins are named for 
their prosthetic moiety: methylcobalamin, which predominates in 
plasma and cytoplasm, and 5′-deoxyadenosylcobalamin, which 
predominates in mitochondria. Vitamin B12, used popularly as a 
synonym for cobalamin, was the name given to cyanocobalamin,4 
a stable pharmacologic preparation that must be converted to 
other forms for utilization. Noncobalamin corrinoids, often with 
major structural changes or deletions, are ubiquitous in microbial 
metabolism, but cannot be used by humans. Some noncobalamin 
analogs are nevertheless bound avidly by transcobalamin (TC) I 
(also called haptocorrin) 20,21 and are found in the gut, plasma, 
and, much less often,  tissues.22

To serve as an active co-enzyme, cobalamin requires reduction 
of its cobalt to the monovalent cob(I)alamin or divalent cob(II)
alamin.23 Reduced cobalamin has two known roles in humans. 
Attached to methionine synthase, it accepts the methyl group 

from methylTHF as methylcobalamin and transfers it to homocys-
teine (Fig. 36.2, reaction 4). Cobalamin activity for this reaction 
is maintained by methionine synthase reductase24 and requires 
AdoMet. In cobalamin’s other role, reduced mitochondrial cobala-
min accepts 5′-deoxyadenosyl from adenosine triphosphate and 
binds to methylmalonyl coenzyme A (CoA) mutase. This mutase 
mediates an intramolecular rearrangement of l-methylmalonyl 
CoA to succinyl CoA in propionate metabolism.25

Cobalamin deficiency has a major impact on folate, homocys-
teine, and methionine metabolism by impairing the methionine 
synthase reaction. Most evidence supports the concept that 
cobalamin deficiency thereby “traps” methylTHF, which has no 
alternative metabolic role or route.26,27 Feedback mechanisms 
activate methyleneTHF reductase (Fig. 36.2, reaction 3) in an 
effort to mobilize more methylTHF but only end up diverting 
even more methyleneTHF from its other roles and into the trap. 
A paralysis of folate metabolism spreads as THF and other active 
folates decrease. An alternative to the trap hypothesis emphasizes 
that the failure of methionine synthesis ultimately leads to formate 
“starvation,”28 with depletion of formylTHF, methenylTHF, and 
methyleneTHF.

Homocysteine and Methionine
Folate and cobalamin participate intimately in homocysteine 
and methionine metabolism. The eventual generation of AdoMet 
(Fig. 36.2, reaction 12) serves several major functions. AdoMet helps 
regulate the metabolism of folate and disposition of homocysteine 

FIGURE 36.2. Folate metabolism and its linkage with cobalamin (reaction 4 ) to homocysteine and methionine metabolism (right ). Vitamin co-factors 
are highlighted in boxes. Not all bidirectional reactions are noted as such, but the unidirectional nature of reaction 3 is the basis for the methyltetrahydrofolate trap 
hypothesis. The enzymes for the reactions include the following: (1) dihydrofolate (DHF) reductase; (2) thymidylate synthase; (3) methylene tetrahydrofolate (THF) reduc-
tase; (4) methionine synthase (maintained by a reductive system mediated by methionine synthase reductase); (5) serine hydroxymethyltransferase; (6) two sequential 
reactions mediated by two enzymatic activities of a single protein (methyleneTHF dehydrogenase and methenylTHF cyclohydrolase); (7) glutamate formiminotrans-
ferase; (8) formiminoTHF cyclodeaminase; (9) methenylTHF synthase; (10) glycinamide ribonucleotide (GAR) transformylase; (11)  5-aminoimidazole-4carboxamide 
ribonucleotide (AICAR) transformylase; (12) methionine adenosyltransferase; (13) diverse S-adenosylmethionine (AdoMet)–dependent methyltransferases; (14) 
S-adenosylhomocysteine (AdoHcy) hydrolase (kinetics usually favor synthesis of AdoHcy); (15) betaine:homocysteine methyltransferase; (16) cystathionine b-syn-
thase;(17) cystathionine g-lyase. dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; FAD, flavin adenine dinucleotide (riboflavin); FAICAR, 
formylAICAR; FGAR, formylGAR; FIGLU, formiminoglutamic acid; Glu, glutamic acid; MeCbl, methylcobalamin; PLP, pyridoxal 5′-phosphate.
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by inhibiting both methyleneTHF reductase (reaction 3) and betaine 
hydroxymethyltransferase (an alternate remethylator of homocyste-
ine [reaction 15] confined to liver and perhaps kidney and lens), and 
by activating cystathionine b-synthase (reaction 16).29

Even more importantly, AdoMet is the methyl donor for 
most cellular methylation reactions affecting proteins, nucleic 
acids, histones, phospholipids, and neurotransmitters, all medi-
ated by various methyltransferases (Fig. 36.2, reaction 13).30 
DNA hypomethylation, which contributes to neoplasia, can 
result from AdoMet deficiency. In the methylation reactions, 
S-adenosylhomocysteine (AdoHcy) is formed. AdoHcy, which in 
excess inhibits AdoMet activity, can be hydrolyzed to homocyste-
ine; under normal conditions, however, the direction of this reac-
tion favors AdoHcy synthesis (reaction 14).

An alternate fate of homocysteine is its transsulfuration to 
cystathionine and then to cysteine; both of these steps require 
pyridoxal 5′-phosphate (reactions 16 and 17). This is the major 
catabolic pathway for homocysteine, which is cytotoxic in con-
centrations normal for other amino acids. The pathway also 
influences redox activity by generating glutathione, a major intra-
cellular reducing agent.

normal Folate physiology

Nutritional Characteristics
Folate, named for green leafy vegetables, exists in nearly all 
classes of foods. Organ meats (e.g., liver and kidney) and yeast 

are particularly rich, although not frequently eaten, sources. 
More common sources are other meats, nuts, beans, orange juice, 
dairy products, grains, and cereals. However, food folate, mostly 
methylTHF and formylTHF, is labile. Large losses occur with stor-
age and some cooking processes,31 especially when the water is 
discarded.9

Fortification of the American food supply in 1998 with 140 mg 
folic acid/100 g in grain and cereal products was mandated to 
lower the risk of neural tube defect births. Many food producers 
exceeded that amount, increasing the average folate intake by 
190 mg/day.32 Folate levels have risen sharply, reducing the fre-
quency of subnormal red cell folate from 37.6% to 4.5% in young 
women.33 Supplement use has also grown in Western societies, 
especially among women and the aged.34 However, overall folate 
intake remains poor in other countries.

Dietary recommendations35 take into account folate bioavail-
ability, which is highest for synthetic folic acid and lower for food 
folate, which tends to be polyglutamated and requires conversion 
to monoglutamate for optimal absorption. Recommended intake 
is therefore expressed in dietary folate equivalents, in which 
0.5 mg of folic acid supplement or 0.85 mg folic-acid–fortified food 
delivers the dietary equivalent of 1 mg of food folate. The recom-
mended dietary folate equivalent intake is 400 mg daily for adults, 
600 mg for pregnant women, 500 mg for lactating women, and 
lesser amounts scaled for age in children. Women of reproduc-
tive age are advised to take 400 mg of folic acid as an additional 
supplement to prevent neural tube defect births.

Physiologic Cycle of Assimilation
Folate absorption
The absorption combines specific saturable processes that tend to 
predominate in the upper small intestine and nonsaturable ones 
that predominate in the ileum.36 Luminal binding proteins appear 
not to be involved. The saturable process allows absorption of all 
folates, usually after the polyglutamated forms are hydrolyzed 
to monoglutamated ones by glutamate carboxypeptidase II in 
the jejunal brush borders. Two transmembrane, high-affinity 
members of the solute carrier superfamily mediate the saturable 
absorption of reduced folates in the upper small intestine. The 
main one, the proton-coupled folate transporter, has optimal 
affinity for folate at the duodenal pH of 5.5.36,37,38 The reduced 
folate carrier has a higher affinity at pH 7.4 and thus has a lesser 
duodenal role.36 Both these carriers exist in other tissues also. 
Conversion of absorbed folate to methylTHF appears to occur in 
the intestinal cell, which then exports the methylTHF into portal 
blood via carrier-mediated basolateral membrane transport, but 
some have proposed later hepatic conversion instead.39 The liver 
either polyglutamates and stores the folate, secretes it for bili-
ary enterohepatic recycling, or exports it for delivery elsewhere. 
Folate achieves peak levels in the blood 1 hour after ingestion.

Nonsaturable ileal absorption of folate assumes a dominant 
role whenever more than 200 mg of folate, which exceeds the 
capacity of the jejunal process, is ingested.35 Such absorption 
of nearly unlimited amounts of unreduced monoglutamates may 
explain why oral folic acid is effective even when the more specific 
jejunal mechanisms fail in some malabsorptive disorders.

Folate Binders and receptors
The various specific and nonspecific folate binders are incom-
pletely understood and may not be mandatory for cellular uptake 
of folate. Specific binding proteins in the blood bind only a small 
fraction of circulating folate. Secretions, especially milk, also con-
tain specific binding protein whose role is unclear but may with-
hold folate from bacteria.

The reduced folate carrier belongs to the SLC19 family of 
transporters, some members of which transport thiamine, and 
transports reduced folates (and methotrexate) into cells by a pro-
cess linked to organic anions.36 With its high activity at neutral 

FIGURE 36.3. Cobalamin structure. Attached to the central cobalt atom of the corrin tetra-
pyrrole and to one of the pyrrole rings is the a-ligand, the 5,6-dimethylbenzimidazole nucleotide, 
extending below the corrin plane. The b-ligand (marked as X in the diagram) above the plane 
can be any one of several moieties, such as methyl, 5′-deoxyadenosyl, hydroxyl, or cyanide.
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pH and operating at higher concentrations of folate, reduced 
folate carrier assumes major responsibility for folate uptake from 
the blood by the liver, kidney, leukocytes, placenta, and parts of 
the brain.

Folate receptor-a (FR-a or FR1) and FR-b (or FR2), are spe-
cific, partially homologous receptors in epithelial cells, placenta, 
hematopoietic cells, renal tubular cells, and malignant cells.36,40 
Their related genes lie on chromosome 11q13. FR-a and FR-b are 
covalently linked to glycosylphosphatidyl inositol anchors on cell 
membranes, bind and internalize methylTHF by endocytosis via 
clathrin-coated pits, and are recycled.41 FR-g is confined to hema-
topoietic cells but lacks glycosylphosphatidyl inositol anchoring 
and is therefore readily secreted.42 The roles of these FR isoforms 
are not known, but FRa is active in renal tubular reabsorption of 
excreted folates. Some FR is found intracellularly, and some cir-
culating folate-binding proteins appear to derive from FR. FRs are 
being explored as enhancers of drug delivery and cellular imaging 
because of their high expression in malignant and inflammatory 
cells. FR-a is also a co-factor for entry of Marburg and Ebola 
viruses into cells.43

Folate transport and cellular Utilization
Dietary folate and reabsorbed biliary folate enter the bloodstream 
and are rapidly cleared to tissues.44 The rapid flux probably 
explains why plasma folate declines within 3 weeks when intake 
is reduced. Plasma folate, which is mostly methylTHF, is bound 
nonspecifically and with low affinity to proteins such as albumin, 
but approximately one third circulates unbound and a tiny frac-
tion is bound specifically by the previously discussed FR-derived 
binding proteins. None of the circulating proteins plays any obvi-
ous role in cell uptake of folates.

Cellular uptake of monoglutamated folate occurs via either 
membrane FR or reduced folate carrier, the details varying 
among cell types and conditions.18,36 Passive diffusion also 
occurs. In the cell, folates are rapidly polyglutamated by folylpoly-
g-glutamate synthetase, which enhances cellular retention and 
promotes attachment to enzymes. The folate is transported by 
saturable mechanisms into organelles; 35% of intracellular folate 
is in mitochondria.

Folate stores and turnover
A classic depletion study in one volunteer suggests that body stores 
of folate can be depleted in a few months to levels that do not sup-
port normal hematopoiesis,9 but precise data are scarce. Old data 
estimate that normal liver folate content exceeds 7.5 mg.45 The 
liver concentrates much of the body’s folate and is a major site of 
one-carbon metabolism. Several folate pools exist, with different 
turnover rates ranging up to 100 days.46 Enterohepatic recycling 
involves as much as 100 mg of folate daily.44

Approximately 200 mg of folate is excreted fecally every day. 
However, that amount includes not only the endogenous losses 
via sloughed intestinal cells and nonreabsorbed biliary folate but 
also external folates, such as unabsorbed food folate and folate 
synthesized by intestinal bacteria.46 Approximately 1 mg of folate 
is filtered daily in the glomerulus but is largely reabsorbed as its 
folate-binding protein attaches to megalin, the multiligand recep-
tor in proximal tubules.47 Oxidatively degraded folate is lost, pri-
marily in urine. Daily losses thus approximate 1% to 2% of body 
stores, which is compatible with the folate depletion rate reported 
in a normal person after 2 to 3 months of dietary restriction.9

normal cobalamin physiology

Nutritional Characteristics
Humans obtain their cobalamin secondhand from animals and 
fish, which ingested the bacteria that synthesize cobalamin, or 
from animal products, such as milk.45,48 The more prodigious 

bacteria ingestors, such as ruminants and oysters, are rich 
sources. Plants do not contain cobalamin. Bioavailability var-
ies with different foods45,48,49,50 and is at least as important as 
content. Cereals, fortified with cobalamin, dairy products, and 
fish provide better cobalamin bioavailability than meat.49,50 
Cobalamin supplement use, often as part of a multivitamin, has 
grown.49,51

When absorption is normal, the recommended daily require-
ment of 2.4 mg in adults52 provides more than 1 mg cobalamin to 
compensate for the approximate daily loss. In children, recom-
mended daily intake rises from 0.4 mg in infancy to 1.8 mg in pre-
adolescence. A survey in 1995 indicated that typical daily intake 
of cobalamin in the United States is 4.0 to 6.2 mg.53 European 
surveys suggested that metabolic sufficiency plateaus at intakes 
of 4.2 mg or higher, depending on the population surveyed.50,54,55

Physiologic Cycle of Assimilation
Intestinal absorption and tissue uptake (Fig. 36.4) are designed to 
internalize and concentrate available cobalamin efficiently while 
excluding possibly harmful nonfunctional analogs. The process 
is tightly regulated by a system of binding proteins and recep-
tors.56,57,58 Whether food-bound or as a free supplement, cobala-
min that exceeds the capacity of IF-mediated uptake is poorly 
absorbed,59 unlike the ready absorption of excess, free folic acid. 
IF mediates the absorption of more than 75% of the typically small 
cobalamin load in a meal but can accommodate little more than a 
total of 1 to 2 mg at a time.45

cobalamin-binding proteins
Three proteins with nonoverlapping roles bind cobalamin with 
high affinity56,57,58,60 (Table 36.1). IF and TC II (called TC by 
authors who eschew TC I and TC II terminology) share moderate 
structural homology but their genes are located on different chro-
mosomes.61,62 Crystallographic analysis of TC II has defined key 
functional regions63 that may be shared by IF. Each protein binds 
cobalamin specifically and ferries it into cells by endocytosis via 
its specific receptor; neither protein binds nonfunctional corrinoid 
analogs avidly.20 IF, which originates in parietal cells although 
chief cells may synthesize it ectopically in patients with gastritis,64 
is confined to the gastrointestinal tract. TC II is synthesized by 
endothelial and other cells and is found in plasma and other fluids 
(Table 36.1). Holo-TC II (TC II with bound cobalamin) is cleared 
quickly by cellular uptake; its half-life in plasma is 90 minutes.65 
Plasma levels of total TC II tend to rise in inflammatory and other 
disorders, suggesting an acute-phase reactant character unrelated 
to cobalamin status,56,66,67 but correlation with C-reactive protein 
levels is poor.68 A common missense polymorphism of the TCN2 
gene, C776G, displays no consistent phenotypic impact,69,70,71 but 
the less common A67G mutation was associated with lower holo-
TC II without affecting metabolic cobalamin status.71

TC I (also called haptocorrin, R binder, or cobalophilin) is heav-
ily glycosylated.56 Its carbohydrate variability is prominent and 
affects major physicochemical characteristics.56,72 Some carbohy-
drate variations led to ill-advised isoelectric point demarcation of 
a “TC III” subset of TC I, but others may substantively alter TC I 
clearance from plasma. TC I is synthesized in the specific granules 
of late myeloid precursors73 and in exocrine gland epithelium.56 
TC I has only 33% to 36% homology to IF and TC II.62,74 It also 
differs from them in two important ways: it binds nonfunctional 
corrinoid analogs as avidly as cobalamin, and it lacks specific 
receptors for cellular delivery. As a result, plasma TC I exists 
largely saturated with cobalamin (i.e., holo-TC I) and has a half-
life of 9 to 10 days.65 Thus, TC I carries more than 70% of cobala-
min75,76 and virtually 100% of analogs in plasma,20,77 whose 
concentrations are nearly equal. Only 10% to 30% of plasma 
cobalamin is holo-TC II at any moment, which greatly under-
estimates the heavy but rapidly turning over holo-TC II traffic. 
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Holoprotein proportions can vary widely in some disorders, and 
the reason is not always known.76,78 Desialylated TC I is cleared 
nonspecifically by hepatic receptors for asialoglycoproteins,79 
whereby some of its cobalamin is cleared in bile.

TC I concentrations in all secretions exceed plasma  levels 
manyfold.56 TC I carries nearly all the cobalamin in breast milk, 

salivary TC I is the first protein to bind ingested cobalamin, and 
biliary TC I is involved in enterohepatic recycling of cobalamin. 
These facts suggest that much of the TC I role lies outside the 
bloodstream. It is plausible to suggest that TC I, whose role is 
considered unknown, is the primary “withholder”of excess cobal-
amin and, perhaps more important, all analogs that are used by 

FIGURE 36.4. Assimilation and utilization of cobalamin. ado-cbl, 5′-deoxyadenosylcobalamin; IF, intrinsic factor; methyl-cbl, methylcobalamin; TC I (HC), 
transcobalamin I (haptocorrin); TC II, transcobalamin II. (Modified from Carmel R. Cobalamin deficiency. In Carmel R, Jacobsen DW, eds. Homocysteine in health and 
disease. Cambridge, MA: Cambridge University Press, 2001:289–305, with permission.)
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the vast human microbiome in the gut and elsewhere, as well as 
withholding unusable analogs from human cells.80 The subject 
requires careful study. Several minor cobalamin-binding proteins 
and complexes have also been described in plasma, but their roles 
are unknown.56,79,81–83

cobalamin absorption
Cobalamin is released from food by pepsin at an acid pH in the 
stomach and binds preferentially to salivary TC I rather than IF 
at this pH (Fig. 36.4, panel 1). Pancreatic secretions entering the 
duodenum neutralize the pH and provide proteases to degrade 
TC  I.84 The released cobalamin, including biliary cobalamin,21 
thus becomes available to IF (Fig. 36.4, panel 2).

The IF–cobalamin complex eventually attaches to the cubilin 
receptor for IF in the ileum (Fig. 36.4, panel 3). Cubilin is a 460-
kDa glycoprotein whose 27 CUB domains provide binding sites 
for many other ligands, such as vitamin-D–binding protein, trans-
ferrin, immunoglobulin light chain, albumin, and apolipoprotein 
A1;47 it also exists in yolk sac, renal proximal tubules, and else-
where. Cubilin lacks a transmembrane domain but is anchored 
by amnionless, a 45-kDa transmembrane protein that provides 
cell signaling for the “cubam” receptor complex.85–87 After endo-
cytosis, the cubilin–IF–cobalamin complex is split, and cobalamin 
exits the ileal cell into the bloodstream several hours after its oral 
ingestion. Whether the exit is mediated by TC II or multidrug 
resistance protein-188 is unclear.

plasma transport and cellular Utilization
Some of the portal blood holo-TC II is internalized by hepatocytes 
via TC II receptors.21 The remainder finds its way to other tissues 
for calcium-dependent, TC II receptor-mediated cellular endocy-
tosis89,90 (Fig. 36.4, panel 4). After lysosomal degradation of the 
TC II, its cobalamin is released for attachment to cytoplasmic 
methionine synthase and conversion to methylcobalamin and to 
mitochondria for conversion to adenosylcobalamin.

Specific uptake of holo-TC II also occurs in yolk sac, gut, and 
especially in the proximal renal tubule by a second receptor, 
megalin, a 600-kDa glycoprotein member of the low-density 

lipoprotein receptor family.47 As is cubilin, with which it some-
times co-localizes, megalin is a multiligand receptor, but it has a 
considerably greater clientele of ligands; these include additional 
vitamin-binding proteins (such as folate-binding protein and ret-
inol-binding protein), several lipoproteins, carrier proteins (such 
as albumin, lactoferrin, and transthyretin), hormones, enzymes, 
hemoglobin, and myoglobin. Most information on megalin derives 
from studies in the proximal renal tubule, which is rich in the 
protein, and in knockout mice. Megalin prevents the urinary loss 
of many filtered proteins, and virtually completely reabsorbs the 
1.5-mg cobalamin load in the holo-TC II that is filtered by the 
glomerulus daily.

Body stores and turnover
Cobalamin stores exceed daily requirement more than 1,000-fold. 
This contrast with the much smaller ratio for folate explains why 
cobalamin depletion takes years whereas folate depletion takes 
weeks to months. The total body content of cobalamin approxi-
mates 2.5 mg (2,500 mg) in adults91 and only approximately 1 mg 
is lost daily. Some of the loss occurs by biliary excretion of 1.4 mg 
daily, but two thirds of that is reabsorbed via the IF mechanism.21 
If the IF mechanism fails, as in pernicious anemia, biliary reab-
sorption ceases. Urinary loss of cobalamin is minor because of 
reabsorption by megalin (however, if plasma cobalamin exceeds 
TC II capacity, as happens after cobalamin injection, the free 
cobalamin escapes renal reabsorption).

It bears mention that corrinoid analogs outnumber cobalamin 
98-fold in the colon,92 whereas they approximately equal cobala-
min content in the plasma.77 The extent of cobalamin conversion 
to analog in the body is unknown.

clinical anD laboratory features
The hematologic consequences are identical in folate and cobala-
min deficiency. So are many nonhematologic manifestations, 
with the notable exception of neurologic dysfunction. Some 
clinical variations reflect the ways in which the two deficiencies 
arise. Folate deficiency typically evolves rapidly, and it is often 

Intrinsic Factor TC II (TC) TC I (Haptocorrin)

Gene GIF (chr. 11q13) TCN2 (chr. 22q12.2) TCN1 (chr. 11q11-q12.3)

Cbl-related role Promotes ileal uptake Promotes uptake by all cells Sequesters Cbl and nonfunctional cor-
rinoids, withholding them from cellular 
uptake; carries all Cbl in milk and bile 
and most Cbl in blood; initial acceptor 
of Cbl in stomach

Cbl binding High affinity and specificity for Cbl; low 
affinity for corrinoid analogs

High affinity and specificity for Cbl; low 
affinity for corrinoid analogs

High affinity for Cbl; high affinity for 
corrinoid analogs

Cells of origin Gastric parietal cella Endothelial cell; fibroblast; ?ileal cell; 
?hepatocyte

Neutrophil; exocrine gland epithelial and 
ductal cells

Distribution in fluids Gastric juice Plasma, CSF, semen, amniotic fluid Plasma, all exocrine secretions,b CSF, 
semen

Protein structure 48-kDa glycoprotein (15% carbohy-
drate)

43-kDa polypeptide 66-kDa glycoprotein (33–40% 
 carbohydrate)

Receptors Cubilin-amnionless complex (“cubam”) TC II receptor;c  Megalind None identifiede

Consequence of binder deficiency Cbl malabsorption Severe cellular Cbl deficiency Low serum Cbl level without Cbl 
 deficiency

Cbl, cobalamin; chr., chromosome; CSF, cerebrospinal fluid; TC, transcobalamin.
a Ectopic production of intrinsic factor by chief cells occurs in patients with gastritis.
b Secretions include saliva, breast milk, bronchial secretions, and tears.
c This specific receptor is ubiquitous and internalizes holo-TC II for cobalamin utilization. Its gene is TCblR/CD320.
d Multiligand receptor in proximal renal tubule, intestine, choroid plexus, type 2 pneumocyte, and yolk sac; renal role involves cobalamin salvage but roles elsewhere are uncertain. Its gene is LRP2.
e Desialylated TC I may undergo nonspecific clearance by asialoglycoprotein receptors in the liver.

CObAlAMIN-bINDINg PROteINS

taBle 36.1
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associated with broad malnutrition and with alcohol abuse. In 
contrast, the evolution of cobalamin deficiency is usually mea-
sured in years, and it tends to be a purer deficiency state because 
malabsorption is often restricted to cobalamin alone.

Megaloblastic anemia in cobalamin and  
Folate deficiency

Biochemistry
Deficiency of folate compromises the methylation of deoxyuri-
dylate to deoxythymidylate (Fig. 36.2, reaction 2), and defi-
ciency of cobalamin does so indirectly. However, impaired de 
novo thymidylate synthesis only partially explains megaloblastic 
anemia. Observations in nonanemic patients with cobalamin 
deficiency93–95,96 and animal models97 show that thymidylate 
synthase impairment alone need not lead to anemia. Other steps 
contribute.98 The excess uracil from deoxyuridylate is misincorpo-
rated into DNA in place of thymine and active excision repair pro-
duces many single-strand breaks.99 When excisions coincide at 
opposing DNA strand sites, double-stranded breaks result, which 
may explain the nuclear defects of megaloblastic anemia. The end 
result appears to be an arrest at various stages of interphase in 
hematopoietic precursors.100 Even so, the details are incomplete 
and megaloblastic anemia is not restricted to cobalamin or folate 
deficiency.

Hematopathology
Megaloblastic anemia is a panmyelosis, even though its name 
suggests a disorder limited to red cells and erythroid hyperpla-
sia is a prominent feature. Indeed, the immature appearance of 
megaloblastic nuclei and the occasionally intense myeloid prolif-
eration in the marrow have led to a misdiagnosis of leukemia in 
rare cases. The morphologic hallmark is nuclear-cytoplasmic dis-
sociation, which is best appreciated in precursor cells in the bone 
marrow aspirate (Fig. 36.5). Megaloblastic nuclei are larger than 
normoblastic nuclei, and their chromatin appears abnormally dis-
persed due to its retarded condensation. Random chromosomal 
abnormalities are seen, including centromere spreading,101 but 
nonrandom changes may also occur.102,103 Cytoplasmic matura-
tion appears unremarkable.

Giant band cells and metamyelocytes with large and often 
misshapen nuclei are typical. Neutrophils with characteristic 
hypersegmented nuclei (Fig. 36.6) appear in the blood early in the 
course,9,104 but they do not arise directly from the giant metamyelo-
cytes.98 The mechanism of hypersegmentation and why it persists 
in the blood for more than a week after therapy105 are unknown. 
As megaloblastic anemia worsens, neutropenia and thrombocy-
topenia develop. These can be severe in advanced cases but are 
uncommon when anemia is mild.45 Platelets are often functionally 

impaired,106 although megakaryocytes do not show definable mor-
phologic changes. The same may apply to lymphocytes.107

Erythroid macrocytosis (Fig. 36.6) is an early change. 
Individual macrocytes appear first, as detectable by hemoglobin 
and cell size measurements confined to reticulocytes,108 followed 
by a gradual rise in overall mean corpuscular hemoglobin (MCH) 
and then mean corpuscular volume (MCV) that eventually crosses 
the line into abnormality (>97 fl) before the hemoglobin levels 
fall.9 In cobalamin deficiency, with its slow progression, macro-
cytosis precedes anemia by months.14,15 Macro-ovalocytes are 
especially characteristic of megaloblastic anemia but are not spe-
cific.109 Early megaloblastic changes in the bone marrow precede 
the macrocytosis but are easily missed. Eventually, poikilocytosis 
becomes more pronounced with teardrop cells. Nucleated red 
cells, Howell-Jolly bodies, and even Cabot rings appear in the 
blood in severe megaloblastosis.

As anemia progresses, iron and transferrin receptor levels, 
sideroblast counts, and the ferritin content of erythroid precur-
sors and macrophages increase.45,110,111 Erythropoietin levels 
correlate with the severity of anemia but can vary widely.112

Megaloblastic anemia is the chief exemplar of ineffective 
hematopoiesis in all three hematopoietic cell lines; bone marrow 
hyperplasia is intense but reticulocytosis does not occur.45,98,100 
Precursor cells are arrested at various stages in interphase but 
continue to mature. As megaloblastosis advances, most precur-
sors die within the hypercellular bone marrow and are phago-
cytosed. Whether early cell death is primarily apoptotic or not 
is controversial and may depend on the model studied.100,113,114 
Advanced megaloblastic anemia has a poorly understood com-
ponent of intravascular hemolysis also; survival of normal red 
cells transfused into cobalamin-deficient patients is short.115 
Serum glutathione, an antioxidant, appears to be the most sig-
nificant metabolic predictor of anemia in cobalamin deficiency.116 
Abnormalities of red cell membrane proteins, including spectrin, 
have also been described.117

The evolution of hematologic changes has been detailed else-
where45 and its laboratory characteristics are detailed further in 
the section “Hematologic Assessment.” With progressive anemia 
also come fatigue, hypervolemia, and cardiovascular symptoms, 
as well as the pallor combined with hyperbilirubinemia that gives 
a classic lemon yellow skin color, and even retinal hemorrhages 
and, on occasion, pseudotumor cerebri.

neurologic dysfunction

Cobalamin Deficiency
pathophysiology
Demyelination with subsequent axonal disruption and gliosis 
can affect all parts of the central nervous system. Peripheral 
nerves, however, tend to show axonal degeneration without 

FIGURE 36.5. Normal and megaloblastic precursor cells in the bone marrow. A: Pronormoblast. B: Megaloblastic equivalent of cell in plate A. C: Late normo-
blast. D: Megaloblastic equivalent of cell in plate C. (From Lee RG, Foerster J, Lukens J, et al., eds. Wintrobe’s clinical hematology, 10th ed. Philadelphia: Lippincott 
Williams & Wilkins, 1999:913, with permission.)

A, B C, D
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demyelination.118,119 The classic myelopathic syndrome is sub-
acute combined degeneration, in which posterior and lateral col-
umn damage predominates; dorsal, pyramidal, and spinocerebellar 
tracts are affected. The earliest changes appear in the cervical or 
thoracic spine and can be detected by magnetic resonance imag-
ing (MRI) as hyperintensity on T2-weighted images (Fig. 36.7). 
Larger, more heavily myelinated fibers tend to be affected most 
often.120

The biochemical mechanisms are unknown. Because myelo-
neuropathy is much more prominent in cobalamin deficiency 
than in folate deficiency, suspicion fell on the folate-unrelated 
role of adenosylcobalamin in propionate metabolism and its 
possible consequences to fatty acids in myelin. Most evidence 
now points to methionine synthase impairment and its effects 
on methionine metabolism and methylations instead.121 Animal 

FIGURE 36.7. Magnetic resonance imaging (T2 weighted) of a sagittal section of the cervical 
spine of a man with pernicious anemia and severe myelopathy. Note the posterior localization 
of the high signal intensity lesion (arrow ). (From Larner AJ, Zeman AZ, Allen CMC, et al. MRI 
appearances in subacute combined degeneration of the spinal cord due to vitamin B12 defi-
ciency. J Neurol Neurosurg Psychiatry 1997;62:99–101, with permission.)

FIGURE 36.6. Blood smear from a patient with megaloblastic anemia due to cobalamin deficiency. Note characteristic large macro-ovalocytes (A) and 
hypersegmented neutrophils (B). (Courtesy of Irma Pereira MT [ASCP]SH.)

A B

data suggested that methionine ameliorates cobalamin defi-
ciency-induced neurologic dysfunction, preliminary cerebrospi-
nal fluid studies in humans described low AdoMet levels, and 
high AdoHcy-to-AdoMet ratios suggested inhibition of AdoMet’s 
methylation activity by AdoHcy. Plasma homocysteine-related 
metabolite comparisons in neurologically impaired versus hema-
tologically impaired patients with pernicious anemia suggest 
even greater complexity:116 cysteine levels were significantly 
higher in the neurologically affected patients and, surprisingly, 
AdoMet levels were actually higher in neurologically impaired 
patients. Neurologically impaired patients also had significantly 
higher serum folate levels than those without neurologic prob-
lems.116,122,123 It is unclear if these differences represent cause, 
concurrence, or consequence.

clinical Features
The frequency of neurologic involvement in cobalamin deficiency 
is presumed lower than the frequency of anemia but is unde-
fined (perhaps because it is not as explicit and quantifiable as 
anemia and because of patient selection biases). Often regarded 
as a late development, neurologic changes can precede anemia 
instead.124,125,126 Interestingly, the extents of neurologic and 
hematologic expressions of cobalamin deficiency tend to vary 
inversely in patients,116,126 and the predilection tends to recur 
when deficiency relapses.126,127,128 Although genetic influences 
on clinical expression seem plausible, methyleneTHF reductase 
polymorphisms that increase folate availability for thymidylate 
synthase over methionine synthase did not predispose to neuro-
logic manifestations in pernicious anemia.129

Neuromyelopathy is the most common neurologic feature 
of cobalamin deficiency,120,126,130,131 but it is not specific to it; 
copper deficiency, for example, produces similar findings,132 as 
well as macrocytosis.133 Sensory changes in cobalamin deficiency 
include position sense disturbance and dysesthesia; pyramidal 
tract signs include spasticity and a Babinski reflex; neuropathy 
is exemplified by loss of tendon reflexes; and gait disturbances 
are common signs of advanced involvement. Manifestations tend 
to be symmetrical. Neuropathy, which is usually sensory but can 
be sensorimotor,134 can be hard to differentiate clinically from 
posterior column involvement.126,130,135,136

The earliest manifestations are loss of vibratory sense in the 
feet and numbness, tingling, and loss of fine sensation. Others 
include loss of proprioception and, depending on the balance 
between myelopathy and neuropathy, hyperactive or diminished 
deep tendon reflexes. Involvement ascends up the legs, and, 
eventually, hands are affected as well. Muscle weakness and ten-
derness have been described sometimes. Ataxia, spasticity, gait 
disturbances, positive Babinski reflex, impotence, and bladder137 
and bowel dysfunction appear in advanced cases.

Cerebral symptoms, notably cognitive and emotional changes, 
can be severe in some cases124,126 or so mild as to be recognized 
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only in retrospect after treatment. MRI reveals focal and diffuse 
changes in the brain138 (Fig. 36.8). Tensor diffusion imaging also 
shows white matter changes in adjacent areas that seem normal 
on MRI.139 Nevertheless, despite low cobalamin levels in 10% 
to 20% of patients with chronic dementias,95,140 the low levels 
usually reflect only subclinical cobalamin deficiency (SCCD) and 
appear unrelated to chronic dementias, which rarely improve 
with cobalamin therapy.141 In very young children, however, 
some cobalamin deficiencies can cause developmental delay, leth-
argy, cerebral atrophy, and seizures.142

Autonomic dysfunction is sometimes demonstrable with defi-
ciency.118,143,144,145 Other neurologic manifestations include 
visual changes, optic neuritis, which predominates in men, and 
disturbances of smell or taste.126,146 Classic motor dysfunction 
is rare, other than that caused by spasticity and propriocep-
tive loss, but abnormal central motor conduction times have 
been described.134 At early or late stages, MRI (Figs. 36.7 and 
36.8) and functional electrophysiologic tests, such as electroen-
cephalography, evoked potentials, and nerve conduction, show 
abnormalities.134,138,147–150,151

Unlike anemia, neurologic dysfunction does not always reverse 
after cobalamin therapy. Residual deficits persist in 6% of 
patients;126 they are not always predictable but tend to accom-
pany more extensive involvement and longer duration before 
treatment begins.45,130 Mistaken folate therapy has also been tied 
to the risk of neurologic irreversibility in patients with clinical 
cobalamin deficiency. The delayed cobalamin treatment when 
the anemia responds to folate presumably allows neurologic 
abnormalities to appear, progress, and, in occasional reports,152 
perhaps even accelerate. The events are more ambiguous than 
assumed. Hematologic improvement after folate is usually neither 
complete nor long lived in pernicious anemia,152,153 and transient 
neurologic responses to folate may occur too.153 Nevertheless, the 
anecdotal reports of clinical acceleration cannot be completely 
dismissed and cannot be studied prospectively in pernicious ane-
mia. Folate should never be given alone to cobalamin-deficient 
patients, even those whose deficiency is subclinical and lacks 
convincing evidence for adverse effects.154

Folate Deficiency
Neurologic defects occur in only occasional adults with folate defi-
ciency155–157 and are rarely as severe as in cobalamin deficiency. 
Although myelopathy has been reported,158 it is exceptional. Mild 
mental changes, such as forgetfulness and irritability,9 and mild 
neuropathy have been better accepted. A causative association 
with depression is controversial.159,160 Attributions of any neuro-
logic changes to folate deficiency, which often occurs in a setting 
of malnutrition, require high standards of proof, including consid-
eration of alternative explanations such as alcohol abuse.

In sharp contrast, however, children with inborn errors of 
folate metabolism often have severe myelopathy and brain dys-
function, including seizures and mental retardation.142,161,162 The 
explanations for the neurologic differences between folate and 
cobalamin deficiency or between acquired and hereditary folate 
disorders are unknown.

other Manifestations

Miscellaneous Clinical Findings
Atrophy of tongue papillae is common with cobalamin deficiency 
and sometimes gives rise to a beefy red tongue that may or may 
not cause symptoms.45,163 Aphthous stomatitis and oral sore-
ness can be prominent in some patients, including some without 
anemia. However, glossitis occurs with folate deficiency and 
other deficiencies also. The glossitis of cobalamin deficiency does 
not respond to folate.164 Mucosal changes occur elsewhere too, 
including megaloblastic changes in buccal epithelium, cervical 
cells, and intestinal villi;45,165,166 the latter apparently caused 
temporary malabsorption of cobalamin and other nutrients.167,168 
Other reversible but unexplained clinical changes in perni-
cious anemia include: impaired osteoblastic activity,169 although 
reports of bone density changes and risk of fractures have been 
inconsistent; darkening of nails and skin and change of hair 
color in severely deficient non-Caucasians;170–172 and sometimes 
marked weight loss.173

Miscellaneous Laboratory Abnormalities
Platelet function is sometimes impaired,106 but neutrophil dys-
function has been variable. Hemoglobin A2 levels rise slightly.174 
Occasional patients with sickle cell trait have shown striking 
changes in hemoglobin S and F levels when folate-deficient.175 
Cobalamin deficiency also affects some nonhematologic serum 
analytes: bone alkaline phosphatase is often decreased169 and 
immunoglobulin levels sometimes decline.176 An adolescent with 
severe megaloblastic anemia had reduced ADAMTS13 activity.177

subclinical deficiency and indirect 
consequences of altered Vitamin status
Automated metabolic tests have simplified identification of asymp-
tomatic, nonanemic vitamin deficiency. The high frequency of 
these early subclinical states has opened them to scrutiny as pos-
sible public health issues, with varying outcomes. The uncertain-
ties apply especially to cobalamin, because SCCD is widespread, 
dominates epidemiologic surveys, and is often confused with clini-
cal deficiency, yet has unclear health implications and, therefore, 
unknown need for intervention.17,178,179

Subclinical Cobalamin Deficiency
Many patients and healthy people—especially, but not exclusively, 
the elderly—have low cobalamin levels but are asymptomatic 
and have normal blood counts. These low serum levels were 
thought artifactual until sensitive deoxyuridine suppression tests 

FIGURE 36.8. Magnetic resonance imaging (T2 weighted) of the brain in a woman 
with pernicious anemia and cognitive dysfunction. Large confluent and focal areas 
of increased signal intensities are seen, predominating around the ventricles. The changes 
improved after therapy. (From Stojsavljevic N, Levic Z, Drulovic J, et al. A 44-month clinical-brain 
MRI follow-up in a patient with B12 deficiency. Neurology 1997;49:878–881, with permission.)
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showed in 1985 that most of them reflected mild biochemical 
insufficiency that responded to cobalamin and, equally important, 
rarely involved IF-related malabsorption.94,95,96,180 None of the 
subjects had cobalamin-related anemia although bone marrow 
cells displayed reversible metabolic defects. Similarly, none had 
clinical neurologic findings although some,96,141,181 but not all,182 
displayed mild, reversible electrophysiologic changes.

Widespread methylmalonic acid (MMA) and homocysteine 
testing183–185 next showed that asymptomatic nonanemic SCCD 
was much more common than clinical deficiency.17,186,187,188 
Thus, a survey of community-dwelling elderly subjects found 
that 12% had biochemical insufficiency188 but only 2% of them 
had IF antibody-positive pernicious anemia189 and, by extrapola-
tion, 1% to 2% more may have had undetected antibody-negative 
disease. Readers must be aware that epidemiologic data apply to 
SCCD alone because too few subjects have clinical deficiency.190 
Moreover, falsely low cobalamin levels (i.e., with normal MMA 
and homocysteine) also outnumber clinical deficiency in sur-
veys.191 Nevertheless, the mild metabolic abnormalities in some 
asymptomatic subjects with low-normal cobalamin levels led 
many laboratories to raise the cutpoint for “suspicious” cobalamin 
levels from 200 to 300 or 350 ng/L to capture more cases.186 The 
change is open to criticism because nearly 70% of cases added 
thereby have normal MMA and homocysteine levels and are not 
cobalamin-deficient. The influx of suspected SCCD expanded the 
concept of cobalamin deficiency at the cost of overdiagnosis based 
on often nonspecific biochemical findings whose need for therapy 
was unclear.17,179,190,192,193

Assumptions that SCCD, especially when unaccompanied by 
malabsorption, progresses inevitably to clinical deficiency are 
untested.179,190 Asymptomatic persons without malabsorption 
have been free of symptoms and anemia for 10 years despite per-
sistently low cobalamin levels,194 and metabolic monitoring over 1 
to 4 years showed infrequent progression of mildly elevated MMA 
levels.192 Only a small minority of people with SCCD have early 

pernicious anemia,189 whose progression to clinical deficiency is 
very predictable. Most persons with SCCD have no identifiable 
cause for it,17,178 and the likelihood of progression in the 30% to 
40% who have food-cobalamin malabsorption appears limited.195

SCCD is compared and contrasted with clinical cobalamin defi-
ciency in Table 36.2.

Subclinical Folate Deficiency
Subclinical folate deficiency is less explicitly defined than SCCD for 
several reasons: folate status fluctuates more readily than cobala-
min status because folate turnover is rapid;35 folate deficiency 
tends to be accompanied by other deficiencies; and attention is 
often diverted from the deficiency to its hyperhomocysteinemia. 
The latter, and growing pharmacogenetic and gene-nutrient data, 
suggest that subclinical variations of folate status below the level 
of deficiency may subtly influence many health issues, which are 
discussed next.

Vitamins and Public Health Risks
subclinical cobalamin deficiency and cognition
Many epidemiologic associations with SCCD have been pursued 
but clinical trials have been infrequent. Cognitive decline in the 
elderly has undergone the most active study because neurologic 
manifestations are frequent in clinical deficiency. The most con-
sistent associations for cognitive dysfunction have been with 
homocysteine status, with variable links to folate and, to often 
lesser extent, cobalamin status. As reviewed elsewhere,179,196,197 
early clinical trials were inadequate or inconclusive.198–200,201,202 
However, two long-term randomized clinical trials in Europe, 
where dietary fortification is not mandatory, reported reduced 
progression of brain atrophy and cognitive decline. One found 
that 0.8 mg of folic acid daily was effective.203 The second demon-
strated that three vitamins (0.8 mg folic acid, 500 mg cobalamin, 

COMPARISON betweeN ClINICAl AND SubClINICAl CObAlAMIN DefICIeNCy StAteS

taBle 36.2

Characteristics Clinical Deficiency Subclinical Deficiency

Biochemical abnormalities Often severe Usually mild

Clinical abnormalities Megaloblastic anemia is present in >75% of cases
Neurologic or cognitive changes are present in >50% 
of cases
Electrophysiologic (neurologic) abnormalities are 
 usually present

Anemia is absenta

Neurologic changes are absenta

Mild electrophysiologic changes are  sometimes present

Cobalamin absorption status IF-related malabsorption causes >90% of casesb

FBCM is uncommon
Normal absorption is uncommon (e.g., veganism)

IF-related malabsorption is usually absentb

FBCM is present in <50% of cases
Most persons have normal absorption

Diagnostic criteria Almost always one or more clinical abnormalities
At least one abnormal biochemical finding

No clinical signs of cobalamin deficiency
Ideally, at least two abnormal biochemical findings 
should be demonstrated

Likelihood of progression of deficiency Very high because of the usual presence of IF-related 
malabsorption

Unknown, but probably small
Any progression to symptoms (i.e., clinical deficiency) 
is likely to be very slow

Need for cobalamin therapy Urgent in all cases Unknown

Medical implications Clinical deficiency indicates that medical management 
is needed

None known, but if SCCD is found during medical 
evaluation it must be evaluated medically

Public health implications None known Unclear at presentc

FBCM, food-bound cobalamin malabsorption; IF, intrinsic factor; SCCD, subclinical cobalamin deficiency.
a Any anemia or neurologic findings found in a patient with suspected SCCD must have a cobalamin-unrelated cause (otherwise it is clinical deficiency and cannot be considered SCCD).
b IF-related malabsorption refers to absence of IF (which defines pernicious anemia) or inability of IF to promote intestinal absorption (e.g., intestinal disease). If such malabsorption is present, 
SCCD is likely to progress to clinical expression.
c Active research into potential public health issues requiring preventive interventions is ongoing but still inconclusive. High-dose cobalamin, folic acid, and pyridoxine may slow progression of 
cognitive decline in some elderly persons, but it is unknown whether SCCD is a factor.
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and 25 mg pyridoxine) slowed brain atrophy by 30%204 and 
reduced cognitive decline.205 Its important features were that the 
subjects were mildly cognitively impaired at baseline (which pre-
dicts likely progression, but avoids the irreversibility of dementia), 
the responders were hyperhomocysteinemic, and it is not clear 
which of the three vitamins was the beneficial one.

Folate and neural tube defect prevention
Supplementation with folic acid has also been scrutinized for pre-
vention of conditions not directly attributable to folate deficiency. 
Of the many studied targets and associations, such as cancer, vas-
cular and thrombotic disease, osteoporosis, cognitive dysfunction, 
and birth defects, the only unambiguous effect has been on neural 
tube defect (NTD). Folate supplementation reduces a woman’s risk 
of having a child with NTD,206,207 but the benefit seems pharma-
cologic rather than amelioration of folate inadequacy. Genetic and 
other susceptibilities related to folate, cobalamin, or homocyste-
ine probably underlie the NTD risk, more so than does maternal 
folate deficiency. For example, the MTHFR C677T polymorphism 
increases the risk of NTD.208 High rates of antibody to FR have 
also been reported in women with NTD pregnancies209 and defi-
ciency of FR-a in mice is associated with neural tube and other 
birth defects.210

Folate prophylaxis must begin at conception because the 
neural tube closes at approximately 3 weeks. Daily doses of 400 
mg are effective, with 4 mg recommended for women who use 
anticonvulsants or have a history of previous NTD. All grain 
and cereal foods have been fortified with folic acid since 1998 
in the United States, Canada, and a few other countries. NTD 
rates have fallen but not disappeared, leading some experts to 
urge additional fortification.211 The benefits must be weighed 
against the consequences of chronic use of high folic acid 
doses, as discussed in the section “Preventive and Other Uses of 
Supplements.”

Considerable human and animal data associated lower 
folate status with increased risk of cancer, best demonstrated 
with colon cancer. However, the associations are complex, may 
include double-edged folate impact that depends on neoplastic 
status and details as much as on folate status, and are beyond 
the scope of this chapter. These issues are discussed in the sec-
tion “Preventive and Other Uses of Supplements” at the end of 
the chapter.

Hyperhomocysteinemia
Extrapolation from inborn errors of homocysteine metabolism 
suggested that severe hyperhomocysteinemia may predispose 
to thrombotic manifestations.212 Extensive epidemiologic data 
associated even mild hyperhomocysteinemia with increased risks 
for coronary, cerebral, and peripheral vascular complications, 
although the associations were less firm in prospective, rigorously 
designed studies than in retrospective ones.213,214 Genetic poly-
morphisms, primarily of methyleneTHF reductase, contribute to 
9% of homocysteine level variation,215 but even in the absence of 
vitamin deficiency folate, cobalamin, and vitamin B6 often reverse 
the hyperhomocysteinemia. Indeed, folic acid fortification reduced 
the frequency of hyperhomocysteinemia from 20% to 32% to 5% 
to 14% in the elderly.216 Nevertheless, the outcomes of large inter-
ventional vitamin trials on coronary and cerebrovascular disease 
prevention have been disappointing.217 Indeed, some trials even 
suggested adverse effects.218–221,222

laboratory evaluation
Laboratory evaluation must have two separate targets: docu-
menting hematologic, metabolic, and clinical chemistry changes 
that identify cobalamin or folate deficiency, and documenting the 
underlying condition or disease that caused the deficiency.

Hematologic Assessment
The mechanisms of megaloblastosis were discussed in the sec-
tion “Hematopathology.” The classic blood count findings in 
cobalamin or folate deficiency are anemia, a high MCV and 
MCH, and, in more advanced cases, thrombocytopenia and 
neutropenia. Patients are often identifiable at an early stage in 
which they have MCV and MCH elevation alone, which precedes 
anemia by months in cobalamin deficiency15 but only by a few 
weeks in the more rapidly developing folate deficiency.9 At first, 
the MCV and MCH may simply be higher than the patient’s 
baseline, without being explicitly abnormal (e.g., an MCV of 
90 fl replacing one of 85 fl). An early anisocytosis as new mac-
rocytes begin to emerge can be detected by measuring the MCV 
or hemoglobin content of reticulocytes108 or by an elevated red 
cell distribution width, which, however, is not invariable in early 
deficiency.223 Red cell counts decline before hemoglobin and 
packed cell volume levels.

Megaloblastic anemia is not the only cause of macrocytic ane-
mia, however, or even the most common (Table 36.3). A hospital 
survey found 64% of MCV values >100 fl to be due to chemo-
therapy, antiretroviral therapy, or alcohol abuse.109 Cobalamin 
and folate deficiencies caused only 6% of the high MCV values but 
accounted for most MCV values above 110 fl.

Absolute reticulocyte counts typically fall slightly. The labora-
tory signs of ineffective erythropoiesis, serum lactate dehydroge-
nase and indirect bilirubin levels, are initially inapparent but rise 
as the hemoglobin approaches 10 g/dl.45 As anemia worsens, 
lactate dehydrogenase levels may reach thousands of units per 
liter as intravascular hemolysis is added to ineffective erythro-
poiesis. Other markers include rising serum transferrin receptor, 
iron, ferritin, nontransferrin-bound iron, and methemalbumin 
levels, as well as low serum haptoglobin levels. Platelet and neu-
trophil counts usually decline only as the anemia progresses. The 
pancytopenia can ultimately mimic aplastic anemia, which too is 
usually macrocytic (but does not display the bilirubin and lactate 
dehydrogenase elevations).

Most of the hematologic variability is dictated by the stage at 
which the patient is discovered.45 However, not every patient 
expresses the same degree of anemia for the degree of cobalamin 
deficiency. Many severely deficient patients have surprisingly mild 
anemia or even lack it.125 The reasons are usually unknown but 
some may be linked to the unexplained tendency for inverse asso-
ciation between anemia and neurologic dysfunction.124,125 Another 
influence on hematologic expression is coexisting iron deficiency 
or thalassemia that produces normal or low MCV in approximately 
7% of patients with pernicious anemia;224 these MCVs are above 
baseline for the patients and fall after vitamin therapy.225 Iron defi-
ciency sometimes also blunts the erythroid megaloblastic changes 
themselves, both morphologically and by deoxyuridine suppression 
testing.226,227 Iron studies in untreated megaloblastic anemia often 
do not reveal the coexisting iron deficiency.45 Because all marrow 
and blood indicators of iron status fall within 24 to 48 hours of vita-
min therapy, sometimes transiently to low levels before rebound-
ing, it is advisable to wait several days for the tests to stabilize and 
reveal the patient’s true iron status.

Hypersegmentation of neutrophil nuclei is a constant feature 
but is variably defined45 and may be unreliable in inexpert hands. 
The most serviceable criteria are finding one or more neutrophils 
with six or more nuclear lobes or showing that at least 4% to 
5% of neutrophils have five lobes. Calculating lobe averages is 
considered the gold standard but comparison against published 
reference ranges is unreliable because interobserver variation 
is great. Hypersegmentation often precedes anemia,9,104 but it 
is not found in subclinical deficiency.228 Hypersegmented neu-
trophils are not specific for cobalamin or folate deficiency; they 
are found in patients receiving chemotherapeutic drugs such as 
5-fluorouracil or hydroxyurea, in some patients receiving steroid 
therapy for immune thrombocytopenic purpura,229 and in rare 

72683_ch036_0927-0953.indd   937 30/07/13   1:22 PM



938 Part iv Disorders of Red Cells • SECtiON 5 Other Red Cell Disorders

critical failures to identify low cobalamin levels, and sometimes 
producing results above 1,000 ng/L,234,235 many automated 
assays have misidentified 22% to 35% of sera from untreated 
patients with pernicious anemia.236 The errors appear to involve 
failure to inactivate serum autoantibodies to IF, but at present the 
manufacturers’ corrections are awaited.

No single biochemical test is diagnostically definitive for either 
cobalamin or folate deficiency.190 In most clinical settings, the 
cobalamin test, when free of error, nevertheless suffices if the 
clinical picture is clear.193 Several metabolic tests are available to 
clarify the vitamin levels (Table 36.4), and can be clinically decisive 
in difficult cases. However, a clinical “picture” is unavailable in 
SCCD, and all tests lack sufficient specificity.190 Therefore, a panel 
evaluating cobalamin testing in epidemiologic research237 recom-
mended that the diagnosis of SCCD should be based on finding at 
least two abnormalities, one metabolic (e.g., MMA or homocyste-
ine) and one quantitating cobalamin content (e.g., serum cobalamin 

patients with myelofibrosis or chronic myelogenous leukemia. It is 
unclear whether iron deficiency can cause hypersegmentation.230 
Neutrophil segmentation is normally greater in blacks than in 
whites.228

Laboratory Tests of Deficiency
Cobalamin and folate levels are measurable in serum and cells. 
The original microbiologic methods exploited the cobalamin or 
folate requirements of various micro-organisms, including dif-
ferential sensitivities to specific forms of folate.45,231,232 Although 
rarely used today, microbiologic assays remain the gold standard. 
Radioisotope dilution competitive-binding assays for cobalamin 
and folate gave way to automated chemiluminescence-based com-
petitive-binding assays a decade ago. Technical ease and demand 
have grown, but transparency, documentation, and validation of 
assay performance have diminished.233,234 Long suspected of 

CAuSeS Of MACROCytOSIS, DefINeD AS MeAN CORPuSCulAR VOluMe (MCV) 
gReAteR thAN 97 fla

taBle 36.3

Causes of Macrocytosis (MCV >97 fl)
Likelihood of Severe 
Macrocytosis (MCV >110 fl)

Megaloblastic anemia
 Cobalamin or folate deficiency High
 Some metabolic disorders (e.g., thiamine-responsive anemia) High
 Cytotoxic drugs (e.g., hydroxyurea, 5-fluorouracil) High
 Some immunosuppressive drugs (e.g., azathioprine) High

Alcoholb
 Without liver disease Low
 With liver disease Moderate

Drugsb

 Antiviral drugs Moderate
 Anticonvulsant drugs Low

Disorders of red cell productionb

 Aplastic anemia; pure red cell aplasia High
 Myelodysplastic syndromes Moderate
 Myeloproliferative disease; leukemia Low
 Sideroblastic anemia (hereditary or acquired) Low
  Congenital dyserythropoietic anemia; Fanconi anemia; 

 Blackfan-Diamond anemia
?

 Copper deficiency anemia Moderate

Reticulocytosisb

 Hemolytic anemia Moderate

Nonhematologic diseaseb

 Liver disease (alcohol unrelated) Low
 Hypothyroidism Low

Physiologicb

 Red cells are enlarged in the first 4 wk of life Low

Idiopathicb

 Pregnancy Low
 Chronic lung disease; smoking Low
 Cancer Low
 Multiple myeloma Low

Artifact of electronic cell sizingb

 Cold agglutinins High
 Severe hyperglycemia High
 Hyponatremia ?
 Stored blood ?
 Warm antibody to red blood cells ?

aMacrocytosis can be diagnosed when an MCV is not yet >97 fl, if the MCV is higher than in the past. The second 
column estimates the likelihood of finding severe macrocytosis (>110 fl in adults).
bMacrocytosis is not accompanied by megaloblastic changes.
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compatible with deficiency outnumber low cobalamin levels in 
surveys of healthy elderly people.186,188,191 These observations 
led some authors to raise the cobalamin cutpoint for deficiency 
to 350 ng/L.186 However, abnormal homocysteine and MMA have 
too many confounders to provide conclusive proof of deficiency, 
especially in asymptomatic patients with normal cobalamin levels 
(Table 36.4).

The causes of low cobalamin levels are listed in Table 36.5. 
Serum cobalamin frequently falls in folate deficiency, becom-
ing subnormal in approximately 10% of cases, and recovers 
after folate therapy45; such cases must be differentiated from 
combined deficiency of both vitamins. Cobalamin levels also 
decline during pregnancy, affecting 35% of women by the last 
trimester.45,245 Levels can fall below 100 ng/L, but recover within 
days after delivery. The explanation is unknown, and metabolic 
studies do not find cobalamin deficiency.245,246 Unexplained 
low cobalamin levels, most often without evidence of deficiency, 
also occur in patients with human immunodeficiency virus (HIV) 
infection,247–249 but the incidence has fallen from 27% to 8.7% 
because of high supplementation rates and more active retrovi-
ral therapy. Other conditions associated with unexplained low 
cobalamin levels include multiple myeloma250,251 and multiple 
sclerosis.252 An unexplained association with obesity253 may 
result from expanded plasma volume. Hereditary TC I deficiency 
is a frequent cause of low cobalamin levels80,254 but acquired TC I 
deficiency, such as in severe neutropenic states255 and aplastic 
anemia, can also do so. Drugs, such as oral contraceptives and 
metformin, also cause mildly low cobalamin levels without induc-
ing deficiency.256,257,258

Elevated cobalamin levels are more frequent than low ones 
in clinical practice and are often unexplained.78 The most com-
mon association of high levels was with renal failure,78 although 
patients undergoing chronic high-flux hemodialysis have low lev-
els.259 Other causes include liver disease260 and recent cobalamin 
therapy. A host of uncommon diseases with high plasma TC I 
levels, either because TC I is overproduced or because abnormally 
glycosylated TC I is cleared slowly, accumulate high cobalamin 
levels secondarily.72,78,79,260 The diseases include chronic myelog-
enous and acute promyelocytic leukemias,56 metastatic cancer,261 
fibrolamellar hepatoma,262 and adult-onset Still’s disease.263 

or holo-TC II).190 Metabolic tests are essential in the diagnosis of 
inborn errors of metabolism, in which vitamin levels are often 
normal. Metabolites are also ideal for monitoring response of 
deficiency to therapy because their levels do not change unless the 
therapy was effective, whereas vitamin levels (serum cobalamin, 
holo-TC II, or folate) rise upon vitamin entry into the bloodstream 
regardless of efficacy. Metabolite improvement is also delayed for 
several days, allowing a post-therapy window of time for diagnostic 
reassessment if needed.

Awareness of major pre-analytic influences on some tests, 
such as whether supplements must be interrupted during  testing, 
whether plasma or serum must be used, and processing require-
ments, can be helpful. Interpretation is affected by common 
confounders, such as renal failure, which affects all cobalamin-
related test values, and uncertainties, such as variations in ref-
erence intervals that can create or blur mildly abnormal results 
and compromise comparability between laboratories and meth-
ods.190,238,239,240 Cutpoint variations are common among clinical 
laboratories,193 and may also explain discrepancies and contro-
versies in epidemiologic research.190

cobalamin levels
In cobalamin deficiency, serum cobalamin levels fall below the 
generally accepted cutpoint of 200 to 250 ng/L (often expressed 
as 148 to 185 pmol/L; 1 ng = 0.738 pmol.) Despite a frequently 
cited study’s unreproduced claim that serum cobalamin is insen-
sitive to clinical deficiency,241 diagnostic sensitivity has been 90% 
to 97% in clinical practice.183,190,242,243 The lower the cobala-
min level, the more likely is clinically noteworthy deficiency to 
exist,231,232 but exceptions exist even at levels below 100 ng/L. 
Approximately 20% to 40% of low cobalamin levels are falsely 
low17,190 (Table  36.4), which makes routine equation of low 
serum cobalamin with deficiency risky, especially when clinical 
findings are absent or equivocal. Although sensitivity and posi-
tive predictive value are poor in epidemiologic surveys involving 
SCCD,244 subnormal cobalamin levels in patients coming to medi-
cal attention require pursuit, as does any patient with a surpris-
ingly normal level.193

Many persons with SCCD have unexplained normal cobala-
min levels,186,242,243 and homocysteine and MMA abnormalities 

bIOCheMICAl teStS fOR the DIAgNOSIS AND DIffeReNtIAtION Of ClINICAlly ReleVANt CObAlAMIN AND fOlAte DefICIeNCIeS

taBle 36.4

Test

Test Finding in
Sensitivity of Abnormal 
Test Resulta

Specificity of Abnormal 
Test ResultaCobalamin Deficiency Folate Deficiency

Serum cobalamin Low N or Low Very goodb Poor

Serum folate N or High Low Very good Poor

Red cell folate N or Low Low Good Moderate

Serum methylmalonic acid High N Very good Poor

Serum 2-methylcitric acidc High N Good Nd

Plasma homocysteine High High Very good Poor

Plasma cystathioninec High High Nd Nd

Serum holo-transcobalamin II Low N Presumably very good Poor

Deoxyuridine suppression testc,d Abnormald Abnormald Very good Nd

N, normal result; Nd, not determined.
a The sensitivity and specificity estimates (very good, >90%; good, 80% to 90%; poor <70%) apply only to clinically expressed cobalamin deficiency. They do not apply to subclinical cobalamin 
deficiency, in which sensitivity and specificity tend to be lower than in clinical deficiency, are usually determined only against other biochemical tests, or are unknown.
b Automated chemiluminescence cobalamin assays, however, appear prone to falsely normal results when serum contains antibody to intrinsic factor.
c The test is available only in research laboratories.
d The discriminatory diagnostic power arises from including testing with vitamin additives in vitro.
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Pre-analytic influences abound. Ascorbate must be added to 
protect samples stored for a few days against oxidative dam-
age. Spuriously high levels occur in hemolyzed blood samples, 
which release red cell folate into serum. Serum folate, which is 
mostly methylTHF, also tends to rise as cobalamin deficiency 
advances, and it becomes high in approximately 30% of cases45,46 
(Table 36.4). The new generation of automated nonisotopic assays 
is inadequately documented compared with older methods. Assay 
imprecision is frequently unexplained.274 Following dietary for-
tification and growing supplement use, subnormal results have 
become rare.

red Blood cell (Whole Blood) Folate
MethylTHF (60%) and formylTHF (26%) are the major folates in 
red cells.275 A red cell’s folate content is constant and is viewed as 
a truer indicator of tissue folate than are serum levels, which fluc-
tuate with changes in folate intake. Red cell levels below 160 mg/L 
are usually considered low,45,276 but the reference intervals vary 
among laboratories and methods.

Red cell folate results cannot differentiate between folate and 
cobalamin deficiency (Table 36.4). Levels were low in 63% of 
cobalamin-deficient patients276 because the accumulating methyl-
THF fraction is less easily polyglutamated and therefore poorly 
retained by cells. Because reticulocytes are rich in folate, red cell 
folate is high in states of intense reticulocytosis such as hemolytic 
anemia.276 Red cell folate, much of it bound to hemoglobin,277 
is also slightly higher in deoxygenated than oxygenated cells. 
Transfusion, of course, invalidates red cell folate results. The 
greater variability and methodologic difficulties than with serum 
folate45,238,274 have led to divergent views about the usefulness of 
red cell folate assay.233,278

plasma total homocysteine
Homocysteine rises with either folate or cobalamin deficiency 
(Table 36.4) and in many other conditions (Table 36.6). This non-
specificity limits its diagnostic value, but a normal result helps 
to exclude clinically relevant deficiency. The sensitivity exceeds 
95% in clinically expressed cobalamin deficiency, with levels often 
above 50 mmol/L in pernicious anemia, but sensitivity is only 
86% in clinical folate deficiency.279 Milder elevations and poorer 
sensitivity characterize its performance in subclinical deficiency 
of either vitamin.240,280 Homocysteine falls several days after 
appropriate treatment of deficiency and becomes normal within 
a week.242

Plasma total homocysteine, which consists of reduced homo-
cysteine and its oxidized forms, homocystine and mixed disulfides, 
can be measured by various chromatographic and automated 
immune or enzyme-based methods. Unfortunately, results vary 
among laboratories,281 as do reference intervals. Major pre-
analytic influences include the requirement for plasma, as well 
as its immediate separation from blood cells, to minimize artifi-
cial cellular release of homocysteine, but many laboratories use 
serum for convenience and cost saving. Fasted samples are not 
necessary as long as a large meal is avoided. Age and sex affect 
normal levels.282 Homocysteine values double between childhood 
and old age.281 Levels above 12 to 14 mmol/L in women and 14 to 
15 mmol/L in men are generally regarded as elevated. However, 
even normal levels can often be reduced by giving folate,283 which 
may reflect either unrecognized depletion or interaction with 
genetic and other influences.

As reviewed elsewhere,281 homocysteine rises in many acquired 
and genetic conditions (Table 36.6). Folate intake and serum cre-
atinine levels (even if still within the normal range) are major 
determinants of homocysteine status; creatinine measurement is 
advisable whenever the homocysteine level is high. Cobalamin 
levels assume greater influence in the elderly,282,284 and the influ-
ence has increased in countries with folate fortification.

Levels of both cystathionine, a product of homocysteine trans-
sulfuration, and AdoHcy, a product of remethylation, also rise in 

In autoimmune lymphoproliferative syndrome, lymphocytes sur-
prisingly contained TC I.264 When chronic myelogenous leukemia 
coexists with pernicious anemia, cobalamin levels are normal, not 
low.265 Spontaneous82 or therapy-acquired266 autoantibodies to 
TC II retain holo-TC II, leading to elevated cobalamin levels. Some 
blood-collection tubes containing separator gel produce higher 
cobalamin levels.267 Like TC I and TC II levels, cobalamin levels 
tend to be higher in blacks than in whites and Asians,268 which 
may have a genetic basis. Serum cobalamin is also mildly elevated 
in homozygotes for the common G461A nonsense mutation of the 
a1,2-fucosyltransferase gene FUT2, which regulates Lewis ABO(H) 
antigen expression,269,270 but the mechanism whereby it affects 
the cobalamin level is unknown. H. pylori status was unrelated,270 
making initial assumptions that FUT2 polymorphism affected 
cobalamin levels via H. pylori-related malabsorption unlikely.

Red cell cobalamin has little diagnostic value because levels 
are low in many other anemias; reticulocyte counts influence red 
cell cobalamin strongly.45

serum Folate
Folate deficiency, using megaloblastic anemia as a criterion, is 
traditionally defined by a serum folate level below 2.5 mg/L (also 
expressed as 5.7 nmol/L; 1 mg = 2.266 nmol.) However, using 
homocysteine elevation as the criterion implicates serum folate 
below 4.5 to 5.0 mg/L271,272 or even 6.5 mg/L.273 These findings 
justify viewing serum folate levels between 2.5 and 5.0 mg/L with 
suspicion, especially in countries using folic acid fortification.

Clinical cobalamin deficiency
 Pernicious anemia (atrophic gastritis with loss of IF)
 Hereditary IF deficiency
 Post-gastrectomy state
 Acquired intestinal disease with cobalamin malabsorption
 Imerslund-Gräsbeck syndrome
 Small bowel bacterial overgrowth
 Veganism
 Infant exclusively breast-fed by mother with veganism or PA

Subclinical (biochemical) cobalamin deficiency
 Food-cobalamin malabsorption (e.g., non-PA gastritis, gastric surgery)
 Drugs
 Vegetarianism
 Idiopathic

Conditions associated with unexplained low cobalamin levela
 Pregnancy
 Folate deficiency
Cobalamin transport changes
 Hereditary TC I deficiency
 Acquired TC I deficiency (e.g., severe granulocyte disorders, ?metformin therapy)
 Congenital specific-granule deficiency

Unexplained associationsa

  Disorders with pancytopenia (e.g., aplastic anemia, myelodysplasia, PNH,  
hairy cell leukemia)

 Other diseases (e.g., HIV infection, multiple myeloma, multiple sclerosis)
 Drugs (e.g., oral contraceptives,b anticonvulsants)

Pre-analytic influencesa

 Inappropriately high cutpoint and reference range selectionc

 Hemodilution

IF, intrinsic factor; PA, pernicious anemia; PNH, paroxysmal nocturnal hemoglobinuria; TC I, 
transcobalamin I (haptocorrin).
a Evidence of metabolically or clinically defined cobalamin deficiency or malabsorption has 
been found in only some cases in these categories.
b Does not apply to post-menopausal hormone replacement.
c Frequencies of “low levels” depend greatly on cutpoint selection, which is often arbitrary. 
The impact can be great; for example, the frequency of “low levels” increases twofold or 
more following the shift of the cobalamin cutpoint from 200 ng/L to 300 ng/L.

CAuSeS Of lOw SeRuM CObAlAMIN leVelS
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performance of other biomarkers, such as holo-TC II.190 However, 
despite a high sensitivity that allows a normal MMA level to 
exclude the possibility of cobalamin deficiency, MMA susceptibility 
to many cobalamin-unrelated influences (Table 36.7) disqualifies 
it as a diagnostic gold standard.190,192 Independent influences on 
the MMA level include not only cobalamin status but also serum 
creatinine, age, and sex, but these account for only 16% of MMA 
variation.287 Some MMA elevations are unexplained, and mild, 
isolated, and often spontaneously fluctuating elevations are com-
mon in SCCD.192,240 The observation that nonelevated MMA levels 
can fall after antibiotic therapy242,288 suggests intestinal bacteria 
contribute to serum MMA, perhaps through bacterial propionate 
metabolism. High MMA levels are common during the first year of 
life but they are transient.289 Their explanation is unknown, but 
the MMA levels respond to cobalamin therapy also.290

Serum MMA assay is now automated and increasingly avail-
able in reference laboratories. Less information is available 
about urine MMA assay. An alternative product of propionyl CoA 
metabolism, 2-methylcitric acid, rises in cobalamin deficiency.291

folate and cobalamin deficiencies.284 Methionine levels, surpris-
ingly, are usually unremarkable.116,284

Methylmalonic acid
MMA, a product of accumulated D-methylmalonyl CoA, increases 
in serum and urine in cobalamin deficiency but not in folate 
deficiency, making MMA a more specific test for cobalamin 
deficiency than homocysteine. MMA is also subject to fewer 
pre-analytic influences. Serum levels are elevated in 98.4% of 
patients with clinical deficiency, such as pernicious anemia.279 
Most laboratories consider MMA elevated above 280 nmol/L 
(0.28 mmol/L), but published cutpoints have varied between 210 
and 480 nmol/L,285 which predictably affects the diagnostic fre-
quency of  abnormality.190,191 Levels often exceed 1,000 nmol/L in 
clinical deficiency but are usually only mildly elevated in SCCD. 
MMA becomes normal within a week after cobalamin therapy;242 
folate therapy has no effect.

Elevated MMA is often used as sole evidence of cobalamin 
deficiency in epidemiologic studies286 and in validating the 

Causes Degree of Homocysteine Elevationa

Vitamin deficiency states

Clinical cobalamin deficiency (acquired or hereditaryb) Mild to severe

Subclinical cobalamin deficiency Mild or none

Folate deficiency (acquired or hereditaryc) Mild to severe

Vitamin B6 deficiency Mild or noned

Riboflavin deficiency Mild or none

Medical conditions

Renal failuree Mild to moderate

Post-transplantation Mild to moderate

Hypothyroidism Mild

Acute lymphocytic leukemia Mild

Psoriasis Mild

Drugs and toxins

Alcohol abuse Mild to severe

Methotrexate and other antifols Mild to severe

Trimethoprim; anticonvulsants; fenofibrate; cyclosporine A Mild

Drugs affecting vitamin B6 (e.g., niacin, azauridine) Mildd

Levodopa Mild

Nitrous oxide toxicity (causes cobalamin inactivation) Mild to severe

Genetic disorders

Cystathionine b-synthase deficiency Severe

Methylene tetrahydrofolate reductase polymorphisms 
 (homozygous C677T or A1298C mutations)

Mild or nonef

Physiologic and lifestyle factorsg

Male sex; older age Mild

Coffee, smoking Mild

Artifact

Use of serum sample instead of plasma; delay in centrifugation Mild, but can be variable

Selection of inappropriately low cutpoint Variable

a Homocysteine elevations are categorized arbitrarily here as mild (15 to 25 mmol/L), moderate (25 to 50 mmol/L), and 
severe (>50 mmol/L).
b Homocysteine elevation does not occur in genetic cobalamin disorders in which methylcobalamin function is spared.
c Plasma homocysteine elevation does not occur in cerebral folate deficiency.
d Often inapparent unless post-methionine–loading measurement is done.
e Homocysteine elevation may occur even with serum creatinine changes within the reference interval.
f Often inapparent unless folate status is also compromised.
g It is not always known if other influences contribute to the differences attributed to these factors.

CAuSeS Of eleVAteD hOMOCySteINe leVelS
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Formal diagnostic trials of reticulocyte response to a dose of 
folic acid or cobalamin small enough to ensure the specificity of 
response to it302 are no longer needed. Nevertheless, objective 
documentation of the clinical response to therapy often has diag-
nostic value and is an important part of management.

specific DisorDers causing 
cobalaMin or folate Deficiency
Diagnostic evaluation must include identification of the specific 
condition responsible for the deficiency. Identification of the cause 
helps confirm the diagnosis of deficiency, ascertains the prognosis, 
and is invaluable for management. The underlying cause predicts 
the rate at which deficiency, especially of cobalamin, progresses 
or relapses. Often, the cause itself can also be treated directly.

causes of cobalamin deficiency
The discussion of causes follows the order of the cobalamin 
assimilation and utilization steps illustrated in Figure 36.4. The 
overwhelming majority of clinically apparent cobalamin deficien-
cies are malabsorptive in origin, of which pernicious anemia is 
the most common.

Dietary Insufficiency
adults
The circumscribed dietary source for cobalamin and the huge ratio 
of body stores to daily loss protect most adults from becoming 
severely deficient on a purely dietary basis. Malnutrition limited to 
a few weeks or months does not produce cobalamin deficiency. The 
adults at risk tend to be committed, long-term vegetarians, especially 
vegans, but even they seldom become sufficiently depleted to develop 
megaloblastic anemia or myelopathy. A study of vegetarian women 
showed that their cobalamin intake was 1.68 ± 1.60 mg/day, one 
half that of nonvegetarian controls.303 Surveys of vegetarians identify 
little or no change in MCV,304,305 and macrocytic anemia is uncom-
mon. Most often, vegetarians display SCCD, with mild biochemical 
abnormalities.306–308 The risks are greater in those with lifelong 
dietary inadequacy in developing countries, such as India, where 
public health measures may be warranted.309 Sometimes, metabolic 
abnormalities persist even after the diet has been liberalized.307 
Coexisting disorders, such as malabsorption, should be explored in 
vegetarian adults who actually develop symptoms of deficiency.310,311

children
Young children, who must negotiate normal neurologic devel-
opment and normal expansion of cobalamin stores simul-
taneously often have more serious consequences of dietary 
restriction. Children in macrobiotic communities show persistent 
metabolic abnormalities312 and an often suspect cognitive perfor-
mance,313 even years after starting cobalamin supplementation. 
Phenylketonuric diets restricted in animal protein may predispose 
to mild biochemical cobalamin deficiency.314,315

The consequences can be much more catastrophic for babies 
born to and exclusively breast-fed by mothers who are strict veg-
etarians or have undiagnosed pernicious anemia.170,315–317,318 
It is instructive of the cobalamin differences between adults and 
children that the mothers are asymptomatic and only mildly defi-
cient, whereas the children have severe neurologic and develop-
mental abnormalities, often including movement disorders, which 
may increase just after therapy is begun.319 Long-term deficits 
may persist.320 Although the frequency of the syndrome in at-
risk babies is unknown, maternal deficiency is thought to be the 
most common cause of cobalamin deficiency in childhood.142 The 
impact on growth and developmental retardation is unclear but 
preventive efforts are warranted.

holo-transcobalamin ii
Holo-TC II, which carries all cobalamin available to cells, is con-
ceptually attractive as a substitute for measuring total cobalamin, 
most of which is carried by TC I and unavailable to cells.292 It is 
presumed to be very sensitive to cobalamin depletion because 
it is more often abnormal than other markers of cobalamin sta-
tus. Serum levels are thought to represent a balance between 
holo-TC II entering the bloodstream, from the gut and perhaps 
elsewhere, and its very rapid uptake by tissues. However, it is 
unclear whether serum holo-TC II, whose half-life is measured in 
minutes, is more sensitive to intermittent transport fluxes than to 
the long-term changes in cobalamin stores that lead to cobalamin 
deficiency;190 for example, it is unknown if temporarily reduced 
(i.e., 1 or 2 weeks) inflow from the gut, due to transiently reduced 
dietary intake or transient malabsorption caused by drugs, may 
reduce serum holo-TC II without there being any cobalamin 
depletion, which takes years. The contribution of holo-TC II reab-
sorbed in the renal tubule is also unknown.

Moreover, holo-TC II validation rests largely on comparisons 
against cobalamin assay, with MMA as the (unsatisfactory) arbi-
ter of cobalamin status in surveys of subjects with SCCD.244,293 
As reviewed elsewhere,190 these analyses showed marginal 
superiority of holo-TC II to total cobalamin in SCCD, but clinical 
assessment has been insufficient and some clinical studies identi-
fied shortcomings. Chief among the shortcomings has been poor 
holo-TC II specificity.190,244,294 Reported confounding causes of 
low holo-TC II include oral contraceptive use,256 a common TCN2 
A67G polymorphism,71 alcoholism and various hematologic dis-
orders such as myelodysplasia,295 and an effect of malabsorption 
independent of cobalamin adequacy.296 Much work remains to 
be done297 before recommendations that holo-TC II become the 
primary tool to determine cobalamin status298 can be accepted.

other tests
Loss of the normal ability of added deoxyuridine to suppress thy-
midine incorporation into DNA by bone marrow cells deficient in 
cobalamin or folate299 is as sensitive a test for cobalamin deficiency 
as homocysteine or MMA assay.300 The test served to first document 
and define SCCD.94,95,96,180 Adding cobalamin or folates to the cells 
can usually differentiate between the two deficiencies.299,301 This 
labor-intensive test has been replaced by metabolite testing.

CAuSeS Of eleVAteD MethylMAlONIC ACID leVelS

taBle 36.7

Cobalamin deficiency

High-normal serum creatinine

Renal failure

Old age

Unexplained transient elevation in normal babies in first year of lifea

Hereditary disorders of cobalamin metabolism in which methylmalonate 
 metabolism is affected

Hereditary disorders of methylmalonate metabolism (e.g., methylmalonyl CoA 
mutase deficiency)

Methylmalonate metabolism polymorphisms

? Bacterial contamination of the small bowelb

Idiopathic
cApplication of a liberal cutpoint for methylmalonic acid assay

a It is unclear if subclinical cobalamin deficiency exists in some cases.
b Reduction of methylmalonic acid levels has been described after antibiotic therapy in 
patients with bacterial contamination of the small bowel. The phenomenon has been 
attributed to propionate metabolism by bacteria.
c The optimal cutpoint for methylmalonic acid has not been defined. Laboratories and studies 
that use lower cutpoints than usual (e.g., 210 nmol/L) identify greater numbers of subjects 
with “high” or “abnormal” levels.
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autoimmune disorders associated with pernicious anemia include 
vitiligo, hypoparathyroidism, hypoadrenalism, and myasthenia 
gravis.45 An unusual coexistence is with agammaglobulinemia or 
common variable immunodeficiency;345 the patients are young, 
have type B gastritis, often have bacterial overgrowth, and are 
at very high risk for gastric cancer. Other immune associations 
of pernicious anemia may include immune thrombocytopenia, 
immune hemolytic anemia, transient red cell aplasia, diabe-
tes mellitus, biliary cirrhosis, chronic lymphocytic leukemia, 
and renal tubular acidosis.45,346–351 Links have also been sug-
gested with myelodysplasia, leukemia, and myeloproliferative 
diseases,265,338,352–354 and perhaps with sickle cell anemia.355,356 
An increased rate of tuberculosis was reported in Asian Indians 
and Chinese with pernicious anemia.330,332

hereditary intrinsic Factor deficiency
Also called congenital pernicious anemia, this autosomal reces-
sive disorder is characterized by an absent, unstable, or non-
functional gastric IF142,357–359 (Table 36.8). Gastric status is 
otherwise normal, although unexplained basal hypochlorhydria 
sometimes occurs.357 Several mutations of the GIF gene have 
been found,360,361 some in patients originally misdiagnosed to 
have Imerslund-Gräsbeck syndrome because of spurious Schilling 
test results. Hereditary deficiencies of IF and TC I, whose genes 
lies near each other, coexisted in one family.362 Patients with 
hereditary IF deficiency usually develop anemia, myelopathy, and, 
occasionally, developmental delay in the first few years of life as 
cobalamin stores from birth become depleted. Infrequently, diag-
nosis is delayed until adolescence or later.357

Food-cobalamin Malabsorption
Studies in 1973 demonstrated that absorption testing with free 
crystalline cyanocobalamin, such as in the Schilling test, failed 
to identify defective release of food-bound cobalamin.363 As 
reviewed elsewhere,195 tests using food vehicles revealed that 
many patients could not absorb food-bound cobalamin while 
absorbing free cobalamin normally, the disparity that is diagnostic 
for food-cobalamin malabsorption (when free cobalamin absorp-
tion fails, as in pernicious anemia, of course, food-bound cobala-
min cannot be absorbed either).

The crux in food-cobalamin malabsorption appears to be the 
loss of pepsin and the acid secretion needed for optimal pepsin 
activity, without losing IF secretion364 (Fig. 36.4, panel 1). Most 
prominent among patients with food-cobalamin malabsorp-
tion were those with partial gastrectomy, other gastric surgery, 
or gastritis, all of whom had intact IF secretion. However, the 
gastric disorders are heterogeneous. Some patients have severe 
autoimmune gastritis and achlorhydria but others have H. pylori-
induced gastritis.365 Although it may have therapeutic implica-
tions as a reversible cause of malabsorption,365 the association 
with H. pylori infection lacks sufficient diagnostic sensitivity 
and specificity to be equated with food-cobalamin malabsorp-
tion.240,366,367 Food-cobalamin malabsorption improves after 
antibiotic therapy sometimes, but whether this reflects the disap-
pearance of H. pylori365 or anaerobic bacteria,368 or both, was not 
proven directly. Reported cures of cobalamin deficiency anemia 
solely by eradicating H. pylori require more documentation.240 
Patients taking acid-suppressive drugs, such as omeprazole, also 
malabsorb food cobalamin;195,369 cobalamin deficiency is infre-
quent in them, although low cobalamin levels were reported in a 
retrospective study of patients who may have had other predispo-
sitions to low levels.370

Food-cobalamin malabsorption need not cause cobalamin defi-
ciency, perhaps because it is sometimes reversible and because it 
may not abrogate reabsorption of biliary cobalamin, but it affects 
30% to 40% of people with SCCD.195 Severe deficiency occurs 
much less often.96,195,311,371,372 Progression to pernicious anemia 
with loss of IF has been reported in a few cases.311,371

Malabsorption
pernicious anemia
The defect that defines pernicious anemia is not the anemia but 
the loss of IF that produces severe malabsorption of all forms of 
cobalamin. The atrophic gastritis that is universal in acquired 
pernicious anemia differs from the more common atrophic 
gastritis, which maintains IF secretion long after acid secretion 
ceases.321,322

With its loss of the parietal cells that synthesize IF, pernicious 
anemia is irreversible and many features suggest its autoimmune 
nature.45,322,323 At least one of two autoantibodies to gastric anti-
gens is found in 85% of cases, one directed against IF and one 
against the parietal cell; the gastric histology suggests an inflam-
matory disorder, cell-mediated immune abnormalities have been 
reported, steroid therapy sometimes restores IF secretion, and 
other autoimmune disorders often coexist.

The gastritis has been subdivided into types A and B.324 Type A 
gastritis is found in 80% to 90% of patients with pernicious ane-
mia, although it is the less common gastritis form in the general 
population; it is characterized by the presence of parietal cell 
antibody and is limited to the fundus while sparing the antrum, 
which is often hypertrophic. Type B pangastritis usually results 
from Helicobacter pylori infection and lacks such autoantibodies. 
Although it is the most common gastritis generally, only 10% to 
20% of patients with pernicious anemia have it, suggesting that its 
role in pernicious anemia is infrequent.325

Pernicious anemia appears to have a familial predisposi-
tion, and relatives have increased frequencies of atrophic gas-
tritis, antibodies to parietal cells, and thyroid disease.45,326 
Pernicious anemia is diagnosed most often after the age of 60 
years,45 although the gastritis begins many years earlier.327 A 
survey of the elderly in Los Angeles found that 1.9% had unrec-
ognized, often pre-clinical pernicious anemia.189 Earlier surveys 
in Scandinavia reported prevalences of 0.13% to 0.2% among all 
ages.45 Women are affected almost 50% more often than men 
in most surveys.45,328 Although northern Europeans have the 
highest rates, pernicious anemia is universal.45,189,268,328–332 
The frequency in blacks may approach that in whites.189 The 
reason why black women develop the disease more often before 
50 years of age than do whites and have antibody to IF more often 
is unknown;328 American Hispanics display a less significantly 
younger age trend for pernicious anemia.268,331 Even in whites, 
approximately 10% of cases occur at a young age, sometimes in 
childhood or adolescence.45 Called juvenile pernicious anemia in 
children, it is accompanied by especially high rates of gastric anti-
bodies, immune endocrinopathy, and a positive family history.

In addition to causing relentless cobalamin deficiency, perni-
cious anemia carries many disease-specific associations and prog-
nostic implications. The most serious is an increased risk for two 
gastric tumors, both predominating in the fundus.322 A Swedish 
registry showed a 26.4-fold increased risk of gastric carcinoid and 
a 2.2-fold increased risk for gastric adenocarcinoma.333 The car-
cinoid tumors metastasize in only 20% of cases, however.322,334 
The increased risk for gastric carcinoma has been widely but not 
unanimously accepted.45,322,335–338 Many authors recommend 
endoscopy at the time of diagnosis in every patient with perni-
cious anemia,339 but routine re-examinations are not advised. 
An increased risk of esophageal squamous cell carcinoma333 is 
controversial.

Iron deficiency affects 21% of patients at diagnosis of perni-
cious anemia and another 23% develop it later.340 An independent 
cause is not always found, suggesting that iron malabsorption due 
to gastritis and achlorhydria plays a role.341 Bacterial contamina-
tion of the stomach and upper small bowel, presumably abetted 
by achlorhydria, has been described in pernicious anemia.342 An 
increased frequency of gallstones has also been suggested.343

At some point, approximately 10% of patients develop clinical 
or latent thyroid disease, most often hypothyroidism.344 Related 
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Disorder
Defect (and Affected 
Gene) Cbl Hcys MMA

Megaloblastic 
Anemia Myeloneuropathy Other

Hereditary IF deficiency IF synthesis (GIF ) ↓ ↑ ↑ Yes Often

Imerslund-Gräsbeck 
syndrome

IF receptor (CUB or AMN ) ↓ ↑ ↑ Yes Often

TC II deficiency TC II synthesis (TCN2) N ↑ N-↑ Yes Occasional

TC II receptor deficiency TC II receptor synthesis 
(TCblR/CD320)

N N ↑ No No

TC I (HC) deficiency TC I (HC) synthesis (TCN1) ↓ N N No No

CblA defect Mitochondrial reduction of 
cobalamin (MMAA)

N N ↑ No No Failure to thrive,  
lethargy, hypotonia, 
acidosis

CblB defect Cob(I)alamin adenosyl  
transferase (MMAB)

N N ↑ No No Failure to thrive,  
lethargy, hypotonia, 
acidosis

CblC defect ?Cytoplasmic reduction of 
cobalamin (MMACHC)

N ↑ ↑ Yes Yes Developmental delay, 
microcephaly, seizures, 
retinopathy

CblD defect–combined ?Cytoplasmic reduction of 
cobalamin (MMADHC)

N ↑ ↑ Varies Varies Thrombosis

CblD–variant 1 CblD defect affects only 
methylcobalamin (MMADHC)

N ↑ N Mild to mod Yes Cerebral defects, 
 seizures

CblD–variant 2 CblD defect affects only  
adenosylcobalamin 
(MMADHC)

N N ↑ No No Mental changes, 
 seizures

CblE defect Methionine synthase  
reductase (MTRR)

N ↑ N Yes Yes Developmental delay, 
cerebral atrophy,  
seizures, hypotonia

CblF defect Cobalamin release from  
lysosome (LMBRD1)

N ↑ ↑ Mild No Poor feeding, growth 
retardation

CblG defect Methionine synthase (MTR) N ↑ N Yes Yes Behavior changes, 
seizures

CblJ defect Cobalamin release from 
lysosome (ATP-binding 
 cassette transporter; ABCD4)

N ↑ ↑ Yes No Developmental delay, 
microcephaly, hypotonia, 
lethargy

Mut0 defect Absent MM-CoA mutase 
(MUT)

N N ↑ No No Failure to thrive,  
lethargy, hypotonia, 
acidosis

Mut– defect Decreased MM-CoA mutase 
(MUT)

N N ↑ No No Failure to thrive,  
lethargy, hypotonia, 
acidosis

MM-CoA epimerase 
deficiency

MM-CoA epimerase 
 deficiency (MCEE)

N N ↑ No No

↑, increased levels; ↓, decreased levels; ado-cbl, adenosylcobalamin; Cbl, cobalamin; HC, haptocorrin; Hcys, homocysteine; IF, intrinsic factor; MMA, methylmalonic acid; MM-CoA, 
methylmalonyl coenzyme A; mod, moderate; N, normal levels; TC, transcobalamin.

Gastric surgery
Subtotal gastrectomy eventuates in cobalamin deficiency in 15% 
to 30% of patients.45,373,374 Some of these patients develop clini-
cal deficiency with megaloblastic anemia and neuropsychiatric 
problems. However, absorption of free cobalamin (Schilling test) 
most often remains normal,375 and most patients have only food-
cobalamin malabsorption and SCCD.195,363 Iron deficiency and 
folate malabsorption may also develop.376,377 Food-cobalamin 
malabsorption and SCCD complicate other gastric procedures too, 
such as bariatric surgery.378,379

pancreatic insufficiency
Pancreatic proteases degrade TC I and release its cobalamin 
for transfer to IF.84 One half of patients with chronic pancreatic 

insufficiency have abnormal Schilling test results, requiring exog-
enous pancreatic extract for correction. It is unclear why such 
apparently severe malabsorption rarely, if ever, eventuates in 
clinically apparent cobalamin deficiency.

Bacterial overgrowth of the small Bowel
Large enough numbers of bacteria may accumulate in the upper 
small bowel if anatomical abnormalities (e.g., fistulas, strictures, 
large diverticula) or motility disorders exist (e.g., autonomic 
dysfunction in diabetes). Bacteria take up cobalamin and, in that 
location, may compete with IF for it.380 Bacteria also generate 
nonfunctional corrinoid analogs,381 whose contribution to the 
cobalamin deficiency is unclear. The deficiency can be clinically 
overt and is sometimes the only obvious manifestation of bacterial 
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disorder is often accompanied by mild and apparently benign 
proteinuria because cubilin, a multiligand receptor, also reabsorbs 
albumin in renal tubular cells.402,403

drugs, toxins, and related toxicities
Many drugs and toxins interfere with cobalamin absorption, 
usually by unknown mechanisms. Examples include alcohol, 
colchicine, neomycin, cholestyramine, paraaminosalicylic acid, 
and slow-release potassium, but the true list of offending drugs is 
probably longer. Cobalamin deficiency rarely occurs with any of 
them because exposure and malabsorption must be uninterrupted 
and last for several years in order to deplete cobalamin stores. 
Few drugs fulfill those criteria. The low cobalamin levels in met-
formin users have been widely equated with cobalamin deficiency, 
yet MMA levels are normal;257 the low cobalamin may represent 
acquired TC I deficiency instead.258

Transport and Cellular Defects
Most disorders of cobalamin transport to cells and cellular utiliza-
tion are genetic in origin and usually affect children. In contrast 
with malabsorptive and dietary disorders, their effects usually 
develop rapidly and serum cobalamin levels are usually normal.

transcobalamin ii deficiency and transcobalamin ii 
receptor defect
Deficiency of TC II impairs cobalamin delivery to cells, although 
some cobalamin enters cells by unknown, presumably nonspecific 
means (Table 36.8). TC I-bound cobalamin continues to circulate, 
so normal cobalamin levels are maintained, with rare excep-
tions.404 The children typically have megaloblastic anemia and 
failure to thrive in the first year of life.142 Neurologic dysfunction 
is less frequent405 and may appear chiefly when treatment is inad-
equate.406 Some children also have infections suggesting immune 
hypofunction.407 Schilling test results have often been abnormal, 
perhaps because TC II must take up the absorbed cobalamin. The 
diagnosis requires immunoassay of total TC II, but a nonfunctional 
TC  II has also been described.408 Several TCN2 mutations have 
been identified.409,410 Patients respond to frequent cobalamin 
injections. Oral therapy has been used after stabilization, but com-
plications have also been attributed to undertreatment.411

The phenotype is very different in deficiency of TC II recep-
tor caused by homozygous TCblR/CD320 nonsense mutation:412 
moderate methylmalonic aciduria is the lone finding and there are 
no symptoms. The explanation for this paradoxical presentation 
is unknown.

transcobalamin i (haptocorrin) deficiency
This disorder, often mistaken for and treated as cobalamin defi-
ciency, is typically uncovered in adults with unexplained low cobal-
amin levels (Table 36.8). Serum cobalamin is low because 70% or 
more of it is carried by TC I. Cellular and metabolic cobalamin 
status is normal.83,254,413–415 Corrinoid analogs, typically carried 
by TC I, appear to be absent in severely TC I-deficient plasma;80 
tissue analog content is unknown. A few patients have had atypi-
cal, probably unrelated neurologic dysfunction that was unaffected 
by cobalamin therapy,254,415 and probably reflects coincidence or 
selection bias for cobalamin testing (which led to TC I testing). The 
diagnosis requires demonstration of TC I absence in plasma and 
secretions, such as saliva, which is typical of severe deficiency. 
Nine severely deficient patients, all non-Caucasians, have been 
identified, and the frequency in a prospective survey of samples 
with low cobalamin levels appears to be 0.6%.254 A combined 
deficiency of TC I and lactoferrin, which are synthesized together 
in specific granules of myeloid cells and in exocrine gland epithe-
lium, was found in a family;415 interestingly, the affected patients 
were not predisposed to infection. Another family had coexisting 
deficiencies of TC I and IF, whose genes are not far apart.362

overgrowth. Antibiotics reverse the malabsorption, but relapse 
occurs if the cause of bacterial overgrowth persists.

parasitic infestation
The classic parasitic cause of cobalamin deficiency is 
Diphyllobothrium latum, which infests freshwater fish.45,382 The 
tapeworms in the upper small intestine compete avidly for cobala-
min. Most patients are asymptomatic, but cobalamin levels are often 
low.383 It is uncertain whether the worm load or coexisting condi-
tions, such as a frequent atrophic gastritis, determine the extent of 
deficiency. The infection is rare in the United States. Giardia lamblia 
has been associated with cobalamin malabsorption, particularly 
in children and immunocompromised patients, but it is unclear if 
the association is a causal one. Low cobalamin levels have been 
reported in heavy Strongyloides stercoralis infection.382

Gastrinoma
The Zollinger-Ellison syndrome can cause cobalamin malabsorp-
tion. The basis appears to be the low pH in the intestine.384 Ileal 
uptake of the IF–cobalamin complex requires a neutral pH.

ileal diseases
If they involve enough of the ileum, acquired diseases impair 
receptor-mediated absorption of IF-bound cobalamin (Fig. 36.4, 
panel 3). Schilling tests had successfully demonstrated malab-
sorption refractory to oral IF or antibiotics and led to a diagnostic 
pursuit of the specific ileal disease. The tests’ disappearance has 
made these malabsorptive diagnoses inaccessible.

Tropical sprue is endemic in the Caribbean, South Asia, and 
elsewhere. Manifestations can appear long after a person has 
emigrated. Cobalamin deficiency occurs in chronic cases and is 
sometimes the sole clinical finding.385,386 Some patients have 
folate deficiency instead, especially early in the course, or have 
both deficiencies. The vitamin differences may vary regionally, as 
does the often impermanent response of tropical sprue to folate 
and antibiotics. As in all acquired ileal diseases, other nutrients 
are often at risk also. The disease’s prevalence appears to be 
declining but a subclinical tropical enteropathy may exist.387

The frequency of cobalamin malabsorption and deficiency var-
ies in celiac disease, inflammatory bowel disease, and dermatitis 
herpetiformis.388,389 Deficiency often depends on the extent of 
ileal involvement, and resections that exceed 20 cm make defi-
ciency more likely.390 Atrophic gastritis may sometimes contrib-
ute to the deficiency. Ileal malabsorption has been associated with 
acquired immunodeficiency syndrome but does not explain most 
of the low cobalamin levels (see the “Cobalamin Levels” section of 
“Laboratory Tests of Deficiency”).

As noted, the risk of cobalamin malabsorption and deficiency 
after ileal surgery appears to be proportional to its extent. 
Long-term malabsorption occurs with jejunoileal bypass for 
obesity.391,392 Deficiency has also been attributed to malabsorp-
tion with ileal reservoirs for the ureters in patients with bladder 
cancer393,394 and for restorative proctocolectomy in ulcerative 
colitis.395 Puzzlingly, however, Schilling tests have been normal 
with ileal reservoirs.395

imerslund-Gräsbeck syndrome (Megaloblastic anemia 
type 1)
Selective malabsorption of cobalamin arises from genetic defects 
affecting the ileal IF receptor (Table 36.8). Two mutations of the 
cubilin gene have been identified in Finnish families;396,397 some 
Norwegian families have mutations of the amnionless gene,398 
and other mutations of these genes have been reported in the 
Mediterranean area and elsewhere.399 The malabsorption is 
limited to cobalamin and usually produces classical clinical signs 
of deficiency in the first few years of life.142,400,401 Diagnosis is 
occasionally delayed and, with disappearance of the Schilling test, 
differentiation from hereditary IF deficiency can be difficult. The 
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poor. The cblD defect can vary in hematologic and neurologic 
severity and includes venous thromboses.93,434 The defect involves 
the MMADHC gene, which has a cobalamin binding motif and a 
putative mitochondrial targeting sequence.434 CblD is puzzling 
because, despite complementation identity, different mutations of 
the gene can produce homocystinuria, methylmalonic aciduria, or 
both;434,435 each is discussed within its metabolic group. Variable 
presentations are seen in the cblF and cblJ defects, in which lyso-
somal export appears defective.436,437,438

Increased Requirements
High demand for cobalamin in hypermetabolic and increased 
cell turnover states has been proposed, but its documentation is 
incomplete. Patients with clinical consequences have yet to be 
identified satisfactorily.

Old Age
Normal aging does not cause cobalamin deficiency but common 
disorders of aging, such as gastritis and gastric atrophy, predis-
pose to it.178,322,439 The elderly are at increased risk for both 
clinically expressed and subclinical deficiencies, including the 
most common causes of each form, pernicious anemia and food-
cobalamin malabsorption, respectively. Although frequencies vary 
with the studied population and the test cutpoint selection, most 
studies estimate that 10% or more of the elderly are affected, with 
SCCD outnumbering clinical deficiency severalfold. The frequency 
of low cobalamin levels outnumbers low folate levels 191,440.

Elevated cobalamin levels appear to be independent predictors 
of mortality in elderly patients with or without cancer.441,442 The 
explanation is unknown.

causes of Folate deficiency
The origin of folate deficiency is often multifactorial. Limited intake 
may not be able to compensate for increased folate demand, or a 
drug or genetic polymorphism that mildly inhibits folate metabolism 
can convert borderline folate intake into frank deficiency. That being 
said, the landscape of folate deficiency has changed dramatically as 
a result of food fortification and folate supplement use. The incidence 
of deficiency has decreased sharply. Between 1988–1994 and 2001–
2002, the frequency of serum folate levels below 3 mg/L declined 
from 18.4% to 0.2% of the American population and that of red 
cell folate below 160 mg/L declined from 45.8% to 7.1%, across all 
economic and demographic strata.443 Other studies reported even 
greater impact in those who also took folate supplements.444 The 
folate status of American elderly leapfrogged that of younger adults, 
largely because of higher rates of supplement use,443 whereas 
Europeans, with less exposure to fortification and supplements, 
showed metabolic signs of folate deficiency as they aged further.445

Dietary Insufficiency
The relatively small ratio of folate stores to daily requirement 
makes it possible to become folate-deficient after only a few 
months of poor intake, and the likelihood and speed of deficiency 
are enhanced when other causes coexist. The most common of 
these is abuse of alcohol,446 especially hard liquor, which also 
contains little folate.

children
Delivery of maternal folate to the fetus is efficient,45 so folate 
deficiency is rare at birth. Folate levels decline thereafter, and 
problems arise in some children in whom growth demands and 
limited diet combine. Premature infants have especially high 
requirements.447 The availability of folate from milk is limited.45 
Deficiency can appear in babies whose diet depends heavily on 
milk and who do not receive folate-fortified foods or supplements. 

TC I deficiency was thought rare until a mild deficiency iden-
tical to that seen in obligate heterozygous relatives of severely 
deficient patients,415 was found in 15% of patients with low 
cobalamin levels.254 Such patients have low or low-normal levels 
of plasma TC I and saliva TC I. The diagnosis requires ruling out 
cobalamin deficiency and measuring plasma TC I (serum often 
provides spuriously normal TC I results). Four heterozygous TCN1 
mutations,356,416,417 also seen in severely deficient patients with 
homozygous or compound heterozygous mutations, were found in 
34 affected members in 24 families.80

nitrous oxide toxicity
Nitrous oxide oxidizes cob(I)alamin, irreversibly inactivating the 
methionine synthase to which the cobalamin is bound.418 Because 
exposure during dental and surgical procedures is brief and 
enzyme is regenerated quickly, clinical expression does not occur 
despite mild metabolic abnormalities lasting a few days.419,420 
There are two exceptions to the benign consequences. One is 
repetitive exposure,421,422 such as “recreational” abuse of the gas. 
The other is when a patient with unrecognized, clinical cobalamin 
deficiency is exposed to nitrous oxide during lengthy or repeated 
surgery.423–426 Within days, megaloblastic anemia results but neu-
ropsychiatric dysfunction is often especially severe.

Nitric oxide also reacts with cobalamin and inhibits methio-
nine synthase,427 but no clinical impact is known.

cbl Mutations
Inborn errors affecting intracellular cobalamin metabolism, des-
ignated cbl mutations (Table 36.8), are sorted by their metabolic 
changes, whether homocystinuria, methylmalonic aciduria, or both. 
The disorders are then differentiated by complementation studies 
in which the metabolic behaviors of patients’ fibroblasts fused with 
known-disease fibroblasts are compared. Most genes are known 
but the proteins coded by some of them are unknown.142

Homocystinuria without MMA elevation marks the cblE defect, 
caused by methionine synthase reductase deficiency; the cblG 
defect, caused by methionine synthase deficiency; and the cblD-
variant 1. Megaloblastic anemia and prominent neurologic prob-
lems occur, usually in the first few years of life,428 but diagnosis can 
sometimes be delayed.429 Therapy is generally effective, although 
the neurologic problems are difficult to reverse unless treated early.

Isolated methylmalonic acidurias (cblA, cblB, cblD-variant 2, 
mutase, and epimerase defects) affect adenosylcobalamin, which 
is required in the methylmalonyl CoA mutase reaction, or other 
methylmalonyl enzymes. The cblB defect affects adenosyltrans-
ferase, whereas mitochondrial reduction of cobalamin appears to 
be defective in cblA and cblD-variant 2.142 These disorders cause 
lethargy, vomiting, dehydration, failure to thrive, hypotonia, and 
acidosis but do not produce megaloblastic anemia.430 Presentation 
is in the first months of life, but the course and response to cobal-
amin may vary. The clinical picture in cblD-variant 2 was com-
plicated by an intracranial hemorrhage at birth. The two mutase 
defects affect the methylmalonyl CoA mutase enzyme itself: muto, 
characterized by enzyme deficiency, and mut–, with abnormal 
enzyme. Methylmalonyl CoA epimerase (racemase) deficiency was 
described in a patient with mild MMA elevation.431 The mutase 
and epimerase defects do not involve cobalamin or respond to it, 
have either no clinical manifestations or just the mild ones seen 
in other methylmalonic acidurias, and are mentioned only for the 
differential diagnosis of methylmalonic aciduria.

The combined homocystinuria–methylmalonic acidurias 
include the cblC, cblD, cblF, and cblJ defects, which affect both 
methylcobalamin and adenosylcobalamin. Megaloblastic anemia 
is prominent in cblC, often with a microangiopathic and thrombo-
cytopenic process resembling the hemolytic uremic syndrome,432 
but megaloblastic anemia is muted in cblD and cblF defects.93 
Many children with cblC, the most common of the cbl disorders, 
have severe courses marked by neurologic dysfunction, acidosis, 
perimacular degeneration, and thromboses.433 Prognosis is often 
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been identified.142 Early treatment, which includes betaine, is 
essential.461

hereditary Folate Malabsorption
This rare disorder is characterized by impaired transport of folate 
across both the intestinal mucosa and the choroid plexus because 
of mutations affecting the proton-coupled folate transporter, which 
is located at both those sites.36,37 As a result, serum, red cell, and 
cerebrospinal fluid folate levels are very low. Megaloblastic ane-
mia and severe neurologic dysfunction, including seizures, appear 
in the first few months of life.161 Diarrhea, mucositis, immunode-
ficiency, and failure to thrive also occur. Intensive parenteral and 
even intrathecal therapy have often been used, but some patients 
respond well to oral folinic acid.37,161

cerebral Folate deficiency
Cerebral folate deficiency is characterized by decreased cerebro-
spinal fluid methylTHF, whereas, unlike in hereditary folate malab-
sorption, folate absorption and systemic metabolism are normal.162 
Thus, it features mental and neurologic manifestations similar to 
hereditary malabsorption but lacks low serum and red cell folate 
levels and megaloblastic anemia. Many affected children display 
mutations of the FOLR1 gene that codes for FR-a, which regulates 
methylTHF transport across the choroid plexus.462,463 Others have 
autoantibody to FR-a instead,162,464 including one middle-aged 
adult.465 Unrelated conditions can produce varying degrees of the 
same cerebral methylTHF deficiency without apparent mutations or 
FR-a abnormality.162,466 These miscellaneous conditions await clar-
ification. As illustrated in the next section, various hereditary dis-
orders can produce similar pictures. The cerebral folate deficiency 
often responds to folinic acid; 162,467 folic acid is contraindicated.

Miscellaneous Folate disorders
Five members from two families with megaloblastic anemia, seizures, 
microcephaly, and developmental delay had dihydrofolate reductase 
deficiency. They had normal serum folate and cobalamin levels but 
displayed a cerebral folate deficiency syndrome, with methylTHF 
deficiency and tetrahydrobiopterin deficiency limited to cerebrospi-
nal fluid.467,468 Hematologic improvement rapidly followed folinic 
acid therapy, but neurologic improvement was incomplete.

A mutation of the MTHFD1 gene, which encodes a single pro-
tein with three enzyme activities in folate metabolism (Fig. 36.2, 
reaction 6), was identified in a child with megaloblastic anemia, 
atypical hemolytic uremic syndrome, immunodeficiency, and 
homocystinuria.469

A single report of familial aplastic anemia with defective cel-
lular uptake of folate470 remains a mystery.

Genetic polymorphisms
No clinical consequences have been confirmed for many mis-
sense mutation polymorphisms affecting genes for folate-related 
enzymes and transport proteins.70 The best-studied exception 
is the gene for methyleneTHF reductase, whose C677T and, 
to a lesser extent, A1298C mutations are common in most 
populations except blacks. These polymorphisms produce mildly 
diminished enzyme activity and no direct symptoms. However, 
mild hyperhomocysteinemia is seen if folate intake or levels are 
diminished in persons homozygous for the C677T mutation. 
Consequences such as increased risks for neural tube defect 
births and cardiovascular risks have been described and often 
appear tied to lower levels of folate intake.471 It is interesting that 
reduced leukemia and colorectal cancer risks have been associ-
ated with this mutation.472

Increased Demand or Increased Losses
Fetal needs divert maternal folate via placental receptors. Other 
settings for increased demand for folate are lactation, chronic 
hemolytic anemia, and perhaps psoriasis and myeloproliferative 

Folate deficiency can also occur with restricted diets, such as 
those given for phenylketonuria.

Malabsorption
intestinal Malabsorption
Documented in only 2% of folate-deficient patients in one study,279 
malabsorption is a distant second to malnutrition and alcoholism 
as a cause of folate deficiency. Deficiency appears early in tropi-
cal sprue, which can feature marked gastrointestinal symptoms 
and other absorptive defects.385,386 The intestinal lesion itself can 
remit with folate therapy, although the remission can be limited. 
Celiac disease also causes folate malabsorption and deficiency 
in some patients, with or without cobalamin deficiency.389,448 
Inflammatory bowel disease, such as Crohn disease, which 
involves ileum most prominently, produces folate deficiency less 
often.449 Folate malabsorption has been described in patients with 
dermatitis herpetiformis. The impact, if any, of food fortification 
on folate deficiency in patients with malabsorption requires study.

other Malabsorptive Mechanisms
Folate absorption is reduced in atrophic gastritis and other gastric 
disorders or with drugs that cause achlorhydria.377,450–452 It is not 
clear how often deficiency results.451 Similarly, folate absorption 
diminishes when oral pancreatic replacement therapy, which buf-
fers pH, is given for pancreatic insufficiency,453 whereas cobala-
min absorption may improve.

Drugs and Toxins
Alcohol abuse is a major contributor to folate deficiency446 and 
should be suspected even when other causes of deficiency are 
found. The risk is highest in alcoholics who eat poorly, but alcohol 
also has direct effects on folate metabolism and transport. The lat-
ter include interruption of the enterohepatic recycling of hepatic 
methylTHF, direct toxicity to enterocytes, formation of aldehyde 
adducts, and increased degradation of folates.454–457

Sulfasalazine interferes with folate absorption and perhaps 
with folate-related enzymes.458 Hydantoins, and to a lesser extent 
other anticonvulsants, have been associated with macrocytosis 
and low folate levels, but megaloblastic anemia is uncommon.45 
The mechanisms are unclear. Valproic acid inhibits mitochondrial 
folate metabolism and affects fetal folate metabolism.459 Antifols, 
such as methotrexate, inhibit folate binding to dihydrofolate reduc-
tase and thus limit the availability of THF (Fig. 36.2, reaction 1). 
Their effect can be bypassed by administering reduced folates 
such as 5-formylTHF (leucovorin; folinic acid). Trimethoprim-
sulfamethoxazole and pyrimethamine are potent inhibitors of 
bacterial dihydrofolate reductase but weak inhibitors of the human 
enzyme. They cause megaloblastic anemia infrequently but appear 
to do so especially in patients with other limitations of folate sta-
tus.460 Oral contraceptive use has been associated with diminished 
serum folate levels, but deficiency has not been well documented.

Inborn Errors of Folate Transport and Metabolism
Methylene tetrahydrofolate reductase deficiency
Homozygous deficiency of this enzyme (Fig. 36.2, reaction 3), to 
be distinguished from the common polymorphism that causes 
no disease, produces severe neurologic dysfunction, including 
myelopathy, developmental delay, seizures, and microcephaly.142 
Thrombosis may also occur. Symptoms usually arise in the first 
year, but mild cases may not be diagnosed until adulthood. 
Anemia does not develop because methyleneTHF remains avail-
able for thymidylate synthesis (reaction 2). Serum folate is low 
because methyleneTHF cannot be converted to methylTHF, the 
main circulating form of folate. The diagnosis is made by measur-
ing enzyme activity in fibroblasts or leukocytes, which correlates 
with disease severity. Many mutations of the reductase gene have 
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been modified by the increasing, often accidental identifications of 
patients with the usually clinically irrelevant SCCD, which is much 
less often associated with malabsorption.178,179

Although malabsorptive disorders in children, whether clas-
sically acquired as in adults or hereditary, are not unusual, the 
diagnostic approach in children differs and depends on age and 
other issues. Genetic metabolic disorders tend to present in early 
childhood but can be delayed; MMA and homocysteine must 
usually be measured because cobalamin levels may be normal. 
Maternal cobalamin status must also be part of the evaluation of 
very young children.

direct tests of cobalamin absorption
The classic absorption test, the Schilling test, assessed absorp-
tion of free crystalline cobalamin by measuring urinary excre-
tion of an oral dose of 57Co-labeled cyanocobalamin that 
approximated the amount in a meal.45,488 If excreted radio-
activity was subnormal, the test was repeated with an oral 
dose of IF. Correction of an abnormal result by IF diagnosed 
pernicious anemia; lack of correction suggested an intestinal 
problem. If results became normal upon re-testing after anti-
biotic treatment or with an oral pancreatic extract, intestinal 
bacterial overgrowth or pancreatic insufficiency, respectively, 
were likely. The Schilling test and all its variants have disap-
peared because of concerns about isotope use, limited and sus-
pect sources of IF, and the tests’ inconvenience and occasional 
unreliabilities.488

Probably contributing to the test’s disappearance were misper-
ceptions that diagnosing malabsorption was clinically irrelevant, 
which may have been reinforced by the large influx of new 
patients with SCCD, whose results were consistently normal.488 A 
new absorption test measuring serum holo-TC II response to oral 
cobalamin489 has not been convincingly validated.

Several food-cobalamin absorption tests have identified 
impaired release of ingested cobalamin from its binding to food 
proteins, using 57Co-labeled cobalamin attached to egg, egg 
yolk, or chicken serum as vehicles in a procedure otherwise 
identical to the Schilling test which tested only absorption of 
free  cobalamin.195,363,375 These tests have disappeared as well. 
Substitution of often mistaken, indirect criteria for direct food-
cobalamin absorption testing has generated a series of unreliable 
reports by some authors, as noted elsewehere.488 Blood tests for 
gastritis/gastric atrophy or H. pylori status are also unreliable 
surrogate markers.240,366

autoantibody to intrinsic Factor
Testing serum for antibody to IF sometimes permits the diagnosis 
of pernicious anemia without having to resort to the Schilling test. 
Type I antibody, which blocks the cobalamin-binding site of IF, is 
slightly more frequent and more easily tested than type II anti-
body, which complexes with a nonbinding IF epitope. Antibody is 
found in 50% to 70% of patients with pernicious anemia, with the 
higher frequencies when more sensitive assays are used.490–492 
Some groups of patients have higher rates; 96% of black women 
with pernicious anemia are positive.328 With the disappearance 
of Schilling tests, IF antibody, whose specificity exceeds 95%,45,493 
is the only practical option for diagnosing pernicious anemia, 
despite its poor sensitivity. However, serum containing excess free 
cobalamin often produces false-positive IF antibody results; blood 
samples obtained within days after a cobalamin injection must be 
avoided.494

autoantibody to Gastric parietal cell
Parietal cell antibody is directed to the membrane H+,K+-
adenosine triphosphatase pump subunits pre-existing in cyto-
plasmic tubulovesicles.323,495 The antibody occurs in 80% to 90% 
of patients with pernicious anemia. However, it is specific for 
immune gastritis, not for pernicious anemia.496 Moreover, the 

diseases. Evidence for stress on folate metabolism by increased 
requirements exists but lacks clear metabolic proof of deple-
tion.35,473–476 Deficiency usually results when dietary intake can-
not compensate adequately or disorders such as alcohol abuse 
or malabsorption supervene. Folic acid is often given routinely to 
pregnant women and patients with chronic hemolysis. However, 
a frequent mild elevation of homocysteine in sickle cell anemia 
appears unrelated to folate status or supplementation,477 and a ran-
domized supplementation trial in sickle cell anemia failed to show 
clinical benefits.478 The increased detection of pernicious anemia 
in patients with sickle hemoglobinopathy suggests that monitoring 
is advisable by physicians who routinely prescribe folic acid.355,356

Folate is lost during dialysis, and supplements are often given. 
Alcohol abuse, anticonvulsants, and oral contraceptives have 
been proposed to cause increased folate catabolism and loss.479

Syndromes of Unknown Cause
A syndrome of acute deficiency, megaloblastic changes in bone 
marrow (but not peripheral blood), and pancytopenia was 
described in severely ill patients in intensive care units;480 serum 
folate levels have been normal. The entity is unclear because such 
patients have many illnesses and receive many drugs.

causes of Megaloblastic anemia other than 
cobalamin or Folate deficiency

Thiamine-responsive Megaloblastic Anemia
A familial syndrome of megaloblastic anemia, diabetes mellitus, 
and sensorineural deafness can occur during childhood or ado-
lescence.481,482 Some patients may have additional features.483 
The megaloblastic anemia and diabetes improve at least partially 
with thiamine therapy. Neither folate nor cobalamin has a known 
causative or therapeutic role. Several mutations of the thiamine 
transporter-1 gene have been found.483,484–486 The patients have 
no evidence of thiamine deficiency.

Hereditary Orotic Aciduria
Megaloblastic anemia unrelated to folate or cobalamin accom-
panies developmental delay, orotic acid crystalluria, and ureteral 
problems in affected children.487 There is clinical heterogeneity. 
Some patients also have congenital malformations and immune 
deficiency. The defect usually involves the gene for both oro-
tate phosphoribosyltransferase and orotidine 5′-monophosphate 
decarboxylase, which catalyze uridine-5-monophosphate synthe-
sis. Oral uridine is effective.

Miscellaneous Causes
Chemotherapeutic agents that affect nucleoprotein synthesis, such 
as hydroxyurea and 5-fluorouracil, cause megaloblastic anemia. 
More easily distinguishable from megaloblastic anemia are the 
bizarre nuclear changes in arsenic toxicity.

Myelodysplastic syndromes occasionally feature nuclear char-
acteristics that resemble megaloblastic change, but hyposeg-
mentation of neutrophil nuclei (“pseudo–Pelger-Hüet”) is more 
common than hypersegmentation. Erythroleukemia and some 
cases of acute myelogenous leukemia also show megaloblastlike 
nuclear dysplasia in erythroid precursors.

laboratory diagnosis of the causes of deficiency

Cobalamin Deficiency
Malabsorption is the main suspect when evaluating causes 
because approximately 94% of cases of clinical cobalamin defi-
ciency in adults have gastrointestinal origins.279 The situation has 
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can be diagnostically helpful whether serum levels are normal 
or not.

ManageMent
Management of cobalamin and folate deficiencies extends beyond 
giving the right vitamin and can be complex.193 It can be under-
mined by patient noncompliance127 and by physician error, 
which most often involves underestimation of the disorder and its 
requirements, especially the value of precise diagnosis of underly-
ing causes. Management goals are to reverse symptoms; select 
the appropriate dose, route, and duration of vitamin replacement; 
ensure that the vitamin deficiency was identified correctly and 
that the patient responded appropriately; identify the underlying 
disorder that caused the deficiency and treat it directly, if possible, 
define its prognosis, and manage its complications; and provide 
patient education. These goals do not apply easily to SCCD, whose 
need for therapy is undefined.193

reversal of presenting symptoms

Course
Megaloblastic anemia reverses quickly with the correct vitamin. 
The patient often begins to feel better within a day, before anemia 
improves. New reticulocytes appear in 2 to 3 days. Effective hema-
topoiesis replaces ineffective hematopoiesis, as lactate dehydroge-
nase and bilirubin decline and maturation of erythroid precursors 
becomes more normoblastic. Although neutrophil hypersegmen-
tation persists for 2 weeks or more,105 white blood cell and plate-
let counts rise in the first week if they had been decreased. Peak 
reticulocytosis occurs at 7 to 10 days. As new normocytic cells 
accumulate, which can be detected with reticulocyte-specific pro-
filing,108 the MCV declines. The blood count becomes fully normal 
before 8 weeks have elapsed. In most cases, neurologic improve-
ment becomes noticeable in the first few weeks.

There are no signs or symptoms to reverse in patients with 
SCCD, but occasionally mild signs can be identified retroactively 
upon their improvement after cobalamin therapy.

Monitoring the Response
Homocysteine and MMA levels begin to fall within a few days of 
therapy and can be used to monitor response;183,184 monitoring 
vitamin levels, whether cobalamin, holo-TC II, or serum folate, 
has little value because plasma levels rise passively regardless of 
therapeutic effectiveness. Reticulocyte response can be assessed 
best at the end of the first week, and it is always useful to deter-
mine completeness of hematologic response after 8 weeks. An 
incomplete response at either time usually indicates a coexisting 
anemia, perhaps one that was initially inapparent; most often, the 
cause is iron deficiency, which can be masked in megaloblastic 
anemia. A poor response can also indicate that the original diag-
nosis was incorrect.

The extent of neurologic improvement cannot always be pre-
dicted. In general, the likelihood of full reversal with cobalamin 
is inversely related to the duration of symptoms before therapy 
was started and the extent of the original dysfunction. Whatever 
reversal can be expected is usually completed by 6 months, 
but improvement occasionally continues until a year or more. 
Progression despite therapy throws doubt on cobalamin defi-
ciency as its cause.

Blood Transfusion
Patients with megaloblastic anemia tend to compensate for even 
severe anemia surprisingly well500 and usually can be managed 
supportively until cobalamin therapy takes effect. The temptation 

antibody tends to disappear with time,497 and it is not as sensitive 
as IF antibody in many types of patients, such as the young and 
some ethnic groups.332,491

Functional Blood tests of Gastritis and Gastric atrophy
Serum gastrin is elevated in 80% to 90% of patients with per-
nicious anemia,498 reflecting their gastric achlorhydria and 
frequent antral hypertrophy.322,324 Levels tend to be very high, 
often in the thousands, particularly in women.491,498 However, 
hypergastrinemia has many, more frequent causes, such as 
nonpernicious anemia atrophic gastritis or omeprazole use. 
Serum pepsinogens also reflect gastric status. Pepsinogen I, 
derived from fundic chief cells, is usually decreased in perni-
cious anemia, whereas pepsinogen II, which derives from fun-
dus and antrum, is normal or elevated because of antral sparing 
in most patients with pernicious anemia.499 A low pepsinogen 
I-to-II ratio or low pepsinogen I level, or both, may be the most 
sensitive blood tests for pernicious anemia498 but have lim-
ited specificity. None of the tests mentioned in this section are 
diagnostically reliable in food-bound cobalamin malabsorption 
either.366

direct Gastric tests
Measuring IF content in stimulated gastric juice is the most reli-
able test for pernicious anemia but requires gastric intubation 
and is not generally available. Measuring gastric acid secretion 
has some diagnostic value because the presence of acid rules out 
Addisonian pernicious anemia.

tests of intestinal Function
Without the Schilling test, intestinal malabsorption of cobalamin 
is not identifiable. Today, intestinal malabsorption can only be 
suggested if other gastroenterologic tests, such as blood tests for 
celiac disease or ileal biopsy, identify a specific disease. Duodenal 
biopsy is more accessible than ileal biopsy but has much less 
diagnostic relevance to cobalamin.

cobalamin-binding proteins
Serum TC II assay identifies TC II deficiency in children with 
unexplained cobalamin deficiency (usually, but not always, accom-
panied by normal cobalamin levels) but is rarely needed when 
evaluating adults. TC I assay (testing plasma, and never serum) 
is useful in patients of all ages with unexplained low cobalamin 
levels who are asymptomatic or have equivocal symptoms.254 
Measuring apoproteins with cobalamin-binding capacity assays is 
not as useful as immunoassays for total TC II or TC I, and becomes 
unreliable after cobalamin injection which saturates apoproteins, 
rendering them unmeasurable. TC I assays, and to a lesser extent 
TC II assays, can sometimes also help explain high cobalamin 
levels.56,78,260

Folate Deficiency
Because dietary insufficiency, alcohol abuse, and drug effects often 
contribute to folate deficiency,279 a careful history is usually the 
most effective diagnostic test. Malabsorption must be considered 
when a dietary cause is not apparent. Tests of folate absorption 
are unavailable, and response to oral folic acid does not rule out 
malabsorption.

Acquired causes of deficiency predominate in children 
too. Dietary deficiency may occur in specific settings and can 
be aggravated by the demands of growth and development. 
Hereditary disorders are rare but can be severe.142 They 
may feature low folate levels, as in methyleneTHF reductase 
deficiency or hereditary malabsorption, or normal levels. 
Relevant enzymes can be measured and genetic mutations 
are increasingly identifiable. If neurologic symptoms exist, 
measuring cerebrospinal fluid folate, including methylTHF, 
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abnormalities until daily doses exceeded 50 to 500 mg505–507 but 
did not document absorption status or why the poor responses 
occurred.240 The assumption that food-cobalamin malabsorption 
allows normal absorption of free cobalamin when taken with 
meals is untested and may be mistaken.193

Hereditary disorders require individually tailored therapy and 
close monitoring because expression, severity, and response vary 
even in the same disorder. Other sources can be consulted for 
relevant details.142

Folate Deficiency
Oral synthetic folic acid is stable and efficiently absorbed.35 Daily 
doses of 1 mg usually suffice, and it is better absorbed than food 
folate, even by patients with malabsorptive disorders. Monitoring 
the response can determine if higher doses or intramuscular 
injections are needed. Body stores can be repleted within a month 
or two. The need to continue longer is guided by the underly-
ing disorder, its persistence or likelihood of recurrence, and the 
patient’s dietary, medical, and social details.

Treatment of children with inborn errors of folate metabolism 
calls for larger doses, often given parenterally, and may require 
specialized regimens.142 Folinic acid is needed for disorders that 
require reduced folic acid, such as cerebral folate deficiency, and 
in patients using drugs that inhibit dihydrofolate reductase.

Direct toxicity of folic acid is minimal.508 Seizure disorders 
have worsened in some patients receiving large doses intrave-
nously.509 Concern about folate administration to someone with 
unrecognized and untreated clinical cobalamin deficiency has 
engaged attention because of adverse experiences in patients 
with pernicious anemia. The anemia of cobalamin deficiency 
usually responds at least partially to folic acid, although relapse 
occurs eventually.152,153 In the meantime, unchecked neurologic 
progression can occur. This issue with diverse ramifications is 
discussed further in the section, “Preventive and Other Uses of 
Supplements.”

Assurance of Response
The diagnosis of deficiency is often made with varying degrees of 
certainty, especially in minimally symptomatic patients. The less 
clear the original evidence, the greater is the value of monitoring 
therapeutic response.

Managing Underlying disorders causing  
the deficiency
Pernicious anemia is the most likely cause for clinically obvious 
cobalamin deficiency, but other malabsorptive causes account for 
at least 25% of cases.279 This sizeable minority includes inde-
pendently treatable causes whose identification may be simple 
(e.g., the history of gastric surgery) or require greater effort (e.g., 
pursuing bacterial overgrowth). An important goal is to determine 
how long therapy must continue. As to pernicious anemia, con-
clusive diagnosis has tangible clinical value despite the disease’s 
irreversibility. For example, it confers the confidence to recom-
mend endoscopy to screen for cancer and to insist upon lifelong 
cobalamin therapy. Ironically, many patients (and some physi-
cians) attribute cobalamin deficiency to dietary inadequacy, which 
accounts for only 1% of clinically expressed cases. The dietary 
inadequacy needed to create clinically overt deficiency is usually 
dramatic and obvious.

The diagnostic pursuit of causes of folate deficiency is dia-
metrically different. Poor diet is by far the most common cause 
and malabsorption is among the least common.279 The post-forti-
fication era has removed much of the folate deficiency attributable 
to inadequate intake alone.443,510 The causes today need to be re-
examined to determine if fortification has left behind mostly the 

to transfuse should be resisted unless coexisting conditions or 
worrisome symptoms and signs (e.g., cardiopulmonary or cere-
brovascular) require immediate intervention. If transfusion is 
given, care must be taken to avoid aggravating the pre-existing 
volume overload.

Vitamin replacement
Unless folate and cobalamin deficiency coexist, using both vita-
mins together has uncertain benefits and, done reflexively, can 
muddy the specificity of the response and the patient’s under-
standing of the medical condition.

Cobalamin Deficiency
Rapid reversal of anemia or neurologic dysfunction is achieved 
most reliably with intramuscular cobalamin. Cyanocobalamin 
use predominates in the United States and is the model here, 
although hydroxocobalamin is more physiologic and its better 
retention allows less frequent injection.501 Methylcobalamin can 
also be used but its advantages are unclear. As little as 1 to 2 mg 
of cobalamin produces quick hematologic response, but a series 
of 1,000-mg injections is usually given during the first few weeks. 
Because nonspecific intestinal absorption of cobalamin is very 
limited, many details of subsequent therapy depend on whether 
the IF mechanism is intact. When absorption is normal, oral cya-
nocobalamin can usually be used, and doses of 2 to 5 mg do not 
substantially exceed IF capacity. Intranasal and sublingual prepa-
rations, which bypass IF, have no proven advantages, and may be 
ineffective if rhinitis or other mucosal conditions exist.

If free cobalamin cannot be absorbed, as in pernicious anemia, 
most maintenance regimens call for 100 to 1,000 mg cyanocobala-
min given intramuscularly once a month. Most of the 1,000-mg 
dose is excreted rapidly in the urine, but the amount retained (100 
to 150 mg) is greater than with 100-mg doses (55 mg retained). 
Very high oral doses, long known to be effective even in patients 
with pernicious anemia,59 have been resurrected with daily oral 
doses of 1,000 mg (or even 2,000 mg) as a suitable alternative,502 
although clinical response has not been consistently optimal.503 
The advantage of oral therapy is avoidance of injection, with 
its discomfort, costs, and inconvenience. This must be weighed 
against the need to take a large dose every day, often for life; 
the need to monitor periodically because daily compliance is 
surely poorer in daily practice than it has been among research 
volunteers; and the incomplete documentation of equivalence of 
neurologic improvement after oral and parenteral cobalamin.193 
Because relapse occurs sooner when oral rather than parenteral 
therapy is discontinued,128 repletion of stores by injection before 
embarking on oral maintenance is advisable.

Cobalamin replacement must continue for as long as the 
underlying cause persists. Occasional patients seem to require 
more frequent injections for unknown reasons59,193 and should be 
allowed to do so or be given hydroxocobalamin. The only known 
side effects of cobalamin are rare allergic or even anaphylactic 
reactions, sometimes to the preservative. Some patients treated 
with depot preparations of hydroxocobalamin form anti-TC II 
antibodies, which seem to produce no effects other than very high 
serum cobalamin levels.266 Isolated British reports of high rates 
of sudden death during treatment of severe megaloblastic ane-
mia, attributed to the transient hypokalemia in early hematologic 
response to therapy (in fact, similar hypokalemia accompanies 
treatment of iron deficiency anemia), have not been confirmed.504 
Giving potassium preventively is unnecessary unless special cir-
cumstances dictate it.

The optimal treatment of elderly patients (or anyone) with 
SCCD is unclear. Oral 6-mg doses, typical of most multivitamins, 
are not always effective.378,379 Controlled trials of graded oral 
doses in elderly persons with SCCD reported persistent MMA 
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absorptive or other limitations impairing responsiveness in the 
elderly need to be defined.

Evidence that high-dose cobalamin, folic acid, and pyridoxine 
supplementation may slow the progression of brain atrophy and 
cognitive decline204,205 is of great interest. The mechanisms of 
these promising findings need elucidation, but so do concerns 
whether chronic intake of high daily doses of vitamins has any 
negative consequences.

The value of dietary fortification with cobalamin to circumvent 
the cobalamin deficiency-related risks of folate fortification is 
also unclear. Fortification with cobalamin must grapple with the 
paradox that bioavailability may be limited precisely in those who 
might benefit most, whereas those needing it the least absorb 
cobalamin efficiently (and may have been responsible for most of 
the seeming responsiveness to oral doses that studies of supple-
mentation have reported). Studies must examine critical subsets, 
not just overall population-wide data. The efficacy and practical-
ity of fortifying are not obvious currently, especially if high doses 
prove necessary.537,538 The risks of chronic, daily intake of high 
doses are unknown, but accumulation of inactive cyanocobalamin 
in cells has been reported.539
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The inherited bone marrow failure syndromes may primarily 
affect a single or multiple hematopoietic lineages. Four inherited 
bone marrow failure syndromes associated with aplastic anemia 
will be discussed in this chapter: Fanconi anemia (FA), dys-
keratosis congenita (DC), Shwachman-Diamond syndrome (SDS), 
and congenital amegakaryocytic thrombocytopenia (CAMT). The 
congenital bone marrow failure disorders affecting primarily one 
cell line are discussed elsewhere in this text (Diamond Blackfan 
anemia, Chapter 39; Congenital Neutropenias, Chapter 57). While 
the inherited marrow failure disorders are rare, early diagnosis is 
important for optimal medical management, cancer surveillance, 
and family planning. Some of the disorders are associated with 
sensitivity to chemotherapy and radiation, and thus diagnosis 
of those underlying disorders prior to initiation of treatment of 
aplastic anemia or associated malignancies is crucial.

A careful medical and family history together with a thorough 
physical examination may provide important clues to distinguish 
acquired from inherited bone marrow failure.1 A family history 
suggestive of cancer predisposition, such as malignancies at an 
unusually young age, may be obtained. A history of excessive 
toxicity following treatment with genotoxic agents may be present.  
A family history of congenital anomalies or stigmata characteris-
tic of the inherited bone marrow failure syndromes may provide 
additional clues. Other potential etiologies for cytopenias should 
be ruled out. Once the diagnosis of an inherited bone marrow 
failure syndrome is made, it is important to test all family mem-
bers at risk for the disease regardless of clinical symptoms since 
manifestations may vary widely among family members.

These disorders are increasingly being recognized in adults, 
who often manifest milder clinical phenotypes and whose first 
manifestation of an underlying inherited bone marrow failure 
syndrome may be aplastic anemia or malignancy.2 With the 
advent of genetic and laboratory diagnostic testing, the diseases 
are also increasingly recognized in patients who lack the charac-
teristic physical stigmata conventionally associated with the dis-
ease. Genetic test results must be interpreted critically and within 
the clinical context of the patient. Methodologic limitations of 
genetic testing and the distinction between functional mutations 
versus rare polymorphisms are important considerations.

FAnconI AnemIA
FA is an inherited chromosomal instability syndrome with a vari-
able clinical presentation that includes congenital anomalies, pro-
gressive pancytopenia, and cancer susceptibility. Guido Fanconi 
first reported a familial syndrome of pancytopenia and congenital 
physical abnormalities in 1927.3,4 The diagnostic hallmark of FA 
is increased chromosomal breakage in response to DNA damag-
ing agents such as mitomycin C (MMC) or diepoxybutane (DEB). 
Remarkable advances in the last few years have elucidated the 
molecular pathways disrupted in FA cells. Potential clinical impli-
cations of recent molecular studies will be discussed.

Clinical Features
FA should be considered in patients with congenital anomalies, 
aplastic anemia, or a family history of bone marrow failure or 
cancer susceptibility. The International Fanconi Anemia Registry 
(IFAR) analysis of 370 patients found that nearly 40% of patients 
had no reported physical findings.5 Aplastic anemia or malignancy 

may be the presenting sign of the underlying diagnosis of FA in 
the absence of physical anomalies or prior family history. The 
manifestations of FA can vary between affected members of the 
same family, suggesting that additional genetic, epigenetic, or 
environmental factors likely influence the disease course.

A wide range of congenital anomalies has been reported in 
FA patients (reviewed in Refs. 1, 6) (Table 37.1). Skin pigmentary 
changes, short stature, and radial bone and thumb abnormalities 
are the most common manifestations associated with FA, although 
these may be seen in some of the other inherited bone marrow 
failure syndromes as well. Abnormalities of the skeletal, ocular, 
renal, genital, aural, gastrointestinal (GI), cardiac, and central 
nervous systems have also been reported with high frequency.

The hematologic complications of FA typically present within 
the first decade of life. Early manifestations include moderate 
single or bilineage cytopenia with red cell macrocytosis. Elevated 
levels of fetal hemoglobin (Hb F) help to distinguish inherited from 
acquired aplastic anemia. Marrow failure may range in severity 
from mild asymptomatic cytopenias to severe aplastic anemia. 
This is in contrast to other chromosomal instability syndromes, 
such as ataxia telangiectasia, or Bloom syndrome, which are not 
typically associated with bone marrow failure.

Patients with FA are at increased risk of developing myelo-
dysplasia (MDS) or acute myeloid leukemia (AML).7,8 In a cohort 
study of 145 patients with FA, the cumulative incidence of AML 
reached 10% by age 24 years and plateaued thereafter.8 Patients 
with FA are also at increased risk of developing solid tumors, 
particularly squamous cell carcinomas of the head and neck, 
skin, GI tract, and genital tract.9 The cumulative incidence of solid 
tumors was low in younger patients but progressively increased 
with age starting at around 20 years of age, and reached 29% by 
age 48 years.8 FA patients, particularly those who have received 

Skeletal

 Short stature

 Radial ray anomalies (thumbs, hands, radii)

 Hip and spine anomalies

Skin

 Hyperpigmentation (Café au lait spots)

 Hypopigmentation

Genitourinary

 Renal structural anomalies

 Hypogonadism

Craniofacial

 Microcephaly ophthalmic anomalies (microphthalmia, epicanthal folds)

 Otic anomalies (external and middle ear anomalies, deafness)

Genitourinary

 Hypogonadism

 Renal anomalies

Gastrointestinal malformations

 Esophageal atresia or tracheoesophageal fistula

 Imperforate anus

Cardiac malformations

Physical Findings associated With Fa
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androgen treatment, are also at increased risk of liver tumors. 
Treatment of malignancies is limited by the low tolerance of FA 
patients to chemotherapy and radiation. Myeloid malignancies 
in FA patients have been successfully treated with hematopoietic 
stem cell transplantation (HSCT), though patient numbers are 
small and follow-up is limited. The role of pretransplant che-
motherapy is unclear.10 For solid tumors, surgical resection is 
the mainstay of therapy. Regular and frequent surveillance for 
cancers is particularly important in this population and is dis-
cussed further in the section “Supportive Care.” Patients with the 
FANCD1/BRCA2 subtype manifest an especially high rate of early 
onset AML and specific solid tumors (brain and Wilms) compared 
with other FA subtypes.11,12,13

Growth hormone deficiency has been observed in rare FA 
patients,14 and treatment with growth hormone improved growth 
in a subset of these patients15; its use is controversial because of 
a hypothetical risk of cancer or leukemia.16 Additional endocrine 
disorders associated with FA include hypothyroidism with or 
without thyroid hormone binding globulin deficiency, abnormal 
glucose tolerance, and diabetes mellitus.14,17 Although FA is asso-
ciated with short stature, endocrine evaluation is important to 
rule out treatable endocrine causes that might further contribute 
to poor growth.

There are currently 15 known FA subtypes (A, B, C, D1 
[BRCA2] , D2, E, F, G, I, J [BRIP1, BACH1], L, M, N [PALB2],  
O [RAD51C], and P [SLX4]). With the exception of subtype B, which 
is X-linked recessive, all the other FA subtypes follow an autosomal 
recessive pattern of inheritance.18,19 FA is found with similar fre-
quencies in both genders and has no known ethnic restriction. The 
heterozygote carrier frequency has been recently reestimated at  
1 in 181 in the United States and is higher in regions with founder 
effects such as Israel.20 The mean age at diagnosis is generally 
reported to be between 7 and 9 years of age, with 75% of cases 
diagnosed between the ages of 4 and 14; however, FA has been 
diagnosed in neonates as well as in adults in their fifties.

Differential Diagnosis
Other inherited and acquired causes of bone marrow failure 
should be considered (see Chapter 41). FA may be considered 
in patients with characteristic congenital anomalies and may 
be the underlying diagnosis in patients with VACTERL-H (ver-
tebral anomalies, anal atresia, cardiovascular malformations, 
tracheoesophageal fistula, renal and limb anomalies, plus hydro-
cephalus, MIM 276950).21 Cells derived from patients with other 
chromosomal breakage syndromes or syndromes with similar 

constitutional findings, such as Bloom syndrome or ataxia telangi-
ectasia, may also exhibit high rates of spontaneous chromosomal 
breakage; however, they do not generally show increased chromo-
somal breakage in response to DNA crosslinkers such as MMC or 
DEB. Other chromosomal breakage syndromes are not typically 
associated with marrow failure. The exception is Nijmegen break-
age syndrome, which may be associated with some increased 
chromosomal breakage with MMC and may be confused with 
FA.22 FA may also be considered in patients with a family history 
suggestive of cancer predisposition, patients presenting with can-
cers at an unusually young age, or patients who experience severe 
toxicity with chemotherapy or radiation.

Laboratory
Cell morphology on peripheral blood smear is typically unre-
markable except for red cell macrocytosis and mild anisocytosis, 
though these are variably present. Thrombocytopenia or leukope-
nia typically precede anemia. Pancytopenia may be progressive 
over time. Erythrocyte macrocytosis and increased Hb F levels 
may be present even in the absence of cytopenias.

Bone marrow biopsy findings vary from normal cellularity 
to frank aplasia. Morphologic examination of the bone marrow 
aspirate may show dysplastic features, with nuclear-cytoplasmic 
maturation disynchrony. Dyserythropoiesis with multinucleate 
forms or nuclear fragmentation may be seen. Bone marrow 
aspirates should be sent for cytogenetic analysis, as FA patients 
are at high risk for malignant transformation. The appearance of 
cytogenetic clones of unclear clinical significance in the absence 
of morphologic evidence of MDS must be considered carefully, 
since cases of persistent or transient clonal abnormalities with-
out apparent progression to leukemia have been reported.23  
At a minimum, patients with persistent unexplained changes in 
blood counts or new cytogenetic marrow abnormalities should be 
monitored closely with serial blood counts and a follow-up bone 
marrow examination to assess for possible malignant evolution. 
Amplification or gains of chromosome 3q26q29 were shown to 
correlate with increased risk of MDS and AML in one study.24

The diagnosis of FA is based on the demonstration of 
increased chromosomal breakage in the presence of DNA cross-
linking agents, such as MMC or DEB.25,26 (Fig. 37.1) DEB is 
preferred in some centers since it is associated with less vari-
ability in chromosomal breakage among normal controls. The 
chromosomal breakage test is usually performed on metaphase 
spreads of peripheral blood lymphocytes cultured with MMC or 
DEB. A total of 50 metaphase cells are analyzed for chromosomal 

FIGURE 37.1. Chromosomal breakage in FA. Peripheral blood 
lymphocytes from a FA patient were cultured without (left panel) or 
with (right panel) mitomycin C (MMC). The black arrows indicate 
chromosomal breaks. The red arrows indicate radial chromosomal 
fusions characteristic of FA. (Courtesy of Lisa Moreau, Dana Farber 
Cancer Institute, Boston, MA.)
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Subtype Gene FA patients (Estimated) % Inheritance Pattern Chromosome Location Ubiquitinated FANCD2

A FANCA 60 Autosomal recessive 16q24.3 Absent

B FANCB  2 X-linked recessive Xp22.31 Absent

C FANCC 14 Autosomal recessive 9q22.3 Absent

D1 FANCD1/BRCA2  3 Autosomal recessive 13q12-13 Present

D2 FANCD2  3 Autosomal recessive 3p25.3 NA

E FANCE  3 Autosomal recessive 6p21-22 Absent

F FANCF  2 Autosomal recessive 11p15 Absent

G FANCG 10 Autosomal recessive 9p13 Absent

I FANCI  1 Autosomal recessive 15q25-q26 Absent

J FANCJ/BACH1/BRIP1  2 Autosomal recessive 17q22-q24 Present

L FANCL/PHF9/POG <1 Autosomal recessive 2p16.1 Absent

M FANCM/Hef <1 Autosomal recessive 14q21.3 Absent

N FANCN/PALB2 <1 Autosomal recessive 16p12 Present

O FANCO/RAD51C <1 Autosomal recessive 17q22 Present

P FANCP/SLX4 <1 Autosomal recessive 16p13 .3 Present

Fa genes

taBLe 37.2

breakage, including the formation of radial figures—a hallmark 
of this disease. Results are compared to a normal control and a 
positive control that have been run in parallel. Results are gener-
ally reported as aberrations per cell and the number of cells with 
breaks or radial forms. Increased spontaneous chromosomal 
breakage may be observed in some FA patients12; nonetheless, 
the rate of breakage is markedly enhanced by exposure to MMC 
or DEB regardless of patient phenotype or severity of disease. 
Chromosomal breakage in response to MMC/DEB can also be 
assessed in fetal cells obtained for prenatal diagnosis by amnio-
centesis or chorionic villus sampling.27,28 If the disease-causing 
mutation is known for a given family, these assays can be used 
for prenatal diagnosis or preimplantation genetic diagnosis.29 FA 
patient cells also exhibit cell cycle abnormalities with G2 phase 
prolongation and arrest by flow cytometry.30,31 Studies comparing 
results of DEB chromosomal breakage with cell cycle analyses of 
patients referred for FA testing showed close correlation between 
the results of these two tests.32 Constitutive elevation of serum 
alpha-fetoprotein (AFP) has been reported in FA patients,33 
although variations in AFP levels determined by different method-
ologies and the lack of specificity has limited the diagnostic utility 
of this test so far.34 FA heterozygous carriers cannot be reliably 
detected by testing for chromosomal breakage. Genetic mutation 
testing is available for the FA genes.35

Clonal somatic reversion to wild-type has been observed in a 
subset of cells from some FA patients. Increased chromosomal 
breakage may be limited to a subpopulation of lymphocytes in 
such patients. The reversion to normal cellular phenotype has 
been attributed to recombination or gene conversion events 
leading to selective growth advantage of the reverted cells36,37; 
somatic reversion has been reported in early hematopoietic lin-
eages.38 Patients with a high degree of wild-type mosaicism may 
be difficult to diagnose. In cases with a high degree of suspicion 
for FA and normal blood breakage analysis, the MMC/DEB test 
should be performed on skin fibroblasts, since somatic mosaicism 
has not been observed in fibroblasts.

pathophysiology
Models of the FA biochemical pathway have emerged from molecu-
lar studies of the cloned FA gene products. The reader is referred 
to recent excellent reviews of this rapidly evolving field.39,40,41 At 

least 15 different FA complementation groups (A, B, C, D1 [BRCA2], 
D2, E, F, G, I, J [BRIP1, BACH1], L, M, N [PALB2], O [RAD51C], and 
P [SLX4]) have been identified, and the corresponding genes have 
also been identified42 (Table 37.2). The gene for Fanconi subtype 
D1 is the previously identified tumor suppressor gene, BRCA2.43 
Biallelic mutations in BRCA2 are associated with an increased risk 
of early onset leukemia11 and solid tumors, particularly Wilms and 
midline brain tumors.12,13 The FANCJ/BACH1/BRIP1 gene encodes 
a DNA helicase, which is an enzyme that unwinds DNA. The 
FANCM (Hef) gene shares regions of homology with both helicases 
and endonucleases, though these functions have yet to be directly 
demonstrated. FANCM may function in DNA translocation. The 
FANCL/PHF9/POG gene shares homology with other E3 ubiquitin 
ligases. The most common FA subtype is FA-A (60%), followed by 
FA-C (14%) and FA-G (10%)44; the other FA subtypes are rare. The 
types of mutations associated with FA are highly variable.

The FA genes function coordinately in a common molecular 
pathway to regulate DNA repair. Loss of function of any FA gene 
results in sensitivity to DNA interstrand crosslinks, which block 
the progression of DNA replication. The FA proteins FANCA, 
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM 
associate into a nuclear complex (“FA complex”) together with 
proteins FAAP24 and FAAP100 and the E2 ubiquitin conjugat-
ing enzyme UBE2T. A model (Fig. 37.2) has emerged whereby 
stimuli such as S phase entry, or DNA damage by agents such as 
MMC, or ionizing radiation leads to activation of the FA complex, 
which functions as an E3 ubiquitin ligase to covalently attach a 
ubiquitin protein (monoubiquitinate) to the FANCI and FANCD2 
proteins. The monoubiquitinated FANCD2/FANCI dimer trans-
locates to nuclear foci with BRCA1, a known cancer susceptibil-
ity gene product implicated in DNA repair, as well as FANCD1/
BRCA2, FANCN/PALB2, RAD51, ATR, NBS1, and FANCJ/BACH1/
BRIP1. Monoubiquitination of FANCD2 and FANCI is required 
for MMC resistance and is dependent on the functional integrity 
of the upstream Fanconi proteins. FANCD2 monoubiquitination 
remains intact in bone marrow failure syndromes other than 
FA.45 FANCD2 monoubiquitination can be assessed on a Western 
blot and serves as a useful biochemical diagnostic screen for FA.13 
FANCM, in complex with FAAP24 and MHF, binds to stalled repli-
cation forks at sites of unresolved interstrand crosslinks. FANCM 
recruits the FA complex, which in turn monoubiquitinates the 
FANCD2/FANCI dimer. Ubiquitinated FANCD2/FANCI associates 
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FIGURE 37.2. Schematic diagram of the Fanconi anemia (FA) pathway. FA proteins (A, B, 
C, D1, D2, E, F, G, I, J, L, M, N) are depicted with shaded circles. Additional DNA repair proteins 
interacting with the FA pathway are denoted in non-shaded circles. Following activation of the 
FA core complex by DNA damage or the cell cycle, the D2 and I proteins are monoubiquitinated. 
Monoubiquitinated D2/I are translocated to chromatin where they colocalize with additional DNA 
repair proteins to participate in interstrand DNA crosslink repair. Ub, ubiquitin; P, phosphorylation.

with the nuclease FAN1 which can cleave and release the cross-
link to allow DNA replication to proceed by translesion synthesis. 
RAD51 functions in homologous recombination. FANCJ/BRIP1 is 
a DNA helicase that is important for homologous recombination 
repair. FANCP/SLX4 interacts with and stimulates the DNA repair 
endonucleases XPF-ERCC1, MUS81-EME1, and SLX1, and may be 
important for resolution of homologous recombination intermedi-
ates. Elucidation of the Fanconi biochemical pathway in turn led 
to the identification of interactions between the Fanconi proteins 
and other known tumor suppressor pathways. These findings 
provide biochemical support for a role of the Fanconi pathway in 
tumorigenesis. For example, FANCD2 was subsequently shown 
to be phosphorylated by ATM kinase at a serine residue at amino 
acid position 222.46 This phosphorylation is required for the cell 
cycle S phase checkpoint in response to radiation.46 ATM func-
tion is disrupted in the chromosomal instability syndrome ataxia 
telangiectasia. Thus, FANCD2 links two DNA repair pathways, 
the Fanconi pathway and the ataxia telangiectasia pathway. 
Dysfunction of the Fanconi pathway or the ATM pathway is 
associated with increased cancer susceptibility. The Fanconi bio-
chemical pathway was further implicated in DNA repair by the 
identification of the gene for FANCD1 as the tumor suppressor 
gene, BRCA2.43 The FA pathway also interacts with other DNA 
damage checkpoint proteins including ATR, CHK1, and γ-H2AX.

Given the compelling biochemical data linking the Fanconi 
pathway to other known DNA repair pathways functioning in 
tumor suppression, the question of whether asymptomatic FA het-
erozygotes carry an increased risk of developing malignancies is a 
subject of active investigation. Heterozygous BRCA2 mutations are 
associated with increased risks of breast and ovarian  cancer.47 
The reason why breast and ovarian cancer is uncommon in 
the FA patient population is not known, but may be related to 
decreased estrogen levels in these patients. Currently, not all 
FANCD1/BRCA2 mutations reported in FA patients have been 
associated with increased cancer risk in heterozygous carriers in 
the general population, and it is currently unclear whether all the 
FANCD1/BRCA2 mutations leading to FA (when both alleles are 
mutated) will also confer cancer predisposition in family members 
in whom only one BRCA2 allele may be mutant.13 Counseling 
of family members of patients with the FA-D1 subtype must 

currently be tempered with caution. Cancers have been reported 
in some heterozygous carriers of different FA genes (FANCD1/
BRCA2 FANDJ/BRIP and FANCN/PALB2) with loss of heterozygos-
ity of the FA gene in the tumor consistent with a tumor suppressor 
gene model (reviewed in Ref. 48).

In addition to a nuclear role in DNA repair, numerous studies 
suggest additional potential functions for the FA proteins. FA cells 
are sensitive to many different extracellular apoptotic signals, 
such as interferon-γ, TNF-α, and double-stranded RNA.49,50,51,52 
Furthermore, Fanconi proteins such as FANCC may have addi-
tional roles in other signaling pathways.53

Studies also suggest a role for the FA proteins in mediating 
oxidative stress.54,55 DEB, a clastogen to which Fanconi cells are 
especially susceptible, can cause oxidative DNA damage. FA cells 
may exhibit increased susceptibility to oxidative damage, and 
reactive oxygen species can damage DNA and lead to DNA cross-
links and double-stranded breaks.

The molecular etiology of marrow failure in FA remains an 
area of active investigation. A recent study reports p53 hyper-
activation in hematopoietic stem/progenitor cells deficient in FA 
gene expression resulting in cell cycle arrest.56 This finding is 
further supported by the demonstration that knockdown of p53 
expression in a zebrafish model of FA rescues the developmental 
abnormalities.57 Since p53 knockdown rescues the hematopoietic 
abnormalities in other marrow failure syndromes, p53 may rep-
resent a final common pathway for cellular stress or DNA damage 
in marrow failure syndromes. Abrogation of DNA damage check-
points has been associated with a milder marrow failure pheno-
type; however, these FA patients remained at risk for malignant 
transformation to leukemia.58 A potential role for environmental 
toxins in the severity of the FA phenotype has been demonstrated 
in murine models where disruption of the FA pathway results 
in increased sensitivity to reactive aldehydes associated with an 
increased risk of developmental anomalies and a propensity to 
develop leukemias.59

Supportive Care
Cancer surveillance and education play an important role in the 
management of FA patients. Physicians should counsel patients 
regarding established behavioral and environmental risk factors 
associated with increased cancer risk. Since FA patients have a 
defect in DNA repair, imaging studies should minimize exposure 
to ionizing radiation. For example, when clinically feasible, it is 
reasonable to use MRI scans or ultrasound rather than CT scans 
for FA patients.

Because of the increased risk of MDS and leukemia in patients 
with bone marrow failure syndromes, frequent complete blood 
counts and annual bone marrow aspirates and biopsies with 
cytogenetic analysis are recommended, particularly since hema-
topoietic stem cell transplant outcomes are superior for patients 
transplanted prior to emergence of leukemia. FA patients are at 
risk for clonal cytogenetic abnormalities (reviewed in Ref. 60). 
Assessment of the clinical significance of a cytogenetic clonal 
abnormality requires consideration of the specific clone, the num-
ber of chromosomal abnormalities, the presence of significant 
marrow dysplasia (some baseline mild dysplasia is common in 
FA), and whether there are concomitant progressive peripheral 
cytopenias.23,61 Chromosomal abnormalities common in AML, 
such as t(8:21), inv(16), or trisomy 8, have not been reported in 
FA.23,62 Amplifications of 3q are common in FA but rarely seen in 
AML. FA AML also had a higher frequency of 1q amplification, loss 
of part or all of chromosome 7, and gain of 13q and del 20q.62,63

For patients on androgen therapy, regular physical examina-
tions for liver size, liver ultrasound for masses or abnormali-
ties every 6 to 12 months, and frequent liver enzyme tests are 
recommended. Annual examination by an otolaryngologist for 
leukoplakia or other signs of squamous cell carcinoma of the 
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oral cavity and oropharynx is important for patients with FA, 
DC, and those FA patients previously treated with bone marrow 
transplantation. Annual endoscopy can be considered in older 
FA and DC patients. Regular dental exams are important both 
for maintenance of oral hygiene and for detecting leukoplakia. 
Patients should be evaluated immediately for symptoms of pain 
in the mouth or throat, difficulty swallowing, changes in voice, 
anorexia, or weight loss. Suspicious lesions should be biopsied 
immediately, since early surgical excision is the mainstay of 
cancer therapy in FA patients. Annual gynecologic examinations, 
including Pap smears and HPV (human papilloma virus) exams, 
are recommended at puberty or after the age of 16. Counseling 
regarding sexual activity should be provided. Barrier methods of 
contraception may be particularly pertinent for the FA patients 
who are already at risk of cervical and vulvar malignancies. 
Regular breast exams are also recommended, although it is not 
clear what role mammography should play in cancer screen-
ing of these patients. HPV, which may be associated with an 
increased risk of squamous cell carcinoma of the head and neck, 
exhibits increased proliferation and epithelial cell expansion 
secondary to elevated levels of the viral E7 protein when the FA 
pathway has been disrupted.64 Vaccination against HPV should 
be offered to all FA patients, males and females, in accordance 
with current guidelines.

Regular endocrinology evaluations are important, particularly 
in the pediatric population if the patient exhibits poor growth or 
delayed puberty. Hypothyroidism and diabetes are not infrequent 
in FA patients. A recent study reported one or more endocrine 
abnormalities in more than 70% of patients with FA.17,65 GI symp-
toms may present in FA patients, necessitating prompt referral to 
a gastroenterologist.

treatment
HSCT is the only curative therapy for the hematologic mani-
festations of FA. Patients with FA are exquisitely sensitive to 
the toxicity of the usual chemotherapy and radiation regimens 
used in preparation for BMT,66 particularly organ toxicity and 
graft-versus-host disease (GVHD). In addition, these regimens 
confer an increased risk of subsequent malignancies, primarily 
squamous cell carcinomas of the head and neck.67,68 Reduced 
dose conditioning regimens are used for FA patients (reviewed 
in Ref. 69). An appropriate conditioning regimen combined with 
use of a matched sibling donor has resulted in survivorship of 
up to 80%.70–72 Post-HSCT malignancies, especially squamous 
cell carcinomas of the head and neck, remain a long-term risk. 
Acute and chronic GVHD and radiation are risk factors for post-
transplant squamous cell carcinomas.67,68,73,74 Regimens with 
the goal of reducing transplant-related toxicity and long-term 
cancer risk are under investigation.75–77 Clinical trials replacing 
radiation with fludarabine, a potent immunosuppressive agent 
with less cytotoxicity, have reported successful engraftment 
using either HLA-matched family member donors or alternative 
donors.78–84 Some families opt to pursue preimplantation genetic 
diagnosis to provide a donor for patients who lack an unaffected 
HLA-identical sibling donor.85 Treatment of AML in FA patients is 
challenging,10 and HSCT is generally the treatment of choice for 
eligible candidates.

Medical therapies are available for patients who either lack 
a suitable HSCT donor or for whom the risk of HSCT is high. 
Androgens may improve the blood counts in approximately  
50% of patients with FA. Experience is greatest with oxymetho-
lone, but widespread use is limited by its associated virilizing 
side effects, which are particularly problematic for female 
patients or very young patients. In a recent study, improvement 
in anemia and thrombocytopenia were noted in 7 of 8 patients 
with FA treated with danazol with minimal side effects.86 
Suggested treatment guidelines have been proposed by a 

consensus committee of the FA Research Foundation, although 
these guidelines must be individualized for each patient and 
undergo continuous modification as new data emerge. The sug-
gestion of the committee is to consider an allogeneic stem cell 
transplant or androgen therapy if the hemoglobin falls below 
8g/dl, if anemia is symptomatic, if the platelet count falls below 
30,000/mm3, or if the neutrophil count falls below 500/mm3 87 
The earliest and most frequent response to androgens is seen 
in red cells, with reticulocytosis and increase in hemoglobin 
generally occurring within the first 1 to 2 months of treatment. 
Responses in the white cell count and platelet count are vari-
able and may not be seen until after 6 to 12 months of therapy. 
Resistance to therapy may develop over time (generally years). 
A common starting androgen regimen consists of oxymetholone 
2 to 5 mg/kg/day given orally. Androgen doses may be slowly 
tapered to the minimal effective dose with careful monitoring of 
the blood counts. Side effects of androgen administration include 
liver toxicity, such as elevated liver enzymes, cholestasis, pelio-
sis hepatis, and increased propensity to develop hepatic tumors 
(benign adenomas and malignant hepatomas). Other side effects 
of androgens include acne, oily skin, enlarged penis/clitoris, 
hoarseness/voice deepening, hair growth or hair loss, behavioral 
changes, hot flashes, breast enlargement or tenderness, amenor-
rhea, fluid retention, and secondary hypertension.

Hematopoietic growth factors such as G-CSF or GM-CSF have 
been shown to improve the neutrophil count in the majority of 
treated patients.88,89 In a few patients, platelet or red cell counts 
also improved following treatment with G-CSF.89 Growth factor 
treatment is generally not recommended for patients with MDS 
and is generally avoided for those with a clonal cytogenetic abnor-
mality of the bone marrow, although there are no available data 
that directly address whether G-CSF increases leukemia risk. It 
is reasonable to perform a bone marrow aspirate and biopsy as 
well as cytogenetic studies prior to the initiation of growth factor 
therapy and monitor regularly throughout therapy.

Results of a gene therapy trial for FA-C patients were 
reported.90 Three FA-C patients underwent 3 to 4 cycles of ret-
roviral transduction of G-CSF–mobilized peripheral blood CD34+ 
mononuclear cells (MNC), while a fourth patient received a single 
infusion of transduced cells. The transduced wild-type FANC-C 
gene was detected in peripheral blood and bone marrow MNC in 
association with increased hematopoietic colony growth in vitro. 
Transient improvement in bone marrow cellularity accompanied 
these findings and two patients experienced a transient improve-
ment in blood counts. While the selective advantage of corrected 
cells makes FA an appealing candidate for gene therapy,91 
potential limitations include low CD34+ cell numbers,92 poor ex 
vivo expansion of hematopoietic stem/progenitor cells,93 and the 
residual risk of leukemia associated with the remaining noncor-
rected hematopoietic cells.38 The development of leukemia in a 
few patients receiving gene therapy for X-linked SCIDS94 raises 
concerns about the potential growth advantage theoretically con-
ferred by gene correction of a preleukemic hematopoietic stem/
progenitor cell in FA patients. In a Fancc–/– mouse model, ex vivo 
cultured stem/progenitor cells exhibited a propensity to develop 
cytogenetic abnormalities and myeloid malignancies.95 Additional 
studies to optimize ex vivo expansion of hematopoietic stem cells 
are ongoing.

Published data to guide management of leukemia in FA are 
scarce. Patients are susceptible to severe mucositis, end-organ 
toxicities, and prolonged or intractable cytopenias with chemo-
therapy. Outcomes with chemotherapy alone are poor, so the cur-
rent treatment of choice for leukemia is a hematopoietic stem cell 
transplant. Successful treatment of solid tumors is typically best 
attained with surgical excision of localized tumors. Treatment of 
solid tumors with chemotherapy or radiation is limited by the 
high rates of toxic side effects such as mucositis or prolonged or 
intractable marrow suppression.
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dyskerAtosIs congenItA
DC is an inherited disorder classically characterized by lacey 
reticular skin pigmentation, nail dystrophy, and leukoplakia (the 
diagnostic triad). The advent of genetic testing and telomere 
length analysis revealed a broad spectrum of clinical pheno-
types; indeed, the classical clinical triad is absent in a subset of 
patients.96 X-linked recessive, autosomal dominant, and autoso-
mal recessive inheritance patterns have been reported. Patients 
exhibit a predisposition to bone marrow failure, malignancy, and 
pulmonary dysfunction. See excellent recent reviews for addi-
tional details.97,98

Clinical Features
The DC registry established in 1995 undertook a comprehensive 
study of the clinical features associated with DC.99 By 1999, the 
registry included 92 families from 20 countries. There were 148 
DC patients, of whom 127 were male and 21 were female. Twenty-
five families showed an X-linked recessive pattern of inheritance, 
while 51 families had sporadic affected males. Sixteen families 
included one or more affected females, representing both autoso-
mal dominant and autosomal recessive forms of the disease.

The severity of the clinical phenotype can vary widely in 
affected members of the same family. The classic triad of skin, 
nail, and oral findings may be lacking. A variety of other clinical 
features have also been described in patients with DC (Table 37.3). 
The range of physical findings in female patients is similar to that 
reported in male patients.99 Most of the somatic abnormalities are 
not present early in life but develop progressively with age. The 
skin pigmentation is typically reticular and mottled in appearance, 
and may be localized or widespread. The classical triad of abnor-
mal skin pigmentation, nail dystrophy, and leukoplakia generally 
appears between the ages of 5 and 10 years, with a median age 
of onset between 6 and 8 years (range 0.5 to 26 years).99 Both the 
tempo of symptom progression as well as symptom severity are 
highly variable between patients. For example, nail dystrophy can 
range from minimal nail irregularities to progressive atrophy and 
even complete nail loss.

Peripheral cytopenias of two or more peripheral lineages were 
affected in the majority of registry patients, though single lineage 
cytopenias were also reported.99 The median age of onset of pan-
cytopenia was 8 years, with 50% developing pancytopenia below 
the age of 10.99 The bone marrow is typically hypocellular, though 
cellularity may be normal or even increased early in the disease. 
Bone marrow failure or its associated complications accounted for 
the majority of deaths (67%).

Approximately 20% of patients develop pulmonary disease 
with reduced diffusion capacity and/or restrictive pulmonary 
disease.99–101 Pulmonary complications account for nearly 10% 
of deaths.99 Postmortem studies reveal pulmonary fibrosis and 
abnormalities in the pulmonary microvasculature. Similarly, a 
high incidence of early and late fatal bone marrow transplant-
associated pulmonary complications has also been reported in 
DC patients.102

Immunologic abnormalities, including low or high immuno-
globulins, reduced numbers of B or T cells, and reduced stimula-
tion by phytohemagglutinin, have been described in some DC 
patients.99,103 Opportunistic infections such as Pneumocystis 
carinii pneumonia have been reported.104,105

Malignancies were noted in 13 out of 148 patients (8.8%) in the 
DC registry.99 These developed in older patients, generally after 
the second decade of life. It is possible that a higher incidence 
of cancers might have been observed had not many patients 
succumbed to aplastic anemia at an earlier age. An increased 
incidence of MDS and AML has also been observed.99 Eight cases 
of carcinomas were reported in patients aged 20 to 56 years.99 A 
recent report from the National Cancer Institute cohort identified 

Skin pigmentary abnormalities

Nail dystrophy

Leukoplakia

Epiphora

Cognitive/developmental delay

Pulmonary disease

Short stature

Dental caries/tooth loss

Esophageal stricture

Hair loss/grey hair/sparse eyelashes

Hyperhidrosis

Intrauterine growth retardation

Gastrointestinal (GI) disorders

Ataxia

Hypogonadism/undescended testes

Microcephaly

Urethral stricture/Phimosis

Osteoporosis/aseptic necrosis/scoliosis

Deafness

Bone marrow failure

Malignancy
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similar cancer risks in FA and DC, with cumulative incidences of 
solid tumors of 20% to 30% by age 50 years, and 10% AML for 
age 40 years. The majority of the tumors in DC are HNSCC.106,107

pathophysiology
Reduced hematopoietic progenitor cell colonies have been 
described for all three hematopoietic lineages compared with 
controls.108–110,111 DC patients show a reduction in the prolifera-
tive capacity of myeloid progenitors as measured by secondary 
colony formation following replating.112 Bone marrow cells from 
DC patients show poor growth in long-term bone marrow culture 
assays. The defect is intrinsic to the hematopoietic stem cells since 
DC stromal cells are able to support hematopoietic cells from nor-
mal controls, while DC hematopoietic cells grow poorly on normal 
control stroma.111

The X-linked recessive form of DC was linked to Xq28 and the 
gene was identified by positional cloning and named DKC1113 
(Table 37.4). DKC1 encodes a ubiquitously expressed protein, dys-
kerin. Dyskerin also interacts with TERC, which is the H/ACA RNA 
component of the human telomerase complex.114 Cells from DC 
patients manifest abnormally shortened telomeres and reduced 
telomerase activity.115 In further support of a telomerase defect 
in DC, the mutations responsible for some cases of the autosomal 
dominant form of DC were found to reside in the RNA template, 
TERC, itself,116 and in TERT, the telomerase reverse transcrip-
tase117,118 (Table  37.4). Telomerase is an enzyme that adds 
DNA sequences to the ends of chromosomes (the telomeres) to 
prevent loss of terminal repeats (TTAGG) during DNA replication 
(reviewed in Ref. 119). Telomeres are important for the preven-
tion of chromosomal fusions and rearrangements. Spontaneous 
unbalanced chromosomal rearrangements have been described 
in fibroblasts and bone marrow cells from DC patients.120 While 
telomerase activity is abundant early in development, it is later 
detectable only in a subset of tissues with dividing cells, including 
the progenitor cells of the hematopoietic system, the basal layer 
of the epidermis, intestinal cells, and hair follicles. These tissues 
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Clinical Features
Inheritance 
Pattern Gene

Additional 
Laboratory Testing

Associated 
Malignancies

Fanconi anemia Radial ray, skin,  
craniofacial, genitourinary, 
gastrointestinal, cardiac

Autosomal recessive FANCA, FANCC, 
FANCD1, FANCD2, 
FANCE, FANCF, FANCG, 
FANCI, FANCJ
FANCL FANCM
FANCN
FANCO
FANCP

Chromosome breakage AML, carcinomas  
(head and neck,  
gynecologic); brain and 
Wilms in D1/BRCA2

X-linked recessive FANCB
Dyskeratosis congenita Abnormal nails,  

reticular rash, leukoplakia
X-linked recessive DKC1 Telomere length AML, carcinomas (head 

and neck, anogenital)

Autosomal dominant TERC
TERT
TINF2

Autosomal recessive NHP2
NOP10
TERT
WRAP53
CTC1

Shwachman-Diamond 
syndrome

Short stature,  
fat malabsorption,  
skeletal anomalies

Autosomal recessive SBDS Serum trypsinogen, 
pancreatic isoamylase

AML

Congenital  
amegakaryocytic  
thrombocytopenia

Autosomal recessive C-MPL AML

AML, acute myeloid leukemia

summaRy oF Bone maRRoW FailuRe syndRomes

taBLe 37.4

mirror those most severely affected in DC patients. Telomere loss 
has also been implicated in contributing to the process of aging, 
and DC may represent a form of premature aging of tissues with 
a high replicative requirement.121,122 The gene(s) responsible 
for some of the sporadic or autosomal dominant as well as the 
autosomal recessive forms of DC have not yet been identified. 
Sequence alternations in TERT have also been described in some 
patients with aplastic anemia in the absence of the characteristic 
physical findings of DC.118,123 Mutations in additional components 
of telomerase NOP10 (NOLA3)124 and NHP2 (NOLA2125 as well as 
TERT and CTC1126 are found in patients with autosomal recessive 
DC. In further support of DC as a telomere disorder, mutations 
in TINF2, a component of the shelterin complex that binds and 
protects telomeres, cause an autosomal dominant form of DC.127 
WRAP53, which encodes the TCAB1 protein, functions in the 
intracellular translocation of telomerase to the Cajal bodies for 
assembly.128

Dyskerin also exhibits strong homology to two previously char-
acterized proteins: Saccharomyces cerevisiae Cbf5p129,130 and rat 
NAP57.131 Like Cbf5p and NAP57, dyskerin is localized primarily 
in the nucleolus and shares some homology with RNA pseudouri-
dine synthases. Pseudouridine synthases together with small 
nucleolar RNAs (snoRNAs) isomerize uridine bases in ribosomal 
RNAs (rRNAs) to pseudouridine. In the absence of Cbf5p, yeast 
rRNA processing is defective.130 Impaired translation initiation 
from internal ribosome entry site sequences has been observed in 
Dkc1m mice and in cells from DC patients.132

It is increasingly apparent that the classical clinical syndrome 
of DC represents only the most severe form of the disease. 
Previously unrecognized milder forms exhibiting only isolated 
findings or marrow failure alone may now be identified through 
telomere length measurement and genetic testing.

Differential Diagnosis
DC must be distinguished from other inherited bone marrow fail-
ure syndromes that also present with aplastic anemia, congenital 
anomalies, and cancer predisposition, such as FA. In contrast 
to FA, cells from DC patients do not manifest increased chro-
mosomal breakage in response to MMC or DEB.133 Literature 
reports differ over whether cells from DC patient cells exhibit 
increased chromosomal breakage in response to DNA damaging 
agents.134–138 Since DC patients may develop aplastic anemia 
in the first decade of life prior to the manifestation of skin or 
nail abnormalities, their underlying diagnosis may be missed. 
DC may mimic graft-versus-host disease in patients previously 
transplanted for aplastic anemia. Patients with DC typically pres-
ent with very short telomeres for age; this assay is a clinically 
approved test.96

Laboratory Findings
In addition to peripheral cytopenias, red cell macrocytosis and 
elevated Hb F may be seen in patients with DC.139 However, these 
signs of stress erythropoiesis are nonspecific, as they are seen 
in many patients with any of the inherited bone marrow failure 
syndromes. As noted above, immunologic abnormalities have also 
been described in some patients.99,103

Primary DC skin fibroblasts grow slowly in culture and 
exhibit abnormal morphology. X-chromosome inactivation 
patterns in female obligate carriers showed complete skew-
ing, consistent with a growth or survival disadvantage for 
cells expressing only the defective X-chromosome allele.140–142 
Spontaneous unbalanced chromosomal translocations have 
been observed.120,143
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Telomere length analysis is a useful diagnostic screen for DC 
since patients with DC exhibit very short (<first percentile of age-
matched controls) telomeres in multiple lymphocyte subsets by 
multicolor flow cytometric fluorescent in situ hybridization (Flow-
FISH).96,144 Since over half of patients diagnosed clinically with 
DC lack mutations in the DC genes known to date, telomere length 
provides a useful diagnostic screen. Experience with telomere 
length testing is still limited, and must be interpreted within the 
clinical context of the patient. Genetic testing is clinically available, 
but negative genetic testing does not rule out the diagnosis of DC.

Supportive Care
Supportive care for DC patients is similar to that outlined for 
aplastic anemia and FA patients. Annual pulmonary function 
testing is recommended, given the risk of developing pulmonary 
fibrosis. Exposure to pulmonary toxins, such as cigarettes, should 
be avoided. Regular endocrinology visits are particularly impor-
tant, since DKC patients are at increased risk of osteoporosis, and 
their diet, vitamin D, and parathyroid hormone levels and calcium 
status should be monitored. Patients with significant immunologic 
dysfunction resulting in reduced immunoglobulin levels may ben-
efit from IVIG therapy.

treatment
The only curative treatment for bone marrow failure MDS or AML 
in DC remains allogeneic stem cell transplantation (SCT).102,145,146–

148,149,150,151,152 Although long-term survivors have been reported, 
early and late fatal pulmonary and vascular complications after 
SCT remain a significant problem.102,145,148,149,153 In one case, 
a successful lung transplant followed several years after bone 
marrow transplantation for aplastic anemia due to DC that had 
not been diagnosed.154 The avoidance of drugs associated with 
pulmonary toxicity and the use of radiation-sparing conditioning 
regimens may provide useful avenues for future study. DC may be 
mistaken for chronic GVHD in patients transplanted for aplastic 
anemia.155,156 Treatment with ATG and cyclosporin is generally 
not effective in these patients.157 Improvement in peripheral 
blood counts has been described in some patients following treat-
ment with the androgen oxymetholone.158 Improved neutrophil 
counts in response to GM-CSF159,160 or G-CSF161,162 have been 
reported. Combined treatment with G-CSF and erythropoietin led 
to improved neutrophil and red cell counts in one case report.163

shwAchmAn-dIAmond syndrome

Clinical Features
 SDS is characterized clinically by the combination of exocrine 
pancreatic insufficiency and bone marrow failure (see Refs. 
 164–166 for recent reviews). The differential diagnosis includes 
other inherited and acquired causes of marrow failure as well as 
other causes of exocrine pancreatic insufficiency, such as cystic 
fibrosis, Pearson syndrome, and cartilage hair hypoplasia.

Exocrine pancreatic insufficiency typically presents in infancy 
with failure to thrive and loose, foul-smelling stools consistent 
with steatorrhea. Fecal fat measurements may be helpful, but a 
normal test does not rule out the diagnosis of SDS, since exocrine 
pancreatic function may improve in a subset of patients. Exocrine 
pancreatic insufficiency may improve with age to become clini-
cally asymptomatic in a subset of patients. The pancreas in 
patients with SDS shows fatty replacement of the pancreatic acini, 
with sparing of the ducts and islets. Fat-soluble vitamin deficien-
cies (vitamins A, D, E, and K) may be seen. Neutropenia is the 
most common feature of marrow failure in SDS. Neutropenia may 
be either intermittent or persistent.167 Patients are predisposed to 

infections, particularly bacterial and fungal. Abnormalities of T or 
B cells have also been reported and may contribute to infectious 
complications.168 Anemia and/or thrombocytopenia may also be 
seen and a subset of SDS patients develop aplastic anemia. The 
red blood cells may be macrocytic.

There is no pathognomonic feature of the bone marrow in 
SDS patients; nonetheless, a bone marrow examination with 
aspirate, biopsy, and cytogenetics is important to rule out other 
causes of cytopenias. Marrow cellularity may be normal, low, or 
high. As with other inherited bone marrow failure syndromes, 
mild dysplastic features may be seen in the erythroid, myeloid, 
and megakaryocytic lineages. There is a risk for progression to 
pancytopenia and aplastic anemia (20% to 25%) or myelodysplas-
tic syndrome/AML (5% to 33%).6,167,169 Hb F is elevated at some 
stage in approximately 80% of patients.167

Marrow cytogenetic abnormalities may be seen, such as 
abnormalities of chromosome 7 (monosomy 7, deletions/transla-
tions of 7q, isochromosome 7) as well as 20q–, which are par-
ticularly common. In the absence of morphologic evidence for 
MDS, the clinical significance of most cytogenetic abnormalities is 
unclear. These cytogenetic clonal populations may wax and wane 
over time or even disappear.170

Additional features that may be variably associated with SDS 
include: skeletal abnormalities, including metaphyseal dysostosis 
and osteopenia, failure to thrive despite early institution of pan-
creatic enzyme supplementation (see below), hepatic abnormali-
ties, and abnormal dentition.165

Laboratory Findings
SDS is the second most common cause of inherited pancreatic 
insufficiency, after cystic fibrosis.171 Sweat chloride is normal 
and serves to distinguish these patients from those with cystic 
fibrosis. Serum trypsinogen is generally depressed in SDS patients 
at any age, although it may improve with time.172 Isoamylase 
levels remain low after the age of 3 and are useful in this older 
age group.172 Other tests for exocrine pancreatic function include 
pancreatic stimulation or elevated fecal fat measurement, though 
the latter test is not specific for pancreatic dysfunction. Imaging 
studies may reveal a fatty, atretic pancreas. Fecal elastase may 
be decreased, but the sensitivity of this test as a screen for SDS 
remains to be ascertained. Fat-soluble vitamin levels (vitamins 
A, D, E, and K) may be low secondary to malabsorption. Skeletal 
imaging studies may reveal a wide variety of abnormalities, which 
are often asymptomatic, although metaphyseal dysostosis may 
require treatment.173

Over 90% of patients who meet clinical criteria for SDS harbor 
autosomal recessive mutations in the SBDS gene. While the pres-
ence of biallelic pathogenic SBDS mutations is helpful in confirm-
ing the diagnosis, the absence of mutations does not rule out the 
diagnosis of SDS if the patient meets diagnostic criteria on clinical 
grounds.166

pathophysiology
SDS is an autosomal recessive disorder with an estimated inci-
dence of 1 in 75,000.174 In the majority (90%) of affected patients 
reported, mutations have been detected in the Shwachman-
Bodian-Diamond syndrome (SBDS) gene located on chromosome 
7q11.175,176 SBDS is highly conserved throughout evolution and is 
expressed in all human tissues tested to date.176 The human SBDS 
protein is found in both the nucleus and cytoplasm, and shuttles 
in and out of the nucleolus in a cell cycle–dependent fashion.177

SBDS has been implicated in multiple cellular functions. 
Attention has focused on its role in ribosome biogenesis. Human 
SBDS associates with the 60S ribosomal precursor but not with 
the mature 80S ribosome.178 Yeast failing to express the SBDS 
ortholog Sdo1 grows poorly. This slow growth is rescued by 

72683_ch037_0954-0964.indd   961 7/17/13   1:14 PM



962 part iv disorders of Red cells • SeCtiON 5 other Red cell disorders 

mutations in Tif6, the yeast ortholog of eIF6 which functions in 
ribosome biogenesis and ribosomal subunit joining.179 Deletion 
of murine Sbds results in early embryonic lethality.180 Using 
conditional Sbds knockout murine models, Sbds was shown to 
function in coupling the GTPase Efl1 to the release of eIF6 from 
the nascent 60S ribosomal subunit.181 eIF6 sterically hinders the 
association of the 60S ribosomal subunit to the 40S subunit182,183; 
thus, eIF6 release is required for final assembly of a translation-
ally active 80S ribosomal subunit. SBDS has also been implicated 
in additional molecular pathways including mitotic spindle sta-
bilization,184 cellular stress response,185 actin dynamics,186 and 
signaling downstream of RANK for osteoclast differentiation.187

Supportive Care
Regular monitorings of the peripheral blood counts and periodic 
bone marrow examinations are recommended. Fevers in the 
setting of neutropenia warrant prompt medical evaluation for 
appropriate cultures and treatment with broad spectrum antibiot-
ics. Hematopoietic growth factors (such as recombinant human 
granulocyte colony-stimulating factor [rhG-CSF]) may stabilize or 
improve the neutropenia. The main indication for G-CSF therapy 
is serious bacterial or fungal infection related to neutropenia, 
though some centers opt to initiate treatment based on the neutro-
phil counts. Patients with a history of recurrent or severe bacterial 
infections may benefit from prophylactic G-CSF. Although there is 
a theoretical risk that G-CSF might stimulate the growth or pro-
gression of leukemic clones, there is no direct evidence to address 
this.169,188 Transfusion support with red cells or platelets should 
be provided as clinically indicated for severe or symptomatic 
anemia and thrombocytopenia. There are no published reports 
to support the use of erythropoietin therapy unless erythropoietin 
levels are low.

Endocrinology evaluation is useful in these patients to rule out 
treatable comorbid conditions that could further exacerbate short 
stature or osteopenia. Dietary counseling may be helpful to ensure 
adequate intake of calcium and vitamin D.

treatment
Therapy in SDS is initiated based on clinical manifestations. Fat 
malabsorption is treated with the administration of oral pancre-
atic enzymes. Exocrine pancreatic functions may vary over time, 
and thus regular assessment by a gastroenterologist is recom-
mended.189,190,191 Patients benefit from supplementation with 
water-soluble versions of vitamins A, D, E, and K. Fecal fat mea-
surements, vitamin levels, and prothrombin time provide useful 
measures of exocrine pancreatic function.

Bone marrow transplantation can cure the hematologic aspects 
of SDS and has been evaluated as a potential therapy in SDS 
patients with marrow failure, MDS, or AML.192–196,197 The results 
in the published literature, consisting largely of case reports, 
point to an increased risk of complications from end-organ dys-
function, particularly hepatic, cardiac, and pulmonary, as well as 
transplant-associated problems. Indications for transplant include 
severe or symptomatic cytopenias, high risk MDS, and leukemia. 
Outcomes for leukemia remain poor with standard chemotherapy 
regimens, and thus transplant is the treatment of choice. SDS 
patients receiving cytotoxic therapies are at risk for prolonged 
or intractable cytopenias, so appropriate preparations for stem 
cell support are warranted. As with the other inherited marrow 
failure syndromes, potential sibling donors regardless of clinical 
phenotype should be tested for pathogenic mutations identified 
in the proband. Reported survival rates are lower for patients 
transplanted for overt leukemia.194,195 For this reason, regular 
surveillance of blood counts and bone marrow exams have been 
recommended to increase the likelihood of detecting early signs of 
malignant transformation.

congenItAl AmegAkAryocytIc 
thromBocytopenIA

Clinical Features
Patients with CAMT typically present in the neonatal period 
with petechiae, purpura, or bleeding typically involving the 
skin, mucous membranes, or GI tract.198 Intracranial bleed-
ing has also been reported. Bleeding may be life threatening. 
Thrombocytopenia at birth is usually severe with platelet 
counts typically less than 50,000 and often less than 20,000. 
A family history of miscarriages has been reported.198 Patients 
are at risk for developing cytopenias in all three hematopoietic 
lineages and may progress to severe aplastic anemia, which 
develops later in childhood, with a median age of 3.7 years.198 
A recent retrospective study reported pancytopenia in 14 out 
of 20 patients at a median age of 38 months with a range 
between 6 and 53 months.198 Two clinical forms of CAMT have 
been described.199 Patients in CAMT group I are character-
ized by severe, persistent thrombocytopenia and early onset of 
pancytopenia. Patients in CAMT group II are characterized by 
transient increases in platelet counts to over 50,000/μl early 
in life and either a delayed onset of pancytopenia or lack of 
pancytopenia to date.199 The development of AML or MDS has 
been reported in patients with CAMT.198

Skeletal abnormalities are not typically seen in patients with 
CAMT. In a recent report, two patients with cardiac abnormalities 
and six with failure to thrive were reported.198 Cerebral malfor-
mations have been detected, but the possibility that some of these 
may represent sequelae of prior intracranial hemorrhage could 
not be excluded. The presence of congenital anomalies together 
with thrombocytopenia should prompt diagnostic workup for 
other disorders such as FA, thrombocytopenia-absent-radii (TAR) 
syndrome, amegakaryocytic thrombocytopenia with radioulnar 
synostosis (ATRUS), Paris-Trousseau syndrome, or the Hoyeraal-
Hreidarsson variant of DC. Mutations in MPL have been identified 
as one of many causes of familial aplastic anemia.

Differential Diagnosis
Complete blood counts and evaluation of the blood smear should 
be performed. In cases where primary marrow dysfunction 
appears likely, a bone marrow examination with cytogenetics is 
indicated. Thrombocytopenia in the neonate may be secondary 
to other causes such as infections (e.g., TORCH: toxoplasmosis, 
rubella, cytomegalovirus, herpes simplex, other viruses), sep-
sis, Kasabach-Merritt syndrome, thrombosis, or medications. 
Infants may exhibit transient thrombocytopenia in the setting 
of maternal HELLP syndrome. Immune-mediated thrombocyto-
penia from transplacentally acquired maternal alloantibodies or 
autoantibodies is also common in the neonatal period. Other rare 
causes of thrombocytopenia include the giant platelet syndromes: 
Bernard-Soulier syndrome, Glanzmann’s thrombocythemia, and 
May-Hegglin disease. Additional inherited syndromes associated 
with thrombocytopenia, such as GATA-1 mutations200 or other 
inherited bone marrow failure syndromes, must also be consid-
ered. The absence of radial ray anomalies distinguishes CAMT 
from TAR. While patients with TAR exhibit thrombocytopenia at 
an early age, platelet counts generally improve with age, though 
counts may fluctuate. Aplastic anemia has not been reported in 
TAR patients, although AML or MDS has been reported.201–203

Laboratory Findings198

The platelets in CAMT are of normal size and morphology but low 
in number, typically in the 20,000/μl range, but higher platelet 
counts do not rule out the diagnosis. Laboratory tests for platelet 
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function are also normal. The red cells may be normocytic or 
macrocytic. Mean platelet volume is typically normal. The bone 
marrow initially shows normal cellularity but exhibits reduced or 
absent megakaryocytes. Thrombopoietin (TPO) levels are typically 
elevated (see below). Genetic testing for mutations in the c-Mpl 
gene is available.

pathophysiology
CAMT is an autosomal recessively inherited disorder associated 
with mutations in the c-Mpl gene, which encode the receptor 
for TPO.204,205 Mutations may be located throughout the gene 
and include nonsense, missense, and splicing mutations. A cor-
relation between clinical severity and mutation classification 
has been observed.199 Patients in the more severe CAMT group 
I carry mutations predicted to abrogate the production of a 
full length c-mpl protein. Patients in CAMT group II carry mis-
sense mutations that appear to represent hypomorphic alleles 
retaining some residual activity resulting in the milder clinical 
phenotype.199

CAMT patients exhibit high TPO serum levels,206 and their 
endogenous serum TPO appears functional.207 TPO is important 
for megakaryocyte development but also for hematopoietic stem 
cell survival. Mice deficient in either TPO or c-Mpl exhibit both 
thrombocytopenia as well as reduced numbers of hematopoietic 
stem cells and progenitors.208 Stem cell dependency on TPO 
likely contributes to the development of aplastic anemia in CAMT 
patients.

Supportive Care
Indications for platelet transfusions vary, but generally they are 
reserved for patients who are experiencing bleeding symptoms. 
Prophylactic platelet transfusions may be considered for patients 
posing a high bleeding risk (e.g., prior to surgery). Antifibrinolytic 
medications such as aminocaproic acid or tranexamic acid may 
be helpful in stabilizing clots, particularly for mucous membrane 
bleeding such as oral or nasal bleeding. These agents inhibit 
plasminogen activation within the clot. Agents that inhibit platelet 
function, such as aspirin or nonsteroidal antiinflammatory agents 
should be avoided. Desmopressin acetate (DDAVP) has been used 
in some patients with thrombocytopenia, though side effects such 
as SIADH (syndrome of inappropriate antidiuretic hormone secre-
tion) must be monitored.

treatment
Currently, the only curative therapy for CAMT is a hematopoietic 
stem cell transplant.198,209–213 Testing for biallelic c-mpl muta-
tions is a consideration prior to choosing a sibling transplant 
donor. Whether c-mpl carrier status affects transplant outcomes 
is unclear. Abnormal platelet production has been noted in a 
sibling who was heterozygous for c-mpl mutation and exhib-
ited decreased megakaryocyte colony formation in vitro despite 
normal platelet counts,214 but a good short-term outcome using 
one sibling carrier donor has been reported.210 Considerations 
for timing of transplant include minimizing the risk of allosen-
sitization from donor blood products or infectious complications 
secondary to neutropenia. The reader is referred to several recent 
comprehensive reviews for additional information.215,216
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ACquiReD AplAstiC AnemiA
Robert A. Brodsky

C h a p t e r  3 8

HistoRiCAl BACkgRounD
The earliest case description of aplastic anemia was by Dr. Paul 
Ehrlich in 1888.1 He described a young woman who died follow-
ing an abrupt illness that manifested as severe anemia, bleeding, 
hyperpyrexia, and a markedly hypocellular bone marrow. The 
term aplastic anemia was first introduced in 1904 by Chauffard. 
In 1972, a patient with aplastic anemia became the first recipient 
of successful allogeneic bone marrow transplantation.2 The devel-
opment of bone marrow transplantation and potent immunosup-
pressive therapy in the 1970s greatly improved the prognosis of 
an illness that was almost uniformly fatal within a few years of 
diagnosis. Although aplastic anemia remains a potentially devas-
tating illness, with prompt intervention most patients now survive 
the disease.

ACquiReD VeRsus ConstitutionAl 
AplAstiC AnemiA
Acquired aplastic anemia can occur in any age group and is usually 
the consequence of an autoimmune attack against hematopoietic 
stem cells. Awareness of the less common inherited forms of bone 
marrow failure is critical in the assessment of any new patient with 
aplastic anemia (Chapter 37). These inherited disorders can mas-
querade as acquired aplastic anemia, but rarely respond to immu-
nosuppressive therapies; management usually consists of supportive 
care or in severe cases bone marrow transplantation (BMT).3,4 
Inherited forms of bone marrow failure generally present in the first 
decade of life and are often associated with physical anomalies, (e.g., 
short stature, upper-limb anomalies, hypogonadism, café-au-lait 
spots); however, inherited forms of bone marrow failure may pres-
ent well into adulthood. Some patients have a positive family history 
of cytopenias, highlighting the importance of taking a careful family 
history when evaluating aplastic anemia patients.

Fanconi anemia, the most common form of inherited bone 
marrow failure, is usually an autosomal recessive disorder that 
is characterized by defects in DNA repair and a predisposition 
to leukemia and solid tumors.5 Recently, a rare, X-linked form 
of Fanconi anemia has been described.6 Dyskeratosis congenita 
(DKC) is an inherited bone marrow failure syndrome that results 
from loss of function mutations of telomerase components and 
displays considerable clinical and genetic heterogeneity. Although 
DKC classically presents with the triad of abnormal skin pigmen-
tation, nail dystrophy, and mucosal leukoplakia, these findings 
can be subtle.7,8 X-linked recessive, autosomal dominant and 
autosomal recessive forms of DKC are recognized.9,10 Telomerase 
reverse transcriptase (TERT) and the RNA component of telom-
erase (TERC) form the core of the active telomerase complex. 
Autosomal dominant DKC can result from mutations of TERC11 or 
TERT.12 The X-linked recessive DKC results from mutations in the 
gene DKC1, whose gene product, dyskerin, is important for stabi-
lizing the telomerase RNA–protein complex.13,14 Mutations of the 
TINF2 gene can also lead to DKC. TINF2 mutations result in dys-
function of the shelterin complex, interfering with its protection 
of telomeres and leading to reduced telomere length. Accelerated 
telomere shortening leads to bone marrow failure, genetic insta-
bility, and premature aging.

Inherited amegakaryocytic thrombocytopenia is characterized 
by severe thrombocytopenia and megakaryocyte absence at birth. 
Missense or nonsense mutations in the c-mpl gene are present in 

most patients. A high percentage of these patients subsequently 
develop multilineage bone marrow failure in the second decade 
of life.15 Shwachman-Diamond syndrome is an autosomal reces-
sive disorder characterized by pancreatic exocrine dysfunction, 
metaphyseal dysostosis, and bone marrow failure.16 Similar to 
Fanconi anemia, there is an increased risk of developing myelo-
dysplasia or leukemia at an early age. Hypomorphic mutations 
in the Shwachman-Bodian-Diamond Syndrome (SBDS) gene on 
chromosome 7 have been found in roughly 85% of cases.17 The 
SBDS gene is important for ribosome biogenesis, but how this 
leads to bone marrow failure is unclear. These inherited forms of 
aplastic anemia are described in more detail in Chapter 37. The 
remainder of this chapter focuses on acquired aplastic anemia, 
hereafter referred to as aplastic anemia.

epiDemiology

Incidence, age, and Geographic Distribution
Precise estimates of the incidence of aplastic anemia are con-
founded by the imprecision in establishing the diagnosis. The 
International Aplastic Anemia and Agranulocytosis Study (IAAAS), 
conducted in Europe and Israel, is the largest and most compre-
hensive epidemiologic study of bone marrow failure.18 This pro-
spective study (performed between 1980 and 1984) reported that 
the overall incidence of aplastic anemia was 2 cases per 1 million 
people; however, the incidence may be two to threefold higher in 
Southeast Asia.19

Aplastic anemia most commonly presents in children and 
young adults, but there is a second smaller peak in incidence 
after age 60.20,21 Similar to other autoimmune diseases, certain 
histocompatibility locus specificities, especially HLA-DR2, are 
associated with an underlying predisposition to aplastic anemia.22 
Although aplastic anemia has been causally associated with many 
agents, including drugs, benzene exposure, insecticides, and 
viruses, no etiologic agent can be identified in most cases.23,24 
A population-based case-control study of aplastic anemia in 
Thailand found that drugs were the most commonly implicated 
cause, but they explained only 5% of newly diagnosed cases.23

Benzene and environmental toxins
The medical literature is replete with case reports of aplastic 
anemia associated with environmental exposures, most notably 
benzene or radiation exposure. However, rigorous epidemiologic 
studies supporting an association between environmental toxins 
and aplastic anemia are lacking. A major confounder is that ben-
zene and other toxins predispose people to myelodysplastic syn-
dromes (MDS) and leukemia. Older literature was unlikely to have 
been able to distinguish different types of marrow failure, such 
as aplastic anemia, MDS, and hypoplastic leukemia, leading to an 
overestimation of the association between benzene and aplastic 
anemia. Although the magnitude of the risk remains uncertain, 
benzene is probably not a major risk factor for aplastic anemia 
in countries with modern standards of industrial hygiene. A large 
case-controlled study in Thailand employing modern diagnostic 
and epidemiologic methods found that individuals of lower eco-
nomic status and younger age are at greater risk for developing 
aplastic anemia than their counterparts in other countries fol-
lowing exposure to solvents, glues, and hepatitis A. Grain farm-
ers were also found to have a higher risk of developing aplastic 
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anemia (relative risk = 2.7) regardless of whether they used 
insecticides.19 These same investigators noted marked differ-
ences in incidence between northern and southern rural regions 
of Thailand and among Bangkok suburbs, implicating potential 
environmental factors in causing the disease.25

radiation
Ionizing radiation is directly toxic to bone marrow stem/progeni-
tor cells, and high doses (>1.5 Gy to the whole body) can lead to 
severe pancytopenia within 2 to 4 weeks after exposure; the LD50 
has been estimated at about 4.5 Gy, and a dose of 10 Gy or greater 
is thought to have 100% mortality.26,27 Although pancytopenia is 
common after a single high dose of radiation, an increased risk of 
aplastic anemia is not well documented as a delayed event from 
atomic bomb survivors.28 Although the principles of managing 
pancytopenia following radiation exposure are similar to those of 
aplastic anemia, it is important to recognize that the mechanism 
of bone marrow failure is different. Bone marrow failure in most 
cases of community acquired aplastic anemia is due to autoim-
mune destruction of bone marrow stem/progenitor cells; however, 
radiation-induced bone marrow failure is dose dependent and 
is a consequence of direct toxicity to stem and progenitor cells. 
Supportive care with blood transfusions, granulocyte colony-
stimulating factor, and antibiotics is the mainstay of therapy for 
radiation-induced bone marrow failure, inasmuch as autologous 
reconstitution will occur in most patients who survive the immedi-
ate consequences of radiation exposure.

Drugs and Chemicals
A plethora of case reports and small series have implicated drugs 
as the cause of bone marrow failure; however, proving a causal 
association in these rare idiosyncratic reactions is difficult. The 
more common classes of drugs implicated in causing aplastic ane-
mia are listed in Table 38.1. Nevertheless, drugs were not found 
to be a common cause of aplastic anemia in two large, controlled, 
population-based studies.18,29 An epidemiologic study in Thailand 
examined 541 patients and 2,261 controls. Exposures were deter-
mined by in-person interview. The investigators observed sig-
nificantly elevated relative risk estimates for sulfonamides (5.6), 
thiazides (3.8), and mebendazole (3.0). Interestingly, no increased 
risk was associated with chloramphenicol, perhaps the most 
widely implicated drug in case reports; however, chloramphenicol 
use is this study was infrequent.29

When drugs are implicated in causing aplastic anemia, it is impor-
tant to recognize that unlike agranulocytosis and drug-induced 

Nonsteroidal Analgesics

 Phenylbutazone, indomethacin, ibuprofen, sulindac, diclofenac, piroxicam

Anticonvulsants

 Hydantoins, carbamazepine, phenacemide

Antibiotics

 Sulfonamides, chloramphenicol

Antiprotozoals

 Quinacrine, chloroquine

Antithyroid Drugs

 Methimazole, propylthiouracil

Gold

ClassifiCatiOn Of DRugs MOst COMMOnly iMpliCateD  
in Causing aplastiC aneMia

taBLe 38.1

thrombocytopenia, stopping the putative drug does not usually 
lead to hematopoietic recovery. Most cases of drug-induced aplas-
tic anemia lead to an idiosyncratic immune response directed 
against hematopoietic stem cells and are managed similarly to 
those with idiopathic aplastic anemia. Notable exceptions include 
patients who receive high doses of cytotoxic chemotherapy drugs 
(e.g., alkylating agents, antimetabolites, antimitotics) or rare indi-
viduals who have thiopurine methyltransferase deficiency (TPMT). 
TPMT catalyzes the S-methylation of 6-mercaptopurine, 6-thiogua-
nine, and azathioprine.30 Most individuals have high or intermedi-
ate activity of TPMT; however, there are rare individuals (<0.1% 
of the population) with undetectable levels of TPMT. Exposure to 
even low dosages of 6-thioguanine, azathioprine, or 6-mercap-
topurine, as used in inflammatory bowel disease and lupus, can 
result in severe bone marrow failure within weeks of starting the 
drug. Withdrawal of the drug usually leads to hematopoietic recov-
ery in 2 to 4 weeks. Reliable polymerase chain reaction–based 
methods are now available for detecting the major inactivating 
mutations at the human TPMT locus.31,32

Viruses
Viruses, similarly to drugs, are often implicated, but seldom 
proven to cause aplastic anemia. Viral infections, especially in 
chronically ill patients, often lead to transient cytopenias, but 
frank aplastic anemia is uncommon. These transient cytopenias 
can be due directly to infection and cytolysis of hematopoietic 
cells or indirectly through the elaboration of inhibitory cytokines. 
True aplastic anemia following viruses also appears to result 
usually from an idiosyncratic immune response directed against 
hematopoietic stem cells. Acute infection with Epstein-Barr virus 
(EBV) is often associated with peripheral blood cytopenias. Rarely, 
acute EBV infection can be complicated by the development of 
aplastic anemia.33,34,35 There is no convincing data that B19 par-
vovirus causes aplastic anemia, but this virus is often linked with 
aplastic anemia due to the unfortunate term “aplastic crisis,” used 
to describe the transient red cell aplasia and severe anemia that 
occurs in sickle cell anemia patients who are acutely infected with 
B19 parvovirus. The only known natural host cell of parvovirus 
B19 is the human erythroid progenitor.36 The receptor for the 
virus is a neutral glycolipid, globoside, also known as the erythro-
cyte P antigen.37 Globoside is expressed on erythroid progenitors, 
erythrocytes, fetal myocardium, placenta, some megakaryocytes, 
and endothelial cells; it is not present on hematopoietic stem cells. 
Other viruses, including a variety of herpes viruses and the human 
immunodeficiency virus have been implicated in triggering aplas-
tic anemia, but convincing causal data are lacking. Spontaneous 
recovery, response to immunosuppression, and response to anti-
viral therapy have all been described; however, for those with 
severe disease, conventional therapy (immunosuppression or 
bone marrow transplantation) should be initiated early.

Seronegative (non-A through non-G) hepatitis precedes the 
diagnosis of aplastic anemia in 3% to 5% of cases and is recog-
nized as hepatitis-associated aplastic anemia.38 After orthotopic 
liver transplantation for fulminant seronegative hepatitis, up to 
30% of patients will develop aplastic anemia (HAA).39,40 In most 
cases, the hepatitis resolves spontaneously; however, when severe 
aplastic anemia (SAA) follows, it is often fatal and presents within 
a few months after the onset of hepatitis.41 The pathophysiology of 
HAA is unknown, but is thought to be immune mediated because it 
responds to immunosuppressive therapy.41 Furthermore, patients 
with HAA have a skewed T-cell repertoire, and liver biopsies from 
these patients show lymphocytic infiltration.42

pregnancy
Pregnancy-associated aplastic anemia is a rare entity, and despite 
numerous case reports, the association is not well understood.1,43,44 
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cells, assayable hematopoietic progenitors, and long-term culture-
initiating cells are strikingly reduced in aplastic anemia. 60,61 
However, some healthy hematopoietic stem cells persist in most 
patients with aplastic anemia inasmuch as complete recovery 
of normal hematopoiesis can occur with effective immunosup-
pressive therapy.62,63 T cells from aplastic anemia patients kill 
hematopoietic stem cells in an HLA-DR restricted manner50,51 via 
Fas ligand.56 Hematopoietic stem cells represent several classes 
of cells with varying capacity for long-term production of the 
different hematopoietic lineages and variable expression of Fas 
ligand and HLA-DR.64 The most primitive hematopoietic stem 
cells express little or no HLA-DR64,65 or Fas, 66,67 and the expres-
sion of both HLA-DR and Fas increases as the stem cells mature. 
Thus, the primitive hematopoietic stem cells, which normally 
represent less than 10% of the total CD34+ cells, may be relatively 
invisible to the autoreactive T cells; conversely, the more mature 
hematopoietic stem cells may be the principal targets of the 
immune attack in aplastic anemia.68 The primitive hematopoietic 
stem cells eluding the autoimmune attack may be responsible for 
the slow hematopoietic recovery that occurs in aplastic anemia 
patients following immunosuppressive therapy.

Clonality and aplastic anemia
Clonal hematopoietic stem cell disorders such as paroxysmal 
nocturnal hemoglobinuria (PNH) and MDS frequently arise from 
aplastic anemia. Even before the widespread use of immunosup-
pressive therapy, 5% of patients with aplastic anemia progressed 
to clonal hematopoiesis. This suggests that the increase in MDS 
and PNH following immunosuppressive therapy is not a direct 
consequence of treatment. Rather, the increased survival follow-
ing immunosuppressive therapy allows time for these underlying 
clones to develop and expand.69,70

MDS is a clonal hematopoietic stem cell disorder that produces 
multilineage hematologic cytopenias (Chapter 79). It is associated 
with heterogeneous karyotypic abnormalities, often involving 
chromosomes 5, 7, or 8. Up to 15% of children and adults with 
aplastic anemia will develop MDS following immunosuppressive 
therapy, with monosomy 7 being the most common chromosomal 
abnormality to emerge.71,72 PNH results from the expansion of 
an abnormal hematopoietic stem cell that harbors a somatic 
mutation of the X-linked gene, PIGA.73,74 The PIGA gene product 
is required for glycosylphosphatidylinositol (GPI) anchor biosyn-
thesis; consequently, PNH cells are deficient in all GPI-anchored 
proteins (GPI-AP). The GPI-APs (CD59 and CD55) protect cells 
from complement-mediated destruction; their absence explains 
the complement-mediated intravascular hemolysis associated 
with PNH.

Small to moderate PNH clones are found in up to 70% of 
patients with aplastic anemia.69,75 Typically, less than 20% 
GPI-AP–deficient granulocytes are detected in aplastic anemia 
patients at diagnosis, but occasional patients may have larger 
clones. DNA sequencing of the GPI-AP–deficient cells from aplastic 
anemia patients reveals clonal PIGA gene mutations.76 Moreover, 
many of these patients exhibit expansion of the PIGA mutant 
clone and progress to clinical PNH. Although it was once thought 
that PNH evolving from aplastic anemia is more benign than 
classical PNH, this observation may be a consequence of lead 
time bias, inasmuch as many of these patients eventually develop 
classical PNH symptoms after the PIGA mutant clone expands. 
Interestingly, the PNH clone can regress, remain stable, or expand 
in aplastic anemia patients treated with immunosuppressive 
therapy; however, expansion of the PNH clone is commonly asso-
ciated with relapse.77,78

The mechanism whereby PNH clones expand is not entirely 
clear; however, a preponderance of data suggests that the PNH 
stem cell has a conditional growth advantage in the setting of 
aplastic anemia. Specifically, it has be suggested that PNH cells 

The onset of aplastic anemia can occur during pregnancy or shortly 
after delivery. Moreover, in women with a history of aplastic ane-
mia who had been treated into remission with immunosuppressive 
therapy, there is an increased risk for relapse of aplastic anemia 
during pregnancy. The European Group for Blood and Marrow 
Transplantation performed a retrospective study on the outcome 
of pregnancy in 36 women who had received immunosuppressive 
therapy to treat aplastic anemia.45 Seven of the pregnancies (19%) 
were complicated by relapse of aplastic anemia. In contrast to idio-
pathic aplastic anemia, pregnancy-associated aplastic anemia is 
often associated with spontaneous remissions. However, in patients 
with severe disease, therapy should be initiated promptly, because 
maternal and fetal mortality are not uncommon.43,44,45

pAtHopHysiology

autoimmunity
Aplastic anemia was originally thought to result from a direct toxic 
effect on hematopoietic stem cells. In the late 1960s, Mathé and col-
leagues were among the first to postulate an autoimmune basis for 
aplastic anemia.46 After administering antilymphocyte globulin for 
conditioning, they performed bone marrow transplantation in aplas-
tic anemia patients using partially mismatched donors. Although the 
transplanted marrow failed to engraft, some patients experienced 
autologous recovery of hematopoiesis, suggesting that growth and 
differentiation of the patient’s hematopoietic stem cells were being 
suppressed by the immune system. An analysis by the International 
Bone Marrow Transplant Registry of identical twin bone marrow 
transplants in aplastic anemia patients also suggests an autoim-
mune etiology for the majority of patients. Attempts to treat aplastic 
anemia by simple transfusion of bone marrow from an identical 
twin fails to reconstitute hematopoiesis in about 70% of patients.47 
However, repeating the procedure following a high-dose cyclophos-
phamide conditioning regimen is successful in most patients.48

The first laboratory evidence of autoimmunity in aplastic ane-
mia was provided by experiments showing that lymphocytes from 
aplastic anemia patients inhibit allogeneic and autologous hemato-
poietic colony formation in vitro.49 Subsequently, cytotoxic T lym-
phocytes were found to mediate the destruction of hematopoietic 
stem cells in aplastic anemia.50,51 These cytotoxic T cells are more 
conspicuous in the bone marrow of aplastic anemia patients than 
in the peripheral blood,52,53,54 and they overproduce interferon-g 
and tumor necrosis factor (TNF).55 TNF and interferon-g are direct 
inhibitors of hematopoiesis and appear to up-regulate Fas expres-
sion on CD34+ cells.56 Immortalized CD4+ and CD8+ T-cell clones 
from aplastic anemia patients also secrete Th1 cytokines and are 
directly toxic to autologous CD34 cells.50,51 There is also evidence 
for a humoral autoimmune response in aplastic anemia; autoanti-
bodies against kinectin, a 1,300 amino acid molecule expressed on 
human hematopoietic cells, liver, ovary, testis, and brain cells have 
been found in approximately 40% of aplastic anemia patients.57 
Antidiazepam-binding related protein-1 is another putative auto-
antibody found in some patients with aplastic anemia;58 however, 
the relevance of these autoantibodies to the pathophysiology of 
aplastic anemia is unclear. Studies in aplastic anemia patients 
examining T-cell diversity using complementarity-determining 
region (CDR3) spectratyping further implicate an autoimmune 
pathophysiology in aplastic anemia. T cells from aplastic anemia 
patients have limited T-cell receptor b-chain heterogeneity, sug-
gesting oligoclonal T-cell expansion in response to a specific, but 
as yet unrecognized, antigen.51,59

Stem Cells
A reduction in the number of hematopoietic stem/progenitor 
cells is a universal laboratory finding in aplastic anemia. CD34+ 
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may be relatively resistant to an autoimmune attack on the bone 
marrow, possibly because they are deficient in GPI-anchored UL 
binding proteins (ULBP) that serve as receptors for NKG2D, a 
ligand that is important for natural killer cells and T cells.79,80 
Alternatively, it has been proposed that “second hit” mutations 
may also give the PNH clone a growth advantage.81 These hypoth-
eses are not mutually exclusive.

CliniCAl FeAtuRes AnD DiAgnosis
Aplastic anemia can present abruptly over days, or insidiously 
over weeks to months. Clinical manifestations are proportional 
to the peripheral blood cytopenias and may include dyspnea on 
exertion, fatigue, easy bruising, petechia, epistaxis, gingival bleed-
ing, heavy menses, headache, and fever. A complete blood count, 
leukocyte differential, reticulocyte count, and a bone marrow 
aspirate and biopsy can establish the diagnosis. Peripheral blood 
flow cytometry to rule out PNH82,83 and bone marrow karyotyping 
to help exclude hypoplastic myelodysplastic syndromes (hMDS) 
should be performed on all patients. Flow cytometric assays to 
detect PNH cells can be performed with either monoclonal anti-
bodies83 or a fluorescein-conjugated proaerolysin variant known 
as FLAER.84 Unlike monoclonal antibodies that bind the protein 
portion of a GPI-anchored protein, FLAER binds to the glycan 
portion of the GPI anchor and is highly sensitive and specific for 
detecting PNH cells.69,82 Patients less than 40 years of age should 
be screened for Fanconi anemia using the clastogenic agents 
diepoxybutane or mitomycin C that test for increased chromo-
somal breakage.5 Up to 10% of patients with Fanconi anemia 
will have a false negative chromosomal breakage analysis due 
to mosaicism. In these patients, fibroblasts from a skin biopsy 
or buccal smear can be used to establish the diagnosis. A family 
history of cytopenias or pulmonary fibrosis should raise suspicion 
for an inherited disorder, even when physical abnormalities are 
not present.

A hypocellular bone marrow is required for the diagnosis of 
aplastic anemia (Table 38.2). Spicules from an aspirate may be 
surprisingly cellular in some patients despite overall marrow 
hypocellularity as most patients will have residual pockets of 
ongoing hematopoiesis. Thus, a 1- to 2-cm core biopsy is essential 
for assessing cellularity. Mild dyserythropoiesis is not uncommon 
in aplastic anemia, especially in cases with simultaneous small- 
to moderate-sized PNH populations; however, the presence of a 
small percentage of myeloid blasts or dysplastic features in the 
myeloid or megakaryocyte lineages favors a diagnosis of hMDS 
(Table 38.3). Distinguishing between aplastic anemia and hMDS 

Acquired aplastic anemia

Inherited aplastic anemia

 Fanconi anemia

 Dyskeratosis congenita

 Shwachman-Diamond syndrome

 Amegakaryocytic thrombocytopenia

 Reticular dysgenesis

Hypoplastic myelodysplastic syndromes

Large granular lymphocytic leukemia (rare)

Hypoplastic PNH (PNH/aplastic anemia)

PNH, paroxysmal nocturnal hemoglobinuria.

DiffeRential DiagnOsis Of panCytOpenia with  
a hypOCellulaR BOne MaRROw

taBLe 38.2

Characteristic Myelodysplastic Syndromes Aplastic Anemia

Cellularity Usually increased or normala Decreased

CD34 count Normal to increased Decreased

Erythropoiesis

 Megaloblastosis Common Common

 Dyserythropoiesis Common Sometimes

 Ringed sideroblasts Common Never

Myelopoiesis

 Increased blasts Common Never

Megakaryocytes

 Dysplastic Common Never

aA hypocellular bone marrow is found in up to 15% of cases of myelodysplastic syndromes.

BOne MaRROw finDings that help tO DisCRiMinate 
aplastiC aneMia fROM MyelODysplasia

taBLe 38.3

is often challenging, especially in older patients where hMDS is 
more common. The percentage of CD34+ cells in the bone marrow 
is often helpful.85,86 CD34 is expressed on hematopoietic progeni-
tors and is fundamental to the pathophysiology of both diseases; 
in MDS clonal expansion emanates from a CD34+ stem cell, and 
in aplastic anemia the CD34+ stem cells are the target of an auto-
immune attack (Fig. 38.1). Accordingly, the percentage of CD34+ 
cells is usually ≤0.3% in aplastic anemia, whereas the  CD34 
 percentage is either normal (0.5% to 1.0 %) or elevated in hMDS.85

Classification
As do most autoimmune diseases, aplastic anemia encompasses 
a wide spectrum of disease activity ranging from mild to severe. 
The risk of morbidity and mortality from aplastic anemia cor-
relates best with the severity of the cytopenias rather than bone 
marrow cellularity. Thus, acquired aplastic anemia is classified as 
nonsevere (NSAA), severe (SAA), or very severe (VSAA) based on 
the degree of peripheral blood pancytopenia (Table 38.4). A bone 
marrow cellularity of less than 25% and markedly decreased 
values of at least two of three hematopoietic lineages (neutrophil 
count <500/ml, platelet count <20,000/ml, and absolute reticulo-
cyte count of <60,000/ml) define SAA. VSAA satisfies the above 
criteria except the neutrophil count is <200/ml, whereas NSAA 
is characterized by a hypocellular bone marrow, but with cytope-
nias that do not meet the criteria for severe disease. The 2-year 
mortality rate with supportive care alone for patients with SAA 
or VSAA approaches 80%,87 with invasive fungal infections and 
overwhelming bacterial sepsis being the most frequent causes 
of death. NSAA is seldom life-threatening and in many instances 
requires no therapy.

suppoRtiVe CARe

transfusions
Patients with symptomatic anemia and/or thrombocytopenia 
associated with wet purpura or bleeding require immediate blood 
transfusions. All transfusions in patients with suspected aplastic 
anemia should be irradiated to prevent transfusion-associated 
GVHD. If the patient is a potential BMT candidate and is cyto-
megalovirus (CMV)-negative or the CMV status is unknown, CMV 
transmission should be avoided by either leukoreduction or 
the use of CMV-negative products. Blood donation from family 
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A,B C

D E

Figure 38.1. Aplastic anemia versus hypoplastic myelodysplastic syndrome (hMDS). A: Bone marrow biopsy from patient with aplastic anemia. B: Higher 
power of biopsy from A showing cluster of nucleated red cells. C: Low-power view of biopsy from a patient with hMDS. D: High-power view of bone marrow from 
patient in C showing small blast population. Brown pigment represents iron. E: CD34 immunoperoxidase stain (brown) of marrow from patient with hMDS.

Severe aplastic anemia (SAA)

 Bone marrow cellularity <25%

 Two of three peripheral blood criteria:

  Absolute neutrophil count <500/mm3

  Platelet count <20,000/mm3

  Reticulocyte count <60,000/mm3 or <1% corrected reticulocyte count

Very severe aplastic anemia (vSAA)

 Same as SAA with absolute neutrophil count <200/mm3

Nonsevere (moderate aplastic anemia)

 Bone marrow cellularity <25%

 Peripheral blood cytopenias do not fulfill criteria for SAA

ClassifiCatiOn Of aplastiC aneMia BaseD On  
seveRity Of panCytOpenia

taBLe 38.4 members should be avoided to prevent alloimmunization that 
could also complicate future BMT. After stabilization of the patient, 
blood products should be used judiciously to prevent cardiopul-
monary compromise and to reduce the risk of hemorrhage; a 
platelet goal of 10,000/mL will suffice for most patients, although 
some patients will tolerate even lower platelet goals without 
bleeding or petechiae.

antibiotics
Overwhelming sepsis caused by bacteria or fungus (especially asper-
gillus) is the most frequent cause of death from aplastic anemia. 
In most circumstances, prophylactic antibiotics are unnecessary. 
However, for patients with absolute neutrophil counts that are con-
sistently <200mL, prophylaxis with oral antibiotics, such as a qui-
nolone and a triazole antifungal, is reasonable. Patients with febrile 
neutropenia should be treated promptly with broad- spectrum 
antibiotics; in patients with persistent fever after the initiation of 
antibacterial antibiotics, aspergillus coverage should be added. 
Prophylaxis for Pneumocystis carinii pneumonia should be given to 
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all patients for at least 6 months after immunosuppressive therapy, 
BMT, or high-dose cyclophosphamide therapy.

Growth Factors
Hematopoietic growth factor deficiency (such as erythropoi-
etin, granulocyte colony-stimulating factor, thrombopoietin, or 
 granulocyte–monocyte colony-stimulating factor) is not respon-
sible for the bone marrow failure in aplastic anemia; levels of 
measurable hematopoietic growth factors are markedly elevated 
in aplastic anemia patients in a compensatory attempt to increase 
blood production. Hence, these factors should not be used in lieu 
of definitive therapy. Hematopoietic growth factors are often used 
after immunosuppressive therapy or high-dose cyclophosphamide 
therapy to accelerate hematopoietic recovery, but their use has 
not been shown to improve survival.

DeFinitiVe tReAtment

Nonsevere (Moderate) aplastic anemia
There are limited data on the long-term prognosis of patients with 
moderate aplastic anemia. Although moderate aplastic anemia 
can progress, many patients will remain stable for years, and 
some may spontaneously improve, even in the absence of specific 
treatment.88 Treatment should be based on the degree of cytope-
nia, not bone marrow cellularity. Patients with asymptomatic cyto-
penias probably require no therapy. Patients with more significant 
cytopenias, such as symptomatic anemia, may benefit from a trial 
of immunosuppressive therapy with antithymocyte globulin and 
cyclosporine (ATG/CSA)89 or CSA alone.90 Daclizumab, a human-
ized monoclonal antibody to the interleukin-2 receptor, improved 
blood counts in 6 of 16 patients with moderate aplastic anemia.91 
However, it is not clear that treatment of moderate aplastic ane-
mia will effect survival.

Definitive therapy for Severe aplastic anemia

Bone Marrow Transplantation
Allogeneic BMT from an HLA-matched sibling donor is the  treatment 
of choice at most centers for young patients with SAA (Table 38.5). 
A major advantage of BMT over standard immunosuppressive ther-
apy is a marked reduction in the risk of relapse and the outgrowth 
of late clonal disorders such as MDS and PNH.92 Cyclophosphamide 
(50 mg/kg/day × 4 days) with or without ATG, is commonly used for 
conditioning before stem cell transplantation. Although this regimen 

Institution Years N
Median Age  
(Range) Engraftment (%) Survival (%)

Median  
Follow-Up (Years) Acute GVHD (%) Chronic GVHD (%)

IBMTR100 1988–1992 471 20 (1–51) 84 66 3 19 32

EBMT144 1991–1998  71 19 (4–46) 97 86 5 30 35

Seattle95 1988–2004  81 25 (2–63) 96 88 9 24 26

Seoul145 1995–2001 113 28 (16–50) 85 89 6 11 12

Taipei146 1985–2001  79 22 (4–43) 92 74 5  7 35

Sao Paulo147 1993–2001  81 24 (3–53) 82 56 6 37 39

EBMT96 1998–2007 239 42 (30–67) 86 61 4 20 25

EBMT, European Group for Blood and Marrow Transplantation; IBMTR, International Bone Marrow Transplant Registry.

RepResentative Results fROM laRge MatuRe stuDies Of BOne MaRROw tRansplantatiOn fOR seveRe aplastiC  
aneMia using MatCheD siBling DOnORs

taBLe 38.5

is nonmyeloablative, the immunosuppression is sufficient to allow 
engraftment in most cases.93,94,95 Avoidance of total body irradia-
tion and busulfan reduces transplant-related complications such as 
mucositis, graft-versus-host disease (GVHD), second malignancies, 
and infertility. Alternative regimens using fludarabine, cyclophos-
phamide and antithymocyte globulin are increasingly being used.96 
Survival rates following matched sibling allogeneic BMT have 
steadily improved since the 1970s largely because of improved 
supportive care, improved typing, and better GVHD prophylaxis.97 
Late BMT-related complications such as chronic GVHD occur in 
up to one third of patients, with many of these patients requiring 
long-term therapy for their GVHD.98 Patient age and the type of 
allograft (HLA-matched sibling, unrelated, or mismatched donors) 
are the most important factors influencing outcome. In patients 
under 30 years of age, the cure rate after HLA-matched sibling BMT 
ranges from 70% to 90%.98–100 However, the risk of GVHD steadily 
increases with age, leading to reduced survival.

Alternative Donor Bone Marrow Transplantation
Unrelated donors and mismatched transplants have almost twice 
the transplant-related mortality and risk of GVHD as matched 
sibling donor transplants (Table 38.6).24 Less than 30% of patients 
will have an HLA-matched sibling donor. Thus, bone marrow 
transplantation from unrelated or mismatched donors is usually 
reserved for patients who fail to respond to one or more courses 
of immunosuppressive therapy. The best results with unrelated 
and mismatched transplants are seen in patients under 21 with 
disease duration of less than 1 year.101–103 The International 
Bone Marrow Transplant Registry reported on the results of 318 
alternative donor transplants between 1988 and 1998.104 Most 
patients in this series were young, heavily transfused, and of poor 
performance status. The probability of graft failure was 20% and 
the survival probability at 5 years was less than 40%. The Fred 
Hutchinson Cancer Research Center reported on the results of 
unrelated allogeneic bone marrow transplantation in aplastic 
anemia after conditioning with low-dose total body irradiation, 
high-dose cyclophosphamide, and ATG.103 The median age was 
19 years, and with a median follow-up of 7 years, 61% of HLA-
identical and 40% of HLA nonidentical transplant recipients sur-
vived the procedure; however, more than 70% of patients acquired 
acute GVHD, and over 50% developed chronic GVHD. However, 
improved typing, newer conditioning regimens, and better GVHD 
prophylaxis are leading to better survival, higher engraftment 
rates, and less GVHD. EBMT data using fludarabine, cyclophos-
phamide, and ATG conditioning ± total body irradiation (TBI) 
demonstrated survival rates as high as 75%.105 Survival is best 
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Institution Years N
Median Age 
(Range) Donor Source Survival

Median  
Follow-Up (Years) Acute GVHD Chronic GVHD

IBMTRa,104 1988–1998 318 16 (1–55) MUD 181: MMRD 86; 
MMUD 51

39% for MUD 5 48% for MUD 29% for MUD

Seattle103 1988–2004  87 19 (1–53) MUD 62; MMUD 25 55% 5 70% 52%

Japan Marrow  
Donor Program148

1993–2000 154 17 (1–46) MUD 79; MMUD75 56% 5 29% 30%

EBMT105 1998–2007 100 20 (3–53) MUD 87; MMRD 13 77% 3.5 10% 43%

EBMT, European Group for Blood and Marrow Transplantation; GVHD, graft-versus-host disease; IBMTR, International Bone Marrow Transplant Registry; MUD, matched unrelated donor; MMRD, 
mismatched-related donor; MMUD, mismatched unrelated donor.

RepResentative Results fROM laRge MatuRe stuDies Of BOne MaRROw tRansplantatiOn fROM  
alteRnative DOnORs

taBLe 38.6

in children and in patients who undergo BMT within 2 years of 
diagnosis. Another promising approach to facilitate engraftment 
and to mitigate the risk of GVHD is the use of post-transplant 
cyclophosphamide for GVHD prophylaxis.106,107

Immunosuppressive Therapy
Immunosuppressive therapy with ATG/CSA is used in patients 
who are not candidates for bone marrow transplantation because 
of older age or lack of a matched sibling donor. ATG is produced 
by immunizing animals (horse or rabbit) against human thymo-
cytes and kills human T cells through its cytolytic activity. The 
largest experience is with horse ATG, although rabbit ATG has 
recently been approved for use in the United States. CSA sup-
presses T-cell function by inhibiting the expression of nuclear 
regulatory proteins. Both single-agent ATG and single-agent CSA90 
can induce remissions in acquired aplastic anemia; however, 
the combination ATG/CSA leads to a higher response rate and a 
greater likelihood of achieving transfusion independence.89,108 A 
randomized controlled trial demonstrated that horse ATG/CSA is 
superior to rabbit ATG/CSA. However, difficulties in maintaining 
quality control have led to the withdrawal of horse ATG in Europe 
since June of 2007.

The response rates to ATG/CSA range between 60% and 80% 
(Table 38.7), with 5-year survival rates comparable to BMT.109 

However, in contrast to BMT, most patients are not cured of 
their disease. Most patients respond within 6 to 12 weeks after 
receiving ATG/CSA. ATG is usually given over 4 days but CSA 
must be continued for at least 6 to 12 months before tapering the 
drug. Persistent cytopenia is common and many patients relapse, 
become dependent on cyclosporine, or develop secondary clonal 
disease such as PNH or MDS.71,89,110,111 The European Group for 
Blood and Marrow Transplantation (EBMT) SAA working party 
performed a retrospective analysis of 468 patients treated with 
immunosuppressive therapy between 1975 and 1986.112 Patients 
who survived more than 2 years (n = 223) were classified as 
long-term survivors. The actuarial mortality rate for long-term 
survivors was 22% at 8 years, and the actuarial risks of develop-
ing PNH and MDS were 13% and 15%, respectively, at 7 years. 
Bacigalupo and colleagues reported a response rate and overall 
survival of 77% and 87%, respectively, in 100 patients (median 
age, 16 years) treated with ATG/CSA, prednisolone, and granulo-
cyte colony-stimulating factor.62 The risk of relapse was 9% and 
cytogenetic abnormalities developed in 11%, but the actuarial 
probability of discontinuing cyclosporine therapy was only 38% 
at 5 years. The National Institutes of Health (NIH) treated 122 
patients (median age, 35 years) with the combination of ATG/
CSA and methylprednisolone and followed them over a period of 
8 years.71 The response rate was 58% and actuarial survival at 7 
years was 55%; 13% of patients died within 3 months of treatment, 

Study Regimen Years N
Median Age 
(Range) Survival (%) Response (%) Relapse (%)

Median  
Follow-Up

MDS or 
Leukemia (%)

German89,149 ATG with or  
without CSA

1986–1989  84 32 (7–80) 58 70 38 11 y  8

EGBMT62 ALG, CSA,  
pred, G-CSF

1991–1999 100 16 (1–72) 87 77 12  3 y  3

NIH71,110 ATG, CSA, pred 1991–1998 122 35 55 61 35  7 y 11

NIH113 ATG, CSA,  
MMF, pred

1995–2001 103 30 (3–76) 80 62 37  2 y  9

Japan150 ATG, CSA,  
danazol

1992–1997 119  9 (1–16) 84 68 30  4 y  3

Johns Hopkins128 High-dose CY, 
G-CSF

1996–2008  44 32 (2–68) 88 71  7  5 y  5

ATG, antithymocyte globulin; CSA, cyclosporine; CY, cyclophosphamide; EGBMT, European Group for Blood and Marrow Transplantation; G-CSF, granulocyte colony-stimulating factor; MMF, 
mycophenolic acid; NIH, National Institutes of Health; pred, prednisone.

RepResentative Results tRials Of iMMunOsuppRessive theRapy fOR seveRe aplastiC aneMia

taBLe 38.7
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mostly from fungal infections. The relapse rate for responders was 
40% and 13 patients developed MDS. In an attempt to improve 
response rate and survival, and to decrease the relapse rate and 
secondary MDS that occurs after ATG/CSA, the NIH added myco-
phenolate (1 gram twice daily for 18 months) to the standard ATG/
CSA regimen. This three-drug regimen resulted in a 62% response 
rate, but 37% of the responders relapsed (most while taking myco-
phenolate) and 9% progressed to either MDS or leukemia; thus, 
the addition of mycophenolate did not improve response or sur-
vival.113 Sirolimus and Tacrolimus have also been used as alterna-
tives to cyclosporine but no clear advantage in terms of response, 
relaspse, or secondary clonal disease has been demonstrated. 
Alemtuzumab is another active immunosuppressive therapy for 
SAA but response rates in untreated patients are less than 30%.

High-dose Cyclophosphamide
High-dose cyclophosphamide remains (often in conjunction with 
ATG) the most commonly used BMT conditioning regimen for 
aplastic anemia.93,114 Interestingly, complete reconstitution of 
autologous hematopoiesis occurs in 10% to 15% of patients under-
going allogeneic BMT for aplastic anemia.115–117 Most of these 
patients have maintained long-term remissions despite autolo-
gous reconstitution. The EMBT reported that 10% of SAA patients 
experience autologous reconstitution following BMT using a 
cyclophosphamide + ATG conditioning regimen. Interestingly, 
10-year survival (84%) in patients with autologous recovery was 
equivalent or better than in patients who engrafted (74%).118

Cyclophosphamide is a prodrug and is converted to 
4- hydroxycyclophosphamide and its tautomer, aldophosphamide, 
by the hepatic cytochrome P-450 system.119 These compounds 
diffuse into cells and are converted into the active alkylating 
compound, phosphoramide mustard, through simple intracel-
lular decomposition. The major mechanism of cyclophosphamide 
detoxification appears to be inactivation of aldophosphamide by 
cellular aldehyde dehydrogenase to form the inert compound, 
carboxyphosphamide. ALDH1A1, previously called class I ALDH 
or cytosolic ALDH, ALDH1, or retinaldehyde dehydrogenase 1, 
appears to be the aldehyde dehydrogenase most responsible 
for cyclophosphamide detoxification.120 ALDH1A1 also plays 
an important role in ethanol metabolism, but its major function 
appears to be the biosynthesis of retinoic acid from vitamin A (ret-
inol).120 After alcohol dehydrogenase oxidizes retinol to retinalde-
hyde, ALDH1A1 oxidizes retinaldehyde to retinoic acid. Retinoic 
acid is essential for cellular growth and differentiation. Cells with 
high proliferative potential, such as hematopoietic stem cells, 
express high levels of ALDH1A1 because of their requirement for 
retinoic acid and are thus resistant to cyclophosphamide.121,122 
Conversely, lymphocytes have low levels of aldehyde dehydroge-
nase and are rapidly killed by high doses of cyclophosphamide. 
High-dose cyclophosphamide is therefore highly immunosuppres-
sive, but not myeloablative, allowing endogenous hematopoietic 
stem cells to reconstitute hematopoiesis.

High-dose cyclophosphamide without BMT has been used 
to treat aplastic anemia patients who lack a suitable donor.63,
123,124,125,126,127,128 In a pilot study, 7 of 10 patients achieved 
durable complete remissions. No relapse or clonal evolution was 
observed with a median follow-up of 10.8 (range, 7.3 to 17.8) 
years. Investigators at the National Institutes of Health initiated 
a randomized trial of high-dose cyclophosphamide plus CSA 
versus ATG/CSA.126 This trial closed after enrolling 31 patients 
(17% of the planned accrual) because early toxicity appeared to 
be higher in the cyclophosphamide plus CSA arm. However, no 
stopping rules were met, and there were no statistical differences 
in response rate, survival, or secondary clonal disorders.

Subsequently, a large mature study has confirmed the efficacy 
of high-dose cyclophosphamide for treating SAA.128 Investigators 
from Johns Hopkins treated 67 SAA patients with high-dose 

cyclophosphamide; 44 patients were treatment naïve and 23 were 
refractory to one or more previous immunosuppressive regimens. 
At 10 years, the overall actuarial survival, response rate, and 
event-free survival was 88%, 71%, and 58%, respectively, for the 
44 treatment-naïve patients. Patients with refractory SAA fared 
less well: at 10 years, overall actuarial survival, response, and 
event-free survival rates were 62%, 48%, and 27%, respectively. 
For treatment-naïve patients, the median time to a neutrophil 
count of 0.5 × 109/L was 60 (range, 28 to 104) days, the median 
time to last platelet and red cell transfusion was 117 and 186 
days, respectively. Relapse occurred in just 2 of the treatment-
naïve patients, one of whom was retreated with high-dose 
cyclophosphamide into a second complete remission. Despite the 
high response rate and low risk of relapse and secondary clonal 
disease, many investigators are unwilling to accept the relatively 
long period of aplasia associated with this therapy. Additional 
large series and/or future randomized trials will be necessary to 
fully define the role of this promising therapy.

relapsed and refractory Severe  
aplastic anemia
There is no standard algorithm for managing patients with SAA 
who fail to respond, or relapse, after treatment with ATG/CSA; how-
ever, inasmuch as 30% to 40% of patients do not respond to initial 
therapy and another 20% to 40% of responding patients relapse, 
these patients pose a common treatment dilemma. Therapeutic 
options include allogeneic bone marrow transplant (usually from 
an unrelated or mismatched donor), re-treatment with ATG/CSA, 
alemtuzumab, or high-dose cyclophosphamide. Alternative donor 
allogeneic BMT probably offers the best chance for cure in children 
and young adults, but is associated with substantial morbidity and 
mortality in older patients. Patients with relapsed aplastic anemia 
are more likely to respond to a second course of ATG/CSA or to 
high-dose cyclophosphamide than patients with primary refrac-
tory disease. Response rates to a second course of horse or rabbit 
ATG/CSA ranges from 20% to 70% with the weighted average 
closer to 30%.129,130,131,132,133 High-dose cyclophosphamide or 
alemtuzumab may also salvage up to 30% of patients with refrac-
tory SAA.134–136 All of these potential options should be discussed 
with patients; however, patient age, performance status, timing 
and availability of a bone marrow donor, insurance coverage, and 
institutional expertise are factors in the decision process.

treatment of hepatitis-associated Severe 
aplastic anemia
There are no large prospective series to determine the best 
treatment for HAA, in part due to the rarity of the disease. Most 
reports consist of registry data, case series, or single case reports. 
Because HAA predominantly occurs in children, allogeneic BMT 
from an HLA-identical sibling is usually considered as first-line 
therapy. In patients without an HLA-identical sibling, ATG/CSA 
and high-dose cyclophosphamide have produced durable remis-
sions.41,137 The EBMT performed a retrospective cohort study 
from 257 centers to assess the epidemiology and treatment out 
of HAA.138 They identified 214 patients managed between 1990 
and 2007. The incidence of HAA was 5% and the response rate 
and outcome did not appear to differ from idiopathic SAA. Similar 
results were reported by the Japan Childhood Aplastic Anemia 
Study Group who analyzed the outcome of 44 children with HAA. 
They reported a 70% response rate with immunosuppressive 
therapy and an 88% overall survival at 10 years.139

Other Therapies
Numerous reports suggest that anabolic steroids are effective in 
treating aplastic anemia;140,141,142 however, for SAA, controlled 
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clinical trials have shown no benefit in terms of hematopoietic 
improvement143 or survival.87 Although it is clear that androgens 
should not be used as first-line therapy in SAA, a 3- to 6-month 
trial is not unreasonable in patients with refractory disease. 
Danazol, oxymetholone, and decanoate are often tried in such 
cases. Careful monitoring of liver function tests and vigilance 
for other hepatic complications (adenomas, tumors, etc.) are 
required. Eculizumab is a humanized monoclonal antibody that 
blocks terminal complement activity and prevents intravascular 
hemolysis in PNH.74 The drug is FDA approved for the treatment 
of PNH but it does not improve bone marrow function; thus it 
should not be used to treat aplastic anemia.
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C h a p t e r  3 9

ACquiReD ReD Cell AplAsiA
Pure red cell aplasia (PRCA) is an acquired syndrome character-
ized by normochromic normocytic anemia, severe reticulocytope-
nia (reticulocyte count <1%), and an almost complete absence of 
erythroblasts from the bone marrow (erythroblasts <0.5%).1,2 In 
contrast to aplastic anemia, in which the aplasia involves all three 
cell lines, in PRCA the aplasia is selective for the erythroid cell line 
so that patients have normal leukocyte and platelet counts.3 PRCA 
is a rare disorder that affects any age group and both males and 
females equally.

This disorder was first described by Kaznelson in 19224 
and has appeared in the literature under a variety of different 
names, including pure aplastic anemia, erythrophthisis, chronic 
hypoplastic anemia, aplastic crisis, erythroblastopenia, erythro-
genesis imperfecta, Blackfan-Diamond syndrome, pure red cell 
agenesis, and primary red cell anemia.1 Today the term PRCA is 
used primarily to describe this disorder in adults, although some 
of the causes of RBC aplasia in adults also are seen in children. 
Diamond-Blackfan anemia (DBA) refers to a pathophysiologically 
different congenital syndrome of children. Transient erythroblas-
topenia of childhood (TEC) describes a typically self-limited PRCA 
variant that occurs most commonly in infants and children and is 
discussed below. It must be noted, however, that DBA can present 
in adulthood and should be considered in the differential diagno-
sis of PRCA at any age.

PRCA may be primary or may be secondary to a variety of neo-
plastic, autoimmune, or infectious diseases (Table 39.1). Primary 
acquired PRCA affects individuals of any age in the absence of any 
underlying disorder. It may run an acute and usually self-limited 
course or may persist chronically as a form of refractory anemia. 
In adults the acute form of primary PRCA is very rare and the 
chronic form of this disorder predominates. Acute PRCA in adults 
escapes diagnosis because acute arrest of erythropoiesis of short 
duration does not lead to symptoms of anemia, as a result of the 
long lifespan of the red cells.

etiology and pathogenesis
PRCA may occur as a primary disorder or may develop as a 
hematologic complication in the course of a variety of diseases 
(Table  39.1). In the section that follows, differing etiologies 
of PRCA and their associated pathogenetic mechanisms are 
described. Secondary etiologies are arranged in approximate 
order of clinical significance or frequency.

primary acquired (autoimmune)  
pure red Cell aplasia
In primary acquired PRCA and TEC, multiple studies have indi-
cated that the arrest of erythropoiesis is caused by the presence 
in the patient’s plasma of an erythropoietic inhibitor. Early studies 
in mice have shown that injection of patients’ plasma leads to a 
significant suppression of in vivo erythropoiesis as measured by 
59Fe incorporation into newly formed red cells.101,102 Evaluation 
of the response of patients’ marrow cells to erythropoietin by 
measuring heme synthesis in vitro showed that, in the presence 
of normal plasma, PRCA marrow responds normally to erythro-
poietin, but in the presence of a patient’s autologous plasma, a 

significant decline in heme synthesis is observed, suggesting the 
presence in the patient’s plasma of an inhibitor acting on ery-
throid cells.103,104 In about 60% of cases, patients’ marrow cells 
respond to erythropoietin in a normal way by increasing the rate 
of heme synthesis by 2- to 9-fold and in about 40% an inhibitor 
of erythropoiesis can be detected in their plasma. This inhibitor 
has been localized to the IgG fraction, and it disappears from the 
plasma after remission of PRCA.103–105

The stage of erythropoiesis at which the arrest occurs has been 
studied by assaying PRCA marrow cells in semisolid media for 
erythroid progenitors. Despite a conspicuous absence of erythro-
blasts from the PRCA marrow, in at least 60% of patients, normal 
numbers of early burst-forming unit erythroid (BFU-E) and late 
colony-forming unit erythroid (CFU-E) erythroid progenitors can 
be detected, indicating that the arrest occurs at any level between 
CFU-E and basophilic erythroblasts. In the remainder of patients 
the erythroid cell compartment is affected at a stage earlier than 
the CFU-E, so that the CFU-E and/or BFU-E marrow pools are 
significantly reduced.1,106–108 The presence of normal numbers of 
erythroid progenitors has been associated with a favorable out-
come of immunosuppressive therapy.106,108 The patient’s serum 
IgG inhibits maturation and differentiation of erythroid progeni-
tors into erythroblasts in vitro. The inhibition is dose-dependent 
and is no longer present in the IgG fraction of the patient’s plasma 
collected after remission.105 The inhibitory effect of the IgG is spe-
cific for erythroid cells, because no effect on myeloid progenitor 
cell growth is detected.107–109

The target antigen and mode of action of the IgG inhibitor of 
erythropoiesis has been investigated in a number of cases of pri-
mary autoimmune PRCA, but appears to be variable. As discussed 
above, it may target erythroid CFU-E and/or BFU-E progenitors or 
it may be directed against morphologically recognizable erythro-
blasts.110,111 The molecule(s) on the erythroid cell membrane with 
which the PRCA IgG inhibitor interacts has not yet been defined. 
In rare cases, endogenous erythropoietin itself appears to be the 
target antigen.112,113 In some cases of autoimmune hemolytic 
anemia, concurrent with PRCA, the antibody causing hemoly-
sis can also suppress erythroid progenitor colony formation,75 
while in other cases the two processes result from two different 
antibodies.76,77

In addition to antibody-mediated PRCA, cases of PRCA have 
been reported in which the immunologic mechanism is T cell 
mediated. These cases appear to be particularly associated with 
thymomas.114–121 There are also cases of PRCA in which no 
immune pathogenic mechanism or other known mechanism can 
be established by in vitro assays. These cases are classified as 
idiopathic PRCA. However, failure to demonstrate an immune 
mechanism does not necessarily exclude an immune pathogen-
esis, since the outcome of treatment seems to be the same among 
autoimmune and idiopathic cases.1

transient erythroblastopenia of Childhood
This is a common cause of acquired red cell aplasia in young chil-
dren122,123 due to a transient antibody-mediated suppression of 
normal erythropoiesis.124,125 The disorder is characterized by the 
gradual (over weeks) development of anemia (hemoglobin level of 
2 to 8 g/dl), reticulocytopenia, and a pronounced reduction of bone 
marrow erythroblasts. The platelet count is normal to increased. 
The leukocyte count is usually normal, although 20% of children 
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may have significant neutropenia (less than 1,000 neutrophils 
per dl). The disorder uniquely occurs in previously healthy young 
children from 6 months to 4 years of age and is seen with equal 
frequency in boys and girls. Occasionally cases of the disorder 
occur in clusters, suggesting it may be a consequence of some 
seasonal environmental toxin or virus. To date, however, serologic 
studies have failed to reveal exposure to a common virus. The 
natural history of TEC is that all patients recover spontaneously in 
a few weeks and there are no long-term hematologic sequelae. In 
many children with the disorder, particularly if there is evidence 
of recovery at the time of diagnosis, no specific therapy other 
than careful observation is necessary. Erythrocyte transfusions 
are indicated only if a child is symptomatic from the anemia, 
and rarely is more than one transfusion needed. Neither iron nor 
steroid therapy have any role in the management of this disorder. 
The diagnosis often is confused with that of iron deficiency ane-
mia, although the erythrocytes in patients with TEC are normo-
cytic (mean corpuscular volume [MCV] 70 to 85 fl, which is normal 
for children), whereas iron deficiency anemia is characterized by 
microcytosis (MCV, 50 to 70 fl). TEC also may be confused with 
DBA, although the latter generally presents before 6 months of 
age, often is associated with congenital abnormalities, and usually 
is characterized by macrocytic erythrocytes with many fetal-like 
features. (See section “Diamond-Blackfan Anemia.”)

Myelodysplastic primary pure red Cell aplasia
A small percentage of cases of idiopathic PRCA, usually refractory 
to treatment, may evolve into acute leukemia, and these cases 
are classified as preleukemic or myelodysplastic.1,126 In a sense, 
such cases should be regarded not as part of a PRCA syndrome 
but rather as myelodysplastic morphologically resembling PRCA.

parvovirus-induced pure red Cell aplasia
It has been known for many years that human B19 parvovirus 
is responsible for the aplastic crisis seen in patients with chronic 
hemolytic anemia.127,128,129–131 It was subsequently demonstrated 
that B19 parvovirus can produce chronic PRCA in immunocom-
promised patients, such as those with HIV, posttransplantation, or 
on immunosuppressive drugs.45,46,47,132–141

B19 parvovirus directly infects human erythroid progenitors 
by a process requiring the red cell surface P antigen (globo-
side).142,143 Individuals who do not express P antigen are not 
susceptible to parvovirus infection.144 B19 parvovirus induces 
apoptosis in erythroid progenitors.145 The precise mechanism by 
which this occurs in unclear, but appears to involve viral non-
structural protein 1.146,147 Hypoxia-inducible factor-1 appears to 
upregulate expression of viral messages in infected cells.148

recombinant erythropoietin-induced Immune 
pure red Cell aplasia
As noted earlier, autoimmune PRCA caused by antibodies against 
endogenous Epo has been described infrequently.112,113,149 
Beginning in the mid- to late 1990s, cases of PRCA associated with 
antibodies against recombinant human (rh) Epo began to appear. 
These cases occurred in patients with end-stage renal disease 
receiving rhEpo for anemia management.99,150–156

These cases were unusual in that more than 90% of cases 
involved a particular rhEpo product, it was primarily associ-
ated with subcutaneous treatment, the vast majority of cases 
occurred outside the United States, and there was wide nation-
to-nation variation, even allowing for use of specific rhEpo 
products.99,157,158–161,162,163,164,165 Eventually the process was 
attributed to packaging features of the rhEpo product (such as 
adjuvant effects of the material used in syringes).157,166–170 In 
response to changed packaging, the problem has largely resolved. 

Congenital

Inherited
 Diamond-Blackfan anemia

Not inherited
 Pearson syndrome

Acquired PRCA
Primary
 Autoimmune (includes TEC)
 Preleukemic
 Idiopathic
Secondary, associated with
 Thymoma1,5,6,7

 Hematologic malignancies
  Chronic lymphocytic leukemia
   B cell type1,8,9,10

   T cell type1,11

  Hodgkin disease12

  Non-Hodgkin lymphomas13,14,15

  Angioimmunoblastic lymphadenopathy16,17–20

  Multiple myeloma21,22

  Waldenström macroglobulinemia23

  Chronic myelogenous leukemia24,25

  Chronic myelomonocytic leukemia9

  Myelofibrosis with myeloid metaplasia1,26,27

  Essential thrombocythemia28,29

  Acute lymphoblastic leukemia30–32

  Chronic eosinophilic leukemia33

Solid tumors1

  Gastric cancer34

  Breast cancer35

  Biliary cancer36

  Primary lung cancer37

  Primary skin cancer38,39

  Thyroid cancer40

  Thymus cancer41

  Renal cell carcinoma42

  Carcinoma of unknown primary site1

  Kaposi sarcoma43,44

Infections
  Human B19 parvovirus45–46,47,48,49,50

  Human immunodeficiency virus51

  T cell leukemia-lymphoma virus52

  Infectious mononucleosis53,54

  Viral hepatitis55–59

  Mumps1

  Cytomegalovirus60

  Bacterial infections1,61–63

  Leishmaniasis64

Chronic hemolytic anemias65,66

Collagen vascular/Autoimmune diseases
  Systemic lupus erythematosus67,68,69–71

  Rheumatoid arthritis72

  Mixed connective tissue disease73

  Autoimmune multiple endocrine gland insufficiency74

  Autoimmune hemolytic anemia75,76,77

  Autoimmune hepatitis78,79

  Primary sclerosing cholangitis80

  Inflammatory bowel disease78

Pregnancy81–83,84,85,86

Severe renal failure87

Severe nutritional deficiencies61,88

  Vitamin B12 deficiency89

  Riboflavin deficiency88,90

  Folate deficiency91

Miscellaneous
  Post-ABO-incompatible stem cell transplantation92,93,94,95,96

  Castleman’s disease97,98

  Anti-Epo antibodies after treatment with Epo99,100

Epo, erythropoietin; PRCA, pure red cell aplasia; TEC, transient erythroblastopenia of childhood.

ClassifiCatiOn Of PuRe ReD Cell aPlasia

taBLe 39.1
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normochromic anemia and reticulocytopenia is a frequent mani-
festation of advanced-stage CLL and is usually attributed to the 
primary disease process. The development of erythroid aplasia 
does not affect the prognosis of CLL and in the majority of cases 
does not seem to be related to previous cytotoxic chemotherapy.1,8 
PRCA has been also described in association with Hodgkin12 and 
non-Hodgkin lymphomas,13 multiple myeloma,21 Waldenström’s 
macroglobulinemia,23 angioimmunoblastic lymphadenopathy,16 
and Castleman’s disease.97

Most pathophysiologic studies have been performed in CLL-
associated PRCA. PRCA appears to derive from immune suppres-
sion, but not typically through inhibitory antibodies.14 Various 
studies have demonstrated that in T cell CLL (including LGL type), 
the T lymphocytes are responsible for the suppression of erythro-
poiesis.11,184,185 The suppression is mediated by direct cell-to-cell 
interaction, mainly between a subset of T cells expressing recep-
tors for the g chain of IgG (Tg cells) and erythroid progenitors, 
and it is HLA-DR restricted.184 The suppression is selective for 
the erythroid cells and is not detectable after remission of the 
PRCA.184,185 Similar findings have been reported in B cell CLL, 
in which there seems to be a progressive increase in the marrow 
of Tg cells, which, when they reach a critical concentration, sup-
press erythropoiesis and cause red cell aplasia.116,117,121 In LGL 
lymphocytosis, clonal expansion of LGLs of the g/d type express-
ing killer-cell inhibitory receptors for Class I HLA antigens has 
been shown to be responsible for lysis of erythroblasts, most likely 
related to the declining density, with eventual disappearance of 
HLA-I antigens in late marrow erythroid cells. However, the role 
of killer-cell inhibitory receptors in the pathogenesis of PRCA in 
large granular lymphocytosis remains unclear, since such recep-
tors are also detectable in large granular lymphocytosis patients 
without PRCA.186,187 Expansion of the marrow population of 
CD8+/perforin+ memory T cells has also been noted in thymoma-
associated PRCA patients.188

Other hematologic Malignancies
PRCA has been reported in association with chronic myelog-
enous leukemia,24,25 chronic myelomonocytic leukemia,9 chronic 
eosinophilic leukemia,33 primary myelofibrosis,26,27 essential 
thrombocythemia,28 and acute lymphoblastic leukemia.30,31 Few 
cases have been studied in detail, but in general the course of 
PRCA appears to run independently of the associated disease and 
may reflect a coincident autoimmune disorder.24

Nonthymic Solid tumors
There have been a number of reports of PRCA observed in patients 
with nonthymic, nonhematologic malignancies (see Table  39.1). 
Given that these reports are rare and that the primary malignancy 
and PRCA typically run independent courses,1 it is likely that the 
association is coincidental.

autoimmune Disorders/Collagen Vascular 
Disease
It should not be surprising that PRCA is a hematologic complica-
tion of various autoimmune diseases, including collagen vascular 
diseases, such as systemic lupus erythematosus,67,68 rheumatoid 
arthritis,72 mixed connective tissue disease,73 Sjögren syn-
drome,6,189 autoimmune hemolytic anemia,75,76,77 multiple endo-
crine gland insufficiency,74 autoimmune hypothyroidism,190,191 
inflammatory bowel disease,78 autoimmune liver disease,79,80 
pyoderma gangrenosum,192 and pernicious anemia.89 PRCA may 
occur prior to, during, or after the onset of these disorders. When 
investigated in detail, cases of PRCA associated with autoimmune 
or collagen vascular diseases are typically found to be mediated 
by antibodies which inhibit erythropoiesis.193,194

It has been suggested that the low level immunogenicity of rhEpo 
might be enhanced in specific patients by the presence of Epo-
specific CD4+ T cells, or by HLA-DRB1*09.92,171,172,173,174

thymoma
The association between thymic neoplasms and PRCA has been 
known for many years.5,6,7,40,175–177,178 PRCA may precede the 
development of thymoma, coexist with thymoma, or develop even 
years after the surgical removal of a thymoma. The incidence of 
PRCA among patients with thymoma was earlier estimated to be 
as high as 15%; however, in more recent reports the incidence was 
found to be close to 4%.1,179 Approaching it from the other per-
spective, the presence of a thymoma among patients presenting 
with PRCA was initially reported to be as high as 50%, but in more 
recent series it was estimated to be close to 9%.1,61,118,175,180 The 
pathogenetic mechanism involved is uncertain but presumably 
related to T cell–mediated processes.118,120,181,182

Lymphoproliferative Disorders
Various lymphoproliferative syndromes have been associated with 
severe erythroid aplasia (see Table 39.2), with chronic lymphocytic 
leukemia (CLL) of B cell, T cell type, or with the large granular 
lymphocyte (LGL) type, the last being the most frequent.8,183 The 
incidence of severe erythroid aplasia among patients with CLL 
may be as high as 6%, with many cases missed because severe 
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aBO-incompatible Stem Cell transplantation
PRCA may occur as a consequence of ABO-incompatible bone 
marrow or stem cell transplantation.93,94,195–197 In one series, this 
complication occurred in 26% of ABO-incompatible transplants 
and was most common in circumstances where a blood group 
O recipient was transplanted from a blood group A donor.197 
Erythroid precursors express surface blood group antibodies, and 
anti-A or anti-B isoagglutinins from recipient plasma cells are the 
etiologic agents.94 There is a 60% to 70% frequency of spontane-
ous recovery, but the remainder may developed sustained PRCA 
requiring treatment.197

pure red Cell aplasia with Infections  
Other than parvovirus
Acute, self-limited PRCA may develop in the course of various 
infections.1,51,53,55,60,62,64,199,200 Viral hepatitis and infectious 
mononucleosis in particular have been reported many times in 
association with PRCA. In general, PRCA remits with treatment 
or the resolution of the underlying infection. Studies on the 
pathogenesis of PRCA in the course of viral hepatitis, infectious 
mononucleosis, and HTLV-1 infection have suggested that the sup-
pression of erythropoiesis is mediated by cytotoxic T lymphocytes.

Drugs and Chemicals
Many drugs and chemicals have been reported as causes of 
PRCA38,92,139,201–222,223,224–226 (Table 39.2). Drug-induced PRCA 
is usually an acute disorder that remits soon after discontinua-
tion of the drug or cessation of exposure to the chemical. It may 
appear after the first exposure to the drug or a significant time 
after its initiation. In most instances, the association of a drug with 
PRCA is circumstantial and is based on the evidence that PRCA 
remits after discontinuation of the drug.1,227 Diphenylhydantoin, 
azathioprine, chlorpropamide, and isoniazid have been repeat-
edly implicated as causes of PRCA, and in certain instances their 
association with PRCA has been proven by recurrence of anemia 
upon reinstitution of therapy.1

Different drugs cause erythroid aplasia through different 
mechanisms. Studies on direct drug effects on erythroid cell 
growth in vitro may be confusing because many drugs may have 
nonspecific effects on hematopoietic colony formation in vitro. IgG 
inhibitors of erythropoiesis have been shown for diphenylhydan-
toin and rifampicin.206,228 Isoniazid and procainamide appear to 
use a different mechanism.229,230

pregnancy
Pregnancy also has been associated with PRCA that usually but 
not always, remits after delivery.81–85,86 Development of PRCA 
during one pregnancy does not necessarily predict recurrence 
of the disease in subsequent pregnancies. This syndrome is also 
discussed in Chapter 42.

Miscellaneous Disorders
In rare cases, PRCA has been associated with renal failure,87 
severe malnutrition producing marasmus and/or kwashiorkor,61,88 
and riboflavin,88,90 vitamin B12,89,91 and folic acid deficiencies.91

Clinical presentation
There are no clinical features or physical findings characteristic 
of PRCA other than the signs and symptoms of anemia. Since a 
complete arrest of erythropoiesis would cause a decline of red cell 
mass of roughly 1% a day, so the development of anemia in PRCA 
is gradual, allowing for physiologic compensation which would 

mitigate symptomatology for any given degree of anemia. In sec-
ondary cases, physical findings related to the underlying disease 
may be present. Patients with chronic PRCA requiring transfusion 
support may have findings suggesting iron overload.

Laboratory evaluation

Peripheral Blood Counts
In acquired PRCA the erythrocytes are normochromic and nor-
mocytic. There is a complete absence of polychromatophilic red 
cells on the smear, and the reticulocyte count is between 0% 
and  1%. A reticulocyte count >1% should raise serious doubt 
about the correctness of the diagnosis. The white cell count and 
the differential count are usually normal. Occasionally, mild 
leukopenia, lymphocytosis, and/or eosinophilia may be present. 
The platelet count is usually normal. Mild thrombocytopenia of 
100,000 to 150,000 platelets/ml is occasionally seen, and some 
patients may have a mild reactive thrombocytosis. When present, 
these abnormalities typically reflect a state of immune activation.

Bone Marrow
The hallmark of PRCA is the absence of erythroblasts from an 
otherwise normal marrow. The cellularity of the marrow is normal 
or slightly increased. Markedly increased cellularity with elimina-
tion of fat spaces should lead away from the diagnosis of PRCA. 
In typical cases the erythroblasts are either totally absent, or they 
constitute <1% on the marrow differential count (Fig. 39.1A). In a 
small number of cases, a few proerythroblasts and/or basophilic 
erythroblasts may be seen, not exceeding 5% of the differential 
count.1,231 The presence of large proerythroblasts (“giant pronor-
moblasts”) with vacuolated cytoplasm and pseudopodia formation 
may raise the suspicion of an active B19 parvovirus infection but 
are not diagnostic.232–234

In some cases a phase of ineffective erythropoiesis character-
ized by erythroid hyperplasia with maturation arrest at the stage 
of proerythroblasts or basophilic erythroblasts in the marrow and 
reticulocytopenia in the blood may precede the development of 
PRCA, develop during the course of PRCA, or appear after partial 
response to treatment and before the return of erythropoiesis to 
normal.235,236 While this morphologic picture in the absence of 
dysplastic changes in other lineages or cytogenetic abnormalities 
should raise suspicion of PRCA, bone marrow examination would 
need to be repeated at a later time to confirm the diagnosis.

The myeloid cells and the megakaryocytes in the marrow 
are normal and exhibit full maturation. An increased number of 
lymphocytes on marrow smear, or an increased number of lym-
phoid aggregates in marrow biopsy, or a mild increase in plasma 
cells, eosinophils, or mast cells may be seen. These findings are 
presumed to reflect inflammatory/immune activation. Iron stores 
are increased and normally distributed, but during recovery or 
the phase of ineffective erythropoiesis, a few ring sideroblasts 
may be seen.1

Cytogenetics
Cytogenetic studies on marrow cells in PRCA are normal. An 
abnormal karyotype indicates a preleukemic/myelodysplastic 
disorder with the morphologic appearance of erythroid hypopla-
sia.126,237,238 Such patients do not respond well to immunosup-
pression.126,239

Ferrokinetics
Ferrokinetic studies show a prolonged clearance of 59Fe, no 
accumulation of iron in the sacral bone, and almost undetectable 
incorporation into red cells, findings consistent with an almost 
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complete arrest of erythropoiesis. Ferrokinetic parameters return 
to normal after full hematologic recovery except in adult patients 
in partial remission, in whom ineffective erythropoiesis may be 
present.235 Bone marrow imaging by the use of 59Fe or 98In shows 
little or no uptake, but returns to normal upon remission. In both 
children and adults with PRCA, 51Cr red cell survival is mildly 
shortened to a degree inadequate to explain the severity of the 
anemia.235,236,240 Patients who are refractory to treatment and 
who are supported by regular red cell transfusions may develop a 
significant hemolytic component after alloimmunization or devel-
opment of hypersplenism.1

Other Laboratory Abnormalities
Vitamin B12, folic acid, ferritin, serum iron, and saturation of 
transferrin are normal or elevated. Serum erythropoietin levels 
are increased in proportion to the severity of the anemia.3 A num-
ber of different immunologic abnormalities have been reported in 
patients with chronic PRCA, including hypogammaglobulinemia, 
monoclonal gammopathies, pyroproteins, decreased comple-
ment, antinuclear antibodies, decreased or increased B cells, 
and impaired PHA-induced lymphocyte cytotoxicity.1,3,120,241 
More recently, in a number of patients the presence of lympho-
cytes with g or d T cell receptor gene rearrangement has been  
described.114,116,119,121,182,242,243 Some of these cases certainly 
represent PRCA secondary to a T cell lymphoproliferative disorder 
and not primary PRCA.

evaluation and treatment
PRCA, myelodysplastic syndromes (MDSs), and other primary 
marrow failure disorders are suspected in similar clinical cir-
cumstances, and the initial diagnostic approach is bone marrow 
examination. Specimens should be sent for cytogenetics and flow 
cytometry as well as routine pathology. In PRCA, a normocellular 
marrow in which there is almost a complete absence of eryth-
roblasts but with normal myeloid cells and megakaryocytes is 
expected. A hypocellular marrow with trilineage hypoplasia sug-
gests aplastic anemia; dyspoietic marrow morphology, or ringed 
sideroblasts, suggests an MDS.

In all patients with PRCA, polymerase chain reaction (PCR) 
testing for parvovirus DNA should be performed.244,245 Parvovirus 
serology may be of value in immunocompetent patients, but is 
misleading in the immunocompromised.245 For that reason, PCR 
on peripheral blood is the test of choice. If parvovirus testing 
is negative, computerized tomography should be performed on 
all adult patients to rule out thymoma. Flow cytometry studies 
performed on the diagnostic bone marrow will identify a lympho-
proliferative disorder as the possible etiology of PRCA. Abnormal 

cytogenetics would indicate an MDS. Patients with renal failure 
who develop PRCA while being treated with rhEpo should be 
evaluated for anti-Epo antibodies. Testing for underlying autoim-
mune disorders can be performed if otherwise clinically indicated, 
but typically would not alter therapy.

Immunosuppressive/Immunomodulatory 
therapy
Drugs should be reviewed as possible contributors to PRCA, 
and any active infection should be treated. Underlying malig-
nancies should be treated. MDSs appearing as PRCA should 
be managed as MDSs (Chapter 79). Otherwise, in the absence 
of documented parvovirus infection or thymoma, the initial 
approach to PRCA is immunosuppression or immunomodula-
tion (Table 39.3). Figures 39.1A and 39.1B display bone marrow 
biopsy results from a patient before and after immunosuppres-
sion. Approximately two-thirds of PRCA patients will respond to 
an immunosuppression approach.1,108,239,246–248

Corticosteroids
Corticosteroids are the traditional first line drugs. Prednisone is 
given orally at a dose of 1 mg/kg/day until a remission is induced. 
As indicated in Table 39.3, approximately 40% of patients will have 
a remission on steroids. Corticosteroid-induced remission usually 
occurs within 4 weeks and continuation of a trial with prednisone 
longer than 12 weeks is not recommended.246 The effect of treat-
ment can be assessed by weekly reticulocyte counts and measure-
ments of hemoglobin concentration. A rising reticulocyte count 
and/or stabilization of the hematocrit are the first laboratory find-
ings indicating response to treatment. Once the hematocrit reaches 
a level of 35%, the dose of prednisone can be tapered very slowly 
and the drug can be eventually discontinued, preferably after 3 to 
4 months. Rapid tapering of prednisone may lead to recurrence of 
anemia. A number of responders may be prednisone-dependent, 
requiring small doses of the drug to maintain a normal hemato-
crit.246,249,250 The dependence of the response on low-dose pred-
nisone can be assessed during the period of slow tapering, and the 
minimum dose required can be easily determined.

For patients who do not respond to prednisone within 2 to  
3 months, the dose should be rapidly tapered to approximately 20 
to 30 mg daily, and the use of a second agent considered.

Cyclosporine
Cyclosporine appears to be the single most effective immu-
nosuppressive used for PRCA (Table 39.3), and it has been 

FIGURE 39.1. A: Characteristic bone marrow biopsy from a Pure red cell aplasia (PRCA) patient. B: Bone marrow biopsy from same patient after successful 
response to immunosuppression. Note easily identifiable erythroblasts.
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suggested that it should be considered the immunosuppres-
sive drug of choice for this disorder.247 Figure 39.2 shows the 
response of a patient refractory to several other agents prior 
to cyclosporine therapy.105 Cyclosporine is substantially more 
expensive than prednisone, and requires monitoring of drug 
levels and of renal function.

Cyclosporine may be used as a single agent or concurrently 
with low-dose prednisone (usually 30 mg prednisone/day or 
less). The usual starting dose of cyclosporine is 6 mg/kg/day, 
although initial doses as much as 12 mg/kg/day have been 
used.105,248,251,252 Target trough levels are 150 to 2,500 ng/ml.248 
When the hematocrit approaches target levels (usually 35% to 
36%), a slow taper is begun. Some patients may require mainte-
nance therapy. If a patient has not responded in 3 to 4 months, 
cyclosporine should be tapered off and another agent started.

Although cyclosporine is not leukemogenic as are some of the 
cytotoxic drugs used for PRCA, there are reports of lymphoma 

development in PRCA patients treated with cyclosporine.105 
Whether these cases represented treatment-induced lymphomas 
or were cases of lymphoma-associated PRCA is not clear.

Cytotoxic Agents
In patients not responding to prednisone, cyclosporine, or both, 
cyclophosphamide or azathioprine can be given alone, or with 
small doses of prednisone, which seems to increase the effective-
ness of treatment. The overall response rate to cytotoxic agent–
based therapy is approximately 40% (Table 39.3). The initial dose 
of either agent is 50 mg po daily. If the white blood and platelet 
counts allow it, it is increased by 50 mg weekly or biweekly to a 
maximum of 150 mg daily until remission occurs or bone mar-
row suppression develops. The mean time to response is about 
11 to 12 weeks, with a broad range of 2 to 26 weeks.1,108,239,246 
If response occurs, prednisone is tapered and then the dose of 
cytotoxic agent is progressively decreased and eventually discon-
tinued. If bone marrow toxicity develops, the drug is discontinued 
and the marrow is allowed to recover. If, after 3 months of treat-
ment, no response and no marrow toxicity is seen, the dose can be 
increased progressively (by 50 mg biweekly) to a maximum toler-
able or 250 mg daily under close monitoring of the blood counts. 
If reticulocytosis or stabilization of the hematocrit is noticed, 
the dose is gradually reduced. If the absolute neutrophil count 
decreases to <1,000/ml or the platelet count drops to <100,000/ml, 
the cytotoxic drug is discontinued. In a number of patients, with 
the return of granulocytes and platelets to normal, a reticulocyto-
sis is seen, followed by a return of erythropoiesis to normal. If no 
response occurs, another type of immunosuppressive treatment 
should be initiated.

Other Immunosuppressive/Immunomodulatory 
Modalities
Rituximab, a humanized monoclonal antibody against CD20, 
has been reported to be effective in PRCA whether primary/
autoimmune or associated with lymphoproliferative disor-
ders.10,15,68,137,163,253,254,255,256 It has also been used effectively 
in PRCA following ABO-incompatible stem cell transplanta-
tion.15,95,96,257,258,259–260 In isolated case reports, successful treat-
ment of PRCA by Campath-1H261 or alemtuzamab262–264 have 
been reported.

• Study • Dessypris1 • Lacy et al.239 • Charles et al.108 • Sawada et al.247 • Total

• Number of patients • 49 • 47 • 37 • 62 • 195

• Primary PRCA • 32 • 25 • 18 • 62 • 137

• Secondary PRCA • 17 • 22 • 19 • 0 • 58

• Corticosteroids • 18/41a • 9/29 • 9/36 • 14/22 • 50/128 (39%)

• Cytotoxic agentsb • 24/54 • 14/29 • 8/27 • 0/3 • 46/113 (41%)

• Antithymocyte g-globulin • 2/6 • 0/1 • 8/12 • — • 10/19 (53%)

• Cyclosporine • 3/4 • 4/5 • 2/3 • 28/36 • 37/48 (77%)

• Intravenous immunoglobulin G • — • 1/2 • 2/8 • — • 3/10 (30%)

• Plasmapheresis • — • — • 0/2 • — • 0/2 (0%)

• Splenectomy • 4/23 • 0/1 • 0/1 • — • 4/25 (16%)

• Multiple treatments • 35/49 • 28/47 • 28/37 • — • 91/133 (68%)

Note: Many patients did not respond to treatment or suffered relapses, so one patient may be included in more than one treatment modality.
a Number of responders/number of patients treated.
b Including cyclophosphamide, azathioprine, or methotrexate, each given either alone or in combination with prednisone.

ResPOnse Of PuRe ReD Cell aPlasia (PRCa) tO VaRiOus immunOsuPPRessiVe theRaPies

taBLe 39.3

FIGURE 39.2. Time course of response of patient 9 to Cyclosporine A (CsA). Hematocrit 
(closed circles ) and uncorrected reticulocyte count (open circles ) are shown. Treatments admin-
istered in the 8 months prior to CsA (equine antithymocyte globulin [ATG] and rabbit antilympho-
cyte serum [ALS]), and the duration of CsA therapy, are indicated on the figure. Prior to beginning 
CsA (time 0), the patient had required biweekly transfusion to maintain his hematocrit at the 
levels indicated. No transfusions have been required subsequently. Reproduced with permission 
from Means et al. Br J Haematol 1991;78:114–119. RBC, Red blood cells.

–6

25

30

35

45

Months

ATG 20 mg/kg/d   8 d×

×ALS 22.5 ml/d   14 d

CsA 12 mg/kg/d /
Prednisone 30 mg/d

RBC Transfusion 2 units/2 weeks

0 6 12 18 24
0

5

R
et

ic
u

lo
cy

te
s 

(%
)

H
em

at
o

cr
it

 (
%

)

10

40

72683_ch039_0975-0989.indd   980 7/31/13   11:54 AM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 39 Red Cell aplasia: acquired and Congenital Disorders 981

High-dose intravenous g-globulin is primarily used for the 
treatment of parvovirus-induced PRCA (below). It has also been 
shown to be effective in patients with immune-mediated PRCA, 
whether primary or secondary.265,266,267,268 Donor lymphocyte 
infusion has been reported to be effective in PRCA following ABO-
incompatible stem cell transplantation.95,269,270

There are a number of immunomodulatory modalities used pri-
marily in PRCA patients who are refractory to other approaches. 
Plasmapheresis may be considered in patients who have failed 
other immunosuppressive approaches. Since the IgG inhibitor of 
erythropoiesis removed by plasmapheresis is distributed in both 
intravascular and extravascular spaces, an aggressive approach 
to plasmapheresis is required, often in concert with immunosup-
pression.271,272,273,274 Antithymocyte globulin (ATG), formerly 
the routine therapy after corticosteroids and cytotoxic agents, is 
used uncommonly in refractory patients. The overall response 
rate to ATG is approximately 50% (Table 39.3). ATG is given 
on the same treatment schedule as is used for aplastic anemia 
(Chapter 38).108,239,246,275

Splenectomy has also been used as a final therapeutic 
maneuver in patients who are refractory to all other forms of 
treatment. Responses to splenectomy have been reported in 
∼17% of such recalcitrant-to-treatment cases within the first 
2 to 3 postoperative months.1,240,276–279 After splenectomy, 
patients may become responsive to agents against which they 
were previously resistant.

There are a small number of case reports of PRCA treated by 
bone marrow or stem cell transplantation.280,281

parvovirus-associated pure red Cell aplasia
As was discussed earlier, in immunocompetent individuals 
B19 parvovirus infection produces transient and self-limited 
erythroid suppression that is generally unnoticed except in 
patients with chronic hemolytic disorders. In immunocompro-
mised patients, parvovirus infection can lead to chronic PRCA. 
Patient with PRCA and documented parvovirus infection (best 
demonstrated by PCR on peripheral blood) should be treated 
with high-dose intravenous gglobulin, which confers passive 
immunity.45,245,268,282,283 If the immunocompromised state per-
sists, periodic retreatment may be necessary. In HIV patients, 
relapses of parvovirus-induced PRCA are rare in patients with 
CD4 lymphocyte count greater than 300/ml.283

thymoma-associated pure red Cell aplasia
In the presence of a thymoma, thymectomy should be performed 
before the initiation of any immunosuppressive treatment. In 30% 
to 40% of patients with thymoma, erythropoiesis returns to nor-
mal within 4 to 8 weeks after thymectomy.5,175,284–286,287,288 In 
patients who either do not respond to thymectomy or recur after 
thymectomy, immunosuppressive therapy is frequently effective. 
Thymectomy in the absence of thymoma is not recommended.1 
Responses to octreotide and tacrolimus have been reported in 
thymoma-associated PRCA.289,290

anti-epo antibody-associated pure red Cell 
aplasia
As noted earlier, many cases of anti-Epo antibody-mediated 
PRCA induced by rhEpo therapy in renal failure patients 
have been reported. Such patients should be managed with 
immunosuppression, like other immune-mediated PRCA  
patients.92,156,158,161,267,274,291–296 The overall response rate 
to immunosuppression has been reported to be 78%, with 
cyclosporine being the most effective agents, and steroids the 
least effective.156,294 Patients who undergo renal transplanta-
tion appear to have remission of PRCA.155,156 In one series, no 

patient who did not receive immunosuppression (with or with-
out renal transplantation) developed a remission,156 while there 
are case reports of eventual recovery with no therapy apart 
from cessation of rhEpo therapy and transfusion support.150,297

The issue of whether or not a patient who has experienced 
anti-Epo antibody–induced PRCA can ever be retreated with 
rhEpo or a different rhEpo product remains an open one. The 
reported antibodies appear to cross react with all available 
rhEpo agents.99 While there are several case reports of suc-
cessful rechallenge with epoetin or darbepoetin, and even of 
recovery while continuing rhEpo therapy,92,298–302 the practice 
is not recommended.303,304

Continuous Epo receptor agonist (CERA) is a peptide which 
is not immunologically similar to rhEpo but activates the 
Epo receptor. CERA has been proposed as a treatment for 
rhEpo-induced PRCA.305 In a study of 14 patients, 13 became 
transfusion-independent, and anti-Epo antibodies became 
undetectable in 6. However, half the patients studied developed 
grade 3 or 4 toxicity.305

refractory pure red Cell aplasia
For patients who respond and relapse, retreatment is often effec-
tive. Despite the variety of therapeutic modalities available, there 
will be some PRCA patients who do not respond to therapy. These 
individuals will require transfusion support, with chelation man-
agement to minimize complications of iron overload.

The survival of patients with primary PRCA is estimated to be 
14 years.246 A poorer prognosis is associated with myelodysplas-
tic PRCA variants. The 3% to 5% of PRCA patients who develop 
acute myeloid leukemia (AML) typically fall into this latter cat-
egory.126,246,306 Development of subsequent aplastic anemia in 
PRCA patients has been reported but is rare.307

DiAMonD-BlACkfAn AneMiA
DBA (Online Mendelian Inheritance in Man, OMIM, #105,650), 
first recognized as a discrete clinical entity in 1938,308 is one of 
a rare group of genetic disorders known as the inherited bone 
marrow failure syndromes (IBMFS).309 These disorders share a 
predilection to bone marrow failure, birth defects, and cancer and 
are characterized by proapoptotic and/or prosenescent hemato-
poiesis. Furthermore, almost in defiance of their rarity, the IBMFS 
have provided extraordinary insights into DNA repair, telomerase 
function, the misfolded protein response, signal transduction and, 
in the case of Shwachman-Diamond syndrome and DBA, ribo-
some biogenesis and function (see Chapter 37).

With the discovery of a number of “DBA genes” and the 
availability of highly annotated patient databases, the diagnos-
tic criteria for DBA have evolved considerably. The classical 
diagnostic criteria, established 75 years ago308 and refined 
decades later,310 are (a) normochromic, usually macrocytic, 
and occasionally normocytic anemia developing in early child-
hood; (b) reticulocytopenia; (c) normocellular bone marrow with 
selective deficiency of erythroid precursors; (d) normal or only 
slightly decreased granulocyte count; and (e) normal or slightly 
increased platelet count. However, with the identification of the 
first gene known to be mutated in DBA it has become evident 
that there exist many not as strictly defined cases. Ongoing gene 
discovery will no doubt classify patients that today are only 
considered to have probable or even possible DBA.311 DBA is 
frequently associated with a variety of somatic malformations 
and rarely with developmental delay, usually in the setting of a 
large genetic deletion. Approximately 80% of patients respond to 
corticosteroids with an improvement in, or complete remission 
of, their anemia.311,312 However, prolonged corticosteroid treat-
ment has been problematic for many patients.312
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Since the first description of this syndrome 75 years ago, a 
number of theories have been put forth regarding its etiology. 
The myriad discarded explanations have included humoral313 or 
cellular314,315 suppression of erythropoiesis, a microenvironmen-
tal defect,316 and accessory cell failure.317 In the late 1970s the 
concept of erythroid failure as a consequence of a block in the 
erythroid maturation pathway was introduced,2,318 and it rapidly 
became evident that the erythroid failure in DBA results from 
an intrinsic erythroid progenitor/precursor–cell defect2,318–320 
rather than an extrinsic immune or microenvironmental abnor-
mality. Convincing data show that there is a defective pathway 
from the multipotent bone marrow progenitor to the mature 
CFU-E, and most prominently through terminal differentiation 
to the proerythroblast and beyond,319,320 in which an intrinsic 
defect in erythroid progenitors and precursors render them 
highly sensitive to death by apoptosis.321,322 It is now clear that 
in at least 60% to 70% of cases, proapoptotic or prosenescent 
erythropoiesis and many of the other manifestations of DBA are 
consequences of faulty ribosome assembly or function.323 Exactly 
how ribosome dysfunction leads to tissue specific red cell failure, 
poor growth, birth defects and cancer remains a topic of intense 
inquiry. However, only approximately 70% of patients with DBA 
can be explained by either sequence changes or deletions in either 
small or large subunit-associated ribosomal protein (RP) genes.324 
David Nathan suggested decades ago that DBA should result from 
faulty transcription regulation of erythropoiesis. Virtually unpre-
dictably, however, DBA is in the majority of instances a ribo-
somopathy. However, the recent discovery of a mutation in the 
erythroid transcription regulator GATA1 in a family with clinical 
DBA325 suggests that DBA is not only a ribosomopathy but also, 
as predicted by Nathan, a “transcriptionopathy.”

etiology and pathogenesis
Normal erythropoiesis is dependent upon interactions between 
erythroid progenitors and accessory cells, the bone marrow 
stroma, and their locally acting cytokines.326 Thus, the erythroid 
failure in DBA could have arisen from an absence of, or failure 
in,327 any one of these elements to act or to respond appropriately. 
Some early investigators described a marrow microenvironmental 
defect316 or implicated accessory cell dysfunction.317 Others seem-
ingly found evidence that the red cell failure in DBA was due to 
the presence of cytotoxic or autoreactive T cells,314,315 or humoral 
inhibitors of erythropoiesis.313 These findings were never substan-
tiated,2,318,319,327,328,329 and it is now accepted that DBA results 
from an intrinsic progenitor defect.2,318–322,329,330,331 Freedman 
et al.2 first suggested that some patients had decreased numbers 
of CFU-E; whereas studies by Nathan et al.,318 using chronically 
affected either multiply-transfused or steroid-dependent patients, 
suggested a block in maturation between the earliest commit-
ted multipotent myeloid progenitor and the immature BFU-E. In 
addition, these investigators found that the progenitors expressed 
in culture were relatively insensitive to erythropoietin,330,331 
reiterated the concept of progenitor hyporesponsiveness to eryth-
ropoietin, and suggested that this abnormality could be corrected 
in part by the addition of glucocorticoids in vitro, implying a rela-
tionship between clinical response to corticosteroids and in vitro 
progenitor response. A series of studies by Lipton and colleagues 
confirmed these observations. In these studies, some patients 
expressed normal, or nearly normal, numbers of BFU-E–derived 
colonies but had decreased numbers of CFU-E–derived colonies 
in the presence of exogenous cytokines and erythropoietin; while 
other patients demonstrated normal numbers of (albeit small 
and poorly differentiated) colonies derived from both BFU-E and  
CFU-E.319 These data suggested that DBA is a heterogeneous dis-
order in which erythropoiesis may be blocked at different stages 
of erythroid differentiation. This observation was later confirmed 
in studies by McGuckin and colleagues.332

Further investigations confirm that DBA is due to an intrinsic 
disorder of the erythroid progenitor that involves its inability 
to respond normally to inducer(s) of erythroid proliferation and 
differentiation,320 resulting in accelerated apoptosis,321 and that 
the effect could be ameliorated by corticosteroids.322 The mecha-
nism of steroid action in DBA is not clear but it is likely that the 
steroid response is not related to the DBA-specific defect. Recent 
studies by Varricchio and colleagues333 suggest that variations in 
alternatively spliced species of the glucocorticoid receptor (GR) 
may explain how GR polymorphisms are an important modifier 
of disease severity and response to corticosteroids. It needs to 
be explored whether specific GR polymorphisms are predictive 
of steroid response in DBA. Clearly, the variable expression of 
both the hematologic and nonhematologic manifestations of DBA, 
particularly within multiplex families, strongly suggests robust 
interactions with modifying genes.

The intrinsic defect in the erythron has not been found to 
be associated with any abnormalities in erythropoietin or its 
 receptor.334,335 A mildly decreased leukocyte count and the 
development of pancytopenia, bone marrow hypoplasia, and 
reduced clonogenic cell output in lymphocyte assays,336 as well 
as hypogammaglobulinemia and T cell abnormalities,317,337 sup-
port this contention in many but not all cases. Furthermore, other 
studies show that, in addition to erythroid progenitors, a defect 
in CFU-GM can be found in a subset of patients.332 These in vitro 
studies are consistent with the observation that neutropenia and 
even aplastic anemia occur in some DBA patients. The response 
of erythroid cell growth and differentiation to a variety of cyto-
kines in addition to erythropoietin, such as SCF and IL-3, has 
been evaluated, with no abnormalities of the cytokines or their 
receptors being identified.338–342 Moreover, somatic malforma-
tions, growth failure, and cancer predisposition cannot be easily 
explained by an abnormality in erythropoietin or cytokine recep-
tors. However, for approximately 30% of patients there is not yet 
an identified gene. Furthermore, there are sufficient numbers of 
patients, in addition to those described by Gazda and colleagues 
as harboring a GATA1 mutation,325 lacking described nonhema-
tologic manifestations of DBA to imply that rare cases may indeed 
involve erythroid-restricted pathways. Additionally, the discovery 
by Ebert and colleagues that an acquired RPS14 mutation can 
explain the erythroid failure in 5q- MDS343 suggests that some 
cases of DBA may be the consequence of acquired somatic, rather 
than germ line, mutations.344

With the identification of the first DBA gene, RPS19, a gene 
that encodes an RP located at chromosome 19q13.2,345,346 and 
a second gene coding for RPS24,347 it became obvious that 
other RP genes would be implicated in the molecular pathogen-
esis of DBA. Based upon the original technique used to describe 
RPS19 (cloning of a cytogenetic abnormality from an informative 
patient), linkage analysis, resequencing of the known ribosome-
associated protein genes, or most recently, a variety of techniques 
for the detection of copy number variants in the genome,324,348 
a number of additional RP gene mutations/deletions have been 
identified, accounting for approximately 70% of all cases of DBA. 
Currently, the RP genes confirmed to be mutated in DBA are 
RPL5, RPL11, RPL35A, RPS7, RPS10, RPS17, RPS19, RPS24, and 
RPS26.324,345–351 Rarer abnormalities of less certain significance 
have been identified in isolated patients or families. These likely 
DBA genes include RPL3, RPL7, RPL9, RPL14, RPL19, RPL23A, 
RPL26, RPL25, RPL36, RPS8, RPS15, and RPS27A.351–354 The 
nature of the mutations studied thus far suggests that there is 
either complete loss of function or nonexpression of the mutated 
allele. Thus, current evidence strongly supports that in patients 
with RPS19 (the most studied) and other small or large ribosomal 
subunit-associated protein gene mutations, DBA results from RP 
protein haploinsufficiency.355 When the gene is knocked down 
in cellular models,356,357 there is resulting failure of erythro-
poiesis. In the in vitro models this defect can also be corrected 

72683_ch039_0975-0989.indd   982 7/31/13   11:54 AM



D
is

or
de

rs
 o

f 
R

ed
 C

el
ls

 ChaPtEr 39 Red Cell aplasia: acquired and Congenital Disorders 983

when the normal gene is overexpressed, resulting in increased 
RPS19 protein expression and restoration of erythropoiesis.358 
Furthermore, a number of mouse and fish models have been 
developed confirming the role of RP haploinsufficiency in ery-
throid failure.359–361,362 But despite the discovery of at least 9, 
and likely more, small and large subunit-associated RP gene 
mutations, the mechanism of erythroid failure and the other clini-
cal manifestations of DBA are only partially explained. Much work 
needs to be done in order to connect faulty ribosome function with 
red cell failure, the congenital anomalies associated with DBA, as 
well as the clear recognition of DBA as a cancer-predisposition 
syndrome.363,364 A number of theories have been proposed to 
account for the pathophysiology of DBA. Time will allow for the 
elucidation of the perhaps myriad explanations necessary to 
explain the pathophysiology of the DBA non-ribosomopathies. 
With regard to the DBA ribosomopathies, it is likely that at least 
one explanation provides the fundamental explanation for DBA-
associated proapoptotic erythropoiesis, congenital anomalies, and 
cancer predisposition. While it appears that RP haploinsufficiency 
leads to aberrant ribosomal RNA (rRNA) processing of uncertain 
significance, the fundamental lesion appears to be a faulty trans-
lational apparatus created by RP haploinsufficiency leading to 
nucleolar stress signaling. This results from RPL5, RPL11, and 5S 
rRNA binding to MDM2 (murine double minute) and its human 
ortholog HDM2, leading to a decrease in its ubiquitin ligase 
activity essential for p53 degradation, thereby stabilizing p53 
and resulting in accelerated apoptosis.360,361,365 The regulatory 
pathway utilizing RPL5 and RPL11 to bind to HDM2, reducing its 
ubiquitin ligase activity, seems central to this stress signaling; so 
much so that even when small ribosome-associated proteins are 
deficient, offering no excess of RPL5 and RPL11, as is the case for 
large subunit-associated haploinsufficiency resulting in degraded 
large subunits, the RPL5 and RPL11 TOP (terminal oligopyrimi-
dine tract) mRNAs are translationally upregulated. The fact that 
both RPL5 and RPL11 are known as “DBA” genes and that they 
represent a severe congenital anomaly phenotype351 tells us that 
there is much more to be learned about how HDM2 is regulated 
when their encoding genes are haploinsufficient. Furthermore, 
the tissue specificity of defects manifested by a germ line muta-
tion in a ribosome-associated protein, as opposed to a relatively 
more erythroid-restricted transcription regulator such as GATA1, 
particularly in the erythron, begs for explanation. One explana-
tion suggests that certain proteins that are canonically translated 
are favored over others and that those proteins may be overrep-
resented in the erythron.366 The other supports the notion that 
the makeup of ribosomes is tissue specific (i.e., not all 80 RPs 
are required in every tissue), favoring translation in some tissues 
and not others as a consequence of any particular RP haploinsuf-
ficiency.367 Likely there are multiple explanations related to the 
complexity of tissue specific translation. Regardless, the knock-
down of p53 in DBA animal models ameliorates the erythroid 
failure,361,368,369 making the therapeutic targeting of p53 in DBA 
an intriguing although potentially risky approach. Elucidating 
all the downstream events leading to accelerated cell death and 
understanding the interdicting mutations that lead to cancer in 
DBA are important subjects of inquiry.

Clinical presentation
DBA usually presents in infancy. Severe anemia is recognized at 
birth in 25% of patients, with 65% diagnosed by 6 months of age 
and 90% within the first year of life.311,312 DBA presenting as 
hydrops fetalis has been reported.370 The disease may also pres-
ent in older children and adults.311,371 Although rare instances 
of X-linked inheritance have been reported, the incidence in 
males equals that in females. The majority of cases are reported 
in whites, but the disorder has been reported in virtually all 
ethnic groups.311

Josephs in 1936,372 and Diamond and Blackfan in 1938,308 
were the first to describe red cell failure in infants. The vari-
ety of descriptive names for what is now preferably called 
DBA include “congenital pure red cell hypoplastic anemia,” 
“congenital red cell aregenerative anemia,” “erythrogenesis 
imperfecta,” “chronic erythroblastopenia,” “primary red cell 
aplasia,” and “Josephs-Diamond-Blackfan anemia.”310,311 The 
classical diagnostic criteria for DBA reflect the careful clinical 
analysis performed by Diamond and colleagues310 and, more 
recently, by Alter.309,373 Recently, however, a consensus con-
ference took place during which, as a consequence of robust 
gene discovery, the diagnostic criteria for DBA were expanded 
to account for nonclassical presentations.311 For a still valuable 
compilation of the clinical syndrome of DBA that is beyond the 
scope of this chapter, interested readers are referred to Young 
and Alter’s classic monograph.309

The Diamond Blackfan Anemia Registry of North America 
(DBAR), a database of >600 patients, was established in 1991 and 
has been described in detail.311,312,374 The DBAR has provided 
important information regarding the epidemiology and biology of 
DBA.312,364,375 The male-to-female ratio of cases is approximately 
1:1. The median age at presentation is 8 weeks, with a median 
age at diagnosis of 12 weeks. More than 90% of the reported cases 
present clinically by 1 year of age. The mainstays of therapy, as 
described below, remain red cell transfusions and corticosteroids. 
Physical anomalies, not including short stature, are found in 
nearly 50% of patients. Short stature is clearly a constitutional 
feature of DBA, but may also be due to chronic anemia, iron 
overload, corticosteroid administration, or a combination of all 
these. Thus it is difficult to always ascribe growth failure directly 
to the disorder. The constellation of physical anomalies found in 
the 47% of affected patients with typical hematologic manifesta-
tions includes a high percentage of craniofacial anomalies (50% 
of patients with anomalies) as well as upper limb and hand, in 
particular thumb (38%), as well as genitourinary (39%) and car-
diac (30%) abnormalities. Table 39.4 enumerates the congenital 
anomalies collected in a series by Alter.375 Of interest, there 
appears to be no genotype-phenotype correlation with regard 
to steroid responsiveness, remission, or cancer predisposition. 
However, mutations in RPL5 and RPL11 are disproportionally 
associated with orofacial and thumb anomalies.351,376 Figure 39.3 
illustrates typical thumb abnormalities in a patient with DBA as 
the consequence of an RPL11 gene mutation.

Laboratory evaluation
With the discovery of genetic mutations there are numerous 
“patients” recognized with minimal or no hematologic manifesta-
tions. With that in mind, classical DBA is characterized by severe 
anemia, with hemoglobin levels at presentation as low as 2 to 3g/dl. 
There is a marked reticulocytopenia, frequently as low as zero. 
There are usually no significant abnormalities in other cell lines. 
Occasionally, there is mild to moderate neutropenia and infre-
quently severe neutropenia requiring G-CSF support311,375,377,378 
or thrombocytopenia.379 However, thrombocytosis in the range 
of 400,000 to 700,000 is more common.379 Although originally 
described as a normochromic, normocytic anemia, macrocy-
tosis was noted at presentation in ∼30% of cases reviewed by 
Alter378 in patients for whom data were available. The percent-
age of patients with macrocytosis increases with the age of the 
patient, as the disease becomes chronic when the normal red 
cell MCV would decrease during the first year of life. Indeed, the 
persistence of “fetal-like” red cells, with macrocytosis, “i” antigen, 
increased fetal hemoglobin (HbF), and red cell glycolytic and hex-
ose-monophosphate (HMP) shunt enzyme activities characteristic 
of fetal cells are a consistent finding. The HbF is typical of fetal 
cells,377,378 with an elevated glycine-to-alanine ratio at position 
136 of the g chain. Of note is that the fetal-like characteristics 
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are not concordant; cells with high HbF are not necessarily those 
with the “i” antigen. Although red cells contain significant HbF, 
as determined by hemoglobin electrophoresis, the distribution is 
uneven as evaluated by the Kleihauer-Betke method. Alter points 
out that red cells contain both fetal and adult hemoglobin and that 
the “re-expression of fetal erythropoiesis is thus incomplete, and 

not clonal.”378 Although glycolytic and HMP shunt enzymes have 
a fetal pattern, erythrocyte adenosine deaminase (eADA), a purine 
salvage pathway enzyme, is increased in activity in DBA patients 
but not in normal fetal or cord blood erythrocytes.380 When 
compared to controls with normal eADA activity obtained from 
patients with hemolytic anemia, Fanconi anemia, and those with 
steroid-dependent nephrosis, as well as virtually all patients with 
TEC, approximately 85% of the patients with typical DBA have ele-
vated eADA activity.380,381,382 In some DBA patients with normal 
eADA activity there is markedly elevated orotidine decarboxylase 
activity.380,383 Although abnormalities in purine or pyrimidine 
biosynthesis are consistent findings in most DBA patients and 
in some animal models and serve as a valuable screening tool, 
this observation has not yet been helpful in understanding the 
pathophysiology of DBA. Red cells of some patients with acute 
leukemia, adult-type chronic myelogenous leukemia, myelopro-
liferative disorder with Down syndrome, dyskeratosis congenita 
with pancytopenia, and megaloblastic anemia were also found 
occasionally to have increased eADA activity.381 This may suggest 
an association of elevated eADA activity with abnormal progenitor 
function. Also of interest is the observation that W/Wv and S1/S1d 
mice, with genetically determined red cell failure, have elevated 
erythrocyte nucleoside deaminase activity.384 Further advances in 
this area must await a detailed understanding of the biochemistry 
of hematopoiesis. However, from a practical prospective, eADA 
activity determinations provide a reasonably useful means for 
distinguishing ∼85% of DBA from TEC (see section “Differential 
Diagnosis”). To date none of the described hematologic abnor-
malities have been linked to a specific pathophysiology, and they 
have no predictive value in distinguishing steroid responding from 
nonresponding patients.

Vitamin B12, folate, serum iron, and transferrin saturation are 
elevated or normal in patients with DBA.310,380 Erythropoietin 
levels seem to reflect the degree of anemia, or may be elevated 
for the degree of anemia and remain elevated even in steroid-
responsive patients.310,378 Approximately one-third of patients 
evaluated by Alter had hypogammaglobulinemia, consistent with 
the finding of in vitro immunologic abnormalities in some DBA 
patients.317,378,385 Recently an association of hypogammaglobu-
linemia with RP haploinsufficiency386 has been described, perhaps 
explaining this observation.

Examination of the bone marrow biopsy and aspirate at diagno-
sis in childhood usually reveals normal cellularity with a paucity of 
erythroid precursors. Myeloid and megakaryocyte lineages appear 
normal. Myeloid-to-erythroid (M:E) ratios at diagnosis are usu-
ally around 10:1 and with time may become as high as 100:1.310 
This progression of erythroid failure (with time) seems to parallel 
the more severe abnormalities in in vitro progenitor differentia-
tion observed in older chronically affected patients as compared 
to those newly diagnosed.319 The heterogeneity of the disorder 
is reflected in the marrow. In one series of 9 patients, all had 
marked erythroid hypoplasia; 4 had virtually no erythroid precur-
sors, 2 had erythroid maturation up to the polychromatophilic or 
orthochromatic normoblast stage, and 3 had a maturation arrest 
at the proerythroblast stage, with 2% to 7% of the total nucleated 
cells being proerythroblasts.319 In Alter’s review, 28 of 29 DBA 
patients had erythroid hypoplasia. One had erythroid hyperplasia 
with a maturation arrest. Several of Alter’s patients had normal 
numbers of proerythroblasts but no differentiation beyond that 
stage. In a series of patients studied by Bernard et al., 90% had 
erythroid hypoplasia, 5% had normal erythroid precursors, and 
5% had erythroid hyperplasia.387 Although all patients have a 
profound reticulocytopenia, the erythroid arrest in DBA has been 
demonstrated by progenitor assays, or morphologically, to occur 
at all stages of maturation from the multipotent myeloid progenitor 
to the late normoblast. These and other observations336 suggest 
that the defect may become more profound with age and that the 
arrest in erythropoiesis moves to an earlier stage of differentiation 

Low birth weight

Short stature, no steroids

Head and face:
 “Cathie” facies
 Other facies
 Small head
 Large head

Jaw and mouth
 Small jaw alone
 Small jaw plus cleft palate
 (Pierre-Robin syndrome)
 Cleft palate alone
 Cleft palate and lip
 Cleft lip alone
 Macroglossia

Flat nasal bridge

Abnormal ears

Abnormal eyes:
 Hypertelorism
 Epicanthal folds
 Ptosis
 Strabismus
 Blue sclera
 Congenital cataracts
 Microphthalmia
 Glaucoma

Neck:
 Short
 Webbed

Thumb:
 Triphalangeal
 Duplicated or bifid
 Subluxed
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Renal

FIGURE 39.3. Typical displaced and “trigger” thumbs in a patient with Diamond-Blackfan 
anemia.

PhysiCal abnORmalities in Patients With 
DiamOnD-blaCkfan anemia

taBLe 39.4
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as patients get older. This is, however, somewhat confounding in 
light of the presence of remissions.312

Imaging studies are useful to help delineate congenital abnor-
malities that may be present in patients with DBA. Skeletal 
surveys and, in particular, CT scans are not usually warranted 
in light of the increased risk of cancer in DBA, but selected 
radiographs may define suspected bony anomalies. Renal and 
cardiac ultrasonography is warranted and may detect suspected 
and perhaps significant anomalies.

Genetics
Prior to the identification of causative mutations Alter estimated 
that there is more than one affected family member in ∼10% of 
cases.375 Early data from the DBAR provided a comparable or 
even slightly higher rate when robust clinical and hematologic 
data were available. Early case reports are representative of 
the now known genetics of DBA. In these families there were 
reports of affected same- and opposite-sex siblings,376,388–390 
including identical twins,391 and maternal or paternal half-
siblings.392–395 There were also instances of parental transmis-
sion.395–398 Striking evidence of autosomal dominant inheritance 
is illustrated in one case report of DBA in a male infant who had 
an affected mother and maternal grandfather.399 Thus, the clinical 
evidence is consistent with the known majority of cases of auto-
somal dominant inheritance resulting from RP haploinsufficiency 
and the rare X-linked inheritance caused by a mutation in GATA1.

The genetics of the majority of cases of DBA have become 
firmly established since 1997, when after studying a patient 
with a 19:X translocation, Gustavsson and colleagues345,346,400 
used linkage analysis to show that DBA mapped to chromo-
some 19q13.2. That observation led to the cloning of a gene that 
encodes a ribosomal protein, RPS 19. Studies have shown that 
the RPS19 mutation accounts for only ∼20% to 25% of familial 
as well as sporadic cases. With the description of a second “DBA 
gene,” RPS 24, also a component of the 40S ribosomal subunit,347 
and the subsequent identification of mutations or deletions in both 
small and large subunit-associated RP genes in approximately 
70% of patients,349–354 as well as a rare causative mutation in 
the transcription regulator GATA1,325 about 30% of patients 
remain genetically unclassified at this time. Thus the majority of 
familial cases are of dominant inheritance, with sporadic cases 
representing new dominant mutations. Within the identified pedi-
grees there is marked heterogeneity in the expression of the DBA 
phenotype. This heterogeneity exists for both the hematologic 
and nonhematologic manifestations of DBA. Thus the DBA phe-
notype appears to be the result of complex interactions between 
DBA and non-DBA genes. A family with discordant hematologic 
manifestations including a nonhematologically affected phenotype 
as well as discordance of craniofacial anomalies in affected fam-
ily members has been reported.401 The incidence of genetically 
determined cases is no doubt underestimated because of the 
apparent variable penetrance of the autosomal dominant cases in 
which an elevated HbF, MCV, or erythrocyte ADA activity may be 
the only abnormality in a parent or sibling of a child with typical 
DBA.311,312 Indeed, in the case described, the mothers of affected 
cousins had none of these hematologic or nonhematologic abnor-
malities.401 By tracing RPS19 mutations in families, the UK group 
has shown that nearly half of all patients have autosomal domi-
nantly inherited DBA.402 Therefore, in the absence of a molecular 
diagnosis for all DBA genotypes, families of affected individuals 
should be evaluated to determine HbF levels, MCV, and eADA 
activity. A number of cases currently felt to be sporadic or autoso-
mal recessive in nature will no doubt be recategorized, but reces-
sive inheritance as a mode of transmission is far from ruled out. 
The appearance of DBA in the male and female children of unaf-
fected parents has also been observed. Reported gonadal mosa-
icism in DBA is rare.403 Furthermore, parental consanguinity has 

been observed,404,405 supporting an, as of yet unconfirmed, auto-
somal recessive mode of inheritance. That approximately 30% of 
DBA cases have not been assigned a genetic cause supports the 
possibility that additional cases consistent with novel recessive 
modes of inheritance will be described in the future.

The absence of a phenotype is a particularly distressing find-
ing, as the use of such potential hematopoietic stem cell trans-
plantation (HSCT) donors with such a “silent phenotype” may 
result in transplant failure.406 Furthermore, genetic counseling in 
these instances is inherently imprecise.407

The vast majority of DBA patients have a normal karyotype, 
but the few reported abnormal cases, in particular leading to the 
discovery of the first400 and other genes,350 have been of great 
importance; thus, karyotypic analysis is suggested as part of the 
initial evaluation.

Differential Diagnosis
The differential diagnosis of classical DBA includes the normo-
chromic, normocytic (or macrocytic) anemias that present from 
birth through the first year of life. These anemias are pathophysi-
ologically distinct from the majority of causes of PRCA seen in 
adults that are frequently associated with an underlying disorder 
(Table 39.1). However, it is clear that DBA does present in adult-
hood and these cases are often undiagnosed as such. Conversely, 
a patient presenting with red cell failure at age 5 and diagnosed 
with atypical DBA was confirmed to have 5q- MDS some 20 years 
later.344 And the association of PRCA with thymoma, as described 
in adults, has not been described in infancy, although it has been 
observed in a 5-year-old girl.408 Thus an index of suspicion for 
DBA should be maintained with regard to all cases of PRCA 
presenting at any age. In classical cases the differential almost 
always consists of DBA versus TEC (Table 39.5). Of note, patients 
with Pearson syndrome, resulting from large deletions of the 
mitochondrial genome, may present with pure red cell failure. 
Clinical suspicion or the presence of vacuolated erythroid precur-
sors in the marrow should prompt a stain for ringed sideroblasts 
and the evaluation for a mitochondrial DNA deletion. A careful 
history, physical examination, and examination of the peripheral 
blood smear can usually rule out hemorrhage, myelosuppression 
resulting from infection, renal failure, infiltrative disease, severe 

DBA TEC

Pure red cell aplasia Present Present

Age <1 y >1 y

Inheritance Sporadic and dominant or possibly 
but unlikely recessive inheritance 
Mutation analysis available for 
known DBA genes

Not inherited

Congenital anomalies Present Absent

Mean corpuscular volume Elevated Normal

Fetal hemoglobin Elevated Normal

i RBC antigen Present Absent

Erythrocyte ADA activity Elevated Normal

ADA, adenosine deaminase; RBC, red blood cell.
All RBC characteristics except ADA activity are helpful only when tested in a 
reticulocytopenic child. During recovery from TEC, a transient wave of fetal-like 
erythropoiesis may be detected.

DiffeRential DiagnOsis Of DiamOnD-blaCkfan anemia 
(Dba) VeRsus tRansient eRythROblastOPenia Of 
ChilDhOOD (teC)

taBLe 39.5
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the transfusion of packed red blood cells is the initial treatment. 
Transfusions should continue until 1 year of age if possible. The 
ability to defer corticosteroid treatment is dependent upon the 
availability of a safe blood supply and the ability to maintain 
appropriate venous access. The current approach is to start all 
patients on prednisone, 2 mg/kg/day orally in 3 to 4 divided doses, 
sometime as close to 1 year of age as can be accomplished. By 
delaying the start of corticosteroids, it is anticipated that many 
of the significant side effects associated with early steroid admin-
istration (growth retardation, developmental delay, osteopenia, 
hyperglycemia, hypertension, etc.) can be avoided.311 A reticu-
locyte response usually occurs within 1 to 2 weeks. The clinical 
response to prednisone therapy is variable. Data from the DBAR 
reveal that 79% of patients were initially responsive to corticoste-
roids, 17% were nonresponsive, and 4% were never treated with 
steroids.374 At the time of the analysis only 37% of patients were 
using corticosteroids. Steroid-related side effects were observed 
in most patients, at least transiently, with 48%, 22%, and 12% 
manifesting cushingoid features, pathologic fractures, and cata-
racts, respectively. Thirty-one percent of the patients were receiv-
ing red cell transfusions. Some patients respond rapidly and can 
be tapered off prednisone, remaining in remission for extended 
periods of time; others respond but require continued therapy, 
with erythropoiesis ceasing rapidly if steroids are discontinued. 
Thus the ability of responders to achieve an effective every-other-
day dose schedule is variable. Of the transfused patients enrolled 
in the DBAR, 35% were never steroid-responsive, 22% became 
steroid-refractory, 33% could not be weaned to an acceptable 
dose, and 5% were never on steroids. A small number were 
transfused for unspecified reasons. Some patients may be tapered 
off steroids even after many years. Indeed, the actuarial likeli-
hood of remission is 20% by age 25 years, with 72% entering 
remission during the first decade of life. Patients appear to remit 
equally from steroid and transfusion therapy. Almost 75% of these 
patients have what appears to be a sustained remission. Although 
high-dose corticosteroid pulses may evoke an erythroid response 
in some patients,417,418 the potential side effects and the need 
for repeat pulses and the failure of this modality in subsequent 
studies419 have limited its utility. Likewise, trials of cyclosporine 
(CsA), erythropoietin, interleukin-3, metoclopramide, etc., despite 
anecdotal reports in DBA, have not been particularly encouraging 
(reviewed in Ref. 311). Furthermore, the potential toxicity of this 
agent makes it less preferable to red cell transfusions for those 
patients who cannot be weaned to an acceptable corticosteroid 
dose. In some patients who fail to respond to prednisone there 
may be a response when oxymetholone (2.0 to 5.0 mg/kg/day) is 
added. However, experienced clinicians do not advocate the use of 
androgens in infants and young children because of their limited 
effectiveness and considerable side effects. If there is no response 
within a month, prednisone is discontinued in favor of transfusion 
and iron chelation. These patients may receive periodic predni-
sone trials, because they may respond at a later date.

For patients in whom there is a response, the hemoglobin is 
followed until a level of 10 g/dl is achieved. The steroid dose is 
then tapered until the patient is on the smallest possible alternate-
day dose. A Monday-Wednesday-Friday dose schedule is usually 
effective and easier to comply with than a strict every-other-day 
regimen. The dosage in a Monday-Wednesday-Friday schedule 
may range from a few milligrams even in adolescents to as much 
as 40 to 50 mg. The target dose is 0.5 mg/kg/day or 1 mg/kg 
every other day. Arbitrary discontinuation of therapy should be 
discouraged, because reestablishment of erythropoiesis after dis-
continuation of an effective every-other-day course of prednisone 
requires reinstitution of the original daily dose. For patients who 
are steroid-refractory or in whom the dose cannot be tapered to 
an alternate-day regimen and thus require high daily doses that 
cause toxicity, chronic transfusion is instituted. Data from the 
DBAR and accumulated international experience demonstrate 

protein malnutrition, or drug-related red cell failure, as well as the 
aplastic crisis of a chronic hemolytic anemia (such as sickle cell 
anemia or hereditary spherocytosis). Because folate deficiency as 
a cause of the hypoplastic crises associated with chronic hemolytic 
anemia is prevented by prophylactic administration of the vita-
min, acquired hypoplastic anemia in these patients is now most 
frequently a consequence of human parvovirus B19 infection. 
Evidence of human parvovirus B19 infection (see Parvovirus-
induced pure red cell aplasia) has been found in patients with all 
congenital hemolytic disorders.127,128,129,130,142,409–411 Red cell 
aplasia in otherwise normal neonates resulting in fetal hydrops, 
and in a patient on treatment for acute lymphoblastic leukemia, 
has also been described, apparently due to parvovirus infection.412 
Chronic red cell aplasia due to parvovirus B19 after 10 years of 
transfusion-dependent anemia has been eradicated by the use of 
intravenous immunoglobulin.45 Thus, parvovirus infection should 
be ruled out in all atypical instances of red cell failure in children. 
This can be best accomplished by PCR analysis, as IgM and IgG 
antibody evidence will be lacking in the presence of significant 
immunodeficiency.

A bone marrow examination revealing red cell aplasia or 
severe hypoplasia with no abnormalities in myeloid or mega-
karyocyte lineages, as well as no evidence of infiltrative disease, 
congenital dyserythropoietic anemia, vacuolated precursors, or 
ringed sideroblasts in an infant or young child, suggests either 
DBA or TEC. Table 39.4 outlines the important features that 
distinguish TEC, a temporary immune-mediated suppression of 
erythropoiesis that frequently follows a viral infection, from DBA. 
There is a moderate to severe anemia with reticulocytopenia. The 
disease is not familial, and there are no associated anomalies. 
The age of onset is usually a bit older than for congenital PRCA. 
One key point in differentiating between DBA and TEC is the pres-
ence of fetal characteristics in the erythrocytes of many patients 
with DBA (see section “Laboratory Evaluation”). As previously 
described, these characteristics include an elevated MCV for age, 
elevated levels of HbF and “i” antigen, and a fetal erythrocyte 
glycolytic and HMP shunt enzyme pattern.413 The presence of 
“fetal-like” cells is much less reliable in differentiating DBA from 
TEC in very young infants, in whom red cells normally possess 
fetal characteristics. However, this is a situation where measur-
ing eADA may be useful, because the activity of this enzyme is 
the same in neonates and older children. Even in typical DBA, 
only 30% of patients have “fetal-like” erythrocytes at diagnosis. 
Recovery from TEC is characterized by “stress erythropoiesis,” 
giving rise to erythrocytes with fetal characteristics.”414 Making 
a diagnosis of TEC retrospectively after a long course of corti-
costeroids subjects the child to needless toxicity. As previously 
described, studies by Glader and coworkers380,381,382 have dem-
onstrated that elevated eADA activity can be used to distinguish 
DBA from TEC. Unfortunately, many patients are transfused prior 
to consideration of the diagnosis, making an accurate eADA activ-
ity determination impossible. A molecular diagnosis can be made 
about 70% of patients and these assays are now commercially 
available. Based on the differences listed in Table 39.4, a high 
index of suspicion of TEC should prompt avoidance of steroids, 
minimal red cell transfusions, and alleviation of parental concern. 
Cases that are atypical or those who do not recover spontaneously 
deserve a genetic evaluation.

treatment
If the diagnosis of DBA versus TEC is in doubt and the child has 
symptomatic anemia, the patient should be modestly transfused 
to a hemoglobin level of 7 to 8 g/dl so that erythropoiesis will 
not be suppressed, delaying recovery in those patients who have 
TEC. The use of corticosteroids in TEC is ineffective and should be 
assiduously avoided. In 1951, corticosteroid treatment in the form 
of ACTH was first shown to be effective in DBA415,416; however, 
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basis. The most recent analysis from the DBAR reports an overall 
HLA-matched related-donor transplant survival of 76.9% ± 8.4 %, 
with a 93.8% ± 6.1% survival for patients equal to or less than  
9 years of age. For unrelated donor transplants the overall survival 
has improved from 32.1% ± 11.7% (1994 to 1999) to 85.7% ± 
13.2% (2000 to present).

For several years, it has been recognized that DBA is a syn-
drome predisposing to cancer, both hematopoietic and nonhema-
topoietic malignancies. A recent analysis of the prospective cohort 
of 608 patients enrolled in the DBAR since 1991 was performed 
to provide the first quantitative assessment of cancer incidence 
in DBA patients.364 Among the 608 patients, there were 9,458 
person-years of follow-up. There were 15 solid tumors, 2 cases of 
AML, and 2 cases of MDS diagnosed at a median age of 41 years. 
The cancer incidence in DBA is significantly elevated, with an 
observed-to-expected (O/E) ratio of 5.4 for all cancers and 287 for 
MDS, 28 for AML, 36 for colon cancer, 33 for osteogenic sarcoma, 
and 12 for female genital cancers, respectively. Clearly, in addi-
tion to understanding the mechanism of cancer predisposition in 
DBA, surveillance strategies must be considered for this at-risk 
population.

Future Directions
Advances in cellular and molecular biology have dramatically 
increased our understanding of the pathophysiology of DBA. 
DBA has been shown to be the consequence of an intrinsic pro-
genitor cell defect and in the majority of cases the consequence 
of abnormal ribosome assembly/function. At least nine and likely 
more RP genes as well as the transcription regulator GATA1 have 
been implicated. Careful clinical investigation has defined the 
syndrome, and the study of the cellular biology of the disorder 
has borrowed from and contributed to the understanding of the 
mechanism of hematopoietic progenitor cell differentiation. Using 
the DBAR and other international databases, important epide-
miologic, clinical, and laboratory observations have been made 
with regard to the clinical presentation and inheritance of DBA. 
These databases have yielded other important observations on 
the genetics of congenital malformations in DBA, the therapeutic 
outcomes including the efficacy of HSCT, and the recognition of 
DBA as a cancer-predisposing syndrome. In particular, they have 
provided the essential substrate of well-characterized patients 
and multiplex families necessary for gene discovery. Robust gene 
discovery will no doubt permit the molecular classification of all 
cases of DBA.

Dr. Louis Diamond, whose career spanned over 60 years and 
who had been a teacher to many and an inspiration to the rest,425 
would be pleased to know that from his description of an esoteric 
little disease has arisen fundamental new knowledge that has 
allowed extraordinary insights into the regulation of hematopoi-
esis and morphogenesis and the mechanisms of oncogenesis.
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and this modality is under constant evaluation on a case-by-case 
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Congenital DyserythropoietiC anemias
gary Kupfer, linette Bosques, Bertil glader

C h a p t e r  4 0

The congenital dyserythropoietic anemias (CDAs) are a heteroge-
neous group of inherited blood disorders characterized by anemia 
and morphologic abnormalities of erythroid precursors in the 
bone marrow, a consequence of dyserythropoiesis and ineffective 
erythropoiesis.1,2 These disorders principally affect the erythroid 
lineage, whereas other nonerythroid hematopoietic lineages seem 
to be unaffected. On the basis of morphologic abnormalities of 
the bone marrow, CDAs were classified into three different types: 
type I, type II, and type III. However, additional variants requiring 
further characterization have also been identified.3 Approximately 
600 cases of CDA have been reported worldwide, CDA II being the 
most common.3 CDA I and II are inherited in an autosomal reces-
sive pattern, and CDA III exhibits autosomal dominant inheritance 
and a sporadic form.4 The disease-related genes for CDA I, II, 
and III have been localized by linkage  analysis, and the disease-
causing genes have been identified for CDA I and II.

CDA patients display marked ineffective erythropoiesis and dys-
erythropoiesis.5,6 Ineffective erythropoiesis may lead to intermit-
tent jaundice, splenomegaly, hepatomegaly, and iron overload.2,7 
Iron overload is also a result of blood transfusion therapy, although 
even transfusion-independent patients may develop iron overload 
due to increased iron absorption.8 Dyserythropoiesis results in a 
variety of dysplastic features of erythroblasts in the bone marrow: 
internuclear chromatin bridges, karyorrhectic nuclei, binuclear-
ity, multinuclearity, vacuolation of the cytoplasm, and duplication 
of the plasma membrane.9 Diagnosis of CDA relies on light and 
electron microscopy analyses to identify the characteristic mor-
phologic abnormalities of the erythroblasts in the bone marrow.10 
Mutation analysis is becoming available for some CDAs.

CDA should be suspected in any individual with a chronic 
anemia that is largely due to ineffective erythropoiesis, as well 
as in individuals with unexplained iron overload. The presence 
of ineffective erythropoiesis is characterized by a low absolute 
reticulocyte count for the degree of anemia despite erythroid 
hyperplasia in the marrow. Further suggestive laboratory data 
include a low serum haptoglobin level and increased serum lactic 
dehydrogenase (LDH) activity. Generally, the anemia is mildly or 
moderately macrocytic in CDA I, normocytic in CDA II, and mildly 
macrocytic in CDA III.

Congenital DyserythropoietiC 
anemia type i (CDa i)
CDA I is inherited in an autosomal recessive pattern and it repre-
sents the second most common form of CDA.6 It is most prevalent 
among Western Europeans, Middle Easterners (Israeli Bedouins, 
Lebanese, Kuwaitis, Saudi Arabians), Indians, and Japanese, with 
more than 150 reported cases.2

Clinical Features
Observations on CDA I have been enhanced by studies on a large 
cluster of cases in Israeli Bedouin families11–13 and on cases in the 
German CDA registry.14 The anemia varies from mild to severe, 
with the most severe cases presenting in infancy and the milder 
cases presenting in adolescence or later in life. Some degree of 
anemia is present in about two thirds of neonates, often requiring 
transfusion, but less than 10% of cases remain transfusion depen-
dent later in life.14,15 Occasionally, severe anemia in the fetus 
causes hydrops fetalis with pericardial and pleural effusions and 

edema.16,17 Jaundice and splenomegaly are common findings at 
all ages. Gallstones may develop and require cholecystectomy. In 
addition, distal limb malformations, such as syndactyly, absence 
of phalanges and nails, an additional phalanx, and duplication or 
hypoplasia of the metatarsals, have been reported in several cases 
of CDA I.18 Other congenital abnormalities found include café au 
lait spots, short stature, flattened vertebral bodies, hypoplastic 
rib, Madelung deformity, and deafness.2 Deterioration of vision 
with retinal angioid streaks and macular degeneration has been 
described in two cases.19,20

Laboratory Features
CDA I patients usually have a macrocytic anemia with MCV values 
up to 115; normocytic CDA I patients still display macrocytes and 
thus an increased RDW. Anisocytosis, poikilocytosis (including 
teardrop-shaped poikilocytes), and basophilic stippling are other 
features of the peripheral blood smear (Fig. 40.1). Increased 
hemoglobin A2 levels and unbalanced globin chain synthesis are 
found in some cases in the absence of b-thalassemia mutations.13 
Bone marrow examination reveals marked erythroid hyperplasia 
with megaloblastic erythroblasts. One of the defining features 
of CDA I is the presence of thin internuclear chromatin bridges 
between nearly completely separated erythroblasts in 0.6% to 
2.8% of cells6,10 (Fig. 40.2). In only one well- documented case 
were such bridges not seen.19 A small proportion of erythroblasts 
are binucleate and occasional cells have three or four nuclei. 
Other abnormalities include RBC basophilic stippling, irregular 
nuclear outlines, and karyorrhexis.

A second defining structural feature of CDA I is multiple 
rounded electron-lucent areas within the electron-dense hetero-
chromatin seen in up to 60% of erythroblasts, giving the nucleus 
a spongy or “Swiss cheese” appearance10,21 (Fig. 40.3B,C). In 
some erythroblasts, there are also marked invaginations or 
evaginations of the nuclear envelope, and the invaginations carry 
cytoplasm and cytoplasmic organelles such as mitochondria into 
the nucleus (Fig. 40.3C).22 Bone marrow macrophages contain 
phagocytosed morphologically abnormal erythroblasts (Fig. 40.4).

Figure 40.1. Blood smear from a patient with congenital dyserythropoietic anemia 
type i. (From Wickramasinghe SN. Congenital dyserythropoietic anemias. In: Wickramasinghe 
SN, McCullough J, eds. Blood and bone marrow pathology. Edinburgh: Churchill Livingstone, 
2003:273–282, with permission.)
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Figure 40.2. Bone marrow smear of a patient with congenital dyserythropoietic ane-
mia type i showing an internuclear chromatin bridge. (From Wickramasinghe SN. Con-
genital dyserythropoietic anemias. In: Wickramasinghe SN, McCullough J, eds. Blood and bone 
marrow pathology. Edinburgh: Churchill Livingstone, 2003:273–282, with permission.)

BA

C

Figure 40.3. ultrastructure of erythroblasts from a normal individual (A) and a patient with congenital dyserythropoietic anemia type i. B and C 
demonstrate the abnormal “Swiss cheese” appearance of the heterochromatin (compare with A), and C shows invagination of the nuclear membrane and nuclear 
membrane-bound areas of cytoplasm (containing iron-laden mitochondria) within the nucleus. (From Wickramasinghe SN. Congenital dyserythropoietic anaemias: 
clinical features, haematologic morphology and new biochemical data. Blood Rev 1998;12:178–200, with permission.)

Management
CDA I often follows an indolent course, although patients may 
require red cell transfusions in infancy, with infections, and dur-
ing pregnancy. Only some patients benefit from splenectomy and 
this is in contrast to CDA II.2,11,14 Erythropoietin administration 
has no effect on the anemia of CDA I.22 Following the fortuitous 
observation that treatment of hepatitis C in a CDA I patient 
with interferon-a2a led to a substantial hematologic improve-
ment, several additional patients, including a severely affected 
infant, have been treated with interferon-a2a, interferon-a2b, 
or peg- interferon-a2b, and these patients also have also expe-
rienced hematologic improvement.16,24–29 Interferon-a should 

Figure 40.4. Bone marrow macrophage from a case of congenital dyserythropoietic 
anemia type i containing an ingested erythroblast with abnormal heterochromatin.

be considered in the management of CDA I with severe anemia. 
In one case, long-term therapy was reported to reduce iron 
 overload.29 Careful monitoring for secondary hemochromatosis is 
important, at times requiring iron chelation therapy.

Molecular Biology of CDa I
In 1998 the gene for CDA I was localized to chromosome 
15q15.1-15.3.30 and it is now recognized that CDA I is caused by 
mutations in the CDAN1 gene.31 CDANI has 28 exons spanning 
15 kb of genomic DNA and encodes a highly conserved protein 
of unknown function called codanin-1. Mutations in the CDAN1 
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gene are mainly located in the 3′ half of the gene and no homo-
zygote for null type mutations has been identified, suggesting that 
the complete absence of codanin-1 may be lethal.32 One founder 
missense mutation is observed mainly in Israeli Bedouins with 
CDA I which converts arginine to tryptophan at codon 1,040 and 
generates an NcoI restriction site.31 This same missense muta-
tion was found in 11 individuals with CDA I of two unrelated 
Lebanese families. A single mutation in CDAN1 has been found 
in several sporadic cases and in one case, no mutations in CDAN1 
were found.31

Analysis of codanin-1 orthologs revealed the Drosophila homo-
log, dlt, is required for cell survival and cell cycle progression 
through the S phase.33 Interestingly, codanin-1 increases during 
the S phase and is phosphorylated and excluded from condensed 
chromosomes during mitosis.34 This study demonstrated that 
codanin-1 localizes to the nucleus, specifically to heterochroma-
tin, during interphase and it is regulated by E2F1 transcription 
factors.34 Another study confirmed codanin-1 localization to the 
nucleus, but it revealed that it is more abundant in the cyto-
plasm.35 Codanin-1 mutations lead to the abnormal accumula-
tion of heterochromatin protein HP1a in the Golgi apparatus of 
CDA I erythroblasts but not normal erythroblasts.35 However, 
overall chromatin structure as indicated by genomewide epigen-
etic marks of several histone modifications is normal in CDA I 
erythroblasts.

Recently, codanin-1 was shown to interact with histone chap-
erone Asf1, which regulates the import of histones during DNA 
replication.36 Codanin-1 knockdown increases the amount of 
chromatin-bound Asf1, enhancing DNA synthesis. Conversely, 
forced expression of codanin-1 interferes with Asf1 function due 
to Asf1 sequestration in the cytoplasm. Thus codanin-1 acts as a 
negative regulator of replication.

This close association with heterochromatin suggests that 
codanin-1 may be involved in mechanisms controlling gene 
transcription and chromatin structure remodeling. Thus, a clear 
understanding of the biochemical behavior of codanin-1 may pro-
vide us insight into how this interaction is established.

Congenital DyserythropoietiC 
anemia type ii (CDa ii)
Type II CDA was first categorized as such by Heimpel and Wendt 
in 1968. It is the most common type of CDA, and several hundred 
patients have been described.3 The mode of inheritance is auto-
somal recessive.

Clinical Features
CDA II is usually a normocytic anemia with evidence of ineffec-
tive erythropoiesis and premature peripheral red cell destruction, 
causing jaundice and hepatosplenomegaly. In very mild cases, the 
anemia may be so slight as to remain undiscovered until late in 
adult life, although a majority of patients have a hemoglobin less 
than 11 g/dl. Overall, a third of affected children require transfu-
sion in the first year of life, but transfusion requirements decrease 
in subsequent years, and only 5% of patients need regular trans-
fusions in adulthood.37 As in other congenital disorders in which 
ineffective erythropoiesis is a prominent feature, such as b thalas-
semia major, complications of extramedullary hematopoiesis may 
occur, such as dysmorphic facies, particularly in severely affected 
individuals. Cholelithiasis and secondary hemochromatosis are 
frequent complications, with iron overload the presenting mani-
festation in some cases.38 Occasionally, transient red cell aplasia 
secondary to parvovirus B19 infection may develop.39 Mental 
retardation,3,40 hemihypertrophy,3 and piebaldism and vaginal 
atresia have all been reported.41

Laboratory Features
Peripheral blood smear features include anisocytosis, poikilocy-
tosis, basophilic stippling, and some irregularly contracted cells 
(Fig. 40.5). Bone marrow examination reveals marked erythroid 
hyperplasia without megaloblastosis. The defining erythroblast 
abnormality is prominent binuclearity. Proerythroblasts are 
morphologically normal, but basophilic and early and late poly-
chromatic erythroblasts are binucleated, with up to 10% to 35% 
of late erythroblasts being so (Fig. 40.6). Some of these nuclei 
have irregular outlines or show karyorrhexis. In many binucle-
ate late polychromatic erythroblasts, the nuclei are equal in size, 
and each of the two nuclei has a diploid DNA content suggesting 
the possibility that the cells resulted from a failure of cytokine-
sis following normal mitosis. The phagocytosis of red cells and 
erythroblasts by bone marrow macrophages leads to the forma-
tion of Gaucher-like macrophages (pseudo-Gaucher cells) in some 
individuals.

Electron microscopy reveals the characteristic presence of 
peripheral cisternae in erythroid cells.40 These are discontinuous 
double membranes running parallel to and 40 to 60 nm away 
from the cell membrane (Fig. 40.7).42 Peripheral cisternae are 
found in some red cells, a substantial proportion of mononucleate 

Figure 40.5. Blood smear from a patient with congenital dyserythropoietic  anemia 
type ii. (Courtesy of Professor B. Bain, London.)

Figure 40.6. Bone marrow smear from a patient with congenital dyserythropoietic 
anemia type ii, showing binucleate late polychromatic erythroblasts and karyorrhexis.
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A B

Figure 40.7. electron micrograph of a mononucleate late polychromatic erythroblast (A) and part of a binucleate late polychromatic erythroblast 
(B) from a case of congenital dyserythropoietic anemia type ii showing peripheral cisternae. (Part B from Wickramasinghe SN. Congenital dyserythro-
poietic anemias. In: Wickramasinghe SN, McCullough J, eds. Blood and bone marrow pathology. Edinburgh: Churchill Livingstone, 2003:273–282, with permission.)

and binucleate late polychromatic erythroblasts, and a smaller 
proportion of early polychromatic erythroblasts. They appear to 
represent endoplasmic reticulum (ER) as they contain disulfide 
isomerase that is known to be present in ER.43

When tested against a panel of ABO-compatible acidified 
sera (pH 6.8) from normal individuals, about 30% of the sera 
lyses CDA II red cells (acidified serum lysis test or Ham test). 
Unlike paroxysmal nocturnal hemoglobinuria (PNH), there is 
rarely lysis of the patient’s red cells by his or her own serum. 
In addition, CDA II cells do not lyse in isotonic sucrose as PNH 
cells do. The lysis in acidified heterologous sera is due to a 
naturally occurring complement-binding immunoglobulin (Ig) M 
antibody against an unidentified antigen on CDA II cells. The 
combination of the characteristic morphologic abnormalities 
and the serologic finding led Crookston et al.44 to propose the 
acronym HEMPAS (hereditary erythroblastic multinuclearity 
with positive acidified serum test) for CDA II. The acidified 
serum lysis test previously was most informative and useful 
to diagnose PNH; however, this test now has been replaced 
by quantitation of CD55 and CD59 by flow cytometry (see 
Chapter 35). As a consequence there is decreased availability of 
the Ham test in clinical laboratories and this test is rarely used 
to help identify CDA II.

The principal biochemical feature of CDA II is defective 
N-glycosylation of the erythrocyte membrane proteins, band 3 
(anion exchange protein 1) and band 4.5 (glucose transporter 1).45–47 
This causes band 3 and band 4.5 to migrate at lower molecular 
weights on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). During normal maturation of erythroid 
cells, the erythrocyte membrane proteins are glycosylated with 
polylactosaminoglycans. Band 3 and band 4.5 proteins normally 
contain long polylactosamine chains attached to complex N-linked 
oligosaccharides. However, in CDA II, erythrocyte membrane 
proteins carry altered N-glycans with truncated polylactosamine 
structures.48 Instead, glycosylation is shifted to lipid acceptors 
resulting in the accumulation of polylactosamines as glycolip-
ids. Immunogold electron microscopy analysis using antiband 3 
antibodies reveals irregular clustering of underglycosylated band 
3 protein in CDA II erythrocyte membranes when compared to 
normal erythrocytes.49 SDS-PAGE of red cell membrane proteins 
can be used as a diagnostic criterion in lieu of a positive acidified 
serum lysis test.

Management
Some cases of CDA II follow an indolent course, whereas transfu-
sion-dependent individuals often benefit from splenectomy, usu-
ally with a moderate increase in hemoglobin concentration.3,37 
Most important, patients should be monitored closely for second-
ary hemochromatosis, which can occur even in the absence of 
regular transfusion as a result of ineffective erythropoiesis with 
increased iron absorption.50 The extent of iron overload increases 
progressively with age,3,37 and about 20% of cases develop cir-
rhosis.3 Iron chelation therapy may be indicated, or alternatively, 
phlebotomy may be considered in patients with mild anemia. In 
one case of CDA II with co-inherited b-thalassemia trait51 and one 
of a variant CDA II with a negative Ham test,52 allogeneic bone 
marrow transplantation has been curative.

Molecular Biology of CDa II
Abnormalities in two Golgi enzymes previously were implicated 
in the pathogenesis of CDA II: N-acetylglucosaminyltransferase II 
and a-mannosidase II.53 In fact, an a-mannosidase II knockout 
mouse reproduces a phenotype similar to CDA II.54 However, 
further familial studies have excluded linkage of CDA II to the 
N-acetyl-glucosaminotransferase and a-mannosidase II genes.55 
In addition, it has been found that abnormalities of glycosylation 
of red cell membrane proteins are not confined to CDA II, being 
present, albeit to a lesser degree, in both CDA I and III.56,57

From studying several families, the CDA I1 gene (CDAN2) has 
been localized to chromosome 20q11.2.58,59 The disease-causing 
gene in CDA II is SEC23B, which spans approximately 54 kb on 
chromosome 20p11.23.60,61 It encodes an essential component of 
the coat protein complex II (COPII)-coated vesicles that transport 
secretory proteins from the endoplasmic reticulum to the Golgi 
apparatus. The majority of CDA II patients harbor mutations in 
the SEC23B gene, although 10% of CDA II patients have no detect-
able mutations in this gene.37,60,61 The most frequent SEC23B 
mutations are the coding region missense mutations, R14W 
and E109K, and nonsense mutations, R497C and I318T.61–64 
Splice-site mutations and frameshift mutations have also been 
reported.63,64 Compound heterozygosity for a frameshift or non-
sense mutation and a missense mutation result in a more severe 
CDA II phenotype than homozygosity for two missense mutations, 
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Figure 40.8. Blood smear from a patient with congenital dyserythropoietic anemia 
type iii.

establishing a genotype–phenotype relationship. However, CDA 
II patients homozygous for nonsense mutations have never been 
reported, suggesting that some SEC23B expression is necessary 
for embryonic viability.60,61 In light of the identification of SEC23B, 
earlier described abnormalities in two Golgi enzymes implicated 
in the pathogenesis of CDA II: N-acetylglucosaminyltransferase II 
and a-mannosidase II are even more compelling.53

Congenital DyserythropoietiC 
anemia type iii (CDa iii)
This disorder was first described in 1951 in an American family 
by Wolfe and von Hofe under the name familial erythroid mul-
tinuclearity, and in 1962 in a Swedish family by Bergström and 
Jacobsson as hereditary benign erythroreticulosis.65,66 CDA III 
represents the rarest CDA variant with a familial and a sporadic 
form.67 The familial form is inherited in an autosomal dominant 
pattern, and the sporadic form is inherited in an autosomal reces-
sive pattern or may arise de novo as a dominant mutation.6,67 The 
disease gene has been localized in the Swedish family with CDA III 
to a 4.5 cM interval on chromosome 15q21-q25.68 The possibility 
of an individual having CDA III is considered in the face of a mild 
macrocytic anemia not due to other common conditions.

Clinical Features
Individuals may experience fatigue, weakness, and episodes 
of abdominal pain and jaundice resulting from gallstones. 
Splenomegaly is absent in the dominantly inherited cases but is 
present in most sporadic cases. Intravascular hemolysis and con-
sequent hemosiderinuria may be present and occasionally lead 
to iron deficiency. Iron overload does not develop in the Swedish 
cases probably because of iron loss from hemosiderinuria.69 In 
the Swedish family, the prevalence of monoclonal gammopathy 
of unknown significance and myeloma is increased,69 and visual 
disturbances due to macular degeneration and angioid streaks 
may be seen in older patients.70 Single sporadic cases have 
been reported to develop Hodgkin disease and malignant T-cell 
 lymphoma.71,72

Laboratory Features
The macrocytic anemia is generally of mild to moderate severity. 
The peripheral blood smear displays basophilic stippling, irregu-
larly contracted erythrocytes, anisocytosis, and poikilocytosis 
(Fig. 40.8).2 A distinguishing feature of CDA III is markedly abnor-
mal erythroblast proliferation resulting in giant binucleated and 
multinucleated erythroblasts with up to 12 nuclei (Fig. 40.9A–D) 
and total DNA content up to 48 N.65,73 Electron microscopy shows 
multinucleated erythroblasts with multiple nuclear clefts in the 
heterochromatin, which may lead to nuclear lobulation and kar-
ryorhexis (Fig. 40.10).74 Individual nuclei within the same multi-
nucleated cells (with up to 12 nuclei) can display different shapes 
and sizes and abnormal heterochromatin appearance.74 The cyto-
plasm of many erythroblasts contains large autophagic vacuoles, 
inclusions containing b globin chains, iron-loaded mitochondria, 
and myelin figures.

Congenital DyserythropoietiC 
anemia Variants
A category, designated CDA type IV, was proposed to describe 
cases with bone marrow appearances typical of CDA II, but a 
negative Ham test with heterologous sera. Some of these cases 
may simply represent CDA II in which an insufficient number of 

heterologous sera were used in the test. Examples exist of cases 
that have been reclassified as CDA II when retested with more 
sera. The availability of SEC23B gene testing should help define if 
these are truly CDA II variants.

Several cases have been reported with features other than 
those of CDA I, II, or III that seem to represent distinct forms of 
CDA rather than variants of the three classic types. Most of these 
have been tentatively assigned to four phenotype-based groups 
designated CDA group IV, V, VI, and VII and their essential features 
are shown in Table 40.1;2,6 the majority belong to group IV.75,76 
They have been designated as groups rather than types as there is 
evidence of phenotypic and/or genetic heterogeneity within each 
group. In addition to these groups, each of which includes three 
or more families, there are cases with unique features reported in 
only one or two families.

A father and daughter had a disorder with probable autosomal 
dominant inheritance characterized by normal hemoglobin values, 
macrocytes in the blood film, and dyserythropoiesis including 
internuclear chromatin bridges, but unlike in CDA I, the erythro-
blast heterochromatin was ultrastructurally normal.77 Other single 
cases have shown large cytoplasmic vacuoles, macrocytosis with-
out anemia, and marked irregularities of nuclear outline in a high 
proportion of erythroblasts78 or transfusion-dependent anemia 
with gross nonspecific dyserythropoietic changes in many erythro-
blasts including marked irregularities of nuclear outline.79 In two 
consanguineous Arab families, CDA was associated with microcy-
tosis, many binucleate late erythroblasts, a negative Ham test, and 
chronic recurrent multifocal osteomyelitis; the inheritance was 
autosomal recessive and homozygous mutations in the LPIN2 gene 
on chromosome 18p were present.80,81 A third Arabic patient with 
this syndrome also had a homozygous mutation in LPIN2.82

A missense mutation of erythroid transcription factor KLF1 
has been reported to cause CDA with erythroid hyperplasia and 
unique ultrastructural abnormalities in the bone marrow.83 A 
characteristic feature of this CDA variant is the high number of 
orthochromatic erythroblasts in the peripheral blood that fail 
to undergo terminal erythroid differentiation and thus retain 
their nuclei. Furthermore, patient-derived CD34+ cells induced 
down the erythroid lineage in vitro show impaired enucleation. 
Electron microscopy reveals erythroblasts with endoreplica-
tion of nuclear membrane with abnormally large nuclear pores, 
severe anisopoikilocytosis, and cytoplasmic inclusions. Clinically, 
the patient described with this mutation required frequent blood 
transfusions due to hemolytic anemia. Treatment with erythro-
poietin or interferon-a was ineffective. Following splenectomy, 
the patient became transfusion-independent and hemoglobin 
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Figure 40.10. erythroblast from a case of congenital dyserythropoietic anemia type iii 
showing stellate intracytoplasmic inclusions. (From Wickramasinghe SN, Wahlin A, 
Anstee D, et al. Observations on two members of the Swedish family with congenital dyserythro-
poietic anaemia, type III. Eur J Haematol 1993;50:213–221, with permission.)

levels stabilized. The patient had no mutations in the CDAN1 and 
SEC23B genes. The disease-causing mutation was discovered 
to affect exon 3 of the KLF1 gene, converting glutamate 325 to 
lysine (E325K). The patient displayed dysregulation of globin gene 
expression, resulting in the persistence of embryonic and fetal 
hemoglobins. Additionally, the patient’s circulating erythroblasts 
and mature erythrocytes were deficient in the adhesion molecule 
CD44 and water channel AQP1. Of interest, a well-studied patient 
with very similar clinical features had been reported in the 1990s. 
This previous patient had a moderate normochromic normocytic 
anemia, dyserythropoiesis, circulating erythroblasts, ineffective 
erythropoiesis, and the following features: deficiency of erythroid 
but not leukocyte CD44, a unique Colton blood group, 50% hemo-
globin F, small amounts of z- and â-globin chains in some red 
cells, reduced expression of aquaporin 1 (CHIP), and rounded 
intraerythroblastic inclusions composed of tightly packed double 

Group Defining Features

IV Severe transfusion-dependent anemia

Marked erythroid hyperplasia, usually normoblastic

Markedly ineffective erythropoiesis

Slight/moderate increase in nonspecific dyserythropoietic changes 
including markedly irregular or karyorrhectic nuclei

Absence of the marrow abnormalities characteristic of CDA I-III

Absence of precipitated protein within erythroblasts by electron micros-
copy (which excludes a-thalassemia syndromes and CDA group VII)

V Normal or near-normal Hb with normal or slightly increased MCV

Predominantly unconjugated hyperbilirubinemia

Marked normoblastic/mildly or moderately megaloblastic erythroid 
hyperplasia

Grossly ineffective erythropoiesis

Little or no erythroid dysplasia

VI Normal or near-normal Hb with marked macrocytosis (MCV 119-125 fl)

Erythroid hyperplasia with cobalamin and folate-independent florid 
megaloblastic erythropoiesis and nonspecific dyserythropoiesis

Ineffective erythropoiesis

VII Severe transfusion-dependent anemia

Marked normoblastic erythroid hyperplasia with nonspecific dyserythro-
poietic changes, especially irregular nuclear shapes, in many polychro-
matic erythroblasts

Markedly ineffective erythropoiesis

Intraerythroblastic inclusions resembling precipitated globin that do not 
react with antibodies to a- or b-globin chains (electron microscope studies)

Hb, hemoglobin; MCV, mean corpuscular volume.
a CDA group IV is distinct from CDA type IV, which is a term that has been used to describe a 
variant of CDA type II.

FeAtuRes OF COngenitAl DyseRythROpOietiC AnemiA 
(CDA) gROups iV–Viia

taBLe 40.1

A B

C D

Figure 40.9. Multinucleate 
erythroblasts from the bone 
marrow of a case of con-
genital dyserythropoietic 
anemia type iii. A: Tetranu-
cleate basophilic erythropoietic 
cell. B, C, and D: Polychromatic 
erythroblasts with six, four, and 
eight nuclei, respectively.
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Figure 40.11. Bone marrow appearances resembling those of congenital dyserythropoietic anemia. A: Myelodysplastic syndrome with frequent binucle-
ate late polychromatic erythroblasts. B: Thiamine-responsive anemia with multinucleate megaloblasts. (Part B from Wickramasinghe SN. Macrocytic anemia. In: 
Wickramasinghe SN, McCullough J, eds. Blood and bone marrow pathology. Edinburgh: Churchill Livingstone, 2003:229–247, with permission.)
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membranes.84–86 More recently, when this earlier patient was re-
evaluated, she also was found to have the same KLF1 mutation.83

Congenital dyserythropoiesis is associated with thrombocyto-
penia in patients with mutations in the gene for the transcription 
factor GATA1.2,87 However, the presence of thrombocytopenia 
would generally be considered to exclude such cases from the 
category of CDAs.

In addition to the congenital dyserythropoietic disorders 
discussed in this chapter, acquired conditions occasionally can 
be associated with ineffective erythropoiesis and dyserythropoi-
esis.2,6,9 These include vitamin B12 or folate deficiency, severe iron 
deficiency, thalassemia syndromes, some unstable hemoglobins, 
sideroblastic anemias, myelodysplastic syndromes, acute myeloid 
leukemia, aplastic anemia, malaria, Kala azar, alcohol abuse, 
and liver disease. It is noteworthy that morphologic features 
characteristic of CDA I, II, and III may be seen in some acquired 
dyserythropoietic states. For example, internuclear chromatin 
bridges such as those seen in CDA I may be found occasionally 
in myelodysplastic syndromes (MDSs), in Plasmodium falciparum 
malaria, and during marrow regeneration following transplanta-
tion. A high proportion of binucleate late erythroblasts such as 
is seen in CDA II may be encountered in MDS (Fig. 40.11A) and 
marked multinuclearity of erythroblasts as found in CDA III is 
seen in some cases of erythroleukemia and thiamine-responsive 
anemia (Fig. 40.11B).
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AnemiAs secondAry to chronic diseAse  
And systemic disorders
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AnemiA of chronic diseAse
The anemia that is often observed in patients with infectious, 
inflammatory, or neoplastic diseases that persist for more than 
1 or 2 months is called anemia of chronic disease (ACD). The 
characteristic feature of this syndrome is the occurrence of hypo-
ferremia in the presence of ample reticuloendothelial iron stores. 
ACD is defined by the presence of this unique combination of 
findings.1–2,3 As so defined, the syndrome does not include 
anemias caused by marrow replacement, blood loss, hemolysis, 
renal insufficiency, hepatic disease, or endocrinopathy, even 
when those disorders are chronic. These other syndromes are 
discussed in the sections “Anemia of Chronic Renal Insufficiency,” 
“Anemia in Cirrhosis and Other Liver Diseases,” and “Anemias 
Associated with Endocrine Disorders” in this chapter. To fur-
ther complicate nomenclature, the acute anemia observed in 
critically ill patients and that component of postsurgical anemia 
not attributable to blood loss appear to be pathophysiologically 
identical to ACD.

As the discussion above suggests, the designation ACD is far 
from perfect.4 The alternate term, anemia of inflammation has 
become more widely used in recent years,4,5 but also has sig-
nificant etymologic deficiencies, and the more pathophysiologi-
cally correct term cytokine-mediated anemia6 is not commonly 
used. Highly specific descriptive designations, such as anemia of 
defective iron reutilization,7 hypoferremic anemia with reticulo-
endothelial siderosis, and thesauric hypoferremic anemia,8 are 
also rarely used and have the limitation of focusing solely on the 
iron-related aspects of the syndrome.

associated Syndromes
ACD is extremely common and, overall, is probably more com-
mon than any anemia syndrome other than blood loss with con-
sequent iron deficiency. Cash and Sears evaluated all the anemic 
individuals admitted to the medical service of a busy municipal 
hospital during two 2-month periods in 1985 and 1986.9 After 
patients with active bleeding, hemolysis, or known hematologic 
malignancy were excluded, 52% of anemic patients met labora-
tory criteria for ACD.9 The syndrome is also observed in 27% 
of outpatients with rheumatoid arthritis10 and in 58% of new 
admissions to inpatient rheumatology units.11 However, it should 
be remembered that 40% of patients in the series reported by 
Cash and Sears lacked one of the traditional “ACD-associated dis-
orders.”9 Approximately one-third of this latter group had renal 
insufficiency, in which pathophysiologic mechanisms implicated 
in ACD are active.12 Clinical disorders commonly associated with 
ACD are listed in Table 41.1.

Clinical and Laboratory Description
Because this type of anemia occurs in association with so 
many diseases, the clinical manifestations necessarily vary 
widely. Usually, the signs and symptoms of the underlying 
disorder overshadow those of the anemia, but on rare occa-
sions, developing anemia provides the first evidence of the 
primary condition. This situation may be observed particularly 
in difficult-to-diagnose clinical syndromes, such as temporal 
arteritis.13

anemia

Development and Severity
Typically, anemia develops during the first 1 to 2 months of ill-
ness and thereafter does not progress.2 The hematocrit usually is 
maintained between 0.25 and 0.40,2,14,15 but significantly lower 
values are observed in 20% to 30% of patients.9,10 The hemoglo-
bin concentration and hematocrit generally provide an accurate 
reflection of the extent to which the circulating red cell mass is 
reduced, although in certain cases, expansion of the total blood 
volume would mean that the reduction in red cell mass is less than 
the hemoglobin or hematocrit indicates.16,17

A general correlation exists between the degree of anemia and 
the severity of the underlying disease.2 For example, infections 
accompanied by pronounced fever, chills, and suppuration are 
associated with more severe anemia than those with fewer sys-
temic manifestations.18 In infected wounds, the degree of anemia 

Chronic Infections9,16

Pulmonary infections: abscesses, emphysema, tuberculosis, pneumonia

Subacute bacterial endocarditis

Pelvic inflammatory disease

Osteomyelitis

Chronic urinary tract infections

Chronic fungal disease

Meningitis

Human immunodeficiency virus

Chronic, Noninfectious Inflammations

Rheumatoid arthritis30,68,457

Rheumatic fever458

Systemic lupus erythematosus459

Severe trauma460

Thermal injury461

Vasculitis

Malignant Diseases

Carcinoma

Hodgkin disease

Non-Hodgkin lymphoma

Leukemia

Multiple myeloma

Miscellaneous

Alcoholic liver disease

Congestive heart failure165,167

Thrombophlebitis

Ischemic heart disease

Idiopathic

Conditions AssoCiAted with AnemiA of  
ChroniC diseAse

taBLe 41.1
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is related to the number of organisms present.18 Correlation has 
also been observed between the severity of the anemia and the 
activity of rheumatoid arthritis as judged by fever, severity of 
joint swelling and inflammation, and the erythrocyte sedimenta-
tion rate.19,20 In patients with malignant disease, anemia is more 
severe when metastases are widespread than when the disease is 
localized; however, the development of anemia does not require 
or imply neoplastic involvement of the bone marrow.21,22

Typically, the percentage of reticulocytes is normal or reduced,2 
although on rare occasions it may be slightly increased.18 The 
reticulocyte production index is decreased, although not to the 
same degree seen in primary marrow failure states like aplastic 
anemia or pure red cell aplasia.

Morphologic Features
The erythrocytes usually are normocytic and normochromic; 
however, hypochromia and microcytosis may be observed. In 
older series, microcytosis (mean corpuscular volume [MCV] <80 
fl) was observed in 2% to 8% of patients with ACD19,23,24; however, 
other, more recent studies report a frequency of 20% to 40%.9,15 
Hypochromia (mean corpuscular hemoglobin concentration, 26 
to 32 g/dl) is more common than microcytosis. In various series, 
hypochromia was observed in 23% to 50% of patients with chronic 
infection, 50% to 100% of patients with rheumatoid arthritis, and 
44% to 64% of patients with cancer.2,15 Overall, it is observed in 
40% to 70% of patients with ACD.9,10,19,23,24 Hypochromia may 
be observed even though the hematocrit remains within normal 
limits.25 Microcytosis in ACD is usually not as striking as that 
commonly associated with iron deficiency anemia; values for MCV 
<72 fl are rare.2,15 Another distinction from iron deficiency is that 
hypochromia typically precedes microcytosis in ACD but typically 
follows the development of microcytosis in iron deficiency.2 Slight 
anisocytosis and poikilocytosis may be detected, but such changes 
tend to be less prominent than in iron-deficient subjects. Routine 
examination of the blood smear rarely reveals specific morpho-
logic abnormalities. The width of the erythrocyte size distribution 
curve (red cell distribution width) is typically elevated to a mod-
erate degree, and generally does not help in distinguishing iron 
deficiency and ACD. Newer parameters calculated by automated 
hematologic analyzers, such as reticulocyte hemoglobin content 
(CHr), may assist in distinguishing ACD from iron deficiency.26,27

Laboratory Markers of Iron Status
Characteristically, serum iron concentration is decreased, total 
iron-binding capacity (or serum transferrin concentration) is 
reduced, and transferrin saturation may be below normal, though 
not to the same degree as in iron deficiency.2,24 In patients with 
infection, hypoferremia develops early in the course of the illness, 
often within 24 hours, and is observed even in acute, self-limited 
febrile diseases or after experimentally induced fever in humans 
or animals.8,14,28,29 When the infection is of short duration, the 
serum iron returns to normal and anemia does not develop; in 
prolonged illnesses, the serum iron level remains low as long as 
the disease is active. When the disorder subsides, anemia often 
is relieved before the serum iron level returns to normal. The 
degree of hypoferremia is related to the severity of the underlying 
illness.19,24,30

In bone marrow aspirates stained for iron, the number of 
sideroblasts is reduced to 5% to 20% of the total quantity of nor-
moblasts (normal, 30% to 50%). In contrast, the amount of hemo-
siderin within macrophages usually is increased; exceptions to 
this probably represent cases complicated by iron deficiency.2

Serum ferritin level is a useful indicator of iron status in 
patients without underlying inflammatory disorders. In patients 
with ACD, however, the serum ferritin level indicative of adequate 
reticuloendothelial iron stores requires upward adjustment. 

Serum ferritin values usually increase in patients with inflamma-
tory diseases,31 and extreme elevations of serum ferritin may be 
a nonspecific indicator of significant underlying disease.32 When 
iron deficiency coexists, the serum ferritin level falls but may 
not reach values as low as those found in uncomplicated iron 
deficiency. Values of 60 to 100 mg/L, previously suggested as the 
appropriate lower limit of normal for serum ferritin in chronic 
inflammation, may be too low, depending upon the parameters 
of the ferritin assay used.33,34,35,36 At one institution, all patients 
with serum ferritin levels <30 mg/L were iron-deficient by mar-
row examination, as were the majority of hospitalized patients 
with serum ferritin levels of 30 to 100 mg/L and approximately 
one-third of hospitalized patients with serum ferritin levels 
between 100 and 200 mg/L (Fig. 41.1).37 Combining the serum 
ferritin level with other parameters, such as erythrocyte sedimen-
tation rate and C-reactive protein, did not improve its predictive 
value,38 although it has been suggested that the combination of 
serum ferritin with red cell ferritin may be more predictive.39 
The recognition of iron deficiency in patients with chronic inflam-
matory states is not a trivial issue: Iron deficiency contributes to 
anemia in up to 27% of anemic rheumatoid arthritis patients10 
and probably accounts for periodic reports of successful treat-
ment of “the anemia of chronic disease” with iron preparations.40 
A patient with chronic inflammatory disease and a serum ferritin 
<30 mg/L is certainly iron-deficient, and a patient with a serum 
ferritin >200 mg/L is certainly not iron-deficient; in other cir-
cumstances, certainty can be provided only by examination of a 
Prussian blue-stained marrow specimen. Elevated concentration 
of soluble transferrin receptors (sTfRs) in serum is another way 
to identify iron-deficient individuals with normal serum ferritin 
concentrations.41

Serum or plasma sTfR concentration is elevated in iron 
deficiency but is not elevated in uncomplicated ACD. It will be 
elevated in ACD cases complicated by iron deficiency.42–45 sTfR 
concentration is most accurately interpreted in the context of 
the serum ferritin concentration,41,46 and is often expressed 
as a ratio to the log of the serum or plasma ferritin concentra-
tion (called the transferrin receptor index or transferrin/ferritin 
index).46

As will be discussed later in this chapter, the iron regulatory 
peptide hepcidin appears to be a significant driver of the patho-
genesis of ACD. Circulating hepcidin concentration is expected 
to be elevated in ACD.5,47 Well-studied and reproducible assays 
for hepcidin have been developed,48,49,50,51,52,53 and while none 
are available for routine clinical use at present it is reasonable 
to assume that they will be available in the near future. It has 
been suggested that serum hepcidin concentration can be plotted 
against CHr and that the combination of elevated hepcidin and 
normal CHr will distinguish ACD from both iron deficiency (nor-
mal hepcidin, high CHr) and the combined state of ACD and iron 
deficiency (low CHr, high hepcidin).54

Figure 41.1. Comparison of serum ferritin levels from iron-deficient and non–iron-
deficient patients as identified by bone marrow examination during 1994 to 1995 at 
the university of Cincinnati Medical Center. Dashed lines indicate the range of normal for 
the laboratory.
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pathogenesis
Efforts to clarify the pathogenesis of ACD have focused on three 
principal abnormalities: shortened erythrocyte survival, impaired 
marrow response, and disturbance in iron metabolism. The mod-
est shortening of the erythrocyte survival creates an increased 
demand for red cell production on the marrow. Normally, the 
marrow could easily accommodate this demand, but in the set-
ting of ACD, the marrow is unable to respond fully because of a 
combination of a blunted erythropoietin (Epo) response, an inad-
equate progenitor response to Epo, and limited iron availability 
(Fig. 41.2).

Cytokines
ACD is one manifestation of the systemic response to immunologic 
or inflammatory stress, which results in the production of various 
cytokines.3,77 The ability to trigger this cytokine response appears 
to be the common pathogenetic factor shared by the various con-
ditions associated with this anemia syndrome.78 The central role 
of these molecules suggests that ACD may be best understood as a 
cytokine-mediated process.6 The cytokines most often implicated 
in the pathogenesis of ACD are TNF,79,80,81 IL-1,82,83 IL-6,84 and 
the interferons,85–87 concentrations of which have been reported 
to be increased in the serum or plasma of patients with disorders 
associated with ACD.85,87–89,90,91 Therapeutic administration of 
TNF or interferon may induce anemia.92,93 The role of IL-6 is 
complex. IL-6 administration itself does not suppress erythro-
poiesis but rather is associated with increased plasma volume; 
therefore there is a dilutional component to any observed ane-
mia.17 The association of IL-6 with hepatocyte activation may thus 
explain the dilutional component of the anemia observed in liver 
disease.94,95,96 However, IL-6 is also a potent inducer of hepcidin, 
proposed as a major mediator of the iron abnormalities of ACD.5

the role of hepcidin
While inflammation-induced cytokine activation is clearly the 
initial event in the pathogenesis of ACD, the liver-produced antimi-
crobial peptide hepcidin appears to be the most important media-
tor through which cytokines exert their effects on the pathogenetic 
mechanisms of ACD.5,97,98 Hepcidin is an acute-phase-reacting 
peptide, largely regulated by IL-6 but also by cytokine pathways 
not linked to IL-6.5,99,100 Patients with hepatic adenomas secret-
ing hepcidin exhibit a hypoferremic anemia that resolves with 
resection of the adenoma.97 Urinary hepcidin excretion is strongly 
correlated with serum ferritin concentration and is markedly ele-
vated in patients with anemia of inflammation (defined as anemia 

Other Biochemical Findings
The concentration of free protoporphyrin in the erythrocytes 
(FEP) tends to be elevated in patients with ACD.14,55,56 However, 
FEP increases more slowly in ACD than it does in iron deficiency, 
and it does not become clearly abnormal until significant anemia 
has developed.

A variety of other biochemical changes often are detected in 
patients with chronic diseases. Many of these changes reflect 
alteration of levels of particular plasma proteins, often called 
acute-phase reactants.57–61 The concentrations of certain 
plasma proteins, such as fibrinogen, ceruloplasmin, haptoglobin, 
C-reactive protein, orosomucoid, C3, and amyloid A protein, 
increase62–64, whereas the concentrations of albumin and trans-
ferrin characteristically decrease.65 The increase in ceruloplasmin 
accounts for the increase in serum copper levels often noted in 
association with chronic diseases.2,14 An elevated fibrinogen level 
is probably the most important factor in the increased sedimenta-
tion rate.

Patients with chronic illness develop accelerated protein 
catabolism and negative nitrogen balance associated with muscle 
proteolysis.64,65 Over time, this phenomenon can result in muscle 
wasting, increased urea excretion, weight loss, and growth 
impairment in children. However, protein catabolism generates 
amino acids that can be used by the patient as alternative energy 
sources or to supply substrates for biosynthetic processes related 
to host response. In this context, it is perhaps relevant that 
elevated serum levels of tumor necrosis factor (TNF), a cytokine 
implicated in the pathogenesis of ACD, are noted in patients with 
significant malnutrition.66,67

Kinetic Characteristics
Erythrocyte survival is modestly but significantly reduced in 
patients with ACD. In two studies comparing red cell survival 
in anemic patients with rheumatoid arthritis to red cell survival 
in normal individuals, the mean red cell survivals noted were 
81 days versus 98 days, and 90 days versus 114 days, respec-
tively.68,69 In a similar study comparing red cell survivals in 10 
anemic patients with a variety of chronic inflammatory states 
to 10 normal individuals, the mean values observed were 80 
days versus 88 days, respectively.68 The usual manifestations 
of increased blood destruction, such as increases in serum 
bilirubin values and urobilinogen excretion, are not typically 
observed.2,70

There is little evidence of a compensatory erythropoietic 
response to this reduction in red cell survival. The reticulocyte 
count usually is normal or decreased, and little or no erythroid 
hyperplasia of the marrow is observed. The pathogenetic signifi-
cance of these findings is discussed in the following section. Kinetic 
data indicate that anemia develops because the bone marrow fails 
to increase red cell production sufficiently to compensate for a 
mild decrease in the lifespan of the red cells.2,8,68 Ferrokinetic 
studies involving patients with chronic infections,71,72 rheumatoid 
arthritis,73 and various malignant diseases21,22,74 reveal that the 
rate of disappearance of iron from the plasma is rapid, the plasma 
iron transport rate is normal or slightly increased, the uptake 
of iron into erythrocytes and the amount of iron turning over 
through red cells daily are normal or increased, and the fraction 
of red cells renewed daily is increased.2 When techniques that 
allow the division of marrow iron turnover (a measure of total 
erythropoiesis) into red cell iron turnover and ineffective iron 
turnover were used, marrow iron turnover was normal in patients 
with ACD.68,69,75,76 Ineffective iron turnover was also normal, or 
even less than normal, indicating a lack of ineffective erythropoie-
sis as traditionally defined.68 In iron-deficient subjects, ineffective 
iron turnover is increased, perhaps because of greater stimulation 
of the marrow.

Impaired EPO response
to anemia

Impaired progenitor
response to EPO

Impairment of iron
mobilization and iron

uptake by erythroid cells

Decreased RBC
survival

Inadequate erythropoietic
response

ANEMIA
OF

CHRONIC
DISORDERS

Figure 41.2. Schematic diagram representing contributing mechanisms in the patho-
genesis of anemia of chronic disease. EPO, erythropoietin; RBC, red blood cell.
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 Chapter 41 Anemias secondary to Chronic disease and systemic disorders 1001

with a characteristic clinical setting and an elevated serum fer-
ritin) compared to iron-deficient patients.5 Hepcidin promotes 
macrophage iron retention by causing internalization of the iron 
export protein ferroportin.101

Of the pathogenetic mechanisms shown in Figure 41.2, hepci-
din clearly drives the abnormalities in iron metabolism. However, 
it may be linked to other elements as well. Under conditions of 
limited Epo availability, hepcidin is associated with impaired ery-
throid colony formation in vitro.102 Increased circulating hepcidin 
appears to be linked to the degree of resistance to recombinant 
(rh) Epo therapy in dialysis patients.103 Hepcidin and Epo produc-
tion appear to be regulated in an inverse relationship by hypoxia-
inducible factor,104 which may potentially provide some linkage 
between hepcidin and the relative Epo deficiency of ACD. This 
latter connection remains to be demonstrated.

Shortened erythrocyte Survival
The rate of survival of cells from patients with arthritis, when 
transfused into normal subjects, is normal, and the survival of red 
cells from normal individuals in the circulation of patients with 
arthritis is less than the normal rate.2,23 Therefore, shortened red 
cell survival in patients with chronic inflammatory disorders is 
attributed to an extracorpuscular mechanism.30 IL-1 levels and 
shortened red cell survival are correlated in anemic patients with 
rheumatoid arthritis,105 and mice that become anemic after expo-
sure to TNF in vivo also exhibit a shortened red cell survival.106 
Neocytolysis, a selective hemolysis of newly formed erythro-
cytes associated with Epo deficiency,107,108 has been proposed 
as a mechanism for shortened red blood cell survival in ACD. 
Peroxynitrite, derived from the reaction of the cytokine second 
messenger nitric oxide and superoxide, may contribute to red cell 
rigidity and thus to decreased survival.109

Impaired Marrow response
Normal bone marrow, capable of a six- to eightfold increase in 
the red cell production rate, should easily compensate for such 
a modest reduction in erythrocyte survival. Its failure to do so in 
ACD suggests that impaired production capacity is of fundamental 
importance in the pathogenesis of this condition. The possible 
defects in erythropoiesis fall into three categories: inappropriately 
low Epo secretion, diminished marrow response to Epo, and iron-
limited erythropoiesis.

An inverse relationship between serum or plasma Epo levels 
and hemoglobin normally exists: As the hemoglobin decreases, the 
Epo level rises.110 A similar inverse relationship between hemo-
globin and Epo level exists in anemic individuals with rheumatoid 
arthritis, cancer, and human immunodeficiency virus infec-
tion111,112–114; however, for any given anemic patient in these dis-
ease categories, the Epo level was lower than that found in equally 
anemic individuals with iron deficiency, indicating that the Epo 
response to anemia was blunted. This impaired Epo response is 
cytokine-mediated. IL-1, TNF-a, and transforming growth factor-
b inhibit production of Epo by various hepatoma cell lines and by 
isolated perfused rat kidneys in vitro.115,116 This effect occurs at 
the messenger RNA level.115 It has been proposed that this inad-
equate Epo secretion is adaptive; that is, it reflects reduced tissue 
oxygen use so that normal oxygenation is maintained despite 
reduced hemoglobin levels. One colorful description of this pro-
cess is that the “hematologic thermostat has been turned down 
a bit”,8 perhaps to allow diversion of substrates normally used 
in erythropoiesis to more immediately critical activities. Changes 
that ordinarily signify erythrocyte adaptation to tissue hypoxia, 
such as increased erythrocyte 2,3- diphosphoglycerate (2,3-DPG) 
levels, are observed in ACD.117 Hemoglobin oxygen affinity is 
also slightly decreased in these patients but overlaps the range 
observed in normal subjects.117

Although the Epo levels of patients with ACD are lower than 
those observed in equally anemic iron-deficient individuals, they 
are still higher than are observed in normal individuals who are 
not anemic. This implies that inhibition of Epo production can-
not entirely account for the impaired erythropoiesis associated 
with ACD, and that the erythroid progenitors themselves exhibit 
an abnormal response to Epo. Studies of anemic cancer patients 
support this concept.118,119

TNF, IL-1, and interferon have all been reported to inhibit 
erythropoiesis in vivo and in vitro.90,92,120–128 TNF inhibits 
in vitro colony formation by human erythroid colony-forming 
units (CFU-E) indirectly, through interferon-b and possibly other 
soluble factors released from marrow accessory cells in response 
to TNF.129,130 The inhibitory effect of rhIL-1 on human CFU-E 
colony formation was also indirect and dependent on marrow 
accessory cells; however, the responsible accessory cells in this 
case were T lymphocytes, and the mediator was interferon-g, 
which also exhibits a direct inhibitory effect on human CFU-E.131 
Although interferon-a and interferon-b share a common receptor, 
interferon-a does not exert a direct inhibitory effect on human 
CFU-E colony formation. Instead, its effect is mediated through 
an unidentified soluble factor released by T lymphocytes.132 The 
inhibitory effects of interferon-a and interferon-b exhibit synergy 
with interferon-g.132 An important point to consider in reviewing 
the various models for cytokine effects on erythropoiesis is that 
none of the systems described operates in isolation in vivo. Thus, 
TNF induces IL-1 production by macrophages, IL-1 induces inter-
feron-g production by T lymphocytes, and interferon-g can exhibit 
positive or negative feedback on production of IL-1 and TNF.

Treatment with recombinant human Epo (rhEpo) can correct 
ACD in many cases. Inhibition of in vitro erythroid colony forma-
tion by interferon-g, but not interferon-a and interferon-b, can be 
corrected by exposure to high concentrations of Epo.132,133 Epo 
also suppresses hepcidin production.134,135

abnormal Iron Metabolism
It has been proposed that lack of iron for erythropoiesis contrib-
utes to the inadequate marrow response in ACD. Evidence of a 
functional iron deficiency in this syndrome includes erythrocyte 
microcytosis, increased FEP,14,56 reduced transferrin satura-
tion,24 and decreased marrow sideroblasts.24

Ferrokinetic studies have proved confusing. It has been 
reported that erythroid iron turnover correlated with serum iron 
levels, permitting a conclusion that marrow proliferation was 
limited by availability of iron in ACD.118 Other studies found 
no correlation between marrow iron turnover and serum iron 
concentration.68,69,76,136

The major contributor to hypoferremia in patients with ACD 
is probably a shift of iron from a transferrin-bound, available 
circulating state to an intracellular storage state. Iron absorption 
appears to be normal, but iron tends to remain in the mucosal 
cell and in hepatocytes.137,138 Macrophages, the major site from 
which iron is obtained for erythropoiesis, also exhibit increased 
iron storage. This process is mediated by hepcidin, which down-
regulates the iron egress regulatory ferroportin, thus trapping 
iron intracellularly.101

The dominant factor in the iron abnormalities of ACD is clearly 
hepcidin, discussed above and at greater length in Chapter 23. A 
number of other processes of less overarching significance may 
contribute under particular circumstances to the iron anoma-
lies observed. Apoferritin is normally synthesized in response 
to increased intracellular iron concentration.139 It has been 
suggested that excess apoferritin is made in inflammatory and 
malignant conditions, and the surplus binds a larger-than-usual 
amount of iron entering the cell.140–142 In effect, such a mecha-
nism would divert iron from the rapid to the slow pathway of 
iron release. Rodents injected with recombinant TNF developed 
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a hypoferremic anemia associated with impaired storage iron 
release and incorporation into erythrocytes.106,143 It has also been 
reported that IL-1 increases translation of ferritin messenger RNA 
and that this additional ferritin could act as a trap for iron that 
might otherwise be available for erythropoiesis.105 Nitric oxide, 
which is a common mediator of cytokine effects, has similar 
effects on ferritin expression.144,145 Lactoferrin is a transferrin-
like protein found in neutrophil-specific granules.146,147 It is 
released from the neutrophil during phagocytosis or stimulation 
by IL-1.148 At low pH, lactoferrin binds iron more avidly than 
does transferrin.149 Lactoferrin-bound iron is not immediately 
available for erythropoiesis150; rather, it binds to specific recep-
tors on macrophages (particularly in the liver and spleen) and is 
endocytosed and subsequently incorporated into ferritin.151,152 
Thus, lactoferrin transfers iron from its transferrin-bound, cir-
culating state to a storage state, from which it cannot be rapidly 
mobilized.153 One group of investigators found that reducing the 
available lactoferrin by inducing neutropenia in rats blunted the 
hypoferremic response to IL-1,154 but another group found that 
administration of recombinant IL-1-induced hypoferremia in 
mice, even in the face of severe neutropenia.155

In addition to decreased availability of iron, erythroid pro-
genitors may also be unable to fully use the iron available to 
them. Erythroblasts from anemic patients with rheumatoid 
arthritis express fewer surface TfR than do erythroblasts from 
normal individuals. These TfR also exhibit lower binding affin-
ity for transferrin.156 Furthermore, acute-phase reactants, such 
as a1-antitrypsin, impair transferrin binding to erythroblasts 
and also inhibit transferrin internalization.157 rhEpo appears to 
induce a greater level of TfR expression on erythroid cells.158

anemia in patients with Cancer
Much of the anemia commonly observed in patients with cancer 
can be attributed to the mechanisms involved in ACD; however, 
certain processes unique to malignancy may also contribute. 
Erythroid precursors may be displaced from marrow by meta-
static tumor,159 tumor-induced fibrosis,160 or tumor-associated 
marrow necrosis.161 The treatment of cancer can also produce 
or exacerbate anemia by a variety of mechanisms, including 
impaired Epo production162 and cytotoxic effects of therapy on 
erythroid progenitors.163

Diagnosis
Studies suggest that diagnosis of anemia of moderate degree, as 
is commonly observed in ACD, is often missed.164 ACD should 
be considered in anemic patients with associated inflammatory, 
infectious, or neoplastic states. As described in Table 41.1,9 not all 
cases are associated with a classic chronic disease, but virtually 
all cases are associated with states of cytokine or immune activa-
tion. This is likely the mechanism associated with the increasing 
number of reports of ACD in congestive heart failure.103,165–167 
The diagnosis is confirmed by demonstrating hypoferremia with 
adequate reticuloendothelial iron stores in a patient with an 
appropriate clinical syndrome. Typically, the serum transferrin 
is either low or low normal, and sTfR concentration is normal in 
ACD. The major differential diagnosis is iron deficiency anemia. 
This is not a trivial distinction. The diagnosis of iron deficiency 
mandates identification of a source of blood loss. Incorrectly 
labeling a patient with ACD as iron-deficient exposes that patient 
to intrusive and expensive (although fairly safe) diagnostic pro-
cedures and to ineffective therapy. Mislabeling an iron-deficient 
patient as having ACD may result in failure to diagnose an under-
lying gastrointestinal malignancy at a curable stage and in failure 
to offer inexpensive and effective therapy. The diagnosis of iron 
deficiency is discussed in detail in Chapter 23 and in the section 
“Abnormal Iron Metabolism.” It has been suggested that a marker 

of inflammation or cytokine activation, such as C-reactive protein 
or IL-6 should be an element of the diagnosis of ACD.168,169 This 
may not be necessary in cases of ACD associated with “classic” 
ACD-related disease, like rheumatoid arthritis, but may be help-
ful in ACD which are less typical, or perhaps complicated by iron 
deficiency.

In principle, absence of an elevated serum or plasma hepcidin 
concentration could rule out ACD. When hepcidin assays become 
available for routine use in a clinical context, it will be important 
to carry out well-designed studies to determine whether they will 
contribute more to diagnosis than currently available clinical 
markers of iron status.170

treatment
The focus of therapy should be on the underlying disorder. The 
anemia itself is rarely an important clinical problem. Thus, direct 
approaches to correction of the anemia are rarely necessary. Fewer 
than 30% of patients have anemia sufficiently severe to necessi-
tate transfusion, and assessment of the symptomatic state should 
always be considered before administration of blood products.

rhEpo and the rhEpo analog darbepoetin, are effective in 
ACD but expensive,171,172,173 and many if not most third-party 
payers will not reimburse for its use in ACD. It is not currently 
approved for this purpose in the United States. Limitations on the 
use of rhEpo in anemic cancer patients for safety reasons (dis-
cussed below) limit the use of rhEpo in ACD at present. Because 
most patients were not symptomatic from their anemia, symp-
tomatic benefit was rarely reported in the initial studies.171,172 
Subsequent studies using more sophisticated evaluation instru-
ments have reported increased quality of life in anemic patients 
with rheumatoid arthritis174 or cancer175 treated with Epo. It 
can also be used for ACD patients who wish to donate blood for 
autologous transfusion at elective surgery but are too anemic to 
do so176 or to permit autologous blood donation by a patient with 
ACD and multiple alloantibodies.177 It has been proposed that 
rhEpo administration may be of benefit in anemic patients with 
congestive heart failure.178–181,182

It is debated whether or not to administer iron routinely to 
patients receiving therapy with Epo products. It is this author’s 
practice to do so in the absence of elevated serum ferritin levels. 
In one study of anemic patients with rheumatoid arthritis, the 
concurrent use of iron supplementation was a powerful predic-
tor of response to Epo183; however, many of the patients in this 
study may have been iron-deficient. Although there are reports of 
correction of ACD by intravenous iron without Epo,40,184 normal-
ization of hemoglobin was largely seen in patients who were also 
iron-deficient.40 Iron therapy by itself is likely to be useful only in 
patients who have concurrent iron deficiency,10 and then only for 
the component of anemia caused by iron deficiency. There is no 
convincing evidence that iron alone corrects ACD per se. Anemic 
cancer patients treated with concurrent intravenous iron and 
rhEpo appear to have a better response than those treated with 
no iron supplementation or with iron supplementation alone.185

Studies of the use of rhEpo in cancer patients have been 
associated with increased adverse outcomes in certain 
cases,186,187,188,189,190 leading to restrictions on circumstances in 
which rhEpo can be used in cancer therapy. While there is debate 
in the literature as to whether the observed outcomes reflected 
unique features of particular rhEpo regimens or of specific patient 
populations,191–193 the clinician is encouraged to review current 
guidelines prior to initiating therapy.

As noted earlier, Epo downregulates hepcidin production. 
Given the significant role of hepcidin in the pathogenesis of ACD, 
therapy directed against hepcidin would be attractive in principle. 
Antisense hepcidin has been reported to decrease anemia in an 
animal inflammation model.194 At present, however, there are no 
specific antihepcidin agents available for clinical use.
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AnemiA of chronic renAl 
insufficiency
Anemia is an almost invariable manifestation of chronic renal 
failure, often contributing substantially to the morbidity of the 
condition. It may be considered as typical of the disease as 
azotemia.195 In the era before the availability of rhEpo, 98% 
of patients on hemodialysis were anemic196; even now, 48% of 
renal failure patients before dialysis and 28% of hemodialysis 
patients have hematocrit values <0.30.197,198 The term anemia 
of chronic renal insufficiency refers to that anemia resulting 
directly from failure of the endocrine and filtering functions of 
the kidney. The kidney is the major source of Epo, and the abil-
ity to secrete this hormone is lost as the kidney fails. In addi-
tion, renal failure is associated with other pathologic processes, 
including some that may inhibit erythropoiesis and others that 
may shorten erythrocyte survival. Lack of sufficient Epo is by 
far the most important of these anemia-causing factors; con-
sequently, the hypoproliferative features of the anemia tend to 
predominate.199

In clinical settings associated with chronic renal failure, addi-
tional factors may also contribute to the development of anemia, 
but these should be considered complications rather than fun-
damental components of the anemia of renal insufficiency itself. 
In the presence of infection or inflammation, ACD is likely to be 
observed. Iron deficiency anemia (see Chapter 23) may develop 
because of blood loss from the gastrointestinal tract or (less 
frequently) hematuria or from retention of blood in the hemodi-
alysis apparatus tubing.199,200 The megaloblastic anemia of folate 
deficiency also may occur in patients on dialysis201,202 but is 
otherwise uncommon.203 Certain types of renal disease, including 
the hemolytic–uremic syndrome or thrombotic thrombocytopenic 
purpura, are associated with microangiopathic hemolytic anemia 
(see Chapter 48). Finally, aluminum intoxication can cause micro-
cytic anemia in dialysis patients, although this has become rare in 
modern dialysis practice.204

Clinical Description
Chronic renal failure occurs during the final stages of several renal 
diseases. As a rule, the nature of the underlying disease bears 
little relation to the degree of anemia, although anemia may be 
less severe in patients with hypertensive renal disease205 and is 
considerably less severe in patients with polycystic disease.206,207 
In one series, the mean hematocrit in 12 subjects with polycystic 
disease was 0.297, compared with 0.212 in 24 subjects with other 
types of chronic renal failure.207 Apparently, the Epo-secreting 
function of the kidney is preserved in polycystic disease—even 
when the filtering function is lost.207,208 Erythropoietic activity 
can be found in the cystic fluid and may arise from single intersti-
tial cells juxtaposed to proximal tubular cysts.207

In most instances, the patient seeks medical attention because 
of symptoms related to the underlying renal disease, and anemia 
is an incidental finding. Occasionally, however, the renal symp-
toms are so subtle and so slowly progressive that the patient cites 
only symptoms of pallor, exertional dyspnea, or other signs of the 
cardiovascular adjustment to anemia. The severity of the anemia 
bears a rough relationship to the degree of renal insufficiency. 
Anemia is not routinely observed until the creatinine clearance 
falls to <45 ml/minute/1.73 m2 body surface area, which cor-
responds roughly to a serum creatinine of 2.0 to 2.5 mg/ml in an 
average-sized adult.209 At creatinine clearance rates below that, 
a statistically significant correlation between creatinine clearance 
and hematocrit has been reported.210,211 However, the variation 
in the results of these studies is so great that one cannot reliably 
predict the hemoglobin level in an individual patient on the basis 
of renal function.

Laboratory Findings
Anemia tends to become more severe as renal failure worsens, 
but in most patients the hematocrit ultimately stabilizes between 
0.15 and 0.30.2 Because regulation of body water and electrolyte 
balance is impaired in renal disease, the apparent degree of ane-
mia may be exaggerated or minimized by alterations in plasma 
volume.

The erythrocytes usually are normocytic and normochromic, 
but slight macrocytosis is occasionally observed.212 The major-
ity of red cells appear normal on blood smears. Occasionally, 
however, “burr” cells (Fig. 41.3) are observed along with some 
triangular, helmet-shaped, or fragmented cells. The reticulocyte 
count often is within normal limits,213 but it may be moderately 
increased.212,214 In one study, the numbers of reticulocytes were 
normal when the blood urea nitrogen (BUN) value was <130 
mg/dl; at higher BUN levels, however, their number often was 
increased.215 The highest values (average, 6%) were observed 
with extreme azotemia (BUN, 300 to 350 mg/dl).

The leukocyte count typically is normal, but slight neutrophilic 
leukocytosis may be observed. In one series, the leukocyte count 
averaged 10.7 × 109/L.213 The platelet count is either normal 
or slightly increased,213 but platelet function may be severely 
impaired, resulting in defective hemostasis (see Chapter 52).

The bone marrow tends to be moderately hypercellular, and slight 
erythroid hyperplasia may be observed. The myeloid-to- erythroid 
ratio averaged 2.5:1.0 in one study.213 Erythroid maturation appears 
morphologically normal. In some instances, especially when renal 
failure is relatively acute, hypoplasia of erythroid elements is 
noted.216,217 In a study of 100 predialysis renal failure patients with 
hemoglobin concentrations less than 11 g/dl and not treated with 
rhEpo, 48% of patients had no detectable bone marrow iron.218

The serum bilirubin level was within normal limits in all of the 
26 patients in one series.208 The hemolytic index, a measure of 
urobilinogen excretion in relation to total circulating hemoglobin, 
was increased in ∼40% of patients evaluated.212,219

Values for serum iron vary considerably in renal disease.212,219 
As a rule, the value is normal when renal impairment is mild. 
With more severe disease, some investigators observe a decrease 
in serum iron levels,220 whereas others note hyperferremia.220,221 
Whether a characteristic disturbance of serum iron concentration 
is associated with “uncomplicated” renal failure remains to be 
determined. One group of investigators has reported that the gas-
trointestinal absorption of iron is reduced in patients with chronic 
renal failure.222 Other researchers, using a different method, 
found that iron absorption was related to disturbances in iron bal-
ance and was unrelated to the degree of anemia, the rate of eryth-
ropoiesis, or the degree of azotemia.223 FEP may be normal or 
moderately increased,212 but the increased values seem to occur 
only in patients with hypoferremia.224 The erythrocyte lactate 
dehydrogenase level is within normal limits.225 Serum hepcidin 
levels in dialysis patients appear to track with iron status, and to 
be low in the iron-deficient.226 At any given level of iron stores, 
higher hepcidin levels appear to predict anemia progression.227

A B

Figure 41.3. A: Crenated cells in renal disease (×1,500). B: Burr cells in renal  disease 
(×3,000).
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The glycated fraction (A1) of hemoglobin (the best-known 
component of which is hemoglobin A1c) tends to increase in 
chronic renal failure. In uremic patients who have not undergone 
dialysis, the hemoglobin A1 value averaged 10.8% of the total 
hemoglobin, compared with 7.1% in nonuremic individuals.228 
In uremic patients treated with dialysis, the value averaged 
8.8%. The increase is thought to result from carbamylation of the 
hemoglobin molecule by urea-derived cyanate; it can be detected 
by using column chromatography but not by using certain chemi-
cal methods designed for hemoglobin A1c. The magnitude of the 
increase usually correlates with the average value for BUN over 
the preceding 2 to 3 months. The increase in the A1 fraction may 
continue after successful renal transplantation has brought the 
azotemia under control; in this case, the increase might reflect 
disturbed carbohydrate metabolism229 and probably reflects 
hemoglobin A1c.

pathogenesis
It has been known for many years that three factors are involved 
in the pathogenesis of anemia of chronic renal failure. These fac-
tors are Epo deficiency, suppression of marrow erythropoiesis, 
and shortened red cell survival.230–232 When anemia is severe, 
ferrokinetic studies typically demonstrate that the plasma iron 
transport rate is normal, but red cell iron utilization and eryth-
rocyte iron turnover are decreased.199,212 With milder degrees 
of anemia, ferrokinetic measurements tend to be near normal. In 
anemic patients, however, such “normal” values indicate an insuf-
ficient marrow response to the stimulus of anemia. The success of 
recombinant Epo in the treatment of anemia of renal failure has 
caused the other two factors to receive short shrift in recent years.

As renal function deteriorates, renal Epo secretion 
decreases.232,233 Measured Epo values may be lower than normal, 
higher than normal, or normal.210,232–234 However, it is impor-
tant to remember that even the “increased” Epo concentrations 
observed in this syndrome are still strikingly low for the degree 
of anemia.235 Overall, the usual relationship between Epo and 
hemoglobin concentrations is lost, indicating a loss of customary 
feedback mechanisms.211 Some capacity to induce Epo secretion 
is preserved, however, because even the very low levels of Epo 
secretion in renal disease change in response to hemorrhage or 
transfusion.231 Certain extrarenal sources of erythropoietic hor-
mone account for some of the activity found in serum, especially 
that found in anephric subjects.235,236 This extrarenal Epo secre-
tion does not, however, appear to increase sufficiently in response 
to anemia to compensate for deficiencies at the renal source.237 
Elegant studies in sheep238 and subsequent confirmatory studies 
in human patients239,240 have established the primacy of Epo 
deficiency in the pathogenesis of anemia of chronic renal failure.

There is also a significant body of data suggesting that the 
inadequate marrow response to anemia is not due solely to 
Epo deficiency. The observation that the rate of erythropoiesis 
improved in patients treated with dialysis even though Epo levels 
were unchanged214,241 suggested that retained uremic toxins 
depress erythropoiesis directly. This field of research has been 
quite confusing, because not all investigators have been able to 
confirm the presence of inhibitors or to demonstrate their speci-
ficity. Several groups of investigators have shown that plasma 
from uremic patients can depress heme synthesis,242 or inhibit 
growth of erythroid colonies in vitro, or both.243–246 The poly-
amine spermine and other molecules that accumulate in renal 
failure have been proposed as candidates.244,245,247–249 Inhibitors 
of multipotential stem cell (colony-forming unit granulocyte-
erythroid-macrophage-megakaryocyte) growth have also been 
detected in uremic plasma,250 but they are of uncertain patho-
physiologic importance.244 Parathyroid hormone, associated 
with secondary hyperparathyroidism in renal failure patients, 
may also contribute to marrow suppression.251 The hematocrit 

increases in approximately one half of the patients with renal 
failure who undergo parathyroidectomy, although only to a mod-
est degree.252,253,254 Some, but not all, investigators suggest that 
levels of parathyroid hormone similar to those found in the serum 
of uremic patients depress the growth of erythroid colonies in 
vitro.251,255–257 Hyperparathyroidism may also exert its effects by 
causing marrow fibrosis.252,254

Allen and colleagues have demonstrated that inhibition of 
erythroid colony formation by uremic serum can be abrogated 
by neutralizing antibodies to TNF and interferon-g.12 These data 
suggest that cytokine-mediated anemia mechanisms typically 
associated with ACD may be active in renal failure.258 It is also 
possible that the excellent response of anemia of renal failure to 
Epo does not indicate a lack of contributing inhibitors but rather 
reflects the ability of Epo to overcome an inhibitor, as has been 
reported for interferon-g.133

A third pathogenetic factor is hemolysis. Erythrocyte sur-
vival, although often within normal limits, may be slightly to 
moderately reduced.259 Depending on the evaluation technique 
used, 20% to 70% of uremic patients show shortened red cell 
survival.195,212,214,220 The extent to which red cell survival is 
decreased is somewhat related to the degree of azotemia.199 
Cross-transfusion studies suggest that the hemolytic factor, when 
present, is extracorpuscular. Survival of normal cells transfused 
into patients is shortened, whereas patients’ cells survive nor-
mally in normal recipients.195,212,220 Less commonly, shortened 
survival of uremic patients’ cells is observed even in normal sub-
jects.220 In some patients, splenic sequestration of red cells may 
be a contributory factor.260

The hemolytic factor(s) is presumed to be a toxic substance 
(or substances) normally excreted or metabolized by the kid-
ney. Guanidine and its derivatives appear to be a subset of the 
many retained metabolites that adversely affect erythrocyte 
survival.12,261 The hypothetical factor(s) is apparently not dialyz-
able.230 Peroxidation of membrane lipids by free radicals may 
also contribute to the shortened survival observed.262

In ∼20% of uremic patients not treated with dialysis, the 
red cell pentose phosphate pathway is impaired as a result of 
a poorly defined substance in the plasma.263,264 This defect is 
best detected by using the ascorbate-cyanide test; other tests of 
pentose phosphate pathway function may yield normal results.265 
Administration of glutathione returns the ascorbate-cyanide test 
to normal.262 Oxidant drugs, such as primaquine or sulfonamides, 
produce a Heinz body hemolytic anemia in patients with the 
pentose phosphate pathway defect. Even in the absence of drug 
exposure, Heinz bodies may be observed in the red cells of uremic 
patients if they have undergone splenectomy.266 Contamination of 
dialysate water by chloramines, which inhibit phosphoglyceromu-
tase and thus cause accumulation of glycolytic intermediates, may 
worsen this defect.267,268 Decreased oxidative stress may also 
contribute to the observed lower frequency of anemia in patients 
undergoing peritoneal dialysis compared to those on hemodialy-
sis.269 In one study, use of the antioxidant N-acetylcysteine was 
associated with improved hematocrit.270

Cation transport may be impaired in uremic red cells: The 
defect reverts toward normal after dialysis.271,272 When sensi-
tive measures are used, nearly all patients can be shown to have 
such an abnormality272; in those most severely affected, the 
erythrocyte sodium concentration is increased.271 Considerable 
disagreement surrounds the nature of the defect, with various 
investigators reporting abnormalities in cation pump site number 
or function271,272 and others reporting the presence (or absence) 
of soluble, dialyzable inhibitors of pump function.273–275

Evidence of impaired erythrocyte glycolysis has been found in 
uremic patients276; however, in most studies, the overall glyco-
lytic rate is increased,277,278 probably because of the elevation in 
plasma levels of inorganic phosphorus.277 The increase in the gly-
colytic rate probably accounts for the observed increase in red cell 
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adenosine triphosphate levels.277,279 Hemoglobin oxygen affin-
ity is reduced,280 presumably because of increased erythrocyte 
adenosine triphosphate and 2,3-DPG levels. Such abnormalities 
would not be expected to cause reduced red cell survival.

Neocytolysis, the selective hemolysis of newly formed red 
cells, has been reported after Epo withdrawal in dialysis patients 
and may contribute to shortened red cell survival in dialysis 
patients.281

Management and Course

Recombinant Human Erythropoietin
rhEpo has been available for treatment of anemia of renal disease 
since the mid 1980s240,282 and has revolutionized the approach 
to this disorder. Therapy with this agent or rhEpo analogs such 
as darbepoetin,283 is safe and effective, and has been reported to 
improve quality of life and cognitive function.284,285 It is the treat-
ment of choice for anemia in renal insufficiency, being effective in 
patients receiving peritoneal or hemodialysis.286 It is equally effi-
cacious in anemia due to renal insufficiency that is not sufficiently 
advanced to require dialysis, but in which the creatinine clearance 
is <45 ml/minute/1.73 m2 body surface area or the serum creati-
nine is >2.5 mg/ml.210,232,287,288

Epo can be administered intravenously or subcutaneously. 
Although Epo was originally given three times weekly (to  coincide 
with dialysis schedules), single weekly or less frequent  dosing 
schedules are similarly efficacious if the dose is increased 
 appropriately.289 A standard starting dose would be 100 to 150 U/kg/
week or its equivalent. Higher doses generally result in faster cor-
rection of anemia; target hemoglobin is typically attained within 
6 to 8 weeks.287,290 Iron supplementation is generally necessary, 
particularly in patients on hemodialysis. The target hemoglobin 
range is to be no higher than 11 to 12 g/dl; some reports sug-
gest that higher levels may have an adverse clinical impact.291 
The long-acting Epo analog darbepoetin (novel erythropoiesis- 
stimulating protein) appears to be safe and effective in the anemia 
of renal failure.290,291,292,293 The recommended starting dose is 
0.45 mg/kg/week for patients on dialysis, and 0.45 mg/kg/ 4 weeks 
for patients before dialysis.

Continuous Epo receptor activator is a new peptide agent 
which is not an Epo analog but which activates the Epo receptor. 
Its role in the management of the anemia of renal failure is under 
study.294

Side effects/adverse reactions
As noted earlier, rhEpo products are generally safe but complica-
tions may occur. When used for anemia in renal disease, increased 
blood pressure is an important complication, experienced by up 
to 35% of patients.295,296 Rarely, the hypertension is abrupt and 
severe with encephalopathy and seizures.297

The occurrence of hypertension appears to be more closely 
related to the rate of increase in the blood hemoglobin level than 
the dose of rhEpo.298 It tends to be a transient phenomenon con-
fined to the first 3 to 6 months of treatment. The pathogenesis is 
incompletely understood and probably multifactorial.298 Because 
heart rate, stroke volume, and cardiac output decrease as anemia 
is corrected, an increase in peripheral vascular resistance may 
be responsible. Daytime vasoconstriction may be a consequence 
of reduced plasma volume.295 Left ventricular hypertrophy, an 
important predictor of cardiac morbidity and mortality in renal 
patients, tends to decrease by ∼18% within a year of correction 
of anemia; this beneficial effect may be diminished by hyper-
tension.296 However, Epo can also contribute to hypertension 
through vasopressor effects, often mediated by nitric oxide, which 
appear most active in renal insufficiency.299,300,301

In early studies, prolonged or less effective dialysis302,303 
and increased thrombotic events were thought to be problems 

associated with Epo treatment, but these concerns were not borne 
out in a large study.286 Anaphylaxis in response to Epo has been 
described but is extremely rare304.

erythropoietin resistance
As mentioned earlier, more than one-fourth of hemodialysis 
patients have a hematocrit <0.30. The failure of patients to 
respond optimally to Epo therapy or a requirement for unusually 
high doses is referred to as Epo resistance. The possible causes of 
Epo resistance are listed in Table 41.2.

Iron deficiency is the most common cause.305,306 Loss of blood 
in the dialysis apparatus is an important source of iron deple-
tion.307 Most patients require iron supplementation at some time 
during their course.308 In general, those with serum ferritin levels 
<100 to 200 mg/L or with transferrin saturation values <20% to 
25%309–311 require iron supplementation, but such values may not 
appear until resistance to rhEpo becomes apparent. In another 
study, patients with serum ferritin values between 100 and 400 
ng/ml were as likely to respond to iron replacement as those with 
serum ferritin <100 ng/ml.312 Other investigators found that a 
low MCV, but not a low serum ferritin, predicted response to iron 
replacement.313 The best early predictors of Epo response are 
serum sTfR concentration and serum fibrinogen.314 Response rate 
approaches 100% when both are low and 29% when both are high, 
reflecting both the patient’s iron status and the presence or absence 
of inflammation. Some authors recommend routine oral iron 
supplementation for all patients. However, oral iron administra-
tion can be limited by intolerance, so that compliance is relatively 
poor.308 Efficacy may also be limited. Consequently, intravenous 
iron replacement is recommended for dialysis patients.315,316,317 
Studies comparing oral versus intravenous iron supplementation 
generally find that the intravenous replacement group achieves 
higher hemoglobin levels with lower Epo use.313,318 In order to 
avoid iron overload, intravenous iron replacement is discontinued 
or decreased when the ferritin exceeds 500 ng/ml.319

Inadequate hemodialysis is associated with Epo resistance.320 
As a general rule, the intensity of dialysis must be sufficient to 
reduce the BUN by 65% or more to ensure optimal Epo response. 
Such factors as the frequency and duration of dialysis and char-
acteristics of the dialyzer may need to be adjusted to achieve 
this goal.321,322 Mortality is also reduced by attention to dialysis 

Iron deficiency

Blood loss (in dialysis apparatus, gastrointestinal, genitourinary)

Insufficient iron supplementation

Concurrent cytokine activation

Infection

Inflammation

Neoplasm

Insufficient dialysis intensity

Aluminum toxicity

Secondary hyperparathyroidism

Folate deficiency

Angiotensin-converting enzyme inhibitors

Renal allograft failure

Antierythropoietin antibody-mediated resistance

Pure red cell aplasia

Other

Splenomegaly

CAuses of erythropoietin resistAnCe

taBLe 41.2
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intensity. Rates of reimbursement for dialysis in the United States 
have discouraged optimal intensity, with the result that mortality 
is higher there than in Western Europe and Japan.

As discussed earlier, secondary hyperparathyroidism often 
accompanies renal failure, and the associated marrow fibrosis 
may contribute to the anemia251,252,254 and to Epo resistance. 
Treatment with vitamin D3 can decrease rhEpo requirements and 
improve hemoglobin values.323 Aluminum toxicity is an uncom-
mon cause of anemia and responds to chelation therapy.324

If Epo resistance is associated with an increased MCV, folate 
supplementation is warranted.201 Serum folate levels may not be 
helpful in this situation. In some cases, iron replacement may 
unmask folate deficiency in dialysis patients.313

Associated infections or inflammatory states, as in ACD, 
may provoke cytokine-mediated anemia mechanisms. In addi-
tion, there are a number of minor etiologies of Epo resistance. 
The use of angiotensin-converting enzyme inhibitors in renal 
failure patients (particularly those undergoing transplantation) 
may exacerbate Epo resistance.325,326 Splenomegaly may create 
a requirement for higher Epo dosing: This is resolved by sple-
nectomy.260 Infrequent cases of Epo resistance due to anti-Epo 
antibodies, including production of pure red cell aplasia, have 
been reported.327,328,329 It appears to be a result of packaging and 
delivery characteristics of particular Epo products (especially in 
Western Europe and Canada), rather than a reaction to Epo itself. 
This topic is discussed at length in Chapter 39.

Renal Replacement Therapy
Renal replacement approaches (transplantation and dialysis) aim 
to restore or substitute for lost renal function. As such, they may 
have some effects on anemia associated with renal failure.

renal transplantation
In many ways, renal transplantation is the most complete and 
satisfactory treatment for renal insufficiency. With a successful 
graft, the hematologic response is often striking. Anemia is usu-
ally corrected over an 8- to 10-week period.330–332 For the most 
part, the improvement results from Epo secretion by the grafted 
kidney. Two peaks of Epo secretion have been documented: an 
early peak, in which serum Epo levels increase approximately 
ninefold and then return to normal after ∼7 days; and a second, 
smaller, more sustained increase in Epo levels, which begins on 
approximately day 8 and is accompanied by reticulocytosis and 
a gradual increase in hemoglobin levels. Epo values return to 
normal when the hematocrit reaches 0.32. The early peak is seen 
only in patients with delayed graft function and is not associated 
with hematologic improvement.330,332 The second peak is associ-
ated with recovery of the graft excretory function and is presumed 
to be the important factor in the hematologic response.

Approximately 80% of patients experience an increase in 
blood hemoglobin concentration after renal allograft.331 Failure 
to respond usually can be explained on the basis of hemorrhage, 
vigorous immunosuppression, or graft rejection. The rejection phe-
nomenon often is accompanied transiently by increased Epo lev-
els,333,334 but this is followed by a profound reduction in Epo levels 
and reticulocyte counts.335 Improvement in erythropoiesis occurs 
earlier when cyclosporine is used for immunosuppression rather 
than with antilymphocyte globulin. With the latter, the reticulocyte 
peak is delayed ∼2 days. Cyclosporine immunosuppression, how-
ever, may be associated with slower correction of the anemia.335 
In ∼20% of transplant patients, erythrocytosis follows correction of 
the anemia.330 This complication is discussed in Chapter 48 and 
can sometimes be avoided by pretransplant use of Epo.335

Dialysis
Most patients with end-stage renal disease are maintained on 
dialysis. As a modality for managing anemia, dialysis has been 

essentially eclipsed by the availability of Epo and is primarily of 
interest because the mild increment observed in hemoglobin con-
centration provides circumstantial evidence for the role of circu-
lating inhibitors. Red cell production increases slightly in patients 
on hemodialysis, with attendant small increases in hematocrit and 
decreases in transfusion requirement.336

As a general rule, anemia is less severe in patients receiving 
peritoneal dialysis, with consequently lower Epo and transfusion 
requirements.337–342 Increments in hemoglobin in the absence of 
Epo are gradual and of modest extent: They are accompanied by 
an increase in red cell mass and a reduction in plasma volume.340 
The reasons for the beneficial effects of peritoneal dialysis on 
erythropoiesis are not firmly established. An increase in Epo 
production has been reported,339 whereas other data suggest 
that removal of inhibitors in the “middle molecule” range (500 to 
1,500 daltons) is the important mechanism.343 Induction of a 
lower degree of red cell oxidative stress by peritoneal dialysis 
compared to hemodialysis has been suggested as an alternative 
explanation.269

In the Epo era, the importance of other treatments for anemia 
of renal disease, such as androgens, has become of primarily his-
torical interest. Blood transfusion support may still be required for 
patients who fail to respond to rhEpo products. The risks of blood-
borne infections and of iron overload are significantly increased 
by the use of transfusion.336

AnemiA in cirrhosis And other 
liver diseAses
Some degree of anemia is commonly observed in patients with 
liver disease. Although it has been studied most extensively 
in patients with alcohol-induced cirrhosis (Laennec cirrhosis), 
changes in red cell morphology and other contributors to anemia 
have been observed in various other liver diseases, including bili-
ary cirrhosis,344 hemochromatosis,96 postnecrotic cirrhosis, and 
acute hepatitis.345 When the term anemia of liver disease is used, 
it refers to the mild to moderate anemia associated with liver 
disease in the absence of any complicating factors such as blood 
loss, marrow suppression by exogenous agents, or nutritional 
deficiency. This syndrome apparently results from a combina-
tion of intravascular dilution due to volume overload, shortened 
red cell survival, and impaired ability of the marrow to respond 
optimally to the anemia. In addition, some patients develop a 
severe hemolytic anemia associated with morphologically abnor-
mal erythrocytes (spur cells). Hemolytic anemia associated with 
Wilson disease is discussed in Chapter 32.

The anemia actually observed in patients with liver disease 
reflects both the “uncomplicated” anemia discussed above and 
the consequences of factors extrinsic to the liver itself. Alcohol 
abusers can develop a characteristic sideroblastic anemia, often 
accompanied by impaired folate metabolism or overt folate defi-
ciency (see Chapter 36), or may have direct suppression of hema-
topoiesis by alcohol.346 Individuals with cirrhosis of any etiology 
are at increased risk for hemorrhage. Blood loss occurs in 24% to 
70% of patients with alcoholic cirrhosis.96 The upper gastrointes-
tinal tract is the major site of bleeding, but loss of blood from the 
nose, hemorrhoids, and uterus often occurs in association with 
coagulopathy of hepatic origins.

prevalence and Clinical Manifestations
Approximately 75% of patients with chronic liver disease develop 
anemia as defined by a reduction in the hematocrit or hemoglobin 
level.95,96,347 The whole blood volume in liver disease (especially 
cirrhosis) averages 10% to 15% greater than normal but may 
be as much as 30% to 35% increased; thus, hemodilution tends 
to exaggerate the prevalence and degree of anemia.95,96,347,348 
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For the same reason, the hematocrit may be decreased despite 
a normal red cell mass. The majority of cirrhotic patients are 
described as anemic, but in only 30% to 40% is the red cell mass 
reduced.95,348 Patients with more severe liver disease and bleed-
ing tend to have reduced red cell mass.96 The magnitude of the 
hypervolemia in cirrhosis appears to be related to the degree of 
portal hypertension, but not to the presence or absence of ascites 
(Table 41.3).

The anemia is usually mild to moderate. In cirrhotic patients, 
the hemoglobin level averages ∼12 g/dl or the hematocrit 
∼0.36.96,348 The hemoglobin level rarely falls below 10 g/dl in 
the absence of bleeding or severe hemolysis. Approximately 
5% of liver disease patients, all of whom have relatively severe 
hepatocellular disease, develop spur cell hemolytic anemia and 
hemoglobin concentrations <10 g/dl.349 Spur cell anemia may be 
seen chronically with cirrhosis, or it may develop rapidly in asso-
ciation with fulminant hepatic failure. Morphologic and hemolytic 
abnormalities may resolve or diminish if liver function improves. 
Spur cell anemia can also occur in infants with cholestatic liver 
disease.350

Episodic hemolysis can occur in association with alcoholic liver 
disease even before cirrhosis.351,352 These episodes are typically 
related to binge drinking, are usually mild to moderate in sever-
ity, and tend to resolve in 2 to 4 weeks if the patient abstains. 
Splenomegaly is not a major finding in these patients. When 
accompanied by jaundice and hyperlipidemia, the condition is 
known as Zieve syndrome.353,354,355 It is unclear whether this 
transient form of hemolysis in liver disease is a syndrome of dis-
crete and characteristic pathogenesis or simply a coincident con-
stellation of abnormalities to which patients with liver disease are 
prone independently. The clinical diagnosis of hemolysis in alco-
holic liver disease is problematic in any event, because interrup-
tion of alcohol intake is frequently accompanied by reticulocytosis, 
and liver disease of any etiology may be associated with jaundice.

hematologic Findings
More often than not, anemia of liver disease is mildly macro-
cytic: The MCV rarely exceeds 115 fl in the absence of mega-
loblastic changes in the bone marrow.95,96 When macrocytosis 
(particularly with very elevated MCVs) is found in patients with 
liver disease, complicating folate deficiency or stimulated eryth-
ropoiesis must be suspected, but such findings may not explain 
the macrocytosis observed in patients with milder forms of the 
disease.356 The reported proportion of patients with liver disease 
who have increased MCV varies from 33% to 65%.96,347,357–359 
Even more common is “thin” macrocytosis—an increase in mean 

cell diameter with a normal mean cell volume. In one study of 222 
patients with various kinds of liver disease, the mean cell diam-
eter was increased in 137 (62%).358 The patients were classified 
into three groups: thin macrocytosis (81 patients), target macrocy-
tosis (39 patients), and thick macrocytosis (17 patients). The MCV 
was increased only in the last group. In a sense, thin macrocytes 
and target macrocytes are the mirror image of the microsphero-
cytes observed in autoimmune hemolysis. The latter result from a 
decreased membrane pulled more tightly over a constant volume; 
the former result from a membrane that is more abundant.

The reticulocyte count often is increased, but this depends on 
the point in the natural history of disease at which it is measured. 
In one series, the mean reticulocyte percent of all anemic cir-
rhotic patients was only 2.8%.95 However, erythropoiesis can be 
transiently suppressed by alcohol, and after acute alcohol with-
drawal, reticulocyte percentages in the 8% to 10% range are not 
uncommon.346,357,360 Sustained reticulocytosis of 15% or more is 
unusual in the absence of hemorrhage, spur cell anemia, or other 
complicating conditions.

Target cells and cells with increased diameters are evident on 
blood smear (Fig. 41.4). The cells appear hypochromic, but the 
appearance is related to the thinness of the cell rather than to 
reduced hemoglobin concentration. These morphologic changes 
are accompanied by increased resistance to hemolysis in osmotic 
fragility tests.358 When spur cell hemolytic anemia supervenes, 
characteristic acanthocytes—erythrocytes covered with five to 
ten spike-like projections—are evident. The acanthocytes are 
morphologically indistinguishable from the distorted erythrocytes 
found in patients with abetalipoproteinemia. Stomatocytes are 
sometimes observed in association with the transient hemolytic 
episodes associated with acute fatty liver disease,361 but they are 
also noted in alcoholics who display no evidence of hemolysis.362

Approximately 50% of patients with cirrhosis have mild throm-
bocytopenia, but values <50 × 109/L are uncommon.95,347 A 
variety of leukocyte abnormalities may be observed; in a study of 
25 patients, 16 had lymphopenia, 4 had neutropenia, and 12 had 
neutrophilia.347

Bone marrow cellularity is normal or increased.96,347,359 Often, 
erythroid hyperplasia is observed. Red cell precursors at times have 
been described as macronormoblasts, a term that implies their size 
is increased, but their nuclear chromatin appears  normal.347,359,363 
Frank megaloblastosis is seen in <20% of patients.

pathogenesis

Shortened Erythrocyte Survival
Red cell survival is decreased in approximately two-thirds of 
patients with alcoholic liver disease. The precise extent to which 
this occurs varies depending on the technique used to mea-
sure survival, but it is usually of only moderate degree.95,96,345 
Shorter survival tends to be observed in more anemic patients. 

Measurement
Normal 
Subjects

Patients with Cirrhosis

Without Ascites With Ascites

Hematocrit 0.42 0.35 (−17%) 0.34 (−19%)

Red cell mass (ml/kg) 23 20 (−13%) 19 (−17%)

Plasma volume (ml/kg) 42 57 (+35%) 55 (+31%)

Whole blood volume (ml/kg) 65 74 (+14%) 74 (+14%)

Values are means of 24 normal subjects, 63 patients with cirrhosis and no ascites, and 
34 patients with cirrhosis and ascites. All groups included approximately twice as many men 
as women.
Data modified from Lieberman FL, Reynolds TB. Plasma volume in cirrhosis of the liver. J Clin 
Invest 1967;46:1297–1308.

ChAnges in Blood Volume in pAtients with Cirrhosis

taBLe 41.3

Figure 41.4. Macrocytes and target cells in liver disease (×1,500).
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When indirect bilirubinemia is observed in a liver disease patient 
(elevated total bilirubin with >70% indirect), erythrocyte survival 
is particularly likely to be reduced.364 Erythrocyte survival also 
was significantly shortened in patients with biliary cirrhosis,344 
obstructive jaundice, and infectious hepatitis,345,364 even in the 
absence of anemia.

The mechanism for the observed decrease in red cell lifespan 
is not fully understood; it is most probably multifactorial. Results 
of cross-transfusion studies demonstrate improved survival when 
patients’ cells are transfused to normal recipients, suggesting that 
the hemolytic mechanism is extracorpuscular (i.e., not intrin-
sic to the erythrocyte).365 Congestive splenomegaly and splenic 
sequestration are major suspects in this category,96,351,357,366,367 
although they cannot always be demonstrated.96 In some cases, 
correction of the hemolytic process may occur after splenectomy.

Abnormal erythrocyte metabolism is a possible intracorpuscu-
lar factor leading to reduced erythrocyte survival in liver disease. 
Activity of the methylene blue-stimulated pentose phosphate 
shunt is decreased, with consequent glutathione instability and a 
tendency to form Heinz bodies.368,369 This metabolic abnormal-
ity renders the cell sensitive to oxidant hemolysis, but whether 
this form of hemolysis is an important mechanism of shortened 
erythrocyte survival in liver disease is uncertain, because a com-
parable shunt defect in most patients with glucose 6-phosphate 
dehydrogenase deficiency does not lead to hemolysis unless 
oxidant drugs are encountered. However, oxidant drugs can pro-
duce hemolysis in liver disease, as when patients with hepatitis 
C are treated with ribavirin.370 Another metabolic abnormality 
encountered occasionally in liver disease is hypophosphatemia, 
with reduced erythrocyte adenosine triphosphate levels and con-
sequent hemolysis.371

Characteristic alterations in red cell membrane lipids are 
found in patients with hepatitis, cirrhosis, and obstructive jaun-
dice and may also be another contributor to shortened red cell 
survival.351,372–375,376,377 In the usual uncomplicated case, a 
25% to 50% increase in both cholesterol and lecithin is noted in 
the membrane. These changes result in an increased cell surface 
area associated with the target cells or thin macrocytes that are so 
characteristic of liver disease. The loss of sialic acid from the red 
cell surface may contribute to impaired viability of the cell.378 Bile 
duct obstruction leads to an increase in the activity of neuramini-
dases, enzymes that remove sialic acid. However, it is not proven 
that such abnormalities shorten red cell survival.351

In spur cell hemolytic anemia, the erythrocyte membrane 
accumulates excess cholesterol without a corresponding increase 
in lecithin, resulting in the characteristic morphologic abnormality. 
This change is accompanied by pronounced reduction in eryth-
rocyte survival, probably because the distorted cells are less 
deformable than normal and thus become trapped by splenic 
macrophages. Passage through the spleen causes loss of cell sur-
face with transformation of echinocytes to acanthocytes,366,375 
but in fact, the spleen is not required for development of spur 
cells.379,380 Splenectomy may ameliorate severe hemolysis.366 
The mechanism whereby the red cell lipid pattern becomes 
altered is not well understood. One possible factor is an alteration 
in the cholesterol-to-phospholipid ratio in high-density plasma 
lipoproteins, because mature erythrocytes are unable to synthe-
size lipids and depend largely on plasma lipids for replenish-
ment.381 In addition, the process of red cell phospholipid repair 
appears to be defective in spur cell anemia.382,383 Phospholipid 
biosynthesis is inhibited and therefore cannot compensate for the 
increased membrane cholesterol characteristic of liver disease. 
Other potential contributors to altered erythrocyte membrane 
lipids in liver disease are changes in plasma lecithin-cholesterol 
acyltransferase activity, retention of lytic bile acids,382 and an 
increase in the intrinsic proteolytic activity of the membrane.384

Zieve syndrome has been mentioned earlier. It has been pro-
posed that the transient hemolytic anemia in this syndrome is 

caused by the lytic action of certain plasma lipids.354 However, 
hypertriglyceridemia by itself does not cause hemolysis353,376,377; 
erythrocyte lipids in these patients are similar to those described 
in patients with only a modest hemolytic component377; and 
hemolytic anemia may occur in patients with acute fatty liver 
disease even if plasma triglyceride levels are not increased.352 
Alcohol-induced vitamin E deficiency with decreased polyun-
saturated fatty acids in membrane lipids may play a role in 
some patients353; similar findings have been reported in vitamin 
E-deficient children.385

Erythropoiesis
In addition to the shortened erythrocyte survival, the marrow 
response to the anemia in patients with liver disease may be inad-
equate. Plasma iron turnover, red cell iron utilization, and eryth-
rocyte iron turnover were normal or reduced in the majority of 
patients in one series, whereas these parameters were increased 
two- to threefold in another.96,386 The presence or absence of 
complications may explain such discrepancies. Alcohol, in particu-
lar, depresses erythropoiesis, and if the patient is studied before 
the effects of alcohol ingestion subside, marrow function appears 
depressed.360

Serum from cirrhotic patients can suppress hematopoietic 
colony formation in vitro,387 and cytokines implicated in inhibi-
tion of erythropoiesis have been found to be increased in patients 
with liver disease.388 Dyserythropoiesis with morphologic abnor-
malities and intramedullary hemolysis has also been reported in 
severe liver disease.389 It has been suggested that extrarenal Epo 
by the liver is abnormal in patients with liver disease, but in fact, 
the expected inverse relationship between hemoglobin and Epo 
production has been found to be preserved in liver disease and to 
result in levels appropriate for the degree of anemia.66,390

AnemiAs AssociAted with 
endocrine disorders
A mild to moderate anemia commonly accompanies disorders 
affecting the thyroid, adrenals, parathyroids, gonads, or pituitary. 
It is usually not associated with symptomatology (other than that 
associated with the underlying endocrinopathy) and in fact may 
reflect a physiologically appropriate hemoglobin concentration 
because the hormone deficiency often results in reduced oxygen 
requirements. The anemia is therefore “adaptive.”391 In consulta-
tive hematology practice, these individuals present as referrals for 
evaluation of moderate anemia with normal iron, B12, and folate 
studies, generally with a question from the referring doctor of 
whether marrow examination is required. The endocrine disorder 
is typically undiagnosed at time of referral.

hypothyroidism
Anemia is observed in 21% to 60% of hypothyroid patients 
and is more common in hypothyroid men than in hypothyroid 
women.392 The frequency of anemia was 39% in patients with 
subclinical hypothyroidism, and 43% in patients with overt 
hypothyroidism in one series.393 The anemia observed may be 
normocytic and normochromic, hypochromic and microcytic, or 
macrocytic. The last category comprises roughly one-third of ane-
mic patients in most reported series; the frequency of the other 
two morphologic types varies considerably in different reports 
(Table 41.4).391,394,395–397

The uncomplicated anemia of hypothyroidism is either normo-
cytic or slightly macrocytic, as is suggested by the predominance 
of these findings in most series.392,395,396 Hypochromic micro-
cytic anemia found in association with hypothyroidism should 
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Type of Anemia Reference 396 (%) Reference 391 (%)

Normocytic, normochromic  4 13.5

Hypochromic, microcytic 14  4.5

Macrocytic 13  8

All anemias 31 26

inCidenCe of VArious types of AnemiA morphologies in 
pAtients with myxedemA

taBLe 41.4

be considered iron deficiency until proven otherwise.391,392,396 
Biochemical markers of iron deficiency are present: The micro-
cytic anemia responds (at least in part) to iron therapy, even 
if thyroid hormone is not administered, but does not typically 
respond to thyroid hormone without iron.392 Iron deficiency in 
hypothyroidism may be normocytic, so an important step is to 
determine the serum iron, transferrin, and ferritin concentrations. 
Hypothyroid individuals are more likely to become iron-deficient 
because of predisposition to menorrhagia397 and achlorhydria396 
and because thyroid hormone itself may be essential for normal 
iron absorption.391 Severely macrocytic anemia usually results 
from complicating deficiency of vitamin B12

396 or folate.395

When patients with iron, folate, or vitamin B12 deficiency 
are excluded, the remaining individuals should be considered 
to have “uncomplicated anemia of hypothyroidism,” which is a 
manifestation of the hormone deficiency itself.395,396 All or nearly 
all children with anemia and hypothyroidism have the uncompli-
cated form of the syndrome.398 Anemia usually affects children 
whose height is below the third-percentile. The anemia usually is 
mild, with the hematocrit rarely falling below 0.35. The plasma 
volume often is decreased, which tends to make the reduction in 
hematocrit less than might be expected for a given decrease in red 
cell mass.396,399 The degree of anemia is related to both the sever-
ity and the duration of the hypothyroidism.400 The hematocrit 
declines for as long as 6 months after thyroidectomy in previously 
euthyroid subjects, even though the basal metabolic rate remains 
at a stable reduced level.

The MCV may be increased in hypothyroid patients, even in the 
absence of anemia (350). Anisocytosis, poikilocytosis, and other 
red cell morphologic abnormalities are uncommon, but acantho-
cytes are apparent in ∼20% of patients.391 Usually, the leukocyte 
and platelet counts are within the normal range, although both 
may be slightly reduced.400 The bone marrow may be mildly 
hypoplastic, but the myeloid-to-erythroid ratio is not significantly 
altered.401,402 Hemoglobin A2 levels are reduced slightly.403

Pathogenesis
The anemia of hypothyroidism results from decreased red cell 
production. Erythrocyte survival is normal or even slightly pro-
longed in humans,396,404 but plasma iron transport and erythro-
cyte iron turnover rates are reduced, indicating subnormal red 
cell production.221,404 As noted earlier, the anemia of hypothyroid-
ism is considered “adaptive”—that is, a physiologic adjustment to 
the reduced needs of the organism for oxygen.391 Epo secretion 
is reduced in hypothyroid patients,405 and 2,3-DPG levels are not 
increased406 as occurs in most anemic and hypoxic states. Thyroid 
hormones can enhance erythropoiesis in vitro and presumably in 
vivo as well.407 The observation that the noncalorigenic D-isomer 
of triiodothyronine can stimulate erythropoiesis without altering 
oxygen consumption has been cited as evidence of a hormonal 
effect that is not oxygen-dependent.408

The response of anemia of hypothyroidism to thyroid hormone 
is gradual. No striking reticulocytosis occurs, and the hematocrit 

returns to a normal value only gradually over approximately a 
6-month period (range, 3 to 12 months).392,396 The MCV almost 
always decreases, regardless of its initial value or the presence or 
degree of anemia, and stabilizes after 4 to 6 months or more.409

hyperthyroidism
A mild anemia with no other apparent etiology occurs in 10% to 
25% of patients with hyperthyroidism.410,411 Anemia is primarily 
observed in individuals with severe or prolonged hyperthyroid-
ism.410 More typically, the hemoglobin value falls somewhat but 
remains within normal limits.410 The anemia of hyperthyroidism 
is in many ways the mirror image of that observed in hypothyroid-
ism. MCV is either normal or modestly decreased and, consistent 
with the comparison to hypothyroidism, may be decreased even 
in the absence of anemia.410 Hemoglobin A2 levels are slightly 
increased but not as much as in thalassemia.403 Both the anemia 
and the microcytosis are corrected when the hyperthyroidism is 
successfully treated; on average, the hemoglobin increases 0.5 g/
dl, and the MCV increases 6 fl.

The pathogenesis of anemia and microcytosis of hyperthyroid-
ism is not well understood. Plasma volume may be increased, 
suggesting dilution.399 Erythropoiesis usually is accelerated but 
ineffective.411,412 Some (but not all) investigators report increased 
levels of erythrocyte 2,3-DPG.406,413–415 Such a change would 
reduce oxygen affinity and improve oxygen delivery, thereby 
compensating for the reduced hemoglobin level. Increased plasma 
Epo levels have been reported416—the opposite of what has been 
described for hypothyroidism.

adrenal Insufficiency
Although anemia (in the sense of a decreased red cell mass) is 
common and probably nearly universal in adrenal insufficiency, 
it may be masked by the dehydration characteristic of this syn-
drome.417,418 In a series of patients with untreated Addison dis-
ease, the average blood hemoglobin level was 13.2 g/dl (range, 9.4 
to 18.0 g/dl).419 The red cells were normocytic and normochromic. 
After institution of hormone replacement, the average hemoglobin 
fell to 10.7 g/dl and the hematocrit from 0.42 to 0.33, presumably 
reflecting the expansion of plasma volume associated with clinical 
improvement. Later in the course of the disease, reticulocytosis 
and a return to normal hemoglobin levels occurred.419 Pernicious 
anemia is observed in 3% to 16% of cases of nontuberculous adre-
nal insufficiency and may complicate 13% of adrenal insufficiency 
cases associated with the polyglandular autoimmune syndrome 
type I.420,421

androgen Deficiency
After puberty, values for the hematocrit, blood hemoglobin con-
centration, and red cell count average ∼10% to 13% higher in men 
than in women.422 In castrated men, these values fall to within the 
normal female range.423,424 This is almost certainly due to a dif-
ference in Epo production,425 although the relationship between 
hemoglobin and Epo concentration does not differ between the 
sexes. After the sixth decade, male hemoglobin values fall back 
toward those observed in women.422,426 The anemia in these 
patients is corrected by androgen replacement.

The differences in red cell parameters between the sexes are 
accounted for chiefly by the stimulating effect of androgens on 
erythropoiesis. In addition, some observers suggest that estrogens 
exert a suppressive effect. Thus, castration of male rats precipi-
tates a decrease in hemoglobin, whereas castration of female rats 
brings about an increase.427,428 The administration of androgens 
to castrated males restores male values for hemoglobin concen-
tration. Androgens can also stimulate erythropoiesis in normal 
subjects (see Chapter 44). In normal men, testosterone enanthate 
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induced an average red cell mass increase of 1.7 to 2.3.429 The 
increase in hematocrit was of smaller magnitude (from 0.456 
to 0.494), probably because the plasma volume also increased. 
Androgens act by increasing renal synthesis of Epo.430,431 
Estrogens produce anemia when given in large amounts to 
rats.432,433 It has been suggested that this effect results from 
suppression of hepatic synthesis of Epo, but it may also simply 
represent opposition to androgen effects in general.

hypopituitarism
Moderately severe anemia is a well-recognized feature of pituitary 
insufficiency, regardless of cause. In an extensive review of cases 
of Simmonds disease in the first half of the 20th century, the aver-
age blood hemoglobin concentration was ∼10 g/dl, with similar 
values reported in patients with hypopituitarism that arose from 
neoplasms.434–436 Anemia is also evident in prepubertal pituitary 
dwarfs but tends to be underappreciated because of contracted 
plasma volume.437,438 The anemia usually is normocytic and 
normochromic, and the red cells appear normal morphologically. 
In some patients, slight hypochromia or macrocytosis has been 
observed435,439; however, complicating deficiencies of iron or 
folate were not excluded. Results of kinetic studies demonstrate 
reduced red cell production.437

The anemia of hypopituitarism results chiefly from deficien-
cies of the hormones of target glands controlled by the pituitary, 
especially the thyroid and adrenal hormones, but also from a 
deficiency of androgens. In addition, lack of other pituitary fac-
tors, such as growth hormone,437,440 prolactin,441 or factors 
characterized less clearly,442 may be of importance. The interrela-
tions of these various hormones have been studied experimentally 
in animals, especially the rat. In this species, hypophysectomy 
results in a moderately severe, slightly hypochromic and micro-
cytic anemia440,443 associated with a pronounced decrease in 
erythroid elements in the bone marrow.444 No hemolysis has been 
reported. Combined adrenalectomy and thyroidectomy results in 
an anemia that is similar, but not identical, to that noted after 
hypophysectomy.440,445

As suggested for the anemia of hypothyroidism, panhypopi-
tuitarism probably produces its effects on erythropoiesis chiefly 
by reducing tissue oxygen consumption.440 The organism reacts 
to this decreased need for oxygen by secreting less Epo, and the 
red cell mass diminishes until a new equilibrium between oxygen 
supply and demand is established. This hypothesis is supported by 
the observations that (a) tissue oxygen consumption is low in the 
hypophysectomized rat, even if the red cell mass is restored to nor-
mal levels440; (b) once equilibrium is established, the marrow of the 
hypophysectomized animal responds to hypoxia, bleeding, or cobalt 
administration440,446; (c) correlation between oxygen consumption 
and rate of erythropoiesis is apparent in hypophysectomized ani-
mals given thyroxine or 2,4-dinitrophenol441; and (d) erythrocyte 
2,3-DPG levels, which increase when tissue oxygen delivery is 
compromised, are normal in patients with panhypopituitarism.447

Treatment with a combination of thyroxine, cortisone, and 
growth hormone corrects both the anemia and the marrow hypo-
plasia440 and is more effective than any single hormone by itself. 
In one reported case of panhypopituitarism secondary to cranio-
pharyngioma, anemia persisted and progressed despite replace-
ment hormone therapy. Administration of rhEpo (6,000 IU/day) 
was followed by correction of the anemia, with the blood hemo-
globin level rising from 6 g/dl to normal over a 3-month period.448

hyperparathyroidism
Secondary hyperparathyroidism as a contributor to anemia of 
renal failure has been discussed earlier. Anemia is a rare compli-
cation of primary hyperparathyroidism.449,450 At one institution, 
17 of 332 patients (5.1%) with primary hyperparathyroidism were 

anemic, with hematocrit values ranging from 0.23 to 0.37.451 
None had leukopenia or thrombocytopenia. The anemia was 
normocytic and normochromic, and no reticulocytosis was evi-
dent. Five patients had bone marrow examinations. Four of these 
patients had 25% or more of their marrow replaced by fibrosis. 
Anemic patients appeared to have relatively severe hyperpara-
thyroidism as judged by the presence of bone cysts, subperiosteal 
bone resorption, and particularly high values for serum calcium, 
alkaline phosphatase, and parathyroid hormone. The hematocrit 
increased in all seven patients who underwent parathyroidec-
tomy; in six patients, it became normal.451

The cause of the anemia in these patients remains obscure. 
Although renal failure and gastrointestinal bleeding occur in asso-
ciation with hyperparathyroidism, they could not be implicated 
as an etiologic factor in this group of anemic patients, nor was 
incidental iron deficiency evident. Some authors conclude that 
parathyroid hormone decreases proliferation of erythroid precur-
sors in culture.251 Marrow fibrosis may also be a result of excess 
hormone levels.252,253 Myelofibrosis is a common finding in bone 
marrow biopsy specimens, but the usual morphologic signs of 
myelophthisis are lacking.450

When hyperparathyroidism is secondary to renal disease, it 
is difficult to ascertain the relative importance of the hormone 
excess versus the Epo deficit characteristic of renal failure as a 
contributor to the observed anemia. Of note, however, is that 
medical treatment of hyperparathyroidism with vitamin D3 can 
bring about improvement in anemia and decreased requirement 
for Epo in some patients.323

anorexia Nervosa
Anemia is observed in as many as 84% of patients with anorexia 
nervosa admitted to the hospital.452,453,454 A moderate degree 
of leukopenia or thrombocytopenia may also be observed. The 
peripheral blood smear shows a striking composite process, and 
bone marrow examination shows gelatinous transformation with 
necrosis, as well as decreased cellularity in most cases.453–455 
These are essentially the findings observed in starvation, and they 
return to normal with improved nutrition.453–455 Hemolytic ane-
mia has also been reported in anorexia nervosa.456 This was pre-
sumed to be a complication of hypophosphatemia (see Chapter 32).
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overview/ePiDemiology
By the second trimester of pregnancy, at least a mild degree of 
maternal anemia (defined as a hemoglobin concentration or 
hematocrit below the lower limit of normal for healthy adult 
females) is almost universal.1 Significant anemia (defined as a 
hemoglobin concentration <10 g/dl) occurs with a prevalence 
ranging between 2% and 26%, depending upon the popula-
tion studied.2–4 In all populations, but particularly in the less- 
developed countries of the world, anemia is a major contributor to 
maternal and fetal morbidity and mortality.2–6

Anemia in pregnancy represents a combination of various 
potential etiologies. The common underlying mechanism, encoun-
tered routinely, is a consequence of the physiology of pregnancy 
itself (physiologic anemia of pregnancy). Superimposed on this 
can be deficiency of nutrients (typically in the context of a pre-
existing deficiency exacerbated by childbearing), hemolysis, or 
marrow failure syndromes. It should also be remembered that 
pregnant women remain susceptible to etiologies of anemia 
unrelated to their pregnancy.7 In some cases, such as sickle cell 
anemia, the underlying condition has major implications for the 
management of pregnancy.

mAternAl erythroPoiesis
There is an increase in maternal erythropoiesis during the third 
trimester preceded by an increase in serum erythropoietin con-
centrations, presumably on the basis of reduced oxygen delivery 
to maternal renal tissues during the late second and early third 
trimesters.8 Similarly, serum erythropoietin concentrations are 
elevated in fetuses with anemia, and correlate with hypoxemia.9

The biology of erythropoietin and erythropoiesis in the fetus is 
discussed in Chapter 43. Erythropoietin is also present in human 
breast milk in concentrations of 10 to 20 mU/ml, essentially the 
same as in amniotic fluid.10 Erythropoietin concentrations in the 
mother’s milk do not correlate with erythropoietin concentrations 
in her blood. In fact, over the first weeks of lactation, maternal 
serum erythropoietin concentrations fall, whereas milk erythro-
poietin concentrations increase, reaching the highest concentra-
tions in women breast-feeding for a year or more. The source 
of erythropoietin in breast milk appears to be mammary gland 
epithelium. Erythropoietin in human breast milk, like that in 
amniotic fluid and colostrum, is relatively protected from proteo-
lytic digestion in the fetal and neonatal gastrointestinal tract.10

Physiologic AnemiA of 
PregnAncy
Expansion of the plasma volume is the cause of the physiologic 
anemia of pregnancy (Table 42.1). Expanding the plasma volume 
reduces the volume-dependent indicators of anemia (the hema-
tocrit, the blood hemoglobin concentration, and the circulating 
erythrocyte count) but does not reduce the absolute amounts of 
hemoglobin or of erythrocytes in the circulation as a whole. The 
mechanisms underlying these changes are uncertain. It has been 
speculated that the physiologic anemia of pregnancy serves the 
purpose of reducing maternal blood viscosity, thereby enhancing 

placental perfusion and facilitating oxygen and nutrient delivery 
to the fetus. Beginning in approximately the sixth week of preg-
nancy, the plasma volume increases disproportionately to the red 
cell mass. Plasma volume generally reaches a maximum value at 
approximately 24 weeks’ gestation11 but may continue increasing 
as late as the 37th week.12 At its peak, the plasma volume is about 
40% higher among pregnant women than among nonpregnant 
women.13,14 The reduction in the hematocrit, hemoglobin con-
centration, and circulating erythrocyte count generally occurs by 
the seventh to eighth week of pregnancy,11,14 and continues until 
a new equilibrium is reached at the 16th to 22nd week.13,15 As a 
result of this new physiologic equilibrium, it has been suggested 
that a hemoglobin concentration <11 g/dl in the late first trimes-
ter and <10 g/dl in the second and third trimesters are the lower 
limits below which a cause other than the physiologic anemia of 
pregnancy should be sought.16 In patients with β-thalassemia 
trait who have only modest anemia at baseline, hemoglobin 
concentration may drop significantly after the first trimester of 
pregnancy.17

During pregnancy, a 15% to 25% increase in the red cell mass 
generally occurs but is concealed by the dilutional effect of the 
increase in plasma volume.12,13 A greater increase in red cell 
mass occurs if the mother takes iron supplements.1 Ferrokinetic 
studies demonstrate accelerated erythropoiesis during pregnancy, 
supporting the concept of an increase in red cell mass.18,19 Choi 
and Pai investigated erythropoiesis during pregnancy among 
342 women by examining reticulocyte subpopulations using flow 
cytometry and also by measuring serum transferrin receptor 
concentrations. They found no differences between prepregnancy 
and those during the first and second trimesters. However, dur-
ing the third trimester of pregnancy, reticulocyte maturity index 
and serum transferrin receptor concentrations increased twofold. 
After delivery these values decreased, falling to nonpregnant val-
ues about 5 weeks after delivery. They concluded that maternal 
erythropoiesis increases late in gestation and returns to normal 
by about 1 month after delivery.20

Maternal plasma volume generally decreases during the final 
weeks of pregnancy, and consequently the hematocrit, hemoglo-
bin, and circulating erythrocyte count increase.21,22 However, 
studies of maternal blood volume in late pregnancy yield con-
flicting results depending on whether the patient is supine or 
in the decubitus position, and the effects of the gravid uterus 

Plasma volume begins to increase during the sixth week of pregnancy.

There is no significant increase in erythrocyte production during the first trimester.

Dilutional anemia is first apparent by the seventh to eighth week.

Increase in erythrocyte production is apparent during the second trimester.

Lowest hemoglobin explainable by dilutional effect (the physiologic anemia of 
pregnancy) is 11 g/dl in the first trimester and 10 g/dl in the second and third 
trimesters.

Physiologic anemia of pregnancy is normochromic, is normocytic, does not worsen 
during the third trimester, and does not require additional evaluation or specific 
treatment.

Features oF the Physiologic anemia oF Pregnancy

taBLe 42.1
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compressing blood vesssels are an additional source of variation. 
As a result, the results observed may represent only variations 
within the error of measurement or random occurrences.13,21,23 
The maternal blood volume generally returns to prepregnancy 
levels within 1 to 3 weeks after delivery, in part reflecting blood 
loss at delivery.19,24,25

iron Deficiency During 
PregnAncy
The physiologic anemia of pregnancy is normochromic and 
normocytic. Therefore, if a pregnant woman has a microcytic 
hypochromic anemia, nonphysiologic causes must be considered. 
Iron deficiency is common in women of childbearing age and is 
certainly the most common cause of nonphysiologic anemia dur-
ing pregnancy.1 It is particularly common in economically and 
socially disadvantaged populations.26,27 The prevalence of iron 
deficiency ranges from 16% to 55% in pregnant women during 
the third trimester. This partially reflects utilization of iron by 
the fetus, and partially reflects pre-existing iron deficiency.1,26,28 
In a Cochrane review, Milman et al. observed that among fertile 
women, 20% have presumed iron reserves of >500 mg (defined 
as a serum ferritin concentration >70 mg/L), which is stated as 
the required minimum during pregnancy; 40% have iron stores 
of 100 to 500 mg (defined by a serum ferritin concentration 30 to 
70 mg/L), and 40% have undetectable iron stores (serum ferritin 
<30 mg/L).29 The fetus is a privileged recipient of the nutrients 
required for hemoglobin synthesis. Thus, the hemoglobin concen-
tration of infants born to mothers who have severe iron deficiency 
anemia is normal, and the serum iron, transferrin saturation, and 
serum ferritin levels are unrelated to maternal iron status.30–32

In a study by De Leeuw et al., 84% of women not supplemented 
with oral iron lacked stainable iron in bone marrow aspirates 
after delivery at term, whereas 81.5% of women treated with iron 
had stainable iron present at term.1 The demand for absorbed 
iron increases from 0.8 mg/day in early pregnancy to 7.5 mg/day 
in late pregnancy. An iron supplement of 65 mg/day beginning 
at or before 20 weeks’ gestation generally is adequate to prevent 
iron deficiency during pregnancy.29

There is evidence that the risks of premature delivery, low 
birth weight, and infant death are increased by severe iron 
deficiency. However, it is difficult to distinguish the effects of 
the iron deficiency itself from the conditions that produced the 
deficiency. A large case–control study from Venezuela indicated 
that maternal iron deficiency was associated with increased risk 
of premature delivery (risk ratio, 1.70; 95% confidence interval, 
1.18 to 2.57).33 However, when Mahomed reviewed 20 trials 
evaluating the issue of iron supplementation in pregnancy for the 
Cochrane database, he concluded that iron supplementation dur-
ing pregnancy resulted in a substantial reduction in women with 
anemia (a hemoglobin below 10 g/dl late in pregnancy) but had no 
detectable effect on maternal or fetal outcome.34 Thus, whether 
maternal iron deficiency adversely influences pregnancy is con-
troversial. In fact, it is not entirely clear whether maternal iron 
deficiency reduces the fetal iron supply. Harthoorn-Lasthuizen et 
al. found no significant differences in iron status of neonates born 
to iron-deficient versus iron-replete women and concluded that 
the fetal iron supply is not negatively influenced by iron deficiency 
in the mother.35 In contrast, Turgeon O’Brien et al. reviewed 
medical records of 202 pregnant women to examine the associa-
tion of low- and high-ferritin levels and anemia with pregnancy 
outcome.36 They observed an inverse relationship between first-
trimester anemia and birth weight, but they observed no rela-
tionship in the second and third trimesters. They suggested that 
maternal iron deficiency in early pregnancy was associated with 
poor fetal weight gain but that maternal iron deficiency later in 

pregnancy was not. During iron deficiency, the placenta becomes 
hypertrophied, a possible cause of maternal hypertension. A spe-
cific variant of pica, namely (ingestion of baking powder) can lead 
to symptoms suggesting preeclampsia.37

Recombinant erythropoietin administration, combined with 
iron replacement, has been reported to be an effective treatment 
for moderate and severe iron deficiency anemia during preg-
nancy,38,39 although a meta-analysis of this topic suggests that the 
benefits from erythropoietin are relatively modest.40

The usual criteria for diagnosing iron deficiency are valid dur-
ing pregnancy (see Chapter 23), including a reduced mean cor-
puscular volume (MCV), a reduced serum transferrin saturation to 
≤15%, and a reduced serum ferritin concentration. Measurement 
of serum transferrin receptors may be useful in complicated situ-
ations in which inflammatory disease makes the serum ferritin 
value less reliable.41 Interpretation of serum iron values can be 
complicated during pregnancy: Even in apparently iron-replete 
women, serum iron levels progressively decline, and values for 
serum total iron-binding capacity and free erythrocyte protopor-
phyrin increase,1,42 findings that usually indicate iron deficiency. 
Expression of the iron-regulatory peptide hepcidin appears to be 
suppressed during preganancy, consistent with an increased iron 
demand.43

Dietary supplementation with 78 mg of elemental ferrous iron 
daily during pregnancy increased the hematocrit, hemoglobin 
concentration, and red cell mass, with the red cell mass rising 
to nearly twice that found in similar, apparently healthy women 
not supplemented.1 At term, the mean hemoglobin concentration 
averaged 12.4 g/dl in those who received the supplement and 
10.9 g/dl in those who did not. In Bantu women, whose diet is 
habitually high in iron, a significant change in serum iron does 
not occur, and iron deficiency anemia does not develop during 
pregnancy.44 Some have recommended that all pregnant women 
receive iron supplements beginning at 18 to 20 weeks’ gestation 
in doses ranging from 30 to 60 mg/day,26 whereas others recom-
mend that iron supplementation be provided selectively. A typical 
regimen in this second circumstance is as follows: No iron supple-
mentation if the serum ferritin concentration is >70 mg/L; low-
level iron supplementation (40 mg elemental iron/day) if serum 
ferritin is between 30 and 70 mg/L; and 80 to 100 mg elemental 
iron/day in women with lower serum ferritin concentrations.45

Actual iron deficiency anemia should be treated as in individu-
als who are not pregnant (see Chapter 23). Constipation may be 
an especially problematic side effect in pregnant women; there-
fore, gradual increases in dose until fully therapeutic levels are 
achieved and an emphasis on taking medication with meals are 
particularly important precautions. Rarely, parenteral treatment 
may be necessary.

Deficiency of folAte AnD other 
nutrients During PregnAncy
Macrocytic anemia of pregnancy is typically megaloblastic and 
in most cases results from deficiency of folic acid.46–49,50 In a 
study from India, macrocytic anemia in pregnancy carried a 
more negative prognosis for both mother and child than did iron 
deficiency.51 Megaloblastic anemia during pregnancy begins most 
often in either the third trimester or shortly after delivery.52 Folate 
requirements increase during pregnancy, and the diets of many 
pregnant patients are insufficient to meet the increased need.53,54 
Although folate deficiency occurs most often in economically 
deprived patients, this consequence of inadequate eating habits is 
not confined to the poor.52–55 Particularly in pregnant adolescents, 
the diet may provide an inadequate source of folate, regardless 
of economic status.54 In uncomplicated pregnancies, the gastro-
intestinal absorption of dietary folate (polyglutamate) and of folic 

72683_ch042_1012-1017.indd   1013 7/17/13   1:19 PM



1014 part iv Disorders of red cells • SeCtiON 5 other red cell Disorders

apply (Chapter 36). Both the American Academy of Pediatrics 
and the American College of Obstetricians and Gynecologists rec-
ommend daily supplements of 0.4 mg of folic acid for pregnant 
women at low risk for neural tube defects; for pregnant women 
with a history of previous pregnancies associated with neural 
tube defects or at otherwise high risk, 4 mg of folic acid daily is 
recommended.73–75 For patients not at high risk for neural tube 
defects but at increased risk for folate deficiency, such as those 
with chronic hemolytic anemia, the supplement may be increased 
to 1 mg/day.50

For established deficiencies, the regimen described in Chapter 
36 should be followed. If the possibility of vitamin B12 deficiency 
cannot be excluded, vitamin B12 injections should be added to the 
regimen.

Anemia due to zinc deficiency has been associated in some 
studies with fetal growth restriction, congenital abnormalities, 
and neurodevelopmental delay. Iodine deficiency during preg-
nancy is very uncommon in developed countries but can result 
in fetal wastage, preterm delivery, and neonatal hypothyroidism. 
Deficiency of magnesium, selenium, copper, and calcium has 
also been associated with complications of pregnancy and fetal 
development.76,77 In a study in Nepal, vitamin A supplementation 
reduced maternal mortality, and suggested that vitamin A influ-
ences the synthesis of erythropoietin and thus might decrease 
maternal anemia, although other studies carried out in pregnant 
women in Africa have not confirmed this.78–80

mAternAl AnemiA AssociAteD 
with PrenAtAl infections
Most clinically significant infections of the fetus are viral or pro-
tozoal, but generally these conditions result in minimal evidence 
of infection in the mother. Specifically, women carrying a fetus 
infected with cytomegalovirus, toxoplasmosis, rubella, herpes 
simplex, or parvovirus B19 generally have no anemia related to 
the infection. However, certain infectious diseases during preg-
nancy do result in maternal anemia. For example, intestinal hel-
minth infections, common in certain parts of the world, produce 
or exacerbate iron deficiency during pregnancy, resulting in ane-
mia. Nurdia et al. reported that 70% of 442 pregnant women from 
Central Java, Indonesia, had either Trichuris trichiura, Necator 
americanus, or Ascaris lumbricoides detected during preg-
nancy.81 They observed a significant negative association between 
hookworm infection and serum ferritin in the first trimester and 
suggested that anthelminthic therapy should be given to infected 
women before conception as a means of improving their iron sta-
tus. Similarly, Torlesse and Hodges reported that anthelminthics 
were useful in Sierra Leone, reducing the decline in hemoglobin 
concentration during pregnancy by more than 6.5 g/L.82

Syphilis generally does not lead to anemia in pregnancy. Mavrov 
and Goubenko, from Ukraine, reported on 155 pregnant women 
with syphilis. They observed that 78% of the women remained 
asymptomatic throughout pregnancy, although placental and fetal/
neonatal pathology were found in about half of cases.83

Malaria can cause maternal and fetal anemia.84 This is a 
significant issue in the less-developed countries of the world. 
Standard methods of diagnosing malaria are often ineffective 
during pregnancy.84 The anemia is mild in most neonates with 
malaria, but with a marked placental accumulation of parasites, 
intrauterine growth retardation can be significant.85 Steketee et 
al. reviewed studies between 1985 and 2000 and summarized 
the risk of neonatal anemia, low birth weight, and infant mortality 
associated with maternal malaria. Indeed, maternal malaria was 
associated with substantial risks for anemia (population attribut-
able risk, 3% to 15% increased), low birth weight (8% to 14% 
increased risk), and infant mortality (3% to 8% increased risk). 

acid (monoglutamate) is normal.56,57 Folate deficiency during 
pregnancy is relatively common, although its frequency depends 
on the population studied. The prevalence varies from 1% to 50% 
of pregnant patients.48,52,55,58 In North America, the prevalence is 
1% to 4%.50 Not all patients in whom the serum concentration of 
folate is low develop megaloblastic anemia. In those who do, often 
the serum folate concentration was low earlier in pregnancy.52

Pregnant women often have no symptoms with folate defi-
ciency anemia and may be found to have blood hemoglobin 
levels of 6 to 9 g/dl in the third trimester or postpartum. Folate 
deficiency is clearly associated with fetal neural tube defects 
and cleft palate, but these defects are established very early in 
fetal development, long before maternal megaloblastic anemia 
is detected.50 The association between low serum folate during 
the first trimester of pregnancy and fetal neural tube defects has 
been known for over 25 years.50 Lumley et al. reviewed this issue 
for the Cochrane database, examining four trials involving 6,425 
women treated with folate or placebo.59 Preconceptional folate 
supplementation reduced the incidence of neural tube defects to a 
relative risk of 0.28 (95% confidence interval, 0.13 to 0.58). Folate 
did not increase miscarriage, ectopic pregnancy, or stillbirth. 
Multivitamins without folate did not prevent neural tube defects, 
and adding multivitamins to folate supplementation did not pro-
duce additional preventive effects. Thompson et al. reported an 
unexpected but significant reduction in childhood acute lympho-
blastic leukemia among offspring of women supplemented with 
folate during pregnancy.60

An association between bacteriuria and folate deficiency was 
noted in pregnant patients. In experimental systems, infection 
may induce folate-deficient megaloblastic anemia. Malabsorption 
(see Chapter 36) may be associated with megaloblastic anemia of 
pregnancy, even in nontropical areas.50

In rare cases, folate-deficient pregnant patients develop 
erythroblastopenia and bone marrow changes morphologically 
simulating acute leukemia.61 Application of current molecular, 
immunologic, and cytochemical tools for diagnosing leukemia will 
avoid a mistaken diagnosis.

Megaloblastic anemia during pregnancy, as in the nonpregnant 
patient, is suggested by an increased MCV with oval macrocytes 
and hypersegmented granulocytes on blood smear, but a bone 
marrow examination can be done if doubt exists. Folate deficiency 
must be distinguished from vitamin B12 deficiency. The latter is 
rare in pregnancy, and the distinction can often be made on clini-
cal grounds, especially on the basis of a careful nutritional history.

Folate is transported across the placenta against a concentra-
tion gradient. Infants born to mothers with the megaloblastic ane-
mia of pregnancy have no anemia and no biochemical evidence 
of folate deficiency.62 The concentration of vitamin B12 also is 
two to three times higher in cord blood than in maternal blood.63 
Nevertheless, this nutritional advantage is insufficient to protect 
the infant if the mother is vitamin B12 deficient and if the sole 
source of nutrition is the mother’s milk. Megaloblastic anemia 
accompanied by irreversible neurologic damage has been docu-
mented in breast-fed infants of vegan mothers64,65 and in breast-
fed infants of mothers with subclinical pernicious anemia.66,67

Dietary supplementation with approximately 0.3 mg of folic 
acid daily during pregnancy reduces the occurrence of megaloblas-
tic anemia to approximately 0.7% of all pregnant women,49,68,69 
whereas a supplement of only 0.1 to 0.2 mg/day is not adequate 
to maintain serum folic acid concentration at normal levels.70,71 
A supplement of 0.45 mg/day results in supranormal values for 
serum folate,69,71 but, even with this amount of supplementation, 
megaloblastic anemia may occur in a pregnant patient in whom 
the course is complicated by urinary tract infection, hemolysis, 
or hemorrhage.71 Nevertheless, because true pernicious anemia 
caused by a lack of intrinsic factor and vitamin B12 does occur 
in pregnant patients,72 the considerations regarding masking 
of pernicious anemia with folate doses of 0.40 mg/day or more 
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They estimated that each year 75,000 to 200,000 infant deaths 
are associated with maternal malaria.86 More recent studies from 
Nigeria, Benin, and India have shown similar results.87–89

hemolytic AnemiA in PregnAncy

pregnancy-induced hemolytic anemia
A variety of hemolytic anemia syndromes can occur in pregnant 
women just as in nonpregnant women. In fact, pregnancy can 
exacerbate underlying autoimmune hemolytic anemia.90 Thus, 
hemolytic anemia is not particularly uncommon in obstetric 
practice. However, a rare entity has been described in which an 
idiopathic hemolytic anemia occurs during pregnancy, resolves 
completely after pregnancy, and recurs during subsequent preg-
nancy (Table 42.2). The pathogenesis of this anemia is not known. 
Terms for the condition include idiopathic autoimmune hemolytic 
anemia of pregnancy, unexplained hemolytic anemia associated 
with pregnancy, and pregnancy-induced hemolytic anemia. The 
condition is not homogeneous. In the cases reported by Ng et al. 
from Kuala Lumpur and Benraad et al. from The Netherlands,91,92 
women had immunoglobulin G warm antibodies and were suc-
cessfully treated with glucocorticoids. In some cases, a positive 
direct antiglobulin (Coombs) test is not found.93–95 The majority of 
cases have no identifiable immune mechanisms and have a vari-
able response to glucocorticoids.96–98

This pregnancy-induced hemolytic anemia becomes appar-
ent in the third trimester of pregnancy and in most cases remits 
completely within 2 months of delivery, sometimes taking as 
long as 4 or 5 months. The anemia is usually very severe, even 
life threatening to mother and fetus. Corticosteroids and intrave-
nous immunoglobulin (IVIG) have been reported to be successful 
in some cases, but many of the women have been treated with 
repeated erythrocyte transfusions. Generally, the transfused 
donor cells have a shortened survival. Neonates born to women 
with pregnancy-induced hemolytic anemia generally have tran-
sient hemolysis, lasting 1 to 2 months; severe jaundice requiring 
neonatal exchange transfusion has not been reported.

autoimmune hemolytic anemia during 
pregnancy
In cases of autoimmune hemolytic anemia during pregnancy, 
whether idiopathic or of an identified variety, the degree of 
hemolysis is generally more severe in the mother than that in the 
fetus.99 However, therapy that ameliorates the maternal disease 
(such as corticosteroids or IVIG) often does not protect the fetus. 
This is in contrast to autoimmune thrombocytopenia during 

pregnancy, in which maternal and fetal platelet counts are likely 
to be concordant.

heLLp Syndrome
Preeclampsia is characterized by gestational hypertension and 
proteinuria or pathologic edema; eclampsia is complicated by 
the additional occurrence of seizures.100,101 Preeclampsia and 
eclampsia are systemic diseases involving the kidney, liver, heart, 
and central nervous system. Hematologic complications have been 
recognized for some time and include microangiopathic hemolytic 
anemia with characteristic fragmented red blood cells (RBCs) in 
the peripheral blood, thrombocytopenia, and well-defined abnor-
malities of the coagulation system.102,103 This subset of patients 
with severe preeclampsia/eclampsia is considered to have HELLP 
syndrome, characterized by hemolysis (H), elevated liver (EL) 
enzymes, and low platelet (LP) counts (Table 42.3).104,105

It is thought that RBC fragmentation and thrombocytopenia 
associated with HELLP are a result of a number of interrelated, 
largely mechanical factors, including endothelial damage, vaso-
constriction coupled with hypertension, and the deposition of 
fibrin in injured vessels. Women with preeclampsia have abnor-
malities in coagulation, including signs of chronic intravascu-
lar coagulation,106 shortened platelet lifespan,103,107 decreased 
plasma antithrombin III activity,108,109 abnormalities in circu-
lating fibrinogen multimers110 and increased fibrin deposition 
within the kidney and the liver.111,112 Increased rates of factor 
VIII consumption have been reported by some although not all 
investigators.113–115 Patients with preeclampsia have decreased 
hemopexin relative to healthy pregnant mothers.116 Women with 
preeclampsia also have higher circulating levels of the endog-
enous vasoconstrictor endothelin and other abnormalities of 
endothelial function.117–120 Patients with preeclampsia have an 
imbalance of placental prostacyclin and thromboxane production 
that favors vasoconstriction.121

There is no identifiable mechanism.

Anemia becomes apparent in the third trimester.

Anemia remits completely within 2 mo of delivery.

Anemia generally recurs in subsequent pregnancies.

Anemia is usually severe, even life threatening.

Corticosteroids and intravenous immunoglobulin are sometimes helpful.

Erythrocyte transfusions are the mainstay of treatment for severe anemia.

Donor cells have a shortened survival.

Neonates generally have transient nonsevere hemolysis.

Features oF iDioPathic Pregnancy-inDuceD hemolytic 
anemia

taBLe 42.2

Clinical 
Features

HELLP 
Syndrome TTP HUS

Target organ/
system involved

Liver Neurologic Renal

Gestational age Second to third 
trimester

Second 
trimester

Postpartum

Platelets Decreased Decreased Decreased

PT/PTT Normal Normal Normal

Hemolysis Present Present Present

Fibrinogen Normal Normal Normal

Creatinine Normal/
increased

Increased Increased

Liver enzymes Increased Normal Normal

ADAMTS-13 Mild–moderate Severely Variable; typically 
severely

Decreased Decreased/
absent

Decreased

HELLP, hemolysis (H), elevated liver (EL) enzymes, and low platelet (LP) counts; HUS, 
hemolytic-uremic syndrome; PT, prothrombin time; PTT, partial thromboplastin time; TTP, 
thrombotic thrombocytopenic purpura.
Modified from Saphier CJ, Repke JT. Hemolysis, elevated liver enzymes, and low platelets 
(HELLP) syndrome: A review of diagnosis and management. Semin Perinatol 1998; 
22(2):118–133.

major clinical characteristics oF hellP synDrome, 
ttP, anD hus

taBLe 42.3
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HELLP syndrome reportedly occurs in 20% of women with 
severe preeclampsia and 10% of women with eclampsia.122 The 
median gestational age at presentation is 32 to 34 weeks, with 
a range of 24 to 39 weeks.123 Clinical findings at presentation 
include malaise, right upper quadrant tenderness, hypertension, 
and edema. Most women with HELLP syndrome are not anemic 
at presentation, although they may drop their hemoglobin out of 
proportion to the volume of blood lost at delivery.123

Laboratory features include elevated liver enzymes (i.e., ala-
nine aminotransferase [ALT] and aspartate aminotransferase 
[AST]), thrombocytopenia with <100,000/ml in most patients, 
and evidence of compensated hemolysis. The latter is probably 
the most specific abnormality associated with HELLP syndrome, 
but sometimes difficult to detect. The peripheral blood smear 
usually reveals schistocytes and there also may be burr cells and 
polychromatophilia.123 In one study, however, schistocytes were 
seen in only a small fraction of patients and it was proposed that 
the fragmented cells may have been removed by the spleen.124 
Hemoglobinemia and hemoglobinuria occur in <10% of cases. 
The one consistent abnormality noted in women with HELLP syn-
drome is a decreased serum haptoglobin in virtually all patients, 
and this may be considered to be a highly sensitive test to detect 
this RBC abnormality when only a few schistocytes are present 
on smear.124 Patients with HELLP syndrome have been reported 
to have mild to moderate reduction in the von Willebrand factor 
cleaving protease ADAMTS-13 compared to nonpregnant women 
or women experiencing an uncomplicated pregnancy. These 
reduced levels were not due to inactivating antibodies.125 Severely 
reduced ADAMTS-13 levels would suggest a diagnosis of throm-
botic thrombocytopenic purpura (TTP) rather than HELLP.126 TTP 
is also distinguished from HELLP by an increased lactate dehydro-
genase (LDH)/AST ratio.127

The management of  pre-eclampsia  with  HELLP syndrome 
is a matter of some obstetric debate, and is beyond the scope of 
this chapter. In general, the issues relate to immediate delivery 
or close observation, and these in turn are governed by maternal 
clinical status and fetal gestational age.123,128 The most common 
approach is to deliver the fetus as soon as possible or, if it is 
likely that there is fetal lung immaturity because of gestational 
age, steroids are administered to the mother for 2 to 3 days, 
and then the infant is delivered. It is intriguing that a small 
but significant fraction of women (30% in one study) sponta-
neously improves without more aggressive intervention.129 In 
contrast to TTP, there currently are no data indicating a role for 
plasmapheresis.

One of the most serious complications is hepatic rupture, 
with 50% maternal and 60% to 70% fetal mortality. Other com-
plications include disseminated intravascular coagulation, renal 
failure, pulmonary edema, and placental abruption.105 Overall, 
maternal mortality ranges from 0% to 4% in different series.123 
Hematologic and chemical abnormalities resolve within a few 
days of delivery. Neonatal mortality is 5% to 20%,105,123 and this 
is more a reflection of fetal age rather than any specific complica-
tion of maternal HELLP issues.

pregnancy-associated thrombotic 
thrombocytopenic purpura and 
hemolytic-uremic Syndrome
In most reported studies of thrombotic microangiopathy with 
pregnancy, TTP and hemolytic-uremic syndrome (HUS) have been 
distinguished on the basis of the predominant symptomatology, 
neurologic or renal. TTP most commonly occurs antepartum, 
with a significant majority of cases presenting before 24 weeks’ 
gestation. Postpartum TTP is uncommon.130 HUS, on the other 
hand, typically occurs after a normal delivery and a symptom-
free interval, and is characterized by acute-onset renal failure 

and microangiopathic hemolytic anemia.106,128 Hypertension is 
almost always found. A small fraction (10% to 15%) of HUS and 
TTP patients have signs of preeclampsia. Sometimes TTP/HUS 
is not correctly diagnosed until the patient, thought to have pre-
eclampsia, has an atypical prolonged recovery in the postpartum 
period.131

Laboratory results show the expected hemolytic anemia with 
many RBC fragments. Severe thrombocytopenia usually is pres-
ent. Fibrin breakdown products are often increased, but the 
findings of other coagulation studies usually are normal.106 In 
postpartum HUS azotemia is the rule, but is rare in TTP.

In an extensive case review, the overall maternal mortality was 
44%. The mortality rate was reduced to 0% with plasma therapy, 
but was 68% if plasma therapy was not instituted.106,131,132,133,134 
The pregnancy should not be terminated because this does not 
cure the disease, and the fetus may survive with successful ther-
apy. The presence of severely reduced ADAMTS-13 activity at the 
outset of pregnancy in any woman with a history of TTP should 
suggest a need for plasma exchange during pregnancy.126

Bone mArrow fAilure 
synDromes AssociAteD with 
PregnAncy

aplastic anemia/pure red Cell aplasia
Pregnancy may occur in patients with existing bone marrow fail-
ure syndromes,135,136,137 although this is uncommon and requires 
cooperation between a high-risk obstetrics expert and a hematolo-
gist experienced with bone marrow failure syndromes. Predictors 
of a poor outcome include thrombocytopenia and aplastic anemia 
associated with paroxysmal nocturnal hemoglobinuria.136 Even 
more uncommon is aplastic anemia that develops during preg-
nancy. Whether this is a coincident association in most cases is 
unclear: The observation that approximately up to 25% of these 
individuals experience a spontaneous remission after delivery 
suggests that it is not coincidence.138,139 Patients are generally 
managed with supportive care during pregnancy, and receive 
specific immunosuppressive therapy subsequently if necessary.

Pure red cell aplasia may also have its initial onset in preg-
nancy. These patients should be managed with supportive care 
also, and the majority will experience a remission after deliv-
ery. In some cases, subsequent pregnancies are associated with 
recurrence.140,141,142

Sideroblastic anemia
There have been a number of case reports and small series of 
sideroblastic anemia with onset during pregnancy. Some cases 
appear to represent a coincident association with idiopathic 
sideroblastic anemia,143 whereas others appear to be pregnancy 
induced, and may recur with subsequent pregnancies.144,145 A 
pregnancy-associated syndrome with morphologic features of 
both sideroblastic anemia and amegakaryocytic thrombocytope-
nia has been described, which responds to immunosuppression, 
but may also undergo spontaneous remission after delivery.146

PostPArtum AnemiA
Postpartum anemia is common, particularly among low-income 
women. Studying nearly 60,000 women who were enrolled in 
the Special Supplemental Nutrition Program for Women, Infants, 
and Children, Bodnar et al. reported an overall incidence of post-
partum anemia of 27%. However, rates reached 48% among non-
Hispanic black women. Prenatal anemia was the best predictor 
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of postpartum anemia. Maternal obesity, multiple births, and 
formula feeding also predicted postpartum anemia.27

Peripartum hemorrhage is an obvious and common cause 
of postpartum anemia. An estimated blood loss at delivery in 
excess of 500 ml is claimed to be a good predictor of postpartum 
anemia.147 Unsuccessful vacuum extraction can cause peripar-
tum hemorrhage and subsequent postpartum maternal anemia. 
Sheiner et al. evaluated over 2,100 cases of delivery by vacuum 
extraction in Israel between 1990 and 1998148 and reported that 
5.4% of all deliveries were complicated by unsuccessful extrac-
tion, with a subsequent cesarean section. Postpartum anemia 
was much more common in the women following unsuccessful 
vacuum extraction than in those in whom cesarean sections were 
not preceded by attempts at vacuum extraction. Maternal blood 
loss during and after the unsuccessful vacuum extraction proce-
dures was suggested as the cause.

Hemorrhage occurring a week or more after delivery, so-
called secondary postpartum hemorrhage, has a high morbid-
ity rate. Hoveyda and MacKenzie analyzed 132 consecutive 
women presenting with secondary postpartum hemorrhage over 
a 3-year period at Barrett Maternity Hospital, Northampton, 
United Kingdom.149 They observed this complication in just under 
1% of women and found that most presented in the second week 
after delivery. Histories of either primary postpartum hemor-
rhage or manual removal of the placenta were the only significant 
risk factors identified. Eighty-four percent of these women were 
rehospitalized, 63% required surgery, and 17% received blood 
transfusions.

Peripartum hemolysis is another cause of postpartum anemia. 
Hemolytic reactions have been described in women receiving 
second- and third-generation cephalosporins, such as cefotetan, 
administered prophylactically for cesarean section.150,151

Recombinant erythropoietin has been used to treat postpar-
tum anemia. Meta-analysis suggests that although erythropoietin 
treatment is safe and tends to be associated with a more rapid 
rise in hematocrit, it may not reduce the need for transfusion.152 
Similarly, intravenous iron administration for postpartum anemia 
is associated with a more rapid hemoglobin increment than oral 
iron.153 However, the relative safety compared to oral iron is not 
established.154
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AnemiAs UniqUe to the FetUs And neonAte
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C h a p t e r  4 3

intRodUCtion
The reference ranges used to define normal hematocrit, hemoglobin, 
erythrocyte count, and the erythrocyte indices, change considerably 
during fetal life as well as in the weeks after birth.1,2 Consequently, 
the laboratory findings that define anemia in a fetus or neonate are 
highly dependent on the gestational and postnatal age. Once anemia 
is recognized in a fetus or neonate, the differential diagnosis used to 
seek for the cause is unique from that at all other ages. In this chapter 
we display the pertinent reference ranges and review the underlying 
differences in erythropoiesis, erythrocyte structure, function, and 
metabolism that make anemias in the fetus and neonate so unique.

eRythRopoietin Biology  
in the FetUs And neonAte
Erythropoietin has both erythropoietic effects and nonerythro-
poietic effects during human fetal and neonatal development 
(Table  43.1).3,4 Although initially described by, and principally 
known for, its actions on erythroid progenitors, erythropoietin is 
also an important physiologic growth factor for fetal small intesti-
nal villous enterocytes and neurons.4,5,6,7

Erythropoietin is a constituent of amniotic fluid, in concentrations 
of 25 to 40 mU/ml. A normal human fetus swallows 200 to 300 ml 
of amniotic fluid per kilogram body weight per day, and thus swal-
lows 10 to 15 U of erythropoietin/kg/day.8 In humans, erythropoietin 
does not cross the placenta from maternal to fetal circulations, and it 
appears that the source of the erythropoietin in amniotic fluid is not 
the maternal circulation. In the second and third trimesters, amni-
otic fluid is largely derived from fetal urine, with minor constituents 
from fetal tracheal effluent and the placenta and fetal membranes. 
However, erythropoietin in amniotic fluid does not appear to come 
from fetal urine. The fetal kidney makes little erythropoietin before 
delivery, and the first-voided urine of neonates generally has no 
detectable erythropoietin.8 Studies using in situ hybridization and 
immunohistochemistry indicate that the source of erythropoietin in 
amniotic fluid is largely maternal: from mesenchymal and endothe-
lial cells in the deciduae and from the amnion.8

Erythropoietin is present in human colostrum and breast milk in 
concentrations of 10 to 20 mU/ml.4,5,6,7,8,9 Erythropoietin concentra-
tions in mother's milk do not correlate with erythropoietin concentra-
tions in her blood. In fact, over the first weeks of lactation, maternal 

serum erythropoietin concentrations fall, whereas milk erythropoi-
etin concentrations increase, reaching the highest concentrations in 
women breast-feeding for a year or more. The source of erythropoi-
etin in breast milk appears to be mammary gland epithelium.7,8

Erythropoietin in human amniotic fluid, colostrum, and breast 
milk is relatively protected from proteolytic digestion in the fetal 
and neonatal gastrointestinal tract.8 Rather than being absorbed 
from the gastrointestinal track into the blood, the erythropoi-
etin swallowed by the fetus and neonate binds to erythropoietin 
receptors on the luminal surface of villous enterocytes, where 
it serves topically as a growth and development factor. Indeed, 
experimental animals artificially fed formulas devoid of erythro-
poietin have retarded villous development, a condition that can be 
remedied by enteral recombinant erythropoietin and blocked by 
 antierythropoietin antibody.4,5,6,7,8,9

Erythropoietin is produced by cells in the developing central 
nervous system and is present in relatively high concentra-
tions in fetal cerebrospinal fluid (CSF).10–15 Among newborn 
infants, the highest concentrations of erythropoietin in the CSF 
are seen in the most premature neonates, and by several years 
of age CSF erythropoietin concentrations are generally below 
1 mU/ml.5 Erythropoietin receptors are expressed on human 
fetal neurons,10–15 and at least small quantities of recombinant 
erythropoietin, administered intravenously, cross the blood–brain 
 barrier and appear in the CSF fluid.16 Erythropoietin in the central 
nervous system is a neuroprotectant from hypoxia. Erythropoietin 
production increases rapidly in the brain during hypoxia, and 
when erythropoietin binds to receptors on neurons, antiapoptotic 
activity is induced. Cell culture systems and whole animal models 
illustrate a marked neuroprotective effect of erythropoietin.17 The 
clinical utility of recombinant erythropoietin as a neuroprotectant 
is a topic of recent and ongoing studies.18,19,20–21,22

The liver is the primary site of erythropoietin production in the 
fetus. The kidney does not become the primary site until several 
months after birth. In the human fetus, the kidney produces about 
5% of the total erythropoietin during mid-gestation. The develop-
mental mechanisms regulating the switch in erythropoietin pro-
duction from the liver to the kidney are not completely known but 
may involve developmental expression of transcription activators 
such as hypoxia inducible factor and hepatic nuclear factor 4, or 
developmental methylation of promoter and enhancer regions. 
Alternatively, the switch might involve the GATA transcription fac-
tors, particularly GATA-2 and GATA-3, which are negative regula-
tors of erythropoietin gene transcription.

Erythropoietin ameliorates experimental damage to the pla-
centa and fetal liver induced by lipopolysaccharide.23 Elevated 
concentrations of erythropoietin in fetal blood and/or amniotic 
fluid may indicate fetal hypoxia, and although erythropoietin 
may have a protective role for some fetal cells, such as neurons, 
placental, hepatic, and intestinal villous cells, it might also be a 
marker for poor neurodevelopmental outcome on the basis of 
severe or chronic hypoxia.23–25,26

noRmAl eRythRoCyte VAlUes 
dURing hUmAn FetAl deVelopment
Normal ranges for erythrocyte values of the human fetus and 
neonate are generally not available. This is because blood is not 
drawn on healthy neonates to establish such ranges. Instead, 
reference ranges are used, consisting of the 5th to the 95th 

Actions of ErythropoiEtin in thE humAn fEtus

taBLe 43.1

Site of Erythropoietin 
Production

Mechanism of 
Erythropoietin Delivery 
to Target Cells

Actions at Target Cells

Hepatocyte/hepatic  
macrophages

Paracrine Erythropoiesis/ 
angiogenesis

Glia Paracrine Neural migration

Glia Paracrine Neural protection from hypoxia

Decidua and amniotic  
membranes (amniotic fluid)

Swallowed by fetus Small bowel villous  
development

Mammary epithelia  
(breast milk)

Swallowed by  
neonate

Small bowel villous  
development
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percentile values compiled from laboratory tests performed on 
neonates who were thought to have minimal pathology relevant to 
the laboratory test, or pathology unlikely to affect the test results 
significantly. The premise on which the reference range concept is 
based is that these values approximate normal ranges, although 
they were admittedly obtained for a clinical reason and not from 
healthy volunteers.1,2

Circulating erythrocytes in the mid- and third trimester fetus 
have features reminiscent of what is called “stress erythropoiesis 
in adults. These features include marked anisocytosis, poikilocy-
tosis, macrocytosis, and a relatively high percentage of nucleated 
erythrocytes. Marrow cellularity in the fetus is relatively high, 
and because the available marrow space is fully cellular, the fetus 
and newborn infant have little marrow reserve on which to call. 
Erythroid precursors account for 30% to 65% and myeloid cells 
45% to 75% of nucleated marrow cells at birth.27 The myeloid to 
erythroid ratio at birth is approximately 1.5:1. Marrow cellularity 
decreases after birth, attaining a density that is normal for adults 
by 1 to 3 months.28 Initially, this decrease in cellularity results 
from a rapid decline in red cell precursors. At 1 week of age, 
erythroid elements account for only 8% to 12% of nucleated cells, 
and the myeloid to erythroid ratio exceeds 6:1. The normal adult 
proportion of myeloid to erythroid precursors is not established 
until the third month. Both the percentage and absolute number 
of lymphocytes increase during the first 2 months, so that by  
3 months of age, they constitute nearly 50% of marrow nucleated 
cells. Differential counts of bone marrow aspirates from preterm 
infants are the same as those for term infants.29

Normal reference ranges for the hemoglobin concentra-
tion on the day of birth, at gestational ages ranging from  
22 to 42 weeks, are shown in Figure 43.1. The reference ranges 
gradually increase during this period in utero, and there are no 
differences between genders.30 After birth, the anatomic site 
of blood sampling to measure the hemoglobin and hematocrit 
influences the test result.1,2,31 Perfusion of small vessels in the 
extremities can be relatively poor, particularly during hypo-
tension or skin cooling, resulting in increased transudation of 
fluid and hemoconcentration. Consequently, the hemoglobin 
concentration and packed cell volume of capillary blood are 
5% to 10% higher than those of venous blood.2 The difference 
between capillary and venous values is greatest at birth but 
disappears by 3 months of age. The discrepancy is greatest in 

preterm infants and in those with hypotension, hypovolemia, 
and acidosis.32 Differences can be minimized, but not fully 
resolved, by warming the extremity before sampling, obtaining 
freely flowing blood, and discarding the first few drops. The 
interpretation of serial observations necessitates the consistent 
use of one site of blood sampling.

Hemoglobin concentrations increase during the first hours 
after birth attributable in part to a shift of fluid from the intra-
vascular compartment but also to the transfusion of fetal red cells 
from the placenta at the time of birth.2 After the first day, the ref-
erence ranges for hemoglobin and hematocrit gradually decrease, 
as shown in Figure 43.2 (term and late preterm neonate) and 
Figure 43.3 (preterm neonates).

The mean corpuscular volume (MCV) at birth is highly depen-
dent on gestational age, as shown in Figure 43.4.33 Values below 
the 5th percentile are seen in neonates with a-thalassemia trait 
or hereditary spherocytosis.34,35,36 A low MCV at birth due to 
fetal iron deficiency is less common, but this can occur with 
chronic fetomaternal hemorrhage or twin-to-twin transfusion 
syndrome. The mean corpuscular hemoglobin (MCH), like the 
MCV, is high at birth, by adult standards, and is highly depen-
dent on gestational age. In contrast, the mean corpuscular hemo-
globin concentration (MCHC) does not change with gestational 
age and should be in the range 33 to 35 g/dl in all neonates 
whether born prematurely or at term. An MCHC value >36 
to 36.5 g/dl can suggest hereditary spherocytosis, particularly  
if accompanied by an MCV below the reference range for 
 gestational age.35,36

Reticulocytosis and normoblastosis reflect the accelerated 
nature of fetal erythropoiesis. Reticulocyte counts at birth are 
approximately 5%, with a range of 4% to 7%.2 Counts in preterm 
infants are slightly higher, averaging 6% to 10%. Reticulocytes 
remain elevated for the first 1 to 2 days of life, then drop abruptly 
to 0% to 1%.

Nucleated red blood cells (NRBC) are seen regularly on blood 
smears during the first day of life. The reference ranges for NRBC, 
according to gestational age at birth, are shown in Figure 43.5.37 
Elevations in NRBC in preterm infants correlate with adverse out-
comes of intraventricular hemorrhage (IVH) and periventricular 
leukomalacia.37,38 Elevations in NRBC in term infants correlate 
with hypoxic ischemic encephalopathy and with adverse neuro-
developmental outcomes.37,38

Figure 43.1. reference ranges for blood hemo-
globin concentration at birth. Values are shown 
from 24,416 subjects after 22 to 42 weeks gestation. 
The solid line shows the mean value and the dashed 
lines show the 5% and the 95% reference range. (From 
Jopling et al. Reference ranges for hematocrit and blood 
hemoglobin concentration during the neonatal period; 
data from a multihospital healthcare system. Pediatrics 
2009;123;e333–e337.)
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Figure 43.2. reference ranges for blood 
 hemoglobin concentration of term and late preterm 
neonates during the first month after birth. The 
solid line shows the mean value and the dashed lines 
show the 5% and the 95% reference range. (From 
Jopling et al. Reference ranges for hematocrit and blood 
hemoglobin concentration during the neonatal period; 
data from a multihospital healthcare system. Pediatrics 
2009;123;e333–e337.)

Figure 43.3. reference ranges for blood hemo-
globin concentration of neonates 29 to 34 weeks 
gestation during the first month after birth. The 
solid line shows the mean value and the dashed lines 
show the 5% and the 95% reference range. (From 
Jopling et al. Reference ranges for hematocrit and blood 
hemoglobin concentration during the neonatal period; 
data from a multihospital healthcare system. Pediatrics 
2009;123;e333–e337.)

Red cell morphology in the newly born preterm or term neo-
nate is characterized by macrocytosis and poikilocytosis. Target 
cells and irregularly shaped cells are particularly prominent. A 
high proportion of stomatocytes is noted when viewed by phase 
contrast microscopy.39 Similarly a high proportion of sidero-
cytes (3.16% vs. normal male adult mean of 0.09%) are seen.40 
Differential staining of red cells for fetal hemoglobin (HbF) pro-
vides a demonstration of the switch in hemoglobin synthesis 
that precedes birth: the younger macrocytes contain a minimal 
amount of HbF, whereas the smaller older cells are rich in HbF.41

Variations in red cell size and shape are somewhat greater 
than those observed in term infants, and cytoplasmic vacuoles 
are evident in nearly one-half of all cells when viewed by using 
interference-contrast microscopy. Red cell survival is shorter in 

preterm than in term infants. For infants who undergo exchange 
transfusion or multiple transfusions, both erythropoietin concen-
trations and reticulocyte counts are lower at any given hemoglo-
bin concentration.42 It had been assumed that oxygen delivery is 
decreased in newborns because of the presence of a high-affinity 
hemoglobin, but a leftward shift in the hemoglobin–oxygen dis-
sociation curve due to high levels of HbF might actually better 
maintain oxygen delivery during episodes of severe hypoxemia.43

The capacity of a fetus or neonate to deliver oxygen to tissues 
is better estimated by the circulating red blood cell volume than 
by the hematocrit or hemoglobin concentration. However, mea-
suring the circulating red blood cell volume in a fetus or neonate 
is particularly difficult. Therefore, either the hematocrit or the 
hemoglobin is often used in making transfusion decisions. Mock 
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Figure 43.4. reference ranges for mean corpuscu-
lar volume (MCV) upper panel, and mean corpus-
cular hemoglobin (MCH) on the day of birth. Values 
are shown from subjects after 22 to 42 weeks gestation. 
The solid line shows the mean value and the dashed lines 
show the 5% and the 95% reference range. (From Chris-
tensen et al. The erythrocyte indices of neonates, defined 
using data from over 12,000 patients in a multihospital 
healthcare system. J Perinatol 2008;28:24–28.)

et al. used a nonradioactive method, based on in vivo dilution of 
biotinylated RBC enumerated by flow cytometry, to estimate the 
correlation between hematocrit and circulating RBC volume in 
infants below 1,300 grams, between 7 and 79 days of life. They 
found that venous hematocrit values correlated highly with the 
circulating erythrocyte volume (r = 0.907; p < 0.0001).44

Neonates have a shorter red cell survival than do children and 
adults.45 The life span of red cells from term infants is estimated 
to be 60 to 80 days with use of the 51Cr method and 45 to 70 days 
using methods involving 59Fe.45 Fetal studies using [14C] cyanate-
labeled red cells in sheep revealed an average red cell life span of 
63.6 ± 5.8 days.46 The mean red cell life span increased linearly 
from 35 to 107 days as the fetal age increased from 97 days (mid-
gestation) to 136 days (term).

Neonatal red cells transfused into adults have a similarly short 
survival,47 indicating that factors intrinsic to the newborn red cell 
are responsible. Also, adult red cells survive normally in newborn 
recipients.48 The life span is not parametrically distributed, in 
that most cells are destroyed before the mean survival is reached. 

Shortened red cell survival as well as demands imposed by an 
expanding red cell mass account for erythropoietic rates at birth 
that are three to five times higher than those of normal adults.

The abrupt transition from the uterus to an oxygen-rich envi-
ronment triggers responses that have a profound effect on eryth-
ropoiesis. During the first 2 months of life, the infant experiences 
both the highest and lowest hemoglobin concentrations occurring 
at any time in development. Although quite variable, erythropoi-
etin levels at birth usually are well above the normal adult range. 
Erythropoietin levels fall in the immediate postnatal period, with 
a half-life of 2.6 ± 0.5 hours in infants with polycythemia and 
3.7 ± 0.9 hours in infants born to mothers with preeclampsia.49 
By 24 hours, the erythropoietin value is below the normal adult 
range, where it remains throughout the first month. The decrease 
in erythropoietin is followed by a decline in the number of bone 
marrow precursors50 and a fall in the reticulocyte count.

The combination of shortened cell survival, decreased pro-
duction, and growth-related expansion of the blood volume is 
responsible for a progressive fall of the hemoglobin concentration 
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to a mean of approximately 11 g/dl at 2 months of age.51 The 
lower range of normal for infants of this age is approximately 
9 g/dl. This nadir is called physiologic anemia, because it is not 
associated with apparent distress and is not prevented with nutri-
tional supplements. Stabilization of the hemoglobin concentration 
is heralded by an increase in reticulocytes at 4 to 8  weeks.50 
Thereafter, the hemoglobin concentration rises to a mean level 
of 12.5 g/dl, where it remains throughout infancy and early 
childhood.

At term, the placenta and umbilical cord contain 75 to 125 ml 
of blood, or approximately one fourth to one third of the fetal 
blood volume. The umbilical arteries constrict shortly after birth 
but the umbilical vein remains dilated, and blood flows in the 
direction of gravity. Infants held below the level of the placenta 
can receive half of the placental blood volume (30 to 50 ml) in  
1 minute. Conversely, infants held above the placenta can lose  
20 to 30 ml of blood back into the placenta per minute.52 The 
blood volume of infants with early cord clamping averages 
72 ml/kg, whereas the volume of infants with delayed cord clamp-
ing averages 93 ml/kg. Linderkamp et al. compared postnatal 
alterations in blood viscosity, hematocrit, plasma viscosity, red 
cell aggregation, and red cell deformability in the first 5 days 
in full-term neonates with early (less than 10 seconds) and late 
(3 minutes) cord clamping.53 The residual placental blood volume 
decreased from 52 ± 8 ml/kg of neonatal body weight after early 
cord clamping to 15 ± 4 ml/kg after late cord clamping. The 
neonatal blood volume was 50% higher in the late cord-clamped 
infants than in the early cord-clamped infants.

It is possible to promote placental transfer of blood to preterm 
infants by delaying the clamping of the umbilical cord for 30 sec-
onds. In fact transfer of about 10 ml/k body wt can be expected 
using this method.54 In a randomized trial by Mercer et al., this 
maneuver of delayed cord clamping among infants <1,500 grams 
birth weight resulted in less IVH and less late-onset sepsis.55 An 
alternative approach involves “milking or “stripping of the umbili-
cal cord after delivery, while the placenta is still attached to the 
uterus. This maneuver moves fetal blood toward the fetus before 
the umbilical cord is clamped. Delayed clamping and cord strip-
ping are roughly equivalent means of providing a small transfu-
sion before birth of a very low birth weight (VLBW) infant, thereby 
reducing the odds that a donor blood transfusion will be needed 

Figure 43.5. reference ranges for blood con-
centrations of nucleated erythrocytes on the 
day of birth. Values are shown from subjects after 
23 to 42 weeks gestation. The solid line shows the 
mean value and the dashed lines show the 5% 
and the 95% referenc range. (From Christensen 
et al. Neonatal reference ranges for blood concen-
trations of nucleated red blood cells. Neonatology 
2010;99:289–294.)
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during the first days after birth when phlebotomies for labora-
tory tests commonly result in transfusions to replace the rapidly 
depleted red cell mass.56–58

FetAl And neonAtAl eRythRoCyte 
memBRAne And metABolism
The erythrocyte membranes of neonates differ slightly from those 
of adults.59 The percentage of spectrin dimers and the spectrin 
tryptic peptide patterns are the same as in adult cells60 but neo-
natal cells have more immunoreactive myosin.61 The quantity and 
distribution of lipids differ in several respects from adult red cells. 
Total lipid, phospholipid, and cholesterol are increased out of 
proportion to the surface area of newborn red cells.62,63 Neonatal 
cells also exhibit increased endocytosis in response to membrane-
active agents, suggesting that the membranes of neonatal cells are 
less stable and are capable of greater reorganization.59

Antigen expression differs from that of adult cells. The A, 
B, S, and Lutheran antigens are present in decreased amounts. 
Replacement of the i antigen with its adult counterpart I requires 
its conversion from a linear polylactosamine to a branched poly-
lactosamine.59 Reduced A and B antigenicity may result in part 
from decreased branching and increased stimulation of glycopro-
teins on neonatal red cells.64

At term, red cell deformability and viscoelastic properties 
are normal.65 Similarly, osmotic fragility of erythrocyte from 
preterm neonates is similar to or even slightly less fragile than 
erythrocytes of term neonates. However, preterm neonates may 
have a small subpopulation of cells that are more susceptible to 
hemolysis, giving preterm infants a greater tendency to develop 
hemolytic jaundice.66

Increased concentrations of certain erythrocyte enzymes in 
neonates can be explained by the young mean age of red cells. 
The increase in glycolytic enzymes is comparable in magnitude 
to that observed in high-reticulocyte adult blood.67,68 Increased 
glycolytic enzyme activity, in turn, is responsible for increased 
consumption of glucose and galactose and increased levels of 
adenosine triphosphate (ATP).69 Unique metabolic characteristics 
of neonatal erythrocytes are summarized in Table 43.2.
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Metabolic characteristics explained by young mean cell age

 Increased enzyme activity

 Hexokinase

 Aldolase

 Triosephosphate isomerase

 Phosphoglycerate mutase

 Pyruvate kinase

 Lactate dehydrogenase

 Glucose-6-phosphate dehydrogenase

 6-Phosphogluconate dehydrogenase

 Glutathione reductase

 Glyoxalase I and II

 Galactokinase

 Galactose-1-phosphate uridyl transferase

 Increased glucose and galactose consumption

 Increased levels of ATP

Metabolic characteristics distinctive for neonatal red cells

 Embden-Meyerhof pathway

  Increased activity of phosphoglycerate kinase, enolase, glucose phosphate  
isomerase, and glyceraldehyde-3-phosphate dehydrogenase

 Decreased activity of phosphofructokinase

 2,3-Diphosphoglycerate instability

 Pentose phosphate pathway and glutathione metabolism

 Decreased glutathione peroxidase and glutathione synthetase

 Glutathione instability

 ATP and phosphate metabolism

 ATP instability

  Decreased phosphate uptake, slower incorporation of phosphate into ATP  
and 2,3-diphosphoglycerate

 Nonglycolytic enzymes

 Decreased enzyme activity

 Carbonic anhydrase

 Catalase

 Cholinesterase

 Adenylate kinase

 Phosphoribosyl transferase

 Cytochrome b5 reductase

ATP, adenosine triphosphate.

mEtAbolic chArActEristics of fEtAl/nEonAtAl  
rED blooD cElls

taBLe 43.2

The activities of four enzymes in the Embden-Meyerhof 
pathway—phosphoglycerate kinase, enolase, glucose phosphate 
isomerase, and glyceraldehyde-3-phosphate dehydrogenase—are 
increased out of proportion to cell age.70,71 The activity of phos-
phofructokinase, a rate-controlling enzyme in glycolysis, is only 
40% to 70% of that in adult red cells of comparable age.68,69,71 
Low levels of phosphofructokinase may produce a block in gly-
colysis, resulting in the accumulation of glucose-6-phosphate 
and fructose-6-phosphate and a decrease in the amounts of 
2,3-diphosphoglycerate (2,3-DPG) and phosphoenolpyruvate.71 
Decreased activity of phosphofructokinase is probably explained 
by accelerated decay of a less stable fetal isoenzyme.72 Neonatal 
red cells contain a homotetramer of liver-type phosphofructoki-
nase subunits rather than the heterotetramer of liver and muscle 
subunits present in adult cells.73 Differences in the relative pro-
portions of isoenzymes have also been described for hexokinase 

and enolase.74 The concentration of 2,3-DPG falls rapidly during 
short periods of incubation,69 apparently because of accelerated 
breakdown. Preterm infants have lower 2,3-DPG concentrations 
than term infants. These concentrations gradually increase with 
gestation.75,76 Concentrations can be increased with the use of 
erythropoietin, thereby shifting the oxygen dissociation curve to 
the right.77

The activities of two key enzymes of the pentose phosphate 
pathway, glucose-6-phosphate dehydrogenase and 6-phosphoglu-
conate dehydrogenase, are increased by virtue of a young mean 
red cell age.68,69 The response of the pentose phosphate pathway 
to oxidant stimuli is normal, and the level of reduced glutathione 
is equal to or greater than that found in adults.70 Despite this, 
newborn cells exhibit glutathione instability, increased Heinz 
body formation, and a propensity to increased methemoglobin 
generation, all indicative of greater susceptibility to oxidant-
induced injury.67 The basis for this oxidant vulnerability is not 
known. Although red cells of the newborn infant have low levels 
of activities of both glutathione peroxidase78 and glutathione 
synthetase,79 no apparent relationship exists between these defi-
ciencies and oxidant vulnerability.80 Other factors that have been 
implicated in attempts to explain metabolic differences include 
deficient catalase activity, decreased numbers of membrane 
sulfhydryl groups,81 greater residual membrane hemoglobin,82 
and other plasma factors.83,84 Studies evaluating the antioxi-
dant capacity of preterm red cells and plasma from infants with 
respiratory distress syndrome reported no difference in activity 
between sick and well preterm infants, and antioxidant activity 
appeared intact. The study did not provide convincing evidence of 
oxidative damage and diminished antioxidant defenses in preterm 
infants with neonatal respiratory distress syndrome.85

Although elevated at birth, the red cell ATP level falls rap-
idly during short periods of incubation. The uptake of labeled 
orthophosphate by cord blood cells is slower than that by adult 
cells, resulting in delayed incorporation of phosphate into ATP 
and 2,3-DPG.86 This disturbance in energy metabolism has been 
held responsible for accelerated potassium loss during incuba-
tion. Neonatal erythrocytes have increased rates of endocytosis 
compared to adult erythrocytes; these rates gradually decrease 
to adult levels with prolonged incubation.87 In septic neonates, 
ATP concentration in red blood cells was significantly lower than 
in neonates with respiratory distress syndrome and controls, 
whereas the 2,3-DPG concentration was increased.88

The activity of a number of nonglycolytic enzymes differs in 
neonatal red cells compared to adult red cells. Carbonic anhy-
drase,86 catalase,89 acetylcholinesterase,90 adenylate kinase,90 
hypoxanthine-guanine-phosphoribosyl transferase,91 and cyto-
chrome b5 reductase92 are all less active than in adult red cells. 
Differences in carbonic anhydrase activity have been exploited by 
using this enzyme to lyse selectively any contaminating maternal 
cells from samples of mixed fetal and maternal cells obtained 
for the prenatal diagnosis of hemoglobinopathies.93 Reduced 
activity of cytochrome b5 reductase, the enzyme responsible for 
methemoglobin reduction, contributes to the infant's vulnerability 
to methemoglobinemia. This enzyme exists in both soluble and 
membrane-bound forms. The membrane-bound form is the pre-
cursor enzyme that is posttranslationally processed to a smaller 
soluble form, probably by a calmodulin-dependent endogenous 
protease.94 Neonatal red cells have membrane-bound cytochrome 
b5 reductase activity comparable to that of adult cells but are 
limited in their ability to convert membrane-bound enzyme to the 
soluble form.

Cord blood contains HbF (a2, g2), HbA (a2, b2), and HbA2  
(a2, d2), with HbF constituting the major fraction (50% to 85%) 
at term. Because of this, hemoglobinopathies involving b-chain 
synthesis, such as sickle cell disease and b-thalassemia, do not 
present in the neonatal period. The G-g to A-g ratio at birth 
is approximately 3:1, in contrast to a ratio of 2:3 in adults.95 
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HbA accounts for 15% to 40% of the hemoglobin at term and 
HbA2 is present in only trace amounts (mean, 0.3%), but 
increases slowly after birth, reaching the normal adult level (2% 
to 3%) by 5 months. The level of HbF at birth is influenced by a 
number of variables, the most significant of which is gestational 
age. Premature infants have more HbF and postmature infants 
less (Fig. 43.6).95 Neonates who have survived chronic intrauter-
ine hypoxia, such as occurs with maternal heart and lung disease, 
have higher levels of HbF. The switch from g-chain synthesis to 
b-chain synthesis appears to be developmentally programmed. 
Neither intrauterine transfusion nor neonatal exchange transfu-
sion affects the synthetic rates of b- and d-chains.96

HbF has an affinity for oxygen that is greater than that of 
HbA.97 The oxygen tension at which the hemoglobin of cord blood 
is 50% saturated is 19 to 21 mm Hg, 6 to 8 mm Hg lower than 
that of the hemoglobin of normal adult blood. This shift to the left 
of the hemoglobin–oxygen dissociation curve results from poor 
binding of 2,3-DPG by HbF.98 The position of the oxygen dissocia-
tion curve is determined by both the percentage of HbA and the 
red cell content of 2,3-DPG.99 As the relative proportion of HbA 
increases, the oxygen dissociation curve shifts by approximately 
4 to 6 months of age to a position that is normal for the adult 
(Fig. 43.7). The increased oxygen affinity of HbF confers a physi-
ologic advantage to the fetus in facilitating the transfer of oxygen 
from mother to fetus.

HbF is resistant to alkali denaturation, and unlike HbA is not 
eluted from fixed blood smears immersed in an acid buffer.100 
This property permits the differential staining of HbF and HbA, 
a technique used to detect fetal cells in the maternal circulation.

FetAl And neonAtAl AnemiA  
dUe to hemolysis
Bilirubin is effectively cleared from fetal blood by the placenta and 
is metabolized by the maternal liver.101 As a result, fetal hemolytic 
disease does not present with significant jaundice immediately at 
birth. However, after birth the products of heme catabolism must 
be processed by the neonate's liver, which is limited in its ability 
to metabolize bilirubin efficiently, in part because of a relative 
deficiency of the cytoplasmic acceptor protein ligandin, and in 
part because of decreased activity of uridine diphosphoglucuronyl 
transferase.102

Causes of hemolytic disease in the newborn are noted in 
Table  43.3. Worldwide, isoimmunization caused by maternal–
fetal blood group incompatibility is the most common cause of 

hemolytic anemia. Antigens in the ABO, MN, Rh, Kell, Duffy, 
and Vel systems are well developed on fetal red cells during 
early intrauterine life.103 They are present in the fifth to seventh 
gestational week and remain constant through the remainder of 
intrauterine development. Other antigens, such as the Lutheran 
and XgA systems, develop more slowly but are present at birth, 
unlike Lewis antigens, which develop after birth. By 2 years of 
age, red cell and plasma antigens have developed a pattern that 
is seen throughout the remainder of life.104

Although A and B antigens are present early in utero, A and 
B isoagglutinin production occurs later during the second and 
third trimesters.104 By 30 to 34 weeks gestation, about one half 
of all fetuses have some measurable anti-A or anti-B antibodies. 
The fetal production of such antibodies is not related to maternal 
blood type, rather, intrauterine exposure to gram-negative organ-
isms whose antigens are chemically related to those of blood 
groups A and B act as a potent stimulus for antibody develop-
ment. Isoimmunization due to Rh or ABO incompatibility is the 
most common cause of hemolytic disease in the newborn period. 
ABO incompatibility represents a spectrum of hemolytic disease 
in newborns.

Fetuses with hemolytic anemia due to anti-Kell antibody have 
lower reticulocyte counts and total serum bilirubin levels than 
comparable anti-D anemic fetuses.105 The level of hemolysis 
caused by anti-Kell antibodies is less than that caused by anti-D 
antibodies, but fetal erythropoiesis is blunted because Kell sen-
sitization results in both suppression of fetal erythropoiesis and 
hemolysis. Anti-Kell antibodies cause fetal anemia by suppressing 
erythropoiesis at the level of erythroid progenitors.

Figure 43.6. Decline in fetal hemoglobin synthesis as a function of gestational 
age. Solid dots represent cord blood samples from preterm infants, open circles are samples 
from term infants. (From Bard H. The postnatal decline of hemoglobin F synthesis in normal full-
term infants. J Clin Invest 1975;55:395–398, with permission.)
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Figure 43.7. Oxygen dissociation curves of blood from term infants at different post-
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FetAl And neonAtAl AnemiA  
dUe to hemoRRhAge
Hemorrhage can occur at any time during the prenatal, perinatal, 
and postnatal periods (Table 43.4).

prenatal hemorrhage
Small numbers of maternal and fetal erythrocytes cross the 
placental barrier during pregnancy. The volume of fetal blood 
identified in the maternal circulation, at delivery, is generally on 
the order of 0.01 to 0.1 ml. However, approximately 1 in 400 
pregnancies is associated with a fetal to maternal hemorrhage 
of 30 ml or more, and approximately 1 in 2,000 pregnancies are 
associated with a potential fetal transplacental hemorrhage of 
100 ml or more.109 To detect and quantify fetal–maternal hemor-
rhage, flow cytometric–based methods, quantifying erythrocytes 
with HbF in the maternal circulation, are more sensitive than 
the Kleihauer–Betke.109 Significant fetal–maternal hemorrhage 
has been described following maternal trauma,110 but most cases 
have no identified antecedent.

Term neonates born after a large fetomaternal hemorrhage 
present with pallor and tachypnea but they generally have mini-
mal to no requirement for supplemental oxygen. Hemoglobin con-
centrations can be extremely low at birth, between 4 and 6 g/dl, 
and a significant metabolic acidosis is often present as a result of 
poor perfusion.

Twin–twin transfusion occurs in 5% to 30% of monochorionic 
twin gestations and involves placental anastomoses that allow net 
transfer of blood from one twin to the other.111 The perinatal mor-
tality rate can be as high as 70% to 100%, depending on severity 

Immune-mediated

 Rh incompatibility (anti-D antibody)

 ABO, c, C, e, E, G incompatibility

 Minor blood group incompatibility:

 Fya (Duffy), Kell group, Jka, MNS, Vw

 Drug-induced (penicillin, a-methyldopa, cephalosporins)

 Maternal autoimmune hemolytic anemia

 Non-Immune mediated

Congenital erythrocyte enzyme defects

 Glucose-6-phosphate dehydrogenase deficiency

 Pyruvate kinase deficiency

 Hexokinase deficiency

 Glucose phosphate isomerase deficiency

 Pyrimidine 5′ nucleotidase deficiency

Hereditary erythrocyte membrane disorders

 Spherocytosis

 Elliptocytosis

 Stomatocytosis

 Pyropoikilocytosis

 Other membrane disorders

Infection

 Bacterial sepsis (Escherichia coli, group B streptococcus)

 Parvovirus B19 (can present with hydrops fetalis)

 Congenital syphilis

 Congenital malaria

  Congenital TORCH infections (toxoplasmosis, rubella, cytomegalovirus,  
disseminated herpes)

 Other congenital viral infections

Hemoglobin defects

  a-Thalassemia syndromes

  g-Thalassemia syndromes

  a- and g-Chain structural anomalies

 Macro- and microangiopathic hemolysis

 Cavernous hemangiomas

 Arteriovenous malformations

 Renal artery stenosis or thrombosis

 Other large vessel thrombi

 Severe coarctation of the aorta

 Severe valvular stenoses

Other causes

 Disseminated intravascular coagulation

 Hypothyroidism

 Galactosemia

 Lysosomal storage diseases

  Prolonged metabolic acidosis from metabolic disease (amino acid and  
organic acid disorders)

cAusEs of hEmolytic DisEAsE in nEwborns

taBLe 43.3

High titers of anti-C antibody have been associated with neo-
natal hemolytic disease.106 However, routine screening of anti-C 
titers during pregnancy is not warranted, because antibody titers 
do not accurately reflect the severity of hemolytic disease.107 
C(w) is a low-frequency antigen in the Rh blood group system 
with a prevalence of about 2% among Caucasian populations. 
Anti-C(w) is not too uncommon in pregnancy (0.1% incidence), 
but clinically significant hemolytic disease of the newborn is very 
unusual.108

Prenatal

 Chronic and/or acute twin-to-twin transfusion syndrome

 Chronic and/or acute fetal–maternal hemorrhage

 Hemorrhage into amniotic fluid after periumbilical blood sampling

 Traumatic amniocentesis

 Maternal trauma

 Trauma after external cephalic version

Perinatal

 Placental abruption

 Placenta previa

 Vasa previa

 Trauma or incision of placenta during cesarean section

 Ruptured normal or abnormal (varices, aneurysms, hematoma) umbilical cord

 Placental hematoma

 Velamentous insertion of the cord

 Nuchal cord

Postnatal

 Subgaleal hemorrhage

 Cephalohematoma

 Hemorrhage associated with disseminated intravascular coagulation/sepsis

  Intraventricular/intracranial hemorrhage (prematurity, trauma, isoimmune 
 thrombocytopenia)

 Organ trauma (liver, spleen, adrenal, renal, gonadal)

 Pulmonary hemorrhage

 Iatrogenic blood loss (phlebotomy, central line accidents)

cAusEs of hEmorrhAgE in thE fEtus/nEonAtE

taBLe 43.4
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and timing of presentation. Approximately 70% of monozygous 
twin pregnancies have monochorionic placentas.112 Although 
vascular anastomoses are present in almost all such cases, not all 
of those develop twin–twin transfusion.

Acute twin–twin transfusion generally results in twins of simi-
lar size but with hemoglobin concentrations that vary by more 
than 5 g/dl. In chronic twin–twin transfusion, the donor twin 
becomes progressively anemic and growth retarded, whereas 
the recipient becomes polycythemic, macrosomic, and sometimes 
hypertensive. Both can develop hydrops fetalis; the donor twin 
becomes hydropic from profound anemia, and the recipient from 
congestive heart failure and hypervolemia. The donor twin often 
has low amniotic fluid volumes, whereas the recipient twin has 
increased amniotic fluid.

Chronic twin–twin transfusion can be diagnosed by serial 
prenatal ultrasounds measuring cardiomegaly, discordant 
amniotic fluid production, and fetal growth discrepancy of 
>20%. Percutaneous umbilical blood sampling can determine 
if hemoglobin concentration differences of greater than 5 gm/dl  
exist between the two fetuses.113 After birth, the donor twin 
may require transfusions and can also experience neutropenia, 
hydrops from severe anemia, growth retardation, congestive 
heart failure, and hypoglycemia. The recipient twin is often the 
sicker of the two. Problems include hypertrophic cardiomyopathy, 
congestive heart failure, polycythemia, hyperviscosity, respiratory 
difficulties, hypocalcemia, and hypoglycemia. Neurologic evalu-
ation and imaging are helpful because of the risk of neurologic 
cerebral lesions in 20% to 30% of both twins.114

Prenatal treatment for twin–twin transfusion consists of close 
monitoring and reduction amniocenteses to decrease uterine 
stretch and prolong the pregnancy. Treatment in utero using laser 
surgery to ablate bridging vessels has become more common in 
the past decade. Most recent reports conclude an improvement in 
fetal survival using selective laser ablation.115,116,117

perinatal hemorrhage
Obstetric complications, such as placenta previa, abruption, inci-
sion or tearing of the placenta during cesarean section, and cord 
evulsion, can result in significant neonatal blood loss. Placental 
abruption involves premature separation of the placenta from the 
uterus and occurs in 3 to 6 per 1,000 live births.118 Risk factors 
for abruption include cigarette smoking, prolonged rupture of the 
membranes, chorioamnionitis, hypertension (before pregnancy 
and pregnancy-induced), and advanced maternal age.119–121 The 
incidence of abruption increases with lower gestational age, and 
abruption can be a cause of preterm delivery.120 Mortality ranges 
from 0.8 to 2.0 per thousand births, or 15% to 20% of the deliver-
ies in which significant abruption occurs.

Placenta previa involves part or all of the placenta overlying 
the cervical os. Maternal risk factors for developing a placenta 
previa are essentially the same as those for abruption.122,123 Vasa 
previa (anomalous vessels overlying the internal cervix os) can be 
made with transvaginal color Doppler, and should be suspected 
in any case of antepartum or intrapartum hemorrhage. Although 
vasa previa is uncommon (1 in 3,000 deliveries), the perinatal 
death rate is high, ranging from 33% to 100% when undetected 
before delivery.124

Infants born after placental abruption or previa can be hypo-
volemic due to prenatal hemorrhage. Although the majority of the 
blood loss is maternal, loss of fetal blood can also occur, thus in 
neonates born after abruption or previa it is important to moni-
tor blood pressure, hemoglobin/hematocrit, and tissue perfusion.

Cord rupture can occur during delivery due to traction on a 
shortened, weakened, or otherwise abnormal umbilical cord. 
Cord aneurysms, varices, and cysts can all lead to a weakened 
cord. Cord infections (funisitis) can also weaken the cord and 
increase the risk of rupture. Hematomas of the cord occur 

infrequently (1 in 5,000 to 6,000 deliveries) and can be a cause 
of fetal blood loss and fetal death. Hematomas of the cord can be 
diagnosed in utero by ultrasound and differentiated from other 
lesions of the placenta and cord.125

Velamentous insertion of the umbilical cord occurs when the 
cord enters the membranes distant from the placenta, and is pres-
ent in approximately 0.5% to 2.0% of pregnancies. These vessels 
are more likely to tear, even in the absence of traction or trauma. 
The fetal mortality is high in this condition, because rapid detec-
tion is difficult.126

postnatal hemorrhage
Loss of fetal blood during delivery can occur into the placenta. 
The fetal–placental–umbilical cord unit contains about 120 ml/kg 
of blood, at term. After delivery, but before the umbilical cord is 
severed, blood in this unit can flow predominantly toward or away 
from the neonate. A fetoplacental hemorrhage can occur when the 
neonate is held significantly higher than the placenta after birth, 
for instance, on the mother's abdomen. It has been suggested 
that neonates can lose 10% to 20% of their blood volume when 
born with a tight nuchal cord, which allows blood to be pumped 
through umbilical arteries toward the placenta, while constricting 
flow back from the placenta to the baby, through the umbilical 
vein, which is more easily constricted due to its thin wall struc-
ture. However, in a study of over 200,000 deliveries, those with 
a tight nuchal cord (6.7%) did not have outcomes different from 
those with loose nuchal cords or with no nuchal cords.127 On that 
basis, it is not clear that tight nuchal cords typically cause clinical 
problems.

Hemorrhage into the subgaleal space can be a life-threatening 
neonatal complication.128 However, the spectrum of severity 
ranges widely, from a small asymptomatic hemorrhage to a mas-
sive one causing hypovolemic shock. Associations are well known 
between vacuum or forceps-assisted delivery and subgaleal hem-
orrhage, but some cases occur when neither vacuum nor forceps 
were applied. In 38 neonates recently reported with a subgaleal 
hemorrhage, 21 occurred after vacuum, two after forceps, four 
after vacuum followed by forceps, and 11 when neither vacuum 
nor forceps were used. Thirty-five were admitted to an intensive 
care unit. Transfusions were given to 13, but no transfusions were 
given in the group where neither vacuum nor forceps was used, 
suggesting their hemorrhages were less severe.128

Anemia appearing after the first 24 hours of life in a nonjaun-
diced infant can be a sign of hemorrhage. Visible hemorrhages, 
such as a cephalohematoma, as well as internal occult hemor-
rhages, can occur. Breech deliveries may be associated with renal, 
adrenal, or splenic hemorrhage into the retroperitoneal space. 
Delivery of macrosomic infants, such as infants born to diabetic 
mothers, can result in hemorrhage. Infants with overwhelming 
sepsis can bleed into soft tissue and organs, such as liver, adrenal 
glands, and lungs.

The liver in a neonate is prone to iatrogenic rupture, resulting in 
a high morbidity and mortality.129 Infants may appear asymptom-
atic until the liver ruptures and hemoperitoneum occurs. This can 
occur in term and preterm infants130 and has been associated with 
chest compressions during cardiopulmonary resuscitation. Surgical 
intervention involving vascular tamponade has been reported to 
save some infants; however, the mortality remains high.131

Splenic rupture can result from birth trauma or as a result of 
distention caused by extramedullary hematopoiesis. Abdominal 
distension and discoloration, scrotal swelling, and pallor are 
clinical signs of splenic rupture; these signs may also be seen with 
adrenal hemorrhage or hepatic rupture.132 Other rare causes of 
postnatal hemorrhage include hemangiomas of the gastrointes-
tinal tract,133 vascular malformations of the skin, and hemor-
rhage into soft tumors, such as giant sacrococcygeal teratomas 
or  ovarian cysts.
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FetAl And neonAtAl AnemiA  
dUe to CongenitAl inFeCtion
Neonatal bacterial sepsis can cause anemia on the basis of hemo-
lysis, DIC, and/or hemorrhage. Neonates with sepsis are generally 
jaundiced and have hepatosplenomegaly. Some bacterial organ-
isms responsible for neonatal sepsis produce hemolytic endotox-
ins that result in accelerated erythrocyte destruction.134

Congenital infections due to cytomegalovirus, toxoplasmosis, 
rubella, syphilis, and herpes simplex can also cause hemolytic ane-
mia. Fetal and neonatal infection with parvovirus B19 can cause 
severe anemia, hydrops, and fetal demise.135 The fetus or neonate 
generally presents with a hypoplastic anemia, but hemolysis can 
occur as well. The virus replicates in erythroid progenitor cells and 
results in red cell aplasia. In utero transfusions for hydropic fetuses 
can be successful. Intrauterine fetal infusion of B19 IgG-rich high 
titer gammaglobulin has been reported to be successful.136

Other fetal infections associated with neonatal anemia include 
malaria and HIV. Congenital malaria is seen rarely in the United 
States, generally in large cities where imported cases of malaria 
are increasing. In certain African countries, congenital malaria 
has been reported in up to 20% of neonates.137 Congenital HIV 
infection in a neonate is generally asymptomatic. However, infants 
born to mothers on zidovudine can have a hypoplastic anemia due 
to suppressive effects of the drug on fetal erythropoiesis.138

AnemiA oF pRemAtURity And 
otheR hypopRoliFeRAtiVe 
disoRdeRs
Impaired erythrocyte production can occur in a fetus or neonate 
for a variety of reasons. Lack of an appropriate or sufficient 
marrow environment (as seen in osteopetrosis), lack of specific 
substrates or their carriers (e.g., iron, folate, vitamin B12, or 
transcobalamin II deficiency), and lack of specific growth factors 
(e.g., decreased erythropoietin production or abnormalities in Epo 
receptors) can be causative.

anemia of prematurity
Infants delivered before 32 completed weeks gestation typically 
develop a transient and unique anemia knows as the anemia of 
prematurity.139 During the first week or two after birth, while 
in an intensive care unit, anemia secondary to phlebotomy loss 
is common.140 However after this period has passed, a second 
anemia is sometimes seen; it is characterized as a normocytic, 
normochromic, hyporegenerative anemia, with serum erythro-
poietin concentrations significantly below those found in adults 
with similar degrees of anemia.141 This anemia is not responsive 
to the administration of iron, folate, or vitamin E. Some infants 
with the anemia of prematurity are asymptomatic, whereas oth-
ers have clear signs of anemia that are alleviated by erythrocyte 
transfusion. These signs include tachycardia, rapid tiring with 
nipple feedings, poor weight gain, increased requirements for 
supplemental oxygen, episodes of apnea and bradycardia, and 
elevated serum lactate concentrations.139–141

The reason preterm infants do not significantly increase serum 
erythropoietin concentration during this anemia is not known.142 
Indeed, it is unclear whether production of erythropoietin does 
in fact increase, yet the serum concentration does not. Certainly 
their erythroid progenitors are sensitive to erythropoietin,143,144 
and concentrations of other erythropoietic growth factors appear 
to be normal.145

The molecular and cellular mechanisms responsible for 
the anemia of prematurity are multifactorial, and include the 

transition from fetal to adult hemoglobin, shortened erythrocyte 
survival, and hemodilution associated with a rapidly increasing 
body mass.139,140 It is unknown whether preterm infants rely on 
erythropoietin produced by the liver (the source of erythropoietin 
in utero), or that produced by the kidney, or a combination of the 
two. Regardless of the mechanism responsible for the anemia of 
prematurity, exogenous erythropoietin administered to preterm 
infants accelerates effective erythropoiesis.146,147 A meta-analysis 
of studies evaluating the use of “late erythropoietin administra-
tion to prevent and treat the anemia of prematurity reveals a 
positive effect on decreasing transfusion requirements in preterm 
infants.148 In addition, beneficial neurodevelopmental effects of 
recombinant erythropoietin administration have been reported in 
preterm infants.17,18,19,20,149,150

Pharmacokinetic studies of darbepoetin, the long-acting eryth-
ropoietic stimulator, have been conducted among neonates 
with the anemia of prematurity, with the speculation that less 
frequent dosing and cost savings might render darbepoetin a 
more attractive alternative than recombinant erythropoietin for 
treating the anemia of prematurity.151,152,153,154 Following subcu-
taneous and intravenous dosing, darbepoetin has a considerably 
shorter terminal half-life in neonates than in adults (Table 43.5). 
Intravenous dosing appears to be as effective as subcutaneous 
dosing.153 Newer, long-acting Epo mimetics, such as CERA (con-
tinuous erythropoiesis receptor agonist), have yet to be studied in 
neonates, but may hold promise as potential agents to decrease 
transfusions and provide neuroprotection. Although a minimal 
number of clinical studies evaluating darbepoetin administration 
to preterm infants have been published, numerous RCTs evalu-
ating Epo administration to preterm infants have consistently 
shown evidence of increased erythropoiesis and a decrease in 
transfusions.141

A consistent finding in the largest RCTs has been an eleva-
tion in hematocrit among Epo-treated infants compared with 
placebo/controls, despite the implementation of strict transfusion 
guidelines aimed at maintaining hematocrits in a similar range. 
For those neonatal practitioners electing to maintain hematocrits 
at higher levels, the use of Epo can gain a “buffer” of 4% to 6% 
hematocrit points, decreasing the number of transfusions given. 
This may benefit preterm infants in a number of ways, given 
recent studies that have reported associations between RBC trans-
fusions and necrotizing enterocolitis (NEC)155 and between RBC 
transfusions and IVH.156,157

Other hypoproliferative anemias
During the neonatal period, hypoproliferative anemias are rare, 
with the exception of the anemia of prematurity, which is common 
(Table 43.6). The hypoproliferative anemia Diamond-Blackfan 
syndrome can be diagnosed at birth, but characteristically is 
not recognized until after 2 to 3 months of age. In fact, 10% to 
25% of infants with Diamond-Blackfan syndrome have at least a 
mild anemia at birth.158 Severe anemia with hydrops has been 

After Subcutaneous 
Dosing (hours)

After Intravenous  
Dosing (hours)

Adults 49 25

Children 43 22

Neonates 22 10

tErminAl t ½ of DArbEpoEtin Among ADults, 
chilDrEn, AnD nEonAtEs AftEr subcutAnEous 
or intrAvEnous Dosing

taBLe 43.5

72683_ch043_1018-1031.indd   1027 7/17/13   1:21 PM



1028 part iv Disorders of red cells • SeCtiON 5 other red cell Disorders

Genetic Syndrome Phenotypic Features Genotypic Features

Adenosine deaminase deficiency Autoimmune hemolytic anemia, reduced erythrocyte adenosine 
deaminase activity

AR, 20q13.11

Congenital dyserythropoietic anemias Type I (rare): megaloblastoid erythroid hyperplasia and nuclear 
chromatin bridges between nuclei; type II (most common): 
“hereditary erythroblastic multinuclearity, positive acidified serum 
(HEMPAS) test, increased lysis to anti-i; type III: erythroblastic 
multinuclearity (“gigantoblasts ), macrocytosis

Type I: 15q15.1-q15.3; type II: 20q11.2; type III: 
15q21

Diamond-Blackfan syndrome Steroid-responsive hypoplastic anemia, often  
macrocytic after 5 mo of age

AR; sporadic mutations and AD inheritance described; 
19q13.2, 8p23.3-p22

Dyskeratosis congenita Hypoproliferative anemia usually presenting between  
5 and 15 yr of age

X-linked recessive, locus on Xq28; some cases with 
AD inheritance

Fanconi pancytopenia Steroid-responsive hypoplastic anemia, reticulocytopenia, some 
macrocytic RBCs, shortened RBC lifespan. Cells are  
hypersensitive to DNA cross-linking agents

AR, multiple genes: complementation; group A: 
16q24.3; B:; C: 9q22.3; D2: 3p25.3; E: 6p22-p21;  
F: 11p15; G: 9p13

Osler hemorrhagic telangiectasia syndrome Hemorrhagic anemia AD, 9q34.1

Osteopetrosis Hypoplastic anemia from marrow compression;  
extramedullary erythropoiesis

AR: 16p13, 11q13.4-q13.5; AD: 1p21; lethal: reduced 
osteoclasts

Pearson syndrome Hypoplastic sideroblastic anemia, marrow cell  
vacuolization

Pleioplasmatic rearrangement of mitochondrial DNA; 
X-linked or AR

Peutz-Jeghers syndrome Iron-deficiency anemia from chronic blood loss AD, 19p13.3

X-linked a-thalassemia/mental retardation  
(ATR-X and ATR-16) syndromes

ATR-X: hypochromic, microcytic anemia; mild form of hemoglobin 
H disease ATR-16: more significant hemoglobin H disease and 
anemia are present

ATR-X: X-linked recessive, Xq13.3; ATR-16: 16p13.3, 
deletions of a-globin locus

AD, autosomal dominant; AR, autosomal recessive; RBC, red blood cell.

synDromEs AssociAtED with fEtAl/nEonAtAl AnEmiA

taBLe 43.6

reported in conjunction with this syndrome. Aase syndrome, 
another congenital hypoplastic anemia syndrome involving mar-
row and skeletal anomalies,159 is sometimes classified as a vari-
ant of Diamond-Blackfan syndrome. Congenital dyserythropoietic 
anemia is a rare disorder marked by ineffective erythropoiesis, 
megaloblastic anemia, and characteristic abnormalities of the 
nuclear membrane and cytoplasm seen on electron microscopy.
Fanconi pancytopenia rarely is manifested during the neonatal 
period. This autosomal-recessive disorder is characterized by 
marrow failure and congenital anomalies, including abnormalities 
in skin pigmentation, gastrointestinal anomalies, renal anomalies, 
and upper limb anomalies.160 Approximately one third of patients 
have no obvious congenital anomalies, and anemia is less com-
mon than thrombocytopenia and leukopenia. Five genetic phe-
notypes of Fanconi pancytopenia have been reported, and two of 
the genes have been cloned.161 Cells are hypersensitive to DNA 
cross-linking agents such as diepoxybutane and mitomycin C. The 
diepoxybutane test represents a sensitive and specific diagnostic 
test. When Fanconi anemia is recognized in a neonate, it is gener-
ally on the basis of the congenital anomalies and not the hema-
tologic abnormalities. However, congenital thrombocytopenia, 
manifested during the immediate newborn period, progressing 
to pancytopenia has rarely been reported.162 Erythropoietin con-
centrations are usually elevated, and HbF production is increased. 
A significant percentage of patients develop myelodysplastic syn-
drome or acute myelogenous leukemia later in life. Treatment of 
Fanconi pancytopenia includes androgen therapy, and, in many 
cases, bone marrow transplantation has been successful.

Autosomal-recessive osteopetrosis is a rare disorder charac-
terized by osteoclast dysfunction, resulting in a decreased bone 
marrow space.163 Developmental delay, ocular involvement, and 
neurodegenerative findings occur in association with hypoplas-
tic anemia. Patients are generally treated with hematopoietic 
stem cell transplantation, but they are particularly susceptible 

to posttransplantation complications after myeloablation, and 
reduced-intensity conditioning programs may be helpful.164

Pearson syndrome is a congenital hypogenerative anemia that 
can progress to pancytopenia, and additionally affects the exo-
crine pancreas, liver, and kidneys.165 Patients with this syndrome 
can present during the neonatal period, but typically do so later in 
infancy, often in the first year of life. Presenting features include 
failure to thrive, with anemia, neutropenia, and/or thrombocy-
topenia. The marrow examination typically shows characteristic 
vacuoles within erythroid and myeloid precursors, hemosiderosis, 
and ringed sideroblasts. The syndrome is caused by a loss of large 
segments of mitochondrial DNA.166,167

ConsideRAtions RegARding 
eRythRoCyte tRAnsFUsion  
in the neonAtAl peRiod
Transfusion of banked donor erythrocytes can be life saving 
for small and ill neonates with severe anemia or hemorrhage. 
However, risks of transfusions exist and must be weighed 
against potential benefits each time a transfusion is considered. 
Two transfusion risks are highly unique to VLBW(<1,500 g) 
infants. The first is an association between RBC transfusions 
administered in the first few days after birth and the subse-
quent occurrence of a grade 3 or 4 IVH.156,157,167 The second 
is an association between RBC transfusions administered dur-
ing the third to fourth week and the subsequent occurrence 
of NEC.155,167–171,172 Much remains to be discovered about 
the pathogenic links between transfusions and these adverse 
 outcomes, and more work is needed to establish whether trans-
fusions are causatively associated with these adverse outcomes 
or are co-variables.168
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Means of avoiding transfusion among VLBW infants are listed 
in Table 43.7 and include: (1) Delay clamping of the umbilical 
cord, (2) strip or milk the cord, (3) draw all initial laboratory tests 
from fetal blood in the placenta and thereby draw no blood from 
the neonate, (4) reduce phlebotomy losses in the first days and 
weeks, (5) adopt written transfusion guidelines, (6) remove unnec-
essary indwelling catheters, (7) use an early dose(s) of erythropoi-
etin or darbepoetin, and (8) optimize nutrition.

The idea of sterilely salvaging anticoagulated fetal blood from 
the umbilical cord and placenta at the time of birth, for a sub-
sequent autologous transfusion for small or sick neonates has 
had limited study.173–176,177 Harvesting cord blood from term 
pregnancies for stem cell transplantation is successful and popu-
lar.176 However, harvesting from extremely preterm deliveries 
has practical limitations that have prevented this from becoming 
routine practice.177 A few reports have used a modification of 
this practice for transfusion immediately after birth, aimed at 
immediate volume expansion of ill and small neonates.178,179–181 
Most such reports describe processing and storing the fetal blood 
in case a transfusion is needed in the subsequent days or weeks. 
Reports from Japan182 and Germany183 describe successful cord/
placental blood transfusion for neonates with surgical problems. 
Earlier studies by Golden et al. demonstrated bacteriologic safety 
of this practice when the blood is used within 4 hours of deliv-
ery.174–175 As better means are developed for harvesting, storing, 
and administering autologous fetal blood from extremely preterm 
deliveries, the benefits of using this blood, rather than donor 
blood, for early transfusions might outweigh the risks.184,185–186

The recent use of bi- or multiprobe near infrared spectroscopic 
(NIRS) monitoring in the NICU has provided new evidence of a ben-
efit of RBC transfusions in selected patients.187 Tissue oxygenation 
is estimated by NIRS on the basis of different near infrared light 
absorbance by oxyhemoglobin versus deoxyhemoglobin. Unlike 
pulse oximetry, NIRS evaluates hemoglobin oxygen saturations 
deeper in the tissue, about 2 cm below the skin surface, thus reflect-
ing values from mixed arteriolar, venous, and capillary sources. 
When oxygen delivery to tissues becomes limited by anemia, 
oxygen extraction increases and venous oxygen saturation falls.187

Van Hoften et al. used NIRS monitoring to evaluate 33 preterm 
neonates before, during, and after a clinically ordered transfusion 
of 15 ml/kg RBC infused over a period of 3 hours.188 They found 
that regional cerebral tissue oxygen saturation and the fractional 
tissue oxygen extraction correlated with the pretransfusion hemo-
globin level, with lower hemoglobin levels predicting a lower 
cerebral oxygen tension. Their data supported the conclusion 
that a blood hemoglobin concentration <9.7 g/dl in a preterm 
infant corresponds with diminished cerebral oxygenation, and 

that erythrocyte transfusion improves this parameter. Dani et al. 
from Florence, Italy reported on 15 preterm infants using similar 
methodology, and came to a similar conclusion, that in neonates 
with a hemoglobin below about 6 g/dl, transfusion can often 
increase cerebral, splanchnic, and renal oxygenation.189 Bailey et 
al. applied biprobe NIRS monitoring during a 20-minute period 
just before a clinically ordered RBC transfusion; 40 such measure-
ments (each integrated over 30 seconds) were made.190,191 One 
probe on the forehead was intended to assess cerebral and one 
on the abdomen to assess splanchnic changes. The measurements 
from each site were averaged into a ratio of oxygen saturations 
measured from the cerebral and splanchnic sites. The ratios 
were expressed as a SCOR (splanchnic–cerebral oxygenation 
ratio). Ratios were correlated with independent means of judging 
whether the transfusion actually provided a benefit. A SCOR at or 
below 73% (meaning the average oxygenation in the splanchnic 
circulation was ≤73% of the cerebral circulation) performed well 
in identifying the neonates who were likely to benefit from a 
transfusion.

With recent technological and other creative advances, it is 
becoming clear that NICU transfusions should not be ordered 
simply on the basis of the hemoglobin/hematocrit values. Better 
practice guidelines will likely consider NIRS and other measures 
of oxygen delivery to determine transfusion need.
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Erythrocytosis
robert t. Means, Jr.

DEfinitions AnD tErMinology
The terms polycythemia and erythrocytosis are often used as if 
they are interchangeable; in fact, they describe related but dis-
tinct findings that usually, but not always, coexist. Polycythemia 
(“many cells”) describes an increase in the total quantity or vol-
ume (mass) of red blood cells in the body without any implication 
regarding leukocytes or platelets. An increase in the concentra-
tion of erythrocytes, however, whether measured as number of 
cells, hemoglobin (Hb), or packed cell volume (PCV, hematocrit), 
is more correctly designated erythrocytosis. Erythrocytosis may 
be the result of an increase in the red cell volume or mass (poly-
cythemia; also called absolute erythrocytosis) or the result of a 
reduced plasma volume (called relative or spurious polycythemia 
or erythrocytosis), which produces an increase in red cell con-
centration that does not reflect an increase in the quantity of red 
cells in the body.

Despite the precision with which these terms are defined, 
opportunities for confusion abound. Polycythemia vera (also 
called polycythemia rubravera) is a myeloproliferative disorder 
associated with trilineage marrow hyperplasia and characterized 
by an increased red cell mass, usually in association with leuko-
cytosis and thrombocytosis. The outdated term erythremia refers 
to this disease (see Chapter 82). Some patients who do not have 
this myeloproliferative disease are described as having polycythe-
mia vera simply because they have an elevated red cell mass (i.e., 
their polycythemia is “true” [“vera”]). Confusion on this point is 
frequently encountered in consultative hematology practice.

PAthologic Physiology
Red cell survival in polycythemic states is typically normal, imply-
ing that increased red cell mass reflects increased erythropoi-
esis. As the red cell mass rises, the total blood volume typically 
increases: the variability of changes in plasma volume means that 
the degree of increase is unpredictable.1

The clinical manifestations of erythrocytosis are related in part 
to the disorder responsible for erythrocytosis (e.g., thrombosis 
in patients with polycythemia vera,2 hypertension in relative 
polycythemia,3 etc.). In addition, the increased blood volume and 
increased blood viscosity that occur in association with polycythe-
mia themselves produce certain symptoms and signs; these are 
related to the degree of the increase and the resulting effects on 
blood flow and oxygen transport.4 Thus, the “ruddy cyanosis” seen 
in patients with polycythemia vera is a consequence of dilatation 
of cutaneous vessels by expanded blood volume and sluggish local 
circulation caused by increased blood viscosity.5,6,7 Headache, 
dizziness, tinnitus, a full feeling in the head, and a bleeding ten-
dency may develop in patients with erythrocytosis and expanded 
blood volume regardless of the basic cause.8–11 These symptoms 
usually are relieved by normalization of the hematocrit.

Blood Viscosity and Oxygen Transport
Viscosity is an intrinsic characteristic of a liquid and represents 
the tendency of that liquid to resist changes in shape. The viscosity 
of blood is a result of the interaction of several factors, including 
the red cell concentration by volume, the physical characteristics 
(deformability, aggregability, and size) of red cells, the plasma 
volume, plasma proteins, platelet count, and leukocyte number 

and character.12 In this chapter, the red cell concentration by 
volume is referred to as the hematocrit, reflecting common usage. 
Other authors, particularly those studying rheology and oxygen 
transport, refer to this parameter as the volume of packed red 
blood cells or PCV. As discussed below, the blood viscosity affects 
the oxygen content and delivery. This section focuses primarily on 
the contribution of red cell concentration to viscosity and oxygen 
transport; more complete discussions are available elsewhere.12

The rate of flow of a liquid through a tube of fixed length is 
directly related to the pressure gradient across that length of tube 
and to the radius raised to the fourth power (r4) and inversely 
related to the viscosity of that liquid (Poiseuille’s law).9,10,13,14 
Determinations of the effects of erythrocytosis on blood viscosity 
were largely made by determining the flow rate of venous blood 
through an 18-gauge needle under known pressure and thus 
calculating viscosity.14 The values thus determined are only an 
approximation of the in vivo situation. Poiseuille’s law is strictly 
applicable only to fluids that maintain constant viscosity under 
differing flow rates; this is not the case with blood (Fig. 44.1).13,14 
As the velocity of flow (indicated by the shear rate) increases, 
the viscosity at any given hematocrit decreases.14 Other factors 
that interact with the hematocrit to contribute to viscosity are the 
mean erythrocyte corpuscular volume (MCV) and mean corpuscu-
lar hemoglobin (MCH).15,16,17 At any given hematocrit, decreased 
MCV or MCH (or both) is associated with increased viscosity, 
especially at low flow rates.16,17 This is a clinically significant 
observation, because iron deficiency (low MCV) with a normal Hb 
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or hematocrit is a common endpoint of the treatment of polycy-
themia by phlebotomy.

It is noted above that the model for determining blood viscos-
ity represents a somewhat artificial system: calculated values 
probably exceed those existing in vivo.13 However, studies of 
cerebral blood flow in patients with erythrocytosis of various 
etiologies have demonstrated the clinical effects of an elevated 
hematocrit on in vivo blood flow.18,19,20,21 Cerebral blood flow in 
patients with erythrocytosis was significantly reduced compared 
to controls whether it was due to an elevated red cell mass,19 
due to reduced plasma volume,20,21 or of unknown etiology18 
(Table 44.1). Hematocrit reduction, either by venesection18,19,20,21 
or by volume expansion,21 improved cerebral blood flow.

The determination of blood viscosity values at different 
hematocrits allows the estimation of blood flow rates under dif-
ferent conditions. As Poiseuille’s law predicts (and the data in 
Table 44.1 imply), blood flow decreases linearly with increasing 
viscosity.22 The rate of oxygen transport can then be calculated 
from the blood flow rate and oxygen content. At a given ves-
sel size and pressure gradient, the predicted relation of oxygen 
transport to hematocrit is expressed by an arch-shaped curve 
(Fig. 44.2A).14,22,23 At low hematocrits, the reduced Hb content of 
blood translates into reduced oxygen content. At elevated hemato-
crits (>0.5 to 0.6), increased viscosity reduces oxygen transport 
despite increased blood oxygen content. Optimal oxygen transport 
would be predicted to occur in the normal hematocrit range.22–26 
Experiments in normovolemic dogs (Fig. 44.2B, dashed line) sup-
port this prediction.23

The differences in oxygen transport observed between normo-
volemic and hypervolemic dogs at different hematocrits (Fig. 44.2B) 
reflect the probable situation occurring in patients with erythrocy-
tosis due to an expanded red cell mass (polycythemia). In polycy-
themia, the associated hypervolemia permits an oxygen transport 
curve that is similar to that of normovolemic patients but which 
is elevated and shifted to the right.23,26 Therefore, in patients 
with tissue hypoxia, polycythemia is beneficial because it leads to 
hypervolemia and increases oxygen transport (compare oxygen 
transport at hematocrit 0.6 on the hypervolemic and normovolemic 
curves in Fig. 44.2B). In contrast, in patients who have a normal 
or decreased total blood volume (as in relative or spurious polycy-
themia), erythrocytosis has an adverse effect on oxygen transport.

relation to Treatment of polycythemia
The considerations noted above are of interest in understanding 
not only the pathophysiology of the different etiologies of eryth-
rocytosis, but also their treatment. Patients with polycythemia 
vera have no need for increased tissue oxygen transport. In some 

areas where fixed vessel diameter (from arteriosclerosis) limits 
increased blood flow, however, the additional impeding effect of 
increased blood viscosity may limit oxygen transport and result 
in local tissue ischemia. Phlebotomy can bring about a significant 
clinical benefit (see Chapter 82). When treating by phlebotomy, 
however, blood volume should not be reduced too greatly at any 
one episode, especially in patients with known symptoms of car-
diovascular disease (angina pectoris, transient ischemic attacks). 
This is particularly true early in the course of therapy, when 
hematocrit (and consequently viscosity) is highest.27 Rather, time 
should be allowed for hemodilution to occur between phleboto-
mies; in emergencies, the blood volume should be maintained by 
infusing saline or some other plasma expander.6 A concern is 
that the patient not suddenly be shifted from the hypervolemic, 
erythrocytosis–beneficial curve to the normovolemic, erythrocytosis–
adverse curve. Another concern is that a sudden fall in blood vol-
ume from any cause, such as dehydration or acute hemorrhage, 
may result in local ischemia because increased cardiac output 
cannot compensate immediately for the effects of high viscosity. 
In patients with congestive heart failure, the need for reduction 
of blood viscosity may be urgent, because the ability to increase 
cardiac output to compensate for the increased blood viscosity has 
been compromised. The oxygen–Hb dissociation curve is shifted to 
the right in such patients.28

In contrast to polycythemia vera, patients with polycythemia 
due to tissue hypoxia may benefit from an increased hematocrit. 

Etiology of 
Erythrocytosis 
(No. of Patients) Reference

CBF (ml/100  
g/min)

Percent 
Normal CBF

Polycythemia16 19 37.9 ± 11.2 54.8 ± 16.2

Mixed39 18 41.4 ± 10.5 63.6 ± 16.2

Relative polycythemia 20

High-normal red blood 
cell mass21

45.8 ± 10.9 66.8 ± 15.9

Low plasma volume18 48.8 ± 12.9 71.1 ± 18.8

Relative polycythemia5 21 40.7 ± 5.4 59.9 ± 7.8

Note: Values expressed as mean ± standard deviation.

EffEct Of ErythrOcytOsis On cErEbral blOOd flOw

TaBLe 44.1

FIGURE 44.2. Arterial oxygen transport at different volumes of packed red cells and 
thus different viscosity values. A: Values in curve were calculated from blood viscosity val-
ues as measured by Pirofsky.9 B: Systemic oxygen transport as calculated from cardiac output 
measured in normovolemic and hypervolemic dogs. (From Murray JF, Gold P, Johnson BL Jr. The 
circulatory effects of hematocrit variations in normovolemic and hypovolemic dogs. J Clin Invest 
1963;42:1150–1159, with permission.)
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Reduced arterial oxygen saturation means that blood oxygen 
transport is less efficient at particular Hb or hematocrit levels. 
Therefore, the curves for oxygen transport would be shifted 
closer to the origin than those noted in situations in which Hb 
oxygenation is normal (Fig. 44.2B). In the presence of decreased 
arterial oxygen saturation, tissue hypoxia may persist even when 
erythrocytosis is marked. The main advantage to decreasing 
blood viscosity and blood volume in hypoxic (secondary) polycy-
themia is to decrease the cardiac workload. One would predict 
that in such situations an increase in tissue oxygen transport and 
clinical improvement should result from phlebotomy; results show 
that this is the case.29 Again, especially early in the course, phle-
botomy with preservation of an expanded blood volume may be 
beneficial.6,27 To achieve the best balance between increased car-
diac work and decreased tissue hypoxia in patients with hypox-
emic erythrocytosis, some authors suggest that the hematocrit be 
maintained between 0.50 and 0.55;6,29 however, the subjective 
symptomatology of the patient is usually the best guide.22

clAssificAtion AnD APProAch to 
thE PAtiEnt with Erythrocytosis
An increase in hematocrit (erythrocytosis) may result from 
decreased plasma volume or from polycythemia, which is an 
increase in the absolute quantity of red cells or red cell mass. 
The various forms of erythrocytosis are listed in Table 44.2. 
They are classified according to red cell mass (relative erythro-
cytosis or polycythemia vs. actual polycythemia). Polycythemia, 
in turn, is divided into primary polycythemia (polycythemia 
vera and familial primary polycythemia/primary proliferative 

Relative Erythrocytosis or Polycythemia (Spurious Polycythemia)

Hemoconcentration

Spurious polycythemia (Gaisböck syndrome)

Polycythemia (Absolute Erythrocytosis)

Primary polycythemia
 Polycythemia vera
 Primary familial polycythemia

Secondary polycythemia
  Secondary to decreased tissue oxygenation (physiologically appropriate  

polycythemia or hypoxic erythrocytosis)
  High-altitude erythrocytosis (Monge disease)
  Pulmonary disease
   Chronic cor pulmonale
   Ayerza syndrome
  Cyanotic congenital heart disease
  Hypoventilation syndromes
   Primary alveolar hypoventilation
   Pickwickian syndrome, Ondine curse
   Positional desaturation
   Sleep apnea
  Abnormal hemoglobins
   Inherited
   Acquired: Drugs and chemicals, carboxyhemoglobin
  Familial polycythemia
  Secondary to aberrant erythropoietin production or response (physiologically 

inappropriate polycythemia)
  Tumors, cysts, hemangiomas, and so forth
  Androgen abuse
  Erythropoietin abuse
  Familial polycythemia
 Idiopathic polycythemia

classificatiOn Of ErythrOcytOsis

TaBLe 44.2

polycythemia) and polycythemia driven by erythropoietin pro-
duction (secondary polycythemia). The secondary polycythemic 
syndromes are divided into those that represent a response to 
tissue hypoxia (physiologically appropriate) and those driven 
by erythropoietin not produced in response to tissue hypoxia 
(physiologically inappropriate).

An approach to the evaluation of the patient with erythrocy-
tosis is outlined in Figures 44.3 and 44.4. Although actual poly-
cythemia can usually be differentiated from relative polycythemia 
on clinical grounds (as described below), an assessment of the red 
cell mass is the initial step in evaluation. Traditionally, this has 
been done by measurement of red cell mass and blood volume by 
isotope labeling. Normal values are presented in Table 44.3, but 
considerable variation exists from one subject to another in red 
cell, plasma, and total blood volume, even when expressed as mil-
liliters per kilogram (ml/kg) body weight. This variation results, 
in part, from differences in body fat content31–34; blood volume 
is more closely related to lean body mass33 than to weight or 
surface area. It has been proposed that a red cell mass of at least 
125% of that predicted should be considered as indicating poly-
cythemia.35 It has been a common practice at many to measure 
either plasma volume or red cell volume and, from one of these 
determinations, to calculate total blood volume on the basis of the 
relative amounts as indicated by a hematocrit determination. In 
the view of most,36,37,38 but not all,15 investigators, this practice 
is associated with an increased chance of error; measuring red 
cell mass and plasma volume separately is preferable. It must be 
emphasized that blood volume measurements do not differentiate 
between secondary polycythemia and polycythemia vera; they are 
useful only in distinguishing absolute from relative erythrocytosis.

However, availability of actual red cell volume measurement 
has become limited to a small number of large medical centers 
with special expertise. Surrogate measures based on Hb or hema-
tocrit are now the routine basis for distinguishing relative and 
actual polycythemia. In men with a hematocrit > 0.60 or women 
with a hematocrit > 0.55, there is reported to be >99% likelihood 
that the red cell mass is elevated.39 In its 2007 criteria for the 
diagnosis of polycythemia vera, the World Health Organization 
(WHO) uses an Hb concentration of >18.5 g/dl in men or 16.5 g/dl 
in women to define an elevated red cell mass.40 In a comparative 
study, the hematocrit 0.60/0.55 standard was reported to identify 
elevated red cell mass more accurately than the Hb concentra-
tion 18.5/16.5 g/dl standard.41 It should be noted that in certain 
circumstances of severe hemoconcentration (e.g., in the systemic 
capillary leak syndrome42), Hb concentrations or hematocrits in 
this range may be observed in patients with a normal red cell 
mass. Such patients typically exhibit anasarca and other physical 
findings suggestive of severe intravascular volume depletion and 
redistribution of intravascular volume.

The goal of the approach outlined in Figures 44.3 and 44.4 is 
initially to distinguish spurious (relative) polycythemia from actual 
polycythemia, then to distinguish polycythemia vera from second-
ary polycythemia and primary proliferative polycythemia, to rule 
out other primary polycythemia, and finally to identify the etiology 
of secondary polycythemia. The characteristics of polycythemia 
vera are outlined in Chapter 82; the other polycythemic syn-
dromes are discussed below. A certain number of patients are not 
readily classified as having either polycythemia vera or secondary 
polycythemia. These patients fall into a category called (for want 
of a more physiologic term) idiopathic polycythemia or idiopathic 
erythrocytosis and appear to represent a heterogeneous group of 
disorders (see below).

The diagnostic approach to polycythemia has been substan-
tially altered by the observation that more than 95% of patients 
with polycythemia vera express a mutation in the JAK2 gene in 
which phenylalanine is substituted for valine at position 617.43–45 

JAK2 V617F mutation-negative polycythemia vera patients have 
been reported to have mutations in other exons of JAK2.46  
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FIGURE 44.4. Approach to patients with erythrocytosis.  JAK2 V617F-negative erythrocytosis. CNS, central nervous system; EEC, endogenous erythroid 
colonies; EpoR, erythropoietin receptor; MPD, myeloproliferative disorder; VHL, von Hippel-Lindau protein.
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FIGURE 44.3. Approach to patients with erythrocytosis. EEC, endogenous erythroid colonies; EpoR, erythropoietin receptor; JAK2 mutation, testing for JAK2 
V617F or other mutations associated with polycythemia vera; low Epo, serum or plasma erythropoietin concentration less than the lower limit of normal; MPD, 
myeloproliferative disorder; MPD marrow, bone marrow findings suggestive of a myeloproliferative disorder (see text); MPD, myeloproliferative disorder; VHL, von 
Hippel-Lindau protein.
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It is tempting to regard the JAK2 mutation in polycythemia vera 
as conceptually analogous to the bcr/abl mutation in chronic 
myelogenous leukemia; however, the JAK2 V617F mutation is 
also found in other myeloproliferative disorders.44 Its implica-
tions are discussed in more detail in Chapter 82, but in terms 
of differential diagnosis, it should be regarded as a marker of a 
myeloproliferative state. Polymerase chain reaction–based assays 
for JAK2 V617F versions of this test are widely available through 
reference laboratories in the United States and Europe at costs in 
the $300 to $500 range. As the role of JAK2 assessment in the 
approach to myeloproliferative disorders continues to expand, 
increasing numbers of medical centers are developing in-house 
tests for JAK2 V617F.

The WHO criteria for the diagnosis of polycythemia vera 
requires evidence of an increased red cell mass, and a JAK2 or 
other functionally similar mutation and one minor criterion; or 
evidence of an increased red cell mass and all three minor cri-
teria.40 The minor criteria are a serum or plasma erythropoietin 
concentration below the range of normal for the laboratory; a 
bone marrow examination exhibiting the characteristic features 
of a myeloproliferative disorder (hypercellularity with trilineage 
hyperplasia, clustered pleomorphic megakaryocytes, and no fea-
tures of inflammation) and the formation of erythroid colonies in 
vitro in the absence of added erythropoietin (“endogenous ery-
throid colonies”[EECs]).40 Although these tests can be evaluated in 
any order desired, ease of test access would suggest that erythro-
poietin concentration be ordered first, followed by marrow evalu-
ation if necessary. In a JAK2 mutation-positive patient, either 
a characteristic erythropoietin concentration or a characteristic 
marrow would permit the diagnosis of polycythemia vera. In a 
JAK2 mutation-negative patient, absence of both a characteristic 
erythropoietin concentration and a characteristic marrow would 
rule out the diagnosis. EEC assays, a hallmark of myeloprolifera-
tive disorders in general,47,48 are not readily available outside of 
research laboratories, which limits their diagnostic practicality.

The roles of erythropoietin levels and EEC assays in the differ-
ential diagnosis of erythrocytosis are most strongly supported by 
their association with the WHO diagnostic criteria; as stand-alone 
tests in individual cases, utility is less clear.49,50,51 Although mean 

serum erythropoietin concentration in the subset of patients with 
polycythemia vera is significantly lower than that observed in 
secondary polycythemia, there is considerable overlap, making it 
less useful for individual cases. This would be expected physiologi-
cally. A patient with secondary polycythemia due to tissue hypoxia 
would have an elevated serum erythropoietin level until the hema-
tocrit was sufficiently high to oxygenate tissue adequately; then the 
erythropoietin concentration would be expected to decrease. The 
intermittent nature of detection of an elevated serum erythropoie-
tin concentration in secondary polycythemia has been described,52 
as has the failure of serum erythropoietin concentrations to predict 
clinical course in idiopathic erythrocytosis.53 Studies have been 
reported demonstrating that polycythemia vera and secondary 
polycythemia can be distinguished based on the serum erythro-
poietin response to phlebotomy: after phlebotomy, serum eryth-
ropoietin levels increase in secondary polycythemia but remain 
stable in polycythemia vera.49 EECs corresponding to erythroid 
burst-forming units were observed in 12 of 17 polycythemia vera 
patients, 3 of 11 secondary polycythemics, 1 of 6 relative polycy-
themics, and 1 of 11 normal individuals in one series.54

Soluble transferrin receptors are typically elevated in all forms 
of polycythemia and thus do not distinguish polycythemia vera 
and secondary polycythemia.55

As a general approach to the evaluation of erythrocytosis, 
all patients with presumed polycythemia should undergo JAK2 
V617F testing. If the clinical features are suggestive of a second-
ary etiology of polycythemia, patients who do not show a JAK2 
mutation should follow the process outlined in Figure 44.4. 
Individuals without a documented JAK2 mutation but in whom 
suspicion of a myeloproliferative disorder is high, should be inves-
tigated for minor WHO criteria (Fig. 44.3).

rElAtivE PolycythEMiA
Lowered fluid intake, marked loss of body fluids, or a combination 
of both causes a decrease in plasma volume and may produce a 
relative erythrocytosis. The decrease in plasma volume may result 
from any cause of intravascular fluid loss, insensible fluid loss, 
persistent vomiting, severe diarrhea, copious sweating, postop-
erative complications, or shift of fluid into the extravascular space 
(“third spacing”)3,37,42,56 or may be an effect of high altitude.53 In 
severe burns, plasma loss leads to hemoconcentration.

Chronic relative polycythemia or erythrocytosis has been vari-
ously referred to as Gaisböck syndrome,57 “stress” erythrocytosis,3 
benign polycythemia,52,56 benign erythrocytosis,58 spurious poly-
cythemia,59,60 pseudopolycythemia,61 and apparent polycythe-
mia.62 The last three terms are the most accurate: in the absence 
of an elevated red cell mass, there is no polycythemia. In one series 
of 215 patients referred with a diagnosis of polycythemia vera,63 
18 (8.3%) were believed to have chronic relative erythrocytosis, 
possibly caused by “stress.”3 Patients with relative polycythemia or 
erythrocytosis are typically male; the mean age at diagnosis is less 
than is seen in patients with polycythemia vera.62 Obesity is typi-
cally described as an associated feature,3 although not all studies 
support this association.64 Other features reported to be strongly 
associated with relative polycythemia are hypertension and  
smoking;62,64,65 associations with alcohol abuse and renal disease 
are occasionally reported.62,63 It is probable that this syndrome 
is not a true clinical entity.60 The red cell mass values generally 
accepted as normal at sea level, or at any given altitude, represent 
the mean ±2 standard deviations. Thus, on the basis of the normal 
frequency distribution curve for this physiologic parameter, the val-
ues in 2.5% of the population are above this range. The individuals 
in this group should not be regarded as necessarily abnormal.66

The optimal management of relative polycythemia is unknown. 
As noted previously, phlebotomy increases cerebral blood flow 
even in patients with relative polycythemia; whether it is of 

No.

Red 
Blood 
Cells Plasma

Total Blood 
Volume

Women

Sea level

Wennesland et al.34  97 25.4 ± 2.6 36.8 ± 3.7 —

Huff and Feller31  20 24.4 ± 2.6 34.8 ± 3.2 58.9 ± 4.9

Men

Sea level

Wennesland et al.34 199 28.3 ± 2.8 34.4 ± 4.0 —

Huff and Feller31  42 28.3 ± 4.1 33.5 ± 5.2 61.5 ± 8.6

Weil et al.30 1,600 mb  16 27.1 ± 3.7 33.0 ± 5.3 60.0 ± 8.6

Weil et al.30 3,100 mb  19 26.8 ± 3.2 31.9 ± 3.6 58.7 ± 5.8

Weil et al.30  39 31.8 ± 6.7 35.2 ± 5.3 66.8 ± 8.5

a Red blood cell volume measured by 51Cr method. Other values calculated without correction 
for trapped plasma.
b Only values of which we are aware at altitudes significantly above sea level. They may be 
somewhat low for unknown reasons; the packed cell volumes at 1,600 m were the same as 
at sea level, a finding that contradicts an earlier author’s own large experience.

nOrmal ValuEs fOr rEd blOOd cEll, Plasma, and tOtal 
blOOd VOlumE (ml/KG ± 1 standard dEViatiOna)

TaBLe 44.3
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symptomatic benefit is less clear.20,21 It should probably be 
avoided. Theoretic arguments can be made that contracting the 
blood volume further in these patients who already are normo-
volemic or slightly hypovolemic may impair tissue perfusion. 
Satisfactory control of hematocrit can be obtained in at least 
two thirds of patients by reduction of excess weight, improved 
hypertension control, avoidance of diuretics, and reduction if not 
cessation of smoking.64 Potentially leukemogenic cytoreductive 
therapy, such as radioactive phosphorus or oral chemotherapeu-
tic agents, is probably never indicated.

Some types of high-affinity Hbs (Heathrow,67 Pierre-Benite,68 
Rahere69) may show relative polycythemia.

PolycythEMiA (AbsolutE 
Erythrocytosis)

primary polycythemia

Polycythemia Vera
Polycythemia vera is discussed in Chapter 82.

Primary Familial Polycythemia (“Chuvash 
Polycythemia”)/Primary Proliferative
Polycythemia familial erythrocytosis or polycythemia is a term 
used to describe instances in which two or more members of a 
family have polycythemia, do not have polycythemia vera, and 
have no identifiable “secondary” causes.70 This finding can result 
from a constellation of pathophysiologic mechanisms, including 
abnormalities of oxygen–Hb interaction, or idiopathic constitutive 
erythropoietin secretion. These syndromes are discussed under 
etiologies of secondary polycythemia, below.

Primary familial polycythemia is a term used to describe a 
syndrome observed in families with abnormalities of the eryth-
ropoietin receptor, resulting in hypersensitivity to erythropoietin 
and consequent erythrocytosis.71,72,73 This particular autosomal 
dominant trait does not necessarily confer an adverse prognosis 
early in life: the propositus of the first such family described was 
an Olympic gold medalist in cross-country skiing.71 However, 
these individuals are at increased risk for thrombotic and vascular 
mortality later on. A variant of this syndrome occurs with high 
frequency among the people of the Chuvashia region of the former 
Soviet Union.74 These individuals appear to have a mutation in 
the oxygen-sensing pathway regulating erythropoietin produc-
tion, typically involving von Hippel-Lindau protein, and also in 
the response of erythroid progenitors to erythropoietin.75–78 This 
effect on erythropoietin signaling appears to be mediated by loss 
of JAK2 regulation of erythropoiesis.79 As in other patients with 
familial erythrocytosis due to aberrant erythropoietin signaling, 
Chuvash polycythemia patients have increased risk for vascular 
disease.80 Isolated cases with similar mechanisms are referred to 
as primary proliferative polycythemia.

Secondary polycythemia (physiologically 
appropriate [hypoxic])
Insufficient oxygen supply to the tissues may result from any of 
the following, alone or in combination: (a) decreased ambient 
oxygen pressure (e.g., high altitude); (b) pulmonary diffusion or 
mixing abnormalities; (c) right-to-left cardiopulmonary shunts, 
as in cyanotic congenital heart disease; (d) hypoventilation; or 
(e) altered oxygen-carrying affinity of Hb. In all of these disor-
ders, insufficient tissue oxygenation leads to increased erythro-
poietin production and a consequent increase in red cell mass 
(see Chapter 6).

High-altitude Erythrocytosis
In 1890, Viault showed that erythrocytosis develops during 
sojourn at high altitude.81 He found erythrocyte counts of  
7.5 to 8.0 × 1012 cells/L not only in natives of the Peruvian Andes 
working in a mine at an altitude of 4,392 m above sea level, but 
also in himself and in a traveling companion, although his blood 
count in Lima (160 m above sea level) had been normal. On a 
Mt. Everest expedition, researchers demonstrated that red cell 
volume and values of total Hb rose progressively as higher alti-
tudes were attained; at 19,000 feet (5,800 m), mean values were 
49% above those at sea level. The increase in total blood volume 
was partially masked by reductions in plasma volume.82,83 
A sharp increase in erythropoietin production occurs within 
the first week of high-altitude exposure and is associated with 
mobilization of iron stores and evidence of iron-deficient eryth-
ropoiesis.84 Mechanisms of adaptation to living at high altitude 
apparently are multiple and differ between ethnic groups.85,86

The rapid ascent to high altitude is accompanied by symptoms 
of fatigue, dizziness, pulsating headache, anorexia, nausea, vomit-
ing, insomnia, and irritability, a syndrome well known to mountain 
climbers and residents of high altitudes and referred to as acute 
mountain sickness or acute altitude disease.87–90 The symptoms 
first appear some 4 to 6 hours after reaching a high altitude but 
may be delayed for as many as 96 hours, suggesting that the 
pathogenesis represents more than simple hypoxia. The incidence 
is greatest in younger persons, in those flying to high altitude, or in 
those who climb fast and spend few nights acclimatizing. Gender, 
the weight of the load carried, and recent respiratory infection 
do not appear to affect the incidence.88 Severity is greatest in 
the young and in less-experienced climbers and correlates with 
the speed of ascent and the altitude reached.91 Thus, all persons 
develop symptoms if they are suddenly transported from sea level 
to 15,000 feet (4,570 m) or higher, whereas a few develop symp-
toms at 8,000 to 10,000 feet (2,400 to 3,000 m).83 After 4 to 8 days, 
acclimatization usually occurs, and symptoms remit spontane-
ously.88,92 In some individuals, however, symptoms may progress 
to cerebral confusion, coma, and even death related to pulmonary 
edema unless the subject is returned to low altitude.87,93

The pathogenesis of acute mountain sickness may involve 
hypoxia and subsequent excessive secretion of antidiuretic hor-
mone and adrenal steroids with resulting fluid retention, increased 
blood volume, and finally cerebral edema, pulmonary congestion, 
or both.94–97,98 The incidence and severity of symptoms can be 
considerably reduced or prevented by appropriate treatment.99

The events associated with acclimatization after arrival at high 
altitude are not understood completely but probably include the 
following:

•	 An increase in erythrocyte 2,3-biphosphoglycerate (BPG) levels 
and a shift to the right in the oxygen–Hb dissociation curve, 
thus allowing better tissue delivery of oxygen despite decreased 
arterial oxygen saturation.86,100–102 The increase in 2,3-BPG 
appears to compensate for the left shift in the curve that results 
from the initial hypocapnia and increase in arterial pH.100,103

•	 Increased erythropoietin production with subsequent increase 
in iron mobilization, reticulocytosis, and increase in red cell 
mass and blood volume.104

•	 Correction of the initial excessive antidiuretic hormone and 
adrenal steroid secretion and return to the normal diurnal 
variation of plasma steroid levels.98

The final result is a new equilibrium at decreased oxygen 
saturation and carbon dioxide tension with increases in alveolar 
ventilation, respiratory frequency, and red cell mass.92 These 
manifestations of acclimatization are quickly lost on descent to sea 
level, even after many years of residence at high altitude.

In some individuals, however, after a few or many years of 
good adaptation, excessive erythrocytosis develops, and arte-
rial oxygen saturation may fall to as low as 60% (normal, 81%).  

72683_ch044_1032-1042.indd   1037 28/08/13   9:54 AM



1038 part iv disorders of red cells • SeCtiON 5 Other red cell disorders

An incapacitating illness characterized by alveolar hypoventila-
tion develops. This entity is known as chronic mountain or alti-
tude sickness or Monge disease.105 Diminished mental acuity, 
headaches, dyspnea, fatigue, reduced physical fitness, nausea, 
vomiting, diminution of visual acuity, dizziness, tinnitus, vague 
or even excruciating pains in the extremities, paresthesias, and 
cough are characteristic symptoms. If the condition advances, 
symptoms include incessant dyspnea, aphonia, profound lethargy, 
and even coma. The face is bluish violet or almost black, the eye-
lids are edematous and bluish, the sclerae are intensely colored by 
distended capillaries, the tongue is thick, the hands are enlarged 
and turgid, the fingers are clubbed, and dependent edema may 
be observed. The thorax is more barrel-shaped than in healthy 
inhabitants of the same region and altitude. Hypotension is often 
present. The spleen and the liver are infrequently enlarged, unless 
cardiac failure ensues.

Erythrocytosis is more marked than in normal residents of 
high altitudes, with hematocrits up to 0.84 L/L and Hb values as 
high as 28.0 g/dl. MCV is normal or slightly increased, and the 
mean corpuscular hemoglobin concentration (MCHC) is normal. 
Normal reticulocyte and leukocyte counts are usually observed. 
Hyperbilirubinemia owing to unconjugated bilirubin may be pro-
nounced. Red cell turnover is greater in these individuals than in 
normal residents of high altitudes. Platelet counts usually are nor-
mal or high, yet epistaxis is common, and hemoptysis, bleeding 
of the gums, and purpura may occur. Red cell volume is greatly 
increased (88 to 95 ml/kg body weight). The results do not appear 
to be completely explainable by differences in erythropoietin 
production.105–110

Affected individuals usually are in the fourth to sixth decade of 
life. Remissions and relapses are described. Ascent to still higher 
altitudes aggravates symptoms, whereas descent to sea level 
relieves them. Cardiac impairment does not appear until late in 
the disease course, and death occurs more often from hemor-
rhage, pulmonary tuberculosis, or bronchopneumonia than from 
cardiac insufficiency.

At first, the disease was considered a distinct entity. It has 
been suggested that the disease is an exaggeration of the pro-
cess of acclimatization and aging, because patients with chronic 
mountain sickness had Hb concentrations within the normally 
distributed values for large groups of native residents. Support 
for this suggestion comes from the observation that chronic 
lung disease increases the likelihood of chronic mountain sick-
ness.111 Chronic mountain sickness has not been reported to 
occur in natives of the Himalayas.112 This may reflect in part 
occupational differences, namely mining, and a consequently 
high incidence of chronic lung disease in the Andes as compared 
with the pastoral occupation of the Sherpas. Investigation of 
selective gene expression in populations in whom chronic moun-
tain sickness is prevalent, may further enhance understanding 
of this syndrome.113,114,115

Differentiation of chronic mountain sickness from other causes 
of hypoxic polycythemia should not be difficult. Cases of congeni-
tal or acquired cyanotic heart disease can be distinguished by the 
cardiac findings. Polycythemia vera is not altered by increased 
ambient oxygen tension, whereas in Monge disease, descent to 
sea level produces complete relief of symptoms, together with 
a pronounced reduction in the blood volume and restoration of 
normal blood counts.116

Pulmonary Disease
A variety of diseases, such as chronic obstructive pulmonary 
disease, diffuse pulmonary infiltrates (fibrous or granuloma-
tous), kyphoscoliosis, and multiple pulmonary emboli, leads to 
erythrocytosis as the result of inadequate oxygenation of the 
blood circulating through the lungs. Not all patients with lung 
disease and decreased arterial oxygen saturation, however, have 

elevated Hb or hematocrit levels,117,118 and only in approxi-
mately 50% is an increase in red cell mass noted.119 The reason 
for this suboptimal response to hypoxia is not clear, but it does 
not appear to result from a decrease in erythropoietin produc-
tion or the presence of chronic infection.117,118,120 When poly-
cythemia occurs, it usually is associated with increased MCV, 
reduced MCHC,119 and normal MCH120 values. The red cell 
morphology changes have been attributed to increased water 
uptake by the cell, which in turn may result from carbon diox-
ide retention.117 If polycythemia is present, it is corrected by 
chronic oxygen administration.121

Vascular malformations in the lung may also be associ-
ated with erythrocytosis.122,123 Pulmonary arteriovenous fistulae 
should be suspected when a murmur is heard in a lung field in 
association with erythrocytosis.

Chronic Cor pulmonale
The clinical picture of chronic cor pulmonale varies, but oxygen 
deficiency with arterial desaturation and elevated pulmonary 
artery pressure is of central importance.124,125 Polycythemia with 
its associated increase in blood viscosity and volume appears to 
be the physiologic price of a compensatory mechanism progres-
sively extended to the point at which it is more injurious than 
beneficial.126 As in less severe pulmonary disease, the MCV of 
the red cells tends to be elevated, whereas the MCHC generally is 
decreased.127

Cyanotic Heart Disease
Marked degrees of polycythemia may be seen in patients with a 
partial shunt of the blood from the pulmonary circuit. Hematocrit 
levels greater than 0.60 are not uncommon. The most frequent 
defects producing such polycythemia are pulmonary stenosis 
(usually with defective ventricular or atrial septum, patent fora-
men ovale, or patent ductus arteriosus), persistent truncus 
arteriosus, complete transposition of the great vessels, and the 
tetralogy of Fallot (pulmonary stenosis, defective ventricular sep-
tum, dextroposition of the aorta, right ventricular hypertrophy). 
Individuals with such defects exhibit evidence of disturbed cardio-
respiratory function, marked cyanosis, clubbing of the fingers and 
toes, and sometimes stunted growth.

The total plasma volume may be reduced to below normal lev-
els, but the increase in the size of the red cell mass is so great that 
the total blood volume usually is higher than normal.128 Erythroid 
hyperplasia is observed in the marrow.129,130

The general consensus is that low oxygen tension resulting 
from shunting of unoxygenated blood through or around the lungs 
with consequent desaturation of the arterial blood stimulates 
erythropoietin production. With successful operative interven-
tion, this value may be significantly corrected, with resolution of 
polycythemia.

Acquired Heart Disease
In 1901, Abel Ayerza described a syndrome characterized 
clinically by slowly developing asthma, bronchitis, dyspnea, 
right-sided heart failure, and severe cyanosis with associated 
polycythemia.131 The striking degree of cyanosis led Ayerza to 
describe these patients as “black cardiacs.” It was subsequently 
demonstrated that the unifying feature of these patients was not 
pulmonary disease but rather pulmonary arterial hyperplasia, 
leading to pulmonary hypertension and consequent right-sided 
heart failure.132 In all forms of acquired heart disease, any eryth-
rocytosis that may develop is correlated to some extent with 
the degree of cardiopulmonary decompensation. It is typically 
minimal. Polycythemia is reportedly accompanied by evidence of 
intensified erythropoiesis in the bone marrow, an increase in red 
cell mass, and some macrocytosis.131
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Hypoventilation Syndromes
Polycythemia is found occasionally in patients who exhibit no 
evidence of pulmonary disease or cardiovascular shunts. The 
primary defect in at least some of these patients appears to be 
an inadequate ventilatory drive from the respiratory center in the 
brain.126,133 A similar defect has been reported in patients with 
the Pickwickian syndrome, so called because of the description 
of Joe, the hypersomnolent fat boy, in Dickens’s The Pickwick 
Papers.134 In the setting of extreme obesity, these patients exhibit 
somnolence, cyanosis, and hypercapnia and may develop periodic 
respiration, ultimately with right ventricular failure. Voluntary 
hyperventilation alleviates the hypercapnia, and in many patients, 
loss of weight restores normal alveolar ventilation and reverses 
the syndrome.135,136 Alveolar hypoventilation and erythrocytosis, 
however, do not develop in all obese individuals; it appears that 
only in the presence of an insensitive respiratory center does a 
massive panniculus limit respiratory function and result in alveo-
lar hypoventilation, hypoxemia, and hypercapnia.137 In some 
patients, the decreased ventilatory drive is of unknown cause 
or is a result of idiopathic disease of the medullary respiratory 
center (Ondine curse)133,138; other etiologies include bulbar polio-
myelitis, vascular thrombosis, or previous encephalitis.126,137 In 
any case, the consequent hypoxemia results in elevated levels of 
erythropoietin and erythrocytosis, with hematocrits reported as 
high as 0.758.

Patients with polycythemia and positional arterial oxygen 
desaturation have also been reported.139 Whether this results 
from alveolar hypoventilation while supine or from shunt-
ing through an arteriovenous malformation while upright is 
unclear.140 Obstructive sleep apnea has been associated with 
polycythemia (presumably due to episodic erythropoietin secre-
tion during apneic episodes) in some141 but not all142 reports.

Abnormal Hemoglobins
Inherited abnormalities of hemoglobin
Certain mutant Hbs are characterized by increased oxygen, 
and patients who carry such Hbs tend to develop erythrocy-
tosis.143–145,146 More than 200 high-affinity Hbs have been 
characterized, of which roughly half produce significant erythro-
cytosis.147 Oxygen–Hb dissociation curves are shifted dramatically 
to the left in individuals carrying these abnormal Hbs. The degree 
of left shift can be quantified by determining the P50 (i.e., the oxy-
gen pressure at which Hb is half-saturated). The normal value in 
whole blood is 23 to 29 mm Hg at standard pH, temperature, CO2 
content, and barometric pressure. The whole-blood P50 is almost 
invariably decreased in patients with a high-affinity Hb; most val-
ues fall between 9 and 21 mm Hg. In a few instances, the P50 has 
been normal, or nearly so, in whole blood (e.g., HbG Norfolk148), 
necessitating the measurement of the oxygen dissociation curve 
of the purified Hb to demonstrate the defect. The approach to 
the diagnosis of high-affinity Hb variants, the characteristics of 
patients with representative mutations, and the molecular pathol-
ogy are discussed in Chapter 35.

The most important physiologic consequence of increased 
oxygen affinity is that release of oxygen is impaired at partial 
pressure of oxygen values normally found in tissues. Uptake 
of oxygen in the lungs is enhanced, but this effect is relatively 
unimportant, because normal Hb is nearly completely saturated 
in the lungs under the usual physiologic circumstances. As pre-
viously noted, however, the increased affinity may confer some 
advantages when environmental oxygen is low, such as at high 
altitudes.

Individuals with high-affinity Hbs are not at a disadvantage 
under hypoxic conditions. They tolerate ascent to high altitudes as 
well as or better than normal subjects and thus appear to be pre-
adapted to hypoxic stresses. Under such conditions, the enhanced 
oxygen loading seems more important than the impaired delivery. 

Similarly, exercise tolerance appears unimpaired.149 There is no 
evidence that oxygen delivery to the heart is defective in patients 
with high-affinity Hbs. Although myocardial infarctions and other 
findings of atherosclerotic cardiovascular disease are reported in 
these patients, it is unclear whether this is an actual association or 
simply reflects the high frequency of atherosclerosis in the general 
population.150–152

High-affinity Hbs appear to exert no adverse effects on fetal 
development in utero. Theoretically, oxygen delivery to a devel-
oping noncarrier fetus might be impaired when the mother is 
a carrier, because the normal differential in oxygen affinity 
between fetal and adult Hb (which is in favor of the developing 
fetus) would be narrowed. However, only in the family with 
Hb Yakima was there a suggestion that spontaneous abor-
tions occurred at an increased rate.153,154 In contrast, normal 
pregnancy outcomes were recorded for mothers carrying the 
severe high-affinity variants Hb Bethesda, Hb Osler, and Hb 
Little Rock.154 Evidently, maternal and fetal polycythemia and 
increased uterine and fetal blood flow compensate for the 
theoretic deficit in placental oxygen transport. There are no 
data addressing whether carrier fetuses have a developmental 
advantage over noncarriers born to these mothers; however, in 
dizygotic twins born to a mother with Hb Osler, the carrier twin 
developed more fully than the noncarrier as measured by the 
ponderal index (weight/length3).154

It has been suggested that the homozygous state for high-
affinity Hbs would be incompatible with life because of insuf-
ficient oxygen release to tissue. This may be true; however, at 
least four patients with abnormal Hb levels approximating those 
that would be observed in homozygotes have been described 
with no apparent ill effects (Hb Abruzzo,155 Hb Crete,156 and Hb 
Headlington157). The unusually high proportion of abnormal Hb 
was clearly due to concurrent b-thalassemia in two cases157 and 
probably in the others as well.

No treatment is indicated for most patients with high-affinity 
Hbs. Their erythrocytosis is a compensation for a physiologic 
state and should be regarded as “normal for them.” In the rare 
patient with erythrocytosis and associated symptoms, phle-
botomy may be used, but caution must be used to avoid lowering 
the hematocrit to a point at which oxygen delivery is impaired.158 
A reasonable approach is probably to phlebotomize the indi-
vidual patient to the highest hematocrit at which he or she is no 
longer symptomatic rather than to a specific number.149,158,159 
Certainly, reducing blood Hb concentrations to normal levels 
would be undesirable. Cytoreductive agents should not be used 
for treatment.

acquired abnormalities of hemoglobin
Moderate elevations of carboxyhemoglobin in erythrocytes shift 
the oxygen dissociation curve. In heavy smokers, carboxyhemo-
globin concentration may reach sufficiently high levels (4.0% 
to 6.8%) to produce polycythemia.160,161 In the older literature, 
polycythemia in association with phosphorus poisoning has been 
described, although it may have been merely relative erythrocy-
tosis resulting from acute liver damage. Although certain drugs 
and chemicals (e.g., nitrites, nitrates, aniline dyes, sulfonamides, 
and nitrobenzene) produce toxic levels of methemoglobin, sulf-
hemoglobin, or both in the blood of even normal persons,162–167 
erythrocytosis apparently has not been described in patients with 
toxic methemoglobinemia.

Familial Polycythemia (Physiologically Appropriate)
Familial defects in 2,3-BPG metabolism (e.g., BPG mutase defi-
ciency168 or elevated erythrocyte adenosine triphosphate169), 
which would have the effect of shifting the oxygen dissociation 
curve to the left, provide other physiologically appropriate (tissue 
hypoxia) reasons for polycythemia. A specific pyruvate kinase 
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mutation resulting in higher than normal enzyme activity and 
decreased 2,3-BPG causing erythrocytosis has been described as 
well in association with erythrocytosis.170

Secondary polycythemia (physiologically 
Inappropriate [Normoxic])
Unlike patients with physiologically appropriate secondary poly-
cythemia, individuals with inappropriate polycythemia receive no 
benefit from the higher red cell concentrations. Treatment should 
be aimed at correcting the underlying disease; phlebotomy can be 
considered in the symptomatic.

Aberrant Erythropoietin Secretion
Erythrocytosis has been described in association with a variety 
of neoplasms, cysts, vascular abnormalities, and endocrinologic 
disorders. In the syndromes discussed in the preceding sec-
tion, erythrocytosis was secondary (i.e., driven by increased 
erythropoietin); however, this erythropoietin secretion and the 
consequent erythrocytosis were physiologic responses to tissue 
hypoxia. In this section, disorders in which erythropoietin-driven 
erythrocytosis bears no relation to physiologic requirements are 
reviewed (Table 44.4).

renal Disorders
Renal cell carcinoma (hypernephroma) is one of the disorders 
most frequently associated with erythrocytosis. Erythrocytosis 
is observed in 0.9% to 1.6% of patients with renal cell car-
cinoma (approximately one fourth as frequent a finding as 
anemia).171 Elevated serum erythropoietin levels, however, 
are observed in more than 60% of patients.172 Erythrocytosis 
also has been reported in patients with renal sarcoma, heman-
gioma, adenoma,173 Wilms tumor,153,174 renal cysts, hydrone-
phrosis,175–177 horseshoe kidney,175 and polycystic kidneys.173 
Renal artery stenosis has also been reported in association with 
erythrocytosis.178

Erythrocytosis in renal cell carcinoma is attributed to constitu-
tive erythropoietin production by the tumor. Erythropoietin mes-
senger RNA can be demonstrated in renal carcinoma cells.179 It 
is assumed that this is also the mechanism by which other paren-
chymal renal diseases produce erythrocytosis. Hydronephrosis 
and anatomic abnormalities probably produce erythrocytosis 
by increasing pressure on erythropoietin-producing cells in the 
renal parenchyma.180 Significant and measurable concentrations 
of erythropoietin (sometimes >100 mU/ml) can be detected in 
fluid aspirated from renal cysts associated with polycythemia. 
Production of erythropoietin in renal cell carcinoma is said to 
predict a good response to therapy.181 Management of eryth-
rocytosis in these patients should be directed at treatment of 
the responsible renal lesion with phlebotomy as an adjunct,  
when necessary.

Erythrocytosis is also observed in patients after renal trans-
plantation.182 This phenomenon is associated with elevated 
serum erythropoietin; the source of erythropoietin is presumed to 
be the transplant recipient’s native kidneys.183,184 Effective thera-
peutic modalities include phlebotomy, angiotensin-converting 
enzyme inhibitors, and theophylline.185–187

Liver Diseases
During fetal development, the liver contributes to erythropoietin 
production (Chapter 6); hepatic disease, like renal disease, may 
be associated with erythropoietin production and polycythemia. 
Erythrocytosis has been identified in persons with hepatocellular 
carcinoma with incidence 2.5% to 10.0%.188,189 When measured, 
red cell mass has been shown to be increased,190 and elevated 
serum erythropoietin levels have also been described.191 As with 

renal cell carcinoma, erythropoietin production by the tumor has 
been demonstrated.192,193,194 Remission of erythrocytosis may be 
observed after successful tumor treatment.193,194

Erythrocytosis has also been reported with hepatic ham-
artomas and tumors metastatic to liver,173 as well as hepatic 
angiomas195 and hemangiosarcomas.196 Polycythemia has been 
reported in the early stages of viral hepatitis.197,198 Cirrhosis is 
occasionally listed in texts as associated with erythrocytosis, but 
this apparently does not occur except in the setting of another 
disease, such as cirrhosis with hepatocellular carcinoma.

Cerebellar Vascular Tumors
The association of erythrocytosis with vascular tumors of the cer-
ebellum is well established.173,199 Elevated serum erythropoietin 

Renal Disease

Renal cell carcinoma

Renal sarcomaa

Renal adenomaa

Renal hemangiomaa

Wilms tumora

Solitary renal cysts

Polycystic kidney disease

Hydronephrosis

Horseshoe kidneya

Renal artery stenosisa

Postrenal transplantation

Hepatic Disease

Hepatocellular carcinoma

Hepatic hamartomaa

Hepatic metastasesa

Hepatic angiosarcomaa

Hepatic angiomaa

Viral hepatitisa

Vascular cerebellar tumors

Other Neoplasms

Uterine leiomyomata

Uterine fibroid tumorsa

Cutaneous leiomyomataa

Meningiomaa

Placental trophoblastic tumorsa

Chronic lymphocytic leukemiaa

Systemic amyloidosisa

Atrial myxomaa

Endocrine Disorders

Cushing syndrome

Primary aldosteronism

Virilizing ovarian tumors

Bartter syndromea

Pheochromocytomaa

Other

Human immunodeficiency virus infectiona

a Polycythemia infrequently reported.

disOrdErs assOciatEd with nOrmOxic sEcOndary 
POlycythEmia

TaBLe 44.4
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 Chapter 44 Erythrocytosis 1041

of patients evaluated for polycythemia,141 essentially represents a 
failure to categorize all polycythemic patients correctly.

Of 25 patients reported in one series, 12 were found to have 
elevated erythropoietin levels and were therefore assumed to 
represent patients with secondary polycythemia; these patients 
tended to be younger than the patients with normal erythropoietin 
levels.139 Progenitor culture studies were not helpful in subcat-
egorizing the group in this particular study.139 Some studies have 
reported endogenous colony-formation studies to be useful and 
serum erythropoietin levels not helpful,50 whereas others have 
reported the opposite.240

Kiladjian et al. treated 39 patients with idiopathic erythro-
cytosis with pipobroman and compared their clinical course to 
140 concurrently treated polycythemia vera patients.241 The risk 
of leukemia, thrombosis, and myelofibrosis was the same in the 
two groups. This study confirms that the idiopathic erythrocytosis 
group contains a certain number of polycythemia vera patients; 
however, it does not provide a way to identify individuals who do 
not have a myeloproliferative disorder and therefore should not 
be exposed to leukemogenic agents.241

Because this category probably represents a mixed bag, 
including early polycythemia vera, mild secondary polycythemia, 
and normal individuals at the higher end of the bell-shaped 
curve for red cell mass,64 a cautious approach is warranted. 
Observation may be the most reasonable intervention; this may 
be the patient subset in which otherwise low-yield studies, such 
as erythroid progenitor studies, are likely to be useful. Periodic 
retesting for the JAK2 V617F mutation or other JAK2 mutations 
may also be useful, although a study that addressed this question 
found that less than 2% of idiopathic erythrocytosis patients stud-
ied exhibited the mutation.242
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levels and tumor production of erythropoietin have been demon-
strated,200–202 but abnormalities in Von Hippel-Lindau protein 
are observed as well.203–205 Correction of erythrocytosis may be 
observed after effective therapy and erythrocytosis may return 
with recurrence of the tumor.173

Leiomyoma and fibroid Tumors of the Uterus
Several cases in which large leiomyomas and fibroid tumors 
of the uterus were associated with erythrocytosis have been 
reported.206,207 Erythrocytosis tends to subside after effective 
therapy and is also associated with production of erythropoietin 
by tumor.207,208 Cutaneous leiomyomata have also been associ-
ated with erythrocytosis.209

Other Neoplasms
Rare instances of erythrocytosis in association with a variety of 
other tumors have been reported, but some of these associations 
may be coincidental.173 However, erythropoietin synthesis by 
tumor cells has been clearly demonstrated in a patient with menin-
gioma.210 Erythrocytosis has also been reported in rare patients 
with chronic lymphocytic leukemia,211 systemic amyloidosis,212 
placental trophoblastic tumors,213 and atrial myxomas.214

endocrinologic and Other Disorders
Erythrocytosis has been reported in association with a number 
of endocrinologic disorders, including Cushing syndrome, pri-
mary aldosteronism,215 virilizing ovarian tumors,216 Bartter syn-
drome,217 and pheochromocytoma.218,219 In the latter disorder, 
tumor erythropoietin production has been reported.220

There have been a number of reports describing small num-
bers of patients with human immunodeficiency virus infection and 
polycythemia.221,222–226 It is unclear if there is an actual patho-
physiologic association or if this is coincidental.

Drug-induced Erythrocytosis
Anabolic and androgenic steroids may be abused by both recre-
ational and professional athletes for purposes of improving per-
formance.227 A consequence of androgen administration, either 
medicinal or extralegal, may be erythrocytosis.228,229,230 In some 
cases, the degree of erythrocytosis may be severe.

Recombinant human erythropoietin has also been abused by 
athletes (particularly those in endurance sports) to increase the 
red cell mass and thus oxygen-carrying capacity.231,232,233 As 
indicated earlier in Figure 44.2, this may backfire if the athlete 
becomes hypovolemic as a result of exertion. Cases of surrepti-
tious erythropoietin self-administration resulting in accelerated 
hypertension and unstable angina have been reported.234 A 
perceived advantage of erythropoietin over androgens for this 
purpose is the inability to distinguish endogenous from exog-
enous erythropoietin as well as the lack of hepatic toxicity. Newer 
approaches that allow discrimination between exogenous recom-
binant erythropoietin and endogenous erythropoietin may make 
this practice less frequent.235,236,237,238

Familial Polycythemia (Physiologically Inappropriate)
Kindreds that exhibit an autosomal recessive erythrocytosis 
associated with increased erythropoietin production have been 
described.239

Idiopathic polycythemia
The term idiopathic polycythemia (or erythrocytosis) refers to 
patients who have an elevated red cell mass of unknown etiol-
ogy after appropriate investigation. It would include most of the 
patients formerly categorized as “benign erythrocytosis.” The 
existence of this group, which is estimated to contain 20% to 30% 
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Disorders of Hemostasis and Coagulation

DiagnostiC approaCH to tHe BleeDing DisorDers
george M. rodgers, Christopher M. lehman

C h a p T E r  4 5

Manifestations of DisorDereD 
HeMostasis
Certain signs and symptoms are virtually diagnostic of disordered 
hemostasis. They can be divided arbitrarily into two groups: those 
seen more often in disorders of blood coagulation and those most 
commonly noted in disorders of the vessels and platelets. The 
latter group is often called purpuric disorders because cutaneous 
and mucosal bleeding usually are prominent. The clinical findings 
that are most valuable in distinguishing between these two broad 
categories are summarized in Table 45.1. Although these criteria 
are relative, they provide valuable clues to the probable diagnosis 
if they are applied to the predominant clinical features in a given 
patient.

p a r t  V

Except for that which occurs during menstruation, spontane-
ous bleeding is abnormal. Surprisingly, little blood is lost, even 
after large injuries, because of the efficiency with which vascular 
integrity is normally maintained and the rapidity with which it 
is restored after injury. In general, these phenomena reflect the 
functional effectiveness of normal hemostasis (see Chapters 17 
through 19). It must be recognized, however, that the adequacy 
of hemostasis is only relative, and despite the presence of normal 
vessels, platelets, and coagulation factors, bleeding can occur as 
the result of localized pathologic processes.

The 11 chapters in Part V deal with disorders that result from 
abnormalities of the hemostatic process. This chapter is a summary 
of the diagnostic approach to these disorders and includes a brief 
discussion of laboratory methods for their study. In subsequent 
chapters, individual disorders are considered in six categories: 
thrombocytopenia (Chapters 46 through 49), bleeding disorders 
caused by vascular abnormalities (Chapter 50), thrombocytosis 
(Chapter 51), disorders of platelet function (Chapter 52), inherited 
coagulation disorders (Chapter 53), and acquired coagulation disor-
ders (Chapter 54). The pathophysiology of thrombosis and the prin-
ciples of antithrombotic therapy are summarized in Chapter 55.

CliniCal eValuation of tHe 
BleeDing patient
A careful evaluation of the patient presenting with a bleeding 
disorder can often provide valuable clues as to whether the abnor-
mality resides in the vessels, platelets, or the process of blood 
coagulation; a carefully obtained history can usually establish 
whether the disorder is inherited or acquired; and the physical 
examination may reveal findings such as the characteristic skin 
lesions of hereditary hemorrhagic telangiectasia, which alone may 
provide the diagnosis of a previously perplexing bleeding prob-
lem. Results of the clinical evaluation should lead to a rational and 
efficient laboratory investigation.

It is important to ask specific questions about bleeding because 
people with normal hemostasis may believe they bleed exces-
sively.1 Certain questions may discriminate between those with 
normal and abnormal hemostasis, including whether excessive 
bleeding occurs after tooth extraction or small cuts, whether 
spontaneous bruising or muscle bleeding occurs, or whether the 
patient has ever been transfused or treated with blood products.1

I N T r O d u C T I O N

Finding
Disorders of 
Coagulation

Disorders of 
Platelets or Vessels

Petechiae Rare Characteristic

Deep dissecting 
hematomas

Characteristic Rare

Superficial  
ecchymoses

Common; usually large 
and solitary

Characteristic; usually 
small and multiple

Hemarthrosis Characteristic Rare

Delayed bleeding Common Rare

Bleeding from 
superficial cuts  
and scratches

Minimal Persistent; often profuse

Sex of patient 80%–90% of inherited 
forms occur only in male 
patients

Relatively more common 
in females

Positive family 
history

Common Rare (except von 
Willebrand disease and 
hereditary hemorrhagic 
telangiectasia)

CliniCal DistinCtion Between DisorDers of Vessels or 
Platelets anD DisorDers of BlooD Coagulation

TaBLE 45.1
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Bleeding into Skin and Soft Tissues
Petechiae are characteristic of an abnormality of the vessels or 
the platelets, such as thrombocytopenia, and are exceedingly rare 
in the coagulation disorders. These lesions are small capillary 
hemorrhages ranging from the size of a pinhead to much larger 
(Fig. 45.1). They characteristically develop and regress in crops 
and are most conspicuous in areas of increased venous pressure, 
such as the dependent parts of the body and areas subjected to 
pressure or constriction from girdles or stockings. In patients with 
scurvy, petechiae may be distributed around hair follicles in the 
“saddle area” of the thighs and buttocks (see Fig. 50.5). Petechiae 
must be distinguished from small telangiectasias and angiomas. 
Vascular structures such as telangiectasias or angiomas blanch 
with pressure, whereas petechiae do not.

In the purpuric disorders, petechiae commonly are associ-
ated with multiple superficial ecchymoses, which usually develop 
without perceptible trauma but seldom spread into deeper tissues. 
Small isolated ecchymoses are commonly noted in apparently 
normal women, especially on the legs, and in small children.

Although large superficial ecchymoses may be seen in associa-
tion with the coagulation disorders, the most characteristic lesion 
is the large spreading hematoma (Fig. 45.2). Such hematomas may 
arise spontaneously or after trivial trauma and often spread to 
involve an entire limb by dissecting within muscles and deep fas-
cial spaces, often with minimal discoloration of the overlying skin.

hemarthrosis
Hemorrhage into synovial joints is virtually diagnostic of a severe 
inherited coagulation disorder, most commonly hemophilia A or 
hemophilia B, and is rare in disorders of the vessels and plate-
lets or in acquired coagulation disorders. This disabling problem 
often develops with pain and swelling as chief symptoms but 
without discoloration or other external evidence of bleeding (see 
Fig.  53.3). Subperiosteal hemorrhages in children with scurvy 

Figure 45.1. Diffuse petechial rash induced by a tourniquet in a patient with chronic 
idiopathic thrombocytopenic purpura (platelet count = 40 × 109/L).

Figure 45.2. Large dissecting hematoma of thigh in a patient with hemophilia. A. The 
lesion resulted from a slight bump to the inguinal area and spread to involve the entire thigh. 
(Courtesy of Dr. John Lukens.)

and swollen painful joints that may develop in some patients with 
allergic purpura occasionally may be confused with hemarthrosis.

Traumatic Bleeding
The unavoidable traumas of daily life and even minor surgical 
procedures are a greater challenge to hemostasis than any test 
yet developed in the laboratory. In contrast to “spontaneous” 
bleeding manifestations, bleeding after trauma in a person with 
a hemorrhagic diathesis differs in a quantitative way from that 
which would normally be expected in terms of the amount, dura-
tion, and magnitude of the inciting trauma. Such variables are 
extremely difficult to assess accurately by taking the patient’s his-
tory. The amount of blood lost may be exaggerated by the patient. 
The  need for transfusions and the number administered may 
serve as a rough guide. The patient’s statement concerning the 
duration of bleeding is more reliable. Detailed inquiry as to past 
injuries and operations must be made because the patient is likely 
to forget procedures or injuries that were uncomplicated and to 
dwell on those in which bleeding was a problem. Whether reop-
eration was required for prolonged bleeding after tooth extraction 
or other minor surgical procedures may be helpful in identifying a 
patient with abnormal hemostasis.

In individuals with a coagulation disorder, the onset of bleed-
ing after trauma often is delayed. For example, bleeding after a 
tooth extraction may stop completely, only to recur in a matter 
of hours and to persist despite the use of styptics, vasoconstric-
tors, and packing. The temporary hemostatic adequacy of the 
platelet plug despite defective blood coagulation may explain this 
phenomenon of delayed bleeding, as well as the fact that patients 
with coagulation disorders seldom bleed abnormally from small 
superficial cuts such as razor nicks. In contrast, posttraumatic 
or postoperative surgical bleeding in thrombocytopenic patients 
usually is immediate in onset, as a rule responds to local mea-
sures, and rarely is as rapid or voluminous as that encountered 
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in patients with coagulation disorders. However, it may persist for 
hours or days after surprisingly small injuries.

Valuable information often is obtained from a careful review 
of dental procedures, because most patients have had one or 
more teeth extracted at some time during their lives. The amount 
of bleeding normally encountered varies greatly, but as a rough 
guide, uncomplicated extraction of a single molar tooth may 
result in brisk bleeding for up to 1 hour and slight oozing for up 
to 2 days in normal persons.2 Typically, bleeding is more profuse 
from upper than from lower sockets and is more extensive after 
extraction of molar teeth, particularly impacted third molars, 
than after removal of other teeth. In patients with inherited 
coagulation disorders, the shedding of deciduous teeth often is 
uncomplicated.

The response to trauma is an excellent screening test for the 
presence of an inherited hemorrhagic disorder, and a history 
of surgical procedures or significant injury without abnormal 
bleeding is equally good evidence against the presence of such 
a disorder. The removal of molar teeth is a major challenge to 
hemostasis, as is a tonsillectomy, and it is a rare hemophiliac, 
however mildly affected, who can withstand these procedures 
without excessive bleeding.

Miscellaneous Bleeding Manifestations
Despite the fact that structural causes for bleeding (such as 
polyps, varices, and tumors) are commonly seen in patients 
with hematuria, hematemesis, and melena, bleeding from these 
sites may also be associated with both purpuric and coagula-
tion disorders. Severe menorrhagia may be the sole symptom of 
women with von Willebrand disease (vWD), mild thrombocyto-
penia, or autosomally inherited coagulation disorders. Recurrent 
gastrointestinal bleeding or epistaxis in the absence of other 
bleeding manifestations is common in hereditary hemorrhagic 
telangiectasia. A coagulation disorder or a disorder of platelet 
function should be considered if protracted hematuria is the only 
symptom.

Bleeding into serous cavities and internal fascial spaces often 
occurs in patients with inherited coagulation disorders and may 
create serious diagnostic problems. In hemophilia, retroperitoneal 
hemorrhage or bleeding into the psoas sheath may mimic appen-
dicitis, and hemorrhage into the bowel wall may be confused with 
intestinal obstruction. Signs and symptoms simulating a variety of 
acute intra-abdominal disorders also may be seen in association 
with allergic purpura. Bleeding into the central nervous system 
may complicate thrombocytopenia and may occur after minor 
trauma in patients with coagulation disorders. Multiple small 
retinal hemorrhages are common in patients with thrombocyto-
penia and other purpuric disorders but are uncommon in those 
with inherited coagulation disorders; large hematomas of the 
orbit may be seen in the latter group. The coexistence of bleed-
ing and thromboembolic phenomena or bleeding from previously 
intact venipuncture sites is suggestive of diffuse intravascular 
coagulation (DIC). Protracted wound healing, wound dehiscence, 
and abnormal scar formation have been described in inherited 
afibrinogenemia, the dysfibrinogenemias, and in factor XIII 
deficiency.3 Hemoptysis rarely is associated with hemorrhagic 
disorders.

CliniCal features of inHeriteD 
BleeDing DisorDers
An inherited bleeding disorder is suggested by the onset of bleed-
ing symptoms in infancy and childhood, a positive family history 
(particularly if it reveals a consistent genetic pattern), and labora-
tory evidence of a single or isolated abnormality, most commonly 
the deficiency of a single coagulation factor.

age at Onset: Bleeding in the Neonate
Birth and the neonatal period provide unique challenges to the 
hemostatic mechanism,4 and bleeding during the first month of 
life often is the first evidence of an inherited disorder of hemo-
stasis. Small cephalohematomas and petechiae are common in 
the newborn as a result of the trauma of delivery. Large cepha-
lohematomas that progressively increase in size may result from 
hemophilia but are more common in association with acquired 
bleeding disorders such as hemorrhagic disease of the newborn 
(see Chapter 54). Bleeding from the umbilical stump and after 
circumcision is common in the acquired coagulation disorders, 
and it also occurs in the inherited coagulation disorders,5 with the 
exception of hypofibrinogenemia, dysfibrinogenemia, and factor 
XIII deficiency. The onset of bleeding from the umbilical cord may 
be delayed in these latter disorders. In the evaluation of bleeding 
in the neonate, the clinician should remember that hematochezia 
and hematemesis may originate from swallowed blood of mater-
nal origin. Simple tests to distinguish such maternal blood from 
fetal blood have been described.5

Many infants with inherited coagulation disorders do not 
bleed significantly in the neonatal period. Less than one-third 
of patients with hemophilia A and B and only 10% of those 
with other inherited coagulation disorders have hemorrhagic 
symptoms during the first week of life. In such patients, the 
disorder may become clinically silent for a time. Hematomas 
may first be seen only when the child becomes active. 
Hemarthrosis commonly does not develop until a child is 3 or 
4 years of age.

A mild inherited hemorrhagic disorder may be difficult to dis-
tinguish from the insidious onset of an acquired defect. Patients 
with mild inherited coagulation disorders may enter adult 
life before characteristic bleeding manifestations occur. These 
patients and those with some forms of inherited thrombocytope-
nia and disordered platelet function often describe a history of 
posttraumatic bruising and hematoma formation that they have 
come to accept as normal. In hereditary hemorrhagic telangiecta-
sia, the lesions become more prominent with advancing age and 
may not be symptomatic until middle age. Similarly, in patients 
with Ehlers-Danlos syndrome, bleeding may not be a problem 
until adult life.

Family history
The family history is of great importance in the evaluation of 
bleeding disorders. In disorders inherited as autosomal dominant 
traits with characteristic symptoms and high penetrance, such 
as hereditary hemorrhagic telangiectasia, an accurate pedigree 
spanning several generations can often be obtained. The presence 
of typical bleeding manifestations in male siblings and maternal 
uncles is virtually diagnostic of X-linked recessive inheritance, 
which characterizes hemophilia A and hemophilia B. In such 
X-linked traits, the family history also may be helpful in a nega-
tive sense—that is, it may clearly exclude the disorder in certain 
offspring, such as the sons of a known hemophiliac. Details of the 
various genetic patterns that may be encountered are discussed 
in the chapters that deal with these conditions.

The limitations of the family history, however, are greater than 
is commonly realized. Hearsay history is difficult to evaluate, and 
it is often impossible to assess the significance of easy bruising or 
to differentiate between manifestations of a generalized bleeding 
disorder and more common localized lesions, such as peptic ulcer 
and uterine leiomyomas. A negative family history is of no value 
in excluding an inherited coagulation disorder in an individual 
patient. As many as 30% to 40% of patients with hemophilia A 
have a negative family history.6 The family history usually is nega-
tive in the autosomal recessive traits, and consanguinity, which 
is commonly present in these kindreds, is notoriously difficult to 
document or exclude.
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CliniCal features of aCquireD 
BleeDing DisorDers
Generalized bleeding may be a prominent feature of a wide variety 
of acquired disorders that encompass virtually the entire field of 
medicine. Bleeding manifestations usually are less severe than in 
the inherited forms, and the clinical picture often is dominated by 
evidence of the underlying disorder rather than by bleeding alone. 
In the neonate, for example, DIC usually is associated with signifi-
cant complications such as sepsis, hypoxia, acidosis, or problems 
related to prematurity. The physician should suspect sepsis or 
occult thrombosis in any sick neonate with unexplained thrombo-
cytopenia.5 Multiple hemostatic defects commonly are present in 
patients with acquired hemorrhagic diseases, which often include 
thrombocytopenia and significant coagulation abnormalities. In 
contrast, a single abnormality usually is found in patients with 
inherited hemorrhagic disorders.

In general, the emphasis of the study of the acquired bleeding 
disorders should be on the patient, not on the laboratory. A thor-
ough history and the physical examination often reveal the cause 
of thrombocytopenia, such as a drug or acute leukemia. In most 
vascular disorders, including senile purpura, allergic purpura, 
scurvy, and amyloidosis, the history and physical examination 
are of primary diagnostic importance, and the laboratory has 
little to offer.

drug history
The importance of exhaustive interrogation regarding drug use and 
chemical exposure cannot be overemphasized. The list of drugs 
associated with thrombocytopenia (see Table 47.6) or vascular 
purpura grows longer each year. Less common but more serious 
is drug-induced aplastic anemia, which may present initially with 
bleeding. Many commonly used drugs, notably aspirin, impair 
platelet function and produce abnormal findings on laboratory tests 
that often lead to expensive and unnecessary additional laboratory 
studies. The same drugs may provoke bleeding when administered 
to patients with pre-existing hemostatic defects such as hemophilia 

A. Drug ingestion also may produce coagulation abnormalities, and 
drugs that potentiate or antagonize the anticoagulant effects of cou-
marin derivatives may lead to bleeding or erratic laboratory con-
trol. The surreptitious ingestion of such agents is not uncommon.

Results of various coagulation tests may be abnormal in a 
surprisingly large percentage of hospitalized patients because of 
heparin that is administered therapeutically or is used in small 
amounts to maintain the patency of indwelling venous cath-
eters, venous pressure lines, arteriovenous shunts, and various 
pumps and infusion machines. The partial thromboplastin time 
(PTT), in particular, may be greatly prolonged in patients who 
have received even a minute amount of this anticoagulant. Such 
coagulation abnormalities often are confused with DIC, inhibitors 
of factor VIII, and other serious coagulation disorders, and they 
commonly lead to repeated, and usually useless, coagulation stud-
ies. A thorough bedside inventory often is required to find out that 
heparin is indeed responsible. Prolongation of the thrombin time 
associated with a normal reptilase time or direct assay of heparin 
provides laboratory evidence of heparin contamination.

laBoratory MetHoDs for stuDy 
of HeMostasis anD BlooD 
Coagulation
No single test is suitable for the laboratory evaluation of the 
overall process of hemostasis and blood coagulation, but meth-
ods of varying complexity and use are available for assessing 
various components and functions individually. The emphasis 
of the following discussion is on methods that are simple and 
widely available in most laboratories. The interpretation of the 
most commonly used tests and the range of values obtained in 
normal subjects with representative techniques are summarized 
in Table 45.2. Definitive coagulation methods usually require a 
specially equipped laboratory and trained personnel, and are dis-
cussed here from a general standpoint only. Additional comments 
concerning the use and limitations of the various methods are 
included in chapters dealing with individual disorders.

Test Normal Rangea (±2 SD) Common Causes of Abnormalities

Platelet count

 Phase microscopy
 Automated

140,000–440,000/ml
177,000–406,000/ml

Thrombocytopenia, thrombocytosis

Partial thromboplastin time  
(activated)b

26–36 sec55,c Deficiencies or inhibitors of prekallikrein; high-molecular-weight kininogen; factors XII, XI, IX, VIII, 
X, and V; prothrombin or fibrinogen; lupus inhibitors; heparin; warfarin

Prothrombin timeb 12.0–15.5 sec66,c Deficiencies or inhibitors of factors VII, X, and V; prothrombin or fibrinogen; dysfibrinogenemia; 
lupus inhibitors; heparin; warfarin

Thrombin timeb 14.7–19.5 sec Afibrinogenemia, dysfibrinogenemia, hypofibrinogenemia, and hyperfibrinogenemia; inhibitors of 
thrombin (heparin) or fibrin polymerization (fibrin degradation products, paraproteins)

Fibrinogen assayb 150–430 mg/dl70 Afibrinogenemia, dysfibrinogenemia, and hypofibrinogenemia; inhibitors of thrombin or fibrin 
polymerization

Factor VIII assayb 50–150 U/dl Hemophilia A and von Willebrand disease; acquired antibodies to factor VIII

Fibrin degradation product assay 0–5 mg/ml80 Disseminated intravascular coagulation; fibrinogenolysis; thrombolytic drugs, liver disease; 
 dysfibrinogenemia

D-dimer assay 0–0.4 mg/ml Disseminated intravascular coagulation; recent surgery; pregnancy; thromboembolism

aNormal range in the University of Utah coagulation laboratory.
bTests affected by heparin.
cSignificant variations depending on reagents and technique.

interPretation of Common tests of Hemostasis anD BlooD Coagulation

TaBLE 45.2
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Tests of Vascular and platelet phases

Bleeding Time
Hemostasis in a small superficial wound, such as that produced 
when measuring the bleeding time, depends on the rate at which 
a stable platelet plug is formed and, thus, provides a measure of 
the efficiency of the vascular and platelet phases. However, it does 
not discriminate between vascular defects, thrombocytopenia, and 
platelet dysfunction. The bleeding time leaves much to be desired 
in terms of reproducibility, because no two skin areas are exactly 
the same and it is impossible to produce a truly standard wound.7

Older studies using the bleeding time test supported the view 
that this test might be helpful in predicting bleeding in individual 
patients.8 More recent studies suggest that a bleeding time result 
is determined not only by platelet number and function, but also 
by hematocrit,9 certain components of the coagulation mecha-
nism,10,11 skin quality,12 and technique.13 A careful analysis of 
this literature indicates that there is no correlation between a skin 
template bleeding time and certain visceral bleeding times,13,14 
and that no correlation exists between preoperative bleeding time 
results and surgical blood loss or transfusion requirements.15

A clinical outcomes study reported that discontinuation of the 
bleeding time in a major academic medical center had no detect-
able adverse clinical impact.16 A position paper of the College 
of American Pathologists and the American Society of Clinical 
Pathologists concluded that the bleeding time was not effective as 
a screening test, and that a normal bleeding time does not exclude 
a bleeding disorder.17 Patients thought to have a platelet-type 
bleeding disorder based on their personal or family history (or 
both) should be evaluated for vWD and the inherited qualitative 
platelet disorders, using assays discussed in the section Platelet 
Function Assays. Newer assays that may be useful in screening 
patients for platelet dysfunction are also discussed in the section 
New Assays of Platelet Function.

Platelet Enumeration
Platelets are considerably more difficult to count than erythro-
cytes or leukocytes. This difficulty is to be expected in view of the 
small size of these cells and their tendency to adhere to foreign 
surfaces and to aggregate when activated.

In general, techniques for platelet counting may be classified 
into two groups: hemacytometer or direct methods, in which 
whole blood is diluted and the platelets are counted in much the 
same way as leukocytes or erythrocytes, and fully automated elec-
tronic methods. Virtually identical values for the normal range of 
the platelet count have been obtained with modern methods, as 
summarized in Table 45.2.

An estimate of platelet numbers in a well-prepared blood 
smear by an experienced observer is a valuable check on the 
platelet count as determined by any method. In general, when 
a blood smear is examined at 100 × power, each platelet 
counted/field represents approximately 10,000 platelets × 109/L. 
Consequently, a normal blood smear should demonstrate, on 
average, at least 14 platelets/high-power field.

Instruments for totally automated platelet counting are widely 
used. Details of automated cell counters are discussed in Chapter 
1. When automated methods are used, various nontechnical 
factors may produce falsely low platelet counts.18 These factors 
include platelet agglutinins,19 abnormal amounts of plasma pro-
teins in various paraproteinemias, previous contact of platelets 
with foreign surfaces such as dialysis membranes,20 large or 
giant platelets, platelet satellitism,21 lipemia,22 and ethylenedi-
aminetetra-acetic acid (EDTA)–induced platelet clumping,23 a 
phenomenon that may produce platelet clumps of sufficient size to 
artifactually increase the leukocyte count.24 Spuriously high plate-
let counts may result from the presence of microspherocytes,25 
fragments of leukemic or red blood cells,26 and Pappenheimer 

bodies.27 Special technical modifications and the use of careful 
manual counting methods may be required to eliminate these 
artifacts and to obtain accurate platelet counts.

Platelet Volume Measurements
The widespread availability of particle counters in the clinical 
laboratory permits the accurate measurement of platelet volume 
on a routine basis. Mean platelet volume (MPV) is increased in 
disorders associated with accelerated platelet turnover as the 
result of large numbers of megathrombocytes28 or in patients with 
Bernard-Soulier syndrome. Normal or decreased values for MPV 
usually are obtained in patients with disorders associated with 
deficient platelet production, in some patients with sepsis,29 and 
in people with certain big-spleen syndromes.30

Some authors suggest that increased MPV provides evidence 
of accelerated platelet production and may be interpreted in the 
same way as the reticulocyte count. The method is difficult to 
standardize, however, and when determined on routinely col-
lected specimens by automated counters, it is affected by numer-
ous variables pertaining to specimen collection, anticoagulant, 
temperature, and duration of storage.31 In view of these problems 
and the difficulty in interpreting platelet size heterogeneity under 
normal and abnormal conditions,32 these measurements should 
be interpreted with caution.

The presence of microcytic platelets in patients with some 
inherited thrombocytopenias such as Wiskott-Aldrich syndrome 
is reliably reflected by MPV measurements. On the other hand, 
giant platelets associated with Bernard-Soulier syndrome may be 
counted as leukocytes or erythrocytes and may not be reflected 
in the MPV.

Platelet Function Assays
Since the 1960s, platelet aggregation using platelet-rich plasma 
has been the standard method to assess platelet function. This 
method uses aggregometers, which are modified nephelom-
eters that permit measurement of changes in optical density of 
a platelet suspension under conditions of constant temperature 
and continuous agitation (Fig. 45.3). Most instruments measure 

Figure 45.3. The interpretation of aggregometer tracings. Tracing of platelet aggre-
gation produced by a low concentration of adenosine diphosphate (ADP), illustrating normal 
changes in optical density (OD)—that is, (1) a slight decrease caused by dilution with aggregat-
ing agent; (2) a transient increase caused by initial platelet swelling or shape change; (3) a rapid 
progressive decrease as platelet aggregates form, the size of which is roughly proportional to 
the amplitude of the oscillations in the tracing (4). The OD then reaches a nadir (5) from which 
maximal aggregation as a percentage of the initial OD may be calculated as follows: maximal 
aggregation (%) = OD at T0—minimum OD/OD at T0. After this (6), a slow increase in OD 
caused by disaggregation occurs under some conditions.
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a combination of light scatter and absorption. Instruments have 
been developed that permit both nephelometric and photometric 
measurements and the simultaneous measurement of aggregation 
and nucleotide release.33

Platelet aggregation usually is studied in suspensions of 
citrated platelet-rich plasma, in which the size and dimensions of 
the stirring bar, variations in plasma citrate concentration attrib-
utable to variations in hematocrit, the pH, and the nature of the 
buffers are important variables. Platelet suspensions usually are 
prepared by differential centrifugation, but methods that use albu-
min density gradient centrifugation and gel filtration have also 
been described.34 Although harvesting platelets from the blood of 
thrombocytopenic patients is difficult, testing such platelets in the 
aggregometer is reproducible in suspensions containing as few as 
50,000 platelets/ml. Methods for the study of platelet aggregation 
in whole blood35,36 also have been described. Interfaced computer 
systems have been developed for calculating and expressing plate-
let function data.37

Adenosine diphosphate (ADP) in concentrations of 5 mmol/L or 
higher produces platelet aggregation directly that is independent 
of the release of platelet-contained ADP.38 Various other aggregat-
ing agents act mainly by inducing the release reaction, such as a 
suspension of connective tissue particles (collagen), epinephrine 
and norepinephrine, and thrombin. With epinephrine (5 mmol/L), 
a weak primary aggregating effect usually can be clearly distin-
guished from the subsequent release reaction, which produces 
a secondary wave of aggregation. Such primary and secondary 
waves of aggregation also may be seen with carefully titrated 
amounts of ADP (0.2 to 1.5 mmol/L).38

Ristocetin is an antibiotic that induces platelet agglutination 
(platelet metabolic activity not required) in the presence of von 
Willebrand factor (vWF). Patients deficient in vWF (vWD) or in 
the receptor for vWF (Bernard-Soulier syndrome) have an abnor-
mal ristocetin response. Ristocetin is tested in concentrations of 
0.6 to 1.2 mg/ml; the lower concentrations are helpful in identify-
ing specific variants of vWD, type 2B and platelet-type vWD (see 
Chapters 52 and 53).

The release reaction is measured only indirectly by routine 
aggregometry—that is, the aggregation associated with the release 
of ADP from the platelets (release-induced aggregation or second-
ary aggregation). Methods for the quantitation of various sub-
stances released from platelets have been described. For example, 
the amounts of ADP or serotonin released/unit of time serve as 
indices of dense body release39; the amount of various hydrolytic 
enzymes or platelet factor 4 released is a measure of the extent of 
a-granule release.40 Suggested guidelines for standardization of 
platelet aggregation methods have been proposed.41,42

Sensitive methods have been developed for the determina-
tion of platelet-derived substances in plasma that may serve as 
markers of intravascular platelet activation,43 including platelet 
factor 4, b-thromboglobulin, stable prostaglandins (6-keto pros-
taglandin F1a and thromboxane A2), and leukotrienes.43 These 
measurements may have diagnostic value in thromboembolic 
disorders and syndromes characterized by intravascular platelet 
aggregation.

New assays of platelet Function
An appreciation of the limitations of the bleeding time test has 
led to the development of newer assays to evaluate platelet func-
tion.44 Some of these are point-of-care tests. The clinical use and 
predictive value of these tests to identify patients with hemostatic 
disorders remain to be established. One assay, the platelet func-
tion analyzer (PFA-100), has been investigated for several years, 
and many published reports using this assay are available. In this 
method, citrated blood samples are exposed to high shear rates 
in a capillary flowing through an aperture within a membrane 
coated with collagen and either ADP or epinephrine.45 The clo-
sure time to hemostatic plug formation within the aperture is the 

endpoint of the test. A large study using the PFA-100 found that 
prolonged closure times could be attributed to specific quantitative 
or qualitative abnormalities in platelet function or vWF (or both) 
in 93% of patients tested.46 However, the International Society on 
Thrombosis and Haemostasis has taken the position that the PFA-
100 is insufficiently sensitive and specific to be used as a screening 
device for platelet disorders.47 It has been suggested that optimal 
use of the PFA-100 in evaluation of hemostasis would use an algo-
rithmic approach, evaluating not only PFA-100 closure times, but 
also a complete blood count, blood smear, and assays for vWD and 
platelet aggregation to further evaluate abnormal closure times. 
A  recent addition to the PFA repertoire is the INNOVANCE PFA 
P2Y test designed to assess P2Y12-receptor blockade.

Several additional platelet function analyzers are available 
on the market, though they are not as well studied as the PFA-
100.48 The ICHOR II-Plateletworks system (Helena Laboratories, 
Beaumont, TX) compares impedance-derived platelet counts 
in samples with and without added platelet agonists to assess 
platelet function. This system has historically been used to 
evaluate cardiopulmonary bypass patients, but more recently has 
been applied to patients undergoing coronary stent placement. 
The Impact-R (Matis Medical, Beersel, Belgium) is an automated 
cone-and-plate research analyzer that assesses platelet adhesion 
and aggregation on a polystyrene surface under laminar flow con-
ditions. The VerifyNow system analyzes platelet agonist-induced 
aggregation of fibrinogen-coated microparticles to assess platelet 
function. Agonist cartridges are designed to evaluate the effects 
of aspirin, clopidogrel, and GPIIb/IIIa platelet receptor inhibitor 
administration on platelet function. Platelet mapping, a modifica-
tion of thromboelastography, measures the platelet contribution 
to clot strength in the presence of specific agonists.49 To date, no 
platelet function analyzer assay has been sufficiently studied or 
validated to warrant routine clinical use.48,50,51

Tests of Coagulation phase
In general, meticulous performance of coagulation tests is more 
important than the exact technique chosen. Blood samples 
obtained by traumatic venipunctures or from indwelling catheters 
often are inadequate for coagulation studies.52 A poorly collected 
blood sample is a far more common cause of inaccurate results 
than is technical error.

With the exception of one assay for fibrin degradation products 
(FDPs), all coagulation tests are performed on citrated plasma, 
most commonly obtained using blue-top vacuum blood collec-
tion tubes that pull in nine parts of blood to one part citrate. 
The  International Society for Thrombosis and Haemostasis rec-
ommends the routine use of 3.2% sodium citrate. A pool of freshly 
frozen citrated plasma from several normal donors is a suitable 
control for screening procedures in most laboratories. Lyophilized 
control plasma and borderline abnormal control plasmas are 
available commercially to standardize coagulation assays and to 
provide reference standards.

The citrate ion does not enter the erythrocyte. Consequently, 
the plasma citrate concentration is abnormally high when blood 
with a high hematocrit (>55%) is collected in usual concentrations 
of this anticoagulant. This may produce artifactual prolongation 
of one-stage screening tests of coagulation, such as the PTT.53 
To obtain interpretable data on such samples, tubes containing 
citrate concentrations appropriate for the hematocrit must be 
prepared by removing an aliquot of the citrate anticoagulant con-
tained in standard blue-top tubes.

Activated Partial Thromboplastin Time
The activated partial thromboplastin time (PTT) is a simple test of 
the intrinsic and common pathways of coagulation. When a mix-
ture of plasma and a phospholipid platelet substitute is recalcified, 
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fibrin forms at a normal rate only if the factors involved in the 
intrinsic pathway (prekallikrein, high-molecular-weight kinino-
gen, and factors XII, XI, IX, and VIII) and in the common pathway 
(factors X and V, prothrombin, and fibrinogen) are present in nor-
mal amounts (Fig. 45.4). Platelet substitutes of various kinds may 
be used, such as chloroform extract of brain54 and other crude 
cephalin fractions as well as soybean phosphatides (inosithin). 
In the PTT, such platelet substitutes are provided in excess, and 
the test is unaffected by the number of platelets remaining in the 
plasma (unless the sample contains antiphospholipid antibodies). 
Platelet substitutes are only partial thromboplastins, however, 
and they are incapable of activating the extrinsic pathway, which 
requires complete tissue thromboplastin (tissue factor). Thus, the 
PTT bypasses the extrinsic pathway and is unaffected by a defi-
ciency of factor VII. The PTT assay is used to detect factor defi-
ciency, screen for the lupus anticoagulant, and monitor heparin 
anticoagulation.

The PTT is somewhat more sensitive to deficiencies of factors 
VIII and IX than to deficiencies of factors XI and XII or factors 
involved in the common pathway,55,56 but with most techniques, 
the test usually yields abnormal results if the plasma level of any 
of the essential factors is <15% to 30% of the normal value. The 
PTT thus detects some mild coagulation disorders. However, the 
ability to detect mild factor deficiency is reagent-dependent, and 
certain PTT reagents may not detect factor deficiency as low as 
5% to 10%.57 As is the case with all one-stage tests, the PTT may 
be shortened by high levels of a single factor, most commonly 
factor VIII. Thus, a short PTT may signify any of the various 
hypercoagulable states (see Chapter 55),58 and high levels of any 
of the factors involved in the intrinsic or common pathways of 
coagulation may mask deficiencies of other factors.59

In the original method, contact activation was provided by 
the glass tube, but the addition of activators, such as ellagic acid, 
or particulate silicates, such as Celite or kaolin, provides more 
optimal and standardized contact activation and represents a 
significant improvement over the original nonactivated test.60,61 
The PTT is the routine assay currently used to evaluate intrinsic 
coagulation. The PTT of plasma deficient in prekallikrein (Fletcher 

factor) is abnormal when it is determined by standard methods 
using particulate activators such as Celite or kaolin.62 This abnor-
mality is minimized or abolished by protracted contact activation 
(15 minutes63), as compared with 2 to 3 minutes used in the stan-
dard technique. The PTT may yield normal results in prekallikrein 
deficiency when soluble activators such as ellagic acid are used.63 
A large recent pediatric reference interval study found no signifi-
cant differences between adult PTT values and those of children 
ages 7 to 17 years.64

Whereas increased PTT values may suggest a bleeding disor-
der, shortened PTT values have been found to be independent 
predictors of an increased risk of death, thrombosis, bleeding, 
and morbidity.58,65 The use of the PTT in the control of heparin 
therapy and in detection of the lupus anticoagulant is discussed in 
Chapters 55 and 54, respectively.

Prothrombin Time
The production of fibrin by means of the extrinsic and common 
pathways (Fig. 45.4) requires tissue factor and factor VII, in 
addition to factors X and V, prothrombin, and fibrinogen. These 
pathways are measured by the prothrombin time (PT),66 in which 
plasma is recalcified in the presence of excess tissue factor. This 
test does not require contact activation and bypasses the intrinsic 
pathway and the factors involved therein. Because tissue thrombo-
plastins contain phospholipids that act as platelet substitutes, the 
test is unaffected by platelet numbers. Of the five coagulation fac-
tors measured by the PT (factors V, VII, and X, prothrombin, and 
fibrinogen), three (prothrombin and factors VII and X) are vitamin 
K–dependent and are decreased by coumarin-like drugs. As a 
result, the PT is the test used most widely for controlling oral anti-
coagulant therapy. The PT usually is prolonged if the plasma levels 
of any of the requisite factors are <10% of normal, and it is more 
sensitive to deficiencies of factors VII and X than to deficiencies of 
fibrinogen and prothrombin. The PT also is prolonged by inhibi-
tors of any of the essential factors and by heparin (unless heparin 
neutralizers are present in the PT reagent), but it is less sensitive 
to the anticoagulant action of heparin than is the PTT. A large 
pediatric reference interval study found that children ages 7 to 
17 years have PT values ∼1 second longer than normal adults.64

Various modified techniques and thromboplastins,67 including 
recombinant human thromboplastins,68 have been developed to 
improve the use of the PT in the control of coumarin anticoagu-
lant therapy (see Chapter 55). Use of the international normalized 
ratio in monitoring oral anticoagulation therapy is the recom-
mended format (discussed in Chapter 55). The PT performed with 
bovine brain thromboplastin is abnormal in patients with certain 
genetic variants of factor IX deficiency but is normal in patients 
with the more common form of this disorder. The venom of the 
Russell viper contains an enzyme that initiates coagulation by 
the direct activation of factor X and does not require factor VII. 
The one-stage “prothrombin time” performed with this venom 
(the Stypven time) thus distinguishes between deficiency of factor 
VII and deficiency of factor X (Fig. 45.4).

Assay of Plasma Fibrinogen
Several accurate methods are available for the quantitative assay 
of plasma fibrinogen, a measurement of great clinical importance 
that should be available in all laboratories. Fibrinogen may be 
converted into fibrin, which is quantitated by gravimetric, neph-
elometric,69 or chemical70 methods. An immunologic71 method 
has also been described. Kinetic techniques based on the throm-
bin time, however, are simple to perform, and they have been 
widely adopted.72 Both gravimetric methods and those based on 
the thrombin time underestimate fibrinogen in the presence of 
high concentrations of FDPs; technical modifications designed to 
avoid these problems have been proposed.73 Some nephelometric 
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Figure 45.4. The interpretation of common screening tests of blood coagula-
tion. Coagulation factors are indicated within arrow-shaped blocks, which represent the major 
pathways of coagulation. Screening tests are indicated at the side of these blocks in relation to 
pathways and coagulation factors measured by each. HMWK, high-molecular-weight kininogen; 
PL, phospholipid; Pre-K, prekallikrein.
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methods appear to be minimally affected by FDP. Modified meth-
ods that eliminate interference by heparin,74 as well as automated 
techniques, have been described. Marked differences in fibrinogen 
levels obtained by gravimetric and immunologic methods and 
those obtained by functional techniques are found in patients with 
the inherited dysfibrinogenemias. Reference values to identify 
patients with dysfibrinogenemia have been reported.75

Thrombin Time and Related Techniques
When thrombin is added to plasma, the time required for clot for-
mation is a measure of the rate at which fibrin forms (Fig. 45.4). 
This test (thrombin time) yields abnormal results when the 
fibrinogen level is <70 to 100 mg/dl, but it is unaffected by the 
levels of any of the other coagulation factors76; it is greatly pro-
longed by heparin. The thrombin time may also be prolonged by a 
qualitatively abnormal fibrinogen (dysfibrinogen), elevated levels 
of fibrin (fibrinogen)-degradation products, certain paraproteins, 
and hyperfibrinogenemia. The thrombin time and modifications 
thereof are technically simple, can be performed quickly, and are 
valuable, particularly in the diagnosis of DIC. The reptilase clotting 
time is similar to the thrombin time in principle, but coagulation 
induced by this enzyme, which is prepared from snake venom, is 
unaffected by the presence of heparin.

Tests for Fibrin (Fibrinogen)-degradation 
products and d-dimer
Fibrin (fibrinogen)-degradation products (FDPs) are protein frag-
ments of varying sizes that result from the proteolytic action of 
plasmin on fibrin or fibrinogen (see Chapter 18).77 Plasma levels 
of these fragments are commonly increased in association with 
DIC and fibrinogenolysis, disorders in which their presence is 
of considerable diagnostic significance. Quantitative assays for 
FDP are based on several principles, such as the agglutination 
of latex particles coated with antifibrinogen antibody,78 immu-
nodiffusion,79 and red cell hemagglutination inhibition.80 Serum 
containing rheumatoid factor78 or residual fibrinogen may yield 
false-positive results in some assays.81

None of the aforementioned methods distinguishes between 
fibrin degradation products and fibrinogen degradation products; 
to make this distinction, measurement of the DD-dimer or even 
more sophisticated methods are required.82 Extremely sensitive 
methods for the measurement of fibrinopeptides and specific 
FDP, such as the DD-dimer,83 DDE-trimer, or B-b 15-42–related 
peptide, are useful as indices of DIC and as markers of subtle 
activation of coagulation in vivo (see Chapter 54).

Unpolymerized fibrin monomer is commonly present in the 
blood of patients with DIC. Various techniques (paracoagula-
tion techniques) for demonstrating such monomers have been 
described; these range from the ethanol gelation test,84 which 
is insensitive, to various protamine gelation techniques,85 which 
are highly sensitive but nonspecific. Cryofibrinogen, which may 
be demonstrated in some cases of DIC, also may signify the pres-
ence of fibrin monomers. All of these assays to diagnose DIC have 
been supplanted by the D-dimer test.83 The use of D-dimer tests 
to exclude venous thromboembolism is discussed in Chapter 55.

Tests for Factor XIII activity
The principle of the factor XIII screening test is that clots cross-
linked by factor XIII resist denaturation by high concentrations 
of urea or acid. Deficiency of factor XIII results in premature clot 
lysis.3 Patient plasma is recalcified to induce a clot; the clot is 
then suspended in 5 mol/L urea (or 1% monochloroacetic acid) for 
24 hours. Clot stability is examined visually after 24 hours of incu-
bation. Because this assay is a screening test, abnormal results 
should be repeated and confirmed using a quantitative factor XIII 

method, such as measuring factor XIII–dependent incorporation 
of labeled amines into substances such as fibrinogen or casein.86

Tests for Fibrinolysis
The plasma euglobulin fraction contains plasminogen activators 
and fibrinogen. Most of the major antiplasmins are removed in 
the pseudoglobulin supernatant fluid. The rate of lysis of a fibrin 
clot prepared from the euglobulin fraction (the euglobulin clot 
lysis time) thus provides a measure of fibrinolysis in the absence 
of major inhibitors and is a measure of the activity of plasminogen 
activators.87

Tests for fibrinogenolysis and assays for individual components 
of the fibrinolytic enzyme system, including plasminogen,88 free 
plasmin,89 and antiplasmins, are available. Routine coagulation 
assays for plasminogen activators and plasminogen activator 
inhibitors typically involve enzyme-linked immunosorbent assay 
(ELISA) methods.90,91 Blood collection methods, timing, pro-
cessing, and determination of assay-specific reference ranges 
are critically important in accurate evaluation of fibrinolysis 
parameters.90,91

Moderate concentrations of â-aminocaproic acid (4 × 10–4 
mol/L) inhibit plasminogen activators but not free plasmin. Thus, 
a shortened euglobulin lysis time in the presence of such con-
centrations of â-aminocaproic acid indicates the presence of free 
plasmin, as in association with fibrinogenolysis (see Chapter 54). 
Fibrinolysis in heated fibrin plates also measures free plasmin92 
because plasminogen activators are thermolabile.

Bioassays for Coagulation Factors
Bioassays for coagulation factors are usually based on the familiar 
screening tests, such as the PT and PTT. In principle, the extent 
to which an unknown sample corrects the abnormality in plasma 
with a known deficiency is assumed to be proportional to the 
content of the deficient factor in the sample. The results of coagu-
lation assays may be expressed in terms of units, which equal the 
amount of a given factor that is present in 1 ml of normal pooled 
or reference plasma. Alternatively, plasma levels of various factors 
may be expressed as a percentage of normal. Thus, plasma levels 
of various coagulation factors typically range from 50 to 150 U/dl, 
or 50% to 150% of normal.

One-stage methods for factors VIII and IX, which are based 
on the PTT and use substrate plasma from patients with severe 
inherited deficiencies (<1% of normal) of these factors, are some-
what simpler to perform than comparable two-stage methods. 
However, two-stage methods are more specific than one-stage 
methods, particularly in patients with intravascular coagulation 
and liver disease,93 presumably because the two-stage methods 
are less affected by the presence of activated coagulation factors 
or traces of thrombin that increase the activity of factors V and 
VIII. One study found that for detecting low factor VIII levels, the 
clot-based assay was better than the chromogenic assay, while 
for elevated factor VIII levels, the chromogenic assay was pre-
ferred.94 Plasmas deficient in specific factors are available com-
mercially. Modifications that do not depend on natural substrates 
have been developed, including techniques for the assay of pro-
thrombin95; factors V,96 VII, and X combined; and factors VIII,97 
IX,98 X,99 and XI.100 Details of coagulation assay methodology 
have been summarized.101

Tests for Inhibitors of Coagulation
Abnormalities in any test of coagulation, if caused by deficiency of 
an essential factor, are corrected by the addition of small amounts 
of normal plasma. If the abnormality is caused by the presence 
of one of the various inhibitors of coagulation rather than a defi-
ciency of an essential factor, the opposite is true: Small amounts of 
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system.119 Assays also have been developed for coagulants that 
do not have enzymatic activity, such as cellulose sandwich fluoro-
immunoassays for vWF antigen120 and solid-phase front-surface 
fluorescence detection methods for factors VIIIc and IX.121 These 
methods appear to be intrinsically more precise and may be less 
time-consuming than traditional coagulation methods, and instru-
ments designed specifically for their performance are available. 
Chromogenic and fluorometric assays are expensive, however, 
and at present are used mainly in research and in large reference 
coagulation laboratories.

initial laBoratory eValuation

primary Screening Tests
The initial laboratory study of the bleeding patient should be 
guided by the information obtained from the clinical evaluation. 
In  many cases, however, the routine use of a small battery of 
screening tests has merit because it usually saves time, and the 
results direct the course of further study. It is generally agreed 
that the most essential information usually can be obtained from 
the three tests summarized in Table 45.3, which, in view of their 
availability, simplicity, and low cost, are well suited to serve as pri-
mary screening tests. The platelet count provides the most reliable 
and reproducible test of primary hemostasis. The PTT measures 
all of the coagulation factors involved in the intrinsic and common 
pathways (Fig. 45.4) and generally is accepted as the best single 
screening test for disorders of blood coagulation. When supple-
mented with the PT, which assesses the extrinsic as well as the 
common pathway, the abnormality usually can be localized to one 
of the three pathways and the factors involved therein (Fig. 45.4 
and Table 45.3). The results of these three tests thus provide a 
presumptive diagnosis, which can then be clarified further by the 
confirmatory methods summarized in the next section. The bleed-
ing time test has been omitted from this evaluation because of its 
nonspecificity in the general clinical setting.13,16 The definitive 
laboratory diagnosis of individual bleeding disorders is discussed 
in Chapters 46 through 54.

It is important to realize that patients with mild bleeding 
disorders (factor VIII, IX, or XI deficiency) may have normal 
PTT values, because most PTT reagents do not detect mild defi-
ciency states (factor levels of 20% to 30%).57 Consequently, if the 
clinical suspicion is high, specific factor assays for these disorders 
should be performed, even if the initial evaluation suggested in 
Table 45.3 is not productive.

ConfirMatory tests

Thrombocytopenia
Thrombocytopenia, like anemia, is a symptom, not a diagno-
sis. It is the most common of the acquired bleeding disorders. 
Additional laboratory tests usually are not indicated merely to 
confirm the presence of thrombocytopenia (Table 45.3), but are 
helpful in establishing the mechanism for thrombocytopenia. It 
is useful, however, to examine the thrombocytopenic patient’s 
blood smear to exclude pseudothrombocytopenia that may be 
seen in a small number of patients.18,19 The differential diag-
nosis of thrombocytopenia is discussed at length in Chapters 46 
through  49. One approach to evaluating thrombocytopenia is 
shown in Figure 45.5.

von Willebrand disease
von Willebrand disease is the result of an abnormality in pri-
mary hemostasis combined with mild to moderate deficiency of 

the patient’s plasma impair coagulation in normal samples. These 
tests are called mixing studies or inhibitor screens. This phenom-
enon is the essence of all screening tests for inhibitors, most of 
which are based on one-stage coagulation techniques, such as 
the PT and PTT.102 The presence of heparin may be confirmed in 
various ways, including use of thrombin time and reptilase time 
assays, correction by protamine sulfate, or direct assays for activ-
ity of heparin or low-molecular-weight heparin.101

Tests for physiologic Inhibitors of Coagulation
Several methods have been described for the assay of physiologic 
inhibitors of coagulation,103 such as antithrombin,104 heparin 
cofactor II, protein C,103,105 and protein S.106,107 Both immu-
nologic and functional assays are available for many of these 
components.103 Quantitative assays of such physiologic inhibitors 
may yield valuable information in patients with certain thrombo-
embolic disorders (see Chapter 55).

automated Coagulation Methods
Numerous instruments are available to detect automatically the 
endpoint of blood coagulation. These devices operate on a variety 
of principles: mechanical detection of the onset of fibrin forma-
tion, photometric recording of clot opacity, or the rate of fibrin 
polymerization. Such instruments are helpful in the performance 
of one-stage screening tests, such as the PT and PTT, especially if 
a large number of tests must be done daily.

Totally automated methods for performing coagulation tests 
are widely used. Automated instrument platforms have been 
developed to perform a large variety of coagulation methods 
with significant cost savings, permitting more laboratories to 
do comprehensive coagulation testing.108 A College of American 
Pathologists Web site has summarized coagulation instrumenta-
tion (www.cap.org; see vendor surveys at the CAP Today link).

The thromboelastograph, an instrument that demonstrates 
changes occurring during blood coagulation and fibrinolysis, has 
been used by some investigators. Different coagulograms are 
described in association with various bleeding disorders and hyper-
coagulable states.109 However, this is not a commonly used method 
to diagnose coagulation abnormalities in most laboratories. Its pri-
mary use is as a point-of-care instrument in the surgical setting.44

The activated clotting time (ACT) is a whole blood clotting 
assay now used primarily as a point-of-care test. The ACT mea-
sures the clotting time for a whole blood sample after addition of 
particulate (contact) activators such as kaolin or Celite; thus, this 
assay measures the intrinsic pathway of coagulation. The ACT is 
used mostly to monitor anticoagulation in the setting of cardio-
pulmonary bypass, cardiac catheterization, or dialysis. The ACT 
is preferable to the PTT in certain settings that require high-dose 
heparin, such as cardiopulmonary bypass.110

Other point-of-care coagulation instruments are being used 
in the setting of outpatient or home-based oral anticoagulation 
monitoring. Numerous studies have found that these instruments 
are at least as effective in providing safe and efficacious antico-
agulation as is provided by physicians with standard laboratory 
anticoagulation testing.111

Chromogenic and Fluorometric Techniques
Artificial peptides release chromogenic substances or fluoro-
phores when they are enzymatically cleaved.112,113 The hydro-
lysis of such peptides by activated coagulation factors provides a 
novel means for assessing various coagulation reactions.114 Such 
chromogenic and fluorometric techniques have been developed 
for the assay of prothrombin and factors VII, IX, and X115; anti-
thrombin116; a2-antiplasmin; heparin; urokinase117; kallikrein118; 
plasmin; and other components of the fibrinolytic enzyme 
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Prothrombin 
Time

Activated Partial 
Thromboplastin Time

Platelet 
Count Differential Diagnosis

↑ — — Common

Acquired factor VII deficiency (early liver disease; early vitamin K deficiency; early warfarin therapy)

Rare

Factor VII inhibitor; dysfibrinogenemia; some cases of DIC; inherited factor VII deficiency; certain factor 
X variants

— ↑ — Common

Deficiency or inhibitor of factors VIII, IX, or XI; vWD; heparin

Rare

Lupus inhibitor with qualitative platelet defect; certain factor X variants

↑ ↑ — Common

Vitamin K deficiency; liver disease; warfarin; heparin; superwarfarin

Rare

Deficiency or inhibitor of factors X or V, prothrombin, or fibrinogen; lupus inhibitor with  
hypoprothrombinemia; DIC; dysfibrinogenemia; primary fibrinolysis

↑ ↑ ↓ Common

DIC; liver disease

Rare

Heparin therapy with associated thrombocytopenia

— — ↓ Common

Increased platelet destruction; decreased platelet production; hypersplenism; hemodilution

Rare

Certain inherited platelet disorders (Wiskott-Aldrich syndrome, Bernard-Soulier syndrome)

— — ↑ Myeloproliferative disorders

— — — Common

Mild vWD; acquired qualitative platelet disorders (uremia, antiplatelet medications)

Rare

Inherited qualitative platelet disorders; vascular disorders; fibrinolytic disorders; factor XIII deficiency; 
autoerythrocyte sensitization; dysfibrinogenemia; mild factor deficiency (VIII, IX, XI); disorders of platelet 
procoagulant activity

↑, increased; ↓, decreased; —, normal; DIC, disseminated intravascular coagulation; vWD, von Willebrand disease.
Note: The differential diagnosis of bleeding disorders suggested by results of the prothrombin time, partial thromboplastin time, and platelet count is listed for each profile. This table includes 
the differential diagnosis of hemostasis screening test results in patients with a history of bleeding. Consideration of patients with abnormal coagulation tests and negative bleeding histories is 
not included in this table.
Modified from Rodgers GM. Common clinical bleeding disorders. In: Boldt DH, ed. Update on hemostasis. New York: Churchill Livingstone, 1990:75–120.

Profiles of Hemostasis sCreening tests in Patients witH BleeDing DisorDers

TaBLE 45.3

factor VIIIc (see Chapter 53). In the classic case, the results of 
screening tests reveal a normal platelet count and a prolonged 
PTT (Table 45.3). In many patients, however, the PTT will be 
normal. Furthermore, the results of all of the laboratory tests 
tend to fluctuate from time to time.122 If the clinical suspicion is 
high, initial laboratory studies directed at excluding vWD should 
be performed, because vWD is more common than the inherited 
 disorders of platelet function (Fig. 45.6). Useful tests include 
bioassay of factor VIII (VIIIc), immunoassay of vWF antigen, and 
measurement of ristocetin cofactor activity. In many cases, the 
diagnosis of vWD requires repeated testing.

Another available test to evaluate patients for vWD is multi-
meric analysis of vWF. Patient plasma is separated by agarose elec-
trophoresis, and vWF is identified by immunologic methods. The 
patient’s multimeric pattern is compared to that of normal plasma. 
A more detailed description of this test is given in Chapter 53.

Qualitative platelet disorders
Symptoms of mucocutaneous bleeding in the presence of a 
normal number of platelets and normal results of coagulation 

tests (Table 45.3) are presumptive evidence of a disorder of 
platelet function (see Chapter 52). Inherited forms are uncom-
mon, but bleeding caused by platelet dysfunction may be an 
important complication in patients with various acquired 
disorders, such as uremia. Commonly available confirma-
tory tests occasionally provide useful information regarding 
platelet dysfunction. Various morphologic abnormalities of 
the platelets may be seen on the blood smear. Strikingly large 
platelets are characteristic of certain inherited disorders, such 
as Bernard-Soulier syndrome. A markedly elevated platelet 
count is present in the myeloproliferative disorder, essential 
thrombocytosis.

Definitive methods for the study of platelet dysfunction 
are time-consuming and technically difficult. The absence 
of platelet aggregation by ADP, collagen, and epinephrine 
is characteristic of Glanzmann thrombasthenia. Deficient 
secondary wave aggregation is associated with various dis-
orders of the release reaction, such as inherited deficiency of 
storage nucleotides, uremia, and aspirin ingestion. Abnormal 
responses to ristocetin indicate vWD or Bernard-Soulier 
syndrome.
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Figure 45.5. An approach for evaluation of thrombocytopenia. The necessity to do 
a bone marrow examination in the evaluation of idiopathic thrombocytopenic purpura (ITP) 
is  controversial. ITP is a diagnosis of exclusion. DIC, disseminated intravascular coagulation; 
SLE, systemic lupus erythematosus; TTP, thrombotic thrombocytopenic purpura. (Redrawn from 
Kjeldsberg C, ed. Practical diagnosis of hematologic disorders, 4th ed. Chicago: ASCP Press, 
2006:319.)

Thrombocytopenia detected
by automated blood counter

Confirm by evaluating blood smear
(exclude spurious thrombocytopenia)

Is there an obvious reason for thrombocytopenia?
(recent chemotherapy, radiotherapy,

splenomegaly, hemodilution)

Perform bone marrow exam
Megakaryocytes

Yes
No further testing is needed

No

Other marrow elements

Decreased
Examine marrow for
infiltrative disease,

aplasia, etc.

Normal or
increased

Normal

ITP

Abnormal

Peripheral platelet destruction
Exclude DIC, TTP, drugs, SLE

Evaluate for primary
hematologic disease

von Willebrand Disease

Abnormal

Normal

Disorders of
Platelet Function

Assays for VIIIc, VWFAg,
Ristocetin Cofactor

Platelet Function Studies
Platelet Morphology

Tests of Aggregation and Release

Mucocutaneous Bleeding
Platelet Count Normal

Figure 45.6. Laboratory diagnosis of von Willebrand disease (vWD) and platelet dys-
function. The initial evaluation reveals mucocutaneous bleeding symptoms in a patient with a 
normal platelet count (block on left). In vWD, the partial thromboplastin time also may be pro-
longed because of deficiency of factor VIIIc. Additional tests (blocks) and a suggested sequence 
for their performance are indicated as a flow diagram. Some patients with vWD may have normal 
assays for factor VIIIc, von Willebrand factor Ag (vWFAg), and ristocetin cofactor activity. These 
patients may be diagnosed by abnormal ristocetin-induced platelet agglutination when aggrega-
tion studies are performed or by multimeric analysis of vWF. For patients with normal studies for 
vWD and platelet dysfunction who are strongly suspected of having an inherited disorder, von 
Willebrand studies should be repeated.

disorders of the Intrinsic pathway of 
Coagulation
Disorders of the intrinsic pathway of coagulation are character-
ized by a prolonged PTT and a normal PT (Table 45.3). Inherited 
forms include deficiencies of factor VIII or IX (hemophilia A and 
B), prekallikrein, high-molecular-weight kininogen, factor XI, or 
factor XII (Fig. 45.7). Factor XII (Hageman factor) deficiency and 
deficiencies of prekallikrein or high-molecular-weight kininogen 
can be excluded readily, because they are not associated with 
excessive clinical bleeding. Distinguishing between deficiencies 
of factors VIII, IX, and XI is done by performing specific assays 
for these factors. Screens (mixing studies) should also be per-
formed to exclude antibodies to the intrinsic factor under study. 
If a factor VIII inhibitor is identified, the titer should be quan-
titated (see Chapter 54). An algorithm approach for evaluating 
bleeding patients with an isolated, prolonged PTT is shown in 
Figure 45.8.

Acquired coagulation disorders associated with a prolonged 
PTT and a normal PT include the lupus inhibitor and antibodies 
to factor VIII. Prolongation of the PTT is commonly the result of 
heparin administration or poorly collected blood samples.

disorders of the Common pathway of 
Coagulation
Prolongation of the PTT and PT in a patient with an inherited 
bleeding disorder indicates a deficiency of one of the factors in 
the common pathway—factor X, factor V, prothrombin, or fibrino-
gen, or a dysfibrinogen (Table 45.3 and Fig. 45.7). Such isolated 
deficiencies are exceedingly rare. On the other hand, deficiency of 
one or more of these factors is associated with additional abnor-
malities in the intrinsic and extrinsic pathways in many of the 
common acquired coagulation disorders, such as vitamin K defi-
ciency, liver disease, and DIC. A prolonged PT usually suggests an 
acquired disorder (excluding the rare cases of inherited factor VII 
deficiency) and usually is associated with a complex abnormality 
involving multiple pathways, such as DIC.

When confronted with this combination of findings, the first 
step should be to exclude or to identify an abnormality of fibrino-
gen. This may be accomplished by determination of the plasma 
fibrinogen level and tests for increased amounts of D-dimer or 
FDP. The most helpful ancillary procedures are the platelet count 
and examination of the blood smear for schistocytes. The labora-
tory findings characteristic of DIC are summarized in Chapter 54.

Inherited disorders associated with a low fibrinogen level 
include afibrinogenemia, hypofibrinogenemia, and dysfibrino-
genemia (see Chapter 53). In certain dysfibrinogenemias, large 
amounts of unclotted fibrinogen remain in the serum and are 
detected by tests for FDP.

Inherited deficiencies of factor V, factor X, and prothrombin 
can be diagnosed by specific factor assays.

disorders of the Extrinsic pathway of 
Coagulation
A prolonged PT and a normal PTT (Table 45.3) suggest an 
isolated deficiency of factor VII, which is rare and may be the 
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ASSAY FOR
FACTOR VII

DISORDER OF
EXTRINSIC
PATHWAY

PTT   N      PT    A

PTT   N      PT    N

PTT   A      PT    N

PTT   A      PT    A

UREA CLOT
SOLUBILITY
TEST

FACTOR XIII
DEFICIENCY

DISORDER OF
COMMON
PATHWAY

ASSAYS OF FACTORS X, V
PROTHROMBIN, FIBRINOGEN,
SPECIAL TESTS FOR
DYSFIBRINOGENEMIA

ASSAYS FOR FACTOR XII,
PREKALLIKREIN AND
HMWK DEFICIENCY

BLEEDING
ABSENT

DISORDER OF
INTRINSIC
PATHWAY

BLEEDING
PRESENT

ASSAYS FOR
FACTORS VIII,
IX, AND XI

Also, consider
mild deficiencies
of factors VIII, IX, XI
and dysfibrinogenemia

Figure 45.7. Laboratory diagnosis of inherited 
coagulation disorders. Results of primary screening 
tests of coagulation (activated partial thromboplastin 
time [PTT], prothrombin time [PT]) are summarized in the 
center block. Additional tests (blocks) and a suggested 
sequence for their performance are presented as a flow 
diagram. A more complete list of the differential diag-
nosis of bleeding disorders is presented in Table 45.3. 
A,  abnormal; HMWK, high-molecular-weight kininogen; 
N, normal; PTT, partial thromboplastin time.

Prolonged aPTT
Normal PT

Inhibitor screen;
exclude heparin

Factor VIII assay

NormalDecreased

vWF antigen,
ristocetin

cofactor activity

Factor IX assay

Decreased Normal

XI assayHemophilia B

Normal* Decreased

Factor XI
Deficiency

Factor VIII
inhibitor screen

Hemophilia A

NormalAbnormal

vWD

Figure 45.8. evaluation of a patient with bleeding and an isolated, prolonged partial 
thromboplastin time (PTT). Asterisk indicates that patients with clinical bleeding but normal 
studies should be evaluated further for lupus anticoagulants associated with either platelet dys-
function or thrombocytopenia. PT, prothrombin time; PTT, activated partial thromboplastin time; 
vWD, von Willebrand disease; vWF, von Willebrand factor. (Redrawn from Kjeldsberg CR, Perkins 
SL, eds. Practical diagnosis of hematologic disorders, 5th ed. Chicago: ASCP Press, 2010:349.)

Intravascular Coagulation
Heparin

Liver Disease
Dysfibrinogenemia
Primary Fibrinolysis
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Thrombin Time
Fibrinogen Level

D-dimer or FDP Assay

Liver Disease
Vitamin K Deficiency

Coumarin Drugs

Factor VIII Inhibitors
Heparin

Inhibitors of Lupus Type

Disorder of
Intrinsic Pathway

Disorder of
Extrinsic Pathway

Early Liver Disease
Coumarin Drugs

Dysfibrinogenemia
Intravascular Coagulation

Disorder of
Common or

Multiple
Pathways

PTT

PTT

PTT

A

A

N

PT

PT

PT

N

A

A

Figure 45.9. Laboratory diagnosis of acquired coagulation disorders. Results of 
primary screening tests of coagulation (partial thromboplastin time [PTT], prothrombin time 
[PT]) are summarized in the left-side block. Additional tests (right-side block) and a suggested 
sequence for their performance are presented as a flow diagram. Because of the complexity of 
acquired coagulation disorders and great variations in the results of laboratory tests that may be 
encountered in the various disorders and in individual patients, this diagram should be regarded 
as a general guide only. A more complete list of the differential diagnosis of bleeding disorders is 
presented in Table 45.3. A, abnormal; FDP, fibrin degradation products; N, normal.

result of an inherited or an acquired abnormality (Figs. 45.7 and 
45.9). Less commonly, inhibitors of factor VII have been reported 
(see  Chapter  54). Additionally, certain cases of DIC or dysfi-
brinogenemia may present with isolated prolonged PT values.123 
Because factor VII is essential only in the tissue factor–activated 
extrinsic pathway of coagulation, the Stypven time is normal in 
patients with factor VII deficiency.

disorders in Which results of primary 
Screening Tests are Normal
Screening tests usually yield normal results in patients with bleed-
ing disorders related to vascular abnormalities (Tables 45.3 and 
45.4). The diagnosis is usually made from the associated clinical 
findings that are often characteristic, such as the skin lesions of 
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Patients scheduled for minor surgical procedures (dental, skin 
biopsy) do not need routine hemostasis screening tests if they 
have a negative history. In contrast, patients undergoing neuro-
surgery or other procedures that may induce a hemostatic defect 
(use of a bypass pump) or patients with a positive bleeding his-
tory need a hemostasis evaluation by the laboratory. Table 45.5 
summarizes the recommendations of Rapaport in evaluating 
preoperative patients.126

eValuation of tHe neonate
Laboratory investigation of hemostasis and blood coagulation in 
the neonate and infant differs from that just outlined in several 
respects.127 First, the quantity of blood that can be obtained is 
limited, and often, the venipuncture is difficult. Various microtech-
niques and modifications of standard coagulation techniques that 
involve the use of capillary blood have been developed to circum-
vent this problem.128 Second, in terms of adult norms, the results 
of some tests are abnormal, even in healthy full-term infants 
(Table 45.6). Such physiologic abnormalities presumably are the 
result of deficiencies of the vitamin K–dependent factors and of 
additional abnormalities in the contact phase of coagulation and 
in the thrombin–fibrinogen reaction.4,129

The PT may be prolonged but often is normal if vitamin K is 
administered to the infant or mother.129 Abnormalities of the 
thrombin time and the PTT are present in many normal neo-
nates. These findings usually disappear within 2 to 6 months.4 
These abnormalities and moderate deficiencies of the vitamin 
K– dependent factors (prothrombin; factors VII, IX, and X; and 
proteins C and S) are more pronounced in the premature than in 
the full-term infant, and they are inversely proportional to gesta-
tional age and birth weight. Levels of factors VIII and V as well 
as antithrombin may be low in extremely premature infants.130 
Factor VIII levels and the ratio of vWFAg to VIIIc are higher in 
term infants than in adults or older children.

Levels of factor V are normal in both neonates and thriving 
premature infants.129,131 Levels of antithrombin and other physi-
ologic inhibitors of coagulation and of factor XIII are below adult 
norms in term neonates.132 Significant abnormalities of platelet 

hereditary hemorrhagic telangiectasia, allergic purpura, scurvy, 
and senile purpura. The results of screening tests also are normal 
in factor XIII (fibrin-stabilizing factor) deficiency, a disorder in 
which the diagnosis is made by the demonstration of characteris-
tic clot solubility in urea or monochloroacetic acid.

Although abnormal in the typical case, the results of screen-
ing tests may be normal or equivocal in patients with mild 
coagulation disorders (including heterozygous carriers), certain 
disorders of platelet function, mild forms of vWD, and dysfi-
brinogenemia or abnormal fibrinolysis.101,124 More definitive 
tests are required to establish the diagnosis in these patients 
(Table 45.4). An increasing number of reports have indicated 
that many bleeding patients with normal screening studies 
have disorders of platelet procoagulant activity, such as Scott 
syndrome.125

There are patients with a significant bleeding history in whom 
the results of detailed studies of hemostasis and blood coagulation 
are normal. Some have disorders of hemostasis that cannot be 
detected by methods currently available. The clinical management 
of these cases requires great care, and the fact that a clear-cut 
history of bleeding is always more significant than negative labo-
ratory data cannot be overemphasized. Trauma may be denied in 
physically abused patients and may be self-inflicted in psychotic 
or neurotic patients.

preoperatiVe HeMostasis 
eValuation
The value of obtaining routine screening tests before surgical 
procedures has been debated for years.126 The screening tests 
for hemostasis are not totally satisfactory in detecting all mild 
hemostatic defects. Nevertheless, routine preoperative labora-
tory screening is of great value in certain high-risk patients who 
have disorders that predispose them to unexpected postsurgical 
bleeding, even from limited biopsy procedures. Important in this 
category are patients with liver disease, biliary obstruction, renal 
disease (particularly if complicated by azotemia), myelofibrosis, 
polycythemia vera, and other myeloproliferative disorders, par-
ticularly those associated with thrombocytosis and those with 
paraproteinemias. Included in this list should be all patients 
scheduled to undergo procedures involving the use of extracorpo-
real circulatory devices.

One approach to the question of preoperative hemostasis 
screening tests is to balance the financial costs of laboratory 
testing with the extent of surgery to be performed and with the 
amount of bleeding that can be safely tolerated. This approach 
makes the patient’s hemostasis history particularly important. 

von Willebrand disease

Mild inherited coagulation disorders, particularly factor XI deficiency

Heterozygous carriers of inherited coagulation disorders

Factor XIII (fibrin-stabilizing factor) deficiency

Some forms of dysfibrinogenemia

Disordered platelet function, particularly deficient release reaction; Scott syndrome

Hereditary hemorrhagic telangiectasia

Allergic and other vascular purpuras

a2-Plasmin inhibitor deficiency

Elevated levels of plasminogen activator

BleeDing DisorDers in wHiCH tHe results of Primary 
sCreening tests may Be normal

TaBLE 45.4

Level
Bleeding 
History

Surgical 
Procedure

Recommended Hemostasis 
Evaluation

I Negative Minor None

II Negative Major Platelet count, PTT

III Equivocal Major, involving 
hemostatic  
impairment

PT, PTT, platelet count, factor XIII 
assay, euglobulin clot lysis time

IV Positive Major or minor Level III tests; if negative, then  
factors VIII, IX, and XI assays, thrombin 
time, a2-antiplasmin assay; consider 
von Willebrand disease and platelet 
aggregation  testing; consider specific 
tests for uncommon disorders listed in 
Table 45.3

PT, prothrombin time; PTT, activated partial thromboplastin time.
Note: Information in this table is a revision based on the suggested preoperative guidelines 
for hemostasis testing by Rapaport.126 The bleeding time is omitted as a hemostasis test 
because of more recent appreciation of its weakness as a useful test. Comprehensive testing 
should be performed on level IV patients.
Modified from Rodgers GM. Preoperative hemostasis screening. In: Kjeldsberg CR, Perkins SL, 
eds. Practical diagnosis of hematologic disorders, 5th ed. Chicago: ASCP Press, 2010:373.

guiDelines for PreoPeratiVe Hemostasis eValuation

TaBLE 45.5
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Age

Coagulation Tests 3 Daysa 1–12 Monthsa 1–5 Yearsa 7–9 Yearsb,c
10–11 
Yearsb,c

12–13 
Yearsb,c

14–15 
Yearsb,c

16–17 
Yearsb,c Adultb,c

Fibrinogen (g/L) 2.83–4.01 0.82–3.83 1.62–4.01 1.98–4.13 1.97–4.10 2.15–3.78 2.04–3.92 2.08–4.38 2.11–4.41

Prothrombin (U/ml) 0.50–0.73 0.62–1.03 0.70–1.09 0.78–1.25 0.78–1.20 0.72–1.23 0.75–1.35 0.77–1.30 0.86–1.50

Factor V (U/ml) 0.92–1.54 0.94–1.41 0.67–1.27 0.69–1.32 0.66–1.36 0.66–1.35 0.61–1.29 0.65–1.31 0.62–1.40

Factor VII (U/ml) 0.67–1.07 0.83–1.60 0.72–1.50 0.67–1.45 0.71–1.63 0.78–1.60 0.74–1.80 0.63–1.63 0.80–1.81

Factor VIII (U/ml) 0.83–2.74 0.54–1.45 0.36–1.85 0.76–1.99 0.80–2.09 0.72–1.98 0.69–2.37 0.63–2.21 0.56–1.91

Factor IX (U/ml) 0.44–0.97 0.43–1.21 0.44–1.27 0.70–1.33 0.72–1.49 0.73–1.52 0.80–1.61 0.86–1.76 0.78–1.84

Factor X (U/ml) 0.46–0.75 0.77–1.22 0.72–1.25 0.74–1.30 0.70–1.34 0.69–1.33 0.63–1.46 0.74–1.46 0.81–1.57

Factor XI (U/ml) 0.24–0.79 0.62–1.25 0.65–1.62 0.70–1.38 0.66–1.37 0.68–1.38 0.57–1.29 0.65–1.59 0.56–1.53

vWFAg (U/ml) — — — 0.62–1.80d 0.63–1.89d 0.60–1.89d 0.57–1.99d 0.50–2.05d 0.52–2.14d

R:Cof (U/ml) — — — 0.52–1.76 0.60–1.95 0.50–1.84 0.50–2.03 0.49–2.04 0.51–2.15

Antithrombin (U/ml) 0.60–0.89 0.72–1.34 1.01–1.31 0.90–1.35 0.90–1.34 0.90–1.32 0.90–1.31 0.87–1.31 0.76–1.28

Protein C (U/ml) 0.24–0.51 0.28–1.24 0.50–1.34 0.70–1.42 0.68–1.43 0.66–1.62 0.69–1.70 0.70–1.71 0.83–1.68

Protein Se (U/ml) 0.33–0.67 0.29–1.62 0.67–1.36 M 0.66–1.40 0.65–1.39 0.72–1.39 0.68–1.45 0.77–1.67 0.66–1.43

F 0.62–1.51 0.65–1.42 0.70–1.40 0.55–1.45 0.51–1.47 0.57–1.31

Plasminogen (U/ml) — — — 0.76–1.16 0.74–1.17 0.66–1.14 0.71–1.24 0.75–1.32 0.71–1.44

a2–antiplasmin (U/ml) — — — 0.88–1.47 0.90–1.44 0.87–1.42 0.83–1.36 0.77–1.34 0.82–1.33

Note: Prothrombin time and partial thromboplastin time values are not shown because these values depend on reagent selection. Adult values represent those of the University of Utah Medical 
Center Hemostasis and Thrombosis Laboratory. There are no data for children 6 years of age.
aMonagle P, Barnes C, Ignjatovic V, et al. Developmental haemostasis. Impact for clinical haemostasis laboratories. Thromb Haemost 2006;95:362–372.
bFlanders MM, Crist RA, Roberts WL, Rodgers GM. Pediatric reference intervals for seven common coagulation assays. Clin Chem 2005;51:1738–1742.
cFlanders MM, Phansalkar AR, Crist RA, et al. Pediatric reference intervals for uncommon bleeding and thrombotic disorders. J Pediatr 2006;149:275–277.
dResults are of antigenic assays; all other results are of functional assays.
eGender-specific reference ranges are given for protein S for children ages 7–9 years and older.

age-relateD Coagulation referenCe Values in newBorns, CHilDren, anD aDults

TaBLE 45.6

aggregation and of the results of other platelet function tests may 
be seen in normal neonates.133 The newborn also is abnormally 
susceptible to drugs that impair platelet function, including those 
transferred placentally from the mother. The platelet count in 
term infants, as well as in thriving premature infants, is within the 
range found in adults and older children. Table 45.6 summarizes 
coagulation reference ranges in newborns, children, and adults.
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defects are rare but have been demonstrated in certain forms of 
hereditary thrombocytopenia, such as Wiskott-Aldrich syndrome 
(see Chapter 49).12 In such disorders, the survival of affected 
platelets is shortened in the circulation of both the patient and 
normal recipients. Platelets injured by either intracorpuscular 
or extracorpuscular processes usually are removed from the 
circulation by the spleen, liver, and reticuloendothelial system. 
Platelet destruction most often is the result of extracorpuscular 
factors; various immunologic phenomena are the most common. 
Immunologic platelet destruction is discussed in Chapter 47.

Platelet consumption in intravascular thrombi or on damaged 
endothelial surfaces is another cause of thrombocytopenia. This 
occurs in disseminated intra vascular coagulation (see Chapter 54) 
and in thrombotic thrombocytopenic purpura (see Chapter 48) 
and other microangiopathic processes. Thrombocytopenia caused 
by other nonimmunologic platelet destruction is discussed in 
Chapter 49.

Deficient Platelet Production
Deficient platelet production may result from any of a number of 
processes. Those that depopulate the stem cell or megakaryocyte 

C h a P t e r  4 6
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paThophysiology
Thrombocytopenia may be defined as a subnormal number of 
platelets in the circulating blood. It is the most common cause 
of abnormal bleeding. Despite the number and diversity of dis-
orders that may be associated etiologically, thrombocytopenia 
results from only four processes: artifactual thrombocytopenia, 
deficient platelet production, accelerated platelet destruction, and 
abnormal distribution or pooling of the platelets within the body 
(Fig.  46.1). The changes in the basic parameters of thrombopoi-
esis that are characteristic of each of these processes are sum-
marized in Table 46.1.

artifactual thrombocytopenia
Artifactual thrombocytopenia, or falsely low platelet counts, 
occurs ex vivo when platelets are not counted accurately. This 
mechanism should be considered in patients who have throm-
bocytopenia but no petechiae or ecchymoses. Although inac-
curate counting may occur in the presence of giant platelets1 or 
with platelet satellitism,2 the most common cause of artifactual 
thrombocytopenia is platelet clumping (pseudothrombocytope-
nia).3 Platelet clumping in pseudothrombocytopenia appears 
to be caused by anticoagulant-dependent platelet agglutinins 
that are immunoglobulins (Igs) of IgG, IgA, or IgM subtypes. 
Although clumping is most commonly seen when blood is 
collected into ethylenediaminetetraacetic acid anticoagulant, 
other anticoagulants may cause clumping, even hirudin or Phe-
Pro-Arg chloromethyl ketone.4 Platelet clumping is also time-
dependent and varies with the type of instrumentation used for 
automatic counting.4 There is evidence that the autoantibodies 
bind to glycoprotein IIb/IIIa,5 and in one study, there was over 
80% concordance between the presence of anticardiolipin anti-
body and platelet agglutinins in individual patient plasmas.6 
These autoantibodies have no known associations with dis-
ease or drugs and have been noted in some patients for over 
10 years.7

accelerated Platelet Destruction
Accelerated platelet destruction is the most common cause of 
thrombocytopenia. It leads to stimulation of thrombopoiesis 
and, consequently, to an increase in the number, size, and rate 
of maturation of the precursor megakaryocytes (Fig. 46.1).8 
When the rate of platelet destruction exceeds this compensa-
tory increase in platelet production, thrombocytopenia develops. 
“Compensated” platelet destruction without thrombocytopenia 
also may occur in patients with prosthetic heart valves and 
in patients with idiopathic thrombocytopenic purpura after 
splenectomy.9–11

Platelet destruction may result from both intracorpuscular 
defects and extracorpuscular abnormalities. Intracorpuscular 
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Figure 46.1. The pathophysiology of thrombocytopenia.  A simplified diagram of the 
biodynamics of the megakaryocyte–platelet system (solid lines ) and the mechanisms (dashed 
lines ) by which pathologic processes (shaded blocks ) produce thrombocytopenia.
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compartments are the most common, such as marrow injury 
by myelosuppressive drugs or irradiation and aplastic anemia. 
Deficient platelet production also may be the consequence of 
disordered proliferation within a precursor compartment of 
normal or even increased size. For example, in disorders char-
acterized by megaloblastic hematopoiesis, hypertrophy of the 
precursor compartment occurs in response to thrombopoietic 
stimuli, but thrombopoiesis is ineffective and platelet produc-
tion is insufficient. Rarely, abnormalities of the processes that 
normally regulate thrombopoiesis appear to underlie deficient 
platelet production, such as deficiency of thrombopoietin and 
cyclic thrombocytopenia.

abnormal Pooling
Abnormal pooling or abnormal in vivo distribution of an essen-
tially normal total platelet mass may produce thrombocytopenia. 
This type of thrombocytopenia is seen in the various disorders 
associated with splenomegaly (see Chapter 49), in which platelet 
production is normal or even increased, but most of the plate-
lets are sequestered in the vastly enlarged extravascular splenic 
pool. Thrombocytopenia may also be caused by dilution of plate-
lets when patients are massively transfused during blood loss. 
A discussion of various forms of thrombocytopenia attributable to 
deficient or ineffective thrombopoiesis or abnormal platelet pool-
ing is included in Chapter 49.

classificaTion
A classification of thrombocytopenia based on pathophysiologic 
criteria is presented in Table 46.2. It should be recognized that 
multiple pathogenetic factors may simultaneously or sequentially 
play a role in the production of thrombocytopenia.

Methods for the measurement of serum thrombopoietin con-
centrations or reticulated platelets have been reported. These 
techniques may both elucidate the pathophysiology of thrombo-
cytopenia in various disease states and determine the mechanism 
of thrombocytopenia in individual patients. Reticulated platelets 
can be identified with fluorescent dyes that bind to nucleic acids, 

Decreased Production

Measurement
Hypoproliferation 
or Hypoplasiaa

Ineffective 
Thrombopoiesisb Accelerated Destructionc Abnormal Pooling

Total megakaryocyte massd Decreased Increased M increased V increased

Megakaryocyte number Decreased M increased Increased V increased

Megakaryocyte volume Increased Normal or V decreased Increased V increased

Platelet turnover rate or 
production ratee

Decreased Decreased Increased V increased

Total platelet mass Decreased Decreased Decreased ? Normal

Splenic platelet pool Decreased Decreased Decreasedf Increased

Platelet survival Normal V shortened Shortened V shortened

M, markedly; V, variably.
a Includes myelophthisic processes.
b Mainly in megaloblastic hematopoiesis; component of accelerated destruction present in some cases.
c Minor component of ineffective thrombopoiesis present in some cases.
d Equated to total thrombopoiesis.
e Equated to effective thrombopoiesis.
f Not representative of sequestered antibody-sensitized platelets.
Based on Harker LA. Megakaryocyte quantitation. J Clin Invest 1968;47:452–457; Harker LA. Thrombokinetics in idiopathic thrombocytopenic purpura. Br J Haematol 1970;19:95–104; 
and Harker LA, Finch CA. Thrombokinetics in man. J Clin Invest 1969;48:963–974.

ThrombokineTiC PaTTerns in Various Forms oF ThromboCyToPenia

tabLe 46.1

Artifactual thrombocytopenia

Platelet clumping caused by anticoagulant-dependent immunoglobulin 
(pseudothrombocytopenia)

Platelet satellitism

Giant platelets

Decreased platelet production (see Chapter 49)

Hypoplasia of megakaryocytes

Ineffective thrombopoiesis

Disorders of thrombopoietic control

Hereditary thrombocytopenias

Increased platelet destruction

Caused by immunologic processes (see Chapter 47)

 Autoimmune
  Idiopathic
   Secondary: Infections, pregnancy, collagen vascular disorders, 

 lymphoproliferative disorders, drugs, miscellaneous
 Alloimmune
  Neonatal thrombocytopenia
  Posttransfusion purpura
Caused by nonimmunologic processes

 Thrombotic microangiopathies
  Disseminated intravascular coagulation (see Chapter 54)
  Thrombotic thrombocytopenic purpura (see Chapter 48)
  Hemolytic-uremic syndrome (see Chapter 48)
Platelet damage by abnormal vascular surfaces (see Chapter 49)

Miscellaneous (see Chapter 49)

  Infection
  Massive blood transfusions

Abnormal platelet distribution or pooling (see Chapter 49)

Disorders of the spleen (neoplastic, congestive, infiltrative, infectious, of 
unknown cause)

Hypothermia

Dilution of platelets with massive transfusions

PaThoPhysiologiC ClassiFiCaTion oF ThromboCyToPenia

tabLe 46.2
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especially RNA. Measurement of the percentage of reticulated 
platelets identifies platelets that have recently been released from 
the bone marrow. There is an increased percentage of reticulated 
platelets in patients with thrombocytopenia caused by increased 
destruction and a normal to reduced percentage of reticulated 
platelets in patients with deficient production.13,14 The sensitiv-
ity and specificity of this method of distinguishing between these 
categories are reported to be more than 95%.15
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C h a p t e r  4 7

Immune thrombocytopenia (ITP) occurs when platelets undergo 
premature destruction as a result of autoantibody or immune 
complex deposition on their membranes. Although this disorder 
was previously known as idiopathic thrombocytopenic pur-
pura, it is now correctly termed ITP because this nomenclature 
more clearly reflects the immune-mediated mechanism of the 
disease.1 In this chapter, both primary and secondary types 
of ITP are discussed (Table 47.1). Human immunodeficiency-
virus–related autoimmune thrombocytopenia, which is also in 
major part a result of the deposition of autoantibody or immune 
complexes, or both, on the platelet surface, is discussed in 
Chapter 64.

The diagnosis of ITP is primarily a diagnosis of exclu-
sion, because currently available clinical assays for platelet-
associated antibodies or serum antiplatelet antibodies/immune 
complexes are neither specific nor sensitive enough for routine 
clinical use. These disorders are characterized by peripheral 
thrombocytopenia (confirmed by examination of the peripheral 
smear), with a normal or increased number of megakaryocytes 
present on bone marrow examination, and absence of sple-
nomegaly. Those patients who have no identifiable underly-
ing cause, which might include infections, collagen vascular 
diseases, lymphoproliferative disorders (chronic lymphocytic 
leukemia or lymphoma), or drugs, are diagnosed as primary 
ITP. In some instances, ITP may be the presenting manifestation 
of an underlying disease, and additional manifestations appear 
weeks to months later.

primary immune 
THromboCyTopenia
Primary ITP refers to thrombocytopenia in which apparent 
exogenous etiologic factors are lacking and in which dis-
eases known to be associated with secondary thrombocyto-
penia have been excluded. This syndrome has been recently 
reviewed.2–6

Acute ITP and chronic ITP differ in incidence, prognosis, and 
therapy (Table 47.2). These differences illustrate the wide spec-
trum of disorders that by definition are included in the syndrome, 
but many clinicians have long believed that acute ITP and chronic 
ITP are fundamentally different disorders.

Primary

Secondary

 Infections

 Collagen vascular diseases

 Lymphoproliferative disorders

 Solid tumors

 Drugs

 Miscellaneous

Immune ThrombocyTopenIa

taBLe 47.1

Feature Acute ITP Chronic ITP

Peak age of incidence Children, 2–6 y Adults, 20–40 y

Sex predilection None 3:1 female to male

Antecedent infection Common 1–3 wk before Unusual

Onset of bleeding Abrupt Insidious

Hemorrhagic bullae in mouth Present in severe cases Usually absent

Platelet count <20,000/ml 30,000–80,000/ml

Eosinophilia and lymphocytosis Common Rare

Duration 2–6 wk; rarely longer Months or years

Spontaneous remissions Occur in 80% of cases Uncommon

FeaTures oF acuTe and chronIc Immune 
ThrombocyTopenIa

taBLe 47.2

Incidence
The annual incidence of ITP in the United States is estimated to 
be 1.6/10,000.7 Acute ITP, defined as thrombocytopenia occur-
ring for <6 months and usually resolving spontaneously, most 
often affects children and young adults. The incidence peaks 
in the winter and spring, following the incidence of viral infec-
tions.8,9 Acute ITP is most common between 2 and 6 years of age. 
Approximately 7% to 28% of children with acute ITP develop the 
chronic variety.9–11 Chronic ITP, lasting >6 months and requiring 
therapy to improve the thrombocytopenia, occurs most commonly 
in adults. In chronic ITP in adults, the median age is usually 40 to 
45 years,12,13 although in one large series of patients, 74% of 934 
cases were younger than age 40 (range, 16 to 87 years of age).14 
The ratio of females to males is nearly 1:1 in acute ITP9–11,15 and 
2 to 3:1 in chronic ITP.13,14

pathophysiology
The syndrome of ITP is caused by platelet-specific autoantibodies 
that bind to autologous platelets, which are then rapidly cleared 
from the circulation by the mononuclear phagocyte system via 
macrophage Fcg receptors predominantly in the spleen and liver16 
(Fig. 47.1). The ITP antibody does not fix complement in vitro 
when tested by the usual techniques, but activation of components 
of complement on the platelet surface may be demonstrated.17,18

A compensatory increase in platelet production takes place in 
most patients in response to the autoantibody-mediated platelet 
destruction described above. In others, however, platelet produc-
tion appears to be impaired as a result of either intramedullary 
destruction of antibody-coated platelets by marrow macrophages 
or the inhibition of megakaryopoiesis. Autoantibodies from ITP 
patients have been shown to inhibit production of megakaryocytes 
in vitro, and megakaryocyte apoptosis has also been observed in 
this setting.19–21 Turnover studies have shown platelet production 
to be reduced or inappropriately normal in around two thirds of 
ITP patients.22,23,24 In one study, megakaryocytes were small in 
patients with anti-gpIb/V/IX autoantibodies and increased in size 
and cytoplasmic area in patients with anti-gpIIb/IIIa autoantibodies, 
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Figure 47.1. Antiplatelet antibody–induced destruction of platelets (P) in chronic 
immune thrombocytopenia. Immunoglobulin binds to platelet-associated antigen, result-
ing in phagocytosis by macrophages (M). Antiplatelet antibody–coated platelets bind to mac-
rophages through macrophage Fc receptors (FcR). •, platelet membrane antigen; g, platelet 
autoantibody.

Comments

Ig subtype IgG, IgA, IgMa IgG and IgA have equal  
frequency

Antigen specificity gpIIb/IIIa, Ib/V/IX Most common antigens

gpIa/IIa, IV Never only antigen if positive

Granule membrane 
protein-140

One patient reported

Glycosphingolipid Rare; unclear pathogenetic  
importance

Cardiolipin Common; ?pathogenetic 
importance

Presence of antibody

 Plasma 85% of patients

 Platelet eluate 75% of patients

  Complement  
fixation by antibody

Rare Unresolved importance

  Circulating immune 
complexes

Rare Unresolved importance

gp, glycoprotein; Ig, immunoglobulin.
aIgM is never present as the only antiplatelet Ig in an individual patient.

characTerIsTIcs oF plaTeleT auToanTIbodIes In 
prImary Immune ThrombocyTopenIa

taBLe 47.3

suggesting that the anti-gpIIb/IIIa autoantibody impairs platelet 
production.25 Megakaryocyte colony formation (colony-forming 
unit megakaryocyte) is increased in acute ITP.26,27 In chronic ITP, 
decreased megakaryocyte colony formation has been reported.28

Consistent with findings of inappropriately low platelet pro-
duction in ITP, plasma levels of endogenous thrombopoietin 
have not been found to be elevated in ITP.29,30 This differs from 
impaired platelet production settings such as following chemo-
therapy.29–31 This may be a result of clearance of thrombopoietin 
by the megakaryocyte and platelet mass.32

Platelet Antibodies
In 1951, Harrington and colleagues first reported that the infusion 
of plasma from patients with ITP predictably induced thrombo-
cytopenia in normal recipients.33 Shulman and colleagues then 
demonstrated that the responsible factor was an immunoglobu-
lin (Ig) of the IgG class that was species-specific and could be 
removed from serum by absorption to and elution from normal 
human platelets.34 In addition, the platelet-depressing factor 
produced effects in vivo that were quantitatively and qualitatively 
similar to those produced by known platelet antibodies. In 1982, 
van Leeuwen first identified platelet membrane glycoprotein IIb/
IIIa as a dominant antigen by demonstrating that the autoanti-
bodies eluted from ITP platelets bound to normal platelets but 
not to platelets from patients with Glanzmann thrombasthenia.35 
Increased quantities of IgG have been demonstrated on the plate-
let surface in ITP, and the rate of platelet destruction is propor-
tional to levels of such platelet-associated Ig.36,37 Autoantibodies 
are readily found in plasma or platelet eluate in patients with 
active disease, but are infrequently found in patients in remis-
sion.38,39 Disappearance of the antibodies correlates with the 
appearance of normal platelet counts.38

The antiplatelet antibodies and platelet antigens involved in 
ITP have been extensively studied (Table 47.3). Antiplatelet auto-
antibodies bind to many of the major platelet membrane glyco-
proteins through the Fab portion of the molecule40,41 (Fig. 47.2). 
Platelet gpIIb/IIIa was the first platelet antigen detected, and 
microtiter assays using platelet monoclonal antibodies to gpIb 
and gpIIb/IIIa later demonstrated that platelet autoantibod-
ies bind to both major platelet membrane glycoproteins.42,43,44 
Serum autoantibodies can react with IIb or IIIa or the intact IIb/IIIa 
complex.44–55 Platelet autoantibody binding to gpIba has been 
reported, but data indicate that the majority of Ib/V/IX autoan-
tibodies are directed to the complex.56,57 Some autoantibodies 
react with gpIV and a2b1, although the plasma from these patients 
usually also contains autoantibodies reacting with one of the other 
two major platelet membrane antigens.57 Serum antibodies to 

P-selectin (CD62P) and avb3 have been detected as well, but their 
clinical significance is unknown.58,59

Antibodies in ITP sera have also been demonstrated to bind to 
glycosphingolipids60,61 and cardiolipin.62–65 Although two studies 
identified antiphospholipid antibodies (lupus anticoagulant activ-
ity or anticardiolipin antibodies) in 46% and 38%, respectively, 
of ITP patients at diagnosis, there was little clinical evidence that 
they played a role in the pathogenesis of the disease or affected 
outcome.66,67

The presence of antibodies against multiple antigens is seen 
in most patients.68 Once destruction of platelets within antigen-
presenting cells occurs, this generates a series of neoantigens that 
in turn results in sufficient antibody to cause thrombocytopenia. 
This phenomenon is termed epitope spread.69 Plasma autoan-
tibodies and autoantibodies eluted from platelets in the same 
patient may have slight differences in antigen specificities within 
a membrane glycoprotein complex.49 There is evidence from two 
studies that the specific b3 antigen epitope in any given patient to 
which anti-gpIIIa autoantibodies are directed may influence the 
clinical presentation and course of the disease.49,70 Whether these 
findings can be generalized to other ITP autoantibody epitopes is 
unknown.

Autoantibodies bind to platelets and cause thrombocytopenia 
primarily by shortening platelet survival. However, rare auto-
antibodies have also been reported that bind to glycoproteins 
and activate platelets.71–75 Additionally, one patient with an 
anti-gpIIIa antibody was reported to have developed an antibody-
related defect in aggregation and adhesion.76

The incidence of serum autoantibodies to platelet gpIIb/IIIa is 
the same in the acute and chronic forms of childhood ITP (68% 
vs. 62%, respectively).77 The presence of anti-gpIIb/IIIa, therefore, 
does not predict which children will develop the chronic form of the 
disease, and, in fact, these data provide evidence that the mecha-
nism may be the same in both acute and chronic forms of ITP.

The role of cell-mediated immunity in ITP remains uncertain, 
although data from patients with ITP suggest that T lymphocytes 
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 ChaPtEr 47 Thrombocytopenia caused by Immunologic platelet destruction 1063

demonstrate phenotypic and functional abnormalities. Platelet 
reactive T-cell clones can be identified from the peripheral blood 
of adults and peripheral blood and spleens of children with chronic 
ITP, suggesting that autoreactive peripheral T lymphocytes may 
mediate or participate in disease pathophysiology.53,78,79 Adults 
with ITP often have increased numbers of HLA-DR+ T cells, 
increased numbers of soluble interleukin-2 receptors, and a cyto-
kine profile suggesting the activation of precursor and mature 
helper T-cells.79 CD3+ T cells from ITP patients in one DNA 
microarray study had increased expression of genes involved in 
cell-mediated cytotoxicity and, in addition, cytotoxic cell-mediated 
lysis of autologous platelets was shown in active ITP.80

Platelet Survival
Platelet survival, measured using 51chromium- or 111indium-
labeled platelets, is shortened in ITP, and the survival time 
can range from 2 to 3 days to a matter of minutes.22,23,24,80–89 
Using 111indium-labeled autologous platelets, some investiga-
tors found an inverse correlation between venous platelet 
count and platelet survival,86 whereas others have not.87 These 
study differences may relate to the types of patients included, 
as patients with mild to moderate thrombocytopenia have a 
longer  measured platelet survival than patients with severe 
thrombocytopenia.

Figure 47.2. Types of antibody-mediated platelet 
destruction. A: Platelet autoantibodies bind to vari-
able external and internal platelet epitopes. B: Quinine/
quinidine-dependent antibodies. The antibody target is a 
complex of drug and glycoprotein (GP) (usually gpIb/V/IX or 
gpIIb/IIIa). C: Heparin-dependent antibodies. The antigen–
antibody complex (target: platelet factor 4 [PF4]/heparin) 
activates platelets by the binding of immunoglobulin G (IgG) 
to Fc gRIIA on platelets. D: Platelet alloantibodies bind to 
platelet tertiary conformational epitopes on the platelet 
membrane. (Modified from Kelton, reference 40.)
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Splenic sequestration and destruction account for the short-
ened survival in most patients,90,91 but the liver and the reticulo-
endothelial cells of the bone marrow can play a major role in the 
sequestration of antibody-coated platelets, especially in patients 
with very low platelet counts or continued thrombocytopenia 
after splenectomy.22,23,86 Patients with severe thrombocytopenia 
have been found to have elevated levels of macrophage colony- 
stimulating factor92 and increased in vitro monocyte-platelet 
rosette formation.93 The spleen has also been implicated as a site 
of antibody formation.94,95 In a pathologic study of 83 spleens 
that had been removed after patients did not respond to steroid 
therapy, investigators found splenic weights of <300 g, prominent 
secondary lymphoid follicles (28%), foamy macrophages (67%), 
and megakaryocytic extramedullary hematopoiesis (60%).96 
These pathologic changes reflect the two major pathogenic roles 
of the spleen: Antiplatelet antibody production and macrophage- 
mediated platelet destruction.

Clinical picture

Immune Thrombocytopenia in Children
In children with acute ITP, the onset of the disorder usually is 
sudden (Table 47.2). A history of infection preceding the onset 
of bleeding has been documented repeatedly.97,98 In one series, 
such infections were noted within 3 weeks of the onset of ITP 
in 84% of cases.8,9 Varicella zoster virus and Epstein-Barr virus 
are the most frequently identifiable viruses, although nonspecific 
unidentified viral infections predominate.99 Acute ITP may also 
occur after vaccination.100 Although it is most common between 
2 and 5 years of age, ITP occurs in all pediatric age groups.101 
The severity of ITP in infants is similar to that in older children, 
but compared to older children, a relatively small percentage of 
infants develop chronic ITP. A male preponderance was observed 
in the infant population in two studies.101,102 Even though throm-
bocytopenia is likely to be severe, the bleeding manifestations 
of acute ITP in children usually are mild,103 and intracranial 
hemorrhage occurs in <1% of patients. The rare adult with the 
acute form of the disorder, however, may suffer hemorrhage 
and a more fulminant course. Acute ITP in children usually is 
self-limited; spontaneous remissions occur in as many as 90% 
of patients.8,9 The duration of the disease ranges from a few 
days to a few months, with an average of 4 to 6 weeks.104 The 
favorable prognosis of ITP in children reflects the preponder-
ance of the acute form of the disease in this age group. Children 
with thrombocytopenia of >6 months duration are classified as 
chronic ITP, although spontaneous remissions may still occur in 
an occasional child after 6 months.105,106 Fever of mild degree 
has been reported, and the spleen tip may be palpable in up to 
10% of patients, but this is believed to be the same incidence as 
is seen in normal children.107 The spleen is usually of normal 
weight in those patients who proceed to splenectomy.97

Immune Thrombocytopenia in Adults
In adults, the onset of the chronic form of the disorder usu-
ally is insidious (Table 47.2). A long history of hemorrhagic 
symptoms of mild to moderate severity is often described by 
the patient, but antecedent infections or fever are uncommon. 
Patients with chronic ITP usually have a fluctuating clinical 
course. Episodes of bleeding may last days or weeks and may 
be intermittent or even cyclic. Spontaneous remissions are 
very uncommon in adults, with an estimated occurrence of 
<5%.13,14,108–110 Most spontaneous remissions occur early; 
however, remissions have been described after 6 months in 
a small number of patients.13 Relapses in some cases are 
associated with vaccination.111 Often the clinical course is  
surprisingly benign.

Bleeding Manifestations
The hemorrhagic manifestations of ITP are of the purpuric type. 
Patients with only ecchymoses and petechiae have “dry” purpura; 
those with mucous membrane bleeding in addition to skin mani-
festations have “wet” purpura.112 Platelet counts are usually lower 
and the complication rates higher in those with wet purpura. In 
a series of 712 patients reported by the Israeli ITP study group, 
82% of all patients had bleeding limited to the skin, although 43% 
of adult women reported menometrorrhagia.98

In general, the severity and frequency of hemorrhagic 
manifestations correlate with the platelet count (Fig. 47.3).113 
Bleeding after trauma without spontaneous hemorrhage is usual 
in mildly affected patients with platelet counts >50,000/ml. 
Thrombocytopenia associated with counts between 10,000 and 
50,000/ml results in spontaneous hemorrhagic manifestations 
of varying severity, such as ecchymoses and petechiae. Patients 
with platelet counts <10,000/ml are at risk for serious morbidity 
and mortality from bleeding, although the mortality rate is actu-
ally quite low.114 Patients who have an increased risk of bleeding 
include those with a history of bleeding, those with additional 
bleeding diatheses, and patients >60 years of age.12,114 Older 
patients have also been reported to have an increased incidence 
of major, life-threatening bleeding.12,115,116

Skin and Mucous Membranes
Spontaneous bleeding into the skin in the form of petechiae is char-
acteristic. These lesions are minute, red to purple hemorrhages that 
range in size from that of a pinpoint to that of a pinhead (Fig. 47.4). 
They are flat, do not blanch with pressure, and appear and regress, 
often in crops, over a period of days. They are most conspicuous in 
areas of vascular stasis, such as the areas below tourniquet sites, the 
dependent portions of the body (especially around the ankles), and 
areas subjected to constriction from belts or stockings, as well as on 
skin surfaces over bony prominences. The presence of petechiae on 
the face and neck is unusual, except as the result of coughing.

Ecchymoses may develop on any skin surface. In ITP, they 
are seldom associated with subcutaneous hematomas and infre-
quently spread or dissect into deeper or adjacent structures. 
Large, purple, superficial ecchymoses may be seen, particularly 
on the back and thighs. Circular ecchymoses often surround even 
atraumatic venipuncture sites, but external bleeding from such 
sites is uncommon. Hemorrhagic vesicles or bullae may be seen 
inside the mouth and on other mucous surfaces. The bullae prob-
ably are the result of severe acute thrombocytopenia rather than 
a specific feature of any particular pathogenetic form.
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Figure 47.3. Bleeding manifestations in relation to platelet count in patients with 
primary immune thrombocytopenia. Bleeding manifestations (or duration) are graded from 
0 to 4, as follows: 0, no bleeding; 1, minimal, resulting from trauma; 2, spontaneous, but self-
limited; 3, spontaneous, requiring special attention (e.g., nasal packs); and 4, massive uncon-
trolled or poorly controlled. (From Lacey and Penner, reference 113.)
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Gingival bleeding and epistaxis are common. The latter usu-
ally responds for a time to conservative measures, such as nasal 
packing or tamponade, often to recur intermittently. Epistaxis may 
originate from lesions resembling petechiae in the nasal mucosa. 
Such lesions also may be found in the mucous membranes of 
the throat and mouth, sometimes in the absence of cutaneous 
hemorrhage. In many patients, discrete bleeding points cannot 
be identified.

The genitourinary tract is a frequent site of bleeding. 
Menorrhagia may be the only symptom of ITP and may appear 
for the first time at puberty. Hematuria also is a common symp-
tom, the blood coming from the kidneys, the bladder, or the 
urethra, although bleeding into the kidney parenchyma is rare. 
Gastrointestinal bleeding is usually manifested by melena or, less 
often, by hematemesis.

Central Nervous System
Intracranial hemorrhage is the most serious complication of ITP. 
Fortunately, it is rare, affecting 1% to 2% or less of patients with 
severe thrombocytopenia.9,117 The hemorrhages usually are sub-
arachnoid, often are multiple, and vary in size from petechiae to 
large extravasations of blood. Numerous small hemorrhages often 
are seen in the retina; subconjunctival hemorrhage may also occur.

Bleeding after Trauma
Excessive bleeding often follows tooth extractions, tonsillectomy, 
or other operations or injuries and may first suggest the diagnosis 
of ITP. In contrast to the hereditary coagulation disorders, such 
traumatic bleeding is seldom voluminous or rapid. Slow persistent 
oozing may occur after trivial cuts, razor nicks, and scratches. 
Delayed bleeding and spontaneous hemarthrosis, which are char-
acteristic of the hereditary coagulation disorders, are extremely 
rare in ITP.

Laboratory Findings

Blood
The mean platelet count of patients at the time of diagnosis of 
ITP is 25 to 30,000 and severe thrombocytopenia (<10,000) 
is frequently seen.117,118 Abnormalities in platelet size and 
morphologic appearance are common. The platelets often are 
abnormally large (3 to 4 mm in diameter) and reveal more than 
normal variation in size and shape. Abnormally small platelets 
and platelet fragments (“microparticles”) also are evident and 

may represent the equivalent of microspherocytes and schisto-
cytes.119–122 Although megakaryocyte fragments may be apparent 
in routine blood smears, quantitative studies reveal subnormal 
numbers of these fragments.123

Estimates of mean platelet volume (MPV) and the extent of 
platelet size heterogeneity (platelet distribution width) by means 
of automated particle counters may, if present, provide useful 
information in the evaluation of patients with ITP.124 The pres-
ence of numerous megathrombocytes results in high MPV val-
ues.125 Platelet distribution width also is increased, presumably 
reflecting an abnormal degree of platelet anisocytosis.126 The 
exact mechanism underlying such megathrombocytosis is still 
uncertain, but it may be the result of accelerated platelet produc-
tion in response to platelet destruction. When MPV is increased in 
patients with ITP, it is typically inversely correlated in a nonlin-
ear manner with the platelet count. In contrast, low MPV values 
have been reported in association with big spleen syndromes126 
and some myeloproliferative disorders, after chemotherapy with 
cytotoxic drugs, and in patients with septic thrombocytopenia.127

Significant abnormalities in the other blood counts should 
prompt a thorough evaluation for other causes of thrombocyto-
penia as these findings are unusual in ITP. Anemia, if present, is 
proportional to the extent of blood loss and is usually normocytic. 
If bleeding has been severe and long-standing, iron deficiency 
anemia may occur. Occasionally, recent severe hemorrhage may 
produce reticulocytosis and moderate macrocytosis. Antiplatelet 
antibodies in patients with ITP do not usually cross-react with 
erythrocytes, although erythrocyte fragmentation, presumably the 
result of weak complement activation, may occur.121 Patients may 
also have a positive direct Coombs test and autoimmune hemo-
lytic anemia; the combination is known as Evans syndrome.128,129

The total leukocyte count and the differential count usually 
are normal. Eosinophilia has been noted, particularly in chil-
dren, but this finding is by no means consistent. Lymphocytosis 
with abnormal cells resembling those characteristic of infectious 
mononucleosis also has been reported.130,131

Tests of hemostasis and blood coagulation reveal only changes 
attributable to thrombocytopenia, such as a prolonged bleeding 
time. The results of tests of blood coagulation, including pro-
thrombin time, partial thromboplastin time, and fibrinogen, are 
normal in patients with uncomplicated thrombocytopenia. Slight 
increases in the levels of fibrinogen degradation products have 
been demonstrated in the plasma of some patients with ITP.132 
Plasma levels of glycocalicin, a portion of platelet membrane 
gpIb, may be high in patients with ITP and other forms of platelet 
destruction. As noted previously, concentrations of thrombopoi-
etin are not significantly increased in ITP.

Bone Marrow
ITP causes no characteristic bone marrow changes; therefore, 
bone marrow examination should not be routine. The American 
Society of Hematology (ASH) guidelines for management of ITP 
recommend against bone marrow biopsy in both children and 
adults with history, physical exam, CBC, and peripheral smear 
typical of ITP.5 However, bone marrow aspiration may be helpful 
in the differential diagnosis of ITP in patients who have atypical 
findings that may suggest some of these other etiologies.

In patients with ITP, alterations in the bone marrow are usually 
limited to the megakaryocytes, although normoblastic hyperplasia 
may develop as a result of blood loss. The leukocytes are essen-
tially normal with the exception of occasional eosinophilia.133

Megakaryocytes usually are increased in size134 and are 
increased or normal in number,135,136 the numbers correlating 
roughly with the MPV. Morphologic abnormalities of these giant 
cells are present in most patients with ITP. “Smooth” forms with 
single nuclei, scanty cytoplasm, and relatively few granules are 
common. Presumably, they represent the results of markedly 

Figure 47.4. Petechiae. Pinpoint, nonblanching erythematous capillary bleeding sites 
are most common in dependent body areas or pressure points.

72683_ch047_1061-1076.indd   1065 7/31/13   12:04 PM



1066 Part v disorders of hemostasis and coagulation • SECtION 2 Thrombocytopenia

accelerated platelet production and the presence of many young 
forms.137,138 The changes just summarized are similar to those 
found in most forms of thrombocytopenia caused by accelerated 
platelet destruction and are not characteristic or diagnostic of ITP.

Antiplatelet Antibodies
Primary ITP is a diagnosis of exclusion and relies on clinical 
impression. A number of different types of antiplatelet antibody 
tests have been developed and reported through the years.36,139–146 
Most of these tests were quite cumbersome and therefore never 
became available for routine testing. These tests measured 
different types of Ig, including serum antiplatelet antibodies, 
platelet-associated surface Ig, or total platelet Ig and are now 
generally regarded as unreliable.147 The platelet Ig is released, 
along with other a-granule proteins, such as platelet factor 4 and 
b-thromboglobulin, during platelet activation and secretion. It is 
presumed that some of these released proteins bind to the plate-
let surface. These observations make it difficult to use either the 
platelet-associated IgG assays or the total platelet Ig assays for the 
diagnosis of ITP.148

In a more recent generation of antiplatelet antibody assays, 
monoclonal antibodies for the specific platelet membrane glyco-
proteins that are implicated in ITP are used in antigen-capture–
type assays (also called glycoprotein immobilization assays).149 
Studies have identified a specificity of 78% to 93%.150,151 
However, the sensitivity (49% to 66%) is not high enough to 
exclude the presence of ITP if the test is negative.68,151,152 None of 
these tests is in routine clinical use, and experts disagree on their 
role in the diagnosis of ITP. Future direction might include the use 
of flow cytometry in the diagnosis and follow-up of autoimmune 
thrombocytopenia.153

Differential Diagnosis
The initial step in the evaluation of a thrombocytopenic patient is 
inspection of the peripheral blood smear to confirm the decreased 
platelet count.154 Thrombocytopenia may be produced artifactu-
ally by clumping of the platelets in the blood sample caused by 
ethylenediaminetetra-acetic acid–associated platelet agglutinins 
(pseudothrombocytopenia),155,156 or the platelets may be unavail-
able for counting because they are bound in rosette formation 
to the surface of white blood cells in the venous blood sample 
(“platelet satellitism”).157,158

The diagnosis of ITP is usually a diagnosis of exclusion based 
on a demonstration of peripheral thrombocytopenia, with a his-
tory, physical examination, and complete blood count that do not 
suggest another cause for the thrombocytopenia. Splenomegaly 
suggests that the thrombocytopenia may be a result of hyper-
splenism related to the presence of a separate underlying disease 
associated with splenic enlargement.

The initial manifestations of acute leukemia, myelodysplastic 
syndrome,159,160 myelophthisic processes, and aplastic anemia 
may mimic ITP. These other types of underlying hematologic 
disorders are suggested by anemia out of proportion to blood loss 
and by changes in the leukocytes not attributable to either hem-
orrhage or complicating infection. Although not routinely recom-
mended for the diagnosis of ITP, bone marrow aspiration may be 
helpful in the differential diagnosis of ITP in patients who have 
atypical findings that may suggest some of these other etiologies.

The presence of schistocytes in the blood smear suggests that 
thrombocytopenia may be associated with a microangiopathic 
process (see Chapter 48). In thrombotic thrombocytopenic pur-
pura (TTP) or hemolytic-uremic syndrome (HUS), thrombocyto-
penia is associated with laboratory manifestations of hemolysis, 
including elevated levels of lactate dehydrogenase and indirect 
bilirubin.161 Patients may also have transient, multifocal neu-
rologic signs or symptoms, renal insufficiency, and/or fever in 

TTP, or renal insufficiency alone in HUS. After a diagnosis of 
ITP, the next essential step is to distinguish between primary ITP 
purpura and secondary forms of ITP purpura, such as human 
immunodeficiency virus, hepatitis C, or Helicobacter pylori infec-
tions; collagen vascular diseases such as systemic lupus erythe-
matosus (SLE); lymphoproliferative disorders such as chronic 
lymphocytic leukemia; and drug ingestion. The ASH guidelines 
recommend considering testing all adults with a new diagnosis 
of ITP for hepatitis C and HIV as treatment plans differ in these 
settings.5 The importance of careful inquiry regarding drug inges-
tion or exposure to toxic substances cannot be overemphasized, 
because thrombocytopenia attributable to drugs or toxins often 
is indistinguishable from ITP.162 The development of thrombo-
cytopenia in an adult, in particular, should arouse suspicion of 
a pharmacologic etiology, because many of the drugs associated 
with thrombocytopenia are used more often by adults than by 
children. It is also essential to eliminate the possibility that the 
thrombocytopenia is secondary to heparin administration. ITP 
may be produced by heparin administered in any dose and by any 
route of administration, including heparin-bonded catheters.163 
Finally, the antiphospholipid antibody syndrome is a disorder that 
may be associated with thrombocytopenia. In the usual case, this 
presentation may be associated with thromboembolic manifesta-
tions, anticardiolipin antibodies, and coagulation inhibitors of the 
lupus type (see Chapter 54).

treatment of primary Immune 
thrombocytopenia
Many of the treatment recommendations for ITP are based on 
expert opinion rather than high-level evidence from randomized 
controlled trials. The ASH has published a practice guideline on 
ITP.5,164,165 The reader is referred to this practice guideline for 
specific questions regarding the treatment of patients with ITP.

Children
Childhood ITP is usually benign and self-limited. Therefore, treat-
ment is not required for most patients. Treatment is reserved for 
patients with severe thrombocytopenia (<20,000/ml) and bleed-
ing, or patients who remain thrombocytopenic for >6 months, 
that is, those with chronic ITP (Table 47.4).166 Treatment guide-
lines recommend observation for all children with no or mild 
bleeding, regardless of platelet count.5 Although the greatest 

Children Adults

Asymptomatic None Steroids (preferred) or IVIG

Minor purpura
Mucosal membrane  
bleeding that may require 
clinical intervention

None
IVIG or steroids

Steroids (preferred) or IVIG)
IVIG and/or steroids

Severe, life-threatening 
bleeding

Steroids and IVIG
Hospitalization
Consider platelet 
transfusion and other 
measures

Steroids and IVIG
Hospitalization
Consider platelet transfusion 
and other measures

a The current ASH guidelines recommend treatment for adults with platelet counts of 
<30,000/ml.

recommendaTIons For InITIal TreaTmenT oF Immune 
ThrombocyTopenIa (IVIG) paTIenTs wITh plaTeleT 
counTs <20,000–30,000/mla

taBLe 47.4
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fear in the acute form is intracranial hemorrhage, several large 
studies show that even with low platelet counts (<30,000/ml) 
life-threatening bleeding and intracranial hemorrhage are rare 
(<0.5%).166,167

Treatment guidelines for pediatric ITP recommend first-line 
treatment with either a single dose of intravenous immuno-
globulin (IVIG) (0.8 to 1 g/kg) or a short course of steroids.5 
Several multicenter randomized trials have been performed in 
high-risk patients with acute ITP to define whether treatment 
is associated with a prompt increase in platelet counts. These 
clinical trials demonstrated that treatment with either oral pred-
nisone or IVIG was associated with a more rapid rise in platelet 
count to >20,000/ml than either no therapy or treatment with 
anti-D.168,169 Only IVIG shortened the time to reach a platelet 
count >50,000/ml. More recently, children with platelet counts 
<10,000/ml or counts of 10,000 to 29,000/ml and mucosal bleed-
ing were studied in a prospective randomized clinical trial, and 
IVIG raised platelet counts faster than three corticosteroid regi-
mens.170 Therefore, IVIG should be preferentially used if a rapid 
rise in platelet count is desired.

Treatment of children who develop persistent ITP or are unre-
sponsive to initial treatment is evolving. Splenectomy remains a 
standard given high response rates; however, many experts rec-
ommend delaying splenectomy for at least 12 months given the 
frequency of spontaneous remission.5 Rituximab treatment has 
been used in children and adolescents in a small study comprised 
of 36 patients with chronic ITP.171 In contrast to observations 
in adults, the median time to response was 1 week (range 1 to 
7 weeks), and the overall response rate was 31%. Outcome was 
not associated with age, prior pharmacologic response, prior sple-
nectomy, duration of disease, screening platelet count, refractori-
ness, or IgM reduction. Therefore, rituximab may be considered 

1Emergency

IV methylprednisolone 1g/d x 3 d
IVIG (1 g/kg/d x 1–2 d)
± IV anti-D (50–75 µg/kg)
± IV vincristine (1–2 mg)
± Platelet transfusion
± Factor VIIa

Platelet Count > 20–30,000/µl

No treatment  in the absence of
special circumstances

New diagnosis of ITP

2Initial treatment for platelet count < 20,000/µl

Prednisone (1 mg/kg/d) or Dexamethasone (40 mg/d x 4 d)
± IV anti-D (50–75 µg/kg)
± IVIG (1 g/kg/d x 1–2 d)

3Treatment for refractory thrombocytopenia
count < 20,000/µl

Splenectomy
Thrombopoietin  mimetics
          Eltrombopag  (50 mg/d)
          Romiplostim (1–10 mcg/kg SC weekly)
Rituximab (375 mg/m2  IV weekly x 4)

Stable platelet count > 30–50,000/µl

No therapy, observe

Figure 47.5. Therapy of adult immune thrombocytopenia (iTP). (1) Minimal emergency therapy includes intravenous (IV) methylprednisolone and intravenous 
immunoglobulin (IVIG). Intravenous anti-D and platelet transfusions may be given as needed. All three modalities given prior to transfusions may help preserve platelet 
longevity in the circulation and repeated or continuous platelet transfusions may be required in urgent situations. (2) Initial treatment of ITP typically consists of ste-
roids (prednisone or dexamethasone) with the goal of attaining a platelet count of >30,000/ml and cessation of bleeding. IVIG or anti-D may be used if steroids are 
contraindicated or the patient has persistent thrombocytopenia despite steroids. (3) Thrombocytopenia recurs in most adults as corticosteroids are tapered. Treatment 
options for refractory ITP include splenectomy, thrombopoietin mimetics, and rituximab. (Modified from Cines and Bussel, reference 459.)

as an alternative to splenectomy in children with chronic ITP 
or in patients with persistent bleeding despite first-line treat-
ments.5 High-dose dexamethasone (0.6 mg/kg/day) may also be 
considered in patients who are unresponsive to initial therapy 
based on small studies showing a 25% response rate in refractory 
patients.172

Adults
Patients with chronic ITP may have mild thrombocytopenia that 
can be followed without treatment. The incidence of bleeding is 
correlated with the platelet count; therefore, patients with plate-
let counts >50,000/ml rarely have spontaneous bleeding and 
may require treatment only if extensive operative procedures 
are planned. Patients with platelet counts <20,000 to 30,000/ml 
or significant mucosal membrane bleeding with platelet counts 
<50,000/ml are usually treated5 (Table 47.4 and Fig. 47.5).

No prospective studies on long-term prognosis of ITP after 
treatment are reported. However, it has been reported that most 
adult patients have a good response to treatment (without neces-
sarily returning to normal platelet counts) and have no excess 
mortality when compared to the general population.173 A small 
group of patients who had severe thrombocytopenia after 2 years 
of primary and secondary therapies had a mortality risk of 4.2 
(95% confidence interval, 1.7 to 10.0) resulting from both bleeding 
and infectious complications related to therapy.

ITP is uncommon in elderly patients; only 30% of patients 
in reported series are >45 years of age.133,174 However, these 
patients may be more refractory to therapy115 and appear to have 
a higher incidence of hemorrhagic complications than younger 
patients.12 Guthrie and colleagues reported a 52% incidence of 
life-threatening or fatal bleeding in their series of 40 patients 
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older than age 45 years.115 This risk of fatal bleeding in patients 
with platelet counts that are chronically <30,000/ml is estimated 
at 0.4% per year for patients <40 years of age and 13.0% per year 
for patients >60 years of age.175

First-line treatment
Initial treatment for adult patients with newly diagnosed ITP is 
typically steroids. Other options that increase the platelet count 
rapidly include IVIG and anti-D. The most recent ASH guide-
line recommends use of these alternative first-line therapies in 
patients with contraindications to steroids.5 Patients with life-
threatening bleeding may require parenteral glucocorticoids and 
IVIG followed by platelet transfusions,176 plasmapheresis,177 or 
even emergency splenectomy as first-line treatment. Standard ITP 
treatments and their dosing schedules are shown in Table 47.5.

Steroids
Steroids are the conventional first-line therapy for adult ITP. 
Dameshek first reported his experience with prednisone therapy 
in 1958,178 when 30 consecutive patients with acute (N = 11) 
or chronic (N = 19) ITP were treated with 20 to 150 mg/day of 
prednisone. Twenty-two of the patients demonstrated an increase 
in platelet count to normal after an average interval of 22 days 
and then were maintained on 2.5 to 15.0 mg/day of prednisone. 
In eight patients, prednisone was discontinued without relapse.

Numerous retrospective studies of steroid  treatment 
in both children and adults with ITP have been  
reported.13,14,97,98,104,108–110,133,174,179–182 The criteria for inclu-
sion of patients in the individual studies and the criteria for 
response to treatment vary significantly among the reports; 
therefore, it is difficult to combine the data accurately. However, 
some useful observations can be made. Complete (CR) and partial 
(>50,000/ml) responses (PR) in patients treated with prednisone 
(usually, 1 mg/kg/day as starting dose) average 65% to 85%, but 
sustained responses after discontinuation of the drug occur in 
only 25% or less of patients.183,184 Platelet counts usually increase 
within 1 week in responding patients and have usually reached 
peak values by 2 to 4 weeks. Patients who have not had any 

response by 4 weeks are unlikely to respond to prednisone and 
therefore should be considered for other forms of treatment. No 
pretreatment patient characteristics have predicted a patient’s 
response to steroids.

Several prospective randomized steroid treatment trials in 
patients with ITP have been reported. Bellucci and colleagues ran-
domized patients between low (0.25 mg/kg/day) or high (1.0 mg/kg/day) 
prednisone for 3 weeks, with taper and discontinuation by the 
end of the fourth week.185 If bleeding continued, patients could 
be increased from low dose to high dose, or a second 4-week 
course could be given. CR, defined as a platelet count >100,000/ml 
for at least 6 months, was seen in 74% of children and 41% of 
adults. CRs or PRs occurred in 83% of children and 59% of adults. 
No significant differences were seen between low- and high-
dose regimens in either age group. Mazzucconi and colleagues 
randomized patients between prednisone 0.5 mg/kg/day and 
1.5 mg/kg/day.186 The response rates in adults were not sig-
nificantly different between patients treated with low- versus 
high-dose steroids: 30% and 34% CR, respectively. In children, 
however, the rates were 64% for low-dose versus 81% for high-
dose prednisone. Therefore, there is evidence to support the use 
of lower doses of steroids in adults than have conventionally 
been used at the beginning of treatment. However, based on 
the opinion of an expert panel convened by the ASH, high-dose 
prednisone (1 mg/kg/day) is recommended as appropriate initial 
treatment in ITP patients with platelets <30,000/ml, including 
asymptomatic patients.5,164,165

Another prospective randomized, controlled trial compared 
prednisone (1 mg/kg/day) to IVIG (400 mg/kg/day for 4 days), 
or to both in a small number of patients.187 A platelet count 
>50,000/ml was achieved in 82%, 54%, and 92% of patients, 
respectively. The median times to peak platelet counts were 8.5, 
7.0, and 7.0 days. These authors concluded that there was no 
advantage for IVIG over conventional corticosteroid treatment. 
In another recent randomized control trial, platelet counts >50,000/ml 
were achieved more quickly in patients receiving IVIG than in 
those receiving intravenous methylprednisolone, but long-term 
outcomes were the same.188

There are also several studies that have evaluated the role 
of high-dose dexamethasone in the initial treatment of ITP. This 
protocol was initially developed because of concern regarding 
long-term side effects of daily prednisone use. Initial trials showed 
that using 40 mg of dexamethasone daily for 4 consecutive days 
results in an initial response in 85% of patients.189,190 Additional 
work has shown that repeating dexamethasone bursts may 
provide long-term disease control in some patients. Mazzucconi 
and colleagues treated newly diagnosed patients with ITP with 
dexamethasone 40 mg daily for 4 days, repeating these cycles 
every 14 days for 4 cycles.191 A total of 85% of patients responded 
with 65% achieving a CR. Relapse-free survival at 15 months was 
81% indicating that many of these patients may be long-term 
responders.

There are conflicting opinions regarding the choice of pred-
nisone versus dexamethasone for first-line treatment of ITP. The 
writers of the 2011 ASH guidelines favor longer-term prednisone 
over dexamethasone5 but other experts in the field think that 
either is reasonable.192

The mechanism of action of steroids in ITP involves both direct 
and indirect effects on thrombocytopenia. Steroids ameliorate 
thrombocytopenia directly by several mechanisms. Steroids may 
(a) decrease consumption of antibody-coated platelets by the 
spleen193–195 or bone marrow, (b) reduce antibody production 
by the spleen,94,196 (c) decrease antibody production by the bone 
marrow,197 and/or (d) increase marrow platelet production by 
undetermined mechanisms.198

There is little doubt that corticosteroids in high doses ameliorate 
splenic sequestration of antibody-coated platelets. Corticosteroids 
decrease antibody-coated red blood cell sequestration in guinea 

Agent Dose and Schedule

Anti-D immunoglobulin 50–75 mg/kg IV, repeated at 3-week intervals as 
indicated

Cyclophosphamide 150 mg daily for up to 8 wk

Colchicine 200 mg daily for up to 4 wk

Dexamethasone 40 mg daily for 4 d, repeated every 14 d for 4 cycles

Danazol
Eltrombopag

400 mg twice daily for 1 mo or longer
50 mg daily. Must be continued indefinitely.

IVIG 1 g/kg IV for 1–2 d, repeated every 2 to 4 wk as 
indicated

Prednisone

Rituximab
Romiplostim

1 mg/kg daily for up to 28 d, then taper to lowest 
dose possible
375 mg/m2 IV weekly for 4 doses
1–10 mcg/kg subcutaneous injection weekly. Start 
at 1 mcg/kg and titrate based on platelet count. 
Must be continued indefinitely.

Vincristine 2 mg at 5- to 7-day intervals for 2 or more doses

Vinblastin 7.5 mg at 5- to 7-day intervals for 3 or more doses

Modified from Narang et al.460

TherapeuTIc aGenTs and TheIr dosInG schedules

taBLe 47.5
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pig spleens by decreasing Fcg receptor proteins on macro-
phages,199 and in vivo and in vitro data support a similar action of 
steroids in humans.90,91,194,200,201 Corticosteroids also decrease 
monocyte Fc receptors in autoimmune hemolytic anemia.202 
This down-regulation of monocyte/macrophage Fc receptors 
may account for the early effects of steroid treatment on plate-
let counts. Chronic corticosteroid treatment is associated with 
a decrease in antibody production, but this usually occurs after 
several weeks of high-dose steroids. Steroid treatment also results 
in increased platelet production in some ITP patients,198 an effect 
that may be secondary to reduction of the antiplatelet Ig effect 
on thrombopoiesis, reduction in intramedullary destruction of 
antibody-coated platelets before their release into the circulation, 
or decreased antibody synthesis by bone marrow lymphocytes.

In addition to these direct effects on thrombocytopenia, ste-
roids also act on endothelial cells to reduce bleeding. Experimental 
evidence indicates that thinning of the endothelium with develop-
ment of endothelial fenestrations occurs in both animal models 
and humans with ITP, suggesting that platelets play a role in 
normal endothelial homeostasis.203,204 Clinically, steroids are 
known to ameliorate the purpuric bleeding in ITP patients before 
the platelet count actually increases. Experimentally, investigators 
have demonstrated that 3 days after steroid therapy in rabbits 
and 4 days after steroid therapy in patients, the endothelial thin-
ning reverts toward normal, providing a scientific explanation for 
this clinical observation.204,205 This endothelial effect may in part 
be explained by the observation that when endothelial cells are 
cultured with steroids, cell morphology is altered, with greater 
confluence and increased protein synthesis and content.206

Intravenous Immunoglobulin
The intravenous administration of polyvalent Ig (IVIG), first used 
in 1981,207 may induce remissions in patients with life-threatening 
bleeding or in patients with refractory ITP. IVIG therapy has 
proved most effective in infants and small children,208,209 an age 
group in which the response is difficult to evaluate because of 
the frequency of spontaneous remissions. In adults this regimen 
has produced relatively less impressive long-term results,210–213 
although an occasional patient enters complete remission after 
the initial treatment and a series of booster doses.214,215,216,217 
In a review of 28 published reports of IVIG in 282 adults, 64% 
of patients had a peak platelet count >100,000/ml, and 83% 
had peak platelet counts >50,000/ml218 after the initial infusion. 
Platelets may begin to rise after 2 days and usually reach peak 
levels by 1 week after treatment.

Regimens of 400 mg/kg/day for 5 days versus 1,000 mg/kg/day 
for either 1 or 2 days,219,220 have been equally effective in ran-
domized trials, and doses of 0.5 g/kg are as effective as 1.0 g/kg 
for maintenance therapy.221 These doses produce significant 
increases in serum and platelet levels of IgG.209,214,216 In a ran-
domized controlled trial, one dose of 1,000 mg/kg was superior 
to 500 mg/kg in raising platelet counts to >80,000/ml by day 4.220 
Most of these patients were being prepared for splenectomy or 
delivery.

Several mechanisms are thought to be involved in the ben-
eficial effects of IVIG. They include Fc receptor blockade of 
reticuloendothelial cells,214,216,222–225 effects on B cells and anti-
bodies226–231 and anti-inflammatory effects.232,233 No evidence 
exists that reduction of antiplatelet antibodies accounts for the 
acute effects of therapy.232

Therapy with IVIG remains expensive. The rapid nature of 
the response to treatment makes it an ideal agent for treatment 
of patients for life-threatening bleeding or before surgery 234,235; 
however, the role of IVIG in long-term therapy remains uncertain. 
The major side effect of treatment is headache, although some 
patients also develop fever, myalgias, and skin rashes.234 There 
are also reports of acute renal failure occurring in up to 7% of 

patients, especially older patients and those with diabetes, or 
baseline increases in creatinine (or both).236,237 The patients may 
be oliguric, and most demonstrate peak creatinine levels by day 
5 after the IVIG infusion. Hemodialysis may be required acutely, 
and several patients required chronic dialysis. The volume of fluid 
required for IVIG administration can also be a major problem in 
some older patients with co-morbidites such as congestive heart 
failure.

Anti-D
Intravenous Rho (D) immune globulin (anti-D) has been studied 
in children and adult ITP as an alternative to IVIG.238,239,240 The 
mechanism of action is unknown; however, it is believed that the 
antibody coats the red blood cells of Rh-positive patients and 
either blocks the reticuloendothelial clearance of platelets or mod-
ulates the immune system, resulting in an increase in the platelet 
count.240,241 Although infusion of both IVIG and anti-D slow the 
Fcg-receptor–mediated destruction of antibody-coated platelets, 
responses to anti-D appear to uniquely correlate with polymor-
phisms specific to the FcgRIIa and FcgRIIIa receptors.242 This 
is characterized by increases in the plasma levels of IL-6, tumor 
necrosis factor-a, monocyte-chemoattractant protein-1, and IL-10 
that are specific to IV anti-D infusions compared with IVIG.

Children respond better than adults, and nonsplenecto-
mized patients respond better than splenectomized patients to 
 anti-D.241,243 The platelet count does not begin to increase for 
48 to 72 hours, so it may not be as effective for the treatment of 
life-threatening bleeding compared with IVIG. The effect lasts for 
several weeks to a month, and patients respond well to retreat-
ment. They may respond to intramuscular injections given weekly 
as maintenance.244 Occasionally, patients have a sustained remis-
sion.245 Most patients exhibit a modest decrease in hemoglobin, 
and most have subclinical signs of mild hemolysis,243 with 
decreased haptoglobin, increased lactate dehydrogenase, and 
increased indirect bilirubin. Red cell survival is only modestly 
reduced.246 No correlation has been found between the amount 
of hemolysis and the platelet response, leading some investigators 
to question the proposed effect on reticuloendothelial blockade.247 
Reinfusion of autologous red blood cells that have been opsonized 
with anti-D has produced both complete and partial remissions 
in a small number of patients, even after splenectomy.248 With 
respect to anti-D dosing, early studies in adults receiving 25 to 
50 mg/kg/day showed an increase in platelet count of >20,000/ml 
in 79% of patients. However, the platelet count did not increase 
for >72 hours, which made this treatment approach less efficient 
for bleeding patients.249 More recent studies have shown a more 
rapid increase of the platelet count within 24 hours and a longer 
duration of the increase when using a higher dose of 75 mg/kg 
compared with 50 mg/kg.250 Anti-D therapy now carries a black 
box warning that requires observation of the patient for 8 hours 
after administration due to the risk of intravascular hemolysis and 
disseminated intravascular coagulation.251

treatment of Chronic primary Immune 
thrombocytopenia
Many adult patients with ITP, even if they initially respond to ste-
roids, will develop chronic ITP. Chronic ITP is defined as ITP lasting 
longer than 12 months.1 Patients who are asymptomatic and have 
platelet counts between 30,000 and 50,000/ml may be managed 
with careful observation.164,184 Symptomatic patients with plate-
let counts <30,000/ml who had an initial response to steroids can 
be retreated with prednisone and then tapered to find the mini-
mum dose that can maintain the patient hemorrhage-free, even 
if the platelet count is not >30,000/ml. If patients can be main-
tained on 10 mg every other day, additional treatment may not be 
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indicated. Some patients observed for years with platelet counts 
of 10,000/ml have had no significant bleeding other than ecchy-
moses or petechiae, even without steroid therapy.252 Splenectomy 
has been the traditional therapy for refractory cases of ITP. There 
are more options now with accumulating evidence regarding the 
role of rituximab and thrombopoiesis-stimulating agents.

Splenectomy
Patients with severe thrombocytopenia (<10,000/ml) who do 
not respond to steroids (administered for up to 4 weeks) or who 
relapse during steroid tapering, and patients with platelet counts of 
<30,000/ml for periods up to 3 months, should be considered for 
splenectomy.5 Most patients demonstrate a response to steroids 
within 2 to 4 weeks, but a late response is rarely seen. Therefore, 
the best time for splenectomy in a patient who does not respond 
to steroid therapy must be determined individually.

Sustained CRs to splenectomy (variously defined as platelet 
counts of 100,000 to 150,000/ml) have been reported in ∼50% 
to 80% of patients, depending on the series.252–256,257,258–265 
After the operation, the platelet count may increase rapidly, often 
within 24 to 48 hours, and may reach levels as high as 1 million/
ml or even higher in approximately 10 days.97 Operative mortality 
is <1%, and perioperative bleeding is rare.13,14,98,108,109 Platelet 
transfusions are usually given only if the patient has bleeding after 
the spleen has been removed. Postsplenectomy infections are also 
rare, especially if patients have received immunization to encap-
sulated organisms (Streptococcus pneumoniae, Haemophilus 
influenzae, and Neisseria meningitidis) before splenectomy. 
Laparoscopic splenectomies in ITP patients are as successful as 
conventional splenectomies, although patients occasionally may 
require conversion to an open procedure.266,267 Therapeutic 
responses are reported also when splenic ultrasound,267 splenic 
radiation,268,269 or partial splenic embolization270 was used 
instead of splenectomy.

Patients who do not respond to splenectomy or who relapse 
after an initial response to splenectomy should be studied for 
the presence of accessory spleens.262,271–275 The incidence of 
accessory spleens found at the time of the original splenectomy 
ranges from 15% to 20%.257,262 The incidence of accessory 
spleens in patients who relapse after splenectomy may be as 
high as 50%,133,263,264 and surprisingly, the majority of these 
patients demonstrate postsplenectomy changes (i.e., Howell–Jolly 
bodies) on their peripheral blood smears. Relapse secondary to 
an accessory spleen may occur weeks to years after the initial 
splenectomy. Scanning methods have varying sensitivities; con-
ventional 99mtechnetium scans, 99mtechnetium scans using heat-
denatured red blood cells, or computed tomography scans can 
be used. Accessory spleens as small as 0.5 cm have been found 
when 111indium scans were performed preoperatively and isotope 
detector probes were used intraoperatively to detect all accessory 
splenic tissue.257 A review of 56 published cases demonstrated a 
73% excellent therapeutic response and a 27% moderate response 
to accessory splenectomy.257

The effectiveness of splenectomy in the therapy for ITP is 
attributed to removal of the organ that is primarily responsible 
for the destruction of antibody-sensitized platelets. The increase 
in platelet count correlates with an increase in platelet survival, 
whereas platelet production remains unchanged.198 The removal 
of the spleen may also result in a reduction of antibody produc-
tion, but this effect is probably of minimal significance in view 
of the immediate favorable responses to splenectomy. No factors 
have consistently predicted a response to splenectomy; age, con-
centration of platelet-associated IgG, the time between diagnosis 
and splenectomy, the patient’s response to steroids, IVIG or intra-
venous anti-D, and the peak postoperative platelet count have all 
been studied.256,276–280 The site of platelet sequestration, based 
on preoperative 51chromium- and 111indium-labeled platelet 

survival studies, may be predictive of response,260,281 but these 
techniques are seldom used.

Rituximab
Rituximab, an anti-CD20 monoclonal antibody, has produced CRs 
or PRs in approximately 60% of patients.282–285,286 Rituximab 
causes selective B-cell lysis in vitro and B-cell depletion in 
vivo.287 Involved mechanisms of action include apoptosis, anti-
body-dependent cell-mediated cytotoxicity, and/or complement- 
dependent cytotoxicity. Recovery of B-cell counts usually occurs 
by 6 to 12 months after completion of treatment.

Most of the patients in the studies of rituximab in ITP had 
relapsed or refractory disease, and some had undergone splenec-
tomy. The majority of studies have used the standard treatment 
dose of 375 mg/m2 weekly for four weekly doses;286 however, 
published reports have shown that lower doses are effective as 
well.288 The side effects were mild and seen most commonly after 
the first infusion. The long-term safety profile of rituximab is felt 
to be favorable. Only one case of progressive multifocal leukoen-
cephalopathy, a rare but fatal consequence of rituximab adminis-
tration, has been reported in a patient with ITP.289 There are two 
different response patterns, early versus late.290 Patients with an 
early response to four weekly infusions had an increasing platelet 
count after the first or second infusion and peaked between weeks 
6 and 10. Late responders had no rise of their platelet count dur-
ing treatment but increased their platelet count between weeks 6 
and 8, with the peak occurring shortly thereafter. In one study, 
the B-cell count in patients who responded was lower than in 
patients who did not have a response.285

A recent meta-analysis of studies employing rituximab in the 
treatment of refractory/relapsed patients consisted of 299 patients 
described in 15 reports.291 The overall response rate was 55%, 
of which 38% of patients achieved a CR, which was defined as a 
platelet count of at least 100,000 to 150,000/ml. In addition, 17% 
of the patients achieved a PR, which was defined as a platelet 
count of >50,000 and <100,000/ml. The median duration of 
response was 74 weeks (24 to 120 weeks) and in PR patients was 
55 weeks (12 to 160 weeks). CR in splenectomized patients (62%) 
was higher than in nonsplenectomized patients (available from 
five studies, n = 126).272 Another recent meta-analysis showed 
similar results with 43.6% of patients achieving a CR (>150,000/ml) 
and 62.5% of patients achieving a PR (>50,000/ml).286

Longer-term studies have shown that prolonged disease 
responses are less common. Patel et al. reported that with 
2.5 years of follow-up 1 in 6 patients remained in remission.292 
Most patients with relapse can be retreated with rituximab with 
success.293 The role of rituximab as part of first-line therapy for 
ITP is currently under investigation294 but is not considered a 
standard of care.

Thrombopoiesis-stimulating Agents
Thrombopoiesis-stimulating agents (thrombopoietin mimetics) are 
another, recently approved treatment option for management of 
refractory ITP. There are two currently available thrombopoiesis-
stimulating agents, eltrombopag and romiplostim. They have both 
been the subject of randomized controlled trials in refractory ITP.

Eltrombopag, an oral agent, is a peptide that interacts with the 
transmembrane domain of the thrombopoietin receptor thereby 
stimulating differentiation and proliferation of megakaryocytes 
in the bone marrow. The most common side effects are mild 
elevation in liver enzymes and nausea/vomiting.295 In a study 
published in 2009, 114 patients with refractory ITP were random-
ized to eltrombopag versus placebo in a 2:1 randomization.295 
After 6 weeks of follow-up, 59% of patients in the eltrombopag 
arm versus 16% in the placebo arm had achieved a platelet count 
>50,000 and less bleeding was observed in the eltrombopag arm. 

72683_ch047_1061-1076.indd   1070 7/31/13   12:05 PM



D
is

or
de

rs
 o

f 
H

em
os

ta
si

s 
an

d 
C
oa

gu
la

tio
n

 ChaPtEr 47 Thrombocytopenia caused by Immunologic platelet destruction 1071

Platelet counts dropped again within 2 weeks of discontinuing 
therapy. A phase III study (RAISE) in patients with chronic ITP 
published in 2011 showed similar results.296 After two weeks of 
therapy, median platelet counts in the eltrombopag group were 
53,000 to 73,500 versus 17,500 to 23,000 in the placebo arm. 
Patients in the eltrombopag arm had less bleeding and were more 
successfully tapered off their other ITP treatments.

Similar results have been seen with romiplostim. Romiplostim 
is an injectable thrombopoeitin mimetic that is given once per 
week. It is a thrombopoietin mimetic peptide (peptibody) which 
binds to the thrombopoeitin receptor. In a randomized study 
published in 2008, patients with ITP were randomized in a 2:1 
fashion to romiplostim versus placebo.297 In splenectomized and 
nonsplenectomized patients, 79% and 88% of patients receiving 
romiplostim achieved a platelet count >50,000. Only a very low 
number of patients in the placebo arm achieved this threshold 
(14% of nonsplenectomized patients, 0% of splenectomized 
patients). This correlated with decreased use of other ITP thera-
pies. The most common side effects are arthralgias, fatigue, and 
nausea.298 Serious adverse events are rare. Additional trials have 
shown that romiplostim is safe and effective for prolonged use299 
and that decreased bleeding is observed in patients receiving 
romiplostim due to higher platelet counts.300 With prolonged use 
patients do still require regular platelet monitoring as the dose 
required may vary over time.299 As with eltrombopag, indefinite 
treatment is required as platelet counts fall quickly when treat-
ment is discontinued.

There has been some concern regarding increased mar-
row fibrosis in patients receiving eltrombopag or romiplostim. 
Preclinical data showed increased fibrosis in the marrow of rats 
treated with romiplostim.301 This appeared to be dose dependent 
and decreased after the treatment was discontinued. In the same 
paper, a retrospective review of clinical trials using romiplostim 
was performed.301 Reticulin deposition was noted in 10 of 271 
patients; however, most patients did not have bone marrow 
biopsies performed. In 5 patients who had pretreatment bone 
marrow biopsies, reticulin deposition increased in 4 patients. In 
all patients, reticulin staining decreased when romiplostim was 
discontinued. In 10 patients followed prospectively with serial 
bone marrow biopsies, only 1 of 10 patients treated developed 
new reticulin fibrosis on treatment. Similar findings are seen with 
eltrombopag. The clinical significance of this finding is unclear.

Although the thrombopoietin mimetics are effective in both 
splenectomized and nonsplenectomized patients, expert panels 
recommend that they be reserved for patients with refractory ITP 
after splenectomy and patients with contraindications to splenec-
tomy.5 This recommendation is based on concerns regarding the 
requirement for indefinite treatment which is accompanied by 
significant cost and risk of long-term toxicities that have not yet 
been identified.

Immunosuppressive Drugs
Immunosuppressive therapy for ITP has yet to be evaluated thor-
oughly; the overall effectiveness of these potent drugs is variable, 
and remissions achieved have been short-lived. Poor results were 
reported in children.302 Favorable results are nevertheless note-
worthy, because they were obtained in refractory patients who 
had not responded to splenectomy or steroids.303

Preliminary reports of successful treatment in refractory patients 
have been published using high-dose methylprednisolone234,304 
and cyclophosphamide-based combination chemotherapy.305 
Cyclophosphamide alone, either daily oral or pulse intravenous 
therapy, induced remissions in 16% to 55% of patients.14,303,306–308 
However, this drug must be administered for several weeks 
before the platelet count rises and often must be continued for an 
indefinite period to maintain the remission, and side effects such 
as leukopenia and alopecia often are significant. Azathioprine, 

cyclosporin A, mycophenolate mofetil, actinomycin, and other 
immunosuppressive agents, either alone or in combination with 
corticosteroids, have variable success.309–315 Vincristine and 
vinblastine, administered intravenously at weekly intervals, may 
be as effective as cyclophosphamide but act more rapidly, often 
increasing the platelet count within 7 days.316–320 In addition 
to their suppressive effects on cellular and humoral immune 
responses, these agents increase platelet production in both ani-
mals and normal human subjects.321,322 In ITP, their mechanism 
of action has been postulated to be inhibition of microtubule-
dependent events required for monocyte–macrophage function.323

Other Proposed Therapies
A number of other therapies have been reported to be success-
ful in single case reports or in small series of patients. Danazol, 
an attenuated androgen, has been effective in increasing platelet 
counts in patients with ITP in doses ranging from 50 mg/day324 to 
800 mg/day.325–327 The mechanism of action is postulated to be a 
danazol-induced reduction of Fc receptors on phagocytic cells.328 
Long-term results indicate a final response rate of >40% at a 
median follow-up of 10 years with a reasonable safety profile.329 
Recombinant a-interferon can increase platelet counts in up to 
50% of patients when injected subcutaneously three times a week, 
and some responses were durable after stopping treatment.330,331

Supportive Measures
Physical activity should be restricted to minimize the hazards 
of trauma, particularly head injury. Drugs, such as nonsteroidal 
anti-inflammatory drugs, that impair platelet function should be 
avoided. Blood loss should be treated as indicated, and platelet 
concentrates should be administered in the presence of signifi-
cant bleeding.332 However, transfusions typically produce only a 
slight and transient increase in the platelet count, no doubt 
because of the rapidity with which they are destroyed in vivo.333 
Platelet transfusions, nevertheless, may produce some increase 
in platelet numbers in many patients,334 often diminish bleeding 
for a time, and can be effective in the management of serious 
complications such as subarachnoid hemorrhage. They should be 
reserved for such life-threatening emergencies or for the immedi-
ate preoperative treatment of patients with serious hemorrhage 
before splenectomy. A single large dose of IVIG followed by a 
platelet transfusion can be effective in arresting hemorrhage in 
some critically ill patients.235 In most patients with platelet counts 
>50,000/ml, preoperative platelet transfusions are not indicated. 
Platelet transfusions should be avoided in patients with chronic ITP 
because of subsequent development of alloantibodies. Exchange 
plasmapheresis may be valuable in critically ill patients and may 
be particularly effective in children.335–337 Anovulatory hormones 
are useful when menorrhagia is a major complaint. Because of the 
risk of septicemia, polyvalent pneumococcal vaccine, Haemophilus 
influenzae B vaccine, and quadrivalent meningococcal polysac-
charide vaccine should be administered at least 2 weeks before 
elective splenectomy in both adults and children.338

Immune Thrombocytopenia in Pregnancy
Both ITP and non-ITP may occur during pregnancy.339,340 
Thrombocytopenia was present in 7% of women when they were 
admitted to hospital for a full-term delivery in a prospective 7-year 
study of 15,741 mothers and 15,932 newborns.341–343 Most 
platelet counts were between 100,000 and 150,000/ml, and 1% 
of women had platelet counts <100,000/ml. Thrombocytopenia 
was detected incidentally in the majority of women, and only 
0.01% of their infants had fetal platelet counts <50,000/ml. None 
of the infants had hemostatic impairment, and most mothers 
had normal or near-normal platelet counts by discharge. If the 
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mothers had an obstetric or medical complication, the incidence 
of thrombocytopenia (<50,000/ml) in the infants was 0.35%. It is 
unclear when the incidental thrombocytopenia (called gestational 
thrombocytopenia) developed during pregnancy, and the etiology 
of this mild abnormality is likewise unknown. Antiplatelet anti-
body testing was not sufficiently specific to differentiate patients 
with gestational thrombocytopenia from those with ITP.344 Among 
those with maternal thrombocytopenia, 74% have incidental 
thrombocytopenia, and only 4% have ITP.345 It is therefore rec-
ommended that healthy women who have a platelet count of 
70,000 to 150,000/ml at delivery require no specific treatment, 
and the mode of delivery should be determined only by obstetric 
indications.

A recent retrospective 11-year analysis of obstetric patients 
with ITP examined 92 women with ITP during 119 pregnancies.346 
For most women, the pregnancy was uneventful, although women 
had moderate to severe bleeding in 25 pregnancies (21.5%). 
Women in 37 pregnancies received treatment to increase platelet 
counts. During delivery, 44 women received epidural analgesia 
without complications, with most having a platelet count between 
50,000 and 149,000/ml. Most deliveries were vaginal (82.4%). 
Bleeding was uncommon at delivery. In most settings epidural 
analgesia is held if platelets are less than 80 to 90,000/ml.

Platelet autoantibodies in pregnant patients with ITP cross the 
placenta and can produce thrombocytopenia and clinical bleeding 
in the infant. During pregnancy, both maternal and infant health 
must be considered, and management of women with ITP diag-
nosed before or during the pregnancy is therefore more difficult 
and still controversial.345,347 Women with severe thrombocyto-
penia should be treated with IVIG or the lowest dose of steroids 
needed to maintain a platelet count >50,000 to 60,000/ml; it must 
be noted, however, that when mothers have been treated during 
pregnancy, changes in their platelet counts do not correlate with 
the fetal platelet counts when these have been sampled before and 
after treatment.348 When betamethasone or placebo was given for 
4 weeks before delivery in a randomized trial, no differences were 
seen in either the maternal or infant platelet counts or the inci-
dence of bleeding at delivery.349 Splenectomy during pregnancy 
may have higher complication rates, but it is not contraindicated. 
IVIG can be used before delivery to increase the platelet count 
rapidly. The safety of other forms of therapy used in nonpregnant 
ITP patients is uncertain.

At the time of delivery, it must be decided whether to deliver 
the infant by cesarean section or by vaginal delivery. When 474 
infants were analyzed from series reported over a 20-year period, 
10% of infants had platelet counts between 50,000 and 100,000/ml, 
and 15% had platelet counts <50,000/ml.350 Intracranial hem-
orrhage occurred in 3%, but no significant association existed 
between intracranial hemorrhage and mode of delivery. More 
recent data indicate that morbidity and mortality in infants with 
neonatal thrombocytopenia is lower than originally reported. 
Burrows and Kelton published a systematic review of pregnancy 
in patients with ITP, selecting only those series with more than 
10 patients and those that included fetal platelet counts and infant 
outcome.351 They reported 288 live births and an incidence of 
fetal thrombocytopenia of 10% with platelet counts <50,000/ml 
and 4% with platelet counts <20,000/ml. There were no deaths 
and no cases of intracranial hemorrhage, and there was no differ-
ence in morbidity between cesarean sections and vaginal births. 
During the decade from 1990 to 2000, these cumulative totals 
from 13 prospective studies were 9% and 4%.345 Minor bleeding 
complications occurred in 3% of infants, and 2% had major bleed-
ing complications.

Many studies have been done to determine maternal char-
acteristics that may correlate with severe thrombocytopenia in 
the newborn345 and to help with decisions regarding method of 
delivery. To date, only the birth of a previously affected infant 
correlates with the incidence of neonatal thrombocytopenia. Other 

variables that were analyzed, such as the mother’s platelet count 
or prior splenectomy, were predictive in some studies but not in 
others. Fetal platelet counts might be able to predict newborn 
risks of bleeding, but scalp-vein platelet counts can be artifactu-
ally low, and the incidence of complications associated with per-
cutaneous umbilical blood sampling is higher than the incidence 
of postnatal major bleeding. In all these reports, it was also noted 
that the infant platelet count could fall for several days after 
delivery. It is therefore currently recommended that the mode 
of delivery should be determined solely by obstetric indications.5

seConDary auToimmune 
THromboCyTopeniC purpura
Autoimmune thrombocytopenia can be associated with drugs and 
with several common diseases (i.e., collagen vascular disease, 
infections, lymphoproliferative disorders, and Graves disease). 
Secondary ITPs are discussed separately because of their unique 
features and the issues of diagnosis and management. ITP associ-
ated with human immunodeficiency virus infection is discussed 
in Chapter 64.

autoimmune thrombocytopenic purpura 
Secondary to Drugs
Numerous drugs have been associated with ITP. In some cases, 
the evidence associating a given drug to ITP is circumstantial. 
However, a systematic review is available in which specific criteria 
were established to determine the likelihood of drug-induced ITP 
due to specific drugs (Table 47.6).162,352–354 The most common 
drugs with level 1 evidence are quinidine, quinine, rifampin, 
trimethoprim-sulfamethoxazole, danazol, methyldopa (Aldomet), 
acetaminophen, and digoxin. The most common drugs with level 2 
evidence are gold, procainamide, carbamazepine, hydrochloro-
thiazide, ranitidine, and chlorpropamide. Heparin, which causes 
ITP in as many as 1% of patients, is discussed in Chapter 55.

Pathophysiology
Drug-induced platelet antibodies are the result of an idiosyncratic 
reaction that develops in only a small percentage of persons 
exposed to a drug. This ranges from an estimated 38 cases per 
1 million exposures for trimethoprim-sulfamethoxazole to as many 
as 1 in 100 patients for gold salts, and 3 in 100 patients for true 
immune-mediated heparin-induced thrombocytopenia.355,356,357 
It is not clear whether there are predisposing risk factors for most 
of the drugs that cause ITP, although evidence suggests that the 
risk of developing antibodies to gold salts depends on host HLA 
type, with the majority of patients studied expressing HLA-DR3 
antigen.357

Drug-induced antibodies may be complement- or noncomplement-
activating antibodies that react with platelets, in either the 
absence (autoantibodies) or presence of drugs. The most com-
pletely studied antibodies are those that develop in response to 
quinidine/quinine and heparin.40 Most nonheparin drug-induced 
antibodies bind specifically to platelet membrane glycoproteins in 
the IIb/IIIa or the Ib/V/IX complex through the Fab portion of the 
antibody molecule (Fig. 47.2B). In contrast, antibodies to heparin 
bind to a heparin–platelet factor 4 complex, and the immune com-
plex then binds to the platelet membrane via the Fc portion of the 
antibody molecule (Fig. 47.2C).

Most of the drug-induced antibodies are developed in response 
to the parent drug, and drug-dependent antibodies can be dem-
onstrated in a variety of in vitro tests. In some cases, however, 
these tests are negative when the parent compound is pres-
ent but positive if known metabolites are used instead of the 
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Level 1a Level 2b

Acetaminophen Iopanoic acid Acetazolamide

Alprenolol Isoniazid Ampicillin

Aminoglutethimide Levamisole Captopril

Aminosalicylic acid Linezolid Carbamazepine

Lithium

Amiodarone Meclofenamate Chlorpropamide

Filgastrim (G-CSF)

Amphotericin B Mesalamine Fluconazole

Amrinone Methicillin Glibenclamide

Atorvastatin Methyldopa (Aldomet) Gold

Methylprednisolone

Cephalothin Minoxidil Hydrochlorothiazide

Chlorothiazide Nalidixic acid Ibuprofen

Chlorpromazine Naphazoline Oxyphenbutazone

Cimetidine Nitroglycerine Oxytetracycline

Danazol Novobiocin Phenytoin

Orofiban

Deferoxamine Oxprenolol Procainamide

Diatrizoate meglumine/
diatrizoate sodium

Pentoxifylline Ranitidine

Piperacillin Sulindac

Diazepam Quinidine Ticlopidine

Diazoxide Quinine Trastuzumab

Diclofenac Rifampin

Diethylstilbestrol Sulfasalazine

Difluormethylornithine Sulfasoxazole

Digoxin Tamoxifen

Ethambutol Thiothixene

Haloperidol Tolmetin

Indinavir Trimethoprim-
sulfamethoxazole

Interferon-a Vancomycin

Criteriaa,b

1. The candidate drug preceded thrombocytopenia, and recovery from thrombocytopenia 
was complete and sustained after the drug was discontinued.
2. The candidate drug was the only drug used before the onset of thrombocytopenia, or 
other drugs were continued or reintroduced after discontinuation of the candidate drug with 
a sustained normal platelet count.
3. Other etiologies for thrombocytopenia were excluded.
4. Re-exposure to the candidate drug resulted in recurrent thrombocytopenia.
a Level 1 evidence met criteria 1–4.
b Level 2 evidence met criteria 1–3.
Modified from publications by George et al. (references 162, 352–354).

druGs assocIaTed wITh Immune ThrombocyTopenIa 
and crITerIa For TheIr classIFIcaTIon

taBLe 47.6

parent compound. Antibodies against drug metabolites have 
been reported with acetaminophen, para-aminosalicylic acid, 
naproxen, and trimethoprim-sulfamethoxazole.

Clinical Features
Drug-induced thrombocytopenia is associated with a het-
erogeneous clinical picture and varying degrees of bleeding. 
Thrombocytopenia and bleeding usually appear abruptly and 
may be severe. Mucosal membrane bleeding from all sites and 
oral hemorrhagic bullae may occur, and patients often develop 
fever, chills, nausea, vomiting, and fatigue as part of a prodrome 
to the bleeding.

Severe thrombocytopenia usually develops within hours in 
sensitized patients ingesting quinidine or quinine; however, a 
minimum of 6 to 7 days is required to initiate a primary immune 
response in individuals taking the drug for the first time. Some 
patients do not develop thrombocytopenia for months or years, a 
characteristic that seems to be more dependent on the host than 
the type of drug. The amount of drug that is required to cause 
thrombocytopenia is quite variable; however, even the amount of 
quinine present in a gin and tonic (15 mg) is sufficient to produce 
severe thrombocytopenia and bleeding in a patient who has been 
previously sensitized to quinine (“cocktail purpura”).358 After the 
drug is stopped, platelet counts return to normal within days and 
usually are normal by 1 week. Thrombocytopenia induced by gold 
salts resolves more slowly, usually over weeks or months, because 
gold remains in the tissues.

Diagnosis
It is often difficult to make a definite diagnosis of drug-associated 
ITP because either the patient has taken the medication intermit-
tently or a hospitalized patient is receiving more than one drug that 
may cause thrombocytopenia. Although it may be possible to dem-
onstrate drug-dependent antibodies against the parent drug or its 
metabolites, this type of testing is beyond the scope of hospital labo-
ratories. The readministration of the suspected drug in an attempt 
to confirm an etiologic relationship is not recommended as a routine 
diagnostic measure. Most of the level 1 drugs listed in Table 47.6 
were demonstrated to cause immune-mediated thrombocytopenia 
because of patient response to an inadvertent in vivo challenge.

A detailed history, including all prescribed drugs, over-the-
counter medications, and any herbal supplements, is of great 
benefit. Complete data from all English-language articles describ-
ing patients with assumed drug-induced thrombocytopenia have 
been catalogued on the Internet (http://www.ouhsc.edu/platelets/
ditp.html).

Treatment
Ordinarily, no therapy is needed, because withdrawal of the 
offending drug is followed by recovery. IVIG and plasmapheresis 
may be helpful if life-threatening bleeding occurs. Many patients 
are treated with corticosteroids, and a normal platelet count is 
usually restored within 1 week. The major exception is gold-
induced thrombocytopenia, which may persist for weeks or even 
months. British anti-Lewisite (dimercaprol) may accelerate the 
excretion of gold and speed recovery.359

autoimmune thrombocytopenia in Systemic 
Lupus erythematosus
Thrombocytopenia may complicate collagen vascular diseases 
and other disorders associated with disordered immunologic 
responses such as thymoma360 and myasthenia gravis.361–363 In 
most instances, the ITP in SLE appears to result from immunologic 
platelet injury and is identical to primary ITP in most respects.

From 5% to 15% of patients with ITP fulfill the criteria for diag-
nosis of SLE at the time of presentation.364,365 Other patients have 
a positive antinuclear antibody test when they are first diagnosed 
with ITP, and a small number of them may develop SLE within 
several years. Patients with high-titer antinuclear antibody in a 
speckled pattern and antibodies against native DNA and other 
nuclear antigens are the patients most likely to develop SLE.366–369 
SLE is a chronic and debilitating disease, so it is important to 
identify such patients so therapy can be directed at all aspects of 
the autoimmune disease.

ITP in SLE patients may be the result of either specific platelet 
autoantibodies or immune complex deposition on platelets. Only 
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a few studies have been reported in which the newest platelet 
antigen-capture autoantibody tests have been used, and in these 
patients, platelet autoantibodies to platelet membrane glycopro-
teins have been detected.370–373 Thrombocytopenia correlates 
with SLE disease activity374 but not the presence of antiphospho-
lipid antibodies.375–377 These antibodies, which may be present in 
SLE or in otherwise healthy patients, also bind to platelet mem-
brane gpIIb/IIIa or Ib/IX/V.372,373 It is unclear, however, whether 
they are specific to these glycoproteins or cross-reactive.

Patients with ITP and SLE should be treated the same as 
patients with primary ITP, even though there are conflicting 
reports on the success rate of splenectomy in this population.378,379

Immune thrombocytopenia in Other Disorders
ITP has been reported in association with a number of other 
medical conditions, including infections, neoplasms, and thy-
roid disease, and it is unknown whether this increased platelet 
destruction involves antibody binding, immune complex deposi-
tion, and/or antibody-mediated complement activation.

ITP has been documented in patients with infectious mono-
nucleosis, cytomegalovirus, varicella or zoster,380–383 hepatitis 
C,384,385 tuberculosis,386 and human immunodeficiency virus 
infections (discussed in Chapter 64). During the last several years, 
ITP was also reported in patients with H. pylori, particularly in 
Europe and Japan. Platelet counts may or may not normalize 
with treatment directed only at Helicobacter.387–390,391,392–395 
The ASH guidelines recommend that H. pylori infection 
be considered in all adults with ITP for whom eradication therapy 
would be undertaken if testing were positive.5

ITP is a well-known complication of chronic lymphocytic 
leukemia,396 although it is not as frequent as autoimmune 
hemolytic anemia in these patients. It has also been reported 
in patients with other lymphoproliferative disorders including 
Hodgkin disease.397–400 Thrombocytopenia in patients with a 
variety of solid tumors has also been thought to most likely be 
immune-mediated.401,402

Thrombocytopenia may accompany Graves disease and 
Hashimoto thyroiditis,403–406 but it is not certain that it is immu-
nologically mediated. Platelet-associated IgG has been increased 
when studied,406 but there may also be an element of enhanced 
reticuloendothelial phagocytosis.

alloimmune THromboCyTopenia
Platelets express membrane-associated epitopes as a result of 
polymorphisms in discrete regions of the platelet membrane 
surface glycoproteins.407 No natural antibodies to human platelet 
antigens are known. Acquired platelet alloantibodies are of clini-
cal importance in three circumstances: (a) Neonatal alloimmune 
thrombocytopenia (NAIT), which is the result of the placental 
transfer of alloantibodies formed by the mother to incompatible 
fetal platelet antigens;408 (b) posttransfusion purpura (PTP), a 
rare disorder in which the transfusion of platelet-containing blood 
products provokes the formation of alloantibodies that act as 
autoantibodies;409 and (c) passive transfer of platelet alloantibod-
ies after transfusion from a multiparous or multiply transfused 
donor.410–413

Neonatal alloimmune thrombocytopenia

Pathophysiology
Immunologic thrombocytopenia in the newborn may result from 
the placental transfer of platelet antibodies formed as the result 
of active immunization of the mother by fetal platelet antigens. 
Pathophysiologically, such NAIT is similar to erythroblastosis 

fetalis. Thus, as a consequence of the inheritance by the fetus of 
platelet antigens lacking in the mother, alloantibodies are formed 
in the maternal circulation and cross the placenta, producing 
thrombocytopenia in the fetus. Antibodies can be detected as 
early as the 19th week, and thrombocytopenia has been found in 
utero by 20 weeks’ gestation.414 Immunization to human platelet 
alloantigen (HPA)-1a (PLA, ZwA)415,416,417 or HPA-5b (BrA, Zav, 
Hc)418,419 is most common; however, other antigens have been 
detected and found to be responsible for occasional cases of NAIT 
(Fig. 47.2D).415,416,417–426 One of the largest studies to date exam-
ined maternal sera for platelet-reactive antibodies in mothers of 
infants suspected of NAIT. Maternal HPA-1a (PlA1) alloimmuniza-
tion accounted for 79% of confirmed NAIT cases.427 The over-
whelming majority of platelet polymorphisms found to date are 
caused by a single base-pair mutation leading to a single amino 
acid substitution in the polypeptide chain of the specific glycopro-
tein.428 Rarely, HLA antibodies are responsible.415,418

Alloimmunization to platelet antigens commonly develops 
during the first pregnancy and then recurs in >80% of patients 
during subsequent pregnancies. However, not all mothers who 
are missing the antigens presented by the fetus develop antibod-
ies, and not all fetuses and neonates develop thrombocytopenia 
in spite of antibody development.418 HPA-1 mismatch is present 
in 1 in 50 births, yet NAIT occurs in only 1 in 1,000 to 2,000 
births.414,416,417,429 Maternal HLA Class II determinants appear 
to be important. A high incidence of maternal allotypes HLA-DR3 
and HLA-DRw52a has been demonstrated in mothers isoimmu-
nized to fetal alloantigen HPA-1,417,430 and a high incidence of 
HLA-DR6 has been reported in mothers sensitized to PLA-5b.418

Clinical Features
Infants with NAIT are born with signs of purpura and severe 
thrombocytopenia. Thrombocytopenia usually is present at birth, 
but the platelet count may fall further during the postpartum 
period. Intracranial hemorrhage occurs in 20% to 30%, with one 
half of the episodes occurring in utero.431 An overall mortality 
rate of 6% to 14% has been reported.416,419,420 Thrombocytopenia 
usually resolves after 10 to 14 days. Platelet antibody titers during 
the second half of the pregnancy appear to correlate with the risk 
of thrombocytopenia or bleeding, or both, in NAIT.432,433

Laboratory Diagnosis
When infants are born with platelet counts <20,000 ml, NAIT 
must be suspected. Maternal plasma should be studied with pater-
nal or neonatal platelets as targets; maternal (antigen-negative) 
platelets and paternal plasma are appropriate negative controls. 
NAIT is diagnosed when platelet antigen incompatibility is found 
between the parents, maternal antipaternal platelet antibodies are 
present, and the antibody detected corresponds to the incompat-
ibility of platelet antigens that have been noted.

Treatment
Severely thrombocytopenic children should be treated aggres-
sively with IVIG and platelet transfusions of compatible irradiated 
platelets. Maternal platelets are usually obtained by pheresis, 
concentrated, irradiated, and transfused. Interestingly, a recent 
retrospective study reported that transfusion of platelet concen-
trates from random donors is an appropriate strategy in the 
management of unexpected severe NAIT predominantly in first 
pregnancies, pending the availability of compatible platelets.434

Prevention of NAIT In women with no personal or family 
history of NAIT, screening by platelet typing is currently not rec-
ommended.435 Maternal platelet antigen typing has been recom-
mended for those with a sister whose pregnancy was complicated 
by NAIT or if personal or family history is suggestive of NAIT 
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(e.g., neonatal thrombocytopenia of undetermined origin or fetal 
or neonatal intracranial hemorrhage of undetermined origin). In 
these cases, maternal and paternal platelet typing is performed 
simultaneously in order to look for incompatibility in the PHA-1 
antigen system. Screening studies to detect neonatal thrombocy-
topenia during the first pregnancy have been limited to patients 
with known PLA1 incompatibility and an HLA allotype associated 
with an increased incidence of antibody formation.417 However, 
after the birth of one child with NAIT, subsequent pregnancies 
should be evaluated antenatally.

When maternal and paternal platelet typing document a risk of 
NAIT, after the index case, over 85% of that couples’ subsequent 
fetuses will be at risk for NAIT. In the absence of any interven-
tion, thrombocytopenia in the second affected fetus is always as 
or more severe than in the previous fetus/infant.436 Because of the 
high risk of in utero bleeding, the majority of which include intra-
cranial hemorrhage, initiating therapy antenatally, rather than 
waiting until birth, has become standard. Previously, it was rec-
ommended that fetal platelet typing402,422–425 and platelet counts 
should be obtained at 20 weeks’ gestation.401,426 If platelet incom-
patibility is noted and the infant is thrombocytopenic, in utero 
platelet transfusions or maternal treatment with IVIG should be 
instituted and maintained during the pregnancy.401,427,428 In the 
United States, the most common therapies include infusion of 
IVIG and/or oral prednisone.437 Combination therapy with IVIG 
plus steroids may lead to higher platelet counts in women with 
a previous child with intracranial hemorrhage or a current fetus 
with platelet counts <20,000/ml.431 Fetal platelet transfusions 
have been advocated. However, because of the risk of fetal mor-
tality, this has become a therapy of last resort, to be used only if 
IVIG or prednisone are ineffective.438 There is no consensus on 
whether fetuses affected by NAIT or at risk for NAIT should be 
delivered by cesarean section.439

Because the use of serial fetal blood sampling procedures is 
clearly associated with an increased risk of fetal morbidity and 
mortality, some practitioners prefer to avoid performing fetal 
blood sampling and choose to treat empirically. The precise 
role of this invasive procedure remains to be determined.440,441 
Studies of the cost-effectiveness of empiric treatment versus treat-
ment directed by fetal blood sampling favored empiric treatment, 
decreasing perinatal deaths although increasing the number of 
infants with long-term neurologic deficits.441 Follow-up studies of 
children after antenatal treatment for alloimmune thrombocyto-
penia show that general health and neurodevelopmental outcome 
is comparable to that of the general population. However, sig-
nificantly more infections and hearing problems were observed 
in children who were not exposed to maternal IVIG treatment in 
comparison to children who were exposed to IVIG treatment or 
the normal population.442

posttransfusion purpura
Alloantibodies that develop as a result of transfusion of incom-
patible platelets are responsible for the destruction of the 
transfused platelets. This is a frequently encountered problem 
in patients who have received multiple platelet transfusions. 
Rarely, however, severe thrombocytopenia in the recipient—that 
is, destruction of host platelets—is produced by the transfusion of 
incompatible platelets, and this potentially fatal reaction is known 
as PTP.443,444,445 PTP is characterized by abrupt onset of throm-
bocytopenia and bleeding that occurs ˜1 week after the transfu-
sion of packed red blood cells. PTP has also been described after 
the transfusion of other blood components, including plasma.446

The syndrome occurs most commonly in multiparous women 
who have been sensitized by pregnancy; however, previously 
transfused patients may also develop PTP. The antibody most 
commonly develops against PLA1 (HPA-1a) in PLA2 (HPA-1b) 
homozygous recipients, but the Bak (HPA-3a/HPA-3b), Pen 

(HPA-4a/HPA-4b), Br (HPA-5a/HPA-5b), and Naka polymorphisms 
have been implicated as well409,444,445,447–450 (Table 47.7). The 
diagnosis of PTP is a clinical one, and physicians must therefore 
consider this diagnosis in any patient who develops thrombocyto-
penia within 3 to 14 days after transfusion of any blood product.

The pathophysiology of this rare but severe thrombocytopenia 
is still uncertain, but several hypotheses have been proposed: (a) 
Autologous platelets are destroyed because of binding of immune 
complexes to their surface; (b) recipient platelets acquire the phe-
notype of the donor’s platelets because they bind soluble antigens 
from the transfused blood product, and the platelets are then 
destroyed by alloantibodies; and (c) exposure to foreign platelets 
in transfused products induces the formation of autoantibodies to 
the recipient’s platelets.409,451,452

PTP is self-limited, resolving within 1 to 3 weeks in most 
patients. Treatment with steroids, plasmapheresis, or IVIG may 
shorten the period of thrombocytopenia. Plasmapheresis is effec-
tive in 80% of patients,446,453–455 but IVIG, in doses of 2  g/kg 
over 2 days, may be preferable because plasmapheresis requires 
central venous access with large-bore catheters and places the 
patient in danger of significant bleeding.456–458 Platelet trans-
fusions should be reserved for life-threatening hemorrhage, 
because patients often develop a febrile reaction and an increase 
in platelet count is infrequent.
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The various forms of thrombocytopenia discussed in this chapter 
share the common features of thrombocytopenia and hemolysis 
with characteristic schistocytes on blood smears (microan-
giopathic hemolytic anemia, MAHA) (Fig. 48.1). It is believed 
that thrombocytopenia results from consumption of platelets, 
whereas erythrocyte fragmentation and hemolysis are due to 
mechanical injury of the red blood cells by abnormal levels of 
shear stress.

Fragmentation of the red blood cells occurs in two types of 
clinical conditions: vascular devices such as prosthetic heart 
valves, ventricular assist devices, and extracorporeal oxygenator 
and microvascular stenosis.

In the absence of mechanical devices, fragmentation of the red 
blood cells signifies stenosis in the arteriolar microvasculature. 
This is because wall shear stress, determined by blood viscos-
ity, flow rate, and the inverse of the luminal diameter to the 
third order, is at its highest in the arterioles and may be further 
increased to exceed the threshold level of red cell fragmentation 
when the lumen is narrowed. Furthermore, the red cells are 
likely to be entrapped in the presence of microvascular stenosis. 
The combination of abnormal shear stress and cell entrapment 
accounts for red cell fragmentation in patients with arteriolar 
stenosis. Due to their lower shear stress profile, it is unusual that 
stenosis in the venules, veins, or arteries is sufficient to cause red 
cell fragmentation.1

Arteriolar stenosis may result from one of five different types 
of pathology (Fig. 48.1): (1) von Willebrand factor (vWF)–platelet 
thrombosis, as typically observed in patients with thrombotic 

thrombocytopenic purpura (TTP) due to severe ADAMTS13 
(a  disintegrin and metalloprotease with thrombospondin type 1 
motif, member 13) deficiency; (2) platelet fibrin thrombosis, as 
exemplified in patients with disseminated intravascular coagu-
lopathy (DIC) but also may occur in a variety of other conditions; 
(3) tumor cell invasion of the microvasculature in patients with 
metastatic neoplasm; (4) microvascular vasculitis, as occasion-
ally observed in patients with systemic lupus erythematosus and 
related autoimmune disorders or certain types of infections such 
as Rocky Mountain spotted fever and anthrax; and (5) thrombotic 
microangiopathy (TMA), as observed in patients with the typical 
shiga toxin–associated hemolytic-uremic syndrome (stx-HUS) fol-
lowing Escherichia coli infection, pneumococcal HUS, or atypical 
hemolytic-uremic syndrome (aHUS) due to defective regulation of 
the alternative complement pathway.

A comprehensive classification of microangiopathic disorders 
is listed in Table 48.1. This classification includes four groups: 
TTP, TMA due to defective complement regulation (aHUS), TMA 
due to other mechanisms, and MAHA due to other types of pathol-
ogy. In TMA, organ dysfunction may result from thrombotic steno-
sis, which causes thrombocytopenia and MAHA; non-thrombotic 
stenosis, which causes MAHA but not thrombocytopenia; and/or 
abnormal vascular permeability, which causes tissue edema and 
cavitary effusions but not thrombocytopenia or MAHA. Due to 
multiple pathogenetic pathways, organ dysfunction or clinical dis-
ease severity in patients with aHUS or other types of TMA does not 
always closely correlate with thrombocytopenia or MAHA. TTP, 
stx-HUS, and aHUS are further discussed in this chapter.

Figure 48.1. A scheme depicting how different 
types of pathology may lead to microvascular 
stenosis and the syndrome of thrombocytopenia 
and microangiopathic hemolysis (MAHA). Throm-
botic microangiopathy may also lead to tissue edema 
and organ dysfunction by increasing vascular perme-
ability. DIC, disseminated intravascular coagulopathy; 
CAPS, catastrophic antiphospholipid antibody syndrome; 
HELLP, hemolysis with elevated liver enzymes and low 
platelets; HIT, heparin-induced thrombocytopenia; HUS, 
hemolytic-uremic syndrome; PNH, paroxysmal noctur-
nal hemoglobinuria; Stx-HUS, shiga toxin– associated 
hemolytic-uremic syndrome; TTP, thrombotic thrombo-
cytopenic purpura.
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aCquireD THromboTiC 
THromboCyTopeniC purpura
The current definition of TTP is based on the demonstration of 
autoimmune inhibitor for acquired TTP and genetic mutation of 
the ADAMTS13 gene for hereditary TTP. By this definition, TTP is 
a disease that is prone to, but does not always have, microvascu-
lar thrombosis, thrombocytopenia, microangiopathic hemolysis, 
or organ dysfunction.

This definition is different from the conventional diagnosis 
of TTP as a clinical syndrome. It requires the demonstration of 
ADAMTS13 inhibitors or mutations and encompasses patients 
who are asymptomatic and patients who do not have thrombocy-
topenia or microangiopathic hemolysis.

The problem of conventional TTP diagnosis based solely on 
clinical features is most clearly illustrated by the vast difference 
in the prevalence of severe ADAMTS13 deficiency among the 
patients in the Canadian Apheresis Group trial on the efficacy of 
plasma therapy and the patients in the Oklahoma TTP registry. 
Severe ADAMTS13 deficiency was detectable in more than 76% 
of the patients in the Canadian Apheresis Group trial, yet in less 
than 15% of the patients in the Oklahoma registry.1–3 Indeed, 
many clinical series of 'TTP' or 'TTP/HUS' included patients 
with atypical HUS or other causes of microangiopathic hemo-
lysis, resulting in confusion in the diagnosis and management 
of patients presenting with microangiopathic hemolysis and 
thrombocytopenia.

pathology
The pathology of TTP, as first described by Moschcowitz in 19254, 
is quite distinctive: widespread hyaline thrombi in the terminal 
arterioles and capillaries, accompanied by no or little endothelial 
injury or inflammation (i.e., microangiopathy) (Fig. 48.2A). The 
thrombi are present most extensively in the heart, pancreas, 
spleen, kidney, adrenal gland, and brain (mainly cerebral cortex) 
and are composed primarily of platelets and vWF (Fig. 48.2B).5,6,7 
Small amounts of fibrin may be present surrounding or sometimes 
penetrating the amorphous or granular material. Glomerular 
microthrombi are usually spotty, and cortical necrosis of the 
kidney is uncommon in TTP. Fibrinoid necrosis and vascular or 
perivascular inflammatory cell infiltration are characteristically 
absent or minimal.

Figure 48.2. Histopathology and histochemistry of thrombotic thrombocytopenic 
purpura (TTP) and other microangiopathic disorders. A: TTP (heart); B: TTP (brain);  
C: shiga toxin–associated hemolytic-uremic syndrome (HUS) (kidney); D–F: atypical HUS 
( kidney); G: disseminated intravascular coagulopathy (DIC) (kidney); H: tumor cell invasion of 
 microvasculature in metastatic neoplasm (soft tissue); I: proliferative vasculitis of lupus causing 
microvascular stenosis (soft tissue). The endothelial cells and the vessel wall are intact in TTP 
and DIC. All images are H&E stains except panel B (immunohistochemical stain for vWF, brown), 
panels C and G (fibrin stain of Carstair), and panel F (Jones silver stain).

I.  TTP: a disease with propensity to microvascular thrombosis due to 
ADAMTS13 deficiency

•	 Acquired: autoimmune inhibitors of ADAMTS13

•	 Hereditary: mutations of ADAMTS13

II.  aHUS: a disease with propensity to TMA due to defective complement 
regulation

A: Idiopathic aHUS

 – Mutations or genetic variants of CHF, MCP, CFI, CFB, C3, THBD, etc.

 – Autoantibodies to CFH, with or without CFHR1 genomic deletion

B: Co-morbidity as a trigger of aHUS presentation in patients with the disease

 – Pregnancy, IV contrast, pancreatitis, infection, inflammation, surgery,  
trauma, etc.

C: Co-morbidity causing defective complement regulation  
(e.g., CFH autoantibodies)

 – Hematopoietic stem cell therapy

 – Suspected, but not yet proven: HIV infection, systemic autoimmune  
diseases, drugs, etc.

III. TMA via other mechanisms

•	 Shiga toxin-associated HUS: Shiga toxin-producing E. coli or Shigella  
dysenteriae

•	 Microbial neuraminidases causing T-antigen activation (e.g., Streptococcus 
pneumonia or influenza virus)

•	 Angiogenesis inhibitor: e.g., bevacizumab

•	 Undefined mechanisms: hematopoietic stem cell therapy, HIV infection, sys-
temic autoimmune diseases, drugs (e.g., gemcitabine, mitomycin, quinine, 
calcineurin inhibitors*, cocaine, etc.) , severe hypertension**

IV. Other types of pathology

•	 Microvascular thrombosis comprised of fibrin and platelets

 – DIC, CAPS, HELLP syndrome, HIT, PNH, etc.

•	 Vasculitis:

 – Autoimmune diseases (e.g., systemic lupus erythematosus)

 – Infectious diseases (e.g., Rocky Mountain spotted fever, anthrax)

•	 Intravascular clusters of neoplastic cells

•	 Intravascular devices:

 – Ventricular assist device, extracorporeal membrane oxygenator, prosthetic 
heart valves, etc.

ADAMTS13, a disintegrin and metalloprotease with thrombospondin type 1 motif, member 
13; aHUS, atypical hemolytic-uremic syndrome; CAPS , catastrophic antiphospholipid 
antibody syndrome; CFB, complement factor B; CFH, complement factor H; CFHR1, 
complement factor H-related protein 1; CFI, complement factor I; DIC, disseminated 
intravascular coagulopathy; HELLP, hemolysis with elevated liver enzymes and low platelet 
count; HUS, hemolytic-uremic syndrome; HIT, heparin-induced thrombocytopenia; MCP, 
membrane cofactor protein (CD46); PNH, paroxysmal nocturnal hemoglobinuria; THBD, 
thrombomodulin; TMA, thrombotic microangiopathy; TTP, thrombotic thrombocytopenic 
purpura; vWF, von Willebrand factor.
*Some patients are found to have aHUS with defective complement regulation. 
**Severe hypertension may be a consequence of aHUS rather than cause of thrombotic 
microangiopathy

CLASSIFICATION OF MICROANGIOPATHIC DISORDERS

taBLe 48.1
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In chronic cases, the thrombi may be infiltrated by fibroblasts 
or converted to subendothelial deposits by proliferating endothe-
lial cell lesions. Pseudoaneurysmal dilatation may also be present 
upstream of the stenosis or occlusion.

In the literature, some investigators have suggested that endo-
thelial cell injury is prominent in TTP. A review of the clinical 
features in those reports suggests that those patients likely had 
shiga toxin–associated or atypical HUS rather than TTP.

pathophysiology
Historically two schemes have been proposed to account for the 
microvascular thrombosis in TTP: endothelial cell injury and uncon-
trolled platelet aggregation. The scheme of endothelial cell injury is 
not consistent with the absence or paucity of microangiopathy in TTP 
patients. The predominance of vWF and platelets in the thrombi and 
the integrity of vascular endothelial cells suggest that thrombosis 
results from dysregulation of vWF-platelet interaction in TTP.

vWF, a plasma glycoprotein derived primarily from vascular 
endothelial cells, supports platelet adhesion and aggregation at 
sites of microvascular injury under high shear stress conditions. 
Deficiency in vWF causes defective microvascular hemostasis and 
a bleeding diathesis in patients with von Willebrand disease.

vWF is synthesized in vascular endothelial cells as a disulfide-
bonded polymer that is converted to a series of multimers in the 

Figure 48.3. gels and schemes depicting how VWF 
multimers are generated in the circulation. Upper 
panel: gels showing von Willebrand factor (vWF) polymer 
and multimers. In  vascular endothelial cells vWF exists 
in two forms, a dimer of pro-vWF polypeptide in the rough 
endoplasmic reticulum (RER) and a polymer of mature 
vWF polypeptide in the Weibel-Palade  bodies. Only the 
vWF polymer is secreted. Under the high shear stress 
conditions of the microcirculation, the vWF  polymer is 
cleaved by ADAMTS13. A repetition of this process con-
verts a vWF polymer to a series of multimers in normal 
plasma. vWF is separated by SDS-agarose gel electro-
phoresis and visualized with a radio-labeled antibody to 
vWF. Lower panel: a scheme of vWF biosynthesis and 
proteolysis. A: Pre-pro-vWF with 2,813 amino acid resi-
dues. B: A dimer of pro-vWF with disulfide bonds near the 
C-terminus. C: In the Weibel–Palade bodies, a vWF poly-
mer is formed through disulfide bonding near the N-ter-
minus of vWF dimers and cleavage of the propeptide.  
D: Under the high shear stress conditions of the microcir-
culation, vWF is cleaved at the Tyr1605-Met1606 bond, 
generating dimers of the 140 kD and 176 kD fragments 
and a series of progressively smaller multimers.

circulation (Fig. 48.3). This conversion is mediated by repetitive 
cleavage at the Tyr1605-Met1606 bond by ADAMTS13.

vWF exists in a compact form with its cleavage sites and 
platelet binding sites cryptic. This explains why in a test tube 
vWF is not susceptible to cleavage by ADAMTS13 and is inac-
tive in aggregating platelets. High levels of shear stress induce 
a conformational change of vWF, exposing its binding sites for 
platelet receptors (Fig. 48.4A). Due to its large molecular size 
and responsiveness to shear stress, vWF is uniquely capable of 
supporting platelet adhesion and aggregation under high shear 
stress conditions.

In the circulation, the activation of vWF by shear stress is pre-
vented by ADAMTS13, which cleaves vWF whenever its cleavage 
sites are exposed by shear stress. The process of proteolysis is 
repeated during each cycle of circulation through the microvascu-
lature, thereby converting vWF from a large polymer to a series 
of multimers while maintaining vWF in its compact inactive con-
figuration (Fig. 48.4B).

A disruption in this proteolytic regulation of vWF occurs in 
TTP, in which ADAMTS13 deficiency, due to genetic mutation or 
autoimmune inhibitors, leads to incessant unfolding and activa-
tion of vWF by shear stress, resulting in vWF-platelet binding 
and microvascular thrombosis (Fig. 48.4C). This explains why a 
severe deficiency of ADAMTS13 can lead to microvascular throm-
bosis characteristic of TTP.
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Figure 48.4. A scheme depicting how ADAMTS13 deficiency leads to von Willebrand factor (vWF)-platelet aggregation 
and microvascular thrombosis seen in thrombotic thrombocytopenic purpura (TTP). A. The responsiveness of vWF to shear 
stress allows it to be activated at sites of microvascular injury to support platelet adhesion and aggregation. B. In the circulation, 
vWF-platelet aggregation is prevented by ADAMTS13, which cleaves vWF whenever its cleavage sites are exposed by shear stress. 
This process maintains vWF in its compact inactive configuration while its size becomes progressively smaller. C. In the absence of 
ADAMTS13, vWF is relentlessly activated by shear stress, leading to vWF-platelet aggregation and microvascular thrombosis of TTP. 
Thrombosis increases the shear stress in the microcirculation, leading to further cycles of vWF-platelet aggregation.

Observations in patients with TTP reveal that vWF-platelet 
aggregation and thrombosis does not occur when the plasma 
ADAMTS13 activity level is greater than 10% of normal. On the 
other hand, a patient with ADAMTS13 activity less than 10% 
may be asymptomatic and may have a normal platelet count. 
This is because other factors such as platelet number, vWF level, 
shear stress profile in the circulation, and modifiers of vWF 
response to shear stress such as thrombospondin8 may affect 
the propensity to vWF-platelet aggregation when ADAMTS13 is 
deficient.

Distinction between Thrombotic Thrombocytopenic 
Purpura Disease and Its Complications
A patient with autoimmune inhibitors or genetic mutations of 
ADAMTS13 may be completely asymptomatic and have normal 
blood counts. Such asymptomatic individuals are considered 
to have TTP, the disease, and are prone to the development 
of microvascular thrombosis causing clinical features such as 
thrombocytopenia, microangiopathic hemolysis, neurologic defi-
cits, and injury of other organs.

Animal Models of ADAMTS13 Deficiency
Animal models of severe ADAMTS13 deficiency have been created 
in mice by inactivation of the ADAMTS13 gene and in baboons 
by infusion of an inhibitory ADAMTS13 antibody.9,10,11 In both 
models, thrombi comprising vWF and platelets ensue in the 
arterioles. The findings in these animal models support the role 
of ADAMTS13 deficiency in causing microvascular thrombosis of 
TTP. Nevertheless, some mouse strains are phenotypically free 
of thrombosis. The difference in phenotypic severity among the 

mouse strains highlights the principle of epistasis in which the 
composition of other genes modifies the expression of a molecu-
larly defined disease.

Interactions between von Willebrand factor and 
ADAMTS13
The vWF polypeptide comprises a series of homologous domains. 
The cleavage site of vWF, Tyr1605-Met1606, is located in the 
A2 domain, sandwiched between the A1 domain, which  contains 
epitopes interacting with the platelet glycoprotein Ib, and the A3 
domain, where a collagen-binding epitope is located (Fig. 48.5). 
This topographic arrangement facilitates the regulation of platelet 
thrombus formation, as cleavage of vWF at the A2 domain disen-
gages the platelet from the vessel wall.

Structural studies confirm that shear stress induces vWF cleav-
age by altering the conformation of vWF.12,13 Narrow-angle neu-
tron scattering studies of vWF in guanidine hydrochloride, which 
also promotes vWF cleavage by ADAMTS13,14 or after exposure 
to shear stress, shows that conformational change at the sub-
domain level is sufficient for proteolysis to occur.15,16 Unfolding 
of vWF to extended configurations at the multimeric level is not 
necessary for proteolysis.

ADAMTS13, comprising 1,427 amino acid residues, is a 
member of the ADAMTS metalloprotease family, which shares a 
conserved domain structure of metalloprotease (MP)-disintegrin 
(Dis)-thrombospondin type 1 repeat (TSR)-cysteine rich region 
(Cys) and spacer (Spa) domains. ADAMTS13 contains 7 additional 
TSR downstream of the Spa domain, followed by two unique CUB 
(complement C1r/C1s, Uegf, Bmp1) domains (Fig. 48.5).

ADAMTS13 is synthesized primarily in the stellate cells of 
the liver.17,18 ADAMTS13 may also be expressed, albeit at much 
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lower levels by at least one to two orders, in the spleen and other 
organs. The localization of its biosynthesis to the stellate cells 
instead of hepatocytes may be instrumental in maintaining the 
ADAMTS13 activity in patients with hepatic insufficiency, as the 
stellate cells react to liver injury by activation and proliferation. 
The expression of ADAMTS13 in hepatic stellate cells and endo-
thelial cells may be down-regulated by cytokines such as IFN-g, 
TNF-a, and IL-4.19

Expression of ADAMTS13 has been described in the renal 
glomerular podocytes and endothelial cells and vascular endo-
thelial cells in culture.20,21 The ADAMTS13 expressed in renal 
glomeruli may cleave vWF before it is neutralized by autoantibod-
ies, accounting for the generally milder renal injury observed in 
acquired versus hereditary TTP.

The metalloprotease domain of ADAMTS13 contains a catalytic 
224–HEIGHSFGLEHD–235 module characteristic of the ADAMTS 
proteases (conserved residues are underlined). Structural analysis 
has identified three surface exosites of ADAMTS13 in the Dis, Cys, 
and Spa domains that react with discrete epitopes of the vWF 
A2 sequence around and downstream of the Tyr1605-Met1606 
 scissile bond.22,23

The exosite bindings greatly enhance the efficiency of cata-
lytic reaction between ADAMTS13 and vWF. The vWF scissile 
bond and the exosite binding sites of the vWF A2 domain are 
normally cryptic, only exposed by tensile force to initiate interac-
tion with ADAMTS13. Another exosite in the TSR5-CUB region of 
ADAMTS13 may interact with a constitutively exposed epitope in 
the N-terminal D4-CK region of vWF. This C-terminal binding may 
facilitate the interaction of the exosites upstream.

Alteration of von Willebrand factor Multimers in 
Thrombotic Thrombocytopenic Purpura
The involvement of vWF in the pathophysiology of TTP was first 
suggested by the intriguing observation that large multimers dis-
appear during acute crisis of chronic relapsing TTP and yet ultra-
large multimers are present during remission.24

The complexity of vWF multimers in TTP is due to two 
opposing processes acting upon plasma vWF in patients with 
ADAMTS13 deficiency: deficiency of ADAMTS13 leading to the 
presence of ultra-large multimers; and the activation of vWF by 
shear stress leading to the consumption and depletion of ultra-
large and large multimers.
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Figure 48.5. A scheme depicting the domain structures of von Willebrand factor (vWF) and ADAMTS13 and their interactions. The cleavage of vWF 
by ADAMTS13 involves exosite and catalytic interactions. It is believed that the exosite binding 1 occurs constitutively, whereas exosite binding 2 occurs only when 
the sequence in the A2 domain downstream of the scissile bond Tyr1605-Met1606 is exposed by shear stress. The exosite bindings orient the catalytic site of 
ADAMTS13 to attack the scissile bond of vWF (double-arrowhead red line). The inhibitors of thrombotic thrombocytopenic purpura (TTP) patients target the exosites 
of ADAMTS13 downstream of the metalloprotease domain.

Figure 48.6. von Willebrand factor (vWF) abnormalities in thrombotic thrombocyto-
penic purpura (TTP) reflect the balance of underlying ADAMTS13 deficiency and vWF-
platelet thrombosis. Three types of vWF abnormalities are detected in TTP during its course: 
Lane 1: A shift of vWF to ultra-large forms occurs when ADAMTS13 activity is <20%–30%. 
Lane 2: The ultra-large and large multimers are decreased when ADAMTS13 is <10%, and 
vWF-platelet aggregation begins to occur. Lane 3: The ultra-large multimers are depleted and 
the large multimers are further decreased in patients presenting with extensive thrombosis and 
severe thrombocytopenia.

Three types of vWF multimer abnormalities are observed in 
TTP (Fig. 48.6). A shift of vWF to ultra-large forms occurs when 
ADAMTS13 activity is <20% to 30%; at this stage, no platelet 
thrombosis occurs (lane 1). The ultra-large and large multimers 
are partially depleted when ADAMTS13 is <10% and vWF-plate-
let aggregation begins to occur (lane 2). The ultra-large multimers 
are depleted and the large multimers are further decreased or 
depleted in patients presenting with extensive thrombosis and 
severe thrombocytopenia (lane 3).

The vWF changes in TTP are a dynamic process, as the mul-
timers in a plasma sample represent a snapshot of the balance 
of the two changes acting in opposite directions. Transition from 
one multimer pattern to another occurs swiftly during the course 
of the disease, reflecting the changes in ADAMTS13 level and the 
process of vWF-platelet aggregation.
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In other types of microangiopathic hemolysis such as shiga 
toxin–associated or atypical HUS, depletion of the large vWF 
multimers also occurs. In these conditions, the loss of large mul-
timers is due to excessive cleavage of vWF by ADAMTS13 under 
abnormal shear stress conditions.7

Other Pathogenic Mechanisms in Thrombotic 
Thrombocytopenic Purpura
Various hypotheses have been proposed to explain the thrombosis 
of TTP, including defects in fibrinolytic activity25 or prostacyclin 
homeostasis,26 increased circulating thrombomodulin, abnormal 
tissue plasminogen activator or plasminogen activator inhibi-
tor-1 levels,27 antiendothelial cell antibodies,28–30 immune com-
plexes,31 platelet aggregating proteins,32 anti-CD36 antibodies,33 
calcium-dependent cysteine proteases,34 endothelial cell apoptotic 
factors,35 and activation of the complement system.36 These 
observations are preliminary, represent secondary changes, or 
are not specific for TTP.37–41 Immune complexes and activation of 
the complement system detected in patients with TTP may result 
from ADAMTS13 binding with its antibodies.

Causes of aDaMtS13 Deficiency
Severe ADAMTS13 deficiency results primarily from autoimmune 
inhibitors of the protease,42 although in a small number of patients 
the deficiency is the consequence of homozygous or, more com-
monly, compound heterozygous mutations of the ADAMTS13 gene.43

The ADAMTS13 activity level is also decreased in various 
pathologic conditions such as sepsis, malarial infection, multior-
gan failure, major surgery, DIC, metastatic neoplasm, and preg-
nancy.44–49,50,51 In these conditions, the decrease in ADAMTS13 
levels is mild to moderate, and generally not sufficient to cause 
platelet aggregation. Yet the decrease induced by infection, 
surgery, or pregnancy may be sufficient to precipitate vWF-
platelet aggregation and thrombosis in patients with pre-existing 
ADAMTS13 mutations or inhibitors, giving rise to the suspicion 
that these conditions cause TTP.

The ADAMTS13 activity is also less stable in pathologic sam-
ples, yielding falsely low ADAMTS13 levels if the samples are not 
properly handled.

Autoimmune Inhibitors of ADAMTS13
In patients with acquired TTP, which accounts for >95% of TTP cases, 
deficiency of ADAMTS13 results from autoimmune inhibitors of the 
ADAMTS13 protease.52 In most cases of acquired TTP the causes of 
the autoimmunity are unknown. It is speculated that an otherwise 
innocuous infection may induce autoimmune reaction to ADAMTS13 
in genetically susceptible individuals. Indeed 10% to 40% of TTP 
patients exhibit positive autoimmune reactions to other antigens, sug-
gesting they have defective immune regulation. Deranged immune 
regulation is consistent with the finding that the HLADRB1*11 allele 
is overrepresented among patients with acquired TTP.53

Ticlopidine therapy increases the risk of developing ADAMTS13 
antibodies by 50- to 300-fold.54,55 The antibodies occur between 
2 to 8 weeks after institution of ticlopidine therapy, respond to 
plasma exchange and discontinuation of the culprit drug, and gen-
erally do not recur. Although another anti-platelet thienopyridine, 
clopidogrel, has also been implicated,56 an association between 
clopidogrel and TTP has not been confirmed.

HIV infection has been associated with TTP.57 It is estimated 
that the risk is increased by 35-fold among patients not being 
treated with antiretroviral therapy. This higher risk may be related 
to the predisposition of HIV-infected individuals to autoimmunity.

An ADAMTS13 polymorphism (R1060W) is reportedly more 
prevalent in acquired TTP patients than in the population, rais-
ing the speculation that certain ADAMTS13 polymorphisms may 

predispose the affected individuals to develop ADAMTS13 inhibi-
tors.58 The validity of this association remains to be confirmed.

ADAMTS13 Mutations
DNA sequence analysis reveals that hereditary TTP patients have 
compound heterozygous or, less commonly, homozygous muta-
tions of the ADAMTS13 gene on chromosome 9q34.59 More than 
80 mutations, including nonsense, missense, frame-shifting inser-
tion or deletion, and splicing mutations, have been detected in 
patients with hereditary TTP.

Only a few mutations have been detected in seemingly unre-
lated families. One mutation, 4143insA, has been detected in 
at least 15 patients in central-northern Europe, Turkey, and 
Australia that appear to share a common haplotype.60

More than 25 polymorphisms have also been detected in the 
coding sequence of ADAMTS13. One polymorphism, P475S, com-
mon among Japanese (5%), Koreans (4%), and Chinese (1%), 
makes the ADAMTS13 variant more susceptible to inhibition by 
urea,61–63 which is used in some ADAMTS13 assays.64 It yields 
falsely low ADAMTS13 activity levels if urea-based assays are 
used.65 Certain cis-combinations of polymorphisms or mutation-
polymorphism may result in severe ADAMTS13 deficiency.66

Characteristics of the Inhibitors
In most patients the levels of the ADAMTS13 inhibitors are low 
(<10 U/ml), and often further decrease to undetectable levels after 
a few weeks or months. Occasionally the inhibitor level may surge 
to very high levels.

The ADAMTS13 inhibitors of TTP are primarily IgG, with 
IgA and IgM antibodies detectable infrequently.67 The VH1-69 
germline heavy chain gene appears to be used most frequently in 
producing the ADAMTS13 antibodies.68 All four subclasses of IgG 
have been detected, although IgG4 appears to be the most preva-
lent, detectable in ≥90% of the patients according to one study.

Targets of the ADAMTS13 Inhibitors
The cysteine-rich region and spacer domain are an integral 
part of the epitopes of ADAMTS13 reacting with the inhibitors 
of TTP patients. ADAMTS13 variants truncated upstream of the 
cysteine-spacer domain, but not those truncated downstream, 
exhibit markedly decreased but detectable vWF cleaving activ-
ity that is not suppressible by the inhibitors of patients with 
TTP.69 This decreased activity is consistent with the existence of 
critical exosites in the deleted domains. Such nonsuppressible 
ADAMTS13 species may be exploited to overcome the therapeutic 
difficulty posed by ADAMTS13 inhibitors.

Further mapping studies show that residues R660, Y661, and 
Y665 in the spacer domain are critical for binding with vWF A2 
domain sequences.70 They are also the target of TTP inhibitors. 
Substitution of residues Arg660, Tyr661, or Tyr665 in ADAMTS13 
with Ala abolishes the binding targets of ADAMTS13 inhibitors. 
Intriguingly, two vWF variants with substitutions of these three 
residues exhibit increased vWF cleaving activity by several fold. 
Such “super” variants of ADAMTS13 may be potential candidates 
as a replacement therapy for patients with TTP, although immune 
responses to these foreign proteins may be a concern.71

Some studies found that TTP antibodies may also target other 
epitopes downstream of the spacer domain. However, it remains 
unclear whether these antibodies contribute to ADAMTS13 defi-
ciency in TTP patients.72

Clinical presentation
The incidence of TTP is estimated to be 2 to 15 cases per 1 × 106 
person-years.3,48,49 The broad range of the observed incidence 
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rates is likely due to differences in demographics, particularly the 
prevalence rate of HIV infection in the population.

Acquired TTP primarily affects adolescents and adults, with 
median and mode ages between 30 and 40 years, although TTP 
may occasionally affect children <10 years of age. In most clinical 
series, the female-to-male ratio is 2 to 3:1.

Many patients present with the triad of thrombocytopenia, 
microangiopathic hemolytic anemia (MAHA), and neurologic 
deficits or the triad with fever and renal dysfunction (pentad); 
neither is invariably present or specific for the diagnosis of TTP. 
In a typical case, the course of TTP begins with the appearance of 
ADAMTS13 inhibitors, which progressively decrease the plasma 
ADAMTS13 level, eventually leading to microvascular thrombosis, 
thrombocytopenia, microangiopathic hemolysis, and organ dys-
function (Fig. 48.7).

The duration of asymptomatic ADAMTS13 deficiency is quite 
variable, ranging from a few days to years. Serial monitoring of 
patients with a history of acquired TTP suggests that the plasma 
ADAMTS13 activity level may fluctuate for weeks to months 
before decreasing to less than 10% of normal and causing throm-
bosis. Thrombocytopenia is detectable when platelet consumption 
exceeds compensatory platelet production.

The stage of thrombocytopenia without overt hemolytic anemia 
may last for days to months, and the course of TTP at this stage is 
not invariably downhill; some patients may spontaneously revert 
to a normal platelet count. The patients at this stage may be given 
the incorrect diagnosis of immune thrombocytopenic purpura (ITP). 
On the other hand, infection, surgery, or pregnancy may worsen 
microvascular thrombosis in patients with subclinical ADAMTS13 
deficiency, giving rise to the clinical impression that TTP is trig-
gered by these events. Neurologic complications typically, albeit not 
invariably, present later, when thrombocytopenia is profound and 
microangiopathic hemolysis is evident.

Most of the patients have no other significant medical history 
and begin to notice ill-defined symptoms such as headache, dizzi-
ness, and fatigue that are often considered insignificant until more 
serious complications such as profound fatigue, focal neurologic 
deficits, syncope, mental status changes, or seizures ensue. Less 
frequently, a patient may present with abdominal pain, nausea, 
and vomiting, with or without pancreatitis, or chest pain due to 
myocardial infarction, or even sudden death.

Advanced renal failure causing oliguria, anuria, fluid retention, 
electrolyte abnormalities, or uremia is rare in acquired TTP. The 
creatinine generally increases only minimally. When advanced 

renal failure occurs in a patient with acquired TTP, it is likely due 
to other causes.

Thrombotic Thrombocytopenic Purpura without 
Microangiopathic Hemolysis or Thrombocytopenia
Thrombocytopenia and microangiopathic hemolysis are not 
invariably present at the time of acute presentation (Fig. 48.7). 
Relapse of TTP is also increasingly diagnosed before microangio-
pathic hemolysis ensues.

Until recently, TTP presenting with acute stroke or transient 
ischemic attack without overt microangiopathic hemolysis was 
diagnosed only in retrospect after the patients went on to develop 
thrombocytopenia and microangiopathic hemolysis. ADAMTS13 
assays greatly facilitate the diagnosis of atypical TTP.

Hereditary Thrombotic Thrombocytopenic Purpura
Also known as Schulman-Upshaw syndrome or chronic relapsing 
TTP, hereditary TTP is rare, accounting for <5% of all TTP cases.73,74 
Because the diagnosis is not recognized in milder cases, the inci-
dence is likely higher than presently appreciated.75

Hereditary TTP typically has its initial manifestations during 
the neonatal period, but historically is often not recognized until 
later in life.76,77 Some of these patients have siblings who died 
before birth presumably due to TTP complications. Milder cases 
may present with thrombotic complications or have their disease 
recognized later in their life.76–78

In a typical case, the affected neonate is born with meconium stain 
or presents within a few hours after birth with neonatal distress, jaun-
dice, and thrombocytopenia. Hemolysis may not be severe and schis-
tocytes on blood smears may be overlooked. Occasionally, serious 
complications such as seizures and mental obtundation may occur.

The symptoms typically improve immediately after blood 
transfusion or exchange transfusion performed unknowingly 
for thrombocytopenia or hyperbilirubinemia. Consequently, the 
neonates may be discharged from the hospital without a correct 
diagnosis, only to present with complications of the disease weeks 
or years later.

Like most genetic disorders, hereditary TTP varies in its sever-
ity. Many patients with hereditary TTP invariably develop hema-
tologic or other complications if not treated regularly with plasma 
infusion every 2 to 4 weeks. Others have no or only subtle symp-
toms and maintain normal or mildly subnormal platelet counts 
and develop more serious complications only intermittently. The 
severity may also vary during the lifetime of individual cases, with 
or without apparent exacerbating conditions such as pregnancy.

The thrombotic process may cause focal neurologic deficits, 
seizures, pancreatitis, or renal failure.79,80 Of the patients not 
receiving regular plasma infusion, 10%–20% of the cases develop 
at least one episode of acute renal failure requiring dialysis during 
their course. The renal failure is reversible if the patients promptly 
receive plasma infusion. Chronic renal failure occurs in approxi-
mately 10% of the patients not being regularly treated with plasma 
infusion, likely a result of cumulative microinfarcts in the kidney.

The propensity to acute and chronic renal disease in hereditary 
TTP is quite different from its rarity in acquired TTP. It is specu-
lated that local expression of ADAMTS13 in renal glomerular 
podocytes and endothelial cells20 may provide protection against 
vWF-platelet aggregation before its activity is suppressed by the 
inhibitors. Such protection is not present in patients with genetic 
ADAMTS13 mutations. Rarely renal failure may occur because the 
patient also has concurrent atypical HUS.81

Laboratory Findings
In de novo TTP cases presenting at the emergency service, the 
diagnosis is typically raised by the laboratory findings of severe 

Figure 48.7. Progression of thrombotic complications in thrombotic thrombocyto-
penic purpura (TTP). When ADAMTS13 decreases below the threshold level, microvascular 
thrombosis begins to occur. In most patients, TTP evolves progressively from ADAMTS13 defi-
ciency to thrombocytopenia, microangiopathic hemolytic anemia (MAHA), fleeting neurologic 
deficits (TIA), stroke, altered mental status, seizures, and death if it is not treated. Occasionally, 
a patient may be detected at the thrombocytopenia stage when a CBC is ordered for other rea-
sons. TTP may also present in forme fruste, with microvascular thrombosis causing TIA or stroke 
before thrombocytopenia or MAHA occurs. ∆MS, altered mental status.
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thrombocytopenia and hemolysis with the presence of schistocytes 
on blood smears. The haptoglobin level is decreased or undetect-
able. Other common laboratory tests for assessment of hemolysis, 
including reticulocyte count, LDH, and indirect bilirubin are often 
but not invariably abnormal. In chronic cases, hemolytic anemia 
may predominate, as active platelet consumption is masked by 
compensatory thrombopoiesis.

As mentioned above, a patient with TTP may have no symp-
toms or may present with acute focal neurologic deficits without 
thrombocytopenia and/or microangiopathic hemolysis. Therefore, 
absence of thrombocytopenia or microangiopathic hemolysis in 
laboratory tests does not exclude the diagnosis of TTP.

Hematuria and proteinuria reflect renal glomerular thrombo-
sis. The increase in the creatinine level is minimal in most cases. 
This is consistent with the pathologic findings that the kidney is 
minimally affected and its architecture is well preserved in TTP 
patients at autopsy.

Overt renal failure causing hypertension, fluid retention, 
electrolyte derangement, oliguria, or anuria favors the diagnosis 
of typical or atypical HUS over autoimmune TTP, unless there 
is a concurrent renal disorder. As mentioned above, acute and 
chronic renal failure may occur in patients with hereditary TTP.

Imaging studies such as CT or MRI are often requested for 
neurologic dysfunction. In most cases, the studies yield negative 
results or reveal only subtle ischemic changes, although occa-
sionally a TTP patient may present with macrovascular ischemic 
strokes detectable by conventional imaging studies. It is specu-
lated that in such cases the macrovascular thrombosis may result 
from thrombotic injury of the vasa vasorum.

The literature includes reports of “TTP” case series with a high 
percentage showing abnormal CT or MRI findings. However, a 
review of cases in these reports reveals that most of these patients 
likely had typical or atypical HUS rather than TTP.

Abnormal electrocardiograms with nonspecific ST-T wave 
changes and elevated CPK or troponin levels are common. 
Occasionally thrombosis may affect large coronary arteries lead-
ing to myocardial infarction. Cardiac arrhythmia is uncommon. 
Electromechanical dissociation, heart failure, or pulmonary infil-
trates or hemorrhage occur in advanced, pre-terminal cases.

The amylase and lipase levels may be elevated. Abnormal liver 
function is rare. Abdominal CT scans may detect focal pancreati-
tis, intestinal wall or mesenteric thickening, or stranding due to 
ischemia or infarction.

ADAMTS13 Activity Levels
Among patients presenting with thrombocytopenia and microan-
giopathic hemolysis, only TTP patients have severe ADAMTS13 
deficiency (less than 10%), whereas patients with other disor-
ders have detectable ADAMTS13 levels (Fig. 48.8). ADAMTS13 
may be detectable if the assay is performed after the patients 
receive plasma or blood transfusions. The ADAMTS13 activity 
level remains decreased in most patients during their remission, 
suggesting that the autoimmunity is active. Severe ADAMTS13 
deficiency provides the diagnosis of TTP in the patients with co-
morbidities in whom the diagnosis would otherwise be difficult 
to make.

The assay used to obtain the data presented in Figure 48.8 
uses purified vWF as the substrate and SDS-PAGE to detect the 
proteolytic products. This assay is technically demanding and 
not practical for use in clinical laboratories. Various assays using 
vWF peptides spanning the scissile bond have been developed for 
analysis of ADAMTS13 activity in clinical laboratories. The assays 
differ in their performance and reliability and may not provide a 
definitive diagnosis or exclusion of TTP.82,83,84–88

Because some clinical assays may yield falsely high or low 
values of ADAMTS13, the diagnosis of TTP requires corroboration 
of the ADAMTS13 test results with clinical and other laboratory 
data.

ADAMTS13 Inhibitors
Inhibitors of ADAMTS13, measured by mixing patient and normal 
plasma samples, are detectable in 80% to 90% of the acquired 
TTP patients. A negative test for ADAMTS13 inhibitors does not 
exclude the presence of ADAMTS13 inhibitors. In such patients, 
the presence of inhibitors may be inferred if the increase of 
the ADAMTS13 activity level is less than expected after plasma 
therapy, or if the ADAMTS13 activity recovered to >10% during 
remission.

ADAMTS13 Antibody and Antigen Assays
Assays have been developed to measure ADAMTS13 antigen and 
antibody levels in enzyme-linked assay formats. These solid-phase 
microtiter plate-based assays have limited utility in practice. The 
antigenic assay detects free ADAMTS13 as well as ADAMTS13/
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Figure 48.8. Plasma ADAMTS13 activity is undetectable in patients with thrombotic thrombocytopenic purpura (TTP). Patients (338 cases) presenting 
with thrombocytopenia and microangiopathic hemolysis segregate in two nonoverlapping groups based on their plasma ADAMTS13 activity levels. Severe ADAMTS13 
deficiency defines the diagnosis of TTP in 219 patients (65%), of which 191 had autoimmune ADAMTS13 inhibitors and 28 had genetic mutation as the cause of the 
deficiency. ADAMTS13 activity is detectable in some patients after receiving plasma or blood transfusion (TTP tx). During remission, (TTP rem) most patients continue 
to have decreased ADAMTS13 activity levels, consistent with the chronic nature of their disease. The two upper dashed lines encompass the normal range of plasma 
ADAMTS13 activity. The lowest line marks the detection limit of the assay at 10%.
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inhibitor complex, yielding low ADAMTS13 antigen levels in <50% 
of TTP patients.89 The ADAMTS13 antibody assay is highly sensi-
tive (>90%) for acquired TTP but may yield false-positive results 
in 5% to 10% of individuals without ADAMTS13 antibodies.90,91

ADAMTS13 Activity Levels during Plasma Therapy 
and Remission
ADAMTS13 activity assays are used not only for initial diagnosis 
of TTP, but are also used to assist management during plasma 
therapy and clinical remission.43

In general, vWF-platelet aggregation does not occur when 
ADAMTS13 activity is >10% of normal. Thus, in a patient with 
persistent thrombocytopenia or declining platelet counts, an 
ADAMTS13 activity >10% of normal, either at initial presentation 
or during plasma therapy, precludes TTP as the cause of the low 
platelet count, and requires a search for other causes.

At the end of plasma therapy and during remission, persis-
tently low (<10%) or steadily declining ADAMTS13 levels connote 
a high risk of immediate or impending relapse.

Hereditary Thrombotic Thrombocytopenic Purpura
The ADAMTS13 activity level should be ≤10% and the inhibitor 
and antibody tests should be negative in patients with heredi-
tary TTP. Falsely-positive antibody results may cause confusion. 
Improvement of the ADAMTS13 level to greater than 10% during 
remission excludes the diagnosis of acquired TTP.

Familial studies may be performed to show that the parents 
have partial ADAMTS13 deficiency.59 In practice, familial studies 
may be limited in the power to distinguish carriers from normal 
individuals.

Differential Diagnosis
Although the diagnosis of TTP depends on the demonstration 
of severe ADAMTS13 deficiency, it is essential to exclude other 
causes of microangiopathic hemolysis as listed in Table 48.1. On 
the other hand, the presence of a co-morbidity does not preclude 
the diagnosis of TTP.

A complete history and physical examination should be accom-
panied by appropriate laboratory tests such as ELISA or PCR tests 
for shiga toxins in the stool; blood or viral cultures or PCR analysis 
for pneumococcal or other bacterial or viral infections; autoimmune 
serology tests for lupus, scleroderma, and related autoimmune 
disorders; coagulation profile such as PT, PTT, fibrinogen, D-dimer 
assays, and additional clotting factor assays for disseminated intra-
vascular coagulopathy; MRI for mental status changes; CT scan or 
other imaging studies and tissue biopsies for metastatic neoplasm; 
and flow cytometry for paroxysmal nocturnal hemoglobinuria.

Advanced renal failure, hypertension, and complications of 
abnormal vascular permeability such as brain edema, pleural 
or pericardial effusions, pulmonary edema, acute respiratory 
distress syndrome, ascites, and anasarca are rare in TTP. Any of 
these complications at presentation or during the course favors 
the diagnosis of thrombotic microangiopathy due to atypical HUS 
or other etiologies.

Management and prognosis
Prompt plasma exchange is critical to prevent serious compli-
cations or death from TTP. The principles of management for 
patients with TTP are summarized in Table 48.2.

Plasma Therapy
Before plasma exchange or infusion was introduced in the 1970s,92,93 
more than 90% of patients died after presenting with symptomatic 

•	 High index of suspicion is essential for patients presenting with 
 thrombocytopenia or TIA/stroke.

 – Some patients may not have thrombocytopenia or microangiopathic 
 hemolysis at presentation.

•	 Prompt treatment is critical to prevent serious complications and death.

•	 Daily plasma exchange is the therapy of choice for acquired TTP presenting with 
active thrombosis.

•	 Plasma infusion is used as an emergent substitute until plasma exchange is 
available.

•	 ADAMTS13 activity assay should be obtained before the patients receive any 
blood products.

•	 The diagnosis should be re-assessed during the course of therapy.

•	 Monitoring of ADAMTS13 during plasma therapy and remission may help 
 clinical assessment.

 – For patients with persistent thrombocytopenia, ADAMTS13 >10% should 
suggest other causes of thrombocytopenia.

 – Monthly ADAMTS13 monitoring may detect impending relapses.

•	 Rituximab therapy should be considered for patients

 – Unable to wean off plasma exchange due to persistent and severe 
ADAMTS13 deficiency.

 – With persistent and severe ADAMTS13 deficiency during clinical remission.

 – Exhibiting a trend of declining ADAMTS13 levels.

•	 Hereditary TTP

 – Plasma infusion is effective for patients presenting with acute  symptoms.

 – Plasma exchange is used if the patient has renal failure or fluid overload.

 – For most patients, plasma therapy every 2–3 wk prevents acute crisis, 
strokes, and renal failure.

PRINCIPLES OF MANAGEMENT FOR THROMbOTIC 
THROMbOCyTOPENIC PURPURA (TTP)

taBLe 48.2

TTP. Plasma exchange and plasma infusion are the only therapies 
with proven efficacy for TTP presenting with thrombocytopenia and 
microangiopathic hemolysis.2 With these treatments, a mortality 
rate of 10% to 20% and 40% to 50% is expected, respectively.

Plasma exchange is typically performed daily at 1–1.5 total 
plasma volumes until the platelet count is normal, then gradually 
tapered to ensure the platelet count is stable before the therapy is 
discontinued. It is believed that plasma exchange therapy removes 
antibodies and replenishes the deficient ADAMTS13.

Serial analysis shows that the plasma ADAMTS13 activity level 
often fluctuates in the first several weeks before it gradually sta-
bilizes to a steady-state level. This explains why the response to 
plasma therapy may be unsteady for weeks to months and why 
it is important to monitor the blood counts closely after plasma 
exchange therapy is tapered.

ADAMTS13 levels persistently less than 10% of normal at the 
end of plasma therapy indicate a high risk of early relapse. On the 
other hand, a measurable ADAMTS13 level at the end of plasma 
therapy does not preclude the possibility that levels will subse-
quently decrease and cause later relapse. Thus, serial ADAMTS13 
analysis is more informative than single tests.

Plasma infusion has the advantage that it does not require a 
large venous catheter and special equipment. Its efficacy is limited 
by the risk of fluid overload. Plasma infusion is used primarily as 
an emergent substitute until plasma exchange is instituted.

Cryoprecipitate-depleted plasma has been advocated as a more 
effective alternative of fresh-frozen plasma because it lacks large 
vWF multimers.94,95 However, two small  randomized- controlled 
trials failed to demonstrate that the use of cryoprecipitate-
depleted plasma is superior to fresh-frozen plasma as initial 
replacement therapy.96,97

72683_ch048_1077-1096.indd   1085 7/31/13   12:20 PM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

1086 Part v Disorders of Hemostasis and Coagulation • SECtION 2 Thrombocytopenia

Acquired TTP is a chronic autoimmune disease punctuated 
with episodes of acute exacerbation. The ADAMTS13 level dur-
ing clinical remission is quite variable, ranging from normal to 
undetectable. Normal ADAMTS13 activity levels during remission 
do not preclude the risk of future relapses. Serial monitoring may 
detect trends of declining ADAMTS13 levels before the patients 
develop symptomatic relapses, providing a window for immuno-
suppressive intervention before a relapse occurs.43

Immunosuppressive Therapy
Plasma therapy does not address the underlying ADAMTS13 auto-
immunity of TTP. Patients are able to achieve sustained remission 
primarily because the inhibitors spontaneously decrease, allowing 
the recovery of the ADAMTS13 activity above the threshold level. 
Nearly all patients will experience at least one relapse in their 
later lives. Some patients develop refractory disease after years of 
quiescent periods or several sporadic relapses.

For patients who cannot be weaned off plasma exchange due 
to persistent ADAMTS13 deficiency, suppression of B-cells with 
rituximab, a chimeric monoclonal antibody to CD20, induces clini-
cal remission in approximately 70% to 90% of the patients.98,99–101 
Rituximab increases the ADAMTS13 level by suppressing, but 
not necessarily eliminating, the ADAMTS13 inhibitors. A small 
increase in the ADAMTS13 activity level to 10% or higher is suf-
ficient to induce clinical remission, allowing the patient to be 
weaned off plasma therapy. Rituximab is less effective in patients 
with high ADAMTS13 inhibitor levels.

Rituximab may decrease the risk of immediate relapse in 
patients with severe ADAMTS13 deficiency entering or during 
remission.102,103,104,105 It may also be used pre-emptively to avert 
relapses in patients exhibiting a trend of declining ADAMTS13 
activity levels during remission.43 The efficacy of rituximab lasts 
for several months to a few years, with a median remission dura-
tion ∼1.5 years. Patients may be re-treated with rituximab when 
their plasma ADAMTS13 activity begins to show a steady decline. 
The major side effects of rituximab include allergic reaction and 
reactivation or exacerbation of viral infections such as hepatitis 
B and progressive multifocal leukoencephalopathy.

Cyclosporin may be efficacious, but the experience of using 
cyclosporine in TTP patients remains limited.106 Splenectomy, 
which decreases the number of B-cells and immunocytes, has 
been recommended for patients unable to be weaned off plasma 
exchange or who experience frequent relapses.107 With rituximab 
demonstrating high response rates, splenectomy is performed less 
frequently. Other immunosuppressive therapies that have been 
used in TTP include corticosteroids, vincristine, cyclophospha-
mide, and azathioprine. These therapies are generally less effec-
tive than rituximab and more likely to cause serious side effects.

Antiplatelet Agents
For most patients, adding antiplatelet drugs such as aspirin, 
dipyridamole, ticlopidine, or clopidogrel is unlikely to improve the 
response to plasma therapy. These drugs may prevent relapses in 
patients whose ADAMTS13 levels are low enough to cause platelet 
thrombosis. Nevertheless, the response to antiplatelet therapy is 
unreliable. 

Hereditary Thrombotic Thrombocytopenic Purpura
Hereditary TTP responds to 7.5–10 ml fresh-frozen plasma per 
kilogram of body weight. Plasma exchange therapy is reserved 
for patients with renal failure. Inasmuch as thrombotic complica-
tions are unpredictable and may result in serious sequelae such 
as chronic renal failure or strokes, maintenance plasma therapy is 
recommended for most patients with hereditary TTP. The regimen 
should be tailored to prevent not only acute symptomatic crisis 

but also the development or progression of chronic organ injury. 
To achieve these goals, maintenance of normal platelet counts is 
recommended. Most patients require fresh-frozen plasma every 
2 weeks to achieve and maintain normal platelet counts and pre-
vent acute exacerbations. For patients not receiving maintenance 
therapy, serial monitoring of CBC, renal function, and urinalysis 
is recommended.

Special Considerations: Thrombotic 
Thrombocytopenic Purpura in Pregnancy
An association between pregnancy and TTP has been suspected, 
but never confirmed. Because TTP affects women in their repro-
ductive years, it may occur co-incidentally during pregnancy. 
Patients presenting with TTP during pregnancy should be treated 
as other patients with plasma exchange, and with tapering of the 
treatment to be guided by serial ADAMTS13 levels.

A more difficult challenge is counseling and management of 
women with a history of TTP who desire pregnancy. Pregnancy 
progressively decreases ADAMTS13 levels by 30% at term, and 
by nearly 65% if the pregnancy is complicated with preeclampsia 
or the HELLP (hemolyis, elevated liver enzymes, and low platelet 
count) syndrome. Pregnancy also increases plasma vWF levels. 
Therefore, pregnancy may lead to exacerbation of TTP in patients 
with pre-existing ADAMTS13 deficiency. Microvascular throm-
bosis increases maternal and fetal morbidity and mortality, and 
therefore every effort should be made to prevent thrombosis and 
thrombocytopenia during pregnancy.

For women with a history of acquired TTP and low ADAMTS13 
levels during their remission, pregnancy is not advised, as it 
involves real risks that cannot be reliably predicted or easily 
managed. ADAMTS13 levels may decrease to cause maternal 
TTP relapses. It may also cause fetal complications without overt 
maternal relapses.

If pregnancy is inevitable, rituximab may be an option to pre-
emptively increase ADAMTS13 levels before pregnancy occurs. 
Rituximab is a class C drug for pregnancy, based on the adverse 
effect of lymphocytopenia observed in animal reproductive stud-
ies. In theory, its deleterious effects may last for 12 months. 
There are no adequate and well-controlled studies in humans. 
Rituximab use during pregnancy has been reported in a woman 
without causing adverse consequences. Thus, potential benefits 
may warrant use of the drug in pregnant women despite the 
theoretical risks.

Serial monitoring of ADAMTS13 levels is essential in pregnant 
patients. If ADAMTS13 exhibits a trend of decrease toward 10% of 
normal, pre-emptive plasma exchange or infusion therapy is used 
to prevent TTP relapses and fetal complications.

Patients with genetic ADAMTS13 mutations should receive 
adequate maintenance plasma therapy titrated to prevent throm-
bocytopenia and thrombosis. Some women with milder forms 
of hereditary TTP may become pregnant without knowing the 
diagnosis of the disease. These patients may develop thrombocy-
topenia that is often incorrectly attributed to immune thrombo-
cytopenia or gestational thrombocytopenia, only to develop TTP 
exacerbation or fetal complications as the pregnancy progresses. 
A positive family history, a high index of suspicion, and liberal use 
of ADAMTS13 assays may help identify such patients for correct 
diagnosis and management.

Novel Therapeutic Modalities
Recombinant ADAMTS13 is under development for replacing 
deficient ADAMTS13 in patients with TTP. Truncated variants of 
ADAMTS13 or variants with substitutions at the residues critical 
for interaction with inhibitors may circumvent the difficulties 
posed by inhibitors. However, immunogenicity is a concern for 
variant ADAMTS13 molecules with substituted amino acid.
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N-acetylcysteine, presently used for acetaminophen liver 
toxicity and chronic lung disease, decreases the size of vWF by 
reducing the disulfide bonds of vWF multimers.108 It may be an 
attractive therapy for TTP if its vWF-reducing activity is confirmed 
in human subjects.

Inhibitors of vWF-platelet aggregation such as the anti-vWF 
aptamer ARC1779107 or nanobody ALX-0081109 may prevent 
microvascular thrombosis in TTP patients. These drugs may best 
serve as a short-term measure to prevent serious complications or 
death before ADAMTS13 levels are raised by plasma replacement 
therapy or rituximab.

SHiga Toxin–aSSoCiaTeD 
HemolyTiC-uremiC SynDrome
First described by Gasser et al. in 1955,110 typical HUS refers to 
the constellation of renal failure, microangiopathic hemolysis, and 
thrombocytopenia following a bout of hemorrhagic diarrhea. This 
is a relatively uncommon disease but often draws public attention 
during outbreaks of food-borne illness.

etiology
It is estimated that approximately 90% of North American and 
European children with HUS have infection with shiga toxin– 
producing E. coli (STEC) of the enterohemorrhagic serotype, 
 typically serotype O157:H7. In the United States, approximately 
4,000 cases of E. coli O157:H7 infections are diagnosed annually, 
with 15% of them developing the complication of HUS. STEC of 
non-O157 serotypes and even Shigella dysenteriae serotype I 
have also been implicated in causing HUS.

The offending organisms share the capacity of producing power-
ful shiga toxins, which are encoded by phage DNA and comprise 
several genotypes.111 Most HUS cases are caused by shiga toxin 
genotype 2 or 1+2. With more laboratories conducting the shiga 
toxin assays, increasing numbers of non-O157 E. coli serotypes such 
as O26:H11, O103:H2, O111:H8, and O145:H28 are detected.

Enteropathogenic E. coli has a reservoir in bovine intestine 
and is transmitted by meat, milk, or water contaminated with 
ruminant feces. Most cases of shiga toxin–associated HUS result 
from ingestion of contaminated food such as beef, leafy vegeta-
bles, dairy, fruits, nuts, sprouts, poultry, or water. Other modes of 
transmission include direct animal contact and person-to-person 
contact during the acute diarrheal phase. Very low infectious 
doses (<100 organisms) are sufficient to cause clinical disease. 
Outbreaks account for only 20% of the cases. Approximately 50% 
of the cases occur during the summer months.

The outbreaks in Germany, France, and other countries in 
2011 were due to contamination with E. coli O104:H4, which 
evolved from an unusual progenitor of enteroaggregative E. coli 
through acquisition of a stx2-encoding prophage and a plasmid 
encoding a CTX-M-15 extended-spectrum beta-lactamase (ESBL) 
gene.112,113,114,115

Many strains of STEC have not been associated with hemor-
rhagic diarrhea or HUS, indicating that other virulence factors of 
the organisms are also critical for pathogenesis. The expression 
of additional genes on a chromosomal locus of enterocyte efface-
ment pathogenicity island, including intimin encoded by the eae 
gene for intimin attachment, has a strong association with the 
risk of HUS.116

STEC is one of the surveillance infections conducted by the 
Foodborne Disease Active Surveillance Network (FoodNet).

pathology
The pathology of shiga toxin–associated HUS is quite different 
from that of TTP, as it is dominated by glomerular endothelial 

cell swelling or necrosis and subendothelial expansion in the 
kidney.117,118 Fibrin-platelet thrombi are commonly present in 
glomerular loops and hila and may be seen extending into small 
and medium-sized arteries, including the interlobular arteries 
(Fig. 48.2C). Neutrophil infiltration may be present. Extensive 
thrombosis may result in renal cortical infarcts.

Other organs such as brain, heart, intestinal tract, and pan-
creas may also be affected, either with edema due to abnormal 
vascular permeability or with ischemic injury due to microvascu-
lar stenosis or thrombosis.

pathophysiology
It is believed that injury of the kidney and other organs is a 
consequence of the cytotoxic effect of shiga toxins on vascular 
endothelial cells.119,120,121 A shiga toxin molecule comprises an 
A-subunit and a pentameric B-subunit. The shiga toxin molecule 
binds via its B-subunit to globotriaosylceramide (Gb3) expressed 
on the membrane lipid rafts of renal microvascular endothelial or 
other target cells. This binding is followed by internalization of the 
A-subunit via endocytosis. After proteolysis, a smaller fragment of 
the A-subunit is generated that is capable of disrupting the 60s 
ribosomes, blocking protein synthesis in the target cells. The sen-
sitivity of endothelial cells may be enhanced by cytokines such as 
IL-1 and TNF-a released in response to endotoxins.

Additional studies suggest that shiga toxins may also alter the 
expression of vasoactive factors (e.g., endothelin and nitric oxide) 
and adhesive proteins (e.g., vWF, avb3, PCAM-1, and P-selectin), 
or activate the alternative complement pathway.122,123,124,125 
However, it is not clear whether the high concentrations of shiga 
toxins used in these studies are pathophysiologically relevant.

The cytotoxicity of shiga toxins leads to endothelial cell swell-
ing, abnormal vascular permeability, and cell death. Endothelial 
cell disruption exposes the underlying thrombogenic glomerular 
basement membrane, triggering the activation of the coagula-
tion cascade and subsequent thrombosis. Thrombosis leads to 
ischemic organ injury, thrombocytopenia, and abnormal shear 
stress causing red cell fragmentation. Vascular stenosis may 
also result from endothelial swelling and subendothelial expan-
sion, causing tissue ischemia and red cell fragmentation without 
increasing platelet consumption. The microangiopathy may also 
increase vascular permeability, leading to brain edema, pleural or 
pericardial effusion, ascites, mesenteric or intestinal edema, and 
anasarca that do not correlate with thrombocytopenia or micro-
angiopathic hemolysis.

Clinical presentation
There is a spectrum of illness following ingestion of STEC, rang-
ing from no symptoms to self-limited  gastroenteritis, the HUS and 
death.

Symptomatic STEC infection leads to HUS in up to 15% 
of cases.111,126 Diarrhea and other gastrointestinal symptoms 
develop between 2 and 12 days after ingestion of pathogenic 
E. coli. Bloody diarrhea develops 1 to 3 days later.

Symptoms and signs of HUS begin to manifest as the diarrhea 
begins to improve. Risk factors for HUS after infection with shiga 
toxin–producing E. coli include young or old age, long duration of 
diarrhea, elevated leukocyte count, antimicrobial or antidiarrheal 
drug use, and bloody diarrhea.127

The onset of hemolysis and renal failure may be dramatic, with 
sudden pallor, abdominal pain, vomiting, and the appearance of 
dark-red or nearly black urine. These manifestations may quickly 
lead to oliguria or even anuria. On the other hand, mild or incom-
plete HUS with thrombocytopenia but no anemia or azotemia is 
almost as frequent as the complete form of HUS.

Extrarenal complications occur in approximately 50% of 
patients, and may include pancreatitis, glucose intolerance, 
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colonic necrosis and perforation, myocardial infarction, conges-
tive heart failure, pericardial or pleural effusion, and acute respi-
ratory distress syndrome.128

Neurologic complications including irritability, confusion, tran-
sient paralysis, seizures, and coma are the most serious and 
often result from cerebral edema of thrombotic microangiopathy. 
Hemorrhagic or thrombotic stroke is quite infrequent. Elderly 
individuals, especially frail nursing home residents, are more 
likely to experience cardiovascular and neurologic complications 
and death.129

Laboratory Findings
Hematologic findings are similar to those of TTP, although the 
severity of thrombocytopenia is more variable and does not always 
reflect the severity of the clinical status. The anemia often is 
severe and may be accompanied by moderate polymorphonuclear 
leukocytosis. Hemoglobinemia may be marked. The prothrom-
bin time and partial thromboplastin time usually are normal or 
minimally prolonged; fibrin degradation products or D-dimer tests 
are frequently elevated.130 Serum haptoglobin levels are typically 
undetectable. The bilirubin level is usually elevated. The liver trans-
aminases and amylase may also be elevated.131 The blood urea 
nitrogen and serum creatinine levels may be quite high. The urine 
usually contains hemoglobin and hemosiderin in addition to albu-
min. Microscopically, erythrocytes, leukocytes, and casts are seen.

CT and MRI studies of the brain in patients with neuro-
logic complications may reveal various abnormalities includ-
ing restricted water diffusion; edema or posterior reversible 
encephalopathy syndrome (PRES); contrast enhancement; or 
hemorrhage in the basal ganglia, thalamus, cerebellum, or brain-
stem.132 The lesions are most commonly due to abnormal vascu-
lar permeability and may resolve on follow-up examinations and 
are not necessarily associated with a poor long-term neurologic 
outcome. Similar lesions are also often detected in patients with 
atypical HUS.

With perhaps rare exception, patients with shiga toxin– 
associated HUS have normal or slightly decreased ADAMTS13 
activity levels and no inhibitory antibodies.7 Large vWF multimers 
may be decreased as abnormal shear stress in the microcircula-
tion augments proteolysis of vWF by ADAMTS13.7

Diagnosis, Management, and prognosis
Conventionally, E. coli O157:H7 is detected by plating fresh feces 
on  sorbitol–MacConkey agar. Direct detection of shiga toxins by 
ELISA or PCR analysis is more sensitive and also detects non-
O157:H7 serotypes.133

No specific treatment is available for shiga toxin–associated 
HUS. Early and careful management of acute renal failure and 
hypertension and the judicious use of packed red cell transfusions 
appear to constitute the safest and most effective approach to the 
management of HUS in children.

Plasma therapy is of no or little benefit in children.134 Because 
of the excellent results achieved in the treatment of TTP and dif-
ficulty in distinguishing HUS from TTP, adult patients are often 
treated with plasma exchange, although evidence in support of 
this practice remains circumstantial.135

Recently, based on laboratory observations of complement 
activation by shiga toxin and endothelial P-selectin,122 ecu-
lizumab, a humanized monoclonal antibody of C5 originally 
approved for patients with paroxysmal nocturnal hemoglobinuria 
and aHUS, was used in three patients with severe shiga toxin–
associated HUS.136 The patients promptly improved. This could 
represent a major therapeutic advance if its efficacy is reproduced 
in other trials.

Certain antibiotics such as ciprofloxacin may induce the 
expression of shiga toxins.126,137,138 Antibiotic usage increases 

the risk of HUS following E. coli O157:H7 infection.139 Until 
future investigation shows otherwise, bactericidal antibiotics and 
antimotility drugs should be avoided in patients with shiga toxin–
associated colitis.

Approximately 50% of patients with shiga toxin–associated 
HUS require dialysis. The usual indications for dialysis support 
include fluid overload unresponsive to diuretics, a rapidly rising 
creatinine value, anuria for more than 24 hours, severe electrolyte 
imbalance, and serious clinical signs of uremia.

Direct person-to-person transmission occurs during the acute 
diarrheal phase. In some cases, excretion of the microorganisms 
may persist for several months. Contact isolation and frequent 
hand washing are recommended to minimize the spread of 
infection.

The overall mortality in children with epidemic HUS is 12% 
(range 0 to 30%). The majority of patients recover without serious 
consequences. Long-term renal injury such as decreased glomeru-
lar filtration rate, proteinuria, hypertension, or renal failure may 
be present in as many as 1 of every 4 survivors.140,141 However, 
this risk is quite variable. Some patients may develop irritable 
bowel syndrome.142 Young women may also be at higher risk of 
pregnancy-related hypertension, presumably due to subclinical 
kidney injury.143 A few patients may require long-term dialysis or 
renal transplantation therapy. Shiga toxin–associated HUS is not 
expected to recur following renal graft transplantation.

aTypiCal HemolyTiC–uremiC 
SynDrome
aHUS originally referred to the constellation of acute renal failure, 
microangiopathic hemolysis, and thrombocytopenia in children 
without a prodrome of hemorrhagic diarrhea or another appar-
ent cause. It is now recognized that aHUS may present in adults 
as frequently as in children, although most of the adult patients 
have been given the diagnosis of TTP. Most patients with aHUS 
have defects in regulating the alternative complement pathway.144 
Defective complement regulation is also found in women with 
pregnancy-associated aHUS.145 Preliminary evidence suggests 
that some of the patients with other co-morbidities such as bone 
marrow/hematopoietic stem cell transplantation also have defec-
tive regulation of the alternative complement pathway.144 In such 
patients, aHUS is believed to be induced by the co-morbidity. In 
addition, severe hypertension may be a complication of aHUS 
instead of a cause of microangiopathic hemolysis as previously 
believed.

Because of overlapping clinical features, aHUS is not distin-
guished from TTP in many reports. In fact, most patients with the 
so-called “TTP without severe ADAMTS13 deficiency” really have 
aHUS instead of TTP. Interpretation of reports in the literature 
is difficult when the case definitions do not provide a clear dis-
tinction between TTP and aHUS. A comparison of the distinctive 
features of TTP and aHUS is summarized in Table 48.3.

pathology
Although aHUS and TTP share the common features of thrombo-
cytopenia and microangiopathic hemolysis, they are quite differ-
ent pathologically.

In aHUS, the affected glomerular capillaries, arterioles, and 
interlobular small arteries typically exhibit endothelial cell swell-
ing or death and subendothelial expansion due to edema and/or 
hypercellularity, often but not invariably accompanied by throm-
bosis.146 The glomerular tufts may show mesangiolysis. Late 
changes may show double basement membranes, mesangial cell 
proliferation with expansion of the matrix and interstitial fibro-
sis. The lesions often include admixtures of acute and chronic 
changes (Fig. 48.2D–F). The prominence of chronic changes in 
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Disorder TTP aHUS

•	 Transmission Acquired Hereditary Acquired Hereditary

•	 Molecular defects ADAMTS13 inhibitors ADAMTS13 mutations CFH Ab Genetic defects of  
complement regulation

•	 Age Teens–adults Children–adults Children–adults

•	 Gender (female vs. male) 2–3:1 ∼ 1:1 ∼ 1:1

•	 Pathology Microvascular thrombosis Thrombotic microangiopathy

•	 Presentation  – General: fatigue, headache
 – Neuro: focal deficits, confusion
 – Others: abdominal or chest pain, nausea, vomiting

 – General: fatigue, headache, dizziness
 – Cardiovascular: chest pain, dyspnea
 – GI: abdominal pain, diarrhea, nausea, vomiting
 – Neuro: somnolence, confusion, seizures, focal deficits

•	 Thrombocytopenia Precedes MAHA and organ injury May not reflect disease severity

•	 Advanced renal failure Rare Occasional Common

•	 Hypertension Rare Occasional Common

•	 ↑	Vascular permeability
 – Cerebral edema, PRES
 – Pulmonary edema
 – Effusions, ascites
 – Anasarca

Rare Rare Common

•	 Treatment of choice Plasma exchange Plasma infusion Eculizumab

•	 Mortality 10%–20% Very low if promptly 
treated

 – 10%–30% with plasma exchange
 – Expected to be very low with eculizumab

•	 Long-term prognosisa Relapse Relapse, stroke, CRF Relapse, ESRD

Complement regulators: complement factor H, membrane co-factor protein, complement factor I, C3, complement factor B, or thrombomodulin; CFH, complement factor H; CFHR1, complement 
factor H-related protein 1; CRF, chronic renal failure; ESRD, end-stage renal disease; MAHA, microangiopathic hemolytic anemia; ND, not detectable; PRES, posterior reversible encephalopathy 
syndrome.
aIf treated only for relapses.

COMPARISON OF THROMbOTIC THROMbOCyTOPENIC PURPURA (TTP) AND ATyPICAL HEMOLyTIC-UREMIC SyNDROME (aHUS)

taBLe 48.3

patients at their first presentation suggests antecedent subclini-
cal injury.

The pathology of thrombotic microangiopathy may also be 
demonstrable, albeit less conspicuously, in other organs. More 
common is tissue edema in the brain, lung, gastrointestinal tract, 
mesentery and cutaneous soft tissues. Fluid accumulation may be 
present in the pericardial, alveolar, pleural, or peritoneal space. 
These changes result from abnormal vascular permeability and 
are uncommon in patients with TTP.

Molecular pathogenesis
The complement system, an important part of the innate host 
defense against invading microorganisms, may be triggered by 
immune complexes or microbial lectins. The alternative pathway, 
via complement factors B, D, and P, amplifies complement acti-
vation by promoting the generation of alternative C3b and C5b 
convertases (Fig. 48.9). Complement factor H (CFH), factor I (CFI), 
membrane cofactor protein (MCP, or CD46), thrombomodulin 
(THBD), and possibly complement factor H-related proteins 1–5 
(CFHR1–5) are involved in regulating self-perpetuating comple-
ment activation.

Genetic mutations of the alternative complement activators 
or regulators have been found in approximately 50% of aHUS 
patients, with a higher prevalence among patients with a fam-
ily history (75%) than in patients without a family history (40%). 
The molecular defects include inactivating mutations of CFH 
(25%), MCP, CFI, and THBD (5% to 10% each); gain-of-function 
mutations of activators C3 (5% to 10%) and CFB (a few pedi-
grees).144,147,148 Additionally, antibodies to CFH are detected in 

5% to 10% of the cases, often with concurrent homozygous or 
heterozygous genomic deletion of CFHR1.149,150

The genetics of aHUS are more complex than involvement of 
single genes. Compound mutations are present in 10% or more of 
the patients. Atypical HUS may only develop in patients with more 
than one variant of the activators or regulators.151 Analysis of 
single nucleotide polymorphisms (SNP) of complement activators 
and regulators demonstrates that the risk of aHUS is significantly 
increased or decreased with certain SNPs and haplotypes of CFH, 
CD46, CFHR2, CFHR4, and intergenic CR1-CD46.152 Laboratory 
studies have demonstrated that certain combinations of common 
variants (complotype) of the complement activators and regula-
tors increase the risk of the disease.153

Complement factor H-related proteins 1–5 (CFHR1–5) are the 
products of a series of genes located immediately downstream of 
the CFH gene, that are mapped to a region of chromosome 1q con-
taining multiple retrotransposon sequences. Genomic deletion of 
CFHR1 and CRFR3 is detected in only 3% of the control population, 
but is present in 28% of aHUS patients.150,154,155 Further analysis 
intriguingly reveals that genomic CFHR1 deletions are present in 
90% of patients with CFH autoantibodies and 20% of patients with 
CFI mutations, but not different from its background prevalence 
in patients with other or no mutations.156 The presence of CFHR1 
deletion markedly increases the severity of aHUS in patients with 
CFI mutations.157 CFHR1 may block the binding between CFH and 
its antibodies in autoimmune aHUS patients.144,158

The genetic lesions of complement regulation affect the prog-
nosis of aHUS. Long-term survival without advanced renal failure 
is approximately 80%–90% for patients with only mutations affect-
ing MCP, and is 20%–30% for patients with mutations of CFH. 
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Figure 48.9. A scheme of the complement system highlighting the alternative pathway and its regulators (in red). Complement factor I is a plasma 
serine protease which, with the help of complement factor H (CFH) or membrane cofactor protein (MCP), cleaves C3b to its inactive form (iC3b). CFH also regulates 
other steps in the alternative pathway. Thrombomodulin (THBD) augments the cofactor activity of CFH and promotes the activation of carboxypeptidase B2 (CPB2) by 
thrombin, thereby accelerating the inactivation of C3a and C5a. CFB, complement factor B; CFHR1, complement factor H related protein 1;  CPB2a, activated CPB2; 
iC3a, inactivated C3a; iC3b, inactivated C3b; iC5a, inactivated C5a; CFD, complement factor D; CFP, complement factor P; MBL, mannose binding lectin; MASP, 
mannose binding lectin associated protease.  

More than 50% of patients with CFI mutation have concurrent 
mutations affecting other complement activator or regulatory pro-
teins. Concurrence mutations increase the risk of serious aHUS 
complications.157

As a consequence of the complexity in its genetics, atypical 
HUS due to complement mutations is transmitted as an autosomal 
dominant trait with incomplete and variable penetrance, which is 
greater than 50% with CFH and MCP mutations, but much lower 
with mutations of the other proteins.

pathophysiology
The clinical features of aHUS are the consequence of microvas-
cular stenosis, thrombosis, and abnormal vascular permeability 
resulting from uncontrolled activation of the complement system.

When the complement system is triggered by infection or other 
factors, defective regulation of the alternative pathway leads to 
unrelenting generation of complement activation products, includ-
ing C3a, C5a, and C5b–9 (membrane attack complex, MAC). It is 
believed that C5b–9 causes direct injury of vascular endothelial 
cells, whereas C3a and C5a may cause abnormal vascular perme-
ability (Fig. 48.10).

Endothelial cell injury and disruption expose the prothrom-
botic components in the subendothelium, leading to the activation 
of the coagulation system, microvascular thrombosis, thrombo-
cytopenia, and ischemic organ injury. Microvascular thrombosis 
also creates abnormal levels of shear stress, causing fragmenta-
tion of the red blood cells.

Endothelial injury causes cell swelling, subendothelial edema, 
and cellular proliferation. These changes may directly result in 
marked luminal stenosis (Fig. 48.2E,F) and ischemic organ injury. 
Vascular stenosis also increases the shear stress and causes 
microangiopathic hemolysis without concurrent thrombocytope-
nia. Abnormal vascular permeability may lead to tissue edema 
and organ dysfunction without concurrent thrombocytopenia or 
microangiopathic hemolysis. The combination of multiple patho-
physiology pathways explains why microangiopathic hemolysis, 
thrombocytopenia, and organ dysfunction do not always closely 
correlate with each other in patients with aHUS.

Other Phenotypes of Complement Dysregulation
Excessive complement activation is also associated with the phe-
notype of mesangiocapillary or membranoproliferative glomeru-
lonephropathy type 2 (dense-deposit disease).159,160,161,162,163 
Occasionally, a patient may present with HUS, evolving to renal 
failure with histopathologic features of mesangiocapillary glo-
merulonephropathy later in life.164

Complement dysregulation is also associated with age-related 
macular degeneration. The Y402H polymorphism in the short 
consensus repeat-7 (SCR-7) of CFH has been linked to age-related 
macular degeneration among European patients.165,166,167 More 
than 20 cases of CFI deficiency have been described from 19 pedi-
grees linked to increased risk of pyogenic infection.168 Uncontrolled 
complement activation also underlies the mechanism of hemolysis 
in patients with paroxysmal nocturnal hemoglobinuria.169
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Figure 48.10. A scheme depicting how defective 
regulation of the alternative complement pathway 
may lead to atypical hemolytic-uremic syndrome 
(aHuS). Four types of molecular defects have been 
detected in patients with aHUS, in which organ dysfunc-
tion may result from ischemic injury or interstitial tissue 
edema. Consequently, it is not unusual that a patient with 
aHUS may continue to deteriorate neurologically due to 
brain edema while the platelet count is stable or increas-
ing. CFB, complement factor B; CFH, complement factor 
H; CFI, complement factor I; MCP, membrane cofactor 
protein; THBD, thrombomodulin.

Clinical presentation
The prevalence of aHUS has been estimated at 3 per million chil-
dren. Atypical HUS is likely to be as common as TTP in adults. 
Both males and females are equally affected.

The onset of an acute aHUS crisis may occur spontaneously 
or after trigger of stress conditions such as infection, surgery, 
trauma, inflammation, pancreatitis, intravenous contrast agents, 
or pregnancy. Although renal failure, microangiopathic hemoly-
sis, and thrombocytopenia are its common features, aHUS is a 
systemic disease affecting multiple organs.

Gastrointestinal symptoms such as abdominal pain, bloody or 
nonbloody diarrhea, nausea, and vomiting are the most common 
acute presenting symptoms of aHUS. Some patients have recur-
rence of these symptoms for months to years before the diagnosis 
is recognized.

Laboratory tests may reveal elevated pancreatic enzymes such 
as amylase or lipase, diabetes mellitus, and/or abnormal liver 
function tests.

Imaging studies may reveal thickening, edema, and/or isch-
emic changes of the intestinal or bronchial wall, mesenteric 
edema, ascites and pancreatitis.

Headache and waxing and waning mental status changes 
are common. Impaired vision due to exudative or hemorrhagic 
retinopathy, seizures, and coma may ensue as the disease pro-
gresses. Focal neurologic deficits may occur although these are 
not as frequent as in patients with TTP.

The most common findings in brain imaging studies are cere-
bral edema or posterior reversible encephalopathy syndrome 
(PRES), a reflection of abnormal vascular permeability. Ischemic 
changes or overt infarction may be present, but are less common. 
Many of these changes may not be detectable with computerized 
tomography.

The severity of anemia and thrombocytopenia are quite vari-
able in aHUS. Petechiae or other bleeding symptoms may occur 
but are uncommon. Rising platelet counts alone should not be 
taken as indication of disease improvement or remission.

Chest pain, dyspnea, respiratory failure, or congestive heart 
failure may result from pleurisy, pericarditis, airway edema, non-
cardiogenic pulmonary edema, or myocardial injury, which are 
detectable with chest radiograms, CT imaging, echocardiography, 
and EKG. Troponin and CPK levels may be elevated. Hypertension 
may be severe but often labile. Cardiac arrhythmias may lead to 
sudden death.

Proteinuria, hematuria, and renal function impairment are 
common. Hematuria is microscopic in most cases but may be 
gross occasionally. The severity of renal failure is variable. Some 
patients may present with very mild elevation of creatinine, and 
others present with anuric renal failure requiring dialysis support. 
Occasionally, a patient presents with aHUS only after receiving a 
renal graft for end-stage renal failure.

Diagnosis
No simple tests exist at this time for the diagnosis of defective 
alternative complement regulation. The C3 level is decreased in 
approximately 30%–50% of the patients. The C4 level is decreased 
in less than 10% of the cases. These changes are not specific for 
aHUS. In patients with mutations of CFH or CFI, the antigen levels 
of the affected proteins are decreased in approximately 30% of 
the cases.

Mutation analysis detects abnormalities in approximately 50% 
of the patients. Because compound mutations are common, all 
genes known to be involved in alternative complement regulation 
need to be analyzed. CFH antibodies are detected by ELISA in 5% 
to 10% of patients with aHUS. The genetics of aHUS also involve 
SNPs, haplotypes, and combinations of common or uncommon 
variants of complement activators or regulators. Due to its com-
plexity and incomplete understanding of pathogenic mechanisms, 
genetic study is not required for the diagnosis of aHUS.

Presently the diagnosis of aHUS relies on a process of exclusion 
(Fig. 48.11). aHUS is suspected in patients presenting with the 
constellation of microangiopathic hemolysis, any degree of renal 
function impairment and thrombocytopenia, and the diagnosis is 
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Figure 48.11. A scheme summarizing the current approach to patients presenting with thrombocytopenia and microangiopathic hemolytic anemia 
(MAHA). The patients should be empirically treated with plasma exchange unless history, physical examination, and laboratory tests strongly indicate otherwise. 
The indication of plasma exchange should be continually reassessed based on the evolution of clinical course and laboratory test results. Until ADAMTS13 assays 
are proven to be reliable, an ADAMTS13 level >10% should be correlated with clinical findings of advanced renal failure and/or abnormal vascular permeability for 
exclusion of thrombotic thrombocytopenic purpura (TTP). The role of eculizumab for treatment of shiga toxin–associated hemolytic-uremic syndrome (HUS) or other 
thrombotic microangiopathy of Group III disorders (Table 48.1) remains uncertain. DIC, disseminated intravascular coagulopathy.

presumed after exclusion of TTP and groups III and IV disorders 
listed in Table 48.1. 

aHUS needs to be distinguished from TMA via other mecha-
nisms such as shiga toxins or microbial neuraminidases. Shiga 
toxin assays are indicated for patients presenting with diarrhea. 
Blood cultures or viral studies are indicated for patients with 
suspected systemic infections.  There is insufficient knowledge 
to determine how frequent TMA occurs in patients with hema-
topoietic stem cell therapy, systemic autoimmune diseases, HIV 
infection, or various classes of drugs. Patients with autoimmune 
diseases may also develop MAHA due to vasculitis, which requires 
tissue biopsy for diagnosis. aHUS needs to be distinguished 
from hemolysis with elevated liver enzymes and low platelets 
(HELLP) syndrome and preeclampsia in women during preg-
nancy. Contrary to what is commonly believed, severe hyperten-
sion may be a consequence of aHUS rather than a cause of MAHA. 
The diagnosis of aHUS in patients without both MAHA and overt 
renal failure is more challenging and requires a high index of 
suspicion. The presence of hypertension, pleural or pericardial 
effusions, ascites, mesenteric or intestinal wall edema, anasarca, 
airway edema, acute respiratory distress syndrome, exudative 
retinopathy, brain edema, or posterior reversible encephalopathy 

syndrome (PRES) by CT or MRI strongly favors the diagnosis of 
aHUS over TTP.

Management
The principles of management for patients with aHUS are sum-
marized in Table 48.4. Traditionally, aHUS patients were treated 
with plasma exchange. This practice was an extension of plasma 
exchange therapy for TTP, but its efficacy has never been rig-
orously investigated. It appears to be effective in a fraction of 
patients with aHUS.

Plasma Therapy
Many patients improve following the institution of plasma 
exchange therapy. Some patients deteriorate and even die after 
exhibiting an initial response. Others relapse after the therapy 
is discontinued, but do not respond to its reinstitution. Thus, the 
outcome with plasma therapy is uncertain for individual patients.

Knowledge of the molecular defects of aHUS may potentially 
predict which patients are likely to benefit from plasma exchange 
therapy. Plasma exchange or even plasma infusion is most likely 
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•	 Atypical HUS is a systemic disease

 – Gastrointestinal symptoms of nausea, vomiting, abdominal pain, diarrhea are 
common complaints.

 – Cardiopulmonary symptoms of chest pain and dyspnea may occur

 – Neurologic abnormalities such as headache, somnolence, confusion,  
seizures, or visual defects may occur.

 – Advanced renal failure, hypertension or complications of abnormal vascular 
permeabilitya favors the diagnosis of aHUS over TTP.

 – Renal failure may be minimal or mild in some cases.

•	 Atypical HUS is a diagnosis of exclusion

 – TTP should be excluded with ADAMTS13 assays.

 – Stx-HUS should be excluded with stool shiga toxin assays for patients with 
diarrhea.

 – Other causes of MAHA should be excluded with history, coagulation tests, 
autoimmune serology, microbiology, and/or tissue biopsy as indicated.

 – Acute presentation of atypical HUS may be triggered by a co-morbidity (Table 48.1).

•	 Plasma exchange is the initial choice of therapy until TTP is excluded

•	 Eculizumab is the treatment of choice for aHUS

 – Improvement in thrombocytopenia and mental status change is evident after 
one or two doses of eculizumab.

 – Recovery of renal function may occur slowly over many months.

 – Vaccination is critical for prevention of meningococcal sepsis.

•	 Long-term therapy with eculizumab should be considered for patients who 

 – have more than minimal renal dysfunction, or

 – are predisposed to relapse with serious complications.

•	 If eculizumab is discontinued, close monitoring is indicated for early detection of 
relapse or organ injury. Follow-up evaluation should include

 – Symptoms, physical findings, blood pressure.

 – CBC, renal function and hemolysis markers.

Stx-HUS, shiga toxin–associated hemolytic-uremic syndrome; TTP, thrombotic 
thrombocytopenic purpura
aAs reflected by cerebral edema, posterior reversible encephalopathy syndrome, pleural or 
pericardial effusion, pulmonary edema, acute respiratory distress syndrome, ascites, or soft 
tissue swelling.

PRINCIPLES OF MANAGEMENT OF ATyPICAL 
HEMOLyTIC-UREMIC SyNDROME (aHUS)

taBLe 48.4

to benefit patients with deficiency of plasma proteins such as 
CFH or CFI, but not patients with defective membrane-bound 
proteins such as MCP. Intensive plasma exchange may be effec-
tive for patients with gain-of-function C3 or CFH mutations, or 
CFH antibodies. For patients with multiple mutations or unknown 
mutations, it is impossible to predict whether they will respond to 
plasma therapy.

Some patients develop end-stage renal failure, months to years 
after plasma exchange is discontinued, without ever experiencing 
acute symptomatic relapses of aHUS. Thus, long-term mainte-
nance plasma therapy is often needed for responsive patients 
to prevent relapses or progression of kidney injury. Long-term 
plasma therapy is technically demanding, poses a major stress 
on the patients, and its optimal regimen can only be determined 
empirically at best.

Eculizumab
A major advance in the treatment of aHUS is eculizumab, a 
humanized monoclonal antibody to C5 originally approved in 
2007 for the treatment of paroxysmal nocturnal hemoglobinuria. 
Based on two prospective studies of 37 adult and adolescent 
patients, and a retrospective study of 19 pediatric patients,170 
the U.S. Food and Drug Administration and European Medicines 

Agency approved eculizumab in 2011 for the treatment of child-
hood and adult aHUS.

In the clinical trials, patients without identifiable mutations 
also responded to eculizumab, suggesting that defective regulation 
of the alternative complement pathway plays a pathogenetic role 
in most if not all patients of aHUS without identifiable molecular 
defects. 

With eculizumab, clinical improvement in mental status, gas-
trointestinal symptoms, and increase in the platelet count are 
often apparent after one or two weekly administrations. Renal 
function improvement may be slow but continues for many 
months. Long-term eculizumab therapy may lead to gradual 
recovery of renal function, allowing some patients to come off 
dialysis therapy.

The aims of eculizumab therapy for aHUS include prevention 
of death, and avoidance of aHUS relapse. To achieve these aims, 
eculizumab should be instituted as soon as the diagnosis is rea-
sonably established and TTP is excluded.

Atypical HUS is a chronic disease that often continues to 
cause subclinical injury of the kidney and other organs even in 
the absence of overt symptoms, thrombocytopenia, or micro-
angiopathic hemolysis. Long-term eculizumab therapy should 
be considered for patients who are close to requiring renal 
replacement therapy and patients whose aHUS, if left untreated, 
may cause severe hypertension or other serious extra-renal 
complications. If eculizumab is discontinued, close monitoring of 
clinical status, blood pressure, blood counts, and renal function 
is indicated for early detection of aHUS relapse or progressive 
organ injury.

Eculizumab is well tolerated with minor adverse reactions. 
It is important to note that eculizumab therapy may predispose 
patients to fulminant Neisseria meningitides infections. Patients 
should be given meningococcal vaccination and take prophylactic 
antibiotics until 2 weeks after the vaccination. Patients should also 
carry an identification card to facilitate emergency management 
of any infectious complications. Concern of serious infection has 
prompted some physicians to recommend long-term prophylactic 
antibiotic therapy.

The efficacy of eculizumab for patients with thrombotic micro-
angiopathy in association with a co-morbidity such as those in 
Table 48.1 (group III), but no identifiable molecular defects in 
complement regulation has not been extensively investigated. 
Preliminary experience suggests that it is effective in some, if not 
all of such patients.

Eculizumab has been used in a small number of patients dur-
ing pregnancy without causing adverse effects to the mother and 
fetus.171,172

Eculizumab versus Plasma Exchange Therapy
Compared to plasma exchange, eculizumab offers several advan-
tages: the high efficacy of eculizumab is documented in clinical 
trials; it is expected to be effective for aHUS irrespective of the 
underlying molecular defects; and it is easier to administer, par-
ticularly for long-term maintenance therapy.

In contrast, the efficacy of plasma exchange has never been 
rigorously investigated in patients with aHUS; treatment failure is 
not uncommon; and plasma exchange requires a venous catheter 
that is inconvenient, uncomfortable, and carries the risk of infec-
tion or thrombosis. 

Renal Transplantation
Due to high rates of disease recurrence, aHUS patients, except 
those with mutations of membrane proteins such as MCP, have 
a very high risk (>80% to 90%) of graft failure following kidney 
transplantation.
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Previously, combined kidney and liver transplantation 
was performed based on the rationale that restoration of 
normal CFH in the circulation by the transplanted liver 
would prevent recurrence of aHUS and renal graft failure. 
However, because the complement system is triggered during 
major operations, the procedure was associated with a very 
high risk of morbidity and mortality. Pre-operative plasma 
exchange was advocated to prevent these complications.

Patients with mutations of membrane cofactor protein are 
expected to be cured, at least from the renal perspective, by 
a kidney allograft. Nevertheless, graft failure may occur if the 
donor is a family member who also carries the molecular trait, 
or if the patient carries other unidentified mutations. Due to the 
incomplete phenotypic expression of aHUS, family members of 
aHUS patients should not be organ donors. Extra-renal complica-
tions of aHUS may continue to occur after kidney transplantation. 
Maintenance eculizumab therapy is indicated for such patients.

If a patient with aHUS is to receive kidney transplanta-
tion, the patient should be treated with eculizumab prior to 
the operation.173,174 Eculizumab should be continued post-
operatively to prevent recurrence of the disease causing acute 
complications and graft failure. Because chronic eculizumab 
therapy is expected to be quite effective in preventing relapse 
of aHUS or organ injury, concurrent liver transplantation is no 
longer necessary.

prognosis
Historically, approximately 10% to 30% of aHUS patients treated 
with plasma exchange died during their acute presentation. The 
overall risk of death or end-stage renal failure was ∼60%. The risk 
was the highest (70% to 80%) for patients with CFH mutations, 
compound mutations, or CFI mutation with CFHR1 deletion, and 
the lowest mortality (10% to 20%) occurred in patients with MCP 
mutations.

Many of the patients never develop recurrence of overt throm-
bocytopenia or microangiopathic hemolysis while they progress 
to advanced renal failure. The absence of hematologic relapse 
leads to erroneous reports in the literature that “TTP” patients 
without severe ADAMTS13 are less likely to relapse and have a 
better long-term prognosis than those with severe ADAMTS13 
deficiency. Eculizumab is expected to suppress systemic complica-
tions and prevent renal function, deterioration, and death.

plaTeleT anD reD Cell Damage 
by abnormal VaSCular SurfaCeS
Platelets are subject to damage by interactions with “nonphysi-
ologic” surfaces within the vascular system. Pathologic alterations 
of vessels that may produce such platelet damage include stenotic 
and roughened heart valves,175 extensive atherosclerosis, meta-
static cancer, and kidney disease associated with severe vascular 
changes in renal vessels.176 An increasing number of surgical 
techniques involve the implantation of devices containing foreign 
material within the vascular system. Such circulatory prostheses 
include cardiac valves, vascular grafts of many types, indwell-
ing catheters,177 intra-aortic balloon pumps,178 extracorporeal 
membrane oxygenators (ECMO),179 and ventricular assist devices 
(VAD).180 Extensive efforts have been made to render such mate-
rials nonthrombogenic, but most of these devices produce varying 
degrees of platelet destruction as well as hemolysis.181

Bleeding during cardiopulmonary bypass surgery appears to 
be multifactorial, including operative factors, dilution of clotting 
factors, inadequate neutralization of heparin, thrombocytopenia, 
platelet dysfunction,180 and enhanced fibrinolysis. Hemodilution 
leads to a rapid reduction in platelet counts by as much as 50% 

shortly after cardiopulmonary bypass surgery begins. The plate-
let function defect is maximal during cardiopulmonary bypass 
surgery and usually disappears within 24 hours of surgery. 
The  nature of the platelet defect is controversial. Investigators 
report partial platelet degranulation, circulating activated plate-
lets by flow cytometry, and defects in platelet membrane glyco-
protein Ib/IX and IIb/IIIa.182,183 Efforts to minimize platelet and 
coagulation abnormalities in association with cardiac surgery 
include higher heparin doses to suppress thrombin generation,184 
heparin-coated circuit,185 miniaturized closed circuit,186 and off-
pump operations.187 Avoidance of cardiotomy suction, perhaps in 
combination with a direct thrombin inhibitor such as bivalirudin 
as the anticoagulant, may substantially minimize activation of 
the coagulation system.188 Bleeding is often reduced by infu-
sion of normal platelets, 1-deamino-8-d-arginine vasopressin, 
epsilon aminocaproic acid, or aprotinin.189,190,191,192 However, 
indiscriminate prophylactic platelet transfusion is ineffective 
and may increase the risk for adverse outcomes. A higher risk 
of end-organ damage has been observed with aprotinin, but not 
with tranexamic acid or aminocaproic acid.193 Nitric oxide plus 
iloprost may reduce the deleterious effects of cardiopulmonary 
bypass on platelets and even reduce post-operative bleeding.194

Red cell fragmentation and intravascular hemolysis are com-
mon in patients with left ventricular assist devices (LVAD), extra-
corporeal membrane oxygenator, or prosthetic heart valves. In 
such patients, monitoring of plasma hemoglobin concentration is 
recommended, as an increase in plasma hemoglobin level may 
herald intradevice thrombosis or malfunction. Analysis of vWF 
may also demonstrate a decrease in the normal large multimers 
in patients with LVAD.195,196–199 Such vWF multimer changes, 
presumably due to excessive proteolysis induced by abnormal 
shear stress profiles, are more profound in patients with non-
pulsatile than pulsatile devices. The vWF changes alone may 
not be sufficient to cause bleeding; yet they may contribute to 
the bleeding diathesis induced by anticoagulation or antiplate-
let therapy, other hemostatic defects such as thrombocytopenia 
and platelet  function defects, and acquired angiodysplasia of the 
 gastrointestinal tract.200

miSCellaneouS formS of 
nonimmunologiC plaTeleT 
DeSTruCTion
Extensive burns are associated with mild to moderate thrombocy-
topenia that results from nonimmunologic platelet destruction.201 
Thrombocytopenia may become severe and bleeding may develop 
when complications of sepsis or disseminated intravascular 
coagulation develop. Thrombocytopenia has been well described 
after hepatic cryotherapy202 and in moderate hypothermia treat-
ment.203,204

Certain drugs may produce thrombocytopenia by nonimmuno-
logic phenomena. Ristocetin, an antituberculous agent no longer 
used clinically, promotes the attachment of vWF to its platelet 
receptor and initiates direct platelet-to-platelet interaction by 
means of an agglutination phenomenon. Studies of ristocetin-
induced platelet aggregation have provided much information 
concerning von Willebrand disease.

Oxaliplatin may cause thrombocytopenia by causing liver 
injury and portal hypertension, leading to splenomegaly and 
hypersplenism.205 Protamine may produce reversible sequestra-
tion of platelets in the liver,206 but seldom is the cause of sig-
nificant thrombocytopenia. Aggregation of platelets independent 
of immune mechanisms plays a role in type 1 heparin-induced 
thrombocytopenia. Thrombocytopenia is a common feature of 
post-decompression sickness in divers and has been attributed to 
intravascular platelet aggregation.207
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This chapter summarizes miscellaneous forms of congenital and 
acquired thrombocytopenia (Table 49.1), including thrombocyto-
penia attributable to deficient platelet production, associated with 
abnormal platelet pooling in the spleen, and resulting from dilu-
tion with massive transfusions.

ConGeniTal THroMboCyTopenia
Hereditary thrombocytopenias have been well documented and 
may be inherited as an autosomal dominant trait, an autosomal 
recessive trait, or an X-linked recessive trait. Bleeding can be 
mild, and in some instances the affected family members are 
virtually asymptomatic, being identified only through incidental 
platelet counts or family studies after the identification of the pro-
positus. It is important to recognize these mild forms of familial 
thrombocytopenia because, although they may resemble autoim-
mune thrombocytopenic purpura, patients do not respond to ste-
roid treatment or intravenous immunoglobulin, and this therapy 
may be harmful. These disorders can be classified according to 
platelet size (Table 49.2).

autosomal recessive thrombocytopenias

Congenital Amegakaryocytic Thrombocytopenia
The presence of severe thrombocytopenia, absence of mega-
karyocytes in the bone marrow, and absence of any physical 
anomaly in an infant characterize congenital amegakaryocytic 
thrombocytopenia (CAMT).1 Because of the recessive nature of the 
disease, family history is usually negative, with both parents hav-
ing normal platelet counts and function. Patients with CAMT have 
markedly elevated serum levels of thrombopoietin (TPO)2 and 
mutations in the c-mpl gene. Multiple mutations in the c-mpl gene 
have been reported, including deletions, nonsense mutations, and 
missense mutations. Many of the patients studied are compound 
heterozygotes with one mutation inherited from each parent.3,4,5 
Because patients with CAMT develop progressive bone marrow 
aplasia during the course of the disease, it is likely that Mpl signal-
ing is essential for the production of mature megakaryocytes as 
well as maintenance of the hematopoietic stem cell population.6

Further subgrouping of CAMT patients into two groups has 
been proposed based on their clinical course: Group CAMT I, 
with a more severe type of thrombocytopenia with constantly low 
platelet counts and an early onset of pancytopenia; and group 
CAMT II, which is characterized by a transient increase in platelet 
counts during the first year of life and a later or no development 
of pancytopenia.4 The type of mpl mutation determines the clini-
cal course of CAMT; a total loss of the TPO receptor due to homo-
zygous nonsense mutations, deletions, and frameshift mutations 
causes the more severe form of disease found in CAMT I patients. 
In contrast, the transient increase in platelet counts and the later 
development of pancytopenia in patients with homozygous or 
compound heterozygous missense mutations are the result of a 
residual function of the TPO receptor.7 Hematopoietic stem cell 
transplant is the only curative treatment for these patients, and 
matched sibling transplants have been successful.

Thrombocytopenia with Absent Radius Syndrome
The thrombocytopenia with absent radius (TAR) syndrome is a 
congenital malformation syndrome characterized by bilateral 

absence of the radii but with thumbs present, hypomegakaryo-
cytic thrombocytopenia, and a number of additional features 
including skeletal and cardiac anomalies.8,9 Among the skeletal 
anomalies, bilateral absence of the radii may be accompanied by 
ulnar or humeral anomalies, and the most severe cases exhibit 
phocomelia. Lower limb involvement is variable and includes 
dislocation of the patella and/or of the hips, absent tibiofibular 
joint, and lower limb phocomelia. Among the cardiac anomalies, 
tetralogy of Fallot and atrial septal defects are common.10,11 
Studies have noted a high incidence (62%) of cow’s milk intoler-
ance, which presents as persistent diarrhea and failure to thrive. 

Congenital Thrombocytopenia
Autosomal recessive thrombocytopenias

 Congenital amegakaryocytic thrombocytopenia

 Thrombocytopenia with absent radius (TAR) syndrome

 Bernard-Soulier syndrome

Autosomal dominant thrombocytopenias

 MYH9-related disorder

  May-Hegglin anomaly

  Sebastian anomaly

  Fechtner anomaly

  Epstein anomaly

 Familial platelet disorder with predisposition to acute myelogenous leukemia

 Mediterranean macrothrombocytopenia

 Paris-Trousseau syndrome (in association with deletion of FLI1 gene)

  Autosomal dominant thrombocytopenia with linkage to human chromosome 
10 (THC2)

 Gray platelet syndrome

  Amegakaryocytic thrombocytopenia with radial-ulnar synostosis (ATRUS) 
syndrome

 Variant von Willebrand disease (type 2b and platelet-type) (see Chapter 53)

X-linked thrombocytopenia

 X-linked microthrombocytopenia (WAS gene mutation)

 X-linked macrothrombocytopenia with dyserythropoiesis (GATA-1 mutation)

Others

 22q11 deletion syndrome (DiGeorge Syndrome)

Acquired Thrombocytopenia
Thrombocytopenia caused by deficient platelet production

 Acquired pure amegakaryocytic thrombocytopenic purpura

 Chemical and physical agents that produce generalized bone marrow suppression

  Drugs that selectively suppress the megakaryocyte

  Drugs that cause ineffective thrombopoiesis

Thrombocytopenia caused by abnormal platelet pooling

Thrombocytopenia caused by hypothermia

Thrombocytopenia associated with infections

 Thrombocytopenia associated with viral infections

 Thrombocytopenia associated with bacterial and protozoal infections

Thrombocytopenia after massive blood transfusions

Miscellaneous causes of ThroMbocyTopenia

taBLe 49.1
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An episode of thrombocytopenia may be precipitated by introduc-
tion of cow’s milk and relieved by its exclusion from the diet.12

These patients have elevated serum TPO levels and normal 
c-mpl and HOX genes. However, they have a profound defect in 
megakaryocyte differentiation and platelet production and no 
response of megakaryocytes to TPO.13,14,15 There may be a slight 
increase in platelet count in response to recombinant human 
erythropoietin.16 Although specific microdeletion of chromosome 
1q21.1 has been reported in the majority of individuals with TAR 
syndrome, it is not the disease-causing mutation.17 Compound 
inheritance of a rare null mutation in exon-junction complex 
subunit RBM8A has been found to be the cause of TAR syndrome. 
RBM8A controls the production of the protein Y14, and its low 
level is responsible for the cause of low platelets.18

Diagnosis is rarely difficult because of obvious morphologic 
abnormalities in association with thrombocytopenia. Prenatal 
diagnosis has been described by ultrasonographic detection of 
morphologic abnormalities and detection of low fetal platelet 
counts.19,20,21 Congenital rubella and some variants of Fanconi 
syndrome should be excluded. Platelet counts gradually increase 
during the first 2 years of life. The degree of thrombocytopenia 
is usually greatest at the time of birth; platelet transfusions are 
frequently required and are effective. Thrombocytopenia becomes 
less severe during the first year of life, and most affected individu-
als with TAR do not require platelet transfusions after infancy.10,22

Bernard-Soulier Syndrome
Bernard-Soulier syndrome is an autosomal recessive bleeding 
disorder associated with deficiency of platelet membrane proteins 
GPIb, GPIX, and GPV. This results in abnormal platelet interaction 
with ligands of these receptor proteins, which include thrombin, 
von Willebrand factor (vWF), P-selectin, and leukocyte integrin 
aMb2, in addition to causing thrombocytopenia. This topic is 
described in more detail in Chapter 52.

autosomal Dominant thrombocytopenia
A number of families have been described who have autosomal 
dominant inheritance of isolated mild thrombocytopenia char-
acterized by normal platelet survival and a normal number of 
bone marrow megakaryocytes, a constellation of findings that 
suggests ineffective thrombopoiesis.23,24,25 Thrombocytopenia 
(platelet counts between 20,000 and 100,000/ml) or a history of 
increased bruisability is apparent early in life, and examination 
of the peripheral blood smear demonstrates platelet macrocytosis 
(mean platelet volume >10 mm3). Splenic size is always normal. 
Platelet aggregation abnormalities have been described in some 
families, but platelet membrane glycoproteins (GPs) have been 
normal when studied.24

MYH9-related Disorders
A group of autosomal dominant macrothrombocytopenias caused 
by mutations in the MYH9 gene with variable penetrance and 
expression has been defined.26–29 These include May-Hegglin 
anomaly, Sebastian syndrome, Epstein syndrome, and Fechtner 
syndrome. These disorders are defined by the presence of muta-
tions involving the MYH9 gene located at chromosome 22q12.3–
13.1 and include single nucleotide changes, in-frame deletions 
or duplications, and frameshift and nonsense mutations.30 
The MYH9 gene encodes nonmuscle myosin heavy chain IIA 
(NMMHC-IIA).31 NMMHC-IIA is part of the nonmuscle myosin IIA 
hexamer that is a component of the contractile cytoskeleton in 
megakaryocytes, platelets, and other tissues. Thrombocytopenia 
is usually mild and derives from complex defects of megakaryo-
cyte maturation and platelet formation. More specifically, these 
mutations likely affect the platelet release from the mature 
megakaryocytes.30 All of these MYH9 gene mutation–related dis-
orders have macrothrombocytopenia, leukocyte inclusion bodies 
(Döhle body–like inclusions) and can have various combinations 
of hereditary nephritis, deafness, and cataracts (Table  49.3). 
Sometimes, the inclusions are rarely appreciated on conven-
tional May-Grunwald-Giemsa staining, especially in patients 
with mutations at codon 702 because of their low RNA content. 
These cases can be diagnosed by the use of immunofluorescence 
assays.32 Thrombocytopenia is generally mild to moderate. 
Peripheral blood smears reveal enlarged platelets with frequent 
giant platelets.

Clinically, patients have a mild platelet-type bleeding disorder. 
May-Hegglin anomaly and Sebastian syndrome both have macro-
thrombocytopenia and granulocyte inclusions, but ultrastructural 
analysis of the Döhle-like inclusions demonstrates diagnostic dif-
ferences between these two syndromes, and both types of inclu-
sions can also be distinguished from Döhle bodies seen in acute 
infection. Patients with Fechtner syndrome and Epstein syndrome 
have hearing disability and nephritis. In Fechtner syndrome, 
cataracts are also present.33 These two disorders result from 
allelic mutations at amino acid 702, which cause conformational 
changes to the myosin head.31,34,35,36 Diagnosis is suggested by 
detection of macrothrombocytopenia and the presence of one or 
more of the above-mentioned clinical features. Döhle-like inclu-
sion bodies within neutrophils on May-Grünwald-Giemsa-stained 
peripheral blood are highly suggestive of an MYH9–related 
disorder. Abnormal staining of neutrophil inclusions with anti-
NMMHC-IIA may offer greater sensitivity. Definitive diagnosis 
requires the demonstration of a causative mutation within the 
MYH9 gene.31 Treatment options for bleeding include platelet 
transfusion, allogeneic stem cell transplantation, or use of a 
thrombopoietic drug (eltrombopag).37

Platelet-type von Willebrand disease is another autosomal 
dominant disorder associated with hereditary thrombocytopenia, 
characterized by abnormal binding of large vWF multimers to plate-
lets. This intrinsic platelet defect results in mild thrombocytopenia, 
increased ristocetin-induced platelet aggregation, and a selective 

Low MPV Normal MPV Increased MPV

Wiskott-Aldrich 
syndrome

ATRUS syndrome MYH9-related disorders

Thrombocytopenia with 
absent radius syndrome

Mediterranean 
macrothrombocytopenia

Congenital amegakaryocytic 
thrombocytopenia

Bernard-Soulier
syndrome

Familial platelet disorder with 
predisposition to AML

GATA-1 mutation

THC2 Gray platelet syndrome

X-linked thrombocytopenia 
with GATA-1 mutation

Paris-Trousseau 
syndrome

vWD type 2B

Platelet type vWD

22q11 deletion syndrome

GATA-1 mutation platelets may have normal or increased MPV.
AML, acute myelocytic leukemia; ATRUS, amegakaryocytic thrombocytopenia with 
radial-ulnar synostosis; MPV, mean platelet volume; THC2, autosomal dominant 
thrombocytopenia with incomplete megakaryocyte differentiation and linkage to chromosome 
10; vWD, von Willebrand disorder.
Adapted from Drachman JG, Inherited thrombocytopenia: when a low platelet count does 
not mean ITP. Blood 2004;103:390–398; Lambert MP. What to do when you suspect an 
inherited platelet disorder. Hematology Am Soc Hematol Educ Program 2011; 2011: 
377–383.

classificaTion of inheriTeD ThroMbocyTopenia by 
plaTeleT size (MpV)

taBLe 49.2
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loss of high-molecular-weight vWF multimers from the plasma. This 
disorder resembles type 2b von Willebrand disease (see Chapter 53).

Familial Platelet Disorder with Predisposition to 
Acute Myelogenous Leukemia
Familial platelet disorder with predisposition to acute myelog-
enous leukemia (FPD/AML) is an autosomal dominant disorder 
characterized by moderate thrombocytopenia, a defect in platelet 
function, and predisposition to develop myeloid malignancy.38 The 
defect in platelet function is manifested by prolonged bleeding 
times and abnormal platelet aggregation. Expansion of mega-
karyocyte progenitors in the bone marrow or peripheral blood 
cells reveals diminished megakaryocyte colony formation. Bone 
marrow from affected patients shows decreased megakaryopoi-
esis. Linkage analysis of several pedigrees affected by FPD/AML 
has led to identification of germline heterozygous mutations in the 
hematopoietic transcription factor AML1, also known as RUNX1 
and CBFA2. These mutations include missense, frameshift, and 
nonsense mutations and a large intragenic deletion.39,40 CBFA2 is 
a transcription factor that trans-activates the expression of a spec-
trum of genes required for normal development of hematopoietic 
cells. Mutation of CBFA2 has been implicated in the pathogenesis 
of human leukemias resulting from somatically acquired chromo-
somal translocations.41 Normal megakaryopoiesis requires TPO 
binding to the Mpl receptor. In FPD/AML, CBFA2 mutation leads 
to diminished Mpl receptor expression, resulting in impaired TPO 
signaling leading to thrombocytopenia. Consequently, serum TPO 
levels are usually elevated in these patients.42

Mediterranean Macrothrombocytopenia
A relatively common and mild form of macrothrombocytopenia 
has been described in a group of 145 apparently healthy subjects 
from Italy and the Balkan peninsula. Because this abnormality 
was not detected in control subjects from northern Europe, the 
condition was named Mediterranean macrothrombocytopenia.43 
Linkage analysis localized the gene mutation to the short arm of 
chromosome 17, in an interval containing the GPIba gene. GPIba, 
together with other proteins, constitutes the plasma vWF recep-
tor, which is altered in Bernard-Soulier syndrome. Sequencing of 
the gene identified a mutation of GPIba (Ala156Val) shared by 10 
of 12 pedigrees studied.44 These data demonstrate that for most 
families with Mediterranean thrombocytopenia, the genotype and 
phenotype are equivalent to that of a carrier of Bernard-Soulier 
syndrome. Clinically, patients have a mild bleeding diathesis, usu-
ally diagnosed after incidental discovery of thrombocytopenia. 
Peripheral blood shows platelets that are larger than normal.

Paris-Trousseau Syndrome (in Association with 
Deletion of the FLI1 Gene)
Paris-Trousseau syndrome (PTS) is an inherited disorder 
characterized by several congenital anomalies including 

dysmegakaryopoiesis with two morphologically distinct popu-
lations of megakaryocytes and giant a-granules in a low per-
centage of platelets. These features occur in association with 
deletion of the long arm of chromosome 11 at 11q23.3 (which 
includes the FLI1 gene), a region that is also deleted in 
Jacobsen syndrome (a variant form of PTS). Clinical features 
include a combination of mild to moderate psychomotor retar-
dation, trigonocephaly, facial dysmorphism, cardiac defects, 
and thrombocytopenia.45,46 Hematologic history, biologic data, 
ultrastructural, and molecular investigations were reported 
from a case series of 10 patients.47 Thrombocytopenia is 
chronic, with mild clinical bleeding. Peripheral blood smears 
and electron microscopy show abnormal platelets with giant 
granules. Bone marrow findings consist of dysmegakaryopoi-
esis with many micromegakaryocytes. Abnormal a-granules 
are not seen in the bone marrow and cultured megakaryocytes. 
Platelets have a normal lifespan in the circulation. The number 
of megakaryocytes in the bone marrow is increased, accompa-
nied by impaired maturation. Together these findings suggest 
that platelet release is substantially impaired. PTS occurs as 
a result of hemizygous loss of the FLI1 transcription factor 
gene, which has been shown to be critical for megakaryocyte 
differentiation and release of platelets. FLI1 shows monoallelic 
expression during a brief window in megakaryocyte differ-
entiation. This monoallelic expression explains the dominant 
inheritance pattern of PTS despite the presence of one normal 
FLI1 allele.48,49

Autosomal Dominant Thrombocytopenia with 
Incomplete Megakaryocyte Differentiation and 
Linkage to Chromosome 10
The genetic defect for this autosomal dominant thrombocy-
topenia has been mapped to a region on the short arm of 
chromosome 10 (10p11–12).50 This disorder is characterized 
by moderate thrombocytopenia, abnormal platelet size, and 
incomplete differentiation of megakaryocytes. Clinical features 
consist of mild to moderate bruising but absence of major 
bleeding even with minor surgery and childbirth, suggesting 
that the residual platelets have normal hemostatic function. 
However, platelets are deficient in GPIa and a-granule content. 
Morphologically, the platelets appear normal. Bone marrow 
examination reveals impaired megakaryocyte maturation and 
small megakaryocytes. Colony assay on bone marrow and 
peripheral blood cells reveal expanded progenitors across all 
hematopoietic lineages, and tremendously increased expansion 
of immature megakaryocytes (CFU-Mk). Serum TPO level is only 
moderately elevated and is usually lower than expected for the 
degree of thrombocytopenia.51

Recently, mutations in ANKRD26 were identified in the original 
patients and in several additional families around the world; these 
mutations accounted for 10% of patients in an inherited thrombo-
cytopenia database.52 The term “thrombocytopenia 2” (THC2) has 
been applied to this disorder.

synDroMes causeD by MYH9 Gene DefecTs

taBLe 49.3

Syndrome Macrothrombocytopenia Döhle-like Bodies Nephritis Deafness Cataracts

May-Hegglin Yes Yes No No No

Sebastian Yes Yes No No No

Fechtner Yes Yes Yes Yes Yes

Epstein Yes Yes Yes Yes No
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Gray Platelet Syndrome
The gray platelet syndrome for which both autosomal recessive 
and autosomal dominant inheritance have been described is 
characterized by macrothrombocytopenia with bleeding tendency, 
myelofibrosis, and classical abnormal platelet  morphology.53 The 
a-granules are absent or greatly reduced, giving the platelets 
a gray color on Wright-Giemsa stain. The a-granules are the 
principal storage site for hemostatic proteins such as fibrino-
gen, vWF, thrombospondin, and factor V and for growth factors 
such as platelet-derived growth factor and transforming growth 
 factor-b.54 One result of absence of a-granules is a continued 
leakage of growth factors and cytokines into the marrow, causing 
myelofibrosis.

Amegakaryocytic Thrombocytopenia with 
Radial-Ulnar Synostosis Syndrome in Association 
with HOXA11 Mutation
Homeobox genes encode regulatory proteins that are critical to 
bone morphogenesis as well as hematopoietic differentiation and 
proliferation.55 This defect is the first reported germline HOX gene 
mutation associated with a human nonneoplastic hematologic 
disorder, and only the third HOX gene implicated in a human 
disorder.56 HOXA11 is suggested to be endogenously expressed in 
very early hematopoietic precursor cells and involved in regula-
tion of megakaryocytic differentiation.57 Clinical features consist 
of CAMT, aplastic anemia, proximal radial-ulnar synostosis, 
clinodactyly, syndactyly, hip dysplasia, and sensorineural hearing 
loss.58 Platelet transfusions are effective as initial symptomatic 
management. The only definitive treatment is hematopoietic stem 
cell transplantation.59

X-linked thrombocytopenia

X-linked Microthrombocytopenia  
(WAS Gene Mutation)
Wiskott-Aldrich syndrome (WAS), originally described in 1937, is 
now known as an X-linked hereditary disorder associated with 
combined immunodeficiency, thrombocytopenia, small platelets, 
eczema, and an increased risk of autoimmune disorders and 
cancers. It has a broad range of phenotypes.60 At one end of the 
clinical spectrum, patients exhibit platelet abnormalities only, and 
at the other end, patients manifest thrombocytopenia, eczema, 
and immune abnormalities with progressive T-cell lymphope-
nia, and increased susceptibility to infection. The severe form of  
WAS and its milder manifestations—X-linked thrombocytopenia 
and X-linked neutropenia—are caused by mutations in the gene for 
the WAS, located at Xp11.22–p11.23 and cloned in 1994.61,62,63,64 
The WAS gene is composed of 12 exons and encodes a polypeptide 
of 502 amino acids. Most mutations consist of single-nucleotide 
substitutions, small insertions and deletions, and splice-site muta-
tions, and these are distributed throughout the coding region and 
the intron–exon junctions.65 Even within families, the same geno-
type can be associated with varying phenotypes. Measurement 
of the WAS protein (WASP) is now possible, making diagnosis 
less difficult.66 The mature WASP contains numerous protein-
interacting domains and appears to provide a critical link between 
the cellular cytoskeleton and signal transduction pathways. WASP 
is a key regulator of actin polymerization in hematopoietic cells. It 
has five well-defined domains that are involved in signaling, cell 
locomotion, and immune synapse formation. WASP facilitates the 
nuclear translocation of nuclear factor κB and has been shown to 
play an important role in lymphoid development and in the matu-
ration and function of myeloid monocytic cells.67

Megakaryocyte mass is normal or increased in WAS. Platelet 
differentiation and production are normal, and platelets produced 

in vitro are normal in size. These observations suggest that 
increased destruction in the spleen is responsible for both the 
thrombocytopenia and decreased platelet size. Management of 
patients with WAS is challenging; however, early diagnosis is very 
important for prophylaxis and treatment.68 Splenectomy defi-
nitely improves platelet counts in these patients, which frequently 
return to normal, suggesting a role of the reticuloendothelial sys-
tem in platelet removal. Notably, antiplatelet antibodies are not 
present.69 The only curative therapy remains hematopoietic stem 
cell transplantation, which corrects both thrombocytopenia and 
immunodeficiency. The administration of WAS gene corrected 
autologous hematopoietic stem cells may represent an alternative 
treatment option.60

X-linked Macrothrombocytopenia with 
Dyserythropoiesis (GATA-1 Mutation)
The X-linked gene GATA-1 regulates the expression of a large 
number of genes in multiple cell types.70,71 GATA-1 transcrip-
tion factor contains both DNA binding and transactivation activ-
ity within three functional domains: Two zinc fingers (known 
as the N finger and the C-finger) and an N-terminal activation 
domain. The C-finger is responsible for binding of GATA-1 to 
typical GATA-binding sites (WGATAR consensus). The N termi-
nus of GATA-1 constitutes an activation domain, as defined by 
the ability of this region to confer transcriptional activation in 
reporter assays in fibroblasts.72 Taken together, these domains 
act in a manner similar to a multitude of transcription factors 
that bind DNA and activate transcription of target genes. In addi-
tion to binding DNA, the N finger has a second essential function, 
recruitment of the co-factor Friend of GATA-1 (FOG-1).73 FOG-1, 
as is GATA-1, is primarily expressed in hematopoietic cells, and 
is absolutely essential for the development of red blood cells and 
megakaryocytes. Five germline mutations of GATA-1 that cause 
X-linked disorders have been described, and all cluster in the 
N-terminal zinc finger.

GATA-1 mutation–associated thrombocytopenia is clinically 
distinguished from WAS by the presence of large or normal-sized 
platelets and the absence of immunodeficiency, eczema, and  
lymphomas.74 Thrombocytopenia is more severe (10,000 to 
40,000/ml). Clinically, bleeding and bruising in affected individu-
als are severe, and platelet aggregation studies have shown that 
platelet function is also diminished.75 The bone marrow is hyper-
cellular, with dysplastic features in the erythroid and megakaryo-
cytic lineages.76

Others

22q11.2 Deletion Syndrome (DiGeorge Syndrome)
This relatively common genetic disorder occurs in 1:4,000 
live births, and in addition to thrombocytopenia, is associated 
with cardiac abnormalities, velofacial anomalies, hypocalcemia, 
immune defects, and a variety of other features.77 One par-
ticular gene in the region of 22q11-TBX1 is likely responsible 
for cardiac defects.77 The macrothrombocytopenia seen in this 
disorder is mild.74

aCquireD THroMboCyTopenia

Deficient platelet production
Deficient platelet production may result from three mechanisms: 
Hypoplasia or suppression of the precursor megakaryocytes; 
ineffective thrombopoiesis despite a normal precursor mass; 
or, rarely, deficiency or aberration of thrombopoietic control 
mechanisms.
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Acquired Amegakaryocytic Thrombocytopenic 
Purpura
Acquired amegakaryocytic thrombocytopenic purpura (AATP) is 
a rare cause of thrombocytopenia associated with decreased or 
absent megakaryocytes in otherwise normal bone marrow. The 
prevalence is possibly higher than reported, as many cases are 
underdiagnosed or misdiagnosed as immune thrombocytopenia.

The differential diagnosis of patients with severe thrombocy-
topenia and isolated amegakaryocytosis includes a misdiagnosis 
of immune thrombocytopenic purpura, as mentioned above; 
ethanol use or drug ingestion; immune suppression associated 
with diseases such as systemic lupus erythematosus; and prodro-
mal manifestations of acquired aplastic anemia, myelodysplastic 
disorders, or acute leukemia.78,79 Thrombocytopenia and amega-
karyocytosis caused by chemotherapy or postradiation therapy 
should be apparent.

The pathogenesis of AATP is uncertain. AATP can occur indi-
vidually or as a component of aplastic anemia secondary to expo-
sure to environmental agents such as viruses (cytomegalovirus 
[CMV], parvovirus B19), and certain toxins such as benzene.78,80 
Both cell-mediated suppression of megakaryopoiesis and the role 
of humoral immunity in AATP have been proposed, but the exact 
role of either remains unclear. A marked increase of T-activated 
suppressor cells (CD8+/DR+) in association with AATP has been 
reported.81 AATP has also been associated with high levels of 
anti-TPO IgG antibodies.82 No cytogenetic abnormality has been 
shown to be consistently associated with AATP.83 A defect in 
cytokine-mediated regulation of megakaryopoiesis is another 
proposed mechanism leading to AATP, but conclusive data are 
lacking.

Patients with AATP do not have a palpable spleen. The plate-
lets are usually small or normal in size. An increased mean red 
cell volume is a common finding. In most patients, an etiology 
cannot be determined, and empirical therapy is necessary. 
Platelet transfusions should be used to treat bleeding and may 
be required prophylactically in some patients. Although there are 
occasional spontaneous remissions, most sustained remissions 
have occurred in patients receiving immunosuppressive therapy. 
Treatment with intravenous immunoglobulin, prednisone, cyclo-
phosphamide, and vincristine has not been efficacious in AATP. 
Myeloablative chemotherapy (busulfan and cyclophosphamide) 
followed by allogeneic bone marrow transplant from a fully 
HLA-matched sibling is effective.84 Danazol has been reported 
to be effective in two cases of AATP.85 Antithymocyte globulin 
(ATG) alone,86 rituximab,87 azathioprine,88 and cyclosporine 
alone or in combination with ATG, have been shown to be very 
effective in treatment of AATP.83,89,90 The role of recombinant 
interleukin-11 (IL-11, a thrombopoietic growth factor) in AATP is 
uncertain. The availability of thrombopoietic drugs,91 may offer 
another treatment option for AATP patients.

Chemical and Physical Agents That Produce 
Generalized Bone Marrow Suppression
Ionizing radiation, alkylating agents, antimetabolites, and cyto-
toxic drugs may produce thrombocytopenia as the result of pre-
dictable suppression of the marrow. The mechanisms by which 
these agents act are well defined, and thrombocytopenia is a 
common complication when they are used in immunosuppres-
sion and cancer chemotherapy. In addition, many drugs, such as 
chloramphenicol, produce marrow hypoplasia as a result of idio-
syncratic reactions. The pathophysiology in these cases is poorly 
understood.

Agents that produce thrombocytopenia may damage other 
bone marrow precursors as well as megakaryocytes, and the 
usual picture is one of diffuse bone marrow hypoplasia and 
pancytopenia. Rarely, only thrombocytopenia may be present. 

Platelets often are the last cell type to return to normal after 
recovery from bone marrow hypoplasia; in some patients, throm-
bocytopenia may persist indefinitely.

Drugs that Selectively Suppress the Megakaryocyte
Chlorothiazides. Chlorothiazides and various congeners may pro-
duce thrombocytopenia by one of at least two mechanisms: by 
the formation of platelet antibodies or by a poorly understood 
suppression of thrombopoiesis.92 The latter action is by far 
the most common. Evidence of marrow suppression is largely 
indirect.79 Serologic tests for platelet antibodies usually yield 
negative results. Diminution in the number of megakaryocytes 
has been observed in infants born of mothers who were taking 
these drugs, but few instances of megakaryocytic hypoplasia 
have been documented in adults. Mild asymptomatic thrombo-
cytopenia may occur in as many as 25% of patients taking these 
agents, an observation that implies that thrombocytopenia may 
be a pharmacologic rather than an idiosyncratic effect. Recovery 
from thrombocytopenia associated with the use of thiazide drugs 
is slow, and thrombocytopenia usually can be reproduced only by 
readministration of the drug for a protracted period.

Estrogens. Estrogenic hormones appear to affect platelet kinetics 
in animals both by facilitating reticuloendothelial phagocyto-
sis and by impairing thrombopoiesis. Neither effect has been 
convincingly demonstrated in humans, but several instances of 
“amegakaryocytic” thrombocytopenia have been reported after 
the administration of diethylstilbestrol. In one patient, thrombocy-
topenia recurred when the hormone was readministered.93

Ethanol. Ethanol can suppress platelet production, a phenomenon 
that may be a common cause of mild thrombocytopenia in the 
alcoholic patient. In most reported cases, nutritional factors, 
folate deficiency, and splenomegaly were excluded, but patients 
did have evidence of impaired hepatic function. Platelet counts 
<100,000/ml occur in as many as 26% of acutely ill alcoholics.94,95 
The experimental administration of ethanol produces thrombocy-
topenia with decreased platelet survival and platelet turnover.96 
Bleeding is rare, and when ethanol is withdrawn, the platelet 
count begins to increase in 2 to 3 days and returns to normal or 
supranormal levels in 2 to 3 weeks.95 Several patients developed 
venous thromboembolic disease when platelet counts reached 
values >500,000/ml.97

Pathophysiologic studies in alcohol-induced thrombocytopenia 
reveal accelerated platelet destruction and a subnormal compen-
satory increase in thrombopoiesis. Platelet function abnormalities 
have also been described. The bone marrow usually reveals nor-
mal numbers of megakaryocytes. Studies using mice and guinea 
pig megakaryocytes demonstrate that the effect of ethanol is 
primarily on the maturing megakaryocytes, a finding consistent 
with ineffective thrombopoiesis.98 Several cases of bone marrow 
hypoplasia secondary to consumption of excessive alcohol have 
also been described. Colony-forming unit (CFU) granulocyte-
macrophage–derived colony formation in one of these patients 
was inhibited by much lower concentrations of ethanol than that 
of normal volunteers.99

Drugs that Cause Ineffective thrombopoiesis
Ineffective thrombopoiesis may play a role in several different 
types of thrombocytopenia. Thrombocytopenia is a consistent fea-
ture of megaloblastic hematopoiesis that results from deficiency 
of vitamin B12 or folic acid. Although seldom severe and rarely 
of clinical significance, this form of thrombocytopenia results 
from a distinctive abnormality of platelet production called inef-
fective thrombopoiesis. This abnormality was first demonstrated 
in thrombokinetic studies and is characterized by diminished 
platelet production despite the presence of an increased mega-
karyocyte mass. Thus, it is analogous to ineffective erythropoiesis, 
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which is also characteristic of the megaloblastic anemias. Platelet 
production, whether calculated per megakaryocyte or per nuclear 
unit, is diminished. Although the number of megakaryocytes 
increases in response to thrombopoietic stimuli, the normal con-
comitant increase in their volume does not occur. This phenom-
enon presumably results from impaired DNA synthesis and the 
consequent limitation in nuclear endoreduplication. In stained 
smears, the megakaryocytes often appear hyperlobulated, and 
circulating platelets are abnormally large.100 Moderate shortening 
of platelet survival and, rarely, hypoplasia of the megakaryocytes 
may be important contributory factors in the production of throm-
bocytopenia in some cases.

Thrombocytopenia Caused by Abnormal  
Platelet Pooling
The splenic pool normally contains approximately one third of 
the total platelet mass, and this pool may increase in size as a 
result of disorders that are associated with splenomegaly, such as 
cirrhosis with portal hypertension, sarcoidosis and other granu-
lomatous infections, Gaucher and other lipid-storage diseases, 
leukemias and lymphomas, and Felty syndrome.101,102,103 This 
shift of platelets into the spleen may result in thrombocytopenia 
in the circulating blood despite a normal or even increased total 
platelet mass. The clinical picture in hypersplenic thrombocytope-
nia is usually dominated by the underlying disease, and numerous 
other hematologic abnormalities, such as neutropenia, anemia, 
and coagulation defects, may also be present.

The pathophysiology of thrombocytopenia in disorders associ-
ated with splenomegaly is not completely understood. Rat spleens 
demonstrate large numbers of platelets adherent to reticuloendo-
thelial cells.104 It is also hypothesized that the splenic pool increase 
may occur because of very slow passage of platelets through the 
tortuous splenic vasculature. The platelets in the splenic pool are 
in equilibrium with the circulating pool and can be mobilized with 
an infusion of epinephrine or during plateletpheresis.105,106,107 
This is in contrast to the irreversible thrombocytopenia caused 
by splenic removal of damaged or antibody-coated platelets in 
disorders such as autoimmune thrombocytopenic purpura. There 
is some evidence for accelerated platelet destruction in many 
instances of thrombocytopenia associated with disorders of the 
spleen.108,109 Survival of isotopically labeled platelets is short-
ened in some patients with cirrhosis and portal hypertension, 
even though the major mechanism of thrombocytopenia in these 
patients appears to be splenic pooling.

The usual laboratory findings are pancytopenia with mild 
thrombocytopenia and a normal or moderately increased num-
ber of megakaryocytes in the bone marrow. Platelet counts 
in cirrhotic patients have been as low as 20,000/ml, although 
thrombocytopenia of this severity is uncommon. Patients with 
hypersplenism have smaller platelets than those with autoim-
mune thrombocytopenia, so platelet sizing may provide a means 
of differentiating between thrombocytopenia related primarily to 
immunologic platelet destruction and that related to big-spleen 
syndromes. In general, the severity of the thrombocytopenia cor-
relates poorly with the size of the spleen, but it is nonetheless 
difficult to entertain a diagnosis of thrombocytopenia caused by 
abnormal splenic platelet pooling in the absence of significant 
splenic enlargement.110

Therapy is seldom indicated for thrombocytopenia alone, but 
splenectomy, embolic occlusion of the splenic vasculature, and 
splenic damage secondary to infusion of radiolabeled particles 
can improve the thrombocytopenia and sometimes alleviate the 
pancytopenia completely.108,111,112,113,114,115,116 Patients with 
thrombocytopenia secondary to cirrhosis with portal hyperten-
sion may benefit from portocaval shunts or transjugular intrahe-
patic portosystemic shunts.117,118

Thrombocytopenia Caused by Hypothermia
In humans, mild reversible thrombocytopenia is a predict-
able consequence of surgical hypothermia below 25°C.119,120 
Thrombocytopenia has also been noted after hypothermia caused 
by environmental exposure.121 Finally, thrombocytopenia occurs 
in almost all patients undergoing one- or two-cycle cryotherapy 
for hepatic metastases from colorectal adenocarcinoma.122

Adhesion of platelets to subendothelium is mediated through 
an interaction of the platelet GP Ib–IX–V complex and subendo-
thelial vWF. The GP Ib–IX–V complex comprises four transmem-
brane polypeptide chains, GPIba, GPIbb, GPIX, and GPV. Lipid 
rafts (also known as glycolipid-enriched membranes) are dynamic 
assemblies of cholesterol and sphingolipids that are more ordered 
in structure than the rest of the plasma membrane.123 Receptor 
clustering is an essential feature of signaling through lipid rafts 
and occurs in platelet membrane at lower temperatures.124 A 
subset of the GP Ib–IX–V complex is constitutively associated with 
lipid rafts in unstimulated platelets.125 Upon exposure to cold, 
the cooled platelets irreversibly reorganize vWF receptors (the 
[GPIbabIX]2V complex) into clusters on the platelet surface. The 
hepatic macrophage integrin receptor Mac-1 (CD11b/CD18) rec-
ognizes clustered GPIba, leading to phagocytosis of cooled plate-
lets. Cooling, however, does not grossly impair the interaction 
between GPIb and activated vWF, implying that the hemostatic 
and clearance functions of GPIb are distinct.126,127

Thrombocytopenia Associated with Infections
Purpura was recognized as a manifestation of pestilential fevers 
2,000 years ago. Several factors are now known to cause bleeding 
in association with infections, of which thrombocytopenia is the 
most common.

thrombocytopenia associated with Viral Infections
Viruses may produce thrombocytopenia by several different 
mechanisms: Impaired platelet production as a result of invasion 
of megakaryocytes by the virus, impaired platelet production 
caused by toxic effects of viral proteins on progenitor cells, viral-
induced hemophagocytosis, destruction of circulating platelets by 
the virus, and increased platelet destruction caused by binding of 
viral-induced autoantibodies or viral antigen–antibody complexes.

The administration of live measles vaccine produced signifi-
cant yet subclinical thrombocytopenia in most normal children.128 
Degenerating vacuolated megakaryocytes were evident 3 days 
after administration of the vaccine. The nadir of the platelet 
count occurred 7 days after vaccination. There are now several 
reports of thrombocytopenia occurring after immunization with 
measles–mumps–rubella vaccine, monovalent measles vaccine, 
and measles–mumps vaccine.129 Thrombocytopenia has been 
severe (<20,000/ml), and some patients have had significant 
hemorrhagic complications. The majority of the patients have 
been <2 years of age, but the age range was 1 to 40 years.130 
Thrombocytopenia after vaccination for hepatitis A and B and 
varicella has also been noted.131,132,133 Children with neonatal 
infections with mumps and rubella are often thrombocytope-
nic,134,135 and hepatomegaly and splenomegaly may also be pres-
ent. CMV infection is usually asymptomatic in immunocompetent 
adults. However, there are reports of severe thrombocytopenia 
and even thrombocytopenia with hemolysis.136,137 It is unclear 
whether the thrombocytopenia is caused by a direct cytopatho-
logic effect of the virus on megakaryocytes, viral-induced hemo-
phagocytosis, or immunologic destruction.

Parvovirus B19 is the etiologic agent responsible for ery-
thema infectiosum. It is also cytotoxic to erythroid progenitors 
and can cause aplastic crises in patients with hemolytic ane-
mia and chronic bone marrow failure in immunocompromised 
hosts. Thrombocytopenia may occur in some of these patients, 
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and recent studies demonstrate cytotoxic effects of viral 
nonstructural-1 proteins on megakaryocytes.138,139,140

Thrombocytopenia has been reported following the adminis-
tration of adenoviral gene transfer vectors.138,141 The interaction 
between adenovirus and platelets leads to platelet activation and 
rapid exposure of P-selectin on the platelet surface. P-selectin 
interacts with major P-selectin ligand on leukocytes, leading to 
the formation of platelet–leukocyte aggregates.142 Adenovirus also 
activates endothelial cells either directly or indirectly through acti-
vated platelets. It is followed by increases in total amounts of vWF 
and of ultralarge vWF multimers in plasma as well as an increase 
in the number of circulating endothelial cell–derived micropar-
ticles. Endothelial cell activation and the associated up-regulation 
of adhesion molecules (VCAM-1) contribute to leukocyte and/or 
platelet leukocyte aggregate rolling and transendothelial migra-
tion, a critical process for tissue macrophage influx. This is fol-
lowed by removal of activated platelets by tissue macrophages.

thrombocytopenia associated with Bacterial and 
protozoal Infections
Thrombocytopenia commonly is associated with septicemia 
resulting from both Gram-negative and Gram-positive bacteria. 
This complication is particularly common in infants and chil-
dren, and the presence of unexplained thrombocytopenia, par-
ticularly in this age group, should always alert the physician to 
the possibility of septicemia. The etiology of thrombocytopenia 
may be multifactorial. Thrombocytopenia may be caused by dis-
seminated intravascular coagulation (DIC), and the diagnosis of 
DIC may be apparent when coagulation studies are performed. 
Thrombocytopenia has also been described in patients with 
Gram-negative or Gram-positive septicemia, and 46% of these 
patients had elevated platelet-associated immunoglobulin G 
without evidence of DIC. These studies were interpreted as dem-
onstrating the presence of platelet destruction caused by splenic 
destruction of immune complex–coated platelets. These data must 
be reinterpreted with third-generation immune complex capture 
assays that can better define platelet autoantibodies and immune 
complexes.

Platelet adherence to damaged vascular surfaces may also 
account for thrombocytopenia in certain bacterial infections, such 
as meningococcemia. Endotoxins, exotoxins, or platelet-activating 
factor may damage platelets, resulting in increased clearance. 
Patients with sepsis syndrome may develop hemophagocytic his-
tiocytosis with phagocytosis of platelets, white cells, and platelets 
in bone marrow histiocytes.143

Thrombocytopenia may also be caused by direct platelet tox-
icity caused by the microorganism. Thrombocytopenia occurs 
in >80% of patients with malaria, and platelets from malaria 
patients have been demonstrated to contain plasmodia.144 
Significant ultrastructural changes in platelets of patients with 
malaria are present, and the extent of abnormal findings corre-
lates with the level of parasitemia.145

The pathophysiology of thrombocytopenia in malaria has 
recently been studied in a mouse model of experimental malaria 
induced by Plasmodium berghei. Signaling through multipotent 
immunomodulator CD40L and its receptor CD40, expressed on 
activated platelets, initiates the caspase cascade, resulting in apop-
tosis of the platelet and the formation of platelet microparticles.146 
Early depletion of platelets leads to an altered immune response 
with significantly decreased levels of proinflammatory cytokines, 
such as interferon-g and interleukin-2 (IL-2), as well as increased 
levels of IL-10, indicating a role for platelets in the regulation of 
pathogenic cytokines and cell-mediated immune responses.147 
Cell-mediated rather than the humoral immune response has been 
shown to play a major role in development of thrombocytopenia.148

Theoretically, any bacterial or protozoal infection can be 
associated with thrombocytopenia that is caused by one of the 
mechanisms hypothesized in this chapter. There are reports of 

thrombocytopenia in Lyme disease and Mycoplasma pneumoniae 
infections, a manifestation of these infections that appears to be 
uncommon.149,150

Patients with thrombocytopenia associated with infection 
should be tested for the presence of DIC. At this time, no other 
clinically available tests can be used to define the precise etiology 
in patients without evidence of DIC. The most important therapy 
for infection-related thrombocytopenia is that directed at the 
underlying infection. Platelet transfusions, with or without intra-
venous IgG, can be used to control bleeding until antimicrobial 
therapy is effective.

Thrombocytopenia after Massive Blood 
Transfusion
Massive blood transfusion is defined as complete replacement of a 
patient’s blood volume within 24 hours, usually 10 units of packed 
red blood cells for an average-sized adult. Because packed red 
blood cells do not contain a significant number of functional plate-
lets and do not replace labile clotting factors, there has been con-
cern about the incidence of developing hemostatic abnormalities 
and clinical bleeding in patients given only packed red blood cells.

Some studies demonstrate a correlation between the number 
of units of packed red blood cells transfused and both reduction 
in platelet counts (“dilutional thrombocytopenia”) and increases 
in prothrombin and partial thromboplastin times. However, 
significant changes (platelets, 50,000 to 100,000/ml) are not 
apparent until patients have received >15 units of blood.148,149. 
Severe thrombocytopenia, defined as a platelet count <50,000/ml, 
is most common in patients receiving >20 units of blood.151,152 

Microvascular bleeding occurs in 20% to 60% of patients who are 
massively transfused, but neither the platelet count nor changes 
in coagulation studies can be used to predict which patients 
will bleed.153 Although bleeding appears to be more dependent 
on thrombocytopenia than on coagulation abnormalities, pro-
phylactic administration of platelets was no more effective than 
equivalent volumes of prophylactic fresh-frozen plasma infusions 
in preventing bleeding.154 Therefore, it is recommended that 
platelet and plasma replacement during massive transfusions be 
guided by serial monitoring of platelet counts, prothrombin time, 
and partial thromboplastin time, and that platelet counts be kept 
>75,000/ml and prothrombin time and partial thromboplastin 
time <1.5 times normal.152 The coagulopathy associated with 
massive blood transfusion is discussed further in Chapter 54.
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This chapter discusses causes of bleeding that are not the result 
of thrombocytopenia, coagulation factor deficiency, or qualitative 
platelet defects. Bleeding disorders caused by these various “vas-
cular” abnormalities represent a heterogenous group of diseases, 
and in considering the differential diagnosis, it is convenient to 
consider cutaneous causes, connective tissue abnormalities, vas-
cular lesions, and intravascular causes.

CliniCal approaCh to the patient
The initial approach to the bleeding patient is discussed in 
Chapter 45. When considering “vascular” causes of bleeding, the 
appearance of the lesions (petechiae vs. more extensive ecchy-
mosis, size, shape, color), location and pattern of involvement, 
associated features (fever, ulcers, scars, livedo reticularis), and the 
clinical setting are helpful clues. Table 50.1 lists some common 
physical finding patterns helpful in considering the differential 
diagnosis of vascular disorders.

Purpura is the term used to describe the skin lesions that 
develop when red blood cells extravasate from capillaries. 
Purpura refers to either pinpoint lesions called petechiae or more 
widespread lesions known as ecchymoses. Purpura can be dif-
ferentiated from other erythematous lesions by the use of dias-
copy, which is the application of a glass slide to the border of the 
lesions. True purpura does not blanch with pressure.1

meChaniCal purpura
External pressure such as blunt trauma results in ecchymoses 
when the force is sufficient to disrupt vascular integrity and allow 
extravasation of red blood cells. The size of the resulting lesion 
is dependent on the durability of the tissue traumatized, the vas-
cularity of the region, the density of the surrounding tissue, and 
the time elapsed.2,3 The extent of bruising can increase over time, 
and tracking through tissue planes can occur, resulting in bruises 
in areas remote from the area of trauma.4 The color of the lesion 
is in part dependent on the location of the red cells—lesions near 
the surface have a more reddish color, and deeper lesions appear 
bluish. This finding is due to optical scattering in the dermis, and 
the fact that blue wavelengths scatter and reflect more than red.5 
Bruises change color with time, and the color of bruise has been 
used to determine the age of lesions. However, evidence suggests 
that there is more variability in color changes than previously 
recognized.4,6

Mechanical purpura can be seen on occasion with minor 
trauma such as blood pressure cuff monitoring in anticoagulated 
patients3 or even vigorous scratching. Young adults playing active 
sports such as basketball can develop calcaneal petechiae result-
ing from relatively minor, but repetitive, heel trauma.7 Periorbital, 
face, or neck purpura can occur after a sudden increase in 
intravascular pressure with a Valsalva maneuver8 and has been 
described after bungee jumping.9

Suction purpura occurs when negative pressure is applied to 
the skin in sufficient force to result in extravasation of erythro-
cytes. Young healthy people develop petechiae with 350 to 400 mm 
Hg negative pressure, but the required amount of pressure to 
induce purpura decreases with age to as low as 100 mm Hg.10  

The application of rubber suction devices to the forehead can 
result in circumscribed purpura. This seems to occur mostly when 
new parents apply children’s suction toys to their foreheads and 
has been termed cyclops purpura.11 A similar, relatively common 
cause of suction purpura is seen in adolescents who place a drink-
ing glass over their chin and suck out the air to form a vacuum, 
ultimately causing chin or perioral purpura.12 Adolescents are also 
prone to develop small purpuric lesions in the neck region from 
“hickeys” or “love bites,” another form of suction purpura.

Large areas of contusions develop with blunt force injuries. 
Certain patterns of contusion can help identify the type of device 
causing the injury. Skin bruises corresponding to the sites of 
seat belts are known as “seat belt mark” signs. It is important to 
recognize these, as the presence of this sign should alert physi-
cians to the higher likelihood of internal injuries.13 A direct blow 
from a linear or cylindric object causes parallel lines (“tram-line” 
appearance) with central clearing, as the blood beneath the site 
of highest impact is displaced laterally. Similarly, a bruise in the 
shape of a circle with central clearing may occur as a result of 
a blow from the circular edge of a pipe or spherical objects.14 
Caution, however, should be used in interpreting these types of 
bruises, as simple bruises can sometimes occur with “ring resolu-
tion.”15 Circular contusions 1 to 1.5 cm in diameter may be due to 
fingertip pressure and grab marks or bite marks, and they show 
semicircular arch contusions, but are highly variable.14 Certain 
bruising patterns can suggest child or elder abuse, but results 
should be interpreted carefully.16,17

Larger ecchymotic areas also may demonstrate other patterns 
that can be a clue to underlying pathology. The well-known Cullen 
sign refers to bluish discoloration around the umbilicus, and Grey-
Turner sign is flank ecchymosis. Both may indicate hemorrhagic 
pancreatitis or a rectus sheath hematoma.18 Scrotal ecchymosis 
may be a clue to intraperitoneal hemorrhage, and perianal ecchy-
mosis has been described as a manifestation of aneurysmal rup-
ture into the sigmoid mesocolon.19,20 “Raccoon eyes” and mastoid 
ecchymosis (Battle sign) may indicate a basilar skull fracture after 
head trauma.21 Ecchymosis occurring in patients with swollen 
calves suggests a ruptured popliteal cyst with gravitational spread 
of the bruise down to the ankle and occasional linear appearance 
(“tide mark” appearance) with sparing of the foot and lower ankle 
due to the pressure of footwear.22

struCtural malformations  
of Vessels

hereditary hemorrhagic telangiectasia
Hereditary hemorrhagic telangiectasia (HHT) was first described 
in 1864 by Sutton23 and later recognized and reported by 
Rendu,24 Osler,25 and Weber,26 and it is thus also known as Osler-
Weber-Rendu syndrome. It is an autosomal dominant disorder 
characterized by multiple telangiectatic lesions involving the skin 
and mucous membranes associated with epistaxis and other 
bleeding complications. HHT has an estimated prevalence of 1 in 
8,000,27 with complete penetrance by 40 years of age.28

Genetic studies have identified several mutations responsible 
for the vascular malformations. Mutations in the endoglin gene 
on chromosome 9 (HHT1) or in the activin receptor–like kinase 
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Pattern and Usual Location Etiology Associated Features

Subconjunctival and axillary petechiae Fat emboli Dyspnea

Periorbital, facial, and neck petechiae Valsalva maneuvers

Periorbital ecchymosis (“black eye”) Trauma; in penetrating globe injuries without periorbital 
trauma, suggests posterior rupture

“Raccoon eyes” Basilar skull fracture

“Battle sign” (mastoid ecchymosis) Basilar skull fracture

Palatal petechiae Viral upper respiratory infection

Ecchymosis of limbs and face of infant AIHE Inflammatory edema

Eyelid and periorbital edema and purpura, often after dependency;  
purpura in other areas with minimal trauma

Amyloid

Glove and stocking petechiae with areas of confluence and sharp  
line of demarcation between normal and abnormal areas

PPGSS

Palm and sole petechiae Rat bite fever and other infections

Purpuric lesions on the forearm in elderly patients Solar or steroid purpura

Bluish discoloration of the umbilicus (Cullen sign) Hemorrhagic pancreatitis or rectus sheath hematoma

Flank ecchymosis (Grey-Turner sign) Hemorrhagic pancreatitis

Periumbilical purpura with “thumbprint” signing Strongyloides infection

Scrotal/perineal ecchymosis Intraperitoneal hemorrhage or iliac aneurysmal rupture 
(rupture into sigmoid mesocolon)

Telangiectatic lesions along the face, lips, nares, tongue, and nail beds HHT

Lower extremity palpable, nonblanching purpura Vasculitis

Perifollicular lower extremity, with areas of confluence Scurvy Gingival, intramuscular 
bleeds

Urticarial lesions followed by purpura Urticarial vasculitis

Proximal thigh involvements often with a “kissing” or symmetric lesion Calciphylaxis

Mucosal oozing and easy bruising EDS Skin hyperextensibility, joint 
immobility

Hemorrhagic bulla Bacterial infections (Clostridium, Vibrio, Aeromonas); 
hypersensitivity to insect bites, snakebites; pemphigus

“Tram lines” Blunt force with cylindrical or linear object

“Ring” bruises Blunt force with circular end or sphere; may also be seen 
in normal bruise resolution

AIHE, acute infantile hemorrhagic edema; EDS, Ehlers-Danlos syndrome; HHT, hereditary hemorrhagic telangiectasia; PPGSS, papular-purpuric gloves and socks syndrome.

Common PhysiCAl FinDings AnD AssoCiAtions oF VAsCulAr DisorDers

taBLe 50.1

(ALK1) gene on chromosome 12 (HHT2) account for ∼85% of the 
cases. Currently more than 500 mutations in the ALK1 or endo-
glin genes have been identified, and each family studied appears 
to have a unique mutation.27 Endoglin is an integral membrane 
glycoprotein expressed on endothelial cells in arterioles, venules, 
and capillaries. This glycoprotein and ALK1 serve as a bind-
ing protein for transforming growth factor-b (TGF-b). TGF-b 
regulates many transcriptional targets and plays a crucial role in 
vascular development and homeostasis. Recently identified muta-
tions in the MADH4 gene abnormalities are associated with juve-
nile polyposis and HHT,29 and linkage studies suggest additional 
mutations exist on other chromosomes.30,31 An HHT mutation 
database is available at http://www.hhtmutation.org.

The mechanisms by which these genetic defects result in telan-
giectatic lesions have not been identified. Ultrastructural analysis 
of cutaneous HHT lesions suggests that postcapillary venule dila-
tion is the earliest identifiable morphologic abnormality.32,33 As 
the venules enlarge, they become convoluted and interconnect 
with arterioles through capillary segments. The capillary seg-
ments eventually disappear, and direct arteriolar-venular commu-
nications are established (Fig. 50.1). An infiltrate of mononuclear 
cells appears in the perivascular region of the HHT lesions.

The bleeding manifestations are thought to occur because of 
mechanical fragility of these vessels. Common abnormalities in the 
hemostatic system do not seem to represent a major factor in the 
underlying bleeding tendency. HHT patients manifest a variety of 
other complications including shunting, emboli, and thrombosis.

Clinical Manifestations
The cutaneous lesions usually appear in affected persons by 
40  years of age, and they increase in number with age. The 
lesions measure 1 to 3 mm in diameter and are sharply demar-
cated in appearance (Fig. 50.2). They blanch with pressure, but 
the blanching may be incomplete as a result of “strangulation” 
of coiled loops of vessels.34,35 The telangiectatic lesions are most 
commonly found on the face, lips, nares, tongue, nail beds, and 
hands. Some patients have only a few lesions, necessitating a 
thorough search in anyone suspected of having HHT. Bleeding 
from these cutaneous telangiectasias is uncommon and rarely of 
clinical importance. One report suggests that capillaroscopy of the 
dorsal hands can detect morphologic changes in the skin micro-
circulation, including microscopic telangiectatic lesions, but the 
clinical utility of this is undefined.36
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Epistaxis is the presenting complaint in up to 90% of patients 
with HHT. This symptom results from bleeding telangiectatic 
lesions over the inferior turbinates and nasal septum. Symptoms 
usually occur before 35 years of age and are highly variable. 
Approximately one-third of patients have mild symptoms requir-
ing no treatment, and another third have moderate symptoms 
requiring only outpatient treatment. The remaining third have 
severe symptoms often requiring inpatient treatment, transfusions 
or chronic iron replacement therapy, and surgery.35 The nose-
bleeds may become more difficult to control as the patient ages.

Figure 50.1. Arteriovenous malformations in hereditary hemorrhagic telangiectasia.  
In a fully developed cutaneous telangiectasia, the venule (V) and its branches have become 
dilated and convoluted throughout the dermis. The connecting arterioles (A) have also become 
dilated and communicate directly with the venules without intervening capillaries. A perivascular 
infiltrate is present. The thickened wall of a dilated postcapillary venule is also shown. L, lumen of 
the vessel. (From Guttmacher AE, Marchuk DA, White RI. Hereditary hemorrhagic telangiectasia. 
N Engl J Med 1995;333:918–924, with permission.)

Figure 50.2. Telangiectasias of the tongue and lower lip in a patient with hereditary 
hemorrhagic telangiectasia. (From Guttmacher AE, Marchuk DA, White RI. Hereditary hem-
orrhagic telangiectasia. N Engl J Med 1995;333:918–924, with permission.)

Pulmonary arteriovenous malformations (PAVMs) occur in 
30% of patients with HHT, and 85% to 90% of people with PAVM 
are found to have HHT.32,34,35,37 Genetic linkage studies have 
found that patients with endoglin mutations have significantly 
higher rates of PAVMs (40%) than HHT patients with other muta-
tions (14%).38,39 The PAVMs are primarily located in the lower 
lung lobes and are multiple. These PAVMs may result in a signifi-
cant right-to-left shunt, and patients may develop dyspnea, cya-
nosis, clubbing, fatigue, decreased exercise tolerance, migraine 
headaches, and polycythemia. Paradoxic emboli can occur and 
result in brain abscesses, transient ischemic attacks, and strokes. 
The prevalence of cortical infarcts has been reported to be as 
high as 14% in patients with a single PAVM and increases to  
27% in patients with multiple PAVMs.40 These lesions may also 
bleed and result in hemoptysis or hemothorax; pregnant women 
with PAVMs appear to be at increased risk.41

The detection of PAVMs may be difficult in patients with few 
or no symptoms. Physical examination may uncover an end- 
inspiratory bruit.34 A chest radiograph may detect a coin lesion 
but often misses smaller lesions. Gravitational shifts in blood flow 
to the lung bases result in increased right-to-left shunting in the 
sitting or standing position. Physiologic tests such as measuring 
O2 saturation in the supine and standing position (on room air 
and 100% O2) can detect the positional change in shunting and 
can be used to screen patients for PAVMs. However, the best 
screening test for PAVM appears to be contrast echocardiogra-
phy.42 Patients with a positive screening test should undergo an 
unenhanced spiral computed tomography (CT) to confirm and 
further characterize the PAVM.43 Pulmonary angiography is a less 
sensitive study but is necessary in treatment planning.

Approximately 20% of patients with HHT develop significant 
upper and lower gastrointestinal (GI) tract hemorrhage. Bleeding 
is rare before the fifth decade of life. Approximately 40% of the 
bleeding episodes occur from upper GI tract lesions, whereas only 
10% occur in the colon, and a full one-half are indeterminate after 
evaluation.35 Spontaneous regression of GI bleeding is rare, and 
steady progression or chronic intermittent bleeding is the norm.

Hepatic involvement occurs in 70% of patients, but symptoms 
and complications are rare.44 Patients may have hepatomegaly, 
a hepatic bruit or thrill, or elevated liver function studies.45 
Types of intrahepatic shunting include hepatic artery to hepatic 
vein (arteriovenous), hepatic artery to portal vein (arterioportal), 
and portal vein to hepatic vein (portovenous). These shunts can 
lead to clinical complications of high-output heart failure, portal 
hypertension, encephalopathy, biliary ischemia, and nodular 
regenerative hyperplasia. The dominant type of shunt identified 
on multiphasic CT does not correlate strongly with the clinical 
syndrome.46 Nodular regenerative hyperplasia is found with a 
100-fold increased prevalence compared to the general popula-
tion, and along with portal hypertension can lead to a misdiag-
nosis of cirrhosis (pseudocirrhosis).44 It is important to consider 
this diagnosis in the setting of a liver mass, as biopsy should gen-
erally be avoided when suspected. Additionally, if patients with 
known focal nodular hyperplasia are being treated with estro-
gen or progesterone therapy, close monitoring is indicated with 
discontinuation of hormones in the case of symptomatic tumor 
enlargement.44 Hepatic AVMs can be detected by dynamic CT,45 
color Doppler ultrasound, magnetic resonance imaging/magnetic 
resonance angiography (MRI/MRA), or celiac angiography. CT 
evidence for AVMs includes both the characteristic heterogenous 
enhancement of the entire liver as well as a dilated common 
hepatic artery.46

The neurologic manifestations of HHT result from PAVM in up 
to two-thirds of cases.32 The remainder of the neurologic symp-
toms are the result of cerebrovascular telangiectasias, AVMs, 
aneurysms, and cavernous hemangiomas. Ten to twenty percent 
of patients with HHT have cerebral AVM, but only 10% of people 
who have cerebral AVM are found to have HHT.47 The cerebral 
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AVMs are often multiple.47 The annual risk of bleeding from 
cerebral AVM is low, reported as 0.41% to 0.72%/year (compared 
to 2% to 4% risk for sporadic, non-HHT AVM).47,48 MRI is recom-
mended for detecting these lesions.41

The clinical diagnostic criteria (Curacao criteria) are listed 
in Table 50.2.49 Genetic testing is now available, but requires 
sequencing the entire coding regions of ALK1 and endoglin, and is 
complex and expensive.27 Consultation with a medical geneticist 
is recommended.

Management
Asymptomatic patients with HHT should be screened with a 
thorough history, careful physical exam, complete blood count 
(CBC), and stool guaiac studies. A brain MRI to screen for cerebral 
AVMs is recommended, and contrast echocardiography to screen 
for PAVMs should be performed in all patients at least once after 
the age of 10. Children younger than 10 should be screened with 
oxygen saturations in the sitting and supine position every 1 to  
2 years, with further testing for saturations <97%.41 Hepatic AVM 
screening is controversial, but if considered, an ultrasound is the 
preferred study.44

Recurrent epistaxis can be a perplexing problem, and few 
trials exist that compare various treatment modalities. Recent 
efforts to classify the nasal vasculature pattern50 and develop an 
epistaxis severity scoring system should pave the way for ran-
domized trials of the various approaches. Prophylactic measures 
include humidification and saline nose drops. Nasal trauma from 
vigorous nose blowing, straining, and finger manipulation should 
be avoided. Antihistamines should also be avoided to prevent 
drying of the nasal mucosa. Mild bleeding can be treated with 
absorptive packing and direct pressure. Cautery is commonly 
used to stop persistent bleeding, but repeated cauterizations 
can result in necrosis and septal perforation, and should be 
avoided.51 Fibrin glue spray was of benefit in a small study.52 The 
neodymium:yttrium-aluminum-garnet (Nd:YAG) laser system has 
been shown to be effective treatment for epistaxis, and analysis of 
the vascular pattern appears to correlate with the success rates of 
laser therapies.50 Argon plasma coagulation also appears promis-
ing, and application of topical estrogens may be useful.53 Arterial 
embolization or ligation is effective in some patients. Septal der-
moplasty is a technique of removing diseased nasal mucosa and 
the subepithelial telangiectasias and replacing abnormal tissue 
with an enduring barrier. In refractory cases, rhinotomy with 
forehead flap reconstruction may be required.54 The use of estro-
gen and e-aminocaproic acid is discussed in the following section.

PAVMs are treated with transcatheter embolotherapy55,56 to 
diminish the risk of paradoxic emboli and other complications. 
PAVMs with feeder artery diameters >3 mm should be treated. 
This procedure is effective at decreasing the right-to-left shunt 
and improving oxygen saturation, and it has a low complication 

rate. In cases in which embolotherapy is technically difficult, sur-
gical resection should be used. After embolotherapy or surgery, 
small AVMs may enlarge and become clinically significant. For 
this reason, patients should undergo screening helical CT scans 
every 5 years.32 Because brain abscesses and septic emboli occur 
in 1% to 20% of patients with HHT and PAVM, these patients 
should receive prophylactic antibiotic therapy before dental or 
surgical procedures.57

Bleeding GI vascular malformations can be treated with endo-
scopic thermal devices including bipolar electrocautery and laser 
techniques. The mucosa coagulates and sloughs, leaving a small 
ulcer in the place of the vascular lesion.58 The ulcer re-epithelializes 
over the next few days. These treatments are rarely effective for the 
long term, however, because new lesions continue to develop and 
small intestinal lesions are not accessible. Estrogen and progester-
one have been effective in decreasing the bleeding episodes.

Cerebral AVMs have been treated with surgery, stereotactic 
radiosurgery, and embolotherapy. A follow-up angiogram should 
be repeated at 1 year, followed by periodic MRI. Hepatic mal-
formations resulting in high-output heart failure, portal hyper-
tension, or cholangitis should be treated with intensive medical 
management. Refractory cases have been treated with transcath-
eter embolization, but the complication rate is significant.59 The 
mortality rate of this procedure in HHT has been calculated to be 
as high as 25% to 40%.58 Consensus recommendations suggest 
that the procedure be used only “as a last resort in patients who 
are not candidates for liver transplant,” and should be absolutely 
avoided in patients with biliary signs or symptoms.44 Other treat-
ments that have been successfully used include hepatic artery 
ligation for localized vascular malformations59 and liver trans-
plant in patients with extensive lesions.60

Medical Therapy
Observations in the 1950s that epistaxis decreased during preg-
nancy and increased after menopause led to the use of estrogens 
as therapy for HHT. Estrogens in large doses result in metaplasia 
of the nasal mucosa, resulting in thick layers of squamous epithe-
lium, and electron microscopy studies indicated that estrogen re-
established endothelial cell continuity.61 A small randomized trial 
of 3 months’ duration showed no benefit in reducing the number 
of bleeding episodes with estradiol valerate.62 However, another 
author reported 100% success in an uncontrolled series of 67 con-
secutively treated patients who continued with high-dose estrogen 
therapy.61 Several case reports and one small randomized con-
trolled trial evaluated the use of low-dose estrogen–progesterone 
combination therapy in patients with severe GI bleeding. The 
bleeding episodes and transfusion requirements significantly 
diminished in treated patients.63 Patients on tamoxifen have also 
been noted in case reports to have decreased episodes of bleeding. 
Recent reports suggest that either oral or intranasal tranexamic 
acid may be useful.64–66

Several intriguing case reports describe regression of tel-
angiectatic lesions and decreased bleeding in patients treated 
for unrelated reasons with interferon, sirolimus, and bevaci-
zumab,67,68,69 suggesting a possible role for angiogenic inhibitors 
in managing HHT.

Virtually all patients with HHT have iron deficiency anemia. 
The treatment of iron deficiency anemia in this setting usually 
requires more than oral iron replacement. Patients with sig-
nificant blood loss and anemia who do not respond or do not 
tolerate maximal doses of oral iron should be given intravenous 
iron therapy. Three products are recommended for parenteral 
iron therapy: low-molecular-weight iron dextran, iron gluconate, 
and iron sucrose.70 Patients who have toxicity with iron dextran 
should receive one of the other products. With the currently avail-
able options for iron replacement in anemic HHT patients, red cell 
transfusion should rarely be necessary.

1. Epistaxis—spontaneous and recurrent

2. Telangiectasias—multiple, at characteristic sites (lips, oral cavity, fingers, nose)

3. Visceral lesions—with or without bleeding (gastrointestinal, pulmonary, cerebral, 
hepatic)

4. Positive family history—a first-degree relative with HHT

The presence of three of the above criteria indicate definite HHT; the presence of two criteria 
are suspicious for HHT.
From Shovlin CL, Guttmacher AE, Buscarini E, et al. Diagnostic criteria for hereditary 
hemorrhagic telangiectasia (Rendu-Osler-Weber Syndrome). Am J Med Genet 2000;91:66–67.

CurACAo CriteriA For the DiAgnosis oF hereDitAry 
hemorrhAgiC telAngieCtAsiA (hht)

taBLe 50.2
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Genetic counseling should be part of the treatment, and refer-
ral to a designated HHT center should be considered in most 
cases. Seventeen U.S. and Canadian HHT centers currently exist 
and are listed on the HHT Foundation International, Inc. Web 
site (www.hht.org). Additional centers exist in Europe, South 
America, Israel, and Asia. A recent review summarizes all aspects 
of HHT diagnosis and management.71

Vascular Malformations
Vascular malformations result from localized errors of angiogenic 
development. The underlying molecular genetics of angiogenesis 
are complex (see Chapter 19). Mutations in angiogenic pathways 
can result in a variety of malformations, including capillary or 
venous angiomas, cerebral cavernous malformations (CCMs), and 
AVMs, either as isolated or multifocal lesions. Bleeding problems 
occur from rupture or leakage from these vascular anomalies, and 
the clinical sequelae depend on their location.

Skin lesions are the most common vascular malformation 
and include a variety of birthmarks. Hemoptysis can result from 
pulmonary vascular anomalies including AVM and a rare disease 
known as pulmonary capillary hemangiomatosis. Hematuria may 
rarely be due to genitourinary AVMs or hemangiomas.

GI bleeding may be due to vascular malformations such as the 
blue rubber nevus syndrome, gastric antral vascular ectasia, tel-
angiectasias, and AVM. GI angiodysplastic lesions deserve special 
attention, given their frequency. They appear to be due to degen-
erative dysplasia and are the most frequent cause of obscure GI 
bleeding. The cause is thought to be intermittent obstruction of 
the submucosal veins where they penetrate the muscular layers 
of the colon, ultimately leading to dilated, tortuous submucosal 
veins and venules.72 Small intestinal angiodysplastic lesions can 
be particularly hard to detect, but wireless capsule endoscopy 
can facilitate this diagnosis. Endoscopic-based therapy or surgery 
may be required for treatment. This disorder is frequently asso-
ciated with aortic stenosis, and there are reports of cessation of 
bleeding after aortic valve repair. Continuous estrogen–progestin 
treatment is not useful in the prevention of rebleeding from GI 
angiodysplasia.73

Central nervous system vascular lesions include AVMs, berry 
aneurysms, and cavernomas. Bleeding from these lesions may 
account for 30% of spontaneous intraparenchymal lobar bleeds.74 
Autopsy studies show the presence of intracranial aneurysms 
in 1% to 5% of the adult population, and 20% to 50% of these 
aneurysms rupture. They are sporadically acquired, but patients 
with autosomal dominant polycystic kidney disease may have 
up to a 40% incidence. Screening is recommended for families 
with two immediate relatives with intracranial aneurysms and 
all patients with autosomal dominant polycystic kidney disease. 
Histologically, there is a decrease in the tunica media causing 
structural defects, leading to aneurysmal dilatation at branch 
points at the base of the brain. Rupture leads to subarachnoid 
hemorrhage with symptoms ranging from headache and nuchal 
rigidity to drowsiness, stupor, and coma.75

CCMs are vascular lesions characterized by abnormally 
enlarged capillary cavities without intervening brain parenchyma. 
The most common presentation is with seizures and cerebral 
hemorrhage. Sporadic and familial forms exist, with the familial 
form showing autosomal dominant inheritance with incomplete 
penetrance. The familial forms usually have multiple CCM lesions. 
Three CCM loci have been identified, and the clinical and neuro-
radiologic features compared.76 CCM3 carriers have an earlier 
age of onset of cerebral hemorrhage. CCMs are not usually visible 
on angiography, but T1- and T2-weighted images on MRI show 
characteristic findings.

Patients with brain AVMs present between the ages of 10 
and  40. The risk of bleeding in patients with untreated AVMs 
is 2.8% per year, but varies between 1% in low-risk patients to 

30% in high-risk patients.77 Genetic abnormalities have been 
identified in CCMs; these defects result in abnormal blood ves-
sel  architecture, and interestingly, may be reversible by statin 
therapy (reviewed in Ref. 78).

Other Vasculopathies

Amyloidosis
Patients with multiple myeloma or systemic amyloidosis may have 
light chain deposits in the cutaneous blood vessels. These vessels 
are particularly fragile, and purpura can occur as a result of minor 
trauma (“pinch purpura”). The eyelids and periorbital regions are 
particularly prone to developing purpura (Fig. 50.3), and a classic 
sign is postproctoscopic periorbital purpura occurring after proc-
toscopies (for diagnostic rectal biopsies done in the past) or after 
Valsalva maneuvers. Purpura also commonly develops in other 
flexural skin areas such as the nasolabial folds, neck, axillae, and 
umbilicus.79 Biopsies of the cutaneous vascular lesions demon-
strate amyloid deposits in the dermis and subcutaneous tissues, 
and inflammatory cells are scarce. The diagnosis and treatment of 
these disorders are discussed in detail in Chapter 99.

Moyamoya Disease
Moyamoya disease is a chronic cerebral vasculopathy initially 
described in Japan. The disease is characterized by occlusion 
of the terminal portion of the internal carotid arteries, or the 
proximal aspects of the middle or anterior cerebral arteries.  
An abnormal vascular network of collaterals develops in the 
regional area of occlusion. Cerebral infarcts are common in chil-
dren, but adults have a higher propensity for intracranial hemor-
rhage. The risk of bleeding appears to be highest in adult Asians. 
Features of moyamoya phenomenon differ in U.S. patients, with 
women aged 30 to 50 most commonly affected, predominantly 
with ischemic symptoms.80 The etiology is unknown, and diagno-
sis rests on characteristic angiographic findings.

Cerebral Small Vessel Disease
Cerebral small vessel disease usually refers to arterioles <100 mm 
in size consisting of an internal elastic membrane and a tunica 
media one to two layers thick, or small arteries measuring 100 
to 400 mm in size with tunica media composed of smooth muscle 
cells three to four layers thick. These vessels are usually end arter-
ies. A constellation of syndromes is now recognized as causing 
cerebral small vessel disease, and these are mostly characterized 

Figure 50.3. Periorbital purpura in a 58-year-old woman with immunoglobulin A k 
plasma cell dyscrasia associated with secondary amyloidosis. (This photograph was 
kindly provided by Drs. Theresa Scholz and Pamela Nemzer, Department of Dermatology, Univer-
sity of Utah Health Sciences Center.)
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by recurrent ischemic strokes with progressive cognitive impair-
ment. Bleeding, however, is a recognized complication of most 
of these disorders, and it is important to recognize that many 
disorders have a substantially increased risk of bleeding with 
anticoagulants.

Degenerative cerebral microangiopathy is characterized by 
lipohyalinosis of small vessels associated with aging and increas-
ing in severity with vascular risk factors such as hypertension, 
diabetes, and hyperhomocystinemia. The vessel walls thicken due 
to sclerosis, hyalinosis, and lipid deposition. Most of the bleeding 
appears to occur at or near the bifurcation of affected arteries 
where prominent degeneration of the media and smooth muscles 
is most appreciated. Occlusion leads to lacunar infarcts, and 
rupture can lead to cerebral microbleeds and lobar intracranial 
hemorrhages.

Cerebral amyloid angiopathy typically presents with lobar 
hemorrhages in patients older than 70 years, and is due to sev-
eral types of mutations that lead to the accumulation of b-amyloid 
material in the media and adventitia of small cortical and lepto-
meningeal vessels. This leads to a “vessel in vessel” appearance 
on pathology studies. Because of the higher risk of bleeding, 
strict avoidance of anticoagulation and antiplatelet agents are 
recommended.

Cerebral autosomal dominant arteriopathy with stroke and 
ischemic leukoencephalopathy (CADASIL) is a cerebral vasculopa-
thy occurring in patients usually between the ages of 40 and 60. 
Patients present with subcortical strokes and a slowly progressive 
dementia and may have mood disorders, migraine headaches, 
and in the later stages, pseudobulbar palsy. The diagnosis is sug-
gested by a characteristic finding of widespread leukoencepha-
lopathy on MRI. White matter lesions located in the temporal 
poles of the brain are considered pathognomonic for CADASIL 
syndrome.81 Recent studies suggest that cerebral microbleeds are 
found in 31% to 69% of patients with CADASIL syndrome and 
intracranial hemorrhaging occurs in 25% of patients.82 The vas-
cular defect lies in the smooth muscle cells, with electron micros-
copy showing exocytosis of granular osmophilic material from the 
vascular smooth muscle cells and pericytes.

Type 4 collagen is a component of the vascular basement 
membrane in the brain, and recent mouse studies indicate that 
mutations can lead to microvascular fragility and result in intra-
cranial hemorrhage. Some familial forms of intracerebral hemor-
rhage also appear to be due to mutations in the COL4A1 gene.83

Bleeding due to disorders  
of periVasCular tissue

ehlers-Danlos Disease
The Ehlers-Danlos syndromes (EDSs) are a group of rare connec-
tive tissue disorders caused by abnormalities of collagen synthesis 
or processing. The prevalence is estimated to be 1 in between 
10,000 and 20,000 births. A simplified classification system has 
identified six major types of EDS and their genetic defects.84,85 
The clinical features include hyperextensible, fragile skin asso-
ciated with joint hypermobility. The majority of patients with 
EDS also report a history of excessive bruising and bleeding.86 
Other bleeding manifestations may include subcutaneous nodular 
hematomas, mucosal oozing after dental procedures, hemoptysis, 
and GI bleeding. In most patients, screening tests show no hemo-
static abnormalities, and the bleeding is thought to result from 
abnormalities in the perivascular collagen leading to fragility of 
the subcutaneous vessels. However, several authors have noted 
abnormal bleeding times and platelet function studies, as well as 
factor deficiencies in individual patients.86,87

Certain types of EDS have an increased risk of major bleeding. 
In particular, vascular EDS (type IV) has unique clinical features 

of interest to hematologists. This disorder is due to quantitative 
or qualitative defects in type 3 collagen, which is particularly 
abundant in the arterial wall88,89 and intestine. Patients with this 
disorder are prone to develop arterial aneurysms and dissections, 
significant bleeding from spontaneous rupture of medium-sized 
abdominal arteries, and intestinal rupture.

Carotid-cavernous fistula is another well-documented compli-
cation, and clinical diagnosis is based on the findings of pulsatile 
exophthalmia, tinnitus, thrill, and headache. In addition to vascu-
lar abnormalities, patients with vascular EDS have characteristic 
facial features (prominent eyes, thin nose, small lips, and lobeless 
ears)90 and thin translucent skin with a conspicuous venous net-
work. Papyrus scarring (Fig. 50.4) may be present, but patients 
usually have minimal joint hypermobility (often limited to the 
hands) or skin hyperextensibility. Median life expectancy is 48 
years with one-fourth of the patients developing complications 
by age 20, and 80% developing complications by age 40.91 The 
diagnosis can be confirmed by skin fibroblast cultures with bio-
chemical analysis of type 3 collagen with or without screening for 
COL3A1 mutations. If vascular EDS is suspected but the above 
tests are negative, patients should be screened for TGF-b recep-
tor gene mutations, as clinical features overlap with the newly 
described Loeys-Dietz syndrome (see below).

Patients with EDS, particularly vascular EDS, should generally 
avoid contact sports and isometric exercise and are advised to 
avoid medications with antiplatelet properties.88 Arterial rupture 
should be considered in the differential diagnosis when these 
patients present with new-onset symptoms such as abdominal 
pain. Diagnostic procedures that involve arterial puncture are 
relatively contraindicated because of a high incidence of complica-
tions.88,92 If surgery is mandatory, extreme care should be used in 
the manipulation of vascular tissues. Postpartum hemorrhage is a 
major risk for pregnant patients with EDS, and the management 
of pregnancy has been reviewed in case reports.93,94 Patients with 
vascular EDS can develop uterine or vessel rupture in the peripar-
tum period, and should be followed in high-risk centers.91 Genetic 
counseling and referral to the Ehlers-Danlos National Foundation 
(www.ednf.org) should be considered.

Marfan Syndrome
Marfan syndrome is a genetic disorder with characteristic ocular, 
skeletal, and cardiovascular abnormalities, affecting 1 in 5,000 
individuals. Easy bruisability has been reported but does not seem 
to be a major feature of the Marfan syndrome.95 However, the risk 
of postpartum hemorrhage is reported to be increased.96

The basic defect is due to a mutated fibrillin gene on chromo-
some 15.97 Fibrillin is a component of extracellular microfibrils 

Figure 50.4. “Papyrus” scarring and thin skin with petechiae in a patient with 
 ehlers-Danlos syndrome. (From Anstey A, Mayne K, Winter M, et al. Platelet and coagulation 
studies in Ehlers-Danlos syndrome. Br J Dermatol 1991;125:155–163, with permission.)
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associated with elastin, and is necessary for connecting and 
anchoring tissue. Fibrillin was recently found to be important as 
a TGF-b receptor binding protein, holding TGF-b in an inactive 
complex. Dietz’s group discovered that blocking TGF-b in affected 
mice prevents some of the developmental abnormalities (includ-
ing aneurysms), suggesting that certain clinical manifestations are 
due to excess levels of TGF-b.98 Further studies, in fact, showed 
that some families diagnosed with Marfan syndrome and famil-
ial thoracic aneurysms have a missense mutation in the TBF-b 
receptor 2, and this syndrome is now known as the Loeys-Dietz 
syndrome.98,99

Loeys-Dietz Syndrome
The pathogenesis of Loeys-Dietz syndrome has been described.100 
Patients with Loeys-Dietz syndrome have a phenotype character-
ized by hypertelorism, bifid uvula or cleft palate, and arterial 
tortuosity with vascular aneurysms, resulting in dissections and 
arterial rupture. The severity of the craniofacial abnormalities 
appears to correlate with the outcome.98 The natural history of 
Loeys-Dietz varies from Marfan syndrome and EDS, with median 
survival of 37 years (vs. 48 and 70 years, respectively), but with a 
much lower complication rate after vascular surgery. It is of note 
that childhood aortic dissections occurred in patients with aortic 
diameters <5 cm, and it is recommended that repair occur when 
the maximum dimension of the ascending aorta exceeds the 99th 
percentile in children.

Osteogenesis Imperfecta
Osteogenesis imperfecta (OI) is an autosomal dominant disease 
characterized by brittle bones with pathologic fractures as a result 
of a deficiency in bone matrix. Approximately 95% of cases are 
caused by mutations in the genes COLA1 and COLA2, which code 
for the pro-a1(1) and pro-a2(2) peptides of type 1  collagen.101 
There are two a1-chains and one a2-chain in each type 1 colla-
gen, and many different mutations in the genes coding for these 
subunits have been characterized. Eight clinical types of OI are 
currently recognized.101 Approximately 25% of patients have 
been noted to bruise easily; this tendency appears to vary with 
the clinical type.102 Skin contains predominantly type 1 collagen, 
and bruising is thought to be the result of defective supporting 
structures. The ecchymoses are generally mild and insignificant 
compared to the broader clinical picture. Recent reports describe 
patients with extradural hematomas, subdural hematomas, and 
retinal bleeds after minor trauma in patients with OI, occasion-
ally being misinterpreted as child abuse.103,104 Excessive bleed-
ing from wound sites after surgery has also been described.105 
Recombinant factor VIIa and desmopressin have been reported 
to be useful in postoperative bleeding in case reports.106,107 The 
Osteogenesis Imperfecta Foundation can be accessed at http://
www.oif.org.

pseudoxanthoma elasticum
Pseudoxanthoma elasticum is an inherited connective tissue dis-
order that results in calcification of elastic fibers,108 especially in 
the internal elastic lamina of medium-sized arteries. The basic 
genetic defect is now known to be a variety of loss of function 
mutations in the gene encoding the transmembrane transporter 
protein ABC-C6.109 This protein is in the multiple drug resistance 
family of proteins and may function as an efflux pump, but it is not 
yet known what the substance transported is or how the mutation 
causes the disease. It is possible that this defect could result in 
accumulation of compounds that could lead to the calcification of 
the elastin fibers.109

Patients with pseudoxanthoma elasticum have skin that 
becomes grooved and thickened over time and has been described 

as resembling Moroccan leather.110 Other cutaneous features 
include the development of yellow cutaneous plaques usually in 
the neck or axillary region or in other flexural sites. Cardiovascular 
disease results from calcification of the arterial internal elastic 
lamina. Criteria for the diagnosis of pseudoxanthoma elasticum 
have been published.108 Bleeding can result when the calcified 
vessels rupture. The manifestations include bruising, epistaxis, 
and bleeding from the uterus, bladder, and joints. GI bleeding 
occurs in 13% of patients, usually between 20 and 30 years of 
age, and is usually of gastric origin. Treatment should include 
the avoidance of gastric irritants and careful control of hyperten-
sion and hypercholesterolemia. Regular ophthalmology evalua-
tions are also recommended, as is the avoidance of antiplatelet 
agents and trauma. First-degree relatives should be screened. 
The National Association for Pseudoxanthoma Elasticum can be 
contacted at http://www.pxenape.org/.

Scurvy
Humans require vitamin C in the diet to promote the peptidyl 
hydroxylation of procollagen. In the absence of vitamin C, col-
lagen strands are weakened as a result of abnormal triple helical 
structures. The abnormal collagen results in defective perivascu-
lar supportive tissues, which predispose to capillary fragility and 
delayed wound healing.111,112

The clinical manifestations of scurvy depend on the severity 
of vitamin C deficiency. Patients classically develop perifollicular 
petechiae (Fig. 50.5).111 The petechiae can coalesce and form 
purpura, particularly in a “saddle” distribution, and patients may 
develop gingival or intramuscular hemorrhage. Up to 75% of 
patients have a multifactorial normochromic, normocytic anemia. 
Other manifestations include peripheral edema and fatigue.

Patients at risk for scurvy include elderly edentulous patients 
who cook for themselves, alcoholics, mentally ill patients, and 
people on unusual diets. The treatment is replacement of ascorbic 
acid in doses of 200 mg/day.111,113

Steroid-induced purpura
Patients on chronic steroids develop thinning of the connective 
tissues, and minor trauma can result in extensive purpura, espe-
cially in older patients. Avoidance of trauma is the best prophy-
laxis for bleeding in these patients.

Solar purpura
Senile purpura or solar purpura is a common phenomenon first 
described in 1817 by Bateman. The lesions are typically located 

Figure 50.5. Perifollicular hemorrhages and corkscrew hairs in a patient with scurvy. (From 
Ghorbani AJ, Eichler C. Scurvy. J Am Acad Dermatol 1994;30:881–883, with permission.)
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on the extensor surfaces of the forearms and dorsum of the hands 
and occur without recognized preceding trauma (Fig. 50.6).114 
The prevalence in hospitalized patients older than 65 years of 
age is approximately 5% but increases exponentially with age to 
include up to 30% of men 90 years of age or older.115 The skin in 
elderly people is thin as a result of loss of subcutaneous fat and 
changes in both the amount and quality of collagen. Skin lesions 
are thought to develop by incidental lateral displacement of slack 
skin with resulting capillary shearing. The lesions tend to last lon-
ger than other purpuric lesions and do not generally undergo the 
changes in hue that other ecchymotic lesions do.114 Hemostasis 
tests are normal, and no treatment other than reassurance is 
indicated.

VasCulitis
The nomenclature of the vasculitides is quite confusing, but an 
international consensus conference has developed a system based 
on vessel size. This classification system recommends abandon-
ing the term hypersensitivity vasculitis in favor of microscopic 
polyangiitis for small vessel vasculitides with few or no immune 
complexes and cutaneous leukocytoclastic vasculitis for small 
vessel vasculitis with isolated skin involvement.116

Cutaneous Leukocytoclastic Vasculitis
Leukocytoclastic vasculitis is characterized by immune complex 
deposition in postcapillary venules resulting in an inflammatory 
infiltrate, red cell extravasation, fibrinoid necrosis of the vessel 
wall, and fragmentation of nuclei (leukocytoclasis). The lesions 
typically develop 7 to 10 days after exposure to the offending 
antigen.

Palpable purpura is the classic clinical finding associated with 
cutaneous small vessel vasculitis. The lesions are the result of 
extravasation of erythrocytes into the inflamed dermis; therefore, 
the lesions do not blanch with pressure. The lesions range in size 
from pinpoint to several centimeters in diameter and are most 
prominent on the lower legs. The diagnosis should be confirmed 
by skin biopsy. Evaluation for the etiologic agent can be challeng-
ing and requires a detailed history to identify causative agents 
(Table 50.3).117,118 Helpful laboratory studies include CBC, blood 
cultures, serum protein electrophoresis, cryoglobulins, hepatitis 
screen, rheumatoid factor, antinuclear antibody, antineutrophil 
cytoplasmic antibodies (ANCAs), and complement. Systemic 
involvement should be determined by the history and physical as 
well as urinalysis, chest radiography, and electrocardiography.

antineutrophil Cytoplasmic antibody–positive 
Vasculitis
A major advance in understanding and classifying the vascu-
litides has been the recognition of ANCAs in specific vasculitic 
syndromes. Patients with ANCA-associated small vessel vasculitis 
include three major categories, which are histologically identical. 
Speed in the diagnosis of ANCA-associated small vessel vasculitis 
is critical, as early treatment with immunosuppressive drugs can 
prevent life-threatening organ damage.117

Wegener granulomatosis is distinguished by necrotizing gran-
ulomatous inflammation and pulmonary, upper respiratory, and 
renal involvement. Vascular inflammation in these areas can 
cause epistaxis, hemoptysis, and hematuria. Churg-Strauss dis-
ease is defined by the presence of necrotizing granulomas with 
asthma and eosinophilia. Vasculitis affects the nerves, GI tract, 
and skin primarily. Microscopic polyangiitis is recognized by the 
characteristic histology with the absence of asthma and granulo-
mas. This vasculitis typically occurs in males older than 50 years 
of age. Prodromal symptoms include fever, myalgias, and arthral-
gias. Microhematuria, proteinuria, and oliguric renal failure may 
develop, and 30% to 40% of patients develop cutaneous lesions 
(splinter hemorrhages, palpable purpura). Pulmonary involve-
ment occurs in one-third of patients.

Cryoglobulinemia
Essential cryoglobulinemic vasculitis is a vasculitis with cryoglob-
ulin immune deposits. Cryoglobulins are immunoglobulins (Igs) 
that form a precipitate in cooled serum. They were first described 
by Wintrobe and Buell in 1933.119 The cryoglobulins can precipi-
tate in dermal vessels and result in leukocytoclastic vasculitis120 
and palpable purpura. When the cryocrit is significantly elevated 
(e.g., in lymphoproliferative diseases), hyaline thrombi can form 
and result in vasculopathy without associated vasculitis.120

Clinically, patients develop crops of purpuric macules, papules, 
and patches most prominently over the lower extremities that 
are occasionally associated with burning or pruritus. Cutaneous 
infarcts and petechiae are also occasionally present. Only rarely 
are these symptoms precipitated by exposure to cold; more 
commonly, prolonged standing or exercise is the inciting event. 
Systemic manifestations of cryoglobulinemia include arthralgias, 
asthenia, neuropathy, and renal disease.120 Cryoglobulinemia is 
further discussed in Chapter 101.

hypergammaglobulinemic purpura
Hypergammaglobulinemic purpura (HP) is a syndrome first 
described by Waldenström in 1943; this disorder is characterized 
by polyclonal hypergammaglobulinemia associated with recurrent 

Figure 50.6. Senile purpura (also known as Bateman purpura) in a 70-year-old 
man. (This photograph was kindly provided by Dr. Kappa Meadows, Department of Dermatol-
ogy, University of Utah Health Sciences Center.)

Underlying disorders

Malignancy (leukemia, lymphoma, myeloma, cryoglobulinemia)

Autoimmune disease (systemic lupus, ulcerative colitis, periarteritis nodosa, 
Sjögren syndrome, viral hepatitis, primary biliary cirrhosis, etc.)

Infections (viral, bacterial, mycobacterial, fungal)

Drugs/chemicals

Penicillin, aspirin, phenothiazines, tetracycline, retinoids, colony-stimulating 
 factors, contrast dye, insecticides, herbicides

Idiopathic

etiologies oF leukoCytoClAstiC VAsCulitis

taBLe 50.3
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attacks of palpable or nonpalpable purpura.121 The syndrome has 
a marked predilection for women. The onset is often in the third 
and fourth decades of life, but young children and octogenar-
ians have also been reported to develop this syndrome.122 The 
attacks of purpura are often sudden in onset and sometimes occur 
after prolonged standing, exercise, dancing, wearing tight-fitting 
clothes (e.g., jeans), and alcohol ingestion.122,123 Some patients 
have premonitory symptoms such as stinging, itching, or mild 
pain before the development of purpura. The purpura typically 
involves the lower extremities and is palpable in approximately 
75% of cases.124 Associated systemic symptoms include arthral-
gias (particularly adjacent to the purpura), low-grade fever, and 
lower extremity edema. The purpura usually resolves over 2 to 
10 days. Recurrences are common but highly variable. Some 
patients have up to four attacks per week; others have only rare 
recurrences.124

HP can be divided into primary and secondary forms. Primary 
HP occurs with no underlying disease process; secondary HP is 
identified when the typical symptoms of HP develop in patients 
with underlying diseases such as Sjögren syndrome, systemic 
lupus erythematosus, or other autoimmune, inflammatory, or 
neoplastic diseases.123,124 The purpuric lesions can occur years 
before or after the diagnosis of autoimmune disease.

The laboratory features of HP include hypergammaglobu-
linemia, elevated erythrocyte sedimentation rate, mild anemia, 
and mild leukopenia. Both primary and secondary HP have a high 
prevalence of positive rheumatoid factor (88% to 100%).123,124 

Anti-Ro antibodies are similarly elevated in both primary HP and 
HP associated with Sjögren syndrome122 and in up to 100% of HP 
associated with systemic lupus.124 Histopathologically, the lesions 
show inflammation of the superficial dermal vessels with an early 
neutrophil infiltrate followed by a mononuclear cell infiltrate and 
varying degrees of leukocytoclasis. Skin biopsies are often positive 
under direct immunofluorescence for IgM and IgG. Circulating 
immune complexes have also been identified.121,124

Treatment in the past has been described as unsatisfactory.123 
However, a recent prospective, nonrandomized trial of 17 patients 
suggests that milder cases respond to indomethacin or hydroxy-
chloroquine (200 mg twice daily) and more severe cases respond 
to prednisone at doses more than 20 mg/day.124 Plasmapheresis 
results in only temporary relief of symptoms.125

A relative deficiency of IgG2 has been reported in some 
patients despite the hypergammaglobulinemia. IgG subclass 
determination should be considered in HP patients with recurrent 
infections.126

Urticarial Vasculitis
Patients who present with purpura after resolution of urticaria 
may have urticarial vasculitis. Typically, the urticarial lesions burn, 
sting, or itch and last longer than 24 hours. The trunk and proximal 
extremities are affected more than the distal extremities. Residual 
hyperpigmentation may be present after resolution of the skin 
lesions. The pathogenesis appears to be due to immune complexes 
that activate complement and lead to mast cell degranulation. 
Patients with normal complement levels usually have minimal, if any, 
systemic involvement, whereas patients with depressed complement 
levels may have more severe disease.127 Hypocomplementemic urti-
carial vasculitis is due to anti-C1q precipitins.

acute Infantile hemorrhagic edema
Acute infantile hemorrhagic edema is a leukocytoclastic vasculitis 
confined to the skin in infants 4 to 24 months of age. Patients 
present with the dramatic onset of ecchymotic purpura involv-
ing the limbs and face with inflammatory edema in an otherwise 
healthy child. Spontaneous and complete resolution occurs in 1 to 
3 weeks. Pathology shows leukocytoclastic vasculitis. Perivascular 

IgA deposits are often identified, and some authors consider this 
disorder to be a variant of Henoch-Schönlein purpura (HSP).128

henoch-Schönlein purpura
HSP is an acute vasculitic syndrome with features of colicky 
abdominal pain, nephritis, arthritis, and palpable purpura. 
The manifestations of the syndrome were initially described by 
Schönlein in 1837 and further developed by Henoch in 1874.129,130 
The disease occurs primarily in children, with a peak incidence 
occurring between 4 and 11 years of age. There appears to be a 
seasonal variation, with most reported cases occurring from fall 
to spring and a paucity of cases in the summer.129,131 Many of 
the cases occur after upper respiratory infections. Epidemiologic 
studies generally suggest that HSP occurs as sporadic cases, but 
clustering does occasionally occur. In 1987, a series of 20 cases 
occurred in Connecticut in a 5-month span and were found to 
be clustered in one ethnic group.132 This space–time clustering 
suggests a possible role for an infectious agent in precipitating 
the disease. Other infections, medications, insect bites, and malig-
nancy have also been described as potential precipitating factors.

Biopsies of the superficial dermis and bowel in HSP show 
an acute vasculitis of precapillary arterioles and postcapillary 
venules. Immunofluorescent staining commonly shows IgA depos-
its in the walls of the arterioles of both the involved and nonin-
volved skin.133 In patients with renal involvement, a proliferative 
and necrotizing vasculitis is described, and IgA deposits are found 
in the glomerular mesangium.134 Circulating immune complexes 
containing IgA are detected in approximately 70% of patients 
shortly after the onset of purpura, followed by the appearance of 
complement and IgA, IgM, and IgG immune complexes later in the 
disease course.135 A variety of genetic polymorphisms that may 
predispose patients to developing HSP have been investigated.136

The onset of symptoms is usually acute, with fever and pal-
pable purpura involving the extremities and buttocks.129,130 The 
purpuric lesions appear in symmetric crops with a predilection 
for extensor surfaces of the extremities (Fig. 50.7). They are most 
abundant around the knees, ankles, and elbows.130 A transient 
oligoarticular arthritis involving the large joints occurs in approxi-
mately 40% of cases, and the pain is often out of proportion to the 
physical findings. Renal involvement is manifest as proteinuria or 
hematuria. The renal abnormalities are almost always transient 
in younger children, but up to 20% to 25% of older children and 
adults have progressive renal disease.129,137 Poor prognostic 
factors for renal disease include nephrotic syndrome and >50% 
glomerular crescent formation on renal biopsy.138

Figure 50.7. Lower extremity palpable purpura in a patient with Henoch-Schönlein 
purpura. (From Van Hale HM, Gibson LE, Schroeter AL. Henoch-Schönlein vasculitis: direct 
immunofluorescence study of uninvolved skin. J Am Acad Dermatol 1986;15:665–670, with 
permission.)
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Diffuse, crampy abdominal pain occurs in more than one-third 
of the cases and may occur before the characteristic purpura. The 
abdominal pain can be severe enough to mimic a surgical abdo-
men, and appears to be due to submucosal bleeding, edema, and 
ulcerations. Because abdominal pain is common, it is important 
to be aware that rare complications requiring surgery do occur, 
and include intussusception, perforation, and bowel necrosis.139 
An abdominal ultrasound should be considered in the evaluation 
of abdominal pain, as other studies may miss ileoileal intus-
susception. GI bleeding presenting as melena or hematochezia 
can occur and is occasionally severe. Scrotal involvement is not 
uncommon, affecting up to 20% males, and can mimic testicular 
torsion.140

Criteria for the classification of HSP have been published.129 
The presence of two of the following four criteria can usually accu-
rately differentiate HSP from other forms of vasculitis: Palpable 
purpura, age of onset 20 years or younger, acute abdominal 
pain, and biopsy showing granulocytes in the walls of arterioles 
or venules. A biopsy is not required in children with the classic 
presentation of HSP. The prognosis depends in part on the age at 
presentation. Children usually recover completely from HSP, but 
relapses may occur over a 3- to 6-week period before complete 
resolution of symptoms.129 Adults have more severe disease at 
presentation, with a worse renal prognosis.141

Supportive care alone is used to treat mild cases. Steroids 
may be useful to alleviate symptoms in severe cases, but do not 
prevent renal complications from developing.142 Nonsteroidal 
anti-inflammatory drugs are beneficial for symptom relief in 
some patients, and plasmapheresis is of reported use with renal 
involvement.143 Patients with crescentic nephritis are treated with 
methylprednisolone, immunosuppressive drugs, plasmapheresis, 
and renal transplant.

Serum Sickness
Serum sickness is a specific clinical syndrome with systemic 
features and immune complex-induced vasculitis. The clinical 
syndrome typically occurs 7 to 12 days after administration of 
heterologous serum. The features include fever, urticaria, palpable 
purpura or other rash, and lymphadenopathy.144 The purpura is 
caused by immune complex deposition, and skin biopsies show 
a necrotizing angiitis. Drugs such as cefaclor, penicillin, hydrala-
zine, sulfonamides, and thiazide diuretics have been associated 
with serum sickness-like reactions.

purpura assoCiated with 
infeCtion
Infectious agents can cause petechiae, purpura, and diffuse bleed-
ing manifestations through a variety of mechanisms including 
disseminated intravascular coagulation, vasculitis, septic emboli, 
vascular toxins, and direct vascular or endothelial invasion.145 
Certain clinical syndromes in the latter two categories are consid-
ered here. Septic emboli are briefly discussed under the section 
on vascular obstruction.

acute Febrile Illness with petechiae
Petechiae are often associated with acute febrile illnesses in chil-
dren and immediately raise the concern for possible meningococ-
cemia. Although a florid meningococcal infection may be instantly 
recognizable, children who present with small skin hemorrhages 
and fever, but who are not acutely ill, can be a diagnostic chal-
lenge. Petechiae that are present only above the nipple line in the 
distribution of the superior vena cava are often due to the cough-
ing or vomiting that accompanies the acute infection. Bacterial 
agents such as streptococcal infections, pneumococcus, and 

Haemophilus influenzae may cause fever and petechiae. Viral ill-
nesses due to enterovirus and adenovirus are well-known causes 
of fever and petechiae as well. To help clinicians distinguish 
between the agents responsible (and to avoid missing an early 
meningococcal infection), algorithms have been developed.146,147

papular-purpuric Gloves and Socks Syndrome
Patients with sharply demarcated purpura involving the hands 
and feet may have a syndrome known as papular-purpuric “gloves 
and socks” syndrome as shown in Figure 50.8. This syndrome 
was initially described in 1990148 and has been confirmed in 
several other reports.149 Patients are usually adolescents or young 
adults that present in the spring or summer with pruritic edema 
and erythema of the hands and feet. Petechiae and confluent 
purpura follow, with a relatively sharp demarcation at the wrists 
and ankles. Oral mucosal involvement is common, and patients 
may have other systemic signs or symptoms including lymph-
adenopathy, fever, elevated liver function studies, and cytopenias. 
Rare presentations may include a perioral petechial rash or more 
generalized petechial eruption.150 The syndrome is self-limited 
and usually resolves within 1 to 2 weeks. The etiologic agent is 
usually parvovirus B19, but cytomegalovirus, hepatitis B, measles, 
rubella, and human herpesvirus 6 have also been implicated. 
Immunohistochemical studies show viral invasion of endothelial 
and epidermal cells.151

rickettsial Diseases
Rickettsiae infection results in damage to the endothelial cell with 
a characteristic multifocal lymphohistiocytic immune response 
causing increased vascular permeability, decreased perfusion, and 
activation of coagulation.

Rocky Mountain spotted fever is transmitted by the bite of ixo-
did ticks and, therefore, has a peak incidence in the United States 
in May, June, and July. The incubation period is 2 to 14  days 
(mean, 7 days), and symptoms usually include the sudden onset 
of fever, chills, headache, and myalgia. A pink macular rash 
develops on the wrists, hands, and ankles and spreads to cover 
most of the body. After 2 to 7 days, the lesions become petechial, 
and hemorrhagic areas may coalesce to form large areas of ecchy-
mosis. The major complications are a result of vascular injury, 
and multiple organs may become involved. Diagnosis is based on 
 serologic studies showing a rise in antibody titers or biopsy of the 
skin lesions with immunofluorescent identification of the organ-
isms. Treatment is with a tetracycline or chloramphenicol.

Other rickettsial diseases such as Mediterranean spotted fever, 
Asian tick typhus, and Queensland tick typhus are generally 
milder and have an eschar (tache noire) at the site of the primary 
tick bite. The treatment is the same as for Rocky Mountain spot-
ted fever.152

Brazilian purpuric Fever
Brazilian purpuric fever is a disease of pediatric patients that 
usually begins with purulent conjunctivitis followed 7 to 16 days 
later by acute onset of fever, bacteremia, petechiae purpura, and 
vascular collapse. The etiologic agent is H. influenzae biogroup 
aegyptius. The purpuric tendency appears to be due to direct 
invasion of endothelial cells with subsequent vascular damage.153

rat Bite Fever
Rat bite fever is an acute illness caused by rodent bite or expo-
sure due to organisms that are part of their normal oral flora. 
Over 200 cases have been reported in the United States.154 Most 
U.S. cases are caused by Streptobacillus moniliformis, whereas 
cases in Asia are due to Spirillum minus. The onset of symptoms 
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Strongyloides
Strongyloides stercoralis is endemic to parts of South America, 
Central Africa, South East Asia, and the Southern United States 
(particularly Kentucky and Tennessee).155 Disseminated strongy-
loidiasis can occur in patients receiving chemotherapy or steroids, 
and in otherwise immunocompromised patients. Periumbilical 
purpura that resembles “multiple thumbprints” has been 
described,156 and it appears to be associated with a poor progno-
sis. More diffuse purpura may develop as well. Biopsy of the skin 
lesions frequently reveals larva.157 Other bleeding manifestations 
include alveolar hemorrhage and GI bleeding.

Vibrio vulnificus
An increasing number of infections caused by Vibrio vulnificus 
are being reported in the United States, particularly in Gulf 
coastal communities. The consumption of raw oysters is one of 
the  primary mechanisms of infection along with localized wound 
infections due to exposure to infected salt water. Almost all 
patients are immunocompromised because of liver disease, dia-
betes, hemochromatosis, or steroid use.158 Patients present with 
abrupt onset of fever, chills, hypotension, and the development 
of hemorrhagic bullae. These bullae can develop into necrotic 
ulcers. The hemorrhagic complications appear to be due to a 
secreted metalloprotease, which has prothrombin-activating and 
 fibrinolytic activities.159

hemorrhagic Fever Viruses
The hemorrhagic fever viruses are a diverse group of small RNA 
viruses with a lipid envelope. The clinical presentations vary, but 
symptoms usually begin with fever, headache, and myalgias pro-
gressing to generalized malaise. These symptoms last 3 to 4 days 
and are followed by petechiae, mucosal bleeding, and GI tract 
hemorrhage. However, infection of the endothelium may be com-
mon to all,160 and direct disruption of endothelial cells may occur. 
Some of the viruses have almost no cytopathologic effect; however, 
others are highly destructive to the endothelial cells. Activation of 
immune cells with the release of cytokines and chemokines that 
target endothelial cells is another suggested mechanism of dam-
age.161 Release of tissue factor from damaged cells can trigger 
coagulation abnormalities,162 and varying degrees of thrombocy-
topenia and disseminated intravascular coagulation are present 
and contribute to the bleeding diathesis.

The major etiologic agents and the distinctive clinical features 
are outlined in Table 50.4.163 A high index of suspicion is required 
to diagnose hemorrhagic fever virus. Risk factors for naturally 
occurring cases include foreign travel, handling of animal car-
casses, contact with sick animals or people, and arthropod bites 
within 21 days of the onset of symptoms. Lack of identifiable risk 
factors should raise the suspicion of a bioterrorist attack.

Rapid diagnosis is currently available only by sending clinical 
specimens to the Centers for Disease Control and Prevention or 
the U.S. Army Medical Research Institute of Infectious Disease 
in Frederick, Maryland. Suspected cases should be reported 
immediately to the health department. Protective measures from 
nosocomial spread should be followed.

purpura assoCiated with 
VasCular oBstruCtion
Although oversimplified, it is often convenient to think of some 
disorders as causing purpura by intravascular obstruction with 
subsequent hemorrhage due to necrosis, vasculitic injury, or 
consumptive coagulopathy. Table 50.5 lists disorders that can be 
grouped together as causing abruptly decreased blood flow with 

A

B

Figure 50.8. Skin lesions of hands and feet associated with papular-purpuric gloves 
(A) and socks syndrome (B). (From Harms M, Feldmann R, Saurat J-H. Papular-purpuric 
“gloves and socks” syndrome. J Am Acad Dermatol 1990;23:850–854, with permission.)

is usually within 1 week of the bite but can occur several weeks 
after the wound has healed. Initial symptoms include abrupt 
onset of fever, chills, headache, malaise, and cough followed in 
75% by morbilliform or petechial rash involving the palms and 
soles. Hemorrhagic vesicles on the peripheral extremities may be 
particularly suggestive of the diagnosis.154 Migratory polyarthritis 
develops in 50% of patients with the Streptobacillus type. The 
case mortality rate if untreated is 10%. Treatment is with procaine 
penicillin, tetracycline, or streptomycin.
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Viral HF Cytopathic Effect Endothelial Cell Infection Cytokine Activation
Disseminated Intravascular 
Coagulation

South American HF ± ++ ++++ No

Lassa fever ± ++ +++ No

Rift Valley fever ++++ ? ? Yes

Crimean Congo HF + + ? Yes

Hantavirus pulmonary syndrome 0 ++++ ++++ No

Filovirus HF +++ +++ +++ Yes

Yellow fever ++ ? ? No

0, no effect; ±, negligible effect; +, through; ++++, minimal to major effect; ? = unknown.

hemorrhAgiC FeVer (hF) Viruses

taBLe 50.4

subsequent bleeding. Note that cold agglutinins are not included 
because necrosis and bleeding are not expected complications.

Cryofibrinogenemia
Cryofibrinogens are cold-precipitable plasma proteins that dis-
solve as plasma is rewarmed. The proteins are distinct from cryo-
globulins, which precipitate on cooling of serum (after the plasma 
proteins have been removed). Approximately 3% to 13% of hospi-
talized patients have detectable cryofibrinogens when appropriate 
assays are used.164,165 Cryofibrinogens can be associated with 
underlying malignancies or inflammatory processes (secondary 
cryofibrinogenemia) or be present as an isolated finding (essential 
cryofibrinogenemia).

Although patients with cryofibrinogenemia are often asymp-
tomatic, they may present with symptoms of lower extremity 
or acral ulcers, cold intolerance, cutaneous purpura, livedo 
reticularis, gangrene, or Raynaud phenomenon.166 Paradoxic 
bleeding may occur and appears to be proportional to the cry-
ocrit.165 Many patients have an elevated total fibrinogen level.164 

Vascular Obstruction 
Component Disease Examples

Thrombus Warfarin-induced skin necrosis, disseminated 
intravascular coagulation

Emboli

Thromboemboli Atrial fibrillation

Septic emboli Endocarditis

Marantic emboli Sterile endocarditis

Cholesterol emboli Invasive vascular procedures, warfarin blue-toe 
syndrome

Immunoglobulins Waldenström macroglobulinemia, myeloma

Plasma proteins Cryoglobulinemia

Fibrin Cryofibrinogenemia

Red cells Polycythemia

Platelets Thrombocytosis, heparin-induced skin necrosis

Fat Fat emboli syndrome

ClAssiFiCAtion oF BleeDing DisorDers AssoCiAteD 
with VAsCulAr oBstruCtion

taBLe 50.5 It is hypothesized that the abnormal cryofibrinogen is due to 
high levels of a1-antitrypsin and a2-macroglobulin that inhibit 
plasmin, resulting in decreased fibrinolysis.165 The cutaneous 
lesions develop as a result of fibrin thrombi obstructing the small 
and medium-sized dermal vessels.166 Biopsies from the edge of 
ulcers show eosinophilic thrombi with sparse lymphocytic infil-
trate.167 Leukocytoclastic vasculitis has also been described.168 
To measure cryofibrinogens, blood should be anticoagulated with 
ethylenediaminetetraacetic acid, citrate, or oxalate. The sample 
should be maintained at 37°C until centrifuged, and the separated 
plasma should be chilled at 4°C for 72 hours. Chilling the sample 
in this way increases the sensitivity for detection. The cryocrit is 
expressed as a percentage of the plasma sample volume.

Cryofibrinogenemia may be asymptomatic and require no 
treatment. Mild cases can be treated with avoidance of cold, 
and procedures that include cooling. Patients with more severe 
symptoms are usually treated with streptokinase, other fibrino-
lytic agents, or plasmapheresis. A small clinical trial and case 
reports have suggested that stanozolol, an androgenic steroid 
with fibrinolytic activity, can produce excellent results.166,169 
Immunosuppressant agents have been reported to be effective in 
some patients.167 Heparin use is discouraged.165

Cholesterol embolization Syndrome
Cholesterol embolization syndrome is an increasingly recognized 
disorder caused by dislodged cholesterol crystals from atheroscle-
rotic plaques. This occurs after vascular procedures or can be due 
to warfarin (blue-toe syndrome) and results in renal insufficiency, 
peripheral emboli, and possibly GI or central nervous system 
involvement. Livedo reticularis is the most common skin finding 
and can be best appreciated with the patient in the upright posi-
tion. Cyanosis, purpura, ulcers, and gangrene can all occur.170 
Biopsies of the cutaneous lesions, including livedo reticularis, 
demonstrate thrombi with cholesterol “clefts,” since the choles-
terol is dissolved during fixation.

Fat emboli Syndrome
Fat emboli syndrome is poorly understood. It is characterized by 
hypoxemia, tachypnea, petechiae, and changes in mental status 
occurring after long bone and pelvic fractures or intramedul-
lary fixation. It may result from release of fat from bone marrow 
resulting in diffuse microvascular fat emboli. Although emboliza-
tion of fat is common after trauma, only a few patients develop 
the fat emboli syndrome. Pulmonary dysfunction typically occurs  
12 to 24 hours after fracture or operative fixation and is 
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manifested as hypoxemia and tachypnea. The delay in symptoms 
suggests the role of a biochemical reaction leading to lung toxic-
ity. Forty percent of patients develop petechiae, particularly in the 
axilla and subconjunctiva 24 to 48 hours after the event. Up to 
70% of patients develop mental status changes.171 Fat droplets 
can be identified on bronchoalveolar lavage, and fat globules have 
been identified in pulmonary capillary blood obtained through a 
wedged pulmonary artery catheter.

Silicone embolism Syndrome
Liquid silicone is an inert material used in illegal subcutaneous 
injections for breast augmentation and other cosmetic proce-
dures. A recent review of the literature showed many similarities 
with the fat emboli syndrome in 33 patients. The most common 
symptoms are respiratory distress and hypoxemia occurring 
within 72 hours of the procedure with fever, alveolar hemor-
rhage (64%), and petechiae (18%). Six patients presented with 
neurologic symptoms occurring during or several hours after the 
injections and all patients deteriorated rapidly. Transbronchial 
biopsies show vacuolated globular deposits of silicone in the 
 interstitial capillaries.172

Septic emboli

Calciphylaxis
Calciphylaxis is a small vessel vasculopathy characterized by 
calcifications of the tunica media of small to medium-sized 
cutaneous and subcutaneous vessels. The vasculopathy leads to 
development of tissue ischemia, necrosis of the skin and sub-
cutaneous fat, and sometimes deeper tissues. Patients typically 
have end-stage renal disease and are on hemodialysis, but the 
disorder has now been described in a variety of other condi-
tions. Clinically, painful dusky, purple-hued subcutaneous nod-
ules and induration occur on the trunk, buttocks, or proximal 
extremity, and can progress to necrotic ulcers with eschars. In 
retrospective review, obesity, liver disease, steroid use, calcium 
phosphate product of >70 mg2/dl, and an aluminum >25 ng/
ml were identified as risk factors. The diagnosis is usually made 
by biopsy of one of the lesions showing calcification of the 
tunica media with intimal proliferation and microthrombosis. 
Treatment involves lowering the calcium phosphate product 
when elevated by using sevelamer hydrochloride as a substitute 
for calcium phosphate binders, and decreasing the phosphate 
intake and calcium in the dialysate bath. Elevated parathyroid 
levels can be managed with calcimimetic agents or parathyroid-
ectomy. Wound management is of key importance, as sepsis is 
the leading cause of death.173

Livedoid Vasculopathy
Livedoid vasculopathy is a cause of lower extremity purpura pro-
gressing to shallow ulcerations that heal with atrophic hypopig-
mented scarlike plaques (atrophie blanche). Biopsy of the lesions 
shows hyaline vascular changes with intraluminal thrombosis. It 
is associated with multiple coagulation abnormalities.174

purpura assoCiated with skin 
diseases

pigmented purpuric Dermatitis
Pigmented purpuric eruptions encompass a group of related 
skin diseases that have in common the clinical appearance of 
red-brown skin pigmentation (caused by hemosiderin depos-
its) associated with purpura or petechiae. These lesions tend 

to develop on the lower extremities of middle-aged people 
and are usually chronic. Histologically, there is a mononuclear 
upper dermal infiltrate without evidence of leukocytoclasis. 
Extravasated red blood cells are present around the capillar-
ies, and hemosiderin deposits are found in older lesions. Six 
skin diseases are commonly classified as pigmented purpura. 
In Schamberg progressive pigmentary dermatosis, the lesions 
appear as orange-brown patches of skin with “cayenne pepper 
spots” at the borders or within the lesion (Fig. 50.9). Majocchi 
purpura annularis is distinguished by an annular 0.5- to 2.0-cm 
patch of reddish-brown macules. Eczematoidlike purpura has 
a seasonal pattern and appears as pinpoint lesions that spread 
rapidly over 2 to 4 weeks and develop a slight scale. The lesion 
in pigmented purpura lichenoid dermatitis (Gougerot-Blum 
purpura) is a reddish-brown macule with telangiectasias. These 
lesions tend to coalesce and form plaques. Itching purpura pres-
ents with an acute onset of pigmented macules associated with 
severe pruritus. Lastly, lichen aureus is described as “grouped 
copper-orange to purple lichenoid papules forming an irregular, 
usually singular, plaque.”175 The etiology of pigmented purpura 
is unknown, but some degree of venous stasis is apparent in 
many patients and may be a factor in its development. The 
importance of these lesions is to differentiate them from other 
causes of chronic purpura with hemosiderin deposits such as 
purpura associated with abnormal proteins. The lesions may 
clear in up to two-thirds of patients with long-term  follow-up.176 
Some patients with longstanding pigmented and purpuric 
dermatitis develop mycoses fungoides, and the  differentiation 
between mycoses fungoides and pigmented purpuric lesions can 
sometimes be difficult.177

Pigmented purpuric eruptions have been described in 
 children178 (Fig. 50.10), and may be familial. Treatment in the 
past has been with fluorinated steroids, but recently, psoralen 

Figure 50.9. Skin lesions associated with Schamberg progressive pigmentary der-
matosis. Note the irregular patches of punctate hemorrhagic lesions with yellow-brown dis-
coloration of hemosiderin deposits. (From Sherertz EF. Pigmented purpuric eruptions. Semin 
Thromb Hemost 1984;10:190–195, with permission.)

72683_ch050_1106-1121.indd   1118 30/07/13   1:27 PM



d
is

or
de

rs
 o

f 
h

em
os

ta
si

s 
an

d 
C
oa

gu
la

tio
n

 Chapter 50 Bleeding Disorders Caused by Vascular Abnormalities 1119

Figure 50.10. Pigmented purpura in a child. (This photograph was kindly provided by Drs 
Payem Tristani-Firouzi and Sheryll Vanderhooft, Department of Dermatology, University of Utah 
Health Sciences Center.)

Figure 50.11. A fixed drug eruption lesion. This 30-year-old woman developed this thigh 
lesion after taking ibuprofen. (This photograph was kindly provided by Dr. Pamela Nemzer, 
Department of Dermatology, University of Utah Health Sciences Center.)

psyChogeniC purpura

autoerythrocyte Sensitization
Autoerythrocyte sensitization is a rare disorder characterized by 
recurrent spontaneous ecchymotic lesions in patients with oth-
erwise normal hemostasis. The syndrome was first described in 
1955 by Gardner and Diamond after their discovery that intrader-
mal injections of autologous red blood cells reproduced the skin 
lesion.183 Since the original description, more than 200 cases have 
been described, with the largest series collected by Ratnoff.184

The cutaneous lesions are usually preceded by localized 
symptoms, including pain and a burning or stinging sensation 
in the involved area. The area then becomes erythematous, 
raised, and warm, and within hours, ecchymoses occur in  
the inflamed area. The ecchymoses can range in size from  
1 to 2 cm to extensive involvement of the trunk or an extremity. 
The erythema and swelling usually subside within 48 hours of 
the development of ecchymoses. The lesions can recur weeks to 
years later. The ecchymotic lesions are usually only one symptom 
among many. Patients commonly have systemic symptoms includ-
ing headaches, paresthesias, syncopal episodes, abdominal pain, 
nausea, vomiting, chest pain, dyspnea, dysuria, and arthralgia.

Autoerythrocyte sensitization typically affects adolescent 
to middle-aged females who have significant underlying emo-
tional problems. Patients are commonly found to suffer from 
depression, anxiety, and inability to handle hostile feelings, 
as well as hysterical and masochistic character traits. They 
have often sustained significant physical and emotional trauma 
in the past, and up to two-thirds of the patients describe sig-
nificant emotional stress present at the time the initial purpuric  
lesions develop.

The skin lesions can classically be reproduced in most patients 
with the intradermal injection of 0.1 ml autologous whole blood, 
packed red blood cells, or red cell stroma. However, this test has lim-
ited sensitivity, and some authorities recommend using clinical crite-
ria to diagnose this disorder.185 No specific therapy is of proven value 
in psychogenic purpura. Psychotherapy appears to be beneficial in 
some younger patients but is less effective in the older population.186

autosensitivity to DNa
A similar syndrome of recurrent ecchymoses after a prodrome of 
localized itching was described in 1961 by Levin and Pinkus.187 
This patient developed the typical skin lesions described above 
after the intradermal injection of frozen and thawed buffy coat 
leukocytes or purified calf thymus DNA. There are few data 
concerning the emotional background of these patients. Since 
the initial description, a few other cases have been reported, but 
some of these also had a positive reaction to intradermal injection 
of blood or washed red cells. Chloroquine can induce remissions, 
and cyproheptadine was useful in one patient.188,189,190

Factitious purpura
Self-inflicted ecchymoses can be difficult to diagnose. This dis-
order should be considered when there is a clear secondary 
gain present, when the lesions only occur in accessible areas, or 
when ecchymotic lesions assume unusual shapes. Circular, well-
circumscribed lesions around the upper limbs and breasts may be 
a result of sucking of the skin.

religious Stigmata
Purpuric religious stigmata are bruises that allegedly occur 
spontaneously and resemble the wounds of the crucified body 
of Christ. The phenomenon usually occurs in women, and many 
have belonged to a religious order. The etiology is unknown.184

plus ultraviolet light of A wavelength has been found to be effec-
tive in some cases.179

purpuric Contact Dermatitis
Purpura can be a presenting sign of allergic contact dermatitis 
and is often due to textile dyes in clothing. This diagnosis should 
be considered in patients who develop purpura only in areas of 
skin contact with clothing. Several allergens in textile dyes have 
been identified.180 Other reported antigens include benzoyl per-
oxide, epoxy resin, and agave sap.181

Drug reactions
Drug reactions can cause nonthrombocytopenic purpura by 
a number of different mechanisms, including leukocytoclastic 
vasculitis, serum sickness, and, occasionally, a pigmented pur-
pura. Some of the drugs associated with pigmented purpuric 
dermatosis include acetaminophen, aspirin, glipizide, hydrala-
zine, meprobamate, dipyridamole, creatine, thiamine, inter-
feron, injected medroxyprogesterone acetate, and infliximab.182 
A fixed drug reaction can occur, with an isolated purpuric-
appearing lesion occurring in a location without preceding 
trauma (Fig. 50.11).
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The normal reference interval for platelet counts in adults 
approximates 150,000 to 450,000/ml; patients with platelet 
counts higher than the upper limit of normal have thrombo-
cytosis, which can be broadly classified as reactive (second-
ary), essential (clonal or primary), or inherited (Table 51.1). 
Routine screening of healthy individuals has identified persons 
with asymptomatic thrombocytosis; some of these people will 
have essential thrombocythemia (ET).1 In contrast, hospital-
ized patients with elevated platelet counts usually have reac-
tive thrombocytosis (RT).2 At least 90% of all patients with 
thrombocytosis have RT due to an underlying clinical disorder.3 
It is important to distinguish ET from RT or inherited throm-
bocytosis because patients with the former disorder may be 
at risk of ischemic or bleeding complications, or evolution to 
myelofibrosis or acute leukemia, whereas patients with the lat-
ter disorders usually require only treatment of their underlying 
medical condition, with minimal or no treatment in the case of 
inherited thrombocytosis.

rEAcTivE (sEcondAry) 
ThrombocyTosis

epidemiology and pathophysiology
A retrospective Turkish survey of the incidence and etiology 
of thrombocytosis over a 5-year period demonstrated that of 
124,340 patients who had platelet counts determined, 2,000 
patients (1.6%) had at least one platelet count ≥500,000/ml.4 RT 
was identified in 96.7% of these 2,000 patients, with infection 
being the most common cause of RT.4 Another survey found that 
tissue injury (surgery) was the most common cause of RT.5

Increased thrombopoiesis seen in infectious, inflammatory, or 
malignant disorders results from cytokines and other acute-phase 
response mediators active in these circumstances. Mediators that 

have been linked to RT include interleukin (IL)-66 and thrombo-
poietin (TPO).6,7 TPO may act as an acute-phase protein in some, 
but not all circumstances.7 Both thrombocytosis8 and thrombocy-
topenia9 have been reported in iron-deficiency anemia. Patients 
with solid tumors (e.g., lung, ovarian cancers) have a 30% to 
40% incidence of thrombocytosis.3,6 Extreme thrombocytosis 
may occur after splenectomy3 or in patients with hyposplenia or 
asplenia.10

treatment
Although no trials have formally addressed the need for treat-
ing RT, the general recommendation is not to treat the elevated 
platelet count, either with antiplatelet or with myelosuppressive 
therapy.3 However, there are case reports describing thrombotic 
events in RT patients11 and studies identifying a thrombosis risk 
in hospitalized patients or cancer patients with RT.12 In general, 
these patients have well-established cardiovascular risk factors, 
such as smoking,11 diabetes, older age, and the like, or they have 
venous thromboembolism risk factors such as cancer,12 or as seen 
in a hospitalized population. One approach may be that when RT 
is encountered in such patients with cardiovascular risk factors, 
antiplatelet therapy can be considered. Hospitalized patients with 
RT should receive venous thromboembolism prophylaxis, and 
primary therapy for all RT patients should focus on treating the 
underlying disorder.

Inherited thrombocytosis
Inherited thrombocytosis is suspected in patients with a life-
long history of asymptomatic thrombocytosis, especially if other 
family members are also affected. The genetic mutations in 
inherited thrombocytosis are heterogeneous and may or may 
not involve mutations in the thrombopoietin gene (THPO) or 
its receptor (MPL).3 At least four different mutations in THPO 
associated with increased TPO production and inherited throm-
bocytosis have been described in European and Japanese 
kindreds.13 Thrombocytosis was inherited in an autosomal 
dominant manner in all four families. The TPO molecule in 
these patients is normal, and increased translation appears to 
explain elevated levels of TPO in these patients.13 At least three 
different MPL mutations have been linked to inherited throm-
bocytosis; affected kindreds are of European, African-American, 
Arabic, and Japanese ancestry.13 Approximately 7% of African-
Americans are heterozygous for the MPL-Baltimore mutation.14 
Thrombocytosis in patients with MPL mutations appears to 
result from either constitutive receptor activation or reduced 
receptor binding affinity for TPO.13

Clinical findings in patients with inherited thrombocytosis can 
be classified by whether the patients have THPO or MPL muta-
tions. In general, those with THPO mutations have elevated TPO 
levels and mild splenomegaly, but a low incidence of vascular 
complications and low risk of evolution to acute leukemia and 
myelofibrosis,13 although development of bone marrow disease 
was described in two family members with inherited thrombocy-
tosis due to THPO mutations.15 Some patients with MPL mutations 
and inherited thrombocytosis have been reported to experience 
thrombosis, splenomegaly, and myelofibrosis, but these complica-
tions have not been reported in African-American patients with 
MPL-Baltimore.13

ClassifiCation of thromboCytosis

taBLe 51.1

Reactive (Secondary) Clonal (Primary) Inherited

Infection Essential thrombocytosis THPO mutations

Inflammation Other myeloproliferative 
neoplasms:

MPL mutations

Malignancy  Polycythemia vera

Iron deficiency  Chronic myeloid leukemia

Hemolytic anemia  Myelofibrosis

Post-splenectomy Myelodysplasia

Recovery from 
 thrombocytopenia

Tissue injury:

 Surgery
 Burns

MPL, thrombopoietin receptor gene; THPO, thrombopoietin gene.
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Clonal thrombocytosis Other than essential 
thrompocythemia
Clonal or primary thrombocytosis includes not only ET (discussed 
later) but also a prominent feature of the other myeloprolifera-
tive neoplasms and certain myelodysplastic syndromes. Between 
35% and 50% of patients with chronic myeloid leukemia (CML), 
polycythemia vera, or myelofibrosis may have elevated platelet 
counts.5,16 The diagnosis, clinical aspects, and management of 
these disorders are discussed in Chapters 81 to 83.

Clonal thrombocytosis is also seen in myelodysplastic syn-
dromes associated with certain cytogenetic features (trisomy 8,17 
5q- syndrome,18 and chromosome 3 abnormalities19), as well as 
the presence of ringed sideroblasts.20 However, the frequency of 
thrombocytosis in myelodysplasia is lower than in the myelopro-
liferative neoplasms. Myelodysplastic syndromes are discussed in 
Chapter 79.

diffErEnTiAl diAGnosis  
And clinicAl ApproAch  
To ThrombocyTosis
When evaluating a patient with thrombocytosis, the key consid-
eration is to exclude ET and CML21 from reactive or inherited 
thrombocytosis and other disorders. Thrombocytosis may be 
a presenting feature of CML.21 Inasmuch as CML patients are 
at risk of conversion to acute leukemia, and there is targeted 
therapy for CML, BCR-ABL, and cytogenetic testing is impor-
tant in patients with thrombocytosis who do not have inherited 
or reactive etiologies. Patients with RT usually will have major 
symptoms of an underlying inflammatory, infectious, or malignant 
disorder. However, patients with occult malignancy may initially 

present without obvious cancer symptoms. Post-splenectomy 
thrombocytosis will usually be obvious, but patients with asplenia 
or hyposplenia will be identified by observing Howell-Jolly bodies 
on the blood smear and by abdominal imaging showing a vestigial 
spleen or no splenic tissue. The World Health Organization (WHO) 
criteria for ET are discussed in the next section, and focus on 
distinguishing essential thrombocytosis from the other myelopro-
liferative neoplasms. These criteria provide no direct definitions 
of RT. Thus, the physician is left with practical clinical criteria to 
suggest an RT if a patient does not have an obvious underlying 
disorder. Such criteria might include the presence of fever, an 
elevated C-reactive protein or erythrocyte sedimentation rate, a 
blood smear showing reactive or toxic changes in the leukocytes, 
the presence of iron deficiency, or the post-splenectomy state.3,5

One approach to the evaluation of thrombocytosis is shown in 
Figure 51.1. Inherited thrombocytosis can be rapidly excluded if 
there is no life-long history of thrombocytosis and the family his-
tory is negative. Patients who may possibly have inherited throm-
bocytosis can be further evaluated with testing for THPO and MPL 
mutations. Because >90% of patients with thrombocytosis will 
have a reactive etiology,3,4,5 significant effort should be made in 
excluding secondary thrombocytosis before considering testing 
for myeloproliferative neoplasms, including ET.

EssEnTiAl ThrombocyThEmiA

Definition
ET is a clonal myeloproliferative disorder characterized by exces-
sive production of platelets that is independent of usual drivers of 
thrombocytosis. This thrombocytosis is in many ways analogous 
to the erythrocytosis characteristic of the related disorder, poly-
cythemia vera. This “family resemblance” between what we now 

Platelet count >450,000/µl

Is an underlying reactive
disorder present?

Reactive thrombocytosis.
Platelet count should normalize
with resolution of underlying
disorder. If not, continue with
algorithm.

BCR–ABL+ BCR–ABL–, JAK–2–JAK–2+

MPN
(PV, ET, MF)

Evaluate for MPN
or MDS

CML

Is there a life-long history and/or
family history of thrombocytosis?

Evaluate for clonal
thrombocytosis. BCR–ABL,
JAK2 testing, bone marrow
evaluation, cytogenetics.

Yes No

Inherited thrombocytosis
likely Consider testing for 
THPO/MPL mutations

History/physical exam
Blood smear evaluation.
ESR/CRP testing

Yes No

FIGURE 51.1. An approach to evaluating thrombocyto-
sis. A life-long personal history and family history of thrombo-
cytosis would suggest a diagnosis of inherited thrombocytosis. 
If that diagnosis is excluded, reactive etiologies should next be 
considered. If an underlying cause is identified and is treat-
able, thrombocytosis should resolve with appropriate therapy. 
If neither inherited nor reactive thrombocytosis is likely, testing 
for clonal thrombocytosis should be performed; this should 
include BCR-ABL and JAK2 testing. The appropriate tests 
include bone marrow evaluation and cytogenetics for myelo-
proliferative neoplasms and myelodysplasia. CML, chronic 
myeloid leukemia; CRP, C-reactive protein; ESR, erythrocyte 
sedimentation rate; MF, myelofibrosis; ET, essential thrombo-
cytosis; MDS, myelodysplasia; MPL, thrombopoietin receptor 
gene; MPN, myeloproliferative neoplasms; PV, polycythemia 
vera; THPO, thrombopoietin gene.

72683_ch051_1122-1127.indd   1123 30/07/13   1:28 PM



1124 part v Disorders of hemostasis and Coagulation • SeCtION 2 thrombocytopenia

recognize as BCR/ABL-negative myeloproliferative disorders was 
initially pointed out by William Dameshek more than 60 years 
ago.22

epidemiology
Evolving diagnostic criteria (discussed below) make it difficult 
to characterize the incidence and prevalence of ET. In studies 
published between 2001 and 2008, an incidence of 1.5/100,000 
was reported.23,24 Prevalence based on insurance claims data 
in the northeastern United States has been reported to be 24 
cases/100,000 population.25 However, these reports antedate 
the 2008 revision of the WHO diagnostic criteria for ET, which 
includes a lower platelet threshold and could potentially alter the 
reported prevalence and incidence.

The median age at diagnosis is in the mid-50s in large reported 
series, and females represent 60% to 70% of cases.26,27 Cases 
have been reported in children but are uncommon.28–30 First-
degree relatives of ET patients have an increased risk of ET.31

Risk for developing ET appears to be associated with envi-
ronmental factors linked to other myeloid neoplasms, such as 
radon and gamma irradiation.32,33 Hairdressers, electricians, and 
farmers appear to be at increased risk to develop ET compared to 
other occupations, although it should be remembered that these 
risks are still quite low.32,33

Diagnostic Criteria
For many years, the diagnosis of ET was based on the demonstra-
tion of significant sustained thrombocytosis (typically greater than 
600 × 109/L) in the absence of a reactive etiology.34 However, the 
observation that a specific gain-of-function mutation in Janus-
associated kinase 2 (JAK2V617F) is found in virtually all cases 
of polycythemia vera and in most cases of ET,35,36 provided an 
additional positive criteria for the diagnosis of ET.

The 2008 revision of the WHO criteria for the diagnosis of ET is 
shown in Table 51.2.34 The first criterion represents a reduction 
in the threshold for thrombocytosis from 600 × 109/L to what is in 
essence the upper limit of the normal platelet count and addresses 
concerns that the higher threshold prevented the detection of 
early disease.37–39 The second criterion requires demonstration of 
the characteristic bone marrow morphology of ET.40

As discussed earlier in this chapter, a number of other 
myeloid neoplasms may be associated with thrombocytosis. This 

is particular true when employing the lower platelet threshold of 
the 2008 criteria. Polycythemia vera is excluded by the absence 
of an elevated hematocrit or hemoglobin concentration with 
adequate iron stores demonstrated on a Prussian blue-stained 
marrow specimen or a normal serum ferritin: if iron stores are 
absent, a trial of iron replacement that does not elevate the 
hematocrit or hemoglobin above normal is required.34 Primary 
myelofibrosis is excluded by the absence of excessive reticulin 
deposition on the marrow biopsy. Chronic myelogenous leu-
kemia is excluded by the absence of the BCR/ABL mutation. 
Myelodysplastic syndromes and other myeloid neoplasms are 
excluded by absence of characteristic marrow abnormalities, 
such as ringed sideroblasts.41

In the absence of the JAK2V617F mutation, exclusion of non-
clonal reactive processes remains a key element of the diagnosis of 
ET. Etiologies of RT specifically cited in the criteria that should be 
excluded by history or laboratory studies include iron deficiency, 
previous splenectomy, recent surgery, active inflammation, con-
nective tissue disorders, metastatic cancer, and lymphoprolifera-
tive diseases.34 In polycythemia vera, mutations of JAK2 in exons 
other than the site of the V617F mutation have been found in a 
significant number of JAK2V617F-negative cases.42 Similar find-
ings have not been reported for ET.

The 2008 revised criteria have generally performed well in 
validation studies,43,44 although at least one study suggests that 
they function poorly in distinguishing ET from early stage primary 
myelofibrosis.45 They also may be of less utility in children with 
ET, who are often polyclonal and JAK2V617F-negative.46,47

pathophysiology
In polycythemia vera, in vitro studies of erythroid progenitors 
have shown hypersensitivity to erythropoietin or erythropoietin 
independence,48 as well as hypersensitivity to other growth fac-
tors such as IL-3 or granulocyte–macrophage colony stimulating 
factor (GM-CSF).49,50 In an analogous manner, megakaryocyte 
progenitors from ET patients have been reported to show a 
similar response pattern to IL-3, GM-CSF, and/or IL-6 in vitro.51,52 
Such studies provide some rationale for a proposed hypothesis 
that inflammation may be a driver of clonal evolution in ET.53

However, the primary focus of pathophysiologic investigation 
in ET is on specific mutations found in myeloproliferative disor-
ders and their contributions to its pathogenesis. The involved or 
potentially involved genes include JAK2, ASXL1 (additional sex 
combs-like 1), CBL (Casitas B-lineage lymphoma), DNMT3A (DNA 
methyl transferase 3α), EZH2 (enhancer of zeste homolog 2), IDH1 
(isocitrate dehydrogenase 1) and IDH2, LNK (lymphocyte specific 
adaptor protein), the TPO receptor/ligand MPL (myeloproliferative 
leukemia virus), SF3B1 (splicing factor gene B1), NF1 (nuclear 
factor 1), SUZ12 (suppressor of zeste 2 homolog), and TET2 
(ten-eleven translocation oncogene family member 2).54,55,56 
Brecqueville and colleagues studied several of these genes in 53 
ET patients. A total of 70% of patients had mutations in one or 
more of the genes studied (Table 51.3).54

JAK2V617F is the most common mutation found in ET, and is 
detected in 50% to 75% of patients.54,57,58 As Table 51.3 indicates, 
it may occur alone or with other mutations. As noted earlier, 
JAK2V617F is a gain-of-function mutation resulting in constitu-
tive activation of signaling through the JAK/STAT pathway.36 
Expression of JAK2V617F in hematopoietic progenitors in vitro or 
in whole animals leads to a myeloproliferative disorder phenotype 
resembling polycythemia vera.59–61 It has been proposed that the 
extent of the JAK2V617F allele burden distinguishes ET from 
polycythemia vera.62 However, JAK2 mutations do not appear to 
be universally present in ET, and data from other myeloprolifera-
tive disorders suggest it is a late pathogenetic event.63 The precise 
mechanistic contributions of JAK2 mutations to ET pathogenesis, 
their interactions with other genes and significant hematopoietic 

Diagnosis requires meeting all four criteria

1. Sustained platelet count ≥450 × 109/L

2.  Bone marrow biopsy specimen showing proliferation mainly of enlarged 
mature megakaryocytes; no significant increase or left shift of neutrophil 
granulopoiesis or erythropoiesis

3.  Not meeting criteria for polycythemia vera, primary myelofibrosis, chronic 
myelogenous leukemia, myelodysplastic syndrome, or other myeloid neo-
plasm (details discussed in text)

4.  Demonstration of JAK2V617F or other clonal marker; or, in the absence of a 
clonal marker, no evidence for reactive thrombocytosis. However, the pres-
ence of a condition associated with reactive thrombocytosis does not exclude 
essential thrombocytosis if first three criteria are met

Modified from Tefferi et al., Proposals and rationale for revision of the World Health 
Organization diagnostic criteria for polycythemia vera, essential thrombocythemia, and 
primary myelofibrosis: recommendations from an ad hoc international expert panel. Blood 
2007;110:1092–1097.

WorlD hEalth organization DiagnostiC CritEria for 
EssEntial thromboCythEmia

taBLe 51.2
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proteins such as ASXL1,55 TET2,64 and Mpl,65 remain to be 
clarified.

Clinical and Laboratory Features
Most ET patients are asymptomatic at time of presentation,44 
although some may be diagnosed after a thrombotic event or in 
the course of evaluation of vasomotor symptoms such as dizzi-
ness and headache, which may reflect vascular occlusion.66,67 
Erythromelalgia (burning dysesthesia in the fingers or toes 
relieved almost instantly by aspirin) is a characteristic symp-
tom of myeloproliferative thrombocytosis, whether from ET or 
polycythemia vera.68 Distal ischemia (“blue toes syndrome”69) 
and cutaneous changes such as livedo reticularis or ulceration 
70 are occasionally found; frank limb gangrene is fortunately 
rare.71,72

Presenting blood counts and physical examination results from 
three series are shown in Table 51.4.27,44,66 Although hemoglobin 
concentration and white blood cell counts are typically normal, 
anemia and/or leukocytosis > 15 × 109/L may be found in 15% 
to 20% of patients.27 The white blood cell differential is usually 
normal but may show the basophilia, eosinophilia, or left-shift 
characteristic of myeloproliferative disorders. Splenomegaly, 
whether palpable or radiographic, is found in fewer than 25% of 
cases without transformation to myelofibrosis.27,44,66

The characteristic bone marrow feature is proliferation of 
large, mature-appearing megakaryocytes (Fig. 51.2). Marrow 
cellularity is increased in approximately a third of cases,44 but is 
otherwise normal. The presence of significant reticulin deposition, 
dyserythropoiesis, or dysmyelopoiesis should raise suspicion for 
other diagnoses.

Patients with ET exhibit evidence of aspirin-reversible 
increased platelet activation in vivo (increased circulating levels 
of beta thromboglobulin, platelet factor 4, and thrombomodu-
lin and increased urinary thromboxane B2 excretion), whereas 
paradoxically exhibiting defective platelet function in vitro, both 
by classic platelet aggregation or platelet function analyzer (PFA)-
100 studies.73,74,75 Some ET patients with platelet counts > 1,000 
×109/L develop a bleeding diathesis due to an acquired type 2 von 
Willebrand syndrome which is reversed by platelet reduction.73

Natural history and prognosis
The median overall survival of ET patients appears to exceed 
22 years and does not significantly differ from that of the age-
adjusted general population (Fig. 51.3).26 A plurality (40%) of 
deaths is unrelated to ET; the next greatest contributor is throm-
bosis (26%). Solid tumors (14%) are the next most common cause 
of death, followed by leukemia, either de novo or post-myelofi-
brotic (8%) and myelofibrosis (4%).26 Compared to polycythemia 
vera patients, the 15-year cumulative risks of thrombosis (27% 
vs. 17%), leukemia (7% vs. 2%) and myelofibrosis (6% vs. 4%) are 
lower in ET patients.26

Reported risk factors for overall survival include age >60 
years, history of thrombosis, anemia, and leukocytosis >15 × 
109/L; age, anemia, and platelet count >1,000 × 109/L, are 
reported risk factors for leukemic transformation.27 Studies have 
reported that JAK2V617F-negative ET patients have a lower 
arterial thrombotic risk than JAK2V617F-positive ET patients.76 
In contrast, the JAK2V617F allele burden itself may or may not 
predict a greater thrombotic diathesis.76,77 Among JAK2V617F-
negative ET patients, the presence of other markers of clonality 
such as mutations in human androgen receptor (HUMARA), TET2, 
ASXL1, or MPL, predicts an increased thrombotic risk.78

frEquEnCy of spECifiC gEnE mutations in 53 EssEntial 
thromboCythEmia patiEnts

taBLe 51.3

Gene Percent

JAK2 V617F 65

 Isolated mutation 55
 Concurrent with ASXL1 2
 Concurrent with TET2 8

ASXL1 4

 Isolated mutation 2
 Concurrent with JAK2V617F 2

CBL 2

SF3B1 2

TET2 8

 Concurrent with JAK2V617F 8

DNMT3A, IDH1, IDH2, MPL, NF1, and SUZ12 mutations were not found in ET patients, 
although MPL and SUZ12 mutations were detected in post-ET myelofibrosis patients. 
Abbreviations per text.
Data from Brecqueville et al., Mutation analysis of ASXL1, CBL, DNMT3A, IDH1, IDH2, JAK2, 
MPL, NF1, SF3B1, SUZ12, and TET2 in myeloproliferative neoplasms. Genes Chromosomes 
Cancer 2012;51:743–755.

CliniCal anD laboratory fEaturEs of EssEntial 
thromboCythEmia patiEnts from thrEE sEriEs

taBLe 51.4

USA27 Spain44 Japan66

N 585a 92 381

Age, years 57 51 58

Female/male, % 66/34 65/35 55/45

White blood count, ×109/L 8.6 9.6 11.3

Hemoglobin, g/dl 13.9 14.4 13.6

Platelet Count, ×109/L 1,000 711 1,066

Splenomegaly present, % 23 18 11

Median values from the USA and Spanish series; mean values from Japanese series.
a Patients with leukemic transformation excluded.

FIGURE 51.2. Characteristic megakaryocyte proliferation in a marrow specimen from 
an essential thrombocythemia (ET) patient.
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The standard model for thrombotic risk in ET has two 
components: age >60 years and history of thrombosis. The 
absence of both denotes low risk, and the presence of either 
denotes a high risk of thrombosis.79 A model proposed more 
recently, the International Prognostic Score for ET-thrombosis 
(IPSET-thrombosis), incorporates the two elements of the stan-
dard model as well as the presence of cardiovascular risk fac-
tors and JAK2V617F mutation status.80 The IPSET-thrombosis 
model defines low, intermediate, and high risk categories. 
Approximately half the patients in the low risk category from 
the standard model are relocated to the intermediate category in 
the IPSET-thrombosis model, whereas the standard model high 
risk patients are distributed essentially evenly between the three 
IPSET-thrombosis categories.80 The two models are outlined in 
Table 51.5.

TrEATmEnT
The goal of treatment in ET is the prevention of thrombotic events, 
the primary cause of morbidity and mortality.26 Therefore, treat-
ment strategy is based on thrombotic risk stratification.79,81,82 
At present, only the standard risk stratification model has been 

validated as a guide to therapy. Low risk patients can be managed 
with low dose aspirin or, under some circumstances, observation 
only. Cytoreduction of the platelet count is recommended for high 
risk patients.81,82

The IPSET-thrombosis model has not been prospectively vali-
dated as a guide to therapy, but the developers of the model have 
suggested that cytoreductive therapy be considered in any patient 
with a history of thrombosis and in older patients with cardiovas-
cular risk factors and/or JAK2V617F mutation. Aspirin therapy is 
recommended for younger patients without a thrombosis history 
but with either cardiovascular risk factors and/or JAK2V617F 
mutation.80

The bleeding associated with acquired von Willebrand syn-
drome in ET can be resolved by reduction of the platelet count to 
a value approximating normal.83

aspirin
Aspirin therapy, usually at 100 mg/day or less, is generally well 
tolerated in ET patients, with a low risk of bleeding.84 Antiplatelet 
agents such as aspirin reduce the risk of venous thrombosis in ET 
patients with the JAK2V617F mutation, and the risk of arterial 
thrombosis in patients with cardiovascular risk factors. Its bene-
fits in other low risk patients are unclear.85 Aspirin and antiplate-
let agents should be avoided in patients with a history of bleeding. 
Although markedly elevated platelet counts are not a risk factor 
per se for aspirin-induced bleeding,85 acquired von Willebrand 
syndrome may be unmasked by aspirin in patients with platelet 
counts greater than 1,000 × 109/L.73 Many physicians regard it as 
prudent to assess von Willebrand factor activity prior to initiating 
aspirin in such patients.83

Cytoreductive therapy

Hydroxyurea
Hydroxyurea is considered the first-line cytoreductive agent in 
ET.81,82,86,87 Some of the beneficial effects of hydroxyurea in 
ET and other myeloproliferative disorders may reflect reduction 
of leukocytosis and leukocyte-platelet interaction.88 The extent 
to which hydroxyurea reduces JAK2V617F expression in ET 
patients is disputed.89,90,91,92

Anagrelide
The platelet-reducing drug anagrelide is a reasonable second 
choice for patients intolerant of, or unresponsive to, hydroxy-
urea.93,94 As a first-line agent in ET, anagrelide has been reported 
to be non-inferior to hydroxyurea.95 Unlike hydroxyurea, it does 
not affect leukocytosis.

Interferon
Administration of recombinant interferon can also be considered 
in patients refractory to hydroxyurea or to both hydroxyurea and 
anagrelide.96–98 The systemic side effects and need for subcu-
taneous injection limit its acceptability to some patients.99 High 
risk pregnant females with ET can be successfully managed with 
interferon.100

Other Agents/Modalities
Busulphan is an agent of established efficacy in myeloproliferative 
disorders such as ET,82,101 however, its risk profile as an alkylat-
ing agent makes it less attractive than hydroxyurea, anagrelide, 
or interferon. Apheresis can utilized to obtain rapid reduction in 
the platelet count in emergencies associated with severe thrombo-
cytosis such as bleeding with acquired von Willebrand syndrome 
or limb gangrene or in preparation for surgery, but should be 

FIGURE 51.3. Survival curves of 435 patients with essential thrombocythemia, com-
pared with life expectancy of the general population. From Passamonti et al., Life 
expectancy and prognostic factors for survival in patients with polycythemia vera and essential 
thrombocythemia. Am J Med 2004;117:755–761, with permission.
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accompanied by cytoreductive drugs.83 JAK2 inhibitors currently 
available appear to be of primary benefit in post-ET myelofibrosis 
rather than in ET itself.

post-essential thrombocythemia Myelofibrosis
Myelofibrosis may be a late complication of ET, with an incidence 
of approximately 1.6 per thousand person-years of follow-up 
and is the cause of death in approximately 4% of ET patients.26 
Patients may develop transfusion-dependent anemia and/or 
thrombocytopenia, and symptomatic splenomegaly. JAK2 inhibi-
tors appear to have benefit in the management of cytopenias and 
splenomegaly in myelofibrosis.102–104 In general, management fol-
lows the pattern outlined for primary myelofibrosis in Chapter 83.
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Much of our current understanding of normal platelet structure–
function relationships has been derived from the study of patients 
with congenital platelet disorders. These syndromes are the sub-
ject of excellent recent reviews.1–5

normal Platelet function: 
a summary
When a blood vessel is damaged, circulating platelets interact 
with components of the extracellular matrix, particularly colla-
gen, and a complex series of receptor–ligand interactions ensue 
that ultimately lead to the formation of a stable platelet plug or 
thrombus (Fig. 52.1). This process is a continuum of at least three 
phases that we can describe as initiation, extension, and consoli-
dation, each of which entails the cooperation of a different group 
of receptors.

In the initiation phase (Fig. 52.2), plasma von Willebrand 
factor (VWF) binds to collagen via its A3 domain and becomes 
structurally altered such that its A1 domain then binds to the 
platelet membrane receptor glycoprotein Ib–IX–V complex (GPIb 
complex). This association is a requisite step in the adhesion 
of platelets to exposed thrombogenic surfaces at sites of ves-
sel wall injury or in regions of atherosclerotic plaque rupture. 
Concurrently, a more stable platelet monolayer is formed on the 
collagen surface mediated predominantly by the platelet-specific 
receptor GP VI (GPVI) and platelet integrin a2b1.

The engagement of these receptors enhances platelet activa-
tion leading to the extension phase (Fig. 52.3), mediated largely 
by the conversion of prothrombin to thrombin at the activated 
platelet surface and the secretion of active compounds from 
platelet granules (a-granules and d-granules) that can further 
stimulate platelets. One of these, adenosine diphosphate (ADP), 
plays a particularly important role in the platelet response, 
binding to its cognate platelet receptors to augment platelet 
activation. The activated platelet also produces and/or releases 
additional agonists, including the agonist thromboxane A2 
(TXA2). Most of the receptors involved in the events of the 
extension phase are members of the G protein-coupled receptor 
family.

In the consolidation phase (Fig. 52.4), platelet–platelet cohe-
sion (aggregation), mediated by the binding of fibrinogen and/or 
VWF to the activated platelet integrin aIIbb3 (GPIIb-IIIa), together 
with the assembly of a fibrin network, results in the generation 
of platelet-rich aggregates or thrombi. Further complexity is 
inherent in this final phase of platelet plug formation, and cur-
rent research indicates an essential role for outside–in signaling 

through integrins and via receptor tyrosine kinases, including 
members of the Eph kinase family.

Inherited or acquired defects that affect any phase of this 
complex process can result in excessive thrombosis or bleeding. 
Hereditary disorders can be divided into groups (Table 52.1), 
based on whether they predominantly influence the initia-
tion, extension, or consolidation phases of platelet-dependent 
hemostasis. Platelet dysfunction can also be a manifestation of 
many acquired disorders, and these are also discussed in this 
chapter.

Diagnosis anD classification  
of Platelet Dysfunction: 
an algorithm
The preliminary diagnosis of platelet dysfunction must be made 
on the basis of patient history, and the diagnosis then confirmed 
by specific laboratory tests of platelet function. A practical algo-
rithm for this purpose, depicted in Figure 52.5, is reproduced with 
permission from the excellent review by Bolton-Maggs et al.5

Bedside exam and patient history
An accurate and detailed patient and family history is a key ele-
ment in the assessment of platelet disorders. One should bear in 
mind that bleeding histories are subjective and that bleeding can 
be variable, often evolving or decreasing throughout a person’s 
lifetime. In particular, children may not have yet had enough 
hemostatic challenges to develop a strong clinical. The subjectivity 
of the oral history is reflected in a recent statistic that at least one 
quarter of persons who complain of serious bleeding do not have 
a bleeding disorder, whereas at least one third of persons who 

Figure 52.1. Platelet thrombus formation. The formation of a platelet thrombus can be 
envisaged as occurring in three distinct phases. The initiation phase entails the transient tether-
ing of the platelet followed by a firmer adhesion to components of the matrix, leading to platelet 
activation. In the extension phase, the activated platelets synthesize and/or release from gran-
ule stores potent agonists, such as adenosine diphosphate (ADP) or thromboxane A2 (TXA2). 
These augment platelet activation. At the same time, the procoagulant platelet surface facilitates 
the formation of thrombin, which is itself a potent platelet agonist. In the consolidation phase, 
platelet–platelet cohesion (platelet aggregation) mediates the formation of the stable platelet plug.

Figure 52.2. initiation of platelet adhesion by matrix components, particularly 
collagen. Platelets employ a number of collagen receptors. These include VWF-mediated 
binding of collagen to the glycoprotein Ib (GPIb) complex (a heptamer composed of GPIba, 
GPIbb, GPV, and GPIX), the direct engagement of collagen by the integrin a2b1 and GPVI/
FcRg. Engagement and clustering of GPVI initiates tyrosine phosphorylation of FcRg by a Src 
family kinase (SFK). The tyrosine kinase Syk then binds and is activated, in turn activating 
phospholipase Cg, which then initiates phosphoinositide hydrolysis, secretion of ADP, and the 
production of TXA2. ADP and TXA2 augment platelet activation by binding to their respective 
platelet receptors.
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 Chapter 52 Qualitative Disorders of Platelet Function 1129

A number of quantitative approaches to assess the relative 
severity of patient bleeding have been proposed, some includ-
ing a normalization based on patient age.9,10 However, such 
approaches work best for a comparison of cohorts of related 
individuals with comparable bleeding disorders, such as families 
of patients with vWD.

The distinction between normal individuals and those with 
bleeding disorders is not always clear cut. Care should be taken 
in all patients to note the use of medicines, either “over the coun-
ter,” herbal, or prescription, that are known to influence platelet 
function. This is particularly true of medications such as aspirin, 
other nonsteroidal anti-inflammatory drugs (NSAIDs), ticlopidine 
or clopidogrel, integrin aIIbb3 antagonists (e.g., Abciximab, 
tirofiban, and eptifibatide), epoprostenol, statins, cilostazol, silde-
nafil, fluoxetine, and large doses of various b-lactam antibiotics 
(penicillins > cephalosporins).7

 Bleeding manifestations typical of platelet dysfunction include: 
(1) Unexplained or extensive bruising; (2) epistaxis, particularly 
if lasting more than 30 minutes, causing anemia or admission to 
hospital; (3) menorrhagia, particularly if this has been present 
since the menarche; (4) oral cavity bleeding; (5) bleeding during 

have no bleeding can be shown to have von Willebrand disease 
(vWD) or a platelet disorder.6

To overcome the subjectivity of a history for superficial muco-
cutaneous bleeding, the International Society on Thrombosis and 
Hemostasis (ISTH) suggests that bleeding should be considered 
clinically significant when there are two or more distinct bleeding 
sites such as the skin, nose, gums, vagina, gastrointestinal tract, 
or genitourinary tract. This includes either spontaneous bleeding 
or provoked bleeding, such as that which might result from dental 
work, parturition, trauma, or surgery. In addition, a bleeding his-
tory involving only a single site should be considered significant 
when it is so severe as to warrant blood transfusions. Finally, a 
single bleeding symptom that recurs on three or more unrelated 
and separate occasions should also be considered significant.7,8

Figure 52.4. The consolidation phase of platelet thrombus formation occurs through 
the bridging of adjacent integrin aiibb3 complexes by fibrinogen or VWF, as well as 
other adhesive proteins.

DisorDers oF Platelet Function

taBLe 52.1

Hereditary platelet dysfunction
 initiation phase
   Bernard-Soulier syndrome

   GPVI deficiency

 extension phase
  Secretion disorders/granule deficiencies

   a-Granule abnormalities (gray platelet syndrome)

   d-Granule (dense body) abnormalities

   Hermansky-Pudlak syndrome

   Chediak-Higashi syndrome

   Wiskott-Aldrich syndrome

   a/d-Granule deficiency

  Defects of signal transduction and secretion

   Impaired liberation of arachidonic acid

   Cyclooxygenase deficiency

   Thromboxane synthetase deficiency

   Thromboxane A2 receptor abnormalities

  Defects in calcium mobilization

  Defects of platelet procoagulant activity

 Consolidation phase
   Glanzmann thrombasthenia

 Miscellaneous
   Hereditary macrothrombopathy/sensorineural hearing loss

Acquired disorders of platelet function
 Drug-induced platelet dysfunction
   Analgesics

   Antibiotics

   Cardiovascular drugs

   Psychotropic drugs

 Secondary platelet dysfunction
   Uremia

   Paraproteinemia

   Myeloproliferative disorders

Figure 52.3. The extension phase of platelet plug formation accelerates and aug-
ments the activation of the platelet and is mediated largely by g protein-coupled 
receptors, including: the purinogenic receptors P2Y1 and P2Y12, which are bound by 
ADP; the a and b isoforms of the thromboxane A2 (TXA2) receptor TP; the protease-activated 
receptor (PAR) family members PAR1 and PAR4, that are recognized by thrombin; and the  
a2A-adrenegic receptor that is specific for epinephrine.

72683_ch052_1128-1142.indd   1129 17/07/13   8:29 PM



1130 part v Disorders of Hemostasis and coagulation • SeCtION 2 thrombocytopenia

childbirth; (6) bleeding following invasive procedures; and (7) 
bleeding following dental extraction.

Severe platelet dysfunction is present from early childhood 
onward. Following delivery of an affected infant one may find 
intracranial and/or subdural hemorrhage, excessive bleeding 
from the umbilical stump or after circumcision, or easy bruising 
after handling. As the infant becomes more mobile, easy or exten-
sive bruising following relatively mild trauma can be indicative 
of platelet dysfunction. Prolonged epistaxis is a common finding 
throughout childhood and can even become life threatening. In 
adults, menorrhagia and bleeding during childbirth are common 
and potentially serious, whereas bleeding following any invasive 
procedure should be anticipated.5

Mild platelet dysfunction is more likely to manifest itself at any 
age most commonly following a definable hemostatic challenge, 
such as surgery or dental extractions. Easy bruising is a very non-
specific symptom, and many cases are difficult to distinguish from 
what would otherwise be considered a normal response.

Consanguinity increases the likelihood of an autosomal reces-
sive platelet disorder, and a family history is invaluable in estab-
lishing the diagnosis of inherited platelet dysfunction.

Laboratory assessment
A number of laboratory-based evaluations are critical for an accu-
rate diagnosis of platelet dysfunction.

Figure 52.5. A scheme for the analysis of patients with suspected hereditary platelet dysfunction. In order to establish a precise diagnosis, specific labo-
ratory tests are needed to establish a defect in platelet number or function. Generally, an automated full blood count, blood film, platelet aggregometry, and quantifica-
tion of platelet nucleotides are necessary. The purpose of this algorithm is to assist the investigator in the systematic interpretation of laboratory results. To complete 
a diagnosis, specialty analyses may be necessary, and these are included for the specific disorder. Such assays might include flow cytometry to measure expression 
of surface glycoproteins, such as aIIb or b3 (GT), GPIb or GPIX (BSS). In addition, quantitation of annexin V binding (Scott syndrome) and genetic analyses to identify 
specific gene mutations might be needed: aIIb or b3 (GT), WAS (WAS and XLA) and MYH9. Certain disorders can be caused by mutations in more than one gene (e.g., 
HPS and BSS), so genetic analysis has not been considered as a definitive test in all cases. The algorithm includes the most frequent or best characterized heritable 
platelet disorders. Symbols and abbreviations: ↓, reduced aggregation; AA, arachidonic acid; BSS, Bernard-Soulier Syndrome; CHS, Chediak-Higashi syndrome; 
COX, cyclooxygenase; d-SPD, dense-granule disorder; EM, electron microscopy; GPS, gray platelet syndrome; GT, Glanzmann thrombasthenia; HPS, Hermansky-
Pudlak syndrome; MYH9, MYH-9–related disorder; P2Y12, deficiency of P2Y12 ADP receptor; QBS, Quebec platelet syndrome; Rev., reversible aggregation; RIA, 
radioimmunoassay; RIPA, ristocetin-induced platelet aggregation; Sec., secretion; TXA2, thromboxane A2; WAS, Wiskott-Aldrich syndrome. From Bolton-Maggs PH, 
Chalmers EA, Collins PW, et al. A review of inherited platelet disorders with guidelines for their management on behalf of the UKHCDO. Br J Haematol 2006:603–633.
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Whole Blood Platelet Count
A key element in assessing platelet dysfunction is an accurate 
whole blood platelet count. Automated counts should be viewed 
as provisional. Inasmuch as macrothrombocytes or platelet aggre-
gates created inadvertently during blood processing will not be 
counted, the whole blood platelet count should be confirmed by 
an optical method.

Global Coagulation Tests
To rule out abnormalities in clotting factors, all patients should 
have a prothrombin time, activated partial thromboplastin time, 
and thrombin time performed. Laboratories should determine 
their own age-related normal range. It is also critical to investi-
gate all patients for VWD, which is far more common than platelet 
function disorders and creates a similar bleeding phenotype.

Bleeding Time
The bleeding time is historically a common measure of platelet 
function. However, because the test is poorly reproducible, time 
consuming, and insensitive, the bleeding time has gradually 
fallen out of favor as a clinically useful test.11 In cases of mild 
platelet dysfunction, the bleeding time is often normal or mini-
mally prolonged; 11 in severe cases, it will usually be prolonged. 
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Unfortunately, the bleeding time does not correlate well with the 
in vivo bleeding tendency within individual patients, and an accu-
rate bleeding history is considered by many to be a more valuable 
screening test. Nonetheless, a prolonged bleeding time should 
be considered sufficient grounds to perform additional tests of 
platelet function.

Platelet Function Analyzer-100
The platelet function analyzer-100 (PFA-100) measures the rate 
of thrombus formation under high shear in citrated whole blood 
that is perfused through a membrane aperture coated with col-
lagen/epinephrine or collagen/ADP. The closure time (CT) will be 
significantly prolonged in Glanzmann thrombasthenia (GT) and 
Bernard-Soulier syndrome (BSS) using either ADP/collagen or 
epinephrine/collagen membrane cartridges.12,13 Consequently, the 
PFA-100 can be used to screen patients to exclude these diagnoses.

The PFA-100 may be sensitive to platelet storage pool disease  
(SPD), primary secretion defects, the Hermansky-Pudlak syn-
drome (HPS), and the Quebec syndrome. However, because false-
negative results occur in patients with all of these disorders, there 
are those who question its usefulness as a screening tool.12,14 
The PFA-100 is affected by platelet count and hematocrit, and is 
dependent on normal VWF levels and naturally occurring (genetic) 
differences in platelet membrane GPVI or a2b1 expression.13,14,15

Platelet Aggregation
Platelet aggregation in platelet-rich plasma remains an important 
test in the analysis of platelet function. The typical agonists that 
are used to induce platelet aggregation are ADP, epinephrine, col-
lagen, arachidonic acid (AA), ristocetin, the TX receptor agonist 
U46619, thrombin or the thrombin receptor-activating peptide. 
Because the level and/or activity of each of the receptors for the 
agonists can vary among normal subjects, it is recommended 
that dose–response curves to each agonist be obtained from the 
patient under study and compared to a reference range obtained 
from multiple normal subjects.16 When thrombin is the agonist, 
an inhibitor of fibrin polymerization, such as glycine–proline– 
arginine–proline peptide, must be added to the PRP, or alterna-
tively, plasma-depleted washed platelets must be used.

Platelet aggregation is sensitive to platelet count, and at counts 
≤120,000/ml, the response to some agonists will be impaired. In 
thrombocytopenic samples, the best options are to adjust a control 
sample to the same count as the patient or to perform studies on 
washed platelets where the platelet number can be normalized. 
Consideration should also be given to more specialized tests, such 
as a measure of P-selectin expression or integrin aIIbb3 activation 
by flow cytometry. The expected aggregation responses associated 
with specific diagnoses are covered in the appropriate sections.

Adenine Nucleotide Content and Release
Measurement of platelet adenosine nucleotide (ADP and adenos-
ine triphosphate [ATP]) content and release can be used in the 
diagnosis of storage pool and release defects.17 A finding of 
normal platelet aggregation does not exclude the diagnosis of 
SPD. It is recommended that patients suspected of having platelet 
dysfunction should have both platelet aggregation and adenine 
nucleotide release performed, unless it is certain that the labora-
tory performing the platelet aggregation assays can demonstrate 
that their assay conditions are sensitive to defects in platelet 
nucleotide amount or release.

Platelet nucleotide content and release varies with age. 
Ideally, age-related normal ranges should be established for 
total and released levels of ATP and ADP and their ratios. 
Platelet aggregation, nucleotide content, and nucleotide release 
in children over 12 months of age do not differ significantly 

from adult values, whereas collagen-induced platelet nucleotide 
release has been shown to be reduced in neonates compared 
with children older than 1 year. Agonist-induced secretion of 
platelet granule contents has been shown to be reduced in both 
term and premature babies due to immature signal transduction 
pathways.18,19

Flow Cytometry
Flow cytometry is routinely used to measure platelet surface 
receptor density, platelet activation, a-granule release, procoagu-
lant phospholipid expression, and microvesicle production.20,21  
A common application of flow cytometry is the assessment of GPIb 
complex and integrin aIIbb3 expression in the diagnosis of BSS 
and GT. Individuals who are heterozygous for these disorders are 
also readily distinguished. An important benefit of flow cytometry 
is the small quantities of blood required, an attractive feature in 
young children or thrombocytopenic individuals.

Electron Microscopy
Transmission electron microscopy (TEM) of fixed/embedded 
platelet thin sections can be performed by a limited number of 
specialized personnel, but is critical in the assessment of platelet 
granule defects and changes in platelet ultrastructure (e.g., in the 
evaluation of patients with MYH-9 defects). Whole-mount EM can 
be used to quantitate d-granule content because this is readily 
identified in unstained preparations.22

Additional Assays
Several additional assays are available in specialized laboratories 
that can provide further information relevant to the diagnosis 
of the particular platelet disorder, including analysis of receptor 
expression, specific molecular or genetic defects, protein phos-
phorylation, formation of signal transduction intermediates, or a 
characterization of the platelet proteome. The utility of these tests 
in clinical diagnoses is currently under intense investigation.

Overview of treatment Options for 
platelet Disorders
Although the number of clearly identifiable platelet dysfunction 
syndromes is growing, our choice of treatment options remains 
limited. Minor membrane bleeding may be controlled with topical 
agents in the nasal or oral cavities with antifibrinolytic agents. 
Epsilon-aminocaproic or tranexamic acids will decrease blood 
loss associated with epistaxis or menorrhagia. Some patients 
may benefit from Stimate as documented by DiMichele and 
Hathaway,23 whereas others actually bleed more with this agent 
due to the fibrinolysis induced by this medication. For this reason 
many centers recommend the use of Stimate in conjunction with 
Amicar or Cyklokapron.

In the case of menorrhagia, hormonal suppression is the main-
stay for women who do not wish to undergo endometrial ablation 
for hysterectomies. In combination with antifibrinolytics and 
Stimate, even severe bleeding may be controlled; however, more 
aggressive therapy including platelet infusion may be required to 
control bleeding before these agents take effect.

Platelet transfusion may pose a dilemma to those physicians 
wishing to avoid alloimmunization in patients who may require 
multiple transfusions throughout their lifetimes to control hemor-
rhage. This is particularly true for those patients who are lacking 
membrane GPs, such as aIIbb3 or GPIb. In this setting patients 
are at risk of developing isoimmunization, making antibodies 
against the “foreign” proteins that they lack and thus becoming 
refractory to all subsequent platelet transfusions.
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Although rare, this creates a significant challenge in patients 
who require frequent platelet infusions to control life-threatening 
bleeding. Patients with GT have not only developed antibodies to 
aIIb and/or b3 but also demonstrated anti-idiotypic antibodies 
that bind to fibrinogen, thus creating a hemorrhagic disorder 
far worse than the underlying platelet dysfunction. In general, 
physicians avoid platelet transfusion apart from cases of severe 
hemorrhage. Isoimmunization appears to be rare in Glanzmann 
but the risk of alloimmunization is still a major concern, therefore 
leukocyte depletion of transfused platelets is recommended to 
decrease the frequency of sensitization.

Activated recombinant Factor VII (rFVIIa) has been used to 
slow or arrest bleeding associated with platelet dysfunction.24 
Dosages have varied widely but many patients have responded 
to this regimen when others have failed. Used in combination 
with antifibrinolytics, minor bleeding can be controlled in certain 
patients. This treatment is often used prior to platelet transfusion 
in order to avoid blood product exposure and isoimmunization.

For those patients who present with recurrent life-threatening 
bleeds, bone marrow transplant or stem cell infusion following 
immune ablation is recommended before the patients have exten-
sive blood product exposure.25 Successful transplantation with 
normal stem cells represents long-term cure for these patients. 
Although complications related to stem cell transplantation can-
not be overlooked, successful engraftment essentially eliminates 
the significant risk of mortality related to hemorrhage in patients 
with severe disorders.

Patients with rare platelet dysfunction syndromes are now 
included in many of the rare bleeding disorder international and 
regional registries that will aid physicians in understanding the 
natural course, optimal therapy, and life expectancy for each 
of the syndromes listed below, as well as the numerous platelet 
disorders that have yet to be defined. Definitive molecular and 
biochemical diagnoses will dictate appropriate therapy in these 
patients. With improvement in platelet function measurement and 
proteomic approaches one should see significant improvement in 
early diagnosis and medical management.

hereDitary DisorDers of 
Platelet function

Defects in the Initiation phase: Bernard-Soulier 
Syndrome
BSS is a rare disorder first described in 1948 as “dystrophie 
thrombocytaire hemorrhagipare congenitale” caused by abnormal 
expression or activity of the platelet GPIb complex.26

Etiology
BSS platelets have a quantitative or qualitative abnormality of 
the membrane GPIb complex, a heptamer composed of four 
leucine-rich GP that are the products of distinct genes (Fig. 52.2). 
The prominent member of the complex, GPIb, is a heterodimer 
composed of disulfide-bonded GPIba and GPIbb subunits. GPIb 
then forms a noncovalent complex with GPIX, and two GPIb-IX 
trimers then associate noncovalently with one molecule of GPV. 
The amino-terminal type A domain of GPIba binds directly to 
VWF, mediating normal platelet adhesion during the initial phases 
of primary hemostasis, whereas BSS platelets do not adhere to the 
extracellular matrix when perfused at a high shear rate.27 The 
defect in the GPIb complex also explains the failure of affected 
platelets to agglutinate in the presence of ristocetin, even in the 
presence of normal plasma or VWF.

Mutations in the gene for GPIba, GPIbb, or GPIX, but not GPV, 
have been shown to result in decreased expression of the GPIb 

complex and the BSS. Defects range from virtually absent GPIb 
to variant forms in which patients retain measurable amounts of 
apparently dysfunctional GPs.1

BSS is usually inherited as an autosomal-recessive disorder, 
and consanguinity is common in reported kindreds. Heterozygotes 
typically have “giant” platelets and reduced levels of the GPIb 
complex and may or may not be symptomatic.

Clinical Features
Bleeding symptoms are usually evident shortly after birth or in 
early childhood. The clinical manifestations include purpura, 
epistaxis, gingival bleeding and menorrhagia, and more rarely 
gastrointestinal bleeding, major hematomas, or hematuria. Severe 
bleeding episodes can result from trauma and surgical proce-
dures, such as tonsillectomy, appendectomy, splenectomy, oral 
surgery, and menses. However, individual bleeding can vary sub-
stantially in severity and frequency.

Laboratory Findings
The typical laboratory findings include an increased bleeding 
time, mild thrombocytopenia, giant platelets on blood smear, 
and defective adhesion to collagens in vitro. Platelet morphologic 
abnormalities are a hallmark of BSS, featured by large platelets 
with a diameter as high as 10 mm. A defective platelet agglutina-
tion in response to ristocetin, as measured by aggregometry in 
vitro, is a unique characteristic of BSS that differentiates this 
syndrome from other rare inherited disorders that are also asso-
ciated with macrothrombocytopenia, such as the MHY9-related 
disorders.1 A firm diagnosis requires the combined findings of 
increased bleeding times, macrothrombocytopenia, defective ris-
tocetin-induced agglutination, and low or absent levels of platelet 
GPIb-V-IX (CD42a-d) by flow cytometry.

In bone marrow aspirates, megakaryocytes are normal or 
increased in number, but they reveal no characteristic morpho-
logic abnormalities when viewed by light microscopy. Electron 
microscopic studies have revealed abnormalities of the dense 
tubular system and vacuolization of the demarcation membrane 
system.28

Management
Therapeutic approaches include both general and specific treat-
ment of bleeding. Patients should be warned to avoid trauma and 
antiplatelet medication, such as aspirin, and to maintain proper 
dental hygiene. Females may benefit from contraceptive therapy 
once they reach puberty. Treatment of bleeding or prophylaxis 
during surgical procedures usually requires blood or platelet 
transfusion with the associated risk of developing antiplatelet allo-
antibodies. Desmopressin and rFVIIa administration have been 
shown to shorten the bleeding time in some patients. In rare cases 
of life-threatening bleeding, a bone marrow or umbilical cord 
hematopoietic stem cell transplantation may be considered.29 
Responses to antifibrinolytic agents are more variable, and the 
administration of adrenal corticosteroids and splenectomy are 
usually ineffective.

Platelet-reactive isoantibodies have been generated by BSS 
who have received multiple blood or platelet transfusions.30 
These antibodies produce a particularly severe clinical complica-
tion because they will bind to and may neutralize the function of 
GPIb on transfused platelets. This results in impaired adhesion of 
the transfused platelets. The presence of such antibodies can be 
established by a finding of impaired in vitro aggregation of normal 
platelets induced by ristocetin and bovine VWF in the presence of 
patient plasma. Alloimmunization is also a common side effect of 
multiple platelet transfusions, and this may necessitate the subse-
quent use of HLA-matched platelets.
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Variation in the Initiation phase: Collagen 
receptor polymorphisms
A lifelong bleeding disorder and the unique absence of in vitro 
platelet aggregation to collagen have been associated with a defi-
ciency of either of the collagen receptors, integrin a2b1 or GPVI,1 
yet specific gene defects have not been identified. Careful evalu-
ation is needed to establish a specific molecular defect in either 
receptor.

The Integrin a2b1
Among normal individuals, platelet a2b1 levels can vary up to 
tenfold and correlate with differences in adhesiveness to type-I 
or type-III collagens and genetic variants of the a2 subunit gene 
ITGA2. We identified several single nucleotide polymorphisms 
(SNPs) within the coding sequence of the a2 gene ITGA2 that cor-
relate with platelet a2b1 density31 and define six major ITGA2 
haplotypes.

Clinical Relevance of a2 Polymorphisms
In VWD, platelet adhesive functions are impaired due to the 
decrease in functional VWF multimers in plasma and platelets. 
Inheritance of the ITGA2 haplotypes associated with lower a2b1 
density will increase the risk of bleeding in patients with either 
type I and type2 VWD.9,10

The association of ITGA2 haplotypes with risk for arterial 
thrombosis has been studied in acute coronary syndromes, dia-
betic nephropathy, and stroke. Although several studies have 
found that the inheritance of high-density ITGA2 haplotypes 
correlates with increased thrombosis, this association is not a 
consistent observation.32

Platelet Glycoprotein VI
GPVI is a major platelet GP (60 to 65 kDa) that has been con-
firmed as an important receptor for collagen since the initial 
identification of a patient with a mild bleeding disorder whose 
platelets lacked GPVI and exhibited defective collagen-induced 
responses.33 Autoantibodies against GPVI can cause substantial 
shedding of this receptor through metalloproteinase cleavage.34,35

Glycoprotein VI Polymorphism
Aside from isolated cases of GPVI defects, it is important to note 
that there is variation in platelet GPVI content among normal 
healthy subjects,36 which is directly proportional to normal varia-
tion in mean platelet volume.37 This variation is manifested in a 
significant difference in prothrombinase activity induced by GPVI-
specific agonists such as the snake venom protein convulxin or 
collagen-related peptide (CRP).36 The direct association between 
platelet a2b1 density and GPVI content is also attributable to 
variation in mean platelet volume, which has a proportional effect 
on levels of other receptors, including aIIbb3.37 Variation in GPVI 
content represents yet another genetically controlled risk fac-
tor predisposing individuals to hemorrhagic or thromboembolic 
disorders.

Defects in the extension phase

Secretion Defects: Storage Pool Disease
SPD is a heterogeneous group of congenital disorders that have 
in common a deficiency of granules or their constituents that 
results in a defect in ADP release from activated platelets and 
abnormal secretion-dependent platelet aggregation.1 Defective 
platelet secretion can result from the absence of or defects in one 

or both of the dominant types of platelet granules: The a-granule 
or the d-granule (dense body). Thus, three subgroups of SPD are 
now distinguished. The isolated deficiency of a-granules (a-SPD) 
has been studied for several years and is more commonly known 
as the Gray platelet syndrome (GPS)38; the exclusive abnormality 
of dense-granules (d-SPD) can be congenital or acquired, as in 
myeloproliferative syndromes or rheumatologic disorders; 17 and 
abnormalities of both a- and d-granules are classified as ad-SPD.17

a-Granule Storage Pool Disease: Gray 
Platelet Syndrome
GPS is a very rare disorder with less than 100 cases reported 
worldwide and is characterized by a selective deficiency in 
the number and content of a-granules.17,38 The formation of 
a-granules in immature megakaryocytes proceeds normally, but 
the granule number then decreases during maturation, and the 
mature megakaryocytes are left with only small abnormal gran-
ules that are few in number. Some of the normal protein constitu-
ents of a-granule membranes, such as GPIV, integrin aIIb-b3, and 
P-Selectin remain in the abnormal granules and will be normally 
redistributed during platelet activation. The defect is limited to 
megakaryocytes and platelets. Recent evidence suggests that 
GPS is associated with mutations in NBEAL2 (neurobeachin-like  
2 gene), which encodes a protein containing a BEACH domain 
that is predicted to be involved in vesicular trafficking and may be 
critical for the development of platelet a-granules.39–41

Several proteins are synthesized but not stored properly in the 
abnormal a-granules. These include platelet factor 4, b-throm-
boglobulin, fibrinogen, fibronectin, vWF, platelet-derived growth 
factor, and thrombospondin. Other organelles, such as lysosomal 
granules, mitochondria, and d-granules (dense bodies) are pres-
ent in normal numbers, and d-granules contain normal amounts 
of adenine nucleotides and serotonin.

Clinical Features
GPS is inherited as an autosomal trait and is associated with mild 
to moderate thrombocytopenia (20,000 to 150,000/ml) and mod-
erately enlarged platelets.17,38 The bleeding time is usually pro-
longed, and platelet survival may be shortened, but splenomegaly 
is not common. As in other platelet function defects, a history 
of mild bleeding is the norm, and treatment is seldom required. 
The bone marrow exhibits normal megakaryocyte numbers and 
increased reticulin, occasionally around clusters of megakaryo-
cytes, but myelofibrosis is not a feature of this disorder. In Wright-
stained blood smears, the platelets appear large, misshapen, 
agranular, and gray. In electron photomicrographs, an almost total 
lack of a-granules is evident in platelets and in megakaryocytes.

When analyzed by EM, it is the only disorder that is character-
ized by the selective absence of platelet a-granules. Megakaryocytes 
show defective a-granule biogenesis, with impaired uptake and 
storage of endogenously synthesized proteins, such as platelet 
factor 4, b-thromboglobulin, or VWF, and defective sequestration 
of exogenous proteins, such as fibrinogen, albumin, or factor V. 
On the other hand, in the platelet, the a-granule marker P-selectin 
is retained and is redistributed to the surface upon activation. 
Both autosomal recessive and autosomal dominant inheritance 
have been reported, implicating more than one gene in the etiol-
ogy of the disease. Myelofibrosis of bone marrow is an additional 
feature that is attributed to the spontaneous release of platelet-
derived growth factor and transforming growth factor-b1 from 
megakaryocytes.

Laboratory Findings
Gray platelets have a normal aggregation and release in response 
to AA or ionophore and generate TX normally. Platelet aggrega-
tion induced by ADP, epinephrine, thrombin, or collagen is vari-
ably affected. Release from dense bodies usually is subnormal, 
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particularly when induced by thrombin. Abnormal calcium influx 
and mobilization from intracellular stores have also been reported. 
The platelet count is often reduced and can be as low as 50,000 
per ml. By EM, the platelets have reduced numbers or a complete 
absence of a-granules.

Management
Because of the rare nature of a-granule disorders, there is not 
a very extensive clinical database upon which to make gener-
alizations about effective treatment of the bleeding problem. 
However, these patients should be managed in the same manner 
as other patients with mild bleeding disorders. In the case of 
major bleeding or surgical challenge, they may require platelet 
transfusion.

Isolated d-Storage Pool Disease
d-SPD is characterized by easy bruising, mucocutaneous bleeding, 
and excessive post-operative and post-partum hemorrhage.17

Clinical Features
The symptoms can become more severe if the patient ingests 
aspirin or other antiplatelet agents, and patients with SPD should 
be advised to avoid such drugs. Platelet counts are typically 
 normal, and the bleeding time is usually prolonged. The plate-
lets are morphologically normal on Wright-stained smears, but  
they are deficient in dense bodies by EM. The diagnosis of d-SPD 
must be made by the finding of a decrease in dense granule 
constituents and/or EM to demonstrate the absence of dense 
granule-limiting membranes and contents. The most consistent 
finding is that adenine nucleotides are reduced with an increased 
ratio of ATP to ADP and normal levels of lysosomal enzymes.

The platelet content of serotonin, however, can be variably 
reduced. Whole-mount EM recognizes calcium, but it cannot dif-
ferentiate the absence of a dense granule from the absence of its 
calcium. Dense granules can also be quantitated by fluorescent 
microscopy because, whether full and empty, d-granules take up 
the fluorescent dye quinacrine (mepacrine).42

Laboratory Findings
Because of the defect in d-granules and the decreased level of 
ADP, primary aggregation responses in vitro are normal, but 
secondary aggregation may be diminished. Typically, there is an 
impaired response to collagen and a deficient secondary wave 
with ADP, epinephrine, and low concentrations of thrombin, 
but ristocetin aggregation is normal. Although this functional 
defect is often encountered in this disorder, it cannot be relied 
upon as a diagnostic criterion. The platelets are also deficient in 
serotonin, calcium, and pyrophosphate, which are stored in the 
d-granules.17

The bleeding time is increased, with normal platelet counts 
and morphology. Subsets of patients have been identified who 
have a prolonged bleeding time, decreased dense bodies, and 
ADP release but normal platelet aggregation. The diagnosis of 
d-granule SPD can best be made following a combination of stud-
ies, including bleeding time, platelet aggregation, an assessment 
of storage pool adenine nucleotides, thrombin-induced radioac-
tive serotonin uptake and release, and TEM.

There is suggestive evidence that d-SPD is inherited as an 
autosomal dominant characteristic, but neither the causative 
gene nor the molecular nature of the basic defect have yet been 
determined.

Management
To treat the symptoms of SPD, desmopressin (DDAVP) can normal-
ize the bleeding time in some patients, often within 1 hour after 
infusion.23 This treatment is particularly effective in improving 
hemostasis after procedures.

Combined ad-Storage Pool Disease
In ad-SPD, which is much less common than isolated d-SPD, 
d-granules and/or their contents are uniformly decreased, and 
the deficiency of a-granules and/or their constituents can vary.17 
Platelets in these patients form significantly smaller thrombi in 
flowing blood than is seen with platelets from patients with d-SPD. 
The defects are also not uniformly among the platelet population, 
such that a-granules and d-granules may be completely absent in 
one portion of the population yet present in nearly normal levels 
in another.43

The mode of inheritance appears to be autosomal dominant, 
but a basic molecular defect and a genetic basis have not yet been 
determined.

animal Models and etiology
The comparative study of granule deficiencies in the mouse or 
rat can provide clues to understanding the etiology of SPD. For 
example, the gunmetal mouse44 and the fawn-hooded hyperten-
sive rat45 are characterized by reduced platelet a- and d-granules, 
a disorganization of megakaryocyte internal membranes, and 
impaired a-granule protein retention. Mutations in RabggtA 
result in defective geranylgeranyl transferase, which catalyzes 
the attachment of lipid geranylgeranyl groups to Rab proteins.44 
Rab proteins are small guanosine triphosphatases (GTPases), 
which split GTP to provide energy for membrane fusion events 
and for attachment to cytoskeletons. By analogy, it is possible that 
mutations in the human gene RABGGTA are also responsible for 
human ad-SPD, but this remains to be proven.

Clinical Features
Bleeding in this disorder is clinically similar to bleeding in d-SPD 
and GPS, and is manifested by a prolonged bleeding time with 
normal platelet counts.17 Except for their bleeding tendency, 
patients with ad-SPD appear otherwise healthy.

Laboratory Findings
Defects in secondary platelet aggregation are typical, and 
defects in primary aggregation are even more extreme than 
seen in d-SPD. Because of variability, in vitro platelet aggrega-
tion in ad-SPD is not an appropriate diagnostic criterion, and an 
accurate diagnosis requires measurement of d- and a-granule 
constituents and/or EM of platelet organelles. The lysosomal 
enzyme content of ad-SPD platelets is normal.

Management
Because of the few numbers of patients with combined ad-SPD, 
there is little clinical information upon which to develop a treat-
ment scheme. However, this disorder can likely be managed in the 
same manner as the isolated d-SPD (see above).

Quebec Platelet Syndrome (Factor V Quebec)
The Quebec platelet syndrome is an extremely rare, autosomal 
dominant disorder that was originally identified by the finding 
of low levels of platelet a-granule factor V but normal plasma 
factor V.1,17 It is characterized by protease-related degrada-
tion of many platelet a-granule proteins, including P-selectin. 
The a-granule ultrastructure is normal. Increased expression 
of a-granule urokinase-type plasminogen activator is thought 
to lead to spontaneous intracellular activation of the fibrinolytic 
pathway resulting in the generation of plasmin, which cleaves 
multimerin that would otherwise stabilize factor V.46

Clinical Features and Laboratory Findings
Many cases may go undiagnosed because there are no character-
istic morphologic features or platelet aggregation abnormalities. 
The main laboratory finding is defective procoagulant activity, 
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reflected by a failure to assemble the prothrombinase complex.  
A related defect, platelet Factor V New York, is also characterized 
by decreased levels of platelet Factor V, although there is no indi-
cation of Factor V proteolysis, as in Factor V Quebec.47

Management
The Quebec platelet syndrome is unresponsive to platelet transfu-
sions. It is the current opinion that fibrinolytic inhibitors are the 
most effective means to control bleeding.48 Otherwise, treatment 
should be similar to that given to patients with bleeding disorders.

Hermansky-Pudlak and Chediak-Higashi Syndromes
The HPS and Chediak-Higashi syndrome (CHS) are rare autoso-
mal recessive disorders that have in common platelet dense gran-
ule deficiency, albinism, and lysosomal granule defects.49

Hermansky-Pudlak Syndrome
HPS is as an autosomal-recessive trait that has a worldwide dis-
tribution but is most prevalent in Puerto Rico.

etiology
The genetic causes of HPS are diverse. Mutations in at least seven 
genes have been linked to this disease, and the absence of plate-
let dense bodies is thought to result from a defect in organelle 
development.50

Clinical Features and Laboratory Findings
A diagnosis of HPS is based on the presence of oculocutaneous 
albinism and absent platelet dense bodies on whole-mount EM.51 
Typical findings are a lifelong history of easy bruising; minor 
bleeding episodes, such as mucus membrane bleeding; epistaxis, 
and metromenorrhagia. Many patients will require whole blood 
or platelet transfusions when bleeding symptoms become more 
severe. Pulmonary fibrosis and inflammatory bowel disease, asso-
ciated with infiltration of ceroid-pigmented reticuloendothelial 
cells in the lung and colon, have been reported in several cases 
of this syndrome.52 In platelet aggregation assays, there is an 
absence of the secondary wave in response to ADP and epineph-
rine, and the response to collagen is also abnormal. Usually, the 
template bleeding time will also be longer than normal.

Management
Localized and limited treatment of the bleeding symptoms is the 
norm in HPS.49,53 The albinism necessitates skin and eye protec-
tion, and the bleeding can be controlled topically with thrombin and 
Gelfoam. Prophylactic use of intravenous 1-desamino-8-D-arginine 
vasopressin or Stimate is recommended for procedures such as 
tooth extractions or biopsies. Menstrual bleeding can be regulated 
by birth control pills. In the event of major surgeries or severe 
bleeding episodes, platelet or red blood cell transfusions may be 
required.

Chediak-Higashi Syndrome
SPD also may be associated with the CHS.1,54 In addition to defec-
tive platelet dense granules and oculocutaneous albinism, CHS is 
also characterized by immune deficiency and progressive neu-
rologic dysfunction. In CHS patients, the granule abnormalities 
are not restricted to the megakaryocyte lineage, and numerous 
cell types exhibit giant cytoplasmic inclusions that are enlarged 
vesicles.

etiology
Numerous cases of CHS have been reported to result from muta-
tions in the lysosomal trafficking regulator gene (LYST) located on 
chromosome 1q42.1-42.2. Mutations in the LYST protein can be 

associated with defective natural killer cell function.55 However, 
LYST mutations cannot be identified in all CHS patients, suggesting 
the existence of causative defects in other genes.56 Several proteins 
are known to interact with LYST, including the SNARE complex 
protein HRS, signaling protein 14-3-3, and casein kinase II.57 It has 
been proposed that LYST may be an adaptor protein that brings 
into close proximity proteins that mediate intracellular membrane 
fusion reactions. Along this vein, LYST contains several consensus 
motifs that play distinct roles in vesicle transport and fusion.

Clinical Features and Laboratory Findings
Platelet counts are normal prior to development of the acceler-
ated phase. The dense granule defect results in mucocutaneous 
bleeding and a prolonged bleeding time. The secondary wave of 
platelet aggregation is impaired, there is an increased ATP-to-
ADP ratio, decreased platelet serotonin, and decreased platelet 
calcium. Some patients have a normal number and shape of dense 
bodies, but most often there is an absence of or marked reduction 
in dense bodies.

Management
Prior to the accelerated phase, hemostatic problems can be 
treated as in the case of other mild platelet disorders. With 
time, infections and a lymphoproliferative accelerated phase are 
serious developments that can result in death within the first 
decade.1,54 Although experience is still limited, hematopoietic cell 
transplantation is a potentially effective therapy for correcting and 
preventing hematologic and immunologic complications of CHS.58

Griscelli Syndrome
Mutations in RAB27A, a gene for a small GTPase involved in 
vesicular transport and organelle dynamics, are considered to be 
the cause of GS.59 The ashen mouse with mutated RAB27A is a 
model of GS and exhibits a reduction in the number of platelet 
dense granules. However, the hemostatic phenotype of these mice 
is affected by the genetic background, and it is likely that addi-
tional modifier gene polymorphisms have an important influence 
on the hemostatic phenotype.

Clinical Features and Laboratory Findings
GS is a rare autosomal recessive disorder in which patients pres-
ent with abnormal pigmentation, immunodeficiency, and devel-
opment of the accelerated phase.60 GS patients have no obvious 
bleeding prior to the accelerated phase, and it has not been firmly 
established that there is a characteristic platelet dense granule 
defect. Hypopigmented hair with a silvery-gray sheen and pig-
ment clumps is a characteristic of GS, but these are larger and 
less homogeneously distributed than one sees with CHS patients. 
The giant cytoplasmic granules typical of CHS cells are not seen 
in GS cells.

Management
Like CHS, the disease is usually fatal by the first decade of life. The 
same management as observed with CHS will likely be effective in 
patients with Griscelli syndrome.1,54

Paris-Trousseau (Jacobsen) Syndrome
The Paris-Trousseau (Jacobsen) syndrome is an autosomal domi-
nant disorder characterized by thrombocytopenia, a history of 
relatively mild bleeding, the presence of giant a-granules in a 
minor proportion of platelets, and two morphologically distinct 
populations of megakaryocytes in the bone marrow, some of 
which exhibit signs of abnormal maturation. Additional congenital 
abnormalities include mental retardation, cardiac abnormalities, 
and cranio-facial abnormalities. This is an extremely rare disor-
der, and only 10 childhood cases have been reported.61
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These patients have deletions of the long arm of chromosome 
11q that include the gene FLI1, which encodes a transcription 
factor that plays a critical role in normal megakaryocytopoiesis. 
Thus, the hemizygous deletion of FLI1 generates a subpopulation 
of megakaryocyte progenitors that fail to differentiate normally, 
forming small immature megakaryocytes that undergo massive 
lysis.62 Those platelets with giant a-granules fail to release their 
contents normally upon stimulation.

Arthrogryposis-Renal Dysfunction-Cholestasis 
Syndrome
The gene VPS33B encodes a protein that is involved in protein 
trafficking. A mutation of the gene is the cause of ARC syndrome.63 
ARC is an autosomal recessive disorder with multiple systemic 
abnormalities, one of which is platelet dysfunction is caused by a 
deficiency in platelet a-granules.64 This disorder is diagnosed by 
severe distinguishing features other than the platelet dysfunction, 
and affected individuals usually do not survive their first year.

Inherited Disorders of primary Membrane 
receptors

Congenital Defects of P2Y12
The adenine nucleotides ADP and ATP are both released from 
platelet d-granules during activation induced by a variety of ago-
nists, and both can augment or modulate the platelet functional 
response through autocrine and paracrine mechanisms by bind-
ing to platelet purinergic receptors.65

Two platelet purinergic receptors are specific for ADP, the 
Gq-protein–coupled receptor P2Y1 and the Gi-protein–coupled 
receptor P2Y12. One receptor, the P2X1 ion channel, is bound by 
ATP. The P2Y and P2X receptors operate in a temporally distinct 
manner and selectively trigger distinct intracellular signaling 
pathways. Recent advances in our understanding of P2Y receptor 
physiology suggest that these receptors are a potentially relevant 
target of antithrombotic therapy. P2Y1 mediates ADP-induced 
intracellular calcium ion mobilization and shape change, and 
P2Y12 is coupled to adenylyl cyclase inhibition and is responsible 
for ADP-induced macroscopic platelet aggregation.66

At the same time, we have only a perfunctory understanding of 
the function of P2X1 in platelet activation. It is known, however, 
that P2X1 function is linked to calcium ion influx.66

etiology
P2Y12 defects are inherited as autosomal recessive traits,67 
and heterozygous individuals display a mild abnormality in 
platelet function similar to that observed in patients with SPD. 
In two cases, different homozygous frameshift mutations cause 
premature termination of translation. In another case, one 
allele presented a reading frameshift caused by the deletion 
of two nucleotides, whereas the other case had a normal cod-
ing sequence but a reduced expression, possibly resulting from 
another mutation in a regulatory region of the gene.68

Clinical Features and Laboratory Findings
A limited number of patients have been described with congeni-
tal abnormalities of P2Y12 resulting in bleeding diatheses and 
abnormalities of platelet function.4 The common clinical findings 
in these patients are a lifelong history of mucosal bleeding, easy 
bruising and/or excessive post-operative bleeding, and mildly to 
severely prolonged bleeding times. Laboratory findings were a 
weak and rapidly reversible primary wave of aggregation induced 
by ADP and abnormal aggregation induced by collagen, arachi-
donate, and TXA2 analogs. Aggregation induced by high concen-
trations of thrombin was normal. ADP-induced shape change is 

normal, but ADP fails to inhibit the expected normal rise in cAMP 
levels seen after stimulation with prostaglandin E1.

Management
Inasmuch as there are generally no serious side effects, DDAVP is 
recommended for prophylaxis and treatment in these patients.23

Thromboxane A2 Receptor
Defective TXA2 receptor function is characterized by impaired 
platelet aggregation in response to the TXA2 analog U46619, a 
variable response to other agonists comprising a reduced primary 
wave and absent secondary wave, and defective secretion.69

Epinephrine Receptor
A selective absence of an aggregation in response to adrenaline 
has been reported as a heritable trait in association with easy 
bruising and reduced expression of platelet a2-adrenoceptors.70,71 
However, the aggregation response to adrenaline among normal 
individuals is itself quite variable, and a relative decrease in the 
aggregation response to adrenaline may represent the lower seg-
ment of a common asymptomatic population variant.72

Inherited Defects in Signal transduction  
pathways

Cyclooxygenase Defects
Defects in platelet cyclooxygenase (COX) or TX synthase73 give the 
same laboratory findings as seen in TXA2 receptor defects (see 
above), but can be distinguished from the latter by the preserva-
tion of platelet aggregation in response to prostaglandin-H2 or the 
TXA2 analog U46619.

Scott Syndrome
Scott syndrome is a rare autosomal recessive disorder character-
ized by a defect in calcium-induced phospholipid scrambling and 
prothrombin conversion on platelets and other blood cells.74

When Scott platelets are activated, phosphatidylserine is not 
transported from the inner to the outer phospholipid leaflet of 
the membrane. The binding of factor Va–Xa and factor VIIIa–IXa  
complexes is impaired, resulting in decreased thrombin gen-
eration and impaired platelet-dependent fibrin formation on 
subendothelium. It has been reported that Scott syndrome may be 
explained, at least in part, by mutations in an ATP-binding cas-
sette transporter A1 implicated in the exofacial translocation of 
phosphatidylserine.75

Additional Defects
Patients have been described with: A lineage-specific Gaq subunit 
deficiency and impaired aIIbb3 activation; reduced Gai1 expres-
sion and signaling; defective calcium ion mobilization and an 
abnormal response to ionophore A23187; a reduced production 
of inositol 1,4,5-triphosphate and phosphatidic acid, diminished 
plekstrin phosphorylation and defective phospholipase C activa-
tion; and a specific defect in phospholipase Cb2 expression.76 
Pseudohypoparathyroidism type 1b, which is associated with a 
mild bleeding disorder, is caused by a defect in the heterotrimeric 
G protein subunit Gsa, which regulates adenylyl cyclase.77

Defect in the Consolidation phase: Glanzmann 
thrombasthenia
GT is an autosomal-recessive disorder characterized by defective 
in vitro platelet aggregation and a lifelong bleeding tendency due 
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 Chapter 52 Qualitative Disorders of Platelet Function 1137

to quantitative or qualitative abnormalities of the platelet GPIIb-
IIIa,2 also known as the integrin aIIbb3.

Etiology
A qualitative or quantitative defect of either GPIIb or GPIIIa is the 
basic biochemical basis for GT. GPIIb-IIIa is a calcium-dependent 
heterodimer that binds preferentially to fibrinogen or vWF, but 
also to fibronectin or vitronectin. The genes for GPIIb and GPIIIa 
are distinct but are physically located within 1 Mb of each other 
on the long arm of chromosome 17 (17q21-22). A genetic defect in 
either GPIIb or GPIIa can inhibit synthesis of that subunit and/or 
prevent normal assembly and processing of the functional recep-
tor. This results in the lack of a fibrinogen receptor and defective 
fibrinogen binding after platelet activation. Platelet aggregation, 
which requires this protein, is therefore deficient or completely 
absent.

A continually maintained database is accessible on the Internet 
(https://haemgen.haem.cam.ac.uk/thrombogenomics/) which con-
tains a list of over 100 mutations that give rise to GT. The aIIb and 
b3 genes (ITGA2B and ITGB3, respectively) are both affected, and 
although post-translational defects predominate, reduced mRNA 
stability can also be a cause. Integrin synthesis occurs in the 
megakaryocytes with aIIbb3 complex formation in the endoplas-
mic reticulum. Noncomplexed or incorrectly folded gene products 
fail to undergo processing in the Golgi apparatus and are rapidly 
degraded intracellularly.78

In GT, isoantibodies specific for the deleted GPs have been 
demonstrated in the blood of multiply transfused patients,2 and 
these can reproduce the thrombasthenic defect in normal trans-
fused platelets.

Clinical Features
Thrombasthenia is inherited as an autosomal-recessive trait, 
and consanguinity is common within affected kindreds, result-
ing in geographic clusters of patients.2 Hemorrhagic symptoms 
occur only in patients homozygous for GT mutations, whereas 
the heterozygous condition is mostly asymptomatic, even though 
platelets from heterozygotes have only one half the normal 
level of aIIbb3. The sites of bleeding in GT are clearly defined: 
Purpura, epistaxis, gingival hemorrhage, and menorrhagia are 
nearly constant features; gastrointestinal bleeding and hematuria 
are less common but can cause serious complications. Bleeding 
at menarche is severe enough to require transfusions in most 
patients. Deep visceral hematomas, a characteristic of coagula-
tion disorders such as hemophilia, are not usually seen in GT. 
Bleeding symptoms normally manifest rapidly after birth, even 
if most patients are diagnosed before the age of five. Epistaxis is 
a common cause of severe bleeding, and is typically more severe 
in childhood. In general, the bleeding tendency in GT decreases 
with age. Post-traumatic and post-operative hemorrhage can be 
serious, and pregnancy and delivery represent a severe hemor-
rhagic risk, because bleeding may not always be preventable by 
platelet transfusions. Although GT can be a severe hemorrhagic 
disease, the prognosis is excellent with careful supportive care. 
Death from hemorrhage in diagnosed patients is rare unless 
associated with trauma, other disease (e.g., cancer), or chronic 
isoimmunization.

Laboratory Findings
A prolonged bleeding time, deficient clot retraction, and deficient 
platelet aggregation with ADP, collagen, epinephrine, or thrombin 
are typical findings. Ristocetin-induced aggregation, on the other 
hand, and coagulation tests are normal. Thrombasthenic platelets 
are present in normal numbers and are morphologically normal 
when viewed by light microscopy.

Management
With GT patients, it is important to anticipate bleeding risks 
before performing procedures, and because the risk for bleeding 
is so unpredictable, it is prudent to administer prophylactic plate-
let transfusions even in the absence of a prior history of bleeding.

Localized bleeding can be treated by limited measures, such 
as fibrin sealants or topical thrombin and antifibrinolytic agents 
(â-aminocaproic acid, tranexamic acid). Epistaxis and gingival 
bleeding can be controlled by nasal packing or the application of 
gel foam soaked in topical thrombin. The risk of gingival bleed-
ing can be minimized by regular, proper dental care. When tooth 
extractions must be performed or when hemorrhage accompanies 
the loss of deciduous teeth, bleeding can be significantly reduced 
by the application of individually prepared plastic splints that 
provide physical support for hemostasis.

Severe menorrhagia is common and can be effectively treated 
with high doses of progesterone, followed by maintenance treat-
ment with birth control pills. Severe gastrointestinal bleeding 
is an isolated but severe problem. Iron deficiency anemia can 
develop insidiously with gingival oozing or minor menorrhagia. 
Confronted with a severe bleeding episode or as prophylaxis for 
invasive procedures, most GT patients receive blood transfusions, 
regardless of bleeding history.79 Transfusions should be contin-
ued until wound healing is complete. However, a significant num-
ber of transfused patients can develop HLA-specific alloantibodies 
or GPIIb-IIIa-specific isoantibodies, which seriously complicate 
transfusion therapy and limit future treatment. Isoantibodies can 
block normal transfused platelet aggregation and/or lead to the 
rapid removal of transfused platelets by immune mechanisms. 
It is not yet possible to predict the propensity of individual GT 
patients to develop such antibodies. Antibodies may be suc-
cessfully removed prior to surgery by immunoadsorption on 
Protein A Sepharose, but this is a complex procedure restricted to  
specialized centers.80

Pregnancy and delivery represent a severe hemorrhagic risk. 
Platelet transfusions are required not only prior to delivery, but 
afterward as well. Successful delivery by cesarean section, with 
platelet transfusions, has been reported.

The use of rFVIIa (NovoSeven®; NovoNordisk A/S, Malov, 
Denmark) is an alternative approach for early cessation of bleed-
ing in GT, especially in the case of patients who have developed 
antibodies and/or have a history of transfusion refractoriness.81 
It seems that rFVIIa enhances deposition of aIIbb3-deficient 
platelets on the subendothelial matrix through an interaction with 
fibrin formed by the increased thrombin generation82 leading to 
increased clot stability.83 However, some question the efficacy of 
rFVIIa in children with GT.84

In a few GT patients, the bleeding symptoms have been con-
sidered sufficiently serious to warrant allogeneic bone-marrow 
transplantation.85

additional hereditary Defects of platelet 
Function (with thrombocytopenia)

MYH-9-related Thrombocytopenia Syndromes
MYH-9-related disorder encompasses autosomal dominant mac-
rothrombocytopenia syndromes previously classified as May-
Hegglin anomaly, Sebastian, Fechtner, and Epstein syndromes 
and certain inherited thrombocytopenias that have in common 
mutations within MYH9, the gene for nonmuscle myosin heavy 
chain II-A (NMMHC-IIA).86

etiology
NMMHC-IIA is part of the nonmuscle myosin IIA hexamer that is 
a component of the contractile cytoskeleton in megakaryocytes, 
platelets, and other many other cell types. Mutations of MYH9 
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that give rise to MYH-9-related disorder disrupt the stability of the 
nonmuscle myosin IIA hexamer or its association with regulatory 
proteins. This results in defective megakaryocytopoiesis that leads 
to thrombocytopenia. Additional platelet function defects arise 
from abnormal shape change or impaired expression of the GPIb 
complex.87 As in many other inherited hematologic disorders, 
incomplete penetrance accounts for a poor correlation between 
the MYH9 genotype and clinical phenotype as well as variability in 
phenotype among individuals with identical mutations.86

Clinical Features
Patients with MYH-9-related disorder present with bleeding, 
sensorineural hearing loss, glomerulonephritis, and/or eye abnor-
malities. The severity of the bleeding symptoms is out of propor-
tion to the moderately decreased platelet count, suggesting the 
concurrence of a platelet function defect. Life-threatening bleed-
ing has been reported, but is the exception. The combination of 
macrothrombocytopenia and one or more of the recognized clini-
cal features of MYH-9-related disorder is strong evidence for this 
diagnosis.

Laboratory Findings
Platelet counts are normally from 20,000 to 130,000/ml, and 
are associated with an increased mean platelet volume and a 
conspicuous population of very large platelets. The presence of 
Dohle-like bodies within neutrophils on stained peripheral blood 
smears is highly suggestive of MYH-9-related disorder. An abnor-
mal staining of neutrophil inclusions with antibodies specific for 
NMMHC-IIA is a more sensitive index of the syndrome, but a 
definitive diagnosis must be based on the identification of a caus-
ative mutation within MYH9.

Management
The symptoms of MYH-9-related disorders are highly variable, 
and therefore treatment of individual patients should be guided as 
much as possible by personal and family history.5 In general, man-
agement would be the same as for other mild platelet disorders.

Wiskott-Aldrich Syndrome
Wiskott-Aldrich syndrome (WAS) is an X-linked recessive disease 
characterized by microthrombocytopenia, eczema, and immuno-
deficiency.1 The WAS gene encodes the WAS protein (WASP), and 
mutations in WAS result in decreased or absent expression of 
WASP, a key regulator of actin polymerization in hematopoietic 
cells playing a role as an adapter protein. The reduction in or 
absence of WASP results in premature proplatelet formation in 
the bone marrow and the microthrombocytopenia characteristic 
of WAS.

etiology
WAS arises from mutations in WAS, the gene for the protein 
WASP that is expressed in all hematopoietic cell lineages. Isolated 
X-linked thrombocytopenia (XLT) is also caused by mutations 
in WAS and is a variant of the same disease but generally lacks 
severe immune deficiency.88

Clinical Features
Infants with WAS often present with bruising and purpura in the 
neonatal period with an increased risk of intracranial hemor-
rhage. Gastrointestinal bleeding or prolonged bleeding after cir-
cumcision may be a presenting feature. Eczema develops during 
the first year of childhood and can varying in severity, from wide-
spread and debilitating in children with “classic” WAS to mild or 
absent in those with the XLT. Infections begin in the first 6 months 
of life. Bacterial infections occur more often, particularly otitis 
media and respiratory tract infections, whereas severe viral infec-
tions and opportunistic infections occur less frequently. In the XLT 

phenotype, eczema and infection do not occur. With increasing 
age, hemolytic anemia and vasculitis become the most frequent 
manifestations of the autoimmune component of this disease.89 
Another life-threatening complication of WAS is malignancy, usu-
ally but not exclusively lymphoreticular in origin.

Laboratory Findings
Thrombocytopenia (ranging from 5,000 to 50,000/ml) with small 
platelets is evident at birth. Despite normal bone marrow mega-
karyocyte numbers and morphology, there may be ineffective 
thrombocytopoiesis with reduced platelet survival.

Management
The management of WAS should address bleeding manifesta-
tions, recurrent infections, eczema, autoimmune disorders, and 
the risk of malignancy. When available, bone marrow or stem cell 
transplant is the treatment of choice as early as possible. Proper 
management is benefited by a multidisciplinary approach, which 
should include an immunologist. When transfusion is necessary, 
HLA-compatible and irradiated platelets should be used in order 
to avoid sensitization. Because of the immune deficiency, platelets 
to be transfused should always be irradiated and certified free of 
cytomegalovirus. Splenectomy can result in an increase both in 
platelet number and size, but the risk of sepsis is increased post 
splenectomy, and a risk–benefit analysis of this operation must be 
considered for individual patients. Splenectomy does not influence 
the development of malignancy or autoimmune disorders, and it 
may thus be more successful in the milder phenotype of XLT.

acQuireD DisorDers of Platelet 
function

Drug-induced platelet Dysfunction
An adult patient that presents with a normal platelet count, muco-
cutaneous bleeding, and a negative family history, defined as no 
bleeding among first degree relatives, should be evaluated for an 
acquired disorder. Although inherited platelet disorders are rare, 
acquired disorders of platelet function are encountered frequently.

A diverse variety of medications, from ionophores to ADP 
analogs, certain systemic diseases, and various procedures can 
induce platelet dysfunction (Table 52.2). Even common dietary 
substances, such as garlic or fish oil, can impair platelet func-
tion.90 This chapter focuses on commonly used drugs that can 
impair platelet function at therapeutic doses. Other drugs that are 
used to treat thromboembolic disorders are discussed in detail in 
Chapter 62.

The extent of platelet dysfunction produced by drugs in healthy 
individuals is usually not clinically significant. On the other hand, 
patients with coagulation disorders, uremia, thrombocytopenia, 
and patients receiving heparin or Coumadin as anticoagulant 

Analgesics

Aspirin

Nonsteroidal anti-inflammatory drugs

Acetaminophen

Antibiotics

b-Lactams: Penicillins, cephalosporins

Cardiovascular drugs

Drugs aFFecting Platelet Function

taBLe 52.2
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therapy, can exhibit serious bleeding when they receive a drug 
that attenuates platelet function. In addition, the inherent varia-
tion in platelet reactivity among normal indviduals91 can greatly 
influence the susceptibility of an individual to the antiplatelet 
effects of dietary supplements or drugs.

Aspirin
Aspirin inhibits platelet function via irreversible acetylation of 
platelet COX-1 and the resulting inhibition of TXA2 synthesis. A 
single high dose of aspirin (e.g., 325 mg or more) or consecutive 
smaller doses (e.g., 81 mg) taken for 3 or more days will produce 
essentially complete inhibition of TXA2 production. The hemo-
static risk following aspirin is predictable, with a 5% to 10% 
incidence of minor bleeding and a 1% to 2% incidence of major 
bleeding, i.e., requiring hospitalization or red cell transfusion.92

In ex vivo whole blood perfusion assays, aspirin-treated 
platelets will adhere normally to denuded arterial segments or 
collagen-coated surfaces, but they fail to form thrombi due to 
inhibition of aggregate formation. By EM, one notes an inhibition 
of organelle centralization that normally follows platelet stimula-
tion by collagen. In platelet aggregation assays, aspirin-treated 
platelets exhibit decreased responses to collagen and an absence 
of the secondary wave of aggregation that is normally induced by 
epinephrine and low concentrations of ADP, which is reflected 
in a marked reduction in the release of d-granule ADP, ATP, and 
serotonin.

Individual differences in platelet responsiveness to aspirin 
have been noted. In some normal individuals, aspirin ingestion 
can modestly elevate the bleeding time and have a small impact 
on platelet aggregation in vivo, more so in men than in women, 
but in certain patients with otherwise minor platelet dysfunction, 
the bleeding time can be markedly prolonged and platelet aggre-
gation severely impaired after aspirin ingestion. The search for 
a genetic basis for this difference in aspirin sensitivity is a hotly 
contested area of investigation.

Other Nonsteroidal Anti-inflammatory Drugs
NSAIDs reversibly inhibit platelet COX-1, and normal platelet 
function is gradually restored when these drugs are stopped. For 
example, ibuprofen (600 mg daily) will prolong PFA-100 CTs, but 
these will conform to baseline within 24 hours after drug intake 
is ceased.93 It is uncommon to see clinical bleeding in normal 
individuals as a result of an NSAID, but gastrointestinal bleeding 
due to gastric ulceration is not uncommon. Paradoxically, ibupro-
fen can also exhibit a prothrombotic effect if it is ingested within 
2 hours of taking aspirin, inasmuch as it can transiently block 
acetylation of the COX-1 target site.

Cyclooxygenase-2 Inhibitors
COX-2 inhibitors provide the anti-inflammatory effects of COX 
blockade without affecting platelet function. COX-2 is expressed in 
endothelial cells, fibroblasts, and monocytes and is up-regulated in 
response to growth factors, cytokines, endotoxin, and hormones. 
Even though COX-2 inhibitors have no direct effect on platelets, 
they increase the risk for thrombosis and cardiovascular disease 
because they inhibit vascular (endothelial) cell synthesis of prosta-
cyclin, a natural inhibitor of platelet activation and thrombosis.94

P2Y12 Antagonists
Platelet responses to natural agonists are normally enhanced by 
the binding of released ADP to platelet purinogenic receptors.  
The thienopyridines clopidogrel and ticlopidine bind irreversibly to 
the platelet purinogenic receptor P2Y12 and thereby inhibit platelet 
responses induced by both exogenous ADP and ADP released from 

platelet d-granules. However, clopidogrel has replaced ticlopidine 
as the preferred medication because the latter is associated with 
potentially life-threatening hematologic side effects (thrombotic 
thrombocytopenic purpura, agranulocytosis, and aplastic anemia). 
Steady-state inhibition of platelet function occurs after 3 to 5 daily 
doses of 75 mg clopidogrel, but it can be achieved sooner with a 
300-mg loading dose. Even though clopidogrel has a greater effect 
than aspirin on the bleeding time,95 there is no greater risk of bleed-
ing in vivo. The combination of clopidogrel and aspirin is currently 
used to prevent or treat arterial thrombosis.96 The effect of clopi-
dogrel on platelet function is irreversible, such that after cessation 
of clopidogrel, platelet function returns to roughly 50% of normal 
levels by 72 hours, and its effect is completely reversed by 7 days.97

Antibiotics
Large doses of various b-lactam antibiotics (penicillins more 
often than cephalosporins) can cause clinical bleeding, abnormal 
platelet function in vitro, and increased bleeding times, because 
of a nonspecific effect on ligand–receptor interactions.98 The 
effect on platelet function can be manifested by a dose-dependent 
reduction in platelet aggregation in vitro to ADP, epinephrine, and 
collagen. The clinical effect is exaggerated in hypoalbuminemic 
patients because the level of free drug is increased and thus more 
interact with the platelet surface. b-Lactam compounds influence 
clinical bleeding when there is co-existing hemostatic defect, such 
as in uremia, thrombocytopenia, or vitamin K deficiency.

b-Lactams appear to modify the platelet membrane and 
decrease agonist binding. The effect can become event after 
several days of treatment and will not resolve until 7 to 10 days 
after discontinuation. Moxalactam and cefotetan can produce 
clinical bleeding as a result of both platelet dysfunction and the 
N-methythiotetrazole side-chain effect on vitamin K–dependent 
clotting factor synthesis.99,100

Integrin aIIbb3 Antagonists
Specific inhibitors of integrin aIIbb3 are potent inhibitors of 
platelet function, and three are currently approved by the FDA: 
Abciximab is a chimeric human–mouse monoclonal Fab fragment; 
tirofiban is an arginine–glycine–aspartate-based peptidomimetic; 
and eptifibatide (integrelin) is a synthetic cyclic heptapeptide 
based on the lysine–glycine–aspartate motif of the snake venom 
disintegrin barbourin.

These antagonists, which inhibit platelet aggregation effec-
tively because they prevent fibrinogen and VWF binding to 
aIIbb3, are used commonly in patients undergoing percutaneous 
coronary intervention (PCI), concurrently with heparin and other 
antiplatelet therapy such as aspirin. Bleeding is a common side 
effect of these antagonists and occurs in ∙10% of recipients, but 
intracranial bleeding (<0.5%) and death due to bleeding (<0.1%) 
are rare. The duration of the antiplatelet effect of these drugs var-
ies: Although unbound abciximab is cleared rapidly, elimination 
of bound drug is significantly slower and some residual receptor 
blockade (∙25%) can be detected for up to 7 days; the inhibitory 
effects of the other two small molecules are directly proportional 
to their elimination half-life and usually disappear within hours 
of drug removal.101

Uremia
Patients with uremia are at risk for bleeding complications 
because of a number of factors that include minor coagulation 
abnormalities, platelet dysfunction, thrombocytopenia, or the 
widespread use of medications that compromise hemostasis.102 
Defects in all stages of platelet hemostasis including adhesion, 
secretion, and aggregation have been noted in studies of platelet 
function in uremic patients.
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Factors That Influence Hemostasis
Nitric oxide is a potent modulator of vascular tone that limits 
platelet adhesion to the endothelium and platelet–platelet interac-
tion by increasing the formation of cGMP,103 and enhanced nitric 
oxide synthesis has been demonstrated in uremic patients. The 
inhibition of nitric oxide formation in a rat model of uremia com-
pletely normalized the bleeding tendency in rats.104

Additional platelet changes have been noted. Deficient plate-
let stores of ADP and serotonin have been described in uremic 
platelets, suggesting that these platelets have an acquired storage 
pool deficiency. Elevated cAMP levels may be responsible for an 
acquired defect of COX activity with reduced ability to synthesize 
TXA2. Alterations in intraplatelet calcium mobilization have 
also been reported and theorized to be associated with uremic 
bleeding.105

In uremic patients, integrin aIIbb3 has a reduced ability 
to bind both VWF and fibrinogen,106 most likely due to a con-
formational change in this integrin. Hemodialysis improved 
fibrinogen binding, leading to the hypothesis that a dialyzable 
toxic substance is responsible in part for altered platelet function. 
Uremic substances that inhibit platelet function in concentrations 
detectable in uremic plasma include: Urea, guanidine-succinate, 
parathyroid hormone, phenol, and tryptophan products.107 
Small peptides containing the RGD that could potentially inhibit 
aIIbb3 function accumulate in uremic patients due to reduced 
clearance.108

The Effects of Anemia
Anemia predisposes uremic patients to bleeding complica-
tions.109,110 When the hematocrit is reduced, platelets travel 
closer to the center of the vascular lumen and are thus less likely 
to interact with the subendothelium. In addition, red blood cells 
release ADP and TXA2 which enhances platelet aggregation.111 
Hemoglobin also scavenges nitric oxide and therefore a reduced 
hematocrit would be associated with enhanced nitric oxide activ-
ity and promoting platelet inhibition and vasodilatation. Finally, 
significant anemia in current vintage dialysis populations often 
co-occurs with other major problems such as iron deficiency, 
malnutrition, and inflammation in the sickest patients. This may 
further confound observational studies of bleeding risk in current 
dialysis patients.

Secondary Effects of Medications
The bleeding risk in uremic patients is increased by exposure to 
antiplatelet agents and anticoagulants, including aspirin, aIIbb3 
antagonists, heparin, and warfarin.112

Clinical Features
The bleeding sites in the uremic patient are gastrointestinal and 
intracranial. Through gastrointestinal bleeding, chronic renal 
failure patients may lose 4 to 6 times as much blood per day as 
normal individuals through peptic ulcer disease, gastric bleeding, 
telangiectasias in the stomach, duodenum, jejunum, and colon, 
and duodenitis and esophagitis.113 In a long-term follow study of 
1,609 chronic hemodialysis patients, there was a tenfold higher 
incidence of intracerebral hemorrhage compared to the general 
population.107

Laboratory Findings
Platelet aggregation to exogenous agents is often but not always 
defective, such that the sensitivity to aggregating concentrations 
of collagen, ADP, and epinephrine is decreased, and TXB2 genera-
tion and d-granule ADP content are reduced relative to control 
platelets.104

Management
The most effective treatment of uremic bleeding includes hemodi-
alysis and peritoneal dialysis,114 although a transient worsening 
of platelet function may be encountered immediately following.115 
When platelet function was prospectively evaluated after renal 
transplantation, platelet aggregation, F-actin, and platelet cyto-
skeletal abnormalities were completely normal by 8 weeks after 
renal transplant.

Red blood cell transfusions and/or administration of eryth-
ropoietin (rHUEPO) have been observed to decrease bleeding, 
shorten the bleeding time, and increase platelet adhesiveness 
when given to hemodialyzed patients.116 However, some patients 
may become hypercoagulable.

Administration of DDAVP can shorten the bleeding time and 
is effective for short-term control of bleeding in some uremic 
patients as a result of changes in vWF activity.117

Cardiovascular disease is common in patients with chronic 
renal insufficiency and end-stage renal disease. Antiplatelet 
medications are associated with an increased risk of bleeding, 
compared to the risk associated with their use in patients who do 
not have end-stage renal disease. Among patients undergoing PCI 
and treated with abciximab, those with renal insufficiency had a 
greater tendency of major bleeding.118

paraproteinemias
Bleeding is a common complication of paraproteinemias 
associated with multiple myeloma, Waldenstrom macroglobu-
linemia, monoclonal gammopathies, and even polyclonal 
hypergammaglobulinemia.119,120 The etiology is complex, but 
various mechanisms have been proposed, such as thrombocy-
topenia or platelet dysfunction, inhibitors of specific coagula-
tion factors, circulating monoclonal proteins that bind to and 
promote clearance of coagulation factors, and hyperviscosity 
syndrome.

Clinical Features and Laboratory Findings
Hematologic findings that are limited to purpura and mucocu-
taneous bleeding are most often encountered in patients with 
IgA myeloma and macroglobulinemia. Platelet dysfunction likely 
results from nonspecific binding of immunoglobulins to the plate-
let surface.121

Myeloproliferative Disorders
Chronic myeloproliferative disorder (MPD) defines a group 
of Philadelphia chromosome-negative disorders that includes 
essential thrombocythemia (ET), polycythemia vera (PV), and 
agnogenic myeloid metaplasia and chronic idiopathic myelofi-
brosis.122 Various platelet defects have been reported in patients 
with MPD, including defective platelet aggregation and secretion, 
subnormal uptake of serotonin, abnormal expression of Fc recep-
tors, specific defects in integrin aIIbb3 expression or activity, and 
an acquired SPD.

Etiology
Vainchenker et al. showed that acquired JAK2 V617F mutation 
in hematopoietic precursors causes PV.123 The V617F mutation 
results in the loss of inhibitory activity of the JH2 pseudokinase 
segment of JAK2 leading to enhanced activity of the JH1 kinase 
of JAK2, which renders hematopoietic precursors hypersensitive 
to thrombopoietin, erythropoietin (EPO), insulin growth factor 1, 
stem cell factor, and granulocyte colony-stimulating factor. The 
result is a trilinear myeloproliferation that explains the common 
proliferative features of ET, PV, and MF.124,125
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Clinical Features and Laboratory Findings
Microvascular disturbances in ET and PV, including erythrome-
lalgia, and atypical and typical transient cerebral, ocular, and 
coronary ischemic attacks, are caused by platelet-mediated tran-
sient and occlusive thrombosis in the end-arterial circulation.122 
An inconsistent pattern of laboratory abnormalities has been 
encountered, with poor correlation between lab results and bleed-
ing severity. As in MDS and acute leukemia, platelet dysfunction 
appears to result from defective megakaryocyte maturation and/
or thrombopoiesis.

The endogenous synthesis of TXA2 by platelets, reflected by 
the stable urine metabolite TXB2, is increased in ET and PV 
patients.126 This increased biosynthesis of TXA2 is a reflection of 
spontaneous platelet activation in vivo.126,127

Management
Correction of hematocrit to normal by phlebotomy will reduce 
the major arterial and venous thrombotic complications, but 
fail to prevent the platelet-mediated microvascular circulation 
disturbances in PV patients because thrombocythemia persists. 
Complete relief and prevention of microvascular and major 
thrombosis in ET and PV patients, in addition to phlebotomy, are 
obtained by treatment with aspirin but not with warfarin.122
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InHerIteD CoagulatIon DIsorDers
Jerry s. Powell, george M. rodgers

c h a p t e r  5 3

Inherited disorders of coagulation result from the deficiency or 
functional abnormality of one of the plasma proteins involved 
in providing normal coagulation.1 There are other proteins that 
regulate the kinetics of coagulation, and abnormalities in one of 
these proteins usually result in increased risk of thrombosis; these 
proteins will not be covered in this chapter. If von Willebrand 
disease (vWD) is included, the inherited coagulation abnormali-
ties (Table 53.1) are common; for example, vWD may affect up to 
1% of the population. The other inherited coagulation disorders 
occur less often.

Since the purpose of the coagulation cascade is to rapidly pro-
duce fibrin to form a clot, the clinical manifestation of any defi-
ciency or functional abnormality in any coagulation protein will 
be similar, i.e., clinical bleeding, with greater bleeding associated 
with more severe deficiency. Therefore, the manifestations and 

complications of clinical bleeding will be described in this chapter 
in the section on hemophilia A. A recent review of treatment of 
hemophilia A has been published with proposed algorithms for 
therapy.2

noMenClature
Historically, the best known inherited coagulation disorder is 
hemophilia, which dramatically manifested itself in the royal 
families of Europe in the 20th century, following a spontaneous 
mutation that apparently arose in Queen Victoria in England. The 
international Roman numeral designations for these disorders are 
summarized in Table 18.1. Like abnormal hemoglobins, qualita-
tively abnormal fibrinogens are designated by the name of the city 
in which they were first discovered, as in fibrinogen Paris.

PrInCIPles of PatHoPHysIology
With the exception of fibrinogen and prothrombin, the coagula-
tion factors are trace proteins. Clinical laboratory measurements 
of their activity depend on bioassays, which detect both quan-
titative absence of a specific factor and a qualitative functional 
abnormality in a factor that is present in normal amounts. Further 
laboratory testing is required to determine the actual concentra-
tion of the protein, usually by enzyme-linked immunoabsorbent 
assay (ELISA) methodology. Thus, for example, in hemophilia A, 
the bioassay measures factor VIII coagulant activity (factor VIIIc) 
and refers to the functional property of the factor VIII molecule 
that corrects the coagulation defect of patients with hemophilia A. 
The amount of protein measures the amount of antigen by ELISA 
and is referred to as factor VIIIAg (Table 53.2). Many hemophilia 
treatment centers currently proceed to determine the genotype 
for individual persons with inherited coagulation disorders; such 
analysis is helpful to predict the severity of the clinical phenotype, 
to predict the risk of inhibitor development, and to aid in family 
counseling.

Most qualitative abnormalities in coagulation factors result in 
loss of function of the protein in the coagulation cascade. However, 
some mutations produce qualitative abnormalities that result in 
“gain of function.” Such factors are called abnormal or aberrant 
factors to distinguish them. The most clearly defined disorders of 
this type are the dysfibrinogenemias, in which the abnormal fibrin-
ogen typically is not completely nonfunctional, but may also inhibit 
the function of normal fibrinogen. Other disorders characterized by 
aberrant coagulation factors include the Bm variant of hemophilia B 
and some of the variants of prothrombin deficiency. Aberrant pro-
coagulant proteins also may be synthesized in acquired deficiencies 
of the vitamin K–dependent factors (see Chapter 54). An example of 
a “gain of function” mutation for factor IX was described recently, 
factor IX Padua, in which a leucine was substituted for arginine at 
position 338 (R338L) and, despite a normal concentration of factor 
IX protein in plasma, the factor IX clotting activity was eight times 
normal, resulting in clinically significant thrombosis.3

X-linked recessive traits

 Hemophilia A

 Hemophilia B (i.e., CRM+ and CRM– variants; hemophilia Bm, B Leyden, etc.)

Autosomal recessive traits

 Factor XI deficiency

 Prothrombin deficiency

 Factor V deficiency

 Factor VII deficiency

 Factor X deficiency (i.e., Prower variant, Stuart variant, Friuli variant, others)

 Afibrinogenemia

 Hypofibrinogenemia

 Factor XII deficiency

 Factor XIII deficiency

Autosomal dominant traits

 von Willebrand disease

 Dysfibrinogenemias

Combined abnormalities

  Associated with factor VIII deficiency (i.e., factor V deficiency, hemophilia B, 
factor XI deficiency, factor VII deficiency, von Willebrand disease,  
dysfibrinogenemias, platelet dysfunction)

  Involving vitamin K–dependent factors (i.e., factors II, VII, IX, and X; factors IX 
and XII; others)

Miscellaneous

 Prekallikrein deficiency

 High-molecular-weight kininogen deficiency

  Deficiency of physiologic inhibitors (i.e., a2-antiplasmin, abnormal a1-antitrypsin 
[antithrombin Pittsburgh])

CRM, cross-reacting material.

InherIted dIsorders of CoagulatIon

taBle 53.1
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HeMoPHIlIa a
Hemophilia A refers to the inherited coagulation disorder charac-
terized by deficiency of function of the coagulation protein called 
factor VIII. Except for vWD, it is the most common inherited coagu-
lation disorder, and is X-linked. As the most common bleeding 
disorder, historians assume that it is the severe and often fatal hem-
orrhagic diathesis that affected the male children of certain families 
and that was well recognized in antiquity, as noted in the writings 
of Rabbi Simon ben Gamaliel (2nd century A.D.) in the Talmud, and 
those of Maimonides, the Hebrew physician and philosopher, and 
Albucasis, the Arab (twelfth century).4 Complete monographs have 
reviewed the early literature.5 However, the bleeding disorder that 

occurred in males throughout the royal families of Europe due to 
a mutation that arose with Queen Victoria, long assumed to be the 
more common hemophilia A, turned out, after extensive medical 
forensic investigation, to be hemophilia B.6

pathophysiology
The hemostatic abnormality in hemophilia A (factor VIII defi-
ciency, classic hemophilia) is a deficiency or functional abnor-
mality of the plasma protein factor VIII. It normally circulates in 
the plasma bound to a much larger molecule, vWF. The half-life 
of factor VIII in the absence of vWF is much shorter, as seen in 
individuals with the vWF Normandy mutation, resulting in loss 
of the protein sequences for the binding interaction site between 
factor VIII and vWF, and causing low levels of factor VIII and clini-
cal bleeding that appears similar to the bleeding seen in patients 
with hemophilia A. The production of vWF is coded by an autoso-
mal gene, and this protein is qualitatively normal and is present 
in normal or increased amounts in patients with hemophilia A 
(Fig. 53.1).7,8 The function of the coagulation protein factor VIII 
is to serve (when activated) as a cofactor for the serine protease 
enzyme factor IX, and accelerate the reaction as part of the coagu-
lation cascade. No other function for factor VIII has been clearly 
 characterized.

incidence
Hemophilia A has been recognized in all areas of the world and 
in all ethnic groups. Estimates of its incidence approximate 1 
in 5,000 males, or 1 in 10,000 persons.9,10 A population-based 
study of the southeastern United States by the Centers for Disease 
Control and Prevention found that 11 cases per 100,000 persons 
had hemophilia A and that the prevalence was similar among dif-
ferent racial groups.11 This same survey estimated that in 1994, 
there were 13,320 cases of hemophilia A in the United States.11

genetics
Hemophilia A is a classic example of an X-linked recessive trait. 
In such a disorder, the defective gene is located on the X chromo-
some12; the factor VIII gene maps to Xq28, on the distal end of 
the long arm of the X chromosome. In males who lack a normal 
allele, the defect is manifested by clinical hemophilia (Fig. 53.2; 
generation I, number 1). The affected male does not transmit the 
disorder to his sons (generation II, numbers 4 and 5) because 

Figure 53.1. The relationship of factor Viii pro-
coagulant activity and factor Viii–related antigen 
(von Willebrand factor [vWF]) in the plasma of nor-
mal subjects and patients with hemophilia or von 
Willebrand disease. (From Hoyer LW. The factor VIII 
complex: structure and function. Blood 1981;58:1–13, 
with permission.)

Definition International Nomenclature

Protein lacking or aberrant in  
hemophilia A

Factor VIII

Functional property of factor VIII that is 
deficient in hemophilia A and measured 
using coagulation assays

Factor VIIIc

Antigenic property of factor VIII that is 
measured by immunoassays in which 
homologous antibodies are used

Factor VIIIAg

Protein required for normal platelet  
adhesion that is aberrant or deficient in 
von Willebrand disease

von Willebrand factor (vWF)

Antigenic property of vWF that is  
measured by immunoassays in which  
heterologous antibodies are used

vWF antigen (vWFAg)

Property of vWF required for platelet 
agglutination by ristocetin

Ristocetin cofactor activity (vWF:RCo)

Note: This table is based on recommendations of the International Committee on Thrombosis 
and Haemostasis.
From Marder VJ, Mannucci PM, Firkin BG, et al. Standard nomenclature for factor VIII and 
von Willebrand factor: a recommendation by the International Committee on Thrombosis 
and Haemostasis. Thromb Haemost 1985;54:871–872; and Mazurier C, Rodeghiero F. 
Recommended abbreviations for von Willebrand factor and its activities. Thromb Haemost 
2001;86:712.

nomenClature for faCtor VIII and Von  
WIllebrand faCtor
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Site[HAMSTeRS] database).21 The genetic defects of hemophilia 
A encompass deletions, insertions, and mutations throughout the 
factor VIII gene.24 Point mutations involving CpG dinucleotides are 
especially common. Approximately 5% of patients with hemophilia 
A have large (>50 nucleotides) deletions in the factor VIII gene.25

Approximately 45% of severe hemophilia A cases result from a 
major inversion of a section of the tip of the long arm of the X chro-
mosome, one breakpoint of which is situated within intron 22 of the 
factor VIII gene.26 This common inversion is associated with severe 
hemophilia A, and a higher incidence of inhibitor formation. It is 
presumed that in the absence of homologous X chromosome pair-
ing during male meiosis, an intrachromosomal recombination event 
occurs on the single X chromosome, resulting in this inversion. This 
event typically occurs in the father of the mother of a child with 
severe hemophilia A, and often leads to relief of guilt feelings in the 
mother, as the genetic mutation is not “her fault.” Another com-
mon inversion (intron 1) accounts for 5% of patients with severe 
factor VIII deficiency.27 Thus, two inversions of the factor VIII gene 
are seen in nearly one-half of all severely affected patients with 
hemophilia A. In contrast, point mutations are most likely found 
in patients with mild to moderate hemophilia A.28 The first case of 
hemophilia A caused by unequal homologous Alu/Alu recombina-
tion has been reported.29 Because there are ∼50 Alu repeats in 
the factor VIII gene, it is possible that many cases of hemophilia 
may result from this mechanism.29 More than 95% of hemophilia 
A patients have mutations detected.22,30,31 Approximately 2% of 
hemophilia A patients have no detectable mutations in the coding 
region of the factor VIII gene.32 These results indicate that a sub-
stantial number of families with severe hemophilia A can undergo 
accurate gene tracking and carrier analysis. The intron 1 and 22 
inversions responsible for 50% of severe hemophilia A cases can 
be sought using long and inverse polymerase chain reaction (PCR) 
techniques. Various algorithmic approaches to rapid laboratory 
genetic testing have been described,30,33,34 and a recent method of 
performing linkage analysis of hemophilia A in families in whom 
mutations could not be identified has been reported.35

There is a strong association between genetic mutations that 
lead to absence of large portions of the factor VIII protein and 
the development of antibodies to therapeutic factor VIII infusions. 
These antibodies generally develop within the first 50 infusions of 
factor VIII, as expected when the immune system detects a protein 
to which it has not been exposed previously.

Variants
Hemophilia A with autosomal dominant transmission has been 
reported; however, it is important to distinguish these “variant 
hemophilia A patients” with negative X-linked transmission from 
patients with variant vWD (type 2N, vWD Normandy), an autoso-
mal vWD subtype caused by defective factor VIII binding to vWF 
and with a clinical picture similar to hemophilia A.36

carrier detection
Despite the high rate of spontaneous de novo mutations in hemo-
philia A, detection of females who are carriers is important. When 
the family history of a patient suggests risk for being a carrier, then 
coagulation-based assays are performed, followed by DNA test-
ing. The daughter of a man with hemophilia is an obligate carrier, 
whether she has symptomatic bleeding or not. Similarly, if a female 
has two sons with hemophilia, then she is likely a carrier; if she 
has one son with hemophilia and a family history of hemophilia, 
then she is likely a carrier; but if she has one son with hemophilia 
and a negative family history, then the odds are approximately 67% 
that she is a carrier. A number of specialized laboratories perform 
molecular testing for the factor VIII gene. It is most efficient and 
less expensive if the DNA of the relative with hemophilia is avail-
able to identify the specific genetic mutation in that kindred; then 
only that specific mutation is evaluated in the potential carrier.37
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Figure 53.2. The inheritance of hemophilia A and hemophilia B. The pedigree is hypo-
thetical. Squares indicate male; circles indicate female; fully shaded squares or circles indicate 
affected members; half-shaded circles indicate carriers. X, normal X chromosome; x, abnormal 
X chromosome.

his Y chromosome is normal. However, all of his daughters are 
obligate carriers of the trait because they inherit his X chromo-
some (generation II, numbers 2 and 3). Most of these women are 
unaffected clinically because of the presence of a normal allele 
from the mother. The female carrier transmits the disorder to half 
of her sons (generation III, numbers 6 and 7) and the carrier state 
to half of her daughters (generation III, numbers 8 and 9). Due to 
Lyonization of the X chromosome, if the normal factor VIII allele 
is inactivated more often by chance, then some of the carrier 
females may have clinical bleeding. The severity of their bleeding 
depends on their factor VIII activity level; and, rarely, a woman 
can have very low factor VIII activity and present with symptoms 
of moderate or even severe hemophilia.

The severity of bleeding varies in different kindreds, and 
closely depends on the particular genetic defect. Since the same 
gene defect is present in the kindred, each of the affected males 
will have very similar clinical phenotypes.13 As expected, hemo-
philia A has been observed several times in twins.14 Occasionally, 
however, the coinheritance of other genetic defects can influence 
the clinical symptoms of hemophilia A patients. An example is 
the coinheritance of the factor V Leiden mutation (discussed in 
Chapter 55) with hemophilia A. These patients have a milder 
clinical phenotype than expected for the same molecular defect 
in factor VIII.15 The coinheritance of the factor V Leiden muta-
tion or other prothrombotic risk factors in children with severe 
hemophilia A may delay the first symptomatic bleeding event.16

Intriguing, and yet to be fully explained, is the fact that in over 
a third of families with hemophilia A, there is no evidence or his-
tory of abnormal bleeding in other members of the family.17,18 
This percentage is consistent with the Haldane hypothesis, which 
predicted that maintenance of a consistent frequency of a genetic 
disorder in the population would require that approximately one-
third of cases result from spontaneous mutation. In other instances, 
neonatal deaths or the passage of the trait through a succession of 
female carriers may explain the negative family history. For practi-
cal purposes, therefore, a negative family history is of little value 
in excluding the possibility of hemophilia A. Mutations that cause 
hemophilia A originate in males at least threefold more often than 
in females.19 The large size of the factor VIII gene (186 kb), the 
presence of hot spots (e.g., CpG dinucleotides), and the fact that 
the X chromosome is unpaired in males may predispose for the  
factor VIII gene to undergo spontaneous mutation.20,21,22,23

Nearly 3,000 individuals with hemophilia have had their 
 factor  VIII genes analyzed; this genetic information is col-
lected in the Hemophilia A Mutation Database (HADB, for-
merly the Hemophilia A Mutation, Structure, Test and Resource 
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Coagulation-based Assays
Coagulation-based assays may be useful in confirming or exclud-
ing the carrier state, although they have limitations. The regularity 
with which the abnormal factor VIII gene is suppressed by the 
normal allele in female carriers of hemophilia varies because of 
the phenomenon of random X chromosome inactivation (the Lyon 
hypothesis). Thus, although the mean concentration of factor VIIIc 
in the plasma of heterozygous female carriers is ∼50% of that in 
normal women,13,38 observed values scatter widely around this 
mean and often overlap with those found in the normal popula-
tion. This is a result, in part, of the large error of assay methods 
and the wide range of factor VIIIc levels in normal subjects.

Although the demonstration of low levels of factor VIIIc by 
means of the usual assay methods strongly suggests the presence 
of the carrier state, the converse statement cannot be made with 
equal certainty—that is, the presence of normal levels of factor 
VIIIc does not reliably exclude the carrier state.39 Furthermore, 
pregnancy and hormonal medications may increase the levels 
of factor VIIIc in female carriers.40 Normal women and carriers 
with blood types A, B, or AB have higher levels of factor VIIIc and 
vWFAg than those with blood type O.41

The use of immunoassays for vWF has improved carrier detec-
tion in hemophilia A.42 These methods allow measurement of levels 
of vWF, which are normal43 or increased in carriers of the disor-
der, despite mild but variable deficiencies of factor VIIIc. Results 
obtained when a bioassay and an immunoassay are performed on 
the same sample, and the ratio of VIIIc to vWF is computed, differ-
entiate between the carrier population and the normal population 
with minimal overlap.44 This ratio normally ranges from 0.74 to 
2.20 and was found to be from 0.18 to 0.90 in obligatory carriers. 
The overall detection rate ranged from 72% to 94% in such obliga-
tory carriers46 and from 48% to 51% in women without hemophilic 
sons or fathers.42 In the latter group (possible carriers), 50% would 
be predicted to be carriers. Abnormally low ratios of VIIIc:vWF 
(false positives) have been encountered in an occasional normal 
subject,43,45 which may be attributable to nonspecific variables 
such as stress.46 Pregnancy and the use of oral contraceptives, 
blood type,41 or contamination of plasma samples with thrombin46 
or other proteolytic enzymes may produce falsely high ratios (false 
negatives) in documented obligatory carriers. Linear discriminant 
analysis47 has been recommended for the expression and analysis 
of such laboratory data. The carrier detection rates using standard-
ized assays with discriminant analysis exceed 90%.48

DNA-based Assays
Molecular analyses of the factor VIII gene identify mutations in 
97% of hemophilia A patients. Based on the frequency of the 
intron 22 inversion, severe hemophilia A patients should be 
initially screened for this defect. Inversion-negative patients and 
those with mild or moderate hemophilia A should have systematic 
sequencing of the factor VIII promoter, exons, and splice junctions 
performed. Such an approach has been reported to identify muta-
tions in 97% of hemophilia A patients.30

DNA-based assays have been adapted for prenatal diagnosis,49 
and for pre-implantation genetic diagnosis in association with in 
vitro fertilization. One commonly used method is to obtain chori-
onic villi samples during the eleventh to twelfth gestational week 
and perform direct genotype testing.50 Alternatively, genetic link-
age analysis of polymorphisms can be performed. The subject of 
genetic counseling in hemophilia has been reviewed.51

hemophilia in the Female
Hemophilia has been well documented in human females.44,52 The 
most common form is that seen in a minority of heterozygous car-
riers, discussed previously, in whom X chromosome inactivation 

may occur at an unusually early stage of embryogenesis, resulting 
in unusually low levels of factor VIII.

A second cause of female hemophilia is a mating between an 
affected male and a carrier female (Fig. 53.2; generation IV, num-
ber 10).53 One-half of the female offspring of such a match would 
inherit two abnormal X chromosomes, one from the father and one 
from the mother. Such homozygous female hemophilia was once 
thought to be lethal and to inhibit the development of the embryo. 
That this is not true was first suggested by the successful experi-
mental production of hemophilia in female dogs. Homozygous 
hemophilia is now well authenticated in several women53,54 and 
resembles the disorder seen in affected males in all respects.

clinical Manifestations of hemophilia
Prior to effective replacement therapy, the life expectancy for a 
child born with severe hemophilia was less than 20 years. These 
boys would die from exsanguinating hemorrhage after a trivial 
traumatic injury, from spontaneous internal bleeding or from 
spontaneous intracranial hemorrhage. It is dramatic that a boy 
born today with severe hemophilia A can expect to have a normal 
life expectancy.

However, the most characteristic bleeding manifestations in 
hemophilia are spontaneous bleeding in weight-bearing joints, 
leading to severe hemarthrosis. The frequency and severity of 
these joint bleeds are related to the functional activity level of 
factor VIII in plasma8,55 (Table 53.3). Three categories of severity 
have been defined by a consensus committee on the basis of FVIII 
activity levels (Table 53.3).56 Severe hemophilia (factor VIII level 
<1 IU/dl) is manifested clinically by repeated and severe hemar-
throses, resulting almost invariably in crippling arthropathy in 
the absence of replacement therapy; such severe cases often are 
called classic hemophilia. Moderate hemophilia (factor VIII level 
of 1 to 5 IU/dl) is associated with less frequent and less severe 
hemarthroses and seldom results in serious orthopedic disability. 
In mild hemophilia (factor VIII level of 6 to 40 IU/dl), hemar-
throses and other spontaneous bleeding manifestations may be 
absent altogether, although serious bleeding may follow surgical 
procedures or traumatic injury.57 As indicated in Table 53.3, 
most patients with hemophilia A have severe disease. However, 
one epidemiologic survey reported variable differences in the 
incidence of severity between individual states within the United 
States; for example, 13% of hemophilia cases were of moderate 

Factor VIII or IX 
Level (IU/dl) Clinical Picturea

Incidence (%)b

Hemophilia A Hemophilia B

<1 Severe, spontaneous 
bleeding

70 50

1–5 Moderate bleeding  
with minimal trauma  
or surgery

15 30

6–40 Mild bleeding with 
major trauma or 
surgery

15 20

a The criteria for classifying hemophilia severity are taken from White GC, Rosendaal F, 
Aledort  M, et al. Definitions in hemophilia. Thromb Haemost 2001;85:560.
b Incidence figures are for the United States in 1989 and were provided by the National 
Hemophilia Foundation (Courtesy of Kathleen F. Cortes, PhD).
From Rodgers GM. Common clinical bleeding disorders. In: Boldt DH, ed. Update on 
hemostasis: contemporary management in internal medicine. New York: Churchill Livingstone, 
1990:75–120, with permission.

PreValenCe and seVerIty of hemoPhIlIa a and 
hemoPhIlIa b In the unIted states
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severity in Massachusetts, whereas 35% of cases in Georgia were 
classified as moderate severity.11

Hemarthrosis
Hemarthrosis is the most common manifestation of the inherited 
coagulation disorders (Fig. 53.3). Joint bleeding and the conse-
quent damage to weight-bearing joints remain the most common 
debilitating symptom in severe hemophilia.

pathophysiology
Bleeding presumably originates from the synovial vessels and 
develops spontaneously or as the result of imperceptible or trivial 
trauma. Spontaneous joint bleeding in the absence of identifiable 
mild trauma is unusual in patients with moderate hemophilia and 
very rare in patients with mild hemophilia. Hemorrhage occurs 
into the joint cavity or into the diaphysis or epiphysis of the bone. 
In the acute stage, the synovial space is distended with blood. 
Muscular spasm further increases the intrasynovial pressure. 
Hemorrhage into the periarticular structures is a common com-
plicating feature that occurs most often around small joints. The 
inflammatory response to joint bleeding is highly variable and not 
well studied. However, in many patients permanent joint damage, 
detectable by MRI, appears to occur after only one or two minor 
bleeds into a single joint.58

The joint may regain normal function after the first few epi-
sodes of hemarthrosis. More often, however, the absorption of 
intraarticular blood is incomplete, and the acute bleeding leads to 
chronic inflammation of the synovial membrane with the devel-
opment of long-term damage to the joint. Sometimes, the joint 
remains swollen, tender, and painful for months, and in this set-
ting may often suffer episodes of rebleeding. Such a joint is often 
termed a “target joint,” and should be treated aggressively with 
physical therapy and appropriate factor replacement to interrupt 
the vicious cycle of inflammation, swollen synovium, and recur-
rent bleeding. Release of inflammatory cell proteolytic enzymes 
initiates destruction of cartilage and bone.59

Acute hemarthroses almost invariably recur from time to time. 
With each recurrence, the synovium becomes progressively more 
thickened and vascular; folds and villi, which predispose to syno-
vial injury during even minimal activity, may form. Proliferating 
synovium often fills and distends the joint, which remains swollen 
and enlarged in the absence of bleeding or pain (chronic prolifera-
tive synovitis).60 Together with the weakening of the periarticular 
supporting structures, this process predisposes the joint to recurrent 
episodes of bleeding. Repeated episodes of hemarthrosis, with the 
associated subchondral and synovial ischemia, result in progressive 
loss of hyaline cartilage, particularly at the margins of the joint. 

Large punched-out areas of destruction are sometimes produced 
by subchondral hemorrhages and, in the cancellous structure of 
the bone, cavitation may be caused by intraosseous hemorrhage. 
Through disuse, diffuse demineralization of the involved bones also 
may occur. Subperiosteal hemorrhages are not common.

The terminal stage of hemarthrosis is called chronic hemo-
philic arthropathy.61 It is manifested by fibrous or bony ankylosis 
of larger joints; complete destruction may take place in the smaller 
articulations because of the weaker joint structure and the thinner 
cortices of the smaller bones. Other permanent sequelae of hem-
arthrosis include atrophy and proliferation of bone, roughening 
of the articular surfaces with lipping and osteophyte formation, 
bone necrosis and cyst formation, stunted growth as the result of 
interference with the nutrition of the bone, and accelerated devel-
opment and overgrowth of the epiphyses caused by excessive 
blood flow (Figs. 53.3 and 53.4). Chronic hemophilic arthropathy 
is less common now because of widespread use of prophylactic 
replacement therapy and improved availability of factor replace-
ment therapy.

Magnetic resonance imaging is superior to standard radiography 
for assessment of early arthropathy.62 A scoring system for mag-
netic resonance joint evaluation has been reported62 (Table 53.4).

It should be emphasized that with modern prophylactic 
therapy of regular factor infusions to maintain the plasma factor 
concentration above 1% of normal, boys are now reaching adoles-
cence and young adulthood with essentially normally functioning 
joints. However, such a program of regular infusions with cur-
rently available factor therapies requires intensive medical and 
family support.

clinical presentation
Most persons with severe hemophilia report a characteristic 
warm, tingling sensation before the onset of symptoms of joint 
bleeding and hemarthrosis; this is called the aura. The earliest 
definite symptom is pain, which in the acute form may be excru-
ciating. Physical examination reveals muscle spasm and limited 
motion of the affected joint. If therapy is not initiated immediately, 
typically within approximately 30 minutes, then the joint may 
progress so that it is warm and grossly distended and discolored, 

Figure 53.3. Hemophilic arthropathy. This figure illustrates the sequelae of recurrent joint 
bleeding.

A, A1 B

C

Figure 53.4. elbow and knee joints in a patient with hemophilia A. Thickening of 
synovium with deposition of calcium is shown in (A) and (A1); increased intercondylar notch is 
shown in (B); increased density and decreased interarticular space are shown in (A), (B), and 
(C); and lipping along the borders of the joint surfaces is shown in (C).
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Score Abnormalities on Imaging

O None

I Minimal hemosiderin

II Large amount of hemosiderin and cartilaginous erosion

III Cartilage destruction, bone erosion, subchondral cysts

IV Osteoarthritis with or without ankylosis

sCorIng system for hemoPhIlIC arthroPathy usIng 
magnetIC resonanCe ImagIng
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but external evidence of bleeding may be minimal or absent in 
chronically damaged large joints because of thickening of the 
articular capsule. Generally, only one joint is involved at a time, 
although bleeding may develop simultaneously in two or more 
joints. The weight-bearing joints are most commonly affected and 
the knees are the joints most often severely affected. However, 
because of the success of total knee and total hip replacement sur-
geries, the ankles are the most commonly affected joints that lead 
to chronic problems that interfere with quality of life for persons 
with severe hemophilia.

Subcutaneous and Intramuscular Hematomas
Large ecchymoses and subcutaneous and intramuscular hema-
tomas were common in hemophilia A prior to the use of regu-
lar infusion therapy, reflecting the substantial amounts of time 
patients had factor levels less than 1% of normal. With modern 
treatment protocols designed to keep plasma levels above 1% of 
normal, and immediate home infusion when a bleeding episode 
occurs, the frequency of large soft tissue bleeds has decreased 
dramatically. Such hemorrhages, when not treated promptly, 
characteristically spread within fascial spaces and dissect deeper 
structures (see Fig. 45.2). Subcutaneous bleeding may be exten-
sive. When not treated promptly with factor infusion, the bleeding 
continues; and at the site of origin, the tissue is hard, indurated, 
raised, and purplish black. From this center, the hemorrhage 
extends in all directions, with each successive concentric exten-
sion less deeply colored. The point of origin of the hemorrhage 
may be absorbed entirely while the margin is still progressing. 
Intramuscular and subcutaneous hematomas may produce leu-
kocytosis, fever, and severe pain in the absence of significant 
discoloration of the overlying skin.

Hematomas may produce serious consequences from the 
compression of vital structures. Bleeding into the tongue, throat, 
or neck may develop spontaneously and is especially dangerous 
because it may compromise the airway with surprising rapidity.63 
Gangrene may result from pressure on arteries; and the develop-
ment of compartment syndrome and, if not promptly treated, 
ischemic contractures are common sequelae of hemorrhage into 
the calves or forearms. Peripheral nerve lesions of varying sever-
ity are common complications of untreated hemorrhage into joints 
or muscles. Hemophilic cysts are discussed in the section Special 
Aspects of Treatment.

Psoas and Retroperitoneal Hematomas
Spontaneous hemorrhage into internal fascial spaces and muscles 
of the abdomen is common in severe hemophilia A,64 reflect-
ing plasma factor levels less than 1% of normal. Bleeding into 
or around the iliopsoas muscle produces pain of progressively 
increasing severity and tenderness; when it occurs on the right 
side, it may closely simulate acute appendicitis. Femoral nerve 
involvement may be partial or complete, with the development 
of pain on the anterior surface of the thigh. The psoas sign is 

positive, and the hip is held in partial flexion. Paresthesias, partial 
or complete anesthesia, and, ultimately, weakness or paralysis of 
the thigh extensors with eventual muscular atrophy may ensue. 
Retroperitoneal hemorrhage and intraperitoneal hemorrhage 
also are common. Computed tomography may be helpful in the 
diagnosis of these hematomas.64 Prompt factor infusion is criti-
cal to normalize coagulation and should be continued until the 
hematoma has resolved completely, as any residual hematoma is 
at higher risk for rebleeding and pseudocyst formation.

Gastrointestinal and Genitourinary Bleeding
Hemorrhage from the mouth, gums, lips, frenulum, and tongue is 
common and often serious. The eruption and shedding of decidu-
ous teeth usually occur without abnormal bleeding, but may 
occasionally be accompanied by hemorrhage that lasts for days or 
weeks if not treated. Epistaxis occurs in many patients and may 
be of exsanguinating proportions.

Hematemesis, melena, or both are not uncommon. The source 
of the bleeding is usually the upper gastrointestinal tract. In most 
patients in whom bleeding is persistent or recurrent, it originates 
from a structural lesion, most commonly a peptic ulcer or gastritis. 
Hemorrhage may be accompanied by abdominal pain, distention, 
increased peristalsis, fever, and leukocytosis. Intramural bleeding 
into the intestinal wall may result in intussusception or obstruction.

Hematuria is more common than gastrointestinal bleeding, but it 
is less often the result of a demonstrable pathologic condition in the 
genitourinary tract. The bleeding may arise in the bladder or in one 
or both kidneys and may persist for days or weeks.65 When clots 
form, ureteral colic may develop. Typically, the hematuria resolves 
after factor infusion, but if persistent, then a short course of predni-
sone may prove helpful to shorten the course of hematuria.66

Traumatic Bleeding
Patients with coagulation disorders seldom bleed abnormally 
from small cuts such as razor nicks, reflecting the normal function 
of platelets, as measured by platelet function tests. All laboratory 
assays of platelet function are normal in patients with severe 
hemophilia A. After larger injuries, however, hemorrhage out of 
proportion to the extent of the injury is characteristic. The bleed-
ing reflects both increased acute bleeding rates beyond what is 
expected after the trauma, and persistent bleeding as slow con-
tinuous oozing occurs for days, weeks, or months. Such traumatic 
bleeding may be massive and life-threatening unless coagulation 
replacement therapy is provided by immediate factor infusion.

Delayed bleeding is common. Thus, although hemostasis 
after an injury or a minor surgical procedure may appear to 
be adequate, hemorrhage, often of sudden onset and serious 
proportions, may develop several hours or even days later. This 
phenomenon apparently occurs because the processes of primary 
hemostasis are only temporarily effective. Delayed bleeding may 
occur in patients with mild hemophilia and is a significant hazard 
after minor surgical procedures, particularly those performed on 
an outpatient basis, such as tooth extraction and tonsillectomy.

Venipuncture, if skillfully performed, is without danger for the 
person with severe hemophilia, primarily because of the elasticity 
of the venous walls. If venipuncture is traumatic, digital pressure 
on the puncture site or a pressure dressing may prevent further 
complications. Subcutaneous, intracutaneous, and small intra-
muscular injections seldom produce hematomas if firm finger 
pressure is maintained for at least 5 minutes. Large intramuscular 
injections should be avoided. Vaccination using intramuscular 
injections is acceptable with minimal increase in bleeding risks.

Other Clinical Aspects
Infants usually are asymptomatic because they are insulated from 
trauma.67 However, trauma during birth or afterwards may trigger 
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life-threatening bleeding. Infants of women who are known car-
riers may be at risk during delivery, and instrumentation during 
vaginal delivery should be avoided. Currently, the usual standard 
of care is to avoid testing the infant in utero due to the risks inher-
ent in current techniques available to test the fetus, and to allow 
normal vaginal delivery with back-up Caesarean section available 
if any difficulties arise during birth. Typically, hematomas are 
seen first when children become active, and hemarthroses seldom 
develop until they begin to walk. Occasionally, evidence of the dis-
order is not seen until patients reach teenage years or young adult 
life. Spontaneous hemorrhage may be cyclic in nature. Petechiae, 
which are characteristic of disorders of platelets and blood ves-
sels, are rare in patients with hemophilia but have been noted 
in severely affected patients during an exacerbation of bleeding. 
Hemorrhage from the umbilical cord or stump is unusual, but 
 prolonged bleeding after circumcision is common and brought 
hemophilia to the attention of the ancient Hebrews. Pulmonary 
and pleural bleeding are uncommon, although mediastinal and 
pleural shadows have been noted radiographically and presum-
ably originate from fresh or old hematomas. Intraocular hemor-
rhage is uncommon, but bleeding into the orbit and conjunctiva 
occurs often. Spontaneous rupture of the spleen has been reported. 
Intracranial bleeding is discussed in the section Special Aspects of 
Treatment. The website for the National Hemophilia Foundation is 
www.hemophilia.org and contains useful information and links to 
more detailed information on this bleeding disorder.

course and prognosis
In recent years, the prognosis in severe hemophilia has improved 
dramatically. With modern therapy using regular factor infusions 
to maintain adequate plasma factor concentrations to prevent 
nearly all spontaneous bleeding episodes, a person born with 
severe hemophilia A can expect to live an essentially normal 
lifespan. No other genetic disease has made such dramatic 

Disorder

Partial  
Thromboplastin  
Time (PTT)

Prothrombin  
Time

Thrombin  
Time Ancillary Tests

Hemophilia A A N N vWF antigen and activities are normal or increased, ratio VIIIc:vWF is low.

Hemophilia Ba A Na N —

von Willebrand diseasea,b A or N N N vWF antigen and VIIIc are usually low, ratio VIIIc:vWF is variable; ristocetin-induced 
platelet aggregation and ristocetin cofactor activity are usually diminished.

Afibrinogenemia A A A Platelet function may be abnormal.

Dysfibrinogenemiaa vA vA Ac,d Hypofibrinogenemia,e reptilase time is prolonged,a fibrin(ogen) degradation products 
levels are increased.a

Hypoprothrombinemiaa A A N Two-stage assay is abnormal.f

Factor V deficiency A A N —

Factor VII deficiencya N A N Stypven (Russell viper venom) time is normal.

Factor X deficiencya A A N Stypven time is abnormal.

Factor XI deficiency A N N —

Factor XII deficiency A N N —

Factor XIII deficiency N N N Clot solubility tests are abnormal.

A, abnormal; N, normal; v, variable; vWF, von Willebrand factor.
Certain PTT reagents may not detect mild deficiency of factors VIII, IX, and XI.
aFindings are significantly different in some variants.
bCoagulation abnormalities are caused by deficiency of factor VIIIc.
c Patient’s plasma may inhibit normal coagulation.
dAbnormality may be corrected by increasing calcium concentration and may be magnified by diluting the thrombin solution.
eAbnormality varies depending on technique.
fResults of one-stage techniques may be uninterpretable.

laboratory fIndIngs In Common InherIted CoagulatIon dIsorders

taBle 53.5

progress in the past 50 years. It is not yet clear whether hemo-
philia protects older hemophilia patients from thromboembolic 
disorders,68 atherosclerosis,69 or cardiovascular diseases. Despite 
the lack of stringent prospective clinical studies for this emerg-
ing problem of aging patients with severe hemophilia and other 
medical problems, reviews of current practice and expert opinion 
on how to treat aging patients with severe hemophilia have been 
 published.70,71,72,73

laboratory diagnosis
The activity of the various coagulation factors is expressed in 
terms of units, defined as the activity present in 1 ml of fresh 
plasma from normal donors. The concentration of all coagulation 
factors in normal pooled plasma is thus 1 IU/ml or 100 IU/dl, or 100% 
activity. It should be noted that the activity levels in blood bank 
plasma are somewhat lower, approximately 80 IU/dl because of 
the dilution with anticoagulant.

Routine clinical laboratory tests (noncoagulation) are normal 
in patients with hemophilia A. The presence or absence of anemia 
or of signs of blood regeneration depends on the severity and fre-
quency of bleeding, as in any individual patient. Neutrophilia may 
accompany severe hemorrhage, and the destruction of red blood 
cells in the hematoma may be reflected in elevated LDH, AST, or 
bilirubin. As in other instances of posthemorrhagic anemia, the 
bone marrow reflects the response to blood loss.

Screening Tests of Hemostasis and Coagulation
The partial thromboplastin time (PTT) usually is prolonged in 
patients with hemophilia A (Table 53.5). The biochemical condi-
tions for most laboratory assays of PTT are set so that the PTT 
is abnormal if the factor VIII level is <25% of normal; however, 
some PTT reagents are insensitive to mild factor VIII deficiency.74 
Therefore, in most situations the abnormality of the PTT can be 
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normalized by mixing the patient’s plasma with normal plasma in 
a ratio of 1:1; and this test, called a mixing study, is routinely used 
to detect whether neutralizing factor VIII antibodies are present. 
The platelet count usually is normal, but may be elevated in the 
stress reaction to hemorrhage.

Factor VIIIc Assays
Assay of factor VIII is a simple technique, but requires trained 
and experienced technicians, as the results are sensitive to errors 
in laboratory technique, or to errors in proper handling of the 
blood specimen. In clinical practice, if the laboratory results do 
not seem to fit the clinical picture, then most clinicians will repeat 
the laboratory test, and/or discuss the results with the labora-
tory personnel. Two-stage methods,75 one-stage methods,76 and 
micromethods77 are suitable for diagnosis. The one-stage tech-
niques are used most widely because they are simple to perform. 
They require either a supply of plasma from a known individual 
with severe hemophilia, which is available commercially, or artifi-
cial substrate plasma. Two-stage assays detect approximately 20% 
more factor VIII than do one-stage methods,78 and they are less 
subject to variables79 such as fluctuations attributable to contami-
nating traces of thrombin or other proteolytic enzymes.

The World Health Organization makes international standards, 
but many laboratories purchase commercial secondary standards 
that are calibrated to the international standard. Under most 
circumstances, a pool of citrated plasma carefully collected from 
normal subjects and frozen in individual laboratories also serves 
as an acceptable standard.

The factor VIII assay has a large potential for error, even in 
expert hands. Therefore, when borderline values are obtained, 
the assay should always be repeated. Extensive studies of the 
many variables of the factor VIII assay have been reported.80–83

In the clinical setting of delivery of a boy with a question of hemo-
philia A, assays for both factor VIII and vWF may be carried out 
with reasonable accuracy on material obtained by fetoscopy—that 
is, mixtures of blood and amniotic fluid84 or unmixed fetal blood.85

The availability of a new recombinant form of factor VIII 
(B  domain–deleted factor VIII, Xyntha) raised concerns about 
accurate laboratory monitoring of patients receiving this prod-
uct.86 Chromogenic substrate assays or typical one-stage PTT 
assays using physiologic phospholipids are needed to quantitate 
factor VIII levels accurately in patients receiving B domain–
deleted factor VIII.87 Alternatively, a standard one-stage PTT 
assay using B domain–deleted factor VIII as the assay standard 
would be appropriate. The use of concentrate standards (rather 
than plasma standards) diluted in factor VIII–deficient plasma has 
been proposed as a solution to resolve discordant results using 
different assay methods.88

Analysis of appropriate methods for laboratory assays of fac-
tor VIII activity levels after therapeutic infusions of the newer 
factor VIII products with extended half-life will be an important 
part of the small phase III clinical trials initiated in 2012.89 The 
Scientific Subcommittee on Standards of the International Society 
of Thrombosis and Haemostasis is involved in defining appropri-
ate standards for these new products.

Factor VIIIAg (cAg) Assays
Highly specific but complicated assays using immunoradiometric 
methods and ELISA techniques90 are available to measure factor 
VIIIAg (VIIIAg). The latter methods use liquid- and solid-phase 
principles and both natural factor VIII antibodies and monoclonal 
antibodies. The results of both of these techniques demonstrate 
the absence of factor VIIIAg in most severely affected hemophili-
acs and correlate well with factor VIIIc measurements in most 
cases. Results are more variable when mild hemophiliacs are 
tested. In most series, ∼10% of patients have detectable levels 

of factor VIIIAg and a low VIIIc-to-VIIIAg ratio (the CRM-positive 
variant). Immunoassays for vWF are discussed in the section 
Laboratory Diagnosis.

differential diagnosis
The diagnosis of hemophilia A is seldom difficult, especially in the 
severely affected patient with repeated and often serious hem-
orrhagic manifestations, including such characteristic signs as 
hemarthrosis. Typically the PTT is abnormal and leads to specific 
assays for clotting factor activity and mixing studies to rule out 
neutralizing inhibitors of coagulation activity. Hemarthrosis with 
significant orthopedic disability is rare in patients with coagula-
tion disorders other than hemophilia A or B.

In patients with mild forms of the disorder, however, failure 
to recognize the existence of the disease or to make the correct 
diagnosis is more likely. Such patients rarely have a history of 
spontaneous bleeding, and the family history tends to be vague or 
negative. A history of abnormal bleeding after minor trauma may 
be difficult to establish due to variability in bleeding. Occasionally, 
mild hemophilia A may present with a normal PTT when the fac-
tor VIII activity assay result is greater than 25%; thus a normal 
PTT may be misleading. It must be emphasized that individuals 
with mild hemophilia are still at risk for hazardous hemorrhage 
after trauma or during surgical procedures.91,92 A survey of 
hemophilia carriers found that mild reduction in factor VIII or IX 
levels (41 to 60 IU/dl) was associated with excessive bleeding.93 
A normal PTT value, therefore, cannot be relied on to exclude the 
possibility of hemophilia. In the mildly affected patient, specific 
factor assays must be performed to confirm or exclude the diag-
nosis of hemophilia.

The results of screening tests (Table 53.5) usually are suffi-
cient to exclude the possibility of acquired hemorrhagic disorders 
associated with serious bleeding. Such disorders are seldom 
associated with a prolonged PTT and a normal prothrombin time 
(PT), a combination that strongly suggests an inherited disorder 
or an inhibitor. Among the inherited disorders characterized by 
this combination of findings (hemophilia A, hemophilia B, and 
deficiencies of factors XI, XII, prekallikrein, and high-molecular-
weight kininogen [HMWK]), deficiency of the latter three factors 
can be readily excluded because their deficiency is not associated 
with excessive clinical bleeding. Factor XI deficiency in males 
may mimic mild hemophilia, and hemophilia B is clinically identi-
cal to hemophilia A. Both factor XI deficiency and hemophilia B 
must be distinguished from hemophilia A in the laboratory using 
specific factor activity assays. The best way to accomplish this 
goal in evaluating patients with an isolated prolonged PTT is by 
performing specific assays of these three factors in the order of 
their statistical frequency—that is, VIII, IX, and XI. A PTT mixing 
study should also be performed to exclude an inhibitor. A defini-
tive diagnosis is of great importance because specific products are 
used to treat each of these disorders.

Severe vWD in males may be indistinguishable from mild 
hemophilia A. Confirmatory tests for vWD are needed to make 
this distinction. Patients with the uncommon type 2N vWD may 
also be clinically indistinguishable from patients with hemophilia A. 
This diagnosis is important to establish, because therapeutic infu-
sions of recombinant factor VIII (r-FVIII) would be ineffective due 
to the shortened half-life of factor VIII resulting from the absence 
of effective binding to von Willebrand protein. An X-linked family 
history of bleeding supports a diagnosis of hemophilia A in these 
patients, and an autosomal recessive family history of bleeding 
supports a diagnosis of type 2N vWD. Statistically, one would 
expect a rare family that might carry both genetic disorders; 
clearly that situation may be problematic to resolve without addi-
tional genetic testing.

Bleeding manifestations in hemophilia may simulate a variety 
of conditions. However, serious confusion results only when the 
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correct diagnosis has not been considered and appropriate labo-
ratory studies have not been ordered. Thus, a deep hematoma 
may be mistaken for a suppurative condition, and surgical drain-
age may be attempted. Bleeding into a small joint may produce a 
clinical and radiologic picture suggestive of sarcoma; when larger 
joints are involved, findings simulate tuberculosis, arthritis, or 
Perthes disease. Bleeding elsewhere may suggest local causes 
such as kidney tumor, pulmonary disease, or peptic ulcer. For 
example, blood clots due to hemophilia bleeding in the renal col-
lection system might appear as masses on a CT scan and be con-
fused with cancer, leading potentially to inappropriate invasive 
procedures to obtain tissue for cancer diagnosis.

Intra-abdominal bleeding raises particularly serious diagnostic 
and therapeutic problems in the patient with hemophilia, even 
when the hemophilia condition has been accurately diagnosed. 
Thus, hemorrhage into the psoas, when on the right side, may 
simulate acute appendicitis so closely that, in the opinion of many 
experienced clinicians, there is no reliable clinical means to differ-
entiate between the two diagnoses. A retroperitoneal hematoma 
may be mistaken for an appendiceal abscess. Intraperitoneal 
hemorrhage and bleeding into and around other viscera may 
simulate perforating peptic ulcer, bowel obstruction, or virtu-
ally any acute intra-abdominal condition. Computed tomography 
scanning and sonography may be particularly helpful in differen-
tiating between intra-abdominal conditions that require surgical 
intervention and retroperitoneal and psoas hemorrhages. In any 
case, early therapeutic infusion of factor VIII will prevent further 
bleeding and carries no additional risk for the individual with 
hemophilia. Therefore, when there is a question and further diag-
nostic tests are planned, factor VIII should be administered first 
and promptly before the diagnostic tests are performed.

HeMoPHIlIa B
Hemophilia B was recognized as a separate disorder from 
hemophilia A in 1947.94 Hemophilia B (Christmas disease, fac-
tor IX deficiency) was established as different from hemophilia 
A by Aggeler et al. in 1952.95,96 Hemophilia A is approximately 
5 times more common than hemophilia B.18 A 1994 survey esti-
mated that there were 3,640 cases of hemophilia B in the United 
States.11 As expected, it appears that the severity of hemophilia 
B is a consequence of the plasma factor IX concentration, and 
that for any particular plasma concentration, the clinical sever-
ity is similar for hemophilia A and B. However, in contrast with 
hemophilia A, most of the genetic causes of hemophilia B are not 
large deletions or inversions; therefore in many patients there is 
some antigenic protein, and often some low level of function of 
the mutated protein. Consequently, the clinical phenotype is often 
less severe. As with hemophilia A, hemophilia B is classified as 
severe, moderate, or mild based on the percentage of functional 
factor IX in coagulation activity assays. In addition, because of 
the presence of low l evels of factor IX protein in more patients with 
hemophilia B, there are fewer persons with hemophilia B that 
develop  neutralizing inhibitors (approximately 3% versus more 
than 25% in  hemophilia A).

Historically, when plasma from patients with hemophilia B 
was tested against autologous antibodies, three distinct groups 
were defined: A cross-reactive material (CRM)-positive variant, 
the most common form; a CRM-negative variant; and a third form 
of the disorder in which antibody neutralization was variable in 
extent and was approximately proportional to coagulant factor IX 
activity (the CRM-reduced variant).97 These distinctions are only 
of historical interest now.

In a disorder called hemophilia B Leyden,98 the clinical mani-
festations tend to diminish during puberty in association with 
a rise in the factor IX level from as low as 1 IU/dl in childhood 
to levels of 20 IU/dl or more in adult life. The Leyden variant is 

characterized as CRM-negative at birth but becomes CRM-positive 
or CRM-reduced with advancing age.98 The genetic basis for fac-
tor IX Leyden is that mutations occur in the factor IX gene pro-
moter region; this region contains an androgen response element 
that, with age, stimulates factor IX gene transcription and protein 
synthesis.99

In another variant of hemophilia B, the PT is prolonged when 
performed with ox brain thromboplastin.100 This disorder has 
been called hemophilia Bm and is characterized by the presence 
in the plasma of CRM that neutralizes both autologous and het-
erologous antibodies to factor IX.101 The degree of abnormality 
of the ox brain PT is proportional to the plasma level of CRM 
in both affected males and carrier females. This variant results 
from mutations in the carboxy terminus of the factor IX molecule, 
resulting in a factor IX molecule that interacts abnormally with ox 
brain thromboplastin.

Numerous factor IX mutations have been recognized.22,102 
Factor IX purified from the plasma of affected members of 
one kindred did not fragment normally when activated in vitro 
(hemophilia B Chapel Hill).101 The molecular defect was found 
to be a substitution of histidine for arginine at position 145, a 
defect that inhibits cleavage by factor XIa.103 Studies of factor IX 
obtained from another family104 revealed biochemical abnormali-
ties identical to those characteristic of the descarboxy analog of 
this factor that is found in vitamin K deficiency or produced by 
coumarin drugs. Such molecules lack Ca2+-binding sites and do 
not undergo conformational changes induced by Ca2+. Another 
report concerns a unique variant with deficient Ca2+ binding and 
an abnormally high-molecular-weight (factor IX Zutphen).105

genetics
Hemophilia B is inherited as an X-linked recessive trait, but the 
locus on the X chromosome of the gene controlling factor IX 
production is remote from that involved with factor VIII biosyn-
thesis.106 Factor IX levels <10% have been documented in a few 
women, including some with chromosomal abnormalities.107–109 
Ten useful polymorphisms have been described that are associ-
ated with the factor IX gene.49 An updated listing of mutations is 
available at www.kcl.ac.uk/ip/petergreen/haemBdatabase.html. 
Unlike hemophilia A, the spontaneous mutation rate is low,17 and 
most patients with hemophilia B have positive family histories.

Factor IX defects may be severe, moderate, or mild. Severe 
defects result from large gene deletions, nonsense mutations, and 
inversions; these defects are associated with absence of factor IX 
protein. Milder gene defects such as splice-site or missense muta-
tions result in a dysfunctional protein with some residual activity. 
Missense mutations account for ∼80% of mutations in severe 
hemophilia B patients.22,110–112

detection of carriers
Detection of heterozygous carriers of hemophilia B involves the 
same principles and limitations as described for hemophilia A. 
Carrier detection based on coagulation assay alone usually is 
more reliable than is the case with hemophilia A.113 Thus, in one 
series of 45 obligatory carriers, the mean factor IX level in the 
plasma was 33 IU/dl; 40 from the group had levels <50 IU/dl, 
and 10 had levels <25 IU/dl. As a consequence of these low levels 
of factor IX, abnormal hemorrhage is not uncommon in carriers 
of hemophilia B.

Results of immunoassays of factor IX and the ratio of  factor IX–
related antigen to coagulant factor IX levels in the carrier popula-
tion overlap with the normal population to a considerable degree, 
particularly in the CRM-positive variants.114,115 Such studies 
provide a lower overall detection rate among obligatory carri-
ers of hemophilia B than is the case with hemophilia A.114,115 
Levels of factor IX–related antigen obtained by immunoassay 
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are significantly increased by the use of oral contraceptives. The 
use of DNA probes116 and monoclonal immunoassays117 provide 
highly accurate methods for determining carrier status. Rapid 
carrier testing using allele-specific microarray methods has been 
described. This method permits detection of a majority of com-
mon factor IX mutations in a single assay.118 Prenatal diagnosis 
of hemophilia B has been successful in the CRM-negative vari-
ants.119 Modern methods for prenatal diagnosis use genetic test-
ing and are quite reliable.120,121 Determination of carrier status 
is based on several factors, including pedigree analysis, factor IX 
assay results, and genotype.122

clinical Features
Severely affected patients (those with factor IX activity levels <1 
IU/dl) are less common than in hemophilia A (Table 53.3), but 
the clinical manifestations of the two disorders are identical for 
the same activity levels of the coagulation factors. Specific factor 
assays are necessary to distinguish between hemophilia A and 
hemophilia B. Mild factor IX deficiency should always be consid-
ered in the differential diagnosis of patients with coagulation-type 
bleeding and normal routine coagulation test results (PT, PTT).123 
Many PTT reagents do not detect mild factor IX deficiency (factor 
IX levels of 20% to 30%).74

laboratory diagnosis
The laboratory diagnosis of hemophilia B involves the same 
approach and methods as those described for the recognition 
of hemophilia A (Table 53.5). The screening tests reveal similar 
abnormalities in the two disorders, except that the PT is abnormal 
in the Bm variant when either ox brain or Thrombotest is used as 
the thromboplastin.

Hemophilia A may be easily distinguished from hemophilia B by 
a specific factor assay. One-stage and two-stage assays for factor IX 
use the same principles as those discussed for factor VIIIc. Sensitive 
immunoassay methods for factor IX have been developed.124

von WIlleBranD DIsease
The historical confusion that has surrounded the pathogenesis of 
vWD is apparent from the many names that have been applied to 
this disorder. These designations include angiohemophilia, vascu-
lar hemophilia, pseudohemophilia, constitutional thrombopathy, 
and idiopathic prolonged bleeding time. von Willebrand first 
recognized the disorder in a 1926 study of the inhabitants of the 
Åland Islands.125 Three cardinal manifestations of this bleeding 
disorder are mucocutaneous hemorrhage rather than hemarthro-
sis and deep-muscle bleeds; autosomal dominant inheritance, 
rather than sex-linked as seen in hemophilia A; and prolonged 
bleeding time. Evaluation of one large kindred revealed variable 
severity of bleeding symptoms, with some obligate heterozygote 
carriers being asymptomatic. von Willebrand thought that the 
hemostatic defect resulted from combined defects in platelet 
function and vascular endothelium. The discovery that plasma 
from normal volunteers or patients with hemophilia A corrected 
the hemostatic defect of vWD suggested that a plasma protein 
distinct from factor VIII caused vWD. In 1972, von Willebrand 
factor (vWF) was purified. Genetic variants were correlated with 
various vWF structural abnormalities, and demonstration of the 
heterogeneous nature of vWD was furthered by development of 
vWF multimer analysis by gel electrophoresis.126 In its most com-
mon form (type 1), the disorder is characterized by mild mucocu-
taneous hemorrhage, which is attributable to deficiency of both 
vWF and factor VIIIc. The disorder is not homogeneous, however, 
in part because of the multiple physiologic functions played by 

vWF. The recognition of a number of variants, together with the 
demonstration of multiple genetic patterns, suggested that vWD is 
very heterogeneous. However, all forms of vWD can be traced to 
insufficient amounts of vWF or defective function of this protein. 
Recent reviews of this area have been published,127,128 and a 
 consensus document on vWD sponsored by the National Institutes 
of Health reviewed all aspects of the disorder.129,130

incidence
Epidemiologic studies indicate that vWD is the most common 
bleeding disorder, affecting about 1% of the population.131 The 
high incidence of the disease is not limited to certain ethnic 
groups 131,132; however, only a fraction of people come to medical 
attention because of bleeding symptoms. This may be because of 
either the relatively mild nature of the disease in many affected 
individuals, or a lack of recognition by patients of excessive bleed-
ing in response to either physiologic challenge (e.g., heavy men-
strual bleeding) or trauma.

nomenclature
The identification of numerous variants of vWD has led to attempts 
to simplify classification of this disorder. An updated classification 
system has been proposed (Table 53.6).128 Quantitative defects 
are divided into partial deficiency (type 1) and severe deficiency 
with virtually complete absence of vWF (type 3). The qualitative 
defects (type 2) are divided into four categories according to the 
nature of the defect of vWF function. Type 2A refers to variants 
with impaired interaction between vWF and platelets, resulting 
from a deficiency of intermediate- and high-molecular-weight 
multimers of vWF. Type 2B refers to variants in which vWF exhib-
its increased affinity for its receptor, platelet GPIb. Paradoxically, 
bleeding in these patients develops as a result of clearance of 
larger vWF multimers and platelets from the circulation. Type 2M 
refers to variants with defective interaction between vWF and the 
platelet GPIb receptor that is not due to deficiency of high-molecu-
lar-weight multimers of vWF from plasma, but rather results from 
defects within the GPIb-binding domain of vWF. Finally, variants 
of vWD in which decreased affinity of vWF for factor VIII results 
in depressed plasma factor VIII levels are classified as type 2N.128 
Thus, six major categories of vWD are defined, each having dis-
tinct pathophysiology.

Revised Type Features

1 Partial deficiency of vWF

2 Qualitative vWF defects

2A vWF variants with loss of high-molecular-weight  
multimers and decreased vWF-dependent platelet adhesion

2B vWF variants with loss of high-molecular-weight multimers 
caused by increased affinity for platelet glycoprotein Ib

2M vWF variants with decreased vWF-dependent platelet  
adhesion not associated with the loss of high-molecular-
weight multimers

2N vWF variants with decreased binding affinity for factor VIII

3 Severe deficiency of vWF

vWF, von Willebrand factor.
Data from Sadler JE, Budde U, Eikenboom JC, et al. Update on the pathophysiology and 
classification of von Willebrand disease: a report of the Subcommittee on von Willebrand 
Factor. J Thromb Haemost 2006;4:2103–2114.

reVIsed ClassIfICatIon of Von WIllebrand dIsease
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genetics
A gene on chromosome 12 codes for the synthesis of the vWF 
macromolecule. The genetic message is composed of 52 exons 
covering a span of 158 kb.132,133 The vWF gene encodes for a 
protein with multiple copies of homologous motifs, including three 
“A,” three “B,” two “C,” and four “D” motifs (see Fig. 53.5). These 
motifs in turn encode protein domains that subserve the various 
functions of vWF. The A1 domain contains binding sites for plate-
let GPIb, ristocetin, and collagen,134,135 the A2 domain contains a 
protease-sensitive domain that may have a role in regulating vWF 
function,136 the A3 domain contains a second collagen-binding 
domain,135 the C1 domain has an RGD sequence capable of 
interacting with platelet glycoprotein IIb/IIIa, and the D′ and D3 
domains contain a factor VIII–binding sequence.135

vWD appears to be inherited by multiple genetic mechanisms 
(Table 53.7). The most common form of the disorder (type 1 vWD) 
accounts for ∼70% of all cases of vWD. Diagnostic criteria for 
type 1 vWD have been proposed,128 including a history of bleed-
ing symptoms, a positive family history of bleeding symptoms, 
and bleeding that is attributable to quantitatively low vWF levels. 
Population screening suggests that the prevalence of vWD may 
be as high as 1% of the population, but only a minority of these 
patients subsequently present with clinically significant bleed-
ing.137 vWD is inherited as an incompletely dominant autosomal 
trait with variable penetrance, even among members within a 
single kindred. Because of variable penetrance and expression of 
vWD, only ∼33% of children may be affected. Figure 53.6 illus-
trates one of the original pedigrees described by von Willebrand.

Twin studies demonstrated that ∼60% of the variation in vWF 
level and ∼50% of the variation in factor VIII level is attributable 
to genetic factors.138 Genetic loci outside of the vWF gene contrib-
ute to variation of vWF level. Individuals with blood group O have 
vWF levels that are on average 30% lower than those of people 
with blood group A, B, or AB,139 and it is likely that carbohydrate 
groups attached to vWF play a subtle role in clearance of vWF 
from plasma.140,141 In addition, variation in expression of levels 
of other hemostatically active proteins, such as variation in the 
level of platelet adhesion receptors, may modulate the severity of 
symptoms conferred by vWF deficiency.142 vWF levels are under 
hormonal and other controls, which further complicates disease 
expression. Variation in levels of as much as 20% has been 
reported with menstrual cycle, with levels lowest in the early fol-
licular phase (before day 7 of the cycle); and levels increase with 
age, rising ∼15% for each decade increase in age.143 As will be 
discussed later, the criteria for diagnosing quantitative vWD defi-
ciency, and the specificity of historic bleeding, have introduced 
controversy in what constitutes type 1 vWD and have led to the 
potential for the new diagnostic entity of “low vWF”.137,144

Mild to moderate quantitative deficiency of vWF character-
izes patients with type 1 vWD, whereas virtual absence of vWF 
characterizes type 3 disease. Two large studies of families with a 
diagnosis of type 1 vWD and genetic evaluation of patients with 
type 3 disease have begun to shed light on the genetics of quanti-
tative vWF deficiency.

Very low vWF levels in the range of 5 to 20 IU/dl tend to be 
highly inheritable and are frequently associated with “dominant 
negative”–acting mutations. Mutations in these patients with type 
1 vWD appear to be different than those with type 3 disease, such 
that type 1 disease is not simply explained by being heterozygous 
for a type 3 allele. Genetic defects associated with these more 
severe type 1 phenotypes encode amino acid changes that in turn 
lead to defects in protein expression. Mechanisms responsible for 
decreased plasma vWF level include reduced secretion related to 
impaired intracellular transport of vWF subunits, increased clear-
ance from the circulation, or accelerated catabolism as a result of 
increased susceptibility to degradation by ADAMTS13. Changes 
that were most likely to cause a “dominant negative” mechanism 
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Figure 53.5.  A: Structure and functional domains of von Willebrand factor (vWF). The 
open rectangles indicate domains of pre–pro-vWF. The first 22 amino acids of pre–pro-vWF are 
the signal sequence. The left arrow identifies the site of cleavage of the signal peptide, result-
ing in pre-vWF monomers. Pro-vWF monomers form dimers, and the vWF propeptide (vWAgII) 
is cleaved from mature vWF (right arrow indicates cleavage site). Dimer S–S and multimer 
S–S indicate locations of disulfide bonds that covalently link monomeric vWF into dimers and 
dimeric vWF into multimers, respectively. The red rectangle identifies exon 28, which encodes 
the A1 and A2 domains of mature vWF. Functional domains are identified above the open rect-
angles. The factor VIII binding site is located in the D′and D3 domains in the amino-terminal 
272 amino acids of mature vWF. The A domains of vWF contain the binding site for the platelet 
glycoprotein (gp) Ib/IX complex, as well as binding sites for heparin, collagen, and sulfatides. 
The gpIIb/IIIa complex binding site of activated platelets is located at the carboxy-terminal por-
tion of the C1 domain and contains the Arg–Gly–Asp sequence. The numbers below the open 
rectangles indicate amino acid numbers: Signal peptide, 22 amino acids; propeptide (vWA-
gII), 741 amino acids; mature vWF, 2,050 amino acids. B: Mutations associated with type 2A 
von Willebrand disease (vWD). The open rectangle represents vWF exon 28 encoding domains 
A1  and A2. The arrow indicates the site of proteolysis seen in type 2A vWD. Mutations are 
identified using the single-letter code for amino acids. I and II identify group I and group II mis-
sense mutations that result in impaired synthesis of vWF or increased sensitivity to proteolysis 
in plasma, respectively. The disulfide bridge shown represents the boundary of the Cys 509–Cys 
695 loop in the A1 domain. Type 2A vWD mutations associated with defective vWF multimeriza-
tion are not shown in this figure; these latter mutations occur in the propeptide (vWAgII) D1 and 
D2 domains. C: Mutations associated with types 2B and 2M vWD. The large open rectangle 
represents exon 28, which encodes domains A1 and A2 of vWF. The mutations responsible 
for type 2B vWD are shown above the rectangle. Most type 2B mutations lie between residues 
540 and 578 of mature vWF. The mutations responsible for type 2M vWD are shown below the 
rectangle. Asterisks identify mutations that reduce the platelet-dependent function of vWF and 
vWF multimeric size. ∆ indicates deletion of an amino acid sequence. [Modified from the Sym-
posium Proceedings of the National Hemophilia Foundation’s 1995 Annual  Meeting. Diagnosis 
and management of severe von Willebrand disease (types 2 and 3). Kroner PA, Montgomery 
RR. The molecular basis of von Willebrand disease, 1996:15–25. Published with permission of 
Advanstar Communications.]

72683_ch053_1143-1185.indd   1153 02/08/13   4:33 PM



1154 Part v disorders of hemostasis and Coagulation • SECtION 4 Coagulation disorders

Features Type 1 Type 2A Type 2B Type 3 Platelet Type

Inheritance Autosomal dominant Autosomal dominant Autosomal dominant Autosomal recessive Autosomal dominant

Factor VIIIc in plasma Normal or reduced Normal or reduced Normal or reduced Markedly reduced Normal or reduced

vWF antigen Normal or reduced Normal or reduced Normal or reduced; increased affinity 
for platelets

Markedly reduced Normal or reduced; 
increased affinity for  
platelets

Ristocetin cofactor activity Normal or reduced Reduced Normal or reduced Markedly reduced Reduced or normal

vWF multimeric analysis Normal (plasma and 
platelets)

Absence of large and 
intermediate-sized  
multimers in plasma

Absence of large multimers from 
plasma; normal in platelets

Small multimers or 
absent multimers in 
plasma and platelets

Reduction in large  
multimers caused by  
“consumption” by platelets

Ristocetin-induced platelet 
aggregation

Normal or diminished Diminished Increased aggregation at low  
ristocetin concentrations

Markedly diminished Hyperaggregation with 
patient’s platelets,  
normal plasma, and low  
concentration of ristocetin

vWF in platelets Normal or reduced Normal or absence of 
large and intermediate-
sized multimers

Normal Absent Normal

Ancillary findings DDAVP usually produces 
significant increase in 
plasma VIIIc and vWF

DDAVP produces rise  
in factor VIIIc, but  
functional vWF increase 
is variable and may be of 
short duration

Variable response to DDAVP, with 
intravascular platelet aggregation and 
thrombocytopenia in some cases; 
ristocetin-induced platelet aggregation 
enhanced in presence of patient’s 
plasma; cryoprecipitate does not 
aggregate platelets in vitro unless 
ristocetin is added

Response to DDAVP 
lacking; endothelial 
vWF absent

Transfusion of vWF or 
DDAVP may produce  
intravascular platelet  
aggregation and  
thrombocytopenia;  
cryoprecipitate produces  
in vitro platelet aggregation

DDAVP, 1-deamino-8-d-arginine vasopressin; vWF, von Willebrand factor.

features of Common VarIants of Von WIllebrand dIsease

taBle 53.7

Fam. E Fam.  S

Fam.  J

Figure 53.6. Pedigree of patients described by von Willebrand. Three families are 
emphasized: S, E, and J. Clinical details of bleeding events in these families have been reported. 
Open circles indicate female nonbleeders, open squares indicate male nonbleeders. Shaded 
circles and squares indicate female and male bleeders, respectively. Solid symbols indicate 
family members who experienced severe bleeding, and crosses indicate family members who 
experienced hemorrhagic deaths. (Modified from von Willebrand EA. Über hereditäre pseudohä-
mophilie. Acta Med Scand 1931;76:521–550, with permission of the publisher.)

are often missense mutations that change the number of cysteine 
residues in the vWF protein. Although such changes probably 
affect vWF synthesis and trafficking in the cell, at least one com-
mon mutation (Tyr1584Cys) also results in enhanced degradation 
by ADAMTS13.145,146 One non–cysteine-related mutation is seen in 
vWD Vicenza. In these patients, a mutation encoding for Arg1205His 
results in accelerated clearance of plasma vWF, with levels of vWF 
in the range of 15 IU/dl. With DDAVP stimulation, timed plasma 
sampling revealed that the released vWF had a circulation half-life 
that was approximately one-sixth of normal.147 Several other simi-
lar mutations have recently also been described.148

At higher levels of vWF, linkage of the vWF level to the vWF 
gene is found less often. The recent European type 1 vWF cohort 
study demonstrated this observation. Almost all families with 
vWF levels <30 IU/dl showed linkage to the vWF gene, but the 

proportion fell to only 51% with vWF levels >30 IU/dl.98 These 
data were corroborated in the Canadian study.146

Complete absence of vWF is responsible for the most extreme 
form of vWD, and this is classified as type 3 vWD.128 As one might 
predict, a large variety of genetic abnormalities scattered through-
out the vWF gene have been reported in families with type 3 vWD. 
These have included large gene deletions, small gene deletions, 
frame-shift mutations, splice-site mutations, nonsense mutations, 
and point mutations.149

Type 2 vWD is characterized by production of a qualitatively 
defective protein, and the genetics of these variant forms is more 
straightforward than that of type 1 vWD. In families affected by 
types 2B and 2M, as well as in the majority of families with type 2A 
vWD, inheritance is autosomal dominant. Rare cases of type 2A dis-
ease are transmitted in an autosomal recessive fashion, as are most 
cases of type 2N disease. vWF gene sequencing studies combined 
with vWF mutation-expression analysis has revealed that single mis-
sense point mutations underlie the majority of type 2 disorders.128 
Type 3 vWD is also inherited as a recessive trait and occurs when 
both copies of the vWF gene are defective. In type 3 disease, gene 
abnormalities include large or partial gene deletions, disruption of 
orderly messenger RNA transcription (frame-shift mutation, splice-
site, or nonsense mutation), and missense mutation. For patients 
with recessively inherited vWD phenotypes (type 2N, type  3, or 
some rare type 2A), genetic analysis may reveal either homozygous 
or compound heterozygous gene abnormalities. Members of the 
International Society of Thrombosis and Hemostasis maintain a 
database of vWD mutations (www.vwf.group.shef.ac.uk).

pathophysiology
The basic defect in vWD is a deficiency or abnormality of 
vWF function. vWF is synthesized in endothelial cells and 
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megakaryocytes.134 The primary transcription product is 2,813 
amino acids in length and undergoes extensive further processing, 
including dimerization and polymerization, to form very-large-
molecular-weight “multimers”.134 Multimerization and intracel-
lular trafficking of vWF through the endoplasmic reticulum and 
Golgi apparatus and into storage granules is directed by the vWF 
propeptide (vWFpp). vWFpp is cleaved off the “mature subunit” 
after multimer assembly. Large vWF multimers, which may 
exceed 20 million daltons in size, are stored in endothelial cells in 
Weibel-Palade bodies and in platelet a-granules.

The majority of circulating vWF is present in plasma, with a 
concentration of ∼10 mg/ml. The circulating half-life of plasma 
vWF is ∼8 to 12 hours. Approximately 15% of circulating vWF 
is present intracellularly within platelets. Ultralarge multim-
ers released from endothelial cells into the plasma are further 
degraded to smaller multimers through the activity of a “vWF 
cleaving protease”.136 The cDNA sequence identified this protein 
to be the thirteenth member of the ADAMTS family (a disintegrin-
like and metalloproteinase with thrombospondin type 1 motifs, 
ADAMTS13).150,151 vWF is cleaved between tyrosine 1605 and 
methionine 1606 located in the A2 domain.152 High shear stress 
and tethering of vWF by platelets most likely enhance exposure 
of the cleavage site.153 The physiologic importance of enzymatic 
degradation of vWF after release is demonstrated clinically by 
the association of an inherited form of thrombotic microangi-
opathy (Schulman-Upshaw syndrome) with congenital absence 
of the protein due to defects of the ADAMTS13 gene,150 and the 
observation of plasma deficiency of the protein with presence of 
autoantibody in most patients with sporadic thrombotic throm-
bocytopenic purpura.154 Endothelial cell stores of vWF can be 
released therapeutically with administration of desmopressin.155

vWF is required for normal platelet adhesion (see Chapter 17), 
and also acts as a carrier of factor VIII in the plasma. When vWF is 
deficient or aberrant, both factor VIII deficiency and abnormalities 
in the early steps of primary hemostasis result. vWD is thus mani-
fested as a multifaceted hemostatic defect. Both  abnormalities—
factor VIII deficiency and abnormal primary hemostasis—give rise 
to characteristic and distinct laboratory abnormalities, and both 
defects contribute to the bleeding tendency.

Abnormalities of Primary Hemostasis
Convincing evidence exists that the platelets, although intrinsically 
normal, do not adhere to subendothelium normally in the setting 
of deficient or defective vWF.156 This abnormality is well demon-
strated by methods that measure platelet adhesion to subendothe-
lial surfaces under flow conditions (the Baumgartner technique). 
The physiologic stimulus for interaction of vWF with platelets is 
not completely defined, but tethering of vWF on exposed suben-
dothelial cell matrix or shear stress may cause vWF to undergo 
conformational change. Results of experimental studies suggest 
that in the absence of vWF, platelet adhesion to collagen in a 
flowing stream of blood may be particularly deficient at high rates 
of shear, when only a short time is available for formation of a 
platelet–collagen bond.157 Deficient platelet plug formation has 
been observed directly in experimental wounds.158 In vitro, the 
interaction of vWF with the platelet GPIb receptor can be induced 
by addition of the antibiotic ristocetin, by the snake venom protein 
botrocetin, or by subjecting platelets to high shear stress in the 
presence of vWF. For the effective support of platelet adhesion, 
vWF is multimerized into long chains (strings), which can exceed 
2 mm in length. Plasma vWF demonstrates a spectrum of sizes; 
however, the longest vWF multimers are the most efficient at sup-
porting platelet adhesion.134

Abnormalities of Secondary Hemostasis
A second function of vWF is as a molecular chaperone for factor VIII, 
increasing the plasma half-life of factor VIII approximately fivefold.159 

This effect may occur through protection of factor VIII from activated 
protein C–mediated degradation.160 Furthermore, the binding of 
vWF to subendothelium at sites of vascular injury could serve to 
co-localize factor VIII, where it can participate in its role in the 
regulation of hemostasis on the activated platelet membrane.134 It 
is generally thought that whereas vWF is synthesized in endothelial 
cells and megakaryocytes, factor VIII is synthesized by hepatocytes. 
When the drug desmopressin (DDAVP, 1- deamino-8-D-arginine 
vasopressin) is administered to normal subjects or individuals with 
mild quantitative deficiency of vWF or factor VIII, levels of both 
molecules rise. Studies of hemophilia patients and patients with 
type 3 vWD on replacement therapies suggest that both vWF and 
factor VIII must be endogenously synthesized in order for there to 
be coordinated release after DDAVP. The cell responsible for that 
coordinated synthesis remains controversial.

response to transfusion
When blood products containing the vWF–factor VIII complex 
are infused into patients with hemophilia A, peak levels of fac-
tor VIIIc are present immediately after the infusion; this activity 
then declines rapidly, with an overall half-life of 8 to 10 hours 
(Fig. 53.7). Twenty-four hours later, factor VIIIc activity is mini-
mal. This response is highly predictable and is discussed in a 
later section concerning replacement therapy for hemophilia A. In 
most patients with vWD, the infusion of normal vWF–factor VIII 
complex produces an initial rise in factor VIIIc that is predicted 
from the preinfusion level and the amount of factor infused. This 
is followed by a sustained but variable rise in factor VIIIc activity 
that reaches a plateau about 24 hours later and may persist for 
48 to 72 hours. This phenomenon is highly variable and irregu-
lar; in some patients, a rapid initial fall of factor VIIIc is followed 
by a secondary rise in activity. This disproportionate response to 
transfused factor VIII has been called the secondary transfusion 
response, a feature that is apparently unique to vWD. Various 
hypotheses have been advanced to explain the disproportionate 
response to transfusion described above. The leading hypothesis 
is that the infused vWF results in stimulation of increased factor 
VIII release into the plasma with the attachment of the newly 
released factor VIII onto infused vWF.161
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Figure 53.7. The phenomenon of new factor Viii synthesis in patients with von Wil-
lebrand disease (vWD) who receive plasma transfusion. Open circles indicate changes 
in the plasma factor VIII levels of a patient with vWD after infusion of plasma from a patient with 
severe hemophilia A. A significant and sustained increase in the factor VIII levels of the recipient 
was observed even though no active factor VIII was present in the infused plasma. Solid circles 
indicate effects of infusing plasma from a patient with vWD into a patient with severe hemophilia A.  
The factor VIII level in the infused plasma was 15% of normal. Note the slight and transitory 
effects. (From Shulman NR, Cowan DH, Libre EP, et al. The physiologic basis for therapy of clas-
sic hemophilia (factor VIII deficiency) and related disorders. Ann Intern Med 1967;67:856–882, 
with permission.)
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Transfusions of blood products containing vWF shorten the 
bleeding time to a variable degree in patients with vWD. This 
corrective effect seldom persists for more than a few hours, even 
after massive transfusions that raise vWF to high levels. The 
correction of the bleeding time apparently requires the large 
molecular forms of vWF that are present in cryoprecipitate and 
select intermediate-purity factor VIII concentrates,162 but that are 
completely absent from monoclonally purified or recombinant 
concentrates of factor VIII.163 Failure of the skin template bleed-
ing time of patients with vWD to show sustained correction with 
appropriate replacement therapy has been noted, and does not 
necessarily predict defective surgical hemostasis. This apparent 
paradox may be a result of sensitivity of the bleeding time test 
to platelet a-granule vWF, which is not replenished during vWF 
replacement therapies.164

clinical Manifestations
The bleeding manifestations in vWD are heterogeneous but consistent 
with the dual roles of vWF in supporting both primary and second-
ary hemostasis. Thus, in the mild forms of vWD, the clinical picture 
is dominated by cutaneous and mucosal bleeding, which appears to 
be mainly the result of disordered primary hemostasis. In the most 
severe forms of the disorder, in which factor VIII levels are low, hem-
arthroses and dissecting intramuscular hematomas may develop. 
As in mild classic hemophilia, serious hemorrhage resulting from 
traumatic injuries or after surgical procedures is a significant hazard 
in severe vWD. Petechiae are rare, but hematoma formation and the 
extent of bruising are excessive compared with the inciting trauma.

The bleeding manifestations in the usual patient with type 1 
vWD are mild, however, and many patients are virtually asymp-
tomatic. The disorder may be symptomatic at any age, but it is 
not always recognized. Easy bruising is common in vWD, but it is 
not specific. Mucosal bleeding is particularly common. Childhood 
epistaxis, a life-long history of easy bruising, bleeding with den-
tal extraction, heavy menstrual bleeding or anemia attributed to 
excessive menstrual blood losses, or postpartum hemorrhage are 
all included in the spectrum of vWD symptomatology. Systemic 
bleeding disorders are often not considered in women with men-
orrhagia,165 but clinical studies reveal that the prevalence if vWD 
is significant in individuals who present with this complaint.166 
Angiodysplasia of various vascular beds, particularly those in the 
gut, has been demonstrated in some patients with vWD and may 
be an important contributory factor in chronic gastrointestinal 
bleeding.167 In type 1 vWD, symptoms usually become milder dur-
ing pregnancy or with estrogen therapy, when the vWF and factor 
VIIIc levels rise significantly.40 The disorder may also decrease in 
severity with advancing age. Bleeding manifestations tend to be 
more prominent in patients with more severe quantitative defi-
ciency and in patients with qualitative (type 2) defects.

While eliciting the history of bleeding, one should bear in 
mind that women are often inaccurate assessors of whether their 
menstrual flow is normal or excessive. Supplemental question-
ing regarding the frequency of changes of menstrual protection, 
and questions regarding a history of iron deficiency anemia and 
transfusion, may be informative. Retrospective studies of women 
with vWD show that abnormal bleeding can often be traced to 
menarche.168 Family history also may provide important clues 
to a diagnosis. The physician should specifically seek a history of 
the response to hemostatic challenge, such as dental extraction, 
tonsillectomy, surgical procedures, menstruation, peripartum 
hemorrhage, and transfusion. A model questionnaire with a scor-
ing system has been published.169 Coexistent conditions or drug 
effects can strongly influence the severity of bleeding symptoms. 
Risk of hemorrhage may increase in patients with concomitant 
liver disease, uremia, gastrointestinal ulcer, or angiodysplasia. 
Excessive bleeding in response to challenge with aspirin may also 
point toward a bleeding disorder, but this history is not specific 

for vWD. Valproic acid use can result in lower vWF activity levels, 
as may hypothyroidism and valvular heart disease. Conversely, 
oral contraception frequently ameliorates menorrhagia.127

laboratory diagnosis
Criteria for the laboratory diagnosis of vWD are imperfect. 
One goal of applying a series of laboratory evaluations is to 
exclude  other causes of bleeding. When specifically considering 
vWD, the laboratory evaluation may be complicated. Even with 
the more elaborate confirmatory tests now available, the diag-
nosis of this disorder may be difficult and may require repeated 
observations over a period of time. Both vWF and factor VIII are 
“acute-phase reactants,” increasing with stress, trauma, estrogen 
therapy, or pregnancy, such that levels may fluctuate from time to 
time. Evaluation of a patient at a time remote from acute infection, 
pregnancy, or strenuous activity is preferable. However, preg-
nancy and acute-phase reaction are unlikely to obscure diagnosis 
in patients with more severe quantitative deficiency or qualitative 
defects.

Diagnosis of vWD is complicated, because of both the breadth 
of vWF functions and the spectrum of disorders that constitutes 
vWD. Consequently, a battery of studies should be considered to 
evaluate a patient conclusively for vWD.134 Screening tests such 
as bleeding time, Platelet Function Analyzer-100 (PFA-100), and 
PTT lack sensitivity; specific tests such as those for vWF antigen, 
vWF activity, and factor VIII level are preferred. Correlating the 
values of these various quantitative assays with each other, or 
obtaining qualitative tests such as vWF multimer analysis or low-
dose ristocetin–induced platelet aggregation, may provide impor-
tant clues toward a diagnosis of type 2 vWD (Table 53.7).

Bleeding Time and Platelet Function Analyzer-100
The template bleeding time, the Ivy bleeding time, or technical 
modifications thereof may be useful in detecting the abnormality 
characteristic of vWD. However, the bleeding time may be normal 
in many patients with vWD.170 Consequently, the bleeding time 
adds to the diagnosis of vWD if it is prolonged, but otherwise 
may have little clinical utility in the diagnosis and management 
of patients with vWD. The bleeding time may not improve follow-
ing replacement therapy with vWF, and monitoring is generally 
not recommended,171 because surgical bleeding can generally be 
prevented by replacement of plasma vWF.

Standardization issues, inconvenience, and residual scarring of 
patients are some of the issues that have fostered development of 
in vitro tests to replace the bleeding time. The PFA-100 evaluates 
platelet adhesion and aggregation to collagen in a whole-blood 
assay under high shear conditions.172 Citrate-anticoagulated whole 
blood is aspirated through an aperture in a collagen-coated mem-
brane, and the device measures the time from first flow until flow 
ceases as the “closure time.” PFA-100 closure times are sensitive 
to multiple factors, including vWF function, platelet count, plate-
let function, and hematocrit. Initial studies using the PFA-100 in 
patients with diagnosed vWD indicated that the assay was sensi-
tive to most forms of vWD. However, when the closure time test 
was applied in clinical settings where patients were referred for 
evaluation of bleeding symptoms, the sensitivity of the PFA-100 for 
diagnosis of vWD ranged from 62% to 80%, with specificity ranging 
from 84% to 89%.173,174 In addition, the closure time may remain 
normal in acquired vWD despite a very reduced plasma vWF level, 
because the platelet vWF level may remain normal. The PFA-100 
closure time may also be normal in patients with type 2N vWD, in 
which the major defect is low factor VIII levels. As with the bleed-
ing time, correction of plasma vWF level in the absence of concom-
itant correction of the platelet vWF may be insufficient to correct 
the closure time, so this test may not be very helpful for periopera-
tive monitoring of patients on replacement therapy.175,176
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Partial Thromboplastin Time and  
Factor VIIIc Assay
Among the simple screening tests (Table 53.5), the PTT may be 
abnormal, reflecting reduced levels of factor VIIIc. Plasma levels 
of factor VIIIc vary greatly in this disorder and range from as 
low as 3 IU/dl in patients with type 3 vWD to normal levels in 
patients with mild type 1 vWD. Because factor VIIIc deficiency 
is often mild in patients with vWD, a diagnosis of vWD may be 
missed by the routine screening PTT. Consequently, a specific 
assay is required to reliably detect factor VIIIc deficiency in 
patients with vWD.

von Willebrand Factor Immunoassay
The immunoassay of vWF is a quantitative measure of vWF pro-
tein that is one of the most sensitive methods available for the 
diagnosis of vWD.177 A variety of methods have been used, all of 
which depend on antibodies specific to vWF. The electroimmu-
nodiffusion method of Laurell was initially widely used because 
it was simple to perform, but ELISA or automated assays using 
related methodologies have now largely replaced this technique. 
Average levels of vWF antigen (vWF:Ag) obtained by different lab-
oratories will vary, but a level of ∼45 to 50 IU/dl is the lower limit 
of normal reported by many laboratories. The ratio of factor VIII 
to vWF also varies by laboratory but normally ranges from ∼0.7 
to 2.2 (Fig. 53.1). Plasma levels of vWF:Ag are regulated to some 
extent by carbohydrate residues attached to the protein; ∼25% 
lower vWF antigenic levels have been noted in patients with blood 
type O compared to patients with other blood types.139 The con-
tribution of blood group O is more marked in patients with mild 
quantitative vWF deficiency, where the low vWF level is less likely 
to be related to abnormalities of the vWF gene.145,146 Whether 
these patients actually have vWD type I is subject to debate, and 
the role of blood group in the diagnosis of vWF deficiency remains 
to be resolved.128 Patients with type 2 vWD may have normal 
vWF:Ag levels, emphasizing the need to use more than just a vWF 
antigen assay to evaluate a patient for vWD.

von Willebrand Factor Functional Assays
vWF has multiple functions, and assays have been devised to 
specifically evaluate many of these. The function most often clini-
cally assessed is its ability to interact with platelets. An assay that 
evaluates the ability of vWF to interact with collagen has also been 
proposed as a functional assay. The relevance of collagen-binding 
activity analysis is questioned for routine screening, and collagen-
binding activity assay has not gained widespread acceptance in 
the United States.178 Finally, vWF binding of factor VIII can be 
assessed in special circumstances when questioning whether mild 
factor VIII deficiency is due to failure of vWF chaperone function. 
vWF functional assay generally correlates well with vWF:Ag in 
patients with quantitative disorders of vWF. Observing a discrep-
ancy between vWF function and vWF:Ag provides a useful clue for 
qualitative defects, provided that the testing laboratory uses the 
same control plasma for determining both assays.179

Ristocetin Cofactor Activity and Ristocetin-induced 
Platelet Aggregation
The assay for ristocetin cofactor activity (vWF:RCo) is a quan-
titative technique for estimating the ability of vWF in patient 
plasma to bind target platelets that are specially prepared or 
preserved for use in the assay.180 Ristocetin induces an activated 
conformation of vWF such that it will then bind platelets via the 
platelet GPIb receptor, mimicking the in vivo sequence of events 
that allows interaction between subendothelial tissue–bound 
vWF and platelets. Quantitation of vWF:RCo is held to be the 

single most sensitive and specific assay for vWD by multiple 
authorities.181–183 vWF:RCo activity is adversely affected by 
loss of the larger-molecular-weight vWF multimers. The dis-
crepancy between vWF:RCo and vWF:Ag that is observed in 
qualitative defects characterized by loss of both the intermedi-
ate- and higher-molecular-weight multimers (such as type 2A 
vWD) is thought to result from this. Ristocetin cofactor activity 
is also generally utilized to follow a vWD patient’s response to 
therapeutic interventions. However, obtaining typical ristocetin 
cofactor activity is a time-consuming procedure, and assay stan-
dardization remains somewhat problematic. Automation of the 
vWF:RCo assay has resulted in a clinically more available, but 
less sensitive technique, which requires modification to detect 
levels below ∼10 to 20 IU/dl. Simpler ELISA-based methods 
using monoclonal antibody to the GPIb-binding domain of vWF 
have been explored for estimating vWF activity.184 Unfortunately, 
commercial functional epitope assays have not performed suf-
ficiently well to allow them to replace vWF:RCo assay,185,186 and 
these assays do not measure the increased functionality of the 
larger vWF multimers directly.

Ristocetin-induced platelet aggregation (RIPA) is a distinct test 
from ristocetin cofactor activity. RIPA is a qualitative test that 
involves evaluating the rate or extent of agglutination of patient-
derived platelet-rich plasma in response to the addition of the 
antibiotic ristocetin. The concentration of vWF and platelets pres-
ent in the test plasma, as well as the amount of ristocetin added, 
affect RIPA. The assay is relatively insensitive to mild deficiency 
of vWF, but decreased aggregation response is observed in both 
more severe deficiency and in patients with Bernard-Soulier syn-
drome (in which platelets are missing the GPIb receptor). Titrating 
down the amount of ristocetin added in the assay may be of spe-
cific interest in defining variants of vWD in which there are “gain 
of function” mutations (type 2B and platelet-type [pseudo] vWD). 
These two conditions are characterized by increased sensitivity 
of patient vWF or platelets to the effect of ristocetin.128 However, 
insensitivity of patient samples to low-dose ristocetin aggregation 
is seen in occasional patients with type 2B vWD in whom there is 
marked reduction in the amount of high- and intermediate-molec-
ular-weight multimers, and genetic analysis may be required to 
distinguish some cases of type 2B from type 2A vWD. In addition, 
low-dose ristocetin aggregation of patient-derived platelet-rich 
plasma cannot differentiate type 2B vWD from the rarer platelet-
type (pseudo) vWD, and mixing studies using patient plasma and 
donor platelets have been devised to help make that distinction at 
the phenotypic level.187

von Willebrand Collagen–binding Activity
vWF contains collagen-binding sites in both the A1 and A3 
domains of the vWF protein, and collagen-binding activity 
(vWF:CB) may be an important function that allows vWF to 
adhere to platelets at sites of vascular injury. Like ristocetin 
cofactor activity, vWF:CB is dependent on multimer size, with 
the larger multimers binding collagen more avidly. The assay 
is generally done in an ELISA format, in which type I and/or 
type III collagen is plated into microtiter wells, and the amount 
of vWF captured is assayed.188 vWF:CB correlates well with 
vWF:Ag in normal individuals and those with quantitative 
deficiency of vWF, and discrepant results are indicative of vWD 
subtypes that are characterized by deficiency of larger vWF 
multimers. A single case of vWD characterized by mutation 
of the vWF A3 domain with isolated loss of collagen-binding 
function despite the presence of a normal multimer distribu-
tion has been described.189 Although some studies suggest that 
vWF:CB testing complements assays of vWF:Ag and vWF:RCo 
in distinguishing type 1 vWD from type 2A and 2B variants, the 
role of vWF:CB testing in routine clinical practice remains to be 
 determined.127,178,190

72683_ch053_1143-1185.indd   1157 02/08/13   4:33 PM



1158 Part v disorders of hemostasis and Coagulation • SECtION 4 Coagulation disorders

Assay of von Willebrand Factor’s Ability to Bind 
Factor VIII
Factor VIII binding by vWF (vWF:FVIIIB) can be measured in a 
few reference coagulation laboratories, and is indicated for the 
evaluation of patients suspected of having factor VIII deficiency on 
the basis of defective vWF chaperone function (type 2N vWD).191 
In this ELISA format assay, ELISA plate wells are coated with 
antibody to vWF in order to capture vWF from patient plasma. 
After washing patient-derived factor VIII from the well, the abil-
ity of patient-derived vWF to capture r-FVIII is assessed using a 
chromogenic or immunoassay for factor VIII, and the quantity 
of patient-derived vWF:Ag in the well is quantified by stan-
dard ELISA technique. The calculated ratio of captured r-FVIII 
to vWF:Ag is expected to be in the normal range when testing 
plasma from a patient with hemophilia A, whereas it will be 
abnormally low in the rare cases of type 2N vWD.192

Multimeric Analysis of von Willebrand Factor
Normal vWF in plasma consists of a complex series of multim-
ers, ranging in size from about 500 to 20,000 kDa. vWD initially 
diagnosed by abnormal assays for factor VIIIc, vWF antigen, or 
ristocetin cofactor activity should be further characterized by mul-
timeric analysis. In this test, the spectrum of vWF molecular sizes 
of the patient’s vWF is assessed by size-based separation of vWF 
multimers via agarose gel electrophoresis, and vWF multimers 
are imaged by immunologic methods coupled to autoradiography 
or other detection methods.193 Multimer analysis is character-
ized as either “low-resolution” (which differentiates the largest 
multimer forms from the intermediate and smaller forms), or 
“high-resolution” (which resolves each multimer band into three 
to five satellite bands), which inform on the activity of ADAMTS13 
on plasma vWF. Multimer analysis will confirm the presence of 
the entire spectrum of vWF multimers in normal individuals and 
those with type 1 vWD, and allows identification of the loss of 
intermediate- or high-molecular-weight multimers of vWF as is 
characteristic of the type 2A and type 2B qualitative defects.193 
Unfortunately, the distinction between type 2A and type 2B vWD 
is not always possible using multimer analysis alone, necessitating 
further testing. Multimeric analysis is a very labor-intensive test 
and is usually performed only in coagulation reference laborato-
ries. The multimeric composition of plasma from normal subjects 
and patients with vWD is shown in Figure 53.8. This methodology 
has been reviewed.194

Genetic Testing in von Willebrand Disease
Direct mutational analysis by vWF gene sequencing, allele-specific 
PCR, or restriction enzyme analysis is useful in confirming a 

diagnosis of type 2 variant vWD.195 The functional domain struc-
ture of the vWF gene results in clustering of the various type 2 
vWD defects in limited areas of the vWF sequence.128 vWF exon 
28 encodes for the A1 loop of vWF responsible for the interac-
tion of vWF with platelet GPIb, and vWD variants characterized 
by defects of this interaction (types 2B and 2M) are encoded by 
genetic mutations clustered in this exon.196 Exon 28 also encodes 
the A2 domain, which contains the ADAMTS13-sensitive bond 
tyrosine1605–methionine 1606. Mutations that increase the 
susceptibility of this bond to cleavage by ADAMTS13 underlie a 
high fraction of type 2A vWD (previously classified as 2A, sub-
type 2). Less commonly, type 2A vWD results from a defect of 
the multimerization process. The carboxy terminus of the vWF 
peptide (encoded by exons 51 to 52) is involved in initial vWF 
dimer formation in the rough endoplasmic reticulum. The vWFpp 
(encoded by exons 3 to 17) directs further multimerization via 
cross-linkage of the amino-terminal D′ and D3 of the mature vWF 
protein (encoded by exons 18 to 28). As one might expect, type 2A 
vWD on the basis of failure of multimerization (previously classi-
fied as 2A, subtype 1) has been attributed to genetic abnormalities 
in each of these regions of the genome. Mutations responsible for 
defective interaction of vWF with factor VIII (type 2N vWD) are 
predominantly clustered in exons 18 to 20, which encode for the 
factor VIII–binding domain of vWF; however, rare cases have been 
attributed to mutations in exons 24 and 25. An online database of 
defects found in vWD patients can be accessed at www.vwf.group.
shef.ac.uk. Figure 53.5 shows the location of these various genetic 
abnormalities schematically. Rapid, complete vWF gene sequenc-
ing has been reported.197

genetics of type 1 and type 3 vWd
Mild to moderate quantitative deficiency of vWF character-
izes patients with type 1 vWD, whereas virtual absence of vWF 
characterizes type 3 disease. Genetic analysis is not gener-
ally required to make these diagnoses, but may provide useful 
additional information concerning pathogenesis of a patient’s 
condition, responsiveness to DDAVP, or risk for alloantibody for-
mation. In distinction from type 2 vWD, genetic defects underly-
ing quantitative vWF deficiency are distributed throughout the 
vWF gene, complicating evaluation. In addition, for families with 
patients who demonstrate normal multimer structure and higher 
vWF levels, the chances of finding linkage to the vWF gene are 
reduced,145,146 and family members are usually asymptomatic.137 
Type 3 patients with large gene deletions are particularly prone 
to develop anti-vWF alloantibodies after treatment with vWF-
containing concentrates.

type 1 von Willebrand disease and “low von 
Willebrand Factor”
Patients with bleeding attributed to decreased production of 
qualitatively normal vWF are classified as having type 1 vWD. 
Most patients with vWD (70% to 80%) fall into this category.134 
The majority of patients have a mildly symptomatic disorder, but 
bleeding may increase with physical trauma, surgery, or during 
menstruation. vWF levels are low, with concordant reduction 
of vWF:Ag and vWF:RCo (and vWF:CB, if that is measured). 
Factor VIII levels are generally equal to or higher than vWF lev-
els, and all vWF multimers should be present if that analysis is 
performed as part of the patient evaluation. The diagnosis of type 
1 vWD may be simpler in an individual with mucosal bleeding 
symptoms, a strong family history of similar symptoms, and quan-
titative vWF level (vWF:Ag and/or vWF:RCo) <30 IU/dl. Although 
not required for a diagnosis of type 1 vWD, the probability of find-
ing linkage of the phenotype to the vWF gene in such an individual 
would be high, such that both therapeutic choices and genetic 
counseling would be straightforward.

Figure 53.8. Multimeric composition of von Willebrand factor from normal plasma 
and that from types i, iiA, iiB, iiC, iiD, and iie von Willebrand disease (vWD), as well 
as from a type iiC heterozygote (iiCh). Using the revised classification scheme, these types 
would correspond to 1, 2A, 2B, 2A, 2A, and 2A, respectively. The three brackets include the 
smallest normal oligomers, with arrows pointing to the central predominant band in each. In type 
1 vWD, the relative concentration of large multimers varies. (From Zimmerman TS, Ruggeri ZM. 
von Willebrand disease. Hum Pathol 1987;18:140–152, with permission.)
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Unfortunately, many factors make the diagnosis of type 1 vWD 
difficult.144 Mild bleeding symptoms are common in hemostati-
cally normal people (see Chapter 45). In addition, the relative risk 
of bleeding for individuals with only modest reductions in vWF 
level appears to be minimal. Finally, because of the strong influ-
ence of blood group on vWF levels, there is a high prevalence of 
blood group O among individuals with mildly depressed vWF lev-
els. These observations have led to the recent proposal of the con-
cept of “low vWF”.137,144 The term “low vWF” could be applied 
to patients with vWF levels below the normal reference range 
but above some lower limit. A recently convened “expert group” 
brought together by the National Heart, Lung and Blood Institute 
is considering this proposal.129 Studies of families of patients with 
a diagnosis of type 1 vWD suggest that linkage to the vWF gene is 
less often seen when the vWF level rises above 30 IU/dl, suggesting that 
this might be a candidate for the lower limit of the “low vWF” cat-
egory.145,198 Empiric therapy to raise vWF levels in patients with 
“low vWF” at times of hemostatic challenge would be reasonable 
for patients with a history of bleeding, but the genetic counseling 
issues would clearly be different.144

On the other hand, two population-based studies have shown 
that “low vWF” causes increased bleeding.199,200 These latter 
studies would suggest that abnormally low ristocetin cofactor 
activity, and not the presence of a mutation, should primarily be 
used to identify bleeders.

type 3 von Willebrand disease
Type 3 vWD is the most severe form of vWD, because it results 
from complete failure of vWF synthesis. This bleeding disorder 
is generally diagnosed during infancy. Hematoma formation is 
common, epistaxis may be life-threatening, and hemarthrosis 
may occur as a result of the low factor VIII levels that are seen 
in this condition. Plasma from patients with type 3 vWD contains 
virtually no detectable vWF, and vWF is not present in either 
platelets or endothelial cells. Factor VIII level is generally in the 
range of 1 to 10 IU/dl, similar to that seen in moderate to mild 
hemophilia A. Multimeric analysis of the little vWF present yields 
variable results, in some cases revealing only small multimers.193 
Type 3 vWD is rare, with an estimated frequency of 1 in a mil-
lion people.201 Genetic analysis reveals either homozygous or 
compound (double) heterozygous defects of the vWF gene, with 
gene deletions, frame-shift mutations, missense mutations, or 
nonsense mutations. Careful laboratory evaluation of the par-
ents of patients with type 3 disease may reveal mild quantitative 
deficiency of vWF. In a review of 117 obligate heterozygotes, 
the mean plasma vWF level was 45 IU/dl, with a range from 5 
to 130 IU/dl.144 Parents are frequently asymptomatic, consistent 
with the impression that type 3 disease is inherited as a recessive 
trait. Consanguinity is common in kindreds with this variant. In 
some patients with type 3 vWD, large gene deletions have been 
identified on one or both vWF alleles.128,202 Such patients are at 
increased risk of developing inhibitory alloantibodies to vWF after 
transfusion therapy.202

Because these patients lack vWF in their endothelial cells and 
platelets, there is no rise in vWF level in response to DDAVP. 
For replacement therapy, these patients require vWF-containing 
concentrates. This is usually provided in the form of specific 
intermediate-purity factor VIII concentrates that have been 
documented to contain intact vWF.155 Because these patients 
possess a normal factor VIII gene but are missing the vWF 
chaperone, posttransfusion factor VIII recovery and survival 
may be longer in a patient with type 3 vWD than in a patient 
with hemophilia A, owing to endogenous factor VIII production. 
Although life-threatening bleeds require immediate replace-
ment of both vWF and factor VIII, replacement with vWF alone 
may  be sufficient if therapy is begun 12 to 24 hours before 
 elective surgery.203

Qualitative defects of von Willebrand Factor
Several subsets of patients with vWD differ substantially from those 
with the common quantitative deficiency states (Table  53.6).128 
Classified as type 2 variants, these qualitative defects of vWF are 
less common, but they may represent up to 20% to 25% of cases 
of vWD. Type 2 forms of vWD are suspected when the severity 
of the patient’s symptoms seems in excess of the observed vWF 
and factor VIII levels, when there is discordant reduction between 
vWF antigen and vWF functional activity or factor VIII assay, or 
when there is concomitant vWF deficiency and thrombocytopenia. 
Discrimination between qualitatively normal and abnormal vWF 
can be difficult; however, when the ratio of vWF:RCo to vWF:Ag 
or vWF:CB to vWF:Ag is found to be <0.6, dysfunctional vWF 
should be considered. The sensitivity and specificity of such ratio 
screening depends to a large extent on the expertise and preci-
sion of the laboratory performing the assays, but the predictive 
value of ratios decreases when the level of vWF antigen is <20 
IU/dl. Examining the structure of patient vWF may provide fur-
ther definition of the nature of the qualitative defect. This can 
be demonstrated by vWF multimer analysis. If required, further 
information is provided by supplemental studies of vWF function, 
or via genetic analysis of the vWF gene (Fig. 53.5).126,128,193 Type 
2 defects were initially classified using a Roman numeral system, 
but further understanding of the genetics of vWD led to the con-
solidation and reclassification into types 2A, 2B, 2M, and 2N,128 
based on the nature of the vWF functional defect. In addition to 
the well-defined variants described in this chapter, other forms of 
vWD continue to be described.

Type 2A von Willebrand Disease
vWD with defective interaction of vWF with platelets due to 
deficiency of intermediate- and high-molecular-weight forms of 
vWF is classified as type 2A vWD.128 This form of the disorder 
is generally inherited as an autosomal dominant trait,204 and it 
accounts for the majority of patients with type 2 defects. Levels of 
factor VIIIc and vWF:Ag in the plasma may be normal or reduced. 
The vWF activity as assayed by either vWF:RCo or vWF:CB is 
significantly lower than vWF:Ag because of the absence of the 
larger multimers (which are more potent in their ability to inter-
act with platelet GPIb and collagen). Analysis of vWF multimers 
reveals a relative reduction in intermediate- and high-molecular-
weight species.127 Protein studies followed by genetic analysis 
of the basis of type 2A vWD revealed multiple mechanisms for 
the generation of this disorder.205–207 In some patients, there is 
failure to synthesize full-length multimers (type 2A, subgroup 1). 
Mutations associated with impaired vWF multimerization have 
been localized to the vWFpp (formerly called type IIC), the region 
of the mature vWF protein associated with the amino terminus 
area of multimer formation (formerly called type IIE), and the 
carboxy terminus region that is involved in initial dimer forma-
tion (formerly called type IID). Subtle abnormalities uncovered by 
high-resolution multimer analysis or genetic evaluation can be 
used to distinguish these subtypes of type 2A vWD. The spectrum 
of multimers released into plasma after DDAVP administration 
would not be expected to improve significantly in these patients 
whose defects prevent normal multimer assembly.

A second group of type 2A patients has been described in 
whom there is excessive catabolism of fully multimerized vWF 
after vWF is released into the plasma. These patients demonstrate 
mutations in exon 28, encoding the A1 and A2 regions of vWF. 
These mutations allow increased proteolysis of multimerized 
vWF by ADAMTS13. Again, high-resolution multimer gel studies 
may be informative by demonstrating increased “satellite” band 
intensity, which accumulates as a result of excessive ADAMTS13 
activity. Because intracellular vWF is protected from cleavage 
by ADAMTS13, these patients may demonstrate very transient 
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improvement in both vWF:RCo and multimer spectrum after 
DDAVP administration.

Inheritance of type 2A vWD is generally autosomal dominant, 
with the majority of cases caused by mutations clustered in the 
region of exon 28, which encodes the vWF A2 homologous repeat 
(Fig. 53.5).128 Rare recessive forms of type 2A vWD have been 
reported with some multimerization defects (formerly called 
types IIC and IID).

Because of the underlying structural abnormality of the vWF 
produced in these patients, neither stress nor pregnancy sig-
nificantly increases the functional amount of vWF protein in the 
plasma. As noted above, the administration of DDAVP does not 
result in a significant rise in vWF:RCo in patients with type 2A 
vWD, in which the underlying mechanism is defective multimer-
ization or transport, but a very short-lived correction may be 
observed in patients with mutations associated with increased 
vWF cleavage by ADAMTS13.

Type 2B von Willebrand Disease
Type 2B vWD is a paradoxical bleeding disorder, characterized 
by increased interaction of patient vWF with platelets which is 
demonstrated in vitro in the presence of low doses of ristocetin. 
Increased in vivo interaction of the larger multimers of type 2B 
vWF with platelets is thought to result from mutations that either 
allow increased access of platelets to the A1 loop of vWF or that 
stabilize that interaction.127 This may in turn allow increased 
generation of vWF–platelet complexes, which are subsequently 
cleared from circulation, resulting in thrombocytopenia.

This bleeding disorder is characterized by deficient vWF func-
tion attributable to mild reduction of vWF:Ag, a somewhat more 
marked deficiency of vWF:RCo activity (and vWF:CB, if mea-
sured). Multimeric analysis reveals a deficiency of the highest-
molecular-weight vWF multimers. Measurements of factor VIIIc 
are variable. Many patients with the type 2B variant have mild 
persistent thrombocytopenia.208 The platelet count may fall fur-
ther during physiologic stresses, pregnancy, in association with 
surgical procedures, or after the administration of DDAVP.209

Additional laboratory evaluation is required to support a diag-
nosis of type 2B vWD. In most cases, multimeric analysis reveals 
absence of higher-molecular-weight forms of plasma vWF, but 
distinction of type 2B from type 2A vWD is not possible by mul-
timeric analysis alone. To show the distinct “gain in function” in 
type 2B disease, RIPA studies are done to reveal enhanced inter-
action of patient vWF and platelets with low doses of the drug. 
Finally, to differentiate the more common type 2B vWD from the 
rare platelet-type (pseudo) vWD, one should prove that the defect 
resides in vWF. This is done either through performing mixing 
studies of patient plasma with donor platelets187 or by analysis of 
the patient’s vWF gene.

Type 2B vWD is inherited as an autosomal dominant trait. 
A small cluster of mutations within the portion of vWF exon 28 
that encodes the vWF A1 domain that interacts with platelet GPIb 
accounts for all the cases of type 2B vWD that have been reported 
(Fig. 53.5).128

Recent studies evaluating a large number of patients with type 
2B vWD mutations revealed diversity in laboratory findings.210 
Not all patients had reduced vWF:RCo activity or abnormal 
multimeric analysis, and not all patients had thrombocytope-
nia.210 Type 2B patients with normal multimers did not develop 
thrombocytopenia.

Type 2M von Willebrand Disease
The type 2M vWD variant is defined by diminished platelet-depen-
dent vWF function that is not attributed to deficiency of vWF mul-
timers.128 Thus, these patients have an initial laboratory profile 
that in many ways is similar to that of patients with type 2A vWD, 

revealing variable deficiency of vWF:Ag but disproportionately 
decreased interaction of vWF with platelets in the presence of ris-
tocetin as measured by vWF:RCo assay. Factor VIII level is propor-
tionate to the vWF:Ag, and the platelet counts are normal. What 
differentiates type 2M vWD from the type 2A patients is that the 
vWF multimeric analysis is normal (and, if measured, the vWF:CB 
is usually similar to the vWF:Ag). Type 2M vWD is inherited as an 
autosomal dominant trait, and, when investigated, mutations have 
been found in the region of exon 28 that encodes the A1 domain 
of vWF. Unlike the type 2B mutations, 2M  mutations cause impair-
ment of the binding of vWF to the GP1b receptor and have been 
shown to be localized to an alternative area in the A1 domain 
(Fig. 53.5).196

One case classified as a type 2M defect was described in which 
the vWF interaction with collagen was defective. In that case, a 
mutation in the A3 domain that contributes to the interaction of 
vWF with collagen was found.189

Type 2N von Willebrand Disease
Mutations affecting the association of vWF with factor VIII can 
result in “autosomal hemophilia” in which factor VIII levels are 
significantly reduced relative to vWF.128 Affected patients have fac-
tor VIII levels in the range of 5 to 30 IU/dl, attributed to mutations 
at the factor VIII–binding site near the amino terminus of the vWF 
subunit.211 Indeed, genetic studies indicate that the majority of 
mutations underlying type 2N vWD involve vWF exons 18, 19, and 
20, which encode the bulk of the factor VIII–binding domain of vWF. 
The other functions of vWF in patients with type 2N vWD are quali-
tatively normal, and thus vWF laboratory parameters (vWF:Ag, 
ristocetin cofactor activity, etc.) are usually normal (unless there is 
coinheritance of type 1 vWD). This variant was originally named 
vWD Normandy but has been renamed type 2N vWD in the revised 
classification.128 The factor VIII–binding defect in these patients 
is inherited in an autosomal recessive manner, and thus affected 
patients must inherit 2N alleles from each of their two parents, or 
inherit type 1 vWD from one parent while inheriting a 2N allele 
from the other. Patients with factor VIII deficiency and a bleeding 
disorder that is not clearly transmitted as an X-linked disorder or 
who demonstrate an unexpectedly short in vivo survival of infused 
factor VIII should be evaluated for type 2N vWD.212 Diagnosis 
requires performance of an assay that assesses the interaction of 
factor VIII with vWF,191,192 or genetic studies of the vWF gene. A 
survey of almost 400 unrelated patients with either hemophilia 
A or type 1 vWD indicated a prevalence of type 2N vWD in these 
patient populations of 3% and 1.5%, respectively.213 Consideration 
of this diagnosis is important because both therapy and genetic 
counseling are distinct from that of mild hemophilia A.

platelet-type (pseudo) von Willebrand disease
Platelet-type (pseudo) vWD resembles type 2B vWD in most 
respects, except that the basis for platelet-type vWD is a struc-
tural defect in platelet GP1b214 rather than a defect of vWF 
(thus platelet-type [pseudo] vWD is a form of platelet dysfunc-
tion). However, as with type 2B vWD, a genetic defect results in 
increased interaction between GP1b and vWF. Phenotypically, 
platelet-type (pseudo) vWD is manifested by mild thrombocy-
topenia, a prolonged bleeding time, and variable deficiency of 
plasma vWF and factor VIIIc. The reductions in plasma vWF and 
factor VIIIc may be a result of the attachment of these proteins to 
platelets that are subsequently removed from the circulation. This 
“consumption” of vWF and platelets results in preferential loss of 
high-molecular-weight multimers from patient plasma.214 In vitro 
platelet aggregation studies reveal platelet agglutination at unusu-
ally low concentrations of ristocetin. Spontaneous intravascular 
platelet clumping may also occur. Platelet-type (pseudo) vWF is 
inherited as an autosomal dominant trait in most families.214,215

72683_ch053_1143-1185.indd   1160 02/08/13   4:33 PM



D
is

or
de

rs
 o

f 
H

em
os

ta
si

s 
an

d 
C
oa

gu
la

tio
n

 ChaPtEr 53 Inherited Coagulation disorders 1161

Distinction of platelet-type vWD from type 2B vWD is based 
on showing that the enhanced interaction of platelets with vWF 
is either platelet-based or resides in the plasma phase (type 2B 
vWD).216 This can sometimes be demonstrated through low-dose 
ristocetin–based agglutination assays using mixtures of normal 
donor and patient samples, or genetic analysis can be used. To 
date, all cases of platelet-type vWD have been traced to genetic 
variations of platelet GPIba.217 These include missense mutations 
that alter the amino acid sequence from Gly233 to Met 239. This 
region of the protein adopts a b-sheet conformation after interac-
tion with vWF, and these mutations may function to stabilize this 
conformation.218 In addition, a 27-bp gene deletion that encodes 
for deletion of proline 421 through serine 429 has been shown to 
underlie platelet-type vWD in one kindred. Thus, genetic analysis 
of the GPIba gene could confirm a diagnosis of platelet-type vWD 
in cases in which phenotypic studies were unsuccessful.

ClInICal DIsorDers of  
tHe fIBrInogen MoleCule
The clinical disorders of fibrinogen are complex, and depend-
ing on the types of mutation may present with bleeding or with 
thrombotic symptoms, or both. These disorders can be divided 
based on whether the defect is predominantly a quantitative 
or qualitative abnormality of the fibrinogen molecule.219,220 
Quantitative abnormalities are disorders associated with the 
complete absence of fibrinogen (afibrinogenemia) or with 
low levels of fibrinogen (hypofibrinogenemia). Qualitative 
abnormalities are disorders resulting from synthesis of an 
abnormal fibrinogen molecule (dysfibrinogenemia) with altered 
functional properties.219,220–222 Dysfibrinogenemia may be 
asymptomatic and identified only through laboratory studies, 
or it may be associated with either hemorrhagic or thrombotic 
 consequences.

Fibrinogen is a 340-kDa plasma protein that circulates at a 
concentration of 1.5 to 3.5 mg/ml. It is a symmetric disulfide-
linked dimer with a central E domain linked via “coiled coil” pep-
tide chains to outer D domains.223 Each half-molecule consists of 
a set of three different peptide chains, termed Aa, Bb, and g, which 
are linked at their amino termini by disulfide bonds to form the 
E domain. The D domains are formed by disulfide linkages near 
the carboxy termini of the peptides. Fibrinogen is synthesized in 
hepatocytes224 by coordinated expression of three separate genes 
on chromosome 4.225 The rate-limiting step in fibrinogen synthe-
sis is transcription of the Bb gene. Fibrinogen is an acute-phase 
reactant, and levels may rise considerably with inflammation. The 
circulation half-life of plasma fibrinogen is ∼4 days. Fibrinogen 
participates in multiple physiologic processes, including fibrin 
clot formation mediated by the enzymatic activities of thrombin 
and factor XIIIa, and cohesion of activated platelets through 
interaction with the GP IIb/IIIa receptor. Fibrinogen also acts as 
a plasma carrier for factor XIII. Fibrinogen physiology has been 
reviewed.223

The congenital disorders of fibrinogen associated with afi-
brinogenemia and hypofibrinogenemia are reviewed in the 
next section, followed by a discussion of the dysfibrinogen-
emias. Afibrinogenemia is a very uncommon condition. The 
first case was described in 1920 (reviewed in Ref. 226), and 
∼300 cases have been reported since then (see database at isth.
org). Congenital hypofibrinogenemia was first reported in 1935 
(reviewed in Ref. 227), and at least 40 cases have been reported 
in the literature. However, it is likely that many of the cases of 
hypofibrinogenemia were actually cases of dysfibrinogenemia 
with a reduced level of circulating clottable fibrinogen. Congenital 
disorders of fibrinogen are rare, and, in practice, most commonly 
observed disorders are acquired as a result of liver disease or 
consumptive processes.

pathogenesis of Quantitative Fibrinogen 
disorders
In congenital afibrinogenemia and hypofibrinogenemia, defects 
in synthesis, secretion, or intracellular processing of the final 
gene product result in deficiency of plasma fibrinogen.228 When 
newly synthesized fibrinogen is not secreted, the protein may 
accumulate in the rough endoplasmic reticulum of hepatocytes 
or other cells, resulting in amyloid-like accumulations.229 In 
both afibrinogenemia and hypofibrinogenemia, the fibrinolytic 
system and other coagulation pathways are completely normal. 
Similarly, there is no evidence of blood coagulation activation, 
which could cause consumption, or degradation of the fibrinogen 
molecule. The fibrinogen gene locus is located on chromosome 4; 
it contains three distinct genes that encode for the Aa, Bb, and 
g peptide chains that compose the fibrinogen molecule.230 The 
inheritance pattern of afibrinogenemia is autosomal recessive in 
nature,227 and many reported cases are the result of consanguine-
ous relationships between asymptomatic parents with symptom-
atic homozygote offspring. The molecular basis for quantitative 
fibrinogen disorders has been reviewed.231 Genetic defects are 
scattered throughout the three fibrinogen genes that code for the 
three polypeptide chains—Aa, Bb, and g. Multiple genetic defects 
have been reported, including deletions, point mutations, mis-
sense mutations, and uniparental isodisomy.231 Deletion of an 
11-kb region of the fibrinogen a gene appears to be a recurrent 
finding in unrelated families from both Europe and the United 
States.232 A database of genetic defects that have been identified 
in patients with congenital fibrinogen abnormalities is accessible 
at www.geht.org/databaseang/fibrinogen. An unexpectedly large 
number of individuals with congenital fibrinogen disorders have 
been described in southern Iran.233

afibrinogenemia
Inherited afibrinogenemia is a rare autosomal recessive disorder, 
with an estimated frequency of 1 in a million individuals.232 It 
is somewhat of an anomaly that patients who are afibrinogen-
emic have little hemorrhage, despite the fact that their blood 
cannot clot normally. This may in part be due to the presence 
of functional vWF, which allows platelet adhesion and aggrega-
tion, with the formation of loose thrombi even in the absence of 
fibrinogen.234 A similar phenotype was recently described for 
afibrinogenemic mice created by gene-targeted knockout.235 In 
patients with afibrinogenemia, life-threatening hemorrhages do 
occur, but in many situations the bleeding is not as severe as is 
seen in hemophilia. The diagnosis is often made early in infancy, 
when prolonged umbilical stump bleeding occurs.236 A major 
cause of death is intracranial hemorrhage during infancy or child-
hood.237 The clinical manifestations include mucosal membrane 
bleeding, such as epistaxis, menorrhagia, or gastrointestinal hem-
orrhage. A review of the cases entered into the North American 
Rare  Bleeding Disorder Registry indicated that most bleeding 
events were triggered by trauma, with only 20% to 30% occurring 
spontaneously.238

Increased incidence of first-trimester abortion, placental 
abruption, and postpartum hemorrhage have been observed in 
patients with afibrinogenemia.239 Fetuses of female afibrinogen-
emic patients rarely reach full term unless replacement therapy is 
given.240 Although 20% of afibrinogenemic patients are affected 
with hemarthrosis, the severity is generally less than that seen 
in patients with hemophilia. Replacement therapy for patients 
with afibrinogenemia is available,241,242 although there may be 
some concern with increased risk of thrombosis during therapy. 
Transgenic afibrinogenemic mice demonstrate abundant throm-
bus formation in a vascular injury model.234 The basis for this is 
not well understood, but may be in part related to the fact that 
fibrinogen has non–substrate-binding sites for thrombin that 
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could potentially modulate thrombin availability to activate plate-
lets.243 Patients with congenital hypofibrinogenemia do not typi-
cally have any spontaneous bleeding unless the fibrinogen level is 
<50 mg/dl. These patients may actually have hypodysfibrinogen-
emia, which is discussed in a later section of this chapter.

Laboratory Diagnosis
Screening coagulation tests from afibrinogenemic and hypofi-
brinogenemic patients typically show a marked prolongation of 
all tests where the endpoint is the appearance of fibrin clot, as 
severe fibrinogen deficiency renders plasma nonclottable. These 
tests include the PT, PTT, thrombin clotting time, and reptilase 
time. These test abnormalities, when due to functional deficiency 
of clottable fibrinogen, are usually corrected when patient plasma 
is mixed with normal plasma.244 A diagnosis of afibrinogenemia 
depends on the specific finding of undetectable fibrinogen antigen 
in the plasma of these patients. Platelet fibrinogen is also absent. 
Mild thrombocytopenia has been reported in some afibrinogen-
emic patients, but typically the platelet count is usually not lower 
than 100,000/ml.245 The bleeding time is prolonged in approxi-
mately one-third of patients with afibrinogenemia, presumably 
caused by the failure of platelets to aggregate in the absence of 
plasma or platelet fibrinogen. These abnormalities are correctable 
by infusion of plasma,246 or more recently therapeutic concen-
trates of fibrinogen.241,242 Furthermore, afibrinogenemic patients 
who undergo hypersensitivity reaction skin testing do not typi-
cally show an induration response to allergens. They show only 
erythema because the later phases of the hypersensitivity reaction 
depend on the deposition of subcutaneous fibrin.247

Differential Diagnosis and Therapy of 
Afibrinogenemia
Congenital quantitative defects in fibrinogen must be carefully 
distinguished from acquired quantitative defects in the fibrinogen 
molecule, which are often seen in the setting of liver disease or 
disseminated intravascular coagulation. Acquired hypofibrinogen-
emia has been reported after therapy with l-asparaginase, which 
impairs hepatic synthesis of fibrinogen,248 and in patients with 
aplastic anemia treated with antithymocyte globulin and corti-
costeroids.249 In the absence of purified fibrinogen concentrates, 
cryoprecipitate administration is used for replacement therapy 
for patients with severe afibrinogenemia. Prophylactic therapy is 
recommended only for pregnant patients, or patients with a his-
tory of central nervous system (CNS) hemorrhage.236 Replacement 
therapy is indicated for any episode of acute active bleeding, pre-
operatively, and in pregnant patients. Fibrinogen levels between 
50 and 100 mg/dl are usually adequate for normal hemostasis.236 
Levels >100 mg/dl are recommended for maintenance during 
pregnancy, based on empiric clinical observations.236 Weekly infu-
sions are recommended, but one should be aware that fibrinogen 
requirements may rise significantly around the time of parturi-
tion, and that levels as high as 150 mg/ml may be helpful to avert 
abruption.250 Each bag of cryoprecipitate contains ∼250 mg of 
fibrinogen, and one bag of cryoprecipitate typically raises plasma 
fibrinogen levels of an adult by ∼10 mg/dl; thus 5 to 10 bags of 
cryoprecipitate are usually sufficient in the average adult patient. 
Because the fractional catabolic rate of fibrinogen is 25% per 
day, acute-care patients should receive one-third of their loading 
dose daily for as long as fibrinogen support is desired.241,242,251 
There are plasma concentrates of fibrinogen now available that 
may provide advantages over the use of cryoprecipitate.252,253 
Measurement of plasma fibrinogen levels after infusion is rec-
ommended to confirm that a patient has obtained the desired 
therapeutic effect. The complications of replacement therapy 
in afibrinogenemia include allergic reactions, development of 
antifibrinogen antibodies, and anaphylaxis.254 Thromboembolic 

complications following cryoprecipitate infusions include deep 
venous thrombosis and pulmonary emboli; the risk of these 
complications may be increased when an inhibitor of fibrino-
lysis or oral contraceptive therapy is also administered.255,256 
Low-molecular-weight heparin in combination with fibrinogen 
replacement has been used to avoid these thromboembolic com-
plications.257 Antifibrinolytics alone may be sufficient to prevent 
bleeding from mucosal sites, but caution should be exercised in 
patients with a personal or family history of thrombosis.

dysfibrinogenemia
The first reported case of dysfibrinogenemia mediated by a 
qualitatively abnormal fibrinogen molecule occurred in 1965, 
and since that time >300 families have been reported with this 
disorder.220–222 The molecular genetic basis of fibrinogen dys-
function has been fairly well established in many families that 
have been studied. However, uncertainty persists concerning the 
linkage of genetic defects of fibrinogen and the disease pheno-
type expressed by patients, as environmental factors and other 
concomitant genetic abnormalities may be influencing disease 
manifestations.258 There is an intriguing report of an increased 
association of dysfibrinogenemia with chronic thromboembolic 
pulmonary hypertension.259 A database containing an updated 
list of the genetic defects associated with dysfibrinogenemia is 
accessible at http://site.geht.org/site/Pratiques-Professionnelles/
Base-de-donnees-Fibrinogene/Database-English-Version/
Fibrinogen-variants-Database-_79_.html.

Molecular Basis of Dysfibrinogenemia
The reported abnormalities in the fibrinogen molecule include 
defects in each of the major steps of fibrin formation and stabi-
lization. The conversion of fibrinogen to an insoluble fibrin clot 
requires that the molecule first be cleaved by thrombin between 
arginine 16 and glycine 17 of the Aa chain to release fibrinopep-
tide A, and between arginine 14 and valine 15 of the Bb chain to 
release fibrinopeptide B. This produces a fibrin monomer capable 
of undergoing the second step, fibrin polymerization. Once these 
molecules polymerize, they are stabilized by the action of factor 
XIIIa. Fibrinogen also supports the hemostatic process through 
interaction with platelets during platelet cohesion (aggregation). 
Finally, during the process of wound healing and tissue remodel-
ing, the fibrin clot undergoes fibrinolysis by concerted activities 
of plasminogen and plasminogen activators. Fibrinogen dysfunc-
tion may affect any of these various steps of fibrin clot formation, 
platelet interaction, or lysis. It is therefore expected that the dysfi-
brinogenemias can be associated with abnormal clinical bleeding, 
thrombotic tendency, disorders of wound healing, or no clinically 
apparent disease. Domain location of a mutation does not neces-
sarily predict the associated disease phenotype. Defects of fibrino-
peptide release have been associated with both hemorrhagic and 
thrombotic complications. Similarly, disruption of D–D interactions 
have been associated with both bleeding and thrombosis. Patients 
who have heterozygous dysfibrinogenemia typically have ∼50% 
of normal fibrinogen levels, which should be adequate for hemo-
stasis. Clottable fibrinogen protein measurements may not be a 
reliable indicator of plasma fibrinogen concentration, because 
functionally abnormal molecules are not always incorporated into 
the clot. An abnormal fibrinogen may inhibit the conversion of nor-
mal fibrinogen to fibrin, so the tendency for many of these patients 
to bleed is higher than one would suspect. Hypodysfibrinogenemia 
occurs when an abnormality of the fibrinogen molecule results in 
decreased secretion or increased clearance of the protein. More 
than 20 families have been reported with hypodysfibrinogenemia. 
Autosomal amyloidosis has been attributed to genetic disorders of 
fibrinogen, as well as to genetic disorders of several other proteins 
(including transthyretin, gelsolin, apolipoprotein A, and lysozyme). 
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Hereditary renal amyloid disease has been associated with genetic 
defects of the Aa chain, and renal amyloid has recurred in renal 
transplants. Hepatic amyloid disease has also been attributed to 
abnormalities of fibrinogen.230,260

Dysfibrinogenemia is typically inherited as an autosomal 
dominant trait with high levels of penetrance. Most of these 
patients are heterozygotes, but a few homozygotes and some rare 
compound heterozygotes have been reported in the literature. 
Approximately 40% of dysfibrinogenemic patients are asymptom-
atic, and 45% to 50% have a bleeding disorder.261 The remaining 
10% to 15% have either a thrombotic disorder (venous or arterial) 
or both bleeding and thrombotic tendencies. The bleeding associ-
ated with dysfibrinogenemia is generally mild and includes soft 
tissue hemorrhage, easy bruising, and menorrhagia. Although 
intraoperative and postoperative bleeding have been reported, 
most bleeding is not life-threatening.

There are only a few families in which a thrombotic tendency 
can be unambiguously associated with dysfibrinogenemia, and 
criteria for making this association have been proposed. These 
criteria include a demonstrated molecular defect, thrombosis at 
an early age or in multiple family members, presence of no other 
predisposing factor for thrombosis, strong association between 
the fibrinogen defect and thrombus complications within a family, 
and association of the same molecular defect with thrombosis in 
another, unrelated kindred.262 The true prevalence of thrombo-
sis among patients with dysfibrinogenemia is unknown. Studies 
indicate a distinct thrombotic tendency in individuals with dysfi-
brinogenemia related to defects in the a-C domain of the Aa chain 
of fibrinogen, especially if new cysteine residues are encoded that 
can become disulfide-linked to albumin. In contrast, dysfibrino-
genemic patients with defective cross-linking experience primar-
ily defective wound healing.

Laboratory Diagnosis of Dysfibrinogenemia
The thrombin clotting time remains a sensitive screening test for 
dysfibrinogenemias,244 and the PT appears to be more sensitive 
than the PTT to the effects of dysfibrinogenemia. In some cases, 
clot formation may be absent. Reptilase is a snake venom enzyme 
that differs from thrombin in that it cleaves only fibrinopeptide A of 
fibrinogen. The reptilase time is often more prolonged than the 
thrombin clotting time, especially in patients who have defective 
fibrinopeptide A release. Some dysfibrinogenemias exhibit a very 
short thrombin clotting time, and these patients may have throm-
botic complications. The fibrinogen concentration can be either 
low or normal in these patients. Most patients with dysfibrinogen-
emia have a significant discrepancy between the level of clottable 
fibrinogen and that detected by immunologic methods. Criteria for 
diagnosing dysfibrinogens using ratios of immunologic and func-
tional fibrinogen assays have been reported,263 but the sensitivity 
and specificity of these criteria are not well characterized. The 
euglobulin clot lysis time is a crude measure of fibrinolytic potential, 
and may be helpful in detecting abnormal fibrinogens that show 
increased susceptibility to fibrinolysis. For example, with fibrinogen 
St. Louis,264 the euglobulin clot lysis time is shortened, and fibrino-
gen degradation products are elevated in the plasma. Laboratory 
testing for fibrinogen abnormalities has been reviewed.265

The diagnosis of inherited dysfibrinogenemia must be distin-
guished from hypofibrinogenemia, which is either acquired or 
congenital in nature. Acquired dysfibrinogenemia occurs typi-
cally in the setting of severe liver disease,266 and the suspicion 
can be readily investigated by evaluation of liver function tests. 
Acquired dysfibrinogenemias are also associated with malignan-
cies that produce an abnormal fibrinogen molecule, such as some 
hepatomas (see Chapter 54), multiple myeloma,267 and renal cell 
carcinoma,268 as well as autoimmune disorders. An algorithm 
has been proposed for the orderly evaluation of patients in whom 
dysfibrinogenemia is a consideration.244

Acquired inhibitors to fibrin formation that interfere with 
fibrinogen-to-fibrin conversion may also be confused with dys-
fibrinogenemia. These acquired inhibitors include heparin-like 
molecules, elevated levels of fibrin split products, and antibod-
ies at concentrations such as may occur in macroglobulinemia, 
multiple myeloma, or other disorders that interfere with fibrin 
polymerization.269 Acquired antibodies against the fibrinogen 
molecule are quite rare but have been reported in association with 
a variety of diseases.270,271

Therapy
The majority of patients with dysfibrinogenemia do not require 
any specific therapy. Any bleeding complications that develop can 
be managed with transfusion of either plasma or cryoprecipitate. 
The role of the newer fibrinogen concentrates in treating patients 
with dysfibrinogenemia has not been clarified through appropri-
ate clinical trials yet. Antifibrinolytic drugs have been used in 
some patients but should be especially avoided in patients who 
have thrombotic tendencies. Patients who have repeated venous 
thrombotic episodes may actually require long-term antithrom-
botic therapy. A patient with life-threatening thrombophilic mani-
festations was successfully managed with plasma exchange prior 
to surgery,272 but one wonders whether simple anticoagulation 
therapy would have been sufficient to provide a satisfactory out-
come. In women with dysfibrinogenemia, recurrent miscarriages 
may be prevented using prophylactic cryoprecipitate, and suc-
cessful pregnancy outcomes in such cases have been reported.236

faCtor XIII DefICIenCy
The initial hemostatic plug is not sufficient to prevent blood loss 
unless it is stabilized by the action of plasma factor XIII (fibrin-
stabilizing factor). A complex set of reactions among thrombin, 
fibrin, and plasma factor XIII is necessary for clot stabilization 
(see Chapter 18). When fibrin begins to polymerize after thrombin 
cleaves the fibrinopeptides, a complex forms between thrombin 
and fibrin, which promotes the conversion of factor XIII to fac-
tor XIIIa. Fibrin is the main catalytic substrate for factor XIIIa.273 
Factor XIIIa transforms the unstable, noncovalently associated 
fibrin clot to a stable covalently cross-linked set of fibrin fibers 
that are mechanically stronger, more rigid, and more elastic. A 
cross-linked fibrin clot is more resistant to mechanical as well 
as enzymatic degradation by plasmin than uncross-linked fibrin 
because a2–plasmin inhibitor is also cross-linked to fibrin to 
inhibit plasmin activity. Factor XIIIa is a transglutaminase that 
catalyzes the formation of intermolecular g-glutamyl-â-lysyl cova-
lent (isopeptide) bonds between the g chains and a chains of fibrin 
strands within the clot. Cross-linkage of g-chain Gln 398 and 
Lys 406 residues appears to occur earlier, with a-chain linkages 
between Gln 328 and 366 with Lys 508, 556, and 562 occurring 
more slowly.273 In addition, several other plasma and extracellu-
lar matrix proteins are linked to the fibrin clot through the action 
of factor XIII. Cross-linking of thrombin-activatable fibrinolysis 
inhibitor into fibrin clots further increases the resistance of the 
clot to plasmin degradation.273 Cross-linkage of fibrin to adhesive 
proteins such as vWF, fibronectin, thrombospondin, and vitronec-
tin may improve adhesion to vessel walls and may play a role in 
cell migration during wound healing. In fact, fibronectin is the 
second most abundant material in the fibrin clot, accounting for 
4% of the total protein.274

The importance of factor XIII function in normal health is 
emphasized by the clinical scenarios characteristic of inherited 
and acquired deficiency of factor XIII. In the following section, 
the pathogenesis, molecular genetics, clinical laboratory, diag-
nostic, and therapeutic elements of the diagnosis and treatment 
of  factor XIII deficiency are discussed.
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pathogenesis
In 1944, Robbins postulated that a deficiency of fibrin-stabilizing 
factor, which later became known as factor XIII, would produce 
a serious bleeding disorder.275 However, it was not until the 
first case of factor XIII deficiency was described in 1960 that 
the severe nature of this bleeding disorder was recognized.276 
During the last five decades, >200 cases of congenital factor XIII 
deficiency have been reported in the literature.277 It is estimated 
that ∼1 person in every 1 million to 5 million people has factor 
XIII deficiency. The disorder is inherited as an autosomal reces-
sive trait.236,277

The factor XIII molecule is present in both plasma and in blood 
platelets and monocytes. The plasma concentration of factor XIII 
is 14 to 28 mg/ml. Approximately half that concentration circu-
lates within blood platelets. Tissue-based factor XIII resides in 
 monocyte/macrophages. Structurally, platelet and monocyte fac-
tor XIII consists of only A dimers, present within the cytoplasm of 
both platelets and megakaryocytes. The plasma factor XIII molec-
ular complex is a heterotetramer, containing two of each of the A 
and B subunits. The A subunit mediates factor XIII function, con-
taining an activation peptide, calcium-binding site, and enzymatic 
domain with an active site sulfhydryl residue that is characteristic 
of this class of enzymes.278 The three-dimensional structure for 
the A subunit has been determined by x-ray crystallography.273 
The majority of the A subunit in circulation is derived from cells 
of marrow origin.279 The B subunit of plasma factor XIII is syn-
thesized in the liver and probably associates with the A subunit in 
the plasma phase after release from the hepatocyte. The B subunit 
appears to promote stabilization of the A subunit in plasma and 
may play an important role in regulating both the localization of 
the A subunit to the fibrin clot and thrombin-dependent activa-
tion of the protein. Two distinct forms of factor XIII deficiency 
have been described, based on whether the A and B subunits are 
absent or present.273 In type I deficiency there is absence of the B 
subunit, with resultant decreased concentration of the A subunit 
in plasma, but platelet A subunit content is maintained. In type II 
deficiency, the A subunit is absent and the B subunit is present.

Molecular genetics
Since the protein was initially described in human serum in 
1944, both the A and B subunits have been purified, and cDNA 
sequence and gene structure have been established.273 The  
A subunit is encoded on chromosome 6, containing 15 exons and 
spanning a region of 160 kb. A common genetic polymorphism of 
the A subunit has been described that results in Val34 replace-
ment by Leu just three amino acid residues from the site of cleav-
age of the activation peptide. This polymorphism may influence 
factor XIII activation and has been investigated in reference to 
risk for myocardial infarction.280 The B subunit is encoded by 
chromosome 1.281 Because the mode of inheritance of factor XIII 
deficiency is autosomal recessive in nature, only homozygotes or 
compound heterozygotes are clinically symptomatic. The homozy-
gotes reported in the literature are often children of consanguine-
ous marriages.282

In the cases reported to date, factor XIII deficiency is more 
frequently attributed to mutation of the gene encoding the A 
subunit, confirming the functional importance of this subunit. To 
date, over 70 mutations have been described.277 The majority of 
defects observed are “point mutations” resulting in stop codons, 
missense errors, or frame-shifts and small deletions. Inherited 
deficiency of the factor XIII A chain is not restricted to any specific 
ethnic group.283

Factor XIII B chain deficiency is a very rare autosomal reces-
sive disorder, with very few reported cases in the literature.284 
One unique patient displayed a complete absence of the B chain 
and a shortened half-life of the A chain. Interestingly, this B 
chain–deficient patient had many of the same symptoms as an 

A chain–deficient patient. The ability of the B chain to promote 
A chain binding to the fibrinogen molecule may account for this 
clinical finding.285 Only ∼5 mutations have been reported in the 
B chain gene.277

clinical aspects
Clinically affected factor XIII–deficient patients typically have 
plasma levels that are <1% of normal,273 with bleeding attributed 
to accelerated fibrin clot degradation. The bleeding phenotype in 
patients with inherited factor XIII deficiency is unusually severe. 
Abnormal bleeding manifests shortly after birth, when bleeding 
from the healthy umbilical cord remnant occurs.286 This has been 
a prominent feature, reported in up to 80% of cases,282 but this 
complication was observed in only 22% of the 34 cases reported 
to the North American Rare Bleeding Disorders Registry.238 
Umbilical stump bleeding is an uncommon presentation for other 
congenital bleeding disorders. Rebleeding at circumcision is also 
common. Other bleeding manifestations in these patients include 
soft tissue hemorrhage, hemarthrosis, hematomas, and the 
development of large pseudocysts.286 The most life-threatening 
complication of factor XIII deficiency is spontaneous intracranial 
hemorrhage. Intracranial hemorrhage is more prevalent in fac-
tor XIII deficiency than in other inherited bleeding disorders. 
Approximately 25% of factor XIII–deficient patients experience 
intracranial hemorrhage.287 Bleeding is usually spontaneous, 
and prevention of intracranial hemorrhage forms the basis for 
the recommendation of prophylactic therapy of factor XIII–deficient 
patients. Surgery in these patients is often complicated by abnor-
mal wound healing and excessive postoperative bleeding, which 
can occur either immediately or later. Delayed bleeding may 
occur several days after surgery or tissue injury, and patients 
may experience cycles of repetitive bleeding that span weeks 
to months. Poor wound healing is reported in ∼20% of patients 
with factor XIII deficiency. The affected males in some families 
also have oligospermia, resulting in infertility. Furthermore, 
infertility in affected females results from spontaneous abortions. 
Females with this deficiency cannot carry a pregnancy to term 
unless plasma factor XIII levels are maintained at levels that 
prevent bleeding.288 The manifestations of factor XIII deficiency 
vary greatly among patients and may not necessarily present as 
bleeding symptoms. It has been hypothesized that heterogeneity 
of genetic defects underlying the deficient state accounts for the 
clinical variability in disease expression.289 Factor XIII–deficient 
mice display a similar phenotype to the human condition.290

differential diagnosis
Congenital or acquired factor XIII deficiency must be considered 
when a patient has a major bleeding disorder and all of the 
initial screening laboratory tests are normal, including PT, PTT, 
and platelet count. Bleeding can occur spontaneously or after 
major surgery. It remains imperative in the adult to exclude both 
inherited and acquired factor XIII deficiency, because patients can 
develop antibodies to factor XIII that interfere with fibrin stabili-
zation. Specific antibodies to factor XIII were reported in patients 
taking isoniazid, phenytoin, procainamide, penicillin, and valproic 
acid.273 Factor XIII antibodies also occur in association with auto-
immune disease, in patients with monoclonal gammopathy, or 
as an idiopathic occurrence. Acquired factor XIII deficiency has 
been reported in Henoch-Schönlein purpura, liver disease, Crohn 
disease, and ulcerative colitis.273

laboratory diagnosis
The PT and PTT assays are normal (Table 53.5). The solubility of 
a fibrin clot in 5M urea or 1% monochloroacetic acid (clot stability 
assay) is the most useful screening test for factor XIII deficiency. 
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In these conditions, clots formed in the absence of factor XIII 
activity dissolve within 60 minutes.273 In contrast, normal clots 
covalently modified by factor XIIIa remain insoluble for at least 
24 hours. This is a qualitative assay, and as little as 5% of the 
normal factor XIII activity level can render a clot insoluble in urea. 
Unfortunately, clot stability testing is not well standardized. If clot 
solubility is found, a mixing study with normal plasma is recom-
mended to exclude factor XIII inhibitor. Deficiency of a2-antiplas-
min may also cause a bleeding disorder with normal coagulation 
screening studies and increased urea clot solubility; a specific 
assay for a2-antiplasmin should be considered, to exclude this 
possibility.291 Quantitative measurements of factor XIII activity 
can also be done, and these tests are useful to confirm factor XIII 
deficiency that is suspected based on an abnormal qualitative 
clot solubility assay. Specialized laboratories may measure either 
ammonia production (an end product of the factor XIIIa reac-
tion)292 or the incorporation of fluorescent or radioactive amines 
(such as dansylcadaverine) into proteins such as casein.293 
However, the most sensitive and specific measurement of factor 
XIIIa activity remains the functional assay measuring the stability 
of a covalently cross-linked fibrin clot.294 Finally, immunologic 
based assays that detect factor XIII antigen are available, such 
as ELISAs specific for either the A or B subunits of factor XIII.273 
Results of immunologic assays correlate with factor XIII activity 
assays, but immunologic assays are not widely available.

ProtHroMBIn DefICIenCy
Inherited prothrombin deficiency is an exceedingly rare, auto-
somal recessive bleeding disorder, with a frequency of <1 in 
1  million.295 To date, <40 mutations have been identified from 
<100 reported cases (Ref. 296, isth.org database). As with some 
of the other factor deficiencies, the frequency of prothrombin 
deficiency is greater in countries where consanguineous mar-
riages occur. Phenotypically, prothrombin deficiency is classified 
as either hypoprothrombinemia (type I), distinguished by reduced 
prothrombin activity and reduced prothrombin antigen, or dys-
prothrombinemia (type II), distinguished by reduced prothrombin 
activity but normal prothrombin antigen.

pathophysiology
Similar to deficiencies of the other vitamin K–dependent coagula-
tion factors, prothrombin deficiencies result from mutant pro-
thrombins that are either CRM-negative (hypoprothrombinemia) 
or CRM-positive (dysprothrombinemia). The CRM-negative form 
may be more common, is a product of missense, nonsense, 
insertion, or deletion mutations, and is characterized by a true 
deficiency of prothrombin, with a strong correlation between 
functional assays and immunoassays. The CRM-positive form is a 
product of missense mutations and is characterized by antigeni-
cally competent prothrombin, usually in quantities much greater 
than the associated functional activity.

By convention, these mutant prothrombins have been named 
according to the proband’s origin, e.g., prothrombin Cardeza.297 
The prevalence of prothrombin deficiency in Puerto Ricans led 
to the recent description of several unrelated families of Puerto 
Rican ancestry having a common mutation, prothrombin Puerto 
Rico I, with characteristics of both hypoprothrombinemia and 
dysprothrombinemia.298 Dysprothrombins with amino acid sub-
stitutions at or near the factor Xa cleavage sites inhibit activa-
tion to thrombin.299,300 Amino acid substitutions elsewhere in 
prothrombin can affect the function determined by that region, 
including the catalytic domain (Quick II,301 Molise, Perijé302), and 
fibrinogen-binding (Quick I303). Figure 53.9 summarizes some 
of these mutant prothrombins and their concomitant functional 
abnormalities.
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Figure 53.9. Schematic representation of prothrombin activation by  prothrombinase 
(i.e., factors Xa, Va, and a negatively charged phospholipid surface) and sites of  certain 
prothrombin mutations leading to inherited prothrombin deficiency. The fragment  
1 + 2 domain contains g-carboxyglutamic acid (gla) residues responsible for Ca2+-dependent 
binding of prothrombin to cellular membranes. Prothrombins Barcelona and Madrid have a 
mutation at the factor Xa cleavage site (Arg271Cys), preventing activation to thrombin. The 
remaining depicted mutations are within the catalytic site/regulatory elements of a-thrombin.  
Prothrombin Quick I results in decreased proteolytic activity toward fibrinogen, as well as 
reduced abilities to release fibrinopeptide A, aggregate platelets, and stimulate the release of 
prostacyclin from human endothelial cells; prothrombins Perijé and Quick II result in decreased 
proteolytic activity due to alterations within the primary binding pocket; and prothrombin Puerto 
Rico I results in decreased activation to thrombin, possibly due to the removal of a salt bridge 
linking the A and B chains of thrombin.

clinical Features
Epistaxis, menorrhagia, and posttraumatic bleeding are the most 
common complaints. Hemarthroses and muscle hematomas have 
also been reported.295 The extent of prothrombin deficiency 
does not necessarily correlate with clinical bleeding. Although 
hemostasis can be maintained by prothrombin levels >25% of 
normal, significant bleeding is usually seen when prothrombin 
levels are <2% of normal.304 Of the severe prothrombin defi-
ciency patients reported to the Rare Bleeding Disorders Registry, 
20% experienced intracranial bleeding.238 Prothrombin-deficient 
heterozygotes have 40% to 60% of normal prothrombin activity; 
compound heterozygotes and homozygotes usually have <10% 
of normal prothrombin activity.305 As of yet, no human cases of 
total prothrombin deficiency have been reported. Based on stud-
ies with knockout mice, such a complete deficiency is thought to 
be incompatible with life, leading to a loss of vascular integrity, 
arrested development, and tissue necrosis, ultimately resulting in 
embryonic or neonatal lethality.306 This effect is thought to result 
from a developmental activity of thrombin on yolk sac vascula-
ture. The genetic elimination of prothrombin in an adult mouse 
model was also not compatible with survival.307

laboratory diagnosis
A summary of laboratory findings in prothrombin deficiency is 
included in Table 53.5. Prothrombin deficiency is associated with 
normal thrombin times but prolonged PT and aPTT, which can be 
corrected in mixing studies. Specific factor assays for prothrombin 
are used in diagnosis. Acquired prothrombin deficiency, caused by 
either vitamin K deficiency or an antiprothrombin antibody asso-
ciated with antiphospholipid antibodies, should be considered 
before making the diagnosis of inherited prothrombin deficiency. 
Fresh-frozen plasma (FFP) and prothrombin complex concen-
trates (PCCs) are used to treat prothrombin deficiency, as outlined 
later, in Table 53.8.
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Disorder Therapeutic Product Loading Dose Maintenance Dose

von Willebrand disease Humate-Pa 40–60 IU/kg 40–50 IU/kg every 12–24 h for up to 7 d

Cryoprecipitateb Not required 1 bag/10 kg daily

Fibrinogen deficiency Cryoprecipitate 1–2 bags/10 kg 1 bag/10 kg every other d

Purified fibrinogenc 50–100 mg/kg 20 mg/kg every other d

Prothrombin deficiency Fresh-frozen plasmad 15 ml/kg 5–10 ml/kg daily

Dysprothrombinemia Purified prothrombin complexe 20 IU/kg 10 IU/kg daily

Factor V deficiency Fresh-frozen plasma 20 ml/kg 10 ml/kg every 12–24 h

Factor VII deficiency Fresh-frozen plasmad 20 ml/kg 5 ml/kg every 6–24 h

Purified prothrombin complexe 30 IU/kg 10–20 IU/kg every 6–24 h

Factor X deficiency Fresh-frozen plasmad 15–20 ml/kg 5–10 ml/kg daily

Purified prothrombin complexe 15 IU/kg 10 IU/kg daily

Factor XI deficiency Fresh-frozen plasmad 15–20 ml/kg 5 ml/kg every 12–24 h

Factor XIII deficiency Fresh-frozen plasmaf 5 ml/kg every 1–2 wk Not usually required

Note: The replacement therapy regimens suggested in this table are for major bleeding or surgical prophylaxis. Patients with minor bleeding may require lower dosages of these replacement 
products. Confirmation of hemostatic levels of the appropriate coagulation factor being replaced should be done, with dosage adjustments performed as needed.
a Labeled in ristocetin cofactor units. Alphanate and Wilate can also be used to treat von Willebrand disease.
b Recommended only if purified factor replacement therapy is not available.
c Not routinely available in the United States.
d Plasma after removal of cryoprecipitate is satisfactory.
e Prothrombin complex concentrates are thrombogenic and should be used only for major bleeding or major surgery. Antifibrinolytic drugs (â-aminocaproic acid, tranexamic acid) should not be 
used in conjunction with prothrombin complex concentrates.
f A factor XIII concentrate is now available in the United States. See text for details.

rePlaCement theraPy In other InherIted CoagulatIon dIsorders

taBle 53.8

faCtor v DefICIenCy
Inherited factor V deficiency, also known as labile factor deficiency, 
proaccelerin deficiency, and parahemophilia, is a rare autosomal 
recessive bleeding disorder first described by Owren,308 with an 
estimated frequency of 1 in 1 million.295 To date, >100 mutations 
have been identified from >200 reported cases,309,310,311 and a 
database at isth.org lists >120 factor V mutations. As with some 
of the other factor deficiencies, the frequency of factor V deficiency 
is greater in countries where consanguineous marriages occur.295 
Phenotypically, factor V deficiency is classified as either type I, 
distinguished by reduced factor V activity and reduced factor V 
antigen, or type II, distinguished by reduced factor V activity but 
normal factor V antigen.

pathophysiology
The majority of factor V deficiencies result from a failure to either 
synthesize or secrete factor V. The mutants responsible for these 
deficiencies are CRM-negative (type I); CRM-positive factor V 
mutations (type II) have also been detected.312 The CRM-negative 
form is a product of missense, nonsense, insertion, or deletion 
mutations and is characterized by a true deficiency of factor V, 
with a strong correlation between functional assays and immuno-
assays. Factor V New Brunswick, a CRM-positive form, is caused 
by a missense mutation and is characterized by antigenically com-
petent factor V with reduced activity, most likely due to reduced 
stability of factor Va.313,314

By convention, many of these mutant factor Vs have been 
named according to the proband’s origin, e.g., factor V Stanford315 
and factor V Ogden.316 Factor V Quebec is associated with a mod-
erate reduction in plasma factor V levels and a severe reduction in 
platelet factor V, but also other a-granule proteins, including mul-
timerin (a factor V carrier molecule within platelets), and is thus 
more properly considered a platelet disorder.317 Approximately 

20% of the circulating pool of factor V is contained within plate-
lets. This platelet pool of factor V and low levels of tissue factor 
pathway inhibitor seen in factor V deficient patients may explain 
the milder bleeding phenotype in this bleeding disorder.310

clinical Features
Epistaxis, menorrhagia, and posttraumatic bleeding are the most 
common complaints. Trauma-induced hemarthroses and muscle 
hematomas have also been reported.295 Gastrointestinal or CNS 
bleeding is observed very rarely. Although neonatal bleeding has 
seldom been observed, factor V deficiency has been associated 
with other congenital abnormalities.318 Hemostasis can be main-
tained by factor V levels >10% to 20% of normal, but moderately 
severe bleeding is usually seen when factor V levels are <10% of 
normal. Factor V–deficient heterozygotes have 40% to 60% of nor-
mal factor V activity; compound heterozygotes and homozygotes 
usually have <10% of normal factor V activity. Bleeding symptoms 
may correlate better with platelet factor V content rather than the 
plasma factor V level.317

A genetic model of factor V deficiency utilizing factor V–knock-
out mice underscores the importance of factor V in not only 
hemostasis but development, as fetal loss in utero is markedly 
increased.319 Based on these knockout-mouse studies, complete 
factor V deficiency is apparently incompatible with life, but <0.1% 
of normal factor V activity is sufficient to rescue completely defi-
cient mice.320 As of yet, no human cases of total factor V defi-
ciency have been reported, and even patients with a homozygous 
or compound heterozygous factor V deficiency usually have some 
residual factor V activity.

laboratory diagnosis
A summary of laboratory findings in factor V deficiency is 
included in Table 53.5. Factor V deficiency is associated with 
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normal thrombin times but prolonged PT and aPTT, which can 
be corrected in mixing studies. A PT–based factor V assay or 
an ELISA can be used to verify quantitative reductions in fac-
tor V. Good results have been obtained using aged oxalated or 
 ethylenediaminetetraacetic acid plasma as a factor V–deficient 
substrate,321 as well as artificially depleted substrate plasmas. 
Acquired factor V deficiency, caused by liver disease, dissemi-
nated intravascular coagulation, or antibodies to factor V, should 
be excluded before making the diagnosis of inherited factor V 
deficiency. Upon confirmation of factor V deficiency, however, a 
specific assay for factor VIII should also be performed to rule out 
the rare combined factor V/factor VIII deficiency,322 treatment of 
which entails a different replacement therapy. Currently, FFP is 
used to treat factor V deficiency, as outlined later, in Table 53.8.

faCtor vII DefICIenCy
Factor VII deficiency was first described in 1951 by Alexander 
et al. under the name serum prothrombin conversion accelera-
tor (SPCA) deficiency. Approximately 200 cases of true factor VII 
deficiency have been reported, and the population prevalence is 
estimated to be 1 in 500,000,295 making it the most common of 
the “rare bleeding disorders.” Also known as stable factor or pro-
convertin deficiency, the condition is inherited as an autosomal 
recessive trait that produces severe deficiency in the homozygote 
and mild deficiency, usually without clinical manifestations, in 
the heterozygote. As in other rare bleeding disorders, it is more 
common in cultures where consanguineous marriage is practiced.

pathophysiology
Factor VII is secreted as a single-chain proenzyme glycoprotein 
of ∼50 kDa by hepatocytes. Factor VII has the shortest plasma 
half-life of all coagulation factors (∼5 hours), and its plasma con-
centration is very low, ∼500 ng/ml.323 Factor VIIa is detectable in 
trace amounts in normal plasma,324 and sensitive assays indicate 
that ∼1% of circulating factor VII is in the activated form.324 
The circulating half-life of activated factor VIIa is approximately  
2.5 hours.325 Tissue factor increases the rate of activation of fac-
tor VII significantly,324 and current theory is that coagulation is 
initiated in the presence of tissue factor that is exposed at sites of 
vascular injury or contributed by blood monocytes.326

The factor VII gene includes nine exons and spans 128 kb on 
chromosome 13.327 It is located just upstream of the factor X gene. 
In a mouse knockout model in which factor VII is completely lack-
ing, fatal hemorrhage occurs perinatally.328 In humans, factor VII 
deficiency occurs as a recessive trait resulting from homozygous 
or compound heterozygous mutations. Many mutations of the 
 factor VII gene have been reported, with >200 mutations listed in 
2012 in a database at isth.org. Most reported genetic defects are 
single-base substitutions, including missense, splice-site, and non-
sense mutations. Most mutations affect only a few patients, but 
one mutation (Ala242Val) was detected in 23 “apparently” unre-
lated Jews in Israel.329 More extended haplotype testing suggests 
a “founder effect”.329 Although Dubin-Johnson syndrome is asso-
ciated with factor VII deficiency,330 the genetic defect underlying 
that syndrome is located on chromosome 10, and the association 
of Dubin-Johnson syndrome and factor VII deficiency may simply 
reflect a high consanguinity rate in one population.291 Combined 
deficiency of factor VII along with the other vitamin K–dependent 
coagulation proteins or as a deficiency with a single other coagula-
tion protein has been reported in rare families (see below).

clinical Features
Only severe factor VII deficiency is associated with hemor-
rhagic symptoms, and heterozygous carriers are asymptomatic. 

Factor  VII levels do not completely correlate with the severity 
of symptoms, and this may in part reflect heterogeneity in the 
molecular basis of factor VII deficiency or the tissue factor–con-
taining reagents used to quantify the factor VII activity level in 
patients.331 However, patients with levels of >10 to 15 IU/dl 
rarely manifest bleeding.332 Patients with levels between 5 and 
10 IU/dl tend to have milder symptoms, such as epistaxis, gingival 
bleeding, or genitourinary and gastrointestinal bleeding. Patients 
with levels <1 IU/dl may have symptoms similar to patients with 
hemophilia A or hemophilia B, with spontaneous joint and deep-
muscle bleeding, but some patients with factor VII levels of <1 IU/
dl have been asymptomatic. Bleeding into the CNS is particularly 
common, being observed in 15% to 60% of patients with factor VII 
levels <2 IU/dl.333 CNS bleeds often present during the neonatal 
period, and the risk of recurrence is high enough that prophylaxis 
with factor replacement therapy should be considered in patients 
who present with this complication.334 The severity of bleeding 
after trauma or surgical procedures varies to a surprising degree 
in this disorder, with oral and urogenital cavity procedures being 
particularly troublesome, possibly reflecting the high local fibri-
nolytic activity in these regions of the body. Prior clinical bleeding 
symptoms are an important prognostic factor predicting surgical 
bleeding complications in patients with factor VII deficiency.

Some reports indicate that patients with factor VII deficiency may 
also be more prone to various thromboembolic manifestations.335 
The explanation for this phenomenon is unknown, but thrombo-
philic markers have been observed in most of these cases.336

laboratory diagnosis
In factor VII deficiency, normal results are obtained with coagula-
tion tests that bypass the extrinsic pathway of coagulation and fac-
tor VII (Table 53.5), that is, the PTT, thrombin time, and, if tested, 
the Stypven (Russell viper venom) time. Thus, a diagnosis of  factor VII 
deficiency is suspected in a patient with a life-long history of 
bleeding when there is an isolated prolonged PT and normal PTT. 
The PT will correct on 1:1 mixing of patient plasma with normal 
plasma, but a diagnosis of factor VII deficiency requires a specific 
factor VII assay for confirmation. Use of human thromboplastin 
in the PT assay is recommended. A factor VII mutation (factor VII 
Padua) has been described in African-American patients who are 
asymptomatic; this defect results in low factor VII activity levels 
when rabbit brain thromboplastin is used, but normal factor VII 
activity when human thromboplastin is used.337 Confirmation of 
low factor VII antigen level can be obtained by ELISA assay. Levels 
of factor VII in heterozygous carriers overlap the normal range. 
Before making a diagnosis of factor VII deficiency, one should 
exclude causes for acquired abnormalities such as vitamin K 
deficiency, liver disease, or warfarin therapy. Also, rare conditions 
such as combined deficiency of all vitamin K–dependent factors, 
and combined factor VII and factor X deficiency should be con-
sidered. Autoantibody directed to factor VII occurs, but few case 
reports have been published.

Phenotypically, patients have been characterized by evaluat-
ing plasma levels of factor VII antigen (or CRM). CRM-negative 
patients have low factor VII antigen as a result of the lack of 
synthesis or increased factor clearance, whereas CRM-positive 
patients produce factor VII that is detected antigenically but is 
structurally abnormal and with deficient function. CRM-reduced 
individuals presumably represent a combination of these two 
entities. Further complexity of the factor VII–deficient phenotype 
is introduced because of insensitivity of some factor VII activity 
assays to low levels of factor VII or from variability in assays 
that is introduced by the use of varying animal sources of tissue 
thromboplastin.

Treatment of factor VII deficiency with recombinant human 
factor VIIa, plasma, or PCCs is discussed later in this chapter. 
Although the necessity for correcting factor VII deficiency has 
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been questioned,338 patients who have factor VII deficiency and 
a history of excessive clinical bleeding should be given replace-
ment therapy before surgery. Numerous clinical reviews confirm 
that the patient’s clinical bleeding history is the best predictive 
parameter of bleeding risk.339 It has been reported that patients 
with factor VII deficiency who have factor VII levels >10% when 
assayed using human thromboplastin reagents have minimal 
bleeding symptoms.

faCtor X DefICIenCy
Inherited factor X deficiency, first described in the Prower340 
and Stuart341 kindreds, is a rare autosomal recessive bleed-
ing disorder with an estimated frequency of 1 in 1 million.295  
Factor X deficiency represents ∼10% of all rare bleeding disor-
ders. To date, >100 mutations have been identified,342,343,344 
with the majority being missense mutations.345 As with some of 
the other factor deficiencies, the frequency of factor X deficiency 
is greater in countries where consanguineous marriages occur.295 
Phenotypically, factor  X deficiency is classified as either type I, 
distinguished by reduced factor X activity and reduced factor X 
antigen, or type II, distinguished by reduced factor X activity but 
normal factor X antigen.

pathophysiology
The CRM-negative form is a product of missense, insertion, or 
deletion mutations, and is characterized by a true deficiency of 
factor X, with a strong correlation between functional assays 
and immunoassays. The CRM-reduced and -positive forms are 
products of missense mutations and are characterized by low to 
normal levels of antigenically competent factor X but with dispro-
portionately reduced factor X activity. Deletion mutations result in 
premature termination and thus the loss of the factor X catalytic 
domain, whereas missense mutations may affect not only the cat-
alytic domain, but phospholipid binding, activation, secretion, or 
even synthesis of factor X. By convention, these mutant factor Xs 
have been named according to the proband’s origin, e.g., factor X 
San Antonio I,346 factor X Friuli,347 and factor X St. Louis II.348

clinical Features
The symptoms of factor X deficiency tend to be the most severe 
of the inherited coagulation deficiencies. Epistaxis, menorrhagia, 
and posttraumatic bleeding are common complaints, and hem-
arthroses and hematomas have been reported in two-thirds of 
factor X–deficient patients.295 Umbilical stump, gastrointestinal, 
and CNS bleeding are also frequently observed. Heterozygotes 
generally appear asymptomatic, as hemostasis can be maintained 
by factor X levels >10% of normal. On the other hand, compound 
heterozygotes and homozygotes with factor X levels <1% of 
normal suffer from severe bleeding. Experiments utilizing factor 
X–knockout mice resulted in either neonatal death or postnatal 
death, caused by intraabdominal or intracranial bleeding.349

laboratory diagnosis
A summary of laboratory findings in factor X deficiency is 
included in Table 53.5. Factor X deficiency is associated with 
normal thrombin times but prolonged PT, aPTT, and often Stypven 
(Russell viper venom) time, particularly among the CRM-negative 
variants. Unfortunately, factor X–deficiency variants have been 
described with isolated prolonged PT or aPTT values.350,351 Upon 
ruling out other inherited bleeding disorders, a factor X–specific 
assay can be used to verify factor X deficiency. Acquired factor X 
deficiency, caused by liver disease, warfarin therapy, amyloi-
dosis,352 or antibodies to factor X, should be excluded before 

making the diagnosis of inherited factor X deficiency. Currently, 
FFP or PCCs are used to treat factor X deficiency, as outlined in 
Table 53.8.

faCtor XI DefICIenCy
Factor XI deficiency (plasma thromboplastin antecedent defi-
ciency) was first recognized by Rosenthal et al. in 1953353 and 
was called hemophilia C. Factor XI deficiency is transmitted as 
an incompletely recessive autosomal trait manifested either as a 
major defect in homozygous patients with factor XI levels <20 IU/dl or as 
a minor defect in heterozygous patients with levels ranging from 
30 to 65 IU/dl.354 The incidence of this disorder varies widely, with 
estimates of frequency in the general population being 1 in 1 mil-
lion persons. A particularly high frequency of the disorder exists 
in people of Jewish extraction,354,355,356 with an estimated gene 
frequency of 5% to 11% in Ashkenazi Jews.357 Up to 0.3% of this 
population is homozygous for factor XI deficiency.357

Factor XI deficiency has been reported to result from three 
major types of mutations: Type I mutations result in disrup-
tion of splicing; type II mutations result in a stop codon and 
nonfunctional molecule; and type III mutations result in amino 
acid substitutions and a dysfunctional molecule.358 Patients with  
type II mutations have the greatest bleeding tendency.359 Type II 
and III mutations are most common in Ashkenazi Jews. The type 
II mutation is also common in Iraqi Jews,360 who may represent 
the ancient gene pool of Jews.361

A more recent classification scheme for factor XI–deficiency 
cases that are CRM–negative includes three mechanistic cat-
egories: (a) Mutations that reduce or prevent polypeptide syn-
thesis, (b) mutations resulting in polypeptides that fail to form 
intracellular dimers, and (c) mutations resulting in polypeptides 
that form dimers that are not secreted.362 Mechanism (c) may 
account for some kindreds with apparent autosomal dominant 
factor XI deficiency.363 In general, most factor XI mutations result 
in decreased factor XI protein proportionate to factor XI clotting 
activity. Over 100 factor XI mutations have been reported364,365 
(database at isth.org).

clinical Features
The clinical manifestations of factor XI deficiency are extremely 
variable and generally milder than those of hemophilia A 
or  B.355,364,366 As a rule, spontaneous bleeding is rare, and 
hemorrhage usually occurs only after trauma or a surgical 
procedure. The extent of factor XI deficiency may not corre-
late with  bleeding.355,364,366 Hemarthrosis is uncommon, but 
delayed bleeding is a particularly treacherous feature in some 
patients,353,367,368 especially for surgical procedures involving tis-
sues rich in fibrinolytic activity.236 Mild factor XI deficiency may 
be associated with Noonan syndrome369 and Gaucher disease.370 
Hemorrhagic manifestations may be absent in certain patients,371 
especially in those with type I mutations. Approximately one-
half of heterozygous factor XI–deficient patients have a bleeding 
tendency.372 Factor XI deficiency should be considered in female 
patients with menorrhagia.373 In one study of women with men-
orrhagia, the prevalence of factor XI deficiency was 4%.168

laboratory diagnosis
In the homozygous form of factor XI deficiency,374 the PTT 
is prolonged. In most of these patients, factor XI levels in the 
plasma are in the range of 3 to 15 IU/dl. In people with the 
mild form of the disorder, the PTT often is normal because most 
PTT reagents are insensitive to mild factor XI deficiency.74,236 
Abnormalities in the plasma of such mildly affected patients may 
be removed by freezing. Specific factor assays are used to diagnose  
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factor XI deficiency. The bleeding time and thrombin time are nor-
mal. Factor XI deficiency has also been reported in combination 
with inherited factor IX deficiency (type VI familial multiple factor 
deficiency).376 Treatment of factor XI deficiency is discussed later 
in this chapter in the section “Plasma”.

faCtor XII DefICIenCy
Factor XII deficiency was discovered by Ratnoff and Colopy 
during routine preoperative coagulation studies on John 
Hageman, an adult who had no evidence or history of abnormal  
bleeding.376,377,378 The disorder, subsequently named Hageman 
factor deficiency, is inherited as an autosomal recessive trait. 
Factor XII deficiency has been identified in 1.5% to 3.0% of a 
healthy blood donor population.379

pathophysiology
The plasma of most patients with factor XII deficiency does 
not contain material that reacts with antibodies to this factor. 
Radioimmunoassays with heterologous antibodies have demon-
strated antigenic material identical to normal factor XII in only 
2 of 42380 and 2 of 31381 separate kindreds. One large study of 
31 factor XII–deficient kindreds identified most mutations in the 
serine protease domain.381

clinical Features
Factor XII deficiency usually is not associated with hemorrhagic 
manifestations.376,382 It is noteworthy that myocardial infarc-
tion and thrombophlebitis have been observed in patients with 
severe factor XII deficiency,383 and that Hageman died of throm-
boembolic complications.384 It was originally thought that factor 
XII deficiency might actually predispose to thrombosis, possibly 
as the result of deficient activation of fibrinolysis.385 However, 
more recent surveys indicate that factor XII deficiency is not 
associated with an excessive risk of thrombosis 68,386,387; throm-
botic events in factor XII–deficient patients may be explained 
by the presence of other prothrombotic gene defects in these 
patients.388

In vitro experiments suggest that factor XII has a central role 
in the initiation of the intrinsic pathway of coagulation and medi-
ates a variety of other processes such as fibrinolysis, complement 
activation, inflammation, and chemotaxis.382,389 The physiologic 
importance of these factor XII–mediated phenomena remains 
obscure, because patients with even severe deficiency of this 
proenzyme reveal no evidence of deficiency or aberrance of host 
defenses.

The discrepancy between in vitro evidence of grossly abnormal 
blood coagulation and the absence of hemorrhagic manifestations 
in factor XII deficiency poses a fundamental question regard-
ing the role of the intrinsic coagulation pathway in hemostasis 
and the significance of laboratory measurements of coagulation. 
Alternative mechanisms for initiation of coagulation are discussed 
in Chapter 18.

Results of an animal model of arterial thrombosis have 
again raised the question of whether factor XII has a role in 
thrombosis.390 When factor XII–deficient mice were exposed to 
arterial vascular injury, defective platelet-rich thrombosis was 
observed, a defect that was corrected by administration of exog-
enous factor XII.390 Results from a mouse stroke model indicate 
that factor XII deficiency protects affected mice from ischemic 
brain injury.391 Although a large body of clinical evidence sug-
gests that factor XII is not important for hemostasis, the animal 
model data suggest that factor XII is important for pathologic 
(arterial) thrombosis, perhaps by factor XIIa–mediated factor XI 
activation.392

laboratory diagnosis
Factor XII–deficient patients typically present with a negative 
history of clinical bleeding and an isolated, prolonged PTT that 
corrects with mixing with normal plasma. The coagulant effects 
of contact activation are diminished or absent in plasma from 
subjects with factor XII deficiency.393 Normal levels of factor XII 
range from 50 to 150 IU/dl. As with factor XI, accurate assays 
of factor XII depend on a source of deficient substrate plasma. 
Laboratory demonstration of the heterozygous state is difficult. 
The mean level of factor XII in the plasma of carriers is ∼50% of 
normal, but observed values are distributed in a bimodal manner, 
an observation interpreted as suggesting the presence of multiple 
abnormal alleles.394

PrekallIkreIn DefICIenCy
An additional abnormality of the intrinsic pathway of coagulation 
was defined and named Fletcher factor deficiency by Hathaway 
in 1965.395 In 1972, Wuepper et al. established that Fletcher fac-
tor was identical to plasma prekallikrein, a protein that had been 
studied for many years in terms of its role in inflammation.396 The 
convergence of these two avenues of research demonstrated that 
prekallikrein, in addition to its role in inflammation and chemo-
taxis, is essential for the optimal activation and fragmentation of 
factor XII in the early steps of coagulation.389

pathophysiology
Prekallikrein deficiency apparently is inherited as an autosomal reces-
sive trait,395 although genetic information is scanty. ∼80 cases have 
been reported.397 Heterozygotes with ∼50% of normal plasma levels 
of prekallikrein can be identified. The disorder is associated with the 
absence of antigenically competent prekallikrein in most cases.398

clinical Features
Prekallikrein deficiency, like factor XII deficiency, is not associ-
ated with abnormal bleeding. Studies of affected patients revealed 
variable deficiencies in stress-induced fibrinolysis, chemotaxis, 
immediate and delayed inflammatory responses, and responses to 
preformed permeability–enhancing activity.399 These abnormali-
ties are not associated with any apparent deleterious effects. Most 
patients with prekallikrein deficiency are of African ancestry.400 
Prekallikrein deficiency is not associated with an excessive risk 
of thrombosis.68

laboratory diagnosis
Prekallikrein deficiency is associated with a moderate prolonga-
tion of the PTT. The PT and thrombin time are normal. The time 
required for release of vascular plasminogen activators in vivo 
after venous occlusion is prolonged.401 The disorder is character-
ized by abnormally slow contact activation. Thus, the PTT may be 
normalized by prolonged incubation (10 to 15 minutes) of plasma 
with particulate activators.395,402 This phenomenon appears to 
result from autoactivation of factor XII.403 Specific assays for 
prekallikrein are based on traditional coagulation techniques and 
chromogenic substrate assays.404

HIgH-MoleCular-WeIgHt 
kInInogen DefICIenCy
A unique inherited coagulation abnormality associated with defi-
ciencies of kinin formation and fibrinolysis was described in three 
unrelated kindreds in 1975. The disorder received the names 
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of the affected families (Fitzgerald trait,405 Williams trait,406 
Flaujeac trait, and Fujiwara trait407) and has subsequently been 
found to be the result of deficiency of HMWK. Patients with this 
disorder are asymptomatic. The data suggest that HMWK func-
tions in its nonactivated form as a cofactor, binding prekallikrein 
and factor XI to anionic surfaces, accelerating their activation by 
surface-bound factor XIIa (see Chapter 18).

pathophysiology
Deficiency of HMWK appears to be inherited as an autosomal 
recessive trait.366 Mildly affected heterozygotes have been iden-
tified in some families. Detailed biochemical studies of five kin-
dreds revealed considerable heterogeneity.406,408 Thus, HMWK 
levels in the plasma ranged from nil406 to 50 IU/dl.405 With the 
exception of the Fitzgerald kindred, associated deficiencies in 
low-molecular-weight kininogen have been demonstrated in all 
families. Variable deficiency of prekallikrein also was present in 
the Williams, Fitzgerald, and Fujiwara kindreds; prekallikrein 
levels were normal in the Flaujeac kindred. Immunologic studies 
revealed the absence of kininogen antigen in the homozygotes 
and 50% of normal levels in the heterozygotes.409 The associated 
prekallikrein deficiency also apparently is of the CRM-negative 
type.409 The absence of the stabilizing effects of HMWK may lead 
to accelerated degradation and deficiency of prekallikrein in this 
disorder.409 HMWK deficiency is not associated with excessive 
clinical bleeding or thrombosis. There is limited information on 
the genetic basis for HMWK deficiency.410–412

laboratory diagnosis
Deficiency of HMWK is manifested by an isolated, prolonged 
PTT. The PTT assay results are abnormal whether particulate or 
soluble contact activators are used, and values are not normalized 
by prolonged incubation of the plasma with particulate activators.

MIsCellaneous InHerIteD 
CoagulatIon DIsorDers

combined defects
Of unusual interest are reports concerning the presence of com-
bined deficiencies of two or more coagulation factors. Deficiency 
of factors V and VIII, and combined deficiency of various vitamin 
K–dependent factors appear to be the most common combined 
deficiency disorders.413 Several other combined coagulation 
defects have been described (Table 53.1).

deficiency of Factors V and Viii
Combined deficiency of factors V and VIII, reported in <200 
patients, is inherited as an autosomal recessive trait.414 This 
combined defect manifests clinically with mild mucosal and cuta-
neous bleeding. Severe posttraumatic and postsurgical bleeding 
is common (e.g., after tooth extractions).414 Hemarthrosis is rare. 
Laboratory findings in homozygous patients include a prolonged 
PTT and PT and levels of factor VIIIc and Vc that average 15 IU/dl. 
Levels of factor VIIIAg (VIIIcAg) and VAg are low and are propor-
tional to those obtained by coagulation measurements.415

Linkage analysis of combined factor V and VIII deficiency to chro-
mosome 18q excluded all known hemostasis proteins, suggesting 
that the basis for the disease is a defect affecting a process common 
to the biosynthesis of factors V and VIII. Indeed, subsequent studies 
by two groups identified the genetic basis for most patients with the 
disorder as mutations in the endoplasmic  reticulum–Golgi interme-
diate compartment protein 53 (also known as lectin mannose-bind-
ing type 1 [LMAN1]). Other patients with this combined defect have 

mutations in another protein termed multiple coagulation factor 
deficiency-2 (MCFD2).416–418 LMAN1 and MCFD2 form a complex 
that acts as a receptor (chaperone) or cargo receptor for transport 
of several secreted proteins, including factors V and VIII.417,419 Still 
other patients with combined factors V and VIII deficiency have been 
identified417 who appear to have unique mutations.

combined deficiency of Factors ii, Vii, iX, and X
Combined deficiency of factors II, VII, IX, and X is an autosomal 
recessive coagulation disorder that has been identified in only a 
small number of patients.238,413,420,421 In addition to affecting 
levels of the vitamin K–dependent factors, skeletal abnormalities 
may also be seen, resulting from effects on bone Gla proteins.422 
Levels of the vitamin K–dependent proteins range from <12% to 
50% of normal; thus, clinical bleeding manifestations may vary 
widely. Both the PT and PTT are prolonged. Measurement of 
serum warfarin levels may be necessary to exclude surreptitious 
anticoagulant use. Mutations in the g-glutamyl carboxylase gene 
have been identified in a few patients with this disorder,423–425 
and another group has identified a second gene locus (vitamin 
K epoxide reductase complex, subunit 1 [VKORC1]) causing this 
defect.426 Some patients have clinical improvement and correc-
tion of the coagulopathy with vitamin K therapy.420,424

aBnorMalItIes of Protease 
InHIBItors
Rare abnormalities of three plasma antiproteases, which are asso-
ciated with bleeding, are described in this section. Other, more 
numerous abnormalities of the components of the antiprotease 
system and the fibrinolytic enzyme system that may be associated 
with thrombosis are discussed in Chapter 55.

a2-antiplasmin deficiency
Severe bleeding, including hemarthrosis, was associated with 
deficiency of a2-antiplasmin in several kindreds.427,428–431 This 
disorder appears to be inherited as an autosomal recessive trait, 
in which heterozygotes have detectable deficiencies of this anti-
protease but only mild bleeding. CRM-positive and CRM-negative 
forms have been identified.430 A report published in 2008 identi-
fied 15 cases; seven cases had genetic abnormalities defined.432 
Most cases had mutations in exon 10, which is the location of the 
active site, and the plasminogen-binding site.431,432

Bleeding presumably is the result of premature lysis of hemo-
statically important fibrin plugs caused by unregulated plasmin 
activity. The laboratory findings are variable. Hypofibrinogenemia 
and increased clot solubility in urea have been reported. Fibrinogen 
degradation product levels and platelet counts were normal in 
most cases.430 When assayed qualitatively by fluorometric or 
photochromogenic techniques, a2-antiplasmin levels usually are 
<10 IU/dl. Treatment of bleeding episodes with tranexamic acid 
and other antifibrinolytic agents may be helpful.

plasminogen activator inhibitor-1 deficiency
Deficiency of plasminogen activator inhibitor (PAI)-1 is associated 
with a moderate bleeding disorder.433 Only ∼10 to 20 families 
have been reported.434 One study investigated a large kindred 
with multiple family members who were homozygous for this 
disorder.435 Homozygous patients, but not heterozygous patients, 
exhibited clinical bleeding.435 The null gene mutation responsible 
for PAI-1 deficiency was identified in this kindred.435 Other cases 
have been described.436 The basis of the bleeding is similar to that 
described for a2-antiplasmin deficiency: Excessive plasmin activ-
ity, caused in this case by excessive activation of plasminogen. 
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Laboratory screening studies are typically normal, but the euglob-
ulin clot lysis time is shortened. It is recommended that measure-
ment of PAI-1 antigen and activity in both serum and plasma be 
done to screen for PAI-1 deficiency.435 The in vitro activities and 
clinical relevance of PAI-1 have been reviewed.437

a1-antitrypsin pittsburgh
A life-long hemorrhagic diathesis in a 14-year-old boy was associ-
ated with a unique qualitatively abnormal form of a1-antitrypsin 
(antithrombin III Pittsburgh).438,439 This disorder is the result of 
the substitution of a single amino acid (arginine for methionine 
at position 358 in the a1-antitrypsin molecule).439 This site corre-
sponds to the P1 residue or “bait” amino acid of the molecule, and 
the substitution produced a mutation of a1-antitrypsin, a weak 
antiprotease with little affinity for thrombin, into a potent anti-
thrombin that impaired blood coagulation to a significant degree. 
The mutant molecule also is a potent inhibitor of factor  XIa, 
factor XIIf, and kallikrein, a property lacking in the normal mol-
ecule.440 The plasma concentration of the abnormal molecule 
increased after trauma, possibly as the result of an acute-phase 
response. The patient ultimately died of bleeding. A second family 
was reported with the disorder; it is inherited in an autosomal 
dominant manner.441 Other amino acid substitutions at position 
358 have been produced artificially by genetic engineering.442

treatMent of InHerIteD 
CoagulatIon DIsorDers
The principal treatment for the inherited coagulation disorders 
is replacement therapy—that is, the intravenous administration 
of the required factor in the form of blood products derived from 
normal people or animals, or recombinant coagulation pro-
teins.443 Estrogens may be useful in treating female patients with 
vWD.444 Topical hemostatics (thrombin) may be temporarily effec-
tive in small injuries or nose bleeds, and certain other treatments 
such as DDAVP and inhibitors of fibrinolysis are useful adjunctive 
therapy under specific circumstances such as dental surgery.445

replacement therapy
The objective of replacement therapy is to obtain a concentration 
of the required factor at the bleeding site such that coagulation 
may become hemostatically effective. The pharmacokinetic (PK) 
properties of the various coagulation factors (Table 53.9) and 
clinical assessment of the severity of the hemorrhagic risk are 
important considerations in determining appropriate doses and 
duration for therapy. Replacement products are dosed on the 
basis of actual body weight (Tables 53.8 and 53.10) or plasma 
volume. This latter method may be more precise in patients who 
do not have a normal plasma volume because of bleeding. In 
one such method, blood volume is considered to be 7% of body 
weight; plasma volume is then calculated using the patient’s 
hematocrit. Next, the therapeutic objective is assessed (e.g., the 
desired incremental increase in factor VIII level). For example, 
if a patient with severe hemophilia A (<1% factor VIII) has a 
plasma volume of 3,000 ml and requires major surgery, the target 
 factor VIII level should be 100% of normal. Infusion of 3,000 IU 
of factor VIII would result in a calculated peak factor VIII level of 
1 IU/ml (100% of normal). Peak factor levels should be monitored 
to determine whether the expected response was achieved, and 
then further dosage adjustments can be calculated if necessary. 
Subsequent doses are scheduled according to the predicted 
half-life of the factor, with laboratory tests to verify actual levels 
when appropriate. Case reports and clinical experience detail-
ing management of hemophilia A during surgery have been 
 published.446,447,448,449,450

Disorder Hemostatic Level (IU/dl)a
Biologic  

Half-life (h)

* +

Hemophilia A (factor VIII 
deficiency)

25–30  12

Hemophilia B (factor IX 
deficiency)

20–60  20–24

Fibrinogen deficiency 100 mg/dl >100 mg/dl 77–106

Prothrombin deficiency 40–50  72–96

Factor V deficiency 10–30 12  15–36

Factor VII deficiency 10–20 25   4–7

Factor X deficiency 10–40 56  32–48

Factor XI deficiency 20–30 26  40–80

Factor XIII deficiency 10 31 280

von Willebrand disease 20–50  20–40

aPatients undergoing major surgery or experiencing major bleeding should receive dosages to 
achieve higher factor levels; for example, patients with hemophilia A should have replacement 
such that factor VIII levels approach 100% of normal. For patients with factor XIII deficiency 
and major trauma, plasma factor XIII levels of at least 25% should be achieved.
*Data in this table are taken from Teruya J, Ramsey G. Blood components for hemostasis. 
Lab Med 2001;32:31–35.
+Data taken from Peyvandi F, Palla R, Menegatti M, et al. Coagulation factor activity and 
clinical bleeding severity in rare bleeding disorders: results from the European Network of 
Rare Bleeding Disorders. J Thromb Haemost 2012;10:615–621.

bIodynamIC ProPertIes of CoagulatIon faCtors 
of ConCern In rePlaCement theraPy

taBle 53.9

hemostatic levels
The hemostatic level may be defined as the lowest plasma 
concentration of a given coagulation factor that is required for 
normal hemostasis (Table 53.9). This value was determined by 
purely empiric means—that is, by measurement of the blood 
levels of the deficient factor at which bleeding appeared to stop 
in patients with one of the inherited coagulation disorders during 
the course of replacement therapy. Such estimates obviously may 
be inaccurate. In patients with hemophilia A, the hemostatic level 
of factor VIIIc is ∼25 to 30 IU/dl; in those with hemophilia B, val-
ues range from 20 to 60 IU/dl. However, for patients with major 
trauma or those undergoing surgery, higher plasma levels of these 
coagulation proteins should be achieved (i.e., 100% for factors VIII 
or IX; 25% to 50% for factor XIII).

in Vivo recovery and survival of infused 
coagulation Factors
When a coagulation factor is infused intravenously into a recipient 
who is deficient in that factor, the levels present in the circulation 
after intravascular mixing usually are significantly lower than 
those that would be expected from mere dilution in the recipient’s 
plasma. That this initial in vivo recovery of infused coagulation 
factors (Table 53.9) is <100% presumably is the result of loss of 
these proteins from the intravascular space. The adsorption of 
coagulation factors by platelets and various cell and vascular sur-
faces may also be involved. The initial recovery of infused coagula-
tion factors is difficult to quantify and ranges from nearly 100% 
for factor XI to as low as 30% for factor IX. Typically, because the 
range of in vivo recovery in a population is so variable, clinicians 
will determine the in vivo recovery for each individual by labora-
tory testing of blood samples drawn 10 to 20 (peak level) minutes 
after the therapeutic infusion.
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Figure 53.10. Biodynamics of factor Viii. A hypothetical survival curve obtained in a patient 
with severe hemophilia A after transfusion of sufficient factor VIII to increase the plasma factor 
VIIIc level to 100 IU/dl is shown. T1/2, half-life.

Minor Bleeding (i.e., Uncomplicated 
Hemarthroses; Hematomas in Noncritical Areas; 
Hematuria; Dressing Changes;a Arthrocentesis;a 

Removal of Sutures and Drainsa )

Major Bleeding (Hematomas in Critical 
Locations; Traumatic Injuries; Multiple Tooth 

Extractions; Major Surgical Procedures)

Disorder
Therapeutic 
Product Loading Dose Maintenance Dose Loading Dose Maintenance Dose

Hemophilia A  
(factor VIII deficiency)

Cryoprecipitateb Not required 1.25–1.75 bags/10 kg every 12 h 
for 1–3 d

3.5 bags/10 kg 1.75 bags/10 kg every 8 h for 
1–2 d; every 12 h thereafter

Purified factor VIIIc Not required 10–15 IU/kg every 12 h for 2–4 d 30–40 IU/kg 30–40 IU/kg every 12 h

Hemophilia B  
(factor IX deficiency)

Prothrombin 
complexb,c

20–30 IU/kg 15 IU/kg every 24 h for 2–4 d 40–60 IU/kg 20–25 IU/kg every 24 h

Purified factor IXc,d 20–30 IU/kg 15 IU/kg every 24 h for 2–4 d 60–70 IU/kg 20–40 IU/kg every 24 h

Note: Because weight-based calculations may not correctly predict plasma volumes in bleeding patients, confirmation of the hemostatic level of the coagulation factor being replaced should 
always be performed for patients with major bleeding indications, with appropriate dosage adjustments performed based on these results.
a Single dose of 15 IU/kg or equivalent amounts of concentrated product usually are sufficient.
b Recommended only if purified factor replacement therapy is not available. Antifibrinolytic therapy should not be used with prothrombin complex concentrates.
c Initial in vivo recovery of active factor varies somewhat depending on preparation.
d Recombinant factor IX may require higher doses.

rePlaCement theraPy In hemoPhIlIa a and hemoPhIlIa b

taBle 53.10

∼80% of factor VIII infused is initially recovered in the circulation; 
its initial (diffusion) and subsequent (biologic) half-lives are ∼6 
and 12 hours, respectively.452 Thus, in the treatment of patients 
with hemophilia A, doses are administered every 8 to 12 hours. In 
patients with hemophilia B, the initial recovery of factor IX is 50% 
or less; its initial and subsequent half-lives are ∼3 and 24 hours, 
respectively.453 Hence, larger doses are required initially, but dos-
ing is usually once a day to maintain adequate hemostasis. After a 
large loading dose or after several courses of therapeutic product 
have been administered, the survival curves of infused coagula-
tion factors become nearly monophasic, presumably because 
extravascular spaces and the other mechanisms that remove 
infused coagulation factors from the circulation are saturated. 
New factor VIII and factor IX products currently in small phase III 
clinical trials have extended half-lives, so it will be important dur-
ing these clinical trials to determine the appropriate initial dosing 
and dosing intervals for each of the new products.89,454,455

products
Before 1960, plasma was the only agent generally available for 
the treatment of the inherited coagulation disorders. Tremendous 
progress has been made in treating congenital coagulation dis-
orders, primarily through development of effective therapeutic 
products. It should be noted that the life expectancy of a boy born 
in 1960 with severe hemophilia A was approximately 20 years, 
and now the life expectancy is essentially normal with modern 
therapeutic products and the comprehensive care of hemophilia 
treatment centers.456 Tables 53.11 to 53.16 summarize therapeu-
tic choices available to treat certain inherited bleeding disorders.

Plasma
Although most current replacement therapies of coagulation factor 
deficiencies involve sterile purified concentrates or recombinant 
proteins, plasma therapy is still important in treating some defi-
cient states such as factor XI deficiency. FFP is usually preferred 
for therapeutic purposes. For factor VIII and fibrinogen deficien-
cies, and vWD, the appropriate coagulation factors are concen-
trated in cryoprecipitate. Both the rate of administration and the 
total dose of plasma administered are limited by the possibility 
of acute or chronic circulatory overload. The volume expansion 

After in vivo mixing is complete, the activity of most coagula-
tion factors in the plasma declines in a biphasic manner—that 
is, an initial rapid loss of activity is followed by a more gradual 
decline (Fig. 53.10).451 The first or rapid phase presumably is the 
result of diffusion into extravascular pools. This diffusion half-life 
ranges from minutes for factor VII to several hours for factor VIII. 
In general, it is the rapidity of this first phase, together with the 
initial in vivo recovery of the particular factor, that determines 
the necessity for and the size of the preliminary or loading dose 
of therapeutic product.

The second or slow phase of the survival curve presumably 
is the result of degradation and reflects the true biologic half-life 
of the infused factor (Table 53.9; Fig. 53.10). This parameter, 
together with the hemostatic level for the factor of concern, is the 
main determinant of the frequency of administration and the size 
of the maintenance dose of therapeutic product. For example, 
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ComParIson of antIhemoPhIlIC faCtor (faCtor VIII) ProduCts derIVed from human Plasma

taBle 53.11

Agent
Manufacturer/
Site

Method of Viral 
Depletion or 
Inactivation

Mean  
Half-life (h) Labeled Uses

AWP 
per Unit Miscellaneous

Alphanate Grifols Biologicals 
Inc. USA

•	 3.5% PEG precipitation
•	 Solvent-detergent  

treatment
•	 Column chromatography
•	 Lyophilization
•	 Dry heat treatment at 

80°C for 72 h

Factor VIII
17.9 ± 9.6
vWF:RCo
7.67 ± 3.32

•	 Prevention and control 
of bleeding patients with 
hemophilia A

•	 Prevention of surgical  
bleeding in patients with vWD 
who do not tolerate or do not 
respond to desmopressin

$1.32 •	 Not indicated for patients 
with severe vWD (Type 3) 
undergoing major surgery

•	 Contains human albumin
•	 Contains anti-A and anti-B 

blood group isoagglutinins

Humate-P CSL Behring, 
GmbH Germany

•	 Cryoprecipitation
•	 Aluminum hydroxide  

adsorption
•	 Glycine precipitation
•	 Sodium chloride  

precipitation
•	 Pasteurization at 60°C 

for 10 h

Factor VIII
12.2
(8.4–17.4)
vWF: RCo
10.5a

(2.8–33.6)

•	 Treatment and  
prevention of bleeding 
events in patients with  
hemophilia A

•	 Treatment of spontaneous or 
traumatic bleeding events in 
patients with vWD

•	 Prevention of surgical  
bleeding in patients with vWD

$1.20 •	 Not indicated for routine 
prophylaxis in vWD

•	 Contains human albumin
•	 Contains anti-A and anti-B 

blood group isoagglutinins

Wilate Octopharma
Austria

•	 Solvent-detergent  
treatment

•	 Terminal dry heat  
treatment at +100°C 
for 120 minutes

•	 Ion exchange  
chromatography

Factor VIII
19.6
(10.9–34.7)
vWF: RCo
15.8
(5.7–48.5)

•	 Treatment of traumatic or 
spontaneous bleeding in 
patients with severe vWD

•	 Treatment of traumatic or 
spontaneous bleeding in 
patients with mild-moderate 
vWD who cannot tolerate or 
do not respond to  
desmopressin

$1.38 •	 Not indicated for prevention 
of surgical bleeding or  
routine prophylaxis in vWD

•	 Not indicated for  
hemophilia A

•	 Patients with vWF inhibitors 
will have inadequate response

•	 Albumin-free

AWP, average wholesale price; PEG, polyethylene glycol; vWD, von Willebrand Disease; vWF, Von Willebrand Factor; vWF: Rco, von Willebrands Factor: Ristocetin cofactor activity.
a Median half-life.
References
1. Grifols Biologicals, Inc. Alphanate (Antihemophilic Factor/von Willebrand Complex, human) [prescribing information]. Los Angeles, CA: Grifols Biologicals, Inc, 2010.
2. CSL Behring, GmbH. Humate-P (Antihemophilic Factor/von Willebrand Complex, human) [prescribing information]. Marburg, Germany: CSL Behring, GmbH, 2010.
3. Octapharma. Wilate (Antihemophilic Factor/von Willebrand Complex, human) [prescribing information]. Vienna, Austria: Octapharma, 2010.
4. Anon, ed. Red Book Online. via Drugdex System [internet database]. Greenwood Village, CO: Thomson Healthcare; 2011.

Agent
Manufacturer 
Site

Method of Viral  
Depletion or Inactivation

Mean  
Half-life (h) Labeled Uses

AWP  
per Unit Miscellaneous

Hemofil M Baxter Healthcare 
Corporation
USA

•	 Immunoaffinity chromatography
•	 Solvent-detergent treatment

14.8 ± 3 •	 Prevention and control of 
bleeding in patients with  
hemophilia A

$1.38 •	 Contains mouse proteins
•	 Contains human albumin
•	 May be ineffective in patients  

with Factor VIII inhibitors

Koate-DVI Talecris 
Biotherapeutics, 
Inc.
USA

•	 Solvent-detergent  
treatment

•	 Heat-treated at 80°C

16.12 •	 Treatment of hemophilia A 
in patients with deficiency  
of factor VIII activity

$1.37 •	 Contains naturally occurring vWF, 
but is not labeled for treatment 
of vWD

•	 Contains anti-A and anti-B blood 
group isoagglutinins

•	 Contains human albumin
•	 May be ineffective in patients 

with Factor VIII inhibitors

Monoclate-P CSL Behring, LLC
USA

•	 Pasteurization at 60°C for 
10 hours

•	 Immunoaffinity chromatography

17.5 •	 Treatment of hemophilia A,  
including prevention of  
surgical bleeding

$1.01 •	 Contains mouse proteins
•	 Contains human albumin

AWP, average wholesale price; vWD, von Willebrand disease, vWF, von Willebrand Factor.
References
1. Baxter Healthcare Corporation. Hemofil M (antihemophilic factor, human) [prescribing information]. Westlake Village, CA: Baxter Healthcare Corporation, 2010.
2. Talecris Biotherapeutics, Inc. (antihemophilic factor, human) [prescribing information]. Research Triangle Park, NC: Talecris Biotherapeutics, Inc, 2011.
3. CSL Behring, LLC. Monoclate-P (antihemophilic factor, human) [prescribing information]. Kankakee, IL, 2011.
4. Anon, ed. Red Book Online. via Drugdex System [internet database]. Greenwood Village, CO: Thomson Healthcare, 2011.

ComParIson of antIhemoPhIlIC faCtor (faCtor VIII)/Von WIllebrand faCtor ComPlex ProduCts derIVed 
from human Plasma

taBle 53.12
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Agent
Manufacturer 
/Site

Method of Viral 
Depletion or 
Inactivation

Proteins 
in Culture 
Media Stabilizers

Mean  
Half-life (h) Labeled Uses

AWP  
per  
Unit Miscellaneous

Advate Baxter 
Healthcare 
Corporation
USA

•	 Immunoaffinity 
chromatography

•	 Solvent-
detergent  
treatment

None •	 Mannitol
•	 Trehalose
•	 Sodium
•	 Histidine
•	 Tris
•	 Calcium
•	 Polysorbate-80
•	 Glutathione

Adults
12 ± 4.1
Children
11.1
(1.6–3.7)

•	 Prevention and 
control of bleeding 
in patients with 
hemophilia A

•	 Perioperative 
management 
of patients with 
hemophilia A

$1.68 •	 Contains mouse 
and hamster 
proteins

•	 Albumin-free
•	 Patients with 

inhibitor titers 
>10 Bethesda 
Units may not 
achieve adequate 
response

•	 Contains <2 ng 
vWF per unit

Helixate FS

Kogenate FS

Bayer HealthCare, 
LLC USA
(Distributed by 
CSL Behring, 
LLC)
Bayer HealthCare,  
LLC USA

•	 Solvent-
detergent  
treatment

•	 Ion exchange 
chromatography

•	 Immunoaffinity 
chromatography

•	 Human  
plasma 
Protein  
solution

•	 Insulin

•	 Sucrose
•	 Glycine
•	 Histidine

Adults
13.7 ± 1.8
Children
10.7
(7.8–15.3)

•	 Perioperative 
management and 
prevention and 
control of bleeding 
in patients with 
hemophilia A

•	 Routine prophylaxis 
to reduce bleeding 
events and the 
risk of joint  
damage in 
children with 
hemophilia A 
who do not have 
pre-existing joint 
damage

$1.44

1.68

•	 Contains mouse 
and hamster 
proteins

•	 Albumin-free
•	 Patients with 

inhibitor titers 
>10 Bethesda 
Units may not 
achieve adequate 
response

Recombinate Baxter 
Healthcare 
Corporation
USA

•	 Immunoaffinity 
chromatography

Bovine serum 
albumin

•	 Human albumin
•	 Calcium
•	 Polyethylene 

glycol
•	 Sodium
•	 Histidine
•	 Polysorbate-80

14.6 ± 4.9 •	 Perioperative 
management and 
prevention and 
control of bleeding 
in patients with 
hemophilia A

$1.63 •	 Contains bovine, 
mouse, and  
hamster proteins

•	 Patients with 
inhibitor titers 
>10 Bethesda 
Units may not 
achieve adequate 
hemostasis

•	 Contains <2ng 
vWF per unit

Xyntha Wyeth/Pfizer
Sweden

•	 Immunoaffinity 
chromatography

•	 Solvent-
detergent  
treatment

•	 Nanofiltration

Insulin •	 Sodium chloride
•	 Sucrose
•	 Histidine
•	 Calcium chloride
•	 Polysorbate-80

Adults
11.2 ± 5
Children
8 ± 2.4
(3.5–10.6)

•	 Surgical  
prophylaxis in 
patients with 
hemophilia A

•	 Prevention and 
control of bleeding 
in patients with 
hemophilia A

$1.66 •	 Contains hamster 
proteins

•	 Albumin-free
•	 Does not contain 

vWF

 AWP, average wholesale price; vWD, von Willebrand disease; vWF, von Willebrand Factor.
References
1. Baxter Healthcare Corporation. Advate (Antihemophilic Factor, Recombinant) [prescribing information]. Westlake Village, CA: Baxter Healthcare Corporation, 2010.
2. CSL Behring, LLC. Helixate FS (Antihemophilic Factor, Recombinant) [prescribing information]. Kankakee, IL: CSL Behring, LLC, 2009.
3. Bayer Healthcare, LLC. Kogenate FS (Antihemophilic Factor, Recombinant) [prescribing information]. Tarrytown, NY: Bayer Healthcare, 2009
4. Baxter Healthcare Corporation. Recombinate (Antihemophilic Factor, Recombinant) [prescribing information]. Westlake Village, CA: Baxter Healthcare Corporation, 2010.
5. Wyeth Pharmaceuticals, Inc. Xyntha (Antihemophilic Factor, Recombinant) [prescribing information]. Philadelphia, PA: Wyeth Pharmaceuticals Inc, 2010.
6. Anon, ed. Red Book Online. via Drugdex System [internet database]. Greenwood Village, CO: Thomson Healthcare, 2011.

ComParIson of reCombInant antIhemoPhIlIC faCtor (faCtor VIII) ProduCts

taBle 53.13

resulting from even moderate doses of plasma also limits the 
blood levels of the missing coagulation factor that can be attained. 
As a consequence, therapy with plasma alone can be expected 
to increase the levels of a deficient factor no more than 20 IU/dl 
above baseline values. When plasma is the only therapeutic agent 
available, plasmapheresis may be of adjunctive value.457 A sterile 

solvent-detergent–treated plasma preparation is  available,458 but 
activity of certain coagulation proteases and inhibitors in this 
product is not equivalent to that of FFP.459,460 Better preparations 
of solvent-detergent–treated plasma are available in Europe and 
are in clinical trials for the U.S. A British guideline for the use of 
FFP and cryoprecipitate has been published.461
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Agent
Manufacturer/
Site

Method of Viral 
Depletion or 
Inactivation

Proteins in  
Culture Media Labeled Uses

AWP  
per Unit Miscellaneous

AlphaNine SD 
(plasma-derived)

Grifols
USA

•	 Column  
chromatography

•	 Solvent-detergent  
treatment

•	 Nanofiltration

None Control and prevention of 
bleeding in patients with 
hemophilia B

$1.42 •	 Contains nontherapeutic 
levels of Factor II, Factor VII, 
and Factor X

Benefix (recombinant) Wyeth/Pfizer
USA

•	 Nanofiltration None Control and prevention of 
bleeding and perioperative 
management of patients 
with hemophilia B

$1.25 •	 Does not contain any 
additional coagulation 
factors

•	 Contains hamster proteins

Mononine (plasma-
derived)

CSL Behring LLC
USA

•	 Immunoaffinity  
chromatography

•	 Ultrafiltration

None Control and prevention of 
bleeding in patients with 
hemophilia B

$1.20 •	 Contains nondetectable 
levels of Factor II, Factor VII, 
and Factor X

•	 Contains mouse proteins

AWP, average wholesale price.
References
1. Grifols Biologicals, Inc. AlphaNine SD (coagulation factor IX, human) [prescribing information]. Los Angeles, CA: Grifols Biologicals, Inc, 2010.
2. Wyeth Pharmaceuticals Inc. Benefix (Coagulation Factor IX, Recombinant) [prescribing information]. Philadelphia, PA: Wyeth Pharmaceuticals Inc, 2011.
3. CSL Behring, LLC. Mononine (coagulation factor IX, human) [prescribing information]. Kankakee, IL: CSL Behring, LLC, 2010.
4. Anon, ed. Red Book Online. via Drugdex System [internet database]. Greenwood Village, CO: Thomson Healthcare, 2011.

ComParIson of faCtor Ix ProduCts

taBle 53.14

Agent
Manufacturer/
Site

Method of Viral 
Depletion or 
Inactivation

Proteins in 
Culture Media Labeled Uses AWP per Unit Miscellaneous

Bebulin Baxter 
Healthcare 
Corporation
USA

•	 Nanofiltration
•	 Vapor heat treatment
•	 DEAE-Sephadex 

adsorption

Heparin added Control and prevention 
of bleeding in patients 
with hemophilia B

$1.09 Contains Factor II, Factor X, and 
low amounts of Factor VII

Profilnine 
SD

Grifols 
Biologicals Inc.
USA

•	 DEAE cellulose 
adsorption

•	 Solvent-detergent 
treatment

No heparin added Control and prevention 
of bleeding in patients 
with hemophilia B

$0.90 Contains ≤ 150 units Factor II, ≤ 
35 units Factor VII, and  
≤ 100 units Factor X per 100 units  
Factor IX

AWP, average wholesale price.
References
1. Baxter Healthcare Corporation. Bebulin (coagulation factor IX, human) [prescribing information]. Westlake Village, CA: Baxter Healthcare Corporation, 2011.
2. Grifols Biologicals, Inc. Profilnine SD (Factor IX Complex) [prescribing information]. Los Angeles, CA: Grifols Biologicals, Inc, 2010.
3. Anon, ed. Red Book Online. via Drugdex System [internet database]. Greenwood Village, CO: Thomson Healthcare, 2011.
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Purified or Concentrated Coagulation Factors
cryoprecipitate
A major advance in the therapy of hemophilia A was the demon-
stration by Pool et al. that cold insoluble material obtained from 
plasma contains high concentrations of factor VIII and fibrino-
gen.462 Cryoprecipitate, which for many years was discarded 
during clarification of plasma, is prepared by slowly thawing 
rapidly frozen plasma at 2–4°C, then harvesting the precipitate 
by centrifugation. Cryoprecipitate prepared from 200 ml of fresh 
plasma (1 unit) contains 50 to 120 units of factor VIII, ∼250 mg 
of fibrinogen, and therapeutically useful amounts of factor XIII 
and vWF that are rich in high-molecular-weight multimers. 
Cryoprecipitation provides 7- to 20-fold purification of factor VIII with 
respect to plasma and can be carried out by means of a closed 
double-bag system, even in small blood banks without special 

equipment. With the widespread availability of modern therapeu-
tic products to treat hemophilia A and vWD, cryoprecipitate is now 
used primarily to treat hypofibrinogenemia.

Purified Factor VIII
Among the many methods developed to purify factor VIII, several are 
suitable for the large-scale production of concentrates of the human 
protein for therapeutic use, and sufficiently robust to attain in vivo 
factor VIIIc levels as high as 100 IU/dl in hemophilic patients without 
significant expansion of the plasma volume. Most plasma-derived 
factor VIII concentrates contain vWF but lack the high-molecular-
weight vWF multimers found in cryoprecipitate or plasma.

Nearly all individuals with severe or moderate hemophilia 
require frequent therapeutic intravenous infusions and therefore, 
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Agent
Manufacturer/
Site

Method of Viral 
Depletion or 
Inactivation Labeled Uses

AWP  
per Unit Miscellaneous

Factor VIIa, 
Recombinant 
(Novoseven RT, 
Recombinant)

Novo Nordisk A/S
Denmark

•	 Chromatographic  
purification

•	 Surgical prophylaxis and treatment of 
bleeding in patients with hemophilia A 
with inhibitors to Factor VIII

•	 Surgical prophylaxis and treatment of 
bleeding in patients with hemophilia B 
with inhibitors to Factor IX

•	 Surgical prophylaxis and treatment 
of bleeding in patients with acquired 
hemophilia

•	 Surgical prophylaxis and treatment of 
bleeding in patients with congenital 
Factor VII deficiency

$1.67 •	 Contains mouse, hamster, and 
bovine proteins

•	 Contains sodium chloride, 
calcium chloride dihydrate,  
glycylglycine, polysorbate-80, 
mannitol, sucrose, and methionine

•	 RT formulation is stable at room 
temperature

Factor XIII, human
(Corifact, human  
plasma-derived)

CSL Behring, 
GmbH
Germany

•	 Aluminum hydroxide 
adsorption

•	 Vitacel defibrination
•	 Ion exchange  

chromatography
•	 Heat treatment at 

60°C for 10 h

•	 Routine prophylaxis in patients with 
congenital Factor XIII deficiency

$9.36 •	 Contains human albumin,  
glucose, and sodium chloride

•	 Maintain trough Factor XIII  
activity levels between 5%  
and 20%

Anti-inhibitor 
Coagulant Complex
(Feiba NF, human 
plasma-derived)

Baxter Healthcare 
Corporation, USA

•	 Nanofiltration
•	 Vapor heat treatment
•	 DEAE-Sephadex 

adsorption

•	 Surgical prophylaxis and treatment of 
bleeding in patients with hemophilia A 
and hemophilia B with inhibitors to 
Factor VIII or Factor IX

$2.17 •	 Contains Factor II, IX, and X 
(mainly inactivated), Factor VII 
(mainly activated), trisodium 
citrate, and sodium chloride

•	 Generally used in patients with 
Inhibitor titers >5 Bethesda Units

AWP, average wholesale price.
References
1. Novo Nordisk A/S. NovoSeven RT (Coagulation Factor VIIa, Recombinant) [prescribing information]. Bagsvaerd, Denmark: Novo Nordisk A/S, 2010.
2. CSL Behring GmbH. Corifact (Factor XIII Concentrate, human) [prescribing information]. Marburg, Germany: CSL Behring, GmbH, 2011.
3. Baxter Healthcare Corporation. Feiba (Anti-inhibitor Coagulant Complex) [prescribing information]. Westlake Village, CA: Baxter Healthcare Corporation, 2011.
4. Anon, ed. Red Book Online. via Drugdex System [internet database]. Greenwood Village, CO: Thomson Healthcare, 2011.

ComParIson of mIsCellaneous antIhemoPhIlIC agents
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as the concentrated factor products became available in the late 
1970s most patients learned how to administer these infusions 
themselves at home.

Unfortunately, before the mid-1980s, the risk of viral trans-
mission accompanied the use of these concentrated preparations, 
because they were prepared from large plasma pools and specific 
virucidal treatment was not used. The risk of virus transmission 
has been greatly diminished by serologic testing of the plasma for 
viruses and by sterilization of the concentrate by solvent-detergent 
treatment and/or heat sterilization.463 High-potency preparations 
of factor VIII can be obtained by affinity chromatography using 
monoclonal antibodies. Therapeutic products of r-FVIII, activated 
factor VII, and factor IX are available for clinical use.464 The 
initial (first-generation) r-FVIII products contain human albumin. 
Second-generation products eliminated albumin, but human and/
or animal protein components are utilized in the manufacturing 
process. Third-generation products have removed all exogenous 
human and animal proteins from the manufacturing process. 
Other recombinant factor products are in development or in clini-
cal trials in 2013, including products with extended half-life for 
factors VIII, IX, and VII.

Although modern production methods have reduced the 
risk  of transmitting lipid-enveloped viruses (e.g., human immu-
nodeficiency virus [HIV] and hepatitis B and C), transmission of 
non–lipid-enveloped viruses, such as hepatitis A and parvovirus 
B19, has been reported with sterilized plasma–derived prod-
ucts.465–467 Tables 53.11, 53.13, and 53.14 summarize informa-
tion on  currently available products used to treat hemophilia A 
and hemophilia B.

Prothrombin Complex Concentrates, Factor IX, 
and Factor VII (VIIa)
The vitamin K–dependent factors (prothrombin; factors VII, IX, 
and X; and proteins C and S) are avidly absorbed by aluminum 
hydroxide or barium sulfate and can be readily concentrated by 
elution therefrom. This simple procedure is the starting point for 
several methods of preparing therapeutically useful concentrates 
of these proteins468 (Table 53.15).

Concentrates of vitamin K–dependent coagulation factors con-
tain small but significant amounts of activated coagulation factors 
that may be thrombogenic when administered in large doses or for 
extended periods of time. The thrombogenicity of such concentrates 
varies from preparation to preparation and from lot to lot and has 
been variously attributed to thrombin, factor VIIa,327 factor Xa,469 
factor IXa,470 and coagulant phospholipids.471 Attention has been 
directed to the serious and even fatal thromboembolic complica-
tions of these products, including disseminated intravascular coagu-
lation.469,472 Such complications are particularly common in infants 
and in patients with liver disease,473 as discussed in Chapter 54. 
The availability of monoclonally purified and recombinant factor IX 
products has led to decreased use of PCCs in the treatment of hemo-
philia B.474–476 PCCs are now used primarily to treat patients with 
inhibitors to factor VIII, a condition in which the presence of throm-
bogenic proteins is clinically useful.477–479 PCCs are also useful in 
treating deficiencies of prothrombin and factors VII and X. PCCs 
also are used for reversal of the anticoagulation effects of warfarin 
or the new oral anticoagulants when bleeding occurs, although 
their usefulness with the latter is controversial.480,481
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When treating hemophilia B with replacement factor IX products, 
it should be noted that factor IX distributes to both intravascular and 
extravascular compartments. Consequently, loading doses required 
to achieve 100% of the normal plasma factor IX level are usually 1.5 
to 2.0 times greater than those calculated from the patient’s plasma 
volume. Thus, when purified factor IX products are used, twice the 
calculated amount of factor IX should be given for the initial dose. 
On the other hand, PCCs are thrombogenic, and when these prod-
ucts are used to treat patients with hemophilia B, the dosage should 
be reduced below that given when the purified products are used.

Recombinant factor VIIa is being used primarily for treat-
ment of bleeding episodes in patients with hemophilia with 
inhibitors,482 but also in patients with bleeding due to refractory 
thrombocytopenia, platelet dysfunction, factor VII deficiency (dis-
cussed in the section Factor VII Deficiency), or severe liver disease 
(discussed in Chapter 54).

Detailed summaries of prior and current coagulation factor 
products have been published recently.2,483,484 A summary of the 
biologic properties of the new factor products in clinical trials in 
2013 has also been published.485

adjunctive therapies
A congener of vasopressin, DDAVP, was originally developed for the 
treatment of diabetes insipidus. Its extrarenal actions stimulate 
vascular endothelial cells to release several proteins, including vWF 
in amounts sufficient to raise the plasma levels of this protein and 
associated factor VIII two to five times (Fig. 53.11).486 This effect is 
therapeutically useful in most patients with type 1 vWD487 and in 
some patients with mild hemophilia A,488 and it is particularly use-
ful because the biohazards of blood products are avoided. Excellent 
responses were obtained in the prevention of bleeding after minor 
surgical procedures, such as tooth extractions, and in some major 
surgical procedures.489,490 It has been noted that young boys with 
mild to moderate hemophilia A have a lower response rate to DDAVP; 
the response rate of these patients improves later in life, and nonre-
sponder children are candidates for retesting when they are older.491

The vWF released in response to DDAVP is rich in high- 
molecular-weight multimers492 that increase adhesion and 
spreading of platelets at injury sites. This effect may explain the 
therapeutic efficacy of the drug in several disorders of platelet 
function, including uremia.493

DDAVP has also been reported to be clinically useful in patients 
with hemophilia B.494 Although factor IX levels are minimally 
increased by DDAVP, the improved PTT values in hemophilia B 
patients given DDAVP associated with increases in factor VIII and 
vWF activity probably account for drug efficacy. Another group 
found DDAVP useful in hemophilia B patients when combined 
with antifibrinolytic therapy.495

DDAVP also induces the release of endothelial cell–derived 
plasminogen activators and has produced exaggerated fibrinolytic 
phenomena in several rare cases. For this reason, it is some-
times given with â-aminocaproic acid (EACA) or other fibrinolytic 
enzyme inhibitors. Compared to vasopressin, DDAVP is markedly 
less potent as a pressor agent, but does retain significant antidi-
uretic activity. Neither effect has proved to be a major problem in 
its therapeutic use, but most experienced clinicians use caution 
when treating patients with hypertension or congestive heart fail-
ure. Reports of hyponatremia and seizures in children less than 
2 years of age have led to cautious use of DDAVP in this popula-
tion. Serum sodium should be monitored in adults who receive 
more than 3 or 4 sequential doses of DDAVP because of the side 
effect of hyponatremia, and in these patients water restriction is 
advised. DDAVP should not be administered more than once a 
day, and repeated doses of DDAVP may produce progressively 
diminishing amounts of vWF (tachyphylaxis), presumably because 
of exhaustion of stored vWF. DDAVP is available in a formulation 
for parenteral use or by the nasal spray Stimate.490,496 DDAVP 
can be given parenterally (0.3 mg/kg, up to a maximal dose of 20 
to 24 mg).497 Physicians should be aware that two DDAVP nasal 
sprays are available, and that only the nasal spray with the higher 
DDAVP concentration (Stimate, 1.5 mg/ml) is effective in treating 
vWD. DDAVP should be used cautiously in older patients with 
vascular disease because of the potential risk of drug-induced 
thrombosis.497–499

Increasing use of DDAVP has revealed certain limitations of 
this hemostatic drug. One report in adult patients indicated that 
∼20% of patients experienced toxicity with DDAVP, including 
nausea and headache, and symptomatic hyponatremia was seen 
in ∼5% of patients.496 These side effects may be minimized with 
water restriction. Limitations of DDAVP in the pediatric popula-
tion have been summarized.500

Inhibitors of fibrinolysis, such as EACA or tranexamic acid, 
may diminish bleeding from mucosal membranes where the 
concentrations of fibrinolytic enzymes are high, in patients with 
inherited coagulation disorders: For example, with bleeding in 
the mouth, tongue, tonsils, and pharynx, and with bleeding asso-
ciated with operative dental procedures.501 These drugs act to 
protect labile hemostatic plugs from fibrinolytic degradation. The 
use of EACA alone has been effective in the treatment of patients 
with mild hemophilia A (plasma levels of factor VIII >5 IU/dl)502 
and those with other mild inherited coagulation disorders such as 
vWD or factor XI deficiency. Some clinicians have used EACA as 
an adjunct to single-dose503 or various other factor replacement 
regimens. EACA should be administered in oral doses (pills or 
syrup) of 6 g every 6 hours to adults and 100 mg/kg every 6 hours 
to children, for 3 to 4 days after tooth extraction. Doses of as little 
as 1 g every 6 hours may be as effective in most adult patients. 
The drug can be given intravenously (1 g/hour) for patients who 
cannot swallow. Hematuria or abnormal renal function is a con-
traindication to the use of this drug because of the hazard of intra-
renal or ureteral obstruction by blood clots.504 EACA also should 
not be given to patients with disseminated intravascular coagula-
tion or active hepatitis, or to patients receiving PCCs, although 
an EACA mouthwash can be used with these latter drugs.501,505 
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Figure 53.11. The response to desmopressin infusion (0.3 mg/kg body weight) in a 
hemophilic patient. Open circles indicate von Willebrand factor antigen, solid boxes indicate 
factor VIIIc activity, and crosses indicate factor VIIIc antigen. (From de la Fuente B, Kasper CK, 
Rickles FR, et al. Response of patients with mild and moderate hemophilia A and von Willebrand 
disease to treatment with desmopressin. Ann Intern Med 1985;103:6–14, with permission.)
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Tranexamic acid is now available; the recommended adult dosage 
is two 650 mg tablets orally three times daily. These drugs may be 
teratogenic and should be used with caution in pregnant women.

MaJor anD MInor BleeDIng
General treatment guidelines for patients, including newborns 
with hemophilia and other bleeding disorders, have been 
 published.73,505,506 Additional detailed guidelines are available on 
the National Hemophilia Foundation’s website, www.hemophilia.
org, under Medical and Scientific Advisory Council (MASAC) rec-
ommendations.

For purposes of replacement therapy, the various bleeding 
manifestations commonly encountered in the inherited coagula-
tion disorders are often divided subjectively into major and minor 
bleeding. Manifestations falling into the minor category include 
bleeding associated with uncomplicated hemarthrosis, symp-
tomatic hematomas in noncritical areas, and minor traumatic 
injuries, as well as such therapeutic procedures as minor dental 
procedures, arthrocentesis, and dressing changes. Small cuts and 
scratches, removal of stitches or drains, superficial ecchymoses, 
and small hematomas may require no replacement therapy.

Major bleeding is by definition life-threatening and includes 
hematomas in critical locations and bleeding resulting from trau-
matic injuries, particularly those in which external blood loss is 
significant. Major bleeding occurs in surgical procedures, includ-
ing tonsillectomy and the extraction of molar teeth. In the treat-
ment of major bleeding, general guidelines recommend that the in 
vivo levels of the missing factor should be maintained above 60% 
to 80% to provide effective hemostasis until bleeding has stopped 
and appropriate healing has occurred so that there is no risk of 
rebleeding. In bleeding of a particularly critical nature, such as 
intracranial hemorrhage, or for the prevention of excessive bleed-
ing during neurosurgery, factor levels should be maintained at 
100% of normal.

hemophilia a Minor Bleeding
DDAVP is effective in the treatment of minor bleeding manifesta-
tions in individuals with hemophilia A with baseline factor VIIIc 
levels >5 IU/dl, if patients have been previously demonstrated 
to respond to DDAVP with therapeutic levels of factor VIIIc after 
administration of DDAVP.489,490 Side effects are more prominent 
if the total dose exceeds 24 mg. Both parenteral and intranasal 
administration produce significant increases in factor VIIIc and 
vWF.507 Repeated doses of DDAVP at approximately daily intervals 
may produce useful increments of factor VIII in many patients. 
At least 24 hours should elapse before repeat administration 
of the drug in order for the endothelial cell stores of vWF to be 
replenished. Patients should be tested before surgery for their 
response to DDAVP by documenting adequate hemostatic levels 
of factor VIII levels 30 to 60 minutes after treatment, to ensure 
that the drug will be effective in appropriate responders. Only 
small amounts of factor VIII are produced by DDAVP in persons 
with severe hemophilia, and the use of this drug in patients with 
factor VIII levels <5 IU/dl is seldom useful and therefore is not 
recommended, even for minor bleeding manifestations. EACA  
(6 g orally every 6 hours) or tranexamic acid (25 mg/kg orally 
every 6 to 8 hours) has been administered together with DDAVP in 
an attempt to minimize fibrinolysis.501 For maximal effectiveness, 
antifibrinolytic drugs should be started 24 hours prior to surgical 
procedures.

Although effective in minor bleeding, plasma or cryoprecipitate 
is not currently recommended for use in the treatment of patients 
with hemophilia A. Factor VIII concentrates are widely avail-
able and are the most useful therapeutic products. The regimens 
summarized in Table 53.10 illustrate one approach to treating 

hemophilia A. For some minor bleeding manifestations, treatment 
for a minimum of 3 days is required, but in most cases, a single 
dose of 10 to 15 IU/kg of factor VIII is usually sufficient.508 In 
the treatment of minor bleeding, loading doses are not required, 
and laboratory monitoring of in vivo factor VIII levels is unnec-
essary. The minor bleeding treatment regimens summarized in 
Table 53.10 typically result in peak factor VIII levels of ∼30%. 
Occasionally, if the minor bleeding episode is not treated promptly 
and bleeding is prolonged, then a hematoma may form, and often 
additional doses of factor products at higher doses are needed to 
prevent continued bleeding around the hematoma and potential 
pseudocyst formation. It is generally recommended in such cases 
of delayed treatment that full (100%) doses be administered 
to maintain adequate hemostatic levels until the hematoma is 
 completely resolved.

hemophilia a Major Bleeding
To treat major bleeding in patients with hemophilia A, sufficient 
factor VIII must be given often enough to ensure that the blood 
level does not fall to <30 to 50 IU/dl for any length of time. Most 
experienced clinicians target trough levels of more than 50% IU/dl until 
bleeding has stopped and substantial healing has taken place. 
Maintenance doses usually are administered every 8 to 12 hours. 
Regimens of continuous infusion of factor VIII are being used 
with increasing frequency during hospitalization, and have been 
shown to save total factor use by as much as 30%.509,510–513 The 
administration of 2 IU/kg/hour of factor VIII produces a mean fac-
tor VIIIc level in the plasma of ∼50 IU/dl and appears to be more 
cost-effective than twice-daily intravenous bolus treatments.514 
Continuous infusion also has the advantage of maintaining a 
consistent, therapeutic factor level. It is important to note that 
the treatment of postsurgical or major traumatic hemorrhage 
in patients with mild hemophilia A requires nearly as much 
therapeutic product as is needed for the severely affected patient. 
Many authors recommend treatment for 10 to 14 days after major 
surgical procedures, whereas others administer the full doses 
indicated in Table 53.10 for 10 days and continue half-doses for 
longer periods as healing continues and the patient is undergoing 
increasingly active physical therapy, especially after major ortho-
pedic surgeries.

Determination in the laboratory of the in vivo levels of factor VIIIc 
is recommended during the treatment of patients with major hem-
orrhage. Incidents of unexpected subtherapeutic responses to 
infused factor VIII have been reported.515 The use of the PTT to 
guide factor VIII replacement therapy is not recommended, because 
the results of these tests may be normal at levels of factor VIII that 
do not provide adequate hemostasis.74

von Willebrand disease
In a disease as heterogeneous as vWD, decisions about treatment 
begin with accurate diagnosis (including vWD subtype) and com-
plete evaluation. Fortunately, in many patients with vWD, bleed-
ing manifestations are mild, and replacement therapy is seldom 
required. Unlike the situation in hemophilia, in which there is a 
close correlation between factor levels and clinical outcome, treat-
ment decisions are more complicated in vWD because it is unclear 
which measurement (vWF, factor VIII, or platelet function) cor-
relates best with the severity of bleeding or clinical outcome.127 
Many experts recommend following vWF:RCo and factor VIII 
levels,516 but little information exists about the level of vWF:RCo 
that is critical for control of mucosal bleeding or the prevention of 
surgical bleeding. Bleeding times may not normalize, but a nor-
mal bleeding time is not required for a satisfactory response, and 
monitoring of bleeding time is not recommended.155 Therapeutic 
goals include resolution of active bleeding and prevention of 
excessive bleeding in response to invasive procedures or trauma. 
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Unlike the situation with hemophilia A or B, chronic prophylaxis 
therapy is rarely required, but should be considered in patients 
with type 3 vWD who have recurrent gastrointestinal or joint 
hemorrhage.

The spectrum of therapeutic interventions in vWD includes 
desmopressin (DDAVP), concentrate infusion, and adjunctive 
therapy with medications that modulate bleeding symptoms by 
affecting either menstrual pattern or fibrinolysis. Dosing recom-
mendations in vWD are empiric. In the case of a patient with 
major surgery or trauma, one recommendation is that clinicians 
attempt to bring the vWF (and factor VIII) level to near 100 IU/dl, 
and maintain it >40 to 50 IU/dl for the first 3 to 5 days, after 
which one recommended goal is to maintain the factor VIII level 
at >40 IU/dl for a total of 7 to 10 days or until healing is com-
pleted.155 In surgical settings, monitoring of factor levels seems 
prudent, but monitoring of the bleeding time is discouraged, as 
surgeries have been done successfully in patients with type 3 vWD 
in the face of only partial correction of bleeding time.155

DDAVP is the mainstay of treatment for patients with mild 
forms of type 1 vWD.155 The dosage, route of administration, and 
contraindications described under the discussion of hemophilia A 
also apply to the use of the drug in vWD. vWF and factor VIII levels 
generally increase by two- to fourfold over baseline. Because 
responsiveness to therapy between patients is variable, a test dose 
given at the time of diagnosis or before elective surgery is advised. 
Obtaining both vWF:RCo and factor VIII levels 1 hour after DDAVP 
administration is recommended in order to confirm a patient’s 
responsiveness. It may also be informative to obtain a second 
sample between 2 and 4 hours after DDAVP to confirm that vWF 
has the expected 8- to 10-hour half-life after release.147 Concerns 
regarding tachyphylaxis, hyponatremia, and rare thrombotic 
complications are similar to those when treating patients with 
hemophilia A. Note that whereas patients with type 1 vWD are 
likely to have a satisfactory response, patients with non–type 1 
vWD respond poorly or unpredictably to DDAVP. Type 3 patients 
have essentially no endogenous vWF synthesis, and are DDAVP-
nonresponsive. In one large series of patients with type 2B vWD, 
the platelet count fell from an average of 86,000 to 60,000/ml 
after administration of this drug.210 Because thrombocytopenia 
may worsen after administration of DDAVP to patients with type 
2B vWD and the platelet-type form of the disorder, patients with 
these variants should not be treated routinely with DDAVP.155 
However, some authors report good-responder type 2B vWD 
patients who received DDAVP.517 Response in type 2A vWD is 
variable and may be of shorter duration than in type 1 patients, 
because of increased vWF proteolysis. Similarly, factor VIII levels 
may rise in response to DDAVP in patients with type 2N vWD, but 
because of the deficient factor VIII–stabilizing activity of vWF in 
this variant, levels of factor VIII then fall at an accelerated rate.518 
Because of interindividual variability, a documented therapeutic 
response to DDAVP should be obtained before surgical prophy-
laxis with the drug, to ensure adequate hemostasis postopera-
tively. It is recommended that this DDAVP trial be performed at 
the time of diagnosis of vWD.

Transfusion therapy with plasma-derived products is the ther-
apy of choice in DDAVP-unresponsive patients who require factor 
support. In order to treat both the factor VIII deficiency and the 
defect in primary hemostasis seen in patients with severe vWD, 
it is generally necessary to give a product with factor VIII activity 
that also contains high-molecular-weight multimers of vWF. The 
concentrations of vWF and factor VIII in FFP are insufficient for 
appropriate therapy. Cryoprecipitate contains ∼80 to 100 units/
bag, 5 to 10 times the concentration of these factors compared 
to plasma. Cryoprecipitate has a small residual risk of viral 
transmission and is not currently suited for virus-inactivation 
therapy; consequently, pathogen-inactivated, intermediate-purity 
factor VIII concentrates with demonstrated preservation of vWF 
multimers are the preferred replacement product. At the time 

of this writing, three commercial plasma-derived products were 
licensed in the United States for this indication (Humate-P, manu-
factured by CSL Behring and known as Haemate-P in Europe; 
Wilate, manufactured by Octapharma; and Alphanate SD/HT, 
manufactured by Grifols) (Table 53.12). Several other commercial 
products have been developed and are currently licensed in other 
countries. A Canadian multicenter study confirmed “excellent” 
or “good” outcomes in 97% of patients treated with Humate-P, 
with a median recovery of 1.23 IU/kg per IU/kg infused.519 
Similarly, Alphanate was shown to ultimately control all bleeding 
episodes in one large multicenter trail.520 Alphanate is currently 
not licensed for treatment of vWD; it is labeled only in factor VIII 
units, but vWF:RCo has been reported to be ∼50% lower than the 
labeled factor VIII content.520 A PK clinical trial compared Wilate 
vs Humate-P and found similar PK parameters for the two prod-
ucts; however, Wilate achieved a 1:1 ratio for vWF:factor VIII, 
suggesting simpler dosing of Wilate.521 A chromatographically 
purified vWF concentrate with minimal factor VIII (Wifactin) has 
been evaluated in type 3 vWD. After infusion, factor VIII levels 
rise slowly and peak ∼6 to 8 hours later. These data imply that 
if type 3 patients are to be pretreated for surgery with a pure 
vWF-containing concentrate, either concomitant factor VIII will 
need to be administered, or the surgery should be scheduled for 6 
to 8 hours after the vWF administration.155,203 Very-high-purity 
plasma-derived factor VIII concentrates and r-FVIII concentrates 
are essentially devoid of vWF, and they should not be used to 
treat vWD.

Suggested doses and target factor levels for treatment of vWD 
patients have been published.129,522 Recommended doses in 
ristocetin cofactor units are similar to factor VIII doses, because 
both have similar in vivo recovery (∼2 IU/dl rise in plasma con-
centration for each IU/kg of factor administered). Monitoring 
response to therapy with both factor VIII and vWF:RCo is appro-
priate. Although vWF levels can be expected to fall between 
doses of vWF-containing concentrate, which has a half-life of 8 
to 10 hours, factor VIII levels may continue to rise in response 
to the patient’s endogenous factor VIII production. Avoidance of 
unusually high factor VIII levels is suggested in order to minimize 
venous thrombotic risk.523

Platelets are estimated to contain ∼15% of the total body 
vWF. Some authors suggest using platelet transfusion in patients 
with severe vWD who exhibit bleeding despite plasma factor VIII 
concentrate therapy.155 Thrombocytopenia may be exacerbated 
by the administration of normal exogenous vWF in platelet-type 
(pseudo) vWD,524 but not in type 2B vWD. Patients with platelet-
type vWD should receive platelet transfusions for significant 
bleeding or surgery.

Adjunctive therapy for vWD patients with menorrhagia usually 
takes the form of oral contraception or other hormonal interven-
tion.155 Antifibrinolytic therapy and DDAVP have also found a 
role in control of menorrhagia501,525 and oral bleeding. Doses 
of intranasal DDAVP administered every 12 to 24 hours for up 
to 3 days, or â-aminocaproic acid up to 5 g three times per day, 
or tranexamic acid, have been reported to be useful in control of 
menorrhagia,127 but toxicity profiles should also be considered. 
Failure of medical therapy may lead to surgical approaches, such 
as endometrial resection or even hysterectomy.

Pregnancy is a special situation for patients with vWD. vWF 
levels generally improve in patients with type 1 vWD as preg-
nancy proceeds, but improvement is less likely in type 2A vWD, 
and thrombocytopenia may actually worsen in patients with type 
2B and platelet-type (pseudo) vWD variants. Current information 
indicates that the patient’s factor VIIIc at delivery predicts the risk 
of bleeding, with a factor VIII level <50% of normal at term being 
associated with excessive bleeding.526 If sufficient factor VIII 
levels are achieved, aggressive surgical hemostasis and efficient 
uterine contraction should prevent peripartum bleeding. Thus, 
factor levels should be determined before delivery. If  sufficient 
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factor VIII levels are not achieved before delivery and the patient 
is known to respond to DDAVP, this drug can be given to the 
mother immediately postpartum. If the patient does not respond 
to DDAVP, then vWF/factor VIII concentrate should be admin-
istered peripartum. Although endogenous vWF levels rise dur-
ing pregnancy in patients with type 1 vWD, the vWF levels fall 
quickly after parturition, and patients should be advised to report 
late bleeding. DDAVP or replacement therapy may be useful to 
prevent late bleeding in patients with vWD. Finally, unlike type 1 
vasopressin agonists, DDAVP has little or no oxytocic activity, and 
some authorities have advocated prophylactic use before invasive 
diagnostic or surgical interventions in pregnant vWD patients.155

Alloantibodies to vWF develop in a minority of patients with 
type 3 vWD after replacement therapy. The risk appears to be 
highest in patients with large gene deletions. Administration of 
vWF-containing concentrates to these allosensitized patients has 
been associated with anaphylactic reactions. Alternative therapies 
that have been successful include high-dose r-FVIII administered 
by continuous infusion at doses of 700 to 900 IU/kg/day,127 or 
recombinant factor VIIa. Patients with acquired vWD (see Chapter 54) 
have broader therapeutic options, because DDAVP and replace-
ment therapy may have some efficacy, as would treatment of the 
underlying disease process.

hemophilia B treatment
Most of the guidelines for replacement therapy of patients with 
hemophilia A apply to the treatment of those with hemophilia B 
(Table 53.10). Because of the low initial in vivo recovery and 
the rapid initial disappearance of factor IX from the circulation, 
higher initial doses are recommended, even for the treatment of 
minor bleeding. In patients with hemophilia B, purified factor IX 
concentrates or recombinant factor IX products are recommended 
for the treatment of major or minor hemorrhage because of the 
thrombotic potential of PCCs469,472 (Table 53.14). One disadvan-
tage of recombinant factor IX compared to plasma-derived factor IX is a 
lower in vivo recovery of recombinant factor IX (∼30% lower than 
predicted), perhaps related to different posttranslational modifica-
tions of the recombinant protein.527 Higher doses of recombinant 
factor IX need to be given routinely to achieve similar therapeutic 
levels, and monitoring factor IX levels with this product should be 
done routinely,528 especially in young children.529 These concerns 
about in vivo recovery do not seem to apply to the new extended 
half-life factor IX products in clinical trials in 2013.454,455,530

An unusual complication of hemophilia B therapy is 
 anaphylaxis. These patients typically have severe factor IX defi-
ciency with complete gene deletions.531,532 The anaphylaxis typi-
cally occurs with the first or second administration of factor IX, 
and essentially never with subsequent infusions if the initial doses 
are tolerated well. These patients rarely respond to immune-
tolerance induction, and should be treated with either PCCs or 
recombinant factor VIIa (see Chapter 54).

gene therapy for hemophilia
Gene therapy for the inherited bleeding disorders is now promis-
ing, after many years of frustrating failures.533–535 A major suc-
cess was recently published involving patients with severe factor IX 
deficiency.536 Six of six subjects with severe hemophilia B were 
treated with adeno-associated viral vector carrying a normal fac-
tor IX gene, and have had factor IX levels of 2% to 4% for many 
months. While this is encouraging, there need to be additional 
studies with more subjects to evaluate safety and efficacy of gene 
therapy in hemophilia.537 Work with the factor VIII gene for viral 
delivery is more complex because of its much larger size. Viral 
and nonviral constructs containing genes for factor VIII or factor 
IX have been used, as well as modified retrovirus, adenovirus, 
or  adeno-associated virus vectors. Sustained partial correction 

of factor VIII or factor IX deficiency has been seen with gene 
transfer in animal models, and it is expected that with additional 
work, these encouraging results will be seen in patients also. A 
major focus of gene therapy research is to develop a gene delivery 
system that is efficient, safe, nonimmunogenic, and provides long-
term gene expression.538,539 The promise for gene therapy lies in 
the fact that if gene therapy could increase endogenous factor VIII 
or factor IX levels only from <1% to 1 to 2 IU/dl, this incremental 
change would dramatically alter the clinical course and treatment 
of patients with severe hemophilia. Significant questions about 
potential risks associated with gene therapy, including inflamma-
tory responses, inhibitor development, oncogenesis, and germline 
mutations will need to be addressed as further clinical trials are 
undertaken.540

Factor Vii deficiency
Unlike in patients with severe hemophilia A or B, bleeding in a 
patient with factor VII deficiency undergoing surgery is variable, 
so multiple issues should be considered in the perioperative care 
of factor VII–deficient patients,541–543 including the individual 
patient’s prior experiences and symptomatology: Patients with a 
history of hemarthrosis or CNS hemorrhage are at a higher risk 
for bleeding complications. The oral and urogenital tracts are 
areas of high local fibrinolytic activity. The minimum factor VII 
level required for surgical hemostasis is not known; patients with 
levels <3 IU/dl are at high risk for bleeding, whereas patients with 
levels of 15 to 25 IU/dl are less likely to develop bleeding compli-
cations associated with surgery. Finally, one should consider the 
logistics of therapy, because factor VII has a short half-life, pos-
sibly as short as 3.5 hours. Volume overload is likely, as plasma is 
commonly used as a source for factor replacement, and the safety 
profile of the various factor VII–containing products varies.

Traditionally, FFP, PCCs, or plasma-derived factor VII con-
centrate has been used for factor VII replacement therapy, 
and more recently, recombinant human activated factor VIIa 
(rFVIIa) has been the recommended product.544–550 In general, 
doses of between 15 and 30 mg/kg of rFVIIa were administered 
at intervals of 4 to 6 hours. The half-life of recombinant factor 
VIIa is between 2.5 and 3 hours, and the roles of continuous 
factor infusion and laboratory monitoring remain to be defined 
in treating factor VII-deficient patients.551 Antibody to factor VII 
has developed in response to therapy in some individuals with con-
genital factor VII deficiency.551 Although serious thrombotic events 
have been reported when rFVIIa has been used in an attempt to 
control bleeding in the setting of acquired coagulopathy,552 only 
three reports of serious thrombotic complications were collected 
in a recent review of rFVIIa use to treat congenital factor VII defi-
ciency. Furthermore, at least two of those three cases were man-
aged using higher doses of rFVIIa than are recommended here. 
The risk of thrombosis should be considered when rFVIIa is being 
used, especially when treating a condition that itself is associated 
with thrombosis, such as orthopedic surgery.553

Although the half-life of factor VII is short, both factor VII 
and, more recently, rFVIIa infusions have been successful in 
chronic infusion prophylaxis programs to prevent spontaneous 
CNS and joint bleeding. Factor VIIa was administered every 
other day or twice weekly, suggesting that an additional mecha-
nism of action independent of the short plasma half-life was 
operative in these cases.

Although it is no longer the “product of choice,” plasma can 
be used for replacement therapy for factor VII in emergency 
situations when other products are not available. Plasma has the 
disadvantage of posing a large volume load and has potential for 
viral transmission. For patients treated with plasma, a loading 
dose of 15 to 20 ml/kg, followed by 4 to 6 ml/kg every 6 hours for 
7 to 10 days has been recommended. Plasma exchange therapy 
has been used in some patients to avoid volume overload.554 PCCs 
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have been used, but they too are not the product of choice. PCCs 
carry some thrombotic risk, which may be associated with the 
generation of unnecessarily high levels of other activated vitamin 
K–dependent coagulation proteins.555 This is especially a prob-
lem with extended PCC use or use of PCCs in the setting of liver 
disease. Those products are not generally labeled with their  factor IX 
content, but the factor VII content is usually available from the 
manufacturer. Recovery studies indicate that an administered 
factor VII dose of 1 IU/kg will raise the patient’s plasma factor 
level by ∼2 IU/dl. If it is available, the use of purified factor VII 
concentrate might decrease the thrombotic risk associated with 
the use of less-specific PCCs. A heat-treated intermediate-purity 
factor VII concentrate (manufactured by Immuno A.G.) had been 
used for treatment of acute bleeds, perioperative prophylaxis, and 
for prevention of recurrent CNS hemorrhage. Factor VII levels 
rose ∼2.33 IU/dl for each IU/kg infused, and the factor VII half-life 
was ∼6 hours. Despite the short half-life of factor VII, infusions as 
infrequent as once per week were successful in preventing recur-
rent intracranial bleeding.336 For replacement therapy in a surgi-
cal setting, factor-level monitoring is recommended, to ensure 
that perioperative factor levels are >25 IU/dl.

Factor Xiii deficiency treatment
Therapy for congenital factor XIII deficiency is based on the 
principle that only a small quantity of factor XIII must be pres-
ent in human plasma to promote normal hemostasis.556 The long 
half-life of factor XIII (estimated as being between 9 and 19 days 
in the literature 557) makes prophylactic therapy both practical 
and highly advisable given the high frequency of intracranial 
hemorrhage.284 This long half-life may not be present in some 
situations in newborn infants with severe FXIII deficiency.588 FFP 
and factor concentrates have been used successfully to prevent 
factor XIII–associated bleeding, and these remain the treatment 
of choice. Pasteurized factor XIII concentrate that contained only 
the A subunit prepared from human placenta has been replaced 
by plasma-derived preparations that contain both A and B sub-
units.559 A plasma-derived factor XIII preparation is available 
(Corifact, CSL Behring, Table 53.16) to treat congenital factor XIII 
deficiency. Recommended dosing is 40 IU/kg every 4 weeks with 
dose adjustments based on achieving a trough level of 5% to 20%. 
Two other preparations that have been used therapeutically are 
Fibrogammin-P, which is licensed in several countries (but not the 
United States or Canada), and a factor XIII preparation from Bio 
Products Laboratory that has been used in the United Kingdom. 
Kinetic studies with Fibrogammin-P indicate a mean recovery of 
65% and a plasma half-life of ∼5 to 11 days.560,561 A recombi-
nant factor XIII concentrate composed of the A subunit has been 
developed and is currently undergoing clinical investigation.562 
Recommended dosing for factor XIII concentrate is 10 to 20 IU/kg 
body weight every 4 to 6 weeks for prophylaxis against unpro-
voked bleeding. It is strongly recommended that all patients with 
severe factor XIII deficiency be placed on life-long prophylaxis 
in order to prevent the devastating complication of intracranial 
hemorrhage. Prophylactic therapy of affected patients undergoing 
surgery may actually require more intensive replacement therapy. 
If concentrates are unavailable, patients can be given either FFP 
or cryoprecipitate.563 A typical plasma dose is 10 to 20 ml/kg body 
weight, every 4 to 6 weeks. Cryoprecipitate at a dose of 1 bag 
per 10 to 20 kg of body weight every 3 to 4 weeks is an alterna-
tive therapy that has the advantage of requiring transfusion of a 
smaller volume. It is recommended that factor XIII levels be kept 
between 25% and 50% of normal to achieve normal hemostasis 
following major trauma in these patients; doses of concentrate 
recommended are 35 IU/kg preoperatively, followed by 10 IU/kg/day 
for 5 more days. Affected patients with a history of spontaneous 
abortions can complete a normal pregnancy when they are man-
aged with prophylactic FFP or factor XIII concentrates. Factor XIII 

levels fall during pregnancy, and replacement therapy is recom-
mended every 21 days.564 Monitoring of factor XIII trough levels 
may also be helpful. Formation of antibody inhibitors to factor XIII 
after replacement therapy appears to be rare.

In acquired factor XIII deficiency, >50% of patients need 
aggressive therapy. The most useful therapy for patients who 
have acquired inhibitors to factor XIII remains plasma exchange 
with or without immunosuppression with cytotoxic drugs. In 
addition, infusions of platelets can be given with occasional 
success, because platelets contain large amounts of factor XIII. 
Alternatively, replacement therapy with a factor XIII concentrate 
can be considered.

treatment considerations for  
Miscellaneous disorders
Therapeutic regimens recommended for the treatment of patients 
with any of the less common inherited coagulation disorders are 
summarized in Table 53.8.

The management of major bleeding caused by deficiencies of 
prothrombin and factor X has been facilitated by the availability 
of PCCs (Table 53.15). The majority of these plasma-derived prod-
ucts contain three factors (prothrombin, factor IX, and factor X), 
but four-factor concentrates are also available.481 Factor IX content 
has generally been used to label the potency of these concentrates, 
but factor content of the other vitamin K–dependent factors rela-
tive to the factor IX content is often available, either in published 
reports481 or from the manufacturer. The currently available PCC 
products are subjected to virus-attenuation steps to inactivate 
hepatitis B, hepatitis C, and HIV. However, the thrombogenicity 
of these products remains a concern,469,472 and concomitant use 
of antifibrinolytics may increase that risk. In the absence of a 
specific factor concentrate, plasma transfusion may also be used 
to replace vitamin K–dependent coagulation factors.

There are few data on which to base recommendations on 
treating the rare bleeding disorders. It is estimated that 1 IU/kg of 
infused PCC will raise the prothrombin level by 1 IU/dl. Relatively 
low levels of prothrombin are required for normal hemostasis, 
and target values of 40 to 50 IU/dl are recommended for surgery. 
The half-life of prothrombin is ∼72 hours, so infrequent postoper-
ative infusions, every 2 to 3 days, is reasonable.565 Guidelines for 
the treatment of factor X deficiency vary. The biologic half-life of 
factor X is 20 to 40 hours. Calculation of the factor X dose is based 
on the empiric observation that for each 1 IU/kg infused, factor X 
levels rise ∼1.5 IU/kg. Factor X levels varying from 5 IU/dl to as high 
as 40 IU/dl have been recommended for surgery; however, levels 
>20 IU/dl were suggested by the United Kingdom Haemophilia 
Centre Doctors’ Organisation.236 Monitoring of the factor level 
achieved is prudent.

There are currently no factor V concentrates, so patients with 
factor V deficiency who require replacement therapy are treated 
with transfusions of plasma. Target levels of factor V recom-
mended before surgery vary. The United Kingdom Haemophilia 
Centre Doctors’ Organisation recommend target levels >15 IU/dl, 
whereas others have suggested levels of 25 to 30 IU/dl.236 The 
half-life of plasma factor V is reported to be 12 to 36 hours. In 
the United States, some blood collection organizations are moving 
away from production of FFP, toward production of plasma that 
is separated and frozen within 24 hours after collection (FP-24). 
Although factor V has been called “labile factor,” levels of factor V 
in FP-24 are only modestly reduced compared to those in FFP.566 
In addition, factor V appears to be relatively stable in “thawed 
plasma” held up to 5 days in transfusion service refrigerators at 
0–4°C.567 Loading plasma doses of 20 ml/kg are often given, fol-
lowed by maintenance infusions of 3 to 6 ml/kg every 12 hours. 
Cryoprecipitate does not contain sufficient factor V to be used as 
an alternative to plasma. If adequate factor V levels cannot be 
achieved by simple transfusion, exchange transfusion may be 
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tried. Finally, in the setting of acquired factor V autoantibody, 
platelet transfusion has been used successfully. Similarly, platelet 
transfusion might hold some promise in treatment of a patient 
with congenital factor V with alloantibody.236

Patients with factor XI deficiency usually respond well to FFP. 
A solvent-detergent plasma preparation has been developed568 
and may be the desired therapy not only for factor XI deficiency, 
but for other factor deficiencies for which sterile concentrates are 
not available. Unfortunately, some of the factor XI concentrates 
were shown to be thrombogenic in early clinical studies,236 and 
their clinical utility may be limited by this toxicity.

Cryoprecipitate is used in replacement therapy for afibrino-
genemia, hypofibrinogenemia, and dysfibrinogenemia. When a 
sterile, nonthrombogenic fibrinogen concentrate becomes rou-
tinely available, it should replace cryoprecipitate for treating these 
latter disorders. Such a product is in clinical trial.241 Fibrinogen 
replacement therapy has been reviewed.241

sPeCIal asPeCts of treatMent

hemarthrosis
All patients with hemarthrosis should receive adequate replace-
ment therapy in order to prevent the development of permanent 
disability due to repeated bleeding into a joint. Pain usually 
is relieved promptly and is a reliable index of the therapeutic 
response. Supportive therapy follows the acronym of RICE: Rest 
through immobilization, ice to cool the inflammation and reduce 
the swelling, compression to reduce the swelling and bleeding, 
and elevation to reduce the swelling. The administration of anal-
gesics that do not interfere with platelet function is appropriate to 
relieve the pain of bleeding into the joint.

Arthrocentesis usually is unnecessary if therapeutic infusion is 
accomplished early, but it may be of significant benefit when the 
joint is severely distended or when resolution of the hemarthrosis 
is delayed despite adequate replacement therapy.569 Large vol-
umes of blood seldom can be aspirated, but even a small volume 
may relieve symptoms. If arthrocentesis is performed, it should 
be done immediately after the administration of a therapeutic 
dose of factor.

Early physiotherapy aimed at restoring the full range of motion 
of the affected joint should be instituted as soon as the acute 
stage of hemarthrosis has resolved. More energetic physiothera-
peutic techniques should be carried out only in conjunction with 
an adequate course of replacement therapy. Various orthopedic 
devices (orthotics), such as braces and removable bivalve plaster 
casts, which provide additional support for chronically injured 
joints, have proved useful in reducing the frequency of recurrent 
hemarthrosis, particularly in the knee and ankle joints.570 For 
pain management of hemophilic arthropathy, nonsteroidal anti-
inflammatory agents may be helpful.571 In particular, salsalate 
(Disalcid) or choline magnesium trisalicylate (Trilisate) or the 
newer cyclo-oxygenase-2 inhibitors (Celebrex) may be useful in 
patients with bleeding disorders, because these drugs have anti-
inflammatory activity but do not impair platelet function.572,573

Regular infusions of factor concentrates may prevent or signifi-
cantly delay progression of hemophilic arthropathy. A random-
ized clinical trial in boys demonstrated the markedly better results 
of a prophylaxis program versus episodic treatment on long-term 
joint function.58 This study demonstrated a significant reduction 
in joint damage and other bleeding episodes in the prophylaxis 
group. Similar results would be expected in adult patients also, 
but have not yet been demonstrated in a rigorous clinical trial.

Prophylaxis therapy is regarded as optimal treatment for 
patients with severe hemophilia. One report compared two pro-
phylaxis regimens for hemophilia A—standard prophylaxis (20 to 
40 IU/kg every other day) vs. PK-tailored prophylaxis (20 to 80 IU/kg 

every third day). Annualized bleeding rates, factor consumption, 
and adverse events were similar.574

Reconstructive surgical procedures are available to improve 
the function of chronically damaged joints.61,575,576 Favorable 
results have been reported with total knee arthroplasty in several 
series.576 Long-term follow-up (>5 years) indicates adequately 
functioning prostheses and persistent pain relief in most patients. 
Synovectomy is effective in reducing the frequency of hemar-
throsis that cannot be controlled by replacement therapy.577 
Radioisotopic synovectomy is also effective therapy for hemophilic 
arthropathy.578 A review of the literature on radioisotopic syno-
vectomy indicates that ∼80% of patients benefit from the proce-
dure,579 but an updated safety review identified two patients who 
subsequently developed acute lymphocytic leukemia.580 While not 
statistically significant, this report raises a safety question, and 
until more data and long-term follow-up is obtained, radioisotopic 
synovectomy should be considered carefully in the context of each 
patient’s needs.

hemophilic cysts
Hemophilic cysts are very rare with modern treatment, but 
once were a serious complication that developed in patients 
with severe hemophilia A or B that had recurrent bleeding with 
inadequate treatment. Also known as hemophilic pseudotumors, 
such cysts are gradually expanding blood-filled loculations that 
apparently originate from hemorrhages into confined subperios-
teal, tendinous, or fascial spaces. The osmotic pressure created 
by breakdown products of blood in such confined spaces may 
produce further influx of fluid; this, together with recurrent bleed-
ing, explains the progressive increase in the size of the cyst and 
its ability to erode contiguous structures. Such cysts most com-
monly develop in the thigh and may destroy bone as well as the 
soft tissues as they increase in size. Hemophilic cysts are readily 
prevented, but difficult to treat. Although long-term replacement 
therapy combined with x-ray treatment has been successful in a 
few cases,581 hemophilic pseudocysts may require radical sur-
gical procedures such as extensive resections or amputations. 
Even with optimal supportive therapy, these procedures often 
are unsuccessful and may be complicated by infection. Surgical 
and nonsurgical approaches to manage pseudotumors have been 
reviewed.582,583 The modern use of home prophylaxis has made 
pseudotumors an unusual complication of hemophilia, although 
they still occur in parts of the world that do not have access to 
prophylaxis treatment of hemophilia.

intracranial Bleeding
Despite the widespread use of prophylaxis programs, hemor-
rhage, including intracranial hemorrhage, remains a leading 
cause of death among persons with hemophilia.584 After the 
neonatal period, intracranial hemorrhage affects 3% to 10% of 
hemophilia patients not receiving prophylaxis.585 An estimate 
of the incidence of intracranial hemorrhage placed the risk at 1 
in 200 per year, proportional to the time spent with factor levels 
below 1 IU/dl.585 A mortality survey for hemophilia A for the 
years 1995 to 1998 found that hemorrhage was the listed cause of 
death for 22% of hemophilia A patients who died during that time 
period.11 Approximately 50% of cases are associated with head 
injury586; the etiology is not apparent in 38% of cases (spontane-
ous cases).587 Bleeding may be subdural, epidural, or intracere-
bral. Subarachnoid bleeding occurs least commonly, but it carries 
the best prognosis. Hemorrhage also may develop in the spinal 
cord or spinal meninges. In cases associated with head trauma, 
the presence of a lucid interval and the absence of localizing neu-
rologic signs at the time of presentation are commonly seen.587

Significant head injury must be treated early and intensively 
in patients with inherited coagulation disorders. Those with 
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hemophilia A and B should immediately receive sufficient factor 
product to raise the plasma level of deficient factor to 100 IU/dl. 
Samples for essential coagulation studies should be drawn before 
administration of replacement therapy, but treatment should not 
be delayed while waiting for results of these studies. Radiologic 
procedures, such as computed tomography scanning, should be 
performed after the therapeutic product is administered. If it 
is performed expertly, lumbar puncture usually can be carried 
out without serious risk, but many clinicians prefer to wait until 
replacement therapy has been given. In one series, replacement 
therapy given within 6 hours of head injury prevented any intra-
cranial bleeding.588

In cases involving major cranial trauma, if neurologic signs or 
symptoms develop, or if intracranial bleeding is confirmed radio-
logically or otherwise, the administration of factor VIII or factor IX 
concentrates should continue on a schedule in doses sufficient to 
keep the nadir levels of the deficient factor >30 IU/dl. Treatment 
should be maintained for 10 to 14 days.587 Before the widespread 
use of factor VIII concentrates, the mortality rate after intracranial 
bleeding was greater than 70%.586 For treatment of patients who 
have suffered from an episode of spontaneous intracranial hemor-
rhage, most experts recommend prophylaxis therapy so that the 
factor level rarely is below 1 IU/dl, as the risk of recurrence is sig-
nificantly higher in such patients. It is expected that the morbidity 
and mortality of intracranial bleeding will be reduced further with 
the increased use of the extended half-life factor products cur-
rently in phase 3 clinical trials.

Viral transmission from past Factor 
concentrates: hiV and hepatitis c
Acquired immunodeficiency syndrome (AIDS) was first recognized 
in 1978 and was found to be transmitted in blood products in 
the early 1980s,589 infecting approximately 70% of persons with 
severe hemophilia using factor concentrates prior to 1984. HIV 
transmission through factor concentrate was reduced to zero after 
1985, through the development of factor concentrates includ-
ing virucidal steps in the manufacturing process, the institution 
of stringent donor testing, and the availability of recombinant 
products. Improvements in therapy for HIV have allowed many 
persons with hemophilia to become long-term survivors, although 
there remain many seropositive patients who have not progressed 
to AIDS.

In the United States mortality survey of hemophilia A patients 
between 1995 and 1998, liver disease was listed as a cause of 
death in 15% of patients.590 It is estimated that approximately 
90% of persons with severe hemophilia who used factor con-
centrates prior to 1984 were infected by the hepatitis C virus 
transmitted in the factor concentrate.591 Nearly 20% of these 
individuals were able to eradicate the virus, thus becoming hepa-
titis C antibody positive, but hepatitis C virus negative. However, 
for other patients, the hepatitis C virus has progressed inexora-
bly with many dying from chronic liver disease. Liver biopsies 
confirmed the presence of chronic active hepatitis in many 
patients.592 The disorder is usually the result of persistent infec-
tion with the hepatitis C virus, but may be complicated in some 
individuals by coinfection with hepatitis B.593,594 A prospective 
study of U.S. hemophilia patients found that 66% of the hepatitis 
C–infected hemophilia patients also had HIV infection,591 and that 
coinfection was associated with a five- to sixfold increase in end-
stage liver disease. Modern manufacturing methods render factor 
concentrates free of hepatitis C virus and other lipid-enveloped 
viruses. No hepatitis C viral transmission has been connected with 
factor concentrates since 1986. Patients who are seronegative for 
the hepatitis A and B viruses should receive immunizations for 
these viruses. However, standard solvent-detergent–inactivated 
products may still transmit non–lipid-enveloped viruses such as 
parvovirus,595 hepatitis A,596 and other viruses.597 An unresolved 

issue is the transmission potential of the agent that causes 
Creutzfeldt-Jakob disease, but the manufacturers of plasma-
derived factor concentrates have taken steps to reduce the risk of 
transmitting this agent also.598–600

antibodies to coagulation Factors
A major problem with current therapeutic products in hemo-
philia A is the development of neutralizing antibodies (inhibi-
tors) to factor VIII. This complication is less common in patients 
with hemophilia B and other inherited coagulation disorders. 
Such antibodies may seriously complicate the treatment of these 
patients (see Chapter 54).

home treatment programs
In general, current recommended therapy of hemophilia is 
replacement therapy or prophylaxis treatment to prevent any 
spontaneous bleeding episodes, rather than treating bleeding 
episodes after they occur, termed “on demand.” A prospective 
randomized clinical trial has demonstrated that joint damage is 
minimized if treatment is begun immediately after the onset of 
symptoms.58 The availability of factor VIII concentrates that are 
stable in home refrigerators led to the development of various 
early home-care programs.601 Parents and patients are trained to 
administer the product at the first sign of bleeding. Such programs 
have resulted in decreased bleeding episodes and improved pres-
ervation of joint function.602,603 Typical prophylactic regimens 
are 25 to 40 IU/kg of factor VIII three times per week for hemophilia A, 
and 25 to 40 IU/kg of factor IX twice per week for hemophilia B. 
Such therapy usually maintains the trough factor level at or above 
1% of normal. In older hemophilia patients with significant joint 
arthropathy, higher doses often are needed, while in younger 
patients with essentially normal joints, the lower factor doses 
are sufficient. A 30-year follow-up report confirmed the efficacy 
of prophylaxis.604 An economic analysis of prophylaxis found 
that although higher costs were associated with prophylaxis pro-
grams, the approach was justified on medical grounds.605 It is 
recommended that patients begin prophylaxis soon after the first 
joint bleed.606

In 2013 there were at least 3 new factor VIII products and 3 
factor IX products with extended half-lives in clinical trials. There 
have been no safety issues demonstrated so far in this clinical trial 
experience. These new products should dramatically improve the 
treatment of patients with hemophilia by simplifying prophylaxis 
regimens.

dental care
Special attention should be given to preventive dental care in 
patients with coagulation disorders, so as to minimize the com-
plications, expense, and hazards of operative dental procedures. 
The extraction of even a single tooth usually requires replacement 
therapy. Most authorities recommend that dental procedures in 
patients with inherited coagulation disorders be carried out under 
cover of replacement therapy and antifibrinolytic therapy.502

tHe future In HeMoPHIlIa 
treatMent
After the devastating epidemics in the hemophilia community 
caused by HIV and hepatitis C, it was a major step forward to 
have available recombinant products for treatment of hemophilia 
in the early 1990s. Now, 20 years later, several new products are 
in clinical trials that promise major advances in hemophilia treat-
ment. Factor VIII and factor IX have been available as recombi-
nant proteins for nearly 20 years, but due to their relatively short 
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half-lives, still require frequent intravenous infusions in order to 
maintain clotting factor concentrations in plasma to avoid the 
risk of spontaneous bleeding. The longer half-life factor VIII and 
factor IX products will change treatment paradigms. In addition, 
there are efforts to provide other coagulation proteins as recom-
binant therapeutic products. Finally, there are renewed efforts in 
gene therapy for hemophilia, with better and safer viral vectors.
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Abnormalities in blood coagulation may complicate a large num-
ber of disorders (Table 54.1). In contrast to inherited disorders 
in which deficiency or abnormality of a single factor is charac-
teristic, the acquired forms usually are associated with multiple 
coagulation abnormalities, and the disorder often is complicated 
by thrombocytopenia, deficient platelet function, and abnormal 
inhibitors of coagulation. Because of the compound nature of the 
hemostatic defect, the severity of bleeding often correlates poorly 
with the results of laboratory tests in patients with acquired coag-
ulation disorders, and replacement therapy may be ineffective. 
With some notable exceptions, however, bleeding usually is less 
severe than in the inherited forms, and the clinical picture often 
is complicated by signs and symptoms of the underlying disease.

deficiencies of VitAMin  
K–dePendent fActors
Prothrombin; factors VII, IX, and X; and proteins C and S are 
synthesized by the liver by a process that depends on vitamin K 
(see Chapter 18 and Fig. 54.1).1,2 When stores of this vitamin are 
deficient or abnormal, hypofunctional analogs of these factors are 
synthesized, which inhibit normal coagulation. These descarboxy 
analogs of the vitamin K–dependent factors do not bind to cellular 
phospholipid surfaces and, therefore, do not participate in cell-
associated coagulation reactions. This may occur in disorders in 
which intake or absorption of vitamin K is deficient and in disor-
ders that impair the biosynthetic capacity of the liver (Fig. 54.1). 
A similar coagulation abnormality may be produced by anticoagu-
lant drugs such as coumarin and indanediones, which antagonize 
the action of vitamin K (see Chapter 55).

Vitamin K Deficiency Bleeding (hemorrhagic 
Disease of the Newborn)
Hemorrhagic disease of the newborn is the result of vitamin K 
deficiency in the neonate; this phrase was first used more than 
100 years ago.3 The preferred term is vitamin K deficiency bleed-
ing (VKDB) in infancy as proposed by a consensus committee.4 
Formerly a major cause of bleeding, this disorder is now uncommon 
because of the routine administration of vitamin K at birth5; how-
ever, it is still encountered in economically deprived populations.

Pathophysiology
The normal newborn has a moderate deficiency of the vitamin  
K–dependent coagulation factors. The plasma levels of these fac-
tors normally fall even further during the first 2 to 5 days of life, 
rise again when the infant is 7 to 14 days old, and attain normal 
adult levels later in life (see also Table 45.6). The deficiency of the 
vitamin K–dependent coagulation factors that is present at birth, 
as well as the slow rate at which adult levels are attained, presum-
ably is the result of intrinsic “liver immaturity;” neither of these 
physiologic phenomena is affected by vitamin K administration.6 
On the other hand, the diminution in levels of these factors that 
occurs at age 2 to 5 days is prevented by vitamin K administra-
tion because it is the result of a transitory physiologic deficiency of 
this vitamin. Factors that further diminish the amount of vitamin 
K available at this juncture and those that further impair the syn-
thetic capacity of the liver predispose neonates to hemorrhagic dis-
ease of the newborn. These factors are (a) prematurity, (b) inadequate 

dietary intake, (c) delayed gut colonization by bacteria, (d) various 
obstetric and perinatal complications, and, possibly, (e) maternal 
deficiency of vitamin K.

Prematurity often has been associated with VKDB.7 Levels 
of the vitamin K–dependent factors at birth are approximately 
proportional to gestational age and birth weight.8 In premature 
infants, the physiologic immaturity of the liver is marked, and the 
response to vitamin K that is present is subnormal.

Most factors associated with deficient intake of vitamin K also 
delay the colonization of the gut by bacteria. These factors include 
delayed feeding, breast-feeding, vomiting, severe diarrhea, and 
antibiotics, including those present in maternal milk. Human milk 
and colostrum are poor sources of vitamin K,6 and reliance on 
breast milk as the sole source of nutrients in the neonatal period 
is an important factor in many cases of VKDB.5

Coumarin and indanedione drugs cross the placenta and may 
produce hemorrhagic disease in the newborn.9 Infants born of 
mothers who were taking diphenylhydantoin or other anticonvul-
sants, including barbiturates, or salicylates have developed a syn-
drome similar to VKDB.10 Treatment of the mother with vitamin K 
during the last trimester may prevent this complication.

Clinical Features and Laboratory Diagnosis
VKDB etiology is considered idiopathic (no cause other than 
breast-feeding) or secondary (malabsorption of vitamin K, liver 

Deficiencies of vitamin K–dependent coagulation factors

 Hemorrhagic disease of the newborn (vitamin K deficiency bleeding)

 Biliary obstruction (gallstone, strictures, fistulas)

  Malabsorption of vitamin K (sprue, idiopathic steatorrhea, celiac disease,  
ulcerative colitis, regional enteritis, gastrocolic fistulas, Ascaris infestation)

 Nutritional deficiency

 Drugs

  1. Pharmacologic antagonists of vitamin K (coumarins, indandiones, others)

  2. Those that alter gut flora (broad-spectrum antibiotics, sulfonamides)

  3. Miscellaneous (cholestyramine)

Liver disease (see Table 54.3)

Accelerated destruction of coagulation factors

 Disseminated intravascular coagulation (see Table 54.4)

 Fibrinolysis (liver disease, thrombolytic agents, tumors, after surgery)

Inhibitors of coagulation

 Specific inhibitors (antibodies) (see Table 54.6)

 Antiphospholipid–protein antibodies (see Table 54.7)

 Miscellaneous (antithrombins, paraproteinemias)

Miscellaneous

 After massive transfusion

 After extracorporeal circulation

 Drugs (antibiotics, antineoplastic agents, others)

  Other disorders (polycythemia vera, congenital heart disease, amyloidosis, 
nephrotic syndrome, Sheehan syndrome, Gaucher disease, leukemia, others)

Acquired coAgulAtion disorders

taBLe 54.1
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 Chapter 54 Acquired coagulation disorders 1187

disease, drugs).4 VKDB can also be classified in terms of age 
of onset: Early (onset <24 hours of age), classic (onset usually 
between 3 and 5 days), and late (onset on or after 8 days). Early 
VKDB is uncommon and usually results from placental transfer of 
maternal drugs that antagonize vitamin K in the newborn. Late 
VKDB occurs almost exclusively in breast-fed infants who may 
also have hepatobiliary disease.4

Bleeding in classic VKDB is severe.3 The most common mani-
festations are melena, large cephalohematomas, and bleeding 
from the umbilical stump and after circumcision. Generalized 
ecchymoses, often without petechiae, intracranial bleeding, and 
large intramuscular hemorrhages also may develop.3,6

Laboratory diagnosis is relatively simple (Table 54.2), but 
physiologic differences in the results of various coagulation tests 
in normal neonates must be kept in mind (see Table 45.6). In 
infants with VKDB, the prothrombin time (PT) always is pro-
longed. The partial thromboplastin time (PTT) is also prolonged. 
Specific factor assays reveal deficiencies of prothrombin; fac-
tors VII, IX, and X; and proteins C and S. The presence of nor-
mal antigenic levels of the vitamin K–dependent factors may be 
demonstrated by immunoassays.11 Factors V and VIII, as well as 
fibrinogen, are present in normal amounts. The consensus com-
mittee recommends diagnosing VKDB with a prolonged PT value, 
a normal fibrinogen level, and a normal platelet count.4

The clinician should not assume that bleeding in the neonate 
is invariably the result of vitamin K deficiency.4 In the differential 
diagnosis of VKDB, virtually all causes of bleeding, particularly 
thrombocytopenia (see Chapter 46) and disseminated intravas-
cular coagulation (DIC) must be considered.12 The inherited 
coagulation disorders (see Chapter 53) also may produce serious 
hemorrhage in the neonatal period, but significant prolongation 
of the PT is not found in the most common forms, for example, 

hemophilia A and hemophilia B. Umbilical bleeding and hemor-
rhage after circumcision are relatively less common in the inher-
ited coagulation disorders than in VKDB.

Treatment
Vitamin K1 (0.5 to 1.0 mg given intramuscularly) is dramatically 
effective in the treatment of VKDB13; the 0.5-mg dose appears to be 
more than adequate.14 Shortening of the PT may be expected within 
6 hours, and normal neonatal levels of the vitamin  K– dependent 
factors usually are attained within 24 hours of administration. An 
American Academy of Pediatrics consensus report has summarized 
recommendations of vitamin K therapy for prevention of early 
and late VKDB.15 Larger (2 mg) or repeated (every 4 to 8 hours) 
doses of vitamin K1 may be required to counteract the effects of 
coumarin drugs in infants.6 The response in premature infants to 
vitamin K1 usually is incomplete. The administration of large doses 
of vitamin K may produce hemolysis, hyperbilirubinemia, and 
even kernicterus in the neonate. These complications appear to be 
associated more commonly with the synthetic derivatives than with 
vitamin K1, but even the latter may be dangerous in large doses.6

In severe cases of VKDB, the transfusion of plasma may be 
helpful.6 Concentrates of vitamin K–dependent coagulation factors 
are effective but have led to thrombosis and intravascular coagu-
lation in some infants, particularly in premature infants. This 
result has been attributed to immaturity of the hepatic clearance 
functions and physiologic deficiency of antithrombin.

Because VKDB is primarily a disease of breast-fed infants,16 
VKDB can be prevented by the administration of vitamin K to the 
mother before delivery. Most authorities, however, recommend 
administering vitamin K1 to the infant. This procedure is now rou-
tine in most nurseries. Many pediatricians also recommend the 

Figure 54.1. etiologies of vitamin K deficiency. Sources of vitamin K include the diet and gut bacterial synthesis. Processes leading to vitamin K deficiency are 
indicated with a solid line ending in a squiggle.
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Hemorrhagic 
Disease of the 
Newborn

Severe Liver 
Disease

Disseminated 
Intravascular 
Coagulation

Primary 
Fibrinolysis

Antibodies to 
Factor VIII

Inhibitors of 
Lupus Type

Screening Tests

Platelet counta N vD D uN N Va

Prothrombin timeb I I I vI N Va

Partial thromboplastin timeb I I V vI I I

Thrombin timeb vI uI I I N N

Erythrocyte morphologya Macrocytes Target cells and 
macrocytes

Schistocytes and 
microspherocytes

uN uNa uNa

Specific Assays

Fibrinogen N vD D vD N N

Prothrombinb D D V uN N vDc

Factor V N uD uD vD N Nc

Factor VIIb D D V uN N Nc

Factor VIIIc N uI uDc vD D Nc

von Willebrand factor N uI vI V N N

Factor IXb D D Vc uN N Nc

Factor Xb D D vD uN N Nc

Factor XIb vD vD uN uNc N Nc

Factor XIIId uN vD uD vD N N

Tests for Fibrinolysis and FDP

FDP uN uI I I N Ne

Plasminogenb vD vD D D N N

a2-Antiplasmin uN vD V vD N N

Plasmin N vI uI uI N N

d-Dimer uN uN I uN N Ne

Miscellaneous Tests

Antithrombin N vD vD uN N N

Protein C D D V uN N uN

Protein S D D V uN N V

D, decreased; FDP, fibrin(ogen) degradation products; I, increased; N, normal; u, usually; v, variably; V, variable.
a May reveal effects of acute bleeding or abnormality characteristic of underlying disease.
b Results may differ from adult norms in normal neonates.
c One-stage assays may yield aberrant results.
d Hypofibrinogenemia may alter results.
e The presence of immunoglobulin M rheumatoid factors in certain patients may lead to a false-positive result in latex-agglutination assays.

lAborAtory Findings in Acquired coAgulAtion disorders

taBLe 54.2

prophylactic administration of vitamin K1 to infants 1 to 5 months 
of age, especially those who are breast-fed or who have a disorder 
that may impair vitamin K absorption.17 The usual dosage in such 
older infants is 50 to 100 mg daily or 1 mg monthly.

Most pediatricians would attribute the decrease in incidence 
of VKDB in recent years to the prophylactic administration of 
vitamin K. There is widespread consensus on continuing vitamin 
K prophylaxis to newborns.3,15 A prospective population study in 
the United Kingdom found that with prophylaxis, VKDB in new-
borns is rare,18 whereas in developing countries, prophylaxis is 
not frequently used, and VKDB is common.

Other Causes of Vitamin K Deficiency
Obstruction of the biliary tract, either intrahepatic or extrahepatic, 
produces vitamin K deficiency because of the absence of bile salts 
in the gut. Complete obstruction may lead to severe coagulation 
abnormalities and bleeding within 2 to 4 weeks. This was a major 
obstacle to surgical procedures on the biliary tract before the 
discovery of vitamin K.

Most malabsorption syndromes and various other chronic 
gastrointestinal disorders also may give rise to vitamin K defi-
ciency. Such disorders include celiac disease, sprue, gastrocolic 
fistulas, ulcerative colitis, regional enteritis, extensive gut resec-
tions, protracted diarrhea of any cause, Ascaris infestations, and 
cystic fibrosis. The last named disorder often is complicated by 
liver disease.11 Severe abnormalities of coagulation and bleeding 
are less common in association with these disorders than with 
 biliary obstruction, presumably because absorption of vitamin K 
is seldom completely deficient.

Because vitamin K normally is available from two independent 
sources (Fig. 54.1), neither nutritional deficiency nor gut steriliza-
tion alone produces deficiency of a degree that results in signifi-
cant coagulation abnormalities. In normal adults, the daily oral 
intake of vitamin K must be reduced to 20 mg or less for several 
weeks to produce significant hypoprothrombinemia.1 However, 
vitamin K deficiency is more common than is usually realized 
in hospitalized patients with poor or negligible oral food intake, 
especially if they are also taking antibiotics.19,20 Significant 
coagulation abnormalities may arise with surprising rapidity 
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in such patients, and when unsuspected, they may be confused 
with DIC or may first be revealed by serious, unexpected post-
operative hemorrhage. Antimicrobial agents presumably impair 
vitamin K production by inhibiting the synthesis of menadiones 
by gut bacteria, but they may also directly affect carboxylation 
reactions.21,22 Vitamin K deficiency also may result from use of 
drugs other than antimicrobial agents, such as cholestyramine,23 
which acts by binding bile salts, or mineral oil and other cathar-
tics when used for protracted periods. Vitamin E may antagonize 
the metabolic action of vitamin K and potentiate the action of 
coumarins.6 When taken in large doses, this vitamin may prolong 
the PT.24 Antibiotic therapy, poor diet, or any of the aforemen-
tioned disorders may predispose patients to coumarin toxicity (see 
Chapter 55).25 Large doses of aspirin, as given to treat rheumatic 
disorders or in amounts associated with overdosage of the drug, 
may also induce vitamin K deficiency.26

Treatment
In adults, the parenteral administration of 10 mg of vitamin K1 
abolishes coagulation abnormalities within 12 to 24 hours if 
they are the consequence of a deficiency of this vitamin. Failure 
of  vitamin K to normalize the PT is evidence for the presence of 
a complicating process, such as liver disease or DIC, or super- 
warfarin ingestion.27 The synthetic vitamin K3 (menadiones) may 
be absorbed in the absence of bile salts and in various malabsorp-
tion syndromes. However, these congeners of vitamin K have a more 
transient effect than the natural forms of this vitamin and offer 
minimal therapeutic advantage in the usual case. Replacement 
therapy with fresh frozen plasma or prothrombin complex con-
centrates (PCCs) is effective in the treatment of  emergent vitamin K 
deficiency.

Intravenous administration of vitamin K may produce hemo-
lytic anemia in patients with inherited deficiencies of various red 
cell enzymes, and may be associated with a risk of anaphylaxis.28 
Malnourished patients receiving broad-spectrum antibiotic ther-
apy should receive vitamin K prophylactically, 5 mg twice weekly, 
orally or subcutaneously.29

Commercially available rodenticides (super-warfarins) that 
exhibit long-acting vitamin K antagonism have been associated 
with significant bleeding disorders when these compounds have 
been ingested by humans.27 These drugs are chemically distinct 
from warfarin, are 100 times more potent than warfarin, and can 
induce vitamin K deficiency lasting for months. In 1995 alone, 
more than 13,000 people were exposed to these agents and 
treated.30 Initial treatment of these patients may require up to 
100 mg of vitamin K daily to normalize vitamin K metabolism.30

liVer diseAse
Virtually every hemostatic function may be impaired in patients 
with severe hepatic disease (Table 54.3)31,32,33 as the result of 
 failure of both the biosynthetic and clearance functions of the liver. 
The pathophysiology of some of these abnormalities is tied to throm-
bocytopenia (see Chapter 46), platelet dysfunction (see Chapter 52), 
intravascular coagulation and fibrinolysis, and the effects of prod-
ucts of fibrinogen catabolism on hemostasis (see below).

pathophysiology

Thrombocytopenia
Patients with significant liver disease have portal hypertension, 
splenomegaly, and splenic sequestration of platelets, contributing 
to thrombocytopenia. The liver is also the major site of  production 
of thrombopoietin, the principal humoral factor involved in mega-
karyocyte maturation and platelet formation (see Chapter 15). 

Deficient biosynthesis

  Of fibrinogen; prothrombin; coagulation factors V,39 VII, IX, X, XI, XII, XIII;  
prekallikrein; high-molecular-weight kininogen

 Of antiplasmins,58 antithrombin,57 proteins C and S

Aberrant biosynthesis

 Of abnormal fibrinogen,41,45 factor V

 Of abnormal inhibitory analogs of prothrombin, factors VII, IX, and X46

Deficient clearance

  Of hemostatic “products” (e.g., fibrin monomers, fibrin[ogen] degradation  
products, platelet factor-3)

 Of activated coagulation factors (IXa, Xa158, XIa)

 Of plasminogen activators49

Accelerated destruction of coagulation factors

 Disseminated intravascular coagulation64,65,66

 Abnormal fibrinolysis50

Thrombocytopenia

 Hypersplenism (portal hypertension)

 Folic acid deficiency

 Chronic ethanol intoxication

 Disseminated intravascular coagulation

Platelet dysfunction

 Acute and chronic ethanol intoxication

 Effects of products of fibrinogen degradation51

 Uremia

Miscellaneous

 Inhibition of coagulation by products of fibrinogen degradation53,54

 Loss or consumption of coagulation factors in ascitic fluid68

AbnormAlities oF HemostAsis And coAgulAtion  
in liver diseAse

taBLe 54.3

Recent studies have evaluated whether deficient levels of throm-
bopoietin occur in liver disease. Results indicate that thrombo-
cytopenia in liver disease is not explained by deficient hepatic 
production of thrombopoietin.34,35 However, there is a correlation 
between the extent of liver disease and platelet expression of the 
thrombopoietin receptor, c-Mpl,35 and this reduced expression 
may contribute to thrombocytopenia. Additionally, increased 
thrombopoietin degradation by platelets sequestered in the spleen 
may also contribute to thrombocytopenia in these patients.36

Deficient or Aberrant Synthesis  
of Coagulation Factors
In patients with liver disease, all coagulation factors except factor VIII 
may be deficient as a consequence of synthetic failure of the 
hepatic cells. Failure of biosynthesis of coagulation factors often 
correlates with the severity of hypoalbuminemia, but exceptions to 
this rule are common. Deficiencies of prothrombin; factors VII, IX, 
and X; and proteins C and S result mainly from synthetic incom-
petence. For example, factor VII expression in liver biopsies from 
patients with liver disease decreases as the severity of hepatic 
dysfunction increases.37 Impaired carboxylation of precursors may 
contribute to the defect.11 Superimposed vitamin K deficiency may 
result from a poor diet or malabsorption caused by insufficient pro-
duction of bile salts or by exocrine pancreatic insufficiency.38 The 
failure of these coagulation abnormalities to respond to vitamin K 
administration provides good evidence of hepatic cell dysfunction.
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Factors V, XI, and XIII are synthesized by the liver but are 
not vitamin K–dependent39; all of these factors may be deficient 
in patients with severe liver disease. Plasma levels of factor XII, 
prekallikrein (Fletcher factor), and high-molecular-weight kinino-
gen (Fitzgerald factor) also may be low in association with liver 
disease. Deficiencies of these latter three factors do not contribute 
to a bleeding diathesis.

Hypofibrinogenemia rarely may result from deficient hepatic 
biosynthesis39,40 or may be the consequence of fibrinogenolysis 
or DIC, as discussed subsequently. In many patients with liver 
disease, prolongation of the thrombin time can be significant 
in the absence of hypofibrinogenemia or increased levels of 
fibrin(ogen) degradation products (FDPs).41 This apparently 
is the result of a qualitatively abnormal fibrinogen that is 
synthesized by the diseased hepatic cell. Such acquired dysfi-
brinogenemia has been reported in most forms of liver disease, 
ranging from mild acute hepatitis to acute hepatic necrosis and 
cirrhosis.42 Fibrin monomer polymerization is delayed,43 and 
the abnormal fibrinogen molecule acts as an antithrombin.41 
Additionally, this hepatic disease dysfibrinogen may have an 
abnormally high content of sialic acids44 and may produce a 
structurally defective fibrin clot.45 Acquired dysfibrinogenemia, 
abnormal inhibitors of fibrinolysis, and the presence within 
the plasma of descarboxy analogs of prothrombin46 have been 
reported in patients with hepatomas.47 Hepatoma-associated 
dysfibrinogens have also been noted to have an increased 
 carbohydrate content.

Plasma levels of factor VIIIc usually are elevated in both 
parenchymal and cholestatic liver disease.48 Studies in patients 
with cirrhosis indicate that elevated plasma factor VIII levels are 
not due to increased transcriptional activity of factor VIII in the 
liver, but instead likely result from increased liver synthesis of 
von Willebrand factor (vWF) and decreased levels of lipoprotein 
 receptor–related protein. Both of these latter proteins regulate 
plasma factor VIII levels.48

Fibrinogenolysis and Fibrinolysis
Endogenous plasminogen activators normally are removed from 
the circulation by the liver. In patients with severe liver disease, 
however, they may circulate for an abnormally long time and lead 
to the chronic or intermittent activation of the fibrinolytic enzyme 
system.49,50 This process may be a contributory factor in the 
pathogenesis of hypofibrinogenemia in patients with liver disease. 
It also leads to the production of large amounts of FDP, which 
persist in the circulation for abnormally long periods because of 
deficient hepatic clearance, and may impair blood coagulation 
and platelet function.51 Such proteolytic activity also may produce 
a shift in the mean molecular weight of circulating fibrinogen 
from the normal species to a less reactive species of lower molecu-
lar weight,52 thereby contributing to the “antithrombins of liver 
disease.”53,54

The incidence of hyperfibrinolysis was surveyed in patients 
with cirrhotic and noncirrhotic liver disorders.55 Hyperfibrinolysis, 
as measured by a shortened euglobulin clot lysis time, was pres-
ent in approximately 30% of cirrhotic patients but not present in 
noncirrhotic patients.55 The role of thrombin-activatable fibrino-
lysis inhibitor deficiency in liver disease in contributing to hyper-
fibrinolysis has been studied; thrombin-activatable fibrinolysis 
inhibitor levels are reduced in liver disease, with lower levels seen 
in more severe liver disease.56 However, there was no associa-
tion of low thrombin-activatable fibrinolysis inhibitor levels with 
hyperfibrinolysis, even in cirrhotic patients. These studies suggest 
that hyperfibrinolysis is not common in liver disease, even in 
cirrhosis.55,56

Plasma levels of antithrombin,57 antiplasmin,58 and  plasminogen59 
are subnormal in patients with liver disease. These abnormalities 
are of uncertain clinical importance.

Intravascular Coagulation
Severe liver disease theoretically predisposes individuals to the 
development of DIC because DIC is associated with deficient 
hepatic clearance of activated coagulation factors and other 
coagulant substances. The in vivo turnover rates of prothrom-
bin,60 fibrinogen,61 plasminogen,60 and antithrombin57 often 
are accelerated in patients with cirrhosis. Plasma levels of fibri-
nopeptide A are elevated in most patients with cirrhosis.62 All 
of these abnormalities may be normalized in some cases by the 
administration of heparin.63 It has been hypothesized that accel-
erated catabolism of coagulation factors in these disorders is the 
result of DIC. The nature of the initiating process is unclear, but 
one suggestion is that DIC is activated by hypoperfusion of the 
congested portal bed.40 Indirect evidence suggests that in severe 
liver disease, activators of coagulation, possibly endotoxin, may 
originate in the gut.

Low-grade DIC or localized intravascular coagulation indeed 
may occur in association with severe liver disease, but overt 
DIC is responsible only rarely for bleeding in the absence of 
other etiologic factors that trigger this process, for instance, 
sepsis, shock, and cancer.64,65 This conclusion is supported by 
findings in patients with stable cirrhosis that demonstrated no 
increased levels of markers of activation of coagulation, such as 
prothrombin fragment 1+2, thrombin–antithrombin complex, 
and so forth.66

Evidence for accelerated fibrinogen turnover in ascitic fluid 
suggests that the loss or consumption of coagulation factors 
in peritoneal fluid may be a contributory factor in the coagu-
lopathy of chronic liver failure. Shunting of ascitic fluid into the 
venous circulation by means of LeVeen shunts consistently pro-
duces coagulation abnormalities consistent with DIC in cirrhotic 
patients.67 Although this phenomenon usually is attributed to 
intravascular coagulation, evidence shows that it may result in 
part from the presence of plasminogen activators and active plas-
min68 or collagen69 in peritoneal fluid.

A transitory coagulation disorder that resembles intravascular 
coagulation with active fibrinolysis has been documented during 
liver transplantation procedures. Coagulation abnormalities dis-
appear promptly if the graft is successful.70 The complex coagu-
lopathy seen with liver transplantation has been reviewed.71

Clinical Manifestations
In view of the numerous hemostatic abnormalities associated with 
severe liver disease, it is surprising that many patients do not 
bleed abnormally. Gastrointestinal hemorrhage is the most com-
mon bleeding manifestation, but it almost always originates from 
a local lesion, such as esophageal varices, peptic ulcer, or gastritis. 
The degree to which coagulation abnormalities contribute to such 
bleeding is uncertain. In one large series, gastrointestinal bleed-
ing was not significantly more severe or protracted in patients 
with coagulation abnormalities than in those without them.72 In 
another study, serious hemorrhage occurred only in patients with 
prolonged PTs and significant factor IX deficiency.73 Moderate 
generalized bleeding manifestations, such as recurrent ecchy-
moses and epistaxis, are not uncommon, and severe generalized 
bleeding may complicate surgical procedures, including biopsies, 
tooth extractions, and other minor procedures.

The above-mentioned paradox of the lack of bleeding in many 
patients with severe liver disease despite multiple hemostatic 
abnormalities has been explored.74 An emerging concept is that 
coagulation in liver disease patients is “rebalanced” due to paral-
lel reductions in both procoagulant and anticoagulant factors. 
Standard coagulation tests (such as the PT) do not measure major 
in vivo regulators of coagulation such as thrombomodulin and 
may not adequately reflect hemostasis in these patients.32,74 This 
new paradigm has implications for managing the coagulopathy of 
liver disease.
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Laboratory Diagnosis
The laboratory findings in liver disease vary with the cause and 
severity of the underlying disorder and range from a slight prolon-
gation of the PT in anicteric hepatitis to the findings summarized 
in Table 54.2, which are seen in severe decompensated cirrhosis. 
In cirrhosis, coagulation abnormalities correlate with the presence 
of portal hypertension and may be minimal in inactive cirrhosis; 
thrombocytopenia alone is common in association with portal 
hypertension. Acute fibrinogenolysis is significantly more com-
mon in patients with cirrhosis55 than in those with acute hepato-
cellular disease, such as hepatitis, although elevations of FDP are 
consistently found in people with chronic aggressive hepatitis.42 
Coagulation abnormalities are seldom marked in biliary cirrhosis, 
and some patients with this disorder have abnormally high levels 
of prothrombin and factors VII and X. Hemostatic abnormalities of 
any sort are rare in metastatic liver disease. In acute liver failure, 
the PT value has prognostic value and is indicative of the need for 
liver transplantation.75 The spectrum of coagulation abnormali-
ties in liver disease has been reviewed.31

Although screening tests of coagulation are almost invariably 
performed before liver biopsy, they apparently are of little value in 
predicting hemorrhage after this and other minor surgical proce-
dures.32,74,76,78 Similarly, the bleeding time test is of little clinical 
use in predicting bleeding.79 Many physicians use the interna-
tional normalized ratio (INR) as a substitute coagulation test for 
the PT.80 When measured with a sensitive thromboplastin, the 
INR can quantitate vitamin K deficiency due to liver disease, but 
it should not be interpreted as in patients receiving warfarin.80

treatment
Not all patients with the coagulopathy of liver disease require 
hemostatic correction before procedures such as liver biopsy. A 
retrospective study looked at the PT ratio (patient PT/mean of 
reference range PT) and degree of thrombocytopenia to determine 
the necessity of plasma and platelet transfusion.81 In patients with 
platelet counts of 50,000/ml or greater, there was no increased 
bleeding with liver biopsy compared with patients with normal 
platelet counts. With regard to elevated PT values, if the PT ratio 
was <1.5, no increased bleeding was observed.81 Therefore, 
patients with moderate thrombocytopenia and mild liver disease 
coagulopathy do not need routine hemostatic correction with 
blood products. One exception to this recommendation is patients 
with a diagnosis of malignancy, who may have a higher bleeding 
risk, possibly due to chronic DIC and elevated FDP levels.81 On the 
other hand, a British guidelines committee on the use of plasma 
products suggests that “patients with liver disease and a PT more 
than 4 seconds longer than control are unlikely to benefit from 
FFP.”82 This recommendation is based on expert opinion.

Elevated FDP levels may be a significant hemostasis risk fac-
tor in liver disease. High levels of FDP may impair platelet func-
tion and fibrin monomer polymerization. The thrombin time can 
screen for the latter defect. A prolonged thrombin time in a patient 
with a normal functional fibrinogen level and high FDP levels, 
who is not receiving heparin, may constitute a significant bleed-
ing risk, especially in the setting of moderate thrombocytopenia.

Vitamin K1, in a dose of 10 mg, produces some improvement 
in the coagulation abnormalities in approximately 30% of patients 
with liver disease,73 but the PT often becomes prolonged again 
after an initially favorable response. Patients with severe liver 
disease have minimal or no response to vitamin K therapy.

Replacement therapy with fresh frozen plasma is indicated 
only in the presence of serious bleeding or before surgical proce-
dures, and its effect is often disappointing in patients with liver 
disease.73 Reasons for this may include the short in vivo half-life 
of factor VII, hypervolemia, the loss of transfused factors into 
ascitic fluid, and the fact that the in vivo recovery of transfused 
factor IX is significantly lower than that of other factors, even in 

the absence of liver disease. Concentrates of vitamin K–dependent 
coagulation factors (PCC) have been used in the replacement ther-
apy of bleeding in patients with liver disease with variable success 
but, in several cases, have led to thromboembolic complications 
and DIC.83 Thrombosis presumably develops because such con-
centrates contain trace amounts of activated coagulation factors, 
particularly factors IXa and Xa,83,84 that normally are not cleared 
from the circulation by the diseased liver and because of anti-
thrombin deficiency, which is commonly present. Newer PCCs are 
becoming available; these also contain proteins C and S in addition 
to the procoagulant vitamin K–dependent factors. These products 
have not been well studied in liver disease coagulopathy, but 
appear to be effective in reversing warfarin coagulopathy.85 Fresh 
frozen plasma is the preferable treatment option, but the effects 
of even maximum doses (20 to 30 ml/kg of body weight) often are 
transitory. Cryoprecipitate is useful to maintain fibrinogen levels 
over 100 mg/dl. A controlled trial found that 1-desamino-8-d-
arginine vasopressin (DDAVP) is not helpful in management of 
variceal bleeding in cirrhotic patients.86

Recombinant factor VIIa (rVIIa) is a potential therapy for liver 
disease patients with significant coagulopathy. However, the drug 
is not indicated for use in variceal bleeding, partial hepatectomy, 
or liver transplantation.87 Disadvantages of rVIIa include its high 
cost and risk of DIC and thromboembolic complications.

Even though heparin administration may normalize fibrinogen 
catabolism, little evidence is cited that it decreases the duration 
or severity of bleeding in patients with low-grade DIC and severe 
liver disease. However, heparin may be useful in conjunction 
with PCC therapy. In this setting, the addition of small amounts 
of normal plasma and heparin to vials of these thrombogenic 
concentrates inactivates activated proteases and minimizes the 
thrombotic risks of these concentrates.88

Correction of thrombocytopenia may be difficult in patients 
with severe liver disease. One promising intervention is the use 
of synthetic thrombopoietins and thrombopoietin mimetic agents. 
Eltrombopag is approved to treat thrombocytopenia in chronic 
hepatitis C patients who receive interferon therapy.

For patients requiring liver biopsy who are deemed “high 
risk” from the hemostasis perspective, the transjugular approach 
should be considered.

disseMinAted intrAVAsculAr 
coAgulAtion
The syndrome of DIC (defibrination syndrome, consumption coag-
ulopathy) has been one of the most intensively studied subjects in 
hematology. This large body of information has been summarized 
in many detailed reviews and monographs.89–91 A consensus defi-
nition of DIC has been proposed: “DIC is an acquired syndrome 
characterized by the intravascular activation of coagulation with 
loss of localization arising from different causes. It can originate 
from and cause damage to the microvasculature, which if suf-
ficiently severe, can produce organ dysfunction.”90

etiology and Incidence
DIC has been well documented in association with the disorders 
summarized in Table 54.4. Several retrospective studies suggest 
that DIC remains a relatively uncommon entity, but in one large 
general hospital, its overall incidence was 1 in 1,000 admis-
sions.92 The most prevalent etiologic factor was infection,92 but in 
another study, more than 50% of cases were obstetric patients.93 
A Japanese study found that in a hospital population, 45% of DIC 
cases were associated with malignancy.94 In many of the disor-
ders listed in Table 54.4, DIC develops only in an occasional case. 
Thus, it is rare in heatstroke,95 autoimmune disorders,96 and 
hemolytic anemias.97 DIC is present in most cases of venomous 
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Figure 54.2. initiating mechanisms of disseminated intravascular coagulation 
(DiC). The solid arrows indicate normal hemostatic pathways, and dotted arrows indicate path-
ways by which certain disorders associated with DIC initiate or promote the coagulopathy of DIC. 
Initiation of coagulation by expression of tissue factor activity is probably the most important 
mechanism triggering DIC.
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Obstetric complications

  Abruptio placentae,188 septic abortion and chorioamnionitis, amniotic fluid 
embolism, intrauterine fetal death, miscellaneous (degenerating hydatidiform 
moles and leiomyomas, postpartum hemolytic-uremic syndrome,  abdominal 
pregnancy, tetracycline-induced hepatorenal failure, fetomaternal blood 
 passage, saline-194 and urea-induced195 abortions)

Infections

  Viral (herpes, rubella, smallpox, acute hepatitis, Reye syndrome, cytomegalic 
inclusion disease, various epidemic hemorrhagic fevers, others)

 Rickettsial (Rocky Mountain spotted fever, others)

  Bacterial (meningococcemia, septicemia, particularly that due to Gram-negative 
organisms, many others)

 Mycotic (histoplasmosis, aspergillosis)

 Protozoal (malaria, kala-azar, trypanosomiasis)

Neoplasms

 Carcinomas98 (prostate, pancreas, breast, lung, ovary, many others)

  Miscellaneous (metastatic carcinoid, rhabdomyosarcoma, neuroblastoma,  
others)

Disorders of the hematopoietic system

 Acute leukemia (promyelocytic219, other types)

  Intravascular hemolysis (transfusion of incompatible blood, paroxysmal  
nocturnal hemoglobinuria607, fresh-water submersion608)

 Histiocytic medullary reticulosis

Vascular disorders

  Malformation (giant hemangiomas [Kasabach-Merritt syndrome]225, aneurysms, 
coarctations of the aorta and other large vessels, Takayasu aortitis, large pros-
thetic arterial grafts,609 cyanotic congenital cardiac lesions)

 Collagen-vascular disorders610

  Hypoxia and hypoperfusion, myocardial infarction, cardiac arrest,611 various 
forms of shock, hypothermia

Massive tissue injury

  Large traumatic injuries and burns, extensive surgical intervention,612 extracor-
poreal circulation, fat embolism613

Miscellaneous

  Acute iron toxicity, head trauma,614 snakebite,231 anaphylaxis, concentrates of 
vitamin K–dependent coagulation factors,83 heatstroke,95 allograft  rejection, graft 
versus host disease, severe respiratory distress syndrome, diabetic  acidosis,615 
status epilepticus,616 acute pancreatitis,617 homozygous deficiency of protein 
C618

snakebite, which is probably one of the most common causes of 
the disorder worldwide.

pathophysiology

Mechanisms by Which Disseminated Intravascular 
Coagulation Is Initiated
The pathophysiology of DIC is complex. The mechanisms that acti-
vate or “trigger” DIC act on processes that are involved in normal 
hemostasis, namely, the processes of platelet adhesion and aggre-
gation and contact-activated (intrinsic) and tissue  factor–activated 
(extrinsic) pathways of coagulation (Fig. 54.2). These mechanisms 
have in common the capacity, in terms of either the magnitude 
or the duration of the activating stimulus, to exceed normal com-
pensatory processes. Thrombin is persistently generated, and 
fibrin is formed in the circulating blood. Fibrinogen, various other 
coagulation factors, and platelets are consumed. The fibrinolytic 

mechanism is activated, and large amounts of FDP are produced, 
which further impair hemostatic function. Bleeding, shock, and 
vascular occlusion commonly supervene and produce profound 
alterations in the function of various organ systems. Normal 
compensatory processes may become impaired, creating a self-
perpetuating “vicious cycle.” The ultimate outcome is determined 
by a dynamic interplay between the various pathologic processes 
and compensatory mechanisms, in other words, fibrin deposi-
tion versus fibrinolysis; depletion versus repletion of coagulation 
factors and platelets; and production versus clearance of fibrin, 
FDPs, and other products of coagulation (Fig. 54.3). In most forms 
of DIC, the initiating factors are multiple and interrelated. For 
example, in meningococcemia, endothelial cell injury may lead 
to expression of tissue factor and to collagen exposure; the latter 
then initiates platelet adhesion, aggregation, and thrombosis.

tissue Factor
The exposure of procoagulant tissue extracts to blood is a major 
contributory factor in most forms of DIC and is of major patho-
genetic importance in cases associated with abruptio placentae, 
intrauterine fetal death, acute promyelocytic leukemia, amniotic 
fluid embolism, massive trauma, and various neoplasms.98 The 
active component of such extracts is tissue factor (thromboplas-
tin); that is, tissue factor interacts with factor VIIa to activate the 
extrinsic pathway of coagulation.

In abruptio placentae99 decidual fragments, serum-containing 
activated coagulation factors, and other substances from the pla-
cental site enter the intervillous “maternal lake” and, hence, the 
venous circulation. This process is initiated by rupture of the basal 
decidual plate.

In amniotic fluid embolism, relatively weak thromboplas-
tins that increase in potency with gestational age100 and large 
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Figure 54.3. Pathophysiology of disseminated intravascular coagulation (DiC). The critical event in DIC is the generation of thrombin in an unregulated 
fashion. The clinical consequences of thrombin production depend on the rate of thrombin formation as well as underlying host factors (marrow reserve of platelet 
production, liver function). Patients with adequate compensatory responses (ability to enhance platelet or coagulation factor production, fibrinolysis, intact clearance 
mechanisms) may have minimal symptoms, whereas other patients with defective compensatory responses may bleed, thrombose, or both. Increased levels of 
cytokines occur (TNF, IL-1) that contribute to the proinflammatory state by down-regulating thrombomodulin activity; this leads to enhancement of intravascular fibrin 
formation and organ dysfunction. Major compensatory factors that influence clinical events are indicated in colored blocks. The zig-zag line indicates interruption 
of an adverse clinical event by a compensatory factor. FDP, fibrin(ogen) degradation product; IL-I, interleukin-1; PAI-1, plasminogen activator inhibitor-1; TNF, tumor 
recrosis factor.
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amounts of particulate matter enter the circulation suddenly. In 
intrauterine fetal death, thromboplastic substances from the dead 
fetus are slowly but continuously absorbed, producing a picture of 
chronic but progressive DIC.

In neoplasms, tumor microemboli and tumor “vesicles”101 are 
thought to enter the circulation and act as thromboplastins.98,102 
Tumor cell surface expression of tissue factor has been demon-
strated.103 Some neoplasms may secrete a factor X activator.104

DIC in association with acute leukemia presumably results 
from the formation or release of tissue factor by leukemic cells.105 
Additional leukocyte enzymes such as elastase may contrib-
ute to DIC and fibrin(ogen)olysis by proteolysis of coagulation 
zymogens and fibrinogen.106 Malignant promyelocytes, as seen 
in promyelocytic leukemia, express high levels of annexin II, a 
phospholipid-binding protein and receptor for plasminogen and 
tissue plasminogen activator.107 This overexpression of annexin II 
results in enhanced plasmin production and increased fibrino-
lytic activity.107 The granules of various “blast” forms contain 
tissue factor, with the promyelocyte containing particularly high 
concentrations.105

In DIC associated with massive trauma,108 major surgical 
procedures, or large burns, damaged tissue expressing tissue fac-
tor activity presumably is a major initiating factor. In such cases, 
additional abnormalities and complications are important con-
tributory factors, such as “hypercoagulability,” azotemia, shock, 
intravascular hemolysis, massive transfusions of stored blood, 
septicemia, and hypoxia. Cerebral trauma of sufficient magnitude 

to produce significant brain destruction induces a brief episode of 
DIC, which, although transitory, may be significant in that it may 
perpetuate cerebral bleeding.109

Monocyte-associated procoagulants
It has been known for many years that monocytes and tissue mac-
rophages may, when suitably activated, express substances capable 
of initiating blood coagulation.110 This phenomenon is thought to 
be of importance in inflammation and in tissue localization of infec-
tious agents and tumors. It has become apparent that “recognition-
coupled” responses of the monocyte–macrophage system111 may 
be important in triggering DIC in association with meningococ-
cemia112 and other forms of septicemia, certain forms of leukemia, 
major transfusion reactions, and anaphylaxis. The best defined 
model of this process is the induction of tissue factor by monocytes 
exposed to endotoxin113 or immune complexes.114 Other sub-
stances that may induce monocyte procoagulant activity include 
anaphylatoxins115 and cytokines.116 Most of these substances 
induce the formation of monocyte coagulants only in the presence 
of T lymphocytes117 and the complement system.115 A prothrombi-
naselike activity118 and a specific activator of  factor X119 also are 
formed by appropriately conditioned monocytes.

Vascular endothelium
In addition to monocytes or macrophages, vascular endothelium 
can be induced to express tissue factor activity in the setting of 
experimental DIC.120 Endothelium can also be down-regulated in 
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terms of anticoagulant properties (e.g., thrombomodulin activity, 
fibrinolysis) by stimuli relevant in the pathogenesis of DIC (see 
Chapter 19). This altered endothelium is referred to as activated; 
properties of activated endothelium include conversion of the 
normally anticoagulant phenotype to a procoagulant phenotype, 
expression of adhesion molecules, production of inflammatory 
mediators, and production of vasoactive agents.121 Many of these 
pathologic events are amplified by endothelial cell protease-
activated receptors (PARs) (see Chapter 19). Vascular endothelium 
may also promote coagulation by formation of thrombogenic mic-
roparticles, which express anionic phospholipid.122 Microparticles 
in DIC may also originate from platelets or granulocytes.123

Thrombin generation caused by activation of factor XII in DIC 
appears to be less important than that initiated by tissue factor.124 
Contact activation, instead, appears critical in mediating DIC-
associated hypotension.125

Role of Cytokines
Although there are numerous etiologies for DIC (Table 54.4), a 
common pathway for activation of coagulation by these disorders 
is cytokine release.89 Important mediators include endotoxin, 
interleukin-1 (IL-1), IL-6, IL-8, platelet activating factor, and tumor 
necrosis factor (TNF). TNF and IL-1 both increase monocyte and 
endothelial cell tissue factor activity and inhibit protein C activation. 
Elevated levels of IL-8 correlate with sepsis mortality and DIC.126

Infections
DIC often accompanies septicemia as a result of bacteria that pos-
sess potent endotoxins. This correlation has led to the intensive 
study of the effects of endotoxin on the hemostatic mechanism. 
Purified endotoxin produces several effects that may lead to DIC, 
namely, activation of factor XII,127 platelet aggregation, inhibition 
of fibrinolysis, leukocyte aggregation, direct endothelial injury,128 
cellular induction of tissue factor activity,129 and impairment of 
compensatory clearance functions. Many of these phenomena 
may be mediated by the interaction between endotoxin and 
monocytes, as discussed earlier.

Shock, hypoperfusion, and hypoxemia
Shock may favor the development of DIC by potentiating various 
activating stimuli that ordinarily would not exceed the capacity of 
compensatory processes and may perpetuate DIC after a transient 
activating stimulus has been dissipated. Hypoperfusion, even of 
normal vessels, acidosis, and hypoxemia produce hypercoagula-
bility and favor intravascular platelet aggregation. Furthermore, 
splanchnic hypoperfusion impairs reticuloendothelial and hepatic 
clearance functions and is present in virtually all forms of shock. 
Shock also may impair hepatic synthesis of coagulation factors 
and thus contribute to the coagulation defect in DIC. Activated 
neutrophils may generate oxygen radicals and proteases to 
alter vascular permeability. Vascular injury may also occur with 
 ischemia/reperfusion that elicits inflammatory responses.

DIC in association with giant hemangiomas (Kasabach-Merritt 
syndrome)130 or with aneurysms of the aorta or other large ves-
sels131 has been attributed to hypoperfusion and stasis in local 
vascular beds. In Kasabach-Merritt syndrome, large gaps in 
the endothelium that expose subendothelial collagen and other 
fibers, together with the induction of thromboplastic substances 
by poorly supported, recurrently injured vessels within the tumor, 
also may be important factors leading to the initiation of DIC.

Miscellaneous activating Stimuli
Snake venoms contain enzymes that may trigger coagulation in 
unique ways. Such venoms may produce defibrination without 
affecting other coagulation factors, such as ancrod, an enzyme 
purified from the venom of the Malayan pit viper (Agkistrodon 
rhodostoma). Other venoms contain thrombinlike enzymes or 

substances that specifically activate factor X or prothrombin.132 
Crude venoms also contain substances that act as thrombo-
plastins and produce intravascular red cell hemolysis and 
massive vascular damage.133 An inventory of the biochemical 
properties of snake venoms and their constituent enzymes has 
been  summarized elsewhere.134,135

Consumption of Coagulation Factors and Impaired 
anticoagulant pathways
DIC constitutes a model of accelerated turnover of various coagu-
lation factors, the levels of which at any time are determined 
by the size of the plasma pool and the differences between the 
rates at which they are being destroyed and replenished. Results 
of quantitative studies have demonstrated accelerated turnover 
rates for platelets, fibrinogen,136 and prothrombin. Numerous 
factors complicate a simple kinetic approach. For example, the 
depletion of plasma fibrinogen induces a compensatory release of 
large amounts of fibrinogen into the circulation, possibly from the 
hepatic–lymphatic system, and also increases the rate of fibrino-
gen synthesis. Other complexities include impaired hepatic syn-
thesis of coagulation factors and the phenomenon of postdepletion 
“rebound” and “overshoot.”137

Generalizations based on the consumption of coagulation fac-
tors during in vitro coagulation are not always consistent with 
laboratory findings in patients with DIC. Plasma levels of factors 
that are normally consumed, such as fibrinogen, prothrombin, 
and factors V and XIII, often are reduced in severe DIC, but fac-
tors that normally are not consumed also may be deficient, such 
as factors VII, IX, and X. Prothrombin, which is consumed com-
pletely during coagulation in vitro, often is at a normal level in 
patients with DIC. Significant hypoprothrombinemia must reflect 
either massive and protracted activation of coagulation or compli-
cating factors, because in animals, severe depletion of platelets, 
fibrinogen, and factors V and VIII results from activation of only 
10% of plasma prothrombin.138

Proteins other than coagulation factors may be depleted as a 
result of DIC; those of potential importance include antithrom-
bin,139 a2-antiplasmin,140 and plasminogen.141 Plasminogen has 
great avidity for fibrin and may co-precipitate in fibrin thrombi. 
In experimental animals, depletion of tissue plasminogen activa-
tor, as well as plasminogen, can be produced by the protracted 
infusion of tissue factor.

Antithrombin is the principal inhibitor of thrombin activity; 
low levels of antithrombin in DIC result from consumption due 
to persistent neutralization of thrombin, degradation by elas-
tase released from activated neutrophils, and decreased hepatic 
synthesis. Other natural anticoagulant pathways—the protein C 
pathway and tissue factor pathway inhibitor—are also diminished 
in DIC.142 Proinflammatory cytokines (TNF, IL-1) down-regulate 
endothelial cell thrombomodulin activity, resulting in decreased 
levels of activated protein C (APC). Low levels of APC not only fail 
to inhibit activation of coagulation (by inactivating factors Va and 
VIIIa), but also contribute to failure to down-regulate inflamma-
tion. Thus, impairment of the protein C pathway in DIC contrib-
utes to the procoagulant and inflammatory phenotype seen in the 
disorder.

The numerous and diverse defense processes that are medi-
ated by factor XIIa are activated in DIC, including the comple-
ment system and the kallikrein system. It has been suggested 
that the hypotensive effects of bradykinin may explain the con-
spicuous presence of hypotension in patients with DIC triggered 
by activation of factor XII,143 for example, that associated with 
endotoxemia.

Consumption of platelets
In DIC, the platelet count often is depressed out of proportion to 
the severity of coagulation abnormalities. Thrombocytopenia may 
result from processes other than the consumption of platelets in 
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thrombotic lesions. These processes include adhesion to denuded 
or damaged endothelial cell surfaces and intravascular aggrega-
tion with subsequent sequestration, which may be caused by 
endotoxin, antigen–antibody complexes, thrombin, particulate 
matter, and, possibly, fibrin–FDP complexes.

All of these agents initiate the platelet release reaction, which 
may produce a population of partially activated platelets that are 
depleted of storage nucleotides (acquired storage pool disease). 
Partially activated platelets may contribute to impairment of 
clearance functions. Epinephrine and serotonin are released from 
the platelets and may reach extremely high concentrations in 
hypoperfused vascular beds. This process may produce sustained 
constriction of the afferent renal arteriole and may predispose 
to cortical necrosis. Serotonin also may produce pulmonary and 
cerebral hypoperfusion.

A mouse model of DIC investigated the role of PARs in medi-
ating the endothelial cell and platelet response to activation of 
coagulation. In this model of endotoxemia, activation of coagula-
tion occurred, but knockout of PARs failed to improve survival or 
thrombocytopenia. Although this model may not be extrapolated 
to human DIC, the possibility is suggested that PARs may not 
mediate the DIC response, and that thrombocytopenia in DIC may 
result from mechanisms other than thrombin activation.144

Intravascular Fibrin Formation
The formation of fibrin, in the form of small strands and “micro-
clots”, is the immediate result of DIC; the ultimate consequence of 
this process is determined by a balance between the rate of fibrin 
formation and the rate of its clearance from the circulation or lysis 
by the fibrinolytic enzyme system.

Erythrocytes are injured mechanically during passage through 
fibrin networks in the microcirculation. Such microangiopathic 
hemolysis leads to the production of schistocytes and micro-
spherocytes. Erythrocyte damage in metastatic carcinoma appears 
to be caused mainly by fibrin strands that form around tumor cell 
emboli as a result of low-grade DIC.145 It should be noted that red 
cell fragmentation is not seen in all patients with DIC.146

Fibrinolysis
Fibrinolysis is present in virtually every patient with DIC, but it 
generally plays a homeostatic rather than a pathologic role. In 
the setting of DIC, this “secondary fibrinolysis” is an appropriate 
response to persistent thrombin generation. Fibrinolysis may 
be activated by several mechanisms. The major endogenous 
source of plasminogen activators is in the vascular endothelium 
of the microcirculation, and in DIC, such activators, especially 
tissue plasminogen activator, are apparently released as a result 
of thrombin formation and fibrin deposition on endothelial 
surfaces, endothelial injury, or hypoxia. Many of the thrombo-
plastic substances that initiate DIC, such as tumor tissues and 
extracts of leukemic cells, also contain plasminogen activators. 
The release of plasminogen activators from platelets and leu-
kocytes also may be significant. Finally, factor XIIa activates 
plasminogen by interacting with normal proactivators and the 
kinin system.147

Fibrinolysis must be distinguished clearly from the process of 
fibrinogenolysis, in which fibrinogen and other coagulation factors 
are proteolytically destroyed in the circulation. Fibrinogenolysis 
may be an inappropriate response in DIC associated with amni-
otic fluid embolism,148 heatstroke,95 and, rarely, carcinoma. It 
is uncommon in other forms of DIC; when present, it is usually 
transitory and overshadowed by marked fibrinolysis. Disorders 
in which fibrinogenolysis arises in the absence of DIC (primary 
fibrinolysis) are discussed elsewhere in this chapter.

Following the initial enhanced fibrinolytic response to DIC, 
suppression of fibrinolysis occurs due to elevated levels of plas-
minogen activator inhibitor-1; this inhibition of fibrinolysis was 
associated with a poorer clinical outcome.149

Fibrin(ogen) Degradation products
The stepwise process by which fibrin is degraded proteolytically 
and the biologic effects of the various products of the process 
(FDPs) are discussed in Chapter 18. These protein fragments act 
as antithrombins,53,54 inhibit fibrin polymerization, produce a 
structurally defective fibrin polymer,150 and may impair platelet51 
and reticuloendothelial clearance functions. The presence of large 
amounts of FDP in the circulation is a major factor in the produc-
tion of hemorrhage in many patients with DIC.

The infusion of large amounts of FDP (fragment D) into rabbits 
produces changes that resemble the posttraumatic respiratory dis-
tress syndrome in humans.151 This observation suggests that large 
amounts of FDP may directly damage the pulmonary vasculature, 
leading to respiratory distress syndrome, which has been reported 
in association with DIC and the use of thrombolytic agents.152 The 
smallest FDPs are peptides of 3,000 to 4,000 molecular weight 
that inhibit smooth muscle contractility, an effect that may explain 
the frequency of uterine inertia in abruptio placentae.153

In DIC, a large amount of fibrin remains in a soluble state 
as a consequence of the formation of complexes between fibrin 
monomers, various FDPs, and fibrinogen. This solubility has been 
regarded as a final defense against vascular occlusion. In vitro, the 
complexes dissociate in the presence of alcohol or protamine sul-
fate to form gels or precipitates of various types (paracoagulation).

Impairment of Clearance Mechanisms
The numerous processes that normally remove procoagulant 
material from the circulation are of the utmost importance in DIC 
because of the presence of massive amounts of both activators 
and products of coagulation. Most of the products of intravascular 
coagulation (prothrombinase, platelet factor-3 activity, various 
types of FDPs and complexes thereof154,155), as well as various 
initiators of the process (tissue fragments, endotoxin,  antigen–
antibody complexes, tissue factor, and red cell stroma), are 
removed from the circulation by the reticuloendothelial system156 
(Fig. 54.3). The Kupffer cells of the liver157 and splenic macro-
phages are of particular importance. In certain forms of DIC, large 
amounts of relatively inert particulate matter (e.g., amniotic fluid 
embolism) place an additional burden on the reticuloendothelial 
system. The hepatic cells are of primary importance in the clear-
ance of activated coagulation factors (IXa, Xa,158 and XIa).

Investigators have suggested that various substances saturate 
and produce an “autoblockade” of reticuloendothelial and hepatic 
clearance functions in DIC in a manner comparable to that produced 
experimentally in the Shwartzman reaction.156,159 This blockade 
may be an important pathophysiologic factor, particularly in per-
petuating DIC after a transient activating stimulus. Shock and endo-
toxemia, both of which produce significant hepatic hypoperfusion, 
may contribute indirectly to autoblockade of clearance functions.

Chronic or “Compensated” Disseminated  
Intravascular Coagulation
Certain forms of DIC result from a weak or intermittent activat-
ing stimulus. In such patients, destruction and production of 
coagulation factors and platelets are balanced (Fig. 54.3). The 
pathophysiology of such chronic, subacute, or “compensated” DIC 
is fundamentally the same as that in the acute case. Nevertheless, 
the distinction is valuable because the clinical picture and labora-
tory findings in the chronic form are quite variable and may be 
diagnostically confusing.

Chronic DIC has been described in many patients with intra-
uterine fetal death or giant hemangiomas (Kasabach-Merritt syn-
drome) and in many cases of adenocarcinoma.98 Other etiologic 
factors that may produce chronic DIC include various forms of 
vasculitis, acute leukemia, aneurysms, hemangiomatous transfor-
mation of the spleen, and renal allograft rejection.

In cancer patients, a virtually continuous spectrum of clini-
cal and laboratory features has been described; these range 
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from recurrent venous thrombosis or arterial embolism98 with 
high levels of platelets and coagulation factors to acute DIC with 
severe hemorrhage.98 The clinical and experimental evidence is 
incontrovertible that pregnancy, the best studied form of hyper-
coagulability, is associated with an increased propensity for the 
development of DIC.160,161 Indeed, even normal pregnancy has 
been suggested as a form of low-grade “physiologic” DIC,160 
which, at term, becomes overt for a short time. Thus, transitory 
but significant elevations of FDP and corresponding diminution in 
fibrinogen levels are observed regularly during the first 4 hours 
after delivery.160 This may be triggered, in part, by the release of 
tissue factor into the circulation.

Clinical Features
The major clinical features of DIC are bleeding, often of serious 
magnitude and abrupt onset; a variable element of shock that is 
often out of proportion to apparent blood loss; and symptoms 
of hypoperfusion of various vascular beds. Acute renal failure is 
common, and thromboembolic manifestations often are noted.162 
Any of these features or signs and symptoms of the underlying 
disorder may predominate in a given case.

Evidence of major organ dysfunction is a common finding in 
patients with DIC, most often including signs, symptoms, and labo-
ratory evidence of abnormal pulmonary, renal, hepatic, and central 
nervous system function. Although virtually all of these manifesta-
tions have been attributed to the underlying DIC, the clinical mani-
festations that have been described usually were the result of the 
underlying disorder. For example, one study observed that patients 
with DIC due to aortic aneurysm had laboratory features of DIC but 
minimal clinical manifestations. Patients with DIC due to obstetric 
disorders all had bleeding, but only 20% had organ dysfunction. In 
contrast, of patients with DIC due to sepsis, only 15% had bleeding, 
but 76% had organ failure.94 These results suggest that marked 
heterogeneity exists in clinical manifestations of DIC, and that the 
etiology of DIC is a major predictor of clinical events.94

In this section, the clinical manifestations and diagnosis of DIC 
are discussed in general terms. Various specific clinical features 
and details regarding treatment of the most common forms follow 
in a separate section.

Acute Disseminated Intravascular Coagulation
Bleeding manifestations of virtually every kind have been 
described, and they may evolve rapidly in the patient with acute 
DIC. Generalized ecchymoses, petechiae, and bleeding from 
previously intact venipuncture sites or around indwelling intra-
venous needles or catheters are noted in many patients. Large, 
spreading, hemorrhagic skin lesions often are superimposed on 
familiar exanthems in patients with rickettsial and viral infec-
tions. “Geographic” acral cyanosis is a prominent feature in some 
patients. Large, sharply demarcated ecchymotic areas may result 
from thrombotic occlusion of dermal vessels and may progress to 
skin infarction. Such infarcts are particularly common in patients 
with purpura fulminans (Fig. 54.4) and are seen also in coumarin-
induced skin necrosis and inherited homozygous deficiency of 
protein C (see Chapter 55). In patients with meningococcemia, 
cutaneous hemorrhage may be striking. Bleeding from appar-
ently normal gingivae, epistaxis, gastrointestinal bleeding, pulmo-
nary hemorrhage, and hematuria are common. In patients who 
develop DIC after surgical procedures, alarming hemorrhage may 
develop around drains and tracheostomies, and accumulations of 
blood may be concealed in serous cavities.

Chronic Disseminated Intravascular Coagulation
Superficial but extensive ecchymoses of the extremities, often 
without petechiae, may develop intermittently or may persist. 

Figure 54.4. Purpura fulminans in infection-associated disseminated intravascular 
coagulation. Early lesions (A) are circumscribed; progressive lesions (B) may become necrotic. 
(From Dudgeon DL, Kellogg DR, Gilchrist GS, et al. Purpura fulminans. Arch Surg 1971;103: 
351–358; copyright 1971, American Medical Association.)

A

B

Recurrent episodes of epistaxis or more serious internal muco-
sal bleeding may punctuate the course. Trousseau sign (recur-
rent migratory thrombophlebitis in association with cancer) in 
most instances is a manifestation of chronic DIC. More serious 
hemorrhagic manifestations may develop as the underlying dis-
ease progresses or may arise with dramatic suddenness after 
surgical procedures such as a prostatectomy. Acute DIC may be 
heralded by further thrombophlebitis or pulmonary emboli. In 
some patients, evidence of vascular obstruction (e.g., impairment 
of renal function, confusion, transitory neurologic syndromes, 
or repeated episodes of cerebral thrombosis) may develop with 
minimal bleeding.

Laboratory Diagnosis
The laboratory findings in DIC are summarized in Table 54.2. 
Contrary to what is commonly assumed, they may be quite vari-
able. The plasma fibrinogen level, PTT, PT, platelet count, and 
estimates of FDP or d-dimer are the cornerstones on which the 
diagnosis of DIC is based. These simple tests should always be 
performed first. Additional information may confirm, but seldom 
refutes, the diagnosis of DIC if typical abnormalities are demon-
strated by these tests. Laboratory data may change with remark-
able rapidity in DIC, based on disease progression or therapy.

Laboratory data must be interpreted with caution. Levels of 
platelets and various coagulation factors, fibrinogen, and factor VIII, 
in particular, may be elevated in many of the conditions associ-
ated with DIC, including pregnancy. Thus, a fibrinogen level 
of 200 mg/dl, although within the normal range determined in 
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healthy subjects, may represent a significant decrease in a patient 
whose baseline level was 800 mg/dl due to acute-phase changes.

The best test for diagnosing DIC is the d-dimer assay. The semi-
quantitative method is sensitive,163 and d-dimer values >2,000 ng/
ml have been reported to be consistent with DIC.164 More sensitive, 
quantitative d-dimer assays are now available; one study reported 
that a sensitive d-dimer assay result <8.2 mg/ml optimized sensi-
tivity and negative predictive value in patients with DIC.165

A new test, measurement of the biphasic waveform in the PTT 
assay, has been reported to precede development of DIC and to pre-
dict DIC better than the d-dimer assay.166 The biphasic waveform 
results from the formation of a precipitate on plasma recalcification; 
the precipitate contains very-low-density lipoprotein complexed 
with C-reactive protein. If confirmed in clinical outcome studies, 
this assay may be a useful addition to laboratory tests for DIC.

Basic Blood Examinations
In patients with DIC, routine hematologic tests may reveal evi-
dence of acute bleeding, accelerated red cell destruction, or 
signs of the underlying disease. Examination of the blood smear 
reveals schistocytes in approximately 50% of cases,93,146 but 
the degree of schistocytosis bears no necessary correlation with 
other facets of the disorder. More subtle evidence of intravascu-
lar hemolysis often is found, such as increased serum levels of 
lactic acid  dehydrogenase and diminished haptoglobin levels. 
Rarely,  massive intravascular hemolysis with hemoglobinemia 
and  hemoglobinuria is noted.144

Thrombocytopenia is an early and consistent sign of acute 
DIC, and the consideration of this diagnosis in the presence of a 
persistently normal platelet count is difficult. Platelet counts in the 
range of 50,000 to 100,000/ml are the usual finding, but thrombo-
cytopenia may be severe.

Coagulation Defect
The PTT, PT, and thrombin time are prolonged in most patients 
with acute DIC. Early in the course of the disorder and in chronic 
DIC, the PTT may be normal or even shorter than normal, which 
may be the result of the procoagulant effects of activated coagula-
tion factors or elevated factor VIII levels.

Occasionally, one can follow the process of DIC from its incep-
tion, and specific assays for various coagulation factors obtained 
at the time of diagnosis reveal a variable and rapidly changing 
picture. The plasma levels of fibrinogen and of factors V and 
XIII usually are significantly depressed; fibrinogen and factor V 
are the most consistently affected.167 The level of factor X may 
be lower than that of other “stable” factors (factors VII, IX, and 
XI), which usually are present in normal amounts.167 In many 
patients, particularly those with abruptio placentae, normal pro-
thrombin levels are maintained,99,167 but marked hypoprothrom-
binemia often is present in those with septic DIC.168

The levels of factors VIII, IX, and XI as determined by one-
stage assays may fluctuate widely as the result of the presence 
of activated factors169 such as thrombin and factor Xa.162 This 
problem is minimized in two-stage assays.167 Levels of factor VIIIc 
often are normal or increased, particularly when assayed by two-
stage techniques.170 In many patients, the levels of coagulation 
factors tend to “overshoot” after repletion. As a consequence of 
the inhibitory effects of FDPs, the thrombin time may be pro-
longed out of proportion to the reduction in the fibrinogen level.

Tests for Fibrinolysis: Fibrin Monomers, 
Fibrin(ogen) Degradation Products, and d-Dimer
In most patients with DIC, FDP levels as determined by quantita-
tive methods, such as red cell hemagglutination inhibition or latex 
agglutination, are 25-mg fibrinogen “equivalents”/ml or higher.167 

All methods are most sensitive to large or “early” FDPs. These frag-
ments, particularly fragment X, retain thrombin-binding sites or 
may form a complex with fibrinogen and consequently be removed 
during the preparation of serum for FDP tests. This phenomenon 
or the presence of only small FDPs may explain the normal levels of 
FDPs in some patients with otherwise typical DIC. Fibrinopeptide 
A and certain fibrinogen fragments that are formed by the lysis 
of cross-linked fibrin, such as the dd-dimer and the dd-dimer–E 
complex, can be demonstrated by using special techniques. These 
latter FDPs provide direct evidence of the action of thrombin on 
fibrinogen and provide a means of differentiating fibrin degrada-
tion products from fibrinogen degradation products.171,172

The simplicity, specificity, and sensitivity of the d-dimer test 
have led many laboratories to replace less sensitive or less con-
venient tests for DIC with the d-dimer test. Because false-positive 
results may be seen with FDP latex agglutination tests in patients 
with dysfibrinogenemia, the d-dimer test may be more specific 
in diagnosing DIC, especially in distinguishing the coagulopathy 
of liver disease from DIC.65,163,173 False-positive d-dimer latex 
agglutination tests may occur in patients with elevated levels of 
immunoglobulin M (IgM) (rheumatoid factor).

“Paracoagulation” techniques are simple to perform, but they 
are less specific than tests for FDPs. The results of the ethanol 
gelation test, in particular, often are negative in DIC. To the con-
trary, results of protamine gelation tests usually are positive,174 
but abnormal results are obtained in numerous other disorders, 
including many that commonly are associated with DIC.

Other Laboratory Findings
Plasma levels of fibrinopeptide A175 and the rate of incorpora-
tion of 14C-labeled glycine ethyl ester into soluble “circulating 
fibrin”176 are exceptionally sensitive indicators of DIC and may 
be abnormal even in patients with normal levels of FDP. Levels 
of antithrombin,177 a2-antiplasmin, and proteins C and S may be 
diminished in some cases.

Other parameters of activation of coagulation and fibrinoly-
sis have been studied in DIC, especially in sepsis. Thrombin– 
antithrombin III (TAT) complexes and plasmin–a2-antiplasmin 
(PAP) complexes are often elevated in sepsis-associated DIC. 
Assays such as TAT and PAP complexes may have prognostic 
significance in DIC, as may other coagulation parameters, includ-
ing plasminogen activator inhibitor type-1, vWF antigen, and 
a2-antiplasmin.178 In a primate model of Gram-negative sepsis, a 
number of molecular markers of coagulation were investigated for 
their use in monitoring DIC.179 Markers such as soluble thrombo-
modulin and soluble fibrin monomer are useful in assessing the 
status of microvascular injury.

The clinical role of these assays in diagnosing or managing 
DIC patients at this time is uncertain. The best test for diagnosis 
and monitoring DIC appears to be a sensitive d-dimer assay; the 
PTT waveform analysis may also prove to be a useful test. The 
International Society on Thrombosis and Haemostasis (ISTH) has 
proposed clinical and laboratory criteria to better define the spec-
trum of DIC cases.90,180

Differential Diagnosis
The syndrome of DIC is seldom difficult to recognize. Problems arise 
when the diagnosis simply is not considered or in chronic forms, 
when the underlying coagulation disorder may be masked by fea-
tures of the basic disease or by thromboembolic complications.181

Two disorders, however, produce laboratory abnormalities 
that resemble DIC: Severe liver disease, which is common, and 
primary fibrinogenolysis or “pathologic” fibrinolysis, which is 
rare (Table 54.2).

In patients with primary fibrinogenolysis, the following con-
ditions may be evident: Hypofibrinogenemia; increased levels 
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of FDP; abnormalities of the PTT, PT, and thrombin time; and 
deficiencies of factors V and VIIIc. The euglobulin lysis time is 
significantly and persistently shortened, often in association with 
plasminemia. However, the platelet count usually is normal, the 
d-dimer level should be normal or only minimally elevated, and 
protamine sulfate tests should be negative. Hypoprothrombinemia 
and deficiencies of stable coagulation factors VII, IX, X, and XI are 
rare. Thus, routine coagulation tests should be able to distinguish 
DIC from primary fibrinogenolysis.

In patients with liver disease, coagulation abnormalities and 
thrombocytopenia may originate from many pathologic processes 
(Table 54.3). Chronic or intermittent fibrinogenolysis with high 
levels of FDP is common, particularly in patients with cirrhosis. 
In such patients, the exclusion of the diagnosis of DIC may be dif-
ficult. Factor VIIIc levels usually are elevated when liver disease 
is severe, and the levels of factors VII and IX typically are low. 
A helpful test in discriminating between the coagulopathy of liver 
disease and DIC is the d-dimer test, the results of which should 
be abnormal in DIC but normal in liver disease (unless additional 
disorders coexist65,173).

DIC, particularly that associated with carcinoma, may be 
confused with various microangiopathic hemolytic anemias, such 
as thrombotic thrombocytopenic purpura and hemolytic-uremic 
syndrome; in these disorders, the clinical picture may resemble 
that of DIC in many respects. High levels of FDP may be encoun-
tered in patients with microangiopathic hemolytic anemias, but 
significant coagulation abnormalities are not commonly present. 
Many other disorders may produce slight to moderate elevations 
of FDP: For example, pulmonary embolism and chronic renal 
disease with uremia.

Moderate thrombocytopenia is a common consequence of the 
use of extracorporeal circulatory devices, and coagulation abnor-
malities often are noted immediately after their use because of the 
presence of residual heparin. Heparin levels also may rise several 
hours later (the rebound phenomenon). In such patients, the pres-
ence of thrombocytopenia together with the effects of heparin may 
be confused with DIC; similar difficulties may arise after hemo-
dialysis. Even the small amounts of heparin required to irrigate 
indwelling catheters, or to contaminate Hickman catheters, are a 
common cause of “pseudo-DIC.”

treatment
DIC always is the end result of a serious underlying disorder. 
Although the patient may benefit greatly from the replacement of 
depleted coagulation factors and platelets, correction of the syn-
drome depends on prompt and energetic treatment of the primary 
disorder. This—not the therapeutic measures described in this 
section—remains the cornerstone of therapy.

Anticoagulants
Heparin is a specific activator of the physiologic antithrombin 
system and thereby inhibits a number of proteolytic enzymes, 
including factors IXa and Xa and thrombin (see Chapter 55). The 
therapeutic efficacy of heparin is unquestionable in some animal 
models of DIC, but assessment of its effectiveness in humans has 
proved more difficult. In view of the complexity of DIC, inhibition 
of coagulation alters only one facet, albeit a fundamental one, 
of the pathophysiologic cycle. Recent appreciation of the role of 
anticoagulation and inflammatory pathways has led to consider-
ation of novel therapies, including replacement of anticoagulant 
proteins such as antithrombin and APC.142

In patients with chronic DIC, the results of heparin therapy 
usually are favorable and may be dramatic. In most patients, 
heparin would not be expected to alter ultimate mortality 
because of the nature of the underlying diseases; however, 
this drug typically does reduce the severity of bleeding and 

thromboembolic manifestations and produces parallel improve-
ment in the abnormalities of laboratory test values. Elevated 
levels of d-dimer and FDPs drop rapidly, and accelerated fibri-
nolysis, if present, disappears after the administration of hepa-
rin, often before the coagulation defect has been alleviated. The 
response of the platelet count to heparin therapy for DIC is slow 
and often erratic.

In patients with acute DIC, particularly that associated with 
sepsis, the results of heparin therapy have been less encourag-
ing.182 Most clinicians are reluctant to use heparin in patients 
with acute DIC. Because baseline PTT values are usually pro-
longed in acute DIC, heparin levels may be required to monitor 
therapy (see Chapter 55).

Replacement Therapy with Platelets  
and Coagulation Factors
Many patients with DIC ultimately receive large amounts of 
blood products, even though evidence is only anecdotal that 
they are necessary or therapeutically effective.183 The major 
aim of replacement therapy with blood products in DIC is to 
replenish fibrinogen. This goal is best accomplished by the 
administration of cryoprecipitate, each unit of which contains 
approximately 250 mg of fibrinogen.184 The amount of cryo-
precipitate given should be sufficient to elevate the plasma 
fibrinogen level to at least 100 to 150 mg/dl. As a general guide, 
3 g of fibrinogen can be expected to raise the plasma level of 
an adult patient approximately 100 mg/dl. Fibrinogen adminis-
tration probably should be restricted to the occasional patient 
with hypofibrinogenemia and significant bleeding, in whom DIC 
is self-limited or has been controlled by heparin therapy (e.g., 
in intrauterine fetal death before surgical intervention). Sterile 
fibrinogen concentrates are not yet available for routine thera-
peutic use in the United States.

Patients with DIC, bleeding, and platelet counts <50,000/ml 
should be considered for platelet transfusion. Due to the acquired 
storage pool defect seen with DIC, as well as FDP inhibition of 
platelet function, DIC patients may require a higher platelet count 
for adequate hemostasis than patients with thrombocytopenia in 
the absence of platelet dysfunction.

The availability of purified, sterile antithrombin concentrates 
has led to its investigation in treating DIC. As seen in most 
 studies,185 although antithrombin concentrates can normalize 
plasma levels of this protein in patients with DIC and improve 
hemostasis parameters, consistent clinical benefit in terms of 
survival is not evident. A large clinical trial demonstrated that 
high-dose antithrombin therapy in patients with sepsis had no 
effect on mortality.186 A post hoc analysis of this clinical trial 
indicated that high-dose antithrombin therapy may be effective in 
improving survival in the subset of patients with severe sepsis and 
high risk of death, especially if concomitant heparin treatment is 
avoided.187 Prospective studies will be important to confirm this 
subgroup analysis.

Other Therapeutic Measures
Treatment of shock should be immediate and vigorous in all 
patients with DIC. Packed erythrocytes should be given promptly 
if indicated. The indiscriminate use of â-aminocaproic acid (EACA) 
and other antifibrinolytic drugs should be discouraged. Because 
of the potential risks, fibrinolytic enzyme inhibitors should be 
administered only to carefully selected patients, that is, those in 
whom DIC has resulted from a transitory stimulus or has been 
arrested by heparin administration and in whom fibrinogenolysis 
or inappropriate fibrinolysis, hypofibrinogenemia, and adequate 
renal function have been clearly documented. The therapeutic use 
of EACA in fibrinogenolysis and appropriate dosage schedules are 
discussed elsewhere in this chapter.
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Specific Features of Various Forms of 
Disseminated Intravascular Coagulation

Obstetric Disorders
abruptio placentae
DIC complicates abruptio placentae in approximately 10% of 
cases188 in which fetal compromise occurs. Shock develops rap-
idly, but vaginal bleeding may be minimal or absent for a time and 
bears little relationship to the extent of abruption. Brisk external 
hemorrhage may originate from episiotomies and lacerations, and 
large amounts of blood may be concealed behind the placenta and 
within the wall of the uterus. Severe placental abruption associ-
ated with fetal death is often linked with DIC.189

Hemorrhage is the major factor leading to shock and renal com-
plications in abruptio placentae, and the most essential therapeutic 
measures are the vigorous treatment of blood loss and the prompt 
evacuation of the uterus. Extensive replacement therapy seldom is 
required. Often, fibrinogen replacement is given if immediate sur-
gical treatment is necessary. Fibrinogen replacement may be most 
useful in patients with fetal death requiring cesarean delivery. If 
the coagulation defect and thrombocytopenia are severe or persist 
for an unusually long time, the administration of platelets, fibrino-
gen in the form of cryoprecipitate, and fresh frozen plasma190 may 
reduce hemorrhage. Most obstetricians do not administer heparin 
because it may increase bleeding and because rapid spontaneous 
remission of DIC is usual when the uterus is evacuated.

Intrauterine Fetal Death
In the event of intrauterine fetal death, definite laboratory abnor-
malities are not seen until the dead fetus has been retained for ≥5 
weeks188; plasma levels of FDPs then begin to rise, and the plate-
let count and fibrinogen level gradually decline. Bleeding may 
be inconspicuous, but a progressive loss of renal function is not 
uncommon. In most women in whom delivery of the dead fetus is 
induced promptly according to usual obstetric practice, bleeding 
is not serious, even in the presence of low-grade DIC. Operative 
intervention is dangerous when hypofibrinogenemia is severe, 
and such patients should receive heparin until safe fibrinogen 
levels are restored.191 If immediate surgery is imperative, hepa-
rin administration should be followed by platelet replacement 
and enough fibrinogen, in the form of cryoprecipitate, to produce 
plasma fibrinogen levels of 150 mg/dl or greater.192

amniotic Fluid embolism
In women who survive amniotic fluid embolism (mortality rate 
of up to 80% in early studies), DIC with severe hemorrhage may 
develop within 1 to 2 hours.162,193 More recent surveys indicate 
a mortality rate of 20% to 30%194; 50% of patients with amniotic 
fluid embolism had DIC.188 Often, the syndrome is complicated by 
significant fibrinolysis and even fibrinogenolysis.148 Hypoxia and 
other sequelae of pulmonary vascular obstruction dominate the 
clinical picture and usually determine the outcome. The release 
of serotonin and other vasoactive substances from platelets may 
contribute to the profound pulmonary vasoconstriction.

Miscellaneous Obstetric Disorders
Intravascular coagulation has been documented after abortions 
induced by intra-amniotic injection of hypertonic saline solu-
tions194 and hypertonic urea,195 but it apparently does not com-
plicate abortions performed by suction curettage or those induced 
by prostaglandin F2a. 

Disseminated Intravascular Coagulation in 
Neonates and Infants
Several disorders unique to the neonate and infant may be 
associated with DIC (Table 54.2).196 The transplacental passage 

of thromboplastins or other procoagulant substances has been 
the apparent cause of DIC in neonates born of mothers affected 
with DIC owing to abruptio placentae, eclampsia, or septicemia. 
Asphyxia may be a common precipitating factor for DIC in these 
disorders.197 Bacterial infection and generalized viral infections 
(e.g., herpes simplex, cytomegalic inclusion disease, and rubella), 
acidosis, and hypoxia are more common causes of DIC in infants 
than in adults.198 DIC secondary to giant hemangiomas and 
 purpura fulminans has been reported in neonates.

Management of septic DIC in the neonate should emphasize 
treatment of underlying infection. A controlled study that com-
pared treatment with heparin, extensive replacement therapy 
with blood products, and supportive care only revealed no sig-
nificant differences in outcome for the three groups.199 A more 
recent study confirms that clinical trials in neonatal sepsis have 
not identified a beneficial therapy.200

The diagnosis seldom is difficult, but DIC must be distin-
guished from septic shock, endotoxin shock, or simple thrombocy-
topenia, all of which may develop independently of DIC in severe 
infections.201

In many patients, no additional measures other than treating 
infection and shock (if present) are required. No evidence has 
been cited that heparin has diminished mortality.168 In one series, 
the alleviation of septic shock appeared to be more important 
in the ultimate prognosis than did correction of the coagulation 
abnormalities.168 Recombinant APC (r-APC) was demonstrated 
in one study to reduce mortality in adult patients with sepsis202; 
however, a Cochrane database review of the effects of r-APC 
in neonates with sepsis concluded that there were insufficient 
data to support the use of the drug in the pediatric setting.203 
Subsequent studies in adult patients demonstrating no clinical 
benefit of r-APC in sepsis led to withdrawal of this drug.

Purpura Fulminans
The hemorrhagic manifestations of purpura fulminans develop 
several days after an acute infection; these are most commonly 
scarlet fever or various viral respiratory diseases. Purpura fulmi-
nans is most common in children but is also well documented in 
adults. The most common manifestations are symmetric ecchymo-
ses of the lower extremities and buttocks, sharply circumscribed 
infarcts of the skin and genitalia, and gangrene of the extremities 
that often involves the digits symmetrically.204 These ecchymotic 
lesions often become necrotic, ultimately forming blood-filled bul-
lae (Fig. 54.4). Petechiae are rare. Fever and prostration are seen, 
but visceral lesions, including renal involvement, are relatively 
uncommon.

The mortality rate associated with purpura fulminans ranges 
from 18%205 to 40% to 70%.206 Heparin in therapeutic doses has 
often proved therapeutically effective, and it has been suggested 
that poor results obtained previously with this anticoagulant 
reflect late treatment of moribund patients. In patients with pur-
pura fulminans, relapses are particularly common after cessation 
of heparin therapy,205 and the administration of this anticoagu-
lant, possibly in reduced doses, should always be continued for 2 
to 3 weeks. The subject of purpura fulminans diagnosis and treat-
ment has been recently reviewed.207 Evidence that purpura fulmi-
nans may be a manifestation of homozygous protein C deficiency 
is discussed in Chapter 55. The efficacy of protein C in patients 
with sepsis and purpura fulminans is discussed below.

Neoplastic Disorders
Carcinoma
In patients with DIC associated with carcinoma, the clini-
cal picture is quite variable and often consists of a combina-
tion of bleeding and thromboembolic phenomena, including 
arterial  embolism.98,102,103 The association of chronic DIC, 
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thromboembolism, and cancer is often called Trousseau 
 syndrome.98 Laboratory findings are variable. Evidence of chronic 
DIC, hypercoagulability, or acute DIC may be found. In a study of 
more than 1,000 patients with solid tumors, 7% were diagnosed 
with DIC using standard coagulation tests (platelet count, fibrino-
gen, d-dimer, FDPs).208 Risk factors associated with the occur-
rence of DIC included older age, male gender, advanced disease, 
breast cancer, and necrosis of the tumor specimen.208

One reason for the variability in cancer patients having venous 
thromboembolism relates to the histology of the malignancy. 
Analysis of a very large database of Medicare patients with cancer 
identified tissue-specific differences in thrombotic risks among 
cancers.209 Those cancers with a high risk of thrombosis included 
uterine, brain, leukemia, ovary, and pancreas (twofold or greater 
risk), whereas prostate, liver, head or neck, bladder, and breast 
cancer had less than a onefold risk (compared to noncancer 
patients).209

DIC in association with carcinoma resolves with effective treat-
ment of the underlying tumor. Heparin or low-molecular-weight 
heparin (LMWH) in therapeutic doses has proved effective in con-
trolling the hemorrhagic and thromboembolic symptoms.98,102,210 
There is a suggestion in the literature that the use of LMWH 
therapy is associated with improved mortality in cancer patients. 
A large European study of patients with noncurable solid tumors 
evaluated the survival effects of a LMWH (nadroparin) given in 
therapeutic dose for 2 weeks followed by half-dose for 4 weeks.211 
There was significant improvement in survival in the LMWH 
group with minimal toxicity.211 The basis for this antitumor activ-
ity of LMWH may not relate to anticoagulant activity.212 A recent 
Cochrane literature review of the effects of anticoagulation on 
cancer patient survival found improved survival after 24 months, 
but not 12 months.213

A significant minority of patients with cancer and thrombosis 
will experience recurrent thrombosis with oral anticoagulation98 
and will benefit from long-term heparin or LMWH.214 Based on 
these data, optimal anticoagulant therapy for cancer patients with 
thrombosis is LMWH. In the case of DIC associated with prostate 
cancer, adjunctive therapy with ketoconazole215 or antiandro-
gens216 may be useful.

An animal model of cancer has provided evidence that tumors 
may activate coagulation through overexpression of the MET 
oncogene.217 When MET-induced carcinogenesis was established 
in mice, a hypercoagulable state resulted. Inhibition of the acti-
vated MET oncogene may be a potential therapeutic target in 
patients with cancer and DIC. The spectrum of mechanisms of 
thrombosis in Trousseau syndrome has been reviewed.218

acute promyelocytic Leukemia
DIC has been reported in association with all forms of acute 
leukemia, but it is most common in the “hypergranular” pro-
myelocytic variety,219 in which it may occur in 60% to 100% of 
cases. The cause of the coagulopathy is multifactorial: Tissue fac-
tor is present in the granules of the abnormal promyelocytes105 
as well as leukocyte proteases, including elastase.220 Enhanced 
fibrinolysis also results from increased promyelocyte expression 
of annexin II, a receptor for plasminogen and tissue plasminogen 
activator.107 Additionally, the malignant promyelocytes contain 
plasminogen activators.221 The clinical picture usually is one of 
chronic progressive DIC with a significant fibrinolytic component 
that may antedate the other manifestations of the disease. Acute 
fulminant DIC may develop spontaneously or may be triggered by 
the administration of chemotherapeutic agents, which cause the 
release of thromboplastic contents of the promyelocytes.

In some patients with acute leukemia, accelerated fibrinolysis 
is a conspicuous finding. In one study, depletion of a2-antiplasmin 
developed during induction of chemotherapy, a finding that 
was more predictive of bleeding complications than traditional 
indices of DIC, such as levels of fibrinogen, antithrombin, and 

plasminogen.222 This study suggests that “unregulated” fibrino-
lysis, by destroying functional hemostatic plugs and depleting 
fibrinogen, may be more important than DIC in some cases.

In the past, heparin has produced clear-cut remissions in 
patients with chronic forms of DIC associated with acute leukemia. 
An earlier approach220 recommended fibrinogen replacement 
therapy for fibrinogen levels <100 mg/dl and platelet transfusion 
for platelet counts <20,000/ml. Fresh frozen plasma is given to 
patients with prolonged PT and PTT values who are bleeding. If 
the fibrinogen level is difficult to maintain over 100 mg/dl, or if 
FDP levels are rising, heparin is infused at 500 U/hour.220 When 
a2-antiplasmin levels are below 30% of normal, EACA or another 
antifibrinolytic agent should be added to this regimen,222 and 
a2-antiplasmin levels should be monitored during induction of 
chemotherapy.

A newer approach that has virtually replaced the need for 
heparin and antifibrinolytic agents in the treatment of acute pro-
myelocytic leukemia is the early administration of all-trans retinoic 
acid.223 However, these patients still may require replacement 
therapy for hypofibrinogenemia and thrombocytopenia.223 Current 
protocols for acute promyelocytic leukemia combine all-trans reti-
noic acid and combination chemotherapy (or arsenic trioxide) to 
ameliorate the coagulopathy; all-trans retinoic acid is more effec-
tive than chemotherapy alone in improving the coagulopathy.224

Kasabach-Merritt Syndrome (Giant Hemangiomas)
The severity and incidence of DIC tends to parallel the size of the 
vascular tumors in the Kasabach-Merritt syndrome.225 Platelet 
consumption, activation of coagulation, and microangiopathic 
red cell destruction take place mainly within the hemangioma 
(“sequestered” or localized intravascular coagulation), but labora-
tory evidence of DIC in the general circulation usually is clear-
cut.130,225 Recurrent bleeding from the surface of the tumor is 
the major hemorrhagic manifestation; in the presence of DIC, this 
bleeding may be intractable. Periodic swelling of the lesions often 
is observed. This phenomenon may be a consequence of intermit-
tent obstruction of blood outflow from the hemangioma and may 
provoke serious hemorrhage. Irradiation and corticosteroids have 
produced favorable results in a few cases, but surgical removal 
of the tumors has ultimately been required in most patients.225 
Interferon-a has been successful in large numbers of patients; 
this cytokine probably acts as an antiproliferative/antiangiogenic 
agent.225 Antifibrinolytic therapy has been reported to be useful in 
controlling the coagulopathy.226,227 Other useful therapies include 
cryoprecipitate and platelets for replacement therapy to correct a 
severe coagulopathy. The use of heparin therapy is uncertain.225

For patients with aneurysms associated with DIC, LMWH has 
been reported to be useful in resolving the coagulopathy.228

Shock and Massive Trauma
Heparin therapy may be hazardous for patients with massive 
injuries. Even in the face of DIC, intensive supportive care and 
replacement therapy with plasma and platelets are the mainstays 
of treatment.229

Hemolytic Transfusion Reactions
DIC is present in many patients with hemolytic transfusion reac-
tions. Severe, acute hemolytic transfusion events are triggered by 
antigen–antibody reactions that initiate complement activation 
and activation of coagulation. These reactions are usually a result 
of ABO incompatibility. These patients may experience not only 
DIC, but also shock and renal failure. Primary therapy is directed 
to control of hypotension and restoration of renal blood flow. Fluid, 
diuretics, and dopamine may be useful therapies. Heparin therapy 
for DIC in hemolytic transfusion reactions is controversial.230
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Snakebite
DIC associated with snakebite differs from the usual form of 
the syndrome in several respects. Hemorrhage may be rela-
tively inconspicuous,231 even in the presence of incoagulable 
blood. When present, it is mainly the result of a vascular toxin. 
Platelets often are spared, although the venom of the timber 
rattlesnake (Crotalus horridus horridus) contains a unique ser-
ine protease that acts as a potent platelet activator.232 In some 
cases, a disorder manifested mainly by brisk fibrinolysis in the 
absence of evidence of DIC has been described.233 The specific 
coagulopathy seen in individual patients in large part depends 
on venom constituents present in the particular snake species. 
Detailed lists of venom constituents affecting hemostasis have 
been published.132,134,135

The treatment of snakebite involves the administration of 
specific antivenom and intensive supportive care. Heparin 
therapy has proved marginally effective at best.231,234 In gen-
eral, it is not indicated when specific antivenom is available. 
Cryoprecipitate should be given to maintain the fibrinogen level 
over 100 mg/dl.

pathology
The fatality rate associated with DIC is up to 60%.235 In 
many cases, death is attributed to bleeding or thrombosis. 
Mortality increases with age, underlying co-morbidities, the 
number of clinical manifestations, and the severity of laboratory 
 abnormalities.

The deposition of fibrin in small vessels represents the ultimate 
result of DIC. In many patients, fibrin can be formed and lysed 
without significant vascular occlusion. Indeed, at autopsy, fibrin 
thrombi in some subjects were absent or were demonstrated only 
with special stains or by electron microscopy. This may result 
from postmortem lysis or from deposition of thin films of fibrin on 
the vast endothelial surface and on the erythrocytes. The localiza-
tion of fibrin thrombi varies somewhat with the cause of DIC. The 
kidney is the single most common site of fibrin thrombi. Renal 
lesions range from patchy tubular necrosis to massive bilateral 
cortical necrosis and have been attributed to a sieving effect of the 
renal microvasculature. Nonthrombotic endocarditis and pulmo-
nary hyaline membranes have been found in many patients,98,236 
especially those with cancer.

emerging therapies for Disseminated 
Intravascular Coagulation
The recognition of pathogenic mechanisms critical in initiation or 
progression of DIC has led to investigation of new therapeutic agents 
in animal models of DIC and clinical trials in humans. For example, 
protease inhibitors such as aprotinin237 or gabexate238 have 
been studied. However, survival advantages have not been shown 
with these agents. Similarly, high-dose antithrombin replacement 
therapy had no effect on mortality in patients with severe sepsis.186

The key role of tissue factor in triggering DIC239 has led to 
studies in which neutralizing antibodies to this procoagulant 
were found to prevent lethal septic shock in animal models.240,241 
Two published clinical trials in sepsis patients used tissue factor 
pathway inhibitor as therapy; there was no significant benefit 
observed.242

The role of protein C in ameliorating the mortality of sepsis has 
also been demonstrated; neutralization of protein C activity in an 
animal model exacerbated the lethal response,243 and infusion of 
protein C244 or APC 243 prevented the lethal response in humans 
with meningococcemia or in a primate model, respectively. APC 
had previously been demonstrated to improve survival in sep-
sis202; subsequent studies demonstrated no clinical benefit of the 
drug, and it is no longer available.

PriMAry fibrinolysis 
(fibrinogenolysis)
Fibrinolysis is an appropriate response to thrombosis and neces-
sary in the re-establishment of blood flow. This localized response, 
termed physiologic fibrinolysis, is discussed in Chapter 18. The 
term pathologic fibrinolysis has been used indiscriminately to 
refer to any situation in which in vitro evidence of fibrinolysis was 
associated with bleeding. In retrospect, it seems probable that 
fibrinolysis in many cases was secondary to DIC and that in others 
it represented an essentially physiologic response to anoxia, shock, 
or stress. In fibrinogenolysis, on the other hand, the proteolytic 
destruction of fibrinogen and other proteins occurs in the general 
circulation, and severe bleeding may develop. The pathophysiology 
of fibrinogenolysis may represent a disproportionate or “inappro-
priate” response to underlying DIC or may result from a defective 
fibrinolytic mechanism that may be  inherited or acquired.

etiology 
Fibrinogenolysis may complicate various disorders, among which 
severe liver disease49 is the most common. Fibrinogenolysis is a 
predominant laboratory feature in several patients with dissemi-
nated neoplasms,245–247 especially urogenital neoplasms.248 The 
mechanism for enhanced fibrinolysis in these patients is probably 
increased tumor cell secretion of plasminogen activators such as uro-
kinase.246 Fibrinogenolysis and marked fibrinolysis rarely compli-
cate the immediate puerperium,192,193 and they have been reported 
in association with acute promyelocytic leukemia.220,221 Enhanced 
fibrinolysis has also been associated with cardiac bypass surgery249 
and aortic clamping during vascular surgery.250 Inherited deficiency 
of plasminogen activator inhibitor type-1251 or a2-plasmin inhibi-
tor252 also results in hyperfibrinolysis and a bleeding tendency.

pathophysiology
Fibrinogenolysis is a consequence of the generation of plasmin 
within the general circulation (plasminemia). Potent plasmin inhib-
itors (antiplasmins) normally neutralize free plasmin rapidly (see 
Chapter 18); the result is that the proteolytic effects of this enzyme 
normally are restricted to fibrin. Fibrinogenolysis occurs only 
when the neutralizing capacity of the antiplasmins is exceeded.

The proteolytic action of plasmin is nonspecific. In addition 
to fibrin and fibrinogen, this enzyme may degrade factor VIIIc, 
factor XIII, other coagulation factors, and a wide variety of other 
plasma proteins, such as complement and various hormones. 
Free plasmin also may activate bradykinin, a phenomenon that 
may underlie the marked hypotension present in some patients 
with fibrinogenolysis. Thus, pathologic proteolysis is an appropri-
ate synonym for fibrinogenolysis.

Fibrinogenolysis is activated by mechanisms that are remark-
ably similar to those that initiate DIC. Therefore, tumor tissue 
contains plasminogen activators in addition to tissue factor.246 
The secretion of these activators into the circulation may rapidly 
activate most of the circulating plasminogen.

Hypoxia and hypoperfusion may lead to plasminogen activa-
tion and, occasionally, to fibrinogenolysis. However, in many 
of these patients, bleeding is minimal; when present, it cannot 
be clearly related to the presence of fibrinogenolysis. In these 
patients, fibrinogenolysis probably is a nonspecific, essentially 
physiologic response. Fibrinogenolysis may also result from 
therapy with thrombolytic agents, as discussed in Chapter 55.

Clinical Features and Laboratory Diagnosis
The clinical picture in most reported cases of fibrinogenoly-
sis is similar to that of DIC. The usual laboratory findings are 
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summarized in Table 54.2 and are discussed in an earlier section 
of this chapter. Hypofibrinogenemia may be seen. The PTT, PT, 
and thrombin time may be prolonged because of the anticoagulant 
effects of FDPs. Moderate concentrations of EACA (4 × 10−4 mol/L) 
inhibit plasminogen activators but not free plasmin. Thus, the 
euglobulin lysis time, which invariably is shortened in patients 
with fibrinogenolysis, is unaffected by the addition of EACA if free 
plasmin is present. Among the coagulation factors, factors V and 
VIIIc are the most sensitive to the proteolytic action of plasmin; 
factor XIII also is deficient in some patients. The plasma levels 
of other factors (e.g., factors VII and IX), including some that are 
degraded by plasmin in vitro, usually are normal in patients with 
fibrinogenolysis. Depletion of plasminogen and a2-antiplasmin 
and the presence of a2-antiplasmin–plasmin complexes in the 
plasma also may be demonstrated in many patients with fibrino-
genolysis and in those with DIC and active fibrinolysis.253

The standard FDP test does not discriminate between fibrin-
ogen degradation products and fibrin degradation products. 
Measurements of fibrinopeptide A and the d-dimer, which is a 
specific indication of degraded cross-linked fibrin, yield normal 
results in fibrinogenolysis. Thus, patients with hypofibrinogen-
emia, prolonged PT and PTT values, elevated FDP levels, and 
a normal d-dimer may have primary fibrinogenolysis. In the 
absence of intravascular coagulation, paracoagulable complexes 
containing fibrin monomers do not form in plasma; thus, plasma 
protamine gelation tests are negative in fibrinogenolysis. Assays 
for plasminogen and for the various inhibitors of the fibrinolytic 
enzyme system may reveal a pattern of depletion. In addition to 
normal results for d-dimer, patients with fibrinogenolysis have 
normal platelet counts or mild thrombocytopenia with bleeding 
out of proportion to the reduction in platelet count.246

treatment
Antifibrinolytic agents would seem therapeutically desirable in the 
treatment of fibrinogenolysis; however, these drugs are hazardous 
in the presence of DIC. EACA and tranexamic acid are specific 
and potent inhibitors of fibrinolysis and fibrinogenolysis.254 In 
low concentrations (10−4 mol/L), EACA inhibits plasminogen acti-
vation competitively; in high concentrations (0.06 M), it inhibits 
plasmin directly in a noncompetitive manner. The clinical effec-
tiveness of this drug is dramatic in carefully selected patients.255 
For severe bleeding, EACA should be administered intravenously 
(0.1 g/kg every 6 hours, up to 24 g/day), or intravenous doses 
of 1 g/hour, after a 5-g loading dose. The drug can also be given 
orally. The total dosage should not exceed 24 g in a 24-hour 
period. Tranexamic acid is a newer antifibrinolytic agent that, like 
EACA, possesses the ability to bind to the lysine-binding sites of 
plasminogen, thereby preventing plasmin that is generated from 
binding to fibrin. The oral dosage of tranexamic acid is 25 mg/kg, 
three or four times daily. The intravenous dosage is 10 mg/kg 
given three or four times daily.

Because antifibrinolytic agents are potentially dangerous drugs 
in the presence of DIC,256 the diagnosis of DIC should be excluded 
in these patients using a specific test, such as d-dimer, before 
administering these agents. Patients with DIC and a substantial 
secondary fibrinolytic component should be considered for hepa-
rin therapy before administration of antifibrinolytics.248

Patients with hormone-refractory prostate cancer and fibrino-
genolysis have been reported to benefit from docetaxel, with 
resolution of bleeding symptoms and laboratory evidence of 
hyperfibrinolysis.257

pathologic Inhibitors of Coagulation
Circulating anticoagulants are pathologic endogenous inhibitors 
that can act at any stage in the process of coagulation. Most are 
antibodies that act as specific inhibitors, inactivating a single 

coagulation protein. The clinical and laboratory manifestations 
resemble the corresponding inherited coagulation disorders 
in many respects. Antibody disorders with wider effects on 
the coagulation system are sometimes seen, especially in the 
antiphospholipid–protein antibody (APA) disorders. Other inhibi-
tors of coagulation often have heparinlike activities and are much 
less common.

Antibodies to Factor VIII
Factor VIII is the most common target of monospecific acquired 
anticoagulant antibodies. Conditions that are associated with 
monospecific factor VIII antibodies are outlined in Table 54.5. 
Factor VIII inhibitors are termed alloantibodies when they appear 
in treated hemophilia patients and autoantibodies when they 
appear in nonhemophilia patients.

Alloantibodies in Hemophilia A
Frequency of Inhibitors
Prospective studies suggest a higher incidence of inhibitors than 
that historically appreciated258–260 (up to 45%), even in patients 
treated with traditional factor VIII concentrates. However, many 
patients have only transient inhibitors, and perhaps only 5% to 
10% of hemophiliacs have persistent inhibitors.261 As a conse-
quence, initial concerns based on historical prevalence controls 
suggesting that newer factor VIII concentrates, such as those 
purified by monoclonal antibody affinity chromatography or pro-
duced by recombinant technology, might be inducing an increased 
percentage of inhibitors appear to be allayed. In fact, continued 
longitudinal surveillance of patients receiving such products 
indicates a similar or perhaps lower incidence of clinically sig-
nificant persistent inhibitor induction.262,263 Those at high risk 
of development of inhibitors include patients with severe hemo-
philia A whose factor VIII mutation prevents factor VIII synthesis 
(nonsense mutation or intron 22 inversion), or patients with mild 
or moderate hemophilia A whose factor VIII mutation in the A2 
domain or near the junction of the C1–C2 domains results in an 
abnormal factor VIII molecule.261 This latter mutation results in a 
factor VIII molecule identified by the patient’s immune system as 
abnormal. Other factors affecting the risk of inhibitor development 
include the patient’s human leukocyte antigen (HLA) class II hap-
lotype, the type of factor VIII therapy used,261 African-American 

conditions AssociAted WitH monospeciFic  
FActor viii Antibodies

taBLe 54.5

Alloantibodies in hemophilia A

Autoantibodies in nonhemophilic patients

 Autoimmune disease

  Systemic lupus erythematosus

  Rheumatoid arthritis

  Inflammatory bowel disease

 Dermatologic conditions

  Psoriasis

  Pemphigus vulgaris

 Pregnancy (peripartum)

 Malignancy

  Lymphoproliferative disorders

  Plasma cell dyscrasias

 Medications: penicillin, sulfa antibiotics, chloramphenicol, phenytoin

 Idiopathic

72683_ch054_1186-1217.indd   1202 7/31/13   12:48 PM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

d
is

or
de

rs
 o

f 
H

em
os

ta
si

s 
an

d 
c
oa

gu
la

tio
n

 Chapter 54 Acquired coagulation disorders 1203

ancestry,264,265 periods of intensive therapy,266 and early use of 
factor VIII at the time of a major bleed or surgery.267 Additional 
reports have confirmed these conclusions in patients with mild 
to moderate hemophilia.268,269 A more recent literature meta-
analysis observed that use of recombinant factor VIII products was 
associated with an almost twofold increase in inhibitor develop-
ment compared to plasma-derived factor VIII products,270 and an 
initial study identifies an increased risk of inhibitor development 
with second-generation full-length recombinant products.270a A 
provocative study reported that patient age at initiation of therapy 
was an independent risk factor for inhibitor development.271 
Patients beginning therapy before 6 months of age had three times 
the rate of inhibitors than patients beginning therapy after 1 year 
of age.271 If these data are confirmed, exposure of hemophilia A 
patients to factor VIII should be delayed, and patients should be 
treated with other products during the first year of life (such as 
rVIIa). A United Kingdom epidemiology study reported that there 
is a biomodal distribution of factor VIII antibodies in hemophilia 
A patients, with peaks in early childhood and >60 years of age.272 
The genetic and immunologic aspects of induction of antifactor 
VIII alloantibodies have been reviewed.267,273

Induced antibody titer
It is recognized, particularly in patients with mild hemophilia, that 
50% to 75% of inhibitors are subclinical, occur relatively early 
(median of 10 days) after product exposure, are of low titer, are 
transient, and often resolve even with continuing product expo-
sure.260,262 Hemophiliacs with inhibitors can be categorized as 
either strong or weak responders to administered factor VIII. Once 
an antibody has developed in a hemophiliac, further administered 
factor VIII may act as an inducing antigen. Additionally, it has 
been appreciated that certain factor VIII products, depending on 
the manufacturing process, may be immunogenic in hemophilia 
A patients.261,270,270a

Autoantibodies to Factor VIII  
in the Nonhemophilic Patient
It is estimated that acquired factor VIII autoantibodies are seen in 
1 to 2 persons per million population annually.274 Monospecific 
antibodies to factor VIII can arise spontaneously in association 
with various autoimmune and chronic inflammatory diseases, 
such as systemic lupus erythematosus (SLE), rheumatoid arthritis, 
and ulcerative colitis.275,276 Antibodies to factor VIII can develop 
in the puerperium,277 usually appearing at term or within several 
months after parturition in association with a first pregnancy. The 
antibody may disappear spontaneously in postpartum patients 
after 12 to 18 months. Reappearance during subsequent preg-
nancy seems to be very unusual, and in those patients who have 
persistent antibodies, remission can occur during a subsequent 
pregnancy.278 Acquired hemophilia may also be seen in asso-
ciation with hematologic malignancies and solid tumors;279–281 
certain medications such as penicillin,282 sulfa antibiotics, chlor-
promazine, and phenytoin283; and dermatologic conditions such 
as psoriasis and pemphigus vulgaris.284 Most often, acquired 
factor VIII antibodies are idiopathic, particularly in older persons 
without apparent underlying disease.276,284

pathophysiology of Development of antibodies  
to Factor VIII
The immunologic mechanism that underlies inhibitor induction 
in a select minority of patients with hemophilia A and the cor-
responding presumed lack of immunologic tolerance is unclear. 
Although inhibitor induction is more common in more severely 
affected patients, inhibitors are also seen in mild hemophilic 
patients.268,285 In patients with severe hemophilia, major dele-
tions, the intron 22 inversion, nonsense mutations, and early 

initiation of replacement therapy are risk factors for antibody 
development.261,264,276 Underlying genetic susceptibility factors 
have been suggested by studies of brother pairs with a significant 
predisposition to the development of inhibitors.286 Specific asso-
ciations between factor VIII genotype and HLA class II phenotype 
have been made,287 but the associations are weak. Genetic influ-
ences on inhibitor development are postulated to be additive and 
polygenic.287 Mutations resulting in a major loss of factor VIII 
gene coding information and a lack of circulating factor VIII anti-
gen are associated with a high incidence of inhibitor formation.288 
For example, a high frequency (70%) of inhibitor development is 
seen in patients with either large, multidomain deletions or non-
sense mutations in the factor VIII A3 domain.289 Fewer patients 
with other gene defects (missense point mutation) form inhibitors. 
However, the presence of inhibitors is not consistent, even in a 
given family with similar factor VIII mutations, suggesting that 
other factors contribute to induction of factor VIII antibodies.261 
A clinical prediction score to identify the risk of untreated hemo-
philia A patients to develop an inhibitor has been reported.290

Another hypothesis as to how inhibitors to factor VIII might 
occur is that these antibodies arise from the expansion of pre-
existing natural factor VIII clones that possess neutralizing 
properties291; such antibodies have been identified from the IgG 
fraction of plasma from normal people.291 Clonal expansion of 
antifactor VIII antibodies may be modulated by the presence of 
anti-idiotypic antibodies.292

Characteristics of Factor VIII Inhibitory antibodies
The majority of antibodies to factor VIII are IgG immunoglobu-
lins that appear to be specific for the coagulant subunit of the 
factor VIII complex (VIIIc).293,294 Common epitopes for allo- and 
autoantibodies include those in the A2 domain, the C2 domain, 
or both.295 Typically, hemophilic alloantibodies recognize both 
domains,296 whereas autoantibodies recognize the C2 domain 
more frequently than the A2 domain.295 Circulating factor VIII 
immune complexes have been identified in plasma from patients 
with acquired hemophilia A with autoantibodies.297 IgA or IgM 
inhibitors are rare, as are antibodies that inhibit both VIIIc and 
vWF. The factor VIII inhibitory antibody subunits in hemophilia 
A show limited heterogeneity298 but are not truly monoclonal. 
In nonhemophiliacs, antibodies to factor VIII more often reveal 
normal heterogeneity of their subunits. Antibodies to factor VIII 
are disproportionately often of the IgG4 subclass and do not fix 
complement.

Antibodies inactivate factor VIII in a time- and temperature-
dependent process,299 the kinetics and stoichiometry of which are 
variable. Two types of antibody inhibition are described300: Type I 
inhibitors completely inhibit factor VIII activity following second-
order kinetics (linear time course of inactivation); these antibod-
ies are seen in hemophilia patients.301 Type II inhibitors have 
complex kinetics and do not completely inhibit factor VIII  activity; 
these are autoantibodies seen in nonhemophilic patients.302 
The type II inhibition phenomenon may produce aberrations in 
the assay system and may explain certain puzzling laboratory 
features in atypical cases, such as detectable factor VIII clotting 
activity in a patient with a high-titer inhibitor.303 A report on 
alloantibody inhibition of factor VIII activity indicated that cer-
tain  alloantibodies possess catalytic activity that can proteolyze 
factor VIII.304

Laboratory evaluation
Simple mixing techniques based on the PTT usually suggest the 
presence of an inhibitor. Factor VIII levels usually are undetect-
able in severely affected patients but may be detectable in patients 
with autoantibodies. Specific tests for antibodies involve the 
demonstration of progressive and time-dependent inactivation of 
factor VIII in vitro by the plasma or serum of the patient. Methods 
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for detecting low-titer inhibitors and for quantifying the levels of 
antibody have been devised,305 and standardized inhibitor units 
(the Bethesda unit in the United States306 and the Oxford unit in 
Britain307) have been defined. In the Bethesda assay, in vitro tests 
are performed at 37°C using 2-hour incubation mixtures of vari-
ous dilutions of patient plasma with normal plasma. The inhibitor 
titer is the reciprocal of the dilution of inhibitor plasma that neu-
tralizes 50% of normal factor VIII activity. Because the Bethesda 
assay may underestimate the inhibitor titer in acquired hemo-
philia, it is recommended that the titer should be calculated from 
the lowest dilution that results in 50% residual factor VIII activity 
after the incubation period.308 The New Oxford method measures 
residual activity at 37°C after a 4-hour incubation. A Bethesda 
unit is generally equivalent to 1.21 Oxford units. The standard 
Bethesda assay does not control pH, permitting variable low-level 
inactivation of factor VIII by nonimmunologic mechanisms. The 
Nijmegen modification controls pH, thus improving classification 
of positive and negative samples.306 The Nijmegen modification of 
the Bethesda assay has been endorsed by the ISTH.309 Additional 
improvements in this assay have been described.310 Although 
an inhibitor unit does not imply that any specific number of fac-
tor VIII units infused into the patient will neutralize any specific 
number of inhibitor units, the titer provides a general estimate of 
the initial likelihood of response to infusion of factor VIII products.

Clinical Manifestations
The bleeding manifestations resulting from antibodies to fac-
tor VIII are often similar to those seen in hemophilia A.275,284 
Prolonged or unexpectedly severe hemorrhage may occur after 
comparatively trivial trauma, postoperatively, or postpartum. Soft 
tissue or muscle hematomas, hematuria, and spontaneous and 
intractable epistaxis seem relatively common. For unknown rea-
sons, hemarthrosis is relatively less common in acquired hemo-
philia than in congenital hemophilia A. Figure 54.5 illustrates soft 
tissue hematomas occurring in a nonhemophilic patient with an 
acquired inhibitor to factor VIII. When antibodies arise in patients 
with mild hemophilia A, bleeding typical of severe deficiency 
may develop; more significantly, the bleeding may be refractory 
to replacement therapy. This condition may have serious con-
sequences, and fatal events are seen in 10% to 20% of clinically 
symptomatic patients.275,311 Antibodies to factor VIII arising dur-
ing pregnancy may cross the placenta.

treatment
The treatment of bleeding in patients with antibodies to factor 
VIII presents several challenges.312,313 No adequate randomized 
trials have been conducted to evaluate different forms of therapy 

or to investigate the timing and sequence of their application; 
therefore, practical treatment decisions are somewhat arbitrarily 
based on estimates of benefits and risks deduced from retrospec-
tive literature review and consideration of each patient’s circum-
stances and co-morbidities. A consensus group from the United 
Kingdom and an international panel have published guidelines 
on treatment of inhibitors in patients with hemophilia,314, 314a, 315 
and a literature review of acquired hemophilia therapy options 
has summarized treatment recommendations.316 An algorithm 
that has some general applicability is shown in Figure 54.6. As 
a first step, basic clinical information should be obtained, includ-
ing whether the inhibitor arose in the setting of hemophilia or 
is acquired; the severity of bleeding; anticipated surgical proce-
dures; inhibitor titer and persistence; prior inhibitor response 
and relation in time to previous factor infusions; possible trig-
gering events such as recent medication exposure or pregnancy; 
and the presence of other diseases. For example, the mere pres-
ence of an inhibitor may in itself not warrant immediate therapy 
because many inhibitors are present in low titer and are often 
transient. Spontaneous remissions may occur in a significant 
number of patients, particularly if the inhibitor develops during 
the puerperium.276 At the other end of the spectrum, an unfortu-
nate clinical scenario might involve significant spontaneous clini-
cal hemorrhage, a persistent high-titer inhibitor, and incidental 
co-morbidities such as cardiac, hepatic, or renal insufficiency. 
Principles of management include stopping bleeding using bypass 
therapy, eradication of the inhibitor with immunosuppression, 
and recognizing and treating any underlying disorder that may 
have triggered autoantibodies to factor VIII.

In patients with low-titer inhibitors who do not have any clinical 
bleeding and for whom no surgical procedures are foreseen, the 
most reasonable approach may be to monitor the abnormal labo-
ratory finding. Steroids and cytotoxic therapy (usually cyclophos-
phamide) are usually ineffective when inhibitors arise in patients 
with congenital hemophilia A, but they are effective in the setting 
of nonhemophilic patients.275,316 Cyclosporin has also been used 
to treat acquired antibodies to factor VIII.317 Procedures or medi-
cations (antiplatelet drugs) that would increase hemostatic risks 
should be avoided, and ancillary local therapeutic measures to 
control minor bleeding are recommended and may in themselves 
be sufficient. For patients with minor bleeding who have residual 
factor VIII activity >5% of normal, DDAVP therapy may be help-
ful (0.3 mg/kg, up to 24 mg maximal dose).273,318 Antifibrinolytic 
therapy, such as the administration of EACA or tranexamic acid, 
may be helpful, especially for oral or nasal bleeding; however, 
this therapy should be used cautiously in muscle bleeds because it 
appears to be less effective, and it should not be used in conjunc-
tion with PCCs, activated PCCs (APCCs), or rVIIa.

The inhibitor titer and its prior response to factor VIII infu-
sion may be of particular use in guiding therapeutic decisions 
(Fig.  54.6). As a rule, replacement therapy with factor VIII in 
the usual doses is ineffective. If clinical bleeding mandates active 
therapy, patients with a low Bethesda titer (<5 U/ml), particularly 
if they are known to be low responders, usually respond to high-
purity or recombinant human factor VIII314 given as a large initial 
150 U/kg bolus followed by a continuous infusion of 1,000 U/hour. 
The therapeutic response to human factor VIII should be clinically 
assessed; factor VIII levels and repeat assays of  inhibitor titer 
response may be helpful. Therapy with human factor VIII is sel-
dom successful in patients with high-titer antibodies (>5 Bethesda 
U/ml), high-affinity antibodies, and infinite coagulation times.

As an alternative, particularly in patients with high-titer 
inhibitors or a history of an anamnestic response, or routinely in 
medical centers that prefer to reduce the uncertain risk of induc-
ing an increased inhibitor titer, the use of inhibitor-bypassing 
products may be useful. These include the PCCs, APCCs, and 
rVIIa. The best-studied treatment options are FEIBA (factor VIII 
inhibitor bypassing activity) and rVIIa.316 There is no consensus 
as to the best therapeutic approach between these options.319 

Figure 54.5. Soft tissue hemorrhage in a 76-year-old man with a high-titer fac-
tor Viii inhibitor. This patient has a history of ischemic cardiomyopathy and diabetes and 
 developed spontaneous extremity bruising as shown. The antihuman factor VIII antibody titer was 
10 Bethesda units. (Courtesy of Alan Grosset.)
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Figure 54.6. A strategy for management of factor Viii inhibitors in hemophilic and nonhemophilic patients. Key decisions are based on antihuman 
and antiporcine factor VIII inhibitor titers. Multiple options for patients not responding to human or porcine factor VIII are available. BU, Bethesda units; DDAVP,  
1-desamino-8-d-arginine vasopressin; PCC/APCC, prothrombin complex concentrate/activated prothrombin complex concentrate. The underlined options are 
 preferred. Immunosuppression options include rituximab, steroids, and cytotoxic drugs. *As of early 2013, porcine factor VIII was not routinely available, so testing 
porcine inhibitor titers should not be done. If a recombinant porcine product becomes available, then these tests will be relevant. (Information in this figure is from 
the literature, including Morrison AE, Ludlam CA. Acquired haemophilia and its management. Br J Haematol 1995;89:231–236.)

Bleeding
Diagnosis: Factor VIII inhibitor

Trial of human factor
VIII at 2–3 times the
calculated dosage

Porcine inhibitor titer

Trial of porcine factor VIII

Residual factor VIII activity >5%
and

Bleeding is minor

Yes

DDAVP Trial

Human inhibitor titer
>5 BU

Human inhibitor titer
<5 BU

Porcine inhibitor
titer >5 BU

Porcine inhibitor
titer <5 BU

<5 BU >5 BU

No

Assay inhibitor titer (BU)

against human and porcine factor VIII

Response
Continue treatment;
Monitor inhibitor titer;
If titer rises, consider
immune tolerance or

PCC/APCC or r-factor VIIa
or iv IgG or plasmapheresis

(for hemophilic patients)
or

immunosuppression or
PCC/APCC or r-factor VIIa
or iv IgG or plasmapheresis
(for non-hemophilic patients)

No response

Consider options
listed to the left

Trial of porcine
factor VIII

Consider options
listed to the left

If no response,
consider options
listed to the left

No response

*

*

A literature review of efficacy and safety of FEIBA and rVIIa in 
treating bleeding events in acquired hemophilia indicates “indis-
tinguishable” efficacy between the two products316; if one agent 
is not successful in stopping bleeding, the other agent should be 
used. A typical dose for FEIBA in this indication is 75 U/kg every 
8 to 12 hours. Both therapies (FEIBA, rVIIa) are associated with 
thrombosis.316

rVIIa is a treatment option for inhibitor patients.320,321 This 
drug was originally thought to exert activity by binding to tis-
sue factor at sites of vascular injury to initiate coagulation. More 
recent data indicate that at the pharmacologic concentrations of 
factor VIIa achieved during rVIIa therapy, there may be platelet-
dependent, tissue factor–independent mechanisms to mediate 
hemostasis.322 The standard dose of rVIIa is 90 mg/kg every 
2  hours for serious bleeding323 or 90 mg/kg every 3 hours for 
mild to moderate bleeding in home treatment.324 Recent trial 

data indicate that a single rVIIa dose of 270 mg/kg is effective 
home treatment for hemarthroses.325 Continuous infusion of rVIIa 
is also effective, targeting factor VII levels to 30 to 40 U/ml.326 
rVIIa, like FEIBA therapy, is associated with potential thrombotic 
complications; a comparative evaluation of the thrombotic event 
rate of rVIIa versus FEIBA revealed that rVIIa was associated with 
approximately threefold more thrombotic events than APCC.327 
FEIBA has been successfully used as a prophylaxis therapy for 
hemophilia patients with inhibitors.328

There are few studies directly comparing the efficacy of rVIIa 
versus FEIBA or other activated PCCs in inhibitor patients with 
serious bleeding. These products have similar efficacies,316,329,330 
and consensus recommendations generally include multiple treat-
ment options.314,331,332 For patients refractory to both drugs used 
as single agents, sequential therapy with FEIBA and rVIIa has been 
reported.333
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Another potentially useful product in inhibitor patients is 
porcine factor VIII. Obtaining an antiporcine antibody titer is 
useful, but as a rule of thumb, the initial antiporcine titer is 
often 5% to 10% of the antihuman titer. However, the antipor-
cine titer may rapidly rise after administration of porcine factor 
VIII. For these reasons, porcine factor VIII is usually reserved 
for one-time use.332 Some investigators consider porcine fac-
tor VIII to be the therapy of choice for patients with factor VIII 
antibodies in which the antibody has minimal cross-reactivity to 
porcine factor VIII,334 and consensus groups consider porcine 
factor VIII an appropriate treatment option.314,331 Porcine fac-
tor VIII is currently unavailable in the United States; however, 
a recombinant B-domain-deleted porcine factor VIII product is 
in clinical trials.

Long-term eradication of antibodies to factor VIII requires 
immunosuppressive therapy. Numerous treatment options 
exist.316 A literature review335 of the efficacy of intravenous Ig in 
the treatment of acquired factor VIII antibodies found a cumula-
tive response rate of only 12%, suggesting that other modalities 
should be attempted first for these patients.

Standard immunosuppression should be reserved for patients 
with autoantibodies because this therapy is rarely beneficial in 
the alloimmune setting. Corticosteroids (e.g., prednisone in doses 
of 1.0 to 1.5 mg/kg/day) produced improvement in approximately 
50% of patients when administered on a long-term basis,275 with 
the best results obtained with nonhemophilic patients. Similar 
therapeutic responses have been reported when immunosuppres-
sive drugs, such as cyclophosphamide (2 to 3 mg/kg/day), were 
administered alone or with prednisone.316,336 Remission of bleed-
ing and reduction of antibody titer have been well documented, 
but total suppression of the antibody is rare.

Rituximab, a monoclonal antibody to the CD20 antigen 
on B cells, has been reported to be effective in case series of 
patients with acquired factor VIII antibodies,316,337,338 and a 
United Kingdom practice guideline recommends rituximab as 
second-line therapy if patients have not responded to steroids and 
cyclophosphamide.314

One aggressive treatment regimen for acquired hemophilia 
combined protein A immunosorption, factor VIII, intravenous 
IgG, and immunosuppression; this regimen resulted in abolition 
of antibody levels within 3 days and a complete response rate 
of 88%.339 This aggressive regimen should be considered for 
patients with severe, life-threatening bleeding.316 Cyclosporin A 
has been reported to be useful in patients failing first-line eradica-
tion therapy.316

In many patients with hemophilia A who have developed 
alloantibodies to factor VIII, infused factor VIII provokes a rapid 
increase in the antibody titer. However, in many of these patients, 
the administration of large doses of factor VIII for periods of 
months to years may produce immune tolerance (IT) to fac-
tor VIII. An international registry of patients treated with this 
approach reported that approximately 70% of patients achieved 
long-lasting tolerance.340 A 1997 update of this registry indicated 
that 52% of patients were successfully treated with IT.341 Several 
IT regimens have been summarized.342 The registry data suggest 
that success of inducing tolerance is greatest in patients given 
more than 100 U/kg/day factor VIII who had an initial inhibitor 
titer of <10 Bethesda U before starting IT.340,341 Data from the 
North American Immune Tolerance Registry have been reported; 
the overall success rate was 70%.343 The cost effectiveness of IT 
therapy has been demonstrated.344

The International Immune Tolerance Study compared high-
dose (200 U/kg daily) versus low-dose (50 U/kg daily) factor VIII. 
Both dosage regimens were equivalent in terms of inducing toler-
ance; however, the low-dose regimen was associated with more 
bleeding.345 The use of factor VIII products that contain vWF may 
be more effective in IT induction.346 The topic of IT induction in 
hemophilia A and B patients has been recently reviewed.347

Monospecific antibodies to Other Coagulation 
Factors
Table 54.6 summarizes certain conditions associated with 
 antibodies to other coagulation factors.

Factor IX
Inhibitors of factor IX have been demonstrated in approximately 
5% of patients with hemophilia B348,349 and rarely in previ-
ously normal persons (acquired hemophilia).350 Hemophilia B 
patients who acquire antibodies to factor IX often have gross 

Deficient Factor Specific Inhibitorsa Other Disorders

Fibrinogen Hereditary afibrinogenemia386; 
lupus erythematosus; liver 
disease

—

Prothrombin Previously normal persons387 Lupus inhibitors389

Factor V Previously normal persons;357 
often associated with  
streptomycin;357 rarely in  
inherited factor V deficiency; 
postoperative patients  
who received bovine  
thrombin361,362,363,364–366

Chronic myelocytic 
leukemia620

Factor VII Bronchogenic carcinoma,398 
acquired immunodeficiency 
syndrome399

Aplastic anemia,593 
liposarcoma594

Factor VIII (VIIIc) Hemophilia A;258,259  
puerperium;277 inflammatory 
disorders; drug reactions; in 
absence of underlying  
disease275

—

von Willebrand 
factor

Previously normal persons;  
lymphoproliferative  
disorders;372–376,377,378 rarely in 
von Willebrand disease;  
thrombocytosis

Wilms tumor619

Factor IX Hemophilia B;348,349 rarely in 
previously normal persons350

Nephrotic  
syndrome;587 
Sheehan  
syndrome591; 
Gaucher disease592

Factor X — Amyloidosis;577–583 
upper respiratory 
infection;394 other 
associations584

Factor XI Lupus erythematosus; rarely in 
inherited factor XI deficiency and 
chronic lymphocytic leukemia; 
previously normal persons392

—

Factor XII Lupus erythematosus, rarely Nephrotic  
syndrome; chronic 
myelocytic  
leukemia

Factor XIII Previously normal persons, often 
associated with isoniazid;381 
rarely in inherited factor XIII  
deficiency;380 other  
associations597

Acute and chronic 
leukemia;595 Crohn 
disease596

aEvidence suggests these inhibitors are antibodies. In patients with inherited deficiencies of the 
various factors, their development usually is related to transfusion of blood or blood products.

Acquired disorders AssociAted WitH deFiciency oF 
A single coAgulAtion FActor

taBLe 54.6
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 Chapter 54 Acquired coagulation disorders 1207

gene deletions.351 In contrast to antibodies to factor VIII, factor IX 
antibodies act instantaneously. One series of eight hemophilia B 
inhibitor patients found that antibodies typically were IgG1 and 
IgG4, and that the antibodies targeted the Gla domain and pro-
tease domain epitopes of factor IX.352 rVIIa353 or IT therapy343 
has been used to treat these patients, although IT for hemophilia 
B inhibitor patients may be less effective than for hemophilia A 
inhibitor patients.354 PCCs are also a treatment option.355 Patients 
with antibodies to factor IX may experience anaphylaxis when 
treated with factor IX–containing products354; rVIIa may be the 
appropriate therapy for this patient group. A British consensus 
group has published guidelines on treating factor IX inhibitor 
patients,314,314a and an ISTH registry of factor IX inhibitor patients 
has been established.356

Factor V
Inhibitors of factor V357 have developed spontaneously in previ-
ously normal older persons after administration of streptomy-
cin,358 gentamicin, or penicillin and after surgical procedures. 
More rarely, factor V inhibitors have been associated with tuber-
culosis, femoral fracture, and bullous pemphigoid. These antibod-
ies are usually of IgG isotype. An Australian survey estimated the 
annual incidence of factor V inhibitors at 0.29 cases per million 
population,359 and a Singapore incidence rate was 0.09 cases per 
million person years.360 Alloantibodies to factor V may occur in 
factor V–deficient patients who receive blood products.361

Over the past 30 years, an iatrogenic coagulopathy has been 
identified: The occurrence of antibodies to thrombin and factor V 
in patients treated with bovine thrombin during surgery.361,362,363 
The antithrombin antibody neutralizes bovine thrombin and 
therefore can prolong the thrombin time when bovine thrombin 
is used for this test.364,365 However, no clinically significant hemo-
static defect appears to result from this single laboratory abnor-
mality. Some patients acquire additional antibodies to human 
factor V, which may result in significant factor V deficiency and 
bleeding.364,365 In a large surgical series of patients exposed to 
bovine thrombin, more than 95% of patients developed antibod-
ies to bovine thrombin or factor V, and 50% of these patients 
had antibodies cross-reacting to human coagulation proteins.366 
These latter patients have a bleeding risk.366

In contrast to most other specific inhibitors, antibodies to 
factor V seldom produce serious hemorrhage.361,367 Patients 
with alloantibodies to factor V typically have significant bleed-
ing.366 Patients with antibody recognition of the C2 domain of 
factor V have also been reported to have a significant bleeding 
risk. A literature review identified a bleeding mortality rate of 
12% in patients with factor V antibodies not due to exposure to 
bovine factor V or noninherited acquired factor V antibodies.360 
In several patients with severe hemorrhage, platelet transfusions 
were therapeutically more effective than plasma.360,363,368 This 
clinical benefit of platelet transfusions likely relates to platelet 
a-granule content of factor V which is released at sites of bleeding 
to improve local hemostasis. Plasmapheresis,369 immunosuppres-
sion, and intravenous IgG370 have been reported to be effective in 
resolving antibodies to factor V. In some cases, these antibodies 
resolve spontaneously.366

A small number of patients have been described with throm-
bosis symptoms associated with factor V antibodies. These 
patients may357 or may not361,371 have coexisting antiphospho-
lipid antibodies.

von Willebrand Factor
Acquired von Willebrand disease (vWD) has been reported 
in association with a variety of disorders, primarily including 
patients with lymphoproliferative disorders, myeloproliferative 
disorders, solid tumors, autoimmune disease, aortic stenosis, 

and artificial heart devices. An international registry identified 
lymphoproliferative and myeloproliferative disease as accounting 
for more than 60% of acquired vWD.372 A literature review con-
cluded that most cases of acquired vWD result from an antibody 
that recognizes high-molecular-weight multimers of vWF and 
mediates subsequent antigen–antibody clearance.373 Another 
mechanism for the development of this disorder includes adsorp-
tion of vWF by tumor cells374 or platelets. Acquired vWD has also 
been reported in patients with aortic stenosis375 and in patients 
with ventricular-assist devices and artificial hearts.376 In these 
cardiac conditions, vWF is subjected to shear stress and prote-
olysis.375,376 Ristocetin co-factor activity is usually decreased, 
whereas factor VIII activity may be normal.373 In most patients, 
the hemostatic abnormalities disappear when the underlying 
disorder is treated.377 For patients with acquired vWD resulting 
from a lymphoproliferative disorder or monoclonal gammopathy, 
intravenous Ig may be effective.378 The consensus group recom-
mends a trial of DDAVP as initial therapy379; DDAVP failures are 
then treated with vWF concentrates (e.g., Humate-P or Wilate).372 
Intravenous Ig is reserved for those patients having no success 
with DDAVP and vWF concentrates.372 For patients with acquired 
vWD associated with monoclonal gammopathy of uncertain sig-
nificance, a trial comparing DDAVP and vWF concentrates versus 
intravenous Ig found that the latter treatment provided a sus-
tained response compared to DDAVP/vWF concentrates.379

Factor XIII
Inhibitors of factor XIII have been described after transfusions in 
patients with inherited deficiency of this proenzyme and in previ-
ously normal persons.380 Many of the latter group had received 
isoniazid,381 and it was suggested that this drug may alter factor XIII 
in such a manner that it becomes antigenic.382 These inhibitors 
may recognize the zymogen, impair the activation of factor XIII by 
thrombin, or be directed against the cross-linking sites of fibrin, 
or to the B-subunit.383,384 Therapeutic options include  factor XIII 
replacement therapy (plasma, cryoprecipitate), rVIIa, as well 
as inhibitor eradication options (steroids, cyclophosphamide, 
rituximab, etc.).384 A factor XIII concentrate, Fibrogammin, if 
available, may also be useful.384 A survey of hemophilia treat-
ment centers reported that ˜38% of inherited factor XIII–deficient 
patients developed antibodies as a treatment complication385; 
these patients may require bypassing agents to treat bleeding.

Fibrinogen and Prothrombin
A precipitating antibody to fibrinogen has been demonstrated 
after transfusions in patients with hereditary afibrinogenemia.386 
Acquired hypofibrinogenemia is usually seen in acute DIC. 
Dysfibrinogenemia may occur in patients with liver disease or 
hepatoma, or in plasma cell disorders (discussed in the sec-
tion “Deficient or Aberrant Synthesis of Coagulation Factors”). 
Antibodies to prothrombin have also been reported.387 An 
unusual case of an autoantibody to prothrombin was described; 
the antibody induced protease activity from the zymogen, leading 
to neutralization by antithrombin.388 Acquired hypoprothrom-
binemia usually occurs in the setting of the lupus anticoagulant 
(LA) when patients have antibodies to prothrombin that clear 
prothrombin activity from blood.389

Factor XI
A survey of prevalence of acquired inhibitors to factor XI in 
patients with inherited factor XI deficiency found that ∼5% of 
patients with severe deficiency developed antibodies after plasma 
therapy.390 Of those factor XI–deficient patients homozygous for 
a null allele, one third developed antibodies.390 A combination of 
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low-dose rVIIa and tranexamic acid was reported to be safe and 
effective for such patients requiring surgery.391 Specific inhibitors 
of factor XI have been described primarily in association with 
autoimmune disease.392,393

Factor X
Antibodies to factor X are very uncommon and may be associated 
with upper respiratory tract infections,394 either viral or myco-
plasma; however, in these cases, inhibitors to factor X have been 
directly proved infrequently. Bleeding has been controlled using 
PCCs,395 or ivIgG and steroids.396 Acquired factor X deficiency has 
been frequently reported in amyloidosis (discussed below).

Factor VII
Antibodies to factor VII are rare, with fewer than 20 cases 
reported in the English literature.397 They have been reported in 
lung cancer398 and human immunodeficiency virus infection,399 
and with no apparent disorder.400 Immunosuppression has been 
used successfully in anecdotal case reports of autoantibodies to 
factor VII.401

Tissue Factor
Antibodies to tissue factor are very uncommon, with one group 
reporting two patients who developed antitissue factor antibod-
ies after liver surgery.402 Similar to patients who acquire anti-
thrombin and antifactor V antibodies after use of topical bovine 
thrombin,361,362,363,364 the patients who developed antitissue fac-
tor antibodies were both treated with a topical hemostatic agent 
prepared from bovine tissue that contained tissue factor. The 
antibodies to bovine tissue factor did not cause clinical bleeding 
but did prolong PT values.402

antiphospholipid–protein antibodies: Lupus 
anticoagulants and anticardiolipin antibodies

Historical Considerations and Nomenclature
The two best-known clinical types of APAs are traditionally called 
LA and anticardiolipin (aCL) antibodies. These antibodies are 
associated in some patients, but not in others, with clinical ill-
ness403,404 of varying severity. Individual patients may manifest 
arterial or venous thromboembolic disease, recurrent pregnancy 
loss, thrombocytopenia or other cytopenias, and neurologic and 
skin abnormalities. The clinical importance, particularly of the LA 
or higher-titer aCL antibodies, has been increasingly recognized; 
these antibodies or their functional consequences are found in 
approximately 10% of patients with venous thromboembolic 
events.405,406 Bleeding is quite uncommon, and when present, it 
is usually the result of severe thrombocytopenia, platelet dysfunc-
tion, hypoprothrombinemia, or the effects of an underlying dis-
ease. On the other hand, thrombosis and its many manifestations 
are common.

Synonyms for LA and aCL antibodies include antiphospholipid 
(aPL) antibodies, APAs, and autoantibodies to phospholipid-
binding plasma proteins.407 The associated clinical manifesta-
tions including thrombosis are variously called the LA syndrome, 
antiphospholipid syndrome (APS), or antiphospholipid-protein 
syndrome. APS without a known well-defined autoimmune dis-
ease is termed primary APS (PAPS). A few patients with APA 
develop an acute, severe, multiple-organ APS illness. These 
patients are designated as having catastrophic APS (CAPS).

The existence of these antibodies was first detected more than 
50 years ago when it became apparent that approximately 15% 
of patients with active SLE have a false-positive Venereal Disease 
Research Laboratory (VDRL) test.408 The VDRL test assesses 

antibody reactivity to “reagin” (antigen), an acidic-phospholipid 
complex that is chemically extracted from bovine heart tissue. 
Reagin consists of a mixture of lecithin, cholesterol, and cardio-
lipin. A nonspecific antibody reaction to reagin is also seen less 
often in other autoimmune disorders and in some apparently 
healthy patients. Other laboratory assays discussed in this sec-
tion identified a family of antibodies that were initially thought to 
have direct specificity to various phospholipids, although it is now 
known that the antibodies recognize phospholipid–protein com-
plexes. The proteins often serve a critical cofactor role,409 and the 
antibodies collectively are thus most accurately called APAs.410

Coagulation assays are sensitive to some of these antibodies. 
Plasma samples from some patients with SLE, often those with the 
abnormal VDRL tests, show an in vitro inhibitor effect in several 
coagulation assays. This association gave rise to the term LA.411 
Most often, a prolonged PTT result that is not corrected on mixing 
with normal plasma is observed; other phospholipid-dependent 
assays, including the modified Stypven time (dilute Russell viper 
venom time [DRVVT]), are also affected.367 Despite persistent 
clinical use, it is now known that most patients with an LA phe-
nomenon do not have SLE. Moreover, clinical thrombosis is much 
more often seen than is bleeding with APS antibodies. Patients 
with SLE occasionally have inhibitors to other hemostatic fac-
tors,412 but these inhibitors are not considered LAs.

In addition to the biologically false-positive VDRL results 
and the paradoxic in vitro lupus-anticoagulant effect, laboratory 
studies found a third phenomenon, initially detected by radioim-
munoassay: Antibodies to cardiolipin.413 In aCL-antibody assay 
systems, serum Igs bind to various anionic phospholipid–protein 
complexes, most commonly to cardiolipin in a coated microwell 
enzyme-linked immunosorbent assay (ELISA). The sensitivity and 
specificity of this assay are substantially higher than those of the 
VDRL. A phospholipid-binding protein, b2-glycoprotein I (b2gpI), 
has been identified,414 and antibodies to this antigen can also 
be demonstrated in patients with APS.415 Thus, the most use-
ful assays to evaluate patients for antiphospholipid antibodies 
include the LA, aCL antibodies, and antibodies to b2gpI.

Epitope Specificity
In these disorders, the antibodies were initially thought to react 
with anionic phospholipids directly, but the presence of specific 
plasma proteins associated with phospholipids is now known 
to be of great importance.416 In the case of LAs, the seemingly 
paradoxic discordance between laboratory screening test results 
and clinical symptoms is frequently the consequence of antibodies 
that bind to a complex of phospholipid-bound prothrombin.389,417 
This antibody binding impairs the function of the standard 
prothrombin-binding synthetic anionic phospholipids418 that are 
used routinely in the laboratory to replace platelets in phospholipid-
dependent coagulation assays, such as the PTT. Other more 
 natural phospholipids, or platelets themselves, are less affected 
by this phenomenon and are used in some assays as correction 
factors in mixing studies.

In the case of aCL antibodies, especially in autoimmune and 
drug-induced aCL, b2gpI419 serves as a mandatory protein cofac-
tor.414 Patient-derived antibodies directed against b2gpI that 
have LA activity have also been reported.420 b2gpI is a 57-kD 
plasma protein with an uncertain physiologic role, but it is often 
considered a noncomplement member of the complement-control 
family of proteins, with structural similarity to complement fac-
tor H. A recent study reported that b2gpI inhibited complement 
activation at the level of C3.421 b2gpI has a number of antico-
agulant activities,422,423 but inherited deficiency of b2gpI has no 
thrombophilic association.424 The antibodies in these settings are 
often of the IgG isotype, are relatively persistent and high in titer, 
are associated with an LA phenomenon in approximately 60% of 
patients, and are clearly associated with the clinical syndromes 
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discussed subsequently. IgM and IgA antibodies occur less often. 
aCL antibodies are not directed primarily against cardiolipin 
itself, but against epitopes formed after b2gpI binds to anionic 
phospholipid membranes or anionic synthetic surfaces. One 
study observed that pathogenic antibodies targeted an epitope 
in domain 1 of b2gpI, and that these antibodies had LA activ-
ity.425 b2gpI may also mediate aCL binding to endothelial cell 
membranes.426 Other proteins have been occasionally impli-
cated as possible obligatory cofactors, including annexin A5,427 
annexin A2,428 factor Xa, protein C, protein S, and vimentin.429 
Anti-b2gpI antibodies have been reported to induce acquired 
resistance to APC.430

It was previously thought that APA recognized neoepitopes 
of the above phospholipid-binding proteins expressed on cell-
surface binding. Another hypothesis is that the true antibody 
target is an appropriate density (“clustering”) of proteins bound to 
phospholipid surfaces, which is necessary for antibody recogni-
tion.431 For example, based on in vitro data, it has been proposed 
that b2gpI acts as an antigen in vivo only when the antigen (b2gpI) 
clusters on membrane surfaces such as endothelium. When clus-
tering occurs, this increased antigenic density allows antibody 
recognition to occur, leading to antibody binding and endothelial 
cell activation and potentially triggering cellular events resulting 
in thrombosis.432 Figure 54.7 illustrates how this phenomenon 
might occur. Additional studies found that b2gpI undergoes a 
conformational change (circular to “fishhook”) upon cell binding 
to anionic phospholipids, leading to clustering433 and antibody 
binding.434 Involvement of the MyD88 signal transduction path-
way in antibody-mediated endothelial cell activation has been 
described,435 and others have reported involvement of the p38 
mitogen-activated protein kinase pathway.436 Receptors that have 
been described that could possibly mediate the APA response 
include a toll-like receptor on endothelium,435 annexin A2, and 

apoER2′. The latter receptor has been demonstrated to promote 
leukocyte–endothelial cell adhesion and thrombosis by inhibition 
of endothelial cell nitric oxide synthase activity.437 Other investi-
gators have identified cell signaling through the toll-like receptor 4 
mediated by a multiprotein complex as a pathway for endothelial 
cell activation by APS antibodies.438

In other settings, particularly those related to infection, the 
aCL antibodies are often of IgM isotype, are often of low titer and 
relatively transitory, and have no identified co-factor protein.409 
Although b2gpI is an absolute protein co-factor requirement 
for aCL activity in autoimmune settings, it may, in contrast, be 
inhibitory in the infection-related circumstance.409 The clinical 
association of IgM antibodies with thrombophilia is less strong,439 
particularly thrombosis occurring after drug administration,440 
although exceptions to this generalization have been noted.441 
The detection of subgroups of aPLs has been reviewed.403

Another key question related to the pathogenesis of APS is, 
how are antiphospholipid antibodies generated? One report 
found that only b2gpI bound to phospholipids could be success-
fully presented to T lymphocytes to elicit a pathogenic immune 
response.442 Oxidation of b2gpI increases its immunogenicity, and 
patients with APS have increased amounts of oxidized b2gpI.443

Mechanism of Thrombosis
Potential mechanisms to explain how aPL induces thrombosis405 
include (a) endothelial cell activation, (b) oxidant-mediated vas-
cular injury, (c) interference with the function of phospholipid-
binding proteins in regulating coagulation, and (d) complement 
activation.404 In the first hypothesis, aPL antibodies directly bind 
to endothelium to up-regulate expression of adhesion molecules 
and cytokine secretion.403 In the second hypothesis, autoantibod-
ies to oxidized low-density lipoprotein occur with aCL antibod-
ies, and aCL antibodies recognize oxidized phospholipids and 
phospholipid-binding proteins.444 In the third hypothesis, aPL 
antibodies may interfere with the anticoagulant functions of pro-
tein C or annexin V or enhance procoagulant activity.403,427,428 In 
the fourth hypothesis, complement activation by aPL antibodies 
leads to neutrophil expression of tissue factor.445

Immunologic studies lend strong support for a direct patho-
physiologic role of these antibodies in the clinically observed 
thrombotic syndromes.446 In animal models using standardized 
vessel injury to induce thrombosis, either passively conferred 
APA447 or active induction of antibody with either APA or b2gpI448 
resulted in thrombosis; this suggested that APAs are not merely 
epiphenomena of thrombi arising for other reasons but, in some 
cases, play a direct role in initiation, propagation, or maintenance 
of thrombosis. Immunization of mice or rabbits with b2gpI pro-
duces two populations of antibodies: One with specificity for b2gpI 
alone without binding to phospholipids and the other with speci-
ficities for both cardiolipin and b2gpI.449 This dual specificity of 
antibodies is also seen with those aPLs that are present in patients 
with autoimmune diseases.

The concept of hexagonal phase configuration has been popu-
larized. This configuration is thought to arise in vivo in response to 
membrane damage.450,451 Normally, polar heads of phospholipids 
exist on the external surface, whereas in the hexagonal phase, lipid 
cylinders exist with internal aqueous channels formed by polar 
head groups.452 LA and aCL may represent antibodies generated in 
response to these neoantigens. APAs have been generated in mice 
immunized with hexagonal phase phospholipid453; these antibod-
ies reacted with cardiolipin and possessed functional LA activity.

The precise cause of thrombosis in APS is uncertain, and is 
likely multifactorial. Presumably, APAs act by interfering with 
coagulation,404 possibly involving dysfunction or apoptosis454 of 
endothelial cells, platelets, and coagulation proteins, and affect 
pregnancy outcome by interfering with embryo implantation and 
fetal development.403

A

B

C

= Endothelial cell = Dimerized (clustered)
   phospholipid-binding protein

= Adhesion molecules

= Tissue factor expression

= Antiphospholipid
    antibody
= Phospholopid-
   binding protein

Figure 54.7. A proposed mechanism by which antiphospholipid antibodies induce 
endothelial cell activation and thrombosis. A: Endothelial cells express a phospholipid-
binding protein (e.g., b2gpI). In the absence of high antigenic density (“clustering”), antibody 
binding is inefficient. B: Endothelial cells display dimerized (“clustered”) antigen, which allows for 
efficient antibody binding, resulting in endothelial cell activation and promotion of thrombosis (C).
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Specific mechanisms of thrombosis that have been implicated 
include inhibition of APC,404 acquired free protein S deficiency, 
platelet activation, and abnormalities in the antigenic levels or 
activity of endothelium-derived hemostatic factors, including 
inhibition of prostacyclin secretion, fibrinolysis, nitric oxide 
synthesis, or disruption of annexins A5 or A2.404,427,428,437 The 
thrombogenicity of APAs may also result from their interference 
with endothelial cell phospholipids required for antithrombin 
and proteins C and S anticoagulant activity, and increased endo-
thelial cell expression of the following procoagulants: Tissue 
factor, vWF, platelet-activating factor, and plasminogen activa-
tor inhibitor type-1.403,404,455,456 Tissue factor was identified as 
a mediator of complement-induced APS fetal loss in a mouse 
model.445,457

Epidemiology and Clinical Associations
Young, apparently healthy control subjects are reported to have 
a prevalence of 1% to 5% of aPL antibodies.458 In patients with 
systemic lupus, aPL occurs in 12% to 34%. After prolonged follow-
up, APS may develop in more than 50% of patients with systemic 
lupus.403

LA and aCL antibodies have been reported in a variety of 
clinical disorders, including SLE and other autoimmune and con-
nective tissue diseases, and in disorders that are unrelated to SLE 
(Table 54.7). The presence of phospholipid-binding antibodies 
could in some cases be an epiphenomenon. In other cases, APAs 
may be of profound direct etiologic relevance. In general terms, 
although there are individual patient exceptions, clinical symp-
toms are seen less often with aCL than with LA, particularly when 
APAs are associated with infection or medication, are of low titer, 
and are of IgM isotype.

Interpretation of estimates of APA frequency must consider the 
sensitivity of the diverse assay systems that have been used by 
investigators. Different LA assay systems have been tested with 
plasma samples from a rigorously defined group of patients with 
the antiphospholipid–protein syndrome, confirming the impor-
tance of variables such as the concentration and composition of 
phospholipids used in the assay,459 phospholipid reagent confor-
mation,452 and so forth.

In a large series of internal medicine patients, 7% were APA 
positive, and 2% fulfilled the criteria of antiphospholipid antibody 
syndrome.460 The most commonly associated diseases were 
cancer and chronic or acute alcoholic intoxication. In another 
study, elevations of APA were found in approximately 20% of 
an unselected autopsy population, 10% of age- and sex-matched 
controls, and 2% of healthy normal subjects.461

Inhibitors of the lupus type originally were recognized in asso-
ciation with SLE.367 The prevalence of LA in patients with SLE 
strongly depends on the type of LA assay system used; three stan-
dard PTT reagents detected LA in only 10% of SLE patients.462 
A modified PTT with a reduced concentration of phospholipid 
detected LA activity in approximately 50% of SLE patients.462,463 
The kaolin clotting time, a test similar to the PTT, detected LA 
in 70% of patients with SLE.464 LA activity was associated with 
higher mortality in SLE patients.465 APAs have been seen in other 
connective tissue disorders, including rheumatoid arthritis and 
Behçet syndrome.

APAs are present in many patients with malignancy.466 APAs 
have been associated with monoclonal gammopathy of undeter-
mined significance and Waldenström macroglobulinemia. APAs 
have been identified in liver disease, the prevalence increas-
ing significantly as the liver disease progresses; APA positivity 
was as high as 80% in patients with alcoholic hepatitis or cir-
rhosis.467 The antibodies have been found in many infections, 
including hepatitis C,468 infection with human immunodeficiency 
virus,469,470 human T-cell lymphotrophic virus-1–associated 
tropical spastic paraparesis, Q fever, and malaria.471 Children 
with viral infections often acquire a transient LA effect.462 
Perhaps as a result of the structural changes in the red cell 
membrane with increased hexagonal-phase content, APAs are 
common in sickle cell disease.472 Patients with transient isch-
emic attacks and cardiac valve lesions had a high incidence 
of APAs.461 APAs have been seen in a variety of unrelated 
neurologic disorders.473 Patients with essential thrombocytosis 
have an increased prevalence of APA and increased risk of 
thrombosis.474

Several medications are associated with APA, most often, phe-
nothiazines such as chlorpromazine,440 procainamide,475 quinine 
and quinidine,476 hydralazine, and penicillin.477 APAs were com-
mon in patients with ethylenediaminetetraacetic acid–dependent 
pseudothrombocytopenia.478 aCL antibodies can occur in both 
active and quiescent Crohn disease, usually without concomitant 
LA expression,479 but their role in the thrombotic complications 
that can occur in the active phase of this disease is uncertain.

APA positivity is a common finding in patients with idiopathic 
thrombocytopenic purpura,480 with either LA or elevated aCL 
antibodies in almost one half of patients. Moreover, APA levels 
were not influenced by immunosuppressive therapy with steroids 
and are not related to the activity of idiopathic thrombocytopenic 
purpura.

aCL antibodies and, less often, LA are seen in apparently 
healthy people,458,481 especially in the elderly.482 In studies of 
normal blood donors, 5% to 10% have aCL antibodies, often pres-
ent transiently and in relatively low titer without a concomitant 
LA effect; these donors do not have an increased risk of develop-
ing thrombosis.483 An inherited predisposition to the development 
of lupus inhibitors was suggested by their presence in two pairs of 
siblings484 and in familial studies.485 Further investigations have 
suggested associations with certain HLA types.486,487

Clinical Manifestations
Although LAs are immunologically distinct from aCL antibodies, 
clinical manifestations associated with each antibody appear to 
be similar. Clinical experience suggests that venous thrombosis 
is more likely associated with the LA, and arterial thrombosis is 
more likely associated with high-titer aCL antibodies. However, 

clinicAl diAgnoses AssociAted WitH 
AntipHospHolipid–protein Antibodies

taBLe 54.7

Primary antiphospholipid–protein antibody syndrome

 Autoimmune disorder with no apparent cause

Secondary autoimmune disorders

  Systemic lupus erythematosus; other autoimmune and connective tissue  
diseases; drug induced: procainamide, hydralazine, quinidine, phenothiazines, 
penicillin

Malignancies

  Leukemia, lymphoproliferative and plasmacytic disorders, solid tumors,  
essential thrombocytosis

Infections

 Viral, bacterial, protozoal, fungal

Neurologic disorders

Liver disease

Valvular heart disease

Peripheral arterial ddisease

Chronic renal failure

Sickle cell disease

Ethylenediaminetetraacetic acid–dependent pseudothrombocytopenia
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a literature meta-analysis found that the LA was a stronger risk 
factor for all thrombosis.488

The antiphospholipid-antibody syndrome is characterized by 
the clinical events of pregnancy morbidity or thromboembolic 
disease (arterial, venous, or small vessel), or both (Table 54.8).489 
These clinical features are most highly associated with aPL 
antibodies in prospective studies.489 Older definitions included 
immune thrombocytopenia as a clinical event, but the newer 
classification omits thrombocytopenia.489 A wide variety of clini-
cal features may be seen with APA.404,489,490–492 However, many 
patients with APA are asymptomatic. A proportion of asymptom-
atic patients develop SLE493 or other disorders.494 The diverse 
clinical manifestations of APA are listed in Table 54.9.

arterial and Venous thromboembolic Disease
The most common clinical presentation of patients with LA or 
aCL antibodies, or both, is arterial or venous thromboembo-
lism,404,495,496 affecting up to 70% of patients in some series 
but averaging approximately 30% to 40% of patients in most 
studies.463,496,497 The most common site is extremity deep vein 
thrombosis, but occasionally, unusual sites are involved, such as the 
axillary, retinal, and hepatic veins and cerebral venous sinus 
thrombosis.498 Cerebral thrombosis, often heralded by repeated 
transient ischemic attacks, is a common arterial lesion.404,499 
Mesenteric artery occlusion, adrenal infarction, gastrointestinal 
ischemia or ulceration, and subclavian thrombosis with “pulse-
less” disease also have been described. Multiple cerebral infarcts 
with dementia in addition to coronary occlusions have occurred in 

unusually young age groups.500 A paradoxic syndrome of cerebral 
infarction with concurrent severe thrombocytopenia and bleeding 
has been reported in several cases.499 Antibodies to b2gpI are 
highly associated with venous thrombosis,501 and in other studies, 
assays for the LA correlated best with thrombosis, compared with 
assays for other APAs.488,502 Another unusual ischemic syndrome 
associated with APA is avascular osteonecrosis.503

thrombocytopenia
Moderate immune thrombocytopenia is noted in approximately 
50% of patients with lupus inhibitors, but in many cases, it 
apparently is the result of the underlying disorder.504 Immune 
thrombocytopenia is no longer considered a clinical criterion 
for diagnosis of APS.489 When bleeding occurs in patients with 
aPLs,505 this is generally attributed to co-existent thrombo-
cytopenia, platelet dysfunction,506 prothrombin deficiency,507 
or other underlying coagulopathies. Other cytopenias may be 
associated with APA, including autoimmune hemolytic anemia 
and leukopenia.

Neurologic Syndromes
Various neurologic disorders have been linked with APA, includ-
ing dementia, migraines, chorea, seizures, transverse myelopathy, 
Guillain-Barré syndrome, mononeuritis multiplex, transient global 
amnesia, and myasthenia gravis. Many of these disorders are 
not associated with ischemia or thrombosis, and the pathologic 
relationship of these disorders with APA is uncertain. A consensus 
statement on stroke and APS proposed criteria to determine the 
likelihood that APA is associated with ischemic stroke.508 A litera-
ture survey determined that the presence of APA in patients with 
ischemic stroke did not predict recurrence of stroke or differential 
response to treatment, and that routine screening for APA in these 
patients was not warranted.509

Dermatologic Disorders
A variety of ischemic–dermatologic syndromes have been 
associated with aCL antibodies, including livedo reticularis, 

criteriA For diAgnosis oF tHe AntipHospHolipid-Antibody 
syndrome (Aps)

taBLe 54.8

Clinical Event Laboratory Abnormality

Venous thrombosis Positive lupus anticoagulant test 
(according to guideline in Table 54.11)

or or
Arterial thrombosis Positive anticardiolipin antibody test 

(moderate titer or high-titer IgG or 
IgM antibodies)

or or

Positive b2gpI antibody test (titer 
>99th percentile, IgG or IgM 
antibodies)

and
Small-vessel thrombosis Laboratory abnormality should  

persist for two or more occasions 
at least 12 wk apart

or
Complications of pregnancy

One or more unexplained deaths of  
normal fetuses at or after 10 wk of  
gestation with normal fetal morphology

One or more premature births of normal 
neonates before 34 wk of gestation

Three or more unexplained consecutive 
spontaneous abortions before 10 wk of 
gestation, excluding anatomic, hormonal, 
and chromosomal abnormalities

Note: A diagnosis of definite APS requires the presence of at least one clinical event and at 
least one laboratory abnormality.
Ig, immunoglobulin.
Criteria from Miyakis S, Lockshin MD, Atsumi T, et al. International consensus statement 
on an update of the classification criteria for definite antiphospholipid syndrome (APS). 
J Thromb Haemost 2006;4:295–306.

Asymptomatic

Arterial and venous thromboembolism

 Avascular osteonecrosis

Hematologic

 Cytopenias: thrombocytopenia, autoimmune hemolytic anemia, leukopenia

 Coagulopathy: platelet dysfunction, prothrombin deficiency, lupus anticoagulant

Neurologic

  Acute ischemia (cerebrovascular accident, transient ischemic attack,  
encephalopathy); severe migraine; multiple infarct dementia; cognitive  
dysfunction; seizures

Dermatologic

  Livedo reticularis; acrocyanosis (distal cutaneous ischemia, ulceration,  
gangrene); widespread cutaneous necrosis; pyoderma gangrenosum–like skin 
lesions; anetoderma

Cardiopulmonary

  Marantic endocarditis; myocardial ischemia and infarction; intracardiac  
thrombotic mass; peripheral arterial disease; thromboembolic and  
nonthrombotic pulmonary hypertension

Obstetric

  Recurrent spontaneous abortion; intrauterine growth restriction; preeclampsia; 
chorea gravidarum; low Apgar scores; prematurity

Catastrophic antiphospholipid syndrome

clinicAl mAniFestAtions oF AntipHospHolipid Antibodies

taBLe 54.9
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acrocyanosis (distal cutaneous ischemia, ulceration, gangrene), 
widespread cutaneous necrosis, and pyoderma gangrenosum–like 
skin lesions.489,510 Livedo reticularis is more prevalent among 
APS patients with systemic lupus, and in females.489

Cardiac Disorders
A high incidence of APA is seen in patients with peripheral arterial 
disease who experience an associated increased risk of early graft 
thrombosis.511 This may justify routine testing for APA before 
reconstructive vascular surgery, with consideration of periop-
erative antiplatelet agents or anticoagulation. Some reports have 
noted the presence of APA in survivors of myocardial infarction.512 
A variety of valvular heart lesions is associated with APS.489 The 
consensus group recommends that patients with biopsy-proven 
myocardial small-vessel thrombosis or those with intracardiac 
thrombi be considered for meeting criteria for APS. Coronary 
artery disease also fulfills the APS thrombosis criterion.489

pulmonary Disorders
Ischemic and thrombotic pulmonary disease is linked to APA, 
including pulmonary embolism, pulmonary hypertension, intra-
alveolar pulmonary hemorrhage, and adult respiratory distress 
syndrome.513,514 The latter syndrome has been reported in 
patients with CAPS.514

Obstetric aspects
APAs are associated with obstetric complications,403,489,515,516,517 
including intrauterine growth restriction, preeclampsia, chorea 
gravidarum, and, primarily, recurrent spontaneous fetal loss 
(RSFL). Pregnancy losses in women with aPLs are often caused by 
fetal death despite normal fetal karyotypes. Spontaneous fetal loss 
is perhaps most common in the first trimester, but paradoxically, 
early first-trimester pregnancy losses are relatively less common 
than in other patients with recurrent fetal loss.518 The interna-
tional consensus statement listed obstetric criteria for diagnosis 
of APA: (a) One or more unexplained deaths of a morphologi-
cally normal fetus at or beyond the 10th week of gestation (with 
normal fetal morphology); (b) one or more premature births of a 
morphologically normal neonate before the 34th week of gestation 
because of preeclampsia, eclampsia, or placental insufficiency; or 
(c) three or more unexplained consecutive spontaneous abortions 
before the 10th week of pregnancy (with maternal anatomic or 
hormonal abnormalities, and paternal and maternal chromo-
somal causes excluded).489

There is a significantly increased incidence of elevated APA in 
women with a history of two or more miscarriages in the first tri-
mester of pregnancy.519 Women with a history of RSFL should be 
tested for both LA and aCL antibodies.520 Repeat testing is impor-
tant because only 66% of LA-positive, 37% of IgG aCL-positive, 
and 36% of IgM aCL-positive women had a positive test result 
on repeat evaluation. Laboratory screening for LA is confounded 
in pregnancy because altered coagulation factor concentrations 
in normal pregnancy may change the observed normal range of 
coagulation tests, including the PTT. In two studies, the DRVVT 
was the most frequently positive test for the LA in this population. 
Rigorous adherence to diagnostic criteria is particularly appropriate 
in pregnancy because treatment may require potentially hazard-
ous antithrombotic therapy. Elevated maternal serum levels of 
a-fetoprotein521 or human chorionic gonadotrophin522 are common 
in women with aPLs and are significantly associated with fetal loss. 
Maternal APA testing may be appropriate if prenatal screening 
reveals an elevated human chorionic gonadotrophin level and ultra-
sonography demonstrates an otherwise normal singleton gestation.

It is generally considered not appropriate to screen for APA 
in asymptomatic pregnancies without a history of RSFL.523 APAs 
were identified at the first pre-natal visit in almost 25% of healthy 
pregnant women.524 LA appears to be much rarer than aCL anti-
bodies in pregnancy.525 It appears that women with isolated IgM 

aCL or with low levels of IgG aCL are a distinct group that is not 
at risk for APA-related complications beyond the risk conferred by 
their medical histories.526

Although the mechanism by which APA causes recurrent 
pregnancy loss has not been fully explained, these antibodies 
may induce intervillous thrombosis and intravillous infarctions, 
resulting in poor placental perfusion, and have been shown to 
affect cytotrophoblast tissue in vitro. The thrombotic phenomenon 
may be mediated by aPL antibodies interfering with trophoblastic 
annexin V.404,527

The role of inflammation and the complement pathway 
in APS-associated pregnancy complications was reported.528 
Anticoagulants that prevented complement activation (unfraction-
ated or LMWH) were successful in preventing pregnancy loss 
in an animal model of APS; anticoagulants that did not inhibit 
complement activation (fondaparinux, hirudin) did not prevent 
pregnancy loss. These data suggest that the beneficial effects of 
anticoagulants in APS-associated pregnancy loss result from inhi-
bition of complement activation.528

Catastrophic antiphospholipid-antibody Syndrome
Some patients with APA develop an acute, severe, multiorgan 
illness403,514,529 characterized by diffuse small vessel ischemia 
and occlusion with extensive tissue damage, including myocar-
dial infarction, limb ischemia, DIC, and a high mortality rate of 
50%.530 The patients present with a dramatic illness, often with-
out an obvious precipitating event, that prompts consideration 
of a wide differential diagnosis including severe lupus vasculitis, 
thrombotic thrombocytopenic purpura, or severe DIC. The syn-
drome is defined by clinical involvement of at least three differ-
ent organ systems with histologic evidence of thrombosis.529,530 
Typically, small vessel thrombotic lesions occur, with common 
sites of involvement including the kidney, lung, central nervous 
system, heart, and skin.529,530 In a larger series of CAPS patients, 
nearly one half of the cases had systemic lupus, and 40% had 
PAPS.531 Precipitating factors for development of CAPS included 
infections, trauma/procedures, cancer, and subtherapeutic anti-
coagulation.531 LA activity and, particularly, high aCL antibody 
titers are usually present. Central nervous system symptoms and 
hypertension are common, and leukocytosis and a significantly 
elevated sedimentation rate are often also present. The clinical 
manifestations of this syndrome can include all the symptoms and 
signs indicated in Table 54.9. Preliminary criteria for the classi-
fication and diagnosis of CAPS have been published.529 Effective 
therapies include therapeutic anticoagulation, steroids, ivIgG, 
plasma exchange, and cyclophosphamide.529 A literature review 
of rituximab use in CAPS found encouraging results.532 A sum-
mary of CAPS registry cases reported that anticoagulation with 
steroids ± plasma exchange/ivIgG was associated with at least a 
70% success rate.533

Laboratory Diagnosis of Antiphospholipid–Protein 
Antibodies
LA and high-titer aCL antibodies have similar clinical impli-
cations, although studies suggest a higher thrombotic risk in 
patients with the LA.488,502 In patients with SLE, the LA is the best 
predictor for both venous and arterial thrombosis. The laboratory 
should perform both fibrin-based coagulation assays to detect LA 
and solid-phase ELISA assays for aCL and b2gpI antibodies in 
patients suspected of having APA.

A considerable array of phospholipid-responsive laboratory 
tests, such as the PTT, dilute PTT, kaolin clotting time, and DRVVT, 
may serve to screen for the LA.409 LA may be defined as an immu-
noglobulin (IgG, IgM, IgA, or a mixture) that interferes with one or 
more of these in vitro, phospholipid-dependent coagulation tests. 
A more recent definition of the LA would be antibodies to b2gpI or 
to prothrombin that prolong phospholipid-dependent coagulation 
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assays. Coagulation tests that are phospholipid independent are 
not affected by LA. Unless concurrent additional factor deficien-
cies are present, the standard PT is usually normal because of the 
large amount of phospholipids in this reagent. No individual test 
seems to have a universal detection rate; this observation may 
reflect LA subtypes with distinct activities or the requirement of 
various co-factors. Consequently, it is recommended to perform 
at least two independent assays for the LA.489,534 A simplified 
algorithm approach for diagnosis of the LA has been described 
that uses two assays, the DRVVT and a hexagonal phase assay.535 
Comparative studies suggest that activated PTT reagents with 
reduced levels or different types of phospholipids are more sensi-
tive than routine PTT reagents.409,536 Platelet-poor plasma should 
be used in these screening assays, particularly if frozen plasma 
samples are to be tested.537 A recent update of LA guidelines 
has reviewed these issues.538 Table 54.10 indicates some of the 
clinical and laboratory differences between specific anticoagulant 
antibodies to particular factors, such as factor VIII and LA. Other 
nonspecific anticoagulants are uncommon but include the hepa-
rinlike anticoagulants discussed in the section “Other Acquired 
Coagulation Disorders.” Confirmatory tests for LA based on 
activated PTT or DRVVT include abnormal mixing studies with 
normal plasma and correction with mixing using phospholipids, 
such as lysed washed platelets (platelet neutralization proce-
dure), or with added hexagonal-phase phospholipids.539 A high 
concentration of liposomes prepared from rabbit brain extracts 
may achieve the most efficient correction of the defect,540 but this 
method is not widely used. The College of American Pathologists 
has published detailed recommendations for LA testing,541 and 
testing issues affecting the LA have been reviewed.542

Several clinical points are worth stating. The search for LA or 
aCL antibodies should not be abandoned even if normal plasma 
in a mixing study corrects the test patient plasma, particularly 

in a human immunodeficiency virus–positive population.543 It 
is sometimes important for the clinician to discern the possible 
effect that heparin in the test patient plasma can have on the 
confirmatory laboratory assay; satisfactory correction procedures 
should be resistant to heparin, and many commercial LA reagents 
have heparin neutralizers. The ideal test to identify the LA is 
controversial; some investigators have reported the kaolin clot-
ting time to be the most sensitive test.536,544 On the other hand, 
some DRVVT assays are more able to identify LA associated with 
thrombosis.545 A subgroup of patients with unexplained throm-
bosis with antibodies to phosphatidylethanolamine as the only 
abnormal APA test has been identified.546 Optimal detection of the 
LA requires more than one of the phospholipid-dependent assays 
described earlier.489,538,547 This latter suggestion is supported by 
reports that different phospholipid-dependent coagulation tests 
detect different populations of LA antibodies.548 Table 54.11 sum-
marizes the recommendations of an ISTH consensus group on 
laboratory diagnosis of LA.489

aPLs may also be detected by ELISA489 or by radioimmunoas-
say. Commercial ELISA systems are reasonably well standard-
ized. The aCL-antibody assay used to improve sensitivity and 
specificity has undergone several modifications. Using anti-b2gpI–
dependent assay systems is useful to discriminate between tran-
siently positive aCL antibodies that are associated with infection, 
which characteristically do not have a b2gpI cofactor requirement, 
and those aCL antibodies associated with an increased risk of 
thrombosis.549 IgA aCL antibodies should not be considered a 
laboratory criterion for diagnosis of APS.489

Definitional standardization of the criteria for clinical and 
laboratory APA has been published.403,489 For the diagnosis of 
APS, in addition to a clinical event (e.g., at least one venous, 
arterial, or small-vessel thrombosis, pregnancy morbidity/mor-
tality), positive laboratory tests for LA, aCL, or b2gpI antibodies 
(in medium or high titer) should be found on two occasions at 
least 12 weeks apart (Table 54.8). It is recommended that aCL 
antibodies be measured by a standardized ELISA for b2gpI-
dependent antibodies.403,489 Although consensus criteria require 
persistence of the laboratory abnormality for at least 12 weeks, 
in clinical practice, a functional definition taking into account the 
number of clinical manifestations and the titer of aCL antibod-
ies or positivity for the LA on even a single occasion may help 
categorize patients as having definite, probable, or doubtful APS 
and may direct immediate treatment options. A “triple positive” 

Clinical Event or 
Laboratory Test

Factor VIII 
Antibodies

Antiphospholipid–
Protein Antibodies

Bleeding Often severe Uncommon

Thrombosis Rare Common

Obstetric complications 
(abortion and intrauterine 
fetal death)

Rare Common

Prothrombin time Normal May be prolonged

Thrombin time Normal Occasionally prolonged

Thrombocytopenia Rare Common

Inhibitory effect in 
plasma mixtures

Usually time dependent Often is instantaneous; 
occasionally, mixing 
studies show time-
dependent inhibition

Prothrombin level Normal Occasionally deficient

Factor VIII level Deficient; one-stage 
assay curve is  
aberrant with low-
affinity antibodies

Normal when assayed 
in a dilute system; all 
one-stage assay curves 
are aberrant

Anticardiolipin and 
b2gpI antibodies

Rare Common

Phospholipid or platelet 
correction of abnormal 
assay result

No Usually

Ig, immunoglobulin.

compArison oF FActor viii Antibodies And 
AntipHospHolipid–protein Antibodies

taBLe 54.10

•	 Prolongation of at least two phospholipid-dependent coagulation tests with the 
use of platelet-poor plasma (e.g., the activated partial thromboplastin time, 
dilute prothrombin time, dilute Russell viper venom time, kaolin clotting time). 
The DRVVT should be the first test considered.

•	 Failure to correct the prolonged coagulation time by mixing patient and normal 
plasma.

•	 Confirmation of lupus anticoagulant by demonstrating correction of the  
prolonged coagulation time by addition of excess phospholipids or  
freeze-thawed platelets.

•	 Exclusion of alternative coagulopathies using specific assays (e.g., factor VIII 
antibodies).

Diagnostic criteria from Levine JS, Branch DW, Rauch J. The antiphospholipid syndrome. 
N Engl J Med 2002;346:752–763; and Brandt JT, Triplett DA, Alving B, et al. Criteria for 
the diagnosis of lupus anticoagulants: an update. On behalf of the Subcommittee on Lupus 
Anticoagulant/Antiphospholipid Antibody of the Scientific and Standardisation Committee 
of the ISTH. Thromb Haemost 1995;74:1185–1190. Additional laboratory details and 
patient selection criteria are discussed in Pengo V, Tripodi A, Reber G, et al. Update of the 
guidelines for lupus anticoagulant detection. J Thromb Haemost 2009;7:1737–1740.

lAborAtory diAgnosis oF lupus AnticoAgulAnt: 
internAtionAl society on tHrombosis And  
HAemostAsis criteriA

taBLe 54.11
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profile (positive results for all three assays: LA, aCL antibodies, 
and b2gpI antibodies) has been identified as a strong indepen-
dent risk factor for thrombosis.550

Even if the patient is asymptomatic, lupus inhibitors should 
always be identified correctly when discovered, even though 
costly and time-consuming laboratory study is required. If the 
cause for a prolonged PTT is not identified, the necessity for defin-
itive laboratory evaluation almost invariably arises again, often in 
the context of an emergency. This may result in the unnecessary 
use of blood products and a delay of required surgical procedures.

Treatment of Antiphospholipid–Protein  
Antibody Syndrome
The optimal treatment of patients with APA syndrome is unde-
fined, although randomized treatment trials are providing useful 
therapy recommendations. Depending on the clinical symptoms, 
patients with APA may need no treatment or may need antico-
agulant or immunosuppressive therapy. Although spontaneous 
remissions are uncommon and aCL antibodies and LA can be 
associated with life-threatening thromboembolic events, only 10% 
to 15% of asymptomatic patients with APA develop these compli-
cations. Based on the uncertainty of predicting when thrombotic 
events might occur, as well as the risks of anticoagulation, most 
investigators do not treat asymptomatic patients prophylactically, 
with the possible exception of short-term intervention when addi-
tional thrombophilic hazards such as immobilization or surgery 
are anticipated.

Patients with significant thrombotic events (e.g., deep vein 
thrombosis, arterial ischemia, or fetal loss) are appropriate 
candidates for antithrombotic therapy. Two randomized trials 
investigated the optimal intensity of warfarin therapy in APS 
patients.551,552 Both studies found that high-intensity warfarin 
(INR 3.1 to 4.0 or 4.5) was not superior to standard intensity 
warfarin (INR 2.0 to 3.0).551,552 Long-term treatment with oral 
anticoagulation therapy is advised because of the high rate of 
recurrence even if the venous or arterial occlusion occurred many 
years previously.553,554 Patients receiving oral anticoagulants had 
no recurrence over 8 years, whereas patients in whom antico-
agulant drugs had been discontinued had a 50% probability of 
a recurrent venous thromboembolic episode after 2 years and 
an almost 80% probability of recurrence after 8 years.555 This 
strategy is supported by a study that found that APS patients 
with thrombosis benefited from prolonged oral anticoagulation 
because persistent elevation of aCL levels predicted an increased 
risk of thrombosis recurrence and death.556 Many investigators 
follow this approach,404 unless all laboratory evidence of LA and 
aCL in patients in whom high titers were initially detected or in 
whom a thrombotic risk was attributed to APA has been continu-
ally absent for at least 6 months; no other thrombophilic risk is 
present; and close surveillance is feasible. An emerging treatment 
strategy in APS patients is to consider single-positivity test results 
for b2gpI or aCL antibodies as a lesser risk for recurrent throm-
bosis, and perhaps less-intense or shorter duration treatment 
periods.404

A literature review of treatment for APS patients with isch-
emic stroke concluded that treatment with either aspirin or low- 
intensity warfarin (INR 2.0 to 3.0) is effective.557 For noncerebral 
arterial thrombosis, combined therapy with low-intensity  warfarin 
(INR 2.0 to 3.0) plus aspirin (81 mg) was recommended.557

A relatively new therapy for APS is hydroxychloroquine, 
an immunosuppressive agent used to treat patients with SLE. 
Hydroxychloroquine therapy decreases thrombosis risk in SLE 
patients,558 perhaps by interfering with aPL antibody binding to 
phospholipid.559

Patients with the uncommon LA hypoprothrombinemia syn-
drome who either have bleeding or need surgery may benefit from 
steroid therapy or intravenous IgG.560

Patients with the LA and acute thrombosis pose difficulty 
in terms of monitoring heparin anticoagulation. The usually 
prolonged PTT value seen with the LA renders this test unreli-
able. These patients can be monitored using heparin assays, 
which are available by automated methodology (see Chapter 55). 
Alternatively, patients can be treated using a LMWH, without the 
necessity for laboratory monitoring (see Chapter 55).

In those patients with an LA and hypoprothrombinemia, or 
an LA that affects the PT, the use of the INR to monitor anti-
coagulation has been questioned. These patients may require 
monitoring with a test that is insensitive to the LA, such as a 
prothrombin–proconvertin assay or a chromogenic factor X 
assay.561

Corticosteroid use often diminishes or abolishes the coagu-
lation abnormalities and immune thrombocytopenia of APA 
syndrome within a short time. However, for most patients, the 
role of steroids, other immunosuppressive agents, or aspirin is 
uncertain. Although immunosuppression with cyclophosphamide 
in pulse form is effective in reducing elevated antibody levels, 
there is often a rapid rebound to pre-treatment levels shortly after 
discontinuation of the therapy. Consequently, additional therapies 
with aspirin or steroids or more aggressive immunosuppression 
are not used unless recurrent thrombotic or ischemic events are 
seen despite optimal warfarin therapy. High-dose corticosteroid 
therapy has equivocal efficacy and considerable toxicity and is 
reserved for treatment of underlying co-morbid conditions such 
as active lupus and not for the laboratory phenomena of the 
antiphospholipid antibody syndrome itself.

In patients with CAPS who experience multisystem involve-
ment, intensive treatment with corticosteroids, immunosuppres-
sion, intravenous IgG, or plasmapheresis may be useful.530,532,533 
In one literature analysis of CAPS therapy, the highest response 
to therapy occurred in patients treated with anticoagulation and 
steroids (64%).531 Immune thrombocytopenia and autoimmune 
hemolytic anemia in patients with APA are treated similarly as in 
patients without APA.

Obstetric treatment
Because the risk of pregnancy loss in women with APS and prior 
pregnancy loss may exceed 60%, a history of recurrent fetal loss 
is an indication for treatment during pregnancy. Antiplatelet 
agents such as aspirin 80 mg/day,562 low-dose immunosup-
pressive agents such as prednisolone 10 mg/day,563 or antico-
agulants (heparin or LMWH) have all been used in an attempt to 
improve pregnancy outcome.403,404 Several randomized studies 
have provided information about useful treatment strategies in 
pregnancy-associated APS (reviewed in References 403 and 564). 
Intravenous IgG is of no benefit in these patients, and heparin 
may be more effective than aspirin. A meta-analysis recommends 
that a combination of unfractionated heparin (5,000 U s.c. twice 
daily) and low-dose aspirin be used,564 and a recent consensus 
guideline recommends “prophylactic or intermediate-dose unfrac-
tionated heparin or prophylactic LMWH combined with low-dose 
aspirin (75 to 100 mg/day)”.565

transfusion-associated Coagulation 
abnormalities
The administration of blood products in a volume >1.5 times the 
patient’s estimated blood volume or replacement of total blood 
volume in <24 hours constitutes massive blood transfusion.566 
Traditional resuscitation efforts were initiated with large volumes 
of crystalloid and packed red cell transfusions; a new paradigm 
is termed “damage control resuscitation” which includes adminis-
tration of tranexamic acid for cases of uncontrolled hemorrhage, 
use of a massive transfusion protocol with fixed blood product 
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ratios, avoidance of large-volume crystalloid use, and usage of 
permissive hypotension.567,568

The importance of core body temperature on hemostasis 
parameters has been demonstrated; at a temperature of 33°C, 
platelet function is impaired. Below 33°C, both coagulation factor 
activity and platelet function are reduced.569

Bleeding associated with extracorporeal 
Circulation
Defective hemostasis with cardiopulmonary bypass is associ-
ated with multiple contributory causes, including hemodilution 
of coagulation factors, inadequate neutralization of heparin, 
acquired platelet dysfunction, and thrombocytopenia. These lat-
ter two defects are further discussed in Chapter 52. In general, 
extracorporeal-circulation–induced hemostatic defects may be 
ascribed to activation of platelets and coagulation proteins by 
artificial surfaces.

Platelet dysfunction (acquired storage pool defect) is consid-
ered the major hemostatic insult induced by bypass.570 Although 
DDAVP was shown to reduce bleeding and transfusion require-
ments in these patients in earlier studies, subsequent trials 
indicated no benefit from DDAVP,571 and routine DDAVP therapy 
may be hazardous in older patients with significant vascular dis-
ease.572 Aprotinin should not be used in this setting.573

Drug-induced Coagulation abnormalities
Broad-spectrum antibiotics, such as the b-lactam antibiotics, may 
induce a coagulopathy by inhibition of vitamin K synthesis by 
gut bacteria and direct inhibition of essential carboxylation reac-
tions.22 A number of antibiotics may also inhibit platelet function 
(see Chapter 52).

l-Asparaginase produces hypofibrinogenemia and deficiency 
of other coagulation factors.574 Hematin produces a complex 
coagulopathy.575 Valproic acid therapy has been associated with 
acquired vWD.576

acquired Deficiencies of Single  
Coagulation Factors
An uncommon phenomenon is the development of deficiency 
of a single coagulation factor during the course of an acquired 
disorder (Table 54.6). Isolated deficiency of factor X is well docu-
mented in patients with primary amyloidosis and amyloidosis 
associated with multiple myeloma.577 Factor X levels in these 
patients do not rise even after massive replacement therapy, and 
studies using 131I-labeled factor X suggest that this proenzyme 
is bound to subendothelial amyloid fibrils in blood vessels.578 A 
combined deficiency of factors IX and X in amyloidosis also has 
been reported.579 In many patients, the hemostatic defect is com-
plicated by other abnormalities, such as vascular infiltration, liver 
disease, high levels of antithrombins, and azotemia with platelet 
dysfunction.580 Splenectomy abolished the factor X deficiency and 
produced complete remission of bleeding in several cases,581 pre-
sumably because of extensive amyloid infiltration in the splenic 
vasculature. Chemotherapy with melphalan and prednisone may 
also resolve factor X deficiency in amyloidosis.582 High-dose 
chemotherapy with stem cell transplantation is also effective 
therapy.583 Factor X deficiency has also been associated with 
upper respiratory tract infections.394 A detailed literature review 
of acquired factor X deficiency has been published.584

Hypoprothrombinemia has been reported as an isolated find-
ing,585 most commonly in association with LAs, as discussed 
previously. Deficiencies of prothrombin, factors IX and XII, 
plasminogen, and antithrombin have been reported in some 
patients with the nephrotic syndrome,586–590 presumably as the 

result of massive protein loss in the urine. In one patient with 
Sheehan syndrome, a selective deficiency of factor IX responded 
to treatment with corticosteroids and thyroid replacement.591 
Isolated deficiency of factor IX in several patients with Gaucher 
disease also has been documented.592 Acquired factor VII 
deficiency has been reported with aplastic anemia593 and 
liposarcoma.594

Factor XIII deficiency has been associated with chronic myelo-
cytic leukemia and with various forms of acute leukemia.595 
Factor XIII deficiency has also been associated with inflammatory 
bowel disease,596 and isoniazid-induced antibodies to factor XIII 
have been reported.381,382,597 Factor XII deficiency has been 
described in association with chronic myelocytic leukemia598 and 
antiphospholipid antibodies.599 Factor XI deficiency has been 
linked to Gaucher disease600 and Ehlers-Danlos syndrome.601 
Factor V deficiency has been reported in chronic myeloid leuke-
mia and in celiac disease. Acquired vWD was discussed earlier in 
the section on vWF.

Other acquired Coagulation Disorders
Heparinlike anticoagulants have been reported in patients with 
hematologic malignancies (e.g., plasma cell dyscrasias602 or leu-
kemias603,604 or solid tumors605). A prolonged thrombin time and 
normal reptilase clotting time are typically seen in these patients. 
Significant clinical bleeding may occur with heparinlike antico-
agulants; a titrated protamine sulfate infusion may be helpful in 
these patients.

Malignancy may also be associated with other inhibitors of 
coagulation, including FDPs and paraproteins, dysfibrinogen-
emias, and specific antibodies to coagulation factors (discussed 
earlier). A monoclonal antithrombin antibody associated with 
bleeding has been reported in a patient with myeloma.606
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The term thrombosis refers to the formation, from constituents of 
the blood, of a mass within the venous or arterial vasculature of 
a living animal. Hemostatic thromboses, namely, self-limited and 
localized thromboses that prevent excessive blood loss, represent 
the body’s natural and desired response to acute vascular injury. 
Pathologic thromboses such as deep venous thrombosis (DVT), 
pulmonary embolism (PE), coronary arterial thrombosis leading 
to myocardial infarction (MI), and cerebrovascular thrombotic 
occlusion represent the body’s undesired response to acute 
and chronic perturbations of the vasculature, blood, or both. 
The terms coagulated blood and clot are not synonymous with 
thrombosis and refer to the formation of a solid mass of blood 
components outside of the vascular tree. Examples of clots include 
soft tissue, body cavity (e.g., peritoneal), and visceral hematomas. 
Coagulated blood best describes clots formed ex vivo.

Thrombosis of the veins and arteries, together with complicat-
ing embolic phenomena, is perhaps the most important cause 
of sickness and death in the developed countries of the world at 
the present time. Deaths from MI and thrombotic stroke consis-
tently represent the major causes of death in the United States, 
numbering >700,000 people annually (almost 30% of all deaths) 
in a recent report.1 Venous thromboembolic disease is the third 
most common cardiovascular disease, after atherosclerotic heart 
disease and stroke. It has been estimated that between 500,000 
and 2 million venous thromboembolic events (VTE) including calf 
vein thrombosis, proximal DVT (e.g., lower extremity and pelvic 
veins), and PE occur annually in the United States alone.2 The 
incidence of pathologic thrombosis, prevalence of disorders that 
predispose to thrombosis, and morbidity and mortality associated 
with thrombotic events all reflect the magnitude of the importance 
of the study of thrombotic mechanisms and development of effec-
tive antithrombotic and thrombolytic therapies.

In this chapter, the pathophysiology of arterial and venous 
thrombosis and mechanisms of action of antithrombotic phar-
macologic agents including antiplatelet drugs, anticoagulants, 
and fibrinolytic agents are summarized and discussed. Inherited 
conditions that predispose an individual to thrombosis, also 
termed hypercoagulable states, and the management of venous 
thromboembolic disease are covered. The management of arterial 
thrombotic events is beyond the scope of this chapter, and the 
reader is referred to several excellent recent review articles.3–5

physioloGy And pAThophysioloGy 
of Thrombosis
The human hemostatic system consists of multiple independent, 
yet integrally related, cellular and protein components that func-
tion to maintain blood fluidity under normal conditions and 
promote localized, temporary thrombus (hemostatic thrombus) 
formation at sites of vascular injury. A normal hemostatic system 
is the human physiologic defense against exsanguination. An 
abnormal hemostatic system can result in pathologic bleeding, 
vascular thrombosis, or both.

The hemostatic system is comprised of six major components: 
Platelets, vascular endothelium, procoagulant plasma protein 
“factors,” natural anticoagulant proteins, fibrinolytic proteins, 
and antifibrinolytic proteins. Each of these six hemostatic compo-
nents must be present in fully functional form, in adequate quan-
tity, and at the proper location to prevent excessive blood loss 
after vascular trauma and, at the same time, to prevent pathologic 
thrombosis. The hemostatic system is highly regulated and main-
tains a delicate balance between a prohemorrhagic state and a 
prothrombotic state. Any significant acquired or congenital imbal-
ance in the hemostatic “scales” can lead to a pathologic outcome.

Normal hemostasis in response to vascular injury can be 
divided into two major processes of equal importance, known as 
primary and secondary hemostasis. Primary hemostasis com-
prises the reactions needed to form a platelet plug at a site of 
vascular damage, whereas secondary hemostasis comprises a 
series of reactions (coagulation cascade) needed to generate cross-
linked fibrin required to stabilize the platelet plug and form a 
durable thrombus. Natural anticoagulants (antithrombin [AT] and 
activated protein C [APC]) function to confine thrombus formation 
to the sites of vascular injury and limit thrombus size to prevent 
vessel occlusion and flow interruption in the affected vessel. The 
activity of AT is greatly enhanced by endothelial cell heparan sul-
fate and pharmacologic heparins. The function of APC is enhanced 
by its cofactor, protein S. Physiologic fibrinolysis is initiated by 
endothelial-cell–derived tissue-type plasminogen activator (t-PA), 
which converts plasminogen to plasmin. Plasmin can degrade 
cross-linked fibrin, limit thrombus size, and help dissolve a throm-
bus once the vascular injury has been repaired. The fibrinolytic 
system is regulated and localized by antiplasmin and PA inhibitor 
(PAI)-1. Details of the hemostatic mechanisms and endothelial cell 
regulation of hemostasis are given in Chapters 18 and 19.

Specific alterations in the quantitative and qualitative status of 
any hemostatic cellular or protein element can lead to pathologic 
thrombosis. A marked increase in the platelet count (thrombo-
cytosis) and accentuated platelet aggregation (“sticky platelet 
syndrome”) are associated with thromboembolic events. Elevated 
levels of procoagulant factors such as fibrinogen, factors VIII, IX, 
XI, and VII, as well as resistance to inactivation of factor Va by 
APC, are recognized risk factors for vascular disease and throm-
bosis. Deficiency of a natural anticoagulant protein such as pro-
tein C, protein S, or AT is associated with venous thromboembolic 
disease. Deficiency of a fibrinolytic cascade component, such as 
t-PA or plasminogen, and excess plasma levels of the fibrinolytic 
inhibitor PAI-1 have been linked to hypercoagulability and throm-
bosis. It is the net balance between the participating and, at times, 
opposing groups of proteins and not the level of any individual 
factor that is most critical to hemostatic regulation.

Virchow TriAd
In the mid-19th century (1854), German pathologist Rudolph 
Virchow postulated that vascular obstruction was precipitated 
by, and thrombosis resulted from, three interrelated factors:  
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(a) “Decreased blood flow” (stasis of blood flow), (b) “inflammation 
of or near the blood vessels” (vascular endothelial injury), and  
(c) “intrinsic alterations in the nature of the blood itself” (hyperco-
agulability).6 Many students of coagulation medicine, though, do 
not realize that Virchow actually recognized his “triad” as being 
the result of vascular occlusion, not necessarily as the original 
precipitant of vascular thrombosis. Nonetheless, the vascular, 
rheologic, and hematologic aspects of thrombosis known as the 
Virchow triad remain relevant and instructive today (Fig. 55.1).

abnormalities of blood Flow
Arterial thrombosis initially occurs under conditions of rapid 
blood flow (high shear stress), a condition in which von Willebrand 
factor (vWF) is critical for platelet adhesion.7 Arterial thrombi 
usually are composed of tightly coherent masses of platelets, 
which contain small amounts of fibrin and a few erythrocytes and 
leukocytes. These thrombi are the classic “white thrombi,” which 
resemble, in many respects, normal hemostatic plugs. As arterial 
thrombi enlarge, progressive or intermittent deposition of new 
layers of platelets and fibrin produces the characteristic lines of 
Zahn; partial or complete obstruction of blood flow may produce a 
“tail” of “red thrombus.” The most serious consequences of arterial 
thrombosis are vascular occlusion with resultant ischemia and 
infarction of tissue and distal thrombus embolization.

Hypertension, turbulent blood flow at arterial branch points 
and at sites of focal atherosclerosis, and hyperviscosity may 
be contributory factors in certain forms of arterial thrombosis. 
Causes of plasma hyperviscosity that can precipitate thrombosis 
and exacerbate ischemia include acute myeloid leukemia, myelo-
proliferative syndromes such as polycythemia rubra vera, cryo-
globulinemia, and the plasma cell dyscrasias, including multiple 
myeloma and Waldenström macroglobulinemia. Immunoglobulin 
(Ig) paraproteins produced by plasma cell dyscrasias can increase 
viscosity, and promote red blood cell agglutination.

Venous thrombosis typically develops under conditions of slow 
blood flow (low shear stress) and is augmented by further retar-
dation and stagnation of flow caused by the developing thrombus 
itself. Right-sided heart failure, pre-existent venous thrombosis, 
extrinsic vascular compression by tumor, and chronic venous 
insufficiency all promote venous stasis, blood pooling, and a 
concentration of procoagulant factors.8 The anatomic structure of 
venous valves results in retrograde eddy currents, which produce 
pockets of stasis even in normal veins.9 The venous arcades in the 
soleus muscles of the calves may represent another site of physi-
ologic venous stasis. These structures may enlarge and lose vas-
cular tone with aging.10,11 These facts may partially explain why 
DVT most commonly occurs in the valve cusps and veins of the 
pelvis and lower extremities, and why older age is an important 
risk factor for venous thrombosis.12
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FIGURE 55.1. Pathophysiology of thrombosis. Factors implicated in the pathogenesis of arterial thrombosis (left) and venous thrombosis (right) are depicted. 
Examples of disorders leading to platelet activation and arterial thrombosis include atherosclerosis, the myeloproliferative disorders, heparin-associated thrombo-
cytopenia/thrombosis syndrome, thrombotic thrombocytopenic purpura, and certain platelet polymorphisms. Examples of disorders leading to venous thrombosis in 
the category of deficiency of physiologic inhibitors include the inherited disorders, factor V Leiden, proteins C and S deficiencies, and AT deficiency. Many patients 
with thrombosis may have more than one of the risk factors listed. Estrogen therapy is a risk factor for venous thrombosis; its use is associated with activation of 
coagulation.
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Venous thrombi are composed of large amounts of fibrin 
containing numerous erythrocytes. In these loose, friable masses 
(the red thrombus), the platelets and leukocytes are enmeshed in 
random fashion. Venous thrombi resemble blood clots formed in 
vitro, and they usually produce significant obstruction to blood 
flow from the outset, but their most serious consequence is embo-
lization. Blood flow obstruction secondary to venous thrombosis 
itself promotes the further formation of thrombus. Results of 
studies of clots formed in a thromboviscometer at varying rates 
of shear suggest that the differences in the structure of venous 
and arterial thrombi may be mainly the result of the velocity 
of blood flow. The many and complicated rheologic factors that 
may be involved in thrombosis have been reviewed.13 Although 
traditional teaching holds that risk factors for arterial and venous 
thrombotic disease are distinct, new epidemiologic data sug-
gest that common risk factors exist for both disorders, and that 
appropriate management of thrombosis patients should address 
secondary prevention of both arterial and venous thrombosis.14 
The pathogenesis of venous and arterial thrombosis has been 
recently reviewed.15

Vascular injury
Permanent and transient vascular injuries play major roles in 
the development of arterial thrombosis. Intraluminal vascular 
endothelial cell injury, atherosclerotic plaque rupture, hyperho-
mocysteinemia, arterial outflow obstruction, aneurysm formation, 
and vessel dissection are among the recognized risk factors for 
arterial thrombosis.16 Arterial thrombosis usually begins with 
platelet adhesion to an abnormal vascular endothelial surface or 
exposed subendothelial constituent such as collagen. The adher-
ent platelets become activated, leading to the release of a- and 
dense granule contents.15 Platelet-dense granules (dense bodies) 
release adenosine diphosphate (ADP), adenosine triphosphate 
(ATP), calcium, and serotonin into the surrounding milieu, result-
ing in the recruitment and activation of additional platelets.16 This 
release reaction and platelet synthesis of thromboxane A2 (TxA2) 
and other agonists induce the aggregation of more platelets and 
enlargement of the temporary platelet plug. In addition to the 
recruitment of additional platelets, the original nidus of adherent 
platelets provides a phospholipid surface rich in phosphatidylser-
ine to support and concentrate the generation of thrombin and 
fibrin necessary to reinforce and stabilize the platelet plug.

New insights into arterial thrombus formation have been 
gleaned from experiments using confocal and wide-field micros-
copy to image real-time thrombus formation in live-mouse 
cremaster muscle arterioles.17 Thrombosis is precipitated by 
laser-induced endothelial injury. These experiments demon-
strated that the initiation of blood coagulation in vivo involves 
the initial accumulation of tissue factor (TF) on the upstream and 
thrombus–vessel wall interface of the developing thrombus. The 
TF is biologically active and is associated with intrathrombus 
fibrin generation. TF density is highest at the thrombus–vessel 
wall interface and is eventually observed throughout the throm-
bus. Leukocyte rolling is noted approximately 2 minutes after 
endothelial cell injury and correlates with P-selectin expression 
on the outer aspect of the thrombus. Minimal TF and fibrin are 
detected in platelet thrombi formed in mice lacking P-selectin or 
the P-selectin glycoprotein ligand, PSGL-1.

In venous thrombosis, the luminal surface of the vessel wall 
is usually histologically normal, and factors extrinsic to the ves-
sel appear to have a major pathophysiologic role. Exceptions to 
this generalization are direct venous trauma, extrinsic venous 
compression, and vascular endothelial cell injury resulting from 
the toxic effect of cancer chemotherapy and excess levels of homo-
cysteine. A limited quantity of activated platelets likely serves as a 
phospholipid surface to support local thrombin and fibrin forma-
tion. A generalized reduction in venous tone may be an important 

pathophysiologic factor in venous thrombosis in pregnant women 
and in women taking oral contraceptives.18 vWF-mediated plate-
let adhesion was shown to be essential for venous thrombosis in 
an animal model.19 Additional mechanisms may contribute to a 
prothrombotic state, including up-regulation of stress-response 
genes, endothelial cell activation, formation of neutrophil extracel-
lular traps, and activation of the intrinsic coagulation pathway.20

Studies indicate that human platelets express TF pre-mRNA, 
and when activated, splice this message into mature mRNA which 
is expressed.21 These results suggest that both platelets and the 
vessel wall may contribute to initiation of thrombosis.

abnormalities of the blood: hypercoagulability
The term hypercoagulable state and its synonym thrombophilia 
refer to any inherited or acquired abnormality of the hemostatic 
system that places an individual at increased risk for venous or 
arterial thrombosis (or both). Blood from patients with active 
thrombosis or with a hypercoagulable state may clot at an abnor-
mally rapid rate in vitro.22 The concept of hypercoagulability has 
gained widespread acceptance, and it is generally appreciated 
that these hemostatic changes are important in the pathogenesis 
of thrombosis; however, whether testing for these disorders may 
be helpful in patient management is uncertain.23,24,25

Platelet Abnormalities
Although platelets may be incorporated into virtually any throm-
bus, they appear to be pathogenetically most important in arte-
rial thrombosis. Increased platelet turnover (shortened platelet 
survival, compensated platelet destruction) occurs in vascular dis-
ease and thrombosis, including arterial and venous thrombosis, 
coronary artery disease, vasculitis, hyperhomocysteinemia, and 
valvular heart disease.26–29 Increased platelet turnover can also 
be seen in patients with risk factors for vascular disease, includ-
ing those who use tobacco and those with hyperlipidemia.30,31 
Increased platelet turnover and activation can reflect thrombo-
embolic disease and also probably contribute to an exacerbation 
of thrombotic events.

As a consequence of platelet–vessel wall interactions in 
patients with vascular disease, platelet adhesion, activation, and 
aggregation occur, resulting in acquired storage pool disease 
and the presence in the blood of platelet-granule–derived pro-
teins such as platelet factor-4 (PF4) and b-thromboglobulin.32,33 
Although elevated blood levels of these proteins indicate increased 
platelet turnover, improper blood collection technique may arti-
factually result in abnormal levels, and the clinical value of such 
testing is uncertain.

Vascular endothelium possesses multiple antiplatelet proper-
ties that may be important in preventing platelet adhesion, pro-
moting vasodilation, and inhibiting platelet aggregation.34,35,36,37 
However, interruption of endothelial cell prostacyclin synthesis by 
aspirin does not result in a net thrombotic tendency. The potential 
role of hyperactive platelets in patients with thrombosis, as well 
as the use of platelet function testing in this setting, is somewhat 
controversial.

Because of the importance of vWF in mediating platelet adhe-
sion to subendothelium, the role of vWF in human vascular dis-
ease has been a topic of investigation. An association between 
elevated plasma vWF levels and recurrent MI has been demon-
strated, and vWF antigen is an independent predictor of coronary 
artery disease.38

Platelet polymorphisms have been evaluated as risk fac-
tors for arterial thrombosis. These include polymorphisms for 
glycoprotein (gp) IIIa (PlA2), gpIa (807 T allele), and gpIba.39 
The PlA2 polymorphism is linked with coronary artery disease;  
PlA2-positive platelets exhibit a lower threshold for activation and 
also have variable aspirin sensitivity.39
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Coagulation Abnormalities
Coagulation disorders that can contribute to hypercoagulabil-
ity can be divided into three risk-factor categories: Transient, 
inherited, and acquired.40 Transient risk factors represent well-
defined, temporary clinical circumstances that are associated 
with increased thrombosis risk both while they are present and 
for a short period after they have resolved. Examples include sur-
gery, prolonged immobilization, oral contraceptive pill (OCP) use, 
hormone replacement therapy (HRT), pregnancy, cancer chemo-
therapy, and heparin-induced thrombocytopenia (HIT). Inherited 
risk factors represent genetic mutations and polymorphisms that 
result in deficiency of a natural anticoagulant (e.g., protein C, pro-
tein S, or AT), procoagulant factor accumulation (e.g., prothrom-
bin G20210A), or coagulation factor resistance to inactivation by 
a natural anticoagulant (i.e., factor V G1691A, also known as factor V 
Leiden). These conditions are characterized by a disruption in 
the normally highly regulated coagulation mechanism, resulting 
in greater thrombin generation and an increased risk of clini-
cal thrombosis. Acquired risk factors result either from medical 
conditions or from nonfamilial hematologic abnormalities that 
interfere with normal hemostasis or blood rheology. Examples 
include cancer, inflammatory bowel disease, nephrotic syndrome, 
vasculitis, antiphospholipid antibodies, myeloproliferative syn-
dromes, paroxysmal nocturnal hemoglobinuria, and hypervis-
cosity syndromes. These acquired risk factors are distinct from 
transient risk factors by the fact that they represent alterations in 
hemostatic homeostasis as a result of disease or, for the most part, 
nonreversible processes. In contrast, transient risk factors result 
from either a therapeutic intervention or an adverse reaction 
to such an intervention. Hyperhomocysteinemia and increased 
factor VIII functional activity are examples of thrombosis risk fac-
tors that can be acquired in nature or have a genetic predisposi-
tion.41,42 Age defies categorization but remains the single most 
predictable risk factor for thrombosis. The estimated baseline 
annual age-associated risk of VTE is 1 in 10,000 people <40 years 
of age, increasing to 1 in 100 people >75 years of age.43–45

Recent reports have focused on elevated levels of various 
coagulation factors, particularly fibrinogen and factors V, VII, VIII, 
X, and XI, that have been documented in patients with thrombo-
sis and prethrombotic disorders, including pregnancy and use of 
estrogen-containing contraceptives.46 Fibrinogen and factors V 
and VIII are acute-phase reactants, and their plasma levels may 
rise in patients with virtually any disorder associated with tissue 
damage or inflammation, including most thrombotic processes. 
Whether increased because of a genetic factor or an acute-phase 
reaction, excess procoagulant factor concentrations may tilt  
the hemostatic scales in favor of hypercoagulability and may be 
associated with an increased risk of thrombosis. Epidemiologic 
studies have identified dose-dependent elevations in plasma levels 
of vWF, fibrinogen, factor VII, factor IX, and factor XI as indepen-
dent risk factors for cardiovascular disease.47–50

Fibrinolytic Abnormalities
Abnormal fibrinolysis has also been linked to vascular disease. 
Low fibrinolytic activity (measured by dilute clot lysis) was a signif-
icant determinant of coronary artery disease in the Northwick Park 
Heart Study, and elevated PAI-1 activity was associated with major 
ischemic events in other studies.51,52 In the European Concerted 
Action on Thrombosis and Disabilities study, an increased inci-
dence of vascular events was associated with higher baseline PAI-1 
antigen concentrations (p = .02) and PAI-1 activity (p = .001).53 
Defects in endogenous fibrinolytic capacity have also been found in 
young patients with severe limb ischemia or unexplained arterial 
thromboembolism. Deficient t-PA release was found in 45% of such 
patients, and elevated levels of PAI-1 were found in 59%.54 Excess 
PAI-1 resulting in impaired endogenous fibrinolysis has also been 
associated with venous thrombosis in select cases.55

AcTiVATion of coAGulATion
Mechanisms leading to activation of coagulation in patients with 
thrombosis have been proposed. TF is thought to be the primary 
initiator of in vivo coagulation.56,57 In the absence of TF expres-
sion, endothelial cells actively maintain thromboresistance. TF 
may be expressed in trace amounts during various physiologic 
processes, such as during normal parturition and after even mini-
mal trauma, including minor head injuries. Immunologic injury 
of endothelium may lead to the exposure of TF.58 Antibodies 
formed to exogenous heparin may bind to heparan sulfate on the 
endothelium, resulting in cell injury, the expression of TF, and 
the initiation of coagulation.59 In a similar manner, endothelial 
cells may be induced to express TF by interleukin-1, homocys-
teine, tumor necrosis factor, and endotoxin.60,61,62,63 TF antigen 
expression by endothelium has been demonstrated in pathologic 
primate and human tissues.64,65,66 Activation of coagulation may 
also occur on monocytes, and platelets can be activated to medi-
ate factor-Xa–catalyzed prothrombin conversion to thrombin.67,68 
Deficient hepatic clearance of activated coagulation factors may 
represent an important thrombogenic factor in premature infants 
and in patients with liver disease, especially after administration 
of prothrombin complex concentrates that contain trace amounts 
of activated vitamin-K–dependent coagulation factors.

Various other mechanisms may be responsible for low-grade 
in vivo coagulation under certain conditions. Certain tumor cells 
can promote thrombin generation directly, by producing TF, 
expressing the coagulation factor X activator known as cancer 
procoagulant, or displaying surface sialic acid residues that can 
support nonenzymatic factor X activation.69,70 Tumor cells can 
also promote thrombin generation indirectly, by eliciting TF 
expression by monocytes and endothelial cells. Tumor-associated 
coagulation cascade activation can result in the generation of 
thrombin that can promote angiogenesis by signaling through 
protease-activated receptors PAR-1, PAR-3, and PAR-4. In addi-
tion to its normal role in coagulation, evidence is mounting 
that TF plays a direct role in growth, invasion, dissemination, 
and angiogenesis of tumors.71,72 Clotting-independent signaling 
through the TF cytoplasmic tail can lead to vascular endothelial 
growth factor (VEGF) up-regulation. Because VEGF can promote 
TF up-regulation, the potential for a self-perpetuating proangio-
genic amplification loop exists. The TF:factor VIIa complex can 
also activate PAR-2 directly in a manner that results in gene 
expression related to angiogenesis and cell migration.72 Selected 
tumors may mediate an accentuation of platelet activation and 
accumulation, whereas other tumor cells may express surface 
phospholipid species such as phosphatidylserine, which can sup-
port prothrombin and factor X activation.73

A laboratory picture similar to that described in the hypercoag-
ulable state may also be seen in patients with nonovert (compen-
sated or chronic) disseminated intravascular coagulation (DIC).74 
In such patients, the prothrombin time (PT) and the activated 
partial thromboplastin time (aPTT) may be shortened because of 
the presence of traces of thrombin or other activated coagulation 
factors. These activated factors affect one-stage, but not two-
stage, clot endpoint coagulation assays. High levels of factor V and 
factor VIII activity may reflect the presence of thrombin-activated 
forms of these factors in the circulation. Pregnancy, which can be 
regarded as a hypercoagulable state, has also been described as a 
physiologic form of nonovert DIC by some clinicians.75 Pregnancy 
increases the risk of venous thromboembolism (VTE) approxi-
mately fivefold among the general population, and female patients 
who have experienced prior venous thrombosis have a threefold 
risk of venous thrombosis during pregnancy.76 The use of estro-
gen-containing oral contraceptives and estrogen HRT is clearly 
associated with an increased risk of VTE.77–79 A prospective study 
of these patients indicates that estrogens induce activation of 
coagulation as well as reduction in levels of natural anticoagulants 
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such as AT and protein S.80 However, many patients who experi-
ence VTE while taking oral contraceptives have a common inher-
ited thrombotic disorder, APC resistance (APC-R), or prothrombin 
G20210A.81 Another report indicated that oral contraceptives 
induced “acquired APC-R” in women.82 The relative risk of VTE in 
postmenopausal women using estrogen replacement is 2.14, and 
the risk is highest during the first year of use.83 The thrombotic 
risk imparted by pharmacologic estrogens appears to dissipate 
following medication discontinuation.84 One study found that 
transdermal estrogen products were safer than oral estrogens 
in women receiving HRT.85 One literature review of hormonal 
therapy and venous thrombosis concluded that all oral estrogen-
containing products used for contraception or HRT, as well as 
therapeutic doses of progesterone-only products increased throm-
bosis risk.79 The risk of venous thrombosis is not clearly increased 
for the levonorgestrel-containing intrauterine device, transdermal 
estrogen, and tibolone.79 Regarding the risk of thrombotic stroke 
and MI, a very large Danish study found that use of ethinyl estra-
diol increased risk by 0.9 to 2.3, depending on drug concentration 
in the contraceptive pill.86 Table 55.1 summarizes acquired etiolo-
gies that predispose to thrombosis.

inheriTed ThromboTic disorders
Several monographs and reviews have covered the topic of 
inherited thrombotic disorders in detail.40,46,86,87,88 Table  55.2 
summarizes the prevalence of selected inherited and acquired 
hypercoagulable states in different populations, whereas 
Table  55.3 summarizes the clinical presentations of venous 
thrombosis that may be suggestive of particular hypercoagulable 
states. Many patients who experience thrombosis are found to 
have a combination of defects, for example, APC-R plus use of oral 
contraceptive agents,81 or a combination of inherited defects.40 

Vascular disorders

 Atherosclerosis

 Diabetes

 Vasculitis

 Prosthetic materials (grafts, valves, indwelling vascular catheters)

Abnormal rheology

 Stasis (immobilization, surgery, congestive heart failure)

  Hyperviscosity (polycythemia vera, Waldenström macroglobulinemia,  
acute leukemia, sickle cell disease)

Other disorders associated with hypercoagulability

 Cancer (Trousseau syndrome)

 Cancer chemotherapeutic agents, thalidomide, bevacizumab

 Oral contraceptives, estrogen therapy, selective estrogen-receptor modulators

 Pregnancy

 Infusion of prothrombin complex concentrates and recombinant factor VIIa

 Nephrotic syndrome

 Myeloproliferative disorders

 Paroxysmal nocturnal hemoglobinuria

 Inflammatory bowel disease

 Thrombotic thrombocytopenic purpura

 Disseminated intravascular coagulation

 Antiphospholipid antibody syndrome

 Heparin-induced thrombocytopenia/thrombosis

 Human immunodeficiency virus infection

ACquireD DisorDers PreDisPosing To THrombosis

tabLe 55.1

Hypercoagulable 
State

General 
Population 
(%)

Patients with 
First Venous 
Thromboembolism 
(%)

Thrombophilic 
Families (%)

Factor V Leiden    3–7a 20 50

Prothrombin G20210A    1–3  6 18

Protein C deficiency   0.2–0.4  3  6–8

Protein S deficiency N/A  1–2  3–13

Antithrombin 
deficiency

0.02  1  4–8

Mild  
hyperhomocysteinemia

  5–10 10–25 N/A

Elevated factor VIII  11 25 N/A

Lupus anticoagulant   0–3  5–15 N/A

Elevated anticardiolipin 
antibodies

  2–7 14 N/A

N/A, not available or unknown.
a Prevalence as high as 15% in northern Europe.

PrevAlenCe of seleCTeD inHeriTeD AnD ACquireD 
HyPerCoAgulAble sTATes in DifferenT PATienT 
PoPulATions

tabLe 55.2

Venous Thromboembolism 
Presentation Hypercoagulable State

Cerebral vein thrombosis in women 
using oral contraceptives

Prothrombin G20210A mutation

Cerebral vein thrombosis in general Paroxysmal nocturnal hemoglobinuria, 
essential thrombocythemia,  
antiphospholipid antibodies,  
antithrombin deficiency, PT G20210A 
mutation

Intra-abdominal vein thrombosis  
(inferior vena cava, renal vein, portal 
vein, mesenteric and hepatic veins)

Antiphospholipid antibodies,  
paroxysmal nocturnal hemoglobinuria, 
myeloproliferative syndromes, cancer, 
antithrombin deficiency

Warfarin skin necrosis Protein C, protein S deficiencies

Unexplained recurrent fetal loss Antiphospholipid antibodies; factor V 
Leiden

Recurrent superficial thrombophlebitis Factor V Leiden, polycythemia vera, 
protein C, protein S, or antithrombin 
deficiency

Migratory superficial thrombophlebitis 
(Trousseau syndrome)

Adenocarcinoma (particularly of the 
gastrointestinal tract)

Neonatal purpura fulminans Homozygous protein C or protein S 
deficiency

PT, prothrombin.

CliniCAl PresenTATions of venous THromboembolism 
THAT mAy suggesT CerTAin HyPerCoAgulAble sTATes

tabLe 55.3

Although people with inherited hypercoagulable states are at a 
greater risk for developing a thrombotic event than those without 
such disorders, not all people with a well-defined hypercoagulable 
state develop an overt thrombosis, and not all people with throm-
bosis have an identifiable hypercoagulable state. Testing for an 
inherited hypercoagulable state is likely to uncover an abnormal-
ity in >60% of patients presenting with idiopathic (i.e., spontane-
ous or unprovoked) venous thrombosis.89 Although the remaining 
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30% to 40% have unremarkable test results, this does not imply a 
true absence of a hypercoagulable state. Some of these individuals 
may have an acquired condition such as cancer or antiphospho-
lipid antibodies, whereas others may have a disorder or genetic 
defect that has not yet been discovered or characterized.

antithrombin Deficiency
AT, formally known as AT-III, deficiency was first described by 
Egeberg in 1965.90 AT, a serine protease inhibitor, regulates coag-
ulation by inactivating thrombin and other procoagulant enzymes, 
including factors Xa, IXa, XIa, and XIIa. As are most inherited 
thrombotic disorders, AT deficiency is inherited as an autosomal 
dominant disorder.91,92 A blood bank survey reported that 1 in 
600 people has AT deficiency.93 The interactions of unfractionated 
and low-molecular–weight heparin (LMWH) with AT are discussed 
in the section “Heparin.”

Pathophysiology and Genetics
Patients with AT deficiency may have either type I (quantitative 
deficiency) or type II (qualitative abnormality) disease. Type I 
AT-deficient patients usually have concordant reductions in AT 
measured by both immunologic and functional assays. Type II 
patients have reduced functional AT activity associated with normal 
amounts of AT protein. Plasma concentrations of the thrombin acti-
vation peptide, prothrombin fragment 1+2, are elevated in patients 
with AT deficiency, indicating persistent activation of coagulation as 
a result of deficient neutralization of factor Xa in these patients.94

The genetic basis for type I AT deficiency is either deletion of 
a gene segment or the occurrence of point mutations or deletions, 
resulting in a nonsense mutation and an incomplete protein. The 
genetic basis for type II AT deficiency is the occurrence of point 
mutations that do not impair synthesis of the protein, but that 
result in a dysfunctional protease inhibitor. A summary of AT 
mutations (>100) has been reported.95 A database of AT muta-
tions is located at: http://www1.imperial.ac.uk/departmentofmed-
icine/divisions/experimentalmedicine/haematology/coag/AT/. In 
general, mutant AT molecules exhibit deficient heparin binding, 
deficient protease inhibition, or both.

Clinical Aspects
AT deficiency is manifested primarily by recurrent VTE.91,92 
Almost every vein site has been reported to be involved with 
thrombosis in AT-deficient patients, including unusual sites such 
as mesenteric vessels.96 Thrombosis may occur in the absence of 
precipitating factors or may result from events such as pregnancy, 
estrogen use, trauma, or surgery. AT deficiency can result in hepa-
rin resistance manifesting as a normal to minimally increased 
aPTT in patients receiving large doses of heparin.97 However, most 
patients with AT deficiency do not exhibit heparin resistance, and 
most cases of heparin resistance are not due to AT deficiency. In 
family studies, venous thrombosis occurred in 85% of AT-deficient 
relatives before 55 years of age.97 The estimated increased life-
time relative risk of venous thrombosis has been reported to be 
up to 40-fold.98,99 An annual absolute risk of venous thrombosis of 
27.5% has been reported in female carriers of AT deficiency who 
also use OCPs.100 Early studies reported pregnancy-related venous 
thrombosis rates as high as 70% for AT-deficient women.101,102 
Most AT-deficient patients are heterozygotes and possess ∼50% of 
normal activity levels. Although homozygotes have been reported 
in consanguineous kindreds, in general, homozygous type I AT 
deficiency is believed to be fatal in utero.103

Laboratory Diagnosis
Results of the PT and aPTT are normal in AT-deficient patients. 
A variety of commercial assays is available to measure AT levels, 

including functional and immunologic assays. Functional assays 
are preferable because they detect both type I and type II patients. 
One report found that 2% of patients with AT deficiency had type 
II disease.104 Functional assays for AT measure heparin cofac-
tor activity using a chromogenic substrate method to quantitate 
thrombin or factor Xa neutralization.105 A potential disadvantage 
of functional AT assays is that plasma AT levels may be overesti-
mated because of the presence of heparin cofactor II (HCII) in the 
sample. The use of bovine thrombin and a low  heparin concentra-
tion (3 U/ml) in the assay system can minimize this problem.106

Immunologic assays for AT use Laurell rocket immuno-
electrophoresis, microlatex-particle immunoassay, radial immu-
nodiffusion, or enzyme-linked immunosorbent assay (ELISA) 
methods.107 Ideally, patients should be evaluated for AT  deficiency 
at a time when they are not receiving therapeutic heparin or oral 
 anticoagulants, because heparin depresses AT levels, whereas 
long-term warfarin therapy increases plasma AT levels in some 
patients.92,108 Laboratory tests for AT deficiency have been 
summarized.109

Treatment
Some AT-deficient patients may experience heparin resistance, 
requiring the administration of AT by using virally inactivated, 
plasma-derived, or transgenic AT concentrates, or fresh-frozen 
plasma. Supplemental AT may make it easier to achieve thera-
peutic anticoagulation with heparin in these patients.110 Patients 
with recurrent thrombosis should receive long-term warfarin 
therapy at a dosage to maintain an international normalized ratio 
(INR) value of 2.0 to 3.0 (discussed in the section “Warfarin”). 
Patients with a single thrombotic event should receive at least 3 to  
6 months of warfarin therapy and, because of an increased recur-
rence rate, should be considered for long-term therapy beyond  
6 months. Patients with massive venous thrombosis or PE may 
be candidates for thrombolytic therapy. AT-deficient patients who 
become pregnant or who will undergo general surgery should be 
considered for anticoagulant prophylaxis, including AT concen-
trate administration.110,111 Most asymptomatic patients should 
not be treated. The avoidance of estrogens should be considered in 
AT-deficient patients, who are not therapeutically anticoagulated.

Acquired Antithrombin Deficiency
AT deficiency is also associated with numerous disorders, includ-
ing DIC, liver disease, nephrotic syndrome, and preeclampsia, and 
is seen in patients taking oral contraceptive agents and during 
pregnancy.112–115 Although logic suggests that correction of AT 
deficiency might be clinically useful in disorders such as DIC or 
liver disease, there are no conclusive data supporting AT replace-
ment therapy outside the setting of prophylaxis of high-risk 
patients, such as pregnant, AT-deficient patients.116

heparin cofactor ii Deficiency
HCII is another heparin-dependent thrombin inhibitor, differ-
ing from AT in that a glycosaminoglycan other than heparin, 
dermatan sulfate, catalyzes this inhibitor of coagulation.117 HCII 
deficiency is inherited as an autosomal dominant trait. Although 
there have been anecdotal studies of thrombosis associated with 
HCII-deficient kindreds, a larger study has concluded that HCII 
deficiency by itself may not be an inherited risk factor for throm-
bosis.118–120 Commercial assays to measure HCII levels are avail-
able, but the clinical utility of such assays in routine evaluation of 
patients for inherited thrombosis is uncertain.

protein c Deficiency
Protein C is a vitamin-K–dependent plasma protein that, when 
activated by the thrombin–thrombomodulin complex to APC, 
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inactivates factors Va and VIIIa to inhibit coagulation.121 APC 
also possesses profibrinolytic activity that results from neutral-
ization of PAI-3 activity.122 Inherited deficiency of protein C and 
its association with thrombosis were first described by Griffin 
and coworkers in 1981.123 Protein C deficiency was believed to 
be inherited in an autosomal dominant pattern with incomplete 
penetrance. More recent studies have suggested that protein C 
deficiency may be an autosomal recessive disorder and that coin-
heritance of another defect (particularly factor V Leiden) results in 
a high degree of penetrance that appears as the dominant inheri-
tance in double-heterozygous carriers.124,125

Pathophysiology and Genetics
As with AT deficiency, patients with protein C deficiency may have 
type I (quantitative deficiency) or type II (qualitative abnormality) 
disease. Most patients are heterozygotes with ∼50% of normal 
protein C levels. A hypercoagulable state can be demonstrated in 
nonanticoagulated protein-C–deficient patients using activation 
peptide (fragment 1+2) assays.126

In type I protein C deficiency, more than half of the gene muta-
tions identified are missense mutations. Point mutations affecting 
protein function appear to be common in patients with type II 
protein C deficiency. At least 195 different gene abnormalities 
have been associated with both types of protein C deficiency.127 
Despite the clear association of protein C deficiency with throm-
bosis in large epidemiologic studies, there are also definitive data 
indicating that many protein-C–deficient patients are asymp-
tomatic.128 For example, one report found that heterozygous 
protein  C deficiency occurred in approximately 1:250 subjects, 
whereas a large Scottish study estimated the prevalence to be 
approximately 1:500.124,129 No patient in either study had a his-
tory of symptomatic venous thrombosis. These findings indicate 
that additional risk factors—acquired, genetic, or both—are nec-
essary to provoke thrombosis in heterozygous protein-C–deficient 
patients. Indeed, in one study, up to 20% of symptomatic protein-
C–deficient patients also had APC-R, supporting the concept that 
many patients with recurrent thrombosis have more than one 
risk factor.125

Clinical Aspects
Three clinical syndromes are associated with protein C defi-
ciency: VTE in heterozygous adults, neonatal purpura fulminans 
in homozygous newborns, and warfarin-induced skin necrosis in 
certain heterozygous adults. The predominant clinical symptom 
of protein-C–deficient patients is recurrent VTE, although arterial 
thrombotic events, including stroke, have been reported.130,131 As 
mentioned above, many patients are found to have risk factors 
other than inherited protein C deficiency on investigation, such as 
APC-R, use of oral contraceptive agents, and pregnancy. Protein C 
deficiency has also been linked to fetal loss.132

Neonatal purpura fulminans is seen in homozygous newborns 
of heterozygous parents. These children develop DIC at birth, asso-
ciated with extensive venous or arterial thrombosis (or both) and 
very low levels of protein C (<5% of normal).133 Warfarin-induced 
skin necrosis is an unusual syndrome seen in certain patients with 
heterozygote protein C deficiency.134 Most patients who develop 
this syndrome have received large doses of warfarin in the absence 
of concomitant overlapping therapeutic parenteral anticoagulation. 
The basis for this syndrome is that warfarin therapy, especially in 
large loading doses, reduces protein C levels more rapidly than the 
vitamin-K–dependent procoagulant factors, leading to exacerba-
tion of the basal hypercoagulable state and thrombosis.

In family studies, venous thrombosis occurred in 50% of 
protein-C–deficient relatives of affected probands before 40 years 
of age.135 The estimated increased lifetime relative risk of venous 
thrombosis has been reported to be up to 31-fold.98 As stated 

above, other studies did not detect an increased thrombosis risk 
in carriers of protein C deficiency. Differences in risk between 
family- and population-based studies can be in part explained by 
greater difficulty in obtaining reliable population-based estimates 
because of the overall low prevalence of this and other natural 
anticoagulant deficiencies. In studies of unselected patients with 
venous thrombosis, the odds ratio (OR) of having protein C defi-
ciency is increased six- to ninefold compared to controls.40,135–137 
An annual absolute risk of venous thrombosis of 4.3% has been 
reported in women carriers of a natural anticoagulant deficiency 
such as protein C deficiency who also use OCPs.100,138

Laboratory Diagnosis
Patients with heterozygous protein C deficiency have normal PT 
and aPTT values, whereas patients with homozygous protein  C 
deficiency have abnormal coagulation tests consistent with DIC. 
Because both type I and type II disorders may occur, functional 
assays are suggested to optimize identification of affected patients. 
Some investigators prefer the clot endpoint-based assay, because 
it measures complete function of the protein C molecule, including 
those patients with abnormal protein C molecules that possess nor-
mal activity by a chromogenic substrate assay. However, therapeu-
tic heparin levels affect the clot-based assay. A College of American 
Pathologists’ consensus conference on thrombophilia recommends 
use of the chromogenic substrate assay.139 One report indicated 
that measurement of the ratio of protein C to protein S antigen was 
useful in identifying carriers of protein C deficiency.140

Protein C levels can also be measured by immunologic meth-
ods, including Laurell rocket immunoelectrophoresis and ELISA. 
However, immunologic assays may not detect type II patients and 
may overestimate protein C levels in warfarin-treated patients. 
Immunologic assays may be more useful in evaluating patients 
with homozygous deficiency and DIC.

Age-related changes occur with protein C levels.141 Consequently, 
it is important to consider this when testing younger patients (<30 
years); otherwise, normal subjects may be misclassified as protein 
C deficient.

A common problem faced by laboratories is measuring protein 
C levels in patients taking oral anticoagulants. Many clinicians 
forget that protein C is a vitamin-K–dependent molecule, and 
that otherwise hemostatically normal people taking warfarin may 
have low protein C levels. Griffin and coworkers suggested that 
protein C data be normalized against the level of another vitamin-
K–dependent protein to distinguish inherited protein-C–deficient 
patients from normal subjects taking warfarin.123 One author 
reported that using a ratio between protein C and prothrombin 
optimally categorized patients.142 However, for this method to be 
useful, patients must be stably anticoagulated for at least 2 weeks, 
and the laboratory must obtain plasma samples and reference 
ranges from patients taking warfarin for reasons other than recur-
rent thrombosis. The consensus conference did not recommend 
assaying protein C levels in patients on oral anticoagulants.139 
Laboratory tests for protein C deficiency have been reviewed.143

Treatment
Many patients with protein C deficiency are asymptomatic, espe-
cially those identified in screening studies. Asymptomatic patients 
should not be treated but should be considered for prophylaxis 
when they experience high-risk procedures, such as surgery. 
Symptomatic protein-C–deficient patients should be anticoagu-
lated with heparin and then considered for long-term secondary 
prophylaxis with warfarin at an INR of 2.0 to 3.0. Those patients 
with a single thrombotic event should receive at least 3 to  
6 months of warfarin. Patients with more than one thrombotic 
event, patients with a single life-threatening thromboembolic event, 
and those with a significant family history of thrombosis should be 
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considered for long-term anticoagulation. Patients with massive 
thrombosis or PE may be candidates for thrombolytic therapy.

Infants with neonatal purpura fulminans should be treated 
with protein C replacement therapy. Protocols using a purified 
protein C concentrate or prothrombin complex concentrates have 
been described.144,145 Use of the purified concentrate normalizes 
activation of coagulation in these homozygous patients.146

Acquired Protein C Deficiency
Because protein C is a vitamin-K–dependent protein, any disorder 
associated with vitamin K deficiency may result in protein C defi-
ciency, including warfarin use, liver disease, and malnutrition.147 
Protein C levels are also reduced in DIC, presumably reflecting 
thrombin activation of the zymogen and consumption of APC.148 
Protein C levels may also be reduced in renal disease, especially 
the nephrotic syndrome.149

protein s Deficiency
Protein S is a vitamin-K–dependent plasma protein that facilitates 
the anticoagulant activity of APC. Protein S deficiency in associa-
tion with inherited thrombotic disease was first described by two 
groups in 1984.150,151 As with AT and protein C deficiencies, 
protein S deficiency is inherited as an autosomal dominant trait. 
Many patients with a previous diagnosis of protein S deficiency 
actually have APC-R.152,153 This diagnostic error results from 
interference in the functional protein S assay of patients with 
the inherited disorder, APC-R, and misclassification of patients. 
These patients have a “pseudo” protein S deficiency, often display 
a type II deficiency pattern, and have protein S activity levels that 
correlate with the APC ratio. Based on these reports and the high 
incidence of APC-R in the general population, the true importance 
of protein S deficiency in inherited thrombosis is uncertain.152–154

Pathophysiology and Genetics
As described for AT and protein C deficiencies, patients with pro-
tein S deficiency may have quantitative or qualitative disorders. 
Under normal circumstances, protein S exists in plasma in two 
forms: Bound to C4b-binding protein (60% of total protein S) and 
free (40% of total). Because only free protein S has APC co-factor 
activity, a revised classification system has been proposed for 
protein S deficiency.155 Type I protein S deficiency is a quantita-
tive disorder in which protein S functional activity, total antigen, 
and free antigen levels are equally reduced to ∼50% of normal. 
Type IIa protein S deficiency is a deficiency of free protein S with 
preserved normal levels of total protein S. In type IIb protein S 
deficiency, the levels of both total and free protein S antigen are 
normal. Apparent type IIb protein S deficiency has been described 
in patients with APC-R.154 An acquired type IIa protein S defi-
ciency may result from excess levels of C4b-binding protein or the 
presence of free protein S inhibitory and clearing autoantibod-
ies.156 Almost 200 different mutations have been identified in the 
gene that codes for protein S.95,157 A full listing of protein S gene 
mutations and polymorphisms can be found at www.ISTH.org.

As with protein C deficiency, many patients with protein S defi-
ciency and thrombosis have additional risk factors. In one study, 
among patients with protein S deficiency, ∼40% also had APC-R; of 
family members with thrombosis, 72% had both defects, whereas 
<20% of patients with single defects experienced thrombosis.158

Clinical Aspects
Like AT and protein-C–deficient patients, most patients with pro-
tein S deficiency and thrombosis have experienced VTE.150,151 
However, unlike most other inherited thrombotic disorders, up to 
25% of patients with protein S deficiency may experience arterial 

thrombosis, including stroke.131,159 As mentioned previously, 
many patients with protein S deficiency and thrombosis have 
other risk factors, including APC-R, estrogen use, or pregnancy.158 
Neonatal purpura fulminans, fetal loss, and warfarin-induced skin 
necrosis have also been associated with protein S deficiency.132,160 
In family studies, venous thrombosis occurred in 100% of protein-
S–deficient relatives of affected probands by 70 years of age.161 
The estimated lifetime increased relative risk of thrombosis has 
been reported to be as high as 36-fold for protein S deficiency.98

Laboratory Diagnosis
Patients with heterozygous protein S deficiency have normal PT 
and aPTT values. The laboratory diagnosis of protein S deficiency is 
complicated by four factors: The levels of C4b-binding protein, the 
coexistence of APC-R in certain patients, elevated factor VIII activity 
levels, and warfarin therapy. C4b-binding protein is an acute-phase–
reactant protein-S–binding protein, often elevated in thromboembo-
lism, resulting in reduced free protein S levels from the patient’s true 
baseline. Consequently, measurement of protein S levels in patients 
with acute thrombosis may yield misleading results. Similarly, 
false-positive results may be seen when functional protein S assays 
are performed on patients who have APC-R or factor VIII activity 
levels ≥250%.155 Patients should not be assumed to have protein 
S deficiency (diagnosed by functional assay) until APC-R has been 
excluded. Lastly, because protein S is a vitamin-K–dependent pro-
tein, warfarin therapy and vitamin K deficiency pose the same dif-
ficulty as described for patients evaluated for protein C deficiency. 
Protein S levels may also be decreased in the setting of pregnancy 
but are not necessarily associated with thrombotic events.

Both functional and immunologic assays are commercially 
available to quantitate plasma protein S levels. Functional assays 
may be PT- or aPTT-based, measuring inhibition of factor Va 
by APC.162 These assays have the advantage of measuring free 
protein S activity. Immunologic assays to measure either total 
(free plus C4b-binding–protein bound) or free protein S levels are 
available.163,164 Immunologic assays may be useful in evaluating 
patients who have co-existing APC-R. Total protein S levels are 
measured by Laurell rocket immunoelectrophoresis or ELISA. In 
the interpretation of immunologic assays, one should consider the 
report that the mean plasma level of protein S antigen in males is 
higher than it is in females.164

Treatment
Asymptomatic patients should not be treated but should be consid-
ered for prophylaxis when they experience high-risk procedures 
such as surgery. Symptomatic protein-S–deficient patients should 
be anticoagulated as described for protein-C–deficient patients.

protein Z Deficiency
Protein Z is a vitamin-K–dependent plasma protein that serves as a 
co-factor for activated factor X inhibition by the protein-Z– dependent 
protease inhibitor.165 Reduced circulating levels of protein Z have 
been implicated in thrombosis.166,167 Protein Z deficiency has also 
been linked to early and late fetal demise and intrauterine growth 
restriction.167 Protein Z deficiency has also been found in the setting 
of acute coronary syndromes, whereas a deficiency state and the 
presence of a series of protein Z variants that modulate protein Z 
plasma levels have been associated with stroke.167–170 Further data 
are required before routine protein Z testing can be recommended.

activated protein c resistance  
(Factor V Leiden)
Before 1993, most patients with idiopathic venous thrombosis 
evaluated for inherited thrombosis were not given a diagnosis, 
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because AT, protein C, and protein S deficiencies together were 
found in <20% of patients. In 1993, Dahlback and colleagues in 
Sweden postulated that certain patients with recurrent thrombo-
sis might have additional abnormalities of the protein C pathway, 
resulting in a hypercoagulable state.171 They found that addition 
of APC to plasma obtained from patients with recurrent throm-
bosis did not prolong the aPTT to the same degree as that seen 
when APC was added to normal plasma.171 These patients did 
not have any previously recognized inherited thrombotic disor-
der. The term APC resistance was used for these patients. Other 
investigators then used the aPTT-based APC screening test to 
examine other populations for this phenotype. APC-R was found 
in 20% to 60% of patients with recurrent thrombosis.172–174 Like 
other inherited thrombotic disorders, APC-R was inherited in an 
autosomal dominant manner.

Pathophysiology and Genetics
APC inactivates factor Va in an orderly and sequential series of 
cleavages, first at Arg506, and then at Arg306 and Arg679.175–177 
Although the affected factor V cleavage site in APC-R is not directly 
responsible for complete inactivation of factor Va, APC cleavage at 
this site is necessary for subsequent proteolytic events. This “par-
tial resistance” is explained by the fact that cleavage of factor Va 
by APC at Arg306 continues to occur, albeit at a slower rate.178 In 
fact, factor V Arg506Gln (factor V Leiden) is inactivated 10 times 
more slowly than normal factor Va. This provides a pathophysi-
ologic explanation for why factor V Leiden, although common, is 
a relatively weak risk factor for VTE. Because factor Va functions 
as a cofactor in the conversion of prothrombin to thrombin, the 
mutation results in greater amounts of factor Va being avail-
able for coagulation reactions, “shifting” the hemostatic balance 
toward greater thrombin generation.95

APC-R due to factor V Leiden is the most common inherited 
predisposition to hypercoagulability in Caucasian populations of 
northern European background.95 Factor V Leiden follows a geo-
graphic and an ethnic distribution: The mutation occurs most fre-
quently in northern and western Europe (the highest prevalences, 
10% to 15%, have been reported in Cyprus, Sweden, and Turkey) 
but is rare in the Asian and African continents as well as in eth-
nic groups of Asian descent, such as Inuit Eskimos, Amerindians, 
Australian Aborigines, and Polynesians.179 In the United States, 
factor V Leiden is most commonly seen in Caucasians (6.0%), 
with lower prevalences in Hispanics (2.2%), African and Native 
Americans (1.2%), and Asian Americans (0.45%).180

Factor V Leiden accounts for 92% of cases of APC-R, with the 
remaining 8% of cases resulting from pregnancy, oral contracep-
tive use, cancer, selected antiphospholipid antibodies, plasma 
glucosylceramide deficiency,181–183 and other factor V point muta-
tions. Therefore, the terms factor V Leiden and APC-R should 
not be considered synonymous; in fact, APC-R is an independent 
risk factor for VTE even in the absence of factor V Leiden.184 It 
is estimated that the mutation arose in a single Caucasian ances-
tor some 21,000 to 34,000 years ago, well after the evolutionary 
separation of non-Africans from Africans (∼100,000 years ago) 
and of Caucasoid (white Caucasians) from Mongoloid (Asians) 
subpopulations (∼60,000 years ago).185

Clinical Aspects
Heterozygous carriers of factor V Leiden have a 2- to 10-fold 
increased lifetime relative risk of developing VTE.98,138,172,186–190 
This risk is further increased in combination with pregnancy 
(9-fold), OCP use (36-fold), and HRT (13- to 16-fold).191–194 VTE is 
the most common clinical symptom of APC-R in patients who expe-
rience thrombosis. In general, there is a notable lack of association 
of APC-R with arterial thrombosis (exceptions discussed below).188 
Another clinical association with APC-R is recurrent miscarriage, 

with one study reporting that 20% of patients with second-trimester 
pregnancy loss have APC-R.132,195 Factor V Leiden does not appear 
to be a cause of recurrent pregnancy loss occurring late in the first 
trimester.195,196 Neonatal purpura fulminans has been reported in 
a patient with factor V Leiden who did not have protein C or S defi-
ciency.197 APC-R is also a common inherited risk factor for cerebral 
venous thrombosis.198 The factor V Leiden mutation has also been 
identified in children who experience thrombosis.199 However, this 
mutation does not appear to play a major role in the hypercoagula-
bility of cancer.200 An intriguing report has demonstrated that the 
factor V Leiden mutation is a risk factor for MI in young women; 
the combination of factor V Leiden with smoking increased the risk 
of MI more than 30-fold.201 Factor V Leiden has also been associ-
ated with MI in individuals with coronary artery thrombosis in the 
absence of evidence of underlying fixed atherosclerotic lesions.202

There are conflicting data on the role of factor V Leiden hetero-
zygosity as an independent risk factor for VTE recurrence.203,204 
Two studies (“positive studies”) have found an increased risk of 
VTE recurrence compared to control subjects, with relative risk 
of 4.1 and 2.4, respectively. Six other studies (“negative stud-
ies”) have found no such association.205,206,207,208–210 The posi-
tive studies by Ridker et al. and Simioni et al. were prospective 
but included a small number of patients with factor V Leiden 
heterozygosity (14 and 41, respectively).203,204 The Physicians’ 
Health Study (by Ridker et al.) included only men.203 Among 
the negative studies, four were prospective and two were retro-
spective.205,206,207,208–210 Three of the prospective studies and 
the large retrospective cohort study by De Stefano et al. each 
included 80 to 112 patients with factor V Leiden heterozygos-
ity.205,206,208,210 A recent re-evaluation of the study by Simioni 
et al. did confirm the original study findings of increased rela-
tive risk of recurrent VTE in heterozygous carriers of factor V 
Leiden.211 The PREVENT trial later demonstrated equivalent rates 
of recurrent VTE in patients with and without factor V Leiden.212

Homozygous carriers of the factor V Leiden mutation are 
estimated to have an 80-fold increased lifetime relative risk of 
VTE.188 A more recent estimate, derived from a pooled analysis  
of a larger population, has confirmed an increased risk of VTE but 
of lower magnitude (10-fold).191 The discrepancy is likely due to 
the very low prevalence of factor V Leiden homozygosity found in 
the healthy controls from the general population. Most homozy-
gous carriers present with VTE before 40 years of age, but some 
can live thrombosis-free until the sixth or seventh decade of life 
or even remain asymptomatic for life.213,214 The majority of VTE 
is situational, and women appear more likely to develop VTE than 
men, suggesting an important role of OCP use and pregnancy in 
triggering thrombosis.213–215 Based on data from the first pro-
spective Duration of Anticoagulation trial, the risk of VTE recur-
rence is significantly increased in homozygous factor V Leiden 
carriers (36.4% at 48 months) when compared to heterozygous 
carriers (16.1%) and controls (12.4%).206

Laboratory Diagnosis
The intense interest in this common inherited thrombotic disorder 
has focused substantial attention on laboratory methods for its 
diagnosis. Laboratory aspects of its discovery have been reviewed 
by Dahlback.216 The disorder can be evaluated by coagulation 
assays that have as their basis inhibition of factor Va by APC and 
prolongation of the clotting time. Typically, APC is added to patient 
plasma, and a clotting assay is performed (usually the PTT), with 
results expressed as a ratio:

Patient PTT APC
Patient PTT

+

Reference ranges are established for normal patients with and 
without addition of APC. Affected patients with mutant factor V 
have clotting times prolonged to a lesser extent (lower ratio) than 
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normals. Alternatively, a DNA test can be done to look specifically 
for the Arg506Gln mutation; this highly conserved point mutation 
is present in most patients with APC-R.

With properly collected plasma samples, the APC-R clotting 
test can correctly classify nearly 100% of patients, when normal-
ized to a control plasma pool.217 Predilution of the patient sample 
with factor-V–deficient plasma has improved the performance 
characteristics of most currently available commercial assays.218 
Samples from patients with baseline abnormal coagulation studies 
(e.g., anticoagulant therapy, lupus anticoagulants, liver disease) 
yield uninterpretable results. A TF-dependent factor V assay has 
been described that is useful in patients taking oral anticoagulants 
or with the lupus anticoagulant.219 The polymerase chain reaction 
test for factor V Leiden uses the restriction enzyme MnlI to digest 
a 267-base pair amplified fragment of patient DNA.176 Consensus 
recommendations on methodologies to assay for factor V Leiden 
and APC-R have been presented.220,221

Treatment
Therapy of VTE in patients with APC-R is similar to that described 
for patients without an identified hypercoagulable state. Long-term 
secondary prophylaxis is not necessary for heterozygotes unless 
they experience more than one thrombotic event or experience 
life-threatening thromboembolism. Asymptomatic patients with 
APC-R should not be treated, but female patients with this dis-
order should be informed about the additional thrombotic risk 
associated with oral contraceptive use, pregnancy, and HRT.82,222 
Prophylaxis for high-risk situations, such as surgery, should be 
given. Homozygotes who experience VTE should be considered for 
long-term anticoagulation.

prothrombin mutations
The prothrombin G20210A mutation is the second most com-
mon inherited predisposition to hypercoagulability. Heterozygous 
prothrombin G20210A has been found in 18% of probands of 
thrombophilic families, 6% of unselected patients with deep vein 
thrombosis (DVT), and 2% of normal Caucasian individuals.40,223

More recently, a novel single-point mutation of the prothrom-
bin gene at position 20209 has been reported in four unrelated 
patients, two of whom had a history of VTE and one of whom 
had a history of stroke.224 Although the clinical significance of the 
prothrombin C20209T mutation is unknown, it may be under-
recognized because it is not detected by the polymerase chain 
reaction/digestion assay commonly used for prothrombin gene 
mutation testing. Interestingly, all four reported individuals with 
prothrombin C20209T were African-Americans.

Pathophysiology and Genetics
Prothrombin G20210A is a single-point mutation (G-to-A substitu-
tion at nucleotide 20210) in the 3′ untranslated region of the pro-
thrombin gene.223 This autosomal dominant mutation results in 
elevated concentrations of plasma prothrombin.223 In fact, the VTE 
risk increases as the plasma prothrombin level increases, with 
levels >115 IU/dl leading to a 2.1-fold increased relative risk of 
VTE.223 The G20210A mutation leads to a “gain of function” of the 
prothrombin gene, perhaps by resulting in an altered polyadenyl-
ation pattern in mutant prothrombin mRNA.225 An in vitro study of 
thrombin generation found that increasing prothrombin levels to 
150% of normal resulted in enhanced thrombin activity.226

The mutation appears to follow a geographic and ethnic distribu-
tion, with the highest prevalence occurring, unlike factor V Leiden, 
in Caucasians from southern Europe (3%).227 This prevalence is 
nearly twice that observed in northern Europe (1.7%).227 Similar to 
factor V Leiden, the prothrombin G20210A mutation is also found 
in the Middle East and Indian regions, but it is virtually absent in 
individuals of Asian and African backgrounds.227 These distributions 

provide support to the estimate that both mutations (factor V Leiden 
and prothrombin G20210A) originated relatively recently in the 
European founding population, after the evolutionary divergences 
of subpopulations. An evaluation of patients in northeast Ohio who 
underwent hypercoagulability evaluations revealed an equivalent 
prevalence of prothrombin gene mutations in whites and blacks.224

Clinical Aspects
Heterozygous prothrombin G20210A is associated with a two- to 
sixfold increased lifetime relative risk of VTE.40,214,223,228 The risk 
appears to be further increased in combination with pregnancy 
(15-fold) and OCP use (16-fold).191,229 The relative risk of cerebral 
vein thrombosis is increased 10-fold in women with this mutation 
who are not on OCPs, as opposed to 150-fold in OCP users.230 
Homozygosity for prothrombin G20210A has an estimated popu-
lation prevalence of 0.014%, and homozygous carriers appear to 
have greater predisposition to develop early (before 40 years of 
age) idiopathic recurrent VTE than heterozygotes.223,231,232

The role of prothrombin G20210A as a risk factor for VTE 
recurrence is less controversial than it is for factor V Leiden, but 
data are also somewhat conflicting. Simioni et al., re-evaluating a 
prospective study from 1997, retrospectively determined patients’ 
prothrombin G20210A mutation status and found that the hazard 
ratio of VTE recurrence was 2.4.211 However, three prospec-
tive studies, which each included 28 to 52 patients, found no 
increased risk of recurrent VTE in heterozygous prothrombin 
G20210A carriers.206,233,234

A fourfold increased risk of MI has been demonstrated, particu-
larly in young women carriers of this mutation. A large case-control 
study of >14,000 men, though, revealed no increased risk of stroke 
or MI associated with this abnormal prothrombin gene. The rea-
sons for this apparent male/female disparity are unknown.201,235

Laboratory Diagnosis
The prothrombin G20210A and C20209T mutations can only be 
reliably and routinely identified using molecular biologic tech-
niques. Measurements of functional prothrombin activity do not 
sufficiently differentiate between carriers and noncarriers of this 
gene mutation. Testing can be performed accurately despite con-
comitant treatment with any form of anticoagulation.

Treatment
Treatment paradigms for patients with prothrombin G20210A het-
erozygosity parallel those for patients with heterozygous factor V 
Leiden. Patients with concomitant prothrombin G20210A hetero-
zygosity and factor V Leiden heterozygosity should be considered 
for long-term anticoagulation following a first thrombotic event.

hyperhomocysteinemia
Homocysteine is a sulfhydryl amino acid formed during the conver-
sion of methionine to cysteine. Hyperhomocysteinemia results when 
homocysteine metabolism is abnormal. Hyperhomocysteinemia 
has been identified as an independent risk factor for stroke, MI, 
peripheral arterial disease, and venous thrombotic disease.236–238 
Even mild to moderate hyperhomocysteinemia is a significant risk 
factor for vascular disease. However, lowering homocysteine lev-
els with vitamin therapy has not resulted in improved outcomes 
in vascular disease and thrombosis.239,240

Pathophysiology and Genetics
The amino acid homocysteine is normally metabolized via the 
transsulfuration pathway by the enzyme cystathionine-b-syn-
thase (CBS), which requires vitamin B6 as co-factor, and via the 
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remethylation pathway by the enzymes methylenetetrahydrofolate 
reductase (MTHFR), which is folate dependent, and methionine 
synthase, which requires vitamin B12 as co-factor.241,242 Inherited 
severe hyperhomocysteinemia (plasma level >100 mmol/L), as 
seen in classic homocystinuria, may result from homozygous 
MTHFR and CBS deficiencies and, more rarely, from inherited 
errors of cobalamin metabolism.241,242 Inherited mild to moder-
ate hyperhomocysteinemia (plasma level >15 to 100 mmol/L) 
may result from heterozygous MTHFR and CBS deficiencies, 
but most commonly results from the thermolabile variant of 
MTHFR (tlMTHFR) that is encoded by the C677T gene polymor-
phism.241,242

Acquired hyperhomocysteinemia may be caused by folate 
deficiency, vitamin B6 or B12 deficiency, renal insufficiency, hypo-
thyroidism, type II diabetes mellitus, pernicious anemia, inflam-
matory bowel disease, advanced age, climacteric state, carcinoma 
(particularly involving breast, ovaries, or pancreas), and acute 
lymphoblastic leukemia, as well as methotrexate, theophylline, 
and phenytoin therapy.241,242

The precise mechanisms underlying the thrombogenicity 
of homocysteine remain unclear. Several diverse mechanisms 
have been proposed, including endothelial cell desquamation, 
low-density lipoprotein (LDL) oxidation, promotion of monocyte 
adhesion to endothelium, and factor V activation and promotion 
of thrombin generation.241,242,243 Homocysteine also enhances 
platelet aggregation and adhesiveness as well as turnover, pre-
sumably as a result of endothelial cell injury.244 One study found 
that moderate hyperhomocysteinemia does not impair the activa-
tion of protein C by thrombin and does not impair the inactivation 
of factor Va by APC.245

Severe homocysteinemia usually results from homozygous 
CBS deficiency. The incidence of this disorder is ∼1 in 335,000 
live births. Classic symptoms for homozygous patients include 
premature vascular disease and thrombosis, mental retardation, 
ectopic lens, and skeletal abnormalities.246 Heterozygous homo-
cysteinemia has been recognized as a disease entity; this disorder 
may affect 0.3% to 1.0% of the general population.246

Clinical Aspects
Heterozygous carriers of the tlMTHFR mutation have normal 
plasma homocysteine levels unless folate levels are reduced.247 
More important, the majority of case-control studies have not 
demonstrated an increased VTE risk in homozygous carriers 
of the tlMTHFR, and the majority of individuals with hyperho-
mocysteinemia do not have the tlMTHFR polymorphism. Thus, 
characterization of the tlMTHFR polymorphism is not useful 
to determine an individual’s VTE risk. VTE risk is most closely 
related to elevated fasting plasma homocysteine levels, regardless 
of etiology. Hyperhomocysteinemia (plasma level >18.5 mmol/L) 
has been associated with a two- to fourfold increased VTE 
risk.248,249 It is interesting that, in the Physicians’ Health Study, 
hyperhomocysteinemia (plasma level above the 95th percentile; 
17.2 mmol/L) did increase the risk of idiopathic VTE (relative risk, 
3.4) but not the risk of all (transient and idiopathic) VTE.189

The majority of reports linking hyperhomocysteinemia to 
thrombosis have focused on venous thromboembolic disease. 
Kottke-Marchant et al. compared 23 patients with documented 
arterial peripheral thrombosis to age- and sex-matched con-
trols.250 Elevated homocysteine levels (>13 mm/L) conferred an 
OR of 7.8 for thrombosis. Elevated homocysteine levels were 
found in 73% of cases versus 28% of controls. Only smoking and 
homocysteine level were independent risk factors for arterial 
thrombosis. Currie et al. evaluated homocysteine and cardio-
vascular risk factors in 66 adult patients with vascular disease. 
Hyperhomocysteinemia was identified in 29% of patients and was 
an independent risk factor for the failure of vascular procedures 
(p = 0.006).251

Laboratory Diagnosis
The initial step in the evaluation of the patient with suspected 
hyperhomocysteinemia involves measurement of fasting total 
plasma homocysteine (the sum of nonprotein-bound and protein-
bound).241 Many laboratories report homocysteine values in 
 reference to published “normal” ranges such as 5 to 15 mm/L, 
but, ideally, a local, laboratory-specific normal range should 
always be established. A normal value in the nonfasting setting 
does not normally require repeating. Testing 2 to 8 hours after 
an oral methionine load (100 mg/kg) increases the sensitivity of 
detecting occult vitamin B6 deficiency and obligate heterozygotes 
for CBS deficiency,252 but methionine loading is not routinely 
recommended.253 Vitamin B12 and folate deficiency do not affect 
post-methionine loading homocysteine values. In patients found 
to have elevated levels of homocysteine, testing for vitamin B12 
deficiency is advocated to avoid missing subclinical deficiency 
before beginning oral folic acid therapy. Methodologies to mea-
sure homocysteine levels have been reviewed.254

Treatment
Folic acid supplementation is the mainstay of effective hyper-
homocysteinemia therapy.241 A recent meta-analysis of 1,114 
patients enrolled in 12 randomized studies of vitamin supplemen-
tation to lower homocysteine levels demonstrated a 25% reduc-
tion in homocysteine levels, with similar effects across a dosage 
range from 0.5 to 5.0 mg daily.255 The usual recommended dose 
is 0.4 to 1.0 mg daily. Whether patients who are not respon-
sive to one dose benefit from an escalation in dose is unclear. 
Because patients with subclinical vitamin B12 deficiency may be 
prone to developing peripheral neuropathy if they receive folic 
acid supplementation alone, additional treatment with 0.5 mg/day 
of oral vitamin B12 has been advocated. In the same meta-analy-
sis, an additional 7% reduction of homocysteine levels was noted 
with vitamin B12 supplementation.255 Vitamin B12 administration 
results in normalization of homocysteine levels in  B12-deficient 
individuals. In these patients, a monthly intramuscular injection 
of 200 to 1,000 mg of vitamin B12 is considered adequate replace-
ment. Vitamin B6 supplementation did not appear to have any 
effect on homocysteine levels. Betaine, a nutritional supplement 
derived from beets, functions as an alternative methyl donor in 
the remethylation of homocysteine to methionine. Betaine has 
been used in individuals with homocystinuria and may facilitate 
homocysteine reduction in individuals who are not responsive to 
folate and vitamin B6.256

Thrombotic events in hyperhomocysteinemic patients should 
be treated as described for other inherited disorders. An addi-
tional treatment strategy is to lower plasma homocysteine levels, 
with the hope of alleviating a risk factor for recurrent thrombosis. 
However, results of the Heart Outcomes Prevention Evaluation 
(HOPE)-2 trial and Norwegian Vitamin (NORVIT) trial do not sup-
port the utility of homocysteine lowering in patients with arterial 
disease.257,258 In patients with a history of coronary artery, cere-
brovascular, or peripheral artery disease, or diabetes with at least 
one risk factor for atherosclerosis, lowering plasma homocysteine 
levels with folic acid and B vitamins did not reduce risk for the 
composite endpoint of MI, stroke, or death from cardiovascular 
causes more than placebo despite a 22% reduction in plasma 
homocysteine.257 In NORVIT, folic acid and vitamin B12, with or 
without vitamin B6, did not reduce risk for the composite endpoint 
of MI, stroke, or death from coronary artery disease in patients 
with an index MI.258 Other clinical trials have also failed to show 
a cardiovascular benefit of lowering homocysteine levels.239,240 
Secondary analysis of the HOPE-2 trial regarding effects of vita-
min therapy on VTE risk found that there was no significant risk 
reduction in VTE with vitamin therapy.259 These trials yielding 
negative results with vitamin therapy raise questions about the 
utility of testing and treating homocysteinemia.
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increased Factor Viii activity
It is now appreciated that elevated levels of procoagulant coagu-
lation factors, in addition to deficiencies of natural anticoagulant 
proteins, are risk factors for VTE. Factor VIII levels >1.5 IU/ml 
(150%) are associated with a threefold and a sixfold greater rela-
tive risk of VTE when compared to levels <1.5 IU/ml (150%) and 
<1.0 IU/ml (100%), respectively.260 VTE risk is increased 11–fold 
with levels >200%, but it does not appear to be accentuated by 
concomitant OCP use.261,262 Elevated activity levels of factor VIII 
associated with VTE risk seem to be persistent and not solely 
attributable to acute-phase response.263 Transiently elevated fac-
tor VIII levels associated with acute-phase protein release, though, 
may in part explain the hypercoagulability associated with inflam-
matory disorders such as inflammatory bowel disease and cancer. 
Individuals with plasma factor VIII activity >234% (above the 
90th percentile cutoff point for the study population) have a 6.7-
fold increased relative risk of recurrent VTE compared to those 
with activity levels of <120%.42

Because factor VIII is indeed an acute-phase reactant and 
its levels can be affected by many factors, including blood type 
and vWF concentration, determination of the true meaning of an 
elevated factor VIII level in an individual patient with VTE is chal-
lenging. In the study by Koster et al., in which blood samples for 
factor VIII activity were obtained a minimum of 6 months after 
the VTE, it was impossible to distinguish completely between 
inherited elevation and postthrombotic, transient elevation of fac-
tor VIII.260 Nonetheless, the fact that an increased factor VIII level 
is prevalent in persons with VTE may, in fact, imply that elevated 
factor VIII is not only frequent, but also an important risk factor 
for VTE.214 More recent studies support the concept that elevated 
factor VIII levels are a significant risk factor in asymptomatic 
individuals for both arterial and venous thrombosis.264,264a The 
College of American Pathologists’ consensus conference recom-
mendations are not to routinely measure factor VIII levels in 
patients with venous or arterial thrombosis.265

increased Levels of Factors iX, X, Xi, and Xiii
The Longitudinal Investigation of Thromboembolism Etiology study 
investigated the possible role of elevated factors IX, X, XI, and XIII 
in VTE risk266 and found that of these coagulation proteins, only 
elevated factor XI levels were associated with VTE risk. Elevated 
factor XI levels have also been linked to stroke267 and coronary 
disease.268 This effect of elevated factor XI levels may be mediated 
by increased fibrin formation and decreased fibrinolysis.269

impaired endogenous Fibrinolysis
The endogenous fibrinolytic system is comprised of plasmino-
gen, PAs, and antifibrinolytic regulatory proteins. Intravascular 
plasminogen is converted to the active fibrinolytic enzyme plas-
min primarily by t-PA derived from vascular endothelial cells 
and by urokinase-type PA (u-PA) from leukocytes. The principal 
physiologic inhibitor of t-PA is PAI-1, whereas plasmin itself is 
inactivated by circulating and thrombus-bound a2-antiplasmin, 
and to a lesser extent, a2-macroglobulin. Decreased endogenous 
fibrinolytic activity as a result of qualitative and quantitative 
abnormalities of plasminogen, an inadequate release of t-PA in 
response to vascular injury, and excessive production of PAI-1, 
such as is found in inflammatory and malignant diseases, can 
result in impaired endogenous fibrinolysis and accumulation of 
pathologic thrombus.270

Abnormal fibrinolysis was previously thought to account for a 
large proportion of patients with inherited thrombosis. However, 
the discovery of APC-R as a common inherited disorder and a lit-
erature review that concluded that a causal relationship between 
abnormal fibrinolysis and inherited thrombosis had not been 

clearly demonstrated diminished enthusiasm for routinely evalu-
ating patients with recurrent thrombosis for abnormal fibrinoly-
sis.271 However, newer data from the Leiden Thrombophilia Study 
indicate that reduced plasma fibrinolytic potential is a risk factor 
for venous thrombosis,272 and another group identified an elevated 
level of thrombin-activatable fibrinolysis inhibitor (TAFI) as a risk 
factor for recurrent venous thrombosis.273 Additionally, elevated 
levels of a2-antiplasmin are linked to increased risk of MI,274 and 
elevated levels of PAI-1 are associated with venous thrombosis.275

Plasminogen Deficiency
Quantitative and qualitative abnormalities of plasminogen have 
been reported in patients with recurrent venous thrombo-
sis.276,277 Quantitative deficiency is inherited as an autosomal 
dominant disorder, whereas qualitative plasminogen defects (dys-
plasminogenemia) are usually inherited as autosomal recessive 
disorders. Dysplasminogenemia is more common in Japanese 
subjects, and a single mutation accounts for >90% of cases in this 
population.278 Two reports have suggested that quantitative plas-
minogen deficiency279 and dysplasminogenemia280 may not be 
risk factors for thrombosis, and a recent large series of 50 patients 
with quantitative plasminogen deficiency found the major clinical 
manifestation to be ligneous conjunctivitis; venous thrombosis was 
not observed.281 The College of American Pathologists Consensus 
Conference on Thrombophilia does not recommend routine assay 
for plasminogen deficiency in thrombophilia patients.282

Tissue Plasminogen Activator Deficiency
Defective synthesis or release of t-PA from the vessel wall repre-
sents a potential mechanism for thrombosis. Plasma t-PA activity 
is unstable, and for accurate assays, citrated plasma samples 
must be immediately acidified and red blood cells removed.283,284 
Addition of a platelet activation inhibitor to the blood collection 
tube may help reduce the release of platelet-derived PAI-1, which 
can interfere with t-PA activity quantification. A plasminogen-
chromogenic substrate assay is used to measure t-PA activity; t-PA 
antigen can be measured by ELISA using citrated plasma. The CAP 
Consensus Conference on Thrombophilia does not recommend 
routine assay for t-PA deficiency in thrombophilia patients.282

Increased Plasminogen Activator Inhibitor-1 Levels
Increased levels of PAI-1 have been associated with venous or 
arterial thrombosis. Plasma PAI-1 activity is measured in citrated 
plasma using a back-titration method with single-chain t-PA.285 
Because blood fibrinolytic activity exhibits a diurnal rhythm 
(decreased fibrinolysis in the morning as a result of peak PAI-1 
levels; increased fibrinolysis in the evening as a result of low PAI-1 
levels), plasma samples should be obtained at standardized times, 
such as between 8:00 and 9:00 a.m..286 In addition, because fibri-
nolytic component levels can be affected by acute-phase changes, 
patients should not be evaluated for abnormal fibrinolysis until  
2 to 3 months after an acute thrombotic event.

In the European Concerted Action on Thrombosis and 
Disabilities study, an increased incidence of vascular events was 
associated with higher baseline PAI-1 antigen concentrations  
(p = .02) and PAI-1 activity (p = .001).53 Elevated levels of PAI-1 
may effectively reduce t-PA activity levels, thereby blocking the 
activation of plasminogen to plasmin and inducing impaired 
fibrinolysis that may ultimately lead to thrombosis. Theoretically, 
markedly elevated levels of PAI-1 might also impair attempts at 
pharmacologic thrombolysis in the setting of acute arterial and 
venous thrombosis.287 Defects in endogenous fibrinolytic capacity 
have also been found in young patients with unexplained arterial 
thromboembolism. Deficient t-PA release was found in 45% of 
such patients, and elevated levels of PAI-1 were found in 59%.54 
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Similar defects have been detected in individuals with recurrent 
venous thrombosis.275 It has been noted that patients who have 
undergone major surgical procedures might experience a tran-
sient “fibrinolytic shutdown” as a result of elevated PAI-1 levels 
as part of an acute-phase response.288

Avoidance of obesity and associated insulin resistance, correc-
tion of hypertriglyceridemia, cessation of smoking, and exercise 
may improve the innate fibrinolytic status.53,289,290 Treatment 
of hypertension with angiotensin-converting enzyme inhibitors 
or angiotensin II receptor antagonists has been associated with 
significantly reduced PAI-1 production.291,292 The lipid-lowering 
agent gemfibrozil has also been shown to decrease the PAI-1 
synthesis rate.293 Modest alcohol consumption and hormone 
replacement treatment in postmenopausal women also seem to 
be beneficial.294,295

Dysfibrinogenemia
The clinical and biochemical aspects of dysfibrinogens are 
reviewed in Chapter 53. In general, dysfibrinogens associated 
with thrombosis have as their molecular defect generation of an 
abnormal fibrin that is resistant to fibrinolysis. An updated sum-
mary of dysfibrinogen molecular abnormalities is presented at 
www.ISTH.org. Dysfibrinogenemia as a cause of inherited throm-
bosis is uncommon.

Certain patients with dysfibrinogenemia may have a prolonged 
PT; more typically, these patients are detected by prolonged 
thrombin and reptilase times, suggesting a defect in the conver-
sion of fibrinogen to fibrin.296 Confirmation of a dysfibrinogen 
can be done by simultaneous measurement of functional and 
immunologic fibrinogen levels. Typically, immunologic levels are 
found to be higher than levels measured by functional assay. 
Published data for the healthy population indicate that for fresh 
plasma samples, the ratio of immunologic to functional fibrino-
gen ranges from 1.12 to 1.65; ratios >1.65 are suggestive of 
dysfibrinogenemia.297

Another potentially useful test to evaluate patients for dys-
fibrinogenemia is the fibrinogen lysis time. This test requires 
partial purification of the patient’s fibrinogen, followed by clotting 
and lysis in a standardized assay.298 Dysfibrinogens may also 
result in a false positive test for fibrin(ogen)-degradation prod-
ucts (FDPs) as assayed by latex agglutination, because residual 
fibrinogen remains in serum after clotting and is detected by the 
antibody-coated latex beads. An algorithm for the laboratory diag-
nosis of dysfibrinogenemia has been reported.299

thrombomodulin Deficiency
Thrombomodulin complexed with thrombin is required to activate 
protein C. In theory, thrombomodulin deficiency should result in 
hypercoagulability. A number of mutations in the thrombomodulin 
gene have been identified in patients with venous thrombosis and 
their families.300 Routine laboratory testing for this disorder is not 
yet available, but an Italian study of thrombosis patients indicated 
that thrombomodulin deficiency is not a common cause of throm-
bosis.301 Thrombomodulin gene mutations have been linked to 
MI.302 In the prospective Atherosclerosis Risk in Communities 
study, soluble thrombomodulin levels had a graded inverse 
association with, and were a good predictor of, coronary artery 
disease.303 The levels correlated in their extreme quartiles with 
the coagulation activation marker prothrombin fragment 1+2.303

Lipoprotein(a)
Lipoprotein(a) (Lp[a]) is a lipoprotein moiety similar to LDL 
cholesterol in core lipid composition, and it has apolipoprotein 
(apo) B-100 as a surface apolipoprotein. In addition, Lp(a) has a 
unique glycoprotein, apo(a), which is bound to apoB-100. Apo(a) 

is structurally similar to plasminogen but lacks fibrinolytic activ-
ity.304 Lp(a) has both atherogenic and thrombogenic properties. 
Its thrombogenic effect is derived from stimulation of PAI-1 syn-
thesis, promotion of intercellular adhesion molecule-1 expression 
by vascular endothelium, inhibition of both plasminogen and t-PA 
binding to fibrin, inhibition of plasminogen activation by t-PA, 
and competition with plasminogen for binding sites on endothelial 
cells and fibrin.305 The cumulative effect is impaired activation of 
plasminogen to plasmin at the vessel wall, inhibition of fibrinoly-
sis, and increased risk for thrombosis.

The exact mechanisms that control Lp(a) levels are unknown, 
but genetic factors that regulate hepatic synthesis of apo(a) are 
likely important. One’s plasma Lp(a) level is stabilized during 
infancy and maintained throughout life.306 Plasma concentrations 
>20 mg/dl seem to increase the risk of coronary artery disease, 
peripheral arterial occlusive disease (PAOD), and stroke.305  
Lippi et al. evaluated Lp(a) in 68 patients subjected to vascular 
and endovascular surgery.307 Significant restenosis or reocclusion 
occurred in 23 (34%) patients. Lp(a) concentrations were signifi-
cantly higher in those with restenosis and reocclusion compared 
with those in the no-restenosis group. Occlusive complications 
were unlikely to occur in patients with Lp(a) concentrations  
<5 mg/dl.307 Different isoforms of the apo(a) component of Lp(a) 
have different atherogenic potential and possibly different throm-
bogenic potential.

Measurement of Lp(a) should be considered mainly in indi-
viduals with atherosclerosis in the absence of classic risk factors, 
rapidly progressive atherosclerotic lesions despite aggressive risk 
factor modification, and individuals with acute arterial thrombo-
sis.306,308 Because it is an acute-phase reactant, an elevated Lp(a) 
level must be carefully interpreted if drawn shortly after surgery, 
acute thrombosis, or acute coronary syndromes.309

Patients with elevated Lp(a) benefit most from aggressive LDL 
cholesterol lowering. Although hepatic 3-methylglutaryl coenzyme 
A reductase inhibitors (“statins”) may be the ideal agents for 
LDL lowering and atherosclerotic plaque stabilization, this class 
of drug does not appreciably lower Lp(a) levels themselves.310 
Nicotinic acid (niacin), usually in high doses, is the first-line phar-
macologic therapy to lower Lp(a) levels. Reductions up to 38% 
have been reported.311 Because nicotinic acid therapy may be 
poorly tolerated, a gradual escalation in dose and pretreatment 
with aspirin are recommended. In women, estrogen replacement 
therapy can lower Lp(a) levels by as much as 50%.308

tissue Factor pathway inhibitor
Tissue factor pathway inhibitor (TFPI) is a major anticoagulant, 
present in plasma, and associated with vascular endothelium. 
TFPI binds to and neutralizes the TF/factor VIIa complex to 
inhibit activation of factor X. Low levels of TFPI are a weak risk 
factor for  a first venous thrombosis, as well as recurrent VTE 
events.312,313 Recent studies have also linked TFPI deficiency to 
arterial thrombosis.314

combined Defects
Compound heterozygosity for two different natural anticoagulant 
deficiencies is extremely rare, because of the low prevalence 
of each individual defect. The phenotypic presentation of such 
compound heterozygotes does not appear to be as severe as it 
is for the homozygous forms of each deficiency, with the rarely 
reported patient presenting with VTE of early onset (in the teen-
age years).98,214 Because factor V Leiden is the most common 
inherited thrombophilia, double heterozygosity for factor V Leiden 
and a natural anticoagulant deficiency has been described in 
some families.125,315 In families with both factor V Leiden and 
protein C deficiency, 73% of compound heterozygotes reported 
a history of VTE, compared with 31% and 13% of relatives with 
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protein C deficiency only and factor V Leiden only, respectively.125 
In families with factor V Leiden and AT deficiency, 92% of double-
heterozygous carriers had a history of VTE, as opposed to 57% 
and 20% of individuals with AT deficiency only and factor V 
Leiden only, respectively.315

Combined heterozygosity for both the factor V Leiden and 
prothrombin G20210A mutations, which is estimated to occur 
in 1 in 1,000 persons, does appear to be associated with an 
increased relative risk of both first and recurrent VTE.190,210,316 
In a pooled analysis of eight case-control studies including more 
than 2,000 patients with VTE, a 2.2% prevalence for the com-
bined mutations was found in patients.190 Double heterozygosity 
was associated with a 20-fold increased relative risk of VTE.190 
The risk of recurrent VTE for heterozygous carriers of both 
factor V Leiden and PT G20210A also appears to be increased 
(2.6-fold).210

The prevalence of factor V Leiden carriership in combination 
with acquired hypercoagulable states has also been studied. 
Factor V Leiden appears to increase the risk of VTE in patients 
with antiphospholipid antibodies but is not a prerequisite for 
the development of VTE in those patients.317 The interaction 
between factor V Leiden and hyperhomocysteinemia has been 
a matter of interest since the observation, not corroborated 
by further studies, that factor V Leiden appeared to be a pre-
requisite for VTE in individuals from families with classic 
homocystinuria.318 Nonetheless, two studies on the interaction 
between mild to moderate hyperhomocysteinemia and factor 
V Leiden have yielded somewhat different findings. Den Heijer  
et al. found that the risk of VTE associated with the combination 
of conditions (2-fold) did not exceed the risk associated with each 
condition alone (9.5-fold for factor V Leiden, 2.2-fold for hyper-
homocysteinemia).248 However, in the large Physicians’ Health 
Study, the concomitant presence of both conditions did appear 
to be synergistic.189

inherited risk Factors in childhood  
Venous thrombosis
Many of the common inherited thrombotic disorders described 
in adult patients have been linked to pediatric thrombosis.  
A prospective European study identified a single genetic risk 
factor in 54% of pediatric thrombosis patients.319 Common 
defects identified were factor V Leiden (32%), protein C defi-
ciency (9%), protein S deficiency (6%), prothrombin gene 
mutation (4%), and AT deficiency (3%).319 In most patients, 
thrombosis is precipitated by superimposed nongenetic risk 
factors that included central venous catheters, cancer, sepsis, 
immobility, surgery, trauma, or use of oral contraceptives.320 
For neonatal patients with thrombosis, the most significant 
factor associated with thrombosis is the presence of a central 
venous catheter.321 In children with recurrent thrombosis, 
the factor V Leiden mutation is present in most patients.322 
Homozygous deficiencies of protein C or protein S are causal in 
neonatal purpura fulminans.133,160 When pediatric patients are 
evaluated for protein C, protein S, or AT deficiency, pediatric 
reference ranges are mandatory, because age-related changes 
occur in the levels of these proteins.322a

A consensus panel of the International Society on 
Thrombosis and Haemostasis has recommended that pediatric 
patents with thrombosis be routinely tested for inherited and 
acquired disorders in a comprehensive fashion.323 However, 
many of the suggested tests are not recommended by the 
College of American Pathologists’ consensus panel, and there 
are no data to indicate that patients with a genetic predispo-
sition to thrombosis—children or adults—should be treated 
differently324,325 from those without risk factors (discussed in 
the following section).

perspective on Laboratory testing for inherited 
thrombotic Disorders
Increased availability of hypercoagulable-state test “panels” and 
enhanced ability to identify an abnormality in tested patients 
have prompted widespread testing of thrombosis patients. Testing 
for acquired and inherited hypercoagulable states uncovers an 
abnormality in >50% of patients presenting with an initial VTE 
but may have minimal actual impact on management in most 
of these patients.24,98,326,327 Such laboratory screening should 
be reserved for patients for whom the results of individual tests 
significantly affect the choice of anticoagulant agent, intensity of 
anticoagulant therapy, therapeutic monitoring, family screening, 
family planning, prognosis determination, and, most of all, dura-
tion of antithrombotic therapy. Testing “just to know” is neither 
cost-effective nor clinically appropriate. Table 55.4 lists situations 
in which hypercoagulable-state testing should be considered, but 
not necessarily performed, unless an a priori use of the test results 
has been determined. Table 55.5 lists potential elements of an 
initial battery of tests to detect a defined hypercoagulable state.

Patients should be considered for evaluation of these disorders 
if they are young (<45 years of age) with recurrent thrombosis, or 
if they have had a single idiopathic thrombotic event and have a 
positive family history.89 This recommendation is based on the fact 
that, with the exception of hyperhomocysteinemia and qualitative 
abnormalities of plasminogen, inherited thrombotic disorders, 
especially the five most common (APC-R, prothrombin G20210A, 
protein C deficiency, protein S deficiency, and AT deficiency), are 
autosomal dominant disorders, and most patients with these dis-
orders (but not all328) have supportive family histories. Patients 
without a family history of thrombosis should be evaluated for 
common acquired etiologies for thrombosis, including malignancy, 
myeloproliferative disorders, PNH, and antiphospholipid antibod-
ies.89 Because thrombosis may induce an acute-phase response 
that may affect functional coagulation assays, testing is ideally 
done when the patient has fully recovered from the acute event 
and is not receiving anticoagulants. Functional assays are pre-
ferred over immunologic assays, so that both type I and type  II 
disorders can be detected. An important exception to this recom-
mendation is APC-R, which can be screened for using a DNA test 
that is not affected by acute-phase responses or anticoagulant 
therapy. Diagnosis of protein C or S deficiency in patients already 
anticoagulated with warfarin can be facilitated by parental testing, 
testing symptomatic family members who are not receiving antico-
agulation, referral to a reference laboratory that has standardized 
assays for these natural anticoagulants in anticoagulated patients, 
or temporary cessation of warfarin therapy (minimum of 3 to 4 
weeks).89 Patients with arterial thrombosis should be considered 
for testing for hyperhomocysteinemia, Lp(a), and, possibly, protein 
S deficiency and antiphospholipid antibodies.3

Idiopathic VTE

VTE in unusual sites

Heparin resistance

Recurrent VTE (especially if idiopathic)

VTE at young age (<45 y)

VTE in the setting of a strong family history of VTE

Unexplained recurrent (≥3 in first trimester) pregnancy loss

Family members of VTE patients with known inherited hypercoagulable states

VTE, venous thromboembolism.

CliniCAl CirCumsTAnCes in WHiCH seleCTeD 
HyPerCoAgulAble sTATe TesTing mAy be ConsiDereD

tabLe 55.4
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Activated protein C resistance (diluting patient plasma with factor V–deficient 
plasma)

Prothrombin G20210A mutation testing by polymerase chain reaction

Activity assays for antithrombin, protein C, and protein Sa

Activated partial thromboplastin time, mixing studies, and dilute Russell viper 
venom timea,b

Fasting total plasma homocysteine level

Anticardiolipin and b2-glycoprotein 1 antibody testing by enzyme-linked 
 immunosorbent assays

Factor VIII activitya

aAssays should not be done at the time of acute thrombosis or while the patient is 
anticoagulated.
baPTT and dRVVT mixing studies that do not correct should be further evaluated for the 
lupus anticoagulant with phospholipid correction tests.

sCreening lAborATory evAluATion for PATienTs 
susPeCTeD of HAving A HyPerCoAgulAble sTATe

tabLe 55.5

In addition to a positive family history of thrombosis, other 
clinical features may suggest inherited thrombosis, including 
recurrent spontaneous thromboses, thrombosis in unusual sites 
(mesenteric vein), thrombosis at an early age, heparin resistance 
(suggestive of AT deficiency), warfarin-induced skin necrosis and 
neonatal purpura fulminans (suggestive of protein C or protein S 
deficiency), and thrombosis occurring with estrogen therapy or 
pregnancy (suggestive of APC-R or prothrombin G20210A). The 
presence of these clinical events may justify laboratory evaluation 
of these patients. Even in situations in which the relative risk of 
thrombosis and recurrent thrombosis is increased, the absolute 
risk for a particular patient may not warrant the risks of chronic 
anticoagulation. Thus, one should always assess the pretest use of 
hypercoagulable-state testing before embarking on an expensive 
investigation.

A more fundamental question is whether routine laboratory 
testing for inherited thrombotic disorders will change treatment 
(intensity or duration of anticoagulation). This is a controversial 
subject because the available data do not support the contention 
that patients with an inherited thrombotic disorder should be 
managed differently from patients without such a disorder.24,327 
Several prospective trials performed to address this question 
found that positive inherited thrombophilia testing results did 
not affect the rate of recurrent VTE (reviewed in Reference 24). 
Another study found that thrombophilia testing at a major urban 
medical center was overutilized, and that a majority of tests were 
ordered at suboptimal times.329

There are three thrombotic risk factors that may influence 
treatment strategy: The presence of antiphospholipid antibodies 
(discussed in Chapter 54), AT deficiency, and (perhaps) hyper-
homocysteinemia. Patients with antiphospholipid antibodies may 
require a longer duration of oral anticoagulation, and some 
patients with hyperhomocysteinemia may respond to vitamin 
therapy to resolve this thrombosis risk factor (although clinical 
trial data have not demonstrated a benefit of lowering homocys-
teine levels257–259). Patients identified as having AT deficiency 
may benefit from this diagnosis because availability of AT concen-
trates may optimize their management. Table 55.6 summarizes 
the clinical laboratory testing recommendations of the College of 
American Pathologists’ Consensus Conference on Thrombophilia.

Laboratory testing for the prethrombotic state
Levels of fibrin degradation products, including cross-linked fibrin 
degradation products (d-dimer), are usually increased in the 

presence of acute VTE. Absence of an elevated level of d-dimer 
in patients undergoing an evaluation for acute DVT or PE has 
an excellent negative predictive value for thrombosis.330 d-dimer 
measured 3 months after oral anticoagulation for DVT treatment 
was discontinued has been shown to have a negative predictive 
value of 95.6% for VTE recurrence.331 It has also been shown that 
baseline elevations of d-dimer are strongly and positively related 
to the occurrence of future venous thrombosis.332 Plasma levels of 
fibrinopeptide A can be increased in venous thrombosis patients, 
but this assay has the disadvantage of requiring rigorous attention 
to specimen collection to avoid an activated plasma sample. The 
activation peptide generated when prothrombin is cleaved to form 
thrombin, prothrombin fragment 1+2, is a sensitive measure of 
thrombin formation.333 Other markers of activation of coagulation 
include thrombin–AT complex and plasmin–antiplasmin complex.

One active area of investigation is optimizing the combination of 
a sensitive d-dimer assay with clinical criteria to exclude VTE334,335 
or risk of recurrent VTE.336,337 Figure 55.2 depicts one strategy 
algorithm to incorporate d-dimer testing in thrombosis evaluation.

AnTiThromboTic TherApy
Arterial and venous thrombotic events combined, including acute 
coronary syndromes, stroke, peripheral arterial thrombosis, DVT, 
and PE, are likely responsible for more morbidity and mortality 
than any other condition in the developed world.

Cardiovascular disease was reported to be the underlying 
cause of death in ∼30% of all deaths in the United States in 2010.1 
Every year 750,000 new strokes occur in the United States, of 
which 85% are ischemic in nature.338 Because approximately one 
third of these patients die as a direct or indirect result of their 
cerebrovascular-thrombosis–related occlusion, stroke is the third 
leading cause of death in this country. In addition, stroke is the 
leading cause of serious long-term disability in the United States, 
with roughly 4.7 million total stroke survivors.338 Acute limb 
ischemia secondary to peripheral arterial thrombosis and throm-
boembolism involving native and prosthetic vessels is a relatively 
uncommon but ominous form of vascular accident. National 
databases suggest a rate of 16 events annually per 100,000 
population.339 In a fashion similar to coronary artery thrombosis, 
acute peripheral arterial thrombosis typically develops at sites of 
pre-existing peripheral atherosclerotic occlusive disease (PAOD). 
PAOD has been diagnosed in as many as 17% of men and 20% 
of women >55 years of age and is highly predictive for the coex-
istence of coronary and cerebral vascular disease. It has been 
estimated that PAOD progresses to critical limb ischemia in 15% 
to 20% of patients.340,341

Acute VTE, including DVT and PE, is a common, potentially 
life-threatening, often preventable vascular condition associated 
with trauma, major surgery, advanced congestive heart failure, 
pregnancy, HRT, malignancy, and inherited hypercoagulability. 
Proximal lower-extremity DVT can result in venous limb gangrene 
(phlegmasia cerulea dolens), chronic stasis changes related to the 
postthrombotic syndrome (PTS), and symptomatic PE. PE in its 
most severe presentation can result in pulmonary hypertension, 
right-sided heart failure, cardiopulmonary collapse, and death.

A common feature of the management of all thromboem-
bolic vascular diseases is the use of antithrombotic agents. 
Antithrombotic agents, including antiplatelet drugs, anticoagu-
lants, and thrombolytic agents, are used to prevent thrombotic 
events, prevent or mitigate the complications of thrombotic 
events, and restore vascular patency to prevent loss of tissue, 
organ, and limb function, as well as life. Based on the pathologic 
basis of thrombosis involving different vascular beds, drugs that 
inhibit platelet activation and aggregation play a primary role in 
arterial disease management, whereas drugs that inhibit throm-
bin and fibrin generation play a primary role in venous disease 
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Thrombotic Disorder Who Should Be Tested? Test Method(s) Comments

FVL First VTE at age <50 y
Recurrent VTE
First unprovoked VTE
First VTE, unusual site
First VTE, positive family history
First VTE related to pregnancy or hormonal therapy
Unexplained second- or third-trimester pregnancy loss

APC-R assay using factor V– deficient  
plasma or DNA-based assay

Patients with relatives who are known 
to have FVL should be tested directly 
with DNA-based assays. Patients with 
positive APC-R assays should have 
confirmatory DNA tests.

Prothrombin gene mutation As above DNA-based assay Prothrombin activity assays should not 
be used.

Homocysteinemia Arterial vascular disease; controversial for VTE High-performance liquid  
chromatography or immunoassays

Genotyping for methylenetetrahy-
drofolate reductase mutations is not 
recommended. Fasting may not be 
necessary. Proper sample processing 
is necessary. Testing in VTE patients 
may be appropriate to identify and 
treat affected patients with vitamins.

PC deficiency Infants with neonatal purpura fulminans; VTE patient 
from a family with known PC deficiency
Asymptomatic female from a known PC-deficient family 
before hormonal therapy

Chromogenic substrate assays 
preferred
Functional assays are useful
Immunologic assays are discouraged

Avoid testing during acute thrombosis 
or anticoagulant therapy. Exclude 
causes of acquired PC deficiency. 
Consider age-dependent reference 
ranges.

PS deficiency Patient with VTE from a family with known PS 
 deficiency

Functional assay or immunoassay 
for free PS
Total PS antigen assays not  
recommended

Abnormal functional assay results 
should be confirmed with an 
 immunoassay for free PS. Exclude 
acquired causes of PS deficiency. 
Avoid testing during acute thrombosis, 
anticoagulant therapy, and pregnancy. 
Consider age- and gender-dependent 
reference ranges.

AT deficiency Patient with VTE from a family with known  
AT deficiency
Asymptomatic female from a known AT-deficient family 
before hormonal therapy

Chromogenic substrate assays 
preferred
AT antigen assays not  
recommended

Exclude acquired causes of AT 
 deficiency.
Avoid testing during acute thrombosis 
or anticoagulant therapy.

Elevated factor VIII levels Controversial Factor VIII activity assay Test 6 mo after thrombosis.  
Avoid anticoagulant therapy.

Dysfibrinogenemia Not recommended

Heparin cofactor II Not recommended

Factor XIII polymorphisms Not recommended

Plasminogen activator  
inhibitor-1

Not recommended

Plasminogen deficiency Test in non-DVT patients with ligneous conjunctivitis

APC, activated protein C; AT, antithrombin; FVL, factor V Leiden; PC, protein C; PS, protein S; VTE, venous thromboembolism.
From the College of American Pathologists’ Consensus Conference on Thrombophilia. Arch Pathol Lab Med 2001;126:1277–1433, with permission.

summAry of THe College of AmeriCAn PATHologisTs™ reCommenDATions on lAborATory TesTing  
for inHeriTeD THrombosis

tabLe 55.6

management. The following sections describe the pharmacody-
namics, pharmacokinetics, and clinical uses of select antithrom-
botic agents.

antiplatelet Drugs
Given the important role of platelets in mediating arterial throm-
bosis and the significant morbidity and mortality of arterial 
thrombotic disorders, the safety and efficacy of antiplatelet drugs 
have been evaluated in numerous primary and secondary preven-
tion trials. A 1988 meta-analysis indicated that antiplatelet treat-
ment reduced overall mortality from vascular disease by 15% and 
that nonfatal vascular events were reduced by 30%.342 A 2002 
update on this subject supports the original observation of the 
efficacy of antiplatelet therapy.343 The American College of Chest 

Physicians’ consensus conference has summarized the status of 
clinical trials with aspirin and other antiplatelet drugs.344

Numerous potential targets exist for antiplatelet therapy 
(Fig. 55.3). Platelet cyclo-oxygenase (COX) is the target of acetylation 
and irreversible inactivation by aspirin.345,346 ADP-induced platelet 
aggregation can be selectively inhibited by the thienopyridines, 
ticlopidine, clopidogrel, prasugrel, and by ticagrelor, a member of 
the cyclopentyltriazolopyrimidine class of drugs.345,346 Dipyridamole 
alters platelet function, in part, by inhibition of cyclic nucleotide 
phosphodiesterase to increase platelet cyclic AMP levels.346 Other 
potential targets for antiplatelet therapy include the platelet mem-
brane receptor, gpIb, mediator of platelet adhesion, and inhibitors 
to thrombin, the most potent stimulus to platelet activation.345,346 
Interference with fibrinogen-mediated platelet aggregation by 
 anti-gpIIb–IIIa antibodies and peptides is well established.344
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A

Clinical Criteria Score

Active cancer +1

+1

+1

+1

+1

+1

+1

+1

–2

≥3

≤0

1 or 2

Paralysis or immobilization

Major surgery in past month

Extremity tenderness

Extremity is swollen

Calf swelling
(>3 cm vs. asymptomatic extremity)

Edematous extremity

Presence of collateral
superficial veins
Alternative diagnosis to DVT

High probability

Moderate probability

Low probability

B

Suspected DVT

Moderate/High
Probabiltiy

Venous
ultrasound

DVT
diagnosed

D-dimer

Low
Probability

D-dimer

Negative Negative

Negative

DVT
excluded

DVT
excluded

DVT
diagnosed

DVT
diagnosed

Serial ultrasound
or venography

DVT
excluded

DVT
excluded

Venous
ultrasound

Positive Positive

NegativePositive

NegativePositive

Positive

FIGURE 55.2. Algorithm for excluding deep vein thrombosis (DVT) using clinical criteria, d-dimer testing, and venous ultrasound. Clinical criteria are 
based on those of Wells PS, Anderson DR, Bormanis J, et al. Value of assessment of pretest probability of deep-vein thrombosis in clinical management. Lancet 
1997;350:1795–1798. d-dimer methods are similar to those described by Hirsh J, Lee AY. How we diagnose and treat deep vein thrombosis. Blood 2002;99: 
3102–3110. A: Based on clinical criteria fulfilled by the patient, the cumulative score is tallied. High probability is a score ≥3, moderate probability is 1 or 2, low 
probability is ≤0. B: The probability score is used with d-dimer assay and ultrasound to determine which patients may be excluded from DVT testing.

Activation of
protein kinase
  protein phos-
phorylation and
  Ca ++ flux

Prostaglandins
(PGE2, PGD2, PGF2α)

Arachidonic acid
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Prostaglandin
endoperoxides

Thromboxane
synthetase
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TxA2
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ATP
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PDE

Adenyl
cyclase
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PAR1

Signal
transduction

PAR4
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FIGURE 55.3. Targets for antiplatelet agents. This diagram summarizes certain aspects of platelet function relevant to antiplatelet therapy. Platelet metabolic 
pathways, membrane receptors, and enzymes are depicted with specific therapeutic targets enumerated. Four target categories for antiplatelet drugs are the 
arachidonic acid pathway, which regulates production of prostaglandins (PGs) and thromboxanes; the cyclic adenosine monophosphate (cAMP) mechanism, which 
modulates important metabolic events; platelet membrane glycoproteins (GPs), which act as receptors for platelet agonists; and thrombin, a key stimulus to platelet 
activation. Specific targets for antiplatelet therapies include the following: (1) COX is the target of acetylation and irreversible inactivation by aspirin, as well as revers-
ible inactivation by the nonsteroidal anti-inflammatory agents; (2) inhibitors to thromboxane synthetase prevent generation of thromboxane A2 (TxA2); (3) an example 
of a TxA2 receptor antagonist is BM 531; (4) infusion of PGE1 or stable analogs of prostacyclin (Iloprost) increases platelet concentrations of cAMP via stimulation of 
adenylate cyclase; (5) dipyridamole increases platelet cAMP concentrations by inhibition of cyclic nucleotide phosphodiesterase (PDE), and cilostazol inhibits PDE3 
to increase platelet cGMP concentrations; (6) because thrombin is the most potent stimulus to platelet activation, inhibitors of thrombin (heparin, argatroban, and 
bivalirudin) are important agents in preventing platelet-dependent thrombosis; (7) ticlopidine, clopidogrel, prasugrel, and ticagrelor inhibit platelet activation by inhibi-
tion of adenosine-diphosphate (ADP)–induced aggregation; (8) monoclonal antibodies or peptides directed against the GPIIb–IIIa complex inhibit fibrinogen binding 
to platelets and subsequent platelet aggregation; (9) inhibitors to the von Willebrand factor receptor (GPIb) are being developed to prevent platelet adhesion; and (10) 
inhibitors to protease-activated receptors 1 and 4 (PAR 1 and 4) such as vorapaxar antagonize thrombin activation of platelets. ATP, adenosine triphosphate. Repro-
duced and modified from Greenberg PL, Negrin R, Rodgers GM. Hematologic disorders. In: Melmon KL, Morrelli HF, Hoffman BB, et al., eds. Clinical pharmacology:  
basic principles in therapeutics, 3rd ed. McGraw-Hill, 1992:524–599.
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Aspirin
Aspirin (acetylsalicylic acid) is the prototypical antiplatelet drug, 
exerting its antithrombotic action by irreversibly inactivating (by 
acetylation) the COX activity of platelet prostaglandin H synthase-1 
(COX-1) and prostaglandin H synthase-2 (COX-2).347 This COX inhi-
bition leads to the prevention of TxA2 synthesis and impairment of 
platelet secretion and aggregation.348 A variety of nonsteroidal 
anti-inflammatory drugs can inhibit TxA2-dependent platelet func-
tion via competitive reversible inhibition of COX-1. A lesser degree 
of COX-1 inhibition may explain why long-term use of nonaspirin 
nonsteroidal anti-inflammatory drugs is not protective against first 
MIs in postmenopausal women.349 Aspirin is the least expensive, 
most widely studied, and most widely used antiplatelet drug.

Aspirin (when not enteric-coated) is rapidly absorbed from 
the upper gastrointestinal tract; plasma salicylate concentrations 
peak within 1 hour of ingestion. The effects of aspirin on plate-
let function occur within 1 hour and last for the duration of the 
affected platelets’ lifespan (∼1 week). The toxicity of aspirin is 
dose-related, explaining why clinical studies have focused on find-
ing the lowest effective antithrombotic dose of the drug. Toxicities 
include gastrointestinal discomfort and blood loss, and the risk of 
systemic bleeding. Clinical trials suggest that aspirin doses as low 
as 75 mg/day or 30 mg/day are antithrombotic.343,344

In addition to reducing aspirin toxicity, lower aspirin doses 
also inhibit vascular endothelial cell prostacyclin production to 
a lesser extent, because inhibition of endothelial cell COX is of 
shorter duration and requires higher aspirin doses than does 
platelet COX inhibition.350 The inhibitory effects of chronic low-
dose aspirin administration are cumulative.351 However, even 
when taken chronically in large doses, aspirin is not believed to 
be thrombogenic.352

The 2012 consensus conference statement on antiplatelet ther-
apy indicates that aspirin has been convincingly demonstrated to 
be effective in treatment of the following thrombotic disorders: 
Stable and unstable angina, acute MI, transient ischemic attack 
and incomplete stroke, stroke after carotid artery surgery, atrial 
fibrillation (low risk), and prosthetic heart valves (in combination 
with warfarin).344 The minimum effective aspirin dose for these 
indications is 75 to 325 mg/day. Aspirin has also been shown to 
reduce mortality post-coronary–artery bypass surgery and to be 
effective for primary prevention of cardiovascular events,353,354 
although more recent meta-analysis data of aspirin use for pri-
mary prophylaxis show less-certain benefits.355

Data from the Clopidogrel for High Atherothrombotic Risk and 
Ischemic Stabilization, Management, and Avoidance (CHARISMA) 
trial highlight aspirin’s pre-eminent antiplatelet role in cardio-
prevention.356 CHARISMA assessed whether adding clopidogrel  
(75 mg/day) to aspirin therapy (75 to 162 mg/day) provided any 
benefit over aspirin monotherapy in preventing MI, stroke, or 
death from cardiovascular disease. The study involved 15,603 
patients aged 45 years or older who were at high risk for these 
events. The study showed that the addition of clopidogrel to aspi-
rin did not result in a significant lowering of risk of the primary 
composite endpoint. In addition, the rate of severe bleeding was 
1.7% and 1.3% for the clopidogrel-plus-aspirin and aspirin-only 
groups, respectively. Clopidogrel in addition to aspirin did reduce 
the relative risk of a recurrent MI, stroke, or cardiovascular death 
by 12.5% in the subgroup of patients with established athero-
thrombotic disease. The subgroup of patients with multiple risk 
factors but no clearly established vascular disease did not benefit 
from the addition of clopidogrel and actually had nonstatisti-
cally significant increases in cardiovascular events and bleeding. 
Clopidogrel plus aspirin remains an approved and standard 
therapy in conjunction with coronary artery stenting.

Aspirin may modify the natural history of intermittent clau-
dication from lower-extremity arteriosclerosis. Because these 
patients are at high risk for future cardiovascular and cerebro-
vascular atherothrombotic events, life-long aspirin therapy is 

recommended.357 Similar therapy is advisable after peripheral 
arterial bypass surgery and carotid endarterectomy.

The Pulmonary Embolism Prevention trial was a large-scale, 
double-blind, multicenter study of 13,356 patients undergoing 
surgery for hip fracture and an additional 4,088 patients undergo-
ing elective knee or hip arthroplasty.358 Patients were assigned to 
a regimen of 160 mg of aspirin or placebo once daily for 5 weeks, 
with the first dose given before surgery. Other forms of prophy-
laxis were allowed, and 40% of patients received unfractionated 
heparin (UFH) or LMWH in addition to the aspirin. The study dem-
onstrated that aspirin reduced the incidence of fatal PE (58% risk 
reduction) and symptomatic nonfatal DVT or PE (36% risk reduc-
tion) in patients with hip fracture.358 Although beneficial when 
compared to placebo, aspirin cannot be recommended as first-line 
VTE prophylaxis in hip fracture patients, because the benefit of 
aspirin is less than with anticoagulants.359 The potential role of 
aspirin in treating VTE has been resurrected by the results of a 
VTE treatment trial that demonstrated that aspirin therapy, begun 
after 6 to 18 months of oral anticoagulant treatment, reduced 
VTE recurrence by ∼40% compared to placebo.360 Aspirin, used 
as prophylaxis for VTE recurrence, would have the advantage of 
being an active drug to also prevent arterial thrombosis.360a

The concept of “aspirin resistance” has been popularized. This 
term refers to persistent platelet activation that occurs in patients 
treated with aspirin who experience treatment failure. There 
are numerous reasons for aspirin resistance;361 current recom-
mendations are to not test routinely for aspirin resistance and to 
not change therapy based on such test results.362 One literature 
review concluded that the most common cause for aspirin resis-
tance was noncompliance.363 Routine laboratory monitoring for 
aspirin resistance is not recommended.364

Thienopyridines
Ticlopidine and clopidogrel are structurally related compounds 
that selectively inhibit ADP-induced platelet aggregation and 
likely ADP-mediated amplification of the platelet response to other 
agonists.365 A lack of in vitro platelet aggregation inhibition sug-
gests that in vivo hepatic transformation to an active metabolite is 
necessary for an antiplatelet effect. Both agents were initially used 
as aspirin substitutes in aspirin-intolerant patients. Enthusiasm 
for ticlopidine has been dampened by associated hematologic 
complications. Ticlopidine has been associated with neutropenia, 
thrombocytopenia, aplastic anemia, and thrombotic thrombocyto-
penic purpura.366–369

Clopidogrel, an irreversible inhibitor of the P2Y12 ADP recep-
tor, is rapidly absorbed and extensively metabolized. The plasma 
half-life of the main systemic metabolite, SR 26334, is roughly 
8 hours.370 Platelet function returns to normal approximately  
7 days after the last dose of clopidogrel. The Clopidogrel Versus 
Aspirin in Patients at Risk of Ischemic Events trial compared 
clopidogrel to aspirin in patients who had experienced a recent 
stroke or a recent MI and in those presenting with symptomatic 
peripheral arterial disease.371 A modest difference in efficacy was 
observed. The annual ischemic event rate for aspirin was 5.83% 
compared to 5.32% for clopidogrel. The majority of the differ-
ence in efficacy occurred in the patients who entered the trial 
because of symptomatic peripheral arterial disease, with a 23.8% 
relative risk reduction.371 The Clopidogrel in Unstable Angina to 
Prevent Recurrent Events trial has demonstrated an advantage of 
clopidogrel plus aspirin over aspirin alone in patients with acute 
coronary syndromes.372 Clopidogrel, like ticlopidine, can rarely 
precipitate thrombotic thrombocytopenic purpura.373

Despite the current standard antiplatelet regimen of aspirin 
and clopidogrel (with or without glycoprotein IIb/IIIa inhibitors) in 
percutaneous coronary intervention (PCI) patients, peri- procedural 
and postprocedural ischemic events continue to occur. Prasugrel,  
a newer potent thienopyridine P2Y12 receptor antagonist, can 
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achieve more rapid and higher levels of inhibition of ADP-induced 
platelet aggregation than clopidogrel.374 However, although a major 
clinical trial with prasugrel found that it did not reduce overall mor-
tality, it did increase major bleeding (reviewed in Reference 344).

Ticagrelor, a new antiplatelet agent of the cyclopentyltriazo-
lopyrimidine class, reversibly inhibits the P2Y12 ADP receptor 
in platelets.346 An international trial that compared clopidogrel 
versus ticagrelor in patients with an acute coronary syndrome 
found that although the overall trial results demonstrated that 
ticagrelor was the superior drug, the results for United States’ 
patients showed the opposite, with clopidogrel associated with 
better outcomes. Major bleeding rates between the two drugs 
were similar.346 Perioperative management of patients on anti-
platelet therapy has been reviewed.374a

Integrin aIIbb3 (Glycoprotein IIb/IIIa)  
Receptor Antagonists
Because of the multitude of pathways that lead to platelet 
aggregation, it is not surprising that the clinical efficacy of the 
antiplatelet agents described above is only partial. Even combi-
nation therapy with clopidogrel and aspirin, resulting in partial 
inhibition of TxA2- and ADP-mediated platelet  aggregation, 
leaves platelets susceptible to agonists such as thrombin and 
collagen.341 Because expression of functionally active gpIIb/
IIIa on platelet surfaces is the final common pathway of platelet 
aggregation regardless of initial stimulus, it is logical to target 
this glycoprotein receptor with antiplatelet agents for maximal 
platelet inhibition.

gpIIb/IIIa is a member of the integrin family of receptors. 
These receptors recognize the amino acid sequence arginine–
glycine–aspartate (Arg–Gly–Asp [RGD]), which represents the 
cell attachment regulation sequence present in certain adhesive 
proteins such as fibrinogen.375 Inhibitors of fibrinogen binding to 
gpIIb/IIIa, called the disintegrins, include a chimeric monoclonal 
antibody against the receptor, naturally occurring RGD sequence-
containing peptides from snake (pit viper) venoms, synthetic RGD 
peptides, synthetic Lys–Gly–Asp (KGD) peptides, peptidomimetics, 
and nonpeptide RGD mimetics.344,376,377,378

Three parenteral gpIIb/IIIa inhibitors have been extensively 
studied, primarily in the settings of PCI, unstable angina, 
and non-Q–wave MI. These are abciximab, eptifibatide, and 
 tirofiban.344,346 Abciximab (c7E3 Fab) is a chimeric Fab fragment 
of human and murine protein that binds to gpIIb/IIIa. Abciximab 
is unique among the gpIIb/IIIa antagonists because it also blocks 
the avb3 receptor.379 Eptifibatide is a synthetic cyclic heptapep-
tide with a KGD sequence that is more specific for gpIIb/IIIa than 
the RGD sequence.344,376 Tirofiban is a synthetic peptidomimetic 
based on the RGD sequence.380 Oral gpIIb/IIIa inhibitors have 
been generally unsuccessful. Current and emerging antiplatelet 
therapies have been reviewed.346

anticoagulant Drugs
Anticoagulant drugs are ubiquitous in medical and surgical prac-
tice. Anticoagulants are used to prevent and treat thrombosis. 
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FIGURE 55.4. Structure of the common active saccharide moieties found in commercial unfractionated heparin. These polymeric structures are termed 
glycosaminoglycans. From left to right, the saccharide structures are 2-deoxy-2-sulfamino-a-D-glucose-6-sulfate; a-L-iduronic acid-2-sulfate; 2-acetamido-
2-deoxy-a-D-glucose; b-D-glucuronic acid; and a-L-iduronic acid. Reproduced from Greenberg PL, Negrin R, Rodgers GM. Hematologic disorders. In: Melmon KL, 
Morrelli HF, Hoffman BB, et al., eds. Clinical pharmacology: basic principles in therapeutics, 3rd ed. McGraw-Hill, 1992:524–599, with permission.

Traditionally, short-term anticoagulation is provided in the form 
of an intravenous infusion or subcutaneous injection whereas 
more chronic anticoagulation is facilitated by the use of oral 
agents. However, narrow-spectrum (single-protein–target) oral 
anticoagulants (e.g., dabigatran, rivaroxaban, and apixaban) are 
beginning to supplant more broad-spectrum anticoagulants (e.g., 
heparin and warfarin) and this trend will likely continue. The 
2012 version of the American College of Chest Physicians Clinical 
Practice Guidelines has been published.381

Heparin
Heparin is a naturally occurring, highly sulfated glycosamino-
glycan that is normally present in human tissues (Fig. 55.4). 
McLean first isolated heparin from ox liver and identified its 
anticoagulant properties.382 Commercial UFH is obtained from 
either bovine lung or porcine intestinal mucosa and consists of a 
heterogeneous mixture of polysaccharides (glycosaminoglycans) 
with molecular weights ranging from 4,000 to 30,000 D, with 
a mean molecular weight of approximately 15,000 D (approxi-
mately 45 saccharide units). UFH molecules possessing antico-
agulant activity constitute approximately one third by weight of 
commercial heparin products.383 Sodium and calcium salts of 
heparin are available, and most commercial heparin prepara-
tions have specific activities of ∼150 U/mg. Heparin structure 
consists of alternating residues of uronic acid and glucosamine 
that are variably sulfated.384 Sulfation of residues in heparin is a 
major determinant of the anticoagulant activity of a given heparin 
preparation; the heparin molecules with anticoagulant activity 
exhibit high-affinity binding to AT.

UFH molecules contain a randomly distributed unique penta-
saccharide sequence that binds to AT. Once bound to UFH, the 
natural anticoagulant effect of AT is potentiated, resulting in the 
accelerated binding and inactivation of serine proteases in gen-
eral, and factor Xa and thrombin in particular.385,386 The inhibi-
tion of these factors affects the common pathway of coagulation, 
resulting in decreased formation of thrombin and fibrin.

Heparin’s interaction with AT is thought to occur as follows 
and is depicted in Figure 55.5. A ternary complex with heparin, 
thrombin, and AT first occurs; this association permits inactiva-
tion of thrombin by the active site inhibitor domain of AT. Lastly, 
heparin dissociates from the AT–thrombin complex to subse-
quently catalyze additional AT-mediated reactions.387 A pentasac-
charide series interacts only with the AT-binding sequence and 
promotes factor Xa inhibition substantially but has minimal effect 
on thrombin inhibition.388 In this case, only the conformational 
change induced by the pentasaccharide is necessary for factor Xa 
inhibition to occur. Oligosaccharides of greater length (at least 18 
residues) are necessary for enhancement of thrombin inhibition 
by AT. It is likely that in this latter case, a ternary complex of 
ATIII, thrombin, and heparin forms to mediate protease inhibi-
tion.389 In vitro experiments suggest that UFH exerts its major 
anticoagulant effect by promoting AT suppression of thrombin-
dependent amplification reactions.390

In addition to its anticoagulant activity, heparin possesses other, 
unrelated biologic effects.391 Heparin hydrolyzes triglycerides 
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FIGURE 55.5. Inhibition of thrombin activity by the heparin (H)–antithrombin (AT) mechanism. Reaction 1 indicates that in the absence of heparin cataly-
sis, AT can irreversibly inactivate thrombin (T), albeit in an inefficient manner. In the presence of H, a conformation change occurs in the AT molecule, and heparin 
also acts as a template to bind both AT and T, promoting rapid inactivation of coagulation (reaction 2 ). In reaction 3, heparin is released from the AT–T complex and 
is available to catalyze subsequent reactions. Inhibition of factor Xa by AT–H does not require binding of heparin to the factor Xa molecule.

from chylomicrons and very-low-density lipoproteins by release 
of endothelial cell lipoprotein lipase into the blood.392 Heparin 
can also activate platelets, suppress cell-mediated immunity, and 
affect metabolism of aldosterone and thyroxine. Heparin is active 
when given parenterally, either intravenously or subcutane-
ously. Because of its highly charged nature and inability to cross 
biologic membranes alone, oral use of heparin has historically 
been viewed as impossible. Recently, delivery systems have been 
developed that make oral heparin a possibility and when suffi-
cient amounts of heparin are administered orally, a prophylactic 
intensity of anticoagulation can be achieved.393

The half-life of heparin varies with the dosage given, with 
the half-life increasing with increasing dosage.394 A 100-U/kg 
intravenous dose is cleared with a half-life of ∼1 hour. The 
clearance of heparin is also affected by the extent of throm-
boembolism, with extensive thrombosis decreasing heparin 
half-life.395 Heparin is cleared by the reticuloendothelial sys-
tem and metabolized by the liver, and metabolic products are 
excreted in the urine. The anticoagulant effect of heparin is 
also altered by its nonspecific binding to plasma proteins and 
cells.396 Given these numerous variables affecting the plasma 
half-life of heparin, therapeutic use of this drug generally 
requires close laboratory monitoring to ensure attainment of 
a therapeutic effect and regulation of heparin levels within 
a targeted range to optimize safety and efficacy. When using 
intravenous heparin, the use of established nomogram-guided 
therapy is preferred.397 Table 55.7 illustrates an example of 
a weight-based nomogram for using UFH. This assumes that  
the hospital laboratory has calibrated the aPTT values such  
that an aPTT range from 1.5 to 2.5 times the mean laboratory con-
trol aPTT is equivalent to plasma heparin levels of 0.3 to 0.7 U/ml,  
as measured by anti–factor Xa activity.397

Pharmacologic reversal of UFH anticoagulant activity can 
be achieved with protamine sulfate. Protamine is a positively 
charged moiety derived from salmon sperm that can interact 
with the negatively charged UFH to form a stable complex that 
lacks anticoagulant activity. One milligram of protamine can 
inactivate ∼100 U of UFH. Protamine, in excess, can promote 
an anticoagulant state. Because of a clinically meaningful risk 
of anaphylaxis, protamine should be administered with caution 
and is normally reserved for use in case of life-threatening bleed-
ing or UFH  overdose and reversal of anticoagulation following 
 cardiopulmonary bypass.

An additional challenge to the use of heparin to prevent and 
treat thrombosis is heparin resistance. “True” heparin resis-
tance manifests as inadequate anticoagulant and antithrom-
botic responses from what would otherwise be perceived as an 

Initial UFH Bolus 80 U/kg

Initial UFH infusion rate 18 U/kg/h

Check aPTT after 6 h of IV infusion; modify infusion rate  
as follows:

  If aPTT<1.2 × control, repeat bolus (80 U/kg)  
and increase infusion rate by

4 U/kg/h

  If aPTT is 1.2–1.5 × control, repeat bolus (40 U/kg)  
and increase infusion rate by

2 U/kg/h

 If aPTT is 1.5–2.3 × control, no change —
 If aPTT is 2.3–3.0 × control, decrease infusion rate by 2 U/kg/h
  If aPTT >3 × control, hold infusion for 1 h, then decrease 

infusion by
3 U/kg/h

aPTT, activated partial thromboplastin time.
Data from Raschke RA, Reilly BM, Guidry JR, et al. The weight-based heparin dosing 
nomogram compared with a “standard care” nomogram. Ann Intern Med 1993; 
119:874–881.

WeigHT-bAseD nomogrAm of unfrACTionATeD HePArin 
(ufH) in TreATmenT of venous THromboembolism

tabLe 55.7

adequate, and probably weight-based, dose of heparin. Some 
have deemed a requirement of >35,000 U of heparin per 24-hour 
period, regardless of patient weight, to reflect this form of heparin 
resistance.398 With true heparin resistance, both a measurement 
of anticoagulant activity such as the aPTT and a measurement of 
antithrombotic activity such as the anti–factor Xa activity assay 
demonstrate inadequate degrees of heparin activity. True hepa-
rin resistance most likely results from the nonspecific binding of 
heparin to mononuclear white cells, vascular endothelial cells, 
and acute-phase proteins such as histidine-rich glycoprotein, 
vitronectin, and PF4, resulting in an inadequate quantity of free 
or AT-bound heparin.396 Another potential cause of heparin 
resistance is acquired AT deficiency such as can be seen in cancer 
patients.

Patients can also manifest an “apparent” heparin resis-
tance characterized by dissociation between the aPTT and 
heparin assays.398 In these patients, the aPTT may be normal or 
near normal, whereas the anti–factor Xa activity assay reveals 
an appropriate target heparin activity level between 0.3 and  
0.7 U/ml. Simply escalating the dose of heparin to achieve the 
desired aPTT without checking a heparin assay may result in a 
pronounced bleeding risk. Dissociation between the aPTT and 
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heparin concentration likely reflects elevated levels of factor VIII 
that can shorten the in vitro aPTT without affecting the antithrom-
botic actions of the drug.

Low-molecular-weight Heparins
LMWH is derived from the enzymatic or chemical cleavage of UFH 
to produce a mixture of low-molecular–weight glycosaminoglycan 
molecules with a mean molecular weight of ∼5,000 D (∼15 sac-
charide units).396 For example, enoxaparin sodium is produced 
by benzylation followed by alkaline hydrolysis, dalteparin sodium 
is produced by controlled nitrous acid depolymerization, and 
tinzaparin sodium is produced by enzymatic digestion with hepa-
rinase. LMWH binds AT via the same pentasaccharide sequence 
as UFH.396 However, because of the predominance of molecules 
<18 saccharide units in length, LMWH has limited anti–thrombin 
(IIa) activity compared to its anti–factor Xa activity. Whereas UFH 
has an anti–factor Xa to anti-IIa activity ratio of 1:1, LMWHs have 
reported ratios of 1.9:1 to 4.1:1.396 Because of limited thrombin 
inhibition, LMWH therapy cannot be monitored using the aPTT. 
Other differences between LMWH preparations include the degree 
of TF pathway inhibitor release, degree of sulfation, and degree 
of stimulated vWF release.399–401 These differences form the basis 
for many medical organizations’ stating that LMWHs are unique 
drugs and not therapeutically interchangeable.402–404

At low doses, subcutaneous LMWH has 90% bioavailability, 
compared to 30% for UFH. LMWHs have limited nonspecific 
binding to plasma proteins and platelets, endothelial cells, and 
macrophages compared to UFH, as well as a predictable clear-
ance and a longer half-life that facilitates once- or twice-daily 
administration.396,405 Unlike UFH, the half-life of LMWH is not 
dose- dependent.396 These characteristics make LMWH preferred 
in settings that may normally result in heparin resistance. These 
advantages of LMWH allow these drugs to be given subcutane-
ously, once or twice daily and without the need for laboratory 
monitoring.396 Similar to UFH, absolute contraindications for 
LMWH include active bleeding, HIT, or a history of HIT, and 
known sensitivity to LMWH, UFH, or pork products.

LMWHs have substantial renal clearance; therefore, multi-
day therapeutic use of LMWH in patients with significant renal 
insufficiency (creatinine clearance <30 ml/minute) should be 
avoided.406 In the setting of less severe renal insufficiency, LMWH 
should be used with caution and with a reduced dosing frequency. 
Only ∼60% of LMWH anticoagulant activity can be reversed after 
the administration of protamine sulfate.407 Table 55.8 sum-
marizes the LMWH products available in the United States and 
their properties and U.S. Food and Drug Administration (FDA)-
approved indications.

Heparinoids
Heparinoids are low-molecular–weight glycosaminoglycans that 
are not derived from heparin. Heparinoids include dermatan 
sulfate and danaparoid sodium. Dermatan sulfate and low-molecular–
weight dermatan sulfate act as anticoagulants by activating 
HCII.408,409 Danaparoid sodium is a glycosaminoglycan mixture 
derived from porcine intestinal mucosa and composed of heparan 
sulfate (84%), dermatan sulfate (12%), and chondroitin sulfate 
(4%).410 Danaparoid has an anti–factor Xa activity to anti-IIa 
activity ratio of greater than 22:1 (compared to a 1:1 ratio for 
heparin), which explains why it is minimally neutralized by prot-
amine sulfate.410

The largest collection of clinical experience with danaparoid is 
in the setting of HIT. Danaparoid may cross-react with 10% to 50% 
of HIT sera, but in vivo cross-reactivity, although reported, has 
not been commonly observed.411,412 Danaparoid has a relatively 
long half-life of ∼24 hours, which may make its use less desirable 
in patients at high risk for developing bleeding or those likely to 

need surgery. Significant experience exists with the administra-
tion of danaparoid by both intravenous and subcutaneous routes. 
Danaparoid anticoagulation is monitored using an anti–factor Xa 
activity chromogenic assay calibrated with danaparoid standards. 
The drug is approved for deep vein thromboprophylaxis after 
orthopedic surgery at a dose of 750 U anti-Xa twice daily by sub-
cutaneous injection. A common dose for the treatment of active 
thrombosis in patients with normal renal function is 1,500 U 
 as an intravenous bolus followed by 1,500 U subcutaneously 
twice daily. The target therapeutic anti–factor Xa activity is 0.5 to  
0.8 U/ml. Danaparoid’s potential for cross-reactivity and the lon-
ger half-life make it less desirable than a direct thrombin inhibitor 
(DTI) for the treatment of patients with HIT.396 The manufacturer 
of the drug has discontinued  availability of danaparoid in the 
United States.

Pentasaccharides
Because factor Xa is situated at the start of the common pathway 
of coagulation and upstream of thrombin in the cascade, it is an 
attractive target for new anticoagulants. By not directly inhibit-
ing thrombin activity, factor Xa inhibitors might allow small 
amounts of thrombin to be generated, facilitating hemostasis and 
theoretically leading to a more favorable bleeding-risk profile. 
Fondaparinux is an FDA-approved synthetic pentasaccharide 
(molecular weight, 1,728 D) that causes selective indirect (i.e., 
AT-mediated) inhibition of factor Xa.413 Fondaparinux is admin-
istered subcutaneously, has a half-life of ∼17 hours, and does 
not require therapeutic monitoring. Fondaparinux elimination 
is prolonged in patients with renal impairment. The reduction 
in clearance increases as the creatinine clearance decreases. 
Elimination is also prolonged in patients >75 years of age and in 
those weighing <50 kg. Fondaparinux has been used with success 
to treat HIT.414 Fondaparinux is approved for the prevention and 
treatment of VTE.

A long-acting, hypermethylated pentasaccharide, idraparinux, 
and a similar compound with a biotin moiety at the reducing end 
unit allowing for neutralization with avidin, idrabiotaparinux, have 
a half-life of up to 130 hours, which may facilitate anticoagulation 
with once-weekly subcutaneous dosing.415 However, Phase  III  
trials to date have been disappointing. In the VTE treatment stud-
ies, idraparinux was less effective than comparators, and in a 
large atrial fibrillation trial, idraparinux was equally effective as 
vitamin K antagonists, but caused more bleeding.416,417

Parenteral Direct Thrombin Inhibitors
The parenteral DTIs have been studied for use in patients with 
acute coronary events, but are most widely utilized in patients 
with HIT. In these patients, elimination of all heparin exposure 
is the most essential element in the treatment. This includes 
discontinuing heparin intravenous catheter flushes, prophylactic 
subcutaneous heparin or LMWH, and heparin-coated indwelling 
catheters. Yet, despite heparin discontinuation and platelet count 
recovery, patients with isolated, serologically confirmed HIT have 
up to a 50% risk of developing a confirmed thrombotic event during 
the 30-day period after heparin cessation.418 The persistent pro-
thrombotic tendency associated with HIT and the patient’s original 
indication for heparin therapy warrant use of an alternative antico-
agulant agent such as the DTIs after heparin cessation (Table 55.9).

hirudins
Hirudin, a polypeptide originally isolated from the salivary glands 
of the medicinal leech, directly inhibits thrombin. Two recom-
binant forms of hirudin, lepirudin, and desirudin, are available 
for clinical use. Lepirudin is a recombinant hirudin analog that 
received FDA approval in 1998 for anticoagulant treatment in 
patients with HIT in the setting of thromboembolic disease to 
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Low-Molecular-
Weight Heparin Approved Indications FDA-Approved Dosage Regimen

Dalteparin (Fragmin®) DVT/PE prophylaxis for abdominal surgery 2,500 U SC daily, starting 1–2 h before surgery and continued 5–10 d  
postoperatively.

High-risk patients (e.g., malignancy): 5,000 U SC daily, starting the evening before  
surgery and continued for 5–10 d postoperatively. Or, give 2,500 U SC 1–2 h before sur-
gery, then give 2,500 U SC 12 h later, and 5,000 U SC daily for 5–10 d postoperatively.

DVT/PE prophylaxis for hip replacement surgery Preoperative start, evening before surgery: 5,000 U SC daily, starting 10–14 h 
before surgery. The usual duration is 5–10 d postoperatively, although 14 d has 
been studied. Allow 24 h between doses.

Preoperative start, day of surgery: 2,500 U SC within 2 h before surgery, then  
2,500 U SC 4–8 h after surgery, then 5,000 U SC daily postoperatively. The usual  
duration is 5–10 d postoperatively, although 14 d has been studied. Allow at least  
6 h between the first postoperative dose and the next postoperative dose.

Postoperative start: 2,500 U SC 4–8 h after surgery, then 5,000 U SC daily. The 
usual duration is 5–10 d postoperatively, although 14 d has been studied. Allow at 
least 6 h between the first postoperative dose and the next postoperative dose.

DVT/PE prophylaxis in medical patients with severely 
restricted mobility due to acute illness

5,000 U SC daily for 12–14 d.

Prophylaxis of ischemic complications of non-Q–wave 
myocardial infarction in patients on concurrent aspirin 
therapy

120 U/kg SC every 12 h for 5–8 d, given concurrently with aspirin 75–165 mg/d 
PO. Do not exceed 10,000 U/dose. Continue until patient is clinically stabilized.

Prophylaxis of ischemic complications of unstable angina 
in patients on concurrent aspirin therapy

120 U/kg SC every 12 h for 5–8 d, given concurrently with aspirin 75–165 mg/d 
PO. Do not exceed 10,000 U/dose. Continue until patient is clinically stabilized.

Extended treatment of DVT/PE in cancer patients 200 U/kg SC daily (max. 18,000 U) for 1 mo, then 150 U/kg SC daily  
(max. 18,000 U) for 5 mo

Enoxaparin (Lovenox®) DVT/PE prophylaxis for abdominal surgery 40 mg SC daily, starting 2 h before surgery. The usual duration is 7–10 d  
postoperatively, although 12 d has been studied.

DVT/PE prophylaxis for hip replacement surgery 30 mg SC every 12 h, starting 12–24 h after surgery. The usual duration is 7–10 d 
postoperatively, although 14 d has been studied.

An alternative regimen is 40 mg SC daily, starting 9–15 h before surgery and  
continued for 3 wk.

DVT/PE prophylaxis for knee replacement surgery 30 mg SC every 12 h, starting 12–24 h after surgery. The usual duration is 7–10 d 
postoperatively, although 14 d has been studied.

DVT/PE prophylaxis in medical patients with severely 
restricted mobility due to acute illness

40 mg SC daily. The usual duration is 6–11 d, although 14 d has been studied.

Treatment of DVT with or without PE (inpatient therapy) in 
patients starting on warfarin sodium

1 mg/kg SC every 12 h, or 1.5 mg/kg SC daily (at the same time each day). Start 
warfarin when appropriate (usually within 72 h of starting enoxaparin). Continue 
enoxaparin for at least 5 d, until INR is therapeutic; usually an additional 7 d is 
needed, although up to 17 d may be required.

Treatment of DVT without PE (outpatient therapy) in 
patients starting on warfarin sodium

1 mg/kg SC every 12 h. Start warfarin when appropriate (usually within 72 hr of 
starting enoxaparin). Continue enoxaparin for at least 5 d, until INR is therapeutic; 
usually an additional 7 d is needed, although up to 17 d may be required.

Prophylaxis of ischemic complications of non-Q–wave myo-
cardial infarction in patients on concurrent aspirin therapy

1 mg/kg SC every 12 h given concurrently with aspirin 100–325 mg/d PO.  
The usual duration is 2–8 d, although up to 12.5 d has been studied.

Prophylaxis of ischemic complications of unstable angina 
in patients on concurrent aspirin therapy

1 mg/kg SC every 12 h given concurrently with aspirin 100–325 mg/d PO.  
The usual duration is 2–8 d, although up to 12.5 d has been studied.

Fondaparinux  
(Arixtra®)

DVT/PE prophylaxis following abdominal surgery 2.5 mg SC daily, starting 6–8 h after surgery. The usual duration is 5–9 d,  
although up to 10 d has been studied.

DVT/PE prophylaxis following hip replacement surgery 2.5 mg SC daily, starting 6–8 h after surgery. The usual duration is 5–9 d, although 
up to 11 d has been studied.

DVT/PE prophylaxis following hip fracture surgery 2.5 mg SC daily, starting 6–8 h after surgery. The usual duration is 5–9 d,  
although up to 11 d has been studied.

DVT/PE prophylaxis following knee replacement surgery 2.5 mg SC daily, starting 6–8 h after surgery. The usual duration is 5–9 d, although 
up to 11 d has been studied.

Treatment of DVT and PE in patients starting on warfarin 
sodium

5 mg SC daily for patients <50 kg, 7.5 mg SC daily for patients 50–100 kg,  
or 10 mg SC daily for patients >100 kg. Start warfarin when appropriate (usually 
within 72 h of starting fondaparinux). Continue fondaparinux for at least 5 d, until INR 
is therapeutic; The usual duration is 5–9 d, although up to 26 d has been studied.

DVT, deep vein thrombosis; INR, international normalized ratio; IV, intravenous; PE, pulmonary embolism; PO, orally; SC, subcutaneously.
Data from Arixtra (fondaparinux sodium) Injection package insert. Research Triangle Park, NC: GlaxoSmithKline; 2005; Lovenox (enoxaparin sodium injection) package insert. Bridgewater, NJ: 
Sanofi-Aventis U.S. LLC; 2006; Fragmin (dalteparin sodium injection) package insert. New York, NY: Pfizer Inc; 2008 website.

loW-moleCulAr-WeigHT HePArin AnD PolysACCHAriDe ProDuCTs AvAilAble in THe uniTeD sTATes

tabLe 55.8
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Drug Profile
Lepirudin 
(Refludan)*

Argatroban 
(Argatroban)

Bivalirudin 
(Angiomax)

Derivative Recombinant 
hirudin

l-Arginine 
derivative

Synthetic hirudin-
based peptide

Action Direct thrombin 
inhibitor

Direct thrombin 
inhibitor

Direct thrombin 
inhibitor

Clearance Renal Hepatic Renal

Administration IV (or SC) IV IV or SC

Half-life 1.5 hr 40 min 25 min

Monitoring aPTT aPTT aPTT or ACT

Heparin  
cross-reactivity

None None None

Effect on  
international  
normalized ratio

Yes Yes Yes

Approved for  
heparin-induced  
thrombocytopenia

Yes Yes Yes

Immunogenic Yes No Unknown

ACT, activated clotting time; aPTT, activated partial thromboplastin time; IV, intravenous; SC, 
subcutaneous. *No longer available in the U.S.

ComPArison of DireCT THrombin inHibiTors

tabLe 55.9

prevent further thrombosis.419 Lepirudin differs from native 
hirudin in that it lacks sulfation on the tyrosine at position 63 and 
has a leucine at position 1 rather than isoleucine.420 Lepirudin 
is a potent DTI that lacks any structural homology with heparin, 
does not cross-react with heparin, has a short half-life, is able 
to inactivate clot-bound thrombin, and can be monitored using 
the ubiquitous aPTT assay or the less readily available ecarin 
 clotting time.421

In composite, when compared to historical controls in patients 
with HIT with associated thrombosis, lepirudin (n = 389 patients, 
3 cohorts) demonstrates a relative risk of 0.70 (95% confidence 
intervals [CIs], 0.27 to 1.8), 0.28 (0.15 to 0.52), and 2.31 (0.94 to 
5.71) for limb amputation, new thrombosis, and major bleeding, 
respectively.422

Current lepirudin dosing recommendations are an infusion of 
0.15 mg/kg/hour (up to 110 kg) with or without an initial bolus 
of 0.4mg/kg.397 The target aPTT is 1.5 to 2.5 times the median 
value for the normal range. Monitoring during bypass requires 
performance of the less readily available ecarin clotting time 
with a target plasma lepirudin concentration of 2.0 mg/ml.423 The 
activated clotting time (ACT) and point-of-care aPTT assays do 
not appear to be suitable for lepirudin therapeutic monitoring.424 
Outpatient subcutaneous lepirudin has been used to treat patients 
with HIT and thrombosis and patients who are refractory to other 
anticoagulant therapy.425

The major challenges of lepirudin treatment are the lack of an 
antidote, the extreme care needed when treating patients with 
even mild renal insufficiency, and immunogenicity. In the event 
of lepirudin overdose or lepirudin-induced bleeding, infusions of 
prothrombin complex concentrates or recombinant factor VIIa 
may help promote hemostasis.419 High-flux capillary hemodialy-
sis membranes may facilitate the hemofiltration of lepirudin in 
some cases.426 Partial-exchange transfusions, plasmapheresis, 
and immobilized thrombin affinity columns have also been tried 
to neutralize the effects of lepirudin.419 Marked bolus and infusion 
rate reductions are necessary in patients with a creatinine clear-
ance of <60 ml/minute (serum creatinine >1.6 mg/dl). Lepirudin 
is to be avoided completely or administered with extreme care in 
the settings of hemodialysis and acute renal failure and in patients 

undergoing continuous venovenous hemodialysis, even in the set-
ting of a normal serum creatinine. Careful monitoring of both the 
aPTT and serum creatinine is indicated during lepirudin therapy. 
Approximately 40% of HIT patients treated with lepirudin develop 
antihirudin antibodies of the IgG class.427 The antibodies seem to 
be capable of decreasing renal elimination of the drug rather than 
exerting any in vivo neutralizing effect. This paradoxic enhance-
ment of the anticoagulant effect of lepirudin often warrants a sig-
nificant reduction of infusion rate. Lepirudin is no longer available 
in the United States.

Desirudin is another recombinant form of hirudin that is 
approved in the United States for VTE prevention after elective 
hip replacement surgery. When used for thromboprophylaxis, 
desirudin is given subcutaneously at a dose of 15 mg twice 
daily.397 More recently, a small open-label study comparing desi-
rudin, dosed at 30 mg twice daily, to argatroban in patients with 
HITT has been reported.428

argatroban
Argatroban is a synthetic, small-molecule, l-arginine derivative 
that received FDA approval in June 2000 for prophylaxis and 
treatment of thrombosis in patients with HIT. Argatroban is a 
rapid and reversible DTI, in contrast to lepirudin, which is an 
irreversible thrombin inhibitor. Argatroban is capable of inhibit-
ing both free and fibrin-associated thrombin. Argatroban exerts 
its antithrombotic effects by inhibiting thrombin-mediated reac-
tions including fibrin formation; activation of coagulation factors 
V, VIII, and XIII; activation of the natural anticoagulant protein C; 
and platelet activation.429 Like lepirudin, argatroban does not 
cross-react with heparin. Argatroban is metabolized by the liver 
with biliary excretion and has a half-life of only 40 minutes. Renal 
excretion has also been documented; however, renal impairment 
has been shown to have little adverse effect on drug clearance 
and half-life. Unlike lepirudin, argatroban does not require dose 
adjustment in the setting of renal insufficiency. Dose reduction is 
required in patients with significant hepatic disease.429

In two cohorts (n = 419) of patients with HITT treated with arg-
atroban and compared to historical controls who were followed 
for 37 days, the relative risk for death due to thrombosis, limb 
amputation, new thrombosis, and major bleeding was 0.12 (95% 
CI, 0.05 to 0.34), 1.26 (95% [CI]; 0.53 to 2.99), 0.45 (95% [CI];0.28 
to 0.71), and 3.70 (95% [CI]; 0.52 to 26.5), respectively.422

Argatroban is dosed based on patient weight. The recom-
mended starting intravenous infusion rate is 2 mg/kg/minute with 
a target aPTT of 1.5 to 3.0 times the baseline value. Therapy may 
also be monitored by whole-blood ACT and the ecarin clotting 
time. Like lepirudin, argatroban prolongs the PT as well as the 
aPTT. This PT prolongation makes determination of an accurate 
INR during conversion to oral warfarin therapy a challenge. 
Holding the infusion of either DTI for several hours before INR 
determination is prudent. Argatroban has been shown to pro-
vide adequate anticoagulation with minimal bleeding risk while 
enabling procedural success in HIT patients undergoing PCI.430 
Patients were given a 350-mg/kg bolus of argatroban followed by 
25 mg/kg/minute infusion titrated to achieve an ACT of 300 to 450 
seconds. This dosing regimen may provide satisfactory anticoagu-
lation during cardiopulmonary bypass and allow intraoperative 
dose adjustments based on the readily available ACT.

bivalirudin
Bivalirudin is a semisynthetic, bivalent DTI consisting of a dodeca-
peptide analog of the carboxy-terminus of hirudin.431 Bivalirudin 
has four glycine residues that connect the thrombin exosite 1 
and thrombin active-site moieties. After binding to bivalirudin, 
thrombin cleaves a Pro–Arg bond at the amino-terminus of the 
molecule, making it a reversible thrombin inhibitor. The short 
half-life of bivalirudin (∼25 minutes) may enhance its safety pro-
file. Bivalirudin is used primarily during PCIs, in which it has been 

72683_ch055_1218-1258.indd   1240 7/31/13   12:58 PM



d
is

or
de

rs
 o

f 
h

em
os

ta
si

s 
an

d 
c
oa

gu
la

tio
n

 Chapter 55 Thrombosis and Antithrombotic Therapy 1241

shown to be at least as effective as heparin with gpIIb/IIIa inhibi-
tion, but with an improved safety profile.432,433 Bivalirudin has 
also been evaluated in patients presenting with acute coronary 
syndromes as an alternate to heparin.434 In patients with moder-
ate- or high-risk acute coronary syndromes who were undergoing 
invasive treatment including gpIIb/IIIa inhibition, bivalirudin was 
associated with rates of ischemia and bleeding similar to those in 
heparin-treated subjects. However, bivalirudin alone was associ-
ated with similar rates of ischemia and significantly lower rates 
of bleeding compared to heparin plus gpIIb/IIIa blockade.434 
Bivalirudin has also been evaluated for the management of 
patients with HIT, especially those requiring cardiac surgery. The 
currently recommended dose of bivalirudin is a bolus of 0.75 mg/kg 
followed by an infusion of 1.75 mg/kg/h for the duration of the 
procedure.397 Bivalirudin is also recommended for anticoagula-
tion in managing hemodialysis patients with HIT.422

Warfarin
In the 1920s, cattle developed a bleeding disorder when they 
were fed spoiled sweet clover. Campbell and Link later identified 
the active agent as bishydroxycoumarin (dicoumarol).435 Drugs 
that inhibit the biosynthesis of the vitamin-K–dependent coagu-
lation proteins are derived either from 4-hydroxycoumarin or 
1,3-indanedione. Although the indanediones are used in Europe, a 
coumarin derivative, warfarin, is the major formulation used in the 
United States. Warfarin inhibits g-carboxylation of select  glutamic 
acid residues in the N-terminus of prothrombin and factors VII, 
IX, and X, as well as the vitamin-K–dependent natural antico-
agulants, protein C and protein S.436 Warfarin inhibits the two 
enzymes critical for the generation of reduced vitamin K, namely, 
vitamin K epoxide reductase and vitamin K reductase.437,438 
Reduced vitamin K is necessary for catalyzing g-carboxylation of 
glutamic acid residues. Inhibition of g-carboxylation by warfa-
rin leads to synthesis of incomplete, hypofunctional coagulation 
proteins that are unable to bind to cellular surfaces to mediate 
coagulation reactions. The effect of warfarin on vitamin-K–depen-
dent procoagulant protein production is depicted in Figure 55.6. 
Details of vitamin K metabolism are presented in Chapter 18.

Commercially available warfarin is a racemic mixture of 
levorotatory and dextrorotatory forms of the drug. The half-life 
of warfarin in blood is ∼36 hours.439 Laboratory monitoring 

of warfarin therapy is best done using functional coagulation 
tests, such as the PT. Plasma warfarin levels are most useful in 
evaluating the unusual patient who does not respond to standard 
warfarin dosages or in whom malabsorption, noncompliance, or 
inherited drug resistance is an issue.438,440

Because factor X and prothrombin have half-lives >2 days, 
reduction of all vitamin-K–dependent coagulation proteins 
into the therapeutic range (∼20% of normal) requires 4 to  
5 days of therapy.441 This is the basis for the “parenteral anticoag-
ulant overlap” period of 4 to 5 days during which patients receive 
therapeutic parenteral anticoagulant while waiting to achieve the 
therapeutic effects of warfarin.442 An animal study indicated that 
depression of both factor X and prothrombin levels by warfarin 
was important in the prevention of hypercoagulability.441

Warfarin dosage is influenced by numerous variables, includ-
ing the patient’s age, body mass, dietary stores of vitamin 
K, liver function, co-existing medical disorders, concurrent 
medications,443 and presence or absence of cytochrome P-450 
complex (CYP2C9) and vitamin K epoxide reductase complex 
subunit 1 (VKORC1) single-nucleotide polymorphisms that affect 
coumarin metabolism or sensitivity.444–446 Patients with liver 
disease, malnutrition, or other factors associated with sensitiv-
ity to warfarin should receive lower warfarin dosages. The most 
common adverse interaction of warfarin use occurs in a patient 
with marginal dietary vitamin K intake (postoperative state) who 
is given a broad-spectrum antibiotic, reducing enteric bacte-
rial synthesis of vitamin K, resulting in increased sensitivity to 
warfarin.438 Starting warfarin therapy early after heparin therapy  
(day 1 or 2) has many advantages, including earlier hospital dis-
charge on adequate oral anticoagulation and potential reduction 
in the incidence of HIT.447 The metabolism of warfarin may be 
affected by other drugs metabolized by the cytochrome P-450 
enzyme complex, drugs that displace albumin-bound warfarin 
into the circulation, drugs that impair gastrointestinal absorption, 
and many antibiotics that alter the natural flora of the colon (an 
endogenous source of vitamin K)438,443 (Table 55.10).

Certain genotypes for CYP2C9 and VKORC1 have a significant 
effect on the pharmacokinetic and pharmacodynamic response to 
warfarin dosing, respectively. Although there is a clear gene–dose 
relationship, it is uncertain if the routine use of genotype-guided 
warfarin dosing improves clinical outcomes.446 Yet, as clinical 
dosing algorithms are increasingly refined, the prospects for war-
farin pharmacogenetics increase.448 Clinical outcome trials are 
underway to determine definitively the role of genetic testing in 
routine warfarin therapy.

Certain patients may require very large doses of warfarin 
(>50 mg/day) to achieve therapeutic anticoagulation; the term 
warfarin resistance has been applied.440 Patients who are dif-
ficult to anticoagulate with warfarin, either because they exhibit 
warfarin resistance or because they are very sensitive to the drug 
and cannot be safely regulated, may be candidates for long-term 
parenteral anticoagulants, or a novel oral anticoagulant.

Laboratory monitoring of Warfarin therapy
The PT assay is useful to monitor warfarin therapy, because this 
assay measures three vitamin-K–dependent coagulation proteins: 
Factors VII, X, and prothrombin. The PT is particularly sensitive to 
factor VII deficiency; with a half-life of 4 to 6 hours, the factor VII 
level may drop rapidly after only 1 day of warfarin therapy and 
prolong the PT value. However, because the other vitamin-K–
dependent proteins have longer half-lives, therapeutic anticoagu-
lation takes 4 to 5 days. There is no advantage to giving larger 
loading doses of warfarin (e.g., >10 mg); this regimen only results 
in a more rapid drop in factor VII levels, delay in attainment of a 
stable PT, a precipitous fall in protein C levels, and predisposition 
to warfarin-induced skin necrosis.439,449,450

To understand current recommendations for monitoring  warfarin 
therapy, it is important to appreciate the concept of the INR,  
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FIGURE 55.6. Effects of standard warfarin therapy on the plasma vitamin-K– dependent 
procoagulant coagulation proteins. Administration of 5 to 10 mg daily of warfarin results 
in inhibition of synthesis of functional vitamin-K–dependent proteins. The coagulant activity of 
these proteins in plasma declines as a function of their half-life. Half-lives of factors VII, IX, 
and X and prothrombin are 6, 24, and 40 and 60 hours, respectively. Although 1 to 2 days 
of warfarin prolongs the PT assay (because of the rapid decrease in factor VII concentration), 
therapeutic anticoagulation requires at least 4 to 5 days. Data from O’Reilly RA. The pharmaco-
dynamics of the oral anticoagulant drugs. Prog Hemost Thromb 1974;2:175–213; reproduced 
from  Greenberg PL, Negrin R, Rodgers GM. Hematologic disorders. In: Melmon KL, Morrelli HF, 
 Hoffman BB, et al., eds. Clinical pharmacology: basic principles in therapeutics, 3rd ed. McGraw-
Hill, 1992:524–599, with permission.
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Potentiators Antagonists

Drugs Drugs

Acetaminophen Adrenal corticosteroids

Anabolic steroids Barbiturates

Broad-spectrum antibiotics Carbamazepine

Chloral hydrate Chlordiazepoxide

Cimetidine Cholestyramine

Clofibrate Efavirenz

Disulfiram Griseofulvin

Fluconazole Nafcillin

Indomethacin Rifampin

Influenza vaccine Sucralfate

Lovastatin Trazodone

Metronidazole Medical Conditions

Omeprazole Excess dietary vitamin K

Phenylbutazone Inherited resistance to warfarin

Phenytoin Hypothyroidism

Propranolol Nephrotic syndrome

Protease inhibitors (except ritonavir)

Quinine/quinidine

Salicylates

Tamoxifen

Thyroid drugs

Trimethoprim/sulfamethoxazole

Medical Conditions

Older age

Liver disease

Biliary disease

Malabsorption

Congestive heart failure

Fever

Hyperthyroidism

Malnutrition

Vitamin K deficiency

Cancer

Data from the 2003 Physicians’ Desk Reference. Montvale, NJ: Thomson Healthcare; 
Hirsh J, Dalen JE, Anderson DR, et al. Oral anticoagulants: mechanism of action, clinical 
effectiveness, and optimal therapeutic range. Chest 2001;119(Suppl):108S–121S.

Drugs AnD meDiCAl ConDiTions AffeCTing WArfArin 
PoTenCy

tabLe 55.10

a method that standardizes PT assays.438,451 An international reference 
thromboplastin preparation has been adopted by the World Health 
Organization (WHO). Each new commercial thromboplastin is cali-
brated against the primary WHO reference preparation. These results 
are used to calculate the relative sensitivity of the unknown prepara-
tion compared with the WHO standard (international sensitivity index 
[ISI]). The method to determine the ISI for a particular thromboplastin 
is depicted in Figure 55.7. By adjusting for the ISI of a particular 
thromboplastin, an INR, defined as the PT ratio that would have been 
obtained if the WHO standard thromboplastin had been used, can 
be determined. The  INR is calculated using the following formula:  
INR = (PT ratio) ISI (Fig. 55.8).

The American College of Chest Physicians’ consensus panel 
recommends low-intensity warfarin therapy (INR, 2.0 to 3.0) 
for all indications except prosthetic mechanical heart valves and 
prophylaxis of recurrent MI, for which higher-intensity warfarin 
therapy (INR, 2.5 to 3.5) is suggested.438

Oral anticoagulant 
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FIGURE 55.7. Method for determination of an international sensitivity index (ISI) value 
for a laboratory’s thromboplastin preparation. Log prothrombin time (PT) values are 
determined using a reference thromboplastin reagent and the commercial laboratory thrombo-
plastin reagent on patients receiving stable (2 weeks) oral anticoagulant therapy and a group of 
normal, untreated volunteers. The best-fit line is determined, and the slope of this line multiplied 
by the ISI of the reference thromboplastin reagent is the ISI value for the commercial throm-
boplastin reagent. From Rodgers GM. Laboratory monitoring of anticoagulant and fibrinolytic 
therapy. In: Kjeldsberg C, McKenna R, Perkins S, et al., eds. Practical diagnosis of hematologic 
disorders, 2nd ed. Chicago, IL: ASCP Press, 1995:745–755, with permission.
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FIGURE 55.8. Relationship between a patient’s prothrombin time (PT) ratio on warfarin 
therapy and the corresponding international normalized ratio (INR) value. The slope 
of the line represents the international sensitivity index (ISI) value of the particular thrombo-
plastin preparation used in the laboratory’s PT assay. In this example, for low-intensity warfarin 
therapy (INR 2.0 to 3.0), a PT ratio between 1.50 and 1.75 would be required. Thromboplastins 
with higher ISI values would have slopes greater than that shown and would be less sensitive 
reagents for the PT assay, whereas thromboplastins with lower ISI values would have slopes less 
than that shown (more sensitive reagents). From Greenberg PL, Negrin R, Rodgers GM. Hemato-
logic disorders. In: Melmon KL, Morrelli HF, Hoffman BB, et al., eds. Clinical pharmacology: basic 
principles in therapeutics, 3rd ed. McGraw-Hill, 1992:524–599, with permission.

adverse effects of Warfarin therapy
Bleeding. A direct relationship exists between the risk of bleed-
ing and the intensity of anticoagulation, with patients receiv-
ing higher-intensity (INR > 3.0) therapy having a fivefold 
greater risk of bleeding.452 Other major factors contributing 
to bleeding include co-existing conditions such as structural 
gastrointestinal lesions, hypertension, renal disease, and cere-
brovascular disease.453,454 Investigation of patients who expe-
rience visceral bleeding while on warfarin therapy often results 
in identification of structural disease.455 Highest bleeding rates 
occur early in the course of warfarin therapy and in patients 
with cerebrovascular disease.456,453 For patients given low-
intensity warfarin therapy for prophylaxis of VTE, the risk of 
major bleeding is <1%. Antiplatelet medications or other drugs 
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that potentiate warfarin activity are important contributors to 
bleeding (Table 55.10).

Treatment strategy of bleeding in patients receiving warfarin 
depends on several factors: The duration of expected warfarin 
therapy, the severity of bleeding, and the extent of INR elevation. 
Patients with minor bleeding (bruising, microscopic hematuria) 
and an INR of <6.0 can have warfarin withheld until the INR 
approaches the desired INR target. Warfarin can then be resumed 
at a lower maintenance dosage. If patients have visceral bleed-
ing that is not immediately life threatening, their coagulopathy 
can be reversed with vitamin K, 2.5 to 10 mg, IV or PO. Patients 
with significant emergent bleeding should be reversed with fresh-
frozen plasma (4 to 5 U) or prothrombin complex concentrates in 
addition to parenterally administered vitamin K. If the INR < 10 
and no clinical bleeding exists, several warfarin doses should be 
held and the INR reassessed; the routine administration of vita-
min K in these patients does not lead to improved outcomes and 
is not recommended.438,457 For an INR > 10 in patients without 
bleeding, oral vitamin K can be given (2 to 10 mg) and repeated at 
12- to 24-hour intervals, depending on posttreatment lNR values 
and the patient’s clinical condition. Failure of vitamin K to correct 
the coagulopathy suggests that another process is present, such 
as liver disease or DIC. The management of warfarin overdosage 
and reversal has been reviewed.438

Patients who ingest rodenticides that contain long-acting vita-
min K antagonists (“superwarfarins”) may require massive daily 
doses (≥100 mg) of vitamin K to correct the coagulopathy, for 
periods of weeks to months (see Chapter 54).

For patients on long-term warfarin therapy who require 
temporary interruption for procedures or elective surgery, an 
individualized risk–benefit assessment should be performed 
to determine the need for bridging therapy with a parenteral 
anticoagulant during the period of interruption (i.e., when war-
farin is discontinued 4 to 5 days before surgery; Table 55.11). 
Postoperatively, heparin or LMWH can be used to achieve anti-
coagulation overlap until re-initiation of therapeutic warfarin 
has been achieved; however, in most cases after a major surgical 
procedure, the use of therapeutic-dosed parenteral anticoagulants 
should be avoided in the first 48 to 72 hours postoperatively due 
to a high risk of bleeding.458,459,460,461

Nonhemorrhagic adverse effects of warfarin therapy include 
alopecia, gastrointestinal discomfort, rash, and liver dysfunc-
tion.453 A warfarin embryopathy can occur when pregnant 

mothers receive warfarin during the first trimester. A bone matrix 
protein, osteocalcin, is vitamin-K–dependent, and in the presence 
of vitamin K deficiency induced by warfarin, osteocalcin is synthe-
sized in a nonfunctional manner, resulting in fetal bone malfor-
mations.462 Additional fetal abnormalities have been noted when 
warfarin is used during pregnancy. Because of these fetal risks, 
most practitioners avoid warfarin during pregnancy.463

Warfarin-induced Skin Necrosis. Skin necrosis is an unusual but 
devastating complication of warfarin therapy, occurring within 
the first week of initiating therapy. Affected patients have usually 
received large loading doses of warfarin, perhaps in the absence 
of therapeutic heparin anticoagulation. The basis for this com-
plication is thought to be a warfarin-induced rapid reduction in 
protein C levels in patients with a pre-existing inherited protein C 
deficiency that results in a hypercoagulable state and thrombosis. 
Not all heterozygous protein-C–deficient patients receiving war-
farin experience this complication, and not all patients with this 
complication have protein C deficiency.

Clinically, the skin lesions begin on certain subcutaneous 
areas of the body (breasts, abdomen, thighs) as erythematous 
patches.464 Lesions progress to blebs followed by demarcated 
skin necrosis. Skin biopsy reveals generalized thrombosis of 
skin vessels. This complication may require amputation, plastic 
reconstructive surgery, or both. The use of standard maintenance 
doses of warfarin (5 to 10 mg/day) beginning after patients are 
therapeutically anticoagulated with heparin may avoid this com-
plication. Patients who experience warfarin-induced skin necrosis 
should be heparinized, warfarin should be discontinued, and 
vitamin K should be administered promptly.Patients experienc-
ing this complication should be screened for protein C deficiency.  
A few cases of warfarin-induced skin necrosis have been reported 
in protein-S–deficient patients.465 A literature review of warfarin-
induced skin necrosis found that warfarin therapy could be rein-
stituted in affected patients; smaller initial doses of warfarin were 
recommended.466

The “purple toe syndrome” is an uncommon disorder that has 
been described in patients with underlying atherosclerotic vascu-
lar disease who are receiving anticoagulants including warfarin 
therapy.467,468,469 These patients present with atheroembolic 
symptoms including ischemic toes (purple toes), livedo reticu-
laris, gangrene, abdominal pain, or symptoms of renal infarction. 
Involved visceral organs include the kidneys, pancreas, spleen, 

Thromboembolic Risk Group

Indication for Warfarin

Mechanical Valve Atrial Fibrillation Venous Thromboembolism (VTE)

High
Management strategy:  
Bridge(caution in postoperative  dosing)

Mitral
Older generation
Recent stroke

CHADS2
a Score = 5–6

Stroke past 3 mo
Rheumatic valve disease

VTE past 3 mo
Severe thrombophilia

Intermediate
Management strategy:  
Bridge (caution in postoperative  dosing)

Bileaflet aortic valve + 
stroke risk factors

CHADS2 Score = 3–4 VTE past 3–12 mo
Thrombophilia
Recurrent VTE
Active cancer

Low
Management strategy:  
No Bridge

Bileaflet Aortic valve
No stroke risk factors

CHADS2 Score = 0–2
(and no prior stroke)

VTE past > 12 mo and no other risk 
factors

a CHADS2 stroke score is calculated by adding one point for each of: congestive heart failure, hypertension, Age > 75 years old, diabetes and 2 points for 
prior stroke. Adapted from Douketis JD, Spyropoulos AC, Spencer FA, et al. Perioperative management of antithrombotic therapy: antithrombotic therapy and 
prevention of thrombosis, 9th ed: American college of chest physicians evidence-based clinical practice guidelines. Chest 2012;141(2):e326S–e350S.

generAl APProACH To Peri-ProCeDurAl AnTiCoAgulATion for PATienTs on long-Term  
WArfArin THerAPy

tabLe 55.11
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and liver. This complication may be difficult to distinguish from 
warfarin-induced skin necrosis, except that on biopsy, choles-
terol emboli are present in the purple toe syndrome, and wide-
spread vascular thromboses are seen in skin necrosis. Treatment 
involves prompt recognition of the syndrome and discontinuation 
of warfarin therapy.470

Novel Oral Anticoagulants. Warfarin has substantial limitations 
including inter- and intrapatient dosing variability, drug–drug 
and drug–diet interactions, and a narrow therapeutic index. 
These limitations necessitate routine laboratory monitoring and 
dose adjustment that can be cumbersome for some patients. 
An oral anticoagulant that is safe and effective, has predictable 
pharmacology, has few drug–drug and drug–dietary interactions, 
and does not require laboratory monitoring has the potential 
to revolutionize the chronic management of patients with atrial 
fibrillation, prosthetic heart valves, and recurrent venous throm-
bosis as well as facilitate better compliance with out-of-hospital 
thromboprophylaxis regimens. Over the past 5 years, there has 
been a rapid emergence of such novel oral anticoagulants (NOACs) 
into the clinical landscape. At the forefront are the oral DTI 
dabigatran etexilate and the oral factor Xa inhibitors (e.g., rivar-
oxaban, apixaban, and edoxaban). Tables 55.12 and 55.13 sum-
marize the properties of the NOACs that are currently available 
for clinical use and the comparative results of large-scale studies 
in patients with atrial fibrillation, respectively.471 It is important 
to note that numerous additional agents are also currently under 
investigation.471

Dabigatran etexilate
Dabigatran etexilate is an oral prodrug that is rapidly converted 
by serum esterases to dabigatran, a potent univalent DTI. Oral 
bioavailability is ∼6% to 7%, and uptake is reduced by proton 
pump inhibitors and delayed with food; however, these kinetic 
alterations are not thought to be clinically significant and do not 
require dose adjustments. Peak dabigatran serum levels occur 
∼2 hours after an oral dose; dabigatran is primarily eliminated 

by renal clearance, and has a half-life of ∼14 to 17 hours.471 
Although a reduced dose has been approved for use in the United 
States by the FDA for patients with a creatinine clearance of less 
than 30 ml/minute, this recommendation is solely based upon 
drug kinetic modeling, and the drug is contraindicated in patients 
with a clearance <15 ml/minute.472 A reduced dose should also 
be considered for frail elderly patients with a reduced creatinine 
clearance; however, no dose reduction is needed at any age for 
patients with normal renal function. Strong p-glycoprotein inhibi-
tors (e.g., quinidine, ketoconazole) and inducers (e.g., rifampin,  
St John’s Wort) affect serum levels. Because of the predictability in 
dose-response, laboratory monitoring is unnecessary. If, however, 
laboratory assessment is required (e.g., need for urgent surgery or 
management of bleeding) a normal aPTT, thrombin time, or ecarin 
clotting time suggest little drug activity is present. Conversely, the 
INR is insensitive to the presence of dabigatran and is not a use-
ful test for drug presence.473 Table 55.14 suggests a management 
approach to patients requiring temporary interruption of antico-
agulation for an invasive procedure. As with all anticoagulants, 
the primary adverse effect of dabigatran is an increase in bleeding 
risk. In addition, dabigatran is associated with an increased risk 
of dyspepsia, and in some clinical trials has been associated with 
higher gastrointestinal bleeding rates and myocardial ischemia 
events as compared to warfarin.473 In cases of overdose, the rapid 
administration of charcoal may decrease absorption, and hemo-
dialysis can remove 60% of plasma drug levels.474 Management 
of bleeding is problematic as there is no known reversal agent. 
Patients who have bleeding on dabigatran should be managed 
with aggressive conservative measures including active control of 
bleeding site. In cases of life-threatening bleeding, the administra-
tion of recombinant factor VIIa or activated prothrombin complex 
concentrates can be tried, although their utility is unproven.473

To date, dabigatran etexilate has undergone extensive clinical 
investigation in the RE-VOLUTION program, a large clinical trials 
program assessing the efficacy and safety of dabigatran across a 
variety of indications. For a recent and thorough survey of clini-
cal trial results, we refer the reader to a recent review.473 Based 
upon the results of the RE-LY trial, dabigatran etexilate is cur-
rently approved in the United States for the prevention of stroke 
and systemic embolism in patients with atrial fibrillation.475 In 
RE-LY, 18,113 patients with nonvalvular atrial fibrillation and at 
least one additional stroke risk factor were randomized to receive 
warfarin or dabigatran dosed either 110 mg or 150 mg twice 
daily. Dabigatran dosed at 110 mg twice daily was demonstrated 
to be noninferior to warfarin (RR, 0.91; 95% [CI], 0.74 to 1.11;  
p < 0.001), and dabigatran dosed at 150 mg twice daily was 
demonstrated to be superior to warfarin (RR, 0.66; 95% [CI], 0.53 
to 0.82; p < 0.001) in preventing the primary outcome of stroke 
or systemic embolism. As compared to warfarin, major bleeding, 
the primary safety outcome, was less common in the 110–mg 
twice–daily dabigatran group (RR, 0.80; 95% [CI], 0.69 to 0.93;  
p = 0.003), but was similar when compared to the 150–mg twice–
daily dose (RR, 0.93; 95% [CI], 0.81 to 1.07; p = 0.31), but hem-
orrhagic stroke was lower for both dabigatran doses.475 Using a 
composite of adverse clinical events (stroke, systemic embolism, 
MI, death, PE, and major bleeding), dabigatran was clearly supe-
rior for those patients on warfarin who have a time in TTR of less 
than 57.1% whereas benefit was less certain in those with a TTR 
of >72.6% with hazard ratios of 0.67 (95% CI, 0.56 to 0.80) and 
1.11 (95% CI, 0.91 to 1.35), respectively.476

Oral Factor Xa Inhibitors
Because of the demonstrated efficacy and safety of factor Xa 
inhibition with fondaparinux, oral factor Xa inhibitors have 
entered the clinical landscape. Oral factor Xa inhibitors that are 
available for clinical use or are in development include riva-
roxaban (Bayer Healthcare), apixaban (Bristol Myers Squibb/

Dabigatran 
(Pradaxa®)

Rivaroxaban 
(Xarelto®)

Apixaban 
(Eliquis®)

Target Thrombin  
(Binds Reversibly)

Faxtor Xa  
(Binds Reversibly)

Factor Xa  
(Binds Reversibly)

Dosage Form Capsule Tablet Tablet

Bioavailability 6% 60–80% 50–85%

Time to Peak 1–2 h 2–4 h 1–3 h

Metabolism Conjugation; No 
CYP involvement

Oxidation (via 
CYP3A4 + 
CYP2J2) + 
hydrolysis

Oxidation (via 
CYP3A4) + 
conjugation

Drug-
Interactions

Strong p-gp 
inducers and 
inhibitors

Strong p-gp and 
CYP3A4 inducers  
and inhibitors

Stong p-gp 
and CYP3A4 
inducers and 
inhibitors

Renal 
Excretion

80% 66% 25%

Half-life 14–17 h 9–13 h 9–14 h

Dosing 
Frequency, 
Major Trials

BID QD BID

 BID, twice daily; CYP, cytochrome p 450; p-gp, p-glycoprotein; QD, daily.

PHArmACology of novel orAl AnTiCoAgulAnTs

tabLe 55.12
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Trial RE-LY ROCKET-AF ARISTOTLE AVERROES

Drug and dose Dabigatran etexilate
150 mg and 110 mg BIDa

Rivaroxaban 20 mg QDa Apixaban 5 mg BIDa Apixaban 5 mg BIDa

Adjusted dose? No Yes: 15 mg QD if CrCl 30–49 ml Yes: 2.5 mg BID if 2 of: age >80, 
weight <60 kg, Cr >1.5

Yes: 2.5 mg BID if 2 of: age >80, 
weight <60 kg, Cr >1.5

Design Randomized open label  
(n = 18,113)

Randomized double blind (n = 14,000) Randomized double blind  
(n = 18,201)

Randomized double blind  
(n = 5,599)

Mean age (y) 71.5 73 70 70

Prior stroke/TIA 20% 55% 19% 13.5%

Mean CHADS2 2.1 3.5 2.1 2.1

Warfarin naïve (%) 50.4 37.5 43 60.5

Comparator Warfarin: INR 2–3
67% TTR

Warfarin: INR 2–3
57.8% TTR

Warfarin: INR 2–3
66% TTR

Aspirin 81–324 mg

aBID, twice daily; Cr, creatinine; CrCl, creatinine clearance; INR, international normalized ratio; QD, daily; TIA, transient ischemic attack; TTR, time in therapeutic range; wt, weight.
Data from references 475, 479, 480, 481.

novel orAl AnTiCoAgulAnT ATriAl fibrillATion CliniCAl TriAl overvieW

tabLe 55.13

Preprocedure
Half-life (Range) 
Hours

Low Bleeding Risk Procedures
(Average of 2–3 Drug Half-lives 
Separate Last Dose and Surgery)

Moderate to High Bleeding Risk
(Average of 5 Drug Half-lives 
Separate Last Dose and Surgery)

DABIGATRAN
CrCl >50
CrCl 30–50
CrCl <30

14 (11–24)
18 (13–23)
27 (22–35)

Skip 2 doses (1 d)
Skip 4 doses (2 d)
Skip 4–10 doses (2–5 d)

Skip 4 doses (2 d)
Skip 6–8 doses (3–4 d)
Skip >10 doses (>5 d)

RIVAROXABAN
CrCl >50
CrCl <50

8 h
9–10 h

Skip 1 dose (1 d)
Skip 2 doses (2 d)

Skip 2 doses (2 d)
Skip 3–4 doses (3–4 d)

APIXABAN

9 h Skip 1 dose (1 d) Skip 2 doses (2 d)

Postprocedure Delay re-initiation until hemostasis is certain (24–72 h) and no epidural catheter is present

CrCl, creatinine clearance (ml/min).

novel AnTiCoAgulAnT AgenTs: Peri-ProCeDurAl mAnAgemenT

tabLe 55.14

Pfizer), edoxaban (Daiichi), betrixaban (Portola), and TAK-442 
(Takeda).471 Currently, rivaroxaban and apixaban are the most 
advanced in their clinical trials programs and are approved for 
use in the European Union, Canada, or the United States.

Rivaroxaban is a reversible small molecule direct factor Xa 
inhibitor that binds to and inactivates both fluid-phase factor Xa 
as well as factor Xa associated with the prothrombinase complex. 
Rivaroxaban has an oral bioavailability of ∼60% to 80%, with 
peak levels achieved 2 to 3 hours after an oral dose. The drug 
is metabolized in part by both CYP3A4-dependent and CYP3A4-
independent pathways, and has an elimination half-life of ∼7 to 
11 hours.471 The kidneys eliminate approximately 35% of active 
drug as well as inactive metabolites. Potent combined P-gp and 
CYP3A4 inhibitors (e.g., ketoconazole, itraconazole, lopinavir/rito-
navir, ritonavir, indinavir/ritonavir, and conivaptan) and induc-
ers (e.g., carbamezapine, phenytoin, rifampin, St John’s Wort) 
should be avoided in patients on rivaroxaban because they can 
significantly increase or decrease plasma drug concentrations, 
respectively.477

Rivaroxaban is currently approved for the prevention of VTE 
in patients undergoing elective joint replacement surgery, the 
prevention of stroke and systemic embolism in patients with 
nonvalvular atrial fibrillation, and the treatment of VTE.477 In 

the RECORD trials, rivaroxaban (10 mg daily) was compared 
to enoxaparin for thromboprophylaxis in patients undergoing 
elective joint replacement surgery. In a pooled analysis, the 
combined endpoint of symptomatic VTE and mortality occurred 
less often in patients receiving rivaroxaban (1.3% vs. 0.6%, p < 
0.001), whereas clinically relevant bleeding was more frequent 
(2.6% vs. 3.3%, p = 0.026).478 The ROCKET-AF trial was a large 
(n = 14,000) double-blind, noninferiority, randomized trial com-
paring rivaroxaban (20 mg daily in patients with normal renal 
function and 15 mg daily in patients with a creatinine clearance 
of 30 to 49 ml/min) to adjusted-dose warfarin (target INR 2 to 3) 
in patients with atrial fibrillation who were at an increased risk 
of stroke or systemic embolism.479 Rivaroxaban met the pre-
specified endpoint of stroke/systemic embolism occurrence with 
a HR of 0.88 (95% CI 0.74 to 1.03, p < 0.001 for noninferiority), 
had similar rates of major bleeding (HR 1.04, 95% CI 0.9 to 1.2, 
p = 0.58), and less intracranial hemorrhage (HR 0.67, 95% CI 
0.47 to 0.93, p = 0.02).479

Apixaban is a reversible, small molecule, direct factor Xa 
inhibitor that, as does rivaroxaban, binds to and inactivates both 
fluid-phase as well as clot-bound factor Xa. Apixaban has an 
oral bioavailability of >45%, achieves peak levels ∼3 hours after 
an oral dose, has an elimination half-life of ∼8 to 14 hours, and 
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is eliminated via multiple mechanisms. Similar to rivaroxaban, 
potent inhibitors of CYP3A4 (e.g., ketoconazole, itraconazole, 
lopinavir/ritonavir, ritonavir, indinavir/ritonavir, and conivaptan) 
and inducers (e.g., carbamezapine, phenytoin, rifampin, St John’s 
Wort) should be avoided.471

Apixaban has also been studied for thromboprophylaxis, 
stroke prevention in atrial fibrillation, and VTE treatment. 
Apixaban is currently approved for use in the European Union, 
Canada, and approved in the United States for the treatment 
of non-valvular atrial fibrillation. The AVERROES trial was 
a large (n = 5,599) double-blind, randomized trial compar-
ing apixaban (5 mg twice daily) to aspirin (81 to 324 mg) in 
patients with atrial fibrillation who were unsuitable candidates 
for warfarin therapy. Compared to aspirin, apixaban was more 
effective and equally safe with a HR of 0.45 (95% CI 0.32 to 
0.62, p < 0.001) for stroke/systemic embolism occurrence,  
HR 1.13 (95% CI 0.74 to 1.75, p = 0.57) for major bleeding, 
and a HR 0.85 (95% CI 0.38 to 1.9, p = 0.69) for intracranial 
bleeding.480 The ARISTOTLE trial was a large (n = 18,201) 
double-blind, double dummy, randomized trial comparing apixa-
ban (5 mg twice daily) to adjusted dose warfarin (INR 2 to 3) in 
patients with atrial fibrillation. Compared to warfarin, apixaban 
was more effective and safer with a HR of 0.79 (95% CI 0.66 to 
0.95, p = 0.01) for stroke/systemic embolism occurrence, HR 0.69 
(95% CI 0.6 to 0.8, p < 0.001) for major bleeding, and a HR 0.42 
(95% CI 0.3 to 0.58, p < 0.001) for intracranial bleeding.481

Because of the predictability in dose-response, laboratory 
monitoring of the oral factor-Xa inhibitors is unnecessary. If, 
however, lab assessment is required (e.g., need for urgent surgery 
or management of bleeding), a normal aPTT and a normal INR 
suggest little anticoagulant presence, although clinical judgment 
is required. 274a,482 Table 55.14 suggests a management approach 
to patients requiring temporary interruption of anticoagulation 
for an invasive procedure. Like all anticoagulants, the primary 
adverse effect of the factor Xa inhibitors is an increase in bleed-
ing risk. Both rivaroxaban and apixaban have significant protein 
binding and so are not anticipated to be dialyzable. Management 
of bleeding in patients on these agents is problematic as there is 
no known reversal agent. Patients who have bleeding on rivar-
oxaban or apixaban should be managed with aggressive conser-
vative measures including active control of bleeding site.474 In 
cases of life-threatening bleeding, the administration of activated 
prothrombin complex concentrates may be effective in reversing 
the effect.483

thrombolytic Drugs
The major reaction of the fibrinolytic (plasminogen) system 
involves the conversion by PAs of the inactive proenzyme, plas-
minogen, into the active enzyme, plasmin. Plasmin can degrade 
fibrinogen, fibrin monomers, and cross-linked fibrin (as found in 
thrombi) into FDPs. These plasmin-mediated reactions generate 
many species of FDPs including unique species of FDP such as 
fragment X from fibrinogenolysis and cross-linked FDPs such as 
(DD)E- and d-dimer from cross-linked fibrin.484,485 Knowledge 
of these reactions is necessary to appreciate the mechanisms of 
action and limitations of commercial PAs.

A common feature of the management of all thromboembolic 
diseases is the desire to restore vascular patency in a timely fash-
ion to prevent loss of tissue, organ, and limb function, as well as 
life. Acute arterial thrombosis warrants an attempt at immediate 
thrombolysis, whereas venous thrombosis only warrants such 
intervention in extreme cases. Recognition of the importance 
of the endogenous fibrinolytic system in limiting the size of 
hemostatic thrombi, clearing hemostatic thrombi after vascular 
repair, and preventing pathologic thrombosis has resulted in 
the development of pharmacologic fibrinolytic (thrombolytic) 
agents to facilitate rapid restoration of vascular patency. Most 

thrombolytic agents are recombinant forms of physiologic PAs. 
The commercially available PAs differ with regard to plasma 
half-life, fibrin selectivity, primary clinical usage, primary infu-
sion strategy, and immunogenicity. Currently available and 
investigational PAs and their key characteristics are summarized 
in Table 55.15.

Most thrombolytic agents are fashioned after endogenous t-PA 
or urokinase. Traditional thrombolytic drugs include bacteria-
derived streptokinase (SK), anisoylated plasminogen SK activa-
tor complex, urokinase (two-chain u-PA), and recombinant t-PA 
(rt-PA). Newer molecules have been and are being developed in 
an attempt to improve on the traditional agents. Major goals of 
new thrombolytic agent development include increasing fibrin 
specificity, theoretically to reduce bleeding complications, pro-
longing initial plasma half-life to facilitate single- or double-bolus 
administration, reducing sensitivity to inactivation by PAI-1, and 
improving production efficiency. New thrombolytic agents include 
mutants of PAs, chimeric PAs, conjugates of PAs with monoclonal 
antibodies, and novel PAs from animal or bacterial origin. Non-PA 
thrombolytic agents that can degrade fibrin and/or fibrinogen 
directly (e.g., microplasmin, alfimeprase, and ancrod) are also 
under investigation.

Thrombolytic 
Agent

Molecular 
Weight 
(Daltons)

Plasma  
Half-life 
(Minutes) Key Properties

Streptokinase 47,000 20 (drug);
90 (lytic 
effect)

Complexes with  
plasminogen to 
achieve activity

Anisoylated  
plasminogen  
streptokinase  
activator complex

131,000 40–90 Streptokinase and 
plasminogen  
complex

Urokinase 34,000/54,000 15 Direct plasminogen 
activator derived from 
fetal kidney cells

Recombinant  
urokinase

54,000 7 Recombinant  
high-molecular–
weight urokinase

Recombinant  
prourokinase

49,000 7 Active after  
conversion to  
urokinase

Alteplase 65,000 4–8 A recombinant t-PA

Reteplase  
(recombinant  
plasminogen  
activator)

39,000 15 Truncated t-PA with 
an extended half-life

Tenecteplase 65,000 20 (initial);
90–130  
(terminal)

A modified t-PA 
with an extended 
half-life, enhanced 
 plasminogen activa-
tor inhibitor-1 resis-
tance, and greater 
fibrin specificity

Desmoteplase 
(rDSPAa1)

52,000 2.8 h Highly fibrin  
specific and lacking 
in neurotoxic effects 
of alteplase

Plasmin 85,000 — Catheter-directed 
therapy

t-PA, tissue-type plasminogen activator.

ProPerTies of CurrenTly AvAilAble AnD 
invesTigATionAl THrombolyTiC AgenTs

tabLe 55.15
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Streptokinase
SK is obtained from cultures of b-hemolytic streptococci. By itself, 
SK has no PA activity, but after combining with plasminogen, a 
complex is formed that is capable of activating other plasminogen 
molecules to plasmin.486 Purified SK has a molecular weight of 
47,000 D. SK was the first clinically used thrombolytic agent. It 
is not fibrin-selective in that its therapeutic use results in sys-
temic fibrin(ogen)olysis and what is termed the lytic state from 
proteolysis of fibrinogen, factors V and VIII, and other plasma  
proteins.486 Platelet function may also be perturbed, because 
plasmin can proteolyze key platelet membrane receptors.487 
Generation of FDPs also contributes to the significant hemostatic 
defect of thrombolytic therapy. Although the lytic state predis-
poses patients to bleeding, the benefit of decreased blood viscosity 
that results from the lytic state may be clinically important. The 
half-life of SK is ∼20 minutes. Because SK is a bacterial protein, 
it is antigenic, and allergic reactions occur in ∼6% of patients. 
Anaphylaxis during SK use occurs in ∼0.1% of patients.488 
Patients previously exposed to SK or those with previous strep-
tococcal infections may acquire antistreptococcal antibody levels 
sufficient to neutralize the activity of SK. Therefore, all patients 
receiving SK should be monitored to ensure attainment of the 
lytic state. This can be done with the thrombin time assay. SK has 
been used primarily to treat VTE and MI, as well as to treat central 
venous access-device–associated thrombosis.

Urokinase-type Plasminogen Activator
In the past, u-PA was obtained from human fetal kidney cell 
cultures. It is currently produced using nonhuman mammalian 
tissue cultures. Its molecular weight is 34,000 D. u-PA is not 
fibrin- selective, and this drug also produces a lytic state. The half-
life of u-PA is ∼15 minutes. u-PA is used to treat VTE, MI, and 
thrombolysis of clotted catheters.

Tissue-type Plasminogen Activator
Currently, t-PA is produced by recombinant technology as a two-
chain species, with a molecular weight of ∼65,000 D.489,490 In 
vitro, t-PA is fibrin-specific, because of its high affinity for fibrin 
with which it forms a ternary complex with plasminogen. However, 
with t-PA dosage regimens currently being used, the lytic state is 
produced in vivo.491 Consequently, bleeding complications with 
t-PA are similar to those with SK or u-PA.492 The half-life of t-PA 
is much shorter than that of SK or u-PA, ∼5 minutes. t-PA is used 
to treat VTE and acute MI492–496 and has also been approved for 
use in acute ischemic stroke (within 3 hours of stroke onset) and 
venous catheter withdrawal occlusion.497 Laboratory monitoring 
of t-PA therapy is usually not recommended.

Tissue-type Plasminogen Activator Variants
Recombinant PA (r-PA; reteplase) is a nonglycosylated deletion 
mutant of wild-type human t-PA comprised of only the kringle 2 
and the protease domains of the parent molecule. Lack of the fin-
ger domain imparts lower fibrin-binding affinity.498 Lack of glyco-
sylation, a finger domain, and an epidermal growth factor domain 
impart an extended half-life (15 minutes vs. 5 minutes). The 
longer half-life allows for double-bolus administration. The longer 
half-lives of r-PA and TNK–rt-PA compared with t-PA facilitate 
bolus administration primarily for acute coronary thrombosis.

Other Plasminogen Activators
Recombinant glycosylated prourokinase (single-chain u-PA) has a 
greater stability than recombinant nonglycosylated prourokinase 
and has been evaluated for catheter-directed, intra-arterial treatment 
of stroke.499 Staphylokinase is produced by Staphylococcus aureus. 

It appears to have substantial thrombolytic activity, but it may also 
be immunogenic.500 Vampire bat (Desmodus rotundus) salivary PA 
(rDSPAa1, desmoteplase) possesses >72% primary structure homol-
ogy to human t-PA but lacks a kringle 2 domain501 which may impart 
greater fibrin specificity. Finally, although not a PA, plasmin therapy 
has been investigated in arterial vascular disease.471

Thrombolytic Therapy–Associated Bleeding
Bleeding is the most common complication associated with 
thrombolytic therapy, regardless of the agent. The bleeding stems 
from plasmin’s inability to distinguish between hemostatic and 
pathologic thrombi. This complication can range from minor 
bleeding at an intravenous infusion site to life-threatening 
 hemorrhage.502 Intracranial hemorrhage is a relatively uncom-
mon but serious complication of thrombolysis in patients being 
treated for acute MI.

The factors that increase the risk for bleeding during throm-
bolytic therapy are not fully understood. However, Gurwitz and 
associates used the National Registry for MI to determine risk 
factors for this adverse event in individuals treated with t-PA.503 
Their analysis of 673 patients with intracranial hemorrhage indi-
cated that older age, female sex, black ethnicity, systolic blood 
pressure ≥140 mm Hg, diastolic blood pressure ≥100 mm Hg, 
history of stroke, t-PA dose ≥1.5 mg/kg, and lower body weight 
were all significantly associated with an increased risk for intra-
cranial hemorrhage. It is also possible that the properties of the 
agent used for thrombolysis may contribute to the risk for bleed-
ing complications.

Thrombolytic Fibrin Specificity and  
Hemorrhagic Risk
Thrombolytic agents can be characterized along a variety of dimen-
sions, but one that is often mentioned is fibrin specificity.504 The 
ability of a thrombolytic agent (PA) to distinguish between plasmin-
ogen in the general circulation and plasminogen bound to fibrin 
surfaces dictates its fibrin specificity. Activation of fibrin-bound 
plasminogen results in the generation of fibrin-bound plasmin that 
is protected from inactivation by a2-antiplasmin. Bound plasmin 
generates soluble fibrin degradation products; circulating plasmin 
degrades fibrinogen into FDPs. Fibrin specificity differs from fibrin 
affinity, which is a measure of how avidly a given agent binds to 
fibrin, but not its specificity for this molecule.504 At present, there 
is little evidence to support the view that differences in fibrin affin-
ity among PAs are significantly correlated with either the efficacy 
or safety of these preparations.505 High fibrin specificity is thought 
to be associated with lower risk for hemorrhagic complications in 
patients undergoing thrombolytic therapy because of the belief that 
plasmin generated on the fibrin surface of a thrombus restricts its 
activity only to that surface. This view is not universally supported 
by available data from large-scale clinical trials.

A relationship between high fibrin specificity and reduced 
bleeding risk has been demonstrated.506 The results of the 
Assessment of the Safety and Efficacy of a New Thrombolytic 
(ASSENT)-2 trial, which included 16,949 patients with acute MI, 
showed that the use of the highly fibrin-specific thrombolytic 
agent TNK-tPA, compared with rt-PA, was associated with a 
significantly lower risk for major noncerebral bleeding.506 This 
lower rate of bleeding complications was correlated with a signifi-
cant reduction in the need for blood transfusions. The ASSENT-2 
investigators also reported that TNK-tPA was associated with a 
significantly lower risk for noncerebral bleeding than the less-
specific agent alteplase.507 Intracranial bleeding rates were com-
parable with the two agents.

Results from other large-scale studies support the opposing 
view that high fibrin specificity may actually be associated with 
increased risk for intracranial bleeding in patients undergoing 
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thrombolytic therapy for acute MI. For example, the Global 
Utilization of Streptokinase and Tissue Plasminogen Activator for 
Occluded Coronary Arteries (GUSTO) trial showed that the risk 
of intracranial bleeding was slightly higher in 41,021 patients 
with MIs who received treatment with rt-PA as compared with 
SK.508 These findings are consistent with those from another 
very large-scale comparison of SK with rt-PA in 20,768 patients 
with MI (Gruppo Italiano per lo Studio della Streptochinasi 
nell’Infarto Miocardico 2 [GISSI-2]), which showed a significantly 
higher risk of stroke in patients who received the latter, more 
fibrin-specific agent.509 Similarly, the Third International Study 
of Infarct Survival (ISIS-3) showed that treatment of patients with 
anisoylated plasminogen SK activator complex was associated 
with increased risk for intracranial bleeding compared with SK 
in a large cohort of 41,299 patients who received thrombolytic 
therapy for suspected MI.510

There are a number of potential explanations for the asso-
ciation between high fibrin specificity and increased intracranial 
bleeding observed in the patients treated in the GUSTO, GISSI-2, 
and ISIS-3 trials. These include the inability of fibrin-specific 
agents to distinguish between pathologic thrombi and hemostatic 
thrombi, and the possibility that treatment with fibrin-specific 
agents resulted in greater degradation of hemostatic fibrinogen 
and other circulating coagulation factors than SK. Finally, it may 
be that fibrin-specific therapy resulted in increased production 
and accumulation of fragment X, and that this enhanced the 
bleeding risk.511

Venous Thromboembolic diseAse
VTE, encompassing both DVT and PE is a common disease that 
carries a substantial risk of morbidity and mortality, is associated 
with high healthcare costs, and for many patients can be pre-
vented. It has been estimated that between 500,000 and 2 million 
VTE cases, including calf vein thrombosis, proximal DVT, and PE, 
occur annually in the United States alone. It is estimated that up to 
50% of DVT and PE are asymptomatic or undetected.512

The major clinical consequences of extremity DVT include the 
PTS (chronic swelling, stasis dermatitis, stasis ulceration, and 
venous claudication: All secondary to venous insufficiency) and 
PE. The major clinical consequences of PE include acute lung 
infarction, chronic dyspnea, chronic pulmonary hypertension, 
and death. DVT restricted to the calf veins uncommonly results 
in clinically important PE and is rarely associated with a fatal 
outcome. In contrast, inadequately treated DVT involving the pop-
liteal or more proximal leg veins is associated with a 20% to 50% 
risk of clinically relevant recurrence and is strongly associated 
with both symptomatic and fatal PE.513,514 In untreated patients, 
death from PE occurs most frequently within 24 to 48 hours of 
initial presentation. All-cause mortality rates in treated patients 
with PE is as high as 11% at 2 weeks and 17% at 3 months.512 
Even small PE in patients with emphysema, cardiac disease, or 
lung involvement with malignancy may result in death. Any VTE 
in a patient with a contraindication to anticoagulation presents a 
therapeutic challenge and greater likelihood of adverse outcome.

management of Venous thromboembolism
For a majority of patients with VTE, treatment is tradition-
ally straightforward and includes an initial treatment phase 
(first 5 to 7 days) wherein there is an immediate initiation of 
a therapeutically dosed parenteral anticoagulant (e.g., heparin 
or low- molecular–weight heparin) and simultaneous initiation 
of long-term therapy (e.g., vitamin K antagonist), followed by a 
long-term treatment phase (from 5 to 7 days to 3 months) where 
the parenteral anticoagulant is discontinued, and VKA therapy 
is continued, and then an extended treatment phase (3 months 

to indefinite) where there is a decision to continue treatment or 
not.515,516,517 The emergence of the NOACs will greatly simplify 
this approach for a majority of patients.

Initial Treatment of Venous Thromboembolism
The mainstay of pharmacologic therapy for VTE is anticoagula-
tion. A delay in achieving therapeutic anticoagulant intensity 
may have a negative effect on a patient’s long-term VTE recur-
rence rate.518,519 VKA have a delayed onset of action and the 
necessity of instituting a rapid-onset parenteral anticoagulant 
(e.g., heparin) in patients with acute VTE during VKA initiation 
has been highlighted.520 As long as warfarin is dosed to a thera-
peutic level, overlap therapy with heparins can be minimized to  
5 days.517,521,522

UFH remains the preferred initial parenteral anticoagulant for 
certain patients with acute VTE such as those with end-stage renal 
disease. When heparin is used, weight-based dosing (80-U/kg 
bolus followed by 18 U/kg/hour) with subsequent dose adjust-
ments based on a standardized nomogram (Table 55.7) facilitates 
achieving a target aPTT.523 Use of any published nomogram helps 
facilitate the rapid achievement of target intensity anticoagula-
tion. Adjusted-dose subcutaneous UFH, intermittent intravenous 
UFH boluses, and fixed dose subcutaneous heparin have also 
been used effectively in the treatment of VTE.513,524,525 The thera-
peutic intensity of UFH is monitored using the aPTT. An aPTT 
therapeutic range that correlates with an anti-FXa activity level 
of 0.3 to 0.7 U/ml is preferred.397 The aPTT should be checked 
every 4 to 6 hours until the aPTT surpasses the minimum of the 
therapeutic range.

As compared to heparin, weight-based subcutaneous LMWH is 
a preferred treatment option for most patients with acute VTE.517 
In 1992 two separate groups of investigators demonstrated that 
fixed-dose LMWH therapy was at least as safe and effective as 
adjusted-dose intravenous heparin in patients with proximal vein 
thrombosis.526,527 Subsequently, numerous other comparative tri-
als have been performed, and in a meta-analysis of 13 comparative 
trials Dolovich et al.528 demonstrated the LMWHs to be compa-
rable to heparin for the initial treatment of VTE with regard to 
recurrence, major bleeding, and total mortality.528 Similarly, in a 
meta-analysis of 2,110 patients who presented with acute symp-
tomatic PE, LMWH were found to be at least as effective (OR for 
recurrence, 0.68, 95% CI, 0.42 to 1.09) and safe (OR for major 
bleeding, 0.67, 95% CI, 0.36 to 1.27) as heparin.529 Enoxaparin 
sodium is dosed at 1.0 mg/kg body weight every 12 hours or  
1.5 mg/kg once daily.530 Tinzaparin is dosed at 175 U/kg once 
daily.517 Dalteparin is dosed at 200 U/kg (up to 18,000 U) once daily. 
The Matisse trials also support the use of fondaparinux in patients 
with VTE with efficacy and safety at least as good as LMWH.517,531

Efficient initial dosing of VKA therapy in patients with VTE 
minimizes excessive duration (i.e., beyond 5 to 7 days) of poten-
tially costly parenteral anticoagulants and may allow for shorter 
hospitalization. The use of standardized warfarin initiation dosing 
nomograms has been shown to be efficient and safe.450,532,533 In 
two separate studies of predominantly inpatients, dosing nomo-
grams using a 5-mg initial dose was compared to 10 mg and 
shown to be effective in achieving a therapeutic INR within 5 days 
with less risk of excessive anticoagulation.450,532 More recently a 
10-mg initial VKA dose nomogram in outpatients being treated for 
VTE had a greater percentage of patients achieving a therapeutic 
INR by day 5 of therapy with no difference in excessive anticoagu-
lation or adverse events as compared to a lower initial dose.533 
Lower initial doses (e.g., 5 mg or less) may be most appropriate 
for those patients who are elderly, have low body weight, are on 
interacting medications, or have poor nutrition, whereas a higher 
dose (e.g., 10 mg) may be acceptable for others.

The initial treatment of VTE used to be confined to the inpa-
tient setting; however, two clinical trials demonstrated that 
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outpatient LMWH treatment for carefully selected patients with 
acute DVT is safe and effective and can lead to substantial cost 
savings.534–536 Assuming an appropriate care-delivery system is 
in place, outpatient DVT treatment has become appropriate for 
a majority of DVT patients except perhaps, those with massive 
ileofemoral DVT, a high bleeding risk, or substantial co-morbid 
illness that otherwise necessitates hospitalization.537 Appropriate 
initial site-of-care for patients who present with acute PE is more 
controversial. Unlike patients with acute DVT, patients with acute 
PE represent a very heterogeneous risk-group with 3-month 
mortality rates ranging from 1.4% to 17.4%.512,538 Standardized 
clinical assessments, biomarkers, and right ventricular size on 
imaging can all help to identify patients with a favorable prog-
nosis. For carefully selected, low-risk patients with acute PE, a 
predominantly outpatient management approach has been shown 
to be safe and effective.539

Anticoagulation Considerations in Special 
Populations with Venous Thromboembolism
In occasional patients with thrombosis, the aPTT assay may not 
be reliable in monitoring UFH therapy, for example, patients 
with the lupus anticoagulant and a prolonged baseline aPTT. 
For these patients, one option would be to use UFH levels that 
can be obtained by an automated assay using an anti–factor Xa 
method. In this instance, the targeted therapeutic range would 
be 0.35 to 0.7 U/ml. Alternatively, these patients could be given 
LMWH or fondaparinux, with the dosage determined solely by 
body weight and no necessity for laboratory monitoring. Patients 
with marked elevation in factor VIII levels may also be more reli-
ably anticoagulated using LMWH.400

Obese patients are underrepresented in VTE treatment trials, 
and that has led to uncertainty about optimal LMWH dosing in 
these patients.540,541 Studies evaluating drug (e.g., dalteparin, 
enoxaparin, tinzaparin) activity with the use of anti-Xa activity 
levels, suggest the pharmacodynamics of LMWHs in obese patients 
(weighing up to 190 kg) are similar to nonobese patients.542–544 
Consequently, weight-based dosing (using total body weight) in 
obese patients without dose-capping and without anti-Xa monitor-
ing appears appropriate.397,540 However, due to limited published 
experience, anti-Xa monitoring with subsequent dose adjustment 
should be considered in patients at extreme weights, i.e., those 
patients weighing over 190 kg in whom LMWH are used.540

The concomitant presence of renal insufficiency (creatinine 
clearance [CrCl] <30 ml/minute) is associated with worse out-
comes, including fatal bleeding, in patients with VTE.545 Although 
inconsistent, the LMWHs have a significant degree of renal clear-
ance with anti-Xa activity levels strongly correlating with CrCl and 
drug accumulation occurring in those patients with a CrCl less 
than 30 ml/minute.397 Clinically, unadjusted LMWH therapy is 
associated with greater bleeding complications (OR 2.25, 95% CI 
1.19 to 4.27) in patients with CrCl <30 ml/min compared to those 
without renal impairment.546 Because of potentially worse out-
comes with LMWHs in patients with significant renal impairment, 
weight-based adjusted-dose UFH is recommended over LMWH for 
VTE treatment.397,540,541

Extended Treatment of Venous Thromboembolism
The optimal duration of anticoagulation should be determined for 
each individual patient. Patients with DVT secondary to a time-
limited (transient) risk factor such as recent surgery, immobili-
zation, trauma, or pregnancy may be anticoagulated for a short 
duration of 3 months, as long as the risk factor has resolved. 
Patients with recurrent unprovoked VTE (two or more events) or 
ongoing major risk factors, such as malignancy or antiphospho-
lipid antibody syndrome, require indefinite therapy. Patients with 
a first unprovoked VTE should be anticoagulated for a minimum 

of 3 months and consideration should be given to longer duration 
of therapy.517 In general, patients with an unprovoked VTE have 
a risk of recurrence of ∼5% to 7%/year after 3 months of therapy 
if anticoagulation is discontinued.517 Continuation of anticoagula-
tion beyond 3 months (e.g., 6 or 12 months) reduces this risk as 
long as the patient remains on anticoagulation, but the heightened 
long-term recurrence risk remains unchanged once anticoagula-
tion is discontinued. Unfortunately, residual thrombus on repeat 
imaging and the presence of the most common thrombophilias 
(e.g., heterozygote factor V Leiden mutation, prothrombin gene 
mutation, etc.) are only weak predictors of recurrence risk and 
so their utility in helping to decide whether to continue or stop 
anticoagulation after the initial 3 months in patients with unpro-
voked VTE is controversial.547,548,550 For these reasons, current 
guidelines suggest extended duration of therapy for patients with 
unprovoked VTE as long as the predicted long-term bleeding 
risk is estimated to be low.517 The use of posttreatment d-dimer 
to guide the decision to continue or stop anticoagulation after  
3 months has potential utility.551 It is probable that with addi-
tional data, d-dimer testing will continue to have an emerging 
role in helping with duration of therapy decisions in some patients 
with unprovoked VTE. Guidelines for the duration of anticoagu-
lant therapy are suggested in Table 55.16.

For those patients assigned to extended (e.g., beyond initial  
3 months) duration therapy, the intensity of oral anticoagulation has 
been a subject of controversy. A consensus group concluded that 
low-intensity oral anticoagulation (INR 1.5 to 2.0) was less effective 
and no safer than standard-intensity therapy (INR 2.0 to 3.0).552

All patients anticoagulated with warfarin should be educated 
regarding maintaining a stable diet. Patients should be encour-
aged to consume a constant intake of dietary vitamin K and 
avoid large variations or fluctuations in their diet. Because of 
the number of pharmacologic interactions that exist between 
warfarin and other drugs (Table 55.10), patients should be 
instructed to inform their physician of the addition or withdrawal 
of any medication during warfarin therapy. In addition, patients 
should be encouraged to avoid over-the-counter multivitamin 
supplements or herbal preparations that contain vitamin K or 
vitamin K analogs and those known to have an effect on warfarin 
anticoagulation (e.g., ginkgo biloba). The risk of bleeding during 
therapy should be explained to all patients. It is strongly recom-
mended that patients avoid high-risk activities, including contact 
sports. Patients should be instructed to seek medical attention 
for severe bleeding or bleeding that is not controlled after 10 to 
15 minutes of continuous compression. The appropriate use of 
protective gear, such as bicycle helmets, should be emphasized. 
Patients should be instructed to carry a wallet card that identi-
fies their use of an anticoagulant. In addition, they should be 
encouraged to wear a medical identification bracelet or necklace. 

Disease Duration

Situational DVT or PE (transient risk factors) 3 mo

Unprovoked DVT or PE 3 mo (minimum)/indefinite

Recurrent unprovoked DVT or PE Indefinite

DVT with ongoing risk factorsa Long-term/indefinite

Massive PE Long-term/indefinite

Calf vein DVT 3 mo

DVT, deep venous thrombosis; PE, pulmonary embolism.
aFor example, malignancy, antiphospholipid antibody syndrome, or natural anticoagulant 
deficiency.

DurATion of AnTiCoAgulATion in venous 
THromboemboliC DiseAse

tabLe 55.16
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Patient instruction is best provided by anticoagulation clinics that 
focus specifically on anticoagulation monitoring and education. 
Studies suggest that anticoagulation services offer better control 
of anticoagulation (time in therapeutic range, TTR).553 Point-of-
care instruments that can reliably monitor a patient’s INR values 
in the hospital or home setting are being increasingly used.554 
Patient self-testing and self-management of oral anticoagula-
tion therapy have been demonstrated to be effective, but overall 
impact on clinical outcomes, cost-effectiveness, and patient selec-
tion remain incompletely defined.555–557

In select cases, LMWH may be used in lieu of oral warfarin for 
chronic-phase anticoagulation. Because of its teratogenic effects, 
warfarin therapy is contraindicated in pregnancy, so long-term 
heparin or LMWH is prudent for pregnant patients; LMWH may 
be preferred in pregnancy, because osteopenia occurs less often 
with LMWH than with UFH.558

In addition, patients with variable oral intake, episodic vom-
iting, malabsorption, and difficult to regulate INR values on 
warfarin may be better served by chronic subcutaneous LMWH 
administration.

The management, efficacy, and safety of VKA are particu-
larly problematic in cancer patients with VTE.559 Both recurrent 
VTE and major bleeding events are significantly more common 
in patients with cancer compared to those without in the first 
month of therapy and are not explained by anticoagulant inten-
sity outside the target range.560 Due to the limitations of VKA in 
this population, long-term LMWH therapy has been evaluated 
as an alternative to LMWH followed by VKA in cancer patients 
with VTE. In the pivotal 2003 CLOT trial, Lee et al. randomized  
672 patients with acute proximal DVT, PE, or both to either 6 
months of dalteparin (200 IU per kilogram of body weight once 
daily for 1 month followed by 150 IU per kilogram once daily for 
5 months) to 5 to 7 days of dalteparin followed by 6 months of 
VKA with a target INR of 2.5. During the 6-month study period, 
recurrent VTE was significantly less common in the long-term 
LMWH group (hazard ratio 0.48, 95% CI 0.30 to 0.77) without 
a difference in bleeding events or mortality.561 In a separate 
randomized open-label clinical trial comparing usual care to long-
term tinzaparin in patients with a proximal DVT in the setting of 
cancer (n = 200), Hull et al.562 demonstrated long-term tinzaparin 
to be associated with fewer recurrent VTE events, 16% versus 
7% (absolute risk difference −9%, 95% CI −21.7% to −0.7%).562 
Most recently, a Cochrane meta-analysis of six randomized trials 
showed that long-term LMWH, compared to usual therapy pro-
vided a reduction in VTE (HR 0.47, 95% CI 0.32 to 0.71) with no 
statistically significant survival benefit (HR 0.96, 95% CI 0.81 to 
1.14) or difference in bleeding outcomes (RR 0.91, 95% CI 0.64 
to 1.31).563 From a patient perspective, long-term LMWH therapy 
is deemed acceptable and is preferable to VKA.564 Based upon 
favorable outcomes, long-term LMWH therapy in cancer patients 
is currently endorsed by numerous practice guidelines as the 
 preferred therapeutic approach in these patients.517,565,566,567

Novel Oral Anticoagulants for the  
Treament of Venous Thromboembolism
Rivaroxaban has recently been approved for VTE treatment, and 
the continued emergence of the NOACs will likely change the 
treatment approach for many patients with VTE. Noninferiority 
trials have compared a single drug treatment approach (e.g., 
rivaroxaban) or treatment after an initial course of LMWH (e.g., 
dabigatran etexilate) to standard therapy in patients with acute 
VTE. Other similar trials evaluating apixaban and edoxaban are 
near completion. In the EINSTEIN-DVT trial (n = 3449), oral rivar-
oxaban, 15 mg twice daily for 3 weeks and then 20 mg once daily, 
was compared to standard therapy in patients with acute DVT.568 
Rivaroxban was demonstrated to have both similar efficacy (hazard 
ratio for the primary endpoint of symptomatic recurrence was 0.68, 

95% CI 0.44 to 1.04) and safety.568 In a companion study of patients 
with acute PE, the EINSTEIN-PE trial (n = 4,832), as compared to 
usual therapy, rivaroxaban was similarly effective and safe, HR 
1.12 (95% CI 0.75 to 1.68) and 0.49 (95% CI .031 to 0.79), respec-
tively.569 In the RE-COVER trial (n = 2,539), patients with acute 
VTE received either VKA or dabigatran, 150 mg twice daily, after 
an initial period of parenteral anticoagulantion with LMWH. After 
6 months of therapy recurrence, HR 1.10, 95% CI 0.65 to 1.84, and 
major bleeding, HR 0.82, 95% CI 0.45 to 1.48, were similar.570

Calf Deep Venous Thrombosis
Many perceive that calf DVT is of limited clinical significance. 
This misunderstanding and underappreciation of the potential 
morbidity and mortality associated with calf DVT have resulted in 
a lack of clear consensus on the optimal management strategy for 
this condition. Isolated calf DVT may account for as few as 6.2% 
of all symptomatic acute DVT and as many as 43.0% of all acute 
VTE.571 Studies have also demonstrated that although calf DVT 
and proximal DVT may be considered separate diseases at their 
outset, 15% to 25% of calf DVT propagate into the proximal veins 
within 2 to 3 weeks wherein a risk of embolism ensues.572–575 
Such “proximal conversion” renders what was initially a calf DVT 
just as dangerous as any proximal DVT.

Whereas the primary goals of proximal DVT treatment include 
the prevention of DVT recurrence and PE, the most essential 
goals of calf DVT treatment should be to treat severe symptoms 
and to prevent early proximal conversion. Current treatment 
approaches for isolated calf DVT are either to implement the 
same intensity and duration of anticoagulant therapy as is used 
for proximal DVT or to implement serial duplex ultrasound 
surveillance, with therapy begun only in the event of proximal 
conversion or  significant extension. Surveillance consists of 
serial imaging (e.g., twice weekly) for 2 weeks, the usual period 
for proximal conversion. The limitations of serial surveillance 
include cost, compliance, and convenience whereas anticoagulant 
therapy has limitations of cost, inconvenience, and risk of bleed-
ing. Anticoagulation is preferable for those patients with a low 
bleeding risk who have severe symptoms or risk factors for exten-
sion (thrombus >5 cm, involves multiple calf veins, proximal 
extent near the calf trifurcation, ongoing underlying risk factors 
such as immobility or cancer, prior history of VTE, or occurrence 
without provocation).517

Whereas 6 months of anticoagulation has been shown to be 
superior to 6 weeks’ duration of therapy in patients with proximal 
DVT, the shorter course of therapy has not been shown to be infe-
rior in patients with initial distal thrombosis.571 In general, calf 
vein DVT should be treated for 3 months.517 However, patients 
with situational calf DVT (DVT with a clear precipitant such as 
major surgery or hospitalization) can be considered for only  
6 weeks of treatment, assuming the precipitating illness or event 
has resolved. Inferior vena cava (IVC) filter placement is not rec-
ommended for calf DVT in most circumstances.

advanced therapies for Venous 
thromboembolism

Vena Caval Filter
Patients with acute VTE and active bleeding require placement 
of an IVC filter, as do patients with acute VTE who have failed 
therapeutic anticoagulation. Relative contraindications to anti-
coagulation are listed in Table 55.17. It is important to note that 
active bleeding may be a treatable and transient contraindica-
tion to anticoagulation. An IVC filter should not be viewed as an 
equivalent substitute to anticoagulation in the setting of acute 
VTE and is certainly not an “insurance policy” against subsequent 
PE. The use of IVC filters has been associated with an increased 
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risk of recurrent DVT, reduced PE, and no difference in overall 
mortality.576,577 In patients with filters placed because of bleeding, 
appropriate anticoagulation should begin as soon as the bleed-
ing source has been properly and completely treated. Because 
of the significant risk of rebleeding, such a patient should have 
his or her anticoagulation begun in the hospital. Placement and 
subsequent removal of a temporary (or retrievable) IVC filter once 
the contraindication to anticoagulation has passed seems ideal. 
Placement of an IVC filter because of a “free-floating” DVT may 
not be necessary in all patients.578 Guidelines on using IVC filters 
have been published.517,579

Catheter-directed Thrombolysis of Deep  
Venous Thrombosis
Catheter-directed thrombolytic therapy is usually reserved for 
patients with extensive DVT involving the IVC or iliac veins and 
for patients who have signs and symptoms of actual or impending 
phlegmasia cerulea dolens.580–585 An initial venogram is performed 
via a distal vessel, usually a popliteal or foot vein, to delineate 
fully the extent of the DVT. Access for the vascular access sheath 
is best accomplished via the popliteal vein, typically using ultra-
sound guidance to assure nontraumatic, single-puncture catheter 
placement. A multiple-side–hole catheter is advanced and embed-
ded within the thrombus. Thrombolytic agent is infused through 
this catheter. At a minimum, low-dose heparin (500 U/hour) 
should be infused through the sheath to prevent sheath thrombo-
sis. Periodic surveillance with venography should be performed 
to assess resolution of the DVT. As lysis is achieved, the infusion 
catheter may require repositioning to maintain infusion within 
the thrombus.581

Lytic therapy for DVT carries the same contraindications as 
for lysis of PE. Active bleeding is an absolute contraindication 
to the procedure; relative contraindications include those for 
any anticoagulant. In addition, a history of contrast allergy or 
renal insufficiency is a relative contraindication to the procedure. 
Complications are similar to the complications for PE lysis. The 
major complication associated with the use of lytic agents is 
bleeding. Access-site bleeding is the most common complication. 
Bleeding in the popliteal space may be particularly significant 
because the popliteal vein is poorly compressible. Additional com-
plications such as intracranial bleeding are also seen with lytic 
infusion for DVT lysis. PE, potentially fatal, has been reported in 
patients undergoing DVT lytic therapy.

Only SK has an approved indication for use in lytic treatment of 
DVT. Urokinase, rt-PA, r-PA, and TNK–t-PA are not approved for 
DVT lysis. After the completion of thrombolytic therapy, patients 
should be anticoagulated with an appropriate parenteral agent 
(UFH, LMWH, or DTI) and converted to warfarin in the usual 
fashion. Patients who have a contraindication to lysis may be able 

to derive some benefit from mechanical thrombectomy performed 
at the time of venography/intervention. However, mechanical 
thrombectomy should not be attempted in patients with a con-
traindication to anticoagulation, because any benefit from suction 
thrombectomy would likely be lost without maintenance of thera-
peutic anticoagulation.

Benefits of DVT thrombolysis include the ability subsequently 
to diagnose and treat any underlying venous stenosis, venous 
compression (as in May-Thurner syndrome), or venous webs 
that may be discovered after thrombolysis.582,583 The use of 
angioplasty, stent placement, or both may improve outcomes 
in these patients.584 Most recently, the combined use of local-
ized pharmacomechanical intervention has been demonstrated 
to reduce subsequent PTS occurrence but increase overall 
bleeding.586,587 These more recent findings are important as 
the primary goal of catheter-based interventions for the man-
agement of DVT is to reduce the subsequent occurrence of 
PTS. PTS develops in up to 50% of patients with symptomatic 
DVT.588 Pain, swelling, edema, pigmentation changes, and skin 
ulcers may occur. PTS results from damage to venous valves 
by clot, leading to valvular incompetence and venous reflux.588 
Management of PTS involves use of graduated elastic compres-
sion stockings589, and, as discussed, consideration of use of 
invasive catheter-directed approaches to treat DVT (and pre-
vent PTS); however, consensus opinion currently recommends 
against the routine use of thrombolytic therapy, and large ran-
domized trials are in progress.517

Thrombolysis for Pulmonary Embolism
Most patients with symptomatic PE should be treated solely 
with anticoagulation. Some patients with PE may derive ben-
efit from thrombolytic therapy to actively degrade the thrombus 
obstructing the pulmonary vasculature. Clear indications for PE 
thrombolysis are debatable.590,591 Thrombolysis has been dem-
onstrated to improve survival in patients with massive PE plus 
shock and is probably indicated in these patients. When compared 
to anticoagulation alone, thrombolytic therapy results in more 
rapid thrombus lysis, an early improvement in pulmonary blood 
flow, and improvement of right ventricular function.592 However, 
these improvements in cardiopulmonary function alone have not 
resulted in decreased mortality in stable patients without signifi-
cant hemodynamic compromise. Even in patients with submas-
sive PE, initial thrombolysis with intravenous alteplase did not 
reduce mortality.593 It remains unclear whether patients with PE 
and evidence of right ventricular dysfunction or elevated cardiac 
troponin levels (or both) benefit from thrombolysis.

Currently approved drug regimens for PE lysis include the 
following: SK, 250,000-U intravenous bolus over 30 minutes 
followed by 100,000-U/hour intravenous infusion for 24 hours; 
rt-PA, 100-mg intravenous infusion over 2 hours; and uroki-
nase, 4,400-U/kg bolus over 10 minutes followed by intravenous 
infusion of 4,400 U/kg/hour for 12 hours. Reteplase is not FDA-
approved for PE management, but when administered as two 
10-U boluses separated by 30 minutes, it has been shown to 
improve pulmonary vascular resistance and blood flow more rap-
idly than standard-dose rt-PA.594 Lytic therapy is contraindicated 
in patients with an increased risk of bleeding. Active bleeding is 
an absolute contraindication to therapy. In addition, recent organ 
biopsy or arterial puncture in a noncompressible site and recent 
cardiopulmonary resuscitation, uncontrolled hypertension, and 
pregnancy or recent delivery are relative contraindications. For 
all patients, the potential benefits of lysis must be weighed heavily 
against the potential risks of bleeding.595

Major hemorrhage rates have varied between 4% and 22% in 
studies at the currently recommended doses. Extrapolation from 
acute MI thrombolysis trials supports intracranial hemorrhage 
rates between 1% and 3%, approximately one half of which are 

Bacterial endocarditis

Recent organ biopsy or noncompressible arterial intervention site

Recent gastrointestinal or genitourinary bleeding (<10 d)

Thrombocytopenia or marked anemia

History of a bleeding disorder

History of intracranial, spinal, or ocular bleeding

Recent (<2 wk) history of major surgery, stroke, or trauma

Hepatic insufficiency

relATive ConTrAinDiCATions To AnTiCoAgulATion 
THerAPy

tabLe 55.17
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fatal. There is no benefit to lytic infusion via a centrally placed 
catheter when compared to peripheral infusion in patients with 
PE. Many believe that heparin should not be administered con-
comitantly with the lytic agent. An aPTT should be determined at 
the completion of the lysis; if the aPTT is ≤2.5 times the control, 
then heparin infusion should be started/resumed. If the aPTT 
is >2.5 times the control, the aPTT should be repeated every  
4 hours; once it decreases into an acceptable range, the heparin 
infusion may be initiated. If a complication of therapy occurs, the 
lytic agent and any other anticoagulants should be held. Fresh-
frozen plasma and cryoprecipitate may be used to replete fibrino-
gen and clotting factors. Consideration should be given to the use 
of antifibrinolytic agents to reverse excessive fibrinolysis.590,591

preVenTion of Venous 
Thromboembolic diseAse
If physicians focused more on VTE prophylaxis, much less time 
would be needed to emphasize methods for VTE diagnosis and 
treatment. Fatal PE is considered to be the most common prevent-
able cause of hospital death.596 Because the clinical diagnosis of 
VTE is unreliable and serial surveillance of all high-risk patients is 
expensive, widespread use of anticoagulants (or other prophylac-
tic measures) has been recommended and is the subject of recent 
comprehensive practice guidelines by the American College of 
Chest Physicians.359,597,598,599

Optimal delivery of thromboprophylaxis requires an assess-
ment of risk versus benefit, and this is particularly relevant to 
medically-ill patients wherein the absolute risk of clinically rel-
evant VTE may be less than in patients undergoing major surgi-
cal procedures. There is an abundance of literature supporting 
the benefits of thromboprophylaxis in surgical patients, but the 
absolute clinical impact in nonsurgical patients is less certain. In 
a recent meta-analysis by Lederle and colleagues, medically-ill 
patients who received pharmacologic prophylaxis had reduced 
incidence of symptomatic PE (number needed to treat 306), but 
increased bleeding events (number needed to harm 296 for major 

All Hospitalized*
Risk Factor Points

Cancer
Prior VTE
Thrombophilia
Major Surgery
Age >75 years
Obesity
Bed Rest
Hormones

3
3
3
2
1
1
1
1

High Risk = 4+ points

Medical†
Risk Factor Points
Prior VTE
Thrombophilia
LE paralysis
Cancer
Immobility 7+ days
ICU/CCU
Age >60 years

3
2
2
2
1
1
1

High Risk = 4+ points

Non-orthopedic Surgical Patients‡

5 points each:
Joint replacement surgery, hip/pelvic/leg
fracture, stroke, multiple trauma, SCI
3 points each:
Age >75, history of VTE, family history of
thrombosis, HIT, thrombophilia
2 points each:
Age 60–74, cancer, major surgery,
laparoscopic or arthroscopic surgery,
CVC, bed rest >72h, immobilizing cast
1 point each:
Age 41–60, minor surgery, IBD, edema,
BMI > 25, sepsis, serious lung disease,
medical  patient on bed rest, CHF, AMI,
varicose veins, OCP/ERT,
pregnant/postpartum

High Risk = 8+ points
Low Risk = 0–1+ points

• High Risk = >4% Symptomatic VTE Rate
• Greater # RF = Greater RAM Sensitivity

FIGURE 55.9. Individualized venous thromboembolism risk assessment models (RAMs). Individualized risk assessment for venous thromboembolism 
using validated risk assessment models may optimize patient selection and subsequent net benefit of thromboprophylaxis for acutely ill hospitalized patients or those 
undergoing major surgical intervention. In general, RAMs have a good positive predictive value in identifying high-risk patients, but may be relatively less useful in 
identifying lower-risk patients. AMI, acute myocardial infarction; BMI, body mass index; CHF, congestive heart failure; CVC, central venous catheter; HIT, heparin-
induced thrombocytopenia; IBD, inflammatory bowel disease; ICU/CCU, intensive care unit or critical care unit; LE, lower extremity; OCP/ERT, oral contraceptives/
estrogen replacement therapy; SCI, spical cord injury; VTE, venous thromboembolism. Adapted from *Kucher N, Koo S, Quiroz R, et al. Electronic alerts to prevent 
venous thromboembolism among hospitalized patients. N Engl J Med 2005;352:969–977. †Spyropoulos AC, Anderson FA, Fitzgerald G, et al. Predictive and associa-
tive models to identify hospitalized medical patients at risk for VTE. Chest 2011;140:706–714. ‡Bahl V, Hu HM, Henke PK, et al. A validation study of a retrospective 
venous thromboembolism scoring method. Ann Surg 2010;251:344–350.

bleeding), and no reduction in total mortality.600 Risk assessment, 
however, is imperfect and can be viewed as group risk (e.g., 
all orthopedic patients) or individualized risk (e.g., based upon 
individual patient characteristics). Figure 55.9 illustrates several 
VTE risk assessment models that have been validated.601–603 It is 
important to note that not all patients at risk develop a thrombosis, 
and not all thromboses result in symptoms, morbidity, or death. 
The benefit of pharmacologic thromboprophylaxis must always be 
weighed against the bleeding risk. Patients at high risk for bleed-
ing should still receive prophylaxis in the form of an intermittent 
pneumatic compression device, thromboembolism-deterrence 
stockings, or both. Furthermore, prophylaxis strategies must take 
into account whether a patient has a history of HIT. Figure 55.10 
illustrates a general approach to thromboprophylaxis, and Table 
55.17 lists relative contraindications to anticoagulant therapy.

Duration of thromboprophylaxis has also received attention. 
In general, extended prophylaxis (i.e., up to 4 weeks) has been 
suggested for patients undergoing elective hip arthroplasty, hip 
fracture repair, and high-risk abdominal-pelvic cancer surgery. 
Extending prophylaxis in medical patients, however, has not 
been shown to be effective and is associated with increased 
bleeding.604,605

hepArin-induced 
ThrombocyTopeniA
Although bleeding is the most common adverse event associated 
with heparin and LMWH therapy, HIT, also known as the white 
clot syndrome, is increasingly recognized as a potentially severe, 
albeit paradoxical, immune-mediated complication of heparin 
therapy.606,607 HIT is a “clinical–pathologic” syndrome, mean-
ing that the diagnosis is optimally based on compatible clinical 
features as well as laboratory assay results positive for heparin-
dependent antibodies. Platelet activation occurs in vivo in normal 
people. This results in release of PF4, a tetrameric platelet a-gran-
ule constituent into blood where it may also bind to the external 
platelet surface. Heparin is a polyanion, i.e., a chain of negatively 
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Risk
Develops

LMWH, Fondaparinux, VKA, NOACs

NO VTE
Prophylaxis

Regularly
Reassess

Bleeding Risk

History HIT

CrCl < 30 ml/min

ASSESS DURATION

 VTE
Prophylaxis

Strategy 1 (Opt In):
INDIVIDUAL Risk Assessment

Strategy 2 (Opt Out):
GROUP Risk Assessment

Optimal Mechanical

Fondaparinux, DTI

Heparin, VKA

FIGURE 55.10. General approach to venous thromboembolism (VTE) 
prophylaxis in hospitalized patients. Some form of venous thrombo-
embolism risk assessment should be performed in patients admitted to the 
hospital to identify those patients who are most likely to benefit from throm-
boprophylaxis. Risk assessment can be either individualized or consider-
ing at-risk patient groups (e.g., orthopedic surgery patients). Once risk has 
been identified, the choice of prophylactic strategy should be based upon 
the patient’s bleeding risk, history of heparin-induced thrombocytopenia, 
renal function, duration of therapy, and cost. CrCl, creatinine clearance; DTI, 
direct thrombin inhibitor; HIT, heparin-induced thrombocytopenia; LMWH, 
low-molecular–weight heparin; ml/min, milliliters per minute; NOACs, novel 
oral anticoagulants; VKA, vitamin-K–antagonists.

charged oligosaccharides, that can bind to positively charged PF4 
tetramers, resulting in heparin-PF4 complex formation that is 
immunogenic under certain circumstances.608 Binding of IgG to 
the heparin-PF4 complex forms an immune complex that triggers 
cross-linking of the platelet FcgIIa receptor, an event that leads 
to platelet activation and formation of thrombogenic micropar-
ticles.609 The end result is development of thrombocytopenia in 
the setting of a profound hypercoagulable state.

HIT typically develops between 5 and 14 days after the com-
mencement of heparin therapy and produces a variable but often 
moderate degree of thrombocytopenia wherein nadir platelet 
counts are typically in the range of 60,000/ml and the develop-
ment of severe thrombocytopenia (<20,000/ml) is unusual.610–612 
A platelet count fall that begins before day 5 of heparin is unlikely 
to represent HIT except in patients with a recent (within 3 months) 
heparin exposure.606 These patients may experience an abrupt 
onset of thrombocytopenia on re-exposure to heparin as a result 
of acute platelet activation due to preformed, circulating HIT-
associated antibodies. In contrast, delayed-onset HIT represents a 
clinical challenge as patients may develop thrombocytopenia with 
or without thrombosis days to weeks after heparin cessation.613

Although the exact incidence of HIT has not been well estab-
lished, HIT has been noted to develop in up to 3% to 5% of 
patients exposed to unfractionated porcine-intestine–derived 
heparin.610 Patients exposed to bovine-lung–derived UFH have 
been reported to have a greater likelihood of developing HIT 
than those exposed to porcine-intestine–derived UFH, and UFH 
induces pathogenic HIT antibodies to a greater extent than 
LMWH (∼5% vs. ∼1%, respectively, in orthopedic patients).614,615 
Warkentin et al. evaluated the incidence of HIT in 665 patients 
randomized to receive subcutaneous UFH or LMWH for venous 
thromboprophylaxis after elective hip surgery. HIT was diagnosed 
in 2.7% (9/332) of patients given UFH versus 0% (0/333) of those 
given LMWH. HIT with thrombosis developed in 88.9% (8/9) of 
the patients who developed HIT, compared with a thrombosis 
rate of 17.8% (117/656) in patients without HIT.606 The clinical 
setting also influences the frequency of HIT; patients undergo-
ing cardiac surgery who receive UFH have a higher incidence of 
pathogenic HIT antibodies (2.5%) compared to medical (<1%) or 
obstetric (<0.1%) patients, and HIT may develop more commonly 
in women.614,616

The most feared complication of HIT is thrombosis. Thirty-six 
to fifty percent of patients with HIT have been noted to develop 
life- or limb-threatening thromboses.610 The thrombotic tendency 

associated with HIT can last for at least 30 days, and HIT with 
thrombosis can develop well after the discontinuation of heparin 
and platelet-count recovery. Venous thrombosis is more common 
than arterial thrombosis in HIT patients, especially in those who 
receive UFH for postoperative DVT prevention.612,617 Extremity 
DVT is the most frequently encountered venous thrombotic com-
plication in HIT patients, followed in frequency by PE and cerebral 
sinus thrombosis.610 Most HIT-associated arterial thromboses 
involve the extremities, but stroke, MI, and renal artery throm-
bosis related to heparin infusions have been described. HIT with 
thrombosis after coronary artery bypass grafting may present as 
bypass-graft occlusion, left atrial thrombus formation, valvular 
thrombosis, or PE.618 Acute graft occlusion secondary to HIT has 
been described in vascular surgery patients even after platelet-
count normalization. It is reasonable to assume that patients with 
pre-existing vascular lesions, intravascular catheters, sepsis, or 
postoperative venous stasis are particularly susceptible to the 
thrombotic complications of HIT.

Other clinical presentations of HIT include heparin-induced 
skin lesions, heparin “resistance,” and adrenal vein thrombosis 
leading to hemorrhagic infarction.619,620 Heparin-induced skin 
lesions have been observed in ∼10% to 20% of patients who 
generate HIT-IgG in response to subcutaneous UFH injections. 
The skin lesions develop at heparin injection sites and can 
range from painful red plaques to overt skin necrosis reminis-
cent of warfarin-induced skin necrosis. Thrombocytopenia may 
not develop in the majority of patients with heparin-induced 
skin lesions, but those who develop skin lesions and throm-
bocytopenia appear to be at extremely high risk for arterial 
thrombosis. The thrombocytopenia that develops in HIT is not 
normally associated with hemorrhagic events, and platelet 
transfusion may exacerbate the HIT-induced prothrombotic 
tendency.610

HIT is primarily a clinical diagnosis. HIT should be strongly 
suspected in any patient who develops thrombocytopenia while 
receiving heparin in any dose or by any route of administration. 
Whereas HIT is usually associated with a platelet count below 
the lower limits of normal (150,000/ml in most laboratories), the 
extent of thrombocytopenia is quite variable, and the diagnosis 
should be strongly considered in any patient in whom the platelet 
count falls below 50% of the baseline value (even if still within 
the normal range) after the fifth day of heparin treatment.610 
Similarly, a 30% fall in baseline platelet count combined with 
any form of thrombosis in a patient receiving heparin should be 
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considered due to HIT until proven otherwise. Thrombotic events 
occurring or progressing during therapeutic-intensity heparin 
therapy, even if the platelet count is normal, may also constitute 
a HIT variant.621–623

Limitations of laboratory assays for HIT (discussed below) 
have led to development of a clinical scoring system to determine 
the pretest probability of HIT, in an attempt to identify patients 
with the likely diagnosis more rapidly. The “4T’s” scoring system 
(Table 55.18) uses easily available clinical information (nadir 
platelet count, timing of thrombocytopenia, presence or absence 
of thrombosis, and alternative explanations for thrombocytope-
nia) to classify patients into high (score of 6 to 8), intermediate 
(score of 4 to 5), or low (score of ≤3) probability of HIT.624 Study 
results indicate that this scoring system has a high negative pre-
dictive value. Consequently, a low pretest score may be useful in 
ruling out an HIT diagnosis.624 A meta-analysis of clinical trials 
using the 4T's scoring system found that the negative predictive 
value of a low probability score was 99.8%.624a

The currently available in vitro diagnostic assays for HIT are 
either immunoassays or functional assays.625 Immunoassays 
detect the presence of heparin–PF4 antibodies using ELISA meth-
odology.626 HIT ELISAs have high sensitivity, but poor specificity 
for the diagnosis.627 Most will detect IgG, IgM, and IgA antibodies, 
but only IgG antibodies are thought to be pathogenic in the dis-
order. In addition, not all antibodies to the heparin-PF4 complex 
will induce platelet activation.627 Recent data indicate that the 
optimal immunoassay uses ELISA methodology to detect only 
IgG antibodies.628 The reliability of an IgG ELISA in diagnosing 
HIT can be further improved by considering the “positivity” of 
the result. ELISA optical density results near the upper limit of 
the normal range (usually ∼0.4 O.D. units) are less likely to be 
associated with clinical HIT than a much higher positive result 
(≥1.0 O.D. units).629

Functional assays detect platelet aggregation or platelet 
activation after exposure to suspected HIT serum and heparin. 
Functional assays include the platelet aggregation test, the hep-
arin-induced platelet aggregation test, heparin-induced platelet 
release of ATP detected by lumi-aggregometry, the 14C-serotonin 
release assay (14C-SRA), heparin-induced platelet microparticle 
formation detected by flow cytometry, and enzyme immunoassay 
detection of platelet serotonin release. Traditionally, the 14C-SRA 
has been considered the “gold standard” for HIT diagnostic con-
firmation. However, most studies evaluating the diagnostic use 
of the available functional assays and immunoassays, including 
studies of 14C-SRA, used a clinical diagnosis of HIT as the true 
“gold standard.” Also, the SRA is tedious to perform, has a lengthy 
turnaround time, and is offered by few laboratories. Patients 
should be assessed clinically (Table 55.18) using the 4T’s pretest 
likelihood scoring system to determine their likelihood of having 
HIT while awaiting immunoassay results. Those patients with a 
low pretest likelihood for HIT probably need no further testing 
or alternative anticoagulation, and an alternate explanation for 
thrombocytopenia should be pursued. Conversely, patients with 
a high pretest probability for HIT should receive alternative anti-
coagulation, and for any positive immunoassay result, no further 
testing is indicated. Patients with a high pretest probability, but 
who have negative immunoassay results should be tested with 
the SRA to confirm or refute a diagnosis of HIT. Patients with 
an intermediate likelihood of HIT should receive an alternative 
anticoagulant while awaiting immunoassay results. If the result 
is strongly positive (e.g., >1 O.D. units), no further testing may 
be necessary. If the result is negative or only weakly positive, the 
SRA should be performed to diagnose or exclude HIT definitively. 
Alternative anticoagulation should be continued while awaiting 
the SRA results. Figure 55.11 suggests an initial diagnostic and 
management approach to HIT.

4T’s Score = 2 points Score = 1 point Score = 0 points

Thrombocytopenia Platelet count fall >50% and platelet count nadir 
≥20,000 and no surgery within preceding 3 d

Platelet count fall 30–50% or platelet 
count nadir 10–19,000
or
Platelet count fall >50% but surgery 
within preceding 3 d

Platelet count fall <30%
or
Platelet count nadir <10,000

Timing of platelet count fall Onset of fall 5–10 d after heparin start
or
Platelet count fall ≤1 d after heparin start with 
prior heparin exposure within 30 d

Uncertain as to time course but likely 
platelet count fall 5–10 d after heparin 
start
or
Platelet count fall after day 10 of heparin 
start
or
Platelet count fall within 1 d after heparin 
start with prior heparin exposure in past 
31–100 d

Platelet count fall <4 d after 
heparin start and no recent heparin 
exposure

Thrombosis (or other clinical 
events)

Confirmed new thrombosis
or
Skin necrosis at injection site
or
Acute systemic reaction to IV UFH
or
Adrenal hemorrhage

Recurrent VTE in a patient receiving 
therapeutic anticoagulation
or
Suspected thrombosis
or
Erythematous skin lesions at heparin 
injection sites

—

Other cause for 
 thrombocytopenia

None obvious Possible Probable/definite (DIC, sepsis, drug-
induced, etc.)

Each 4T’s parameter is evaluated and scored; patients with scores ≤3 points are at low risk for HIT. Those with scores of 4–5 points are at intermediate risk, and patients with scores of  
6–8 points are at high risk of HIT.
DIC, disseminated intravascular coagulation; UFH, unfractionated heparin; VTE, venous thromboembolism.
Data from references 422, 624.

THe 4T’s CliniCAl PreDiCTion sCore for THe DiAgnosis of HePArin-inDuCeD THromboCyToPeniA

tabLe 55.18
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Clinically Suspected HIT

Assess clinical probability
using 4T’s scoring system

Low
(Score 0–3)

Intermediate
(Score 4–5)

High
(Score ≥ 6)

Lab testing may not be
necessary if an
alternate diagnosis is
present

If uncertain, perform
immunoassay

Negative result – No
HIT

Positive result –
Consider SRA for
definitive diagnosis

Negative result – HIT
unlikely

Positive result –
Consider degree of
positivity. If result is
>1.0 O.D. units, HIT
is probable; consider
SRA for definitive
diagnosis

Negative result – HIT
unlikely
Positive result – HIT
diagnosed

Perform immunoassay
•  STOP heparin
•  Initiate alternate
   anticoagulant
   pending test
   results

Perform immunoassay
•  STOP heparin
•  Initiate alternate
   anticoagulant
   pending test
   results

FIGURE 55.11. Initial management of patients with suspected heparin-
induced thrombocytopenia (HIT). Patients with suspected HIT should be 
approached in a rapid and evidence-based fashion, wherein a pretest probabil-
ity assessment is completed (e.g., using the 4T’s scoring system, Table 55.18 ) 
and application of an immunoassay test, in particular to those patients at inter-
mediate to high pretest probability. While awaiting immunoassay test results, 
implementation of an alternative anticoagulant (e.g., direct thrombin inhibitor) is 
recommended. Patients with discordant clinical probability assessment and immu-
noassay results or those with intermediate findings should undergo additional test-
ing with a functional platelet activation assay, such as the serotonin release assay 
(SRA). HIT, heparin-induced thrombocytopenia; O.D., optical density.

The initial treatment of HIT with or without thrombosis is 
to discontinue all exposure to heparin or LMWHs (including 
heparin-coated catheters) and immediately begin an alterna-
tive anticoagulant, usually a DTI, such as argatroban, lepirudin, 
or bivalirudin).422 DTI therapy is continued as monotherapy 
until normalization of the platelet count, at which time bridging 
therapy with warfarin is started. Warfarin anticoagulation may 
be desired for long-term therapy, but should never be used as the 
sole alternative anticoagulant in patients with HIT. Warfarin treat-
ment is the major factor contributing to limb amputation caused 
by progression of otherwise unremarkable deep vein thromboses 
to phlegmasia cerulea dolens in patients with HIT.630,631 The 
combination of HIT-associated hypercoagulability and warfarin-
induced protein C deficiency most likely produces a profound 
procoagulant state that causes venous limb gangrene. After both 
platelet count normalization and subsequent initation of warfarin, 
both warfarin and DTI are continued for at least 5 days, or until 
a therapeutic INR (2.0 to 3.0) is achieved on warfarin alone. For 
isolated HIT without and with thrombosis, respectively, warfarin 
therapy duration of 4 weeks and 12 weeks is recommended.422 
Fondaparinux has also been used to treat HIT in small case series, 
but is not approved to treat HIT.632 Patients should be informed 
that they should never be exposed to heparin again, although 
protocols are available in which short-term exposure to heparin 
can be safely done in patients who require heparin therapy.633

Considering the complexity of HIT diagnosis and treatment, 
HIT prevention must be emphasized. Patients receiving UFH 
should have platelet-count monitoring at baseline and at least 
every third day between day 5 and day 14 of heparin exposure. 
Platelet count monitoring recommendations in patients receiving 
heparin have been published in the recent ACCP guidelines.422 
Appropriate medical record documentation and patient education 
should help avert heparin re-exposure in patients with a history of 
HIT. Re-exposure to heparin in patients with past HIT should be 
delayed at least 3 months, kept to a minimum duration to provide 

succinct anamnesis, and avoided whenever possible. LMWH and 
fondaparinux may be preferable to UFH for both the treatment 
and prevention of thromboembolic disease because of the greatly 
reduced likelihood of initiating HIT.634 For those patients with 
acute or subacute HIT who require urgent cardiac surgery or PCI, 
the use of bivalrudin is recommended.422
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Benign Disorders of Leukocytes, the Spleen, 
and/or Immunoglobins

DIagnoStIc approach to MaLIgnant anD 
nonMaLIgnant DISorDerS of the phagocytIc  
anD IMMune SySteMS
Daniel a. arber, thomas L. Mccurley, John p. greer

Cost-effective, efficient evaluation of patients with hematologic 
diseases is often based on the quality of collaboration between 
clinicians and pathologists. This has become even more important 
as the number and complexity of diagnostic tests has exploded. 
Flow cytometry, cytogenetic, fluorescence in situ hybridization 
(FISH), and molecular genetic testing present opportunities for 
improving diagnostic precision but are expensive, and each has 
its limitations and shortcomings. The goal of this chapter is to 
guide selection of testing to minimize the cost and time involved 
in making diagnoses in common clinical problems in hematology.

This chapter introduces an approach to disorders that produce 
abnormalities of circulating blood cells, constitutional symptoms, 
or enlargement of lymph nodes or the spleen. The emphasis is 
on distinguishing benign from malignant disease. The disorders 
may take the form of (a) immune reactions, particularly infection 
resulting in changes in blood leukocytes, lymphadenopathy, and/
or organomegaly; (b) neoplastic diseases (leukemias, lymphomas, 
and plasmacytic neoplasms and related diseases); and (c) inher-
ited or acquired diseases that result in immunodeficiency.

approach to DIagnoSIS
Patients with disorders of the immune system (innate and adap-
tive) usually come to medical attention with symptoms and signs 
suggestive of infection. Many patients with hematopoietic lym-
phoid neoplasms may also present with fever or other nonlocaliz-
ing constitutional signs and symptoms such as fatigue, generalized 
lymphadenopathy, abnormal bleeding, weight loss, bone pain, 
arthralgias, and pruritus. Suspicion of an underlying immune 
disorder, benign or malignant, may be raised during the course of 
a routine examination or during the evaluation of unrelated dis-
orders by the detection of skin lesions, lymphadenopathy, spleno-
megaly, or hilar or mediastinal masses. In other instances, routine 
blood examination may disclose abnormalities in the numbers or 
morphology of circulating red cells, white cells, or platelets.

A detailed history should be obtained, and a thorough physi-
cal examination should be performed. Age of the patient, immu-
nocompetence (focusing on types and number of infections), 
family history, travel history, animal exposure, history of prior 
therapy, and drug ingestion are particularly important areas to 
address. Complete blood cell count (CBC) and blood examination 
(including morphologic assessment of red cells, white cells, and 
platelets) may be diagnostic or help determine the next step in 
diagnosis. Chest x-ray and computed tomography (CT) may assist 

C h a p t e r  5 6

p a r t  v I

in identifying possible biopsy sites. Electrophoresis to character-
ize serum or urine immunoglobulins, marrow examination, lymph 
node aspiration or biopsy, liver biopsy, and splenectomy with flow 
cytometry immunophenotyping of blood, marrow, or tissue, may 
be necessary. In addition, evaluation of delayed type hypersen-
sitivity and tests of neutrophil and/or lymphocyte function may 
be required. Finally, cytogenetic and molecular genetic testing 
may be necessary for a complete assessment. Clearly, not all or 
even most of these tests and surgical procedures are indicated for 
each patient who has the symptoms or signs described. Rather, 
a logical sequence is undertaken for each patient, tailored to the 
particular findings. A diagrammatic summary of a sequential 
approach is shown in Figure 56.1.

The examination of stained tissues by light microscopy 
remains the principal means of establishing a diagnosis in most 
of the benign and malignant conditions considered in Parts VI 
(Nonmalignant Disorders of Leukocytes, the Spleen, and/or 
Immunoglobins) and VII (Hematologic Malignancies). Other stud-
ies, however, including immunophenotypic studies, cytogenetics, 
and molecular genetics, are increasingly valuable in making, 
confirming, and “fine-tuning” diagnoses as well as in defining 
clinically important subcategories of disease.1,2

Flow cytometry has become a primary immunophenotyping 
method in the diagnosis, classification, and detection of residual 
disease in patients with hematologic malignancies, and is cov-
ered in more detail in Chapter 2. For example, flow cytometry 
is helpful in the differential diagnosis of reactive and neoplastic 
lymphoid proliferations, but requires specimens that are submit-
ted fresh or in saline. Figure 56.2 demonstrates the difference 
between immunoglobulin light chain distribution in a patient 
with follicular hyperplasia (with polytypic light chain expres-
sion) versus a patient with a diffuse large B-cell lymphoma (with 
monotypic light chain expression). In T-cell neoplasms, the detec-
tion of a population of lymphocytes with aberrant phenotypes 
(e.g., lost or diminished expression of pan T-cell markers) as 
illustrated in Figure 56.3, is very helpful in detecting abnormal 
T-cell populations. Flow cytometry is essential for classification 
of acute leukemia, in part because most diagnostic studies can 
be completed in less than 2 hours. Additionally, flow cytometry 
immunophenotyping detects myeloid antigen expression in cases 
that are myeloperoxidase or Sudan black B negative by cyto-
chemical studies. Finally, flow cytometry can detect aberrant 
blast cell immunophenotypes, which are useful for the detection 
of minimal residual disease in post-therapy specimens. The level 
of detection of minimal residual disease by flow cytometry is well 
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below what can be identified by morphologic assessment of aspi-
rate smears. However, flow cytometry does have limitations. It 
requires fresh or viable tissue and is of less value in the diagnosis 
of Hodgkin lymphoma (HL), T-cell–rich B-cell lymphomas, and 
subclassification of reactive processes (see Table 56.1), and may 
miss some T-cell neoplasms that do not demonstrate aberrant 

immunophenotypes. Most laboratories do not use methods that 
are effective in detecting the rare tumor cells of HL, but some 
studies have used this method effectively and this application of 
flow cytometry may emerge in the future.3 Additional applica-
tions in morphologically difficult areas such as myelodysplastic 
syndromes are evolving.

FIGURE 56.1. Diagnostic steps in diseases of the hematopoietic lymphoid system. CBC, complete blood cell count; HIV, human immunodeficiency virus.
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Cytogenetic studies have made enormous contributions to our 
understanding of the genetic pathogenesis of hematologic malig-
nancies, and the field has established itself as a primary player 
in the diagnosis of prognostically important subsets of leukemia 
and lymphoma (e.g., Burkitt lymphoma, mantle cell lymphoma, 
and acute promyelocytic leukemia) (see Chapter 3). FISH has an 
expanding role in diagnosis (Table 56.2), and has several key 
advantages over routine cytogenetics: (1) it can be performed on 
interphase nuclei in fixed tissues (including paraffin-embedded), 
(2) results are available in 24 to 48 hours, and (3) it shows 
enhanced sensitivity over routine cytogenetics for critical translo-
cations. Figure 56.4 illustrates FISH studies showing a MYC break 
apart probe in a patient with an 8;14 translocation in Burkitt 
lymphoma.

Molecular genetic studies, primarily polymerase chain reaction 
(PCR) techniques, are the most sensitive for detecting small critical 
genetic mutations or translocations in samples which may contain 
very few (less than one in a million) tumor cells (see Chapter 4). 
PCR has also replaced Southern blot analysis as the standard for 
the demonstration of T-cell and B-cell clonality and is ideal for 

detecting minimal residual disease in patients with lymphoma 
as well as in patients with chronic myelogenous leukemia (CML) 
(Table 56.3). Many of these applications work in fixed tissues. 
These studies are of limited or no value in patients with HL, 
myelodysplasia (MDS), or translocations that have widely spaced, 
variable breakpoints, as in mantle cell lymphoma.

Hematologic neoplasms are clonal tumors, and methods that 
can prove clonality of a cell population are extremely useful 
when the differential diagnosis is between a benign and neo-
plastic proliferation. The demonstration that an expanded B-cell 
population is clonal by immunoglobulin light chain restriction, 
karyotype analysis, or gene rearrangement studies facilitates 
the distinction between benign and malignant proliferations. 
However, clonality does not always indicate malignancy, and 
small clonal populations and pseudoclones may exist in non-
neoplastic conditions.1,2,4,5 Clinicians have recognized for years 
that the vast majority of patients with monoclonal gammopathies 
do not have an underlying B-cell neoplasm. Similarly, sensitive 
molecular genetic techniques frequently identify oligoclonal and 
monoclonal T- and B-cell populations in “benign” disorders, 

FIGURE 56.2. Flow cytometry of reactive B cells and monotypic B cells. A: Histogram (picture) of pan B-cell anti-CD19 antibody expression versus this log 
side scatter signal (related to cellular complexity), which is used to define and identify the B-cell lymphocytes. B: Histogram shows lymphocytes based on forward 
scatter signal (size) versus log side scatter signal. The red population shows that the CD19+ B cells and predominantly T-cell CD19− population (black dots) are of 
similar small size. (1) C: A two-parameter histogram gating on CD19+ B cells with anti-Kappa fluorescein isothiocyanate (FITC ) versus anti-lambda phycoerythrin. 
This pattern, which shows a mix of kappa and lambda, is consistent with a reactive polyclonal B-cell population. D: Histogram (picture) of anti-CD19 antibody expres-
sion versus log side scatter in a second patient. E: Histogram shows lymphocytes based on forward scatter signal versus log side scatter signal. The red population 
which represents the CD19+ B cells is larger in size than the smaller CD19− population (black dots). F: A two-parameter histogram of anti-kappa fluorescein 
isothiocyanate (FITC) versus anti-lambda phycoerythrin. Red dots are the CD19+ B cells from histogram and show a dominant kappa expressing B-cell population 
consistent with a large B-cell lymphoma. (Diagrams courtesy of Bruce Grieg, MT, Vanderbilt University.)
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including lymphomatoid papulosis, autoimmune disorders (e.g., 
Sjögren syndrome and Hashimoto thyroiditis) in association with 
viral infections, celiac disease, and other lymphoid hyperplasias 
(particularly those in extranodal sites)5,6,7 (Table 56.4). Although 
these disorders may evolve into frank malignancy, they can 
remain clinically benign, remit spontaneously, or regress in the 
setting of antibiotics and removal of an antigen (Helicobacter 
pylori in gastric marginal zone lymphoma). Thus, although new 
techniques to identify clonality have astonishing sensitivity, the 
clinical, laboratory, and histopathologic data must be correlated 
to distinguish benign from malignant disorders. A major pitfall 
in diagnosis is failure to recognize that very sensitive studies for 
clonality by flow cytometry, protein electrophoresis, or molecu-
lar techniques are accompanied by a corresponding loss of speci-
ficity for the diagnosis of frank neoplasia.

In the next sections, the examination of the blood, mar-
row, nodes, and spleen are reviewed in the context of making 

FIGURE 56.3. Histograms demonstrating a phenotypically aberrant T-cell population in a patient with peripheral blood involvement by a T-cell 
 lymphoproliferative disorder. In A, a side scatter versus forward histogram, the lymphocytes (low forward scatter, low side scatter) are painted red. The granulo-
cytes with high side scatter and high forward scatter are painted yellow and the monocytes with forward scatter similar to granulocytes but with intermediate side scat-
ter are painted blue. B displays the granulocytes and monocytes stained with anti-CD3 and anti-CD4, both of which do not stain with the pan T-cell marker anti-CD3 
but the monocytes express intermediate levels of CD4. In C which displays CD3 and CD4 expression on the lymphocytes (painted red), normal T helper cells express 
CD4 and CD3 while the neoplastic T-cell population (upper left) expresses bright CD4 but have lost CD3. (Histograms courtesy Bruce Grieg, MT, Vanderbilt University.)

A, B C

MAjor CLINICAL APPLICAtIoNS of fLow CytoMetry

taBLe 56.1

Established Evolving

Limited Value or 
Superceded by 
Other Techniques

•  Acute leukemia  
(diagnosis and 
detection of residual 
disease)

•  Chronic lymphoid  
leukemias

Myelodysplastic  
syndromes

Suspected non-Hodgkin 
lymphomaa

Multiple myelomab Hodgkin lymphoma

Paroxysmal  
nocturnal hemoglobinuria

Myeloproliferative 
disease (except blast 
crisis)

Major disadvantage of this technique: Requires viable cells. False negatives occur with 
necrotic or sclerotic tissues, partial tissue involvement and in tumors where neoplastic cells 
are in a minority (e.g., T-cell–rich B-cell lymphoma).
Major advantages of this technique: Can be applied to any tissue or body fluid. Rapid 
turnaround times.
a Flow cytometry should be performed on all fine-needle aspirations and tissue biopsies in 
which a hematopoietic lymphoid process is suggested by clinical history or touch preps/
frozen sections.
b Flow cytometry using cytoplasmic immunoglobulin light chain markers is effective in 
establishing clonality of plasma cells in multiple myeloma, but not useful in accurately 
enumerating plasma cells.

CoMMoN CLINICAL APPLICAtIoNS of CytogeNetICS INCLuDINg 
fLuoreSCeNCe IN SItu HyBrIDIzAtIoN

taBLe 56.2

Acute Leukemia with prognostically important translocations

 APL with t(15;17)(q24.1;21.1) (PML/RARA) and RARA variants
 AML with t(8;21)(q22;q22) (RUNX1-RUNX1T1)
 AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22) (CBFB/MYH11)
 AML with t(9;11)(p22;q23); MLLT3-MLL and other MLL translocations
 ALL with t(12;21)(p13;q22) (ETV6-RUNX1)
 ALL with t(4;11)(q21.3;q23) (AFF4-MLL) and other MLL translocations
 ALL with t(9;22)(q34;q11.2) (BCR-ABL1)

Non-Hodgkin lymphoma with diagnostically critical translocations
 Burkitt lymphoma: t(8;14)(q24;q32.33) (MYC-IGH@ ) and other MYC variants
 Mantle cell lymphoma: t(11;14)(q13;q32.33) (CCND1-IGH@)
 Follicular lymphoma: t(14;18)(q32.33;q21.3) (IGH@-BCL2)
  Diffuse large B-cell lymphoma: 8q24 (MYC), 18q21.2 (BCL2) and 3q27 (BCL6 )  

 translocations
  Anaplastic large cell lymphoma: t(2;5)(p23;5q35.1) (ALK-NPM1) and other  

 ALK variants

Myelodysplasia

 5q31 deletion
 Gains and loss of chromosomes 5 and 7

Myeloproliferative neoplasms

 Chronic myelogenous leukemia: t(9;22)(q34;q11.2) (BCR-ABL1)
  Myeloid (and lymphoid) neoplasm with PDGFRA, PDGFRB and FGFR1  

 abnormalities

Chronic lymphocytic leukemia

 13q deletion
 11q deletion
 17q deletion
 Trisomy 12

Plasma cell myeloma

 13q deletion
 17q deletion
 t(11;14)(q13;q32.33) (CCND1-IGH@ )
 t(14;16)(q32.33;q22-q23)(IGH@-MAF )
 t(4;14)(p16.3;q32.33)(FGFR3-IGH@ or WHSC1-IGH@)
 t(6;14)(p21;q32.33)(CCND3-IGH@ )
 t(14;20)(q32.33;q11.1-q13.1)(IGH@-MAFB )

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; APL, acute promyelocytic 
leukemia.

a diagnosis, introducing the subsequent chapters, and outlining 
overviews on the evaluation of fever of unknown origin (FUO) and 
patients with recurrent infection.
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exaMInatIon of the BLooD
Physicians are too busy to examine peripheral blood smears in all 
of their patients. They usually do so in one of these circumstances: 
(a) patients with constitutional symptoms, particularly fever (see 
section on “Fever of Unknown Origin”) or weight loss, without 
an obvious underlying cause; (b) an abnormality in blood counts, 
either cytosis or cytopenia; or (c) as a part of the evaluation of a 
patient with clinical features of immunodeficiency.

The blood counts and peripheral smear are frequently abnor-
mal in patients with constitutional symptoms, immunodeficiency, 
hematologic neoplasms, or a variety of other syndromes associ-
ated with lymphadenopathy or splenomegaly. Anemia, when 

present, usually is normochromic and normocytic. Many patients 
with chronic disease, MDS, plasma cell myeloma, and, rarely, 
acute leukemias have anemia but no other abnormalities. In 
patients with anemia of unknown origin, the evaluation begins 
with examination of the blood smear, red cell indices, and reticu-
locyte count. The evaluation proceeds based on the results of 
these simple tests as outlined in Chapter 22.

abnormal platelet Counts

Thrombocytopenia
The major differential diagnosis of patients with thrombocy-
topenia includes (a) thrombocytopenia secondary to autoanti-
body-mediated platelet destruction (idiopathic thrombocytopenic 
purpura [ITP], systemic lupus erythematosus [SLE], drug-related 
thrombocytopenia, and perhaps human immunodeficiency virus 
[HIV]); (b) primary marrow disease, particularly MDS or acute 
leukemia; and (c) peripheral consumption secondary to intra-
vascular activation of clotting (e.g., disseminated intravascular 
coagulation, thrombotic thrombocytopenic purpura, or hemolytic 
uremic syndrome). Although thrombocytopenia can be secondary 
to a nutritional deficiency (e.g., folate, vitamin B12), usually the 
macrocytic anemia is the dominant clinical feature.

In ITP and drug-related thrombocytopenias, the periph-
eral smear red cell and white cell morphology should be nor-
mal and rare giant platelets (megathrombocytes) are present. 
Thrombocytopenic patients with SLE may also be neutropenic and 
lymphopenic. Thrombocytopenia is present in up to 50% of patients 
with antiphospholipid antibody syndrome.8 Thrombocytopenia is 
the first sign of HIV infection in 10% of patients who may also be 
lymphopenic.9 Thrombocytopenia occurs in up to 45% of patients 
with hepatitis C viral infection. MDS and leukemia rarely present 
with isolated thrombocytopenia. Most MDS patients are anemic 
and have white blood cell (WBC) abnormalities (e.g., blasts or 
hyposegmented or hypogranulated polymorphonuclear neutro-
phils [PMNs]) that indicate primary marrow disease. Schistocytes 
and polychromatophilic red cells in patients with disseminated 
intravascular coagulation, thrombotic thrombocytopenic purpura, 
and hemolytic uremic syndrome are helpful in pointing away from 
marrow disease or an autoimmune thrombocytopenia. In rare 
patients, platelets will satellite around PMNs or clump in blood 
collected in ethylenediaminetetraacetic acid. This artifact, read-
ily apparent on examination of stained blood smears, disappears 

FIGURE 56.4. FISH studies demonstrating a MYC translocation in Burkitt lymphoma 
using a dual color MYC break apart probe with the red labeled probe binding the  
5 prime end of MYC and the green labeled probe binding the 3 prime end of MYC. In 
the chromosomes with unarranged MYC, the green and red signals are together but the colors 
separate when MYC is part of a translocation with the IGH@ gene on chromosome 14.

CoMMoN APPLICAtIoNS of NoN-fLuoreSCeNCe IN SItu 
HyBrIDIzAtIoN MoLeCuLAr geNetIC teCHNIqueS

taBLe 56.3

Established Of Little or Limited Value

Myelodysplastic syndromesa

B-cell lymphoma
B-cell clonality
 IGH @ PCR
 IGK @ PCR
IGH@/BCL2 PCR

Hodgkin lymphoma

T-cell lymphoma
T-cell clonality
 TRG@ PCR
 TRB@ PCR

Non-Hodgkin lymphoma with 
 translocations with widely spaced 
breakpoints (e.g., mantle cell 
 lymphoma)

Acute leukemia
•  Balanced translocation PCR (similar to 

those listed in Table 56.2 for FISH)
•  NPM1, FLT3, KIT, CEBPA, DNMT3A 

mutations

Myeloproliferative neoplasms
 BCR/ABL1 PCR
 JAK2 mutations

Post-transplant engraftment

a Emerging mutations may become prognostically significant in myelodysplastic syndromes.

exAMPLeS of CLoNAL ProCeSSeS wHICH MAy Be  
CLINICALLy IrreLevANt

taBLe 56.4

B-Cell Clonality

Monoclonal gammopathies on protein electrophoresis with immunofixation

Small circulating monotypic B-cell populations in healthy adults by flow cytometry

Transient clonal IGH @ rearrangements by PCR in(1) salivary glands in Sjögren syn-
drome, (2) in thyroid tissues in Hashimoto thyroiditis, (3) in bone marrow following 
solid organ or bone marrow transplantation, (4) small biopsies (i.e., skin, gastric)

Clonal IGH @-BCL2 rearrangements detected in low quantity in normal children 
and adults in blood and tonsil by ultrasensitive PCR methods

T-Cell Clonality

Transient clonal T-cell receptor rearrangements by PCR in blood of healthy  
elderly patient

Clonal T-cell receptor rearrangement by PCR in skin of patients with reactive 
dermatitis

Clonal T-cell receptor rearrangement by PCR in celiac disease

PCR, polymerase chain reaction.
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when blood is anticoagulated in heparin.10 Similarly, when blood is 
collected for platelet counts on heel sticks, clumping (also seen on 
smears) may produce spurious thrombocytopenia.

Congenital thrombocytopenias are rare, but can be misdi-
agnosed as ITP, and size of platelets may guide further evalua-
tion.11 Small platelets in a male suggest X-linked Wiskott Aldrich 
syndrome (WAS). Large platelets are found in von Willebrand 2B, 
May-Hegglin anomaly, Bernard-Soulier syndrome, and the gray 
platelet syndrome. Normal-sized platelets are found in amega-
karyocytic thrombocytopenia, thrombocytopenia with absent 
radii, and familial platelet disorders with a predisposition to acute 
myeloid leukemia (AML).

Drug-induced thrombocytopenia (DITP) may be misdiagnosed 
as ITP and overlooked if patients are not asked about over-the-
counter medicines, food, beverages, and/or herbal supplements.11 
DITP can be due to immune-mediated or non-immune processes. 
In a large series of patients initially diagnosed as ITP, 8% were 
found to have DITP with quinine (including tonic water) as the 
most common cause.12 Hematologists are frequently consulted 
about heparin-induced thrombocytopenia (HIT) which is due to 
antibodies against platelet factor 4 heparin complexes and leads 
to an increased risk of thrombosis.13

Bone marrow examination with cytogenetic studies is essential 
only in the cases of thrombocytopenia in patients with suspected 
MDS or acute leukemia or in those for whom the diagnosis of 
autoimmune or consumptive thrombocytopenia is in doubt. In 
most children or young adults with otherwise normal counts and 
a normal blood smear, a bone marrow is probably not needed.14 
Amegakaryocytic thrombocytopenias secondary to genetic or 
autoimmune disease are exceedingly rare.

Thrombocytosis
Thrombocytosis with platelet counts of greater than 600 ×109/L 
are commonly seen transiently during a variety of infections, 
after splenectomy, after acute blood loss, or during recovery from 
marrow injury or nutritional deficiency. The concern in persistent 
thrombocytosis is the presence of an underlying myeloprolifera-
tive neoplasm or occult malignancy. The presence of a myelopro-
liferative neoplasm is almost always suggested by the peripheral 
blood counts and smear (e.g., polycythemia in polycythemia vera 
[PV], leukoerythroblastic changes in primary myelofibrosis [PMF 
or agnogenic myeloid metaplasia], and leukocytosis with imma-
ture myeloid precursors in CML). The one myeloproliferative 
neoplasm in which thrombocytosis is often an isolated finding is 
essential thrombocythemia (ET), a diagnosis that is supported by 
the demonstration of megakaryocytic dysplasia on bone marrow 
examination or the demonstration of JAK2 mutations on molecu-
lar genetic studies of peripheral blood.15,16 The JAK2 V617F 
mutation is estimated to occur in 60% of ET and myelofibrosis 
and 95% of PV.17 Congenital thrombocytosis is rare and results 
from mutations in either thrombopoietin (THPO) or its receptor 
(MPL).18

Morphologic Changes in Leukocytes
Morphologic changes in WBC are often diagnostic of certain rare 
diseases such as Alder-Reilly or Pelger-Huët anomaly, some of 
which are associated with infection (Chediak-Higashi syndrome) 
(Chapter 58).

Changes in the blood of patients with acute leukemia strongly 
suggest the diagnosis in virtually all patients.7 In approximately 
60% of these individuals, the smear confirms the diagnosis by the 
presence of a large proportion of immature cells, whether or not 
the leukocyte count is increased. Blasts are easily demonstrable in 
blood smears of more than 90% of patients, and, even in patients 
whose blood smears have few blasts, anemia, thrombocytopenia, 
neutropenia, or combinations of these changes are suggestive 

of acute leukemia. For almost all such patients, bone marrow 
aspiration proves diagnostic and should be supplemented by flow 
cytometry immunophenotyping and karyotype analysis.

Lymphocytosis of Small Mature Lymphocytes
More than 5.0 ×109 small lymphocytes/L of blood in adults over 
50 years of age is usually indicative of chronic lymphocytic leu-
kemia (CLL). Many patients are asymptomatic and one-fourth are 
diagnosed while undergoing blood work for another problem. 
Flow cytometry demonstrating small B lymphocytes with weak 
CD20 and weak, monotypic light chain expression and coexpres-
sion of CD5 and CD23 is characteristic. Proceeding with other 
examinations in such patients, such as lymph node biopsy or bone 
marrow examination, is usually unnecessary, but immunopheno-
typing is required to exclude other B-cell lymphomas in the blood, 
such as mantle cell lymphoma, that may mimic CLL. In children, 
pertussis is associated with lymphocytosis of small CD4 T cells19 
that may be worrisome for a lymphoid leukemia on review of 
the blood smear. Chronic polyclonal B-cell lymphocytosis is well 
described in young to middle-aged asymptomatic women who 
usually smoke.20 These women typically present with a lympho-
cyte count that is less than 5 × 109/L, the number required for a 
diagnosis of CLL, and the B cells are polytypic by immunoglobulin 
light chain studies and by PCR studies of the immunoglobulin 
heavy chain. Monotypic B-cell proliferations that present with 
less than 5 × 109/L B cells are now classified as monoclonal B 
lymphocytosis rather than as overt CLL.21

Lymphocytosis of “atypical Lymphocytes”
Atypical or abnormal lymphocytes are a classic feature of Epstein-
Barr virus (EBV) infectious mononucleosis but also occur in 
other acute viral infections including cytomegalovirus (CMV), 
hantavirus, hepatitis, HIV, and less commonly in lymphomas with 
a leukemic phase (e.g., human T-lymphotropic virus -1, hepato-
splenic T-cell lymphoma, etc.). Thrombocytopenia, an elevated 
hematocrit, neutrophilia, and circulating lymphoblasts in a patient 
from the desert Southwest strongly suggest hantavirus infection.22 
Usually the clinical features and other routine laboratory tests 
such as serologic studies for viral infection make the diagnosis 
straightforward. When distinguishing reactive lymphocytes from 
leukemic blasts or the leukemic phase of a lymphoma is difficult, 
flow cytometry can provide invaluable help in defining the pheno-
type and clonality of circulating cells.

Neutrophilic Leukocytosis
The presence of CML is strongly considered in a patient with neu-
trophilic leukocytosis, particularly when the WBC count is greater 
than 50.0 × 109/L and is accompanied by an increase in circulat-
ing immature myeloid cells and basophilia. Additional findings 
suggesting the diagnosis of CML include (a) symptoms of fatigue, 
bone pain, left upper quadrant pain, or fullness; (b) sternal tender-
ness and splenomegaly on physical examination; and (c) thrombo-
cytosis. A leukemoid reaction must also be considered and can be 
caused by either benign, particularly infectious, or malignant con-
ditions. Interphase FISH studies on peripheral blood for the BCR/
ABL1 translocation can establish the diagnosis of CML, obviating 
the need for bone marrow examination; but many recommend an 
initial bone marrow to screen for other cytogenetic abnormalities 
that could affect prognosis.

Chronic idiopathic neutrophilia is defined by leukocytosis of 
11.0 to 40.0 × 109/L and is associated with smoking and obe-
sity.23 Familial neutrophilia (WBC > 20.0 × 109/L) is a rare auto-
somal dominant disorder which is caused by a mutation in the 
granulocyte colony-stimulating factor (G-CSF) receptor.24 A tran-
sient myeloproliferative disorder is seen in up to 10% of children 
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with Down syndrome.25 Neonates with persistent leukocytosis, 
delayed separation of the umbilical stump, and recurrent infec-
tions should be screened for leukocyte adhesion deficiency (LAD) 
(see section “Recurrent Infections”).

Monocytosis
Monocytosis (> 1.0 × 109/L) is commonly caused by infections, 
including granulomatous disease (tuberculosis [TB], fungal 
disease), brucellosis, infectious mononucleosis, syphilis, pro-
tozoal infections (kala-azar, malaria) and rickettsial infections. 
Monocytosis may be prominent in chronic myelomonocytic 
leukemia (CMML), juvenile myelomonocytic leukemia, or AMLs 
with a monocytic component.26 These neoplastic monocytic 
proliferations cannot be distinguished on peripheral blood 
evaluation alone and a bone marrow examination is necessary 
to separate CMML from AML. Autoimmune disease, inflamma-
tory bowel disease, and sarcoidosis may be associated with 
monocytosis. Monocytosis has been associated with carcinomas 
(lung, colorectal, renal) and has been caused by secretion of 
interleukin (IL)-6 by the neoplastic cells.27

eosinophilia
Unexpected eosinophilia is most commonly seen in patients 
with atopy or reactions to drugs or environmental allergens.28 
Autochthonous parasitic disease as a cause of eosinophilia is 
rare in the United States, but visceral larva migrans caused by 
Toxocara canis or cati can be seen. In international travelers and 
immigrants, evaluations for tissue invasive parasites is warranted. 
In patients who are immunosuppressed (particularly organ trans-
plant recipients and patients on high-dose steroids for autoim-
mune diseases) strongyloides should be excluded.

Persistently high eosinophilia (> 1.5 × 109/L for > 6 months) 
carries significant risk for end organ damage and requires thor-
ough investigation. A minority of these patients have elevated 
IL-5 levels with circulating clonal T-cell populations with aberrant 
phenotypes by flow cytometry.29 Several neoplastic eosinophil 
proliferations are now recognized (see Chapter 84), including a 
group with a cryptic translocation involving FIP1LI-PDGFRA.30,31 
The latter patients can respond to imatinib therapy, while other 
genetic subtypes do not.

Increased Circulating plasma Cells
Patients with plasma cell (multiple) myeloma usually have a few 
plasma cells in the blood, although occasionally large numbers 
are noted (plasma cell leukemia). Such patients almost invariably 
have other symptoms and signs of myeloma. A few plasma cells 
may also be observed in blood smears of patients with infectious 
mononucleosis or other viral infections. Plasma cells also are 
seen in the blood of persons recovering from bacterial infections 
or having allergic reactions, especially serum sickness. The first 
step when the diagnosis of myeloma is considered is to perform 
studies of serum and urine immunoglobulins. The technique of 
immunoelectrophoresis has been replaced by electrophoresis 
with immunofixation. This sensitive and specific technique identi-
fies a monoclonal serum Ig and/or light chain in urine in more 
than 5% of patients with myeloma. The diagnosis is confirmed on 
bone marrow examination.

Neutropenia
Neutropenia may be mild (ANC < 1.5 but > 1.0 × 109/L), mod-
erate (ANC < 1.0 but > 0.5 × 109/L), or severe (ANC < 0.5 
× 109/L).32 There can be ethnic variation, as exemplified by a 
prevalence of neutropenia of 4.5% among African-Americans in 
the United States compared to 0.79% and 0.38% in whites and 

Mexican-Americans, respectively.33 While infections and drugs 
are the leading causes of neutropenia, nutritional deficiencies 
(B12, folate, copper) should be ruled out early because of their 
responsiveness to replacement therapy. Alcohol abuse may pres-
ent with isolated neutropenia, but is usually accompanied by 
other features of alcohol or nutritional marrow injury (macrocy-
tosis, ringed sideroblasts). Immune-mediated neutropenia can be 
primary without an etiology or secondary to drugs, particularly 
B-lactam antibiotics and antithyroid medications; and autoim-
mune disease, including SLE, rheumatoid arthritis, and Graves’ 
disease.34–36 Late-onset neutropenia following rituximab therapy 
has been reported in 5% to 27% of lymphoma patients.37

Chronic idiopathic neutropenia (CIN) is a diagnosis of exclu-
sion, rarely has increased infections, and is due to increased 
inflammatory changes within the bone marrow microenviron-
ment. CIN is associated with activated T cells and increased 
levels of interferon g (IFN-g), tumor necrosis factor a, Fas-ligand, 
and transforming growth factor b1, which suppresses IL-10, an 
antiinflammatory cytokine, and promotes apoptosis of neutrophil 
progenitor cells.38

Hematologists should be familiar with congenital neutro-
penias, particularly cyclic neutropenia and severe congenital 
neutropenia (Kostmann syndrome), because the former can be 
mild and not be recognized until adulthood and the latter, which 
is supported by G-CSF, can evolve into leukemia in one-fifth 
of patients.39 Mutations in the neutrophil elastase gene (ELA2) 
account for 60% of cases of severe congenital neutropenia, either 
in autosomal dominant or sporadic forms, while mutations in the 
HS-1-associated protein X (HAX1) gene are found in 30% of cases 
and are autosomal recessive.40

Bone marrow aspiration and biopsy are usually reserved 
for neutropenia patients where there is an index of suspicion 
of malignancy usually due to immature cells in the differential; 
physical clues, such as adenopathy or splenomegaly; and/or other 
hematologic and laboratory abnormalities. MDS rarely presents 
as an isolated neutropenia and usually will have accompanying 
dysplastic abnormalities in more than one cell line. Patients with 
two indolent leukemias, hairy cell leukemia and large granular 
lymphocyte (LGL) leukemia, often present with bacterial infections 
secondary to neutropenia. Circulating hairy cell cases may be few 
in number, but a bone marrow examination with flow cytometry 
is usually diagnostic. LGL leukemia can be either T-cell (85% to 
90%) or NK-cell (10% to 15%) in origin, is suspected when there 
are LGLs in the peripheral blood smear, and can be diagnosed by 
flow cytometry.41 Molecular genetic studies of the T-cell receptor 
gene can be confirmatory of clonality in T-LGL.42

Lymphopenia
Lymphopenia is defined as an absolute lymphocyte count 
< 1.5 ×109/L in adults and < 2.0 ×109/L in children. Since 70% 
to 80% of circulating lymphocytes are T cells (most of which are 
CD4 T cells), severe lymphopenia implies T-cell deficiency and 
warrants serologic investigation for HIV infection. In infants 
with infection, the possibility of severe combined immunodefi-
ciency (SCID) or DiGeorge syndrome is suggested. Lymphopenia 
is common in systemic autoimmune diseases like lupus and 
sarcoidosis and in serious illness/infections associated with 
hypercortisolism.

A variety of viral infections including influenza and measles 
may produce transient lymphopenia in association with loss of 
skin test reactivity and transient susceptibility to reactivation of TB.43 
One rare but noteworthy population with persistent lymphopenia 
is HIV-negative patients with CD4 T-cell counts less than 0.3 × 
109/L. These patients fall into two categories, those susceptible to 
infection (who usually have low CD4/CD8 ratios) and those who 
have no increased susceptibility for infection with normal CD4/
CD8 ratios.44
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peripheral Blood Findings in Infection
Blood leukocyte changes that are secondary to a variety of dis-
eases usually consist of neutrophilia, eosinophilia, monocytosis, 
or abnormal-appearing lymphocytes. Changes in the distribution 
or appearance of circulating WBCs may provide important clues 
to the presence and type of an underlying infection. Eosinophilia 
is common in atopic individuals but can be seen in many para-
sitic infections. Atypical lymphocytosis is a helpful diagnostic clue 
in viral infections, particularly EBV infection. In many parasitic 
diseases, such as malaria, acute Chagas disease, and filariasis, 
the infectious agent may be demonstrated on peripheral blood 

smears. However, these three parasitic diseases are rarely autoch-
thonous in North America, and the diagnosis is suggested by the 
nationality as well as the recent travel history of the patient.45–47

Although in most infections the causative agents are not 
demonstrable in peripheral blood, there are certain notable excep-
tions. In acquired immunodeficiency syndrome (AIDS) patients or 
in other severely immunocompromised patients, mycobacteria 
(Fig. 56.5A), fungi, such as histoplasmosis (Fig. 56.5B), or Candida 
may occasionally be identified on the peripheral blood smear. 
Residents of the central United States (particularly Arkansas and 
Missouri) and the Southeast may acquire ehrlichiosis through 
tick vectors. Anaplasmosis, formerly called human granulocytic 

FIGURE 56.5. Wright-stained peripheral blood smears demonstrating (A) Mycobacteria avium-intracellulare as negative staining rods in a monocyte from 
patient with human immunodeficiency virus infection, (B) Histoplasma capsulatum with three intracellular yeast forms in a monocyte at the feather edge of smear in 
patient with acquired immunodeficiency syndrome, (C) Ehrlichia chaffeensis as a single basophilic cytoplasmic inclusion (photomicrograph courtesy of Dr. Charles 
Coleman, University of Missouri), (D) babesia as single intracellular ring forms in two erythrocytes, (E) Malassezia furfur as extracellular budding yeasts (one of 
which is overlying an erythrocyte) in an infant on total parenteral alimentation, and (F) intracellular bacteria in a neutrophil with an adjacent vacuolated neutrophil in 
a patient with septicemia.

A B

C D

E F
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ehrlichiosis, is a closely related tickborne disease found more 
often in the Northeast and upper Midwest. The typical inclusions 
in mononuclear cells (Ehrlichia chaffeensis) (Fig. 56.5C) or in neu-
trophils (Anaplasma phagocytophilum) are present in up to one-
third of these patients, who often present with unexplained fever 
with accompanying leukopenia and elevated transaminases. The 
diagnosis of ehrlichiosis/anaplasmosis may be confirmed either 
serologically or by PCR methods.48 Babesiosis, first recognized 
in the 1890s as the cause of Texas cattle fever, has now been 
identified in febrile patients in the Northeast (Nantucket, Martha’s 
Vineyard, Connecticut), Wisconsin, and on the West Coast. 
Infections can be life threatening in splenectomized patients. The 
diagnosis is suggested by finding single ring forms (1.0 to 3.5 mm 
in diameter) in red blood cells (Fig. 56.5D) (characteristic tetrads 
are usually seen only in infected animals).49 In nonimmunocom-
promised patients with indwelling venous catheters, Malassezia 
furfur (Fig. 56.5E), Candida, and Torulopsis (C. glabrata) may be 
identified in the peripheral blood.50,51 In bacterial sepsis, visible 
circulating bacteria are rare, but the presence of cytoplasmic neu-
trophilic vacuoles in a fresh finger stick blood smear is a specific 
clue to the diagnosis of septicemia52 (Fig. 56.5F). Toxic granula-
tion (also seen in patients with sepsis) is often quite prominent in 
uninfected patients receiving granulocyte or granulocyte/macro-
phage colony-stimulating factor.

exaMInatIon of the Bone Marrow
If a diagnosis is not established by examining the blood, bone 
marrow examination may be helpful (Table 56.5). Needle biopsy 
is usually performed in addition to aspiration, particularly if lym-
phoma, carcinoma, granulomatous conditions, or myelofibrosis 
are under consideration. To adequately triage marrow, the stained 
aspirate smear is reviewed along with the clinical information and 
any previous studies shortly after the procedure. This allows rapid 
decisions about cytogenetics (including FISH), molecular genetics, 
and flow cytometry to be made when viable cells are still avail-
able and also limits inappropriate studies (Table 56.6). In the case 
of inaspirable marrows, touch preparations should be made for 
morphologic assessment, and sufficient cells for flow cytometry 
may be obtained by maintaining negative pressure on withdrawal 
of the biopsy or aspirate needle and then rinsing the needle in 
nutrient media or buffered saline. In some cases, a second, fresh 
core biopsy can be minced and processed for flow cytometry and 
cytogenetic studies.

In cases of acute leukemia, the first question is whether it 
is lymphoid or nonlymphoid. Identification of Auer rods on 
Wright-stained aspirate smears is specific for a myeloid leuke-
mia; however, Auer rods are found only in a minority of cases. 
Morphology is very important in the early identification of myeloid 
leukemias with promyelocytic differentiation, which can be sent 

for confirmatory FISH studies for the 15;17 translocation and can 
be completed in less than 24 hours. Flow cytometry is now a stan-
dard part of the diagnosis of many hematologic diseases, includ-
ing all acute leukemias (Table 56.1), and for detecting minimal 
residual disease post therapy.53,54–56,57 Most cases (> 95%) can 
be classified as to lineage in less than 2 hours during the normal 
working hours of the laboratory. Flow cytometry is helpful in sug-
gesting possible promyelocytic differentiation (DR−, CD2+, bright 
myeloperoxidase), megakaryoblastic differentiation (CD61+, 
CD41+, myeloperoxidase−), or the t(8;21)(q22;q22) (CD19+, 
CD34+, myeloid antigen+), but is not as useful in identifying 
other subsets in the French-American-British Cooperative Group 
(FAB) or World Health Organization classification. Cytochemical 
stains which were essential for FAB classification are now being 
performed infrequently and are now used most commonly when 
flow cytometry findings are ambiguous, especially in the case of 
possible mixed phenotype acute leukemia. Immunohistochemistry 
on the bone marrow core biopsy is helpful for lesions that may not 
be present in aspirated material, such as fibrosed areas of lym-
phoma or metastatic tumors. In some cases, both flow cytometry 
immunophenotyping and immunohistochemistry are required 
due to sampling differences between the aspirate and biopsy. 
Some cytoplasmic markers, such as BCL2 and cyclin D1, are only 
available by immunohistochemistry in most laboratories.

FISH and cytogenetics are playing an expanded role in the clas-
sification of hematologic neoplasia and the identification of prog-
nostically favorable and unfavorable subsets of disease.54,58–61 
Favorable cytogenetics in AML include t(15;17)(q24.1;21.1) (PML/
RARA) of APL, t(8;21)(q22;q22) (RUNX1-RUNX1T1), and inv(16)
(p13.1q22) or t(16;16)(p13.1;q22) (CBFB/MYH11);these identify 
patients who are predominantly treated with either all-trans-
retinoic acid plus chemotherapy (APL) or chemotherapy alone 
without early transplantation. Hyperdiploidy (more than 50 chro-
mosomes per leukemia cell) and t(12;21)(p13;q22) (ETV6-RUNX1) 
are found in approximately 50% of childhood acute lymphoblastic 
leukemia (ALL) and confer a favorable prognosis.62 Hypodiploidy 
(less than 45 chromosomes per leukemia cell), t(4;11)(q21.3;q23) 
(AFF4-MLL), and t(9;22)(q34;q11.2) (BCR-ABL1) are associated 
with a poor prognosis in ALL.

In suspected MDS, FISH and cytogenetic studies are help-
ful when morphologic abnormalities in hematopoietic cells are 

INDICAtIoNS for BoNe MArrow exAMINAtIoN

taBLe 56.5

Unexplained cytopenia

Evaluation of leukemia

Confirmation of myeloproliferative neoplasm

Unexplained lymphadenopathy

Splenomegaly without a diagnosis

Diagnosis or staging of lymphoid neoplasms

Constitutional symptoms (fever, weight loss) without a diagnosis

Bone pain with abnormal laboratory work (e.g., complete blood cell count, ↑ 
 protein, ↑ lactate dehydrogenase, and ↑ uric acid)

Suspected Diagnosis Flow Cytometry Cytogenetics/FISH

Acute leukemia + +
Suspected myelodysplasia a +
Myeloproliferative neo-
plasm (particularly chronic 
 myelogenous leukemia)

b +

Lymphocytosis 
 (predominantly small cells)

 Child No No

 Adult + c

Suspected non-Hodgkin 
 lymphoma with large cells

+ +

Plasma cell myeloma d +

FISH, fluorescence in situ hybridization.
a Evolving application but not well established in many centers
b Helpful only in blast crisis
c If flow cytometry shows an aberrant T-cell or monotypic B-cell population
d Flow cytometry underestimates the percentage of plasma cells in bone marrow which is 
better assessed by immunohistochemistry on tissue sections

SuSPeCteD DIAgNoSIS oN MArrow SMeAr

taBLe 56.6
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relatively subtle.63,64 Identifying 5q31 deletion in MDS is impor-
tant because the patients may respond to lenalidomide.65 Patients 
with abnormalities of chromosome 7 and/or complex cytogenet-
ics are more likely to evolve to AML and should be considered 
for early allogeneic transplantation. Flow cytometric evaluation 
of MDS is an evolving application which holds great promise, 
although it is not well standardized in this application and thus 
not available at many institutions.66 Flow cytometry is of no help 
in the evaluation of myeloproliferative neoplasms except when the 
presence of increased blasts on marrow smear point to an evolv-
ing acute leukemia/blast transformation.53

Molecular genetics can identify clonality in lymphoid neo-
plasms, confirm diagnoses in CML and subtypes of acute leukemia, 
and monitor minimal residual disease when a molecular marker 
is present (Table 56.3). NPM1 and CEBPA mutations, when 
present alone, are favorable mutations in AML while FLT3 and 
DNMT3 mutations are usually unfavorable. In the core binding 
factor leukemias (AML with t[8;21][q22;q22][RUNX1-RUNX1T1] 
and AML with inv[16][p13.1q22] or t[16;16][p13.1;q22][CBFB/
MYH11]), mutations of KIT are usually unfavorable. JAK2 muta-
tions are present in most patients with PV and over one-half of 
patients with PMF and ET.15,17 Genomic profiles are being evalu-
ated in hematopoietic neoplasms and can discriminate prognos-
tic subgroups. Restriction fragment length polymorphisms and 
chimerism studies identifying percentage of donor myeloid and 
lymphoid cells are employed to monitor engraftments in alloge-
neic transplantation.

Lymphocytosis on a marrow smear is common in very young 
children. Phenotypically, the lymphocytes are usually B cells in all 
stages of differentiation (so-called hematogones). In such cases, 
the numbers and morphology of the myeloid, megakaryocytic, 
and erythroid cell lines are usually normal, which is helpful in 
differentiating these non-neoplastic precursor B cells from the 
blasts of the pre-B ALL.67 Lymphocytosis on marrow smear in 
an older adult should always have phenotypic studies by flow 
cytometry. Further cytogenetic/FISH studies are helpful in small 
B-cell lymphomas with ambiguous phenotypes or in confirmation 
of the diagnosis of mantle cell lymphoma (by FISH).68 In unusual 
proliferations, cells from the bone marrow aspiration should be 
frozen for possible future studies.

Bone marrow examination should also be considered in 
patients who complain of bone pain whether or not bone lesions 
have been demonstrated radiographically and particularly if there 
is an abnormal CBC or abnormal chemistries, such as an elevated 
lactate dehydrogenase (LDH), total protein, or uric acid. Some 
processes, including myeloma, lymphoma, carcinoma, neuro-
blastoma, and granulomatous infections, may be quite focal and 
missed on marrow examination. Occasionally, radionuclide scans 
with gallium-67 or indium,111 CT, magnetic resonance imaging 
(MRI), and/or positron emission tomography (PET) scans may 
be helpful in localizing various types of tumors and identifying 
specific marrow sites for biopsy.69–73 Again, serum and urine 
electrophoresis, with immunofixation (which allows detection of 
monoclonal immunoglobulins hiding in the beta region) should 
be performed on adults with bone pain. Screening tests for 
neuroblastoma, including urine catecholamines, should be per-
formed in children with bone pain and a nondiagnostic marrow 
examination.

exaMInatIon of LyMph noDeS 
anD tISSueS
This section is concerned with the evaluation of the patient with 
palpable or visible enlargement of cervical, supraclavicular, axil-
lary, inguinal, mediastinal, or hilar lymph nodes or tonsils. If the 
blood and marrow (when indicated, as discussed in the previous 

CoNDItIoNS LeADINg to LyMPH NoDe eNLArgeMeNt

taBLe 56.7

Lymphadenopathy Primarily Related to Immune Response from Infections

 Viral infections

  Local or generalized lymphadenopathy with systemic infections (e.g., infectious 
mononucleosis (cervical), rubella (occipital), infectious hepatitis, and acquired 
immunodeficiency syndrome)

 Pyogenic infections

  Local enlargement of nodes draining areas of local infection (e.g., furuncles 
caused by staphylococci and oral infection)

  Local enlargement of nodes draining the portal of entry of infections such as 
cat scratch fever, cryptococcosis, lymphogranuloma venereum, primary chancre 
of syphilis, and tularemia

  Generalized lymphadenopathy from (e.g., Salmonella septicemia bacterial endo-
carditis, secondary syphilis, and toxoplasmosis)

 Lymphadenopathy primarily from infection of the node by organisms

  Pyogenic infection: the classic example is the bubo of Pasteurella pestis; 
 more commonly, abscess formation by staphylococcal invasion

  Granuloma formation: the entrance of tubercle bacilli or fungi, such as  
 Histoplasma capsulatum, into nodes often results in granuloma formation as  
 well as hypertrophy; identifiable organisms can be present within the granuloma.

Neoplasia

 Primary neoplastic diseases of nodes: non-Hodgkin and Hodgkin lymphomas
 Metastatic neoplastic processes occurring in nodes
  Lymphoid leukemias: acute lymphoblastic leukemia and chronic lymphocytic  

 leukemia
  Myeloid leukemias: acute myeloid leukemia (granulocytic sarcoma) and chronic  

 myelogenous leukemia
  Primary myelofibrosis with extramedullary hematopoiesis, producing lymph  

 node enlargement
 Metastases from carcinoma, producing lymph node enlargement

Autoimmune Diseases (e.g., systemic lupus erythematosus, rheumatoid arthritis, 
Sjögren syndrome, and Hashimoto thyroiditis)

Reaction to Drugs, such as the Hydantoins

Dermatopathic Related to Skin Diseases

Miscellaneous Diseases

 Granuloma formation as seen with sarcoid or in patients exposed to beryllium
 Reactive hyperplasia, as seen in hyperthyroidism
 Progressive transformation of germinal centers
 Kikuchi-Fujimoto disease (histiocytic necrotizing lymphadenitis)
 Kawasaki disease
 Castleman disease
 Histiocytic disorders

 Langerhans cell histocytosis
 Erdheim Chester disease
 Rosai Dorfman disease

sections) fail to provide a diagnosis, the clinician should consider 
a fine-needle aspiration (FNA) or biopsy of enlarged lymphoid tis-
sue. The presence of a variety of signs and symptoms may modify 
and shorten the diagnostic evaluation. For example, if the patient 
is ill with B symptoms or the clinical picture is fairly typical of a 
lymphoma, lymph node biopsy or aspiration should be performed 
immediately.

The causes of enlargement of lymph nodes are extremely var-
ied. Table 56.7 outlines the major categories of disease leading 
to lymphadenopathy. This table is in no sense exhaustive. The 
approach to lymphadenopathy is similar to that of FUO, with 
the most common broad diagnoses being infection, cancer, and 
immune disorders. The first step is determining whether adenop-
athy is localized or generalized, and this differentiation points to 
a local disease versus systemic illness.

The most common cause of lymphoid enlargement is lym-
phocyte proliferation in response to antigenic stimulation.  
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The frequency of trichophyton infection of toes and trauma to feet 
and legs is reflected in the frequency of palpable inguinal nodes 
(usually smaller than 1 cm in diameter). If the patient’s occupa-
tion or hobby leads to frequent trauma of hands and arms, small 
palpable epitrochlear and axillary nodes are expected. Thus, the 
assessment of the lymphoid system in a laborer differs somewhat 
from that of an educator (unless the latter’s hobby is gardening 
or hunting).

Children and adolescents commonly have more palpable nodes 
than do adults.74 This difference is presumed to reflect their more 
frequent exposure to new antigens and a larger total lymphoid 
mass in relation to body weight as compared to adults. Thus, sig-
nificant generalized adenopathy has a more liberal definition in 
the young than in adults. Prominently visible tonsils, protruding 
into the oropharynx, are expected in preschool children but are 
uncommon in adults.

Retroperitoneal lymphadenopathy must be extreme before an 
abdominal mass becomes palpable. CT scan and lymphangiog-
raphy (LG) provide complementary information concerning the 
status of retroperitoneal lymph nodes, although LG is no longer 
used.75 Abdominal CT scan provides images of nodal areas that 
usually are not visualized with LG, such as pararectal, omental, 
and superior retroperitoneal areas, and the hilus of the spleen 
and liver. Other imaging techniques, such as PET scan, gallium 
scan, and radiolabeled monoclonal antibody scans, may further 
delineate worrisome lymph nodes.

Improvements in imaging and clinical dependence upon imag-
ing has led to its increased use and contributed to the rising cost 
of health care.76 Additionally, imaging techniques are so sensitive 
that incidental findings of uncertain clinical significance such as 
chest, adrenal, or renal masses may require additional evalua-
tion, which further contributes to the expense.77 In conjunction 
with CT scans, PET scans are used to assess extent of disease 
and response to therapy in HL and many types of non-Hodgkin 
lymphoma (NHL).78

Experience with many patients is the best guide in the selec-
tion and timing of lymph node biopsies or FNA. If doubt exists 
as to whether enlargement is significant, the choice between 
immediate biopsy or periodic observation to discover whether 
the nodes will enlarge or shrink should be made on the basis of 
ancillary findings. If other signs and/or symptoms are suggestive 
of lymphoma, biopsy of small, questionably enlarged nodes may 
yield a diagnosis. Biopsy should be performed after no more than 
1 or 2 months of observation if the physician is still suspicious 
that the nodes are abnormal. Again, however, the physician’s 
suspicion must be tempered by experience. Persistently enlarged 
lymph nodes considered abnormal in an adult may be well within 
the limits of normal in a child or adolescent patient.

There is no absolute size which can be used to determine the 
presence of pathology. Age of the patient, history, location, and 
physical evaluation assist in making a decision about biopsy. 
A size of 1.5 cm was used as a discrimination measurement in a 
study of 220 lymph node biopsies.79 Others have suggested that 
a persistent lymph node of 10 mm or more except in the inguinal 
region is a reasonable guideline. A multifactorial, retrospective 
analysis involving 22 clinical findings was made of 123 patients, 
ages 9 to 25 years, in whom results of lymph node biopsies were 
known.80 Only three variables proved to have significant discrimi-
natory function; nodes larger than 2 cm in diameter on physical 
examination and abnormal findings on chest radiographs favored 
the diagnosis of a disorder necessitating treatment, whereas a his-
tory of recent symptoms related to otolaryngologic disease in the 
presence of enlarged cervical nodes was strong evidence against 
the presence of a disease requiring therapy.

Certain physical characteristics of nodes aid in the diagnosis 
of the cause of lymphadenopathy. Infected nodes usually are 
tender, and the overlying skin often is inflamed. Such nodes may 
be matted together. In certain types of infection, such as TB, 

aspergillosis, or actinomycosis, sinus tract formation is common. 
Infected nodes may be fluctuant. Nodes undergoing an immune 
response to infection also may be tender, but other signs of 
inflammation usually are absent. Tenderness may be related to 
other conditions, but this is uncommon. Carcinomatous nodes 
usually are hard and may be bound to one another and to sur-
rounding tissue. Lymphomatous nodes are more often firm, rub-
bery, discrete, and freely movable; occasionally, anaplastic large 
cell lymphoma has a significant inflammatory component.

The location of the nodes may be helpful in diagnosis, and, 
again, the age and immunocompetence of the patient are criti-
cal factors in determining the approach. Axillary and inguinal 
adenopathy are often enlarged because of trauma or infection dis-
tally. Cervical lymphadenopathy is often due to localized infection 
but also can represent metastatic disease from the head and neck. 
Posterior occipital lymphadenopathy is classically seen in rubella 
(also toxoplasmosis) usually in conjunction with a maculopapular 
rash. Supraclavicular lymphadenopathy more often represents 
distant metastases or contiguous spread from the mediastinum. 
Isolated mediastinal adenopathy in a young person is usually HL. 
Large, bilateral hilar nodes without other detectable adenopathy 
are unusual in lymphomas and are more suggestive of sarcoidosis.

Infections may be either localized or generalized as the 
cause of lymphadenopathy. The most common forms of local-
ized infections with cervical lymphadenopathy are pharyngitis 
and tonsillitis due to viral, mycoplasmal, and pyogenic infections 
(Streptococcus, Staphylococcus aureus, and S. epidermidis).81 
Although the above usually cause bilateral adenopathy, unilateral 
adenopathy occurs with tonsillar abscesses, salivary adenitis, and 
dental abscesses.82 Systemic infections that may present with 
localized adenopathy include cat scratch disease, Lyme disease, 
tularemia, toxoplasmosis, and bubonic plague, but these patients 
usually have constitutional symptoms and may give a history of 
animal or tick exposure, or have a characteristic rash (e.g., Lyme 
disease). TB involving the cervical lymph nodes (scrofula) is one 
of the more common presentations of extrapulmonary TB.83 
Adenopathy in HIV patients tends to be generalized and painless 
and can be due to HIV alone or other infections (e.g., atypical 
mycobacteria, toxoplasmosis, syphilis) or lymphoma.

Immunologic disorders may present with adenopathy as a 
prominent clinical feature. Kikuchi-Fujimoto disease (histiocytic 
necrotizing lymphadenitis) is a self-limiting illness characterized 
by cervical adenopathy and systemic symptoms; excisional biopsy 
is often performed to rule out neoplasia.84,85 Kawasaki disease 
is a multisystem vasculitis of infants and children usually with 
mucocutaneous lesions and cervical adenopathy; therapy with 
intravenous gammaglobulin and aspirin can prevent or amelio-
rate coronary artery abnormalities.86,87 Patients with SLE and 
rheumatoid arthritis may develop adenopathy but usually have 
characteristic clinical features and serology. Early lymph node 
biopsy should be considered in patients at increased risk for 
developing lymphoma such as those with an underlying autoim-
mune disorder (e.g., Sjögren syndrome and rheumatoid arthritis 
treated with methotrexate) or immunodeficiency (e.g., HIV infec-
tion and posttransplant). Drugs, such as phenytoin, allopurinol, 
and cephalosporins, can be associated with diffuse adenopathy 
that may regress with discontinuation of the drug.

In the event of a strong presumption of malignancy (particu-
larly metastatic carcinoma or in patients with a previous diagnosis 
of lymphoma), or in lymphadenopathy in areas difficult to biopsy 
(retroperitoneum), needle biopsy or aspiration is becoming the 
primary procedure for diagnosis88,89 (Table 56.8). The procedure 
for lymph node aspiration is simple and can produce diagnostic 
information in the time it takes to stain and examine the smears. 
In addition the use of cultures, flow cytometry, and cytogenetic 
studies on aspirated material greatly amplify the quality of diag-
nostic information and its availability.90 This approach requires a 
two-step triage: 1) rapid examination of the smear to determine 
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if flow cytometry is warranted;2) if flow shows evidence for a 
neoplasm, deciding whether or which cytogenetic/FISH/molecular 
genetic studies are indicated. However, the frequency of indeter-
minate or incorrect diagnosis is higher with needle biopsy aspira-
tion than with excisional biopsy, as the histologic diagnosis often 
depends on changes in the overall architecture of the lymph node 
in addition to the cytology of individual cells.91 Excisional biopsy 
yields more tissue for diagnostic studies, facilitating preparation 
of multiple histologic sections for routine and special stains as 
well as providing more adequate material for cultures and immu-
nophenotypic and genetic studies. Therefore, when appropriate, 
excisional lymph node biopsy is preferred over FNA or core 
biopsy for complete diagnostic evaluation.

For excisional biopsy or FNA, the largest palpable node avail-
able is given preference. More than one node should be removed, 
if possible, avoiding irradiated areas. When other considerations 
are equal, biopsy of cervical or supraclavicular nodes is preferable 
to biopsy of axillary nodes, and biopsy of nodes from any of these 
regions is preferable to that of inguinal nodes. As previously men-
tioned, inguinal nodes frequently are enlarged from chronic foot 
infection, in which case the architecture often is distorted. Axillary 
nodes, unless enlarged, may be difficult to find during surgical 
procedures because of the complex and changed anatomy during 
exposure of this area.

In the “good old days” when most diagnoses of disease involv-
ing marrow or lymph nodes were made (or not made) based solely 
on the morphology of smears and tissue sections, coordination 
of the efforts of the clinician, surgeon, and pathologist was less 
important and much less complex. Today, with a bewildering 
array of morphologic, cytochemical, immunologic, molecular 
genetic, and cytogenetic techniques available (and essential for 
many diagnoses), the clinician, surgeon, and pathologist must 
work closely together to optimize the diagnostic information of 
any biopsy while, at the same time, limiting expense. The major 
pitfall in these efforts is improper specimen handling, preclud-
ing the use of important techniques available only in fresh tissue 
(i.e., cultures for pathogens, cytogenetics, and flow cytometry for 
surface markers).

The process of evaluation begins before the procedure. The 
studies that are done are guided by clinical information and a 
review of previous biopsy material. At the time of biopsy or needle 
aspiration, the studies available within minutes of the procedure 
(i.e., the Wright-stained marrow aspirate smear of bone marrow 
or the hematoxylin- and eosin-stained smear of a lymph node 
biopsy touch prep) are used to decide which diagnostic techniques 
will be applied to any given case. If the suspicion of infection is 
high, material for cultures is best obtained in the sterile environ-
ment of the operating room before sending it to pathology.

Table 56.9 includes guidelines for the diagnostic evaluation of 
tissue biopsies and aspirations based on clinical information and 
the aspirate smear/touch prep appearance. The most important 
clinical information is the likelihood that a process is (a) NHL, (b) HL, 
(c) a carcinoma, or (d) a reactive process. The clinical informa-
tion, including the age of the patient along with the touch prep 
or smear appearance, often helps in determining whether flow 
cytometry or cytogenetics is needed (as in many cases of NHL or 
leukemia).

NHL would be uncommon in a child or young adult with a pre-
dominance of small lymphocytes on touch preps (Fig. 56.6A), but 
would more likely occur in an elderly patient. In a child or teen-
ager, the major differential diagnosis would be between a reactive 
node or lymphocyte-predominant HL. In neither diagnosis would 
flow cytometry or cytogenetics be of much benefit. On the other 
hand, in an older patient in whom a small B-cell NHL is more 
likely, immunophenotyping is of great help in proving clonality 
and in identifying immunophenotypic patterns characteristic of 
subsets of NHL of therapeutic and prognostic significance (e.g., 
hairy cell leukemia and mantle cell lymphoma). The role of FISH 

Establisheda Limitations

Diagnosis of relapse in lymphoma Primary diagnosis of lymphomaa

Diagnosis of nonhematologic 
 malignancies

Specific diagnoses of reactive 
 processes

Presumptive diagnosis of reactive 
processes

Primary diagnosis of many nonhema-
tologic malignancies and metastases

aMost of these require flow cytometry as an adjunct. In processes which are focally 
neoplastic or tumor cells are in minority (Hodgkin and T-cell–rich B-cell lymphoma), a 
missed diagnosis is possible.

APPLICAtIoN of fINe-NeeDLe ASPIrAtIoN of LyMPH NoDeS 
AND extrANoDAL MASSeS

taBLe 56.8

guIDeLINeS for evALuAtIoN of LyMPH NoDe BIoPSIeS/fINe-NeeDLe ASPIrAtIoN

Touch Prep Cytology

Tests to 
Consider Small Lymphocytes

Mixed Small Lymphocytes  
and Large Lymphocytes  
(No Atypical Large Cells)

Mixed Small and 
Large Lymphocytes 
(A Few Large 
Atypical Cells)

Frequent Large 
Lymphocytes or Blasts

Age of patient Child or young 
adult

Adult Child or young adult Adult Child or adult Child or adult

Flow cytometry No Yes a Yes b Yes

Cytogenetics/
molecular 
genetics/FISH

No c d d d Yes

FISH, fluorescence in situ hybridization.
a If clinical features are highly suggestive of non-Hodgkin lymphoma or tissue is from a site difficult to sample (e.g., mediastinum or retroperitoneum) a limited panel for B-cell clonality and 
T-cell distribution may be helpful.
b If clinical features and gross appearance are typical for Hodgkin lymphoma, flow cytometry and genetic studies are unlikely to be helpful.
c If flow cytometry suggests a neoplastic process.
d Usually not helpful except if screening flow cytometric studies demonstrate an abnormal B- or T-cell population.

taBLe 56.9
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and cytogenetic studies is assuming increasing importance in 
the diagnosis of small B-cell lymphomas, particularly follicular 
(t[14;18]) and mantle cell (t[11;14]) lymphoma, and is prognosti-
cally important in subsets of extranodal marginal zone lymphoma 
(e.g., t[11;18]).92–95

In children and young adults with a touch prep showing a 
polymorphous mix of small and large lymphocytes and inflamma-
tory cells (Fig. 56.6B), flow cytometry is not routinely performed. 
Most patients with this mixed pattern on touch preps will have a 
reactive process or HL (Fig. 56.6C); however, a few B-cell NHL 
and peripheral T-cell lymphomas may show such patterns. If 
the clinical likelihood of NHL is high, or in those patients with 
occasional large atypical cells who do not have clinical features 
of HL, a limited and inexpensive panel for B-cell clonality and 
T-cell antigen loss can be performed. If these studies demonstrate 
an abnormality either in the small or large cell population, then 
more expanded panels can be run. If the case is not typed and on 
permanent tissue sections appears to be NHL, immunophenotyp-
ing can be performed on paraffin sections and information about 
clonality (T and B) can be retrieved from frozen tissue or the 
paraffin-embedded tissue as needed.96,97

In patients with numerous large cells or blasts on a touch prep 
(Fig. 56.6D) typing studies (and in many, cytogenetics) are essen-
tial in identifying prognostically significant patient subgroups. 
For example, in patients with blast cells on touch prep, the dif-
ferential diagnosis would be lymphoblastic lymphoma (both B and 

T), blastic transformation of mantle cell lymphoma, and extra-
medullary acute leukemia. Flow cytometry is quite useful in the 
differential diagnosis and can provide an answer in hours (well 
in advance of other cytogenetic or immunohistologic techniques) 
(Figs. 56.2 and 56.3). Tissue should also be placed in glutaralde-
hyde for electron microscopy in these cases, because poorly differ-
entiated tumors, such as neuroblastoma or rhabdomyosarcoma, 
may mimic hematopoietic neoplasms on touch prep.

A histologic appearance of reactive hyperplasia or of nonspe-
cific granulomatous changes does not rule out the possibility of HL 
or NHL at another site. For example, not all enlarged nodes from 
patients known to have HL show evidence of the disease98; it is 
not surprising that the first biopsy may give negative findings in 
a patient in whom a second biopsy is diagnostic.99,100 Similarly, 
analysis of surface antigens on cells from an initial biopsy that 
may not contain the tumor may indicate that the B-cell population 
is polyclonal when later specimens containing the tumor show 
a monoclonal proliferation.101 Molecular studies may identify 
monoclonal lymphoid populations earlier than flow cytometry or 
routine immunoperoxidase stains in selected cases. In equivocal 
or difficult cases, particularly those in which there are discrepan-
cies between the histologic diagnosis, the clinical picture, and 
the results of ancillary studies, consideration should be given to 
obtaining consultation in hematopathology.102 If more than one 
node is removed initially, the likelihood of positive findings is 
enhanced. In nondiagnostic biopsies, the decision to obtain more 

FIGURE 56.6. High power of hematoxylin eosin–stained touch preps of lymph node biopsies demonstrating (A) predominance of small lymphocytes in 
an adult with small lymphocytic lymphoma/chronic lymphocytic leukemia; (B) mixed pattern of small and large lymphocytes, macrophages, plasma cells, and neu-
trophils in a child with reactive adenitis; (C) mixed population of small and large lymphocytes with occasional large atypical cells in a patient with classical Hodgkin 
lymphoma; and (D) predominance of large lymphocytes (many with polylobate nuclei) in a patient with large B-cell lymphoma of the mediastinum.

A

C

B

D
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tissue for further study must be individualized. If no other nodes 
are enlarged and the patient has few or no symptoms, observa-
tion may be advisable. Prompt diagnosis and proper therapy are 
important in bacterial and fungal infections, HL, aggressive NHL, 
and acute leukemias, but are less important for the eventual out-
come of the other conditions listed in Table 56.7.

exaMInatIon of the SpLeen
Many of the conditions that lead to lymphadenopathy also pro-
duce a palpably enlarged spleen. Consequently, the preceding 
discussion regarding evaluation of the patient with lymphade-
nopathy is equally applicable to the patient with splenomegaly. 
When splenomegaly is associated with systemic infection (acute 
splenic tumor), the spleen usually is barely palpable, soft to firm, 
but not hard, and splenomegaly disappears shortly after recovery 
from the infection. A palpable spleen usually indicates disease, but 
a soft spleen tip can be palpated by an experienced physician in 
approximately 1% to 2% of apparently healthy persons.103

Splenic puncture may be helpful in the evaluation of patients 
with certain conditions (e.g., leishmaniasis and kala-azar), but is 
rarely used in North America.104,105 Diagnostic splenectomy is 
required in some patients, especially those in whom the only pal-
pably enlarged tissue is the spleen. Before this procedure is con-
sidered, however, numerous other studies should be considered 
and may include CT scan, liver/spleen scan, and other imaging 
studies to outline splenic vein patency, as well as hepatic blood 
flow and any associated adenopathy. In many cases, results of 
these studies indicate the diagnosis. For instance, splenic hyper-
trophy owing to increased red cell destruction, such as occurs 
in hereditary spherocytosis and thalassemia, should be detected 
by means of appropriate blood and other examinations. Biopsy 
of enlarged nodes should always be carried out before splenec-
tomy is undertaken. Examination of the marrow should also be 
considered. Liver function tests (LFTs) and needle biopsy of the 
liver also are warranted to exclude, among other considerations, 
the possibility that the splenomegaly results from hepatic disease, 
producing increased portal pressure.

Indications for splenectomy are discussed in Chapter 65 and 
elsewhere in relation to the various diseases associated with 
splenomegaly. If no explanation is found for splenomegaly, sple-
nectomy should be considered to make or to exclude a diagnosis 
of lymphoma.

fever of unknown orIgIn
The classic definition of FUO proposed by Petersdorf and Beeson 
in 1961 is a temperature elevation of 38.3°C (101°F) or higher 
persisting over 3 weeks in duration and without a diagnosis after 
1 week of intensive in-hospital investigation.106 The definition 
of FUO has been modified due to the changing medical environ-
ment which required a shift to an initial outpatient evaluation. 
Durack and Street proposed the duration of evaluation for FUO 
be changed to only 3 days of hospitalization or at least 3outpa-
tient visits or 1 week of ambulatory investigation.107 Because of 
changing medical practices and different types of patients with 
prolonged fever, FUO is currently subdivided according to four cat-
egories: (a) classic FUO, (b) nosocomial FUO, (c) immune-deficient 
FUO, and (d) HIV-related FUO. Host factors (e.g., age of the patient 
and immunocompetence) and environment (e.g., socioeconomic 
status and geographic location) are factors in the evaluation of 
FUO. Arnow and Flaherty have proposed a minimum number of 
tests to be performed prior to labeling a patient with FUO.108

The “big three” categories of FUO remain infections, auto-
immune or non-infectious inflammatory disease (NIID), and 
malignancies (Table 56.10), although the incidence of cancer has 

Malignancy Autoimmune Disease

Common Common

 Hodgkin lymphoma  Still disease

 Giant cell (temporal) arteritis

 Non-Hodgkin lymphoma Uncommon

 Hypernephroma  Periarteritis nodosa
  Metastatic carcinoma: liver, central 

nervous system
 Rheumatoid arthritis

Uncommon/rare  Wegener granulomatosis

 Hepatomas Rare

 Pancreatic carcinoma  Systemic lupus erythematosus
  Acute leukemia/myelodysplastic 

syndrome
  Vasculitis (Takayasu arteritis, 

hypersensitivity vasculitis)
 Atrial myxoma  Felty syndrome
 Neuroblastoma  Acute rheumatic fever
 Central nervous system tumor  Pseudogout

Infection  Sjögren syndrome

Common  Behçet disease
  Tuberculosis: extrapulmonary—

renal, meningitis, miliary
 Familial Mediterranean fever

 Abscesses  Polymyositis
  Intraabdominal
   Subdiaphragmatic 

 (periappendiceal, pericolonic, 
hepatic)

  Tumor necrosis factor receptor–
associated periodic syndrome

Miscellaneous

  Pelvic Common
Uncommon  Drug fever
  Abscesses: splenic, perinephric, 

dental, brain
 Cirrhosis

  Subacute bacterial endocarditis (if 
culture-negative, suspect right-
sided endocarditis, intravenous 
drug abuse)

  Alcoholic hepatitis 
Uncommon: granulomatous hepatitis

 Cytomegalovirus Rare
 Toxoplasmosis   Gastrointestinal: regional enteritis, 

Whipple disease
 Salmonella enteric fevers   Endocrine: hyperthyroidism, 

hyperparathyroidism, pheochro-
mocytoma, Addison disease, 
subacute thyroiditis, hypothalamic 
dysfunction

Rare
  Localized, culture-negative infec-

tions: sinusitis, osteomyelitis, 
chronic meningitis, cholecystitis, 
urinary tract infection, mastoiditis

 Granulomatous disease: sarcoidosis

  Viruses: Epstein-Barr, hepatitis (all 
types), human immunodeficiency 
virus, parvovirus, other

  Vascular related: pulmonary emboli, 
subacute dissecting aneurysm, 
giant hepatic hemangioma, occult 
hematomas

 Cat scratch disease   Immune-related: hyper- 
immunoglobulin D syndrome,  
pseudolymphoma

 Brucellosis
 Listeriosis  Factitious fever
 Spirochetal infections  Habitual hyperthermia
 Relapsing fever  Cyclic neutropenia
 Lyme disease   Other: Fabry disease, Kikuchi-

Fujimoto disease, Weber-Christian 
disease, mesenteric fibromatosis, 
malakoplakia, Castleman disease, 
hemophagocytic syndromes

 Leptospirosis
 Rat bite fever

Undiagnosed Conditions

DISeASeS CAuSINg fever of uNkNowN orIgIN

taBLe 56.10
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 Rare (continued  )
Rickettsial infections: Rocky Mountain 
spotted fever, endemic typhus, 
Q fever, ehrlichiosis, trench fever,  
bacillary angiomatosis

Parasitic disease: malaria, babesiosis, 
toxoplasmosis, trypanosomiasis, 
leishmaniasis, trichinosis, amebic liver 
abscess

Fungal infections: blastomycosis, 
histoplasmosis, coccidioidomycosis, 
cryptococcosis, candidiasis

Yersinia infections

  Chlamydial infections: psittacosis, 
lymphogranuloma venereum

  Foreign object–related infections: 
vascular grafts, indwelling catheters, 
prosthetic devices

  Vascular infections: aortic aneurysm, 
jugular phlebitis

Adapted from Cunha BA. Fever of unknown origin. In Gorbach SL, Bartlett JB, Blacklow NR, 
eds. Infectious diseases, 3rd ed. Philadelphia, PA: Lippincott, Williams and Wilkins, 2004: 
1569–1578.

declined due to improved diagnostic techniques.109 Miscellaneous 
diseases and undiagnosed conditions round out the main five 
categories of FUO. There are over 200 different causes of FUO, 
but most patients have common illnesses presenting with unusual 
manifestations.106 In a systematic review of the literature for 
1995 to 2004 which identified 1,488 cases of FUO, 74% of the 
patients were accurately diagnosed, with 37% due to infections, 
16% due to NIID, 11% due to neoplasms and 10% due to miscel-
laneous diseases.110 In developing countries, infections, particu-
larly TB, often represent more than one-half the cases of FUO, 
whereas developed countries have a higher incidence of NIID and 
neoplasms.111 Undiagnosed conditions and infections are more 
common in younger patients, whereas NIID, including temporal 
arteritis and polymyalgia rheumatica, and malignancies are more 
common in the elderly. Despite improved imaging and better 
culture techniques, the percentage of undiagnosed conditions has 
increased to the 25% to 50% range in recent series and is higher 
in children.112,113

Nosocomial FUO is a particular problem for the patient in an 
intensive care unit and is related to the type of instrumentation 
(indwelling vascular lines, Foley catheters, and endotracheal 
tubes),114 the specific spectrum of microorganisms and their 
antimicrobial sensitivity, and the degree of immunodeficiency. 
Common conditions causing nosocomial FUO include septic 
thrombophlebitis, pulmonary embolism, Clostridium difficile 
enterocolitis, and drug fever.115 More than 60% of FUO in the 
immunodeficient host is due to infections; the type and severity of 
infection correlate with the severity and length of neutropenia.116 
Occult fungal infections, including hepatosplenic candidiasis, 
aspergillosis, and mucormycosis should be considered in the 
immunodeficient host with prolonged neutropenia.115

The initial exposure to HIV may cause FUO, and the HIV 
may go undetected due to lack of seroconversion.117,118 FUO in 
HIV patients is due to an opportunistic infection in over 70% of 
patients.119 Atypical and typical mycobacteria are the most com-
mon infections in HIV patients; other infections causing FUO in 
AIDS include CMV, Pneumocystis jiroveci, toxoplasmosis, histo-
plasmosis, leishmaniasis, and cryptococcosis. In Asia, Penicillium 
marneffei is a common cause of FUO in HIV patients; papular skin 
lesions with central necrosis are seen in 70% of HIV patients.120 
Lymphoma, both aggressive B-cell NHL and HL, multicentric 
Castleman, and drug reactions may also be a cause of FUO in HIV 

patients. Long-lasting fever in HIV without a diagnosis is seen 
in patients with advanced HIV and low CD4+ T lymphocytes.118 
The use of highly active antiretroviral therapy (HAART) in AIDS 
has led to a decline in FUO.118,121 After the start of HAART, an 
immune reconstitution inflammatory syndrome is seen in 25% to 
35% of HIV-positive patients and usually occurs within 2 months. 
The patient can deteriorate due to worsening of an opportunistic 
infection, particularly Mycobacterium tuberculosis, M. avium 
complex, or Cryptococcus neoformans.122

The pattern of fever has been extensively evaluated, but rarely 
is so specific as to be diagnostic of a disease. Possible exceptions 
include a Pel-Ebstein pattern of recurrent high fever with intermit-
tent afebrile, asymptomatic periods in HL; the tertian and quartan 
patterns of malaria; the pulse-temperature dissociation of typhoid 
fever; the reversal of the normal diurnal pattern observed in dis-
seminated TB; and a cyclical pattern (every 3 to 4 weeks) with 
cyclic neutropenia.123 A continuous fever is more likely to be diag-
nosed than a periodic fever.124,125 The prognosis of a patient with 
undiagnosed FUO is favorable, with mortality less than 5%.126

In the evaluation of a patient with FUO, history and physical 
examinations often need to be repeated.119,127,128 Host factors 
(e.g., HIV, sickle cell disease, prior malignancy, organ transplant, 
cardiac valve disease, diabetes, and prior surgery) and external 
factors (e.g., occupation; travel; and exposures to infections, ani-
mals, and drugs) may point to the types of studies warranted to 
diagnose the etiology of FUO. The goal of the history and physical 
examination is to identify potentially diagnostic clues. The physi-
cal examination should pay particular attention to the skin (e.g., 
rashes, subcutaneous nodules, aphthous ulcers, and nail beds), 
eyes (e.g., uveitis and Roth spots and infections on funduscopic 
examination), sinuses, lymph nodes, heart (e.g., rubs and mur-
murs), lungs, organomegaly, and perirectal area. Bone, joint, and 
musculoskeletal examinations are important when symptoms of 
pain, limping, or weakness are associated with FUO.

The laboratory evaluation of FUO involves a minimal set of 
tests which may further direct the investigation: CBC, sedimenta-
tion rate, C-reactive protein; comprehensive metabolic profile, 
including lactose dehydrogenase; urinalysis, antinuclear antibod-
ies, rheumatoid factor; viral screens, particularly CMV, EBV, and 
HIV; tuberculin skin test, and chest x-ray and/or CT scans of spe-
cific areas as determined by history and/or physical exam. Three 
sets of routine blood cultures have been added to the initial battery 
of tests.108 If a patient has two of the three laboratory abnormali-
ties: elevated C-reactive protein, elevated ferritin but < 500 mg/L, 
or eosinopenia, infection is more likely than non-infection.129

Table 56.11 outlines possible etiologies as suggested by the 
findings on CBC and sedimentation rate or C-reactive protein. 
Anemia, an abnormal white cell count, elevated LFTs, and 
elevated LDH were independent predictors of having a serious 
illness, commonly neoplasia, and a poor prognosis for patients 
with FUO.130 Examination of the blood smear for abnormal cells 
or pathogens may be warranted according to history, such as 
travel or tick exposure; or physical exam, particularly petechia, 
adenopathy, or organomegaly. Flow cytometry can be confirma-
tory in specifying the type of malignant cell. Ehrlichiosis, malaria, 
leishmaniasis, histoplasmosis, TB, and babesiosis are among the 
diseases in which organisms may be seen in the peripheral blood.

NIID that have remained a cause of FUO are those that are 
not readily diagnosed by serologic testing, such as temporal 
arteritis and Still disease.131 Giant cell, or temporal, arteritis 
(GCA) represented 17% of cases of FUO in the elderly and is sug-
gested by jaw or tongue claudication, localized headaches, visual 
disturbances, and temporal artery abnormalities (e.g., decreased 
pulse, tenderness, or nodularity). The diagnosis is suggested by 
an elevated sedimentation rate (> 50 mm/hour) and formerly was 
confirmed by an abnormal temporal artery biopsy. Color Doppler 
ultrasonography and high resolution MRI can diagnose GCA in 
most patients so that biopsy may be reserved for patients with 
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such as X-linked lymphoproliferative (XLP), Chediak-Higashi, 
and Hermansky-Pudlak, should undergo allogeneic stem cell 
transplant.134,136,138

Rare, hereditary disorders characterized by recurrent episodes 
of fever and autoimmune features include familial Mediterranean 
fever, tumor necrosis factor receptor–associated periodic syn-
drome, and the hyperimmunoglobulinemia D syndrome.139 
Familial Mediterranean fever is an autosomal recessive disorder 
and is caused by mutations in the pyrin–marenostrin gene MEFV, 
which provides inhibitory signals to inflammatory cells.140 Tumor 
necrosis factor receptor–associated periodic syndrome is an auto-
somal dominant condition caused by missense mutations in the 
gene encoding type I tumor necrosis factor receptor (TNFRSF1A), 
which results in an exaggerated response to tumor necrosis fac-
tor.141 Hyperimmunoglobulin D syndrome is due to mutations in 
the gene mevalonate kinase (MVK), but the mechanism producing 
fever and autoimmune features is unknown.142

Two diseases that can be overlooked are factitious fever and 
Whipple disease.143 Patients presenting with factitious fever tend 
to be young adults who are often in the medical field and have 
a relative bradycardia. Intravenous injections of organisms or a 

negative imaging.132 Adult onset Still disease can present as an 
FUO in a younger patient with or without a characteristic rash. 
Four variables associated with Still disease are arthritis, pharyn-
gitis, splenomegaly, and neutrophilia.133 The highest elevations 
in serum ferritin are seen in Still disease and hemophagocytic 
lymphohistiocytosis (HLH).

HLH may be familial, with 70% to 80% occurring in children 
under the age of 1 year, or sporadic secondary to infections, 
malignancies, particularly peripheral T/NK lymphomas, or auto-
immune diseases. The most common features of HLH are FUO, 
hepatosplenomegaly, and cytopenias; and a diagnosis can be 
made by confirmation of an underlying genetic defect (in 80% of 
familial cases), or by having five of eight clinical criteria, including 
ferritin ≥ 500 mg/L, soluble CD25 (IL-2 receptor) ≥ 2,400 U/ml, 
and decreased natural killer cell activity.134,135,136 Early diagnosis 
of HLH is critical because of a high early mortality, varying from 
20% to 70%, and the availability of effective therapy.134,137 After 
the syndrome is controlled by immunotherapy with a combination 
of dexamethasone, etoposide, and cyclosporine, familial forms 
of HLH which have mutations in genes regulating the granule-
dependent exocytosis pathway, and genetic immune deficiencies, 

Monocytosis Eosinophilia
Elevated Erythrocyte Sedimentation  
Rate (> 100 mm/h)

Tuberculosis Trichinosis Adult Still disease

Brucellosis Lymphomas Temporal arteritis

Subacute bacterial endocarditis Drug fever Hypernephroma

Polyarteritis nodosa Addison disease Subacute bacterial endocarditis

Temporal arteritis Polyarteritis nodosa Drug fever

Cytomegalovirus Hypersensitivity vasculitis Carcinomas

Sarcoidosis Hypernephroma Lymphomas

Systemic lupus erythematosus Myeloproliferative neoplasms Myeloproliferative neoplasms

Lymphomas Thrombocytopenia Abscesses

Carcinomas Acute leukemias Subacute osteomyelitis

Regional enteritis Lymphomas Polymyositis

Myeloproliferative neoplasms Myeloproliferative neoplasms Hyperimmunoglobulin D syndrome

Myelodysplastic syndrome

Atypical Lymphocytosis Relapsing fever Basophilia

Epstein-Barr virus Epstein-Barr virus Carcinomas

Cytomegalovirus Drug fever Lymphomas

Brucellosis Systemic lupus erythematosus Myeloproliferative neoplasms

Toxoplasmosis Human immunodeficiency virus Lymphocytosis

Drug fever Leukopenia Tuberculosis

Thrombocytosis Miliary tuberculosis Epstein-Barr virus

Myeloproliferative neoplasms Brucellosis Cytomegalovirus

Tuberculosis Systemic lupus erythematosus Toxoplasmosis

Carcinomas Lymphomas Non-Hodgkin lymphoma

Lymphomas Acute leukemia  
Myelodysplastic syndrome

Lymphocytopenia

Sarcoidosis Typhoid fever Human immunodeficiency virus

Vasculitis Kikuchi disease Hodgkin lymphoma

Temporal arteritis Whipple disease

Subacute osteomyelitis Tuberculosis

Hypernephroma Systemic lupus erythematosus

Sarcoidosis

Adapted from Cunha BA. Fever of unknown origin. In Gorbach SL, Bartlett JB, Blacklow NR, eds. Infectious diseases, 3rd ed. Philadelphia, PA: Lippincott, Williams and Wilkins, 2004:1569–1578.

CoMPLete BLooD CeLL CouNt CLueS to fever of uNkNowN orIgIN

taBLe 56.11
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febrile child with a Munchausen by proxy parent are other indi-
cations of factitious fever. Whipple disease should be suspected 
in patients with FUO, arthritis, mental status changes, and mal-
absorption. Diagnosis is made by demonstration of PAS-positive 
macrophages on small bowel biopsy and can be confirmed by 
detecting Tropheryma whipplei by PCR.

Imaging tests (e.g., CT, MRI, PET/CT, transesophageal echocar-
diography, and radioisotope scans) have altered the distribution 
but not the type of illnesses causing FUO.144,145 Endocarditis and 
abscesses, as well as neoplasia, have decreased with improved 
imaging and cultures.146 The ability to diagnose an etiology of FUO 
has paradoxically decreased and led to a higher incidence of unclas-
sifiable causes in some recent series.146[18F]-fluorodeoxyglucose 
(FDG-PET) in conjunction with fusion CT is emerging as an effective 
modality in the diagnostic work-up of FUO.147,148 Advantages of 
PET/CT over gallium scintigraphy include completion of the exam 
within a short period of time and improved resolution, while dis-
advantages include a relatively high cost and limited availability in 
most of the world.148 A meta-analysis of FUO studies indicated that 
32% of FDG-PET scans and 62% of FDG-PET/CT scans contributed 
to a final diagnosis.149 Indium 111 granulocyte scintigraphy may be 
more helpful than PET scans in diagnosing infections.150

Invasive tests have a variable yield and depend upon the type of 
host, the initial evaluation of FUO, physical exam findings, and lab-
oratory abnormalities. Bone marrow aspiration with biopsy was 
diagnostic in nearly a fifth of patients with FUO and was particu-
larly helpful in the presence of anemia or thrombocytopenia.151 
Bone marrow exam with cultures is more rewarding in immu-
nocompromised than in immunocompetent hosts. Percutaneous 
liver biopsy is similarly helpful in HIV-infected patients with FUO, 
organomegaly, and increased LFTs.152 Lymph node biopsy is 
useful in diagnosing lymphomas for which an excisional or core 
needle biopsy is preferable over a FNA for the initial diagnosis. 
Necrotizing lymphadenopathy may be present in lymphomas or 
in reactive processes, including infections (toxoplasmosis, lympho-
granuloma venereum, Yersinia pseudotuberculosis, cat scratch, 
tularemia), rheumatologic disorders, Kawasaki, and Kikuchi-
Fujimoto disease. The latter is usually seen in middle-aged women 
of Asian descent who present with fever, cervical adenopathy, and 
leukopenia and have a self-limited course over 1 to 4 months.153 
Granulomas in lymph node biopsies are nonspecific and may be 
seen in sarcoidosis, infections, both HL and NHL, and carcinoma. 
Laparotomy is rarely performed unless there is adenopathy that is 
not easily approached by less invasive procedures, including FNA, 
mediastinoscopy, thoracoscopy, and laparoscopy. The goal is to 
identify treatable disease as expediently as possible.

Empirical antibiotic trials are rarely warranted except in the 
immunocompromised patient with neutropenia and fever.154,155 
Empirical antifungal therapy was established as an effective 
strategy in the 1980s for acute leukemia patients with prolonged 
neutropenia following chemotherapy and for patients undergo-
ing stem cell transplantation (SCT).155,156 Prophylaxis against 
infections and pre-emptive antiviral strategies are routinely used 
in SCT.157 Occasionally, antibiotics are given in culture-negative 
endocarditis; and antituberculosis therapy is used in the elderly 
with suspected miliary TB.158,159 High-dose steroids with or 
without alkylating agents can be considered in cases of vasculitis 
which have diagnostic images or proven biopsies.158 Naprosyn 
has been advocated as a means to distinguish fever of malignancy 
from infection but should not prevent the search for infection.160 
Treatment for malignancy should almost never be instituted with-
out a tissue diagnosis.

recurrent InfectIonS
The most common clinical presentation of immunodeficiency 
(either congenital or acquired) is infection (Table 56.12). More 
than one infection requiring hospitalization, infection with unusual 

Red Flags for Immunodeficiency

 More than one hospitalization for infection
 Infection with organisms not usually pathogenic

  Recurrent otitis, sinusitis or pneumonia
  Persistent thrush
  Deep skin or organ abscesses

 Growth failure in children
 Delayed or absent response of infection on appropriate therapy

Initial Evaluation

History

 Family history of primary immunodeficiency
 Age of onset of infection
 Type of infection

Physical examination

Initial Investigation for:

 Bacterial infection (implies B-cell, phagocyte, or complement deficiency)
 Infection with intracellular organisms (implies deficient T-cell/cellular immunity)
  CBC and differential for neutrophil count and morphology, quantitative  

  immunoglobulins, CH50
  Human immunodeficiency virus serology, CBC and differential for lymphocyte 

 count, T-subset analysis, skin testing in adults

CBC, complete blood count.

CLINICAL APProACH to IMMuNoDefICIeNCy

taBLe 56.12

pathogens, or an inappropriately delayed response to optimal 
therapy should all be tip-offs to possible underlying immunode-
ficiency.161 Chronic sinusitis, recurrent otitis, persistent thrush, 
chronic diarrhea, or skin rashes may be an early manifestation 
of immunodeficiency. Delayed umbilical cord stump separation is 
indicative of neutrophil defects, including LAD and interleukin-1 
receptor (ILR-1)–associated complex deficiency.162,163 Eczema 
or pustular rash, skin abscesses, and sinopulmonary infections 
within the first few weeks of life suggest hyper-IgE (HIES or Job) 
syndrome.164 Patients may present with sequelae of immunode-
ficiency (e.g., delayed growth or failure to thrive in children or 
unexplained chronic obstructive pulmonary disease). Cytopenias, 
including lymphopenia or thrombocytopenia, or splenomegaly, 
may be an early finding.165 In some patients, particularly those 
with HIV infection, lymphoma or a nonhematologic malignancy 
may be the presenting manifestation. In congenital immunode-
ficiency diseases, such as IgA deficiency, or deficiency of classic 
pathway complement components, features of autoimmunity may 
dominate the clinical picture.166

Age of onset of infection, family history, including parental 
consanguinity, and clinical findings provide clues to diagnosis, 
but laboratory tests identifying abnormal component(s) of the 
immune system are essential. Testing is directed at different parts 
of the immune system: T cells and cell-mediated immunity, B cells 
and humoral immunity, phagocytes, and complement. Congenital 
defects in T-cell–mediated immunity may appear in the neonatal 
period and usually effect antibody production which is dependent 
on intact T-cell function, whereas antibody deficiencies appear at 
the 6 to 9 months stage after the waning of maternal antibodies. 
Immunoglobulin levels, flow cytometry, and complement levels 
detect deficiencies of the immune system, but immune func-
tion studies, such as lymphocyte response to mitogens, specific 
antibody response to vaccine antigens, skin testing, and assays 
of neutrophil function may be more important in diagnosis. Skin 
testing is of little value in children younger than 1 year because 
they are unlikely to have previously been exposed to antigen used 
in testing. In older children and adults, the presence of reactive 
skin tests to recall antigens virtually excludes a significant defect 
in cell-mediated immune response. In utero or neonatal screening 
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and IgA. Marked elevations of IgE (HIES or Job syndrome) are 
seen in patients with chemotactic defects, recurrent staphylococ-
cal skin disease, cyst-forming pneumonia, and musculoskeletal 
abnormalities.164,180 An autosomal dominant form involving 
a mutation in signal transducer and activator of transcription 
3 (STAT3) and an autosomal recessive form resulting from muta-
tion of the dedicator of cytokinesis 8 protein (DOCK8) have been 
described.181 In occasional patients with recurrent bacterial 
infection, measurement of IgG subclasses or responses to indi-
vidual antigens (e.g., tetanus and diphtheria) may be helpful in 
making a diagnosis.182

In adults with low IgG, the three major considerations are 
CVID, CLL, and multiple myeloma. Patients with CVID not only 
have recurrent infections but also may develop ITP, autoimmune 
hemolytic anemia, sarcoid-like granulomatous disease, inflamma-
tory bowel disease, hepatitis, and NHL.183,184 Patients with CLL 
have hypogammaglobulinemia, lymphocytosis, and immunophe-
notypic studies demonstrating a monotypic CD5+, CD23+ B-cell 
population.111 In myeloma patients with a decreased IgA, IgM, 
or IgG, electrophoresis of serum identifies a paraprotein in more 
than 80% of patients, although immunofixation may be required 
to uncover IgA monoclonal protein hiding in the beta region. 
Some myeloma patients have a negative serum electrophoresis 
with immunofixation. Most of these patients have a monoclonal 
light chain on urine electrophoresis. Serum light chain assays can 
identify and quantify the kappa and lambda light chains.

The complement system is a part of innate immunity and can 
be activated by three pathways.185 The classical pathway (C1, C4, 
C2) is activated by binding C1q to immunoglobulins on microbes 
or by direct binding to cells undergoing apoptosis. Patients with 
deficiency in the early classic complement pathway often have 
autoimmune disease (e.g., SLE and rheumatoid arthritis), which 
in part may be related to the physiologic role of the classic path-
way in clearing immune complexes from the circulation.186 The 
alternative pathway can be directly activated by microbes; and the 
lectin pathway is activated by carbohydrate moieties present on 
microbes. Hemolytic assays to assess the classical and alternative 
pathways have been available for years, but a complement kit can 
now assess all three pathways.187

Congenital complement deficiencies are rare autosomal reces-
sive diseases except for properdin deficiency which is X-linked. All 
patients with deficiency of C1, C2, C3, C4, C5, C6, C7, or C8 have 
a zero CH50 (also seen with improperly handled specimens and 
occasionally in patients with severe immune complex disease).186 
Deficiency of C3, the central component of all three pathways is 
associated with SLE, glomerulonephritis, and bacterial infections. 
Deficiencies of properdin and factor D, components of the alter-
native pathway, and deficiencies of the late components C5, 6, 7, 
8, and 9 often present with fulminant infection due to Neisseria 
species. Deficiency of MBL, an initiator of the lectin pathway, is 
due to point mutations of the MBL2 gene and is associated with 
an increased risk to a variety of infections.186,187

If quantitative immunoglobulins, CH50, the absolute neutro-
phil count, and neutrophil morphology are normal in a patient 
with recurrent bacterial infections, WBC functional studies for 
CGD or other enzyme deficiencies are indicated (Chapter 58). The 
nitroblue tetrazolium test is abnormal in many, but not all, of 
these defects.173 CGD is due to deficient function of the reduced 
nicotinamide adenine dinucleotide phosphate oxidase, which 
is responsible for the respiratory burst in phagocytes.171 The 
diagnosis of CGD is now made by assays that rely on superoxide 
production. There are four genetic subtypes of CGD, with two-
thirds X-linked due to mutations of the cytochrome b-245, beta 
polypeptide (CYBB) gene, and one-third autosomal recessive with 
the most common due to mutation of the neutrophil cytosolic fac-
tor 1 (NCF1) gene on chromosome 7q11.23.171

Flow cytometry for the CD11b/CD18 complex is diagnostic of 
patients with LAD type I.188,189 LAD1 is an autosomal recessive 

for immune deficiencies can be critical in identifying congenital 
disorders, many of which are optimally treated with early SCT.167 
T-cell receptor excision circles and kappa-deleting recombination 
circles can detect T- and B-cell lymphopenia and suggest a diag-
nosis of SCID and X-linked agammaglobulinemia, respectively.168 
Detecting a molecular mutation in a gene and/or protein control-
ling part of the immune system is the ideal diagnosis.

Primary immunodeficiency disorders (PIDs) refer to a het-
erogeneous group of diseases characterized by defects in one of 
more parts of the immune system (Chapter 63). PIDs are usually 
inherited and are rare, with an estimated prevalence of 1 in 1,200 
live births.169 IgA deficiency is the most common; it occurs in 1 in 
300 to 500 births, but only one-third have significant infections.170 
Although PID may present as life-threatening infections in child-
hood, more than 40% may not be diagnosed until adulthood. Time 
until diagnosis of any PID has decreased with better awareness 
and improved diagnostic tests.168 Antibody deficiency syndromes 
comprise approximately 50% to 65% of PID, followed by 30% to 
40% combined immune deficiencies, 10% to 18% phagocyte dys-
functions, and 1% to 2% complement deficiencies.167,171

An early test in any patient of any age with suspected immuno-
deficiency is HIV serology. In the HIV-negative patient, the age of 
the patient, geographic location, and type of infection or problem 
should dictate the tests ordered.172 Congenital immunodeficien-
cies predisposing to sepsis can be subdivided into those affecting 
innate immunity and those affecting the adaptive immune system. 
The subdivision is somewhat arbitrary and there can be clinical 
overlap, as some molecular lesions will affect both types of immu-
nity. The former involves the immediate response of the immune 
system to a pathogen and includes defects in complement proteins 
and mannose-binding lectin (MBL), nuclear factor kappa B (NF-kB) 
activation, phagocyte quantity and quality, and the type-1 cytokine 
axis.172Neisseria bacteremia and meningitis are seen in comple-
ment deficiencies. Neutrophil defects result in periodontal disease, 
oral ulceration, or cutaneous and visceral abscesses; and they 
have a narrow spectrum of infections: Staphylococcus aureus, 
Burkholderia cepacia, Serratia marcescens spp., or Aspergillus 
spp.173. In the absence of immune suppression, invasive aspergil-
losis is seen only in chronic granulomatous disease (CGD), and 
disseminated nontuberculous mycobacterial infection is seen in 
patients with defects of the IFN-g/IL-12 axis. An overwhelming 
EBV infection may be the initial presentation of XLP syndrome. 
XLP1 results from defects in signaling lymphocytic activation mol-
ecule–associated protein, which is required for the activation of NK 
and cytotoxic lymphocytes. The adaptive immune system requires 
time after the initial exposure and representative defects include 
the different types of SCID, ataxia telangiectasia, and WAS.

In a patient with recurrent bacterial infection, the three 
major screening tests are a CBC with differential and peripheral 
blood smear, quantitative immunoglobulins, and a CH50.174 
Giant granules in neutrophils in a patient with oculocutaneous 
albinism indicates Chédiak-Higashi syndrome. Neutropenia in a 
neonate suggests Kostmann syndrome (congenital agranulocy-
tosis). Thrombocytopenia with small platelets in a patient with 
eczema and abnormal gamma globulin levels is consistent with 
WAS. Interpretation of quantitative immunoglobulins depends 
on an awareness of the variation in the normal ranges with age. 
IgG, IgA, and IgM are markedly decreased in children with physi-
ologic hypogammaglobulinemia of infancy, common variable 
immunodeficiency (CVID), and X-linked agammaglobulinemia. In 
the first two conditions, patients have circulating B cells by flow 
cytometry, whereas in X-linked agammaglobulinemia B cells are 
absent.175–177 Thymoma is another circumstance with decreased 
immunoglobulins and decreased or absent B cells.178 In hyper-
IgM syndrome, the presence of markedly elevated IgM with 
depressed IgG and IgA is virtually diagnostic.179 Patients with 
WAS who respond poorly to encapsulated bacteria often have 
an isolated decrease in IgM or may also have increases in IgE 
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therapy, chemotherapy (particularly nucleoside analogs), or mal-
nutrition. Patients with sarcoidosis and neoplasms, such as HL, 
may be anergic on skin testing but usually do not develop infection 
before immunosuppressive therapy.199,200 In 1992, idiopathic 
CD4 lymphocytopenia (ICL) was defined in HIV-negative patients 
who had low CD4 T lymphocytes (0.3 × 109/L or < 20% of total  
T cells) on a minimum of two separate points at least 6 weeks 
apart. Patients with a profound decrease in CD4 T-cell numbers 
and low CD4/CD8 ratios present with opportunistic infections 
similar to those seen in AIDS.201,202 Hypomorphic gene muta-
tions, which control T-cell receptor recombination or signaling, 
have been identified in a few patients with ICL.203,204 Rarely, ICL 
patients have normal CD4/CD8 ratios and do not have increased 
susceptibility to infection.44,202

SuMMary
This chapter is a brief overview and introduction to the sub-
sequent chapters in Part VI on nonmalignant disorders of the 
phagocytic and immune system. A primary objective is to separate 
benign from malignant disorders. Identifying a specific defect in 
the immune system begins with a history and physical examina-
tion followed by tests to identify the defect. A single gene mutation 
may account for a congenital immune deficiency, and prena-
tal diagnosis may be possible by sex determination in utero if 
X-linked or by fetal blood sampling if the defective gene is known 
or if characteristic abnormalities in the peripheral blood can be 
identified. Some of the congenital immune deficiencies, such as 
SCID and its variants, represent medical emergencies. Acquired 
immune abnormalities, particularly functional asplenia, severe 
hypogammaglobulinemia, and iatrogenic neutropenia or T-cell 
deficiency, can also be life threatening. Knowledge of the site of 
the defect in a host’s immune system—whether in the neutrophils, 
humoral, cell-mediated, or complement arms or a combination 
thereof—is critical in predicting types of infections that can occur 
and instituting appropriate therapy.
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disorder due to mutations in the gene ITGB2, which encodes 
the common beta 2 subunit of the integrin (CD18) on chromo-
some 21q22.3.162,188 There is diminished CD18 on leukocytes, 
which affects the third phase of the adhesion cascade, the firm 
adhesion of leukocytes to the endothelium. The severe type of 
LAD1 is caused by less than 1% expression of CD18 and presents 
early in life often with delayed umbilical stamp separation; while 
moderate types have 1% to 30% expression, have fewer severe 
infections, and are diagnosed later in life.190 LAD2 is due to 
mutations in the guanosine diphosphate fucose transporter which 
lead to a lack of sialyl Lewis X (CD153) and a defect in the first 
phase, the rolling phase. LAD3 is caused by mutations in FERMT3 
(KINDLIN-3), encoding a molecule responsible for integrin activa-
tion, the second phase.162,173

Defects affecting phagocyte signaling via the Toll-like receptor 
canonical pathway include mutations of the myeloid differen-
tiation primary response gene 88 (MYD88) and ILR-1–associated 
kinase 4 (IRAK4) which lead to invasive bacterial infections, 
primarily caused by Streptococcus pneumoniae, Staphylococcus 
aureus, and Pseudomonas aeruginosa.163 Mutations in IKBKG, 
encoding the NF-kB essential modulator (NEMO), result in a 
susceptibility to a wider variety of infections and frequently have 
ectodermal dysplasia.163,191 Mutations in the alternative pathway 
lead primarily to herpes simplex encephalitis.

WHIM (warts, hypogammaglobulinemia, infections, and 
myelokathexis) syndrome is due to heterozygous mutations of the 
intracellular c-terminus of the chemokine receptor 4 (CXCR4).192 
Hyperfunction of CXCR4 delays egress of neutrophils leading 
to neutropenia, and reduces circulating CD27+ memory B cells 
resulting in B-cell lymphopenia and hypogammaglobulinemia.

In HIV-negative children with infections suggesting defective 
cell-mediated immunity (viral, fungal, or mycobacterial), the eval-
uation begins with the absolute lymphocyte count (Chapter 63). 
Because 75% of circulating lymphocytes are T cells, moderate 
lymphopenia implies T-cell lymphopenia. Distinct forms of SCID 
are characterized by different combinations of T/B/NK counts: 
T−B−NK−, T−B+NK−, T−B−NK+, T−B+NK+. There are over 20 
different gene mutations associated with SCID.193 Most newborns 
with SCID appear normal at birth, and the median age at diag-
nosis is 4 to 7 months.193 X-linked SCID, the most common type, 
has absent T and NK cells with normal or elevated B cells, which 
can mask T-cell lymphopenia and is due to mutation of the IL2RG 
gene, localized at Xg13.1 and encoding the g chain of the ILR-2. In 
adenosine deaminase deficiency, the second most common type of 
SCID, purine nucleoside phosphorylase deficiency, and reticular 
dysgenesis, all lymphocytes are absent (T−B−NK−).

T−B−NK+ SCID can be due to mutations in recombination 
activating genes RAG1 and RAG2, which lead to defects of the 
first step of antigen receptor V(D)J recombination for both T and B 
lymphocytes.194 Defects of the second step of recombination affect 
nonhomologous end-joining proteins and result not only in immu-
nodeficiency, but also in defects in DNA repair, which predispose 
to neoplasia and toxicity to conditioning regimens.195 In DiGeorge 
syndrome (suggested by hypocalcemia and congenital heart dis-
ease), T-cell numbers are decreased, whereas B cells are normal 
or elevated (sometimes masking T-cell lymphopenia).166,196 In 
the bare lymphocyte syndrome in which either class I or class II 
HLA antigens are observed, the CD8 T-cell subset is decreased in 
defects involving class I HLA, and CD4 T cells are decreased in 
defects involving class II.197 T+SCID can be due to engraftment 
of transplacentally derived maternal T lymphocytes or to Omenn 
syndrome, characterized by erythroderma, hepatosplenomegaly, 
and eosinophilia, and caused by hypomorphic mutations (“leaky 
SCID”) of RAG 1/2 and other genes whose null mutations cause 
typical SCID.193,198

In HIV-negative adults, acquired defects in cell-mediated immu-
nity with unusual susceptibility to viral, fungal, or mycobacterial 
infection are most commonly secondary to immunosuppressive 
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IntroDuctIon
The normal range for the peripheral white blood count (WBC) 
is between 4.5 × 109/L and 10.0 × 109/L, with a mean of  
7.5 × 109/L. The total WBC includes neutrophils and lympho-
cytes, as well as smaller numbers of monocytes, basophils, and 
eosinophils. Leukopenia, a depressed WBC, may reflect either 
neutropenia or lymphopenia. Neutrophils constitute about 60% 
of the peripheral WBC, and therefore, reduction of WBC number 
most commonly reflects a decreased absolute neutrophil count 
(ANC). Neutropenia can occur as a secondary manifestation of an 
underlying disease or exposure or may reflect primary hemato-
logic disease. This chapter focuses on the primary and secondary 
causes of neutropenia.

normaL neutrophIL KInetIcS
The circulating neutrophil pool represents only approximately 
5% of the body’s total neutrophil number. It is therefore a fairly 
distant reflection of the dynamics of neutrophil maturation within 
the bone marrow.1 Neutrophils arise in the bone marrow from a 
multipotent progenitor cell that also gives rise to all other formed 
elements of the blood. Maturation of neutrophil precursors occurs 
over 6 to 10 days. The majority of mature neutrophils constitute a 
storage pool that remains in the bone marrow poised for release 
as needed. The proliferating pool and storage pool together make 
up about 95% of the total granulocyte mass. Of the remaining 5% 
of neutrophils that enter the peripheral circulation, about 60% 
are a “marginating pool” that adheres to the vascular endothe-
lium. These marginated neutrophils are easily mobilized into the 
circulation in response to stress. Circulating neutrophils survive 
for only 6 to 12 hours; when mobilized to sites of infection or 
inflammation, they can migrate into tissues where they survive 
for 1 to 4 days. Neutropenia can occur upon disruption of any 
of these processes: it may reflect decreased marrow production, 
increased margination (especially in the setting of splenomegaly 
and sequestration by the spleen), or peripheral immune destruc-
tion of mature cells.

DefInItIon anD cLaSSIfIcatIon  
of neutropenIa
Neutropenia is defined by a decreased ANC, calculated by multiply-
ing the total WBC by the percentage of neutrophils and bands noted 
on the differential cell count. What constitutes a low ANC differs 
by age, sex, race, and other factors; the normal range for the ANC 
for a given population, then, is defined as the mean ANC for that 
population +/– two standard deviations.2,3 In general, however, an 
ANC less than 1.5 × 109/L is considered neutropenic in most patient 
populations. Neutropenia can be further classified as mild, moder-
ate, or severe based on the degree of ANC depression: an ANC of 1.0 
to 1.5 × 109/L is considered mild, 0.5 to 1.0 × 109/L is considered 
moderate, and less than 0.5 × 109/L is considered severe. Although 
this classification is useful in predicting the risk of severe bacterial 
infection, other features may modify the risk. The risk of infection 
may be modified by the neutrophil storage pool.4 Risk may also be 
modified by the cause of neutropenia. For instance, chemotherapy-
induced neutropenia is associated with a much greater risk of seri-
ous infection than chronic immune or nonimmune neutropenia. The 

risk of infection is also a function of both the degree and duration 
of neutropenia.5

DIfferentIaL DIagnoSIS
The differential diagnosis of neutropenia includes pseudoneu-
tropenia, primary or congenital neutropenias (Table 57.1), and 
acquired neutropenias (Table 57.2). Global marrow defects such 
as aplastic anemia, leukemia, myelodysplasia, or myeloprolifera-
tive disorders can also cause neutropenia and are discussed in 
other chapters. Here we outline and discuss the causes of  isolated 
neutropenia.

Pseudoneutropenia
Neutropenia may be the result of laboratory or clerical error, an 
artifact due to prolonged processing time of a peripheral blood 
specimen, the consequence of neutrophil clumping due to the 
presence of a paraprotein or certain anticoagulants, or as a result 
of marginalization of the circulating neutrophil pool.6,7 In each of 
these situations, the ANC is not actually low and these patients 
are not at increased risk of infection. Manual examination of the 
peripheral blood smear and repeated measurements can help 
to differentiate these causes of pseudoneutropenia from true 
 neutropenia.

Primary Causes of Neutropenia

Ethnic and Benign Familial Neutropenia
A number of racial and ethnic groups have neutrophil counts that 
fall below the published normal range, which is largely based 
on Caucasian populations. These include African Americans, 
Yemenite Jews, Falasha Jews, and African Bedouins.8–11 The 
occurrence of ethnic neutropenia has been linked to single 
nucleotide polymorphisms in the gene encoding the Duffy antigen 
receptor for chemokine (DARC), which is also the receptor for the 
malarial parasite. Loss of expression of the Duffy blood group is 
prevalent in the areas where malaria is endemic, which are also 
areas where ethnic neutropenia has been described.12 There is 
also an autosomal dominantly inherited condition called benign 
familial neutropenia characterized by neutrophil counts in the 
800 to 1,400/ml range, for which the responsible gene is not 
known.

Ethnic and benign familial neutropenias are not associated with 
an increased risk of infection.13,14 Bone marrow biopsies have 
normal cellularity but a reduction in mature granulocytes and neu-
trophil kinetic studies reveal a reduced myeloid precursor pool in 
the marrow, reduced mitotic pool size, and reduced concentration 
of colony-forming unit culture (CFU-C) consistent with the faulty 
release of mature neutrophils from the bone marrow.15,16

Nonfamilial Chronic Benign and Idiopathic Chronic 
Severe Neutropenia
Nonfamilial chronic benign neutropenia is a condition defined 
by neutropenia in the absence of a familial pattern and without 
an increased risk of infection. There is often a compensatory 
monocytosis and eosinophilia and bone marrow biopsies show 
hypercellularity and myeloid hyperplasia with maturation arrest 
at the band stage of myeloid ontogeny. Neutrophil counts do 
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the 100 to 250 cells/ml range, these patients have a remarkably 
benign course, although some have recurrent infections requiring 
chronic cytokine support with G-CSF.

A large body of literature has focused on chronic neutropenia 
in Greece. The incidence of neutropenia on the island of Crete 
is quite high. This should be distinguished from chronic severe 
neutropenia, in that nearly all these patients have an ANC in the 
0.8 to 1.4 × 109/L range, and an ANC of <0.5 × 109/L rarely 
if ever occurs. There is evidence that these patients may have a 
cytokine-mediated, inflammatory component to their illness.21 
It is unknown whether these patients have an increased preva-
lence of the DARC polymorphism associated with neutropenia.

Severe Congenital Neutropenia
Severe congenital neutropenia (SCN) is a disorder of severe neu-
tropenia first described in 1956 by Rolf Kostmann. He postulated 
that this was the first described congenital disorder of neutrophil 
number, presenting as an autosomal recessive disorder in neo-
nates and infants with neutrophil counts <500 cells/ml associ-
ated with recurrent bacterial infections, most commonly due 
to Staphylococcus aureus, Escherichia coli, and Pseudomonas 
aeruginosa.27,28 His original report described this syndrome in 
nine families from a remote region in northern Sweden where 
consanguinity was common, explaining the increased incidence 

rise, however, under conditions of stress such as infection or 
exogenous epinephrine or corticosteroid administration, perhaps 
explaining the absence of risk for infection.17 Some cases are 
associated with the presence of autoantibodies pointing toward an 
immune mechanism in the pathophysiology of this condition.18,19 
Other cases seem to be the result of abnormal phagocytosis of 
normal marrow neutrophils by macrophages or the result of T-cell 
and cytokine-mediated suppression of granulopoiesis in the bone 
marrow.20,21 Included in this diagnosis is chronic benign granu-
locytopenia of infancy and childhood which typically resolves 
spontaneously around age 4 years.17 Although neutrophil counts 
do rise in response to G-CSF administration, G-CSF therapy is not 
recommended given the relatively benign clinical course associ-
ated with this condition.22,23

Idiopathic chronic severe neutropenia is distinguished from 
this benign condition in that it typically affects patients in their 
late childhood or as adults and has a more severe clinical course 
with increased risk and number of infections.24 There is evidence 
of myeloid hypoplasia, maturation arrest, or abnormal myeloid 
morphology on bone marrow biopsy; the form associated with 
severe myeloid hypoplasia is called chronic hypoplastic neutrope-
nia.25,26 To diagnose patients with idiopathic chronic severe neu-
tropenia, other causes of neutropenia must be ruled out, including 
autoimmune etiologies. The pathogenesis of this form of severe 
neutropenia is completely unknown. Despite ANCs that may be in 

Syndrome Inheritance Pattern Gene (Frequency) Clinical Features

Ethnic neutropenia ? DARC SNPs (?%) African American, Yemenite and Falasha Jews, African Bedouins; Mild 
and clinically insignificant neutropenia

Benign familial neutropenia AD ? Mild and clinically insignificant neutropenia

Severe congenital neutropenia
AR
AD
X-linked

Unknown (∼40%)
HAX1 (∼0–2%)G6PC3 (∼4%)
ELANE (∼55%)
WASP (∼2%)

Severe (ANC <500), chronic neutropenia; increased risk of severe 
infection and MDS/AML; responsive to G-CSF

Cyclic neutropenia AD ELANE (100%) Severe (ANC <200) neutropenia for 3–5 d every 21 d; increased risk 
of infection during nadir; responsive to G-CSF; no increased risk of 
MDS/AML; sporadic forms a/w diseases such as LGL

Shwachman-Diamond syndrome AR SBDS (100%) ANC 200–800 at infancy; progresses to marrow failure; pancreatic 
dysfunction, skeletal abnormalities, and developmental retardation; 
increased risk of MDS/AML; responsive to G-CSF and SCT

Fanconi anemia AR
X-linked

FANCAa-SLX4 Marrow failure; short stature with upper limb abnormalities; café-  
au-lait spots; increased risk of malignancies; neutropenia is responsive 
to G-CSF and RIC SCT

Dyskeratosis congenita X-linked
AD

AR

DKC1 (∼80%)
TERC (0–20%)
TERT (0–20%)
Misc (0–20%)

Marrow failure; nail dystrophy; leukoplakia; skin pigmentation abnor-
malities; pulmonary and liver fibrosis; osteoporosis; premature graying 
of the hair; increased risk of MDS/AML and other malignancies

Glycogen storage disease Ib AR SLC37A4 (100%) Hepatomegaly; metabolic crises; neutropenia

Myelokathexis AD CXCR4 (100%) Neutropenia due to marrow retention; can be part of the WHIM  
syndrome; responsive to G-CSF and the CXCR4 antagonist plerixafor

Chediak-Higashi syndrome AR LYST (100%) Oculocutaneous albinism; platelet dysfunction; neurologic disease; 
neutropenia; risk of HLH

Griscelli syndrome II AR RAB27A (100%) Oculocutaneous albinism; neutropenia

Hermansky-Pudlak syndrome II AR AP3B1 (100%) Oculocutaneous albinism; platelet dysfunction; pulmonary fibrosis; 
neutropenia

Cartilage-hair hypoplasia AR RMRP (100%) Moderate–severe neutropenia; short-limb dwarfism; fine hair; defects in 
cellular immunity

AD, autosomal dominant; ANC, absolute neutrophil count; AR, autosomal recessive; G-CSF, granulocyte colony stimulating factor; HLH, hemophagocytic lymphohistiocytosis; LGL, large granular 
lymphocytosis; MDS/AML, myelodysplastic syndrome/acute myelogenous leukemia; Misc, miscellaneous; RIC, reduced intensity conditioning; SCT, stem cell transplantation; SNPs, single 
nucleotide polymorphisms; WHIM syndrome, warts, hypogammaglobulinemia, immunodeficiency, myelokathexis syndrome.
a Indicates the most commonly mutated complementation group in Fanconi anemia.

DIfferentIaL DIagnoSIS anD featureS of CongenItaL neutropenIa

table 57.1

72683_ch057_1279-1289.indd   1280 7/18/13   11:30 AM



B
en

ig
n 

D
is

or
de

rs
 o

f 
Le

uk
oc

yt
es

, 
th

e 
S
pl

ee
n,

  
an

d/
or

 Im
m

un
og

lo
bi

ns

 ChaPter 57 neutropenia 1281

WAS (WASP), GFI1, SBDS, and G6PC3.38,39–42 Neutrophil elastase 
(ELANE) is a serine protease that is synthesized predominantly 
at the promyelocyte stage of neutrophil maturation and stored in 
primary granules. It has been hypothesized that ELANE mutations 
lead to cytoplasmic accumulation of defective protein, subsequently 
triggering apoptosis. Evidence supports activation of the unfolded 
protein response as the driver of apoptosis in ELANE-associated 
SCN.43,44 SCN due to ELANE mutations is inherited in an autosomal 
dominant fashion. It was the first SCN gene to be identified and is 
responsible for the majority of cases of SCN. It is not the mutation 
found in the original Swedish cohort described by Kostmann, how-
ever, which is an autosomal recessive disorder that results from 
mutations in HAX-1.45 “Kostmann’s syndrome” now refers only to 
SCN with mutant HAX-1.41 HAX-1 is a mitochondrial protein with 
weak homology to BCL-2 and its absence results in mitochondrial-
dependent apoptosis. WASP regulates actin polymerization in 
hematopoietic cells. Absolute deficiency in this protein resulting 
from gene-inactivating mutations results in the Wiskott-Aldrich 
syndrome, characterized by thrombocytopenia, small platelets, 
sinopulmonary infections, and eczema. WASP mutations resulting 
in hypomorphic alleles, however, may lead to X-linked thrombo-
cytopenia and neutropenia.40,42 GFI1 encodes a transcription fac-
tor, growth factor independent-1, that regulates the expression of 
genes involved in granulopoiesis, Shwachman-Bodian-Diamond 
syndrome gene (SBDS) encodes a gene involved in ribosomal RNA 
regulation and is responsible for Shwachman-Diamond syndrome 
(SDS) (which is discussed in a later section), and G6PC3 encodes 
the catalytic subunit 3 of glucose-6-phosphatase. Mutations in 
each of these three genes have been associated with SCN.46,47,48 

of this rare autosomal recessive syndrome.27 The syndrome was 
named infantile genetic agranulocytosis, which later was renamed 
SCN or Kostmann syndrome. Afflicted children suffer from infec-
tions that can occur as early as the first months of life and often 
include omphalitis and perirectal abscesses; otitis media, pneu-
monia, gingivitis, and urinary tract infections are also common. 
The diagnosis is usually apparent within the first 3 months of life. 
Death may occur as a result of septicemia, peritonitis, and enteri-
tis, with fatal infections common in infancy and early childhood. 
All patients have severe neutropenia with an ANC <0.5 × 109/L, 
but often <0.2 × 109/L, and there is often an increase in other 
myeloid cell lines including monocytes and eosinophils. SCN was 
previously hypothesized to be a result of a deficiency in G-CSF 
or its receptor but further studies have demonstrated that G-CSF 
production is not impaired in patients with SCN, G-CSF receptor 
number and function are normal in patients with SCN, and the 
administration of G-CSF results in correction of neutropenia and 
improved clinical outcomes.29–31,32,33 Kostmann’s early studies 
suggested that intramedullary apoptosis of myeloid precursors 
was a prominent feature of SCN, and more recent studies have 
confirmed that accelerated apoptosis is a central defect of this 
disorder, suggesting that G-CSF functions to correct the phenotype 
in part through its activity as an antiapoptotic agent.34,35,36,37

Since the initial description in 1956, SCN has come to be recog-
nized as a syndrome resulting from a heterogeneous mix of genetic 
mutations with different patterns of inheritance. SCN can follow 
autosomal dominant, autosomal recessive, and X-linked patterns 
of inheritance and has been shown to be associated with mutations 
in a variety of genes including those for neutrophil elastase, HAX-1, 

Cause Mechanism Management

Infection
Viral
Atypical organisms

Sepsis

Redistribution; decreased production; immune destruction
Redistribution; decreased production; immune and complement  
mediated destruction; direct marrow suppression
Consumption of the marrow neutrophil reserve; increased margination

Supportive care; treatment of the underlying infection; G-CSF 
or WBC transfusions reserved for protracted or severe cases; 
IVIg may be useful for immune or complement mediated 
neutrophil destruction

Drug-induced
Penicillin, PTU, gold

Valproic acid, Carbamazepine, 
b-lactams

Immune-mediated destruction via hapten-induced antibody formation and 
complement fixation or the formation of circulating immune complexes
Dose-dependent inhibition of CFU-GM resulting in marrow suppression

Supportive care; removal of the offending agent; G-CSF 
reserved for protracted or severe cases

Immune-mediated
Systemic/autoimmune disease

LGL/Felty’s syndrome

Neonatal alloimmune 
 neutropenia

Autoimmune neutropenia of 
infancy and childhood;
Primary autoimmune neutro-
penia of adults
Pure white cell aplasia

Pan-reactive antibodies against neutrophils and neutrophil precursors

Antineutrophil antibodies and immune complex mediated neutrophil 
destruction; increased neutrophil adhesion to the endothelium; FAS 
mediated apoptosis of neutrophils; impaired myelopoiesis; splenic 
destruction
Maternal IgG antibodies to paternally inherited neutrophil antigens

Antibody mediated neutrophil destruction, usually against a specific 
neutrophil antigen

Cellular and humoral immune mediated; associated with thymoma

Supportive care; treatment of the underlying condition; 
G-CSF as needed
Supportive care; immunosuppression with methotrexate, 
cyclosporine, cyclophosphamide, and/or rituximab; G-CSF 
as needed

Self-limited; supportive care with antibiotics as needed; 
 plasma exchange, IVIg, maternal neutrophils for life-
threatening infections
Supportive care; G-CSF therapy to prevent recurrent or 
severe infection

Thymectomy; adjuvant cyclophosphamide, steroids,  
cyclosporine, IVIg, and/or SCT

Neutrophil margination/ 
hypersplenism

C5a and complement activation leading to increased adhesion and 
aggregation within pulmonary vessels; splenic sequestration

Nutritional deficiency  
(B12, folate, copper)

Ineffective myelopoiesis and maturation arrest Vitamin and mineral replacement

Abbreviations: G-CSF – granulocyte colony stimulating factor; WBC – white blood cell; IVIg – intravenous immunoglobulin; PTU – propylthiouracil; CFU-GM – colony forming unit granulocyte 
macrophages; LGL – large granular lymphocytosis; IgG – immunoglobulin class G; SCT – stem cell transplantation.

DIfferentIaL DIagnoSIS anD featureS of aCquIreD neutropenIaS

table 57.2
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and duration of neutropenia.68 Fatal infections are uncommon, 
however, owing to the relatively brief period of neutropenia that is 
the hallmark of this disease, and as a result patients enjoy favor-
able overall survivals. With time, the cyclic nature of the disorder 
becomes less prominent, however, and patients can look more like 
patients with chronic neutropenia.69 It was first described in 1910 
in an infant with recurrent episodes of fever, stomatitis, skin infec-
tions, and neutropenia.70 Diagnosis of CN can be demonstrated by 
documenting intermittent neutropenia via blood counts every 2 to 
3 weeks over a course of 6 weeks, but can now be confirmed by 
the detection of a pathogenic mutation in the setting of a sugges-
tive pattern of WBC fluctuation. CN is inherited as an autosomal 
dominant disorder, although it may arise sporadically. CN can 
also be acquired in association with systemic diseases such as 
large granular lymphocytosis.71,72 Virtually 100% of patients with 
congenital CN also have point mutations in the gene for neutrophil 
elastase (ELANE).73 These mutations are largely distinct from those 
that are associated with SCN, although both syndromes have been 
seen arising from the same mutation within the same pedigree.74,75

Serial measurements of other hematopoietic cells in patients 
with CN reveal a periodicity to the numbers of platelets, reticu-
locytes, monocytes, and eosinophils as well, and the condition is 
sometimes referred to as cyclic hematopoiesis.76 As opposed to 
the depression seen in the neutrophil count, these other cells are 
often increased in number on or around periods of neutropenia.77 
Bone marrow biopsies done during times of neutropenia and times 
of normal neutrophil counts reveal an absence of neutrophils and 
neutrophil precursors immediately preceding the period of neutro-
penia, whereas neutrophil precursors increase in number before 
recovery of peripheral neutrophil counts.78 The periodicity of the 
cell counts is thought to be the result of variations in the rate of 
release of mature cells from the marrow. Although knock-in mice 
fail to reproduce the phenotype of either SCN or CN, a dog model 
of CN has provided insight into its pathogenesis.79 In grey collie 
dogs, the disease can be transmitted to unaffected animals follow-
ing bone marrow transplantation from an affected animal and can 
be cured following transplantation from an unaffected animal.80 In 
humans, a patient with acute lymphoblastic leukemia treated with 
a donor stem cell transplantation from a sibling with this disorder 
developed the disease.81 These observations and experiments sup-
port the notion that this disease is the result of an intrinsic stem 
cell regulatory defect, possibly related to accelerated apoptosis.82 
A comparison of bone marrow biopsies from patients with CN and 
SCN, and normal subjects revealed that there were no differences 
in the frequency of CD34, KIT, and G-CSFR expression on mar-
row precursor cells between CN patients and normal subjects.83 
Differences emerged, however, in response to hematopoietic 
growth factors with impaired granulopoiesis in both CD34+/KIT+/
G-CSFR+ and CD34+/KIT+/G-CSFR– cells in patients with CN; in 
SCN impaired granulopoiesis was only observed in the former.

Despite the impairment of granulopoiesis observed in response 
to hematopoietic growth factors, this disease is successfully 
treated with G-CSF and is not associated with an increased risk of 
leukemic transformation.57,69,84 G-CSF therapy does not prevent 
the cyclical depressions in neutrophil counts but does decrease 
the duration of neutropenia. GM-CSF therapy, on the other hand, 
has been noted to prevent the cycles but not to increase the neu-
trophil numbers to the same extent as seen with G-CSF.85 G-CSF 
remains the treatment of choice for this disease when therapy 
is required. Lower doses of G-CSF are needed for the treatment 
of CN than SCN, with a median dose of 2.5 mg/kg/day in one 
cohort.65 G-CSF is safe and well tolerated, although patients 
may develop a gradual asymptomatic splenic enlargement.69 The 
acquired, adult-onset forms of CN that are associated with sys-
temic diseases are treated differently and are often successfully 
managed with immunosuppression including daily or alternate-
daily corticosteroids or cyclosporine.86,87 These therapies are not 
successful in the congenital forms of this disease.65,68

The gene(s) responsible for approximately 40% of SCN, however, 
remains unknown.40

Although G-CSF receptor signaling is intact in the vast majority 
of patients with SCN, rare patients have been described in which 
SCN arises from a congenital abnormality in the G-CSF receptor. 
Not surprisingly, these patients are marked by resistance to ther-
apy with G-CSF.49,50–52 The most important observation to emerge 
from the studies of the G-CSF receptor in SCN, however, is the find-
ing of frequent somatic mutations in the G-CSF receptor arising in 
patients with SCN on cytokine therapy. When searching for poten-
tial constitutional mutations in the G-CSF receptor that might cause 
SCN, investigators identified a somatic missense mutation that 
appeared to be associated with transformation to myelodysplastic 
syndrome (MDS) and acute myelogenous leukemia (AML).49 This 
mutation introduces a stop codon leading to truncation of the distal 
intracellular domain of the receptor. The distal portion of the recep-
tor is known to be the site of JAK-STAT activation and maturation 
signaling.49 Some investigators have postulated that the mutation 
causes proliferation at the expense of maturation, explaining why 
patients with this mutation have a higher risk of MDS/AML.53 It 
has clearly been demonstrated that the mutation shifts the dose–
response curve for G-CSF, rendering the cells hyperproliferative, 
and permitting clonal dominance of the mutant clone in the setting 
of G-CSF therapy. Whether the mutation actually blocks differen-
tiation or merely predisposes to further genetic events by virtue 
of increasing cell proliferation remains controversial. Regardless, 
these G-CSF receptor mutations have been found to confer resis-
tance to apoptosis and enhance cell survival in patients with SCN.54

In general, patients with SCN have an increased risk of devel-
oping MDS and AML at a rate of approximately 2% to 8% per 
year.55–57 In patients who do develop MDS and/or AML, there 
appears to be a sequential gain of mutations that were not pres-
ent in the subpopulation of progenitor cells in the early SCN phase 
such that over two thirds of patients with SCN that develop MDS or 
leukemia have a G-CSF receptor mutation (CSF3R).58 Increasing 
mutations in the G-CSF receptor gene point toward a role for 
aberrant G-CSF receptor signaling in leukemogenesis.58,59 The 
role of G-CSF in causing or promoting these mutations remains 
unknown and a subject of considerable controversy.

G-CSF has revolutionized the treatment and management of 
SCN. Prior to the development of G-CSF as a clinical agent, SCN 
was almost uniformly fatal, with death from infection occurring 
in infancy or early childhood. Patients were treated with corti-
costeroids, testosterone, splenectomy, vitamin B6, and lithium, 
all of which were largely ineffective.60,61–63 The use of G-CSF 
for this disease began in the 1980s, and has prevented infection 
in the vast majority of patients (80% to 90%), although some 
patients require higher doses.57,64 The resultant increased life 
expectancy of these patients has coincided with an increased 
incidence of MDS and AML. This has led some to posit that 
G-CSF therapy facilitates the transformation to these malignant 
diseases, whereas others contend that prolonged survival allows 
for the emergence of a predisposition to MDS/AML as part of 
the natural history of this disease. The potential role of G-CSF 
in the development of MDS/AML in SCN is discussed later in this 
chapter. Chronic G-CSF therapy in this disease has led to other 
complications, including osteoporosis, vasculitis, splenomegaly, 
hepatomegaly, and glomerulonephritis.57,64

Cyclic Neutropenia
Cyclic neutropenia (CN) is a periodic disorder characterized by 
neutropenia (ANC ≤ 0.2 × 109/L) occurring at approximately 
21-day intervals, although one quarter of patients may have 
cycles as short as 12 days or as long as 36 days.65–67 Nadirs of 
the ANC last 3 to 5 days and may be associated with recurrent 
fevers, aphthous ulcers, and infections of the skin, upper respira-
tory tract, and ears. The severity of infection reflects the severity 
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disease may make transplant a more widely available option for 
these patients.115

FA is the most common cause of congenital aplastic anemia. 
It can be inherited in an autosomal recessive or X-linked manner 
and is due to mutations in genes involved in DNA repair. Marrow 
failure develops somewhat later than in other congenital marrow 
syndromes (median age 7 years), presumably because marrow 
failure occurs secondary to acquired mutations in the setting of 
defective DNA repair.116,117,118 Multiple genes have been found 
to be mutated in FA and 15 complementation groups have been 
identified (FANCA-SLX4 I [FA-P]), with FANCA being the most 
common.119 In addition to marrow dysfunction, up to two thirds 
of patients with FA have a constellation of other abnormalities, 
including short stature with upper limb anomalies, and hyper-
pigmented, café-au-lait spots. FA patients are at increased risk 
for malignancies, especially MDS/AML and squamous cell carci-
nomas.120 The diagnosis of FA is established by demonstrating 
chromosomal fragility following exposure to diepoxybutane or 
mitomycin C; subsequent gene analysis can then identify muta-
tions in one of the genes involved in the DNA repair complex.121 
Stem cell transplantation can treat the hematologic manifestations 
of the disease but carries a high risk of morbidity and mortality 
due to the effects of conditioning on these patients with impaired 
DNA repair; consequently, reduced intensity conditioning regi-
mens are necessary.122,123,124,125,126 Other therapies for the 
hematologic manifestations of this disease include androgens, 
which may be effective in half of FA patients, and growth factors 
such as G-CSF at doses starting at 5 mg/kg/d.127,128

DKC is a rare multiorgan syndrome associated with neutrope-
nia and/or aplastic anemia; patients may also have other abnor-
malities, including nail dystrophy, leukoplakia, and abnormal skin 
pigmentation.129–131 Additional clinical manifestations include 
premature graying of the hair, idiopathic pulmonary fibrosis, 
cancer predisposition (including AML and solid tumors including 
squamous cell carcinomas), osteoporosis, and cirrhosis.132 The 
majority of cases involve mutations in the DKC1 gene on chromo-
some Xq28 but DKC can also be due to genetic mutations that are 
inherited in an autosomal dominant or recessive manner such 
as mutations in TERT and TERC.133,134 The DKC1 gene encodes 
dyskerin, a protein that is involved in RNA function and telomere 
maintenance. TERT and TERC are the genes for the reverse tran-
scriptase portion of telomerase and the telomerase RNA compo-
nent, respectively, and as is DKC1, are crucial for maintenance of 
telomere length. Clinical manifestations reflect progressive telo-
mere shortening, and are therefore not present at birth; clinical 
symptoms typically do not present until the second decade of life. 
The severity and penetrance of some variants of DKC is unpredict-
able. However, inasmuch as offspring of affected individuals will 
inherit shortened telomeres, this is a syndrome that can manifest 
anticipation, with earlier and more severe symptoms occurring 
in consecutive generations. Telomere length in three different 
lymphocyte subsets can be measured to screen for this disease; 
patients with DKC have telomere lengths less than the first per-
centile for age in all three cell lines.135 Genetic testing for known 
mutations can be helpful but does not rule out the disease as a 
subset of patients lack identifiable mutations. G-CSF or GM-CSF is 
effective in improving neutrophil counts in patients with DKC, and 
allogeneic stem cell transplantation, with reduced intensity con-
ditioning given the sensitivity to genotoxic agents, is effective in 
treating the hematologic manifestations of this disease.131,136–138 
DKC affects other organ systems, however, which will not improve 
following stem cell transplantation, and pulmonary disease and 
solid tumors remain a major source of morbidity and mortality 
following stem cell transplantation.

Glycogen storage disease Ib is an autosomal recessive disor-
der caused by mutations in the gene for glucose-6-phosphatase 
translocase. This leads to hepatomegaly and a metabolic disorder 
related to intracellular accumulation of polysaccharide. It is also 

Congenital Immune Defects with  
Associated Neutropenia
Patients with inherited immunodeficiencies of humoral and/
or cellular immunity are at risk of developing neutropenia. The 
infectious consequences in such patients are magnified due to the 
co-existing immune defects. Diseases involving immunoglobulin 
production, including X-linked agammaglobulinemia, hyper-IgM 
syndrome, dysgammaglobulinemia type I, isolated IgA deficiency, 
and familial forms of hypogammaglobulinemia have all been 
associated with periodic neutropenia and in some are thought to 
be related to the production of autoantibodies.88–92 These patients 
should be treated with intravenous immunoglobulin, which may 
correct both immune defects, with growth factors reserved for 
patients who do not respond to immunoglobulin replacement.93 
Likewise, neutropenia has been associated with defects in cel-
lular immunity; one familial syndrome was described in 1976 
in which patients manifested severe neutropenia coincident 
with decreased antibody production in response to tetanus and 
poliomyelitis vaccines with resultant infectious complications.94 
Finally, reticular dysgenesis is a rare immunodeficiency marked 
by severe neutropenia, lymphopenia, agammaglobulinemia and 
absent cellular immunity believed to be due to an inherent defect 
in hematopoietic stem cells committed to myeloid and lymphoid 
development.95,96 It is not responsive to G-CSF but can be cured 
with stem cell transplantation.97–99

Other Congenital Syndromes with Associated 
Neutropenia
Neutropenia is an important feature of several other congenital 
disorders. (see also Chapter 37.) These include SDS, Fanconi ane-
mia (FA), dyskeratosis congenita (DKC), glycogen storage disease 
Ib, myelokathexis, Chediak-Higashi syndrome (CHS), Griscelli 
syndrome type II (GS2), Hermansky-Pudlak syndrome II (HPSII), 
and cartilage-hair hypoplasia.

SDS usually presents with neutropenia in infancy and subse-
quently progresses to marrow failure. It is also associated with 
pancreatic dysfunction and skeletal abnormalities.100 It was 
initially described in 1964 and is also associated with anemia, 
thrombocytopenia, developmental and mental retardation, diar-
rhea, weight loss, failure to thrive, eczema, recurrent otitis media 
and pneumonia, and neutrophil motility defects.101–103 SDS is an 
autosomal recessive disease caused by mutations in the SBDS on 
chromosome 7q, which is involved in the regulation of ribosomal 
RNA processing.47 Neutropenia, in the range of 0.2 to 0.8 × 109/L, 
appears to be the result of myeloid hypoplasia.104 The mechanism 
of neutropenia is unknown, but neutrophils from affected patients 
appear to have increased ubiquitin-proteasome–rich cytoplasmic 
structures.105 SDS patients are predisposed to the development of 
MDS/AML, with myelodysplasia or clonal cytogenetic abnormali-
ties (usually monosomy 7) present in up to one third of patients. 
The risk of severe hematologic complications is greatest in patients 
with cytopenias and symptoms before 3 months of age.106,107 
Before the use of G-CSF for this disease mortality reached 25% and 
was the result of infection, marrow failure, and/or malignancy.108 
The use of G-CSF, at an average dose of 4.3 mg/kg/day, corrects the 
neutropenia and decreases the risk and mortality from infection.109 
As seen in SCN, however, the use of G-CSF and improvements in 
survival have also been associated with increased risk of MDS and 
AML and it is unclear if this is due to G-CSF or the natural history 
of the disease; the risk of MDS/AML is similar to that seen in SCN 
in the International Registry but was slightly lower than this in 
the French Registry.110 Stem cell transplantation can be curative 
but is associated with increased transplant-related morbidity and 
mortality and thus requires careful consideration and consultation 
with experienced transplant centers.111,112,113,114 The success-
ful use of reduced intensity conditioning transplantation for this 

72683_ch057_1279-1289.indd   1283 7/18/13   11:31 AM



1284 Part vI Benign Disorders of Leukocytes, the Spleen, and/or Immunoglobins

granules. As for many of the syndromes and diseases noted 
above, stem cell transplantation can cure the hematologic mani-
festations of these diseases and may be necessary to control the 
hemophagocytosis associated with CHS and GS2, but does not 
treat the other systemic findings.168,169 Otherwise, growth fac-
tor support and antibiotics provide supportive care and steroids, 
splenectomy, intravenous immunoglobulin, and chemotherapy 
have been used to manage the accelerated phase of CHS.170,171

Lastly, cartilage-hair hypoplasia is a rare syndrome  associated 
with moderate to severe neutropenia, as well as short-limb dwarf-
ism, fine hair, and defects in cellular immunity.172 It is inherited 
in an autosomal recessive manner and has increased prevalence 
in the Amish and Finnish populations.173,174 It is caused by muta-
tions in the RMRP gene on chromosome 9 which has an unknown 
function but is a noncoding RNA essential for early murine 
 development.175,176 As in other syndromes with combined neu-
tropenia and cellular immune defects, infectious risk is additive. 
G-CSF is effective and stem cell transplantation can cure the hema-
tologic and immunologic manifestations of this disease.177,178

Secondary Causes of Neutropenia

Post-infectious Neutropenia
Several viral infections have been shown to cause a transient 
neutropenia, including varicella, measles, rubella, hepatitis A 
and B, Epstein-Barr, influenza, parvovirus, and cytomegalovirus. 
Neutropenia typically corresponds to the period of peak viremia 
during the first 1 to 2 days of clinical symptoms. Neutropenia 
usually resolves within 3 to 7 days. Neutropenia results from a 
combination of decreased production and immune destruction 
of neutrophils; in addition, some viral infections increase neu-
trophil adherence to the vasculature, causing increased margin-
ation.179,180 Because neutropenia is short lived, it rarely results 
in bacterial superinfection regardless of its severity. However, 
the neutropenia associated with hepatitis B and EBV infections 
can be more prolonged and thus more dangerous. Human immu-
nodeficiency virus (HIV) infection is commonly associated with 
neutropenia that arises from a combination of decreased marrow 
production of neutrophils and peripheral immune destruction.181 
As with EBV and hepatitis B infection, this neutropenia may be 
protracted as a result of direct viral infection of hematopoietic pre-
cursor cells or as a result of antineutrophil antibodies. Moderate 
neutropenia can also be seen in association with atypical bacterial 
infections, including those caused by Mycobacterium tuberculosis, 
ehrlichiosis, rickettsia, tularemia, and brucellosis. This may be 
related to by direct bone marrow suppression of myelopoiesis 
by toxins released by the pathogenic organisms, decreased neu-
trophil production as a result of infection-mediated decrease in 
growth factor production, and complement mediated peripheral 
neutrophil destruction. Neutropenia is fairly common in the set-
ting of overwhelming sepsis, and reflects consumption of marrow 
reserves of neutrophils. This is usually seen at the extremes of life, 
in infants and elderly patients, in which patients typically have 
decreased marrow reserves.182 Management of patients with 
infection-related neutropenia requires good supportive care with 
treatment of the underlying infection. G-CSF or white blood cell 
transfusions are reserved for protracted and severe cases.183,184 
Intravenous immunoglobulin may be effective for neutropenia 
that results from autoimmune or complement-mediated destruc-
tion as a result of the underlying infection.185

Drug-induced Neutropenia and Neutropenia due to 
Marrow Injury
Although accurate estimates of the incidence of drug-induced neu-
tropenia are not readily available, a 10-year Swedish experience, 
a 5-year Dutch experience, a 22-year Spanish experience, and the 

associated with defects in the neutrophil respiratory burst that 
increase apoptosis of circulating neutrophils and lead to neutro-
penia.139,140 Patients typically present at 6 months of age with 
hepatomegaly, hypoglycemia, and lactic acidosis.141 Neutropenia 
presents within the first year of life in the majority of patients 
and although it is usually intermittent, it has no faithful periodic-
ity or cycle.142 Diagnosis is made by looking for the most com-
mon genetic mutations but if none are identified, liver biopsy to 
confirm excess glycogen stores and steatosis without prominent 
fibrosis is recommended. A strict carbohydrate-restricted diet is 
necessary to control the disease and G-CSF can be used to treat 
the neutropenia.143,144 Liver transplantation has been used to 
correct many complications of this disease but neutropenia per-
sists.145 Neutropenia has also been reported in other metabolic 
disorders, including propionic academia, methylmalonic aca-
demia, and isovaleric academia.146–148

Myelokathexis is a rare syndrome in which mature neutro-
phils are retained in the bone marrow, leading to a decreased 
peripheral ANC.149 Retained neutrophils display an abnormal 
morphology with cytoplasmic vacuolization, pyknotic nuclei, 
nuclear hypersegmentation, and thin nuclear strands connecting 
nuclear lobes.150 There is also evidence that neutrophils undergo 
accelerated apoptosis in affected patients, resulting in a shortened 
peripheral lifespan. Evidence suggests that this is a cell-intrinsic 
defect, as neutrophil survival is also reduced following injection 
into unaffected volunteers.150,151 Accelerated apoptosis may be 
due to decreased expression of Bcl-x, an inhibitor of apoptosis. 
The storage pool of mature neutrophils is not reduced, and 
neutrophil counts rise in response to infection in patients with 
myelokathexis, making the risk of overwhelming infectious com-
plications low. There is a female predominance in this disease and 
most patients are diagnosed in infancy.152 The combination of 
myelokathexis with hypogammaglobulinemia and warts is termed 
WHIM syndrome (warts, hypogammaglobulinemia, immunodefi-
ciency, myelokathexis),153 which is caused by heterozygous muta-
tions in the gene for the chemokine receptor CXCR4.154 These 
mutations cause hyperreactivity of CXCR4, leading to retention 
of neutrophils in the marrow. These patients respond to growth 
factor therapy with G-CSF or GM-CSF, which down-regulate the 
expression of CXCR4.155,156 The CXCR4 antagonist, plerixafor, 
has been given to nine patients with the WHIM syndrome with 
resultant transient normalization of WBC counts.157,158

Congenital disorders of vesicular trafficking are also associ-
ated with neutropenia. These include CHS, GS2, and HPSII.159 
These diseases are also associated with disorders of other granu-
lated cells, leading to oculocutaneous albinism (from disrupted 
melanin granules), bleeding (from abnormal platelet secretory 
granules), and neurologic disease (from abnormal trafficking and 
release of neuronal granules). All of these diseases can enter a 
terminal phase of hemophagocytic syndrome, often in the setting 
of Epstein-Barr virus (EBV) infection. In all cases, this is postu-
lated to occur because of abnormal secretion of perforin-contain-
ing granules into the immunologic synapse, impairing natural 
killer-cell–mediated killing. CHS is an autosomal recessive disor-
der caused by mutations in the LYST gene (lysosomal trafficking 
regulatory gene) and is associated with characteristic neutrophils 
containing giant granules.159,160,161 Three quarters of patients 
with CHS develop moderate to severe neutropenia, thought to be 
the result of increased destruction of peripheral neutrophils and 
decreased marrow release of neutrophils.160,162 Infectious risk is 
increased above that expected for the ANC due to concomitant 
humoral and cellular immune defects in this disease.163,164 GS2 
is also an autosomal recessive disorder, due to mutations in a 
small GTPase RAB27A, which is part of the protein complex 
necessary for granule release.165,166 HPSII is due to defects in 
AP3B1 which encodes a part of a protein transport complex that 
mediates sorting of lysosomal proteins.167 Defects in AP3B1 lead 
to widespread functional impairment of cells carrying secretory 
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antibodies react primarily with mature neutrophils or with myeloid 
progenitor cells, whether the antibodies are primary or secondary to 
an underlying condition, and whether the antibody is of restricted or 
nonrestricted clonality.200,201 Some patients may have an absence of 
only mature neutrophils, whereas others may be missing all or some 
myeloid forms. In primary immune neutropenia, antibodies are 
more likely to be directed against a specific neutrophil-specific anti-
gen whereas secondary conditions are commonly associated with 
pan-reactive antibodies. Similarly, antibodies that are produced as a 
result of an exposure to a foreign antigen are more likely to be poly-
clonal and short lived, whereas those due to the loss of suppression 
of a clone of cells producing an autoantibody are associated with a 
more protracted and severe course of neutropenia. Bone marrow 
biopsy findings will depend on the stage in neutrophil maturation 
against which the antibodies are directed, but in most cases, the 
marrow is hyper- or normocellular with a “maturation arrest” that 
reflects destruction of later stage cells.

Hyperthyroidism, Wegener granulomatosis, rheumatoid 
arthritis, systemic lupus erythematosus (SLE), chronic hepati-
tis and other systemic infections, and malignancy are autoim-
mune and systemic disorders associated with antineutrophil 
antibodies. In many of these diseases, especially SLE, neutro-
penia is often mild and reflects the activity of the underlying 
disease. It rarely requires treatment outside of treatment of the 
underlying disease.202

Felty syndrome and large granular lymphocytic (LGL) leukemia 
can also cause immune-mediated neutrophil destruction, and may 
be associated with profound neutropenia and increased infections. 
LGL is a syndrome of autoimmune neutropenia in association 
with marrow infiltration by clonal large granular lymphocytes.203 
These lymphocytes are cytotoxic T-cells with the following immu-
nophenotype: CD3 –, CD8 –, CD16 –, and CD57+. LGL can occur 
sporadically or in association with systemic autoimmune diseases, 
especially rheumatoid arthritis.204 LGL is closely related to Felty 
syndrome, a syndrome associated with splenomegaly and neu-
tropenia in the setting of rheumatoid arthritis.205 Ninety percent 
of patients with Felty syndrome and LGL associated with RA are 
HLA-DR4+, leading many investigators to postulate that the two 
syndromes are in a spectrum of the same disease.206 The patho-
physiology of neutropenia is complex, including both antibody-
mediated and cell-mediated destruction, immune complexes, and 
increased FAS mediated apoptosis.207–209,210,211 The neutropenia 
is responsive to G-CSF, which is usually utilized until the primary 
disease can be treated.212 Treatment options for LGL and Felty 
syndrome include immunosuppressive therapies including metho-
trexate, cyclosporine, cyclophosphamide, and, most recently, 
rituximab for Felty syndrome.213–217

Neonatal neutropenia, or neonatal alloimmune neutropenia, 
is caused by transplacental passage of maternal IgG antibodies 
against paternal neutrophil antigens, resulting in neutropenia in a 
similar manner to anemia in Rh hemolytic disease. During gesta-
tion, the mother is sensitized to unique fetal neutrophil antigens 
and produces IgG antibodies against these antigens that can cross 
the placenta. These antigens will be shared with the father and so 
will be reactive against the father’s neutrophils, thus facilitating 
the diagnosis. Neutropenia typically resolves within 2 months, 
and appropriate antibiotics will usually be sufficient to support 
the patient. In the event of severe or life-threatening infection, 
plasma exchange, intravenous immunoglobulin, and transfusion 
of maternal neutrophils have all been used.218

Autoimmune neutropenia of infancy and childhood, termed 
“primary immune neutropenia,” occurs in children ages 6 months 
to 10 years and is the most frequent primary immune neutro-
penia.219 Infections tend to be mild and include otitis media, 
gastroenteritis, and/or cellulitis. Resolution of neutropenia occurs 
in over 95% of patients by age 2.220 Primary autoimmune neutro-
penia in adults is rare, and tends to be more chronic. However, 
even adults tend to have a mild clinical course.

International Aplastic Anemia and Agranulocytosis Study demon-
strate an annual incidence of severe drug-induced neutropenia of 
1.0 to 3.4 cases per million population per year.186–188 Multiple 
drugs have been implicated in neutropenia and agranulocytosis, 
both in predictable and idiosyncratic patterns. Antineoplastic, 
antiviral, and immunosuppressive agents all cause an expected 
dose-dependent decrease in neutrophils, often accompanied by 
general marrow suppression. Common drugs known to cause 
neutropenia that is more idiosyncratic include clozapine, the 
thionamides, and sulfasalazine. Most drugs cause direct dose-
dependent marrow suppression and others incite immune-
mediated destruction; these mechanisms may not be mutually 
exclusive.189,190–192 Immune-mediated destruction may occur 
by one of two mechanisms: the drug may act as a hapten and 
induce antibody formation and complement fixation, or the drug 
can cause the formation of circulating immune complexes that 
bind to neutrophils. The former is the mechanism associated with 
penicillin, propylthiouracil, and gold and the latter is associated 
with quinine administration. Marrow suppression, on the other 
hand, is the result of dose-dependent inhibition of colony-forming 
unit granulocyte macrophages and can be seen with valproic acid, 
carbamazepine, and b-lactam antibiotics. Finally, drugs can cause 
damage to the marrow microenvironment and myeloid precur-
sors; certain patients with specific genetic polymorphisms or 
other medical problems may be at increased risk for drug-induced 
neutropenia by this mechanism.193–195

Drug-induced neutropenia typically occurs after 1 to 2 weeks of 
exposure to the drug, although it may occur after a longer period 
of exposure. Recovery usually begins within days of stopping the 
drug, but this pattern is highly variable depending on the mecha-
nism of neutropenia. For example, immune-mediated neutrope-
nia may be immediate, occurring within hours of administration 
of the drug especially if there has been a previous exposure and 
prior antibody production, whereas drugs that cause direct mar-
row suppression or toxicity follow the paradigm above.196 Some 
patients may present with agranulocytosis, fever, and possible 
sepsis; in these patients mortality may be significant. Neutrophil 
recovery is often preceded by the appearance of monocytes and 
immature neutrophil forms. Although marrow examination is 
rarely necessary, one can roughly predict the duration of neutro-
penia from the cellularity of the marrow, as patients with hyper-
cellular marrows or marrows with abundant metamyelocytes and 
later forms tend to have more rapid reconstitution following dis-
continuation of the offending medication. Management is similar 
to that for post-infectious neutropenia with supportive care and 
removal of the offending agent, although growth factor support 
is recommended for patients presenting with agranulocytosis.197

Radiation can also result in acute or chronic marrow failure. 
Exposure to radiation is also a risk factor for AML/MDS. These 
diseases are discussed in greater detail in Chapters 75 and 79, 
respectively. Likewise, metastatic carcinoma to the bone can also 
cause marrow failure as the marrow becomes increasingly occu-
pied by the metastatic cells.

Immune Neutropenia
As previously discussed, infection and drugs can cause immune-
mediated neutrophil destruction. However, primary immune neu-
tropenia can occur in the absence of other inciting events, or can 
also arise in association with an underlying systemic autoimmune 
disease. Antineutrophil antibodies are implicated in mediating 
neutrophil destruction either by destruction in the spleen or by 
intravascular complement mediated neutrophil lysis. A number of 
neutrophil-specific antigens have been identified in patients with 
a history of autoimmune neutropenia, including human neutrophil 
antigen (HNA)-1, an isoform of the Fcγ IIIB receptor, and HNA-4 and 
HNA-5, which are CD11b and CD11a, respectively.198,199 The clinical 
presentation is variable, and depends on whether the antineutrophil 
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to as Schultz disease.234 The description highlights that the first 
evidence of neutropenia is often the development of infection, 
and that severe neutropenia is associated with a risk for spon-
taneous infection. Although the lower level of the normal ANC is 
1,500 cells/ml, patients rarely develop infectious complications of 
neutropenia until their ANC falls below 500 cells/ml, and in fact, 
patients with chronic neutropenia rarely develop fever unless 
their ANC is below 200 cells/ml. Common sites of infection include 
the oral cavity and mucous membranes including mouth ulcers, 
pharyngeal inflammation, and periodontitis, the skin with rashes, 
cellulitis, abscesses, and poor wound healing, the perirectal and 
anal areas, and the respiratory tract. Endogenous flora are the 
primary pathogens. It should be remembered that most of the 
signs and symptoms of infection are generated by neutrophils. 
Consequently, patients with neutropenia may have minimal signs 
and symptoms of infection, with minimal inflammatory infil-
trates. Fever is the most informative sign in neutropenia patients, 
and should be evaluated emergently, because in the setting of 
profound neutropenia, patients may rapidly develop fatal sepsis. 
A presentation of neutropenia should prompt a careful evaluation 
for signs and symptoms of infection with cultures and antibiotic 
administration when indicated.

In children presenting for the first time with neutropenia, 
growth and development should be documented (Fig. 57.1). 
Attention should be paid to the skin, bones/appendages, and nails 
as abnormalities in these may point toward one of the congenital 
neutropenia syndromes. Family history of recurrent infections 
and sudden death may be helpful in this regard. If  congenital 
neutropenia is suspected, appropriate genetic testing should 
be obtained. In adults previously known to have a normal ANC 
who present with profound neutropenia (agranulocytosis) and 
an otherwise normal CBC, the diagnosis is almost invariably 
drug-induced neutropenia. These patients usually present with 
an acute febrile episode. A thorough history of drug and toxin 
exposure should be obtained and all potential offending agents 
discontinued. For patients of all ages, the perineum and perirec-
tal area should be examined, in addition to a complete physical 
exam. The peripheral blood smear should be examined and tests 
for vitamin B12 and folate levels obtained. Older tests included 
hydrocortisone stimulation tests (for marrow myeloid reserve), 
the epinephrine challenge test (for estimation of the size of the 
marginated neutrophil pool), and the Rebuck skin window (which 
evaluates neutrophil margination into tissues) but these are rarely 

Lastly, pure white cell aplasia is a rare disease associated 
with severe pyogenic infections, and associated with a thymoma 
in over two thirds of cases.221 It has also occurred following 
ibuprofen therapy.222 There is a complete absence of myeloid 
precursors on bone marrow examination. It is immune-mediated 
but removal of the thymoma in thymoma-associated cases may 
not be sufficient for remission. Adjuvant therapy with cytoxan, 
steroids, cyclosporine, IVIg, and even stem cell transplantation 
may be needed.223–225

Neutropenia Due to Increased Margination  
and Hypersplenism
Complement activation increases margination of neutrophils 
and can suppress the peripheral ANC. 226 This has been seen in 
patients suffering from burns and transfusion reactions as well as 
a result of exposure to artificial membranes used in dialysis, car-
diopulmonary bypass, apheresis, and extracorporeal membrane 
oxygenation.227–229 Neutropenia in the setting of transfusion is 
due to an anamnestic response to foreign antigens on neutrophils 
in a prior transfused blood product. Complement activation may 
also lead to direct neutrophil destruction, as in the case of parox-
ysmal nocturnal hemoglobinuria. Splenomegaly with hypersplen-
ism can also reduce the neutrophil count.230

Neutropenia Due to Nutritional Deficiency
Neutropenia is part of the clinical spectrum of megaloblastic 
anemia arising from deficiency of vitamin B12, folate, and cop-
per.231,232 These diseases typically cause pancytopenia because of 
disordered maturation of all cell lines.

cLInIcaL preSentatIon anD 
DIagnoStIc approach to 
neutropenIa
One of the first definitions of the syndrome of neutropenia and 
infection was in 1922 by Werner Schultz who described the find-
ings of sore throat, prostration, and neutropenia in a cohort of 
middle-aged women and called this entity agranulocytosis.233 
This fulminant form of neutropenia has sometimes been referred 

FIGURE 57.1. Diagnostic approach to neutropenia in the infant. 
ANC, absolute neutrophil count; a/w, associated with; G-CSF, granulocyte 
colony stimulating factor; IV, intravenous.
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therapy, replacing previous combinations that emphasized double 
coverage for pseudomonal species.240 In patients with indwelling 
lines, the addition of vancomycin may be considered, and patients 
at increased risk for fungal infection or who remain febrile despite 
3 to 5 days of antibiotics should receive antifungal agents.241

For patients with mild neutropenia and infections, outpatient 
antibiotic therapy may be warranted and is based on the clinical 
judgment of the treating physician. The cause of neutropenia is 
important in determining further therapies: transient neutro-
penia due to a drug, infection, or chemotherapy administration 
may require no further therapy, although G-CSF can be used for 
high-risk patients with pneumonia, hypotension, and/or funge-
mia whereas neutropenia due to autoantibodies, an underlying 
systemic disease, or a congenital syndrome may require preven-
tative approaches including immunologic therapies such as corti-
costeroids, intravenous immunoglobulin, and/or plasmapheresis, 
treatment of the underlying disease, G-CSF therapy, or possibly a 
hematopoietic stem cell transplant. For cases of severe life-threat-
ening infection that is unresponsive to antibiotics, granulocyte 
transfusion may be warranted.242

In patients with neutropenia who have not had a history of 
infection, treatment is rarely necessary. Patients should be edu-
cated to simple approaches to preventing infection, including skin 
and mouth care, good oral and dental hygiene, avoidance of rectal 
trauma by rectal thermometers and prevention of constipation 
with stool softeners, proper cleaning and topical antibiotic appli-
cation to all skin abrasions. For patients with profound neutrope-
nia not on G-CSF, they should be instructed to notify a physician 
as soon as they develop a fever. It is advisable that they also be 
supplied with prophylactic antibiotics such as trimethoprim-sulfa-
methoxazole or ciprofloxacin to take in the event there is a delay 
in seeking medical attention; it should be emphasized, however, 
that use of these agents is for emergencies only and should not be 
used in place of seeking appropriate medical evaluation and care.

Patients with SCN require lifelong G-CSF therapy. The use of 
G-CSF has extended the life expectancy for these patients from 
2 to 3 years to adulthood.57 Some patients with CN also require 
G-CSF, but can often restrict treatment to low daily doses of 
G-CSF or cyclical administration during the period around the 
nadir of the ANC. Dose requirements vary depending on G-CSF 
response.57,69,84 As previously mentioned, with improved sur-
vival of patients with SCN, a significant risk of MDS/AML has 
emerged.55–57 The risk of MDS/AML appears to be associated 

used today.235,236,237 Bone marrow examination is not required 
unless there are other features to suggest an alternative diagnosis.

In patients presenting with unexplained neutropenia in the 
absence of a well-documented normal ANC in the past, evalua-
tion depends on the severity of the neutropenia (Fig. 57.2). There 
is little information to be gained from an extensive evaluation of 
healthy patients with no history of infections and ANC of 1,200 
to 1,500 cells/ml that has been present for many years. In appro-
priate ethnic groups the diagnosis of constitutional neutropenia 
obviates the need for further evaluation. Even in patients who 
do not have clear ethnic or familial neutropenia, studies to rule 
out marrow pathology in the absence of clinical sequelae or evi-
dence of continued decrease in the blood counts are unlikely to 
be informative.

In patients with severe neutropenia of indeterminate duration, 
the pace and extent of diagnosis should be determined by the 
clinical presentation. In patients in whom cycling is suspected, 
genetic testing for ELANE mutations and peripheral blood flow 
cytometry and T-cell receptor rearrangement studies to assess 
for LGL should be obtained. In the cases of a selective severe 
chronic neutropenia, even in the absence of a history of infection 
or drug/toxin exposure or an evident B12 or folate deficiency, a 
single bone marrow examination is recommended to assess for 
myelodysplasia If marrow morphology is unremarkable and cyto-
genetics are normal, repeated bone marrow examination is not 
recommended unless there is a significant change in the periph-
eral blood counts that suggests a new intervening diagnosis. Bone 
marrow biopsy should be performed in all patients with bi- or 
tricytopenias to evaluate the adequacy of hematopoietic marrow 
pools, the relative maturation of these pools, and the morphology 
of these pools for clues as to the etiology of the cytopenias.

management of neutropenIa
Decisions regarding the treatment of neutropenia depend primar-
ily on the presence or absence of fever. Neutropenia with fever 
should be treated as a medical emergency, with the goal of evalu-
ating patients and initiating antibiotics within 30 to 60 minutes. 
The administration of empiric broad-spectrum antibiotics 
to patients with febrile neutropenia has been demonstrated to 
improve survival.238,239 Third- or fourth-generation cephalospo-
rins as single agents have become the standard initial empiric 

FIGURE 57.2. Diagnostic approach to neutropenia in the adult. 
ANC, absolute neutrophil count; G-CSF, granulocyte colony  stimulating 
factor; IV, intravenous; LGL, large granular lymphocytosis; MDS,  
myelodysplastic syndrome.

Neutropenia

Ethnic or benign familial newtropenia,
or cyclic neutropenia

Low B12,
folate

Yes

Yes

Yes

Yes

No

Pancytopenia

Isolated neutropenia

No

No

Normal

Abnormal
cytogenetics

LGL by flow

Fever,
ANC <500/µL?

Admit for IV
antibiotics; consider

G-CSF

LGL Megaloblastic
anemia

Bone marrow biopsy,
aspirate, and flow

cytometry

Immune
cytopenia

Low B12 or folate,
or autoimmune

disease?
MDS

Drug- or toxin-
induced neutropenia

New onset?

Idiopathic
neutropenia

Single or multi-
lineage cytometry?

Drug or
toxin?

72683_ch057_1279-1289.indd   1287 7/18/13   11:31 AM



1288 Part vI Benign Disorders of Leukocytes, the Spleen, and/or Immunoglobins

 35. Carlsson G, Aprikyan AA, Tehranchi R, et al. Kostmann syndrome: severe 
congenital neutropenia associated with defective expression of Bcl-2, 
 constitutive mitochondrial release of cytochrome c, and excessive apoptosis 
of myeloid progenitor cells. Blood 2004;103(9):3355–3361.

 39. Dale DC, Person RE, Bolyard AA, et al. Mutations in the gene encoding 
neutrophil elastase in congenital and cyclic neutropenia. Blood 2000;96(7): 
2317–2322.

 40. Xia J, Bolyard AA, Rodger E, et al. Prevalence of mutations in ELANE, GFI1, 
HAX1, SBDS, WAS and G6PC3 in patients with severe congenital neutropenia. 
Br J Haematol 2009;147(4):535–542.

 41. Klein C, Grudzien M, Appaswamy G, et al. HAX1 deficiency causes autoso-
mal recessive severe congenital neutropenia (Kostmann disease). Nat Genet 
2007;39(1):86–92.

 42. Ancliff PJ, Blundell MP, Cory GO, et al. Two novel activating mutations in the 
Wiskott-Aldrich syndrome protein result in congenital neutropenia. Blood 
2006;108(7):2182–2189.

 43. Kollner I, Sodeik B, Schreek S, et al. Mutations in neutrophil elastase causing 
congenital neutropenia lead to cytoplasmic protein accumulation and induc-
tion of the unfolded protein response. Blood 2006;108(2):493–500.

 44. Grenda DS, Murakami M, Ghatak J, et al. Mutations of the ELA2 gene found 
in patients with severe congenital neutropenia induce the unfolded protein 
response and cellular apoptosis. Blood 2007;110(13):4179–4187.

 45. Carlsson G, Aprikyan AA, Ericson KG, et al. Neutrophil elastase and 
granulocyte colony-stimulating factor receptor mutation analyses and leu-
kemia evolution in severe congenital neutropenia patients belonging to the 
original Kostmann family in northern Sweden. Haematologica 2006;91(5): 
589–595.

 47. Boocock GR, Morrison JA, Popovic M, et al. Mutations in SBDS are associated 
with Shwachman-Diamond syndrome. Nat Genet 2003;33(1):97–101.

 50. Ward AC, van Aesch YM, Gits J, et al. Novel point mutation in the extracel-
lular domain of the granulocyte colony-stimulating factor (G-CSF) receptor in 
a case of severe congenital neutropenia hyporesponsive to G-CSF treatment. 
J Exp Med 1999;190(4):497–507.

 51. Sinha S, Zhu QS, Romero G, Corey SJ. Deletional mutation of the external 
domain of the human granulocyte colony-stimulating factor receptor in a 
patient with severe chronic neutropenia refractory to granulocyte colony-
stimulating factor. J Pediatr Hematol Oncol 2003;25(10):791–796.

 52. Druhan LJ, Ai J, Massullo P, Kindwall-Keller T, Ranalli MA, Avalos BR. Novel 
mechanism of G-CSF refractoriness in patients with severe congenital 
 neutropenia. Blood 2005;105(2):584–591.

 53. Dong F, Brynes RK, Tidow N, Welte K, Lowenberg B, Touw IP. Mutations in the 
gene for the granulocyte colony-stimulating-factor receptor in patients with 
acute myeloid leukemia preceded by severe congenital neutropenia. N Engl J 
Med 1995;333(8):487–493.

 54. Hunter MG, Avalos BR. Granulocyte colony-stimulating factor receptor muta-
tions in severe congenital neutropenia transforming to acute myelogenous 
leukemia confer resistance to apoptosis and enhance cell survival. Blood 
2000;95(6):2132–2137.

 55. Freedman MH, Alter BP. Risk of myelodysplastic syndrome and acute myeloid 
leukemia in congenital neutropenias. Semin Hematol 2002;39(2):128–133.

 56. Dale DC, Cottle TE, Fier CJ, et al. Severe chronic neutropenia: treatment 
and follow-up of patients in the Severe Chronic Neutropenia International 
Registry. Am J Hematol 2003;72(2):82–93.

 57. Rosenberg PS, Alter BP, Bolyard AA, et al. The incidence of leukemia and 
mortality from sepsis in patients with severe congenital neutropenia receiv-
ing long-term G-CSF therapy. Blood 2006;107(12):4628–4635.

 58. Beekman R, Valkhorf MG, Sanders MA, et al. Sequential gain of mutations in 
severe congenital neutropenia progressing to acute myeloid leukemia. Blood. 
Epub 2012.

 59. Tschan CA, Pilz C, Zeidler C, Welte K, Germeshausen M. Time course of 
increasing numbers of mutations in the granulocyte colony-stimulating fac-
tor receptor gene in a patient with congenital neutropenia who developed 
leukemia. Blood 2001;97(6):1882–1884.

 60. Gilman PA, Jackson DP, Guild HG. Congenital agranulocytosis: prolonged 
survival and terminal acute leukemia. Blood 1970;36(5):576–585.

 64. Dale DC, Bolyard AA, Schwinzer BG, et al. The severe chronic neutrope-
nia international registry: 10-year follow-up report. Support Cancer Ther 
2006;3(4):220–231.

 68. Wright DG, Dale DC, Fauci AS, Wolff SM. Human cyclic neutropenia: 
clinical review and long-term follow-up of patients. Medicine (Baltimore) 
1981;60(1):1–13.

 69. Dale DC, Bolyard AA, Hammond WP. Cyclic neutropenia: natural history and 
effects of long-term treatment with recombinant human granulocyte colony-
stimulating factor. Cancer Invest 1993;11(2):219–223.

 73. Horwitz M, Benson KF, Person RE, Aprikyan AG, Dale DC. Mutations in 
ELA2, encoding neutrophil elastase, define a 21-day biological clock in cyclic 
 haematopoiesis. Nat Genet 1999;23(4):433–436.

 75. Newburger PE, Pindyck TN, Zhu Z, et al. Cyclic neutropenia and severe con-
genital neutropenia in patients with a shared ELANE mutation and paternal 
haplotype: evidence for phenotype determination by modifying genes. Pediatr 
Blood Cancer 2010;55(2):314–317.

 79. Lund JE, Padgett GA, Ott RL. Cyclic neutropenia in grey collie dogs. Blood 
1967;29(4):452–461.

 80. Dale DC, Graw RG Jr. Transplantation of allogenic bone marrow in canine 
cyclic neutropenia. Science 1974;183(4120):83–84.

 81. Krance RA, Spruce WE, Forman SJ, et al. Human cyclic neutropenia trans-
ferred by allogeneic bone marrow grafting. Blood 1982;60(6):1263–1266.

 82. Aprikyan AA, Liles WC, Rodger E, Jonas M, Chi EY, Dale DC. Impaired 
 survival of bone marrow hematopoietic progenitor cells in cyclic neutropenia. 
Blood 2001;97(1):147–153.

with higher doses of G-CSF, but whether this is a reflection of 
the underlying disease phenotype or whether transformation is 
enhanced or accelerated by G-CSF itself is unknown.53,54,58,59

Other congenital syndromes associated with neutropenia, such 
as SDS, FA, and DKC, respond to doses of G-CSF similar to those 
used in SCN and these patients are also at increased risk of MDS 
and/or AML, but again it is not clear if this is due to the G-CSF 
or the underlying disease.109,128,131 Patients with idiopathic and 
CN, as well as neutropenia associated with glycogen storage Ib, 
and myelokathexis, however, do not develop MDS or AML, despite 
therapy with G-CSF.69,84,144,155 One could argue, though, that this 
may be a dose-dependent phenomenon as patients with SCN, 
SDS, FA, and DKC require higher doses of G-CSF than do those 
with idiopathic and CN. Long-term use of G-CSF or GM-CSF has 
been associated with osteoporosis and organomegaly.

Severe drug-induced neutropenia/agranulocytosis requires 
the permanent discontinuation of the causative agent. However, 
agents that cause dose-related marrow suppression and mild 
neutropenia can be continued if necessary, provided the neutro-
penia is not progressive or severe. Patients with agranulocytosis 
frequently present with life-threatening infections. They should 
be admitted to the hospital for broad-spectrum antibiotics. G-CSF 
speeds the recovery of the ANC and, given the morbidity and mor-
tality associated with this syndrome, is recommended.

Immune neutropenia related to SLE or other systemic autoim-
mune disease rarely needs direct treatment, and ANC usually 
responds to decreased disease activity with therapy directed at 
the underlying rheumatologic disorder. Patients with LGL respond 
well to low-dose immunosuppression with cyclophosphamide or 
methotrexate.

Finally, stem cell transplantation can be useful to reverse the 
hematologic effects and neutropenia associated with a number of 
the congenital neutropenia and bone marrow failure syndromes 
such as SDS, FA, DKC, and cartilage-hair hypoplasia. The risk of 
transplant in many of these patients is greater than that seen in 
transplantation for hematologic malignancies due to the nature of 
the underlying genetic disorder. Furthermore, many of these dis-
orders are associated with disease of other organs, including pul-
monary fibrosis, or a risk of solid tumors. Transplantation does 
nothing to prevent these manifestations of the underlying disease 
and should be considered before undertaking the procedure.
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DisorDers of Phagocytic 
Leukocytes characterizeD by 
MorPhoLogic changes
For the most part, the disorders considered here are rare, are 
usually familial, and often reflect a general metabolic defect, the 
major manifestation of which may be more serious in tissues than 
in leukocytes. Nevertheless, the leukocytic morphologic abnormal-
ities may come to the attention of the hematologist, and familiarity 
with them and the associated diseases may facilitate diagnosis.

Pelger-Huët Anomaly
Pelger-Huët anomaly is a benign anomaly of leukocytes and is 
inherited as a non–sex-linked, dominant trait. It is characterized 
by distinctive shapes of the nuclei of leukocytes, a reduced num-
ber of nuclear segments (best seen in the neutrophils), and coarse-
ness of the chromatin of the nuclei of neutrophils, lymphocytes, 
and monocytes. The nuclei appear rod-like, dumbbell-shaped, 
peanut-shaped, and spectacle-like (“pince-nez”) with smooth, 
round, or oval individual lobes, contrasted with the irregular lobes 
seen in normal neutrophils.1 The incidence of this disorder in dif-
ferent studies has ranged from as high as 1 in 1,000 persons2,3 to 
1 in 4,000,4,5 6,000,6 or even 10,000.7 Originally observed mainly 
in Holland, Germany, and Switzerland, the anomaly has now been 
described in other parts of the world, including individuals of 
Asian8 and African descent and whites. The practical importance 
of identifying the Pelger-Huët anomaly lies in distinguishing this 
defect from the shift to the left that occurs in association with 
infection.

The discovery of this anomaly in rabbits led to breeding 
experiments and the production of homozygotes.2,5 These studies 
demonstrated that in the heterozygote, bilobed, rod-shaped, and 
spectacle forms predominate, whereas in the homozygote, round 
nuclei with no evidence of segmentation are predominant. In rab-
bits, the homozygous form was often lethal, with most animals 
dying in utero; some survivors suffered skeletal malformations.

Two human homozygotes have been reported.2,9 In them, the 
cytoplasm of the neutrophils appeared mature, but the nuclei 
were round or oval in all the neutrophils, in contrast to the fewer 
than 40% single-lobed neutrophils present in heterozygotes 
(Table 58.1).2,6,9 In the homozygotes, the eosinophils, basophils, 
and megakaryocytes also were characterized by dense nuclear 
chromatin and rounded nuclear lobes; these individuals had 
fewer nuclear lobes than normal subjects.2 Examination of the 
bone marrow revealed normal morphologic features in myeloid 
precursors through the myelocyte stage, and electron micros-
copy revealed persistence of nucleoli in the otherwise mature 
neutrophils that contained single oval nuclei.9 This finding was 
interpreted as indicating some retardation of nuclear maturation, 
because no cytochemical defects were noted in the cytoplasm. 
This syndrome is now known to be due to mutations in the lamin 
B receptor (LBR) gene, a gene important in maintaining nuclear 
structure.10,11,12

Pelger-Huët cells appear to be normal functionally,9,13,14 
are able to phagocytize and kill microorganisms,5 and survive 
 normally in the circulation in both humans15 and dogs.16,17

The Pelger-Huët heterozygote is recognized by finding (a)  
69% to 93% of the neutrophils to be of the bilobed, pince-nez 
type; (b) few cells with three lobes (usually <10%); and (c) rare or 
no cells with four lobes (Table 58.1).4–6 In normal blood smears, 
no more than 27% of the cells are bilobed, and significant num-
bers of cells have three or more lobes.5 The presence of similar 
abnormalities in the blood smear in other family members also 
is helpful in establishing the diagnosis. In heterozygotes, mature 
neutrophils with round or oval nuclei of the type that is charac-
teristic of the homozygous state may increase after stress, such as 
the injection of colchicine18,3 A shift toward increased numbers of 
neutrophil lobes was described in a patient with the anomaly who 
developed pernicious anemia.19

Pseudo– or Acquired Pelger-Huët Anomaly
Cells with morphologic changes, such as those just described, 
have been observed occasionally in association with myxedema, 
acute enteritis, agranulocytosis, multiple myeloma, malaria,  

QuaLitative DisorDers of Leukocytes
ashish kumar, keith M. skubitz

C H A P t e r  5 8

Distribution of nuclear lobes in neutrophils of normal persons anD in those With pelger-huët anomaly

Cases Examined Number of Lobesa

1 2 3 4 5

Normalsb 50 2.8 22.0 54.3 18.1 2.8

±2.8 ±6.3 ±5.3 ±6.9 ±2.1

Pelger-Huët 
 heterozygotesb

34 31.3 63.8 4.9 0.3 0

±9.2 ±9.5 ±3.7 — —

Pelger-Huët 
 homozygotes2,9

 2 100.0 — — —

a Mean and variance.
b Modified from Davidson WM, Lawler SD, Ackerly AG. The Pelger-Huët anomaly: Investigation of family “A.” Ann Hum Genet 1954;19:1.

tAble 58.1
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18 patients with Hurler form of mucopolysaccharidosis, Alder-
Reilly bodies were present in the blood of <10% of them. Careful 
examination of the bone marrow, however, revealed mucopoly-
saccharide granules in large mononuclear cells (Buhot cells) in  
17 of 18 patients.33–35

The type of inclusion seen is not diagnostic of a particular 
type of mucopolysaccharidosis, and the frequency of the inclu-
sions is not correlated with clinical severity.36 The basic defect 
in this group of diseases lies in the incomplete degradation of the 
protein–carbohydrate complexes known as mucopolysaccharides, 
and the different forms of mucopolysaccharidosis involve different 
enzymatic deficiencies.29 The accumulation of partially degraded 
mucopolysaccharides within lysosomes has been demonstrated 
by electron microscopy29; the degradation of the protein core of 
the mucopolysaccharide appears to proceed normally, but catabo-
lism of the carbohydrate side chains is impaired.

May-Hegglin Anomaly
The May-Hegglin anomaly is a rare, dominantly inherited  disorder 
characterized by large (2 to 5 mm), well-defined, basophilic, and 
pyroninophilic inclusions in granulocytes (neutrophils, eosino-
phils, basophils, monocytes), and accompanied by variable 
thrombocytopenia and giant platelets containing few granules.37 
For the most part, affected family members have not been ill, but 
occasionally abnormal bleeding has occurred.38–41 Clot retraction 
time is prolonged, and the reaction to the tourniquet test may be 
positive. Platelet survival was short (half-life = 3 days, as com-
pared with the normal, which is 6.9 ± 1.5 [1 standard deviation] 
days).42 Platelet aggregation and retraction were normal, but 
spreading and serotonin uptake were increased.43 Enzyme and 
substrate content per platelet were increased, but this value was 
decreased as related to platelet volume.43 The granulocyte inclu-
sions are similar to Döhle bodies in appearance, but they often are 
larger, are more round and discrete, and may be present in a large 
percentage of the cells.40,41,44 It is claimed that these inclusions 
differ from the Döhle bodies of infection in morphologic appear-
ance in that they are present in granulocytes other than neutro-
phils.44 Like Döhle bodies,40,44 the inclusions were felt to consist 
mainly of RNA and may exhibit differing ultrastructure.41,45–47 
More recently, mutations in MYH9, the gene encoding NMMHC-A, 

leukemoid reactions secondary to metastases to the bone 
 marrow,20 drug sensitivity,21 or chronic lymphocytic leukemia.3 
More commonly, pseudo–Pelger-Huët cells (Fig. 58.1)22 are seen in 
patients with myeloid leukemia of either the acute or chronic type 
or in those with myeloid metaplasia.23,24 In these subjects, the 
pseudo–Pelger-Huët cells tend to appear late in the disease, often 
after considerable chemotherapy has been administered. In addi-
tion, most of the nuclei are of the single oval type characteristic of 
the homozygous state.23

Alder-reilly Anomaly
Alder-Reilly anomaly, inherited as a recessive trait,25 apparently 
does not interfere with leukocyte function.26 It is characterized 
by the presence of larger-than-normal azurophil and basophil 
granules (Alder-Reilly bodies), which may be easily confused with 
granulations due to toxic states (Fig. 58.2). These granules stain 
dark lilac with Wright-Giemsa stains and are seen in patients 
with various types of bone and cartilage abnormalities.27,28 They 
are most common, however, in association with Hurler syn-
drome, Hunter syndrome, and Maroteaux-Lamy polydystrophic 
 dwarfism.29

Similar inclusions may be seen in blood lymphocytes (Gasser 
cells) and monocytes.30,31 The lymphocyte inclusions stain dark 
red or purple with May-Grünwald-Giemsa stain and metachro-
matically with toluidine blue; normal azurophilic granules do 
not stain at all.31,32 Such lymphocyte granules are found in 
all types of mucopolysaccharidoses except Morquio syndrome, 
but they are most common in the Hurler, Hunter, Sanfilippo, 
and Maroteaux-Lamy syndromes.29,31,32 They tend to occur in 
clusters rather than diffusely throughout the cytoplasm, are sur-
rounded by vacuoles, and are shaped like a dot or comma. In one 
series of 19 patients, 8% to 50% of the lymphocytes contained 
the inclusions, and their presence was thought to be of diagnos-
tic significance.32

These inclusions are seen inconsistently in the blood but are 
more common in the bone marrow. For example, in a series of 

FIGURE 58.2. Neutrophils with Alder-Reilly bodies (A) compared with neutrophils 
exhibiting toxic granulation (B,C).

A

B C

FIGURE 58.1. A: Pseudo–Pelger-Huët cells. B: From a patient with acute myeloblastic 
 leukemia.

A

B
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During the 30 years after the first description of Chédiak-
Higashi syndrome (CHS)72 59 cases were reported.69 The similar 
disorder in animals is of use in investigations of the pathogenic 
defect and is of significant economic impact in mink, in that 
affected animals, inbred for their unusual color, seldom survive 
more than a year and exhibit increased susceptibility to a slow 
viral infection that produces hepatitis and a myeloma-like illness 
(Aleutian mink disease).64

Etiology and Pathogenesis
The manifestations of this disorder appear to result from abnor-
mal intracellular protein transport, resulting in abnormal granule 
fusion with larger, fewer-than-normal, and perhaps defective 
granules being formed in most granule-containing cells through-
out the body.73–77 The resulting abnormalities can be found in the 
hematopoietic tissues, hair, ocular pigment, skin, adrenal glands, 
pituitary gland, gastrointestinal organs, peripheral nerves, and 
elsewhere.74

In neutrophils, the anomalously large, peroxidase-positive 
granules seen by light microscopy59,60 have been shown by elec-
tron microscopy to be abnormal primary (azurophilic) granules, 
the contents of which remain pleomorphic, the normal granule 
crystalloid structure not being formed.73,78 Characterization of the 
abnormal granules by means of immunofluorescence microscopy 
demonstrated that they were formed by the progressive aggrega-
tion and fusion of azurophilic granules.79,80

In a subsequent electron microscopic study, investigators dem-
onstrated the presence of two types of giant, peroxidase-positive 
granules in CHS neutrophils: large, round, or oval granules with 
homogeneous internal structure similar to normal azurophilic 
granules; and irregular granules much larger than those of the 
first type. Because basophils and eosinophils from CHS patients 
do not contain type 2 granules, and because type 2 granules are 
less common in promyelocytes, myelocytes, and young neutro-
phils in the bone marrow than in blood neutrophils, the authors 
suggested that normal primary (azurophil) granules are formed, 
but progressive granule fusion occurs during maturation, espe-
cially in the blood. In this process, granules and bits of cytoplasm 
are trapped within the fused granules.81 An abnormal calcium 
uptake pump in CHS lysosomes may be part of the underlying 
defect.82,83 Also noted is an increased tendency to autophagic vac-
uole formation in Chédiak-Higashi neutrophils, perhaps because 
of increased permeability and leakage of injurious materials from 
the massive granules.84 A secretory defect appears to prevent 
granule release in CHS T cells.85 Abnormal granules have been 
observed less often in erythroid cells, whereas in megakaryocytes 
and platelets, the granules appear normal by light microscopy.73 
By electron microscopy, however, a decrease in dense bodies was 
seen,73 and decreased serotonin, adenosine triphosphate, and 
adenosine diphosphate levels were noted.68

have been found in this syndrome.48,49,50 NMMHC-A is a non-
muscle myosin heavy chain that is part of a family of genes coding 
for proteins that form part of the actin–myosin force-generating 
complexes.51 In the bone marrow, clumping of the megakaryocyte 
cytoplasm has also been reported.39

Mutations in MYH9 are inherited in an autosomal dominant 
fashion, but depending on the mutation generate a spectrum of 
clinical findings manifest as several syndromes due to variable 
expressivity of the clinical features.52–58 These clinical syndromes 
include May-Hegglin anomaly, Sebastian syndrome, Fechtner 
syndrome, and Epstein syndrome and are characterized by giant 
platelets, leukocyte inclusions, and variable thrombocytopenia, in 
addition to problems with hearing, vision, or renal function.52–57

Chédiak-Steinbrinck-Higashi Anomaly (Congenital 
Gigantism of Peroxidase Granules)
Chédiak-Steinbrinck-Higashi anomaly, an autosomal recessive 
disorder, has been reported in humans,59,60,61,62 mice,63 mink,64 
cattle,64 cats,65 rats,66 and a killer whale.67 It is characterized 
by partial ocular and cutaneous albinism, increased susceptibil-
ity to pyogenic infections, the presence of large lysosome-like 
organelles in most granule-containing cells, and a bleeding ten-
dency.68 The abnormal granules are most readily seen in blood 
and marrow leukocytes, especially granulocytes (Fig. 58.3), and 
in melanocytes.

In the first families that were reported with this anomaly, the 
mothers noted that some of their children exhibited pale hair 
(Fig. 58.4) and photophobia.59,60 Because these children often had 
infections and adenopathy and died at an early age, the children 
born subsequently who were similarly affected were brought to 
medical attention in the hope of avoiding a fatal outcome.60 It was 
then that the large, peroxidase-positive granules were noted in 
their blood and marrow granulocytes.59,60,61 Nevertheless, with-
out definitive treatment (bone marrow transplantation, described 
later) most patients die in infancy or early childhood; only a few 
survive into early adult life.69–71

FIGURE 58.3. Inclusion bodies in Chédiak-Steinbrinck-Higashi anomaly. A, B: 
 Neutrophils. C: A lymphocyte. D: A monocytoid cell.

A B

C D

FIGURE 58.4. The characteristic silver-gray hair of a child (left ) with Chédiak- 
Steinbrinck-Higashi anomaly contrasted with that of her mother. (Courtesy of  
Dr. Dorothy Windhorst, National Institutes of Health.)
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Laboratory Findings
The characteristic microscopic findings are the large, often mul-
tiple, peroxidase-positive lysosomal granules in the granulocytes 
of the blood and bone marrow, and the large melanosomes in the 
hair. Less common are granules in the lymphocytes. Abnormal 
platelet aggregation can be demonstrated regularly.68 During the 
early phases of the disease, blood counts yield normal values, but 
as the disease progresses, anemia, neutropenia, and thrombocyto-
penia often develop. Immunoglobulin (Ig) and complement levels 
are normal, as are cellular immune reactions. In the accelerated 
phase, erythrocyte and granulocyte survival may be shortened.69

Gene Defect
The origin of CHS in mice has been found to be a mutation in the 
CHS/LYST gene on chromosome 1 in humans, which codes for a 
lysosomal trafficking regulatory protein.102,103 The human homo-
logue CHS1 has since been cloned, and mutations of this gene 
have been found in patients with CHS.76,77,102,104,105–110

Management
Some believe that the prophylactic administration of antibiotics 
may be beneficial.71 The administration of ascorbic acid corrected 
the defective leukocyte function in vitro and in vivo in several 
patients,111,112 and the administration of cholinergic agonists was 
effective in mice.96,113 The increased susceptibility to infection 
has been corrected in mice by the transplantation of normal bone 
marrow, and the hematopoietic defects can be transmitted to nor-
mal mice by transplanting marrow from an animal with CHS.114 
In the accelerated phase, splenectomy has been only temporarily 
helpful69; a few patients have been treated with a combination of 
vincristine and prednisone. Bone marrow transplantation appears 
to be a logical treatment, if possible,115,116,117 but does not alter 
the neurologic deterioration.109,117

Familial Vacuolization of leukocytes  
(Jordan Anomaly)
Jordan anomaly is characterized by the presence of vacuoles in 
the cytoplasm of granulocytes, monocytes, and occasionally lym-
phocytes and plasma cells. In members of one family, all of the 
blood neutrophils and more than 70% of the monocytes contained 
three to ten vacuoles ranging in size from 2 to 5 mm; fewer and 
smaller vacuoles were seen in eosinophils, basophils, and lympho-
cytes.118 By means of histochemical and fluorescence microscopic 
analysis, the vacuoles were shown to contain lipids. These lipids 
were seen in promyelocytes, myelocytes, metamyelocytes, and 
occasionally plasma cells in the bone marrow, but they were not 
present in myeloblasts, erythroblasts, or megakaryocytes.118 This 
type of vacuolization must be distinguished from that character-
ized by fat-staining vacuoles occurring in people with serious 
infections, toxic hepatitis, or diabetic ketoacidosis.119

The disorder appears to be familial. Two members were 
affected in each of two unrelated families.118,119 None of the 
four patients had acute disease, but in members of one  family, 
progressive muscular dystrophy was present,118 whereas in 
 members of the other, ichthyosis was associated.119

Other Inclusions in leukocytes
In an infant with congenital bile duct atresia, amorphous, round-
to-oval bodies stained green or gray-green with Romanovsky 
stains in 3% to 13% of the blood neutrophils and in 1% to 5% of 
the monocytes.120 Similar inclusions were present in all stages 
of myeloid cells in the bone marrow but not in lymphocytes or 
plasma cells. Electron microscopic analysis showed that the inclu-
sions were not enclosed in a phagocytic vesicle.

Similar large granules containing a glycolipid have been 
observed in the Schwann cells of peripheral nerves, in neurons 
in the central nervous system,84,86 in renal tubular cells,86 and in 
the vascular endothelium and fibroblasts.69,87 In addition, giant 
pigment granules have been demonstrated in melanosomes86 and 
in hair strands.69,86 In the several different tissues affected, the 
consistent feature is that the histochemical reactions of the large 
abnormal granules are those usually seen in normal granules of 
that cell line86; no qualitative alteration in granule enzyme content 
is noted, but some decrease in granule enzymes and an increase 
in cytoplasmic enzyme content have been described.88 The effects 
of the abnormality in different tissues depend on granule function 
in that tissue. Thus, the large but fewer melanin granules produce 
pigment dilution, which explains the peculiar hair color, partial 
albinism, photophobia, and nystagmus.86

The abnormal large granules in neutrophils lead to increased 
susceptibility to infection. Infection occurs despite an above- 
normal rate of phagocytosis and a normal postphagocytic meta-
bolic burst (H2O2 production).89 Apparently, the intracellular 
destruction of some bacteria by Chédiak-Higashi leukocytes is 
delayed because the postphagocytic delivery of lysosomal enzymes 
into phagosomes is inefficient and incomplete.90 A similar defect 
in granule extrusion has been noted in the renal tubule.91

Chédiak-Higashi neutrophils from humans lack cathepsin G 
and elastase92 and have reduced C3bi receptor expression.93 
Because measurements of elastase and cathepsin G were normal 
in the bone marrow of beige mice, the primary lesion is thought 
not to be a gene defect but rather is likely a disorder of protein 
processing, protein synthesis, or granule assembly.92 In addition, 
a defect in cellular response to chemotactic stimuli both in in vitro 
and in in vivo skin windows has been demonstrated in humans, 
mice, and mink,94,95 and a neutrophil membrane abnormality 
consisting of spontaneous cap formation has been described.96 
Recent studies show that lysosomes function as calcium-regulated 
secretory compartments and may play an important role in mem-
brane resealing. Lysosomal exocytosis triggered by membrane 
wounding is defective in human CHS and beige mouse fibroblasts, 
and this defect may be central to the CHS phenotype.82

Inheritance
In 1972, in families with 127 children, 59 were reported to be 
affected.69 This statistic and animal studies64 indicate that this 
disorder is inherited as an autosomal recessive trait. Male and 
female subjects are affected at a ratio of 0.87:1.00. A high propor-
tion of marriages producing affected children have been consan-
guineous. Some heterozygotes may be identifiable by the presence 
of granulation in some of their lymphocytes.97,98

Clinical Features and Course
The partial albinism (more properly, pigment dilutional defect),86 
silvery hair (Fig. 58.4), and photophobia are usually noted early 
in infancy. The poor resistance to respiratory and cutaneous 
infection, especially by Staphylococcus and other Gram-positive 
organisms, soon becomes evident. Four patients studied for more 
than 1 year experienced 29 episodes of fever and pyogenic infec-
tion.71 Increased bleeding with abnormal platelet function has 
also been recognized.99 Many of the afflicted children develop 
potentially fatal infections during infancy or early childhood. In 
others, the disease remains quiescent. Eventually, in more than 
85% of patients, it changes to an accelerated phase that is char-
acterized by lymphadenopathy, hepatosplenomegaly, neuropa-
thy, anemia, neutropenia, and, less often, thrombocytopenia.100 
During this phase, infiltration of the tissues by mononuclear cells 
is widespread and the accelerated phase is now considered akin 
to the disorder hemophagocytic lymphohistiocytosis.101 During 
the accelerated phase, neurologic manifestations (peripheral 
neuropathy) may become prominent, and hemorrhage may occur.
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the blood. The large neutrophils appeared to be nearly double the 
normal cell volume and contained from six to ten nuclear lobes. 
Therefore, it was suggested that the cells may have been tetra-
ploid. This anomaly appeared to be transmitted as an autosomal 
dominant trait.

Hereditary Hypersegmentation  
of Neutrophil Nuclei
Several families have been described whose members had a 
hereditary (autosomal dominant) increase in the number of 
neutrophil nuclear segments (Fig. 58.5).138 The proportion of 
neutrophils containing five lobes or more exceeded 10% in most 
heterozygotes and was >14% in several suspected homozygotes, 
as compared with no more than 10% in normal controls.138 The 
bone marrow findings suggested a tendency toward nuclear inden-
tation in early myeloid forms (eosinophils and basophils as well as 
neutrophils).138 The normal size of these neutrophils was thought 
to provide evidence against tetraploidy, but in one study of five 
female family members, the mean number of nuclear drumsticks 
appeared to be increased above normal.139 The chief significance 
of this anomaly is in its differentiation from other causes of hyper-
segmentation such as folate or vitamin B12  deficiency.

Hypersegmentation of eosinophils and Negative 
Staining for Peroxidase and Phospholipids
Hypersegmentation of eosinophils can be inherited as an auto-
somal recessive trait, and the abnormality is characterized by a 
lack of sudanophilia and peroxidase activity in all of the eosino-
phils, whereas these histochemical reactions remain positive in 
the neutrophils and monocytes.140,141 In addition, the number of 
eosinophilic granules per cell appears to be reduced, and some 
hypersegmentation of the eosinophil nucleus may occur. No dis-
ease accompanies the disorder. This has been most commonly 
reported in people of Jewish (predominantly Yemenite) extrac-
tion, although members of other races have not been studied 
adequately.

functionaL DisorDers of 
Leukocytes not characterizeD 
by MorPhoLogic changes
The topic of neutrophil dysfunction is under active study. Several 
reviews summarize this topic142–145; the reader is also referred to 
the current literature.

Chronic Granulomatous Disease of Childhood
Chronic granulomatous disease (CGD) is a rare clinical syndrome 
that results from genetically heterogeneous inherited defects of 

In the blood monocytes of patients with the Hermansky-Pudlak 
syndrome,121 a rare familial disorder characterized by albinism, 
mild bleeding related to platelet dysfunction, accumulation of 
ceroidlike pigment in marrow macrophages, and deficiency of the 
tetraspan protein CD63 in platelets,122 lipopigment bodies as well 
as another type of inclusion were demonstrated.

Abnormal Specific (Secondary)  
Granule Formation
A syndrome of recurrent staphylococcal skin and sinus infections 
associated with abnormal chemotaxis, impaired staphylococcal 
killing, and morphologic abnormalities in the neutrophils was 
described in a 14-year-old boy.123 No other family members were 
affected. The patient’s polymorphonuclear neutrophils exhibited 
bilobed nuclei with unevenly distributed chromatin, drumstick-
like nuclear projections, and nearly absent cytoplasmic granules 
that stained with peroxidase but not with alkaline phosphatase. 
Electron microscopy revealed primary granules, but specific 
granules were small and reduced in number. These neutrophils 
were capable of phagocytosis, generated H2O2, reduced nitroblue 
tetrazolium (NBT) dye, and killed Candida, but staphylococcal 
killing was impaired.

Since the original report, at least five cases of specific granule 
deficiency (SGD) have been identified with both sexes affected, 
leading to the assumption that the disorder is an autosomal reces-
sive disease.124,125 SGD neutrophils exhibit decreased chemotaxis 
and bacterial killing in vitro and decreased migration into skin 
windows in vivo, and they fail to upregulate CD11/CD18, laminin, 
or f-met-leu-phe (FMLP) receptors after activation,124 although 
oxygen radical generation is apparently normal. Myeloperoxidase 
(MPO)-positive primary granules are present, but the specific sec-
ondary granules appeared to be absent in Wright-stained blood 
smears and were decreased in number and small when viewed 
with electron microscopy.123 These structures do not stain with 
alkaline phosphatase. The specific granule constituents lactoferrin 
and B12 binding protein are reduced or absent.

Lactoferrin deficiency in patients with SGD is tissue specific 
(i.e., confined to myeloid cells, whereas lactoferrin is secreted nor-
mally in nasal secretions) and is secondary to a deficiency of RNA 
transcripts.126 Because morphologic changes have been described 
in the primary granule127 and because other granule proteins, 
such as primary granule defensin92 and “tertiary” granule gelati-
nase, are also deficient in SGD neutrophils, it was suggested that 
the basic defect in SGD is one of regulation of production of these 
proteins.126 Thus, this disorder may be one of incomplete granule 
synthesis rather than a true SGD.127

C/EBPE is an important regulator of neutrophil secondary 
granule genes,128 and mutations in the C/EBPE gene have been 
found in two patients with SGD.129–131 Neutrophils from Cebpe-
deficient mice have functional defects very similar to those of 
patients with SGD,129,132 and these mice have defects in eosino-
phil and macrophage function as well.133,134 Monocyte/macro-
phage abnormalities have also been noted in an SGD patient.135 
One case of SGD has been reported with no mutation in the  
C/EBPE gene.136

Hereditary Giant Neutrophilia
Neutrophils with a diameter of approximately 17 mm (as com-
pared with a normal diameter of about 13 mm) are rare in blood 
smears from normal people (1 in 20,000 neutrophils or less). 
They may be seen with greater frequency in patients who are ill, 
but even then the number rarely exceeds 0.2% unless a disease 
involving leukocyte production is present or a reaction to a cyto-
toxic drug occurs.137 A family with giant neutrophils in healthy 
members of three generations has been reported.137 Over several 
years, the propositus had an average of 1.6% giant neutrophils in FIGURE 58.5. Hypersegmented neutrophil.
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No abnormality in antibody response to diphtheria, tetanus, or 
poliovirus was demonstrated in these patients, and their delayed 
hypersensitivity response also was normal.147 In addition, leu-
kocyte migration and surface phagocytosis were normal.147 
Nevertheless, when leukocytes of CGD patients were incubated 
with bacteria, such as staphylococci, serratia, or other organisms 
causing infection in these patients, decreased bacterial killing 
and prolonged bacterial survival in the phagocytic vacuoles were 
observed.171,172 Decreased killing of fungi and incomplete inacti-
vation of vaccinia and herpes virus also was reported,147,173 but 
streptococci were killed normally by CGD leukocytes.172,174

Although the mechanisms of bacterial killing by normal leu-
kocytes are still incompletely understood, it is clear that phago-
cytosis is followed by fusion of lysosomes with the phagocytic 
vacuole, discharge of lysosomal enzymes into the phagosome, and 
a burst of postphagocytic metabolic activity. These events are usu-
ally accompanied by bacterial death and digestion (see Chapters 
7 and 10). Early studies of CGD reported that a deficiency of NADPH 
oxidase or an abnormality in its activation is the underlying cause 
of this syndrome.175 The finding that iodination of bacteria in the 
phagosome appears to be one mode of bacterial killing, and that 
this process is defective in CGD leukocytes and can be partially 
repaired by the insertion of an oxidase into the phagosome, either 
carried on oxidase-coated polystyrene particles176,177 or as part of 
the ingested bacteria,149 provided strong evidence incriminating 
defective generation of H2O2, superoxide,178 or related ions179 as 
the pathogenic defect in this disorder.176,180 Although most stud-
ies have focused on neutrophils, it was recognized in the earliest 
reports that lipid-laden macrophages were present in the granulo-
matous lesions,181 and a defect in the mononuclear phagocytes182 

and in eosinophils183 also has since been demonstrated. The 
platelets appear normal.184

In the late 1960s and 1970s, an autosomal recessive form of 
CGD was described.148,149 It is clinically identical to the X-linked 
forms, with the exception that the parents of affected children 
usually have normal neutrophil function, and the clinical course 
may be milder.146

Molecular Pathology
In 1978, a unique cytochrome b, termed b558 (named for its 
absorption spectrum) or b245 (named for its midpoint potential), 
present only in phagocytic cells, was described and suggested to 
be a primary component of the oxidase that normally generates 
superoxide but, when defective, results in CGD.185 This cyto-
chrome was absent from X-linked CGD phagocytes (thus termed 
X−) but was present in phagocytes from patients with autosomal 
recessive inheritance patterns (A+).185

In 1985, a family with CGD and an autosomal recessive inheri-
tance pattern but with absence of cytochrome b was reported, 
thus identifying a third type of CGD (A−).186 In these studies, a 
somatic cell hybridization technique was used to demonstrate 
that fusing monocytes from any two of these three types of CGD 
(X−, A+, or A−) restored their ability to oxidize NBT, thus defining 
three distinct molecular defects.186 Also in 1985, several groups 
demonstrated that both membrane and cytosolic components are 
necessary for superoxide generation, and deficiencies in either 
can result in CGD.146

In 1987, cytochrome b was purified and shown to be a 
heterodimer composed of two polypeptides, a heavily glycosyl-
ated, 91,000-dalton heavy chain (approximately 50,000 of the 
molecular weight is peptide) and a 22,000-dalton light chain.187 
Antibodies to these two polypeptides showed them both to be 
absent from the phagocytes of two types of CGD (X− and A−). 
The defective gene in X-linked, cytochrome-negative CGD has 
since been cloned and shown to encode for the polypeptide por-
tion of the 91,000-dalton subunit of cytochrome b now known 
as gp91phox.187,188 Because postphagocytic activation of the 

leukocyte function, that result from mutations in one of four genes 
coding for subunits of the neutrophil NAPDH oxidase.146–153

Activation of the nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase requires protein kinases, lipid-mobilizing 
enzymes, and factors that activate the Rac GTPase, and thus the 
CGD phenotype could be due to a variety of other mutations as 
well. Recent reviews have been published.145,150,151,154–163

CGD neutrophils are characterized by a defective respiratory 
burst during phagocytosis and an inability to generate superoxide. 
The impaired superoxide production usually occurs transiently in 
each phagosome with phagocytosis and leads to recurrent bacte-
rial and fungal infections, most commonly at epithelial surfaces. 
CGD is characterized by recurrent infections with catalase-posi-
tive bacteria. CGD neutrophils can use H2O2 produced by ingested 
bacteria to generate hypochlorous acid (HOCl) via MPO and aid 
in killing the bacteria. Catalase-positive bacteria generate H2O2 
levels in the phagocytic vacuole that are too low for generation 
of sufficient HOCl to contribute to significant bacterial killing via 
this mechanism.155 This syndrome can be the result of different 
genetic defects in the superoxide generating system. Variable 
inheritance patterns have been observed with approximately two-
thirds of the pedigrees being X-linked and one-third autosomal 
recessive. Multiple molecular defects have been identified that 
result in the CGD phenotype.144,145,155,157,158,161,164,165 Potential 
treatments include prophylactic antibiotics, interferon-g, and 
bone marrow transplantation. Knowledge in this field is changing 
rapidly.151

CGD neutrophils, eosinophils, monocytes, and macrophages 
fail to generate superoxide, hydrogen peroxide, and other oxygen 
radicals after particle phagocytosis (or other stimulation), and thus 
have decreased microbicidal activity. CGD is associated with no 
leukocyte morphologic abnormalities and was first noted in male 
children with a history, beginning in early childhood, of recurrent 
suppurative infections caused by organisms of low-grade patho-
genicity, including fungi, or by staphylococci. The eczematoid, 
granulomatous, and sometimes purulent skin infections recur 
repeatedly and clear slowly. Associated adenopathy develops and 
may persist. Pulmonary and other infections (e.g., osteomyelitis) 
also are common, and progressive granulomatous disease of the 
lungs, liver, and other sites develops. Hepatosplenomegaly is 
common, and biopsy reveals necrotizing granulomas, often with 
associated purulent inflammation. The disorder often progresses 
to death in early childhood,166,167 but some patients survive lon-
ger.152,168 Although rare, CGD has assumed great importance as 
a prototype of defects in leukocyte bactericidal capacity.

History and Mode of Inheritance
CGD was first described from 1954 to 1957166,167 as affecting 
only males. By 1970, more than 90 cases were reported.148,168 
X-linked inheritance was established, and female heterozygotes 
were identifiable by the presence of defective leukocyte bacte-
ricidal capacity intermediate in degree between that of affected 
patients and that of normal individuals.169 Measurements of 
postphagocytic release of 14CO2 from glucose-1-14C or reduction 
of NBT dye were used to detect the defect. By means of the NBT 
dye test, female carriers were found to have a mixed population 
of neutrophils, approximately one-half being NBT negative and 
one-half being NBT positive. The defect is transmitted on an X 
chromosome, and the degree of deficit in female subjects varies 
according to random X chromosome inactivation. Consequently, 
one may expect to find an occasional female carrier with clinical 
disease as severe as that in male patients.169,170

Because of the clinical and pathologic picture of chronic recur-
rent infection caused by low-grade pathogens and the resultant 
granuloma formation, it was suggested that a defect in inflamma-
tory response results in lesions comparable to those that normal 
people develop after infection with tubercle bacilli or brucella.147 

72683_ch058_1290-1301.indd   1295 17/07/13   3:54 PM



1296 part vI benign Disorders of leukocytes, the spleen, and/or immunoglobins

number of serious infections in patients with CGD.194–196,197 
The exact mechanism by which interferon-g exerts its beneficial 
effect in CGD is unclear and may include other effects in addi-
tion to augmentation of the respiratory burst. Bone marrow 
transplantation and gene therapy are potential experimental 
approaches.115,193,198,199,200

Variants
Because the clinical picture of CGD results from delayed killing of 
catalase-positive bacteria, enzymatic defects in the bactericidal 
system other than decreased NADPH oxidase may produce an 
almost identical picture. Results of several studies demonstrate 
clearly that such biochemical variants exist. For example, in a 
brother and sister with the clinical picture of CGD, after phagocy-
tosis of latex particles by their neutrophils, all oxidative metabolic 
reactions were absent. If the latex particles were opsonized with 
Ig, however, postphagocytic oxidative changes were stimulated 
dramatically.186 Another patient was reported in whom no oxi-
dative changes (measured by chemiluminescence) occurred after 
phagocytosis of a variety of opsonized particles (latex, bacteria, 
or zymosan), but normal chemiluminescent responses occurred 
when the neutrophils were stimulated with soluble agents (con-
canavalin A and phorbol myristate acetate).201 These patients 
appear to have a defect in signal transduction and activation of 
the oxidase system rather than in the oxidase enzyme(s). Another 
patient with clinically mild, X-linked CGD exhibited normal 
membrane depolarization (and therefore presumably normal 
activation), but NADPH oxidase apparently had a low affinity 
for NADPH and thus produced low but measurable amounts of 
superoxide.202

Neutrophil dysfunction also occurs in a variety of immunode-
ficiency states. Deficiency in any of the steps of oxidase assembly 
and activation could result in decreased superoxide production. In 
the primary immunodeficiency state interleukin-1 receptor–asso-
ciated kinase 4 deficiency, there was decreased phosphorylation 
of p47phox, and decreased translocation to the membrane of 
p47phox, p67phos, and other oxidase components with associ-
ated decreased oxidase activity.203 In NF-kappaB essential modu-
lator (NEMO) deficiency, NEMO-deficient cells had similar but less 
prominent changes, although p47phox translocation was nor-
mal.203 With Bruton tyrosine kinase (Btk) deficiency (also known 
as X-linked agammaglobulinemia), the picture is less clear. In 
patients with X-linked agammaglobulinemia there is both a defi-
ciency of the kinase Btk and neutropenia.204 Studies suggest that 
in humans Btk-deficient neutrophils produce excessive NADPH 
oxidase activity after various stimuli, and that this was associated 
with increased apoptosis.204 It appears that the NADPH oxidase 
complex is partially assembled in resting Btk-deficient human 
neutrophils, making them ready for activation; that is, human 
Btk-deficient neutrophils are in a primed state. This is in contrast 
to studies of BTK-deficient mouse neutrophils where impaired 
NADPH oxidase activity was found. The model is that in humans 
BTK functions as a cytosolic component that inhibits translocation 
of NADPH oxidase components to the membrane and subsequent 
interactions with other NADPH components.

lipochrome Histiocytosis
A clinical variant lipochrome histiocytosis was described in three 
sisters with rheumatoid arthritis, hyperglobulinemia, spleno-
megaly, pulmonary infiltrates, and increased susceptibility to 
infection.205,206 No granulomas were found in tissue biopsies, 
but lipochrome pigmentation in large macrophages was present 
throughout the tissues. Studies of blood leukocyte function in two 
of the sisters revealed impaired postphagocytic respiration, NBT 
reduction, and hexose monophosphate shunt activity identical to 
that seen in patients with CGD.

respiratory burst with generation of superoxide and peroxide, as 
well as bacterial killing, involves complex reactions and multiple 
enzymes (e.g., phospholipases, protein kinases, NADPH oxidase, 
glucose-6-phosphate dehydrogenase [G6PD], glutathione peroxi-
dase),146 one might expect that defects other than those described 
in NADPH oxidase would result in a disorder phenotypically like 
that described in the section Variants.

Clinical and Laboratory Features
The clinical picture of CGD includes the development of recurrent 
infections, especially of the skin and lungs, with septic lymphad-
enitis, development of hepatosplenomegaly and granulomas, and 
ultimately death from infection.147,152,166

The blood neutrophil count is not reduced, and it increases 
appropriately with infection or after endotoxin injection; mono-
cytosis is sometimes observed.147 Because chronic infection is 
common, the Ig levels often are elevated, and plasma cells may be 
present in increased numbers in the bone marrow. Ig deficiencies 
have not been encountered, and antibody titers (both IgM and IgG) 
increase normally after antigenic stimulation. Reticuloendothelial 
clearance of colloidal gold also is normal. Peroxidase staining of 
blood cells demonstrates more intense dye uptake in CGD neutro-
phils than in normal cells.183 The classical method for detecting 
the defect is the postphagocytic, intraphagosomal reduction of 
almost colorless NBT dye to blue-black formazan.183,189 When 
tests are properly standardized with respect to time of incuba-
tion of leukocytes with the dye-tagged zymosan particles, affected 
patients and most carriers are readily recognized. When the 
reaction to this test is negative in suspected carriers, the reac-
tion to the quantitative dye reduction test usually is positive.183 
Nowadays, the preferred diagnostic test is flow cytometry-based 
detection of the conversion of the nonfluorescent dye dihydrorho-
damine to its oxidized form that emits green fluorescence.190 The 
sensitivity and quantitative nature of this method make it more 
reliable and also allow for detection of residual oxidase activity 
that can be important in prognosis.191

An alteration in the B-cell compartment in patients with CGD 
has been reported.192 It appears that CGD is associated with a 
reduction in the peripheral blood memory B-cell compartment, 
suggesting a role for NADPH in memory B-cell formation.192

Course and Prognosis
There is considerable heterogeneity in the severity of the clini-
cal course of patients with CGD. Without treatment, this disease 
usually runs a progressive downhill course because of repeated 
infections and granuloma formation. The average life expectancy 
was reported to be 5 to 7 years in 1968.147 One-half of patients 
are projected to survive into the fourth decade in 2008.150 Recent 
studies suggest that the clinical course may be predictable by the 
specific mutation and those individuals with higher residual abil-
ity to produce reactive oxygen intermediates might fare better.191

Treatment
Treatment of infections with appropriate antibiotics and surgical 
procedures remains the cornerstone of management.149,156,193,194 
Prophylactic use of antibiotics, including trimethoprim– 
sulfamethoxazole and itraconazole with interferon-g, is 
generally recommended.150,151,155,156,158,194,195 Trimethoprim–
sulfamethoxazole alone or in combination with dicloxacillin can 
prolong the infection-free interval in many CGD patients.193

In some patients with CGD, the administration of interferon-
g has induced partial correction of cytochrome b content and 
restored phagocyte bactericidal capacity toward normal, and 
reports have suggested that interferon-g increases the abil-
ity of CGD neutrophils to kill Aspergillus and decreases the 
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with CGD. Subsequently, hyperimmunoglobulinemia E and defec-
tive chemotaxis were demonstrated.218,219 It is now clear that 
this disorder is not limited to red-haired women, in that it is seen 
in both sexes and in patients of varied racial backgrounds and 
hair colors.220 The common features are increased susceptibility 
to infection (usually evident in the first 6 weeks of life), chronic 
dermatitis, and hyperimmunoglobulinemia E.

Job syndrome is now recognized as a multisystem disease, 
characterized by not only recurrent infections, elevated IgE, and 
dermatitis, but also retained primary dentition, unusual facial 
phenotype, bone fragility, and hyperextensible joints.221,222 While 
typically sporadic, autosomal dominant transmission in kindreds 
has been reported.220 Most cases of Job syndrome have been 
associated with mutations of STAT3, though others with the 
syndrome do not have this finding and mutations in other genes 
have been reported.223,224,225 Less frequent autosomal recessive 
transmission is now also recognized, with the gene defect being 
localized to DOCK8.226

Job syndrome is rare but with the advent of genetic diagnosis, 
more patients are being identified and the complete clinical rep-
ertoire of the disease is now being realized.227 Fungal, viral, and 
bacterial infections are common. Survivors with DOCK8 mutations 
have developed T-cell lymphomas and squamous cell carcinoma 
of the skin in early adulthood.228 Blood eosinophilia and elevated 
IgE levels are the most common laboratory findings. Prophylactic 
treatment with dicloxacillin or trimethoprim– sulfamethoxazole 
may be helpful in managing afflicted patients. The role of inter-
feron-g is unclear.229

Myeloperoxidase Deficiency
An inherited deficiency of MPO was described in 1969.230 The 
49-year-old male propositus, one of his two sisters, and all four 
sons exhibited decreased MPO activity; no increased frequency of 
infections accompanied this defect. In two other families, appar-
ently similarly affected, infection was also not a problem.230

Until the late 1970s, this disorder was described in only 
rare cases (some familial, others apparently sporadic and 
acquired).231,232,233 This frequency seemed consistent with the 
apparently pivotal role of MPO in the oxygen-dependent killing of 
microorganisms.230,232 With the development of flow cytometry 
and automated differential cell-counting techniques, however, 
MPO deficiency was often detected (approximately 1 in 2,000 
subjects) during routine hematologic evaluation of patients admit-
ted to the hospital.231,233,234 From these studies, MPO deficiency 
clearly is the most common disorder of neutrophil function.233 
This disorder is now known to be autosomal recessive with 
 mutations localized in the MPO gene on chromosome 17q23.235

Most studies of MPO-deficient neutrophils reveal that bacteria 
and fungi are phagocytized normally, and ingestion is followed 
by a vigorous respiratory burst. Bactericidal killing, however, 
is somewhat delayed, reaching normal levels only after 1 to  
3 hours.232 The findings of these studies and the rarity of clini-
cal infections in MPO-deficient individuals support the concept 
of MPO-independent microbicidal mechanisms.230,232 In con-
trast, although ingested normally, several Candida species and 
Aspergillus are killed poorly, if at all; and several MPO-deficient 
patients, including one of the first reported cases, suffered from 
disseminated fungal infection.230,232 MPO-deficient mice also have 
impaired defense against Candida,237,238 and have also been 
noted to have increased atherogenesis.236,237

The respiratory burst in MPO-deficient cells is actually pro-
longed and supernormal, and evidence exists that MPO normally 
acts to modulate and terminate the inflammatory response; for 
example, MPO oxidizes the methionine group in FMLP, thus modu-
lating  chemotaxis, and it also modulates NADPH oxidase activity.232

Results of studies of the structure of MPO have shown it to 
be a tetramer (150,000 D) composed of two heavy and two light 

Glucose-6-Phosphate Dehydrogenase Deficiency
NADPH is the major substrate for the respiratory burst oxidase.  
A bactericidal defect similar to CGD has been described in a 
patient with a complete deficiency of G6PD, an enzyme important 
in the generation of NADPH.207,208 Apparently, almost complete 
absence of G6PD activity is necessary to interfere with bacterial 
killing, because no difference from normal could be detected in 
cells with 25% activity or greater.209

Glutathione Peroxidase Deficiency
Two unrelated 9- and 13-year-old girls presented a clinical picture 
similar to that of CGD and with decreased bactericidal capacity.210 
The findings in these girls differed from those in males with CGD 
only in that no heterozygotes were detected in their families and 
their clinical course was somewhat milder. These patients were 
reported before the nature of the NADPH oxidase was known, and 
it was suggested that the CGD phenotype was due to glutathione 
peroxidase deficiency, resulting in inhibition of the oxidase by 
accumulated peroxides. A subsequent study, however, suggested 
that glutathione peroxidase activity was normal in these patients 
and that both had mutations in the NADPH oxidase.211 Thus, 
there is no firm evidence that glutathione peroxidase deficiency is 
a cause of the CGD phenotype.

Glutathione Synthetase or reductase Deficiency
Reduced glutathione plays an important role in protecting neutro-
phils (including the NADPH oxidase system) from reactive metab-
olites, including H2O2. Because glutathione levels are generated by 
both direct synthesis via glutathione synthetase and the reduction 
of oxidized glutathione by glutathione reductase, deficiencies of 
these enzymes might be expected to result in defective neutrophil 
function. The neutrophils of a normally growing infant with a 
relatively benign history of recurrent otitis and repeated episodes 
of neutropenia were found to have 5% of normal glutathione syn-
thetase activity and 10% to 20% of normal glutathione content. 
The cells ingested particles and metabolized  1-14C glucose nor-
mally, but after phagocytosis, excess peroxide accumulated and 
impaired iodination and killing of bacteria were demonstrable. 
Electron microscopic examination showed damage to the micro-
tubules and membranes of the neutrophils.212,213 Neutrophil 
dysfunction resulting from a deficiency of glutathione reductase 
has also been reported.214 Patients with glutathione reductase 
deficiency or glutathione synthetase deficiency generally pursue a 
fairly benign clinical course. Vitamin E may be useful in patients 
with severe glutathione synthetase deficiency.212

Catalase Deficiency
The neutrophil is protected from products of the NADPH oxidase 
not only by glutathione but also by superoxide dismutase, which 
generates H2O2 from superoxide, and by catalase, which converts 
H2O2 to H2O and O2. A deficiency in neutrophil catalase has been 
reported in which the surface of the neutrophil was more suscep-
tible to damage by H2O2 than normal.215 These patients do not 
appear to have severe complications with infections.215

Job Syndrome
Job syndrome (also known as hyperimmunoglobulinemia E syn-
drome) was reported as occurring in two unrelated girls with 
red hair and fair skin who suffered from repeated staphylococcal 
cold abscesses, sinusitis, eczema, and pulmonary disease, a syn-
drome not unlike the affliction of Job.216 The leukocytes of these 
patients were capable of normal phagocytosis, bacterial killing, 
NBT reduction, and iodine fixation,216,217 unlike those of patients 
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high-molecular-weight glycoprotein.247 Subsequent work revealed 
the absence of CD11/CD18. As described in Chapter 7, the CD11/
CD18 family consists of three heterodimeric proteins each com-
posed of a noncovalently associated a (aL, aM, or aX) and b (b2) 
chain (Table 58.2). Translocation of a- and b-chains to the cell 
surface requires assembly of the ab heterodimer. Mutations in the 
b2-chain (ITGB2) prevent normal assembly of the ab heterodimer 
and subsequent translocation to the surface. CD11/CD18-deficient 
neutrophils roll normally on endothelial cells but do not adhere 
or migrate with chemotactic stimulation248 (Table 58.2). Studies 
involving eight patients revealed two distinct phenotypes: patients 
with severe deficiency (<0.3%) and patients with moderate defi-
ciency (2.5% to 31.0%) of CD11a/CD18 glycoproteins on the neu-
trophil surface. The severity of clinical manifestations correlated 
directly with the degree of glycoprotein deficiency.249 Results of 
other studies further expand the heterogeneity of defects caus-
ing this disorder in which mutations in CD18 have been identi-
fied.245,250–263 The disease has also been reported in cattle.264–266 
Hematopoietic cell transplantation is curative for this disease and 
recommended.267

Leukocyte Adhesion Deficiency-2
A second form of LAD has also been described in which the 
patients have severe mental retardation, short stature, a distinc-
tive facial appearance, the Bombay (hh) blood phenotype, and 
recurrent bacterial infections, including pneumonia, otitis media, 
periodontitis, and localized cellulitis without the accumulation of 
pus, in association with an elevated white count.248,268,269–272,273 
Phagocytosis was normal, but motility and homotypic aggrega-
tion were defective. Surface CD18 expression was normal. As 
described in Chapter 7, cell surface selectins, including CD62E 
(E-selectin), CD62P (P-selectin), and CD62L (L-selectin), and their 
ligands (carbohydrates whose structures appear to be related to 
sialyl-Lex [CD15s]), play an important role in neutrophil adhesion. 
The critical structure of CD15s is (NeuAc a2 → 3 Gal b1 → 4, [Fuc 
a1 → 3] GlcNAc) and the Bombay phenotype is a deficiency of 
Fuc a1 → 2 Gal linkages, which serve as the core of the A, B, and 
O blood groups.274 LAD-2 neutrophils were found to lack CD15s 
expression and did not bind interleukin-1b–stimulated endothe-
lial cells (which express E-selectin). Because these patients had 
deficiencies of several fucosylated carbohydrates, the syntheses 
of which depend on different fucosyltransferase genes, a general 
defect in fucose metabolism was postulated.268 This syndrome has 
since been termed congenital disorder of glycosylation, type IIc, 
and is a member of a group of disorders characterized by defects 
in processing protein-bound glycans. In some of these patients 
mutations in SLC35C1, a GDP-fucose transporter, have been 
described.272,273 LAD-2 neutrophils do not roll well on endothelial 
cells and do not adhere under shear stress.248 However, under 

chains (a2b2) of 55,000 to 60,000 and 10,000 to 15,000 daltons, 
respectively.238,239 MPO is encoded by a single gene generating 
an 80-kD product that is modified and glycosylated generating a 
90-kD enzymatically inactive apopro-MPO that is further modi-
fied to the active 90-kD pro-MPO, which is further modified and 
dimerizes before entering the primary granule.240,241 In one 
study, completely MPO-deficient neutrophils lacked all of these 
subunits but contained the precursor protein, whereas partially 
MPO-deficient neutrophils contained decreased amounts of the 
precursor protein and the subunits derived from it. In some 
cases, specific mutations in the MPO gene in MPO deficiency have 
been described. In spite of these abnormalities, a majority of the 
patients are asymptomatic and a small percentage suffer from 
Candida infections.239–241

MPO deficiency also occurs as an acquired defect in a variety 
of situations (e.g., pregnancy, lead intoxication, Hodgkin lym-
phoma, and activated coagulation),232 but it is encountered most 
commonly in association with acute myeloblastic leukemia (up to 
48% of patients), myeloproliferative states (20% to 60% in chronic 
myelogenous leukemia, 32% in myelofibrosis), and myelodysplas-
tic syndromes (25%).232 In many of these conditions, only some 
of the circulating myeloid cells are deficient, presumably those 
produced by the abnormal clone.232

Other enzymatic Defects
Two siblings with negative peroxidase, oxidase, and lipid reactions 
in the neutrophils and monocytes also have been reported.242

Cystic Fibrosis
As described above, an important mechanism of bacterial kill-
ing by neutrophils involves the production of HOCl from H2O2 
and chloride. Cystic fibrosis (CF) is caused by mutations in the 
gene encoding the CF transmembrane conductance regulator 
(CFTR), a cyclic adenosine monophosphate–regulated chloride 
channel. CFTR is present in neutrophil secretory vesicles and 
phagolysosomes.243 Although CF neutrophils produce extracel-
lular HOCl normally, they have impaired chlorination and killing 
of phagocytosed bacteria due to defective HOCl production in 
phagolysosomes.243

leukocyte Adhesion Defects
As described in Chapter 7, cell–cell adhesion plays an important 
role in neutrophil function. Three types of leukocyte adhesion 
deficiency (LAD) have been described.151,244

Leukocyte Adhesion Deficiency-1 (CD11/CD18 
Deficiency)
CD11/CD18 deficiency is a rare, inherited disorder of leukocyte 
function first reported in 1974. It usually is detected in infancy 
or early childhood as a result of frequent bacterial (and some-
times viral) infections or delayed umbilical cord separation, and 
high neutrophil counts.245 The infections are recurrent, often life 
threatening or fatal, and usually involve the skin and subcutane-
ous tissues, middle ear, and oropharynx. Neutrophils are present 
in the blood in increased numbers (even between infections) and 
appear normal, but fail to migrate into Rebuck skin windows or 
sites of infection in normal numbers. When studied in vitro, they 
exhibit defects in motility, phagocytosis, granule secretion, and 
particle-stimulated respiratory burst activity. Humoral (immuno-
globulins and complement) and cellular immunity (skin tests and 
lymphocyte stimulation tests) otherwise appeared normal, and no 
specific enzyme deficiencies were detectable.246

The pathogenesis of this disorder was first suggested 
in 1980 when a patient’s neutrophils were found to lack a 

Neutrophil 
Integrin Expression Ligand

aLb2 LFA-1, CD11a/
CD18

All leukocytes ICAM-1 (CD54)
ICAM-2 (CD102)
ICAM-3 (CD50)

aMb2 HMac-1, 
CD11b/CD18

Monocytes, neutro-
phils, some natural 
killer cells

ICAM-1, iC3b, fibrinogen, 
factor X

aXb2 p150,95, 
CD11c/CD18

Monocytes,  
neutrophils

iC3b, fibrinogen

leukocyte b2 integrins

tAble 58.2

72683_ch058_1290-1301.indd   1298 17/07/13   3:54 PM



b
en

ig
n 

D
is

or
de

rs
 o

f 
Le

uk
oc

yt
es

, 
th

e 
s
pl

ee
n,

  
an

d/
or

 im
m

un
og

lo
bi

ns
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surface, in contrast to control cells, which do not.302 CR2 is pres-
ent on normal immature neutrophils but is lost during maturation 
before release from the marrow. The mechanism of this abnor-
mality has not been defined.

Desensitization
After previous exposure to a stimulus, neutrophils react less to 
subsequent stimulation by the same stimulus.303–305 This phe-
nomenon has been termed desensitization. In some cases, the 
desensitization appears specific to the original stimulus, but in 
other cases desensitization to different stimuli is also observed 
(cross-desensitization).303–305

Such desensitization has been observed in patients undergoing 
hemodialysis, in which exposure of blood to a cuprophane dia-
lyzer membrane results in the generation of C5a, which causes a 
transient neutropenia due to pulmonary leukostasis, as described 
in Chapter 7.306,307 Although C5a generation persists throughout 
dialysis, the neutropenia is transient.308 In contrast to neutrophils 
obtained at the start of dialysis, neutrophils obtained after 2 hours 
of dialysis (after the leukostasis has resolved) do not aggregate in 
response to plasma leaving the dialyzer membrane, demonstrat-
ing desensitization in vivo.308 A patient with cytomegalovirus 
infection and serum-induced granulocyte aggregation (presum-
ably due to C5a) did not experience neutropenia during dialysis; 
and his neutrophils did not aggregate in response to serum leav-
ing the dialyzer, in contrast to control cells, also demonstrating 
in vivo desensitization.308 Similar desensitization was demon-
strated in rabbits using the chemotactic peptide FMLP, wherein 
continuous intravenous infusion of FMLP reproduced a transient 
neutropenia due to pulmonary sequestration.309 It is likely that 
neutrophil desensitization may also occur in other pathologic 
states, including infection, trauma, and multiorgan failure syn-
drome, and may contribute to neutrophil dysfunction, although 
the clinical significance of this phenomenon is unclear.

The phenomenon of desensitization has also been implicated 
as part of the mechanism by which glucocorticoids inhibit neu-
trophil function. It appears that the glucocorticoid-regulated pro-
tein annexin 1 (lipocortin 1) can bind a formyl-peptide receptor, 
induce calcium transients, and desensitize neutrophils to subse-
quent stimulation by other agents.310 Two formyl-peptide recep-
tors are expressed in neutrophils, the classic FPR and the related 
receptor FPRL-1/AXL. Annexin 1 appears to bind to FRPL-1/
AXL, while some peptides derived from annexin 1 may bind both 
receptors.311

Viral Infection
Neutrophil dysfunction has been reported to occur in response 
to influenza A exposure. Both influenza A virus and its purified 
hemagglutinin activate neutrophils, and neutrophil responses 
to other stimuli are depressed after preexposure to influenza A 
and parainfluenza.312,313,314,315–319 Neutrophils from patients 
with human immunodeficiency virus (HIV) infection also may 
exhibit abnormal function. In one study, neutrophils from patients 
with early HIV infection had enhanced superoxide production 
in response to bacterial products.320 Another study found evi-
dence for neutrophil activation in patients with HIV infection as 
manifested by increased CD11b expression, decreased CD62L 
expression, increased H2O2 production, and increased actin 
polymerization.321 Interestingly, H2O2 production, in response to 
FMLP after tumor necrosis factor and interleukin-8 priming, was 
decreased, and CD62L downregulation in response to FMLP was 
less complete; these abnormalities correlated with the clinical 
stage of disease. Whether these abnormalities are a direct effect 
of the HIV virus, a manifestation of desensitization as described 
in the previous section, or the result of another mechanism is 
unclear. These observations suggest that neutrophil dysfunction 

static conditions, LAD-2 neutrophils can adhere and migrate.248 
Few patients have been described, and these cases may represent 
different biochemical defects.275–280 Oral fucose supplementation 
may be useful in some patients.276,279 Bone marrow transplanta-
tion might be considered in some cases.

Leukocyte Adhesion Deficiency-3
A third form of LAD was described in four patients, which 
appeared to be due to a defect in integrin activation following 
stimulation of G-protein–coupled chemokine receptors.281 LAD-3 
follows an autosomal recessive pattern, and is associated with 
recurrent infections and leukocytosis, with a bleeding tendency 
like Glanzmann thrombasthenia. LAD-3 has been associated with 
mutations of FERMT3, formerly known as KIND3, which codes for 
a protein that associates with b-integrins.282,283 These mutations 
interfere with b-integrin activation.

rac2 GtPase Mutation
A defect of neutrophil adhesion, oxidase activation, degranula-
tion, and chemotaxis in response to chemoattractants has been 
reported in one patient who had a double negative mutation in 
Rac2 GTPase.284,285 This patient had leukocytosis with a defi-
ciency of pus at sites of infection, exhibiting a similar phenotype 
as that of Rac2 knockout mice.286,287

FcgrIII Deficiency
Several patients who lack the IgG receptor FcgRIIIB (CD16) have 
been reported.288–292 Two homologues of FcgRIII (FcgRIIIA and 
FcgRIIIB) have been identified. FcgRIIIB is glycosyl-phosphatidyl 
inositol–linked and expressed on neutrophils. Because FcgRIII 
bears the NA1 and NA2 polymorphic neutrophil-specific antigens, 
these cells are NA1 and NA2 negative. The clinical expression of 
this deficiency ranges from a normal state to one characterized by 
multiple infections.288–292

Actin Dysfunction
A genetic disorder of neutrophil actin function, characterized by 
recurrent bacterial infections and defects in chemotaxis, adhe-
sion, and phagocytosis, due to neutrophil actin dysfunction (NAD) 
also has been described.293–296 These cells appeared to have actin 
that does not polymerize well and had lower levels of F-actin in 
both the resting state and after stimulation. Subsequent studies 
after the death of the index case found that one, but not both, par-
ent was heterozygous for LAD-1. Most patients with LAD-1 do not 
have abnormal actin polymerization. Patients with this syndrome 
and overexpression of 47- and 89-kD proteins (NAD 47/89) were 
also described.294 A more recent patient was described with over-
expression of leufactin—an F-actin–binding protein that regulates 
microfilaments—and NAD with serious infections.297,298 Leufactin 
was shown to be the 47-kD protein overexpressed in NAD 47/89. 
Overexpression of leufactin, also known as lymphocyte-specific 
protein 1, can create the morphologic and motility abnormalities 
seen in leufactin-overexpressing neutrophils.299

localized Juvenile Periodontitis
Localized juvenile periodontitis is an adolescent disease charac-
terized by alveolar bone loss, most prominently of the incisors 
and first molars.300,301 Interestingly, these patients do not have 
demonstrable problems with extra-oral infections. Abnormal 
neutrophil chemotaxis to FMLP and C5a in these patients has 
been reported,300,301 and a similar chemotactic defect was also 
observed in siblings of patients before developing clinical disease. 
Neutrophils from patients with localized juvenile periodontitis 
have been reported to express CR2 (the C3d receptor) on the cell 

72683_ch058_1290-1301.indd   1299 17/07/13   3:54 PM



1300 part vI benign Disorders of leukocytes, the spleen, and/or immunoglobins

SeleCteD reFereNCeS
The full reference list for this chapter can be found in the online version.

 1. Klein A, Hussar AE, Bornstein S. Pelger-Huet anomaly of the leukocytes.  
N Engl J Med 1955;253(24):1057–1062.

 12. Hoffmann K, Dreger CK, Olins AL, et al. Mutations in the gene encoding the 
lamin B receptor produce an altered nuclear morphology in granulocytes 
(Pelger-Huet anomaly). Nat Genet 2002;31(4):410–414.

 21. Kaplan JM, Barrett O. Reversible pseudo-Pelger anomaly related to sulfisoxa-
zole therapy. N Engl J Med 1967;277(4378299):421–422.

 29. Groover RV, Burke EC, Gordon H, et al. The genetic mucopolysaccharidoses. 
Semin Hematol 1972;9(4263636):371–402.

 44. Cawley JC, Hayhoe FG. The inclusions of the May-Hegglin anomaly and 
Dohle bodies of infection: an ultrastructural comparison. Br J Haematol 
1972;22(4112846):491–496.

 49. Kunishima S, Kojima T, Matsushita T, et al. Mutations in the NMMHC-A gene cause 
autosomal dominant macrothrombocytopenia with leukocyte inclusions (May-
Hegglin anomaly/Sebastian syndrome). Blood 2001;97(11159552):1147–1149.

 50. Seri M, Cusano R, Gangarossa S, et al. Mutations in MYH9 result in the May-
Hegglin anomaly, and Fechtner and Sebastian syndromes. The May-Heggllin/
Fechtner syndrome consortium. Nat Genet 2000;26(1):103–105.

 59. Chediak MM. New leukocyte anomaly of constitutional and familial character. 
Rev Hematol 1952;7(3):362–367.

 60. Higashi O. Peroxidase response of erythron in anemia. Tohoku J Exp Med 
1953;58(13136174):327–343.

 82. Huynh C, Roth D, Ward DM, et al. Defective lysosomal exocytosis and plasma 
membrane repair in Chediak-Higashi/beige cells. Proc Natl Acad Sci U S A 
2004;101(48):16795–16800.

 85. Baetz K, Isaaz S, Griffiths GM. Loss of cytotoxic T lymphocyte function in 
Chediak-Higashi syndrome arises from a secretory defect that prevents lytic 
granule exocytosis. J Immunol 1995;154(7751653):6122–6131.

 89. Root RK, Rosenthal AS, Balestra DJ. Abnormal bactericidal, metabolic, and 
lysosomal functions of Chediak-Higashi syndrome leukocytes. J Clin Invest 
1972;51(4400956):649–665.

 102. Barbosa MD, Nguyen QA, Tchernev VT, et al. Identification of the homologous 
beige and Chediak-Higashi syndrome genes. Nature 1996;382(8717042): 
262–265.

 103. Perou CM, Moore KJ, Nagle DL, et al. Identification of the murine 
beige gene by YAC complementation and positional cloning. Nat Genet 
1996;13(8673129):303–308.

 104. Nagle DL, Karim MA, Woolf EA, et al. Identification and mutation analysis of the 
complete gene for Chediak-Higashi syndrome. Nat Genet 1996;14(3):307–311.

 115. Eapen M, DeLaat CA, Baker KS, et al. Hematopoietic cell transplantation for 
Chediak-Higashi syndrome. Bone Marrow Transplant 2007;39(17293882): 
411–415.

 166. Berendes H, Bridges RA, Good RA. A fatal granulomatosus of childhood: the 
clinical study of a new syndrome. Minn Med 1957;40(13430573):309–312.

 178. Curnutte JT, Whitten DM, Babior BM. Defective superoxide production by 
granulocytes from patients with chronic granulomatous disease. N Engl J 
Med 1974;290(4359964):593–597.

 180. Baehner RL, Karnovsky ML. Deficiency of reduced nicotinamide-ade-
nine dinucleotide oxidase in chronic granulomatous disease. Science 
1968;162(4387010):1277–1279.

 185. Segal AW. Absence of both cytochrome b-245 subunits from neutrophils in 
X-linked chronic granulomatous disease. Nature 1987;326(3821877):88–91.

 190. Vowells SJ, Sekhsaria S, Malech HL, et al. Flow cytometric analysis of the 
granulocyte respiratory burst: a comparison study of fluorescent probes.  
J Immunol Methods 1995;178(1):89–97.

 191. Kuhns DB, Alvord WG, Heller T, et al. Residual NADPH oxidase and survival 
in chronic granulomatous disease. N Engl J Med 2010;363(27):2600–2610.

 197. Woodman RC, Erickson RW, Rae J, et al. Prolonged recombinant inter-
feron-gamma therapy in chronic granulomatous disease: evidence against 
enhanced neutrophil oxidase activity. Blood 1992;79(1312372):1558–1562.

 198. Gungor T, Halter J, Klink A, et al. Successful low toxicity hematopoietic 
stem cell transplantation for high-risk adult chronic granulomatous disease 
patients. Transplantation 2005;79(15940051):1596–1606.

 200. Soncini E, Slatter MA, Jones LB, et al. Unrelated donor and HLA-identical 
sibling haematopoietic stem cell transplantation cure chronic granulo-
matous disease with good long-term outcome and growth. Br J Haematol 
2009;145(1):73–83.

 202. Lew PD, Southwick FS, Stossel TP, et al. A variant of chronic granulomatous 
disease: deficient oxidative metabolism due to a low-affinity NADPH oxidase. 
N Engl J Med 1981;305(6270561):1329–1333.

 216. Davis SD, Schaller J, Wedgwood RJ. Job’s syndrome. Recurrent, “cold,” 
staphylococcal abscesses. Lancet 1966;1(4161105):1013–1015.

 223. Minegishi Y, Saito M, Tsuchiya S, et al. Dominant-negative mutations in 
the DNA-binding domain of STAT3 cause hyper-IgE syndrome. Nature 
2007;448(7157):1058–1062.

 224. Holland SM, DeLeo FR, Elloumi HZ, et al. STAT3 mutations in the hyper-IgE 
syndrome. N Engl J Med 2007;357(16):1608–1619.

 226. Zhang Q, Davis JC, Lamborn IT, et al. Combined immunodeficiency associated 
with DOCK8 mutations. N Engl J Med 2009;361(21):2046–2055.

 233. Parry MF, Root RK, Metcalf JA, et al. Myeloperoxidase deficiency: prevalence 
and clinical significance. Ann Intern Med 1981;95(3):293–301.

 247. Crowley CA, Curnutte JT, Rosin RE, et al. An inherited abnormality of neu-
trophil adhesion. Its genetic transmission and its association with a missing 
protein. N Engl J Med 1980;302(7366657):1163–1168.

 267. Qasim W, Cavazzana-Calvo M, Davies EG, et al. Allogeneic hematopoietic 
stem-cell transplantation for leukocyte adhesion deficiency. Pediatrics 
2009;123(3):836–840.

may occur in response to other viral infections as well, although 
the clinical significance of such a phenomenon is unclear.

Hyperalimentation Hypophosphatemia
In the past, the use of hyperalimentation without adequate 
phosphate occasionally resulted in hypophosphatemia that was 
associated with neutrophil dysfunction, including impaired che-
motaxis.322 The exact mechanism of this defect is unclear, and this 
syndrome is now rarely encountered, although evidence suggests 
that the impairment of phagocytosis seen in phosphate depletion 
may result from an increase in intracellular calcium.323

Hyperglycemia
Abnormalities have been observed in several neutrophil functions 
in patients with poorly controlled diabetes, including phagocytosis, 
chemotaxis, adhesion, and the oxidative burst.324,325,326,327,328,329,330  
Improvement in glucose control is associated with an improvement 
in neutrophil function.330 Improvement in neutrophil function can 
occur after incubation with insulin for as little as 15 minutes.330 
In patients with non–insulin-dependent diabetes, neutrophil dys-
function is associated with an increased intracellular calcium that 
returns to normal in association with normalization of phagocytic 
function when glucose control is improved.324

Miscellaneous
Other apparently unique neutrophil disorders have been reported. 
One patient with leukocytosis, severe bacterial infections, and 
impaired wound healing had neutrophils that appeared to have 
a defect in signal transduction.331 These cells had a severe defect 
in chemotaxis, activation of the respiratory burst, and azuro-
phil granule release in response to a variety of chemotaxis. In 
contrast, FMLP induced a normal increase in intracellular free 
calcium and specific granule release. Actin polymerization was 
defective in response to FMLP but normal in response to some 
other stimuli. Phagocytosis of opsonized bacteria was normal. 
Presumably, these cells have a defect in the intracellular signal 
transduction pathway.

Neutrophil Dysregulation in the Systemic 
Inflammatory response Syndrome
Although this chapter has primarily addressed disorders resulting 
in decreased neutrophil function, neutrophil activity may also be 
increased. For example, one study reported increased neutrophil 
functional activity in patients with severe acute pancreatitis.332 
The clinical significance of this phenomenon is unclear.

freQuency of iDentifiabLe 
QuaLitative neutroPhiL 
DisorDers
Most patients suspected of having a defect in neutrophil function do 
not have a well-defined abnormality. In one study of 100 patients 
referred for evaluation of a suspected neutrophil abnormality, only 
four were identified as a described syndrome.333 Some degree of 
impaired chemotaxis or superoxide production was found in 53 of 
100 patients, but no abnormality was found in 41 of 100.

Web sites
www.jmfworld.com/
www.niaid.nih.gov/topics/immuneDeficiency/Pages/default.aspx
http://primaryimmune.org/
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LysosomaL abnormaLities  
of the monocyte–macrophage system:  
gaucher and niemann-pick diseases
margaret m. mcgovern, robert J. desnick

C h a p t e r  5 9

Abnormalities of the monocyte–macrophage system include cer-
tain of the inherited lysosomal storage diseases that result from 
specific defects in lysosomal function. Most of these disorders are 
caused by the deficiency of a particular hydrolytic enzyme, but 
others are due to impaired receptors, transporters, or deficien-
cies of crucial cofactors or protective proteins. Prevalent among 
these disorders are the sphingolipidoses, which are a unique 
family of diverse diseases related by their molecular  pathology. 
Here, the clinical, biochemical, and genetic features of two of 
these disorders are presented: Niemann-Pick types A and B  
disease, caused by defects in the acid sphingomyelinase (SMPD1) 
gene, and Gaucher disease, caused by defects in the acid 
 a-glucosidase (GBA) gene. In each of these autosomal recessive 
disorders, mutations in the gene that encodes the lysosomal enzyme 
result in a defective gene product (i.e., a noncatalytic enzyme) that is 
unable to perform its normal function as a hydrolase. The deficiency 
of these lysosomal hydrolases results in abnormal metabolism of 
the enzyme’s specific sphingolipid substrate, and the substrate 
accumulates in the cells of the monocyte–macrophage system, caus-
ing the clinical manifestations. For example, in Gaucher disease and 
Niemann-Pick types A and B diseases, anemia, thrombocytopenia, 
leukopenia, and/or hepatosplenomegaly can be the presenting 
symptoms. Thus, these disorders are frequently diagnosed by the 
hematologist and must be included in the differential diagnosis for 
patients with monocyte–macrophage involvement.

pathophysioLogy of  
the LysosomaL storage diseases
The underlying defect in the inherited lipidoses is the accumu-
lation of metabolites, including glycolipids and sphingomyelin. 
The glycosphingolipids, which are present in the membranes of 

many cell types, are formed by the addition of various carbohy-
drates to a ceramide backbone (Fig. 59.1). The fatty acid portion 
of ceramide consists primarily of stearic acid (C18) in the brain, 
whereas in non-neural tissues it is somewhat longer (C20 to C24). 
Each sphingolipid is characterized by the nature of the compound 
that is esterified to the first carbon of the ceramide molecule. For 
example, the  addition of hexoses and N-acetylneuraminic acid 
to ceramide forms the gangliosides, which are found in brain, 
whereas the neutral glycolipids are found more ubiquitously in cell 
membranes. The blood group antigens are also glycosphingolipids. 
In the lysosomal storage diseases, these lipid compounds vary in 
amount in different cell types, so their rate and amount of accumu-
lation because of a specific lysosomal enzyme defect will vary, lead-
ing to their cell-related manifestations (Fig. 59.2). Tables 59.1 and 
59.2 outline the biochemical and phenotypic characteristics and 
the molecular basis of the lysosomal storage diseases, respectively.

gaucher disease

Definition and history
Gaucher disease is a lipid storage disease characterized by the 
deposition of glucocerebroside in cells of the macrophage-monocyte 
system. It was first described by Gaucher in 1882, and the storage 
of glucocerebroside was first recognized by Epstein in 1924. The 
metabolic defect, which is the deficiency of the lysosomal hydro-
lase acid b-glucosidase, or b-glucocerebrosidase, was identified by 
Brady et al.1 There are three clinical subtypes, which are delineated 
by the absence or presence and progression of neurologic involve-
ment: type 1 or the non-neuronopathic form; type 2, the infantile-
onset, acute neuronopathic form; and type 3, the juvenile-onset 
neuronopathic form.2 All three subtypes are inherited as autosomal 
recessive traits. Type 1 disease is the most common lysosomal 

FIGURE 59.1. Formulas of some of the sphingolipids.
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FIGURE 59.2. Schematic structure of globoside (A) and ganglioside (B) to show site of action of the several catabolic enzymes, which result in one 
of the storage diseases when defective.

A
Ceramide

Globoside

Ganglioside

N-Acetylneuraminic acid

Fatty acid - Sphingosine — Glucose — Galactose — Galactose — N-Acetylgalactosamine

B

β-Glucosidase
(Deficiency Gaucher’s disease)

β-Galactosidase
(Deficiency Lactosyl ceramidosis)

α-Galactosidase
(Deficiency Fabry’s disease)

Hexosaminidase A&B
(Deficiency Sandhoff’s disease)

Ceramide

Fatty acid - Sphingosine — Glucose — Galactose — Galactose — N-Acetylgalactosamine — Galactose

β-Glucosidase
(Deficiency Gaucher’s disease)

β-Galactosidase
(Deficiency Lactosyl ceramidosis)

β-Galactosidase
(Deficiency
Generalized Gangliosidosis)Hexosaminidase A

(Deficiency Tay Sachs)

Disease Enzyme Deficiency Substance Accumulated Site Complications

Gaucher Disease
Type 1 Acid b-glucosidase Primarily glucosylceramide Macrophage–monocyte 

system
Infiltration of bone marrow, progressive  
hepatosplenomegaly, skeletal complications

Type 2 Acid b-glucosidase Primarily glucosylceramide Macrophage–monocyte 
system, CNS

Infiltration of bone marrow, progressive  
hepatosplenomegaly, skeletal complications, 
neurodegeneration

Type 3 Acid b-glucosidase Primarily glucosylceramide Macrophage–monocyte 
system, CNS

Progressive neurodegeneration

Niemann-Pick Disease
Type A Acid sphingomyelinase Sphingomyelin Monocyte–macrophage 

system, CNS
Hepatosplenomegaly, progressive  
neurodegeneration

Type B Acid sphingomyelinase Sphingomyelin Monocyte–macrophage 
system

Progressive hepatosplenomegaly, infiltrative lung 
disease

Type C Abnormal cholesterol 
transport

Primarily cholesterol Most cells, especially 
liver, CNS

Hepatosplenomegaly, progressive  
neurodegeneration

CNS, central nervous system.

BiocheMicAL AND PheNotyPic chArActeriSticS of GAucher AND NieMANN-Pick DiSeASeS

taBLe 59.1

storage disease and one of the most prevalent genetic disorders 
among Ashkenazi Jewish individuals, with an incidence of about 1 
in 1,000 and a carrier frequency of about 1 in 15.3

etiology and pathogenesis
All three subtypes of Gaucher disease result from the deficient 
activity of the lysosomal hydrolase, acid b-glucosidase (Table 59.1). 
The major acid b-glucosidase gene mutations that cause Gaucher 

disease among Ashkenazi Jewish patients have been identified 
(Table 59.2). Genotype/phenotype correlations have been made 
for the different subtypes and provide insight into the molecular 
basis for the remarkable clinical variation in Gaucher disease. 
Presumably, the amount of residual enzymatic activity deter-
mines disease subtype and severity. For example, the mutations 
that cause the severe type 2 (infantile) disease express little, if 
any, enzymatic activity in vitro, whereas type 1 patients who are 
homozygous for the milder N370S mutation tend to have a later 
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fractures, bone pain, bony infarcts, and osteopenia, particularly 
in type 1 disease. Central nervous system (CNS) involvement 
occurs only in patients with types 2 and 3 disease.

Clinical Manifestations

Type 1 Disease
There is a broad spectrum of clinical expression among type 1 
disease patients, in part because of the combination of different 
mutant alleles. Onset of clinical manifestations occurs from early 
childhood to late adulthood, with more symptomatic patients 
presenting in childhood or adolescence. At presentation, patients 
may have easy bruisability resulting from thrombocytopenia, 
chronic fatigue secondary to anemia, hepatomegaly with or with-
out elevated liver function tests, splenomegaly, and bone pain or 
pathologic fractures. Occasional patients present with pulmonary 
involvement. Patients who are diagnosed in the first 5 years of life 
are frequently non-Jewish and typically have a more malignant dis-
ease course. Milder patients are discovered later in life during eval-
uations for hematologic or skeletal problems, or are found to have 
splenomegaly on routine examinations. In symptomatic patients, 
splenomegaly is progressive and can become massive. Clinically 
apparent bony involvement can present as bone pain or patho-
logic fractures. Most patients have radiologic evidence of skeletal 
involvement, including an “Erlenmeyer flask” deformity of the distal 
femur, which is an early skeletal change. In patients with symptom-
atic bone disease, lytic lesions can develop in the long bones, ribs, 
and pelvis, and osteosclerosis may be evident at an early age. Bone 
crises with severe pain and swelling can occur. Bleeding secondary 
to thrombocytopenia may manifest as epistaxis and bruising and 
is frequently overlooked until other symptoms become apparent. 
Children with massive splenomegaly are short of stature because of 
the energy expenditure required by the enlarged organ.

Type 2 Disease
Infants with the rare and panethnic type 2 subtype have a rapid 
neurodegenerative course with extensive visceral involvement 
and death within the first 2 years of life. The disease presents 
in infants with increased tone, strabismus, and organomegaly. 
Failure to thrive and stridor resulting from laryngospasm are 
typical. The progressive psychomotor degeneration leads to death, 
usually due to respiratory compromise.

Type 3 Disease
Patients with type 3 Gaucher disease typically present in infancy 
or childhood. In addition to the organomegaly and bony involve-
ment, neurologic involvement is present. There is a high fre-
quency of type 3 disease in Sweden (1 in 50,000), which has been 

onset and a milder course than patients with one N370S allele 
and another mutant allele. However, the wide variability in clini-
cal presentation among Gaucher disease patients cannot be fully 
explained by the underlying acid b-glucosidase mutations, and 
presumably other “modifier” genes can influence disease severity.

pathology
The pathologic hallmark in Gaucher disease is the presence of 
Gaucher cells in the macrophage–monocyte system, particu-
larly in the bone marrow. These cells, which are 20 to 100 mm 
in diameter, have a characteristic wrinkled-paper appearance 
resulting from intracytoplasmic substrate deposition. These cells 
stain strongly positive with periodic acid-Schiff reagent, and 
their presence in bone marrow and/or other tissues suggests 
the diagnosis (Fig. 59.3). The accumulated glycosphingolipid, 
glucosylceramide, is derived primarily from the phagocytosis and 
degradation of senescent leukocytes and, to a lesser extent, eryth-
rocyte membranes. Glucosylceramide storage results in organo-
megaly and pulmonary infiltration. Neuronal cell loss in patients 
with types 2 and 3 disease presumably results from the neural 
accumulation of the cytotoxic glycosphingolipid, glucosphingo-
sine, due to the severe deficiency of acid b-glucosidase activity. 
Glucosylceramide accumulation in the bone marrow, liver, spleen, 
lungs, and kidney leads to pancytopenia, massive hepatospleno-
megaly, diffuse infiltrative pulmonary disease, and nephropathy 
or glomerulonephritis. The progressive infiltration of Gaucher 
cells in the bone marrow causes thinning of the cortex, pathologic 

MoLecuLAr BASiS of GAucher AND NieMANN-Pick DiSeASeS

taBLe 59.2

Disease Chromosome Assignment Molecular Characteristics Comments

Gaucher disease 1q21 cDNA, functional and pseudogenomic sequences, 
>200 mutant alleles known

Four mutations (N370S, L444P, 84insG, IVS2+1) 
account for 90 to >95% of mutant alleles in Ashkenazi 
Jewish patients

Niemann-Pick disease

Types A and B 11p15.1 to p15.4 cDNA, entire genomic sequence, >70 mutant 
alleles known

Four mutations account for >95% of mutant alleles in 
Ashkenazi Jewish patients with type A disease

Type C 18q11-q12 region cDNA, entire genomic sequence, >100 mutant 
alleles known

More than 100 mutations in NPC1 gene

FIGURE 59.3. Splenic histopathology in Gaucher disease. There are sheets of histiocytes 
with bland nuclei and abundant pink cytoplasm with a fine “tissue paper” appearance.
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 Chapter 59 Lysosomal Abnormalities of the Monocyte–Macrophage System: Gaucher and Niemann-Pick Diseases   1305

cholesterol transport and accumulation of unesterified cholesterol 
in lysosomes.7,8 Previously, a type D disease was identified in 
patients from Nova Scotia; however, these patients actually have 
type C disease. All the subtypes are inherited as autosomal reces-
sive traits and display variable clinical features.

etiology and pathogenesis
Types A and B NPD result from the deficient activity of the lyso-
somal hydrolase, acid sphingomyelinase (Table 59.1). In type C 
NPD, the genetic defect involves the defective transport of choles-
terol from the lysosome to the cytosol. Two different genes caus-
ing the altered cholesterol transport in type C disease have been 
identified (NPC1 and NPC2), permitting more precise diagnosis, 
carrier detection, and prenatal diagnosis in affected families. Only 
types A and B are discussed here; for type C, see Refs. 7 and 8.

pathology

Types A and B Niemann-Pick Disease
The pathologic hallmark in types A and B NPD is the histochemi-
cally characteristic lipid-laden foam cell, often referred to as the 
“Niemann-Pick cell.” These cells, which can be readily distin-
guished from Gaucher cells by their histologic and histochemical 
characteristics, are not pathognomonic for NPD, because histo-
logically similar cells are found in patients with Wolman disease, 
cholesterol ester storage disease, lipoprotein lipase deficiency, 
and in some patients with GM1 gangliosidosis, type 2 (Fig. 59.4). 
Sphingomyelin is the major lipid that accumulates in the cells 
and tissues of patients with types A and B NPD. In most normal 
tissues, sphingomyelin constitutes from 5% to 20% of the total cel-
lular phospholipid content; however, in patients with types A and 
B NPD, the sphingomyelin levels may be elevated up to 50-fold, 
constituting ∼70% of the total phospholipid fraction. Lysosomal 
sphingomyelin accumulation in liver, kidney, and lungs has been 
documented with organs from types A and B NPD patients con-
taining about the same amount of sphingomyelin, with the notable 
finding of significant sphingomyelin and psychosphingosine in 
the CNS of type A NPD patients. In general, patients with type A 
disease have <5% of normal acid sphingomyelinase activity when 
assayed in cultured fibroblasts and/or lymphocytes, whereas 
cells from type B patients typically have >5% of normal activity, 

traced to a common founder in the 17th century. Type 3 has been 
further classified as type 3a or 3b based on the extent of neuro-
logic involvement and whether there is progressive myotonia and 
dementia (type 3a) or isolated supranuclear gaze palsy (type 3b).

Diagnosis
Gaucher disease should be considered in the differential diag-
nosis of patients who present with unexplained organomegaly, 
easy bruisability, and/or bone pain.4 In the past, bone marrow 
examination revealing the presence of Gaucher cells was used 
for diagnosis. Today, all suspect diagnoses should be confirmed 
by demonstrating deficient acid b-glucosidase activity in isolated 
leukocytes or cultured fibroblasts. For genotype/phenotype cor-
relations, the specific acid b-glucosidase gene mutation should 
be determined, particularly in Ashkenazi Jewish patients. Carrier 
identification can be achieved by enzymatic assay, although in the 
Ashkenazi this can be achieved by detection of the common muta-
tions. Testing should be offered to all family members, keeping in 
mind that heterogeneity even among members of the same kin-
dred can be significant and that asymptomatic affected individuals 
may be diagnosed during such testing. Prenatal diagnosis is avail-
able by determining the enzymatic activity and/or the parent’s 
specific mutations in chorionic villi or cultured amniotic fluid cells.

treatment
Enzyme replacement with recombinant acid b-glucosidase (imiglu-
cerase [Cerezyme, Genzyme Corporation, Cambridge, MA] or vela-
glucerase alfa [VPRIV, Shire HGT, Lexington, MA]) is the standard 
of care for the treatment of patients with type 1 disease. Clinical 
trials have demonstrated that most extra-skeletal symptoms are 
reversed within 12 to 36 months by an initial debulking dose of 
enzyme (60 units/kg) administered by intravenous infusion every 
other week. Initial higher doses may be indicated in patients with 
severe disease (type 3) at the time of diagnosis and in those with 
rapid progression or significant comorbidities.5 Early treatment 
may be efficacious in normalizing linear growth and bone mor-
phology in affected children. Experience during the last 20 years 
has proven enzyme replacement therapy to be safe and effective in 
preventing the complications of type 1 disease. However, enzyme 
replacement does not alter the neurologic progression of patients 
with Gaucher disease types 2 and 3. It has been used in these 
patients as a palliative measure, particularly in type 3 patients with 
severe visceral involvement. Alternative treatments being evalu-
ated include therapies targeted to reducing the synthesis of gluco-
sylceramide by chemical inhibition of glucosylceramide synthase, 
as well as pharmacologic chaperone monotherapy to increase the 
residual activity of missense mutations, and pharmacologic chap-
erone coadministration with the recombinant enzyme to stabilize 
it in the circulation and to increase its delivery to other tissues.

niemann-pick disease

Definition
Niemann-Pick disease (NPD) types A and B are lipid storage disor-
ders that result from the deficiency of the lysosomal enzyme, acid 
sphingomyelinase, and the subsequent accumulation of its sub-
strate, sphingomyelin.6 The original description of NPD referred 
to what is now known as type A NPD, which is a fatal neurode-
generative disorder of infancy characterized by failure to thrive, 
hepatosplenomegaly, and a rapidly progressive neurodegenera-
tive course that leads to death by the age of 2 or 3 years. Type B 
NPD has a wide phenotypic spectrum that can include neurologic 
manifestations, but typically does not.6–8 Type C NPD is a neu-
rodegenerative disorder that results from defective intracellular 

FIGURE 59.4. Splenic histology in Niemann-Pick disease type B. Aggregates of  
histiocytes are present with distinct vacuoles. Although some large vacuoles are seen, most are 
small. (Image provided by Professor Attilio Orazi, Department of Pathology, Indiana University.)
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diagnosis by measuring the acid sphingomyelinase activity in 
peripheral leukocytes, or cultured fibroblasts and/or lympho-
blasts. Patients with type A or B disease will have markedly 
decreased levels of enzymatic activity (1% to 10% of normal), 
whereas patients with type C disease may have slightly decreased 
sphingomyelinase activities (50% to 75% of normal), and patients 
with Gaucher disease and other storage disorders presenting with 
hepatosplenomegaly and/or neurologic involvement will have nor-
mal or near-normal acid sphingomyelinase levels. Type C NPD can 
be documented biochemically by demonstrating the cholesterol 
transport defect in cultured fibroblasts or by determining the spe-
cific mutations in the NPC1 or NPC2 genes.

The enzymatic identification of type A and B carriers is prob-
lematic. However, in families in which the specific molecular 
lesion has been identified, family members can be accurately 
tested for heterozygote status by DNA analysis. Prenatal diagnosis 
of types A and B disease may be made reliably by measuring the 
acid sphingomyelinase activity in cultured amniocytes or cho-
rionic villi. In families in which the specific gene mutations are 
known, the prenatal diagnosis can be made by DNA analysis of 
fetal cells. In type C disease, the cholesterol defect can be dem-
onstrated by filipin staining, but DNA diagnosis using fetal cells 
is most accurate.

treatment
Orthotopic liver transplantation in an infant with type A disease 
and amniotic cell transplantation in several type B patients have 
been attempted, with little or no success. Bone marrow transplan-
tation of type B patients has reduced the spleen and liver volumes, 
the sphingomyelin content of the liver, the number of Niemann-
Pick cells in the marrow, and the radiologic infiltration of the 
lungs. However, no long-term information is available, as these 
patients often lose their engraftment or have significant morbidity 
and mortality in the post-transplant period. To date, lung trans-
plantation has not been reported in any severely compromised 
type B patient. Clinical trials of enzyme replacement therapy have 
begun for NPD type B. Treatment of types A and C disease is lim-
ited by the severe neurologic involvement.

Web sites
 www.gaucherdisease.com
 www.nnpdf.org
 www.ninds.nih.gov/health_and_medical/disorders/niemann. doc.htm
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which presumably prevents the development of the neurologic 
symptoms.

Clinical Manifestations

Types A and B Niemann-Pick Disease
The clinical presentation and course of type A NPD is relatively 
uniform and is characterized by a normal appearance at birth. 
Hepatosplenomegaly and psychomotor retardation are evident by 
6 months of life, followed by rapid neurodegeneration and death 
by 3 years. The loss of motor function and the deterioration of 
intellectual capabilities are progressive. In later stages, spasticity 
and rigidity are evident, with affected infants experiencing com-
plete loss of contact with their environment.

In contrast to the stereotyped type A phenotype, the clinical 
presentation and course of patients with type B disease are more 
variable. Most patients are diagnosed in infancy or childhood, 
when enlargement of the liver and/or spleen is detected during a 
routine physical examination. At diagnosis, type B patients also 
have evidence of mild pulmonary involvement, usually detected 
as a diffuse reticular or finely nodular infiltration on chest roent-
genogram. In most patients, hepatosplenomegaly is particularly 
prominent in childhood, but with increasing linear growth the 
abdominal protuberance decreases and becomes less conspicu-
ous. In mildly affected patients, the splenomegaly may not be 
noted until adulthood, and there may be minimal disease mani-
festations. In most type B patients, decreased pulmonary diffusion 
resulting from alveolar infiltration becomes evident in childhood 
and progresses with age. Severely affected individuals may expe-
rience significant pulmonary compromise by age 15 to 20 years. 
Such patients have low pO2 values and dyspnea on exertion. Life-
threatening bronchopneumonias may occur, and cor pulmonale 
has been described. Severely affected patients also may have liver 
involvement leading to life-threatening cirrhosis, portal hyperten-
sion, and ascites. Clinically significant pancytopenia resulting 
from secondary hypersplenism may necessitate partial or total 
splenectomy, although removal of the spleen can exacerbate the 
pulmonary disease.

Cholesterol abnormalities characterized by low high-density 
lipoprotein cholesterol and increased total cholesterol are found 
in most patients and can be associated with early atherosclerotic 
changes. Some type B patients have neurologic involvement, 
which can include cerebellar signs and nystagmus, extrapyrami-
dal involvement, mental retardation, and psychiatric disorders. 
As in other lysosomal storage diseases, it is evident that neu-
rologic manifestations in acid sphingomyelinase deficiency may 
occur along a continuum among patients. Nevertheless, there is a 
distinctive, fatal neurodegenerative form (NPD-A), characterized 
by a brief period of normal development followed by a severe 
neurodegenerative course and death in early childhood.

Patients with NPD type C disease often have prolonged neona-
tal jaundice, appear normal for 1 to 2 years, and then experience 
a slowly progressive and variable neurodegenerative course. 
Their hepatosplenomegaly is less severe than that in patients with 
type A or B disease, and they may survive into adulthood.

Diagnosis
Type A NPD patients are diagnosed in the first year of life with 
failure to thrive, organomegaly, and severe psychomotor retar-
dation. In type B NPD patients, splenomegaly is usually noted 
early in childhood; however, in very mildly affected patients, the 
enlargement may be subtle and detection may be delayed until 
adolescence or adulthood. The presence of the characteristic 
Niemann-Pick cells in the bone marrow supports the diagno-
sis. However, patients with type C disease also have extensive 
infiltration of these cells in the bone marrow. Thus, all suspect 
cases should be evaluated enzymatically to confirm the clinical 
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LangerhanS CeLL hIStIoCytoSIS
Suman Malempati, h. Stacy nicholson

C h a p t e r  6 0

Langerhans cell histiocytosis (LCH) is a disorder characterized 
by clonal proliferation of cells in the mononuclear phagocyte 
system. Since the first case was described more than a century 
ago,1 LCH has often been a source of confusion, perhaps best 
demonstrated by the several labels given to the disorder during 
the past 100 years. Since 1985, Langerhans cell histiocytosis 
has been the preferred term,2,3 replacing histiocytosis X, coined 
in 1953.4 The X demonstrated the lack of knowledge about the 
etiology and pathophysiology of LCH, and about how the differ-
ent clinical syndromes were related. The term histiocytosis X 
did serve to bind the syndromes, which included Hand-Schuller-
Christian syndrome, Letterer-Siwe disease, eosinophilic granu-
loma, Hashimoto-Pritzker syndrome,5 self-healing histiocytosis,6 
and pure cutaneous histiocytosis,7 into one clinical entity. The 
term Langerhans cell histiocytosis reflects the central role of 
the Langerhans cell in these diseases. LCH also distinguishes 
these disorders from other histiocytic syndromes, which include 
primary and secondary hemophagocytic lymphohistiocytosis, 
Rosai-Dorfman disease, and neoplastic disorders such as acute 
monocytic leukemia, malignant histiocytosis, and true histiocytic 
lymphoma.3 This chapter focuses on LCH.

hIStory
The clinical triad of defects in membranous bone, exophthalmos, 
and polyuria in children, which became known as Hand-Schuller-
Christian disease,8 was described in 1921 in a review by Hand.9 
Hand described the first six reported cases, including those of 
Christian, Schuller, and his own first case reported in 1893.1 All 
six patients had hepatosplenomegaly, lymphadenopathy, and bone 
lesions. However, not all had exophthalmos and polyuria. Attempts 
to link the disorder to xanthoma tuberosum, lipid storage disease, 
and the xanthomatoses proved unsuccessful, and to this day, no 
evidence exists that a specific biochemical defect is responsible for 
the condition. However, the foamy or xanthoma cell came to be 
regarded as a pathognomonic feature of the syndrome.10

A different syndrome, consisting of fever, bilateral otitis media, 
hepatosplenomegaly, and adenopathy in a young infant who died, 

was described by Letterer in 1924.11 In 1933, Siwe described a 
16-month-old girl who died after a 3-month illness characterized 
by fever, hepatosplenomegaly, lymphadenopathy, neutrophilia, 
and a destructive lesion in her fibula.12 At autopsy, massive 
infiltrates of large cells resembling histiocytes were found. Siwe 
reviewed five other cases from the literature (including that of 
Letterer) and concluded that they constituted a single clinical 
entity.12

In 1940, two groups of investigators described a syndrome in 
which a characteristic feature was infiltration of bone by eosino-
philic granulomas.13,14 In 1942, Green and Farber described a 
series of patients with eosinophilic granulomas of bone, which 
usually healed promptly after irradiation or curettage.15 They 
noted that these cases shared pathologic features similar to those 
of the Letterer-Siwe and Hand-Schuller-Christian syndromes. In 
1953, because of the similarity of the histiocytes observed in these 
three disorders, Lichtenstein combined them into a single entity 
called histiocytosis X to indicate their unknown cause.4 The rec-
ognition that these three disorders were related was an important 
contribution. The term Langerhans cell histiocytosis, proposed 
in 1985, reflects an improved understanding of these disorders.3

Despite our understanding of the central role played by the 
Langerhans cells in LCH, little is known about the etiology of 
LCH. Although clinical features of LCH were first recognized over 
a century ago, the pathogenesis remains uncertain. In 1994, two 
separate groups detected clonality of the involved histiocytes from 
LCH lesions.16,17 Clonality was demonstrated in LCH cells from 
unifocal lesions as well as disseminated disease. However, debate 
continues as to whether LCH represents a neoplastic disorder or 
a reactive proliferation of histiocytes (Fig. 60.1).

epIDeMIoLogy
Although estimates vary by region and time period, the annual 
childhood incidence of LCH has been estimated to be approxi-
mately 4 to 9 cases per million.18,19,25 The discrepancy between 
epidemiologic studies is likely due to variation in reporting and 
data collection. Across studies, there is consistently a slight 

FIGURE 60.1. Historical timeline demonstrating the major discoveries regarding the pathogenesis and treatment of Langerhans cell histiocytosis (LCH).

First reported case
of Hand-Schuller-
Christian disease

First reported case of
Letterer-Siwe disease

1893 1921 1942 1953 1985 1994 2001 2008

“Histiocytosis X” coined to combine
eosinophilic granuloma. Hand-
Schuller-Christian, and Letter-Siwe
into a single entity

Involved histiocytes in
LCH lesions are shown
to be clonal

Results of the Histiocyte
Society’s LCH-II study
are reported

First reported series
of eosinophilic
granuloma of bone

“Langerhans Cell
Histiocytosis” replaces
“Histiocytosis X”

Results of the Histiocyte
Society’s LCH-I study
are reported

72683_ch060_1307-1316.indd   1307 17/07/13   3:56 PM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

1308 Part VI Benign Disorders of Leukocytes, the Spleen, and/or Immunoglobins

predominance of cases in males.18,19,20 LCH occurs less frequently 
in adults with an incidence of 1 to 2 cases per million per year.21 
The disease is more common and tends to be more severe in 
younger children. For children under 1 year of age, the annual 
incidence is 9.9 cases per million.22 Almost all cases of multisys-
tem LCH occur before 5 years of age.23,24,25 In an exploratory 
case–control study comparing 177 children with LCH to children 
with cancer and community controls,20 LCH was associated with 
a family history of benign tumors and less strongly with feeding 
problems during infancy. Other factors associated with LCH in this 
study were maternal urinary tract infections during pregnancy 
and blood transfusions during infancy. Factors not associated 
with LCH were the typical childhood viral infections and medica-
tion use. In a case–control study of 459 children with LCH, which 
compared risk factors in children with LCH to those in both com-
munity and cancer controls,26 LCH was associated with neonatal 
infections, solvent exposure, and thyroid disease in the proband 
or the family. Childhood immunizations appeared to be protec-
tive. Reports of seasonal variation in incidence are  conflicting18,25 
Familial clustering of LCH has been observed, suggesting that 
a genetic predisposition may exist.27 The concordance rates 
between dizygotic and monozygotic twins are 33% and 80%, 
respectively. In addition, patients with LCH may have a predispo-
sition to cancer and vice versa. Links with both solid tumors and 
leukemia have been documented.28 Several cases of LCH develop-
ing in patients with acute lymphoblastic and acute myelogenous 
leukemia have been reported.29–32 Patients with LCH have genetic 
instability and increased chromosomal breakage, which also sug-
gests a genetic predisposition to malignancy.33,34,35

pathoLogy anD pathophySIoLogy
The basic histologic lesion in LCH is granulomatous, with lesions 
containing histiocytes, mature eosinophils, and lymphocytes.36 
Other cells present may include giant cells, neutrophils, and 
plasma cells. Initially, lesions are proliferative and dominated 
by histiocytes, some of which are Langerhans cells. Although 
mitotic figures may occasionally be identified, the histiocytes are 
not neoplastic by histologic criteria. As lesions progress, necrosis 
may develop, and the number of eosinophils and phagocytic cells 
containing cellular debris increases. Ultimately, xanthomatous 
changes and fibrosis may occur, and late in the course of disease, 
Langerhans cells may no longer be demonstrable. Multinucleated 
giant cells occasionally are prominent, especially in bone and 
lymph nodes. The histologic findings do not correlate with the 
extent or aggressiveness of disease.37

The Langerhans cell is the sine qua non of the diagnostic 
lesion. Langerhans cells are dendritic antigen-presenting cells 
that are normally found in skin and other organs. Langerhans 
cells are classified as dendritic cells because of their capacity to 
form long cytoplasmic extensions through which they establish 
intimate contact with other cells. The presence of fascin, a highly 
selective marker of dendritic cells, on the surface of Langerhans 
cells confirms their derivation from dendritic cells.38 Langerhans 
cells are found primarily in normal epidermis, but also are evi-
dent in lymph nodes and spleen. A hematopoietic progenitor of 
Langerhans cells has been identified in normal bone marrow.39 
In the skin, Langerhans cells form a trap for external contact 
antigens and are involved in delayed hypersensitivity. Despite 
low phagocytic activity, they fix antigens for presentation to other 
cells, especially T lymphocytes.40

Although its demonstration is essential for diagnosis, the 
Langerhans cell may constitute no more than a small proportion 
of histiocytes within lesions. Viewed by light microscopy, these 
cells appear as large mononuclear cells with few cytoplasmic 
vacuoles and little or no phagocytic material.41 The nuclei are 
irregularly shaped and contain a fine chromatin pattern. Electron 

microscopic or immunohistochemical studies may be required to 
identify Langerhans cells with confidence. The former demon-
strate structures known as Birbeck granules (Langerhans bodies, 
X granules),42 rod-shaped organelles with a central striation and 
occasional terminal vesicular dilation, giving them a tennis racket 
appearance (Fig. 60.2). Birbeck granules are thought to be pro-
duced by invagination of the cell membrane, and their function 
is not known. The other feature that conclusively establishes the 
diagnosis of LCH is the demonstration of either CD1a antigen or 
CD207 (Langerin) on the surface of LCH cells by immunohisto-
chemical staining.36,43 Langerin is a cell-surface receptor that 
induces the formation of Birbeck granules.44 Langerin expression 
has recently been recognized as a sensitive and relatively specific 
marker in establishing the diagnosis of LCH. Other distinctive 
features of Langerhans cells that can be demonstrated with 
immunohistochemical techniques include the expression of S-100 
protein,41 Ia-like antigen,45 and CD101.46

The intralesional histiocytes of LCH were previously thought to 
be similar to normal Langerhans cells found in skin. However, it is 
now recognized that pathologic Langerhans cells or LCH cells are 
a less differentiated and more activated type of dendritic cell.47 
CD1a-positive LCH cells from bone lesions express CD14 and 
CD68, monocyte antigens that are not expressed or are expressed 
at low levels in normal skin Langerhans cells.48 A recent study 
demonstrated a gene expression profile of intralesional LCH cells 
that was distinct from that of normal skin Langerhans cells.49 
LCH cells also express the immature dendritic cell marker CCR6 
in the absence of CCR7, which is expressed on mature dendritic 
cells.50 LCH cells exhibit a degree of migration capability, which 
is absent in mature dendritic cells. LCH cells can be induced to 
differentiate in the presence of CD40 ligand in vitro.48 However, 
as CD40 ligand is abundant in LCH lesions, the reason for matu-
rational arrest is unclear.51 Abnormal cellular adhesion molecules 
in LCH cells, suggested by the presence of CD2, CD11a, CD11b, 
and CD11d, may contribute to the migration of Langerhans cells 
into LCH lesions, as well as their abnormal persistence and pro-
liferation.52 Compared to normal Langerhans cells, LCH cells are 
defective in their alloantigen-presenting activity.53

The focal accumulation of Langerhans cells, macrophages, lym-
phocytes, and eosinophils suggests that LCH is immunologically 
mediated. This reasoning is supported by both histologic abnor-
malities of the thymus and disturbances of immunoregulation in 
patients with active disease.54 Thymic abnormalities were noted 
by Letterer in his initial description of the disorder, later known 
as Letterer-Siwe disease.11 Abnormalities noted on pre-therapy 
biopsy samples and postmortem materials include dysmorphic 

FIGURE 60.2. Electron micrograph of Langerhans cells from a bone lesion demon-
strating characteristic Birbeck granules with a trilaminar structure. (Magnification 
×45,000; courtesy of Roma Chandra.)
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 ChaPter 60 Langerhans Cell Histiocytosis 1309

possibly infectious in origin. However, the lack of seasonal varia-
tion or geographic clustering argues against an infectious basis. 
In addition, no direct evidence for a viral etiology (viral particles 
or nuclear material) in LCH lesions has been demonstrated.69,70 
Alternatively, LCH may result from an appropriate response of the 
Langerhans cell to abnormal signals from other cells in the immune 
system, perhaps from T lymphocytes. In either event, deficiency of 
T-suppressor cells may disrupt the mechanism for termination of 
immune responses. Failure of this homeostatic mechanism could 
result in unrestrained macrophage proliferation. Patients with 
interferon-g deficiency present with findings that mimic LCH.71

Whether LCH is primarily a reactive or neoplastic process has 
long been debated. The predominant theory has been that LCH is 
a reactive process to an unknown stimulus.72 However, in 1994 
two groups showed that the lesional cells are clonal16,17; clonality 
occurred in patients with all forms of LCH, including acute dis-
seminated LCH and unifocal LCH, and in those with intermediate 
forms of the disease. T-cells within LCH lesions were polyclonal.16 
Interestingly, LCH occurs in some individuals with malignant  
disorders.28 Most cases of malignancy occur after treatment for LCH, 
although acute lymphoblastic leukemia, in particular, may precede 
the diagnosis of LCH.31,32 The presence of chromosomal instability 
and mutational events reported in a few studies support a neoplastic 
process.34,35 However, at least some cases of pulmonary LCH are not 
clonal.73 Moreover, the immature phenotype of LCH cells appears 
dependent on the microenvironment, suggesting a reactive process. 
Therefore, although the clonality of LCH cells has fueled the argu-
ment that LCH may be a neoplastic disorder, the debate continues.

CLInICaL FeatureS
LCH can present along a continuum of illness, ranging from 
indolent to explosive disease. In some patients, pathologic lesions 
are solitary, whereas in others they are widely disseminated. 
Moreover, the distribution of lesions in a given patient may 
vary considerably over time. Although LCH can occur at any 
age, it occurs with greatest frequency in infants and children. 
The median age at diagnosis for all disease variants is 3 to 6 
years.18,19 The acute disseminated form of the disease charac-
teristically occurs in younger children and almost all cases occur 
before the age of 5 years.25 Children younger than 1 year old, in 
particular, often present with multiple organ involvement.22,74 The 
more indolent forms of LCH occur primarily in older children and 
young adults.75 Approximately 70% of cases of LCH in children 
involve a single organ system, with bone being the most common 
site.18,19,22,25 Table 60.1 shows the distribution of involved sites 

changes, dysplasia, and nonspecific involution.55,56,57 In patients 
with LCH, the number of normal thymocytes (expressing CD6) 
and late differentiating suppressor lymphocytes (expressing CD8) 
is decreased.58 These abnormalities are noted even when the dis-
ease is limited in its distribution.

Recognition of the possible pathogenic significance of thymic 
abnormalities prompted several studies of T lymphocytes in 
blood. The demonstration of decreased numbers of H2 receptors 
on blood lymphocytes suggested loss of T-suppressor cells.59 This 
loss was confirmed by quantitation of T-cell subsets in patients 
with active disease. Both the relative and absolute numbers of 
suppressor T lymphocytes (CD8+ cells) are decreased, resulting in 
an increase in the T4-to-T8 ratio. Suppressor cell activity as mea-
sured by the concanavalin A and indomethacin stimulation assays 
also is poor.59 That T-suppressor cell deficiency may be causally 
related to a functionally abnormal thymus is suggested by the nor-
malization of T4-to-T8 ratios with thymic extract.57 Moreover, the 
apparent ability of crude thymic extract to reverse disease activity 
in some patients suggests that the T-cell abnormalities may be of 
primary pathogenic significance.57

Although less consistent, other abnormalities in immune regu-
lation also have been described, including hypergammaglobu-
linemia,60 deficiency in antibody-dependent monocyte-mediated 
cytotoxicity,61 and abnormal in vitro response to mitogens and 
antigens.55 However, most investigators note normal mitogen-
induced responses and normal delayed hypersensitivity.62 Also, 
several cytokines are increased in LCH.63,64 Cytokines serve as 
mediators of inflammation, regulators of lymphocyte growth and 
differentiation, and activators of specialized effector cells. In tissue 
culture, Langerhans cells purified from bony LCH lesions secrete 
interleukin-1 (IL-1) and prostaglandin E2, both of which induce 
bone resorption in vitro.65 These lesions also secrete angiotensin-
converting enzyme, transforming growth factor-b1 and IL-2.66 
These mediators are probably responsible for the osteolytic 
lesions that are a prominent clinical feature of LCH. Other cyto-
kines that have been demonstrated to be increased in the serum of 
LCH patients include granulocyte-macrophage colony-stimulating 
factor (GM-CSF), IL-3, IL-8, IL-10, and tumor necrosis factor-a.67 
These cytokines are related to local activation of T lymphocytes 
and other inflammatory leukocytes. In addition, GM-CSF receptors 
are expressed by Langerhans cells.68 GM-CSF induces Langerhans 
cell proliferation and activation in vitro, and serum levels of 
GM-CSF have been correlated with the extent of disease.68

The link between proliferation of Langerhans cells and immune 
dysfunction has not been worked out entirely. One suggestion is that 
the disorder results from a physiologically appropriate response 
of the Langerhans cell to an external antigen or neoantigen, 

Percentage of Cases with Each System Affected on Diagnosis

Age 
Group Number

Multisystem 
Disease (%) Bone Skin

Soft 
Tissue

Lymph 
Nodes

Liver/
Spleen Lung Ear Other

<1 25 64 32 76 24 24 28 16 36 8

1–4 52 71 69 35 27 21 17 31 13 4

5–14 24 17 100 0 8 8 0 0 4 0

0–14 101 56 67 37 22 19 16 20 17 4

p Valuea <0.001 <0.001 <0.001 0.19 0.32 0.02 0.003 0.01 0.54

a p Value for proportion of cases with involvement of each system varying by age group.

From Alston RD, Tatevossian RG, McNally RJ, et al. Incidence and survival of childhood Langerhans cell histiocytosis in Northwest England from 1954 to 1998. Pediatr Blood Cancer 
2007;48:555–560, with permission.

SyStemS AffeCteD on DIAgnoSIS of LAngerHAnS CeLL HIStIoCytoSIS By Age

taBLe 60.1
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(i.e., multisystem disease). The presence and degree of organ 
dysfunction are important distinctions in those with multisystem 
disease.78

Bone is the most commonly involved organ, with the skull being 
the most commonly involved site in both children and adults.79,80 
Unifocal eosinophilic granuloma of bone is the most common 
form of the disease.10,81 Multifocal bone involvement may or 
may not be associated with visceral disease. Characteristically, 
patients note mild discomfort at the site of bone involvement. 
However, skull lesions are often painless and are found only 
because of a soft tissue mass over the bony defect. In young 
children, multifocal lesions of the skull are often associated with 
other head and neck manifestations. Gingival swelling and inflam-
mation, usually associated with cervical adenopathy, may be the 
first manifestations of disease. Premature eruption or loss of teeth 
and breakdown of the lower alveolar ridge result from involve-
ment of the mandible.82 Mandibular lesions may be palpable and 
painful, giving rise to facial swelling.83 The maxilla and upper 
gingival ridge are involved less often. Involvement of the Petrous 
ridge of the temporal bone and mastoid is common, predisposing 
to chronic otitis media. Vertebral lesions pose special problems 
because of the risk of injury to the spinal cord. Vertebral collapse 
gives rise to vertebral plana (Fig. 60.5). Extension of granulomas 
into the spinal space may compress the cord, causing permanent 
neurologic damage. Recurrent bony lesions in children, particu-
larly those involving the craniofacial region, are often associated 
with DI.84,85

Radiographically, skeletal lesions are characterized by sharply 
demarcated rarefactions of the medullary portions of bone, pro-
ducing a “punched out” appearance (Fig. 60.6).79,81 Reactive scle-
rosis in surrounding uninvolved bone is unusual at diagnosis, but 
when present, signifies that healing has begun. As healing occurs, 
the sharp endosteal margins become less distinct, and sclerosis is 
often seen. Both tables of the skull characteristically are involved, 
the outer more so than the inner. Erosion of mandibular bone 
around unerupted teeth gives them the appearance of floating 
in space. Skeletal lesions are well delineated with conventional 
radiography, computed tomography, and magnetic resonance 
imaging.86 The relative benefit of radionuclide bone scintigra-
phy, on the other hand, is controversial.87–89 Radionuclide bone 
scans often are falsely negative for skull lesions, but may be more 
sensitive in identifying lesions in the ribs, spine, and pelvis.90,91 

by age at diagnosis of LCH. The most commonly involved organ 
in adults is bone, often accompanied by an adjacent soft tissue 
mass.76,77 Other organs that are involved less often in adults 
include the lungs and pituitary gland.76 In adults, multisystem 
disease, including liver, lymph node, and bone marrow involve-
ment, is extremely rare.

The traditional classification of clinical variants was based on 
patterns of organ involvement.8 Eosinophilic granuloma was used 
to describe a syndrome characterized by single or multiple bone 
lesions in the absence of visceral involvement.13 When granulo-
mas involved the liver, spleen, lymph nodes, skin, central nervous 
system (CNS), or bone marrow as well as bones, the disorder 
was called Letterer-Siwe disease.11,12 The triad of multiple bone 
lesions, exophthalmos (resulting from retro-orbital granulomas), 
and diabetes insipidus (DI; the result of hypothalamic or pitu-
itary involvement) constituted Hand-Schuller-Christian disease 
(Figs. 60.3 and 60.4).9 The separation of eosinophilic granuloma 
of bone from syndromes characterized by visceral dissemina-
tion proved to be useful prognostically. However, the distinc-
tion between Letterer-Siwe disease and Hand-Schuller-Christian 
disease was often subtle and clinically irrelevant. The current 
classification is based on the number of organ systems involved 
and the number of sites involved within an organ system.23,78 The 
main classifications of disease are unifocal eosinophilic granu-
loma (i.e., single-system, single-site disease, usually in bone), 
multifocal eosinophilic granuloma (i.e., single-system, multiple-
site disease, usually in bone), and acute disseminated histiocytosis 

A

B

FIGURE 60.3. A: Axial magnetic resonance image of the orbits in a 4-year-old boy with 
recurrent disseminated Langerhans cell histiocytosis and marked proptosis. There 
are large orbital soft tissue masses bilaterally. B: Computed tomography scan of the same 
patient showing marked bony erosion of skull and orbit.

FIGURE 60.4. Sagittal magnetic resonance imaging scan showing thickened pituitary 
stalk in the same patient shown in Figure 60.3. He had a long-standing history of diabetes 
insipidus.
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 ChaPter 60 Langerhans Cell Histiocytosis 1311

patients with single-system disease, it is a much more common 
feature of acute disseminated histiocytosis.81,94 Even in those with 
skin-only disease, the rate of progression to multisystem disease 
is 30% to 40%.95 The skin lesions are typically vesiculopustular 
and may have a hemorrhagic crust. They are similar in appear-
ance to those of seborrheic dermatitis. LCH is often suspected 
after a seborrheic rash fails to respond to treatment. The rash 
has a predilection for the scalp, postauricular areas, and diaper 
area (Fig. 60.7). The back, axillae, and intertriginous areas also 
may be involved.94 With advanced stages of the disease, the entire 
integument may be affected. Breakdown of severely affected areas 
is common, and concurrent thrombocytopenia imparts a hemor-
rhagic component to the rash.

A rash indistinguishable from that seen in acute disseminated 
histiocytosis may occur as a congenital, self-limited phenomenon 
not associated with skeletal or visceral disease. This form of 
histiocytosis has been called congenital self-healing histiocytosis 
or Hashimoto-Pritzker syndrome.5,96 The lesions are present at 
birth or appear within the first 2 or 3 weeks of life. They are most 
numerous over the scalp and face, but also may extend over the 
trunk and proximal extremities. Mucous membranes are spared. 
Langerhans cells present in biopsy material have the same immu-
nophenotypic characteristics as those in the other variants of 
histiocytosis, although they contain fewer Birbeck granules.96 The 
lesions typically undergo spontaneous regression, with complete 
healing by the time the patient is 3 to 4 months of age. The prog-
nosis is generally excellent without therapy, although occasionally 
isolated cutaneous LCH in infants can progress to multisystem 
disease.97

Increasingly appreciated as a problem in LCH, CNS involve-
ment98,99 occurs by contiguous spread of skull lesions into brain 
substance or by granulomatous infiltration of deep structures. 
The disease demonstrates a predilection for the hypothalamic 
nuclei100 and cerebellum,101,102 although focal lesions may occur 
in the temporal lobe, occipital lobe, and spinal cord. Rarely, CNS FIGURE 60.5. Sagittal magnetic resonance image of the thoracic spine showing  

collapse of the T8 vertebral body, more prominent in the anterior aspect, in a patient 
with reactivation of Langerhans cell histiocytosis.

FIGURE 60.6. Skull radiograph showing active osteolytic lesions in a patient with  
disseminated Langerhans cell histiocytosis. Note absence of reactive sclerosis.

Positron emission tomography (PET) may have greater specificity 
in identifying active osseous lesions, but its clinical utility in LCH 
requires further study.92,93

Skin involvement occurs in about one third of patients  
overall.22,25 Although skin manifestations are seen in only 10% of 

FIGURE 60.7. Erythematous maculopapular rash in a boy with disseminated 
 Langerhans cell histiocytosis. (From Esterly NB, Maurer HS, Gonzalez-Crussi F. Histiocytosis 
X: A seven year experience at a children’s hospital. J Am Acad Dermatol 1985;13:481–496, 
with permission.)
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cirrhosis or intrahepatic cholestasis.121 Tissue from liver biopsies 
obtained from children with hepatomegaly infrequently shows 
the infiltrates of Langerhans cells, eosinophils, and lymphocytes 
that are hallmarks of the disease in other organs. Instead, subtle 
changes in the portal triads are observed, including triaditis, bile 
duct proliferation, and fibrosis.122 Patients with triaditis alone 
at diagnosis are less likely to have abnormal liver function or 
progressive liver disease than those with fibrohistiocytic or cir-
rhotic changes. Persistent abnormality of liver function is a well-
recognized adverse prognostic indicator.123

Involvement of lymph nodes and spleen is often a feature of 
disseminated disease.23 Lymph nodes may be involved because 
of contiguous bone or skin disease or as a result of widespread 
histiocytic dissemination. Splenomegaly is caused by portal 
hypertension or involvement of the spleen by large numbers of 
histiocytes. Curiously, Birbeck granules are rarely seen in other-
wise characteristic Langerhans cells in the spleen and liver.41,42

Although not common, the lungs may be involved with dis-
seminated histiocytosis.124 As with other forms of disseminated 
disease, lung involvement occurs primarily in infants and young 
children. In contrast, primary pulmonary histiocytosis is prin-
cipally a disease of young and middle-aged adults,125–127,128,129 
although it does occur in children.130,131 Smoking is often associ-
ated with pulmonary LCH.132,133 Affected patients are without 

lesions are found in patients who have no other evidence of his-
tiocytosis. Neurologic signs and symptoms include ataxia, nystag-
mus, dysmetria, seizures, dysphagia, cranial nerve deficits, and 
spastic paraparesis.103 DI resulting from infiltration of the hypo-
thalamus or pituitary stalk is common.104 Whereas mass lesions 
are satisfactorily visualized by computed tomography or magnetic 
resonance imaging, infiltrative lesions within the hypothalamus 
and elsewhere often are of similar density to adjacent brain tissue 
and produce little or no mass effect. Some of these lesions may be 
seen with magnetic resonance imaging.98 CNS involvement may 
leave survivors with permanent sequelae.98,84

Of the endocrinopathies associated with LCH, DI is the most 
common.105 LCH is a common cause of DI in both adults and 
children.106 DI is caused by infiltration of the hypothalamus, 
pituitary stalk, or posterior pituitary by Langerhans cells. The 
prevalence of DI in large series of patients ranges from 10% to 
50%.84,85,105,106,107,108,109 In a study of 1,741 children with LCH, 
the cumulative risk of DI was 20% at 15 years from diagnosis.85 DI 
is more common in patients with multisystem disease and in those 
with proptosis.109 Patients with multiple craniofacial bone lesions 
are also at increased risk.85 DI is not typically a complication of 
unifocal bone disease not involving the skull. Characteristically, 
the onset of DI is after the diagnosis of LCH is made. Symptoms of 
DI occur at or preceding the diagnosis of LCH in only about one 
third of patients.84 However, LCH should be considered in the 
differential diagnosis in patients who present with central DI.106 
In such cases a thickened pituitary stalk seen on MRI may be the 
only radiographic manifestation (Fig. 60.4).110 For most children, 
symptoms occur within 2 years of diagnosis and rarely, if ever, 
after 4 to 5 years.109,111 Although most affected patients have 
complete absence of antidiuretic hormone, partial deficiency may 
occur. Progression from partial to complete DI may occur, and 
once complete DI has developed, it cannot be reversed. Whether 
systemic chemotherapy for LCH may prevent the development 
of DI is unclear. However, more rapid response to therapy and 
shorter disease duration corresponds to a decreased incidence of 
DI.85 Reactivation of disease after complete resolution is associ-
ated with an increased risk of DI.85

Neurodegenerative disease is the next most common CNS con-
sequence of LCH after DI.112 The typical MRI findings are diffuse, 
symmetrical signal changes of variable intensity in the basal gan-
glia or cerebellum (Fig. 60.8).113,114 Patients with LCH-associated 
neurodegenerative disease demonstrate variable manifestations 
of disease. Some patients have no neurologic signs or symptoms, 
whereas others may have significant neurologic effects. Clinical 
signs may include tremor, ataxia, spasticity, dysarthria, and 
behavioral or psychiatric problems. The time course of disease 
progression is also variable, but neurologic deterioration may be 
severe and devastating. Histologic evaluation of neurodegenera-
tive lesions show a T-cell mediated inflammatory process with 
tissue degeneration, and most importantly, absence of CD1a-
positive cells.115

Growth retardation resulting from growth hormone (GH) 
deficiency is another complication of LCH.105,108 GH deficiency 
occurs in approximately 10% of patients with LCH overall and up 
to 60% of patients with LCH-associated DI.84,116 Loss of GH, along 
with deficiency of other anterior pituitary hormones, is usually 
due to involvement of the hypothalamus or anterior pituitary by 
Langerhans cells.116 GH replacement has been shown to be safe 
and effective in children with LCH and GH deficiency.117

Thyroid involvement by histiocytosis gives rise to goiter 
and may lead to hypothyroidism.108 Obstruction of the upper 
airway by diffuse enlargement of the thyroid gland has been 
described.118 Most children with thyroid involvement have DI and 
other evidence of disseminated disease.105

Enlargement of the liver, often associated with abnormal liver 
function, is observed in many children with the disseminated form 
of LCH.119–121 In some patients, liver involvement leads to portal 

FIGURE 60.8. Axial magnetic resonance imaging scan showing diffuse bilateral signal 
abnormality in the cerebellum in a patient with neurodegenerative Langerhans cell 
histiocytosis.
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Several staging or scoring systems have been proposed as 
having prognostic and therapeutic relevance. Most cite age (age 
younger than 2 years being a liability), extent of disease, and 
the function of involved organs as the important prognostic  
variables.23,24,143 An important distinction made by the Histiocyte 
Society and proven to be highly prognostic is whether “risk” 
organs are involved. “Risk” organs are the hematopoietic system 
defined as at least two cytopenias (with or without documented 
bone marrow involvement), spleen, liver, and lungs. The presence 
of “CNS-risk lesions” results in a higher risk of developing  DI. 
CNS-risk lesions are those involving the craniofacial bones, 
particularly those around the eyes, ears, and oral cavity.85 The 
Histiocyte Society also recognizes “Special Sites” as being bone 
lesions that are located in critical anatomic sites in which lesions 
may cause immediate morbidity. Examples include the odontoid 
peg and vertebral lesions with intraspinal soft tissue extension. 
Stratification for treatment is defined based on these parameters. 
Patients are divided into those with single-system LCH or multi-
system disease. Patients with multisystem disease with or without 
risk organ involvement and those with single-system disease and 
either CNS-risk, multifocal bone lesion, or special site lesions are 
candidates for systemic therapy.

prognoSIS
For most patients with LCH, the prognosis is excellent. Although 
LCH may wax and wane over many years, most patients improve 
over time. However, patients with multisystem disease may 
experience organ failure, which can be fatal. Outcome by single 
bone, multiple bone, and multiple organ involvement are shown 
in Table 60.2.

Most patients with unifocal bone disease experience complete 
resolution of lesions with or without treatment. Progression of 
bone erosion and recurrences at new sites are the exception 
rather than the rule.144 In a study of 48 patients with single bone 
involvement, the recurrence rate was 8% and no deaths were 
reported.74 In contrast, disease that is multifocal at the time 
of diagnosis is often characterized by one or more recurrences 
after disease control.74,80 Patients with multiple bone lesions, 
particularly those with skull involvement, have a much higher 
incidence of disease reactivation than those with single bone 
lesions.74 In addition, most patients with multiple organ involve-
ment will experience disease recurrence. In one large series, 72% 
of patients with multisystem disease who initially responded to 
treatment experienced recurrent LCH from 2 months to more than 
5 years after cessation of therapy, and most recurrences were in 
previously uninvolved sites.75 Young children, especially those 
younger than 2 years of age at diagnosis, are at particular risk for 
multiple relapses. However, in most patients the disease appears 
to  eventually burn out.145,146

apparent multisystem disease at diagnosis; with further evalua-
tion, however, some patients have asymptomatic bone lesions,130 
and as many as 10% subsequently develop DI.134 Signs and symp-
toms of pulmonary involvement may be subtle or may include 
growth failure or weight loss, dyspnea, tachypnea, and hemop-
tysis. Recurrent pneumothoraces occur in as many as 20 to 25% 
of cases.135 Lung involvement is characterized radiographically 
by diffuse micronodular densities with cyst formation, sometimes 
giving rise to a picture of “honeycomb lung.” Lesions are usu-
ally prominent in the perihilar regions and the upper lung fields. 
Costophrenic angles are usually spared, and enlargement of hilar 
nodes is unusual. Permanent pulmonary sequelae often occur,136 
and reactivation in the lungs may be associated with smoking.133

Bone marrow involvement by Langerhans cells has been 
described most often in infants with disseminated disease.23,24,137 
It is characterized by anemia, neutropenia, and thrombocytope-
nia, occurring singly or together. Erythrophagocytosis may rarely 
be a factor in the pathogenesis of anemia.138 Because bone mar-
row and splenic involvement often occur together, splenic seques-
tration of blood cells may further exaggerate the cytopenias of 
bone marrow involvement.

DIagnoSIS
The clinical and radiographic features of LCH are distinctive 
enough to suggest the diagnosis in most patients. However, 
the diagnosis must be made pathologically, and for a definitive 
diagnosis, the presence of Birbeck granules or the presence 
of Langerin and /or CD1a on the surface of LCH cells must be  
demonstrated.139

Assessment of the extent of disease is critical. To help stan-
dardize the workup and management of LCH patients, the 
Histiocyte Society has published guidelines on how to evaluate 
and follow patients.140 A thorough physical examination is neces-
sary to evaluate for hepatomegaly or splenomegaly, lymphade-
nopathy, and any bone or soft tissue masses. Bony lesions may be 
diagnosed by either bone scan or skeletal survey. Each modality 
has been shown to discover lesions missed by the other. However, 
radionucleotide bone scan may miss osteolytic lesions that do 
not have any osteoblastic characteristics. This is particularly 
true for skull lesions.90,91 Other studies required include a chest 
radiograph, complete blood count, assessment of liver function, 
and determination of renal concentrating ability. A bone marrow 
examination is required if cytopenias exist, and a high-resolution 
chest CT scan may be necessary if signs and symptoms suggest 
pulmonary involvement.131 Although not required to evaluate 
disease, some authors have recommended studies of T- and B-cell 
numbers, T-cell subsets, and lymphocyte function. New imaging 
modalities, including PET and octreotide scans, may be useful in 
LCH, but they require additional study.93,141,142

Group
No Reactivation 
or Progression Progression Reactivation Death

4-Year Event 
Free Survival (%)

Single bone (n = 48) 46 0 2 0 89.7

Multiple bone (n = 40) 26 1 13 0 58.1

Multiple organ

All (n = 34) 10 7 17 7 24

Age < 1 y (n = 19) 5 6 8 7 22

From Jubran RF, Marachelian A, Dorey F, et al. Predictors of outcome in children with Langerhans cell histiocytosis. Pediatr Blood Cancer 
2005;45:37–42, with permission.
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Systemic therapy is required for multisystem disease and for 
single-system disease in which multiple bones or CNS-risk bones 
are involved. Approximately 50% of patients requiring systemic 
therapy respond to corticosteroids alone.155 Because of the tox-
icity of corticosteroids when used for more than brief periods, 
however, other chemotherapeutic agents are now the mainstay of 
management. Vinblastine, vincristine, 6-mercaptopurine, metho-
trexate, alkylating agents, anthracyclines, and etoposide, singly or 
in combinations, are effective in controlling LCH.143 Patients with 
liver, lung, or bone marrow dysfunction as well as those at high 
risk for adverse CNS outcome are best treated with combination 
chemotherapy. In a clinical trial in which patients were strati-
fied by risk, treatment included induction chemotherapy with 
vinblastine, etoposide, and prednisone followed by maintenance 
chemotherapy with etoposide, vinblastine, prednisone, 6-mer-
captopurine, and methotrexate.123 Two thirds of those patients 
with organ dysfunction achieved a complete remission, as did 
approximately 90% of those with either multisite bony disease or 
soft tissue disease without organ dysfunction.

The Histiocyte Society has conducted multinational randomized 
clinical trials in LCH.78,156 In the first international trial (LCH I),78 
143 patients were randomized to receive 24 weeks of vinblastine 
(6 mg/m2 intravenously weekly) or etoposide (150 mg/m2/day 
intravenously for 3 days, every 3 weeks); all patients received 
a single dose of steroids. Both of those monotherapies were 
equivalent. Due to the risk of secondary leukemias with etoposide, 
subsequent studies have been built from the vinblastine arm. One 
robust finding in this study was that the response at 6 weeks was 
strongly prognostic, regardless of initial treatment. However, LCH 
I did not produce superior results compared to studies from the 
German/Austrian Group, DAK-HX 83 and DAL-HX 90.157 Overall 
survival was similar, but a lower reactivation rate, longer reaction 
free interval, and fewer permanent disabilities were seen in the 
DAL studies compared to LCH I.

The Histiocyte Society’s LCH II trial demonstrated that intensi-
fied treatment increased early response in patients younger than 
2 years with multisystem disease and risk organ involvement.156 
The study showed that the addition of etoposide to a regimen of 
vinblastine, prednisone, and daily 6-mercaptopurine reduced the 
risk of mortality for these patients. The most recent LCH III trial 
evaluated the effect of adding methotrexate to the combination of 
vinblastine and prednisone for patients with “risk” organ involve-
ment. Although data from that trial are pending, the current 
recommendation is that patients with multisystem disease should 
receive a 6-week course of therapy with weekly vinblastine and 
daily prednisone, followed by 12 months of maintenance therapy 
with vinblastine and prednisone pulses every 3 weeks with daily 
oral 6-mercaptopurine. Treatment should be similar for patients 
with multifocal bone and CNS-risk lesions, except that there is no 
proven benefit to 6-mercaptopurine.

Newer agents that have been evaluated for LCH that 
are refractory to standard therapy include cladribine (2- 
chlorodexoyadenosine). The early promise of cladribine reported in 
several small studies prompted further evaluation by the Histiocyte 
Society.158,159,161 In a Phase 2 study, cladribine showed ben-
efit to patients with reactivation of disease in nonrisk organs.162 
However, cladribine proved no more beneficial than standard 
therapy for patients with multisystem disease and risk organ 
involvement. The combination of cladribine with other agents 
such as cytarabine or etoposide may be more effective, but car-
ries the risk of more pronounced bone marrow suppression and 
hematologic toxicity.163 Other agents that have shown prom-
ise in small series include clofarabine, bisphosphonates, and 
 etanercept.164,165,166,167 Etanercept inhibits TNF-a, which is highly 
expressed in Langerhans cells, lymphocytes, and macrophages of 
LCH lesions and promotes proliferation of Langerhans cells.168,169

Several patients with recurrent progressive LCH refractory to 
conventional therapy have benefited from allogeneic hematopoietic 

Despite the favorable prognosis for most patients, mortality 
from disease progression can occur. Approximately one third of 
adults with pulmonary LCH die from the disease.128 The highest 
incidence of mortality, however, is seen in children with involve-
ment of the liver, lungs, hematopoietic system, or spleen at 
diagnosis (“risk” organs as defined by the Histiocyte Society).140 
A 5-year survival rate of only 25% has been reported in children 
with liver or spleen involvement at diagnosis.75 In a series of 18 
patients with “risk” organ involvement, 7 died after either disease 
progression or recurrence.74 In contrast, in two separate studies, 
all patients 2 years of age or older without “risk” organ involve-
ment survived.78,146 After disease resolution, LCH survivors may 
be left with permanent complications, including DI, pulmonary 
difficulties, neurologic complications, orthopedic abnormalities, 
neuropsychological impairment, dental problems, chronic otitis, 
or hearing impairment.72,84,145 Patients with one or more reac-
tivations after initial therapy are more likely to have long-term 
sequelae from LCH.147

ManageMent anD treatMent
Management is dictated by the likely natural history of the disease 
based on the location and extent of lesions and by the presence 
of specific organ involvement and/or dysfunction. Given that LCH 
tends to improve with time, most patients do not require treat-
ment aimed at ablating the disease. In most patients, disease 
manifestations are reversed with therapy that is far less intensive 
than that used for neoplastic disease. As noted previously, multiple 
courses of treatment may be required for recurrences. DI is not 
ameliorated by chemotherapy. Although some authors describe 
reversal of DI with radiotherapy directed to the hypothalamus–
pituitary region soon after the onset of symptoms,148 the consen-
sus is that radiotherapy, like chemotherapy, is without benefit in 
this situation.108,149

Treatment decisions should be based on the number of sys-
tems involved and on whether a particular lesion is likely to result 
in disability. Children with single-system disease, particularly 
if they have a solitary lesion of bone (e.g., eosinophilic granu-
loma of bone), may require no therapy other than curettage.144 
However, some patients have aggressive disease, warranting 
treatment with multiagent chemotherapy.123 In addition, multiple 
courses of treatment may be required for recurrences. However, 
in contrast to neoplastic disease, patients with LCH recurrence 
can often be successfully re-treated with a previously received 
regimen. Sometimes, recurrence can be ameliorated with less 
intensive therapy than originally received. Rarely are aggres-
sive approaches, such as bone marrow or liver transplantation, 
justified.

Because unifocal bone disease is associated with a uniformly 
excellent prognosis, therapy with potential late effects should be 
avoided. The surgical procedure required for diagnostic purposes 
often is definitively therapeutic as well. Lesions other than those 
for which curettage is performed for diagnostic purposes often 
heal spontaneously.150 Lesions that progress or recur; those that 
threaten an important function, such as sight or hearing; and 
those that pose a risk of pathologic fracture or future disability 
may be treated effectively with low-dose radiotherapy. Doses of 
600 to 1,000 cGy in three to five fractions effect local control in 
most patients.148,149,151 Lesions in weight-bearing sites, such 
as the neck of the femur, may require curettage and autologous 
bone grafting. Direct steroid injection into the lesion has been 
used152; however, the benefit of this treatment has never been 
proven in a randomized fashion. Isolated histiocytosis of the skin 
in infants usually regresses spontaneously and does not require 
systemic therapy.5,96,153 Skin lesions in older children or adults 
may respond at least temporarily to radiation with ultraviolet 
light.154
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stem cell transplantation (HSCT).170,171,172,173,174,175,176 However, 
toxicity from HSCT in these patients has been an issue with 
high rates of transplant-related mortality. A few patients have 
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transplant-related morbidity and mortality.177 The most effective 
conditioning regimens and appropriate timing of HSCT are yet to 
be determined.
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PathoLogy of LangerhanS CeLL hIStIoCytoSIS  
anD other hIStIoCytIC ProLIferatIonS
Karen L. Chang, Lawrence M. Weiss

C h a p t e r  6 1

Langerhans cell histiocytosis and other dendritic and histiocytic 
neoplasms and related proliferations are uncommon diseases.1 
Dendritic cells, also known as classical dendritic cells, arise 
from the myeloid-derived common dendritic cell precursor and 
are divided by function and structure to include Langerhans 
cells, interdigitating dendritic cells, and follicular dendritic cells. 
Langerhans cells and interdigitating dendritic cells both show 
strong expression of S-100 protein and HLA-DR, with Langerhans 
cells positive for CD1a and langerin, and interdigitating dendritic 
cells negative for CD1a and langerin. Normal Langerhans cells 
reside primarily in the skin and migrate via lymphatics (as veiled 
cells) to the lymph nodes as they differentiate into interdigitat-
ing dendritic cells, which reside in the paracortical region of the 
lymph nodes. Langerhans cells are efficient antigen-processing 
presentation machines, whereas interdigitating dendritic cells 
interact closely with T-cells, leading to the initiation of strong 
cellular immunity. Follicular dendritic cells express CD21, CD35, 
and/or CD23, and not CD1a, langerin or S-100 protein. They are 
fixed cells that reside in lymphoid follicles, interacting with fol-
licular B cells in the formation and organization of the follicles. 
In addition, they trap and store antigen–antibody complexes 
and they are important in memory cell formation and affinity 
maturation of follicular B-cells. Plasmacytoid dendritic cells also 
arise from the common dendritic cell precursor and are the main 
source of a-interferon upon viral infection or CD154 stimula-
tion. Plasmacytoid dendritic cells also play an important role in 
immune tolerance through immune regulation and/or depletion 
via the uptake of self-peptides captured by the uptake of apoptotic 
classic dendritic cells. They express CD123 and not S100, CD1a, 
or langerin. A subset of plasmacytoid dendritic cells has immuno-
globulin rearrangements.

Histiocytes are noncirculating cells derived from a bone mar-
row stem cell known as monocyte/macrophage and dendritic 
cell precursor, which is the same stem cell that gives rise to the 
common dendritic cell precursor. Histiocytes are the tissue-based 
equivalent of monocytes and are normally resident in a variety 
of organs, including the spleen, lymph nodes, and bone marrow; 
liver (Kupffer cells); lung (alveolar macrophages); lamina propri-
ety of the gut; and brain (microglia). They express CD163 and 
CD68 (an antigenic marker of lysosomes). They play an important 
role in resistance to intracellular microorganisms and tumors 
through nonimmunologic mechanisms and in the recognition and 
clearance of apoptotic cells.

Each of these major dendritic and histiocytic cells has corre-
sponding tumors, as summarized in Table 61.1 and discussed in 
further detail below.

LangerhanS CeLL hIStIoCytoSIS
Langerhans cell histiocytosis is a neoplastic proliferation  
of Langerhans cells, albeit at perhaps a more immature state of 
maturation.2 Langerhans cells are dendritic cells that are nor-
mally resident in the basal layer of the epidermis and are char-
acterized by immunohistochemical expression of CD1a, S-100 
protein, and langerin and the presence of Birbeck granules by 
ultrastructural examination. Three major syndromes of involve-
ment are recognized.3–5 In the most common type, unifocal dis-
ease (formerly solitary eosinophilic granuloma), involvement of a 

single site, usually bone, is seen. This syndrome is seen primarily 
in adolescents and young adults. In multifocal unisystem disease 
(formerly many cases of Hand-Schuller-Christian disease), there 
is involvement of several sites within one organ system, almost 
always bone. This syndrome is seen primarily in children. In the 
least common multifocal multisystem disease (formerly many 
cases of Letterer-Siwe disease), multiple organs are involved, usu-
ally including the bones, skin, liver and spleen, and lymph nodes, 
often in a lymphoma-like distribution. These latter cases are usu-
ally seen in infants.

Langerhans cell histiocytosis represents a monoclonal prolif-
eration, as revealed by molecular studies of the X-linked andro-
gen receptor gene.6 There is no association with known viruses.7 
Cytogenetic and other studies have shown abnormalities involving 
chromosomes 1p and 7.8 Recurrent mutations of the oncogene 
BRAF have been found in a large number of LCH cases, including 
the allegedly polyclonal pulmonary variant of LCH.9 Some inves-
tigators have theorized that immune dysfunction plays a role in 
the pathogenesis, although direct evidence is lacking. Neoplastic 
Langerhans cells may aberrantly express chemokines of imma-
ture dendritic cells, and abnormal reactions between Langerhans 
cells and macrophages may contribute to production of a cytokine 
“storm.”10,11

Biopsy is essential to the diagnosis of Langerhans cell histio-
cytosis. The key to the diagnosis is the identification of neoplas-
tic Langerhans cells. Langerhans cells are dendritic cells with 
characteristic grooved, folded, or indented nuclei, inconspicuous 
nucleoli, a relative bland chromatin pattern, and thin nuclear 
membranes12 (Fig. 61.1). The degree of nuclear atypia or the 
mitotic rate in general does not correlate with outcome, with the 
exception that cases with frankly sarcomatous features probably 
represent rare cases of Langerhans cell sarcoma (see the section 
“Langerhans Cell Sarcoma”). The cytoplasm is usually moderately 
abundant and pale to intensely eosinophilic. Langerhans cells 
may be the only cell type, particularly as seen in cases of multifo-
cal, multisystem disease, but most often they are found admixed 
in a characteristic cellular milieu that usually includes variable 

Cell Tumor Major Phenotype

Langerhans cell Langerhans cell  
histiocytosis/sarcoma

CD1a+, S-100 protein+, 
Langerin+

Follicular  
dendritic cell

Follicular dendritic cell 
sarcoma

CD21+, CD35+, CD23+

Interdigitating 
dendritic cell

Interdigitating dendritic 
cell sarcoma

S-100 protein+, CD1a−

Plasmacytoid  
dendritic cell

Blastic plasmacytoid  
dendritic cell neoplasm

CD4+, CD56+, CD123+

Histiocyte Histiocytic sarcoma CD163+, CD68+

Subset of sinusoidal 
histiocyte

Rosai-Dorfman disease S-100 protein+, CD163+, 
CD68+

Activated  
histiocyte

Hemophagocytic  
lymphohistiocytosis

CD163+, CD68+

Major DenDritic anD Histiocytic cells anD tHeir tuMors

taBLe 61.1
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numbers of eosinophils, histiocytes, and neutrophils. Occasionally, 
eosinophilic microabscesses are seen. More mature lesions have 
greater numbers of histiocytes, which may be nonstimulated, 
epithelioid, or multinucleated and simulating osteoclasts. Late 
lesions tend to have variable numbers of foamy macrophages and 
plasma cells and are often associated with a significant degree 
of fibrosis. Ultrastructurally, neoplastic Langerhans cells have 
Birbeck granules, numerous lysosomes, small vesicles, and mul-
tivesicular bodies, and irregular cell membranes with an absence 
of cell junctions. Birbeck granules are specific to Langerhans cells 
and are usually “tennis racket”-shaped intracytoplasmic membra-
nous bodies, with an osmiophilic core and a double outer sheath. 
The langerin antibody is an endocytic receptor associated with 
the formation of Birbeck granules and thus is highly specific and 
sensitive and has in large part supplanted the need for electron 
microscopy studies.13

Neoplastic Langerhans cells tend to have a similar (but 
not identical) phenotype as normal Langerhans cells, and are 
usually identified by expression of CD1a, langerin, and S-100 
protein14 (Fig. 61.2). In addition, Langerhans cell histiocytosis 
expresses vimentin, HLA-DR, placental alkaline phosphatase 
(in contrast to normal Langerhans cells), and peanut agglutinin 
lectin. The tumor has been reported to be variably positive for 
CD45, CD68, CD163, CD4, and lysozyme; however, expression 
of these antigens probably represents positivity of the intimately 
admixed histiocytes. The Ki-67 index is usually low (<25%). 
Neoplastic and normal Langerhans cells are consistently nega-
tive for B- and T-lineage markers, CD30, CD34, and follicular 
dendritic cell markers CD21 and CD35. By enzyme histochem-
istry, normal and neoplastic Langerhans cells are positive for 
adenosine triphosphatase, a-d-mannosidase, a-naphthyl acetate 
esterase, a-naphthyl butyrate esterase, and acid phosphatase.15 
There is no evidence of antigen-receptor gene rearrangements.

The differential diagnosis includes reactive proliferations of 
Langerhans cells, including dermatopathic lymphadenitis, so-
called pulmonary Langerhans cell histiocytosis, and Langerhans 
cell histiocytosis-like proliferations associated with malig-
nancy lymphoma. In dermatopathic lymphadenitis, the reac-
tive Langerhans cells occur in the paracortex, in contrast to 
the sinusoidal or patchy pattern of lymph node involvement by 
Langerhans cell histiocytosis, and the proliferating Langerhans 
cells are accompanied by melanin-containing histiocytes and 
numerous interdigitating dendritic cells. So-called pulmonary 
Langerhans cell histiocytosis and Langerhans cell histiocytosis-
like proliferations associated with malignant lymphoma are 

morphologically indistinguishable from Langerhans cell histio-
cytosis. Langerhans cell histiocytosis can be distinguished from 
most other histiocytic and dendritic disorders by their character-
istic expression of CD1a, S-100 protein, and langerin.

LangerhanS CeLL SarCoMa
Langerhans cell sarcoma is an extremely rare neoplasm defined 
as a neoplastic proliferation of Langerhans cells that have overtly 
malignant cytologic features.16–18 It usually presents de novo 
but may also represent progression from typical Langerhans cell 
histiocytosis. There is a wide age range affected, and there may 
be a female predominance. Typically, multifocal multisystem dis-
ease is present. An aggressive behavior is seen, with an overall 
survival of ∼50%.

Histologically, a proliferation of cytologically malignant  
histiocyte-like cells is seen (Fig. 61.3). The presence of occasional 
nuclear features characteristic of Langerhans cells may suggest 
the diagnosis. The mitotic rate is high, and the characteristic 
cellular milieu of Langerhans cell histiocytosis is not usually 
seen. Given this histologic picture, the diagnosis is usually estab-
lished with the identification of the CD1a (which may be focal; 
(Fig. 61.4) and S-100 protein, reactivities that are characteristic of 
Langerhans cells. The identification of Birbeck granules on ultra-
structural examination is also helpful in confirming the diagnosis. 
None of the cases reported to date have included langerin study. 
The Ki-67 index is usually much higher than that seen in typical 
Langerhans cell histiocytosis.

foLLICuLar DenDrItIC  
CeLL SarCoMa
Follicular dendritic cell sarcoma is a neoplasm of cells differenti-
ating toward follicular dendritic cells. Normal follicular dendritic 
cells are the antigen-processing cells of the germinal center. 
Follicular dendritic cell sarcoma is a very rare neoplasm, occur-
ring in a wide age range and even gender distribution.17,19–22  
A subset of cases may occur in association with Castleman disease, 
and there may also be an association with schizophrenia.17,22,23 
Most cases are not associated with known viruses, although a subset 
of cases, particularly those arising in liver or spleen, may be associ-
ated with Epstein-Barr virus (EBV).24–26 It most often presents in 

FIGURE 61.1. Langerhans cell histiocytosis. Histiocytic cells with frequent nuclear clefts 
are seen. Scattered eosinophils are present in the background.

FIGURE 61.2. Langerhans cell histiocytosis, S-100 protein stain (same case as 
Fig. 61.1). Nuclear staining of the Langerhans cells is seen.
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expression of CD21, CD35, and/or CD23.17 They are also usu-
ally positive for vimentin, desmoplakin, and HLA-DR, variably 
positive for S-100 protein and CD68, and negative for keratin, 
CD45, langerin, and specific markers of B- and T-cell differentia-
tion (although CD20 may occasionally be aberrantly expressed).  
A germline configuration of the antigen-receptor genes is found.

The differential diagnosis includes other dendritic tumors as 
well as other sarcomas, carcinoma, and malignant melanoma. 
Other sarcomas and dendritic tumors lack CD21, CD35, and/or 
CD23, whereas carcinoma is keratin-positive and malignant mela-
noma expresses specific markers of melanocytic differentiation.

InterDIgItatIng DenDrItIC  
CeLL SarCoMa
Interdigitating cell sarcoma is a tumor differentiating toward 
normal interdigitating dendritic cells.17,22,28,29 Normal interdigi-
tating dendritic cells are major antigen-processing cells, usually 
located in the lymph node paracortical region. Interdigitating 
dendritic cell tumor is a very rare neoplasm usually occurring in 
adults, equally in men and women. Tumors may present either 
primarily in lymph nodes or at extranodal sites. Patients usually 
present with a solitary mass, although systemic symptoms may 
be present. The clinical course varies from benign to rapidly pro-
gressive lethal disease. Some cases may be associated with B-cell 
lymphoma; in such occurrences, both entities have been shown to 
be clonally related.30,31

Interdigitating dendritic cell sarcoma usually shows a paracor-
tical pattern of distribution, with residual follicles (Fig. 61.6). It 
may be comprised of spindled cells and has a close resemblance 
to follicular dendritic cell sarcoma, although the cells may be 
more rounded and occasionally simulate a diffuse large-cell lym-
phoma. Nuclear atypia may vary widely, as does the mitotic rate. 
Immunohistochemical studies usually show strong expression 
of S-100 protein, in the absence of specific markers of follicular 
dendritic cells (CD21, CD35, and/or CD23), the Langerhans cell 
markers CD1a and langerin, or B- and T-cell markers. CD45, 
CD163, and CD68 may be variably positive. There is a germline 
configuration of the antigen-receptor genes. Ultrastructural stud-
ies show an absence of Birbeck granules or well-formed desmo-
somes, although complex interdigitating cell processes are seen.

Immunohistochemical studies are necessary to distinguish 
interdigitating dendritic cell sarcoma from follicular dendritic 

lymph nodes, but may also present in a variety of extranodal sites. 
Patients usually present with a slow-growing mass. Treatment usu-
ally consists of complete surgical excision, with or without adjuvant 
radiotherapy and/or chemotherapy. The tumor usually behaves in 
an indolent fashion, although local recurrence may occur in about 
one half of cases, and metastasis may occur in one fourth of cases.27

Histologically, one sees a spindle cell neoplasm, which may 
resemble a low-grade sarcoma (Fig. 61.5). The spindled cells 
may form fascicles and whorls, and there is characteristically an 
admixture of small mature lymphocytes, both amid the spindled 
cells or architecturally segregated into a second component, 
which may include secondary lymphoid follicles. The individual 
cells usually have bland spindled nuclei, although significant 
atypia may be seen in a minority of cases. The chromatin may 
vary from vesicular to granular and generally have small nucleoli. 
Occasional multinucleated cells may be seen. Ultrastructural stud-
ies show complex interdigitating cell processes with scattered 
mature desmosomes, typical of normal follicular dendritic cells, 
and an absence of Birbeck granules.

Immunohistochemical studies show the presence of pheno-
typic markers characteristic of normal follicular dendritic cells: 

FIGURE 61.4. Langerhans cell sarcoma, CD1a (same case as Fig. 61.3). Membrane 
staining with CD1a is seen, characteristic of Langerhans cells.

FIGURE 61.3. Langerhans cell sarcoma. Although some of the nuclei have features of  
Langerhans cells, the nuclear atypia is striking. Note the presence of several mitotic figures, 
including atypical forms.

FIGURE 61.5. Follicular dendritic cell sarcoma. A bland spindle cell proliferation is seen, 
with scattered mature lymphocytes.
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cell sarcoma (CD21-, CD35-, and/or CD23-positive), Langerhans 
cell histiocytosis (CD1a-positive and langerin-positive), malignant 
lymphoma (B-, T-, and/or CD30-positive), spindled carcinoma 
(keratin-positive), or malignant melanoma (which expresses HMB-
45, MELAN-A, and/or melanoma-associated transcription factor).

other rare DenDrItIC CeLL 
SarCoMaS
Other rare dendritic cell sarcomas described in the World Health 
Organization Classification of Hematopoietic and Lymphoid Tissues 
includes indeterminate cell tumor and fibroblastic reticular cell 
neoplasm. Indeterminate cell tumor is a CD1a-negative, S-100 pro-
tein-positive skin-based spindled cell tumor, which lacks Birbeck 
granules.19,32,33 The tumor comprises bland spindled cells, some of 
which show irregular grooves and clefts (Fig. 61.7). Ultrastructural 
studies do not show Birbeck granules, suggesting a transitional 
neoplasm between Langerhans cell histiocytosis and interdigitating 
dendritic cell sarcoma. Obviously, such hard-to-classify cases are 
extraordinarily rare, and not yet well characterized. Fibroblastic 

reticular cell neoplasms are also extremely rare.19,34 They gener-
ally occur in the lymph node paracortex and have a spindled to 
histiocytic appearance, and express vimentin, actin, and smooth 
muscle actin (in a heterogeneous pattern), and not S-100, CD1a, 
langerin, CD45, or markers of lymphoid or follicular dendritic cells.

BLaStIC PLaSMaCytoID DenDrItIC 
CeLL neoPLaSM
Blastic plasmacytoid dendritic cell neoplasm (formerly, CD4+CD56+ 
hematodermic neoplasm or blastic NK-cell lymphoma) is a rare 
aggressive neoplasm that probably shows differentiation toward 
plasmacytoid dendritic cells (formerly known as plasmacytoid 
monocytes). Normal plasmacytoid dendritic cells are predendritic 
cells of the lymph node paracortex and are a major source of 
a-interferon in viral infection or CD154 stimulation.35 The neo-
plasm consistently expresses CD123 (the interleukin-3 receptor), 
CD68, and CD4, and a subset of cells expresses CD56 (the neural 
cell adhesion molecule NCAM). There is no association with known 
viruses, including EBV.36 Most patients with CD4+CD56+ hemato-
dermic neoplasm are elderly and present with skin lesions.37 Bone 
marrow, peripheral blood, and lymph nodes are commonly simul-
taneously involved. The disease is usually rapidly progressive, 
with the development of disseminated disease in most patients, 
although some cases localized to skin may have a good prognosis.

Histologically, one sees a diffuse monotonous infiltrate of 
medium-sized cells with fine, blastic-appearing chroma-
tin, closely resembling a lymphoblastic neoplasm (Fig. 61.8). 
Immunohistochemical studies show a phenotype resembling nor-
mal plasmacytoid dendritic cells, with positivity for CD4, CD56, 
CD123, and CD68.38 In addition, there is also consistent positivity 
for CD45, CD43, HLA-DR, CD62L, and CXCR3, and some cases show 
positivity for terminal deoxyribonucleotide transferase or CD34. 
Antigen-receptor genes are germline. The differential diagnosis 
includes lymphoblastic lymphoma and acute myeloid leukemia, 
both of which lack the characteristic CD4-, CD56-, CD123-positive 
phenotype of CD4+CD56+ hematodermic neoplasm.

hIStIoCytIC SarCoMa
Histiocytic sarcoma is a neoplastic proliferation of cells show-
ing histologic, immunohistochemical, and molecular features of 
histiocytes.1,17 By definition, there is the presence of one or more 

FIGURE 61.6. Interdigitating dendritic cell sarcoma. The cells are epithelioid. This case 
showed strong nuclear staining for S-100 protein, yet was negative for CD1a.

FIGURE 61.7. Indeterminate cell tumor. This cutaneous case showed positivity for CD1a and 
S-100 protein, yet Birbeck granules were not present on ultrastructural study.

FIGURE 61.8. Blastic plasmacytoid dendritic cell neoplasm. Note the uniform  proliferation 
of cells with a blastic chromatin pattern.
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frequent as malignant lymphoma, which can be identified by 
the presence of specific B- and T-cell markers and/or CD30. The 
malignancy most frequently confused with histiocytic sarcoma 
is anaplastic large-cell lymphoma, which often has a focal or 
preferential sinusoidal pattern of involvement and may be com-
prised of highly pleomorphic cells. In fact, most cases previously 
diagnosed as malignancy histiocytosis on histologic grounds 
alone probably represent anaplastic large-cell lymphoma, which 
may be distinguished from histiocytic sarcoma by the former’s 
constant expression of CD30, with or without ALK staining.45 
Rarely, carcinomas and malignant melanoma may be confused 
with histiocytic sarcoma. Use of keratin and specific markers 
of melanocytic differentiation other than S-100 protein (such 
as HMB-45, melanocytic-associated transcription factor, and 
Melan-A) should identify these cases.

DISSeMInateD JuvenILe 
XanthogranuLoMa
Juvenile xanthogranulomata are protuberant cutaneous nodules 
that usually present in the head and neck of children.46–48 The 
lesions may measure up to 1 cm in diameter and may occasion-
ally occur in the soft tissues or internal organs. An aggressive 
systemic form, known as disseminated juvenile xanthogranu-
loma, accounts for <5% of cases. This variant also most com-
monly affects children, although rarely adults are affected 
(Erdheim-Chester disease). The etiology of disseminated juvenile 
xanthogranuloma is unknown, but rare patients also have neu-
rofibromatosis-1 and/or juvenile myelomonocytic leukemia. Of 
note, NF-1 and JMML are also associated with usual type juve-
nile xanthogranulomta.49–51 Pathologically, the lesions of dis-
seminated juvenile xanthogranuloma are cellular, with a mixture 
of histiocytic, spindled, and giant cells.47 Nuclear pleomorphism 
is not prominent. The tumor cells express factor XIIIa, fascin, 
CD163, and CD68, and do not express S-100 protein.

roSaI-DorfMan DISeaSe
Rosai-Dorfman disease (sinus histiocytosis with massive lymph-
adenopathy) is a probably reactive disorder of as yet unknown 
etiology and whose proliferating cells may derive from a surfeit 
of sinusoidal macrophages.52,53 Patients usually present with 

specific histiocytic markers and absence of specific B- and T-cell 
markers. The neoplasms are tissue-based, and neoplasms associ-
ated with monocytic leukemias are excluded.

Histiocytic sarcoma is a rare neoplasm, mostly commonly occur-
ring in adults, although it has been reported in all ages.17,39–42 
A subset of cases may be associated with mediastinal germ cell 
tumor, usually malignant teratoma, with or without yolk sac 
tumor.43 Lymph nodes and skin are most commonly involved, 
although virtually any site may be affected, including liver, spleen, 
bone, and intestinal tract. The bone may show lytic lesions or dif-
fuse marrow involvement, with the latter occasionally causing pan-
cytopenia. Some patients may show a “systemic” pattern of spread, 
recalling the old term, “malignant histiocytosis.” Most patients 
present a high clinical stage. Histiocytic sarcoma is an aggressive 
neoplasm, generally with a poor response to therapy, with most 
patients dying of progressive disease.

Histologically, one usually sees a patternless diffuse infiltrate 
of large cells, with a close resemblance to diffuse large-cell 
lymphoma (Fig. 61.9). Occasionally, one sees a preferential or 
exclusively sinusoidal pattern of infiltration. The proliferating 
cells generally have irregularly shaped nuclei, sometimes eccen-
trically placed, often with multilobulation and occasionally with 
multinucleation. Nuclear atypia ranges from mild to severe. The 
chromatin pattern is usually vesicular, and nucleoli may vary 
from small to large. Cytoplasm is usually moderate to abundant 
and eosinophilic, and may show some spindling. There may 
be some cells with foamy cytoplasm. Cytophagocytosis, usually 
hemophagocytosis, may be present, but is not considered to be a 
defining feature.

Phenotyping studies are essential to distinguish histiocytic 
sarcoma from other malignancies. Histiocytic sarcoma shows 
expression of at least one specific histiocytic marker in the 
absence of specific B- and T-cell markers. Positive markers of 
histiocytic differentiation may include CD163, CD68, CD4, CD11c, 
CD14, and lysozyme (Fig. 61.10). Additional, albeit nonspecific, 
antigens expressed by the neoplastic cells of histiocytic sarcoma 
may include CD45 and HLA-DR. The myeloid markers CD34 
and myeloperoxidase are negative, although CD33 is usually 
 positive.44 There may also be expression of S-100 protein, but 
CD1a, CD21, CD35, and langerin are negative. Antigen-receptor 
gene rearrangement studies show a germ line configuration, with 
the exception of those with an association with B cell lymphoma, 
and there is no association with known viruses.

The most important differential diagnostic consideration is 
with malignant lymphoma. Histiocytic sarcoma is ∼0.1% as 

FIGURE 61.9. Histiocytic sarcoma. The nuclei appear lymphoid-like and closely resemble a 
diffuse large cell lymphoma.

FIGURE 61.10. Histiocytic sarcoma (same case as Fig. 61.9). CD163: strong positivity for 
CD163 is seen, consistent with a histiocytic lineage.
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heMoPhagoCytIC 
LyMPhohIStIoCytoSIS
Hemophagocytic lymphohistiocytosis is a clinicopathologic 
syndrome characterized by uncontrolled hyperinflammation 
caused by a variety of inherited or acquired immune defi-
ciencies.59 Most of the genetic defects involve defects in 
granule-mediated cytotoxicity and NK-cell function.60 Familial 
hemophagocytic lymphohistiocytosis usually presents within 
the first year of life, with a symptom-free interval after birth 
typically seen.59,61 EBV is the triggering agent in ∼75% of cases 
of infection-associated hemophagocytic lymphohistiocytosis.62 
The terminal stages of any malignancy, including malignant 
lymphoma, may be associated with hemophagocytic lympho-
histiocytosis. However, EBV-associated T/NK neoplasms are 
particularly common, and the accompanying hemophagocytic 
syndromes may occur at an early stage and may even be the 
presenting symptom of the lymphoma.63,64 Patients with hemo-
phagocytic lymphohistiocytosis usually present with fever, hep-
atosplenomegaly, and cytopenias, and central nervous system 
symptoms are also common. Laboratory abnormalities include 
cytopenias of two or more cell lines, hypertriglyceridemia and/
or hyperfibrinogenemia, and an increase in serum ferritin and 
soluble CD25. The prognosis is poor, with the immediate aim of 
therapy being to suppress the increased inflammatory response 
by immunosuppressive/immunomodulatory agents and cyto-
toxic drugs. Hematopoietic cell transplant has been curative 
in a selected group of patients with primary hemophagocytic 
lymphohistiocytosis.65

Early in the disease course, biopsied lymph nodes may show 
a marked immunoblastic proliferation in the paracortex, with 
only minor hyperplasia of histiocytes noted in the sinuses. Later 
on, however, there is a massive infiltrating of the sinusoid by 
benign-appearing histiocytes. They show a normal histiocytic 
phenotype, with CD163 and CD68 positivity, and often show 
prominent hemo- and platelet phagocytosis (Fig. 61.12). There 
are also usually scattered to abundant plasma cells. The corti-
cal and paracortical regions become comparatively diminished 
in size and stimulation. Finally, the lymph node may show 
lymphocyte depletion, with marked histiocytic hyperplasia 
with abundant phagocytosis in sinusoids. The hemophagocytic 
lymphohistiocytosis syndrome is usually established on clinical 
criteria, with lymph node biopsy performed to rule out coexisting 
malignant lymphoma.

markedly enlarged, often bilateral, painless cervical lymph nodes. 
However, a wider variety of extranodal sites are involved in about 
one-half of cases, including skin, upper respiratory tract, bone, 
soft tissue, including orbit, and these extranodal sites may be the 
presenting or only site of disease.54 Patients are generally young, 
presenting at a median age of 20 years, with no sex predilection, 
but a marked propensity for African Americans. There are usually 
a wide variety of laboratory abnormalities; including leukocytosis 
(neutrophilia), polyclonal hypergammaglobulinemia, and elevated 
sedimentation rate. The clinical course is usually benign, although 
there may be persistence or recurrence of disease, and a small 
subset may be associated with immune dysfunction and have a 
poor outcome.55

Involved lymph nodes are usually markedly enlarged and 
have a fibrotic lymph node capsule with massive dilation of 
the lymph node sinuses (Fig. 61.11). The sinuses show char-
acteristic histiocytes, usually admixed with numerous plasma 
cells and the adjacent medullary cords also show numerous 
plasma cells. Extranodal sites usually show strikingly identical 
features, with dilated lymphatic sinuses, although surrounding 
fibrosis is usually more prominent. The characteristic histio-
cytes are very large with round nuclei that have a vesicular 
chromatin pattern, a delicate nuclear membrane, and one to 
several distinct nucleoli. Cytoplasm is abundant, amphiphilic 
to eosinophilic, and occasionally foamy. A distinctive feature 
is that the cytoplasm often contains numerous lymphocytes 
(lymphophagocytosis) or other cells (including neutrophils or 
erythrocytes).

Immunohistochemical studies show that the distinctive his-
tiocytes are strongly positive for S-100 protein, CD163, CD68, 
CD11c, and CD14.56–58 They may also be focally positive for 
CD30 or, and more rarely, positive for CD1a. They are consis-
tently negative for the follicular dendritic cell markers CD21 
and CD35. Molecular studies show a germline configuration of 
the antigen-receptor genes, and the cells have been shown to 
be polyclonal by analyses of the X-linked androgen-receptor 
gene. There is no convincing evidence of an association with any 
known viruses.

The differential diagnosis includes sinus histiocytosis, 
Langerhans cell histiocytosis, hemophagocytic lymphohistiocy-
tosis, and histiocytic sarcoma. The key to the diagnosis of Rosai-
Dorfman disease is the recognition of the peculiar proliferating 
histiocytes, which contain a distinctive nucleus, and prominent 
lymphophagocytosis. Sinus histiocytosis lacks these peculiar cells, 
although it may show focal lymphophagocytosis.

FIGURE 61.11. Rosai-Dorfman disease. Note the peculiar histiocytes with abundant  
lymphophagocytosis, along with the accompanying infiltrate of mature plasma cells.

FIGURE 61.12. Lymphohistiocytic hemophagocytosis, spleen. Note the prominent  
hemophagocytosis. This case was associated with Epstein-Barr infection.
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InfectIous MononucleosIs and other  
epsteIn-Barr VIrus–related dIsorders
thomas G. Gross

C h a p t e r  6 2

Epstein-Barr virus (EBV) infects the majority of human individu-
als but usually results in subclinical infections. EBV has been etio-
logically linked to a wide spectrum of human disease, but it has 
been shown to be the etiologic agent in relatively few. Although 
EBV has been identified as the etiologic agent for infectious 
mononucleosis (IM), the diagnosis is predicated on the presence 
of a well-described constellation of clinical and laboratory fea-
tures. EBV has been associated with Burkitt lymphoma (BL) and 
nasopharyngeal carcinoma (NPC), as well as many other human 
malignancies, such as non-Hodgkin lymphoma (NHL; B-cell, T-cell, 
and natural killer [NK]-cell phenotype), Hodgkin lymphoma (HL), 
leiomyosarcoma, gastric carcinoma, even hepatocellular carci-
noma, and breast cancer. EBV has been associated with prema-
lignant conditions or diseases with features of malignancy, such 
oral hairy leukoplakia in human immunodeficiency virus (HIV)/
acquired immunodeficiency syndrome (AIDS) and lymphoprolif-
erative disorders (LPDs) in patients with primary or secondary 
immunodeficiencies. EBV has been associated with several other 
nonmalignant disorders as well, such as hemophagocytic lym-
phohistiocytosis (HLH) and chronic active EBV infection (CAEBV), 
and even has been implicated in diseases such as multiple 
sclerosis and chronic fatigue syndrome. The role of EBV in the 
pathogenesis of these disorders remains to be fully understood. 
This chapter reviews the biology of EBV and IM in detail. The 
other diseases that have been associated with EBV infection are 
discussed, focusing on data pertaining to the role EBV may play 
in their pathogenesis.

hIstorIcal BackGround
In the first decade of the 20th century, several cases of glandu-
lar enlargement, sore throat, and increased numbers of mono-
nuclear cells on the blood smear were described by Turk,1 Cabot, 
Marchant, and others.2 These cases were sometimes reported as 
acute leukemia that apparently resulted in spontaneous remission 
and cure. In the 1920s, Sprunt and Evans3 classified these cases 
and six of their own as infectious mononucleosis (IM), empha-
sizing the peculiar blastlike cells present in the blood. In 1923, 
Downey et al. published a detailed morphologic description of 
these cells.4

In 1958, Denis Burkitt described an unusual, rapidly growing 
lymphoma in children of central Africa.5 In 1961, Dr. Burkitt gave 
a lecture at the Middlesex Hospital Medical School in London 
about the epidemiology of this lymphoma that now bears his 
name.6 A young doctor named Anthony Epstein was in atten-
dance at this lecture and upon hearing the predilection of this 
tumor occurring in endemic malaria areas, he hypothesized a 
viral etiology for this tumor. For 3 years, Dr. Epstein and his col-
leagues were unsuccessful in finding viruses in the tumor tissue 
provided by Dr. Burkitt. However, in 1964, Dr. Epstein reported, 
along with Achong and Barr, the presence of viral particles in 
lymphoblasts cultured from tumor biopsies.7

The discovery of EBV as the etiologic cause of IM was the result 
of a very astute observation made in 1967.8 The Henles noted 
that blood taken from a laboratory technician who had recently 
contracted IM led to the spontaneous establishment of a lymphoid 
cell line containing characteristic EBV particles, whereas previous 
attempts to establish cell lines from this individual’s blood had 
been unsuccessful. They also observed that sera obtained before 

the onset of IM were negative for an anti-EBV or heterophile 
titers, whereas after the onset of clinical IM, the anti-EBV and 
heterophile titers appeared and rose for a period of time.. The 
Henles and associates studied the sera of a number of students 
from Yale University, where a prospective study of IM had been 
in progress for many years. In all instances of clinical IM, the anti-
EBV and heterophile titers rose together from a negative baseline. 
Of even greater interest was the observation that the anti-EBV 
titer remained persistently elevated, in contrast to the transient 
nature of the heterophile response. Confirmation of EBV as the 
etiologic agent in the majority of cases of IM soon followed.9,10,11

pathophysIoloGy of epsteIn-Barr 
VIrus InfectIon
EBV is one of eight known human herpes viruses (HHVs) and is 
subgrouped into the g-herpes virus subfamily. Immature virus 
particles that measure 75 to 80 nm can be found in both the 
nucleus and the cytoplasm of infected cells. Mature, fully infec-
tious particles, with a diameter of 150 to 200 nm, are found only 
in the cytoplasm.12 The infectious virus particle has three com-
ponents: a nucleoid, a capsid, and an envelope. The doughnut-
shaped central core, or nucleoid, contains the viral DNA in linear 
form. Surrounding the nucleoid is the capsid, which is icosahedral 
and is made up of hollow, tubular protein subunits called capso-
meres. Finally, the nucleocapsid (the capsid and the contained 
viral DNA) is enclosed in a protective envelope that is derived 
either from the nuclear membrane or from the outer membrane 
of the host cell. The envelope contains a number of viral antigens 
that are manufactured and inserted into the host cell membrane 
before the assembly of mature virus particles. The EBV genome 
(Fig. 62.1) is a double-stranded DNA molecule of approximately 
173,000 base pairs (bp) organized into a series of unique coding 
regions (U1 to U5), divided by interval repeat regions (IR1 to IR4) 

FIGURE 62.1 Epstein-Barr virus (EBV) genome and its organization. Schematic repre-
sentation of linear EBV DNA showing the general organization in a series of unique (U1 to U5), 
internal repeat (IR1 to IR4 ), and terminal repeat (TR ) domains. The location of several EBV 
genes expressed during viral latency and replication is shown. EBER, EBV-encoded RNA; EBNA,  
EBV-determined nuclear antigen; gp, glycoprotein; LMP, latent membrane protein; ZEBRA, Z EBV 
replication activator. (From Tosato G, Tata K, Angiolillo AL, et al. Epstein-Barr virus as an agent of 
hematological disease. Baillere Clin Hematol 1995;8(1):165–199, with permission.)
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FIGURE 62.2 Epstein-Barr virus (EBV) gene transcription in the three 
forms of latency. The top panel shows the position of the exons on a lin-
ear map of the genome. The lower panel shows the direction of transcription 
from each promoter (arrows) and the splicing structure between the exons. 
Coding exons are shown in black and noncoding exons in white. EBER, 
EBV-encoded small RNA; EBNA, EBV-encoded nuclear antigen; LP, leader 
protein; LMP, latent membrane protein; TR, terminal repeat. (From Young 
LS, Dawson CW, Eliopoulos AG. The expression and function of Epstein-Barr 
virus encoded latent genes. J Clin Pathol Mol Pathol 2000;53:238–247.)

and terminal repeat domains. The genome encodes approximately 
100 proteins.13,14 Figures 62.1 and 62.2 illustrate viral genes 
encoded by the genome and are discussed in detail in the section, 
“Epstein-Barr Virus Infection.” When EBV infects a cell, its linear 
genome circularizes to form an episome, an extrachromosomal 
element in the nucleus of the cell.13,15–17

Many variants have been reported, although the relevance to 
human disease pathogenesis is unclear. Two variants EBV-1 (A 
type) and EBV-2 (B type) exist, which are differentiated mainly by 
their differences in the EBV-determined nuclear antigens (EBNAs) 
2, 3A, and 3C.13,15,18 Both types of EBV are found in most popula-
tions. The relationship between these different strains and specific 
diseases remains to be determined. Additional EBV variants with 
differences in EBNA-1 have been reported to be associated with 
specific EBV-affiliated diseases, such as BL, but the incidence of 
these variants has been shown to be similar in the general popula-
tion of a particular geographic region.19 Furthermore, mutations 
(so-called 30-bp or 69-bp deletions) of latent membrane protein 
(LMP-1) have been reported to be highly associated with the 
development of HL, certain forms of T- and B-cell lymphoma, and 
NPC.20–23 But again, when compared with EBV variants found in 
the geographic regions, there exists no difference between healthy 
individuals and those associated with tumors.23,24 Therefore, cau-
tion must be exercised when attributing specific EBV viral strains 
to particular diseases in the absence of geographically matched 
control isolates.

epstein-Barr Virus Infection
The only host that the virus infects naturally is the human, 
although lymphocytes from other species, namely New World 
primates (i.e., cottontop marmosets, owl monkeys, and tama-
rins), are infectible.25,26 EBV has been found in a variety of 
human tissue types associated with disease (i.e., T lympho-
cytes, NK cells, HL, leiomyosarcoma, gastric carcinoma, hepa-
tocellular carcinoma, and breast cancer).27,28,29,30,31,32,33 The 
mechanism of EBV infection in these tumors remains to be 
fully elucidated.

Infection of B lymphocytes begins with attachment of the virus 
envelope glycoprotein (gp) 350/220 to the complement receptor 
C3d, also known as CR2 or CD21.34 For entry into B lymphocytes, 
a complex of three viral proteins (gH–gL–gp42) is required, and 
human leukocyte antigen (HLA) class II molecules serve as a co-
receptor for gp42.35 Epithelium of the oropharynx is a source 
of viral replication,36 but it has been difficult to determine the 

mechanism of infection, inasmuch as these cells do not express 
CD21 or HLA class II molecules. Recent studies have demon-
strated that during primary infection, the majority of virions are 
not internalized after binding to B lymphocytes of the oropharyn-
geal tissue. And these B lymphocytes can form cellular conjugates 
with epithelial cells that allow for transfer of EBV virions into the 
epithelial cells.37 The mechanism for EBV entry into other cell 
types (e.g., T cells, gastric mucosa, smooth muscle cells, etc.) may 
also be via direct contact with B cells that have bound virions with 
subsequent virion internalization. Infection of epithelium leads to 
the replication of the virus with the release of large quantities of 
viral particles containing three-part complexes (gH–gL–gp42) that 
favor infection of HLA class II and CD21-expressing cells (i.e., B 
lymphocytes located in the oropharyngeal lymphoid tissues of 
the Waldeyer ring).35 These B lymphocytes may remain latently 
infected in the oropharynx, but if viral reactivation and replication 
occur, cellular lysis and death result, and the virus can be shed 
into the saliva. Virus contained in infectious saliva is produced by 
B lymphocytes of the oropharynx.38,39 Salivary virus may then be 
transmitted to another host.

The mechanisms underlying viral replication are not completely 
understood as there exist no in vitro models that recapitulate 
viral replication in humans. Viral replication is initiated through 
oriLyt.40 Two key early immediate genes are first transcribed, 
BRLF1 and BZLF-1, encoding Z EBV replication activator (ZEBRA) 
protein.13,15,41 These proteins then up-regulate the expression of 
early gene products essential for viral replication, including viral 
DNA polymerase and viral thymidine kinase. Late gene products 
follow, including viral capsid antigen (VCA), the major envelope 
glycoprotein (gp350), and the viral protein BCRF-1, which con-
tains 70% homology to interleukin (IL)-10.13,15,42,43 Complete 
viral replication results in the lysis and death of the host cell. 
Recently, it has been shown that viral proteins associated with 
type III latency (see below) are associated with viral replication.44 
What role this plays in B-cell transformation and immortalization 
remains to be determined.

Alternatively, infected B lymphocytes appear to undergo nor-
mal B-cell differentiation and disseminate throughout the body 
into secondary lymphatic organs (i.e., lymph nodes, spleen, and 
bone marrow).44–47 Studies have demonstrated that the reservoir 
for latent EBV infection is a small percentage of postgerminal 
center, antigen-selected resting memory B lymphocytes.47 The 
number of latently infected B cells is approximately 10–5 to 10–6 
of all B cells and remains stable for the majority of the life of the 
infected individual.46,48
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producing both EBV-specific and -nonspecific antibodies. The 
number of these virus-containing B cells rises during the acute 
phase of the infection but never exceeds 0.03% to 0.1% of the 
circulating mononuclear cells.64,65 A cellular immune response 
follows, which is composed primarily of an expansion of cytotoxic 
T lymphocytes (CTLs), with the vast majority being EBV-specific, 
although some are not EBV-specific.66,67 Figure 62.4 illustrates 
the pathologic consequences of an abnormal CTL response to EBV 
infection. A deficient CTL response, either quantitative or qualita-
tive, results in an EBV-driven B-cell proliferative process. The lack 
of an appropriate CTL response can also result in an aggressive, 
predominantly T-cell and histiocytic reaction that is not EBV-
specific. This reaction is characterized by extensive infiltration of 
lymphoid and parenchymal organs with hemophagocytosis, and 
tissue destruction is often observed. If unchecked, this reaction 
can be rapidly fatal.68,69

The humoral response to EBV is well characterized 
(Fig.  62.5).70,71,72,73 VCA antibodies are the earliest to appear: 
first immunoglobulin M (IgM) and, later, IgG. IgM antibodies 
probably arise during the incubation period, peak with symptoms, 
and then decline rapidly.73 IgA anti-VCA antibodies are seen in 
some patients and, like IgM anti-VCA antibodies, are gone within 
several weeks.74,75 IgG anti-VCA antibodies reach a peak 2 to 3 
weeks after their IgM predecessors and persist for life.74,75 The 
majority of patients also have a transient response to the EBV 
early antigen (EA), peaking usually within a month of infection.72 
Antibodies to EBNA may appear several weeks after the onset of 
the illness in some patients but, in general, take several months to 
appear, and titers rise slowly over 1 to 2 years and persist for life. 
The majority of normal individuals have detectable IgG to EBNA 
by 6 months after EBV infections, although it may take years 
to develop detectable anti-EBNA titers.76 In young children, the 
anti-VCA and anti-EA responses may be much less intense, and 
anti-EBNA may take much longer to be seen.77

An EBV-nonspecific humoral response also occurs with EBV 
infection. Paul et al.78 first described this phenomenon in 1932 
when they reported that the sera of patients with IM contained 
heterophil antibodies against sheep erythrocytes in concentra-
tions far above normal. The use of heterophil antibodies in the 
diagnosis of IM is discussed in detail in the section, “Infectious 
Mononucleosis: Diagnosis.” Many of these EBV-nonspecific anti-
bodies function as autoantibodies and include cold reactive anti-i 
antibodies, Donath-Landsteiner cold hemolysins, and antibodies 
against smooth muscle, thyroid, and stomach.79–82 In addition, 
antinuclear antibodies have been found in the sera of some 
patients,83,84 as well as rheumatoid factors,85 including anti-Gm 
antibodies,86 anticardiolipin antibodies, and antiactin and anticy-
toskeletal antibodies.87 The serum of some persons with IM may 
contain cryoglobulins.88 Some of these autoantibodies have been 
reported to be monoclonal.84

Although neutralizing antibodies produced after primary 
infection may play a role in thwarting the spread to additional 
B cells, EBV-specific antibodies are most useful for diagnosis, 

Latent infection is characterized by the expression of nine 
virally encoded proteins. Figures 62.1 and 62.2 illustrate the tran-
scriptions of the nine latent proteins of EBV (EBNA-1, EBNA-2, 
EBNA-3A, EBNA-3B, EBNA-3C, EBNA leader protein [LP], LMP-1, 
LMP-2A, and LMP-2B).13,15,49 Two EBV-encoded RNAs (EBER-1 
and EBER-2) are expressed abundantly in all EBV-infected cells 
and are valuable for making the diagnosis of EBV disease, but 
do not code for proteins and their function remains to be deter-
mined.13 In addition, the Bam HI-A rightward transcript (BART) 
is generally found in infected cells, but its function also remains 
to be fully delineated.50

The state of latent infection is maintained by EBNA-1. The 
function of EBNA-1 is to bind to a nucleotide sequence called 
ori-P, part of the DNA origin of EBV replication, thereby allowing 
the viral genome to be maintained in the nucleus of the latently 
infected B cell.51,52 By this mechanism, the EBV DNA is assured of 
being maintained in B cells that undergo replication.

EBNA-2 and LMP-1 appear to be required for B-cell immor-
talization.13 EBNA-2 transactivates the expression of LMP-1 and 
LMP-2.13,53 EBNA-LP augments the ability of EBNA-2 to up-
regulate LMP-1. LMP-1 and LMP-2 are associated with a cellular 
tyrosine kinase. The function of LMP-1 is similar to that of other 
members of the tumor necrosis factor (TNF) receptor family and 
is similar—but not identical—to that of CD40. LMP-1 interacts 
with TNF-receptor–associated factors and the TNF-receptor– 
associated death domain in infected cells and activates nuclear 
factor-kB and c-Jun N-terminal kinase pathways, resulting in 
B-cell activation and proliferation.49,54–57 Additionally, LMP-1 
expression also induces bcl-2 expression and can prevent apopto-
sis in B cells.57 LMP-2 prevents viral reactivation by blocking tyro-
sine phosphorylation and promotes B-cell survival.58 The EBNA-3 
proteins regulate expression of certain cellular genes, including 
specific cellular receptors such as CD28, CD19, CD21, CD23, and 
CD30; T-cell co-stimulatory molecules CD80/CD86; adhesion mol-
ecules such as intercellular adhesion molecule-1, leukocyte factor 
antigen-1, and leukocyte factor antigen-3, and a member of the 
src oncogene family, c-fgr.15,59

Expression of EBV genes varies along the spectrum of EBV-
associated diseases and often differs from in vitro immortalized 
B cells or normal human resting B cells infected by EBV.49,53 The 
viral gene expression of viral latency is illustrated in Figure 62.2. 
Briefly, in type I latency- EBNA-1, EBER-1, and EBER-2 and BART 
are expressed. Type I latency is observed in BL and a portion of 
EBV-positive gastric carcinoma. Type II latency is characterized 
by the expression of EBNA-1, LMP-1, LMP-2A and B, EBER-1, 
and EBER-2 and is observed in NPC, and other EBV-positive 
lymphomas, such as T- or NK-cell NHL, and the Reed-Sternberg 
(RS) cells of HL. EBV-infected cells of LPD observed in immu-
nodeficient patients resemble in vitro immortalized B cells and 
generally express all nine of the EBV-related latent proteins (type 
III latency). The site of EBV latency in seropositive healthy indi-
viduals, the resting memory B cells does not appear to express 
EBNA-1 but only LMP-2, EBER-1, and EBER-2 together with 
BART (type IV latency).60

Immune response to epstein-Barr  
Virus Infection
Understanding the immune response to EBV infection is essential 
to comprehend the pathogenesis of EBV-related disease. EBV is a 
very potent immune stimulus. The immune system controls lym-
phoproliferation in the normal host and maintains a host/virus 
symbiosis. Figure 62.3 illustrates the delicate balance between 
the host T-cell immune response and control of B-cell proliferation 
of latently infected B cells. In a healthy individual, although only 
10–5 to 10–6 B cells are latently infected with EBV, approximately 
1% to 5% of all circulating CD8+ T cells are capable of react-
ing against EBV.48,61,62,63 Initially, there is B-cell proliferation, 

EBV-Infected B Cells
1 ⁄ 10,000 – 1 ⁄ 100,000

EBV-CTL
1 – 5 ⁄ 100

FIGURE 62.3 Balance of immune control in Epstein-Barr virus (EBV) infections. CTL, 
cytotoxic T lymphocyte.
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Humoral response Cellular response

B-cell proliferation Asymptomatic
latent EBV Infection

Fulminant Infectious
Mononucleosis

EBV-Infected
B Cell

EBV Non specific
Antibodies

EBV Specific
Antibodies

EBV Specific
Cytotoxic T Cells

EBV Non specific
Cytotoxic T Cells

(–) (+)

FIGURE 62.4 Immune response to  Epstein-Barr 
virus (EBV) infection.

whereas the cellular response is the most important for control 
of EBV infections. NK cells and CD4+ T cells have been shown 
to play a role, but CD8+ memory cytotoxic T cells (EBV-CTLs) 
are the primary defense in controlling EBV infections.66,67,89,90 
The absolute number of NK cells may initially be increased, but a 
decrease in NK function is usually observed, returning to normal 
gradually over several weeks.91 Initially, these EBV-CTLs account 
for the majority of cells causing the lymphocytosis and the large, 
pleomorphic, atypical lymphocytes, or “Downey cells,” character-
istic of IM.66,67,90,92 Of note, it has been shown that the amount 
of these T cells in the peripheral blood correlates with symptoms 

seen in IM, not the number of EBV-infected B cells or the viral 
load.93 Not surprisingly, at first the majority of EBV-CTLs are 
reactive against lytic viral antigens. During lytic infection three 
EBV proteins, BNLF2A, BILF1, and BGLF5, function to lower 
HLA I surface expression, which in effect helps EBV-infected cells 
evade the immune system.94 However, over time the number of 
EBV-CTLs reactive against latent viral antigens predominates.66,67

This symbiosis of EBV and the infected host is maintained by 
interactions between viral gene expression in latently infected  
B cells and host EBV-CTL surveillance. The reservoir of viral latency 
is found among the resting memory B cells.46,47 These resting mem-
ory B cells do not express high levels of adhesion molecules or T-cell 
co-stimulatory molecules, making them poor antigen-presenting 
cells. When these cells divide, EBNA-1 is expressed to ensure pas-
sage of viral DNA to progeny cells.52 Although CD4+ T-cell responses 
against EBNA-1 have been documented,95 EBNA-1–specific cyto-
toxic T cells are not readily generated.96,97 Thus, the reservoir of 
latent EBV infection is not recognized readily by the immune system.

Activated EBV-infected B cells express major histocompat-
ibility complex class I antigens; various adhesion molecules make 
these proliferating EBV-infected B cells good antigen-presenting 
cells. Proliferating, latently infected B cells express all latent 
proteins, including EBNA-2, EBNA-3A, EBNA-3C, LMP-1, and 
LMP-2 (type III latency). These proliferating EBV-infected B cells 
are highly susceptible to cellular lysis by EBV-CTL and are elimi-
nated during convalescence, whereas memory EBV-CTL provide 
lifetime immunosurveillance against EBV-driven B-cell prolifera-
tion. The immunodominant epitope of the EBV-CTL response is 
highly restricted by the HLA type of the individual.98 For months 
after the expansion of EBV-infected B cells is controlled, virus is 
shed at high titers in the saliva,99 indicated ongoing viral replica-
tion in infected B cells of the oropharanyx.46 Recent studies have 
demonstrated that EBV-CTL against latent viral antigens home 
more efficiently to lymphoid tissue of the oropharynx than EBV-
CTL against lytic viral antigens.100 This observation helps explain 
that the greatest risk of acquiring primary infection is salivary 
exposure from a recently infected person or a person in early con-
valescence, although infective virions can be found in the saliva of 
persons with a long latent infection.

FIGURE 62.5 Laboratory tests I. Time course relationship between heterophil antibodies, 
 various anti–Epstein-Barr virus antibodies, and the mean total and atypical lymphocyte counts. 
EA, early antigen; EBNA, Epstein-Barr nuclear antigen; D, diffuse component; Ig,  immunoglobulin; 
VCA, viral capsid antigen.
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InfectIous MononucleosIs

epidemiology
The typical clinical syndrome associated with IM occurs most 
commonly in young adults, the peak incidence being in persons 
between 17 and 25 years of age (Fig. 62.6).70,101 Children often 
acquire immunity to EBV without developing the typical clini-
cal manifestations of IM, for reasons still not understood.101–103 
Because symptoms of EBV correlate with the CTL response,93 this 
would suggest that young children generally respond with a less 
exuberant cellular response. The yearly conversion rate to EBV 
seropositivity among children in the United States is not known. 
Past studies suggest earlier conversion with lower socioeconomic 
status, i.e., 51% of Yale University freshmen and 86% of Marine 
recruits, had antibodies to EBV.12,104 Authors of a British study 
concluded that 30% to 40% of children had been infected by their 
fifth year.105 Generally speaking, the rate of seroconversion is high 
in developing countries, where standards of hygiene are relatively 
low compared to higher socioeconomic countries.10,70 Under these 
circumstances, primary infection occurs in almost all children 
before 10 years of age, leaving few young adults susceptible to 
develop IM, and the observed incidence of IM in such countries is 
very low.10,70 IM is sufficiently uncommon in individuals older than 
30 years of age and is so rare in those older than 40 years of age 
that special care is needed when making the diagnosis in persons 
in their middle or late years. Nevertheless, well-documented cases 
of this illness in patients older than 40 years of age have been 
reported.105–108 Complications such as protracted fever, jaundice, 
pleural effusion, and Guillain-Barré syndrome often dominate the 
clinical picture in these patients, detracting from the evidence that 
would allow the clinician to make the correct diagnosis.107

IM is not as contagious as is commonly believed. It is rare 
for members of a patient’s family, roommates of the same sex, 
and other close associates to develop symptoms of IM.109,110 
“Kissing disease,” the colloquial term for IM, underscores the 
association of intimate kissing with IM.70,99,102,111 Although oral 
shedding occurs throughout the life of a carrier, it peaks shortly 
after infection but often is readily detectable for 18 months or 
longer.99,112,113 Other modes of acquiring EBV infection include 
transplantation of organs or hematopoietic cells in which trans-
mission to the transplant recipient is common.114–117 Although 
it is not thought to occur frequently, there are anecdotal reports 
of transmission from blood transfusions,118,119 in utero, or 

perinatally.120,121 Although there are anecdotal reports of virus 
detected in cervical epithelium and semen, sexual transmission 
has never been demonstrated.122

Clinical Features
Many individuals have held that the manifestations of IM are 
protean and that many disorders may be simulated by this condi-
tion. IM is traditionally characterized by the clinical triad of fever, 
pharyngitis, and generalized adenopathy, with demonstration of 
an atypical lymphocytosis, defined as an absolute lymphocyto-
sis with more than 50% lymphocytes and 10% or more atypical 
forms in the differential count, and the presence of heterophil 
antibodies.102 Usually, IM occurs only once in the lifetime of a 
host, although recurrences have been reported, and exacerba-
tions of unresolved infection or transition to a chronic course may 
also occur. (See the section, “Chronic Active Epstein-Barr Virus 
Infections.”)

The signs and symptoms of IM are summarized in Table 62.1. 
The clinical course based on physical signs and symptoms is 
illustrated in Figures 62.7 and 62.8. In most young adults, the 
symptoms are fairly abrupt in onset, although close questioning 
frequently elicits vague complaints of lassitude and ill-being for 
several days before the onset of more pronounced symptoms. 
Most of the early symptoms are nonspecific. Myalgias do occur, 
but they are usually mild and are often confined to the neck and 
upper back. Excessive fatigue and general malaise may be accom-
panied by fever, sweating, and chills. Severe rigors rarely occur, 
and the patterns of fever are generally moderate and nonspecific. 
The fever is of no characteristic type. It may be transient and 
slight in degree, but in as many as one third of patients, it reaches 
a peak of 40°C. A secondary rise in temperature may occur after 
an initial drop to normal and may accompany the onset of glan-
dular swelling or sore throat.

Anorexia is a common early symptom. Its intensity and dura-
tion are often linked to the severity of sore throat and dysphagia. 
The anorexia often persists for several weeks. Nausea is equally 
common and may be one of the earliest symptoms of IM, but 

Symptoms % Signs %

Malaise and fatigue 90–100 Adenopathy 100

Sweats 80–95 Fever 80–95

Sore throat, dysphagia 80–85 Pharyngitis 65–85

Anorexia 50–80 Splenomegaly 50–60

Nausea 50–70 Bradycardia 35–50

Headache 40–70 Periorbital edema 25–40

Chills 40–60 Palatal exanthem 25–35

Cough (mild) 30–50 Liver or splenic tenderness 15–30

Myalgia 12–30 Hepatomegaly 15–25

Ocular muscle pain 10–20 Rhinitis 10–25

Chest pain 5–20 Jaundice 5–10

Arthralgia 5–10 Skin rash 3–6

Diarrhea or soft stools 5–10 Conjunctivitis 5

Photophobia 5–10 Pneumonitis 3

Abdominal pain 5

Epistaxis 3

From Finch SC. Clinical symptoms and signs of infectious mononucleosis. In: Carter RL, 
Penman HG, eds. Infectious mononucleosis. Oxford: Blackwell Scientific, 1969.

SyMptOMS anD SIgnS Of InfEctIOuS MOnOnucLEOSIS

taBLe 62.1

FIGURE 62.6 Age incidence. Age and sex of 82 patients with infectious mononucleosis at 
Johns Hopkins Hospital. Shaded columns, males; open columns, females.
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vomiting is rare. Sore throat and dysphagia are among the most 
important manifestations of IM and may be the only symptoms 
in some patients. These symptoms usually develop gradually 
and subside in 1 to 2 weeks. For most patients, the symptoms of 
pharyngitis are mild, but occasionally, even taking sips of water 
may be painful.

Lymph node enlargement is invariably present at some 
time.123,124,125 Adenopathy usually appears during the first week 
of illness and slowly resolves thereafter. Anterior and posterior 
cervical node enlargement is almost always present, and pal-
pable axillary and inguinal nodes are common. Radiographically 
detectable hilar adenopathy is rare (<1%).126 Although sple-
nomegaly is expected, the spleen is palpable in only one half 
to three fourths of all patients, and massive splenomegaly is 
rare.127 Hepatomegaly is detected in 15% to 25% of patients and 
is usually accompanied by percussion tenderness over the liver 
and discomfort on palpation. The course of hepatomegaly closely 
follows that of adenopathy and splenomegaly.127 Pharyngeal 
inflammation usually appears in the first week and then sub-
sides rapidly. In approximately 25% of patients, pharyngitis 
first occurs after the initial week of illness, and there are no 
pathognomonic features. It varies in intensity, but rarely, mas-
sive tonsillar and pharyngeal edema may cause virtually com-
plete pharyngeal obstruction.125 Severe cough is relatively rare, 
although mild cough is common.

Headaches occur early, as well as photophobia, and ocular 
muscle pain can occur. Ocular manifestations occur in approxi-
mately one third of patients and include eyelid edema, conjuncti-
vitis, dry eyes, keratitis, uveitis, choroiditis, retinitis, papillitis, and 
ophthalmoplegia.128 Rashes are also common with primary EBV 
infection and may be the only symptom in young children.129,130 
Several observers have noted that patients experiencing IM are 
peculiarly prone to rashes when treated with ampicillin, which 
appear to be the result of vasculitis caused by circulating ampicil-
lin–antibody complexes.131,132,133

Laboratory Findings
Hematologic abnormalities in IM are observed in virtually all 
patients. The hematologic changes persist for a minimum of 2 
weeks and usually persist for 1 to 2 months. One of the classic 
features of IM is the atypical lymphocytosis. The pleomorphism 
of the mononuclear cells found in the blood is usually striking. 
In addition to normal lymphocytes and monocytes, large mono-
nuclear cells, or atypical lymphocytes, are observed in the blood 
(Fig. 62.9). Although nonspecific4 because they may be found 
in the blood of patients with a variety of conditions, including 
other viral infections,134 they are a prominent feature of IM. The 
abnormal cells vary greatly in size and shape. They possess a 
nucleus that may be oval, kidney-shaped, or slightly lobulated 
and cytoplasm that most often is nongranular and vacuolated or 
foamy. The nuclear chromatin forms a coarse network of strands 
and masses and is not clearly differentiated from the parachro-
matin. The identity of these cells has been shown to be CD8+ T 
lymphocytes, as discussed previously (see the section, “Immune 
Response to Epstein-Barr Virus Infection’). The rapid prolifera-
tion of these activated T cells is responsible for the large num-
bers of atypical cells seen in the peripheral blood, whereas the 
proliferating B cells are primarily responsible for the generalized 
lymphadenopathy, hepatosplenomegaly, tonsillar and adenoidal 
changes, and the cellular infiltration seen in many parenchy-
mal organs; this is discussed in detail in the section, “Infectious 
Mononucleosis: Histologic Findings.”

Most patients with IM have slightly or moderately increased 
total white blood cell counts in the range of 10.0 to 20.0 × 109 
cells/L, with approximately 15% of patients reaching levels 
in excess of 20.0 × 109/L.111,135,136 The absolute lymphocyte 
count most often exceeds 5.0 × 109 cells/L; with atypical lym-
phocytes usually >20%.111 Lymphocytosis begins toward the 
end of the first week of illness and reaches a peak correspond-
ing to symptoms, as does the total leukocyte count (Fig. 62.10). 
Leukopenia has also been observed and can be manifested as 
lymphopenia or granulocytopenia.136 Most patients with IM 
have normal hemoglobin levels, and severe thrombocytopenia 
is rare, although mild depressions of platelet counts may be 
found in perhaps one half of patients.137 Severe neutropenia 
and thrombocytopenia may be very ominous signs, as they 
are frequently seen in the hemophagocytic reactions (VAHS or 
EBV–HLH).

Nonhematologic abnormalities are also commonly observed in 
patients with IM. Many patients show mild to moderate abnormal 
liver function tests.136 The reported incidence varies from 40% 
to 100%, depending on the severity of the disease, the time of 
testing, and the diligence with which the changes were sought. 
Reported enzyme changes include elevations of lactate dehydro-
genase, alkaline phosphatase, glutamic pyruvate transaminase, 
phosphohexose isomerase, and aldolase, in roughly that order 
of frequency. Perhaps one third of patients have mild to moder-
ate elevations of serum bilirubin values; levels above 8 mg/dl 
(135 mmol/L) are exceedingly rare but have been reported.136,138 
Occasionally, proteinuria or hematuria is present, but renal func-
tion is usually unimpaired. When the patient is jaundiced, bile and 
increased concentrations of urobilinogen may be found. When 

FIGURE 62.7 Major symptoms. Usual frequency and duration of major symptoms in young 
adults with infectious mononucleosis. (From Finch SC. Clinical symptoms and signs of infectious 
mononucleosis. In: Carter RL, Penman HG, eds. Infectious mononucleosis. Oxford: Blackwell 
Scientific, 1969.)
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FIGURE 62.8 Physical signs. Usual frequency and duration of major physical signs in young 
adults with infectious mononucleosis. (From Finch SC. Clinical symptoms and signs of infectious 
mononucleosis. In: Carter RL, Penman HG, eds. Infectious mononucleosis. Oxford: Blackwell 
Scientific, 1969.)
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FIGURE 62.9 Lymphocytes and cells of infectious mononucleosis. A: Large and small lymphocytes from the blood of normal subjects. B: Lymphocytes resem-
bling plasma cells (“plasmacytoid” cells) in the blood of a patient with viral pneumonia. C: Somewhat atypical lymphocyte and plasmacytoid lymphocytes in blood. 
D: Lymphocytes from the blood of a patient with viral infection; azurophilic granules are clearly seen in one of the cells. E–J: Infectious mononucleosis; lymphocytes 
showing increasing levels of atypia. E: Downey type I. F,G: Downey type II. H–J: Downey type III. K:  Lymphocytes from blood of patient with infectious mononucleosis.

lumbar puncture has been performed to evaluate patients with 
severe headaches, the cerebrospinal fluid (CSF) pressure may be 
elevated, and pleocytosis and increased levels of protein are often 
noted. The sugar content is normal. In a few patients, heterophil 
antibodies have even been demonstrated in the CSF.139

histologic Findings
The main pathologic feature of IM is a notable proliferative 
response within the reticuloendothelial system, especially by 
the lymph nodes and the spleen. It can be difficult to distinguish 
between malignant lymphoma and nonmalignant disease associ-
ated with EBV infection, especially in the immunodeficient patient 
population.69 In summary, the histologic diagnosis of IM is one of 
suspicion rather than certainty.69,140

The lymph node architecture is generally intact141,142 but 
may be distorted.140,141–143 Other morphologic features mimick-
ing lymphoma include extensive immunoblastic proliferation in 
sheets and nodules and significant cellular atypia.141 Clonality 
studies are often necessary to differentiate IM from malignant 
disease. The germinal centers are usually identifiable, but follicu-
lar prominence is diminished, probably because of the irregular 
and vaguely defined borders that result from the lymphocytic and 
reticuloendothelial hyperplasia of paracortical structures and, 
to a lesser extent, the medullary cords. This intense prolifera-
tive activity within the paracortical areas is in keeping with the 
characterization of atypical lymphocytes as T cells.143 In addition, 
focal proliferations of macrophages are noted, as is, most charac-
teristically, the presence of “typical” IM cells throughout the pulp, 
on the edges of germinal centers, and in the sinuses.142 RS-like 
cells140,141,143 are often observed in association with areas of 
necrosis.69 Because the presence of EBV has been demonstrated 
in approximately 50% of HL specimens,144–146 the identification of 

FIGURE 62.10 Laboratory tests II. Major laboratory findings in adults with infectious mononu-
cleosis. (From Finch SC. Clinical symptoms and signs of infectious mononucleosis. In: Carter RL,  
Penman HG, eds. Infectious mononucleosis. Oxford: Blackwell Scientific, 1969.)

100

75

50

25

7 14

%
 p

at
ie

nt
s

21 28

Leukopenia

Leukocytosis, lymphocytosis

Day of illness

Hyperbilirubinemia

Neutropenia

Abnormal liver function tests

Elevated heterophil antibody

72683_ch062_1324-1341.indd   1330 7/31/13   1:03 PM



B
en

ig
n 

d
is

or
de

rs
 o

f 
le

uk
oc

yt
es

, 
th

e 
s
pl

ee
n,

  
an

d/
or

 Im
m

un
og

lo
bi

ns

 Chapter 62 Infectious Mononucleosis and Other Epstein-Barr Virus–Related Disorders  1331

the virus or EBV-determined antigens is not particularly helpful in 
the differential diagnosis of these two disorders.

The spleen is striking for infiltration of its fibromuscular struc-
tures by mononuclear cells.147 Both the capsule and trabeculae 
are often thin and invaded by proliferating lymphocytes. This 
may explain the occurrence of splenic rupture in this disease. In 
vitro hybridization studies can be used to track the distribution 
pattern of cells carrying the viral genome.140,148 Most labeled 
cells are found in the hyperplastic T-cell zones, the paracortical 
or interfollicular areas140,148; smaller numbers are found within 
the epithelioid venules, the lymph node sinuses, and, occasion-
ally, the germinal centers and the mantle zone.148 In the spleen, 
labeled cells are found mainly within pulp cords.148 Most of the 
labeled cells are small lymphocytes, but occasional labeled blasts, 
dendritic cells, and macrophages can be identified.148

The bone marrow may be cellular with generalized hyper-
plasia of erythroid, myeloid, and megakaryocytic elements.149 
With special techniques, sarcoidlike granulomas may also be 
demonstrated.149–151 In most instances, however, routine marrow 
aspiration reveals no abnormalities of note.

Diagnosis
The diagnosis of IM rests primarily on documentation of a 
primary EBV infection. Because EBV cannot be cultured, the 
humoral response to EBV infection, which has been discussed in 
the section, “Immune Response to Epstein-Barr Virus Infection,” is 
the usual method to discern infection. In summary, a recent, pri-
mary EBV infection is characterized serologically by (a) a positive 
heterophil antibody titer; (b) high titers of anti-VCA antibodies, 
both IgM and IgG; (c) high titers of anti-EA antibodies; and (d) the 
absence of anti–EBNA-1 antibodies (Fig. 62.5) Convalescent sera 
demonstrate the disappearance of IgM anti-VCA antibodies and 
the appearance of anti–EBNA-1 antibodies.72,73 At present, the 
diagnosis of IM is made by the presence of anti-IgM to EBV VCA. 
Rapid test systems using recombinant EBV antigens and enzyme-
linked immunosorbent or other assay technologies have been 
developed for use in clinical laboratories,152,153 but false-positive 
tests, especially for anti-EBV IgM antibodies, can occur.154

Because so many antibodies have been linked to the develop-
ment of IM, elevation of Ig levels in association with this disease 
is not surprising.155,156 Although this change is especially true 
for IgM, lesser elevations have also been seen in IgG and IgA. 
A general increase in titers of IgG antibodies and production 
of IgM antibodies against heterophile antigens and other infec-
tious agents is common during the primary EBV infection157,158 
and must be taken into account when performing a diagnos-
tic workup. Antibodies with recognized antigenic specificities 
make up only a small proportion of the total g-globulins of the 
serum,155,159 and the antigenic specificity of most of the increased 
g-globulins remains undefined.

A serologic diagnostic test for IM has been available since 
Paul et al.78 discovered that the sera of patients with IM contain 
agglutinins against sheep red cells. They called the antibody het-
erophil because it reacted with a heterologous antigen that obvi-
ously had not elicited its production. Historically, the heterophil 
antibody test was felt to be a sine qua non in the diagnosis of IM 
in adults. Investigators soon learned that the antibody reacted not 
only with sheep red cells, but also with beef and horse erythro-
cytes.157,160,161 The heterophil antibody is an IgM globulin,162–164 
which, in some studies,164 was shown to have l light chains only. 
The Paul Bunnel (PB) antigen with which the heterophil antibody 
interacts is thermostable,160,162 in contrast to the Forssman 
antigen. Its immunologically reactive sites appear to be carbo-
hydrate in nature.165 The carbohydrate nature of the antigen 
probably explains the observation that the antibody response 
is almost exclusively IgM. PB antigens are found also on cells 
other than heterologous erythrocytes.162 Of particular interest is 

the demonstration of PB-like antigens on murine T lymphocytes, 
Thy-1–positive murine lymphoma cells, and murine neutrophilic 
granulocytes.162 In addition, PB antigens have been demonstrated 
in various tissues of IM patients during the early stages of the 
disease,162 in cultures of some lymphoid cell lines,166 in fresh BL 
tissues,167 and in the spleens of some patients experiencing lym-
phoma or leukemia.162 The formation of PB antibodies by cultures 
of lymphocytes from IM patients also has been demonstrated.168

Heterophil antibodies in titers of up to 1:28 are present in most 
normal persons and, occasionally, in titers of 1:56.169 A study of 
more than 3,000 IM patients showed the following age distribu-
tion of PB antibodies: 5 to 9 years of age, 4%; 10 to 14 years of 
age, 8%; 15 to 24 years of age, 80%; 25 to 29 years of age, 3%; and 
older than 30 years of age, 5%.170 For these reasons, the test for 
heterophil antibodies has been called “presumptive,”171 but in the 
presence of clinical and hematologic findings suggestive of IM and 
a titer of 1:256 or higher, the diagnosis of IM is likely. In patients 
with IM, positive heterophil reactions almost always appear dur-
ing the first 2 weeks of the illness (Fig. 62.5). Highest titers usually 
are found during the second and third weeks. As a rule, positive 
reactions last 4 to 8 weeks, but they have been observed to persist 
for as short as 7 to 9 days or as long as 18 weeks.169 The titer 
bears no relation to the severity of the disease or to the leukocyte 
changes. Although elevated heterophil antibody titers are quite 
common in EBV infection, occasionally patients with other disor-
ders produce elevated levels.172

Molecular diagnostic techniques are useful for the demonstra-
tion of EBV in tissues and body fluids. In situ hybridization tech-
niques140,148,173 and the polymerase chain reaction (PCR)174,175 
are most commonly used. The use of quantitative EBV PCR has 
been evaluated for diagnostic and prognostic value in EBV-related 
diseases.176,177 The detection of EBV DNA in peripheral blood or 
serum by PCR provides good evidence that the patient has been 
infected by EBV. However, interpretation of quantitative EBV 
DNA PCR or “viral load” results can be problematic, especially 
in the immunodeficient patient. Immunocompromised patients 
tend to have higher amounts of EBV DNA than normal healthy 
individuals with latent EBV infections. Also, different laboratories 
use different methods of detection, different specimens (blood vs. 
serum vs. mononuclear cells), and different measurements (cop-
ies per micrograms DNA vs. cells vs. ml of serum/blood).177 It 
appears that the amount of EBV DNA detectable in the blood of 
a patient with EBV-related disease may be useful in monitoring 
response to therapy in some diseases, but its value for diagnosis 
or prognosis still remains to be determined. The best method to 
diagnose EBV as an etiologic agent is tissue biopsy and in situ 
hybridization.

Differential Diagnosis
The diagnosis of IM usually is not difficult. In most instances, a 
young adult complains of malaise, fatigue, anorexia, and a sore 
throat and is found to have fever, adenopathy, pharyngitis, and 
splenomegaly. Appropriate changes in EBV titers will confirm the 
diagnosis. Much has been written about complications that can be 
devastating or even fatal, but serious complications in IM are rare, 
occurring in <1% of all diagnosed patients.125 Therefore, signs of 
significant respiratory, cardiovascular, intestinal, urinary, or joint 
disease make considerations of other diagnoses mandatory.

The fever and general malaise can be seen in many infectious 
diseases including salmonella infections, listeriosis, brucellosis, 
subacute bacterial endocarditis, the lymphadenopathic form of 
toxoplasmosis, and malaria.69 Generalized lymph node enlarge-
ment, including the postauricular and occipital nodes, is also 
characteristic of rubella.69 The pharyngitis of IM must be differen-
tiated from acute streptococcal pharyngitis, diphtheria, and acute 
viral pharyngitis of other types. b-Hemolytic streptococci are 
isolated relatively often from patients with classic IM.123 Thus, a 
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positive throat culture for streptococci does not make a search for 
an EBV infection unnecessary. In addition, a palatine exanthem 
may be present in patients with rubella, and atypical lymphocytes 
have been described in this condition. Drug fever and serum sick-
nesslike reactions may also suggest IM, because they often are 
characterized by fever, jaundice, lymph node enlargement, and 
atypical lymphocytes.69 Lymphocytosis, absolute or relative, may 
be encountered in association with diseases other than IM. These 
disorders include tuberculosis, tularemia, pertussis, dengue, 
mumps, chickenpox, German measles, typhoid fever, infectious 
hepatitis, serum sickness, and various other allergic states. In 
association with some of these conditions, abnormal lymphocytes 
resembling those of IM have been observed, as mentioned previ-
ously. Leukocytosis due to small lymphocytes of normal appear-
ance and not associated with splenomegaly, lymphadenopathy, 
or a positive heterophil titer is suggestive of some other acute 
infectious process.

The hematologist may be called on to differentiate IM from 
other more serious hematologic diseases, such as acute leukemia 
or lymphoma. Although many leukocytes of patients with IM 
appear abnormal, few contain nucleoli, and thrombocytopenia 
and anemia are rare in these patients. EBV serologies confirming 
primary infection can be very helpful. Bone marrow examination 
is rarely necessary to differentiate IM from acute leukemia. Nodal 
biopsy can be difficult at times to differentiate IM from a malig-
nant process. (See the section, “Histologic Findings.”) Patients who 
have had IM do not have a higher incidence of leukemia, but a few 
cases of concurrent IM and leukemia have been reported.178–181

A number of self-limiting diseases are associated with a 
peripheral blood picture that satisfies all of the morphologic crite-
ria established for the diagnosis of IM; failure to recognize these 
illnesses can result in unnecessary lymph node or liver biopsies, 
bone marrow aspiration, or other irrelevant diagnostic tests. The 
most common causes include cytomegalovirus (CMV), rubella, 
hepatitis and adenoviruses, Toxoplasma gondii, trichinosis, HIV, 
and HHV6, as well as a number of bacterial infections, with CMV 
being the most common.182,183–189

When CMV-mononucleosis occurs, the illness can clinically be 
identical to IM with similar laboratory findings.182 The diagnosis is 
confirmed by demonstrating the presence of IgM antibodies to CMV 
in virtually all cases.123,182 A few patients have been reported to 
present with evidence of simultaneous CMV and EBV infection.181

Complications
Unusual clinical patterns and serious complications are probably 
seen in no more than 1% of all patients.138 Misconceptions about 
a higher incidence stem from the fact that most of the medi-
cal literature concerning IM deals with complications and from 
impressions of subspecialists who usually do not see patients with 
uncomplicated disease. The most frequently reported complica-
tions are listed in Tables 62.2 and 62.3190–215.

Hematologic complications are the most common. The inci-
dence of hemolytic anemia may be as high as 3%.216,217 Hemolysis 
usually is mild; in approximately 70% of the patients with hemo-
lytic anemia, the reaction to the antiglobulin test (or Coombs test) 
is positive, and in approximately the same number, the titers 
of cold agglutinins are increased,217 usually with anti-i specific-
ity.218 Occasionally, hemolysis has been attributed to Donath-
Landsteiner cold hemolysins.219,220 In summary, anti-i antibodies 
are extremely common, but hemolytic anemia is rare.218,221,222 
Sometimes, however, no antibody of any kind is detectable. IM 
has been associated with accelerated hemolysis in patients with 
underlying hereditary spherocytosis,223,224 elliptocytosis,225 or 
thalassemia,226 and in one patient, the onset of paroxysmal noc-
turnal hemoglobinuria coincided with the development of IM.227

Hematologic cytopenias are common. Although mild depres-
sion of the platelet count (100 to 140 109/L) may be found in 
perhaps one half of patients with IM,137 thrombocytopenic pur-
pura is a rare complication that is seen primarily in younger chil-
dren.228–230 Thrombocytopenia occurring in acute IM has been 
attributed to increased destruction by an enlarged spleen or the 
production of platelet autoantibodies.231,232 Immune thrombocy-
topenia preceding the development of severe aplastic anemia has 
been reported.233 Mild granulocytopenia is a common finding in 
patients with IM,233 but severe granulocytopenia is rare.233–235 
When marrow examination has been performed, myeloid hyper-
plasia has been noted with increased numbers of promyelocytes, 
but with depletion of more mature neutrophilic cells.234,235 This 
picture is compatible with a proliferative response to an ear-
lier marrow injury or peripheral destruction or increased use 
of granulocytes. Serious suppression of the entire marrow is 
rare.217,236,237 Fatal aplastic anemia has been noted after what 
appeared to be typical IM219,238 but is more often related to hemo-
phagocytic reactions (VAHS or EBV–HLH).239

Immune hemolytic anemia

Immune thrombocytopenia

Granulocytopenia

Marrow aplasia

Virus-associated hemophagocytic syndrome

Acquired immune deficiencies

aSee text for references.

HEMatOLOgIc cOMpLIcatIOnS Of InfEctIOuS 
MOnOnucLEOSISa

taBLe 62.2

Splenic Rupture190–192

Neurologic complications

 Guillain-Barré syndrome193–195

 Encephalitis196–199

 Reye syndrome200

 Meningitis/meningoencephalitis242,200,201,429

 Cranial nerve palsies202–204

 Optic neuritis128

 Peripheral neuropathy205–209

 Cerebellar ataxia210,211

 Transverse myelitis212,213

Cardiac complications

 Electrocardiography changes129,243

 Pericarditis214,215

 Myocarditis80

Respiratory complications

 Acute airway obstruction244,245

 Pleural effusion247–249

 Parenchymal changes246,247,249

 Liver failure239,250,251,252

 Pancreatitis253,254

 Renal failure255

nOnHEMatOLOgIc cOMpLIcatIOnS Of InfEctIOuS 
MOnOnucLEOSIS

taBLe 62.3
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One of the most common reported complications is splenic 
rupture, which has led to death in several cases190,191 but has 
been reported to occur with an incidence of 0.1% to 0.2% in North 
America. Of the 107 cases reported in the world literature up to 
1978, only 18 were considered “spontaneous” by one reviewer.192 
The diagnosis of a ruptured spleen should be entertained when-
ever a patient with IM has severe or even moderate pain below 
the left costal margin, especially if the pain is accompanied by 
radiation to the left shoulder and supraclavicular area, or has 
evidence of impending peripheral vascular collapse. Other signs 
include those characteristic of peritoneal irritation, abdominal 
tenderness, and shifting dullness if massive intra-abdominal 
bleeding has occurred. Frank rupture may be preceded by one 
or more episodes of subcapsular hemorrhage or minor capsu-
lar tears, which may be difficult to differentiate from rupture. 
Because potentially fatal bleeding may occur at any time, it is 
recommended that surgical intervention be pursued whenever 
the typical pain pattern is accompanied by signs of hemodynamic 
instability.190,191 Delayed surgical intervention often is attribut-
able to the misconception that abdominal pain is a common fea-
ture of the uncomplicated disease. Preservation of splenic function 
by surgical repair of the capsular tear (splenorrhaphy) or partial 
splenectomy has been recommended by some but is not generally 
recommended, as the altered splenic architecture in IM makes it 
unlikely that such interventions will be successful.190,191

Complications of almost all organ systems have been described 
in association with IM240 and are listed in Table 62.3. Neurologic 
manifestations are not infrequent in IM and may occur in 1% 
to 2% of patients.193,194,241 When serious neurologic complica-
tions occur, the mortality rate may be as high as 8% to 11%,242 
and, in addition, the incidence of serious residual damage may 
be as high as 12%.242 Cardiac complications are rare, although 
electrocardiographic abnormalities may occur in approximately 
10% of patients,129,243 and fatal myocarditis has been reported 
in association with IM.80 The most serious respiratory complica-
tion is acute airway obstruction, which usually is the result of 
extreme hyperplasia of the tonsils and other pharyngeal lym-
phatic tissue.244,245 Pleural effusion and pulmonary parenchy-
mal changes are exceedingly rare,246–249 but occasional cases 
are characterized by extensive interstitial infiltrates (lymphoid 
interstitial pneumonitis), and severe respiratory insufficiency has 
been reported.247 Evidence for some degree of hepatic involve-
ment is found in most patients but is usually mild; the necrosis 
and inflammatory exudate seen in association with infectious 
hepatitis are encountered only rarely.239,250,251,252 Liver failure 
is rare239,250 but can be a prominent feature in fatal cases of 
IM [fulminant infectious mononucleosis (FIM) or EBV–HLH],250 
including those associated with subtle forms of immune defi-
ciency.250 Acute pancreatitis has been associated with IM.253,254 
An association between IM and irreversible renal failure was 
postulated in one patient.255

treatment
Most patients experiencing uncomplicated acute IM require only 
symptomatic therapy. Bed rest is recommended for patients with 
fever, malaise, and myalgias. Strenuous exercises, especially con-
tact sports, should be avoided for at least 1 month or until resolu-
tion of splenomegaly. Nonsteroidal anti-inflammatory drugs, such 
as acetaminophen or ibuprofen, should be used to control pain, 
although in patients with severe hepatitis, these agents should be 
used judiciously. It has been suggested that aspirin may prolong 
convalescence.256 Aspirin also interferes with platelet function, 
potentially increasing the risk of bleeding in thrombocytopenic 
patients, and Reye syndrome has been reported in association 
with IM, albeit rarely.200 Antibiotics are of no value in uncompli-
cated IM, but many patients show culture or serologic evidence 
of a recent streptococcal infection,123 and these should be treated 

with appropriate antibiotics. Ampicillin and amoxicillin should be 
avoided because they often cause a severe rash.123,130,132

Corticosteroids have been used in cases of life-threatening 
complications such as airway obstruction, carditis, lymphoid 
interstitial pneumonitis, pleural effusions, or cerebral edema. 
Their efficacy is largely anecdotal and is presumably due to their 
anti-inflammatory and lympholytic properties. The cumulative 
results of several small, controlled clinical trials suggest that cor-
ticosteroids hasten the resolution of fever and tonsillopharyngeal 
symptoms but do not provide significant benefits in the ther-
apy of lymphadenopathy or hepatosplenomegaly.15,257,258,259,260 
Therefore, caution should be exercised when using corticoste-
roids.260 There are reports of encephalitis or myocarditis in asso-
ciation with steroid use in IM,261,263 and secondary bacterial and 
fungal infections can occur. However, in the face of severe compli-
cations, the use of steroids may well be indicated and necessary.

Several antiviral agents such as acyclovir, ganciclovir, zidovu-
dine, foscarnet, and the interferons (IFNs) have been shown to 
inhibit the replication of EBV in vitro.262 Only the linear form of 
the genome, not the latent circular form, is susceptible to inhibi-
tion. The efficacy of acyclovir in the therapy of uncomplicated IM 
has been assessed in several controlled trials.263–266 In general, 
acyclovir reduces viral shedding during the time of therapy, 
but viral shedding resumed when therapy was discontinued.15 
Clinical trials have documented few clinical benefits as measured 
by duration of illness and sore throat, weight loss, or absence 
from school or work, even when acyclovir was given in combina-
tion with steroids.259,266 IFN-a has been used in a few patients 
experiencing persistent EBV infection with severe complications 
of interstitial pneumonitis, encephalitis, or genital ulcers, appar-
ently with some success.267 Patients with IM-associated immune 
thrombocytopenia have responded to therapy with large doses of 
intravenously administered g-globulin.232 A viral protein vaccine 
has been developed that protects marmosets from developing 
LPD268,269 but not from infection. Several groups are working on 
the development of EBV vaccines270,271 Although these vaccines 
can induce a neutralizing antibody response they do not protect 
against primary infection or reduce the risk of developing clinical 
disease, i.e., IM.

prognosis
Complete recovery occurs within 2 months in the majority of 
patients. Recurrences of IM are so rare that one must question 
whether the initial diagnosis or the diagnosis of recurrence 
is accurate. It is estimated that IM is fatal in as many as 1 in 
3,000 cases, or approximately 50 cases annually in the United 
States.76,272 Penman,239 in reviewing the world literature on IM, 
catalogued 87 fatalities attributed to the disease or its complica-
tions. Only 20 of these reports, however, contained adequate evi-
dence for an unequivocal diagnosis. Of these 20 cases, 9 fatalities 
were related to be due to neurologic complications, 4 were related 
to respiratory failure from peripheral neuropathy of the Guillain-
Barré type, and 5 were related to central respiratory paralysis;  
3 were related to splenic rupture; and 3 were related to secondary 
infection. Other fatal complications included hepatic failure (two 
cases) and myocarditis (one case). In two cases, the cause of death 
was unrelated to IM. The majority of deaths associated with IM 
occur in patients who develop VAHS or EBV–HLH.76,272

A recent study has demonstrated that the severity and duration 
of the illness does not correlate with either control of viremia or 
rapidity of the antiviral humoral or cellular responses.273 Therefore, 
in the nearly 100 years since the first description of IM and the etio-
logic agent (i.e., Epstein-Barr virus) countless reports of describing 
the spectrum of potential complications have been published. But 
despite enormous numbers of studies to define the pathogenesis, it 
remains a mystery how and why EBV causes the symptoms of IM, 
and a therapy that reproducibly improves symptoms remains elusive.
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other epsteIn-Barr  
VIrus–related dIseases
Recently, methods for detecting infectious agents in human dis-
ease have become highly developed. Consequently, many ubiq-
uitous infectious agents have been etiologically linked to certain 
human diseases (e.g., EBV infection has been associated with a 
wide spectrum of human diseases). Classically, EBV is associated 
with the development of human malignancies such as BL and 
NPC. EBV infection has also been associated with other human 
malignancies, such as NHL (B-cell, T-cell, and NK-cell phenotype), 
HL, gastric carcinoma, leiomyosarcoma, hepatocellular carci-
noma, breast cancer, and LPDs associated with immunodeficiency. 
In addition, EBV infection has been associated with several non-
malignant, but potentially life-threatening human diseases, such 
as VAHS or EBV-HLH, and CAEBV, in which development of malig-
nant lymphoma can occur. Also, some have linked EBV infection 
to chronic illnesses, such as chronic fatigue syndrome and most 
recently multiple sclerosis. Although association has been dem-
onstrated, it remains controversial whether EBV is causative in 
these disorders (Table 62.4). The following discussion focuses on 
diagnosis of and evidence for the role of EBV in the pathogenesis 
of these diseases.

Chronic active epstein-Barr Virus Infection
EBV rarely causes recurrent or persistent symptomatic infec-
tions in apparently immunocompetent hosts. Diagnostic criteria 
for CAEBV have been proposed274 and consist of (a) evidence 
of severe, progressive EBV illness beginning as a primary EBV 
infection and lasting more than 6 months with anti-EBV titers 
of IgG anti-VCA 1:5120, anti-EA 1:640, or anti-EBNA<1:2, or all 
three; (b) histologic evidence of major organ involvement; and 
(c) increased amounts of EBV in peripheral blood or affected tis-
sues, or both. CAEBV is characterized by persistent or recurrent 
IM-like symptoms, such as recurrent fever, lymphadenopathy, and 
hepatosplenomegaly, and unusual anti-EBV antibody patterns.274 
CAEBV occurs most commonly in patients who develop IM as older 
children or young adults.274–276 This entity may be more preva-
lent in Asia, as most of the published literature is from Japan. A 
cohort of 30 patients in Japan diagnosed with CAEBV presented 
with the following clinical manifestations: Fever (100%), liver 
dysfunction (90%), splenomegaly (90%), lymphadenopathy (50%), 

thrombocytopenia (50%), anemia (50%), hypersensitivity to mos-
quito bites (43%), calcification in the basal ganglia (18%), and oral 
ulcer (18%).275 CAEBV can be lethal, with 30 to 50% mortality 
within 5 years of diagnosis.28,276 Life-threatening complications 
include the hemophagocytic syndrome (21%), coronary artery 
aneurysm (21%), hepatic failure (18%), malignant lymphoma 
(16%), and interstitial pneumonia (12%).276 The majority of deaths 
are due to hemophagocytic syndromes or hematologic malignan-
cies, which may be of T-cell, B-cell, or NK-cell phenotype.28,274,276

It is believed that cellular immunologic abnormalities are 
responsible for the development of CAEBV. In the peripheral 
blood of patients with CAEBV, high levels of EBV DNA have been 
found in CD4+ T cells and NK cells, but not in B cells.277 The 
significance of this finding in the pathogenesis of CAEBV and the 
mechanism of infection of these cells remain to be elucidated. 
This entity may overlap with severe or fulminant IM (FIM or 
EBV–HLH).68,274,277 Further studies are needed to differentiate 
between these enigmatic disorders and to determine the role of 
EBV infection in their pathogenesis.

A standard treatment approach to CAEBV has not been estab-
lished. Most reports are anecdotal but include antiviral agents 
(acyclovir, ganciclovir, and vidarabine) and/or immunomodulating 
agents (IFN-a or IL-2).274–276,277–279 Because immunochemother-
apy (e.g., etoposide, corticosteroids, and cyclosporin A) has been 
effective in treating the EBV–hemophagocytic syndrome,280,281 
it has been used to control symptoms and treat hemophagocytic 
complications.274 Hematologic malignancies have been treated 
with standard NHL therapy,276 but curative therapy for the 
severely affected patient appears to require the replacement of 
the patient’s immune system with a normally functioning immune 
system to control the EBV infection, for instance, by an allogeneic 
stem cell or marrow transplant275,282 or by allogeneic adoptive 
T-cell therapy.283

CAEBV infections should be differentiated from the so-called 
chronic mononucleosis, or chronic fatigue syndrome. Due to the 
similar symptoms and reports of elevated anti-VCA and anti-EA 
titers, EBV has been suggested to be the etiologic agent in the 
chronic fatigue syndrome.284 In controlled studies, no specific 
EBV serologies have been found that differentiate chronic fatigue 
syndrome patients from controls.285 In a randomized, placebo-
controlled trial of acyclovir, clinical improvement was seen 
as frequently with the placebo.286 Chronic fatigue syndrome 
has been associated with other infections (viral and bacterial) 
and, therefore, should not be considered a disease caused by 
EBV.285,287

Fulminant Infectious Mononucleosis 
or epstein-Barr Virus–associated  
hemophagocytic Lymphohistiocytosis
The self-limited course of IM contrasts with the atypical responses 
that can occur in FIM, also called VAHS or EBV-associated HLH.68 
Death occurs in approximately 1 in 3,000 IM cases, or approxi-
mately 50 cases annually in the United States.76,272 The median 
age at presentation of FIM/EBV-HLH is similar to that of uncom-
plicated IM (i.e., 13 years of age). Whereas FIM/EBV-HLH is the 
most common manifestation in males affected with X-linked lym-
phoproliferative disease (XLP), it often occurs outside the context 
of XLP.68,69,272,288,289,290 Outside the context of XLP, the male-to-
female ratio is approximately 1:1.272 VAHS has been associated 
with CMV, herpes simplex virus, and adenovirus, but EBV is the 
most common.68,280 Clinically, FIM/EBV-HLH is indistinguishable 
from other types of VAHS, familial HLH, and the accelerated phase 
of Chédiak-Higashi disease or X-linked inhibitor of apoptosis 
(XIAP) or sometimes referred to as XLP2.68,69,280,291 Because 
FIM/EBV-HLH is rare, a search for a heritable immune deficiency 
in family members is mandatory.

Definite  
Etiologic Role

Strong Association  
Etiologic Role Unclear

Controversial 
Association

Infectious  
mononucleosis

Burkitt lymphoma Chronic fatigue 
syndrome

CAEBV Nasopharyngeal carcinoma Multiple sclerosis

EBV–HLH Lymphoproliferative disease of  
immunodeficiency

Breast carcinoma

Leiomyosarcoma of immunodeficiency

X-linked lymphoproliferative disease

Hodgkin disease

Nasal NK-/T-cell lymphoma

Gastric carcinoma

CAEBV, chronic active Epstein-Barr virus infection; EBV, Epstein-Barr virus; HLH, 
hemophagocytic lymphohistiocytosis; NK, natural killer.

DISEaSES tHat HaVE BEEn aSSOcIatED WItH  
EpStEIn-BaRR VIRuS

taBLe 62.4
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Patients who progress to FIM/EBV-HLH initially present with 
the usual signs and symptoms of IM, but these symptoms usu-
ally rapidly progress in severity.272 The EBV antibody responses 
vary considerably from completely lacking to unusually high; 
therefore, it may be difficult to differentiate FIM/EBV-HLH from 
other hemophagocytic syndromes, CAEBV, acute leukemia, other 
malignancies, or even overwhelming sepsis.68,272 The course 
and progression of the disease are variable, ranging from mul-
tiorgan failure developing over hours to persistent or recurring 
symptoms of IM lasting for months. An atypical lymphocytosis 
usually is present at early stages of the disease, but patients sub-
sequently develop severe persistent pancytopenia and/or hepatic 
dysfunction resulting in fulminant hepatitis and varying degrees 
of multiorgan failure.69,272,288,289 The development of hepatic dys-
function, often with coagulation abnormalities secondary to liver 
failure or disseminated intravascular coagulation, and pancyto-
penia are ominous signs, as are other signs of hemophagocytic 
syndromes, such as hypofibrinogenemia and elevated triglyceride 
levels.68,69,280,289,292

As discussed previously, EBV is a potent stimulus to the 
immune system, resulting in a massive EBV-specific and -nonspe-
cific response of both the humoral and cellular immune systems 
(Fig. 62.4). In FIM/EBV-HLH, the EBV-nonspecific response, 
primarily the cellular immune response, is uncontrolled. FIM/
EBV-HLH is characterized by extensive infiltration of parenchy-
mal organs by lymphoid cells, primarily CD8+ cells in varying 
degrees of transformation and histiocytes with surprisingly few B 
cells.69,292 The cells infected by EBV in FIM/EBV-HLH are usually 
T cells68,277,292 and are generally CD8+, as opposed to the CD4+ 
or NK cells observed in CAEBV.277,292

If this aggressive immune reaction proceeds unabated, 
all organs ultimately sustain extensive and irreparable dam-
age.68,69,288,290,292 Early in the course of the disease, the bone 
marrow may be hypercellular with few infiltrating histiocytes; 
erythrophagocytosis is seen best in smears of marrow aspirates. 
The marrow later becomes hypocellular with varying numbers 
of infiltrating histiocytes.288,290 Lymph nodes initially show 
an intense lymphoblastic proliferative response, again primar-
ily T cells, but later, lymphoid depletion supervenes.69,288,290 
Liver biopsies reveal active portal infiltration with lymphocytes 
and histiocytes, with occasional erythrophagocytosis in liver 
sinusoids.250 In the spleen, extensive necrosis of white pulp 
develops. Perivascular mononuclear cell infiltrates of the brain, 
mononuclear cell myocarditis, and interstitial nephritis also are 
observed.69,272,288,289,290,293,294 The thymus shows thymocyte 
depletion and necrosis of thymic epithelia.295 Increased serum 
levels of IL-2, IFN-g, L-6, TNF-a, and soluble IL-2 receptors have 
been demonstrated.68 The T cells that are activated in response 
to EBV are believed to be stimulated to produce proinflammatory 
cytokines (e.g., IL-2, IFN-g, etc.), and it is believed this activates 
macrophages, which produce more proinflammatory cytokines, 
such as IL-6 and TNF-a, culminating in the phagocytosis, tis-
sue destruction, and cellular depletion seen in FIM/EBV-HLH; 
death usually follows shortly thereafter due to multisystem organ 
failure.68

Once FIM/EBV-HLH develops, therapy is difficult and often 
unsuccessful, with a median survival time of approximately  
4 weeks.290 Antiviral drugs, Ig supplementation, IL-2, IFN-a, 
IFN-g, plasmapheresis, corticosteroids, and most cytotoxic drugs 
have been ineffective.68,76 The only therapy that has demon-
strated consistent success in the treatment of FIM/EBV-HLH is 
with the early use of etoposide, which reduces the activity of 
stimulated macrophages in vitro.281,296 The best results appear 
to be obtained with a combination of etoposide and concomitant 
immunosuppression with corticosteroids and cyclosporin A or 
tacrolimus (FK506).281,297 Others have reported using rituximab 
(anti-CD20 monoclonal antibody) in combination with chemo-
therapy and immunotherapy.298 The rationale for this approach 

is that the reduction of EBV (+) B cells decreases immunogenic 
stimulus for the abnormal T-cell response. Therapy may have 
to be continued for 6 to 12 months. These patients are pro-
foundly immunocompromised from their disease and the therapy. 
Therefore, a successful outcome is dependent on control of FIM/
EBV-HLH symptoms as well as the prevention and successful 
treatment of life-threatening infectious complications. Even with 
remission of symptoms, recurrences are common and carry a 
poor prognosis. Curative therapy usually involves replacement of 
the patient’s immune system with a normal immune system by 
allogeneic stem cell or marrow transplantation.289,299,300 With the 
advent of therapy with etoposide and immunomodulation therapy 
to “quiet” the disease and early intervention with allogeneic stem 
cell transplantation, the outcome has gone from <5% 1-year sur-
vival to approximately 50% 3- to 5-year survival.300

epstein-Barr Virus–associated Disorders in 
Immunodeficiency
In the mid-1970s, Purtilo et al. described XLP, in which affected 
males were thought to have a specific immunodeficiency to EBV, 
resulting in FIM, malignant lymphoma, hypogammaglobulinemia 
or agammaglobulinemia, or aplastic anemia.301 Later, it was 
noted that patients with ataxia telangiectasia had high antibody 
titer responses against EBV-replicating antigens, and EBV genome 
positive malignant lymphomas were observed.302,303 Similar anti-
body patterns and EBV-associated B-cell LPD (EBV-LPD) were also 
reported in patients with Wiskott-Aldrich syndrome.304 With more 
efficacious immunosuppression, EBV-LPD was also observed 
more frequently in recipients of organ and marrow transplants, 
whereas stopping or decreasing the dose of immunosuppressants 
sometimes resulted in the regression of EBV-LPD, suggesting 
that a deficiency of immunosurveillance is responsible for the 
development of EBV-LPD in such patients.305 In the late 1980s, 
an increased incidence of EBV-LPD, including BL, was reported 
in association with a growing number of patients with AIDS.306 In 
recent years, advances in the treatment of patients with immune 
disorders have resulted in longer survival, and the number of 
patients at risk of EBV-associated diseases has increased.

In LPD of immunodeficiency, EBV has been identified predomi-
nantly in the B-cell phenotypes, but EBV (+) T-cell LPD and HL 
can also be observed. However, not all LPD of immunodeficiency 
is EBV-associated. Even in XLP, where affected boys have a very 
aberrant immune response to EBV infection, many of the NHLs 
have been found to be EBV-negative.307,308

Primary Immunodeficiencies
As mentioned previously, the main immune defense against EBV-
driven B-cell proliferation are EBV-CTL. Patients with primary 
immunodeficiencies often lack T-cell functions, which may mani-
fest as insufficient EBV-CTL activity. Immunodeficiencies primarily 
affecting B cells or neutrophil function are not at increased risk 
of EBV-associated disease unless treated with T-cell immunosup-
pression.309,310 There are numerous reports of the occurrence of 
EBV-LPD in patients with a primary immunodeficiency disease (e.g., 
ataxia telangiectasia, Wiskott-Aldrich syndrome, Chédiak-Higashi 
syndrome, severe combined immunodeficiency, and common vari-
able immunodeficiency).307 Type III EBV latency is predominantly 
seen in these lymphomas,27,307 suggesting a lack of appropriate 
EBV-CTL immunosurveillance (see the section, “Immune Response to 
Epstein-Barr Virus Infection”). In addition, relapses are common but 
may not represent failure to eradicate the original clone, instead indi-
cating a new clonal proliferation.311 These data underscore the role 
of immunosurveillance in the pathogenesis of these malignancies.

The treatment is often difficult because of the underly-
ing serious immunodeficiency and/or genetic susceptibility to 
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chemotherapeutic agents. Antiviral therapy has had little effect 
in the treatment of EBV-LPD associated with immunodefi-
ciency.309,310,312 Although complete remissions can be achieved 
with chemotherapy, immunodeficient patients with NHL have a 
far inferior outcome compared to those expected for immuno-
competent children with NHL receiving similar therapy.310,313,314 
These poor results are due to increased toxicity of chemotherapy, 
especially in defects of DNA repair such as ataxia telangiectasia 
patients, but infection-related deaths are also greatly increased 
compared to immunocompetent patients. Because recurrences 
can be of different clonal origin, successful treatment depends on 
controlling B-cell proliferation by developing appropriate EBV-CTL 
immunity. In the majority of cases, the only way to achieve this is 
allogeneic bone marrow transplantation (BMT).300,309,310,315

X-Linked Lymphoproliferative Disease
In 1974, there were two reports of maternally related boys dying 
of IM.316,317 In 1975, Purtilo et al. described a kindred in which  
6 of 18 boys died of an LPD associated with EBV infection.317 XLP 
has also been called Duncan disease, after the original kindred, 
or Purtilo disease. XLP is a rare disorder, affecting an estimated 
1 out of a million male individuals.289 Initially, three phenotypes 
were described in XLP patients, and these continue to character-
ize the majority of patients: FIM (or EBV-HLH), malignant lym-
phoma (LPD), and dysgammaglobulinemia.317 Less commonly 
reported manifestations include disorders such as vasculitis, 
pulmonary lymphomatoid granulomatosis, and hematologic cyto-
penias, including aplastic anemia and pure red cell aplasia.289,308 
The “disease state” is capricious, as it may feature a single pheno-
type or two or more phenotypes, which may develop sequentially 
in susceptible individuals.289,308

Reflecting on the ubiquitous nature of EBV infection, FIM is 
the most common XLP phenotype, affecting approximately 50% 
of patients.289,308 FIM is decidedly the most lethal of the XLP phe-
notypes; historically, most of the boys died within 1 month and 
historically only 7% of FIM patients survived.308 Treatment should 
be the same as for FIM or EBV–HLH as discussed previously. The 
median age of onset for XLP-associated FIM is 5 years of age, but 
the condition has occurred up to 40 years of age. The pathology 
and clinical findings of FIM associated with XLP are identical to 
those seen in patients with EBV-HLH but without XLP, and have 
been discussed previously. It is interesting that over a third of XLP 
patients with evidence of current or prior EBV infection never 
develop FIM.308

Dysgammaglobulinemia is the second most common XLP phe-
notype, affecting approximately one fourth of boys.289,308 Most 
boys manifesting this phenotype demonstrate global decreases 
of serum Ig levels. However, some have featured increased levels 
of IgM or IgA, or both, as well as variable deficiencies in IgG1 
and IgG3 subclasses.318 Although hypogammaglobulinemia often 
occurs after EBV infection, some XLP patients develop hypo-
gammaglobulinemia without prior evidence of EBV infection.308 
Mice with the XLP gene “knockout” can manifest progressive 
hypogammaglobulinemia and abnormalities in Ig switching.319 
The pathogenesis of dysgammaglobulinemia in XLP has not been 
delineated, but appears to be due to a defect in T-cell help and 
affects B-cell memory.

An LPD develops in approximately one fourth of XLP 
patients.289,308 Most lymphomas are of B-cell phenotype and 
are characterized by Burkitt or diffuse large-cell histology.69,320 
Karyotypic analysis has not been extensively performed; however, 
the t(8;14) associated with classic BL is rare.321,322 Approximately 
10% of LPD are not of B-cell phenotype, including a small number 
of patients with HL or T-cell LPD.69 As in other immunodeficien-
cies, the role of EBV in the LPD of XLP is unclear, inasmuch as 
approximately one half of the boys with LPD have had no evidence 
of prior EBV infection, and EBV is detectable in only 25% of tumor 
specimens.308

Distinct from the marrow depletion seen with FIM, a limited 
number (4%) of boys have developed isolated hematologic cyto-
penias.289,308 Most manifest with suppression of two or more 
hematologic cell lines, although aplastic anemia and pure red cell 
aplasia have been observed.

Initially, it was thought that males affected with XLP only 
manifested symptoms after primary EBV infection. Although IM 
is, by definition, caused by EBV, other XLP phenotypes develop 
in EBV-seronegative patients.308 About 10% of affected boys will 
manifest symptoms of XLP before exposure to EBV.289,308 There 
is no difference in the age of onset of clinical symptoms between 
males who have or have not been previously exposed to EBV.308 
Therefore, prevention of EBV infection in boys with XLP does not 
avert clinical manifestations. In addition, whereas approximately 
60% of the boys develop FIM after primary infection with EBV, 
others develop LPD, dysgammaglobulinemia, and hematologic 
cytopenias, and a few have no symptoms at all.308 These data 
suggest that the genetic defect in XLP is more global and not 
EBV-specific as once thought. There must be other genetic and/or 
environmental factors that influence the host susceptibility to EBV 
and are important in determining the clinical phenotype of XLP.

Now, the diagnosis can be made easily by identifying a 
mutated SH2D1A gene308,323,324,325 or lack of the corresponding 
SLAM-associated protein (SAP) protein expression.326 Female 
carriers on average express SAP on only 50% of their lympho-
cytes, due to random X-chromosome inactivation,327 but do not 
develop overt clinical manifestations of XLP. Molecular analysis 
should be pursued in females at risk of being a carrier to provide 
accurate genetic counseling. Spontaneous mutations in SH2D1A 
in affected males where mothers do not have mutations have been 
reported.328

One might predict that mutations that delete the XLP gene or 
truncate the protein would be more likely to be associated with 
a severe phenotype, whereas missense mutations would occur 
preferentially in mildly affected patients. Attempts to correlate 
mutations of the SH2D1A gene and the clinical manifestations of 
XLP found that it was not uncommon to observe different phe-
notypes and severities with identical mutations, even within the 
same family.308 No significant differences were observed in the 
phenotypes or severity of disease based on the type (missense, 
nonsense, truncating) or localization of SH2D1A mutations. The 
age of onset of clinical manifestations of XLP varied consider-
ably, from younger than 1 to 40 years of age, as did survival, but 
there was no correlation with the type of mutation. Therefore, 
genetic analysis does not predict the phenotype or severity of 
disease.308

The SH2D1A gene codes for a protein of 128 amino acid 
residues that consists of an SH2 domain and a 25-amino acid 
C-terminal tail.323,324 SH2D1A is expressed throughout thymo-
cyte development, as well as in CD4+ and CD8+ peripheral T 
cells, NK and NKT cells, but not on B cells.291,325 SAP appears 
to function in the regulation of immune response by interacting 
with. several proteins, including SLAM (signaling lymphocyte 
activating protein; CD150), also called SAP.324 SAP also has been 
demonstrated to interact with members of the CD2 superfam-
ily of molecules, including CD2, CD48, CD583, CD84, Ly-9, and 
2B4, and with a new family of RasGAP adapter proteins such 
as p62Dok (Dok [downstream of kinases]-1), p56Dok (Dok-2), 
and Dok-3.329–332 The immunologic effects of SAP interactions 
with these proteins are under investigation but appear to be 
very important in NKT cell development and terminal B-cell 
differentiation.291

Mice genetically deficient in Sh2d1a (the murine homolog) 
expression have been generated.333 Consistent with human XLP, 
mutant animals are viable and fertile, transmit the gene defect 
in an X-linked Mendelian fashion, and display no significant 
defects in the number and phenotype of developing thymocytes 
or circulating T, B, or NK cells. After infection with lymphocytic 
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choriomeningitis virus, Sh2d1a-deficient mice recapitulate impor-
tant aspects of the human disease. For example, these mice 
exhibit abnormal lymphocyte responses to a virus resulting in a 
large CD8+ cytotoxic T-cell response that is fatal to the mice.333 
As mentioned previously, these mice also have defects in humoral 
responses and develop hypogammaglobulinemia over time.322,333

XLP is highly lethal, with historically 75% of patients dying by 
10 years of age, although the oldest known survivor with XLP is 
over 50 years of age and has not required allogeneic transplanta-
tion.289,308 Antiviral therapies, including acyclovir, ganciclovir, 
intravenous Ig, and IFN-a, have been used to treat primary EBV 
infection; none has been particularly effective.309,334 The only ther-
apy that has been consistently beneficial for males with FIM is eto-
poside and immunosuppression, as discussed previously.68,297,308 
Several affected males have been treated successfully with anti-
CD20 (rituximab) following primary infection with EBV but before 
they develop all the clinical signs and symptoms of FIM or EBV-
HLH.288 With FIM or EBV-HLH, even with remissions, relapses 
are invariable. Therefore, an allogeneic BMT is recommended once 
the patient’s condition is stabilized and a suitable donor has been 
identified.309–311,315 As with EBV-HLH not associated with XLP, the 
outcome has improved from a <10% 1-year survival to perhaps 
half of the boys with FIM surviving with the early initiation of eto-
poside, immunosuppression, and allogeneic stem cell transplanta-
tion.300,315 Patients with hypogammaglobulinemia require regular 
Ig supplementation to prevent bacterial and viral infections. 
However, Ig infusions do not offer the guarantee of protection 
from primary EBV infection in an EBV-seronegative patient.308 For 
patients with lymphoma or hematologic cytopenias, standard ther-
apeutic protocols suffice. Although treatment can induce disease 
remissions, relapses and other XLP phenotypes invariably occur, 
and allogeneic BMT is recommended.309,310,311,312,313,314,315 With 
definitive diagnosis by genetic mutational analysis, BMT now can 
be performed before the appearance of clinical manifestations of 
the disease315,335 and is recommended to prevent the life-threat-
ening complications of the disease.

In 2006, another X-linked disorder that was characterized 
by EBV-HLH was described to be caused by deficiency in the 
BIRC4 gene.336,337 Of note, BIRC4 resides in close proximity 
to the SH2D1A gene. Further studies demonstrated that these 
patients have defects in their antiapoptotic functions and the 
disorder has been named deficiency of the XIAP. Because XIAP 
patients frequently have problems with EBV-HLH, XIAP has 
also been called XLP2. However, unlike SAP which is limited 
to T, NK and NKT cells, XIAP is widely expressed on human 
tissue.291 As the name suggests, the XIAP function is to inhibit 
apoptosis; therefore deficiency leads to increased sensitiv-
ity to apoptosis and hypogammaglobulinemia is observed in 
XIAP paitents.291 The immune mechanism for susceptibility to 
complications of EBV infection, including EBV-HLH is unclear, 
but XIAP patients do not have an increased incidence of lym-
phoma.291 Therefore, it is best to differentiate XLP and XIAP as 
distinct clinical entities.

Secondary Immunodeficiencies
It is well recognized that patients infected with HIV, as well 
as transplant recipients, are at increased risk of develop-
ing LPD that are often associated with EBV. Rarely, elderly 
patients, malnourished patients, and those with cancer develop 
EBV-associated atypical lymphoproliferation.69,312 Indeed, the 
World Health Organization (WHO) now recognizes a EBV-
positive diffuse large B-cell lymphoma as a distinct entity.338 
EBV-induced LPD have been reported in patients without 
severe immunodeficiency (e.g., individuals who received meth-
otrexate as treatment for rheumatoid arthritis).339 Therefore, a 
high index of suspicion is warranted in any patient who may 
be immunosuppressed.

human Immunodeficiency Virus/acquired 
Immunodeficiency Syndrome
EBV has been found in several diseases associated with HIV 
infection, including oral hairy leukoplakia,340,341 leiomyosar-
coma,33 and NHL.342 Oral hairy leukoplakia is characterized by 
white raised plaques on the lateral surfaces of the tongue. EBV 
has been found in the lesions of oral hairy leukoplakia in HIV 
patients,342,343 and these lesions have been reported to respond 
well to therapy with acyclovir.343 The EBV-associated leiomyo-
mas and leiomyosarcomas account for 3% to 15% of all cancers 
in HIV-infected children.344,345 For reasons that are not clear, 
leiomyomas and leiomyosarcomas do not appear to be increased 
in HIV-infected adults. Tumors can be found in the lung, brain, 
adrenal glands, and spleen.33,346—348,349,350 How EBV gains 
access to smooth muscle cells and its pathogenic role in tumori-
genesis remains unclear. The clinical course is highly variable, 
but aggressive treatment with highly active antiretroviral therapy 
(HAART) and primary excision of tumors, if feasible, are recom-
mended in all patients, but chemotherapy and/or radiation are 
often required.

The clinical spectrum of HIV-related NHL typically includes 
systemic NHL, primary central nervous system (CNS) NHL, and 
pleural effusion lymphoma (PEL). Although EBV is detected in 
essentially all the primary CNS NHL349 and most PEL,350 only 
approximately 50% to 60% of systemic HIV-related NHL have 
detectable EBV.351 PEL is not typically associated with solid 
masses and is associated with HHV8, but most also have EBV 
present in tumor cells.350 The relative contribution of HHV8 and 
EBV in the pathogenesis of PEL is unclear. Following the introduc-
tion of HAART into clinical practice in the 1990s, there has been a 
dramatic effect on the incidence of AIDS-defining diseases. In the 
HAART era, there has been a decrease in primary CNS NHL and 
systemic diffuse large B-cell lymphoma; however, the incidence 
of BL has appeared to be unchanged.352,353,354 The outcome for 
patients with HIV and NHL has improved dramatically. There are 
some overlapping toxicities from HAART and cytotoxic agents; 
however, with the concurrent use of HAART and aggressive sup-
portive care, HIV patients can now tolerate standard therapies for 
NHL with similar outcomes.355

post-transplant Lymphoproliferative Disease
Figures 62.3 and 62.4 illustrate the importance of a qualitatively 
and quantitatively appropriate T-cell response in maintaining 
homeostasis and preventing EBV-driven B-cell proliferation. 
Therefore, with chronic immunosuppressive therapy following 
the transfer of EBV-infected B cells via blood, marrow, or organ 
grafts, complications due to EBV are frequently seen in transplant 
patients.

Post-transplant lymphoproliferative disease (PTLD) represents 
a spectrum of clinical and morphologic heterogeneous lymphoid 
proliferations.69,309,356–360 EBV LPD post-transplant may mani-
fest as isolated hepatitis, lymphoid interstitial pneumonitis, or 
meningoencephalitis, or as an IM-like syndrome with peripheral 
adenopathy, fever, or hepatitis, or all three. Frequently, the defini-
tion of PTLD is limited to lymphomatous lesions (localized or dif-
fuse) that are often extranodal (often in the allograft). Although 
less frequent, the most fulminant presentation of PTLD is a dis-
seminated systemic disease that clinically resembles septic shock 
and histologically resembles FIM.

Histologically, EBV disease is quite heterogeneous as well. 
There have been several histologic classifications for PTLD over 
the years,356–358,360 but the WHO has now proposed a classifica-
tion, which includes (a) early lesions not considered PTLD and 
that are polymorphic hyperplasia, without disruption of the nor-
mal tissue architecture and often accompanied by more classic 
clinical signs and symptoms of IM; (b) polymorphic PTLD, where 
T-cell infiltration and disruption of normal tissue architecture 
are observed; and (c) monomorphic PTLD, which resembles 
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intermediate- to high-grade NHL and tissue necrosis is more 
frequent338 Distinguishing between a polyclonal and a monoclo-
nal PTLD can be difficult as up to 50% of PTLDs do not express 
surface Ig.69,338 Cytogenetic abnormalities are rare in PTLD, even 
with Burkitt histology, and abnormalities in genes observed in 
NHL (i.e., c-myc; N-, H-, and K-ras; p53; and bcl-2, etc.) are rare 
in PTLD.338,358,361

The diagnosis of PTLD should be made by biopsy and evalu-
ated by in situ hybridization with EBER probes or immunohis-
tochemical staining for LMP-1, although LMP-1 staining is not 
as sensitive as EBER staining.362 PTLD must be distinguished 
from the increased background number of EBV-positive cells in 
lymphoid tissue in the post-transplant patient, where up to 10 
EBER-positive cells per high powered field (hpf) can be observed 
without PTLD compared to the nontransplant patient where 0 to 1 
cell/hpf is normal.363 Perhaps the greatest difficulty in making the 
diagnosis of PTLD occurs in the proliferations that do not produce 
a mass lesion but have disseminated or infiltrative disease in solid 
organs. The diagnosis can sometimes be suspected upon exami-
nation of the peripheral blood, bone marrow, CSF, or other body 
fluids for the presence of plasmacytoid cells or large B cells. This 
type of PTLD is often first discovered at autopsy, with pre-mortem 
diagnosis being sepsis or graft-versus-host disease (GVHD).364

,
365

The majority of PTLD is CD20+,70,369 but not all PTLD is of 
B-cell phenotype and not all are EBV positive. T-cell PTLD tends 
to occur late, often more than 10 years after transplantation.366 
PTLD with HL phenotype can also occur but tends to occur 
later (i.e., >4 years post-transplant) and is generally EBV posi-
tive.367 The validity of the Hodgkin phenotype of PTLD has been 
questioned and it has been suggested that it may be a variant 
of polymorphic B-cell PTLD.368 The diagnosis of HL in the post-
transplant patient should be reserved for disease where the RS 
cells are CD45(–) and/or CD15 (+).368 The reason for the long 
latency in non–B-cell PTLD is unknown, but probably reflects a 
lesser role for EBV and/or deficient immunosurveillance in the 
pathogenesis.

More than 90% of early (<1 year post-transplant) PTLD is 
EBV positive, when EBV-CTL immunity is lowest,365,369,370 
whereas late (>2 years post-transplant) PTLD are frequently 
EBV negative, can be of T-cell origin, and may have a poorer 
prognosis.366,371—373,374 The etiology of EBV-negative PTLD is 
not known, and no other virus has been identified as an etiologic 
agent. These late PTLD may be a different disease and appear 
more akin to LPD observed in other immunodeficient states (e.g., 
AIDS and primary immunodeficiencies), in which B-cell origin 
and EBV association are not universal.372

The risk factors for PTLD are well described and in general 
include anything that favors B-cell proliferation and/or sup-
presses T-cell activity. The reported incidence of PTLD ranges 
from 1% to 5% in low-risk procedures (e.g., renal, heart, liver, 
and non–T-cell-depleted bone marrow transplants) to >10% in 
the high-risk procedures (e.g., lung, small bowel, and T-cell–
depleted bone marrow transplants).365,369,374 In children receiv-
ing a solid organ transplant, the effect of the type of allograft 
appears to be much less. This is likely due to the fact that age 
and EBV-seronegativity at the time of transplant are very strong 
risk factors.375,376

Successful treatment of PTLD necessitates controlling the 
B-cell proliferation and facilitating the development of an appro-
priate memory cytotoxic T-cell (EBV-CTL) response to maintain 
an asymptomatic state of viral latency (Figs. 62.3 and 62.4). 
Additional factors that contribute to the difficulty of treating these 
patients include increased toxicity from therapy, secondary infec-
tions, and the increased risk of organ rejection or GVHD due to 
the enhancement of alloreactive T-cell immunity. Surgery, radio-
therapy, or both are effective in curing localized disease, but this 
benefits only a small percentage of patients.309,312 The use of anti-
viral agents such as acyclovir or ganciclovir and/or intravenous Ig 

may reduce viral replication and thereby limit the number of 
infected B cells and may be useful in prophylaxis or preemptive 
therapy.312,374,375,376,377,378 The efficacy of antiviral drugs in 
treating PTLD is controversial because they are seldom used with-
out other interventions (e.g., reduction of immunosuppression); in 
addition, if viral replication, which is lytic to the infected B cells, is 
suppressed, B-cell proliferation could theoretically be enhanced.

The approach most widely used as initial therapy for PTLD 
is reduction of immunosuppression.312,374 In some cases, this is 
sufficient for controlling the disease, especially in localized poly-
morphic cases or cases that present like IM. As opposed to PTLD 
after solid organ transplantation, reduction of immune suppres-
sion is rarely successful following BMT, because the major immu-
nosuppression after BMT is from delayed EBV-CTL recovery, not 
suppression of EBV-CTL function. Patients who do not tolerate 
reduction of immunosuppression because of graft rejection or 
GVHD, or who do not respond to immunosuppression reduc-
tion, require more aggressive therapy and have a much poorer 
prognosis.309,312,374

Anti–B-cell monoclonal antibodies have been used success-
fully, including anti-CD21 and anti-CD23379 and, more recently, 
anti-CD20.380,381 Chemotherapy has also been used successfully 
for PTLD.382,383 Chemotherapy is attractive because it kills pro-
liferating B cells and is immunosuppressive enough to treat or 
prevent GVHD or organ rejection.382,384 However, at conventional 
doses used in the treatment of NHL, post-transplant patients 
have more end-organ toxicity and susceptibility to infection, 
with as many as 35% of patients dying of toxicity caused by the 
therapy.383 A low-dose chemotherapy approach has been shown 
to be at least as effective in treating PTLD in children following 
organ transplant with little toxicity.384

Because the problem in most cases of PTLD is an inadequate 
number of EBV-CTL,370,385 replacement of EBV-CTL is a logical 
therapeutic intervention. Infusion of donor lymphocytes has been 
demonstrated to be successful in the treatment of PTLD post-
BMT.386 To avoid the GVHD and other associated toxicities with 
infusion of donor lymphocytes, ex vivo–generated EBV-specific 
CTL have been shown to be effective in treating and preventing 
PTLD post-BMT.387 The ex vivo generation of EBV-specific CTL 
takes several weeks387,388,389 and requires a high level of technol-
ogy and cost. Therefore, due to the cost and regulatory oversight 
necessary to generate and administer the in vitro–generated 
EBV-CTL, this approach is not feasible for most centers. The use 
of adoptive T-cell therapy in an organ transplant recipient is more 
complex. First, cadaver organs are most widely used; therefore, 
donor lymphocytes are often not available. Second, as opposed 
to BMT, after organ transplant, the PTLD cells are usually of 
recipient origin, so the immunologic recognition, specificity, 
and efficacy of donor lymphocytes are uncertain. Third, the use 
of closely matched relatives’ lymphocytes runs the risk of both 
rejection and GVHD. It has been shown that in organ transplant 
patients EBV-specific CTL can be given safely, and when given 
prophylactically no PTLD developed.389 However, despite detec-
tion of an increased number of EBV-specific CTL, EBV DNA levels 
in the peripheral blood decreased very little and the infused cells 
persisted only 2 to 6 months.389 EBV-specific CTL have been used 
to treat PTLD successfully following organ transplant, but again 
multiple infusions were required as the adoptively transferred 
EBV-specific CTL did not last.388 Although a logical and exciting 
therapeutic strategy, at present adoptive cellular therapy is not 
available for the majority of patients with PTLD.

epstein-Barr Virus–associated Malignancies

Burkitt Lymphoma
The neoplastic cells in BL have a mature germinal center B-cell 
phenotype as demonstrated by the expression of B-cell–associated 
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antigens (CD19, 20, and 21) and the presence of surface Ig.9 
Approximately 95% of endemic African BL are EBV positive, as 
compared with 20% of sporadic BL occurring mainly in Europe 
and North America.9,20,390 Regardless of EBV status, BL is char-
acterized by specific chromosomal translocations that involve 
chromosomes 8 and 14 (t[8;14]) in 70% of cases, or 8 and 22 
(t[8;22]) and 8 and 2 (t[8;2]) in the remaining cases.390,391,392,393 
As a result, the MYC oncogene becomes juxtaposed to one of the 
Ig gene loci (i.e., chromosome 14 [heavy chain], chromosome 22 
[l-light chain], or chromosome 2 [k-light chain]) and is constitu-
tively expressed.391,392,393

The role of EBV in the pathogenesis of BL remains to be fully 
defined. It has been hypothesized that chronic B-cell stimulation 
by EBV, HIV, and/or malaria6,390,393 plays a key role by enhanc-
ing the chances of a MYC translocation.6,390,393 The very restricted 
EBV viral gene expression of type I latency EBV gene expression 
(i.e., EBNA-1 and the EBERs only) seen in EBV-positive BL 
makes it difficult to explain the role of EBV in transformation of 
BL.13,53,394,395 In vitro systems have demonstrated that latency III 
viral gene expression is incompatible with high c-myc expression 
and maintenance of BL cells,396 and that EBV gene expression, 
although not promoting cellular proliferation, inhibits apoptosis 
in MYC-expressing BL cells.397

Nasopharyngeal Carcinoma
NPC is another important EBV-associated malignant disorder. 
This tumor is mainly observed in Southeast Asia, Southern China, 
and a few other limited regions of the world.9 In these areas, NPC 
is one of the most frequent malignancies observed. A genetic pre-
disposition appears to be a major factor in the development of this 
epithelial malignancy. The first generation of southern Chinese 
immigrants to the United States has an incidence of NPC that is 
approximately one half that of native Chinese, suggesting that 
both genetic and environmental factors contribute to the develop-
ment of NPC.398 The evidence linking EBV to NPC is more compel-
ling than with BL, with essentially all cases being EBV positive.399 
The etiologic link between NPC and EBV was first suggested by 
serologic evidence, especially with anti-IgA antibodies directed 
against EA, present in high titers in NPC patients as compared 
with matched controls, IM patients, and BL patients.9,400,401 In 
fact, prospective screening for these IgA antibodies or quantitative 
PCR of EBV DNA in the serum has been useful in detecting pre-
clinical NPC and in anticipating recurrences after therapy.402,403

Despite the universal association of EBV with NPC, the role EBV 
plays in the pathogenesis is unclear. The finding of monoclonal EBV 
found in precancerous lesions of NPC is noteworthy, as it suggests 
EBV infection takes place early in the pathogenesis and is essential 
in the development of NPC.404,406 However, all attempts to trans-
form nasopharyngeal epithelium with EBV in vitro have failed. As 
stated before, NPC tumor cells demonstrate type II viral latency 
gene expression (i.e., EBERs, EBNA-1, LMP-1 and LMP-2, and 
BARF1).399 It is hypothesized that because LMP-1 and BARF1 have 
effects on expression of cellular genes associated with proliferation, 
they are important in the pathogenesis of NPC.399,405,406 Other 
studies have identified genetic defects with presumed inactivation 
of tumor suppressor genes on chromosomes 3p, 9p, and 14q.407 
For some time, environmental factors such as exposure to toxins 
contained in traditional Chinese medicines, including Euphorbia 
plant extracts, which induce EBV replication, and the ingestion of 
nitrosamines or other oncogenic substances in salted fish, have 
also been felt to play an important role in the development of NPC.9

Hodgkin Lymphoma
A pathologic link between EBV and HL has been suspected for some 
time on the basis of serologic studies that demonstrated unusually 
high titers of antibodies to VCA and EA, as well as the observation 

that individuals with high antibody titers to EBV have an increased 
risk of developing HL.408,409,410 The presence of EBV has been 
demonstrated conclusively within the RS cells and their mono-
nuclear variants in 40% to 50% of HL specimens.28,144–146 The virus 
appears to be monoclonal in any given individual, suggesting that 
infection occurred before the clonal expansion of RS cells.144,411 
EBV positivity is most frequent in mixed cellularity histology, fol-
lowed by nodular sclerosing, whereas lymphocyte-predominant 
and lymphocyte-depleted types are usually negative.412 Again, as in 
NPC, the viral gene expression is latency type II.53,145,413

What role EBV plays in HL also remains undetermined. A large 
epidemiologic study demonstrated that individuals who developed 
signs and symptoms of IM following primary infection had a 1 in a 
1,000 chance of developing HL. This risk is small, but it was found 
to be statistically significant compared to the general population 
and to individuals who did not develop IM following primary infec-
tion.414 In addition, the increased risk was only for developing 
EBV-positive HL.414 It has recently been shown that in individuals 
who develop IM following primary EBV, a persistent deficit in their 
T cells to respond to IL-15 in vitro is prevalent, although this deficit 
was not found in individuals who did not develop IM following pri-
mary EBV infection.415 LMP expression in RS cells occurs at very 
high levels,416 which usually are immunogenic. It is hypothesized 
that individuals with IM have a lessened ability in immunosur-
veillance for EBV-induced lymphoproliferation, and this explains 
the increased incidence of EBV-positive HL in IM patients.415 
Inasmuch as only 1 in 1,000 individuals with IM ever develops 
HL, there must be other co-factors important in the pathogenesis.

T-cell Lymphoma
EBV genome-positive T-cell lymphoma was first described unex-
pectedly in three patients who had extraordinarily high IgG 
antibody titers to EBV-VCA and EBV-EA.417 After this report, EBV 
genome-positive peripheral T-cell lymphoma had been increas-
ingly reported mainly in Asian populations.426 Type II latency is 
predominantly shown in these malignancies.53 The mechanism 
of EBV infection into human T cells still remains to be elucidated. 
CD21 expression has been reported on some T-cell lines418,419; 
however, in vitro experiments have failed to demonstrate continu-
ous presence of EBV in such T-cell lines. Variable clinical manifes-
tations are observed in patients with T-cell lymphoma. This may 
be in part due to cytokine production and cytotoxic functions that 
can be observed in these tumor cells. It is interesting that this 
type of lymphoma is often associated with severe CAEBV.274,276 
These malignancies are highly resistant to the standard therapies 
and the outcome is very poor despite aggressive therapy including 
transplantation.

Natural Killer–Cell Lymphoma/Leukemia
Patients with EBV genome-positive, CD3– NK-cell proliferations 
were initially reported by Japanese investigators.420 Type II 
latency is predominant in these malignancies as well.23 NK-cell 
lymphoma/leukemia has often been associated with mosquito bite 
sensitivity421 and CAEBV (see discussion in the section, “Chronic 
Active Epstein-Barr Virus Infection”). Midline granuloma, which is 
predominantly of T-/NK-cell origin, was first reported in Asia,422 
but now cases in North America and Europe have been shown to 
be EBV genome positive, with monoclonal viral episomes detected 
in virtually all tumor cells. In general, these malignancies have the 
same poor prognosis as EBV-positive T-cell malignancies.

Gastric Carcinoma
Gastric carcinoma is a leading cause of death due to cancer 
in Japan. Shibata and Weiss initially reported the presence 
of the EBV genome by in situ hybridization.29 The incidence 
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of the EBV genome in gastric carcinoma is 2% to 16% world-
wide.29,423,424,425 The viral gene expression pattern is unique. 
All EBV-positive  gastric carcinomas express EBERs, EBNA-1, 
and BARF1 (BART) consistent with type I latency. However, 
some tumors express LMP-2A and/or lytic genes such as BZLF1 
(ZEBRA protein).426

Miscellaneous Epstein-Barr Virus–Associated 
Human Disease
There are anecdotal reports of numerous human diseases that 
have been associated with EBV or that EBV DNA has been 
detected in pathologic tissues. The association of EBV to leiomy-
oma/leiomyosarcomas in immunodeficient children is strong, but 
the role in their pathogenesis is far from being understood.32,33 
Reports of EBV being detected in other malignancies include 
hepatocellular carcinoma,30 lymphoepithelial carcinomas of the 
salivary glands, tonsillar carcinoma, parotid gland carcinoma, 
and thymoma (reviewed in Ref. 76). EBV has been found in breast 
carcinoma,31 but epidemiology studies have failed to demonstrate 
an association.427 One of the more intriguing associations is with 
multiple sclerosis (MS). There have been several epidemiology 
studies attempting to determine whether there is a link between 
the development of IM followed by MS. Published results are 
conflicting, but a recent meta-analysis suggested that an associa-
tion does exist.428 Because EBV is so ubiquitous in the human 
population, associations of disease with EBV must be interpreted 
with caution.

SeLeCteD reFerenCeS
The full reference list for this chapter can be found in the online version.

 1. Turk W. Septische Erkrankungen bei Verkuerung des Granulozytensytems. 
Wien Klin Wochenschr 1907;20:157.

 3. Sprunt TP, Evans FA. Mononuclear leukocytosis in reaction to acute infection 
(“infectious mononucleosis”). Bull Johns Hopkins Hosp 1920;31:410.

 4. Downey H, McKinlay CA. Acute lymphadenosis compared with acute 
 lymphatic leukemia. Arch Intern Med 1923;32:82.

 5. Burkitt D. A sarcoma involving the jaws in African children. Br J Surg 1958; 
46:218–223.

 7. Epstein MA, Achong BG, Barr YM. Virus particles in cultured lymphoblasts 
from Burkitt’s lymphoma. Lancet 1964;1:702.

 8. Henle G, Henle W, Diehl V. Relation of Burkitt’s tumor associated herpes-type 
virus to IM. Proc Natl Acad Sci U S A 1968;39:94.

 10. Evans AS, Niederman JC, McCollum RW. Seroepidemiologic studies of IM and 
EBV. N Engl J Med 1968;279:1121.

 28. Weiss LM, Strickler JG, Warnke RA, et al. Epstein-Barr virus DNA in tissues 
of Hodgkin’s disease. Am J Pathol 1987;129:86–91.

 29. Shibata D, Weiss LM. Epstein-Barr virus-associated gastric adenocarcinoma. 
Am J Pathol 1992;140:769–774.

 32. McClain KL, Leach CT, Jenson HB, et al. Association of Epstein-Barr 
virus with leiomyosarcomas in young people with AIDS. N Engl J Med 
1995;332:12–18.

 36. Sixbey JW, Nedrud JG, Raab-Traub N, et al. Epstein-Barr virus in replication 
in oropharyngeal epithelial cells. N Engl J Med 1984;310:1225–1230.

 53. Cohen JI. Epstein-Barr virus infection. N Engl J Med 2000;343:481–492.
 63. Tan LC, Gudgeon N, Annels NE, et al. A re-evaluation of the frequency of CD8+ 

T cells specific for EBV in healthy carriers. J Immunol 1999;162:1827–1835.
 70. Epstein MA, Achong BG. Pathogenesis of infectious mononucleosis. Lancet 

1977;2:1270.
 72. Henle W, Henle GE, Horwitz CA. The Epstein-Barr virus-specific diagnostic 

tests in infectious mononucleosis. Hum Pathol 1974;5:551.
 73. Evans AS, Niederman JC, Cenabre LC, et al. A prospective evaluation of 

heterophile and Epstein-Barr virus-specific IgM antibody tests in clinical and 
subclinical infectious mononucleosis: specificity and sensitivity of the tests 
and persistence of antibody. J Infect Dis 1975;132:546–554.

 78. Paul JR, Bunnell WW. The presence of heterophile antibodies in infectious 
mononucleosis. Am J Med Sci 1932;183:90.

 90. Tomkinson BE, Wagner DK, Nelson DL, et al. Activated lymphocytes during 
acute Epstein-Barr virus infection. J Immunol 1987;139:3802.

 92. McKenna RW, Parkin J, Gajl-Peczalska KJ, et al. Ultrastructural, cytochemical, 
and membrane surface marker characteristics of the atypical lymphocytes in 
infectious mononucleosis. Blood 1977;50:505.

 98. Khanna R, Burrows SR, Moss DJ. Immune regulation in Epstein-Barr virus-
associated diseases. Microbiol Rev 1995:387–405.

 99. Miller G, Niederman JC, Andrews LL. Prolonged oropharyngeal excretion of 
Epstein-Barr virus after infectious mononucleosis. N Engl J Med 1973; 288:229.

 104. Lehane DE. A seroepidemiologic study of infectious mononucleosis. JAMA 
1970;212:2240.

 125. Finch SC. Clinical symptoms and signs of infectious mononucleosis. In: Carter 
RL, Penman HG, eds. Infectious mononucleosis. Oxford: Blackwell Science, 
1969:47–52.

 131. Pullen H, Wright N, Murdoch JM. Hypersensitivity reactions to antibacterial 
drugs in infectious mononucleosis. Lancet 1967;2:1176.

 140. Strickler JG, Fedeli F, Horwitz CA, et al. Infectious mononucleosis in lymphoid 
tissue. Histopathology, in situ hybridization, and differential diagnosis. Arch 
Pathol Lab Med 1993;117:269–278.

 169. Davidsohn I, Stern K, Kashiwagi C. The differential test for infectious mono-
nucleosis. Am J Clin Pathol 1951;21:1101; J Lab Clin Med 1955; 45:561; Med 
Clin North Am 1962;46:225; J Immunol 1963;91:783.

 177. Rowe DT, Qu L, Reyes J, et al. Use of quantitative competitive PCR to mea-
sure Epstein-Barr virus genome load in the peripheral blood of pediatric 
transplant patients with lymphoproliferative disorders. J Clin Microbiol 
1997;35:1612–1615.

 182. Horwitz CA, Henle W, Henle G, et al. Clinical and laboratory evaluation of 
cytomegalovirus-induced mononucleosis in previously healthy individuals. 
Medicine 1986;65:124.

 250. Markin RS, Linder J, Zuerlein K, et al. Hepatitis in fatal infectious mono-
nucleosis. Gastroenterology 1987;93:1210.

 259. Andersson J, Ernberg I. Management of Epstein-Barr virus infections.  
Am J Med 1988;85:107–115.

 272. Weisenburger DD, Purtilo DT. Failure in immunological control of the 
virus:fatal infectious mononucleosis. In: Epstein MA, Achong BG, eds. The 
Epstein-Barr virus: recent advances. London: Heinemann, 1986:127–161.

 274. Okano M, Kawa K, Kimura H, et al. Proposed guidelines for diagnosing 
chronic active Epstein-Barr virus infection. Am J Hematol 2005; 80:64–69.

 275. Straus SE. Acute progressive Epstein-Barr virus infection. Annu Rev Med 
1992; 43:437–449.

 276. Kimura H, Kanegane H, Tsuge I, et al. Clinical and virologic characteristics of 
chronic active Epstein-Barr virus infection. Blood 2001;98:280–286.

 281. Imashuku S, Kuriyama K, Teramura T, et al. Requirement for etoposide in the 
treatment of Epstein-Barr virus associated hemophagocytic lymphohistiocy-
tosis. J Clin Oncol 2001;19:2665–2673.

 288. Harrington DS, Weisenburger DD, Purtilo DT. Epstein-Barr virus-associated 
lymphoproliferative lesions. Clin Lab Med 1988;8:97.

 289. Seemayer TA, Gross TG, Egeler RM, et al. X-linked lymphoproliferative 
 disease: twenty-five years after the discovery. Pediatr Res 1995;38:471–478.

 291. Filipovich AH, Zhang K, Snow AL, Marsh RA. X-linked lymphoproliferative 
syndromes: brothers or distant cousins? Blood 2010;116:3398–3408.

 292. Quintanilla-Martinez L, Kumar S, Fend F, et al. Fulminant EBV+ T-cell lym-
phoproliferative disorder following acute/chronic EBV infection: a distinct 
clinicopathologic syndrome. Blood 2000;96:443–451.

 297. Henter JI, Arico M, Egeler RM, et al. HLH-94: a treatment for hemophagocytic 
lymphohistiocytosis. HLH Study Group of the Histiocyte Society. Med Pediatr 
Oncol 1997;28:342.

 300. Filipovich AH. Life-threatening hemophagocytic syndromes: current out-
comes with hematopoietic stem cell transplantation. Pediatr Transplant 
2005;9(Suppl 7):87–91.

 301. Purtilo DT, Cassel CK, Yang JPS, et al. X-linked recessive progressive combined 
variable immunodeficiency (Duncan’s disease). Lancet 1975;1:935–941.

 305. Starzl TE, Nalesnik MA, Porter KA, et al. Reversibility of lymphomas and 
lymphoproliferative lesions developing under cyclosporine A-prednisolone 
immunosuppression. Lancet 1984;1:583–587.

 306. Beral V, Peterman T, Berkelman R, Jaffe H. AIDS-associated non-Hodgkin 
lymphoma. Lancet 1991;337:805–809.

 308. Sumegi J, Huang D, Lanyi A, et al. Correlation of mutations of the SH2D1A 
gene and Epstein-Barr virus infection with clinical phenotype and outcome 
in X-linked lymphoproliferative disease. Blood 2000;96:3118–3125.

 312. Cohen JI. Epstein-Barr virus lymphoproliferative disease associated with 
acquired immunodeficiency. Medicine 1991;70:137–160.

 315. Lankester A, Visser L, Bredius R, et al. Allogeneic stem cell transplantation 
in X-linked lymphoproliferative disease in different stages of disease: two 
cases in one family and review of the literature. Bone Marrow Transplant 
2005;36:99–105.

 317. Purtilo DT, Cassels C, Yang JPS. Fatal infectious mononucleosis in familial 
lymphohistiocytosis. N Engl J Med 1974;291:736.

 320. Harrington DS, Weisenburger DD, Purtilo DT. Malignant lymphoma in the 
X-linked lymphoproliferative syndrome. Cancer 1987;59:1419–1429.

 323. Coffey AJ, Brooksbank RA, Brandau O, et al. The aberrant host response to 
EBV infection in X-linked lymphoproliferative disease results from mutations 
in a novel SH2-domain encoding gene, SH2D1A. Nat Genet 1998;20:129–135.

 324. Sayos J, Wu C, Morra M, et al. The X-linked lymphoproliferative-disease gene 
product SAP regulates signals induced through the co-receptor SLAM. Nature 
1998;395:462–469.

 336. Rigaud S, Fondaneche MC, Lambert N, et al. XIAP deficiency in humans 
causes an X-linked lymphoproliferative syndrome. Nature 2006;444:110–114.

 341. Greenspan JS, Greenspan D, Lennette ET, et al. Replication of Epstein-
Barr virus within the epithelial cells of oral “hairy” leukoplakia, an AIDS-
associated lesion. N Engl J Med 1986;313:1564–1570.

 342. Levine AM. Acquired immunodeficiency syndrome-related lymphoma. Blood 
1992;80:8–20.

 349. MacMahon E, Glass J, Hayward S, et al. Epstein-Barr virus in AIDS-related 
primary central nervous system lymphoma. Lancet 1991;2:969–973.

 351. Knowles DM. Etiology and pathogenesis of AIDS-related non-Hodgkin’s 
 lymphoma. Hematol Oncol Clin North Am 1996;10:1081–1109.

 354. Besson C, Goubar A, Gabarre J, et al. Changes in AIDS-related lymphoma since 
the era of highly active antiretroviral therapy. Blood 2001;98:2339–2344.

 355. Diamond C, Taylor TH, Im T, et al. Presentation and outcomes of systemic 
non-Hodgkin’s lymphoma: a comparison between patients with acquired 
immunodeficiency syndrome (AIDS) treated with highly active antiretroviral 
therapy and patients without AIDS. Leuk Lymphoma 2006;47:1822–1829.

72683_ch062_1324-1341.indd   1340 7/31/13   1:03 PM



B
en

ig
n 

d
is

or
de

rs
 o

f 
le

uk
oc

yt
es

, 
th

e 
s
pl

ee
n,

  
an

d/
or

 Im
m

un
og

lo
bi

ns

 Chapter 62 Infectious Mononucleosis and Other Epstein-Barr Virus–Related Disorders  1341

 365. Gross TG, Steinbuch M, DeFor T, et al. B cell lymphoproliferative disorder 
following hematopoietic stem cell transplantation: risk factors, treatment and 
outcome. Bone Marrow Transplant 1999;23:251–258.

 369. Curtis RE, Travis LB, Rowlings PA, et al. Risk of lymphoproliferative disor-
ders after bone marrow transplantation: a multi-institutional study. Blood 
1999;94:2208–2216.

 374. Paya CV, Fung JJ, Nalesnik MA, et al. Epstein-Barr virus-induced posttrans-
plant lymphoproliferative disorders. Transplantation 1999;68:1517–1525.

 377. Green M, Micheals MG, Webber SA, et al. The management of Epstein-Barr 
virus associated post-transplant lymphoproliferative disorders in pediatric 
solid organ transplant recipients. Pediatr Transplant 1999;3:271–281.

 384. Gross TG, Bucuvalas J, Park J, et al. Low dose chemotherapy for the treat-
ment of refractory post-transplant lymphoproliferative disease in children.  
J Clin Oncol 2005;23:6481–6488.

 386. Papadopoulos EB, Ladanyi M, Emanuel D, et al. Infusions of donor leukocytes 
to treat Epstein-Barr virus-associated lymphoproliferative disorders after 
allogeneic bone marrow transplantation. N Engl J Med 1994;330:1185–1191.

 387. Rooney CM, Smith CA, Ng CC, et al. Infusion of cytotoxic T cells for preven-
tion and treatment of Epstein-Barr virus–induced lymphoma in allogeneic 
transplant recipients. Blood 1998;92:1549–1555.

 389. Savoldo B, Goss JA, Hammer MM, et al. Treatment of organ transplant 
 recipients with autologous Epstein Barr virus-specific cytotoxic T lympho-
cytes (CTLs). Blood 2006;108:2942–2949.

 391. Manolov G, Manolova Y, Klein G, et al. Alternative involvement of two 
cytogenetically distinguishable break-points on chromosome 8 in Burkitt’s 
 lymphoma associated translocations. Cancer Genet Cytogenet 1986;20:95–99.

 393. Klein G. Viral latency and transformation: the strategy of Epstein-Barr virus. 
Cell 1989;58:5–8.

 400. Zeng Y, Zhang LG, Wu YC, et al. Prospective studies on nasopharyngeal car-
cinoma in Epstein-Barr virus IgA/VCA antibody-positive persons in Wuzhou 
City, China. Int J Cancer 1986;36:545–548.

 401. Henle G, Henle W. Epstein-Barr virus-specific IgA serum antibodies as an 
outstanding feature of nasopharyngeal carcinoma. Int J Cancer 1976;17:1–7.

 403. Lin J-C, Wang W-Y, Chen KY, et al. Quantification of plasma Epstein-Barr 
virus DNA in patients with advanced nasopharyngeal carcinoma. N Engl  
J Med 2004;350:2461–2470.

 409. Rosdahl N, Larsen SO, Clemmensen J. Hodgkin’s disease in patients with pre-
vious infectious mononucleosis: 30 years experience. BMJ 1974;2:253–256.

 417. Jones JF, Shurin S, Abramowsky C, et al. T-cell lymphomas containing 
Epstein-Barr viral DNA in patients with chronic Epstein-Barr virus infections. 
N Engl J Med 1988;318:733–741.

 422. Harabuchi Y, Yamanaka Y, Kataura A, et al. Epstein-Barr virus in nasal T-cell 
lymphoma in patients with lethal midline granuloma. Lancet 1990;335:128–130.

 423. Rowlands DC, Ito M, Mangham DC, et al. Epstein-Barr virus and carcinomas: 
rare association of the virus with gastric adenocarcinomas. Br J Cancer 
1993;68:1014–1019.

72683_ch062_1324-1341.indd   1341 7/31/13   1:03 PM



1342

Primary immunodeficiency SyndromeS
Troy r. Torgerson

C h a p t e r  6 3

inTroducTion
The primary immunodeficiency disease (PIDD) are a group of 
clinical syndromes originally described in patients with marked 
susceptibility to particular types of infections. This group of dis-
orders has now expanded to include more than 150 clinically 
defined entities that span the full spectrum of immune dysfunction 
ranging from virtually absent immune responses to overwhelming 
uncontrolled autoimmunity.1 In this “genomic era” we have come 
to understand that the majority of immunodeficiency disorders 
are caused by defects in single genes. There are now approxi-
mately 200 known single gene defects associated with immune 
deficiency. It has also become evident that mutations in differ-
ent genes can lead to a similar clinical phenotype. For example, 
defects in more than 20 different genes have now been associated 
with a clinical phenotype of severe combined immune deficiency 
(SCID).2 This has led to an explosion in our understanding of the 
role of specific molecular pathways in the human immune sys-
tem but has created some confusion when discussing the clinical 
syndromes themselves. Consequently, it has become the practice 
to refer to disorders by their molecular defect, either in combina-
tion with, or in lieu of, their clinical name or eponym (i.e., “ADA-
deficiency” or “ADA-SCID” rather than “SCID”). This practice is 
followed here.

maJor comParTmenTS of THe 
immune SySTem
To provide a framework for this overview of immunodeficiency, 
it is worthwhile to divide the immune system into four major 
compartments: complement, phagocytes, B cells and antibodies, 
and T cells. The complement and phagocyte compartments are 
part of the “innate” arm of the immune system, whereas the B-cell 
and T-cell compartments are components of the “adaptive” arm 
of the immune system (see Table 63.1). Many immunodeficiency 
disorders are caused by a defect in only one compartment of the 
immune system, whereas others are “combined” immunodeficien-
cies with defects in multiple compartments. In general, defects 
in each compartment of the immune system are associated with 
susceptibilities to particular types of infections. In addition, each 
specific immunodeficiency typically has unique features that 
differentiate it from other immunodeficiencies, often making it 

possible to identify the disorders based on clinical and laboratory 
findings (see Table 63.1). 

comPLemenT
The complement system consists of a series of proteins that are 
present in the plasma and become activated upon encountering 
pathogens. Activation of early complement components initi-
ates a cascade of protein cleavage and activation events that 
ultimately leads to formation of the membrane attack complex 
(MAC) consisting of complement proteins C5, 6, 7, 8, and 9. A 
number of regulatory proteins including Factor H, Factor I, and 
membrane cofactor protein (MCP) control complement activa-
tion at the level of C3, thereby preventing inappropriate comple-
ment fixation. The complement cascade is activated via three 
major mechanisms: (1) the classical pathway, which is initiated 
by antigen/antibody complexes; (2) the alternative pathway, 
which is initiated directly by bacterial cell wall components; 
and (3) the lectin pathway, which is initiated by carbohydrate 
moieties present on bacteria.

Complement deficiencies make up only a small portion (∼2%) 
of all primary immune deficiencies.3 Defective activation of the 
entire complement cascade can be caused by the absence or 
dysfunction of only 1 of more than 20 complement proteins. The 
proteins most often affected are C2, C3, and C4.4

Clinical presentation
Patients with defects in the C1 esterase inhibitor have hereditary 
angioedema (HAE) in which allergic or mechanical stimuli can 
trigger massive, localized, severe attacks of edema that can be 
life-threatening if they involve the airway. Patients with defi-
ciency of early complement components in the classical pathway 
(C1–C4) typically present with symptoms of autoimmunity (lupus 
or glomerulonephritis) or with recurrent invasive infections 
caused by encapsulated organisms (particularly Streptococcus 
pneumoniae). Patients with defects in the late complement 
components (C5–C9) that are involved in formation of the mem-
brane attack complex typically present with recurrent or severe 
Neisserial infections.4 Patients with defects in complement 
regulatory proteins (Factor I, Factor H, and MCP) are at risk of 
developing familial hemolytic uremic syndrome and age-related 
macular degeneration (see Fig. 63.1).5–7

Complement Phagocytes B Cells/Antibodies T Cells

•	 Invasive	infections	with	encapsulated	
bacteria	(S. pneumoniae, H. influenzae,	
etc.)

•	 Recurrent,	invasive	Neisserial	infections
•	 Hereditary	angioedema
•	 Autoimmunity	(lupus,	glomerulonephritis)
•	 Familial	hemolytic	uremic	syndrome	

(HUS)

•	 Skin	and	soft	tissue	abscesses,	boils,	and	
lymphadenitis

•	 Infections	with	Catalase+	organisms		
(S.	aureus,	Serratia,	Aspergillus,	etc.)

•	 Poor	wound	healing
•	 Chronic	gingivitis	and	periodontal	disease
•	 Mucosal	ulcerations,	colitis
•	 Delayed	separation	of	the	umbilical	cord/

omphalitis

•	 Recurrent	bacterial	sinopulmo-
nary	infections

•	 Unexplained	bronchiectasis
•	 Chronic	or	recurrent	gastroen-

teritis	(giardia,	cryptosporidium,	
enterovirus,	etc.)

•	 Echovirus	encephalomyelitis

•	 Pneumocystis jiroveci	pneumonia
•	 Recurrent,	severe,	or	unusual	viral	infec-

tions	(CMV,	EBV,	adenovirus,	papillomavirus,	
etc.)

•	 Invasive	fungal	or	mycobacterial	infections
•	 GVHD	(rash,	abnormal	LFTs,	chronic		

diarrhea)
•	 Failure	to	thrive

COMMON SYMPTOMS ASSOCIATED WITH DEFECTS IN EACH OF THE FOUR MAJOR IMMUNE COMPARTMENTS

table 63.1
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Specific Disorders

C1 Esterase Inhibitor Deficiency
Deficiency of C1 esterase inhibitor is the cause of HAE. Unlike many 
of the other early complement component deficiencies, absence of 
C1 esterase inhibitor does not lead to an increased risk for infection. 
Instead, this protein regulates the activity of kallikrein, blocking its 
ability to act on Factor XII and kininogen. As a consequence, minor 
irritants cause unabated production of bradykinin and other media-
tors of vascular permeability, leading to rapid swelling of the soft 
tissues (angioedema), severe abdominal pain, and at times, acute 
obstruction of the airway. Effective treatments are now available 
for HAE including purified C1 esterase inhibitor, a kallikrein inhibi-
tor, and a bradykinin B2 receptor antagonist.8,9,10 Because of the 
expense of these agents, they are often administered at the begin-
ning of an attack to abort symptoms rather than being administered 
prophylactically to prevent the onset of an attack. 

C2 Deficiency
C2 deficiency is the most common complement component defi-
ciency associated with susceptibility to infections, occurring in 
approximately 1 of 20,000 people. As indicated above, patients with 
early complement cascade defects (C1–C4) are susceptible to inva-
sive infections with encapsulated organisms, S. pneumoniae being 
a particularly fulminant pathogen in these patients. The infectious 
susceptibility is compounded by functional antibody deficiency in 
some patients. In addition, patients with C1, C2, or C4 deficiency 
are at high risk of developing autoimmunity (lupus or glomerulo-
nephritis). In the case of homozygous C2 deficiency, approximately 
50% of patients develop lupus or glomerulonephritis.11

Diagnosis
Screening for complement deficiency should be performed in 
patients with recurrent episodes of bacteremia, meningitis, or 

disseminated gonorrhea. Because more than 30% of patients 
with recurrent Neisseria infections have complement deficiency, 
it is imperative that prompt testing of the complement system 
be done in these individuals. The screening test of choice for 
complement deficiencies is the CH50 test, which measures func-
tional complement activity in the plasma. The CH50 will only 
identify defects in the classical pathway, which is typically suf-
ficient inasmuch as alternative pathway defects are exceedingly 
rare. If an alternative pathway defect is suspected, however, an 
analogous test (the AH50) can be performed. In order for the 
CH50 to give accurate results, the blood specimen needs to be 
handled carefully because complement is very heat labile. In 
general, it is recommended that any abnormal CH50 test should 
be repeated to confirm a complement deficiency. The CH50 is 
typically very low or absent in patients with a complement com-
ponent deficiency. A CH50 result that is only moderately low is 
often seen in situations where the specimen was handled incor-
rectly or in patients with autoimmune disease such as lupus or 
mixed connective tissue disease. Once an abnormal CH50 test is 
confirmed, specialized testing to identify the specific complement 
component that is absent can be performed.

treatment
Patients with complement deficiency are susceptible to fulminant 
sepsis and other deep-seated infections caused by encapsulated 
organisms. For this reason, patients should be given a letter or 
laminated card that they can keep with them at all times with 
contact information for their primary care physician and clinical 
immunologist, and a message indicating that they have a comple-
ment deficiency and there should be no delay in giving parenteral 
antibiotics should they be ill. For patients who live at a distance 
from skilled medical care, consideration should be given to pro-
viding a dose of parenteral antibiotic such ceftriaxone that can 
be administered by the patient or a family member when they 
become ill, prior to a lengthy trip to the hospital. The efficacy of 

FIGURE 63.1. The classical complement pathway showing activation 
by immune complexes and ultimate formation of the membrane attack 
complex. Factor	 I,	 Factor	 H,	 and	 MCP	 (membrane	 cofactor	 protein)	 control	
complement	 activation	 primarily	 at	 the	 level	 of	 C3.	Boxes	 indicate	 the	 clinical	
syndromes	 or	 infections	 that	 result	 from	 defects	 of	 the	 indicated	 complement	
proteins.
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little evidence specifically in SCN supporting the use of prophy-
lactic antibiotics, extrapolation from data in leukemic patients 
with neutropenia suggests a benefit so these are used in most 
patients. Prophylactic, long-term therapy with G-CSF is typically 
utilized only in those patients who have recurrent, severe bacte-
rial infections in spite of antibiotic prophylaxis or in patients with 
fungal infections. Bone marrow transplantation is effective in SCN 
although there is little to no reported experience in those genetic 
disorders that are more rare such as G6PC3 deficiency. 

Leukocyte Adhesion Deficiency
LAD is caused by the absence of functional adhesion receptors that 
are required for the migration of phagocytes from the circulation 
into the tissues. The characteristic clinical features of LAD include 
recurrent skin and soft tissue infections that often lead to develop-
ment of deep ulcers despite there being highly elevated peripheral 
blood leukocyte counts. Interestingly, the inability of leukocytes to 
migrate to these sites of infection leads to an absence of pus in the 
lesions, which can be a useful diagnostic clue. Wound healing is 
also compromised and patients typically have marked gingivosto-
matitis. Three forms of LAD have been described: LAD-I, the most 
common form of LAD, is caused by mutations in the ITGB2 gene 
encoding the b2-integrin CD18. Mutations cause an absence of the 
CD11/CD18 integrin complex on the surface of leukocytes, which 
can be readily discerned by flow cytometry. LAD-II is caused by 
mutations in the SLC35C1 gene encoding the GDP-fucose trans-
porter. These mutations cause defective expression of Sialyl Lewis 
X (sLeX), a fucose-containing ligand on neutrophils. sLeX is the 
ligand for E- and P-selectins, which are expressed on the surface 
of cytokine-activated endothelial cells and allow neutrophil rolling. 
As a result of the fucose defect, all patients with LAD-II also have 
the rare Bombay blood group, which is a useful diagnostic test for 
suspected LAD-II. LAD-III is caused by mutations in the FERMT3 
gene that encodes Kindlin-3, a coactivator that is required for 
activation and function of b1-, b2-, and b3-integrins. Absence of 
functional Kindlin-3 leads to dysfunction of CD18 and causes an 
LAD phenotype (see LAD-I above). In addition, patients with LAD-
III also have a Glanzmann-type bleeding disorder resulting from 
dysfunctional integrin-mediated aggregation of platelets.13

Patients with LAD-I and LAD-III typically present in childhood 
and often have a severe course with early mortality, whereas 
patients with LAD-II often have milder cases and may live into 
adulthood. Treatment of LAD can be more complicated than some 
of the other phagocytic disorders because in addition to treating 
infections aggressively with antibiotics, active soft tissue infections 
may require recurrent donor white cell infusions of functional 
neutrophils in order to clear the infection. The primary defects of 
LAD are intrinsic to hematopoietic cells, thus bone marrow trans-
plantation can be curative.14–16

WHIM Syndrome
WHIM syndrome (warts, hypogammaglobulinemia, recurrent 
bacterial infections, and myelokathexis [retention of neutrophils 
in the bone marrow]) is caused by autosomal dominant muta-
tions in CXCR4, the receptor for the chemokine CXCL12 (SDF-1). 
Patients with WHIM typically present in childhood with recurrent 
bacterial otitis media, sinusitis, bronchitis, pneumonia, and cel-
lulitis. The bacterial susceptibility is a result of the combination of 
hypogammaglobulinemia and neutropenia. In addition to bacte-
rial infections, patients with WHIM have a particular susceptibility 
to papillomavirus infections, which can be severe and lead to early 
malignancy. The mechanisms that underlie the viral susceptibility 
are not entirely understood but are thought possibly to be intrinsic 
to the epithelial cells. In the hematopoietic system, CXCL12 causes 
homing of cells to the bone marrow and controls release of these 
cells from the marrow. Neutrophils and lymphocytes from patients 

chronic prophylactic antibiotics to prevent infection in patients 
with complement deficiency is not well studied and remains a sig-
nificant question in this group of disorders. In addition to prepar-
ing for and treating infections, patients should also be regularly 
screened for autoimmunity by history, physical exam (i.e., blood 
pressure monitoring), and laboratory testing including BUN, cre-
atinine, and urinalysis to monitor for signs of glomerulonephritis 
inasmuch as this is a common autoimmune manifestation.

PHaGocyTeS
One of the major roles of phagocytic cells (neutrophils and macro-
phages) is to continuously survey the body for signs of infection. 
Upon sensing an infection, they migrate from the circulation into 
the tissues toward the site of the infection where they begin to 
ingest both opsonized and nonopsonized pathogens and debris. 
The ingested material is processed and fragments of digested 
proteins are loaded into class II MHC molecules that are presented 
at the cell surface where they can be recognized by cells of the 
adaptive immune system. Phagocytes that ingest pathogens and 
debris can either remain at the site of infection or migrate back to 
local draining lymph nodes to present antigen. Phagocytic disor-
ders can occur in one of three ways: (1) a lack of phagocytes (con-
genital neutropenia); (2) defective phagocyte migration (leukocyte 
adhesion deficiency [LAD] and WHIM syndrome); and (3) inability 
of phagocytes to process or degrade organisms that have been 
ingested (chronic granulomatous disease [CGD]).

Clinical presentation
Because of the role that phagocytes play in controlling bacterial 
and fungal pathogens, patients with phagocytic defects often pres-
ent with infections and abscesses of skin, deep tissues, and organs 
caused by bacteria and fungi. Symptoms can include boils and/or 
cellulitis with or without pus, lymphadenitis, pneumonia, delayed 
shedding of the umbilical cord, hepatic abscesses, gastrointestinal 
disorders, gingivitis, and unexplained fever, malaise, and fatigue. 
The onset of symptoms of phagocytic cell disorders is typically in 
infancy or early childhood.

Specific Disorders

Severe Congenital Neutropenia
The congenital neutropenias are described in more detail else-
where (Chapter 57) so are covered only briefly here. Mutations 
in five different genes have now been associated with severe 
congenital neutropenia (SCN): ELANE, which is inherited in an 
autosomal dominant manner, causes increased myeloid cell 
apoptosis and can present either with SCN or with a cyclic neu-
tropenia phenotype; GFI1, which is also inherited in an autosomal 
dominant manner, causes defective myeloid cell differentiation; 
HAX1, which is inherited in an autosomal recessive manner, is 
associated with increased myeloid cell apoptosis, and is the cause 
of the classic “Kostmann” syndrome; G6PC3, which is inherited 
in an autosomal recessive manner, causes excessive myeloid cell 
apoptosis, and is associated with a variety of other congenital 
defects including cardiac, urogenital, endocrine, auditory, and 
facial anomalies; and WAS, in which specific activating muta-
tions in the CDC42 binding domain are inherited in an X-linked 
recessive manner, leading to abnormal and dysregulated actin 
polymerization that causes defective neutrophil chemotaxis and 
increased apoptosis.12

In all cases, clinical management involves a heightened sus-
picion for infections and aggressive treatment if these arise. 
Treatment of acute infections may require antibiotics combined 
with G-CSF to increase neutrophil counts. Despite there being 
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with WHIM have an increased chemotactic response to CXCL12, 
suggesting that the neutropenia and lymphopenia observed in 
WHIM are the result of inappropriate cell retention in the mar-
row.17 Treatment with G-CSF or GM-CSF can normalize the neu-
trophil counts although these often cause significant bone pain at 
the doses required.18 Recent studies using the CXCR4 antagonist 
plerixafor in adults with WHIM syndrome have shown promise for 
improving neutrophil counts by mobilizing neutrophils from the 
bone marrow.19,20 Antibiotics and immunoglobulin replacement 
can significantly reduce the risk of bacterial infections. There is 
very little reported experience regarding bone marrow transplan-
tation for WHIM although anecdotal evidence suggests that it may 
correct the neutropenia and hypogammaglobulinemia but may 
not alter the papillomavirus susceptibility.21

Chronic Granulomatous Disease
CGD is the most frequently diagnosed phagocytic cell immune 
defect. The most common form is X-linked, caused by mutations 
in the CYBB gene and accounting for approximately two thirds of 
all CGD patients. The remaining forms, caused by mutations in the 
CYBA, NCF1, NCF2, or NCF4 genes are all autosomal recessive. All 
mutations affect the formation or function of the NADPH oxidase 
complex, on neutrophil phagolysosomes. The NADPH oxidase is 
required to generate a burst of reactive oxygen species in response 
to phagocytosis of pathogens. Reactive oxygen species activate 
proteases in the phagolysosomes that destroy ingested bacteria. 
In CGD, the oxidative burst cannot be generated, leading to defec-
tive processing of ingested organisms and an inability to eliminate 
bacterial and fungal pathogens appropriately. Catalase-positive 
organisms including Staphylococcus species, Aspergillus species, 
Burkholderia cepacia, Serratia marcescens, and others are the 
most common pathogens. The most common types of infection at 
presentation are pneumonia, lymphadenitis, cellulitis, and hepatic 
abscesses (particularly with Aspergillus sp.). The most common 
cause of premature death is Aspergillus infection.22 In addition to 
the infectious susceptibilities of CGD, a substantial percentage of 
patients struggle with inflammatory complications that are com-
mon to this disorder including an inflammatory colitis that occurs 
in approximately 40%, hepatic dysfunction, gingivitis, and others. 

Treatment of CGD revolves around aggressive management of 
acute infections followed by prophylaxis against future infections 
using a combination of daily antibiotic (typically trimethoprim–
sulfamethoxazole), daily antifungal (typically itraconazole), and 
thrice-weekly Interferon-g injections. This combination has dra-
matically improved outcomes in CGD; however, despite appropri-
ate use of this regimen, some patients ultimately have increasing 
symptoms that lead to a decline in survival beginning in the late 
teens or early twenties. The prospects for long-term survival 
appear to be correlated with the amount of residual oxidative 
burst activity that can be generated by a particular patient’s 
phagocytes.23 This has led to a renewed interest in bone marrow 
transplantation for CGD, which has been quite successful in the 
modern era, likely due to improved antimicrobials and trans-
plant-conditioning regimens with reduced toxicity. Many now 
recommend that for patients who have mutations that severely 
affect oxidative burst activity, bone marrow transplant should 
be considered preemptively, early in life before patients develop 
comorbidities.24

Diagnosis
Assessment of patients for a possible phagocytic disorder requires 
that both the number and the function of phagocytes be evaluated. 
Numbers are easily evaluated using a complete blood count with 
differential. If there is a concern for cyclic neutropenia, neutrophil 
counts may need to be evaluated 3 times weekly for 3 to 4 weeks 
to identify the nadir.25 Functional testing includes evaluation of 

CD11/CD18 integrin expression on myeloid cells by flow cytom-
etry if the patient has symptoms suggestive of leukocyte adhesion 
deficiency. In cases of suspected CGD, evaluation of neutrophil 
oxidative burst function is essential. Traditionally this was done 
using nitroblue tetrazoleum (NBT) but is now performed using 
dihydrorhodamine (DHR), a reagent that permeates neutrophils 
and fluoresces when reduced by a normal neutrophil oxidative 
burst. Fluorescence is measured by flow cytometry. The DHR test 
is sensitive enough to differentiate most cases of X-linked CGD 
from autosomal recessive CGD, making it a particularly useful 
clinical assay.26,27

treatment
As noted above, management of phagocytic disorders revolves 
around having a heightened suspicion for infections, aggressively 
treating acute infections using antibiotics and G-CSF as necessary, 
and developing a prophylaxis regimen that is both effective and 
reasonable from a patient standpoint. At times, patients continue 
to have recurrent or severe infections despite these efforts and 
require more definitive therapy. As indicated above, hemato-
poietic stem cell transplantation (HSCT) has been shown to be 
effective in many, but not all, phagocytic disorders. Gene therapy 
has been attempted for both X-linked CGD28 and for LAD-I29 but 
neither has been particularly successful thus far and at this point 
is considered to be experimental. Ongoing research to address the 
challenges of gene therapy that are unique to these two disorders 
is underway.

B ceLLS/anTiBodieS
The predominant role of B cells in the immune system is to make 
antibodies (immunoglobulins) in response to antigen challenge 
(pathogens, vaccines, etc.). The absence of functional antibodies 
causes susceptibility to bacterial and viral infections. Antibody 
deficiency can occur in one of three different ways: (1) hypogam-
maglobulinemia or low levels of one or more immunoglobulin 
classes (IgG, IgA, IgM, or IgE) occurring as a result of decreased 
antibody production, often associated with a specific single-gene 
defect; (2) hypogammaglobulinemia as a result of excessive anti-
body loss, typically through the kidneys as proteinuria or through 
the gut as protein-losing enteropathy; or (3) functional antibody 
deficiency, in which immunoglobulin levels are normal but the Ig 
lacks the quality required to bind and opsonize pathogens.

Clinical presentation
Patients who lack sufficient levels of functional antibody pres-
ent clinically with recurrent bacterial sinopulmonary infections 
(sinusitis, otitis media, bronchitis, and pneumonia). In addition, 
patients may develop bowel infections caused by microorganisms 
such as Giardia or Cryptosporidium that are often only modestly 
pathogenic to normal individuals. In addition to these symptoms, 
patients with certain antibody-deficiency disorders have char-
acteristic clinical features that can provide clues to the specific 
diagnosis. These are covered below.

Specific Disorders

X-Linked Agammaglobulinemia
X-linked agammaglobulinemia (XLA) is caused by mutations in the 
Bruton’s tyrosine kinase (BTK) gene. BTK is a member of the Tec 
family of cytoplasmic tyrosine kinases and is required for the matu-
ration of B-cell precursors in the bone marrow.30 Mutations in BTK 
therefore cause an arrest of B-cell development at the pre-B–cell 
stage leading to virtual absence of circulating B cells in the peripheral 
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blood. Mutations that only partially interfere with the enzymatic 
function of BTK have also been described and are associated with 
milder forms of the disease that only have defects in the generation 
of specific antibody responses.

XLA is typically suspected in male patients with recurrent 
bacterial sinopulmonary infections and <2% circulating CD19+ B 
cells. Other infections that occur relatively frequently in patients 
with XLA prior to the initiation of IgG replacement therapy 
include skin infections (furunculosis, pyoderma, and cellulitis) 
and sepsis. The diagnosis can be confirmed either by identifying 
a mutation in the BTK gene or by demonstrating absence of the 
BTK protein in monocytes or platelets. A positive family history 
suggestive of an X-linked recessive mode of inheritance increases 
the suspicion for XLA. It is uncommon for patients with XLA to 
develop symptoms in the first months of life because newborns 
are protected from most infections by transplacentally acquired 
maternal IgG. There are few distinguishing physical features of 
XLA that can provide clues to the diagnosis but absence of visible 
tonsils or adenoids (by X-ray or CT scan) is a useful clue.

In addition to the common sinopulmonary pathogens, patients 
with XLA are also susceptible to infections by particular oppor-
tunistic organisms that are more rare and fastidious, which can 
cause unusual clinical syndromes. For example, Helicobacter 
cinaedi can cause a syndrome of dermatomyositis and cellulitis 
that presents with cutaneous ulcerations, particularly on the 
lower legs.31,32 The organism can sometimes be recovered from 
the blood but is fastidious and difficult to culture using usual meth-
ods. The ability to culture the organism and evaluate its antibiotic 
sensitivity is crucial in many cases because it is frequently resis-
tant to various antibiotics. A combination of antibiotics is often 
needed to clear the infection effectively.33 Similarly, Mycoplasma 
species, including M. hominis, can cause lung, abdominal, or bone 
infections that are remarkably hard to eradicate and Ureaplasma 
urealyticum infections are a rare cause of arthritis, urethritis, and 
pneumonia.34

Prior to the widespread use of IgG supplementation in these 
patients, opportunistic viral infections, particularly with viruses 
that require an extracellular phase, were especially problem-
atic. For example, echovirus encephalitis was estimated to be 
the cause of death in ∼10% of boys with XLA in the 1970s but 
that number has fallen dramatically with aggressive use of IgG 
supplementation. There continue to be rare cases of echovirus 
encephalitis in patients with XLA, even in those on adequate 
IgG replacement therapy, but these are thought to be caused by 
viral strains for which there may not be high antibody titers in 
the particular IgG preparation being used.35,36 Similarly, a mink 
astrovirus strain was recently identified by deep sequencing from 
the brain of an XLA patient who developed a neurodegenerative 
disorder as a teen.37 Interestingly, he had lived next to a mink 
farm as a child but was started on immunosuppression early 
in his teens for inflammatory bowel disease, which may have 
allowed the virus to escape control. Lastly, infections with vac-
cine-strain poliovirus were pathogenic in undiagnosed patients 
with XLA who were immunized with the live-viral vaccine after 
transplacentally acquired maternal antibody had waned. The shift 
from live attenuated to killed poliovirus for immunization has 
essentially eliminated new cases.

Hyperimmunoglobulin M Syndromes
Under normal circumstances, binding of antigen to cell surface 
IgM on naive B cells induces activation of the B-cell. The antigen 
that is bound to surface IgM on the B-cell is ingested, proteolyti-
cally digested, and antigenic peptide fragments are displayed on 
the B-cell surface in MHC Class II molecules. Antigen-specific  
T cells then engage the B-cell via MHC II/TCR interactions. Once 
engaged, the activated helper T-cell (Th) provides additional 
costimulatory signals to the B-cell that are critical to promote 

immunoglobulin class-switching from IgM to IgG, IgA, and IgE. 
The most important of these costimulatory signals comes via 
the interaction of CD40 ligand on activated T cells with CD40 on  
B cells. Additional costimulatory signals come from ICOS on acti-
vated T cells and ICOS ligand (B7-H2) on B cells. Activation of the 
B-cell through CD40 and cytokines that are secreted by the helper 
T-cell cause it to undergo class-switch recombination (CSR) during 
which the m-heavy chain gene segment within the immunoglobu-
lin gene, is replaced by either a g, a, or â gene segment. This is 
accomplished by nicking and double-strand breakage of the DNA 
in the immunoglobulin heavy-chain locus, which requires a series 
of enzymatic steps that involve activation-induced cytidine deami-
nase (AID), uracil DNA glycosylase (UNG), and others. Genetic 
defects that affect CD40 ligand (CD40L), CD40, AID, or UNG can 
therefore prevent class-switch recombination thus thwarting the 
B-cell’s ability to make significant amounts of any antibody iso-
type in addition to IgM. 

The overwhelming majority of patients with hyper-IgM syn-
drome have the X-linked form caused by X-linked recessive muta-
tions in the CD40 ligand (CD40L/CD154), which is encoded by 
the CD40L gene on the X-chromosome.38 CD40L and its receptor 
CD40 are members of the tumor necrosis factor (TNF) superfam-
ily of ligands and receptors. In lymphocytes, CD40L is expressed 
only on activated T cells but is also expressed on platelets where 
its role is unknown. Affected boys may present with recurrent 
bacterial sinopulmonary infections caused by low IgG, IgA, and 
IgE, whereas IgM is normal or elevated. In addition to the usual 
bacterial pathogens, patients with CD40L mutations also dem-
onstrate unique susceptibilities to fungal infections, particularly 
Pneumocystis jiroveci (PJ) that causes pneumonia, and to a proto-
zoan, Cryptosporidium parvum (CP) that causes bowel infections. 
B lymphocytes are present, and T-cell numbers are generally nor-
mal. In almost all cases, the diagnosis can be made by using flow 
cytometry to evaluate the expression and function of the CD40L 
protein on activated T cells. Expression is evaluated using anti-
bodies specific to the CD40L protein and the function is evaluated 
by measuring the binding of a CD40-Ig heavy chain fusion protein 
to the expressed CD40L. Gene sequencing can then be performed 
in order to identify a specific mutation.

The susceptibility to Pneumocystis and possibly other fungal 
pathogens has been somewhat of a puzzle because patients do not 
have other signs of a significant cellular immune defect such as 
severe or recurrent viral infections. Interestingly, the susceptibil-
ity to Pneumocysitis jiroveci pneumonia (PJP) appears to go away 
in most patients by the age of 5. PJP is almost always diagnosed 
by staining bronchoalveolar lavage fluid for the presence of the 
organism. PJP can be readily prevented by prophylactic trim-
ethoprim–sulfamethoxazole administration and active disease 
is amenable to treatment using higher doses of the same drug. 
Recent data have suggested that the fungal susceptibility in CD40L 
deficiency may be a result of defective CD40L signaling into den-
dritic cells and monocytes that express CD40.39

C. parvum bowel infections are more difficult to diagnose 
and manage in patients with CD40L deficiency. CP may cause 
abdominal pain, bloating, diarrhea, malabsorption, and weight 
loss. It may require multiple stool samples to identify the oocysts 
and occasionally, the diagnosis can only be made on endoscopi-
cally obtained biopsy specimens. Treatment with paromomycin or 
nitazoxanide can clear the infection although prolonged courses 
are typically needed in hyper IgM patients and treatment failures 
are not uncommon. CP infections can result in chronic inflamma-
tion of the gut and biliary tree, which seems a likely contributor to 
the high incidence of bile duct cancers seen in these patients.40,41

Treatment involves the use of IgG replacement therapy 
combined with prophylactic antibiotics for prevention of PJP at 
least until the age of 5. The role of bone marrow transplanta-
tion for CD40L deficiency is still being evaluated. Even though 
a number of patients have undergone successful bone marrow 
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transplantation, the role of BMT remains somewhat controversial 
in this disease although in patients with ongoing CP infection, the 
prognosis for the patients who develop bile duct disease is so poor 
that the risks of transplantation are well justified.42,43

CD40 deficiency is inherited as an autosomal recessive defect 
that has been described primarily in two cohorts from Italy and 
the Middle East. It results in a syndrome that is almost identical to 
CD40L deficiency in which both sexes are affected. Homozygosity 
for a null mutation occurs, but heterozygosity is more common 
and can result in a partial phenotype because CD40 functions as 
a trimer (defects of even one chain of the trimer interfere with its 
function).44

Autosomal recessive mutations in AID and UNG also cause a 
hyper-IgM phenotype but it tends to be milder than either CD40L 
or CD40 deficiency, likely because the defect is limited to B cells, 
whereas CD40L/CD40 signaling plays a role in other cell types 
including dendritic cells and monocytes.45,46 Patients with AID 
or UNG typically live into adulthood and do not demonstrate the 
same susceptibility to PJP and CP bowel infections. Patients with 
mutations in AID do, however, have a significant propensity to 
develop autoimmunity affecting various organ systems. Patients 
are typically treated with IgG replacement therapy and antibiotics 
for acute infections. There are no reports of bone marrow trans-
plantation for AID or UNG deficiency.

Common Variable Immunodeficiency Syndromes
Common variable immunodeficiency (CVID) is a heterogeneous 
disorder that is likely caused by a variety of molecular mecha-
nisms that ultimately lead to a similar clinical phenotype. The 
European Society of Immunodeficiency (ESID) has proposed 
diagnostic criteria in an effort to standardize the diagnosis of 
CVID. These include: (1) plasma IgG levels that are less than  
2 standard deviations below the mean for age combined with a 
“marked decrease” in either IgM or IgA; (2) age of onset of immu-
nodeficiency >2 years of age; (3) absent isohemagglutinins or 
poor responses to vaccines; and (4) defined causes of hypogam-
maglobulinemia have been excluded. 

The peak age of onset of CVID is in the second or third decade 
of life and 50% to 60% of patients have a clinical phenotype con-
sisting almost exclusively of increased bacterial sinopulmonary 
infections. With IgG supplementation, this group of patients has 
a relatively benign course with long-term survival that is not 
unlike the normal population. The other half of patients have a 
complicated disease course with autoimmunity or lymphoprolif-
erative disease that can involve the hematopoietic system, lungs, 
lymph nodes, liver, and bowel. The long-term outcome of this 
population is significantly worse, approaching only 40% survival 
over 40 years.47

Among the disorders seen in this population, a granuloma-
tous, lymphoproliferative, interstitial lung disease (GLILD) affects 
approximately 30% to 40% of patients.48 This often presents with 
decreasing lung function that is manifested by cough, decreased 
exercise tolerance, and sometimes hypoxemia. Typical findings on 
chest CT scan include diffuse nodules within the lung, opacities 
that have a “ground glass” appearance, bronchial wall thickening, 
and sometimes bronchiectasis. Lung biopsy generally demon-
strates a lymphocytic interstitial pneumonitis with noncaseating 
granulomas and a follicular bronchiolitis with lymphoid aggre-
gates of both B and T cells. This pattern is sometimes mistaken for 
sarcoidosis although there are differences. Over time, this inflam-
matory process in the lungs will cause destruction of alveoli and 
will contribute to development of bronchiectasis. There continues 
to be some debate among providers about whether this process 
should be treated if the patient is not demonstrating pulmonary 
compromise. If left unchecked, however, there is evidence that 
irreversible damage and fibrosis develops in many patients. 
High-dose steroids are often used as first-line therapy to treat this 

process and in many cases they are effective but do not typically 
lead to a lasting remission on their own. A recent study using 
a combination of anti-CD20 monoclonal antibody (rituximab) 
therapy and azathioprine in a small cohort of CVID patients with 
GLILD demonstrated dramatic responses with a prolonged remis-
sion of disease in many patients.49

In addition to pulmonary symptoms, gastrointestinal complaints 
are common in CVID, affecting 20% to 30% of patients.47 Patients 
who develop disease demonstrate a hypertrophic lymphoprolifera-
tion of Peyer’s patches that causes a nodular lymphoid hyperplasia 
in the bowel. This is associated with abdominal discomfort, diarrhea, 
malabsorption, and weight loss and can cause significant morbidity. 
A variety of approaches have been taken to treat this process but 
none have offered particularly dramatic results although nonabsorb-
able steroid preparations have shown some benefit with minimal 
side effects. A more troubling complication observed in 5% to 10% 
of patients is a hepatitis that can cause severe hepatic dysfunction 
with development of hepatosplenomegaly and ascites.47 Infectious 
causes are almost never identified and liver biopsy demonstrates a 
nodular lymphoid hyperplasia in the liver parenchyma, not unlike 
that observed in the bowel. Liver disease is among the complications 
associated with a poor outcome.

Some 20% of subjects have additional clinical findings that 
are suggestive of autoimmunity/immune dysregulation including 
immune thrombocytopenia and hemolytic anemia, neuropathy, 
endocrinopathies, and skin disease. Skin involvement ranges from 
alopecia and vitiligo to psoriasis and granuloma annulare.50,51

In most cases of CVID, the molecular etiology of disease is 
unknown. There has, however, been some progress in identify-
ing genetic defects associated with a CVID phenotype. The most 
common mutations identified are autosomal recessive defects in 
the transmembrane activator, calcium modulator, and cyclophilin 
ligand interactor (TACI), which are found in 7% to 10% of patients 
with CVID. Unfortunately, even in patients who have mutations 
that abrogate protein expression, the penetrance of disease seems 
to be highly variable with individuals from one family harboring 
the same mutation, having either a CVID phenotype, a selective 
IgA deficiency phenotype, or no disease. This inability to correlate 
disease phenotype or prognosis with the presence of a TACI muta-
tion has raised the question of whether TACI genotyping offers 
clinical value. In addition to TACI, autosomal recessive mutations 
in the genes encoding the Baff receptor (BAFFR), the inducible 
T-cell co-stimulator (ICOS), CD19, CD20, CD21, CD81, and the 
LPS-responsive vesicle trafficking, beach- and anchor-containing 
protein (LRBA) have been identified in rare patients with fea-
tures of CVID. These mutations have provided insight into basic 
immune mechanisms in humans but explain only a handful of all 
patients with CVID.52,53 Lastly, hypomorphic mutations in BTK 
(X-linked agammaglobulinemia), CD40L (X-linked hyper-IgM syn-
drome), SAP/SH2D1A (X-linked lymphoproliferative syndrome), 
and RAG1/RAG2 can be associated with a CVID-like phenotype 
and according to the diagnostic criteria for CVID, need to be 
excluded prior to making this diagnosis.52

B-cell numbers in peripheral blood are typically normal but a 
subset of CVID patients have B-cell lymphopenia. In those patients 
with normal B-cell numbers, B-cell maturation, memory develop-
ment, and immunoglobulin class-switching are often abnormal and 
can be assessed by detailed flow-cytometry–based immunopheno-
typing of B cells. Varying classification schemes have been proposed 
to subtype patients according to their B-cell phenotype and these 
subsets have been correlated with differences in risk for autoimmu-
nity, and the like. B-cell immunophenotyping has therefore become 
a useful clinical tool in caring for patients with CVID. In addition 
to the humoral immune deficiency, many patients with CVID have 
impaired T-cell function with decreased CD4 or CD8 T cell numbers 
as well as abnormal T-cell proliferative responses in vitro to mito-
gens and antigens. Regulatory T-cell numbers and function have also 
been found to be decreased in patients with CVID.54,55–58
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Selective Immunoglobulin A Deficiency
There are two isoforms of IgA that are made predominantly at muco-
sal surfaces where they play a critical role in neutralizing pathogens 
and maintaining mucosal integrity. Subjects >4 years of age with 
serum IgA levels consistently <7 mg/dl but normal IgG and IgM lev-
els are considered selectively IgA deficient. Selective immunoglobulin 
A deficiency (SIgAD) can be difficult to diagnose in childhood because 
adult blood levels of IgA (50 to 200 mg/dl) are not usually attained 
until 12 years of age or older. The molecular mechanisms by which 
this occurs are largely unknown. Interestingly, despite low IgA, the 
frequency of cell-surface IgA-positive B cells is normal in patients 
with SIgAD. Up to 20% of IgA-deficient subjects have reduced levels 
of at least one IgG subclass: mostly IgG2.

Selective IgA deficiency is the most common immunodeficiency 
with an incidence as high as 1 in 300 in blood bank studies. The 
majority (>50%) of patients with selective IgA-deficiency have no 
apparent symptoms that can be directly linked to their immune 
defect. In the patients who do have symptoms, they are typically 
more suggestive of immune dysregulation and autoimmunity 
(allergy, arthritis, diarrhea, celiac disease, etc.) than immune 
deficiency (sinusitis, otitis media, bronchitis, and pneumonia). In 
patients who are truly IgA deficient, sensitization to IgA itself can 
be a problem, leading to anaphylactic reactions during infusions 
of blood products including IVIg, red blood cells, platelets, and so 
on. This is, however, quite uncommon and can often be managed 
by pretreatment with benadryl, acetaminophen, and steroids 
before the start of the infusion.59

Transient Hypogammaglobulinemia
Maternal IgG is actively transported across the placenta from 
mother to infant. The rate of transfer increases in the last month 
of pregnancy. Premature infants will therefore have low IgG levels 
but term newborns have IgG concentrations virtually equal to their 
mother’s. Because the half-life of IgG is approximately 21 days, the 
levels of maternal immunoglobulin fall as the infant grows and the 
IgG is catabolized. For most term infants, the IgG level in the blood 
reaches a nadir between 200 to 400 mg/dl, typically between 3 and 
4 months of age. As the infant’s own immune system matures and 
begins to generate more IgG of its own, the immunoglobulin levels 
begin to rise again. There are, however, children whose IgG levels 
dip below 200 mg/dl and may remain low for a prolonged period of 
time before they begin to rise into the normal range again. Despite 
this, the response to protein antigen vaccines is often normal. 
This phenomenon is termed transient hypogammaglobulinemia of 
infancy (THI) and immunoglobulin levels typically return to normal 
by 2 to 6 years of age. There are almost no data about the mecha-
nism by which THI occurs although it has been suggested that it 
may be the result of delayed B-cell maturation. This has, however, 
not been borne out by B-cell immunophenotyping studies.60 The 
true incidence of THI is unknown because immunoglobulin levels 
are usually only requested if patients are having symptoms (i.e., 
recurrent infections). There is no consensus on how to manage 
THI although most would agree that if patients are having frequent 
infections, they might require IgG supplementation until their own 
IgG levels normalize. One approach has been to immunize affected 
infants with killed vaccines and to start supplemental IgG therapy 
on those who make no significant antibody response. Infants who 
do respond to immunization with a protective specific antibody titer 
are usually safe with symptomatic management or with prophylac-
tic antibiotics alone. 

Immunodeficiency, Centromere Instability, and 
Facial Anomalies Syndrome
Immunodeficiency, centromere instability, and facial anomalies 
(ICF) syndrome is a complex syndrome that includes centromeric 

instability, a variable immune deficiency (often with normal B-cell 
counts), facial anomalies including hypertelorism, a flat nasal 
bridge, and low-set ears, and developmental delay. The immuno-
globulin deficiency is variable but IgA, IgG, and/or IgM are fre-
quently low. Lymphocyte proliferation can also be abnormal. The 
centromeric instability leads to chromosomal breaks, deletions, 
and multiradial chromosome junctions in activated lymphocytes 
that typically affect chromosomes 1, 9, and 16. ICF syndrome 
typically presents in childhood with recurrent bacterial sinopul-
monary infections and patients generally require chronic IgG sup-
plementation. The diagnosis is usually suspected in patients who 
have the facial phenotype and recurrent infections. ICF syndrome 
is caused by mutations in the DNMT3B gene, which encodes one 
of a family of DNA methyltransferases. Hypomethylation of the 
DNA is hypothesized to cause disease but the precise mechanism 
by which this generates the facial and immune phenotypes is 
unknown.61,62 Evaluating the karyotype of activated peripheral 
blood lymphocytes can demonstrate the characteristic chromo-
somal abnormalities in chromosomes 1, 9, and 16, which can be 
highly suggestive of the diagnosis. Ultimately, sequencing of the 
DNMT3B gene can confirm a diagnosis of ICF syndrome. 

Diagnosis
The diagnosis of antibody deficiency needs to evaluate both the 
quantity and the quality of the antibody response. Quantity is 
easily evaluated by measuring quantitative immunoglobulin levels 
(IgG, IgM, IgA, and IgE) in the blood and comparing these to the 
age-appropriate normal ranges. Evaluating the quality of the anti-
body response can be done by measuring specific antibody titers 
to vaccines that the patient has received. Generally, responses to 
both protein antigens (tetanus, diphtheria, hepatitis B, etc.) and 
carbohydrate antigens (23-valent unconjugated Pneumovax) need 
to be assessed to confirm normal antibody responses. Patients 
who respond appropriately to protein antigens but do not respond 
to carbohydrate antigens may have specific antibody deficiency 
and may require additional workup. Recent guidelines regarding 
the interpretation and use of diagnostic vaccination have recently 
been published.63

In addition to evaluating antibody quantity and quality, it is 
essential to determine whether patients have normal B-cell num-
bers by evaluating lymphocyte subsets. The use of more detailed 
B-cell immunophenotyping to evaluate B-cell development, the 
presence of CD27+ memory B cells, and the ability of memory 
B cells to undergo immunoglobulin class switching has become 
standard-of-care in many clinics as it provides valuable diagnostic 
and prognostic information.64

Flow cytometry testing to assess the expression of specific pro-
teins that are defective in B-cell and antibody deficiency disorders 
including BTK, CD40 ligand, CD40, ICOS, CD27, BAFF receptor, 
and the like, can be performed in specialty laboratories and offer 
the ability to rapidly obtain a molecular diagnosis. This is typically 
supplemented by sequencing of specific genes.

treatment

Immunoglobulin Replacement
In patients with antibody deficiency, replacement of IgG is criti-
cal to maintaining health and preventing long-term complications 
associated with recurrent infections. Immunoglobulin replace-
ment therapy has been found to be effective when administered 
intravenously (IVIg), subcutaneously (SCIg), and intramuscularly 
(IMIg) and there are currently FDA-approved products that sup-
port administration via any of these routes. That said, because of 
significant discomfort associated with IMIg administration, this 
route is rarely used in the United States. Most patients are main-
tained on either IVIg or SCIg depending on patient preference and 
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provider recommendations related to each patient’s clinical need. 
Because the half-life of IgG in the circulation is ∼21 days under 
normal circumstances, IVIg is typically administered every 3 to 4 
weeks providing high peak levels followed by a decline over the 
ensuing weeks to a trough prior to the next infusion. In contrast, 
SCIg is typically administered 1 to 2 times per week in smaller 
doses providing a more “steady-state” level of IgG in the circulation. 
IgG products are prepared from the pooled plasma collected from 
thousands of healthy donors and therefore they contain a broad 
range of antibodies. A reasonable starting dose of either IVIg or 
SCIg is 400 to 500 mg/kg/month. This can be divided into the num-
ber of doses required to administer the necessary monthly volume 
(IgG preparations range in concentration from 5 g/100cc (5%) to  
20 g/100cc (20%)). In most patients, a trough IgG level of 600 mg/dl 
in the blood is a reasonable initial target but the dose can then be 
increased or decreased to achieve a trough IgG level that prevents 
both acute infections and development of progressive lung disease. 
There is evidence that at least for bacterial pneumonia, higher IgG 
trough levels are directly correlated with a decreased risk of infec-
tion.65 Supplemental IgG is generally very effective at preventing 
lower respiratory tract infections (bronchitis and pneumonia), but 
the response of upper tract disease (particularly sinusitis) is more 
variable. Some patients have persistent sinus symptoms that can be 
a significant clinical problem despite IgG therapy. In these patients, 
the addition of prophylactic antibiotic therapy or increasing the 
frequency or dose of IgG infusions may be beneficial. 

Side effects with IVIg therapy are relatively common, occurring in 
as many as 25% of treated patients.66 Side effects include headaches, 
nausea, vomiting, chills, fatigue, fever, rash, and aseptic meningitis. 
These can often be managed by changing the IgG product being 
used, pretreating with benadryl, acetaminophen, and steroids (0.5 to 
1 mg/kg) prior to infusion, or slowing the rate of infusion. Patients 
who have persistent symptoms despite these measures can often 
tolerate subcutaneous IgG supplementation (SCIg). 

Prophylactic Antibiotics
It has been increasingly recognized that in many patients with 
antibody deficiency, replacement of IgG (even to normal levels), 
may not prevent all clinically significant infections. The addi-
tion of prophylactic antibiotics has been used as an adjunct to 
IgG therapy to try to improve control of infections and decrease 
morbidity. Unfortunately, to date, there have been no well- 
performed studies that argue strongly either for or against the use 
of prophylactic antibiotics to improve outcomes. Similarly, there 
have been virtually no studies that support a particular antibiotic 
regimen as being superior for prophylaxis. Many patients with 
antibody deficiency have evidence of bronchiectasis and chronic 
lung disease, therefore some providers, extrapolating from the 
lung transplant and cystic fibrosis literature, have utilized thrice 
weekly macrolide antibiotics as a prophylactic regimen in an 
attempt to prevent progression of lung pathology. Further studies 
are needed to clarify the role of prophylactic antibiotics and to 
define the optimal regimen. 

T ceLLS
Disorders characterized by the absence of T cells have been 
known for some time but the identification of several new genetic 
defects has expanded this group of disorders. Some are character-
ized by significant, generalized T-cell lymphopenia whereas others 
are characterized by the absence of specialized subsets of T cells. 

Clinical presentation
In general, absence of T cells causes susceptibility to unusual or 
severe infections caused by viruses including cytomegalovirus (CMV), 

Epstein-Barr virus (EBV), and adenoviruses, fungal infections caused 
by organisms such as P. jiroveci that commonly causes pneumonias 
in this group of patients, and mycobacteria such as Bacilli Calmette-
Guerin (BCG) in areas of the world where this is used. In addition, 
patients with T-cell deficiencies frequently have symptoms of autoim-
munity including diarrhea (secondary to autoimmune enteropathy), 
cytopenias (autoimmune hemolytic anemia [AIHA] and idiopathic 
thrombocytopenic purpura [ITP]), and hepatitis. 

Specific Disorders

22q11.2 Deletion Syndrome (DiGeorge Syndrome)
Deletions within the 22q11.2 region of the long arm of chromo-
some 22 have been associated with various clinical syndromes 
including DiGeorge syndrome (DGS), velocardiofacial syndrome 
(VCFS), conotruncal anomaly face syndrome (CTFS), CATCH22 
syndrome, and others. DiGeorge syndrome is the name most 
commonly associated with immune deficiency and thus is the 
focus of this discussion. Although DGS is a complex syndrome 
that has been associated with a wide array of symptoms, 
the diagnostic criteria proposed by the European Society of 
Immune Deficiency (ESID) are relatively straightforward. These 
propose that a diagnosis of DGS should be strongly considered 
in patients who have <500 CD3+ T cells/mm3 and any two 
of the following three characteristics: (1) conotruncal cardiac 
defect (truncus arteriosus, tetralogy of Fallot, interrupted aortic 
arch, or aberrant right subclavian); (2) hypocalcemia requiring 
therapy for >3 weeks; (3) deletion of chromosome 22q11.2. 
This chromosomal deletion syndrome occurs in approximately 
1 in 4,000 to 5,000 births and causes haploinsufficiency of the 
genes encompassed in the deletion that can extend to include as 
much as 3 Mb of the chromosome.67,68

The characteristic T-cell lymphopenia of DiGeorge syndrome 
is thought to arise primarily from the absence of adequate thymic 
tissue and at times, the diagnosis is suspected when the cardiac 
surgeon correcting a congenital heart defect finds little or no thy-
mic tissue in the mediastinum. Most affected infants have low, but 
not absent T cells and absolute counts tend to improve over the 
first year of life. Both CD4+ and CD8+ T cells are low, however, 
CD8+ T-cell numbers tend to be more affected in most patients. 
Despite low T-cell counts, most patients do not have significant 
problems with recurrent or severe viral or fungal infections. Some 
patients may have recurrent candidiasis. Bacterial infections of 
the upper respiratory tract including otitis media and sinusitis do 
occur but may be related more to anatomical issues associated 
with the facial anomalies than to the immunodeficiency per se. 
Rare patients have severe T-cell lymphopenia with essentially no 
T cells and are termed “complete” DiGeorge. These patients may 
have a clinical phenotype similar to SCID.67,68

Other prominent clinical features include: hypocalcemia that 
can be severe and persistent due to parathyroid hypoplasia, 
dysmorphic facial features that include small low-set ears, hyper-
telorism, and micrognathia, renal anomalies including horseshoe 
kidney and a duplicated collecting system, and developmental 
delay including problems with speech acquisition, learning dis-
abilities, and behavioral problems. Patients with DiGeorge syn-
drome have also been found to have an increased incidence of 
autoimmunity including cytopenias (particularly affecting red cells 
and platelets), juvenile idiopathic arthritis (JIA), and thyroiditis. 

In symptomatic patients, the diagnosis of DiGeorge syndrome is 
typically made by confirming a deletion within the 22q11.2 region 
by fluorescence in situ hybridization (FISH) or by quantitative PCR 
for deletion of the TBX1 gene that lies within the deletion.69 In 
approximately 10% of patients, deletion of this region cannot be 
detected despite the presence of classic clinical features. 

Treatment of DiGeorge initially involves supportive care that 
may include cardiac support and calcium supplementation. In 
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include diarrhea, failure to thrive, and candidiasis. The physical 
exam and associated studies offer few clues to the diagnosis of 
X-SCID other than a paucity of palpable lymph nodes and absence 
of a thymic shadow on a chest X-ray.

Flow cytometry testing to evaluate tyrosine phosphorylation of 
the STAT3 transcription factor in response to IL-21 stimulation 
can provide a rapid assessment of whether a patient may have an 
IL2RG or JAK3 defect (see below). Under normal circumstances, 
IL-21 stimulation of B cells causes rapid tyrosine phosphorylation 
in B cells that is absent in patients with IL2RG or JAK3 deficiency 
(see Fig. 63.2). The diagnosis is ultimately confirmed however by 
sequencing of the IL2RG gene.

HSCT has been the mainstay of therapy for X-SCID using 
a variety of pretransplant conditioning regimens. Some have 
strongly advocated the use of T-cell depleted grafts from one 
of the haploidentical parents because they are readily avail-
able but many patients transplanted using that approach 
have failed to obtain significant donor chimerism in the B-cell 
compartment, so have remained dependent on IgG supple-
mentation posttransplant. X-SCID was also the first disorder 
successfully treated by gene therapy. Unfortunately, the ret-
roviral gene therapy vector used to deliver the normal copy 
of the IL2RG gene had an unknown propensity to integrate 
within the T-cell oncogene LMO2, causing T-cell leukemias in 
a subset of treated patients.76,77,78 Further studies are under-
way using alternative viral vectors with the hope that these 
may have a better safety profile.

JaK3 Deficient Severe Combined Immune Deficiency
JAK3 is the tyrosine kinase immediately downstream of the com-
mon gamma chain (gc). It transduces signals from cytokine recep-
tors to the STAT5 transcription factor and to other intracellular 
signaling molecules (see Fig. 63.2). Approximately 30 different 
mutations have been identified that impair JAK3 function to vary-
ing degrees. Those that are severe have a TnegB+NKneg cellular 
phenotype similar to mutations in IL2RG. Approximately one third 
of patients have milder mutations that allow some JAK3 func-
tion.79,80 These patients can develop some T cells although the T 
cells that develop are functionally abnormal. The clinical presen-
tation is similar to that observed in gc deficiency. Sequencing of 
the JAK3 gene is required to confirm the diagnosis.

Interleukin-7 receptor, CD3 Components, and CD45- 
Deficient Severe Combined Immune Deficiency
Defects in the a-chain of the IL-7 receptor (IL7RA), CD3 subunits 
(g, d, â), or CD45 can cause SCID with a TnegB+NK+ phenotype. 
As noted above, IL-7 is one of the two key growth and differentia-
tion factors for T cells. As a result, mutations in the IL-7 receptor 
a-chain (CD127) lead to selective T-cell deficiency but allow nor-
mal development of B and NK cells. 

Similarly, absence of any of the CD3 subunits specifically 
affects the ability of T cells to develop because CD3 makes up an 
essential part of the T-cell receptor complex. The T-cell receptor, 
including CD3 subunits, assembles in the endoplasmic reticulum 
and Golgi complex before trafficking to the cell surface. If any 
of the receptor subunits are absent (including any of the CD3 
chains), the receptor is recycled and never makes it to the outer 
cell membrane. As a result, cells are unable to receive the TCR 
stimulation needed as they traffic through the thymus and they 
die by “neglect.” Because the number of T cells entering the thy-
mus is normal, the CD3 defects are unusual among SCID disor-
ders in that the size of the thymus is normal. Of the three known 
CD3 defects (g, d, and â), CD3g deficiency may have a somewhat 
milder clinical phenotype that can present with moderate T-cell 
lymphopenia and recurrent pneumonia and otitis. 

CD45 is a transmembrane tyrosine phosphatase present on 
most white blood cells. It regulates intracellular Src-family tyro-
sine kinases that are important for T-cell receptor function and 

patients with severe T-cell lymphopenia or evidence of decreased 
T-cell function, prophylaxis against PJP pneumonia and IgG 
supplementation may be utilized. Blood for these patients should 
be irradiated to prevent the risk of graft-versus-host disease. For 
those patients with the severe “complete” form of the syndrome, 
grafting of allogeneic thymus slices into the thigh muscle has 
proven to be successful in recovering the T-cell lymphopenia, 
improving T-cell responses to mitogens, and correcting the infec-
tious susceptibility.70,71 HSCT has been utilized in a handful of 
patients with mixed results.72,73 In general, HSCT restores the 
T-cell counts and protects patients against further infection but 
in the absence of a thymus, the T-cell graft is thought to consist 
primarily of long-lived committed lymphoid progenitor T cells 
and not of cells derived from donor bone marrow stem cells. As 
a result, there is concern that the T-cell grafts may senesce over 
time, once again leaving the patient lymphopenic and susceptible 
to infection. There are currently no long-term therapies that can 
successfully correct the parathyroid defect.

Severe Combined Immune Deficiency
Made famous by The Boy in the Plastic Bubble, a 1976 made-for-
TV movie starring John Travolta, SCID is among the most severe 
immunodeficiencies. It is now known that this category of diseases 
is made up of a variety of related disorders caused by mutations 
in more than 20 different genes. The one thing that is common to 
all forms of SCID is deficiency of one or more subsets of T cells. 
In many cases, there are no circulating T cells. Depending on the 
genetic defect, patients may also lack B cells and/or NK cells. This 
has led to the useful convention of defining cases of SCID by their 
cellular phenotype (i.e., TnegB+NK+, TnegB+NKneg, TnegBnegNK+, 
TnegBnegNKneg, etc.). The cellular phenotype suggests what the 
underlying genetic defect may be (see Table 63.2).2 Because of the 
absence of functional T cells, patients with SCID typically come 
to medical attention because of severe or chronic viral infections, 
fungal infections, or autoimmunity. In the overwhelming majority 
of SCID cases, this leads to death in infancy or early childhood if 
patients do not undergo curative treatment such as HSCT or gene 
therapy. Unfortunately, the presence of infections makes HSCT or 
gene therapy much more complicated and substantially decreases 
the chances of survival. Because of this, efforts have been under-
way in the United States and other countries to perform screening 
of all newborns using dried blood spot cards obtained at birth 
to identify those who may have SCID. These efforts have led to 
the recognition that the incidence of SCID is approximately 1 in 
40,000 live births in the United States.74,75

X-linked Severe Combined Immunodeficiency
The X-linked form of SCID is the most common type, accounting 
for ∼40% of all SCID cases. It occurs as a result of mutations in the 
IL2RG gene, encoding the g receptor chain (gc) utilized by a num-
ber of cytokine receptors including those for IL-2, IL-4, IL-7, IL-9, 
IL-15, and IL-21 (see Fig. 63.2). In the absence of a functional gc 
chain, cells are unable to respond to these cytokines. Because IL-2 
and IL-7 are key growth factors for T cells, and IL-15 is the key 
growth factor for NK cells, patients with X-SCID lack T and NK 
cells but usually have normal numbers of B cells in their blood. 
The ability to make antibodies is nevertheless severely impaired 
due to the lack of T-cell help. 

If not identified by newborn screening, infants with X-SCID 
typically present with severe infections. P. jiroveci pneumonia is 
common and often accompanied by severe viral infections with 
cytomegalovirus (CMV), EBV, respiratory syncytial virus (RSV), 
rotavirus, metapneumovirus, and others. Adenovirus is par-
ticularly lethal in SCID, causing not only pneumonitis but also a 
severe fulminant hepatitis. In countries where BCG is still used for 
vaccination, X-SCID patients may develop severe, systemic BCG-
osis. Other symptoms that are frequently associated with X-SCID 
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activation. Autosomal recessive mutations of CD45 lead to T-cell 
deficiency and a SCID phenotype in affected infants.

DNa recombination and repair Defects in Severe 
Combined Immune Deficiency
Rearrangement of the V, D, J, and constant regions of the T-cell 
receptor gene and the B-cell immunoglobulin gene requires that 
double-stranded breaks be made in the DNA and that these 
breaks then be repaired after removal of intervening chromo-
somal fragments. The recombinase activating genes RAG1 and 

RAG2 are expressed in T and B cells and play an essential role in 
creating the necessary double-stranded DNA breaks in the TCR 
and immunoglobulin loci. A large complex of proteins including 
Artemis (DCLRE1C), DNA-PKcs, Cernunnos/XLF (XRCC4-like 
factor), and DNA ligase IV (LIG4) then play a role in the repair 
of the DNA double-stranded breaks needed to create the final, 
recombined TCR or Ig locus. Inasmuch as productive rearrange-
ment of the TCR or Ig locus is a necessary developmental step 
during T- and B-cell maturation, complete failure in one of these 
processes results in lymphopenia, with few if any T- or B cells 

Cellular Phenotype Gene Inheritance Features

TnegBnegNKneg

•	 Adenosine	deaminase	deficiency ADA1 AR Costochondral	abnormalities,	neonatal	hepatitis

•	 Purine	nucleotide	phosphorylase		
deficiency

PNP AR Progressive	neurologic	problems

•	 Reticular	dysgenesis AK2 AR Also	has	deficiency	of	myeloid	lineage	cells,	sensorineural	deafness

TnegBnegNK+

•	 RAG1	deficiency RAG1 AR

•	 RAG2	deficiency RAG2 AR

•	 Artemis	deficiency DCLRE1C AR Radiosensitivity

•	 DNA-PKcs	deficiency PRKDC AR Radiosensitivity

•	 DNA	ligase	IV	deficiency LIG4 AR Radiosensitivity,	microcephaly,	growth	retardation

•	 Cernunnos/XLF	deficiency NHEJ1 AR Radiosensitivity,	microcephaly,	growth	retardation

TnegB+NKneg

•	 Common	g	chain	deficiency IL2RG XL

•	 JAK3	deficiency JAK3 AR

•	 CD45 PTPRC AR Some	NK	cells	may	be	present

TnegB+NK+

•	 IL-7	receptor-a	(CD127)	deficiency IL7RA AR

•	 DiGeorge	syndrome 22q11.2 del AD Hypoparathyroidism,	cardiac	defects,	dysmorphic	facies

•	 CHARGE	syndrome CHD7 AD Multiple	anomalies	make	up	the	clinical	complex	of	CHARGE	syndrome

•	 CD3d	deficiency CD3D AR

•	 CD3â	deficiency CD3E AR

•	 CD3g	deficiency CD3G AR

•	 CD3ζ	deficiency CD3Z AR

•	 P56lck	deficiency LCK AR

•	 Coronin-1A	deficiency CORO1A AR Lymphadenopathy

T+B+NK+

•	 MHC	II	deficiency CIITA AR CD4+	T	cells	are	typically	decreased	but	not	absent

RFXANK AR

RFX5 AR

RFXAP AR

•	 ORAI1	deficiency ORAI1 AR Myopathy,	calcium	flux	defect	in	B	and	T	cells	so	poor	proliferation

•	 STIM1	deficiency STIM1 AR Myopathy,	calcium	flux	defect	in	B	and	T	cells	so	poor	proliferation

AD,	Autosomal	dominant;	AR,	Autosomal	recessive;	XL,	X-linked	recessive.
Modified	from	Cossu	F.	Genetics	of	SCID.	Ital	J	Pediatr	2010;36:76.

MOLECULAR DEFECTS ASSOCIATED WITH SPECIFIC CELLULAR PHENOTYPES IN SEVERE COMBINED IMMUNE  
DEFICIENCY (SCID)

table 63.2
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in the blood, whereas generation of NK cells is generally unaf-
fected. Because radiation induces double-strand breaks in DNA, 
cells from patients with mutations in any of the proteins involved 
in DNA repair (Artemis, DNA-PKcs, cernunnos, ligase IV) dem-
onstrate decreased survival in vitro after radiation exposure 
(radiation-sensitivity). This can be a valuable diagnostic clue in 
making a diagnosis. 

Patients who have null mutations of any of these proteins 
have a clear TnegBnegNK+ cell phenotype. There are, however, 
many mutations, particularly missense mutations or small in-
frame deletions that allow expression of a partially functional 
protein that can occasionally productively recombine a TCR or 
Ig gene locus. The cell in which this occurs is then able to pass 
the developmental block and proliferate in an attempt to fill the 
lymphopenic void that is otherwise present in SCID. These forms 
of SCID are termed “leaky” because they allow a small number 
of T- (and occasionally B-) cells to “leak” past the developmental 
block. Omenn syndrome, originally described in leaky RAG1 or 
RAG2 mutants, is a clinical phenotype that results from this leaky 
form of SCID. Affected infants typically develop a desquamative 
erythroderma after birth that is associated with the presence of 
oligoclonal, activated T cells in the skin, hepatosplenomegaly, 
lymphadenopathy, eosinophilia, and elevated IgE. Some develop 
autoimmune enteropathy and cytopenias. Affected patients are 
typically treated with T-cell–directed immunosuppression such 
as cyclosporine or FK506, followed by bone marrow transplan-
tation. Leaky forms of SCID have now been described in a num-
ber of SCID-associated molecular defects including RAG1, RAG2, 
Artemis, ligase IV, IL7RA, IL2RG, RMRP, and others.81

adenosine Deaminase and purine Nucleotide 
phosphorylase Deficient Severe Combined  
Immune Deficiency
Adenosine deaminase (ADA) deficiency was the first molecularly 
defined immunodeficiency with discovery of patients with SCID 
who lacked the enzymatic activity of ADA in the peripheral blood 
in the early 1970s. ADA catalyzes the conversion of adenosine tri-
phosphate (ATP), guanosine triphosphate (GTP), and their deoxy 
counterparts to adenosine diphosphate (ADP) and guanosinedi-
phosphate (GDP). When enzyme activity is impaired or absent, 
intracellular levels of deoxy-ATP (dATP) rise to interfere with 
ribonucleotide reductase, such that DNA synthesis and repair are 
slowed and lymphocyte apoptosis is increased. Purine nucleotide 
phosphorylase (PNP) works farther down this same metabolic 
pathway to convert deoxyinosine to hypoxanthine. Mutations 
interfering with this function cause deoxy-GTP accumulation and 
the inhibition of ribonucleotide reductase and DNA synthesis. In 
both cases, affected infants typically have a TnegBnegNKneg/low cel-
lular phenotype due to the toxic nature of the accumulated metab-
olites on lymphocyte development. Patients typically present with 
severe or recurrent viral infections or recurrent sinopulmonary 
infections in the first year of life. 

Both syndromes are associated with other, nonimmune symp-
toms including skeletal abnormalities and osseochondrosis dys-
plasia in ADA deficiency and neurologic deficits, developmental 
delay, and spasticity, in PNP deficiency. In both cases, the diagno-
sis can be made by detecting high levels of the toxic metabolites 
that build up in the peripheral blood in the absence of enzymatic 
activity. Sequencing of the ADA1 or PNP genes can be done to 
confirm the diagnosis. ADA deficiency accounts for 20% or more 
of autosomal-recessive SCID cases.

Aside from bone marrow transplantation, ADA deficient 
infants can be treated with polyethylene glycol–conjugated ADA, 
which is injected intramuscularly once per week. Treatment effi-
cacy is gauged by measuring plasma ADA activity and red cell 
dATP levels. Enzyme treatment has the advantage of speed of 
response coupled with safety.82,83 The treatment is very expensive 
and many treated patients develop antibodies to the bovine pro-
tein that may neutralize the effect of the enzyme. HSCT is effective 
in ADA deficiency but less so in PNP deficiency as it does not cor-
rect the neurologic deficits. Gene therapy for ADA deficiency has 
been quite successful and unlike X-linked SCID and WAS, there 
have been no reported cases of leukemia despite the retroviral 
gene therapy vector backbone being similar.84

Zap-70 Deficient Severe Combined Immune Deficiency
Zap-70 is a tyrosine kinase that is downstream of CD3 in the T-cell 
receptor signaling pathway. Absence of functional enzyme results 
in a characteristic SCID phenotype with decreased CD4+ T cells 
but virtually absent CD8+ T cells. Immunoglobulin levels are often 
decreased and antibody responses to vaccination are typically 
absent because of the lack of effective T-cell help. The CD4+ T cells 
that are present do not respond to antigen or mitogen stimulation 
that utilizes the T-cell receptor but they do proliferate and make 
cytokines in response to phorbol and ionomycin stimulation, 
which mimics TCR stimulation by activating kinases and calcium 
flux through downstream mechanisms. Bone marrow transplan-
tation is effective in this disorder. 

Defects in antigen presentation by MhC I or MhC II
The class II MHC complex generally presents peptide antigen 
derived from ingested material (either by phagocytosis or via the 
B-cell antigen receptor). Defects that interfere with the assembly 
or cell-surface expression of the Class II MHC–peptide complex 
prevent effective antigen recognition by CD4+ T cells, resulting 
in a SCID syndrome that presents in infancy with chronic diar-
rhea, failure to thrive, and occasionally with autoimmune cyto-
penias. MHC II deficiency can result from defects in one of four 

FIGURE 63.2. Interleukin-2 signaling. Under	resting	circumstances,	the	transcription	factor	
STAT5	 is	present	 in	 the	cytoplasm	 in	a	nonphosphorylated	state.	 Upon	binding	of	 IL-2	 to	 its	
receptor	made	up	of	a,	b,	and	g	chains	(1),	the	common	g	chain	is	phosphorylated	on	tyrosine	
by	the	receptor-associated	JAK3	kinase	(2).	STAT5	then	binds	to	the	phophotyrosine	residues	on	
the	receptor	via	its	Src-homology	2	(SH2)	domains,	where	it	is	also	phosphorylated	on	key	tyro-
sine	residues	by	JAK3	(3).	After	undergoing	a	conformational	change,	the	phosphorylated	STAT5	
dimer	localizes	to	the	nucleus	where	it	binds	DNA	and	mediates	gene	transcription.	Mutations	in	
the	common	IL-2	receptor	g	chain	or	in	JAK3	cause	severe	combined	immunodeficiency	(SCID).

72683_ch063_1342-1357.indd   1352 30/07/13   8:00 PM



B
en

ig
n 

d
is

or
de

rs
 o

f 
Le

uk
oc

yt
es

, 
th

e 
S
pl

ee
n,

  
an

d/
or

 im
m

un
og

lo
bi

ns

 Chapter 63 Primary Immunodeficiency Syndromes 1353

DNA-binding proteins that regulate transcription of the MHC class 
II gene (CIITA, RFXANK, RFX5, and RFXAP). Founder mutations 
(particularly in RFXANK) that are common in the Mediterranean 
region have led to most affected patients having some familial ties 
to this geographical area. Because MHC class II presentation of 
antigen is abnormal, CD4+ T-cell counts are often low whereas 
CD8 counts are normal. A rapid preliminary diagnosis can be 
made by evaluating peripheral blood cells for expression of the 
class II complex by flow cytometry, which will detect reduced 
expression. Some patients can have a mild disease course and 
can live well into adulthood with only supportive care although 
others with the same mutation (even in the same family) may 
have a more severe phenotype. Bone marrow transplantation for 
MHC II deficiency has been challenging with survival rates typi-
cally approaching approximately 50%. In addition, there is a high 
rate of severe graft-versus-host disease (GvHD) in these patients, 
possibly because thymic epithelial cells that play a role in positive 
and negative T-cell selection are not replaced by transplant and 
still do not express MHC II.85

The class I MHC complex presents peptide antigens derived 
from intracellular proteins where proteolytically derived peptides 
are bound to the MHC I complex as it is generated and trafficked 
through the endoplasmic reticulum. Peptides that are generated 
in the cytosol are transported into the inner lumen of the endo-
plasmic reticulum by the peptide transporters TAP1 and TAP2. 
Mutations in either of these, or of Tapsin to which they bind, 
have been identified. TAP mutations are typically associated with 
recurrent viral infections, and recurrent sinusitis and bronchitis. 
The diagnosis is usually suspected when serologic typing for HLA 
Class I antigens fails to give interpretable results, but molecular 
typing indicates intact MHC DNA. CD8+ T-cell and NK-cell counts 
are frequently (but not uniformly) decreased in these patients. 
Other cell subsets are typically normal. Heterogeneity in the phe-
notype may reflect differences in the underlying mutation and 
in the gene affected. Some patients may survive into the third 
decade. The role of HSCT in MHC I deficiency is unclear. 

treatment of Severe Combined 
Immunodeficiency Syndromes
SCID was uniformly lethal in the first years of life until Good 
and colleagues successfully reconstituted an affected infant with 
a transplant of sibling bone marrow. Experience in subsequent 
years has shown that patients with B-cell–positive SCID (IL2RG, 
JAK3, IL7RA, etc.) readily reconstitute their T-cell deficiency but 
may not develop significant B-cell chimerism. The reasons for this 
are not entirely understood but various hypotheses have been 
put forward. From a practical standpoint, a lack of donor B-cell 
engraftment may lead to a chronic need for IgG replacement ther-
apy even after transplant inasmuch as patients may not be able to 
mount sufficient antibody responses. Patients with B-cell–negative 
SCID are more likely to have successful donor engraftment of both 
T- and B-cell lineages and are more likely to recover full humoral 
immune function. 

One of the most significant challenges in the treatment of SCID 
is that in the absence of a family history, most patients come to 
attention because of infections. These are most commonly PJP 
and severe viral infections (see above). PJP can be treated but may 
lead to lung damage, whereas the viral infections may or may not 
be controllable. In addition, many SCID infants have significant 
diarrhea and weight loss by the time they reach a transplant 
center. Together, these complications increase the risk of adverse 
outcomes during transplantation for SCID and have been the 
major impetus for adding SCID to state newborn screening panels. 
Initial management prior to transplant involves aggressive sup-
portive care, antimicrobials to treat any intercurrent infections 
(bacterial, viral, and fungal), antimicrobial prophylaxis to prevent 
future infections, and IgG replacement therapy. 

There is significant debate about the best pretransplant condi-
tioning regimen for patients with SCID to balance safety and effi-
cacy. In general, those patients that have a matched sibling donor 
receive no conditioning prior to receiving unmanipulated bone 
marrow. For other patients, a variety of conditioning regimens 
ranging from no conditioning to fully myeloablative regimens 
have been tried. Similarly, a range of manipulated and unmanipu-
lated stem cell sources have been tried including matched bone 
marrow, matched peripheral blood, cord blood, and haploidenti-
cal. Last, a variety of prophylactic immunosuppressive regimens 
have been used in the early posttransplant period to limit GvHD 
and prevent graft rejection. Each option has advantages and dis-
advantages, which has led to the spectrum of transplant regimens 
that have been attempted for SCID. Current efforts are underway 
to assess which regimens offer the best outcomes and lowest 
risk.86–88,89

Cartilage-hair hypoplasia
Cartilage-hair hypoplasia (CHH) is a complex disorder character-
ized by skeletal dysplasia with short limbs (metaphyseal chondro-
dysplasia), sparse hypoplastic hair, gastrointestinal problems, and 
a variable immunodeficiency. CHH is caused by mutations in the 
RMRP gene, which encodes the 267 base-pair RNA component of 
the RNase MRP complex that plays a role in processing of precur-
sor ribosomal RNA. The mechanism by which autosomal recessive 
mutations in RMRP cause the clinical features of CHH is unknown. 
The largest populations of CHH patients have been identified 
among the Old Order Amish and Finnish populations. Virtually all 
patients with CHH have some degree of immunodeficiency that 
can range from a mild humoral defect with decreased vaccine 
responses to a SCID-like phenotype associated with progressive 
lymphopenia and severe infections with bacteria, viruses, and 
fungi. A leaky-SCID phenotype has also been described in RMRP 
deficiency. The diagnosis of CHH can be made based on the clini-
cal phenotype and confirmed by sequencing of the RMRP gene. 
The immunologic features of CHH can be corrected by HSCT but 
the other features persist.90

Immune Dysregulation, polyendocrinopathy, 
enteropathy, X-linked Syndrome
Immune dysregulation, polyendocrinopathy, enteropathy, X-linked 
(IPEX) is a syndrome of regulatory T-cell deficiency. Natural 
regulatory T cells comprise a subset of CD4+ T cells that regulate 
immune responses and play a critical role in peripheral immune 
tolerance. IPEX syndrome is caused by mutations in the FOXP3 
gene located on the X chromosome that encodes a key transcrip-
tion factor that is required for the generation of functional regula-
tory T cells (Treg). In the absence of FOXP3, patients present with 
severe, early-onset, systemic autoimmunity that is the result of 
having decreased Treg cell function. Almost all patients with IPEX 
syndrome present with enteropathy within the first 6 months of 
life. The enteropathy is typically characterized by profuse watery 
diarrhea (often nonbloody) and villus atrophy. The majority of 
patients have an eczematous dermatitis that typically begins in 
the first months of life. An early onset endocrinopathy that is 
almost exclusively either thyroiditis or Type I diabetes is also 
developed by 60% to 70% of patients. The most consistent labora-
tory abnormality among patients is a significantly elevated serum 
IgE level. In addition to these characteristic clinical and lab fea-
tures, patients also have a high incidence of other severe autoim-
mune disorders including: hemolytic anemia, thrombocytopenia, 
neutropenia, hepatitis, renal disease, and others.

Recognition of the clinical features of IPEX syndrome is the 
first step in diagnosing this disorder. Sequencing of the FOXP3 
gene remains the gold standard for making a diagnosis of IPEX 
syndrome although sequencing needs to encompass noncoding 
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areas of the gene including the upstream noncoding exon and 
the polyadenylation signal sequence in order to cover all regions 
in which pathogenic mutations have been identified.91,92 Flow 
cytometry to measure FOXP3 protein expression and FOXP3+ 
Treg is a helpful adjunct to gene sequencing although only ∼25% 
of patients have mutations that are predicted to abrogate FOXP3 
protein expression completely. The remainder of patients have 
varying degrees of FOXP3+ Treg deficiency due to the fact that 
mutant FOXP3 may not support normal Treg development. As a 
result, flow cytometry by itself is not considered to be a sufficiently 
reliable screening test for IPEX syndrome.

Initial therapy for IPEX syndrome typically consists of aggres-
sive supportive care (parenteral nutrition, insulin, thyroid hor-
mone, etc.) combined with T-cell–directed immune suppression 
using agents such as tacrolimus, cyclosporine, or rapamycin. 
HSCT is currently the only curative therapy for IPEX syndrome. 
Early HSCT using a nonmyeloablative conditioning regimen prior 
to the onset of autoimmune-mediated organ damage usually leads 
to the best outcome and limits the adverse effects of therapy.93,94 
Because Tregs constitutively express the high-affinity IL-2 recep-
tor, they have a selective growth advantage in vivo. As a result, 
complete donor engraftment in all hematopoietic lineages may not 
be necessary because preferential engraftment of donor Treg cells 
can be sufficient to control the disease.95

oTHer comPLeX or comBined 
immunodeficiency diSorderS

Wiskott-aldrich Syndrome
Wiskott-Aldrich syndrome (WAS) is unique among immuno-
deficiency disorders because affected patients have both an 
infectious susceptibility and a bleeding disorder. The bleeding 
problems are caused by the platelets being small (mean platelet 
volume <5 fl), dysfunctional, and decreased in number (usually 
platelet counts <70,000/ml). Patients with WAS typically pres-
ent in infancy with bloody diarrhea and/or bruising, recurrent 
upper respiratory tract infections, and eczema. The incidence 
of hematopoietic malignancies is high. IgE levels are often 
elevated. Serum IgG levels and T-cell counts are often normal in 
infancy but may decrease over time. Responses to vaccination, 
particularly with carbohydrate antigens such as Pneumovax 
are often abnormal.

WAS is caused by mutations in the WAS gene that is located 
on the short arm of the X chromosome. Inheritance is X-linked 
recessive. There is a distinct genotype/phenotype correlation of 
mutations in WAS: Mutations that destroy WAS protein (WASp) 
expression lead to the full syndrome of immunodeficiency and 
platelet dysfunction. Mutations that allow expression of a mutant 
WASp protein are typically associated with a milder X-linked 
thrombocytopenia (XLT) phenotype in which the platelet dysfunc-
tion persists but the immunodeficiency is very mild. Point muta-
tions in the CDC42 binding domain of the WASp protein lead to a 
third phenotype of X-linked neutropenia (XLN) that is generally not 
accompanied by bleeding abnormalities.96,97

The WASp protein is expressed primarily in lymphoid and 
myeloid cells where it functions to nucleate actin polymeriza-
tion in the cell. Patients with WAS therefore have problems 
with directed migration of neutrophils and with clustering 
and signaling through T-cell and B-cell antigen receptors (this 
causes decreased signaling into the cell and abnormal prolif-
erative responses). A diagnosis of WAS can be confirmed by 
demonstrating the absence of WASp protein in cells by flow 
cytometry or western blotting, or by identifying a mutation in 
the WAS gene.

Treatment of WAS initially involves supportive care includ-
ing treatment of any acute infections and management of any 

bleeding episodes. In general, repeated platelet transfusions 
are avoided because of the concern that patients will become 
sensitized to a wide array of HLA types, which may increase the 
risk of complications during subsequent HSCT. Splenectomy 
can increase platelet counts, however, it also increases the risk 
that patients may die of sepsis with encapsulated organisms so 
there continues to be significant controversy surrounding the 
role of splenectomy in WAS. Patients with the full WAS phe-
notype should be evaluated for HSCT with matched related or 
unrelated donor bone marrow or cord blood.98 Haploidentical 
transplants have proven risky in this disease and therefore 
are generally avoided. The role of HSCT in XLT remains con-
troversial.99 Some have advocated that the benefits for curing 
the bleeding problems are worth the risk if a matched sibling 
donor is available. Gene therapy has been successful in a small 
number of patients with WAS but as in the X-SCID gene therapy 
trials, some treated patients developed T-cell leukemias as a 
result of integration of the viral gene therapy vector near an 
oncogene.100

radiation Sensitive Disorders: ataxia 
telangiectasia and Nijmegen breakage 
Syndrome
Ataxia telangiectasia (AT) is a disorder associated with progres-
sive neurologic decline, immunodeficiency, and propensity to 
malignancy. It is caused by autosomal recessive mutations in 
the ATM gene that encodes a serine/threonine kinase that acts 
together with the NBS1 protein as one of the major sensors of 
double-stranded DNA breaks in the cell. ATM phosphorylates 
key proteins involved in the activation of the DNA damage repair 
checkpoint, leads to cell-cycle arrest, and then double-stranded 
DNA break repair. In the absence of functional ATM or NBS1, cells 
have a marked sensitivity to ionizing radiation. Because rear-
rangement of the TCR gene and the immunoglobulin gene loci also 
require double-stranded DNA break repair, these processes may 
be affected as well.

Patients with AT usually present in early childhood (most 
commonly between 2 and 5 years of age) with cerebellar ataxia 
that progresses to unsteady gait and over time, to choreo-
athetosis. Telangiectasias (small tufts of dilated blood vessels 
under the surface of the skin or mucus membranes) typically 
develop first on the conjunctivae and later are seen on the nose, 
ears, and shoulders. They can be an important diagnostic clue 
in a child with progressive ataxia. The majority of patients 
have immunoglobulin deficiency of varying degrees and can 
develop sinopulmonary symptoms and sepsis. The progres-
sive neurodegeneration can compromise coughing, thus it is 
hard to determine whether respiratory infections occur more 
as a result of the immunodeficiency or the motor defects. Most 
affected individuals have elevated serum a-fetoprotein levels, 
which can be useful diagnostically. Malignancies are an impor-
tant complication as a result of the DNA-repair defect. Acute 
T-cell leukemias are common and often demonstrate chro-
mosomal translocations that affect the chromosomal regions 
involved in T-cell receptor gene rearrangements. B-cell lym-
phomas also occur and are usually associated with 11q22–23 
chromosomal deletions. There is also an increase in the 
frequency of epithelial tumors in both homozygotes and ATM 
mutation carriers. Affected patients usually die in the second 
or third decade of life.

Other DNA repair defects that cause varying degrees of ataxia 
and/or mild mental retardation include an ataxialike syndrome 
caused by mutations in MRE11 and the Nijmegen breakage 
syndrome (NBS), caused by mutations in NBS1. In addition to 
an immunodeficiency like that observed in AT, patients with 
NBS have marked microcephaly, mild developmental delay/
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mental retardation, and a strong propensity to develop lym-
phomas. Another DNA repair defect, Bloom syndrome, caused 
by mutations in a DNA helicase (RecQ proteinlike-3), results in 
excess sister chromatid exchanges; it is associated principally 
with lymphomas and cancer. Multiple primary tumors occur-
ring at an early age are common. Reduced growth in childhood 
results in a proportional dwarfism that, with cutaneous telan-
giectasias, is a useful physical sign. Inheritance is autosomal 
recessive, and the disease occurs with increased frequency in 
Ashkenazi Jewish populations. Chronic lung disease occurs and 
may be related to the low levels of IgA and IgM.101

Mammalian Susceptibility to  
Mycobacterial Disease
Under normal circumstances, intracellular pathogens such as 
mycobacteria induce production of IL-12 and IL-23 that play 
a role in driving maturation of naive T cells into activated T 
helper type I (Th1) cells that produce interferon-g (IFN-g). 
IFN-g then acts on a variety of cells including phagocytes (neu-
trophils, monocytes, and dendritic cells) to induce a number of 
interferon-inducible genes. Multiple molecules in this signaling 
pathway have been found to be defective in patients with intact 
cellular immunity who have invasive, nontuberculous myco-
bacterial infections. Mutations in the genes encoding the IL12 
p40 subunit (IL12B), the IL-12 receptor b1 chain (IL12RB1), the 
TYK2 tyrosine kinase that is associated with the IL-12 receptor 
and required for phosphorylation of the STAT4 transcription 
factor (TYK2), the IFN-g receptor subunits (IFNGR1&IFNGR2), 
and the STAT1 transcription factor that is activated in response 
to IFN-g (STAT1), and the mutations in this pathway are also 
associated with other infections including invasive salmonel-
losis and severe viral infections (STAT1). In addition to these 
genetic defects, patients with invasive mycobacterial disease 
have now been identified with neutralizing autoantibodies to 
IFN-g. Together these discoveries demonstrate a major role for 
the IL-12/IL-23/IFN-g axis in normal human immunity.102 For 
patients with the milder, autosomal dominant IFN-g receptor 
defects, IL-12 p40 defects, IL-12 receptor defects, and TYK2 
defects, antimicrobial therapy and IFN-g treatment are often 
sufficient to treat invasive mycobacterial infections and to pre-
vent future infections. For patients with the more severe, auto-
somal recessive IFN-g receptor defects, IFN-g supplementation 
provides no benefit and HSCT is warranted.103,104

Susceptibility to hemophagocytic 
lymphohistiocytosis and Severe epstein-barr 
Virus Infection
Several defects affecting intracellular trafficking of vesicles and 
granules are associated with susceptibility to hemophagocytic 
lymphohistiocytosis (HLH). This group includes some pheno-
types that are quite distinctive including Chédiak-Higashi (CHS) 
and Griscelli (GS) syndromes, which are both associated with 
a partial oculocutaneous albinism. Patients with CHS have 
pyogenic infections and periodontitis; their neutrophils have 
reduced chemotaxis and contain giant inclusion bodies (lyso-
somes). Patients with GS also have neurologic defects ranging 
from developmental delay to fatal neurodegeneration. Their 
neutrophils are dysfunctional, but they lack the giant granules 
of CHS. In vitro tests show low natural killer cell and cyto-
toxic cell function. CHS, GS, and X-linked lymphoproliferative 
syndrome (XLP) share susceptibility for HLH, an accelerated 
inflammatory process that in the case of XLP may be triggered 
by EBV. The genes responsible for these syndromes are LYST, 
RAB27A, SH2D1A, and XIAP/BIRC4, respectively, whereas 

genes for a further group of proteins (Perforin, Munc 13-D, 
and Syntaxin 11) are associated with familial hemophagocytic 
lymphohistiocytosis.105

toll-like receptors and Innate Signaling  
pathway Defects
The Toll-like receptors are a family of at least 10 pattern rec-
ognition receptors that are expressed in varying combinations 
on a broad array of immune and nonimmune cells. They rec-
ognize particular types (patterns) of molecules derived from 
pathogens (e.g., bacterial lipopolysaccharide, flagellin, mannan, 
CpGdinucleotides, viral dsDNA, etc.). Triggering of Toll-like 
receptors activates intracellular signaling pathways, many of 
which converge on a common pathway utilizing the IRAK pro-
teins and MyD88, which in turn activate the IkB kinase complex 
(NEMO/IkKa/IkKb), ultimately leading to phosphorylation and 
degradation of IkBa and activation of the NF-kB transcription 
factor complex.

Mutations in TLR signaling pathways have now been associ-
ated with major infectious susceptibilities: mutations in IRAK4 
and MyD88 have been identified in patients with susceptibility 
to invasive pyogenic bacterial infections including particularly 
S. pneumoniae, Staphylococcus aureus, and Pseudomonas 
aeruginosa. Interestingly, patients with IRAK4 or MyD88 defi-
ciency tend to have problems with invasive pyogenic bacterial 
infections in childhood but these subside over time, presumably 
as a result of the adaptive immune response covering for this 
innate defect. Mutations in TLR3, TRIF, TRAF3, and UNC-93B 
have been identified in patients with susceptibility to herpesvi-
rus encephalitis. Defects in NEMO and IkBa also cause suscep-
tibility to infections with pyogenic bacteria and mycobacteria 
and are associated with an anhydrotic ectodermal dysplasia 
phenotype. The severity of immunodeficiency and ectodermal 
dysplasia is quite variable and depends on the specific mutation 
that is present.106

Chronic Mucocutaneous Candidiasis Syndromes
Chronic mucocutaneous candidiasis (CMC) is a clinical syndrome 
associated with chronic and recurrent candidal infections of 
mucosae, particularly oral and vaginal, together with nailbed 
infections but generally without systemic infection. CMC can 
occur in isolation or as part of a broader clinical syndrome such 
as in APECED (autoimmune polyendocrinopathy, candidiasis, 
ectodermal dystrophy). Recent discoveries have determined 
that in almost all cases, CMC is associated with abnormalities 
in development of Th17 effector T cells or with the production 
of, or responses to, the cytokine IL-17. These include autosomal 
recessive mutations in IL-17F or the IL-17 receptor a-subunit, 
dominant loss-of-function mutations in STAT3, and dominant 
gain-of-function mutations in STAT1.107

Recently, the CMC associated with APECED was found to be 
the result of autoantibodies to IL-17 and IL-22.108,109 APECED is 
caused by mutations in AIRE1, a nuclear protein that regulates 
the expression of self-antigens by thymic medullary epithelial cells 
where it plays a role in T-cell selection and maturation. Other 
features of this disorder include endocrinopathies (hypoparathy-
roidism, adrenal insufficiency, and diabetes), alopecia areata, nail 
dystrophy, and vitiligo.

autoimmune lymphoproliferative Syndrome
The clinical phenotype of autoimmune lymphoproliferative syn-
drome (ALPS) is characterized by massive lymphadenopathy and 
hepatosplenomegaly in most cases. In addition, patients have 
problems with recurrent episodes of autoimmune hemolytic 
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anemia and thrombocytopenia. The defects that have been iden-
tified in patients with this group of disorders are all associated 
with abnormalities in lymphocyte apoptosis. These include FAS 
(CD95), Fas ligand (FASL), FADD, caspase 10 (CASP10), NRAS, 
and KRAS. Peripheral blood T- and B-cell counts are generally 
normal, but in almost all cases, there is an increased percentage 
of ab-TCR+ double-negative T cells that lack expression of both 
CD4 and CD8. A predisposition to developing lymphoid malig-
nancies has been described in ALPS but is thought to be primar-
ily in those patients who have mutations in the death domain of 
FAS. In addition to elevated double-negative T cells, patients with 
ALPS frequently have elevated levels of IL-10 and vitamin B12 in 
the blood, which can be valuable diagnostically in patients with 
suspected ALPS. Patients with mutations in caspase 8 (CASP8), 
were previously classified as ALPS but are now considered to 
have a unique syndrome that may include lymphadenopathy 
and splenomegaly, but recurrent respiratory tract infections 
and mucocutaneous herpesvirus infections are prominent, both 
unusual features in ALPS.110,111

A variety of immunosuppressive therapies have been tried in 
ALPS to control the recurrent autoimmune cytopenias and severe 
hepatosplenomegaly. Most of these were only modestly successful 
as was splenectomy. Recent studies have, however, demonstrated 
a dramatic response to rapamycin therapy in many patients with 
ALPS, often causing shrinkage of the lymph nodes and spleen 
back to their normal size.112,113

BaSic LaBoraTory WorK-uP for 
immune deficiency
A basic laboratory work-up to screen for significant defects in 
each of the four major compartments of the immune system can 
be done by most practitioners prior to making a referral to a 
clinical immunologist for further detailed evaluation. In simple 
terms, this work-up should include evaluation of numbers and 
function for each of the four immune system compartments.  
A recommended work-up using this approach is outlined in  
Table 63.3.
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Complement Phagocytes B Cells/Antibodies T Cells

Numbers:
•	 Plasma	levels	of	specific	complement	

components	(C1	esterase	inhibitor,	
C2,	C3,	C4,	etc.)

Function:
•	 CH50—functional	test	for	classical	

pathway
•	 AH50—functional	test	for		

alternative	pathway

Numbers:
•	 CBC	with	differential:	Are		

neutrophil	counts	normal?
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•	 Expression	of	the	CD11b/CD18	

integrin	on	leukocytes
•	 Neutrophil	oxidative	burst	test:	

dihydrorhodamine	123	(DHR)	or	
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Numbers:
•	 CBC	with	differential:	Are	lymphocyte	

counts	normal?
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Note:	The	laboratory	evaluation	for	immunodeficiency	should	be	individualized	to	each	patient’s	clinical	presentation.

SUGGESTED LAB TESTS FOR BASIC EVALUATION OF EACH COMPARTMENT OF THE IMMUNE SYSTEM

table 63.3
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HumAn immunodeficiency 
ViruS infection And Acquired 
immunodeficiency Syndrome
Human immunodeficiency virus (HIV) infection is a true pan-
demic, an infection that affects individuals in every country of 
the world.1 A diagnosis of acquired immunodeficiency syndrome 
(AIDS) is made when a person with HIV infection progresses 
to develop severe immunodeficiency as demonstrated by a CD4 
lymphocyte count of less than 200/ml or the development of 
specific AIDS-associated diseases.2 The first cases of AIDS were 
described in 1981 in five young gay men in Los Angeles.3 Since 
the beginning of the HIV pandemic, an estimated 70 million 
people worldwide acquired HIV infection and over half of them 
died.1 Currently, an estimated 34 million people are living with 
HIV infection, with over two thirds of them living in sub-Saharan 
Africa. There are an estimated 1.1 million people currently living 
with HIV infection in the United States.4 The development of effec-
tive antiretroviral treatment in 1996 changed the natural history 
and clinical course of HIV infection dramatically, with remarkable 
decreases in HIV-associated illnesses and deaths.5 In parallel, 
many of the hematologic complications of HIV infection also occur 
much less commonly today. Cytopenias due to HIV disease or its 
treatment occurred frequently in the past, but now are uncom-
mon. Coagulation abnormalities occur occasionally. Hematologic 
malignancies remain an important challenge, even in the setting 
of effective HIV treatment. This chapter discusses HIV infection 
and the diagnosis and management of associated hematologic 
complications. A complete discussion of antiretroviral therapy and 
opportunistic diseases can be found elsewhere.6–8

Background
HIV-1 was discovered by two independent groups in 1983 to 
1984.9 A related virus, HIV-2, was discovered in 1986, but 
remains localized to Western Africa and countries with historic 
ties to Western African countries.10 HIV is transmitted most com-
monly worldwide by sexual contact and also by intravenous drug 
use, transfusion of infected blood or blood products, and perina-
tally from an infected mother to her child. HIV may be transmit-
ted by infected blood, blood products, bloody fluids, or genital 
secretions, but not by saliva, sweat, urine, other nonbloody fluids, 
or feces. In the absence of HIV treatment, the time from initial 
HIV infection to the development of severe immunodeficiency and 
AIDS is approximately 10 years.11 The U.S. Centers for Disease 
Control and Prevention define AIDS in individuals who are HIV-1 
antibody positive with a CD4 cell count <200/mL (regardless of 
symptoms) or have one of ∼25 AIDS-defining illnesses, including 
opportunistic infections and malignancies.2 Effective antiretrovi-
ral therapy changes the natural history of the disease and pre-
vents HIV disease progression and prolongs survival.

pathophysiology
HIV-1 is a retrovirus with a genome that contains the structural 
genes gag, pol, and env that code for viral core proteins that 
control viral replication (e.g., HIV reverse transcriptase, HIV inte-
grase, and HIV protease), as well as the envelope glycoproteins, 
gp 160, 120, and 41.12 Additional regulatory genes, rev and tat, 
code for viral-specific proteins that control viral transcription and 

processing of viral messenger RNA. Other viral genes mediate 
infectivity and interactions with the host cell (nef, vif, vpr, vpu).

HIV entry is the first step in HIV-1 infection and consists of 
three substeps: CD4 receptor binding, co-receptor binding, and 
membrane fusion.13 In the first substep, the viral outer membrane 
glycoprotein, gp120, binds to the CD4 receptor on the surface of 
the target cell. Cells that express CD4 receptors include the CD4 
lymphocyte, macrophages, and dendritic cells. Following binding 
of gp120 to the CD4 receptor, gp120 undergoes a conformational 
change and allows binding to a second co-receptor, the chemo-
kine receptor, either CCR5 or CXCR4.14 Individuals who lack the 
gene that codes for the CCR5 receptor are relatively resistant to 
HIV infection; individuals who are heterozygotes for this gene 
demonstrate a slower progression of HIV disease.15 Following 
binding to the co-receptor, gp120 undergoes a second conforma-
tional change that allows a second HIV membrane glycoprotein, 
gp41, to bind and attach to the cell surface and then allows the 
viral membrane to fuse with the host cell membrane.

After HIV entry, the contents of the viral particle, including 
viral RNA and viral proteins, are extruded into the cytoplasm of 
the target cell. Viral RNA is transcribed to complementary viral 
DNA by the viral specific enzyme, HIV reverse transcriptase. 
The viral DNA forms a double-stranded complex that migrates 
to the nucleus of the cell where the viral-specific protein HIV 
integrase inserts the viral DNA randomly into the host cell 
genome. An HIV-infected CD4 lymphocyte may enter a latency 
period that can extend to 70 years, constituting a long-lived viral 
reservoir.16 The latently infected cell may be activated, and then 
genomic DNA along with incorporated viral DNA is transcribed 
to viral RNA that is translated to viral proteins, including gag 
and pol gene products that assemble at the surface of the cell 
and then bud off into new viral particles. Post-budding, precur-
sor viral proteins are cleaved by another viral-specific enzyme, 
HIV protease, in a step that is required for viral maturation 
and infectiousness.17 A single latently infected cell can produce 
hundreds to thousands of virions. When enough viral particles 
have budded off from an infected cell, the membrane becomes 
compromised and cell death occurs.

The characteristic decrease in CD4 lymphocytes over the 
course of untreated HIV disease occurs from a combination of 
increased apoptosis and decreased lymphopoiesis, although this 
is not completely understood.18 An estimated one million latently 
infected CD4 lymphocytes exist in an HIV-infected individual with 
controlled infection on antiretroviral therapy.19 Although the 
relative number of latently infected CD4 cells is small, apoptosis 
may occur in uninfected CD4 cells. Untreated HIV infection also 
was recognized early on to be associated with immune activation, 
CD8 cell dysfunction, B-cell dysfunction and impaired antibody 
production and general immune dysregulation.20,21

Diagnosis
The U.S. Centers for Disease Control currently recommend routine 
HIV testing for all individuals aged 13 to 64, not based on risk.22 
Standard HIV testing detects HIV-1 antibody by using a screening 
test, a repeatedly positive enzyme-linked immunosorbent assay 
(ELISA), followed by a confirmatory test, a Western blot that dem-
onstrates at least two among three major HIV-1-specific bands: 
p24, gp41, and gp120/160.23 False-positive ELISA may occur 
because of the low specificity of the test. False-negative HIV anti-
body tests can occur due to the window period (4 to 6 weeks), the 
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time between viral infection and the development of the detect-
able antibody response.

Newer rapid tests use a technology similar to the ELISA to 
detect HIV antibody in blood or oral fluids and results are avail-
able within 20 minutes. Although the rapid test is very specific 
(>99%) with a high positive predictive value (≥90%), a positive 
rapid test must be confirmed by a conventional confirmatory 
Western blot.24 Some rapid tests are now CLIA-waived and may 
be performed in nonhealth care settings (e.g., street fairs, mobile 
vans or even self-administered at home) allowing more wide-
spread testing.

Another method of HIV testing detects the virus directly, 
either the viral p24 antigen or HIV RNA, and reduces the window 
period: p24 antigen testing was added to the standard HIV anti-
body ELISA test, the so-called 4th generation ELISA test, to detect 
HIV infections earlier.25 Nucleic-acid–based testing has been used 
both in individual cases and in blood bank screening programs.26 
Using these newer tests along with pre-transfusion screening, the 
risk of acquiring HIV infection through a blood transfusion in the 
United States is less than 1 per 1.5 million units transfused and 
is decreasing.27

Clinical Features of hiv-1 Infection
Acute HIV infection can present as a nonspecific illness character-
ized by fever, oral ulcers, and maculopapular rash28; however, at 
least 50% of newly infected individuals may be completely asymp-
tomatic. The clinical illness will subside over several weeks and 
then the patient enters an asymptomatic phase, often with non-
specific generalized lymphadenopathy, that may last years as the 
CD4 lymphocyte count gradually declines over time. HIV-related 
diseases occurring at higher CD4 counts (>300/mL) include those 
caused by more aggressive pathogens (e.g., tuberculosis, herpes 
zoster, and pneumococcal pneumonia) as well as Kaposi’s sar-
coma. As the CD4 cell count declines below 300, other HIV-related 
illnesses also occur, including oral hairy leukoplakia, oral thrush, 
and seborrheic dermatitis. As the CD4 cell count declines below 
200, the case definition of AIDS is met and AIDS-defining illnesses 
may also occur including Pneumocystis jiroveci (formerly carinii) 
pneumonia, central nervous system (CNS) toxoplasmosis, and 
cryptococcal meningitis. Multiple opportunistic illnesses can occur 
simultaneously in a single patient.

Hematologic disorders such as leucopenia, anemia, immune 
and thrombotic thrombocytopenia, bone marrow failure, coagu-
lation disorders including thrombosis, and malignancies all 
occurred commonly in HIV-infected individuals.29,30 Some of 
these complications were due to viremia and immune dysregula-
tion, and others were due to toxicity from HIV therapies.31 With 
the development of effective antiretroviral therapy, hemato-
logic disorders and HIV-associated malignancies have decreased 
markedly.32

treatment
In the 1980s and early 1990s, the average life expectancy of a 
patient with AIDS was less than 1 year. Today, it is estimated that 
an individual diagnosed with HIV infection and appropriately 
managed with antiretroviral treatment will live close to the aver-
age life expectancy of the general population.33 Antiretroviral 
therapy changes the natural history of HIV infection by inhib-
iting viral replication. Currently, there are 27 U.S. Food and 
Drug Administration–approved unique drugs for the treatment 
of HIV infection; combination regimens with 3 or more drugs 
are standard treatment. Current U.S. HIV treatment guidelines 
recommend starting antiretroviral therapy in all HIV-infected 
individuals, regardless of symptoms, HIV viral load, or CD4 cell 
count.6 The life cycle of the virus and the specific sites targeted by 
antiretroviral therapy are shown in Figure 64.1.

The oldest mechanistic classes of drugs are the HIV reverse 
transcriptase inhibitors of two kinds, the nucleoside analogs 
and the nonnucleoside analogs. The nucleoside analogs mimic 
the structures of the four DNA bases and when bound to the 
active site and incorporated into the elongating viral DNA, result 
in chain termination: adenosine analogs, didanosine (ddI) and 
tenofovir (TDF); cytosine analogs, emtricitabine (FTC), lamivudine 
(3TC), zalcitabine (ddC); guanine analog, abacavir (ABC); and thy-
midine analogs, stavudine (d4T) and zidovudine (AZT, ZDV). The 
nonnucleoside analogs also inhibit the HIV reverse transcriptase 
enzyme, but do so by binding a site remote to the active site and 
include delavirdine (DLV), efavirenz (EFV), etravirine (ETR), nevi-
rapine (NVP), and rilpivirine (RPV).

In the mid-1990s, the third antiretroviral drug class was 
approved, the HIV protease inhibitors that target a step late in the 
viral life cycle. Following budding of the viral particles from the 
infected cell, viral precursor proteins must be chemically cleaved 
by the viral-specific enzyme, HIV protease. These compounds 
were the most potent known against HIV and when used in com-
bination regimens resulted in suppression of HIV RNA levels and 
dramatic decreases in morbidity and mortality.5 The 10 approved 
protease inhibitors bind in the active site of the protease and 
block this cleavage: amprenavir (APV) and its prodrug fosampre-
navir (FPV), atazanavir (ATV), darunavir (DRV), indinavir (IDV), 
lopinavir (LPV), nelfinavir (NFV), ritonavir (RTV), saquinavir 
(SQV), and tipranavir (TPV).

The three newer mechanistic classes of approved HIV drugs 
are two different HIV entry inhibitors and the HIV integrase inhib-
itors. The approved chemokine receptor antagonist is maraviroc 
(MVC) that binds to the host cell CCR5 receptor and prevents viral 
binding. The approved HIV fusion inhibitor is a small peptide, 
enfuvirtide (ENF, T-20) that targets the viral glycoprotein gp41 
and prevents fusion of the viral and cellular membranes; as a 
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Figure 64.1. The human immunodeficiency virus (HiV) life cycle, deciphered with the 
help of genomic analyses, is unusually complex in its details, but all viruses undergo 
the same basic steps to infect cells and reproduce. Points at which antiretrovirals act 
are marked.
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In several large multicenter studies, persistent anemia was 
associated with  shorter survival, independent of the degree of 
 immunosuppression.41,42

As in other persons, anemia occurs due to one of three major 
factors: either ineffective hematopoiesis; blood loss due to involve-
ment of the intestines by infection such as cytomegalovirus (CMV) 
or Kaposis’s sarcoma; or red blood cell destruction.

Red blood cell production can be affected by HIV itself 
due to cytokines that interfere with hematopoiesis,43–45 highly 
active antiretroviral therapy (HAART) and medications used to 
treat HIV-associated infections (Table 64.1 including high-dose 
trimethoprim-sulfamethoxazole (TMP-SMX) for P. carinii pneu-
monia and ganciclovir for CMV), HIV-associated cancers such as 
lymphomatous infiltration of the marrow, low erythropoietin, or 
HIV-associated hypogonadism.46

the effect of haart on anemia
Nucleoside analogs other than ZDV are not associated with ane-
mia. Zidovudine is commonly associated with marrow toxicity, 
particularly with long-term administration. Use of lower ZDV 
doses in combination with other nonmyelosuppressive antivi-
ral drugs (such as the protease inhibitors or other nucleoside 
analogs) has significantly decreased the frequency of anemia, 
although patients with advanced disease on doses of ZDV of <500 
mg/day still demonstrate significantly decreased hemoglobin lev-
els when compared to similarly immunosuppressed HIV-infected 
patients not taking the drug.47 Although the mechanism respon-
sible for ZDV-associated anemia, inhibition of thymidine kinase, 
and DNA chain termination should theoretically also affect cells of 
other lineages, neutropenia is less frequent a toxicity and throm-
bocytopenia is very uncommon. In contradistinction to zidovu-
dine, protease inhibitors, such as indinavir, ritonavir, crixivan, and 
nelfinavir, alone or in combination with ZDV or other nucleoside 

peptide it requires twice-daily subcutaneous dosing and is used 
uncommonly. Raltegravir (RAL) and elvitegravir (EVG) inhibits 
the viral-specific enzyme HIV integrase that inserts the viral DNA 
into the host cell DNA.

Current treatment guidelines recommend four preferred 
combination antiretroviral regimens on the basis of potency, 
tolerability, and convenience6: (1) tenofovir/emtricitabine/efavi-
renz (co-formulated as a single pill taken once daily); (2) teno-
fovir/emtricitabine (co-formulated) + atazanavir and ritonavir 
(given as a low-dose pharmacologic booster; 3 pills once daily); 
(3) tenofovir/emtricitabine (co-formulated) + darunavir and rito-
navir (booster; 3 pills once daily); and (4) tenofovir/emtricitabine 
(co-formulated) + raltegravir (3 pills divided twice daily). The 
goal of current HIV treatment is maximal virologic suppression; 
current virologic suppression rates on initial therapy regimens 
approach 90%. CD4 cell counts typically increase 100/mL over 
baseline in the first weeks or months following initiation of ther-
apy and then continue to increase at a slower rate.34 The recon-
stituted CD4 cells generally are of the memory type (CD45RO+ 
or CD34RA+), with naïve cells increasing more slowly; thymic 
function also improves. Immune reconstitution may result in 
IRIS, the immune-related inflammatory syndrome that is usu-
ally managed symptomatically.35 Appropriate increases in CD4 
cell counts allow discontinuation of opportunistic maintenance 
therapy and prophylaxes. Specific immune-based therapies, 
including interleukin-2, have failed to demonstrate additional 
clinical benefits and are not recommended currently.36

An HIV-infected individual who is stable taking antiretrovi-
ral therapy will typically see the treating physician every 3 to 6 
months to check for side effects and monitor the HIV RNA and CD4 
cell count.6 In the case of virologic failure, drug resistance testing 
is performed and a new regimen selected on the basis of treatment 
history, drug resistance testing results, and available drug options. 
The goal is to construct a regimen with 2 to 3 fully active drugs 
and this will result in resuppression of HIV RNA in the majority of 
patients. HIV therapy currently is lifelong. Treatment interruptions 
are associated with clinical events37 and should be avoided.

Several ongoing challenges remain in the management of 
HIV disease. Despite suppression of virologic replication, some 
patients experience ongoing inflammation and immune activation 
and this has been linked to nontraditional HIV illnesses such as 
cardiac, hepatic, renal, neurologic, and non-AIDS malignancies. 
In addition, despite dramatic improvements in life expectancy, 
cure of HIV disease remains elusive. The unique case of a man 
with HIV disease virologically controlled on antiretroviral therapy 
who developed acute myelogenous leukemia necessitating total-
body irradiation, cytotoxic chemotherapy, and bone marrow 
transplant from a donor with a deletion in the gene coding for the 
CCR5-receptor who ultimately experienced a course complicated 
by rejection and a second transplant is thought to be the only 
patient cured successfully of HIV disease.38 Cure, or complete 
eradication of HIV, remains challenging because of the long-lived 
latently infected CD4 cell reservoir; much current research is 
focused on this goal.39

HemAtoLoGic compLicAtionS  
of HumAn immunodeficiency 
ViruS infection

anemia
Anemia is the most frequent cytopenia observed in HIV-1 infec-
tion. Striking anemia with transfusion dependence was com-
mon early in the epidemic when high doses of zidovudine (ZDV) 
were in use, but severe depression of hemoglobin levels are now 
rarely observed, except in patients with advanced disease.40 

Medication Type of Activity Hematologic Toxicity

Zidovudine Nucleoside analogs, antiviral Anemia, neutropenia (dose 
dependent)

Stavudine Nucleoside analogs, antiviral Anemia, neutropenia (dose 
dependent)

Ganciclovir Cytomegalovirus infection Leukopenia,  
thrombocytopenia

Trimethoprim/ 
sulfamethoxazole

Antibiotic, Pneumocystis  
pneumonia

Dose-related neutropenia, 
anemia; methemoglobinemia 
especially in persons with 
G6PD deficiency

Primaquine Antibiotic, Pneumocystis  
pneumonia

Rare agranulocytosis,  
thrombocytopenia;  
methemoglobinemia especially 
in G6PD deficiency

Pentamidine Pneumocystis pneumonia Infrequent anemia, leukopenia, 
thrombocytopenia

Sulfadiazine Toxoplasmosis Leukopenia in 40%;  
thrombocytopenia in 12%

Clindamycin/ 
pyrimethamine

Toxoplasmosis Cytopenias in 31%

Amphotericin B Antifungal, cryptococcal 
meningitis

Anemia

G6PD, glucose-6-phosphate dehydrogenase.

HemAtoLogIc toxIcItIeS of AntIretrovIrAL DrugS

taBLe 64.1
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analogs, have little or no effect on hematopoiesis.31,48 It is impor-
tant to note that HAART itself improves anemia as shown in a 
single center retrospective series in the HAART era. HAART was 
associated with hemoglobin levels >140 g/L in 42% of patients, 
irrespective of use of zidovudine as part of HAART regimen, com-
pared with 31% of patients who did not use HAART.49

Treatable causes of anemia include nutritional/vitamin defi-
ciency, gastrointestinal losses, parvovirus B19 infection,50,51 HIV 
related kidney disease, and low erythropoietin levels indepen-
dent of normal renal function. In HIV infection, erythropoietin 
levels are low in some patients, in part because tumor necrosis 
factor-a (TNF-a) acts to block erythropoietin release in response 
to low hemoglobin levels.52 Patients with low erythropoietin 
levels respond better to its administration than do patients with 
normal or elevated levels of the hormone. In one meta-analysis, 
patients with erythropoietin levels below 500 IU/L demon-
strated  significant increases in hemoglobin levels, decreases 
in  transfusion  requirements, and improvement in quality of 
life, whereas replacement was ineffective in patients with high 
 erythropoietin levels.53

Some patients with HIV infection have significant anemia, 
requiring frequent transfusion. Clinical and experimental evi-
dence suggests transfusion may be associated with substantial 
morbidity in HIV-infected patients. In one study, transfused 
patients with advanced disease had an increased incidence of 
CMV infection and death.54 Laboratory data suggest transfusion 
may be associated with HIV viral activation. Allogeneic lympho-
cytes present in transfused blood components activate viral pro-
duction by HIV-infected lymphocytes in vitro.55 When quantitative 
polymerase chain reaction (PCR) was used to measure circulating 
HIV, viral load was increased in HIV-infected patents 5 days after 
transfusion.56 However when leuko-depleted blood components 
were used, no significant differences in viremia or infectious com-
plications occurred.57

red Blood Cell Destruction
Red blood cells can be destroyed in the setting of HIV infection 
through a variety of mechanisms. This includes autoimmune 
disease,58 hemophagocytic syndrome, disseminated intravascular 
coagulation typically seen with infection or cancer, sulfa use in 
the setting of 6-GPD deficiency, or thrombotic thrombocytopenic 
purpura (TTP) (dealt with separately below). Drugs can also cause 
hemolysis.

Parvovirus is a rare, but treatable cause of anemia. Parvovirus 
affects erythroid lineage cells. In immunocompetent patients 
this is a self-limited infection, but is serious in patients who 
cannot clear the infection, or have other hemolytic problems. 
For parvovirus infection, commercial immune globulin infusion 
(400 mg/kg/day for 5 to 10 days) is almost always associated 
with marked improvement in hemoglobin levels with resolu-
tion of anemia.51,59 HIV-infected patients frequently develop 
repeated episodes of B19 infection and need repeated treat-
ments with intravenous immune globulin.60

thrombocytopenia
Thrombocytopenia occurs in the setting of HIV infection due 
to decreased production, increased destruction, or splenic 
sequestration secondary to other causes such as lymphoma or 
hepatitis C. Although mild to moderate thrombocytopenia is com-
mon in patients with HIV, it is rarely associated with bleeding. 
Thrombocytopenia is generally associated with decreased plate-
let survival, except in patients with advanced disease where bone 
marrow failure is more prominent.61 Opportunistic infection, 
splenomegaly, and fever all decrease platelet survival.

Autoimmune thrombocytopenia (ITP) is a feature of HIV infec-
tion and is a diagnosis of exclusion. Notably, patients can present 

in advance of other symptoms of HIV. Consequently, HIV should 
be ruled out in new cases of ITP. CD4+ lymphocyte counts in 
reported series of patients with HIV-ITP have averaged between 
0.3 and 0.6 × 109/L.

Although platelet-associated antibodies increase in prevalence 
with HIV disease progression, it is not clear if they play a major 
role in most patients. Technical difficulties in detecting platelet-
associated antibody have led to a very high false-positive rate.62 
Furthermore, for any condition (including sepsis and TTP) associ-
ated with platelet injury, antibody can be detected on the platelet 
surface. Specific platelet-associated antibody has nonetheless been 
carefully characterized in a limited number of patients. One study 
demonstrated that platelet-associated immune complexes are 
made up of antiplatelet integrin, glycoprotein IIIa (b3), antibody 
(Ab), and its anti-idiotype blocking Ab.63 Some of the antibodies 
also bound epitopes with homology to HIV-1 proteins nef, gag, 
env, and pol, suggesting molecular mimicry. The presence of this 
Ab was associated with thrombocytopenia and produced throm-
bocytopenia when infused into mice.64 The associated platelet 
fragmentation was due to generation of the membrane-damaging 
peroxide and other reactive oxygen species. Antibodies to a cleav-
age product of talin, which can be generated by platelet activation 
or exposure to HIV-1 protease, have also been characterized. 
These may result from an immune response to talin-H, a neoanti-
gen that may have been created by platelet fragmentation.65

Defective megakaryocytopoiesis may also contribute to throm-
bocytopenia, particularly in patients with advanced disease. 
Megakaryocytes can be infected with certain strains of HIV, some 
of which can be cytopathic for the megakaryocytes.66 In addition, 
megakaryocytes arising from HIV-1–infected CD34+ progenitor 
cells are defective in their ability to produce platelets.67

Treatment
Generally, patients with modest thrombocytopenia (platelet count 
>50 × 109/L) require no treatment. For others with clinically 
significant thrombocytopenia, short-term steroids produce rapid 
responses in 60% to 80% of patients. However, steroids are 
immunosuppressive and are associated with long-term infec-
tious complications and can accelerate the development of 
Kaposi’s sarcoma. HIV-specific antiretroviral therapy will result in 
improvements of platelet counts in most patients. Although most 
of the original work was done with ZDV, other antiretrovirals are 
effective. Both antiretroviral agents and steroids improve throm-
bocytopenia by increasing platelet production, without signifi-
cantly affecting platelet survival.68,69 Splenectomy will increase 
platelet counts in those not responding to antiretroviral therapy 
and does not appear to accelerate the underlying HIV disease.70 
Intravenous immune globulin also is effective but its high cost, 
limited availability, and short duration of action make this a less 
attractive treatment. Anti-Rh immune globulin has the advantages 
of wide availability and cheaper cost, but is also limited by its 
short duration of action71 and is associated with a mild hemolysis 
which can be clinically problematic in patients with pre-existing 
anemia, requiring transfusion prior to administration of anti-Rh 
immune globulin. Vincristine is effective when given monthly, 
although its administration is complicated by neuropathy. IL-11, 
a cytokine that promotes megakaryocyte maturation, is licensed 
for treatment of chemotherapy-related thrombocytopenia, but no 
studies have reported efficacy in HIV-infected patients. Rituximab 
is effective in some patients with idiopathic thrombocytopenic 
purpura (ITP) without HIV but has not been studied extensively 
in patients with HIV infection72 for this indication. Three newer 
treatments for ITP in the general population include the anti-B cell 
antibody rituximab, effective in 60% of patients, and the thrombo-
poietin mimetics, romiplostim and eltrombopag, each associated 
with a 60% to 85% response.73 Remarkably, these drugs have not 
been systematically studied in HIV-associated ITP.
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Neutropenia
Mild neutropenia is relatively common in patients with HIV infec-
tion. Although generally not of clinical significance, a deficiency 
in bone marrow reserve may become clinically apparent when 
administration of cytotoxic chemotherapy or other marrow-
suppressive drugs becomes necessary. In fact it is generally held 
that most cytotoxic chemotherapy requires prophylactic use of 
hematopoietic growth factors. Antineutrophil antibodies can 
frequently be seen,62 but their presence does not correlate with 
the degree of neutropenia. Progenitor cell numbers are gener-
ally normal except in patients with advanced disease when they 
are modestly decreased.74 Parenteral treatment with ganciclovir 
(GCV) or cytotoxic chemotherapy results in leukopenia in the 
majority of patients, frequently necessitating dose reduction and 
cytokine treatment.

Treatment
Neutropenic (absolute neutrophil count, <1.0 × 109/L) HIV-
positive patients may experience increased frequency of signifi-
cant bacterial infections. In a case-controlled study, Tumbarello 
et al.75 compared the neutrophil counts of groups of HIV-infected 
patients with and without bacteremia. An absolute neutrophil 
count of <1.0 × 109/L as present in 38% of bacteremic patients 
was compared with 19% of asymptomatic patients. A matched 
cohort study76 found the frequency of bacteremia increased in 
neutropenic patients to 12.60 events per 100 patient months 
compared with 0.87 events per 100 patient months in the non-
neutropenia controls. In another study of 1,645 patients with 
an absolute neutrophil count of <0.5 × 109/L the risk of Gram-
negative infection increased eightfold.77

A number of studies have looked at the effect of recombi-
nant growth factors on the incidence of infection and number of 
hospitalizations. Granulocyte colony-stimulating factor (G-CSF) 
enhances the proliferation and differentiation of neutrophils and 
improves neutrophil function, whereas granulocyte-macrophage 
colony-stimulating factor (GM-CSF) stimulates the proliferation 
and differentiation of a variety of myeloid progenitor cells and 
inhibits migration of neutrophils, enhancing the function of mature 
neutrophils and macrophages.71,78 G-CSF is the most widely used 
hematopoietic growth factor in HIV-infected patients, has fewer 
side effects, and increases the neutrophil count more rapidly. 
Although GM-CSF has been associated with an increase in HIV-1 
replication in vitro, no consistent observation of acceleration of 
disease progression or increase in p24 antigen levels in patients 
receiving the drug has been demonstrated. GCSF is primarily used 
to increase the tolerance of patients undergoing chemotherapy.

HIV-infected patients can also have a number of defects in 
neutrophil function. These include reduced L-selectin shedding 
and decreased H2O2 production79 as well as defects in leukocyte 
migration, chemotaxis, and chemiluminescence during phagocyto-
sis. These defects were more prominent in patients with advanced 
disease.80 G-CSF and GM-CSF both improve leukocyte function 
in vitro. A number of studies have looked at potential benefits 
of these cytokines in animal models of immunosuppression. In a 
murine model of Pneumocystis jiroveci pneumonia, CD4+-depleted 
immunosuppressed mice that received G-CSF after experiential 
pulmonary infection with P. jiroveci demonstrated improved sur-
vival when compared with control mice receiving placebo. Similar 
benefits were demonstrated using mouse models of disseminated 
Mycobacterium avium infection, systemic candidiasis, and strep-
tococcal pneumonia.81 No clinical study using either G-CSF or 
GM-CSF to enhance leukocyte function has been performed.

Lymphopenia
Increases in both CD4 and CD8 cell death and impairment in func-
tion are the sine qua non of HIV infection. IL-2 partially corrects 

the impaired lymphocyte proliferation and cytotoxicity seen in 
HIV infection in vitro. It also can partially block the enhanced 
tendency of lymphocytes obtained from HIV-infected patients to 
undergo programmed cell death (apoptosis).38 In phase I trials 
of IL-2 in HIV-infected patients, it increased CD4 cell number 
and improved lymphocyte function.82 The development of a long-
acting polyethylene glycol–modified IL-2, which increases the 
half-life by 10- to 15-fold, allows for intermittent administration 
of the drug. Administration of doses of 1 to 5 million U/m2, two to 
three times weekly, resulted in modest but sustained increases in 
CD4 counts and improvement in natural killer activity in a patient 
with CD4 counts >0.4 × 109/L83 in 3 to 6 months. Fever, rash, and 
capillary leak are the most common toxicities.84 More recently, 
administration of very high doses of IL-2 (7.5 million IU twice 
daily to patients with early HIV infection) resulted in substantial 
increases in CD4 counts, compared with those seen in the group 
administered lower doses (1.5 million IU twice daily).85 Of greater 
importance is the suggestion that intermittent administration of 
IL-2 in combination with HAART may lead to reduction in CD4+ 
T-lymphocyte cells that contain replication-competent HIV.86 None 
of these approaches is currently standard of care.

thrombotic thrombocytopenic purpura
TTP is more common among patients with HIV infection. HIV-1 
infection has been reported to account for up to 30% of TTP/
hemolytic-uremic syndrome.87 The risk of microangiopathy has 
declined significantly after institution of HAART for unclear rea-
sons.88 Although no controlled studies comparing HIV-related TTP 
with classic TTP have been conducted, HIV-related TTP is gener-
ally thought to be associated with a milder course and a better 
response to therapy than classic TTP.89

A number of different possible pathophysiologic mechanisms 
have been proposed. HIV can infect endothelial cells, and viral 
p24 antigen has been detected by immunochemical stain in 
splenic endothelial cells, spinal cord specimens, and bone mar-
row microvascular endothelial cells.90 Whether infection results 
in vascular dysfunction has not been clearly demonstrated. 
TNF-a and IL-1b, two cytokines that are increased in HIV infec-
tion, could potentially lead to increases in endothelial expression 
of certain adhesion molecules, such as vascular cell adhesion 
molecule-1, intercellular adhesion molecule, and E-selectin, pro-
moting localization of inflammatory cells to the endothelium with 
transmigration of lymphocytes through the endothelial wall. CMV, 
a virus that appeared to be associated with TTP in one large AIDS 
Clinical Treatment Group drug study, increases procoagulant 
activity in cultures of endothelial cells, potentially by binding and 
activating coagulation factor X/Xa.91 Endothelial cells from small 
vessels undergo apoptosis when exposed to plasma from patients 
with TTP.91–93 Recently, severe ADAMTS13 (a disintegrinlike and 
metalloprotease with thrombospondin type 1 repeats) deficiency 
has been reported in TTP unassociated with HIV.94

Treatment
Although the treatment of choice of TTP is plasmapheresis or 
plasma exchange, successes with antiplatelet agents, vincristine, 
splenectomy, and plasma infusion have been reported.95 In one 
study of HIV-TTP, most patients undergoing plasma exchange 
in addition to other therapies achieved a complete response.89 
Others have reported significant responses in patients receiving 
plasma infusions alone.96 Plasma exchange may allow infusion 
of greater amounts of plasma to the individual. However, the 
success of infusion alone has important implications for those in 
the developing world where plasma exchange is not available.96 
Plasma exchange is currently recommended to replace 35 to 
40 ml/kg per exchange using the lactate dehydrogenase (LDH) 
values and platelet counts to follow the course of the disease. A 
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platelet count above 50 × 109/L and a normalized LDH are gen-
eral aims of effective therapy. Platelets should not be transfused 
because doing so may lead to thrombotic events.

pathophysiology of Bone Marrow Suppression in 
human Immunodeficiency Virus Infection
Diverse factors responsible for impaired hematopoiesis in HIV 
infection include suppression of the bone marrow by the virus or 
by viral proteins, immune dysregulation, actual infection of the 
bone marrow progenitor cells by HIV, and alteration of stromal 
cell elements. A number of studies demonstrate that CD34 cells 
have both HIV receptors necessary for infection (i.e., CD4 and 
the chemokine receptors CXCR4 or CCR5).97 Chemokines are 
cytokines that induce chemotaxis. CD4 expression, as well as 
CXCR4 and CCR5 co-receptor expression, increases with matura-
tion of the CD34 cell, and the expression of each correlates with 
potential infectability.98 In addition, CXCR5 may be up-regulated 
by a number of different cytokines. Although it is clear that the 
CD34 cell can be infected by HIV under a number of conditions, 
it appears that bone marrow progenitor cells do not represent a 
significant reservoir of infection.99 In one study, HIV was detected 
in CD34 cells in only 14% of HIV-infected patients recruited in 
the United States and in 36% of HIV-infected persons in Zaire.100 
When found, CD34 infection was present in those patients with 
far-advanced disease. Many investigators could not detect HIV 
infection in any stem cells.101,102 In another study, purified CD34+ 
cells were infected in vitro and cultured on allogeneic stroma for 
extended periods of time.103 A highly sensitive PCR failed to detect 
HIV-1 in the most primitive long-term colony-initiating cells (i.e., 
the secondary colonies generated from clonogenic cells harvested 
from stroma). Thus, it appears that although some committed 
progenitor cells can be infected with HIV-1 under some circum-
stances, the most immature stem cells appear not to be suscep-
tible to HIV-1 infection.

The effects of HIV-1 on colony formation have been studied, 
either using bone marrow cells derived from HIV-1–infected 
patients101,104 or after in vitro infection of hematopoietic cells 
from bone marrow of normal donors.67,101 Results have been 
surprisingly divergent. Although the growth potential of commit-
ted bone marrow progenitor cells in methylcellulose cultures after 
challenge with HIV-1 appears to be diminished, normal growth 
frequently has also been reported.101 Similar disparity exists 
in the results of studies performed with patient bone marrow. 
Such differences may be related to techniques in assaying colony 
growth (total bone marrow vs. purified CD34+ cells), culture 
conditions (use of specific cytokines or growth factors), or patient 
selection. In some reports, inhibition of colony formation by virus 
was only observed in cultures of total bone marrow cells and not 
with isolated CD34+ cells.105 Of interest is one report of abnormal 
progenitor cell function in HIV-negative infants born to infected 
mothers,106 implying that direct infection was not necessary for 
marrow suppression.

Marrow stromal function has been examined in patients with 
HIV infection. Stromal cells from some HIV-1–infected patients 
may be infected by the virus, demonstrating the importance of 
stromal infection in causing dysregulation of hematopoiesis. In 
one study,107 decreased colony formation has been observed 
when stroma infected in vitro was used to support growth of nor-
mal uninfected bone marrow progenitor cells. In another study, 
stroma obtained from HIV-infected patients supported growth of 
normal CD34+ cells equally as well as stroma obtained from nor-
mal uninfected controls.74

Although the stem cell compartment appears to be relatively 
well preserved early in the disease, in patients with low CD4 
counts and history of OIs, there is a modest reduction of long-
term colony-initiating cell numbers.74 However, the long-term 
colony-initiating cell numbers were far better preserved in this 

population than in patients with aplastic anemia with similar 
blood counts, implying that OIs; pharmacotherapy with antipara-
sitic, antimicrobial, antiviral, or cytotoxic agents; vitamin deficien-
cies; or poorly understood virally mediated immunomodulatory 
changes were the major contributors to bone marrow failure in 
patients with advanced HIV disease.

Inconsistencies in the results of experiments attempting to 
demonstrate the role of direct infection of HIV-1 on hematopoiesis 
have stimulated further search for pathophysiologic mechanisms 
of bone marrow suppression. Several cytokines that are released 
during the course of HIV-1 infection are potent inhibitors of hema-
topoiesis. Not only native virus and productive infection,105,108 but 
also viral products, such as gp120, gp160, and viral tat proteins, 
induce the secretion of an array of cytokines, including TNF-a, 
lymphotoxin-b (TNF-b), and IL-6.109 Perhaps the most prominent 
cytokine implicated in an array of pathophysiologic reactions in 
AIDS is TNF-a (or cachexin).110,111 In addition to its effect on 
body metabolism and the immune system, TNF-a has inhibitory 
effects on hematopoiesis.112 High levels of interferon-g (IFN-g) 
were not only associated with a poor prognosis in HIV-1 infec-
tion, but also correlated with the degree of anemia.113 Although 
disordered cytokine production by both lymphoid tissue and bone 
marrow clearly occurs in HIV-1 infection, it is difficult to deter-
mine its ultimate role in suppression of hematopoiesis. Many 
inhibitory cytokines are produced in greatest quantities early in 
the course of HIV-1 infection when marrow suppression is least, 
and their levels decline as the disease progresses (when marrow 
suppression becomes most marked). In addition, increased levels 
of stimulatory cytokines have been observed in HIV-1 infection, 
and many cytokines never reach significant levels in the circula-
tion. Local production of growth factors in bone marrow may be 
more important than systemically secreted factors. In support of 
this hypothesis, one study of genetically engineered stromal cells, 
designed to produce low levels of IFN-g constitutively, showed 
significant suppression of normal hematopoietic colony growth on 
IFN-g stroma, which could only be replicated by addition of large 
amounts of exogenous IFN-g to marrow grown on normal stroma.

Apoptosis of hematopoietic progenitor cells through the Fas-L/
Fas-R pathway is a mechanism by which activated T-cells can 
kill virus-infected cells.114 It is likely that Fas-L and other cyto-
kine products of activated T-cells contribute to the hematopoietic 
inhibition seen in HIV-1 infection. Increased levels of Fas-L have 
been reported in patients with AIDS, and triggering of Fas-R on 
hematopoietic cells results in apoptosis.

Bone Marrow examination in human 
Immunodeficiency Virus 1 Infection
The majority of bone marrow samples from HIV-1–infected 
patients will exhibit morphologic abnormalities, but most are non-
specific except in OI, in which the bone marrow examination pro-
vides valuable diagnostic information. Therefore, the bone marrow 
examination rarely yields substantial clinical  information except 
in the diagnosis of concurrent M. avium- intracellulare, tuberculo-
sis, or fungal infection or as part of  staging for  malignancy.

The histopathologic findings in the bone marrow of HIV-1–
infected patients are varied. In one large study of 216 bone mar-
row examinations performed in 178 HIV-1–infected patients for 
evaluation of cytopenia, 69% of patients exhibited hypercellular 
marrow, 69% showed myelodysplastic changes, and 20% showed 
significant fibrosis; only 5% of the biopsies were hypocellular. 
Granulomas were found in 13% and lymphoid aggregates in 36% 
(but in other studies, in up to 50%) of specimens. Higher num-
bers of plasma cells and elevated numbers of eosinophils were 
also present, especially in conjunction with increased reticulum. 
Hyperplasia involving the granulocytic and erythrocytic lineages 
has been most commonly reported; the myeloid-to-erythroid ratio 
has varied from 2:1 to 5:1.94
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Morphologic changes tend to be more pronounced in more 
immunosuppressed patients and increase in frequency as disease 
progresses. All lineages can be involved. Megaloblastic changes 
and ringed sideroblasts are frequent. Using the morphologic crite-
ria established for primary myelodysplastic syndromes, dysplasia 
involving at least one lineage was diagnosed in 69% of patients. 
Dysplastic changes increase with disease progression. However, in 
one study, the numbers of erythroid precursors and the morphology 
of megakaryocytes clearly differentiated patients with AIDS from 
those with myelodysplastic syndrome.96 The cumulative effects of 
drug toxicities, direct HIV-1 infection of marrow cells, and dysregu-
lated cytokine production may be responsible for the morphologic 
changes that occur late in AIDS. However, the dysplastic changes 
in an individual lineage and specific cytopenias are not correlated.

Coagulation abnormalities
A number of retrospective epidemiologic studies115–124 have 
found that the incidence of thrombosis in HIV-infected patients 
was increased two- to tenfold over what would be expected in 
a healthy control population of the same age. However, except 
for isolated cases of protein S deficiency, no study has compared 
these patients to equally sick uninfected patients whose immo-
bility, lymphedema, and hypoalbuminemia predispose them to 
hypercoagulability. Patients with HIV are more likely to develop 
antiphospholipid antibodies such as lupus anticoagulant (found in 
1% of patients)125 and antiphosphatidylcholine and anticardiolipin 
autoantibodies antibody (found in about 50% of patients with HIV 
infection)126,127; however, many of these studies were performed 
before HAART became standard of care. Apart from diagnostic 
problems related to a falsely elevated partial prothrombin time, 
these antibodies do not appear to be associated with an increased 
frequency of thrombosis, as they are in uninfected patients.128,129

Increased levels of complement-binding protein 4, which 
attaches to protein S and renders the protein inactive, can be 
detected in as many as 27% to 73% of patients. These patients 
demonstrate decreased functional protein S when a functional 
assay is used to measure activity. The risk of thrombosis in 
these patients is substantially increased. No clear guidelines are 
available for treatment or other protein-S–deficient patients, but 
most hematologists recommend anticoagulation for an undefined 
period of time for those with a history of unprovoked thrombosis.

Acquired immunodeficiency 
Syndrome–reLAted mALiGnAncieS
Cancer is the leading cause of death for HIV-1–infected persons on 
HAART. Twenty-five to forty percent of HIV-positive patients will 
develop a malignancy.32,33,130,131,132,133,134,135,136,137 Although 
Kaposi sarcoma, aggressive B-cell lymphomas, and cervical can-
cer are said to be AIDS defining when occurring in the setting of 
HIV infection and occur more frequently in HIV infection, death 
from non–AIDS-defining cancers is more common. The develop-
ment of malignancies is related to a number of factors, includ-
ing immunosuppression and concurrent infections with other 
viruses such as human herpes virus 8 (HHV8) and Epstein-Barr 
virus (EBV), or the human papillomavirus, which foster malig-
nant transformation. These viruses carry oncogenic proteins and 
cytokines that contribute to malignant pathogenesis. Additionally, 
HIV infection reduces the ability to clear the viral infection. The 
SMART study demonstrated that HAART interruptions in so-called 
drug conservation strategies increase the risk of cancer sixfold.138

Although the incidence of KS and certain lymphomas has 
decreased after HAART was introduced, the frequency of other 
tumors such as cervical cancer has undergone little change. CNS 
lymphoma, although once accounting for 18% of AIDS-related 
lymphomas, now is extremely rare. Several new drugs and 

therapies have been developed for KS and AIDS-related lympho-
mas, and these treatments, plus the development of HAART, have 
contributed to improvements in morbidity and mortality. Given 
the introduction of HAART and our increased ability to treat infec-
tions effectively, the life span of patients with HIV has increased, 
eventually leading to substantial increases in individuals living 
with HIV-1.119 One analysis projected a median life expectancy 
of 75 years assuming a high rate of HIV diagnosis (median CD4 
cell count at diagnosis, 0.432 × 109/L), and 71.5 years with a low 
diagnosis rate (diagnosis only when symptomatic, median CD4 cell 
count 0.14 × 109/L. Cumulative risks of death by 5 and 10 years 
after infection were 2.3% and 5.2%, respectively.139 This makes 
treating malignancies more attractive than in the pre-HAART era. 
Although these malignancies also occur in the HIV-uninfected 
population, their presentation, as well as their appropriate treat-
ment, is quite different in the HIV-infected patient.

Acquired immunodeficiency 
Syndrome–reLAted LympHomA
Non-Hodgkin lymphoma (NHL) and Hodgkin lymphoma (HL) 
occur with increased frequency in patients infected with HIV.125 
Approximately 10% of HIV-positive people will develop NHL, and 
although the incidence has greatly reduced during HAART, it is 
still increased 25- to 150-fold compared to the general popula-
tion.140–143 These recent studies also demonstrate the duration  
and depth of the CD4 nadir and the duration of viremia increase 
the incidence of NHL. Decreased immune surveillance, B-cell 
dysregulation144 and, in certain subtypes, infections with HHV8 
and EBV, are also involved in the pathophysiology of the disorder.

A number of changes have occurred in the HIV-related lym-
phomas since widespread institution of HAART. The overall 
incidence of HIV-associated lymphomas has declined for NHL. 
This decrease has primarily affected lymphomas occurring at 
low CD4 counts, whereas NHL occurring at higher CD4 counts 
has been relatively unaffected.145 Among patients with systemic, 
AIDS-related NHL, there has been decreased high-grade histol-
ogy and improved survival.146,147 Three types of lymphoma are 
now recognized as AIDS-defining by the CDC: Burkitt lymphoma, 
immunoblastic lymphoma which is a subtype of diffuse large 
B-cell lymphoma, and primary CNS lymphoma. The World Health 
Organization (WHO) more recently provided a classification sys-
tem for the HIV-associated lymphomas (Table 64.2; Fig. 64.2). 
The frequency of NHL increases with the degree of immunosup-
pression, particularly for CNS lymphoma. Thus CNS lymphoma 
is rarely seen in developed countries where HAART is available, 
except in socioeconomic sectors where standard of care HIV ther-
apy is not ubiquitous. In addition, patients with poorer virologic 
control on HAART suffer a significantly higher incidence of lym-
phoma and worse outcomes following therapy.148 Some studies 
have suggested genetic factors play a role in the development of 
NHL. One study demonstrated that HIV-infected patients who are 
heterozygous for the CCR5D32 deletion are less likely to develop 
lymphoma, whereas those with stromal-cell–derived factor-1 
mutations are more likely to develop lymphoma.149

For patients receiving combination chemotherapy, the optimal 
timing of HAART with combination chemotherapy is controver-
sial.150 Many oncologists continue antiretrovirals during chemo-
therapy, and some temporarily discontinue them, citing fears of 
drug–drug interactions and increased toxicities. The latter stance 
has been challenged by six randomized studies in infections show-
ing immune reconstitution occurring within the first month of 
HAART leading to a decrease in infection mortality.151 This sug-
gests that HAART discontinuation or deferment of initiation after 
a concurrent HIV and lymphoma diagnosis could be detrimental. 
Nonetheless, in a retrospective Italian study comparing toxicities 
between patients receiving CHOP (cyclophosphamide, doxorubicin, 
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Figure 64.2. Human immunodeficiency virus (HiV)-associated lympho-
mas. A: HIV-associated Burkitt lymphoma. Tumor cells show plasmacytoid 
 differentiation, which is often associated with positivity for HIV. B: Diffuse large B-cell 
lymphoma, immunoblastic variants. Lymphomas with this morphology often present 
in advanced AIDS. C: Primary effusion lymphoma, positive for human herpes virus 8/
Kaposi sarcoma herpes virus. (Contributed by Dr. Elaine Jaffe, Chief Hematopathology 
Section and Acting Chief Laboratory of Pathology, National Cancer Institute.)

vincristine, and prednisone) plus HAART versus CHOP or a compa-
rable regimen without HAART, the group receiving HAART experi-
enced greater neurotoxicity and anemia but a decreased frequency 
of infection.152 The differences in favor of HAART may have been 
due to improvements in supportive care gained during the 1990s. 
Moreover, with an expansion of the panoply of HAART medications, 
it is now possible to avoid specific HAART components to minimize 
drug–drug interaction. However, no controlled clinical trial has yet 
been performed to assess the contribution of continuing HAART 
therapy to improvement in viral replication and lymphoma con-
trol.153 It is unlikely that such a study will be conducted.

The three main pathologic types of HIV-NHL are the Burkitt 
and those with Burkitt features, diffuse large B-cell lymphomas, 
and primary effusion lymphomas (PELs). These differ in their 
clinical presentations, in their underlying pathogenesis, and in 
their response to therapy. The majority of HIV-related lympho-
mas are of B-cell origin. T-cell lymphomas are rare, as are PELs, 
which lack B-, T-, and hematopoietic cell markers. Burkitt and 
lymphomas with Burkitt features usually present with widespread 
disease and have a risk of CNS involvement. Other less common 
lymphomas include polymorphic lymphoproliferative disorders 

resembling post-transplant–associated lymphoproliferative dis-
ease and lymphomatoid granulomatosis.

The role of viruses in the pathophysiology of HIV-related lym-
phomas is dependent on subtype.154 For example, CNS lympho-
mas are virtually always associated with EBV infection, and PEL 
is associated with HHV8 infection. EBV encodes for a number of 
cytokines promoting cell growth. AIDS-Burkitt is variably associ-
ated with EBV, but also contains activating mutations in the cMYC 
proto-oncogene, frequent inactivation of p53, as well as point 
mutations in BCL-6. One study showed that loss of EBV-specific 
CD8+ T-cells in subjects progressing to EBV-related NHL cor-
related with loss of CD4+ T cells and that these cells were better 
preserved in equally immunocompromised patients not develop-
ing lymphoma.155

Patients with HIV–NHL frequently present with advanced 
stage III or IV disease. The majority will present with a rapidly 
growing mass or the development of systemic B symptoms (i.e., 
fever, night sweats, and unexplained weight loss). The clinical 
presentation is dependent on the site of involvement. Extranodal 
involvement including the bone marrow (25% to 40%), gas-
trointestinal tract (26%), and CNS (17% to 32%) is common. 
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1. Lymphomas that occur with reasonable frequency in the absence of HIV infection

 a. Burkitt lymphoma

 b. Diffuse large B-cell lymphoma

  Centroblastic

  Immunoblastic (includes primary central nervous system lymphoma)

 c.  Extranodal marginal zone B-cell lymphoma of the mucosa-associated  
lymphoid tissuea

 d. Peripheral T-cell lymphomaa

 e. Classic Hodgkin lymphoma

2. Unusual lymphoma occurring more specifically in HIV infection

 a. Primary effusion lymphoma

 b. Plasmablastic lymphoma

3. Lymphomas occurring in other immune deficiency states

 a. Polymorphic B-cell lymphoma

aOccur rarely in HIV.
From World Health Organization Classification of Tumours. Pathology and genetics: tumours 
of haematopoietic and lymphoid tissues. Lyon: IARC Press, 2001.

WorLD HeALtH orgAnIzAtIon cLASSIfIcAtIon of 
HumAn ImmunoDefIcIency vIruS (HIv)-ASSocIAteD 
LympHomAS125

taBLe 64.2

Leptomeningeal disease may be present and detected by flow 
cytometry only at a higher frequency than the immunocompe-
tent population, where it is rare, with a surprising 22% among 
51 newly diagnosed patients in one study in which 11 (22%) 
were detected by flow cytometry and only 1 by cytology.156 
Involvement of the small bowel and rectum is also prevalent, 
particularly in those with large cell histology. Several prognostic 
factors predict response to therapy and overall survival including 
CD4 count, Karnofsky performance, age, and LDH level.157

Clinical Manifestations

Therapy
Initially prior to HAART, patients with lymphoma were more 
debilitated and experienced significant toxicity associated with 
chemotherapy. Multiple trials focused on reduced-intensity che-
motherapy, which generally resulted in shorter remission dura-
tions. Treatment of HIV lymphoma has changed radically after 
the institution of HAART and remission has been reported after 
institution of HAART alone. However, this is not the standard of 
care and most trials now focus on more intensive therapy.

The French Italian Cooperative Group recently tailored treat-
ment to the level of pre-existing immunosuppression, examining 
low- versus high-dose therapy in patients with moderate and 
severe immunosuppression. Patients with CD4 counts over 0.2 × 
109/L received a dose-intensified regimen of ACVB (doxorubicin, 
cyclophosphamide, vindesine, bleomycin, methylprednisolone, 
methotrexate) versus standard CHOP because of evidence from 
previous trials of NHL unrelated to HIV showing that patients 
receiving an intensified regimen had more durable remissions.158 
Both groups of HIV-infected patients in this trial had comparable 
responses, but toxicity was better in the CHOP arm. Patients with 
one adverse prognostic factor were randomly assigned to CHOP 
or dose-reduced CHOP. High-risk patients were treated with dose-
reduced CHOP or vincristine plus prednisone. In the intermediate-
risk group, standard-dose CHOP was superior to dose-reduced 
CHOP, but overall survival remained similar in the two groups. 
This risk-adapted approach has not been adapted universally due 
to the results of other trials.

A number of regimens administering chemotherapy by slow infu-
sion appear effective without causing significant toxicity. Patients 
receiving cyclophosphamide, doxorubicin, and etoposide (CDE)159 
as an infusion had median survivals of 18.4 months. A multicenter 
phase II trial of infusional CDE in 48 systemic NHL patients not on 
HAART had only a 46% median survival at 8 months.160 This infu-
sion regimen has been combined with HAART with few problems 
other than increased mucositis in the HAART group.161

EPOCH (etoposide, prednisone vincristine, cyclophosphamide, 
and doxorubicin–cyclophosphamide dose adjusted to CD4 count) 
has produced responses of 79% in a preliminary study.162 
Antiviral therapy was suspended during treatment in this proto-
col, for fear of concurrent toxicities, leading to transient increases 
in viral load and decreases in CD4 counts. A multicenter trial 
by the AIDS malignancy consortium investigated EPOCH with 
concurrent versus sequential rituximab and found the CR rate to 
be higher in the concurrent arm.163 The vast majority of patients 
remained on HAART during treatment, challenging the earlier 
assertion that HAART must be suspended.

Anti-CD20 monoclonal antibody (rituximab) has become a 
ubiquitous component of B-cell NHL in the general population. 
Preliminary studies show that it can be added to EPOCH without 
evidence of added toxicity.164 Rituximab administered with CDE 
and concomitant HAART has yielded 2-year survivals of 80%.165 
However, a randomized phase III study of CHOP with or without 
rituximab failed to demonstrate any added benefit of rituximab 
and suggested increased toxicity in those with a CD4 count less 
than 0.05 × 109/L.166 In contrast, another study, rituximab 
adjunction to CHOP produced a complete response rate of 77% 
and a 2-year survival rate of 75% in patients with AIDS-related 
NHL, without increasing the risk of life-threatening infections.167 
The current standard of care is to use rituximab with attention to 
infection including hematopoietic growth factors and antibiotic 
prophylaxis in those at highest risk.

primary Central Nervous System Lymphoma
Primary CNS NHL (PCNSL) typically affects the most immuno-
compromised with CD4+ lymphocyte counts <0.05 × 109/L 
and now is rarely seen in patients receiving HAART. Most are 
diffuse large B-cell lymphomas and are multifocal (reviewed in 
Ref. 168). Confusion, memory loss, lethargy, and focal neurologic 
findings are the most frequent presenting symptoms and signs. 
The response to therapy in patients with primary CNS lymphoma 
has been very disappointing. Palliation with steroids and whole-
brain radiation (3,000 to 5,400 Gy) has response rates of 75% 
and treatment with high-dose methotrexate has reportedly given 
similar results, but the response duration is short with a median 
survival of 2 to 4 months regardless of CD4 count. A pilot study 
using only antivirals and immunomodulation was very promising 
with two of five patients treated remaining in complete remission 
at 28 months and 52 months, respectively, but closed early due to 
low accrual.169

primary effusion Lymphoma
PEL comprises approximately 1% to 5% of AIDS-related lym-
phoma cases. Clinically, the disease is characterized by malignant 
effusions with the absence of nodal disease. Diagnosis is made by 
pericardiocentesis, thoracentesis, or paracentesis with cytologic 
examination of the fluid and immunohistochemical evaluation. 
PEL cells have pleomorphic morphology and lack expression 
of B-cell–associated genes, including surface immunoglobulin, 
although immunoglobulin gene rearrangements are usually posi-
tive, indicating a clonal B-cell origin. The gene expression profile 
of PEL cells suggests plasmablastic derivation.170 The malignant 
clone is almost always found to be infected with HHV8, whereas 
concurrent infection with EBV is frequent. PEL may extend into 
tissues underlying the serous cavities, including the omentum, 
lymph nodes, mediastinum, and lung. In one study of 277 NHL 
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patients, PEL was diagnosed in 11 patients (4%). Patients treated 
with doxorubicin, vincristine, and prednisone achieved a com-
plete response rate of 42%. However, median survival time was 
only 6 months.171 The decision to undergo therapy should be 
based on the functional status of the patient, the degree of immu-
nosuppression, and the likelihood that the quality of life would be 
improved. A report of antiviral therapy alone leading to sustained 
remission has been documented.172

Burkitt Lymphoma
Burkitt lymphoma is highly overrepresented in patients living 
with HIV. Before the era of HAART, treatments were curtailed due 
to fears of prolonged and profound neutropenia associated with 
the intensive therapies that had become standard in the general 
population. One small retrospective173 and one small prospective 
study174 initially challenged the prevailing dogma and found that 
intensive therapies such as CODOX-M/IVAC or hyper-CVAD with 
methotrexate and high-dose cytarabine could be safely given with 
HAART with success rates of 80% to 90%. More recent publica-
tions have also suggested the same.175,176 Another retrospective 
study has supported the use of R-EPOCH as more efficacious 
and less toxic.177 A recently completed clinical trial by the AIDS 
Malignancy Consortium was designed to reduce toxicity while 
maintaining efficacy, and may confirm these results prospectively 
in a multicenter setting.178 The NCI has also reported early results 
with EPOCH–rituximab in a prospective study.179

plasmablastic Lymphoma
Plasmablastic lymphoma is a very rare CD20 negative variant 
of HIV-associated NHL. It was originally described as almost 
exclusively associated with HIV and nearly always fatal in the 
pre-HAART era.180 The sine qua non of stage I disease is a mass 
in the jaw, but disseminated disease including numerous bone 
lesions is common. A retrospective study suggested curability in 
the HAART era in both HIV-positive and HIV-negative patients.181 
Optimal management will be difficult to define due to the rarity 
of the disease.

hodgkin Lymphoma
Although HL is not considered an AIDS-defining illness, a marked 
increase is seen in HIV.182–184 Although risk of NHL has decreased 
with better therapy, the incidence of HL among patients with 
HIV infection has increased.182,185 Unlike HL in HIV-uninfected 
patients, B symptoms are almost often present; mixed cellular-
ity HL is the predominant pathologic subtype of disease; and 
advanced, extranodal disease is expected in the majority. One 
study showed 70% to 90% of patients present with B symptoms, 
and 74% to 96% of patients have advanced disease (stage III or IV) 
at the time of diagnosis with frequent involvement of extranodal 
sites (60%), including bone marrow, liver, and spleen involvement. 
Unlike those not infected with HIV, noncontiguous spread of dis-
ease is common and mediastinal involvement is far less. Bone 
marrow involvement occurs in 40% to 50% of patients and may be 
their first indication of the disease. Another characteristic distin-
guishing the HIV-associated HL from that not associated with HIV 
is the predominance of Reed-Sternberg cell–rich cases. AIDS-HL, 
like AIDS-NHL, is characterized by a high frequency of EBV infec-
tion when compared to HL in the HIV-negative population. The 
pathologic role of EBV in HL is evidenced by the Reed-Sternberg 
cell expression of EBV-transforming protein.

Treatment
Although standard multiagent chemotherapy may be cura-
tive in most HIV-negative patients with stage III or IV HL, the 
median survival for HIV-infected patients has been in the range 
of 1 to 2 years.183 Response to standard chemotherapy ABVD 

(doxorubicin, bleomycin, vinblastine, and dacarbazine) is lower 
than that of patients without HIV infection, but may be better in 
the HAART era. Poor tolerance to chemotherapy results in dose 
reduction or delay of chemotherapy, but this may be ameliorated 
by the use of GCSF. The median overall survival of patients is 
approximately 1.5 years.184,186,187 Because 85% to 95% of HL 
patients have widespread disease, no data exist on the impact 
of radiation therapy in treatment of AIDS-HL. Recent studies 
in the HAART era include trials suggesting better outcomes. 
Currently an ongoing US intergroup study (S0816) is examining 
midtreatment risk adaption and regimen modification based on 
interim PET scan after cycle 2 of ABVD. The novel and highly 
potent brentuximab vedotin, an anti-CD30 antibody conjugated 
to an antitubulin drug approved for relapsed and refractory 
non-HIV Hodgkin has not yet been tested in the setting of 
HIV, but will be investigated in an upcoming AIDS Malignancy 
Consortium study of untreated advanced stage HIV-HL.

Transplantation for Hodgkin Lymphoma  
and Non-Hodgkin Lymphoma
Myeloablative autologous transplants have been performed in 
patients with both NHL and HL. The City of Hope reported the 
first prospective study of 12 patients with NHL beyond first 
complete remission.188 Opportunistic infections were seen in 
three patients; transient increases in viral load were seen in 
seven (related to HAART noncompliance). Three patients died, 
including two with relapsed lymphoma, but all others were 
alive at 18.5 months. Another study included eight patients 
with relapsed or resistant lymphoma, four with HL, and four 
with NHL. Seven of eight continued HAART during transplant 
and seven engrafted successfully. Although six of seven patients 
engrafted, only four patients went into complete remission.189 
Another pilot of 16 patients with relapsed and refractory lym-
phoma reported 6/16 alive at a median of 8 months after second-
line therapy, high-dose conditioning and autologous stem cell 
support.190 The European Cooperative Study Group on AIDS and 
Tumors (GECAT) reported the largest study and the only one 
enrolling patients before second-line therapy with 27/50 going 
onto autologous transplant and a median overall survival of 33 
in all 50 eligible patients.191 In addition, two retrospective case 
control studies have suggested no difference in outcome between 
HIV-positive and HIV-negative patients undergoing autologous 
transplant for the same indications.192,193 The AIDS Malignancy 
Consortium and Bone Marrow Clinical Trials Network have 
partnered in an ongoing trial to demonstrate multicenter fea-
sibility and study biologic correlates. Finally, gene therapy pilot 
studies are ongoing to test the feasibility of engineered hema-
topoietic stem cell HIV resistance at the time of transplant for 
 malignancy.194

Nonmyeloablative allogeneic transplantation has been used 
in patients with refractory disease and has produced short-term 
remissions (12 months), but was associated with little toxicity 
and few opportunistic infections.195 A case has been reported 
of simultaneous treatment of acute myelogenous leukemia and 
eradication of HIV infection using a donor with homozygous 
CCR5 deletion, a receptor necessary for HIV infection. However, 
the rarity of this deletion makes this approach unique. The AIDS 
Malignancy Consortium and Bone Marrow Clinical Trials Network 
have recently opened an allogeneic transplant pilot study for HIV-
infected patients with a wide variety of hematologic malignancies.

concLuSion
Patients with HIV infections are living longer and having better 
quality of life than ever before. Life expectancy can approach 
the general population. Treatment of HIV-infected patients with 
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HAART has altered the natural history of HIV infection by 
decreasing the frequency of opportunistic infections and altering 
the expected frequency of hematologic complications and AIDS-
related malignancies. Cytopenia, particularly anemia, is more 
common in advanced stages of HIV and results both from bone 
marrow failure and peripheral destruction. With the development 
and application of HAART, both AIDS-defining and non–AIDS-
defining malignancies represent an ever-increasing cause of 
death in this population. Lymphomas are highly prevalent among 
HIV-infected patients, although CNS lymphoma is now very rare 
on HAART. Intensive curative therapies are now the norm except 
in patients with advanced AIDS. In the future, different strategies 
directed toward controlling the underlying inciting viral infections 
associated with malignancy (EBV, HHV8) and focusing on immune 
reconstitution in addition to standard chemotherapy may improve 
response rates and survival.
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DISorDerS of the SpLeen
Matthew r. porembka, Majella Doyle, William C. Chapman

C h a p t e r  6 5

The spleen is a small, purplish, sponge-like organ found in the 
left upper abdominal quadrant.1 Although there is no mention 
of the spleen in the Bible, it receives considerable attention in 
the Talmud and post-Talmudic literature. Classically identified as  
the seat of laughter, there has been much debate over whether the 
spleen is truly necessary.2 It is said that Galen called it an “organ 
full of mystery” as early as the second century A.D. Although we 
have come to understand much about the structure and function 
of the spleen since those times, much of what intrigued Galen 
still remains a mystery today. The spleen has been classified into 
different organ systems including the circulatory system,  the 
hematopoietic system, the mononuclear phagocyte system, or 
the lymphatic system. However, it is probably more accurate to 
describe the spleen as a clearinghouse for circulating cellular 
elements—a place where multiple organ systems converge in both 
structure and function.

DeveLopMent anD anatoMy
The spleen is derived from embryonic mesoderm. The developing 
organ first becomes apparent during the fifth week of gestation 
as mesodermal cells coalesce between the leaflets of the dorsal 
mesogastrium, posterior to the developing stomach. As develop-
ment continues, independent lobules enveloped by mesogastrium 
become evident. In time, they fuse to form a multilobulated mass 
that eventually differentiates into a well-formed organ by late fetal 
life.3 Occasionally, a stray lobule may fail to fuse with the others, 
develop independently, and give rise to an accessory spleen, a 
functioning mass of splenic tissue set apart from the body of the 
organ proper. The mesogastrium enveloping the lobules eventually 
gives rise to the organ’s capsule and trabecular skeleton, and the 
posterior and anterior attachments give rise to the primary sup-
porting structures: the splenorenal and gastrosplenic ligaments, 
respectively.4 The colonization of the cellular elements of the spleen 
occurs first with the erythroid and myeloid progenitors, followed by 
the first hematopoietic stem cells. Finally, lymphoid-tissue-inducer 
cells are observed and provide the necessary local cellular signals 
to trigger the unique architecture of the splenic cellular elements. 
This development is highly similar to that of lymph nodes.5

Gross anatomy
Grossly, the spleen may appear in a variety of shapes. It may 
be wedge-shaped (44%), tetrahedral (42%), or triangular (14%), 
depending on its relationships with the stomach, left kidney, 
pancreas, and colon. The average adult spleen measures 13 to 15 
cm in length, 8 to 10 cm in width, and 4 cm in thickness, with a 
weight of 150 g and a corresponding blood volume of ∼300 mL.4 
However, the size of the spleen varies with age, immunologic sta-
tus, and nutritional status.1

The nonperfused organ appears purplish in color with a solid, 
sponge-like texture throughout. It is covered by a fibrous connec-
tive tissue capsule that is 1.5 mm thick and composed of collagen 
and elastin fibers.1 This capsule surrounds all but the hilum of 
the spleen.4 Continuous with the capsule, involutions penetrate 
the body of the organ to form trabeculae, the fibrous supporting 
skeleton of the spleen.3 Finally, a serosal membrane, derived from 
peritoneum, covers the organ externally and adheres to the cap-
sule. This mesothelial membrane covers the entire organ except at 
its hilum and the reflections of its primary supporting ligaments.1

In the majority of people, the spleen is divided into the superior 
lobe and inferior lobe, but further division into subsegmental lobes 
can be seen.6 Avascular planes separate each lobe and they are 
defined by discrete, nonanastomosing circulatory pathways.1,3,6

Location and Relationships
The spleen is located in the left upper quadrant of the abdominal 
cavity, posteriorly, at the level of the ninth to eleventh thoracic 
vertebrae. The superior, or diaphragmatic, surface of the organ is 
convex in shape, smooth, and related to the left hemidiaphragm; 
whereas the inferior, or visceral, surface is somewhat triangular 
and rests on the splenic flexure of the colon.1,4

The medial portion of the spleen is concave and divided by 
a longitudinal ridge into a gastric surface anteriorly and a renal 
surface posteriorly. The gastric surface contains the hilum of the 
organ and relates to the fundus of the stomach and the tail of the 
pancreas. The tail of the pancreas touches the spleen in 30% of 
cases and is within 1 cm of it in 73% of the population, contribut-
ing to the risk of pancreatic injury in patients undergoing splenec-
tomy.7 The renal surface borders the superolateral surface of the 
left kidney and left adrenal gland. Figure 65.1 shows the gross 
appearance of the spleen as well as its relationship to the adjacent 
pancreatic tail and branch vessels of the splenic artery.

The spleen is supported by a number of suspensory ligaments: 
the splenorenal posteriorly, the gastrosplenic anteromedially, 
the splenophrenic superiorly, and the splenocolic inferiorly.1 
The splenorenal and gastrosplenic ligaments provide the major-
ity of support to the organ and are considered primary. The 
splenorenal ligament supports the organ posteriorly and serves 
as a conduit for the organ’s neurovascular bundle, whereas the 
gastrosplenic ligament stabilizes the spleen anteromedially to the 
greater curvature of the stomach and contains the short gastric 
and gastroepiploic vessels. The other ligaments of the spleen play 
a secondary role in the support of the organ and are generally 

Short gastric
arteries

Splenic artery

Inferior mesenteric vein

Left gastroepiploic
artery and vein

Pancreas

Spleen

Splenic
vein

FIGURE 65.1. Illustration of the spleen and relationship to the adjacent pancreatic 
tail and branch vessels of the splenic artery and vein. (Redrawn and modified from  
Cameron JL, ed. Atlas of surgery. Philadelphia, PA: BC Decker, 1990.)
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avascular.1,4 However, in certain pathologic states, such as por-
tal hypertension, significant collateral circulation through these 
planes may occur.

Vascular Supply
The spleen is a highly perfused organ. Although it represents 
only ∼0.2% of the total body weight, it receives > 5% of the total 
cardiac output.8 The main blood supply to the spleen is the highly 
variable splenic artery, which delivers 250 to 300 ml of arterial 
blood per minute. It arises as a branch of the aorta’s celiac trunk 
in the midline and follows a tortuous course to the left, enveloped 
within the splenorenal ligament, to supply the organ.1

The splenic artery is a highly unpredictable vessel that displays 
variations in course and dimension. In 95% of the population, it 
travels along the upper border of the pancreas, but it may also 
travel in front of, within, or behind the pancreatic tissue. Along 
its tortuous course, the splenic artery gives rise to the left gas-
troepiploic artery and the short gastric arteries, both of which 
run within the gastrosplenic ligament. At its terminal end, the 
splenic artery branches into a number of smaller arteries, or 
segmental branches, before penetrating the hilum of the organ. 
These smaller arteries are also highly variable but are most often 
four in number and include the superior polar, superior middle, 
inferior middle, and inferior polar splenic arteries. The segmental 
branches penetrate the organ by traveling within the trabeculae 
(sheaths of fibrous connective tissue derived from the involution 
of the spleen’s fibrous capsule) and ramify within the body of the 
organ. Additional sources of arterial blood to the spleen include 
direct tributaries and collateral circulation provided by branches 
of the pancreatic and short gastric arteries.1,4

Venous drainage is facilitated primarily by the splenic vein. It 
is formed by the coalescence of the segmental splenic veins, as 
they leave the hilum of the organ, and the left gastroepiploic vein. 
Occasionally, short gastric veins may also participate. The splenic 
vein courses toward the midline along the superior border of the 
pancreas, where it joins the superior mesenteric vein to form the 
portal vein. Along the way, the splenic vein receives venous tribu-
taries from the pancreas and, in 60% of cases, also receives the 
inferior mesenteric vein.1,4

Lymphatics
The spleen, which is considered by many to be a lymphatic organ, 
has no afferent lymphatics, yet a significant amount of lymph fluid 
is expressed by the organ and drains via efferent vessels that form 
around the arterioles. The lymphatics travel with the neurovascu-
lar bundle through the trabeculae, exiting at the hilum.3,9 In turn, 
the lymphatic fluid is directed toward the nodes of the splenic 
hilum, the splenic artery, and the pancreas (the pancreaticosplenic 
nodes), and eventually drains to the nodes of the celiac axis.4

Innervation
The spleen is innervated by fibers of the sympathetic nervous 
system which originate at the level of T-6 to T-8 and pass with the 
greater thoracic splanchnic nerve to the celiac ganglion.15 From 
there, they pass to the organ via the arterial tree, with resulting 
vasomotor function.1 It is believed that, similar to other mam-
mals, the autonomic nervous system regulates changes in spleen 
volume, resulting in the expulsion of stored red blood cells during 
times of physiologic need.18,25

Of interest are studies that relate the sympathetic innervation 
of the spleen to the immune system.10–12 These studies suggest 
that spleen innervation also supplies branches to the lymphocytic 
tissue of the white pulp, and that the innervation is plastic and 
able to be remodeled depending on the host’s current immune 
state.13 In this respect, these investigators argue, the central 

nervous system is hard-wired to the immune system and may 
mediate the observed immunosuppressive effects of stress.

Accessory Spleens
An accessory spleen is a functioning lobule of splenic tissue set 
apart from the body of the spleen proper. It is an anatomic variant 
present in 10% to 30% of the general population and appears to be 
found with greater frequency in patients with hematologic disor-
ders. Figure 65.2 shows a typical example of an accessory spleen.

These supernumerary organs arise during embryologic devel-
opment when an encapsulated lobule of precursor cells fails to 
fuse with others forming the spleen proper ; they are solitary 
in ∼88% but can be multiple in 10% of cases.14 In the major-
ity of cases, accessory spleens receive their blood supply from a 
tributary of the splenic artery and are found most often near the 
hilum of the organ or within one of the primary supporting liga-
ments. However, they may be found within secondary supporting 
ligaments or within the greater omentum or even in as remote a 
location as the pelvis of the female or the scrotum of the male. 
They may be mistaken for malignancy on imaging studies, such as 
computed tomography (CT) or endoscopic ultrasound.

Because accessory spleens perform the same functions as the 
spleen proper, they are subject to the same pathologic conditions 
that affect the parent organ. Therefore, they may enlarge after 
splenectomy, causing a relapse of the disease process for which 
the spleen was removed. The presence of an unrecognized acces-
sory spleen can account for failure of certain surgical procedures 
such as splenectomy for immune thrombocytopenic purpura 
(ITP).15,16,17,18 In patients who continue to have thrombocyto-
penia after splenectomy, a search for a missed accessory spleen 
should be considered. Diagnosis may be made using abdominal 
sonography, CT, magnetic resonance imaging, nuclear scintigra-
phy, or Doppler sonography.19

Splenosis
In addition to accessory spleens, extrasplenic tissue may occur 
via traumatic autotransplantation in the form of splenosis. This 
is the migration and subsequent proliferation of dislodged splenic 

FIGURE 65.2. Autopsy photograph demonstrating accessory spleen (large arrow) 
and its relationship to the splenic hilum, pancreas (small arrow), and adjacent liver.  
L, liver; S, spleen. (Photograph provided by Hedi Wingard, M.D., Department of Pathology, 
Vanderbilt University Medical Center.)
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tissue, and it is reported to occur in up to 75% of patients who 
undergo splenectomy for traumatic injury. Rarely, splenosis may 
be found in the gynecologic patient or in the thorax after rupture 
of the spleen and left hemidiaphragm.20–22 Histologic examination 
of splenetic tissue reveals the same elements of the parent organ: 
white pulp, red pulp, and marginal zones.20 It follows, therefore, 
that splenetic tissue should preserve at least some splenic func-
tion. Indeed, it has been observed that postsplenectomy patients 
with splenetic tissue do retain the ability to clear erythrocytes of 
undesirable inclusion bodies. However, it has not been demon-
strated that this provides sufficient protection from postsplenec-
tomy infectious complications, and the practice of splenic tissue 
reimplantation after splenectomy has been abandoned.23

Wandering Spleen
Wandering spleen refers to migration of the spleen from its 
normal location in the left upper quadrant. With an incidence 
of <0.5% in splenectomy series, the major complication of an 
ectopic spleen is torsion, either acutely or chronically. Signs and 
symptoms include vague or chronic abdominal discomfort and a 
tender abdominal mass; and CT assessment of viability leads to 
the decision of splenectomy versus splenopexy.

Microscopic anatomy
Splenic tissue is supported by a scaffold of trabeculae, a dense, 
fibrous connective tissue skeleton that gives rise to an intrasplenic 
meshwork of collagen fibers. Vascular elements enter the spleen 
at the hilum, branch through the trabeculae, and penetrate the 
body of the organ to supply the microcirculation.1 As the arterial 
elements enter the parenchyma, they become surrounded by an 
aggregate of lymphoid tissue, which follows vessels in a sheathlike 
distribution. Aggregates of lymphoid tissue are collectively called 
the white pulp. White pulp may be arranged in this coaxial fash-
ion, or it may appear as isolated follicles within the parenchyma 
of the organ. The balance of splenic tissue beneath the capsule is 
known as the red pulp. It is composed of vascular, circulatory, and 
mononuclear phagocytic elements. Additionally, an intermediate 
region can be observed at the junction between the white and red 
pulp; it is known as the marginal zone. Nerves and lymphatics 
follow the distribution of the larger vessels throughout the body 
of the organ.

White Pulp
The white pulp structure resembles that of a lymph node, with 
organized T and B cell compartments surrounding branching 
arterial vessels. The organization of the cellular elements within 
the white pulp is created and maintained by local chemokine 
gradients specific to T and B cells.3,9 White pulp may be observed 
in one of two arrangements: a periarteriolar lymphatic sheath 
(PALS) or a lymphoid follicle. The PALS is a collection of T lym-
phocytes that surrounds intraparenchymal arterioles and follows 
these vessels in a coaxial fashion for several millimeters through-
out their terminal distribution. Within the PALS, T cells interact 
with dendritic cells and passing B cells. The lymphoid follicles are 
spherical collections of B lymphocytes. These follicles are usually 
distributed along the length of the PALS in an eccentric fashion 
and house activated B cells undergoing clonal expansion.9

Red Pulp
The red pulp represents approximately three-fourths of the 
splenic volume and is composed primarily of vascular elements 
surrounded by a fibrocellular reticulum that contains mono-
nuclear phagocytic cell lines and circulating elements of blood 
in transit.1 The chief vascular component of the red pulp is the 

splenic sinus, a preliminary venous element whose structure is 
unique to this organ. The sinus is composed of an incomplete 
lining of elongated endothelial cells surrounded by a highly fenes-
trated basement membrane. The structure is supported externally 
by reticulin fibers wrapped in a transverse fashion. These stress 
fibers also have actin- and myosin-like filaments which regulate 
the porosity of the sinus. The unique architecture of the splenic 
sinus has been compared to the structure of a wooden barrel, with 
the elongated endothelial cells resembling the planks or staves 
and the external reticulin fibers representing the hoops.3

The splenic sinuses permeate the surrounding fibrocellu-
lar reticulum that supports them. Two-dimensional histologic 
observation reveals an intervening reticulum arranged in cords 
called splenic cords or cords of Billroth.1 These cords actually 
are a three-dimensional meshwork of densely packed elements 
(fibroblasts, collagen fibers, and cells of the mononuclear phago-
cytic lines). Terminal arterioles and capillaries deliver circulating 
blood to this meshwork that percolates through the cord toward 
the sinuses. Thus, circulating elements of blood in transit are also 
packed within the cords: erythrocytes, platelets, macrophages, 
lymphocytes, plasma cells, and granulocytes.1,3,9

Marginal Zone
The marginal zone is a transitional region between the white 
and red pulp and contains both lymphocytic and mononuclear 
phagocytic elements. Within this transitional zone, three distinct 
regions can be identified. Moving from white to red pulp are the 
marginal sinus, the marginal zone proper, and the perimarginal 
cavernous sinus plexus.3

The marginal sinus is a vascular sinus that surrounds the 
white pulp and is a region where arterioles terminate into an 
anastomosing complex of vascular spaces. External to the mar-
ginal sinus is the marginal zone. This transitional region contains 
elements of both white and red pulp and is where much of the 
circulating blood is presented to lymphocytic and mononuclear 
phagocytic cells.3,24 Figure 65.3 illustrates a schematic view of the 
microcirculation within the spleen.

Many different cell types reside in the marginal zone. Its foun-
dation is a framework of reticular fibroblasts which is continuous 
with the reticular fibroblasts of the red pulp and the cells lining 
the marginal sinus. The marginal zone macrophage, metallophilic 
macrophage, and B cell are the key cell types in this transitional 
zone. The marginal zone B cell is a specialized subset of B cells 
that differ phenotypically and functionally from follicular B cells 
and are considered a bridge between the innate and adaptive 
immune systems.25 Interactions between these cells are key in the 
marginal zone’s organization and integrity. Many transient cells 

FIGURE 65.3. Schematic illustration of the microcirculation of the spleen. S, splenic 
sinus. (Redrawn and modified from Greep RO, ed. The spleen. New York: McGraw-Hill, 1966.)
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pass though this area as they circulate into the red pulp and back 
into the blood stream. Diapedesis of lymphocytes and dendritic 
cells occurs through a barrier cell layer from the marginal sinus 
into the white pulp; however, the exact mechanism of this local-
ization remains unknown.25,26

Microvasculature
As the splenic artery approaches the body of the organ, it divides 
into a series of branches, the proper splenic arteries. On average, 
four proper splenic arteries then enter the organ at the hilum 
and branch into trabecular arteries, so named because they run 
within the framework of the fibrous connective tissue skeleton, 
the trabeculae. Trabecular arteries leave the fibrous trabeculae 
and penetrate the parenchyma by branching into central arter-
ies that immediately become surrounded by a cuff of white pulp, 
the PALS.3,9

As the central arteries pass through the white pulp, they give 
off lateral branches at right angles, most of which terminate 
in and supply the marginal sinuses, and others that terminate 
within the marginal zone or red pulp.9,27 The right angle by 
which these lateral tributaries branch off from the central artery 
is thought to mediate a plasma-skimming effect which functions to 
hemoconcentrate the blood with a greater number of cellular ele-
ments.27–29 This skimming effect may also help regulate plasma 
volume. Central arteries continue from the white pulp sheath 
through the marginal zone and eventually terminate in the red 
pulp, giving off additional lateral branches along the way that are 
known as penicillar arterioles.1 The penicillar arterioles, which 
are named for their resemblance to Penicillium molds, terminate 
in one of three fashions: They may circle back and supply the 
marginal sinus; they may terminate in the red pulp, supplying 
the splenic cords; and a minority may terminate directly into the 
venous sinuses for direct venous return. Eventually, the central 
artery itself terminates within the red pulp.24,27,29

Circulating elements of splenic blood flow begin their return 
by first entering the splenic sinuses, the preliminary venous 
vessels. Flow may enter the sinuses directly from arterial con-
nections in a closed circulatory fashion. Alternatively, plasma 
and blood cells may reach the sinuses only after percolating 
through the reticulum of the parenchyma in an open circulatory 
fashion. Eventually, the venous sinuses coalesce and drain into 
 trabecular veins that give rise to the segmental veins and, finally, 
the splenic vein.24,27,29

The exact details of splenic microcirculation remain elusive 
despite much research since its first description in 1901. The cur-
rently accepted models that describe the flow of blood through the 
vessels of the spleen discuss this in terms of the pathway taken, 
or route, and the kinetics, or speed of flow. Closed circulation 
implies that blood passes directly from artery to capillary to vein. 
In terms of the spleen, blood traveling along a closed circulatory 
path follows the terminal arterioles to capillaries and, eventually, 
into the venous sinuses. Indeed, such direct connections have 
been observed.24,27,29

The term open circulation implies that cells and plasma circu-
late outside of endothelium-lined vascular channels. As it pertains 
to the spleen, circulating blood may follow one of two open path-
ways: It may leave the endothelium-lined marginal sinus, traverse 
the white pulp, and drain into the open-ended sinuses of the 
perimarginal cavernous sinus plexus27; or it may leave penicillar 
arterioles that terminate in stroma of the red pulp, traverse the 
splenic cords, and reenter the venous sinuses through their fen-
estrations. Indeed, the unique vascular channels and microarchi-
tecture of the spleen can support these open circulatory pathways, 
which also have been observed.9,24,29

Another model for discussing splenic microcirculation describes 
it in terms of kinetics or speed of flow.1,27 Accordingly, intras-
plenic circulation may be fast, intermediate, or slow, traversing 

the organ in seconds, minutes, or hours.1 Fast flow occurs along 
paths of low resistance, traverses the organ in seconds, and 
accounts for ∼90% of splenic flow.24 Pathways that support fast 
flow include the open circulation of the marginal zone and, to a 
lesser extent, the closed circulation of direct arterial, capillary, 
and sinus connections.27

Elements that flow at an intermediate speed cross the circula-
tion within minutes rather than seconds and represent ∼9% of 
flow across the organ. These elements are thought to follow the 
open circulation through the cords where red cell processing— 
pitting and culling—occurs.

Finally, slow-flowing elements may take more than a day 
to traverse the organ and represent 1% of splenic flow. This is 
thought to represent a pool of maturing reticulocytes, which travel 
to the spleen from the bone marrow and undergo maturation 
before being released into the circulation.27 The role of the spleen 
in this function is well documented and supported by the fact that 
asplenic patients have a high concentration of immature reticulo-
cytes in their peripheral circulation.30

SpLenIC funCtIon
The functions of the spleen are probably best understood in terms 
of its unique structure. Composed of several different tissue types, 
it lies at the crossroads between the arterial supply and venous 
return. In this respect, the spleen functions as a unique lymphoid 
organ where elements of the circulatory, reticuloendothelial, and 
immune systems interact. Thus, it is ideally suited to play a critical 
role in the surveillance of circulating blood.

The spleen functions as a filter of the circulating blood, a coor-
dinator of the immune response, and a reservoir for circulating 
cells and platelets. Additionally, the spleen may have a number 
of other responsibilities, including hematopoiesis, hemoglobin 
degradation and iron recovery, and plasma volume regulation.

Filter Function
One of the primary functions of the spleen is to filter blood. 
Elements removed from circulation by the spleen include aging 
or abnormal red cells, intraerythrocyte inclusions, and foreign 
particulate matter.3

Culling
The removal of aging or abnormal red blood cells by the spleen 
occurs within the cords of Billroth and is known as culling. Cells 
bound for destruction become trapped within the reticulum mesh-
work and, as their splenic transit time increases, they succumb to 
phagocytosis by resident macrophages.

Another theory contends that as erythrocytes age, they lose 
significant amounts of cytoplasmic membrane. Senescent cells 
therefore lack the deformability necessary to negotiate the mesh-
work and ultimately become trapped. This theory applies to red 
cells that are morphologically abnormal secondary to congenital 
disorders such as sickle cell anemia and hereditary spherocytosis. 
Finally, it has been proposed that as erythrocytes age, they expose 
surface antigens that are recognized by self-directed antibodies. 
Once opsonized with antibody, senescent cells are easily trapped 
by cordal macrophages.3,9,30,31

Pitting
In addition to culling, the spleen also functions to remove 
intraerythrocyte inclusions from circulating red cells. The ability 
of the spleen to clear these inclusions while maintaining the integ-
rity of the red cell itself is known as pitting and is an exclusive 
function of splenic tissue.
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Undesirable intracellular elements removed by the spleen 
include circulating particulate matter, Heinz bodies (dena-
tured hemoglobin), Howell-Jolly bodies (nuclear remnants), and 
Pappenheimer bodies (iron granules). Pitting occurs as cells within 
the cords attempt to reenter the circulation through the splenic 
sinuses. To do this, they must pass through slit-like fenestrations 
of the sinus endothelium. As this occurs, the deformable portion 
of the cell bends to negotiate the opening, whereas the inclusion, 
which is nondeformable, is unable to pass through the narrow 
passage; thus, it is left behind to be phagocytized by resident mac-
rophages. The passage of red cells through the slits is mediated by 
active changes within the sinus endothelial cell stress fibers. These 
cells have been shown to have cytoskeletons that include the con-
tractile protein components actin and  myosin.3,22,31 Figure 65.4 is 
a schematic representation of the process of pitting.

Evidence that supports the role of the spleen in culling and 
pitting is found in the fact that, after splenectomy, asplenic and 
hyposplenic patients lose their ability to clear damaged red cells 
and intraerythrocyte inclusion bodies from the circulation. These 
patients display peripheral blood smears with an abnormal vari-
ety of erythrocytes, many with intracellular inclusions. In fact, 
determination of the percentage of pitted erythrocytes is a well-
established method of assessing splenic function.30,31

Clearance of Particulate Matter
Another important filtering function of the spleen is its abil-
ity to remove particulate matter from the circulation. As blood 
travels through the meshwork of the cords, foreign particles are 

exposed to splenic macrophages that clear them by phagocytosis. 
Experiments with injected carbon particles have confirmed this 
process and have identified the cells chiefly responsible for this 
function: The macrophages surrounding the splenic sinuses.

Immune Function
Because the spleen is composed of lymphocytic tissue, circulatory 
elements, and mononuclear phagocytic cell lines, it is ideally suited 
to play a coordinating role in the immune response. The organ’s 
function in this respect includes its role in the nonspecific as well 
as the specific arm of the immune response, making it an impor-
tant organ for immune homeostasis. The nonspecific immune 
functions of the spleen include the clearance of pathogens, the 
clearance of opsonized erythrocytes and platelets, and the produc-
tion of complement. The ability of the spleen to clear blood-borne 
microorganisms and debris combined with its highly organized 
lymphoid compartment makes the spleen the most important 
organ for antibacterial and antifungal immune reactivity.

The spleen plays a significant role in the removal of blood-
borne pathogens from the circulation. Once coated with comple-
ment, bacteria and viruses become circulating immune complexes. 
Although the liver clears some of these complexes, many others 
are delivered to the spleen and eliminated by marginal zone 
cells expressing specific receptors including pattern-recognition 
receptors, C-type lectin SIGNR1, and type 1 scavenger receptor 
MARCO.32 Marginal zone metallophilic macrophages also function 
to concentrate pathogens in the spleen, leading to their opsoniza-
tion, and produce high levels of interferon-a and interferon-b 

FIGURE 65.4. Schematic representation of process of pitting by the spleen. This process is believed to be responsible for removal of undesirable  
elements from circulation, including particulate matter, Heinz bodies (denatured hemoglobin), Howell-Jolly bodies (nuclear remnants), and Pappenheimer bodies 
(iron granules). A: Red blood cell (RBC) flows from open circulation and approaches fenestration of sinus. B: RBC begins to enter sinus through fenestration; note 
inclusion body within RBC. C: RBC transverses sinus; membrane-bound inclusion body lags behind. Sinus macrophage begins to approach inclusion body. D: RBC 
within sinus returns to venous circulation. Inclusion body succumbs to sinus macrophage. (Modified from Weintraub LR. Splenectomy: who, when, and why? Hosp 
Pract (Off Ed) 1994;29.)
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after viral exposure.26 Marginal zone B cells are specialized to 
detect circulating pathogens, after which they rapidly differentiate 
into immunoglobulin (Ig) M producing plasma cells or antigen pre-
senting cells capable of CD4+ T cell activation.26 The contribution 
of the spleen to this process is supported by the fact that asplenic 
patients display a higher level of circulating immune complexes 
than do spleen-competent subjects.

The ability of the spleen to clear encapsulated bacteria is 
especially significant. Because these organisms have the ability to 
evade antibody and complement binding, their clearance depends 
on prolonged contact between pathogen and macrophage. It is 
well recognized that asplenic or hyposplenic patients are prone to 
a syndrome of fulminant septicemia, most often involving encap-
sulated bacteria: Overwhelming postsplenectomy sepsis.31

The spleen also plays a major role in the removal of opso-
nized erythrocytes and platelets from the circulation. In certain 
pathologic states, such as autoimmune hemolytic anemia or ITP, 
circulating elements become opsonized with IgG antibody. The 
resulting cell-antibody complexes enter the spleen and encounter 
Fc receptor–laden macrophages in the marginal zone, where they 
are destroyed.3

Several proteins and glycoproteins of the complement system 
are synthesized by mononuclear phagocytic cells in the spleen, 
namely properdin and tuftsin. Properdin is an opsonin that plays 
a critical role in the alternative pathway and has been detected 
in the monocytes of the spleen. Tuftsin stimulates interleukin-1 
production and binds to granulocytes to initiate phagocytosis.3 
Although these elements are also produced at other locations 
including tissue macrophages and the liver, the spleen’s contribu-
tion is significant, and they are found in lower concentrations in 
the circulation of asplenic or hyposplenic patients. Patients who 
have lost their spleens also display a decreased concentration of 
C3 and factor B.33

Specific Immune Response
The spleen is also uniquely suited to play a coordinating role in 
the specific arm of the immune response. Because white pulp and 
vascular elements lie adjacent to each other, this may serve as an 
interface between the lymphocytic populations of T and B cells 
and the elements of circulating blood.

As circulating blood enters the spleen, 90% of it passes 
through the marginal sinuses and surrounding zones.27 Here, 
foreign antigens are exposed to the lymphocytic tissue of the 
PALS and the follicles, stimulating them to respond. After 
antigen-specific differentiation in the white pulp follicles, plas-
mablasts migrate to the bridging channels of the marginal zone 
within the red pulp.34 The anatomic localization of the plas-
mablasts in the spleen resembles that found in lymph nodes. 
Antibodies produced at this location rapidly enter the circula-
tion. The spleen also plays an important role in the induction 
of cell-mediated immunity. Once activated, antigen presenting 
cells enter the white pulp, resulting in the activation of T cells. 
Activated T cells then localize to the periphery of the B cell fol-
licles where costimulatory signals are exchanged, resulting in 
B cell isotype switching in the follicle. These activated B cells 
then either migrate to the marginal zone, or remain in the ger-
minal center. It should be noted that although these functions 
also occur within lymph nodes, asplenic patients demonstrate 
a specific response to blood-borne antigens. For example, the 
production of IgM in asplenic patients is both delayed and 
diminished. On the other hand, specific immune factors that 
rise in the circulation after a splenectomy include IgE and self-
directed autoantibodies. This is likely due to structural differ-
ences between the lymph nodes and spleen which carry antigen 
to each. Antigens transported to the white pulp are from the 
circulating blood, whereas those delivered to lymph nodes are 
carried by the lymph.35,36

Cellular reservoir Function
The ability of the spleen to function as a reservoir for circulating 
elements has been the subject of much study. Platelet sequestra-
tion by the spleen is well documented. Newer evidence supports 
the spleen as a primary site of production and a reservoir for 
white blood cells.3

The spleen is considered a reservoir for platelets because 
it can sequester large quantities of thrombocytes and, in turn, 
release them on demand. In nonpathologic states, the spleen 
sequesters ∼30% of the body’s platelets and can release them 
into the circulation in response to certain stimuli. For example, in 
response to an increase in circulating catecholamines, the spleen 
releases significant numbers of sequestered thrombocytes into the 
circulation.37

The role of the spleen as a platelet reservoir is most dramati-
cally demonstrated by the fact that pathologically enlarged spleens 
sequester greater quantities of platelets. In splenomegaly second-
ary to portal hypertension, the organ can sequester up to 90% 
of the body’s reserves and result in severe thrombocytopenia.  
On the other hand, in the postoperative period after splenectomy, 
there is a significant rise in circulating platelet counts. Sometimes 
this effect is transient, possibly because the liver compensates by 
increasing its ability to sequester thrombocytes.38

The spleen has been also demonstrated to sequester a sig-
nificant portion of red cell volume during times of inactivity, 
reducing blood viscosity and heart workload.39 Increases in the 
hematocrit after exercise reproducibly occur secondary to release 
of erythrocytes from the spleen. Splenic volume and the retention 
of erythrocytes in the splenic sinuses is thought to be mediated 
though the contractility of the stress fibers supporting the splenic 
sinuses.3 The mechanism of splenic volume change likely involves 
both direct innervation by autonomic fibers as well as the hor-
monal effects of catecholamines. a-Adrenergic blockade abolished 
the responses of the spleen to norepinephrine and direct neural 
stimulation.10–12

The ability to produce and sequester various groups of leuko-
cytes allows the spleen to act as a mediator between the different 
arms of the immune response. One study has shown that as blood 
enters the spleen, lymphocytes selectively migrate to their respec-
tive zones: T cells to the lymphatic tissue of the PALS, and B cells 
to the follicles and red pulp. Mitogen-stimulated B lymphocyte 
proliferation can be upregulated in the setting of inflammation by 
the serotonin-rich platelets located in the spleen.3 The spleen is 
also a reservoir for granulocytes, readily mobilized under stress, 
and memory B cells.40 The spleen also plays an important role in 
the coordination of the cellular innate immune response. It has 
been shown that a subset of innate immune cells including undif-
ferentiated myeloid cells reside in the spleen and greatly outnum-
ber those cells found in the circulation. These myeloid cells cluster 
in the cords of the subcapsular red pulp and can be released in 
response to injury, inflammation, and sepsis to regulate the host’s 
immune response.41 In addition, this population of undifferenti-
ated myeloid cells has been implicated as an important mediator 
of tumor-induced immune suppression. In cancer patients, these 
cells have been termed myeloid-derived suppressor cells and  
are upregulated in the spleen and peripheral circulation. The 
degree of this upregulation correlates to the disease stage.42

erythropoietic Function
The spleen produces red blood cells during fetal development and 
during certain pathologic states. During the fifth month of fetal 
development, it is a major source of red blood cell production, after 
which it loses this ability. Pathologic states associated with splenic 
hematopoiesis include myeloid metaplasia. However, the produc-
tion of cells by the spleen under these abnormal conditions results 
not from the reactivation of fetal stem cells but from displaced bone 
marrow cells that take up residence in the confines of the organ.14
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Iron Metabolism
As red blood cells are destroyed within the splenic cords, their 
contents are degraded in the phagolysosome of sinusoid mac-
rophages. The hemoglobin is recycled into heme and sent to the 
bone marrow for use in the manufacture of new erythrocytes or 
stored as ferritin. Large complexes of ferritin form into hemosid-
erin, both of which can be mobilized into the circulation during 
times of iron deficiency.43,44 The spleen’s storage ability of iron 
is clearly demonstrated by the fact that asplenic patients display 
lower serum iron levels for a considerable amount of time after 
splenectomy.31

The spleen also scavenges hemoglobin that is released from 
intravascular destruction of erythrocytes. Intravascular hemo-
globin is rapidly bound by haptoglobin, which is removed in 
the spleen through a receptor-mediated endocytosis directed 
by CD163, a hemoglobin-specific receptor on the surface of 
macrophages.45

The ability to scavenge for iron also plays an important anti-
bacterial role. Iron is a necessary nutrient for many bacterial 
pathogens which secrete siderophores to compete for iron in the 
host’s serum and tissues. Specialized macrophages in the red pulp 
of the spleen can be stimulated by these bacteria through toll-like 
receptors resulting in the secretion lipocalin-2, a molecule that 
complexes with siderophores limiting bacterial growth.46

SpLenIC DISorDerS anD 
InDICatIonS for SpLeneCtoMy
The causes of splenomegaly and indications for splenectomy can 
often be confusing. There are many potential causes of spleno-
megaly that must be considered in any patient undergoing evalu-
ation with an unknown diagnosis. It cannot be overstated that 
patients without a known cause of splenomegaly should rarely 
undergo splenectomy and then only after a thorough workup has 
been completed to assess the likely etiology of this finding.

Splenomegaly is often the result of some other condition, not 
the result of a primary pathologic state. The spleen rarely harbors 
a primary malignancy such as lymphoma that is not apparent at 
other sites after a careful survey by history, by physical exami-
nation, with limited imaging studies, and with peripheral blood 
studies. The temptation to perform a splenectomy for diagnostic 
purposes early in the workup of the stable patient should be 
strongly resisted. It is unlikely to yield a diagnosis, and, in some 
situations, may entail significant risk to the patient with no benefit 
(as in splenomegaly resulting from portal hypertension).

It is important to remember that splenic size is not always a 
reliable guide to splenic function, because palpable spleens are 
not always pathologic and abnormal spleens are not always pal-
pable. In a survey of healthy first-year college students, 3% were 
found to have splenomegaly, and 5% of all hospitalized patients 
have been noted to have splenomegaly.47 Patients with cirrhosis 
and portal hypertension almost always have splenomegaly, but 
even with significant thrombocytopenia, which is often present, 
no specific therapy is indicated because this condition rarely 
results in specific complications. The important clinical issue 
involves determining when abnormal splenic function is occur-
ring, ascertaining the responsible etiology, if possible, and only 
then assessing therapeutic options.48

Chauffard introduced the concept of hypersplenism in 1907, 
although the exact clinical definition remains confusing in practice 
even today. The criteria for this diagnosis generally include four 
features: cytopenia with anemia, thrombocytopenia, leukopenia, 
or some combination; compensatory bone marrow hyperplasia; 
splenomegaly; and improvement or resolution in these findings 
after splenectomy. Hypersplenism has been further classified into 
primary hypersplenism, when no etiologic factor for splenomegaly 

has been found; and secondary hypersplenism, when splenomeg-
aly is the result of another recognized condition (such as portal 
hypertension or an infiltrative process). With continued progress 
in diagnosis of the causes of splenomegaly, there has been a con-
tinued drop in the frequency of cases of primary hypersplenism. 
Given the nonspecific nature of this diagnosis and uncertainties 
regarding its therapeutic implications, it is used less often today.

Perhaps a more useful guide in the assessment of spleno-
megaly is to consider the mechanisms responsible for the splenic 
enlargement. Eichner et al. divided the causes of splenomegaly 
into six major categories, listed in Table 65.1.47 The likely mecha-
nisms for resulting cytopenias in specific disease states are shown 
in Table 65.2. It is interesting that the degree of splenomegaly on 
physical examination, radiographic assessment, or at the time of 
splenectomy does not appear to correlate with the magnitude of 
cytopenia.

Although most attention regarding splenic dysfunction relates 
to splenomegaly and related cytopenias, occasionally patients 
develop hyposplenic conditions, usually from splenic infarction 
(such as sickle cell disease). In this group, consideration should 
be given to vaccination against encapsulated organisms, and 
potential infectious complications should be considered if unex-
plained fever or signs of sepsis develop, similar to postsplenec-
tomy patients.

Indications for Splenectomy
A recent review of indications for splenectomy demonstrates the 
evolution of surgical management for splenic disorders. Over a 
10-year period, the most common indications for splenectomy 
(trauma, incidental, hematologic malignancy, iatrogenic, and 
cytopenia) saw a drop of between 30% and 50%. In addition, the 

Mechanism Causative Diseases

Immune response work hypertrophy Subacute bacterial endocarditis

Infectious mononucleosis

Felty syndrome

Red blood cell destruction work  
hypertrophy

Spherocytosis

Thalassemia major

Pyruvate kinase deficiency

Congestive (venous outflow  
obstruction)

Cirrhosis and portal hypertension

Splenic vein thrombosis

Infiltrative Sarcoidosis

Amyloidosis

Gaucher disease

Neoplastic Lymphoproliferative

Myeloproliferative

Sarcoma

Metastatic carcinoma

Miscellaneous Trauma

Splenic cysts

Hemangioma

Data from Eichner ER, Whitfield CL. Splenomegaly. An algorithmic approach to diagnosis. 
JAMA 1981;246:2858–2861; Eichner ER. Splenic function: normal, too much and too little. 
Am J Med 1979;66:311–320; Sheldon GF, Croom RD, Meyer AA. The spleen. In: Sabiston DC, 
ed. Textbook of surgery, 14th ed. Philadelphia, PA: WB Saunders, 1991:1108–1133.

CLaSSIfICatIon of SpLenomegaLy By meChanISm

taBLe 65.1
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absolute number of splenectomies decreased over the period of 
review.70 Nevertheless, splenectomy is an accepted and often 
definitive treatment modality for a number of diseases, as dis-
cussed below.

Immune Thrombocytopenic Purpura
ITP is an acquired isolated thrombocytopenia in which circulating 
antiplatelet antibodies bind to platelets and are cleared by phago-
cytic cells from circulation (see Chapter 47). The humoral cause 
of the disease was established in 1951, when a hematologist in 
training infused himself with the plasma from a patient with ITP 
and developed thrombocytopenia and platelet destruction. Today, 
between 40% and 80% of patients with ITP have identified autoan-
tibodies to platelet-specific glycoproteins, including GPIIb/IIIa and 
GPIb/IX. In addition, dendritic cells with upregulated costimulatory 
molecules appear to play a major role in the pathophysiology of 
the disease through the enhancement of B and T cell responses to 
platelets.49 Macrophage-mediated platelet destruction is believed 
to play an important role in refractory disease through the pre-
sentation of new antigens.50 The spleen likely has a dual role in 
this disease by both producing IgG and providing the location for 
removal of platelets from the circulatory system.

ITP most commonly presents in women in their 20s and 30s, 
and they often present with bleeding after minor trauma, with 
nosebleeds or petechiae. There are often no physical findings, 
and importantly, the spleen is almost always normal in size. The 
primary laboratory abnormality is thrombocytopenia with platelet 
counts typically <50 × 109/L and sometimes as low as 10 × 109/L. 
There is evidence of immature platelets on peripheral smears, 
and bone marrow smears show increased numbers of megakary-
ocytes. ITP can occur in childhood and often follows a viral illness. 
Most cases are acute and resolve spontaneously within 6 months to  
1 year. However, a small number is at risk for major bleeding, 
and ∼5% of children develop chronic severe thrombocytopenia 
that requires treatment, including splenectomy in some cases.50

First-line treatment of patients with ITP and symptomatic 
bleeding or platelet counts <30 × 109/L is with corticosteroids, 
with the goal of achieving and maintaining a hemostatic platelet 
count. Typical regimens include daily oral prednisone or pulses 
of high-dose dexamethasone. Both regimens are effective and 
currently are being compared in a randomized clinical trial 
(NCT00991939). For thrombocytopenic crises and overt bleed-
ing, a rapid increase in platelet count may be achieved with IVIg  
(1 g/kg) or anti-D (for Rh-positive patients) followed by platelet 
transfusion and steroid administration.

Almost all patients with ITP will progress to second-line treat-
ment as remission with corticosteroids is often not durable and 
the long-term side effects are unacceptable. Options for patients 
who fail steroid treatment include splenectomy, rituximab, and the 
TPO-receptor agonists. The timing of second-line treatments is not 
well studied, is inconsistent among recent consensus statements, 
and should be a shared decision between patient and physician 
that is tailored to fit the patient’s condition and goals.16,51,52

Splenectomy remains the most effective treatment of ITP. 
Initial response to splenectomy ranges from 40% to 86%. In a sys-
tematic review evaluating the efficacy of splenectomy in patients 
with ITP over 58 years of age, complete remission was achieved 
in 66% of patients, partial response in 22%, and recurrence was 
uncommon.17 Splenectomy can usually be performed electively 
unless patients have active, ongoing bleeding. Despite the throm-
bocytopenia, the circulating platelets function normally, and pre-
operative platelet transfusions are usually unnecessary and may 
be ineffective in raising the platelet count because of the rapid 
sequestration by the spleen.

Rituximab is a chimeric monoclonal antibody against B cells 
expressing CD20. Although normal platelet counts (>150 × 109/L) 
were achieved in 44% of patients and a partial response was seen 
in 63% (>30 × 109/L), median duration of response was only 10.5 
months. Rituximab carries significant risks: 3.7% of patients expe-
rienced a severe or life-threatening toxicity and 2.9% died.53,54,55

TPO-receptor agonists effectively achieve durable increases in 
platelet counts, but require continuous treatment. Platelet counts 
respond in approximately 80% of patients, including those who 
have failed splenectomy and rituximab. Although the risk profile 
appears to be favorable, long-term risks have not yet been fully 
studied.53,54,55

When patients fail splenectomy or rituximab, third-line treat-
ments with TPO-receptor agonists or immunosuppressive agents 
may be indicated. Failure after splenectomy should prompt a search 
for accessory spleens, as their removal may induce remission. 
Accessory spleens have been reported in 10% to 30% of patients 
with ITP.15,18,99 Technetium sulfa-colloid scanning or 111indium-
labeled scanning is useful to demonstrate accessory splenic tissue.19

Thrombotic Thrombocytopenic Purpura
Thrombotic thrombocytopenic purpura (TTP) generally occurs 
between the ages of 10 and 40 years and is more common in 
women than in men (see Chapter 48). TTP is associated with 
genetic mutations in ADAMTS13 gene, the von Willebrand factor-
cleaving protease, or acquired autoantibody inhibitors usually 
formed after therapy with ticlopidine or clopidogrel. The disorder 
occasionally occurs during pregnancy or in the postpartum period, 
and a familial form of the disease exists.56 TTP is characterized 
by thrombocytopenia, microangiopathic hemolytic anemia, neuro-
logic abnormalities, renal failure, and fever. TTP is likely to be the 
result of the abnormal presence of a platelet-aggregating agent in 
the circulation. Studies suggest that this agent is von Willebrand 
factor, which is found in excess in patients with TTP. Platelet 
aggregation leads to microvascular thrombi, typically in the brain, 
heart, spleen, kidneys, pancreas, and adrenals. Nearly 90% of 
adults with ADAMST13 deficiency will respond to daily plasma 
exchange with plasmapheresis and transfusion of fresh-frozen 
plasma. Patients with acquired autoantibodies can be treated with 
high-dose glucocorticoids, rituximab, or splenectomy. Surgical 
treatment is considered in patients who have frequent relapses of 
TTP and may prolong the disease-free interval.56–58,59

Hereditary Anemias
Hereditary spherocytosis is inherited as an autosomal dominant 
disease in which the red cell membrane includes a defective pro-
tein, spectrin (see Chapter 27). The spleen destroys the resulting 

Disease Condition Probable Mechanism

Portal hypertension Increased pooling of blood cells

Hairy cell leukemia Retention of hairy cells in splenic pulp

Felty syndrome Immune system work hypertrophy

Thalassemia major Reticuloendothelial system work  
hypertrophy

Gaucher disease Increased pooling and flow-induced  
dilutional anemia

Agnogenic myeloid metaplasia Extramedullary hematopoiesis

Data from Eichner ER, Whitfield CL. Splenomegaly. An algorithmic approach to diagnosis. 
JAMA 1981;246:2858–2861; Eichner ER. Splenic function: normal, too much and too little. 
Am J Med 1979;66:311–320; Sheldon GF, Croom RD, Meyer AA. The spleen. In: Sabiston DC, 
ed. Textbook of surgery, 14th ed. Philadelphia, PA: WB Saunders, 1991:1108–1133.

etIoLogy of SpLenomegaLy anD CytopenIa In SeLeCteD 
DISeaSe StateS

taBLe 65.2
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defective, spherical red cells. These patients have an anemia 
and significant reticulocytosis. Peripheral smears demonstrate 
spherocytes, and these patients have a negative Coombs test. 
Elective splenectomy will correct the anemia. Ideally, splenectomy 
is performed after the age of 5 or 6 years to minimize the poten-
tial risks of postsplenectomy infections. Because of the rapid red 
cell turnover, these patients often develop calcium bilirubinate 
gallstones, and consideration should be given to concomitant 
cholecystectomy at the time of splenectomy if they are present.18

Sickle cell anemia is an autosomal recessive condition that 
also results in defective red blood cells (see Chapter 33). Because 
of the frequency of sludging and thrombosis in small vessels, these 
patients more often develop infarcts in the spleen, which over 
time results in autosplenectomy. In rare patients, however, sple-
nectomy may be indicated for acute splenic sequestration crisis, 
hypersplenism, massive splenic infarction, and splenic abscess.60 
Unlike hereditary spherocytosis, splenectomy has little effect on 
anemia related to the sickle cell condition.

Thalassemia major is an autosomal dominant condition in which 
abnormal hemoglobin forms protein precipitates in the red cell, rec-
ognized as Heinz bodies on a peripheral smear. These patients can 
develop significant splenomegaly with resulting cytopenia. In this 
condition, splenectomy can lessen the need for transfusion.

Malignant Tumors of the Spleen
Malignant diseases affecting the spleen can be divided into lym-
phoproliferative disorders, myeloproliferative disorders, meta-
static lesions, and primary splenic neoplasms. Metastatic disease 
is not uncommon. Melanoma, breast, lung, renal, and ovarian 
lesions are the main source. Metastatic lesions usually reflect 
vastly disseminated disease secondary to hematogenous spread. 
Autopsy series have demonstrated splenic metastasis in 2.3% to 
7.1% of cancer patients.61

Primary tumors of the spleen are exceedingly rare. They 
include hemangiosarcoma, hemangiopericytoma, plasmacyto-
mas, and malignant fibrous histiocytomas. All of these conditions 
may present with splenomegaly and are uniformly treated with 
splenectomy.

Lymphoma
Lymphoma is a common tumor leading to splenomegaly or a 
splenic mass (see Chapters 88 and 89), although the spleen is 
rarely the primary site. Non-Hodgkin lymphoma, including splenic 
marginal zone lymphoma, can present with massive splenomeg-
aly. Although splenectomy has been shown to be a therapeutic 
treatment of hypersplenism by increasing blood counts, it has not 
improved long-term survival.62

Hodgkin Lymphoma
Hodgkin lymphoma, described by Thomas Hodgkin in 1832, is a 
highly curable malignant lymphoma characterized by typical mul-
tinucleated giant cells (Reed-Sternberg) (see Chapters 93 and 94) 
and predictable stepwise progression from one lymph node basin 
to another. Histologic subtypes fall into five categories: lympho-
cyte-rich classical, lymphocyte-predominant, nodular sclerosing, 
mixed cellularity, and lymphocyte-depleted. Most patients initially 
present with asymptomatic peripheral lymphadenopathy, most 
often in the cervical region (60% to 80%). Other nodal regions, 
including the mediastinal, axillary, inguinal, and retroperitoneal 
regions, are less often involved at initial presentation. The pres-
ence of B symptoms, including fever, weight loss > 10%, and night 
sweats, is noted. Extralymphatic and splenic involvement is also 
used to stage patients. Below the diaphragm, the first nodal tissue 
involved is the spleen, with 35% of stage I or II patients having 
occult splenic disease.63

Historically, staging laparotomy was used in patients with 
Hodgkin lymphoma suspected of harboring subdiaphragmatic 
disease. In this procedure, lymph nodes were sampled from the 
para-aortic, paracaval, and iliac regions, and liver biopsies were 
performed along with splenectomy. With the enhanced accu-
racy of CT and other imaging studies for staging purposes, the 
increased effectiveness of medical treatments, and the associated 
surgical risk, the need for surgical staging has essentially been 
eliminated.63

Leukemia
In chronic lymphocytic leukemia and less often in chronic myelo-
cytic leukemia, massive splenomegaly can result in significant 
symptoms from the mass effect of the enlarged spleen, necessitat-
ing splenectomy (see Chapters 90 and 81). Likewise, patients may 
develop significant cytopenia that is refractory to conventional 
medical measures (i.e., corticosteroids, immunosuppression) and 
may be candidates for splenectomy. The decision to undertake 
splenectomy must be made with caution, because these patients 
often are immunosuppressed and malnourished and have a 
higher operative mortality risk as well as a higher rate of periop-
erative complications.64

Hairy cell leukemia can lead to infiltrative splenomegaly and 
pancytopenia, which may limit cytotoxic chemotherapy (see 
Chapter 91). With the introduction of effective medical therapies, 
the indications for splenectomy are now limited to spontaneous 
splenic rupture and severe thrombocytopenia with bleeding. 
Resistant disease should prompt investigations to confirm an 
accurate diagnosis.65

Myelofibrosis
Myelofibrosis describes a group of disorders characterized by 
acquired mutations that target the hematopoietic stem cells, and 
induce dysregulation of cellular signaling, clonal proliferation, 
and abnormal cytokine signaling. Prominent bone marrow fibro-
sis and disruption of normal hematopoiesis results, and can be 
associated with enlargement of the liver and spleen as a result of 
extramedullary hematopoiesis66 (see Chapter 83). Massive sple-
nomegaly may lead to pancytopenia, portal hypertension, early 
satiety, and pain. Splenectomy remains a viable treatment for 
refractory, symptomatic massive splenomegaly in myelofibrosis. 
Approximately 50% of patients will be rendered transfusion-
independent. In addition, most experience resolution of mechani-
cal symptoms and subjective improvement in constitutional 
symptoms. The median response is 12 months.67 Caution must 
be taken with splenectomy in patients with myelofibrosis, as the 
procedure carries a perioperative mortality rate of 5% to 10% and 
a morbidity rate of approximately 25%.67

Splenic Cysts
Cystic lesions of the spleen are rare and represent a challenge for 
physicians to diagnose and treat. The number of asymptomatic 
cysts incidentally diagnosed continues to rise because of increased 
utilization of abdominal imaging, including computer tomography, 
ultrasound, and magnetic resonance.

Splenic cysts are categorized based on the presence or absence 
of an epithelial lining. Cysts with an epithelial lining are consid-
ered primary and can be further subdivided into parasitic or 
nonparasitic. Secondary cysts, or pseudocysts, lack an epithelial 
lining and are believed to result from trauma in the majority of 
cases68,69 (Fig. 65.5).

Primary cysts possess an epithelial lined lumen and can be 
divided into parasitic and nonparasitic. Parasitic cysts are most 
often multilocular, associated with hepatic cysts, and occur 
after infection with Echinococcus granulosus. They make up 
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the majority of splenic cysts worldwide and are endemic in  
South America and the Mediterranean. Parasitic cysts, however, 
are rare in the Western world. Surgery must be undertaken care-
fully, as rupture can result in anaphylactic shock or disseminated 
scoliceal infection. In the presence of large numbers of cysts, 
surgical treatment is contraindicated and medical therapy with 
mebendazole, an effective antiparasitic therapy, is an alternative. 
Treatment of a single or few cysts can be managed sequentially 
with medical treatment, chemical sterilization (cetrimide 0.1%), 
and cyst evacuation.70

Nonparasitic cysts are usually congenital and can be fur-
ther divided into endodermoid, dermoid, or epidermoid cysts. 
Epidermoid cysts are the most common congenital cysts (∼90%) 
and present most often in children and young adults. They are 
derived from inclusions of splenic surface epithelial lining into the 
splenic parenchyma during development or from an accelerated 
secretion of lining cells from an unknown cause.71 Dermoid cysts 
are exceedingly rare; they contain all three embryonic germ lay-
ers and make up the remainder of nonparasitic congenital cysts. 
Endodermoid cysts are not true cysts, but rather cystic vascular 
lesions composed of several ectatic vessels that are best described 
as lymphangioma or hemangioma (Fig. 65.6). These benign 
tumors are most often incidental findings when imaging studies 
or laparotomy are performed, or they may be found at autopsy. 
Occasionally, the patient may develop significant splenomegaly 
and cytopenia, leading to the need for splenectomy. Usually, how-
ever, the diagnosis can be made on the basis of imaging studies 
alone and splenectomy avoided. In cases of doubt, follow-up imag-
ing studies demonstrating the absence of change over time should 
avoid unnecessary splenectomy.68

The spleen is the intraperitoneal organ that is most often 
injured after abdominal trauma. Although 75% of nonparasitic 
splenic cysts are posttraumatic, 30% of patients cannot recall the 
inciting event.69 Pseudocysts may contain a mixture of blood and 
necrotic debris, as they commonly form after intraparenchymal 

or subcapsular hematomas organize and subsequently degenerate 
(Fig. 65.7). Pancreatic pseudocysts have been reported to burrow 
into the substance of the spleen, and this should be kept in mind 
in the patient with a history of pancreatic trauma or pancreatitis. 
Assessment of cyst fluid amylase levels may provide a clue to 
the pancreatic origin in such a case.72 Management of cysts in 
these cases is usually directed toward treatment of underlying 
pancreatitis.

Splenic cysts are often asymptomatic (70%) but can also pres-
ent with vague abdominal pain. The pain can be constant or inter-
mittent, left-sided or epigastric, and occasionally radiates to the 
left shoulder. Physical exam can reveal a painless abdominal mass 
in 50% of patients. Radiologic examination with ultrasound, CT, 
or magnetic resonance imaging can characterize the cyst as uni- 
or multilocular and provide insight into anatomic relationships. 
Prior to any invasive procedure, determination of parasitic anti-
body titers are of great importance to rule out parasitic infection. 
Ultrasound-guided percutaneous cyst aspiration may be useful for 
obtaining definitive diagnosis, decreasing the size of the cyst, and 
excluding communicating pancreatic origin.

The majority of patients with splenic cysts are asymptomatic 
and do not require specific treatment. Nonoperative treatment is 
recommended for small cysts up to 5 cm in diameter. In patients 
with symptomatic cysts, surgical intervention is recommended. 
Although percutaneous drainage and alcohol ablation is often 
successful in initially reducing the size of the cyst, the procedure 
is often plagued with a high incidence of recurrence, necessitating 

FIGURE 65.5. Large symptomatic splenic pseudocyst developing after blunt trauma 
to the spleen.

FIGURE 65.6. Computed tomographic scan (A) and gross photograph (B) of spleen 
in 35-year-old woman with marked splenomegaly from splenic hemangioma. The 
arrow demonstrates central hemangioma with surrounding uninvolved splenic parenchyma. 
This benign tumor had caused significant thrombocytopenia, resulting in spontaneous bleeding 
before splenectomy.
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definitive surgical correction.73,74 For single, unilocular super-
ficial cysts, laparoscopic marsupialization or fenestration with 
splenic preservation should be undertaken. Deep cysts, or those 
located at either splenic pole, can be resected with partial splenec-
tomy, which provides immunologic protection and improved out-
comes when compared to splenic autotransplantation. Complete 
splenectomy is indicated in cases of giant cysts surrounded by 
splenic parenchyma or multilocular cysts.18,69,71

Splenic Abscess
Splenic abscesses may also occur when a simple cyst is sec-
ondarily infected, for example, after aspiration, or as a primary 
abscess, usually from a hematogenous source. Splenic abscesses 
usually develop from hematogenous seeding, from a distant 
site of infection, in the setting of intravenous drug abuse, or 
after splenic infarction, as in patients with sickle cell disease. 
Immunocompromised patients are at higher risk. There are rarely 
specific symptoms present, suggesting the spleen as the specific 
site of infection, although left upper quadrant tenderness may be 
present in patients with significant abscess cavities. Abdominal 
CT scanning is the most helpful imaging technique, demonstrat-
ing low-density lesions in the spleen, which may contain gas 
and present peripheral enhancement.74 CT can also be used to 
direct placement of percutaneous drainage catheters, which can 
provide successful treatment in the majority of cases. Multilocular 
abscesses with thick septations or necrotic debris generally 
require surgery, although percutaneous catheter drainage may 
lead to improvement of the patient’s general condition without 
adverse effect on subsequent operation.73,74 Antimicrobial ther-
apy is based on aspirate culture data, with Staphylococcus and 
Streptococcus species being common pathogens.

Felty Syndrome
Felty syndrome composes a triad of rheumatoid arthritis, neu-
tropenia, and splenomegaly in <1% of patients with rheumatoid 
arthritis. Clinically, patients present with severe joint destruction 
and other systemic manifestations such as leg ulcers, rheuma-
toid nodules, vasculitis, lymphadenopathy, and hepatomegaly. 
Antibody-coated neutrophils are cleared from the circulation in 
the spleen, and neutropenia can develop. Recurrent bacterial 
infections, a major source of morbidity, are due to the decreased 
granulopoiesis, increased peripheral destruction of neutrophils, 
and defects in neutrophil function. Methotrexate, or other disease-
modifying antirheumatic drugs (DMARDs), is the first-line treat-
ment for Felty syndrome with granulocytopenia and increased 

infection rate. If DMARD treatment is unsuccessful, low-dose gran-
ulocyte colony-stimulating factor is recommended. Splenectomy is 
indicated only in treatment-resistant cases in which splenomegaly 
is present; splenectomy is contraindicated in patients with large 
granular lymphocyte (LGL) expansion, as the procedure has no 
effect and may actually cause deterioration.18,75,76

Abdominal Trauma and Splenic Injury
Splenic preservation is the main goal of the modern management 
of blunt traumatic splenic injuries. Nonoperative management is 
often successful in about 90% of patients. The degree of splenic 
injury is measured using contrast-enhanced CT scans and graded 
according to the American Association for the Surgery of Trauma 
(AAST) criteria (Table 65.3). The finding of active arterial contrast 
extravasation from the spleen, referred to a “blush,” is an indica-
tor of failure of conservative management in adults. Most inju-
ries of grade 3 or less are successfully managed nonoperatively, 
whereas the presence of a high grade injury (Grade 4 or 5) or a 
contrast blush predicts the need for intervention (Fig. 65.8).77 The 
primary requirement for nonoperative management is hemody-
namic stability, and therefore close monitoring is required in all 
cases. A continued transfusion requirement and/or hypotension 
in the face of adequate resuscitation are indications for urgent 
intervention. A recent meta-analysis of 24,615 patients demon-
strated that 12% of patients failed conservative management, 
ultimately requiring intervention. It also suggested that failure 

FIGURE 65.7. A: CT of a 43-year-old woman who was scanned after developing left upper quadrant pain. She had no history of trauma. CT showed 
a splenic pseudocyst. B: After aspiration, some blood is seen in the cyst lumen. The cyst rapidly reaccumulated, and the patient subsequently had a successful 
laparoscopic cyst deroofing.

A B

Grade 1 Minor subcapsular tear 1 cm or subcapsular hematoma 
<10% SA

Grade 2 Capsular tear not involving trabecular vessels, <3 cm or 
subcapsular hematoma between 10% and 50% SA

Grade 3 Laceration >3 cm parenchymal depth involving trabecular 
vessels or subcapsular hematoma >50% S, or expanding or 
ruptured hematoma

Grade 4 Laceration involving the hilum with >25% devascularization 
of the spleen or intraparenchymal hemorrhage with active 
bleeding

Grade 5 Completely shattered spleen

SA, surface area.

aaSt graDeS of SpLenIC Injury

taBLe 65.3
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of conservative management in older patients may be associated 
with increased mortality.78,79

Options for operative invention consist primarily of open 
splenectomy, with splenic repair and partial splenectomy utilized 
rarely. In addition to splenectomy, splenic artery embolization 
has become an integral adjunct in the management of high-grade 
splenic injuries and in patients with active contrast extravasa-
tion. With adequate patient selection, angioembolization has 
decreased the failure rate of nonoperative management to 4% in 
some recent series.77

Delayed Splenic Rupture
Delayed splenic rupture has been reported in patients experienc-
ing blunt abdominal trauma, a setting in which patients develop 
splenic hemorrhage >7 days after their original injury.80 This 
problem most likely represents an injury in evolution, when 
the initial imaging study (most commonly CT or ultrasound)  
at the time of the trauma fails to demonstrate a significant injury. 
These patients usually have an initial splenic contusion that con-
tinues to slowly enlarge and, at some later date, results in dis-
ruption of the splenic capsule. This is an uncommon occurrence, 
but should be considered in any patient who develops significant 
left upper quadrant pain, distention, and signs of bleeding or 
shock after an episode of trauma.81,82 The treatment is urgent 
intervention with angiography or splenectomy, depending on the 
patient’s clinical picture.

Spontaneous Splenic Rupture
Spontaneous rupture of the spleen is extremely rare and for 
unknown reasons occurs predominantly in males. Predisposing 
conditions include splenic infarctions, coagulation disorders, 
thrombocytopenia, portal hypertension, vasculitis, venous throm-
bosis in the spleen and focal splenic lesions, lymphoma, and 
leukemia. Spontaneous rupture is most often secondary to a 
neoplastic etiology. Overall mortality with rupture is about 12% 
with splenomegaly, advanced age (>40 years), and a neoplastic 
etiology predicting an increased risk of death.83

These patients usually develop acute left upper quadrant pain 
that may be associated with referred pain in the left shoulder. 
Initially, this may be contained beneath the splenic capsule as 
a subcapsular hematoma, but if intraperitoneal rupture occurs, 

patients may present with acute severe pain and hypovolemic 
shock. Ultrasonography or CT scanning is a confirmatory study, 
demonstrating intraperitoneal fluid (blood) and subcapsular 
hematoma. Urgent or emergent splenectomy is definitive treat-
ment for these patients. Splenic conservation may be an option 
in some, because the grade of injury tends to be less severe com-
pared to traumatic splenic injury.

SpLeneCtoMy: SurgICaL teChnIque

Open Splenectomy
Historically, splenectomy has been performed via a midline or left 
subcostal incision, depending on the surgeon’s preference and the 
presence or absence of significant splenomegaly. In patients with 
massive splenomegaly (>2,000 g), a midline incision may be pre-
ferred to allow adequate mobilization and delivery of the spleen 
into the operative field.

Once the abdomen is entered, a careful search is made for 
accessory spleens, which may be found anywhere in the abdomen 
but are most often found in the splenic hilum or in the mesentery 
of the intestine.

In patients with significant splenomegaly, initial ligation of 
the splenic artery causes the spleen to decrease in size, lessen its 
distention, decrease the risk of capsular avulsions, and decrease 
splenic bleeding should a capsular tear occur. This portion of the 
procedure is performed by dividing the avascular gastrohepatic 
ligament above the pancreas and isolating the artery near its 
point of origin from the hepatic artery. Care must be taken to 
avoid injury to the adjacent pancreas. This step is optional and 
can be omitted if the artery is not readily accessible, because 
aggressive attempts at splenic artery ligation can result in pan-
creatic injury.

There are ligamentous attachments to the spleen that must 
then be divided before the inflow vessels in the hilum can be 
ligated. The phrenosplenic attachment is avascular and can be 
divided with sharp dissection. The gastrosplenic ligament (and 
short gastric vessels) and the splenocolic ligament are divided. 
Finally, the inflow vessels to the splenic hilum are individually 
ligated, taking care during this portion of the procedure to avoid 
injury to the tail of the pancreas. Closed suction drainage of the 
splenic bed is not routinely used, but a drain can be placed if there 

FIGURE 65.8. A: Contrast-enhanced CT showing a grade 1 splenic laceration in the inferior pole, with associated hemoperitoneum; the patient was 
successfully managed conservatively. B: Contrast-enhanced CT showing a grade 5 splenic laceration with evidence of active extravasation and perisplenic 
hematoma. This patient required urgent splenectomy.
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is suspicion of a possible pancreatic injury. If this occurs, evacu-
ation of pancreatic fluid minimizes the risk of abscess formation 
and allows for a controlled pancreatic fistula that will usually seal 
with observation alone. Conversely, if a symptomatic fluid collec-
tion develops in the bed of an undrained spleen in the postopera-
tive period, then a percutaneous drain can be placed under CT or 
ultrasound guidance.

Partial splenectomy is unlikely to be a realistic option for 
patients with marked splenomegaly, but may be an option  
for patients with splenic pseudocysts in whom unroofing of the 
cyst is the primary objective. This may also be an option in 
patients with splenic trauma in whom splenorrhaphy may allow 
splenic preservation. Uranus et al. report successful partial sple-
nectomy using a surgical stapler, and this may occasionally be 
helpful. Partial splenectomy has also been reported in patients 
undergoing splenectomy for Gaucher disease.

Laparoscopic Splenectomy
Since laparoscopic splenectomy was first described in 1991 by 
Delaitre et al.84 it has become the standard operative approach 
for the elective treatment of many benign and malignant diseases 
of the spleen.15,18 Numerous studies have demonstrated the 
advantages of the laparoscopic approach compared to open sple-
nectomy, including decreased blood loss, shorter hospital stays, 
accelerated recovery, and decreased convalescence. As outcomes 
have continued to improve, the procedure has been applied to an 
increasing array of splenic pathologies, and is now one of the most 
common laparoscopic solid-organ procedures. The indications for 
laparoscopic splenectomy have been expanded and now include 
ITP, hereditary spherocytosis, hemolytic anemia, TTP, leukemias, 
splenic myelofibrosis, sickle cell disease, lymphomas, myelodys-
plastic syndrome, multiple myeloma, and accessory splenectomy.

Massive splenectomy is no longer an absolute contraindication 
for laparoscopic splenectomy. Superior outcomes over open sple-
nectomy in patients with massive spleens have been demonstrated, 
including decreased blood loss, reduced transfusion requirement, 
fewer reoperations for bleeding, and an average reduction in 
hospital stay by 8 days. Decreased blood loss continues to be the 
greatest advantage of laparoscopic splenectomy in patients who 
are coagulopathic and at risk for massive  hemorrhage.62,85,86 
The decision to perform laparoscopic splenectomy in a patient 
with splenomegaly is a multifactorial decision that depends on 
the underlying disease process, comorbidities, and surgeon 
experience. The effect of the surgeon’s learning curve has been 
clearly demonstrated in laparoscopic splenectomy, with the aver-
age conversion rate depending on experience and ranging from  
1.2% to 15%.85

The operative approach for laparoscopic splenectomy continues 
to evolve with the introduction of new surgical technology. After 
induction of general anesthesia, a nasogastric tube and Foley cath-
eter are placed to decompress the stomach and bladder, respec-
tively. The patient is placed into the right lateral decubitus position, 
and three or four working ports are placed for the introduction of 
the laparoscopic instruments, including an angled laparoscope. 
The lateral port is most often placed at the level of the eleventh 
rib tip, the medial port in midline, and the middle port halfway 
between the two, ∼4 cm below the inferior tip of the spleen. In 
patients with a supramassive spleen (>22 cm in craniocaudal 
length or 19 cm in width), the addition of a hand port has been 
shown to greatly reduce operative time without increasing length 
of stay or convalescence. This approach allows the insertion of 
the surgeon’s nondominant hand into the abdominal cavity while 
maintaining pneumoperitoneum. Positioning is slightly altered 
by placing the patient’s side at a 45-degree angle. After position-
ing and setup is complete, a careful inspection of the abdomen is 
carried out to identify other disease or the presence of accessory 
spleens, focused on the hilum, omentum, and lesser sac.86

The dissection then proceeds in five stages: division of the 
short gastric vessels, division of the splenocolic ligament, liga-
tion of the inferior polar vessels, hilar control, and division of the 
phrenic attachments of the spleen. Much of the dissection may 
be carried out with harmonic shears, and the hilar structures 
are ligated and divided with an endoscopic stapling device. The 
spleen is then placed in an extraction bag, morcellated in situ, and 
the fragments removed.

CoMpLICatIonS of SpLeneCtoMy
The overall complication rate for laparoscopic splenectomy is 
∼9%. The most common complications of splenectomy include 
bleeding, injury to the adjacent pancreas with resulting pancre-
atitis, and pancreatic pseudocyst, abscess, or fistula formation. 
These patients can also develop injury to the adjacent stomach 
or splenic flexure of the colon if care is not taken in dividing the 
ligamentous attachments to these structures.

Postoperative thrombocytosis can occur, and aspirin (one low-
dose aspirin per day) should be considered if the platelet count  
is >1,500 × 109/L, to minimize the risks of thrombosis or embo-
lism. The thrombocytosis is usually transient, with return of plate-
let counts to normal ranges by 2 years after splenectomy.

Thrombosis of the portal venous system is a unique, and poten-
tially life-threatening, complication after splenectomy. Although 
this complication was once believed to be rare, improvements in 
radiologic techniques have demonstrated portal venous thrombo-
sis much more frequently than previously thought, with a number 
of cases occurring asymptomatically. The reported incidence of 
portal venous thrombosis varies greatly within the literature. 
Initial retrospective reviews demonstrated incidences between 
5% and 15%. When prospectively analyzed, however, the inci-
dence was found to be greatly unappreciated, with 19% to 55% 
of patients developing portal venous thrombosis. Asymptomatic 
thrombosis was observed in 33% to 66% of postsplenectomy 
patients. Patients with larger diameter splenic veins and those 
operated on for hematological malignancy were found to be at 
increased risk for thrombosis.87–89

When symptomatic, portal venous thrombosis most often pres-
ents between 2 and 22 days postoperatively with vague, nonspe-
cific complaints including decreased appetite, vague abdominal 
pain, nausea, and malaise. Abdominal pain is a rare sign that is 
present only in cases of severe ischemia. Fever and leukocytosis 
are common. Risk factors highly associated with portal venous 
thrombosis include splenomegaly, hematologic malignancy, and 
thrombocytosis. Normal D-dimer levels have a 98% negative 
predictive value. Contrast-enhanced CT scanning is the preferred 
method of evaluation as it can assess the portal circulation as well 
as other common etiologies of abdominal pain.89,90

Once the diagnosis of portal venous thrombosis is made, 
systemic anticoagulation should be started immediately. With 
prompt anticoagulation, recanalization can occur rapidly in 
over 90% of patients. However, patients who received treat-
ment 10 days after the procedure uniformly failed.91 Although 
treatment with thrombolytics and antiplatelet agents has 
been reported, indications for routine use are still yet to be 
determined.89,92

Infection risk postsplenectomy
Infectious complications are increased after splenectomy, and 
this can occur both in the early postoperative period and after a 
significant time has passed. The rate of early postoperative infec-
tions is particularly high when multiple other procedures are 
performed (e.g., after complex injuries in the setting of multiple 
trauma).93,94 The complication of overwhelming postsplenectomy 
infection (OPSI) has received significant attention. In addition to 
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Clinical Course
OPSI usually presents with fever and brief upper respiratory tract 
infection, and pursues a rapid course with evolution to sepsis, 
shock, disseminated intravascular coagulation, and multiple 
organ failure within hours. Any asplenic patient with fever should 
be evaluated for possible OPSI. Key to successful treatment is 
prompt administration of broad-spectrum intravenous antibi-
otics. A complete septic workup, including routine laboratory 
tests, appropriate imaging, and microbiology cultures, should be 
performed, but should never delay the initiation of antibiotics. In 
fully developed OPSI, mortality rates of 50% to 90% have been 
reported; 80% of deaths occur within 48 hours.95,97 More recent 
information suggests that when informed patients seek medical 
attention promptly, mortality rates may be reduced to 10%.

Prevention of Overwhelming Postsplenectomy 
Infection
The guidelines for the prevention of OPSI center around vacci-
nation, antibiotic prophylaxis, patient education, and strategies 
aimed at preserving splenic function. Recommended vaccines 
include the meningococcal vaccine, 23-valent polysaccharide 
pneumococcal vaccine for patients between 2 and 64 years old, 
and the H. influenzae conjugate vaccine. For patients undergoing 
elective splenectomy, vaccination should be performed at least  
2 weeks before surgery to maximize the antibody against T cell–
dependent immunogens. In emergent cases, patients should be 
vaccinated 14 days after their surgery.98,104

Repeat vaccination is safe in those who mount an anti-
body response based on measurement of antibody levels.104,105 
Currently, a single revaccination with the 23-valent polysaccha-
ride pneumococcal vaccine is recommended at least 5 years after 
the first dose, with no further dosing recommended routinely. 
Reimmunization against meningococcal and H. influenzae are not 
recommended.106 Regardless, many patients do not receive any 
revaccination because of a general lack of understanding about 
their condition and the unclear role of revaccination.94

Children <5 years old also require aggressive immunization 
and antibiotic prophylaxis after splenectomy. Initial vaccination is 
provided with the H. influenzae vaccine, meningococcal vaccine, 
and 7-valent pneumococcal conjugate vaccine. If not previously 
immunized against pneumococcus, an additional dose of the 
7-valent vaccine is recommended no less than 6 to 8 weeks after 
the last dose, with a final 23-valent vaccine booster 3 to 5 years 
after the last dose. Daily antibiotic prophylaxis with penicillin V 
potassium (125 mg twice a day until 3 years of age and 250 mg 
twice a day thereafter) is recommended for all children under the 
age of 5 years. If no invasive pneumococcal infections are expe-
rienced, prophylaxis may be discontinued after the age of 5 after 
appropriate immunizations have been obtained.106

One of the most important, and most overlooked, aspects of 
prevention is patient education. Up to 50% of asplenic patients are 
unaware of their increased risk of serious infection, and 30% to 40% 
do not recall being vaccinated.97 Few are provided with antibiotics 
to take empirically at the onset of fever, and one-half would not 
spontaneously tell an uninformed emergency department doctor 
about their splenectomies.98 Asplenic patients should be extensively 
counseled about their health risks, the need for reimmunization, 
and the importance of informing future caregivers of their condition.

Autotransplantation of Splenic Tissue
Extrasplenic tissue may emerge secondary to traumatic auto-
transplantation, known as splenosis. Although this tissue appears 
as normal spleen, with white pulp, red pulp, and marginal zones, 
extrasplenic tissue is insufficient to recapitulate the host immune 
response and is not a recommended practice for patients under-
going splenectomy.21,23

OPSI, postsplenectomy patients are at risk for multiple and recur-
rent episodes of severe infection requiring hospitalization.95

Overwhelming postsplenectomy Infection
One of the most important developments affecting the splenec-
tomy procedure has been the recognition of the life-long increased 
risk of severe infection and sepsis after splenectomy. In 1969, 
Diamond described a case of postsplenectomy fulminant bacte-
remia leading to rapid death and popularized the term OPSI.96

Pathophysiology
In the early postoperative period, infection is usually caused by 
Staphylococci and enteric Gram-negative bacilli. Outside this 
interval, the most common organisms responsible for OPSI are 
encapsulated bacteria, with Pneumococcus being most common 
(incidence, 50% to 90%).97 Other responsible organisms include 
Neisseria meningitidis, Escherichia coli, Haemophilus influenzae, 
Staphylococcus, and Streptococcus; and infections occur at rates 
that range from 7% to 12%.98

The special susceptibility of the asplenic patient to encapsu-
lated organisms is likely due to compromised humoral immunity. 
After splenectomy, a subset of IgM memory B cells that responds 
to bacterial polysaccharides is severely depleted. These memory 
B cells have undergone mutation, selection, and class switch in 
response to a specific antigen and produce antibodies rapidly on 
second challenge from the same antigen. The IgM memory B cells 
are responsible for the T cell–independent response and require 
a functional spleen for their generation and survival.99,100 Studies 
confirm that bacteria-specific IgM production in asplenic patients 
is both delayed and diminished.101

Also, it has been demonstrated that asplenic patients have 
lower circulating levels of certain complement factors, including 
properdin, tuftsin, C3, and factor B.102 Tuftsin is a tetrapeptide 
that stimulates phagocytosis by binding to specific receptors on 
granulocytes, monocytes, macrophages, and natural killer cell–
modulating biologic activity. The spleen also produces properdin, 
a crucial factor in the alternative pathway of complement activa-
tion. The alternate pathway is activated in the absence of antibody 
and forms C3 convertase. Properdin binds to C3 convertase, pre-
venting its rapid decay, and allows for conversion of C3 to C3b.

There is also evidence that splenectomy results in defects 
of cellular immunity. After splenectomy for trauma, a cohort of 
patients was found to have a significant reduction in the percent-
age of CD4+ T cells, specifically in the CD45RA+ subset. This was 
accompanied by impairment in primary immune responsiveness 
in a number of cellular and humoral assays.99

Incidence
OPSI is most common in the very young, in patients with under-
lying malignancies or other medical conditions, and within the 
first 2 years after splenectomy, although it has been reported 
20 to 40 years after surgery. The precise incidence of OPSI is 
controversial, but is estimated between 0.18 and 0.89 person-
years95,96,97,98,102,103; published estimates vary widely secondary 
to different disease definition, duration of follow-up, age strati-
fication, indication for splenectomy, and age. OPSI is greatest in 
the very young and diminishes with age: 15.7% in infants, 10.4% 
in children <5 years old, 4.4% in children <16 years old, and 
0.9% in adults.8 Although the incidence in adults is similar to 
that of the general population, mortality from sepsis is increased 
58-fold in the asplenic population, with a fatality rate between 
50% and 90%.95,96,97,98,102,103 Underlying pathology, like youth, 
also imparts an increased risk of OPSI with the highest risk 
associated with underlying immune disorders and Hodgkin  
lymphoma.97
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A variety of tumors and tumorous proliferations may involve the 
spleen, and there are several that are unique to this organ. This 
chapter focuses on the unique proliferations as well as other 
neoplastic causes of splenomegaly. Splenomegaly, however, is not 
restricted to neoplastic causes and may occur with secondary 
hypersplenism, which may be secondary to autoimmune or para-
neoplastic causes, infectious processes, and passive congestion 
due to other nonneoplastic medical disorders.

pATTerns of Tumorous  
spleen proliferATions
Although splenomegaly is often present with splenic neopla-
sia, some tumors and tumorous proliferations may be found 
incidentally in normal-sized spleens during radiologic staging 
or in spleens removed due to traumatic rupture or incidentally 
removed during other surgical procedures. The pattern of splenic 
infiltration may be helpful in the differential diagnosis of splenic 
tumors and the gross disease patterns tend to mimic histologic 
patterns (Fig. 66.1 and Table 66.1).1 The most common disease 
patterns are diffuse, miliary, and nodular disease. Diffuse disease 
generally results in splenomegaly with complete infiltration of the 
splenic parenchyma. This often imparts a glassy and homoge-
neous red appearance to the cut surface of the spleen. This usually 
is due to obliteration of the normal splenic white pulp by a cellular 
proliferation of the red pulp. This disease pattern has traditionally 
been attributed to leukemic infiltration, T-cell lymphomas, and 
histiocytic tumors. Many of the red pulp proliferations previously 
considered to be histiocytic, however, have now been shown to 
represent T-cell neoplasms. The miliary pattern shows small, 
punctate tan or white areas throughout the cut surface of the 
spleen. These usually represent expansion of the splenic white 
pulp, the normal B-cell compartment of the spleen. However, a 
similar gross appearance may occur with granulomatous infec-
tions. The white pulp expansion pattern most commonly occurs in 
florid reactive hyperplasia and with low-grade B-cell lymphomas. 
The nodular disease pattern is characterized by one or more 
distinct tumor nodules in the spleen which may be identified inci-
dentally on imaging studies. These nodules are usually firm and 
tan or white in cases of large cell lymphoma, Hodgkin disease, or 
metastatic tumors, and are bloody with a beefy-red appearance in 
vascular proliferations. Cystic lesions of the spleen may also show 
a nodular pattern of involvement.

CysTs AnD AbsCesses
Cysts of the spleen are found in <1% of splenectomy specimens.2 
They occur most commonly in men in the third decade of life. 
They are usually asymptomatic; however, they may cause a 
splenic mass and be associated with abdominal pain. Splenic cysts 
may be essentially any size but are on average 10 cm in  diameter.3 
Splenic cysts may be designated as primary or secondary, also 
considered true and false cysts, respectively. Both types are usu-
ally unilocular, but some small primary cysts are multilocular. 
Primary cysts are reported to represent approximately 20% of all 
splenic cysts, but small primary cysts of the spleen are probably 
underrepresented in older studies and more extensive evaluation 
of nonparasitic cysts shows that the vast majority are true cysts.4,5 
Primary cysts have a firm, rough, and trabecular cyst wall that 

shows fibrosis and an epithelial lining on histologic examination 
(Fig. 66.2). The lining may be of mesothelial or squamous epithe-
lium with the latter probably representing a metaplastic change.6 
The epithelial lining of primary cysts may be patchy, with denuded 
areas present that may simulate a secondary cyst. Primary cysts 
can be further subdivided into parasitic and nonparasitic types. 
Primary parasitic cysts related to echinococcal infection (hydatid 
cysts) are common worldwide, but are uncommon in Western 
countries. Parasitic cysts are readily identified by the presence 
of parasite scolices in the cyst contents. Nonparasitic primary 
cysts appear to arise from congenital inclusions of capsular 
 mesothelium.7 Small multilocular primary cysts of the spleen 
occurring at the splenic capsule have in the past been mistaken 
for lymphangiomas.8 Patients with primary cysts may have eleva-
tions of CA19-9 and carcinoembryonic antigen.9,10 Primary cysts 
are usually treated with splenectomy, and partial resection by 
laparoscopic methods often leads to recurrence.11,12

Secondary cysts are reportedly more common, representing 
approximately 80% of splenic cysts in most studies, but more 
detailed evaluation can confirm many of these as having a focal 
epithelial lining and thus they are really primary.4 The true sec-
ondary cysts are often associated with a history of abdominal 
trauma and are probably acquired after hematoma or infection. 
The cysts are unilocular and usually have a smooth lining. They 
differ histologically from primary cysts by the complete absence 
of an epithelial lining, and are thus unlikely to recur even if only 
partially resected. The cyst wall may contain hemosiderin or 
calcification.

Some secondary cysts of the spleen may represent resolved 
abscesses. Multiple small splenic abscesses usually do not develop 
associated fibrosis with resolution, but larger abscesses are often 
single and develop a wall of surrounding fibrosis virtually identi-
cal to that seen in secondary cysts. Although relatively uncom-
mon, splenic abscesses are most often associated with sepsis or 

FIGURE 66.1. Gross patterns of splenic tumor involvement. Nodular tumor infiltrates may 
form solid firm masses or may be hemorrhagic masses. The miliary pattern shows small punc-
tate white foci that usually correspond to expansions of the white pulp. The diffuse pattern shown 
is usually associated with massive splenomegaly and corresponds to a red pulp expansion. 
Mixed patterns may be seen when the spleen is involved by more than one process or when a 
low-grade lymphoma transforms to high-grade disease.

Nodular Miliary

Diffuse Mixed (Miliary and Nodular)
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endocarditis. They may also occur following abdominal trauma, 
including splenic rupture, by contiguous spread of infection from 
other organs, or in association with functional asplenia in sickle 
cell anemia.13–15 Most splenic abscesses are due to polymicro-
bial infection, but common organisms include Streptococcus, 
Staphylococcus, Escherichia coli, and Salmonella.16

Partial splenectomy has been used successfully in the treat-
ment of nonparasitic splenic cysts.17

VAsCulAr proliferATions
Vascular tumors are the most common tumors of the spleen. 
Vascular proliferations may be diffuse or may form a tumor mass. 
Peliosis is a rare, diffuse vascular proliferation that is usually an 
incidental finding occurring in adults.18,19,20 It may be associated 
with hepatic peliosis and may occur with anabolic steroid use, in 
association with malignancies, and following solid organ trans-
plantation, as well as in patients with hepatic cirrhosis, tuber-
culosis, and aplastic anemia. Peliosis results in dilated vascular 
spaces, usually 1 mm or less in diameter, that involve the entire 
splenic parenchyma (Fig. 66.3). Splenic peliosis appears to be 
associated with an increased risk of splenic rupture.19,21,22

Hemangiomas are benign tumors that are also usually asymp-
tomatic, but may cause splenomegaly, abdominal pain, and 

hypersplenism.2,23,24,25 Most hemangiomas are localized and 
form single or multiple tumor nodules that contain cystic blood-
filled spaces grossly. These spaces are lined by endothelial cells, 
and papillary projections may occur in areas with thrombi. 
The tumor nodules are usually surrounded by fibrosis and may 
show calcification. Plain abdominal radiographs, computed 
tomographic scans, and sonograms are nonspecific, but all 
show discrete solid and cystic masses, often with evidence of 
 calcification.26,27 Diffuse hemangiomatosis of the spleen is less 
common, is often associated with systemic hemangiomatosis, 
results in massive splenomegaly, and may be associated with 
coagulopathies.28,29 Diffuse hemangiomatosis differs from pelio-
sis by the presence of intervening fibrosis in hemangiomatosis, 
which is not a feature of peliosis.

Localized lymphangiomas of the spleen may be difficult to dis-
tinguish from hemangiomas or primary cysts, but usually contain 
proteinaceous fluid rather than the blood of an hemangioma.2,23,30 
Diffuse lymphangiomatosis may be localized to the spleen, but is 
usually a systemic process and most commonly occurs in chil-
dren and young adults with massive  splenomegaly.30,31,32–34 The 
splenic parenchyma is replaced by multiple cysts, up to 3 cm in 
diameter, imparting a spongy appearance (Fig. 66.4). The cysts 
are filled with thick pink to brown fluid. Large localized lymphan-
giomas and lymphangiomatosis of the spleen may be treated with 
splenectomy.30

Diffuse (Predominantly Red Pulp) Disease Miliary (Predominantly White Pulp) Disease Predominantly Nodular Disease

Peliosis
Hemangiomatosis
Lymphangiomatosis
Acute leukemias
Hairy cell leukemia
Hairy cell leukemia variant
Diffuse red pulp small B-cell lymphoma
Chronic myeloproliferative neoplasms
Lymphoblastic lymphoma
Hepatosplenic T-cell lymphoma
Large granular lymphocytosis
Lymphoplasmacytic lymphomaa

Marked white pulp hyperplasia
Chronic lymphocytic leukemia/small lymphocytic  
lymphoma
Prolymphocytic leukemia
Most follicular lymphomas
Mantle cell lymphoma
Splenic marginal zone lymphoma
Lymphoplasmacytic lymphomaa

Early involvement by large B-cell lymphoma

Cysts
Abscess
Inflammatory pseudotumor
Hamartoma
Hemangioma
Sclerosing angiomatoid nodular transformation
Littoral cell angioma
Epithelioid hemangioendothelioma
Angiosarcoma
Metastatic tumors
Most large B-cell lymphomas
Hodgkin lymphoma

aMore than one pattern may occur with some diseases.

PaTTernS of SPlenic Tumor involvemenT

taBLe 66.1

FIGURE 66.2. Primary cysts. A: Primary cyst of the spleen showing a trabeculated inner surface on gross examination. B: The cyst shows an epithelial lining on 
histologic sections, a feature that is definitional of a primary cyst.

A B
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contains vascular spaces, including slitlike spaces, fibrosis with 
spindled cells, and splenic sinus lining cells without nuclear 
atypia, mitotic figures, or necrosis. Cases of this type have been 
interpreted in the past as epithelioid and spindled hemangioen-
dotheliomas or as inflammatory pseudotumors (see below), but 
they have not recurred or metastasized after splenectomy. SANT 
is now felt to be a reactive fibrous entrapment of altered red 
pulp, presumably following some form of splenic injury, rather 
than a true neoplasm. More recent reports have described an 
increase in IgG4-positive plasma cells in SANT and some stud-
ies suggest an association with Epstein-Barr virus (EBV) in this 
 proliferation.39,41,42 However, the EBV-positive cases appear to 
be overlap proliferations with splenic inflammatory pseudotumor 
and SANT is typically EBV-negative.43

Angiosarcoma of the spleen occurs most commonly in adults 
and is usually associated with splenomegaly, abdominal pain, and 
cytopenias.24,44,45,46 Splenic rupture is common in these patients. 
Because most angiosarcomas involving the spleen are high-grade 
sarcomas with dissemination, it is often difficult to determine 
whether the splenic tumor is primary or secondary. The tumor 
forms an infiltrating mass that may have areas of cystic hemor-
rhage. The histologic appearance may be varied; however, angio-
sarcomas characteristically show cytologic atypia, high mitotic 
activity, and necrosis. Many cases may be difficult to differenti-
ate from other high-grade sarcomas, and immunohistochemical 
detection of vascular antigen expression, such as CD31, CD34, 

Although hemangiomas and lymphangiomas of the spleen are 
similar to those of other sites, there are two unique vascular pro-
liferations of the spleen. Littoral cell angioma is a tumor presum-
ably derived from the normal splenic lining cell, also known as the 
littoral cell.24,35 These tumors may occur at any age and usually 
cause mild to moderate splenomegaly. Many tumors, however, 
are found incidentally. The tumor forms multiple spongy dark 
red nodules that can measure up to 9 cm in diameter (Fig. 66.5). 
Histologically these tumors differ from hemangiomas in that the 
vascular spaces are lined by plump cells with nuclear enlargement 
and often show papillary areas and lining cells sloughing into the 
vascular spaces. The lining cells of littoral cell angioma have a 
unique immunophenotype, expressing vascular, histiocytic, and 
dendritic-associated markers CD31, CD68, CD163, and CD21. 
In contrast to hemangiomas and normal sinus lining cells, the 
lining cells of littoral cell angioma do not express CD34 or CD8. 
Most cases of littoral cell angioma are treated with splenectomy 
without recurrence, but there are two reports of late abdomi-
nal and liver metastasis after 4 and 8 years.36,37 Both cases 
showed solid foci of clear cells and probably represent littoral cell 
hemangioendotheliomas.

Sclerosing angiomatoid nodular transformation (SANT) is 
the other vascular proliferation unique to the spleen.38,39,40 To 
date, SANT has only been reported in adults, usually presenting 
as an incidental mass, and less commonly with splenomegaly 
or abdominal pain. It usually forms a single fibrotic nodule that 

FIGURE 66.3. Splenic peliosis. Peliosis of the spleen shows expanded small vessels that 
diffusely involve the spleen without forming a nodular mass and without intervening fibrosis.

FIGURE 66.4. Lymphangiomatosis. Cut surface of a spleen. Multiple, variably sized cysts 
are present.

FIGURE 66.5. Littoral cell angioma. A: Multinodular hemorrhagic lesions of the spleen in littoral cell angioma. B: Microscopically, there are papillary vascular 
spaces with plump lining cells and histiocytes.

A B
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and von Willebrand factor, is necessary to diagnose such cases. 
High-grade angiosarcomas involving the spleen have a generally 
poor prognosis, with most patients dying of disease within 1 year 
of diagnosis; however, rare cares with long-term survival follow-
ing splenectomy have been reported.46

Low-grade angiosarcomas, also known as epithelioid heman-
gioendotheliomas, are much less common than high-grade 
tumors.47,48,49 These are reported to occur in both children and 
adults, but some of the adult cases have features similar to those 
more recently described for SANT (see above). Patients usually 
present with anemia and may have hyper- or hyposplenism. 
These tumors are better circumscribed than high-grade angio-
sarcomas with more bland epithelioid cells, vascular spaces, and 
prominent fibrosis. They also usually lack necrosis. The cells may 
show intracellular lumina and will express vascular-associated 
antigens. These tumors may be incidental findings, are usually 
localized to the spleen, and do not tend to recur after splenectomy.

lymphoiD proliferATions
Essentially any lymphoproliferative disorder may involve the 
spleen and splenic involvement may be the first evidence of 
disease. Despite this, most lymphoid proliferations involving the 
spleen are disseminated at the time of splenic involvement and 
are accompanied by lymphadenopathy.50,51,52,53 Two types of 
splenic lymphoma, however, are unique to the spleen and present 
with splenomegaly without lymphadenopathy.

Splenic marginal zone lymphoma was originally described 
as a splenic lymphoma with features that mimicked hairy cell 
leukemia.54 Although sharing some morphologic and immuno-
phenotypic features, splenic marginal zone lymphoma appears to 
be distinct from both nodal and extranodal (nonsplenic) marginal 
zone lymphomas.55 It is the most common lymphoma type in 
patients with so-called splenic lymphoma with circulating vil-
lous lymphocytes.56,57,60 Splenic marginal zone lymphoma most 
commonly occurs in elderly patients with massive splenomegaly  
(Fig. 66.6).53,61,62,63,64,65 Although splenic hilar lymph nodes are 
often involved by disease, other adenopathy is not usually present. 
Patients frequently have a lymphocytosis. The abnormal lymphoid 
cells may vary in appearance, but some cases have circulating 
lymphocytes with villous cytoplasmic projections that differ from 
hairy cell leukemia lymphocytes by having only unipolar or bipo-
lar projections as opposed to the more uniform villous projections 
of hairy cell leukemia. The spleen is uniformly enlarged without a 
distinct mass. The white pulp is massively expanded by a biphasic 
population of small lymphocytes that may cause a gross miliary 
pattern of the spleen parenchyma. The central white pulp lym-
phocytes are small with scant cytoplasm and are surrounded by 

a bandlike proliferation of more irregular small lymphocytes with 
abundant clear to pink cytoplasm on histologic sections. These 
cells are CD20+ B cells that express BCL2, but do not express 
CD10, or CD43. A subset of cases may express CD5. The pattern 
of infiltration is distinct from hairy cell leukemia, which causes a 
diffuse red pulp infiltrate, and splenic marginal zone lymphoma 
does not usually demonstrate tartrate-resistant acid phosphatase 
(TRAP) positivity or expression of Annexin A1, CD25, or CD103 of 
hairy cell leukemia.

Although peripheral blood and bone marrow involvement by 
splenic marginal zone lymphoma are common,66 most cases are 
indolent and do well with splenectomy with or without chemo-
therapy.61,67 In a series of 60 patients, all treated with splenec-
tomy and almost half receiving chemotherapy, the overall survival 
was 103 months with a range of 2 to 164 months. The subset 
of more aggressive cases tended to show involvement of bone 
marrow and nonhematopoietic sites.67 Other features reported 
to be associated with more aggressive disease include increased 
numbers of large lymphoma cells, p53 overexpression, and loss 
of chromosomal regions 7q and 17p.67–70 A large series of 309 
patients found a 76% 5-year cause-specific survival, with factors 
associated with worse survival on multivariant analysis being 
hemoglobin <12 g/dl, lactate dehydrogenase levels greater than 
normal, and albumin levels <3.5 g/dl.71 More recently, patients 
have shown excellent responses to rituximab alone or with che-
motherapy without splenectomy.72,73 Rare cases have recurred 
in lymph nodes with transformation to diffuse large B-cell  
lymphoma,74,75 and one report described cases with transforma-
tion to micronodular T-cell–rich large B-cell lymphoma.76 Cases of 
splenic marginal zone lymphoma with hepatitis C virus infection 
and mixed cryoglobulinemia are reported to have regressed with 
hepatitis C antiviral therapy.77,78 Most cases, however, occur in 
the absence of hepatitis C infection, and rituximab with or without 
chemotherapy appears to have major activity in these patients.79 
Splenic red pulp small B-cell lymphoma and hairy cell leukemia 
variant share some similarities with splenic marginal zone lym-
phoma and are both considered as provisional entities in the 2008 
World Health Organization classification.80,81 They differ from 
splenic marginal zone lymphoma by being primarily red pulp 
small B-cell proliferations. All are CD5 and CD10 negative B-cell 
proliferations. Hairy cell leukemia variant is typically composed of 
cells similar to prolymphocytes with prominent nucleoli, but these 
cells also show cytoplasmic projections suggestive of hairy cells. 
Despite the morphologic similarity to hairy cell leukemia, hairy 
cell leukemia variant does not usually express CD25 or Annexin 
A1, markers typically expressed in hairy cell leukemia. It is 
important to distinguish hairy cell leukemia variant from splenic 

FIGURE 66.6. Splenic marginal zone lymphoma and metastatic carcinoma. A: Gross appearance of the miliary pattern of splenic involvement by splenic 
marginal zone lymphoma. Note the white, larger mucoid lesion at the left, which represents metastatic papillary serous ovarian carcinoma resulting in a mixed disease 
pattern of infiltration. B: The splenic marginal zone lymphoma shows biphasic white pulp with small round cells in the center and larger lymphocytes with more 
cytoplasm in the outer marginal zones. Similar cells with clear cytoplasm are also present in the adjacent red pulp.

A B
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marginal zone lymphoma, because hairy cell leukemia variant is 
a more aggressive disease.82

Hepatosplenic T-cell lymphoma is the other lymphoma type 
unique to the spleen. It also presents with massive spleno-
megaly as well as hepatomegaly and usually with bone marrow  
disease.83,84,85,86,87,88,89 This lymphoma most commonly occurs 
in young adults with a male predominance. Patients present with 
fever, weight loss, and jaundice in addition to hepatospleno-
megaly and may have pancytopenia and circulating lymphoma 
cells in the peripheral blood. Rare cases have occurred after 
solid organ transplantation,90,91 and recently cases associated 
with inflammatory bowel disease and rheumatoid arthritis have 
been reported. These latter cases may occur in older patients 
and are felt to be associated with immunomodulator and tumor 
necrosis factor-a inhibitor therapies.92 This tumor was origi-
nally described as erythrophagocytic Tg lymphoma93 and has 
also been referred to as hepatosplenic gd T-cell lymphoma. The 
lymphoma diffusely expands the spleen without a discrete mass 
and medium-sized cells with irregular nuclear contours and 
abundant cytoplasm infiltrate the splenic red pulp (Fig. 66.7), 
often with loss of the splenic white pulp. The liver involvement is 
sinusoidal rather than forming a tumor mass. Hemophagocytosis 
may also be present and some cases in the past may have been 
interpreted as malignant histiocytosis. The cells express T-cell–
associated markers, such as CD2, CD3, CD5, CD7, and CD43, but 
may show aberrant loss of one or more of these markers. The 
cells also usually express CD16, CD56, and TIA-1, but do not 
show other features of natural killer cells. The cells are negative 
for EBV, granzyme B, and perforin. Most cases are neoplasms 
of gd T-cells, which do not express CD4, CD8, or T-cell receptor 
b-chains. However, some cases are ab T-cell neoplasms and there 
appears to be no significance to subdividing this lymphoma by 
T-cell type89; cases with both immunophenotypes show the char-
acteristic combined cytogenetic abnormalities of isochromosome 
7q and trisomy 8.94,95,96 Hepatosplenic T-cell lymphoma is an 
aggressive disease that may show initial improvement following 
splenectomy and/or chemotherapy, but usually behaves aggres-
sively with a median survival of 8 months (range 0 to 42 months) 
reported in one study. Patients with longer survival have received 
a variety of combination chemotherapy and hematopoietic stem 
cell transplantation approaches.89,97

Secondary involvement of the spleen by lymphoproliferative 
disorders is also common.53 Hairy cell leukemia is one that fre-
quently presents with splenomegaly without lymphadenopathy. 
The patients are usually elderly, with pancytopenia that includes 
monocytopenia. Peripheral blood and bone marrow are virtually 
always involved to some degree, although blood involvement 

may be minimal. The spleen is enlarged by a diffuse or red pulp 
infiltrate of small lymphocytes. The white pulp is decreased or 
absent and dilated blood-filled spaces, often termed red blood cell 
“lakes,” are common in the red pulp. The blood, bone marrow, 
and splenic lymphocytes are monotypic B cells that lack CD5 and 
express CD11c, CD25, Annexin A1, and CD103, as well as being 
positive by cytochemistry or immunohistochemistry for TRAP.  
A subset of cases shows expression of CD10 or lacks expression 
of CD11c, CD25, or CD103.98 In the past TRAP cytochemistry was 
considered the gold standard for diagnosis of hairy cell leukemia, 
but it has been largely replaced by immunophenotypic evalua-
tion. The blood changes of circulating lymphocytes with villous 
cytoplasmic projections may be difficult to distinguish from 
splenic lymphoma with villous lymphocytes, usually secondary 
to splenic marginal zone lymphoma. However, the pattern of the 
splenic infiltration between the two diseases differs, with a red 
pulp or diffuse pattern in hairy cell leukemia and a predomi-
nantly white pulp expansion in splenic marginal zone lymphoma.

Other lymphomas of small B lymphocytes may secondarily 
involve the spleen resulting in splenomegaly, and include chronic 
lymphocytic leukemia/small lymphocytic lymphoma, lymphoplas-
macytic lymphoma, mantle cell lymphoma, and follicular lymphoma. 
With the exception of a subset of cases of lymphoplasmacytic lym-
phoma, these disorders all infiltrate and expand the splenic white 
pulp. The majority of large B-cell lymphomas and virtually all cases 
of Hodgkin lymphoma involving the spleen form distinct tumor nod-
ules with adjacent uninvolved splenic tissue. A subset of large B-cell 
lymphomas and lymphoplasmacytic lymphomas will primarily 
involve the splenic red pulp and before immunophenotyping may 
mimic other disorders, including leukemic infiltrates in the case of 
red pulp large B-cell lymphoma and possibly hairy cell leukemia in 
the case of red pulp lymphoplasmacytic lymphoma. T-cell lympho-
mas and the rare histiocytic tumors typically enlarge the spleen by 
expanding the splenic red pulp in a diffuse manner.

ACuTe leukemiA AnD 
myeloproliferATiVe neoplAsms
In acute leukemia, splenomegaly may be due to an increase in 
either lymphoblasts or myeloblasts in the red pulp. This is rarely 
an isolated finding, and does not usually create diagnostic difficulty. 
Myeloproliferative neoplasms characteristically cause splenomeg-
aly, and in some cases this enlargement is massive. Primary myelo-
fibrosis most commonly causes massive splenomegaly, usually over 
1,000 g.99,100 The splenomegaly may be associated with a wasting 
syndrome that is improved with splenectomy. Splenectomy in this 
disorder, however, is associated with an increased risk for blast 
transformation.101 The cause of splenomegaly in most myeloprolif-
erative neoplasms is expansion of the splenic red pulp by abnormal 
hematopoiesis. The red pulp cords and sinuses are filled with vary-
ing numbers of nucleated red blood cells, maturing granulocytes, 
and atypical megakaryocytes (Fig. 66.8). There may be other 
causes of noticeable splenomegaly in patients with myeloprolifera-
tive neoplasms. A rapidly enlarging spleen may signal accelerated 
phase or blast transformation. Detection of increased numbers of 
CD34+ immature cells in the red pulp may be a useful clue to such 
transformation. In essential thrombocythemia, the spleen may be 
enlarged due to increased numbers of platelet-filled macrophages 
in the red pulp. In the early phase of polycythemia vera, massive 
congestion by red blood cells may be the cause of splenomegaly.102

oTher Tumorous proliferATions
Splenic hamartomas are also known as splenomas or spleen-in-spleen 
syndrome, and are benign splenic proliferations.103,104,105,106,107 
They may occur at any age and are usually incidental findings, 

FIGURE 66.7. Hepatosplenic T-cell lymphoma. Medium-sized lymphoma cells are infiltrat-
ing the splenic red cords and sinuses of the red pulp.

72683_ch066_1384-1390.indd   1388 7/18/13   9:25 AM



b
en

ig
n 

D
is

or
de

rs
 o

f 
le

uk
oc

yt
es

, 
th

e 
s
pl

ee
n,

  
an

d/
or

 im
m

un
og

lo
bi

ns

 Chapter 66 Tumors of the Spleen 1389

not. Some authors have suggested that these proliferations repre-
sent an unusual type of follicular dendritic cell tumor114 termed 
inflammatory pseudotumor-like follicular dendritic cell sarcoma, 
although other follicular dendritic cell tumors are not associated 
with the EBV.

Primary sarcomas, other than angiosarcoma, and carcino-
mas of the spleen are extremely uncommon. Reported cases of 
sarcoma include malignant fibrous histiocytoma, fibrosarcoma, 
leiomyosarcoma, rhabdosarcoma, histiocytic sarcoma, inter-
digitating dendritic cell sarcoma, and fibroblastic reticular cell 
tumor.3,115,116–121 Primary carcinomas reported include squa-
mous cell carcinoma arising in a cyst, mucinous cystadenocarci-
noma and carcinosarcoma both possibly arising from peritoneal 
surface epithelium, and primary transitional cell carcinoma.122–125 
Although still rare, carcinoma of the spleen from metastasis or 
direct tumor extension is more common than primary disease. 
One third of metastatic tumors are only identified on microscopic 
examination,126 so the frequency of splenic involvement may be 
underestimated by imaging studies. Lung, gastric, ovarian, and 
breast carcinoma primaries are the most common to involve the 
spleen, and splenectomy may be performed for solitary splenic 
metastases.127,128,129
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FIGURE 66.8. Chronic myelogenous leukemia involving the spleen. The red pulp 
is expanded by aggregates of erythroid and myeloid precursors admixed with scattered  
megakaryocytes.

FIGURE 66.9. Splenic hamartoma and splenic involvement by classical Hodgkin 
lymphoma. The hamartoma represents a bulging red mass to the left, whereas the Hodgkin 
lymphoma forms multiple firm white nodules throughout the spleen. Hamartomas are often 
incidental findings in spleens removed for other reasons.
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be correctly triaged. In the absence of central processing of the 
sample, the physician performing the procedure must be aware 
of how to collect samples that are adequate for immunopheno-
typing studies, molecular and cytogenetic studies, and possible 
cultures. This problem is even more complicated when reference 
laboratories are used for different types of testing, an increasingly 
common practice, resulting in the need to split what may be very 
small samples prior to sending them out for these studies.

Ideally, the entire fresh sample is submitted to the pathology 
department within minutes of removal. There it may be received 
by a resident, technician, pathology assistant, or pathologist. No 
matter who receives the specimen, the clinical indication for the 
biopsy as well as any special clinical concerns or testing require-
ments needs to be clearly communicated. For tissues removed 
to rule out lymphoma, the specimens should be sampled in the 
fresh state. One protocol for lymph node sampling is provided in 
Figure 67.18 and is discussed in more detail below. Hematologists 
and pathologists should work together to establish a suitable pro-
tocol for their institution. Special needs should be communicated to 
the pathologist in advance of obtaining the sample, to ensure that 
the supporting testing areas, such as cytogenetics or microbiol-
ogy, are prepared to receive the sample or to make arrangements 
to send samples quickly to the appropriate reference laboratory. 
It is worth noting that surgical pathologists receive lymph node 
specimens for a variety of indications, most of which do not require 
special processing and are simply formalin fixed. Without adequate 
clinical information and communication to alert them to a possibil-
ity of lymphoma or another hematopoietic tumor, tissue may not be 
sent for flow cytometry or cytogenetic studies, or saved for possible 
molecular genetic studies. Because the differential diagnosis of 
malignant lymphoma often includes infectious etiologies, the need 
for cultures or other infectious disease testing requiring fresh tissue 
or other special tissue preparation must also be communicated.

SpeciMen proceSSing

triaging protocols
How a sample for a suspected hematologic disorder is triaged 
often depends on the specimen type. Peripheral blood, bone 
 marrow aspirate, and fine needle aspirate samples are often 

The hematopoietic neoplasms consist of acute and chronic 
leukemias, Hodgkin and non-Hodgkin lymphomas, plasma cell 
tumors, and the rare histiocytic and dendritic neoplasms. Each 
of these disease categories is now recognized to represent vari-
ous heterogeneous disease groups that include a large number of 
distinct biologic entities.1,2 With the great advances in targeted 
therapies and molecular genetic discoveries in the area of hema-
topoietic tumors, the number of distinct entities will continue to 
grow. Although the diagnosis and classification of these tumors 
were originally based primarily on morphologic features, some-
times supplemented by cytochemical studies,3–7 the diagnosis 
of hematopoietic tumors now requires a complex battery of 
specialized tools that almost always include immunophenotyp-
ing and frequently require cytogenetic and molecular genetic 
studies. Despite these advances, morphologic evaluation remains 
the cornerstone for the pathologic diagnosis for most diseases. 
Morphologic evaluation allows for cost-effective tissue process-
ing and triaging for appropriate ancillary tests, which becomes 
increasingly important as the number of molecular genetic tests 
grows in this area.

preoperative conSiderationS
Special considerations are often needed prior to sampling of tis-
sue that is suspected to contain a hematopoietic neoplasm.8–12 
The testing that will be needed depends on the clinical differen-
tial diagnosis as well as the initial pathologic impression of the 
sample. However, if the correct specimen types for ancillary tests 
are not saved prior to the initial pathologic review, the tissue may 
not be sufficient for these additional tests. Therefore, the hema-
tologist, pathologist, or surgeon performing the procedure should 
have a clear understanding of the specimen requirements for the 
various tests that might be needed to rule in or out all suspected 
diseases. This often requires direct communication with the surgi-
cal pathologist or hematopathologist who will ultimately receive 
the sample prior to obtaining tissue. The submission of fresh tis-
sue on saline-soaked gauze is ideal for tissue samples; however, 
this may not be feasible if the sample is taken at night or in a 
clinic that is physically separate from where the sample will be 
processed. Even in the latter setting, however, the sample may be 
sent by courier to a remote location quickly so that the tissue can 
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triaged at the bedside by the physician collecting the sample. 
In this setting, the treating physician often orders flow cytom-
etry immunophenotyping, cytogenetics, molecular genetics, and 
even cultures on samples collected in different tubes. Because 
the diagnosis of most disorders is still based in large part on 
morphologic features, it is advisable to use the initial bone mar-
row aspirate material for fresh smears, prepared at the bedside, 
or to make touch preparations for morphology in all cases with 
inadequate aspirate material (see Chapter 1). Subsequent aspira-
tions may be more hemodiluted, but are usually still suitable for 
ancillary studies. In contrast, the triaging of tissue biopsy speci-
mens is usually performed after the sample is submitted to the 
laboratory, as mentioned above and illustrated in Figure 67.1.8,9 
If lymphoma is suspected, sections of fresh material should be 
fixed for morphologic evaluation. If enough tissue is obtained, a 
portion of fresh tissue may also be sent for flow cytometry, and 
possibly for cytogenetics or cultures. Additional material may be 
frozen for future molecular genetic studies. In the rare instance 
where electron microscopy may be needed, a small portion of 
fresh tissue should be saved in glutaraldehyde. The exact tests 
performed, however, will depend on the clinical indication for 
the biopsy and communication between the pathologist and the 
treating hematologist.

tissue Fixation and processing
Proper specimen fixation and processing are essential for mor-
phologic evaluation as well as for the optimal performance of 
ancillary studies.10–12 If lymphoma is suspected, thin sections 
of fresh material should be fixed for morphologic evaluation. 
In the past, special fixatives containing heavy metals such as 
mercuric chloride were used to improve cell morphology, but 
these fixatives are less commonly employed today due to dif-
ficulties in disposing of the mercury. Such fixatives also disrupt 
nucleic acids, making molecular studies often impossible. More 
routine formalin fixation will usually provide appropriate sec-
tions, as long as the tissue is fixed adequately, usually meaning 
overnight fixation of thin sections in fresh neutral buffered for-
malin. Formalin-fixed tissue is satisfactory for many DNA-based 
molecular assays, but some tests cannot be performed on fixed 
tissue. Tissue that is frozen should be stored at the lowest pos-
sible temperature (preferably −70°C to −80°C) and should not 
be stored in defrostable freezers.

Bone marrow aspirate specimens should be sent fresh after 
collection with minimal anticoagulant. Bone marrow biopsies 
should also be submitted fresh, or in fixative if delivery to the 
laboratory may be delayed. Again, heavy metal fixatives are 
less commonly available today and formalin or Bouin fixation is 
more frequently used. Bone marrow biopsies also must undergo 
decalcification, which may degrade some antigens and may 
reduce the ability to perform some assays. Decalcification in 
ethylenediaminetetraacetic acid is considered the most gentle for 
antigen preservation,13 but some methods take several days to 
obtain adequate decalcification and this method is not routinely 
performed in most laboratories.

SaMpling MetHodS and tHeir 
liMitationS

Open Biopsy
The ideal specimen for pathologic evaluation is a large portion 
of tissue, received fresh and taken from an open biopsy. Such 
samples allow the maximum amount of tissue for morphologic 
analysis and ancillary studies. However, the increasing use of 
less-invasive procedures requires different approaches for differ-
ent specimen types.

peripheral Blood
Peripheral blood is often the easiest sample to obtain for an ini-
tial evaluation for a hematologic malignancy. Analysis of blood 
may allow for a diagnosis of leukemia or even peripheral blood 
involvement by lymphoma, although the absence of neoplastic 
cells in the blood cannot exclude disease elsewhere. Limitations to 
blood analysis include the inability to classify blast proliferations 
with <20% circulating blasts, and the lack of architecture needed 
for classification of some lymphomas involving blood. Despite 
these limitations, when the blood is involved by a hematopoietic 
tumor, morphologic, immunophenotypic, and molecular genetic 
studies of the blood may be of value in some patients. However, if 
a bone marrow is to be performed, duplication of testing on both 
the blood and marrow is usually unnecessary.

Bone Marrow aspirate and Biopsy
Evaluation of marrow material will often provide much more 
information than peripheral blood alone in terms of classifying 
leukemic processes and determining the marrow blast percent-
age. In addition, some acute leukemias with monocytic features 
will have an increase in marrow blasts, but show maturation of 
neoplastic cells in the blood that may mimic chronic myelomono-
cytic leukemia; therefore, bone marrow assessment is essential in 
that setting. Both aspirate and biopsy materials provide critical 
information. Some diseases, such as lymphomas and metastatic 
tumors, may focally involve the marrow and are often associated 
with fibrosis, both factors that may make them undetectable on 
aspirate smears alone. When such focal disease processes are 
suspected, biopsies from more than one site will produce a higher 
yield for disease detection.14

Fine-needle aspirate and core Biopsy
Fine-needle aspiration has become common as an evaluation tool 
for solid tumors and even lymphoma due to it being a relatively 
noninvasive procedure. The technique is ideal for the evalua-
tion of relapse of disease but is now often used for initial patient 
evaluation. Although fine-needle aspiration coupled with flow 
cytometry immunophenotyping is ideal for the diagnosis of many 
low-grade lymphomas,15,16 it has significant limitations due to the 
inability to determine architectural features of the lymphoma, to 
grade some lymphomas properly, and to identify focal disease or 
transformation. The addition of needle biopsies with or without 
aspiration and immunophenotyping overcomes some of these 
limitations, but a significant number of cases will need to go on to 
open biopsy for diagnosis and/or classification. Because of these 
limitations, excisional biopsy of easily accessible lymph nodes, 
when available, is preferred over lymph node aspiration or needle 
biopsy as an initial diagnostic procedure.

laparoscopic Biopsy
Laparoscopic biopsies and other more invasive biopsy techniques 
often obtain more tissue than core biopsies, but often fragment 

FIGURE 67.1. Schematic of protocol for processing lymph node biopsies from patients 
suspected of having lymphoid malignancies.
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the specimen, especially with laparoscopic splenectomy speci-
mens.17 Despite this, the fragments are usually large enough to 
determine the architectural pattern of the lymphoid infiltrate.

iMMunopHenotyping
Immunophenotyping is now essential in the diagnosis and clas-
sification of most hematopoietic tumors.2 It is necessary to dis-
tinguish precursor B- from precursor T-lymphoblastic leukemia/
lymphoma, to detect aberrant immunophenotypes in both lym-
phoid and myeloid leukemias, and to determine B-cell clonality 
and aberrancies in malignant lymphomas. Flow cytometry and 
immunohistochemistry are the primary methods currently used, 
and they have different advantages in the evaluation of these 
diseases.

Flow cytometry
Flow cytometry is ideal for tumors involving blood and bone mar-
row because the cells are already in a cell suspension, a neces-
sary factor for this analytic technique. This method, however, is 
also ideal for nonsclerotic lymph node specimens, in which a cell 
suspension can often be made easily. The method requires the 
processing of unfixed tissue, either fresh or in transport media. 
As described in Chapter 2, flow cytometry is ideal for evaluating 
surface antigen expression on cell suspensions and allows for 
the evaluation of multiple antigens on a given cell. This method 
is most helpful for acute leukemias and low-grade lymphomas in 
which aberrant antigen expression in combinations is common 
on the neoplastic cells.18,19 Detection of nuclear and cytoplasmic 
antigens, such as cyclin D1 and BCL2, is more difficult with this 
methodology.16

Immunohistochemistry
Immunohistochemistry can be performed on fixed, paraffin-
embedded tissue and allows for morphologic correlation with 
antigen expression. This is most useful in tumors with only scat-
tered tumor cells, such as Hodgkin lymphoma, which is usually 
not detectable by current flow cytometry methods. Paraffin section 
immunohistochemistry also allows for detection of cytoplasmic 
and nuclear antigens that do not routinely work well by flow 
cytometry and allows fairly complete immunophenotyping of 
disorders that do not have fresh tissue available,20 although the 
number of markers detectable by this method is still less than can 
be assessed by flow cytometry immunophenotyping. Table  67.1 
lists the most commonly used antibodies in paraffin section immu-
nohistochemistry for hematopoietic tumors.

genetic teSting
Genetic analysis has become increasingly important in the diag-
nosis, classification, and prognosis assessment of hematopoietic 
tumors.21,22 These techniques are described in more detail in 
other chapters; however, it is important to understand the gen-
eral utility of the various assays that are currently available. Gene 
array analysis has contributed greatly to our understanding of a 
variety of hematopoietic tumors in recent years, but it is not used 
as a diagnostic tool in most laboratories and is being largely sup-
planted by sequencing methods in the research setting. Karyotype 
analysis is still the best overall screening method for most tumors 
and will detect most gross chromosomal abnormalities, including 
translocations, deletions, and aneuploidy. This method has the 
advantage of an overall screen of all chromosomes, compared 
to the more targeted detection of abnormalities with the other 
molecular genetic methods, and should be performed on all 

suspected acute leukemias or myeloproliferative neoplasms. The 
submission of samples for karyotype analysis in cases of sus-
pected malignant lymphoma shows more institutional variability.

Many important genetic abnormalities, however, are cryptic at 
the karyotype level of detection and these include some transloca-
tions, such as the t(12;21)(p13;q22) of pediatric acute lymphoblas-
tic leukemia; B- and T-cell antigen-receptor rearrangements of 
malignant lymphomas; and gene mutations, such as those seen in 
many acute myeloid leukemias. Karyotype analysis is also difficult 
on slower-growing tumors, such as low-grade lymphomas, and 
will not work on fixed tissues. Therefore, a variety of other tech-
niques is also commonly used to evaluate the molecular genetic 
changes of these tumors. Although Southern blot analysis has 
traditionally been considered the gold standard for the detection 
of many abnormalities, gene rearrangement studies, the need for 
large amounts of fresh or frozen tumor tissue, the complexity of 
the assay, and the relatively long turnaround time of this assay 
have resulted in most diagnostic laboratories abandoning this 
method. Fluorescence in situ hybridization (FISH) is a commonly 
used technique that can be performed on metaphases or intact 
cell nuclei, and this method is ideal for the detection of transloca-
tions, deletions, and trisomies. FISH panels to detect common, 
disease-specific abnormalities with prognostic significance are 
now routine assays performed at diagnosis for cases of suspected 
chronic lymphocytic lymphoma and plasma cell myeloma and 
are becoming more common for other neoplasms. The various 
polymerase chain reaction (PCR) methods are rapid means of 
detecting translocations and gene rearrangements, and can detect 
lower tumor volumes than FISH methods. Quantitative PCR assays 
are used to determine levels of minimal residual disease, such as 
to monitor patients being treated for chronic myelogenous leu-
kemia. Other in situ hybridization methods are useful to localize 
infectious agents, in particular the Epstein–Barr virus, in specific 
cell types and this method is often used in the diagnosis of clas-
sical Hodgkin lymphoma and nasal natural killer (NK)/T-cell 
lymphoma. The introduction of next-generation sequencing plat-
forms into clinical laboratories will increase the number of genetic 
targets for a given case in the near future. Therefore, a variety of 
molecular diagnostic tools is now available to supplement karyo-
type analysis in the evaluation of hematopoietic tumors.

otHer ancillary MetHodS
New molecular genetic technology will certainly become avail-
able for diagnostic use in the future, yet other more traditional 
ancillary techniques are actually becoming less common in the 
routine diagnosis of hematopoietic tumors. Specifically, electron 
microscopy is rarely used and has been largely supplanted by 
immunophenotypic methods. Similarly, the diagnostic utility of 
many histochemical and cytochemical assays has also diminished. 
Although the proper classification of some of the acute myeloid 
leukemias in the “not otherwise specified” group of the World 
Health Organization (WHO) classification still have cytochemical 
criteria, it is now generally recognized that subgroups of acute 
myeloid leukemia defined solely by these methods have little clini-
cal relevance.23,24

tHe diagnoStic report
The diagnostic report for hematopoietic tumors should ideally 
summarize all diagnostic material and testing from a sample.25 
This would include a combination of peripheral blood, mar-
row aspirate, and marrow biopsy for bone marrow samples. 
The morphologic review should be performed and interpreted 
in combination with immunophenotyping and cytogenetic and 
molecular genetic studies. The report should state the relevant 
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Category
CD Antigen or 
Antibody Reactivity in Normal Cellsa Reactivity in Neoplasmsa

Pan-leukocyte CD45 B cells, most T cells, macrophages, 
and granulocytes

Most NHLs and leukemias

T cell CD1a Cortical thymocytes and  
Langerhans cells

Precursor T-cell lymphoblastic leukemia/lymphoma, Langerhans cell histiocytosis

CD3 T cells Most T-cell neoplasms

CD5 T cells and subset of small B cells Many T-cell lymphomas and leukemias and subset of diffuse small B-cell  
neoplasms, such as small lymphocytic lymphoma/chronic lymphocytic leukemia 
and mantle cell lymphoma

CD7 Most T cells and NK cells Many T-cell lymphomas and leukemias

CD43 T and NK cells, some macrophages, 
granulocytes, and plasma cells

Most T-cell lymphomas, some B-cell lymphomas, acute myeloid leukemias, and 
plasma cell neoplasms

CD45RO Most T and NK cells, some macro-
phages, some myeloid cells

Most T-cell lymphomas, some B-cell lymphomas

CD57 Some NK cells, subset of T cells Some NK- and T-cell lymphomas/leukemias and some lymphoblastic lymphomas

TCRb a/b T cells Many T-cell lymphomas

TCRg g/d T cells g/d T-cell lymphomas

B cell CD10 Precursor B cells and germinal center 
B cells, some germinal center T cells

Many precursor B-lymphoblastic leukemias/lymphomas, some precursor 
T-lymphoblastic leukemias/lymphomas, angioimmunoblastic T-cell lymphoma, 
many follicular lymphomas, Burkitt lymphoma

CD20 B cells Most B-cell NHLs, L&H cell in LPHD; RS cells in some cases of classic  
Hodgkin disease

CD21 Mantle and marginal zone B cells, FDC Some mantle and marginal lymphomas, FDC tumors

CD23 Mantle zone B cells, some FDC Chronic lymphocytic leukemia/small lymphocytic lymphoma, some follicular lymphomas

CD45RA B cells and subset of T cells B-cell NHL, L&H cells in LPHD, some T-cell lymphoid and myeloid leukemias

CD79a B cells Most B-cell NHLs and many B-cell leukemias

PAX5 B cells Most B-NHL, L and H cell in LPHD; RS cells in classic Hodgkin disease, some 
acute myeloid leukemias

Anti-immunoglobulin B cells, plasma cells B-cell NHL and plasma cell neoplasms

Hodgkin related CD15 Granulocytes and some macrophages RS cells in classical Hodgkin lymphoma; some T- and B- large cell lymphomas; 
some carcinomas

CD30 Activated B and T cells RS cells in classical Hodgkin lymphoma; most cases of ALCL; other T- and B-cell NHLs

Miscellaneous CD34 Progenitor cells Some acute myeloid leukemias and some precursor lymphoblastic  
leukemias/lymphomas

CD56 NK cells, few T cells Many NK-cell neoplasms

CD123 Plasmacytoid dendritic cells Blastic plasmacytoid dendritic cell tumors; some acute leukemias; hairy cell leukemia

CD138 Plasma cells Multiple myeloma and plasmacytoid lymphomas

CD163 Macrophages and granulocytes True malignant histiocytosis; some myeloid leukemias

S100 Langerhans cells, interdigitating dendritic 
reticular cells, sometimes FDC

Langerhans cell histiocytes, sinus histiocytosis with massive lymphadenopathy, 
rare T-cell lymphomas, myeloid leukemias

Terminal deoxyribo-
nucleotidyl transferase

Precursor marrow cells, cortical  
thymocytes

Most precursor B- or T-lymphoblastic leukemias/lymphomas, some acute  
myeloid leukemias

Ki-67 Proliferating cells (not in G0 phase of 
cell cycle)

Proliferating cells

Myeloperoxidase Myeloid cells Myeloid leukemias

BCL2 Nonfollicular center B cells, T cells Most follicular lymphomas, many other diffuse NHLs and leukemias

BCL6 Germinal center B cells Most follicular lymphomas and some diffuse large B-cell lymphomas

ALK1 No expression in normal lymphoid cells Subset of ALCL, DLBCL and inflammatory myofibroblastic tumor cases

Cyclin D1 Minimal to no expression in normal 
lymphoid cells

Mantle cell lymphoma, hairy cell leukemia, and some cases of plasma  
cell myeloma

ALCL, anaplastic large cell lymphoma; FDC, follicular dendritic cell; L&H, lymphocyte and histiocytic; LPHD, lymphocyte-predominant Hodgkin disease; NHL, non-Hodgkin lymphoma; NK, natural 
killer; RS, Reed-Sternberg.
aIn most cases the immunoreactivity of each antibody is not exclusive to the cell type or neoplasm listed and positive results must be interpreted in the context of the entire immunophenotype.

CoMMoNly UseD MArkers for tHe CHArACterizAtioN of HeMAtoPoietiC AND lyMPHoiD NeoPlAsMs iN  
PArAffiN-eMbeDDeD tissUe seCtioNs

taBle 67.1
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 ChaPtEr 67 Hematopoietic Neoplasms: Principles of Pathologic Diagnosis 1395

properly. This approach may require amending initial interpreta-
tions, based on morphology and immunophenotyping, to provide 
the complete assessment that includes cytogenetic and molecular 
genetic results.

The pathologic diagnosis of hematopoietic tumors now 
requires a broad approach that involves very close interactions 
between hematologists and pathologists as well as interactions 
with a variety of laboratories. Excellent communication between 
the physician performing the diagnostic procedure and the labo-
ratories is needed to ensure that the specimen is handled in the 
most efficient manner and to obtain the most accurate and rapid 
diagnosis for the patient.

clinical information and indication for biopsy/aspiration. In addi-
tion, the report should clearly define the methodology used for any 
special studies (such as flow cytometry vs. immunohistochemistry; 
PCR vs. FISH, etc.), the antibodies studied and their results, a 
summary of the interpretation of each special study, and a final 
interpretation of the significance of all of the assays performed. 
The final diagnosis should clearly identify the site from which 
the specimen was obtained, and should, when possible, provide 
a diagnosis using the most current version of the WHO classifica-
tion of hematopoietic tumors which is summarized in Table 67.2. 
Such comprehensive reports are more complicated to produce, 
but are necessary to classify most hematopoietic neoplasms 

Myeloproliferative Neoplasms
Chronic myelogenous leukemia, BCR-ABL1
Chronic neutrophilic leukemia

Polycythemia vera

Primary myelofibrosis

Essential thrombocythemia

Chronic eosinophilic leukemia, not otherwise specified

Mastocytosis

Myeloproliferative neoplasms, unclassifiable

Myeloid and lymphoid neoplasms associated with eosinophilia and abnormalities of PDGFRA, PDGFRB, or FGFR1
Myelodysplastic/Myeloproliferative Neoplasms
Chronic myelomonocytic leukemia

Atypical chronic myeloid leukemia, BCR-ABL1 negative

Juvenile myelomonocytic leukemia

Myelodysplastic/myeloproliferative neoplasm, unclassifiable

Myelodysplastic Syndromes
Refractory cytopenia with unilineage dysplasia

Refractory anemia with ring sideroblasts

Refractory cytopenia with multilineage dysplasia

Refractory anemia with excess blasts

Myelodysplastic syndrome with isolated del(5q)

Myelodysplastic syndrome, unclassifiable

Childhood myelodysplastic syndrome

Acute Myeloid Leukemia (AML) and Related Precursor Neoplasms
AML with recurrent genetic abnormalities

 AML with t(8;21) (q22;q22) (RUNX1-RUNX1T1)

 AML with inv(16)(p13.1q22) or t(16,16) (p13.1;q22) (CBFB-MYH11)

 Acute promyelocytic leukemia with t(15;17)(q24.1;q21.1) (PML-RARA)

 AML with t(9;11)(p22;q23) (MLLT3-MLL)

 AML with t(6;9)(p23;q34) (DEK-NUP214)

 AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2) (RPN1-EVI1)

 AML (megakaryoblastic) with t(1;22)(p13;q13) (RBM15-MKL1)

 Provisional entity: AML with mutated NPM1
 Provisional entity: AML with mutated CEBPA
AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms

AML not otherwise specified

 AML minimally differentiated

 AML without maturation

 AML with maturation

 Acute myelomonocytic leukemia

2008 WorlD HeAltH orGANizAtioN ClAssifiCAtioN of HeMAtoPoietiC AND lyMPHoiD NeoPlAsMs

taBle 67.2
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72683_ch067_1391-1398.indd   1395 7/31/13   1:17 PM



1396 Part vii Hematologic Malignancies • SECtiON 1 General Aspects

 Acute monoblastic and monocytic leukemia

 Acute erythroid leukemia

 Acute megakaryocytic leukemia

 Acute basophilic leukemia

 Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

Acute Leukemias of Ambiguous Lineage
Precursor Lymphoid Neoplasms
B-lymphoblastic leukemia/lymphoma, not otherwise specified

B-lymphoblastic leukemia/lymphoma with t(v;11q23)(MLL)

B-lymphoblastic leukemia/lymphoma with t(12;21)(p13;q22) (ETV6-RUNX1)

B-lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32) (IL3-IGH@ )
B-lymphoblastic leukemia/lymphoma with t(1;19)(q23;p13.3) (TCF3-PBX1)
B-lymphoblastic leukemia/lymphoma with hyperdiploidy

B-lymphoblastic leukemia/lymphoma with hypodiploidy

T-lymphoblastic leukemia/lymphoma

Mature B-Cell Neoplasms
Chronic lymphocytic leukemia/small lymphocytic lymphoma

B-cell prolymphocytic leukemia

Splenic B-cell marginal zone lymphoma

Hairy cell leukemia

Splenic B-cell lymphoma/leukemia, unclassifiable

Lymphoplasmacytic lymphoma

Heavy-chain diseases

Plasma cell neoplasms

Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT lymphoma)

Nodal marginal zone lymphoma

Follicular lymphoma

Primary cutaneous follicle center lymphoma

Mantle cell lymphoma

Diffuse large B-cell lymphoma (DLBCL), not otherwise specified

T-cell/histiocyte–rich large B-cell lymphoma

Primary DLBCL of the central nervous system

Primary cutaneous DLBCL, leg type

EBV-positive DLBCL of the elderly

DLBCL associated with chronic inflammation

Lymphomatoid granulomatosis

Primary mediastinal (thymic) large B-cell lymphoma

Intravascular large B-cell lymphoma

ALK-positive large B-cell lymphoma

Plasmablastic lymphoma

Large B-cell lymphoma associated with HHV8-associated multicentric Castleman disease

Primary effusion lymphoma

Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and classical Hodgkin lymphoma

Mature T- and NK-Cell Neoplasms
T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Chronic lymphoproliferative disorder of NK cells

Aggressive NK-cell leukemia

EBV-positive T-cell lymphoproliferative diseases of childhood

2008 WorlD HeAltH orGANizAtioN ClAssifiCAtioN of HeMAtoPoietiC AND lyMPHoiD NeoPlAsMs (CoNtiNUeD)

taBle 67.2
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Adult T-cell leukemia/lymphoma

Extranodal NK/T-cell lymphoma, nasal type

Enteropathy-type T-cell lymphoma

Hepatosplenic T-cell lymphoma

Subcutaneous panniculitis-like T-cell lymphoma

Mycosis fungoides

Sézary syndrome

Primary cutaneous CD30-positive T-cell lymphoproliferative disorders

Primary cutaneous gd T-cell lymphoma

Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T-cell lymphoma

Primary cutaneous CD4-positive small/medium T-cell lymphoma

Peripheral T-cell lymphoma, not otherwise specified

Angioimmunoblastic T-cell lymphoma

Anaplastic large cell lymphoma, ALK-positive

Anaplastic large cell lymphoma, ALK-negative

Hodgkin Lymphoma
Nodular lymphocyte-predominant Hodgkin lymphoma

Nodular sclerosis classical Hodgkin lymphoma

Mixed cellularity classical Hodgkin lymphoma

Lymphocyte-rich classical Hodgkin lymphoma

Lymphocyte-depleted classical Hodgkin lymphoma

Immunodeficiency-Associated Lymphoproliferative Disorders
Lymphoproliferative diseases associated with primary immune disorders

Lymphomas associated with HIV infection

Posttransplant lymphoproliferative disorders

Other iatrogenic immunodeficiency-associated B-cell lymphoproliferative disorders

Histiocytic and Dendritic Cell Neoplasms

Histiocytic sarcoma

Langerhans cell histiocytosis/sarcoma

Interdigitating dendritic cell sarcoma

Follicular dendritic cell sarcoma

Other rare dendritic cell tumors

Disseminated juvenile xanthogranuloma

AML, acute myeloid leukemia; DLBCL, diffuse large B-cell lymphoma; EBV, Epstein-Barr virus; HHV8, human herpes virus-8; HIV, human immunodeficiency virus; NK, natural killer.
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PrinciPles and PHarMacology of cHeMotHeraPy
Kenneth r. Hande

C h a p t e r  6 8

PrinciPles of cHeMotHeraPy
To optimally treat cancer patients, clinicians should understand 
the principles of cancer chemotherapy as well as the pharma-
cology of the drugs they are administering. The first section of 
this chapter reviews our understanding of (a) cancer biology, 
(b) mechanisms of antineoplastic drug action, (c) mechanisms of 
drug resistance, (d) drug toxicities, (e) pharmacologic principles 
(common and unique), and (f) potentials and limitations of therapy 
for individual patients. Specific drugs used to treat hematologic 
malignancies, their mechanism of action, and their toxicities are 
summarized in the second section of this chapter.

Cancer Biology
Most cancers are detected when there are 104 to 1011 neoplastic 
cells present.1 The large number of cells present at diagnosis usu-
ally requires multiple courses of treatment or a long duration of 
therapy to result in a cure. Even if a drug, or a combination of 
drugs, is quite effective in killing cancer cells, such that it kills 999 
of every 1,000 cells present (99.9% cell kill), one treatment will 
reduce a tumor population from 1011 to 108 cells. At least four 
treatments are therefore necessary to eliminate the final cancer 
cell, assuming there is no tumor cell growth during the treatment 
period. In fact, because of toxicity to normal tissues and the time 
needed for normal tissue recovery, cancer chemotherapy must be 
spaced out in treatment cycles. During the period between cycles, 
tumor regrowth occurs. Thus, most curative treatment regimens 
require prolonged therapy, often using multiple courses of che-
motherapy, with the number of courses depending on the tumor 
mass at the time of diagnosis and the sensitivity of the tumor to 
the drugs. The fraction cell kill (e.g., 90%, 99%, 99.99% cell kill) 
depends on the sensitivity of cells to the antineoplastic drug and 
the dose of drug administered. Rapidly dividing cells are generally 
more sensitive to antineoplastic agents while nondividing cells are 
generally resistant.

Most cancers do not grow at a fixed rate throughout their 
course. Initial growth rates may be exponential. Gompertzian 
growth is sigmoid. In the Gompertzian model, the growth fraction 
of the tumor reduces as the tumor enlarges.2 Because a significant 
proportion of cells in a large tumor mass are often in a resting 
or dormant phase, presumably as a result of lack of adequate 
nutrients or oxygen, they may not be affected by chemotherapy. 
The best opportunity for cell kill by chemotherapy is in the early 
portion of the growth curve, when all cells are dividing.

Recurrence of cancer after “complete remission” (disappear-
ance of all detectable disease) can be explained by the inability 
of current staging methods to detect fewer than 103 to 104 tumor 
cells in the body even by the most sensitive means. Chemotherapy 
that kills several logs of tumor cells (e.g., from 1011 to 104) elimi-
nates all visible evidence of cancer and prolongs survival, but the 
malignancy will recur at a later time. Examples of possible clini-
cal courses associated with cancer chemotherapy are illustrated 
in Figure 68.1.

The growth fraction of a cancer represents the percentage of 
cells progressing actively through the cell cycle. A cell cycle is 
marked by two observable events. In S-phase (synthesis), DNA 
replication occurs; during M-phase (mitosis), cellular division 
into two daughter cells is noted.1 G1 (gap) is the time between 
the end of mitosis and the start of the next S-phase. G2 is the 
time between the completion of S-phase and the start of M-phase. 

Cells that have ceased to proliferate for prolonged periods have 
entered a G0 phase (or resting phase) of the cell cycle (Fig. 68.2). 
Some drugs are cytotoxic when exposed to cancer cells in any 
phase of the cell cycle. Other drugs are phase-specific; that 
is, they are cytotoxic to cells only in a particular phase of the 
cell cycle. Cytarabine, for example, is an S-phase–specific 
agent, whereas vincristine is M-phase–specific. For cells to be 
killed by cytarabine, the drug must be present when the cell is 
 synthesizing DNA.

Mechanisms of antineoplastic Drug action
Antineoplastic agents have been discovered by many methods. 
Exposing cancer cells in culture to natural or synthetic com-
pounds to screen for materials with antineoplastic activity has 
identified a number of active antineoplastic agents (drugs such 
as paclitaxel). Since DNA is important in cell division, com-
pounds blocking DNA synthesis have been developed. Over the 
past 20 years, genes and their protein products that regulate 
cell division have been identified. The molecular pathways by 
which these oncogenes cause cellular proliferation have been 
determined.3 Knowledge of molecular pathways critical to the 
growth of cancer cells has led to the targeted development of 
molecules altering specific pathways (e.g., tyrosine kinase inhibi-
tors, angiogenesis inhibitors). During the past two decades, the 
development of cancer drugs has shifted from a screening pro-
cess where active agents are identified and their mechanism of 
action later defined, to first identifying a targetable pathway, 
finding a compound to block that pathway, and then testing for 
antineoplastic activity.

No matter how an antineoplastic has been developed, these 
drugs interfere with an essential step required for cell growth or 
division. The initial target of antineoplastic drugs varies widely, 
from direct attack on the DNA molecule to inhibition of signal 
transduction molecules. However, all antineoplastic agents cause 
a disruption in a cellular process so significant to the cancer 
cell that it requires the cell to either quickly repair the damage 
or to initiate the process of apoptosis (programmed cell death). 
Essentially, all antineoplastic agents result in cancer cell death 
through initiation of apoptosis.4 Apoptosis is the normal physi-
ologic process of cellular suicide, which occurs in all living organ-
isms to eliminate unwanted, functionally abnormal, or harmful 
cells. In apoptosis, in contrast to cellular necrosis, the cell shrinks 
and condenses, fragmenting into multiple membrane-bound 
bodies (apoptotic bodies) that are engulfed by surrounding cells 
without inflammation or damage to the surrounding tissues. 
Biochemically, apoptosis is characterized by fragmentation of 
nuclear DNA, demonstrated by a typical ladder pattern on agarose 
gel electrophoresis.

To understand how cytotoxic agents initiate apoptosis, an 
understanding of the events that occur during the normal cell 
cycle is important. As previously mentioned, DNA synthesis is not 
continuous from one mitosis to the next but takes place in only 
a specific period of the cell cycle, the S-phase. Similarly, mitosis 
or the M-phase takes up only a small part of the cell cycle.1 In 
most, if not all cells, the cell cycle is temporarily halted during 
the G1–S-phase checkpoint and at the G2–M-phase checkpoint. 
At these times, cells determine whether to continue into the 
S-phase, initiate the process of apoptosis, or undergo DNA repair. 
Passage into a new phase of the cell cycle requires activation of a 
series of enzymes called cyclin-dependent kinases, which activate 
another group of enzymes (the cyclins).5 If cells are damaged by 
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Figure 68.3. Potential pathways involved in cytotoxicity induced by chemotherapy.   
Chemotherapeutic drugs or growth factor deprivation damages cells. Cells are arrested at the 
G1–S checkpoint. If the damage is sublethal, it may be repaired and the cell proceeds to S-phase. 
If  significant DNA damage is present, the process of programmed cell death is initiated. Critical 
 factors, such as p53 and p21 gene products, are required for the cell to undergo apoptosis.
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Figure 68.1. Schematic representation of clinical course of two patients with Hodgkin disease. Both patients A and B are diagnosed with a clinically 
detected tumor mass (1011 cells). Both patients are treated with ABVD (doxorubicin, bleomycin, vincristine, and DTIC) every 2 weeks. One course of therapy for patient 
A results in a 2-log tumor cell kill. Patient B’s therapy results in only a 1-log tumor cell kill. Some tumor growth occurs while waiting for normal tissue recovery before 
initiation of the next treatment. Three months into therapy, neither patient A nor B has clinically detectable disease. Treatment is stopped after 6 months of therapy. 
Patient A is cured, whereas disease recurs in patient B 3 months after stopping therapy.

chemotherapeutic agents and are unable to repair the damage, 
apoptosis is initiated at the G1–S or G2–M checkpoint, provided 
the mechanisms for apoptosis are in place. Several critical factors 
are needed for apoptosis to occur such as p53, p63, and p21. P53 
is a nuclear phosphoprotein capable of binding to specific DNA 

sequences and activating selected target genes triggering apop-
tosis. Cells with a mutated P53 gene have a relative resistance 
to cancer chemotherapeutic agents and are unable to initiate 
apoptosis properly.6 P21 is a protein induced by p53 that binds 
to and inactivates the cyclins required for progression of cells into 
the S-phase. Other factors are known to affect the apoptotic path-
way. A protein originally found in B cell lymphomas, bcl-2, blocks 
apoptosis. Caspases are the key machinery causing the break-
down of DNA and proteins. Caspases are specialized proteases 
existing as proenzymes, which can be rapidly activated by a num-
ber of factors. The Fas ligand and tumor necrosis factor stimulate 
the protease cascade. It is clear that antineoplastic agents provide 
the initial trigger for beginning the pathway to programmed cell 
death (Fig. 68.3). However, the presence, or absence, of apop-
totic proteins is as important as the initial interaction between a 
 cytotoxic drug and its effecter in determining whether tumor cell 
kill occurs.4

Figure 68.2. The cell cycle. The cell cycle is marked by two observable events. During 
S-phase (synthesis), DNA replication occurs; and during M-phase (mitosis), cells divide. G1 and 
G2 (gap) are times between completion of M-phase and start of S-phase and between comple-
tion of S-phase and start of M-phase, respectively. During G1 and G2, the cell prepares for the 
S- and M-phases of the cell cycle. Cells may temporarily cease to divide and enter a resting or G0 
phase of the cell cycle. The G1–S checkpoint is a critical phase in the cell cycle, when directions 
for entering S-phase or committing to apoptosis (programmed cell death) are given.
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types of transport proteins, such as MDR-related protein (MRP) 
or breast cancer resistance protein (BCRP). MRP and BCRP, like 
p-glycoprotein, are members of the adenosine triphosphate (ATP) 
binding cassette gene superfamily, but are structurally dissimilar 
to p-glycoprotein and with different inhibitors.12,13 In summary, 
tumor cells can develop resistance to antineoplastic drugs by 
numerous mechanisms. Resistance occurs as a result of random 
mutational changes in a population of cancer cells. Mutations to a 
drug-resistant cell line are estimated to occur at a population size 
of 104 to 106 tumor cells, a size smaller than is clinically detect-
able. Therefore, drug-resistant cancer cell populations will be 
present in the majority of tumors at diagnosis. The early presence 
of resistant tumor cells leads to the rationale for (a) early treat-
ment of cancers to avoid multiple resistant populations and (b) use 
of multiple agents with differing mechanisms of action.

Drug toxicity
As opposed to many other classes of drugs, the therapeutic win-
dow for chemotherapeutic agents is narrow (Fig. 68.5). The dose 
of drug needed to achieve adequate tumor cell kill often causes 
toxicity to normal tissues. For many antineoplastic agents, a 
sigmoidal curve defining the relationship between toxicity and 
the dose of drug administered (or the area under the plasma 
drug concentration [AUC] versus time curve) has been demon-
strated. At low drug concentrations, no cytotoxicity is observed. 
With increasing concentration, cell kill is proportional to dose. At 
higher concentrations, the effect plateaus. Similar relationships 
correlating the dose of drug and the antitumor response have also 
been demonstrated.14 A positive relationship between the drug 
dose administered and the tumor response rate has been found 
for many tumors, including the lymphomas. Higher response rates 
and an increased chance for cure are achieved with higher doses 
of selected agents.15,16 For this reason, clinicians generally try to 
push doses of agents to toxicity to maximize the chance for cure. 
The optimal dose or AUC for an individual patient with a particu-
lar cancer is unknown.

Chemotherapeutic agents cause a wide variety of toxicities 
(Table 68.1). Myelosuppression and nausea are seen, to some 
degree, with many anticancer drugs. Nausea and vomiting, 
although generally self-limited and not life-threatening, are very 
distressing to patients. The emetogenic potential of antineoplastic 

resistance to anticancer Drugs
The presence of cancer cells that are resistant to chemotherapeu-
tic agents is a common clinical occurrence. It has been postulated 
that by the time the number of cancer cells reaches 103 to 106, 
a resistant clone has developed.7 Unfortunately, there are many 
ways in which cells can become resistant to an antineoplastic 
agent. Steps in antineoplastic drug disposition within the cell are 
represented schematically in Figure 68.4. For an anticancer drug 
to be active, it must (a) be taken up into a cancer cell and (b) be 
converted into an active agent. It must then make its way within 
the cell to its target without being (c) metabolically inactivated, 
(d) chemically inactivated, or (e) excreted from the cell. Once 
it interacts with its cellular target, the cell must not be able to 
(f) alter the target or (g) repair the damage to the target. Finally, 
(h) mechanisms for apoptosis must be in place, as discussed in 
the preceding section. Examples of drug resistance at all of these 
steps have been described.8 Not only are there multiple potential 
mechanisms for drug resistance, but an individual tumor cell can 
become resistant to a particular drug in many ways. For example, 
resistance to methotrexate (MTX) has been described in some 
cell lines with altered folate transport that limits MTX uptake into 
cells.9 In other cell lines, MTX resistance results from the overex-
pression of the target enzyme, dihydrofolate reductase (DHFR).

Cancer cells may become simultaneously resistant to several 
types of chemotherapeutic drugs. Cells that express the multidrug 
resistance gene (MDR) produce a glycoprotein of 170-kDa weight 
known as p-glycoprotein or p170.8 Originally described in 1976, 
this protein is a drug transporter that sits in the cell wall of resis-
tant tumor cells. P-glycoprotein transports a number of antineo-
plastic agents, most of which are hydrophobic, including vinca 
alkaloids, epipodophyllotoxins, anthracyclines, actinomycin, and 
taxanes. Cells in which the MDR gene is activated develop simul-
taneous resistance to these antineoplastic agents. The presence 
of p-glycoprotein on tumor cells has been correlated with poor 
prognosis in hematologic tumors.10 Efforts have been directed at 
inhibiting p-glycoprotein. However, MDR inhibitors often block 
either the hepatic or renal excretion of anticancer drugs, thereby 
increasing drug toxicity.11 Clinical effectiveness of these MDR 
inhibitors has not been demonstrated. Cancer cell lines have been 
characterized that do not overexpress p-glycoprotein but do dis-
play a similar cross-resistance pattern. These lines have different 
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CELLULAR
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Figure 68.4. Potential pathways for antineoplastic 
drug disposition in tumor cells. For a drug to be effec-
tive, the drug, or its active metabolite, must reach its target 
site within the cell. Possible steps required for a drug to 
reach its receptor or to be inactivated include: (1) uptake 
into a cell through a particular transport protein; (2) enzy-
matic conversion of the drug to an inactive metabolite; (3) 
enzymatic conversion of the drug to its active metabolite; 
(4) binding of an active metabolite by a cellular protein or 
thiol, thereby inactivating drug; (5) excretion of the drug 
from the cell via an efflux transport pump; (6) alteration in 
the genetic makeup of the cell, changing the drug receptor 
site or number; and (7) changes in the ability of a cell to 
repair damage of a drug at its receptor.
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directly to the degree and duration of granulocytopenia.19 The 
development of recombinant hematopoietic colony-stimulating 
factors (CSFs), such as erythropoietin, thrombopoietin, granulo-
cyte-macrophage CSF, and granulocyte-CSF, has shortened the 
duration of bone marrow suppression but not eliminated it. CSFs 
are now commonly used prophylactically with regimens expected 
to produce an incidence of febrile neutropenia >20%. Guidelines 
for the use of these important, yet expensive, factors are available 
and should be followed.20

The range of toxicities associated with antineoplastic agents is 
too great to review in detail in this chapter. Readers are referred 
to reviews on endocrine,21 oral,22 renal,23 neurologic,24 hepatic,25 
pulmonary,26 cardiac,27 and cutaneous28 toxicities of antineoplas-
tic agents. Physicians must also remember that most antineoplas-
tic agents have teratogenic and mutagenic potential. Alkylating 
agents are the most damaging to testicular and ovarian function. 
Damage is dependent on drug dose, the age of the patient (older 
patients are more likely to experience toxicity), and sex (males 
more than females).29 Second malignancies (primarily acute 
leukemia) have been associated with alkylating agents, epipodo-
phyllotoxins, nitrosoureas, and anthracyclines.30 Concomitant 
radiation therapy increases the risk of second malignancies (such 
as sarcomas or breast cancer) 5 to 20 years following therapy.

General pharmacologic principles
Antitumor activity of an antineoplastic agent is best correlated 
with the concentration of drug that reaches the site of drug action 
within the cancer cell (Fig. 68.5A). Several factors may affect what 
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Figure 68.5. Schematic representation curves relating drug concentrations to response. Antibacterial agents (A) have a wide therapeutic window, with 
a significant difference in the dose that produces bacterial cell kill and the dose that causes toxicity to normal tissues. For antineoplastic drugs (B), the therapeutic 
window is narrow (e.g., doses adequate to produce tumor cell kill usually produce toxicity to normal tissues). For a few cancers, such as ovarian (C), the shape of the 
dose–response curve has been defined.14 For most tumors, however, a specific dose–response (or AUC–response curve) has not been defined.

agents varies from drug to drug and is dose-dependent17 (Table 68.2). 
Serotonin receptors, located within the vagal and splanchnic nerves 
of the gastrointestinal system and in the brain, are critical in the 
initiation of nausea by chemotherapeutic agents. The development 
of specific type 3 serotonin (5-hydroxytryptamine or 5HT3) recep-
tor blockers, such as ondansetron, dolasetron, and granisetron, 
and NK-1 inhibitors, such as aprepitant, has resulted in major 
improvement in control of chemotherapy-induced emesis.17,18

Myelosuppression is the most common dose-limiting antineo-
plastic agent toxicity. The suppression of hematopoietic cell lines is 
determined by the kinetics of the specific cell line in the peripheral 
compartment. Anemia occurs as a late effect because of the long 
half-life of red blood cells (120 days). Thrombocytopenia occurs in 
an intermediate time frame (platelet half-life 5 to 7 days), whereas 
granulocyte suppression occurs earliest. Granulocytopenia is a 
more frequent occurrence than thrombocytopenia or anemia. 
The white blood cell count usually drops 5 to 14 days after drug 
administration, with recovery by 7 to 21 days. Several exceptions 
are recognized, such as a predominant thrombocytopenia seen 
with carboplatin and delayed myelosuppression with busulfan 
and the nitrosoureas (occurring 4 to 5 weeks posttherapy). The 
degree and duration of bone marrow suppression are related 
directly to the dose of drug administered. High-dose chemo-
therapy regimens, used with stem cell transplantation, generally 
result in 10 to 25 days with neutrophils <500/mm3 and throm-
bocytopenia lasting for a more extended period. The length of 
cytopenias depend upon the stem cell source with peripheral 
blood shorter (10 to 14 days) than bone marrow (20 to 25 days). 
An increased risk of infectious complications occurs that is related 
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High (>90% risk)

Carmustine Dactinomycin

Cisplatin Mechlorethamine

Cyclophosphamide (>1.5 mg/m2) Streptozocin

Dacarbazine

Moderate (30–90% risk)

Alemtuzumab Doxorubicin

Azacytidine Epirubicin

Bendamustine Idarubicin

Carbazitaxel Ifosfamide

Carboplatin Irinotecan

Clofaribine Methrotrexate (>250 mg/m2)

Cyclophosphamide (>1.5 g/m2) Oxaliplatin

Cytarabine (>1 g/m2) Pralatrexate

Daunorubicin Temozolomide

Low (10–30% risk)

Bortezomib Mitomycin

Cytarabine (<1 g/m2) Mitoxantrone

Docetaxel Paclitaxel

Eribulin Panitumumab

Etoposide Pegylated liposomal doxorubicin

5 Fluorouracil Pemetrexed

Chlorambucil Romidesin

Gemcitabine Temsirolimus

Ixabepilone Topotecan

Hydroxyurea Trastuzumab

Melphalan Vorinostat

Methotrexate (<250 mg/m2)

Minimal (<10% risk)

Bevacizumab 2-Chlorodeoxyadenosine

Bleomycin Fludarabine

Busultan Rituximab

Cetuximab Vinca alkaloids

taBle 68.2

eMetiC PotentiAl of seleCteD AntineoPlAstiC AGents

happens to a drug following administration until it reaches its site 
of action (Fig. 68.6). Pharmacokinetics describes what happens to 
a drug following administration (what the body does to the drug). 
Pharmacokinetics represents an attempt to predict quantitatively 
how a patient will handle a given dose of drug.31 Important phar-
macokinetic parameters include (a) bioavailability or absorption, 
(b) volume of distribution, (c) clearance or drug elimination, and 
(d) drug half-life (Fig. 68.7). Pharmacodynamics describes what 
effect the drug has on a particular tissue (what the drug does to 
the body).

Bioavailability, the percentage of a dose of drug that reaches 
the plasma compartment, defines drug absorption (Fig. 68.7). 
Drugs given intravenously have, by definition, 100% bioavailabil-
ity. Factors that decrease the bioavailability of orally administered 
drugs include poor solubility in aqueous solutions or metabolism 
of the drug by the intestine or liver before entry into the systemic 
circulation (first-pass effect). Bioavailability of poorly soluble 
drugs, such as etoposide, decreases at high oral drug doses.32 
Bioavailability of orally administered 6-mercaptopurine (6-MP) 
and 5-fluorouracil is low because of extensive first-pass hepatic 
drug metabolism.33,34 With poor or widely variable bioavailability 

of a particular agent, an intravenous route of administration is 
preferred. The most important factor regarding bioavailability is 
the variation from patient to patient in the amount of oral drug 
absorbed (coefficient of variation). If bioavailability of an oral 
anticancer drug were 50% in all patients, simply doubling the 
drug dose would produce an equivalent response to intravenously 
administered drug. However, the variation from patient to patient 
in the AUC achieved is usually greater with oral than with intra-
venously administered drug.35 Therefore, variation in toxicity is 
also greater.

After a drug reaches the bloodstream, it is distributed into 
tissues. Figure 68.8 illustrates a plasma concentration-versus-
time curve for a drug with a typical two-phase (distribution 
and elimination) decline in plasma concentration. Distribution 
may be affected by drug binding to plasma proteins (usually 
albumin or a1-acid glycoprotein). Only free drug is biologi-
cally active. Decreasing the amount of bound drug by having a 
low serum albumin concentration or displacing drug from its 
binding site may increase toxicity (as seen with etoposide).36 
Distribution of drug into a “third space,” such as ascites or a 
pleural effusion, may slow clearance and increase toxicity, as 
is noted with MTX.37

Clearance is expressed as the volume of biologic fluid (usu-
ally plasma) from which a drug can be removed per unit of time. 
Clearance of most drugs is constant over a range of plasma con-
centrations, which means that the mechanism for elimination is 
not saturated. However, some drugs, such as paclitaxel, demon-
strate saturable elimination at high plasma concentrations.38 This 
means that a greater proportional drug effect is noted when high 
drug doses are employed. Clearance measurements allow physi-
cians to maintain a particular plasma concentration because the 
dosage rate = clearance × desired plasma concentration.

Removal of drugs from the circulation occurs primarily by 
metabolism, renal elimination, or hepatic excretion. If urinary 
excretion is an important route of elimination, renal failure results 
in slower removal of the drug from the body. Administration of 
the usual dosage of a drug cleared by the kidney to a patient with 
renal insufficiency leads to greater drug accumulation and an 
increased likelihood of toxicity. In such cases, drug dosage needs 
to be modified to prevent excess toxicity. Using available data on 
drug clearance, the appropriate dose in renal insufficiency may be 
calculated as follows: Dose in renal insufficiency = normal dose × 
(clearance in renal insufficiency ÷ normal clearance)

In contrast to a predictable decline in renal drug clearance 
when glomerular filtration is reduced, it is not possible to make 
a general prediction of the effect of liver disease on hepatic bio-
transformation of drugs. Even in advanced hepatocellular disease, 
the magnitude of impairment in drug clearance usually is only 
two- to fivefold. The extent of such changes cannot be predicted 
by common tests of liver function. Consequently, even when it is 
suspected that drug elimination is altered in liver disease, there 
is no quantitative base on which to adjust the dosage regimen 
other than assessment of clinical response. Antineoplastic drugs 
for which dose modifications are indicated for renal or hepatic 
insufficiency are listed in Table 68.3.

The hepatic metabolism of drugs may be altered by genetic 
deficiency of a metabolizing enzyme or by inhibition of metabo-
lism by another drug. Pharmacogenomics is the study of how a 
particular patient’s genetic makeup affects drug metabolism. It is 
now recognized that some patients inherit a mutated gene which 
produces an inactive or much less active enzyme important in 
clearing a drug from the body.39 Such patients have a mark-
edly lower drug clearance and a higher incidence of toxicity. 
Examples include the inherited deficiencies of dihydropyrimi-
dine dehydrogenase, the enzyme that degrades 5-fluorouracil40; 
UGT1A1, the enzyme that inactivates irinotecan41; and thiopu-
rine methyltransferase, the enzyme that degrades azathioprine 
and 6-MP.42
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tissue enzymes
(liver)

inactivation (plasma protein binding)

transport

(distribution)

uptake

(absorption)

efflux (excretion)

Active
Metabolite

PLASMA
PROTEINS

Inactive
Metabolite

Tumor
Cell

(Receptor)

1

2

3

4

5

DRUGDRUG

Figure 68.6. Schematic representation of drug disposition in the 
body. For a drug to function, it must be taken into the body (1) and the 
drug must avoid being cleared from the body by metabolism (2) or excre-
tion (5). It must reach its site of action in active form (3), without being 
inactivated by protein binding (4).

Dose of drug administered

Drug concentration in systemic circulation

Drug concentration into body tissues

Drug concentration at site of action

Pharmaco
kinetics

Absorption (defined by biovailability)

Distribution Drug metabolized
or excreted

Pharmacologic effect
on normal tissue

Pharmacologic effect
on cancer cells

Pharmaco
dynamics

Toxicity Effectiveness

Elimination

Figure 68.7. Pathway of 
a drug administered to a 
patient. Pharmacokinetics 
describes what the patient’s 
body does to a drug. Pharma-
codynamics describes what the 
drug does to the patient’s tis-
sues or cancer cells.

Certain antineoplastic drugs are metabolized by the hepatic 
P-450 microsomal enzyme system (vincas, epipodophyllotoxins, 
cyclophosphamide, tyrosine kinase inhibitors, and the taxanes). 
The activity of the microsomal enzyme systems may be increased 
with concomitant use of phenobarbital, phenytoin, or other drugs. 
Use of anticonvulsants has been shown to increase the catabolism 
of teniposide, a drug eliminated from the body through hepatic 
microsomal metabolism.43 Clearance of drugs metabolized by the 
hepatic P-450 enzyme system, such as paclitaxel or Taxotere, can 
be decreased with concomitant use of P-450 inhibitors, such as 
ketoconazole or selected antiretroviral agents.

It is important to recognize the unpredictable variation in the 
way chemotherapeutic drugs are handled by the body. Mean 
values for bioavailability, clearance, and volume of distribution 
of anticancer agents have standard deviations of 20%, 50%, 
and 30%, respectively. This means that target drug concentra-
tions may vary widely from patient to patient, even those whose 
renal and hepatic function appears similar. This is particularly 

important for drugs with a low therapeutic index and necessi-
tates that all patients receiving chemotherapy must be carefully 
monitored.

approach to the patient with Cancer
Before initiating cancer chemotherapy, a physician should (a) 
verify the accuracy of the diagnosis, (b) understand the natural 
history of the illness, and (c) identify, with the patient, the goals 
of therapy. Verification of the diagnosis, in nearly every case, 
requires histologic documentation of cancer. Once the diagnosis is 
established, the physician and patient must decide whether cure 
is possible or palliation is the optimal goal. If cure is the goal, 
the patient and physician may be willing to tolerate more severe 
toxicity. The patient must be a partner in such decisions. In many 
cases, several options may be reasonable and an informed patient 
can direct the physician as to whether intensive, potentially toxic 
therapy should be tried for a relatively small chance of cure.44,45 
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Figure 68.8. Plasma concentrations of a typical drug at various times following intra-
venous administration. Following an early distribution phase, drug concentrations decrease 
in a log-linear manner. Cp0 is the hypothetical drug plasma concentration at time zero if equilib-
rium were achieved instantaneously. The drug’s half-life is the time required for its concentration 
to decrease by half.
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Nephrotoxicity Hepatic Toxicity

Arsenic trioxide Bortezomib

Bleomycin Cytarabine

Capecitabine Daunorubicina

Carboplatina Doxorubicina

Cisplatina Docetaxela

Cladribine Epirubicina

Cyclophosphamide (if CrCl < 20 ml/min) Etoposide

Daunorubicina Everolimus

Deoxycoformycin 5 Fluorouracil

Etoposide Idarubicin

Fludarabine Imatinib

Hydroxyurea Irinotecana

Ifosfamide Ixabepilone

Irinotecan Nilotinib

Lenalidomide Paclitaxela

Methotrexatea Procarbazine

Mithramycin Temsirolimus

Mitomycina Vinblastinea

Nitrosoureasa Vincristinea

Oxaliplatin (if CrCl < 20 ml/min) Vinorelbinea

Pemetrexede

Pentostatin

Sorafenib

Streptozocin

Topotecana

Vandetanib

aMajor dose adjustment.

taBle 68.3

DruGs requirinG Dose AlterAtions for orGAn toxiCity

Fortunately, curative therapy, even for disseminated disease, is 
available for many hematologic malignancies, including Hodgkin 
and non-Hodgkin lymphomas, and acute and chronic leukemia. 
In some illnesses, such as chronic lymphocytic leukemia and low-
grade lymphomas, curative therapy may not be available, but the 
disease is often indolent. A discussion of these illnesses and their 
natural histories can reassure patients and help them understand 
why chemotherapy is not being immediately initiated. If high-dose, 
aggressive curative chemotherapy is planned, patients and their 
families need to be aware of anticipated and potential toxicities.

The use of chemotherapy for treatment of an individual 
requires a detailed knowledge of the patient, including his or 
her medical and psychological status, specific knowledge of the 
drugs to be used, and the availability of appropriate laboratory 
and hospital support services. Combination chemotherapy (use of 
several drugs simultaneously) is usually employed and multiple 
cycles of drugs administered to achieve adequate tumor cell kill 
without life-threatening toxicity or the development of tumor 
cell resistance. Certain patient selection factors are important 
in planning treatment. Age alone is seldom a reason to exclude 
patients from chemotherapy.46 However, age-related changes in 
organ  function, including reduced marrow reserve, abnormal 
liver function tests, and decreased renal function, are commonly 
seen and may increase the risk of toxicity. The performance status 
of a patient (either Karnofsky or American Joint Committee on 
Cancer scale)  usually correlates with response and tolerance to 
 chemotherapy (Table 68.4).

The nutritional state of a patient is important. Malnourished 
patients with hypoalbuminemia may have increased toxicity when 
highly protein-bound drugs are used.36

Guidelines for dosing of chemotherapy drugs in obese patients 
have been developed.47 Doses based on actual body weight are 
generally recommended, as myelosuppression is the same or 
less pronounced in the obese than the non-obese cancer patient 
given full-weight–based doses. Fixed dosing of carboplatin, vin-
cristine, and bleomycin is appropriate. Altered organ function 
may eliminate the opportunity to use certain drugs (e.g., doxoru-
bicin in patients with heart failure or bleomycin in patients with 
severe pulmonary toxicity). Drug doses may require modification 
for decreases in blood counts (Table 68.5) and also for changes 
in renal and hepatic function (see General Pharmacologic 
Principles).

It is common to re-evaluate patients after two to four cycles of 
chemotherapy to determine treatment effectiveness. If a response 
is seen, therapy is usually continued for a set number of courses 
or two cycles past a complete response. If tumor progression is 
noted, therapy should generally be discontinued. For patients 
with stable disease, an assessment of drug toxicity is impor-
tant. If therapy is tolerable, a decision to continue treatment is 
reasonable, with the understanding that disease progression 
will eventually occur. Physicians administering potentially toxic 
chemotherapy must make certain that they have appropriate 
monitoring and support facilities available for their patients in the 
event of untoward toxicity.

drugs used to treat cancer
A comprehensive review of the pharmacology of all chemothera-
peutic agents is beyond the scope of this chapter. This section 
focuses on those agents most commonly used in the therapy of 
hematologic malignancies. Important information necessary for 
the optimal use of these drugs requires knowledge of their (a) 
mechanism of action; (b) pharmacology, including bioavailability, 
routes of elimination, and important drug interactions; and (c) 
toxicities. Table 68.6 summarizes this information for the major-
ity of antineoplastic agents. A more detailed review of the agents 
commonly used to treat hematologic malignancies follows.
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Karnofsky Description
Karnofsky  
Scale (%) AJCC Scale AJCC or ECOG Description

Normal; no complaints; no evidence of disease 100 0 Normal activity

Able to carry on normal activity; minor signs or symptoms of disease  90

Normal activity with effort; some signs or symptoms of disease  80 1 Symptomatic and ambulatory; cares for self

Cares for self; unable to carry on normal activity or to do active work  70

Requires occasional assistance but is able to care for most of own needs  60 2 Ambulatory >50% of time; occasionally needs assistance

Requires considerable assistance and frequent medical care  50 3 Ambulatory 50% or less of time; nursing care needed less 
of time

Disabled; requires special care and assistance  40

Severely disabled; hospitalization indicated although death not imminent  30

Very sick; hospitalization necessary; active supportive treatment necessary  20 4 Bedridden; may need hospitalization

Moribund, fatal processes progressing rapidly  10

Dead   0

taBle 68.4

KArnofsKy AnD AMeriCAn Joint CoMMittee on CAnCer (AJCC) PerforMAnCe stAtus sCAles

100% Dose 75% Dose 50% Dose Omit

Granulocyte >2,000 1,500–1,999 1,000–1,499 <1,000

White  
blood cell

>3,500 3,000–3,500 2,500–2,999 <2,500

Platelet >100,000 75,000–100,000 50,000–75,000 <50,000

aIn selected circumstances, such as the treatment of leukemia, these guidelines do not apply. 
Specific guidelines accompanying individual protocols should be sought.

taBle 68.5

GenerAlizeD Dose ADJustMent GuiDelines for 
HeMAtoloGiC toxiCitya

alkylating agents (actinomycin-D, 
Bendamustine, Busulfan, Chlorambucil, 
Cyclophosphamide, Dacarbazine, 
hexamethylmelamine, Ifosfamide, Melphalan, 
Mechlorethamine, Mitomycin C, Nitrosoureas 
(BCNU, CCNU), procarbazine, Streptozocin, 
temozolomide, thiotepa)

Mechanism of Action
Alkylating agents covalently bind alkyl groups (one or more satu-
rated carbon atoms) to cellular molecules, including DNA, RNA, 
and proteins. Alkylating agents form reactive carbonyl groups 
in plasma and within tissues. Attack at electron-rich sites on 
adenine or guanine (SN 1 agents) in DNA is the primary mecha-
nism for cytotoxicity.48 The pattern of DNA lesions generated 
by an alkylating agent depends on the number of reactive sites 
within the alkylating agent, its particular reactivity, the type of 
alkyl group addition (methyl or chloroethyl) and the DNA sub-
strate (double- or single-strand). Many alkylating agents (benda-
mustine, chlorambucil, cyclophosphamide, ifosfamide, mustard, 
melphalan) contain two reactive nitrochlorethyl groups, which 
allow them to react with both strands of DNA, forming cross-
linkage (Fig. 68.9). Other agents (procarbazine, dacarbazine, 

temozolomide) produce single-strand alkylation. Most alkylators 
preferentially attack the N7 position of guanine. Nitrosoureas, 
procarbazine, and dacarbazine (DTIC) attack the 06 position. 
Depending on the site of DNA binding, the base adducts pro-
duced by alkylating agents block DNA replication and transcrip-
tion, leading to cell death. However, alkylating agents may also 
compromise genome integrity, inducing mutagenesis. Alkylating 
agents are cell cycle–nonspecific.

There are multiple enzymes that have been identified that 
can repair the genomic damage caused by alkylating agents.48 
An example is the repair of alkylation sites on DNA by 06 
methyl transferase; the overexpression of this enzyme in a 
cancer cell produces resistance to nitrosoureas but not to nitro-
gen mustard or cyclophosphamide.49 An imbalance of any one 
repair enzyme can increase or decrease the alkylation sensitiv-
ity of a cell. Inhibitors of DNA-repair enzymes (such as Poly 
ADP ribose polymerase or PARP) may increase cell sensitivity 
to alkylating agents.

The most widely used alkylating agents in hematology are 
the nitrogen mustards: mechlorethamine, cyclophosphamide, 
ifosfamide, melphalan, and chlorambucil. Thiotepa is an aziri-
dine that is closely related to the mustards. Busulfan is an alkyl 
sulfonate that has a poorly understood selective toxicity for 
myeloid precursors. Procarbazine and DTIC are metabolized to 
reactive intermediates that decompose to produce methyl dia-
zonium, which covalently binds DNA. The basis of cytotoxicity 
of these nonfunctional alkylating agents is probably the forma-
tion of DNA strand breaks and inhibition of DNA polymerase.50 
Bendamustine, a recently FDA-approved alkylating agent for 
treatment of chronic lymphocytic leukemia and lymphomas, regu-
lates different genes compared to other alkylating agents.51 It is 
not cross resistant with other alkylators and is effective against 
both quiescent and dividing cells. It produces more durable and 
extensive DNA double-stand breaks than do cyclophosphamide 
or melphalan.

Cellular thiols can provide nucleophilic targets, which bind 
alkylating agents before they reach their DNA target. Increasing 
or decreasing the concentration of thiols can decrease or increase 
antineoplastic drug activity and/or toxicity. Buthione sulfonamide 
(BSO) decreases glutathione synthesis (a naturally occurring 
thiol) and increases alkylating agent cytotoxicity.52 Amifostine 
(WR2721) provides an exogenous nucleophilic thiol that can 
decrease alkylating agent toxicity.53
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taBle 68.6

CHeMotHerAPeutiC AGents (exCluDinG HorMonAl AGents)

Name (Synonym) Drug Class Action Clearance Routea Major Toxicity

Alemtuzumab (Campath®) Radioactive monoclonal antibody Binds to CD52 to target  
radioactivity

Radioactive extinction Myelosuppression
Hypersensitivity reaction
Infection

Altretamine (Hexalen®,  
hexamethylmelamine)

Nonclassical alkylating agent Unknown, may alkylate DNA Hepatic metabolism Hypersensitivity reaction,  
deficient synthesis of key  
proteins (clotting factors, insulin), 
CNS depression, pancreatitis

Anagrelide (Agrylin®) Phospholipase inhibitor Prevents megakaryocytes from 
maturing

Metabolism via
CYP/A2

Palpitations, headache, nausea, 
abdominal pain, dizziness

Arsenic trioxide (Trisenox®, ATO) Targeted drug Degrades PML-RAR fusion  
protein

Hepatic metabolism APL differentiation syndrome,  
Q–T prolongation, nausea,  
fatigue

Asparaginase (Elspar®, 
Oncaspar®, pegasparaginase)

Enzyme Breaks down the amino acid 
asparagine; sensitive  
lymphocytes lack ability to  
synthesize asparagine

Hepatic metabolism N&V, neurotoxicity,  
myelosuppression, diarrhea,  
diabetes, anticoagulation

Azacitidine (Vidaza®) Hypomethylating agent Inhibitor of DNA methylation Hepatic metabolism Myelosuppression

Bexarotene (Targretin®) Retinoid Binds to the retinoid X receptor  
to induce cellular differentiation

Oxidative hepatic metabolism Hepatotoxicity, hyperlipidemia, 
hypothyroidism, photosensitivity, 
teratogenicity

Bendamustine (Trenda®) Alkylating agent Forms DNA cross-links Hydrolysis in plasma to inactive 
metabolites

Nausea, fatigue,  
myelosuppression, fever

Bevacizumab (Avastin®) Monoclonal antibody to VEGF Decreases angiogenesis Protein degradation Hypertension, headache,  
bleeding, thrombosis,  
proteinurea

Bleomycin (Blenoxane®) Antibiotic Single-strand DNA breaks Renal Hypersensitivity reaction,  
pulmonary fibrosis, skin and 
mucocutaneous reactions,  
fevers

Bortezomib (Velcade®) Proteosome inhibitor (targeted 
agent)

Inhibits protein destruction  
blocking NFK-b

Oxidative hepatic metabolism Nausea, fatigue, diarrhea,  
peripheral neuropathy,  
thrombocytopenia

Brentuximab vedotin Monoclonal antibody Binds with CD30 antigen with 
toxin then internalized

Hepatic Hypersensitivity reaction,  
neuropathy, fatigue, fever,  
diarrhea, neutropenia

Busulfan (Myleran®, Busulfex®) Alkylating agent Forms DNA cross-links. Metabolism Myelosuppression, hepatotoxicity 
(venoocclusive disease),  
pulmonary fibrosis

Capecitibine (Xeloda®) Antimetabolite A 5-FU prodrug Hepatic metabolism Diarrhea, myelosuppession, 
palmar-plantar erythrodysethesia

Carboplatin (CBDCA, Paraplatin®) Platinum complex Produces DNA cross-links Renal Thrombocytopenia, leukopenia, 
nephrotoxicity, ototoxicity,  
neuropathy, N&V

Carmustine (BCNU) Nitrosourea Alkylates DNA at O6 position  
of guanine

Hepatic metabolism Delayed (4–6 wk)  
myelosuppression, pulmonary 
toxicity, hepatotoxicity

Cetuximab (Erbitux®) Monoclonal antibody Binds to the epidermal growth 
factor receptor

Binding of antibody to receptor Anaphylactic reaction,  
skin rash, fevers

Chlorambucil (Leukeran) Alkylating agent Cross-links DNA Metabolism Myelosuppression, pulmonary 
toxicity, hepatotoxicity

Cisplatin (CDDP) (Platinol®) Platinum complex Produces DNA cross-links Protein binding Nephrotoxicity, N&V, ototoxicity, 
alopecia, neuropathy

Cladribine (Leustatin™)  
(2-chlorodeoxy adenosine)

Antimetabolite (purine analog) Incorporation into DNA; NAD 
consumption

Renal Myelosuppression, fever,  
renal toxicity (high-dose)

Clofarabine (Clolar®) Antimetabolite Incorporates into DNA; inhibits 
DNA polymerase

Renal Nausea, hepatotoxicity,  
palmar-plantar  
erythrodysesthesia

Cyclophosphamide (Cytoxan®, 
Neosar®)

Alkylating agent Cross-links DNA strands Hepatic metabolism (renal) Myelosuppression, N&V,  
cystitis, cardiac (high-dose)

Cytarabine (Cytosar®, ara-C,  
cytosine arabinoside, DepoCyt™)

Antimetabolite  
(pyrmidine analog)

Incorporates into DNA; inhibits 
DNA polymerase

Hepatic metabolism Myelosuppression, N&V,  
mucositis, ocular, hepatic
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Name (Synonym) Drug Class Action Clearance Routea Major Toxicity

Dacarbazine (DTIC) Nonclassical alkylating agent DNA methylation Renal (hepatic metabolism) Vesicant, myelosuppression,  
N&V, hepatic

Dactinomycin (Cosmegen®) 
(actinomycin-D)

Antibiotic DNA intercalation Biliary Myelosuppression, N&V,  
vesicant, mucositis

Dasatinib (Sprycel™) Targeted agent, signal  
transduction inhibitor

Inhibits the tyrosine kinase of 
several growth factor receptors 
including bcr-abl

Hepatic metabolism (CYP 3A4) 
and biliary excretion

Fluid retention, N&V,  
diarrhea, myelosuppression,  
hypothyroidism

Daunorubicin (Cerubidine®, 
Dauno Xome®)

Antibiotic (anthracycline) Topoisomerase inhibition,  
DNA intercalation, free-radical 
formation

Biliary excretion, hepatic  
metabolism

Myelosuppression, N&V,  
cardiomyopathy, vesicant, red 
urine, mucositis

Decitabine (Dacogen®) Hypomethylating agent Allows activation of tumor  
suppressor genes

Hepatic deamination Myelosuppression, fatigue,  
nausea, teratogen

Denileukin diftitox (Ontak®) Toxin-fusion protein Binds to the IL-2 receptor,  
where the diphtheria toxin is 
internalized

Proteolytic degradation Infusion reactions (fever,  
hypotension, myalgias), skin rash, 
transaminitis, vascular leak  
syndrome, hypothyroidism

Docetaxel (Taxotere®) Tubulin binder Mitotic spindle inhibitor Hepatic metabolism, biliary  
excretion

Myelosuppression,  
hypersensitivity (steroids  
needed), fluid retention,  
neuropathy

Doxorubicin (Adriamycin®, 
Rubex®, Myocet™, Doxil®)

Topoisomerase inhibitor 
(Anthracycline)

Topoisomerase inhibition,  
free-radical formation

Biliary excretion, hepatic  
metabolism

Myelosuppression, N&V,  
cardiomyopathy, vesicant, red 
urine, mucositis

Epirubicin (Ellence™) Topoisomerase inhibitor 
(Anthracycline)

Inhibits topoisomerase II Hepatic metabolism  
and excretion

Nausea, vomiting, myelosuppres-
sion, cardiac toxicity

Erlotinib (Tarceva®) Targeted agent Inhibits the tyrosine kinase  
of the epidermal growth factor 
receptor

Hepatic oxidative metabolism Skin rash, diarrhea

Etoposide (VePesid®, VP-16, 
Etopophos®, Toposar®,  
etoposide phosphate)

Topoisomerase inhibitor Inhibits topoisomerase II Renal (hepatic metabolism) Myelosuppression, mucositis, 
hypersensitivity reaction

Everolimus (Affinitor®) Targeted therapy Blocks oncogenic pathway 
through m-TOR inhibition

Hepatic metabolism through 
CYP3A4

Edema, rash, stomatitis, diarrhea, 
myelosuppression, infection

Fludarabine (fludarabine  
phosphate, Fludara®)

Antimetabolite (purine analog) Inhibits DNA polymerase,  
incorporation into DNA and RNA, 
NAD depletion

Renal Myelosuppression, mucositis, 
hypersensitivity reaction,  
neurologic

Fluorouracil (5-FU, Adrucil®, 
FUDR®)

Antimetabolite
(pyrimidine analog)

Inhibits thymidylate synthetase, 
incorporated into DNA and RNA

Hepatic metabolism Myelosuppression (more  
with bolus), diarrhea &  
mucositis (more with continuous 
infusion), stomatitis, cardiac  
ischemia, CNS (cerebellar ataxia)

Gefitinib (Iressa®) Targeted therapy Block the tyrosine kinase  
of EGFR

Hepatic metabolism via CYP3A4 Rash, diarrhea

Gemcitabine (Gemzar®) Antimetabolite Inhibits ribonucleotide  
reductase, incorporated into  
DNA as false nucleotide

Metabolism Myelosuppression, nausea,  
diarrhea, hepatic, fever

Hydroxyurea (Hydrea®,  
Droxia™, Mylocel™)

Antimetabolite Inhibits ribonucleotide reductase Hepatic metabolism, renal Myelosuppression, mucositis

Idarubicin (Idamycin®) Topoisomerase inhibitor  
(anthracycline)

Similar to doxorubicin Hepatic Similar to doxorubicin

Ifosfamide (Ifex®) Alkylating agent Cross-links DNA strands through 
alkyl groups

Hepatic metabolism,  
renal excretion.

Myelosuppression, N&V,  
neurologic, alopecia, cystitis  
(must be given with MESNA)

Imatinib mesylate (Gleevec™, 
STI-575)

Targeted agent Inhibits the tyrosine kinase  
of the bcr-abl and c-kit oncogenes

Hepatic metabolism Nausea, diarrhea, fluid retention, 
abnormal LFTs, hypothyroidism

Interferon-a (INF-a, Intron A®, 
Roferon®)

Biologic Degradation of messenger  
RNAs, modulation of oncogene 
expression, increase in NK  
cells and other immunoregulatory 
elements

Renal metabolism Fever, chills, myalgias,  
headache, fatigue, anorexia, 
myelosuppression, hepatic,  
CNS, depression

Ibritumomab (Zevalin™) Monoclonal antibody Antibody to CD20 coupled to Y90 Radioactive decay Myelosuppression, allergic  
reactions, hypothyroidism

Irinotecan (Camptosar®,  
CPT-11)

Topoisomerase I inhibitor Inhibits topoisomerase I Metabolism, biliary excretion Myelosuppression, diarrhea, 
pneumonitis, stomatitis

(Continued )
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Name (Synonym) Drug Class Action Clearance Routea Major Toxicity

Lenalidomide (Revlimid®) Immunomodulator Uncertain—possible TNF-a 
inhibitor; inhibits angiogenesis

Renal Teratogenicity, myelosuppression, 
DVTs, diarrhea, fatigue

Lomustine (CeeNU®, CCNU) Alkylating nitrosourea Same as carmustine Same as carmustine Same as carmustine

Mechlorethamine  
(nitrogen mustard, Mustargen®)

Alkylating agent Cross-links DNA via alkylation Tissue binding Vesicant, ototoxicity,  
myelosuppression, N&V

Melphelan (Alkeran®, l-PAM, 
phenylalanine mustard)

Alkylating agent Cross-links DNA strands via 
alkylation

Spontaneous degradation,  
protein binding

Myelosuppression, pulmonary 
fibrosis (rare), N&V (high-dose)

Mercaptopurine (6-MP, 
Purinethol®)

Antimetabolite (purine analog) Incorporation into DNA Hepatic metabolism Myelosuppression, hepatotoxicity

Methotrexate (MTX) Antimetabolite (folic acid analog) Inhibits dihydrofolate reductase 
with decreased thymidylate and 
protein synthesis

Renal excretion Myelosuppression, mucositis, 
hepatotoxicity (chronic low-dose), 
renal (high-dose), pulmonary

Mitomycin (Mutamycin®) Antibiotic Cross-links DNA strands Hepatic metabolism Myelosuppression, N&V, vesicant, 
pulmonary, hepatic, renal

Mitoxantrone  
(Novantrone®, DHAD)

Anthraquinone Similar to doxorubicin Hepatic metabolism Similar to doxorubicin,  
blue-green urine

Nelarabine (Arranon®) Antimetabolite (purine analog) Incorporated into DNA and blocks 
DNA replication

Hepatic demethylation Neurotoxicity including  
somnolence, fatigue, dizziness, 
headache, myelosuppression

Nilotinib (Tasigna®) Targeted therapy Inhibits the tyrosine kinase of 
BCR/ABL

Hepatic metabolism via CYP3A4 Myelosuppression, QT  
prolongation, N & V, hepatic  
toxicity, edema

Ofatumumab (Arzerra®) Monoclonal antibody Binds to CD20 Proteolytic degradation Infusion reaction, infection,  
myelosuppression, HBV  
reactivation

Oxaliplatin (Eloxatin®) Platinum complex Produces DNA cross-links Renal and tissue binding Hypersensitivity reaction,  
neuropathy, hepatitis,  
pulmonary fibrosis

Paclitaxel (Taxol®, Abraxane®) Plant alkaloid Mitotic spindle inhibitor,  
stabilizes microtubulin.

Hepatic metabolism,  
biliary excretion

Myelosuppression,  
hypersensitivity syndrome (use 
with steroids and antihistamines), 
mucositis, neuropathy, myalgia

Panitumumab (Vectibix™) Monoclonal antibody Binds to EGFR Proteolytic degradation Rash, infusion reaction, diarrhea

Pazopanib (Votrient®) Targeted agent Inhibits the TKI of VEGF  
receptors

Hepatic metabolism via CYP3A4 Hypertension, hair color change, 
diarrhea, myelosuppression, QT 
prolongation, hepatotoxicity

Pemetrexed (Alimta®) Antimetabolite An antifolate that inhibits  
dihydrofolate reductase,  
and thymidylate synthetase

Renal Myelosuppression, fatigue, N&V

Pentostatin (Nipent®,  
2-deoxycoformycin)

Antimetabolite (purine analog) Adenosine deaminase inhibitor. Renal Myelosuppression, fever, rash, 
hepatotoxicity, pulmonary, CNS

Prelatrexate (Folotyn®) Antimetabolite Inhibits DHFR (see methotrexate) Renal Myelosuppression, mucositis

Procarbazine (Matulane) Nonclassical alkylating agent Alkylates DNA; DNA strand breaks Hepatic metabolism Myelosuppression, N&V, CNS 
(confusion, depression), MAO  
inhibition, hepatic, pulmonary

Rituximab (Rituxan®) Monoclonal antibody Binds to CD20 on lymphocytes 
and initiates complement- 
mediated cytotoxicity

Proteolytic degradation Fevers, hypersensitivity reaction, 
Hepatitis B reactivation, infection

Sorafenib (Nexavar®) Targeted therapy Inhibits the tyrosine kinase of 
VEGER, PDGFR, c-kit,  
and FLT-3

Heptic metabolism: Oxidation  
and glucuronidation

Fatigue, palmar-plantar  
erythrodysethesia,  
hypertension, hyperphosphatemia, 
rash proteinuria

Streptozocin (Zanosar®) Alkylating nitrosourea Methylation of O6-guanine  
of DNA

Renal Myelosuppression, N&V, renal, 
diabetes, vesicant

Sunitinib (Sutent®) Targeted therapy Inhibits the tyrosine kinases of 
VEGFR, PDGFR, c-kit; inhibits 
angiogenesis

Hepatic oxidative metabolism Hypertension, bleeding, diarrhea, 
mucositis, fatigue

Temozolomide (Temodar®) Atypical alkylating agent Methylates DNA guanine  
resulting in strand breaks

Metabolism by hydrolysis Myelosuppression, N & V,  
fatigue

Teniposide (VM-26, Vumon®) Microtubulin inhibitor Binds to topoisomerase II,  
causing DNA strand breaks

Hepatic metabolism Myelosuppression,  
hypersensitivity reactions

taBle 68.6

CHeMotHerAPeutiC AGents (exCluDinG HorMonAl AGents) (ContinueD)
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Name (Synonym) Drug Class Action Clearance Routea Major Toxicity

Temsirolimus (Torisel®) Targeted agent Inhibits m-TOR Hepatic metabolism  
and biliary excretion

Edema, hyperlipidemia,  
myelosuppression, hepatic  
toxicity, hyperglycemia

Thalidomide (Thalomid®) Immunomodulatory agent Suppresses TNF, blocks  
angiogenesis, increases IL2  
and interferon

Nonenzymatic hydrolysis Birth defects, thrombosis,  
fatigue, somnolence, neuropathy

Thioguanine (6-thioguanine,  
6-TG, Tabloid®)

Antimetabolite (purine analog) Incorporates into DNA as  
fraudulent nucleotide

Hepatic metabolism Myelosuppression, hepatic  
venoocclusive disease

Thiotepa (Thioplex®) Alkylating agent Trifunctional alkylating agent, 
cross-links DNA

Metabolism Myelosuppression, stomatitis

Topotecan (Hycamtin®) Topoisomerase I inhibitor Inhibits the enzyme  
topoisomerase I, causing DNA 
stand breaks

Renal Myelosuppression, N&V

Tositumomab (Bexxar®) Monclonal antibody Radioactive drug that binds to 
CD20

Proteolytic degradation Myelosuppression, fever,  
nausea, hypersensitivity reaction

Trastuzumab (Herceptin®) Monoclonal antibody Binds to the Her2neu oncogene, 
resulting in apoptosis

Protein binding and proleotytic 
degradation

Hypersensitivity reaction,  
cardiomyopathy, fever, diarrhea

Tretinoin (ATRA, Vesanoid®) Targeted retinoid therapy Induces maturation of  
promyelocytes

Hepatic oxidative metabolism  
and glucuronidation

Fever, dyspnea, pulmonary  
infiltrates (retinoic acid  
symdrome), headache, fever,  
neurologic, hepatic

Venmurafanib (Zelboraf®) Targeted agent Inhibits the tyrosine kinase  
of the BRAF oncogene

Hepatic metabolism Rash, erythema, squamous cell 
skin cancers, photosensitivity, 
abnormal LFTs, fatigue

Vinblastine (Velban®, VLB) Microtubulin inhibitor Binds to tubulin, prevents  
formation of mitotic spindle

Hepatic Myelosuppression, vesicant, 
neurotoxin

Vincristine (Oncovin®, Vincasar®, 
VCR)

Microtubulin inhibitor Binds to tubulin, prevents  
formation of mitotic spindle

Hepatic Neurotoxin, vesicant, CNS

Vinorelbine (Navelbine®) Microtubulin inhibitor Binds to tubulin, prevents  
formation of mitotic spindle

Hepatic Myelosuppression, vesicant, 
neuropathy

Vismodegib (Erivedge®) Targeted agent Inhibits the Hedgehog signaling 
pathway

Hepatic metabolism  
and excretion

Teratogenic, fatigue, muscle 
spasms, diarrhea, alopecia

Vorinostat (Zolinza®) Histone deacytylase inhibitor Inhibits histone deacytelase to 
unmask DNA methylation

Hepatic Fatigue, diarrhea, N&V  
pulmonary emboli
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Figure 68.9. Mechanism of attachment of 
alkylating agents to DNA. Alkylating agents 
(in this case, those with two nitrochloroethyl 
groups) form reactive intermediates that bind to 
the N7 position of guanine. Bifunctional alkylat-
ing agents can bind to two guanine molecules, 
resulting in cross-linkage of DNA strands.

Clinical Pharmacology
Binding of alkylating agents or their reactive intermediates to 
sulfhydryl groups on glutathione or proteins is the primary route 
of drug clearance. Dosage alterations for hepatic or renal function 
impairment are usually not needed. Mechlorethamine rapidly 
degrades in solution and must be reconstituted just before admin-
istration. Cyclophosphamide and ifosfamide require activation via 
the cytochrome P-450 system to produce 4-hydroxy derivatives, 

which are taken up in tumor tissue54 and decompose to form the 
active metabolite, phosphoramide mustard (Fig. 68.10). Drugs 
that alter the microsomal enzyme system, such as phenobarbital, 
can alter the plasma kinetics of cyclophosphamide and its metab-
olites. However, these kinetics changes do not appear to affect 
the toxicity of this drug. Ifosfamide, a structural analog of cyclo-
phosphamide, is activated less readily than cyclophosphamide, so 
higher drug doses are required.55 Although only a small amount 
of a dichlorethyl metabolite is formed with cyclophosphamide, 
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this metabolite is generated to a significant extent with ifosfamide 
and may account for the central nervous system (CNS) toxicity 
seen with this drug. The release of acrolein and dichlorethyl 
metabolites into the bladder results in cystitis with both cyclo-
phosphamide and ifosfamide. Mercaptoethane sulfonate (MESNA) 
is administered to all patients receiving ifosfamide and to patients 
receiving high-dose cyclophosphamide. MESNA binds to reactive 
urinary metabolites of these alkylating agents and prevents cys-
titis.56 In plasma, MESNA circulates in an inactive dimesna form 
so that antineoplastic activity is not altered. Oral bioavailability 
of cyclophosphamide is excellent, whereas the bioavailability of 
melphalan (30%) and chlorambucil (50%) are reduced and vari-
able. The AUC of melphalan is reduced by concomitant use of 
cimetidine.57

Toxicity
Although alkylating agents share a common mechanism of 
action, toxicity of alkylating agents varies significantly because 
of differences in pharmacokinetics, lipid solubility, membrane 
transport properties, and the presence of specific DNA-repair 
mechanisms. Marrow suppression occurs in all hematopoietic cell 
types. However, the pattern of suppression varies from drug to 
drug. A relative platelet- and stem cell–sparing effect occurs with 
cyclophosphamide. In contrast, busulfan is especially damaging 
to stem cells. The hematopoietic depression produced by the 
nitrosoureas is delayed (3 to 6 weeks). Nausea and vomiting are 
frequent with high doses of alkylators, but decrease with low-dose 
oral regimens. Alopecia is seen primarily with cyclophosphamide. 
Pulmonary fibrosis can be seen with all alkylating agents, but 
particularly with busulfan and the nitrosoureas.58 Bladder toxicity 
is seen with ifosfamide and cyclophosphamide. Hepatic toxicity is 
noted with high-dose thiotepa, cyclophosphamide, busulfan, or 
BCNU therapy used in stem cell transplant regimens.59 Ifosfamide, 

busulfan, and the nitrosoureas cause CNS toxicity, more frequently 
at high doses.60 Renal toxicity is seen with the nitrosoureas and 
ifosfamide.61 High-dose cyclophosphamide produces water reten-
tion. All of the alkylating agents result in gonadal atrophy, and 
permanent loss of reproductive function can occur.62 All alkylat-
ing agents are teratogenic and carcinogenic. An increased risk of 
second cancers (usually acute myelogenous leukemia) has been 
reported with melphalan, procarbazine, and cyclophosphamide.

antimetabolites (azathioprine, Cladribine, 
Clofarabine, Cytarabine, Fludarabine, 
Gemcitabine, hydroxyurea, Mercaptopurine, 
Methotrexate, pentostatin, thioguanine)
Antimetabolites prevent the synthesis of molecules required for 
DNA synthesis. Antimetabolites are cell cycle–specific agents that 
must be present during the S-phase of the cancer cell cycle for 
cytotoxicity. The schedule of drug administration is very important 
with these agents. Many antimetabolites are prodrugs that require 
metabolism to an active molecule. The pharmacology of selected 
antimetabolites most frequently used in the treatment of hemato-
logic malignancies is reviewed in the following.

Methotrexate and Pralatrexate (Folotyn®)
Mechanism of action
MTX, an analog of folic acid (Fig. 68.11), and pralatrexate are 
tight-binding inhibitors of DHFR, the enzyme required for con-
verting folate to its active (tetrahydrofolate) form.63 In the pres-
ence of MTX, tetrahydrofolates, needed as cofactors for purine 
and thymidine formation, are depleted, leading to inhibition of 
DNA synthesis and subsequent cell death. Cytotoxicity is related to 
the time MTX or MTX polyglutamate is present within the cell at 

Figure 68.10. Metabolism of cyclophosphamide and 
ifosfamide. These drugs can be metabolized to the active 
agents (vertical metabolism) or to inactive metabolites 
 (horizontal metabolism).
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concentrations great enough to inhibit DHFR.64 5-Formal tetrahy-
drofolate (calcium leucovorin or citrovorum factor), administered 
24 hours after the administration of MTX, can rescue normal cells 
from the effects of MTX by providing a reduced form of folic acid 
to the cells. Resistance to MTX has been related to the presence 
of increased levels of the target enzyme, DHFR, as the result of 
increased expression or amplification of the DHFR gene.

Clinical pharmacology
MTX can be given orally, intravenously, or by intrathecal injec-
tion. With standard oral doses (7.5 to 20 mg/m2), absorption is 
variable, with bioavailability decreasing at higher doses.65 MTX 
is primarily eliminated by glomerular filtration and renal tubular 
secretion. In patients with renal dysfunction, MTX clearance is 
delayed, resulting in prolonged exposure and increased toxic-
ity.66 Patients with renal insufficiency should not be given MTX 
or must have plasma drug concentrations closely monitored, with 
leucovorin rescue employed if clearance is delayed. Retention of 
drug in ascites or pleural effusions can prolong MTX half-life and 
increase toxicity.37

toxicity
The primary toxicities associated with MTX are myelosuppression 
and mucositis.63 High-dose MTX can result in renal failure as a 
consequence of drug precipitation in renal tubules in the presence 
of acidic urine. The routine use of adequate prehydration, alka-
linization of the urine, and measurement of MTX concentrations 
is required with high-dose MTX therapy.67 Chronic MTX adminis-
tration can be associated with liver disease, manifested by portal 
fibrosis and occasional cases of cirrhosis.68 MTX is also associated 
with the development of pulmonary toxicity.69 CNS toxicity has 
been reported with MTX, particularly with high doses of MTX and 
concomitant cranial irradiation. Intrathecal MTX administration 
may cause arachnoiditis.70

Pyrimidine Analogs (Cytosine Arabinoside  
[ara-C and Liposomal ara-C], Gemcitabine, 
5-Azacytidine, Decitabine)
The drugs listed above are all analogs of the naturally occur-
ring pyrimidine, cytosine. Gemcitabine is occasionally used as 

third-line therapy for lymphomas but will not be further dis-
cussed. 5-Azacytidine and decitabine, although cytidine analogs, 
are believed to function through inhibition of histone deacetylase 
(HDAC) and will be discussed in a later section.

Mechanism of action
Cytosine arabinoside (ara-C, cytarabine, liposomal ara-C, or 
DepoCytTM) is an analog of deoxycytidine with substitution of 
an arabinose sugar for the normally occurring deoxyribose 
sugar (Fig. 68.11). Once it enters a cell, ara-C must undergo 
metabolic activation to cytosine arabinoside triphosphate by a 
series of enzyme-mediated phosphorylation steps (Fig. 68.12). 
Cytosine arabinoside triphosphate competitively inhibits DNA 
polymerase-a. Cytosine arabinoside triphosphate is also incorpo-
rated into DNA, a feature that correlates closely with cytotoxic-
ity. Incorporated ara-C inhibits both DNA template function and 
chain elongation.71 Ara-C–mediated DNA damage then induces 
apoptosis. Several mechanisms of resistance to ara-C have been 
described, including: (a) deletion of deoxycytidine kinase, the 
initial enzyme involved in ara-C activation; (b) increased levels of 
cytidine deaminase in tumor cells, resulting in rapid conversion 
of ara-C to inactive uracil arabinoside; and (c) decreased presence 
of nucleoside transport sites on tumor cells.

Clinical pharmacology
Ara-C is rapidly converted to the inactive metabolite, ara-U, by the 
degradative enzyme, cytidine deaminase, present in the liver. The 
large capacity of the liver for metabolizing ara-C results in (a) a 
short plasma half-life of ara-C (2 to 3 hours), (b) adequate capac-
ity for clearance of ara-C even in the presence of hepatic damage, 

Figure 68.11. Structures of selected 
antimetabolites used for treatment of 
hematologic malignancies.

Figure 68.12. Metabolism of cytosine arabinoside (ara-C) by tumor cells. Ara-C is 
phosphorylated to its active metabolite, cytosine arabinoside triphosphate (ara-CTP), by a series 
of enzymatic steps, beginning with deoxycytidine kinase (CdK). Metabolism via the enzyme cyti-
dine deaminase converts ara-C to the inactive metabolite, uracil arabinoside (ara-U).
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and (c) urinary excretion of high concentrations of ara-U.72 
Because of the short drug half-life and the S-phase specificity of 
ara-C, prolonged infusion or multiple-day administration sched-
ules are required for cytotoxicity. Cytarabine encapsulated into 
multivesicular lipid-based capsules (DepoCytTM) has been devel-
oped as a means of sustaining cytotoxic ara-C concentrations at 
the tumor site. Liposomal ara-C acts as a depot form of ara-C and 
has been found useful in the therapy of neoplastic meningitis.73

toxicity
Single high-dose boluses of ara-C are well tolerated but clini-
cally ineffective because of the rapid inactivation of the agent. 
Continuous infusion or repeated administration of ara-C for 24 
to 48 hours results in significant myelosuppression.74 Nausea, 
vomiting, and diarrhea may occur after ara-C administration, 
especially with high-dose regimens. These symptoms typically 
subside quickly after the treatment. High-dose ara-C regimens 
(doses of 3 g/m2 every 6 to 12 hours for 8 to12 doses) have been 
associated with the development of cholestatic jaundice and eleva-
tions of hepatic transaminases. In addition, cerebral and cerebel-
lar  dysfunction has been reported in ∼20% of patients receiving 
 high-dose ara-C.75 This toxicity is more common in patients >50 
years of age and in patients with renal insufficiency. A steroid-
responsive conjunctivitis noted after high-dose ara-C has led to 
the routine prophylactic use of saline or steroid eye drops in 
patients receiving the high-dose regimens. Intrathecal injection of 
liposomal ara-C is associated with chemical arachnoiditis (head-
ache, fever, nausea, vomiting) which can be treated with steroids.

Hydroxyurea
Mechanism of action
Hydroxyurea inhibits ribonucleotide reductase, the enzyme 
responsible for the conversion of ribonucleotide diphosphates to 
the deoxyribonucleotides required for DNA synthesis and repair.76 
Hydroxyurea kills cells selectively in the S-phase of the cell cycle. 
Doses of 0.5 to 2.0 g/day result in a rapid (2 to 5 days) decrease 
in peripheral white blood counts. The rapid onset of effect on 
circulating leukemia cell populations and the brief duration of 
action have led to the routine use of this agent in patients with sig-
nificantly elevated leukemic blast counts or in those with elevated 
platelet counts.77

Clinical pharmacology
Hydroxyurea is well absorbed orally (90% to 100% bioavailabil-
ity), with minimal patient-to-patient variability.78 It is excreted 
primarily in the urine with a plasma half-life of 4 hours.79 
Although precise guidelines are not available, patients with renal 
failure should have drug doses reduced.

toxicity
Hydroxyurea’s primary toxicity is myelosuppression.80 
Myelosuppression occurs 2 to 5 days following drug administra-
tion and is generally not severe. Reversal of myelosuppression 
is rapid following discontinuation of drug. Nausea, vomiting, 
anorexia, and diarrhea can be seen, but are typically mild. 
Uncommon toxicities include pulmonary fibrosis, hepatotoxicity, 
fever, and leg ulceration.

Purine Antimetabolites (6-Mercaptopurine, 
6-Thioguanine, Azathioprine, Nelarabine, 
Cladribine, Clofarabine, Fludarabine)
6-Mercaptopurine, 6-thioguanine, azathioprine, nelarabine, 
cladribine, clofarabine, and fludarabine are all purine nucleo-
side analogs used in therapy of hematologic malignancies. The 
first four are guanine analogs, while the last three are analogs 
of adenine. All share many similarities. Nucleoside analogs are 

transported across cell membranes and phosphorylated to a tri-
phosphate metabolite which is then incorporated into DNA. Once 
incorporated, nucleoside analogs interfere with DNA synthesis, 
lead to termination of DNA chain elongation, and inhibit DNA-
repair mechanisms.81 Similarities and differences among these 
drugs are reviewed below.

Mechanism of action of Guanine Nucleotides
6-Mercaptopurine is used in maintenance therapy for chil-
dren with acute lymphoblastic leukemia. 6-Thioguanine is a 
second-line agent for therapy of acute myelogenous leukemia. 
Azathioprine, a prodrug of 6-MP, is used as an immunosuppres-
sant. Nelarabine (Arranon®) is approved for the treatment of 
relapsed T cell acute lymphoblastic leukemias (ALL) and lympho-
blastic lymphomas. The mechanism of action of these three agents 
is similar. These nucleoside analogs enter cells, are converted to 
triphosphates, and incorporated into DNA where they terminate 
DNA synthesis. 6-MP is an analog of hypoxanthine (Fig. 68.11). It 
is converted to 6-MP ribose triphosphate, which is incorporated 
into DNA (Fig.  68.13). 6-Thioguanine is activated in a manner 
similar to that outlined for 6-MP. Azathioprine is rapidly cleaved 
by nonenzymatic mechanisms to 6-MP and methyl-4-nitro-5-im-
idazole derivatives. The imidazole derivatives react with thiol and 
cysteine residues. Alkylation of lymphocyte thiol groups may be 
important in inducing immunosuppression.82 Ara-GTP, the active 
metabolite of nelarabine, is incorporated into T cell lines 20- to 
40-fold more efficiently than into B cell lymphoblasts.83

Clinical pharmacology of Guanine Nucleotides
Azathioprine is rapidly cleaved to 6-MP after absorption. Clearance 
of 6-MP occurs primarily through two routes of catabolism. 6-MP 
is oxidized to the inactive metabolite, 6-thiouric acid, by xanthine 
oxidase (Fig. 68.13). 6-MP also undergoes S-methylation by the 
enzyme thiopurine methyl transferase (TPMT) to yield less active 
6-methyl mercaptopurine.84 Oral absorption of 6-MP is incom-
plete and highly variable. The low bioavailability (5% to 37%) is a 
result of a large first-pass effect as drug is absorbed into the portal 
circulation and metabolized by xanthine oxidase in the liver. The 
use of concomitant allopurinol (an inhibitor of xanthine oxidase) 
increases 6-MP bioavailability fivefold, increasing toxicity.85 This 
important drug interaction must be remembered for 6-MP and 
azathioprine. Patient-to-patient variation in TPMT activity can 
result in significant changes in 6-MP metabolism and in drug 
toxicity. One in 300 subjects has absent TPMT activity. Patients 
with low TPMT activity are susceptible to severe 6-MP– and aza-
thioprine-induced myelosuppression.86 Patients with high TPMT 
concentrations may be a higher risk for relapse as a result of rapid 
drug inactivation. Genetic testing for the TPMT gene is available. 
Nelarabine is a water-soluble prodrug of ara-G. Following intrave-
nous administration, nelarabine is rapidly metabolized (<1 hour) 
by O-demethylation to ara-G, which is primarily transported into 
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Figure 68.13. Mechanism of activation and catabolism of azathioprine and 6-mecap-
topurine. Active metabolites are indicated by surrounding boxes. Inactive (or less active) 
metabolites are indicated by italic print. HGPRT, hypoxanthine-guanine phosphoribosyltransfer-
ase; TPMT, thiopurine methyltransferase; xo, xanthine oxidase.
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lymphoblasts, phosphorylated, and incorporated into DNA.83 A 
small amount of ara-G is cleared via the kidneys so that increased 
toxicity may be expected in patients with creatinine clearance 
less than 50 ml/min. As an adenosine deaminase inhibitor, pen-
tostatin can reduce conversion of nelarabine to ara-G, thereby 
reducing efficacy. Pentostatin and nelarabine should not be used 
in  combination.

toxicity of Guanine Nucleotides
The dose-limiting toxicity of 6-MP, 6-thioguanine, azathioprine, 
and nelarabine is myelosuppression, occurring 1 to 4 weeks 
following onset of therapy and reversible when the drugs are 
discontinued.83,84 Immunity to infectious agents or vaccines is 
subnormal. Gastrointestinal mucositis and stomatitis are mod-
est but appear to be more common in adults than in children. 
Hepatotoxicity, seen in a small number of patients receiving 6-MP, 
is usually mild and reversible, with a clinical picture of cholestatic 
jaundice, although elevations of transaminases may be seen.87 
Frank hepatic necrosis and venoocclusive disease can occur. 6-MP 
and azathioprine are potentially teratogenic. Neurologic events 
(seizures, peripheral neuropathy) have been associated with 
nelarabine use.

Mechanism of action of adenine Nucleosides 
(Fludarabine, Cladribine, Clofarabine)
Fludarabine (Fludara®) (Fig. 68.11) is a fluoridated analog of 
9-b-D-arabinofuranosyladenine (ara-A) used to treat CLL and 
refractory indolent lymphomas. When administered, fludarabine 
is dephosphorylated in plasma, enters cells, and then is again 
phosphorylated to 2-fluoro-ara-ATP (Fig. 68.14).88 F-ara-ATP 
inhibits DNA polymerase, ribonucleotide reductase, DNA pri-
mase, and DNA ligase I, resulting in DNA deletions and muta-
tions.89 Fludarabine is also incorporated into DNA, where it is 
an effective DNA chain terminator. Cladribine (Leustatin® or 
2-chlordeoxyadenosine, 2CdA), an adenosine analog found to be 
more cytotoxic to lymphocytes than fludarabine, is used to treat 
hairy cell leukemia. The 5′-triphosphate metabolite (2-chloro-2′-
deoxyadenosine 5′-triphosphate, 2-CdATP) accumulates in cells 
that are rich in deoxycytidine kinase, primarily lymphoid cells. 
2-CdATP is incorporated into DNA, producing DNA strand breaks 
and inhibition of DNA synthesis in dividing cells.90 Clofarabine, 
2-chloro-9(2-deoxy-2-fluoro b-d arabinosyl) 9H purine-6 amine, 
is similar in structure to cladribine with the addition of a fluorine 
at the 2-carbon position of the sugar moiety.91 The addition of 
the fluorine molecule increases resistance to the cleavage of the 
glycosidic bond compared to cladribine. As with cladribine and 
fludarabine, clofarabine is phosphorylated intracellularly to the 
active triphosphate form. Clofarabine triphosphate inhibits DNA 
synthesis though its inhibitory action on ribonucleotide reductase 
and DNA polymerase. Clofarabine is approved for treatment of 
refractory ALL and AML.

Although the effects of F-ara-A and 2CdA on DNA synthesis 
account for their activity in dividing cells, these nucleosides are 
also cytotoxic to cancers with very low growth fractions, such 
as indolent lymphomas. Although the specific mechanism by 
which they induce cell death among quiescent cells is still under 

investigation, several proposed mechanisms of action include 
the ability to inhibit RNA polymerase and to deplete nicotin-
amide adenine dinucleotide (NAD), with resultant decrease in 
cellular energy stores and interference with normal DNA-repair 
processes.92

Clinical pharmacology of adenine Nucleosides
Fludarabine undergoes rapid (2 to 4 minutes) conversion to 
2F-ara-A. 2-F-ara-A is excreted primarily in the urine, with few 
metabolites noted. In patients with renal function impairment, 
clearance of 2-F-ara-A decreases significantly.89 Dose reduction 
is recommended for patients with renal dysfunction. Oral bio-
availability is ∼75%. Bioavailability of subcutaneously adminis-
tered cladribine is excellent. Oral bioavailability averages 50%.93 
Cladribine is cleared primarily by the kidneys (50% of total dose) 
via a cation organic carrier system. Although dose adjustment 
guidelines for patients with renal insufficiency are not available, 
caution should be used in giving cladribine to patients with renal 
failure. Significant patient-to-patient variability (+/–28%) exists 
in the AUC achieved following administration of drug by any 
method.94 Roughly 50% of an administered clofarabine dose is 
excreted unchanged in the urine within 24 hours. This suggests 
that dose alteration will be needed for renal insufficiency, but 
studies in patients with renal failure have not been completed. 
The drug half-life is 5.2 hours.

Administration of clofarabine prior to cytarabine increases 
intracellular accumulation of ara-CTP in AML blasts.95

toxicity of adenine Nucleosides
The dose-limiting toxicity of fludarabine is myelosuppression 
occurring a median of 12 to 16 days after beginning therapy. 
Cytopenias may be prolonged.96 Other toxicities include mild 
nausea and vomiting (36% of patients), fever (60%), infection 
(33%), peripheral sensorimotor neuropathy (rare), autoimmune 
hemolytic anemia (rare), and hepatocellular toxicity with eleva-
tions in serum transaminases (rare).81,89 An irreversible neuro-
toxicity syndrome has occurred in patients receiving high doses 
(>40 mg/m2/day for 5 days). Mild, reversible neurotoxicity has 
been seen at lower doses, with increased frequency and severity 
in older patients.97 Pulmonary toxicity, characterized by fever, 
cough, hypoxia, and diffuse interstitial pneumonitis, has also 
been reported. Fludarabine is immunosuppressive and is asso-
ciated with an increased risk of opportunistic infections.98 CD4 
and CD8 T-lymphocyte subpopulations drop to 150 to 200/mm3 
after therapy.

The dose-limiting toxicity of cladribine is myelosuppression. 
Grade 3 or 4 neutropenia occurs in half of treated patients at 
standard doses. Fever (>100°F) has been seen in two-thirds of 
patients, often beginning 5 to 7 days into therapy or during the 
period of neutropenia.99 Cladribine suppresses CD4+ lympho-
cytes. The CD4:CD8 ratio may remain depressed for up to 16 
months after therapy, with associated opportunistic infections 
including Candida or Aspergillus.98 After high-dose cladribine 
therapy (5 to 10 times the recommended therapeutic dose), renal 
failure and progressive irreversible motor weakness with para-
paresis have been reported. Betticher et al.100 have shown that 
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Figure 68.14. Activation pathway and 
mechanism of action of fludarabine.
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reducing the dose of cladribine from 0.7 to 0.5 mg/kg per cycle 
decreases both the rate of grade 3 myelosuppression (33% to 8%) 
and the risk of infection (30% to 7%). No change in lymphoma 
response rate was noted with this dose reduction. The primary 
toxicity of clofarabine is myelosuppression leading to an increased 
risk of infection. Nausea and vomiting are seen but are generally 
mild. Severe reversible hepatic toxicity is noted in 15% to 40% of 
patients receiving clofarabine.96,101

Pentostatin
Mechanism of action
Pentostatin (deoxycoformycin, DCF) is a potent inhibitor of 
adenosine deaminase. It is active in the treatment of chronic lym-
phoid malignancies, particularly hairy cell leukemia.102 Inhibition 
of adenosine deaminase results in inability of the cell to catabolize 
adenosine and deoxyadenosine. Intracellular concentrations of 
deoxy-ATP increase and exert a negative feedback on ribonu-
cleotide reductase, resulting in an imbalance in deoxynucleotide 
pools. This imbalance inhibits DNA synthesis and impairs replica-
tion, with arrest of cells in the G1 and S phases of the cell cycle. 
The malignant cells of hairy cell leukemia and CLL have low levels 
of adenosine deaminase, making them particularly sensitive to the 
effects of pentostatin.103

Clinical pharmacology
Plasma pentostatin concentrations greatly exceed those needed 
to inhibit adenosine deaminase. Pentostatin’s terminal half-life 
is 3 to 15 hours in humans. Forty to 80% of the drug is excreted 
unchanged in urine within 24 hours.104 Plasma clearance corre-
lates with creatinine clearance. Dosage reduction should be con-
sidered for patients with impairment in renal function. Pentostatin 
is not bioavailable by the oral route, because of its acid lability.

toxicity
At doses used in hairy cell leukemia (4 mg/m2 biweekly), therapy 
is usually well tolerated.105 Toxicities include worsening of neutro-
penia, mild to moderate lethargy, anorexia, rash, and reactivation 
of herpes zoster late in therapy. Nausea, although usually mild, 
can occasionally be severe. Delayed emesis is seen.

histone Deacetylase Inhibitors (Vorinostat, 
romidepsin) and hypomethylating agents 
(5-azacytidine, Decitabine)
Eukaryotic DNA is organized in a macromolecular complex 
wrapped around histone proteins. Amino acid residues on the 
histone tail can be modified by acetylation and by methylation. 
These modifications change the structure of the histone-DNA 
complex. Histone acetyltransferases (HATs) are enzymes that 
acetylate histone molecules, resulting in opening of the chro-
matin, thereby allowing transcription factors access to DNA 
promoter regions. In contrast, HDACs remove acetyl groups from 
histone proteins, leading to condensation of DNA and inactiva-
tion of gene transcription.106 Increased HDAC activity has been 
associated with a decrease in tumor suppressor gene expres-
sion, alterations in intrinsic and extrinsic apoptotic pathways, 
and decreased apoptosis. Romidepsin (Istodax®) and vorinostat 
(Zolinza®) are HDAC inhibitors approved for treatment of cutane-
ous T cell lymphomas.

Similarly, a large number of genes are silenced by methylation 
in some cancers. This methylation may block the gene promoter 
region of tumor suppressor genes.107 5-Azacytidine (Vidaza®) and 
decitabine (Dacogen®) are methyltransferase inhibitors which 
block the methylation of DNA with the hope of activating 
tumor suppressor genes. 5-Azacytidine and decitabine have been 
approved for treatment of MDS and are being used in AML.

Mechanism of Action
Vorinostat is a potent inhibitor of several HDACs (1, 2, 3, and 6), 
while romidepsin inhibits class 1 HDAC enzymes.106,108,109 It is 
uncertain whether specificity of any HDAD inhibition impacts anti-
neoplastic activity. Inhibition of HDAC induces genes that cause 
apoptosis or differentiation. Clinical studies have demonstrated 
hyperacetylation in tumor cells following vorinostat administra-
tion. However, no correlation between tumor acetylation status 
and response has been seen, suggesting that other mechanisms of 
action may impact on antineoplastic activity.108 HDAC inhibitors 
also induce oxidative damage, have antiangiogenic effects, and 
disrupt cell cycle checkpoints. The specific mechanism of antineo-
plastic activity remains uncertain.

5-Azacytidine and decitabine (5-aza-deoxycitidine) are both 
nucleoside analogs. Like cytarabine, they undergo phosphoryla-
tion within the cell to a triphosphate form and then are incorpo-
rated into DNA. Once incorporated into DNA, these agents bind 
the enzyme DNA methyltransferase, inhibit methyltransferase 
activity, and result in DNA hypomethylation.110 Hypomethylation 
reverses silenced tumor suppressor gene loci. The silenced genes 
may play an important role in terminal differentiation, apoptosis, 
or senescence of leukemic cells.111

Clinical Pharmacology
Vorinostat is available as an orally administered, 100-mg capsule 
that is generally given with food. Both vorinostat and romidepsin 
are primarily inactivated by metabolism (glucuronidation and 
hydrolysis) with metabolites excreted in the urine. Vorinostat has 
a short half-life (2 hours); despite the short plasma half-life, accu-
mulation of acetylated histones continues for over 10 hours after 
administration.106 Use of vorinostat or romidepsin in patients 
with renal or hepatic insufficiency has not been studied. However, 
since drug clearance is primarily via metabolism, dose adjustment 
for renal insufficiency is not thought to be needed.

Following IV or subcutaneous administration, decitabine and 
5-azacytidine are rapidly inactivated by hepatic metabolism 
(primarily via the enzyme cytidine deaminase). There is little 
protein binding. The half-lives of 5-azacytidine and decitabine are 
4 hours and 30 minutes, respectively. The drugs do not have oral 
bioavailability because of rapid decomposition in acidic solutions. 
Because of an association between the length of drug exposure 
with DNA methylation and the short half-life of these drugs, con-
tinuous treatment of azanucleosides over several days is recom-
mended.111 Dose adjustments for hepatic or renal insufficiency 
have not been studied but are unlikely to be needed.

Toxicity
The most common toxicities of HDAC inhibitors include nausea, 
vomiting, diarrhea, thrombocytopenia, anemia, and taste disor-
ders. Dose-limiting side effects are generally thrombocytopenia 
and dehydration.112 Pulmonary emboli have been reported in 
4% to 5% of cancer patients receiving vorinostat. QT prolonga-
tion is noted with both vorinostat and romidespin.106 The pri-
mary toxicity of decitabine and azacytidine is myelosuppression. 
Gastrointestinal toxicities, including nausea, vomiting, and con-
stipation, are seen, usually transient in nature (1 to 4 days), and 
improve over time.113

hormonal therapies
A comprehensive review of all hormonal therapies is beyond the 
space limitation of this chapter. Of the several types of hormonal 
agents used in cancer therapy, corticosteroids are the class of 
drugs used to treat hematologic malignancies. Corticosteroids 
are also useful in managing complications of cancer, including 
chemotherapy-induced emesis, hypercalcemia, and increased 
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intracranial pressure. Prednisone and dexamethasone are syn-
thetic glucocorticoids most commonly used in oncology. They are 
respectively 4- and 30-fold more potent than the naturally occur-
ring glucocorticoid, cortisol. Prednisone and cortisol have roughly 
equivalent mineralocorticoid effects while dexamethasone lacks 
significant mineralocorticoid activity.

Mechanism of Action
Several cancers depend on specific hormones for growth and 
cellular integrity. Altering the hormonal balance can cause 
tumor  regression in patients. The mechanism of corticoste-
roid cytotoxicity to lymphocytes is mediated via binding to 
the  glucocorticoid receptors, which induces apoptosis in these 
 hormone-sensitive cells.114

Clinical Pharmacology
Prednisone is an inactive prodrug that requires hepatic activation 
to produce prednisolone, the active moiety. Oral bioavailability of 
corticosteroids is excellent (>80%). The plasma half-life of predni-
sone is 1 hour for prednisolone and 4 hours for dexamethasone. 
In contrast to cortisol, synthetic glucocorticoids have little protein 
binding. Drugs activating the microsomal enzyme system (such as 
phenytoin) increase degradation, while cytochrome P450 inhibi-
tors (such as aprepitant) increase glucocorticoid concentrations.115

Toxicity
Prednisone and dexamethasone have little mineralocorticoid 
activity; therefore most side effects are related to suppression of 
the hypothalamic-pituitary-adrenal (H-P-A) axis and the develop-
ment of iatrogenic Cushing’s syndrome. In general, suppression of 
the H-P-A axis is not seen in patients who have received glucocor-
ticoids for less than 3 weeks. A gradual tapering of glucocorticoids 
is recommended for those on these agents for longer periods. 
Side effects are dose- and schedule-related.116 Commonly affected 
systems include: skin (purpura, thinning, acne), eye (cataracts), 
heart (hypertension, hyperlipidemia), endocrine (diabetes, adre-
nal insufficiency), GI (PUD, steatohepatitis), bone (osteoporosis), 
muscle (myopathy), psychiatric (euphoria, psychosis), and an 
increased risk of infections. Many of these toxicities are seen only 
with long-term therapy.

Microtubulin agents
Two general classes of microtubulin inhibitors are used in cancer 
therapy: the vincas and the taxanes. The vinca alkaloids block 
microtubulin formation, while the taxanes (docetaxel, ixabepi-
lone, and paclitaxel) stabilize microtubulin bundles, leading to 
their dysfunction. Since taxanes are not generally used in therapy 
of leukemias and lymphomas, only the vinca alkaloids will be 
reviewed here.

Vinca Alkaloids (Vinblastine, Vincristine, and 
Vinorelbine)
Mechanism of action
The vinca alkaloids vinblastine, vincristine, and vinorelbine bind 
to tubulin and prevent the formation of microtubulin, a protein 
that is essential for maintenance of cellular shape and for forma-
tion of the mitotic spindle.117 Vinca alkaloids bind to a site on 
microtubulin distinct from the taxanes. Cells treated with vinca 
alkaloids are arrested in metaphase.118 Disruption in microtubu-
lar formation leads to initiation of apoptosis. Differences in activ-
ity and toxicity of the vinca alkaloids result from variation in their 
pharmacokinetics, their differential effects on various tubulin iso-
forms, and variations in tissue penetration and cellular retention. 

Resistance is a result of the presence of p-glycoprotein or reduced 
tubulin binding resulting from mutations in tubulin.

Clinical pharmacology
All vincas are rapidly taken up into cells. However, vincas dif-
fer in cellular retention (vinblastine greater than vincristine). All 
vincas are extensively bound to tissues and to proteins with long 
terminal half-lives (20 to 60 hours).119 CNS penetration is poor. 
All of the vinca alkaloids are metabolized by the liver via hepatic 
cytochrome P450 3A4 (CYP 3A4) and excreted into the bile. Drugs 
that block CYP 3A4 may inhibit vinca clearance, causing increased 
toxicity.120 Doses of the vinca alkaloids should be reduced in 
patients with hepatic dysfunction, but not in patients with renal 
insufficiency. Specific dose reduction guidelines with impairment 
of hepatic function are not available.

toxicity
Vincristine causes little myelosuppression. Its dose-limiting and 
most frequent toxicity is neurotoxicity,118,121 manifested by a 
symmetric, distal, sensory-motor neuropathy. Loss of deep tendon 
reflexes in the lower extremities and paresthesias of the fingers 
and toes are common early findings. Continued use of the drug 
can result in further motor neuropathy, which may be only par-
tially reversible when the drug is stopped. Neuropathies of the 
motor cranial nerves have also been reported, as have consti-
pation, cramps, and paralytic ileus. Hair loss is commonly seen 
following vincristine administration. The dose-limiting toxicity of 
vinblastine is hematopoietic, with thrombocytopenia and leuko-
penia commonly occurring after administration of the drug.122 
The onset of myelosuppression tends to occur earlier with this 
agent than with other antineoplastic agents, with the leukocyte 
nadir typically seen by day 4 to 7 and recovery by day 10 to 14. 
Severe neurotoxic symptoms are unusual with vinblastine, but use 
of the drug is associated with myalgias and an autonomic neu-
ropathy manifested by orthostatic hypotension or paralytic ileus. 
The dose-limiting toxicity of vinorelbine is myelosuppression.123 
Vinorelbine is less neurotoxic than vincristine. Injection-site reac-
tions of erythema, pain, and vein discoloration occur in one-third 
of patients, with severe vein toxicity seen in 2% of patients treated 
with vinorelbine. Respiratory reactions have been reported. All 
vincas are potent vesicants, with severe local tissue damage asso-
ciated with extravasation of these drugs into soft tissues.

Monoclonal antibodies
Monoclonal antibodies have been used in cancer therapy over 
30 years. Initial monoclonal antibodies were produced in mice. 
The development of techniques to convert portions of the murine 
antibody to a human subclass (chimerization), to convert all of 
the antibody, except the hypervariable region, to human amino 
acid sequences (humanization), or to make a totally human 
monoclonal antibody have advanced the field.124 The humanized 
proteins have a longer half-life and can better activate human 
complement stimulating complement-mediated cytotoxicity or 
activate antibody-dependent cell-mediated cytotoxicity (ADCC). 
Seven monoclonal antibodies (alemtuzumab, brentuximab vedo-
tin, gemtuzumab, ibritumomab, ofatumumab, rituximab, and 
tositumomab) have been approved for treatment of hematologic 
malignancies and are briefly reviewed.

Rituximab (Rituxan®) and Ofatumumab (Arzerra™)
Mechanism of action
Both rituximab and ofatumumab bind to the protein CD20. CD20 
is a nonglycosylated protein of 33 to 35 daltons that is expressed 
on the surface of human B lymphocytes. CD20 is expressed on all 
B cell malignancies except most ALL and myeloma. Rituximab is 
a genetically engineered mouse/human chimeric IgG monoclonal 
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antibody with human constant regions and mouse variable 
regions. Several mechanisms of cytotoxicity have been demon-
strated.124,125 Antibody-mediated cellular toxicity (ADCC), result-
ing from the ligation of the Fc portion of the monoclonal antibody 
to Fc receptors expressed by accessory cells, occurs. Rituximab is 
also capable of binding complement and triggering complement-
dependent cell lysis (CDC) of human B cells. Cross-linking of CD20 
molecules can trigger apoptosis. Ofatumumab is a fully human 
monoclonal antibody which binds to a site on CD20 different from 
rituximab. Compared to rituximab, ofatumumab enhances in vitro 
CDC and ADCC due to greater reactivity with human complement 
and effecter cells.126,127 Head-to-head clinical trials comparing of 
rituximab to ofatumumab have not been performed.

Clinical pharmacology
Rituximab and ofatumumab antibody concentrations in plasma 
following drug administration are proportional to the dose of 
drug administered, although there is marked inter-individual 
variation in maximal drug concentration (5- to 50-fold). Antibody 
half-life ranges from 30 to 400 hours for rituximab and 7 days for 
ofatumumab.128,129 With weekly administration schedules, there 
is progressive accumulation of rituximab from week 1 to week 4. 
Drug clearance is not affected by chemotherapy. Drug elimination 
probably occurs by protein binding and proteolytic degradation. 
Clearance may be related to variable amounts of tumor cells pres-
ent in the body and the concentration of CD20 antigens to which 
the drug binds.129

toxicity
Mild toxicity is seen in the majority of patients receiving rituximab 
or ofatumumab, but severe toxicity (NCI grade 3 or 4) is rare. 
Infusion reactions, resulting from release of cytokines occurring 
when antibody binds to CD20 cell, result in mild nausea, chills, rig-
ors, tachycardia, fever, and skin rash within 1 to 3 hours following 
treatment in some patients. Slow drug administration is recom-
mended for patients receiving their first cycle of drug to minimize 
such reactions. Serious infusion-related reactions (bronchospasm, 
hypotension, acute respiratory distress syndrome, and shock) 
have been reported during drug infusions in less than 1% of infu-
sions. The incidence of infusion-related reactions decreases with 
subsequent infusions. Grade 3 to grade 4 neutropenia (2% to 6%), 
anemia (1% to 3%), and thrombocytopenia (1% to 2%) are uncom-
mon. B cell lymphocyte counts are reduced for ∼6 months.128,129 
Late onset neutropenia, occuring 40–350 days following therapy, 
has been noted in 3–7% of patients. Multifocal leukoencephalopa-
thy has been reported with rituximab.130 Interstitial lung disease 
and reactivation of hepatitis B have been noted with rituximab 
therapy. A late  occurring neutropenia has been noted following 
rituximab therapy.

90Y-Ibritumomab Tiuxetan (Zevalin®)  
and 131I-Tositumomab (Bexxar®)
Mechanism of action
90Y-ibritumomab and 131I-tositumomab are also monoclonal 
antibodies directed at the CD20 antigen but have an attached 
radioactive moiety designed to result in radiation-induced cyto-
toxicity to cells expressing the CD20 antigen.131,132 Ibritumomab 
is a monoclonal antibody combined with tiuxetan, which acts as a 
chelation site for Indium-111 and Yttrium-90 (Y-90). Indium-111 
is a gamma-emitter used to assess biodistribution of ibritumomab 
while Y-90 emits beta particles. Beta-emission induces cellular 
damage through the formation of free radicals (in both target cells 
and surrounding cells). Roughly 85% of non-Hodgkin lymphomas 
express the CD20 antigen on their surface.133 A pretreatment 
therapy of unlabeled antibody to CD20 is given prior to admin-
istration of radioactive-tagged antibody to minimize targeting of 
radio labeled antibody to normal B cells in the circulatory system. 

131I-Tositumomab is a radio-iodinated derivative of a murine IgA 
lambda monoclonal antibody covalently liked to iodine 131.

Clinical pharmacology
90Y-Ibitumomab is a pure b-emitter with a half-life of 64 hours. 
131I-Tositumomab has both b and a radiation. Clearance of 
131I-tositumomab–labeled antibodies varies significantly among 
patients, and dosing for an individual patient is derived from 
quantitative whole-body imaging of a test dose. The half-life of 
elimination averages 67 hours. More rapid clearance is noted in 
patients with a more extensive tumor burden.

toxicity
The primary toxicity of both 131I-tositumomab and 90Y-ibitumomab 
is myelosuppression occurring about 1 month after dosing. The 
median platelet and neutrophil nadirs are 43,000 and 690, 
respectively, with tositumomab. Using 90Y-ibitumomab, grade 4 
neutropenia, thrombocytopenia, and anemia occur in 35%, 14%, 
and 8% of patients, respectively.131,133 Nadirs occur 7 to 9 weeks 
posttherapy. Nonhematologic toxicity includes asthenia, hypothy-
roidism, infusion reactions, and fevers. Infusion reactions including 
anaphylaxis are seen in 25% to 30% of patients (anaphylaxis less 
common). Myelodysplasia and mucocutaneous reactions (erythema 
multiforme) have been noted days to months following therapy.134

Alemtuzumab (Campath®)
Alemtuzumab is a humanized monoclonal antibody directed 
against the CD52 antigen expressed not only by most lymphomas 
and lymphoid leukemias but also by normal B and T lympho-
cytes, NK cells, monocytes, macrophages, dendritic cells, and 
neutrophils. The CD52 antigen is not internalized after antibody 
binding; antitumor effects are mediated by antibody-dependent 
cell- mediated cytotoxicity.135 Alemtuzumab also alters signal 
transduction, which may contribute to cytotoxicity. Because it 
binds to normal B and T cells and normal neutrophils (triggering 
complement lysis), transfusion reactions are frequent. The drug 
is therefore administered by slow infusion or by subcutaneous 
injection. Patients receiving subcutaneous alemtuzumab have 
local skin reactions which may be severe. Treatment results in 
myelosuppression and long-term immunosuppression. There is a 
high risk of opportunistic infections.136

Brentuximab Vedotin—(AdcetrisTM)
Mechanism of action
Brentuximab vedotin is a conjugate of a chimeric IgG1 monoclo-
nal antibody against CD 30 linked to a cytotoxic drug, monomethyl 
auristatin E. CD 30 is a member of the TNF family expressed on 
the tumor cells of Hodgkin’s lymphoma and anaplastic large cell 
lymphoma. Monomethyl auristatin E (MMEA) is a synthetic inhibi-
tor of tubulin polymerization. After binding to cells expressing 
CD30, the antibody-drug conjugate is internalized in lysosomes. 
The peptide linking the antibody to the drug is then cleaved, 
releasing MMEA into cells where it binds to tubulin and causes 
cell cycle arrest and apoptosis.140 A small fraction of MMEA dif-
fuses out of tumor cells where it results in cytotoxicity to cells in 
the microenvironment.141

Clinical pharmacology
Brentuximab is administered intravenously every 3 weeks. The 
half-life of the antibody- drug conjugate is 4 to 6 days, while the 
half-life of MMEA is 3 to 4 days.137 Steady state plasma levels are 
achieved in 21 days. Most MMEA is cleared via the liver into the 
stool (72%) as intact drug. There is modest metabolism via CYP 
3A4. Information regarding dose adjustments or renal or hepatic 
insufficiency is not yet available, but it is unlikely that renal 
impairment would affect drug clearance.
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toxicity
As with many monoclonal antibodies, infusion reactions can 
be seen during drug infusion (10%) with occasional anaphy-
laxis.138,139 Peripheral neuropathy, which often improves with 
drug discontinuation, is noted in 20% to 50% of patients. Other 
toxicities seen with brentuximab vedotin include fatigue, fever, 
nausea and diarrhea, and neutropenia. Progressive multifocal 
leukoencephalopathy (PML) due to reactivation of JC virus has 
been seen. A high incidence of pulmonary toxicity was noted when 
brentuximab has been combined with bleomycin.

Gemtuzumab Ozogamicin (Mylotarg®)
Gemtuzumab is a monoclonal antibody to the CD33 antigen, found 
on myeloid cells, linked to the antibiotic calicheamicin. The pos-
tulated mechanism of action is through binding of the antibody to 
myeloblast with internalization of calicheamicin. Calicheamicin 
binds to DNA, resulting in DNA strand breaks. Because of lack 
of clinical studies clearly demonstrating antineoplastic activity, 
gemtuzumab was withdrawn from clinical use in the United States 
in 2010.

Molecularly targeted therapies
In the early years of cancer drug development, antineoplastic 
agents were often discovered by testing biologics or chemicals for 
ability to kill cancer cells in culture. If activity was identified, then 
the mechanism of action of that material was later determined. 
With advances in cancer biology and sequencing of the human 
genome, our understanding of how cancers develop and what 
processes are critical in cancer proliferation has grown. For the 
past two decades, most cancer drugs have been developed by iden-
tifying a critical pathway needed by a particular cancer and then 
identifying a drug which blocks that critical pathway. Molecular 
targeted therapies are drugs which selectively target specific 
molecular features of cancer cells such as aberrations in genes or 
proteins which regulate tumor cell growth. The best of these drugs 
target genes or proteins which are critically responsible for tumor 
growth or survival, such as the BCR-ABL protein in CML. Of the 
many target agents developed in the past 15 years, those used in 
treatment of hematologic malignancies will be reviewed here. The 
targets include: the IL-2 receptor (denileukin diftitox), the BCR-ABL 
oncoprotein (imatinib, dasatinib, nilotinib), the retinoic acid path-
way (ATRA, arsenic trioxide), and the  proteosome (bortezomib).

Denileukin Diftitox
Mechanism of action
Denileukin diftitox (Ontak®) is a fusion protein containing peptide 
sequences for human interleukin (IL-2) and diphtheria toxin.140 
The IL-2 portion of this fusion protein binds to cells that express 
IL-2 receptors. Once bound to the IL-2 receptor, the diphtheria 
toxin protein is internalized, inhibits cellular protein synthesis, 
and results in cell death. Three types of IL-2 receptors exist: high-, 
intermediate-, and low-affinity. The fusion protein is internalized 
only with intermediate- or high-affinity IL-2 receptors. Expression 
of high-affinity IL-2 receptors is normally restricted to activated 
T lymphocytes and lymphomatous cells of T or B cell origin. 
Denileukin diftitox has been approved for use in cutaneous T cell 
lymphomas.141

Clinical pharmacology
There is wide variation in serum concentrations of denileukin 
diftitox after intravenous administration (coefficient of variation 
>50%).141 A terminal half-life of ∼75 minutes is seen with initial 
therapy, but this decreases to 43 minutes with continued therapy, 
as antibodies to denileukin diftitox appear. Animal studies have 
shown that the drug is cleared via hepatic protein degradation.

toxicity
Hypersensitivity reactions, such as dyspnea, back pain, rash, 
hypertension, and chest tightness, occur during or within 24 hours 
of drug infusion in 60% of patients.141,142 These symptoms resolve 
within 48 hours and can usually be controlled with use of steroids, 
antihistamines, or slowing of drug infusion. Constitutional and 
gastrointestinal symptoms (nausea/vomiting, asthenia, myalgias, 
headache, diarrhea) are seen in 92% of patients (grade 3 or 4 in 
one-third). A vascular leak syndrome (hypotension, edema hypo-
albuminemia) occurs up to 2 weeks postinfusion in 25% of treated 
patients. The drug should not be given if the serum albumin is less 
that 3.0 g/dL. Myelosuppression is uncommon.

Retinoids
all-trans retinoic acid or tretinoin
Mechanism of Action. In acute promyelocytic leukemia, the retinoic 
acid receptor (RAR) is translocated next to a nuclear protein gene 
(PML). Fusion of RAR protein with the nuclear protein, PML, pre-
vents normal differentiation of myeloid cell.143 Retinoids are vita-
min A derivatives that are essential for normal controlled cellular 
growth and development. ATRA binds to one or more nuclear 
receptors to decrease proliferation and induces differentiation 
of APL cells.144 Pharmacologic concentrations of ATRA (1  mM) 
reverse the inhibition of differentiation of the promyelocytes and 
induce remission of APL by providing retinoic acid to activate 
repressed genes.

Clinical Pharmacology. Tretinoin is well absorbed. Peak plasma 
ATRA concentrations of 350 ng/mL are achieved 1 to 2 hours 
following ATRA dosing and drop rapidly (t1/2 = 50 minutes). 
ATRA is metabolized by the hepatic P450 microsomal enzyme 
system. Use of ATRA stimulates this degradative pathway. ATRA 
plasma concentrations, therefore, decrease with prolonged drug 
use.145 Variation in hepatic microsomal metabolism accounts for 
significant patient-to-patient and day-to-day variation in ATRA 
clearance.146

Toxicity. Many patients tolerate tretinoin with minimal morbidity. 
However, 20% to 25% of patients may develop a syndrome char-
acterized by unexplained fever, leukocytosis, dyspnea with inter-
stitial pulmonary infiltrates, peripheral edema, pleuropericardial 
effusions, hypotension, and acute renal failure.147 Patients with 4 
of these symptoms are classified as having a severe differentia-
tion syndrome (also call retinoic acid syndrome), while those with 
3 symptoms have intermediate syndrome. The differentiation 
syndrome occurs more frequently in patients with elevated WBC 
or renal insufficiency. Steroids are used to treat and prevent this 
syndrome. Pseudo-tumor cerebri, hyperlipidemia, and abnormal 
liver function tests have been observed with therapy. ATRA, like 
other retinoids, has significant teratogenic properties, particularly 
during the first trimester of pregnancy.148

Bexarotene
Mechanism of Action. Bexarotene (Targretin®) is a retinoid approved 
for therapy of cutaneous T cell lymphoma. Retinoid modulation 
of tumor growth is mediated though binding to nuclear receptors 
that function as transcription factors to regulate gene expression 
in T cells. Two receptor families, retinoic acid nuclear receptors 
(RARs) and retinoid X nuclear receptors (RXRs) have been identi-
fied.149 Bexarotene selectively binds and activates RXR receptors, 
inducing apoptosis in selected cell types through triggering of a 
variety of downstream events.150

Clinical Pharmacology. Bexarotene is available as a topical gel for 
application to skin lesions or as an oral capsule for systemic 
therapy. Peak plasma concentrations are seen 2 to 3 hours after 
oral administration. Drug half-life is 4 to 7 hours. Bexarotene, like 
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other retinoids, undergoes metabolism by the hepatic cytochrome 
P450 enzyme system (CYP3A4). Drug interactions with other 
CYP 3A4–metabolized drugs may occur. Gemfibrozil increases 
 bexarotene concentrations and toxicity.

Toxicity. The most common bexarotene-associated toxicities are 
hyperlipidemia (82%), hypercholesterolemia (30%), central hypo-
thyroidism (29%), headache (20%), asthenia (16%), pruritus 
(13%), and leukopenia (11%).151,152 Side effects are more common 
at higher drug doses. Pancreatitis may result from hyperlipidemia. 
Use of lipid-lowering agents and thyroid replacement are often 
required. Thyroid function tests must be monitored.

Signal transduction Inhibitors
Several antineoplastic agents have been FDA approved that 
inhibit a tyrosine kinase associated with signal transduction mol-
ecules activated in cancer cells. Inhibitors of the BCR-ABL (ima-
tinib, dasatinib, nilotinib), PDGFR (sunitinib and sorafenib), EGFR 
(erlotinib, gefitinib), BRAF (vemurafenib), hedgehog (vismodegib), 
and VEGFR (sunitinib, pazopanib, and sorafenib) tyrosine kinases 
are clinically available. Imatinib mesylate, nilotinib, and dasatinib 
are currently approved for treatment of chronic myelogenous leu-
kemia (CML). Other approved tyrosine kinase inhibitors are used 
primarily for treatment of solid tumors and will not be discussed 
in this chapter.

Imatinib Mesylate
Mechanism of action
CML is characterized by a reciprocal exchange of genetic material 
between chromosomes 9 and 22 (t9; 22). A new gene is formed, 
the BCR-ABL proto-oncogene, which encodes a signal transduc-
tion protein that is autonomous. Increased activity of the BCR-ABL 
proto-oncogene leads to cellular proliferation, decreased apopto-
sis, or both.153 The intracellular component of the BCR-ABL signal 
transduction protein contains a tyrosine kinase that activates sub-
sequent signaling molecules by taking a phosphate from ATP and 
transferring it to a second signaling molecule. Imatinib mesylate 
(Gleevec®) binds to the ATP-binding site of the BCR-ABL oncopro-
tein and prevents transfer of phosphate from ATP to the second 
messenger (Fig. 68.15). Imatinib inhibits the tyrosine kinase of the 
BCR-ABL, c-kit, and PDGF oncogenes.154

Clinical pharmacology
Imatinib mesylate is given orally at doses of 400 to 800 mg/day. 
Bioavailability is 98%, with a drug half-life of 18 hours. Imatinib 
is cleared by hepatic microsomal cytochrome P450 metabolism 
(CYP 3A4) to a metabolite that has similar potency.155 Biliary excre-
tion of parent drug and metabolite account for 70% of drug clear-
ance. However, no evidence of decreased clearance or increased 
drug toxicity has been seen in patients with hepatic or renal dys-
function.156,157 Drugs that alter the hepatic CYP 3A4 metabolism 
have the potential to alter clearance of all BRC-ABL TKIs.158

toxicity
Mild nausea (70%), diarrhea (56%), and fluid retention are the 
most common toxicities associated with imatinib.154,159 Edema 
can usually be managed with diuretics or dose reductions. 
Hematologic toxicity is mild and associated with a more advanced 
stage (e.g., CML blast crisis). Severe toxicity (grade 3 or 4) is rare 
(15% of patients). Abnormal liver function tests have been reported 
but require discontinuation of therapy in <0.5% of patients.

Dasatinib (Sprycel®)
Mechanism of action
Roughly 25% to 45% of CML patients given imatinib discontinue 
this drug within 5 years either due to development of tumor 
resistance or to drug intolerance. To address this problem, several 
additional BCR-ABL TKIs have been developed. Dasatinib inhibits 
the ABL kinase present in patients with CML but differs from ima-
tinib in that it can bind to both active and inactive conformations 
of the ABL kinase domain.160 This less exacting requirement for 
binding allows dasatinib to inhibit BCR-ABL mutations resistant to 
imatinib. Dasatinib also inhibits the SRC kinase.161 Dasatinib is a 
100- to 300-fold more potent ABL kinase inhibitor than imatinib.

Clinical pharmacology
Dasatinib is metabolized primarily by the hepatic cytochrome 
enzyme system (CYP 3A4). Concurrent use of drugs that induce or 
inhibit CYP 3A4 should be avoided if possible.161 Dasatinib’s solu-
bility is pH-dependent, so H2 blockers and proton pump inhibi-
tors should not be used with dasatinib. Antacids can be used, but 
2  hours before or after administration of dasatinib.

toxicity
Fluid retention, nausea, vomiting, and diarrhea are the most 
common toxicities seen with dasatinib use. Pleural effusions are 
noted in 8% of treated patients. Myelosuppression is common 
(50% grade 3 or 4).162 Grade 3 to 4 thrombocytopenia is seen in 
35% to 80% of patients. Dasatinib may prolong the Q-T interval, 
increasing the risk of arrhythmias. Correcting hypokalemia and 
hypomagnesemia to minimize this effect is recommended.

Nilotinib (Tasigna®)
Mechanism of action
Nilotinib is a second generation BCR-ABL TKI. It is similar in 
structure to imatinib but allows a better topologic fit with the ABL 
kinase and a 30-fold increase in potency.163 Nilotinib also inhib-
its the KIT and platelet-derived growth factor tyrosine kinases, 
again more potent than imatinib.164 Although both nilotinib and 
dasatinib are effective in most BCR-ABL mutants associated with 
resistance to imatinib (75% response rates), neither are effective 
against the T315I mutant.163,164

Clinical pharmacology
Nilotinib is given orally at a dose of 400 mg twice daily. The 
plasma half-life is 15 to 17 hours and 98% of the drug is protein-
bound. The metabolism of nilotinib is mainly hepatic. Drugs that 
inhibit CYP3A4 or prolong the QT interval should be avoided.

Figure 68.15. The BCr-ABL oncoprotein is shown schematically. This is a transmem-
brane protein with a tyrosine kinase on the intracellular part of the molecule. Imatinib mesylate 
binds to the tyrosine kinase, preventing activation of second-messenger proteins.
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toxicity
Mild skin rash (28%), nausea (24%), pruritus (24%), and head-
ache (19%) are common side effects, but rarely are severe.163 
Peripheral edema and pleural effusions seldom occur with nilo-
tinib. Grade 3/4 neutropenia and thrombocytopenia were each 
reported in 29% of patients.164 Typical biochemical abnormalities 
include increased serum lipase, hyperbilirubinemia (usually indi-
rect), hyperglycemia and elevated transaminases. Prolongation of 
the Q-T interval is noted.

proteosome Inhibitors—Bortezomib (Velcade®)

Mechanism of Action
Bortezomib targets and blocks the action of the proteosome. 
The proteosome is a large enzyme complex which breaks down 
proteins that have been selected for degradation.165 The degra-
dation process requires the proteins to transverse the regula-
tory gate of the proteosome. Bortezomib is a modified boronic 
peptide. It inhibits the chymotryptic site of the 26S proteosome, 
an enzyme that regulates protein degradation.166 Bortezomib 
inhibits the degradation of proteins involved in regulation of 
cell proliferation and survival. It deregulates signaling molecules 
that are critical to the interaction of myeloma cells with the bone 
marrow microenvironment, leading to growth inhibition and 
apoptosis. Several intracellular molecules important in apopto-
sis, including NF-kB, JNK, Bcl-2, p53, and gp130 are modulated 
by proteosome degradation.

Clinical pharmacology
The primary mechanism of bortezomib clearance is oxidative 
metabolism via the cytochrome P450 enzyme system (CYP 3A4, 
2D6, 2C19, 2C9, and 1A2). Bortezomib penetrates poorly into the 
CNS. Dose adjustments are not needed with renal insufficiency.167 
Information regarding dose adjustments for hepatic insufficiency 
is lacking. Drug interactions could be expected with agents that 
inhibit cytochrome P450 metabolism.168

toxicity
The most frequent toxicities (>30%) associated with bortezomib 
treatment include fatigue/weakness, GI disturbances (nausea/
anorexia/diarrhea/constipation), myelosuppression (neutropenia/
thrombocytopenia), and peripheral neuropathy.168 Peripheral 
neuropathy may be seen in up to 35% of patients; however, many 
myeloma patients have an underlying neuropathy prior to starting 
bortezomib. The neuropathy is related to the duration of treat-
ment. Dose reductions based on the presence of neuropathy are 
needed and can result in improvement of neuropathy in 65% to 
70% of patients.169

topoisomerase II Inhibitors (Doxorubicin, 
Daunorubicin, epirubicin, Idarubicin, 
Mitoxantrone, etoposide, and teniposide)

Mechanism of Action
Topoisomerases are nuclear enzymes that make the transient 
strand breaks in DNA to allow the cell to manipulate DNA topol-
ogy by passing an intact helix through a transient break in the 
DNA backbone.170 This is a mechanism to relieve super coiling 
and tension on the DNA molecule. DNA topoisomerase I makes 
single-strand breaks in the DNA, whereas topoisomerase II makes 
double-strand breaks and passes double-stranded DNA through 
the break. Topoisomerase enzymes are needed for DNA replica-
tion, chromosome condensation, and chromosome segregation. 
Topoisomerase II inhibitors (doxorubicin, daunorubicin, epirubi-
cin, idarubicin, mitoxantrone, etoposide, and teniposide) act by 
poisoning this enzyme to prevent it from relegating cleaved DNA 

(Fig. 68.16).171 This converts topoisomerase II into a toxin, by 
introducing high levels of transient protein-associated breaks in 
the genome of treated cells. Failures to repair the DNA break by 
the cell results in apoptosis. Currently available topoisomerase I 
inhibitors are irinotecan (CPT-11) and topotecan. As these agents 
are not frequently used in treatment of hematologic neoplasms, 
they will not be further discussed in this section. Topoisomerase II 
inhibitors include the anthracyclines, epipodophyllotoxins and 
mitoxantrone.

Anthracyclines (Doxorubicin, Daunorubicin, 
Epirubicin, and Idarubicin)
Clinical pharmacology
Clearance of all anthracyclines occurs through hepatic metabolism 
and biliary excretion. Urinary excretion accounts for only ∼10% 
of anthracycline clearance.172–174 Dose reduction is required for 
patients with jaundice, although specific dose reduction guidelines 
are not available. Use of doxorubicin in patients with hepatic 
dysfunction does not appear to increase cardiac toxicity, but an 
increase in mucositis and myelosuppression occurs. Liposomal-
encapsulated anthracyclines (liposomal doxorubicin [Doxil®, 
MyocetTM] or liposomal daunomycin [DaunoXome®]) act as depot 
forms of drug.175,176 The delayed release of the  anthracyclines 
from the liposome produces lower peak plasma concentrations 
and less cardiotoxicity.

toxicity
The acute dose-limiting toxicity of the anthracyclines is myelo-
suppression, with a nadir in leukocytes expected around day 
10 to 14, with recovery usually by day 21 to 28.171 Other 
acute systemic toxicities include nausea, vomiting, alopecia, and 

Figure 68.16. The catalytic cycle of topoisomerase ii. Topoisomerase II binds to DNA. 
In the presence of magnesium and ATP, an intact DNA helix can pass through a temporary 
break in DNA with subsequent relegation. Topoisomerase II inhibitors block this cycle at the 
stage of DNA cleavage. (From Osheroff N, Zechiedrich EL, Gale KC. Catalytic functions of DNA 
topoisomerase II. Bioassays 1991;12:269–275.)
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mucositis. Anthracyclines cause severe local tissue reactions if 
extravasation occurs during infusion. The most serious toxicity 
associated with anthracyclines is cardiotoxicity. Anthracyclines 
cause a dose-dependent congestive cardiomyopathy that often 
leads to congestive heart failure. Late-onset cardiomyopathy can 
appear months to years after treatment is completed.177 The 
mechanism underlying the cardiotoxic effects of anthracyclines 
remains uncertain but is thought to be via formation of free 
radicals, generated by iron-doxorubicin complexes that damage 
cardiac cellular membranes178; cardiotoxicity may also be related 
to anthracycline damage to cardiac stem cells. The cardiac dam-
age caused by anthracyclines is cumulative. With total doses of 
doxorubicin <350 mg/m2, heart failure is seen in <5% of cases. 
The risk of toxicity is related to the peak plasma concentration, 
so continuous infusions reduce the risk of heart failure compared 
to administration by large bolus injections. At equally myelosup-
pressive doses, epirubicin may be less cardiotoxic than doxorubi-
cin.178 Liposomal formulations of doxorubicin and daunorubicin 
have been investigated in the hopes of increasing tumor selec-
tivity, which would allow an increase in the tolerated dose. The 
liposomal formulation of doxorubicin has reduced cardiotoxicity. 
Liposomal formulations of doxorubicin and daunorubicin are, 
however, associated with palmar-plantar erythrodysesthesia 
syndrome.175,176

Mitoxantrone
Clinical pharmacology
Efforts to synthesize compounds with better antineoplastic activ-
ity and less toxicity than doxorubicin led to the discovery of 
mitoxantrone. Hepatic metabolism is the primary mechanism for 
mitoxantrone clearance, with only 6% to 11% being cleared by 
the kidney.179

toxicity
The primary dose-limiting toxicity of mitoxantrone is myelosup-
pression. Other potential toxicities include nausea, vomiting, alo-
pecia, and cardiotoxicity. At doses that produce equivalent drops 
in white blood cell and platelet counts (75 mg/m2 of doxorubicin 
vs. 15 mg/m2 of mitoxantrone), nausea, vomiting, and alopecia 
are less frequent with mitoxantrone than with doxorubicin.179,180 
With commonly used dosages, approximately twice as much mito-
xantrone can be given before heart failure develops as compared 
to doxorubicin. Acute leukemia is also a potential serious side 
effect of therapy using mitoxantrone.

Epipodophyllotoxins (Etoposide and Teniposide)
Clinical pharmacology
Etoposide is poorly soluble in water. It is dissolved in a solubilizer 
composed of polysorbate 80, polyethylene glycol, and alcohol 
(Tween 80) and diluted to a concentration <0.4 mg/mL to avoid 
precipitation. These additives are believed to induce the hyper-
sensitivity reactions occasionally seen with etoposide infusion. 
Approximately one-third of administered intravenous etoposide 
is excreted in the urine, and hepatic glucuronidation may account 
for another 25% of etoposide’s metabolism.181 Etoposide is also 
hepatically metabolized to O-demethyl metabolites.182 Etoposide 
clearance is modestly decreased in patients with renal dysfunc-
tion, but not with hepatic obstruction. Biliary drug excretion is 
minimal so that only modest dose adjustment is required in the 
presence of obstructive jaundice. Etoposide is highly bound to 
plasma proteins, with only 6% to 8% of drug nonbound. Because 
free drug is biologically active, conditions that decrease pro-
tein binding or decrease albumin increase the pharmacologic 
effect of a given drug dose. Teniposide has less water solubility, 
decreased renal clearance (10%), and is even more tightly bound 
to plasma proteins than etoposide. Teniposide has a longer drug 

half-life and increased biliary clearance compared to etoposide. 
Anticonvulsants, such as phenobarbital and phenytoin, increase 
teniposide clearance, presumably by increasing hepatic metabo-
lism.183 This increased clearance results in a lower efficacy of 
chemotherapy in children with ALL receiving teniposide chemo-
therapy plus anticonvulsants. Etoposide is available as an oral 
capsule. Bioavailability of oral etoposide ranges from 40% to 80% 
and varies with the drug dose.32 Oral etoposide absorption is lin-
ear up to doses of 250 mg, but decreases with doses of >300 mg. 
Oral etoposide administration results in significantly greater vari-
ability in drug exposure than does intravenous administration.184 
Etoposide phosphate is a water-soluble prodrug that is rapidly 
changed to etoposide by endogenous phosphatases.185

toxicity
Common toxicities of etoposide and teniposide include bone mar-
row suppression, dose-dependent nausea or vomiting, and alo-
pecia.181 Myelosuppression is the dose-limiting toxicity at usual 
therapeutic doses. At very high doses, such as those used with 
bone marrow transplantation regimens, mucositis becomes dose-
limiting. Liver toxicity, fever, and chills are also seen with high-
dose therapy. Hypersensitivity reactions, including vasomotor 
changes related to the pulmonary and gastrointestinal systems, 
although infrequent, can be life-threatening. These reactions may 
be due to hypersensitivity to the Tween 80 needed to solubilize the 
intravenous etoposide preparation. Hypersensitivity reactions can 
usually be ameliorated with histamine blockade and/or by using 
a slower infusion rate. Etoposide phosphate may reduce the risk 
of a hypersensitivity reaction, because no solubilizer is required. 
The most serious adverse event associated with etoposide and 
teniposide is the development of AML.186 Therapy-related AML 
also occurs with other topoisomerase II inhibitors, but at a lower 
frequency. Leukemia develops relatively early after topoisomer-
ase II inhibitor therapy (2 to 5 years) and can be distinguished 
from other therapy-related malignancies by a unique molecular 
marker: A balanced translocation involving the MLL (mixed-
lineage leukemia) gene on chromosome 11 band q23.

platinum analogs (Cisplatin, Carboplatin, 
Oxaliplatin)

Mechanism of Action
The platinum analogs, cisplatin, carboplatin, and oxaliplatin, are 
heavy-metal complexes that induce tumor cell kill by cross-linking 
DNA strands in a manner analogous to the alkylating agents. 
Reactive aquated platinum intermediates are formed within 
cells, which directly and covalently bind to DNA, leading to DNA 

Figure 68.17. Sites of covalent binding of cisplatin to DNA. After forming an aquated 
reactive intermediate, cisplatin binds to guanine (and occasionally adenine) bases within the 
DNA molecule. Some adducts result in intrastrand DNA cross-links.
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cross-links187 (Fig. 68.17). Cisplatin is more reactive in water than 
carboplatin or oxaliplatin. The difference in aqueous stability, dif-
ferences in the reactive groups, and spatial differences between 
platinum compounds appear to account for the variations in phar-
macokinetics and toxicity among platinum agents. The amount of 
platinum bound to DNA after cisplatin, carboplatin, and oxalipla-
tin administration is similar, although the time frame for forming 
DNA adducts varies, with oxaliplatin and carboplatin taking more 
time than cisplatin.188 Platinum compounds are effective in the 
treatment of solid tumors and are used as second-line agents in 
the treatment of lymphomas.189

Clinical Pharmacology
The reactive intermediates of the platinum analogs rapidly 
bind to proteins and other nucleophilic compounds. Only the 
free (unbound) species are cytotoxic.190 Over 90% of cisplatin 
is protein-bound and inactivated within 2 to 4 hours.191 Thus, 
protein binding represents the major route of cisplatin elimina-
tion. In contrast, only 20% to 40% of platinum is protein-bound at 
2 hours following carboplatin administration. Renal excretion is 
the primary route of carboplatin elimination (70% to 90% of total 
clearance). Carboplatin clearance is highly correlated with creati-
nine clearance. Carboplatin doses should be calculated based on 
an individual patient’s creatinine clearance.192 Oxaliplatin is also 
extensively cleared by the kidney (50%), but to a lesser degree 
than carboplatin. Increased toxicity following oxaliplatin therapy 
is not seen in patients with renal function impairment unless a 
patient’s creatinine clearance falls to <20 mL/minute.193

Toxicity
The toxicity profiles of cisplatin, oxaliplatin, and carboplatin dif-
fer. Myelosuppression is rare with cisplatin, although moderate 
anemia is common. Nausea and vomiting are common cisplatin 
toxicities, but the incidence can be reduced with decadron and 
serotonin antagonists.77 Nephrotoxicity, manifest by azotemia and 
electrolyte disturbances (primarily hypomagnesemia and hypoka-
lemia), is dose-related.194 Although pre- and posttreatment hydra-
tion (with chloride-containing solutions) and diuresis reduce the 
incidence and severity of cisplatin nephrotoxicity, moderate and 
permanent reductions in glomerular filtration rate (GFR) may still 
occur.195 Neurotoxicity from cisplatin is cumulative, dose-related, 
and usually begins as a “stocking-glove” type of peripheral neu-
ropathy. The toxicity profile of carboplatin differs from cisplatin, 
with dose-limiting myelosuppression being the major toxicity 
following carboplatin administration.196 Renal and ototoxicities 
noted with cisplatin are infrequent after carboplatin adminis-
tration, although peripheral neuropathy is still seen. Nausea 
and vomiting after carboplatin usually are mild to moderate. 
Oxaliplatin results in neurotoxicity that is both acute and chronic. 
Reversible, cumulative peripheral sensory neuropathy is the 
primary dose-limiting factor of oxaliplatin therapy. Hematologic 
and gastrointestinal toxicities occur but are mild to moderate. 
Ototoxicity and nephrotoxicity are uncommon.197

Other Chemotherapeutic agents Used  
in hematology

Anagrelide (Agrylin®)
Mechanism of action
Anagrelide is an oral imidazoquinazoline found to result in 
thrombocytopenia in the 1980s.198 The precise mechanism of 
action is not known but anagrelide and its metabolite, 3-hydroxy 
anagrelide, block the maturation of platelets and reduce platelet 
counts. In contrast to hydroxyurea, anagrelide does not affect DNA 
or induce angiogenesis.199

Clinical pharmacology
Anagrelide is rapidly (2 hours) absorbed and then metabolized 
via the CYP1A2 to an active (3-hydroxy anagrelide) and inactive 
metabolite. Its half-life is 2 hours and that of the active metabolite 
is 4 hours.200

toxicity
Because anagrelide and 3-hydroxy anagrelide inhibit phosphodi-
esterase, the main side effects (vasodilatation, tachycardia, head-
ache, palpitations) are related to the positive ionotropic effects of 
this drug.

Asparaginase
Mechanism of action
Certain cells, particularly those of lymphocytic origin, lack the 
capacity to synthesize the amino acid asparagine. l-Asparaginase 
is an enzyme derived from bacteria that reduces blood asparagine 
to undetectable levels, thereby depriving cells of this amino acid. 
The cytotoxic effects of l-asparaginase on lymphoblasts result 
from the inhibition of protein synthesis when cells are depleted 
of asparagine.201

Clinical pharmacology
After intravenous enzyme administration, plasma asparagine lev-
els fall rapidly and remain low for up to 10 days.200 Asparaginase 
can be detectable in the blood for 1 to 3 weeks, but as antibod-
ies are formed, clearance of the drug is greatly accelerated. 
Asparaginase is degraded by protein metabolism. Trough aspara-
ginase concentrations of 0.3 IU/ml are recommended for all leu-
kemic patients.202

toxicity
Toxic effects of asparaginase related to inhibition of protein syn-
thesis include a decrease in circulating levels of albumin, clotting 
factors, insulin, and lipoproteins.203 Synthesis of anticoagulant 
proteins, such as antithrombin III, protein C, and protein S, is 
also reduced. Hypersensitivity reactions (urticaria, anaphylaxis, 
serum sickness) are common, with frequencies ranging from 
20% to 40%. Conjugation of polyethylene glycol to asparaginase 
(pegasparaginase, Oncaspar®) prevents uptake of the drug by the 
reticuloendothelial system, making it less immunogenic and pro-
longing its circulating half-life. The incidence of hypersensitivity 
reactions to pegasparaginase in patients who have had reactions 
to Escherichia coli asparaginase is ∼30%. The relative effective-
ness and toxicity of asparaginase and pegasparaginase remain 
to be established.201 Toxic reactions to both asparaginase and 
pegasparaginase include cerebral dysfunction (25% of patients), 
vomiting, chills (often an immediate reaction), pancreatitis (15% 
of patients), and liver function abnormalities.203

Arsenic Trioxide
Mechanism of action
Arsenic trioxide (ATO, Trisenox®) is used for treatment of promy-
elocytic leukemia.204 Trivalent arsenic interacts with thiol groups 
in cells, primarily proteins that contain cysteine residues.205 The 
outcome of this interaction depends on the cell type and the dose 
and duration of arsenic exposure. The specific mechanism for ATO 
effects in APL has not clearly been defined, but As2O3 stimulates 
differentiation of APL cells, induces apoptosis, and inhibits NF-kB.

Clinical pharmacology
Arsenic trioxide is methylated presumably in the liver and then 
excreted in the urine as metabolites.205 The antineoplastic effect of 
these metabolites is unknown. ATO has a half-life of 17 hours and 
distributes throughout the body. Drug penetration into the CNS is 
seen (14% of plasma concentrations).206 No dosage guidelines for 
patients with hepatic or renal insufficiency are currently available.
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toxicity
The most common ATO side effects include nausea, rash, fatigue, 
fever, headaches, diarrhea, and mild hepatotoxicity.204,205,206 
The most common life-threatening toxicities include hypokalemia 
(13%), hyperglycemia (10%), the APL differentiation syndrome, 
and cardiac toxicity. Cardiac toxicity is primarily manifest by Q–T 
prolongation on the EKG, but Torsades de Pointe and sudden 
death have been reported. The “retinoid acid syndrome,” similar 
to that noted following ATRA treatment, is frequently seen (25% 
of patients). The incidence of myelosuppression is low. Although 
arsenic is a known carcinogen, neurotoxin, and renal toxin, sec-
ondary malignancies, renal toxicity, and neuropathy have rarely 
been complications of arsenic trioxide therapy to date.

Bleomycin
Mechanism of action
Bleomycin is a mixture of low-molecular-weight glycopeptides 
of which bleomycin A2 is the major species. Bleomycin can be 
administered subcutaneously, intramuscularly, or intravenously 
and has been instilled into pleural and pericardial spaces to act as 
a sclerosing agent in patients with malignant effusions. Bleomycin 
produces single- and double-strand DNA breaks, which result in 
chromosomal deletions and fragmentation.207 The DNA strand 
breaks are generated by production of free radicals by a Fe (II)–
bleomycin complex, which intercalates into DNA and allows one 
bleomycin molecule to cleave both strands of DNA.208

Clinical pharmacology
Absorption after intramuscular or subcutaneous injection of bleo-
mycin is nearly complete. Renal clearance accounts for 65% of 
total drug clearance. Patients with renal failure have a prolonged 
drug half-life and an increased risk of developing pulmonary toxic-
ity.209,210 A 75% dose reduction has been recommended for patients 
with a creatinine clearance <25 mL/minute. Approximately 45% 
of an intracavitary dose of bleomycin is absorbed into the systemic 
circulation, and 30% is excreted in urine.211

toxicity
Bleomycin is not myelosuppressive. Fever occurs within 48 hours 
of drug administration in ∼25% of patients. Rare acute allergic 
reactions have been noted with this drug.212 The most promi-
nent toxic effect of bleomycin is a chronic interstitial pneumo-
nitis, which may continue on to fibrosis, hypoxia, and death.213 
Pulmonary toxicity, manifested by cough, dyspnea, and pulmonary 
infiltrates, occurs more often at higher cumulative drug doses but 
can occur following any dose. Approximately 10% of patients who 
receive a total drug dose of >400 mg develop pulmonary toxic-
ity. Risk factors for pulmonary toxicity include individual doses 
>25 U/m2, advancing age, underlying lung disease, and previous 
radiation therapy to the chest.214 Patients who receive high oxy-
gen concentrations during anesthesia following bleomycin ther-
apy have been associated with increased frequency of bleomycin 
lung toxicity in some studies but not others. No specific therapy is 
effective, other than stopping the drug. Bleomycin can also result 
in cutaneous toxicities of hyperpigmentation, erythema, desqua-
mation, nail changes, and alopecia. Reynaud’s phenomena have 
been reported.

Interferon Mechanism of Action
Interferons (IFNs) are a family of glycoproteins of which some are 
inhibitors of viral replication and tumor growth. Type I interfer-
ons include a, b, and v subtypes while type II interferon has only 
INFg. Type I interferon a is used for treatment of hematologic 
malignancies. IFN-a2b (Intron A®) and IFN-a2a (Roferon®) are 
recombinant products that differ by one amino acid of 166. A 
pegylated interferon is also available. IFNs have multiple effects 

on cytokine production and regulation of tumor oncogenes and 
antioncogenes. The specific mechanism of antitumor activity of 
the IFNs is unclear, but the IFNs produce direct antiproliferative 
effects on tumor cells, increase host-mediated immune defenses, 
and inhibit angiogenesis.215–217 They stimulate activity of T cells, 
natural killer cells, dendritic cells, monocytes, and macrophages.

Clinical pharmacology
The IFNs can be administered subcutaneously, intramuscularly, 
or intravenously. Following exposure to IFN, expression of >20 
genes is altered. The optimal dose and administration route 
of IFN are not clear. IFN-a2a is metabolized by the liver and 
filtered through the glomeruli, while INF-a2b is metabolized 
and cleared by the kidney. The half-life of interferon a is 2 to 3 
hours,218 although its biologic effect is much longer. The half-life 
of pegylated interferon is 177 hours.

toxicity
IFN-a use is associated with many toxicities, including a flulike 
syndrome manifested by myalgias and fatigue in patients who 
are not premedicated with antipyretics.219,220 The severity of 
myalgias decreases with continued drug use. Nausea and vomit-
ing are noted less often. Somnolence and lethargy occur when 
higher doses of IFN are used. Other, less common side effects 
include myelosuppression, diarrhea, mild alopecia, skin rashes, 
and elevated hepatic enzymes. Depression, anxiety, and suicidal 
ideation may occur with IFN therapy.221 These toxic effects are 
readily reversed when administration of the IFN is stopped. Some 
of the immediate systemic toxicity associated with the use of this 
agent can be prevented by administration of acetaminophen or 
megestrol.

Thalidomide (Thalomid®) and Lenalidomide 
(Revlimid®)
Mechanism of action
Thalidomide and lenalidomide are immunomodulatory drugs with 
a wide range of potential antineoplastic actions. Both drugs have 
similar immunomodulatory effects. Lenalidomide was developed 
after thalidomide and is more potent with fewer side effects. 
Thalidomide and lenalidomide activate T cells and stimulate 
endogenous cytokine release including IL-2, and IFN-a produc-
tion.222 They inhibit TNF-a synthesis and block the activation 
of NF-kB kinase. They increase NK cell number and function. 
Thalidomide and lenalidomide also inhibit the action of vascular 
endothelial growth factor (VEGF) and block angiogenesis. The 
specific mechanism of antineoplastic immunomodulation of these 
two agents remains uncertain.

Clinical pharmacology
The structure of thalidomide and its analog, lenalidomide, are 
shown in Figure 68.18. Thalidomide is a mixture of R and S 
enantiomers. It undergoes rapid spontaneous hydrolysis in 
plasma to multiple hydroxylated metabolites. Very little tha-
lidomide undergoes hepatic metabolism via the cytochrome 
P450 system, so CYP-directed drug interactions are unlikely. 
Absorption of oral thalidomide is slow (3 to 4 hours) but extensive 

Figure 68.18. The chemical structures of  thalidomide and lenalidomide.
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(80% bioavailability). Drug half-life is 6 hours. Ninety percent of 
the drug is excreted in the stool or urine within 48 hours, mostly 
as metabolites. The effect of food on thalidomide absorption is 
minimal. Repeat dosing does not affect kinetics. Because thalido-
mide is mainly hydrolyzed and passively excreted, its clearance 
is not expected to be altered in patients with impaired liver or 
renal function.223 Lenalidomide is rapidly absorbed when given 
by mouth (tmax = 1.0 hour). Food does not alter drug absorption 
but does slow oral absorption. In normal volunteers, two-thirds of 
an administered dose is excreted unchanged in the urine.224 Drug 
half-life is 3 hours. Lenalidomide is effective in myeloma patients 
with renal insufficiency but increased toxicity (myelosuppression 
and neuropathy) is noted in this population. Dose reductions may 
be needed for individuals with renal insufficiency.225

toxicity
Thalidomide is a potent teratogen. Use of thalidomide as a 
sedative in the late 1950s resulted in birth defects in >10,000 
infants.226 Birth defects include absent or hypoplastic limbs, ear 
or eye deformities, and heart defects. Thalidomide administration 
to pregnant women is absolutely contraindicated. Women of child-
bearing age must have a negative pregnancy test before starting 
thalidomide, use two effective forms of birth control, and have a 
pregnancy test every 4 weeks. Breastfeeding is prohibited. Men 
must use a condom or refrain from intercourse. Common thalido-
mide toxicities include neuropathy, somnolence, and constipation. 
The incidence of neuropathy is 38% at 6 months and 73% at 12 
months.227 Clinical features are tingling or painful distal par-
esthesias affecting primarily the feet but sometimes the hands. 
The duration of thalidomide therapy correlates directly with the 
development of neurotoxicity. Some degree of sedation is univer-
sal, dose-dependent, and usually appears 2 weeks after initiation 
of therapy. Some patients suffer from depression. Tremors and/
or headaches occur in 5% to 20% of patients. Venous thrombo-
sis is seen in 2% to 23% of patients, with higher risk in patients 
>60 years of age. Sinus bradycardia is noted in 5% of patients. 
Constipation develops a few days after starting treatment in >50% 
of patients. Hypothyroidism occurs in 20% of patients occurring 
1 to 6 months after starting therapy. A maculopapular skin rash 
or pruritus is seen in 20% to 50% of patients. Stevens-Johnson 
syndrome is occasionally seen (<1%).

Although lenalidomide does not cause birth defects in animal 
models, because of its similarity to thalidomide, this drug should 
not be given to pregnant women. The most common lenalidomide 
toxicity is a reversible myelosuppression (neutropenia and throm-
bocytopenia). Sedation is not seen with lenalidomide. Neuropathy 
has been noted but is felt to occur less frequently than with tha-
lidomide.227 Skin rash and itching are seen in 25% of patients. 
Deep-vein thrombosis has been noted when lenalidomide has 
been used with dexamethasone.228 Hypothyroidism occurs in 5% 
to 10% of patients receiving lenalidomide. An increased risk of 
development of second malignancies has been reported with both 
thalidomide and lenolidomide.229

the Future
Additional genes, signaling pathway molecules, and posttransla-
tional events important in the development and growth of hema-
tologic cancers will continue to be discovered. Accruing knowledge 
of cancer biology identifies potential new pathways for therapy. In 
2012, over 900 potential antineoplastic agents were in development. 
Readers are referred to websites: http://www.clinicaltrials.gov and 
www.phrma.org/research/new-medicines for details of potential 
antineoplastic agents in clinical development. While it is hard to 

predict the future, it is likely that drugs targeting additional signal 
transduction pathways230–234 and additional monoclonal antibod-
ies or antibody-drug conjugates235 are likely to be developed. Drugs 
targeting new pathways such as the Flt-3 tyrosine kinase, present 
in one-third of AML patients,236 phosphatidylinositol kinase (PI3K), 
upregulated in B cell malignancies,237 and Bruton’s tyrosine kinase 
(Btk)238 appear promising. New, less toxic and more specific IMiDs 
(pomalidamide) and proteosome inhibitors (carfilzomib)238 appear 
close to FDA review. Innovative immunomodulatory therapies are 
under development.239,240 Readers will need to continue to moni-
tor the medical literature to keep pace with these rapidly changing 
developments in treatments for hematologic cancers.
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Patients with hematologic neoplasms are at significant risk for 
complications both from the malignancy as well as the required 
therapy. The morbidity and mortality associated with the expected 
cytopenias, the therapeutic modalities, as well as the potential 
organ impairment present significant challenges to patients and 
health care providers alike. The frequency and severity of these 
complications vary among patients and according to the under-
lying disease process. Continued investigation and advances in 
antibiotics, antiemetics, and palliative therapies are allowing us 
to better meet the ever changing needs of our patients and ensure 
the provision of quality care. This chapter provides an overview 
of current recommendations and recent advances in the man-
agement of challenges encountered in the care of patients with 
hematopoietic malignancies.

INFECTIOUS DISEASE ISSUES RELATED 
TO HEMATOLOGIC MALIGNANCY

Deficits in Host Defense
Patients with hematologic malignancies are at increased risk 
for infection due to impaired host defense from the underlying 
malignancy along with concomitant illnesses or extrinsic factors 
including marrow-suppressive therapy. Hematologic malignancies 
are often associated with specific or global immune abnormalities 
that result in increased frequency of infections or opportunistic 
infections even in the absence of treatment. Understanding the 
different risk factors in the individual patient allows appropriate 
preventive strategies and treatments to be implemented more 
effectively. Defects in host defense mechanisms associated with 
specific malignancy are outlined in Table 69.1, whereas Table 69.2 
identifies opportunistic infections by the host defects, such as 
those caused by impairment of phagocytosis (mainly neutropenia), 
defective production of circulating antibody (humoral immunity), 
and impaired cellular immunity. Concomitant illnesses, such as 
diabetes, nephrotic syndrome, cardiac disease, and liver disease 
contribute to infection risk and influence management decisions.1

Neutrophil Defects
Neutrophils play a critical role in the innate immune response, 
mediating both antimicrobial and inflammatory responses. They 
are produced in the bone marrow under the influence of an array 
of cytokines. Mature neutrophils circulate in the peripheral blood 
for only 3 to 6 hours, placing a demand on the marrow for an 
impressive capacity for constitutive neutrophil production that can 
be rapidly upregulated in response to acute bacterial, fungal, or 
inflammatory stresses.2 Deficits in neutrophil number and func-
tional defects of mature neutrophils predispose to life-threatening 
infections, while disruption of the maturation sequence underlies 
the pathophysiology of myelodysplasia and leukemia.

Neutropenia, defined as a decrease of the peripheral blood 
neutrophil count below 0.1 × 109/L, predisposes to bacterial 
and fungal infections. The severity (0.1 × 109/L) and length of 
neutropenia (>2 weeks) contribute to the risk of serious infec-
tions.3 Neutropenia is usually caused by decreased production. 
Localizing signs and symptoms are often absent in the setting of 
severe neutropenia because of a lack of inflammatory response 
from absent granulocytes. Fever remains the most common sign 
of infection associated with neutropenia.

Neutropenia is a common complication of acute leukemia 
(AL) and is often prolonged during induction therapy.4 In chronic 
myeloid leukemia (CML), neutropenia typically occurs with the 
development of blast crisis, with the evolution of myelofibrosis 
(MF), or with therapy. Mild neutropenia is observed in patients 
with MF and multiple myeloma (MM), but it is uncommon during 
untreated phases. Neutropenia occurring in patients with Hodgkin 
lymphoma (HL) or non-Hodgkin lymphoma (NHL) is typically a 
result of marrow invasion with tumor or marrow fibrosis and 
occurs in conjunction with other cytopenias. Hairy cell leukemia 
patients may become neutropenic secondary to tumor cell invasion, 
splenomegaly, or both, but may also result from defects in cell-
mediated immunity, monocytopenia, and decreased T cells after 
nucleoside analog therapy.5 In patients with T cell large granular 
lymphocytic leukemia, neutropenia may be the primary problem.

Functional defects in morphologically normal neutrophils have 
been described in hematologic malignancies, particularly myelo-
proliferative neoplasms (MPNs) and myelodysplastic syndrome 
(MDS).6 Such defects increase the susceptibility to infection.7 
Neutrophils from untreated patients with CML may be mildly 
defective with respect to phagocytosis, oxygen consumption, and 
bactericidal capacity, and tend to have decreased concentrations 
of lactoferrin, elastase, collagenase, and peroxidase.8 Myeloblasts 
and lymphoblasts found in AL patients are of no benefit to the 
host against infection.

Deficient Immunoglobulin Production
The humoral immune response is one of the two main arms of 
the immune system. In this response, the immune system triggers 
specific B cells to proliferate and secrete their specific antibod-
ies. Impaired humoral immunity is a major cause of frequent 
and severe infection in patients with hematologic malignancies. 
A decrease in Th2 CD4 T-lymphocyte–B-lymphocyte interaction 
results in decreased antibody production, complement-mediated 
damage, and phagocytosis. Diminished immunoglobulin synthesis 
is a major contributor to infection in patients with CLL, MM, and 
some B cell types of NHL.9,10,11 Myeloma and other plasma cell 
dyscrasias are often functionally hypogammaglobulinemic despite 
elevated total immunoglobulin. Splenectomized patients have 
impaired antibody response, reduced levels of tuftsin (natural 
activator of phagocyte cells), and are at increased risk for infec-
tions similar to those of patients with hypogammaglobulinemia, 
particularly encapsulated organisms (Streptococcus pneumoniae, 
Haemophilus influenzae, and Neisseria meningitidis).12

Defects in Cellular Immunity
Cellular immunity comprised of T lymphocytes, macrophages, and 
natural killer cells recognizes and combats pathogens that prolifer-
ate intracellularly. Cellular immune mechanisms are important in 
immunity to all classes of infectious agents, including most viruses 
and many bacteria (e.g., Mycoplasma, Chlamydophila, Listeria, 
Salmonella, and Mycobacterium), parasites (e.g., Trypanosoma, 
Toxoplasma, and Leishmania), and fungi (e.g., Histoplasma, 
Cryptococcus, and Coccidioides).13 T lymphocytes are activated by 
dendritic cells, macrophages, and B lymphocytes, which present 
foreign antigens in the context of the host’s own major histocom-
patibility complex antigen to the T cell receptor. Activated T cells 
then act in several ways to fight infection. Cytotoxic CD8+ T cells 
directly attack and lyse host cells that express foreign antigens. 
Helper CD4+ T cells stimulate the proliferation of B cells and the 
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Disease Host Defect Complications

Acute myeloid leukemia Neutropenia Bacterial infections, including perirectal abscess, typhlitis, sinusitis; superinfections 
when hospitalized; increasing problem of methicillin-resistant Staphylococcus aureus 
and coagulase-negative staphylococci; Clostridium difficile colitis; aspergillosis with 
prolonged neutropenia; viral infections (herpes simplex)

Thrombocytopenia, disseminated 
intravascular coagulation

Hemorrhage

Hyperleukocytosis Leukostasis, tumor lysis

Acute lymphoblastic leukemia Neutropenia Bacterial infections (see Acute myeloid leukemia)

Cellular immunity while on  
maintenance therapy

Pneumocystis jirovecii, disseminated varicella

Thrombocytopenia Hemorrhage

Hyperleukocytosis Tumor lysis, leukostasis

Chronic myeloid leukemia Mild defects in neutrophil function No increased risk of infections except in blast crisis

Thrombocytosis, platelet dysfunction Increased risk of thrombosis and hemorrhage, similar to other myeloproliferative  
disorders

Chronic lymphocytic leukemia Decreased immunoglobulins Infections with encapsulated organisms (pneumococcus, Haemophilus influenzae, 
meningococcus)

Cellular immunity Mycobacteria, fungal, viral (herpetic), Salmonella
Immune dysfunction AIHA, ITP, red cell aplasia

Hodgkin lymphoma Cellular immunity Viral (herpes zoster, other), P. jiroveci, fungal, mycobacteria, listeriosis, Salmonella
Cytokine production B symptoms, pruritus, eosinophilia

Splenectomized Encapsulated organisms (above), increased risk of leukemia

Immune dysfunction ITP, AIHA

Mediastinal disease SVC syndrome

Non-Hodgkin lymphoma

Small B cell lymphoma Decreased Igs Similar infections to CLL

PTCL, particularly angioimmunoblastic 
and subcutaneous panniculitis like PTCL

Immune dysfunction AIHA

Cytokine production B symptoms, hemophagocytic syndrome, eosinophilia

Large B cell lymphoma Mediastinal disease SVC syndrome, pericardial disease

T-lymphoblastic lymphoma Mediastinal disease SVC syndrome, tumor lysis, CNS disease

Mantle cell lymphoma Colonic polyposis Gastrointestinal bleed

Burkitt lymphoma Gastrointestinal primary Obstruction, perforation, tumor lysis, CNS disease with advanced-stage disease

Multiple myeloma Paraprotein Hyperviscosity, hemorrhage

Decreased Igs Similar infections to CLL

Osteoclast overactivity Hypercalcemia

Waldenström macroglobulinemia IgM paraprotein Hyperviscosity, hemorrhage

Hairy cell leukemia Neutropenia Bacterial and fungal infections

Cellular immunity P. jirovecii, atypical mycobacteria

Immune dysfunction Periarteritis nodosa, lymphocytic vasculitis

Monocytopenia —

T cell large granular lymphocyte  
leukemia

Neutropenia Bacterial infections

Immune dysregulation, positive rheu-
matoid factor, antinuclear antibody

ITP, AIHA, red cell aplasia

Adult T cell leukemia/lymphoma Cellular immunity Opportunistic infections (Strongyloides stercoralis, P. jirovecii )
Parathyroid hormone–related protein Hypercalcemia

AIHA, autoimmune hemolytic anemia; CLL, chronic lymphocytic leukemia; CNS, central nervous system; Ig, immunoglobulin; ITP, immune thrombocytopenic purpura; PTCL, peripheral T cell 
lymphoma; SVC, superior vena cava.

TAblE 69.1

HOST DEFECTS PREDISPOSING TO COMPLICATIONS IN HEMATOLOGIC MALIGNANCIES

production of immunoglobulins. Defects in cell-mediated immu-
nity characterized by impaired Th1 CD4+ T lymphocytes and/or 
macrophage function results in increased risk of infections with 
intracellular bacteria, fungi, parasites, and viruses (Table 69.2).

Multiple factors determine the severity and frequency of impaired 
cellular immunity. There may be differences in the stages of disease 

studied, the therapy used, and the sensitivity of the tests used to 
measure cellular immunity. Patients with HL often do not respond 
to new antigens and lose prior sensitivity as well.13,14 Patients with 
CLL usually show reduced or absent lymphocyte transformation 
with phytohemagglutinin but do not lose skin hypersensitivity to 
antigens such as old tuberculin.15 Patients with HL do not mount 
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either a primary or a secondary immune response, whereas those 
with CLL maintain secondary responses but cannot mount a pri-
mary response. Depressed cellular immunity is uncommon in AL16 
except during maintenance therapy in ALL.17

Approach to Infection in the 
Immunocompromised Host
The initial assessment of a febrile immunocompromised host is 
dependent on the underlying hematologic condition and other 
associated risk factors. It should focus on determining the poten-
tial sites and causative organisms and assessing the patient’s 
severity of illness. Although fever remains the most important clue 
to an infectious process, the characteristic signs and symptoms of 
infection may be absent in more than one-half of infected neu-
tropenic patients, and routine cultures are often negative.3 It is 
estimated that 60% or more of neutropenic patients who become 
febrile have an established or occult infection.18 No known factors 
accurately predict which patients with fever and neutropenia are 
most likely to have bacteremia. As a result, a careful history and 
screening physical examination must be performed with special 
attention to the most common sites of infection: skin, oropharynx, 
nares, sinuses, lungs, GI tract (including perianal area), soft tis-
sues, and indwelling catheter devices.

Risk assessment should be performed as part of the initial eval-
uation as it helps stratify the severity and facilitate goal-directed 
therapies. Assessing risk may determine the type of empiric anti-
biotic therapy (oral vs. intravenous), venue of treatment (inpatient 

vs. outpatient) and duration of antibiotic therapy. The most com-
monly used index for the stratification of risk for complications in 
febrile neutropenic patients is the Multinational Association for 
Supportive Care in Cancer (MASCC) index (Table 69.3).19 The fol-
lowing independent factors were found to be predictive of lower 
risk for complications: (1) burden of illness characterized by low 
or moderate symptoms, (2) absence of hypotension, (3) absence 
of chronic obstructive pulmonary disease, (4) presence of solid 
tumor or absence of previous fungal infection in patients with 
hematologic malignancies, (5) outpatient status, (6) absence of 
dehydration, and (7) an age less than 60 years. These variables 
predicting low risk were assigned an integer weight, and a risk 
index score consisting of the sum of these integers was derived. 
A score of 21 or greater identified low-risk patients with a posi-
tive predictive value of 91%, specificity of 68%, and sensitivity of 
71%; whereas those with scores less than 21 are at higher risk for 
complications.19

In general, most experts consider high-risk patients to be those 
with anticipated prolonged (>7 days duration) and profound neu-
tropenia (ANC < 0.1 × 109/L) or significant medical comorbid 
conditions, including hypotension, pneumonia, new abdominal 
pain, or neurologic changes. High-risk patients warrant inpatient 
therapy with intravenous antibiotics. Lower-risk patients, includ-
ing those with anticipated brief (<7 days duration), neutropenic 
periods, and few comorbidities, are candidates for empiric oral 
therapy.

Initial evaluation of neutropenic fever (Table 69.4) should 
include blood cultures, a urinalysis and urinary Gram stain, com-
plete blood count with a differential, and blood chemistry tests 
to assess liver and renal function. Chest radiographs should be 
obtained for all patients with respiratory signs or symptoms, as 
well as viral swabs, and cultures of aspirated or biopsy material 
from accessible body sites that appear infected. At least two sets of 
blood cultures are recommended, with a set collected simultane-
ously from each lumen of an existing central venous catheter (CVC), 
if present, and from a peripheral vein site according to the updated 
guidelines from the Infectious Diseases Society of America (IDSA).3 
An aggressive diagnostic workup is warranted if any localizing 
signs or symptoms are elicited. Patients who are unable to undergo 
invasive diagnostic procedures to determine an infectious etiology 
should be treated with empiric antibiotics until the appropriate 
diagnostic workup can be safely performed, or until the neutro-
penia resolves. Additional radiographic tests, such as computed 
tomography (CT) scans of the sinuses, chest, and abdomen, as well 

Defect Infections

Neutropenia Gram-negative bacteremia (Escherichia coli, Pseudomonas, 
Klebsiella, Proteus)

Gram-positive bacteremia (methicillin-resistant Staphylococcus 
aureus, coagulase-negative staphylococci, Streptococcus 
viridans)

Fungemia (Candida species, aspergillosis)

Humoral 
immunity

Encapsulated organisms
 Streptococcus pneumoniae
 Haemophilus influenzae
 Neisseria meningitidis

Cellular 
immunity

Bacteria
 Listeria monocytogenes
 Mycobacteria
 Legionella species
 Nocardia species
 Salmonella species

Viruses

Herpes simplex
Varicella zoster
Parainfluenza, respiratory syncytial virus, cytomegalovirus

Fungi

Cryptococcus neoformans
Coccidioides immitis
Histoplasma capsulatum
Pneumocystis jirovecii

Parasites

Toxoplasma gondii
Strongyloides stercoralis

TAblE 69.2

OPPORTUNISTIC INFECTIONS ASSOCIATED WITH DEFECTS IN 
IMMUNITY IN HEMATOLOGIC NEOPLASIA

Category Weight

Burden of illness: no or mild symptoms 5

No hypotension 5

No chronic obstructive pulmonary disease 4

Solid tumor or no previous invasive fungal infection 4

Outpatient status 3

Burden of disease: moderate symptoms 3

No dehydration 3

Age < 60 y 2

MASCC, Multinational Association of Supportive Care in Cancer. The maximum theoretical 
score is 26 because the maximum favorable weight for burden of disease is 5.

Adapted from Klastersky J, Paesmans M, Rubenstein EB, et al. The Multinational Association 
for Supportive Care in Cancer risk index: A multinational scoring system for identifying  
low-risk febrile neutropenic cancer patients. J Clin Oncol 2000;18:3038–3051.

TAblE 69.3

THE MASCC RISK INDEX SCORE: DETERMINING THE RISK OF 
SERIOUS COMPLICATIONS IN FEBRILE NEUTROPENIA
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as examination of cerebrospinal fluid, may be necessary in selected 
patients. Noninfectious causes such as drug reactions, mucositis, 
graft-versus-host disease (GVHD) should be considered in patients 
with persistent fever. Superinfection with fungi or Clostridium dif-
ficile needs to be considered as well. Frequent reassessment of the 
patient’s clinical status will help determine whether there is a need 
for additional coverage or changes to the ongoing antimicrobial 
regimen.

Empiric Antibiotic Therapy: Current Guidelines  
and Regimens
The goal of initial empiric antibiotic therapy is to prevent seri-
ous morbidity and mortality due to bacterial pathogens until 
further culture results are available. In the early 1970s combina-
tion regimens incorporating two or three additive or synergistic 
drugs were used, such as antipseudomonal penicillin and an 
aminoglycoside. Subsequent regimens included beta-lactam and 
beta-lactamase inhibitor such as ticarcillin-clavulanic acid and 
piperacillin-tazobactam. Decades of well-studied clinical trials 
have not yet identified a superior empiric therapeutic regimen 
for the initial treatment of febrile neutropenic patients.20 Effective 
regimens (combination or monotherapy) share certain essential 
features, including bactericidal activity, antipseudomonal activity, 
and minimal toxicity. Initial choice of antimicrobials should be 
based on the risk status of the patient (low vs. high), on localizing 
signs or symptoms of infection, and on the epidemiology of patho-
gens and antibiotic susceptibility patterns in individual centers. 
Evidence-based guidelines are available for additional guidance 

on antibiotic therapy for neutropenic patients with fever.3,21,22 
An algorithm for managing patients with febrile neutropenia is 
provided in Figure 69.1.

Initial Antibiotics for High-risk Patients
Monotherapy with selected broad-spectrum beta-lactams with 
activity against Pseudomonas species is as effective as combina-
tion antibiotic regimens (beta-lactam plus aminoglycoside) for 
empiric therapy of uncomplicated fever and neutropenia, and 
has fewer toxicities.23,24 Antibiotics recommended by the IDSA 
as appropriate monotherapy include the following: cefepime, 
imipenem-cilastatin, meropenem, and piperacillin-tazobactam.3 
Many centers have found that ceftazidime is no longer reliable as 
empiric monotherapy for neutropenic fever because of decreas-
ing potency against gram-negative organisms and poor activity 
against many gram-positive pathogens, such as streptococci.25–27 
Other antimicrobials (aminoglycosides, fluoroquinolones, and/
or vancomycin) may be added to the initial regimen for manage-
ment of complications such as hypotension and pneumonia, or 
there are specific clinical indications including suspected catheter-
related infections, skin or soft-tissue infections, or if antimicrobial 
resistance is suspected or proven.

A meta-analysis of randomized trials involving cefepime 
reported that cefepime was associated with increased 30-day 
mortality when used for empiric therapy for neutropenic fever; 
however, no increase in infection-related mortality was noted.28 
Subsequent analysis by the FDA failed to demonstrate a statisti-
cally significant increase in 30-day mortality for cefepime-treated 

Cancer Transplantation
Acquired Immunodeficiency 

Syndrome

Low Risk High Risk Bone Marrow Solid Organ Splenectomy Children Adults

History and physical examination + + + + + + +
Hematologic

Complete blood cell and differential 
counts

+ + + + ± ± ±

Platelets + + ± ± ± ± ±
Coagulation studies – ± + ± ± – –

Microbiologic

Nose and throat Sx Sx Sx Sx – – –

Urine + + + ± – Sx Sx

Stool – – – – – Sx Sx

Blood + + + + + + +
Cytomegalovirus PCR – – + + – Sx Sx

Epstein-Barr virus PCR – – Sx Sx – Sx Sx

Cerebrospinal fluid – – – – ± ± Sxa

Radiologic

Chest Sx + + + + + +
Sinus – ± ± ± – Sx ±
Special studiesb Sx Sxc Sxd Sx Sx Sx Sx

+, indicated; –, not necessary; ±, may be necessary; Sx, when symptoms are present. PCR, polymerase chain reaction.
aAn evaluation of cerebrospinal fluid is especially important in patients with persistent fever.
b Special studies include computed tomography and magnetic resonance imaging.
cAbdominal computed tomography or magnetic resonance imaging to detect hepatosplenic candidiasis should be performed in patients recovering from neutropenia who have new or persistent fever.
d Lung computed tomography to detect pulmonary aspergillosis should be performed in patients with persistent fever and neutropenia who have had more than 1 wk of empirical therapy with antibiotics.

Adapted from Pizzo PA. Fever in immunocompromised patients. N Engl J Med 1999;341:893–900.

TAblE 69.4

EVALUATION OF FEVER IN IMMUNOCOMPROMISED PATIENTS
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patients compared with controls, and thus concluded that cefepime 
remains a reasonable option for treating febrile neutropenia.28,29

Empiric combination therapy should be used in cases of 
severe sepsis or septic shock, or high prevalence of multidrug-
resistant gram-negative bacilli. Effective antibiotic combinations 
include one of the aforementioned beta-lactams plus an amino-
glycoside (choice based on local resistance, typically amikacin). 
Fluoroquinolones may be an acceptable alternative to aminogly-
cosides at institutions where prevalence of quinolone-resistant 
bacteria is low, or in patients with renal insufficiency. Febrile 
neutropenic patients with candiduria or oral thrush should also 
be covered by empiric antifungal therapy.

Role of Vancomycin and Other Agents in Gram-
positive Coverage
Empiric vancomycin use in febrile neutropenia has led to consid-
erable debate and concern, as the uncontrolled use of vancomy-
cin facilitates vancomycin-resistant organisms. Randomized trial 
data provided by the European Organization for Research and 
Treatment of Cancer (EORTC) failed to demonstrate a true clinical 
advantage for empiric vancomycin in adults.30 It decreased the 
number of days the patient had fever, but did not improve survival 
and was associated with increased incidence of nephrotoxicity and 
hepatotoxicity. Empiric vancomycin should therefore be reserved 
for specific settings during neutropenia, including (1) hypoten-
sion or septic shock without an identified pathogen, (2) clinically 
apparent catheter-related infection, (3) positive blood cultures 
with a gram-positive organism prior to identification and suscep-
tibility testing (linezolid or daptomycin are reasonable alternatives 
in environments with high prevalence of vancomycin-resistant 
enterococcus [VRE]), or (4) known colonization with methicillin-
resistant Staphylococcus aureus (MRSA) or penicillin-resistant  
S. pneumoniae. Consideration should also be given to discontinua-
tion of the empiric vancomycin after 2 to 3 days if the initial cultures 
are negative. Vancomycin plus aztreonam is an acceptable regimen 
in febrile neutropenic patients with allergies to beta-lactams.31

Lower-risk Patients with Fever and Neutropenia
Patients with fever and neutropenia can be stratified according 
to their risk of developing life-threatening infectious complica-
tions.21,22 Outpatient management with close monitoring and 

follow-up may be feasible for patients with MASCC scores of  
21 or greater given the lower risk of complications. The IDSA, the 
American Society of Clinical Oncology (ASCO), and the National 
Comprehensive Cancer Network (NCCN) support the use of out-
patient oral antibiotic therapy in carefully selected lower-risk 
patients with neutropenic fever. Ciprofloxacin plus amoxicillin/
clavulanate is recommended for adult patients. Clindamycin can 
be substituted for amoxicillin/clavulanate in patients allergic to 
penicillins.3 Fluoroquinolones have an importance in the outpa-
tient management of febrile neutropenic adults since they are the 
only class of oral antibiotics with activity against P. aeruginosa.

Evaluation of Response and Duration of Therapy
Modifications of the initial antimicrobial regimen are made based 
on new physical findings, microbiologic data, or persistent fever 
that indicates a resistant organism. It often takes 3 to 5 days to 
determine the efficacy of the initial antibiotic regimen (Fig. 69.2). 
Low-risk patients may become afebrile as early as 2 days, and 
high-risk patients may take as long as 7 days to have a response 
to the antibiotics. Antibiotics should be continued for a minimum 
of 7 days or until the documented infection has been eradicated. 
It is preferable to have neutrophil recovery (ANC > 0.5 × 109/L) 
before discontinuing therapy. If the patient continues to be febrile 
3 to 5 days after the initiation of empiric antibiotics, one of three 
choices can be made: continue the same antibiotics if the patient 
is stable and no source of infection has been found; change or 
add antibiotics if the patient develops a new complication, there 
are new findings on evaluation, or the patient appears to worsen 
clinically; or add an antifungal drug.3,32

Empiric amphotericin B has been replaced with the use of less 
toxic antifungals, such as caspofungin, micafungin, voriconazole, 
posaconazole, and the lipid formulations of amphotericin B. Risk 
of fungal infection (Aspergillus and Candida) rises precipitously 
in patients with profound neutropenia and persistent fevers after  
7 to 10 days. Empiric antifungal therapy has been shown to 
reduce infectious mortality in patients with new or persistent fever 
occurring after 1 week of antibiotic therapy.33,34 Fluconazole is 
highly effective in the treatment of oropharyngeal and esophageal 
candidiasis and may be as effective as amphotericin B for systemic 
candidiasis in patients who are hemodynamically stable and have 
not been on antifungal prophylaxis. Broader spectrum antifun-
gal agents are indicated in the setting of suspected Aspergillus, 

FIGURE 69.1. Empiric antibiotic regimens in febrile 
neutropenia. Fever (temperature ≥38.3°C + Neutropenia (<500 neutrophils/mm3)

Low risk

Oral IV

Ciprofloxacin + 
amoxicillin-clavulanate 

(adults only)

High risk

Vancomycin 
not needed

Vancomycin 
needed

Monotherapy

• Cefepime,
• Ceftazidime,
          or
• Carbapanem

Two drugs

Aminoglycoside 
            +
• Antipseudomonal 
   penicillin,
• Cefepime,
• Ceftazidime, or
• Carbapenem

Vancomycin 
          +
• Cefepime,
• Ceftazidime, or
• Carbapenem 
± Aminoglycoside

Reassess after 3 to 5 days

Vancomycin +
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atypical fungi, and several clinically relevant Candida species  
(C. krusei, C. tropicalis, C. lusitaniae, and Torulopsis glabrata) due 
to the absent or poor activity of fluconazole against these organisms.

Echocardiography is recommended for S. aureus bloodstream 
infections to determine the presence or absence of endocardi-
tis, and thus clarify the need for prolonged antibiotic therapy. 
Transesophageal echocardiography is more sensitive and pre-
ferred when compared with a transthoracic approach.35

Myeloid Colony-stimulating Factors
Prophylactic use of myeloid colony-stimulating factors (CSFs) is 
common in the setting of intensive chemotherapy regimens such 
as stem cell transplantation. Multiple randomized clinical trials of 

prophylactic recombinant granulocyte colony-stimulating factor 
(G-CSF) and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) have shown benefits in reducing the time to neutrophil 
recovery and the duration of fever and hospitalization in patients 
with hematologic neoplasms.36,37 Prophylactic G-CSF and GM-CSF 
in autologous and allogeneic hematopoietic stem cell transplanta-
tion (HSCT) recipients have been associated with a small reduc-
tion in the risk of documented infections but do not appear to 
affect infection-related or treatment-related mortality.38 Empiric 
use of CSFs in the management of neutropenic fever is not stan-
dard practice, as no consistent benefit has been demonstrated in  
terms of morbidity or mortality among randomized controlled 
trials of their use in patients with febrile neutropenia.39,40 
Neither ASCO nor EORTC recommend the routine use of growth  

Reassess patient after 3 to 5 days of empiric therapy

Duration of antimicrobial therapy

Continue regimen if

• Patient clinically improved and
hemodynamically stable

• Tailor antimicrobial coverage as new
culture data become available

Change antibiotics if

• Progressive disease

• Clinical deterioration, or

• New microbiologic data becomes
available

Add antifungal coverage if

• Persistent fever after ≥ 3 to 5 days on
empiric treatment without resolution of
neutropenia

Afebrile by days
3 to 5

ANC ≥ 0.5 × 109/L for
2 consecutive days

Stop antibiotics
48 h after afebrile

+ ANC ≥ 0.5 × 109/L

Initial low risk &
clinically well

• Stop when
afebrile for 5 to 7
days

Initial high risk

• ANC < 0.1 × 109/L
• Mucositis
• Unstable signs

Continue
coverage 4 to 5
days after ANC

> 0.5 × 109/L

Continue for 2
weeks

Continue
antimicrobial

coverage

Reassess for
infection site Reassess

Stop if no
disease and
condition is

stable

ANC  0.5 × 109/L
by day 7

ANC ≥ 0.5 × 109/L for
2 consecutive days

ANC < 0.5 × 109/L
by day 7

Persistent fever

FIGURE 69.2. Common modifications of empiric antimicrobial therapy in the febrile neutropenic patient.
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factors to treat episodes of febrile neutropenia unless patients are 
at high risk for infection-related complications, such as those older 
than 65 years, or those with prolonged (>10 days) and profound  
(<0.1 × 109/L) neutropenia, active infection, hypotension, and/or 
multiorgan dysfunction39,40 (Fig. 69.3).

G-CSF has a mild toxicity profile, with bone pain occurring  
1 to 2 days prior to neutrophil recovery being the most com-
mon side effect. Recombinant yeast–derived GM-CSF report-
edly has a better side effect profile than E. coli–derived GM-CSF 
(less fever, rash, and myalgias), although a randomized trial 
failed to reveal statistically significant differences.41 High-dose 
GM-CSF has been associated with hepatic transaminase eleva-
tion, serositis, fluid retention, venous thrombosis, and reac-
tivation of autoimmune disease. A syndrome of hypoxemia, 
flushing, cardiovascular instability, musculoskeletal pain, nau-
sea, and vomiting has also been described with intravenous 
GM-CSF.42

Pegfilgrastim offers once-per-cycle administration compared to 
the required daily doses of the nonpegylated CSFs, and a single 
dose of pegfilgrastim has been shown to exert a prolonged effect 
lasting for approximately 14 days or until neutrophil recovery.43 
Two small phase II trials involving lymphoma patients dem-
onstrated similar efficacy of pegfilgrastim versus filgrastim in 
regards to reduction of febrile neutropenia after chemotherapy 
administration.44,45

Granulocyte Transfusions
The role of granulocyte transfusions in the management of 
neutropenic fever is poorly defined. Although some small series 

and case report studies have attributed benefit to granulocyte 
transfusions in profoundly neutropenic patients with documented 
severe bacterial and fungal infections, others have failed to dem-
onstrate significance.46,47 A Cochrane Review of 8 randomized 
controlled trials found the data inconclusive.46,48 The rationale 
for granulocyte transfusions is to provide support for the neutro-
penic patient with a life-threatening infection by augmenting the 
number of circulating neutrophils until autologous myeloid regen-
eration occurs. Rare adverse events associated with granulocyte 
transfusions include transmission of infections (commonly CMV), 
HLA alloimmunization, fever, potential transfusion associated 
graft-versus-host disease if granulocytes are not irradiated, and 
progressive platelet refractoriness. Appropriate patient selection 
is necessary prior to administration of granulocyte transfusions, 
given the risks and the marginal benefits reported.

SPECIFIC FEBRILE SYNDROMES, 
SELECTED PATHOGENS, AND 
TREATMENTS

Sepsis and Septic Shock
Severe sepsis and septic shock are associated with a high mortality 
rate. Published mortality rates vary between 20% and 60%.49,50 
Common sequelae include acute respiratory distress syndrome 
(ARDS) and multisystem organ failure, which accounts for the high 
mortality of this syndrome. The source of septicemia is not apparent 
in 30% of cases, despite positive identification of an organism.50,51

FIGURE 69.3. Algorithm to decide prophylactic G-CSF usage. FN, febrile neutropenia; G-CSF, granulocyte colony-stimulating factor. (With permission from 
Aapro MS, Bohlius J, Cameron DA, et al. 2010 update of EORTC guidelines for the use of granulocyte colony-stimulating factor to reduce the incidence of 
chemotherapy-induced febrile neutropenia in adult patients with lymphoproliferative disorders and solid tumours. Eur J Cancer 2011;47:8–32.)

Step 1
Assess frequency of FN associated with the planned chemotherapy regimen

FN risk ≥ 20% FN risk 10–20% FN risk < 10%

Overall FN risk < 20%Overall FN risk ≥ 20%

Step 3
Define the patient’s overall FN risk for planned chemotherapy regimen

Step 2
Assess factors that increase the frequency/risk of FN

High risk Age >65 years

Increased risk
(level I and II
evidence)

Advanced disease
History of prior FN
No antibiotic prophylaxis, no G-CSF use

Other factors:
(level III and
IV evidence)

Poor performance and/or nutritional status
Female gender
Hemoglobin <12g/dl
Liver, renal, or cardiovascular disease

Reassess at
each cycle

Prophylactic G-CSF recommended G-CSF prophylaxis not indicated
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Sepsis is defined as the presence of systemic inflammatory 
response syndrome (SIRS) associated with a confirmed infec-
tious process.52 SIRS can be self-limited or can progress to 
severe sepsis and septic shock. Along this continuum, circulatory 
abnormalities (intravascular volume depletion, peripheral vasodi-
latation, myocardial depression, and increased metabolism) lead 
to an imbalance between systemic oxygen delivery and oxygen 
demand, resulting in global tissue hypoxia or shock. SIRS criteria 
include two or more of the following: (1) temperature greater than 
38°C or less than 36°C, (2) heart rate greater than 90 beats per 
minute, (3) respiratory rate greater than 20 breaths per minute or 
a PCO2 less than 32 mm Hg, or (4) white blood cell count greater 
than 12 × 109/L or less than 4 × 109/L, or the presence of more 
than 0.1 × 109/L immature band neutrophils.52

Bloodstream Infections
Bloodstream infection is a common complication of patients 
undergoing cytotoxic chemotherapy. Common sources include 
skin breakdown, intravenous catheters, as well as the digestive 
and respiratory tracts. Following documented bacteremia, repeat 
blood cultures should be obtained to confirm the effectiveness of 
therapy. Evaluation to identify the source of the infection should 
also be performed.

Gram-positive Bacteria
Staphylococcus species are the most common cause of bacte-
remia. Staphylococcus aureus is a coagulase positive bacteria, 
which commonly colonizes the nares and the skin of many 
individuals, and can cause both local disease (wound infection, 
cellulitis) and systemic disease (bacteremia, endocarditis, septic 
arthritis, and osteomyelitis). Removal of intravascular catheters 
should be considered in patients with S. aureus bacteremia. The 
risk of endocarditis following S. aureus bacteremia warrants a 
transesophageal echocardiogram to determine the absence or 
presence of heart valve vegetations and thus define the necessary 
duration of therapy.35,53,54,55,56 A 2-week course of intravenous 
antibiotics may be sufficient for S. aureus bacteremia with a 
negative transesophageal echocardiogram.35 Nafcillin is the drug 
of choice for treating methicillin-susceptible S. aureus, whereas 
vancomycin should be reserved for MRSA or the treatment of 
penicillin-allergic patients.57

Methicillin-resistant S. aureus (MRSA) is recognized as a major 
cause of infection in the health care setting and is now emerging 
in the community.58 MRSA isolates are resistant to all beta-lactam 
antibiotics as well as cross-resistant to multiple classes of antibiot-
ics. Community-acquired MRSA strains are generally susceptible 
to clindamycin and TMP/SMX. The standard treatment for MRSA 
is vancomycin. Clinical infections caused by vancomycin-inter-
mediate and vancomycin-resistant S. aureus have been reported 
sporadically and generally occur only in patients receiving pro-
longed courses of vancomycin.58 Failure of vancomycin in MRSA 
bacteremia has been associated with increasing vancomycin 
minimum inhibitory concentrations well within what is currently 
considered the susceptible range.59 New guidelines on vancomy-
cin dosing and therapeutic monitoring have been published based 
on these observations. Serum vancomycin trough concentrations 
should be maintained above 10 mg/L to avoid development of 
resistance.60

Linezolid and daptomycin are active against the majority of 
gram-positive organisms, including MRSA61–65; however, the use 
of these drugs should be limited to specific situations. Daptomycin, 
a bactericidal lipopeptide (6 mg/kg daily) is an acceptable option 
for S. aureus bacteremia.66 Daptomycin is inactivated by lung 
surfactant and therefore should not be used to treat pneumonia. 
Linezolid should be used cautiously in patients with compromised 
bone marrow function, as myelosuppression has been associated 

with prolonged exposure. Thrombocytopenia occurs in 0.3% to 
10% of those on linezolid and increases with the duration of use. 
Myeloid recovery of neutropenic cancer patients is not delayed 
with short courses; however, data for prolonged exposure (greater 
than 14 days) is limited.41,61 Linezolid is not approved for treat-
ment of catheter-related infections or gram-negative infections, 
as these patients have a higher chance of death compared 
with those receiving vancomycin or oxacillin for intravascular 
catheter-related infection with gram-positive and gram-negative 
organisms.67 Linezolid seems at least as effective as vancomycin 
against nosocomial MRSA pneumonia in most published studies, 
although a controversial post hoc subgroup analysis suggests line-
zolid has a slight advantage over vancomycin on survival and cure 
rates.68,69 The American Thoracic Society and IDSA guidelines on 
nosocomial MRSA pneumonia consider linezolid and vancomycin 
to each be acceptable options for suspected or proven MRSA 
pneumonia.70

Neutropenic patients with severe mucositis are at increased 
risk for bacteremia with viridans group streptococci (VGS), a 
commensal normal oral flora. Other risk factors for VGS include 
prophylaxis with TMP/SMX or fluoroquinolones and the use of 
histamine-2 blockers.71 Neutropenic patients with VGS bactere-
mia may have a low-grade fever and facial flushing prodrome 
followed by high fever and chills. Complications include toxic-
shock–like syndrome characterized by hypotension, respiratory 
distress, renal failure, and a centrifugal maculopapular rash usu-
ally starting on the trunk with subsequent desquamation of the 
palms and soles. Septic shock may be more common in children 
than in adults.72 Resistance of VGS to beta-lactams has been 
recognized and empiric use of vancomycin as initial therapy is 
recommended pending susceptibility testing.

Vancomycin-resistant enterococcus (VRE) bloodstream infec-
tion is an important cause of morbidity. The portal of entry for 
enterococcal bacteremia may be an indwelling central catheter or 
mucositis from chemotherapy or radiation toxicity. Risk factors 
for VRE include prolonged hospitalization, neutropenia, chemo-
therapy-induced mucositis, and use of vancomycin, cephalospo-
rins, and metronidazole.73 VRE bloodstream infections in cancer 
patients are associated with significant reduction in survival and 
frequent microbiologic failure, despite treatment with linezolid 
and/or daptomycin.74 Optimal therapy for VRE infection in cancer 
patients is not well defined. Catheter removal from patients with 
indwelling lines and VRE bacteremia should always be consid-
ered. Linezolid, quinupristin-dalfopristin, and daptomycin have 
been used with variable success rates41,75,76; and tigecycline has 
demonstrated activity in vitro.

Quinupristin/dalfopristin (a 30:70 mixture of two semisynthetic 
streptogramin antibiotics) has been shown to be safe and effec-
tive in serious vancomycin-resistant E. faecium infections, but is 
not active against E. faecalis. Common adverse effects including 
arthralgias, myalgias, and conjugated hyperbilirubinemia may 
limit its use in certain patients.75

Gram-negative Bacteria
Infections caused by gram-negative bacilli typically occur in the 
lungs, in the urinary tract, and in the bloodstream and are a 
significant cause of morbidity and mortality.77 Gram-negative 
bacilli most commonly responsible for infection in humans are 
Enterobacter species, Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, Escherichia coli, Acinetobacter species, and Serratia marces-
cens. Mortality related to infections caused by gram-negative bacilli 
ranges from 20% to 60% depending on the site of infection and a 
patient’s comorbid conditions. Inappropriate initial antimicrobial 
therapy and a delay in drug administration are associated with 
poorer patient outcomes.78,79 Prompt treatment with adequate cov-
erage, especially for P. aeruginosa, should be initiated until suscep-
tibility results are available, to minimize mortality and morbidity.
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Double coverage for gram-negative bloodstream infections in 
combination with an aminoglycoside has been shown to result in 
increased toxicity and no improvement in overall survival.24,80,81 
Empiric use of an aminoglycoside should therefore be limited to 
patients with hemodynamic instability and those in whom there 
is a high suspicion for antibiotic-resistant gram-negative bacterial 
infections. Fluoroquinolones with adequate antipseudomonal activ-
ity may be an acceptable alternative to an aminoglycoside as part of 
a combination regimen, depending on local susceptibility patterns.

Infections caused by P. aeruginosa remain the most lethal 
gram-negative pathogens in neutropenic patients. Empiric com-
bination of an antipseudomonal beta-lactam antibiotic plus an 
aminoglycoside or antipseudomonal fluoroquinolone is recom-
mended until susceptibility data is available, since no single anti-
microbial is effective against 100% of Pseudomonas isolates.75,82 
Infections due to strains of P. aeruginosa resistant to all common 
antipseudomonal agents are an increasing problem.83 Ecthyma 
gangrenosum is the most characteristic skin lesion associated 
with systemic P. aeruginosa infection.

Escherichia coli and Klebsiella species are common gram-neg-
ative pathogens in neutropenic patients. The use of prophylactic 
antibiotics such as ciprofloxacin or TMP/SMX may increase the 
prevalence of resistant enteric organisms such as Enterobacter, 
Citrobacter, and Serratia species which may carry an inducible 
beta-lactamase that may contribute to treatment failure with 
third-generation cephalosporins like ceftazidime. Carbapenems, 
fluoroquinolones, and piperacillin-tazobactam may be used in 
this setting. Stenotrophomonas maltophilia is an increasingly 
common cause of infection in patients who have been on broad-
spectrum antibiotics or who have intravascular catheters.75 TMP/
SMX is the treatment of choice for patients with this infection but 
ticarcillin-clavulanate or moxifloxacin may be effective in patients 
intolerant to TMP/SMX. Acinetobacter baumannii bacteremia is 
frequently associated with infected intravascular catheters and 
is often resistant to multiple antibiotics, including imipenem-
cilastatin.84 Ampicillin-sulbactam, tigecycline, or colistin may be 
effective, but consultation with an infectious diseases specialist is 
encouraged when dealing with Acinetobacter infections.

Fungemia
Pathogenic fungi include yeasts and molds. Candida species 
are yeasts that form part of the normal flora and typically gain 
access to the bloodstream through disruption of anatomic barri-
ers (mucositis or indwelling catheters). Molds are ubiquitous soil 
inhabitants whose conidia or spores are inhaled. Aspergillosis is 
the most common mold infection in cancer patients, but other 
pathogenic fungi (e.g., zygomycetes, Fusarium and Scedosporium 
species) have also been reported.

Candidemia and Invasive Candidiasis
Candida species are the fourth most common cause of nosocomial 
bloodstream infections in the United States.85,86 Mortality rates of 
candidemia range between 20% and 40%.86 C. albicans is the most 
common, although the frequency of non-albicans candidemia is 
increasing, presumably as a consequence of widespread fluconazole 
prophylaxis. Clinical findings vary from asymptomatic to full-blown 
septic shock. C. tropicalis is highly virulent in neutropenic hosts. C. 
krusei is generally resistant to fluconazole, and C. glabrata has vari-
able susceptibility. C. parapsilosis is associated with the vascular 
catheters and lipid formulations used for total parenteral nutrition.

Comparison of IV fluconazole with amphotericin B as therapy 
for candidemia in neutropenic and nonneutropenic patients 
has found similar overall response rates, but less toxicity with 
fluconazole.87,88 Anidulafungin appears to be similar to flucon-
azole in treating invasive candidiasis.89 Voriconazole provides 
equivalent benefit and has less nephrotoxicity compared to the 

sequential combination of amphotericin B followed by fluconazole 
in nonneutropenic patients.90 Caspofungin has a slightly higher 
response rate and is less toxic than amphotericin B as initial 
therapy for invasive candidiasis, and micafungin has been shown 
to be as effective as amphotericin B.91,92,93

IDSA guidelines for management of candidiasis recommend 
an echinocandin (caspofungin, micafungin, or anidulafungin) for 
treatment of candidemia in neutropenic patients.94 Lipid formula-
tions of amphotericin B are recommended in complicated infec-
tions such as endocarditis and meningitis or in hemodynamically 
unstable patients where invasive mold infection is suspected.94 
Echinocandins are also advised in patients who develop break-
through candidemia while receiving an azole. Voriconazole should 
be considered for treatment of C. krusei, which is generally resis-
tant to fluconazole, and when a mold-active agent is warranted. 
Patients with candidemia should undergo ophthalmologic evalu-
ation with fundoscopic exam, and it is recommended that intra-
vascular catheters be removed from patients with candidemia.94

Aspergillosis is addressed in the pneumonia section; zygo-
mycosis (mucormycosis) is covered under sinus infection; and 
cryptococcosis is under central nervous system (CNS) infections.

CENTRAL NERVOUS SYSTEM 
INFECTIONS
Infection of the CNS can present with subtle nonspecific findings 
such as fever, headache, photophobia, changes in mental status, 
or more dramatic findings such as loss of consciousness and 
seizure. Prompt diagnosis and initiation of therapy are crucial 
to minimize negative clinical outcomes. CNS infections can be 
divided into surgical- and nonsurgical-related complications and 
infections. The IDSA has published guidelines on the management 
of CNS infections.95,96

Central Nervous System Infections Unrelated  
to Neurosurgery
Meningitis and encephalitis are part of a clinical spectrum of CNS 
disorders causing fever and meningismus. Encephalitis may man-
ifest with signs and symptoms of meningeal inflammation, but is 
distinguished by the predominance of alterations of consciousness 
and neurologic deficits. Initial evaluation generally involves head 
CT to rule out intracranial bleeding in addition to brain MRI and 
lumbar puncture (assuming no contraindication). Cerebrospinal 
fluid (CSF) studies should be tailored to specific host factors, 
epidemiologic exposures, and clinical presentation, but should 
generally include a cell count with differential, glucose, protein, 
Gram stain, cryptococcal antigen, fungal culture, and bacterial 
culture. Noninfectious causes of meningitis include carcinomatous 
meningitis, nonsteroidal antiinflammatory medications, TMP/
SMX, and serum sickness (e.g., associated with antilymphocyte 
gammaglobulin or intravenous immunoglobulin [IVIG]).

Empiric treatment for suspected bacterial meningitis should 
include antimicrobial agents that penetrate the blood-brain 
barrier and enter the CSF, such as ceftriaxone, ampicillin, and 
vancomycin.95 This regimen provides coverage against the most 
common causes of bacterial meningitis, including penicillin-resis-
tant pneumococci and listeriosis. The combination of vancomycin 
and TMP/SMX may be used in patients allergic to penicillins.95 
Cefepime or meropenem should be used instead of ceftriaxone 
in patients at risk for P. aeruginosa meningitis (e.g., neutrope-
nia, neurosurgery within the past 2 months, allogeneic HSCT, 
prior history of P. aeruginosa infection). Meropenem should also 
provide appropriate coverage against Listeria. Conflicting results 
have been reported regarding the use of dexamethasone as an 
adjuvant therapy in the management of bacterial meningitis. Data 
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from a large meta-analysis found dexamethasone to not provide 
significant reductions in death or neurologic sequelae, although 
a statistically significant reduction in hearing loss was observed 
among surviving patients.97 ISDA guidelines for the management 
of bacterial meningitis support the incorporation of adjuvant 
dexamethasone in pediatric patients with H. influenzae type  
B meningitis and in adult patients with pneumococcal meningitis.95

Encephalitis in patients with cancer is most commonly caused 
by HSV. Intravenous acyclovir should be considered as empiric 
therapy for HSV in patients with suspected encephalitis (fever, 
mental status changes, CSF pleocytosis, and focal changes on 
EEG or MRI, especially in the temporal lobes). CSF studies should 
include PCR for HSV and CSF cytology. PCR for arboviruses should 
be considered in patients with exposure to endemic areas. The 
CSF should also be sent for nucleic acid amplification, adenosine 
deaminase level, and culture for tuberculosis in patients with 
known or suspected encephalitis. Patients with severe impairment 
of cellular immunity (e.g., allogeneic HSCT recipient, advanced 
AIDS) should be evaluated with PCR for CMV, VZV, HHV-6, and 
toxoplasmosis as well as culture for Nocardia. Most cases of 
encephalitis occur in HSCT patients and are due to reactivation of 
latent viral, bacterial, or parasitic infections: herpesviruses (HSV, 
VZV, CMV, EBV, human herpes virus [HHV]-6), adenovirus, myco-
bacteria, and Toxoplasma gondii.

Herpes viruses
HSV meningoencephalitis has been associated with older age, ste-
roid therapy, and brain irradiation. The diagnosis is usually made 
by viral PCR from the CSF and enhancement of the temporal lobe 
on MRI. Intravenous acyclovir should be considered as empiric 
therapy for HSV.96 Other, less common herpesvirus infections can 
also be diagnosed by PCR of viral DNA in the CSF. Detection of high 
levels of EBV DNA should raise suspicion of EBV-related lympho-
proliferative disorder, but primary EBV encephalitis and myelitis 
have been described.98,99 HHV-6 has been associated with a char-
acteristic syndrome in HSCT patients consisting of confusion, leth-
argy, fever, rash, and hippocampal enhancement on T2-weighted 
MRI FLAIR images.100 The diagnosis is made by detection of 
HHV-6 DNA in the CSF by PCR. Ganciclovir or foscarnet may be 
used in treating HHV-6 infections.101 Adenoviral encephalitis in 
HSCT patients has been reported as part of disseminated adeno-
viral infection and treatment with cidofovir may be attempted.96

Other uncommon but important causes of meningoencepha-
litis are due to new primary infections rather than reactivation. 
Advanced age and cancer are risk factors for encephalitis from 
West Nile virus (WNV) transmitted by mosquitoes and for which 
there is no proven therapy.102

Brain Abscess
Brain abscesses that develop during neutropenia are typically 
caused by fungi (commonly Aspergillus and Candida).103 Bacterial 
abscesses may occur as a local extension of infection of the 
sinuses or dental caries and are often caused by a mixed aerobic 
and anaerobic flora (streptococci, Staphylococcus, Bacteroides). 
Other causes of CNS abscesses in patients with impaired cellular 
immunity include toxoplasmosis, nocardiosis, cryptococcosis, and 
mycobacterial infections.103

Noninfectious etiologies include CNS malignancies, including 
secondary lymphomas and EBV-associated posttransplant lym-
phoproliferative disease (PTLD) in patients with impaired cellular 
immunity. Given the broad differential diagnosis of new focal CNS 
lesions in the highly immunocompromised patient, a brain biopsy 
is recommended if feasible. Cultures and stains should include 
bacteria, fungi, mycobacteria, and Nocardia species. Serum galac-
tomannan, CSF galactomannan, and beta-d-glucan testing are 
useful to facilitate a diagnosis of CNS aspergillosis.

Brain abscesses usually manifest with headache, focal neu-
rologic findings, or seizures.104,105 MRI typically shows sin-
gle or multiple lesions with edema and ring enhancement. 
Manifestations of CNS aspergillosis include focal seizures, hemi-
paresis, cranial nerve palsies, and hemorrhagic infarcts due to 
vascular invasion.106 Aspergillus brain abscesses are typically 
multiple, hypodense, and nonenhancing with little mass effect. CT 
scans with contrast enhancement may initially fail to reveal focal 
lesions, but subsequently evolve focal ring-enhancing or hemor-
rhagic lesions.107

Initial therapy with ceftriaxone plus metronidazole is 
advised in immunocompetent patients with a bacterial brain 
abscess.3,104,105,108 Patients with prolonged neutropenia should 
be treated with the combination of meropenem or cefepime plus 
metronidazole and voriconazole3,104 Adjustments may be needed 
for patients requiring certain antiseizure agents (e.g., phenytoin) 
due to the potential for significant drug–drug interactions with 
voriconazole (as well as itraconazole and posaconazole).109 
Empiric high-dose TMP/SMX (trimethoprim component: 5 mg/kg 
every 8 hours) should be considered to cover toxoplasmosis and 
nocardiosis in allogeneic HSCT recipients and patients with severe 
T cell impairment. Retrospective analysis of CNS aspergillosis 
treated with voriconazole as either primary or salvage therapy 
indicated that 34% had a complete or partial response110 and 
compares favorably to previous reports in which frequency of 
successful responses to amphotericin B in CNS aspergillosis was 
close to zero.111

Cryptococcosis
Lymphoid malignancy and corticosteroid therapy are major 
risk factors for cryptococcal infection.112 Host defense against 
cryptococcal infection is dependent on T cell immunity. Isolated 
neutropenia is rarely associated with cryptococcal infection. 
The principal portal of entry of this organism is by inhalation. 
Spread to the blood and then to the central nervous system is a 
prerequisite for subsequent development of cryptococcal menin-
gitis. Although meningitis is the most common presentation of 
cryptococcal infection, other manifestations include pneumonia, 
fungemia, cutaneous infections, and visceral dissemination. Visual 
loss may be a consequence of endophthalmitis (a space-occupying 
lesion in the visual pathway), direct invasion of the optic nerve, 
and elevated intracranial pressure.113

The IDSA recommends a regimen of amphotericin B (0.7 to 
1 mg/kg daily) plus 5-fluorocytosine (100 mg/kg daily) for the first 
2 weeks, followed by life-long maintenance fluconazole therapy 
in AIDS-associated cryptococcal meningitis.114 In the absence 
of modern randomized studies, the same induction regimen is 
recommended in non-AIDS–associated cryptococcal meningitis, 
followed by fluconazole for at least 10 weeks or until immuno-
suppressive agents have been discontinued.114 Reduction of the 
dosage of 5-fluorocytosine may be considered to minimize delay 
of myeloid recovery in neutropenic patients.

Toxoplasmosis
Reactivation of previously acquired infections is responsible for 
the majority of opportunistic CNS infections caused by T. gon-
dii. The organism can be acquired by ingestion of undercooked 
meat or through contact with feline feces. CNS toxoplasmosis is 
typically associated with disseminated infection, and risk factors 
include therapy with corticosteroids, alemtuzumab, cytotoxic 
agents, and/or radiation therapy, and poorly controlled malig-
nancy. Although toxoplasmosis is an uncommon complication of 
HSCT, nearly all occurrences are associated with seropositivity 
prior to transplantation.115 It tends to occur in the presence of 
moderate to severe GVHD with a median day of onset of disease 
at 64 days post-HSCT.116
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Common clinical findings for CNS toxoplasmosis include 
altered mental status, coma, seizures, cranial nerve abnormali-
ties, and motor weakness.117 MRI typically shows two or more 
lesions that may be ring-enhancing (Fig. 69.4). The differen-
tial diagnosis includes bacterial infection, invasive aspergillo-
sis, nocardiosis, and malignancy. Differentiating toxoplasmosis 
from lymphoma is particularly difficult; [18F] fluorodeoxyglu-
cose positron emission tomography typically shows increased 
metabolism in lymphoma.118 CSF in toxoplasmosis is usually 
normal but mononuclear pleocytosis and elevated protein 
levels may occur. In addition to CNS involvement, toxoplasma 
may also present with myocarditis, interstitial pneumoni-
tis, culture-negative sepsis, and hemophagocytic syndrome. 
Definitive diagnosis of toxoplasmosis relies on demonstration 
of tachyzoites and cysts in histopathologic sections, but PCR 
testing of serum and CSF may facilitate earlier diagnosis.117,119 
Oral sulfadiazine 1 to 1.5 g every 6 hours plus pyrimeth-
amine (loading dose of 200 mg, followed by 75 mg daily) is 
the initial treatment of choice for toxoplasmosis. Folinic acid  
(10 to 20 mg daily) should be administered to reduce myeloid 
toxicity. At 4 to 6 weeks after resolution of symptoms and signs 
of infection and radiologic improvement, switching to a main-
tenance regimen (sulfadiazine 0.5 to 1 g four times daily plus 
pyrimethamine 50 mg/day) is reasonable. Maintenance therapy 
should be continued for the duration of immunosuppression and 
until radiologic resolution. Clindamycin and primaquine may 
be used instead, after verifying normal glucose-6-phosphate 
dehydrogenase activity in patients intolerant of sulfonamides. 
Atovaquone may also be used after exhausting other options.96

Dementias
Progressive multifocal leukoencephalopathy (PML) is a demyelinat-
ing disease associated with lytic infection of oligodendrocytes by 
the human polyomavirus JC virus.40 Patients may develop rapidly 
progressive dementia as well as focal motor neuropathy or cerebel-
lar degeneration. This disease is most commonly seen in patients 
with advanced AIDS. However, PML is also seen in severely 
immunocompromised persons with hematologic malignancies 
and in HSCT recipients. Several reports have linked the use of 
rituximab with the development of PML and prompted an FDA 
advisory regarding a possible association.120 PML has also been 
reported with other immunosuppressants and biologics includ-
ing belatacept,121 brentuximab,122 efalizumab,123 fludarabine,124 
infliximab,125 and mycophenolate.126 Brain MRI typically reveals 
unilateral or bilateral white matter disease without mass effect or 
enhancement. Diagnosis is generally confirmed by detection of the 
JC virus in spinal fluid by PCR (90% sensitivity) or by brain biopsy. 
There is no established therapy for PML and the prognosis is poor.

Infections Related to Neurosurgical Procedures 
and/or Devices
Neurosurgical procedures such as resection of tumor, insertion 
of a shunt for hydrocephalus, or insertion of an Ommaya reser-
voir each carry a risk for infectious complications. Infection risk 
is further increased with use of steroids and brain irradiation. 
Early postoperative infections after placement of intraventricu-
lar devices are usually caused by skin flora: coagulase-negative 
staphylococci, S. aureus, streptococci, and Propionibacterium 
acnes. Enterobacteriaceae and P. aeruginosa account for approx-
imately 10% of infections. Coagulase-negative staphylococci and 
P. acnes usually cause indolent late postoperative infections.

Infection of a shunt or an Ommaya reservoir may manifest 
with malfunction of the device, fever, or altered mental status. 
Overt signs of meningitis, such as meningismus and photophobia 
are often absent. CT imaging may suggest meningitis, ventricu-
litis, or a brain abscess if the device is infected at the proximal 
end. Evaluation of the CSF is required for diagnosis confirma-
tion. Infections occurring in the distal region of the device may 
manifest as a soft tissue infection. In cases of ventriculoatrial 
shunts, distal infections may cause persistently positive blood 
cultures, thrombophlebitis, endocarditis, or septic pulmonary 
emboli. Distal ventriculoperitoneal shunt infections are associ-
ated with peritonitis and intraabdominal collections. Removal of 
the entire device plus systemic antibiotics is the most effective 
approach to eradicate infection. Use of parenteral and intraven-
tricular instillation of antibiotics without hardware removal has 
demonstrated variable success, and recurrence of infection is 
common, particularly those caused by S. aureus.127 Antibiotic 
therapy should be tailored to the specific pathogen isolated. In 
acutely ill patients with meningitis suspected to be related to 
prior neurosurgery, empiric therapy with parenteral vancomycin 
should be administered to cover Staphylococcus, Streptococcus, 
and Propionibacterium species in combination with an agent with 
activity against Enterobacteriaceae and P. aeruginosa such as 
ceftazidime or meropenem.95

OROPHARYNGEAL AND SINUS 
INFECTIONS
The mucosal linings of the gastrointestinal and respiratory tracts 
constitute the first line of host defense against a variety of patho-
gens. During the course of treatment for hematologic malignancy 
these barriers often are compromised and expose patients to 
infections and invasions by local flora, resulting in bacteremia 
and candidemia. Chronic GVHD may further compromise mucosal 
immunity, including defective salivary immunoglobulin secretion.

Mucositis may extend into the esophagus, causing retrosternal 
chest discomfort. Mucosal lesions are usually caused by HSV and/or 
Candida species, but are occasionally caused by CMV, fungal (i.e., 
Histoplasma), or bacterial pathogens such as viridans group strep-
tococcal infections and oral anaerobes (i.e., Pseudomonas species).

Oral mucosal candidiasis or thrush is common with T cell 
immunodeficiency. Cytotoxic chemotherapy, corticosteroids, and 
antibiotics predispose to oral candidiasis. The most common pre-
sentation is white adherent plaques on the palate, buccal mucosa, 
tongue, or gingiva. Pseudohyphae on a wet mount or Gram stain 
establish the diagnosis. Therapy includes local treatments such as 
clotrimazole troches or oral fluconazole.

Esophageal candidiasis may present as odynophagia and ini-
tial therapy with fluconazole is advised. Therapeutic options for 
fluconazole-resistant mucosal candidiasis include an echinocan-
din, voriconazole, posaconazole, or amphotericin B. Most fluco-
nazole-resistant Candida isolates are susceptible to voriconazole 
and posaconazole, but cross-resistance may occur.

FIGURE 69.4. Central nervous system toxoplasmosis: magnetic resonance imaging 
study of the brain before therapy (A) and after therapy (B) with pyrimethamine and 
sulfadiazine.

A B

72683_ch069_1426-1466.indd   1436 8/1/13   7:13 AM



H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

 CHAPTER 69 Supportive Care in Hematologic Malignancies 1437

Congestion, sinus tenderness, and fever are common nonspe-
cific signs of sinusitis. Respiratory bacterial pathogens, includ-
ing S. pneumoniae, H. influenzae, and Moraxella catarrhalis 
predominate the etiology of sinusitis in immunocompetent 
patients. Common pathogens in those that are immunocompro-
mised include P. aeruginosa, S. aureus, Enterobacteriaceae, and 
molds, and warrant investigation with sinus and facial imaging. 
Treatment of sinusitis in immunocompetent patients involves 
standard antibiotic regimens, such as amoxicillin-clavulanate, 
azithromycin, clarithromycin, or a cephalosporin with activity 
against respiratory pathogens. In addition to standard antibiotic 
therapy, neutropenic patients with symptoms or signs of sinusitis 
should have a CT scan of the sinuses and an otolaryngologist con-
sultation and consideration of endoscopy to assess the possibility 
of invasive mold. Endoscopy with or without mucosal biopsy is 
often helpful in distinguishing these entities when there is no 
response to empiric antifungal or antiviral therapy or if clinical 
deterioration follows initial response to therapy. Systemic azole or 
amphotericin B therapy is preferred in patients with AIDS, neutro-
penic cancer patients, patients with recurrent perineal candidia-
sis, or those with refractory proven oropharyngeal candidiasis.87

The presence of a heterogeneous mass or bony erosion on CT 
is highly suggestive of invasive fungal sinusitis. Periorbital swell-
ing and diplopia may be observed late in the course of infection. 
Aspergillus species are the most common isolate, but zygomyce-
tes (e.g., Mucor, Rhizopus) as well as less common molds such as 
Fusarium are also being recognized. Aggressive surgical debride-
ment in addition to antifungal therapy with two broad-spectrum 
antifungals is usually required to optimize the chances of recovery. 
Empiric therapy should include a lipid formulation of amphoteri-
cin B (5 mg/kg/d) to ensure treatment against Aspergillus species 
and zygomycetes.128 Antifungal therapy should be continued for 
weeks to months even if all of the visualized necrotic tissue is fully 
resected. Voriconazole may be substituted for many cases of fungal 
sinusitis, but should be avoided in zygomycetes (Mucor, Rhizopus) 
infections which are not susceptible to voriconazole. Posaconazole 
is an oral azole with activity against zygomycetes and may provide 
a useful alternative to an amphotericin B formulation for long-
term therapy.129 Posaconazole therapy does require adequate food 
intake for optimal absorption to reach therapeutic levels.130

LUNG INFECTIONS
Pneumonia is the most common infectious cause of death in 
immunocompromised patients. Numerous noninfectious processes 
should also be considered in patients with pulmonary infiltrates: 
malignancy, its treatment (drug toxicity, radiation pneumonitis), 
congestive heart failure, pulmonary hemorrhage, pulmonary 
embolism with infarction, cryptogenic organizing pneumonia (also 
known as bronchiolitis obliterans organizing pneumonia), and 
acute respiratory distress syndrome. It is imperative that prompt 
empiric therapy should be initiated when an infectious cause is 
suspected. The differential diagnosis of pulmonary infiltrates in 
patients with hematologic malignancies is shown in Table 69.5. 
Noninfectious causes of interstitial pneumonitis (IP) in the febrile 
patient are diagnosed only after exclusion of infectious etiologies.

Pulmonary Infiltrates in Neutropenic Patients
Diagnosing the etiology of pulmonary infiltrates in neutropenic 
patients can be challenging for many clinicians. Physical findings of 
consolidation and sputum production may be absent as a result of 
the neutropenia. General work-up for suspected pneumonia should 
include routine blood cultures, a chest radiograph, and if possible, 
sputum culture and Gram stain. Respiratory viral pathogens should 
be considered during peak season and local pattern of infections. 
Rapid testing for influenza A and B may be performed using a 

throat or nasopharyngeal swab but viral culture is more definitive. 
Nasopharyngeal wash may also be used to diagnose respiratory 
viral infections. Legionellosis can be diagnosed based on urine 
antigen testing or sputum culture. While the urine antigen testing 
is more easily obtained, it only detects Legionella pneumophila 
type  I.131 Broad-spectrum antibiotics should be initiated imme-
diately and therapy tailored once culture data become available.

Initial Antimicrobial Therapy
In patients with less than 7 days of neutropenia, pulmonary infec-
tions are likely to be caused by Enterobacteriaceae, P. aeruginosa, 
and S. aureus. Community respiratory viruses should also be con-
sidered during winter months. If community-acquired pneumonia 
is suspected, a macrolide or fluoroquinolone should be given to 
cover for atypical pneumonia organisms. The addition of TMP/
SMX should be considered if PJP is suspected. Vancomycin or line-
zolid should be added for pneumonia in patients colonized with 
MRSA and for nosocomial pneumonia. If clinical improvement 
occurs within 48 to 72 hours of therapy, the antibiotic regimen 
should be tailored based on available culture data and continued 
for at least 10 to 21 days and until neutropenia resolves. In the 
absence of clinical improvement, resistant bacterial and nonbacte-
rial pathogens including filamentous fungi should be considered.

Pulmonary Infiltrates in Patients with Defects in 
Cell-mediated Immunity
In addition to the common bacterial causes of pneumonia, 
patients with defects in cell-mediated immunity are at risk for 
infections with P. jirovecii, Nocardia species, and viruses, as well 
as Legionella, mycobacteria, mold, and fungi. Invasive proce-
dures, including bronchoscopy for bronchoalveolar lavage (BAL) 
and/or biopsy, should be considered to aid in diagnosis.

Fungal Pneumonia
Patients with allogeneic HSCT, prolonged high-dose systemic 
corticosteroids, immunosuppression with T cell suppressants and 
neutropenia for more than 10 days are at increased risk of fungal 
pneumonia. Chest CT imaging is recommended in patients failing 
to respond to initial empiric treatment or those in whom there is 
a high suspicion for fungal or mold infection.132 CT may disclose 
lesions missed by the chest radiograph as well as findings char-
acteristic of invasive fungal disease: well-circumscribed, dense 
infiltrates, the “halo sign,” and/or cavitation.133 Other angioinva-
sive infections including P. aeruginosa may cavitate. The galacto-
mannan assay is specific for invasive aspergillosis,134 whereas the 
beta-d-glucan assay detects aspergillosis and other invasive fungal 
infections including invasive candidiasis, PJP, and fusariosis.135 
Galactomannan assay testing is associated with a sensitivity of 70% 
and specificity of 89% for invasive aspergillosis.136 False-positive 
results may be more common in children and allogeneic HSCT 
recipients with concomitant use of piperacillin/tazobactam.137,138 
Rising serum galactomannan levels correlate with failure of anti-
fungal therapy, whereas decreasing levels are associated with posi-
tive outcomes in patients with invasive aspergillosis.139,140

Aspergillus species are by far the most common invasive mold 
infections (Fig. 69.5). Voriconazole is currently the treatment of 
choice for invasive aspergillosis.34,137 Amphotericin B is active 
against Aspergillus species (with the exception of Aspergillus 
terreus), but may be inferior to voriconazole in aspergillosis.137 
Initial antifungal therapy should be either with voriconazole or 
a lipid formulation of amphotericin B in patients at high risk for 
invasive mold diseases or with suspected pneumonia of unknown 
etiology. Echinocandins have not been evaluated as initial mono-
therapy for invasive aspergillosis, but have favorable response 
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Cause Diagnosis

Infectious Causes

Bacterial pneumonia Lung infiltrate: positive culture from blood, BAL, or pleural fluid; resolution with antibiotics.

CMV pneumonia Intranuclear or intracytoplasmic CMV inclusions in pulmonary epithelial cells in TBB specimen or BAL fluid, or positive 
BAL culture for CMV. Quantitative PCR can be monitored for response.

Other viral pneumonias May be preceded by rhinorrhea, sore throat, and cough; diffuse interstitial pattern. Most common are RSV, influenza, 
parainfluenza, and adenovirus. Diagnosis can be made by detection of virus or viral antigen on throat swabs, nasal 
washes, or BAL fluid; immunologic and molecular techniques (PCR) are available.

Legionella pneumonia Positive culture of Legionella species from sputum, BAL fluid, or pleural fluid, or positive test for Legionella antigen by 
DFA test in BAL fluid, or a positive urinary Legionella pneumophila antigen or Legionella titer ≤1:256 with compatible 
clinical features.

Invasive pulmonary aspergillosis Halo or crescent sign on high-resolution chest CT; positive galactomannan assay; pathologic evidence of invasion of lung 
tissue by acutely branching septate hyphae consistent with Aspergillus species, or isolation of Aspergillus species from 
BAL fluid or bronchial washing with consistent clinical and radiologic features.

Pneumocystis jirovecii Pneumonia Fever and dyspnea may precede interstitial pneumonia. Detection of cysts or trophic forms of the organism in  
cytocentrifuge preparation in BAL fluid.

Candida and other fungal pneumonia Histologic evidence of tissue invasion by Candida or other fungal species.

Mycobacterium tuberculosis Positive culture of M. tuberculosis from sputum, bronchial washing, BAL fluid, or lung biopsy showing caseating  
granuloma with acid-fast organisms.

Nontuberculous mycobacteria (NTM) infection Consistent clinical and radiologic findings with either: (a) isolation of NTM from sputum, bronchial washing, or BAL fluid 
and lung biopsy showing mycobacterial histopathology features; or (b) isolation of NTM from lung tissue, blood, or bone 
marrow culture.

Nocardia pneumonia Presumptive diagnosis can be made if acid-fast filamentous rods are visualized on TBB or BAL fluid; also, Nocardia  
species are gram-positive rods. Requires 5–21 d for culture. Disseminated disease occurs in one-third of patients, with 
brain abscess as the most common site.

Noninfectious Causes

Diffuse alveolar hemorrhage ≥20% hemosiderin-laden macrophages in BAL fluid or hemosiderin-laden macrophages in lung tissue.

Chemotherapy-induced pneumonitis History of receiving chemotherapeutic agent, with BAL or lung biopsy showing atypical type II pneumocytes with  
consistent clinical features and no evidence of lung infection.

Radiation pneumonitis History of receiving radiation, with BAL lymphocytosis with consistent clinical and radiologic features and no evidence of 
lung infection.

Congestive heart failure (CHF) Clinical diagnosis of CHF (bibasilar rales, left ventricular third sound, and radiologic evidence of pulmonary edema with 
resolution of symptoms with diuretics), or pulmonary artery occlusion pressure >18 mm Hg. Older age and prior  
chemotherapy, particularly with anthracyclines, are contributing factors.

Pulmonary emboli Diagnostic confirmation strategy varies among institutions; suspected with clinical features, elevated D-dimer, and V/Q 
scan and confirmed by spiral CT pulmonary angiography.

Leukoagglutinin reaction Sudden onset of respiratory distress after transfusion. The incidence of transfusion-related lung injury (TRALI) is  
0.04%–0.1%; mortality is estimated at 5%–8%.

ARDS/diffuse alveolar damage Acute-onset, bilateral lung infiltrates on chest radiography, pulmonary artery wedge pressure ≤ 18 mm Hg, or the 
absence of clinical evidence of left atrial hypertension, and PaO2/Fi02 ≤ 300 (acute lung injury) or ≤ 200 (ARDS).

Nonspecific pneumonitis Lung biopsy showing nonspecific inflammation and variable fibrosis with no evidence of lung infection, and without  
alternative clinical diagnosis.

Pulmonary infiltrates of unclear etiology Data from imaging, cultures, serology, and FB inconclusive for a firm diagnosis.

ARDS, acute respiratory distress syndrome; BAL, bronchoalveolar lavage; CMV, cytomegalovirus; CT, computed tomography; DFA, direct immunofluorescent antibody; FB, fiberoptic 
bronchoscopy; PCR, polymerase chain reaction; RSV, respiratory syncytial virus; TBB, transbronchial biopsy.

TAblE 69.5

DIFFERENTIAL DIAGNOSIS OF PULMONARY INFILTRATE IN THE IMMUNOCOMPROMISED PATIENT

rates in patients refractory or intolerant to triazoles or ampho-
tericin B.141 Posaconazole has been used successfully as salvage 
therapy for a variety of invasive fungal infections refractory to 
standard therapy.142 Posaconazole is currently approved by the 
FDA for prophylaxis of invasive Aspergillus and Candida infec-
tions, and in the European Union is indicated for treatment of 
invasive aspergillosis and other invasive fungal infections refrac-
tory to standard antifungal agents.143

Endemic Fungi
Commonly known endemic fungi include Histoplasma capsu-
latum, Coccidioides immitis, and Blastomyces dermatitidis. 

These dimorphic fungi exist in nature in the fruiting mycelial 
stage and then convert to the yeast stage at body temperature. 
Endemic mycoses in the central United States include histoplas-
mosis and blastomycosis. Immunocompetent hosts are typically 
asymptomatic following inhalation of Histoplasma microco-
nidia but may manifest acute fever, pulmonary infiltrates, and 
hypoxia. Immunocompromised patients have a higher risk of 
disseminated histoplasmosis involving the liver, spleen, lymph 
nodes, bone marrow, adrenal glands, mucocutaneous tissues, 
gastrointestinal tract, and CNS. Chest radiographs may show 
a miliary reticulonodular appearance similar to that seen with 
tuberculosis. Blood cultures may be positive in disseminated his-
toplasmosis. Antigen detection in blood, urine, and BAL is both 
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sensitive and specific.144 Antibody detection may also be useful, 
but false-negative results may occur in immunocompromised 
patients.145 Biopsy specimens showing small intracellular or 
narrow budding yeast are suggestive of the diagnosis and should 
be confirmed by culture. IDSA guidelines recommend amphoteri-
cin B for severe pulmonary or disseminated histoplasmosis.145 
Prolonged therapy with itraconazole may be initiated after 
 stabilization of disease, and should be continued for the duration 
of  immunosuppression.145

Coccidioides immitis is endemic in the southwestern United 
States. C. immitis is more likely to be pathogenic in patients with 
compromised cell-mediated immunity. High rates of treatment 
failure and death have been reported in patients with hematologic 
malignancies.146 The diagnosis is most often established by find-
ing the fungus in BAL, sputum, or biopsies. Serology is positive in 
only 55% of patients. Coccidioidomycosis can involve virtually any 
organ in disseminated disease but has trophism for bone and the 
CNS. Therapy for disseminated disease generally requires ampho-
tericin B followed by maintenance fluconazole.147

Pneumocystis Jirovecii Pneumonia (PJP)
Pneumocystis jirovecii (formerly P. carinii) is classified as a 
fungus rather than a protozoan based on gene sequence data, 
although it lacks ergosterol, the main fungal cell-wall component. 
Defective T cell immunity and steroid use are risk factors for 
PJP. Pneumocystis jirovecii can have a fulminant course with 
rapid progression to respiratory failure in immunocompromised 
patients.148 Patients with pneumonia from P. jirovecii usually 
present with rapid onset of dyspnea, nonproductive cough, 
hypoxemia, and fever. Radiologic studies generally show dif-
fuse bilateral interstitial infiltrates but can show focal infiltrates. 
Pleural effusion is uncommon. Diagnosis of PJP relies on visu-
alization of the organism microscopically, as it does not grow 
in culture. BAL is the standard diagnostic modality for PJP, but 
induced sputum has acceptable yield in some institutions.149 
Immunofluorescent staining with monoclonal antibodies is more 
sensitive than silver staining or Wright-Giemsa staining.150 PJP 
frequently results in positive serum beta-d-glucan testing.151 
Treatment should be started based on clinical suspicion, and 
TMP-SMX (5 mg/kg IV every 8 hours) remains the treatment of 
choice.3 Prednisone should be added to the empiric treatment 

regimen if the pO2 is <70 mmHg.152 Alternatives for TMP/
SMX-allergic/intolerant patients include dapsone, atovaquone, or 
clindamycin-primaquine for infections of moderate severity and 
IV pentamidine for infections of high severity.

Viral Pneumonia
Pneumonia due to respiratory viruses (respiratory syncytial virus 
[RSV], influenza, parainfluenza, adenovirus) is more common in 
patients with defects in cell-mediated immunity. Treatment with 
ribavirin (RSV, parainfluenza)153,154 with or without immunoglob-
ulins or cidofovir (adenovirus)155 has not been shown to change 
outcome. Prompt treatment of RSV upper respiratory illnesses 
in HSCT recipients with a combination of aerosolized ribavirin 
and IVIG prevents progression to pneumonia in a pilot study.156 
Oseltamivir and zanamivir are effective in HSCT and immuno-
compromised patients with influenza and are recommended in 
documented or suspected influenza infections.3,157

CMV pneumonia is a significant complication of allogeneic 
HSCT. It typically develops between 40 and 100 days posttrans-
plant and presents with fever, dyspnea, hypoxemia, and dif-
fuse interstitial infiltrates (Fig. 69.6). CMV pneumonia after day  
100 is becoming more common and should be considered in patients 
with a history of previous CMV reactivation. In transplant patients 
the diagnosis is established by a compatible clinical syndrome 
with detection of CMV in BAL (by culture or cytopathology show-
ing characteristic intracytoplasmic and intranuclear inclusions) or 
tissue (by culture or histologic diagnosis). CMV pneumonia is rare 
in nontransplant patients and the culture alone is not considered 
sufficient to make the diagnosis, as CMV can be shed from pulmo-
nary secretions without causing invasive disease.158,159 Frontline 
treatment of CMV pneumonia typically consists of ganciclovir  
5 mg/kg IV every 12 hours with IVIG 500 mg/kg every 48 hours 
for 3 weeks, although foscarnet (90 mg/kg every 12 hours) is an 
acceptable alternative to the ganciclovir.160

Hospital-Acquired Pneumonia
Hospital-acquired pneumonia (HAP) is considered “early” when 
it happens within 4 days of admission or “late” when it occurs 
5 days or more after admission.70 Late HAP is more likely to 
be caused by multidrug-resistant pathogens. Risk factors for 

FIGURE 69.5. A: Chest CT of a hematopoietic cell transplant recipient who developed 
pulmonary Aspergillus infection after prolonged immunosuppression. B: Photomicro-
graph of the characteristic 45° angle branching of septate hyphal forms of Aspergillus. Gomori 
methenamine silver stain, × 400. (Courtesy of Margie Scott.)A

B
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multidrug-resistant pathogens include previous antimicrobials 
in the preceding 90 days, hospitalization for 2 days or more in 
the preceding 90 days, residing within a nursing home, chronic 
dialysis, home wound care, and exposure to others with multi-
drug-resistant pathogens.70 Initial therapy for HAP depends on 
severity of illness of the patient, previous antimicrobial exposures 
and hospitalizations, and institutional antibiogram data. Empiric 
therapy should include an antipseudomonal beta-lactam plus 
an antipseudomonal fluoroquinolone, or an aminoglycoside plus 
either linezolid or vancomycin to cover MRSA with subsequent 
tailoring of regimen once culture data becomes available.70

GASTROINTESTINAL INFECTIONS

Neutropenic Enterocolitis (Typhlitis)
Typhlitis refers to inflammation of the cecum and results from 
a combination of neutropenia and defects in the bowel mucosa 
related to cytotoxic chemotherapy. When it extends beyond the 
cecum, the broader term neutropenic enterocolitis is used.110 

Differential diagnosis for etiology of typhlitis includes C. difficile 
colitis, CMV enteritis, bowel ischemia, and GI tract GVHD.161 
Typhlitis is pathologically characterized by ulceration and necro-
sis of the bowel wall, hemorrhage, and masses of organisms. 
Clinical signs include fever, abdominal pain and tenderness, 
and radiologic evidence of right colonic inflammation. Nausea, 
vomiting, and diarrhea (bloody or nonbloody) are the most com-
mon associated symptoms. Abdominal distention, tenderness, 
and a right lower quadrant fullness or mass reflect a thickened 
bowel. Bacteremia with bowel flora, P. aeruginosa, and polymi-
crobial sepsis may occur. Clostridium species are the most com-
mon anaerobic pathogens. Typhlitis should be suspected if right 
lower quadrant pain and bloody diarrhea are present. Surgical 
intervention may be required in the event of an intraabdominal 
catastrophe.

An abdominal and pelvic CT scan should be performed in 
patients with suspected typhlitis or undiagnosed abdominal pain 
in the setting of neutropenia. Positive CT scan findings are pres-
ent in about 80% of cases162 and include a right lower quadrant 
inflammatory mass, pericecal fluid, soft tissue inflammatory 
changes, localized bowel wall thickening and mucosal edema, 

FIGURE 69.6. The spectrum of cytomegalovirus (CMV) disease in the abnormal human host. A: Chest radiograph demonstrating diffuse interstitial infil-
trates in patient 60 days after cord blood transplant. B: Chest CT showing bilateral fine nodular infiltrates. C: CMV inclusion disease of the colon. Typical infected 
cells show cellular ballooning with dense primary nuclear inclusions surrounded by a thin, cleared rim; secondary inclusions appear as cytoplasmic granules after 
the nucleus has filled with virions. D: CMV hepatitis demonstrated on liver biopsy. Viral cytopathic effect may be difficult to establish, but rare viral inclusions with 
surrounding parenchymal changes are diagnostic of CMV. Hematoxylin and eosin stain ×400. (Photomicrographs courtesy of Margie Scott.)
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and a paralytic ileus. All patients should be assessed for C. dif-
ficile infection. Treatment requires broad-spectrum antibiotics 
with activity against aerobic gram-negative bacilli and anaerobes 
(e.g., ceftazidime plus metronidazole, imipenem, meropenem, or 
piperacillin/tazobactam) and supportive care, including intrave-
nous fluids or parental nutrition and bowel rest. The majority 
of patients will respond to antibiotic therapy and supportive 
care without the need for surgery. Indications for surgery often 
include (1) persistent gastrointestinal bleeding after resolution 
of neutropenia, thrombocytopenia, and clotting abnormalities;  
(2) intraperitoneal perforation; (3) uncontrolled sepsis despite 
fluid and vasopressor support; and (4) an intraabdominal process 
(such as appendicitis) that would require surgery in the absence 
of neutropenia.163

Clostridium Difficile Colitis
Pseudomembranous enterocolitis that is caused by Clostridium 
difficile may occur as a complication of antibiotic therapy, and 
stool should be assayed for the C. difficile toxin.164 The clini-
cal presentation includes asymptomatic carriage, colitis without 
pseudomembrane formation, pseudomembranous colitis, and ful-
minant colitis with toxic megacolon. In severe C. difficile disease, 
paralytic ileus, toxic dilatation of the colon, and bowel perforation 
may occur. Abdominal radiographs may show nonspecific dilation 
of the colon with mucosal edema (“thumbprinting”). The mainstay 
of diagnosis is detection of C. difficile toxin A, toxin B, or both, in 
the stool with a cytotoxin test, enzyme immunoassay, or PCR for 
the toxin gene. Enzyme immunoassays have variable sensitivity, 
while DNA amplification testing for C. difficile has a reported 
sensitivity greater than 95%.165 Empiric therapy for C. difficile 
enterocolitis should be instituted despite a negative stool evalua-
tion if suspicion remains high and other causes of diarrhea have 
been excluded. Traditional options for the treatment of C. difficile 
include oral or intravenous metronidazole and oral vancomycin.

Metronidazole is recommended as frontline therapy for uncom-
plicated cases, as its efficacy is similar to oral vancomycin, and 
the selection pressure on other flora is less dangerous.166 Oral 
vancomycin may be more efficacious in severe and refractory  
C. difficile colitis and should be considered for treatment in these 
cases.167,168 Fidaxomicin has also been found to be equivalent 
to oral vancomycin and is FDA approved for the treatment of 
C. difficile–associated diarrhea.169 Nitazoxanide and rifaximin 
are under investigation. Patients in whom oral agents cannot be 
administered should receive intravenous metronidazole. In cases 
involving toxic dilatation of the colon or perforation, subtotal col-
ectomy, diverting ileostomy, or colostomy may be required.

GENITOURINARY INFECTIONS
Neutropenic patients with a urinary tract infection often do not 
show pyuria and are far more likely to become bacteremic com-
pared with nonneutropenic patients. While treatment is typically 
reserved for symptomatic episodes in nonneutropenic patients, 
intervention should be considered in neutropenic patients with 
asymptomatic bacteruria. Candiduria may represent colonization 
in a patient with an indwelling urinary catheter, particularly in 
the setting of broad-spectrum antibiotics. Removal of the urinary 
catheter is frequently sufficient therapy. Patients with neutropenic 
fever and candiduria should receive systemic antifungal therapy 
over concerns of potential occult invasive candidiasis. Fluconazole 
400 mg/day for 1 to 2 weeks is the treatment of choice. In the case 
of non-Albicans candiduria, another azole or amphotericin should 
be used. Echinocandins are minimally present in the urine, and 
they are not effective in the treatment of candiduria.170

Hemorrhagic cystitis is a common consequence of some cyto-
toxic regimens, particularly cyclophosphamide. A viral etiology 

should be considered in HSCT recipients and other immuno-
compromised patients with unexplained hematuria. Adenovirus, 
the polyomavirus BK, and CMV have been associated with 
hemorrhagic cystitis. Adenovirus hemorrhagic cystitis is usually 
self-limiting, but low-dose cidofovir (1 to 3 mg/kg/week, without 
probenecid) is occasionally used with the aim of preventing dis-
seminated adenoviral disease.171 BK virus commonly reactivates 
after allogeneic HSCT, but only a minority of patients (typi-
cally those with high viral loads) develop hemorrhagic cystitis. 
Treatment consists of supportive care and reduction of immuno-
suppressants if possible.

SKIN AND SOFT TISSUE INFECTIONS
Skin eruption caused by infections must be distinguished from 
noninfectious ones such as drug reactions (including chemotherapy-
induced hand-foot syndrome), Sweet syndrome, erythema multi-
forme, vasculitis, leukemia cutis, pyoderma gangrenosum, tumor, 
and GVHD. When evaluating the potential for a skin/soft tissue 
infection, careful examination of all line sites and perineal areas 
are essential. Early biopsy of skin lesions for histology and culture 
is recommended. Antimicrobial therapy should be tailored to the 
probable organisms: staphylococci and streptococci for catheter-
associated processes and gram-negative and anaerobic organisms 
for perineal processes, respectively. Vancomycin may be considered 
for cellulitis, disseminated papules/lesions, and wound infections. 
Acyclovir, famciclovir, or valacyclovir should be considered for vesic-
ular lesions after appropriate diagnosis is made for HSV or VZV.

VZV and herpes simplex virus (HSV) generally present as 
vesicular lesions and may be indistinguishable. Scrapings from 
the base of vesicles should be sent for direct fluorescent antibody 
(DFA) testing to diagnose VZV and for shell-vial culture to diag-
nose HSV. Intravenous acyclovir is the treatment of choice for 
VZV and HSV in the immunocompromised host.172 In immuno-
competent patients, oral acyclovir, valacyclovir, and famciclovir 
have been used successfully.

Gram-positive bacteria that cause skin and soft tissue infec-
tions include Streptococcus (group A and B) and S. aureus. 
Gram-negative bacilli with propensity to cause dermatologic 
infections include P. aeruginosa, Stenotrophomonas maltophilia, 
Aeromonas hydrophila, and Vibrio vulnificus. The latter clas-
sically presents with septicemia and secondary cellulitis with 
hemorrhagic bullae following ingestion of contaminated seafood 
by patients with underlying liver disease. V. vulnificus may also 
present as a primary cellulitis with bacteremia when an open 
wound is exposed to seawater.

Ecthyma gangrenosum is typically a manifestation of P. aeru-
ginosa or other gram-negative bacilli. It can be variable in its 
appearance but often presents as a dark, necrotic lesion in neutro-
penic patients. Antibiotic therapy with an antipseudomonal agent 
should be initiated and early surgical consultation for possible 
debridement is imperative.173

A rapidly progressive deep soft tissue infection with gas forma-
tion suggests clostridial myonecrosis (or polymicrobial necrotizing 
fasciitis) caused by Clostridium species. The lesions may become 
necrotic, bullous, and hemorrhagic. Systemic toxicity including 
fever, malaise, and mental status changes occur early. Extensive 
surgical debridement may be life-saving if initiated early, but 
the mortality rate remains high. Polymicrobial sepsis with 
enteric flora is commonly observed in association with clostridial 
bloodstream infection. In neutropenic patients, metronidazole 
plus an antipseudomonal cephalosporin or single-agent therapy 
with imipenem, meropenem, or piperacillin/tazobactam are 
recommended.174

Skin lesions of disseminated candidiasis are small, raised 
discrete erythematous papules.175 The lesions resemble those of 
heat rash early in their presentation. They are usually not tender. 
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Concurrent myalgias raise the possibility of Candida myositis. 
Biopsy and fungal staining of cutaneous lesions can provide an 
immediate clue to the diagnosis, prompting the early addition of 
antifungal therapy. Blood cultures are typically positive.

VIRAL INFECTIONS
Respiratory viruses include influenza, parainfluenza, respiratory 
syncytial virus, human metapneumovirus, adenoviruses, rhinovi-
ruses, and coronaviruses. Most respiratory viruses typically cause 
self-limited infection in healthy persons, but cause significant mor-
bidity and mortality in immunocompromised patients with hema-
tologic malignancies and HSCT recipients.176 The role of empiric 
antiviral therapy in the treatment of neutropenic fevers is not well 
defined. Antiviral drugs are indicated in the management of neutro-
penic fevers only if there is clinical and laboratory evidence of active 
viral infection.3 Respiratory virus testing (including testing for influ-
enza, parainfluenza, adenovirus, respiratory syncytial virus [RSV], 
and human metapneumovirus) and chest radiography are indicated 
for patients with upper respiratory symptoms such as cough and 
coryza. Although aerosolized and oral administration of ribavirin has 
been used, no antiviral agent has been proven to be effective against 
parainfluenza virus. Similarly, there is no clear indication for aero-
solized or oral ribavirin or other antiviral against RSV pneumonia 
though modest effect has been observed in retrospective analysis.154

Influenza Virus
Influenza results in annual epidemics of respiratory viral illness 
during the winter. Unlike the mild and typically self-limited dis-
ease seen in immunocompetent patients, immunocompromised 
patients frequently have a more severe course. Several existing 
antiinfluenza agents are commercially available. Amantadine and 
rimantadine are active against influenza A, but not influenza B. 
Resistance to these agents may rapidly develop during therapy. 
The neuraminidase inhibitors, zanamivir and oseltamivir, are 
active against both influenza A and B. They are effective in reduc-
ing the duration of influenza illness if started early after onset 
of symptoms, and they have a prophylactic benefit during com-
munity outbreaks.177,178 Oseltamivir appears to be both safe and 
effective against influenza infections among HSCT recipients. If 
influenza is suspected, empiric therapy with an antiinfluenza 
agent (e.g., oseltamivir and zanamivir) should be initiated while 
awaiting test results3,178 Choice of drug should be based on the 
susceptibility patterns of the predominant influenza strain(s).

Respiratory Syncytial Virus
Respiratory syncytial virus (RSV) infection can cause high mortal-
ity in patients with acute leukemia and in HSCT recipients.179 
Upper respiratory symptoms (sinusitis, coryza, rhinorrhea) usu-
ally precede lower respiratory tract involvement (dyspnea, wheez-
ing) and pneumonia, but may be absent. Uncontrolled studies 
suggest that aerosolized ribavirin and IVIG containing high RSV 
neutralizing titers for at least 24 hours prior to respiratory failure 
prevent respiratory failure and result in much better outcomes.180 
Inhaled ribavirin and immunoglobulin should be considered in 
patients with RSV infection at highest risk for severe complica-
tions, such as allogeneic HSCT recipients, patients with acute 
leukemia, and those with persistent neutropenia.3

Adenovirus
The spectrum of adenoviral infections in immunocompromised 
patients extends from asymptomatic shedding to fatal multisystem 
disease and includes upper respiratory tract infection, pneumo-
nia, renal parenchymal disease, hemorrhagic cystitis, hepatitis, 

small and large bowel disease, and encephalitis. Viral shedding 
from throat secretions, urine, and stool is common, occurring in 
approximately 5% to 20% of HSCT recipients, and should not be 
equated with disease. Gastroenteritis and hemorrhagic cystitis 
are usually self-limited, whereas pneumonia and disseminated 
disease are associated with a high mortality rate. Adenoviral 
infection is more common in young transplant patients, those 
who receive T cell–depleted transplants, and those who receive 
stem cells from unrelated donors.155 Supportive care is important, 
though cidofovir may be beneficial.171

Parvovirus b19
Parvovirus B19 is a DNA virus that is transmitted via respiratory 
secretions and blood products. Infection in immunocompromised 
persons unable to mount a protective antibody response may 
cause prolonged fever, chronic pure red cell aplasia, thrombocy-
topenia, or pancytopenia. Predisposing conditions include acute 
and chronic leukemias, myelodysplastic syndrome, lymphoma, 
HSCT, potent antineoplastic chemotherapy, and systemic steroids. 
Diagnosis of parvovirus B19 infection in the immunocompromised 
patient relies on PCR detection of viral DNA from serum; these 
patients may be incapable of antibody responses. Treatment often 
consists of IVIG.181

INFECTIONS IN HEMATOPOIETIC STEM 
CELL TRANSPLANTATION PATIENTS
Autologous and allogeneic HSCT recipients have a unique set of 
infectious disease problems. Infection is reported as the primary 
cause of death in 8% of autologous HSCT patients and 17% to 
20% of allogeneic HSCT recipients.182 High-dose chemotherapy 
or chemoradiotherapy preparative regimen causes short-term 
cytopenias and often mucositis, followed by profound immunosup-
pression with weeks to months of defective T cell–mediated immu-
nity. All HSCT recipients experience profound immunosuppression 
at some point and the degree of immunosuppression experienced 
by individual patients varies greatly and is influenced by several 
factors. GVHD severity correlates with the degree of immunosup-
pression and infectious complications. This correlation is due 
to a variety of factors, including damage to lymphoid microen-
vironments, adverse effects of GVHD on homeostatic peripheral 
expansion, as well as the impact that chronic immunosuppression 
has on a reconstituting immune system. Recipient factors such 
as age, comorbidities, and infectious exposure prior to transplant 
contribute substantially to the risk for posttransplant infectious 
complications. Graft-associated factors also play an important 
role. Peripheral blood stem cell graft recipients show more rapid 
immune reconstitution,183 whereas umbilical cord blood trans-
plantation in adults,184,185 and transplantation of profoundly 
T cell–depleted haploidentical grafts result in poor immune recon-
stitution and higher rates of infectious complications.

Most infections in autologous HSCT recipients occur during 
neutropenia or within the first few months after transplantation 
before reconstitution of cellular immunity. Recipients of CD34+ 
cell-enriched autografts appear to have a similar risk to allogeneic 
HSCT recipients for CMV and other opportunistic infections.186 
Recipients of allogeneic peripheral blood stem cell grafts undergo 
more rapid immune reconstitution than those who receive mar-
row.187 Reconstitution of cellular and humoral immunity in allo-
geneic transplant patients occurs gradually over a period of 1 to 
2 years. Duration of T cell immunity defects varies, depending on 
factors such as cancer type, manipulation of the stem cells pre-
infusion, and the age of the recipients.188 Infectious disease risk 
profiles vary depending on the type of transplant as well as the 
many variants associated with an HSCT (conditioning regimen, 
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degree of HLA matching, stem cell source, and GVHD prophy-
laxis). The spectrum of pathogens to which HSCT recipients are 
most susceptible follows a time line corresponding to the pre-
dominant immune defects as outlined in Figure 69.7.

Neutropenia is the principal host defect in the first few months 
after HSCT and predisposes patients to bacterial, fungal, and 
viral infections. The risk of bacterial infection, central venous 
catheter (CVC) infection, and reactivation of herpes simplex are 
highest in the preengraftment period. Prolonged neutropenia and 
antibiotic therapy leads to a steady rise in the risk of invasive 
fungal infection, which then decreases after engraftment. After 
myeloid engraftment, qualitative dysfunction of phagocytes per-
sists because of immunosuppressive agents and corticosteroid. 
Cellular immune dysfunction peaks at approximately day 40 after 
engraftment and the typical onset of GVHD. The risk of opportu-
nistic viruses and molds during this period is associated with the 
severity of GVHD and immunosuppressive regimens. Long-term 
venous access catheters continue to give rise to infection as long as 
the access is maintained. Continuation of prophylactic antimicro-
bials beyond 1 year depends on the individual patient’s infection 
history and the ability to wean immunosuppressive therapy.182

Preventing Early Infectious Disease (0 to 100 days after HSCT): 
Early after HSCT, neutropenia is the principal host defense defect, 
predisposing mainly to bacterial and fungal infections. Presence 
of a CVC remains as a risk factor for bacterial infection even 
after myeloid engraftment. Management of bacterial infections 
in the early neutropenic phase of the transplant is similar to the 
management of febrile neutropenia seen with any other myelo-
suppressive therapy. Bacterial infections account for over 25% 
of fevers in the preengraftment phase of allogeneic HSCT.189 The 
source of infection is usually the gut and oral flora due to muco-
sitis, even though the increased use of CVCs has increased the 
risk of gram-positive bacteremias from skin flora. Streptococcal 
infections may be seen in patients with severe mucositis. The risk 
of late bacterial infections (those that occur after engraftment) 
depends on the immune status of the patient. Allogeneic HSCT 
recipients are at risk for bacterial infections with encapsulated 
organisms (Streptococcus pneumoniae, Haemophilus influenzae, 
and Neisseria meningitidis) if they develop chronic GVHD or pro-
found hypogammaglobulinemia.190 Prophylactic fluoroquinolones 
are often maintained until marrow engraftment. This practice 
has been shown to reduce the incidence of infections, particularly 

FIGURE 69.7. Phases of predictable opportunistic infections and complications among patients undergoing hematopoietic stem cell transplanta-
tion. CMV, cytomegalovirus; GVHD, graft-versus-host disease; HSV, herpes simplex virus; SOS, sinusoidal obstruction syndrome; UCB, umbilical cord blood; VZV, 
varicella zoster virus. Adapted from Van Burik J-AH, Freifeld AG. Infection in the severely immunocompromised host. In: Abeloff MD, Armitage JO, Niederhuber JE,  
et al., eds. Clinical oncology, 3rd ed. Philadelphia, PA: Churchill Livingstone; 2004:942.
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those due to gram-negative organisms, but has not been shown 
to definitively decrease infection-related mortality.81,176 Antibiotic 
prophylaxis has been found to significantly decrease the risk for 
all-cause mortality when compared with placebo or no treatment 
in neutropenic patients,81,191 IDSA and ASBMT guidelines do rec-
ommend prophylactic fluoroquinolone in high-risk patients with 
expected duration of neutropenia >7 days.182

Viral Infections

Cytomegalovirus
CMV infection has been a major source of morbidity and mortal-
ity in transplant recipients prior to the era of proper prophylaxis 
and monitoring for reactivation. Transplant recipients are at risk 
for reactivation (if CMV seropositive pre-HSCT) and also primary 
infection (from stem cells or blood products from CMV seroposi-
tive donors). Incidence of primary infection has decreased with 
the increasing use of leukofiltered blood products.

CMV infection is defined as the reactivation of the virus and 
the detection of the virus in the blood or other body fluids in the 
absence of organ-specific abnormalities (pneumonitis, hepatitis, 
colitis, and retinitis). CMV disease is defined as the isolation of the 
virus from body fluids or tissues in a symptomatic patient or the 
histopathologic evidence of CMV on tissue biopsy (see Fig. 69.6). 
Risk factors for the development of CMV disease include older 
recipient age, pretransplant seropositivity of the recipient or 
donor, or both, and severe acute GVHD.192,193 T cell depletion of 
the stem cell graft or treatment of the recipient with antithymocyte 
globulin for GVHD increases the likelihood of CMV reactivation.194

The incidence of CMV reactivation in allogeneic transplant 
recipients who are seropositive before transplant is 60% to 70%, 
as compared to a 10% to 30% incidence of primary infection in 
seronegative recipients.195–197 Prior to the use of ganciclovir, CMV 
interstitial pneumonitis occurred in 15% to 30% of HSCT allograft 
recipients and the ensuing mortality was as high as 85%; however, 
mortality remained high at 30% to 50% even with the combined 
use of ganciclovir and CMV-specific immune globulin (Ig).194

Administration of CMV-safe or leukofiltered blood products 
is recommended to all seronegative autologous or allogeneic 
HSCT recipients to prevent primary CMV infection.195,198 CMV 
surveillance starting at the time of engraftment is recommended 
in instances of recipient and/or donor CMV seropositivity. Tests 
used for CMV surveillance include CMV pp65 antigenemia assay, 
DNA PCR detection methods, or CMV blood cultures.199 Detection 
of CMV in the blood is the strongest predictor of CMV disease, 
but 12% to 20% of patients with negative surveillance cultures 
still develop CMV disease. While high-dose intravenous acyclovir 
significantly reduces the incidence of all forms of CMV disease 
or delays the onset of CMV infection, it does not prevent CMV 
viremia.200,201

There are two recommended strategies for prevention of 
CMV disease. One strategy is prophylaxis with ganciclovir, val-
ganciclovir, or valacyclovir, starting from engraftment until day 
100, or longer if the patient remains at risk for CMV reactivation 
(active GVHD, high-dose steroids, low CD4 count).199,202 The 
other strategy is close surveillance and preemptive therapy with 
ganciclovir or foscarnet when CMV reactivation is detected. Both 
strategies reduce the incidence of CMV disease in the first 100 
days; however, the median onset of CMV disease has shifted from 
50–60 days to 160–176 days post-HSCT in the preemptive era.197

Preemptive therapy with ganciclovir for patients with posi-
tive CMV surveillance cultures (blood, urine, throat, or bron-
choalveolar lavage fluid) has demonstrated improved survival at  
100 and 180 days post-HSCT, but has failed to provide an over-
all survival advantage.203 Protracted ganciclovir prophylaxis 
can lead to emergence of resistant strains and the failure of 
natural immunity against CMV to develop, thus resulting in late 

recrudescence.196,204,205 Optimal preemptive therapy appears to 
be 1 to 2 weeks of twice-a-day induction followed by maintenance 
until PCR or antigen negativity.182

Ganciclovir is the drug of choice for CMV infection and disease, 
but its myelosuppressive effects may preclude its use in patients 
with significant cytopenias. Foscarnet is an equally effective alter-
native and can be used to treat ganciclovir-refractory CMV infec-
tions or in patients with significant cytopenias. Although it is not 
myelosuppressive, foscarnet is associated with renal toxicity and 
electrolyte imbalances.160 Cidofovir is another nephrotoxic anti-
viral with efficacy against CMV, but there are few data on its use 
in the stem cell transplant patient population.206 Maribavir is the 
latest antiviral in the armamentarium of drugs available for man-
agement of CMV and has been found to decrease rates of CMV 
infection when used as prophylaxis in the stem cell transplant 
setting,207 but has failed to prevent CMV disease in a randomized 
phase III study.208

Herpes Simplex Virus
HSV reactivation occurs in as many as 80% of seropositive 
allogeneic transplant recipients, causing mucocutaneous oral 
or genital lesions, esophagitis, and, occasionally, pneumonia or 
encephalitis. Testing all transplant recipients for herpes simplex 
virus exposure (HSV IgG) is recommended. Antiviral prophylaxis 
with acyclovir, valacyclovir, or famciclovir is recommended for 
all seropositive patients until the time of engraftment. Although 
its use is not recommended past 1 month after transplant, some 
patients with recurrent lesions might benefit from longer use of 
the  prophylaxis.209,210

Varicella Zoster Virus
Impaired cellular immunity is the principal risk factor for VZV 
disease. Current recommendations are to test every transplant 
patient for varicella zoster virus serostatus (IgG). VZV reactiva-
tion may occur at any time after engraftment in autologous and 
allogeneic transplant recipients. Disseminated VZV is seen in 
as many as 30% of cases and is associated with a high mortal-
ity. Many centers administer oral acyclovir or valacyclovir for 
∼12 months after transplant to VZV-seropositive patients.210 
Seronegative patients should be given varicella zoster immune 
globulin within 96 hours of exposure to a VZV vaccine or upon 
contact with active infection.

Fungal Infections
Most fungal infections in the SCT population are due to Candida 
or Aspergillus. The etiology in the remaining <10% are uncom-
mon fungi, such as Fusarium, Scedosporium, Blastomyces, and 
Histoplasma. Prevention of fungal infections in these patients is 
key. Fluconazole prophylaxis at a dose of 400 mg/day, beginning at 
the time of transplant and until the time of engraftment, provides 
adequate protection against invasive yeast infections.189,211,212 
Failure of fluconazole prophylaxis against Candida is usually a 
result of the emergence of resistant yeast forms (C. krusei, C. 
glabrata). Empiric therapy for fungal infections in febrile neu-
tropenic patients is considered the standard of care, and several 
studies are examining the preemptive approach.33,141 The toxicity 
of intravenous amphotericin B is substantial and it is no longer 
recommended for prophylaxis. Lipid formulations of ampho-
tericin (Abelcet, Amphotec, and AmBisome) have fewer renal 
and infusional toxicities. Newer antifungal agents have changed 
the approach to prevention and treatment of fungal infections 
in SCT patients. Caspofungin, micafungin, and anidulafungin are 
echinocandins with a broad spectrum of activity against several 
species of Candida and Aspergillus. Triazoles such as voricon-
azole, posaconazole, and ravuconazole also have activity against 
Aspergillus and a wide variety of yeasts and molds.137
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Pneumocystis jirovecii pneumonia (PJP) is not a protozoan, 
but resembles a fungus based on molecular studies. Prophylaxis 
against PJP is recommended in all allogeneic HSCT recipients 
from the time of engraftment until 6 months after transplant, or 
even longer if the patient is on high doses of immunosuppressive 
drugs for chronic GVHD. Oral TMP-SMX is the drug of choice, 
but aerosolized pentamidine, dapsone, dapsone in combination 
with trimethoprim or pyrimethamine, pyrimethamine and sulfa-
doxine, and atovaquone can be used as alternatives.213,214,215,216 
Patients should be tested for glucose 6-phosphate dehydrogenase 
deficiency before initiation of dapsone. Guidelines for PJP pro-
phylaxis in autologous SCT patients are less clear and should be 
considered in patients who are deemed high-risk, such as those 
who receive fludarabine or cladribine and those who have had 
prolonged steroid use before transplant.

Toxoplasmosis reactivation or infection is rare but can be 
life-threatening and usually occurs within the first year post-
transplant. Toxoplasmosis prophylaxis is recommended for sero-
positive allogeneic recipients or those with a prior history of 
toxoplasmic infection.182 Oral TMP-SMX is the prophylactic agent 
of choice,182 but pyrimethamine-sulfadoxine (Fansidar) prophy-
laxis can be used.217 For patients who are TMP-SMZ–intolerant, 
a combination of clindamycin, pyrimethamine, and leucovorin 
can be substituted. Prophylaxis is recommended from the time of 
engraftment until 6 months after transplant.182 Pyrimethamine 
does not eradicate the cyst form of T. gondii.

STRATEGIES TO PREVENT INFECTIONS
Measures and practices to prevent nosocomial pathogen acquisi-
tion as well as the spread of infections play critical roles in the 
overall picture of managing febrile neutropenia as well as the 
well-being of all exposed to hospital settings.

Hand hygiene is the most effective means of preventing trans-
mission of infection in the hospital.218 All persons should sanitize 
their hands upon entering and leaving the rooms of neutropenic 
and other hospitalized patients.

No specific protective gear (e.g., gowns, gloves, and masks) 
is required during the routine care of neutropenic patients, but 
standard isolation and barrier precautions should be followed 
when specific infections occur or contact with body fluid is antici-
pated.219 Single patient room occupancy is common practice, 
especially for HSCT.

Neutropenic diets are typically given to patients with neutro-
penia, though data are lacking. Studies comparing diets of cooked 
and uncooked foods indicate that avoidance of raw fruits and 
vegetables does not prevent major infection or death.220,221 While 
well-cooked foods are generally recommended, well-cleaned, 
uncooked raw fruits and vegetables are acceptable.

Many patients with neutropenia do not require specific room 
ventilation, but laminar airflow rooms and HEPA filtration are 
still considered important for certain high-risk patients, such as 
those undergoing HSCT. The use of laminar flow and HEPA filtra-
tion has been reported to decrease the incidence of Aspergillus 
infections.222,223 However, the use of reverse isolation has not 
been shown to significantly reduce the acquisition of nosocomial 
pathogens.224

Molds, including Aspergillus and Fusarium species, have 
been isolated from plants and dried or fresh flowers and there-
fore these should not be allowed in the rooms of neutropenic 
patients.225,226 Pets should also not be allowed in the area with 
neutropenic patients.212

Prevention of Infections
Infection prophylaxis in cancer patients involves broad-spectrum 
antimicrobial therapy against the common bacterial, viral, and 

fungal pathogens in high-risk patients. Knowing the spectrum of 
infection-causing pathogens at individual hospitals or treatment 
centers is key to appropriate prophylaxis. A summary of prophy-
lactic strategies in this patient population is provided in Table 69.6.

Antibacterial Prophylaxis
Historically, TMP-SMX has been used for many years for prophy-
laxis against bacterial infections. Initial studies showed efficacy 
in preventing PJP, whereas later studies demonstrated benefit 
in reducing the incidence of bacterial infections in patients with 
hematologic malignancies.227–231 Fluoroquinolones are the most 
commonly used antibiotics for prophylaxis against bacterial infec-
tions in neutropenic patients. They are broad-spectrum deriva-
tives of nalidixic acid that are orally bioavailable with a broader 
spectrum of activity, preserve colonization resistance, and are well 
tolerated. Quinolone-based prophylaxis has been successful in 
reducing the risk of aerobic gram-negative infections in neutrope-
nic patients undergoing cytotoxic chemotherapy for AL and HSCT 
in several studies.232,233 An increased frequency of breakthrough 
gram-positive bacteremias, predominantly by viridans strepto-
cocci (Streptococcus mitis, S. sanguis) and coagulase-negative 
staphylococci, has been observed.71,233–235 The newer fluoroqui-
nolones (ciprofloxacin, levofloxacin) have broader gram-positive 
activity and have been variably effective in preventing infection 
with α-hemolytic streptococci when coadministered with roxithro-
mycin or amoxicillin-clavulanate.236 Viridans group streptococcal 
bacteremia breakthroughs have been reported with ciprofloxacin 
prophylaxis.71 In comparison to placebo, fluoroquinolone prophy-
laxis significantly reduced the incidence of gram-negative infec-
tions.191 Fluoroquinolone prophylaxis was also associated with 
a statistically nonsignificant, yet clinically relevant, decrease in 
mortality in neutropenic patients.191,237 Gram-positive and fungal 
infection rates were not significantly affected by fluoroquinolone 
prophylaxis.191

Prophylactic levofloxacin in neutropenic patients with inter-
mediate or high risk of infection has been shown to lead to a 
reduction in infections,176 whereas the major benefit in low-
risk neutropenic patients relates to the reduction in febrile 
episodes.238

Both the IDSA and NCCN recommend the consideration of 
fluoroquinolone prophylaxis (levofloxacin is preferred) in patients 
with an expected duration of neutropenia of more than 7 days. 
TMP/SMX should be used in specific patients at high risk for  
P. jirovecii. No antibiotic prophylaxis is recommended for patients 
with neutropenia expected to last 7 days or less and who are not 
receiving immunosuppressive regimens.3,239

Emergence of secondary resistance remains a valid concern 
regarding the use of antibiotic prophylaxis. Gram-negative bac-
teremias in patients who receive fluoroquinolone prophylaxis 
are often caused by resistant P. aeruginosa, but infections that 
are caused by non–P. aeruginosa species, especially E. coli, and 
Enterobacter species, are being increasingly reported.240,241 The 
potential risks of quinolone prophylaxis regarding the devel-
opment of Clostridium difficile colitis also warrants consider-
ation77,164 and underscores the importance of judicious use of 
antimicrobial prophylaxis.

Prophylaxis against Pneumococcal Infection
Pneumococcal prophylaxis should be considered in asplenic 
patients and in allogeneic HSCT recipients with chronic GVHD. 
The risk of pneumococcal sepsis is greatest within the first 2 years 
after splenectomy, but a third of events may occur up to 5 years 
out, and cases of fulminant sepsis have been reported at more 
than 20 years.242 Pneumococcal disease among allogeneic HSCT 
recipients typically occurs in the later transplant period, from  
3 months to several years after transplant. Pneumococcal 
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Prophylaxis Indication Agent Duration/Comments

BACTERIA

Antibacterial prophylaxis Patients who are expected to be neutropenic 
for >7 days

Levofloxacin 500 mg orally daily or TMP/SMX 
may be used for those allergic to or intolerant 
of fluoroquinolones

Start when ANC < 1.0 × 109/L and  
continue until resolution of neutropenia

FUNGAL AND MOLDS

Antifungal prophylaxis Induction therapy for AML and MDS Posaconazole 200 mg orally tid is drug 
of choice if high risk for aspergillosis. 
Alternatives include itraconazole, voriconazole, 
lipid formulation of amphotericin B, or an 
echinocandin (may choose to use fluconazole 
prophylaxis if incidence of aspergillosis  
is low.)

Begin with initiation of chemotherapy and 
continue until resolution of neutropenia.

Acute lymphoblastic leukemia Fluconazolea or an echinocandin
Azoles are inhibitors of cytochrome P-450 
isoenzymes, and are expected to interfere 
with metabolism of vinca alkaloids and other 
drugs; close monitoring is recommended

Continue prophylaxis for duration of  
neutropenia

Autologous HSCT recipient during  
neutropenia

Fluconazolea or echinocandin Continue prophylaxis for duration of  
neutropenia

Allogeneic HSCT recipient during neutropenia Fluconazole,a itraconazole, voriconazole, and 
micafungin have each been evaluated in this 
setting

Continue prophylaxis for duration of  
neutropenia

Allogeneic HSCT with significant GVHD 
receiving intensive immunosuppressive 
therapyb

Posaconazole 200 mg orally tid is drug of 
choice. Alternatives include voriconazole, 
itraconazole, lipid formulation of amphotericin 
B, or an echinocandin

Continue prophylaxis for 16 wk and for at 
least the duration of intensive immuno- 
suppressive therapy,b whichever occurs later

Pneumocystis jirovecii 
Prophylaxis

Acute lymphocytic leukemia, allogeneic HSCT 
recipients, alemtuzumab recipients, fludarabine 
recipients, or patients receiving corticosteroids 
(≥20 mg of prednisone equivalent) for ≥1 mo 
in the presence of other immunosuppression 
or myelotoxic chemotherapy.

TMP/SMX 1 DS (TMP 160 mg + SMX 800 
mg) orally daily or 3 days per week OR 
dapsone 100 mg orally daily OR inhaled 
pentamidine 300 mg every 4 wk OR  
atovaquone 1,500 mg/d.

In allo-HSCT, continue prophylaxis for  
2 mo after stopping immunosuppression. In 
patients treated with alemtuzumab, continue 
prophylaxis for 2 mo after the last dose or 
until the CD4 count is >200.

VIRUSES

Prophylaxis for HSV HSCT recipients (HSV-seropositive recipients)
Induction chemotherapy for acute leukemia 
(HSV-seropositive)
Patients treated with alemtuzumab, or in 
patients with recurrent HSV reactivation  
following chemotherapy

Acyclovir 400 mg orally bid or tid OR  
800 mg orally bid OR 250 mg/m2/12 h or 
valacyclovir 500 mg orally once or twice 
(higher doses have been used up to  
1,000 mg tid) or famciclovir 250 mg orally tid

Continue prophylaxis for HSV until resolution 
of neutropenia and mucositis.
In patients treated with alemtuzumab, continue 
prophylaxis for 2 mo after the last dose or until 
the CD4 count is >200

Prophylaxis for VZV Allogeneic HSCT recipients with a history of 
chicken pox or shingles

Acyclovir 800 mg orally bid OR valacyclovir 
500 mg orally daily

Prophylaxis for CMV 
(preemptive therapy)

Patients requiring CMV surveillance
1.  Allogeneic HSCT recipients who are 

CMV+ or whose donor is CMV+ (standard 
of care)

2.  Autologous SCT recipients receiving a 
CD34-enriched autograft

3. Patients treated with alemtuzumab

Induction for 1 wk followed by maintenance 
for 1 wk as follows:
Ganciclovir 5 mg/kg IV q12h for 7 days 
(induction), followed by Ganciclovir 5 mg/kg 
IV daily 5 times a week (maintenance) OR 
Foscarneta 60 mg/kg IV q12h times 7 days 
(induction) followed by Foscarnetc 60 mg/
kg IV daily (maintenance) Oral valganciclovir 
(900 mg bid) is an acceptable alternative to 
IV formulations in patients who do not have 
severe gut GVHD (see text)

CMV surveillance:
1.  Allogeneic HSCT recipients: day 30 to at 

least 6 mo after allogeneic HSCT, during 
periods of GVHD, and until the CD4+ 
count is >100 mL.

2.  Recipients of CD34-enriched autologous 
grafts: day 30 to day 100 and until the 
CD4+ count is >100 ml.

3.  Alemtuzumab recipients: time of initia-
tion until at least 2 mo after completion 
of therapy and until the CD4 count is 
>100 ml.

The level of CMV reactivation that triggers 
preemptive therapy varies with the method. 
The CDC recommends any positive CMV anti-
genemia (pp65) or two consecutive qualitative 
PCR results within the first  
100 days, and five cells per slide after the 
first 100 days

TAblE 69.6

PROPHYLAXIS OF INFECTIONS IN HEMATOPOIETIC STEM CELL TRANSPLANT RECIPIENTS AND HEMATOLOGIC CANCER PATIENTS
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Prophylaxis Indication Agent Duration/Comments

Prophylaxis against CMV Ganciclovir or foscarnet at the same dose as 
in preemptive regimen

Treatment is given for the first 100 days, 
then weekly or biweekly monitoring and  
preemptive management is initiated

ANC, absolute neutrophil count; AML, acute myelogenous leukemia; bid, twice daily; CDC, Centers for Disease Control and Prevention; CMV, cytomegalovirus; DS, double strength; GVHD, graft-
versus-host disease; HSCT, hematopoietic stem cell transplant; HSV, herpes simplex virus; IV, intravenous; MDS, myelodysplastic syndrome; tid, 3 times a day; PCR, polymerase chain reaction; 
SCT, stem cell transplant; TMP/SMX, trimethoprim/sulfamethoxazole; VZV, varicella zoster virus.
aFluconazole is effective as prophylaxis against candidal, but not mold, infections. If prophylactic fluconazole is used in patients with prolonged neutropenia, a strategy of empirical modification 
to a mold-active drug in patients with persistent neutropenic fever should be considered. Doses apply to adults with normal renal function.
bCriteria include acute grade II to IV GVHD, or extensive chronic GVHD, or treatment with intensive immunosuppressive therapy consisting of either high-dose corticosteroids (1 mg/kg of body 
weight per day for patients with acute GVHD or 0.8 mg/kg every other day for patients with chronic GVHD), antithymocyte globulin, or a combination of two or more immunosuppressive agents.
cDoses apply to adults with normal renal function.

Adapted from the NCCN Clinical Practice Guidelines in Oncology. Prevention and Treatment of Cancer-Related Infection. NCCN. Version 1.2012, the clinical practice guideline for the use of 
antimicrobial agents in neutropenic patients with cancer: 2010 update by the Infectious Diseases Society of America (IDSA), and the comprehensive guideline cosponsored by the Center for 
International Blood and Marrow Research, the National Marrow Donor program, the European Blood and Marrow Transplant Group, the American Society for Blood and Marrow Transplantation, 
the Canadian Blood and Marrow Transplant Group, the Infectious Diseases Society of America (IDSA), the Society for Healthcare Epidemiology of America, the Association of Medical 
Microbiology and Infectious Disease Canada, and the CDC makes evidence-based recommendations for HSCT that may be applicable to other cancer patients. Tomblyn M, Chiller T, Einsele H, 
et al. J Am Soc Blood Marrow Transplant 2009;15:1143–1238.

TAblE 69.6 (CoNTINUED)

PROPHYLAXIS OF INFECTIONS IN HEMATOPOIETIC STEM CELL TRANSPLANT RECIPIENTS AND HEMATOLOGIC CANCER PATIENTS

prophylaxis with an oral penicillin or TMP/SMX is recommended 
for at least 6 months post-HSCT or until discontinuation of immu-
nosuppressive therapy.243 Vaccination against S. pneumoniae is 
recommended for all HSCT recipients, preferably with pneumo-
coccal 7-valent conjugate vaccine.243

Antifungal Prophylaxis
Antifungal prophylaxis should be based on risk stratification 
and should target specific pathogens in different patient groups. 
Patients with hematologic malignancies or HSCT recipients 
have several risk factors for fungal infections: defects in cel-
lular immunity, prolonged profound neutropenia, immunosup-
pressive therapy, use of broad-spectrum antibiotics, use of 
parenteral nutrition, and use of indwelling vascular devices. 
The Transplant Associated Infections Surveillance Network 
(TRANSNET) prospectively analyzed HSCT recipients with 
proven or probable invasive fungal disease. Aspergillosis 
(43%), candidiasis (28%), and zygomycosis (8%) were the most 
common.244 Preventive efforts should be directed toward the 
reduction of Candida and Aspergillus species, as they have 
traditionally been the most common causes of fungal disease 
in immunocompromised patients.196,244 Patients should be 
counseled to avoid dust or soil exposure when traveling to 
areas that are endemic for organisms such as Blastomyces 
dermatitidis, Coccidioides immitis, and Histoplasma capsula-
tum when possible. Most other pathogens such as Aspergillus 
species, C. neoformans, and the Mucorales order (Zygomycetes 
class) are ubiquitous in the environment. Hospital outbreaks of 
Aspergillus are more likely to occur during periods of construc-
tion or renovation.245,246 HEPA filtration, regular maintenance 
of ventilation systems, and floor-to-ceiling barriers around con-
struction sites are important measures in reducing the risk of 
invasive aspergillosis.247

Prior to the development of the triazole class of drugs, few 
effective antifungal agents other than amphotericin B were 
available. Nystatin and clotrimazole may prevent oropharyngeal 
candidiasis but are not well tolerated in patients with severe 
mucositis. Oral polyenes (nystatin and oral amphotericin B) are 
not orally bioavailable and have failed to demonstrate a reduc-
tion of systemic fungal infections.248,249 Inhaled amphotericin 
B has shown promise in preventing colonization and infec-
tion with Aspergillus but tolerability remains a concern and 

direct comparison to systemic mold-active azoles has not been 
studied.250–252

Multiple randomized trials in patients with leukemia and 
patients undergoing allogeneic HSCT have demonstrated that 
fluconazole prophylaxis at a dosage of 400 mg/day reduces the 
incidence of superficial and invasive candidal infections, exclud-
ing C. krusei.211,253,254 Fluconazole prophylaxis has also been 
found to confer improved survival in HSCT recipients,189,255 but 
may increase the risk of colonization by azole-resistant Candida 
strains.189 Itraconazole prophylaxis for candidiasis has been 
shown to provide similar efficacy and may additionally reduce 
the risk of aspergillosis. However, itraconazole has also demon-
strated higher toxicity (drug-drug interactions due to cytochrome 
P450 3A4 inhibition) and gastrointestinal intolerance. It is also 
contraindicated in patients with a decreased cardiac ejection 
fraction or a history of congestive heart failure.256 Micafungin 
appears to be as effective as fluconazole in prevention of can-
didiasis in HSCT recipients257 and may also reduce the risk of 
Aspergillus.

Prevention of aspergillosis requires prophylaxis with broader 
spectrum antifungals. Comparison of standard prophylaxis (fluco-
nazole or itraconazole) versus posaconazole in AML/MDS patients 
receiving myelosuppressive induction therapy revealed that 
posaconazole prophylaxis led to fewer invasive fungal infections, 
including aspergillosis, and to improved survival.142 A similar 
comparison in HSCT recipients with severe GVHD demonstrated 
that prophylactic posaconazole also led to fewer cases of invasive 
aspergillosis but failed to impact overall survival.142 Comparison 
of voriconazole versus fluconazole prophylaxis in allogeneic HSCT 
recipients showed a trend toward reduction of aspergillosis infec-
tions in voriconazole recipients, but no difference in overall or 
fungal infection–free survival.3

Fluconazole is a well-studied agent and remains the standard 
drug of choice to prevent invasive candidiasis, but it has no activ-
ity against molds.258 Mold-active agents should be considered 
when there is significant risk of aspergillosis. Posaconazole is 
an oral agent with antimold activity and requires administration 
with food or enteral preparations to enhance bioavailability. The 
mold-active azoles (i.e., itraconazole, voriconazole, posaconazole) 
are potent inhibitors of cytochrome P450 3A4 isoenzymes and 
may lead to reduced clearance of other drugs, such as calcineu-
rin inhibitors and vinca alkaloids. Close monitoring of drug-drug 
interactions and appropriate dose modifications are required.109 
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Histamine blockers and proton pump inhibitors, such as omepra-
zole, should be avoided, and serum levels must be monitored 
during therapy.259

Antiviral Prophylaxis
Opportunistic viral disease may occur by primary infection or by 
reactivation of latent infection. Herpesviruses, including CMV, VZV, 
and HSV-1 and -2, are by far the most common infection-causing 
viruses. Antiviral prophylaxis (acyclovir, valacyclovir, or famciclo-
vir) against HSV is advised during the period of neutropenia in 
seropositive patients receiving chemotherapy for acute leukemia, 
and during neutropenia and at least 30 days after HSCT for both 
allogeneic and autologous transplant recipients.3,239 Prolonged 
prophylaxis should be considered in allogeneic HSCT recipients 
with GVHD or with frequent HSV reactivation before transplanta-
tion.210 Acyclovir is an effective prophylaxis against reactivated 
HSV infections (gingivostomatitis, esophagitis) in patients who 
are receiving intensive chemotherapy for acute leukemia or 
BMT.260–262 Acyclovir or valacyclovir are each commonly used as 
prophylaxis, treatment, and suppressive therapy against HSV and 
VZV in immunocompromised patients.263,264 Although acyclovir 
has proven to be highly effective as prophylaxis, there are reports 
of acyclovir-resistant HSV developing while on therapy.265,266 
Treatment with foscarnet or cidofovir is recommended in the set-
ting of acyclovir-resistant HSV. Foscarnet-resistant HSV strains 
have been reported in allogeneic stem cell transplant patients 
and such patients have been treated with cidofovir.267 Newer 
nucleoside analogs (such as BV-ara U, Brovavir) are being stud-
ied. Acyclovir-related prodrugs (valacyclovir, famciclovir) appear 
as effective as acyclovir for HSV and VZV prophylaxis.160,172,268 
Avoidance of close contact with infected or exposed individu-
als is advisable for immunocompromised seronegative patients. 
Prophylaxis should also be considered in patients  receiving 
T  cell–depleting agents (e.g., fludarabine, calcineurin inhibitors, 
and proteasome inhibitors).

Prevention of Viral Hepatitis
Reactivation of latent hepatitis B virus occurs in various settings 
(e.g., HSCT, cytotoxic chemotherapy, anti-CD20 monoclonal anti-
bodies treatments). The immunosuppressive effect of the chemo-
therapy allows virus reactivation in the liver, and the subsequent 
immune reconstitution may result in hepatocellular damage.269 
Patients with lymphoma, or who use steroids or receive anthra-
cycline chemotherapy, seem to be at higher risk.270 Fulminant 
hepatitis and death may occur following HBV reactivation in 
immunocompromised patients. Evaluation of HBV surface anti-
gen, core antibody, and surface antibody should be considered 
for those in whom intensive immunosuppressive therapy in 
planned.271 Lamivudine prophylaxis has been shown to be rela-
tively effective in the prevention of hepatitis B reactivation, though 
randomized trials are still needed.204,270,272

Baseline quantitative PCR for HBV DNA should be obtained in 
HBsAg-positive individuals. Antiviral therapy should be strongly 
considered in patients with active HBV infection undergoing HSCT 
or other intensive immunosuppression therapies, but an optimal 
antiviral treatment regimen remains unclear.

Augmentation of Host Defense
Optimization of patients’ immune status via prophylactic immu-
nization is another consideration to assist in the reduction of 
infection risk. Table 69.7 summarizes the recommended vaccine 
schedule of patients with hematologic malignancies and HSCT 
recipients as per the Advisory Committee on Immunization 
Practices (ACIP), ASBMT, and EBMT.182,212,239,273,274

Active Immunization
Patients with hematologic neoplasms are at increased risk for 
infection with polysaccharide-encapsulated bacteria, viruses, 
and fungi due to impaired T cell, granulocyte, and reticuloendo-
thelial cell function, as well as to defective antibody responses. 
Immunization as a means of preventing infectious morbidity has 
been best studied in children with ALL or solid tumors, patients 
with HL with or without splenectomy, and marrow transplant 
recipients. Although the optimal timing of immunizations in these 
patients and specific recommendations for each type of cancer are 
still unclear, general guidelines have been established.

If indicated, the administration of inactivated vaccines should 
be completed more than 10 days before initiation of chemo-
therapy or 3 months after completion of chemotherapy in adults 
with hematologic malignancies, including acute leukemia and 
myeloproliferative diseases.239 CDC recommendations require 
all infants to be vaccinated for Haemophilus influenzae type  
B (Hib) and thus almost all adults in theory should possess ade-
quate immunity against this organism. However, splenectomized 
Hodgkin’s disease patients who were receiving antineoplastic 
therapy were found to have a significantly greater decrease in 
Hib titer at a 6- to 12-month period after the primary vaccination 
(given before starting chemotherapy) as compared to normal con-
trols.275 Most children who receive maintenance chemotherapy 
for leukemia or lymphoma are able to generate protective anti-
body responses to a single dose of conjugate polysaccharide Hib 
vaccine, although responses are less than those that are seen in 
healthy children.276 Recommendations for children are therefore 
to continue the primary series of Hib-conjugate vaccinations dur-
ing chemotherapy treatment and to administer a booster immu-
nization 1 year after completion of chemotherapy.277 For adults 
with hematologic malignancies, it is recommended that a dose of 
Hib vaccine be given before initiation of chemotherapy or before 
splenectomy, if one is planned.278 The need for a booster a year 
after chemotherapy in adults has yet to be determined, and fur-
ther studies are warranted.275,278,279

Pneumococcal vaccines are available as either a conjugate 
vaccine (PCV-7, PCV-13) or a polysaccharide vaccine (pneumo-
coccal polysaccharide vaccine 23-valent, PPSV23). Conjugated 
vaccines elicit improved immune responses in HSCT recipients 
compared with pure polysaccharide vaccines, and are therefore 
preferred.274,280–283 Conjugated vaccines induce a robust T cell–
dependent immune response and generate long-term memory 
loss. It is recommended that HSCT recipients receive 3 sequential 
doses of PCV-13 starting 3 to 6 months after transplant. A fourth 
vaccination with PPSV-23 is given 8 weeks after the third dose 
of PCV-13 to broaden the immune response to include serotypes 
not included in PCV-13. Given that patients with active chronic 
GVHD are likely to have a poor response to PPSV-23, a fourth dose 
of PCV-13 should be considered in these patients.182 One-time 
revaccination with PPSV-23 at 5 years after the first dose is cur-
rently recommended for immunocompromised patients.278 The 
ACIP recommends that adults 19 years of age or older with immu-
nocompromising conditions who have not previously received 
PCV13 or PPSV23 should receive a dose of PCV13 first, followed 
by a dose of PPSV23 at least 8 weeks later. Complete protection 
might not be achieved if the vaccine is given within 3 years after 
antineoplastic therapy.284,285

Immunization for N. meningitidis by using a polysaccharide 
vaccine is recommended in cancer patients requiring splenec-
tomy.286 However, this vaccine offers no protection from sero-
group B (which is responsible for one-third of cases). Ongoing 
studies are being conducted to test new meningococcal serogroup 
B vaccine.287

Children undergoing chemotherapy and who have not com-
pleted all of the diphtheria-tetanus (DT) (or diphtheria, pertussis, 
and tetanus; pertussis is included if the child is <7 years of age) 
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and polio immunization series should complete the boosters as 
scheduled, although aggressive and prolonged chemotherapy 
may blunt the response. Only the inactivated polio vaccine (IPV) 
should be given to immunocompromised patients because of the 
risk of acquiring polio from the live attenuated oral polio vaccine. 
Booster doses of DT or diphtheria, acellular pertussis, and tetanus 
and the IPV should be administered 1 year after chemotherapy 
completion. It is recommended that adult cancer patients receive 
DaPT immunization boosters in the same dose and schedule as for 
healthy individuals, as responses can be elicited in immunocom-
promised patients.239

The inactivated influenza vaccine is generally recommended 
in immunocompromised patients on a yearly basis.278 Several 
studies have evaluated the efficacy of this vaccine in cancer 
patients; there is definite efficacy in patients with solid tumors, 
but the response may be blunted in patients with hematologic 
malignancies.288 Despite a lack of a clear-cut benefit in immuno-
compromised patients, the likelihood of at least partial protection 
has urged physicians to vaccinate all cancer patients with the 
inactivated influenza vaccine.

The live attenuated measles, mumps, and rubella (MMR) vac-
cine may be considered in previously unimmunized children 
with leukemia who are in remission, or who have been off or not 
received chemotherapy for at least 3 months; but it is otherwise 
contraindicated in immunocompromised individuals.239,277 The 
live attenuated varicella vaccine is not recommended for use in 
immunocompromised patients, except in seronegative children 
with HIV.239,289,290

Protective antibodies to common childhood diseases (polio, 
tetanus, diphtheria, mumps, measles) wane after ablative therapy 
and autologous or allogeneic transplantation and thus necessitate 
revaccination.291–293 All HSCT patients should be vaccinated with 
combined tetanus-diphtheria toxoids at 12, 14, and 24 months 
after transplant.243,292,294–296 Antibody levels against H. influen-
zae gradually decline after transplant, and revaccination using the 
Hib-conjugate vaccine is recommended at 12, 14, and 24 months 
after transplant to restore immunity.243 The oral polio vaccine 
is contraindicated in all immunocompromised individuals.278 
IPV and hepatitis B vaccines are recommended at 12, 14, and  
24 months after transplant, owing to the loss of immunity against 

Vaccine Persons Who Should Receive Vaccine Timing in Relation to Chemotherapy Regimena

Haemophilus influenzae 
type b

Lymphoma patients Before staging splenectomy, >10 d before 
initiation of chemotherapy, or 3 mo after 
completion of chemotherapy

Single-dose

Hepatitis Bb Cancer patients with hepatitis B surface  
antigen (+) household contacts

Not during immunosuppressive therapy 3 doses: second dose 1–2 after the first, 
third dose 4–6 mo after the first

Influenza All cancer patients >2 wk before initiation or between cycles 
of intermittent chemotherapy

Annually each fall/winter

Measles, mumps, rubella Nonimmune leukemic patients in remission and 
household contacts of all immuno-suppressed 
individuals

For leukemic patients in remission, >3 
mo after completion of therapy; otherwise 
contraindicated in patients with leukemia, 
lymphoma, or those undergoing immuno-
suppressive therapy

Once

Meningococcal (Neisseria 
meningitides)

Lymphoma patients Before staging splenectomy 2 doses; second dose 3–5 y after the 
first

Poliomyelitis (inactivated 
poliovirus vaccine only)c

Adults at increased risk of infection; all  
susceptible household contacts of cancer 
patients

No data available; recommend each dose 
>10 d before initiating chemotherapy

3 doses; second dose 4–8 wk after 
the first, third dose 6–12 mo after the 
second

23-Valent polysaccharide 
pneumococcal  
(Streptococcus pneumoniae)

Any nonimmune cancer patient, especially  
lymphoma and multiple myeloma a patients

Before staging splenectomy, >10 d before 
initiation of chemotherapy, or 3 mo after 
completion of chemotherapy

2 doses; second dose at least 5 y after 
the first

PCV13 (Pneumococcal 
Conjugate) Vaccine

19 yr of age or older with immunocompromising 
conditions who have not previously received 
PCV13 or PPSV23; 19 y of age or older with 
immunocompromising conditions, who have 
previously received one or more doses of 
PPSV23

Give a dose of PCV13 first followed by 
a dose of PPSV23 at least 8 wk later. 
Subsequent doses of PPSV23 should follow 
current PPSV23 recommendation.
Give a dose of PCV13 one or more years 
after the last PPSV23 dose was received

Tetanus and diphtheria  
toxoids combined

All cancer patients No data available; recommend administration 
>10 d before initiating chemotherapy

Primary 3-dose series if not previously 
immunized; second dose 4–8 wk after 
the first, third dose 6–12 mo after the 
second; booster doses at 10-y intervals 
throughout life or with dirty wound if  
>5 y since last dose

Varicella Nonimmune household contacts of cancer 
patients

Not applicable—contraindicated in patients 
with leukemia, lymphoma, or those under-
going immunosuppressive therapy

For persons >13 y of age, 2 doses  
separated by 4–8 wk

aAdapted from the Centers for Disease Control and Prevention.
bMay be used in conjunction with hepatitis B immunoglobulin prophylaxis.
cLive oral polio vaccine is no longer available for general use in the United States and is contraindicated in immunosuppressed persons or their household contacts.

TAblE 69.7

RECOMMENDATIONS FOR ACTIVE IMMUNIZATION OF ADULTS WITH MALIGNANCIES
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the virus by 1 year after transplant in the majority of transplant 
recipients.297,298 Vaccination against Meningococci, rabies, and 
hepatitis A is not routinely recommended in this patient popula-
tion.182 Annual seasonal administration of inactivated influenza 
vaccine is recommended following 6 months posttransplant.182 
The MMR vaccine, a live attenuated vaccine, may be given to BMT 
patients about 2 years after transplant and may be administered 
to household contacts before then. Patients with GVHD who are 
continuing to receive immunosuppressive therapy should not be 
given the MMR vaccine.291 The varicella vaccine is a live attenu-
ated vaccine and is contraindicated in transplant recipients. Use 
of the Bacille Calmette-Guérin vaccine is contraindicated during 
the first 2 years posttransplant.299,300

Passive Immunization
Intravenous immunoglobulins (IVIG) therapy for prevention of infec-
tion has been evaluated primarily in patients with lymphoprolifera-
tive disorders and multiple myeloma and SCT recipients. Currently 
available IVIG preparations are safe, well tolerated, and consist 
primarily of IgG, although small amounts of IgA and IgM are pres-
ent.301 IgA-poor preparations must be used to prevent anaphylaxis 
in patients with known or suspected congenital IgA deficiency and/
or those with high anti-IgA titers. IVIG (400 mg/kg given every 3 
weeks) has been shown to reduce frequency of moderately severe 
bacterial infections in patients with CLL who have hypogamma-
globulinemia or a history of recurrent infections.302–304 However, 
this practice has not been proven to be cost-effective, to prolong sur-
vival, or to demonstrably improve the quality of life of patients with 
CLL.194 Reduction in the number of symptomatic and life-threat-
ening infections has also been reported in patients with multiple 
myeloma receiving monthly infusions of IVIG.201,305 A meta-analysis 
of multiple trials involving prophylactic IVIG in patients with CLL 
and MM illustrated a significant decrease in occurrence of major 
infections and reduction in clinically documented infections, but no 
survival benefit.306 Thus, prophylactic use of IVIG for patients with 
CLL or MM with hypogammaglobulinemia and/or recurrent infec-
tions should be considered on an individual basis.

In allogeneic HSCT patients, prophylactic use of IVIG has been 
shown to prevent grades II–IV acute GVHD,307,308 decrease gram-
negative septicemia, and decrease local infections; but it does not 
improve mortality.309,310 Decisions to use IVIG in allogeneic trans-
plant patients should be made on an individual basis because 
of the cost of IVIG and the availability of suitable antimicrobial 

alternatives. Autologous transplant recipients do not appear to 
benefit from prophylactic globulin therapy, and its use may actu-
ally lead to increased incidence of fatal hepatic venoocclusive 
disease in these patients.311

IVIG and CMV hyperimmune globulin can confer passive 
immunity against CMV infection, but other methods of CMV pro-
phylaxis, such as leukofiltration of blood products, may be more 
cost-effective.312

Passive immunization with varicella zoster immune globulin 
is indicated in seronegative immunosuppressed patients who are 
exposed to an active case and should be given within 72 to 96 hours 
of the exposure.313 Patients who are exposed to measles, mumps, 
or rubella may benefit from passive Ig prophylaxis if it is given 
within 6 days of exposure.314,315 Intramuscular Ig is recommended 
for patients who travel to areas that are endemic for hepatitis A or 
for postexposure prophylaxis.316 Two doses of hepatitis B Ig, given 
1 month apart, are recommended for postexposure prophylaxis.

MANAGEMENT OF CATHETER-
RELATED INFECTIONS
Catheter-related bloodstream infections (CRBSI) are associated 
with prolonged hospitalizations, increased healthcare costs, 
and increased morbidity and mortality.317,318 The incidence of 
device-associated infection varies depending on the type of device 
inserted, its length of use, and the extent of the patient’s immu-
nosuppression. Neutropenic patients, particularly those with a 
hematologic malignancy, have a greater risk for developing CRBSI 
and bacteremia.317,319,320 Overall, the incidence of port-associated 
infections is low at 0.1 per 1,000 port-days, and that of tunneled 
catheters is approximately 1 to 3 per 1,000 days of patient use. 
Cumulative incidence of PICC-related blood stream infections is 
1.1 per 1,000 PICC-days (range 0.9 to 1.3), but higher in the inpa-
tient setting (2.1 per 1,000 PICC-days).318 Number of lumens is an 
independent risk factor for CRBSI and multiple-lumen catheters 
have higher infection rates.142,321 Standardized infection control 
procedures as recommended by the CDC are increasingly being 
used to help reduce catheter-related bloodstream infections.322

Several types of catheter-related infections have been defined: 
exit site infection, tunnel infection (or pocket infection in the case 
of ports), septic phlebitis, and CRBSI (Table 69.8).55 The major-
ity of these infections are caused by gram-positive pathogens, 
with coagulase-negative staphylococci recovered most frequently. 

Localized catheter colonization •	 Significant growth of a microorganism (greater than 15 CFU) from the catheter tip, subcutaneous segment of the  
catheter, or catheter hub.

Exit site infection •	 Erythema, or induration within 2 cm of the catheter exit site, in the absence of concomitant bloodstream infection (BSI) 
and without concomitant purulence.

Tunnel infection •	 Tenderness, erythema, or site induration of more than 2 cm from the catheter exit site along the subcutaneous tract of 
a tunneled catheter (i.e., Hickman or Broviac) in the absence of concomitant BSI.

Pocket infection •	 Purulent fluid in the pocket of a totally implanted intravascular catheter that may or may not be associated with  
spontaneous rupture and drainage or necrosis of the overlaying skin in the absence of concomitant BSI.

Catheter-related bloodstream infection (CRBSI) •	 Bacteremia or fungemia in a patient with an intravascular catheter with at least one positive blood culture obtained 
from a peripheral vein, clinical manifestations of infections (e.g., fever, chills, or hypotension) and no apparent source 
for the BSI except the catheter.

•	 One of the following should be present: a positive semiquantitative (greater than 15 CFU/catheter segment) or  
quantitative (greater than 102 CFU/catheter segment) culture whereby the same organism (species and antibiogram) 
is isolated from the catheter segment and peripheral blood; simultaneous quantitative blood cultures with a 3:1 ratio 
for CVC versus peripheral; or differential period of CVC culture versus peripheral blood culture positivity of more than 
2 hours.

TAblE 69.8

DEFINITION OF CATHETER-ASSOCIATED INFECTIONS
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Catheter-related infections with S. aureus, gram-negative bac-
teria, corynebacteria, bacillus species, and mycobacterial and 
fungal organisms have also been reported.

Simultaneous cultures from peripheral sites and all catheter 
ports are helpful in distinguishing infection of the catheter itself 
from infection arising from another source. Successful treat-
ment of CRBSIs caused by coagulase-negative staphylococcal or 
even gram-negative organisms does not always require catheter 
removal. Infections of the skin pocket of an implanted port also 
resolve in ∼70% of patients without removal of the device.55 
Appropriate intravenous antibiotics should be administered for 
1 to 3 weeks and should be rotated through all lumens. If clini-
cal improvement is observed and surveillance cultures from each 
lumen remain negative after 3 days of antibiotic therapy, the 
catheter sterilization is likely.55 Uncomplicated exit site infections 
will also usually resolve with aggressive local care and systemic 
antibiotic therapy. However, some bacterial infections (e.g., S. 
aureus, some Bacillus species, Corynebacterium group, and 
Stenotrophomonas species) will require catheter removal in order 
to increase the likelihood of successful treatment. Other indica-
tions for immediate removal of the catheter include evidence of 
complicating endocarditis, osteomyelitis, septic thrombosis, septic 
pulmonary embolism, or sepsis with signs of shock/end-organ 
dysfunction. Certain organisms, such as Candida and fungi, are 
extremely difficult to eradicate and necessitate prompt catheter 
removal to avoid the complications of disseminated infection. 
Fungemia caused by Malassezia furfur (Pityrosporum orbiculare) 
tends to occur in patients who receive parenteral lipids and may 
be resistant to amphotericin B. This infection often manifests as 
fever, pulmonary infiltrates, and thrombocytopenia; discontinua-
tion of the lipid, as well as removal of the catheter, is needed.323

occlusion and Venous Thrombosis of Catheters
Although a clot is the most common cause of occlusion, inability to 
aspirate blood from the port or catheter does not always suggest 
clot formation. Other causes of impaired catheter flow include a 
malpositioned Huber needle, catheter compression on the wall of 
the vein, catheter kinking, catheter pinch-off, precipitation of drug 
solutions in the catheter lumen, development of fibrin sheaths, 
and catheter migration resulting in a malpositioned tip.324 Fibrin 
blockage is common, and simple repositioning of the patient and/

or Valsalva maneuvers may allow blood to be withdrawn. If these 
strategies fail, the catheter position should be confirmed by chest 
radiograph after injection of contrast dye through the catheter. 
Patients in whom there is no contraindication to thrombolytic 
therapy may be given an infusion of urokinase at 200 U/kg/hour 
for as long as 12 hours to reopen the catheter. Otherwise, 5,000 U 
of urokinase (in 2 ml of sterile water) may be injected into the 
catheter, and a blood draw may be attempted again in 30 minutes. 
This procedure may be repeated twice in 24 hours if necessary. 
Recombinant tissue plasminogen activator (alteplase) at a dose of 
2 mg/2 ml instilled for 30 minutes may also restore function in 
occluded venous catheters.325,326

Contrary to early reports, data from two randomized stud-
ies failed to demonstrate a benefit of low-dose warfarin327 or 
LMWH328 to reduce the incidence of symptomatic catheter-
associated thrombotic events in patients with cancer. Prophylactic 
use of urokinase (5,000 IU/ml) every 1 to 2 weeks into long-term 
CVADs has shown reduced incidence of thrombosis and also of 
catheter-related infections.329

Thrombosis can occur in the catheter itself or in the superior 
vena cava or veins of the upper extremity. While asymptomatic 
thromboses have been reported in rates up to 60%, recent stud-
ies show a variable incidence of symptomatic catheter-related 
thrombosis of 4% to 5% up to 28% of adults and 12% of children 
with a CVC.325,330,331 Almost all central indwelling venous access 
devices become coated with a fibrin sheath within days of inser-
tion and the majority of CVC-related thrombi arise within 30 
days of initial placement.332 Pain, ipsilateral extremity edema, 
and superficial venous dilation require evaluation with venog-
raphy or noninvasive contrast imaging techniques. The catheter 
should be removed if it is no longer needed or if treatment with 
systemic anticoagulation fails. If the catheter remains functional 
and needed for clinical use, then the recommendation from the 
2012 American College of Chest Physicians is to keep the catheter 
in place and to continue systemic anticoagulation with warfarin 
or low molecular weight heparin (LMWH) as long as the catheter 
remains indwelling. If the catheter is removed, it is recommended 
to continue systemic anticoagulation for a total of 3 months 
regardless of diagnosis.333 Another recommendation has a vari-
able length of anticoagulation, from 6 weeks to 6 months depend-
ing upon the size of the clot and whether the patient is considered 
prothrombotic331 (Fig. 69.8).

FIGURE 69.8. Algorithm for diagnosis and management of catheter-related thrombosis. (CVC, central venous catheter; LMWH, low-molecular-weight 
heparin.) Ultrasonography (U/S) can be used as the initial screening test for thrombosis, whereas venography may be required if U/S is negative or inconclusive. The 
duration of anticoagulation depends upon clinical factors, including the need for the CVC, the size of the clot, and the presence of a prothrombotic state. In patients 
with cancer, LMWH is preferred over warfarin, and duration of anticoagulation should be 6 months or longer. (Adapted from Baskin JL, Pi C-H, Reiss U, et al. Manage-
ment of occlusion and thrombosis associated with long-term indwelling central venous catheters. Lancet 2009;374:159–169.)
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CHEMOTHERAPY-INDUCED NAUSEA 
AND VOMITING
Chemotherapy-induced nausea and vomiting (CINV) is a common 
adverse effect of cancer therapies. Nausea and vomiting can be 
very distressing to both patients and their caregivers. Nausea can 
have a negative impact on quality of life, both physical and cogni-
tive functions, and may lead to critical delays in the administration 
of potentially curative therapy.334,335 Nausea and emesis can be 
induced by a number of factors besides chemotherapy, and thus 
it is important to investigate the underlying etiology. Radiation 
therapy, especially in those undergoing total body irradiation (TBI) 
prior to HSCT, infections, metabolic derangements, electrolyte 
abnormalities, metastases (especially brain and liver), medications 
(antibiotics, antifungals, opiates), and other psychological factors 
can all lead to nausea and vomiting in patients with cancer.336 
Based upon the emetogenic potential of the chemotherapy admin-
istered and specific patient characteristics, personalized therapeu-
tic decisions can be made to try to prevent CINV.337 A breakdown 
of the relative emetogenicity of commonly used chemotherapeutic 
agents can be found in Chapter 68, Table  68.2. Patient charac-
teristics associated with increased risk for CINV include: age 
< 50, female gender, history of motion sickness, history of low 
prior chronic alcohol intake, and emesis during pregnancy.335 
Coadministration of chemotherapeutic agents and repeated cycles 
of chemotherapy can also increase the potential for CINV.338

CINV can be broken down into 5 distinct yet related syndromes: 
(1) acute CINV, (2) delayed CINV, (3) anticipatory CINV, (4) break-
through CINV, and (5) refractory CINV.338 Acute CINV is typically 
defined as occurring within the first 24 hours of chemotherapy 
administration. Delayed CINV is typically defined as occurring 
1 to 5 days after chemotherapy administration. Anticipatory CINV 
occurs prior to the chemotherapy administration, and has been 
associated with just one episode of nausea and vomiting with 
a prior regimen. Breakthrough CINV occurs despite the use of 
appropriate preventative strategies, and refractory CINV occurs 
due to failure of preventative and rescue therapies.338

To understand the rationale behind different strategies for 
the prevention and treatment of CINV, it is helpful to understand 
the physiology of the emesis response. The current model of the 
emesis response (Fig. 69.9) is primarily mediated through neu-
rotransmitters in the gastrointestinal (GI) system and the central 
nervous system (CNS).338 Afferent signals from the chemotherapy 
trigger zone (CTZ), cerebral cortex, and GI tract converge on the 
vomiting center (VC) within the medulla oblongata. Ultimately, 

the VC sends out efferent signals to the organs responsible for 
completing the motor events of emesis (esophagus, stomach, 
abdominal musculature).339 Serotonin and substance P are the 
main neurotransmitters implicated in CINV; however dopamine, 
histamine, endorphins, acetylcholine, and GABA have also been 
shown to be involved. Based upon the identification of active neu-
rotransmitters and their receptors within the VC, control of CINV 
may depend ultimately upon blocking the neurotransmitter recep-
tors in the VC from afferent inputs of the GI tract and CNS.338

Prevention is the key treatment of CINV. Development of effec-
tive preventative antiemetic regimens requires consideration of 
the emetic potential of the chemotherapy, dosing and duration 
of the chemotherapeutic regimen (1 day vs. multiday), single vs. 
multi-drug regimens, personal risk factors, and the mechanism 
of action of the prescribed antiemetic therapy. Maximum benefit 
from antiemetic therapy is achieved when it is initiated prior 
to chemotherapy and continued throughout the duration of the 
emetic response to each chemotherapeutic agent. Multiple orga-
nizations, including ASCO, NCCN, and MASCC, have developed 
guidelines for antiemetic prevention, and a summary of these 
recommendations is listed in Table 69.9.

Agents

5-HT3 Receptor Antagonists
Perhaps the most significant advance in antiemetic therapy, as well 
as supportive therapy in general, has been the development of the 
5-HT3 receptor antagonists. Agents in this class (e.g., granisetron, 
ondansetron, palonosetron, and dolasetron mesylate) have all 
shown efficacy in controlling acute nausea associated with chemo-
therapy.340–342 As well, both IV and PO routes of administration 
of these medications are effective when appropriate doses are 
given.343 While all 5-HT3 receptor antagonists have been shown to 
be effective in controlling acute nausea and vomiting caused by che-
motherapy, palonosetron has recently been shown to be much more 
effective than other available 5-HT3 receptor antagonists in prevent-
ing delayed nausea and vomiting.344,345,346 A recent meta-analysis 
of randomized controlled trials comparing palonosetron with other 
5-HT3 receptor antagonists revealed that it was significantly more 
effective in preventing acute and delayed nausea and vomiting for 
highly emetogenic and moderately emetogenic chemotherapy.347 
Palonosetron’s half-life of 40 hours is much longer than that of the 
other 5-HT3 receptor antagonists and it has an approximately 100-
fold higher binding affinity to the 5-HT3 receptor. These qualities 
likely explain palonosetron’s superiority in preventing chemother-
apy-induced nausea and vomiting, especially delayed onset nausea 
and vomiting.348 Palonosetron is currently FDA approved for use 
as a single infused dose on day 1 for the prevention of acute and 
delayed nausea and vomiting associated with highly and moderately 
emetogenic chemotherapy. While repeat dosing is considered safe 
based on NCCN guidelines, the additional benefit of repeated dosing 
for multiple-day chemotherapy regimens is unknown.

Adverse effects of 5-HT3 receptor antagonists are usually mild 
and transient. Headache is the most common side effect, followed 
by gastrointestinal side effects of abdominal discomfort, diarrhea, 
and constipation, which occur less frequently.349 Association of IV 
dolasetron with increased risk for cardiac arrhythmias has been 
reported by the FDA, and thus IV dolasetron is not recommended.

Neurokinin 1 Receptor Antagonists
Substance P is a mammalian tachykinin found in vagal afferents 
that send impulses to the vomiting center and thus are involved 
in the vomiting response. Substance P induces emesis through 
its binding to neurokinin 1 (NK-1) receptors in the brainstem 
nucleus tractus solitarius, the area postrema, and the abdominal 
vagus nerves.338,350 Two randomized, double-blind, multicenter 

FIGURE 69.9. Model of the emesis response. (With permission from Navari RM. Pathogenesis- 
based treatment of chemotherapy-induced nausea and vomiting–two new agents. J Support 
Oncol 2003;1:89–103.)
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controlled studies found the addition of aprepitant (125 mg 
po on day 1 and 80 mg po daily on days 2 and 3) to standard 
therapy (5-HT3 receptor antagonist on day 1) and dexamethasone 
(prechemotherapy on day 1 and daily on days 2 to 4) improved 
rates of acute N/V and delayed N/V when compared to standard 
therapy alone in patients receiving cisplatin chemotherapy.351,352 
Thus, in 2003, aprepitant became the first neurokinin-1 receptor 
antagonist to be approved for the prevention of acute and delayed 
nausea and vomiting with highly-emetogenic chemotherapy. 
Fosaprepitant, a parenteral NK-1 receptor antagonist, has since 
become available for the prevention of CINV associated with 
highly emetogenic chemotherapy. Unlike aprepitant, fosaprepitant 
is given at a dose of 150 mg IV 30 minutes prior to chemotherapy 
on day 1 only.353 Important to note is that NK-1 receptor antago-
nists are moderate inhibitors of the enzyme CYP34A, the enzyme 
responsible for glucocorticoid metabolism, and thus in clinical 
trials the dosing of concurrent dexamethasone was reduced to 12 
mg on day 1 and 8 mg on days 2 and 3.351,352

Olanzapine
Olanzapine is an atypical antipsychotic with an affinity to mul-
tiple neurotransmitter receptors involved in the emetic response, 
including: dopaminergic, serotonergic, adrenergic, histaminergic, 
and muscarinic receptors, thus suggesting a potential benefit for 
the prevention and treatment of nausea and vomiting.354,355 In a 
pilot study, Passik et al. explored the antiemetic activity of olan-
zapine in patients with advanced cancer, with their results sug-
gesting benefit. Subsequent trials, including a randomized phase 
III trial, confirmed these results.356–358 Navari et al. conducted a 
randomized phase III trial comparing the efficacy of olanzapine 
vs. aprepitant, both in combination with palonosetron and dexa-
methasone, for the prevention of CINV in patients receiving highly 
emetogenic chemotherapy. Complete response rates, no emesis, 
and no need for rescue medications were similar results for both 
groups during the acute and delayed period; however, nausea 
was better controlled in the olanzapine group.358 The total dose 
of dexamethasone was also less in the olanzapine group, as this 
group received only a one-time dose of dexamethasone on day 1 vs.  
4 days of dosing in the aprepitant group. This finding led the authors 
to conclude that the use of olanzapine for the prevention of CINV 
with highly emetogenic chemotherapy may be more beneficial, 
since the exposure to steroids and potential adverse effects of their 
use with multiple rounds of chemotherapy would be much less.

An increase in extrapyramidal symptoms (EPS) associated with 
olanzapine use has not been seen in studies evaluating olanzap-
ine’s efficacy in the prevention of CINV, and this lack of increase 
in EPS as compared to other neuroleptic drugs used for the treat-
ment of nausea (e.g., prochlorperazine and metoclopramide) is 
another reason to consider its use. These preliminary studies also 
found an improvement in mood and appetite in patients who were 
treated with olanzapine.354 At this time, expert guidelines recom-
mend the use of aprepitant along with 5HT-3 receptor antagonists 
and steroids for the prevention of CINV associated with highly 
emetogenic chemotherapy; however, further studies evaluating 
olanzapine’s benefit in this group of patients are ongoing and the 
results of these studies may alter recommendations in the future.

Chemotherapy-induced Nausea and Vomiting 
with High-dose Chemotherapy/Hematopoietic 
Stem Cell Transplant
Controlling nausea and vomiting in patients undergoing HDC 
with HSCT rescue is a challenge. Many factors, including HDC, 
total body irradiation (TBI), medications to prevent graft-versus-
host disease, antimicrobials, and opioids, can induce nausea 
and vomiting.359 Multiple studies have shown a benefit of 5-HT3 

receptor antagonists along with steroids in the prevention of CINV 
in patients undergoing HDC; however, complete responses with 
these regimens were seen in only 15% to 50% of patients.360–363 
Given the suboptimal rate of control seen with 5HT-3 receptor 
antagonists and steroids, studies examining the addition of apre-
pitant, an NK-1 antagonist, to 5HT-3 receptor antagonists have 
been conducted.

The role of newer agents, such as aprepitant, in the prevention 
and treatment of CINV in patients undergoing HDC with stem cell 
rescue is less clear. There is data to support the efficacy and safety 
of aprepitant along with 5HT-3 receptor antagonists and steroids, 
albeit from small, single institution studies. Despite the small 
sample sizes, these studies have shown efficacy for a number 
of preparative regimens, including: BEAM (BCNU [carmustine] 
+ etoposide + ARA-C [cytarabine] + melphalan), T-ICE (pacli-
taxel + ifosfamide + carboplatin + etoposide), BuCy (busulfan 
+ cyclophosphamide), Cy/TBI (cyclophosphamide + total body 
irradiation), Cy/TBI/VP16, and BCV (BCNU + cyclophosphamide 
+ VP16). The data so far has looked at multiple different dosing 
regimens for aprepitant, including the traditional 3-day regimen 
(125 mg po on day 1 followed by 80 mg po on days 2 and 3) and a 
12-day regimen (125 mg po on day -7 followed by 80 mg po daily 
thereafter until day +4) conducted in a pilot study by Bubalo et 
al.364 As aprepitant is a moderate inhibitor of CYP34A, busulfan 
doses need to be followed closely, and in pilot studies all patients 
required dose adjustments.365,366,367,368,369 These studies support 
the added benefit of aprepitant to standard antiemetic therapy 
without increasing toxicity. Because of the limited amount of data, 
ASCO guidelines currently recommend considering the use of 
aprepitant in patients undergoing HDC with HSCT until the results 
of larger phase III studies become available.

Miscellaneous
Multiday chemotherapy regimens and highly emetogenic radia-
tion regimens are both commonly used in the management of 
hematologic malignancies. ASCO guidelines recommend the use 
of antiemetics appropriate for the emetogenic risk class of the 
chemotherapy being administered for each day of chemotherapy 
and for 2 days after, if appropriate.370 Both MASCC and ASCO 
guidelines recommend the use of a 5HT-3 receptor antagonist 
along with steroids for the treatment of highly emetogenic radia-
tion therapy, such as TBI, with ASCO guidelines recommending a 
minimum of 5 days of steroid therapy.343,370

CANCER-RELATED FATIGUE
Fatigue is one of the most common symptoms reported by cancer 
patients, and has a reported incidence of 60% to 90% among 
patients with cancer. Cancer-related fatigue (CRF) is defined as 
an unusual sense of tiredness that is persistent and not improved 
with rest, that can occur with cancer or cancer treatment, and 
that may affect physical and/or mental functioning.371 Fatigue 
can negatively impact a patient’s quality of life by interfering with 
their ability to perform activities of daily living, keep employment, 
and maintain financial stability.372 CRF is more intense and more 
unpredictable than fatigue that was experienced before the cancer 
diagnosis.373

Multiple etiologies for CRF are often present in patients with 
cancer and include anemia, sleep disorders, depression, endocri-
nopathies, nutritional deficiencies, and uncontrolled pain. Anemia 
is likely the most common reversible cause of fatigue during 
active cancer treatment. Although CRF is often attributed to the 
initiation of cancer therapies, this fatigue may persist long after 
the completion of treatment with up to 30% of cancer survivors 
reporting loss of energy years after completion of treatment.372,374 
Escalante and Manzullo recommend using the question “How 
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would you rate your fatigue on a scale of 0 to 10 over the past 
week?” along with a simple visual analog scale from 0 to 10 (with 
0 as no fatigue and 10 as the worst imaginable fatigue) to screen 
patients and to follow response to interventions. Specific causes 
for fatigue should be sought out, and once specific therapies for 
fatigue are initiated, then assessments for response should take 
place as the identified cause is being corrected.372

Multiple pharmacologic and nonpharmacologic interventions 
have been employed to treat CRF. Nonpharmacologic interven-
tions include exercise programs, nutritional assessments, and 
sleep analysis. Exercise has been the most studied nonpharmaco-
logic strategy for treating fatigue.372 Schwartz et al. evaluated the 
effect of a moderate-intensity home exercise regimen in women 
with newly diagnosed breast cancer receiving active treatment 
with chemotherapy. Low- to moderate-intensity exercise sig-
nificantly decreased fatigue in these patients, and the intensity 
of fatigue declined as exercise tolerance increased.373 Initiation 
of an exercise program should begin at low intensity levels and 
shortened intervals with gradual increase in intensity and dura-
tion based on the patient’s physical conditioning. Patients with 
severe debilitation and extensive disease may require consultation 
with a physical therapist or a physical medicine and rehabilita-
tion specialist to assist in developing a safe and effective exercise 
program.372

Pharmacologic strategies that have been used to combat CRF 
include stimulants, antidepressants, and low-dose steroids. Well-
designed clinical trials evaluating the efficacy of these pharmaco-
logic interventions to guide treatment decisions are unfortunately 
lacking. Methylphenidate, a stimulant, has been studied in CRF 
and may have a beneficial effect. Sarhill et al. studied the effi-
cacy of methylphenidate for the treatment of fatigue in patients 
with advanced cancer. In this open labeled pilot study, 9 of  
11 patients studied achieved benefit regardless of whether ane-
mia was present. Only 1 patient stopped treatment because of 
adverse effects.375,376 Therapy is typically initiated at 5 mg in the 
morning and 5 mg in the early afternoon. Methylphenidate should 
not be administered in the late afternoon as it may interfere with 
sleep patterns. Patients may require titration of dosing over time 
in order to maintain a clinical benefit because of the potential 
development of tolerance. Tachycardia and hypertension are 
known adverse effects of methylphenidate and it is therefore not 
recommended for use in patients with known coronary artery 
disease, uncontrolled hypertension, or tachyarrhythmias.372

Modafinil, a nonamphetamine psychostimulant, has been 
studied in a randomized phase III trial to evaluate its effective-
ness in the treatment of cancer-related fatigue.377 Jean-Pierre 
et al. reported a benefit from modafinil 200 mg daily in patients 
with severe fatigue at baseline; however, there was no statisti-
cally significant improvement in fatigue in patients with mild to 
moderate fatigue at baseline. Thus, it is recommended that inter-
vention with modafinil be limited to those with severe fatigue at 
baseline.377

The inability of current pharmacologic interventions to produce 
significant improvements in CRF for the majority of cancer patients 
underscores the importance of a multidisciplinary approach to CRF 
that incorporates assessments for fatigue, recognition of underly-
ing etiologies, coping strategies, nonpharmacologic therapies, and 
intervention with pharmacologic therapy only when necessary.

CANCER PAIN
Pain is one of the most feared symptoms of cancer by patients 
and family members.378 Sixty to eighty percent of patients 
with advanced cancer experience moderate to severe pain on a 
monthly basis, and control of cancer-related pain is one of the 
most important goals of supportive care. Management of cancer 
pain can be quite complex because the etiologies are diverse and 

can adversely affect multiple domains of quality of life, including 
activities of daily living, psychological well-being, physical func-
tioning, and social interactions.379 Coexisting cancer symptoms, 
such as weakness, fatigue, nausea, dyspnea, constipation, and 
impaired cognition, can magnify the perception of and exacer-
bate cancer pain. Modifying the source of the pain, altering the 
perception of pain, and blocking the transmission of pain to the 
central nervous system can effectively treat cancer pain in 85% 
to 95% of cases.380 A comprehensive patient-centered approach 
to pain management that assesses the patient’s pain, barriers to 
pain control, concurrent medical problems, response to pharma-
cologic interventions, and psychosocial status is key to achieving 
adequate pain control.381–384

Types of Cancer Pain
To adequately address and control pain, it is imperative that the 
treating physician understand the pathophysiology of cancer pain. 
The majority of cancer-related pain can be classified as nocicep-
tive, neuropathic, or both. The distinction between these 2 types 
of pain is important, as neuropathic pain is often refractory to 
opioid therapy. Nociceptive is the term used to describe pain that 
is propagated by continual tissue injury, and it is classified into 
somatic or visceral pain. Nociceptive pain is termed somatic when 
the continual tissue injury is relayed via primary afferent nerves 
in somatic tissues such as those of the musculoskeletal system. 
Somatic pain is classically described as being sharp or aching and 
localized to the area of tissue damage. Nociceptive pain is termed 
visceral when tissue injury is relayed via primary afferents of the 
viscera. Visceral pain tends to be poorly localized and intermittent, 
many times described as dull or aching.378,385,386 Neuropathic 
pain is a result of injury to peripheral or central nerves and typi-
cally causes paroxysmal burning, shooting, or aching sensations 
that may or may not be associated with paresthesias. In patients 
with malignancy, neuropathic pain can be caused by a number 
of different etiologies, such as direct nerve injury from the tumor 
itself, or the result of anticancer treatments such as surgery, radia-
tion, and chemotherapy. Identification of neuropathic pain often 
indicates that nontraditional adjuvant therapies may be required 
to achieve adequate pain relief.385,387

Barriers to Pain Control
Up to 50% of patients with cancer have uncontrolled pain.388 
Several reasons for inadequate treatment of pain exist and can be 
classified as physician barriers or patient barriers to pain control.

Multiple studies have identified physician-related barriers to 
cancer pain management, and all have a recurring theme.389,390 
Two large studies surveying US medical oncologists’ attitudes and 
practices in cancer pain management have been undertaken over 
the past 20 years.391,392 Despite the almost 20-year time between 
the 2 studies, both concluded that knowledge deficits, inadequate 
training in pain management, inadequate opioid prescribing as 
recommended by established guidelines, and poor pain assess-
ment are the main physician-related barriers to adequate pain 
management. The potential for addiction, the development of 
tolerance, scrutiny by regulatory agencies, and inadequate side 
effect management are other potential reasons for nonadherence 
to established pain management guidelines.

There are also many patient-related barriers that hinder 
patients’ use of appropriate analgesics for cancer pain. Reluctance 
of patients to report pain and take pain medications have been 
shown to be the most prominent patient-related barriers to can-
cer pain management.393,394 The Barriers Questionnaire, a tool 
designed to identify patient-related barriers to cancer pain man-
agement, has identified 9 areas of concern that patients may have 
in reporting and taking pain medications. (1) Fatalism, belief that 
cancer pain is inevitable; (2) fear of addiction; (3) “desire to be a 
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good patient” and not complain; (4) fear of distracting one’s phy-
sician from treating the disease; (5) concern that increasing pain 
signifies disease progression; (6) concerns about drug tolerance; 
(7) concerns about side effects; (8) religious fatalism, the religious 
belief that pain is caused or given by a deity and that patients 
have to tolerate the pain in order to avoid carrying the pain into 
their next life; and (9) concerns that pain medications are better 
when given on an as needed basis.393

Patient education is one way to overcome patient barriers 
to cancer pain management. Multiple studies have proven the 
effectiveness of pain education programs in improving patient 
adherence to analgesic therapy and ultimately decreasing pain 
intensity.395–397 Educational interventions for both physicians and 
patients will likely lead to more appropriate guideline-based anal-
gesic prescribing and patient adherence to prescribed therapies.

Pain Assessment
A comprehensive pain assessment is crucial to adequate pain 
control and includes a detailed pain history that evaluates pain 
intensity, location, and type, as well as an assessment of psy-
chological stressors and the patient’s network of social support.  
A detailed physical exam paying close attention to impending onco-
logic emergencies is also important in determining the etiology of 
pain so that timely and appropriate interventions can be initiated. 
Pain is subjective, and thus patient report is the “gold standard” for 
measurement. In order to try and make pain measurement objective 
and reliable, a number of scales have been developed.

Pain intensity has been shown to have an inverse correlation 
with quality of life and functioning. Pain intensity can be measured 
by a number of validated scales.398,399 Some scales are available 
to assess pain intensity for those with limited literacy as well as 
those who are cognitively impaired.378,400–402 Other scales, such 
as the Memorial Pain Assessment Card and the Wisconsin Brief 
Pain Inventory, have been developed to assess pain intensity as 
well as psychological distress. These two scales are not only mul-
tidimensional but also practical, given the efficiency in which they 
can be completed in a clinical setting.403,404 Numerical ratings of 
pain intensity obtained from the different scales can then be used 
to guide analgesic therapy.

Analgesic Management: World Health 
organization Analgesic ladder
The World Health Organization (WHO) “three-step analgesic lad-
der” (Fig. 69.10) developed in the 1980s continues to provide the 
framework for the management of cancer-related pain. The anal-
gesic ladder introduced a stepwise approach to pain management 
and selection of appropriate analgesia based on pain intensity. 
Based on WHO recommendations, mild pain, rating 1 to 4, is 
treated with nonsteroidal antiinflammatory drugs (NSAIDs) and 
acetaminophen plus adjuvant analgesics; moderate pain, rating 5 
to 6, is treated with weak opioids such as codeine and tramadol; 
and for severe pain, rating 7 to 10, strong opioids such as hydro-
morphone, morphine, fentanyl, oxycodone, and methadone are 
recommended.405,406 Additional principles endorsed by the WHO 
for optimal pain management include: (1) oral administration 
of pain medications if possible; (2) around-the-clock dosing for 
chronic pain; (3) pain severity should determine drug choice; (4) 
individualized treatment plans because of variability of response 
to analgesic agents among patients; and (5) frequent reassess-
ments of patient’s pain.406

NSAIDs and acetaminophen are the initial nonopioid step 
1 analgesics recommended for use by the WHO guidelines for 
mild pain. NSAIDs block cyclooxygenase 1 and cyclooxygenase  
2 enzymes (COX-1 and COX-2), thus decreasing prostaglandin 
synthesis. Prostaglandins and other inflammatory cytokines are 

produced within the tumor microenvironment and are responsible 
for pain associated with local tumor growth and infiltration.406,407 
The benefit and role of NSAIDs in the treatment of cancer-related 
pain has been shown in two large meta-analyses.407,408 There does 
seem to be a ceiling effect for analgesia with NSAIDs and doses 
beyond the daily recommended maximum dose are not advised. 
Doses of nonopioid analgesics should be titrated to maximal daily 
doses or until adverse effects emerge, as long as mild to moderate 
pain persists. NSAIDs do carry a risk for GI toxicity, and cancer 
patients may be particularly susceptible to these toxicities, given 
concurrent medications that can lead to mucositis, gastritis, and 
anorexia. Selective COX-2 inhibitors are available and have been 
associated with less GI toxicity than nonselective NSAIDs; how-
ever, there have been reports of adverse GI effects with their use 
in cancer patients.409 For acetaminophen, it is not recommended 
to dose more than 6 g per day; however, for those with underlying 

FIGURE 69.10. The WHO “three-step analgesic ladder.”
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limit oxycodone’s titration due to maximal daily doses of the non-
opioid analgesic partner medication, thus limiting its efficacy to 
that of other step 2 analgesics. In its pure form, oxycodone has no 
ceiling effect, the same as the other step 3 opioids. Oxycodone is 
metabolized by CYP2D6 to oxymorphone, thus making it suscep-
tible to drug-drug interactions that induce or inhibit CYP2D6.410

Hydromorphone is a semisynthetic opioid that is approxi-
mately 5 times more potent than morphine once steady state oral 
and parenteral dosing is reached.419 Hydromorphone has multi-
ple routes of administration: intravenous, intramuscular, subcuta-
neous, oral, and rectal, and is extensively metabolized by the liver; 
thus its use may be preferred in patients with renal failure.410

Fentanyl is another step 3 opioid that is a very strong opiod 
agonist, approximately 80 times more potent than morphine. 
Fentanyl is unique in that it not only has a parenteral form, but 
also has transdermal and transbuccal formulations. These prepa-
rations are particularly useful for patients with stable chronic 
pain who are unable to swallow pills, are noncompliant, or are in 
the terminally ill phase when swallowing may be difficult. When 
transitioning to transdermal fentanyl preparations it is important 
to note that there is a delay of 8 to 16 hours until the onset of anal-
gesia, and thus initial overlap with other opioid medications may 
be required. Steady state of transdermal fentanyl is not reached 
until approximately 72 hours.410,420

Fentanyl undergoes extensive metabolism in the liver, thus 
making it an attractive option for use in those with renal failure. 
There is some controversy as to the appropriate relative potency 
ratio to be used when converting oral morphine to transdermal 
fentanyl. Donner et al. showed that an oral morphine to transder-
mal fentanyl ratio of 100:1 was safe and effective in converting 
patients with cancer pain from oral morphine to fentanyl; how-
ever, they noted that this ratio was too low and that the true ratio 
determined by their study was 70:1. Thus, if one uses 100:1 as a 
conversion ratio, then one should be aware that this will likely lead 
to insufficient dosing, and supplemental breakthrough medications 
will likely be necessary until appropriate doses can be achieved.421

Oxymorphone, a newer strong opioid multireceptor agonist, is 
available in oral preparations and is 10 times more potent than 
morphine. Oxymorphone is not metabolized by CYP2D6 and thus 
is not as susceptible as some of the other aforementioned opioids 
to drug-drug interactions.422

Methadone is another effective opioid receptor agonist that has 
been used to treat chronic cancer pain. Due to its long half-life, 
erratic metabolism, and propensity for drug-drug interactions, 
it is recommended that methadone only be managed by provid-
ers with knowledge of its pharmacology and experience in its 
prescribing.410

The oral route of administration is the most preferred as long 
as patients are able to swallow, and this route of administra-
tion is controlling the pain. Acute pain exacerbations should be 
treated with short-acting medications around the clock along with 
breakthrough dosing in order to ultimately come up with a total 
24-hour opioid dose that will control the pain. As long as patients 
are experiencing severe unrelieved pain, the total opioid dose 
should be increased by 50% to 100% every 24 hours until the 
pain is controlled. If patients are experiencing unrelieved moder-
ate pain, the total opioid dose should be increased by 25% to 50% 
every 24 hours until the pain is controlled. Once the patient’s pain 
is adequately controlled, then long-acting preparations of oral 
opioid therapy can be incorporated. Appropriate doses of long-
acting opioid medications can be calculated by taking the 24-hour 
total oral opioid requirement to control the pain and converting 
this into a long-acting opioid dose. Because of the individualized 
nature of the metabolism of different formulations of opioid pain 
medications, as a general rule it is safe to start with 75% of the 
total dose of the previous opioid when transitioning between 
opioids, and titrate the dose up as necessary. Once scheduled 
long-acting opioids are instituted, short-acting breakthrough 

hepatic dysfunction or those taking concomitant potentially hepa-
totoxic medications, 4 to 6 g per day may be more appropriate.

If pain remains uncontrolled with appropriate step 1 inter-
ventions, then the introduction of opioid therapy into the man-
agement of cancer pain is recommended by step 2 of the WHO 
analgesic ladder. Opioids are the backbone of pain management 
in patients with cancer. Interindividual variation in opioid recep-
tors (polymorphisms of the mu, kappa, and/or delta receptors), 
absorption, intensity of the painful stimulus, administration of 
concurrent medications, and enzymes responsible for opioid 
metabolism underscore the importance of an individualized 
approach to opioid prescribing for patients experiencing cancer 
pain.410,411,412 Step 2 opioids, previously referred to as “weak 
opioids,” include codeine, tramadol, hydrocodone, and oxycodone. 
These opioids are typically combined with nonopioid analgesics 
such as NSAIDs or acetaminophen which limit their total daily 
dose. Codeine has a weak affinity for mu opioid receptors and its 
analgesic activity requires metabolism to morphine by CYP2D6. 
The time-to-peak effect for codeine is typically 1 to 2 hours, and 
it has an effective half-life of approximately 3 hours. Like many 
other opioids that require CYP2D6 metabolism to produce active 
metabolites, medications that induce or inhibit the CYP2D6 
enzyme can alter the analgesic effects of codeine. In addition, 
some patients are “fast” or “slow” metabolizers, further adding to 
the variability in effectiveness.413 Tramadol, a synthetic analog of 
codeine, is also considered a “weak opioid.” Tramadol is unique 
because it not only has analgesic properties that are mediated 
through mu receptor activation, but it also has serotonin and 
norepinephrine reuptake inhibitor activity. This dual mechanism 
is felt to be responsible for its effectiveness, especially in selected 
patients with chemotherapy-induced neuropathic pain.414,415 
O-desmethyl tramadol, the active metabolite of tramadol, requires 
metabolism via the CYP2D6 enzyme and is thus subject to inter-
actions to CYP2D6 inducers and inhibitors. Maximal daily dose is 
400 mg per day, as doses above this can lead to neurotoxicity and 
seizures. Hydrocodone is an oral opiate that is indicated for the 
treatment of moderate pain and is available only as a combina-
tion product with an NSAID or acetaminophen. The metabolism 
of hydrocodone is through the CYP2D6 enzyme as well; however, 
its active metabolite, hydromorphone, is a very strong mu recep-
tor agonist.416 Given hydrocodone’s prodrug properties, analgesic 
response is affected by different polymorphisms in the CYP2D6 
gene, as well as inducers and inhibitors of this enzyme.410

If pain persists at a level of 5 or greater after achieving the 
maximal daily dose of the step 2 analgesic, then the addition of a 
step 3 analgesic is recommended. Morphine, fentanyl, oxycodone, 
and hydromorphone are the most commonly used step 3 analge-
sics used for the management of moderate to severe cancer pain.

Morphine has classically been the opioid of choice for the 
treatment of moderate to severe cancer pain. Due to morphine’s 
multiple routes of administration (oral tablets, oral solutions, 
parenteral, and rectal), formulations are available to appropri-
ately treat acute pain crisis, chronic stable pain, and those in 
a terminal condition. Morphine can cause adverse effects that 
are classic for all opioids; however, it can also produce adverse 
effects that are unique to itself. Morphine can cause a histamine 
release, which can lead to bronchospasm and rash. Morphine 
can also decrease sympathetic tone that leads to peripheral 
vasodilatation and resultant orthostatic hypotension.410,413 It is 
metabolized through glucuronidation, producing active metabo-
lites morphine-6 glucuronide (M6G) and morphine-3 glucuro-
nide (M3G). M3G is associated with neurohyperexcitability 
and hyperalgesia. Both metabolites are excreted in the urine; 
thus, renal insufficiency can lead to an accumulation of these 
metabolites and result in oversedation and increased adverse 
effects.417,418

Oxycodone is available in its pure form as well as in combina-
tion with acetaminophen or an NSAID. Combination products 
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There is some evidence to suggest that complementary therapies 
such as massage, acupuncture, and yoga are beneficial in the 
treatment of cancer-related pain; however, larger studies are 
needed to confirm these possible benefits.434–436

Adverse Effect Management
Despite the efficacy of opioids in the treatment of pain, almost 
all patients who use opioids for analgesia will experience side 
effects. The most common adverse effects of opiates are listed in 
Table 69.11. Prevention is the key to the management of these 
adverse effects; however, once side effects emerge, aggressive 
measures to abate these undesired effects, along with opioid 
titration and possible rotation, are necessary. Constipation is one 
of the most psychologically distressing side effects from opioid 
therapy that patients may experience and can lead to anorexia 
and bowel obstruction.437 All patients taking opioids should be 
on a prophylactic bowel regimen to try and prevent constipation. 
Methylnaltrexone, a peripheral opioid antagonist, has been dem-
onstrated in multiple studies to be effective in relieving opioid-
induced constipation. Weight-based subcutaneous dosing can 
be given as needed, however not to exceed 1 dose per 24-hour 
period. Inclusion criteria for randomized clinical trial enrollment 
were either < 3 bowel movements within the preceding week or 
>2 days without a bowel movement.438–441 As methylnaltrexone is 
unable to cross the blood-brain barrier, it is able to reverse periph-
eral inhibition of opioid receptors of the GI tract without affect-
ing analgesia.442 Respiratory depression is a potentially fatal yet 
uncommon adverse effect of opioid treatment. Naloxone, a non-
selective opioid antagonist, is the only therapy currently available 
for the reversal of opioid-induced respiratory depression.443 Due 
to its low bioavailability, naloxone is given by intravenous infusion. 
The extent and duration of naloxone’s effect depends on the recep-
tor affinity of the opioid being reversed. Due to its rapid elimina-
tion, naloxone many need to be dosed repeatedly or by continuous 
infusion to maintain reversal of respiratory depression.

Since naloxone is a nonselective opioid antagonist, reversal of 
respiratory depression results in reversal of analgesia, and thus 
research into therapies that can reverse respiratory depression 
while preserving analgesia are currently underway.444 Urinary 
retention can be relieved with insertion of a Foley catheter into 
the bladder. Excessive sedation can be combated by dose reduc-
tion of the opioid or with addition of a psychostimulant such as 
caffeine or methylphenidate.445 There is preliminary data that 
opioid-induced neurotoxicity, specifically hyperexcitability, can be 
managed with medications such as lorazepam, baclofen, valproic 
acid, and midazolam. Small studies have shown improvement in 
opioid-induced nausea with centrally acting antiemetics such as 

medications should be made available to the patient on an as 
needed basis with dosing intervals determined by the medications’ 
time to peak effect. Again, frequent reassessment of pain control 
is of paramount importance, especially during times of transition 
between different formulations of opioid medications.386

Despite aggressive and appropriate management with opioid 
and other adjuvant analgesic medications, a minority of patients 
will continue to have uncontrolled pain related to their malignancy. 
In these circumstances, a referral to an anesthesiologist or a neuro-
surgical pain specialist is warranted. Epidural nerve blocks, spinal 
cord stimulation, or implantable epidural catheters with opioid 
pain pumps may be needed to achieve adequate pain control.423,424

Adjuvant Therapies
Opioid therapy alone may not be adequate to control all types 
of cancer-related pain, and thus throughout all steps of the 
WHO analgesic ladder adjuvant analgesic treatments are recom-
mended when they are felt to benefit the patient (Table 69.10). 
Corticosteroids have long been used to treat pain due to spinal 
cord compression associated with metastatic disease; however, 
their benefit has been shown in the treatment of bone and neu-
ropathic pain as well.425–427 Anticonvulsants such as gabapentin 
and lamotrigine, as well as antidepressants such as amitriptyline 
and nortriptyline, have been shown to improve neuropathic pain 
and can be used in combination.428,429,430 As pain can be exac-
erbated by depression, and depression can be influenced by pain, 
it is crucial that prompt recognition and treatment of depressive 
symptoms occur when identified.431 Pain that is caused by malig-
nant bone involvement may respond to therapy with agents that 
limit osteoclast activity, such as bisphosphonates and Miacalcin, 
as well as agents such as NSAIDs and corticosteroids, which can 
decrease local inflammation caused by tumor invasion.432,433 

Indication/Drug Class Examples

Multipurpose Analgesics
 Tricyclic Antidepressants Amitriptyline, Nortriptyline, 

Desipramine
 Selective Serotonin Reuptake Inhibitors Paroxetine, Citalopram
 Noradrenaline/serotonin Reuptake Inhibitors Venlafaxine
 Others
  Corticosteroids Dexamethasone, Prednisone
  Neuroleptics Olanzapine

For Neuropathic Pain
 Anticonvulsants Gabapentin, Topiramate, 

Lamotrigine, Levetiracetam, 
Pregabalin

 N-methyl-d-aspartate receptor antagonists Ketamine, Dextromethorphan
 Topical Drugs Lidocaine/Prilocaine

For Bone Pain
 Corticosteroids Dexamethasone, Prednisone
 Calcitonin Calcitonin
 Bisphosphonates Pamidronate, Zoledronic Acid

For Musculoskeletal Pain
 Muscle Relaxants Cyclobenzaprine, Orphenadrine, 

Carisoprodol, Metaxalone
 Baclofen
 Tizanidine
 Benzodiazepines Diazepam, Lorazepam, 

Clonazepam

Adapted from Lussier D, Huskey AG, Portenoy RK. Adjuvant analgesics in cancer pain 
management. Oncologist 2004;9:571–591.

ADJUVANT ANALGESICS

TAblE 69.10

Common Adverse Effects of Opioid Therapy

Constipation Hallucinations

Respiratory Depression Impotence

Hyperexcitability Fatigue

Urinary Retention Sweating

Nausea Vomiting

Pruritus Myoclonus

Sedation Xerostomia

Adapted from Cheung WY. Pharmacologic management of cancer-related pain, dyspnea, 
and nausea. Semin Oncol 2011;88:450–459.

ADVERSE EFFECTS OF OPIOID TREATMENT

TAblE 69.11
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a small randomized single-institution study of patients undergoing 
allogeneic HSCT comparing SCPR 4 times daily to a control group 
consisting of a solution made of saliva leaf extract, iodine-povidine, 
and fluconazole administered at the same frequency, SCPRs were 
found to decrease the incidence, severity, and duration of oral 
mucositis, as well as the need for analgesic and TPN interventions. 
Larger multicentered trials are needed to confirm these results.458

Once oral mucositis occurs, treatment is supportive and con-
sists of appropriate oral care, mucosal protectants, and analgesia 
(topical and/or systemic); however, data to validate these interven-
tions is limited. Routine oral care should focus on limiting trauma 
which could further damage the oral mucosa. Soft toothbrushes 
and gentle cleansing rinses such as salt and soda rinses (½ tea-
spoon of salt and 1 teaspoon of baking soda in a quart of water 
every 4 hours) should be used. In an open labeled pilot study 
conducted by Innocenti et al., Gelclair, a mucosal protectant, 
was found to be beneficial in reducing oral pain. Of note, only  
3 of the 30 patients in this trial had chemotherapy-related muco-
sitis.459 Studies of analgesic mouthwashes have documented pain 
relief with topical lidocaine and morphine preparations; however, 
if these preparations do not control the mucositis-related pain, 
patients should be treated with systemic analgesia by the oral 
route if possible, and if unable, through parenteral routes.460,461

ANORExIA
Cancer-related anorexia (CRA) leads to weight loss as a result 
of decreased appetite from the systemic effects of advanced 
cancer.462 Anorexia is one of the most frequent and troubling 
symptoms experienced by patients and their family members, 
occurring in more than half of patients with advanced can-
cer.463,464 CRA and cachexia are provoked by metabolic changes 
induced by advanced malignancies in the host, with a milieu of 
proinflammatory cytokines felt to be responsible.465 Dramatic 
changes in weight and body habitus can occur when the hyper-
metabolic state of malignancy is coupled with decreased caloric 
intake associated with CRA. The resultant changes in body habitus 
can be quite psychologically distressing to patients and their fami-
lies, and thus patient education and attempts to improve anorexia 
are of utmost importance.466

There are multiple nonpharmacologic and pharmacologic 
interventions that are effective in the treatment of CRA; how-
ever, the first step in the management of CRA is to evaluate for 
any reversible causes. Reversible causes of anorexia in patients 
with advanced cancers and those receiving directed therapies 
for advanced cancers include constipation, uncontrolled pain, 
nausea, vomiting, gastroparesis, depression, stomatitis, muco-
sitis, and delirium. Evaluation for a possible reversible cause 
and its treatment should be the first step in management of 
CRA.466 If no reversible cause can be identified, then interven-
tions directed toward management of CRA should be initi-
ated. Nonpharmacologic measures include nutritional counseling, 
increasing physical activity, and encouraging the intake of calorie-
dense foods and supplements.

Corticosteroids, megestrol acetate (Megace), and cannabinoids 
have all been evaluated in the treatment of anorexia. Megestrol 
acetate at doses of 800 mg/day have been the most extensively 
studied and have been shown to be effective in treating anorexia 
associated with advanced malignancy and acquired immune defi-
ciency syndrome (AIDS).467–472 Jatoi et al. performed a large ran-
domized controlled trial of more than 400 patients with advanced 
cancer, comparing the effectiveness of megestrol acetate (800 
mg/day) vs. dronabinol (2.5 mg twice a day) vs. a combination 
of both agents for the treatment of cancer-associated anorexia. 
Megestrol acetate was found to improve appetite and induce 
weight gain more than dronabinol. Combination therapy did 
not provide an additional benefit over megestrol acetate therapy 

metoclopramide and phenothiazines, as well as antipsychotics 
such as olanzapine and chlorpromazine.354,446

MUCOSITIS
Mucositis is a common toxicity related to systemic chemotherapy, 
especially in those patients receiving HDC and HSCT, in which 
mucositis affects 80% to 100% of patients undergoing preparative 
regimens.447 Mucositis can make the host susceptible to infection, 
modulate the intensity of treatment able to be given, and hinder 
the ability for oral intake, all of which can have a negative impact 
on quality of life (QOL).448 The choice of chemotherapeutic agent 
(e.g., methotrexate, bleomycin, infusional 5-FU, cytarabine, eto-
poside), preexisting oral disease, and concurrent use of radiation 
therapy are all factors that can increase the likelihood of a patient 
developing treatment-related mucositis.449,450

As with nausea, prevention is key; unfortunately, the data for 
effective preventative interventions is sparse. Pretreatment pro-
phylactic oral care, consisting of a comprehensive oral examina-
tion that includes caries treatment, endodontic therapy, and tooth 
extraction if necessary, has been shown to decrease the frequency 
of treatment-related oral complications.451 Other preventative 
therapies such as cryotherapy, palifermin, and low-level laser 
therapy have data to support their use in patients undergoing 
treatment for hematologic malignancies. The strongest data sup-
porting oral cryotherapy (ice chips swished around the mouth for 
30 minutes) for the prevention of treatment-related mucositis has 
been in patients receiving bolus 5-FU treatments.452 There is also 
data supporting the use of oral cryotherapy in patients receiv-
ing high-dose melphalan and stem cell transplantation, and thus 
MASCC guidelines recommend the use of oral cryotherapy for the 
prevention of oral mucositis in this patient population.453

Palifermin is a recombinant human keratinocyte growth factor 
that stimulates the growth and differentiation of epithelial cells. 
Spielberger et al. evaluated the effectiveness of palifermin in pre-
venting the development of severe mucositis in patients undergo-
ing HDC and TBI followed by autologous HSCT in a double-blind 
phase III randomized controlled trial.454 Palifermin (60 µg/kg of 
body weight per day intravenously for 3 days before the initiation 
of conditioning therapy and for 3 days after autologous HSCT) was 
shown to decrease the incidence of WHO grade 3 or 4 mucositis, 
duration of mucositis, use of opiod analgesics, and need for total 
parenteral nutrition (TPN). These results led to clinical practice 
guidelines recommending the use of prophylactic palifermin in 
patients with hematologic malignancies who are undergoing high-
dose chemotherapy with autologous HSCT.453,455 Palifermin’s 
utility in allogeneic HSCT is not as well defined. Retrospective data 
from Goldberg et al. evaluated the safety and efficacy of palifermin 
in patients who underwent T cell–depleted allogenic HSCT and 
found a benefit in those patients undergoing TBI-based condition-
ing regimens but not those undergoing chemotherapy-based con-
ditioning regimens.456 Prospective studies to evaluate palifermin’s 
role in allogenic HSCT are currently underway and thus guideline-
based recommendations currently advocate for palifermin’s use in 
patients undergoing HDC with autologous HSCT.453,455,456

Low-level laser therapy (LLLT) has also been reported to be an 
effective treatment for the prevention of oral mucositis associated 
with HDC and TBI conditioning regimens prior to HSCT. This type 
of low energy radiation therapy has been shown to have analge-
sic, antiinflammatory, and wound healing properties.457 MASCC 
guidelines currently recommend the use of LLLT to reduce the 
incidence of oral mucositis associated with HDC or TBI condition-
ing regimens and HSCT. Unfortunately, LLLT requires expensive 
equipment and expert training, and thus few centers have the 
capability to support such therapy.453

Supersaturated calcium phosphate rinses (SCPRs) have been 
evaluated in the prevention of treatment-related oral mucositis. In 

72683_ch069_1426-1466.indd   1459 8/1/13   7:13 AM



1460 PART vii Hematologic Malignancies • SECTiON 1 General Aspects

alone.471 A study conducted by Navari et al. found that the addi-
tion of olanzapine (5 mg/day) to megestrol acetate (800 mg/day) 
led to improvements in weight gain, anorexia, and quality of life 
(QOL) when compared to megestrol acetate alone. No additional 
grade III or IV toxicities were observed in the group receiving 
megestrol acetate and olanzapine.473 Megestrol acetate is fairly 
well tolerated, with increased risk for thromboembolism being 
the most worrisome adverse effect. A prospective study of dexa-
methasone 4 to 16 mg daily has been shown to be effective in 
treating anorexia; however, given the multiple potential adverse 
effects of corticosteroids, the lowest effective dose should be used 
and treatment discontinued if no benefit is observed within 3 to 5 
days of starting treatment.466,474 For patients unable to consume 
all of their caloric needs by mouth, enteral tube feedings are the 
treatment of choice, as this method of delivery can help prevent 
mucosal atrophy of the gastrointestinal tract.

COMPLICATIONS OF HEMATOLOGIC 
MALIGNANCIES
There are numerous complications secondary to hematologic 
neoplasms, and selected topics on thrombocytopenia, anemia, 
and tumor burden are described in the subsequent section. 
Neutropenia was addressed in the preceding sections on neutro-
phil defects, febrile neutropenia, and myeloid colony-stimulating 
factors. Problems due to tumor burden include hyperleukocytosis, 
acute tumor lysis, hypercalcemia, and cord compression.

Thrombocytopenia
Thrombocytopenia may develop as a result of direct marrow infil-
tration, chemotherapy, infection, DIC, immune-mediated platelet 
destruction, and hypersplenism, as well as other idiopathic etiolo-
gies, and is considered the most common cause of serious hemor-
rhagic events in patients with acute or chronic leukemia.475 The 
relationship between spontaneous bleeding events and decreased 
platelet counts in the setting of induction chemotherapy or HSCT 
has been well described.476,477 As a result, prophylactic and/or 
therapeutic platelet transfusion to reduce bleeding risk is a gener-
ally accepted practice in these settings.478–481 The optimal thresh-
old for prophylactic platelet transfusion remains controversial, but 
levels in the 10 to 20 × 109/L range have commonly been utilized 
with no major differences in outcome demonstrated between 
these levels.476,477,482 However, the risk of bleeding events in 
thrombocytopenia has been estimated to be increased 8-fold 
when counts are < 5 × 109/L and 2-fold with counts from 5 to 15 
× 109/L compared to platelets in the 20 to 29 × 109/L range.483 
Therapeutic (in the presence of bleeding) versus prophylactic 
(platelet count < 10 × 109/L) platelet transfusion strategies have 
been compared in patients undergoing intensive chemotherapy 
for AML or autologous HSCT.484 The therapeutic platelet transfu-
sion strategy led to a reduced number of platelet transfusions 
without an increased risk of major hemorrhage in autologous 
HSCT patients. However, nonfatal grade 4 (mostly CNS) bleeding 
was increased among AML patients, suggesting a continued role 
for prophylactic strategies in this population. Clinical practice 
guidelines set forth by ASCO currently recommend a threshold of 
10 × 109/L for prophylactic platelet transfusion in adult patients 
receiving therapy for acute leukemia.485

Patients with either chronic or recurrent thrombocytopenia 
requiring multiple platelet transfusion exposures are at increased 
risk for experiencing platelet refractoriness due to alloimmuni-
zation. The presence of fever is also associated with increased 
refractoriness to platelet transfusions486 and further compounds 
the risk of bleeding in this setting. When administering plate-
let transfusions to this population, the use of ABO-compatible 

platelet products is important in reducing alloimmunization as 
well as improving the incremental response to a given platelet 
transfusion.487,488 Platelets are generally available in the form of 
either single-donor apheresed products or pooled from multiple 
random donors. Each of these products may also be modified by 
either leukoreduction or irradiation. Reduction of leukocytes from 
platelet products by filtration has been demonstrated to be equally 
as effective as irradiation in the prevention of alloimmunization-
related platelet refractoriness.489 Similarly, there is no difference 
in alloimmunization risk to support empiric use of leukoreduced 
single-donor (apheresed) platelet products compared to random-
donor platelets in this setting.489 Leukoreduction provides addi-
tional benefits by preventing CMV transmission490 and by reducing 
the incidence of febrile transfusion reactions.491 The benefit of 
platelet irradiation for the prevention of transfusion-associated 
graft-versus-host disease (GVHD) appears limited. Use of irradi-
ated platelet products should be restricted to patients receiving 
allogeneic HSCT, those receiving blood products from related 
donors, and those who are severely immunocompromised.492

Thrombocytopenia caused by accelerated platelet consump-
tion can occur in patients with hematologic malignancies. ITP 
has been well described in the setting of CLL493–495 and has 
been reported in patients with HL, NHL, MM, and ALL.494–498 
The mechanisms that contribute to the initiation of ITP in each 
of these situations are largely unknown, but it is presumed that 
pathogenic autoantibodies are produced and react to antigens 
present on the platelets. The prognostic significance of ITP in 
the setting of the various hematologic malignancies is unclear. 
Standard therapeutic interventions for ITP (Chapter 47) with 
steroids, intravenous immunoglobulin (IVIG), and/or splenectomy 
are typically employed in addition to definitive treatment for the 
underlying malignancy.

Diffuse intravascular coagulation (DIC) is well recognized to 
cause a consumptive thrombocytopenia associated with hema-
tologic malignancies, most notably APL (Chapter 78). DIC is 
characterized by widespread intravascular activation of coagu-
lation, intravascular fibrin deposition, and simultaneous con-
sumption of coagulation factors and platelets which increase 
bleeding risk.499 APL-associated DIC is characterized by marked 
hyperfibrinolysis with a clinical presentation of severe bleeding 
and laboratory parameters consistent with hypofibrinogenemia, 
elevated fibrin split products, elevated fibrinogen degradation, 
quantitative D-dimers, and consumption of plasminogen and 
á2-antiplasmin.500 It is suspected that the hyperfibrinolytic state 
in APL-associated DIC is superimposed on the prothrombotic 
characteristics known to occur in DIC as a result of coagulation 
activation and fibrin deposition, providing concurrent risk for 
both thrombotic and hemorrhagic complications. Chemotherapy 
administration to treat an underlying malignancy may transiently 
increase thrombotic risk by causing endothelial damage as well 
as release of procoagulant factors, cytokines, and proteases from 
damaged malignant cells.501,502,503,504 Therapeutic intervention 
for DIC remains largely supportive, with the focus on treatment 
of the underlying malignancy in these situations. Limited data 
exists to provide recommendations for the management of DIC-
related complications. Transfusion support of platelets or plasma 
products is typically determined by active bleeding and/or the risk 
of hemorrhagic complications.505 The use of therapeutic heparin 
should be considered on an individual patient basis and may ben-
efit those at risk for thrombotic complications.503,506

Thrombocytopenia as a direct result of the malignant condi-
tion, or the aggressive chemotherapy that may be required, poses 
significant challenges in the treatment of patients. Recombinant 
human IL-11 (Oprelvekin) has been approved for the treatment 
and prevention of chemotherapy-induced thrombocytopenia in 
nonmyeloid malignancies.507 Randomized placebo-controlled 
testing in breast cancer patients receiving chemotherapy demon-
strated reduced platelet transfusion events.508 Use of rIL-11 has 
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also been shown to improve platelet nadirs and shorten dura-
tion of thrombocytopenia in patients receiving chemotherapy for 
hematologic malignancies.509 It is not indicated for use in children 
or in patients receiving myeloablative chemotherapy. Despite its 
proven effectiveness, the use of rIL-11 has been limited in part 
because of the potential for hypersensitivity reactions, ventricular 
arrhythmias, and papilledema associated with visual field defects 
and possibly blindness. Genetically modified recombinant human 
IL-11 (mIL-11) is under active investigation, but early reports sug-
gest that it is able to provide equivalent thrombopoietic activity 
with an improved safety profile.510

Romiplostim is a thrombopoietin (TPO) peptide mimetic which 
increases platelet counts by binding to and activating the TPO 
receptor (Chapter 47). Although approved for use in chronic ITP, 
off-label use has been reported for chemotherapy-induced throm-
bocytopenia511 and romiplostim’s role in this setting is under 
active investigation (NCT01676961; NCT01516619). Eltrombopag 
is a nonpeptide TPO agonist also approved for chronic ITP. 
Eltrombopag increases platelet production by binding to and 
activating the TPO receptor, but also increases proliferation and 
differentiation of marrow progenitor cells by activation of intra-
cellular signal transduction pathways. Increased platelet numbers 
have been reported with its use in patients with radiation-
induced thrombocytopenia,512 patients receiving chemotherapy 
for advanced solid tumors,513 and patients with refractory aplas-
tic anemia.514 Eltrombopag use in patients undergoing chemo-
therapy for hematopoietic malignancies is also an area of active 
investigation (NCT01656252, NCT01488565).

Anemia
Anemia commonly occurs as a result of the presence of a hemato-
logic malignancy and/or the subsequent therapeutic interventions. 
Marrow infiltration and replacement with neoplastic cells is the 
primary cause, but other mechanisms must be considered.

Patients with inflammatory and/or malignant conditions com-
monly present with normocytic, normochromic or microcytic, 
hypochromic anemia. Laboratory findings are typically sugges-
tive of a hypoproliferative state characterized by low reticulocyte 
counts and the absence of appropriate erythroid hyperplasia in 
the marrow in response to the anemia. Serum erythropoietin 
(EPO) levels tend to be inappropriately low in response to the 
malignancy-associated anemia,515 which is suspected to result 
from proinflammatory cytokines that interfere with the regula-
tion of EPO gene expression.516 Erythroid marrow response to 
EPO is blunted, and higher doses of EPO supplementation are 
often required to improve anemia associated with hematologic 
neoplasms.475,517 The use of EPO stimulating agents has been 
curtailed because of an inferior survival in randomized trials for 
cancer patients and an increased risk for thrombosis.518

Inflammatory cytokines have been demonstrated to increase 
hepcidin production,519,520 causing decreased intestinal iron 
absorption and impaired iron release from the reticuloendo-
thelial system.521 Increased IL-6 levels have been implicated 
in stimulating hepcidin production in patients with HL, MM, 
ALL, and AML, and provides insight into the pathophysiology 
of anemia commonly found in patients with various malignan-
cies.522–524 Targeting IL-6 in the treatment of cancer-related 
anemia has shown promise and remains an area of active 
investigation.525,526

Macrocytic anemia is often seen in association with MDS 
and AML and is also commonly caused by exposure to cytotoxic 
chemotherapy. Agents such as cytarabine, hydroxyurea, metho-
trexate, and 6-mercaptopurine inhibit DNA syntheses and are 
frequently associated with the development of macrocytic anemia 
in exposed patients. In the absence of exposure to these types 
of agents, abnormal nucleated red cells may occur in AML or as 
part of the terminal phase of myeloproliferative disorders. Certain 

morphologic features allow their differentiation from the megalo-
blasts resulting from vitamin deficiencies. The nuclear chromatin 
is typically not as fine as in true megaloblasts, and a greater pro-
portion of the erythroid precursors are more immature in most 
patients with erythroleukemia than in those with vitamin B12 
or folate deficiencies. In addition, the neutrophils characteristic 
of these vitamin deficiencies, such as hypersegmentation, giant 
metamyelocytes, and macropolycytes, are usually absent in the 
macrocytic anemia seen in AML/MDS.

Hemolytic anemias have been observed in association with 
various hematologic malignancies and may precede diagnosis of 
the malignant condition. While their presentation may be dra-
matic, concomitant hemolytic anemias do not carry prognostic 
significance. Warm antibody–mediated hemolytic anemia has 
been classically described to occur in 10% to 20% of patients 
with CLL but has also been observed in association with various 
other hematologic cancers.527–530 Therapy is directed at decreas-
ing the production of antibody and the splenic destruction of red 
blood cells (Chapter 29). Glucocorticoids, transfusion support, 
and/or splenectomy are used in autoimmune hemolytic anemia 
of warm antibody type, in addition to therapy directed toward 
the underlying neoplasm. Anemia is usually mild in cold agglu-
tinin disease, and intervention with steroids and splenectomy 
is of little benefit. Avoiding cold exposure, plasmapheresis, and 
treatment of the underlying lymphoproliferative disorder may be 
effective in improving the anemia associated with cold agglutinin 
disease. Microangiopathic hemolytic anemia is seen most often as 
part of the DIC syndrome but has been reported in patients with 
hematologic neoplasms without evidence of DIC. Erythrocyte trap-
ping and/or destruction in the spleen may contribute to anemia 
in hematologic cancers such as low-grade lymphomas and CLL. 
Splenectomy has been used for treatment of nonautoimmune 
hemolytic anemias in lymphoid malignancies when this hyper-
splenism occurs.531,532

Hemophagocytic syndrome is a rare but often dramatic cause 
of anemia in patients with a variety of hematologic malignan-
cies. Its presence has been described in association with acute 
leukemias, lymphomas, and myeloma,533–537 as well as a result of 
infectious complications of both bacterial and viral origin.538,539 
The mechanism by which this potentially devastating macrophage 
activation occurs is poorly understood, but is felt to result from 
the inability to turn off the inflammatory response of the immune 
system to the particular inciting factor (malignancy, infection, 
etc.).540 Prognosis in these patients is quite poor.

Hyperleukocytosis and leukostasis
Hyperleukocytosis has been variably defined as a white blood cell 
(WBC) count greater than 50 × 109/L or 100 × 109/L (Table 69.12). 

1. Risk of leukostasis depends upon disease and level of WBC (× 109/L).
AML (monocyte variants) and CML, blast crisis (>50–100) > ALL  
(>150–300) > CML (>150–250) > CLL (300–500)

2.  Target organs for leukostasis are: brain (stupor, blurred vision), lungs (dyspnea), 
kidneys(azotemia), penis (priapism), heart (arrhythmia)

3.  Spurious lab may occur with hyperleukocytosis: elevated platelet count, pseu-
dohypoxemia (“leukocyte larceny”), pseudohyperkalemia, pseudohypoglycemia, 
prolonged coagulation tests

4.  Transfusion: limit red cells due to risk of increasing viscosity; transfuse platelets 
due to increased risk of bleeding and loss of platelets with leukapheresis

5.  Therapy: hydration, allopurinol or rasburicase, hydroxyurea, consider leukapheresis 
if symptomatic, dexamethasone, institute chemotherapy, manage tumor lysis

MANAGEMENT OF HYPERLEUKOCYTOSIS

TAblE 69.12
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FIGURE 69.11. Hyperleukocytosis and leukostasis. A: An elevated leukocrit is present in this tube of cen-
trifuged peripheral blood from a patient with T cell acute lymphoblastic leukemia who had a peripheral blood 
blast count of 250 × 109/L. B: Pulmonary alveolar capillaries are expanded by leukocyte aggregates indicative 
of leukostasis in patient with acute myeloid leukemia (hematoxylin and eosin stain). C: Ring-enhancing lesions 
on magnetic resonance imaging were attributed to hemorrhage in a patient with chronic granulocytic leukemia, 
hyperleukocytosis, and blurred vision (TI-weighted image).

clinical suspicion of diagnosis should prompt emergent interven-
tion. Hydroxyurea is an oral antimetabolite with the ability to 
rapidly lower leukocyte counts and whole blood viscosity.545,546 
Definitive antileukemic therapy should be initiated as soon as 
possible. Some centers prefer to initiate leukapheresis prior to 
the initiation of chemotherapy in order to reduce the peripheral 
leukemic burden, ameliorate the symptoms of leukostasis, and 
minimize the risk of tumor lysis syndrome upon initiation of the 
chemotherapy.547,548 While retrospective data has shown that 
leukapheresis may reduce early mortality, it has failed to provide 
improvements in remission or overall survival.549

Acute Tumor lysis Syndrome
ATLS occurs most frequently in patients with rapidly proliferat-
ing neoplasms such as high-grade lymphomas (e.g., Burkitt) and 
acute leukemias (Fig. 69.12). ATLS may occur spontaneously 
and be observed at the time of initial diagnosis or in response 
to the initiation of cytotoxic chemotherapy. Tumor lysis results 
from the rapid breakdown of malignant cells and the sub-
sequent abrupt release of the cellular contents (intracellular 
ions, nucleic acids, proteins, etc.) into the extracellular space. 
Laboratory evidence of tumor lysis is more commonly seen than 
the clinical manifestations. Laboratory tumor lysis requires 
at least 2 of the following metabolic abnormalities occurring 
simultaneously within 3 days prior to or up to 7 days after the 

It is typically associated with increased morbidity and mortality in 
patients with leukemic diagnoses as a result of associated leukosta-
sis and/or tumor lysis syndrome. The absolute count at which the 
hyperleukocytosis becomes clinically relevant is somewhat depen-
dent on the specific underlying leukemic process. For instance, 
patients with AML may develop severe complications at a WBC count 
of 50 × 109/L, whereas patients with CLL may tolerate WBC counts 
above 400 × 109/L. Hyperleukocytosis has been estimated to occur 
in approximately 5% to 13% of AML and between 10% to 30% of 
ALL,541 and has historically been associated with a poor prognosis 
when occurring in patients with acute leukemia.542–544 Supportive 
care measures such as aggressive intravenous fluid support, allo-
purinol, and hydroxyurea are typically employed as temporizing 
measures until some form of cytoreductive therapy can be initiated.

Leukostasis is a symptomatic manifestation of hyperleukocyto-
sis which qualifies as a medical emergency caused by the “sludg-
ing” of the leukemic cells within the capillaries, leading to vascular 
obstruction and resultant tissue hypoxia (Fig. 69.11). Presenting 
symptoms of leukostasis are reflective of the location where this 
tissue hypoxia is occurring. CNS manifestations of confusion, 
headaches, visual disturbances, somnolence, delirium, or ataxia 
may occur. Respiratory findings may include bilateral infiltrates 
on chest imaging and associated dyspnea, tachypnea, hypoxia, 
and rhonci on physical exam. Leukostasis remains a diagnosis of 
clinical suspicion rather than one confirmed by a laboratory test. 
Given the potential for catastrophic consequences, reasonable 
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≤1 Abnormal value ≥ 2 Abnormal values

Measure:  potassium, phosphorous, calcium, uric acid
Assess kidney function: creatinine, urine output

No TLS Laboratory TLS
No symptoms/signs

Assess tumor burden:  
LDH, Disease type,
size of mass, WBC, bone marrow

Small or 
resected

Medium size
LDH ≤ 5 x Nl

Large Mass
LDH ≥ 5 x Nl
Hyperleukocytosis
Packed marrow

Assess Lysis Risk:
Nephropathy
Dehydration
Acidosis
Hypotension
Nephrotoxins

Established TLS
Hydration
Rasburicase
Cardiac monitoring
Intensive care
Lab every 4–6 hrs
Possible dialysis

TLS Risk

Negligible Low HighIntermediate

Hydration
Allopurinol
Daily lab

Hydration 
Allopurinol/Rasburicase
Inpatient monitoring
Lab every 8–12 hrs

Hydration
Rasburicase
Cardiac monitoring
Lab every 6–8 hrs

Clinical TLS
Azotemia
Hypocalcemia
Hyperuricemia
Dysrhythmia

FIGURE 69.12. Management of tumor lysis syndrome (TLS). Serum 
chemistries and renal function are assessed when instituting therapy in any 
patient with a hematologic neoplasm. The risk of TLS is based on assessing 
laboratory values, disease type, and tumor burden. Patients at a high risk 
for TLS include the acute leukemias with hyperleukocytosis and the aggres-
sive lymphomas with large masses or elevated LDH (lactate dehydrogenase). 
Volume repletion, agents to lower uric acid, and laboratory monitoring are 
warranted in all patients. As the risk of TLS increases, the interval of moni-
toring shortens and the level of care intensifies with cardiac monitoring and 
the possible requirement for dialysis. (Adapted from Howard SC, Jones DP, 
Pui C-H. The tumor lysis syndrome. N Eng J Med 2011;364:1844–1854.)

FIGURE 69.13. Tumor lysis: A: Karyorrhectic lymphoblast nuclei are present throughout the kidney in a patient with acute tumor lysis syndrome in whom cytolysis 
was initiated by administration of corticosteroids. B: Renal tubules contain calcium phosphate precipitates that contributed to acute lysis-associated renal failure 
(hematoxylin and eosin stain). (Courtesy of Dr. William R. Macon, Department of Pathology, Mayo Medical Center, Rochester, MN.)

A

B

initiation of therapy: hyperuricemia, hyperkalemia, hyperphos-
phatemia, and hypocalcemia.550,551,552 The clinical tumor lysis 
syndrome is defined as the above abnormal laboratory findings 
in combination with acute renal failure, seizures, cardiac dys-
rhythmias, or death.

Hyperuricemia plays a major role in the development of the 
acute renal failure seen in ATLS. The etiology of the renal fail-
ure is presumably from crystal-induced tissue injury that occurs 
when calcium, uric acid, and xanthine precipitate in the renal 
tubules and lead to crystal-induced obstruction (Fig. 69.13). 
Allopurinol is commonly used in the prevention and treatment of 

ATLS. Allopurinol is a competitive inhibitor of xanthine oxidase 
and prevents the formation of uric acid. Allopurinol is avail-
able in both oral and IV preparations. If uric acid levels remain 
elevated despite allopurinol, rasburicase (recombinant uric acid 
oxidase) may be administered. Rasburicase converts uric acid to 
allantoin which is highly water soluble. Randomized data from 
high-risk pediatric patients receiving rasburicase versus allopu-
rinol demonstrated reduction of uric acid levels by 86% within 
4 hours of rasburicase administration versus only a 12% reduc-
tion in the allopurinol group (P < 0.0001).553 The FDA approved 
dosing schedule for rasburicase is 0.2 mg/kg intravenously over  
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The effectiveness and availability of bisphosphonates have 
made them a mainstay of hypercalcemic therapy. These agents 
inhibit calcium release by disrupting osteoclast-mediated bone 
resorption.571 Multiple intravenous bisphosphonate choices are 
available for the treatment of malignancy-associated hypercalce-
mia: pamidronate, zoledronic acid, and ibandronate. Intravenous 
administration of the bisphosphonates is generally well tolerated, 
but patients may experience flu-like symptoms (fever, arthral-
gias, myalgia, fatigue, and bone pain), uveitis, hypocalcemia, 
hypophosphatemia, impaired renal function, and osteonecrosis of 
the jaw.572 Calcitonin results in rapid lowering of serum calcium 
levels and may be combined with bisphosphonates,573–575 but cal-
citonin tachyphylaxis is common and limits the benefit of repeated 
dosing. Cases of renal insufficiency have been reported in asso-
ciation with bisphosphonates, and caution should be employed 
with their use in the treatment of hypercalcemia in patients with 
impaired renal function.576

Denosumab is a fully human monoclonal antibody that tar-
gets RANKL and inhibits osteoclast maturation, activation, and 
function, leading to reduced bone resorption. It is approved for 
the treatment of osteoporosis and prevention of skeletal-related 
events in at-risk patient populations. Its effectiveness has been 
reported in the treatment of malignancy-associated hypercalce-
mia refractory to bisphosphonates.577 Denosumab has also dem-
onstrated less nephrotoxicity than bisphosphonates,578,579 and 
its use has been reported in the setting of renal insufficiency.580 
Common side effects of denosumab include fatigue, headache, 
hypophosphatemia, hypocalcemia, nausea, weakness, dyspnea, 
and cough.

Cord Compression
Spinal cord impingement is a medical emergency requiring rapid 
recognition and intervention in the hopes of minimizing complica-
tions. It has been frequently reported in patients with MM and is 
also known to occur in association with HL and NHL. Cord com-
pression as a result of a leukemia diagnosis is rare but has been 
reported.581–583 Pain is the most common presenting symptom 
of patients with cord compression and may precede neurologic 
symptoms by several weeks. Radicular pain, pain not relieved 
with lying down, and proximal muscle weakness are of particular 
concern for the possibility of an underlying cord impingement. 
The development of autonomic symptoms such as urinary reten-
tion and fecal incontinence typically occurs late in the course and 
is predictive of poor outcomes.

Patients with known hematologic malignancies that complain 
of severe back pain and/or any neurologic symptom warrant 
urgent imaging to rule out cord compression. Emergent referrals 
for the possibility of surgical intervention should be considered 
for patients in whom there is a reasonable index of suspicion. 
Empiric steroids may be appropriate in clinical contexts of con-
cern, or if there are unavoidable delays in being able to obtain 
imaging. It should be noted, however, that the initiation of ste-
roids may cause rapid necrosis of the tumor and impair the abil-
ity to make a tissue diagnosis. Magnetic resonance imaging (MRI) 
is the imaging modality of choice and should include the entire 
spine, as multiple areas of compression can occur simultane-
ously584 (Fig. 69.14).

Intervention for cord compression is directed at pain control, 
avoidance of complications, and the preservation or improvement 
of neurologic function. Frontline therapy typically consists of 
urgent initiation of corticosteroids (dexamethasone). The optimal 
dose of steroids is not known. High-dose dexamethasone (up to 
100 mg) has been shown to improve neurologic recovery and 
ambulatory status,426,585 but carries the risk of serious adverse 
events such as psychosis and gastrointestinal complications.586,587 
In general, it is recommended that patients with suspected or 
confirmed cord compression be started on dexamethasone at an 

30 minutes daily for up to 5 days. Multiple reports in the literature 
suggest that lower fixed dose strategies may be sufficient and more 
cost-effective.554,555–557

Patients with significant electrolyte imbalances and/or renal 
insufficiency may require therapeutic dialysis support until reso-
lution of the ATLS. Prophylactic dialysis prior to initiation of che-
motherapy should also be considered in high-risk patients such as 
those with bulky high-grade tumors.

Hypercalcemia
Hypercalcemia can occur in association with many various 
hematologic malignancies but is more commonly seen in patients 
with either MM or human T cell leukemia virus type-1 (HTLV-1)– 
associated adult T cell leukemia/lymphoma (ATL). Hypercalcemia 
in patients with cancer is primarily due to increased bone resorp-
tion and release of calcium from bone. The 3 main mechanisms 
leading to hypercalcemia are increased osteolytic activity, tumor 
secretion of parathyroid hormone-related protein (PTHrP), and 
ectopic production of calcitriol (1, 25-dihydroxyvitamin D). 
The symptoms of hypercalcemia are generally nonspecific and 
include fatigue, anorexia, nausea, constipation, pain, frequent 
urination, and altered mental status. Correction of the calcium 
levels typically leads to rapid and effective palliation of these 
symptoms.558

MM has an affinity for diffuse bone involvement and releases 
osteoclast activating factors leading to osteoclast-induced bone 
resorption that present as lytic lesions which may occur 
throughout the skeleton.559 Myeloma has also been associated 
with osteoblast inhibition leading to decreased bone forma-
tion.560 This impaired bone formation in the setting of increased 
destruction disrupts calcium homeostasis and results in the 
hypercalcemia. Numerous molecules have been implicated in 
the development of lytic disease and hypercalcemia, including 
interleukin (IL)-6, the receptor activator of nuclear factor kappa-
B ligand (RANKL), macrophage inflammatory protein 1a, osteo-
protegerin, and IL-3.

Calcium homeostasis in the normal host involves conversion 
of 1-OH vitamin D to calcitriol in the kidney. Calcitriol leads to 
increased calcium absorption from the gastrointestinal tract as 
well as increased bone resorption and results in hypercalcemia. 
Ectopic production of calcitriol has been described in both HL and 
NHL.561,562

Normal calcium metabolism is mediated by parathyroid hor-
mone. In cases of HTLV-1–associated ATL,563 as well as other 
hematologic malignancies (AML,564 CML,565,566 HL,567 NHL,568 
and MM569), the secretion of PTHrP stimulates osteoclasts, caus-
ing increased calcium release from the bone and resulting in a 
process known as humeral hypercalcemia of malignancy (HHM). 
Endogenous PTH is typically suppressed secondary to the hyper-
calcemia, and serum PTH levels will be very low. Unlike PTH, 
PTHrP does not typically stimulate production of calcitriol570 
and thus does not increase intestinal calcium absorption. The 
uncoupling of bone resorption and formation that occurs in HHM 
results in the influx of calcium into the circulation and resultant 
hypercalcemia.

Regardless of the mechanism leading to the cancer-related 
hypercalcemia, successful treatment ultimately requires antineo-
plastic therapy directed toward the underlying malignancy. The 
severity of the patient’s symptoms and the prevention of cata-
strophic consequences will typically require interventions with 
more rapid impact. Patients with hypercalcemia often experience 
significant volume depletion as a result of an osmotic diuresis. 
Thus, aggressive volume repletion with isotonic intravenous flu-
ids (e.g., normal saline) should be initiated upon discovery of the 
hypercalcemia. Once the patient is appropriately volume replete, 
loop diuretics may be added to increase calciuresis. Thiazide 
diuretics increase calcium resorption and should be avoided.
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FIGURE 69.14. Spinal cord involvement shown by magnetic resonance imaging. Epi-
dural mass on sagittal view with evidence of cord compression and cord impingement at &7 level 
(T1-weighted image). The diagnosis by biopsy was multiple myeloma.
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initial dose of 10 to 100 mg followed by at least 16 mg daily (in 
divided doses).588 Following the initiation of steroids and confir-
mation of cord impingement, definitive treatment with surgical 
intervention, radiation therapy, and/or chemotherapy should be 
initiated.588,589 Surgery should be considered in those who are 
medically and surgically appropriate and/or those in whom a 
tissue diagnosis has not yet been established. Radiation therapy 
should be administered to those who are not candidates for surgi-
cal intervention.

SUMMARY
This chapter has addressed selected aspects of supportive care in 
hematologic malignancies. The improved prognosis for leukemias, 
lymphomas, and myeloma has been attributed to better drugs, 
including targeted therapy and immunotherapy; however, prog-
ress could not have occurred without the concomitant advances 
in supportive care, particularly in the management of infections 
and in transfusions.

The goals of supportive care are to prevent and reduce the 
toxicities of therapy and the complications of the diseases. There 
is an emphasis on survivorship, including rehabilitation after 
therapy and recognition of the long-term risks of therapy. When 
therapeutic options no longer offer survival benefit, access to 
palliative care and end-of-life issues take precedence over other 
components of supportive care.

Resources for Supportive Care

•	 Multinational Association of Supportive Care in Cancer: www.
mascc.org

•	 National Institutes of Health: www.cancer.gov/cancertopics/
coping

•	 ASCO Supportive Care and Quality of Life
•	 NCCN Guidelines for Supportive Care
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HIStory
There probably is no field in medicine that has provided as much 
hope, or as much disappointment, as the field of tumor immunol-
ogy. A major relationship between the immune system and the 
oversight of neoplasms was postulated in the early part of the 
last century by Paul Ehrlich.1 This theory of immunosurveillance 
envisioned that, in long-lived animals, inheritable genetic changes 
in somatic cells must be common, and some proportion of these 
changes must represent steps toward malignant transformation. 
It was considered an evolutionary necessity, therefore, that some 
mechanisms exist for eliminating or inactivating such potentially 
dangerous mutant cells. This mechanism was thought to be 
immunologic. The theory of immunosurveillance was restated in 
the 1950s by Lewis Thomas, then popularized and championed 
by Sir Macfarlane Burnet.2 Supported by these powerful figures 
in medicine, the theory of immunosurveillance was so inherently 
appealing that it often was accepted uncritically, and evidence to 
the contrary often overlooked.3 For instance, although patients or 
animals who are immunosuppressed tend to have an increased 
incidence of tumors, these tumors are disproportionately of lym-
phoid origin or associated with an oncogenic virus. The devel-
opment of common epithelial neoplasms (with the exception of 
certain skin cancers) in these patients occurs with much less 
impressive frequency.4

The most obvious evolutionary necessity of the immune system 
was to survey a variety of infections, especially viral infections. Early 
evidence seemed to indicate that immunity played a significant 
role in eradicating virally induced tumors.4,5 On the other hand, it 
appeared to play a less significant, or less effective, role in preven-
tion of tumors induced by physical or chemical carcinogens.6,7

Experimentation in the early part of the 20th century demon-
strated that spontaneously arising tumors in outbred animals could 
occasionally be transplanted from one animal to another of the 
same species and propagated in that fashion. Attempts to immu-
nize against transplantable tumors soon followed. Animals injected 
with a small number of tumor cells often were able to eliminate 
those tumor cells—that is, there appeared to be a threshold num-
ber of tumor cells required for tumor propagation. Animals that 
had eliminated a sublethal inoculum of tumor cells were often able 
to withstand inoculation with a large number of tumor cells that 
would have been lethal in a naive animal. Furthermore, preex-
posure to normal tissue of the donor often rendered the recipient 
resistant to challenge with a lethal number of tumor cells.8 These 
experiments brought into question the idea of tumor-specific anti-
gens and ultimately led to the discovery of major histocompatibility 
complex (MHC) genes and their products.9,10

Modern tumor immunology finds its roots in the classic experi-
ments of Prehn and Main.11 These investigators demonstrated, in 
genetically identical mice, that previous exposure to a chemically 
induced sarcoma rendered animals resistant to challenge with 
the same tumor, but that these animals would accept normal, 
nonneoplastic tissues transplanted from the tumor donor ani-
mal. Similarly, prior exposure to normal tissues from the donor 
animal did not render the recipient animal resistant to tumor 
challenge. These experiments revived the notion that tumor-
specific (transplantation) antigens did exist. Subsequent experi-
ments demonstrated that protection afforded by prior exposure 
to tumor cells was tumor specific.12 Thus, the host response to 
transplanted tumors behaved like an adaptive immune response, 
demonstrating memory and specificity.

Tumor immunity could be passively conveyed from one animal 
to another by transfer of lymphoid cells.13 The relevant cells for 
protection were shown to be T lymphocytes.14 Thus, it should 
have been clear to workers in the field that the relevant tumor 
antigens were those that could be recognized by T lymphocytes. 
However, as this work was beginning there was little understand-
ing of how T lymphocytes recognized antigens or how those 
antigens were processed and presented to the T lymphocyte by 
antigen-presenting cells (APCs) or the tumor target cells. Much 
time and effort were expended in search of membrane structures 
or tumor cell products that would distinguish the tumor from all 
others. Particularly after the description of monoclonal antibody 
technology,15 a fervent search was undertaken to define struc-
tures on tumor cells that would be tumor specific and potential 
targets for therapeutic intervention. Although many cell surface 
structures were defined, and the contribution to the understand-
ing of biology cannot be overstated, this adventure produced only 
a single truly specific tumor antigen, the idiotype (Id) of clonally 
distributed immunoglobulin present on certain lymphomas.

Only recently has convincing evidence for an effect of immu-
nosurveillance been produced.16,17,18 This new evidence relies, 
in great measure, on the availability of genetically manipulated 
animal systems. A variety of knockout mice with defects in com-
ponents of immune activation or effector function develop, at 
high frequency, spontaneous tumors or tumors after carcinogen 
exposure. Interferon-g receptor–deficient mice are more likely to 
develop methylcholanthrene-induced sarcomas and are more sus-
ceptible to spontaneous development of sarcomas and lymphomas 
after loss of p53 alleles.19,20 One in two aged perforin-deficient 
mice develops disseminated lymphomas.21 These tumors are 
rejected by histocompatible wild-type mice through a mechanism 
dependent on CD8+ T lymphocytes. A high incidence of lym-
phoma is also seen in aged mice deficient in Fas/Fas ligand inter-
actions.22 Aged mice doubly deficient in signal transducer and 
activation of transcription (Stat) 1 and recombination activating 
gene (Rag) 2 develop adenocarcinomas (colon, breast, and lung) 
with high frequency.23 The frequency and distribution of tumors 
are increased in the doubly deficient mice over the frequencies 
and distributions seen in singly deficient mice. Many of these 
observations have been interpreted as evidence that the primary 
(both first and predominant) mechanism underlying tumor immu-
nosurveillance is the system of innate immunity.16,17,18

Innate IMMunIty agaInSt tuMorS
The innate immune system is a widespread and evolutionarily 
ancient form of host defense against infection. In recent years, 
there has been an explosion of information regarding innate 
immunity, including its role in host defense and its regulation of 
inflammation and adaptive immunity.24,25,26 The innate immune 
system is made up of many cells. These include dendritic cells 
(DCs), macrophages, mast cells, neutrophils, eosinophils, natural 
killer (NK) cells, natural killer T (NKT) cells, and certain subsets of 
gd T cells. Each of these cell types has been implicated in immune 
responses against tumors.

phagocytic Cells
Many cells of the innate immune system, including neutrophils, 
macrophages, and DCs, bear receptors that detect “danger”27 
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in the form of pathogen-associated molecular patterns (PAMPs). 
Examples of PAMPs include bacterial lipopolysaccharide, lipopro-
tein, peptidoglycan, and lipoteichoic acids; bacterial CpG DNA; 
and viral RNA and DNA. These PAMPs are recognized by a variety 
of pattern recognition receptors (PRRs) expressed by cells of the 
innate immune system.26,28 The innate immune system is said 
to distinguish “infectious nonself” from “noninfectious self.” The 
PRRs of the innate immune system are encoded in the germline. 
Unlike genes of the T cell antigen receptor and the immuno-
globulins, these genes do not undergo rearrangement. They are 
fixed and detect critical microbial components. Engagement of 
PRRs with PAMPs can result in pathogen uptake and/or cellular 
activation.26,28 One important group of PRRs is the family of evo-
lutionary conserved Toll-like receptors (TLRs), which are critically 
important for innate immune cell activation. Thirteen TLRs, each 
with specificity for a different PAMP, have been described in mam-
mals. Other PRR families include the nucleotide-binding domain 
leucine-rich repeats (NLR) receptors and the caspase recruitment 
domain helicases.

Neutrophils and macrophages typically exert little antitu-
mor activity, unless these cells are activated by bacteria, their 
products, or cytokines produced by tumor-specific T cells.29,30 
Recent studies have suggested that dying tumor cells or dam-
aged tissues can release damage-associated molecular patterns 
(DAMPs) that can interact with PRRs and thus serve as danger 
signals.31 NLR receptors such as NLRP3 (NLR family pyrin 
domain-containing 3), which form large cytoplasmic signaling 
complexes called inflammasomes, are thought to play a critical 
role in detecting DAMPs and might regulate the development 
of tumors either positively or negatively.32–34 Macrophages can 
kill tumor cells using the same mechanisms utilized for killing of 
microorganisms. These mechanisms include phagocytosis and 
release of cytotoxic molecules such as reactive oxygen interme-
diates and nitric oxide.35 Activated macrophages also produce 
a variety of cytokines. Among these cytokines, tumor necrosis 
factor (TNF)-a plays a major role in the tumoricidal effects of 
macrophages in vitro.36

Another important role of phagocytes in tumor immunity is to 
present tumor antigens to T lymphocytes. DCs (and other APCs 
such as macrophages) can phagocytose tumor cells and present 
tumor antigens in the context of MHC molecules and costimula-
tory signals to T lymphocytes.37

Natural Killer Cells
It has been recognized for a long time that NK cells kill MHC 
class I–deficient tumor cells in vivo and in vitro.38 However, 
the identity and characterization of receptors mediating NK 
activation proved elusive for many years. Activation of NK cells 
now is understood to be dependent on the balance of activating 
and inhibitory signals emanating from activating and inhibi-
tory receptors on the NK cell surface.39,40 These receptors fall 
into two major structural classes, those of the immunoglobulin 
superfamily (KIRs and LIRs) and those of the C-type lectin-like 
family (NKG2D, CD94/NKG2A, and Ly49). Most inhibitory recep-
tors (e.g., CD94/NKG2A, KIR, and Ly49) recognize classic or 
nonclassic MHC molecules. An activating receptor on NK cells, 
NKG2D (also called KLRK1), has now been shown to recognize 
a variety of stress-induced MHC class I–like molecules (e.g., 
Rae-1, H60, and MICA/B). Of note, activated CD8+ T cells and 
mucosal gd T cells also express NKG2D. Another activation 
receptor on NK cells is FcgRIII, which can target NK cells to 
immunoglobulin G (IgG) antibody-coated tumor cells and induce 
antibody-dependent cell-mediated cytotoxicity.

NK cells can also discriminate between different allelic variants 
of MHC molecules.41 This phenomenon was originally identified 
in the context of the hybrid resistance transplant model in mice, 
where parental bone marrow grafts were rejected by a subset of 

host F1 NK cells. When faced with mismatched allogeneic targets, 
a subset of donor NK cells can sense the missing expression of 
self–human leukocyte antigen (HLA) class I alleles and mediate 
alloreactions. These alloreactive NK cells can improve engraft-
ment and control the relapse of acute myeloid leukemia (AML) in 
mismatched hematopoietic transplants.41,42

Natural Killer t Cells
NKT cells are a subset of T lymphocytes that share receptor 
structures and functions with the NK cell lineage.43 Prototypical 
NKT cells, often referred to as invariant (i)NKT cells, express a 
semi-invariant T cell receptor (TCR), which is specific for glyco-
lipid antigens presented by the MHC class I–like protein CD1d. 
Although NKT cells express an antigen-specific receptor that is 
generated by somatic DNA rearrangement, these cells belong to 
the innate rather than the adaptive arm of the immune system.44 
The invariant TCR expressed by NKT cells recognizes a limited 
set of self- and foreign antigens and, therefore, bears similarity to 
the PRRs expressed by cells of the innate immune system. Further, 
NKT cells have a natural, activated phenotype and are unable to 
generate classic memory responses against their cognate glyco-
lipid antigens.

Mice that are deficient in NKT cells have increased susceptibil-
ity to MCA-induced sarcomas, indicating that these cells contrib-
ute to natural immunity against tumors.45 NKT cells in mice and 
humans respond to the marine sponge–derived glycosphingolipid 
a-galactosylceramide (a-GalCer), which has potent antimetastatic 
activities in mice.45 a-GalCer and related NKT cell antigens are 
being explored as potential cancer immunotherapies.46

Mucosal gd t Cells
T cells expressing the gd TCR are enriched in mucosal tissues such 
as the mucosa of the gut and skin.47 These mucosal gd T cells 
have a highly restricted TCR repertoire, suggesting specificity for 
a limited set of antigens selectively expressed in their respective 
epithelial compartments. Like NKT cells, mucosal gd T cells can be 
classified as being at the interface between innate and adaptive 
immunity.44 Epidermal and intestinal gd T cells express NKG2D 
and become activated when NKG2D binds to stress-induced MHC 
class I–related molecules.

gd T cells play a crucial role in immune surveillance against 
malignant epidermal cells. The incidence of cutaneous malig-
nancies after treatment with a combination of initiator and 
promoter carcinogens was substantially increased in mice lack-
ing the TCR d-chain.48 Activation of gd T cells required both 
NKG2D and the gd TCR, suggesting that engagement of NKG2D 
with its ligand(s) synergizes with signals received through the 
autoreactive gd TCR.

adaptIVe IMMunIty agaInSt 
tuMorS
The adaptive immune system is composed of B and T cells that 
express diverse antigen-specific receptors, immunoglobulins, 
and TCRs, respectively. Diversity of these receptors is gener-
ated by somatic DNA rearrangement, in a process referred to 
as VDJ recombination.49,50 Currently, there is little evidence 
that adaptive immunity plays a major role in natural immunity 
against tumors (with the exception of tumors induced by viruses). 
Although mice lacking T lymphocytes have increased suscepti-
bility to the development of MCA-induced sarcomas, this might 
be largely due to the lack of iNKT cells and/or gd T cells.18,51 
Nevertheless, it is clear that tumors can induce adaptive immune 
responses (Fig. 70.1), which can be exploited for the development 
of cancer immunotherapies.
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pathways.57 Peptides representing proteins sampled from the 
extracellular world are generally presented in the context of 
class II MHC proteins, whereas peptides resulting from intracel-
lular synthesis of proteins are presented in the peptide groove 
of the class I MHC proteins (Fig. 70.2). The binding cleft of MHC 
molecules has a b-pleated sheet floor and a-helical sides. An 
immunogenic peptide must be capable of forming noncovalent 
attachments to key residues along the cleft and interacting with 
the T cell antigen receptor with other residues. The MHC con-
tact residues of the peptide tend to be near the amino and car-
boxy terminal ends of the peptide. The cleft of the class I MHC 
molecule has closed ends and accommodates only a peptide of 
proper length, 9 to 11 amino acids. The cleft of the class II MHC 
molecule, on the other hand, is open-ended and can bind pep-
tides of more diverse lengths, 10 to 30 amino acids, with most 
being 12 to 19.58

Peptides located in class II MHC molecules are derived from 
proteins that have been consumed by APCs59 (Fig. 70.2A). The 
proteins are taken up by phagocytosis, or receptor-mediated 
endocytosis in clathrin-coated pits, or engulfed by pinocytosis. 
Once internalized, the antigens are located in membrane-bound 
vesicles called endosomes. The endosomes then become con-
tinuous with lysosomes. The enzymology of the endolysosome 
has been described in some detail.59,60 There, in an acidic 
environment, disulfide bonds in proteins are first reduced by 
the enzyme GILT (gamma interferon-inducible lysosomal thiol 
reductase), and the resulting products are subsequently cleaved 
to peptides by proteases, predominantly cathepsins. The endo-
some fuses with an exocytic vesicle budding from the Golgi 
apparatus that contains newly made class II MHC molecules 
associated with invariant chain, which has been shown to play 
a critical role in the assembly, intracellular transport, and 
function of MHC class II molecules.61 In addition, a chaperone, 
HLA-DM, plays a critical role in the loading of peptides onto 
MHC class II molecules. HLA-DM is a peptide exchange factor 
that binds with empty and peptide-loaded class II molecules 
in endosomal and lysosomal compartments.61 In the fused 
vesicle, peptides are loaded into the class II MHC molecules. 
Fusion of the endosome with the plasma membrane ultimately 
displays the class II MHC molecule–peptide complexes on the 
cell surface.

antibodies and B Cells
The role of B cells in regulating tumor immunity remains poorly 
understood. In some tumor models, B cells appear to be important 
for priming of T cell responses and tumor resistance, whereas in 
other models, B cells have an inhibitory effect on the generation 
of cytotoxic T lymphocyte (CTL) responses and tumor rejection.52 
Nevertheless, it is clear that tumor-bearing hosts can produce 
antibodies against a variety of tumor antigens.53 However, 
strong humoral responses rarely correlate with tumor resistance. 
Nevertheless, antibodies can be utilized for immunotherapy of 
cancer, in particular tumors of hematopoietic origin. Antibodies 
may kill tumor cells by activating complement and promoting 
phagocytosis by macrophages. Alternatively, antibody-coated 
tumor cells may be killed by antibody-dependent cell-mediated 
cytotoxicity, in which Fc receptor–bearing NK cells, macrophages, 
or neutrophils mediate the killing. In addition, in certain cases, 
antibodies may directly interfere with the growth of tumor cells, 
as illustrated by the beneficial effects of anti–HER-2/neu antibod-
ies against breast cancer, which likely involves downregulation of 
the HER-2/neu growth factor receptor.54

t Lymphocytes
Classic studies with transplantable tumors have demonstrated a 
critical role of T lymphocytes in tumor immunity.11 CTLs play a 
particularly important role in tumor rejection, as these cells can 
directly lyse malignant cells that display tumor antigens in asso-
ciation with MHC class I molecules.55,56 The importance of CD4+ 
T cells in tumor immunity is less clear. CD4+ T cells may secrete 
cytokines that promote the development of CD8+ T cell responses, 
increase the sensitivity of tumor targets to CTL lysis by inducing 
MHC class I expression, and activate macrophages. Because of 
their critical role for the development of tumor immunotherapies, 
we will briefly describe the mechanisms that lead to the induction 
of T cell responses to tumors.

Antigen Processing and Presentation
T lymphocytes recognize peptide antigens in the context of 
MHC molecules. These peptides are derived from two distinct 

FIGURE 70.1. Immune responses against tumors. A variety of cells and soluble factors of innate and adaptive immunity can participate in immune responses 
against tumors. Examples of mechanisms that can suppress immune responses against tumors (i.e., production of TGF-b by tumor cells and induction of Treg  
cells) are also depicted. Ab, Antibody; FcR, Fc receptor; IFN, interferon; MDSC, myeloid-derived suppressor cell; MHC I, major histocompatibility complex class I; 
MHC II, major histocompatibility complex class II; NK, natural killer; NKT, natural killer T; PRR, pattern recognition receptor; TAA, tumor-associated antigen; TCR, T cell 
receptor; TGF, transforming growth factor; TNF, tumor necrosis factor; Treg, regulatory T cell.
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Peptides are prepared for presentation on class I molecules 
in a different fashion (Fig. 70.2B). These peptides are derived 
from intracellular protein synthesis.62,63 After protein synthesis, 
proteins introduced into the cytoplasm become the target of the 
proteasome, a cytoplasmic organelle whose major function is 
the degradation of proteins tagged for turnover by the addition 
of ubiquitin.64,65 During conditions of interferon-g production 
such as infection, several proteasome subunits (LMP2, LMP7, 
and MECL-1) become upregulated and are incorporated into 
newly assembled proteasomes. Proteasomes that include these 
IFN-g–inducible subunits are referred to as immunoproteasomes, 
whereas those that lack these subunits are called constitutive 
proteasomes. The IFN-g–inducible proteasome subunits favor the 
generation of peptides that have increased affinity for MHC class I 
molecules.66–68 In addition to the proteasome, several cytoplasmic 
peptidases (e.g., TPPII, LAP, TOP) have been implicated in the 
generation of antigenic peptides, although they can cleave some 
epitopes as well.65,69 These peptides are then transported into the 
lumen of the endoplasmic reticulum (ER) by the transporter asso-
ciated with antigen processing (TAP) proteins.62 Within the ER, 
peptides may be further trimmed by ER-resident aminopeptidases 
(i.e., ERAP1 and ERAP2).65,69,70 Assembly of class I MHC heavy 
chain molecules with b2-microglobulin requires the presence of 
peptides. Within the ER, empty MHC class I molecules are associ-
ated with a variety of chaperones, including calnexin, calreticulin, 
ERp57, and tapasin. Tapasin is a transmembrane protein that 
tethers empty class I molecules in the ER to TAP.71 Emerging 
evidence suggests that tapasin retains unstable MHC class I 
molecules within peptide-loading compartments until they bind 
with high-affinity peptides. The assembled MHC class I–peptide 

complex transits the Golgi apparatus, proceeds in a vesicle to the 
cell surface, and is displayed on the cell surface after fusion of the 
vesicle membrane with the plasma membrane.

There has been a lot of interest in the mechanisms whereby 
tumor cells initiate CD8+ T cell responses. Few tumors are derived 
from professional APCs and, therefore, do not effectively prime 
naive CD8+ T cells. It has now been established that tumor cells 
can be processed and presented by host APCs, particularly DCs, in 
a process that is referred to as cross-presentation (Fig. 70.2).72,73 
Tumor antigens are then processed inside the APC, and peptides 
derived from these antigens are displayed on MHC class I mol-
ecules for recognition by CD8+ T cells. These APCs also express 
MHC class II molecules and can prime naive CD4+ T cells, which 
may be important for the generation of effective CD8+ memory 
responses. Once tumor antigen-specific CTLs are generated, they 
can kill tumor cells without the requirement for costimulation. 
While the precise mechanisms of cross-presentation remain 
poorly understood,74 the concept of cross-presentation has impor-
tant applications in the development of tumor vaccines.72,75

T lymphocyte Activation
The goal of antigen processing and presentation is the activation 
of appropriate T lymphocytes to proliferate, produce cytokines, 
and promote an immunologic reaction or become cytotoxic 
cells. Although the interaction of the T cell antigen receptor with 
antigen-MHC provides specificity of response and initiates the 
crucial events of activation, the interactions are few and have 
low affinity.76 The interaction between T lymphocytes and APCs 
or target cells is initially stabilized by a number of nonspecific 

FIGURE 70.2. Presentation of peptides by major histocompatibility complex (MHC) molecules. A: MHC class II–restricted antigen processing and 
 presentation to CD4 T cells. Exogenous protein antigens are taken up by antigen-presenting cells, disulfide bonds are reduced by the interferon (IFN)-g-inducible lyso-
somal thiol reductase (GILT), and the proteins are then degraded in endosomal/lysosomal compartments by cathepsins (Cat). MHC class II a and b are synthesized in the 
endoplasmic reticulum (ER) and associate there with the MHC class II–associated invariant chain (Ii). The class II/Ii complexes then egress to endosomal compartments, 
where Ii is degraded by cathepsins, until only its class II–associated invariant chain (CLIP) region remains bound by class II. CLIP is then removed from class II by the 
human leukocyte antigen (HLA)-DM peptide exchange factor. Finally, class II is loaded with peptide and delivered to the cell surface for presentation to class II–restricted 
CD4 T cells. B: MHC class I–restricted antigen processing and presentation to CD8 T cells. Cytosolic proteins, derived from endogenously synthesized proteins or from 
cross-presented antigens (as indicated by the arrow), are degraded by immunoproteasomes that contain the interferon IFN-g–inducible subunits LMP2 (2), LMP7 (7), and 
MECL-1 (M). Some of the resulting peptides are further processed in the cytoplasm by peptidases and then transported to the lumen of the endoplasmic reticulum (ER) 
by the transporter of antigen processing (TAP). Some of the peptides undergo further processing in the ER by ER-associated aminopeptidases (ERAP). Peptide-receptive 
MHC class I heavy chain (HC)/b2-microglobulin (b2m) heterodimers in the ER associate with a variety of chaperones, including calreticulin (crt), ERp57, and tapasin (tpn). 
After binding with peptides, class I molecules undergo a conformational change, permitting their egress to the cell surface for presentation to class I–restricted CD8 T cells.
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receptor–counterreceptor interactions, leading to development of 
an immunologic synapse with its central supramolecular activa-
tion cluster.77,78,79 Chief among these interactions is the coupling 
of CD2 on the T lymphocyte with lymphocyte function antigen-3 
on the APC. Also involved is the interaction of the lymphocyte 
function antigen-1 molecule with intercellular adhesion mol-
ecule-1 and intercellular adhesion molecule-2. Once the cells have 
been apposed, the specific interaction of the T cell antigen recep-
tor and the antigen-MHC can occur. It now appears that the T cell 
proceeds toward activation only if certain threshold numbers of 
TCR-MHC/antigen interactions occur.80

The signal transduction pathways that result in T cell activa-
tion have been extensively reviewed,81–83,84 and we will focus 
here on the most salient features (Fig. 70.3). Ligation of the TCR 
with an agonist peptide/MHC complex results in phosphorylation 
of the cytoplasmic portions of the CD3 and z components of the 
TCR. The cytoplasmic domains of CD3 and z contain several con-
served peptide sequences called immunoreceptor tyrosine-based 

activation motifs (ITAMs) that are targets for intracellular protein 
tyrosine kinases that catalyze the phosphorylation of tyrosine 
residues in various protein substrates. The tyrosine kinase lck 
interacts with the cytoplasmic domains of CD4 and CD8 and the 
tyrosine kinase fyn interacts with the TCR–CD3 complex. Binding 
of the TCR with peptide/MHC complexes results in receptor 
clustering, bringing CD4/CD8 and lck in close proximity of the 
ITAMs within the CD3 and z-chains. Lck and fyn subsequently 
phosphorylate tyrosine residues within the ITAMs, which become 
docking sites for the z-associated protein, ZAP-70, a member of 
the syk family of protein tyrosine kinases. The bound ZAP-70 
then becomes a substrate for lck, and phosphorylation of ZAP-70 
results in its activation. Activated ZAP-70 phosphorylates several 
scaffolding proteins, including LAT (linker of activated T cells) and 
SLP-76, which, when phosphorylated, serve as docking sites for 
other proteins that, in turn, activate multiple signaling pathways. 
One of these signaling pathways involves changes in inositol 
lipid metabolism. Phospholipase Cg1 (PLCg1) becomes tyrosine 

FIGURE 70.3. Overview of signal transduction 
events involved in T lymphocyte activation. Interac-
tion of the T cell receptor (TCR) and coreceptors with major 
histocompatability complex (MHC)–peptide complexes on 
antigen-presenting cells (APCs) results in multiple signaling 
events that lead to the activation of several transcription fac-
tors that stimulate expression of numerous genes (e.g., the 
interleukin-2 [IL-2] gene). Note that the precise interactions 
between different adaptor proteins that participate in proxi-
mal TCR signaling events remain incompletely understood. 
AP, activated protein; DAG, diacylglycerol; Elk, Ets-like tran-
scription factor; Erk, extracellular signal-regulated kinase; 
Grb, growth factor receptor-bound protein; IkB, inhibitor of 
kB; IP3, inositol triphosphate; Itk, interleukin-2-inducible 
tyrosine kinase; Jnk, Jun N-terminal kinase; Jnkk, Jnk 
kinase; LAT, linker of activated T cells; Lck, lymphocyte-spe-
cific protein tyrosine kinase; Mek, Mapk/Erk kinase; Mekk, 
Mapk/Erk kinase; NF, nuclear factor; NFAT, nuclear factor 
of activated T cells; PIP2, phosphatidylinositol biphosphate; 
PKC, protein kinase; PLC, phospholipase C; RasGRP, Ras 
guanyl nucleotide-releasing protein; SLP-76, SH2 domain-
containing leukocyte protein, 76-kD; Sos, son of sevenless; 
ZAP-70, z-associated protein kinase, 70-kD.
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phosphorylated and activated as it associates with LAT. Activation 
of PLCg1 leads to the hydrolysis of a minor membrane lipid, phos-
phatidylinositol biphosphate (PIP2), to yield inositol triphosphate 
(IP3) and diacylglycerol (DAG). Each of these products activates 
downstream events. IP3 induces a rapid increase of free Ca2+ by 
release from membrane-sequestered Ca2+ stores, whereas DAG 
and Ca2+ activate protein kinase C (PKC) u. T cell activation also 
results in the activation of the ras and rac signaling pathways. 
Adapter proteins that are activated by phosphorylated LAT and 
SLP-76 result in the activation of the guanine nucleotide exchange 
factors SOS (son of sevenless) and vav, which activate the ras and 
rac signaling pathways, respectively.

These signaling events ultimately result in the activation of 
a number of transcription factors, including NFAT, NF-k B, and 
AP-1. Cytosolic Ca2+ binds with the Ca2+-dependent protein 
calmodulin, and Ca2+-calmodulin complexes subsequently acti-
vate several enzymes, including the serine/threonine phosphatase 
calcineurin. Calcineurin then dephosphorylates NFAT, which 
uncovers a nuclear localization signal that permits NFAT to trans-
locate to the nucleus. Activation of NF-kB is dependent, at least in 
part, on activated PKCu. NF-kB is normally found in the cytoplasm 
in association with a protein called inhibitor of kB (IkB). TCR sig-
nals result in phosphorylation of IkB, which is then targeted for 
degradation by the proteasome. Release of IkB uncovers a nuclear 
translocation signal in NF-kB that permits its translocation to the 
nucleus. AP-1 is a transcription factor composed of the proteins 
Fos and Jun, which are activated by the ras and rac signaling 
pathways, respectively.

The net result of this extremely complex activation system 
is the expression of new proteins, the acquisition of functional 
capacity, or the ability to proliferate. T lymphocyte activation 
is best understood as a culmination of events leading to IL-2 
production.85 The constraints on production of this cytokine are 
more rigorous than those relevant for production of other gene 
products (such as IL-2 receptor a-chain and transcription fac-
tors). The promoter of the IL-2 gene is made up of a number of 
binding sites for transcription factors, including two NFAT sites, 
an NF-kB site, and an AP-1 site.86 The combination of produc-
tion of IL-2 receptor a-chain and IL-2 provides an adequate 
stimulus for the T lymphocyte to successfully proliferate, giving 
rise to the antigen-specific clonal expansion of lymphocytes 
characteristic of immunologic responses. However, there are 
extraordinary controls against inappropriate activation of T lym-
phocytes.87 In addition to a first signal delivered via the T cell 
antigen receptor complex, full activation of T cells also requires 
a second signal.88 The best characterized origin of these second 
signals is the interaction of CD28 on the T lymphocyte surface 
with its cognate ligands CD80 (B7–1) and CD86 (B7–2) on the 
APC, the most potent of which is the DC. Failure to receive a 
second signal can lead the T lymphocyte to undergo anergy or 
apoptosis. Activation of T cells is also regulated by a variety of 
negative signals, including inhibitory receptors of the CD28 fam-
ily such as CTLA-4 (cytotoxic T lymphocyte-associated protein 4), 
which interacts with CD80 and CD86, and PD-1 (programmed 
death-1), which interacts with PD-L1 and PD-L2.88

tuMor-aSSocIated antIgenS
Tumor antigens are like all other antigens of adaptive immunity. 
That is, with few exceptions, they are peptides that are presented 
to T lymphocytes in the cleft of an MHC-encoded protein.55 The 
nature of peptide antigens responsible for immune responses 
to tumors has been described in a classic set of experiments.55 
In essence, two approaches were used. Neither made assump-
tions regarding the nature of the antigenic peptides. In the first 
approach, tumor-derived cloned CTLs were established. Next, 
a library of tumor complementary DNA or genomic DNA was 

constructed and used to transfect cells expressing appropriate 
MHC molecules but lacking the tumor-specific epitope. Transfected 
cells were tested for their ability to activate the tumor-specific 
CTLs. The transfected DNA was then recovered and sequenced, 
thus identifying the gene of origin. In the second approach, 
MHC molecules were isolated from tumor cells. Subsequently, 
peptides were eluted from the MHC molecules and fractionated 
chromatographically. These peptide fractions were then used to 
load APCs and presented to tumor-specific CTLs. Peptide frac-
tions that stimulated T cell responses were then sequenced using 
conventional Edman degradation or tandem mass spectrometry. 
These approaches have revealed some surprising characteristics 
of tumor-specific antigens. Most tumor-specific antigenic peptides 
discovered thus far have been derived from proteins not usually 
expressed in any normal adult tissues89 (with the exception of 
testis and ovary), such as P1A90,91 and MAGE-1,92,93 or they rep-
resent differentiation antigens characteristic of the cellular lineage 
of the tumor, such as tyrosinase,94–96 gp100,97–99 and MART1/
Aa100,101 in melanoma.

Early definition of tumor antigens focused on MHC class I–
restricted peptides.102 This seemed to be the obvious approach 
because most tumors express MHC class I structures, but few 
express MHC class II molecules. Also, the point of immuno-
therapy was to eliminate tumors—a job for cytolytic cells (i.e., 
for CD8+ cytotoxic lymphocytes that recognize antigen in the 
context of class I MHC molecules). Early clinical immuniza-
tion trials103–105 demonstrated the feasibility and the potential 
efficacy of immunotherapy with peptides recognized by CD8+ 
T cells. However, immune responses were, in general, weak 
and short-lived. At the same time that the trials were being 
conducted, there was a growing realization of the importance of 
CD4+ T cells in the immune response against tumors.102,106,107 
Techniques similar to those used to define antigens recognized 
by CTLs have been used to define antigens for CD4+ T cells. 
However, these techniques are slow and labor intensive. A 
genetic targeting expression system has been designed to expe-
dite antigen screening.107 It is likely that incorporation of both 
MHC class I– and II–restricted epitopes in tumor vaccines will be 
required to generate potent antitumor responses.108

While this direct approach to tumor antigen recognition 
has proceeded, other investigators have asked whether certain 
appealing target proteins could be immunogenic. In particular, 
molecules involved in the process of malignant transformation 
provide attractive targets for therapeutic intervention.109 Because 
loss variants of tumor cells bearing these oncogenic proteins 
would presumably be nonmalignant,110 an immunologic assault 
on these proteins might be particularly effective. Evidence has 
been provided that immune responses to both mutated and over-
expressed oncogenic proteins can occur in patients with malig-
nancy or can be elicited in animals. Target oncogenic proteins 
include mutated Ras,111 HER-2/Neu,112,113 BCR-ABL,114,115 PML-
RARa,116 and mutated p53.117

A newer approach to definition of tumor-specific antigen 
targets for humoral immunity, termed SEREX, has been intro-
duced.118 In the SEREX approach, a complementary DNA 
library is prepared from a patient’s tumor specimen, packaged 
into phage vectors, and expressed in bacteria. Recombinant 
proteins from bacterial clones are transferred to nitrocellulose 
membranes and identified as relevant antigens by reactivity 
with IgG antibodies present in the patient’s serum. Early stud-
ies defined three classes of antigens: (a) known tumor antigens, 
such as MAGE-1, MAGE-4a, and tyrosinase; (b) products of 
known genes, such as restin; and (c) unknown gene prod-
ucts.119,120 Because the cellular and humoral arms of immunity 
work in concert, it is likely that targets of antibody production 
will also prove to be targets of cellular immunity. The SEREX 
method provides a direct approach to the definition of poten-
tially relevant tumor antigens.
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tuMor-HoSt InteractIonS: 
Beyond IMMunoSurVeILLance
While the immune system can protect against the development of 
tumors, interactions between developing tumors and the host are 
complex. Tumors often develop means to evade immune responses, 
and tumors that develop in immunocompetent hosts are often more 
immunogenic than those that develop in immunodeficient hosts. 
Finally, it is now also well-recognized that the immune system can 
play both tumor-suppressing and tumor-promoting roles.

IMMune eVaSIon By tuMorS
Many tumors have devised ways to evade immune 
responses.18,56,121 First, tumors may lose expression of the 
antigens that were recognized by antibodies or CTLs. Second, 
many tumors downregulate expression of MHC class I molecules, 
rendering these cells resistant to lysis by CTLs.122,123 Third, 
tumors may fail to induce effective CTL responses because of 
the absence of costimulatory molecules and/or resistance to 
uptake by APCs and cross-presentation.124 Instead of inducing an 
effective immune response, some tumors may actively promote 
tolerance induction, by inducing anergy, exhaustion, or deletion 
of tumor antigen-specific T cells.125,126 This might involve the 
generation of tumor antigen-specific regulatory T cells (Tregs),127 
induction of inhibitory costimulatory molecules such as CTLA-4 
and PD-1 on tumor antigen-specific T cells,126 and/or expansion 
of myeloid-derived suppressor cells, a heterogeneous group of 
myeloid progenitor cells and immature myeloid cells that can 
inhibit lymphocyte function.128 Fourth, tumor cells may actively 
suppress immune responses by secretion of suppressive cytokines 
such as TGF-b or by expression of the Fas ligand, which may 
engage with Fas on lymphocytes to induce apoptosis.125 Fifth, the 
tumor microenvironment, most notably the tumor stroma, may be 
critical in preventing immunologic destruction of tumor cells by 
effectively generating an immune privileged site.

Immune Sculpting of tumors
In 2001, an important study showed that the immune system not 
only can protect against the development of tumors, but also can 
influence the quality of tumors—that is, the immune system of the 
host in which a tumor develops influences the immunogenicity of 
the tumor.23 These investigators showed that RAG2-deficient mice 
not only develop MCA-induced tumors at higher frequency, but that 
a substantial portion of these tumors was spontaneously rejected 
upon transplantation in syngeneic immunocompetent mice. In 
sharp contrast, tumors derived from immunocompetent mice 
usually grew progressively in immunodeficient mice. Thus, these 
findings demonstrated that the immune system not only protects 
the host from tumor formation but also sculpts the immunogenic-
ity of the tumors, in a process that is now referred to as cancer 
immunoediting.17,18,129 Cancer immunoediting has been posited to 
proceed through three sequential stages: (a) an elimination phase 
where the immune system recognizes and destroys tumors before 
they become clinically apparent, (b) an equilibrium phase where 
tumor cells that escaped the elimination phase are continuously 
destroyed, with emergence of resistant tumor cell variants due to 
immune pressure, and (c) an escape phase where tumor cells that 
have successfully evaded immune responses progressively grow. 
The cancer immunoediting hypothesis represents an extension or 
modern version of the immunosurveillance hypothesis.

tumor-promoting Immune responses
Discussion of tumor–host interactions would not be complete with-
out at least a mention of the tumor-promoting role of the immune 

system.130 Many environmental factors, including chronic infections, 
tobacco smoke, and inhaled pollutants, as well as dietary factors and 
obesity, are associated with a low-level chronic inflammation and 
represent risk factors for cancer development. Chronic inflammation 
can contribute to tumor genesis at all stages, by generating nontoxic 
stress during the initiation of cancer, inducing cellular proliferation 
to promote cancer development, and enhancing angiogenesis and 
tumor invasion to promote cancer progression.130

approacHeS to IMMunotHerapy
Immunotherapy is the use of the immune system or its com-
ponents to target and eradicate tumors. B cell lymphomas are 
considered to be the most immune responsive of all human 
cancers.131 They can undergo spontaneous regression,132 and 
partial responses have been elicited through the use of nonspe-
cific immune activators, such as bacillus Calmette-Guérin and 
IL-2.133,134 Thus, follicular B cell lymphomas represent excellent 
candidates for immunotherapy.

antibody approaches
The most common form of immunotherapy employed in the 
treatment of cancer is passive immunotherapy, which involves 
the administration of manufactured antibodies that target a par-
ticular antigen (Table 70.1). Monoclonal antibodies have emerged 
as a potent and effective molecularly targeted therapy for 
human cancer, usually in combination with chemotherapy.135,136 
Therapeutic mAbs, such as rituximab and alemtuzumab, are 
examples of a passive approach. Currently, several B lymphocyte 
antigens, including CD20, CD22, and CD52, have been utilized 
as targets for immunotherapy. These targets, while found uni-
formly on lymphoma cells, are also expressed on normal immune 
system components, such as normal B lymphocytes.134,137,138 
Personalized immunotherapy, also referred to as Id vaccine 
therapy, is a patient- and tumor-specific approach. This modal-
ity targets unique protein determinants of the immunoglobulin 
molecules produced by the malignant B cell clone and does not 
appear to result in depletion of normal lymphocytes or subse-
quent impairment of the immune system. This technique stimu-
lates the patient’s immune system to attack the tumor through the 
use of both the humoral and cellular arms of the immune system. 
As a result, immunologic memory may be established which could 
translate into long-term remission. Some of these are being tested 
in phase II and III trials (Fig. 70.4).139

Personalized Active Immunotherapy Passive Immunotherapy

Tumor-specific Not tumor-specific

Stimulates host immune response Does not stimulate host immune 
response

Induces immunologic memory Temporary antitumor effect

May produce long-term immunity Requires retreatment

Induces both the cellular and humoral 
arms of the immune system

Induces the humoral arm of the 
immune system only (ADCC, CDC)

Requires patient tumor sample for  
production

Does not require patient tumor sample

ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity.

taBLe 70.1

PersonAlIzed ActIve IMMunotHerAPy versus PAssIve 
IMMunotHerAPy
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Unconjugated Antibodies
Unaltered antibodies have been used since the earliest trials 
of monoclonal antibody therapy in humans.140–142 In early 
trials, success was limited by the absence of suitable tumor 
cell surface targets, antigenicity of first-generation (murine) 
mAbs in humans, modulation of the target structure from the 
tumor cell surface, and poor recruitment of immune effector 
mechanisms.143,144 However, enthusiasm for this approach was 
rekindled by the enormous success of genetically engineered, 
chimeric, or fully humanized versions of mAbs, most notably 
rituximab for lymphoid malignancies and trastuzumab in solid 
tumors.144

Rituximab is a chimeric monoclonal antibody with human-
ized framework and Fc regions. It is directed against the CD20, 
pan B cell antigen. CD20 is present on pre-B cells and mature 
B cells, but not on precursor cells or terminally differentiated 
plasma cells. The function of CD20 remains poorly understood,145 
although it has been implicated in B cell activation, regulation of 
B cell growth, and regulation of transmembrane calcium flux. The 
antibody fixes human complement and elicits antibody-dependent 
cellular cytotoxicity (ADCC). Rituximab was approved for use 
as monotherapy in patients with low-grade or follicular CD20+ 
non-Hodgkin lymphoma (NHL) in 1997. In the pivotal trial involv-
ing 166 patients, reported by McLaughlin et al.,146 patients had 
relapsed or chemotherapy-resistant disease. Patients received 
four weekly infusions of rituximab at 375 mg/m2. Rituximab 
produced a tumor response in one-half of the patients, with a 
median duration of response of 11.8 months, comparable to the 
patients’ response duration on the last chemotherapy treatment. 
Human antichimeric antibody responses were uncommon. The 
most common adverse experience associated with rituximab was 
a constellation of acute infusion-related events, including chills, 
fever, headache, rhinitis, pruritus, vasodilation, asthenia, and 
angioedema. This syndrome can progress to hypotension, urti-
caria, bronchospasm, and, rarely, death. The risk is particularly 
great in patients with high circulating white cell counts.147 Other 

toxicities were, in general, mild and infrequent.148 Neutropenia 
and thrombocytopenia were unusual. Circulating B cells were 
depleted and remained low until recovery at a median of 12 
months. Immunoglobulin levels, however, remained normal. No 
increased incidence of infections was seen. Rituximab was evalu-
ated again in the relapsed, refractory, low-grade, or follicular 
NHL patient population, using eight weekly infusions rather than 
four.149 This extended regimen produced a response rate of 57% 
and a time to progression (TTP) in responding patients of more 
than 19.4 months. Adverse event reporting was commensurate 
with the longer treatment period.

Davis et al.150 reported a response rate of 43% and a TTP of 
8.1 months in the patients with a significant poor prognostic fac-
tor, importantly in patients with low-grade or follicular NHL who 
had bulky disease, using the standard 4-infusion regimen. These 
investigators also showed an overall response rate (ORR) of 40% 
in patients who had progressed after an initial response to ritux-
imab, with an estimated median TTP for responding patients of 
17.8 months.151

Rituximab has been used in the first-line treatment of patients 
with indolent lymphoma, both as monotherapy and in combina-
tion with chemotherapy. Hainsworth150 reported the results of 
rituximab as monotherapy in 39 previously untreated patients. 
Patients received rituximab x 4 at the usual dose and schedule, 
with an ORR of 54%. Patients who had responded or who had 
stable disease were treated with an additional four weekly treat-
ments of rituximab at 6 months intervals to a maximum of 4 
treatment cycles. The ORR rose to 72% after the second course 
of treatment. Progression-free survival (PFS) at 1 year was 
77%. The addition of rituximab to cyclophosphamide, hydroxyl-
daunomycin, oncovin (vincristine), and prednisone (CHOP) che-
motherapy produced impressive results. Patients were treated 
with six infusions of rituximab, one associated with each of six 
cycles of CHOP. In 40 patients with newly diagnosed (n = 31) or 
relapsed/refractory (n = 9) low-grade or follicular NHL, ritux-
imab plus CHOP produced an ORR of 95% and complete response 
(CR) rate of 55%. With a median follow-up of 29 months, median 
duration of response and median TTP had not been reached. 
Eight of 18 patients tested for the BCL-2 [t(14;18)] translocation 
by PCR testing were positive at initiation of therapy. Seven of 
these 8 patients, after therapy, became negative for the trans-
location. The authors concluded that the addition of rituximab 
to CHOP produced benefits in efficacy parameters without sig-
nificant additional toxicity. Elimination of PCR positivity for the 
t(14;18) translocation had not been previously reported with 
CHOP alone.

Rituximab also has been used with success in patients with 
more aggressive lymphomas. Vose et al.151 reported the results 
of rituximab plus CHOP chemotherapy (again using 6 infusions 
of rituximab in association with 6 cycles of CHOP) in 33 previ-
ously untreated patients with advanced aggressive B cell NHL. 
The combination produced an ORR of 94% and a CR rate of 
61%. With a median observation time of 26 months, 29 of 31 
patients achieving a remission were in continuing remission at 
the time of the report. Thirteen patients were BCL-2 positive at 
study entry. Eleven of these 13 patients became BCL-2 negative 
after treatment, and 10 of the 11 remained BCL-2 negative. The 
authors concluded that the results were achieved without sig-
nificant added toxicities above those expected with CHOP. The 
Groupe d’Etude des Lymphomes de l’Adulte undertook a study 
to compare the utility of CHOP with that of rituximab plus CHOP 
in elderly patients with diffuse B cell lymphoma.152 Patients 
between the ages of 60 and 80 years with untreated, diffuse large 
B cell lymphoma were eligible for the study. Patients were ran-
domly assigned to receive 8 cycles of CHOP chemotherapy (197 
patients) or to receive 8 cycles of CHOP, each given after an infu-
sion of rituximab (202 patients). Rituximab plus CHOP produced 
a superior rate of remission, 76% versus 63% (P = 0.005). With 

FIGURE 70.4. Idiotype as a tumor-specific antigen for B-lymphoma cells. Each B 
lymphocyte expresses an immunoglobulin molecule on its surface, the idiotype (Id) protein, which 
is capable of recognizing and binding to a unique antigen. When B lymphocytes undergo malignant 
transformation, the Id sequences are maintained by the malignant clones and can thus serve as 
tumor-specific antigen. MHC, major histocompatability complex; TCR, T cell receptor. (Adapted from 
Vose JM. Personalized immunotherapy for the treatment of non-Hodgkin’s lymphoma: a promising 
approach. Hematol Oncol 2006;24:47–55.)
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a median follow-up of 2 years, event-free and overall survivals 
(OSs) were significantly higher in the rituximab plus CHOP group 
(P < 0.001 and P = 0.007, respectively). These results were 
achieved without a significant incremental increase in toxicity. 
The addition of rituximab to CHOP reduced the risk of treatment 
failure (risk ratio, 0.54; 95% confidence interval [CI]: 0.44, 0.77) 
and the risk of death (risk ratio, 0.64; CI: 0.45, 0.89). The addi-
tion of immunotherapy to standard chemotherapy had accom-
plished what 25 years of chemotherapy manipulation had failed 
to do (i.e., improve on the results of CHOP chemotherapy).153,154 
Maintenance rituximab has also been found to prolong event-free 
survival (EFS) and response duration in follicular lymphoma.155 
In subsequent ongoing randomized phase III studies,156,157 ritux-
imab maintenance regimen provided significant PFS and OS at 
3-year156 and 4-year157 follow-up assessments in both previously 
treated156 and untreated157 patients with follicular NHL, com-
pared with no further treatment, though no difference in OS has 
been reported by other investigators.158

The mechanism by which rituximab produces these impres-
sive results is less clear. A number of possible mechanisms 
have been considered: initiation of complement-mediated cell 
lysis, induction of ADCC, and signaling via CD20 leading to 
programmed cell death and/or sensitization to cytotoxic drugs. 
Pretreatment lymphoma cells from 29 patients were examined 
by flow cytometry for expression of complement inhibitors CD46, 
CD55, and CD59.159 Expression of these cell surface inhibitors of 
complement activation was not predictive of outcome to rituximab 
therapy. Considerable evidence suggests that induction of ADCC 
plays an important role in rituximab’s antilymphoma effects. 
A rituximab-like antibody for which an IgG4g framework was 
substituted for the IgG1 framework of rituximab was incapable 
of producing B cell depletion in primates.160 Rituximab was rela-
tively ineffective in eliminating Raji B cell implants in FcRg−/−/
nu/nu knockout mice compared to nu/nu mice.161 These mice 
lack the activating receptor for Fc portions of antibodies, a critical 
component of the antibody-dependent cell-mediated cytotoxicity 
mechanism. In patients, response to rituximab has been shown 
to be associated with homozygosity for the high-affinity allotype 
of the FcgRIIIa receptor.162 Evidence also exists that rituximab 
signaling or interference with normal signaling via CD20 may 
directly induce apoptosis or sensitize cells to the deleterious 
effects of chemotherapeutic agents.163 A direct, growth inhibitory 
effect of rituximab, with accompanying apoptosis, on cell lines 
cultured in the absence of complement was demonstrated.164 
Anti-CD20–associated apoptosis has been associated with upregu-
lation of the proapoptotic protein, Bax165 and downregulation of 
antiapoptotic protein BCL-2 through inactivation of STAT3.166 
Downregulation of STAT3 appears to be a result of downregula-
tion of an IL-10 autocrine pathway.167 These changes and/or 
others may be responsible for increased sensitivity to chemo-
therapeutic agents.168

In the wake of the success of rituximab, a number of other 
antilymphoma mAbs have entered the clinic.169 Alemtuzumab 
is a humanized IgG1k monoclonal antibody directed against 
the CD52 cell surface antigen.144 CD52 is expressed on normal 
and malignant lymphocytes of B- and T cell lineage, as well as 
NK cells, monocytes, and macrophages. Alemtuzumab is indi-
cated for the treatment of B cell chronic lymphocytic leukemia 
(CLL) in patients who have been treated with alkylating agents 
and who have failed fludarabine therapy. The pivotal clinical 
trial was carried out in 93 patients with fludarabine-refractory  
CLL .170 Alemtuzumab produced a response rate of 33%. Virtually 
all of the responders were partial responders; the CR rate was 
2%. Median duration of response was 7 months. Median TTP was 
4.7 months for the group as a whole; 9.5 months for responders. 
The most common adverse events were infusion related—most 
were grade 1 or 2 in severity, including rigors in 90% of patients 
(grade 3 in 14%), fever in 85% of patients (grade 3 or 4 in 20%), 

nausea in 53% of patients, and vomiting in 38% of patients. 
Infusion-associated side effects declined with subsequent infu-
sions. During the study, 28% of patients experienced dyspnea, 
17% experienced hypotension, and 3% experienced hypoxia. 
Overall, 55% of patients developed an infection during the study. 
Approximately one-half of these infections were considered seri-
ous (grade 3 or 4). Septicemia occurred in 15% of patients, and 
two deaths resulted. Opportunistic infections occurred in 12% of 
patients. Ten percent of patients died during or within 30 days 
of treatment—one-third of these were attributed to progressive 
disease. Twenty-four percent of patients discontinued treat-
ment because of a drug-related side effect. Most patients who 
discontinued had not responded to therapy. Serious infusion-
related events associated with alemtuzumab appear to result 
from ligation of CD16 on NK cells resulting in what has been 
termed cytokine storm—release of IL-6, TNF-a, and interferon-
g.171 Prolonged immunosuppression after use of alemtuzumab 
can result in opportunistic infections.172 Treatment schemas now 
include the routine use of prophylaxis with both antibiotics and 
antivirals.

To improve on the immunogenicity and efficacy of rituximab, 
the last few years have seen the development of new generations 
of anti-CD20 monoclonal antibodies (mAbs) with enhanced anti-
tumor activity resulting from increased complement-dependent 
cytotoxicity (CDC) and/or ADCC and increased Fc binding affinity 
for the low-affinity variants of the FcgRIIIa receptor (CD16) on 
immune effector cells. These second-generation mAbs, such as 
ofatumumab, veltuzumab, and ocrelizumab, are in clinical devel-
opment. They are humanized or fully human to reduce immuno-
genicity, but with an unmodified Fc region. Ofatumumab is a fully 
human anti-CD20 IgG1 mAb in clinical development for hema-
tologic malignancies and autoimmune diseases. Ofatumumab 
specifically recognizes an epitope encompassing both the small 
and large extracellular loops of the CD20 molecule, and is more 
effective than rituximab at CDC induction and killing target cells. 
Veltuzumab (IMMU-106, hA20) is a humanized anti-CD20 mAb 
with complementarity-determining regions similar to rituximab. 
This antibody has enhanced binding avidities and a stronger 
effect on CDC compared to rituximab. Ocrelizumab is a human-
ized mAb with the potential for enhanced efficacy in lymphoid 
malignancies compared to rituximab because of increased bind-
ing affinity for the low-affinity variants of the FcgRIIIa recep-
tor. Third-generation mAbs are also in clinical development. 
They are also humanized mAbs, but in addition they have an 
engineered Fc to increase their binding affinity for the FcgRIIIa 
receptor. Third-generation mAbs also in clinical development 
include AME-133v, PRO131921, and GA-101 (Table 70.2), with 
enhanced affinity for the FcgRIIIa receptor and an enhanced 
ADCC activity compared to rituximab.173

Two other mAbs with potential utility in the treatment of lym-
phoma are in early clinical development.169,174 Epratuzumab is a 
humanized IgG1 monoclonal antibody directed against the CD22 
antigen. CD22 is a pan–B cell antigen with distribution similar 
to that of CD20. Epratuzumab has a favorable safety profile in 
early trials. Approximately 50% of follicular lymphoma patients 
and 25% of diffuse large-cell lymphoma patients responded in a 
small phase II trial. Some of the responses have been long-lived. 
A recent phase II trial testing the safety and efficacy of combin-
ing epratuzumab with R-CHOP (ER-CHOP) in untreated DLBCL 
showed that the addition to standard R-CHOP, E 360 mg/m2 
intravenously, administered for 6 cycles in 107 patients, showed 
similar toxicity to standard R-CHOP. ORR in the 81 eligible 
patients was 96% (74% CR/ CR unconfirmed [Cru]) by computed 
tomography scan and 88% by positron emission tomography. By 
intention to treat analysis, at a median follow-up of 43 months, 
the EFS and OS at 3 years in all 107 patients were 70% and 80%, 
respectively. Comparison with a cohort of 215 patients who were 
treated with R-CHOP showed improved EFS in the ER-CHOP 
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patients. ER-CHOP was well tolerated and results appear promis-
ing as a combination therapy.175

Apolizumab is a humanized IgG1 monoclonal antibody that 
binds to a variant of the HLA-DR b-chain. The antibody induces 
complement-mediated lysis, ADCC, and tyrosine phosphoryla-
tion signaling events in cell lines in vitro. The antibody binds to 
approximately 70% of lymphoma specimens. Administration of 
the antibody to patients results in typical infusion-related side 
effects. Four of 8 patients with follicular lymphoma responded to 
apolizumab. A phase I/II dose-escalation study of thrice-weekly 
apolizumab (1.5, 3.0, 5.0 mg/kg/dose) for 4 weeks in relapsed CLL 
resulted in significant toxicity and lack of efficacy; thus, further 
clinical trials of apolizumab were discontinued, as were other tri-
als in lymphoma and solid tumors.176 Milatuzumab (hLL1, IMMU-
115; Immunomedics) is a fully humanized mAb specific for CD74, 
a cell surface–expressed epitope of the HLA class II–associated 
invariant chain. CD74 plays an important role as an accessory 
signaling molecule and survival receptor in the maturation and 
proliferation of B cells by activating the PI3K/Akt and the NF-kB 
pathways.177 Milatuzumab demonstrated antiproliferative activity 
in transformed B cell lines, improved survival in preclinical mod-
els, and is presently being evaluated for the treatment of several 
hematologic malignancies.

Inroads are being made in other hematologic cancers. In 
multiple myeloma, it was recently reported that the cell surface 
glycoprotein CS1 (CD2 subset 1, CRACC, SLAMF7, CD319) was 
highly and universally expressed on myeloma cells while hav-
ing restricted expression in normal tissues. Preclinical stud-
ies showed that elotuzumab (formerly known as HuLuc63), a 
humanized mAb targeting CS1, could induce patient-derived 
myeloma cell killing within the bone marrow microenvironment 
using a SCID-hu mouse model and that the CS1 gene and cell 
surface protein expression persisted on myeloma patient-derived 
plasma cells collected after bortezomib administration. In 
vitro bortezomib pretreatment of myeloma targets significantly 

enhanced elotuzumab-mediated ADCC, both for OPM2 myeloma 
cells using NK cells or peripheral blood mononuclear cells from 
healthy donors and for primary myeloma cells using autologous 
NK effector cells. In an OPM2 myeloma xenograft model, elotu-
zumab in combination with bortezomib exhibited significantly 
enhanced in vivo antitumor activity. Elotuzumab is currently in a 
phase I clinical trial in relapsed/refractory myeloma.178 In AML, 
one strategy for the development of mAbs targeting human AML 
stem cells involves first identifying cell surface antigens prefer-
entially expressed on AML LSC (leukemia stem cell) compared 
with normal hematopoietic stem cells. In recent years, a number 
of such antigens have been identified, including CD123, CD44, 
CLL-1, CD96, CD47, CD32, and CD25. Moreover, mAbs target-
ing CD44, CD123, and CD47 have demonstrated efficacy against 
AML LSC in xenotransplantation models. Hopefully, these anti-
bodies will ultimately prove to be effective in the treatment of 
human AML.179

Anti-idiotype Therapy
Much time and energy were expended searching for tumor anti-
gens, particularly after the development of mAb techniques.17 
These brute-force immunization, hybridization, and screening 
procedures yielded little. They defined only a single truly tumor-
specific antigen. That was the Id of clonally distributed antibody 
expressed on the surface of certain B cell lymphomas. Because it 
represents a unique protein structure within the combining site of 
the antibody, the Id can serve as an antigen for antibody produc-
tion. This fact was demonstrated by Sirisinha and Eisen180 in the 
early 1970s. Furthermore, they demonstrated that an immuno-
logic response to Id could lead to tumor protection.181

Levy and Miller182 have explored the utility of anti-Id strat-
egies in indolent B cell lymphoma over many years. Initially, 
these investigators raised custom-made anti-Id mAbs183 for 
passive administration. A first patient with far advanced, 

mAb Company
Antibody 
characteristics ADCC CDC Direct effects Comparison with rituximab

Rituximab (Rituxan®, 
Mabthera®)

Hoffman La Roche Type I, first-generation 
mouse/human chimeric IgG1

++ ++ +

Rituximab (Rituxan®, 
Mabthera®)

GlaxoSmithKline plc/
Genmab A/S

Type I, first-generation, 
human IgG1

++ ++++ + Binding to different CD20 epitope; 
more effective at CDC

Veltuzumab (IMMU-106, 
hA20)

Immunomedics Inc. Type I, second-generation, 
humanized IgG1

++ ++ + Slower off-rate, enhanced binding 
avidity, a superior CDC

Ocrelizumab Genentech Inc./Biogen Idec 
Inc./Chugai Pharmaceutical 
Co. Ltd/Roche Holding Ag

Type I, second-generation, 
Humanized fusion IgG1

+++ +/− + Binding to different CD20 epitope, 
enhanced ADCC, reduced CDC, 
enhanced affinity for FcgRIIIa RIIIa

PRO131921 Genentech, Inc. Type I, third-generation, 
humanized fusion IgG1

+++ +++ + Improved binding to FcgRIIIa, better 
ADCC, superior antitumor efficacy

AME-133 v (LY2469298) Lilly Type I, third-generation, 
humanized fusion IgG1

+++ ++ ++ Enhanced affinity for FcgRIIIa, 
superior ADCC

GA-101 (RO5072759) Glycart Biotechnology AG, 
Genentech, F Hoffmann-La 
Roche Ltd

Type II, third-generation, 
humanized IgG1

++++ − ++++ Superior ADCC and direct cell killing

TRU-015 Trubion Pharmaceuticals 
Inc., Pfizer Inc.

SMIP-derived humanized 
fusion protein

+++ + ? Single-chain polypeptide, enhanced 
ADCC, reduced CDC

ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; IgG, immunoglobulin G; SMIP, small modular immunopharmaceutical; + indicates low cytotoxicity; 
++ indicates intermediate cytotoxicity; +++ indicates high cytotoxicity; ++++ indicates very high cytotoxicity; +/− indicates very low cytotoxicity; − indicates lack of cytotoxicity; ? indicates 
cytotoxicity unknown.
Reproduced with permission from Robak et al. BioDrugs 2011;25:13–25.

taBLe 70.2

AntI-cd20 MonoclonAl AntIbodIes (mAbs) APProved or PotentIAlly useful for lyMPHoId MAlIGnAncIes
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chemotherapy-refractory disease received anti-Id mAbs. Gradual 
reductions in serum Id and tumor volume were noted. The patient 
then entered a long-term complete remission.184 In an initial 
series of patients treated with anti-Id therapy, 11 patients were 
reported.185 In this group, a second near-complete remission, four 
partial remissions, and five insignificant responses were seen. 
There was little toxicity associated with administration of the 
anti-Id antibodies. The most common side effects were chills and 
fever. Transient shortness of breath, headache, nausea, emesis, 
diarrhea, and myalgias were occasionally observed. Unusual 
toxicities included transient leukopenia or thrombocytopenia 
and transient elevations of hepatic enzymes. Several interesting 
problems of anti-Id therapy were noted in this early series: the 
interfering effect of circulating Id, the development of human 
antimouse antibody, and the emergence of Id-negative tumor cell 
variants.186–189 An attempt to reduce the incidence of emergence 
of Id-negative lymphoma variants with a short course of chloram-
bucil was unsuccessful.190 The cumulative experience suggests 
that anti-Id therapy can result in a 15% CR rate and a 50% partial 
response rate. The mechanism of tumor response in these trials 
remains unclear. However, response in these trials correlated 
with anti-Id–induced signal transduction events in the lymphoma 
cells, suggesting that activation of apoptotic pathways may lead to 
lymphoma cell death after interaction of the anti-Id antibody with 
the lymphoma surface-bound immunoglobulin receptor.191 This 
group has turned to active immunization strategies in indolent 
lymphoma (see section “Immunization Strategies”).

Radioimmunotherapy
The use of immunoglobulin–radionuclide conjugates in cancer 
treatment represents appropriation of a classic guided-missile 
strategy. In theory, the antibody homes to its antigenic target 
and delivers a cytotoxic assault on the cell to which it attaches. 
Radionuclides offer certain advantages over other cytotoxic 
agents. They do not have to be internalized. Radioactive particles 
can deliver their effects over distances of 1 to 5 mm, thus limit-
ing collateral damage to normal tissues while still potentially 
providing antitumor effects against antigen-negative variants in 
the vicinity in what has been termed a cross-fire effect. The prin-
ciples of radiation physics underlying radioimmunotherapy (RIT) 
have been reviewed by Press and Rasey.192 Radiolabeled antibod-
ies deliver continuous, exponentially decreasing, low-dose-rate 
radiation. Traditional external beam radiotherapy delivers inter-
mittent, fractionated radiation at higher dose rates. The most 
commonly used isotopes for RIT have been iodine 131 (I-131) 
and yttrium 90 (Y-90). These radionuclides kill cells primarily 
through emission of b particles, resulting in DNA strand breaks. 
The b particles of Y-90 are more energetic than those of I-131. 
They affect cells in a radius of approximately 5 mm compared to 
approximately 1 mm for those of I-131. I-131 also emits g rays. 
This allows direct imaging of the distribution of the radioconju-
gate but raises issues regarding shielding and health care worker 
and family member safety.

Several recent reviews attest to the evolution of this field.193,194 
A number of theoretical and experimentally generated concerns 
with RIT appear to have been overcome in the successful clinical 
studies described below. There had been concern that effec-
tive delivery of radioimmunoconjugates would be impeded by 
heterogeneous tumor vasculature, slow diffusion of these large 
molecules in interstitial spaces, heterogeneous biodistribution in 
tumor nodules, and high intratumoral pressures.

The two products in clinical use presently, Y-90 ibritumomab 
tiuxetan (Zevalin) and I-131 tositumomab (Bexxar), are both 
directed against the anti-CD20 antigen of B lymphocytes, the 
same structure targeted by rituximab. Both products are based 
on murine mAbs. Both are administered after infusion of uncon-
jugated anti-CD20 antibodies—rituximab in the case of Zevalin 

and tositumomab in the case of Bexxar. Both have used nuclear 
medicine imaging as a preparatory step to administration, but it 
is no longer required for Y-90 ibritumomab. Simple dosimetry is 
accomplished for I-131 tositumomab by capturing whole-body 
gamma counts after infusion of a 5 mCi “dosimetric dose” of the 
agent. Imaging was carried out in Y-90 ibritumomab tiuxetan–
treated patients to assure normal biodistribution. Whole-body 
dosimetry is carried out in I-131 tositumomab–treated patients 
to allow calculation of a patient-specific activity (mCi) to deliver a 
desired total-body dose of radiation (cGy). Both have been studied 
most extensively in indolent lymphoma and have been approved 
for treatment of patients with relapsed or refractory follicular, 
including rituximab refractory, or transformed B (CD20+) NHL.

The approval for ibritumomab tiuxetan rested primarily on 
two clinical studies. The first was a randomized controlled com-
parison of the effectiveness of Y-90 ibritumomab tiuxetan to that 
of rituximab in patients with relapsed or refractory, follicular, or 
transformed B cell NHL.195 The study involved 143 patients; 73 
randomized to Y-90 ibritumomab tiuxetan (single administra-
tion), and 70 randomized to rituximab (weekly × 4). The median 
number of prior therapies was 2. Approximately one-half of the 
patients failed to respond to or had a TTP of less than 6 months 
to their last chemotherapy regimen. Y-90 ibritumomab tiuxetan 
produced a statistically superior response rate (using the response 
definitions of the International Workshop), 80% versus 56% (P = 
0.002). The number of durable responders at 6 months favored 
Y-90 ibritumomab tiuxetan–treated patients, but the significance 
of the observation was lost at 9 months and 12 months. Median 
TTP (estimated by Kaplan-Meier methods) was 11.2 months for 
patients treated with Y-90 ibritumomab tiuxetan and 10.1 months 
for patients treated with rituximab (P = 0.173). Grade 3 and 4 
nonhematologic adverse events were unusual in both groups. 
Y-90 ibritumomab tiuxetan produced grade 3 or 4 neutropenia 
in 57% of patients, grade 3 or 4 thrombocytopenia in 60% of 
patients, and grade 3 or 4 anemia in 2% of patients. One patient 
in the Y-90 ibritumomab tiuxetan–treated group developed myelo-
dysplasia. One patient in the rituximab-treated group developed 
pancreatic carcinoma. The second trial was a phase II experience 
in 57 patients who had failed to respond to rituximab or had a 
TTP of ≤6 months.196 These patients had a median of 4 prior 
therapies, and 74% had bulky tumors (greatest diameter ≥ 5 cm). 
In this patient population, Y-90 ibritumomab tiuxetan produced a 
response rate of 74% and CR rate of 15%. The median TTP was 
estimated at 6.8 months. Grade 4 neutropenia occurred in 35% of 
patients, grade 4 thrombocytopenia in 9% of patients, and grade 4 
anemia in 4% of patients.

The pivotal study for I-131 tositumomab enrolled 60 patients 
with refractory or transformed low-grade NHL who had been 
treated with at least two different qualifying chemotherapy regi-
mens.197 Patients must also have failed to achieve an objective 
response or relapsed within 6 months after completion of their 
last qualifying chemotherapy (LQC) regimen. Median age was 
60 years, and other poor prognostic features included: median 
of 4 prior therapies, bulky disease, bone marrow involvement, 
elevated serum lactate dehydrogenase, advanced stage, and 
transformation from an initial low-grade histology to a higher-
grade histology in 38% of the patients. A statistically significant 
improvement in the primary endpoint was achieved, with a longer 
duration of response (>30 days) after I-131 tositumomab therapy 
(n = 26) compared to patients after their LQC (n = 5; P < 0.001). 
Improvements in secondary efficacy endpoints after I-131 tositu-
momab compared to those after LQC were also achieved: overall 
response (47% vs. 12%; P < 0.001), duration of response (11.7 vs. 
4.1 months; P < 0.001), and CR (22% vs. 2%; P = 0.002). Fifteen 
of 60 patients (25%) were classified as long-term responders 
(patients with a MIRROR Panel–assessed TTP of a year or more). 
Nine (15%) of the 60 patients remained in CR, with TTP ranging 
from 41+ to 57+ months.

72683_ch070_1467-1491.indd   1477 01/08/13   4:20 PM



1478 Part vii Hematologic Malignancies • SECtiON 1 General Aspects

A second trial examined the incremental benefit of the radio-
conjugate (I-131 tositumomab) compared to the nonradioactive 
antibody (tositumomab).198 This study was a randomized, two-
arm, open-label, multicenter study that enrolled patients with 
chemotherapy-relapsed or refractory low-grade or transformed 
low-grade NHL. Patients were randomized to receive either I-131 
tositumomab therapy or unlabeled tositumomab alone. The pri-
mary endpoint was a comparison of the rates of CR. Secondary 
endpoints included ORR, duration of responses, and TTP. A total 
of 78 patients (18% with transformation) participated in the study. 
Patients had been previously treated with one to three chemo-
therapy regimens. One or more therapies must have included an 
anthracycline, anthracenedione, or alkylating agent. A significant 
difference was observed for the primary efficacy endpoint. The 
CR rate was 33% (14 of 42 patients) for the patients treated with 
I-131 tositumomab compared to 8% (3 of 36) for patients treated 
with unlabeled tositumomab (P = 0.012). In addition, the ORR was 
greater after treatment with I-131 tositumomab: 23 of 42 patients 
(55%) compared to 7 of 36 patients (19%; P = 0.002). Nineteen 
patients initially treated with the unlabeled antibody crossed over 
to receive I-131 tositumomab after disease progression. A CR then 
was observed in 42% (8 of 19 patients) and an ORR in 68% (13 
of 19 patients) in the crossover patient population. A total of 20 
patients (33%) from the I-131 tositumomab–treated populations, 
including patients in the crossover arm, were classified as having 
a long-term response, including ten patients continuing in CR, 
with TTP ranging from 23+ to 59+ months.

The efficacy of I-131 tositumomab was also evaluated in 
patients who had progressed after rituximab.199,200 Patients must 
have had prior treatment with at least four doses of rituximab 
without an objective response, or to have progressed during or 
after treatment. Twenty-four patients did not respond to their 
last treatment with rituximab, and, of the 16 patients who did 
respond to rituximab, five patients had a duration of response 
exceeding 6 months. A response occurred in 27 of 40 patients 
(68%), with a median duration of response of 14.7 months (95% 
CI; 10.6 months no response). A CR occurred in 12 of 40 patients 
(30%); the median duration of CR had not been reached (95% 
CI; 11 months no response). Twenty-four patients had a longer 
(at least 30 days) duration of response after I-131 tositumomab 
than after rituximab; 5 patients had a longer duration of response 
after rituximab than after I-131 tositumomab; 9 patients had 
equivalent durations of response; and 2 patients were censored 
(P < 0.001). A total of 14 patients (35%) had a TTP of 12 months 
or longer. The median PFS was 10.4 months (95% CI, 5.7 to 8.6) 
for all patients and 24.5 months for confirmed responders (95% 
CI, 16.8 to not reached [NR]). PFS for 15 confirmed CR patients 
was NR with an estimated 3 years PFS of 73%. Prior response to 
rituximab did not significantly affect the confirmed OR rate, dura-
tion of response, or median PFS.

Radioiodinated tositumomab and Y-90 ibritumomab tiuxetan 
have also been used at myeloablative doses, with stem cell res-
cue in patients with relapsed B cell lymphomas.201,202,203,204 
Radioiodinated tositumomab was used initially as a single agent.202 
Twenty-five patients were imaged after a tracer dose of radioio-
dinated tositumomab. Twenty-two of these 25 patients achieved 
favorable biodistributions (i.e., had tumor doses in excess of doses 
to normal organs). These 21 patients received therapeutic infu-
sions of radioiodinated tositumomab (345 to 785 mCi) followed 
by reinfusion of autologous hematopoietic stem cells. All patients 
achieved bone marrow engraftment (19 with bone marrow stem 
cells, two with peripheral blood stem cells). However, two patients 
died before full neutrophil recovery; one of sepsis, one of progres-
sive lymphoma. Nonhematologic toxicities included nausea in most 
patients, mild mucositis in five patients, and partial alopecia in 
four patients. One patient experienced reversible cardiomyopathy 
and interstitial pneumonitis. Eighteen patients responded to this 
therapy; 16 patients experienced a CR. With a median follow-up of 

2 years, 2 years PFS was estimated at 62%, with OS estimated at 
93%. Press et al. then combined radioiodinated tositumomab with 
chemotherapy and autologous stem cell transfusion in a series 
of patients with relapsed B cell lymphomas.203 Fifty-two patients 
received the planned therapy. Patients were again given tracer 
doses of radioiodinated tositumomab and underwent sequential 
gamma camera imaging. Absorbed doses of radiation to tumor 
sites and normal organs were determined. Thereafter, patients 
received a therapeutic infusion of radioiodinated tositumomab 
calculated to deliver between 20 and 27 Gy to normal organs (e.g., 
liver, kidneys, and lungs). Patients then received etoposide, 60 mg/
kg, and cyclophosphamide, 100 mg/kg, followed by reinfusion of 
autologous hematopoietic stem cells. The maximal tolerated dose 
of radioiodinated tositumomab to be combined with chemotherapy 
was determined to be that dose that delivered 25 Gy to normal 
organs. Eight patients experienced 13 grade 3 or 4 toxic events. 
These included 3 patients with acute respiratory distress syn-
drome, 3 patients with severe mucositis or gastrointestinal toxic-
ity, 1 patient with venoocclusive disease, and 4 patients with fatal 
infections. At 2 years, the Kaplan-Meier estimates of OS and PFS for 
all treated patients were 83% and 68%, respectively. These findings 
were considered superior to results previously observed in patients 
who had undergone conventional external beam total-body radia-
tion with etoposide/cyclophosphamide preparation for transplan-
tation in the same institution. Thirty-one patients with CD20+ 
NHL were treated with high-dose Y-90 ibritumomab tiuxetan in 
combination with high-dose etoposide and cyclophosphamide and 
were followed by autologous hematopoietic cell transplantation 
(HCT).204 Treatment also was well tolerated; there were 2 deaths 
and 5 relapses. At a median follow-up of 22 months, the 2 years 
estimated OS rates are 92% and 78%, respectively. Retreatment 
with tositumomab and I-131 tositumomab, has also been found 
possible in patients with progressive disease after treatment with 
I-131 tositumomab, who were able to receive subsequent therapy, 
including cytotoxic chemotherapy and stem cell transplantation.205 
In patients with prior response, I-131 tositumomab can produce 
second responses that can be durable.206

Use of RIT is also being investigated in the allogeneic HCT 
setting.207,208,209 RIT with b-emitters has been successfully used 
for further dose intensification of myeloablative conditioning 
regimens for HCT. Using a canine model of nonmyeloablative 
HCT, Bethge et al. used pretransplant RIT with the a-emitter bis-
muth-213 coupled to anti-CD45 or anti-TCRab mAb together with 
postgrafting immunosuppression with mycophenolate mofetil and 
cyclosporine, which resulted in stable engraftment and long-term 
mixed chimerism.208 In 2 relapsed patients with NHL, Y-90 ibri-
tumomab tiuxetan was given as part of the conditioning for an 
HLA-matched donor transplant. Rituximab 250 mg/m2 was given 
on days −21 and −14, 0.4 mCi/kg Y-90 ibritumomab tiuxetan on 
day -14 and fludarabine (30 mg/m2) plus cyclophosphamide (500 
mg/m2) on days −7 and −3, resulting in fast and reliable engraft-
ment, offering an attractive new therapeutic option for relapsed 
lymphoma patients.209 A method of dose-intensified RIT called 
“pretargeting” RIT (PRIT) dissociates the slow distribution phase 
of the antibody molecule from the delivery of the therapeutic 
radionuclide. This might achieve improved outcomes with less 
toxicity, and is being explored in preclinical studies of hematologic 
malignancies.210 In a preclinical study using an acute leukemia 
xenograft model, comparing conventional and pretargeted anti-
hCD45 RIT, investigators showed clearly that anti-CD45 PRIT pro-
vided rapid tumor localization and improved biodistributions of 
radioactivity with significant improvements in efficacy compared 
with conventional anti-CD45 RIT.211

In allogeneic HCT, RIT is being explored to reduce toxicity 
associated with external g-beam radiation. RIT with an anti-CD45 
mAb labeled with the a-emitter astatine-211 has been used as 
a conditioning regimen in dog leukocyte antigen-identical HCT, 
resulting in good engraftment and minimal toxicity.212
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Immunotoxins and Fusion Toxins
This category of treatment reagents resembles those guided missiles 
of RIT. In this case, however, the warheads are chemical rather than 
nuclear, and the targeting is provided by antibodies or by lympho-
kines, growth factors, and so on, that specifically bind receptors on 
the surfaces of target tumor cells. Attached to the targeting moiety 
is the cytolytic moiety. This is usually a toxin, derived from plants 
or bacteria, which works by inhibiting protein synthesis. They kill 
either resting or dividing cells and require fewer than ten molecules 
in the cytosol to be effective.213,214 Toxins of this type tested in 
phase I trials include ricin A-chain, blocked ricin, saporin, pokeweed 
antiviral protein, Pseudomonas exotoxin A, and diphtheria toxin. 
Recently, calicheamicin, a highly potent antitumor antibiotic that 
cleaves double-stranded DNA at specific sequences,215 has been 
successfully targeted to leukemia cells.216

A number of factors influence the efficacy of immunotoxins. 
These include the binding affinity of the ligand for its target 
and the target density on the tumor cell surface.217 The epitope 
to which binding occurs can affect the potency of the immuno-
toxin.218 Membrane-proximal epitopes appear to confer greater 
efficacy. Immunotoxin binding must lead to internalization of 
the target structure and the attached immunotoxin.219 Once 
internalized, the toxin moiety must translocate to the cytoplasm 
to be effective. This process is aided by certain translocation 
sequences in the toxin. The need for translocation signals 
provides the rationale for using blocked ricin toxin; targeting 
via the binding subunit is eliminated but translocation sig-
nals are preserved.220 The site of translocation may vary for 
different toxins. Increasing lysosomal pH protects cells from 
Pseudomonas exotoxin and diphtheria toxin but increases sensi-
tivity to ricin,221–223 suggesting that ricin may undergo translo-
cation in the Golgi apparatus. Finally, these toxins affect protein 
synthesis by ADP-ribosylating elongation factor 2224 in the case 
of diphtheria toxin and Pseudomonas toxin, or by alteration of 
the 60S ribosomal subunit in the case of ricin.225

A number of phase I clinical trials using ricin-based, anti-pan 
B cell antibody immunotoxins have been reported in B cell lym-
phoma.226–233 These trials demonstrated that therapeutic doses 
of immunotoxins can be delivered with tolerable, reversible side 
effects. Toxicities include systemic symptoms of fever, nausea, 
vomiting, headache, and muscle aches; evidence of hepatocyte 
damage with transaminase elevations; and significant problems 
with capillary leak syndrome.234 Again recognized were the prob-
lems of human antimouse antibody formation and rapid clear-
ance of immunotoxin in the presence of circulating antigenemia. 
Sporadic responses were seen in these trials, with response rates 
perhaps approaching 25% and CRs approaching 10%. There were 
hints that targeting via CD22 might be more useful than targeting 
via CD19.235 Some experts have suggested that these agents will 
not become useful clinical tools until problems of their immunoge-
nicity have been solved.143,214

However, recent success has been reported for two agents 
of this class. A recombinant immunotoxin containing the anti-
CD22 variable domain (Fv) fused to a truncated Pseudomonas 
exotoxin has produced CRs in patients with hairy-cell leukemia 
(HCL).236 Sixteen patients whose disease was resistant to nucle-
oside analogs were treated by intravenous infusion every other 
day for three doses. Thirteen of 16 patients responded—11 had 
CRs. The treatment was generally well tolerated. Common side 
effects included transient elevations of liver enzymes and hypo-
albuminemia. Median follow-up was 16 months, during which 
3 of the 11 complete responders relapsed. These three patients 
were retreated with the immunotoxin. Two of the three devel-
oped hemolytic uremic syndrome. Moxetumomab pasudotox, is 
an improved, more active form of a predecessor recombinant 
immunotoxin, BL22 (also called CAT-3888), and is up to 50-fold 
more active on lymphoma cell lines and leukemic cells from 

patients with CLL and HCL. A phase I trial was recently com-
pleted in HCL patients, who achieved response rates similar to 
those obtained with BL22 but without dose-limiting toxicity. In 
addition to further testing in HCL, moxetumomab pasudotox 
is being evaluated in phase I trials in patients with CLL, B cell 
lymphomas, and childhood ALL. Moreover, protein engineering 
is being used to increase its activity, decrease nonspecific side 
effects, and remove B cell epitopes.237

Gemtuzumab ozogamicin (Mylotarg) is an immunotoxin 
composed of a recombinant human IgG4k monoclonal anti-
body conjugated with a cytotoxic antitumor antibiotic, cali-
cheamicin,238 and was previously approved for the treatment 
of elderly patients with CD33-positive AML in first relapse. 
The antibody is directed against the CD33 antigen found on 
the surface of leukemic blasts and normal immature cells of 
myelomonocytic lineage, but not on hematopoietic stem cells. 
CD33 is a sialic acid–dependent adhesion molecule. In a phase 
I dose-escalation trial, treatment with gemtuzumab ozogamicin 
resulted in elimination of leukemic cells from peripheral blood 
and bone marrow in 8 of 40 patients.239 The basis for approval 
of the drug was the experience in 142 patients participating in 
one of three similar trials designed to examine the efficacy and 
safety of gemtuzumab ozogamicin in patients in first relapse 
of AML.216 Across the three studies, 80 patients were 60 years 
of age or older. The median duration of first remission for the 
group was 11.1 months. All 142 patients received a first dose of 
drug, 109 patients received two doses (the recommended treat-
ment course), and five patients received three doses. Roughly 
40% of patients were treated as outpatients. Median duration of 
hospitalization was 24 days. The ORR was 30%. This included 
patients achieving a CR (defined as [a] leukemic blasts absent 
from peripheral blood, [b] bone marrow blasts <5% of cellular 
elements, [c] recovery of neutrophils and platelets, and [d] rbc 
transfusion independence) and patients achieving a CRp (CR 
as defined, except delayed platelet recovery). Median survival 
for the group as a whole was 5.9 months. Median relapse-
free survival for responders was 6.8 months. Essentially, all 
patients had grade 3 or 4 neutropenia and thrombocytopenia. 
Fifteen percent of patients experienced grade 3 or 4 bleeding 
events. Infusion-associated events occurred in approximately 
10% of patients. Sepsis occurred in 16% of patients; pneumonia 
in 7%. Grade 3 or 4 hypotension was seen in 9% of patients. 
Twenty-three percent of patients experienced grade 3 or 4 
elevation of serum bilirubin levels, and 17% of patients had 
grade 3 or 4 elevations of hepatic transaminases. Two deaths 
were associated with liver abnormalities. Eleven patients died 
during the treatment period of causes other than disease pro-
gression. There was no treatment-associated cardiotoxicity, 
cerebellar dysfunction, or alopecia. Gemtuzumab ozogamicin 
was withdrawn from the United States market in 2010 due to 
lack of clinical benefit in subsequent trials, but it remains avail-
able in Japan and for selected investigator-initiated research. 
Inotuzumab ozogamicin is a similar immunotoxin linking cali-
cheamicin to an IgG4 antibody against CD22, and is in phase 
III trials in B cell lymphoma.240

Neoplasms bearing the high-affinity IL-2 receptor have been 
approached with a genetically engineered, bacterially expressed 
IL-2-diphtheria toxin fusion protein, denileukin diftitox.241 
Denileukin diftitox was approved in 1998 for the treatment of 
patients with relapsed cutaneous T cell lymphoma (CTCL). This 
was the first approval for drugs of the recombinant fusion toxin 
class. The development of this molecule is detailed in a recent 
review.242 The basis of approval was a pivotal trial conducted 
in 73 patients with disease that was refractory to other therapy 
(patients having received three or more previous treatments).243 
Patients were randomized to either a low dose (9 mg/kg/day) 
or high dose (18 mg/kg/day) of the fusion toxin. Patients were 
treated on 5 consecutive days in 21-day cycles for up to 8 cycles. 
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Seventy-one patients received a drug. The ORR was 30%, and 
CR rate was 10%. Rates and durations of response did not dif-
fer between the two treatment groups. Adverse events included 
flu-like symptoms, acute infusion-related events, and vascular 
leak syndrome. Approximately three-fourths of the patients expe-
rienced transient elevations of hepatic transaminase levels and 
hypoalbuminemia; approximately 15% of patients experienced 
grade 3 or 4 elevations of liver enzymes or hypoalbuminemia. 
The success of this trial, to some extent, allays concern that a 
major problem with this family of fusion toxins would be previous 
immunization of most of the American population with diphtheria 
toxoid in childhood. Although approximately one-half of patients 
had antibodies against diphtheria toxin at baseline and almost all 
patients had antibodies after treatment, these did not appear to 
affect treatment outcome.243,244

An anti-CD30 antibody, brentuximab vedotin, an antibody-
drug conjugate composed of the anti-CD30 chimeric IgG1 mono-
clonal antibody cAC10 and the potent antimicrotubule drug 
monomethylauristatin E connected by a protease-cleavable linker, 
is increasingly being used in hematologic malignancies.245 Several 
trials have shown durable antitumor activity with a manage-
able safety profile in patients with relapsed/refractory Hodgkin 
lymphoma,246 systemic anaplastic large-cell lymphoma, or pri-
mary cutaneous CD30-positive lymphoproliferative disorders.247 
Treatment with single-agent brentuximab vedotin resulted in 
objective response rates and CR rates of 75% and 34%, respec-
tively, in relapsed or refractory Hodgkin lymphoma; and of 
86% and 57%, respectively, in relapsed or refractory systemic 
anaplastic large-cell lymphoma patients.247 Peripheral sensory 
neuropathy and neutropenia were observed with brentuximab 
vedotin but were generally grade 1 and 2 in severity and man-
ageable. In August 2011, brentuximab vedotin was approved in 
the United States for the treatment of Hodgkin lymphoma after 
failure of autologous stem cell transplant (ASCT) or after failure 
of at least two prior multiagent chemotherapy regimens in ASCT-
ineligible candidates, and for the treatment of systemic anaplastic 
large-cell lymphoma after failure of at least one prior multiagent 
chemotherapy regimen.

Bispecific Antibodies
Bispecific antibodies are antibody constructions that recognize 
a tumor-associated antigen (TAA) with one arm and recognize 
and activate an immune effector cell structure with the other 
arm.248,249,250 In theory, approximation of a tumor cell with an 
activated immune effector could result in tumor cell elimination. 
These bispecific antibodies can be obtained either by chemical het-
eroconjugation or by fusion of 2 hybridomas of desired specificity to 
yield a tetradoma. With either approach, chromatographic or other 
separation techniques are required to isolate the desired product.

Strategies using antibodies to activate phagocytic cells, NK 
cells, and T lymphocytes have been examined. In preclinical mod-
els, anti-Id x anti-CD3 bispecific antibodies have demonstrated 
the ability to inhibit tumor cell growth.251–253 Recognizing the 
need for costimulation in T cell response, other investigators have 
used a combination of bispecific antibodies, anti-CD3 x anti-TAA 
and anti-CD28 x anti-TAA, with interesting results.248

Blinatumomab, a new novel class of T cell engaging bispe-
cific single-chain antibody (BiTE® antibodies) engages T cells for 
redirected lysis of CD19 positive target cells.254 CD19 is stably 
expressed on the majority of B cell malignancies. A phase I trial 
in patients with indolent NHL showed efficacy.255 A phase II 
study of blinatumomab patients with B-lineage ALL, with per-
sistent or relapsed MRD, resulted in an 80% MRD response rate. 
After a median follow-up of 33 months, the RFS of the whole 
evaluable study cohort of 20 patients was 61%, while 9 patients 
who received allogeneic hematopoietic stem cell transplantation 
(HSCT) after blinatumomab treatment had a hematologic RFS 
rate of 65% (Kaplan-Meier estimate). Amongst patients who were 

Philadelphia (Ph)–negative, 4/6 MRD responders with no further 
therapy after blinatumomab were in ongoing hematologic and 
molecular remission. Thus, blinatumomab may have a role in 
inducing long-lasting CRs in B-lineage ALL patients with persis-
tent or recurrent MRD.256

Bispecific antibodies have been used in the treatment of 
patients with refractory Hodgkin lymphoma.257,258 In an initial 
phase I/II trial,258 15 patients were treated with an NK cell–acti-
vating bispecific monoclonal antibody directed against the Fcg-
receptor III (CD16 antigen) and the Hodgkin-associated CD30 
antigen. The antibody was administered every 3 to 4 days x 4. 
Dose-limiting toxicity was not encountered up to and includ-
ing the highest dose administered, 64 mg/m2. Side effects were 
unusual, but included fever, pain in involved lymph nodes, and 
maculopapular rash. Nine of 15 patients developed a human 
antimouse antibody response that resulted in allergic reac-
tions in four patients who were retreated. Duration of one CR 
was 16 months, and partial responses endured for a median of  
3 months. These results prompted a second trial to investigate the 
effects of different administration schedules and the concomitant 
administration of cytokines on the effectiveness of the bispecific 
antibody.259 Sixteen patients were treated with 25 mg of the con-
struct four times, either as a continuous infusion for 4 days or a 
1 hour infusion every other day. Patients who exhibited response 
were retreated at 4-week intervals, if possible. Patients with 
stable disease received retreatment after administration of IL-2 
and granulocyte-macrophage colony-stimulating factor (GM-CSF). 
Four patients responded to the treatment (three partial remis-
sions and one complete remission). Durations of response were 
from 5 to 9 months.

Bispecific antibodies, as an approach to immunotherapy, 
appear to have garnered more enthusiasm and engendered more 
activity in the treatment of solid tumors.260 This approach as an 
immunotherapeutic strategy is also being explored in overcoming 
drug resistance cell lines in B cell malignancies,261 as well as the 
allogeneic HCT setting, to enhance the graft-versus-tumor effect, 
while minimizing graft-versus-host disease (GVHD).262 Relatively 
minor results have not given rise to large-scale trials. Gupta 
et al. in a preclinical study showed that two bispecific HexAbs 
(IgG-[Fab]4 constructed from veltuzumab [anti-CD20 IgG] and 
milatuzumab [anti-CD74 IgG]) show enhanced cytotoxicity in 
mantle cell lymphoma (MCL) and other lymphoma/leukemia cell 
lines, as well as patient tumor samples without a crosslinking Ab, 
compared with their parental mAb counterparts, alone or in com-
bination. They may thus constitute a new class of therapeutic Abs 
by invoking the juxtaposition and engagement of 2 independent 
targets on a cancer cell.263 A trifunctional bispecific antibody, 
FBTA05, is now in preclinical studies.264 It is designed to target 
human CD20 and human CD3, simultaneously binding B cells 
and T cells by its variable regions and recruiting FcgR-positive 
accessory immune cells by its intact Fc region. The cytotoxicity of 
FBTA05 on ex vivo cells from patients with CLL was comparable 
with that induced by alemtuzumab, exceeded the antineoplastic 
effects of rituximab, and was effective in elimination of malignant 
B cells even if CD20 surface expression was low. Importantly, a 
high grade of cytotoxicity was associated with the induction of T 
cell proliferation and the concomitant release of interferon-g and 
IL-6, thus overcoming the detrimental effects of an unfavorable 
effector:target cell ratio.265 These unique approaches appear to 
further improve the antineoplastic efficacy of mAbs in hemato-
logic malignancies.

Cytokines

Interferons
The interferons (IFNs) constitute a family of cytokines that 
were initially recognized by their abilities to interfere with 
viral replication.199 Two major classes of IFNs exist: type I, 
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consisting primarily of IFN-a and IFN-b; and type II, consist-
ing of IFN-g. Type I IFNs are produced by many cell types. 
Type II IFN is produced by T lymphocytes. Signaling in this 
system involves the janus kinase (JAK) family and the STATs.266 
Transmission of IFN-specific signals results in induction of a 
number of genes, including several transcription factors, MHC 
class I and class II (primarily in response to IFN-g) molecules, 
and a number of proteins that are responsible for the antiviral 
activity of the IFNs, including the (2′ to 5′) oligoadenylate syn-
thase–nuclease system.267 Promoters for these genes share an 
IFN-stimulated response element that has a consensus structure 
of AGTTTCNNTTTCNC/T.268 The nature of the IFN antitumor 
action is as yet ill defined. Early observations involving virally 
induced tumors demonstrated that IFNs could inhibit tumor 
growth.269 These observations were later extended to nonvirally 
induced tumors.270 The marriage of molecular biology and the 
entrepreneurial biotechnology industry produced recombinant 
IFNs early on, and these molecules have been used extensively 
in clinical trials since the early 1980s. IFN-a has found its way 
into the therapeutic armamentarium, but IFN-g has not. The 
most successful applications of these substances have been in 
chronic myelogenous leukemia (CML) and HCL.

In chronic-phase CML, IFN-a has demonstrated the ability to 
control blood counts and to induce complete hematologic response 
in perhaps 70% of patients, and complete cytogenetic responses 
in 25% of patients.271,272–275,276,277,278 Typical administration 
schedules have been 5 × 106 U/m2/day or three times weekly. 
These results have been achieved with significant side effects, 
including initial flu-like symptoms that abate at approximately  
2 weeks, then later fatigue, weight loss, neurotoxicity, depres-
sion, and insomnia. Rare cardiac and autoimmune side effects 
have occurred, including arrhythmias and congestive heart failure 
as well as hemolytic anemia, thrombocytopenia, rheumatologic 
disorders, hypothyroidism, and nephrotic syndrome. The role of 
IFN-a in the treatment of CML and its effect on remission duration 
and survival are controversial. One large multicenter trial failed to 
demonstrate a correlation between cytogenetic response to IFN-a 
and remission duration or survival,274 but in a head-to-head com-
parison of IFN-a with hydroxyurea, significantly improved sur-
vival was seen in the IFN-a–treated group.276,279,280 In this study, 
most of the benefit of IFN-a appeared to accrue to the patients 
who achieved a major cytologic response, all of whom were in the 
IFN-a–treated group. In the era of imatinib mesylate, the role for 
IFN-a remains to be defined.277,278

In HCL, IFN-a became the first effective, nonsurgical treat-
ment; splenectomy was the first treatment approach. A number 
of studies conducted with partially purified, then recombinant 
IFN-a demonstrated that approximately 75% of treated patients 
achieved a complete or partial response.281–285 Median durations 
of response were 12 to 24 months, with virtually all patients even-
tually relapsing. However, most patients responded to a second 
treatment course of IFN-a. The mechanism of IFN-a action in this 
disease is unknown. Both antiproliferative286 and immunomodu-
latory287,288 events have been demonstrated in treated patients. 
Although IFN-a is an active agent in HCL, the remarkable effec-
tiveness of short courses of cladribine in inducing sustained com-
plete clinical remissions in this disease make it the treatment of 
choice for most patients with the disease.

Interferon-a also has been used in the treatment of NHL.143 
As a single agent, interferon-a has modest activity in indolent 
lymphomas, but toxicities are significant (at the doses gener-
ally used) and remission durations are generally short, with 
little effect on response rates and perhaps a reduction in the 
rate of transformation to higher-grade lymphoma,289 moderate 
prolongation of remission durations, but, with one exception,290 
no effect on OS.

IFN-a may also be a useful agent in the treatment of mul-
tiple myeloma.291,292 When used in combination with chemo-
therapy, IFN-a may improve initial response rate and PFS. 

A pilot trial conducted by the Eastern Cooperative Oncology 
Group suggested that IFN-a treatment in combination with 
chemotherapy led to increased response rates and prolonged 
disease-free interval by 12 months over that expected,.293 In a 
large randomized trial of 256 patients,294 IFN-a maintenance 
treatment produced improved disease-free survival of 17.8 
versus 8.2 months for the control group and OS of 50.6 versus 
34.4 months. Both differences were statistically significant. 
Inclusion of IFN-a during induction therapy appeared to confer 
further benefit. However, in a large cooperative group trial,295 
no benefit was seen to IFN-a maintenance therapy. A meta-
analysis of 24 randomized studies involving more than 4,000 
subjects indicated that IFN-a improves relapse-free survival 
to a moderate degree and OS to a marginal degree in multiple 
myeloma. Therefore, the role of IFN-a in the treatment of mul-
tiple myeloma remains controversial. Its cost and side effects 
must be considered when contemplating the use of IFN-a. 
Furthermore, its usefulness has been questioned in melphalan-
prednisone–treated patients,296 in patients receiving high-dose 
steroids,297 and in the elderly.298 Recombinant IFN-g1b has 
been used to enhance the immune system in high risk cancer 
patients treated with granulocyte transfusions, as well as to 
treat fungal infections in the allogeneic hematopoietic stem cell 
transplant setting.299 Type I IFN (HLBI, IFN-a2b and IFN-b) has 
been shown to enhance antileukemic cytotoxicity of gd T cells 
in in vitro models.300 IFN-a is effective in polycythemia rubra 
vera, particularly in the young or pregnant patient.301

Interleukin-2
IL-2 was first recognized as a growth factor for T lympho-
cytes.302,303 Its discovery allowed the cloning and long-term 
propagation of antigen-specific T cell clones.304,305 In addition, 
it was determined that IL-2 treatment led to gain of function, 
particularly increased cytotoxicity in T lymphocytes306 and NK 
cells.307 The possibility of generating or potentiating specific 
immune responses for clinical applications made the production 
of IL-2 one of the earliest targets of the biotechnology indus-
try. Recombinant IL-2 was available for clinical application by 
1983,308 only 5 years after the activity was first described.

IL-2 binds specifically to receptors (IL-2R) on target cell sur-
faces.309 Most resting lymphocytes display only intermediate-
affinity receptors made up of IL-2Rb and IL-2Rg polypeptide 
chains. A number of stimulatory signals lead to production 
of IL-2Ra chains and the display of high-affinity heterotri-
meric receptors of IL-2Ra, IL-2Rb, and IL-2Rg chains. IL-2Ra 
contributes a rapid association rate with IL-2, whereas the 
IL-2Rb and IL-2Rg chains provide a slow dissociation rate. 
The resulting rapid on rate and slow off rate results in an 
equilibrium dissociation constant (Kd = 10−1 mol).310 With 
approximately 750 receptors per cell surface, an endocytosis-
related half-life of approximately 15 minutes, and an apparent 
requirement of 10,000 occupied receptors before commitment 
to cell cycle progression, it is likely that optimal treatment 
strategies will require prolonged, continuous administration 
of the cytokine.311

Early experience with IL-2 used increasing doses, seeking 
optimal effect. However, at high intravenous dose (greater than 
10−8 mol peak concentration, attempting to saturate interme-
diate-affinity IL-2R on target cells), IL-2 produced significant, 
life-threatening toxicities.312 These side effects included fever 
and chills initially followed by a constellation of problems 
resulting from a capillary leak syndrome, including hypoten-
sion requiring pressor support in a majority of patients, sig-
nificant weight gain, respiratory distress occasionally requiring 
intubation, oliguria, renal dysfunction, and death in approxi-
mately 1% of patients. Additional side effects included nausea, 
vomiting, diarrhea, cardiac arrhythmia, liver dysfunction, men-
tal status changes, anemia, and thrombocytopenia. Because of 
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these severe side effects, arbitrary ad hoc dose adjustments and 
well-controlled clinical trials have attempted to reduce dose 
while maintaining clinical efficacy. At doses approximately 300 
to 500 times less than those initially used, marked increases 
in circulating levels of NK cells without induction of immune-
mediated pathology have been demonstrated.313 Continuous 
intradermal and intermittent subcutaneous administration 
schedules have been evaluated.311

IL-2 has been used in the treatment of AML. A few studies 
have been conducted in patients with active disease.314–317 Of 
these patients, a small minority had complete remissions, which 
were generally of brief duration. However, in several instances 
the IL-2–induced/maintained remission duration exceeded that 
of previous remission durations. This experience prompted an 
examination of IL-2’s ability to prolong remission after che-
motherapy.318 Seventeen patients with AML were treated with 
IL-2 or IL-2 plus lymphokine-activated killer (LAK) cells after 
autologous bone marrow transplantation (BMT). Five of these 
patients relapsed between 2 to 10 months, one died in therapy, 
but 11 remained in complete remission 12 to 54 months after 
BMT. All of the surviving patients demonstrated remission 
inversion. Similar results were reported in seven patients 
treated with polyethylene glycol–conjugated IL-2 administered 
as the sole postremission therapy after induction of a second 
complete remission.319 More recently, a pilot study of IL-2 in 
patients in first remission has been reported.320 The results 
suggest that more patients were alive at 3 years than would 
have been predicted by observations in historical controls. 
These results suggest that consolidative IL-2 administered early 
in remission induction can decrease relapse rate and suggest 
that prospective randomized comparisons are warranted.

Despite difficulty meeting accrual goals in several studies,321 
some experience has been gained using IL-2 in NHL, Hodgkin 
disease, and CTCL. In general, response durations in these 
diseases are brief and clinically insignificant.143 However, a 
few remissions of prolonged duration have been reported. 
European investigators examined continuous-infusion high-
dose IL-2 alone in patients with heavily pretreated lymphomas 
of various subtypes.322 In 24 patients with low-grade lym-
phomas resistant to anthracycline-containing regimens, one 
CR was seen. In 23 patients with intermediate- or high-grade 
lymphomas refractory to primary therapy or salvage therapy, 
three complete remissions and two partial remissions were 
documented. No responses were seen in seven patients with 
Hodgkin disease. In seven patients with mycosis fungoides 
refractory to chemotherapy, one complete remission and four 
partial remissions were seen. These authors concluded that fur-
ther testing with IL-2 in patients with aggressive lymphoma and 
CTCL was warranted. This experience with CTCL is particularly 
provocative because a direct effect of IL-2 on tumor cells, which 
often bear the IL-2R, is likely and may relate to the mechanism 
by which the IL-2 effect was manifest in this trial.

Use of IL-2 has been investigated in myelodysplastic syn-
drome (MDS).323 Its utility, in this setting, remains to be 
defined. IL-2 is critical for Treg cell development, expansion, 
activity, and survival.324,325 Investigators found that the admin-
istration of daily subcutaneous low-dose IL-2 in patients with 
active chronic GVHD rapidly induced preferential and sus-
tained Treg cell expansion, reversed advanced manifestations 
of chronic GVHD, and permitted a substantial reduction in the 
glucocorticoid dose.326 Conversely, the binding of basiliximab 
and daclizumab, two IL-2 receptor antagonists (IL-2RAs) that 
bind to the a-subunit of the IL-2R (CD25), found predominantly 
on the surface of activated cytotoxic T cells, induced prolifera-
tion and provides selected immunosuppression, prevents GVHD 
efficiently and feasibly following unrelated donor-peripheral 
blood stem cell transplantation (URDPBSCT) and contributes to 
favorable outcome.327

Cellular approaches

Graft-versus-leukemia Effect
Despite the fact that early studies in murine leukemia suggested 
that allogeneic HCT would confer a lower risk of relapse than 
syngeneic HCT,328 and this information was used as part of the 
rationale for early clinical HCT,329 the reality of a graft-versus-
leukemia (GVL) effect in human transplantation was slowly rec-
ognized.330,331 Significant indirect evidence for a GVL effect can 
now be cited.332 Anecdotal reports have documented remission 
reinduction after a flare of GVHD333 or on rapid withdrawal of 
immunosuppression.334 Furthermore, a number of studies have 
confirmed that syngeneic HCT is associated with a higher risk 
of relapse than allogeneic HCT.335,336 Other studies, including 
large retrospective analyses by the International Bone Marrow 
Transplant Registry,337 have demonstrated a protective effect 
of GVHD. Non-T cell–depleted transplant recipients with acute, 
chronic, and acute plus chronic GVHD had a lower likelihood 
of relapse than did patients receiving non-T cell–depleted HCT 
who had no GVHD. Patients who received non-T cell–depleted 
HCT and experienced no GVHD still had a lower likelihood 
of relapse than patients receiving syngeneic HCT. These data 
have been interpreted to support the notion that graft-versus-
leukemia effects can be seen in the absence of GVHD. Of note, it 
appears that the potency of the graft-versus-tumor effect differs 
among neoplasms.338 The graft-versus-tumor effect is obvious 
in AML and CML, has been suggested in lymphoma,339 but at 
least in one study was absent in ALL,340 and has been less 
apparent in myeloma.341

The molecular and cellular mechanisms that underlie the GVL 
effect are becoming better understood.332,338,341,342 Furthermore, 
the relationship between the GVL effect and GVHD is becom-
ing better defined. Some antigens relevant to these processes 
have been identified. Although MHC differences have long been 
associated with GVHD, the role of minor histocompatibility 
antigen expression in GVHD and the GVL effect is becoming 
apparent338,340,341,343,344,345 (Fig. 70.5). In a murine model, 
administration of allogeneic T cells specific for a single minor 
histocompatibility antigen resulted in an antileukemic response 
without a graft-versus-host response.346 Other antigens may be 
important as well.346 Immune responses against the neoantigens 
expressed from the BCR/ABL fusion in CML347,348 and the PML/
RaRa fusion in acute promyelocytic leukemia349 have been dem-
onstrated. Their relevance is suggested by the disease-specific 
efficacy of DLI, but their true relevance in the clinical setting 
remains to be defined.

The immunologic effectors of GVHD and GVL are also being 
dissected. It is apparent that T lymphocytes must play a large role 
in these reactions, for their removal results in a marked decrease 
in GVHD and marked increases in relapse frequencies.350 The 
role of NK cells in mediating the GVL effect is increasingly being 
investigated.351,352 Preclinical studies in mice have shown that 
different combinations of activating and inhibitory receptors on 
NK cells can reduce GVHD, promote engraftment, and provide 
superior graft-versus-tumor responses. Emerging clinical data 
have shown that the use of KIR-ligand incompatibility produces a 
potent graft-versus-leukemia effect in patients with AML at high 
risk of relapse.352 Recent evidence suggests that CD4+ T lym-
phocytes may be particularly important in the GVL effect.353,354 
Allografts selectively depleted of CD8+ T lymphocytes (CD4+ T 
lymphocytes preserved) demonstrated a low incidence of GVHD 
yet a preserved GVL effect similar to that seen with unfractionated 
HCT in patients with CML. These clinical findings are supported 
by similar findings in animal models355 and by the demonstration 
of donor-derived, HLA-identical, cytotoxic CD4+ T cell clones of 
multiple specificities in a patient with severe GVHD after trans-
plantation for CML.356 T-helper subset 2 and T-cytotoxic subset 
2 may be particularly important in the regulation of GVHD and 
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mediation of GVL effects.357 Development of MHC-tetramer tech-
nology has provided a means to visualize antigen-specific T cell 
responses.358 This technology can be used to correlate individual 
T cell responses with a clinical course. In an early application of 
the approach, Mutis et al.359 demonstrated that the frequencies 
of T cells specific for the HY and HA-1 minor histocompatibility 
antigens correlated with the severity of GVHD.

A number of strategies have been proposed to enhance the 
GVL effect and reduce GVHD.338,360 These include a reduction 
in the total number of T lymphocytes used in transplantation, 
delayed transfusion of donor lymphocytes,361 CD8+ T lympho-
cyte depletion, ablation of thymidine kinase gene–transfected 
donor T lymphocytes with ganciclovir administration in case of 
GVHD,362,363 administration of IL-2364 and use of IL-2 recep-
tor antagonists,327 functional depletion of antihost lymphocytes 
without depletion of antimyeloid lymphocytes,365,366 and ex vivo 
generation of leukemia-specific T lymphocytes.367

The approach that has garnered the most attention recently 
has been mini-allografting.368,369,371 High-dose chemotherapy 
with stem cell rescue has proven to be an effective, potentially 
curative approach to the treatment of several malignancies. 
However, this technique is associated with significant morbidity 
and mortality. The success of DLI (see section “Donor Leukocyte 
Infusions”) for the treatment of CML and other hematologic 
malignancies has suggested that much of the benefit of allogeneic 
HCT is mediated by the graft-versus-malignancy effect. Several 
groups have evaluated the effects of safer, less toxic approaches 
to HCT. Shimoni et al.369 described their experience with allo-
geneic HCT using nonmyeloablative regimens in 116 patients. 
These low-dose regimens were designed, not to eradicate host 
hematopoiesis, but to allow induction of the GVL effect as the 
primary treatment mechanism. Forty-six patients with advanced 
age or significant organ dysfunction and diagnoses of CML, AML, 
or myelodysplasia, were treated with purine analog/cytarabine 
combinations to provide sufficient immunosuppression to allow 
engraftment of allogeneic progenitor cells. Thirty-six of 40 evalu-
able patients receiving related-donor HCT engrafted with donor 
cells—23 patients—achieved complete donor chimerism, and  

13 patients were mixed chimeras. Death attributed to treatment-
related causes occurred in 8 patients. Twenty-eight of 31 evalu-
able patients with AML or MDS achieved a CR. Three patients 
died in remission. Fifteen patients relapsed. Six of the 15 patients 
received donor leukocyte infusion, but none responded. Eleven 
patients had CML. Eight of nine patients who received related-
donor grafts achieved complete hematologic and cytogenetic 
remission. Two-thirds of patients treated in chronic phase were 
alive at 2 years. Seventy patients were treated with purine analog/
melphalan nonmyeloablative regimens in an attempt to improve 
outcomes for patients with active chemorefractory leukemia at 
the time of HCT. Sixty-two of 64 evaluable patients had engraft-
ment of donor hematopoietic cells. Treatment-related mortality 
was estimated at 45%. Median survival for the group was 4.5 
months. Survival at 1 year was 37% and at 2 years was 31%. 
Investigators at the Center for International Blood and Marrow 
Transplant Research (CIBMTR) found that following HCT using 
myeloablative conditioning (MAC), GVHD had an adverse effect on 
transplant-related mortality (TRM) with early modest augmenta-
tion of GVHD-associated GVL. While following reduced-intensity 
conditioning (RIC), GVL may be important in limiting both early 
and late leukemia recurrence.372

Donor Leukocyte Infusions
A number of authorities consider the success of DLI to be the 
most compelling proof of a GVL effect.373 In 1990, Kolb et 
al.374 reported three patients with relapsed CML after marrow 
transplantation that were treated with infusion of buffy coat 
leukocytes from the donor and IFN-a. Complete hematologic and 
cytogenetic responses were seen in these patients. Since then, the 
phenomenon has been replicated and extended by many investi-
gators.373,375,376 A broad experience of 25 North American trans-
plant centers has been reported,377,378 confirming the remarkable 
efficacy of this approach in patients with relapsed chronic-phase 
CML and the less impressive response rates in advanced CML 
and acute leukemia. The collective experience suggests that in 
cytogenetic relapse or clinical chronic-phase relapse of CML, 
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p53; WT-1; hTERT; hdm-2; survivin;
CYP1B1
Leukemia-specific antigens:
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FIGURE 70.5. Antigenic basis of graft-versus- leukemia 
(GVL) and graft-versus-host (GVH) immune responses.  
Graft-versus-leukemia reactivity is mediated by immune 
responses specific to antigens with expression restricted to 
leukemic cells (leukemia-specific and certain viral antigens) 
and patient hematopoietic cells (hematopoietic lineage–
restricted minor histocompatibility antigens, hematopoietic 
differentiation antigens). Reactivity to leukemia-associated 
antigens contributes to GVL mostly, although these antigens 
are expressed at low levels in normal tissues. Ubiquitously 
expressed antigens are a substrate of GVH disease. Ag, 
 antigen; GVHD, graft-versus-host disease; mHags, minor 
histocompatibility antigens. (Adapted from Ivanov R, Hagen-
beek A, Ebeling S. Towards immunogene therapy of hemato-
logic malignancies. Exp Hemat 2006;34:251–263).
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complete cytogenetic remission can be attained in 80% of patients. 
However, patients with more advanced disease have a much 
lower, perhaps 25%, chance of remission. When the technique has 
been applied to patients with AML relapsing after allogeneic BMT, 
response rates have been only 15% to 20%.376

The timing and application of DLI in other hematologic malig-
nancies following hematopoietic stem cell transplant is still being 
explored. The clinical benefit of DLI in AML was explored in a ret-
rospective analysis on the role of DLI in the treatment of relapsed 
AML after allogeneic HSCT by the European Group for Blood and 
Marrow Transplantation (EBMT) Acute Leukemia Working Party. 
They analyzed the data of 399 patients with AML in the first 
hematologic relapse after HSCT whose treatment did (n = 171) or 
did not (n = 228) include DLI. After a median follow-up of 27 to 40 
months, respectively, estimated survival at 2 years was about 21% 
for patients who received DLI and 9% for patients who did not 
receive DLI. Improved outcome was associated with younger age 
(<37 years; P = 0.008), relapse occurring more than 5 months 
after HSCT (P < 0.0001), and use of DLI (P = 0.04). Among DLI 
recipients, a lower tumor burden at relapse (<35% of bone mar-
row blasts; P = 0.006), female sex (P = 0.02), favorable cytoge-
netics (P = 0.004), and remission at time of DLI (P < 0.0001) 
were predictive for survival in a multivariate analysis. Two-year 
survival was 56% if the DLI was performed in remission or with 
favorable karyotype, compared to 15% if the DLI was given in 
aplasia or with active disease.378 Anecdotal reports of responses 
have been generated in multiple myeloma, CLL, Fanconi anemia, 
and polycythemia vera.376 When applied to patients with ALL, 
Hodgkin lymphoma, and NHL, few responses have been seen.376

DLI are not without complications. The two most wor-
risome are GVHD and pancytopenia occurring weeks after 
infusion. Predictors of GVHD after donor leukocytes were T 
lymphocyte depletion in the original transplant marrow and 
concomitant IFN-a usage. The GVHD induced by DLI appears 
to respond more readily to immunosuppressive measures than 
does the GVHD seen with transplantation. Predictors of myelo-
suppression include frank hematologic relapse and T lymphocyte 
depletion.373,377,378,379

The optimal dose and timing of DLI have yet to be deter-
mined.380 Administered dosage of leukocytes does not necessarily 
correlate with response,373,381,382 but there is some evidence that 
the incidence of GVHD does correlate with dosage,382 making 
the notion of infusing fewer cells attractive. Regarding timing, 
the ability to detect relapse with molecular biologic techniques, 
such as PCR, allows definition of relapse long before it becomes 
hematologically apparent. Yet whether DLI should be used before 
hematologic relapse remains a matter for clinical investigation 
because transient molecular relapses have been documented.379 
Similarly, the requisite concomitant use of IFN-a has been ques-
tioned. In the European trials, use of IFN-a did not appear to 
improve the response rate to DLI,337 and a number of studies 
have documented responses without the use of the cytokine.379,382

Adoptive Cellular Immunotherapy
The field of immunotherapy was rejuvenated in the early 1980s 
by reports of clinical trials with transfer of antitumor cells to 
tumor-bearing patients.383,384 Rosenberg et al. pioneered the use 
of LAK cells plus IL-2.385,386 LAK cells were derived from resting, 
autochthonous, peripheral blood mononuclear cells by culture ex 
vivo in high concentrations of IL-2. After culture, these cells were 
capable of lysing fresh tumor cells in an MHC-nonrestricted fash-
ion.387 They were returned to tumor patients with concomitantly 
administered high-dose IL-2. Although the tumor target structure 
remains undefined, these determinants appear to be broadly 
distributed on fresh and culture tumor cells and not expressed 
on normal cells in vivo. LAK cells appear to be derived from the 
NK subset of human lymphocytes bearing the NK markers CD16 

and CD56, and usually lacking the CD3 structure.388,389 Initial 
reports with LAK plus IL-2 in patients suggested a significant 
response rate in NHL, but most emphasis has been given to solid 
tumors, particularly renal cell carcinoma and melanoma.390,391 
Studies suggested that LAK cells do not consistently home to the 
site of tumor involvement, significantly limiting their therapeutic 
efficacy,392 and have demonstrated no advantage for the admin-
istration of LAK plus IL-2 over administration of IL-2 alone.390

A search for more potent killer cells resulted in the description 
of tumor-infiltrating lymphocytes (TILs).393 These cells could be 
isolated and grown from single-cell suspensions of tumor speci-
mens in IL-2. They have the phenotype of classical cytotoxic T 
cells and kill tumor cells in an MHC-restricted manner. In animal 
studies, TILs are approximately 50 to 100 times more potent 
killers than are LAK cells. TILs also more efficiently home to 
and accumulate in tumor deposits.394,395 Pilot trials386,396 have 
demonstrated a response rate of approximately 35% in patients 
with melanoma.

The rather modest response rates, the extremely labor-
intensive nature of these treatments, and the serious toxicity of 
systemically administered IL-2 have markedly limited enthusiasm 
for these approaches to treatment, but they stand as important 
milestones on the road to effective immunologic treatments for 
neoplastic hematologic diseases and solid tumors. The remark-
able success of adoptively transferred, virally specific, ex vivo 
expanded T lymphocytes for control of cytomegalovirus infec-
tion in patients after allogeneic HCT397–398,399 suggests that, if 
appropriate tumor cell antigens can be found and exploited, this 
form of therapy may become a useful modality in the treatment of 
hematologic malignancies.400,401

Engineered cells, using autologous chimeric antigen receptor-
modified T cells reinfused into a patient with refractory CLL, 
expanded to a level that was more than 1,000 times as high as 
the initial engraftment level in vivo, with delayed development 
of the tumor lysis syndrome and with complete remission. A 
specific immune response was detected in the bone marrow, 
accompanied by loss of normal B cells and leukemia cells that 
express CD19. Remission was ongoing 10 months after treat-
ment. Hypogammaglobulinemia was an expected chronic toxic 
effect.402 Also, transplants using lectin-separated, E-rosette–
depleted (SBA-E-) allogeneic marrow– or granulocyte colony-
stimulating factor–mobilized CD34+ peripheral blood progenitor 
cells, which were adequately depleted of T cells and administered 
without posttransplant immunosuppression, have been shown to 
induce consistent engraftment with low incidences of acute and 
chronic GVHD, both in HLA-matched and HLA-disparate recipi-
ents. Furthermore, the incidence of relapse posttransplant is not 
increased in patients transplanted for AML, MDS, or ALL.403

Immunization Strategies
The central hypothesis of active immunotherapy for cancer is that 
either the tumor cell itself or antigens derived from the tumor cell 
(which are specific, or at least selective, for the tumor cell) can 
be modified and injected back into the patient as a therapeutic 
vaccine. The desired result is activation of both major arms of the 
immune response, the host antibody response and a host T cell 
response, against the target tumor cell or antigen, to aid in the 
eradication of the disease (Fig. 70.6).

Active Immunotherapy for Lymphomas
Vaccine strategies targeting NHL have largely focused on using the 
tumor-specific Id as an antigen. The variable regions of the heavy 
and light chains of the immunoglobulin molecules expressed on 
the surface of B cells contain unique determinants termed Id that 
can be recognized as an antigen. Since malignancies of mature 
and resting B cells arise from clonal proliferation of cells that 
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express immunoglobulins with unique variable region sequences 
on their surface, the Id of a given B cell malignancy can serve as 
a tumor-specific antigen and has been exploited as a target for 
active specific immunotherapy.

preclinical Studies of Idiotype Vaccines
In the early 1970s, Lynch and Eisen demonstrated in mice 
that active immunization with purified immunoglobulins from 
mineral oil–induced plasmacytomas induced Id-specific tumor 
resistance.180,181 This phenomenon has been reproduced sub-
sequently in a number of lymphoma, myeloma, and leukemia 
models.404–409 In 1987, Kaminski et al. demonstrated that 
optimal immunization required conjugation to a strongly immu-
nogenic carrier protein, such as keyhole limpet hemocyanin 
(KLH).407 Subsequently, Kwak et al. demonstrated that the use 
of GM-CSF factor as an adjuvant facilitated the induction of 
tumor-specific CD8+ T cells and enhanced the efficacy of the 
vaccine in a murine 38C13 lymphoma model.409 GM-CSF likely 
acts by recruiting and promoting maturation of professional 
APCs such as DCs, which may in turn activate pathways of 
antigen processing that allow exogenous proteins to be pre-
sented by class I molecules. Animal studies also demonstrated 
that idiotypic vaccination conferred protection against tumor 
challenge and could cause regression of established tumors. 
Taken together, these results provided the rationale for testing 
autologous tumor-derived idiotypic surface immunoglobulin as 
a therapeutic “vaccine” against human B cell NHL.

pilot Clinical trial of Idiotype Vaccine
The first human study of Id vaccination was pioneered by Kwak 
et al., in patients with follicular lymphoma (Table 70.3), which 
was a pilot study designed to determine whether it was possible 
to immunize against the Id portion of the protein.410 Follicular 
lymphoma patients, in minimal residual disease or complete 
remission after chemotherapy, were immunized with subcuta-
neous injections of autologous purified tumor-derived immu-
noglobulin, conjugated to KLH. Because no Id-specific immune 
responses were observed before the addition of an immunologic 
adjuvant to the first group of patients, patients (9 patients) subse-
quently received the entire series of immunizations with a stan-
dard emulsion adjuvant (Syntex adjuvant formulation-1 [SAF-1]).  
In all, 41 patients were treated in this pilot study, and 41% 
demonstrated specific anti-Id antibody and 17% demonstrated 

cellular proliferative responses.411 Of the 20 patients with residual 
disease following chemotherapy, two patients had complete 
regression of the tumor in association with the development of 
a specific immune response. Thus, these results were important 
because they demonstrated that patients with lymphoma could 
be induced to make sustained Id-specific immune responses by 
active immunization with purified autologous tumor-derived 
surface immunoglobulin conjugated to the immunogenic carrier 
KLH. Furthermore, the induction of Id-specific immune responses 
was demonstrated in the setting of minimal tumor burden after 
conventional chemotherapy. However, it is important to recognize 
that convincing T cell responses (CD8+) were not observed, and 
this single-arm trial was not designed to answer the question of 
clinical efficacy.

Idiotype Keyhole Limpet hemocyanin + Granulocyte-
macrophage Colony-stimulating Factor Vaccine–induced 
Molecular remissions in Follicular Lymphoma
Based on the preclinical observation that the addition of 
GM-CSF as an adjuvant to the vaccine-induced tumor-specific 
CD8+ T cells,409 Bendandi et al. conducted a phase II clini-
cal trial where 20 previously untreated follicular lymphoma 
patients were treated with autologous tumor-derived Id-KLH + 
GM-CSF vaccine (in normal saline) following induction of clini-
cal remission with a uniform chemotherapy regimen (predni-
sone, doxorubicin, cyclophosphamide, and etoposide [PACE])412 
(Table 70.3). This produced a homogeneous group of patients, 
all in first CR, who were given vaccine treatment in the setting 
of minimal residual disease. The vaccine was injected subcu-
taneously in 5 monthly doses starting approximately 6 months 
after completing chemotherapy to allow time for immunologic 
recovery. The vaccine was well tolerated, with the main adverse 
effects being injection site reactions such as erythema, indura-
tion, and pruritus. There were no long-term adverse effects due 
to the vaccine.

Following vaccination, anti-KLH antibody and cellular 
responses were induced in all patients. Anti-Id antibody 
responses were induced in 15 of 20 patients (75%) and Id-specific 
and/or tumor-specific CD4+ and CD8+ T cell responses were 
observed in 19 of 20 patients (95%).412 Further characterization 
of anti-Id cellular immune responses demonstrated that the T 
cells specifically recognized multiple unique immunodominant 
epitopes within the hypervariable complementarity-determining 

FIGURE 70.6. Therapeutic vaccination against 
cancer. Active immunotherapy against cancer typically 
involves the use of tumor cells or antigens derived from 
the tumor cells that are modified and injected back into 
the patients to elicit a potent host CD4+ and CD8+ T 
cell response and possibly a host antibody response 
against the targeted tumor to aid in the eradication of 
the disease. Ex vivo modification of tumor antigens or 
tumor cells may involve the use of conjugation to a carrier 
molecule, incorporation into viral vectors, transduction of 
tumor cells with cytokine genes, and/or administration 
with adjuvants. Ab, antibody.
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regions, but not framework regions of immunoglobulin heavy 
chain.413

Monitoring of the patients for minimal residual disease showed 
that 8 of 11 patients with PCR-positive t(14;18) chromosomal 
translocation breakpoints converted to PCR negativity in their blood 
immediately after completing vaccination, and sustained their 
molecular remissions for a median of 18+ months (range: 8+ to 
32+ months).412 Thus, these results provided the first convincing 
evidence for an antitumor effect of Id vaccination.

Analysis of time to relapse also provided an independent indi-
cation of clinical benefit. With a median follow-up of 9.2 years, 
median DFS is 8 years, and the OS rate is 95%.414 While definitive 
statements cannot be made because this was not a randomized 
trial, the DFS appears superior to that of a historical, ProMACE 
chemotherapy-treated control group (median DFS, about 2.2 
years).415 Additional studies have also shown that Id vaccines 
may have potential clinical utility.

Idiotype Vaccine Improved Disease-free Survival in 
Follicular Lymphoma in a phase III trial
The encouraging immunologic and clinical outcome of the Id-KLH 
+ GM-CSF vaccine in the phase II clinical trial led to the initia-
tion of a randomized double-blind placebo-controlled multicenter 
phase III clinical trial sponsored initially by the National Cancer 
Institute (NCI) and later by Biovest International, Inc. to defini-
tively answer the question of clinical benefit induced by Id vac-
cination in patients with follicular lymphoma (Table 70.4).416 
Patient population, induction chemotherapy, vaccine formulation, 
and trial design were similar to the phase II trial. Following induc-
tion of PACE chemotherapy, patients that achieved a CR or CRu 
were randomized 2:1 to receive either the specific vaccine, Id-KLH 
+ GM-CSF, or the nonspecific immune stimulant, KLH + GM-CSF. 
Of 117 vaccinated patients, 76 received Id vaccine and 41 received 
control. After a median follow-up of 56.6 months, median DFS 
was 44.2 months for the Id vaccine arm and 30.6 months for the 

Immune Responses (%)

Formulation No. Histology Ab T Cell Comments Ref.

Id-KLH + SAF  41 FL 41 17 First human trial of idiotype vaccine 410,411

Id-KLH + GM-CSF 20 FL 75 95 Molecular remissions in 8 of 11 patients 412,414

Id-DC/Id-KLH-DC 35 FL 26 49 Clinical responses in 22% of patients 412,414

Liposomal Id/IL-2 10 FL 40 100 Sustained T cell responses beyond 18 mo 441

Id-KLH + GM-CSF 26 MCL 30 87 T cell responses induced in the absence of B cells 430,432

Id-KLH + GM-CSF
Id-KLH + GM-CSF
Id-KLH + GM-CSF
Id (Fab) + MF59 + 
GM-CSF

32
25
92
42

FL
FL
FL
B cell lymphomas

20
52
20
46

67
72
72
56

Clinical responses observed in 4 patients

Improved disease-free survival
Improved response rate
Clinical responses observed in 6 of 15 FL patients

442

487

431

444

DC, dendritic cell; Fab, Fragment antibody binding; FL, follicular lymphoma; GM-CSF, granulocyte-monocyte colony-stimulating factor; Id, idiotype; IL-2, 
interleukin-2; KLH, keyhole limpet hemocyanin; MCL, mantle cell lymphoma; SAF, Syntex adjuvant formulation.

taBLe 70.3

Key PHAse I/II clInIcAl trIAls of IdIotyPe vAccInAtIon In lyMPHoMA

NCI/Biovest Genitope Favrille

No. of patients randomized 177 287 349

Induction therapy PACE CVP Rituximab

Randomized patients CR/Cru CR/CRu/PR CR/CRu/PR/SD

No. of patients vaccinated 117 277 315

Vaccination Id-KLH + GM-CSF or 
KLH + GM-CSF

Id-KLH + GM-CSF  
or KLH + GM-CSF

Id-KLH + GM-CSF  
or Placebo + GM-CSF

Id protein production method Hybridoma technology Recombinant DNA technology Recombinant DNA technology

Isotype of vaccinated Id protein IgM or IgG IgG IgG

Primary endpoint Disease-free survival Progression-free survival Time to progression

Outcome Positive Negative Negative

Reference 416 418 417

CR, complete remission; CRu, complete remission unconfirmed; CVP, Cyclophosphamide, Vincristine, Prednisone; GM-CSF, granulocyte-
monocyte colony-stimulating factor; Id, idiotype; Ig, immunoglobulin; KLH, keyhole limpet hemocyanin; NCI, National Cancer Institute; PACE, 
Prednisone, Doxorubicin, Cyclophosphamide, Etoposide; PR, partial remission; SD, stable disease.

taBLe 70.4

PHAse III clInIcAl trIAls of IdIotyPe vAccInAtIon In follIculAr lyMPHoMA
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control arm (P = 0.047). Interestingly, in an unplanned subgroup 
analysis, the clinical benefit appeared to be restricted to the group 
of patients that had IgM isotype on their tumors. Median DFS 
for IgM-Id vaccinated group v control was 52.9 v 28.7 months  
(P = 0.001), and for IgG-Id vaccinated group v control was 35.1 
v 32.4 months (P = 0.807). In summary, this trial showed for the 
first time that therapeutic vaccination could induce meaningful 
clinical benefit in patients with lymphoma.416

However, two other phase III clinical trials of Id vaccine in 
follicular lymphoma sponsored by Genitope and Favrille failed to 
show clinical benefit (Table 70.4).417,418 Differences in the nature 
of vaccine products, trial design, and requirement for complete 
remission status after induction therapy may explain differences 
in outcomes between these 3 trials. For example, the NCI/Biovest 
study used the traditional hybridoma technology to generate 
the vaccine for each patient.419 This results in production of the 
native IgM or IgG-Id, depending on the isotype of the Id on each 
tumor. In contrast, the Favrille and Genitope studies used recom-
binant DNA technology to clone the variable regions of the tumor 
Id and fuse them to a common IgG Fc.420 Ids that have switched to 
IgG were previously shown to be tolerogenic, whereas Ids of their 
IgM progenitors were highly immunogenic.421,422 Moreover, the 
Fc fragment of IgG has been shown to have highly promiscuous 
MHC class II T cell epitopes that specifically activate Tregs and tip 
the immune responses toward tolerance rather than immunoge-
nicity.423 The use of less intensive induction chemotherapy and 
vaccinating patients with partial remission and/or stable disease 
may also have contributed to persistence of tumor-induced immu-
nosuppression at the time of vaccination in the Genitope and 
Favrille studies.

Idiotype Vaccination in Combination with rituximab
Although the NCI/Biovest study demonstrated that Id vaccina-
tion might improve clinical outcome, demonstration of vaccine 
efficacy after rituximab-containing induction therapy is necessary 
to integrate Id vaccination into standard of care for lymphomas. 
Rituximab is an anti-CD20 monoclonal antibody that depletes 
both normal and malignant B cells.146,424 Consequently, patients 
treated with rituximab are unlikely to have peripheral blood B cells 
and therefore unlikely to generate humoral immune responses 
following active immunotherapy. Animal studies have yielded 
conflicting results on the role of B cells in the priming of naive T 
cells.52,425–429 To determine the effects of B cell depletion induced 
by rituximab on immune responses to Id vaccines, twenty-six pre-
viously untreated mantle cell lymphoma patients were treated with 
6 cycles of dose-adjusted rituximab, etoposide, vincristine, doxo-
rubicin, cyclophosphamide, and prednisone (EPOCH-R), followed 
12 weeks later with 5 monthly cycles of autologous tumor-derived 
Id-KLH + GM-CSF vaccination (Table 70.3).430 As expected follow-
ing EPOCH-R, peripheral blood B cells were completely depleted 
in all patients, began to recover at approximately 6 months, and 
returned to baseline levels by 1 year in most patients. In contrast, 
CD4+ T cell numbers decreased only slightly and recovered by the 
start of vaccination with a median time of 3 months; CD8+ T cell 
numbers did not change substantially.430

Unexpectedly, despite rituximab administration, antibody 
responses against the carrier molecule KLH and Id were detected 
in 17 of 23 (74%) and 7 of 23 (30%) evaluable patients, respec-
tively. The humoral responses were delayed and correlated with 
B cell recovery, with most detected after the fourth or fifth vac-
cination, compared with after the first or second vaccination 
in the follicular lymphoma study in which rituximab was not 
administered.412 In contrast, vigorous CD4+ and CD8+ antitumor 
and KLH T cell responses were not delayed and were induced 
in 20 of 23 patients (87%) and 23 of 23 (100%), respectively, in 
the absence of circulating B cells,430 suggesting that professional 
APCs such as DCs may effectively present antigen to T cells in 
the absence of B cells. This result was independently confirmed 

in another clinical trial where induction of anti-KLH and anti-Id 
or tumor T cell responses was observed in >70% of follicular 
lymphoma patients vaccinated with autologous tumor-derived 
Id-KLH + GM-CSF vaccine following treatment with rituximab.431 
Although the median PFS of 24 months was not significantly 
different from historical controls of mantle cell lymphoma, the 
median OS of 104 months was markedly better. More interest-
ingly, an antitumor T cell GM-CSF response but not antibody 
response was significantly associated with OS and time to next 
treatment, suggesting that antitumor cellular immune responses 
may significantly delay tumor growth.432 Taken together, these 
results indicate that Id vaccines could be administered in the set-
ting of B cell depletion induced by rituximab and may potentially 
improve clinical outcome.

the relative role of humoral versus Cellular Immunity 
in Idiotype Vaccine efficacy
While some murine lymphoma models have demonstrated that 
the antitumor efficacy of Id vaccine is dependent on the induc-
tion of an antibody response,407,433,434 other lymphoma models 
have shown that protection against tumor challenge or eradica-
tion of established tumors requires a CD4+ and/or a CD8+ T cell 
response.409,435,436 An analysis of 136 patients with follicular 
lymphoma treated with Id vaccination showed that the induc-
tion of specific anti-Id antibody responses was associated with 
significantly prolonged PFS.437 This study also demonstrated that 
patients with a favorable FcgRIIa polymorphism that predicts 
stronger binding of the Fc of antibodies to effector cells had a 
longer PFS. Thus, patients with FcgRIIa 158 valine/valine (V/V) 
genotype had a longer PFS than those with valine/phenylalanine 
(V/F) or phenylalanine/phenylalanine (F/F) genotypes. In contrast, 
no significant correlation was observed between the development 
of a cellular anti-Id immune response and PFS. However, it is 
possible that this study may have underestimated the value of 
an antitumor T cell response for several reasons. First, cellular 
responses on this study were measured by a T cell proliferation 
assay, which is relatively insensitive, compared with assays such 
as ELISPOT and cytokine flow cytometry.438 Second, the prolifera-
tion assay detects primarily a CD4+ T cell response and may fail 
to detect a CD8+ T cell response. Third, immunologic assays that 
demonstrate recognition of native tumors (tumor-specific) may be 
more clinically relevant to assess T cell responses following cancer 
vaccination, compared with assays that demonstrate recogni-
tion of tumor antigens presented on appropriate APCs (antigen-
specific). Finally, 86 of 136 patients (63%) in this study received a 
chemical adjuvant with the Id vaccine that predominantly induced 
a humoral immune response.410,411 In contrast, Id vaccine for-
mulations using DCs439,440 or cytokines such as GM-CSF412,430 
or IL-2441 as adjuvants significantly enhanced the induction of 
cellular immune responses.

Following Id-pulsed DC vaccinations, clinical tumor regressions 
were associated with the induction of cellular responses, but with-
out an antibody response439,440 (Table 70.3). Similarly, following 
Id-KLH + GM-CSF vaccination, patients achieved molecular remis-
sions412 or CR442 without a detectable antibody response, suggest-
ing that cell-mediated antitumor immune responses are important 
for vaccine efficacy. Clinical tumor regression was also observed 
in a follicular lymphoma patient after administration of a novel 
liposomal Id/IL-2 vaccine (OncoVAX-Id/IL-2) in the absence of an 
antibody response.441 The liposomal vaccine study also showed 
that the tumor-specific CD4+ and CD8+ T cell responses induced 
by the vaccine were sustained 18 months beyond the comple-
tion of vaccination and were associated with prolonged DFS441 
(Table 70.3). In another study, Nelson et al. demonstrated that the 
precursor frequency of tumor-specific CTL correlated with free-
dom from progression following Id vaccination.443 In treatment 
of naive indolent B cell lymphoma patients, cellular responses 
after immunization with Id Fab fragment correlated with tumor 
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Id-specific cellular immune responses were weak and clinical 
responses were transient or rare,452–454,455,456 possibly due to the 
immunocompromised state of myeloma patients from the under-
lying disease or treatment. Immunization with human telomerase 
reverse transcriptase and survivin-derived peptides similarly 
showed low immunogenicity.457 An alternative strategy is to 
immunize HLA-matched healthy donors prior to stem cell harvest 
and transfer the resulting tumor antigen-specific immunity to the 
patients by stem cell transplantation, with the goal of enhancing 
the graft-versus-tumor effect without increasing the risk of GVHD. 
This approach was tested in HLA-matched donor–recipient 
pairs in the setting of allogeneic stem cell transplantation.458–460 
These studies demonstrated that immunization of healthy HLA-
matched stem cell donors with the Id purified from the plasma 
of the myeloma patients conjugated to KLH was safe, induced 
KLH and Id-specific T cell immunity in the donors, and could be 
transferred passively to recipients. Interestingly, donor-derived 
KLH- and Id-specific humoral, and central and effector memory T 
cell responses were detectable relatively early after allotransplant, 
within the first 30 days, despite iatrogenic immunosuppression 
for GVHD prophylaxis, and were boosted by posttransplant vacci-
nations in most recipients.460 Furthermore, transfer of Id-specific 
immunity from the donors to the recipients was associated with 
prolonged DFS in the recipients.458–460 However, a randomized 
study is necessary to definitively determine whether Id vaccina-
tion of the donors is associated with improved clinical outcome 
in myeloma patients. Nevertheless, vaccination of stem cell trans-
plant donors may represent a safe and novel strategy to improve 
outcomes of allotransplant by reducing relapse in malignancies 
for which tumor-specific antigens have been defined, and by pro-
tecting against infectious pathogens.

Recently, Dickkopf-1 (DKK1) has been suggested as a shared 
TAA for myeloma.461,462 DKK1 is highly expressed by the tumor 
cells of almost all myeloma patients, and is absent from normal 
tissues and organs except placenta, uterus, testis, and pros-
tate.461 DKK1 was shown to suppress osteoblast formation and 
increase bone destruction in myeloma; and inhibiting DKK1 
activity by specific antibodies resulted in increased osteoblast 
number and bone formation, reduced osteoclast activity, and 
inhibited myeloma growth in a myeloma mouse model, suggest-
ing a major role for DKK1 in the pathogenesis of myeloma.463 
DKK1 peptide-specific T cell lines and clones generated from 
HLA-A*0201+ blood donors and myeloma patients effectively 
lysed primary myeloma cells in vitro and eradicated myeloma 
xenografts mice.461 Furthermore, DKK1 vaccine protected mice 
from developing myeloma and had therapeutic effects against 
established myeloma in a murine myeloma model, suggesting its 
potential utility for myeloma patients.462

Active Immunotherapy for Leukemias
The identification of several leukemia-associated antigens has gen-
erated interest in developing vaccines for leukemia. One of the most 
studied leukemia antigens is the CML-associated BCR-ABL fusion 
protein resulting from the reciprocal translocation t(9;22). The 
demonstration of binding of the peptides derived from the fusion 
region to several HLA molecules and the induction of T cells that 
recognize peptide-pulsed target cells in vitro validated this fusion 
protein as a potential target for immunotherapy. Immunization of 
the CML patients with the peptides derived from the fusion region 
in clinical trials showed induction of specific BCR-ABL cellular 
immune responses and was associated with improved cytogenetic 
responses in some of the patients.464,465,466,467 However, addi-
tional trials are needed to determine the clinical efficacy of these 
vaccines, since most patients also received IFN and/or imatinib at 
the time of vaccination.

Active immunization strategies have also been evaluated 
in patients with AML and MDS using peptides derived from 

regression andPFS.444 As mentioned above, antitumor cellular 
but not humoral immune responses were associated with pro-
longed survival in mantle cell lymphoma.432 Taken together, these 
results suggested that T cell responses could induce tumor regres-
sion independent of a humoral response and support the use of 
lymphoma vaccines in the setting of B cell depletion induced by 
rituximab-based induction regimens. However, because the rela-
tive role of cellular versus humoral immunity for vaccine efficacy 
is uncertain, it may be advisable to administer booster vaccina-
tions following B cell recovery to optimize humoral responses.

Second-generation Lymphoma Vaccines
The results of clinical trials described above suggest that Id vac-
cination is safe, induces antitumor humoral and cellular immune 
responses, and is associated with improved disease-free survival 
in patients with follicular lymphoma. However, rapid progress 
in the development of active immunotherapeutic approaches for 
lymphoma has been hindered by the need to generate a custom-
made product for each patient, by a process that is expensive, 
laborious, and time consuming. An alternative to Id protein vacci-
nation is to directly extract selected membrane proteins from the 
tumor cells and incorporate them into liposomes along with IL-2. 
This novel membrane proteoliposome vaccine (Oncoquest-L) could 
be produced within 24 hours, was observed to be safe in a pilot 
clinical trial in follicular lymphoma patients, and induced tumor-
specific CD4+ and CD8+ T cell responses.445 Other individualized 
tumor vaccine formulations in development for NHL include 
GM-CSF–transduced tumor/bystander cells,435 CD40-activated 
tumor cells,446 and tumor lysate-pulsed DCs.447,448 However, 
as with Id protein vaccination, these vaccine formulations also 
require generating a custom-made product for each patient and 
therefore may limit the broad applicability of this approach.

Identification of universally expressed lymphoma-specific anti-
gens would lead to development of vaccine formulations that can 
be used in all lymphoma patients and are therefore easier and less 
costly to produce. Recently, T cell leukemia lymphoma 1 (TCL1), 
a coactivator of Akt that promotes cell proliferation and survival 
and has been shown to be aberrantly expressed in multiple B cell 
lymphomas, has been suggested as a possible shared TAA for 
common B cell lymphomas, including follicular lymphoma, CLL, 
mantle cell lymphoma, diffuse large B cell lymphoma, and splenic 
marginal zone lymphoma.449 TCL171–78 peptide-specific CD8+ T 
cells were shown to lyse autologous primary tumor cells in an 
HLA-A*0201-restricted manner, suggesting that TCL1 is naturally 
processed and presented on the surface of lymphoma cells for 
recognition by cytotoxic T cells. Additional preclinical studies are 
needed to determine the safety of TCL1 vaccine prior to evaluation 
in clinical trials.

Active Immunotherapy for Myeloma
Multiple myeloma is characterized by clonal proliferation of 
plasma cells, all of which secrete the same immunoglobulin mole-
cule (M-protein). Similar to B cell lymphomas, the variable regions 
of the heavy and light chains of the immunoglobulin molecule 
secreted by the myeloma tumor cells contain unique idiotypic 
sequences that can be recognized as an antigen. Therefore, the 
Id of the myeloma can serve as a tumor-specific antigen and has 
been exploited as a target for active specific immunotherapy in 
animal models.181,405 In addition, the M-protein can be easily iso-
lated from human plasma and purified into a highly refined, safe 
protein vaccine. Id-specific CTL lines generated from myeloma 
patients by repeated in vitro stimulation with Id-pulsed DCs 
specifically recognized and lysed autologous primary myeloma 
cells,450,451 validating human myeloma cells as targets of an 
Id-specific T cell response.

Immunization of myeloma patients with Id vaccine following 
autologous stem cell transplantation was generally safe. However, 
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overexpressed proteins in leukemia cells such as the WT1, 
proteinase 3, and neutrophil elastase. A nonamer peptide PR1 
derived from both proteinase 3 and neutrophil elastase that had 
high-affinity binding for the HLA-A*0201 molecule was tested 
in a phase I/II study in 66 patients with AML, CML, or MDS. 
Preliminary data suggest a significant increase in the PR1-specific 
T cells in 25 of 53 patients (47%) with measurable disease and 
clinical remission in 9 of 25 immune responder patients (36%), 
including durable molecular remissions in patients with refractory 
AML.468 Immunization of patients with AML or MDS with WT1 
peptide-based immunotherapy showed a correlation between CTL 
immune responses and reduction of leukemic blast cells and/or 
WT1 transcripts.469,470,471,472,473

Future dIrectIonS
The demonstration of induction of antitumor T cell responses 
by Id vaccination following B cell depletion induced by ritux-
imab430,431 suggests that active immunotherapy strategies may be 
combined with passive immunotherapy strategies. Indeed, the use 
of passively administered antitumor mAbs such as rituximab with 
vaccines is likely to be complementary. Compared with mAbs, 
vaccines are likely to target different tumor antigens, can induce 
immunologic memory, and can induce polyclonal humoral and 
cellular immune responses, thereby minimizing the emergence 
of immune escape variants. However, with the increased use of 
rituximab for the treatment of B cell NHL, further improvement in 
the potency of the vaccines would require strategies to enhance 
the T cell responses, since rituximab depletes normal B cells and 
impairs the generation of antibody responses following vaccina-
tion. As described below, several strategies are being explored to 
achieve this goal.

Over the past two decades, preclinical studies have dem-
onstrated that the induction of an optimal antitumor immune 
response requires the incorporation of tumor antigen, carrier 
molecule, and adjuvant as essential components of a cancer vac-
cine. Consequently, several cancer vaccine clinical trials were 
conducted to test and define a better tumor antigen, carrier 
molecule, and adjuvant. While such strategies were successful 
in enhancing the potency of the cancer vaccines and in induc-
ing remissions in patients with minimal residual disease or 
small-volume disease, they do not appear to be effective for the 
treatment of patients with large tumor burdens. Although novel 
adjuvants such as TLR ligands may prove to be more potent than 
cytokine adjuvants,474–476 further improvement of the cancer 
vaccines would probably also require disruption of the immuno-
regulatory pathways that modulate the magnitude and duration 
of the immune response.

Studies in animal models suggest that the T cell immune 
responses against foreign or self-antigens are regulated by sev-
eral immunoregulatory pathways and/or peripheral tolerance 
mechanisms.121,477,478 For example, Tregs have been shown to 
downregulate T cell responses against foreign antigens as well 
as tumor antigens.479 Similarly, CTLA-4, a molecule that is 
expressed on activated T cells and Tregs, was shown to down-
regulate T cell responsiveness and prevent the initiation and/or 
limit the magnitude of autoreactive T cell responses.480 A host of 
other mechanisms such as PD-1, B7-H1, and B7-H4 were recently 
described to negatively regulate T cell responses.121,481 These 
new insights have led several investigators to hypothesize that the 
potency of cancer vaccines can be further enhanced by concur-
rent suppression or blocking of peripheral tolerance mechanisms 
and/or suppressive immunoregulatory pathways. Dannull et al. 
have demonstrated that vaccine-mediated antitumor immunity 
is significantly enhanced in renal cell cancer patients after deple-
tion of Tregs using denileukin diftitox482 (a recombinant IL-2 
diphtheria toxin conjugate; also known as Ontak), a Food and 

Drug Administration–approved drug for the treatment of CTCLs. 
Similarly, blockade of CTLA-4 in combination with peptide vac-
cination has resulted in enhanced cancer immunity and durable 
objective responses in patients with metastatic melanoma.483,484 
Another strategy to enhance the potency of vaccines is to com-
bine them with novel immunomodulatory agents. Lenalidomide, 
an immunomodulatory drug used for the treatment of myeloma, 
has been shown to enhance immune responses to pneumococcal 
vaccine in myeloma patients.485 Lenalidomide was also dem-
onstrated to augment effects of Id vaccine by enhancing T cell 
responses and reversing systemic immunosuppression in a mouse 
model of lymphoma.486 Taken together, these preclinical and 
early-phase clinical results support the evaluation of combination 
immunotherapy strategies in future clinical trials with the cancer 
vaccine to stimulate an antitumor T cell response, and the simul-
taneous suppression of immune regulatory pathways to augment 
the induced T cell response. The existence of multiple immune 
regulatory pathways necessitates systematic evaluation of these 
approaches in clinical trials to determine the optimal combination 
immunotherapy regimen.
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inTroDucTion
The molecular characterization of congenital and acquired 
human disease over the past several decades has stimulated 
scientists and clinicians to envision genetic therapy as a new 
and exciting possibility.1 By the 1990s, gene transfer technolo-
gies had progressed sufficiently to offer real hope for successful 
widespread clinical application.2–4 The first replication-defec-
tive retroviral vector was described in 1983, offering a safe 
and feasible route for transfer of exogenous genes to nontrans-
formed human cells.5 By 1989–1990, clinical studies using 
gene transfer began.6,7,8 Hundreds of clinical trials have been 
completed or are in progress (Fig. 71.1). Although surrounded 
by expectations, none of the early trials had even minimal evi-
dence for clinical benefit, and in 1996 an expert panel convened 
by the director of the National Institutes of Health was critical 
of the premature initiation of clinical gene therapy trials and 
the subsequent overselling of results by investigators and the 
media.9 At the time of the report, no clinical gene “therapy” trial 

had shown clinical efficacy. The focus thus turned to rationally 
designed, small-scale clinical trials in diseases for which the 
pathophysiology is well understood, as well as the more impor-
tant need for continued basic science investigations into vector 
systems and target cell biology.10–12

Hematopoietic stem cells (HSCs) and lymphocytes have 
remained central target cell populations for two major reasons: 
first, they are relatively easy to manipulate ex vivo, and, second, 
many acquired and congenital diseases are potentially curable 
by their genetic correction.13,14 A significant fraction of ongoing 
human clinical trials target hematopoietic cells or are designed 
to treat congenital or acquired diseases of the hematopoietic or 
immune system (Fig. 71.2). Moreover, many important experimen-
tal advances in our understanding of hematologic physiology have 
resulted from the application of gene transfer techniques in vitro 
or in animal models.15,16,17–20,21 For instance, retroviral tagging 
of HSCs has allowed tracking and quantitative  analysis of murine 
and nonhuman primate stem cell behavior, and experiments 
overexpressing oncogenes or cytokines in primary hematopoietic 
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cells using similar techniques has helped elucidate the in vivo role 
of these proteins. Significant advances in gene transfer technol-
ogy have occurred through systematic preclinical testing in large 
animal models, and clinically relevant gene transfer levels have 
now been achieved in these models. These results predicted suc-
cess in humans, at least for disorders for which modest transfer 
rates of genes not requiring complex regulation could be curative, 
and unequivocal efficacy has since been  realized.22,23 These long-
anticipated results represented a significant advance for the field, 
providing not only restoration of immunity in children with severe 
combined immunodeficiency (SCID), but proof of principle in the 
context of a human disorder, and a great deal of enthusiasm for 
returning to the clinic for these and other disorders quickly devel-
oped. However, serious adverse events arising as a direct result 
of insertional mutagenesis have since been reported and efforts 
to understand these events more fully, develop additional safe-
guards, and adjust the risk–benefit assessment have now become 
necessary. Thus, it is particularly important for hematologists 
to have a general understanding of the field, even if widespread 
clinical applications may be a decade or more in the future. This 
chapter reviews the fundamental features of gene transfer tech-
nologies and their applications in preclinical and early clinical 
trials. The pace of the field is rapid, and many details may become 
obsolete, but the central concepts should remain relevant to any 
future gene therapy applications.

overview oF Basic concepTs
Gene therapy can be defined as the transfer of a gene or genetic 
material (DNA or RNA) into a cell with therapeutic intent 
(Fig. 71.3). The genotype of the cell is thus altered, with subse-
quent gene expression altering the phenotype of the cell. The 
therapeutic agent is the gene product, generally a protein, or less 
frequently RNA, for example, ribozymes or antisense molecules. 
This is in contrast to conventional therapies that act by directly 
altering the phenotype, even if the congenital or acquired defect 

is a genetic one. Three examples illustrate the conventional 
approach to underlying genetic disorders. Dietary avoidance of 
phenylalanine can prevent the consequences of phenylketonuria 
by circumventing the genetic deficiency of phenylhydroxylase. 
Cancer chemotherapy acts by preferentially killing tumor cells 
based on their cell cycle characteristics, thus removing cells with 
an acquired genetic defect. And factor replacement in hemophilia 
directly replaces the defective or missing gene product by infusion 
of an exogenously manufactured or isolated protein. Gene therapy 
strategies instead attempt to alter the underlying genetic abnor-
mality to circumvent the need for these therapies.

The identification and cloning (isolation) of genes responsible 
for many congenital disorders, as well as of the cellular genes 
mutated in acquired disorders such as cancer has led to the 
concept of genetic correction of affected cell populations. Ideally, 
actual substitution of a defective gene with a therapeutic gene 
would be the most desirable method for returning target cells to 
a normal genotype and phenotype (gene replacement). However, 
this goal requires homologous recombination, a complex and inef-
ficient process, and current gene transfer methods predominantly 
rely on either insertion of new genes into the chromosomes, or 
on extrachromosomal (episomal) maintenance of a newly intro-
duced gene (gene addition).24–26 To date, efforts have focused 
on somatic (nongerm cell) therapy, with genotypic alteration of 
only the diseased target tissue. Manipulation of germ cells, with 
transmission of altered genetic material to subsequent genera-
tions, is not yet feasible in humans, but the profound ethical and 
societal implications need to be addressed through the political 
process before the technology progresses much further.27 The 
recent development of induced pluripotent stem cells (iPS cells), 
whose behavior is analogous to embryonic stem cells (ESCs) but 
can be derived from somatic cells, has introduced the possibility 
of genetic manipulation of autologous pluripotent stem cells, cir-
cumventing the ethical issues surrounding ESCs.

The vehicle for transferring new genetic material into a target 
cell is called a vector. At a minimum, a vector contains the gene 
or genes of interest along with regulatory elements such as pro-
moters or enhancers that govern expression of the gene product. 

Cancer diseases 64.4% (n = 1,186)
Monogenic diseases 8.7% (n = 161)
Cardiovascular diseases 8.4% (n = 155)
Infectious diseases 8% (n = 147)
Neurologic diseases 2% (n = 36)
Ocular diseases 1.5% (n = 28)
Inflammatory diseases 0.7% (n = 13)
Other diseases 1.4% (n = 25)
Gene marking 2.7% (n = 50)
Healthy volunteers 2.3% (n = 42)

FIGURE 71.2. Indications for gene therapy clinical trials. (From The Journal 
of Gene  Medicine, © 2012 John Wiley and Sons Ltd, www.wiley.co.uk/genemed/
clinical. Reproduced with permission of John Wiley and Sons, Inc.)

Antigen 20.5% (n = 378)
Cytokine 18.4% (n = 340)
Tumor supressor 8.3% (n = 153)
Suicide 8.1% (n = 149)
Deficiency 8% (n = 147)
Growth factor 7.5% (n = 139)
Receptor 7.2% (n = 132)
Replication inhibitor 4.3% (n = 79)
Marker 2.9% (n = 54)
Other categories 11.9% (n = 220)
Unknown 2.8% (n = 52)

FIGURE 71.3. Gene types transferred in gene therapy clinical trials. (From The 
Journal of Gene Medicine, © 2012 John Wiley and Sons Ltd, www.wiley.co.uk/genemed/
clinical. Reproduced with permission of John Wiley and Sons, Inc.)
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Adenovirus 23.3% (n = 438)
Retrovirus 19.7% (n = 370)
Naked/Plasmid DNA 18.3% (n = 345)
Vaccinia virus 79% (n = 148)
Lipofection 5.9% (n = 111)
Poxvirus 5% (n = 95)
Adeno-associated virus 4.9% (n = 92)
Herpes simplex virus 3.1% (n = 59)
Lentivirus 2.9% (n = 55)
Other categories 5.6% (n = 105)
Unknown 3.4% (n = 64)

FIGURE 71.4. Vectors used in gene therapy clinical trials. (From The Journal of 
Gene Medicine, © 2012 John Wiley and Sons Ltd, www.wiley.co.uk/genemed/clinical. 
Reproduced with permission of John Wiley and Sons, Inc.)

A vector may be a simple particle consisting of a fragment of 
DNA encapsulated within a liposome or conjugated to proteins 
that facilitate uptake into cells, or may be a more complex viral 
vector, capitalizing on the ability of viruses to enter cells easily 
and express genes robustly. Characteristics of the major vector 
systems are summarized in Fig. 71.4 and Table 71.1, and are 
detailed in subsequent sections. The successful interaction of a 
vector with a target cell, leading to an alteration in that cell’s 
genotype, is termed transduction.

Vector production procedures are unique to each system, but 
a number of considerations are common to all, especially those 
being developed for actual clinical use. A clinical vector must 
be feasible and practical to produce safely at pharmaceutical 
grade.28,29 To prevent indiscriminate spread of viral genomes, 
most viral vectors designed for clinical applications must be 
rendered replication-defective meaning that once a viral vector 
enters a target cell, the cell will produce no new viral particles. 
High-titer vector preparations, containing a high concentration of 
functional vector particles, are also very important, allowing expo-
sure of target cells to the highest possible multiplicity of infection 
(MOI), defined as the ratio of vector particles to target cells; this 
increases the probability of successful vector–cell interaction.

Exposure of target cells to vectors can occur either ex vivo 
or in vivo. Autologous hematopoietic targets such as stem cells 
or lymphocytes are generally transduced ex vivo, because these 
cells can be easily collected, manipulated in culture, and then re-
infused intravenously. Ex vivo transduction allows for a controlled 
exposure of only the desired target cells to large concentrations of 
vector, and is less likely to generate an inflammatory or immune 
response or be hindered by vector inactivation by complement. 
Other cellular targets for ex vivo transduction have included hepa-
tocytes, keratinocytes, tumor cells, and muscle progenitor cells.

In vivo gene transfer has been used for applications involving 
cells that cannot successfully or easily be harvested and manipu-
lated ex vivo, such as airway epithelium, vascular endothelium, 
differentiated muscle cells, retinal pigment epithelium, and neu-
rons. The ideal in vivo system would allow intravenous injection 
of a vector followed by rapid and safe specific transduction of 
target cells around the body.

A number of important steps must occur between exposure 
of a target cell to a vector and successful transduction of that 
cell, with persistence of the transferred genetic material in the 
correct cellular compartment and expression of the gene of inter-
est or transgene. The vector must cross the plasma membrane 
efficiently and without damaging the cell. Most viral vectors enter 
cells via specific cell-surface receptors, and an important consid-
eration is the number of functional receptors on the proposed 
target cell for the vector being used.30 A process called pseudotyp-
ing can be used to redirect viral vectors to different cell-surface 
receptors by substituting alternative viral envelope proteins dur-
ing the vector production process.31,32,33,34 Nonviral vectors may 
cross the plasma membrane without need for a specific receptor.

After crossing the plasma membrane, the vector must then 
travel through the cytoplasm and cross the nuclear membrane 

in order to enter the nucleus and utilize the cell’s transcriptional 
machinery for expression of the transgene. Nuclear entry of some 
vectors may be dependent on mitosis, with temporary break-
down of the nuclear membrane; others carry nuclear localiza-
tion determinants that result in specific conveyance across the 
intact membrane. The transferred genetic material may integrate 
permanently into the target cell’s own chromosomal DNA, ensur-
ing passage of the new gene to all daughter cells with every cell 
division. The need for integration depends on the target cell and 
therapeutic application: it is absolutely required for gene transfer 
into HSCs where the transgene must be transmitted to all progeny 
cells, but is superfluous for cellular targets such as neurons or 
muscle cells that are not mitotic.

Alternatively, the gene may remain episomal, or noninte-
grated. Some vectors are very stable as nuclear episomes, with 
prolonged persistence of transgene expression as long as the 
cell does not undergo mitosis. Unless the episome can reproduce 
itself, cell division will eventually dilute out episomal DNA, limit-
ing the application of nonintegrating vectors to nonmitotic tissues 
or to situations requiring only transient expression.

The level of transgene expression and the ability to restrict 
expression to specific target cell types are also important factors 
to consider. Expression of the transduced gene is dependent on 
both vector and target cell determinants. Transcriptional promot-
ers must be included along with the actual transgene protein cod-
ing sequences in the vector, and often lineage or tissue-specific 
promoter and enhancer elements are used to limit expression to 
a particular cell lineage derived from a target cell population.35–37 
For instance, hemoglobin gene regulatory sequences are required 
to drive transgene expression specifically in erythroid cells in strat-
egies targeting the globin disorders. In other situations, constitutive 
control elements that can drive transcription continuously in most 
cell types can be used. Genetic control elements that are inducible, 
or turned on by some exogenous manipulation such as the adminis-
tration of an antibiotic, are also under development for inclusion in 
gene transfer vectors.38,39 Endogenous cellular factors may shut off 
expression of transferred genes in some situations.40,41 These fac-
tors have not been fully elucidated, and vary from vector to vector. 
Silencing of transferred genes via methylation of vector sequences 
is one possible mechanism.42 The level of expression necessary for 
the desired therapeutic effect is very important to determine during 
in vitro and animal experiments and varies greatly depending on 
the target cell type and the proposed clinical application.

Nonviral Vectors
The simplest approach to gene transfer is to use only the DNA 
of the transgene, with the necessary control sequences, as the 
vector.29,43 Recombinant DNA production in bacteria can result 
in purified plasmids containing the gene(s) of interest along 
with regulatory elements. For over two decades, scientists have 
introduced purified DNA into target cells ex vivo by a variety of 
physical and chemical means. The least complex technique is 
direct microinjection into individual cells, which has little clinical 
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Vector 
System Integration

Cell Cycle 
Dependence

Insert Size 
Limit

Clinical 
Experience Advantages Disadvantages Major Applications

Murine  
retrovirus

Yes Yes 8–10 kb Extensive Stable producer lines
No viral genes in vector
Low immunogenicity
Well-understood biology
Efficient entry and integration 
in many cell types
Proven clinical safety

Low titer, fragile vector
Requirement for cycling
Erratic expression
Insertional mutagenesis

Ex vivo—stem cells,  
lymphocytes, tumor cells, 
hepatocytes, myoblasts
In vivo—producer cell or  
vector injection into tumors

HIV-based  
lentivirus

Yes No None Faithful delivery of complex 
genes
Well understood
Efficient entry and  
integration
Pseudotyping allows broad 
tissue range

Production labor-intensive
Erratic expression
Insertional mutagenesis
Recombination with  
wildtype HIV

Ex vivo—stem cells,  
lymphocytes, tumor cells, 
nondividing cells

Adenovirus No No 8–10 kb Moderate High titer, stable vector
High-level transgene  
expression
Efficient entry into many  
cell types

No stable producer lines
Potential for recombination 
and replication-competent 
virus
Multiple viral genes 
expressed from vector

In vivo—pulmonary  
epithelium, tumor cells, 
muscle, liver

High immunogenicity (may 
be advantage as a vaccine 
vector!)

Pre-existing immunity

Inflammatory responses

AAV Yes— 
inefficient

Yes— 
controversial

4.5 kb Minimal Stable vector, extra- and 
intracellularly
High titer
High-level transgene  
expression
No expressed viral genes in 
vector

No stable producer cell lines
High percentage of defective 
particles
Requirement for helper  
adenovirus during production
Very limited insert size
Pre-existing immunity

Undefined

Naked DNA No No No limit Moderate Ease of production
High level of safety
No extraneous expressed  
vector genes
No immunogenicity of vector

Inefficient cell entry,  
uptake into nucleus
Poor stability within cell
Low-level expression

In vivo—tissues accessible  
to injection, for transient 
expression or vaccination

Facilitated DNA 
(liposomes, 
polylysine 
conjugates, 
inactivated 
adenovirus, 
etc.)

No No No limit Moderate Same as naked DNA plus:
Can be targeted to specific 
cell types
More efficient uptake  
and intracellular stability

No mechanism for  
persistence

Same as naked DNA, plus 
in vivo tumor cells, vascular 
endothelium

AAV, adeno-associated virus, kb, kilobases.

table 71.1

Gene TrAnsfer VecTor sysTeMs

utility due to the impossibility of injecting enough cells to produce 
most of the desired effects. One exception is the observation that 
direct DNA injection into muscle or skin can stimulate a very 
potent immune response against antigens introduced as plasmid 
transgenes.44,45 This observation led to preclinical and clinical 
development of genetic vaccination strategies against bacterial 
and viral pathogens.46

A number of other methods have been explored for getting 
plasmid DNA into cells. Liposomes, composed of phospholipid 
bilayers enclosing an aqueous space loaded with DNA, can 
directly fuse with the plasma membrane, releasing DNA into 
the cytoplasm.47 The gene gun technique involves bombardment 
of the cell membrane with gold microparticles complexed to 
DNA.48,49–52 Electroporation and calcium phosphate precipitation 
are generally too toxic and inefficient for use in gene transfer 
strategies aimed at primary human cells.53–55

All of these methods lack mechanisms to stabilize intracel-
lular vector DNA, nor do they allow transport into the nucleus; 
they therefore rarely result in chromosomal integration or long-
term persistence and expression. The development of cationic 
liposomes has improved cellular uptake of plasmid DNA and has 
circumvented cytoplasmic degradation.56,57 In aqueous solution 
these positively charged liposomes bind with up to 100% of nega-
tively charged DNA without size restrictions and can deliver DNA 
to the cell nucleus, albeit inefficiently, where it remains primarily 
episomal.58 If administered in vivo, liposomes demonstrate no 
target cell tropism and are rapidly cleared by the reticuloendo-
thelial system. However, after intravenous injection of cationic 
liposomes, long-term low-level persistence of vector sequences in 
many murine organs has been demonstrated.59,60

Nonviral plasmid DNA transfer has been improved by conjuga-
tion of vector DNA to substances that improve cellular transport 
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and allow target cell specificity via cell-surface receptors.61,62 For 
example, adenoviral capsid elements (especially the penton base 
protein) help disrupt endosomes, releasing DNA more efficiently 
into the cytoplasm, and inclusion of transferrin or other ligands in 
DNA–polylysine conjugates allows specific uptake via cell-surface 
receptors.63–67

Manufacturing nonviral vectors is much simpler than manu-
facturing viral vectors, and cannot generate potentially dangerous 
replication-competent infectious particles.29,68 Transduction is 
not dependent on target cell cycling, and no viral proteins are 
present to induce an antivector immune response. There are no 
size constraints. Limitations include a generally lower transduc-
tion efficiency than with viral systems. Most important, transgene 
integration is poor and persistent expression rare, limiting utility 
to situations allowing transient transgene expression.

Viral Vectors
Viral vectors are Trojan horses, taking advantage of the viral 
capsid or envelope and of the viral machinery to deliver nonviral 
transgene sequences efficiently to target cells.69 In general, the 
external capsid or envelope of the virus is unaltered in a viral 
vector, but the genome of the virus is in large part replaced by 
a transgene or genes. This strategy is limited by the space avail-
able in a viral particle for new genetic material. Viral vectors also 
depend on the presence of a specific viral receptor on target cells. 
The efficiency of gene transfer utilizing viral vectors is the main 
advantage when compared to some of the physical and chemical 
cell entry methods described above. Furthermore, the relatively 
low toxicity of transduction of cells with certain viral vectors (e.g., 
retroviruses, lentiviruses, and adeno-associated viruses [AAV]) 
is another advantage when compared to physical or chemical 
methods. In order to modify a virus into a vector system, detailed 
understanding of the viral genome and life cycle is necessary to 
retain viral genome sequences required for packaging of vector 
nucleic acids into viral particles and for appropriate trafficking in 
the target cell, while removing sequences that might allow produc-
tion of replication-competent viral particles.

Retroviral Vectors
The murine retroviruses exemplified by the Moloney murine leuke-
mia virus (MLV) were the basis of the first practical viral vector sys-
tem.70–72 These retroviruses consist of two single strands of linear 
viral RNA bound to protein core and coated by a lipid envelope that 
is acquired from the plasma membrane of the infected cell upon 
viral release. The linear RNA genome can contain 2 to 9 kilobases 
(kb) of coding and regulatory sequences, flanked on each end by 
sequences termed long terminal repeats (LTRs) that permit inte-
gration into chromosomes and contain strong promoter/enhancer 
elements that normally drive expression of full-length viral RNA 
genomes, or via alternative splicing, the individual retroviral 
genes. These simple murine retroviruses contain only three genes 
necessary for viral replication and packaging: gag, pol, and env. 
The retrovirus enters a cell after binding to a specific cell-surface 
receptor via the env gene product. These receptors are large, 
widely expressed proteins involved in phosphate transport and 
other cellular homeostatic functions.30 The amphotropic receptor 
is found on both rodent and primate cells, and is the entry site for 
most murine retroviral vectors directed at human cells.73–75

After cell entry, the viral RNA is reverse transcribed via the pol 
gene product into proviral cDNA and enters the nucleus. The LTR 
sequences allow random integration of the viral cDNA into the 
host chromosomes. The integrated retroviral genome, or provi-
rus, relies on the host cell’s transcriptional machinery for expres-
sion of proviral genes and production of full-length viral RNA. 
The gag, pol, and env gene products are packaged along with the 
new viral RNA into viral particles, dependent on the presence of 

a packaging (c) sequence in the viral RNA, and viral particles are 
released from the cell via budding through the plasma membrane, 
without damaging the infected cell.

Recombinant retroviral vectors are constructed by remov-
ing the gag, pol, and env gene sequences from the viral nucleic 
acid backbone and replacing them with up to 7 to 8 kb of a gene 
or genes of interest, retaining only the LTRs and the packaging 
signal (c).5 The resulting recombinant viral vector can integrate 
and express the gene or genes of interest, but cannot replicate 
and produce new retrovirus once within a target cell, because 
of the lack of gag, pol, and env genes within its genome. Thus it 
is termed replication defective. Figure 71.5 diagrams the steps 
involved in making a retroviral vector. A packaging cell line is 
created by introducing a plasmid containing gag, pol, and env 
sequences but no c sequence into an immortalized cell line such 
as NIH3T3. The lack of the c sequence prevents these helper 
genes from being packaged into viral particles. A second plasmid 
containing the recombinant vector sequences (LTRs flanking the 
transgene or genes) is then introduced into these cells to create 
a producer cell line. Full-length vector RNA is transcribed from 
the vector plasmid sequences and packaged into viral particles 
using the gag, pol, and env proteins encoded by helper plasmid 
sequences. In this way, producer cell lines release helper-free 
replication-defective vector particles containing the recombinant 
genome into cell culture media at a titer of up to 107 particles/ml. 
These particles contain the full-length vector RNA, consisting of 
the viral LTRs flanking the transgene or genes, and the env, gag, 
and pol proteins, but because they do not contain any actual gag, 
pol, or env viral gene sequences, no further infectious virus can 
be made once the vector infects the target cell.

The potential for generation of replication-competent virus 
through recombination events between the vector and helper 
sequences in the producer cell line is a significant safety con-
cern.28,76 In order to allow packaging of replication-competent 
viral particles these recombination events must result in the 
transfer of an intact c packaging sequence being transferred into 
the helper sequences containing the gag, pol, and env genes. 
The presence of replication-competent virus could allow spread 
of vector and helper particles indiscriminately to nontarget cells 
in vivo, thus greatly increasing the risk of insertional mutagen-
esis by repeated infection of susceptible cell populations.76,77 
The absolute need for avoidance of replication-competent viral 
particles in clinical vector preparations was inadvertently demon-
strated when high-grade lymphomas occurred in rhesus monkeys 
transplanted with HSCs transduced with a vector preparation 
contaminated with high levels of replication-competent virus.78 
Over the next several years, a number of modifications in the 
organization of genetic sequences included in the packaging cell 
lines has greatly decreased the risk of recombination events, 
and sensitive systems for detecting replication-competent virus 
have been developed.28,79,80,81 A number of investigators have 
used packaging cell lines derived from human instead of murine 
cells to make producer cell lines, in hopes that lower levels of 
endogenous retroviral sequences in human cells would also 
decrease recombination events and thus replication-competent 
viral contamination.82,83

As described below, retroviral vectors are capable of stable 
integrated transduction of a large number of cell types, including 
repopulating stem cells, but have a number of important limita-
tions. Stable transduction and integration requires passage of the 
target cell through the S phase of the cell cycle, preventing trans-
duction of quiescent cells.84 The amphotropic receptor density on 
certain target cell types may be too low to allow efficient transduc-
tion.85 Thus, redirection of receptor specificity via pseudotyping 
with alternative envelope proteins has been explored, with some 
success.32,86–90

Biophysical considerations may also limit vector–target inter-
actions. Vector particles are very fragile, and degrade quickly in 
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FIGURE 71.5. Schematic representation of transduction of a generic target cell by the four major gene transfer vector systems. The same “gene of 
interest” is shown being transferred with each vector. AAV, adeno-associated virus; Ad, adenovirus; ITR, inverted terminal repeat; LTR, long terminal repeat.
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solution or within cells if cell division allowing nuclear entry and 
integration does not occur. A number of investigators have tried to 
increase the likelihood of successful transduction by flowing vec-
tor solution continuously over target cells or co-localizing vector 
and target cells using culture dishes coated with fibronectin frag-
ments.91,92 New methods of concentrating and stabilizing vector 
preparations are also under development.33,87,93

Lentiviral Vectors
There has been real progress toward the development of alterna-
tive retroviral systems that may overcome some of the limitations 
of the MLV vectors. HIV-derived lentivirus vectors have been most 
actively pursued. Relatively high-titer vectors have been reported 
using production strategies with numerous safeguards against 
recombination events that could result in generation of wildtype 
HIV.94,95,96 Vectors retaining the HIV gp120 envelope protein could 
be used to transduce CD4+ T-cells, monocyte/macrophages, or glial 
cells, and pseudotyping with alternative envelope proteins such 
as vesicular stomatitis virus (VSV) or amphotropic leukemia virus 
envelope proteins could be used for transduction of a wider range 
of cells. Lentiviral vectors can traverse an intact nuclear mem-
brane, requiring the HIV gag protein and an accessory VpR protein, 
thus allowing transduction of nondividing cells.97,98 The promise 
for more efficient HSC transduction using lentiviral vectors remains 
an attractive feature, however, other features of HIV-based vectors 
have also stimulated interest. Specifically, the faithful delivery of 
nonrearranged genes with complex regulatory elements appears 
superior, and success in delivering the human b-globin gene along 
with large portions of the locus control region has finally been 
achieved with HIV-based vectors.99 A number of additional safety 
modifications have been employed, including deletions in the 3′ 
LTR reducing the risk of insertional mutagenesis by self-inactiva-
tion of the integrated LTRs. Indeed, the first clinical trial employ-
ing lentiviral vectors for the treatment of HIV have been carried 
out,100,101 and subsequent trials have demonstrated clear efficacy 
in adrenoleukodystrophy (ALD)102 and thalassemia.103

Human Foamy Viral Vectors
The other member of the retroviridae under consideration as 
a gene transfer vector is the human foamy virus (HFV). HFV, a 
poorly characterized retrovirus, has three potential advantages. It 
has never been associated with pathology in animals or humans, 
it infects a wide variety of primate cell types, and it has the capac-
ity to package longer transgene(s).104 It does not appear, however, 
to transduce nondividing cells, although it may be more stable 
than conventional retroviruses within a target cell, tolerating 
a more prolonged period before cell division and then integra-
tion.105 Virologists are trying to define the packaging signal and 
other important elements necessary for engineering a replication-
incompetent HFV vector,106,107 and a method for the production 
of helper-free vector stocks has recently been described.108 Third-
generation vectors have now been developed, and these foamy 
virus vectors appear efficient for transducing HSCs, with high 
gene transfer rates observed in human cord blood (CB) in vitro, 
and in murine BM (BM) in vivo after a single, overnight vector 
exposure.109 Recently, HFV vectors have proven highly efficient in 
a canine model of leukocyte adhesion deficiency (LAD).110

Adenoviral Vectors
Adenoviruses are nonenveloped double-stranded large DNA 
viruses.111 The linear adenovirus genome contains 36 kb with 
an inverted terminal repeat (ITR) of 100 to 165 base pairs at 
each terminus. A set of early genes encodes for regulatory pro-
teins that serve to initiate cell proliferation, DNA replication, and 
down-modulation of host immune defenses, whereas the late 
genes encode for structural proteins. Adenovirus readily crosses 

the plasma membrane of many cell types, whether replicating or 
not, via receptor-mediated endocytosis112 through the receptor, 
common to two distinct viral pathogens, coxsackie B and adeno-
virus 2 and 5, termed the coxsackie and adenovirus receptor.113 
Adenovirus escapes the endosome by altering the pH and then 
enters the nucleus where it remains as a linear episome. In per-
missive cells, adenovirus replicates and then enters a lytic cycle, 
destroying the host cell and releasing daughter viral particles. 
Of the 42 adenovirus serotypes, most are known to cause mild 
respiratory, gastrointestinal, and conjunctival infections in immu-
nocompetent humans; no associated malignancies in humans 
have been reported, although some serotypes can transform cells 
in culture. The human embryonic kidney cell line HEK293 was, 
in fact, immortalized by transfection of kidney cells with sheared 
adenovirus serotype 5 DNA; the E1 gene that is integrated into the 
cellular genomic DNA is apparently responsible for the immortal-
ization of the cell line.

Recombinant adenovirus vectors have been engineered from 
adenovirus (usually serotype 5) by the removal of the E1 and 
E3 genes (regulating replication and immune recognition) and 
replacement by the gene or genes of interest, with space for 7 to 
8 kb of new genetic material.114,115,116,117,118 High-titer adenovi-
rus vectors, up to 1012 plaque-forming units (pfu) per ml, can be 
reliably packaged through the use of a human embryonic kidney 
transformed cell line,293 which provide the helper or replication 
E1 genes, followed by purification and concentrating procedures. 
The final product is a replication-defective adenovirus vector 
which is free of helper or wildtype virus that can efficiently trans-
duce nondividing cells.116 These vectors do not integrate into the 
target cell genome, avoiding insertional mutagenesis and result-
ing in only transient transgene expression in proliferative tissues. 
Because of the tropism of adenovirus for epithelial cells, these vec-
tors were initially investigated for the treatment of pulmonary dis-
eases and diseases in which liver gene transfer is desirable.119,120

Transient transgene expression also may result from host 
cellular and humoral immune responses directed at either trans-
gene-encoded antigens or adenovirus proteins expressed from the 
large portions of the adenovirus genome retained in these vec-
tors.121,122 Another concern is inflammation resulting from in vivo 
transduction of certain cell types, especially airway epithelium.123 
In vivo use may also be compromised by pre-existing or new 
antiviral neutralizing antibodies, limiting the efficacy of repeated 
dosing, which may be required for applications directed at mitotic 
tissues.124 Nonessential adenoviral sequences are being gradually 
eliminated from the vectors.125,126 The use of adenovirus vectors 
in which essentially all viral genes are removed is the ultimate 
goal of such a strategy. Unfortunately, although these vectors have 
little except the capsid proteins to mark themselves as foreign, 
there is evidence that they can trigger innate immunity by recog-
nition through the toll-like receptor 9 pathway in target cells.127 
Further technical issues that are important include the decreased 
efficiency of vector production as more viral genes are deleted, 
inasmuch as these functions need to be provided by accessory 
plasmids through transfection of vector-producing cells. Hence, 
these highly deleted vectors are often called “helper-dependent.” 
Specific dosage schedules (e.g., neonatal or embryonic exposure) 
or co-administration of immune modulators such as cyclosporine 
or IL12 may also prevent sensitization.128–132 Another strategy 
being explored is use of different vectors based on adenovirus 
serotypes other than adenovirus 5. One survey of unusual group 
B and group D adenovirus serotypes that might be considered for 
use as HIV vaccines indicates that in a target population in sub-
Saharan Africa the existing immunity to adenovirus serotypes 11, 
35, and 50 from group B and adenovirus serotypes 26, 48, and 
49 from group D are substantially less than that of the commonly 
studied adenovirus 5 serotype from group C.133 By employing 
alternatives to adenovirus 5, it might be possible to get around 
the barrier of pre-existing antivector antibodies for vaccination 
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efforts. Furthermore, it might be possible to alternate the vector 
type with subsequent vaccinations to thwart neutralizing antiad-
enovirus immunity to the vaccine vector. Recently, investigators 
developing HIV vaccination strategies have reported an adenovi-
rus 41 serotype vector that can express HIV envelope protein.134 
The adenovirus 41 serotype virus is an enterotropic pathogen that 
causes diarrhea in its wildtype form; the use of a gene transfer 
vector with tropism for a mucosal surface may present advan-
tages for vaccination against HIV, a pathogen that is normally 
encountered by the host in the mucosa. This vector has not yet 
been clinically tested.

In initial clinical trials, adenovirus vectors were used to trans-
fer a normal cystic fibrosis transmembrane conductance regulator 
(CFTR) gene into airway cells (bronchial or nasal) of patients with 
cystic fibrosis.135–137 Despite the demonstration that airway cells 
could be transduced with these vectors in vivo with correction of 
the chloride transport defect, clinical utility has been precluded 
by the harmful immune and inflammatory responses noted above. 
However, the active immune response induced by adenoviral 
vectors is also being explored as a possible advantage for adeno-
virus vectors when they are used to transduce tumor cells with 
cytokines or other immune modulators for tumor vaccine proto-
cols.138–140 The fact that most adenoviral gene transfer results in 
transient transgene expression (in contrast to retroviral-mediated 
gene transfer) has limited their use for congenital diseases in 
which permanent expression of a missing protein is desirable, 
such as hemophilia, ornithine transcarbamylase (OTC)-deficiency, 
or a-1-antitrypsin inhibitor deficiency. The use of alternating 
serotypes for repeated administration can only increase the num-
ber of administrations so much before immunity to the vectors 
neutralizes further administration. The powerful and often toxic 
immune reaction against viral vectors makes their use for vac-
cination or antitumor therapy more likely than for correction of 
metabolic disorders.141 The tragic death of a subject who received 
the OTC-adenovirus vector was mediated in a large part by the 
“cytokine storm” and resultant systemic immune response that 
led to widespread capillary leak multiorgan failure.141

Adeno-Associated Viral Vectors
AAV are small nonenveloped single-stranded DNA viruses in the 
parvovirus family, dependovirus subfamily, that require a helper 
virus (typically a double-stranded DNA virus such as adenovirus or 
herpes simplex virus) for production of new viral particles.142–144 
The linear AAV genome is approximately 4.7 kb long and consists 
of two homologous ITRs of 145 bp flanking two groups of genes: 
the rep or nonstructural genes and the cap or structural genes. 
There are at least eleven serotypes of AAV that differ mainly 
on the basis of their external capsid proteins. AAV-2 is the best 
characterized serotype. AAV-2 enters host cells primarily through 
interaction with the heparin sulfate proteoglycan protein on the 
cell-surface, and by interaction with the aVb5 integrin and fibro-
blast growth-factor receptor proteins. AAV has oncoprotective and 
HIV-suppressive properties, and is not known to cause disease 
in humans or other animals.145–147 Prior infection with AAV-2 in 
humans is common: seroepidemiologic studies demonstrate that 
80% of the adult population has antibodies.143,148

After cell entry mediated by the capsid protein, wildtype AAV 
integrates within the host chromosome.149 Integration of multiple 
copies in tandem occurs in a site-specific manner within a rela-
tively small area on chromosome 19: this site specificity appears 
to require rep protein.150,151 Specifics of replication and integra-
tion are less well understood than for retroviruses.

Recombinant AAV vector DNA contains the AAV ITRs flanking 
a gene of interest replacing the rep and cap genes. This plasmid 
is introduced into a cell line permissive for adenovirus, along 
with a helper plasmid containing the AAV rep and cap genes 
but no ITRs. Upon exposure to adenovirus or transfection with 

adenovirus genes such as E4 (particularly open reading frame 6), 
the cell line packages the recombinant vector sequences using the 
rep and cap gene products produced by the helper plasmid, and 
recombinant vector particles are released as the producer cell 
lyses.152,153–156 Recombinant AAV vectors have size constraints: 
vector sequences longer than 115% of the wildtype length are not 
packaged or encapsidated efficiently. Very high titers of recom-
binant AAV particles can be produced, but often a significant 
percentage of capsids are empty or otherwise defective.

The need for replication-competent adenovirus during AAV 
vector production complicates the manufacturing and safety 
issues, inasmuch as the adenovirus must be inactivated or (prefer-
ably) removed before use. Some progress is being made toward 
introducing only the specific adenovirus genes necessary for AAV 
replication into producer cell lines, avoiding live adenovirus. The 
inability to harvest AAV vector without actual lysis and death 
of the producer cells also complicates production of pure and 
defined vector preparations. Generation of stable packaging cell 
lines is also hindered because the AAV rep gene product harms 
most cell types; but recently producer cell lines expressing rep 
from an inducible promoter have been isolated.157,158 Another 
approach to avoid the issue of helper-virus contamination is to 
transfect cells with multiple plasmids that separately encode the 
desired transgene nucleic acid as well as the structural and repli-
cation proteins.159,160

Integration of the recombinant vectors into target cell chro-
mosomes appears to be very inefficient, and thus these vectors 
prove more useful in situations not requiring integration, inas-
much as they have been shown to be stable as episomes for long 
periods.156,161,162 Site-specific integration in chromosome 19, 
very desirable to avoid random insertional mutagenesis, does 
not occur with the recombinant AAV vectors, presumably due 
to lack of rep protein in the vector particle.162 Many cell types 
can be efficiently transduced, including nondividing cells such as 
neurons, but integration and increased efficiency of transduction 
still appears to depend on cell division or other DNA-disrupting 
events, although this conclusion is very controversial.163–167

Recently, there has been a great deal of interest in the use of 
vectors based on serotypes other than AAV-2, especially AAV-6, 
AAV8, and AAV-9, although the work thus far has consisted of 
in vitro vector production development160 and preclinical animal 
studies.168–170 It is possible that a number of other parvoviruses 
can be developed as vectors, including AAV-3, nonpathogenic 
strains of B19, or novel autonomous parvoviruses isolated from 
nonhuman primates or other animal species.171–173 These viruses 
are similar to AAV, but some, such as B19, never integrate. Self-
complementary AAV vectors based upon serotypes with high-effi-
ciency delivery to liver cells have been utilized recently to deliver 
factor IX as a potential treatment for hemophilia B in the canine 
model with correction of the bleeding abnormalities.174,175 These 
results supported the first successful clinical trials in humans 
described in detail below.176

Miscellaneous Other Vectors
Herpes viruses are large DNA viruses with marked neurotropism, 
generating intense interest in their potential as vectors targeted 
at the nervous system.177–180 They can accommodate very large 
DNA sequences (up to 30 kb). More recently, these vectors have 
been reported to transduce some types of hematopoietic cells, 
including monocytes, leukemic blasts, and progenitor cells.181,182 
However, these vectors result in only transient expression in divid-
ing cells, and cause cytotoxicity, limiting clinical utility, at least for 
hematologic applications.

Vaccinia virus, a large DNA virus that replicates cytoplas-
mically, has also been considered for gene therapy applica-
tions.183,184 It can accommodate very large transgenes (up to 30 kb) 
and expresses these genes at very high levels, but expression is 
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transient, and production of replication-incompetent vectors has 
not yet been possible. Very high immunogenicity limits most clini-
cal applications, but may be advantageous for in vivo vaccination 
with vaccinia-transduced tumor cells.184–187

Genome editing
Current vectors and protocols have attempted phenotypic cor-
rection or modification by gene addition, generally randomly in 
the genome. A different process, gene correction by homologous 
recombination, in hematopoietic tissues has been proposed as 
an alternative.188 Correction of the genetic defect in lymphoblas-
toid cell lines derived from patients with sickle cell disease was 
described189 using a RNA–DNA oligonucleotide, yet the applicabil-
ity of this approach remains elusive.

An alternative corrective approach for some disorders has 
recently been described. Constructs targeting aberrant splice 
sites in the form of oligonucleotides, morpholinos, or U7 snRNAs 
lead to increased levels of correctly spliced b-globin mRNA by 
effectively blocking the aberrant splice site through the use of 
sequences complementary to the corrected sequence.190–192 A 
major problem with this approach has remained the difficulty 
in delivering such constructs in vivo with sufficient efficiency to 
correct the phenotype and recently, lentiviral vectors designed to 
deliver modified U7 snRNAs permanently have been tested in cell 
lines and in primary cells from individuals with thalassemia with 
encouraging early results.193

Targeted DNA double-strand breaks through the use of arti-
ficial nucleases was recently shown to increase the efficiency of 
homologous recombination by several logs, renewing enthusiasm 
for this approach. The development of zinc finger nucleases 
(ZFNs) that allow cleavage of DNA in a sequence-specific manner 
allows the potential for genome editing at virtually any site. These 
artificial endonucleases mediate DNA cleavage at targeted sites 
and have been utilized successfully in a broad range of experi-
mental systems including plants, flies, worms, rodents, ESCs, 
and primary human cells.194 The ideal set of ZFNs would target 
double-strand DNA breaks at high efficiency, and more impor-
tantly, with high specificity. Specificity has thus far been difficult 
to achieve. ZFNs can also be utilized to modify normal genes, 
such as the CCR5 (required for HIV entry), and a clinical trial is 
now underway testing this approach as a potential therapy for 
HIV.195 Transcriptional activatorlike effector nucleases are a new 
class of nucleases that allow tailored genome editing in a variety 
of cell types with the potential for increased specificity.196 The 
advent of iPS cells that can be generated from individuals with 
genetic diseases raises the possibility of genome editing followed 
by differentiation to a cell type of interest as a form of therapy 
for a number of diseases, and proof of concept has already been 
achieved in a murine model of sickle cell disease in which iPS cells 
were corrected with homologous recombination and transplanted 
after differentiation into hematopoietic progenitors.197

hemaTopoieTic sTem  
anD proGeniTor cells as  
TarGeTs For Gene TransFer
Since the development of helper-free retroviral gene transfer 
technology, now decades ago, the HSC has been a primary target 
for gene therapy applications. The curative potential of HSCs 
carrying corrective genes has been well established through the 
use of allogeneic bone marrow (BM) transplantation in genetic 
disorders whereby an individual carrying a normal genotype 
serves as the stem cell donor, yet procedural toxicities and finite 
donor availability limit this approach. The prospect of a curative, 
one-time therapy using genetically modified autologous stem 

cells for the treatment of a wide variety of congenital disorders 
such as hemoglobinopathies, immunodeficiencies, or metabolic 
storage diseases, and of a new weapon against malignancies and 
HIV infection, has proven irresistible.13,14,198–201 Gene therapy 
directed at HSCs must utilize an integrating vector, because ongo-
ing self-renewal or proliferation/differentiation would rapidly 
dilute out an episomal vector in daughter cells. Initial preclinical 
studies in the 1980s reported the introduction of genetic markers 
and clinically relevant genes into mouse HSCs using integrating 
retroviral vectors, providing both conceptual and methodologic 
insights that led to first-, second-, and third-generation human 
gene therapy clinical trials (Fig. 71.6).

Gene therapy preclinical evaluation Using 
Standard Mouse transplantation Models
Retroviral gene transfer into murine hematopoietic repopulating 
stem cells has become routine in many laboratories.202,203,204 The 
isolation and availability of various hematopoietic growth factors 
has allowed ex vivo maintenance and increased retroviral gene 
transfer into hematopoietic target cells. Several different combina-
tions of growth factors have been successful, including at least two 
or three cytokines that are active on primitive cells, such as inter-
leukin-3 (IL-3), interleukin-6 (IL-6), and stem cell factor (SCF). 
Their mechanism of action probably includes both induction of 
cell cycling, a necessity for retroviral transduction and integration, 
and up-regulation of retroviral cell-surface receptors.85,205,206–209 
Other manipulations that have been found to increase gene 
transfer efficiency to murine stem cells include co-culture of 
target cells directly on a layer of retroviral producer cells, use of 
high-titer (>105 viral particles/ml) vectors, induction of stem cell 
cycling by pre-treatment of donor mice with 5-fluorouracil, and 
co- localization of vector and target cells using fibronectin-coated 
culture dishes.92,210–213 Using these techniques, successful gene 
transfer can now be achieved in virtually all mice transplanted 
with transduced syngeneic BM stem cells, with long-term per-
sistence of the vector sequences in 10% to 100% of cells from all 
hematopoietic lineages.206,210,211,213,214 The continued presence 
of vector sequences in short-lived granulocytes for the lifespan of 
the mouse and in multiple lineages of the blood of serial trans-
plant recipients indicates that murine repopulating stem cells can 
be successfully modified with retroviral vectors.15,17,206,215,216,217 
Documentation of the shared single-cell ancestry of gene-modified 
cells from different lineages by examining retroviral integration 
sites among transduced cell progeny has also supported this 
contention.

The ability of retroviral vectors to introduce marker genes 
permanently into murine cells with lifelong repopulating abil-
ity led investigators to test whether this approach was feasible 
when clinically relevant genes were used. Genetic disorders with 
high morbidity and mortality and with no effective conventional 
treatments were considered prime candidates for preclinical 
evaluation.

Severe Combined Immunodeficiency Disease
SCID resulting from adenosine deaminase (ADA) deficiency 
was initially chosen and stable expression of functional human 
ADA was demonstrated in all hematopoietic lineages at levels 
near endogenous murine levels in reconstituted murine trans-
plants.202,218–222 The efficiencies of gene transfer and ADA levels 
achieved in these preclinical models, together with the antici-
pated in vivo selective survival advantage of transduced T-cells, 
were thought to be predictive of successful correction of lym-
phoid dysfunction in patients with ADA deficiency.13 Retroviral 
vector-mediated gene transfer has also been used successfully 
to evaluate gene therapy strategies in several murine models of 
human immunodeficiencies, including those caused by deficiency 
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FIGURE 71.6. Timeline for the development of human gene therapy protocols targeting hematopoietic stem cells (HSCs). The main phases in the 
evolution of HSC gene therapy clinical trials are ordered chronologically. The six principal features defining each phase are outlined. ADA (adenosine deaminase); 
ALD (adrenoleukodystrophy); BM (bone marrow); CB (cord blood); CGD (chronic granulomatous disease); Flt3L (fms-related tyrosine kinase 3 ligand); FN (fibronectin); 
HIV (human immunodeficiency virus); IL3 (interleukin 3); IL6 (interleukin 6); LSK (Lin−, Sca1+, Kit+); MGDF (megakaryocyte growth and development factor); MPBC 
(mobilized peripheral blood cells); SCF (stem cell factor); SCID (severe combined immunodeficiency disease); TPO (thrombopoietin); WAS (Wiskott-Aldrich syndrome).

of the common g-chain expressed in T-cell cytokine receptors 
(X-SCID),223–224,225 JAK3 kinase deficiency,226 deficiency in the 
ZAP70 protein,227 and recombination-activating gene-2 (RAG-2) 
deficiency.228

Gaucher Disease
Gaucher disease is an inherited deficiency of the lysosomal 
enzyme glucocerebrosidase (GC) and the associated accumula-
tion of glucocerebroside in the lysosomes of macrophages results 
in multisystem damage, including hepatosplenomegaly, gradual 
replacement of bone marrow (BM), skeletal deterioration, and 
neuropathology in some cases of Gaucher disease. Correction of 
enzyme deficiency in macrophages by HSC gene therapy has been 
considered an attractive therapeutic option for these patients. 
Mouse BM transplant models have been invaluable for initial 
evaluation of retrovirus-based gene transfer vectors developed for 
Gaucher disease.206,214,229–232 These studies established the fea-
sibility of efficient transfer of the GC gene to normal mouse HSCs 
and long-term expression in their progeny after reconstitution, 

strengthening the rationale for gene therapy as a treatment option 
for Gaucher disease.

Hemoglobinopathies
Hemoglobinopathies, including b-thalassemia and sickle cell dis-
ease, were also among the first diseases selected as targets for 
genetically based therapeutic approaches. Transfer of the human 
b-globin gene into murine HSCs proved more challenging due to 
the requirement to include specific endogenous regulatory ele-
ments from the b-globin locus that were obligatory to achieve clin-
ically relevant expression. Early preclinical studies demonstrated 
that retroviral vectors containing the b-globin gene and its pro-
moter could transduce murine HSCs. However, human b-globin 
gene expression was either absent or very low, usually varying 
between 0% and 2% of mouse b-globin RNA levels.205,233–238 As 
outlined below, it is not until new vector designs became available 
that successful genetic correction of b-thalassemia was first dem-
onstrated in murine preclinical models, laying the foundation for a 
recent clinical trial of gene therapy for b-thalassemia.103
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Chronic Granulomatous Disease
Chronic Granulomatous Disease (CGD) results from mutations in 
any one of four genes encoding the essential subunits of the phago-
cytic antimicrobial system NADPH phagocyte oxidase (phox),239 
including gp91phox, p22phox, p47phox, and p67phox, rendering 
individuals born with CGD particularly susceptible to bacterial 
and fungal micro-organisms. Retrovirus-based gene transfer vec-
tors have been tested in two CGD knockout mouse models.240–242 
These studies indicated that gene transfer into murine HSCs is 
feasible and that partial reconstitution of NADPH oxidase activity 
achieved after retroviral gene transfer can improve host defense if 
an adequate number of phagocytes exhibit enzyme activity.

Wiskott-Aldrich Syndrome
Wiskott-Aldrich Syndrome (WAS) is an X-linked complex primary 
immunodeficiency disorder caused by mutations in the gene 
that encodes the WAS protein (WASP).243 It is characterized by 
an increased susceptibility to recurrent infections associated 
with adaptive and innate immune deficiency, thrombocytope-
nia, eczema, and autoimmunity.244,245 The generation of two 
 Wasp-deficient mice has facilitated preclinical safety and efficacy 
studies of retroviral vectors for the treatment of WAS. In one 
study,246 vector-mediated WASP expression was shown to correct 
the T-cell defect in Wasp mice. In another study, investigators 
demonstrated rescue of T-cell signaling and amelioration of colitis 
upon transplantation of transduced WAS HSCs in mice, supporting 
the development of gene therapy approaches for WAS.247

First-Generation human Gene therapy trials
Because of the absence of in vivo assays that measure the repopu-
lating capacity of human HSCs, gene transfer protocols employed 
in early clinical trials were adapted from the murine studies 
described above, and initially tested using human in vitro colony-
forming cell (CFC) assays that detect committed progenitor cells, 
and long-term BM culture assays that detect a cell capable of 
maintaining production of CFC for at least 5 weeks on a layer of 
stromal cells. Notwithstanding the fact that progenitors do not 
have the same biologic properties as stem cells, investigators 
were initially encouraged when high gene transfer efficiency (up 
to 100%) was observed in these in vitro progenitor assays using 
gene transfer vectors and transduction conditions comparable to 
those employed in the mouse.248,249,250 Demonstration of correc-
tion of GC and ADA deficiency after retroviral vector-mediated 
gene transfer into progenitors from patients with Gaucher dis-
ease251 and ADA-SCID,252 respectively, provided even further 
impetus to regulators and investigators to initiate a first genera-
tion of human HSC gene transfer clinical trials, including gene 
marking studies and gene therapy trials with therapeutic intent 
(see Table 71.2.

Genetic Marking Trials
The first human clinical gene transfer trials used retroviral 
vectors carrying nontherapeutic marker genes, and were 
critical for establishing proof of principle and allaying safety 
concerns (Table 71.2).7,253 Patients already undergoing autolo-
gous transplantation as therapy for an underlying malignancy 
received genetically marked hematopoietic stem and progenitor 
cells to determine whether re-infused tumor cells contribute 
to relapse after autologous transplantation and to establish if 
transduced HSCs could contribute to long-term hematopoietic 
 reconstitution.254,255,256–258 Genetically marked tumor cells 
were unequivocally demonstrated in several patients at the time 
of relapse, suggesting that the re-infused marrow had contrib-
uted to progression, and that investigation of therapeutic purg-
ing strategies was worthwhile. The presence of the marker gene 

was also  followed in nonmalignant hematopoietic cells. Gene-
marked cells contributed only 0.1% to 1% of the total BM but 
detection of the marker gene in T-cells and B-cells for as long as 
18 months after transplantation was consistent with low-level 
transduction of primitive hematopoietic cells with multilineage 
capacity.

In a similar marking study, investigators determined that 
autologous BM used for transplantation in patients with chronic 
myelogenous leukemia following intensive therapy also contained 
cells that contributed to relapse.259 Other gene marking trials 
involving patients with multiple myeloma,260,261,262 breast can-
cer,261,262 follicular lymphoma,263 and AML264 failed to show sta-
ble levels of marked cells of more than 0.1% after transplantation 
with autologous gene-marked grafts, contrasting with the high-
level marking observed in preclinical mouse models. Although 
valuable in the early stages, the perceived level of risk related to 
retroviral-marking clinical trials was altered dramatically after 
the first report of leukemia in a patient receiving retroviral gene 
therapy for X-SCID,265 and given the lack of any possible benefit 
to the patient related to use of marking vectors, this type of trial 
has been completely abandoned.

Gene Therapy Trials with Therapeutic Intent
Despite the low efficiencies of gene transfer into long-term 
repopulating stem cells achieved in early human marking trials, 
several Phase I/II clinical trials investigating the transfer of poten-
tially therapeutic genes were initiated (Table 71.2). Important 
information was obtained on both the safety and feasibility of 
stem cell engraftment without ablation, and although these initial 
trials were largely disappointing, there were glimmers of hope 
 regarding clinical benefit.

Severe Combined Immunodeficiency Disease
SCID due to ADA deficiency has been a prototype target disease 
for gene therapy since the initial development of retroviral vec-
tors over a decade ago,266 and children with ADA-deficient SCID 
were the subjects of the first clinical trial utilizing a vector car-
rying a therapeutic gene directed at T-lymphocyte targets (see 
below). HSCs would be theoretically preferable to T-cells as gene-
correction targets in this and other immunodeficiency disorders, 
because of the potential for permanent and complete reconstitu-
tion of the T-cell repertoire.

To address this hypothesis directly, two ADA-deficient children 
received autologous BM and mature lymphocytes transduced 
with two different retroviral vectors carrying the therapeutic ADA 
gene and the Neo gene and then repeatedly re-infused without 
conditioning.267 In the first year after initiation of these infusions, 
vector-containing T-cells originating from the transduced T-cells 
were observed, but with time, there was a shift to vector-contain-
ing T-cells originating from transduced BM cells. The proportion 
of gene-corrected clonable T-cells was 2% to 4%, and analysis 
of T-cell–receptor gene rearrangements indicated a wide reper-
toire of corrected clones. A surprisingly high number of marrow 
myeloid colonies resistant to neomycin were also reported, despite 
lack of conditioning, and an in vivo selective advantage for gene-
corrected cells of all lineages was hypothesized.

For genetic disorders diagnosed in utero, the use of CB 
cells as targets for gene transduction represents an exciting 
alternative approach268,269 CB may contain greater numbers of 
primitive reconstituting cells with higher proliferative potential 
that may prove more susceptible to retroviral transduction. 
Moreover, early treatment is crucial in diseases that progress to 
irreversible damage before a child is old enough to allow collec-
tion of mobilized peripheral blood or BM cells.270 Three infants 
diagnosed in utero with ADA deficiency allowed the testing of 
this concept, and CB was collected at the time of delivery. The 
cells were CD34–enriched and transduced with an ADA/Neo 
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First-Generation HSC Gene Therapy Clinical Trials

Reference Indication Gene
CD34+ 
cells

Transduction

Conditioning

Outcome

Cytokines  
and FN

Duration 
(MOI) Vector

Gene Marking 
(No. Patients)

Genotoxicity 
(No. Patients)

Brenner MK et al. 
(1993)255

Gene  
marking
(AML)

NeoR BM No cytokines
No FN

P: 0 h
T: 6 h
(MOI=10)

g-RV
Ampho env
MLV-LTR  
promoter

Busulfan
Cyclophosphamide

Low long-term 
gene marking

No

Brenner MK et al. 
(1993)254

Gene  
marking
(AML,  
neuroblastoma)

NeoR BM No cytokines
No FN

P: 0 h
T: 6 h
(MOI=10)

g-RV
Ampho env
MLV-LTR  
promoter

Bu/Cy (AML)
Carboplatin/
Etoposide  
(neuroblastoma)

Low long-term 
gene marking

No

Rill DR et al. 
(1994)258

Gene marking
(Neuroblastoma)

NeoR BM  
MNC

No cytokines
No FN

P: 0 h
T: 6 h
(MOI=10)

g-RV
Ampho env
MLV-LTR  
promoter

Carboplatin
Etoposide

Low long-term 
gene marking

No

Deisseroth AB et al. 
(1994)259

Gene  
marking
(CML)

NeoR BM No cytokines
No FN

P: 0 h
T: 6 h
(MOI=10)

g-RV
Ampho env
MLV-LTR  
promoter

TBI
Cyclophosphamide
Etoposide

Low long-term 
gene marking

No

Dunbar CE  
et al. (1995)261

Gene marking
(MM and BC)

NeoR BM MPBC IL3, SCF
+/– IL6
No FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

Melphalan/TBI 
(MM) or
ICE chemotherapy 
(BC)

Low long-term 
gene marking

No

Cornetta K  
et al. (1996)264

Gene marking
(AML and ALL)

NeoR BM No cytokines
No FN

P: 0 h
T: 4 h

g-RV
Ampho env
MLV-LTR  
promoter

Busulfan
Cyclophosphamide

Low long-term 
gene marking

No

Emmons RV et al. 
(1997)262

Gene marking
(MM and BC)

NeoR BM  
MPBC

No cytokines
+/–  
Stroma
No FN

P: 0 h
T: 6–72 h

g-RV
Ampho env
MLV-LTR  
promoter

Melphalan/TBI 
(MM) or
ICE chemotherapy 
(BC)

Low long-term 
gene marking

No

Bachier CR  
et al. (1999)263

Gene marking
(NHL)

NeoR BM
MPBC

No cytokines
No FN

P: 0 h
T: 6 h
(MOI=10)

g-RV
Ampho env
MLV-LTR  
promoter

TBI
Cyclophosphamide
Etoposide

Low long-term 
gene marking

No

Alici E et al. 
(2007)260

Gene marking
(MM)

NeoR BM
MPBC

IL3, IL6, SCF, 
bFGF
No FN

P: 0 h
T: 12 h
(MOI=5)

g-RV
Ampho env
MLV-LTR  
promoter

Melphalan Low long-term 
gene marking

No

Bordignon C et al. 
(1995)439

ADA-SCID ADA BM Co-culture
No cytokines
No FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR 
 promoter

No conditioning Low long-term 
gene marking

No

Kohn DB  
et al.  
(1995 1998)267,271

ADA-SCID ADA CB IL3, IL6, SCF
FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Low long-term 
gene marking

No

Malech HL  
et al. (1997)278

CGD P47phox MPBC PIXY321,
G-CSF
No FN

P: 18 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Low long-term 
gene marking

No

Hesdorffer C et al. 
(1998)633

Breast CA 
Ovarian CA 
Glioblastoma

MDR1 BM
MPBC

IL3, IL6, SCF
FN

P: 48 h
T: 24 h

g-RV
Ampho env
MLV-LTR  
promoter

High dose  
chemotherapy

Low long-term 
gene marking

No

Dunbar CE  
et al. (1998)277

Gaucher GC BM
MPBC

IL3, IL6, SCF
No FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Low long-term 
gene marking

No

table 71.2

firsT-, seconD-, AnD THirD-GenerATion Hsc Gene THerApy clinicAl TriAls
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First-Generation HSC Gene Therapy Clinical Trials

Reference Indication Gene
CD34+ 
cells

Transduction

Conditioning

Outcome

Cytokines  
and FN

Duration 
(MOI) Vector

Gene Marking 
(No. Patients)

Genotoxicity 
(No. Patients)

Kohn DB  
et al. (1999)634

HIV RRED BM IL3, IL6, SCF
+/– FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Low long-term 
gene marking

No

Cowan KH  
et al. (1999)635

Breast CA MDR1 BM
MPBC

IL3, IL6, SCF
No FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

ICE chemotherapy Low long-term 
gene marking

No

Liu JM  
et al. (1999)276

FA FANCC BM
MPBC

IL3, IL6, SCF
No FN

P: 0 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Low long-term 
gene marking

No

Second-Generation HSC Gene Therapy Clinical Trials

Reference Indication Gene
CD34+ 
cells

Transduction

Conditioning

Outcome

Cytokines  
and FN

Duration 
(MOI) Vector

Gene marking 
(No. Patients)

Genotoxicity 
(No. Patients)

Cavazzana- 
Calvo M et al. 
(2000)22, 450, 451

X-SCID IL2Rg BM SCF, Flt3L,  
MGDF, IL3
FN

P: 24 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Correction of
X-SCID (9/10)

T-ALL (4/9)
LMO2, CCND2, 
BMI1 gene inser-
tions265, 450, 451

Abonour R  
et al. (2000)422

Germ cell  
tumors

MDR1 MPBC SCF, IL6 or
SCF,MGDF,
G-CSF
FN

P: 48 h
T: 48 h

g-RV
Ampho env
HaMSV-LTR  
promoter

Etoposide  
2,250 mg/m2

Carboplatin  
2,100 mg/m2

Low long-term 
gene marking 
(6/11)

No

Aiuti A et al.  
(2002)23

ADA-SCID ADA BM SCF, Flt3L, 
TPO, IL3
FN

P: 24 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

Busulfan  
4 mg/Kg

Correction of  
ADA-SCID (2/2)

No

Amado RG et al.  
(2004)636,637

HIV
(Phase I)

Anti-HIV1 
ribozyme

MPBC MGDF, SCF
+/– FN

P: 18 h
T: 72 h
(MOI=5)

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Low long-term 
gene marking 
(10/10)

No

Gaspar HB et al. 
(2004)444, 452, 455

X-SCID IL2Rg BM SCF, Flt3L, 
TPO, IL3
FN

P: 40 h
T: 56 h

g-RV
GALV env
MLV-LTR  
promoter

No conditioning Correction of 
X-SCID (10/10)

T-ALL (1/10)
LMO2 gene  
insertion454

Thrasher AJ et al. 
(2005)456

X-SCID IL2Rg BM SCF, Flt3L, 
MGDF, IL3
FN

P: 24 h
T: 72 h

g-RV
Ampho env
MLV-LTR  
promoter

No conditioning Failure to correct 
X-SCID in older 
patients (2/2)

No

Ott MG et al.  
(2006)446

X-CGD gp91phox MPBC SCF, Flt3L, 
TPO, IL3
FN

P: 36 h
T: 72 h

g-RV
Ampho env
SFFV-LTR 
promoter

Busulfan 8 mg/Kg Correction of
X-CGD (2/2)

MDS (2/2)
MDS1-EVI1, 
PRDM16,  
SETBP1 gene 
insertions457,458

Gaspar HB et al. 
(2006)441

ADA-SCID ADA BM SCF, Flt3L, 
TPO, IL3
FN

P: 40 h
T: 56 h

g-RV
GALV env
SFFV-LTR 
promoter

Melphalan 140 
mg/m2

Correction of ADA-
SCID (1/1)

No

Chinen J et al. 
(2007)455

X-SCID IL2Rg MPBC SCF, Flt3L, 
TPO, IL3
FN

P: 16 h
T: 96 h
(MOI=1–2)

g-RV
GALV env
MLV-LTR  
promoter

No conditioning Clinical  
improvement  
(3/3)

No

Mitsuyasu RT et al. 
(2009)637,638

HIV
(Phase II)

Anti-HIV1 
ribozyme

MPBC MGDF, SCF
FN

P: 36 h
T: 48 h
(MOI=5)

g-RV
Ampho env
MLV-LTR 
promoter

No conditioning Lower HIV-1 
viral load 
(10/10)

No

(Continued )
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Second-Generation HSC Gene Therapy Clinical Trials

Reference Indication Gene
CD34+ 
cells

Transduction

Conditioning

Outcome

Cytokines  
and FN

Duration 
(MOI) Vector

Gene marking 
(No. Patients)

Genotoxicity 
(No. Patients)

Aiuti A et al. 
(2009)440

ADA-SCID ADA BM SCF, Flt3L, 
TPO, IL3
FN

P: 24 h
T: 72 h

g-RV
Ampho env
MLV-LTR 
promoter

Busulfan 4 
mg/Kg

Correction of 
ADA-SCID (9/10)

No

Boztug K et al. 
(2010)447

WAS WAS MPBC SCF, Flt3L, 
TPO, IL3
No FN

P: 48 h
T: 48 h
(MOI=5)

g-RV
GALV env
MPSV 
 promoter

Busulfan  
8 mg/Kg

Correction of  
WAS (9/10)

T-ALL (4/9)
LMO2 +/–  
other gene  
insertions

Kang EM et al. 
(2010)444

X-CGD gp91phox MPBC SCF, Flt3L, 
TPO, IL3
FN

P: 18 h
T: 96 h
(MOI=2)

g-RV
Ampho env
MLV-LTR  
promoter

Busulfan  
10 mg/Kg

Long-term  
clinical benefits 
(2/3)

No

Kang HJ et al. 
(2011)445

X-CGD gp91phox MPBC SCF, Flt3L, 
TPO, IL3
FN

P: 40 h
T: 40 h
(MOI=1–2)

g-RV
Ampho env
MLV-LTR  
promoter

Fludarabine  
120 mg/m2

+
Busulfan  
1.6 mg/Kg

Short-term  
clinical benefit 
(2/2)

No

Gaspar et al. 
(2011)443

ADA-SCID ADA BM SCF, Flt3L, 
TPO, IL3
FN

P: 40 h
T: 56 h

g-RV
GALV env
SFFV-LTR 
promoter

Melphalan  
140 mg/Kg
or
Busulfan 4 mg/Kg

Correction ADA-
SCID (4/6)

No

Third-Generation HSC Gene Therapy Clinical Trials

Reference Indication Gene
CD34+ 
cells

Transduction

Conditioning

Outcome

Cytokines 
and FN

Duration 
(MOI) Vector Gene marking Genotoxicity

Cartier N et al. 
(2009)102

X-ALD ABCD1 MPBC SCF, Flt3L, 
MGDF, IL3,  
FN

P: 19 h
T: 17 h
(MOI=25)

SIN-HIV-1
VSV-G env
MND  
promoter

Busulfan 16 mg/Kg
+
Cyclophos  
200 mg/Kg

Correction of 
X-ALD (2/2)

No

Cavazzana- 
Calvo et al.  
(2010)103

b-thalassemia b-globin BM SCF, Flt3L, 
TPO, IL3
FN

P: 34 h
T: 18 h

SIN-HIV-1
VSV-G env
b-globin  
promoter
b-LCR

Busulfex  
12.8 mg/Kg

Correction of 
b-thalassemia 
(1/1)

Clonal dominance 
(1/1)
HMGA2  
insertion103

ADA, adenosine deaminase; ALD, adrenoleukodystrophy; ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia; Ampho, amphotropic; BC, breast cancer; bFGF, basic fibroblast 
growth factor; BM, bone marrow; BMI1, B lymphoma MLV insertion region 1 homolog; Bu, busulfan; CA, cancer; CB, cord blood; CCND2, cyclin D2; CGD, chronic granulomatous disease; CML, 
chronic myelogenous leukemia; Cy, cyclophosphamide; Env, envelope; EVI1, ecotropic virus integration site 1 protein homolog; FA, Fanconi anemia; FANCC, Fanconi anemia complementation 
group C; Flt3L, fms-related tyrosine kinase 3 ligand; FN, fibronectin; GALV, gibbon ape leukemia virus; GC, glucocerebrosidase; G-CSF, granulocyte-colony stimulating factor; HaMSV, Harvey 
murine sarcoma virus; HIV, human immunodeficiency virus; HMGA2, high mobility group AT-hook 2; ICE, ifosfamide, carboplatin, etoposide; IL2Rg, interleukin 2 receptor g chain; ABCD1, ATP 
binding cassette subfamily D, member 1; IL3, interleukin 3; IL6, interleukin 6; LCR, locus control region; LMO2, LIM domain only 2; LTR, long terminal repeat; MDR1, multidrug resistance gene 1; 
MDS, myelodysplastic syndrome; MGDF, megakaryocyte growth and development factor; MLV, murine leukemia virus; MM, multiple myeloma; MNC, mononuclear cells; MND, myeloproliferative 
sarcoma virus enhancer, negative control region deleted, dl587rev primer binding site substituted; MOI, multiplicity of infection; MPBC, mobilized peripheral blood cells; MPSV, myeloproliferative 
sarcoma virus; NeoR, neomycin resistance; NHL, non-Hodgkin’s lymphoma; P, prestimulation; Phox, phagocyte oxidase; PRDM16, PR domain containing 16; RRED, rev-responsive element decoy; 
RV, retroviruses; SCF, stem cell factor; SCID severe combined immunodeficiency disease; SETBP1, SET binding protein 1; SFFV, spleen focus forming virus; SIN, self-inactivating; T, transduction; 
T-ALL, T-lineage acute lymphoblastic leukemia; TBI, total body irradiation; TPO, thrombopoietin; VSV-G, vesicular stomatitis virus-G protein; WAS, Wiskott-Aldrich syndrome.

table 71.2

firsT-, seconD-, AnD THirD-GenerATion Hsc Gene THerApy clinicAl TriAls (conTinueD)

retroviral vector and infused in the absence of conditioning.271 
Vector sequences were initially detected in circulating myeloid 
and lymphoid cells at low levels of <0.1% in all three children 
for >18 months. As expected if corrected lymphocytes have an 
in vivo advantage, 4 years after the newborns were given infu-
sions of transduced autologous CB CD34+ cells, the frequency 
of gene-containing T lymphocytes rose to 1% to 10%, whereas 
the frequencies of other hematopoietic and lymphoid cells 

containing the gene remained <0.1%. Cessation of polyethyl-
ene glycol-conjugated ADA enzyme replacement in one subject 
led to a decline in immune function, despite the persistence of 
gene-containing T lymphocytes. Thus, despite the long-term 
engraftment of transduced HSCs and selective accumulation 
of gene-containing T lymphocytes, this study indicated that 
improved gene transfer and expression were needed to attain a 
therapeutic effect.267

72683_ch071_1492-1522.indd   1505 7/18/13   9:37 AM



1506 part vii Hematologic Malignancies • SeCtiON 1 General Aspects

Fanconi anemia
Fanconi Anemia (FA) is another genetic disorder of the hema-
topoietic system that appears to be an excellent candidate for 
gene therapy. This congenital syndrome is characterized by BM 
failure, physical anomalies, and an increased susceptibility to 
marrow failure and leukemias. Cells from these patients are 
abnormally sensitive to chemically induced DNA cross-linking. 
Many of the complementation groups have been cloned and 
sequenced, making a genetic approach feasible for this disor-
der.272 Phenotypic correction of this abnormality in cells from 
one patient group was successful after transduction with viral 
vectors carrying the Fanconi anemia complementation group 
C gene (FACC).273,274 A possible in vivo survival advantage for 
gene-corrected primitive cells and their progeny has made FA 
an attractive candidate disease for stem cell gene therapy. Even 
a very low efficiency of transduction might result in gradual in 
vivo expansion of corrected progenitor and stem cell popula-
tions. A clinical trial testing this hypothesis using granulocyte-
colony stimulating factor (G-CSF)–mobilized peripheral-blood 
CD34+ cells as targets yielded disappointing results, in part 
because of the very poor mobilization in these subjects,275 
yet engraftment with corrected progenitor cells was demon-
strated.276

Gaucher Disease
Modeling preclinical murine transplantation models, gene 
therapy was also attempted for Gaucher disease.277 Akin to 
the previous gene therapy trials, no conditioning was used 
in these patients prior to infusion of G-CSF mobilized or BM 
CD34+ cells transduced with standard retroviral vectors carry-
ing a normal GC cDNA. Unlike results obtained in the mouse, 
low numbers of gene-corrected cells were again detected, with 
little or no expression and no disease correction following 
transplantation.

Chronic Granulomatous Disease
Similar results were obtained in a clinical trial for an autosomal 
recessive form of CGD.278 Five patients received transduced 
G-CSF mobilized CD34+ cells without pre-conditioning. Corrected 
granulocytes were detected in the peripheral blood of all indi-
viduals for up to 6 months after infusion but the levels (0.004% 
to 0.05%) were below the desired 5% to 10% required for thera-
peutic effects.

Optimization of human Gene therapy protocols
Although the first-generation human gene therapy trials estab-
lished the proof of principle of transduction of primitive human 
repopulating hematopoietic cells, they uniformly failed to reach 
and maintain therapeutically relevant levels of genetically modi-
fied cells. This striking difference in outcome observed between 
mouse and human studies was proposed to result from intrinsic 
differences between mice and humans, resulting in a different 
susceptibility to retroviral transduction and a different ability of 
transduced HSCs to engraft. Other considerations included loss of 
stem cell activity by forced ex vivo division, immune recognition 
of cells expressing foreign transgene products, toxicity from the 
constitutive expression of the transferred gene products on HSC 
differentiation in vivo, lack of conditioning in the clinical settings, 
and the minimal expression of amphotropic surface receptors 
used by retrovirus-based gene transfer vectors on human HSCs.85

The recognition of differences in HSC behavior between mice 
and humans and the disappointing results in the early human HSC 
gene therapy clinical trials underscored the need for alternative 
assays similar to those available in mice that permit direct iden-
tification and characterization of human long-term reconstituting 
cells and their susceptibility to gene transfer. These alternative 

assays provided the necessary platform for the optimization of 
human gene therapy protocols, leading to the first clinical trials 
with therapeutic benefits.

Development of Preclinical Animal Models 
for Investigating Gene Transfer into Human 
Hematopoietic Stem Cells
large animal Models
Inasmuch as prolonged follow-up of in vivo hematopoiesis is the 
most reliable parameter to identify human HSCs, large animals 
are more adapted than mice for evaluation of gene transfer to 
long-term repopulating cells, given their lifespan and their size, 
allowing repetitive blood and marrow sampling.

Fetal Sheep
The group of E. Zanjani, capitalizing on the immunologically toler-
ant environment of the fetal sheep between 50 and 60 days of ges-
tation, successfully showed engraftment and persistence of human 
cells several years after intraperitoneal administration in utero 
of primitive human hematopoietic cells from CB or BM.279,280,281 
Among fetuses reaching maturity, at least 50% showed long-term 
persistence of human cells and demonstration that retrovirally 
transduced human cells could be detected,282 suggesting trans-
duction of primitive human HSCs. However, the procedure was 
hampered by low-level engraftment, a high rate of fetal loss, and 
impracticality for most research groups.

Nonhuman Primates
Given their phylogenetic proximity to humans, nonhuman pri-
mates, including baboons and Old-World rhesus macaques, have 
been employed extensively for the preclinical testing of promising 
gene therapy strategies.283,284 The cross-reactivity of reagents 
employed for human application adds to the practicality of these 
models. In contrast to murine studies, much lower levels of gene-
modified circulating cells than in the murine experiments were 
reported using similar vector systems and transduction condi-
tions, generally <0.01% to 1%.285–288 These results were very 
similar to data obtained in first-generation clinical trials, validat-
ing the importance of large animal models for the optimization 
of gene therapy strategies in humans. The value of these models 
for preclinical testing was also illustrated when aggressive T-cell 
lymphomas developed in 3 of 10 rhesus macaques as a result 
of insertional mutagenesis following transplantation with BM 
cells transduced with retroviral vector stocks contaminated with 
replication-competent helper virus capable of continued gene 
transfer in vivo.78,289 This setback led to a reassessment of safety 
issues and increased regulatory oversight of human clinical trials, 
with consensus that it is absolutely necessary to use producer cell 
lines and vector stocks that have been confirmed to be free of 
 helper-virus contamination in any clinical application.

Canine Models
The canine autologous transplantation model has also been used 
to test retroviral gene transfer strategies. Successful transduc-
tion of G-CSF–mobilized peripheral-blood engrafting cells was 
first demonstrated in the dog, as was the importance of partially 
or fully ablative conditioning radiation or chemotherapy for 
detectable engraftment with transduced primitive hematopoi-
etic cells.290–292 Cross-reactivity of human reagents has proven 
more problematic in the dog model, yet continued progress in 
this model has led to a clinically relevant gene transfer tech-
nique.293,294 Recently, further progress in this model has allowed 
the attainment of very high levels of genetically modified cells, 
approaching 100%.293,295–297,298,299 The value of the dog model 
as a large animal model is further strengthened by the presence 
of several disease states that mimic those in humans, which could 
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 Chapter 71 Gene Therapy for Hematologic Disorders 1507

allow stringent preclinical testing, as recently shown in a canine 
model of LAD110 and pyruvate kinase deficiency.300

Large animal models thus became a focus, but outbred animals 
introduce significant experimental variability and the high costs 
limit the breadth of experiments that can be performed. For this 
reason, a competitive re-population model in which each animal 
serves as its own control has been utilized for the majority of 
subsequent comparative studies. In this model, hematopoietic 
progenitors are isolated and divided equally for transduction 
under two (or more) distinct experimental conditions using mark-
ing vectors that can be distinguished in vivo following reconstitu-
tion. Loss of stem cell activity during the ex vivo culture required 
to achieve gene transfer was a major concern generated by the 
early human clinical trials, a concern supported by studies in the 
mouse in which ex vivo culture of HSCs resulted in a significant 
engraftment defect.301 Competitive experiments in the nonhuman 
primate tracking genetically modified cells subjected to either 
short or extended ex vivo culture supported this notion.302

Immunodeficient Mice
Although results from the large animal models have correlated 
better with results from early human clinical trials, the rhesus and 
canine experiments are expensive, slow, and technically difficult, 
not allowing large-scale testing of new approaches. Over the past 
20 years, xenograft mouse models have gained in popularity, in part 
due to access, and investigators have begun to employ engraftment 
of transduced human hematopoietic cell populations in immunode-
ficient mice as an alternative experimental model.303–307 Initially, 
large numbers of human BM cells were intravenously injected into 
sublethally irradiated mice lacking a functional immune system to 
prevent rejection of the injected human cells, including severe com-
bined immunodeficient (Scid) and beige/nude/xid (bnx) mice.308,309 
With regular treatment of engrafted Scid mice with a combination 
of human hematopoietic cytokines, human BM cells that migrated 
to the mouse marrow and spleen gave rise to a small but sustained 
pool of myeloid progenitors and B-cells for several months, indicat-
ing that the engraftment was long-term and multipotent, fulfilling 
two key criteria used to define HSCs.

The Scid mouse used in these initial studies can spontane-
ously generate murine T- and B-cells with age and has high levels 
of natural killer (NK) cell activity, both impeding efficient and 
prolonged xenograft. To improve upon the available immunodefi-
cient mouse strains, the Scid mutation was backcrossed onto the 
nonobese diabetic (NOD) background.310 The resultant NOD-Scid 
mouse had reduced innate immunity and superior engraftment of 
human hematopoietic cells. However, further improvements were 
sought due to the high incidence of spontaneous thymic lympho-
mas that shortened their lifespan, a striking preferential develop-
ment of human B-cells after transplantation, and a persistence 
of murine NK-cells resulting in a lack of human T- and NK-cell 
differentiation in this strain. By reducing or abolishing NK activity 
in NOD-Scid mice a new strain, NSG or NOG mice, was developed 
and is currently the most widely used humanized mouse model 
for gene therapy preclinical testing.311,312,313,314

The immunodeficient mouse model assays a human cell popu-
lation, operationally defined as Scid repopulating cells (SRCs), 
that is distinct from hematopoietic progenitors identified using in 
vitro methodology, including long-term culture initiating cells and 
CFCs.250 Using a gene marking approach similar to that used in 
mouse transplant studies and early clinical trials, Guenechea et 
al.315 showed that individual engrafted and marked human SRCs 
could produce a large clone of differentiated progeny with engraft-
ment potential in secondary NOD-Scid recipients, demonstrating 
the proliferative and self-renewal capacity of SRCs, respectively. 
Although this study did not contain a direct analysis of individual 
lineages, a recent investigation by the same group316 successfully 
tracked self-renewal and multilineage output of single human cells 

purified using a complex set of markers (CD34+CD38–CD45RA–
CD90+CD49f+Rholo) for at least 8 months after transplantation 
in NSG mice. Together, these studies fulfilled the proliferative, 
self-renewal, and multipotential criteria previously used to define 
murine HSCs, providing a compelling characterization of human 
HSCs. Although, in practical terms, the above studies served to 
validate the murine xenotransplant model as a sound surrogate 
assay system for human stem cells, the predictive value of these 
xenograft models remains questionable, as a direct comparison 
of engraftment of genetically modified autologous baboon cells in 
both the baboon and the NOD/SCID mouse suggests distinct popu-
lations contributing to hematopoiesis, with short-term progenitors 
only read out in the immunodeficient mouse.317

The development of better assays for evaluating gene trans-
fer efficiency in human repopulating cells has culminated over 
the past two decades in various strategies to improve gene 
transfer protocols, including: (1) new retroviral vector designs,  
(2)  optimized transduction conditions, and (3) use of conditioning 
regimens to favor engraftment of transduced cells.

Use of alternative Gene transfer Vectors
Standard retroviral vector systems have been used extensively in 
small and large animal models and have dominated clinical trials 
based on ex vivo transduction of autologous CD34+ cells. However, 
the dependence of these vectors on cell cycling for efficient trans-
duction has limited their utility in quiescent HSCs. Thus, alternative 
viral vector systems have been explored, including AAV and retro-
viral vectors based on various members of the Retroviridae family 
(e.g., lentiviruses and spumaviruses). The need for integration has 
precluded extensive investigation of nonviral delivery systems for 
hematopoietic applications requiring long-term expression.

Adeno-associated Viruses
Despite a great deal of initial enthusiasm for the use of AAV as a 
clinical gene transfer vector, more recent data argue against the 
use of AAV for most applications requiring stable integration in 
hematopoietic cells and their progeny. Several laboratories have 
reported high transduction efficiency of both human and murine 
hematopoietic progenitors, as assayed by PCR or transgene 
expression analysis on individual CFC.162,318,319 These are difficult 
to interpret, however, given the stability of the AAV vector DNA 
and the very high efficiency of transient expression of transgenes 
for days to weeks without integration.161,318,319 Although these 
studies indicate no advantage over retroviral vectors in terms of 
gene transfer into repopulating stem cells, efficient transfer to 
hematopoietic cells can be obtained by using AAV vectors.320,321

Human Foamy Viruses
HFV are retroviruses that specifically belong to the genera 
Spumavirus. The nonpathogenic nature of HFV makes vectors 
based on this virus more palatable. Because problems encoun-
tered in the production of replication-competent, retrovirus-free 
vector have been overcome, vectors based on the HFV have 
been used to transduce hematopoietic cells efficiently. They were 
employed to phenotypically correct CD18 integrin deficiency in a 
canine model of LAD,110 gp91phox deficiency in a mouse model 
of X-CGD,322 and hemolytic anemia in a canine model of pyruvate 
kinase deficiency300 but it has not yet been used in clinical trials. 
However, they do not appear to transduce hematopoietic stem and 
progenitor cells more efficiently than standard retroviruses.

Lentiviral Vectors
Unlike vectors based on standard retroviruses, lentiviral vectors 
harbor a pre-integration complex that appears more stable and 
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able to cross an intact nuclear membrane, thus allowing trans-
duction of nondividing cells such as HSCs. However, it is also 
generally agreed that cells must exit G0 and enter G1 for efficient 
transduction by HIV-1 based vectors.

Self/inactivating Feature of lentiviral Vectors
Because of safety concerns regarding recombination with endog-
enous HIV, a safety or “self-inactivating (SIN)” feature was incor-
porated in these vectors by eliminating a portion of the 3′-LTR, 
which on proviral integration replaces and thus inactivates the 
5′-LTR. For these SIN vectors, the efficiency of transgene expres-
sion is highly dependent on the addition of ubiquitous internal 
promoters, such as the murine stem cell virus (MSCV), the human 
elongation -1a (EF1-a), human phosphoglycerate kinase (PGK), 
spleen focus forming virus (SFFV), gibbon ape leukemia virus 
(GALV), or the hybrid chicken actin promoter containing the CMV 
enhancer region (CAG).

altering tropism of lentiviral Vectors  
through pseudotyping
Wildtype HIV-1 virions infect cells that express the CD4 receptor 
and an appropriate co-receptor. Expansion of the cellular tropism 
of HIV-1–based vectors can be accomplished by substituting the 
wildtype envelope protein with an envelope protein from a dif-
ferent virus, a process referred to as pseudotyping.323 The MLV 
amphotropic envelope used in most clinical gene therapy trials 
employing standard retroviral vectors was also chosen in early 
experiments with HIV-derived vectors.95 However, its receptor, 
Pit-2, is only present at very low levels on HSCs, correlating with 
the low efficiency of lentiviral transduction in this cell type.85 
Screening of an extensive panel of pseudotyped MLV-based vec-
tors using the xenograft murine and nonhuman primate models 
established the superiority of the GALV, the cat endogenous 
retroviral glycoprotein (RD114) and the VSV-G protein for the 
transduction of HSCs.89,324–326 However, pseudotyping lentivi-
ral vectors with alternate envelope proteins, namely GALV and 
RD114, has proven more difficult due to refractory residues within 
the cytoplasmic tail of both envelopes that limits their cleavage by 
lentiviral proteases. To improve the lentiviral packaging efficiency 
of GALV and RD114, chimeras of each envelope have been con-
structed by replacing the tail region of GALV and RD114 with the 
corresponding region from MLV. The resulting chimeras, GALV-TR 
and RD114-TR, have been shown to pseudotype lentiviral vectors 
with increased efficiency.327–329

In contrast to native GALV and RD114, VSV-G is efficiently 
incorporated in HIV-1 virions. VSV-G pseudotyping confers high 
vector particle stability, allowing for repeated freeze–thaw cycles 
and concentration by ultracentrifugation to titers exceeding 109 
particles/ml.32,95,330 Pseudotypes based on VSV-G have broad 
tropism long thought to be conferred by interaction with phos-
phatidylserine (PS), a ubiquitous cellular lipid, but the role of 
PS as a cell “receptor” for VSV-G particles has been refuted.331 
When directly compared to amphotropic or RD114-pseudotyped 
lentiviral vectors using the NSG preclinical assay, vectors bearing 
the VSV-G envelope protein showed higher efficiency of transduc-
tion in human repopulating cells.332 Toxicity of the VSV-G protein 
to cells in which it is expressed is perhaps the most significant 
shortcoming of this envelope protein. However, success has been 
obtained in deriving a stable packaging cell line by expressing 
VSV-G from a tetracycline-inducible promoter although this 
methodology has not yet been used clinically.333,334 Moreover, 
notwithstanding the observed toxicity of VSV-G and the dem-
onstration that VSV-G-pseudotyped vectors produced in human 
cells were rapidly inactivated by human serum,335 two recent 
gene therapy trials102,103 have reported successful long-term 
transduction of human HSCs using HIV-1-based vectors pseudo-
typed with VSV-G.

altering the tropism of lentiviral Vectors for Selective 
targeting of CD34+ Cells
Envelope proteins made chimeric by the addition of a ligand, such 
as the early-acting cytokines SCF and thrombopoietin (TPO), have 
been explored as a mechanism for specifically targeting lentiviral 
vectors to primitive hematopoietic cells expressing the SCF recep-
tor KIT. These vectors could be used for in vivo targeted gene 
delivery to HSCs, eliminating the risk of inducing cell differentia-
tion and loss of the homing/engraftment potential of these cells 
as observed in ex vivo targeted HSC gene delivery approaches. 
The selective transduction of HSCs by VSV-G/TPO/SCF–displaying 
vectors was demonstrated by their capacity to promote selective 
transduction of long-term NOD/SRCs.336 However, the fusion gly-
coprotein VSV-G in VSV-G/TPO/SCF–co-displaying lentiviral vec-
tors is sensitive to human immune/complement system, rendering 
these vectors unsuited for in vivo gene delivery.329 Recently, com-
plement-resistant vectors capable of specifically targeting the very 
rare immature progenitor cells in an immunodeficient murine 
model were produced by substituting VSV-G for the complement-
resistant glycoprotein mutant RD114-TR.337 Completely obviating 
ex vivo manipulation of HSCs may be of particular interest for 
gene therapy of BM failure syndromes for which the number of 
stem cells is limited.

preclinical evaluation of lentiviral Vectors
Given the established lack of predictability of standard murine 
transplantation models for evaluation of HSC transduction effi-
ciency in humans, investigators initially chose the murine xeno-
transplant assay to validate the ability of HIV-1–based vectors to 
efficiently transduce human hematopoietic cells, including CD34+ 
cells and the more primitive CD34+/CD38– subset. Several groups 
reported efficient gene transfer of SRC derived from human 
CB,338,339,340,341,342 BM338 and mobilized peripheral blood343,344 
under conditions where standard retroviral vectors were inef-
fective. High-level green fluorescent protein (GFP) transgene 
expression in SRC capable of secondary342 and tertiary341 mul-
tilineage re-population in NOD-Scid mice suggested transduction 
of primitive human HSCs with pluripotential, proliferative, and 
self-renewing capabilities. As outlined below, these preclinical 
data have recently been confirmed in the context of clinical trials 
for ALD102 and b-thalassemia.103

Demonstration of the utility of HIV-1–based lentiviral vec-
tors to transduce hematopoietic cells with long-term repopulat-
ing potential was initially met with limited success in rhesus 
macaques345,346 and baboons.347 These Old-World monkeys were 
found to possess cellular antiviral factors responsible for the 
observed resistance to HIV-1 infection. In contrast, HIV-1–based 
lentiviral vectors could mediate efficient gene transfer to long-
term repopulating cells in the canine295 and pigtailed macaque 
models.348 The restriction to HIV-1 infection in rhesus macaques 
was alleviated by modification of HIV-1-based vectors349–351 or 
by the use of an alternative lentiviral vector based on the simian 
immunodeficiency virus (SIV).352,353–356

Despite the lack of predictability of standard murine transplan-
tation studies for evaluation of gene transfer into human HSCs, 
mouse disease models developed by gene targeting or arising 
from spontaneous gene mutations may represent the only avail-
able option for preclinical testing of the impact of gene transfer 
vectors on disease phenotype; large animal disease models do 
not exist for most disorders treated by gene therapy, and for 
a number of orphan diseases that are common targets of gene 
transfer protocols, it is impractical to obtain biospecimens from a 
large cohort of patients to perform preclinical murine xenotrans-
plant efficacy studies. All disorders with active HSC gene therapy 
clinical trials have employed murine models of human diseases 
to evaluate efficacy of lentiviral vectors for correction of disease 
phenotype, including ALD,102 WAS,357–362 b-thalassemia,363–366 
SCID,367–371 and CGD372.
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Gene Transfer Vectors with In Vivo  
Selectable Markers
One strategy to increase the efficiency of gene transfer entails 
the inclusion of selectable genes in vectors to confer an in vivo 
advantage to transduced cells. Successful in vivo selection has 
previously been documented in murine HSC transplantation 
models using several drug resistance genes, including multi-
drug resistance protein-1 (MDR-1),213,373 dihydrofolate reduc-
tase (DHFR),374 and O6-methylguanine-DNA methyltransferase 
(MGMT)375–377 However, in more clinically relevant large animal 
models, in vivo selection using DHFR378 and MDR-1379,380 was 
variable and transient, with levels of gene-modified cells returning 
to baseline within a few weeks. MGMT is one of the most promis-
ing drug resistance genes that encodes for the DNA repair protein 
O6-alkylguanine-DNA-alkyl-transferase (AGT). This protein con-
fers resistance to the cytotoxic effects of alkylating agents, includ-
ing nitrosoureas (e.g., BCNU) and temozolomide. Incorporation 
of a mutant form of MGMT in the gene transfer retroviral vectors 
can facilitate a greater selective advantage for primitive hemato-
poietic cells containing the vector after in vivo administration of 
an alkylating agent. In vivo selection of HSCs using MGMT was 
successfully achieved in murine,376,377 nonhuman primate298,381 
and canine models,297,298,382,383 and in human NOD/SRCs.384,385 
However, results in large animals were not uniformly positive354 
and, although no evidence of leukemic transformation was seen 
using this approach, the cumulative genotoxicity resulting from 
the combined use of alkylating agents and retroviral vectors needs 
to be considered.

Gene Transfer Vectors with Ex Vivo  
Selectable Markers
Positive selection of transduced cells in vitro before re-infusion 
is another strategy to increase re-population with gene-modified 
cells. Vectors containing genes for various cell-surface proteins 
have allowed flow cytometric sorting of successfully transduced 
cells. A number of studies have utilized the human cell-surface 
protein CD24, or the murine homolog heat-stable antigen (HSA). 
There is limited sequence homology between the murine and 
human forms, and noncross-reactive antibodies are available for 
selection. Their small size means they take up little space in the 
vector construct. Murine marrow cells transduced with a vector-
containing human CD24 and sorted before re-infusion resulted in 
greatly increased long-term reconstitution with vector-containing 
cells.386 A vector expressing murine HSA allowed enrichment for 
transduced human progenitor cells.387 However, CD24 and HSA 
are GPI-linked surface proteins, a class of proteins that has been 
shown to be transferred from cell to cell both in vitro and in vivo, 
clouding the specificity of this marker and raising concerns about 
ectopic expression of these genes in vivo.161,386,387

Retroviral vectors carrying a truncated nonfunctional form 
of the human nerve growth-factor receptor have also been 
developed as a selectable marker for use on hematopoietic 
targets, because hematopoietic cells do not express endog-
enous nerve growth-factor receptor. The introduction of new 
cell-surface proteins has the theoretical disadvantage of alter-
ing trafficking or cell–cell interactions upon infusion of trans-
duced cells. Alternative cytoplasmic markers such as GFP and 
mutated murine protein are naturally fluorescent, avoiding 
the need for pre-selection antibody staining.388 However, pro-
longed stable expression of these proteins has proved difficult, 
and there is evidence that these proteins are toxic to primary 
mammalian cells.389,390 The use of selection for GFP after ret-
roviral-mediated transduction in the nonhuman primate model 
to increase engraftment by genetically modified cells resulted 
in increased short-term engraftment only, raising another 
concern that expression of transferred genes may be more 

efficient in differentiated rather than stem cells, effectively 
enriching for progenitors with only short-term potential.391

Low transduction efficiency of primitive human HSCs may 
preclude post-transduction sorting for a marker gene if, after 
sorting, too few stem cells remain to allow safe and rapid hemato-
poietic reconstitution; this is especially problematic after ablative 
chemotherapy. A potential solution to this problem would be ex 
vivo expansion of selected transduced cells prior to re-infusion. 
However, when ex vivo cultured cells compete against endog-
enous stem cells in a nonablative model, a significant engraftment 
defect is evident,301,392 indicating that true long-term repopulat-
ing cells cannot be expanded efficiently or even maintained ex 
vivo using current culture conditions.302,393–396

Gene Transfer Vectors with Genes  
Promoting Selective Growth Advantage  
to Transduced Cells
In most diseases considered to be suitable targets for gene therapy, 
corrected cells do not themselves have an inherent growth advan-
tage, providing an impetus to arm retroviral vectors with genes 
capable of conferring a selective growth advantage to transduced 
HSCs and their progeny. For example, mouse HSCs transduced 
with the homeobox gene, HOXB4, possess more than tenfold 
greater repopulating ability than that of nontransduced BM.397 
Furthermore, transgenic overexpression of the antiapoptotic pro-
tein Bcl-2 results in increased HSC numbers,398 and expression of 
a truncated form of the human erythropoietin (Epo) receptor can 
augment HSC engraftment through the use of exogenous Epo.399 
Blau et al. have utilized inactive monomeric signaling domains 
derived from receptors such as Epo or TPO to permit controlled 
growth of genetically modified cells through the use of chemical 
inducers of dimerization.400,401 Another approach involves selec-
tive enrichment of genetically modified cells using vectors encoding 
a fusion protein between the growth-signaling portion of the G-CSF 
receptor and the hormone-binding domain of the estrogen receptor. 
This approach allows controlled growth of genetically modified cells 
using exogenous estrogen, and preclinical testing in the nonhuman 
primate demonstrated the feasibility of this approach.402,403

However, the risk of combining integrating vectors and 
growth-promoting genes for clinical applications has recently 
been highlighted in large animal model preclinical studies. 
Investigators transduced monkey CD34+ cells with either a 
HOXB4-expressing vector or a control vector expressing only a 
marker gene and analyzed the competitive repopulating abil-
ity of these cells in vivo. As hoped, there was an early very 
significant advantage for the HOXB4-transduced cells following 
engraftment of the monkeys, but in contrast to mouse studies, 
a much less significant advantage for the HOXB4-transduced 
cells was observed long-term after transplantation.404 However, 
approximately 2 years after transplant, they reported the first 
instances of leukemia linked to HOXB4 expression, both in the 
original group of monkeys and in dogs that received cells trans-
duced with HOXB4-expressing vectors.405 Myelodysplasia in 
two additional nonhuman primates was subsequently reported 
in association with retroviral vector-mediated insertional muta-
genesis and overexpression of HOXB4.406 Overall, these studies 
strongly indicated that overexpression of HOXB4 using integrat-
ing retroviral vectors is much too risky to be contemplated in 
any clinical settings.

Optimization of transduction Conditions

Cytokine Combination
Various procedures have been refined by different laboratories 
to optimize retrovirus-mediated transduction in HSCs. A delicate 
balance must be reached to reconcile the needs for cell cycling for 
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productive transduction without impairing the repopulating ability 
of HSCs. The current consensus based on large animal and murine 
xenograft models favors a transduction step in the presence of an 
early-acting cytokine cocktail composed of SCF, FLT-3L, and TPO, 
with the optional addition of IL-3. The mechanism of action of these 
early-acting cytokines is generally related to their effect on cell 
cycle status but they have also been proposed to enhance trans-
duction by down-regulating proteasome activity in HSCs.407,408 
Transduction with standard retroviral vectors is typically per-
formed over 72 hours with an obligatory 24-hour cytokine-medi-
ated prestimulation step to favor cell cycling. For lentiviral vectors, 
a 24-hour prestimulation followed by a single 24-hour transduction 
in serum-free medium with cytokines has been proposed as an 
optimal protocol for transduction of human CD34+ cells using the 
humanized NSG mouse xenograft model.409,410

Use of Fibronectin during Transduction
The function of HSCs depends upon the signals from surround-
ing stromal cells (e.g., fibroblasts, osteoblasts) and extracellular 
matrix molecules (e.g., fibronectin) found within the highly spe-
cialized BM microenvironment. In murine studies, co-culture of 
the hematopoietic target cells with the fibroblast-derived retrovi-
ral producer cells has been shown to be the most efficient gene 
transfer method. However, this approach is inappropriate for use 
in human clinical trials because of the risk of co-infusing the pro-
ducer cells into patients along with the transduced hematopoietic 
cells.

To expand clinical applicability of murine gene transfer pro-
tocols, several investigators showed increased gene transfer to 
human hematopoietic cells adherent to autologous or allogeneic 
BM stromal cells using in vitro assays.411–413 Similarly, addition 
of autologous stromal cells during the transduction period pro-
moted gene transfer into HSCs in the rhesus macaque model.302 
However, the technical difficulties associated with extensive 
scale-up have limited widespread clinical application of this 
approach. Moritz et al. took a different tactic by transducing 
human hematopoietic cells cultured in vessels coated with the 
chemotryptic 35-kd carboxy-terminal fragment of human fibro-
nectin (FN35) and noted enhanced transduction by retroviral 
vectors.414 A recombinant version of this fragment (CH-296), 
commercially available as Retronectin (Takara Biomedical, Otsu, 
Japan), was shown to enhance gene transfer in human CD34+ 
cells by co-localization of the cells with the vector,212,415,416 unless 
an excess of retroviral particles was used during transduction.417 
The co-localization of vectors and target cells can be enhanced 
using spinoculation, a neologism coined to describe low-speed 
centrifugation used at the start of transduction to augment gene 
transfer.93 The enhancement effect achieved with fibronectin was 
also attributed to biologic effects on HSCs, such as preservation 
of repopulating potential212,418–420 and decreased apoptosis.421 
Extensive preclinical studies showed successful gene transfer into 
murine long-term repopulating stem cells as well as into human 
and nonhuman primate CD34+ cells derived from BM, CB, or 
mobilized peripheral blood when transduction was performed 
in vitro421,422,423,424 or in vivo424 with retroviral vectors and 
Retronectin. Correspondingly, in all recent clinical gene therapy 
trials showing therapeutic benefits, retroviral transduction of 
human CD34+ cells was conducted in the presence of human 
recombinant fibronectin.

Conditioning Regimens to Enhance  
In Vivo Gene Marking
Engraftment of HSCs is a competitive process between endog-
enous and infused stem cells. For disorders such as SCID, a 
growth advantage conferred on genetically corrected cells 
enables engraftment without conditioning, yet for the majority 

of disorders in which HSC gene transfer may be applicable, 
no such advantage to the modified cells is conferred and most 
investigators have relied instead on toxic myeloablative condi-
tioning to damage or destroy endogenous stem cells and thus 
provide a competitive advantage to the infused genetically 
modified stem cells. In preclinical models302 and in patients 
with malignancies,254,261,262 myeloablative regimens have been 
used routinely to enable engraftment of gene-modified primitive 
hematopoietic cells. However, many of the diseases that could 
be targeted by gene therapy are chronic indolent disorders in 
which the risks of myeloablative regimens may outweigh the 
potential benefits.

preclinical evaluation of Nonmyeloablative  
Conditioning regimen in Murine Models
Reduced intensity (nonmyeloablative) conditioning regimens were 
tested in preclinical models to assess engraftment of marked 
HSCs while reducing transplant-related toxicities. Engraftment 
of corrected cells can be achieved in mice in the absence of con-
ditioning by using extremely large BM grafts but this approach 
is not clinically feasible.353–357 Moderate-dose irradiation or 
antimetabolite-based nonmyeloablative conditioning allowed cor-
rection of CGD242,425–428 and X-SCID429 in mouse models of these 
disorders. Alternative conditioning strategies to promote engraft-
ment of infused HSCs with increased safety have been investigated 
in mice and are of potential relevance for gene therapy applica-
tions. For instance, administration of an antibody that blocks 
c-kit, the receptor for SCF, transiently reduced endogenous murine 
stem cells, facilitating engraftment with donor HSCs in immuno-
deficient Rag2–/–/gc–/– mice but not in immunocompetent mice.430 
Combination of this antibody with low-dose irradiation profoundly 
decreased endogenous repopulating activity, enabling efficient and 
durable engraftment of fresh or lentivirus-transduced BM cells in 
wildtype and CGD mice.431 In another study, HSC mobilization 
with AMD3100, a CXCR4 antagonist with a favorable safety profile 
in clinical studies, was shown to vacate niches in the mouse BM 
microenvironment and thus could be used in this model as a pre-
parative regimen for stem cell transplantation (SCT).432

preclinical evaluation of Nonmyeloablative Conditioning 
regimen in large animal Models
In large animal models, no engraftment with genetically modi-
fied cells has been observed without conditioning. In one study 
using a nonmyeloablative regimen, 12% gene-marked leukocytes 
persisted in the peripheral blood of a rhesus macaque for up to 
33 weeks after transplant.433 In other studies, autologous trans-
plantation of transduced HSCs in nonhuman primates conditioned 
with low-dose irradiation or busulfan have generally resulted in 
low but measurable (∼1%) long-term marking,355,434–437 provid-
ing proof of principle that partial marrow cytoreduction allows 
engraftment of gene-modified cells without significant toxicity.  
A possible concern, however, is the unexpected finding that in 
partially ablated recipient mice, where the BM is a more competi-
tive environment for re-population compared to the fully ablated 
marrow, HSCs carrying survival- or proliferation-activating len-
tiviral insertions had an advantage for engraftment, perhaps 
increasing the risk of leukemic progression.438

Conditioning regimen in Gene therapy Clinical trials
Initial gene therapy efforts using HSCs did not administer prepar-
ative regimens to avoid potential toxicities from chemotherapy 
agents when benefits of the procedure were unproven.271,278,439 
It was hypothesized that the low marking levels achieved 
in HSCs in these trials could only lead to clinical benefits if 
the cells derived from the transduced HSCs had a biologic 
selective advantage in vivo. Modeling conditioning protocols 
developed in preclinical models, subsequent gene therapy tri-
als for ADA-SCID,23,440,441,442,443 X-CGD,444–446 WAS,447 and 
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b-thalassemia103 introduced partial myeloablation with busulfan 
or melphalan prior to infusion of the genetically corrected cells. 
As outlined below, in most cases, successes were detected after 
nonmyeloablative conditioning when augmented by a recog-
nized biologic selection for successfully treated cells in vivo or 
by retroviral-mediated clonal expansion. It appears that reduced 
intensity regimens employed to date for disorders that lack a 
biologic selective advantage in gene-corrected cells, such as CGD, 
may be insufficient to mediate substantial HSC engraftment and 
that more ablative approaches may be necessary. The recent 
clinical success achieved in X-linked ALD using a conventional 
myeloablative conditioning (cyclophosphamide 200 mg/Kg and 
busulfan 16 mg/Kg) is a useful example of a suitable regimen that 
resulted in clinically relevant levels of HSC marking and long-
term myeloid engraftment (10% to 15%).

Optimized Gene Therapy Protocols
The preclinical studies above, augmented by the clinical experi-
ence of the early gene therapy efforts, have led to an optimized 
protocol for ex vivo manipulation of HSCs that has been employed 
with success in recent clinical trials (Fig. 71.7). Hematopoietic stem 
and progenitor cells expressing the CD34 cell-surface marker are 
purified from BM harvests or G-CSF–mobilized peripheral blood 

cell collections. Following a brief (24 hours) ex vivo culture in con-
ditions that favor cell cycle transition from G0 to G1 (e.g., culture 
medium supplemented with SCF, Flt3L, and TPO), the CD34+ cells 
are incubated on a surface coated with the C-terminal fragment 
of fibronectin in the presence of the same cytokines for an addi-
tional 72 hours with standard retroviral vectors or, preferably, for 
an additional 24 hours with VSV-G pseudotyped SIN HIV-1–based 
vectors expressing the desired therapeutic gene from an internal 
promoter. For disorders in which corrected cells do not have a 
competitive repopulating advantage over uncorrected endog-
enous HSCs and their progeny, the patient is conditioned with a 
reduced intensity or myeloablative regimen prior to intravenous 
re-infusion of the treated cells. After autologous transplantation, 
transduced cells home to the BM where they initiate hemato-
poiesis. Transduction efficiency and safety of the procedure are 
evaluated by periodic collection of peripheral blood samples over 
extended periods of time.

Second-Generation Gene therapy trials
The advances derived from preclinical models were rapidly 
applied in a second generation of clinical trials, with actual thera-
peutic intent, for immunodeficiency disorders, including X-SCID, 
ADA-SCID, CGD, and WAS (Fig. 71.6 and Table 71.2).

FIGURE 71.7. Approach for the genetic manipulation of hematopoietic stem cells (HSCs). The upper panel compares the predictive value and accessibility 
of various preclinical models in the evaluation of gene transfer efficiency of vectors used in HSC gene therapy trials. The lower panel depicts the optimized protocol 
for transduction of hematopoietic stem and progenitor cells, as used in recent clinical trials. BM (bone marrow); Flt3L (fms-related tyrosine kinase 3 ligand); MLV 
(murine leukemia virus); MPBC (mobilized peripheral blood cells); SCF (stem cell factor); SIN (self-inactivating); TPO (thrombopoietin).
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Severe Combined Immunodeficiency Disease
The first HSC gene therapy trial demonstrating unequivocal 
clinical benefit was led by Fischer and Cavazzana-Calvo at the 
Necker Hospital in France.22,448,449 Eleven boys with X-SCID 
were treated, and each patient received autologous CD34+ BM 
cells, transduced with a standard retroviral vector expressing 
the corrective IL2Rg gene and re-infused without conditioning. 
Rapid functional B- and T-cell immune reconstitution and clinical 
improvement were observed in all but one child. The same vec-
tor insertion site could be detected in both myeloid and lymphoid 
cells, suggesting that at least some true HSCs had been corrected. 
Unfortunately, as outlined in details below, the elation after this 
success was short-lived; four subjects in the trial developed acute 
T-cell leukemia as a result of insertion of the gene therapy vector 
near proto-oncogenes resulting in increased expression of these 
genes through the vector’s enhancer activity.265,450,451

A similar gene therapy trial was also conducted in London 
on 10 children with X-SCID. All patients experienced substantial 
immunologic recovery and in most patients this was accompanied 
by recovery of humoral immunity and withdrawal of immunoglo-
bin supplementation.442,452,453 Similar to the first clinical study of 
gene therapy for X-SCID, a single insertion of the gene transfer 
vectors caused substantial overexpression of proto-oncogenes 
in 1 of 10 patients, resulting in leukemogenesis.454 These data 
indicated that conventional murine retroviral vectors (based on 
MLV) present a high risk of leukemogenesis as a result of their 
powerful enhancer sequences in the intact LTR regions. Although 
gene therapy has been effective in infants with X-SCID, minimal 
clinical improvement was detected in 2 of 3 pre-adolescents 
despite effective transduction and engraftment of G-CSF mobilized 
CD34+ cells,455 and complete failure of gene therapy in 2 adult 
patients was reported after transplantation of transduced BM 
CD34+ cells.456

Bordignon’s and Thrasher’s group also reported sustained 
engraftment of engineered HSCs and good immune reconstitu-
tion in patients with SCID resulting from ADA enzyme defi-
ciency following transplantation of BM-derived transduced CD34+ 
cells.23,440,441 No cases of leukemia have been reported to date in 
these trials consistent with the long-term analysis of integration 
sites revealing a polyclonal pattern along with a lack of in vivo 
skewing for risky insertions.

Chronic Granulomatous Disease
In an attempt to genetically correct the defect in CGD patients, 
investigators obtained G-CSF mobilized CD34+ cells from two 
CGD patients and, using a vector similar to that used in the 
X-SCID trials, inserted a corrective copy of one gp91phox gene 
needed to make a functional NADPH oxidase.446 Unlike other 
CGD trials,278,444,445 3 weeks after the cells were re-infused into 
the patients, a surprisingly large fraction of circulating myeloid 
cells, more than 20%, carried the corrective gene. This sustained 
engraftment of functionally corrected cells with therapeutically 
relevant levels of NADPH oxidase was unexpectedly followed by 
further in vivo expansion of cell clones containing insertionally 
activated growth-promoting genes. Clinically, the patients were 
doing well, clearing chronic infections after engrafting with cor-
rected cells. However, as outlined below, a progressive decline 
in blood counts was observed in both CGD patients at 15 and  
28 months, respectively, after gene therapy as a result of genotox-
icity from the gene transfer vectors.457,458

Wiskott-Aldrich Syndrome
A German group has recently reported long-term (up to 5 years) 
correction of WAS in 9 of 10 patients through standard retro-
viral infection of G-CSF mobilized CD34+ cells transfused after 
busulfan-induced transient myelosuppression, as evidenced by 

a decreased frequency and severity of infections, and resolu-
tion of signs and symptoms of autoimmunity, including autoim-
mune hemolytic anemia, thrombocytopenia, neutropenia, and 
eczema.447 However, as described in more detail below, leukemia 
has now developed in several patients as a result of gene transfer 
vector activation of a growth-promoting gene.

third-generation Gene therapy Clinical trials
Third-generation HSC gene therapy trials have recently 
emerged, supported by preclinical data suggesting that HIV-
derived lentiviral vectors may be safer and more efficient for 
transduction of stem cells than vectors based on g-retroviral 
vectors.340,348,353,459,460,461,462,463 This new generation of clinical 
trials has pioneered the use of SIN-lentiviral vectors for correction 
of ALD102 and b-thalassemia103 (Fig. 71.6 and Table 71.2)

Adrenoleukodystrophy
The first use of a lentiviral vector for HSC gene therapy was 
reported for the treatment of two children with X-linked ALD.102 
This is also the first study using a conventional myeloabla-
tive conditioning regimen before re-infusion of the genetically 
manipulated G-CSF mobilized CD34+ cells. Functional myelo-
monocytic cells derived from corrected CD34+ cells migrated into 
the patient’s central nervous system to replace diseased microglia 
cells. At 24 and 30 months post-transplantation, both patients 
had highly polyclonal reconstitution of hematopoiesis and normal 
levels of ALD protein, which appeared to retard the progressive 
cerebral demyelination process. No evidence of genotoxicity has 
yet been reported in this trial.

b-Thalassemia
Cavazzana-Calvo and colleagues103 have recently provided 
another example of the clinical potential of gene therapy using 
lentiviral vectors by treating an 18-year-old male patient suffer-
ing from transfusion-dependent bE/b0-thalassemia. CD34+ cells 
were isolated from the individual’s BM and transduced with an 
HIV-derived lentiviral vector containing a functional b-globin gene. 
Compared to previous trials, a conditioning regimen with higher 
doses of busulfan was used in this study. The levels of genetically 
modified cells gradually rose up to 11% at 33 months post-trans-
plant with concomitant increases in levels of the normal b-globin 
protein and improved production and quality of normal RBCs. 
Remarkably, a year after treatment, the patient no longer needed 
RBC transfusions. This therapeutic benefit, however, was observed 
in the setting of clonal expansion resulting from integration of 
lentiviral vectors in the high mobility group AT-hook 2 (HMGA2) 
gene.464 Marked expansion of a single corrected clone, persisting 
without malignant transformation for many years, has been docu-
mented in an early ADA–SCID gene therapy trial,465 suggesting 
that clonal expansion does not irrevocably progress to malignancy, 
but the known association between HMGA2 overexpression and 
benign/malignant neoplasias imposes further caution.464,466,467

lymphocyTes as TarGeTs For 
Gene TransFer
T lymphocytes have several features that make them potentially 
attractive targets for gene and cell therapies. T-cells circulate in 
large numbers and are easily harvested, functional subsets have 
been identified and can be purified via cell-surface antigen selec-
tion, and immune responsiveness against specific organisms or 
target cells can be enhanced via manipulation of culture condi-
tions or genetic modification. A great deal has been learned in 
the past two decades regarding the optimal culture conditions 
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for enhancing proliferation while retaining function and in vivo 
survival.468 Ablative conditioning is not necessary for persistence 
of infused T-cells, however, lymphodepletion and/or hematopoietic 
stem cell transplantation prior to lymphocyte infusion has been 
reported to improve the persistence and antitumor efficacy of 
adoptive T-cell therapies.469,470 These characteristics have stimu-
lated investigators to target lymphocytes for many gene therapy 
applications. A series of in vivo human clinical trials have yielded 
very important and often surprising information on the lifespan 
of these “terminally” differentiated cells in the body, but also wor-
risome evidence of a strong immune response against exogenous 
genes expressed by these cells. Striking evidence for clinical effi-
cacy has been obtained in studies redirecting immune reactivity 
of T-cells toward specific antigens.471,472

Gene Marking Studies
The first infusion of genetically modified cells into a human 
enrolled in a clinical trial used genetic marking to monitor the 
fate of tumor-infiltrating T lymphocytes (TIL) in vivo. Persistence 
of low-level gene-marked T-cells was demonstrated, including 
within tumor deposits, although marking levels were too low to 
assess whether preferential trafficking of TIL cells to residual 
tumor occurred.7 More recently, gene marking studies in humans 
undergoing allogeneic SCT have helped to further characterize the 
behavior of lymphocytes that have been cultured ex vivo. Epstein-
Barr virus (EBV)-specific donor T-cells from SCT donors used 
to transplant patients at high risk for post-allogeneic SCT EBV-
lymphoproliferation were isolated, expanded, and gene-marked 
ex vivo during co-culture with EBV-transformed donor lympho-
blasts.473,474 After transplantation, the EBV antigen exposed donor 
T-cells were infused into the patients, and gene-marked cells were 
detectable at levels suggesting expansion of two- to threefold in 
vivo. EBV-specific cytotoxicity in the peripheral blood was greatly 
enhanced after the infusions. Although circulating marked cells 
fell below the limit of detection 4 to 5 months later, the continued 
presence of memory cells derived from the infusion product was 
inferred in one patient who had an increase in marked lympho-
cytes in the blood after reactivation of latent EBV.474

Suicide Gene Modification of t-cells
The next iteration of genetically modified T-cell therapies in 
patients undergoing allogeneic SCT incorporated the herpes 
thymidine kinase (tk) gene into the retroviral vector.475 This “sui-
cide gene” encoded viral protein converts the nontoxic pro-drug 
ganciclovir to a toxic metabolite that kills the cell by interfering 
with DNA synthesis.476,477A major cause of morbidity and mor-
tality post-allogeneic SCT is graft-versus-host disease (GVHD). By 
incorporating the tk suicide gene into donor T-cells, high doses of 
T-cells can be administered to confer antiviral or antitumor immu-
nity. If and when significant GVHD occurs, donor T-cells can be 
destroyed by an infusion of ganciclovir. This strategy depends on 
inclusion of a cell-surface marker gene or a drug resistance gene 
within the vector to allow enrichment of transduced cells by flow 
cytometry or drug selection, before re-infusion, so that almost all 
infused cells will contain the tk suicide gene.475,478

A landmark study demonstrating the safety and feasibility of 
this approach in patients following allogeneic SCT from matched 
donors was reported from Italy, and confirmed in several simi-
lar trials in Europe and the United States.479 Most recently, this 
approach has been shown to be very promising in haplo-identical 
SCTs, transplants with an extremely high risk of both severe 
GVHD and poor immune reconstitution.480

One issue that has arisen in these trials is development of 
immunity against the foreign tk protein, with eventual destruction 
of vector-containing cells even in the absence of ganciclovir in 
some.481 Anti-tk immunity also developed in a subset of patients 

with HIV infection who received autologous HIV-reactive cytotoxic 
T-cells expanded ex vivo and transduced with a tk vector.482 
These observations serve as an important caveat that foreign 
proteins such as tk introduced via lymphocytes may stimulate 
immune recognition and rejection. Use of ganciclovir as the 
suicide activator is not ideal, given that this drug is a powerful 
antiviral agent and the drug of choice to treat some common viral 
infections in SCT- or HIV-infected patients. To circumvent both 
of these problems, the gene encoding the endogenous human 
cellular proapoptotic protein caspase 9 was modified to allow 
dimerization and activation by the small molecule AP1903.483 In 
a recent trial, patients received a T-depleted haplo-identical stem 
cell transplant, followed by infusion of donor T-cells transduced 
with the inducible caspase 9 transgene. These cells persisted and 
expanded in vivo, but with the development of GVHD, more than 
90% of T-cells were ablated within 30 minutes of AP1903 infu-
sion, resulting in abrogation of GVHD.484

therapy of Immunodeficiency Disorders
T lymphocytes were the targets in the first human clinical gene 
transfer trial utilizing a potentially therapeutic gene, initiated 
in 1990.8,485 Two children with SCID due to ADA deficiency 
received multiple infusions of autologous T-cells transduced with 
a retroviral vector encoding human ADA.6 Both patients showed 
improvements in circulating T numbers and some evidence for 
improvement in cellular and humoral immunity. In one child, 
over 30% of the circulating T-cells were positive for the transgene 
and ADA levels approached the normal range for more than  
2 years. The second child had only 0.1% to 1% of circulating 
T-cells containing the vector even after multiple infusions, cloud-
ing interpretation of how much of the clinical improvement in 
the initial patient was due to the gene transfer, and how much 
to other factors, including the ex vivo lymphocyte expansion. The 
more convincing results and theoretical advantages of correcting 
HSCs as compared to T-cells, as detailed above, combined with 
the impossibility of obtaining target T-cells to correct in patients 
with many forms of SCID, has resulted in a shift to HSC instead of 
T-cell targets for the gene therapy of immunodeficiency disorders.

t-cell Gene therapy for hIV Infection
A number of ongoing and completed human T-cell gene therapy 
clinical trials have enrolled patients with HIV disease, based on 
identification of a number of potential targets for genetic interven-
tion.486 The concept of intracellular immunization against HIV, 
conceived more than two decades ago, hypothesizes that an effec-
tive gene therapy strategy for HIV could be to confer nonimmu-
nologic HIV resistance to mature cell populations by introducing 
a gene that interferes with the HIV life cycle or prevents infection 
of progeny cells into HSCs or lymphocyte precursors.487 Striking 
proof of principle of this concept was reported when an HIV 
patient with leukemia received an allogeneic SCT from a donor 
with a CCR5 variant, preventing HIV cellular entry into all donor 
hematopoietic cells. The patient had complete disappearance of 
HIV post-transplantation.488 A second approach uses gene trans-
fer to introduce genes that will result in killing of infected cells, 
either directly or via enhanced immunity, thus destroying the HIV 
viral reservoir.

A number of T-cell gene therapy approaches to HIV were 
tested in a unique clinical model pursued at the United States 
National Institutes of Health. A cohort of syngeneic twins with one 
infected and one uninfected twin was identified. T-cells from the 
uninfected twin were collected by apheresis, and then transduced 
with vectors encoding potential anti-HIV genes. Comparison of 
survival of these transduced cells in the infected twin with survival 
of cells transduced with a control vector was an elegant approach 
to testing various anti-HIV gene therapy strategies.489 Marked 
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cells could be detected and studied in the HIV-infected twin.490 
Unfortunately, none of the anti-HIV strategies tested in this model 
were shown to result in preferential survival of the genetically 
modified cells or clear improvement of viral control.491

Mutant HIV Rev proteins have been reported to interfere 
with Rev function, either by binding to and inactivating wildtype 
Rev, or by competitively blocking binding of wildtype Rev to  
the RRE.55,492 Production of HIV either from normal lympho-
cytes exposed to HIV in culture, or from HIV-infected patient 
lymphocytes, was decreased after either retroviral or gene gun 
particle-mediated transduction of T-cells with a vector express-
ing the Rev M10 mutant, compared to a nontranslated inactive 
control Rev mutant.50 A clinical trial used the gene gun to trans-
duce autologous lymphocytes from HIV-infected patients with 
either the active Rev M10 vector or the inactive control Rev vec-
tor. These cells were then expanded in vitro and re-infused. The 
lymphocytes containing the active Rev M10 sequences survived 
preferentially in vivo, suggesting that the Rev M10 transgene 
improved T-cell survival in infected individuals.493 In another pro-
tocol, individuals with HIV infection and a refractory hematologic 
malignancy were offered allogeneic peripheral blood SCT and an 
aliquot of the allogeneic graft was CD34 selected, transduced with 
a transdominant Rev encoding vector, and infused along with 
the unmanipulated allograft. Overall marking was also low in the 
only recipient of genetically modified cells, however, rising vector 
copy number and nondetectable HIV over extended follow-up was 
encouraging.494

Another anti-HIV T-cell gene therapy strategy involved the use 
of “defective-interfering viruses” known to interfere with wildtype 
HIV replication and spread.495 The first lentiviral gene therapy 
trial in humans transduced T-cells with a “defective-interfering” 
vector that incorporated an antisense sequence targeting the 
HIV envelope gene.496 The use of a lentiviral vector in patients 
with HIV infection generated concern regarding the potential for 
recombination between the vector and endogenous HIV virus in 
patients or HIV genes in the packaging cells, or the inadvertent 
transfer of a mobilized lentiviral vector to others via sexual or 
other modes of transmission, requiring further development of 
sensitive RCR testing development prior to clinical use and exten-
sive safety testing of patients enrolled in the trial.100 Preliminary 
results in the first five patients demonstrated the feasibility of this 
approach, with all patients tolerating the infusion well. In one 
subject, a sustained decrease in viral load was observed.497

t-cell Gene therapies for Cancer
The most common clinical application for genetically modified 
T-cells has been for tumor immunotherapy. There are a number 
of challenges for cancer immunotherapies, most notably the low 
frequency of tumor-specific autologous T-cells, negative selection 
against high-affinity T-cell receptors (TCRs) binding to autologous 
tumor antigens during T-cell development, and the myriad mecha-
nisms tumor cells have evolved to evade and cripple antitumor 
immune responses. Although early studies of the adoptive trans-
fer of ex vivo expanded T-cells or in vivo stimulated T-cells with 
cytokines such as IL2 resulted in proof of principle that antitumor 
immunity existed and could be effective, investigators began 
searching for ways to enhance specific antitumor immunity via 
genetic modification.498

One approach begins by cloning high-affinity TCRs from cyto-
toxic T-cells shown to be reactive with tumor-specific antigens, 
generally from T-cells initially isolated from tumors (TILs), then 
further expanded and selected in vitro. The cloned transgenic a 
and b TCR subunit genes can then be incorporated into a retro-
viral or lentiviral vector and used to transduce patient T-cells, 
resulting in large numbers of T-cells reactive with a specific tumor 
antigen. Four of 31 melanoma patients receiving autologous 
T-cells transduced with a cloned high-affinity TCR reactive with 

a melanoma antigen (MART1) had objective tumor responses, as 
did one of three patients with colon cancer receiving T-cells trans-
duced with a CEA-reactive TCR.470,499

One major drawback of this approach is the HLA-restriction of 
TCRs, thus requiring a different TCR construct for each HLA class 
1 target, and effectively limiting this approach to patients with 
common HLA haplotypes. There is also the potential for mispair-
ing between the transgenic TCR and the endogenous TCR chains 
that are still expressed by the target T-cell, resulting in unpredict-
able adverse events such as autoimmunity/ GVHD.500 Although 
this complication was observed in a murine model, there is 
no evidence to date for a similar phenomenon in hundreds of 
patients enrolled in transgenic TCR clinical trials.501 However, 
administration of large numbers of high-avidity TCR-expressing 
T-cells reacting with tumor antigens that may also be expressed 
at low levels on normal tissues can result in toxicity such as colitis 
following anti-CEA T-cells given to target colon cancer, or skin/eye 
and ear toxicity following administration of TCR chimeric T-cells 
reactive with melanoma antigens.499,502

A second and perhaps more promising approach to enhanc-
ing antitumor activity of T-cells was first conceptualized in 1993, 
and involves transduction of T-cells with genes encoding fusion 
molecules termed “chimeric antigen receptors” (CARs)503,504 
(Fig.  71.8A). Engineered cell-surface molecules consisting of a 
specific antigen-binding domain from a monoclonal antibody, or 
some other specific ligand-binding domain, fused to intracellular 
signaling moieties from the T-cell receptor (generally the ζ chain) 
or the FcεRI receptor are introduced into T-cells via retroviral 
or lentiviral vectors. When the CAR binds to antigen or ligand, 
the T-cell signaling cascade is activated, resulting in cytotoxicity 
toward the antigen-bearing target cell. There are a number of 
advantages of CARs as compared to TCRs for genetic enhance-
ment of T-cell antitumor immunity. Most important, the CAR 
approach is “universal” and not MHC-restricted, thus the same 
CAR can recognize the target in any patient. Second, tumors 
often down-regulate MHC molecules, and thus can evade TCR-
dependent recognition, in contrast to CARs, which do not require 
MHC engagement for their activity. Third, nonprotein targets can 
be recognized by CARs. One disadvantage of CARs in comparison 
to TCRs is that intracellular antigens cannot be targeted by CARs, 
because these antigens require presentation as peptides on the 
cell surface via MHC molecules. A recent review catalogs the large 
diversity of CARs that have been developed for preclinical and 
clinical applications.505

Initial CAR clinical gene therapy studies were completed in the 
late 1990s, utilizing autologous or syngeneic T-cells transduced 
with constructs fusing the gp120 binding domain of CD4 to the 
TCR ζ chain, to promote killing of HIV-infected T-cells. Despite 
encouraging animal model and in vitro data, the infused cells 
were present at very low levels, disappeared over time, and were 
not associated with clinical benefit.491,506 A series of clinical trials 
in patients with cancer, targeting cell-surface proteins on ovar-
ian cancer, neuroblastoma or lymphoma tumor cells were also 
disappointing, with no evidence for in vivo expansion and little 
persistence of infused CAR-modified cells.503 There was some 
evidence that CARs themselves could be immunogenic, and that 
ex vivo culture conditions used during transduction and expan-
sion were suboptimal, but a more important difference between 
CAR-mediated and endogenous TCR-mediated signaling is the 
lack of co-stimulatory signaling during CAR engagement. T-cell 
stimulation in the absence of co-stimulatory signals, normally 
provided by antigen-presenting cells, results in T-cell death 
or tolerance, instead of expansion and a productive immune 
response (Fig.  71.8B). Therefore, a second generation of CARs 
was designed, incorporating co-stimulatory signaling domains as 
part of the CAR fusion molecule itself, for instance, domains from 
CD28 or CD137. T-cells transduced with these enhanced CARs 
were found to be more effective in vitro and in animal models.507 
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FIGURE 71.8. Gene transfer of chimeric antigen receptors for tumor immunotherapy. A: The sources of components used to construct an artificial chimeric 
antigen receptor are shown. The signaling ζ subunit of the T-cell receptor is connected to the variable heavy chain(VH) and variable light chain(VL) domains of a 
monoclonal antibody generated against the desired tumor antigen. In the second-generation CARs, an additional transmembrane domain from CD28 or an alternative 
co-stimulatory molecule is added between the cytoplasmic signaling domain of the TCR ζ subunit and the extracellular VH/VL antigen-binding moieties. B: When a 
T-cell transduced with a first-generation CAR encounters a tumor cell bearing an antigen recognized by the VH/VL domain of the CAR, the ζ subunit is stimulated 
to signal (signal 1) but in the absence of a co-stimulatory signal, the T-cell is often diverted to an apoptosis or anergy pathway. In contrast, the inclusion of a co-
stimulatory signaling domain in the second-generation CAR ensures that when tumor antigen is encountered, both signal 1 generated from the ζ subunit and signal 
2 generated from the CD28 domain are activated, and the T-cell proliferates and is stimulated to kill the tumor cell.
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A number of other strategies have also been pursued to enhance 
co-stimulation and in vivo survival of CAR-modified T-cells, 
including targeting CARs to T-cells already primed to respond to 
a common antigen such as EBV, administering T-cell supportive 
cytokines such as IL2, IL7, or IL15, or lymphodepleting the patient 
prior to CAR-T administration (Fig. 71.8A,B).503

A series of clinical trials utilizing CARs targeting CD19 in 
patients with chronic lymphocytic leukemia (CLL) or other 
advanced chronic B-cell malignancies have provided proof of 
principle for the potential efficacy of this approach. A lentiviral 
vector expressing an anti-CD19 antibody domain fused to a 
CD137 co-stimulatory region and the CD3 ζ signaling component 
of the TCR was used to transduce autologous T-cells from a patient 
with CLL, and following re-infusion, there was rapid 1,000-fold 
in vivo expansion of the cells, tumor lysis, and complete remis-
sion of the CLL, persisting for at least 10 months to date.471 A 
dramatic response was also reported in a patient with follicular 
lymphoma.508 Larger case series confirmed these encouraging 
results.509,510 However, the potent and persistent anti-CD19 
response also resulted in profound depletion of normal B-cells and 
hypogammaglobulinemia. This very promising approach is now 
being developed for treatment of a variety of tumors.

Gene Therapy For BleeDinG 
DisorDers
The primary bleeding disorders most commonly result from 
genetic deficiencies of specific clotting factors. Classic hemophilia, 
or hemophilia A, results from a deficiency of factor VIII, which is 
normally produced by hepatocytes and vascular endothelial cells. 
Hemophilia B results from a deficiency of factor IX, which is nor-
mally made by hepatocytes. Thus, both diseases are hematologic 
disorders resulting from deficiencies of soluble plasma proteins 
synthesized by nonhematopoietic cells. Each of these coagulation 
factors may be found in circulating platelets’ storage granules511 
but the megakaryocyte is not likely a site of synthesis of either 
factor, and granule storage is likely to occur after uptake of the 
protein from plasma.

Hemophilia A and B have attracted a significant amount of 
attention from those interested in gene therapy, for a variety of 
reasons. First, they are monogenic diseases for which numer-
ous mutations are known512,513 (http://europium.csc.mrc.ac.uk/
WebPages/Main/main.htm, http://www.kcl.ac.uk/ip/petergreen/
haemBdatabase.html) and their cDNAs were cloned decades 
ago.514,515 Second, functional factor VIII and factor IX gene 
products may be produced in nearly any cell type as long as 
the appropriate post-translational modifications are made and  
the protein is secreted into the circulation. Most important, epi-
demiologic data and experience with factor replacement therapy 
have demonstrated that the level of circulating factor VIII or 
 factor IX required to prevent clinically significant bleeding may 
be as little as 1% to 2% of normal plasma levels. And finally, there 
may be a substantial margin for error with regard to overexpres-
sion of these factors, due to regulation of the “tenase” (factor 
VIII/ factor  IX) enzyme complex and “prothrombinase” (factor 
V/factor  X) complex by the protein C/protein S anticoagulant 
proteins and antithrombin III. Epidemiologic analyses suggests 
that elevated factor VIII or factor IX levels may be risk factors 
for thrombotic diseases,516,517 but thus far it seems unlikely that 
overshooting to supraphysiologic levels of factor VIII or factor IX 
could occur following gene therapy.

Preclinical testing of hemophilia gene therapies have been 
facilitated by the existence of several animal models of hemo-
philia, including factor VIII and factor IX knockout mice518–521 
and inbred dog colonies with spontaneous hemophilia A and 
B mutations.522–526 Furthermore, it has proved possible to 

detect epitope-tagged human factor VIII527 or normal human 
 factor  IX528–531 in normal rhesus macaques after gene transfer 
with various vectors, which permits not only safety testing of gene 
transfer, but also some assessment of gene expression in vivo.

Potential cell types targeted to become “cell factories” for gene 
transfer of factor VIII or IX include skin fibroblasts or keratino-
cytes, myocytes, hepatocytes, and BM stem and progenitor cells. 
Skin fibroblasts are readily propagated in tissue culture and can 
be transduced by vectors that may include selectable markers. 
Cells selected in vitro can then be re-introduced to the host, result-
ing in secretion of the therapeutic protein into the bloodstream. 
Preclinical studies utilizing skin fibroblasts transduced with 
factor IX or factor VIII retroviral vectors532–538 in rodents have 
achieved therapeutic levels of factor IX or factor VIII (>1% of nor-
mal). However, a recurring issue in these models has been lack 
of sustained expression of the transgene, which may be due to 
loss of transduced cells due to cell-mediated immunity or to pro-
moter shutdown in implanted cells.539 One clinical trial has been 
performed in which factor VIII transfected skin fibroblasts were 
implanted in the omentum. The peak factor VIII levels achieved 
were marginally therapeutic and were not sustained.540

Gene transfer of secreted proteins to muscle cells can be 
performed using muscle-specific and/or nonspecific constitutive 
promoters to direct gene expression, with direct in vivo delivery 
of vectors to muscle cells via intramuscular injection. The most 
extensively studied and successful application of this approach 
has been through gene transfer utilizing adeno-associated virus 
vectors. AAV vectors can only package DNA with a total length of 
∼4.5 kb or less, which is sufficient for transfer of the small  factor IX 
 gene, but of limited use for transfer of the much larger  factor VIII 
gene. AAV vectors form stable and long-lasting  episomes, and in 
nondividing tissues such as muscle and liver, can produce long-
term stable transgene expression. In vivo preclinical studies with 
AAV vectors in hemophilia B knockout mice and dogs have shown 
that it is possible to achieve clinically relevant levels of factor IX 
and correction of the bleeding phenotype for significant periods of 
time following intramuscular injection of fIX-AAV vectors.541–549 
These encouraging animal results led directly to a clinical trial 
of AAV-factor IX gene transfer, involving multiple intramuscular 
injections of fIX-AAV particles in patients with severe hemophilia B.  
Plasma factor IX levels (∼1% of normal) at doses of 2 × 1011 vec-
tor genomes per kg were achieved.550 Although the trial was an 
open label study and a placebo effect cannot be ruled out, there 
was a lower frequency of joint bleeds as reported by patients.550 
Unfortunately, higher doses of the vector did not result in a 
greater therapeutic effect, perhaps due to binding of factor IX to 
type IV collagen present in muscle, and the intramuscular injec-
tion route, requiring very large numbers of individual injections, 
is impractical and potentially risky in patients with bleeding disor-
ders, even with exogenous factor administration at the time of the 
procedures.551 Very prolonged expression from the AAV vector 
construct was documented on muscle biopsy specimens obtained 
more than 3 years following the injection of vector.552

Liver hepatocytes synthesize most of the plasma proteins 
including factors VIII and IX, and synthesize certain proteins (e.g., 
albumin) in tremendous quantities, thus they are natural factories 
for secreted proteins. Hepatocytes are readily transducible by var-
ious vectors in vitro and in vivo, and gene transfer to liver is cur-
rently the most promising approach under investigation for gene 
therapy of hemophilia. Adenovirus vectors are capable of near-
quantitative gene transfer to hepatocytes in vivo when adminis-
tered intravenously and can accommodate large genes such as 
factor VIII. It is not surprising that adenovirus vectors have been 
used for in vivo gene transfer of factor VIII or factor IX to liver cells 
in various animal models, including mice,131,553–561,562,563,564 
monkeys,527,528,530 and hemophilic dogs.130,565–568 Unfortunately, 
adenovirus-mediated gene transfer is typically characterized by 
gradual loss of gene expression because these vectors do not 
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form stable episomes and do not integrate, and the presence of 
the adenovirus vector proteins in immune-competent animals 
induces a cytokine cascade569 and has a significant adjuvant effect 
that may induce antibodies to the expressed gene.528,566,567,570 
Based on the observation that deletion of adenovirus vector genes 
may result in longer periods of gene expression and a decreased 
immune response,570 efforts have been made to create and test 
vectors with most or nearly all of the adenovirus genes removed 
for gene therapy of hemophilia.558,561,571–574 Any clinical use 
of adenovirus vectors will be limited by neutralizing antibodies 
to most common serotypes that are routinely present in most 
humans and which would be boosted substantially with adminis-
tration of an adenovirus vector.575

Vectors based on various serotypes of AAV have been stud-
ied for gene delivery to hepatocytes in hemophilia A and B 
mice and dogs, and in humans with hemophilia B. The earli-
est reports of AAV-mediated hepatocyte gene transfer focused 
on serotypes 1 and 2 vectors expressing factor VIII576–578 and  
factor IX42,267,531,579,580,581–589 in mice, dogs, and nonhuman pri-
mates. These preclinical studies demonstrated levels and duration 
of factor IX expression sufficient to justify clinical trials of hepatic 
artery infusion of AAV-2 factor IX vector in patients with severe 
hemophilia B. The initial trial was temporarily put on hold due to 
vector shedding in the semen of the first subject enrolled.590 After 
demonstration that the AAV vector was not incorporated in germ-
line DNA, the trial was resumed. The results showed peak expres-
sion of 11% of normal factor IX levels in one of seven subjects 
who was treated with the maximum 2 × 1012 vector genomes/kg 
dose.591 Unfortunately, although no inhibitor antibody to  factor IX 
developed, factor IX expression declined and plasma factor IX 
activity levels returned to baseline within a period of 8 weeks. The 
decline in factor IX levels was associated with transient elevation 
of liver transaminases likely due to cell-mediated immune elimi-
nation of AAV-transduced hepatocytes. One other subject treated 
at the maximum achieved a factor IX plasma level of 3% of nor-
mal, but also had loss of factor IX expression and elevation of liver 
enzymes. T-cell responses to the AAV2 capsid protein but not to 
factor IX were documented in these patients, and it is likely that 
transient presence of the AAV-2 capsid, brought into the hepa-
tocytes during transduction, stimulated a potent recall immune 
response in patients previously exposed to wildtype AAV2 viruses 
in the environment, resulting in immunologic elimination of 
transduced hepatocytes.592 This finding had not been predicted 
from preclinical studies in large animals, which are not naturally 
infected by AAV2, underscoring the need for caution in predicting 
results of clinical trials from animal studies.

Alternative strategies to circumvent these problems tested in 
animal models have included transient immunomodulation at the 
time of vector administration, use of alternate AAV serotypes such 
as 6, 8, or 9 not known to normally infect humans and thus rarely 
associated with seropositivity, and design of optimized vectors able 
to express much higher levels of factor IX per genome.168–170,593 
The combination of all these strategies has finally resulted in 
what appears to be unequivocal clinical success. Six patients with 
hemophilia B received intravenous infusions of AAV8 vectors 
expressing codon-optimized and self-complementary factor IX 
genes.176 All had sustained levels of factor IX of 2% to 11%, and 
four of the six were able to discontinue prophylactic factor IX infu-
sions. Two patients had transient elevations of liver enzymes, in 
one associated with detection of AAV capsid-specific T-cells, but a 
brief course of methylprednisolone in both led to rapid decrease 
in transaminases, and no loss of factor IX expression.

Although typical Moloney-based retroviral vectors are not 
particularly effective at in vivo gene transfer to hepatocytes 
due to the relatively low rate of cell division, lentivirus vectors 
(which do not require cell division for gene transfer) may prove 
to be useful for hemophilia gene therapy, and can accommodate 
larger transgenes and thus are more conducive to factor VIII 

gene therapy than AAV vectors, particularly B domain-deleted  
factor VIII, encoding a smaller but still functional protein. Several 
groups have used pseudotyped lentiviral vectors to transfer the 
factor VIII cDNA to liver.594–597 The efficiency of in vivo gene 
transfer with lentivirus vectors has been far less than that of 
adenovirus or AAV vectors, but persistent expression has been 
achieved in some animal models. In some cases, injection of vec-
tor into the portal vein is employed to improve efficiency.598

Cells of hematopoietic origin are also logical targets for ex vivo 
gene transfer and re-introduction by marrow transplantation to 
treat hemophilia, because these cells circulate in the blood and, 
in the case of platelets, are concentrated at the site of vascular 
injury. This approach may be particularly relevant in patients 
with existing factor VIII or IX inhibitors, who have been excluded 
from all prior muscle and hepatocyte gene therapy trials. Ex vivo 
Moloney-based retroviral gene transfer of the human factor VIII 
gene into hemophilia A knockout mouse BM was not efficient 
enough to result in detectable plasma levels of human factor VIII 
after transplantation; however, the animals were rendered toler-
ant to human factor VIII.599 Expression of xenogenic or otherwise 
completely foreign genes in hematopoietic stem and progenitor 
cells via gene transfer is known to result in induction of toler-
ance.600,601 Investigators have been able to show expression of 
factor VIII in platelets produced from lentivirus-transduced BM in 
hemophilia A mice.602,603 The latter approach utilized a promoter 
for the a IIb glycoprotein (normally expressed on the surface of 
platelets) to restrict expression of factor VIII to the platelet, and to 
target expression of factor VIII to sites of vascular injury.

Future issues to be addressed in the field of hemophilia gene 
therapy include minimizing the risk of inhibitor formation or 
immune rejection of transduced cells (especially with viral gene 
transfer vectors), development of vectors capable of sustained 
high levels of coagulation factor expression, and avoidance 
of unintentional germline transmission of vector sequences. 
Strategies are being explored allowing expression of functional 
factor VIII despite its prohibitory large gene size, including dele-
tion of certain nonfunctional domains (B domain deleted), splitting 
of the gene into two portions encoded by two independent AAV 
vectors with transcripts that are spliced in vivo prior to protein 
translation, or expression of the light and heavy chain of factor VII 
in two independent vectors.604,605

saFeTy anD FeasiBiliTy hurDles 
To clinical Gene Therapy

Immune responses to Vectors and transgenes
Immune responses against vector proteins or the transgene-
encoded protein itself have only recently become the focus of 
intensive investigation. For in vivo vector administration, pre-
existing immunity to a vector such as adenovirus is at least a 
theoretical concern. Repeated in vivo administration of complex 
vectors clearly stimulates an active immune response to vector 
proteins, and greatly hinders success. The expression of viral 
genes remaining in the vector sequences could also stimulate an 
immune response against transduced target cells. This is not a 
problem for retroviral vectors; as well, newer modifications of 
adenoviral vectors have been developed that no longer contain 
or express residual adenoviral genes.125,126 Nonhuman marker 
genes such as the neomycin resistance gene, or viral suicide genes 
such as tk included in vectors for positive or negative selection 
may also induce an immune response.606 Finally, the therapeutic 
gene product itself may induce an immune response if the patient 
completely lacks the endogenous gene product or the transgenic 
protein is processed or post-translationally modified.121

Rejection of the foreign transgene itself can be the primary 
problem, even when highly immunogenic adenoviral vectors are 
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used. Recombinant adenoviral vectors encoding either murine or 
human Epo genes or a control vector without an expressed gene 
were injected into murine muscle and the mice were followed for 
several months for Epo expression and presence of the vector 
sequences in muscle.121 Mice expressing either human or murine 
Epo transgenes developed high hematocrits, but the effect was 
transient in those expressing human Epo, as profound anemia, 
surprisingly, developed after the transient polycythemia. Immune 
responses to both the vector-expressed human Epo and endog-
enous murine Epo were documented in these animals, indicating 
that the active immune reaction against the human Epo had also 
generated cross-reactivity toward endogenous Epo. Adenoviral 
genomes were detectable long term in the muscles of the murine 
Epo and of the control mice, but not in the human Epo mice. This 
suggested that the immune response was elicited by expression of 
the foreign transgene, not by viral proteins.

In a murine model of allogeneic skin graft survival, foreign 
genes expressed by HSCs and their progeny may be capable of 
inducing tolerance even across MHC barriers.607 This evidence, 
and documentation in mice of very long-term persistence of 
expression of completely xenogeneic genes such as human GC, 
suggests that immune responses against genes introduced via 
repopulating stem cells will not induce immune responses.206,608 
On the other hand, immune responses to a retroviral vector- 
introduced transgene in the canine MPS-1 autologous transplan-
tation model have been shown to limit efficiency.609

In the murine model, tolerance to xenogeneic genes can be 
achieved by introduction through the hematopoietic compart-
ment.610 Long-term persistence of genetically modified cells at 
clinically relevant levels can be achieved after very low-dose 
irradiation with 100 cGy, even when highly immunogeneic 
genes are transferred. Large animal testing in the nonhuman 
primate confirmed these observations, with equivalent levels of 
long-term engraftment of cells transduced with either a vector 
encoding the neomycin phosphotransferase (neo) or a vector 
carrying but not expressing this gene product, but the overall 
levels of engraftment were much lower.611 Transduction of 
lymphocytes in the absence of conditioning, however, resulted 
in rapid clearance of the neo expressing cells. However, if HSCs 
were transduced and transplanted first, long-term persistence 
of lymphocytes transduced with the neo expressing vector were 
observed.600

Various methods of immunosuppression have been at least 
partially successful in avoiding immune rejection of transduced 
cells. Neonatal exposure to vector has allowed repeated treat-
ments with adenoviral vectors.131 Treatment with cyclosporine, 
cyclophosphamide, or IL-12 have all been reported to prolong 
survival of transduced cells.128–132 But these general pharma-
cologic approaches are not desirable or practical for most gene 
therapy applications, which are attractive only if they prevent 
lifelong reliance on toxic pharmacologic agents. Instead, improved 
vector design and possible inclusion of antirejection mechanisms 
in the vectors themselves are more attractive approaches.

Safety Considerations
The number of individuals who have safely received genetic mate-
rial in the form of vectors or vector-modified cells now numbers 
in the many thousands, suggesting that current gene transfer 
approaches generally carry a low risk to subjects, however, all 
but a small minority of these patients likely had no clinical ben-
efit, and risks must therefore be considered in this context. Only 
recently have trials moved beyond safety testing into pilot studies 
of efficacy for a number of hematologic diseases. Pioneering trials, 
as detailed above, have provided encouraging results regarding 
efficacy of gene therapy for congenital immunodeficiency disor-
ders, hemophilia, thalassemia, and metabolic disorders. However, 
very serious and in some cases fatal severe adverse events directly 

linked to gene therapy have occurred, and have had significant 
repercussions from regulatory, clinical, and scientific standpoints.

Phase 1 Gene Therapy Trial for Ornithine 
Transcarbamylase
Side effects of gene transfer can result from all aspects of the pro-
cess, including those inherent to a specific vector system, vector 
production methodology, target cell identification and manipu-
lation, vector integration, transgene expression, or selective 
pressure applied after transfer.612 The first reported serious com-
plication of gene therapy occurred when an 18-year-old patient 
with relatively mild manifestations of OTC deficiency volunteered 
for a Phase 1 dose escalation gene therapy trial and received a 
catheter-directed infusion of a high dose of an adenoviral vec-
tor encoding the corrective gene into the hepatic artery. Within 
hours of the infusion, signs and symptoms of a systemic immune 
response syndrome appeared, and soon thereafter the patient 
died from multiorgan system failure. Studies infusing similar 
adenoviral vectors into nonhuman primates have shown evidence 
for activation of the innate immune response attributable to the 
adenovirus capsids as well as a vigorous proinflammatory IL-6 
and IL-1 cytokine response, with evidence for endothelial damage 
and disseminated intravascular coagulation.528,530,613 The induc-
tion of acute phase reactants was anticipated from the preclinical 
data in nonhuman primates; however, the severity and duration 
of the fatal reaction observed in this patient was not expected at 
the dose level reached. As a result of the death, many clinical gene 
therapy trials were temporarily put on hold and the maximum 
doses of adenovirus (or other) vectors to be given to humans were 
scaled back as a precautionary measure. Furthermore, a number 
of issues with respect to the pace of clinical gene therapy trials, the 
informed consent process, subject eligibility, reporting of adverse 
events, and oversight of clinical gene therapy trials were raised, 
and measures to increase the protection of research subjects were 
uniformly instituted across all gene therapy trials.614,615

Gene Therapy for X-SCID
Soon after the first unequivocal demonstration of clinical efficacy 
in a human gene therapy trial in which 10 of 11 children with 
SCID who received retrovirally transduced autologous BM cells 
were apparently cured,22 two patients developed a precipitous 
rise in T-cell counts which progressed to overt leukemia 3 years 
following infusion of gene-corrected autologous CD34+ cells.265 
Retroviral integration site analysis in the leukemia cells from both 
patients demonstrated vector insertions within or just upstream 
of the LMO2 gene activating expression.451 LMO2 is a transcrip-
tion factor required for fetal hematopoietic development and was 
already known to be activated by chromosomal translocations in 
some cases of spontaneous childhood T-cell leukemia.616 Since 
that time, an additional two of the eleven X-SCID patients enrolled 
in the original French trial and one of ten patients enrolled in a 
similar trial in England have developed clonal vector-associated 
T-cell leukemias.448,454 Strikingly, four of the five patients had vec-
tor insertions activating LMO2, and the fifth had a vector insertion 
activating the CCND2 gene, encoding cyclin D, a protein known 
to control cell cycle entry and to be associated with cancer when 
dysregulated. One of the four patients has died of complications 
related to the leukemic process and its treatment, and the others 
have been successfully treated with chemotherapy.

The first report of these adverse events in 2003 resulted in 
a rapid response from investigators and regulatory agencies 
worldwide, with most gene therapy trials utilizing integrating 
MLV-derived retroviral vectors to transduce hematopoietic stem 
and progenitor cells put on hold. The occurrence of these events 
was not predicted. Prior to the sequencing of the murine and 
human genomes, retroviral insertion was thought to be random, 
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progression to clonal or oligoclonal hematopoiesis, with a median 
follow-up of over 3 years.621 And it is of interest that there have 
been no vector-related clonal expansions or malignant trans-
formations detected in patients receiving transduced T-cells, or 
undergoing in vivo gene therapy targeting hepatocytes, muscle 
cells, or other nonhematopoietic targets. It appears that HSCs are 
much more susceptible than differentiated cells to vector-related 
tumorigenesis.622

Large-Scale Mapping of Gene Transfer Vector 
Insertion Sites
Concurrent with these adverse events, the entire human and 
murine genome sequences were published and new technolo-
gies were developed that permitted large-scale mapping of vector 
insertion sites. The insertion of a vector proviral form into the 
genome can affect gene expression and thus potentially promote 
malignant transformation via several different mechanisms, 
as detailed in Fig. 71.9 and discussed in detail in a number of 
reviews.462,623 The Moloney MLV proviral LTR contains a strong 
promoter and enhancer, able to activate expression of upstream 
or downstream genes at distances of up to 200 kb, or directly 
drive expression of gene via fusion or replacement of the endog-
enous promoter. Internal promoters or enhancers, included to 
enhance transgene expression, can also activate nearby genes. 
A proviral insertion can inactivate a tumor-repressor gene.  
Vector insertion can disrupt normal exon splicing and alter 

based on the lack of any specific motif at the few insertion sites 
that had been mapped. It was predicted that just one or a few 
insertions into a cell’s genome was unlikely to activate a proto-
oncogene, based on the size of the genome and assumed random 
 insertion.617 Vector-containing leukemias and lymphomas had 
previously been reported in animal models utilizing HSC gene 
transfer, but were attributed to contamination by replication-com-
petent viruses in a nonhuman primate study, resulting in multiple 
proviral insertions and eventual activation of a proto-oncogene, 
or overexpression of a signaling receptor in a murine model.78,618

There was initially an intense focus on whether specific 
aspects of X-SCID patients themselves or constitutive expres-
sion of the IL2Rg transgene predisposed to vector-associated 
leukemia. One murine study suggested a greatly increased risk 
of leukemia when an Il2rg transgene was overexpressed, and 
another reported a nonrandom relationship between activation of 
the Lmo2 and Il2rg genes and leukemias and lymphomas in sus-
ceptible neonatal mice.619,620 Other unique aspects of the X-SCID 
clinical situation were proposed to have contributed to increasing 
risk, including the rapid expansion of lymphoid progenitors and 
mature T-cells into an “empty” lymphoid compartment, very high 
doses of transduced CD34+ cells, and impaired antitumor immu-
nity. To date none of the patients enrolled in ADA gene therapy 
trials, even those receiving transduced CD34+ cells, have devel-
oped leukemia. A large survey of rhesus macaques, dogs, and 
baboons transplanted with CD34+ cells transduced with standard 
retrovirus vectors containing marker genes or drug resistance 
genes failed to document any hematologic abnormalities, or 

FIGURE 71.9. Mechanisms of gene dysregulation and oncogenesis via vector integration into genomic DNA. The reverse-transcribed retroviral or 
lentiviral DNA permanently integrates into the genome, and can disrupt endogenous gene expression via a number of mechanisms. The integrated vector consists 
of two identical long terminal repeats (LTR) that contain a strong enhancer (red) and a promoter (green). A: If the vector lands upstream, downstream, or within an 
intron of a proto-oncogene, the LTR enhancer can up-regulate expression of the proto-oncogene. B: If the vector integrates within the first exon of a proto-oncogene, 
a constitutively expressed fusion transcript can result, with loss of endogenous control of expression. C: Vector integration within an exon can completely inactivate 
expression of a tumor suppressor gene via production of a truncated or fusion transcript. D: Vector integration can disrupt normal exon/intron or isoform splicing, 
resulting in an aberrantly regulated transcript, and up-regulation of a proto-oncogene or down-regulation of a tumor suppressor gene.
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relative levels of transcript isoforms or stability. Detailed large-
scale mapping studies in cell lines and in primary hematopoietic 
cells revealed clear biases in integration site preferences for both 
standard retroviral as well as lentiviral vectors. MLV retroviral 
vectors were more likely to integrate near transcription start sites 
of genes, and HIV and SIV vectors were likely to integrate in gene-
rich regions and within actual genes.624–626

Integration patterns were also assessed over time in mice, 
large animals, and patients receiving transduced cells. Murine 
studies using high-titer retroviral vectors and performing much 
longer follow-up than previous studies documented a high rate 
of progression to clonal or oligoclonal hematopoiesis, specifi-
cally from clones with insertions into proto-oncogenes or other 
growth-altering loci, and frequent leukemias in secondary and 
tertiary recipients of transduced cells, associated with insertions 
into proto-oncogenes.627,628 A rhesus macaque transplanted  
5 years previously with retroviral vector-transduced CD34+ cells 
developed a clonal myeloid leukemia containing a vector inser-
tion in the antiapoptotic gene BCL2A1.629 A large-scale survey 
of retrovirus vector insertion sites in long-term repopulating 
cells of rhesus macaques uncovered one locus that was mark-
edly overrepresented, with nine independent insertions into the 
MDS1/EVI1 proto-oncogene, accounting for 2% of all insertions 
mapped.626 Proviral insertions at this locus were also identified in 
immortalized myeloid cell lines generated in vitro from retrovirus 
vector transduced primary murine BM cells.630

Gene Therapy for Chronic Granulomatous  
Disease
Even more striking dominance of myeloid hematopoiesis derived 
from progenitors with vector insertions in the MDS1/EVI1 locus 
was reported in a clinical trial for CGD. As described above, 
two patients received CD34+ cells transduced with a retroviral 
vector expressing the corrective phox91 transgene. Initially the 
patients did very well but the level of vector-containing cells 
began to increase in the myeloid lineage beginning several 
months after transplantation, eventually reaching levels of 
60% to 70%. This expansion was found to be almost entirely 
accounted for by contributions from clones with insertions 
in the MDS1/EVI1 locus.446 Both patients then progressed to 
clonal myelodysplasia/myeloid leukemia, derived from one of 
their MDS1/EVI1 clones, and associated with a secondary loss 
of chromosome 7 in the malignant cells.458 Despite the persis-
tent high frequency of vector-corrected neutrophils, expression 
of NADPH oxidase dropped precipitously in both subjects over 
time. The silencing of NADPH oxidase occurred through progres-
sive CpG methylation of the promoter contained in the LTR of 
the vector. These events led to a series of infections and eventual 
death of one patient. The second subject was referred for unre-
lated donor SCT while still infection free.

Gene Therapy for Wiskott-Aldrich Syndrome
In nine of ten patients with WAS treated by gene therapy, 
clinical improvement was initially demonstrated. However, in 
a subsequent report, two of nine patients who achieved an 
efficient correction of the disease developed T-ALL 5 years 
and 16 months after gene therapy, respectively. Two additional 
patients also developed T-ALL more recently (unpublished 
data). In three of four patients with T-ALL analyzed to date, an 
increase of a cell clone harboring an integration site upstream 
of LMO2 could be observed at the onset of leukemia, the same 
gene locus activated by vector insertion in most of the X-SCID 
patients that developed T-ALL. One patient underwent an 
allogeneic stem cell transplant and the other individuals have 
responded to chemotherapy with recovery of a polyclonal inte-
gration site pattern.

Approaches to Decreasing the Risk of  
Insertional Genotoxicity
The insertion pattern of lentiviral vectors based on HIV or SIV is 
potentially safer, given that transcription start sites are not targeted. 
HIV/SIV vectors also have all endogenous promoter/enhancer ele-
ments deleted from the LTR, and thus should be much less likely 
to activate an adjacent proto-oncogene. A lower rate of leukemic 
transformation or cellular immortalization with HIV as compared to 
standard MLV-based retroviral vectors has been reported using 
several preclinical models, and long-term follow-up of nonhu-
man primates receiving SIV-transduced cells has not revealed 
any clonal dominance.353,631,632 Highly polyclonal patterns have 
persisted long-term in several patients receiving HIV vector-trans-
duced CD34+ cells on a clinical trial for ALD.102 However, a single 
patient enrolled in a lentiviral vector-based gene therapy trial for 
thalassemia has developed clonal expansion of cells containing an 
insertion in the HMG2A gene,103 indicating that we do not yet fully 
understand the possible pathways to clonal dominance and associ-
ated risks with any integrating vector system.

The clinical adverse events and these laboratory findings strongly 
support the need for long-term toxicity assessment in predictive 
preclinical models, development of vector systems less likely to acti-
vate or otherwise alter the behavior of adjacent genes, and careful 
risk–benefit analysis of gene therapy target diseases and patient 
populations. Use of standard retroviral vectors with strong enhanc-
ers in their LTRs is no longer considered prudent for HSC-targeted 
gene therapy, but whether lentiviral vectors, enhancer-deleted 
retroviral vectors, novel vector systems such as HFV or avian leu-
kosis sarcoma virus, or gene targeting approaches will be safer and 
sufficiently efficacious is not yet known, and may vary depending 
on patient, target cell, and disease-specific characteristics. Well-
designed pilot clinical trials in patients with sufficient disease sever-
ity to justify participation in a potentially risky protocol and a level of 
understanding allowing authentic informed consent will in the end 
provide the relevant path forward for gene therapy, no matter how 
many careful preclinical studies have been performed.

conclusions
A wide variety of imaginative approaches involving genetic 
manipulation of hematopoietic or other targets have led to the 
first clinical successes of gene therapy approaches to hematologic 
diseases such as the hemophilias and the immunodeficiencies and 
are certain to eventually revolutionize therapy for a number of 
currently fatal or disabling conditions. Continued basic scientific 
investigation of target cell biology and vector systems along with 
carefully designed clinical trials will drive the eventual application 
of gene therapy on a large scale.
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introDuction
Acute leukemia results when a normal hematopoietic stem or 
progenitor cell sequentially acquires mutations which confer 
clonal growth advantage. This clonal evolution model of cancer 
development involves gain of function of oncogenes and loss of 
function of tumor suppressor genes that cooperate to induce 
fulminant disease. The earliest view of the genome of acute leu-
kemia was provided by cytogeneticists who karyotyped leukemic 
blasts, revealing recurrent chromosomal translocations. Cloning 
these translocation breakpoints led to the identification of genes 
whose altered activity could be directly linked to leukemogenesis. 
More recently, the genomes of acute leukemias have been probed 
at an unprecedented depth, revealing various lesions at the base 
pair level, such as amplifications, deletions, insertions/deletions, 
and point mutations, that can deregulate oncogene or tumor 
suppressor gene function. Acute leukemias of either myeloid or 
B-cell origin (i.e., acute myeloid leukemia [AML] and B-cell acute 
lymphoblastic leukemia [B-ALL]) have been classified by the 
World Health Organization (WHO) by the presence of recurrent 
chromosomal rearrangements which affect the choice of therapy 
and have significant prognostic value. Acute leukemias without 
recurrent chromosomal rearrangement have been traditionally 
classified by their cell of origin, but recently these leukemias have 
been subjected to whole genome analyses, revealing the presence 
of novel recurrent molecular lesions. As clinical data matures, the 
list of oncogenes and tumor suppressors deregulated by mecha-
nisms other than chromosomal rearrangement may be incorpo-
rated into a new classification schema. In this chapter, we focus 
on the more common recurrent genetic abnormalities found in 
acute leukemias, with special emphasis on how the genetic defects 
inform our concept of leukemia pathogenesis. We provide specific 
examples where the genetic lesions have led to the development 
of targeted therapies with fewer side effects than traditional cyto-
toxic chemotherapy. This is truly an exhilarating time for hemato-
logic oncology, where laboratory findings have direct relevance to 
current treatment modalities.

reasons for studying molecular Genetics of 
acute leukemia
A major reason for understanding the molecular genetics of 
acute leukemia is to develop novel molecular treatments for 
this disease. The paradigm for the translation of basic research 
knowledge to clinical treatment has been chronic myelogenous 
leukemia (CML). The first leukemia to be associated with a recur-
rent translocation, t(9;22)(q34;q11.2) (the Philadelphia chromo-
some),1 CML was also the first leukemia where the product of 
the translocation, breakpoint cluster region (BCR-ABL1) was 
characterized.2 In addition, CML was the first leukemia for which 
a specific molecular inhibitor, imatinib (Gleevec), was designed.3 
Research and clinical trials are currently underway to increase 
the armamentarium of targeted molecular therapies. An addi-
tional benefit of being able to identify the molecular lesions in 

a given acute leukemia is the ability to carry out more accurate 
risk stratification of newly diagnosed patients. Numerous clinical 
studies have correlated clinical prognosis with the set of genes 
that are altered in a patient’s leukemic blasts. Results from the 
initial cytogenetic and molecular studies on a patient’s leukemic 
blasts are used to stratify the leukemia as favorable or unfavor-
able, as listed in Tables 72.1 and 72.2 for adult AML and pediatric 
B-cell ALL, respectively. Finally, the particular array of mutated 
genes in the leukemic blasts provides a very sensitive method 
for determining efficacy of treatment by using these aberrant 
molecular markers to quantify minimal residual disease after 
treatment.

A large number of the genes altered by translocation encode 
transcriptional regulatory proteins that often preserve the original 
DNA-binding specificity of one of the fusion partners, but have 
altered properties of transcriptional activation or repression. The 
search to understand these altered properties has led investiga-
tors to basic discoveries of how transcriptional regulatory proteins 
modify chromatin structure to open up or inhibit the transcription 
of target genes. However, the genes that are recurrently mutated 
in acute leukemias also belong to other functional classes of 
proteins. Kinases which are rendered constitutively active by 
mutation can deregulate the cell’s signal transduction pathways 
and lead to uncontrolled proliferation. Mutations in genes encod-
ing proteins involved in modification of histones or methylation 
of DNA can lead to altered expression of groups of genes that 
can have effects as dramatic as those caused by mutations in 
transcription factors. Additional functional categories of genes 
that are recurrently mutated in leukemia are inhibitors of apop-
tosis and nuclear pore proteins. This chapter will focus on the 
mechanisms by which mutations in genes in each of these major 
functional classes may contribute to the pathogenesis of leukemia.  
If we understand the mechanism by which “driver” mutations 
work, we may be able to reverse or inhibit their actions to develop 
novel treatment modalities for leukemia.

multiple hit model of leukemia
Another theme that emerges from the study of the molecular 
genetics of leukemia is that usually more than one genetic hit is 
necessary for the development of leukemia.4 This principle has 
been repeatedly demonstrated in mouse models, where introduc-
tion of the fusion gene found in acute leukemia by transgenic 
technology or retroviral transduction results in predisposition 
to acute leukemia with long latency, unless the accumulation of 
additional genetic hits is facilitated by treatment with a muta-
genic agent. The multistep model of carcinogenesis is not limited 
to leukemias, and is reviewed in Hanahan and Weinberg’s recent 
update5 of their original paper6 first outlining the six hallmarks 
of cancer. These hallmarks, now updated to eight, are proper-
ties that cancer cells must acquire through multiple mutations 
in order to become malignant: sustained proliferative signaling, 
evading growth suppression, enabling replicative immortality, 
resisting cell death, inducing angiogenesis, activating invasion 
and metastasis, avoiding immune destruction, and deregulating 
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cells (HSCs). However, what is relevant to leukemogenesis is that 
HSCs have self-renewal. Many of the well-characterized recurrent 
translocations in acute leukemia produce fusion genes that encode 
mutant transcription factors that can no longer activate the genes 
required for differentiation. However, some translocations (nota-
bly BCR-ABL1), and some of the genes most commonly affected 
by point mutations (FLT3) encode kinases that cause deregulated 
proliferation.4 Through new advances in technology outlined in 
the next section scientists have discovered a host of additional 
gene mutations that occur in leukemia, suggesting many more 
than two hits in the path toward leukemia. In addition, a further 
layer of regulation at the epigenetic level has been hypothesized 
due to the number of genes mutated in leukemia that are active 
in modification of histones or in regulation of DNA methylation.

advances in technology: a Genomic perspective 
of acute leukemia
The tremendous advances in technology in the few years since the 
previous version of this chapter have revolutionized our ability 
to analyze individual genomes (Table 72.3). As mentioned above, 
G-banding of chromosomes was our first view of the leukemia 
genome and is still highly informative in identifying transloca-
tions, aneuploidy, and other gross chromosomal rearrangements 
(>4 megabases).7,8 More focused analyses such as interphase 
fluorescence in situ hybridization (FISH) have improved the 
resolution of standard cytogenetics so that amplifications or dele-
tions of 100 kilobases may be visualized.9 In the last 10 years, 
oligonucleotides covering the entire human genome have been 
printed onto arrays allowing hybridization of fluorescently labeled 
leukemic and control genomic DNA.10,11 This array comparative 
genomic hybridization (CGH) can identify copy number variation 
(CNV), and has been powerfully employed in identifying recurrent 

Cytogenetic Classification Cytogenetic Abnormality Mutation in FLT3 Other Mutations Overall Risk Profile

Favorable RUNX1-RUNX1T1
CBFB-MYH11

FLT3-ITD-neg or positive Any Favorable

Intermediate-I and -II Normal karyotype
MLLT3-MLL
Unclassified cytogenetics

FLT3-ITD-neg Mutant NPM1 or IDH1/2

FLT3-ITD-neg Wild-type ASXL1, MLL-PTD, 
PHF6, or TET2

Intermediate

FLT3-ITD-neg or positive Mutant CEBPA
FLT3-ITD-positive Wild-type MLL-PTD, TET2, 

and DNMT3A, or trisomy 
8-negative

FLT3-ITD-neg Mutant TET2, MLL-PTD, 
ASXL1, or PHF6

Unfavorable

FLT3-ITD-positive Mutant TET2, MLL-PTD, 
DNMT3A, or trisomy 8, 
 without mutant CEBPA

Unfavorable RPN1-EVI1
DEK-NUP214
MLL rearranged 
−5 or del(5q), −7
Abnl (17p)
Complex karyotype

FLT3-ITD-neg or positive Any

From Patel JP, Gonen M, Figueroa ME, et al. Prognostic relevance of integrated genetic profiling in acute myeloid leukemia. NEJM 2012;366: 1079–1089 and Mrozek K, Marcucci G, Nocolet D, 
et al. Prognostic significance of the European LeukemiaNet standardized system for reporting cytogenetic and molecular alterations in adults with acute myeloid leukemia. J Clin Oncol 2012. 
doi:10.1200/JCO.2012.43.4738.

table 72.1

Risk GRoups in AduLT AcuTe MyeLoid LeukeMiA BAsed on cyToGeneTic And MoLecuLAR AnALysis

Risk Group
Cytogenetic or 
Molecular Abnormality Target Genes

Favorable t(12;21)(p13;q22.3) ETV6-RUNX1
Hyperdiploid > 50 
 chromosomes

Simultaneous trisomies of 
4, 10, and 17

Unfavorable t(9;22)(q34.1;q11) BCR-ABL1
t(4;11)(q21.3;q23) MLL-AFF1
Hypodiploidy < 44 
 chromosomes

iAMP21 RUNX1
Deletion 7(q13) IKZF1
Mutation in JAK1/2 JAK1/2
Deletion/translocation of 
CRLF2

CRLF2

From Pui C-H, Evans WE. Acute lymphoblastic leukemia. NEJM 1998;339:605–615 and 
Zhou Y, You MJ, Yong KH, et al. Advances in the molecular pathobiology of B lymphoblastic 
leukemia. Hum Pathol 2012;43:1347–1362.

table 72.2

Risk GRoups in pediATRic B-ceLL AcuTe LyMpHoBLAsTic 
LeukeMiA BAsed on cyToGeneTic And MoLecuLAR AnALysis

cellular energetics.5 In the field of leukemia research, attention 
has been focused on deregulation of proliferation (Class I muta-
tions), and a block in differentiation (Class II mutations).4 The 
block in differentiation is visually striking under the microscope, 
as blasts have morphologic characteristics of hematopoietic stem 
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table 72.3

immunopurification can enrich for genomic DNA that is associated 
with specific histone marks that denote active or inactive gene 
expression. These tools will be important in analyzing the effects 
of mutant leukemia proteins that modify histone residues.

In 2008 the entire genome sequence of a cytogenetically 
normal AML patient was completed for the first time.29 In 2009 
further refined techniques were used to sequence a second AML 
genome to a higher level of coverage (98%),30 and in 2010 DNA 
from the first patient was subjected to deeper sequencing.31 In 
each patient multiple acquired somatic mutations were identified 
by comparison to normal skin from the same patient. Somatic 
mutations unique to the leukemia cells were found in coding 
sequences, as well as in conserved or regulatory portions of genes. 
All of the mutations were shown to be heterozygous and were 
present in the majority of the blasts. Screening of a large panel of 
AML samples for novel coding region mutations identified in the 
two sequenced genomes demonstrated two genes not previously 
thought to be involved in leukemogenesis that were recurrently 
mutated: IDH1, (mutated in 16% of cytogenetically normal AML 
samples),32 and DNMT3A (mutated in 22% of AML samples).31

A recent study greatly expanded this breakthrough work by 
deep sequencing the genomes of 12 patients with AML with a nor-
mal karyotype and 12 patients with acute promyelocytic leukemia 
(APL) with the t(15;17).33 Again, bone marrow and skin samples 
were compared, and all single nucleotide variations (SNVs) were 
validated by Illumina sequencing. An average of 440 SNVs per 
genome were identified. The number of SNVs per genome was not 
different between the cytogenetically normal leukemia cases and 
the t(15;17) leukemia cases, and the number was proportional to 
age. Interestingly, the number of mutations detected in HSCs from 
normal patients was similar and also varied with age, suggesting 
that mutations randomly accumulate in stem cells and that the 
hundreds of mutations in the AML genomes most likely preexisted 
before the initiating mutation that gave growth advantage to the 
AML clone.33 Thus only a few mutations may be relevant to the 
pathogenesis of the clone. An average of 11 mutations with trans-
lational consequences were present in cytogenetically normal AML 
genomes and 10 in APL (counting promyelocytic leukemia-retinoic 
acid receptor-a [PML-RARA] itself). Only a few were recurring in 
other AMLs, with an average of 3 recurring mutations in each 
cytogenetically normal AML genome and 2 recurring mutations, 
including PML-RARA, in the AML genomes with t(15;17).33

The complexity of mutations that contribute to the leukemic 
phenotype is visually appreciated in Figure 72.1, a summary of 
coexpression of mutations in a cohort of 398 patients with AML 
that were screened for mutations of eighteen gene loci.34

deletions and amplifications in acute leukemias. Similar microar-
rays were designed to cover common single nucleotide polymor-
phisms (SNPs) for genotyping purposes, but they too have been 
used to identify CNVs, particularly copy number neutral loss of 
heterozygosity (also known as uniparental disomy) in leukemia.12 
Array CGH and SNP arrays display the human genome as small 
probes and will not detect balanced translocations. Most excit-
ingly, major advances in whole genome sequencing now provide 
single base pair resolution so that point mutations may be identi-
fied as well as chromosomal rearrangements.13 These powerful 
technologies are readily deployed in the diagnosis of acute leuke-
mia and provide a complete genomic perspective of the disease; 
however, there are important caveats. Human genomes are full of 
rare and common structural variants and SNPs.14–18 Therefore, 
mutations can only be interpreted as being acquired in leukemo-
genesis if they are not present in normal somatic tissue. Thus, 
matched normal somatic tissue is frequently subjected to the same 
genomic analyses as leukemic blasts.

The sequence of the human genome was completed in 2001 at 
90% coverage after 10 years of collaborative and arduous work 
from multiple laboratories for a cost of 1 billion dollars; the draft 
genome sequence contained gaps that were filled in 2004, result-
ing in a highly accurate reference sequence currently at build 
37(2012).19–21 At this writing, a sample human genome can be 
sequenced in 6 weeks for approximately 40 thousand dollars.22 
This remarkably short processing time and reduction in cost were 
made possible by massively parallel sequencing technologies, col-
lectively known as next generation (or second generation) sequenc-
ing.23 The original draft human genome sequence was generated 
by Sanger sequencing or dideoxynucleotide chain termination and 
capillary electrophoresis, first generation technologies. In second 
generation technologies, the addition of nucleotides occurs in 
parallel on multiple DNA strands and is multiplexed frequently 
on microchips or beads.24 This has resulted in an incredible 
information glut. As DNA sequencing technologies race toward 
the $1,000 genome, the burden has shifted toward efficient and 
timely informatics analysis. Some of the complexity of genome 
assembly can be avoided by targeted sequencing or whole exome 
sequencing. Here, capture technologies utilize DNA hybridization 
to purify all the exons of a given genome. These are then fully 
sequenced; of course, in this case the mutations discovered are 
limited only to the coding regions of the genome, and mutations 
within regulatory regions may also be present. Besides mutation 
analysis, next generation sequencing has expedited our ability to 
define whole genome chromatin marks,25 CpG methylation,25,26 
microRNAs,27 and noncoding RNAs.28 For chromatin analysis, 

ResoLuTion of TecHnoLoGies AvAiLABLe To idenTify GeneTic ALTeRATions in AcuTe LeukeMiA

Technique Resolution Molecular Lesion References

Whole genome sequencing 1 bp Point mutations, amplifications, insertions, 
 deletions, translocations

13,325

Whole exome sequencing 1 bp Point mutations, amplifications, deletions 326,327

Transcriptome sequencing 1 bp Gene expression, fusion transcript detection,  
point mutations

328,329

Gene expression microarray – Gene expression 244,246,330

Interphase FISH 100 kb Focal amplifications or deletions 9

Array comparative genomic  hybridization 100 kb amplification
3–5 Mb deletion

Amplifications, deletions 10,11

SNP array 100 kb Amplifications, deletions 11,12,331

Cytogenetics/karyotyping 3–4 Mb Amplifications, deletions, translocations 8,332

FISH, fluorescence in situ hybridization; SNP, single nucleotide polymorphism.
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this category. Another major category of acute myeloid leukemia is 
AML with myelodysplasia-related changes,35 where genetic muta-
tions and chromosomal deletions occur secondary to the mutator 
phenotype of the underlying myelodysplastic syndrome (MDS) in 
some cases.

Whole genome sequencing has clarified our understanding 
of the clonal evolution from MDS to AML. Walter et al compared 
seven sets of samples from patients for whom there were paired 
samples of normal skin, preleukemic bone marrow diagnosed as 
MDS, and bone marrow involved by secondary AML.36 In each 
genome there were 304 to 872 somatic point mutants in coding 
regions or consensus splice site regions, and those point muta-
tions with translational consequences comprised an average of 
24 mutations per genome. These functional mutations occurred 
in a total of 168 genes over the 7 genomes. The strength of the 
study was that the number of mutations allowed study of clonal 
evolution from MDS to secondary AML. The clonal evolution 
described by the sequential acquisition of mutations (defined 
as five mutation clusters by unsupervised clustering analysis) is 
visually shown in Figure 72.2. A majority of the cells in the MDS 
sample contained the same cluster of mutations, meaning that 
before blasts were even detected morphologically, the marrow 
was involved by a clonal process. At the secondary AML stage, 
all the samples contained several clones, all of which had the 
original set of mutations, but which were defined by acquisition of 
new sets of mutations as well. Presumably most of these somatic 
mutations are “passenger” mutations, but the multiplicity of 
mutations tracked adds credence to the description of clonal evo-
lution.36 The mutations that were in characterized genes ranged 
the gamut of genes involved in adhesion, cell death, cell cycle, 
differentiation, metabolism, motility, signaling, transcription, and 
transporters.36 In the subsequent sections, we will discuss how 
alterations of genes that fall in these functional classes contribute 
to leukemogenesis.

acute MyeloiD leukeMia

World health organization classification
A subset of the new WHO classification of acute myeloid leukemia 
is entitled “acute myeloid leukemia with recurrent genetic abnor-
malities”35 (see Table 72.4). These recurrent translocations occur 
most often in de novo acute leukemia, but are not restricted to 

Figure 72.1. Mutational complexity of acute myeloid leukemia (AML). The Circos diagram depicts the relative frequency and pairwise co-occurrence of 
mutations in patients with newly diagnosed AML who were enrolled in the Eastern Cooperative Oncology Group E1900 clinical trial. The length of the arc along the 
outer circle corresponds to the frequency of mutations in the first gene, and the width of the ribbon corresponds to the percentage of patients who also had a mutation 
in the second gene listed on the opposite end of the ribbon. Pairwise co-occurrence of mutations is denoted only once, going in the clockwise direction. The frequency 
of occurrence in the test cohort of the 18 genes in the test panel is listed to the right of the Circos diagram. From Patel JP, Gonen M, Figueroa ME, et al. Prognostic 
relevance of integrated genetic profiling in acute myeloid leukemia NEJM 2012;366:1079–1089, Copyright 2012 Massachusetts Medical Society. Reprinted with 
permission from Massachusetts Medical Society.

AML with recurrent genetic abnormalities
 AML with t(8;21)(q22;q22); RUNX1-RUNX1T1
 AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
 Acute promyelocytic leukemia with t(15;17)(q24.1;q21.1); PML-RARA
 AML with t(9;11)(p22;q23); MLLT3-MLL
 AML with t(6;9)(p23;q34); DEK-NUP214
 AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
 AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
 AML with mutated NPM1
 AML with mutated CEBPA
AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms

AML, NOS

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

AML, acute myeloid leukemia; NOS, not otherwise specified.
From Swerdlow, SH, Campo, E, Harris, NL, et al., Eds. WHO classification of tumours of 
haematopoietic and lymphoid tissues. Lyon, France: IARC Press, 2008.

table 72.4

WoRLd HeALTH oRGAnizATion cLAssificATion of  
AcuTe MyeLoid LeukeMiA
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dominant negative RARA in either a murine hematopoietic cell 
line or primary murine bone marrow cells, followed by stimu-
lation with granulocyte–macrophage colony-stimulating factor 
(GM-CSF), results in arrest of granulocytic differentiation at the 
promyelocyte stage.44

In the absence of RA, the wild-type RARA, present as a het-
erodimer with RXR on the RARE, binds to the corepressor pro-
teins SMRT, N-CoR, mSin3, and histone deacetylases (HDACs). 
Deacetylation of the histones at the target gene promoter results in 
transcriptional repression. Ligand binding at physiologic concentra-
tions of ATRA causes a conformational change that results in release 
of corepressors and recruitment of a coactivator complex (SRC-1), 
which associates with histone acetyltransferases (Fig. 72.3A).45 
Acetylation of the histones at the target gene promoter is associated 
with transcriptional activation (reviewed in Ref. 43).

Wild-type PML protein is normally localized in subnuclear PML 
oncogenic domains, also called nuclear bodies (NBs), in which 
other nuclear factors colocalize.46 PML may act as a tumor sup-
pressor protein and is involved in growth suppression as well as 
in induction of apoptosis (reviewed in Ref. 43). Although it does 
not bind DNA directly, it influences transcription by interacting 
with both CREB-binding protein (CBP),47 a transcriptional activa-
tor, and HDACs, transcriptional repressors, possibly within the 
NBs. The protein encoded by the PML-RARA fusion transcript 
resulting from the t(15;17) is delocalized from the NBs to a micro-
speckled nuclear pattern.48

In APL, the PML-RARA protein binds to RAREs with similar 
affinity to the RARA protein and is able to heterodimerize with 
RXR. It acts in a dominant negative manner, competing with 
wild-type RARA for binding to the RAREs. It binds corepressor 
proteins in the absence of ligand (via the RARA portion of the 
protein). However, physiologic levels of ATRA (10−8 M) are not 
able to convert PML-RARA into a transcriptional activator; phar-
macologic concentrations are required (10−6 M; Fig. 72.3B).45,49 
This provides the mechanistic basis for the efficacy of treat-
ment of APL patients with ATRA to include differentiation of the 
promyelocytes.

Understanding of the mechanism of the response of APL 
to ATRA was furthered by studies of an alternative transloca-
tion, t(11;17)(q23;q21.1), which is rarely seen in patients with 
APL.50 Patients with this translocation are resistant to treat-
ment with pharmacologic doses of ATRA. The fusion partner 
gene on chromosome 11q23 encodes ZBTB16 (previously known 

transcription Factors

Promyelocytic Leukemia-Retinoic Acid Receptor-a
One of the most elegant examples of the interaction between clini-
cal and molecular advances in the treatment of acute leukemia is 
APL. The association between the t(15;17)(q24.1;q21.1) translo-
cation and the characteristic morphology of APL (hypergranular 
blasts with frequent Auer rods or microgranular variant with 
dumbbell-shaped nuclei) has been known for a long time. The 
ability to treat APL with retinoic acid (RA) and the understanding 
of the molecular basis for this treatment is a compelling example 
of the power of molecular medicine. The initial report from 
China37 that all-trans retinoic acid (ATRA) could induce complete 
remission (CR) in APL patients actually preceded the discovery 
that the t(15;17) translocation involved the RARA gene on chro-
mosome 17.38,39,40

Of four translocations associated with APL, the most common 
is t(15;17)(q24.1;q21.1), in which the 5′ portion of the fusion pro-
tein is encoded by the PML gene from 15q24.1 and the 3′ portion 
is encoded by the RARA gene from 17q21.1. The RARA gene is a 
ligand-dependent steroid receptor that mediates the effects of the 
ligand, RA, on the cell. The breakpoint is invariant in intron 2 of 
RARA, yielding the C-terminal portion of the fusion protein, which 
includes the DNA-binding, ligand-binding, dimerization, and 
repression domains of RARA. There are three major breakpoints 
in the PML gene. The most common generates PML(L)-RARA, 
which includes the first six exons of PML encoding 554 amino 
acids of PML.41

The wild-type RARA is a nuclear receptor that acts as a tran-
scription factor and binds to retinoic acid response elements 
(RAREs) in the promoters of many genes, including genes impor-
tant in myeloid differentiation. RARA binds as a heterodimer with 
retinoid X receptor protein (RXR) and acts as a transcriptional 
repressor until ligand (RA) binding occurs, changing the con-
formation of the protein and resulting in transcriptional activa-
tion.42 Target genes important for myeloid differentiation include 
colony-stimulating factors (granulocyte colony-stimulating factor 
[G-CSF]), colony-stimulating factor receptors (G-CSFRs), neutro-
phil granule proteins (leukocyte alkaline phosphatase, lactoferrin), 
cell-surface adhesion molecules (CD11b, CD18), regulators of the 
cell cycle, regulators of apoptosis (BCL2), and transcription factors 
(RARs, STATs, HOX genes) (reviewed in Ref. 43). Expression of a 

Figure 72.2. Clonal progression of MDS to secondary acute myeloid leukemia (AML). This model summarizes the clonal evolution from MDS to secondary 
AML (sAML) in one patient. Cells in clone 1 (yellow ) contain cluster 1 mutations, 323 somatic single nucleotide variants (SNVs) present in approximately 74% of the 
bone marrow cells. Cells in clone 2 (orange) originated from a single cell in clone 1 and therefore contain all cluster 1 and 2 mutations. This clone became dominant 
in the sAML sample, in which three subsequent subclones (red, purple, and black ) evolved through serial acquisition of SNVs (clusters 3, 4, and 5). From Walter 
MJ, Shen D, Ding L, et al. Clonal architecture of secondary acute myeloid leukemia. NEJM 2012;366:1090–1098. Copyright 2012 Massachusetts Medical Society. 
Reprinted with permission from Massachusetts Medical Society.
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Finally, the fusion partner of RUNX1 in t(8;21), named RUNX1T1, 
or ETO (eight-twenty-one), also encodes a transcriptional regu-
lator.62 A gene related to RUNX1T1, CBFA2T3 (or MTG16), is 
involved in yet another translocation involving RUNX1, t(16;21).63 
The structures of the fusion proteins resulting from these CBF 
translocations are shown in Figure 72.4.

RUNX1 is located at chromosome 21q22.3 and is encoded 
by 12 exons over 260 kb of DNA. The N-terminal portion of 
the protein contains the runt homology domain (RHD), which is 
homologous to the Drosophila runt protein64 and is responsible 
for the official HUGO name, RUNX1. This is the DNA-binding 
domain and it is mutated in familial platelet disorder (FPD) and 
in AML associated with RUNX1 mutations.65,66 CBFB interacts via 
this domain and changes the conformation of RUNX1 to increase 
DNA-binding affinity.67 C-terminal to the RHD are potential MAP 
kinase phosphorylation sites, followed by three weak activation 
domains, a nuclear matrix target signal, a dimerization domain, 
and sequences that are recognized by corepressor proteins 
(reviewed in Ref. 68).

The CBFs are essential for hematopoietic development. Gene 
deletion of either Runx169 or Cbfb70 in mice results in fetal death 
at E11.5 to 12.5. These embryos lack all fetal hematopoiesis. 
Further transgenic experiments have demonstrated that Runx1 is 
essential for development of HSCs in the aorta/gonadal/mesoder-
mal (AGM) region, the source of definitive hematopoiesis.71 The 
essential role of RUNX1 in hematopoietic development appears to 
be through its function as a transcriptional activator. It regulates 
lymphoid genes such as B-cell tyrosine kinase, T-cell receptor a 
and b,72 cytokines (interleukin-3 [IL3],73 GM-CSF74), and granu-
locyte proteins (myeloperoxidase and neutrophil elastase),75 to 
name a few. In addition, RUNX1 acts as a transcriptional repres-
sor of genes such as p21Waf1/Cip1 via interactions with the mSin3a 
corepressor76 and with SUV39H1, a histone methyltransferase.77

The ETO gene, now called RUNX1T1, was cloned from the 
t(8;21) fusion58 and is the mammalian homolog of the Drosophila 

as promyelocytic zinc finger), a transcriptional repressor. The 
N-terminal portion of the fusion protein encoded by ZBTB16 
includes the N-terminal POZ/BTB protein interaction domain, 
transcriptional activation and repression domains, and a vari-
able number of zinc fingers important for protein and DNA inter-
actions (reviewed in Refs. 43,45). ZBTB16 interacts with N-CoR, 
SMRT, mSin3A, and HDAC1 via the POZ/BTB domain,51,52 and 
therefore contributes a second binding site for corepressor pro-
teins. Therefore, although pharmacologic doses of ATRA induce 
release of corepressors from the RARA portion of the fusion 
protein, the corepressors binding to ZBTB16 are unaffected (Fig. 
72.3C).43,53 Significantly, concomitant treatment of cells with 
HDAC inhibitors such as trichostatin A (TSA) restores ATRA 
sensitivity, since TSA inhibits the deacetylase activity of the core-
pressors on the ZBTB16 moiety.49,52

Subsequent studies have demonstrate that PML-RARA recruits 
the polycomb-repressive complex 2 (PRC2) to the promoters of 
its gene targets. The PRC2 has a H3K27 methylase activity and 
can initiate gene repression through trimethylation of H3K27.54 
ZBTB16-RARA additionally recruits polycomb-repressive com-
plex 1 (PRC1); treatment with RA releases PRC2 from both 
PML-RARA and ZBTB16-RARA, but does not release PRC1 from 
ZBTB16-RARA.55

Core-Binding Factor Translocations
The t(8;21) is present in approximately 15% of patients with acute 
myeloid leukemia,56,57 and the RUNX1 (runt-related transcrip-
tion factor 1, formerly called AML1) gene, cloned from the t(8;21)
(q22.3;q22) breakpoint,58,59 is mutated in another 3% of AML. The 
activity of the murine counterpart of RUNX1 was first described 
as part of the core-binding factor (CBF), which binds to a core 
enhancer sequence of the Moloney murine leukemia virus long 
terminal repeat.60 Another component of CBF, the non-DNA-bind-
ing CBFb was found to be associated with inversion 16 in AML.61 

Figure 72.3. Model for the role of nuclear corepressors 
and retinoid acid receptor a (rArA) fusion proteins in the 
pathogenesis and treatment of acute promyelocytic leu-
kemia. A: In the absence of all-trans retinoic acid (ATRA), RARA, 
promyelocytic leukemia (PML)-RARA, and promyelocytic leukemia 
zinc finger (PLZF; now known as ZBTB16)-RARA associate with 
N-CoR/sin3A/HDAC1 corepressor complex, which deacetylates his-
tone tails, resulting in a compressed chromatin and transcriptional 
repression. Binding of ATRA at a physiologic concentration induces 
a conformational change in RARA, causing release of the corepres-
sor complex and binding of coactivator (SRC-1) with histone acet-
yltransferase activity. Acetylation (Ac) of histone tails opens up the 
chromatin, facilitating transcriptional activation. B: In the case of 
PML-RARA protein, pharmacologic doses of ATRA are required to 
achieve dissociation of the N-CoR repressor complex. C: Because of 
additional interactions of the PLZF (ZBTB16) moiety of PLZF-RARA 
fusion protein with corepressors, they do not dissociate even in the 
presence of pharmacologic doses of ATRA. Therefore, the chro-
matin still remains in the repressed state. From Guidez F, Ivins S, 
Jhu J, et al. Reduced retinoic acid-sensitivities of nuclear receptor 
corepressor binding to PML- and PLZF-RARa underlie molecular 
pathogenesis and treatment of acute promyelocytic leukemia. Blood 
1998;91:2634–2642, with permission.
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promoter by cotransfected RUNX1, but also reducing the expres-
sion of the reporter gene below baseline.83 The ability of RUNX1-
RUNX1T1 to act as a transcriptional repressor depends on its 
association with HDACs (via RUNX1T1; Fig. 72.4A), since the 
HDAC inhibitor TSA can abrogate effects of RUNX1-RUNX1T1 
on the cell cycle.80 In addition, examination of the M-CSFR gene 
in Kasumi-1 cells (high expressors of RUNX1-RUNX1T1) reveals 
an increase in histone H3Lys9 methylation.84 Targets of RUNX1-
RUNX1T1 repression are presumed to include genes important 
for granulocyte differentiation. In addition, RUNX1-RUNX1T1 
represses the tumor suppressor genes P14ARF and NF1.85,86 
P14ARF stabilizes TP53 by antagonizing MDM2, an inhibitor of 
TP53.87 Therefore, repression of P14ARF reduces the checkpoint 
control path of TP53, and may be a key event in t(8;21) leukemo-
genesis. The promoter of P14ARF has eight RUNX1 DNA-binding 
sites, and wild-type RUNX1 can activate P14ARF. However, 
transfection of RUNX1-RUNX1T1 into cells that have only low 
levels of RUNX1 and high endogenous levels of P14ARF results 
in repression of P14ARF. Samples of bone marrow from patients 
with t(8;21) leukemia have low levels of P14ARF transcript by 
quantitative real-time polymerase chain reaction analysis.85 
Surprisingly, expression of RUNX1-RUNX1T1 in myeloid pro-
genitor cells inhibits cell cycle progression. However, this may 
contribute to leukemogenesis by allowing time for accumulation 
of mutations in a cell immune from TP53-induced apoptosis due 
to inactivation of P14ARF.85

nervy gene.78 The four homology domains shared with the 
Drosophila protein include a region of similarity to TAF110, a 
hydrophobic heptad repeat (HHR), an ND domain of undeter-
mined function, and two zinc finger motifs that may be a protein–
protein interaction domain (Fig. 72.4A).68 RUNX1T1 does not 
appear to bind DNA specifically on its own. However, it may act 
as a corepressor protein.79 It associates with N-CoR and mSin3A, 
and directly binds to the Class I HDACs, HDAC-1, HDAC-2, and 
HDAC-3 (Fig. 72.4A).80

In the t(8;21) translocation, the RUNX1 gene is fused to the 
RUNX1T1 gene on chromosome 8. The breakpoint in the RUNX1 
locus is between exons 5 and 6,81 yielding a fusion protein with 
the N-terminal 177aa of RUNX1.58 In this fusion protein, the DNA-
binding domain is present, but the C-terminal activation domains, 
corepressor interaction sites, and nuclear localization signals (NLSs) 
of the wild type are not present (Fig. 72.4A).68 The breakpoint in 
the RUNX1T1 gene occurs in the introns between the first two alter-
native exons of RUNX1T1, resulting in the inclusion of almost all of 
the coding region for RUNX1T1 in the fusion transcript.58

The RUNX1-RUNX1T1 protein specifically binds to the same 
DNA-binding site as RUNX1 and can heterodimerize with CBFB.82 
Therefore, the RUNX1-RUNX1T1 protein can act as a dominant 
negative inhibitor of wild-type RUNX1. However, cotransfection 
experiments demonstrated that RUNX1-RUNX1T1 can also func-
tion as an active transcriptional repressor, not only inhibiting 
activation of a reporter gene containing the GM-CSF receptor 

Figure 72.4. Schematic diagram of the t(8;21), t(16;21), t(12;21), and inv(16) fusion proteins with known corepressor contacts. A: t(8;21) RUNX1/
RUNX1T1. The RUNX1 portion is shown in light pink, with the DNA-binding domain indicated. The RUNX1T1 portion is the dark pink box with domains conserved 
between RUNX1T1 and its Drosophila homolog in light gray boxes. Known contacts with corepressors and histone deacetylases are shown. B: t(16;21) RUNX1-
MTG16 (now known as CBFA2T3). RUNX1 is shown as a light pink box, and MTG16 is shown in a similar manner to RUNX1T1 in A. C: t(12;21) ETV6-RUNX1. 
ETV6 is the dark pink box, with the conserved pointed (PNT) domain indicated. The RUNX1 portion is the light pink box. Interactions with corepressors and HDACs 
are shown. D: Inv(16) CBFB-SMMHC (now known as MYH11). The CBFB portion, which interacts with RUNX1, is light pink, and the SMMHC is dark pink, with the 
coiled-coil domain indicated as well as the C-terminal portion, which is necessary for interaction with mSin3A and HDAC8.77 HHR, hydrophobic heptad repeat; ND, 
nervy domain; TAF110, a domain with homology to the TAF110 coactivator; ZF, zinc finger domain. From Hiebert SW, Lutterbach B, Amann J. Role of corepressors in 
transcriptional repression mediated by the t(8;21), t(16;21), t(12;21), and inv(16) fusion proteins. Curr Opin Hematol 2001;8:197–200, with permission.
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transactivates the genes for G-CSF and GM-CSF receptors and 
several granulocyte-specific proteins. The gene produces two 
proteins using alternative start sites. The larger and predomi-
nant 42-kD protein consists of two N-terminal transactivating 
domains, with a C-terminal bZIP domain consisting of a basic (b) 
region that mediates DNA sequence binding and a leucine zipper 
(ZIP) domain that mediates dimerization.100 The shorter 30-kD 
protein is transcribed from an alternative internal start site, 
and retains its bZIP domain but lacks the first transactivation 
domain. Mutations in CEBPA are of two types: C-terminal bZIP 
domain mutations and N-terminal truncating mutations that 
lead to enhanced production of the 30-kD protein.101,102,103 The 
former type inhibits dimerization and DNA binding. The latter 
type dimerizes with the long form, but inhibits transactivation 
by the dimer, functioning in a dominant negative manner. In 
two-thirds of AML with CEBPA gene mutations, one allele has an 
N-terminal mutation and the other allele has a C-terminal vari-
ant. Several families with familial AML have been documented to 
have germline CEBPA N-terminal mutations, and progression to 
AML has been shown to correlate with a somatic mutation in the 
C-terminus.104 CEBPA mutations most often occur in intermedi-
ate-risk AML with normal cytogenetics, and these patients have 
a significantly improved outcome.94 Interestingly, mutation of 
CEBPA at both alleles is associated with a better overall survival 
than mutation of CEBPA at a single allele.105 Approximately one-
third of AML with CEBPA mutations also have FLT3 mutations, 
and the CEBPA mutation confers a more favorable prognosis in 
this group of AML patients as well.34

GATA1
GATA1 is a zinc finger transcription factor that regulates ery-
throid and megakaryocytic differentiation. In the acute mega-
karyoblastic leukemia (AMkL) that occurs in children with 
Down syndrome (DS), mutations of GATA1 have been described 
in all tested cases.106,107,108 Familial missense mutations in 
GATA1 result in a syndrome of dyserythropoietic anemia and 
thrombocytopenia, while conditional knockout of Gata1 in 
megakaryocyte precursors in mice leads to thrombocytopenia 
and megakaryoblast proliferation. Approximately 10% of DS 
patients develop transient myeloproliferative disorder (TMD) 
in the neonatal period (usually in the first week, almost always 
within the first 2 months of life), and these patients have muta-
tions in GATA1.106,109 About one-third of DS patients with TMD 
later develop AMkL within 5 years, and identical GATA1 muta-
tions have been identified in the AMkL blasts as were present 
in the TMD. A large study demonstrated that there is no dif-
ference in the GATA1 mutations present in patients who just 
developed TMD compared to patients who went on to AMkL.110 
The mutations in GATA1 result in transcription of a truncated 
form that lacks its N-terminal transactivation domain, GATA-1s. 
This shorter form has similar DNA-binding activity but reduced 
transactivation compared to wild-type, and it therefore can act 
in a dominant negative manner. By introducing the truncated 
GATA1 into GATA1-deficient fetal liver progenitor cells by ret-
roviral transduction, Muntean and Crispino demonstrated that 
GATA-1s restored terminal differentiation but that abnormal 
proliferation occurred.111 Interestingly, analysis of a knock-in 
mouse model where Gata-1s replaces wild-type Gata-1 demon-
strates that fetal liver megakaryocytes abnormally proliferate, 
but that megakaryocyte proliferation is normal in adult bone 
marrow.112 This may explain why TMD occurs in the neonatal 
period in DS patients. Research into the gene(s) on chromosome 
21 that cooperate with mutant GATA1 to produce AMkL in DS 
children is ongoing; a recent mouse study reported evidence 
that Dyrk1a (dual-specificity tyrosine-phosphorylation-regulated 
kinase 1A) can cooperate with mutant Gata1 to promote mega-
karyoblast expansion.113

Finally, inversion 16, present in about 8% of AML cases, 
involves the CBF complex member CBFB and is associated with 
a morphologically distinct subset of AML, previously consid-
ered M4Eo in the French-American-British Cooperative Group 
Classification. This disease is a myelomonocytic leukemia with 
abnormal eosinophils that have dark purple as well as orange 
granules.35 This cytogenetic abnormality in which the CBFB gene 
is fused to the smooth muscle myosin heavy-chain (SMMHC) 
gene, MYH11, results in fusion of the first 165aa of CBFB to the 
C-terminal coiled-coil region of SMMHC protein (Fig. 72.4D).61 A 
C-terminal region of SMMHC/MYH11 is necessary for the activ-
ity of CBFB/MYH11 as a transcriptional corepressor, and this 
region also associates with mSin3a and HDAC8. Presumably 
CBFB/MYH11, which cannot bind DNA on its own, interacts with 
RUNX1 to form a transcriptional repressor complex.88

A number of experiments demonstrate that the CBF transloca-
tions are necessary but not sufficient for induction of leukemia. 
In order to determine whether expression of RUNX1-RUNX1T1 
is sufficient to produce leukemia, mice were generated with a 
conditional Runx1-Runx1t1 knock-in allele using the Lox-Cre 
system. This obviates the embryonic lethality that results when  
Runx1-Runx1t1 is introduced into transgenic mice (recapitulating 
the phenotype of the Runx1 null mouse). No leukemia developed 
in 20 Runx1-Runx1t1+ mice in 11 months, and no hematologic 
abnormality was detected except for a slight increase in the 
number of hematopoietic colony-forming cells. Interestingly, 
expression of  Runx1-Runx1t1 did not cause a significant block 
in differentiation of hematopoietic precursors. When the mice 
were mutagenized with the DNA alkylating agent, ethylnitro-
sourea (ENU), 31% of the mice developed granulocytic sarcoma 
or AML.89 This supports the hypothesis that several genetic “hits” 
are necessary for the development of leukemia.

Another study used retroviral transduction of CD34+ human 
hematopoietic progenitor cells to investigate the effect of 
RUNX1-RUNX1T1 on proliferation and differentiation.90 In mice 
reconstituted with RUNX1-RUNX1T1 expressing HSCs there 
was an expansion of the HSC population and immature myeloid 
cell populations, although the mice did not develop acute leuke-
mia.91 Therefore, the expression of RUNX1-RUNX1T1 promotes 
accumulation of immature cells and prolongs the period of 
time during which progenitor cells may accumulate additional 
mutations.

Further support for the hypothesis that genetic mutations 
besides a mutant RUNX1 locus are necessary for development of 
acute leukemia comes from the study of patients with FPD with a 
propensity to develop AML (FPD/AML). These patients have muta-
tions in one allele of RUNX1.92 They have defective platelets and 
progressive pancytopenia, and develop myelodysplasia and a high 
incidence of AML with age. However, second mutations appear to 
be necessary before progression to AML occurs. This implies that 
acquisition of additional mutations is necessary for development 
of leukemia.

CCAAT/Enhancer Binding Protein-a
CCAAT/enhancer binding protein-a (CEBPA) is a transcription 
factor that regulates granulocytic differentiation.93 Cytogenetically 
silent mutations of CEBPA have been identified in about 10% of 
AML cases.94 In addition, mutations in other oncogenes in leuke-
mia often lead to CEBPA downregulation. For example, RUNX1-
RUNX1T1 represses the CEBPA promoter.95 FLT3-ITD activation 
of ERK leads to modification of CEBPA which reduces its activity.96 
In addition, the CEBPA promoter is methylated in half of AML 
cases.97

The importance of CEBPA in granulocyte differentiation 
is demonstrated by the lack of mature granulocytes in Cebpa 
knockout mice,98 while its conditional expression triggers 
granulocyte differentiation in bipotential precursors.99 CEBPA 
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5hmC demonstrate that cotransfection of plasmids encoding IDH1 
and TET2 result in a global increase in 5hmC, whereas cotrans-
fection of plasmids encoding mutant IDH1 and wild-type TET2 fail 
to demonstrate an increase in 5hmC.117 Therefore, mutations in 
IDH1 and TET2 both produce increased DNA methylation: mutant 
IDH1 by inhibiting TET2, and mutant TET2 by loss of its ability to 
convert 5mc to 5hmC, and thereby promote demethylation.116–119 
The significance of these changes for pathogenesis of AML is 
demonstrated by experiments in which either stable expression of 
mutant IDH1 or shRNA-mediated knock-down of TET2 in primary 
mouse bone marrow cells resulted in increased c-kit expres-
sion and decreased expression of the mature myeloid markers 
Mac-1 and Gr-1 by flow cytometric analysis.116 Therefore, the 
hypermethylation and resultant silencing of genes as a result of 
IDH1 and TET2 mutations presumably inhibit myeloid differentia-
tion and thereby promote development of AML. This mechanism 
suggests new avenues of molecular therapy in that drugs that 
mimic a-KG or that inhibit the mutant IDH1/2 may restore proper 
enzymatic function to histone demethylases and TET2, promoting 
normal histone and DNA methylation patterns.117 In studies per-
formed to date, mutations in IDH1 and TET2 have not been shown 
to have a significant impact on survival.105

DNMT3A
Deep sequencing of DNA from the first AML patient with a normal 
karyotype revealed additional mutations, including a mutation in 
DNA methyltransferase (DNMT3A). Sequencing of the DNMT3A 
gene in DNA from 281 AML patients revealed a mutation rate 
of 22.1%. The DNMT3A mutations were found in patients with 
intermediate-risk cytogenetics. As a group these patients had a 
mean overall survival significantly shorter than the patients with 
wild-type DNMT3A: 12.3 months compared to 41.1 months.31 The 
mutations detected in patients with AML map predominantly at 
the interface where they disrupt tetramerization of the DNMT3A 
molecules. Dimeric DNMT3A molecules still have methylase activ-
ity, but they dissociate from DNA more quickly than wild-type, so 

AMkL in Down syndrome is sensitive to cytosine arabinoside/
anthracycline-based chemotherapy, with event-free survival rates 
of 80% to 100%.114 Interestingly, a putative target of GATA1 
regulation is cytidine deaminase (CDA), which inactivates ara-C 
by deamination to the inactive uridine arabinoside. Presumably 
failure of GATA-1s to transactivate CDA increases the efficacy of 
ara-C treatment.111

epigenetic Factors modifying chromatin  
and Dna

IDH1/2 and TET2 Mutations
In the whole genome sequencing of blasts from a patient with 
cytogenetically normal AML, mutations in isocitrate dehydroge-
nase 1 (IDH1) were detected and were found to be present in 
16% of a panel of 80 cytogenetically normal AML samples.30 IDHI 
mutations had previously not been described in AML, though 
IDH1/2 mutations are common in gliomas.115 In a further screen 
of AML DNA, it was found that IDH1/2 mutations are mutually 
exclusive with mutations in TET2 (ten-eleven translocation 2) in 
de novo AML (Fig. 72.5). Additional findings suggesting a func-
tional link between the products of these two genes are that AMLs 
with mutations in IDH1 have similar patterns of DNA hypermeth-
ylation as AMLs with mutations in TET2.116 In addition, these two 
mutational categories of AML share patterns of aberrant gene 
expression at the level of 93%.116 The link became clear upon fur-
ther investigation of the enzymatic activity of IDH1/2 and TET1/2. 
Wild-type IDH1/2 catalyzes production of a-ketoglutarate (a-KG), 
whereas the neomorphic enzymatic activity of mutant IDH1/2 pro-
duces 2-hydroxyglutarate (2-HG). a-KG–dependent enzymes such 
as histone demethylases and TET1/2 are inhibited by 2-HG, which 
is structurally similar enough to a-KG that it can bind in place of 
a-KG and inhibit these enzymes.117 The TET proteins catalyze the 
conversion of 5-methyl cytosine (5mC) to 5-hydroxymethyl cytosine 
(5hmC), which is thought to be a first step in demethylation of the 
cytosine.118 Experiments using a fluorescent-tagged antibody to 

Figure 72.5. IDH1/2 mutations are mutually exclusive with mutations in TET2 in de novo AML. A: Circos diagram revealing relative frequency and 
pairwise co-occurrences of mutations in IDH1 and IDH2 in a cohort of 385 patients with de novo AML. B: Circos diagram revealing relative frequency and pairwise 
co-occurrences of mutations in TET2 in a cohort of 385 patients with de novo AML. Reprinted from Figueroa ME, Abdel-Wahab O, Lu C, et al. Leukemic IDH1 and IDH2 
mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair hematopoietic differentiation. Cancer Cell 2010;18:553–567, with  permission 
from Elsevier.

72683_ch072_1523-1542.indd   1531 7/31/13   7:51 AM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

1532 Part vii Hematologic Malignancies • SECtiON 2 The Acute Leukemias

domain is a protein domain shared by a number of transcriptional 
regulators that have histone methyltransferase activity.130 H3K4 
methylation is associated with transcriptional activation.

MLL rearrangements involve approximately 10% of chromo-
somal rearrangements overall in patients with ALL, AML, and 
MDS, and are associated with poor prognosis.131 More than 60 
different partner loci have been identified132; the 10 most common 
translocation partners are listed in Figure 72.6, along with a pie 
chart demonstrating the frequency of the translocation in pedi-
atric vs. adult leukemia and AML vs. ALL. In pediatric and adult 
ALL, the most common translocation partners are the AFF1 gene 
(previously known as AF4) at 4q21.3 in t(4;11), the MLLT3 gene 
(previously known as AF9) at 9p22 in t(9;11), and the MLLT1 (ENL) 
or ELL genes at 19p13.3 and 19p13.1, respectively, in t(11;19). 
Interestingly, the t(9;11) and t(11;19) are also associated with 
AML133; thus the name mixed lineage leukemia, since the gene 
is involved with leukemias of both myeloid and lymphoid origins.

The breakpoints of 11q23 usually occur between exons 8 and 
11 of MLL (Fig. 72.7),122 leaving approximately the N-terminal 
1,400 amino acids of the MLL protein.134 The retained pro-
tein contains three AT-hook sequences thought to bind DNA at 
the minor groove,135 the CxxC domain that specifically binds 
unmethylated DNA, and a lysine-rich RD2 region. The conserved 
C-terminal SET domain is usually lost, though it is the domain 
that has the H3K4 histone methyltransferase activity that is the 
mechanism by which the wild-type protein activates HOX gene 
transcription (Fig. 72.7).122

There has been much investigation as to the role of the mul-
tiplicity of fusion partners of MLL. Two of the most common 
fusion partners, MLLT10 (AF10) and MLLT1, associate with 
DOT1L, which is a histone methyltransferase with a different 
activity than wild-type MLL, as it methylates histone H3 lysine 
79 (H3K79me).136 This histone modification is also associated 
with transcriptional activation, however. DOT1L is one of many 
proteins in a Dot.com complex, which consists of DOT1L, AF10 
(MLLT10), AF17 (MLLT6), and ENL (MLLT1) (Fig. 72.8).122,136 
Thus the plethora of MLL fusion partners begins to make sense, 
as many of them normally associate together in complexes that 
regulate transcription. Therefore the fusion protein associates 
with its usual partners, but the H3K79me marking occurs at dif-
ferent sites than usual, as the N-terminal MLL protein has the 
DNA-binding sites that bring the activating histone methyltrans-
ferase activity to MLL target genes. Demonstration of an abnor-
mal increase in the H3K79 methylation pattern at target HOXA 
genes confirms this hypothesis, and this increase was shown to 
be dependent on DOT1L function.137 Dependence on functional 
DOT1L not only for the H3K79 methylation pattern but also for 
the development of leukemia has been demonstrated with a con-
ditional knockout mouse model for Dot1L expression.137 If cells 

that fewer cytosines in a CpG island are methylated.120 The effect 
on tetramerization explains why the DNMT3A mutations are dom-
inant negative, usually occurring in just one allele. Global methyl-
ation does not seem to be affected in DNA from AML with mutated 
DNMT3A, but analysis of DNA methylation by MeDIP-Chip (meth-
ylated DNA immunoprecipitation-Chip) analysis in a matched set 
of DNAs from 5 AML patients with mutated DNMT3A and 5 AML 
patients with wild-type DNMT3A demonstrated 182 genomic 
sites where the DNA from patients with mutated DNMT3A was 
hypomethylated.31 Studies of DNA methylation in Dnmt3a-null 
murine HSCs demonstrated a complex story with poor correlation 
between changes in methylation sites and changes in gene expres-
sion comparing wild-type to Dnmt3a-null HSCs. However, changes 
in gene expression patterns may be due to changes in methylation 
of regulatory regions of directly affected genes, whose expression 
then alters regulation of many other genes by mechanisms other 
than methylation. Transcriptional profiling of Dnmt3a-null HSCs 
did reveal that genes involved in the multipotency of normal HSCs 
were upregulated, whereas genes necessary for differentiation of 
the HSCs were downregulated. This suggests that the DNMT3A 
mutations may contribute to the block in differentiation that 
occurs in leukemic blasts. Interestingly the Dnmt3a-null mice have 
not yet developed leukemia, suggesting that DNMT3A mutation 
alone is not sufficient for leukemogenesis.121

Mixed Lineage Leukemia: 11q23 Translocations
A transcriptional activator that is characteristically rearranged in 
infant leukemia, therapy-related leukemia, and mixed phenotype 
acute leukemia is the mixed lineage leukemia gene (MLL), which 
maps to chromosome 11q23 (reviewed in Ref. 122). The MLL gene 
consists of 34 exons over 100 kb encoding a 3,969 aa protein.122 
MLL is the mammalian homolog of trithorax, a Drosophila tran-
scriptional regulator that positively regulates homeobox genes.123 
Homeobox genes are a large family of genes which are develop-
mental regulators essential for growth and differentiation. They 
were first identified in Drosophila during the study of genes 
whose mutations led to developmental abnormalities involving 
misassignment of body segment identity.124 The mammalian 
homologs consist of 39 HOX genes, which are important in mam-
malian development and cell fate determination.125 Analysis of 
chimeric mice reconstituted with Mll-deficient embryonic stem 
cells demonstrates that MLL expression is required for definitive 
hematopoiesis and expansion of HSCs in the AGM region.126 Wild-
type MLL appears to be responsible for the regulation of homeo-
box gene expression during development, including HOXA9, 
HOXC8, HOXA7, HOXA10, HOXC6, and HOXC9.126,127,128,129 
Wild-type MLL regulates HOX gene expression by methylation 
of histone H3 lysine (H3K4), requiring the SET domain. The SET 

Figure 72.6. The distribution of the most common MLL chimaeras in acute lymphoid and myeloid leukemias. In MLL-rearranged ALL, AFF1, AF9 (now 
known as MLLT3 ), ENL (now known as MLLT1 ), and AF10 (now known as MLLT10 ) account for 90% of all the translocations, and in AML 70% of MLL translocations 
involve AF9 (MLLT3 ), ENL (MLLT1 ), AF10 (MLLT10 ), ELL, and AF17 (now known as MLLT6 ). AFF1 is the most frequent translocation partner of MLL, which is typically 
associated with ALL. Reprinted by permission from Macmillan Publishers Ltd: Mohan M, Lin C, Guest E, Shilatifard A. Licensed to elongate: a molecular mechanism 
for MLL-based leukaemogenesis. Nat Rev Cancer 10:721–728, copyright 2010.
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Therefore, interaction of this complex with the MLL fusion protein 
may provide another mechanism for increasing HOX target gene 
transcription.122,139

The end result of the recruitment of these transcriptional 
regulatory complexes by the MLL fusion protein is thought to be 
abnormally sustained homeobox (HOX) gene expression. Usually 
HOX genes are expressed highly during early development, but 
then are downregulated during hematopoiesis. However, the 
MLL fusion protein inappropriately activates the HOX genes.122 
Microarray analysis of MLL leukemia cells supports this hypoth-
esis, as high levels of HOXA9, HOXA5, HOXA4, and HOXA10, as 
well as MEIS1, characterize the gene expression profile of leuke-
mias with MLL translocations.140,141

MLL rearrangements are associated with several unique types 
of leukemia. First, in infant acute leukemia (birth to 1 year), 
there is a 60% to 80% incidence of 11q23 rearrangement.142 
Second, in acute leukemias related to treatment with DNA 
topoisomerase II inhibitors, there is a 70% to 90% incidence of 
MLL rearrangements, particularly t(4;11)(q21;q23) and t(9;11)
(p21-22;q23).143,144 Topoisomerase II is an enzyme involved in 
unwinding of DNA during replication and transcription. It does so 
by producing double-stranded in the DNA, after which (ds) breaks  
the ends are rejoined by a ligase activity of topoisomerase II. 
Topoisomerase II inhibitors such as epipodophyllotoxins inhibit 
this ligase function so DNA double strand breaks accumulate, 
triggering apoptotic events. In MLL there are 11 sites similar to 
topoisomerase II consensus binding sites in the breakpoint cluster 
area.145 Therefore, if DNA ds breaks created by the topoisomer-
ase II are incorrectly religated, translocations in MLL are likely to 

are transduced by a retrovirus expressing MLL-MLLT3, smaller 
colonies of blast-like cells grow if the Dot1L is inactivated by the 
introduction of Cre. In addition, the colonies then demonstrate 
morphologic signs of differentiation. If the MLL-MLLT3 cells 
are transplanted into irradiated mice, in vivo colonies are also 
reduced if Dot1L is inactivated, and these colonies have more 
differentiation and fewer proliferating cells.137 In addition, 
methylation analysis of HOXA and MEIS1, target genes of MLL, 
demonstrate reduced H3K79me2 modification after disruption 
of DOT1L. Even more dramatic is the effect of a small molecule 
inhibitor of DOT1L, EPZ004777, which specifically inhibits 
DOT1L and prevents its H3K79 methylase activity.138 The growth 
of MLL-rearranged cell lines such as MV4-11 and MOLM-13 is 
inhibited by EPZ004777 after several days of exposure in cell cul-
ture, and levels of HOXA9 and MEIS1 expression are decreased. 
However, the growth of a leukemia cell line in which MLL is not 
rearranged (Jurkat) was not affected by EPZ004777. In addition, 
treatment of a mouse xenograft model of MLL with EPZ004777 
resulted in a statistically significant increase in median survival. 
Therefore, inhibition of DOT1L holds promise for targeted treat-
ment of MLL leukemia.138

Data also exists for participation of MLL fusion proteins 
with other transcriptional regulatory complexes. Purification 
of the proteins involved in the super elongation complex (SEC) 
revealed participation of several of the MLL translocation part-
ners, including AFF1 (AF4), MLLT3 (AF9), MLLT1 (ENL), and ELL 
(Fig. 72.8).139 The SEC complex also contains elongation factors 
such as ELL2, ELL3, P-TEFb, EAF1, and EAF2, and it functions 
to promote transcriptional elongation by RNA polymerase II. 

Figure 72.7. Structure of wild-type and leukemia-associated mixed lineage leukemia (MLL) proteins. Top: Domain architecture of wild-type MLL. 
Cleavage of MLL (denoted by the blue arrow ) results in 320-kDa MLLN and 180 kDa MLLC fragments, which noncovalently associate. Domains within MLLN include 
three AT-hooks (red ), two subnuclear localization motifs (SNL1 and -2) (purple ), a DNMT1 homology region (CxxC) (green), four plant homeodomain (PHD) fingers 
(blue ), an atypical bromodomain (orange ), and a FYRN domain (open circle ). The breakpoint cluster region (BCR) spans an 8.3-kb region encompassing exons 7 to 
13 (according to the new nomenclature) and is the site of chromosomal translocations involving MLL. Between the CxxC and the first PHD finger is repression domain 
2 (RD2). A host cell factor-binding motif (HBM) (yellow ) is found between the bromodomain and PHD3. MLLC contains a transactivation domain (TAD) (filled oval ), a 
FYRC domain (open square), and a C-terminal SET domain (dark blue ). Middle: Chromosomal translocations involving MLL result in chimeric MLL-fusion proteins 
that include the N-terminal sequence of MLL up to the BCR (dotted vertical line), followed by one of several different fusion partners. Also shown are examples of 
fusion partner proteins. MLL-fusion proteins invariably retain AT-hooks, SNL and -2, and the CxxC domain of MLLN, while losing the downstream PHD fingers and 
further C-terminal domains, including the SET domain. Bottom: MLL is also prone to internal partial tandem duplications (MLL-PTD), leading to duplication of MLL 
sequences comprising the AT-hooks, SNL1 and -2, and the CxxC domain, that are inserted at the BCR. Republished with permission of Annual Reviews, Inc. Muntean 
AG, Hess JL. The pathogenesis of mixed lineage leukemia. Annu Rev Pathol Mech Dis 2012;7:283–301.
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pathway (IDH1/2, TET2), and (2) Mutations in genes involved in 
epigenetic modification (DNMT3A, ASXL1, MLL).154

kinases

FLT3 Mutations
FLT3 may be the single most commonly mutated gene in AML 
(reviewed in 155). Originally cloned from CD34+ HSCs, it encodes 
a type III receptor tyrosine kinase. FLT3 ligand (FL) is a type I 
transmembrane protein that is expressed on the surface of sup-
port and hematopoietic cells in the bone marrow. It normally 
stimulates growth of immature myeloid cells and stem cells.156 
When FL ligand binds to the FLT3 receptor, FLT3 dimerizes 
and autophosphorylates intracytoplasmic tyrosine residues. The 
phosphorylated, activated FLT3 then activates downstream sig-
nal transduction pathways, including PI3K/AKT, MAPK/ERK, 
and STAT5.157,158 Several types of mutations in FLT3 have been 
cloned from leukemic cells. The most common are internal tan-
dem repeat (ITD) mutations, in which head-to-tail duplications of 
various lengths and positions occur in the juxtamembrane (JM) 
portion of the molecule (Fig. 72.9).159 These elongation mutations 
may occur due to DNA replication errors as a result of a potential 
palindromic intermediate that may form at that site.160 The JM 
domain is an autoinhibitory domain whose inhibitory function is 
usually relieved by autophosphorylation after ligand binding.155 
The in-frame insertions in the JM domain produce mutant pro-
teins that are constitutively activated; they are able to dimerize 

occur. Interestingly, infant leukemia with MLL translocations has 
a similar distribution of breakpoints, whereas sporadic cases of 
acute leukemia have more random breakpoints.146 This observa-
tion has triggered speculation that in utero exposure to environ-
mental topoisomerase II inhibitors such as flavonoids may have a 
role in the etiology of infant leukemia.147

Recently a different type of MLL gene alteration involving an 
in-frame partial tandem duplication of exons 5 to 11 has been 
described in approximately 4% to 7% of patients with AML148 
(Fig. 72.7). This occurs in the absence of visible chromosome 
abnormalities and is often associated with FLT3 mutations.148 
This mutation retains the C-terminal SET domain, unlike all 
known MLL fusions resulting from balanced translocations. A 
mouse knock-in model replacing one copy of Mll with the Mll-
PTD (MllPTD/WT mice) results in overexpression of Hoxa7, Hoxa9, 
and Hoxa10 in bone marrow, blood, and spleen.149 Inspection 
of the promoter of Hoxa7 and Hoxa9 by chromatin immunopre-
cipitation assay demonstrates an increase in H3K4 methylation, 
as would be predicted due to the retention of the SET domain 
(Fig. 72.7).

The latency of development of leukemia appears to be shorter 
for MLL rearrangements than for other leukemogenic rearrange-
ments. In studies of twins who develop infant leukemia, those 
bearing a shared MLL rearrangement have a concordance of 
nearly 100% in the first year of life, whereas in twins sharing 
another rearrangement, the concordance is 25% and the time to 
development of leukemia may be years instead of months.150,151 
Similarly, therapy-related leukemias based on MLL rearrangement 
occur sooner after therapy than those occurring after alkylating 
agents or radiation, usually with 7q- or 5q-cytogenetics.144,152 
This suggests that the oncogenic fusion protein produced by the 
MLL rearrangement can deregulate the cell without the accumula-
tion of many secondary mutations. However, in genetic experi-
ments in mice where the Mll-Mllt3 fusion gene is knocked in, there 
is still a latency of 6 months before development of acute leukemia, 
suggesting that some secondary mutations are necessary.153 An 
additional reflection of the potency of MLL rearrangements is that 
they are a poor prognostic indicator in infant leukemia, ALL, and 
most AML cases.142

This section demonstrates that mutations in genes involved in 
epigenetic regulation have emerged as a significant mechanism 
of leukemic transformation. In addition to the genes discussed 
above, mutations in ASXL1 (addition of sex combs-like 1), a 
member of the polycomb-repressive deubiquitylase complex, and 
mutations in EZH2 (enhancer of zeste homolog 2), an H3K27 
methyltransferase in the PRC2, have been found in AML that is 
secondary to MDS or myeloproliferative diseases. This enlarging 
group of genes has led Shih et al. to propose two additional cat-
egories of genes involved in the pathogenesis of AML besides the 
Class I genes promoting proliferation and the Class II genes pro-
moting block in differentiation. These two additional categories 
are: (1) Mutations in genes involved in the hydroxymethylation 

Figure 72.8. Proposed mechanism by which mixed lineage leukemia (MLL) 
fusion proteins increase transcription of HoxA9. MLL fusion proteins lose a large 
carboxy-terminal portion that includes the H3K4me3 writing methyltransferase SET 
domain, retain the chromatin-targeting property, and also acquire aberrant transactivation 
mechanisms through MLL fusion partners. On the left, a subset of MLL fusions MLL-AF10 
(MLLT10), MLL-ENL (MLLT1), and MLL-AF9 (MLLT3), directly interact with DOT1L through 
the MLL fusion partner and induce the methylation of H3K79 at HoXA9. Some other MLL 
fusions, MLL-AF4 (AFF1), MLL–AF5q31 (AFF4), and MLL-ELL, interact with and recruit 
the P-TEFb transcription elongation complexes to HoXA9. On the right, DOT1L complexes 
(DOT1L–AF10-AF17-ENL [or AF9]) associate with P-TEFb complexes through the shared 
component ENL. Reprinted by permission from Macmillan Publishers Ltd: Chi P, Allis CD, 
Wang GG. Covalent histone modifications-miswritten, misinterpreted and mis-erased in 
human cancers. Nat Rev Cancer 2010;10:457–469, copyright 2010.
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cells mediated by the RAS and STAT5 pathways. Blood 2000;96:3907–3914 and Kelly LM, Liu 
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concentration of protein.170 While NPM appears to function to 
transport preribosomal particles from the nucleolus to cytoplasm, 
other functions have also been described, including regulation 
of centrosome duplication, regulation of p53, and functional 
regulation and stabilization of P19ARF (reviewed in Ref. 171). 
Cytogenetically silent mutations of NPM1 have now been identi-
fied in 35% of adult AML with normal karyotype. The frequency 
is less (9% to 27%) in pediatric AML with normal karyo-
type.171,172,173 The NPM1 mutation is stably expressed, being 
consistently present in leukemic blasts at relapse.174 The wild-
type NPM has two NLSs and two nuclear export signals (NES) that 
mediate the nuclear–cytoplasmic shuttling of wild-type NPM. Over 
50 different mutations in NPM1 have been found in patients with 
AML; all of these mutations cause changes in the C-terminus of 
the NPM protein, including generation of a new NES motif, and 
loss of tryptophan residues 288 and 290, or 290 alone, causing 
unfolding of the C-terminal domain and disruption of binding 
to the nucleolus.174,175 The presence of a mutation correlates 
absolutely with abnormal subcellular localization of NPM, with 
relocation from its normal predominantly nucleolar location to 
the cytoplasm; this can be detected in tissue sections by immuno-
histochemistry. The mutation is always heterozygous, which may 
be related to the fact that the homozygous mutant is embryonic 
lethal.176 The mutant NPM appears to function in a dominant 
negative manner through heterodimerization with normal NPM, 
to cause relocation of some of the normal NPM, as well as the 
mutant NPM, to the cytoplasm.177 The mechanism by which the 
cytoplasmically located NPM promotes leukemia is under inves-
tigation. Conditional expression of mutated NPM in transgenic 
mice results in overexpression of HOX genes in Lin− marrow pro-
genitor cells.178 Another mechanism by which mutant NPM1 may 
promote leukemogenesis is by destabilizing the tumor suppressor 
protein P14ARF, which regulates the TP53 response. P14ARF 
colocalizes with NPM to the nucleolus, and their interaction sta-
bilizes P14ARF. Without this interaction and nuclear location, 
p19Arf (the mouse homolog) is more rapidly degraded by pro-
teasomes. By this mechanism, mutant NPM may indirectly cause 
decreased amounts of the tumor suppressor protein P14ARF.174 
NPM1 mutations frequently occur in conjunction with IDH1 and 
IDH2 mutations and with DNMT3A mutations (see Fig. 72.1).34,173 
Several studies have shown that patients with NPM mutations 
in the absence of FLT3 mutations have a favorable response to 
chemotherapy.173,175 Patients with intermediate-risk cytogenetics 
and mutations in NPM1 and either IDH1 or IDH2 mutations have 
an improved rate of overall survival and are considered to have 
an overall favorable risk.34

risk stratification of acute myeloid leukemia
A major purpose of molecular genetic testing performed on 
clinical AML samples in the molecular diagnostics laboratory is 
to have enough information to choose the optimal therapy and to 
assess the prognosis of the patient. Besides determining informa-
tion about BCR-ABL1 or PML-RARA rearrangements that have 
an obvious impact on treatment decisions, the risk stratification 
of the patient helps the doctor determine whether it is best to 
treat with aggressive therapy, to adopt a gentler chemotherapy 
regimen, or to rush the patient to transplant. A recently published 
attempt to integrate the newly expanded knowledge of molecular 
defects, both mutations and translocations, that occur in AML 
reported the results of testing for mutations in a panel of 18 genes 
in 398 patients with AML at diagnosis. 97.3% of the patients had 
at least one somatic mutation. The frequency of each of the 18 
mutations tested is demonstrated in Figure 72.1, as well as the 
Circos diagram depicting the interrelationships between the muta-
tions.34 The Circos diagram visually conveys the multiplicity of 
mutations that occur in most patients. This integrated mutational 
analysis demonstrated patterns of co-occurring mutations and 

and autophosphorylate in the absence of ligand.160 Other types of 
mutations include activation loop mutations, usually an Asp825Tyr 
substitution resulting from a point mutation in the second tyrosine 
kinase domain (TKD), producing constitutive activation of FLT3.155

The overall frequency of FLT3-ITD in adult AML is 24% of 
patients, while in pediatric AML the frequency is somewhat lower 
at 10% to 15% (reviewed in Ref. 155). The frequency is very low 
in MDS and ALL. In contrast, the FLT3 activation loop mutation 
is reported in 7% of AML, 3% of MDS, and 3% of ALL patients.161 
FLT3-ITD is detected most frequently in APL, but has been detected 
in all AML subtypes.155 In addition, FLT3 is overexpressed at the 
mRNA and protein levels in many cases of AML and ALL.162

The role of the FLT3-ITD in leukemogenesis has been inves-
tigated by retroviral transduction of murine bone marrow stem 
cells followed by transplantation into mice. These mice develop a 
myeloproliferative disease with predominantly maturing myeloid 
elements, but they do not develop acute leukemia.163 Therefore, 
the FLT3 mutations may confer the proliferative signal in patients 
with acute leukemia, whereas a concomitant balanced transloca-
tion or other genetic defect confers the block in differentiation 
necessary for development of acute leukemia.155

Mutation of FLT3 is a significant independent prognostic 
factor for poor outcome in patients younger than 60 years. In 
a study of 91 pediatric AML patients on the Children’s Cancer 
Group (CCG) protocol, the remission induction rate was 40% in 
patients with FLT3-ITD compared to 74% with wild-type FLT3. 
The difference in event-free survival at 8 years was even more 
striking, at 7% for patients with FLT3-ITD compared to 44% 
for patients with wild-type FLT3.164 In a study of 398 patients 
younger than 60 with AML, FLT3-ITD mutations were the pri-
mary predictor of outcome in patients with intermediate-risk 
cytogenetics and were associated with reduced overall sur-
vival.34 As with BCR-ABL1 for CML, the implication of a mutant 
constitutively active tyrosine kinase receptor in the pathogenesis 
of AML opens up the possibility of identifying a selective kinase 
inhibitor as a specific treatment for AML patients with a mutant 
FLT3. Several kinase inhibitors have been identified by inhibi-
tion of IL3-independent growth of cell lines expressing FLT3-ITD 
in culture.165,166 Eight of these FLT3 inhibitors (FLT3-TKI) have 
been tested in phase I/II trials as single agents (reviewed in 
Ref. 167). In each study a majority of patients achieved >50% 
reduction in peripheral blast count, but these reductions were 
transient, lasting several weeks to months. The partial efficacy 
may be in part due to the refractory nature of the phase I/II 
patient population. However, a study performed by Piloto  
et al.168 on resistant human cell lines developed through pro-
longed coculture with FLT3 tyrosine kinase inhibitors demon-
strated that although FLT3 phosphorylation was still inhibited, 
downstream signaling pathways were activated. In two cell lines, 
activating NRAS mutations were detected. No mutations in FLT3 
were detected. However, in other studies, SMRT sequencing was 
used to demonstrate secondary FLT3 kinase domain mutations 
in 4 of 8 patients who relapsed after treatment with FLT3-TKI. 
The mutation frequency in the patients’ blasts was 20% to 50%, 
consistent with most of the leukemic blasts having a mutation on 
one allele. This degree of mutation in relapsed patients supports 
the idea that FLT3 mutations are “driver” mutations necessary 
for growth of the leukemic clone. From the crystal structure of 
FLT3 several of the mutations would force the molecule into an 
active kinase confirmation which is not recognized by the AC220 
type II kinase inhibitor used in the study.169

nuclear pore proteins

Nucleophosmin
Nucleophosmin (NPM) is a molecular chaperone that shut-
tles between cytoplasm and nucleus, with particular nucleolar 
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CD72.181 In Pax5−/− mice, B-cell development is arrested prior 
to the B220+ pro–B-cell stage, and these pro-B cells are uncom-
mitted lymphoid progenitors.182 Mutations in genes necessary for 
B-cell differentiation are a perfect example of Class II mutations 
that cause a block in cell differentiation in the classic model of 
acute leukemia pathogenesis.

transcription Factors

PAX5
In the above-mentioned study, the PAX5 gene was altered by dele-
tion or mutation in 31.7% of cases in a series of 242 B-ALLs.181 It is 
rearranged in 2.6% of pediatric B-ALL cases, with 17 different fusion 
partners documented. PAX5 is a paired box domain (PRD) tran-
scription factor, encoded by the PAX5 gene at chromosome 9p13, 
and consists of 10 exons that encode a 391 amino acid protein. In 
all the fusion proteins, the paired box domain DNA-binding region 
and nuclear localization region are retained, but the C-terminal 
transactivation domain is deleted.183 The C-terminal fusion proteins 
may act in contrast as transcriptional repressors, which would be 
brought to PAX5 target gene promoters by the retained PAX5 DNA-
binding region. The PAX5 fusion proteins may act as dominant 
negative molecules in conjunction with the product of the wild-type 
PAX5 allele, and in this way may repress genes whose products are 
necessary for B-cell differentiation. The PAX5 translocations are 
correlated with a relatively normal karyotype, suggesting that they 
have a major role as a driver mutation; PAX5 deletions, however, 
are usually associated with a complex karyotype.184

Core Binding Factors
RUNX1 is also involved in a translocation that is present in 25% 
of pediatric B-ALL, t(12;21)(p13;q22.3).185 This translocation is 
associated with a good prognosis, although it is often missed by 
standard karyotype analysis. In this translocation, the N-terminus 
of ETV6, formerly called TEL (translocation-ETS-leukemia), is 
fused to most of the coding region of RUNX1.186 ETV6 contains a 
DNA-binding ETS domain and a “pointed” domain homologous to 
the Drosophila development protein, pointed.187 ETV6 is a tran-
scriptional repressor and as such it contains a DNA-binding ETS 
domain and domains that interact with mSin3A (pointed domain), 
N-CoR, and HDAC-3 (Fig. 72.4C).188 The functional significance of 
these interactions with HDACs was demonstrated by the ability of 
TSA to inhibit two properties of 3T3 fibroblast cells transformed 
with ETV6 and Ras: expression of the stromelysin-1 gene and 
aggregation.188

also mutually exclusive mutations. Some of the more important 
co-occurrences are KIT mutations and CBF alterations, co-occur-
rence of IDH1/2 mutations and NPM1 mutations, and DNMT3A 
mutations with NPM1, FLT3, and IDH1 mutations. As mentioned 
previously, IDH1/2 mutations do not occur in patients with TET2 
mutations (Fig. 72.5). In addition, IDH1/2 and WT1 mutations are 
mutually exclusive, as well as DNMT3A mutations and MLL trans-
locations.34 The effect of multiple mutations and the interplay with 
underlying cytogenetic changes on risk stratification are shown 
in Table 72.1.34,179 The most statistically significant predictors of 
overall survival are as follows: FLT3-ITD and MLL-PTD mutations 
are associated with reduced overall survival. CEBPA mutations 
and CBF translocations are associated with improved overall 
survival. PHF6 and ASXL1 mutations are associated with reduced 
survival. IDH2 mutations (R140Q) confer a favorable outcome. 
In intermediate-risk AML, FLT3-ITD mutations are the primary 
factor influencing outcome. In this cohort of patients the group 
with favorable risk had a 3-year overall survival of 64%, whereas 
the group with intermediate risk had a 3-year overall survival of 
42% and the group with adverse risk had a 12% overall survival. 
Multivariate analysis demonstrated that outcomes predicted from 
the risk stratification are independent of age, WBC, induction 
dose, transplantation status, and post-remission therapy.34

Grossman et al.105 developed a similar prognostic model based 
entirely on molecular mutational analysis rather than karyo-
type, in which they constructed an algorithm with 5 prognostic 
subgroups based upon analysis of 1,000 patients for mutations 
in: PML-RARA, RUNX1-RUNX1T1, CBFB, MYH11, FLT3-ITD, 
MLL-PTD, NPM1, CEBPA, RUNX1, ASXL1, and TP53. The very 
favorable prognostic group (overall survival at 3 years of 82.9%) 
consisted of patients with PML-RARA rearrangement or CEPBA 
double mutations, and the very unfavorable group with an overall 
survival of 0% at 3 years consisted of patients with TP53 muta-
tions. TP53, a well-characterized tumor suppressor gene, is 
mutated in many cancers, and mutations in TP53 are the basis of 
the cancer-prone Li-Fraumeni syndrome.180 However, this study 
is the first to characterize the frequency of TP53 mutations in AML 
(11.5%) and its prognostic significance.105

The particular combination of mutations and percentage sur-
vival will change with the discovery of additional mutations, new 
treatment trials, and additional patient cohorts, but the principle 
is important that risk stratification must take into account a mul-
tiplicity of genetic events, both translocations and mutations. The 
role of the molecular diagnostics lab will certainly increase; the 
difficult question will be what is the most prognostically signifi-
cant and cost effective panel of molecular tests to perform on an 
AML patient at diagnosis.

B-acute lyMPHoBlastic leukeMia

introduction
Table 72.5 outlines the WHO classification for B-ALL, which lists 
several of the major translocations that have been repeatedly 
seen in B-ALL. Recent genome-wide analysis of DNA from mul-
tiple B-ALL cases has demonstrated, as in AML, that there are 
multiple deletions and mutations in many other genes besides the 
well-characterized translocations. A recent survey of 242 cases 
of pediatric ALL using Affymetrix SNP arrays identified an aver-
age of 6.46 somatic copy number alterations per case, predomi-
nantly deletions.181 Interestingly, alterations in genes regulating 
B-lymphocyte differentiation were noted in 40% of B-ALL cases. 
The B-cell differentiation genes most commonly translocated or 
mutated include EBF1, PAX5, and IKZF1. Copy number changes 
in PAX5 occurred in 29.7% of this series, with the most common 
alteration being mono-allelic deletion of PAX5. PAX5 is essential 
for B-cell development, and it controls B-cell–specific transcrip-
tion of B-lineage–specific genes such as CD19, CD79a, BLNK, and 

B lymphoblastic leukemia/lymphoma
 B lymphoblastic leukemia/lymphoma, NOS
 B lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities

  B-ALL with t(9;22)(q34;q11.2); BCR-ABL1
  B-ALL with t(v;11q23); MLL rearranged
  B-ALL with t(12;21)(p13;q22.3); ETV6-RUNX1
  B-ALL with hyperdiploidy
  B-ALL with hypodiploidy
  B-ALL with t(5;14)(q31;q32); IL3-IGH@
  B-ALL with t(1;19)(q23;p13.3); TCF3-PBX1
T-lymphoblastic leukemia/lymphoma

B-ALL, B-cell acute lymphoblastic leukemia; NOS, not otherwise specified.
From Swerdlow SH, Campo E, Harris NL, et al., Eds. WHO classification of tumours of 
haematopoietic and lymphoid tissues. Lyon, France: IARC Press, 2008.

table 72.5

WoRLd HeALTH oRGAnizATion cLAssificATion of  
pRecuRsoR LyMpHoid neopLAsMs
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cooperates with other homeodomain proteins during develop-
ment.199 Likewise, PBX1 forms heterodimers with other home-
odomain proteins via the homeodomain and the C-terminal HOX 
cooperativity motif (HCM).200 Cotransfection experiments with 
reporter genes containing DNA-binding sites for PBX1 have dem-
onstrated that PBX1 is not a strong transcriptional activator.201 
The Pbx1−/− mice have late embryonic lethality associated with 
multiple organ abnormalities,202 supporting the hypothesis that 
PBX1 interactions regulate homeodomain protein function. PBX1 
is not normally expressed in lymphocytes.

In the t(1;19) translocation, the breakpoint on chromosome 19 
occurs within the intron between exons 13 and 14 of TCF3, so that 
the N-terminal two-thirds of TCF3 (E2A), aa1-483, are included 
in the fusion protein.192 This includes both of the transcriptional 
activation domains (AD1 and AD2), but excludes the bHLH DNA-
binding and dimerization domains (Fig. 72.10). Therefore, the 
TCF3-PBX1 fusion protein depends on the homeodomain of PBX1 
for DNA-binding specificity. The most straightforward model for 
how expression of the TCF3-PBX1 fusion protein results in the 
development of leukemia is that fusion of the TCF3 activation 
domains onto the PBX1 sequence results in abnormally strong 
transactivation of target genes recognized by the PBX1 homeodo-
main.203 These target genes would be activated in lymphocytes, 
where PBX1 is usually not expressed. Mapping experiments dem-
onstrate that the activation domains AD1 and AD2 of TCF3 are 
necessary for transactivation of reporter genes containing PBX1 
binding sites, and they are also necessary for transformation of 
NIH 3T3 cells.204 Gene expression profiling of a pre–B-cell line 
inducibly expressing TCF3-PBX1 demonstrated upregulation of 
BMI1,205 a gene which is expressed in normal HSCs, but whose 
expression normally decreases during hematopoietic develop-
ment.206 Bmi1−/− mice have a reduced number of HSCs, with 
defective adult self-renewal of HSCs.206 Cells from Bmi1−/− mice 
are resistant to transformation by Tcf3-Pbx1,205 suggesting that 
the mechanism by which TCF3-PBX1 transforms cells is through 
overexpression of BMI1. Interestingly, BMI1 is a transcriptional 
repressor of the CDKN2A locus,205 which encodes the two tumor 
suppressor genes P16INK4A and P14ARF.207 P16INK4A binds to 
CDK4 and 6, preventing association with cyclins and phosphoryla-
tion of Rb. Therefore, repression of P16INK4A results in increased 
phosphorylation of Rb, which loses its affinity for the transcription 
factor E2F, increasing expression of E2F target genes necessary 
for progression to the S phase and proliferation.208,209 The tumor 
suppressor P14ARF inhibits MDM2, a repressor of TP5387; there-
fore, inhibition of P14ARF results in increased MDM2, repression 
of TP53, and loss of the checkpoint functions of TP53 in prevent-
ing propagation of cells with DNA damage.87 Therefore, activation 
of BMI1 by TCF3-PBX1 results in downregulation of two powerful 
tumor suppressor pathways.

Another translocation involving TCF3 occurs in approximately 
1% of pediatric ALL, t(17;19)(q22;p13.3), which fuses TCF3 to 
HLF (hepatic leukemia factor).210,211 Clinically, these patients are 
adolescents; they may present with disseminated intravascular 
coagulation and hypercalcemia and usually have a poor progno-
sis. HLF encodes a transcription factor of the basic leucine zipper 
(bZIP) family, in which the basic region is the DNA-binding region 
and the leucine zipper refers to an amphipathic a-helical domain 
through which HLF can homodimerize or heterodimerize with 
other bZIP proteins. HLF is usually expressed in liver, kidneys, and 
central nervous system neurons, but not in hematopoietic cells.212

The TCF3-HLF fusion protein is homologous to the TCF3-PBX1 
fusion protein, in that the N-terminal 483 amino acids of TCF3, 
contributing the activation domains AD1 and AD2, are fused to 
the C-terminal portion of HLF, which contains the bZIP DNA-
binding and dimerization domains (Fig. 72.10).213 Unlike PBX1, 
wild-type HLF is a strong transactivator, but the alteration in cell 
type expression and alterations in DNA-binding affinity and pro-
tein interactions by virtue of fusion to TCF3 may contribute to the 
transforming properties of TCF3-HLF.214

Another chromosomal alteration involving the RUNX1 locus 
that occurs in approximately 2% of pediatric patients with 
B-ALL is the intrachromosomal amplification of chromosome 21 
(iAMP21). The significance of recognizing this cytogenetic abnor-
mality is that it is associated with a dismal prognosis if treated 
with standard chemotherapy. There is a 6.6 Mbp common region 
of amplification (CRA) on chromosome 21, and in the majority 
of cases an associated 3.3 Mbp common region of deletion at 
the telomere. The average copy number of this CRA is 4.8, and 
the amplification is usually detected by FISH using the RUNX1 
probe. Although RUNX1 is in the CRA, gene expression studies 
do not reveal increased transcription of RUNX1. This cytogenetic 
abnormality is associated with a complex karyotype and multiple 
mutations; however, clonal analysis indicates that the precipitat-
ing genetic event is the iAMP21 amplification.189

TCF3 (E2A) Translocations
A common translocation in childhood B-ALL, present in 5% of 
pre–B-ALL cases,190 is the t(1;19)(q23.3;p13.3) translocation, 
which fuses the TCF3 (E2A) gene on chromosome 19p13.3 with 
the PBX1 gene on chromosome 1q23.3 (Fig. 72.10).191,192 The 
TCF3 locus encodes three transcripts, E12, E47, and E2-5, which 
are generated by alternative splicing.193 They belong to class I of 
the basic helix-loop-helix (bHLH) family of transcription factors 
which bind to specific E-box (CANNTG) sequences in promoters 
and enhancers, the first of which were identified in the enhancer 
regions of the immunoglobulin heavy-chain and k-chain genes.193 
Usually the ubiquitous E2A proteins heterodimerize through the 
HLH domain with members of the class II bHLH proteins, most 
of which are tissue specific in expression. These heterodimers 
are crucial in transcriptional regulation of tissue-specific genes 
during development. Although E2A proteins are ubiquitous, they 
are preferentially expressed in B lymphocytes,194 and E47 forms 
homodimers exclusively in B cells.195 The requirement for E2A 
proteins in B-cell development is demonstrated by Tcf3−/− null 
mice, which exhibit a complete block in B-cell differentiation at the 
pro–B-cell stage prior to immunoglobulin gene rearrangement, as 
well as defective thymocyte differentiation.196,197 These mice have 
an increased frequency of T-lymphoblastic lymphoma.196

PBX1 (pre–B-cell leukemic homeobox 1), identified as the 
fusion partner of TCF3 in t(1;19),198 encodes a member of the 
homeodomain family of transcription factors, encoded by homeo-
box (HOX) genes. The PBX1 gene is the mammalian homolog 
of the Drosophila gene Extradenticle, whose protein product 

Figure 72.10. Structural features of e2A (TCF3) fusion proteins. The N-terminus of the 
E2A (TCF3 ) gene encodes a transcriptional activation domain that is translocated to hepatic 
leukemia factor (HLF ) or pre–B-cell leukemic homeobox1 (PBX1) by chromosome translocations 
in acute lymphoblastic leukemia. In the case of E2A (TCF3)-HLF, the DNA-binding and dimeriza-
tion domains of E2A (TCF3) are replaced by similar domains in HLF. For E2A(TCF3)-PBX1, the 
same DNA-binding and dimerization domains of E2A (TCF3) are replaced with the DNA-binding 
homeodomain of PBX1. AD, activation domain; b HLH, basic helix-loop-helix; bZIP, basic leucine 
zipper domain; H, homeodomain.
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The BCR-ABL1 fusion gene is associated most commonly with 
CML. The pathogenesis of CML will be discussed in Chapter 81. A 
lymphoid blast crisis arising from CML may be difficult to distin-
guish from a Philadelphia chromosome–positive (Ph+) ALL. The 
size of the BCR-ABL1 fusion protein and whether it is restricted 
in expression to lymphoid cells may be helpful in making this dis-
tinction. The most common breakpoint region, the major break-
point cluster region (M-bcr), spans almost 6 kb between exons 12 
and 16 of BCR and results in a fusion protein of 210 kD, referred 
to as p210bcr-abl.227 A minor breakpoint, the m-bcr, is farther 5′, 
after exon 2 of BCR, resulting in a truncated fusion protein of 190 
kD that contains only the first two exons of BCR (p190bcr-abl).2 
Interestingly, p210bcr-abl is much more common in CML and CML 
with lymphoid blast crisis, whereas p190bcr-abl is much more 
commonly expressed in Ph+ ALL. p190bcr-abl is present in 80% to 
90% of pediatric Ph+ ALL and 50% of adult Ph+ ALL.225 However, 
some cases of Ph+ ALL contain both p190bcr-abl and p210bcr-abl. 
Transgenic mice expressing p190bcr-abl develop an aggressive leu-
kemia restricted to pre–B cells, whereas transgenic mice express-
ing p210bcr-abl develop a more chronic disease involving B and T 
cells and myeloid lineages.228 In some cases of Ph+ ALL the aber-
rant fusion protein is present in lymphoid and myeloid marrow 
cells, whereas in other cases the aberrant fusion protein, usually 
p190bcr-abl, is restricted to lymphoid cells. Those cases in which 
p210bcr-abl is present in both lymphoid and myeloid cells are most 
likely to represent a CML lymphoid blast crisis.229

Studies of BCR-ABL1 expression in CML have demonstrated the 
leukemogenic properties of BCR-ABL1 as a constitutive tyrosine 
kinase.230 This constitutive kinase activates by phosphorylation 
multiple downstream signal transduction intermediates, includ-
ing RAS, PLCg, and PI3 kinase.231 Activation of these pathways 
results in proliferation and resistance to apoptosis.232 Presumably 
similar mechanisms are at work in Ph+ ALL. Restriction of 
expression of BCR-ABL1 to the lymphoid lineage would explain 
the development of ALL. However, in those cases of Ph+ ALL in 
which BCR-ABL1 is expressed in the stem cell compartment, it 
is unclear why ALL has resulted instead of CML. A high percent-
age of Ph+ ALL, as well as B lymphoid blast crisis of CML, have 
concomitant mutations in IKAROS, as described above.218,219,233

Treatment of Ph+ ALL remains problematic. Initial response 
to chemotherapy is similar in Ph+ ALL and Ph− ALL, but remis-
sions tend to be short lived. Transplantation appears to be the 
best means of attaining a lasting remission. In a phase II trial 
of imatinib in relapsed or refractory Ph+ ALL, 60% of patients 
achieved a hematologic response, but it was usually short lived.234 
However, trials using imatinib in conjunction with standard 
chemotherapy followed by bone marrow transplant in CR have 
proven more successful. The combination approach induces CR in 
96% of patients with a 30% incidence of relapse and 65% overall 
survival rate at 18 months.235,236 Posttransplant BCR-ABL1 posi-
tivity has a poor prognosis; therefore in current protocols imatinib 
therapy is usually reinitiated 6 to 8 weeks after transplant.233

Secondary resistance to imatinib is common, however, and 
occurs in approximately 70% of relapse patients with CML blast 
crisis or Ph+ ALL. In 50% to 90% of relapse patients, point muta-
tions have been identified in the adenosine triphosphate–binding 
pocket of BCR-ABL1 that is targeted by imatinib.237 New kinase 
inhibitors that can bind to the mutated as well as wild-type 
BCR-ABL1, such as dasatinib and nilotinib, are being utilized in 
patients who develop resistance to imatinib.233

t-cell acute lyMPHoBlastic 
leukeMia/lyMPHoMa
T-ALL is an uncommon acute leukemia but its genetics have been 
studied in considerable depth. The driver mutations in T-ALL 
were first identified by cloning the breakpoints at chromosomal 

Recent experiments using BaF3 cells inducibly expressing 
TCF3-HLF have implicated LMO2 and BCL2 as transcriptional 
targets of the abnormal TCF3-HLF transcription factor.215 
Microarray analysis was performed on RNA from the cell lines 
before and after induction of TCF3-HLF expression; subsequent 
ChIP experiments demonstrated that TCF3-HLF directly binds 
to the promoters of these two genes to transcriptionally activate 
them. Relevant to potential new therapies of this poor prognosis 
leukemia is the finding that knock-down of LMO2 expression 
or inhibition of BCL2 activity in the cells expressing TCF3-HLF 
reduces the proliferation of these immortalized cells.215 LMO2 is 
a transcription factor expressed in hematopoietic progenitors and 
is known to play a role in development of T-ALL216 BCL2 is an 
antiapoptotic protein with a well-known role in the pathogenesis 
of B-cell lymphoma (reviewed in Ref. 217).

IKAROS
SNP array studies first demonstrated that IKZF1, encoding the 
transcription factor IKAROS, is deleted in 76.2% of pediatric Ph+ 
B-ALL and 90.9% of adult Ph+ B-ALL.218 A subsequent study of 
adult B-ALL cases demonstrated that 75% of adult Ph+ B-ALL 
cases had alterations of the IKZF1 gene, compared to 58% of 
adult Ph− B-ALL cases.219 IKAROS is a zinc finger–containing 
transcription factor that is required for lymphoid lineage com-
mitment. It is expressed in multipotent, self-renewing HSCs and is 
necessary for induction of genes important for the lymphoid lin-
eage, as well as repression of genes responsible for self-renewal 
and multipotency in the differentiating progeny of HSCs.220 
Deletions are usually of one allele, and in most cases the dele-
tion involves a subset of exons, most commonly exons 4 to 7.219 
Sequencing of the deletion sites demonstrates the presence of 
heptamer recombination signal sequences that are recognized 
by RAG enzymes during immunoglobulin gene recombination.218 
These deletions result in loss of the DNA-binding domain but 
preservation of the dimerization domain of the protein, creating 
a dominant negative molecule.219 Use of gene expression arrays 
to compare RNA from B-ALL cases with intact or mutated IKZF1 
loci demonstrates that IKZF1 mutations are associated with 
downregulation of several genes in the B-cell differentiation path-
way and upregulation of genes involved in cell cycle regulation, 
apoptosis regulation, DNA damage, and the JAK-STAT signaling 
pathway. In addition, in B-ALL with IKZF1 mutations, there is 
downregulation of RAG and EBF1, two genes whose products are 
involved in IgH VDJ recombination.219 Downregulation of genes 
involved in normal B-cell differentiation may cause the arrest of 
B-cell maturation that occurs in B-ALL. As the gene expression 
patterns in B-ALL with mutations in IKZF1 are similar to gene 
expression patterns in BCR-ABL1 positive ALL, these cases are 
referred to as Ph-like ALL.221 Though the prognosis of these cases 
is poor, discovery of frequent concomitant mutations in cytokine 
receptors such as CRLF2 and other signaling molecules such as 
JAK2 suggests that use of kinase inhibitors may play a role in 
treating this subset of B-ALL.222

kinases

BCR-ABL1
The Philadelphia chromosome is the result of the t(9;22)
(q34;q11.2) translocation in which the 5′ domain of the BCR 
gene from chromosome 22 is fused with the 3’ TKD of the ABL1 
gene from chromosome 9.223,224 The Philadelphia chromosome is 
the resultant shortened chromosome 22. It is the most frequent 
recurring translocation in adult ALL, occurring in 15% to 30% 
of patients,225 and also is present in 5% of pediatric B-ALL.226 
Unfortunately, it is an adverse prognostic factor in children and 
adults.
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numerous transcriptional targets that affect diverse pathways 
required for cell transformation; among these, MYC and HES1 
appear to be important for T-cell leukemogenesis.258,259,260,261 
The FBXW7 gene is mutated in T-ALL and fits into the NOTCH 
pathway since it encodes a component of a multiprotein E3 ubiq-
uitin ligase that targets NOTCH1, MYC, and CCNE for degrada-
tion.262,263,264 Inactivating mutations in FBXW7 are present in 9% 
to 16% of T-ALL patients.265,266 The unique proteolytic pathway 
leading to activated NOTCH1 can be targeted by small molecule 
inhibitors of the gamma-secretase enzyme that is required for S3 
cleavage.267,268,269 These inhibitors have been used in clinical 
testing; however, since NOTCH1 regulates cell fate decisions for 
intestinal epithelial cells, patients have experienced significant 
gut toxicity.267

transcription Factors

TAL1 and LMO Factors
Class B bHLH transcription factors, TAL (SCL) (T-cell acute 
lymphoblastic leukemia 1/stem cell leukemia), TAL2, LYL1, and 
OLIG2 are frequently deregulated in T-ALL.241 The TAL1 gene is 
deregulated in 25% of T-ALL. TAL1 was originally cloned from 
a translocation, t(1;14)(p32;q11), present in 3% of patients with 
T-ALL.270 In the translocation, the breakpoint is 5′ to the coding 
region of TAL1 on chromosome 1, and the translocation places 
TAL1 under the regulation of the T-cell receptor a/b genes on 
chromosome 14.271,272 A second series of rearrangements that 
occurs in 26% of patients with T-ALL results in deletion of 90 to 
100 kb of DNA from the 5′ upstream region of TAL1, placing the 
gene under the control of the upstream constitutively active SIL 
promoter.273 In both cases, the coding region of TAL1 is intact, 
unlike the fusion proteins that are usually expressed in other 
acute leukemias. Also, in some cases of T-ALL, overexpression 
of TAL1 occurs when there is no evident gene rearrangement 
by Southern blot analysis, suggesting a mutation in regulatory 
sequences.274

During development, TAL1 is expressed in early hematopoietic 
elements, in both the yolk sac blood islands and the definitive 
blood cells of the AGM region and fetal liver.275 Postnatally, it is 
expressed in erythroid, megakaryocyte, and mast cell lineages, 
but not in T cells. In nonerythroid cells, TAL1 is expressed in 
stem cells but is not expressed as the cells differentiate; however, 
in erythroid cells, TAL1 expression increases with early erythroid 
differentiation but decreases with terminal differentiation.276 The 
essential role of TAL1 in hematopoietic development is demon-
strated by mice made null for Tal1; embryonic lethality occurs 
due to a total deficiency in hematopoietic progenitors.277,278 
Conditional gene targeting experiments using the Lox-Cre system 
to delete Tal1 in adult mice demonstrate that continued expression 

translocations.238,239,240,241 These experiments revealed onco-
genes whose expression was deregulated by rearrangement 
with the promoters and enhancers of T-cell receptor genes. 
Subsequently, it was shown that these same oncogenes are over-
expressed by mechanisms other than translocation.242,243,244,245 
Indeed, gene expression clustering based on these oncogene 
signatures has been highly informative in classifying T-ALL into 
distinct subtypes that relate to cell of origin.244,246,247 Whole 
exome sequencing and targeted sequencing have revealed numer-
ous important mutations in T-ALL. As shown in Table 72.6, these 
oncogenes and tumor suppressor genes are divided into major 
gene classes. The CDKN2A locus encodes cell cycle regulatory 
genes P14ARF and P16INK4A, and is the most commonly inac-
tivated gene in human T-ALL.238 CDKN2A is located on 9p21 
which shows homozygous deletion in more 72% of patients.182,241 
CDKN2A is also inactivated by other mechanisms.248,249 Deletions 
of 13q14.2 including the RB1 gene occur in up to 12% of T-ALL 
patients182; these deletions are found in patients with intact 
CDKN2A, an expected finding since both of these tumor sup-
pressors act in the same pathway.244,250 Mutations in TP53 and 
CDKN1B (p27) are uncommon, each occurring in less than 1% of 
T-ALL patients.

notch
The NOTCH pathway is mutated in the majority of T-ALL patients. 
NOTCH1 is a regulatory protein that is important in many cell 
fate decisions, including commitment to T-cell lineage and choice 
of ab lineage.251,252,253 It was first cloned from a t(7;9)(q34;q34) 
translocation occurring in a T-ALL patient that involved NOTCH1 
on chromosome 9q34 and the T-cell receptor b-chain gene on 
chromosome 7q34.3.254 The t(7;9) translocation turned out to be 
rare in T-ALL but targeted sequencing revealed that over 60% of 
T-ALL patients have activating mutations in NOTCH1.255 NOTCH1 
is synthesized as a single polypeptide protein that is cleaved in the 
Golgi at site S1 into two subunits, the ligand-binding NEC (extra-
cellular) and NTM (transmembrane), which bind noncovalently at 
the heterodimerization domain. Upon ligand binding to NEC, NTM 
is cleaved at site S2 by a metalloprotease, and cleaved at S3 by 
regulated intramembrane proteolysis catalyzed by a multiprotein 
enzyme, the gamma (g) secretase.256 The remaining intracellu-
lar portion, ICN1, translocates to the nucleus, where it acts as a 
transcriptional regulator with the DNA-binding protein CSL and 
with coactivators of the Mastermind-like family.257 The majority 
of the activating mutations in NOTCH1 found in T-ALL occur in 
the heterodimerization domain or in the PEST domain.255 The 
PEST domain regulates the turnover of NOTCH1. Therefore, the 
heterodimerization domain mutants uncouple NOTCH1 activa-
tion from ligand binding and the PEST domain mutants increase 
NOTCH1 protein stability.255 The NOTCH1/CSL complex has 

Gene Class Frequency (%) Oncogene or Tumor Suppressor

Cell cycle genes 85 CDKN2A, RB1, TP53, CDKN1B
Notch and its targets 70 NoTCH1, FBW7, MYC
bHLH and partners 35 TAL1, TAL2, LYL1, oLIG2, LMo1-3
Homeobox genes 35 TLX1, TLX3, HoXA cluster, MLL, CALM
Other transcription factors and 
chromatin modifiers

5–15 MYB, BCL11B, PHF6, EZH2

Cytokine and signal transduction 5–15 ABL1, FLT3, IL7R, JAK1, LCK, NRAS, IGF1R

The frequency shown is the estimated mean of all the frequencies reported for each individual gene mutation in a given class.

table 72.6

funcTionAL cLAsses of Genes MuTATed in T-LyMpHoBLAsTic LeukeMiA
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mutations in signaling pathways
T-ALL, like most acute leukemias, harbors mutations pre-

dominantly in transcription factors. These proteins are difficult 
therapeutic targets in comparison to cytokine receptors and signal 
transducing tyrosine kinases. The latter group of genes was very 
recently implicated in T-ALL with targeted sequencing approaches. 
For example, gain of function mutations in the IL7R gene have been 
described in 5% to 10% of T-ALL patients.295,315,316 Some of the mis-
sense substitutions in IL7R introduce a cysteine residue in place of 
the wild-type amino acid in the JM domain. This creates a disulfide 
bond linking two receptors, resulting in constitutive phosphorylation 
of STAT5 and other downstream substrates.316 The IL7R protein 
utilizes the nonreceptor tyrosine kinases, JAK1 and JAK3, for signal 
transduction, and these too are mutated in 5% to 10% of T-ALL 
cases.295,317,318,319 FLT3-ITD mutations similar to those found in 
AML are also found in T-ALL. NRAS mutations have also been 
described in ∼10% of patients.181,320,321 The ABL1 gene is ampli-
fied involving simple translocations and complex rearrangements 
in 5% to 10% of T-ALLs.322 Mutations in signaling pathways are 
more common in early T-cell precursor ALL, a form of T-ALL that 
is resistant to induction chemotherapy and prone to relapse.295,296

Some of the oncogenes and tumor suppressor genes 
involved in T-ALL pathogenesis are also targeted by a group of 
microRNAs, offering yet another pathway toward regulation of 
expression.323,324

suMMary
This chapter has reviewed the major translocations found in 
acute leukemia, with a focus on understanding the function of the 
fusion proteins encoded by the translocated genes. In addition, 
genes that are common sites of point mutations or deletions in 
acute leukemia are reviewed. A major theme has been alteration 
of transcriptional regulation. A major focus of future research 
will be identification of downstream targets of these aberrant 
transcription factors. Study of the aberrant transcription factors 
resulting from translocations and mutations has increased our 
understanding of the importance of histone acetylation, deacety-
lation, and methylation in transcriptional regulation. Study of 
mutated tyrosine kinases present in leukemia led to the first 
specifically engineered kinase inhibitor for the therapy of CML 
and Ph+ ALL. Kinase inhibitors have also been developed for the 
relatively common mutant FLT3 protein present in AML. This is 
a truly exciting time for hematologic oncology, where elucidation 
of the pathogenesis of acute leukemia is leading to development 
of new therapeutic agents. However, powerful genomic methods 
have revealed the incredible complexity of the mutational events 
necessary for the development of acute leukemia.
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C h a p t e r  7 3

introDuCtion
The diagnosis and classification of acute leukemias and myelo-
dysplastic syndromes (MDSs) has grown increasingly complex.1,2 
Cases can no longer be fully classified by the use of only morpho-
logic evaluation and cytochemical studies. Historic information, 
such as the presence of Down syndrome, prior therapy, or prior 
MDS all impact the final diagnosis. Additionally, immunopheno-
typic studies are needed for many cases; and cytogenetic, with 
possible molecular genetic, studies are required for essentially 
all cases.

This increase in complexity in the evaluation of these neo-
plasms has resulted in more precise diagnostic categories and 
recognition that the broad categories of acute myeloid leukemia 
(AML), acute lymphoblastic leukemia (ALL), and MDS actually 
represent heterogeneous groups of diseases. The newer disease 
categories are more predictive of outcome than older classification 
systems, in part because of their ability to separate disease groups 
within each category.3–6 Unfortunately, many physicians continue 
to use older terminology for these diseases, relying on terminology 
from the French-American-British Cooperative Group (FAB) clas-
sification7,8,9,10 of these neoplasms. While the FAB classification 
provided firm diagnostic criteria and useful terminology for com-
munication of findings using the methods available at the time, its 
use is no longer appropriate. The third (2001) and fourth (2008) 
editions of the World Health Organization (WHO) classification of 
hematopoietic tumors have dramatically changed the approach 
to diagnosis of many of these neoplasms, and the WHO system 
should be considered the current standard of care. Modifications 
from the LeukemiaNet group and others will certainly continue 
to aid in the refinement of our classification systems.11,12,13 This 
evolution from the FAB to the WHO is reminiscent of changes in 
lymphoma classification with evolution from the Rappaport14 and 
Kiel15 classifications to the Working Formulation16 to the REAL17 
classification and finally to the WHO classification.2,18 Perhaps 
because the changes in lymphoma classification were more step-
wise with shorter time intervals between the changes than the 
leukemia classification changes, they have been more widely 
adopted. We no longer refer to diffuse large B-cell lymphoma as 
histiocytic lymphoma and should no longer refer to AML with 
t(8;21)q22;q22) as M2, or to B-lymphoblastic leukemia with BCR-
ABL1 as L2.

Several discoveries have impacted the classification of these 
neoplasms and many of them are covered in great detail in other 
chapters, but genetic discoveries associated with the acute leuke-
mias and MDSs are probably the most significant. The finding of 
recurrent cytogenetic abnormalities with prognostic significance 
impacts all of these diseases.19,20,21–24 While balanced transloca-
tions are more common in the acute leukemias, the presence of 
single and complex abnormalities in the MDS has helped define 
disease prognosis as well as defining a specific disease category of 
MDS with isolated del(5q).5,6 The more recent discoveries of spe-
cific gene mutations have further impacted both acute leukemia 
and MDS diagnosis.13,25–31 While many of these mutations have 
their greatest frequency in AMLs with a normal karyotype, others 
offer prognostic significance that complements other morphologic 
and karyotypic features.

The classification of AML and MDS has also been impacted 
greatly by the understanding of similarities between the two. 

The so-called myelodysplasia-related AML and de novo AML 
described by Head32 helped lead to a new way of thinking about 
this disease; especially AML occurring in older patients.

This chapter will highlight key classification issues in the acute 
leukemias and MDSs, which are discussed in detail in the chap-
ters that follow.

DiagnostiC evaluation
The diagnostic approach to acute leukemia and MDSs still begins 
with a morphologic evaluation, but requires careful integration of 
the morphologic findings with clinical information and relevant 
laboratory data, including cytogenetic and molecular results.33 
Laboratory data, particularly results of a recent complete blood 
count (CBC) must be reviewed with the samples. Morphologic 
evaluation requires a well-stained (usually Wright-stained) periph-
eral blood (PB) smear prepared from a recent sample (less than 2 
hours from procurement). A 200-cell manual differential count is 
required for PB smears. The bone marrow (BM) aspirate smears 
are best prepared at the bedside immediately after procurement 
and promptly stained. The review of BM aspirate smear includes 
a 500-cell differential count. In patients with inaspirable marrow, 
touch preparation of the BM biopsy can be used in lieu of an aspi-
rate smear. The BM biopsy is usually stained with hematoxylin 
and eosin (H&E) or Giemsa and is useful in many settings.34 The 
morphologic assessment allows for the appropriate use of ancil-
lary tests in these disorders. Details of the ancillary tests used for 
the workup of the various diseases are provided in Chapters 2 
through 4 and will not be repeated here.

Cytochemical studies are still performed at many institutions 
and can often provide quick general information about the cell 
type of an acute leukemia (myeloid versus myeloperoxidase nega-
tive), but because more detailed information can now be obtained 
by flow cytometry in the same time frame, the use of these less 
specific cytochemical studies has decreased. Immunophenotyping, 
usually by multicolor flow cytometry, is now standard for acute 
leukemias and is absolutely required to accurately diagnose the 
lymphoblastic leukemias and some AMLs.7,11,12,35,36 In cases of 
acute leukemia with marrow fibrosis, as may occur with some 
acute megakaryoblastic leukemias and with acute panmyelosis 
with myelofibrosis (APMF) (see Fig. 73.1), paraffin section immu-
nohistochemistry performed on a BM trephine biopsy is essen-
tial.37 The use of flow cytometry immunophenotyping in the MDSs 
is the subject of much study, and many centers have incorporated 
this technique into the evaluation of patients with potential MDS 
not only to help quantitate blood and marrow blast cell percent-
ages, but also to detect abnormal maturing cell populations.11,38,39 
These methods, however, do not replace morphologic evaluation, 
including morphologic blast cell counts on smears.

Cytogenetic studies should also be performed on all cases of 
suspected acute leukemia or MDS.21,40,41 While specific gene 
mutations and some structural abnormalities will be missed 
by this method, karyotype analysis currently provides the best 
overall assessment of chromosomal abnormalities and should not 
be supplanted by other studies. Fluorescence in situ hybridiza-
tion (FISH) or polymerase chain reaction (PCR) studies are often 
helpful to detect cryptic abnormalities that may be missed by 
karyotype analysis and are often added in panels for suspected 
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acute leukemia or MDS.42 Finally, molecular studies for specific 
gene mutations are now routinely performed on samples from 
patients with these disorders, but when each mutation is studied 
individually the specific tests performed should be ordered based 
on the findings of other studies. However, with the rapid growth 
of next-generation sequencing technology,43 more cost-effective 
gene mutation panels will become available that may reduce the 
need for selective testing.

Once this broad array of studies is complete, the results should 
be incorporated into a single report with a final diagnosis. Because 
they cannot always be completed in the time interval needed to 
begin therapy, this approach requires the use of preliminary and 
amended reports. Because the WHO classification relies on use of 
cytogenetic studies and some prognostic risk groups are defined 
by mutation analysis, the diagnosis often needs to be refined, and 
thus amended, when these studies are complete.

MyeloDysplastiC synDroMes
Patients with MDS typically show persistent (>6 months) unex-
plained cytopenias. The majority of MDS patients present with 
anemia. Neutropenia and thrombocytopenia are less common 
presenting symptoms. The cytopenias are defined by a hemo-
globin level of less than 10 g/dL, an absolute neutrophil count 

of less than 1.8 × 109/L, and a platelet count of less than 100  
× 109/L.33,44 Of note, CBC values higher than those listed above 
are not exclusionary for a diagnosis of MDS if definitive mor-
phologic and/or cytogenetic findings are consistent with such a 
diagnosis. Since the presence of cytopenia(s) is required for the 
diagnosis, the most current and preferably previous CBCs have 
to be reviewed at the time of BM exam. Other pertinent data 
include medications, chemical exposure history, and previous and 
current illnesses, since all of these can cause morphologic dys-
plasia indistinguishable from MDS. Comorbidities associated with 
morphologic dysplasia are frequent in elderly patients affected by 
MDS, and include liver and kidney failure, autoimmune disorders, 
neoplasms, and systemic infections. In particular, morphologic 
evaluation is best performed when the patient is off medication.

Dysplastic features can be present in a single hematopoietic 
lineage (unilineage dysplasia) or involve all marrow populations 
(multilineage dysplasia) (Fig. 73.2). At least 10% of all cells in 
a given lineage (erythroid, myeloid, megakaryocytic) have to be 
dysplastic for establishing the presence of MDS-associated dys-
plasia. The majority of MDS subtypes show dyserythropoiesis. 
PB shows normocytic, normochromic, or macrocytic anemia 
with macroovalocytes. Microcytosis can be present in rare cases 
of MDS (e.g., cases associated with congenital or acquired alpha 
thalassemia).45 The most common dysplastic features seen in ery-
throid precursors include nuclear abnormalities such as nuclear 

FIGURE 73.1 Acute panmyelosis with myelofibrosis illustrating the use of immunohistochemistry in diagnosis. The marrow is inaspirable due to marked 
marrow fibrosis (A) with a mixed cellular population that includes immature mononuclear cells. The cells show a mix of granulocyte precursors marking with myelo-
peroxidase (B), erythroid precursors marking with glycophorin B (C), and immature megakaryocytes marking with von Willebrand’s factor (D).

A B

C D
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budding, nuclear fragmentation, irregular nuclear outlines, kary-
orrhexis, internuclear bridging, multinucleation, and megaloblas-
toid, coarsely condensed chromatin. Cytoplasmic vacuoles with 
coalescing vacuoles, defective hemoglobinization and increased 
numbers of ring sideroblasts can also be encountered. Similarly, 

dysgranulopoiesis is often manifested by abnormal nuclear fea-
tures including hypolobation (pseudo-Pelger-Huët or monolobated 
neutrophils), hypersegmented and/or enlarged nuclei, nuclear 
sticks or fragments, macropolycytes, and abnormally condensed 
chromatin, which often coexists with nuclear hypolobation. 

FIGURE 73.2 Dyspoietic changes in myelodysplastic syndrome and acute myeloid leukemia. Peripheral blood (A, B) and bone marrow (C, D) 
 neutrophils may show cytoplasmic hypogranulation, clumped nuclear chromatin, and hyposegmentation, including pseudo–Pelger-Huët anomaly as shown in image  
A.  Dyserythropoiesis may include nuclear-cytoplasmic asynchrony and irregular nuclear shapes in the marrow erythroid precursors (C, D). Megakaryocyte changes 
include hypersegmented cells (E) and smaller, hypolobated cells (F).

A B

C D

E
F
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The 2008 WHO classification further refined the criteria for 
diagnosis and classification of MDS, and seven categories are now 
recognized (Table 73.2). Cases currently recognized as refractory 
cytopenia with unilineage dysplasia (RCUD) were considered as 
refractory anemia (RA) or MDS, unclassifiable in the 2001 WHO 
classification. Such cases encompass patients with one isolated 
cytopenia or bicytopenia associated with unilineage dysplasia. An 
advantage of the new category of RCUD is that one can further 
specify the lineage: refractory anemia, refractory neutropenia, or 
refractory thrombocytopenia. Regardless of the lineage involved 
in RCUD, blasts are absent or represent less than 1% of the PB dif-
ferential count. Patients with 1% blasts in PB or patients with uni-
lineage dysplasia associated with pancytopenia are now classified 
as having unclassifiable MDS (MDS-U), owing to the uncertain but 
presumably more severe clinical significance of these findings.2 
Overall, the category of MDS-U is currently better defined and 
also includes cytopenic patients lacking significant dysplasia, but 
presenting with cytogenetic abnormalities considered presump-
tive evidence of MDS.

The 2008 WHO classification acknowledged a subset of pedi-
atric patients with specific MDS features different from those 
commonly seen in adults, and included a separate category of 
childhood MDS termed refractory cytopenia of childhood. This 
category encompasses children with MDS that have persistent 
cytopenia with less than 2% blasts in the PB and less than 5% 
blasts in the BM.52,53

Some subtypes or presentations of MDS are more challeng-
ing and will be discussed in more detail. MDS-U includes cases 
which do not fulfill criteria of other MDS subtypes. MDS-U can be 
diagnosed in patients fulfilling the following criteria: (1) patients 
who fit the criteria for a diagnosis of RCUD or refractory cytopenia 
with multilineage dysplasia (RCMD), but in whom 1% blasts in the 
blood are found on at least two consecutive occasions; (2) patients 
with MDS with pancytopenia and morphologic dysplasia limited to 
one hematopoietic lineage; (3) patients with persistent cytopenias, 
no increase in blasts, and lacking diagnostic morphologic features 
of MDS (less than 10% dysplastic cells in any lineage), but with 
clonal cytogenetic abnormalities considered as a presumptive 

Cytoplasmic features of neutrophil dysplasia include hypogranu-
lation, pseudo-Chediak-Higashi granules, and rarely Auer rods. 
Hypogranulation occurs frequently and is related to the defective 
formation of secondary granules. However, the evaluation of this 
feature is highly subjective and dependent on the staining quality. 
A well-stained segmented neutrophil or neutrophilic precursor 
with well-developed secondary granules present, preferably in 
the same microscopic field, can be used as an internal control. 
Megakaryocyte morphology can be evaluated using both aspi-
rate smear and the histologic sections (biopsy or clot section) 
with careful examination of at least 30 megakaryocytes.33,44 
Dysplastic features include monolobated, hypolobated, and hyper-
lobated nuclei, and multiple, widely separated nuclei including 
“pawn-ball” forms. Normal size or small megakaryocytes with a 
single (nonlobated) eccentrically placed nucleus are common in  
5q- syndrome and in cases with abnormalities of chromosome 3. 
The latter also shows typically numerous bilobated forms. 
Megakaryocytic dysplasia is often associated with thrombocytope-
nia and platelets of variable size, including large forms occasion-
ally showing hypogranulation.

The biopsy allows for the evaluation of cellularity, architectural 
features, fibrosis, and the presence of previously undiagnosed 
focal lesions such as metastatic neoplasms or infections. In MDS 
marrows, the typical architectural organization is lost. Clusters of 
immature cells are frequently found in the center of the marrow 
space. This finding was originally termed abnormal localization 
of immature precursors and is more frequently seen in cases of 
high-grade MDS. The identification of blast clusters is facilitated 
by CD34 immunohistochemistry, which is also useful to determine 
the number of blasts in cases with inaspirable marrows. The 
presence of CD34 positive cell clusters is a prognostically signifi-
cant finding that is predominantly seen in high-risk MDS.46 The 
BM biopsy is necessary for the assessment of BM fibrosis by the 
Gomori silver impregnation method. Significant fibrosis occurs 
predominantly in high-risk and therapy-related MDS; however, it 
may also occur in low-risk disease. Finally, BM biopsy is critical 
for the exclusion of other hematologic and also nonhematologic 
diseases associated with unexplained cytopenia(s) which can 
clinically mimic MDS.

In addition to dysplasia, the evaluation of blasts constitutes a 
cornerstone of morphologic diagnosis of MDS. The optimal quality 
of BM aspirate and PB smears cannot be overemphasized.33 The 
blast percentage is derived from the 500-cell differential count 
of marrow aspirate smear and 200-cell PB manual differential 
count. Both differential counts are essential for the subclassifi-
cation of individual cases. The agranular and granular (type II 
and type III blasts), and, if present, monoblasts, promonocytes, 
and megakaryoblasts are included in the blast category.47 In the 
absence of adequate BM aspirate smears due to causes such as an 
inaspirable marrow, careful inspection of the histologic material 
aided by a CD34 immunohistochemical stain can be used. The lat-
ter is particularly helpful in cases with significant marrow fibrosis 
or in hypoplastic marrows, which often yield hemodilute marrow 
aspirates.48,49,50 Of note, blasts in MDS can be negative for CD34, 
therefore careful correlation with the visual blast identification 
is required in all cases. It is also important to emphasize that 
morphologic dysplasia is not equivalent to the diagnosis of MDS. 
Megakaryocytic and erythroid dysplasia are commonly seen in 
individuals in a variety of conditions. Nutritional deficiencies, heavy 
metal exposure, medications, and systemic diseases can produce 
morphologic changes resembling those seen in MDS. Therefore, as 
discussed previously, the correlation with clinical history is critical.

Cytogenetics is crucial and is also required for proper classifi-
cation. The MDS-associated abnormalities are listed in Table 73.1. 
In addition, mutational analysis is becoming an important addi-
tional tool in the prognostic assessment of MDS30,51; but mutation 
studies are not routinely performed in the evaluation for MDS at 
this time.

ReCuRRenT CHRoMoSoMAL AbnoRMALiTieS AnD THeiR 
FRequenCy in MyeLoDySpLASTiC SynDRoMe

taBLe 73.1

Abnormality Frequency (%)

Unbalanced
 +8 10

 −7 or del(7q) 10

 −5 or del(5q) 10

 del(20q) 5–8

 −Y 5

 i(17q) or t(17q) 3–5

 −13 or del(13q) 3

 del(11q) 3

 del(12q) or t(12q) 3

 del(9q) 1–2

 idic(X)(q13) 1–2

Balanced
 t(1; 3)(p36.3;q21.2) 1

 t(2; 11)(p21;q23) 1

 inv(3)(q21;q26.2) 1

 t(6;9)(p23;q34) 1
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of megakaryocytes. Cellular streaming is frequently seen on H&E 
biopsy section and is indicative of significant fibrosis. CD34 immu-
nostaining may be helpful in assessing the number of blasts, since 
the aspirate smears are often inadequate in patients with fibrotic 
marrows. Differential diagnoses of MDS-F include other myelofi-
brotic myeloid neoplasms such as APMF, myeloproliferative, and 
myelodysplastic/myeloproliferative neoplasms. Similar to MDS-F, 
APMF, a subtype of AML-NOS (not otherwise specified), shows 
marked fibrosis, trilineage dysplasia, and dwarf megakaryocytes. 
The higher number of blasts (in the range of 20% to 25%), abrupt 
onset with fever and bone pain, and rapidly progressive course 
seen in APMF are helpful in establishing the definitive diagno-
sis.37 Classic myeloproliferative neoplasms, such as primary 
myelofibrosis, can usually be easily distinguished from MDS-F 
by their morphologic characteristics (e.g., large-to-giant mega-
karyocytes with cloud-like nuclei, lack of other myelodysplastic 
features), and by the presence of significant splenomegaly.33,59 
Myelodysplastic/myeloproliferative neoplasms such as chronic 
myelomonocytic leukemia may show morphologic features similar 
to MDS, yet demonstrate laboratory and clinical features of a pro-
liferative process such as elevated WBC and monocytosis.

Hypoplastic MDS (h-MDS), which is defined by its low marrow 
cellularity (cellularity of less than 20% for patients older than  
70 years of age and less than 30% for individuals younger  
than 70 years), accounts for 5% to 10% of MDS patients.2,60 
Similar to typical cases of MDS, h-MDS is a disease of the 
elderly. It is more common in women. H-MDS has a prognosis 
and rate of transformation to AML similar to the corresponding 

evidence of MDS. According to the 2008 WHO classification, if 
characteristic features of a specific subtype of MDS develop later 
in the course of the disease, the case initially classified as MDS-U 
should be reclassified accordingly. The prognosis of MDS-U varies 
and close follow-up is warranted.

MDS with fibrosis (MDS-F) is defined by the presence of 
significant fibrosis (at least 3+ reticulin fibrosis according to 
the Manoharan scoring system, or at least 2+ reticulin fibrosis 
according to the European consensus grading system).44,54,55 
In the past, select cases with 2+ reticulin fibrosis according 
to Manoharan scoring may have been classified as MDS-F. 
Approximately 10% to 15% of MDS patients show a significant 
increase in reticulin fibers and/or collagen fibrosis at presen-
tation.54 These patients are diagnosed with an MDS subtype 
according to the 2008 WHO classification, with the annotation 
to indicate the presence of fibrosis. The majority of MDS-F cases 
fall into the category of refractory anemia with excess blasts 
(RAEB). Therapy-related MDS cases frequently show significant 
marrow fibrosis, but are excluded from the MDS-F category in 
favor of placing them in a special entity of therapy-related myeloid 
neoplasms. The majority of MDS-F patients present with severe 
pancytopenia. Organomegaly is minimal or absent. The patients 
with MDS-F are reported to have shorter overall survival and 
disease-free survival times than those without fibrosis, even in 
the absence of excess blasts.54,56,57 BM fibrosis is also associated 
with a poor outcome after BM transplantation.58 BM and PB often 
show trilineage dysplasia with excess blasts. There is prominent 
dysmegakaryopoiesis, often associated with increased numbers 

Subtype Blood findings Bone marrow findings

Refractory cytopenias with unilineage dysplasia (RCUD)
 Refractory anemia (RA)
 Refractory neutropenia (RN)
 Refractory thrombocytopenia (RT)

Unicytopenia or bicytopeniaa

No or rare blasts (<1%)

Unilineage dysplasia;
≥10% of the cells of the affected lineage are  dysplastic
<5% blasts
<15% ring sideroblasts

Refractory anemia with ring sideroblasts (RARS) Anemia
No blasts

Erythroid dysplasia only
<5% blasts
≥15% ringed sideroblasts

Refractory cytopenia with multilineage dysplasia (RCMD) Cytopenia(s)
No or rare blasts (<1%)
No Auer rods
<1 × 109 L
monocytes

Dysplasia in ≥10% of cells in two or more myeloid 
lineages <5% blasts
No Auer rods
±15% ring sideroblasts

Refractory anemia with excess blasts-1 (RAEB-1) Cytopenias
<5% blasts
No Auer rods
<1 × 109 L
monocytes

Unilineage or multilineage dysplasia
5–9% blasts
No Auer rods

Refractory with excess blasts-2 (RAEB-2) Cytopenias 
5–19% blasts ±Auer rods <1 × 109 L
monocytes

Unilineage or multilineage dysplasia 10–19%
blasts ±Auer rodsb

Myelodysplastic syndrome, unclassified (MDS-U) Cytopenias
No or rare blasts (≤1%)
No Auer rods

Unequivocal dysplasia in <10% of cells in one or more 
myeloid cell lines <5% blasts

MDS associated with isolated del(5q) Anemia
No or rare blasts
(<1%) Platelet count usually normal or increased

Normal to increased megakaryocytes with hypolobated 
nuclei <5% blasts 
Isolated del(5q) cytogenetic abnormality
No Auer rods

a Bicytopenia may occasionally be observed. Cases with pancytopenia should be classified as MDS-U.
bIf the diagnostic criteria for MDS are fulfilled and Auer rods are present, the patient should always be categorized as RAEB-2.

THe WHo 2008 CLASSiFiCATion oF MDS

taBLe 73.2
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blood and marrow findings. The detection of the cytogenetic 
abnormality would indicate AML over a diagnosis of MDS in these 
cases. Acute erythroid leukemia (erythroid myeloid type) is also 
diagnosed with less than 20% blood or marrow blasts (see below).

The WHO classification defines AML types by recurring genetic 
abnormalities,66 by recognizing cases related to MDS,67 and by 
separating diseases related to prior therapy68 or associated with 
Down syndrome.69 Cases that do not fall into any of those groups 
are placed in the AML-NOS group70 and can be subdivided by 
morphologic features. Many of these cases, however, have normal 
karyotypes, and the search for predictive markers to better cat-
egorize them is ongoing.71

AML with recurring genetic abnormalities was expanded in 
the 2008 WHO classification to include more disease groups and 
to attempt to incorporate disease-defining mutations. AML with 
mutated CEBPA and AML with mutated NPM1 are provisional 
disease categories based on the hypothesis that these mutations 
are disease-defining events,72–76 similar to the other recurring 
cytogenetic abnormalities in this category, and not merely second-
ary events that impact prognosis.

AML with myelodysplasia-related changes of the 2008 WHO 
classification (Table 73.5) is an expansion and revision of the 
category of AML with multilineage dysplasia in the 2001 classi-
fication.3,67 The use of multilineage dysplasia as the sole source 
of classifying AML is controversial. Certainly cases of AML aris-
ing from MDS can lack sufficient background cells to diagnose 
multilineage dysplasia and the expansion of this category now 
allows cases to be diagnosed as AML with myelodysplasia-
related changes by demonstrating the presence of multilineage 
dysplasia, presence of an MDS-associated cytogenetic abnormal-
ity (Table  73.6), a history of prior MDS or a myelodysplastic/
myeloproliferative neoplasm, or a combination of such find-
ings. This combined approach captures more cases of AML and 
defines a group with a particularly poor prognosis in adults. 

WHO-classified MDS subtypes. The major differential diagnosis 
of h-MDS is aplastic anemia.60,61 The typically hemodilute mar-
row aspirates obtained from hypoplastic marrow limit the evalu-
ation of cytologic features, and in this context the information 
derived from BM biopsy/clot section is of paramount importance. 
The majority of patients with h-MDS present with dyserythro-
poiesis and no increase in blasts, and are classified as RA.60,61 
Dysgranulopoiesis, dysmegakaryopoiesis, and increase in blasts 
occur less frequently. Patients with h-MDS can show mast cell 
hyperplasia, interstitial lymphocytosis, and lymphoid follicles. In 
the absence of significant multilineage dysplasia and/or increased 
blast population, the distinction from aplastic anemia can be 
challenging. The presence of megakaryocytes, increased reticulin 
fibers, and focally increased CD34 positive cells all suggest h-MDS. 
The immunohistochemical stains for CD34 and megakaryocytic 
antigens (CD42b and CD61) and reticulin stain are recommended 
to highlight the presence of these features.60,61 Additional find-
ings such as immunophenotypic abnormalities by flow cytometry 
or the presence of select cytogenetic markers such as losses of 
chromosomes 5 and/or 7, which are uncommon in aplastic ane-
mia, are also helpful. The applications of novel technologies may 
help to better differentiate aplastic anemia from h-MDS, and aid 
in early detection of transformation in the former entity.62 The 
diagnostic challenges might be related to the overlap in patho-
genesis as demonstrated by the T-cell–mediated suppression of 
hematopoiesis or the coexistence of clones of paroxysmal noctur-
nal hemoglobinuria cells documented to occur in both diseases.63

Erythroid-predominant MDS (MDS-E) can also cause diagnos-
tic difficulties. By definition, these patients have less than 20% of 
blasts both as enumerated from the total marrow cellularity and 
from the nonerythroid BM population. The latter is necessary 
to exclude a diagnosis of erythroleukemia. In MDS-E, similar to 
other cases of MDS, blasts are enumerated as a percentage of all 
BM cells and their number is used to classify cases into one of 
the MDS subtypes.2,33 However, recent studies suggested that the 
alternative approach of calculating the percentage of blasts as a 
proportion of nonerythroid cells might provide a more accurate 
assessment of overall prognosis in MDS-E.64 If blasts are cal-
culated as a percentage of nonerythroid cells, the upgrade to a 
higher-risk subtype of MDS occurs mainly between the categories 
of RCMD and RAEB-1 and between RAEB-1 and RAEB-2. Changes 
from low-risk to high-risk MDS categories are exceedingly rare. 
Until more evidence is published, it is currently recommended to 
use the standard WHO criteria, using blast percentages based on 
all cells, to classify cases of MDS-E.

aCute MyeloiD leukeMia
The classification of AML has changed dramatically from the FAB 
classification7,8,10,65 to the WHO classification.2 While the FAB 
classification was based primarily on morphologic and cytochemi-
cal features of the blast cells, the WHO uses a combined approach 
in an attempt to define prognostically significant and biologically 
relevant disease groups. While many of the WHO categories 
rely heavily on cytogenetic findings, most still retain distinctive 
morphologic and immunophenotypic findings. The specific AML 
disease categories are listed in Table 73.3, and some of the dis-
tinctive morphologic and immunophenotypic features of specific 
types are illustrated in Figures 73.1, 73.3, and 73.4 and described 
in Table 73.4.

For most cases, a blast cell count of 20% or more in either the 
PB or BM aspirate is necessary for a diagnosis of AML. For cases 
with one of three recurring cytogenetic abnormalities (t(15;17)
(q24.1;q21.1) PML-RARA; t(8;21)(q22;q22) RUNX1-RUNXT1; and 
inv(16)(p13.1q22) or t(16;16)(p13.1;q22) CBFB-MYH11), however, 
a diagnosis of AML can be made with a lower blast count. These 
low blast count cases are uncommon and still have abnormal 

2008 WoRLD HeALTH oRgAnizATion CLASSiFiCATion oF ACuTe 
MyeLoiD LeukeMiA AnD ReLATeD pReCuRSoR neopLASMS

taBLe 73.3

AML with recurrent genetic abnormalities

 AML with t(8;21) (q22;q22) (RUNX1-RUNX1T1)
 AML with inv(16)(p13.1q22) or t(16,16) (p13.1;q22) (CBFB-MYH11)
 Acute promyelocytic leukemia with t(15;17)(q24.1;q21.1) (PML-RARA)
 AML with t(9;11)(p22;q23) (MLLT3-MLL)
 AML with t(6;9)(p23;q34) (DEK-NUP214)
 AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2) (RPN1-EVI1)
 AML (megakaryoblastic) with t(1;22)(p13;q13) (RBM15-MKL1)
 Provisional entity: AML with mutated NPM1
 Provisional entity: AML with mutated CEBPA
AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms

AML not otherwise specified

 AML minimally differentiated
 AML without maturation
 AML with maturation
 Acute myelomonocytic leukemia
 Acute monoblastic and monocytic leukemia
 Acute erythroid leukemia
 Acute megakaryocytic leukemia
 Acute basophilic leukemia
 Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

AML, acute myeloid leukemia.
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Cases with a normal karyotype and no history, but the presence 
of multilineage dysplasia, defined as two or more cell lines with 
50% or more dysplastic cells, is the major area of controversy. 
While some large series have failed to find prognostic signifi-
cance for this group,77,78 other studies find multilineage dyspla-
sia to still independently predict a worse outcome compared to 
AML-NOS.3,78

Therapy-related myeloid neoplasms and the myeloid neo-
plasms associated with Down syndrome are also felt to be distinct 
from other AML types, and these also tend to show a continuum 
between cases with features of AML and MDS. For this reason, 
they are now considered separate disease entities, respectively, 
from the non-therapy or-Down-related leukemias.

The remaining cases are placed into the category of AML-
NOS and this category includes many normal karyotype cases 
and cases that are diagnosed as AML with unique features. The 
subcategories of AML-NOS are probably of little significance, 
and mutation analysis is probably most important in this group. 
Selected mutations (FLT3 and KIT) are included as prognostic 
markers for different AML types in the WHO classification. While 
the utility of KIT mutations is primarily in the core binding fac-
tor leukemias (those with t(8;21)(q22;q22) RUNX1-RUNXT1; 
and inv(16)(p13.1q22) or t(16;16)(p13.1;q22) CBFB-MYH11),79 
FLT3 and NPM1 mutations are prognostically predictive in most 

FIGURE 73.4 Acute erythroid leukemia, mixed myeloid erythroid type. Over 50% erythroid 
precursors are present in the bone marrow with dyspoietic changes that include cytoplasmic  
vacuolization (lower center). In addition, scattered blasts, which mark as  myeloblasts, are present 
in the background (upper left and lower right) representing over 20% of the  nonerythroid cells in 
the marrow.

FIGURE 73.3 Morphologic features of more common acute myeloid leukemia types with recurrent cytogenetic abnormalities. A: Acute myeloid 
leukemia with t(8;21) (q22;q22) (RUNX1-RUNX1T1) with blasts containing abundant cytoplasm with large granules and perinuclear clearing (hofs). B: Acute myeloid 
leukemia with inv(16)(p13.1q22) or t(16,16) (p13.1;q22) (CBFB-MYH11) with an abnormal eosinophil containing large basophilic granules (lower right). C: Acute 
promyelocytic leukemia with t(15;17)(q24.1;q21.1) (PML-RARA) typically shows blasts with bilobed nuclei, cytoplasmic granules and Auer rods (far right). D: Acute 
myeloid leukemia with inv(3)(q21q26.2) (RPN1-EVI1) with background dyspoiesis and a small, monolobated megakaryocyte (center).

A B

C D
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In addition to new gene mutations, gene expression (i.e., 
BAALC and ERG), often altered by epigenetic changes in AML, is 
now recognized to have a prognostic impact on this disease.91,92,93 
Our understanding of the role of miRNAs and gene methylation in 
the diagnosis and prognosis of AML will also clearly grow in the 
near future.

aCute lyMpHoblastiC leukeMia
The diagnostic approach to ALL has also changed dramatically 
over time. While the immunophenotype of ALL was not part of the 
FAB classification,10 it is now essential for diagnosing these disor-
ders. Also, the relationship between lymphoblastic lymphoma and 
ALL is now recognized, and these disorders are grouped together 
in the WHO classification.94 Cases diagnosed in the past as ALL 
with a mature B-cell phenotype (FAB L3) are no longer considered 
as ALL and are best classified as leukemic variants of the mature 
B-cell lymphomas.

While morphologic evaluation is important in ALL to identify 
a blast cell proliferation, immunophenotyping must be performed 
because lymphoblasts cannot be distinguished reliably from 
undifferentiated myeloblasts by morphology alone. In fact some 

cases of AML-NOS.28,72,73,80–84 In addition to the mutations 
included in the 2008 WHO classification, other mutations have 
been described and validated as potential prognostic mark-
ers.27,85,86,87,88 Some of the most frequently occurring in AML 
include DNMT3A, IDH1, IDH2, TET2, RUNX1, NRAS, and WT1. 
Table 73.7 demonstrates one approach to combining cytogenetic 
studies and mutation analysis to develop prognostic categories 
in AML, but this approach will have to be frequently updated to 
include new discoveries.85

Categories of AML-NOS that offer the greatest diagnostic 
challenge are probably acute erythroleukemia and APMF. Acute 
erythroleukemia can be the pure erythroid leukemia with over 
80% immature erythroid cells and no myeloblasts or a mixed 
myeloid erythroid type.89 The latter type (Fig. 73.4) has 50% or 
more BM erythroid precursors; and of the nonerythroid marrow 
cells, 20% or more myeloblasts. The differential diagnosis of 
both types is with MDS, and both are probably closely related to 
aggressive MDS. APMF usually involves an inaspirable marrow 
with marked fibrosis and a mix of immature myeloid, erythroid, 
and megakaryocytic cells (Fig. 73.1).37,90 This rare disorder is 
also difficult to distinguish from MDS-F and may be related to 
such proliferations.

AML Subtype Distinctive Features

AML with t(8;21) (q22;q22) 
 (RUNX1-RUNX1T1)

Granular blasts with perinuclear 
hofs, large salmon-colored granules, 
 aberrant CD19 expression on CD34+ 
myeloblasts

AML with inv(16)(p13.1q22) or 
t(16,16) (p13.1;q22) (CBFB-MYH11)

Presence of abnormal eosinophils with 
basophilic granules

Acute promyelocytic leukemia with 
t(15;17)(q24.1;q21.1) (PML-RARA)

Bilobed nuclei with blasts lacking 
 HLA-DR and usually CD34-negative

AML with t(6;9)(p23;q34) 
 (DEK-NUP214)

Multilineage dysplasia and associated 
basophilia

AML with inv(3)(q21q26.2) or t(3;3)
(q21;q26.2) (RPN1-EVI1)

Multilineage dysplasia and increased 
numbers of small mono- or bilobed 
megakaryocytes

AML (megakaryoblastic) with t(1;22)
(p13;q13) (RBM15-MKL1)

Infant without Down syndrome with 
CD41+ and CD61+ blasts

AML, acute myeloid leukemia.

DiSTinCTive CLiniCAL, MoRpHoLogiC, AnD iMMunopHenoTypiC 
FeATuReS oF ACuTe MyeLoiD LeukeMiA CyTogeneTiC SubTypeS

taBLe 73.4

CRiTeRiA FoR DiAgnoSiS oF ACuTe MyeLoiD LeukeMiA WiTH 
MyeLoDySpLASiA-ReLATeD CHAngeS

taBLe 73.5

1) At least 20% blasts in the blood or bone marrow

2) No history of prior cytotoxic therapy for other disease

3) Absence of a recurring chromosomal rearrangement as delineated in Table 73.3

AND, one or more of the following features:

1)  Previous history of myelodysplastic syndrome or myelodysplastic/ 
myeloproliferative disorder

2)  Multilineage dysplasia (dyspoiesis in at least 50% of the elements from two or 
more lineages)

3) Presence of an MDS-associated cytogenetic abnormality (see Table 73.6)

MDS, myelodysplastic syndrome.

CyTogeneTiC AbnoRMALiTieS SuFFiCienT To DiAgnoSe ACuTe 
MyeLoiD LeukeMiA WiTH MyeLoDySpLASiA-ReLATeD CHAngeS 
WHen ≥20% bLASTS ARe pReSenT in bLooD oR bone 
MARRoW in THe AbSenCe oF pRioR CyToToxiC THeRApy

taBLe 73.6

Complex karyotype ≥3 unrelated chromosomal abnormalities, not including 
any rearrangements that would define a subtype of AML 
with recurrent cytogenetic abnormalities

Unbalanced 
 abnormalities

−7/del(7q)
−5/del(5q)
i(17q/t(17p)
−13/del(13q)

del(11q)
del(12p)/t(12p)
del(9q)
idic(X)(q13)

Balanced 
 abnormalities

t(11;16)(q23;p13.3)
t(3;21)(q26.2;q22.1)
t(1;3)(p26.3;q21.1)
t(2;11)(p21;q23)

t(5;12)(q33;p12)
t(5;7)(q33;q11.2)
t(5;17)(q33;p13)
t(5;10)(q33;q21)
t(3;5)(q25;q34)

LeukeMiAneT pRognoSTiC geneTiC CATegoRieS oF  
ACuTe MyeLoiD LeukeMiA

taBLe 73.7

Genetic Group Subsets

Favorable • t(8;21)(q22;q22); RUNX1-RUNX1T1
• inv(16)(p13.1q22) or t(16;16)(p13.1;q22);  CBFB-MYH11
• Mutated NPM1 without FLT3-ITD (normal karyotype)
• Mutated CEBPA (normal karyotype)

Intermediate-I • Mutated NPM1 and FLT3-ITD (normal karyotype)
• Wild-type NPM1 and FLT3-ITD (normal karyotype)
• Wild-type NPM1 without FLT3-ITD (normal karyotype)

Intermediate-II • t(9;11)(p22;q23); MLLT3-MLL
•  Cytogenetic abnormalities not classified as favorable or 

adverse

Adverse • inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
• t(6;9)(p23;q34); DEK-NUP214
• t(v;11)(v;q23); MLL rearranged
• −5 or del(5q); −7; abnl(17p); complex karyotype

72683_ch073_1543-1555.indd   1550 7/18/13   9:44 AM



 ChaPtEr 73 Diagnosis and Classification of the Acute Leukemias and Myelodysplastic Syndromes 1551

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

T-cell immunophenotype, this finding is not sufficiently reliable to 
replace immunophenotyping studies.

While mutations studies are not part of the 2008 classifica-
tion of ALL, numerous genetic alterations have been described 
in recent years for this disease and will further impact classifica-
tion. Interestingly, and in contrast to most mutations that are 
common in AML, many individual mutations in ALL have been 
shown not to have prognostic impact as a sole marker, but may 
define prognostic groups when they occur in combination.99 PAX5 
mutations at 9p13 occur in approximately 30% of B-ALL cases 
and often occur in combination with other abnormalities; but this 
mutation alone does not appear to be clinically significant, and 
routine testing for this abnormality is probably not indicated. In 
contrast, deletions of IKZF1 at 7p12 often occur in combination 
with PAX5 mutations and are seen in over 80% of patients with 
B-ALL with t(9;22)(q34;q11.2)(BCR-ABL1). Even in the absence 
of the Philadelphia chromosome, children with this deletion (rep-
resenting almost 30% of all Philadelphia chromosome negative 
ALLs in one study) have a poor outcome that is similar to B-ALL 
with t(9;22)(q34;q11.2). The poor prognosis of IKZF1 deleted 
ALL appears to be independent of age, white blood cell count, or 
cytogenetic subgroup.100,101 Mutations of JAK2, found in approxi-
mately 8% of B-ALL cases, in combination with IKZF1 deletions 
are associated with an even worse prognosis.102

A new recurring cytogenetic abnormality, not included in the 
WHO classification, involves CRLF2 located at Xp22.3/Yp11.3 and 
most often translocated with IGH@.26,103 These translocations 
occur in 7% to 14% of B-ALL cases, but are associated with either 
ALL of Down syndrome or ALL in Hispanic patients. They are 
commonly associated with JAK1 or JAK2 mutations and IKZF1 
deletions and have a very poor prognosis.

In contrast to AML, there is no category of ALL for therapy-
related disease. Despite this, it is now recognized that ALL may 
occur after cytotoxic therapy although the relationship to the prior 
therapy and the leukemia may be under-appreciated.104,105 Most 
cases of therapy-related ALL are of precursor B lineage and some 
studies suggest that they are most often associated with MLL 
translocations involving 11q23.

Recurring cytogenetic abnormalities also occur in T-ALL, but 
are not included as diagnostic subcategories in the WHO clas-
sification. These translocations most often involve T-cell receptor 
genes at 7q32 (TRB@) and 14q11 (TRA@, TRD@) and TLX1, TLX3 
and TAL1, but many other genes may be involved in a smaller 
percentage of cases.106,107 Prognostic significance has not been 
determined for many of these genetic changes, although TLX1 

lymphoblasts will contain cytoplasmic granules that may incor-
rectly suggest myeloid lineage.95 Cytochemical studies are also 
not sufficient for such a diagnosis, because the absence of myelo-
peroxidase or Sudan black B by these methods does not exclude 
undifferentiated myeloblasts and the detection of PAS-positive 
granules in blasts is not specific for lymphoblasts.

The 2008 WHO classification (see Table 73.8) introduced cyto-
genetic subtypes of B-lymphoblastic leukemia and these studies 
are also essential for a complete diagnosis of ALL.96 There are 
no specific morphologic features for these ALL types (Fig. 73.5), 
with the exception that the very rare ALL with t(5;14)(q31;q32) 
(IL3-IGH@) is associated with a marked proliferation of normal-
appearing eosinophils.97 While there are no specific morphologic 
features to most of these disorders, there are some characteristic 
immunophenotypic features that provide clues to the diagnosis, 
some of which are listed in Table 73.9. While many of these 
categories are defined by the detection of recurring cytogenetic 
abnormalities, the translocation of B-lymphoblastic leukemia/
lymphoma with t(12;21)(p13;q22) (ETV6-RUNX1) is cryptic,98 
and FISH or PCR testing must be performed to detect this cat-
egory. Because this cytogenetic abnormality primarily occurs 
in children, routine molecular or FISH testing for this fusion is 
indicated in all pediatric B-ALL cases. Similarly, there are no mor-
phologic clues to reliably distinguish T-lymphoblastic leukemia/
lymphoma from B-lymphoblastic leukemia/lymphoma. Although 
nuclear convolutions are described as more common with a 

2008 WoRLD HeALTH oRgAnizATion CLASSiFiCATion oF 
pReCuRSoR LyMpHoiD neopLASMS

taBLe 73.8

B-lymphoblastic leukemia/lymphoma, not otherwise specified

B-lymphoblastic leukemia/lymphoma with t(9;22)(q34;q11.2)(BCR-ABL1)

B-lymphoblastic leukemia/lymphoma with t(v;11q23)(MLL)

B-lymphoblastic leukemia/lymphoma with t(12;21)(p13;q22) (ETV6-RUNX1)

B-lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32) (IL3-IGH@ )
B-lymphoblastic leukemia/lymphoma with t(1;19)(q23;p13.3) (TCF3-PBX1)
B-lymphoblastic leukemia/lymphoma with hyperdiploidy

B-lymphoblastic leukemia/lymphoma with hypodiploidy

T-lymphoblastic leukemia/lymphoma

FIGURE 73.5 Acute lymphoblastic leukemia with blasts containing scant, agranular cytoplasm. The morphologic features are not specific and may also 
be present in minimally differentiated acute myeloid leukemia. Part A is from a case of B-lymphoblastic leukemia, while part B is from T-lymphoblastic leukemia; 
both showing similar morphologic changes.

A B
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aCute leukeMias of  
aMbiguous lineage
Despite extensive immunophenotyping studies, a small subset of 
acute leukemias cannot be definitely classified as being derived 
from myeloid or lymphoid lineage.114,115 These acute leukemias 
are either acute undifferentiated leukemias or mixed phenotype 
acute leukemias (MPAL) (Table 73.10). Acute undifferentiated 
leukemias have become extremely rare with modern immu-
nophenotyping panels and are defined as lacking expression of 
markers specific for myeloid or lymphoid lineage. They often 
express non-specific markers such as HLA-DR, CD34, CD38, CD7 
or TdT, but lack expression of cytoplasmic CD3, myeloperoxi-
dase, cytoplasmic CD22, cytoplasmic CD79a, or strong expres-
sion of CD19, as well as markers of plasmacytoid dendritic cell 
tumors. No specific cytogenetic abnormalities are associated 
with these tumors.

The MPAL are slightly more common and are known by a vari-
ety of names that include mixed lineage acute leukemia, biphe-
notypic acute leukemia, and bilineal acute leukemia (Fig.  73.6). 
The diagnostic criteria for these disorders have been vague in 
the past, and the frequency of diagnosis has increased with the 
use of multicolor flow cytometry using large panels of antibodies. 
Lineage infidelity is common in acute leukemias, and determining 
how many aberrant markers are sufficient to make a diagnosis translocations appear to confer a good prognosis. Mutations 

are also common in T-ALL, with mutations of NOTCH1 found 
in 50% to 60% of adult and pediatric disease.106–110 Mutations 
of FBXW7, a gene involved in NOTCH signaling, occurs in 10% 
to 20% of cases.108–110 Mutations of either gene appear to have 
some prognostic significance in children, at least predicting a 
favorable treatment response with protocols that include cra-
nial irradiation, but appear to be of less significance in adult 
patients. FLT3 mutations are rare in T-ALL, found in about 4% of 
cases.111,112 However, these mutations are much more frequent 
in cases described as early T-cell precursor (ETP)-ALL. These 
cases are considered to represent a particularly high-risk type of 
T-ALL111–113 that expresses CD7, but lacks CD1a and CD8, shows 
only weak expression of CD5, expresses CD34, HLA-DR, and 
CD117, and often expresses myeloid-associated antigens such as 
CD13, CD33, and CD65s. Some cases in the past were probably 
diagnosed as undifferentiated, mixed phenotype or biphenotypic 
acute leukemia. While often FLT3 mutated, ETP-ALL typically 
lacks mutations of NOTCH1 or FBXW7.111

B-ALL Subtype Distinctive Features

B-lymphoblastic leukemia/lymphoma 
with t(9;22)(q34;q11.2)(BCR-ABL1)

Precursor B-cell lineage with aberrant 
expression of CD13, CD33, CD38, and 
CD25

B-lymphoblastic leukemia/lymphoma 
with t(v;11q23)(MLL)

CD10-negative precursor B-cell lineage 
with aberrant CD15 expression

B-lymphoblastic leukemia/lymphoma 
with t(12;21)(p13;q22) (ETV6-RUNX1)

Childhood leukemia with precursor 
B-cell lineage with CD34, bright CD10, 
and aberrant expression of CD13

B-lymphoblastic leukemia/lymphoma 
with t(5;14)(q31;q32) (IL3-IGH@ )

Precursor B-cell lineage associated with 
marked eosinophilia

B-lymphoblastic leukemia/lymphoma 
with t(1;19)(q23;p13.3) (TCF3-PBX1)

Precursor B-cell lineage lacking CD34 
with cytoplasmic mu expression

B-ALL, B-cell acute lymphoblastic leukemia.

DiSTinCTive CLiniCAL, MoRpHoLogiC, AnD iMMunopHenoTypiC 
FeATuReS oF b-LyMpHobLASTiC LeukeMiA CyTogeneTiC SubTypeS

taBLe 73.9

2008 WoRLD HeALTH oRgAnizATion CLASSiFiCATion oF  
ACuTe LeukeMiAS oF AMbiguouS LineAge

taBLe 73.10

Acute undifferentiated leukemia

Mixed phenotype acute leukemia with t(9;22)(q34;q11.2)(BCR-ABL1)

Mixed phenotype acute leukemia with t(v;11q23)(MLL)

Mixed phenotype acute leukemia, B/myeloid, NOS

Mixed phenotype acute leukemia, T/myeloid, NOS

Mixed phenotype acute leukemia, NOS—rare types

NOS, not otherwise specified.

FIGURE 73.6 Mixed phenotype acute leukemia with a bilineal appearance. A mixture of small lymphocytes, small undifferentiated blast cells and larger 
blasts with granular cytoplasm are present (A). The small blasts mark as B lymphoblasts, while the larger cells are myeloperoxidase positive by flow cytometry and 
cytochemistry (B).

A B
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based on immunophenotype and recurring genetic changes 
suggests that immunophenotypic methods may not be the ideal 
means of classifying these tumors and future diagnostic methods 
may supplant this category in the future.

suMMary
The diagnostic evaluation for acute leukemia and MDSs has 
become increasingly complex. It requires careful coordination 
between the treating hematologist and hematopathologist to 
ensure that all sample types needed for diagnosis are collected 
and appropriately tested. Because the various tests needed for 
diagnosis and prognosis will be resulted at different times, con-
solidated reporting of all results using amended reports is sug-
gested to ensure that all results are interpreted in the context of 
the entire specimen.
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of MPAL creates a challenge in many cases. A variety of diag-
nostic criteria have been proposed for these disorders, but the 
criteria proposed by the European Group for the Immunologic 
Classification of Leukemia (EGIL)116,117 and the 2008 WHO118,119 
criteria are most often used, with the WHO criteria currently 
preferred. The EGIL criteria (Table 73.11) provided the ability 
to weight the significance of different markers and reduced the 
number of cases diagnosed as MPAL. However, as new markers 
became available, the scoring system became less useful and it 
was not clear that the criteria resulted in a biologically distinct 
disease entity.

The WHO criteria (Table 73.12) are actually simpler to use, 
based on fewer markers, and specify two cytogenetic abnormali-
ties [t(9;22)(q34;q11.2) BCR-ABL1; t(v;11q23) MLL rearranged) 
that are often reported in cases of MPAL. The WHO definition 
of MPAL does not separate cases with a single blast cell popula-
tion showing a mixed phenotype (biphenotypic) from cases with 
two distinct blast cell populations (bilineal), since there is great 
overlap between these case types with some presenting with one 
pattern and relapsing with another. While the two cytogenetic cat-
egories are similar to other acute leukemia categories in the WHO 
classification, it is not clear these MPAL variants are distinct from 
other acute leukemias with the same cytogenetic abnormality (i.e., 
MPAL with t(9;22)(q34;q11.2) BCR-ABL1 versus ALL with t(9;22)
(q34;q11.2) BCR-ABL1). The great variability of these disorders 

Points/Lineage B T Myeloid

2 CD79a
Cytoplasmic IgM
Cytoplasmic 
CD22

CD3 (membrane 
or cytoplasmic)
TCR a/b
TCR g/d

Myeloperoxidase

1 CD19
CD10
CD20

CD2
CD5
CD8
CD10

CD117
CD13
CD33
CD65s

0.5 TdT
CD24

TdT
CD7
CD1a

CD14
CD15
CD64

More than two points for an individual lineage is required.

euRopeAn gRoup FoR THe iMMunoLogiC CLASSiFiCATion oF 
LeukeMiA (egiL) SCoRing SySTeM FoR bipHenoTypiC  
ACuTe LeukeMiA

taBLe 73.11

2008 WoRLD HeALTH oRgAnizATion CRiTeRiA FoR ASSigning 
LineAge FoR MixeD pHenoType ACuTe LeukeMiA

taBLe 73.12

Lineage Criteria

Myeloid Myeloperoxidase
or
Monocytic differentiation (two or more: NSE, CD11c, CD14, 
CD64, lysozyme)

T lineage Cytoplasmic or surface CD3

B lineage Strong CD19 plus strong expression of at least one of 
CD79a, cCD22, CD10
or
Weak CD19 plus strong expression of at least two of 
CD79a, cCD22, CD10
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ACUTE LYMPHOBLASTIC LEUKEMIA IN ADULTS
Steven E. Coutre

C H A P T E R  7 4

Acute lymphoblastic leukemia (ALL) is a neoplastic disorder 
that is rapidly fatal if untreated. In children, ALL is the most 
common malignancy, and considerable advances have led to 
the cure of most children with the disease. Historically, treat-
ment outcomes in adults have not been as favorable. Although 
improved prognostic stratification has led to a better under-
standing of the biologic heterogeneity of the disease, targeted 
therapies exploiting these differences have not yet emerged as 
part of standard therapy for most patients. However, dramatic 
advances in whole genome sequencing as well as the develop-
ment of novel immunotherapies promises to improve both the 
fundamental understanding of the biology of the disease and 
treatment outcomes.

The clinical onset of ALL is rarely insidious, and presenting 
signs and symptoms reflect bone marrow as well as extramedul-
lary involvement by leukemia. Examination of the peripheral blood 
smear is often sufficient to establish the diagnosis of ALL, but 
additional clinical and laboratory tests are essential for formulating 
a treatment plan and provide important prognostic information. 
Current therapy for adults involves a scheduled sequence that starts 
with remission induction chemotherapy, followed by one or more 
cycles of intensification, prophylaxis of the central nervous system 
(CNS), and prolonged maintenance lasting 2 to 3 years. With this 
multiagent, multicycle approach, between 25% and 40% of adults 
with ALL are cured of their disease. Modifications to this general 
scheme, based on an appreciation of the high risk for disease 
relapse, have improved outcome for adult ALL patients who have 
the mature B-cell phenotype as well as those with the Philadelphia 
(Ph) chromosome. Age remains a significant limitation to treatment 
intensity as one third of adults with ALL are over the age of 60 years.

Most adult patients with ALL experience relapse of their dis-
ease. Successful treatment options for relapsed or refractory ALL 
are few.

HISTORICAL BACKGROUND
Only a few decades ago, ALL was an incurable disease in all but 
a small minority of patients. Progress in the treatment of pedi-
atric ALL has been substantial. This is clearly illustrated in the 
results reported from a series of successive clinical protocols from 
St. Jude Children’s Research Hospital.1,2,3 Sequential treatment 
modifications in successive cohorts of children show a steady 
improvement in survival outcome as shown in Figure 74.1A. The 
initial clinical trials from 1962 to 1969 introduced multiagent 
chemotherapy regimens into pediatric ALL therapy. This proved 
superior to single-agent therapy, but, still, few children experi-
enced long-term survival. The next era, from 1967 to 1979, saw 
effective prevention of leukemia relapse in sanctuary sites in the 
CNS through the use of cranial irradiation and intrathecal chemo-
therapy. Intensification of post-remission therapy with administra-
tion of non-cross–resistant drugs was responsible for improving 
survival in subsequent cohorts. With further refinements, as well 
as general improvement in supportive care, approximately 85% 
of children with ALL are now cured of the disease (Chapter 76).

The success demonstrated in the pediatric ALL trials led 
to similar approaches in the treatment of adults. As shown in 
Figure 74.1B, outcomes in consecutive cohorts of adults with ALL 
treated by the United Kingdom Acute Lymphoblastic Leukemia 
(UKALL) collaborative study group gradually improved as treat-
ment was intensified and extended. Compared with the success 

in treating childhood ALL, however, the degree of improvement 
was only modest. The British Medical Research Council initi-
ated the UKALL trials in 1971.4 The first trial, UKALL I, evalu-
ated CNS prophylaxis but only enrolled 16 adults. Subsequent 
trials examined both the addition of active agents and more 
sustained intensive post-remission therapy, and participation 
of adult patients progressively expanded. Survival for adults 
with ALL was still only 20% at the time the UKALL IX trial 
opened for patient accrual in 1980. It was the first trial in the 
series to enroll adults separately from children. UKALL IX and 
the subsequent trial, UKALL XA, saw further, although minor, 
incremental improvement in the survival rate but provided 
important systematic analyses of prognostic indicators based on 
clinical, immunophenotypic, and cytogenetic characteristics.5 
The subsequent study, UKALL XII/ECOG 2993, was the largest 
treatment study of newly diagnosed ALL in adults. It compared 
post-remission chemotherapy with autologous or related donor 
transplant. The complete remission (CR) rate was 90% in the 
1,646 Philadelphia chromosome negative patients; overall sur-
vival at 5 years was 43% and 39% if all 1,913 eligible patients 
were included.6 Patients up to age 50 were eligible for alloge-
neic hematopoietic stem cell transplantation (HSCT). Survival 
at 5 years was 54% for all Philadelphia chromosome-negative 
patients with a donor, versus 44% for those without (P = 0.007) 
and 63% versus 52% for standard risk patients (P = 0.02). There 
was no benefit to allogeneic transplant for high-risk Philadelphia 
chromosome-negative patients. Patients without a donor who 
underwent autologous transplant did no better than those who 
received chemotherapy alone. These series of studies, along with 
other national cooperative group studies have led to remark-
ably similar long-term survival rates among adults who receive 
chemotherapy without transplant. These outcomes are distinctly 
inferior to those achieved in the pediatric age group.7–10

PATHOPHYSIOLOGY
The cause of ALL is essentially unknown, and few clues can be 
derived from epidemiologic studies. The molecular pathogenesis 
of ALL is reviewed in Chapter 72. Points relevant to adult ALL 
concerning these issues are briefly highlighted here.

Epidemiology
The overall age-adjusted incidence of ALL in the United States 
based on the most recent National Cancer Institute (NCI) report 
(1975 to 2009) is 1.34 in 100,000.11 The incidence of ALL in 
blacks is significantly less than in whites, 0.81 versus 1.34. 
There is a slight male predominance with a male to female 
ratio of 1.56:1.14. The majority of the approximately 6,000 new 
cases each year in the United States are diagnosed in persons 
younger than 20-years old with a peak between the ages of 2 
and 5 years; the median age at diagnosis was 14 years in the 
NCI SEER Cancer Statistic Review between 2005 and 2009.11 The 
incidence decreases sharply thereafter, a trend that continues 
through adolescence and adulthood until after age 50, when the 
incidence again starts to rise steadily (Fig. 74.2). Geographic dif-
ferences in the incidence of ALL are reflected by higher rates in 
North America and Europe and lower rates in African and Asian 
populations.12
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Etiology
The cause of ALL in adults is largely unknown.13 Inherited factors 
and genetic predisposition syndromes are more relevant to child-
hood ALL. Survivors of the nuclear fallout from the atomic bomb-
ing in Hiroshima and Nagasaki have an overall relative risk of 
9.1 for ALL, greater among those exposed in childhood, with the 
peak incidence occurring 6 to 7 years after radiation exposure.14 
Somewhat more relevant to adult ALL is the association between 
occupational exposure to low-dose ionizing radiation among 
nuclear workers in the United States and Europe and a slightly 
increased risk for leukemia, although findings were inconsistent 
across populations.15–17

Among chemical environmental exposures, high-level ben-
zene exposure that occurred before contemporary occupational 
safety standards is generally accepted as a cause of bone marrow 

aplasia, chromosome damage, and leukemia.18,19 Cigarette smok-
ing was linked to a small increase in risk for ALL among persons 
older than 60 years in one report.20 Secondary acute leukemias 
occurring after exposure to chemotherapeutic agents are usually 
myeloid, although rare cases of therapy-related ALL have been 
observed.21–23

Molecular Pathogenesis
Molecular abnormalities can be grouped according to the 
functional consequence of oncogenic mutation. Acquired con-
stitutive activation of the ABL protein kinase by rearrangement 
with the BCR gene is an example of a mutation that confers a 
proliferative advantage.24 The fusion gene is the consequence 
of the t(9;22)(q34;q11) balanced chromosomal translocation, 

B

FIGURE 74.1. Overall survival in successive acute lymphoblastic leukemia patient cohorts. A: Childhood acute lymphoblastic leukemia 
patients treated at the St. Jude Children’s Research Hospital. (With permission form Pui CH, Evans WE. Treatment of acute lymphoblastic leukemia. N Engl J Med 
2006;354:166–178.) B: Adult acute lymphoblastic leukemia patients treated by the UKALL collaborative study group. (With permission from Durrant IJ, Richards SM, 
Prentice HG, et al. The Medical Research Council trials in adult acute lymphocytic leukemia. Hematol Oncol Clin North Am 2000;14:1327–1352.)

A
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which is the most common cytogenetic abnormality in adult 
ALL. ABL is a nonreceptor tyrosine protein kinase that enzy-
matically transfers phosphate molecules to substrate proteins, 
thereby activating downstream signal transduction pathways 
important in regulating cell growth and proliferation.25 Other 
gene rearrangements result in loss- or gain-of-function muta-
tions involving transcription factors that are important for nor-
mal hematopoietic development.26 An example is the t(12;21)
(p13;q22) chromosomal translocation, which juxtaposes the 
ETV6 (TEL) and RUNX1 (AML) genes.27 Excluding numerical 
aberrations, ETV6-RUNX1 is the most frequent cytogenetic 
abnormality in childhood ALL, although it is uncommon 
in adults. Another general mechanism of cancer formation 
involves loss or inactivation of tumor- suppressor genes, many 
of which have key regulatory functions in controlling cell cycle 
progression.28 Examples are p16(CDKN2A) and p15(CDKN2B). 
Stock et al. investigated the incidence of cell cycle regulatory 
gene abnormalities in adult patients with de novo ALL treated 
by the Cancer and Leukemia Group B (CALGB) study group.29 
Deletions, microdeletions, and gene rearrangements involving 
p16(CDKN2A) and p16(CKDN2B) were common occurrences. 
Even more frequent was aberrant expression of RB1 and TP53, 
two other tumor-suppressor genes. Concurrent abnormalities 
involving two or more of these genes were found in one third 
of adult ALL patients.

Aberrant expression of NOTCH1 has also been linked to ALL 
leukemogenesis. NOTCH1 encodes a transmembrane recep-
tor that regulates normal T-cell development. Upon proteolytic 
cleavage, NOTCH1 translocates to the nucleus and binds to a 
nuclear transcription factor, ultimately stimulating the transcrip-
tion of target genes.30 Although the association of a previously 
described t(7;9)(q34;q34.3) translocation, which fuses part of 
NOTCH1 to the TCRB locus, is restricted to less than 1% of 
T-ALL, activating mutations of NOTCH1 that produce aberrant 
NOTCH1 signaling independently of t(7;9) have been reported 
in over 50% of human T-ALL.31 The exact mechanism for its 
role in leukemogenesis is not fully understood, although some 
evidence suggests that NOTCH contributes to TP53 suppression 
or nuclear factor-kb pathway activation, promoting deregulated 
T-cell proliferation.32–34

CLINICAL FEATURES
Although the clinical presentation is variable and may develop 
insidiously, virtually all adults diagnosed with ALL present with 
symptoms of only a few weeks duration. The symptoms generally 
reflect bone marrow failure or involvement of extramedullary sites 
by leukemia (Table 74.1). Up to one-half of patients with ALL have 
fever or documented infections. One third have bleeding symptoms 
at diagnosis, which is less frequent than in patients presenting 
with acute myeloid leukemia. Severe hemorrhage is uncommon.34 
Fatigue, lethargy, dizziness, or even dyspnea and cardiac angina 
may reflect anemia in adults with ALL. Marrow expansion by 

FIGURE 74.2. Age-specific incidence rates of acute lymphoblastic leukemia (ALL) (dotted lines) and AML (solid lines) according to sex and race/
ethnicity, SEER-17, 2001 to 2007. (With permission from Dores GM, Devesa SS, Curtis RE, et al. Acute leukemia incidence and patient survival among children 
and adults in the United States, 2001–2007. Blood 2012;119:34–43.)

Findings Patients (%)

Male 59–63

Symptoms
 Fever/infection 3–56
 Bleeding 33

Lymphadenopathy 40–57

Hepatomegaly 24–47

Splenomegaly 31–56

Mediastinal mass 10–15

Central nervous system leukemia 1–7

Other organ involvement
 Pleura 2.9
 Pericardium 1.0
 Retina 1.0
 Skin 0.6
 Tonsils 0.6
 Testis 0.3

Data are based on collaborative trials reported by the CALGB,7 MRC,8 GIMEMA,9 and GMALL.10

CLINICAL FINDINGS AT DIAGNOSIS IN ADULTS WITH ACUTE 
LYMPHOBLASTIC LEUKEMIA

TABLE 74.1
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elevated white blood cell (WBC) counts at the time of  diagnosis 
(Table 74.3). Hyperleukocytosis (>100 × 109/L) occurs in 
approximately 15% of patients and may exceed 200 × 109/L. 
Some degree of anemia is present in the majority of adults. 
Approximately one third of patients have a platelet count less 
than 25 × 109/L, which is approximately the same proportion 
that present with bleeding symptoms. Circulating leukemic 
blasts may not be evident on examination of the peripheral 
smear in a significant number of patients. Coagulation param-
eters are typically normal, and disseminated intravascular 
coagulation is rarely observed.37 Metabolic abnormalities, 
including hyperuricemia, can occur, especially in patients with 
rapidly dividing leukemia cells and high tumor burden.

Lumbar Puncture
A lumbar puncture is often performed at the time of diagnosis 
to examine the cerebrospinal fluid (CSF). CNS involvement is 
traditionally defined as greater than 5 WBC/µl of CSF with 
morphologically unequivocal leukemic blasts on the cytocentri-
fuged specimen.38 Patients at risk for bleeding complications 
due to thrombocytopenia should be transfused to an adequate 
platelet count before the procedure. Whether to perform a lum-
bar puncture in patients with a high circulating blast count is 
controversial. This is due to concerns of iatrogenic “seeding” 
of the CNS with leukemic cells. Studies in pediatric ALL have 
shown that when the procedure is complicated by a traumatic 
tap, the finding of blast cells in the CSF occurs more frequently 
in children with higher presenting WBC count.39 Among the 
patients who had traumatic lumbar punctures, those with leu-
kemic blasts in the CSF were more likely to have subsequent 
CNS relapse.

leukemic blasts may produce bone pain and arthralgias, but mar-
row necrosis is much less frequently found in adults as compared 
with children who have ALL.35 Approximately one half of adult 
patients have hepatomegaly, splenomegaly, or lymphadenopathy 
at diagnosis that can be appreciated on physical examination. 
Mediastinal masses are detected by chest radiographs or com-
puted tomography scans primarily in patients with T-lineage ALL, 
who also frequently have pleural involvement and may complain 
of chest pain.36 The fewer than 10% of ALL patients who have CNS 
involvement infrequently present with referable symptoms, such 
as headache, vomiting, neck stiffness, alteration in mental status, 
and focal neurologic abnormalities. Other sites of extramedullary 
involvement include testis, retina, and skin, although virtually any 
organ can be infiltrated by leukemic blast cells.

LABORATORY FEATURES
In addition to a complete medical history and physical examina-
tion, patients with ALL should have a battery of diagnostic labo-
ratory tests to confirm the diagnosis, subcategorize the patient’s 
disease for prognostic classification, and plan for appropriate 
therapy (Table 74.2). These studies include a complete blood 
count with examination of the peripheral blood smear, electrolyte 
measurements, creatinine, hepatic enzymes, uric acid, calcium, 
and albumin. Therapy-related declines in anticoagulation factors, 
including fibrinogen, occur with l-asparaginase, a drug commonly 
used in the treatment of ALL, and baseline levels should therefore 
be obtained. A mediastinal mass may be detected with a chest 
radiograph. A lumbar puncture for examination of the CSF to 
assess for leukemic involvement should be performed if patients 
present with neurologic symptoms. A bone marrow examination 
is mandatory and should include a complete cytogenetic assess-
ment and immunologic phenotyping. Morphologic, cytogenetic, 
and immunophenotypic characteristics of ALL are detailed in 
Chapter 73. This section emphasizes features pertinent to adults 
diagnosed with the disease.

Routine Laboratory Evaluation
Routine laboratory evaluation reveals that a substantial num-
ber of adult patients with ALL have normal or only modestly 

DIAGNOSTIC APPROACH FOR ADULT ACUTE LYMPHOBLASTIC 
LEUKEMIA

TABLE 74.2

Medical history

Physical examination

Laboratory studies
  Complete blood count, peripheral smear, coagulation studies, fibrinogen level, 

serum chemistry (renal and hepatic function, electrolytes, calcium, phosphate, 
uric acid, LDH), ABO and Rh blood group, HLA typing

 Appropriate cultures in the setting of fever

Chest radiograph or computed tomography

Cardiac assessment
 (EKG, ECHOcardiogram or MUGA)

Lumbar puncture

Bone marrow aspiration and biopsy
  Immunophenotype analysis (± cytochemical stains); cytogenetic analysis (FISH 

probes for specific genes, translocations, and/or chromosome abnormalities); 
BCR-ABL molecular analysis (p190 and p210); minimal residual disease markers 
(by flow cytometry or PCR)

Pregnancy test

Information about fertility

Laboratory Finding Patients (%)

White blood cell count (×109/L)
 <10 41
 <30 66

 50–100 10–13
 >100 14–16
 >200 6

Hemoglobin (g/g/L)
 <50 11

 <100 55–62
 ≥100 38–45

Platelet (×109/L)
 <25 30
 <50 41–55
 ≥50 48–59
 >150 15

Blast cells in peripheral blood
 Present 92
 None 8

Blast cells in bone marrow (%)
 <90 28–29
 ≥90 71–72
 100 7

Note: Data are based on collaborative trials reported by the CALGB,7 MRC,8 GIMEMA,9 and 
GMALL.10

LABORATORY FINDINGS AT DIAGNOSIS IN ADULTS WITH ACUTE 
LYMPHOBLASTIC LEUKEMIA

TABLE 74.3
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Bone Marrow Evaluation
All patients with ALL should undergo a bone marrow aspiration 
and core biopsy procedure. The specimens must be submit-
ted for histologic, cytogenetic, and immunophenotypic analysis. 
Morphologically, the marrow space is usually densely packed with 
leukemic blasts, which account for greater than 90% of nucleated 
cells in many adult ALL patients. As a result, the marrow biopsy 
sections are generally hypercellular, and, in 7% of adult patients 
with ALL, the normal marrow is completely replaced by leukemic 
blasts. This may prevent a successful aspiration, and a touch 
imprint of the biopsy tissue then becomes useful in evaluating 
cytologic features. Although increased reticulin deposits are com-
mon, marrow fibrosis is rarely present.40,41

Cytogenetics
Historically, poor chromosomal morphology in ALL made band-
ing studies challenging, and karyotypic abnormalities were 
not reliably detected in early studies.42 The implementation of 
modern metaphase spreading, banding, and molecular cytoge-
netic techniques now reveals prognostically significant abnormal 
karyotypes in the majority of adult patients with ALL.43 These 
molecular techniques include fluorescent in situ hybridization 
using chromosome- and gene-specific probes for gene rearrange-
ments that are difficult to identify, such as the t(12;21) chromo-
somal translocation.44 Application of these sensitive methods has 
revealed, for instance, that the t(12;21) translocation is much 
less common in adults with ALL than in children.45,46 Other 
age-related differences include fewer occurrences of numerical 
chromosome abnormalities and a higher incidence of the Ph 
chromosome in adults (Table 74.4).

Because of the profound prognostic implication of the Ph 
chromosome, molecular testing for the BCR-ABL gene rearrange-
ment should be performed for all patients diagnosed with ALL. 

The Ph chromosome was originally identified in a patient with 
chronic myeloid leukemia (CML), in whom the BCR and ABL genes 
juxtaposed within the so-called major breakpoint region.24 This 
transcribes a 7-kb messenger RNA that is expressed as a  210-kd 
fusion protein, or p210BCR-ABL. In ALL, a variant breakpoint 
location, which results in the smaller p190BCR-ABL oncoprotein, 
is commonly found.47 A polymerase chain reaction (PCR) -based 
laboratory test capable of detecting both the p210BCR-ABL and 
p190BCR-ABL gene transcripts is now readily available to most 
clinicians and should always be performed in all newly diagnosed 
patients.

Immunophenotype
The primary basis of initial treatment strategies for ALL depends 
on antigenic parameters, and, hence, all patients should have their 
leukemic blasts characterized by immunophenotypic analysis. By 
current World Health Organization classification, the majority of 
adult ALL cases involve the precursor lymphoid neoplasms.48 
Approximately 70% of cases are B-cell ALL, and 25% are T-cell 
ALL. The remaining 5% are a mature B-cell neoplasm, Burkitt 
leukemia.49 Compared with adults, children less often present 
with T-lineage ALL. There is also a slightly higher incidence of 
myeloid antigen expression in adult ALL patients, with reported 
incidences ranging from 15% to 54% compared with 4% to 35% in 
children.50,51 Commonly detected myeloid antigens include CD13, 
CD15, and CD33.

Rare cases with co-expression of multiple lymphoid and 
myeloid antigens may be considered acute biphenotypic leuke-
mia according to criteria suggested by a European group.52 The 
clinical course appears to be poor; however, there is no uniform 
consensus on whether to manage these cases as acute myeloid 
or lymphoid leukemia.53 The Royal Marsden Hospital group 
identified 25 acute biphenotypic leukemia patients whom they 
treated over a 7-year period.54,55 The patients variably underwent 
remission induction with ALL-like regimens, AML-like regimens, 
or hybrid regimens containing elements of both with equal suc-
cess, except for an excess of treatment-related mortality with the 
combined regimen. Overall survival was 39.4% at 2 years. They 
observed a high incidence of the Ph chromosome (41%) that par-
tially accounted for the unfavorable outcome and emphasized the 
importance of aggressive risk-adapted therapy for these cases.

DIFFERENTIAL DIAGNOSIS
The differential diagnosis of ALL in adult patients is rarely dif-
ficult. Most commonly, patients are diagnosed after an acute 
symptomatic presentation. ALL can be distinguished from the 
lymphocytosis, lymphadenopathy, and hepatosplenomegaly asso-
ciated with viral infections and from lymphoma by the presence 
of leukemic blasts in peripheral blood or bone marrow specimens. 
This is followed by definitive diagnosis with immunophenotypic 
studies.

Difficulty may arise when patients present with an antecedent 
or overlapping period of pancytopenia before developing ALL, 
as has been sporadically reported.56–59 It may be impossible to 
distinguish “aleukemic” pancytopenic ALL from aplastic anemia 
based on examination of the peripheral blood smear. Bone mar-
row evaluation and vigilant observation of the patient’s clinical 
course are mandatory in these instances.

Patients in lymphoid blast crisis of CML are usually ini-
tially diagnosed in the chronic phase and later progress to 
acute leukemia. Characterization of the breakpoint region for 
Philadelphia-positive (Ph+) ALL patients is of no use in distin-
guishing de novo ALL from CML lymphoid blast crisis, as both 
p190BCR-ABL and p210BCR-ABL are found in even distribution in 
patients with Ph+ ALL.60

CHROMOSOMAL ABNORMALITIES AT DIAGNOSIS IN ACUTE 
LYMPHOBLASTIC LEUKEMIA

TABLE 74.4

Patients (%)

Chromosomal Abnormalities Adults Children

Normal karyotype 16–34 31–42

Numerical abnormalities
 Hypodiploid
  Hyperdiploid  

(>50 chromosomes)

4–9 1–2

2–9 25

Structural abnormalities (abn) Gene(s)
 12p abnormal 4–5 3–9
 9p abnormal CDKN2A/2B 5–16 7–13
 6q abnormal – 2–6 4–6

Pre-B–Lineage (e.g.,)
 t(1;19) (q23; p13) TCF3-PBX1 1–3 5–6
 t(4;11) (q21; q23) AFF1-MLL 3–7 1–2
 t(9;22) (q34; q11) BCR-ABL1 11–30 1–2
 t(12;21) (p13; q22) ETV6-RUNX1 4–5 15–25

T-Lineage (e.g.,)
 t(1;14) (p32; q11) TAL1-TRD@ 1–2 3–5
 t(5;14) (q35; q32) TLX3-BCL11B 1–2 2–4
 t(7;7) or inv7(p15; q34) HOXA-TRB@ 1–2 1–2
 t(10;14) (q24; q11) TLX1-TRA@/TRD@ 4–6 2–3

Mature B
 t(8;14) (q24; q32) MYC-IGH@ 4 2
 t(2;8) (p12; q24) MYC-IGK Rare
 t(8;22) (q24; q11) MYC-IGL Rare

72683_ch074_1556-1576.indd   1560 31/07/13   9:07 PM



 CHAPTER 74 Acute Lymphoblastic Leukemia in Adults 1561

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

adult ALL multicenter collaborative trials.5,7–9,61,64,65–73 Both 
advanced age and high WBC count were inversely correlated 
with more frequent occurrences of CR, longer duration of CR, 
or better overall survival in either the majority or all of the col-
laborative studies. Advanced age was variably defined as greater 
than 30 or 35 years. When included in multivariate analysis as 
a continuous variable, increasing age predicted worse outcome 
across the entire age range, making it difficult to choose a cut-off 
separating standard-risk from high-risk patients. The cut-off for 
high WBC count was either 30 × 109/L or 50 × 109/L. In the trial 
conducted by the CALGB study group, patients with advanced 
age (30 to 59 years) and high WBC count had an overall survival 
of 39% and 34%, respectively, compared with 69% and 59% for 
patients without these adverse prognostic factors.7

Laboratory Features

Immunophenotype
The major immunophenotypic subgroup with prognostic value 
and therapeutic importance is the mature B-cell neoplasm, Burkitt 
leukemia. Burkitt leukemia is characterized by strong expression 
of surface immunoglobulin in addition to other markers common 
to B-lineage ALL, including CD10, CD19, CD20, and CD22.52 These 
patients respond poorly to standard ALL therapy, and outcome 
was dismal until brief, dose-intensified treatment programs were 
established as standard therapy.74,75,76 The substantial improve-
ment in survival that resulted has negated the adverse prognostic 
value of this feature if patients are optimally managed.

T-cell ALL is another formerly unfavorable prognostic sub-
group that, due to changes in treatment approach, is no longer 
a poor risk feature.77 In fact, with many modern treatment 
programs, the T-cell immunophenotype has become prognosti-
cally favorable.7,68,78 High WBC count does not adversely affect 
survival in T-cell ALL unless the WBC is >100 × 109/L.66,67,79 
In addition, more detailed examination of prospective immu-
nophenotypic data collected by the CALGB identified a subset 
characterized by expression of fewer than three T-cell markers 
that had an unfavorable prognosis.80 Leukemic blasts from these 
patients also infrequently expressed mature T-cell surface mark-
ers such as CD1a, CD2, CD3, CD4, and CD8, and, hence, would 
be consistent with the “early” T-cell ALL immunophenotype also 
reported to be unfavorable by the GMALL.81,82 The distinction 
between early T-ALL (sCD3–, CD1a–), thymic T-ALL (sCD3–/+, 
CD1a+), and mature T-ALL (sCD3+, CD1a–) described by GMALL 
may serve as an example of a clinically significant, risk-adapted 
treatment stratification.83

Other immunophenotypic markers have variably been shown 
to have prognostic value but are less well established. CD34 is 
expressed more frequently in adults with B-lineage ALL and was 
reported to affect outcome by the CALGB adversely.80 However, 
CD34 expression overlapped with both a high WBC and the pres-
ence of the Ph chromosome, and findings from other smaller 
series have yielded conflicting results.84–88 Expression of myeloid 
antigen markers was slightly more frequent in B-lineage ALL 
than in T-lineage ALL but had no prognostic value in either 
instance.64,80,89

Cytogenetics
Unfavorable cytogenetic abnormalities in adult ALL include t(9;22)
[BCR-ABL], observed in up to 30% of cases, t(4;11)(q21;q23)[MLL-
AFF1], rare in adult ALL, t(1;19)(q23;p13)[TCF3-PBX1], also rare, 
and a hypodiploid karyotype, seen in 5% to 6%. Translocations 
involving chromosomal band 14q11 and abnormalities of the 
short arm of chromosome 12, including t(12;21)[ETV6-RUNX1], 
observed in 3% of cases, are favorable cytogenetic abnormali-
ties. Results from collaborative studies providing karyotypic data 
generally indicate disease-free survival rates less than 25% for 

PROGNOSTIC FACTORS
Many clinical and biologic characteristics previously identified as 
prognostic factors for adult patients with ALL have lost predic-
tive value as therapy has evolved and become more intensive. In 
contrast, age, WBC count at presentation, and immunophenotype 
remain strong predictors of disease-free and overall survival for 
Ph-negative patients.61 (Table 74.5). More sophisticated assessment 
of the response to therapy, such as molecular detection of minimal 
residual disease (MRD), is becoming increasingly important in the 
management of adult ALL patients. The German Multicenter Study 
Group for Adult ALL (GMALL) prospectively assessed MRD evalua-
tion in two consecutive trials.62 The complete response rate was 89% 
after induction, but the molecular CR rate was only 70% in 580 evalu-
able patients. After consolidation molecular CR was highly predictive 
of continuous complete remission (CCR; 74% vs. 35%; P < 0.0001) 
and of overall survival (80% vs. 42%; P = 0.0001) compared with 
patients with molecular persistence. These results justify the routine 
assessment of MRD in the treatment of adult ALL and define a new 
high-risk group based on molecular persistence of disease.63

Clinical Features
Advanced age and high WBC count at the time of diagnosis have 
held up as significant adverse prognostic factors in all modern 

Patient Features Prognostic Factor

Age (y)
 <25, <35 Favorable
 >35, >55, >70 Unfavorable

White blood cell count (×109/L)
 <30 Favorable
 ≥30 (≥100 for T cell) Unfavorable

Immunophenotype
 Thymic T Favorable
 Early T (CD1a–, SCD3–) Unfavorable
 Mature T (CD1a–, SCD3+) Unfavorable
 Pro B (CD10–) Unfavorable

Cytogenetics/Molecular genetics/ 
gene expression profiles
 Hyperdiploidy >50 Intermediate to favorable
 Hypodiploidy <44 Unfavorable
 9p abnormality Intermediate to favorable
 deletion 6q Intermediate
 Normal Intermediate
 Complex (≥ 5 abnormalities) Unfavorable

B Lineage (e.g.,)
 t(12;21) (p13; q22) (ETV6-RUNX1) Favorable
 t(4;11) (q21; q23) (MLL-AFF1) Unfavorable
 t(1;19) (q23;p13) (TCF3-PBX1) Unfavorable
 t(9;22) (q34; q11) (BCR-ABL1) Unfavorablea

 IKZF1 deletions/mutations Unfavorable

T Lineage (e.g.,)
 NOTCH1/FBXW7 mutations Favorable
  TLX1 or t(10;14) (q24; q11) (TLX1-

TCRA/D)
Favorable

  t(10;11) (p13; q14) (PICALM-
MLLT10)

Unfavorable

 t(5;14) (q35; q32) (TLX3-BCL11B) Unfavorable

Response to therapy
 Complete remission within 4 wk Favorable
 Persistent minimal residual disease Unfavorable

aImproved prognosis with tyrosine kinase inhibitors.

PROGNOSTIC FACTORS FOR REMISSION DURATION IN ADULTS 
WITH ACUTE LYMPHOBLASTIC LEUKEMIA (ALL)

TABLE 74.5
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patients with unfavorable abnormalities, as opposed to greater 
than 75% for those with favorable cytogenetic findings.60,65,90–94 
Additional reports from single institutions have provided similar 
outcome data.95,96 Cytogenetic findings commonly identified in 
adult ALL with an intermediate prognosis include normal karyo-
type, hyperdiploidy, and abnormalities at 6q or 9p. The t(8;14)
(q24;q32)[MYC-IGH] and other MYC gene rearrangements are 
associated with the Burkitt leukemia subtype and are not prog-
nostically unfavorable markers with optimal treatment.

In the UKALL XII/ECOG 2993 trial, 41 patients (5%), without 
an established translocation, had a complex karyotype with 5 or 
more chromosomal abnormalities. Four patients were primary 
induction failures and 19 of 37 CR patients relapsed. All but 3 of 
these 19 patients relapsed within 2 years of diagnosis and 17 of 
the 19 died. EFS and OS were significantly inferior in this group. 
These results established complex karyotype as a poor prognostic 
indicator.97

Adult Ph-positive patients achieve CR rates comparable to 
Ph-negative ALL patients, but the remissions are short and sur-
vival poor with standard therapy. The most frequent translocation 
in adults involving the MLL gene, located at chromosome band 
11q23, is t(4;11) and is also associated with poor survival.94 The 
t(1;19) translocation results in the TCF3-PBX gene rearrangement, 
and patients with this abnormality were found to have a 3-year 
disease-free survival rate of only 20%.92 Patients with hypodip-
loidy ranging from 30 to 39 chromosomes have a disease-free 
interval of only 2 to 4 months from the start of treatment.92

Deletions and translocations involving 12p include the ETV6-
RUNX1 gene rearrangement. ETV6 gene rearrangements are 
much less frequent in adults than in children but are prognosti-
cally favorable in both. Translocations involving the TCR-a/b loci 
at chromosome 14q11 most frequently result in rearrangement 
with the TLX1 (HOX1) gene at 10q24.98 Adult ALL patients with 
t(10;14)(q24;q11) experience long survival, but this may reflect an 
association with T-cell ALL subtypes.65,92

Oncogenes
The absence of chromosomal abnormalities does not preclude the 
less conspicuous presence of aberrantly expressed oncogenes that 
promote leukemogenesis. Oligonucleotide microarrays, and more 
recently, next-generation sequencing technologies have led to a 
revolution in analysis of the leukemia genome and will undoubt-
edly add to cytogenetic profiling in the risk stratification of ALL. 
These are discussed in detail in Chapter 72. Using oligonucleotide 
microarrays, Ferrando et al. identified T-cell oncogenes—TLX1, 
TLX3, TAL1, and LYL1—that may have prognostic relevance in 
T-cell ALL.99 These genes normally function as a homeobox gene 
(TLX1) or encode developmentally essential transcription factors 
(TAL1, LYL1) in normal thymocyte maturation. Their dysregu-
lated expression is thought to foster leukemogenicity and can be 
detected as a signature genetic profile, which not only has the 
ability to provide insight into their pathogenetic heterogeneity, 
but also render important prognostic information. Overexpression 
of TLX1, present in approximately 30% of adult T-ALL cases, has 
been associated with a favorable prognosis, and in one study, 
demonstrated a leukemia-specific survival rate of 88% in TLX1-
positive patients compared with 56% in TLX1-negative patients at 
a median follow-up of 4.7 years.100 In contrast, the overexpres-
sion of TAL1 or LYL1 has been linked to poor response to treat-
ment, and the predictive value of TLX3, another homeobox factor 
related to TLX1, is conflicting.101,102

Another mechanism for ALL leukemogenesis is the constitutive 
activation of tyrosine kinase via the NUP214-ABL1 fusion epi-
some. The juxtaposition of the two oncogenes leads to the familiar 
amplification of ABL1 on the chromosome band 9q34. However, 
the NUP214-ABL1 fusion escapes detection by conventional cyto-
genetics by virtue of its extrachromosomal position and requires 

molecular analysis for delineation. The fusion episome has been 
detected in approximately 6% of individuals with T-ALL.103 
Because of its sensitivity to abl tyrosine kinase inhibitors, the sub-
set of T-ALL patients with this molecular feature is predicted to 
benefit from early identification.104 The known presence of TLX1 
or TLX3 may also merit exploration for the NUP214-ABL1 fusion 
given their tendency for co-expression.105

Response to Therapy
Response to therapy can be assessed by determination of time 
to attainment of CR, quantitation of early leukemic blast clear-
ance, or detection of MRD. These measurements provide a direct 
assessment of biologic susceptibility to antileukemic agents, and, 
as such, prognostic factors based on them have inherently high 
heuristic power. In addition, prospective evaluation of their utility 
as predictors of outcome in clinical trials has established that they 
also have high explanatory power. However, until recently, virtu-
ally all of the clinical studies measuring these outcomes have been 
performed in pediatric ALL. Assessments of response to therapy 
have become crucial prognostic factors in adult ALL, but remain 
underutilized in clinical practice. These should aid in refining 
prognostic models with the goal of improving outcome with risk-
adapted therapy.

Early Complete Remission
Failure to achieve CR within 4 weeks of starting treatment or 
after one course of induction chemotherapy has been considered 
an independent unfavorable prognostic factor, confirmed in most 
adult ALL studies.7,73 An exception is the international, multicenter 
UKALL XII/ECOG E2993 trial, which could not confirm its impor-
tance in its 1,500 patient cohort.61 When significant, early CR held 
predictive value for standard ALL programs as well as for newer, 
dose-intensified treatment protocols.5,67,78,106,107,108 Patients 
requiring greater than 4 weeks to achieve CR were at least twice as 
likely to relapse, depending on the study. In one study, patients who 
did not achieve CR by week 4 of induction had a 5-year disease-
free survival of 0% as compared with 46% for the remainder of the 
complete responders.78 In this study, the number of weeks required 
to achieve CR was only marginally worse than the Ph chromosome 
as an unfavorable variable.

Early Leukemic Blast Clearance
Evaluation for persistence of leukemic blasts at even earlier 
time-points, between days 7 and 21 of induction, has been firmly 
established as an important prognostic indicator for outcome 
in pediatric ALL.109–111 Early persistence of leukemic blasts at 
7 days after starting induction is thought to represent corticoste-
roid resistance.112 In contrast, persistence at time-points after  
21 days is considered a reflection of cytotoxic chemotherapy resis-
tance. Numerous prospective studies in pediatric ALL have shown 
that a substantial unfavorable influence on outcome is associated 
with the morphologic detection of blood or marrow leukemic 
blasts persisting during induction therapy at day 7, day 21, or at 
other time-points in between. Persistence of leukemia was usually 
defined as the finding of greater than 1 × 109/L blast cells in a 
peripheral blood sample or leukemic blasts greater than 5% of 
normal cells in a marrow specimen.

Although pediatric protocols already incorporate early treat-
ment response assessment by a day 7 or day 14 bone marrow 
examination into risk classification, similar data in adult ALL are 
limited.113 Results from the few reported studies agree with find-
ings from the pediatric experience. Sebban et al. prospectively 
evaluated persistence of marrow blasts, defined as greater than 
5% of nucleated cells, at day 15 of induction for influence on 
outcome.107 Among 437 adult ALL patients, one third were found 
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cohort treated at the St. Jude Children’s Research Hospital. 
MRD was determined at the end of induction and at various 
time-points thereafter. The testing was technically challeng-
ing, as 1,254 of 1,914 (66%) combined patients treated during 
the study period did not have suitable PCR targets, serial PCR 
performed, or an immunophenotype suitable for MRD assess-
ment. Nonetheless, all three studies demonstrated an unfavor-
able influence of persistent MRD on relapse-free survival. By 
multivariate analyses in the St. Jude study, sequential detec-
tion of persistent MRD remained a poor prognostic marker 
after controlling for age, WBC count, and adverse cytogenetics 
including the Ph chromosome and MLL gene rearrangement.127 
Detection of MRD during maintenance therapy tended to have 
the strongest positive predictive value for relapse. Conversely, 
absence of MRD at the end of induction negated the unfavor-
able influence of persistent leukemic blasts at day 7 as a prog-
nostic factor.

Studies assessing the predictive value of MRD in adult ALL 
have generally echoed findings of pediatric studies.138–140 
Mortuza et al. reported results for 66 Ph-negative adult B-lineage 
ALL patients treated at a single institution, for whom MRD was 
assessed with PCR using consensus immunoglobulin heavy chain 
gene primers.138 Detection of residual leukemia at the 10–3 level, 
the limit of sensitivity of the assay, independently correlated 
with inferior disease-free survival when measured 3 to 5 months 
after induction therapy. The kinetics of MRD clearance has also 
gained much attention with respect to predicting relapse risk. 
Among the 196 standard-risk ALL patients monitored by quan-
titative PCR during their first year of treatment in the German 
Multicenter Acute Lymphoblastic Leukemia (GMALL) study, the 
3-year relapse rate was 0% if MRD declined rapidly to lower 
than 10−4 at day 11, or below detection threshold at day 24, 
compared with a relapse rate of 94% if the MRD was at a level 
of 10−4 or higher until week 16.141 Based on these results, they 
defined three risk groups based on MRD assessment in this 
otherwise homogeneous standard risk group. Scheuring et  al. 
suggested that the magnitude and rate of BCR-ABL increase, 
as well as the absolute number of transcripts, could predict 
relapse within 2 months.142 Another large cooperative group 
study reported that a 2-log reduction of MRD after induction, 
and a greater than 3-log reduction after consolidation therapy 
were associated with a 2-year actuarial probability of overall, 
disease-free, and relapse-free survival of 48%, 27%, and 38%, 
respectively, compared with 0% survival with smaller reduc-
tions.143 The increasingly recognized prognostic significance of 
MRD has prompted a large cooperative group study to evaluate 
prospectively the utility of MRD in selecting patients for stem cell 
transplantation in first CR as a model for risk-adapted treatment 
strategy.144

PRIMARY THERAPY
Current management strategies for adult patients with ALL 
require a careful assessment of relapse risk at the time treatment 
is initiated. Most adult ALL patients have the precursor B-cell 
or T-cell subtype and can be managed with established treat-
ment programs that start with remission induction, followed by 
blocks of intensification, CNS relapse prophylaxis, and prolonged 
maintenance therapy. With modern multiagent regimens, up 
to 90% of patients achieve CR, and 25% to 40% can be cured. 
The disease-free survival figure obviously needs improvement, 
and, hence, therapy should be tailored for patients who have 
an adverse prognostic profile. Risk-adapted therapy has proven 
remarkably effective for certain poor-risk groups, such as brief 
dose-intensive protocols for adult patients with Burkitt leuke-
mia. Other patient groups known to have high risk for disease 
relapse should undergo allogeneic stem cell transplantation 

to have persistent blast cells. These patients were less likely to 
achieve CR after 4 weeks of therapy. Even among only the patients 
who achieved CR within 4 weeks, an otherwise favorable feature, 
those who had persistent blasts at day 15 fared significantly 
worse. Among all complete remitters, the 5-year disease-free 
survival was 34% for those who cleared marrow blasts at day 15, 
compared with 19% for those who did not. Annino et al. and the 
Italian collaborative study group evaluated the early corticosteroid 
response by giving a 7-day course of prednisone immediately 
before induction.9 The pre-induction response was previously 
shown to have strong prognostic value in pediatric ALL.114,115 In 
the adult ALL study, prednisone response was defined by reduc-
tion of peripheral blood blasts to less than or equal to 1 × 109/L. 
Lack of a prednisone response was found to affect overall survival 
negatively, as it did in the pediatric ALL studies, and, among CR 
patients, it also adversely influenced remission duration.

Minimal Residual Disease
MRD refers to the post-remission persistence of leukemia that cannot 
be detected by histomorphologic assessment. Immunophenotypic, 
cytogenetic, or molecular techniques can be used to detect MRD.116 
Samples from peripheral blood are generally one log10 less sensi-
tive than bone marrow, perhaps as post-treatment BCR-ABL tran-
scripts from peripheral blood clear more rapidly,117 but may have 
comparable sensitivity in T-lineage ALL.118,119,120 Fluorescence in 
situ hybridization is better than conventional banding analysis for 
detecting chromosomal translocations and numerical abnormali-
ties, but both techniques are limited by low sensitivity.121–124 Flow 
cytometry, used in four or more color combinations and taking 
advantage of new reagents, detects aberrant antigen expres-
sion on leukemic cells and can unambiguously distinguish one 
leukemic blast among more than 104 normal cells in 90% of all 
patients.125,126 This level of sensitivity is sufficient for prognosti-
cally significant MRD detection.127 Additionally, flow cytometry is 
rapid, reliable, and allows accurate quantitation, and the technical 
requirements for the assay are already in place at most centers, 
making it an attractive diagnostic tool. The most sensitive assays 
for detecting MRD, however, are based on PCR techniques, which 
can detect one leukemic blast in up to 106 normal cells. PCR tar-
gets using fusion gene transcripts such as BCR-ABL, ETV6-RUNX1, 
AFF1-MLL, and E2A-PBX are relatively standardized, but each 
alone can only be used for patient subsets.128–130 PCR targets 
based on immunoglobulin and T-cell receptor gene rearrangements 
can be used to detect MRD in theoretically all patients, but lose 
sensitivity if consensus rather than patient-specific primers are 
used.128,131 On the other hand, generating patient allele-specific 
primers requires DNA sequencing capability. Although a number 
of clinical studies have suggested the prognostic significance of 
threshold values of MRD,132,133 early experience with accurate 
quantitation of leukemia-specific residual disease with the PCR 
assay was fraught with technical challenges, and standardization of 
assay sensitivity among testing facilities was of major concern.130 
Where available, however, real-time quantitative PCR technology 
utilizing newer automated methods has proven to be technically 
simple, yielding precise and consistent quantitation of residual 
leukemic clones, and is gaining widespread acceptance.134,135 
Information from pediatric ALL trials using PCR and flow cytom-
etry in tandem may help determine more definitively the role of 
each for evaluating MRD.136

The prognostic utility of MRD detection was first described 
in studies conducted on children with ALL.109,128,137 Three of 
the pediatric studies stand out for having large patient num-
bers, inclusion of both B- and T-lineage ALL, and for including 
patients with poor risk features.127,132,133 The European studies 
were multicentered and used PCR detection of patient-specific 
antigen receptor gene rearrangement, whereas Coustan-Smith 
et al. used multicolor flow cytometry in an unselected patient 
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for adapting therapy has been validated in several adult stud-
ies. In two consecutive GMALL trials (GMALL 06/99 and 07/03) 
involving 1,648 patients, prospective MRD evaluation was used 
at several time-points. MRD absence after consolidation therapy 
was highly predictive of continuous complete remission after 
5 years (74% vs. 35%) as well as OS (80% vs. 42%). A multivariate 
analysis of prognostic factors, including age, immunophenotype, 
risk group, and MRD status after consolidation, found that only 
the MRD status was predictive of CCR after 5 years with a hazard 
ratio of 4.5 (P < 0.0001). Both age, with a hazard ratio of 1.3 (P = 
0.0007), and MRD status, with a hazard ratio of 4.0 (P < 0.0001), 
influenced overall survival.62

In addition, patients with persistent MRD undergoing HSCT 
in first CR experienced higher rates of CCR than those without 
HSCT (66% vs. 11%), which led to better survival (54% vs. 32%). 
The Northern Italian Study Group also reported an advantage for 
patients positive for MRD treated with HSCT (n = 36) compared 
with non-HSCT (n = 18) with approximately 50% compared with 
10% long-term disease-free survival.152

Remission Induction
The goal of remission induction therapy is hematologic complete 
remission (CR), as defined by the eradication of morphologically 
detectable leukemia cells in blood and bone marrow and the 
return of normal hematopoiesis. The importance of achieving 
CR after induction was highlighted in a study that demonstrated 
a 5-year overall survival rate of 45% in CR patients compared 
with 5% in patients who did not achieve CR.61 Remission induc-
tion chemotherapy for adults with ALL is most commonly built 
around a backbone of vincristine and prednisone. Remission 
induction with these two drugs in combination produces CR in 
approximately one half of patients with de novo ALL. The CR 
rate improves to 70% to 85% when an anthracycline is added, 
which was proven in a landmark CALGB trial to be superior to 
vincristine and prednisone alone.153 Induction failures are evenly 
divided between refractory disease and toxicity-related mortal-
ity.5,7,9,66,78 The efficacy of various anthracyclines in adults, 
including daunorubicin, doxorubicin, zorubicin, and mitoxan-
trone, has been similar.77,154–156

Many alterations to the basic induction regimen have been 
evaluated.82,157–160 A critical evaluation of the individual merits of 
these modifications is challenging. Improvement to CR rates that 
already exceed 80% would be difficult to detect at a satisfactory 
level of significance. Modern treatment protocols are complex, and 
it is difficult to attribute outcome results to any one component or 
to make comparisons of significant findings between any two tri-
als. For example, some modern induction protocols also incorpo-
rate l-asparaginase, cyclophosphamide, or both, although neither 
has been proven by controlled trials to be beneficial in adult ALL 
when added to standard three-drug induction regimens. The one 
randomized trial with l-asparaginase found no improvement in 
frequency or duration of CR with the addition of l-asparaginase 
to doxorubicin, vincristine, and prednisone during induction.161 
Nonetheless, l-asparaginase has a mechanism of action that 
is close to being ALL-specific, causes minimal myelosuppres-
sion, and has been shown to be efficacious in pediatric ALL.162 
An Italian Gruppo Italiano Malattie Ematologiche dell’ Adulto 
(GIMEMA) trial randomized adult ALL patients to induction with 
daunorubicin, vincristine, prednisone, and l-asparaginase with or 
without cyclophosphamide.9 The rate and durability of remission, 
as well as overall survival, did not differ between the two random-
ized treatment groups or for any subtype analyzed. In contrast, 
other studies have suggested a benefit with the inclusion of cyclo-
phosphamide during induction, especially for patients with T-cell 
ALL, and, conversely, worse outcome with its omission.7,163

Dose-intensified anthracycline and high-dose cytarabine induc-
tion regimens have been evaluated as alternatives to traditional 

(SCT) in first remission, given an available donor and eligibility 
status. Considerable clinical data suggest that this strategy has 
been effective, particularly with Ph+ patients. The ECOG/MRCXII 
trial also demonstrated the benefit of transplant in standard risk 
patients under age 50. Elderly ALL patients pose special treat-
ment considerations that are discussed in this chapter. General 
issues relating to supportive care of the patient with leukemia are 
discussed in Chapter 69.

General Principles
On presentation, certain pre-treatment considerations should be 
addressed before initiating therapy. Leukemia therapy is guided 
by an estimate of relapse risk, although there is no formal risk 
assessment tool for adult ALL. In reviewing the list of agents used 
to induce remission and protect against relapse, it can be appre-
ciated that the individual superiority of one drug over another in 
many instances has not been established. Complicating manage-
ment decisions are similarly conflicting outcome results for SCT 
in first remission for high-risk patients, although the general con-
sensus is that allogeneic SCT from a sibling donor is best therapy.

Pre-treatment Considerations
Attention should be paid to metabolic, infectious, and hematologic 
issues before starting leukemia-specific therapy. Hyperuricemia, 
hyperphosphatemia, and secondary hypocalcemia may be pro-
nounced with high leukemic cell burden and require intravenous 
hydration, alkalinization, and administration of allopurinol. 
In addition to myelosuppression during intensive treatment 
blocks, ALL therapy suppresses cell-mediated immunity, and 
some protocols have provisions for prophylaxis against herpes 
simplex virus and Pneumocystis jiroveci infections.106 The clini-
cal consequences of hyperleukocytosis (≥100 × 109/L) in adult 
ALL patients are not well understood. Patients with MLL gene 
rearrangements and Burkitt leukemia are at higher risk for 
hyperleukocytosis at presentation.60 In children, pronounced 
hyperleukocytosis involving lymphoid blasts are better tolerated 
than myeloid blasts, as reflected by fewer complications attribut-
able to leukostasis or hemorrhage.145 In one series, leukapher-
esis for pediatric ALL patients having blast counts greater than 
or equal to 2 × 109/L led to outcomes equivalent to those for 
children who did not have this degree of hyperleukocytosis.146 A 
similar policy is reasonable for adult ALL patients. Alternatively, 
immediate administration of prednisone or vincristine can rap-
idly reduce the circulating blast count. In an adult series, the 
WBC count dropped from greater than 100 × 109/L to less than 
1 × 109 in 39% of patients given a 7-day course of prednisone 
immediately preceding remission induction chemotherapy.9

Risk Assessment Model
There are no useful clinical staging or prognostic scoring systems 
for adult ALL patients as there are for other hematologic malig-
nancies, and there are no agreed-on uniform risk criteria as there 
are for pediatric ALL.147–151 A prognostic model based on CALGB 
data suggested an additive effect of multiple adverse prognostic 
features on outcome, and, conversely, those without any poor 
prognostic factors did exceptionally well with few relapses.7 
Others have described similar analyses.66,78 Based on these mod-
els and the current clinical evidence, a general framework for risk 
assessment may consider placing adults with ALL in different risk 
prognostic categories (Fig. 74.3). All patients with at least one 
established poor prognosis factor based on clinical, immunophe-
notypic, cytogenetic, or molecular features and response to induc-
tion therapy should be considered at high risk for relapse. Adding 
response to therapy, based on MRD detection, as a risk criterion 

72683_ch074_1556-1576.indd   1564 31/07/13   9:07 PM



 CHAPTER 74 Acute Lymphoblastic Leukemia in Adults 1565

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

group, however, failed to reproduce the earlier experience based 
on an interim analysis of 460 of 501 total patients enrolled.168 
Weiss et al. investigated a different approach using high-dose 
mitoxantrone given with high-dose cytarabine during induc-
tion.169,170 The results from their expanded randomized trial at 
seven study sites in the United States demonstrated improved 
remission (83% vs. 70%) and 5-year overall survival rates (35% vs. 

induction protocols. These treatment programs were intended to 
improve outcome by inducing rapid reduction of leukemic cell 
mass to achieve early CR.164 Todeschini et al. generated consider-
able interest with reports from two sequential trials showing that 
dose escalation of daunorubicin to 225 mg/m2 and, subsequently, 
to 270 mg/m2 significantly improved disease-free survival.165–167 
Multicenter implementation of this protocol by the GIMEMA 
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FIGURE 74.3. Risk assessment for adult acute lymphoblastic leukemia (ALL). Clinical, immunophenotypic, and cytogenetic features may be combined with 
the initial response criteria to classify patients into risk categories (Adapted from Pullarkat V, Slovak ML, Kopecky KJ, et al. Impact of cytogenetics on the outcome of 
adult acute lymphoblastic leukemia: results of Southwest Oncology Group 9400 study. Blood 2008;111:2563–2572.)
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22%), as well as less resistance and more activity in Ph+ disease, 
compared with a standard regimen,171 establishing the activity 
of the combination of high-dose cytarabine and mitoxantrone in 
ALL. The standard L-20 regimen (vincristine, prednisone, cyclo-
phosphamide, doxorubicin) used in this study did not use aspara-
ginase during induction, and the results of the standard treatment 
arm are somewhat inferior to other contemporary regimens.

Dexamethasone has been substituted for prednisone in 
 standard-risk pediatric patients in a large randomized trial.172 
The use of dexamethasone achieved a 34% reduction in relapse 
risk as well as a significant decrease in isolated CNS relapse. 
However, dexamethasone is associated with an increased risk 
of avascular necrosis in children. Current pediatric protocols use 
prednisone for all children >10 years old during induction and 
dexamethasone for those ≤10. This has not yet been studied in a 
comparable adult population.

Patients with Burkitt leukemia have poor initial responses to these 
conventional regimens and require special dose-intensified remis-
sion induction programs that are discussed below.74,75,173,174,175

Granulocyte colony-stimulating factor started after comple-
tion of the first few days of ALL induction chemotherapy did not 
improve survival or ultimate outcome in randomized trials. It did, 
however, shorten the duration of neutropenia by 5 to 6 days and 
appeared to reduce the incidence of associated complications, 
particularly infections.64,176–178

Intensification Therapy
Post-remission intensification or consolidation therapy after the 
attainment of CR is standard treatment for adult patients with 
ALL. This therapy refers to the administration of non-cross–resis-
tant drugs aimed at eliminating residual leukemia to prevent 
relapse as well as the emergence of drug-resistant cells. Variably 
myelosuppressive doses of different drugs are given according to 
various schedules depending on the protocol. Due to the hetero-
geneity of approaches, it is difficult to assess the effect of any indi-
vidual drug, and only a general assessment of the overall value of 
intensification can be made.

A randomized trial in childhood ALL clearly demonstrated 
that administration of both early (given immediately after CR) 
and late (week 20) intensification therapy was better than either 
early or late intensification alone and better than no intensifica-
tion at all.179 Two other pediatric trials confirmed the benefit of 
intensification.180,181 Results from comparative trials in adults 
have been less clear and again highlight the difficulty of compar-
ing findings from discordantly designed studies. The pediatric 
study was conducted by the British UKALL study group, which 
also enrolled adult patients in a concurrent trial using essentially 
identical treatment regimens.5 There was a significant decrease 
in relapse incidence for adult patients who received the early 
intensification block, but this was not reflected by a statistically 
significant improvement in disease-free survival, possibly due to 
an increased number of deaths during remission. Likewise, two 
GIMEMA studies randomizing adult ALL patients to intensive ver-
sus standard consolidation and maintenance saw no advantage in 
disease-free survival for intensified post-remission treatment.9,72 
No benefit was observed with extending consolidation started 
early in the post-remission period from 1 month to 4 consecutive 
months.182 Adding two myelosuppressive consolidation courses 
patterned after acute myeloid leukemia, “3  +  7” daunorubicin 
and cytarabine, to maintenance alone made no difference in the 
duration of remission.183 Lastly, very late intensification given 
at 6 months or 11 months after CR, in two separate trials, led to 
no reduction in relapse compared with standard post-remission 
therapy alone.184,185

In contrast, clinical data from nonrandomized trials provide 
evidence that adult ALL patients benefit from intensification.7,66,67 
In the CALGB study, patients who achieved CR received two blocks 

of early intensification in addition to an 8-week late intensification 
therapy.59 The reported medians of remission duration and sur-
vival, 29 months and 36 months, respectively, were substantially 
better than those observed in prior CALGB trials that did not use 
intensification blocks. Outcomes better than historical comparison 
groups were reported by the GMALL studies that consolidated 
remission patients with a late “re-induction” of drugs identical to 
initial therapy given 21 weeks after starting treatment.7,63

Maintenance Therapy
As with post-remission intensification, the value of long-term, 
continuous maintenance therapy for adult ALL has not been 
established by randomized trials as it has for pediatric ALL.186 
Patterned after the childhood ALL experience, maintenance 
therapy usually consists of daily 6-mercaptopurine and weekly 
methotrexate for a total treatment period of 2 to 3 years. There 
is no information from adult ALL trials regarding the proper 
duration of maintenance therapy, but children who receive less 
than 18 months of therapy have worse outcome. The addition of 
monthly pulses of vincristine and prednisone reduced relapses 
in controlled childhood ALL studies and has been adopted in 
some adult maintenance therapy regimens. From a mechanism-
of-action perspective, it may be that long-term drug exposure is 
required to eradicate residual, slowly dividing, or drug-resistant 
ALL clones.187 This could explain why maintenance is not neces-
sary for optimally treated patients with Burkitt leukemia, which is 
a highly mitotically active leukemia.2,74,75,173,174

Relatively strong evidence that adult ALL patients benefit from 
maintenance therapy comes from a number of studies showing 
inferior outcome when prolonged maintenance was completely 
omitted.154,188–190 The CALGB study was intended to evaluate the 
efficacy of mitoxantrone during induction and consolidation given 
over a 7- to 9-month period without maintenance.154 Patient 
accrual on this trial was terminated at interim analysis because 
the median duration of remission (11 months) was much shorter 
than in previous protocols. Similarly, another American coopera-
tive study group investigated high-dose cytarabine intensification 
followed by 8 cycles of multiagent consolidation.189 Without main-
tenance, the median duration of remission was 10 months, and 
the disease-free survival at 4 years was only 13%.

Central Nervous System Therapy
CNS prophylaxis is essential in the treatment of ALL. Approximately 
one third of adult patients will eventually have CNS involvement 
at relapse without prophylactic therapy.191,192 The advantage of 
CNS prophylaxis in adult ALL was established by the Southeastern 
Cancer Group in a randomized trial comparing cranial irradiation 
plus intrathecal methotrexate versus no prophylaxis.193 CNS pro-
phylaxis may involve combinations of intrathecal chemotherapy, 
cranial irradiation, and systemic administration of drugs with 
high CNS bioavailability, such as high-dose methotrexate and 
high-dose cytarabine. Although the best combination of modalities 
and the preferred timing have not been established in controlled 
trials, a number of different approaches have all proved equally 
effective. Intrathecal chemotherapy alone or high-dose chemo-
therapy alone, however, has been associated with poor protection 
from CNS relapse.194,195 On the other hand, more aggressive 
approaches combining all three modalities do not yield clearly 
superior results.66 Cranial irradiation between 1,800 and 2,400 
cGy plus intrathecal methotrexate started after achievement of CR 
has been used as CNS prophylaxis in several studies, with CNS 
relapse rates between 0% and 11%.7,69,78,163 Similar results were 
achieved in other studies that were able to omit cranial irradiation 
by starting intrathecal chemotherapy concurrent with induction 
and incorporating high-dose methotrexate, high-dose cytarabine, 
or both.72,108,183
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better than conventional therapy (43%). The subsequent LALA-94 
study also favored allogeneic SCT over standard chemotherapy 
for high-risk patients, with respective 5-year overall survival rates 
of 51% and 21%.209 The benefit of allogeneic SCT from a related 
donor in first CR even in standard-risk patients was demonstrated 
in the UKALL XII/ECOG 2993 trial.6

Allogeneic SCT from unrelated donors for adults in first CR 
can be successfully performed. Various individual trials have 
been reported, as well as results reported to the National Marrow 
Donor Program (NMDP). When 64 patients with high-risk fea-
tures, including the t(4;11) and t(1;19) translocations, received 
matched unrelated donor allogeneic SCT in first CR, transplant-
related mortality was 54%, but relapse at 4 years was only 19%. 
Only 1 of 17 patients surviving beyond the first year had relapsed 
at the time of last follow-up.210 Subsequently, Weisdorf et al. 
reported the outcome of 517 patients, ranging in age from 0 to 
51 years, with high-risk ALL, including relapsed status and the 
t(4;11) and t(1;19) translocations, who received matched unre-
lated donor allogeneic SCT in first or second CR.211 Transplant-
related mortality was 42%, but relapse at 5 years was only 14% 
for those transplanted in first CR, and 25% for those in second 
CR. The 5-year probability of disease-free survival rates for those 
transplanted in first and second CR were 44% and 36%, respec-
tively. Similarly, in a large European study, 5-year disease-free 
survival did not differ between patients receiving a graft from a 
matched related or unrelated donor as long as the SCT occurred 
in first CR (42% vs. 45%, respectively).212 Treatment-related 
mortality also did not differ between the two donor types of SCT.

The role for autologous SCT as an option for post-remission 
therapy in high-risk ALL patients is difficult to evaluate. The 
French LALA-87 group performed a trial, parallel to the alloge-
neic SCT study that randomly assigned patients younger than 
50 years who did not have a matched sibling donor to autologous 
SCT versus standard therapy, regardless of disease risk.71,156 
Conventional therapy was found to be equivalent to autologous 
SCT for standard-risk patients. For high-risk patients, autolo-
gous SCT and conventional therapy both proved equally ineffec-
tive, with 10-year disease-free survival rates of 10% and 16%, 
respectively. Patients on the SCT arm were transplanted after 
three consolidation courses, and the autografts were purged 
with monoclonal antibodies and complement or mafosfamide. 
The LALA-94 study compared the outcomes of high-risk ALL 
patients who were assigned to allogeneic SCT if they had an 
HLA-identical sibling, or randomized to autologous SCT versus 
standard therapy if they did not. Autologous SCT conferred no 
advantage over chemotherapy in this high-risk population, and 
the respective 5-year overall survival rates of 32% and 21% were 
not significantly different in statistical analysis.207 In the UKALL 
XII/ECOG 2993 trial, conventional chemotherapy was superior to 
autologous transplant, with a 46% versus 37% 5-year survival.6 
Many autologous transplant studies compare individual trials 
with registry data and report significantly better results. Trials 
that compare registry data differ considerably from one another 
and from the French randomized studies with respect to timing 
of transplant, purging method, intensity of preparative regimen, 
and whether post-transplant maintenance therapy is given.213,214 
Taken together, disease-free survival for autologous SCT in first 
CR from individual trials ranges from 26% to 65%, a wide degree 
of variability likely reflecting the above considerations.201,215 In 
some studies, transplant-related mortality approached 20% and 
seems high relative to contemporary experience with autologous 
SCT.216–218

A comparative analysis of data from two registries—the 
NMDP and the Autologous Blood and Marrow Transplant 
Registry—reported the outcomes of 517 patients who received 
matched unrelated donor allogeneic transplants and 195 patients 
who underwent autologous SCT. Transplantation-related mortal-
ity was higher after unrelated donor SCT (42%) compared with 

Adult ALL patients with CNS involvement at diagnosis require 
additional CNS-directed therapy, as it can adversely affect 
survival. In the UKALL XII/ECOG 2993 trial evaluating post-
remission therapies, overall survival at 10 years was inferior in 
patients with CNS disease at diagnosis compared to those without 
(34% vs. 29%, P = 0.03).196 Up to 10% of adults present with CNS 
leukemia at the time of diagnosis.7,67,156,195 Patients with Burkitt 
leukemia are at high risk for both CNS disease at presentation and 
subsequent CNS relapse.74,75 The treatment of CNS leukemia has 
generally involved early and repeated dosing of intrathecal che-
motherapy started during induction therapy.67,78,106 Kantarjian 
et al. gave twice weekly alternating intrathecal methotrexate and 
cytarabine until the CSF showed no leukemic blasts, followed by 
the standard intrathecal prophylaxis regimen.106 Linker et al. 
gave intrathecal methotrexate injections weekly for 10 weeks, 
then monthly for the remainder of the first year.78 The cranial 
irradiation dose was also increased to 2,800 or 3,000 cGy when 
included as CNS prophylaxis during the treatment protocol.67,78 
With either approach, the presence of CNS leukemia did not 
adversely affect subsequent outcome.

Hematopoietic Stem Cell Transplantation
Allogeneic SCT in first remission improves outcome for adult ALL 
patients with high-risk features and should be pursued for all 
eligible patients. Outcome data from most uncontrolled individual 
trials indicate disease-free survival between 40% and 60% with 
matched sibling allogeneic SCT.197–200,201 Some centers reported 
exceptionally impressive results. In a transplant study performed 
by Stanford University and the City of Hope National Cancer 
Center, high-risk inclusion criteria were defined as age greater 
than 30 years, a WBC count greater than 25 × 109/L, failure to 
achieve CR within 6 weeks of starting induction, or the presence 
of unfavorable cytogenetic abnormalities. Blume et al. initially 
reported a disease-free survival rate of 63%, which held up at 61% 
with longer follow-up of an expanded patient cohort, as reported 
by Chao et al.197,198

Registry data from the International Bone Marrow Transplant 
Registry (IBMTR) provide additional information. Registry data are 
useful in limiting the influence of selection bias and heterogeneity 
between patient groups at different institutions, especially when 
based on large patient numbers. Reporting on 243 adult patients 
with high-risk ALL undergoing sibling donor allogeneic SCT, the 
5-year estimate of disease-free survival was 39%.202 Treatment-
related mortality (37%) exceeded disease relapse (30%) as the 
cause of treatment failure. In additional analyses by the IBMTR, 
patients were found to be half as likely to relapse if they developed 
either acute or chronic graft-versus-host disease.203 Others have 
also described similar evidence for a significant graft-versus-
leukemia effect, which may have contributed to the relatively 
low relapse rate, although to a lesser degree in comparison to 
chronic and acute myeloid leukemias.204,205 Several comparisons 
of IBMTR data with outcome after standard therapy have been 
reported.206,207,208 In these indirect comparisons with historical 
control groups, allogeneic SCT in first CR proved superior for 
survival due to protection from relapse.

The first study providing controlled outcome data for allo-
geneic SCT versus standard therapy was the French Leucémie 
Aiguë Lymphoblastique de l’Adulte (LALA)-87.70,71,156 The study 
genetically randomized adult patients with ALL to sibling donor 
allogeneic SCT in first CR versus consolidation and maintenance 
chemotherapy, regardless of risk category. Risk categoriza-
tion was based on criteria set by the German study group.67,68 
Allogeneic SCT was found to be significantly superior to standard 
therapy but only for high-risk patients. Disease-free survival at 
10  years for these patients was 44% with allogeneic SCT ver-
sus 11% for conventional therapy. For standard-risk patients, 
disease-free survival with allogeneic SCT was similar (49%) but no 
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autologous SCT (20%), but relapse rate was higher in the latter 
group (49%) compared with the former (14%). Five-year disease-
free survival rates were similar (44% for unrelated donor SCT 
vs. 31% for autologous SCT) when transplanted in first CR or 
second CR (36% after unrelated SCT vs. 27% after autologous 
SCT). Net survival outcomes were, therefore, considered similar 
between the two transplant types, with the sole exception of a 
subset of patients with no high-risk features who enjoyed supe-
rior outcome with allogeneic compared to autologous SCT.211 In 
contrast, a trial genetically randomizing adult patients in first 
CR to sibling donor allogeneic versus autologous SCT found the 
former superior by a substantial margin.219 The French Groupe 
Ouest-Est des Leucémies et Autres Maladies du Sang (GOELAMS) 
trial prospectively compared matched sibling allogeneic SCT in 
first CR with unpurged autologous SCT following sequential re-
induction in patients who had no HLA-matched sibling donor or 
who were older than 50 years. Matched-sibling SCT significantly 
improved the 6-year overall survival (75% vs. 40% after autolo-
gous SCT).220

Tailoring post-remission strategies in a risk-adapted man-
ner has become an accepted approach in the management of 
patients with ALL. There is general agreement that, at least in 
the high-risk patient population, in whom conventional therapies 
are known to be inferior, expeditious administration of allogeneic 
transplantation with a matched related donor, whenever possible, 
can afford the best chance for long-term survival. In contrast, 
autologous transplant does not seem to be superior to standard 
chemotherapy approaches.

Adult B-Cell and T-Cell Acute Lymphoblastic 
Leukemia
Adult ALL patients with the B-cell or T-cell immunophenotype 
should enter into chemotherapy treatment programs that start 
with multiagent remission induction chemotherapy. Prophylaxis 
against CNS relapse is indicated for all patients. Standard-risk 
patients who achieve remission, who are the majority, should con-
tinue with intensification and maintenance therapy or consider 
allogeneic SCT. Patients at high risk for relapse are best managed 
with allogeneic SCT in first CR.

Modern adult ALL treatment regimens that have been estab-
lished by major collaborative study groups are illustrated in 
Figure  74.4.5,7,9,66,67 Clinical outcome results from adult trials 
are summarized in Table 74.6. Almost all modern multiagent, 
multiphasic adult ALL treatment protocols are variations on 
the same basic treatment theme.6,9,73,77,78,152,156,161,183,209,220, 

221–227,228,229,230,231,232,233,234 Two exceptions are the GMALL 
B-NHL 86 and hyper-CVAD (hyperfractionated cyclophosphamide, 
vincristine, doxorubicin, and dexamethasone) protocols, which 
are brief, intensive treatment regimens that have particularly 
improved outcomes for adult mature B-cell ALL. Although these 
protocols are further discussed separately in this chapter,74,75 the 
hyper-CVAD regimen also has high activity in non-Burkitt B-cell 
ALL subtypes.228 Maintenance thereapy, delayed intensive cycles, 
and rituximab (if CD20+) are added to HyperCVAD in pre-B 
ALL.235

The remission induction regimens are built around the four-
drug combination of vincristine, prednisone, l-asparaginase, and 
an anthracycline, most commonly daunorubicin. The American 
CALGB 8811 and Italian GIMEMA 0288 protocols added cyclo-
phosphamide to the induction regimen. For those who achieve 
remission, induction is followed by various intensification or 
consolidation treatment blocks, generally completed within 
6 months of starting treatment. Prolonged maintenance with 
6-mercaptopurine and methotrexate is continued for a total of 
2  years of scheduled therapy. Intermittent pulses of vincristine 
and prednisone are also given during maintenance in the CALGB, 

GIMEMA, and the British UKALL protocols. Cranial irradiation 
is administered early in the German GMALL treatment program 
and during interim maintenance in the CALGB and UKALL pro-
grams, but omitted in the GIMEMA trial.

The CALGB 8811 trial was conducted between September 
1988 and June 1991 at 25 institutions in the United States. Larson 
et al. reported the results of this study, which showed an 85% 
CR rate, median remission duration of 29 months, and disease-
free survival of 46% but with relatively short median follow-up 
of 43 months.7 Of these patients, 6% failed therapy due to death 
during induction, and an additional 7% due to refractory disease. 
Intensification of standard induction with cyclophosphamide was 
felt to contribute to favorable outcome with T-cell ALL but con-
tributed to myelosuppression, requiring dose reduction in patients 
older than 60 years and hospital stays averaging 26 days during 
the induction phase. Prospective karyotype and immunopheno-
typic data were collected from patients on this and subsequent 
CALGB protocols for analysis of prognostic markers and were 
reported separately.65,80

The German GMALL 02/84 trial evaluated sequential blocks 
of intensive induction and consolidation therapy that extended 
for nearly a year before beginning maintenance. CNS therapy 
was aggressive and incorporated intrathecal chemotherapy and 
cranial irradiation, as well as systemic high-dose cytarabine and 
methotrexate. International application of this treatment protocol 
confirmed the high CR rate and disease-free survival of 39% that 
was reported by Hoelzer et al.66,67,194,219,236–238

The British UKALL XA trial was designed to evaluate the ben-
efit of post-remission therapy with early and late intensification 
blocks. Results were reported by Durrant et al.4 CR was achieved 
in 88% of adult patients, and disease-free survival at 5 years 
was 28%. As previously mentioned, there was a reduction in 
relapse for patients randomized to receive the early intensifica-
tion block, but this did not lead to a superior disease-free survival 
rate. Additional analyses of this patient cohort describing clini-
cal, immunophenotypic, and cytogenetic prognostic factors were 
detailed in separate reports.69,93

The GIMEMA 0288 trial tested the prognostic value of 
response to pre-induction prednisone and the efficacies of cyclo-
phosphamide inclusion during induction followed by intensifica-
tion of post-remission therapy. An 82% CR rate was observed 
in 794 adult patients with ALL, which was not better among 
patients randomized to receive cyclophosphamide during induc-
tion.9 The response to prednisone was shown to have prognostic 
significance. Prednisone responders had an overall survival rate 
of 33% at 8 years compared with 17% among nonresponders. 
The disease-free survival rate was 29%, which was no better for 
patients who were randomized to an additional eight-drug con-
solidation after intensification, as opposed to proceeding directly 
to maintenance therapy.

In a single-institution study of 288 patients, dose-intensive 
hyper-CVAD courses alternating with high-dose methotrexate 
and cytarabine, with concomitant intrathecal CNS prophylaxis, 
achieved a CR rate of 92%. With a median follow-up of 63 
months, the 5-year disease-free and overall survival rates were 
both 38%,228 demonstrating activity comparable with other 
established protocols. A smaller single-institution study evalu-
ated the outcome of 84 patients using an intensified and short-
ened chemotherapy regimen consisting of an induction program 
with daunorubicin, vincristine, prednisone, and asparaginase, 
followed by cyclical post-remission therapy with high-dose cyta-
rabine/etoposide, high-dose methotrexate/6-mercaptopurine, 
and the four drugs used in induction,239 along with intrathecal 
CNS prophylaxis. Despite eliminating prophylactic cranial irra-
diation and reducing the total dose of daunorubicin, the CR rate 
was 93%, and the 5-year disease-free survival rates for patients 
with B-lineage ALL, with and without high risk factors, were 
34% and 66%, respectively.
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Adult Mature B-Cell Acute Lymphoblastic 
Leukemia (Burkitt Leukemia)
The mature B-cell phenotype is found in 5% of adult ALL cases, 
and most are not cured with the majority of conventional ALL 
regimens such as those just described. Diagnosis is made by mor-
phologic and immunophenotypic features, as has been discussed. 
Compared with other ALL subtypes, there is a more pronounced 
male predominance and higher incidence of extramedullary 

disease, including CNS involvement.240–242 As is the case with 
other high-grade malignancies, the blast cells have a rapid dou-
bling time, and vigorous supportive care must be pursued to 
prevent or treat tumor lysis syndrome.243 The high proliferative 
rate exhibited by the leukemic cells served as the rationale for a 
treatment strategy based on repeated administration (hyperfrac-
tionation) of high-dose cyclophosphamide plus methotrexate, also 
given at high dose, which proved highly successful in pediatric 
studies.173,244
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FIGURE 74.4. Established treatment protocols for adult acute lymphoblastic leukemia (ALL). Protocols for patients with precursor B-cell or T-cell ALL shown 
are adapted from (A) CALGB 8811 trial;7 (B) GMALL 02/84 trial;66 (C) UKALL XA trial;5 and (D) GIMEMA 0288.9 Protocols for patients with mature B-cell ALL shown are 
adapted from (E) GMALL B-NHL 86;74 (F) Rituximab plus hyper-CVAD from the M.D. Anderson Cancer Center (MDACC);248 and (G) modified CALGB 9251.75 Timeline 
drawn to semi-logarithmic scale. CNS, central nervous system.
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Age (years)

Study Year No. of Pts. Median Range CR (%) DFS, Years OS, Years HSCT Outcome

UCSF78 1991 109 25 16–49 88 35%, 5 40%, 5 7% went to HSCT

CALGB 88117 1995 197 32 16–80 85 46%, 3 50%, 3 5% went to HSCT in CR1

SWOG 8417/19224 2001 353 32 15–84 62 25–32%, 5 25%, 5 —

NILG 08/96152 2001 121 35 15–74 84 48%, 3 49%, 3 DFS donor 38% vs. no donor 43% (P = NS)

JALSG 93226 2002 263 31 15–59 78 23%, 6 33%, 6 No difference between allo vs. chemo except 
in Ph+

Sweden227 2002 153 42 16–82 86 30%, 3 29%, 3 3 y DFS of HSCT was 39%

GIMEMA 02889 2002 778 28 12–60 82 33%, 9 27%, 9 7% went to HSCT in CR1

MDACC228 2004 288 40 15–92 92 38%, 5 38%, 5 11 Ph+ pts. went to HSCT

EORTC ALL3229 2004 340 33 14–79 74 36%, 6 36% 6 DFS donor 38% vs. no donor 37% (P = NS)

LALA 94209 2004 922 33 15–55 84 30%, 5 33%, 5 Ph–: DFS donor 45% vs. no donor 18%  
(P = 0.007); no benefit of auto vs. chemo

GOELAMS 02220 2004 198 33 15–57 80 NR 41%, 6 OS allo 75% vs. auto 43% ( P = 0.003)

PETHEMA  
ALL-93222

2005 222 27 15–50 82 35%, 5 34%, 5 DFS donor 33% vs. no donor 39% (P = NS)

GMALL 07/03231 2007 713 34 15–55 89 NR 54%, 5 68% HR and 71% VHR went to HSCT: 55% 
and 49% 3 y DFSa

JCOG 9004232 2007 143 41 15–69 83 26%, 5 32%, 5 5 y OS 58% (allo + auto)

MRC-ECOG6 2008 1,646 (Ph-) NR 15–64 90 NR 39%, 5 OS donor 53% vs. no donor 45% (P = 0.01); 
chemo 46% vs. auto 37% (P = 0.03)

NILG 09/00221 2009 280 38 16–66 84 33%, 5 34%, 5 5 y OS/DFS 75%/72% for MRD neg vs. 
33%/13% MRD pos (P = 0.001)

HOVON233 2009 433 NR — NRb NR 37%, 5 DFS donor 60% vs. no donor 42% (P = 0.01)

JCOG 9402234 2012 108 33.5 15–69 81 29%, 5 28%, 5 5 y OS 51% (allo + auto)

ALL, acute lymphoblastic leukemia; CALGB, Cancer and Leukemia Group B; CR, complete response; DFS, disease-free survival; ECOG, Eastern Cooperative Oncology Group; EORTC, European 
Organization for the Research and Treatment of Cancer; GIMEMA, Gruppo Italiano Malattie Ematologiche dell’Adulto; GMALL, German Multicenter Study for Adult Group for Adult ALL; GOELAMS, 
Groupe Quest-Est des Léucemies et Autres Maladies du Sang; HOVON, Dutch-Belgian Cooperative Trial Group for Hematology/Oncology; HSCT, hematopoietic stem cell transplantation; JALSG, 
Japan Adult Leukemia Study Group; JCOG, Japan Clinical Oncology Group; LALA, Leucémie Aiguës Lymphoblastique de l’Adulte; MDACC, MD Anderson Cancer Center; MRC, Medical Research 
Council; MRD, minimal residual disease; NILG, Northern Italy Leukemia Group; NR, not reported; NS, not significant; OS, overall survival; NR, not reported; PETHEMA, Programa Espanol de 
Tratamiento en Hematologia; Ph+, Philadelphia chromosome positive; SWOG, Southwest Oncology Group; University of California, San Francisco.
aHR, high risk (≥ 1 factor): WBC > 30 × 109/L (pre-B); pro-B, early T, mature T-ALL; t(4;11); VHR, very high risk: t(9;22).
b288 CR patients satisfied HSCT criteria (age <55 + donor; others to auto).
Adapted from Bassan R, Hoelzer D. Modern therapy of acute lymphoblastic leukemia J Clin Oncol 2011;29:532–543.

RESULTS OF TREATMENT PROGRAMS FOR ADULT ALL

TABLE 74.6

Studies performed by European and American groups have 
established that these brief, cyclical, dose-intensive protocols 
are the preferred approach to treating adult patients with mature 
B-cell ALL (Table 74.7).74,75,76,245–247,248,249–252 Adapted from 
the pediatric regimens, the B-NHL 86 protocol was used by the 
German study group (Fig. 74.4) and the hyper-CVAD treatment 
program was evaluated at the M.D. Anderson Cancer Center. Both 
use alternating blocks of intensive chemotherapy given monthly 
for a total of 6 or 8 months without subsequent maintenance. The 
hyper-CVAD regimen rotated fractionated high-dose cyclophos-
phamide with high-dose methotrexate. The B-NHL  86 protocol 
gave high-dose methotrexate with every treatment block and 
alternated cyclophosphamide with ifosfamide. CNS prophylaxis 
with intrathecal chemotherapy was started early, but cranial irra-
diation was omitted in the hyper-CVAD protocol. Similar outcome 
was reported by both studies. Remarkably similar results were 
also reported by the CALGB, which implemented the German pro-
tocol in a study involving 24 adult patients, with the exception that 
excess neurotoxicity was reported by the CALGB.246 By reserving 
intensive CNS prophylaxis for only high-risk individuals, how-
ever, the modified CALGB study was able to minimize neurologic 
toxicity without compromising efficacy.76 Overall, with the use of 
such dose-intensive, short-duration combination chemotherapy 

treatment regimens, CR rates of 75% to 90% and overall survival 
rates of 50% to 70% have been achievable,175,253 substantially 
improving the outcome in a highly aggressive disease once con-
sidered incurable.

There are currently no effective treatment options for mature 
B-cell ALL patients who have refractory or relapsed disease. 
From the recent studies, predictors for relapse or poor outcome 
include high WBC count (>50 × 109/L), severe anemia, older age, 
elevated LDH, and poor performance status.74,75,245,247 In the 
report by Thomas et al., nine patients relapsed in CR, for whom 
the median remission duration was only 7 months. Progression 
after relapse was rapid, with two deaths occurring before treat-
ment could be initiated. The remaining patients were resistant 
to salvage therapy that included re-treatment with hyper-CVAD. 
After relapse, the median survival for the group was 1 month.

Philadelphia Chromosome-positive Acute 
Lymphoblastic Leukemia
Ph+ ALL accounts for at least 20% of adult cases 60,254,255 and 
is associated with a poor prognosis.256 Patients tend to be older 
and have a higher WBC count and are more likely to present with 
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hepatosplenomegaly and lymphadenopathy. Virtually all have 
the B-cell immunophenotype. Earlier experiences with standard 
ALL induction chemotherapy demonstrated that most achieved 
CR, but few were long-term survivors due to relapse. The median 
duration of survival ranged from 8 to 16 months, and disease-free 
survival did not exceed 10%.65,91–93,257 The hyper-CVAD regimen 
led to improved response rates and duration of CR, but not to 
advantage in overall survival.254 Incorporation of maintenance 
therapy to the regimen yielded potentially encouraging results for 
subtypes of adult ALL other than mature B-cell ALL but had no 
impact on survival for the 32 Ph+ patients in the series reported 
by Kantarjian et al.106 In the LALA-94 and UKALLXII/ECOG 2993 
trials the median OS was 5 months and the 5-year OS was only 
3% to 6% in patients treated after relapse with Ph+ disease.258

Given the dismal prospect for long-term survival with combi-
nation chemotherapy alone, early allogeneic SCT in first CR has 
long been the recommended treatment for patients with Ph+ ALL. 
The benefits of transplantation derive from the intense myeloab-
lative therapy combined with the graft-versus-leukemia effect.259 
Results vary from center to center, but with allogeneic SCT, 30% 
to 65% of Ph+ patients can expect long-term survival.260–263 
Registry data from the IBMTR show rates at 2 years of 38% for 
disease-free survival and 34% for relapse.264 A large retrospec-
tive review of children who were Ph+, an equally unfavorable 
marker in pediatric ALL, suggested that allogeneic SCT substan-
tially improved survival compared with chemotherapy alone.265 
In the prospective, multicenter LALA-94 trial of 154 patients with 
Ph+ ALL, both the absence of MRD and presence of allogeneic 
SCT were independent predictors of disease-free and overall 
survival.266 In the study of 267 Ph+ ALL patients in the prospec-
tive multicenter trial UKALLXII/ECOG 2993, the actuarial 5-year 
relapse risk was lowest for those undergoing allogeneic SCT (32%) 
compared with those treated only with chemotherapy or with 
autologous SCT (81%).258 Recipients of allogeneic transplants 
experienced higher event-free and overall survival rates at 5 years 
(36% and 42%, respectively) compared to their counterpart (17% 
and 19%, respectively).

The probability of cure, although small in this patient popula-
tion, further diminishes with advanced disease. Among 38 patients 
studied by Chao et al., the disease-free survival for Ph+ ALL 

patients transplanted in first remission was 46% at 10 years, com-
pared with 28% in those transplanted after relapse.267 In another 
study of 127 patients with poor-risk cytogenetics, the National 
Marrow Donor Program reported that the overall survival at 2 
years following matched unrelated SCT was 40% for patients in 
first CR, 17% in second or third CR, and 5% for primary refractory 
disease or relapse. The high treatment-related mortality associated 
with unrelated transplantation did not appear to overshadow the 
37% disease-free survival at 2 years for patients in first CR.210

A paradigm shift in the treatment of Ph+ ALL patients has 
occurred with the introduction of the oral tyrosine kinase inhibi-
tor imatinib mesylate, with a reported response rate of 70% as 
a single agent.268 Although imatinib monotherapy in relapsed 
or refractory disease resulted in disappointingly poor durabil-
ity,269 immediate post-remission SCT 270 and integration into 
combination chemotherapy regimens have improved its thera-
peutic outlook. In the evaluation of concurrent hyper-CVAD and 
imatinib in 26 newly diagnosed Ph+ ALL patients, 96% achieved 
CR and five entered molecular remission, or RT-PCR negativity 
for the BCR-ABL transcript. Even without post-remission SCT, the 
2-year disease-free survival rate was 87% for the combination 
imatinib–chemotherapy group compared with 12% to 28% with 
conventional chemotherapy regimens.271 The value of incorpo-
rating imatinib into chemotherapy regimens in the treatment of 
newly diagnosed Ph+ or BCR-ABL–positive adult ALL patients 
was reiterated in another study that demonstrated a CR rate of 
96%, molecular response exceeding 71%, and 1-year event-free 
and overall survival rates of 60% and 76%, respectively.272 With a 
reduced risk of relapse compared with chemotherapy alone (3.5% 
vs. 42.3%) 273 and no adverse impact on subsequent SCT,274 
imatinib combined with chemotherapy can serve as a bridging 
strategy to SCT, the only known therapy with curative potential. 
When including imatinib, concurrent administration with chemo-
therapy appears to be superior to an alternating schedule,275 and 
attention to CNS prophylaxis remains paramount given its poor 
CNS penetrance.276

The second-generation BCR-ABL tyrosine kinase inhibitors 
dasatinib and nilotinib have also shown efficacy when used either 
as single agents or in combination with chemotherapy in this 
patient population.277,278 Dasatinib has been incorporated into 

Trial Year
Patients 
(no.)

Median 
Age (years)

Complete 
Remission (%)

Induction 
Death (%)

Overall 
Survival (%)

Disease-Free 
Survival (%)

LMB 84/86245 1995 24 30 79 8 58 (3 y) 57 (3 y)

B-NHL 8674 1996 35 36 74 9 51 (4 y) 71 (4 y)

Hyper-CVAD75 1999 26 58 81 19 49 (3 y) 61 (3 y)

CALGB 9251246 2004 54 44 80 4 52 (4 y) 50 (4 y)

Modified CALGB 925176 2004 40 50 68 15 50 (3 y) 67 (3 y)

LMB247 2005 72 33 65 3 65 (2 y) 70 (2 y)

R-HyperCVAD248 2006 31 46 86 0 89 (3 y) 88 (3 y)

B-ALL/NHL 2002249 2007 36a 36/39 86 3 77 (2 y) 90 (2 y)

dmCODOX-M/IVAC250 2008 53 37 NR 5 67 (2 y) 64 (2 y)

CALGB 10002251 2010 105 43 82 7b 79 (2 y) 77 (2 y)

RD-CODOX-M/IVACc,252 2012 30 52 93 0 82 (4 y) 78 (4 y)

LMB: B-NHL and B-ALL protocols of the Societe Francaise d’Oncologie Pediatrique; HyperCVAD: alternating courses of cyclophosphamide, vincristine, doxorubicin 
(Adriamycin), and dexamethasone (course A) with methotrexate and cytarabine (course B); CALGB: Cancer and Leukemia Group B; R: rituximab; dmCODOX-M/IVAX: 
dose modified, alternating courses of cyclophosphamide, vincristine, doxorubicin, and methotrexate with ifosfamide, etoposide, and cytarabine; D: liposome-encapsulated 
cytarabine.
a53% HIV positive.
bTreatment-related deaths.
cOnly patients with Burkitt and unclassifiable lymphoma (no leukemia).

TABLE 74.7

DOSE-INTENSIVE THERAPY IN ADULTS WITH BURKITT ACUTE LYMPHOBLASTIC LEUKEMIA AND LYMPHOMA
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treatment programs for adults with Ph-positive ALL. In a phase 
II study of dasatinib with hyper-CVAD in previously untreated 
Ph-positive patients 94% of 35 patients achieved CR.278 With a 
median follow-up of 14 months, median DFS and OS had not been 
reached. In another trial that involved initial treatment, dasatinib 
was given along with steroids to 53 newly diagnosed patients 
and all patients achieved complete hematologic response.277 
Although these results show that significantly less toxic regimens 
that include TKIs can achieve very high CR rates and survival 
has improved, the general recommendation is for eligible adult 
patients with Ph-positive ALL to undergo allogeneic SCT.

Ponatinib is the newest approved BCR-ABL inhibitor with 
activity against all known abl mutations including the resistant 
T315I mutation. A phase II trial consisted of 94 patients with 
CML lymphoid blast phase or Ph+ ALL, resistant or intolerant to 
other TKIs.279 With a median follow-up of 12 months, the major 
hematologic responses were noted to be 35% and 33% in patients 
with resistance/intolerance to prior TKI and those with T315I 
mutation, respectively.

MRD following SCT for Ph+ ALL portends imminent relapse. 
Imatinib given in this setting was found to be effective in suppress-
ing frank relapse in one study, inducing molecular negativity in 
52% of 27 patients for the duration of treatment.280 Relapse was 
observed if imatinib was unable to achieve molecular remission 
or in those who discontinued imatinib. Disease-free survival rates 
in those achieving molecular remission was 91% at 12  months 
and 54% at 24 months, compared with 8% at 12 months for those 
with remaining MRD.

Acute Lymphoblastic Leukemia in Elderly 
Patients
One third of adults diagnosed with ALL are older than 60 years 
according to US prevalence data.281 Advanced age is itself an 
adverse prognostic factor for ALL, and survival decreases con-
tinuously with increasing age (Fig. 74.5). Although older age is 
independently predictive of inferior outcome, a number of factors 
can be identified that may account for the poor prognosis.282–285 
Elderly ALL patients tend to have worse performance status, in 
part, reflecting co-morbid medical conditions. As a result, these 

patients have limited tolerance for intensive therapy, which may 
contribute to a high rate of treatment-related mortality. In addition, 
aspects reflecting the underlying biology of the leukemia likely have 
an influence as well. Elderly patients are more likely to be Ph+, be 
underrepresented in the favorable T-cell subgroup, and have dis-
ease refractory to standard chemotherapy drugs used to treat ALL.

At present, there is no satisfactory approach for managing 
elderly patients with ALL. Several groups have described treat-
ment outcome for these patients, and the results are summarized 
in Table 74.8.284,286–296 Elderly ALL patients given no therapy 
may not survive more than a few weeks.287 Palliative therapy, 
usually moderate-dose prednisone and intermittent vincristine, 
has been used.286 Modest responses were observed, with survival 
extending to a few months. A retrospective review of one coop-
erative group member institution’s 13-year experience revealed 
that only one half of their ALL patients older than 60 years were 
enrolled in their active study protocol.283 In these instances, risk-
adapted therapy often meant limiting treatment intensity on a 
case-by-case basis. Many of these elderly patients were given ad 
hoc induction regimens of variably dosed vincristine and predni-
sone, with or without a third drug.288,289,297 Complete responses 
were reported in up to 40%, but median survival remained only 
several months. Several groups uniformly treated fairly large 
cohorts (40 to 60) of elderly patients with “age-adjusted” chemo-
therapy programs.291,292,298 Impressive CR rates were sometimes 
observed, and median survival extended to 12 to 14 months. The 
patient numbers were still small, and it is difficult to evaluate the 
influence of patient selection bias, as conflicting results have been 
reported by the same institution treating patients with essen-
tially the same protocol.291,292 Data from major collaborative 
groups treating selected, elderly ALL patients suggest that up to 
one half may achieve CR with intensive therapy.290,293 Resistant 
disease and toxic deaths were frequent, but a median survival of 
10 months may be reasonably expected.

Although the prognosis remains generally grim for elderly 
patients with ALL, new therapeutic options are becoming avail-
able to the subset with the worst prognosis, that is, those with 
Ph-positivity. Given the generally favorable toxicity profile of 
imatinib, a number of studies have embarked on the evaluation 
of its efficacy in elderly patients with Ph+ ALL. In a study of 
12 patients, who were older than 60 and not eligible for intensive 
therapy, treatment with daily imatinib at 800 mg and prednisone, 
followed by single-agent imatinib consolidation therapy yielded a 
CR rate of 92%, whereas 67% remained in CR at a median follow-
up of 7 months.299 In the prospective, multicenter GMALL study, 
32 elderly patients (median age, 67 years) with newly diagnosed 
Ph+ ALL were randomized to daily imatinib at 400 mg or age-
adapted, multiagent induction chemotherapy followed by imatinib 
in consolidation and re-induction cycles. CR rates were 92% and 
53%, respectively, with death and severe infectious complications 
during induction occurring only in the chemotherapy-assigned 
group.300

The accumulated literature is still sparse, and much remains 
to be learned about treating elderly patients with ALL. Ongoing 
evaluations of tyrosine kinase inhibitors, as well as the investiga-
tion of other new therapies, such as monoclonal antibodies and 
small molecule-based targeted approaches, are vital in the pro-
cess of improving outcomes and the prognostic outlook for this 
growing demographic group. Elderly patients should be referred 
for investigational protocols at study centers whenever feasible.

SALVAGE THERAPY
The prospect of salvage therapy for refractory or relapsing disease 
will eventually have to be considered for most adult ALL patients. 
Primary resistance to induction chemotherapy reported by collab-
orative trials ranges from 8% to 15%.5,7,9,66,73,78 Although most 

FIGURE 74.5. Five-year relative survival of patients with acute lymphoblastic leukemia 
(ALL) by major age groups in calendar periods from 1980–1984 to 2000–2004. (With per-
mission from Pulte D, Gondos A, Brenner H. Improvement in survival in younger patients with acute 
lymphoblastic leukemia from the 1980s to the early 21st century. Blood 2009;113:1408–1411.)
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patients achieve a first CR, only 20% to 40% become long-term 
survivors, and the principal cause of treatment failure is disease 
relapse. Although a second or salvaged CR can be obtained for a 
slight majority with chemotherapy, the durability of remission is 
likely short unless an allogeneic SCT is subsequently performed, 
and, even then, remission duration is limited for most patients.

Recent studies yield some insight into the biologic and clinical 
features of disease relapse in adult ALL patients. Thomas et al. 
reviewed the presenting characteristics at relapse in patients 
referred for therapy at a single institution over a 17-year period.301 
The duration of CR was less than 1 year in 61%. Essentially all 
patients had marrow relapses, although one third had concurrent 
extramedullary involvement, including CNS leukemia in 16%. In 
other studies, the cytogenetic, immunophenotypic, and molecu-
lar changes at relapse compared with initial presentation were 
examined.302,303 Clonal cytogenetic changes were the most com-
mon finding. One half of the cytogenetic findings were believed 
to represent clonal evolution, and the remainder were karyo-
typic changes. Two entirely different abnormal karyotypes were 
never found. Immunophenotypic changes were twice as likely in 
patients with T-cell versus B-cell ALL and were marked by gain 
or loss of one or two antigens but no complete shift from B- to 
T-lineage ALL, or vice versa. Neither the presence of a karyotypic 
shift nor an immunophenotypic shift adversely influenced survival 
from the time of relapse. Patterns of persistence and clearance 
of BCR-ABL transcripts also characterize the assessment of MRD 
and appear to predict relapse in Ph+ ALL (see section on MRD).

Chemotherapy
Reinduction of remission, or attainment of a first CR for refractory 
patients, can be expected in slightly more than one half of patients 
with salvage chemotherapy. However, in the majority, remissions 
do not extend beyond 3 to 6 months, and long-term survival is 
well below 10% whether or not post-remission therapy is given. 
The numerous reports describing generally single-institution 

studies involving small numbers of patients have been exhaus-
tively catalogued in excellent reviews.304–306 In general, single-
agent chemotherapy is inferior to multiagent protocols. Two or 
three drugs have been added to l-asparaginase or an anthracy-
cline with good responses, but the best results are produced by 
combinations based on intermediate- to high-dose cytarabine. In 
one of the larger patient series, doxorubicin combined with vin-
cristine and dexamethasone induced CR in 39% of 64 refractory 
patients.307 Treatment failure was due to resistant disease in 41%, 
whereas induction mortality was only 6%, reflective of a correla-
tion between toxicity-related death and antileukemic activity.

Salvage regimens based on high-dose cytarabine, which have 
been much more extensively studied, produce CR rates that vary 
widely but have occasionally exceeded 70%. Additional drugs 
have included anthracycline, mitoxantrone, and fludarabine. The 
hyper-CVAD regimen, which incorporates doxorubicin and high-
dose cytarabine in addition to fractionated cyclophosphamide, 
was used to salvage 66 relapsed patients and induced remissions 
in 44%.308 A separate study reported a more modest response, 
with a CR rate of 38%, in 29 patients with refractory or recurrent 
disease treated with high-dose cytarabine and a single high dose 
of idarubicin,309 whereas standard-dose cytarabine and idarubi-
cin led to a 30% CR rate in refractory patients in another study.310 
Hiddemann et al. reported a 50% CR rate in 24 refractory patients 
with the mitoxantrone and high-dose cytarabine two-drug com-
bination.311 Other studies with these two drugs have reported 
CR rates of 17% to 80%. Fludarabine is a purine analogue that 
enhances bioavailability of the active metabolite of cytarabine, 
and, as a salvage regimen, the combination yields CR in 30% to 
83%, with the higher response rates reported when cytarabine 
was used at high rather than intermediate dose.312–314

In a large single-institution review, Thomas et al. described 
treatment outcome for 314 adult patients with relapsed or refrac-
tory ALL who received various salvage therapy regimens. Overall 
CR was achieved in 31%.301 Patients with long first remissions 
received the customary front-line study salvage regimen, which 

Author Year
Patient 
(no.)

Median 
Age (y)

Complete 
Remission (%) Refractory (%) Toxic Death (%)

Median Survival 
(mo)

Delannoy286 1990 18 70 44 28 28 3

Taylor287 1992
 Curative 19 68 32 47 21 3
 Palliative 22 74 14 73 0 1
 No therapy 5 83 0 NA NA <1

Spath-Schwalbe288 1994 28 65 43 NR 37 5

Kantarjian283 1994 52 >60 65 23 12 10

Ferrari289 1995
 Curative 13 66 77 0 23 4
 Palliative 36 73 53 25 22 10

Mandelli290 1995 80 65 47 11 42 19% (2 y)

Delannoy291 1997 40 67 85 7.5 7.5 14.2

Goekbuget293 2000 63 69 46 24 22 11

Delannoy292 2002 58 65 58 29 12 9.2

Offidani 294 2005a 17 70 41 24 35 4.5

17 69 76 6 17 21

Goekbuget295 2008 54 66 85b 16 0 61% (1 y)

Shin296 2011 26 65 58 23 27 10

NA, not applicable; NR, not reported.
aThe top row involved induction with vincristine, daunoxome, and dexamethasone and was superior to the next row showing the results in elderly patients receiving GIMEMA ALL 0288 protocol.
bCR% was from 40 patients evaluable after induction.

TABLE 74.8

TREATMENT OUTCOME IN ELDERLY PATIENTS WITH ACUTE LYMPHOBLASTIC LEUKEMIA
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varied depending on the study period, whereas patients resistant 
to or relapsing on therapy were treated with new drug combina-
tions. This approach to treatment regimen selection, based on 
timing of relapse and prior induction programs, can be regarded 
as reasonable recommendations for all adult ALL patients requir-
ing salvage therapy. Patients with primary refractory disease and 
those with relapsed disease were found to achieve CR equally 
well. Death occurred without achieving remission in 21%. Patients 
with long first CR duration (>2 years) were more likely to achieve 
CR and have longer durations of second remission, a finding 
confirming observations made by other investigators.315,316 For 
the entire group, the median durations of remission and survival 
from the start of salvage therapy were 6 months and 5 months, 
respectively. Although salvage regimens in resistant or relapsed 
disease offer only modest effects with short duration, they allow 
a bridge to HSCT, which has curative potential for select patients 
who achieve remission.

Novel Agents
The emergence of newer agents has rejuvenated some optimism 
that incremental improvements can still be effected in certain 
patient subgroups. Nelarabine was approved for the treatment 
of refractory or relapsed T-ALL or T-cell lymphoblastic lym-
phoma (T-LBL) in patients who have undergone at least two prior 
chemotherapy treatments. As a prodrug, it is converted to the 
deoxyguanosine analogue, 9-b-d-arabinofuranosylguanine (ara-G), 
which selectively induces apoptosis in T-cells by incorporating its 
phosphorylated form into DNA and inhibiting synthesis. Following 
a phase I study, which showed significant cytotoxicity against 
T-cells,317 two phase II studies of single-agent nelarabine demon-
strated CR rates of up to 23% in patients with refractory or relapsed 
T-ALL or T-LBL.318,319 Neurotoxicity is the dose-limiting toxicity, 
for which close patient monitoring is strongly encouraged. There 
are ongoing trials incorporating nelarabine into frontline treat-
ment protocols for T-cell disease including a very large Children’s 
Oncology Group study, AALL0434.

Clofarabine is another deoxyadenosine analogue that was 
approved by the FDA for the treatment of pediatric patients (ages 
1 to 21 years) with relapsed or refractory ALL. It demonstrated 
activity as a single agent, with a 30% overall response rate, in a 
phase II study of 61 heavily pre-treated children.320 Pilot studies 
combined with cytarabine, or with epratuzumab, an anti-CD22 
antibody are being explored in adult ALL.

Two promising antibody therapeutics offer great hope for 
improving outcomes in ALL. Inotuzumab ozogamicin is an 
anti-CD22-calecheamicin conjugate with significant activity, even 
in heavily pre-treated individuals.321 In a phase II experience 
49 previously treated patients received a 1-hour infusion of the 
study drug every 3 to 4 weeks for one to five courses. A CR was 
achieved in 9 patients with an additional 19 with a bone marrow 
complete response. Nineteen had resistant disease. Duration of 
response was short, with median overall survival of 5.1 months 
in all patients and 7.9 months in the 28 responding patients. Due 
to the significant efficacy observed, once-weekly dosing regimens 
are being pursued as are protocols incorporating inotuzumab in 
frontline regimens.

Blinatumomab is a bispecific single-chain antibody that binds 
both cytotoxic CD3 T lymphocytes and CD19 on the surface of the 
B-cell leukemic blast. In a phase II trial of B ALL patients with 
persistent or relapsed MRD, 80% of patients responded. With a 
median follow-up of 33 months, the hematologic relapse-free sur-
vival of the 20 evaluable patients was 61%.322 These long-lasting 
remissions would be unusual for patients with MRD detectable 
disease. Another study included patients with overt hematologic 
relapse. Complete remission including MRD eradication was 
observed in 17 of 25 patients.323 On the basis of this promis-
ing activity, additional trials are planned not only for recurrent 

disease but also in combination with chemotherapy as part of 
initial treatment regimens.

Although imatinib mesylate has begun to change the landscape 
of treatment options for Ph+ ALL by dramatically improving 
remission rates and overall outcome, emergence of drug resis-
tance warns against complacency.324 Among the several known 
mechanisms of imatinib resistance is the development of one of 
numerous kinase domain mutations of BCR-ABL which prevent 
imatinib from engaging and competitively inhibiting the kinase 
at the ATP-binding site.325–328,329 Three other tyrosine kinase 
inhibitor compounds have since been developed that are active 
against the majority of the imatinib-resistant BCR-ABL mutants 
and promise significant antileukemic activity against BCR-ABL-
positive leukemias. All have significantly increased potency com-
pared with imatinib, but differ from each other in that nilotinib 
is a selective inhibitor of BCR-ABL,330 whereas dasatinib and 
bosutinib are dual SRC-ABL kinase inhibitors.331,332 Early phase 
studies showed promising activity against BCR-ABL− positive 
leukemia, with the exception of a single BCR-ABL mutation 
within the ATP-binding pocket of the tyrosine kinase, T315I, 
which confers a high degree of universal resistance to imatinib, 
nilotinib, bosutinib, and dasatinib.332,333,334 Safety profiles were 
generally favorable. The main adverse effects for nilotinib were 
dose-dependent grade 3 or 4 thrombocytopenia and neutropenia, 
transient indirect hyperbilirubinemia, pruritis, and rash. Side 
effects associated with dasatanib included grades 3 and 4 throm-
bocytopenia and neutropenia, pleural effusions, diarrhea, periph-
eral edema, and headache; none were dose-limiting. The US 
FDA approved dasatinib for Ph+ ALL.335 This approval included 
newly diagnosed patients, reflecting the unmet medical need in 
this difficult-to-treat population. Ponatinib was recently approved 
for these difficult-to-treat patients. Unlike the other abl inhibitors, 
ponatinib does not bind directly to the T315 abl active site.

Recent improvements in the outcomes for mature B-cell ALL 
do not obviate the need for novel salvage strategies for those with 
refractory or relapsed disease. In light of the highly expressed 
CD20 in mature B-cell ALL, recent studies have incorporated 
the monoclonal anti-CD20 antibody rituximab in intensive, 
multiagent chemotherapy regimens, yielding promising results 
(Fig. 74.4).336 A total of 31 newly diagnosed patients were given 
rituximab on each of two noncontiguous days in four cycles of 
hyper-CVAD. Of the 23 evaluable patients, the CR rate was 86% 
for those less than 60 years of age and 100% for older patients. 
Compared with historical controls treated on hyper-CVAD alone, 
inclusion of rituximab led to a 2-year overall survival rate of 89% 
(versus 58%).

Stem Cell Transplantation
Given the dismal outlook for relapsed disease, allogeneic SCT 
should be attempted for all eligible adult ALL patients as soon 
as possible after second or salvaged remission is achieved. The 
logistics may be difficult given the narrow window before impend-
ing relapse. This was examined by Davies et al., who described 
finding matched related donors for only 35% of 115 consecu-
tive relapsed ALL referrals to a single institution over a 2-year 
period.337 An unrelated marrow donor search was initiated in 
most of the remainder, which was successful in another one third, 
but required a median of 10 weeks before a donor was identi-
fied. Overall, allogeneic SCT was not performed in the majority of 
the patients, and the reason in 19% was death before transplant 
despite all efforts to expedite SCT. This point was highlighted by a 
study at 12 GIMEMA institutions, which re-induced CR in 56% of 
adult ALL patients in first relapse with a combination of idarubi-
cin and intermediate-dose cytarabine.338 This was to be followed 
by a scheduled SCT that could not be performed in 44% due to 
relapse and in another 26.5% due to persistent infection acquired 
during induction.
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Even if a patient is transplanted, the available data suggest 
that few will be effectively salvaged with allogeneic SCT. Outcome 
reported from individual trials indicates long-term disease-free 
survival in 15% to 45% after sibling donor allogeneic SCT in 
second or greater CR.200,339,340 Registry data from the IBMTR 
show a 5-year disease-free survival estimate of 26%.341 Unlike 
allogeneic SCT for adult ALL in first remission, however, relapse 
(52%) outranked treatment-related mortality (36%) as the cause 
of treatment failure.

Allogeneic SCT for active disease appears to yield inferior results. 
Results for individual trials reporting sibling-donor allogeneic 
SCT for untreated refractory or relapsed disease indicate disease-
free survival of 12% to 43%.340,342 The IBMTR reported a 4-year 
disease-free survival of 13% with 71% of patients relapsing.341 In 
the study of imatinib therapy used as a bridge to SCT in relapsed or 
refractory Ph+ ALL patients, the disease-free survival at 12 months 
was 51% for patients transplanted in remission, compared with 
8.3% at 7 months in those with active disease, further underscor-
ing the importance of remission status at transplant on post-SCT 
survival.270 Not surprisingly, worse outcomes characterized trans-
plantation performed for advanced disease (in or after second CR) 
or with highest tumor burden (in relapse).212

Unrelated donor SCT is associated with a very high  
transplant-related mortality, compounding the difficulties of 
finding a matched donor. Based on registry data from the NMDP, 
transplant-related mortality was 75% for patients transplanted 
in second or greater CR and 64% for patients transplanted in 
relapse.210 Another study, also based on NMDP data, demon-
strated the significance of three factors in a multivariate analy-
sis: unrelated donor transplantation, age greater than 20 years, 
and SCT performed between 1989 and 1995.211 Recent advances 
in histocompatibility antigen matching based on molecular typ-
ing techniques may also improve transplant outcomes through a 
more precise selection of better-matched donors.343

A benefit from autologous SCT for patients in second or subse-
quent CR is difficult to determine. There are many individual stud-
ies, generally with short follow-up, reporting disease-free survival 
ranging from 10% to 31%.216,344–347 Almost all failures are due 
to treatment relapse, however, and no study has demonstrated a 
disease-free survival plateau.

SUMMARY AND FUTURE DIRECTIONS
Considerable progress has been made in the management of ALL 
in adult patients. Multiagent induction chemotherapy induces CR 
in over 85% of adult ALL patients. With the institution of post-
remission therapy and prophylaxis against CNS relapse, up to 
40% may be cured of the disease. There is no compelling reason to 
believe, however, that further modification of modern multiagent 
regimens with the addition of currently available chemotherapy 
drugs will lead to any substantial improvement in outcome for 
these patients, with the possible exception of nelarabine.

Tailoring therapy adapted for each individual patient on the 
basis of anticipated relapse risk is a strategy that has gained 
general acceptance. This approach has proved to be remark-
ably successful for two adult ALL subgroups, namely, those with 
Burkitt ALL and those with Ph+ ALL. Ongoing prospectively 
randomized clinical trials will establish the role of risk-adapted 
therapy for patients with high-risk features according to other 
criteria. Coupled with translational research, these trials will also 
help define the role of new technologies, such as whole genome 
sequencing and molecular MRD assessment, in refining and 
improving the ability to evaluate disease activity and relapse risk 
with greater accuracy.

Targeted molecular therapy, such as the small molecule inhibi-
tors of the BCR-ABL tyrosine kinase, has emerged as an essential 
aspect of care in patients with Ph+ ALL. Whether the use of 

second-generation agents will translate into survival advantage 
remains to be seen. The success with improving outcomes for Ph+ 
ALL, although satisfying, is tempered by the fact that, at present, 
allogeneic SCT remains the only known viable intervention with 
curative potential for high-risk patients. Newer approaches with 
allogeneic SCT using dose-attenuated nonmyeloablative recipi-
ent conditioning are promising and can extend the procedure 
to patients who might otherwise not be eligible for conventional 
transplantation.348,349 Clinical outcome data are not mature, how-
ever, and, at present, the procedure is still investigational.

Other targeted therapies, including monoclonal antibodies 
directed against surface antigens expressed by malignant cells 
and chimeric antigen receptor-modified T-cells targeted to B-cell–
specific CD19 antigen, have proven extremely effective for other 
lymphoproliferative disorders and are currently undergoing clini-
cal trials to assess their utility in ALL.350 Discovery of additional, 
much-needed, state-of-the-art novel therapies depends upon the 
progressive understanding of the underlying biology and delinea-
tion of the critical molecular pathways that are responsible for ALL 
leukemogenesis.

SELECTED REFERENCES
The full reference list for this chapter can be found in the online version.

 3. Pui CH, Evans WE. Treatment of acute lymphoblastic leukemia. N Engl J Med 
2006;354:166–178.

 4. Durrant IJ, Richards SM, Prentice HG, et al. The Medical Research Council 
trials in adult acute lymphocytic leukemia. Hematol Oncol Clin North Am 
2000;14:1327–1352.

 6. Goldstone AH, Richards SM, Lazarus HM, et al. In adults with standard-
risk acute lymphoblastic leukemia, the greatest benefit is achieved from a 
matched sibling allogeneic transplantation in first complete remission, and an 
autologous transplantation is less effective than conventional consolidation/
maintenance chemotherapy in all patients: final results of the International 
ALL Trial (MRC UKALL XII/ECOG E2993). Blood 2008;111:1827–1833.

 7. Larson RA, Dodge RK, Burns CP, et al. A five-drug remission induction regi-
men with intensive consolidation for adults with acute lymphoblastic leuke-
mia: cancer and leukemia group B study 8811. Blood 1995;85:2025–2037.

 8. Chessells JM, Hall E, Prentice HG, et al. The impact of age on outcome in 
lymphoblastic leukaemia; MRC UKALL X and XA compared: a report from 
the MRC Paediatric and Adult Working Parties. Leukemia 1998;12:463–473.

 9. Annino L, Vegna ML, Camera A, et al. Treatment of adult acute lymphoblastic 
leukemia (ALL): long-term follow-up of the GIMEMA ALL 0288 randomized 
study. Blood 2002;99:863–871.

 10. Hoelzer D, Gokbuget N. Diagnosis and treatment of adult acute lymphoblastic 
leukemia. In: Wiernik PH, Goldman JM, Dutcher JP, et al., eds. Neoplastic 
diseases of the blood, 4th ed. Cambridge University Press, 2003:273–305.

 31. Weng AP, Ferrando AA, Lee W, et al. Activating mutations of NOTCH1 in 
human T cell acute lymphoblastic leukemia. Science 2004;306:269–271.

 36. Hoelzer D, Gokbuget N, Digel W, et al. Outcome of adult patients with 
T-lymphoblastic lymphoma treated according to protocols for acute lympho-
blastic leukemia. Blood 2002;99:4379–4385.

 53. Legrand O, Perrot JY, Simonin G, et al. Adult biphenotypic acute leukaemia: 
an entity with poor prognosis which is related to unfavourable cytogenetics 
and P-glycoprotein over-expression. Br J Haematol 1998;100:147–155.

 61. Rowe JM, Buck G, Burnett AK, et al. Induction therapy for adults with acute 
lymphoblastic leukemia: results of more than 1500 patients from the interna-
tional ALL trial: MRC UKALL XII/ECOG E2993. Blood 2005;106:3760–3767.

 62. Gokbuget N, Kneba M, Raff T, et al. Adult patients with acute lymphoblastic 
leukemia and molecular failure display a poor prognosis and are candi-
dates for stem cell transplantation and targeted therapies. Blood 2012;120: 
1868–1876.

 63. Bruggemann M, Raff T, Kneba M. Has MRD monitoring superseded other 
prognostic factors in adult ALL? Blood 2012;120:4470–4481.

 64. Larson RA, Dodge RK, Linker CA, et al. A randomized controlled trial of 
filgrastim during remission induction and consolidation chemotherapy 
for adults with acute lymphoblastic leukemia: CALGB study 9111. Blood 
1998;92:1556–1564.

 74. Hoelzer D, Ludwig WD, Thiel E, et al. Improved outcome in adult B-cell acute 
lymphoblastic leukemia. Blood 1996;87:495–508.

 76. Rizzieri DA, Johnson JL, Niedzwiecki D, et al. Intensive chemotherapy with 
and without cranial radiation for Burkitt leukemia and lymphoma: final 
results of Cancer and Leukemia Group B Study 9251. Cancer 2004;100: 
1438–1448.

 79. Marks DI, Paietta EM, Moorman AV, et al. T-cell acute lymphoblastic leukemia 
in adults: clinical features, immunophenotype, cytogenetics, and outcome 
from the large randomized prospective trial (UKALL XII/ECOG 2993). Blood 
2009;114:5136–5145.

 83. Neumann M, Heesch S, Gokbuget N, et al. Clinical and molecular charac-
terization of early T-cell precursor leukemia: a high-risk subgroup in adult 
T-ALL with a high frequency of FLT3 mutations. Blood Cancer J 2012;2:e55.

72683_ch074_1556-1576.indd   1575 31/07/13   9:07 PM



1576 PART vII Hematologic Malignancies • SECTION 2 The Acute Leukemias

 97. Pullarkat V, Slovak ML, Kopecky KJ, et al. Impact of cytogenetics on the out-
come of adult acute lymphoblastic leukemia: results of Southwest Oncology 
Group 9400 study. Blood 2008;111:2563–2572.

 100. Ferrando AA, Neuberg DS, Dodge RK, et al. Prognostic importance of TLX1 
(HOX11) oncogene expression in adults with T-cell acute lymphoblastic leu-
kaemia. Lancet 2004;363:535–536.

 101. Ballerini P, Blaise A, Busson-Le Coniat M, et al. HOX11L2 expression defines 
a clinical subtype of pediatric T-ALL associated with poor prognosis. Blood 
2002;100:991–997.

 103. Graux C, Cools J, Melotte C, et al. Fusion of NUP214 to ABL1 on amplified epi-
somes in T-cell acute lymphoblastic leukemia. Nat Genet 2004;36:1084–1089.

 104. Deenik W, Beverloo HB, van der Poel-van de Luytgaarde SC, et al. Rapid com-
plete cytogenetic remission after upfront dasatinib monotherapy in a patient 
with a NUP214-ABL1-positive T-cell acute lymphoblastic leukemia. Leukemia 
2009;23:627–629.

 106. Kantarjian HM, O’Brien S, Smith TL, et al. Results of treatment with hyper-
CVAD, a dose-intensive regimen, in adult acute lymphocytic leukemia. J Clin 
Oncol 2000;18:547–561.

 117. Scheuring UJ, Pfeifer H, Wassmann B, et al. Early minimal residual disease 
(MRD) analysis during treatment of Philadelphia chromosome/Bcr-Abl-
positive acute lymphoblastic leukemia with the Abl-tyrosine kinase inhibitor 
imatinib (STI571). Blood 2003;101:85–90.

 118. Coustan-Smith E, Sancho J, Hancock ML, et al. Use of peripheral blood 
instead of bone marrow to monitor residual disease in children with acute 
lymphoblastic leukemia. Blood 2002;100:2399–2402.

 141. Bruggemann M, Raff T, Flohr T, et al. Clinical significance of minimal residual 
disease quantification in adult patients with standard-risk acute lymphoblas-
tic leukemia. Blood 2006;107:1116–1123.

 152. Bassan R, Spinelli O, Oldani E, et al. Improved risk classification for risk-
specific therapy based on the molecular study of minimal residual disease 
(MRD) in adult acute lymphoblastic leukemia (ALL). Blood 2009;113: 
4153–4162.

 169. Weiss M, Maslak P, Feldman E, et al. Cytarabine with high-dose mitoxan-
trone induces rapid complete remissions in adult acute lymphoblastic leu-
kemia without the use of vincristine or prednisone. J Clin Oncol 1996;14: 
2480–2485.

 171. Lamanna N, Heffner LT, Kalaycio M, et al. Treatment of adults with acute 
lymphoblastic leukemia: do the specifics of the regimen matter?: results from 
a prospective randomized trial. Cancer 2013;119:1186–1194.

 172. Bostrom BC, Sensel MR, Sather HN, et al. Dexamethasone versus prednisone 
and daily oral versus weekly intravenous mercaptopurine for patients with 
standard-risk acute lymphoblastic leukemia: a report from the Children’s 
Cancer Group. Blood 2003;101:3809–3817.

 174. Patte C, Michon J, Frappaz D, et al. Therapy of Burkitt and other B-cell acute 
lymphoblastic leukaemia and lymphoma: experience with the LMB protocols 
of the SFOP (French Paediatric Oncology Society) in children and adults. 
Baillieres Clin Haematol 1994;7:339–348.

 175. Blum KA, Lozanski G, Byrd JC. Adult Burkitt leukemia and lymphoma. Blood 
2004;104:3009–3020.

 201. Forman SJ. Allogeneic hematopoietic cell transplantation for acute lym-
phoblastic leukemia in adults. Hematol Oncol Clin North Am 2009;23: 
1011–1031.

 208. Horowitz MM, Messerer D, Hoelzer D, et al. Chemotherapy compared with 
bone marrow transplantation for adults with acute lymphoblastic leukemia 
in first remission. Ann Intern Med 1991;115:13–18.

 209. Thomas X, Boiron JM, Huguet F, et al. Outcome of treatment in adults with 
acute lymphoblastic leukemia: analysis of the LALA-94 trial. J Clin Oncol 
2004;22:4075–4086.

 212. Kiehl MG, Kraut L, Schwerdtfeger R, et al. Outcome of allogeneic hemato-
poietic stem-cell transplantation in adult patients with acute lymphoblastic 
leukemia: no difference in related compared with unrelated transplant in first 
complete remission. J Clin Oncol 2004;22:2816–2825.

 220. Hunault M, Harousseau JL, Delain M, et al. Better outcome of adult acute 
lymphoblastic leukemia after early genoidentical allogeneic bone marrow 
transplantation (BMT) than after late high-dose therapy and autologous BMT: 
a GOELAMS trial. Blood 2004;104:3028–3037.

 228. Kantarjian H, Thomas D, O’Brien S, et al. Long-term follow-up results of 
hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexa-
methasone (Hyper-CVAD), a dose-intensive regimen, in adult acute lympho-
cytic leukemia. Cancer 2004;101:2788–2801.

 230. Ribera JM, Oriol A, Bethencourt C, et al. Comparison of intensive chemo-
therapy, allogeneic or autologous stem cell transplantation as post-remission 
treatment for adult patients with high-risk acute lymphoblastic leukemia. 
Results of the PETHEMA ALL-93 trial. Haematologica 2005;90:1346–1356.

 233. Cornelissen JJ, van der Holt B, Verhoef GE, et al. Myeloablative allogeneic 
versus autologous stem cell transplantation in adult patients with acute 

lymphoblastic leukemia in first remission: a prospective sibling donor versus 
no-donor comparison. Blood 2009;113:1375–1382.

 234. Azuma T, Tobinai K, Takeyama K, et al. Phase II study of intensive post-
remission chemotherapy and stem cell transplantation for adult acute lym-
phoblastic leukemia and lymphoblastic lymphoma: Japan Clinical Oncology 
Group Study, JCOG9402. Jpn J Clin Oncol 2012;42:394–404.

 235. Thomas DA, O’Brien S, Faderl S, et al. Chemoimmunotherapy with a 
modified hyper-CVAD and rituximab regimen improves outcome in de novo 
Philadelphia chromosome-negative precursor B-lineage acute lymphoblastic 
leukemia. J Clin Oncol 2010;28:3880–3889.

 248. Thomas DA, Faderl S, O’Brien S, et al. Chemoimmunotherapy with hyper-
CVAD plus rituximab for the treatment of adult Burkitt and Burkitt-type 
lymphoma or acute lymphoblastic leukemia. Cancer 2006;106:1569–1580.

 258. Fielding AK, Rowe JM, Richards SM, et al. Prospective outcome data on 267 
unselected adult patients with Philadelphia chromosome-positive acute lym-
phoblastic leukemia confirms superiority of allogeneic transplantation over 
chemotherapy in the pre-imatinib era: results from the International ALL 
Trial MRC UKALLXII/ECOG2993. Blood 2009;113:4489–4496.

 272. Yanada M, Takeuchi J, Sugiura I, et al. High complete remission rate and 
promising outcome by combination of imatinib and chemotherapy for newly 
diagnosed BCR-ABL-positive acute lymphoblastic leukemia: a phase II study 
by the Japan Adult Leukemia Study Group. J Clin Oncol 2006;24:460–466.

 275. Wassmann B, Pfeifer H, Goekbuget N, et al. Alternating versus con-
current schedules of imatinib and chemotherapy as front-line therapy 
for Philadelphia-positive acute lymphoblastic leukemia (Ph+ ALL). Blood 
2006;108:1469–1477.

 277. Foa R, Vitale A, Vignetti M, et al. Dasatinib as first-line treatment for adult 
patients with Philadelphia chromosome-positive acute lymphoblastic leuke-
mia. Blood 2011;118:6521–6528.

 278. Ravandi F, O’Brien S, Thomas D, et al. First report of phase 2 study of 
dasatinib with hyper-CVAD for the frontline treatment of patients with 
Philadelphia chromosome-positive (Ph+) acute lymphoblastic leukemia. 
Blood 2010;116:2070–2077.

 279. Cortes JE, Dong-Wook K, Pinill-Ibarz J, et al. A pivotal phase 2 trial of 
ponatinib in patients with chronic myeloid leukemia (CML) and Philadelphia 
chromosome-positive acute lymphoblastic leukemia (Ph+ALL) resistant 
or intolerant to dasatinib or nilotinib, or with the T315I BCR-ABL muta-
tion: 12-month follow-up of the PACE trial. . Blood ASH Annu Meet Abstr 
2012;120:163.

 297. Pagano L, Mele L, Casorelli I, et al. Acute lymphoblastic leukemia in the 
elderly. A twelve-year retrospective, single center study. Haematologica 
2000;85:1327–1329.

 300. Ottmann O, Wassmann B, Gokbuget N, et al. A randomized phase II study 
comparing imatinib with chemotherapy as induction therapy in elderly 
patients with newly diagnosed Philadelphia-positive acute lymphoid leuke-
mias (Ph+ALL) Hematol J 2004;5:S112.

 318. Berg SL, Blaney SM, Devidas M, et al. Phase II study of nelarabine (compound 
506U78) in children and young adults with refractory T-cell malignancies: a 
report from the Children’s Oncology Group. J Clin Oncol 2005;23:3376–3382.

 320. Jeha S, Gaynon PS, Razzouk BI, et al. Phase II study of clofarabine in pediat-
ric patients with refractory or relapsed acute lymphoblastic leukemia. J Clin 
Oncol 2006;24:1917–1923.

 321. Kantarjian H, Thomas D, Jorgensen J, et al. Inotuzumab ozogamicin, an 
anti-CD22-calecheamicin conjugate, for refractory and relapsed acute lym-
phocytic leukaemia: a phase 2 study. Lancet Oncol 2012;13:403–411.

 322. Topp MS, Gokbuget N, Zugmaier G, et al. Long-term follow-up of hematologic 
relapse-free survival in a phase 2 study of blinatumomab in patients with 
MRD in B-lineage ALL. Blood 2012;120:5185–5187.

 329. Deininger M, Buchdunger E, Druker BJ. The development of imatinib as a 
therapeutic agent for chronic myeloid leukemia. Blood 2005;105:2640–2653.

 332. Cortes JE, Kim DW, Kantarjian HM, et al. Bosutinib versus imatinib in newly 
diagnosed chronic-phase chronic myeloid leukemia: results from the BELA 
trial. J Clin Oncol 2012;30:3486–3492.

 334. Talpaz M, Shah NP, Kantarjian H, et al. Dasatinib in imatinib-resistant 
Philadelphia chromosome-positive leukemias. N Engl J Med 2006;354: 
2531–2541.

 348. Marks DI, Wang T, Perez WS, et al. The outcome of full-intensity and reduced-
intensity conditioning matched sibling or unrelated donor transplantation in 
adults with Philadelphia chromosome-negative acute lymphoblastic leukemia 
in first and second complete remission. Blood 2010;116:366–374.

 349. Paulson K, Szwajcer D, Seftel MD. The role of allogeneic stem cell trans-
plantation for adult acute lymphoblastic leukemia. Transfus Apher Sci 
2011;44:197–203.

 350. Brentjens RJ, Curran KJ. Novel cellular therapies for leukemia: CAR-modified 
T cells targeted to the CD19 antigen. Hematology Am Soc Hematol Educ 
Program 2012;2012:143–151.

72683_ch074_1556-1576.indd   1576 31/07/13   9:07 PM



1577

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

Acute Myeloid leukeMiA in Adults
Ashkan emadi, Maria R. Baer

C h a p t e r  7 5

Acute myeloid leukemia, acute myelogenous leukemia, and acute 
nonlymphocytic leukemia are equivalent terms for a hematopoi-
etic neoplasm that is uniformly characterized by the presence 
of a malignant clone of myeloid cells in the bone marrow with 
maturation arrest at the level of blast. Acute myeloid leukemia 
(AML) is the term used in the World Health Organization (WHO) 
classification of the myeloid neoplasms1,2,3 and is the current 
recommended term.4

AML may follow a myelodysplastic syndrome (MDS) 
(Chapter 79) or a myeloproliferative neoplasm (MPN; Chapters 80 
through 83). AML should be distinguished from acute lymphoblas-
tic leukemia (ALL; Chapter 74), in which blasts are of lymphoid 
rather than myeloid lineage. AML should also be distinguished 
from chronic myelogenous leukemia (CML; Chapter 81), in which, 
in the initial phase of the disease, myeloid cells are expanded but 
do not exhibit maturation arrest. In addition, CML is a uniform 
disease, whereas AML has heterogeneous clinical, morphologic, 
immunophenotypic, cytogenetic, and molecular features. Chapter 
77 addresses presentation and therapy of AML in children. 
Chapter 78 addresses the biology, presentation, and management 
of the acute promyelocytic leukemia (APL) subtype of AML in 
adults and children.

AML occurs at any age, but is more common in adults, with 
increased frequency as age advances. Patients typically present 
with manifestations of anemia, neutropenia, and/or thrombocyto-
penia resulting from impaired hematopoiesis due to replacement 
or suppression of normal marrow elements by malignant blasts. 
The total white blood cell count is variable, ranging from leukope-
nia to hyperleukocytosis with an elevated blood blast count that 
represents a medical emergency.

The malignant cell in AML is a blast that most often shows 
myeloid or monocytic differentiation, but shows erythroid or 
megakaryocytic differentiation in approximately 5% to 10% 
of cases. The myeloid blast can be identified by the presence 
of granules and/or Auer rods by Wright Giemsa staining, by 
Sudan black, myeloperoxidase (MPO), chloroacetate esterase, or 
nonspecific esterase cytochemical staining, and/or by an immu-
nophenotype demonstrating expression of myeloid antigens. 
Immunophenotyping by flow cytometry is currently in widespread 
use4,5 and serves to define lineage in the absence of defining mor-
phologic and cytochemical features.6 In addition, ultrastructural 
features characteristic of AML may be demonstrated by electron 
microscopy,7 although this modality is not generally a component 
of clinical diagnostics.

Immunophenotyping by flow cytometry has shown that AML is 
markedly heterogeneous, variably expressing antigens expressed 
on stem cells and on more mature myeloid cells, also with 
infrequent co-expression of lymphoid antigens.8 Moreover AML 
generally exhibits aberrant patterns of antigen expression or co-
expression in relation to normal myeloid cells.9,10 Detection of 
aberrant phenotypes by flow cytometry has been applied toward 
monitoring of residual disease.11

Cytogenetic abnormalities are present in leukemia cells of 
most patients with AML,12 and are currently the most powerful 
predictors of treatment outcome.13,14 Because of the importance 
of cytogenetics in diagnosis and prognosis in AML, several recur-
rent cytogenetic abnormalties, including t(8;21)(q22;q22), inv(16)
(p13.1q22), or t(16;16)(p13.1;q22), t(15;17)(q22;q12), t(9;11)
(p22;q23), t(6;9)(p23;q34), inv(3)(q21q26.3), or t(3;3)(q21;q26.2) 
and t(1;22)(p13;q13), have been incorporated into the WHO clas-
sification of AML.2 Moreover, cytogenetic abnormalities have 
been classified as favorable, intermediate, and unfavorable with 

regard to AML treatment outcomes,13,14 and this information is 
used to assist in the choice of initial and subsequent therapies. 
New diagnostic tools, including fluorescence in situ hybridization 
(FISH), polymerase chain reaction (PCR), comparative genomic 
hybridization (CGH), and microarray analysis, have improved the 
sensitivity of detection of genetic abnormalities and the ability to 
subclassify AML and to detect residual disease. Diverse molecular 
abnormalities are also being demonstrated in AML and predict 
treatment response, particularly in AML with a normal karyotype. 
Molecular abnormalities are also serving as a basis for develop-
ment of targeted therapies.

Advances in therapy have changed cure rates in AML from 
less than 20% in 1960 to 1980 to 40% to 70% for selected groups 
in the 2000s. The cure rate of APL is very high with the addition 
of all-trans-retinoic acid (ATRA) to chemotherapy and, in some 
regimens including in the relapse setting, use of arsenic trioxide 
(Chapter 78). For other types of AML, outcomes have improved 
significantly for younger, but not older, adult patients (Fig. 75.1). 
The highest cure rates have resulted from allogeneic stem cell 
transplantation (alloSCT) in first remission but, with improved 
survival of patients receiving high-dose cytosine arabinoside 
(cytarabine or ara-C) post-remission chemotherapy, the ques-
tion of what is the best post-remission therapy in AML remains 
unanswered, and stratification based on patient and leukemia 
characteristics is indicated. Novel targeted approaches are cur-
rently being tested in AML, and their ultimate roles remain to be 
determined.

FIGURE 75.1. Change in overall survival of AML patients with time. A: Age 15 to 59 
years. B: 60 or more years. (From Burnett A, Wetzler M, Löwenberg B. Therapeutic advances in 
acute myeloid leukemia. J Clin Oncol 2011:29(5):487–494.)
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In this chapter, epidemiologic, clinical, biologic, cytogenetic, 
and molecular features of adult AML are addressed in the context 
of therapeutic principles and prognosis.

HistoRicAl PeRsPective
The terms “weisses Blut” and “leukämie” were first used by 
Virchow in the middle of the 19th century, following initial 
descriptions of patients with an excess of white blood cells and 
splenomegaly at autopsy.15,16 Ebstein introduced the term “acute 
leukemia” in 1889 to differentiate rapidly progressive leukemias 
from more indolent “chronic” leukemias. Naegeli identified the 
myeloblast in leukemia in 190017 and divided leukemias into 
“myeloid” and “lymphocytic.” During the first half of the 20th 
century, most of the subcategories of AML were identified by 
light microscopy with the aid of cytohistochemical stains and 
were described based on resemblance to normal hematopoietic 
precursors. Reschad and Schilling described acute monoblastic 
leukemia in 1913;18 DiGugliemo described acute erythroleukemia 
in 1917;19 Von Boros and Karenyi described acute megakaryocytic 
leukemia in 1931;20 and Hilstad described APL in 1957.21

The initial classification of AML developed by the French–
American–British (FAB) cooperative group in 197622 was based 
on morphology. It was subsequently expanded to include new 
morphologic and immunogenotypic subsets, notably minimally 
differentiated disease with myeloid antigen expression.6 The 
WHO classification, published in 1997 and updated in 2002 and 
2008,1,2,23,24 incorporates clinical and cytogenetic data, distin-
guishes therapy-related AML and AML with MDS-related changes 
from de novo AML, and uses several recurring structural cytoge-
netic abnormalities to define AML subtypes.

Numerous cytogenetic abnormalities, both structural and 
numerical, have been identified in AML, beginning with the 
t(8;21)25 and t(15;17)26 translocations. Several of these recurring 
abnormalities were incorporated into the WHO classification, serv-
ing to define new subtypes.1,2,24 Cytogenetic findings in AML are 
the strongest predictors of treatment outcomes.13,14,27,28,29,30,31–34 
Structural cytogenetic abnormalities have been characterized 
at the molecular level, resulting in increased understanding of 
AML pathogenesis, and establishment of potential therapeutic 
targets, as well as molecular markers for quantitative monitoring 
of residual disease.11 Increasing numbers of gene mutations are 
also being described in AML, also enhancing our understanding 
of its molecular pathogenesis, providing new prognostic catego-
ries,35,36,37,38–41,42,43,44,45,46,47,48,49,50 and identifying new thera-
peutic targets.

The European LeukemiaNet has developed a new prognostic 
classification of AML incorporating cytogenetic and molecular 
data.51,52

Full sequencing of cytogenetically normal AML genomes was 
first reported in 200853 and 2009,54 demonstrating 10 and 12 
genes with acquired mutations, respectively. Finally, microRNAs, 
or small noncoding RNA molecules that hybridize to target mes-
senger RNA species and regulate their translation, have also 
been found to have distinct expression patterns in AML, with 
prognostic significance, and may represent new therapeutic 
targets.55,56,57

ePideMiology
It is estimated that 13,780 individuals (7,350 men and 6,430 
women) were diagnosed with AML and 10,200 died of AML in the 
United States in 2012.58,59 Lifetime risk of AML based on rates 
from 2007 through 2009 is 0.39%, which means that 1 in 254 
men and women born today will be diagnosed with AML during 
their lifetime.

The incidence of AML increases with age. AML accounts for 
80% to 90% of cases of acute leukemia in adults, but less than 15% 
of cases of leukemia in children younger than 10 years and 25% to 
30% in those between 10 and 15 years.60,61 From 2005 through 
2009, the median age at diagnosis of AML was 66 years.62 
Table 75.1 shows the age distribution for diagnosis of AML.58

The increased incidence of AML in the elderly is likely related 
to a combination of improved diagnosis, recognition of AML after 
MDS, and longer life expectancy, with consequent increased envi-
ronmental exposures. Based on the number of patients diagnosed 
from 2005 through 2009 in 18 Surveillance Epidemiology and End 
Results (SEER) geographical areas, the age-adjusted incidence of 
AML is 3.6 per 100,000 subjects per year.58 The incidence is 
higher in males than in females and higher in whites than in 
blacks (Table 75.2).58,61 There is an increased risk for Eastern 
European Jews and a decreased risk for Asian populations.63

The overall 5-year relative survival for AML from 2002 through 
2008 in 18 SEER geographic areas was 23.4%.58 As with incidence, 
mortality rates in AML vary with age, gender, and race. Table 75.3 
summarizes the age distribution of AML-related death.58 The 
median age at death from AML was 72 years in 2005 to 2009,64 
and the age-adjusted mortality rate was 2.8 per 100,000 subjects 
per year.58 Table 75.4 summarizes mortality rates by race and 
gender.58 From 2002 through 2008, 5-year relative survival by 
race and sex was 21.3% for white men, 24.6% for white women, 
23.2% for black men, and 24.8% for black women.58

Risk FActoRs
Risk factors for AML include both exposures that result in DNA 
damage, and congenital diseases and gene polymorphisms associ-
ated with impaired repair of DNA damage. Epidemiologic studies 

Age (Years) AML Incidence (%)

<20  6.0

20 and 34  6.6

35 and 44  6.6

45 and 54 11.8

55 and 64 15.5

65 and 74 20.1

75 and 84 23.3

>85 10.2

Age DisTribuTion of AcuTe MyeLoiD LeukeMiA  
(AML) AT DiAgnosis

taBLe 75.1

Race/Ethnicity Male Female

All Races 4.3 3.0

White 4.5 3.1

Black 3.5 2.8

Asian/Pacific Islander 3.5 2.8

American Indian/Alaska Native 2.5 3.1

Hispanic 3.5 2.7

AcuTe MyeLoiD LeukeMiA (AML) inciDence rATes  
(Per 100,000 inDiviDuALs) by rAce AnD by genDer

taBLe 75.2
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have identified genetic, environmental, and occupational factors 
that may contribute to the pathogenesis of AML.60,63,65 In addi-
tion, AML arising following cytotoxic therapy for prior malignan-
cies or benign conditions, termed therapy-related AML (t-AML), 
is an increasing problem in the face of successful therapy for 
lymphomas and solid tumors, as well as leukemias, and decreas-
ing the risk of this devastating complication is an important goal 
in the evolution of oncology treatment regimens and strategies.

Identified occupational, envitronmental, lifestyle-related, and 
medical risk factors for development of AML are discussed below. 
Multiple factors may contribute and interact. A recent case– 
control study of risk factors for de novo AML at MD Anderson 
Cancer Center demonstrated multiple factors, joint effects, and 
differences by sex and WHO subtype.66 Heavy smoking (≥30 
pack-years; odds ratio [OR], 1.86) and low-level (OR, 2.87) or 
moderate/high-level (OR, 4.13) occupational solvent exposure 
increased the risk of AML in men, whereas obesity (OR, 1.62) and 
low-level (OR, 2.73) or moderate/high-level (OR, 3.90) occupa-
tional solvent exposure increased the risk in women.

Occupational exposures
Occupational exposures are risk factors for the development of 
AML. In recent literature, an increased risk of AML has been 
reported in workers manufacturing, or exposed to, rubber, paint, 
embalming fluids, pesticides, ethylene oxide, petroleum, poultry, 
munitions, automobiles, nuclear power, plastics and electrical 
wiring, as well as gasoline station attendants, beauticians, bar-
bers, and cosmetologists.67 Most of these reports are based on 
retrospective and cross-sectional studies, which makes establish-
ing causal relationships difficult. Older literature also implicated 

Age (Years) AML-Related Death (%)

<20 2.2

20 and 34 3.2

35 and 44 3.8

45 and 54 8.1

55 and 64 15.7

65 and 74 24.6

75 and 84 29.9

>85 12.4

Age DisTribuTion of AcuTe MyeLoiD LeukeMiA  
(AML)-reLATeD DeATH

taBLe 75.3

Race/Ethnicity Male Female

All Races 3.7 2.2

White 3.8 2.3

Black 2.7 1.9

Asian/Pacific Islander 2.4 1.6

American Indian/Alaska Native 2.6 1.2

Hispanic 2.3 1.5

AcuTe MyeLoiD LeukeMiA (AML)-reLATeD DeATH rATes  
(Per 100,000 inDiviDuALs) by rAce AnD by genDer

taBLe 75.4

employment in shoe-making, painting, furniture manufacturing or 
repair, paper mill, clothing or textile industry, chemical manufac-
turing, printing, nursing, and biologic laboratories,67 and it can be 
speculated that enforcement of regulations pertaining to occupa-
tional exposures has altered the occupational risk profile. Of note, 
an association with hobbies, including artistic painting, car repair, 
ceramics or pottery, furniture repair, model building, photography, 
shooting or hunting, or wood working, has not been reported.67–72

The most fully characterized occupational exposure associated 
with AML is to the aromatic hydrocarbon benzene.73–75 Benzene 
is absorbed through the skin and lungs and can accumulate in the 
body fat and neurologic tissues. Toxicity is related to cumulative 
dosage, and the risk of leukemia was high before safety controls 
were put into place in the workplace. Chromosome damage can 
occur at 1 to 10 ppm, and leukemogenic risk is considerable at 
124 to 200 ppm. In surveys of factories in China, the leukemo-
genic risk was four to seven times higher in workers exposed to 
benzene than in the general population, and the average latency 
was 11.4 years.76,77 A dose–response pattern was suggested, with 
the highest risk in Chinese workers exposed at constant levels 
of 25 ppm or higher.77 Increased risk of AML with occupational 
exposure to benzene was confirmed in a recent systematic review 
and meta-analysis,78 and occupational benzene exposure was 
found to be associated with specific aneuploidies.79

environmental Factors
Ionizing radiation is carcinogenic primarily via induction of 
double-strand DNA breaks. The risk of leukemia correlates with 
radiation dosage and age at exposure, with a more rapid peak 
early in life (<15 years), as well as a more rapid decline than in 
those exposed at older ages (Fig. 75.2).80

Fallout from atomic tests and exposure to nuclear reactors 
has been a concern in the second half of the 20th century and 
the start of the 21st century. Atomic bombs were released over 
Hiroshima and Nagasaki in 1945, and an excess risk of leukemia 
was reported in 1952.81 The excess relative rate, per Gray (Gy), of 
AML among Japanese atomic bomb survivors was best described 
by a quadratic dose–response function that peaked approximately 
10 years after exposure, but with the effect persisting for more 
than five decades.82 Whereas little radioactivity was released 

FIGURE 75.2. Effect of age at exposure and temporal pattern of developing leukemia 
according to cell type (acute vs. chronic granulocytic leukemia). ATB, at time of bomb. 
(From Okada S, Hamilton HB, Egami N, et al., eds. A review of thirty years of Hiroshima and 
Nagasaki atomic bomb survivors. J Radiat Res 1975;16(Suppl):1–164.)
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into the environment at Three Mile Island, there was extensive 
exposure to radioactivity after Chernobyl,83,84 and increased AML 
incidence has been reported in Chernobyl clean-up workers.85 Of 
note, one Gray is the absorption of one joule of ionizing radiation 
energy, per kilogram of body matter.

Radon, cosmic radiation, and nonionizing radiation have been 
implicated as possible etiologic factors in AML but are unlikely to 
contribute a major risk.

Lifestyle-related Factors
Lifestyle-related risk factors for AML include smoking, obesity, 
and use of some hair dyes.

Smoking has been repeatedly identified as a risk factor for 
AML in an extensive literature.86–92 Cigarette smoke contains 
more than 4,000 chemical compounds, of which 60 have been 
found to be carcinogenic and leukemogenic, including benzene, 
urethane, nitrosamines, and polyaromatic hydrocarbons such 
as benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, 
benzo[c]phenanthrene, benzo[e]pyrene, and benzo[j]fluoran-
thene. Meta-analyses have estimated a relative risk for AML of 
1.3 to 1.5 in smokers.87,93 The risk of developing AML is two 
to three times higher in male smokers who have exceeded 20 
pack-years.86,94 Smokers of more than 40 cigarettes per day who 
develop AML have an increased incidence of unfavorable cytoge-
netic abnormalities, including –7/7q–.88,92 In a recent case control 
study at MD Anderson Cancer Center, a history of heavy smoking 
was associated with AML in men, and current smoking was asso-
ciated with an increased risk of AML in women, and there was a 
joint effect of smoking and solvent exposure.66

Obesity has been reported as a risk factor for AML.66,95–97 In 
a large cohort of male US veterans, obesity was associated with a 
higher incidence of AML in both white and black populations.96 
Similarly, among over 40,000 women ages 55 to 69 years in 
the Iowa Women’s Health Study, the risk of AML was increased 
among women who reported being overweight or obese (relative 
risk, 1.9; 95% confidence interval [CI], 1.0 to 3.4; relative risk, 2.4; 
95% CI, 1.3 to 4.5; P(trend) = 0.006, respectively), compared with 
women of normal weight.97 Findings were similar in a Canadian 
population.95

Finally, there is evidence of an association between use of per-
manent, but not nonpermanent, dark hair dye and AML.98

therapy-related acute Myeloid Leukemia
Antineoplastic therapy is associated with an increased risk of 
subsequent development of AML, and AML diagnosed following 
cytotoxic therapy for a prior malignant or benign condition is 
considered to be t-AML.

AML most commonly develops following treatment with 
alkylating agents or topoisomerase II inhibitors, but nucleoside 
analogs, antitubulins, and radiation are also associated with 
t-AML.99,100,101

Radiation used for medical purposes may be leukemogenic. 
Smith and Doll reported a fivefold increased risk of leukemia in 
patients with ankylosing spondylitis receiving a single dose of pel-
vic radiation; the risk peaked 3 to 5 years after radiotherapy.102 A 
twofold increased risk has been reported after pelvic radiation for 
menorrhagia, a treatment commonly used during the 1930s and 
1940s.103 Small increases in risk have also been reported after 
radiation for tinea capitis104 and peptic ulcer disease.105

t-AML presentation and treatment response differ based 
on the setting in which it arises and the likely causative agent. 
Most therapy-related leukemias occur 3 to 10 years after initial 
therapy, with a longer latency for alkylating agents (5 to 9 years) 
than for topoisomerase II inhibitors (6 months to 5 years).99,101 
Alkylating agents cause point mutations, as well as chromosome 
deletions and unbalanced translocations.100 Topoisomerase II 

inhibitors result in loss of a critical enzyme involved in DNA rep-
lication, leading to balanced chromosomal translocations usually 
involving 11q23, and less frequently 21q22, with the formation of 
fusion genes.106

The prognosis for t-AML is poor, with a median survival of 7 to 
10 months and usually less than 10% 5-year survival.100 Patients 
with chromosome 5 and 7 abnormalities have the worst progno-
sis. Alkylating agent-associated t-AML, generally characterized by 
deletions or monosomies of chromosomes 5 and/or 7 or complex 
karyotypes, frequently evolves from t-MDS, and has a low com-
plete remission rate and short disease-free and overall survival. In 
contrast, topoisomerase II-associated t-AML, most commonly with 
11q23 translocations, is typically not preceded by t-MDS and has 
a high complete remission rate, but short disease-free and overall 
survival. More rarely, patients treated with antineoplastic agents 
may develop t-AML with t(8;21), inv(16), or t(15;17).101,107 An 
early report suggests similar prognosis for t-AML and de novo AML 
with t(8;21) or inv(16),108 whereas a more recent report suggests 
a worse outcome for t-AML than for de novo AML with t(8;21).109

Alkylating agent-asociated t-AML has been extensively 
described. Cumulative drug dose is a primary determinant in 
causing leukemia, and alkylators differ in their leukemogenicity. 
Mechlorethamine and melphalan are more leukemogenic than 
cyclophosphamide. Germline mutations in tumor suppressor 
genes (NF-1,TP53), genetic variations in enzymes (cytochrome 
P450, glutathione S-transferase, and NAD(P)H: quinone oxido-
redutase 1) that are involved in drug metabolism, and genetic 
variations in genes such as XRCC1 and hMSH2, encoding DNA 
repair proteins, can all contribute to an increased risk for t-MDS/
t-AML.110–112 Alkylating agent-associated t-AML was initially best 
characterized following treatment of Hodgkin lymphoma (HL), 
one of the first malignancies for which curative therapy was 
developed,113–115 but has now been described after therapy of 
multiple neoplasms, including but not limited to breast cancer, 
multiple myeloma, ovarian cancer, and non-Hodgkin lymphoma 
(NHL),101,116–118 as well as in nonneoplastic disorders such as 
collagen vascular diseases.101

In HL, radiation can be a contributing factor, but the risk in 
patients treated with radiation alone is usually less than 1.0%, 
compared to 1.5% to 5.0% for those who received both radiation 
therapy and chemotherapy, particularly when chemotherapy is 
administered as salvage therapy for relapse after radiation.119,120 
The risk of leukemia after HL ranges from an 11- to a 136-fold 
increase over that in the general population.120 With the increased 
use of autologous transplantation as salvage therapy for lympho-
mas, t-MDS/t-AML is being recognized in 5% to 15% of patients 
and is associated with a poor prognosis.101,121 The time of leuke-
mia onset after alkylating agent exposure has ranged from 1 to 28 
years and is most commonly in the 5- to 9-year range.122 The risk 
is greater and the latency is shorter in older patients with HL (>50 
years of age).123 Splenectomy has been suggested as a contribut-
ing factor to leukemia in some, but not all, studies.122,123 Elevation 
in the mean corpuscular volume (MCV) may be an early sign of 
development of myelodysplastic changes, and up to two thirds of 
patients who develop leukemia have a preceding myelodysplastic 
phase that lasts approximately 6 months.122,124 Clonal cytogenetic 
abnormalities are often complex; the most common single abnor-
mality is monosomy 7 (–7), followed by del(5q) and –5.122

Topoisomerase II inhibitors, particularly etoposide and teni-
poside, were recognized as leukemogenic agents in survivors 
of lung cancer,125,126 germ cell cancer,127 ALL,128 neuroblas-
toma,129 and osteosarcoma130 in the 1980s. Large cumulative 
doses and prolonged courses have been implicated as increasing 
the risk of leukemia. The latency period is short, with most cases 
occurring between 6 months and 5 years after initial therapy. 
There is no myelodysplastic phase, and the majority of cases are 
myelomonocytic (FAB M4) or monoblastic (FAB M5). The most 
common cytogenetic abnormality involves a translocation of 
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the mixed lineage leukemia (MLL) gene at chromosome band 
11q23.122 Over 40 partner genes that encode different proteins 
are involved in MLL translocations. Patients with AML and 11q23 
abnormalities after topoisomerase II inhibitors tend to be che-
mosensitive but are rarely long-term survivors because of a high 
relapse rate.122

Breast cancer is treated with both alkylating agents and 
topoisomerase II inhibitors, as well as antitubilins. Cytogenetic 
abnormalities in t-AML after breast cancer therapy are heteroge-
neous and include those associated with either alkylating agent 
or topoisomerase II inhibitor therapy.131 Use of G-CSF has been 
implicated in increasing the risk of t-AML following breast can-
cer adjuvant therapy131,132,133 and radiation therapy may also 
contribute.131,134–136

Nucleoside analogs have also been implicated in t-AML. 
Fludarabine in chronic lymphocytic leukemia is associated with 
t-AML, particularly when combined with chlorambucil137 or 
mitoxantrone.138 Nucleoside analogs are also associated with an 
increased risk of t-AML in Waldenström macroglobulinemia.139 
Azathioprine is associated with t-AML, frequently with chromo-
some 7 abnormalities, in patients with rheumatologic disorders 
and in solid organ transplant recipients.140 6-Mercaptopurine is 
also associated with t-AML.141 In addition, MDS/AML with dys-
plasia and chromosome 7 abnormalities has been seen in patients 
treated for de novo AML and may represent t-MDS/t-AML associ-
ated with cytarabine.142

An increasing literature is also documenting t-MDS/t-AML 
occurring following therapy for APL with ATRA and diverse 
chemotherapy drugs. Many of these cases of t-MDS/t-AML 
have chromosome 5 and/or 7 abnormalities, but others have 
11q23 translocations, and miscellaneous abnormalities are also 
seen.143

Although less leukemogenic than chemotherapy, radiation 
therapy is leukemogenic, as evidenced by an increased leukemia 
risk in patients receiving radiation in the past for ankylosing 
spondylitis,102 menorrhagia,103 tinea capitis104 and peptic ulcer 
disease.105 The risk of leukemia (latency period of 2 to 11 years) is 
approximately 2 times higher in patients who have received either 
radium implants or external beam radiation for cervical, ovarian, 
or endometrial cancer.144–146 Similarly, a twofold increase in risk 
has been reported in breast cancer patients receiving adjuvant 
radiotherapy, compared to a tenfold increase in risk after che-
motherapy; combined radiation and chemotherapy resulted in a 
seventeenfold risk.131,136 Radiation therapy has been associated 
with only a small increase in risk of leukemia in patients with HL 
and NHL, unless the radiation is extensive and encompasses a 
large volume of bone marrow.115,147

In a recent report, patients who developed MDS/AML following 
radiation alone were found to have a lower incidence of high-risk 
karyotypes and longer survival than those who developed MDS/
AML following chemotherapy or chemotherapy and radiation. 
Karyotypes did not differ from those in de novo MDS/AML, sug-
gesting that post-radiation MDS/AML may not represent a direct 
consequence of radiation toxicity and may warrant a therapeutic 
approach similar to de novo disease.148

Medical exposure to radioactivity is leukemogenic. In a recent 
meta-analysis, the relative risk of leukemia in thyroid cancer 
survivors treated with radioactive iodine (RAI) was 2.5 (95% CI 
1.13, 5.53, p = 0.024).149 A standardized incidence ratio (SIR) 
of 5.68 (95% CI, 2.09 to 12.37) was recently reported in patients 
with low-risk (T1N0) well-differentiated thyroid cancer, with the 
excess risk of leukemia significantly greater in patients aged <45 
years (SIR = 5.32; 95% CI, 2.75 to 9.30) than in older patients 
(SIR = 2.26; 95% CI, 1.43 to 3.39).150 Increased leukemia risk 
has also been previously reported following therapy with radioac-
tive phosphorus (32P) for polycythemia vera, as well as following 
exposure to Thorotrast, a radioactive contrast agent containing 
thorium (232Th).151

Chromosome Instability or Defective  
DNa repair
The incidence of AML is increased in patients with syndromes 
characterized by chromosome instability or defective DNA 
repair,152 notably Bloom syndrome,59 an autosomal recessive 
disorder with excessive chromosomal breakage, including quadri-
radial formation, and increased sister chromatid exchanges, 
caused by alterations in a gene on chromosome 15q26.1 encoding 
a protein with helicase activity that is central to DNA repair.153

An increasing recent literature also associates polymorphisms 
in genes encoding detoxifying enzymes and DNA repair proteins 
with incidence of AML, as well as with treatment outcomes. 
Glutathione S-transferases (GSTs), including GSTM, GSTP, and 
GSTT, are detoxification enzymes involved in metabolism of 
carcinogens. A recent meta-analysis of the association of GST 
polymorphisms with risk of AML supported a significant risk of 
AML in the presence of null genotypes of GSTM1 and GSTT1.154 
Associations with treatment outcomes were also suggested.155,156

Polymorphisms in the RAD51 and XRCC3 genes, encoding pro-
teins involved in repair of DNA double-strand breaks via homolo-
gous recombination, have been associated with increased risk of 
development of AML, and the association is additionally strong 
for t-AML and in the setting of coincident polymorphic deletion 
of the GSTM1 detoxification gene.110 Other work implicates 
polymorphisms of the XRCC1 gene, encoding a protein involved 
in base excision repair,157 and of RAD51111 in the risk of t-AML, 
and of polymorphisms in the xeroderma pigmentosum group D 
(XPD) DNA repair gene, encoding a protein involved in nucleotide 
excision repair, in AML with 5q and 7q chromosome deletions.158 
Additionally, XPD polymorphisms have been associated with AML 
treatment outcome, and ERCC1 and XRCC3 polymorphisms with 
treatment toxicities.159

heritable Genetic Factors
Heritable syndromes associated with increased risk of AML are 
usually recognized in childhood and are discussed in Chapter 77. 
In addition to Bloom syndrome,59 they include Fanconi anemia 
(FA),160 familial platelet disorder (FPD),161–163 Schwachman-
Diamond syndrome,164,165 amegakaryocytic thombocytopenia, 
which may be X-linked, as well as Blackfan-Diamond syndrome, 
familial aplastic anemia,166 and Kostmann syndrome.167 Severe 
congenital neutropenia (SCN), with mutations in the neutrophil 
elastase (ELA2) gene, when treated with G-CSF increases risk for 
AML, associated with acquired somatic mutations in the G-CSF 
receptor.168

Inherited mutations of tumor suppressor genes predispose 
patients to malignancies, including those of myeloid origin. The 
Li–Fraumeni syndrome, described in 1969, is an autosomal domi-
nant cancer family syndrome with an increased risk for sarcomas, 
breast cancer, and other neoplasms, including leukemia, due to 
germline mutations in the TP53 gene.169,170

clinicAl PResentAtion
AML presenting symptoms and signs are related to failure of nor-
mal hematopoiesis, resulting in anemia, neutropenia, and throm-
bocytopenia. The most common complaint is nonspecific fatigue 
or malaise that may have been present for several months. Pallor 
and weakness are caused by anemia. Fever is common and is the 
presenting feature in 15% to 20% of patients, often associated 
with sweats, and may result from infection secondary to neutro-
penia or from leukemia itself. Hemorrhagic signs and symptoms, 
including petechiae, epistaxis, and easy bruising, may be found in 
up to one half of patients at diagnosis. Petechiae correlate with the 
severity of thrombocytopenia, and ecchymoses with the presence 
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of disseminated intravascular coagulation (DIC), which is most 
common in APL, but also occurs in other AML subtypes. Weight 
loss is present in up to 50% of patients, but is usually not severe. 
Bone pain occurs in less than 20% of patients. Organomegaly and 
adenopathy have been reported in up to one half of patients with 
AML, but are less common than in ALL.

Leukemia Cutis
Leukemic skin infiltration, or leukemia cutis, occurs in up to 13% 
of patients with AML during the course of the disease, most com-
monly in those with a monocytic component. Skin lesions are 
often nodular and violaceous (Fig. 75.3), are painless, and may 
be widespread or localized. Widespread lesions are distinguished 
from other exanthems by being raised and palpable. Diagnosis is 
confirmed by biopsy. Skin lesions may precede the diagnosis of 
AML, or may occur concurrently with AML or as an extramedul-
lary relapse. They are radiosensitive, but patients should usually 
be treated with systemic chemotherapy.171 Benign skin lesions 
associated with AML include Sweet syndrome172 and pyoderma 
gangrenosum.173 These are painful and are responsive to corti-
costeroids. These diagnoses are also confirmed by skin biopsy. 
Leukemia cutis is frequently associated with involvement of 
other extramedullary sites, including the central nervous system 
(CNS).171 Gum infiltration is also characteristic of acute monocytic 
leukemia (Fig. 75.4).

Myeloid Sarcoma
Myeloid sarcoma, or granulocytic sarcoma, myeloblastoma, or 
chloroma is an extramedullary tumor that occurs in 2% to 14% 
of cases of AML.174–176 The term chloroma derives from a green 
appearance due to expression of MPO. The tumors are usually 
localized, frequently in bone, periosteum, soft tissues, lymph 
nodes, or skin. Common sites are the orbit and the paranasal 
sinuses, but other sites reported include the gastrointestinal tract, 
genitourinary tract, breast, cervix, salivary glands, mediastinum, 
pleura, peritoneum, and bile duct.175 Myeloid sarcomas may 
occur at diagnosis of AML, may precede the diagnosis, or occur as 
an extramedullary relapse. They have also been seen in associa-
tion with MDSs or MPNs and usually predict transformation to 
acute leukemia.174–176 The diagnosis is suggested by presence of 
eosinophilic myelocytes in hematoxylin and eosin-stained biopsy 
sections. Imprint preparations can be helpful. The diagnosis can 
be made if Auer rods are detected or if myeloid origin is confirmed 
by cytochemical or immunohistochemical methods. Although 
granulocytic sarcomas are radiosensitive, systemic chemotherapy 
is warranted in most cases.177

Central Nervous System Leukemia
The incidence of CNS disease at diagnosis of AML is difficult 
to determine because lumbar puncture is not generally per-
formed.178 Meningeal disease has been reported to develop in 
up to 16% of adults with AML.178 The increased use of high-dose 
cytarabine (HiDAC), which crosses the blood–brain barrier, less-
ens the risk of CNS leukemia in AML, as evidenced by a 2.2% 
incidence in a review of 410 patients from a single institution.179 
CNS disease is associated with hyperleukocytosis and the AMoL 
variants.180 It is often asymptomatic, but may be associated with 
headache, nausea, and/or cranial nerve palsies, particularly V and 
VII. Ocular involvement may result in blindness and suggests men-
ingeal involvement. Intracerebral masses were reported in FAB 
M4Eo in association with inv(16)(p13q22) and M5 subtypes,181 
but also appear to be less common with increased use of HiDAC. 
Prophylactic central nervous system (CNS) therapy is not given 
routinely to adult patients with AML, but some clinicians advo-
cate prophylaxis in patients with AMoL or with presenting white 
cell counts greater than 100,000 cells/mm3. Diagnostic lumbar 
puncture with prophylactic intrathecal chemotherapy may also be 
advocated prior to hematopoietic stem cell transplantation.

Other Organ System Involvement  
by acute Myeloid Leukemia
Other organ systems may be involved. Cardiac abnormalities are 
usually related to electrolyte imbalances, particularly hypokale-
mia, but may result from direct involvement of the conduction 
system or infiltration of vessel walls.175 Pulmonary symptoms 
occur in patients with leukostasis, infections related to neutro-
penia, or hemorrhage. Gastrointestinal symptoms also include 
infections, particularly perirectal abscesses and typhlitis, which is 
a necrotizing colitis related to leukemia infiltration of the bowel 
wall. Management of typhlitis is supportive, including antibiotics 
and nasogastric suction, but surgical intervention is sometimes 
unavoidable.182 Obstructive jaundice has occurred secondary to 
myeloid sarcoma.

hypocellular acute Myeloid Leukemia
Hypocellular AML occurs in 5% to 10% of patients with AML and is 
defined by the presence of AML in a hypocellular bone marrow, with 
the definition of hypocellularity varying between 5% and 40%.183 
Hypocellular AML is typically seen in older patients, and should 
be distinguished from MDSs and aplastic anemia. Howe et  al.  

FIGURE 75.4. Swollen and spongy gums in a patient with acute leukemia. (Courtesy 
of Dr. Stuart Salmon, Division of Hematology/Oncology, Vanderbilt University Medical Center.)

FIGURE 75.3. Leukemia cutis manifesting as subcutaneous nodules. (Courtesy of 
Dr. Michael Smith, Division of Dermatology, Vanderbilt University Medical Center.)
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demonstrated a CR rate of 73% in a series of 29 patients with 
hypocellular AML.184 Although hypocellularity alone should not 
exclude a patient from receiving chemotherapy, caution should be 
exercised in treating these patients, and transplantation strategies 
should be considered.

lABoRAtoRy Findings
Presenting blood counts vary widely among patients with AML.185 
The leukocyte count is elevated in more than half of patients, but 
is greater than 100,000 cells/mm3 in less than 20%. Blasts are 
usually present in the peripheral smear or in a buffy coat smear. 
Auer rods and Phi bodies are considered pathognomonic of AML. 
Phi bodies are fusiform or spindle-shaped rods similar to Auer 
rods that require special stains for hydroperoxidases.186

Cytopenias result from hematopoietic failure and contribute 
to symptoms and signs. Anemia is common in AML and is pre-
dominantly normochromic and normocytic. Reticulocytopenia 
is generally present, but nucleated red blood cells may be seen. 
Neutropenia is present in most AML patients. A normal neutro-
phil count is more common in patients with monocytic variants of 
AML. Giant lysosomes are rarely noted in neutrophils of patients 
with AML; their presence has been called a pseudo- Chédiak–
Higashi syndrome.187 Thrombocytopenia is usually present and 
may be severe at diagnosis. Thrombocytosis is rarely identified, 
and is characteristic of AML with abnormalities of the long arm of 
chromosome 3, involving the EVI1 gene.

DIC is more common in AML than in ALL, and is most com-
mon in APL (Chapter 78). DIC is seen at presentation in nearly all 
patients with APL, and its incidence in AML other than APL is in 
the 10% to 30% range.188 The cause of DIC is thought to be the 
release of tissue factor-like procoagulants from the azurophilic 
granules within the leukemia cells. DIC is manifested clinically 
by bruising and, when severe, by bleeding from multiple sites. 
Laboratory findings include thrombocytopenia, hypofibrinogen-
emia, elevated fibrin split products, and deficiency of coagulation 
factors, including factor V and factor VIII.189 Other mechanisms, 
such as excessive fibrinolysis and secretion of interleukin (IL)-1 by 
AML cells, may contribute to bleeding.190

Hyperuricemia is noted in up to 50% of patients with AML 
and can also be associated with tumor lysis, although the latter 
is more common in ALL.191 Hydration and administration of allo-
purinol and/or recombinant urate oxidase (rasburicase) for mark-
edly elevated uric acid levels or elevated uric acid levels with renal 
insufficiency, can prevent complications of tumor lysis, which may 
occur during induction chemotherapy, most often in the setting of 
hyperleukocytosis.

Serum lactate dehydrogenase (LDH) levels may be elevated, 
particularly in monocytic (FAB M4/M5) subtypes, but to a lesser 
degree than is observed in ALL.

Levels of lysozyme are elevated, particularly in variants of AML 
with a predominant monocytic component (FAB M4/M5). Excess 
lysozyme (muramidase) may cause proximal renal tubular damage, 
which results in hypokalemia. Other factors that can contribute 
to hypokalemia in AML include potassium uptake by rapidly pro-
liferating cells, as well as medications, particularly diuretics and 
the antifungal antibiotic amphoterecin. Hyperkalemia can occur 
in association with hyperuricemia and tumor lysis. With improved 
agents to treat hyperuricemia, hyperphosphatemia with or without 
hypocalcemia is the most common abnormality associated with 
renal failure during induction therapy. Patients with AML may 
have hypocalcemia,192 but hypercalcemia is very rare.193

Hyperleukocytosis, arbitrarily defined as a blood blast count 
greater than 100,000/mm3, occurs most commonly in monocytic 
(FAB M4/5) AML and in AML with fms-like tyrosine kinase 3 
internal tandem duplication (FLT3-ITD).174,194 Hyperleukocytosis 
is a medical emergency because it is associated with leukostasis 

in the lungs and the CNS,195 causing respiratory failure and 
intracerebral hemorrhage,180,196–198 which are usually rapidly 
fatal. Pulmonary leukostasis is manifested by dyspnea, tachypnea, 
rales, interstitial infiltrates, and respiratory failure.195,199 CNS 
leukostasis manifests as headaches, blurred vision, somnolence, 
obtundation, ischemic stroke, and intracerebral hemorrhage.200 
Spurious laboratory data associated with hyperleukocytosis 
include a falsely elevated platelet count because blast fragments 
are counted as platelets, pseudohypoxemia caused by oxygen 
consumption by leukemia cells, pseudohypoglycemia caused 
by glucose consumption by leukemia cells, hypophosphatemia, 
and falsely prolonged coagulation tests due to low plasma vol-
ume.201–203 Artifactual lowering of the pO2 and glucose may be 
prevented by placing blood samples on ice and performing the 
tests without delay.174

To decrease the risk of leukostasis in patients with hyperleu-
kocytosis, the white blood cell count must be rapidly lowered. 
Therapeutic measures include leukapheresis, administration of 
large doses of hydroxyurea, and immediate initiation of induction 
chemotherapy.174,198,204 Red cell transfusions should be mini-
mized initially to avoid overcorrection of the hemoglobin level, 
because this may produce an increase in blood viscosity that can 
worsen leukostasis. A hemoglobin goal of 8 g/dl, but not higher, 
is generally appropriate. In contrast, platelet transfusions are 
needed to decrease the risk of hemorrhage, because the platelet 
count may be overestimated, as discussed above. In addition, leu-
kapheresis exacerbates thrombocytopenia and patients may also 
have DIC. An initial platelet count goal of 50,000/mm3 is generally 
reasonable. No controlled clinical trials have defined the optimal 
management of hyperleukocytosis, but retrospective data support 
the use of leukapheresis.205 Leukapheresis is indicated urgently if 
symptoms of leukostasis are present.196 Moreover, leukapheresis 
should be considered early to decrease the risk of leukostasis in 
patients with hyperleukocytosis, as the onset of leukostasis may 
be abrupt, and, once initiated, it may be fulminant and irrevers-
ible.174 Studies suggest that leukapheresis is associated with 
decreased early mortality and improved complete remission (CR) 
rates, but not with improved survival.197,198 Because leukapher-
esis is only a temporary measure to decrease the risk of leukosta-
sis, hydroxyurea should also be administered, and chemotherapy 
should be initiated as rapidly as possible.174

Biologic FeAtuRes

heterogeneity
AML is a complex and extremely heterogeneous neoplasm in all 
respects, including cytologic features, stage of differentiation, 
antigen expression, cytogenetic findings, gene mutations, gene 
expression, activation of signal transduction pathways, and 
response to treatment. Significant advances have been made in 
our understanding of the complex biology of AML, including iden-
tification and characterization of multiple interdependent patho-
genetic phenomena and pathways. Increasingly sophisticated 
research techniques are being applied toward elucidating the 
complex biology of AML and developing more effective therapies.

aberrant Immunophenotypes
In the majority of cases of AML, leukemia cells have immunophe-
notypes that distinguish them from myeloid progenitor cells found 
in normal marrow. Compared to normal bone marrow myeloid 
cell populations, AML cells exhibit asynchronous myeloid antigen 
expression, antigen overexpression, loss of antigen expression 
and co-expression of nonmyeloid antigens.9 These findings are 
consistent with aberrant differentiation rather than arrest of 
normal differentiation. The ability to distinguish AML cells from 
normal marrow cells based on aberrant immunophenotypes has 
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formed the basis for flow cytometric analysis of AML in peripheral 
blood or marrows of patients with AML, as well as for detection 
of residual disease by flow cytometry.206–208 Immunophenotypes 
remain abnormal at relapse, but commonly exhibit gain or loss 
of one or more antigens and/or changes in antigen density.11,209

Leukemogenesis
Leukemogenesis in AML is a heterogeneous, multistep process 
that results in maturation arrest, altered proliferation, and 
impaired apoptosis, mainly through genetic dysregulation. A 
“two-hit” model of leukemogenesis has been proposed for AML.210 
In this model, AML is the consequence of at least two classes of 
mutations. Class I mutations (e.g., BCR–ABL, K-RAS, N-RAS, KIT, 
FLT3) confer a proliferative and/or survival advantage, whereas 
Class II mutations (e.g., CBFb-MYH11, AML1-ETO, TEL-AML1, 
and PML-RARa fusion genes) result in impaired cellular differ-
entiation and apoptosis. Fusion genes such as AML1-ETO and 
CBFb-MYH11, which are involved in the specific structural chro-
mosomal abnormalities t(8;21) and inv(16), respectively, in AML, 
impair differentiation and apoptosis, but are insufficient to cause 
AML by themselves.211,212 A second class of genetic changes, such 
as mutations in the receptor tyrosine kinases FLT3,213 KIT,214,215 
or N-RAS,213 which deregulate proliferation, are required for 
development of AML. The limitations of this hypothesis include: 
(1) lack of identifiable mutations in class I and class II in all 
cases of AML, (2) frequent epigenetic changes in AML, and (3) 
unexplained role of newly discovered alterations in metabolic 
pathways and enzymes such as isocitrate dehydrogenase (IDH) in 
AML pathogenesis.

Recent whole-genome sequencing of bone marrow and skin, 
paired with skin, from patients with AML evolving from MDS 
revealed persistence of an antecedent founding clone containing 
approximately 200 to 650 somatic mutations, accompanied by 
outgrowth or emergence of at least one subclone with several new 
mutations.216

Clonality
The clonal nature of AML is confirmed by the presence of clonal 
cytogenetic abnormalities in the majority of cases,12 and has 
also been demonstrated by analysis of G6PD isoenzymes217 and 
of restriction fragment length polymorphisms (RFLP).218 Clonal 
abnormalities may be demonstrated in either a single cell line 
or in more than one cell line (such as myeloid and erythroid or 
myeloid and megakaryocytic), indicating that leukemic transfor-
mation can occur in either restricted-lineage or multipotential 
stem cells.217,219 Whole genome sequencing demonstrated that 
irrespective of blast count, more than 80% of bone marrow cells 
in MDS and s-AML are clonal.216

Deep sequencing of genomes from AML patients at initial 
diagnosis and at relapse suggested two major clonal evolution 
patterns at AML relapse: (1) gain of new mutations by the found-
ing clone in the primary tumor, or (2) expansion of a subclone of 
the founding clone surviving initial chemotherapy, with gain of 
additional mutations. Thus AML relapse is associated with new 
mutations and clonal evolution, perhaps due to the influence of 
chemotherapy on the founding clone.220

Leukemia Stem Cells
It is generally accepted that AML relapse is caused by survival 
and persistence of rare chemotherapy-resistant leukemia stem 
cells (LSC).221 Transplantation of AML cells into immune-deficient 
mice demonstrated that LSCs are present at a frequency of one in 
250,000 cells in the peripheral blood of AML patients, are usually 
enriched in the CD34+CD38− cell fraction,222 and lack expres-
sion of CD71 and human lymphocyte antigen (HLA)-DR,223 but 

express CD123.224 These cells are primarily in the G0 phase of 
the cell cycle.225 They are also characterized by activation of the 
transcription factor nuclear factor-kB (NF-kB), which is not acti-
vated in normal hematopoietic stem cells.226 Finally, they express 
multiple multidrug resistance proteins, including P-glycoprotein 
(Pgp; MDR1; ABCB1) and breast cancer resistance protein (BCRP; 
MXR; ABCG2), as do normal hematopoietic stem cells.227,228

Substantial basic and translational research has been per-
formed to better understand the biology of LSCs and ultimately 
to target them therapeutically.229 LSCs cannot be distinguished 
from normal hematopoietic stem cells (HSCs) based on the the 
CD34+ CD38− phenotype,230 but intermediate levels of alde-
hyde dehydrogenase (ALDH) enzyme activity can distinguish 
CD34+CD38− LSCs, capable of engrafting immunodeficient mice, 
from normal HSCs, which showed higher ALDH activity, and pres-
ence of CD34+CD38−ALDH intermedite leukemic cells in complete 
remission after induction chemotherapy was associated with 
subsequent relapse.231 Moreover, using bioinformatic analysis, 
42 and 121 genes were identified as LSC-related and HSC-related 
signatures, respectively, and 44 genes were found in both sig-
natures and were designated as core-enriched HSC-LSC genes. 
When LSC- and HSC-related gene signatures were examined in 
160 patients with cytogenetically normal AML, both signatures 
correlated negatively with overall survival even in patients with 
the prognostically favorable FLT3 wildtype and NPM-1 (nucleo-
phosmin-1) mutant status.230

hematopoietic Growth Factor effects
The use of culture systems with phytohemagglutinin (PHA)-
conditioned medium from peripheral blood leukocytes in the 
1980s allowed growth of clonogenic cells in 80% to 90% of cases 
of AML,232 likely because of the presence of hematopoietic growth 
factors. Leukemia cells, like normal cells, generally require growth 
factors for survival and proliferation. AML cells express receptors 
for a number of hematopoietic growth factors, including granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), granulocyte 
colony-stimulating factor (G-CSF), interleukins 1, 3, 4, 6, and 
9, Steel factor (KIT ligand), thrombopoietin (MPL ligand), and 
FLT3 ligand (FLT3L).233–236 Growth factors predominantly cause 
proliferation, but may also inhibit apoptosis235 and induce dif-
ferentiation.237 Growth factors may be produced by stromal cells 
or by AML cells themselves, resulting in paracrine or autocrine 
stimulation, respectively.238,239 Patients whose AML cells exhibit 
autonomous growth in vitro have an inferior response to treat-
ment,240,241 and autonomous growth of AML cells is associated 
with other adverse disease characteristics, including unfavorable 
cytogenetic risk group,242 multidrug resistance243 and expression 
of antiapoptotic proteins.244

proliferative Characteristics
The proliferative characteristics of AML cells, including the per-
centage of S-phase cells, the duration of S-phase, and the total 
cell cycle time, are highly variable,245–247 and proliferation may 
be either slower or faster than that of normal myeloid cells. AML 
with a high or a low proliferative rate responds less well to che-
motherapy than AML with an intermediate proliferative rate.245 
A high proliferative rate may be associated with marrow aplasia 
after chemotherapy, but rapid regrowth of leukemia,246 whereas 
nonproliferative AML cells may be chemoresistant.248 S-phase 
and total cell cycle times are longer in relapsed than in newly 
diagnosed AML.245

resistance to apoptosis
Resistance to apoptosis contributes to both leukemogenesis and 
drug resistance in AML.249 Apoptosis occurs by two pathways, 
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both of which result in caspase activation: (1) receptor-medi-
ated, involving the tumor necrosis factor (TNF) family of death 
receptors, and (2) mitochondrial-mediated, regulated by the 
BCL-2 family of proteins.249 Chemotherapy kills malignant cells 
through activation of mitochondrial-mediated apoptosis, and 
altered apoptotic pathways are a mechanism of resistance to 
chemotherapy. AML cells overexpress BCL-2 and other anti-
apoptotic proteins, including BCL-x(L), MCL-1, XIAP, and sur-
vivin,250,251 which may be up-regulated by the effects of stromal 
cells250 and cytokines.252 Permeabilization of the mitochondrial 
outer membrane is blocked by higher levels of the antiapoptotic 
proteins BCL-2, BCL-x(L), and MCL-1, and facilitated by the 
proapoptotic proteins BAX or BAD. High BCL-2-to-BAX protein 
ratios in AML cells are associated with lower complete remis-
sion rates and shorter overall survival.253 Expression of APAF-1, 
an important protein in the apoptosis machinery, is commonly 
silenced by methylation in AML cells, and may be restored by 
treatment with DNA methyltransferase inhibitors.254 Expression 
of the multidrug resistance protein P-glycoprotein (ABCB1) may 
also inhibit AML cell apoptosis by a mechanism independent of 
drug efflux.255

Signal transduction pathway activation
Activation of signal transduction pathways may result from muta-
tions in gene encoding growth factor receptors such as FLT3, KIT, 
or RAS. In addition, aberrant activation of the PI3K/Akt/mamma-
lian target of rapamycin (mTOR) signaling pathway is implicated 
in leukemogenesis in AML,256–259 in the absence of consistent 
gene mutations. mTOR is constitutively activated in most AML 
cases,256–258 but not in normal hematopoietic stem cells,257 and 
P13K/Akt/mTOR pathway activation is associated with compro-
mised apoptotic response mechanisms260–262 and resistance to 
chemotherapy.256,258–261 Thus PI3K/AKT/mTOR inhibitors have 
the potential to be both effective and selective in AML.263,264 
Multiple signal transduction pathways may be activated in AML 
and the number of pathways activated is associated with a pro-
gressively worse prognosis.265

Microenvironment
AML bone marrow exhibits increased microvessel density, 
compared to normal marrow,266–268 and AML cells express 
vascular endothelial growth factor (VEGF), mRNA, and pro-
tein,266 and may also express aberrant VEGF receptors.269 
VEGF can act via multiple paracrine,270 as well as autocrine,269 
mechanisms to contribute to AML cell expansion and survival 
in the bone marrow microenvironment.271,272 VEGF secretion 
is strongly correlated with expression of FLT3 and of FLT3 
ligand.273 Inhibition of FLT3 signaling with a small molecule 
FLT3 inhibitor, an antibody that blocks FLT3 ligand binding 
or FLT3 receptor siRNA decreases VEGF secretion. FLT3 is 
likely to induce VEGF secretion through the MAPK (mitogen-
activated protein kinase) pathway via its activation of ERK1/2 
(extracellular-signal regulated kinase-1 and -2) phosphoryla-
tion, rather than through AKT (protein kinase B) or STAT5 (sig-
nal transducer and activator of transcription-5),273 suggesting 
novel treatment strategies.274

The chemokine stromal cell-derived factor-1 (SDF-1) regulates 
homing and engraftment of leukemia cells in the bone marrow 
microenvironment and stromal niche. SDF-1 and its receptor 
CXCR-4 (fusin, LESTR) are expressed by AML cells and pro-
mote AML cell survival275 and stroma-mediated chemoresistance. 
CXCR-4 represents a novel therapeutic target276 for AML, and 
CXCR4 inhibitors have been tested in combination with chemo-
therapy in preclinical and clinical studies, with the goal of induc-
ing mobilization of AML cells into the circulation, with promising 
results.277

cytogenetic And MoleculAR 
Findings

Cytogenetics
Acquired chromosome abnormalities are present in AML cells in 
most patients and diverse recurrent abnormalities are strongly 
predictive of treatment outcomes. Cytogenetic abnormalities were 
first described in AML in the 1960s, and were found to be pres-
ent in approximately one half of AML patients in the 1970s with 
development of chromosome banding techniques (Chapter 3). With 
technical improvements, recent series have reported abnormal 
karyotypes in 55% to 78% of adults with AML.32,278 Approximately 
55% of patients with AML have a single cytogenetic abnormality, 
including 15% to 20% with gain or loss of a single chromosome as 
the only change; the remaining 45% have two or more changes. 
The most common recurring cytogenetic abnormalities in AML 
include t(15;17), t(8;21), inv(16), +8, +21, del(5q), –7, 11q23 
translocations, and 12p11–13 abnormalities.32,278

Correlation of cytogenetics and clinicopathologic data has led 
to the recognition of distinct subtypes of AML and has helped 
to identify prognostic groups (Table 75.5).32,278 Techniques 
such as PCR, FISH, and CGH have allowed characterization of 
cytogenetic abnormalities at the molecular level, demonstrating 
frequent involvement of oncogenes and tumor-suppressor genes 
(Chapter 72).

The best described subtypes of AML are defined by recurring 
structural chromosomal abnormalities, which primarily consist 
of balanced translocations, occur more commonly in younger 
patients, tend to correlate with morphology, and are predictive 
of treatment outcomes. These include t(8;21), inv(16) or t(16:16), 
and t(15;17) and their variants. AML with t(8;21) tends to have 
blasts with maturation, often with azurophilic granules and 
occasionally with very large granules (pseudo-Chédiak–Higashi 
granules).24 AML with inv(16) or t(16;16) is usually associated 
with monocytic differentiation and abnormal marrow eosino-
phils.24,181 APL with t(15;17) and its variants is suggested by 
the presence of hypergranular promyelocytes in association with 
disseminated intravascular coagulopathy (DIC), but may also 
be present in a variant microgranular (hypogranular) subtype 
(Chapter 78). Other cytogenetic abnormalities associated with 
morphology in AML include 11q23 translocations with monoblas-
tic features;24,279 t(6;9) with marrow basophilia;280; abnormalities 
of 3q21-26 with abnormal platelets and thrombocytosis281 and 
t(9;22), 14q32, or 11q23 with mixed lineage antigen expres-
sion.282,283 t(8;21), inv(16) and t(15;17) are associated with 
favorable responses to  chemotherapy, and 11q23 translocations, 
t(6;9), 3q21-26  abnormalities and t(9;22) with adverse treatment 
outcomes. AML with 11q23 abnormalities is associated with a 
high complete remission rate but short disease-free and overall 
survival, whereas the other unfavorable abnormalities are associ-
ated with low complete remission rates as well as short disease-
free and overall survival.

11q23 translocations are common in t-AML arising following 
topoisomerase II therapy,99,122 but they also occur de novo, and 
are associated with monocytic differentiation. 11q23 transloca-
tions are characterized molecularly by rearrangement of the MLL 
gene at 11q23. The frequency of MLL rearrangements is seven-
fold higher (5.3% vs. 0.8%) in patients younger than 60 years of 
age. The molecular pathogenesis of MLL gene rearrangements 
probably involves aberrant nonhomologous end joining of DNA 
double strand breaks. The normal MLL protein is proteolytically 
cleaved and functions as a transcriptional repressor or activator. 
Chimeric proteins that are generated from MLL rearrangements 
include the N-terminal region of MLL, which is involved in pro-
tein–protein interactions and transcriptional repression, and their 
leukemogenic effects appear to occur via activation of clustered 
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Type of Rearrangement Genes Involved Hematologic Clinical Features Prognosis

t(1;3)(p36;q21) MEL1 Preceded by MDS, M1, M4, dysmegakaryopoiesis Poor

t(1;7)(q10;q10) Preceded by MDS, M1, M4, genotoxic exposure Poor

t(1;11)(p32;q23) AF1P, MLL M0, M5 Poor

t(1;11)(q21;q23) AF1Q, MLL M4, M5, infants Poor

t(1;22)(p13;q13) RBM15, MKL1 M7, thrombocytopenia, hepatosplenomegaly, bone marrow fibrosis Poor

inv(3)(q21;q26);t(3;3)(q21;q26) EVI1, RPN1 Preceded by MDS, M1, M4, M6, abnormal dysmegakaryopoiesis,  
thrombocytosis

Poor

t(3;5)(q25, 1;q35) MLF1, NPM M6, megakaryocytosis, Sweet syndrome Intermediate to poor

t(3;12)(q26;p13) MDS1, EVI1-TEL Preceded by MDS, dysmegakaryopoiesis Poor

t(3;21)(q26;q22) EVI1, MDS1, or 
EAP;AML1

No FAB preference, genotoxic exposure Poor

+4 M1, M2, M4; subcutaneous tumors Poor

–5/del(5q) No FAB preference, genotoxic exposure Poor

t(5;17)(q35;q12) NPM, RAR-a M3 Poor

t (6;9)(p23;q34) DEK, CAN Preceded by MDS; M2 and M4, bone marrow basophilia Poor

t(6;11)(q27;q23) AF6, MLL M4 and M5; localized infections Poor

–7/del(7q) No FAB preference; genotoxic exposure; prior MDS Poor

t(7;11)(p15;p15) HOXA9, NuP98 M2 with Auer rods Intermediate

+8 M2, M4, and M5; can be preceded by MDS; no Intermediate to poor

impact on prognosis when associated with

good-risk cytogenetics

inv(8)(p11q13) MOZ TIF2 M5, acute mixed-lineage leukemia, erythrophagocytosis Poor

t(8;16)(p11;q13) MOZ, CBP M5, erythrophagocytosis, DIC; mainly children Poor

t(8;21)(q22;q22) ETO, AML1 M2 with Auer rods, eosinophilia, myeloblastoma Good

t(8;22)(p11;q13) MOZ, P300 M5, can be therapy-related Poor

t(9;11)(p21–22;q23) AF9, MLL M5 Intermediate

t(9;22)(q34;q11) ABL, BCR M1 and M2; biphenotypic, rare Poor

t(10;11)(p11–15;q13–23) AF10, MLL M5 Intermediate to poor

t(10;16)(q22;p13) MORF, CBP M5, can be therapy-related Poor

+11 MLL M1, M2 Poor

t/del(11q23) MLL M5, biphenotypic, genotoxic exposure Poor

t(11;16)(q23;p13) MLL, CBP M4, M5, infants Poor

t(11;17)(q23;q25) MLL, AF17 M2, M4, and M5 Poor

t(11;17)(q23;p21) PLZF, RAR-a M3 Intermediate

t(11;19)(q23;p13) MLL, ENL, ELL M4 and M5; biphenotypic Poor

t/del(12p) No FAB preference, genotoxic exposure Poor

i(12)(p10) Concurrent germ-cell tumors Poor

t(12;22)(p13;q11) TEL, MNI Preceded by MDS, M1, M4, M7 Poor

+13 No FAB preference Poor

t(15;17)(q22;q11) PML, RAR-a M3, M3v, DIC, Auer rods Intermediate to poor

inv(16)(p13;q22), t(16;16), MYH11, CBF-b M4Eo, central nervous system disease Good

(p13;q22), del(16)(q22)

t(16;21)(p11;q22) FUS, ERG No FAB preference Poor

i(17)(q10) Preceded by MDS, no FAB preference Poor

del (20q) No FAB preference Poor

+21 No FAB preference, MDS Intermediate

+22 M4, can be associated with inv16; MDS Intermediate

DIC, disseminated intravascular coagulation; FAB, French/Am British; MDS, myelodsplasia.
Note: See Chapter 72 for description of the genes and Mitelman F, Johansson B, Mertens F, eds., Mitelman database of chromosome aberrations in cancer. http://cgap.nci.nih.gov/
chromosomes/mitelman.

seLecTeD PriMAry cHroMosoMe AberrATions in AcuTe MyeLoiD LeukeMiA

taBLe 75.5
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homeobox (HOX) genes.284 More than 40 different partner genes 
for MLL have been identified.24 In t(9;11), t(10;11), and t(11;19), 
the amino terminus of the MLL gene is fused to one of three 
homologous genes, AF9, AF10, or ENL, from chromosomes 9q22, 
10p12, and 19p13, respectively.285 Survival of patients with de 
novo t(9;11) has varied among studies, with some groups plac-
ing it in an intermediate prognostic group whereas others have 
reported it as unfavorable.29,278,286 De novo AML with t(6;11)
(q27;q13) has a very poor prognosis.287 Additional cytogenetic 
aberrations have been shown to modify the outcome of pediatric 
11q23/MLL-rearranged AML.288 AML patients with MLL gene 
rearrangement may have a better outcome with more intensive 
treatment regimens.

Structural abnormalities involving the long arms of chro-
mosomes 5 and/or 7, monosomy 5 and/or 7, and complex 
karyotypes, defined by the presence of three or more unrelated 
numerical and/or structural abnormalities, are frequently seen in 
AML arising from prior MDS and in t-MDS/t-AML associated with 
alkylating agent therapy.100,122 These abnormalities, whether in 
de novo AML or t-AML, are associated with low complete remis-
sion rates and short disease-free and overall survival. Other 
numerical chromosomal abnormalities associated with poor treat-
ment outcome include +11, +13, and +21.

The monosomal karyotype (MK), recently defined by the pres-
ence of at least two autosomal monosomies or a single autosomal 
monosomy in combination with at least one structural abnormal-
ity, is associated with a particularly dismal prognosis, with a 4% 
±1% 4-year overall survival, whereas the 4-year OS of patients 
with complex, but nonmonosomal, karyotypes was 26% ± 2%. 
In a subsequent Southwest Oncology Group study of 1,344 adult 
AML patients, MK was present in 13%, increased in incidence 
with age, being present in 4% of patients age 30 or younger, but 
20% of those over age 60, comprised 40% of the unfavorable 
cytogenetic risk category, and was associated with a complete 
remission rate of only 18% and only 3% 4-year survival.289 
Transplantation resulted in limited improvement in outcome, with 
25% 4-year OS in patients transplanted at the Fred Hutchinson 
Cancer Research Center.290 Thus transplant is indicated when 
feasible, but improvement in outcome is modest.

Molecular abnormalities
AML is characterized by recurrent gene mutations that confer 
constitutive or aberrant signaling through one or more pathways 
in the complex signaling network that regulates normal hemato-
poiesis. The therapeutic implications of targeting different signal-
ing pathways have begun to be exploited in recent years, with 
several promising small molecules and biologic agents in devel-
opment (see “Therapy” section). Moreover, prognosis in AML is 
increasingly able to be assessed by evaluating molecular markers 
including frequently detected gene mutations.291 This can be par-
ticularly useful in dissecting the prognosis of AML with a normal 
karyotype.49,292 In addition, overexpression of specific genes is 
associated with unfavorable treatment outcomes. Assays for gene 
mutations are more readily standardized and more widely appli-
cable than assays measuring gene expression levels. The number 
of gene abnormalities described in AML continues to increase.

FLT3 is a receptor tyrosine kinase that is expressed on hema-
topoietic progenitor cells and is activated by binding of FLT3 
ligand (FL), stimulating proliferation.210 FL binds to the receptor 
and induces dimerization, tyrosine kinase activation, and receptor 
autophosphorylation, followed by initiation of the phosphorylation 
of downstream signaling proteins. FLT3 is expressed on AML cells 
in most cases of AML, and is mutated in 20% to 34% of patients 
with AML35,36,37,293,294 resulting in constitutive activation.210,293 
FLT3 mutations can be detected by genomic PCR amplification 
and gel electrophoresis. The most common mutation is a small 
in-frame internal tandem duplication (ITD) in the FLT3 gene 

that results in duplication of an amino acid sequence within 
the juxtamembrane domain of the receptor, which disrupts the 
autoinhibitory activity of the juxtamembrane domain, resulting in 
constitutive tyrosine kinase activation (Fig. 75.5). Point mutations 
in the DNA sequence encoding the FLT3 activation loop, predomi-
nantly in the aspartic acid (D) residue at amino acid position 835, 
occur less frequently.36

FLT3 mutations activate similar transduction pathways as 
binding of FLT3 ligand to the wildtype receptor, including signal 
transducer and activator of transcription (STAT) 5 and the RAS/
MAPK and PI3K/Akt pathways.293,295–297 Other effects include 
myeloid maturation arrest by virtue of suppression of the C/EBPa 
and PU.1 transcription factors,298 and antiapoptotic effects by 
virtue of phosphorylation of the proapoptotic protein BAD,298,299 
resulting in inactivation of its proapoptotic function.

FLT3 mutations are associated with higher peripheral blast 
counts, normal karyotype and FAB M5 disease. Presence of 
FLT3-ITD does not affect CR rate, but predicts high relapse rate 
and poor survival and is useful in stratifying patients with AML 
with a normal karyotype into poor risk groups.35,37,293,300,301,302 
FLT3 point mutations are less prognostically unfavorable than 
FLT3-ITD.303 FLT3-ITDs are of less prognostic significance in 
AML patients over age 70 years,300, 304 likely because they occur 
in different patient populations than expression of MDR1/Pgp,305 
which is a strong adverse prognostic factor in older adult AML 
patients,306 and because the prognosis of all AML patients over 
70 years is poor.307 Prognosis of patients with FLT3-ITD is fur-
ther worsened by absence of the wildtype allele,38 higher ITD to 
wildtype allelic ratio, larger size of the ITD300 or presence of the 
ITD in CD34+CD33−precursors.308 The role of transplantation 

FIGURE 75.5. Simplified diagram of the FLT3 receptor: it contains 993 amino acids and 
consists of an extracellular ligand-binding domain with five immunoglobulinlike domains, a sin-
gle transmembrane domain, and a cytoplasmic domain, which is comprised of a juxtamembrane 
domain followed by the tyrosine kinase domain. Internal tandem duplications (ITD) in the juxta-
membrane domain and point mutations at aspartate 835 within the activation loop constitutively 
activate FLT3. (Drawing by Tim Gilfilen, Medical Art Group, Vanderbilt University.)
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in overcoming the adverse prognosis associated with FLT3-ITD 
is under investigation (see “Stem Cell Transplantation” section). 
Several FLT3 inhibitors are currently being evaluated in clinical 
trials in AML (see “Therapy” section).

Recently several groups have focused on the important role 
of the FLT3 ligand (FL) in AML with FLT3-ITD. FL expression 
increases significantly during induction and consolidation chemo-
therapy, and AML blasts remain highly responsive to FL at relapse, 
suggesting a potential role of FL in promoting relapse.309 A treat-
ment strategy involving induction chemotherapy, stem cell trans-
plantation, FLT3 inhibitors, and monoclonal antibodies against FL 
has therefore been proposed for AML with FLT3-ITD.310

Mutations of exon 12 of the nucleophosmin (NPM or NPM1) 
gene are the most common single gene mutations in AML, pres-
ent in up to half of AML cases with normal karyotypes.39,41,311 
Nucleophosmin is a nucleocytoplasmic shuttling protein that regu-
lates the p53 tumor suppressor pathway, and NPM1 mutations in 
AML cells result in cytoplasmic localization of the protein, which can 
be demonstrated by immunohistochemistry.312 NPM1 mutations 
are found at diagnosis and remain stable throughout the disease 
course. These mutations are typically found in AML with a normal 
karyotype,39–41,42,312,313 and are associated with prolonged event-
free and overall survival.42 Co-occurence of NPM1 with FLT3-ITD 
mutations, but not with other mutations, negates their favorable 
prognosis,39–41,45,302,314 (Fig. 75.6). The mechanistic role of NPM1 
in the pathogenesis of AML has not been fully elucidated. Perhaps 
due to favorable prognosis of NPM1-mutated AML, targeted thera-
pies have not been investigated. Mutant NPM1 transcript levels have 
been validated as a residual disease marker, with cumulative inci-
dence of relapse after 4 years after double induction therapy 6.5% 
in patients who achieved RQ-PCR negativity compared with 53% in 
RQ-PCR–positive patients (P < 0.001); and with much better overall 
survival (90% vs. 51%; P = 0.001) in RQ-PCR–negative patients.315

Mutations in the CEBPA (CCAAT/enhancer binding protein-
alpha) gene,316 encoding a transcription factor that is essential for 
myeloid differentiation, are also a favorable prognostic factor in 
AML. These mutations are present in approximately 10% of AML 
patients overall and 15% of those with a normal karyotype,46,48 
and are correlated with a distinct DNA methylation profile. 
Mutations at the CEBPA C-terminus generate dysfunctional pro-
teins, and frameshift mutations in the CEBPA N-terminus create a 
dominant negative shorter protein. Biallelic CEBPA mutations in 
AML are associated with better prognosis than for unmutated or 
monoallelic mutated AML.50,317,318

FIGURE 75.6. Clinical outcome in 550 AML patients with a normal karyotype 
 according to FLT 3/ITD and NPM 1 mutant status. Both markers were prognostically 
significant predictors of survival (p < 0.0001), and together identified three prognos-
tic groups: good (FLT3/ITD– NPM 1+), intermediate (FLT 3/ITD– NPM1– or FLT 3/ITD+ 
NPM1+), and poor (FLT 3/ITD + NPM1–). (With permission from Gale RE, Green C, Allen C,  
et al. The impact of FLT3 internal tandem duplication mutant level, number, size, and 
 interaction with NPM1 mutations in a large cohort of young adult patients with acute myeloid 
leukemia. Blood 2008;111:2776–2784.)

Partial tandem duplication of the MLL gene (MLL-PTD), which 
is the gene at 11q23 that is involved in 11q23 chromosome trans-
locations, was the first molecular abnormality to be identified 
in cytogenetically normal AML and to be associated with short 
disease-free survival,319–321 although outcomes are better with 
recent regimens incorporating more intensive post-remission 
therapies.322

Overexpression of ERG (ets-related gene) adversely affects 
outcome in AML with a normal karyotype and can be detected in 
AML with complex karyotypes that have a cryptic amplification of 
chromosome 21.323

When expression of the BAALC (brain and acute leukemia, 
cytoplasmic) gene is dichotomized into high and low levels, high 
expression is associated with a higher rate of primary resistant dis-
ease and is an adverse prognostic factor for disease-free survival, 
cumulative incidence of relapse, event-free survival, and overall 
survival in AML with a normal karyotype, and predicts adverse 
prognosis independently from FLT3 mutations.324 High BAALC 
expression is also highly predictive of shorter disease-free and 
overall survival in normal-karyotype AML without FLT3 or CEBPA 
mutations.49 High BAALC expression is associated with FLT3-ITD, 
absent FLT3-TKD, wildtype NPM1, mutated CEBPA, MLL-PTD, and 
high ERG expression, but high BAALC expression independently 
predicted lower complete remission rates when adjusting for ERG 
expression and age, and shorter survival when adjusting for FLT3-
ITD, NPM1, CEBPA, and white blood cell count.325

Overexpression of the EVI1 (ectotropic viral integration site 
1) gene on chromosome 3q26.2 has an incidence of approxi-
mately 11% and is seen not only in AML involving 3q26, includ-
ing inv(3) and t(3;3), but also with other unfavorable karyotypes 
(e.g., –7/7q– and 11q23 abnormalities) and is associated with a 
poor prognosis.326,327,328 EVI1 is not overexpressed in AML with 
favorable-risk karyotypes or with NPM1 mutations. Stem cell 
transplantation in first complete remission has a favorable impact 
on relapse-free survival of patients with AML overexpressing EVI1 
(20% to 40% versus 0%).

RAS mutations occur in 10% to 44% of AML, but rarely 
with FLT3 mutations, and have not consistently predicted out-
come.36,329,300 Activation of the RAS/Raf/MEK/ERK pathway has 
also been demonstrated in AML, promoting AML cell survival and 
inhibiting apoptosis.330,331

TP53 mutations have a frequency of 10% in de novo AML, but 
much higher frequency (40% to 50%) in t-AML. They have been 
associated with abnormalities of chromosomes 5 and/or 7 and 
with worse overall survival in older patients.300 TP53 mutations, 
or TP53 mutations and 17p-loss of heterozygosity combined, 
also have independent negative prognostic effects on survival in 
AML.332

Mutations in the WT1 (Wilms tumor 1) gene occur in 5% to 
10% of AML patients, with equal distribution in cytogenetically 
normal and abnormal AML groups.291 There are reports of 
both positive333 and negative334 prognostic effects of WT1 gene 
mutation in AML. WT1 mutation in AML was found to be associ-
ated with overexpression of CD96, a leukemia stem cell–specific 
marker, and of genes involved in regulation of gene expression 
(e.g., MLL, PML, and SNRPN) and in proliferative and metabolic 
processes (e.g., INSR, IRS2, and PRKAA1).335

The RUNX1 gene, located on chromosome 21 at band q22.12, 
encodes a transcription factor that is involved in benign and 
malignant hematopoiesis. The t(8;21) translocation, which is com-
mon in AML, results in a RUNX1 and ETO fusion protein. RUNX1 
mutations are identified in 5.6% to 13.2% of AML patients, and 
are more common in older patients and in men. They are associ-
ated with lower lactic dehydrogenase, FAB M0/M1 subtypes, and 
expression of HLA-DR and CD34, and with lack of CD33, CD15, 
CD19, and CD56 expression. RUNX1 mutation is a poor prognos-
tic factor, with resistance to chemotherapy and inferior event-free 
survival, relapse-free survival, and overall survival.336,337,338
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The additional sex comblike 1 (ASXL1) gene encodes an 
enhancer of trithorax and polycomb proteins, which functions as 
a transcriptional activator or repressor in different cells. ASXL1 
mutations are present in AML and were found to be five times 
more common in older (≥60 years) patients (16.2%) than those 
younger than 60 years (3.2%; P < 0.001), and to be associated 
with wildtype NPM1, absence of FLT3-internal tandem duplica-
tion and mutated CEBPA, and with inferior complete remission 
rate and disease-free, overall, and event-free survival in older 
patients.339

TET hydroxylase enzymes are involved in DNA hypomethyl-
ation and demethylation by a-ketoglutarate-dependent conversion 
of 5-methylcytosine to 5-hydroxymethylcytosine (alcohol moiety), 
followed by further oxidation to 5-formylcytosine (aldehyde moi-
ety) and to 5-carboxylcytosine (acid moiety), Figure 75.7,.340–342 
Mutations in the 10 to 11 translocation 2 (TET2) gene were identi-
fied with frequencies of 22% of myelomonocytic leukemia, 24% in 
secondary AML, 19% in MDSs, and 12% in MPNs.343 Heterozygous 
TET2 mutations were found in 7.6% of younger adult patients 
with AML and were not associated with favorable or unfavorable 
response to chemotherapy or with overall survival.344

Chromatin conformation can be affected at the DNA level by 
addition of a methyl group to the C-5 position of cytosine. Cytosine 
methylation occurs when the cytosine (C) is followed by a guano-
sine (G) in CpG pairs (p indicates phosphodiester bond). When 
CpG dinucleotides in the genome cluster together, they form CpG 
islands, which are located in proximity to gene promoter regions 
or in other intergenic areas. DNA methylation is catalyzed by 
the DNA methyltransferase (DNMT) family of enzymes which 
transfer a methyl group from S-adenosyl methionine to DNA. 
Hypermethylation of CpG islands in the promoters of tumor-
suppressor genes is common in many cancers.

In 2010, Ley et al. found that 22% of 281 de novo AML cases 
had mutations in DNMT3A that could affect translation.345 These 
mutations were seen predominantly in patients with intermedi-
ate-risk cytogenetic profiles, and not in patients with favorable-
risk profiles. The precise effects of these mutations have not yet 
been elucidated. FLT3, NPM1, and IDH1 mutations were sig-
nificantly enriched in samples with DNMT3A mutations. DNMT3A 
mutations were independently associated with poor prognosis. 
DNMT3A mutations were associated with significantly shorter 
median overall survival (12.3 months vs. 41.1 months, p < 0.001).

Several subsequent studies have shown that DNMT3A muta-
tions are frequent (approximately 20%) in older patients with 
normal karyotype AML and are associated with higher WBC and 
platelet counts, and concurrent mutations in the NPM1, FLT3, and 
IDH1 or IDH2 genes, and that they independently predict a higher 
relapse rate and shorter overall survival, but are not associated 
with a lower CR rate.346–348,349

Mutations in isocitrate dehydrogenase genes, IDH1 and IDH2 
(mIDH), are present in 10% to 15% of de novo AML,54 are most 
common in normal karyotype AML, and are an unfavorable prog-
nostic factor according to most, but not all, studies.350,351,352,353,354

Although wildtype IDH in cytosol and mitochondria catalyzes 
the conversion of isocitrate to a-ketoglutarate (a-KG) with the 

production of NADPH, altered amino acids in mIDH1 (R132) and 
mIDH2 (R140 or R172) reside in the catalytic pocket and result in 
a neoenzymatic activity, converting a-KG to 2-hydroxyglutarate 
(2HG), with the consumption of NADPH.355,356,357 The primary 
source for a-KG for these cells is glutamine, which is first con-
verted to glutamate by glutaminase and subsequently to a-KG 
(Fig. 75.8).358

IDH1 and IDH2 mutations in AML associate with specific 
cytosine methylation, and aberrant DNA hypermethylation is the 
dominant feature of IDH1/2-mutant AMLs.359 2HG, as the unique 
product of IDH-mutant enzymes, is a competitive inhibitor of mul-
tiple a-KG-dependent histone demethylases, prolyl hydroxylases, 
and TET hydroxylases (Fig. 75.7).360,361 Expression of mutant 
IDH1/2 and loss of TET2 increase expression of stem cell markers 
and impair myeloid differentiation.359

KIT is a receptor tyrosine kinase, as is FLT3. KIT mutations 
have been described in approximately a third of cases of AML 
with t(8;21) or inv(16) in adults and their presence is associated 
with short disease-free survival in this otherwise prognostically 
favorable cytogenetic subset.214,362,363,364,366 KIT mutations have 
been incorporated into the European LeukemiaNet prognostic 
classification.51 KIT overexpression is also described in t(8;21) or 
inv(16) cases without KIT mutations.214 KIT inhibitors are begin-
ning to be tested in conjunction with chemotherapy in t(8;21) or 
inv(16) AML.

Patterns of microRNA expression are beginning to be described 
in AML, with potential prognostic significance;55,56,57 microRNA 
expression may also be a future therapeutic target.

clAssiFicAtion oF Acute Myeloid 
leukeMiA

Morphologic Subtypes
The FAB classification identified eight subtypes of AML based on 
morphology and cytochemical staining, with immunophenotypic 
data in some instances (Chapter 73).6 Four types (M0, M1, M2, 
M3) are predominantly granulocytic and differ according to the 
extent of maturation. M4 is both granulocytic and monocytic, 
with at least 20% monocytic cells, whereas M5 is predominantly 
monocytic (at least 80% monocytic cells). M6 shows primar-
ily erythroid differentiation with dysplastic features including 
megaloblastic changes, and M7 is acute megakaryocytic leukemia 
(AMgL) identified by the presence of megakaryocyte antigens 
demonstrated by flow cytometry or immunohistochemistry, or of 
platelet peroxidase or a demarcation membrane system on ultra-
structural studies. Problems with the FAB classification include 
interobserver variability, lack of definitive criteria for some cases 
of AML, and poor correlation with survival. In addition, correla-
tions with immunophenotype, cytogenetic findings, and molecular 
abnormalities were not fully defined. Morphologic subtypes not 
precisely defined by the FAB include hypocellular AML and mixed 
lineage acute  leukemia.367 Eosinophilic leukemia, basophilic 

FIGURE 75.7. DNA demethylation reactions mediated by the effect of TET enzymes and 2-HG. 5-methylcytosine in DNA is partially converted to 5- 
hydroxymethylcytosine by the TET (10 to 11 translocation) dioxygenases. In DNA 5-hydroxymethylcytosines are oxidized to aldehyde (5-formylcytosine) and acid 
(5-carboxylcytosine) by TET enzymes. TET enzymes use a-KG as co-enzyme. 2-HG, produced by IDH mutant enzyme, inhibit these reactions mediated by TET 
enzymes. The ultimate outcome is aberrant hypermethylation of DNA. (Drawing by Ashkan Emadi, University of Maryland Greenebaum Cancer Center.)
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FIGURE 75.8. Chemical reactions that link glutamine to IDH 
enzymes. In normal cells, IDH catalyzes loss of one carboxyl (CO2, light 
blue) group from isocitrate and oxidizes its hydroxyl group (OH, pink) to 
ketone. The product is a-KG. Under certain conditions, this reaction can be 
reversible. In cells with mutant IDH, a-KG cannot be converted to isocitrate, 
instead it is converted to a new molecule 2-HG, and as a result, a-KG 
is siphoned by the mutant enzyme. Glutamine is the primary source for 
a-KG, which is replenished via conversion of glutamine to glutamate by 
glutaminase. Glutamate can be converted to a-KG either by transamination 
or by oxidation processes. GOT, glutatamate oxaloacetate transaminase; 
GLUD, glutamate dehydrogenase. (Drawing by Ashkan Emadi, University of  
Maryland Greenebaum Cancer Center.)

leukemia, and mast cell leukemia are rare, overlap with myelo-
proliferative disorders, and are also not recognized by the FAB 
classification. The WHO classification recognizes chronic eosino-
philic leukemia with the overlapping hypereosinophilic syndrome, 
and acute basophilic leukemia and the spectrum of mast cell dis-
ease, including mast cell leukemia.24

World health Organization Classification
The WHO classification of acute leukemias and MDS evolved 
from the FAB classification, which is based on morphology, to 
also include clinical, immunophenotypic, and cytogenetic fea-
tures.1,3,24 The WHO recognizes five major categories: (a) AML 
with recurrent genetic abnormalities; (b) AML with multilineage 
dysplasia; (c) AML and MDS, therapy-related; (d) AML not oth-
erwise categorized; and (e) acute leukemia of ambiguous lineage 
(Table 75.6). Additionally, the WHO classification defines AML by 
presence of 20% or more blasts, thus including cases with 20% to 
30% blasts, which had been categorized as the refractory anemia 
with excess blasts in transformation subtype of MDS in the FAB 
classification. This change was made based on evidence that sur-
vival of patients with marrows with 20% or more blasts is similar 
to that of patients with marrows with 30% or more blasts.368 In 
addition, in the WHO classification presence of recurrent cyto-
genetic abnormalities that are characteristic of AML, including 
(8;21)(q22;q22), inv(16)(p13;q22) or t(16;16)(p13q22), t(15;17)
(q22;q12), or translocations or structural abnormalities involving 
11q23 establishes the diagnosis of AML, even if the bone marrow 
contains less than 20% blasts.

AML with recurrent genetic abnormalities includes AML with 
t(8;21)(q22;q22), inv(16)(p13;q22), or t(16;16)(p13q22), t(15;17)
(q22;aq12), or translocations or structural abnormalities involving 
11q23. t(8;21) and inv(16) or t(16;16) typically occur in younger 
patients, have a relatively favorable response to therapy, and 
define the favorable category in cytogenetic classifications of AML. 

AML patients with 11q23 translocations include two clinical sub-
groups in particular: AML in infants and therapy-related leuke-
mia, usually occurring after treatment with DNA topoisomerase II 
inhibitors. AML with recurrent genetic abnormalities is discussed 
in the “Clinicopathologic Syndromes” section in the context of the 
FAB morphologic subtype with which the abnormalities correlate 
and is also discussed in the “Cytogenetic Classification” section.

AML with multilineage dysplasia must have dysplasia in 50% 
or more of cells of at least two lineages. It is more common in older 
patients, frequently exhibits aberrant expression of CD56, CD7, or 
both, and is associated with unfavorable cytogenetic findings, 
including –7/del(7q), –5/del(5q), +8, +9, +11, del(11q), del(12p), 
–18, +19, del(20q) +21, and, less often, translocations involving 
3q21 and 3q26 and t(1;7) (q10;p10). Abnormalities in the 3q26 
region may be associated with increased platelet production. AML 
with multilineage dysplasia has a poor response to therapy.

AML not otherwise categorized includes AML that does not 
fulfill criteria for the other groups and essentially reflects the 
morphologic and cytochemical features and degree of maturation 
used in the FAB classification, with the exception that AML is 
defined by 20% (rather than 30%) or more blasts in the marrow. 
The abnormal promyelocytes in APL and the promonocytes in 
AML with monocytic differentiation are considered blast equiva-
lents. In addition, AML not otherwise categorized includes acute 
basophilic leukemia, acute panmyelosis with myelofibrosis, and 
myeloid sarcoma.

Acute leukemia of ambiguous lineage is diagnosed when 
blasts lack sufficient lineage-specific antigen expression to clas-
sify them as myeloid or lymphoid and is discussed in the 
“Immunophenotypic Classification” section.

Immunophenotypic Classification
The nonlymphoid derivation of AML is confirmed by the presence 
of antigens expressed during myelomonocytic differentiation, 

72683_ch075_1577-1615.indd   1590 7/16/13   11:26 AM



 ChaPtEr 75 Acute Myeloid Leukemia in Adults 1591

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

Acute Myeloid Leukemia with Recurrent Genetic Abnormalities
Acute myeloid leukemia with t(8;21)(q22;q22), (RUNX1—RUNX1T1;AML1/ETO)

Acute myeloid leukemia with abnormal bone marrow eosinophils inv(16)(p13q22) or t(16;16)(p13;q22), (CBFb/MYH11)

Acute promyelocytic leukemia, AML with t(15;17)(q22;q12), (PML/RARa) and variants

Acute myeloid leukemia with t(9;11)(p22;q23), (MLLT3-MLL)

Acute myeloid leukemia with t(6;9)(p23;q34), (DEK-NUP214)

Acute myeloid leukemia with inv(3)(q21q26.2) or t(3;3)(q21;q26.2), (RPN1-EVI1)

Acute myeloid leukemia (megakaryoblastic) with t(1;22)(p13;q13), (RBM15-MKL1)

Provisional entity: AML with mutated NPM1
Provisional entity: AML with mutated CEBPA

Acute Myeloid Leukemia with Multilineage Dysplasia
Following a myelodysplastic syndrome or myelodysplastic syndrome/myeloproliferative disorder

Without antecedent myelodysplastic syndrome

Acute Myeloid Leukemia and Myelodysplastic Syndromes, Therapy-Related
Alkylating agent-related

Topoisomerase type II inhibitor-related (some may be lymphoid)

Other types

Acute Myeloid Leukemia Not Otherwise Categorized
Acute myeloid leukemia minimally differentiated

Acute myeloid leukemia without maturation

Acute myeloid leukemia with maturation

Acute myelomonocytic leukemia

Acute monoblastic and monocytic leukemia

Acute erythroid leukemia

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Acute Leukemia of Ambiguous Lineage

cLAssificATion of AcuTe MyeLoiD LeukeMiA

taBLe 75.6

including CD13 (My7), CD14 (Mo2), CD15 (My1, LeuM1), CD33 
(My9), CD117 (KIT), and MPO; erythroid antigens (glycophorin 
A, CD71); and megakaryocytic antigens, including CD41 (plate-
let glycoprotein IIb/IIIa), CD42b (platelet glycoprotein Ib), CD61 
(platelet glycoprotein IIIa), and factor VIII antigen.369 The stem 
cell marker CD34 (My10, HPCA-1) is present on blasts in 40% to 
65% of cases of AML.370,371 Surface markers in most cases have 
not correlated well with the FAB classification or with progno-
sis.372 More than 90% of cases of AML express CD33 or CD13, 
80% to 90% express HLA-DR, and less than 25% express CD15; 
CD11b and CD14 are more variably expressed and tend to be 
present in monocytic (M4/M5) subtypes.51 Some antigens have 
also been associated with morphologic and cytogenetic subsets: 
CD2 with M4Eo with 16q22 rearrangements;373 absence of 
HLA-DR (major histocompatibility complex class II) and of CD34 
with M3 [t(15;17)]; and presence of CD19 and CD56 with M2 with 
t(8;21).10,374

The morphologic associations and prognostic significance of 
surface markers have been variable; antigen expression should be 
interpreted only in the context of other clinicopathologic features. 
CD34 is expressed more often in less differentiated subtypes (M0, 
M1; M5, poorly differentiated) in many series;375 it has also been 
described as more common in monocytic (M4/M5) than in granu-
locytic (M1, M2, M3) subtypes.376 CD34 is generally a poor prog-
nostic marker, particularly when observed in older patients, after 
MDS, or in association with expression of the multidrug resistance 

gene P-glycoprotein (Pgp; MDR-1; ABCB1),375,377 but CD34 is also 
expressed in FAB M2 AML with the t(8;21) chromosomal translo-
cation378 and in FAB M4Eo with inv(16),376 both of which have a 
favorable prognosis.

Lineage-specific antigen expression in the WHO classification 
is demonstrated in Table 75.7. Lymphoid antigens are expressed 
on blasts in 10% to 30% of cases of AML, and their expression 
has often been implicated as having prognostic significance, but 
their presence should be interpreted in the context of all avail-
able information.379 Expression of CD19 (B-cell) is associated 
with a good prognosis when present in AML with t(8;21)283 and 
a poor outcome when co-expressed with CD34 in the absence of 
favorable cytogenetics findings. CD7 (T-cell) is present in 15% to 
20% of cases of adult AML and has been associated with a poor 
prognosis, usually with less differentiated subtypes (M0/M1) and 
expression of CD34, Pgp, or TdT.380,381 CD56, a cell-surface gly-
coprotein identical to the neural cell adhesion molecule, is more 
commonly observed in patients with AMoL, t(8;21), and trisomy 
8, and with expression of CD11b, CD14, and CD19,382 and has 
been associated with shorter disease-free survival in favorable 
AML subtypes.383

Acute leukemias of ambiguous lineage are divided into three 
groups. Undifferentiated acute leukemias, the first group, lack 
morphologic or immunologic differentiating features. The blasts 
often express HLA-DR, CD34, and CD38 and may express TdT 
and CD7. Bilineage acute leukemia, the second group, has two 
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Myeloid MPO (by flow cytometry, immunohistochemistry or  
cytochemistry) or monocytic differentiation (at least two of 
the following: NSE, CD11c, CD14, CD64, lysozyme)

T-lymphoid Cytoplasmic CD3 (flow cytometry with antibodies to CD3 
epsilon chain; immunohistochemistry using polyclonal 
anti-CD3 antibody may detect CD3 zeta chain, which is not 
T-cell-specific) or surface CD3 (rare in mixed phenotype 
acute leukemias)

B-lymphoid Strong CD19 with at least 1 of the following strongly 
expressed: CD79a, cytoplasmic CD22, CD10, or weak 
CD19 with at least two of the following strongly expressed: 
CD79a, cytoplasmic CD22, CD10

LineAge-sPecific AnTigen exPression in THe WHo 
cLAssificATion

taBLe 75.7

populations of blasts expressing distinct lineage markers of 
myeloid or lymphoid origin or, less frequently, B- and T-cell lin-
eage. In the third group, biphenotypic acute leukemia, blasts co-
express myeloid and lymphoid (B- or T-cell) antigens. Blasts very 
rarely express myeloid, B-, and T-cell antigens. Rearrangements 
of the T-cell receptor or the immunoglobulin chain genes are usu-
ally absent in AML with lymphoid antigen expression, although 
they have been described, usually in association with karyo-
typic abnormalities such as t(9;22), 11q23, or 14q32 transloca-
tions.384–386 Up to 20% of patients with acute leukemia may have 
biphenotypic or mixed lineage features as detected by immuno-
logic and molecular genetic techniques, but less than 4% of cases 
are unclassifiable.24

Cytogenetic Classification
Cytogenetic findings are the strongest predictors of AML treat-
ment outcomes. AML has been divided into favorable, intermedi-
ate, and unfavorable subgroups based on cytogenetic findings in 
large series from multiple cooperative groups, with remarkably 
consistent findings. Cytogenetic classification of AML is discussed 
in the section, “Prognosis.”

Molecular Classification
Cytogenetically normal AML is subdivided based on the presence 
of diverse mutations, which are detailed above and further dis-
cussed in the section, “Prognosis.”

european LeukemiaNet Classification
In a 2010 publication, the European LeukemiaNet proposed a 
classification of AML that integrated cytogenetic and molecular 
data to define favorable, intermediate-I, intermediate-II, and 
unfavorable genetic groups.51 This classification is being widely 
adopted, and the significance of additional and newly discovered 
molecular abnormalities is being described in the context of this 
classification.

clinicoPAtHologic syndRoMes
The WHO classification recognizes four major categories of AML 
defined by specific genetic abnormalities, with multilineage dys-
plasia, therapy-related, and a not otherwise categorized group 
that retains the morphology-based FAB classification. In addition, 
acute leukemia of ambiguous lineage is included. Clinicopathologic 
syndromes of AML are discussed below.

Minimally Differentiated acute  
Myeloid Leukemia (aML M0)
Criteria for FAB M0 were developed in 1991.6,387 
Immunophenotyping confirms the myeloid nature of blasts in M0, 
because morphology and cytochemistry are inconclusive. Blasts 
in M0 AML are agranular and lack Auer rods. By definition, the 
diagnosis of AML M0 requires less than 3% MPO-positive and 
Sudan black B-positive cells but more than 20% leukemia cells 
expressing myeloid antigens (CD13, 33, 117).6,387 Of note, lym-
phoid-associated antigens, particularly T-cell type (CD2 and CD7) 
and TdT (30 to 50%), are commonly expressed in AML M0, but 
T-lymphoid–specific cytoplasmic CD3 (cyCD3) and B-lymphoid–
specific cytoplasmic CD22 and CD79 (cyCD22, cyCD79) are 
absent.388 M0 is characterized by a higher incidence of karyotypic 
abnormalities (70 to 75%) than other FAB subtypes.389 AML M0 
tends to occur in older patients (>60 years).390 The CR rate and 
survival in AML M0 are generally poor, consistent with the asso-
ciation with unfavorable karyotypes.391–393

acute Myeloid Leukemia  
Without Maturation (aML M1)
AML M1 is defined by a predominance (>90%) of myeloblasts 
without evidence of maturation (<10% promyelocytes or other, 
more mature, cells). The presence of Auer rods is variable. At 
least 3% of the blasts are reactive with Sudan black or MPO. The 
blasts express myeloid antigens. AML M1 makes up 10% to 20% 
of cases of AML and is more common in adults than in children; 
the median age is 45 to 50 years.24 Constitutional symptoms are 
common, and hepatosplenomegaly and lymphadenopathy occur 
in up to one third of patients.24 No specific cytogenetic marker has 
been associated with AML M1, but trisomies 11 and 13 have been 
reported in the immature myeloid leukemias, AML M0 and M1.389

acute Myeloid Leukemia with Maturation  
and with t(8;21) (aML M2)
AML M2 is associated with t(8;21)(q22;q22) in 30% to 40% of 
cytogenetically abnormal cases.24 Approximately 10% of all AML 
patients present with this syndrome; most are children and young 
adults. Myeloid sarcoma is common in this syndrome. AML with 
t(8;21) is typically associated with prominent Auer rods, marrow 
eosinophilia, and cytoplasmic globules and vacuoles (Fig.  75.9). 

FIGURE 75.9. AML M2 with t(8;21), Wright-stained bone marrow smear. Blasts with 
maturing myeloid elements. (Courtesy of Dr. Qing Chen, Department of Pathology, University 
of Maryland.)
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Immunophenotypic markers include the presence of myeloid 
antigens, increased expression of the natural killer  cell-associated 
antigen CD56, and, less commonly, the B-cell  antigen CD19.394

The two genes involved in t(8;21) are AML1 (also known as 
RUNX1, CBFa, and PEBP2aB) at 21q22 and ETO (also called 
CDR and MTG8) at 8q22395,396 (Chapter 72). They form a fusion 
gene on the derivative 8 chromosome, which may be detected 
even in patients in long-term remission, indicating its low value 
as a marker for minimal residual disease.397 The AML1 gene is 
also involved in t(3;21)(q26;q22), a rare balanced translocation 
observed in blast crisis of CML and in t-AML, and in t(12;21) with 
the TEL gene in ALL.398

The t(8;21) usually occurs in de novo AML and generally pre-
dicts a favorable outcome, with a high remission rate (CR rate 
of 86% to 95%) and long survival (5 years DFS of 57% to 71%), 
particularly after high-dose cytarabine (HiDAC) consolidation 
therapy.399 Children and patients with leukocytosis (>20,000 
cells/mm3) or with extramedullary disease may have high relapse 
rates and inferior survival.400 Mutations of the growth factor 
receptor KIT in AML1-ETO AML identify a subgroup of patients 
with a high white count (median 29,600/mm3), a higher inci-
dence of extramedullary disease (33%), and a poor prognosis.364 
Expression of the CD56 antigen on AML cells with t(8;21) is also 
associated with a shorter disease-free survival (DFS).383 Because 
of high survival rates after multiple cycles of HiDAC consolidation, 
alloSCT is usually reserved for relapse.

acute promyelocytic Leukemia (aML M3)
See Chapter 78.

acute Myelomonocytic Leukemia (aML M4) 
and acute Myelomonocytic Leukemia with 
eosinophilia (aML M4eo) and pericentric 
Inversion of Chromosome 16
AML M4 and M4Eo is present in approximately 5% to 10% of patients 
with AML in association with monocytosis and a myeloblastic/mono-
blastic infiltration of the bone marrow (Fig. 75.10). Organomegaly is 
common, with splenomegaly in 30% of patients. Hyperleukocytosis 
(>100,000 cells/mm3) is present in 20% to 25% of patients.24 
Extramedullary disease with involvement of skin (scalp), ovaries, 
testicles, intestine, CNS, and particularly lymphadenopathy occurs in 
20% to 30% of patients and may confer a worse prognosis.401 The 
immature eosinophils have a monocytoid nucleus and a mixture of 
eosinophilic and large atypical basophilic granules. Staining with 
Sudan black, periodic acid-Schiff (PAS), and chloroacetate esterase 
with nonspecific esterase (double esterase) can identify the neo-
plastic cell. By flow cytometry, all cases of AML M4Eo express the 
panmyeloid marker CD13 and the stem cell antigen CD34, but there 
is variable expression of other myeloid/monocytic markers, including 
CD11b, CD11c, CD14, and CD33. There is also frequent expression of 
the T-lymphoid marker CD2, along with HLA-DR.

The syndrome associated with AML M4Eo was first described 
by Arthur and Bloomfield in 1983 in five patients with a deletion 
of the long arm of chromosome 16. In subsequent reports, the 
abnormality has been described in almost all patients as a peri-
centric inversion of chromosome 16, inv(16)(p13;q22), whereas 
a minority of patients have a balanced translocation between 
the two copies of chromosome 16, t(16;16)(p13.1;q22).402 The 
prognosis of patients with t(16:16)(p13;q22) is similar to that 
of patients with (inv16)(p13;q22).403 Cloning of the 16p and 
16q breakpoints has identified the two genes involved: MYH11, 
which codes for smooth muscle myosin heavy chain, and core-
binding factor (CBF) b (also known as PEBP2b), which codes 
for the b subunit of CBF, a heterodimeric transcription factor 
involved in murine leukemogenesis and in T-cell receptor gene 

FIGURE 75.10. AML M4Eo with inv(16), Wright-stained bone marrow smear. In addition 
to myeloblasts and monoblasts, abnormal eosinophils with large basophilic granules are char-
acteristic of this type of AML. (Courtesy of Dr. Qing Chen, Department of Pathology, University 
of Maryland.)

expression.404,405 CBFb-MYH11 fusion transcripts are detected by 
RT-PCR in typical AML M4Eo, but also in approximately 10% of 
patients with AML M4 without eosinophilia.406

The 81% to 93% CR rate and 48% to 63% DFS of AML with 
inv(16) or t(16;16) to conventional chemotherapy represent a 
better prognosis than for most other subtypes of AML.399,407 
Allogeneic transplantation is usually considered only in patients 
who relapse. AML with inversion 16 previously had a high risk 
of CNS relapse, but the use of HiDAC as consolidation therapy 
decreases the incidence of CNS disease and may serve as CNS 
prophylaxis. Multiple cycles of HiDAC consolidation are associated 
with better relapse-free survival (RFS) than a single cycle.399 As 
with AML/ETO, the detection of KIT mutations is associated with 
an increased relapse rate.366 Minimal residual disease (MRD) can 
be monitored by quantitative RT-PCR to identify patients at risk 
for relapse.406,408,409 Carefully defined MRD cutpoints for persis-
tent CBFb-MYH11 transcript positivity were shown to be able to 
distinguish patients with significantly increased risk of relapse.410

acute Monocytic Leukemia (aML M5a  
and M5b) and with 11q23 abnormalities
AML M5 accounts for 2% to 10% of AML cases. M5 is subdivided 
into M5a, poorly differentiated (>80% monocytic cells includ-
ing monoblasts), and M5b, well differentiated (80% monocytic, 
predominantly promonocytes and monocytes).178 Patients with 
M5a tend to be younger (75% <25 years of age) than those with 
M5b, but both include a wide age range.24 Monocytic precursors 
are recognized by their fluoride-inhibitable nonspecific esterase 
positivity and expression of CD14 and CD4 (dim expression) but 
not CD2. Monoblasts may be recognized by staining with anti-
bodies to lysozyme and to CD68 (KP1).24 There is cytogenetic 
heterogeneity in AML M5, but common findings include a nor-
mal karyotype (49%), 11q23 abnormalities (21%), and trisomy 8 
(21%).411 The incidence of 11q23 abnormalities is higher in AML 
M5a (31% to 33%) than in AML M5b (12% to 16%) and AML M4 
(5%); they are found in less than 1% of all other FAB subtypes (P < 
0.0001).278,286,411 Trisomy 8 is more common in M5a than M5b, 
which has a normal karyotype in 71% of cases.411 FLT3 mutations 
are more common (29%) in M5b than M5a.411

Extramedullary disease occurs in over 50% of patients with 
AML M5 and is more common in AML M5 than in other sub-
types of AML. It may include cutaneous lesions, gum infiltration, 
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testicular involvement, and CNS disease.412,413 CNS involvement 
has been reported in 3% to 22% of patients.412 Leukocytosis 
is a common finding, present in 10% to 37% of patients. The 
frequency of DIC is second only to that in APL, and DIC may be 
exacerbated when therapy begins. Elevated levels of lysozyme 
are found in more than two thirds of patients and may contribute 
to renal insufficiency or proteinuria. Results of several studies 
indicate that AML M5 is associated with poor prognosis, and 
specifically short disease-free survival.412 On the other hand, 
ECOG reported no difference in CR rates for M5 patients (62%) 
compared to non-M5 patients (60%) and no difference in 3-year 
overall survival (31% vs. 30%).414

erythroleukemia (aML M6)
Erythroleukemia accounts for 2% to 4% of cases of AML and 
is characterized by a prominent component of erythroblasts. 
Erythroid/myeloid leukemia (M6a) has 50% or more erythroid 
precursors in the nucleated population and 20% or more myelo-
blasts in the nonerythroid population. In the less common pure 
erythroid leukemia (M6b), 80% of the marrow cells are imma-
ture erythroids, without a significant percentage of myeloblasts. 
A third type (M6c) has been characterized by 30% or more non-
erythroid blasts and 30% or more pronormoblasts.415

Morphologic findings in the peripheral smear may include 
schistocytes, teardrop forms, pincered red cells, and basophilic 
stippling.416 Circulating erythroblasts are observed in one half 
of patients. The bone marrow is usually hypercellular with 
megaloblastic changes.416 Erythroid precursors commonly have 
multinuclearity (65%), karyorrhexis (53%), morulae (25%), and/
or cytoplasmic vacuolization (23%). The PAS reaction may stain 
abnormal erythroid cells in either a coarse globular (16%) or dif-
fuse (57%) pattern. The most common immunophenotypic mark-
ers for erythroleukemia are glycophorin 7 and the transferrin 
receptor (CD71).

There is a bimodal age distribution for erythroleukemia, with 
a small peak below 20 years and a broader peak in the seventh 
decade.415 In many series approximately one half of cases of 
erythroleukemia are therapy-related.416 Cytogenetic abnormali-
ties are found in over 70% of patients, and abnormalities of chro-
mosomes 5 and 7 are common.417–419

The prognosis for erythroleukemia is generally poor, with a 
recent reported overall survival of 8 months,420 but depends upon 
age, secondary leukemia, cytogenetic abnormalities, and subtype 
of erythroid leukemia. One report had a CR rate of 62% for de novo 
erythroleukemia but most series have CR rates in the 10% to 40% 
range, particularly in secondary erythroleukemia.415 The CR rate 
in patients with 5q or 7q abnormalities is approximately 20% and 
the median survival is 4 months, compared to 18 months in the 
absence of these abnormalities.421 Median survival was inferior 
in M6b (1.8 months) compared to M6a (18.8 months, P < 0.002) 
and M6c(7 months, P < 0.01).422 Allogeneic SCT appears to confer 
the best long-term survival in erythroleukemia, particularly with 
unfavorable cytogenetics and/or therapy-related.415

acute Megakaryocytic Leukemia (aML M7)
AML M7 was first described in 1931 and was added to the FAB 
classification in 1985.423–425 There is a bimodal age distribu-
tion, with one peak in infancy and the other in older adults. 
Megakaryocytic AML represents 0.6% to 1.2% of cases of adult 
AML, compared to 3% to 10% of childhood AML. The median 
age for adult AML M7 is 51 to 58 years and there is a male pre-
dominance. Morphologically, AML M7 can be confused with the L2 
subtype of ALL or with AML M1. Cytoplasmic blebs suggestive of 
megakaryocyte differentiation may be present on the blasts. The 
myeloid surface markers CD13 or CD33 may be expressed, and 
CD34 is often absent. The diagnosis depends on the expression 

of at least one platelet antigen (CD41, CD42b, CD61, or factor 
VIII-related antigen) on the leukemia cells. The bone marrow may 
be difficult to aspirate and over two thirds of patients will have 
significant fibrosis.

Cytogenetic abnormalities are more frequent (>90%) in AML 
M7 than in other subtypes of AML.426 They are heterogeneous but 
differ between children and adults,426 with adults typically having 
complex karyotypes.

Although data are limited, the clinical presentation of AML M7 
is not substantially different from that of other subtypes of AML. 
Organomegaly is infrequent in adults. Cytopenias are usually 
present, but approximately 30% of patients have platelet counts 
above 100,000/ml.178 Platelet function studies usually indicate 
impaired aggregation responses. Serum LDH levels are often 
elevated. Osteosclerotic and osteolytic lesions have been demon-
strated radiographically.178,427

Prognosis in adult AML M7 is poor.423–425 The CR rate is 43% to 
50% and the median DFS is 6 to 10 months.423–425 The ECOG series 
reported an inferior DFS in M7 compared to non-M7 AML (23 vs. 
52 weeks, P < 0.001), and found M7 AML to be an independent 
adverse prognostic factor for DFS.423 Because of the poor prognosis 
of adult AMgL, early allogeneic SCT should be considered.

Other Clinicopathologic Syndromes
Acute panmyelosis with myelofibrosis (APMF) was first described 
in 1963 by Lewis and Szur.428 APMF is rare, representing less 
than 1% of AML, and has replaced acute myelosclerosis or acute 
myelofibrosis in the WHO classification.428 The median age is 
57 to 67 years and there is a male predominance. The onset is 
sudden and patients have pancytopenia with <5% blasts in the 
peripheral blood and no to minimal teardrop forms. There is no 
history of preceding myeloproliferative disorders and there is 
no, or minimal, splenomegaly. The marrow is hypercellular with 
various degrees of hyperplasia of the three cell lineages; clusters 
of late-stage erythroids may be prominent. Dysplastic changes, 
including hypolobated megakaryocytes with dispersed chroma-
tin, are present. Clusters of immature cells are present, and the 
degree of marrow fibrosis is variable. If the proliferative process 
includes predominantly myeloblasts and fibrosis is present, the 
leukemia should be classified as AML of the appropriate cell types 
with “myelofibrosis.” The main differential diagnosis is between 
APMF and AML M7.428 There are fewer blasts in APMF and the 
blasts rarely express megakaryocytic antigens. Cytogenetic find-
ings are not specific but are often complex and include abnormali-
ties of 5q, 7, and 17p.429 The prognosis of APMF is extremely poor, 
with a median survival of less than 2 months in some series.428,430

Acute basophilic leukemia is very rare, but is recognized as an 
independent entity by the WHO classification.431 Cutaneous dis-
ease, organomegaly, lytic bone lesions, and symptoms of hyper-
histaminemia may be present. Blasts have oval, round, or bilobed 
nuclei and variable numbers of coarse basophilic cytoplasmic 
granules. The characteristic cytochemical staining is metachro-
matic positivity with toluidine blue, diffuse acid phosphatase 
positivity, and, in some cases, block PAS positivity. Blasts often do 
not stain with Sudan black B, MPO, or nonspecific esterase. Blasts 
express the panleukocyte antigen CD45, the myeloid antigens 
CD13, CD33 and CD11b, and usually also CD9 and CD17, CD34, 
and HLA-DR. Involvement of 12p or t(6;9), which can occur in 
AML with increased basophils, has been reported.431 Some cases 
may represent blast crisis of CML or de novo Ph+ acute leukemia. 
Prognosis is uniformly poor.432

The t(6;9)(p21;q34) is a rare variant of AML (<1%) that was 
initially described in a young age group (20 to 30 years of age) 
with basophilia and a poor response to therapy. It is usually of 
the FAB M2 or M4 subtype.433 The genes involved are the DEK 
gene on chromosome 6p23 and the nucleoporin protein, NUP214 
(previously CAN) gene on chromosome 9p34.434
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Factor Favorable Unfavorable

Clinical
Age <45 y <2 y, >60 y

ECOG performance status 0–1 >1

Leukemia De novo Antecedent hematologic disorder;  
myelodysplastic syndrome, myeloproliferative disorder

Infection Absent Present

Prior chemotherapy No Yes

WBC count <25,000/mm3 >100,000/mm2

Serum LDH Normal Elevated

Extramedullary disease Absent Present

CNS disease Absent Present

Cytoreduction Rapid Delayed

Morphology
Auer rods Present Absent

Eosinophils Present Absent

Megaloblastic erythroids Absent Present

Dysplastic megakaryocytes Absent Present

FAB type M2, M3, M4 M0, M6, M7

Surface/Enzyme Markers
Myeloid CD34−, CD14−, CD13− CD34+

HLA-DR Absent Present

TdT Absent Present

Lymphoid CD2+ CD7+, CD56+

Biphenotypic (two or more lymphoid markers)

MDR-1 Absent Present

Cytogenetics
(see Tables 75.4 and 75.6) t(15;17), t(8;21), inv(16) –7, del(7q), –5, del(5q), 3q21 and 3q26 abnormalities, 

complex karyotype

Molecular Markers
FLT3 mutation Absent Present

EVI1 overexpression Absent Present

MLL partial tandem duplication Absent Present

NPM1 mutation Present Absent

CEBP-a mutation Present Absent

BAALC overexpression Absent Present

VEGF overexpression Absent Present

ECOG, Eastern Cooperative Oncology Group; FAB, French-American-British; HLA, human lymphocyte antigen; LDH, lactate dehydrogenase; MDR, multidrug resistance gene.

PrognosTic fAcTors in AcuTe MyeLoiD LeukeMiA

taBLe 75.8

AML with abnormalities of the long arm of chromosome 3, 
inv(3)(q21q26) and t(3;3)(q21;q26), typically presents with a 
normal platelet count or thrombocytosis.435 The critical gene 
involved at 3q26 is EVI1 (ecotropic viral integration site 1),436,437 
and overexpression of EVI1 is found in 9% of AML without 3q26 
abnormalities.438 GATA2 (3q21) may also be overexpressed. The 
inv(3)(q21;q26) syndrome represents 1% to 3% of de novo AML, 
may also follow MDS, and has a poor prognosis. Abnormal mega-
karyocytes may be present.439 Other rare balanced rearrange-
ments involving 3q26 include t(3;21)(q26;q22), t(3;12)(q26;p13), 
and t(2;3)(p15;22;q26).440

AML with t(3;5)(q25.1;q35) has been reported in approximately 
one fourth of patients with erythroleukemia (M6), and the marrow 

often has trilineage dysplasia and abnormal megakaryocytes. Unlike 
patients with inv(3), patients with t(3;5) do not have thrombocyto-
sis.441 The genes involved are NPM on chromosome 5 and myelo-
dysplasia/myeloid leukemia factor 1 (MLF1) on  chromosome 3.442

PRognosis

prognosis Is Multifactorial
A number of clinical and biologic features, detailed below, pre-
dict prognosis in AML, and prognosis is actually determined by 
interactions between these factors (Table 75.8). As an example, 
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structural cytogenetic abnormalities involving the genes encoding 
the core binding factor transcription factor subunits, including 
t(8;21), inv(16), and t(16;16), define the favorable cytogenetic 
subgroup of AML, but treatment outcome is significantly worse 
in older patients with these cytogenetic abnormalities,443 and 
in patients whose AML cells have mutations of the growth fac-
tor receptor KIT.364,365,366 As another example, in a Southwest 
Oncology Group study of older AML patients, secondary AML, 
unfavorable karyotype and expression of the MDR protein MDR1 
(Pgp) were each independently significant associated with lower 
CR rates, but CR rates ranged from a high of 81% to a low of only 
12% depending on how many of these three adverse prognostic 
factors were present.444

Clinical Factors
Age is a powerful prognostic factor, with older adult patients 
having worse outcomes than younger adults.443 The clinical state 
of the patient, as reflected in performance status and co-morbid 
conditions, also affects outcome.445 Patients with secondary AML, 
defined by a preceding bone marrow disorder, including MDS 
or MPN, or with t-AML, have an inferior response and survival 
compared to those with de novo AML.446,447 Hyperleukocytosis 
correlates with shorter overall survival448 due to both increased 
induction deaths449 and an association with FLT3 mutations.36 
Extramedullary disease is unfavorable.448 Finally, one report 
demonstrated lower CR rates and shorter overall survival in 
African American males, in relation to whites and African 
American females.450

Morphology
Favorable morphologic features include presence of Auer rods 
(M1–M4) and of eosinophils (M2 and M4Eo), the latter because 
of the association with the favorable cytogenetic abnormali-
ties t(8;21) in M2 and inv(16) in M4Eo. The eosinophils in M2 
show only minor abnormalities such as faint green-blue/yellow 
granules, whereas in M4Eo they are dysplastic and often have 
large, irregular deeply purple granules (Figs. 75.6 and 75.9). 
Morphologic dysplasia is unfavorable,415 likely by virtue of asso-
ciation with unfavorable karyotypes.451 In regard to FAB types, 
patients with M0.393, M6452 and M7423,424 generally have lower 
survival rates. FAB M5 is associated with extramedullary disease 
and with FLT3 mutations35

Immunophenotype
The effect of surface markers on prognosis is variable and is 
interdependent with other factors. Although CD34 has been 
reported as an adverse factor,379, 448 in some studies it has 
had no impact on outcome.453,454 CD34 expression is a poor 
prognostic factor when it is associated with the multidrug 
resistance gene (MDR1).455 CD34 expression is associated with 
prognostically adverse karyotypes, including abnormalities of 
chromosome 5 (–5/5q–) and 7,454 but it is also expressed in 
favorable AML subtypes, including AML with t(8;21)378, 454 and 
inv(16).376 The lack of HLA-DR reactivity as observed in APL 
(M3) has been associated with a good prognosis in some,456 
but not all,457 series, whereas absence of CD33 expression 
may be unfavorable.453 CD7 expression is prognostically unfa-
vorable.458 CD56 expression correlates with extramedullary 
disease, which is unfavorable.448 Both CD19 and CD56 are 
frequently expressed on AML cells in t(8;21) AML; CD19 does 
not have prognostic significance, and CD56 is associated with 
shorter disease-free survival in these patients.383 Finally, detec-
tion of residual or recurrent blasts by multiparameter flow 
cytometry at diverse time points following therapy predicts 
adverse outcome.206,208,459–461

Multidrug resistance
Expression of multidrug resistance (MDR) genes has been identi-
fied as having adverse prognostic significance in AML.377,462,463 
The best described MDR gene is MDR1, whose gene product, 
P-glycoprotein (Pgp), is a 170-Kda cell membrane ATP-binding 
(ABC) protein (ABCB1) that functions as a drug efflux pump for 
naturally occurring substances, including anthracyclines, epi-
podophylotoxins, vinca alkaloids, and taxanes,463,464 as well as 
the calicheamicin moiety of gemtuzumab ozogamicin.465 Pgp 
expression can be detected on the surface of AML cells by flow 
cytometry using specific antibodies such as MRK16 and can be 
correlated with functional effux of substrate fluorescent dyes by 
AML blasts. Expression of MDR-1/Pgp on blasts is more com-
monly found in older AML patients, often in conjunction with 
adverse cytogenetic findings, and is associated with a lower CR 
rate.377 Moreover, MDR-1/Pgp overexpression and FLT3-ITDs 
occur largely in different AML patient populations.305

Other transport proteins that mediate cellular drug efflux and 
appear to mediate drug resistance in AML include the ABC pro-
teins multidrug resistance-associated protein 1 (MRP-1; ABCC1) 
and breast cancer resistance protein (BRCP; ABCG2).377,462,466 
MRP-1 has adverse prognostic significance in AML,467 especially 
when co-expressed with MDR-1/Pgp,462,468 and BCRP also has 
adverse prognostic significance.469 The major vault protein lung 
resistance protein (LRP) is not an ABC protein, but rather an 
intracellular protein that affects cytoplasmic-nuclear drug trans-
port; its expression in AML cells has been associated with adverse 
treatment outcome in some series.463,470

Cytogenetics
Cytogenetic subgroups identify prognosis better than any other fac-
tor in both younger and older adult AML patients,28,29,31,32,471,472 
and stratification of therapy based on cytogenetic prognostic 
group has become the standard of care in AML.473 Criteria that 
subdivide AML patients into favorable, intermediate and unfavor-
able cytogenetic risk groups vary only minimally among cancer 
cooperative group studies (Table 75.9). Studies of cytogenetics in 
AML are important not only in terms of defining prognostic sub-
groups, but also in terms of defining the features and optimal man-
agement of AML with uncommon individual karyotypes.278,474 A 
representative survival curve according to cytogenetic findings is 
illustratrated in Figure 75.11.475

APL [t(15;17)] and AML with either of two core binding fac-
tor (CBF) abnormalities, t(8;21) and inv(16) or t(16;16), are 
regarded as favorable types of AML. AML with either of the two 
CBF abnormalities has both a high CR rate and a high rate of 
disease-free survival, particularly when treated with high-dose 
cytarabine-based post-remission regimens.399,476 Nevertheless, 
favorable cytogenetic prognosis may be modified by other fac-
tors. For example, when t(8;21) is present in older patients443 
or when t(8;21) AML cells express the neural cell adhesion mol-
ecule CD56383 or have mutations of the growth factor receptor 
KIT,364,365–366 prognosis is worse. The standard of care for AML 
with favorable karyotypes is post-remission chemotherapy with 
high-dose cytarabine, rather than transplantation in remission.473

Unfavorable cytogenetic groups are consistently defined by 
del(5q)/–5, –7/del(7q) and/or complex karyotypes (defined by 
either ≥3 or ≥5 unrelated abnormalities), or inv(3)/t(3;3), t(6;9) 
or t(9;22). There is some variability in additional karyotypes 
included in unfavorable cytogenetic groups among different 
cooperative groups28,29 and within cooperative groups, when 
considering induction outcome, cumulative incidence of relapse 
or overall survival.29 Additional karyotypes predicting adverse 
outcomes in different series include abnormalities of 9q, 11q, 
12p, 17p, 20q, and 21q, +8, and +21. 11q23 abnormalities have 
adverse significance with regard to survival, except for t(9;11).278 
The standard of care for AML with unfavorable karyotypes is 
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Risk Category MRC SWOG/ECOG CALGBa GIMEMA/AML 10 GERMAN AMLCG

Favorable t(15;17) t(15;17) t(8;21) t(15;17) t(15;17)

t(8;21) t(8;21) without del(9q)  
or complex karyotype

inv(16)/t(16;16) t(8;21) t(8;21)

inv(16)/t(16;16) inv(16)/t(16;16)/del(16q) del(9q) inv(16)/t(16;16) inv(16)/t(16;16)

Intermediate Normal karyotype Normal Normal Normal Normal

del(7q) –Y –Y –Y Other noncomplex

+8 +6 del(5q)

del(9q) +8 del(7q)

abn(11q23) del(12p) t(9;11)

+21 +11

+22 del(11q)

All other aberrations abn(12p), +13 
del,(20q),+21

Unfavorable abn(3q) abn(3q) inv(3)t/(3;3) Other inv(3)/t(3;3)

–5/del(5q) –5/del(5q) t(6;9) –5/del(5q)

–7 t(6;9) t(6;11) –7/del (7q)

≥5 aberrations –7/del(7q) –7 abn(11q23)

t(9;22) +8 sole or with 
1 additional 
aberration

abn(9q), abn(11q), abn t(11;19) del(12p)

(17p), abn(20q), abn(21q)

≥3 aberrations ≥3 aberrations abn(17p)

CALGB, Cancer and Leukemia Group B; GERMAN AMLCG, German AML Cooperative Group; GIMEMA/AML10, Gruppo Italiano Malattie Ematologiche dell’Adulto; MRC, Medical Research Council; 
SWOG/ECOG, Southwest Oncology Group/Eastern Cooperative Oncology Group.
aPatients with t(15;17) or t(9;22) were not included in this analysis. Trisomy 8 with core-binding factor or t(9;11) was not adverse; del (5q) was intermediate if sole abnormality (Byrd JC, Mrözek 
RK, Dodge AJ, et al. Pretreatment cytogenetic abnormalities are predictive of induction success, cumulative incidence of relapse, and overall survival in adult patients with de novo acute myeloid 
leukemia: results from Cancer and Leukemia Group B (CALGB 8461). Blood 2002;100:4325–4336).

HierArcHicAL cyTogeneTic cLAssificATion sysTeMs useD To Define PrognosTic grouPs in AcuTe MyeLoiD LeukeMiA
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FIGURE 75.11. Overall survival of patients up 
to 60 years treated in UK Medical Research 
Council AML 10 and AML 12 trials according to 
 cytogenetics. (With permission from Grimwade D. 
Impact of cytogenetics on clinical outcome in AML. In: 
Karp J, ed. Acute myelogenous leukemia. Totawa, NJ: 
Humana Press, 2007:181.)

allogeneic hematopoietic stem cell transplantation when this 
option is available, or clinical trials.473

The intermediate-risk cytogenetic group is defined as AML 
with a normal karyotype or with cytogenetic abnormalities not 
defined as favorable or unfavorable, although the Southwest 

Oncology Group classification also includes an “other” group for 
uncommon abnormalities not specifically listed as favorable.28 
Patients with normal karyotypes represent a heterogeneous group 
that is increasingly able to be further categorized by molecular 
abnormalities.
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Cytogenetic analysis at the time of assessment of response to 
remission induction therapy is prognostically significant because 
the relapse rate is higher and both disease-free and overall sur-
vival is shorter in patients with persistence of abnormal meta-
phases following induction chemotherapy.477 Cytogenetic risk 
groups remain prognostically significant following alloSCT for 
primary refractory AML,478 but not for AML in CR.479,480

Molecular
Molecular studies are particularly helpful in subdividing the group 
of AML patients with a normal karyotype, and in guiding their 
management.49,292 Individual molecular abnormalities and their 
prognostic significance are detailed above. Prognosis is best deter-
mined by combinations of cytogenetic and molecular  findings, 
and this approach was recently formalized by the European 
LeukemiaNet.51 The European LeukemiaNet classification is 
shown in Table 75.10.

Biologic parameters
Diverse parameters reflecting leukemia biology have been found 
to have prognostic significance in AML. Increased expression of 
antiapoptotic proteins such as BCL-2 and/or decreased expression 
of proapoptotic proteins in AML cells is associated with resistance 
to chemotherapy and adverse prognosis.481–484 Overexpression 
of vascular endothelial growth factor (VEGF) and other proteins 
associated with angiogenesis correlates with increased angiogen-
esis and has been associated with a worse prognosis in AML.485–

488 Expression of the chemokine receptor CXCR-4 on AML cells 
has also been found to be prognostically unfavorable.489,490 
Finally, activation of signal transduction pathways in AML cells is 
associated with a poor prognosis,265 although much remains to be 
elucidated in this area.

Gene polymorphisms
Polymorphisms in genes encoding proteins involved in drug 
detoxification, such as glutathione S-transferases,155,491 drug 
resistance, such as MDR1,492 and DNA repair, such as XPA,493 

XPD, ERCC1, and XRCC3,159 have been variably associated 
with  treatment toxicities and treatment outcome. The ultimate 
goal of these studies is stratification of chemotherapy based on 
genotypes.

tHeRAPy

Overview of treatment
Treatment for AML is divided into two phases, remission induc-
tion therapy and post-remission therapy (Fig. 75.12). The goal of 
induction therapy is attainment of a complete remission, which, 
except in APL, usually requires a period of marrow aplasia, or a 
“morphologic leukemia-free state,” following induction chemo-
therapy. Serial changes in peripheral blood counts during induc-
tion therapy include clearance of blasts from the blood, followed 
by pancytopenia requiring red blood cell and platelet transfusion 
support and management of complications of neutropenia, fol-
lowed by increases in neutrophil and platelet counts and then 
resolution of anemia in patients with favorable responses to treat-
ment. Table 75.11 outlines the management of AML at diagnosis 
and during induction therapy.

Post-remission therapy is therapy administered after patients 
achieve complete remission. Its goal is to prolong complete remis-
sion by delaying or preventing recurrence of AML, called relapse, 
and to maximize the chance of cure. Post-remission therapy may 
consist of intensification, consolidation, and maintenance thera-
pies. Intensification may include allogeneic or autologous hemato-
poietic stem cell transplantation, whereas consolidation involves 
either regimens similar to those used in induction or the use of 
drugs at higher dosages than in induction; maintenance therapy 
is less intensive and less myelosuppressive than induction.494. 
Maintenance therapy is standard for ALL and for APL, but not for 
AML, although new approaches are being tested.495

endpoints of acute Myeloid Leukemia treatment
Early assessment of the efficacy of remission induction chemo-
therapy is by sampling of the bone marrow approximately 14 
days following initiation of chemotherapy, during pancytopenia. 
The morphologic leukemia-free state4 desired at this time-point 
is defined by the presence of less than 5% blasts in an aspirate 
sample with marrow spicules and with a count of at least 200 
nucleated cells and absence of blasts with Auer rods. A bone 

Genetic 
Subgroup Subsets

Favorable t(8;21)(q22;q22); RUNX1-RUNX1T1
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)

Mutated CEBPA (normal karyotype)

Intermediate I Mutated NPM1 and FLT3-ITD (normal karyotype)

Wildtype NPM1 and FLT3-ITD (normal karyotype)

Wildtype NPM1 without FLT3-ITD (normal karyotype)

Intermediate II t(9;11)(p22;q23); MLLT3-MLL
Cytogenetic abnormalities not classified as favorable or adverse

Adverse inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
t(6;9)(p23;q34); DEK-NUP214
t(v;11)(v;q23); MLL rearranged

−5 or del(5q); −7; abnl(17p); complex karyotype

euroPeAn LeukeMiAneT geneTic cLAssificATion  
inTegrATing cyTogeneTic AnD MoLecuLAr DATA in  
AcuTe MyeLoiD LeukeMiA (AML)51

taBLe 75.10

FIGURE 75.12. Phases of therapy. The diagnosis of acute myeloid leukemia can be made 
when the leukemia cell number is >1010. Induction therapy achieves a clinical complete remis-
sion and is followed by post-remission therapy with a goal of cure. If cells develop mechanisms 
of resistance, relapse occurs.
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cell transfusion independence, an absolute neutrophil count 
of more than 1,000/ml and a platelet count of 100,000/ml or 
greater and the presence of less than 5% blasts in a bone mar-
row aspirate sample with marrow spicules and with a count of at 
least 200 nucleated cells, absence of blasts with Auer rods, and 
absence of extramedullary leukemia. The currently recommended 
International Working Group (IWG) criteria do not include 
requirements with regard to bone marrow biopsy cellularity or 
duration of response, but persistent detection of AML cells with 
the phenotype of the patient’s pre-treatment leukemia cells by 
flow cytometry in marrow that is morphologically leukemia-free 
is considered persistence of leukemia.4

Cytogenetic complete remission (CRc) has been proposed as 
a separate category of CR, indicating reversion to a normal mar-
row karyotype at CR in patients with an abnormal karyotype at 
presentation of AML.4 Persistence of abnormal metaphases in 
morphologically normal marrows of patients following recovery 
from induction chemotherapy is associated with shorter survival 
in AML patients.477 It is important to specify how many meta-
phases were examined.

Molecular complete remission (CRm) is also relevant in some 
subtypes of AML.4 Quantitative reverse transcriptase polymerase 
chain reaction (RT-PCR) may detect residual disease in AML cases 
with fusion genes resulting from chromosomal translocations 
[e.g., PML-RARa in t(15;17), AML1/ETO fusion in t(8;21), CBFb-
MYH11 fusion in inv(16), and others]. The prognostic significance 
of CRm achievement is clearly established for APL496,497 and 
CRm is recognized as a therapeutic objective in APL, whereas the 
significance of CRm in the other subsets of AML is still controver-
sial, particularly in AML with t(8;21), a prognostically favorable 
subtype of AML in which AML1/ETO transcripts may continue to 
be detected in patients in long-term morphologic complete remis-
sion.498 It is important to establish and specify the sensitivities of 
assays used in assessing CRm.

Another category of response to induction chemotherapy is 
morphologic complete remission with incomplete blood count 
recovery (CRi), defined by fulfillment of all of the criteria for CR 
except for residual neutropenia (<1,000/ml) or thrombocytope-
nia (< 100,000/ml).4 This category of response was particularly 
evident in clinical trials of gemtuzumab ozogamicin,499 in which 
patients commonly met all criteria for complete remission except 
for platelet count recovery. The term CRp was used to indicate 
complete remission with incomplete platelet recovery following 
gemtuzumab ozogamicin treatment,499 but CRi is a broader term 
also incorporating incomplete neutrophil recovery, but not both. 
Survival of patients with CRp appears to be better than for those 
with treatment failure due to resistant disease, but not as good 
as those with morphologic CR. In a retrospective study of more 
than 6,000 patients with AML treated on ECOG, SWOG, and MD 
Anderson Cancer Center clinical trials, patients who achieved CR 
had longer relapse-free survival than patients who achieved CRp, 
after adjustment for covariates, whereas achieving CRp had a 
positive impact on survival, compared with resistant disease.500 
Moreover, favorable pre-treatment prognostic factors predicted a 
higher likelihood of achieving a CR rather than CRp.500

Partial remission is defined by attainment of the blood count 
criteria for complete remission, and a decrease of at least 50% 
in the percentage of blasts in the bone marrow aspirate, to 5% 
to 25%, or less than 5% blasts in the marrow with presence of 
Auer rods.4

Remission induction treatment failure can be divided into at 
least three categories4 (Table 75.12). Patients who survive at least 
7 days after completion of treatment and have persistent AML 
in marrow and/or blood are said to have treatment failure due 
to resistant disease. Patients who survive at least 7 days after 
completion of treatment and die while cytopenic and with a post-
treatment bone marrow within 7 days of death demonstrating 
aplasia or hypoplasia are said to have treatment failure due to 

Patient History
Review preceding myelodysplasia, prior diagnosis of cancer, previous  
chemotherapy, occupational exposure, family history, number of full siblings.

Physical Examination
Assess performance status.

Screen for infection: dental, nasopharyngeal, lung, perirectal.

Search for extramedullary disease: skin, neurologic, adenopathy,  
organomegaly, testicular.

Baseline Laboratory
Complete blood count with differential; type and screen.

Bone marrow examination: include cytogenetic analysis and save sample for 
molecular diagnostics if applicable.

Screen electrolytes, liver and renal function, tumor lysis parameters.

Screen for DIC.

Viral serologies, particularly HSV, CMV, hepatitis, and HIV.

HLA-A, -B, -DR type.

Chest radiograph: rule out pneumonia, leukostasis, mediastinal mass.

Cardiac status: ejection fraction by echocardiogram or MUGA.

Supportive Care
Transfusions: platelets, packed red blood cells (unless hyperleukocytosis),  
cryoprecipitate with or without fresh-frozen plasma in DIC.

Central line placement.

Hydration.

Allopurinol. Rasburicase (after checking G6PD).

Treat ongoing infections.

Infection prophylaxis: acyclovir (if HSV-positive), antifungal agents (fluconazole or 
voriconazole), antibacterial agents (usually to cover Gram-negative and  
Gram-positive organisms).

If hyperleukocytosis, hydroxyurea, and leukapheresis, uncertain role of CNS  
radiation.

Therapy
Induction chemotherapy cytarabine and anthracycline; possible role of etoposide or  
mitoxantrone; possible role for high-dose cytarabine.

Monitor for DIC and tumor lysis, infection, drug toxicities.

APL, acute promyelocytic leukemia; CMV, cytomegalovirus; CNS, central nervous system; 
DIC, disseminated intravascular coagulation; HIV, human immunodeficiency virus; HLA, 
human lymphocyte antigen; HSV, herpes simplex virus; MUGA, multiple uptake gated 
acquisition scan.

MAnAgeMenT of AcuTe MyeLoiD LeukeMiA AT DiAgnosis

taBLe 75.11

marrow biopsy performed at the same time allows more bone 
marrow tissue to be examined and allows identification of clus-
ters of blasts. Patients with clear residual AML at the time of 
early assessment are unlikely to go on to achieve remission, and 
additional or alternative therapy should be considered. Persistent 
detection of cells with the phenotype of the patient’s pre-treatment 
leukemia cells by flow cytometry in marrow that is morphologi-
cally leukemia-free is viewed as persistence of leukemia, although 
therapeutic decisions about re-induction therapy in clinical trials 
have generally not been based on flow cytometry findings. If pres-
ence of residual leukemia is questionable, a bone marrow aspirate 
and biopsy should be repeated a week later. A morpohologic leu-
kemia-free state also requires absence of extramedullary disease.

Patients are then assessed for response to induction therapy 
at the time of blood count recovery. The definition of complete 
remission has evolved.4 The term complete remission generally 
refers to morphologic complete remission, defined by red blood 
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Drug Resistance
No response based on persistence of blasts and absence of hypocellularity  
(usually day 14)

Hypocellular or partial marrow with subsequent regrowth of leukemia

Complications of Aplasia
Hypoplastic death (within 4 wk) 

Regeneration failure: marrow remains hypocellular for >4 wk

Indeterminate Cause
Death within 2–3 wk of initiating therapy (marrow either negative or not tested)

Hematologic Remission but Persistent Disease
Myelodysplasia, extramedullary disease; cytogenetic, flow cytometric, or molecular 
disease

TyPes of fAiLure in THerAPy of AcuTe MyeLoiD LeukeMiA

taBLe 75.12

complications of aplasia. Finally, patients with treatment failure 
of indeterminate cause include those who die less than 7 days 
after completion of treatment, those who die 7 or more days after 
completion of treatment whose blood did not show persistent leu-
kemia and whose marrow was not examined post-treatment, and 
those who die without completing treatment.

remission Induction therapy
Table 75.13 outlines active agents in AML and includes their cell 
cycle specificity, major toxicities, response rates, and clinical uses. 
Cytarabine and anthracyclines have been the subject of most 
intense study. Cytarabine is incorporated into DNA during DNA 
synthesis and is only effective in cells in the S-phase of the cell 
cycle. Anthracyclines are not cell cycle-specific and appear to be 
the most active single agents. Synergy exists between agents with 
different mechanisms of action, and combination chemotherapy 
produces better results in AML. Particular considerations with 
regard to choice of treatment in older AML patients are discussed 
below, as is AML diagnosed during pregnancy.

Conventional Induction Therapy
The most common induction chemotherapy regimens in AML 
involve the use of cytarabine (ara-C) and an anthracycline. 
Cytarabine is usually administered as a continuous infusion of 
100 to 200 mg/m2/day for 7 days, with an anthracycline given 
by intravenous push daily on the first 3 days of ara-C therapy, a 
combination called “7 + 3.” Studies performed by CALGB in the 
1980s established the efficacy of this regimen for newly diagnosed 
AML and since then has been the most commonly used induction 
regimen for treatment of adult patients with AML.501–504

Continuous infusion of ara-C at a dosage of 100 mg/m2 has 
been shown to be superior to pulse doses of 100 mg/m2 every 
12 hours.501 “7 + 3” has been shown to be superior to the same 
drugs given over 5 days and 2 days (5 + 2), respectively,501 and 
appears equivalent to “10 + 3.”503 Increasing the ara-C dose in 
“7 + 3” from 100 mg/m2/day to 200 mg/m2/day or prolonging the 
infusion to 10 days, in combination with daunorubicin, increased 
the toxicity with no to minimal improvement in efficacy.503–505

The addition of oral thioguanine 100 mg/m2 twice on days 1 to 
7 (7+ 3 + 7) did not improve the results. The anthracycline most 
commonly used in 7 + 3 is daunorubicin, and its dose has ranged 
between 30 and 90 mg/m2 in different studies. In early studies, 

daunorubicin 45 mg/m2 daily was compared to 30 mg/m2 daily 
in the 7 + 3 regimen, and resulted in higher CR rates in patients 
younger than age 60 years.502 A single course of 7 + 3 ara-C and 
daunorubicin (45 mg/m2) therapy produces a CR rate in the range 
of 40% to 50%. When a second course of ara-C and daunorubicin 
(either 5 + 2 or 7 + 3) is administered to patients with morpho-
logic evidence of persistent leukemia in the bone marrow on day 
14, the overall CR rate increases to 50% to 85%. Higher response 
rates (70% to 85%) are seen in patients under 60 years of age with 
de novo AML.

Two recent phase 3 randomized clinical trials from the United 
States and South Korea have confirmed the clinical benefit of 
daunorubicin dose intensification (90 mg/m2 vs. 45 mg/m2) in the 
context of the 7 + 3 regimen in patients younger than 60 years 
of age with previously untreated AML.506,507 In the US study, 
90  mg/m2 daunorubicin, as compared with 45 mg/m2 of the 
drug, resulted in a significantly higher CR rate (70.6% vs. 57.3%) 
and, most important, better overall survival (median, 23.7 vs. 
15.7 months). The rates of serious adverse events including heart 
failure and other cardiac toxicities were similar between the two 
groups.506 In the study conducted in South Korea,507 the CR rates 
were also significantly higher (82.5% vs. 72.0%) in the group who 
received 90 mg/m2 daunorubicin compared to the group receiving 
45 mg/m2 group. With approximately 4.5 years of median follow-
up, both overall survival (46.8% vs. 34.6%) and event-free survival 
(40.8% vs. 28.4%,) were significantly better in the 90 mg/m2 arm, 
compared to the 45 mg/m2 arm. The advantage of higher-dose 
daunorubicin was observed in patients with an intermediate-risk 
cytogenetics but not in those with an unfavorable karyotype or a 
high-risk molecular profile. The toxicities were similar in the two 
groups.

Another clinical trial tested the potential benefit of high-dose 
daunorubicin in older patients receiving intensive chemother-
apy.508 Newly diagnosed AML patients 60 years of age and older 
received the 7 + 3 regimen, consisting of cytarabine 200 mg/
m2 and daunorubicin either 45 mg/m2 or 90 mg/m2, followed by 
a second cycle of 1,000 mg/m2 cytarabine every 12 hours for 6 
days. Complete remission rates (64% vs. 54%) and rates of com-
plete remission after the first cycle of induction treatment (52% 
vs. 35%) were significantly higher in the group who received 90 
mg/m2 daunorubicin, compared to the 45 mg/m2 group. There 
was no significant difference between the two groups in 30-day 
mortality rates, hematologic toxicities or moderate, severe, or life-
threatening adverse events. The OS rates were similar between 
the two groups. Patients 60 to 65 years of age had higher rates of 
CR (73% vs. 51%), EFS (29% vs. 14%), and OS (38% vs. 23%) in 
the 90 mg/m2 group as compared with the patients in the same 
age group who received 45 mg/m2 daunorubicin, however, a dif-
ference was not seen in those over 65 years, with the exception of 
the favorable cytogenetic group, who benefited from daunorubicin 
dose intensification regardless of age.

Modifications of Standard Induction Therapy
The anthracycline idarubicin and the anthracenedione mitoxan-
trone have been used instead of daunorubicin in 7 + 3. In three 
randomized trials, idarubicin, given as 12 mg/m2 daily for 3 days 
with ara-C, tended to produce a higher CR rate than daunoru-
bicin and ara-C, more often required only one cycle to induce 
remission, and was associated with a better survival in some tri-
als.509–511 The long-term follow-up of the aforementioned three 
randomized studies suggested better OS for idarubicin compared 
with daunorubicin in only one study.512 However, superiority of 
idarubicin (10 to 12 mg/m2) over daunorubicin (45 to 60 mg/m2) 
in the achievement of CR when used in the 7 + 3 regimen was 
confirmed in a meta-analysis.513 In a randomized trial in AML 
patients between 50 to 70 years, idarubicin produced a higher CR 
rate than high-dose daunorubicin (80 mg/m2/day for 3 days).514 
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Substitution of idarubicin with either fludarabine or topotecan in 
combination with ara-C for treatment of newly diagnosed AML, 
refractory anemia with excess blasts in transformation (RAEB-t), 
or RAEB resulted in lower CR rates and shorter EFS and OS.515

Historically, mitoxantrone has been used more often to treat 
relapsed AML, and it may have less cardiotoxicity than the anthra-
cyclines.516 A randomized trial of daunorubicin, idarubicin, and 
mitoxantrone with standard-dose ara-C as induction therapy in 
older AML patients showed no differences in clinical outcome.517

Daunorubicin (50 mg/m2) on days 1 to 3 plus ara-C (25 mg/
m2 bolus followed by 160 mg/m2 as a continuous infusion daily 
for 5 days) and 6-thioguanine (100 mg/m2 orally every 12 h daily 
for 5 days) (DAT) was compared with amsacrine (190 mg/m2, IV 
on days 1 to 3) plus ara-C and 6-thioguanine at the similar doses 
(AAT) in a trial involving approximately 100 adult patients with de 
novo AML. Patients who achieved CR received two courses of the 
same chemotherapy regimen as consolidation therapy. Stratified 
by age, CR rate and OS were better in the AAT group compared 
to the DAT group.

Other studies have tested the addition of a third agent to the 
7 + 3 regimen. The addition of etoposide to 7 + 3 at 75 mg/m2/
day for 7 days (7 + 3 + 7) did not improve CR rates and was 
associated with more mucositis, but it did improve median remis-
sion duration (12 months for 7 + 3 vs. 18 months for 7 + 3 + 7). 
Overall survival was similar between the two groups.518 A three-
drug induction regimen known as ADE, consisting of ara-C 100 
mg/m2/day for 7 days and both daunorubicin 90 mg/m2 and eto-
poside 100 mg/m2 daily for 3 days, was tested by CALGB in previ-
ously untreated de novo AML patients less than 60 years, without 
excess cardiotoxicity, and with a complete remission rate of 75% 
and a median disease-free survival of 1.34 years and median 
overall survival of 1.86 years.519 Moreover, ADE consisting of 
ara-C 100 mg/m2/day for 7 days and both daunorubicin 60 mg/m2 
and etoposide 100 mg/m2 daily for 3 days was used in previously 
untreated older AML patients, with rates of CR, nonresponse, and 
death of 46%, 34%, and 20% with median disease-free survival of 
7 months; these results were not superior to historical results.520

Because Pgp overexpression and function in AML cells are 
strongly associated with adverse treatment outcome, clinical 
trials of Pgp modulators, or noncytotoxic competitive inhibitors 
of drug transport by Pgp, were undertaken in AML. Addition of 
PSC-833, a cyclosporin derivative which is a potent Pgp inhibi-
tor, to induction regimens containing the Pgp substrates dau-
norubicin or mitoxantrone and etoposide did not show clinical 
benefit,521,522 nor did addition of zosuquidar, another potent Pgp 
inihibitor.523 In contrast, addition of cyclosporin A to chemo-
therapy was beneficial in some trials.524,525 Cyclosporin A blocks 
drug transport by multiple MDR proteins known to be expressed 
in AML.526

High-dose Cytarabine
The antileukemic effect of cytarabine depends on dosage and 
schedule. Cytarabine is effective at both high and standard dos-
ages. Although at plasma concentrations greater than 10 mM, 
which are achieved with high-dose ara-C (2 to 3 g/m2 daily), the 
drug diffuses freely into cells,527 at concentrations less than 1 mM, 
which are achieved with 100 to 200 mg/m2 daily, ara-C influx into 
cells is strongly correlated with the number of nucleoside trans-
porters per leukemic blast.528 High-dose cytarabine (HiDAC) (1 to 
3 g/m2 every 12 to 24 hours, for 4 to 12 doses), with or without 
either an anthracycline, mitoxantrone, or etoposide, is particularly 
effective as intensification therapy or as therapy for relapsed dis-
ease.529–531 HiDAC crosses the blood–brain barrier and can help 
prevent CNS leukemia, but cerebellar toxicity may develop, par-
ticularly in patients 50 years of age or older.532 Lengthening the 
duration of administration from 1 hour to 3 hours or decreasing 
the dose from 3 g/m2 to 1.5 g/m2 may lessen the risk of cerebellar 

toxicity and is common practice in patients over 50 years of age. 
Patients receiving HiDAC must be tested for cerebellar toxicity 
before each dose, and subsequent doses of HiDAC must be with-
held if cerebellar toxicity is documented or suspected; the ara-C 
dose must then be decreased, and HiDAC also cannot be adminis-
tered as part of any subsequent therapy. Conjunctivitis and a pain-
ful, blistering erythematous rash involving the palms and soles 
are common side effects following HiDAC. Administration of cor-
ticosteroid eyedrops may prevent conjunctivitis, which is caused 
by secretion of cytarabine administered at high doses into tears.

Although HiDAC has most often been given as consolidation 
therapy or for relapsed disease, high CR rates (up to 90%) were 
observed when HiDAC was given during induction in some stud-
ies in the early 1990s.533 In a randomized trial by the Australian 
Leukemia Study Group in newly diagnosed AML patients less than 
60 years old,534 the CR rate was similar with HiDAC (6 g/m2 per 
day) and standard-dose (100 to 200 mg/m2 daily administered 
as a 7-day continuous infusion) ara-C-based remission induction 
and post-remission therapy, but HiDAC was associated with a 
significantly longer estimated median remission duration (45 vs. 
12 months) and higher percentage of 5-year relapse-free survival 
(48% vs. 25%), but also with greater hematologic and nonhemato-
logic toxicities. Another randomized trial of high-dose (4 g/m2 per 
day) versus standard-dose ara-C in newly diagnosed AML patients 
less than 65 years old by the Southwest Oncology Group535 dem-
onstrated slightly better relapse-free survival (33% vs. 21% at 4 
years for patients less than age 50 and 21% vs. 9% for ages 50  
to 64 years), but a significantly higher risk of fatal toxicity with 
high-dose ara-C. The efficacy of HiDAC, as part of a double induc-
tion strategy, was tested against standard-dose ara-C in a large 
randomized trial.536 Two courses of standard-dose cytarabine, 
daunorubicin, and 6-thioguanine (TAD) were compared with one 
course of TAD followed by high-dose cytarabine (3 g/m2 every  
12 hours for 6 doses) with mitoxantrone (HAM) starting on day 
21 regardless of the presence or absence of leukemic blasts in the 
bone marrow. CR rates (65% vs. 71%) and survival were similar 
between the two groups. Recently, another randomized clinical 
trial in more than 800 AML patients younger than 60 years tested 
the efficacy and toxicity of different doses of cytarabine in the 
setting of a double-induction chemotherapy regimen.537 Patients 
were randomly assigned to receive either intermediate doses of 
cytarabine (200 mg/m2 for cycle 1 followed by 1 g/m2 twice daily 
for cycle 2) or HiDAC (1 g/m2 twice daily for cycle 1 followed by 
2 g/m2 twice daily for cycle 2), with idarubicin in cycle 1 and 
amsacrine in cycle 2 in all patients. If patients achieved a CR, 
they received consolidation therapy that did not contain cytara-
bine. This trial showed no efficacy advantage for HiDAC when 
compared to intermediate-dose cytarabine. The rates of CR (80% 
vs. 82%), CR after the first cycle 1 (60% vs. 66%), 30-day mortal-
ity (10% in both groups), event-free survival (34% vs. 35%), and 
overall survival (40% vs. 42%) at 5 years were similar for inter-
mediate dose and HiDAC, respectively.537 Patients in the HiDAC 
group experienced higher rates of grade 3 and grade 4 toxicities 
(51% vs. 61%) in cycle 1, and prolonged hospitalization, and 
delayed neutrophil and platelet recovery in cycle 2. On the basis 
of these data, the use of HiDAC for induction chemotherapy for 
newly diagnosed AML is not generally recommended, unless in 
special circumstances.

Other Nucleoside Analogues
Nucleoside analogues including cladribine (2-CdA), fludarabine, 
clofarabine, gemcitabine, pentostatin, troxacitabine, and sapac-
itabine have also been tested in AML.538–541,542,543

Fludarabine has been extensively studied in AML because of 
pre-clinical544 and clinical data demonstrating that its administra-
tion prior to ara-C sensitizes leukemic blasts to ara-C by enhanc-
ing ara-CTP formation.545 The observation that administration of 
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G-CSF with fludarabine further enhanced this effect546 led to the 
design of a regimen consisting of fludarabine with high-dose cyta-
rabine and G-CSF (FLAG).547–549 Derivative regimens incorporat-
ing idarubicin with (FLAG-IDA)550,551 or without G-CSF (FLAI)552 
are also active in AML.

Clofarabine is a second-generation nucleoside analog that 
has activity in AML by itself or when administered prior to ara-
C.553,554 In a phase II trial in hematologic malignancies, an overall 
response rate of 48% was reported; AML patients with a short 
first CR (≤1 year) had a response rate of 18%, compared to 87% 
in those with a longer first CR.553 Clofarabine combined with 
ara-C produced a response rate of 60% and a CR rate of 52% in 
untreated AML, and a response rate of 38% and a CR rate of 22% 
in relapsed AML.554,555 In two single-arm studies, single-agent 
intravenous clofarabine (30 mg/m2 daily for 5 days) demonstrated 
a CR + CRi rate of approximately 46% to 48%, with CR rates of 
32% to 38% in high-risk older patients, including those with an 
unfavorable karyotype.556,557

Recently, a 652-patient Polish Adult Leukemia Group (PALG) 
randomized multicenter trial in patients age 60 years or younger 
with AML demonstrated that cladribine, but not fludarabine, 
added to 7 + 3 induction chemotherapy prolonged survival.542 
Patients received 7 + 3 alone (AraC 200 mg/m2 on days 1 to 7 as 
a continuous infusion plus daunorubicin 60 mg/m2 daily infusion 
on days 1 to 3) or 7 + 3 plus a 3-h infusion of cladribine (5 mg/m2 
daily on days 1 to 5), or 7 + 3 plus a 30-min infusion of fludara-
bine (25 mg/m2 daily on days 1 to 5). Consolidation chemotherapy 
included high-dose cytarabine and stem cell transplantation or 2 
years maintenance chemotherapy, based on relapse risk. Both the 
CR rates (68% vs. 56% vs. 59%) and 3-year overall survival rates 
(45% vs. 33% vs. 35%) were significantly improved by addition of 
cladribine to the 7 + 3  regimen, compared to 7 + 3 alone and 7 
+ 3 + fludarabine, respectively. Toxicity was not significantly dif-
ferent in the three arms. Patients with an unfavorable karyotype 
also benefited from 7 + 3 + cladribine.

Hematopoietic Growth Factors
A variety of purified cytokines has been investigated as modi-
fiers of cytopenias and of leukemia growth in vitro and in vivo. 
The best studied are the myeloid hematopoietic growth factors 
GM-CSF and G-CSF. Due to in vitro data demonstrating prolifera-
tive effects on AML blasts and based on clinical trial data outlined 
below, routine use of the myeloid growth factors in AML is not 
recommended.

Despite concerns about proliferative effects of myeloid CSFs on 
AML cell growth, studies were initiated in the 1990s to determine 
their clinical efficacy in AML. Two studies evaluated Escherichia 
coli-derived G-CSF in patients with relapsed or refractory leu-
kemia and yeast-derived GM-CSF in older patients with de novo 
AML. Both reports indicated that the CSFs could be administered 
safely, with a statistically significant reduction in the duration of 
neutropenia and in early deaths, and trends toward an improve-
ment in the CR rate, but not in survival.558,559

Subsequently, a number of phase III trials of GM-CSF and 
G-CSF consistently showed more rapid neutrophil recovery, which 
usually results in fewer infections and shorter hospitalizations, 
but no improvement in CR rates, relapse rates, or overall sur-
vival.560–567 Two randomized trials evaluating the role of G-CSF 
after consolidation therapy showed decreases in the duration of 
severe neutropenia and a decreased rate of infection, but no effect 
on CR duration or OS.566,568

There were also attempts to exploit the proliferative effect of 
myeloid growth factors on leukemia cells to recruit AML cells 
into S-phase in order to increase chemosensitivity to ara-C, an 
S-phase-specific agent. In these clinical trials, G-CSF or GM-CSF 
was administered prior to and/or during chemotherapy, so-called 
“growth factor priming.” These clinical trials have generally not 

demonstrated clinical benefit,517,563,569–571 with some excep-
tions.572,573 One possible reason is that, although G-CSF admin-
istered to untreated AML patients prior to chemotherapy did 
increase the percentage of blasts in S-phase, this percentage 
remained low.574 Hematopoietic growth factor priming is not 
recommended, outside of clinical trials.575

post-remission therapy
In the absence of post-remission therapy, the probability of cure is 
approximately zero576 with all patients relapsing within a median 
of 6 months, so post-remission therapy is essential, with the goals 
of decreasing and attempting to eliminate residual disease, delay-
ing relapse and increasing the likelihood of cure.

Although additional therapy clearly is required beyond induc-
tion therapy, utilizing drugs at similar doses to those used in 
induction therapy, with or without maintenance therapy, has not 
had a major impact on survival in AML. With a CR rate of 60% to 
75%, 15% to 25% of adults could be expected to have prolonged 
survival after consolidation or maintenance therapy administered 
through 1980.

Studies involving the use of HiDAC at different dosages and 
schedules as post-remission therapy suggested that survival in 
AML could be improved by dose escalation (Table 75.14).577–

580 Wolff et al. reported the efficacy of HiDAC/daunomycin 
 intensification in AML, with a projected 49% survival that was 
age-dependent (83%, 50%, and 23% for age groups 25 or less, 26 
to 45, and more than 45 years, respectively).579

Randomized trials were performed to confirm the value of 
HiDAC consolidation.581,582,583 In an ECOG trial of 143 patients 
in first CR after daunorubicin, cytarabine, and 6-thioguanine, 
patients were randomly assigned to 24 months of low-dose main-
tenance therapy or one course of HiDAC (3 g/m2 every 12 hours 
for 6 days) plus amsacrine.582 Although HiDAC caused more toxic 
deaths, the 4-year DFS in patients less than 60 years of age was 
28%, compared to 15% for those receiving maintenance therapy. 
In contrast the Leukemia Group for the Swiss Society for Cancer 
randomly assigned 137 patients in first CR after ara-C, daunoru-
bicin, etoposide, and AMSA to standard-dose ara-C at 100 mg/m2/
day for 7 days or HiDAC at 3 g/m2 every 12 hours for 6 days and 
found no difference in DFS.584

In a landmark clinical trial, the CALGB randomly assigned 
596 patients in first CR after 7 + 3 to one of three different ara-C 
dose schedules: HiDAC at 3 g/m2 over 3 hours every 12 hours on 
days 1, 3, and 5 (6 doses); intermediate-dose ara-C at 400 mg/
m2/day for 5 days by continuous infusion; or lower-dose ara-C at 
100 mg/m2 for 5 days by continuous infusion.583 The estimated 
probabilities of remaining in CR at 4 years for patients less than 
61 years of age were 44%, 29%, and 24% for the three treatments, 
respectively (Fig. 75.13, P = 0.002), but there were no differences 
among the arms in patients over the age of 60, with a probability 
of 16% or less of remaining in CR. These results clearly show that 
consolidation with HiDAC improves DFS in younger patients in 
first CR. Multiple cycles may be required to obtain the maximum 
benefit of HiDAC consolidation.535,583

The efficacy of HiDAC consolidation therapy also varies by 
cytogenetic group. In an analysis of cytogenetic correlates in 
the CALGB three-arm consolidation study referred to above,583 
Bloomfield et al. found that the impact of HiDAC consolidation was 
greatest in the favorable cytogenetic group, with 78% of patients 
remaining in remission at 5 years, compared to 40% of those 
with a normal karyotype, and 21% of those with other abnormali-
ties.585 The favorable impact of repetitive cycles of HiDAC in AML 
with the favorable karyotypes t(8;21) and inv(16) was confirmed 
in series focusing on patients with those abnormalities.476 In addi-
tion, patients less than 60 years old with a normal karyotype had 
5-year disease-free survival rates of 41% and 45% following four 
cycles of HiDAC or ara-C 400 mg/m2 consolidation or one cycle of 
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Source Post-remission
Duration 
(mo) CR (%)

No. of 
Patients in 
Remission

Median 
Age (y)

Median 
Follow-Up 
(mo)

Median 
Duration of 
CR (mo)3

Complete 
Responding 
Patients in 
Continuous 
Remission  
after 24 mo (%)

Toxic 
Deaths 
(%)

Remission 
Induction Regimen

Uncontrolled

Vaughan564 Ara-C, DNR, ara-c Ara-C, DNR, ara-C 3 76 25 35 35 30 44 4

Preisler498 7 + 3 or 10 + 3 Ara-C, Dox, Amsa, or HiDAC 4 58 123 55 20 22 47 5

Tricot565 10 + 3 HiDAC, ara-C, DNR 4 72 44 36 14 Not reached 62 9

Champlin563 DAT HiDAC, DNR, Ara-C, DNR 2 63 70 47 55 23 40 6

Wolff566 7 + 3 or 10 + 3 HiDAC, DNR 3 87 38 42 36 49 5

Harousseau567 Z/ara-C Ara-C/DNR; HiDAC/Amsa,  
BCNU, ara-C, cyclo etoposide

2 76 57 44 60 43 40 12

Controlled

Cassileth570 HiDAC/Amsa 1 99 N/A 28 12

DAT 68 44 48 (p = 0.047)

Ara-C, 6-TG 24 94 N/A 15 0

Mayer571 3 + 7 HiDAC 187 43 44 5

Ara-C, 400 mg/m2 4 64 206 49 37 N/A 29 6

Ara-C, 100 mg/m2 203 48 24

(p = 0.002) 1

ara-C, cytarabine; Armsa, amsacrine; BCNU, carmustine; CR, complete remission; cyclo, cyclophosphamide; DNR, daunorubinicn; Dox, doxorubicin; N/A, not available, 6-TG, 6-thioguanine;  
Z, zorubicin. CR duration data for controlled studies presented for patients <60 years of age.

TriALs evALuATing HigH-Dose cyTArAbine (HiDAc) in PosT-reMission THerAPy

taBLe 75.14

HiDAC/etoposide followed by autologous hematopoietic stem cell 
transplantation.586 Of note, these studies antedated the availabil-
ity of molecular data.

A recent, large (n = 781) prospective randomized trial from 
Japan compared four courses of conventional multiagent chemo-
therapy to three courses of HiDAC (2 g/m2 twice daily for 5 days) 
alone as post-remission therapy for AML in adult patients younger 
than 65 years in first complete remission.587 Five-year DFS (43% 
vs. 39%) and 5-year OS (58% vs. 56%) were similar for the HiDAC 
group and the multiagent chemotherapy, respectively. In patients 
with favorable cytogenetic risk, 5-year DFS (57% vs. 39%) and 
5-year OS (75% vs. 66%) were significantly better in the HiDAC 
group compared with the multiagent chemotherapy group. The 
frequency of infections was higher in the HiDAC group. Another 
recent clinical trial (n = 237) from France compared HiDAC 
with timed-sequential chemotherapy in patients 15 to 50 years 
of age with AML in first remission.588 No significant difference 
was reported between the two arms with respect to 5-year EFS, 
cumulative incidence of relapse, or treatment-related mortality. 
Finally, a clinical trial (n = 933) from Germany compared two 
HiDAC regimens (36 g/m2 vs. 12 g/m2) as a first consolidation in 
untreated AML patients age 15 to 60 years.589 In the intention-to-
treat analysis, there were no significant differences in the 5-year 
OS (30% vs. 33%) or DFS (37% vs. 38%).

Data with regard to administration of hematopoietic growth 
factors after post-remission therapy are similar to those on 
administration after induction. Two randomized trials evaluat-
ing the role of G-CSF after consolidation therapy both showed 
decreases in the duration of severe neutropenia and a decreased 

rate of infection, but no effect on complete response duration or 
overall survival.566,568

In summary, for younger adults with favorable cytogenetic and 
molecular findings. HiDAC intensification alone (four cycles using 
CALGB doses and schedule) is often considered the best treatment 
choice. For younger adults with intermediate-prognosis cytoge-
netic and molecular findings, reasonable choices include HiDAC 
consolidation alone (four cycles using CALGB doses and schedule), 
or allogeneic transplantation. For older patients with good perfor-
mance status and who have an available donor and meet age and 
health criteria, allogeneic transplantation should be considered, 
and a modified HiDAC regimen can be used for those without 
transplant options or opting not to pursue transplant. Because 
there is no post-remission chemotherapy regimen established 
as superior to others in older patients, participation in a clinical 
trial is recommended. For all patients who have adverse prognos-
tic features including, in particular, prognostically unfavorable 
karyotypes or molecular findings (see section “Prognosis”) and 
who have an available donor and meet age and health criteria, 
allogeneic hematopoietic SCT is the treatment of choice in first 
remission (see “Stem Cell Transplant” section).

In contrast to the approach in ALL, maintenance chemo-
therapy does not play an important role in AML. Randomized 
trials showed that maintenance therapy may prolong initial 
remissions,200,590 but has no benefit in improving the cure rate 
of AML.591,592 Moreover, maintenance chemotherapy appears 
unwarranted in AML if post-remission therapy is of adequate 
intensity.591,592 Novel approaches to maintenance therapy are 
being explored,495 but their ultimate benefit is unknown.
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FIGURE 75.13. Effect of different doses of cytarabine on disease-free survival, patients 
60 years of age or younger (A), and patients >60 years of age (B). Only patients who 
underwent randomization are included. The p values are for the differences among the three 
treatment groups. Median follow-up was 52 months. (With permission from Mayer R, Davis RB, 
Schiffer CA, et al. Intensive postremission chemotherapy in adults with acute myeloid leukemia. 
N Engl J M 1994;331:896–903.)

Novel agents
New agents with novel mechanisms of actions are being investi-
gated for the treatment of AML. Table 75.15 shows some of these 
agents with their chemical structures. Also see the section on 
“Other Nucleoside Analogs.”

Several pre-clinical and early-phase clinical trials have been 
conducted to test the potential antileukemic activity of novel 
agents that target molecular mutations, epigenetic gene silencing, 
and aberrant signal transduction. Targets include, but are not 
limited to, the FLT3-ITD mutation, the epigenome (DNA meth-
ylation and histone acetylation), kinases (Pim, aurora, RAS/RAF/
MAP), metabolic pathways (PI3K/AKT/mTOR), cellular reduction-
oxidation (redox) states, mitochondria and reactive oxygen spe-
cies, the WNT/b-catenin signaling pathway, Hedgehog signaling, 
TP53, angiogenesis, ubiquitin–proteasome pathways, cell surface 
farnesylation, and anti- and proapoptotic proteins such as MCL-1, 
BCL-2, and BAX.

DNA methylation may contribute to leukemogenesis by silenc-
ing tumor suppressor genes, and the DNA methyltransferase 
inhibitiors azacitidine and decitabine inhibit DNA methylation 
and have had activity in phase I–II trials in patients with AML as 
well as MDS, as do histone deacetylase inhibitors such as phenyl-
butyrate, valproic acid, depsipeptide, suberoylanilide hydroxamic 
acid (SAHA), and MS-275.593–598 DNA methyltransferase inhibi-
tors are being evaluated as initial therapy for AML in older 
adults.599,600–603

FLT3 Inhibitors
Because of the importance of FLT3-ITD resulting in constitutive 
FLT3 signaling as an adverse prognostic factor in AML, as outlined 

above, inhibitors of FLT3 signaling have been developed and are 
being tested in clinical trials in AML (Fig. 75.14). FLT3 inhibitors 
that have been tested include midostaurin,604 lestaurtinib,605 
sorafenib,606 sunitinib,607 tandutinib,608 and AC220.609 CEP-701 
(lestaurtinib) is an orally administered indolocarbazole derivative 
that is cytotoxic to AML blasts with FLT3-ITD in vitro610 and in 
vivo611 and has clinical activity in AML.612,613 It was tested in 
combination with chemotherapy, with the design of the combi-
nation regimen based on pre-clinical data,614 but unfortunately 
no clinical benefit was seen.605 Clinical trials of other agents are 
recently completed or in progress. Resistance to FLT3 inhibitors 
may occur by activation of other signaling pathways615 or by 
progressive up-regulation of FLT3 ligand.309 FLT3 inhibitors also 
have in vitro activity in AML without FLT3 mutations.613

Gemtuzumab Ozogamicin
In early studies in AML, unconjugated monoclonal antibodies 
targeting CD14, CD15, and CD33 produced low response rates 
(<10%).616,617 Consequently, investigators turned to conjugated 
antibody therapy, with CD33 being the best studied target, as it 
is present on AML cells in 90% of cases209 and is expressed on 
normal hematopoietic cells but not on normal hematopoietic stem 
cells. The best studied anti-CD33 antibody conjugate is gemtu-
zumab ozogamicin (Mylotarg), which uses a recombinant human-
ized anti-CD33 monoclonal antibody to deliver calicheamicin, an 
antibiotic that binds to the minor grooves of DNA, causing double-
strand breaks and apoptosis.618 Calicheamicin is a substrate for 
Pgp-mediated efflux.619

When two 9 mg/m2 gemtuzumab ozogamicin doses were given 
over 4 h 14 days apart to patients with CD33+ AML in untreated 
first relapse in phase II trials, the overall response rate was 
26%, including 13% CR, and 13% CRp.620,621 Response rates did 
not differ based on age or length of first remission. The median 
overall survival was 4.9 months for all patients and 12.6 months 
for responders. Severe myelosuppression was uniformly present, 
reflecting expression of CD33 on mature myeloid cells, but sepsis 
(17%) and pneumonia (8%) were relatively uncommon.621

Gemtuzumab ozogamicin was subsequently also tested as 
frontline therapy. A 33%/5% CR/CRp rate was seen in AML 
patients 61 to 75 years of age who were not candidates for 
standard chemotherapy, but toxicity was excessive in patients 
older than 75 years.622 In a randomized trial, the addition of 
gemtuzumab ozogamicin to different induction and consolidation 
chemotherapy regimens resulted in no difference in CR rate or 
survival,623 but survival benefit was demonstrated for patients 
with favorable-risk cytogenetic findings.

Gemtuzumab ozogamicin was approved by the United States 
Food and Drug Administration in May, 2000 under the accel-
erated approval regulations for the treatment of patients 60 
years of age or older with CD33-positive AML in first relapse. 
Post-marketing reports of fatal anaphylaxis, tumor lysis, adult 
respiratory distress syndrome (ARDS), and hepatic veno-occlusive 
disease (VOD) required labeling revisions and the initiation of a 
surveillance program.620 Tumor lysis and ARDS were primarily 
observed in patients with leukocyte counts above 30,000/ml. VOD 
was also observed.620,624

Under accelerated approval, additional clinical trials after 
approval are required to confirm the drug’s benefit. If those trials 
fail to confirm clinical benefit to patients, the FDA can withdraw 
the drug from the market. For gemtuzumab ozogamicin, a confir-
matory clinical trial was designed and begun in 2004 to determine 
whether adding gemtuzumab ozogamicin to standard chemother-
apy would improve survival of patients with AML. The trial was 
stopped early when no clinical benefit was observed, and after a 
greater number of deaths occurred in patients who received gem-
tuzumab ozogamicin compared with those who received chemo-
therapy alone. Gemtuzumab ozogamicin was withdrawn from the 
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Compound Chemical Structure Mechanism of Action
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taBLe 75.15
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Compound Chemical Structure Mechanism of Action
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O Cyclin-dependent kinase (Cdk) inhibitor
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O Immunomodulation, angiogenesis inhibition, tumor necrosis factor a antagonist

Lintuzumab Monoclonal antibody Monoclonal antibody against CD33
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NO Protein kinase C inhibitor, Flt-3 kinase inhibitor, cell cycle inhibitor
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mTOR inhibitor, angiogenesis inhibitor
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HN Flt-3 kinase inhibitor, RET tyrosine kinase inhibitor, B-raf kinase inhibitor, EGF 
receptor kinase, inhibitor, PDGF receptor kinase inhibitor, angiogenesis inhibitor
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Flt-3 kinase inhibitor, c-kit inhibitor, EGF receptor kinase inhibitor, PDGF receptor 
kinase inhibitor
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mTOR kinase inhibitor
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Flt-3 kinase inhibitor, c-kit inhibitor, PDGF receptor kinase inhibitor
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Farnesyltransferase inhibitor
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DNA Topoisomerase II inhibitor, DNA-dependent protein kinase inhibitor

Vorinostat (SAHA)
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Histone deacetylase inhibitor
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BCL2, laminin receptor 1 (LamR1), and telomerase reverse tran-
scriptase (hTERT).637 WT1 has been the target in recent promis-
ing clinical trials.638,639

therapy of acute Myeloid Leukemia  
in Older patients
Older patients with AML, usually defined as those 60 years of 
age and greater, have a worse outcome than younger patients.443 
Reasons include differences in performance status and co-
morbidities, but also in biology, including cytogenetics and other 
parameters associated with drug resistance.640 The biology of 
AML may differ in older patients, with the malignant cell originat-
ing in an earlier stem cell than in younger patients.217 Prior MDS 
and t-AML are more common. Unfavorable cytogenetic findings 
are more common in the elderly, whereas the favorable abnor-
malities are less common. Increased expression of the MDR1 
protein on AML blasts is more common in older patients.377,463 
In addition, older patients are more likely to have defects in the 
MSH2 protein which is involved in DNA repair and is associated 
with microsatellite instability and TP53 mutations.595

Although the overall prognosis of AML patients over 60 years 
of age is poor, CR rates approaching those of younger patients 
can be observed, so chemotherapy should not be withheld on 
the basis of age alone. Patients with favorable and intermediate 
karyotypes and with good performance status may respond well 
to chemotherapy,443 and CR rates with chemotherapy in older 
patients are usually in the 35% to 60% range. Unfortunately, 
however, median remission duration is less than one year in older 
patients regardless of post-remission chemotherapy regimen. 
Therefore, for older patients who achieve complete remission, 
reduced-intensity allogeneic hematopoietic stem cell transplanta-
tion should be strongly considered. In general, because of poor 
long-term DFS with chemotherapy (5% to 15%), it is important 
to discuss the poor prognosis with patients and families, to enroll 
patients on clinical trials, and to implement low-intensity thera-
pies for patients unlikely to benefit from intensive chemotherapy.

For older patients unlikely to benefit from chemotherapy 
because of disease- and/or patient-related factors, a number of 
novel agents and approaches are being pursued in clinical trials 
and as standard therapies. These currently include the DNA meth-
yltransferase inhibitors decitabine and azacitidine, the nucleoside 
analogs clofarabine and sapacitabine, the immunomodulatory 
agent lenalidomide, and the farnesyl transferase inhibitor tipi-
farnib. Some of these agents, such as the DNA methyltransferase 
inhibitors, may be administered in the outpatient setting.

In summary, for older AML patients, the critical decision is 
whether to administer intensive induction chemotherapy. This 
decision should not be solely based on age, but also on perfor-
mance status, co-morbidities, and AML risk profile including 
primarily cytogenetics.307,443 It has been shown to be feasible 
to wait for and use cytogenetic results in choosing initial treat-
ment for older AML patients.641 In older patients who achieve 
complete remission, the option of reduced-intensity allogeneic 
hematopoietic stem cell transplantation should be considered.642 
Older patients with poor performance status, advanced age, and 
unfavorable-risk AML should optimally be treated on clinical trials 
of novel therapies.

acute Myeloid Leukemia in pregnancy
Although development of AML during pregnancy is rare, occur-
ring in less than 1 in 10,000 pregnancies, it represents a major 
quandary in patient management.643–645 Transmission of leuke-
mia from mother to fetus is extremely unusual.646,647 Diagnosis 
of AML is less common in the first trimester than in the second 
or third trimesters, occurring in 14% in a series of 59 patients.648 
Teratogenic effects of chemotherapy are more common in the 

FIGURE 75.14. Signal transduction pathways downstream to FLT 3 and other tyrosine 
kinase receptors include Ras/Raf/MEK and PI3K/Akt. FT, farnesyl transferase. (See 
text for description of targets and inhibitors.) (Drawing by Tim Gilfilen, Medical Art Group, Vander-
bilt University.)

market in June, 2010. Nevertheless other subsequently published 
studies have shown benefit.625

Other Novel agents in acute Myeloid Leukemia
Lenalidomide has antiangiogenic effects and other effects on the 
marrow microenvironment, has been approved for MDS with 5q–, 
and is under investigation in AML.626,627 Angiogenesis is targeted 
by several other novel agents: SU5416 (Semaxinib) in an example 
of a small molecule receptor tyrosine kinase inhibitor directed at 
the vascular endothelial growth factor pathway; early trials with 
SU5416 indicate activity in AML.628 The anti-VEGF monoclonal 
antibody bevacizumab also has activity in AML.629 Bortezomib 
(Velcade) is a small molecule proteasome inhibitor that has activity 
in vitro in AML and is in clinical trials.630 Tipifarnib (Zarnestra) 
is an orally administered nonpeptidomimetic enzyme-specific 
inhibitor of farnesyl protein transferase, an enzyme that promotes 
RAS processing and transduction of proliferative signals.626,631 
Inhibitors of mammalian target of rapamycin (mTOR) signaling 
have activity in AML.632,633 Heat shock protein 90 (Hsp 90) is a 
molecular chaperone involved in signaling pathways for cellular 
proliferation and survival, and a small molecule inhibitor of Hsp 90, 
the benzoquinone antibiotic 17-allylamino-17-demethoxygeldana-
mycin (17-AAG), suppresses the chaperone function of Hsp 90.634

Immunotherapy
Immunotherapeutic interventions are being explored in the set-
ting of minimal residual disease following post-remission therapy 
in AML. Post-consolidation immunotherapy with interleukin-2 
and histamine dihydrochloride, both administered subcutane-
ously, significantly improved 3-year leukemia-free survival.635 In 
addition, diverse novel vaccines and vaccine strategies are being 
developed and are beginning to be tested clinically in AML.636,637 
The ideal vaccine strategy is to identify leukemia-associated 
antigens that are absent in hematopoietic stem cells or normal 
tissues and can elicit a cytotoxic T-cell response.637 The ability of 
AML blasts to differentiate into dendritic cells that can present 
target antigens is a method of vaccination under investigation.636 
Peptide vaccination trials in AML have targeted different epitopes 
of the Wilms’ tumor gene 1, the proteinase 3-derived epitope 
peptide, and the receptor for hyaluronic acid mediated motility 
(RHAMM/CD 168)-derived epitope R3. Other AMl targets include 
preferentially expressed antigen of melanoma (PRAME), G250/CA9, 
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first trimester and appear to be minimal in the second or third 
trimester.645,649,650 Options in the first trimester include thera-
peutic abortion and supportive therapy until the second trimester. 
Chemotherapy with intensive supportive care can result in a 
successful outcome for the fetus and the mother with leukemia 
in the second or third trimester644,645,650,651 usually without a 
need to terminate pregnancy. Fetuses exposed to antileukemia 
therapy in utero may have slight fetal growth retardation as well 
as transient myelosuppression if treatment is given near delivery, 
but generally have normal growth and development in child-
hood.652,653 The choice of induction chemotherapy is similar to 
that in nonpregnant patients. In addition to close monitoring of 
the mother and the fetus, delivery should optimally occur during 
a noncytopenic period.654

relapsed and refractory  
acute Myeloid Leukemia
Approximately half of younger patients and a large majority 
(>85%) of older patients will either not achieve a complete remis-
sion or will relapse. The percentage of patients who have refrac-
tory AML (i.e., never obtain a complete remission) is at least 20%, 
but varies depending upon age, cytogenetics, and other prognostic 
factors. The definition of refractory AML includes patients who 
do not achieve complete remission with induction chemotherapy, 
those with a short (less than 6 to 12 months) first complete 
remission and patients who have relapsed twice or more.655 
Prognostically relevant variables at first relapse include length of 
relapse-free interval after first complete remission, cytogenetics at 
diagnosis, age at relapse, and whether stem cell transplantation 
was performed previously.656 All patients with relapsed or refrac-
tory AML are candidates for clinical trials with novel therapies 
(see “Therapy” section).

AlloSCT is superior to chemotherapy for patients with relapsed 
or refractory disease, but many patients do not have a donor, or 
are too old or too ill for alloSCT (see “Stem Cell Transplantation” 
section). Although patients with a matched related donor can be 
offered an alloSCT in early relapse, there is an advantage and 
sometimes a necessity to receive additional chemotherapy to 
lessen the leukemia burden before a transplant, particularly if 
there is a delay in obtaining an alternative (i.e., unrelated) donor 
or if a nonmyeloablative approach is utilized (see “Stem Cell 
Transplantation” section). Autologous SCT is also an alternative 
for patients in second remission, but it is probably inferior to 
alloSCT and is not universally recommended.

Second remissions can be obtained in 30% to 80% of patients 
who had an initial first remission, are generally shorter in dura-
tion than first remissions, and are achieved more readily in 
patients with initial remissions longer than one year or with 
favorable cytogenetics.657–659 Second CR was achieved in 55% to 
60% of patients with initial CR > 1 year, compared to 33% to 46% 
with CR < 1 year.655, 658 Second CR was obtained in 80% to 88% 
of patients with favorable cytogenetics, 18% to 49% with interme-
diate, and 0% to 30% with poor risk.657,660

To date, there is no standard regimen for induction of a second 
CR. Dose escalation and use of noncross-resistant regimens have 
been helpful in inducing second remissions. Cytarabine has been 
used in doses ranging from 500 mg/m2 to 3 g/m2 every 12 to 24 h 
for 3 to 6 days, alone or in combination with other agents, includ-
ing anthracyclines, etoposide, clofarabine, fludarabine, gemtu-
zumab ozogamicin, irinotecan, l-asparaginase, mitoxantrone, 
and topotecan.661–671 HiDAC alone resulted in a CR rate of 40%, 
compared to 56% in patients receiving HiDAC with an anthracy-
cline,661 but two large randomized trials have not shown a benefit 
to adding a second agent to cytarabine.531,672

A liposomal formulation of ara-C and daunorubicin with 
specific molar ratio (CPX-351) has shown promising activity in 
in vitro and in vivo studies.673,674 Preliminary results from a 

randomized trial (n = 126) showed no significant differences 
in CR/CRi rates for CPX-351 compared to other salvage chemo-
therapy (51% vs. 41%), but there were 2 months overall survival 
advantage for AML patients with unfavorable prognostic risk 
disease who received CPX-351 compared to other therapies (6.6 
months vs. 4.2 months).

Reversal of drug resistance may be accomplished through 
the use of drugs that compete with chemotherapy agents for 
binding sites on p-glycoprotein. A randomized trial comparing 
cyclosporine A with chemotherapy versus chemotherapy alone in 
poor-risk AML favored the cyclosporine A arm;524 however, trials 
evaluating the cyclosporine D derivative PSC-833 (valspodar) and 
zosuquidar, a third-generation MDR modifier with less effect on 
pharmacokinetics of chemotherapy drugs, in initial therapy have 
been disappointing, as discussed above.521,522

The DNA methyltransferase inhibitors azacitidine and 
decitabine have been used for the treatment of relapsed or refrac-
tory AML with generation of anecdotal evidence to support their 
use in this setting.675,676,677

Single-agent clofarabine resulted in 30% CR rate in a phase 
2 single-arm clinical trial in patients with relapsed or refractory 
leukemias.553 A combination of clofarabine with ara-C gener-
ated a response rate of 38% in another single arm study.554 
A phase 3 prospective randomized trial (n = 320) in patients 
older than 55 years of age with relapsed/refractory AML com-
pared the combination of clofarabine plus ara-C (clofarabine 
at 40 mg/m2/day × 5 days, ara-C 1 g/m2/day × 5 days) versus 
ara-C alone.678 Overall survival as the primary endpoint was 
not different between the two arms (6.6 months for the combi-
nation vs. 6.4 months in the ara-C arm), but CR rate (41% for 
the combination vs. 16% for ara-C alone, P = 0.001) was higher 
with the combination regimen.

Novel molecules as single agents are warranted and have been 
commonly used in the context of phase I and II clinical trials in 
relapsed patients who have short first remissions or have failed 
an initial salvage regimen (see “Therapy” section).

steM cell tRAnsPlAntAtion
AML has replaced CML as the most common disease to be treated 
with alloSCT due to the success of tyrosine kinase inhibitors in 
treating CML. AlloSCT is thought to have excellent efficacy in 
treatment of AML due to both the effect of high-dose chemo-
therapy with or without whole body irradiation utilized in the 
conditioning regimen and the immunologic graft-versus-leukemia 
(GVL) effect.679 AlloSCT is associated with the lowest relapse 
rates and can be effective in chemotherapy-refractory acute leu-
kemia. Patient age, disease status, cytogenetics, prior therapy, 
co-morbidities, performance status, timing, and type of transplant 
determine its oucome.

AlloSCT is recommended for AML in second remission, but its 
benefit needs to be assessed against its risk for patients in first 
remission. Randomized trials in the 1990s comparing alloSCT to 
autoSCT and chemotherapy produced mixed results; there tended 
to be better disease-free survival with allogeneic SCT, but no 
improvement in overall survival680,681 (Figs. 75.15 and 75.16). 
Primary problems with alloSCT have been lack of suitable donors 
and a high early mortality caused by organ toxicity, infections, 
and graft-versus-host disease (GVHD).

The landscape of SCT is constantly changing (Chapters 104 
and 105), and overall survival after allografts is gradually improv-
ing.682–684 Major improvements in alloSCT have included: (1) high-
resolution DNA typing for HLA matching; (2) improved prevention 
and treatment of GVHD; (3) improved supportive care, including 
molecular monitoring of CMV and use of pre-emptive antiviral 
therapy and improved antifungal therapy; (4) the development 
of reduced-intensity (nonmyeloablative) conditioning regimens; 
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A  randomized trial comparing alloSCT to autoSCT in first CR, 
the EORTC-GIMEMA AML-10 trial, favored the allo (donor) arm 
over the auto (no donor) arm, but only in patients with poor-
risk cytogenetics.697 Other reports have favored autoSCT over 
alloSCT.698,699 In a retrospective comparison of autoSCT and 
matched unrelated donor (MUD) SCT, the 3-year survival prob-
abilities were: 57% ± 4 versus 44% ± 7 (P = 0.002) in CR1 and 
46% ± 7 versus 33% ± 5 in CR2 (P = 0.006).699 However, cytoge-
netic data were unavailable for most patients and it is likely that 
alloSCT would have had better outcomes than autoSCT in patients 
with poor-risk cytogenetics. Due to a leukemia-free stem cell 
source and a lower relapse rate, alloSCT from a matched related 
donor (MRD) tends to be preferred over autoSCT.

Transplant in first CR is generally not recommended for 
patients with favorable-risk cytogenetics, including t(8;21) and 
inv(16), but gene mutations may identify patients with good-risk 
cytogenetics who are unlikely to be cured by chemotherapy and 
should be considered for early transplantation. KIT mutations 
are associated with an inferior survival for favorable-risk core-
binding factor AML.364,365,366

FLT3 mutations, particularly of the internal tandem dupli-
cation (ITD) type, are the most important adverse prognostic 
factor in cytogenetically normal AML. A retrospective, single-
institution study suggested that performing alloSCT in early first 
complete remission could improve long-term outcomes for FLT3/
ITD AML,700 with 4 years overall survival for the 31 FLT3/ITD 
patients comparable to the 102 patients with WT FLT3. Patients 
with normal karyotype and FLT3 mutations also appear to benefit 
from autoSCT.701 In addition, patients with a normal karyotype 
who had NPM-1 mutations and did not have FLT3-ITD did not 

FIGURE 75.15. Impact of different post-remission therapies on survival. A: Disease-
free survival (DFS). Allogeneic bone marrow transplantation (BMT) has the best DFS, versus 
randomization between autologous BMT and (p = 0.05). B: Overall survival (OS): There were 
no differences in OS among the three. (With permission from Zittoun RA, Mandelli F, Willemze 
R, et al. Autologous or allogeneic bone marrow transplantation compared with intensive chemo-
therapy in acute myelogenous leukemia. N Engl J Med 1995;332:217–223.)

and (5) the use of co-morbidity indices to predict prognosis and 
to select patients and type of transplant.685–687 The donor pool 
is expanding with the increased availability of unrelated donors 
and umbilical cord transplants in adults and with innovative 
immunosuppression to allow HLA-mismatched donors.688–691 
The HLA-haploidentical 2 or 3-loci mismatched related donor is 
an important and viable alternative stem cell source for patients 
who do not have matched donors, and it has been used in many 
transplant centers with outcomes that appear not to be inferior to 
transplantation from matched unrelated donors.692

Age is no longer an absolute contraindication to alloSCT 
with the use of nonmyeloablative conditioning regimens 
(Fig.  75.17),685 which allow older patients and those with co-
morbid illnesses to undergo alloSCT with low early mortality, 
albeit with a higher relapse rate. Because nonmyeloablative SCT 
has less antileukemic effect, it relies on the graft-versus-leukemia 
(GVL) effect. Transplant-related mortality with nonmyeloablative 
conditioning regimens is reduced to the 10% to 20% range, but 
the relapse rates of 30% to 65% are higher than for myeloabla-
tive SCT. Overall survival appears to be equivalent following 
reduced-intensity and myeloablative conditioning regimens in 
patients in remission or with low tumor burden.693,694 The 
3-year DFS for AML utilizing reduced intensity conditioning has 
been 30% to 66%.695

AutoSCT is associated with lower transplant-related mortality 
than alloSCT, but with higher relapse rates. In vitro purging with 
cyclophosphamide derivatives or by positive stem cell selection 
has been associated with a lower relapse rate, but the role of 
purging remains controversial because it can delay engraftment 
and it has not been validated in a large randomized trial.696 

FIGURE 75.16. A: Disease-free survival according to post-remission therapy was 
not statistically significant at 4 years: autologous bone marrow transplantation 
 (autoBMT), 35 6 9%; allogeneic bone marrow transplantation (alloBMT), 43 6 10%; 
high-dose cytarabine, 35 6 9%. B: Overall survival at 4 years was better for high-dose 
cytarabine, 52 ± 9%, than for either alloBMT, 46 ± 10% (p = 0.04) or auto BMT, 43 ± 9%  
(p = 0.05). (With permission from Cassileth PA, Harrington DP, Appelbaum FR, et  al. 
 Chemotherapy compared with autologous or allogeneic bone marrow transplantation in the 
 management of acute myeloid leukemia in first remission. N Engl J Med 1998;339:1649–1656.)
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FIGURE 75.17. Diagram showing intensity of different regimens. The horizontal axis 
indicates the degree of immunoablation, and the vertical axis that of myeloablation. ATG, anti-
thymocyte globulin; Bu, busulfan; CY, cyclophosphamide; Flu, fludarabine; MAST, myeloablative 
SCT; Mel, melphalan; MIST, minimal-intensity SCT; MOST, moderate-intensity SCT; RIC, reduced-
intensity stem cell transplantation (SCT); TBI, total-body irradiation. (Adapted from Kassim AA, 
Chinratanalab W, Ferrara JLM, Mineishi S. Reduced-intensity allogeneic hematopoietic stem 
cell transplantation for acute leukemias: “what is the best recipe?” Bone Marrow Transplant 
2005;36:565–574.)

FIGURE 75.18. Overall survival benefit of allogeneic SCT for AML in first complete remission. Black rectangles indicate summary effects estimates (hazard 
ratios [HRs]) for individual study reports. Sizes of data markers are proportional to the study weights. Error bars indicate 95% confidence intervals (CIs). AML indicates 
acute myeloid leukemia. (From Koreth J, Schlenk R, Kopecky KJ, Honda S, Sierra J, Djulbegovic BJ, Wadleigh M, DeAngelo DJ, Stone RM, Sakamaki H, Appelbaum 
FR, Döhner H, Antin JH, Soiffer RJ, Cutler C. Allogeneic stem cell transplantation for acute myeloid leukemia in first complete remission: systematic review and meta-
analysis of prospective clinical trials. JAMA 2009;301(22):2349–2361.)

benefit from alloSCT, whereas those with other combinations of 
the mutations did benefit in a retrospective evaluation.45

The role of SCT in the treatment of AML has been investigated 
in several prospective clinical trials.680,681,697,702–704 In four major 
prospective trials, involving approximately 2,700 AML patients in 
first CR, only 71% of eligible patients received alloSCT, and only 
47% of the remainder were randomized.702 Intent-to-treat analy-
ses comparing survival between donor versus no-donor are rec-
ommended to assess the impact of alloSCT in prospective trials. In 
three large prospective trials, EORTC-GIMEMA favored the donor 
arm for poor-risk cytogenetics, the MRC 10 favored the donor arm 
for intermediate-risk cytogenetics, and the HOVON-SAKK favored 
the donor arm for both risk groups.697,702,704 A systematic review 
and meta-analysis of clinical trials involving more than 3,500 
patients with AML in first complete remission including prospec-
tive biologic assignment reported a significant survival advantage 
of alloSCT compared to non-alloSCT in the treatment of AML 
patients with intermediate and unfavorable cytogenetics, but not 
with favorable cytogenetics (Fig. 75.18).705

Although there is general agreement that alloSCT offers the 
best option for preventing relapse in patients with AML with 
intermediate- or poor-risk cytogenetics, its overall impact on 
survival and the optimal timing and method of SCT (related vs. 
unrelated; myeloablative vs. reduced intensity) remain unresolved 
issues. In most trials utilizing alloSCT in first CR for patients 
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without favorable cytogenetics, 5-year DFS is 45% to 75% using 
an MRD.706,707 There has been a significant decline in transplant-
related mortality to less than 10% for patients in first CR in some 
reports due to a decrease in deaths from GVHD, infections, and 
organ toxicity; this decline in transplant-related mortality has led 
to improved survival in first remission patients but not in patients 
in relapse or second remission708 (Fig. 75.19).

Despite improvements in HLA matching and supportive care, 
results of transplants from unrelated donors are usually infe-
rior to those from matched siblings in first CR.709 In contrast, 
recent reports have indicated equivalent survival for sibling and 
unrelated transplants for AML, particularly for patients in early 
relapse or second CR, for whom DFS is in the 20% to 40% range 
(Fig. 75.20).710 Fortunately approximately one third of patients 
who fail induction therapy but achieve remission with subsequent 
therapy and proceed to alloSCT can have prolonged DFS.711 For 
patients with refractory or advanced AML, the salvage rate is 5% 
to 30%.478,712

Patients with acute GVHD (grades II–IV) or chronic GVHD 
and patients transplanted from unrelated donors have had lower 
relapse rates than patients without GVHD or transplanted from 
matched related donors, respectively.713 However, GVHD and 
the therapy of GVHD can be debilitating or fatal, especially for 
the older patient. There are ongoing trials with different nonmy-
eloablative regimens and different immunosuppressive agents to 
control GVHD without losing GVL.714,715

FutuRe diRections
Further studies will identify and characterize additional gene 
mutations, epigenetic changes, patterns of microRNA expression, 
and aberrant signal transduction that will serve to further refine 
prognostic subsets and provide new therapeutic targets. Refined 
approaches to transplantation will increase its safety and efficacy, 

FIGURE 75.19. Probability of survival in adults (age ≥18 years) after HLA-identical sibling transplants for AML, 2000–2009, by disease  status. (From 
the Center for International Blood and Marrow Transplant Research (CIBMTR), Pasquini MC, Wang Z. Current use and outcome of hematopoietic stem cell 
 transplantation: CIBMTR Summary Slides, 2010. Available at: http://www.cibmtr.org.)

and its applicability in older patients, who are in great need of 
more effective therapies to prolong disease-free and overall sur-
vival. Novel immunotherapeutic approaches may also favorably 
affect outcomes in the future. The detection of residual disease is 
an ongoing area of study that should come into increasing use in 
the management of AML, and measurable minimal residual dis-
ease may serve as a target for innovative therapies.
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ACUTE LYMPHOBLASTIC LEUKEMIA IN CHILDREN
Elizabeth A. Raetz, Mignon Lee-Chuen Loh, Maureen M. O’Brien, James A. Whitlock

C H A P T E R  7 6

Acute lymphoblastic leukemia (ALL) is the most common child-
hood malignancy, accounting for approximately 20% of all cancers 
and 75% of all leukemias among patients younger than 20 years 
of age.1 Approximately 2,500 to 3,500 new cases of ALL are 
diagnosed in children each year in the United States with an inci-
dence of 31.9 cases per one million person-years. Although most 
patients are younger than 5 years old, ALL occurs in an age-, gen-
der-, ethnically, and socioeconomically diverse population.

Both in the clinic and in the laboratory, the vast heterogeneity of 
ALL is apparent. Patients may present with greater disease burden 
with symptoms of leukemic proliferation demonstrated, for exam-
ple, by bone pain, lymphadenopathy, respiratory distress from a 
mediastinal mass, or abdominal discomfort secondary to organo-
megaly, or with no evident disease burden after a more insidious 
onset of symptoms related to marrow failure, such as, fatigue 
from anemia, fever from neutropenia, and bruising or bleeding 
from thrombocytopenia. Although most cases may be classified 
as B-precursor or T-cell ALL, great diversity is seen in the various 
combinations of B-, T-, and myeloid-associated membrane mark-
ers expressed by leukemia cells. Great diversity is also seen in the 
broad array of known cytogenetic and molecular abnormalities.2,3 

ALL remained a fatal childhood disease until effective pre-
symptomatic central nervous system (CNS) therapy was developed 
in the 1960s. Although combination chemotherapy provided 
frequent remissions (disappearance of microscopically detectable 
leukemia in the bone marrow with recovery of adequate marrow 
function), the subsequent appearance of leukemia cells in the 
CNS was common, and marrow relapse followed despite further 
treatment. 

Over the following decades, better postinduction intensifica-
tion has improved the 5-year event-free survival (EFS) from 
50% to nearly 90% for children younger than 15 years of age 
(Fig. 76.1) and allowed replacement of craniospinal radiation for 
most patients with intrathecal therapy.4,5 Unlike other childhood 

cancers for which curative therapy is available, outcomes are 
best with prolonged treatment extending 2 to 3 years or more. 
Treatment is tailored to risk of relapse; patients at higher risk 
of relapse, as defined by specific clinical and biologic features, 
receive more aggressive treatment, whereas patients at lower risk 
of relapse obtain excellent outcomes with less morbid treatment. 
Initial response to induction therapy, assessed by multiparameter 
flow cytometry or PCR-based technology, now supplements pre-
senting clinical features and cytogenetics for treatment allocation. 
Despite continued improvements in prognostication, treatment 
remains the most important prognostic factor. 

Because the incidence of ALL is higher than other childhood 
cancers, the incidence of relapsed ALL is similar to the incidence 
of newly diagnosed pediatric cancers such as acute myeloid 
leukemia (AML) and Hodgkin lymphoma despite excellent initial 
cure rates. Outcomes after relapse, particularly marrow relapse, 
remain poor despite substantial success in inducing remission 
and the increasing application of allogeneic hematopoietic stem 
cell transplantation (HSCT). The majority of patients who relapse 
will ultimately die of their leukemia. 

The diagnosis and characterization of ALL are discussed 
in Chapter 73. Cytogenetics are discussed in Chapter 3 and 
molecular genetics are discussed in Chapter 72. This chapter 
is concerned with the clinical characteristics, treatment, and 
late sequelae of childhood ALL. Therapy of Burkitt leukemia is 
addressed in Chapter 89. 

PRESENTING CLINICAL FEATURES
Although it affects all age groups, the highest incidence of 
B-precursor ALL in children is between the ages of 1 and 5 years, 
with a peak incidence between 3 and 4 years (Fig. 76.2) where 
favorable cytogenetic patterns such as trisomies (trisomy 4 and 10) 

FIGURE 76.1. Five-year relative survival rates by year of diagnosis for acute lymphoblastic leukemia (ALL) (all races, both sexes, age <20 years, 
1975 to 2004, SEER Cancer Statistics).
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and translocation t(12;21) are most common.6 This early 
peak is not seen in African Americans, and as a result, ALL 
is more common in children of Caucasian descent.7 Children 
of Hispanic ethnicity have the highest incidence of ALL, and 
emerging data suggest that genetic polymorphisms may con-
tribute to both the increased risk of ALL for Hispanic children 
as well as inferior outcomes.8 Overall, ALL is slightly more 
common in males compared to females (1.3:1 ratio). Patients 
with T-cell ALL tend to be older (median age 9 years) and more 
commonly are male (75%).9 

Symptoms and signs are a consequence of bone marrow 
failure or the infiltration of medullary or extramedullary sites by 
leukemia (Table 76.1). The onset of symptoms may be insidious 
and slowly progressive over weeks to months, or acute and explo-
sive. In general, the more indolent the onset of symptoms, the 
better the outcome.10 Fatigue, lethargy, persistent fever, bruis-
ing or bleeding, and bone pain are the most common presenting 
complaints. Fatigue and lethargy correlate with the severity of 
anemia. No infectious basis for fever is found in many cases, espe-
cially if the neutrophil count exceeds 0.2 × 109/L, but infection 

FIGURE 76.2. Age-specific incidence rates of ALL according to race and gender (SEER Cancer Statistics, 2000 to 2009).

Clinical Features Percentage Laboratory Features Percentage

Symptoms — White blood cells —
(×109/L)

 Fatigue 92 <10 40
 Bone or joint pain 79 10–49 34
  Fever without  

 infection
71 50–99 15

 Weight loss 66 ≥100 11
 Abnormal masses 62 Neutrophils —

(×109/L)
 Purpura 51 <1 73
 Other hemorrhage 27 1–2  9
 Infection 17 >2 18

Physical findings — Packed cell volume (L/L) —
 Splenomegaly 86 <30 65
 Lymphadenopathy 76 >30 35
 Hepatomegaly 74 Platelets (×109/L) —
 Sternal tenderness 69 <50 62
 Purpura 50 50–150 30
 Fundic hemorrhage 14 >150  8

From Boggs DR, Wintrobe MM, Cartwright GE. The acute leukemias. Medicine 1962;41:163.

FREQUENCY OF CLINICAL AND LABORATORY FINDINGS AT DIAGNOSIS IN  
178 CHILDREN AND ADULTS WITH ACUTE LYMPHOBLASTIC LEUKEMIA

TABLE 76.1
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must be presumed and treated with broad-spectrum parenteral 
antibiotics.11 Fever usually resolves promptly after the institution 
of antibiotics and chemotherapy.12 Thrombocytopenia may cause 
bruising and bleeding. Approximately 2% of children present with 
marrow findings consistent with aplastic anemia, followed by 
overt leukemia within weeks to months.13 

Bone pain is a frequent complaint and may result from mar-
row expansion, bone erosion, or leukemic involvement of the 
periosteum. Young children, in particular, may present with gait 
disturbances or a refusal to walk. Vertebral compression fractures 
may complicate generalized osteoporosis, leading to back pain. 
Prominent skeletal symptoms occur primarily in children with 
no lymphadenopathy, organomegaly, or leukocytosis, and as a 
result, the diagnosis of leukemia often is delayed.14–16 Less com-
monly, bone pain is caused by recurring episodes of bone mar-
row necrosis.17–19 Marrow necrosis is also typically associated 
with a small leukemic burden and an aleukemic blood picture. In 
approximately 5% of patients with ALL, bone or joint pain may 
be the only presenting symptoms and patients may be referred 
for rheumatology evaluation for concern of juvenile rheumatoid 
arthritis (JRA). Diagnosis in these patients may be delayed, and 
differentiation of ALL from JRA is critical to avoid pretreatment 
with corticosteroids which might have a negative impact on sub-
sequent diagnosis and risk stratification.20 

Physical findings may include pallor, petechiae or purpura, 
mucous membrane bleeding, and fever. Extramedullary leukemic 
spread may be manifest by lymphadenopathy which is present in 
approximately 50% of patients, as well as splenomegaly and hepa-
tomegaly which are frequently noted on imaging or examination 
but rarely cause symptoms.21 Skin involvement is rare; when it 
occurs, it presents as cutaneous nodules and is associated with a 
pre-B–cell phenotype.22 

Approximately 60% of patients with acute T lymphoblastic leu-
kemia (T-ALL) have enlarged anterior mediastinal lymphadenop-
athy at the time of diagnosis, which is rarely seen in children with 
B-precursor ALL. The presence of mediastinal mass at diagnosis 
does not have prognostic significance.23 The mediastinal mass 
may be asymptomatic and detected only on chest x-ray, or may 
cause cough and dyspnea, particularly on lying flat, or with facial 
swelling and plethora due to vascular compression with supe-
rior vena cava syndrome. Identification of clinically significant 
mediastinal adenopathy is critical prior to sedation for diagnostic 
procedures such as bone marrow aspiration. 

Microscopic leukemic infiltration of the testes in males is com-
mon at presentation and requires no specific treatment. Testicular 
biopsy is discouraged at presentation as a routine part of staging, 
as it is likely to be positive, even in patients with a normal tes-
ticular examination. Overt testicular involvement with leukemia 
(2% to 3% of patients) presents as painlessly enlarged or irregular 
testes, and carries no adverse prognosis in the modern treatment 
era when treated with appropriately intense therapy.24,25

CNS involvement by leukemia occurs in approximately 2% 
to 3% of patients at diagnosis and is more common in patients 
with T-ALL. Most patients with CNS involvement are asymptom-
atic and only diagnosed by lumbar puncture. Rarely, symptoms 
include headaches, vomiting, or cranial nerve palsies.26

PRESENTING LABORATORY AND 
RADIOGRAPHIC FEATURES
The white blood cell (WBC) count is elevated in 60% of patients 
(see Table 76.1). Neutropenia is frequent. Although leukemic blasts 
are obvious in smears of patients with high WBC counts, they may 
be absent or found only after thorough review of blood smears 
from patients with decreased leukocyte counts. A WBC count in 
excess of 50 × 109/L is frequently associated with prominent 

lymphadenopathy, hepatosplenomegaly, and T-cell immunophe-
notype. A WBC count in excess of 200 × 109/L is termed hyper-
leukocytosis. Unlike the situation in AML, hyperleukocytosis rarely 
is complicated by intracerebral hemorrhages or pulmonary insuf-
ficiency.27 Although thrombocytopenia is common, patients with 
ALL do not present with isolated thrombocytopenia without other 
abnormal laboratory tests and/or physical findings.28 

A large leukemic cell burden with a high rate of cell turnover 
may produce tumor lysis syndrome, that is, multiple metabolic 
disturbances, the most prominent of which is elevation of the 
serum uric acid level, which in turn may lead to urate nephropa-
thy. Acute renal failure resulting from urate nephropathy may 
rarely be a presenting feature, but more commonly follows 
initiation of antileukemic treatment.29 Kidney function may 
be further diminished by leukemic infiltration of the kidney or 
extrarenal obstruction by enlarged lymph nodes. Increased cell 
destruction causes hyperphosphatemia and secondary hypocal-
cemia, which may lead to the precipitation of calcium phosphate 
in renal tubules and consequent acute renal failure, and hyper-
kalemia, leading in turn to cardiac arrhythmias or asystole.30,31 
The availability of recombinant uricase, which breaks down 
uric acid, has improved the treatment of tumor lysis syndrome. 
The management of these metabolic complications is discussed 
in Chapter 69. Serum levels of lactic dehydrogenase (LDH) are 
increased because of an increased turnover of leukemic cells, 
but have no physiologic consequences and need not be repeti-
tively monitored. 

Although occurring less frequently than in AML, coagulopathies 
may lead to either hemorrhagic or thrombotic complications.32 
Most often coagulopathy follows asparaginase administration and 
thrombosis is believed mediated by acquired antithrombin  III 
deficiency leading to increased thrombin generation.33,34 The 
data for attempts to prevent thromboses with administration of 
antithrombin III concentrates remain less than compelling. 

Radiographic examination of the chest demonstrates an ante-
rior mediastinal mass in 5% to 10% of newly diagnosed patients 
with ALL, most commonly in patients with T-cell disease. The 
thymic mass may be associated with pleural effusions, which are 
frequently malignant and yield diagnostic cells upon thoracente-
sis. A large mediastinal mass represents a medical emergency, 
requiring careful monitoring and prompt initiation of chemo-
therapy, and complicating routine sedation or anesthesia. Skeletal 
lesions can be radiographically demonstrated in more than 50% 
of patients.35 The most common abnormalities include transverse 
metaphysical radiolucent lines adjacent to the zone of provisional 
calcification at the end of long bones, generalized rarefaction of 
bones, cortical and trabecular osteolytic lesions, and periosteal 
new bone formation. 

Bone marrow aspiration is the standard method of establish-
ing a diagnosis, and provides cells for morphologic, histochemi-
cal, immunophenotypic, cytogenetic, and molecular analysis. In 
bone marrow aspiration, careful attention is provided toward 
minimizing pain and fear for the patient and family, with the 
routine utilization of conscious sedation or general anesthesia. 
In ALL, the marrow is typically hypercellular with replacement 
of fat spaces and normal marrow elements by leukemic cells. 
In contrast to AML, residual myeloid and erythroid precursors 
appear morphologically normal. Megakaryocytes are decreased 
or absent. Bone marrow lymphoblasts are more homogeneous 
with respect to both morphologic and biologic characteristics than 
those in the blood. When marrow aspiration is unsuccessful due 
to increased cell density, a biopsy should be performed. As other 
diagnostic modalities such as flow cytometry can replace mar-
row morphology, examination of peripheral blasts, when present 
in sufficient quantity, may replace marrow aspiration or biopsy 
when aspiration is unsuccessful or clinically risky. 

Lumbar puncture provides evidence of overt CNS involve-
ment in approximately 3% of children with ALL at diagnosis. 
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accurate comparisons of outcomes difficult, if not impossible. To 
overcome this obstacle, an international workshop held in Rome 
in 198536 and a subsequent consensus workshop, sponsored by 
the United States National Cancer Institute in 1993, led to the 
development of common risk-based criteria.40 In 1993, the NCI-
Rome risk criteria were agreed upon by leaders among the major 
clinical consortia in an attempt to analyze different datasets using 
two of the most powerful predictors of outcome across all studies 
for B-lineage ALL: age and presenting WBC count at diagnosis. 
The standard-risk group (NCI-SR) includes those patients with 
B-precursor ALL ages 1 to 9 years with a WBC count less than 
50 × 109/L. In 1995, NCI-SR patients were estimated to have EFS 
rates of approximately 80% and the remaining high-risk (NCI-HR) 
patients were estimated to have EFS of approximately 65%.

In the current era, approximately 85% of children with ALL 
will present with B-lineage disease and the remainder will pres-
ent with T-lineage ALL. Two thirds of patients with B-lineage 
ALL present with NCI-SR features. Notably, the constellation 
of age and WBC count cannot reliably be used to predict out-
come for patients with T-cell ALL, likely reflecting the differ-
ent genomic and subsequent biochemical landscape of these 
malignancies. However, the unique biologic features of T-cell 
disease, the failure of prognostic factors effective in precur-
sor B-cell ALL to predict outcome in T-cell ALL,41 the differing 
patterns of MRD between B- and T-lineage disease,42 and the 
advent of T-cell-specific therapies43,44 all argue for the separate 
stratification of T-cell ALL in classification and treatment, an 
approach that has been adopted by many cooperative childhood 
leukemia groups. 

In addition, genomic factors appear to be increasingly relevant 
for older adolescents and young adults with B-lineage ALL, and 
recent discoveries may affect not only prognosis but therapy. 
Finally, for patients less than 1 year of age with B-lineage ALL, the 
most important adverse prognostic factor remains the presence 
or absence of a rearrangement (not deletion) in the mixed lineage 
leukemia (MLL) gene, which is most commonly seen in infants less 
than 3 months of age. 

Cytocentrifugation (cytospin) of cerebrospinal fluid (CSF) enhances 
diagnostic sensitivity by concentrating low numbers of cells. 
Involvement is classified as CNS 1 (no blasts on cytospin), CNS 2 
(blasts on cytospin but CSF WBC < 5 cells/ml), and CNS 3 ( blasts 
on cytospin with WBC ≥ 5 cells/ml).36,37 Recent reports suggest 
adverse significance for CNS 2 status or a traumatic initial lumbar 
puncture with blasts in some series.37,38 As a result, it is recom-
mended that the platelet count be elevated to >100 × 109/L by 
transfusion prior to the diagnostic lumbar puncture to minimize 
risk of a traumatic tap, and that the procedure be performed by 
the most highly skilled practitioner with the patient under general 
anesthesia. Cranial nerve findings in the absence of CSF blasts are 
highly suggestive of CNS leukemia.

RISK STRATIFICATION
As therapy remains the single most important factor to influ-
ence outcome, the relative prognostic significance of character-
istics at diagnosis (Table 76.2) varies for the different treatment 
strategies delivered by national and international investigators. 
Consequently, evolving combinations of clinical, laboratory, and 
response variables have been used to guide therapeutic intensity 
over the years by those who conduct clinical trials for childhood 
ALL, overall with increasingly successful results. Indeed, the 
Children’s Oncology Group (COG) recently reported that sequen-
tial outcomes of over 21,000 patients (age 0 to 22 years) enrolled 
on COG trials between 1990 and 2005 culminated in survival 
rates of 90.4% for those children treated between 2000 and 2005 
(Fig. 76.3).5 Concomitantly, studies conducted on long-term survi-
vors of childhood cancer reveal that up to 62% of patients suffer 
from at least one chronic condition and 27% suffer from a grade 3 
or 4 condition.39 The goal of modern risk stratification, then, is to 
cure patients while minimizing acute and late toxicity, otherwise 
known as maximizing the therapeutic benefit.

Differences among the risk classification criteria used to deliver 
varied intensities of therapy by disparate groups have made 

Determinants Favorable Unfavorable

White blood cell counts <10 × 109/L >200 × 109/L

Age 1–10 y <1, >10 y

Gender Female Male

Node, liver, spleen enlargement Absent Massive

Testicular enlargement Absent Present

Central nervous system leukemia Absent Overt (blasts + pleocytosis)

FAB morphologic features L1 L2

Immunophenotype Pre-B or T Early T-cell precursor

Ploidy Hyperdiploidy>50 Hypodiploidy <44

Genetic markers (examples)
B lineage Trisomies 4 and 10

t(12;21) (p13;q22) (ETV6-RUNX1)
iAMP 21
IKZF1 deletions/mutations
t(4;11) (q21;q23) (MLL-AFF1)

T lineage t(1;14) (p32;q11) (TAL1-TRD@)
t(10;14) (q24;q11) (TLX1-TRA@/TRD@)
t(11;14) (p15;q11) (LMO2-TRA@/TRD@)
t(11;19) (q23;p13) (MLL-ENL)

t(10;11) (p13;q14) (PICALM-MLLT10)
t(5;14) (q35;q32) (TLX3-BCL11B)
t(7;7) or inv7 (p15q34) (HOXA-TRB@)

Time to remission <8 d >28 d

Minimal residual disease  
 (day 28–56)

<10−4 >10−4

PROGNOSTIC FACTORS IN ACUTE LYMPHOBLASTIC LEUKEMIA

TABLE 76.2
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hypodiploidy. However, in these cases, one clue may be the reten-
tion of two or four copies of chromosome 21, as this chromosome 
is never lost in a true hypodiploid genome. Experienced cytoge-
netic review can aid in the identification of these cases. Recent 
discoveries in the molecular genetics of hypodiploid ALL reveal a 
high frequency of genes regulating the RAS pathway (NF1, NRAS, 
KRAS, PTPN11, FLT3, and PAG1), IKZF3 (encoding the lymphoid 
transcription factor), and a histone gene cluster at 6p22 in near 
haploid ALL (<32 chromosomes), and a similarly high proportion 
of TP53, RB, and IKZF2 mutations in low hypodiploid ALL (32 to 39 
chromosomes).52 Currently, although no specific targeted agents 
are known directly to inhibit the various perturbed pathways listed 
above, additional work is being performed in preclinical models in 
order to further identify optimal therapeutic strategies. 

Intrachromosomal amplification of a region on chromosome 21 
has also been associated with poor prognosis by several groups, 
with EFS rates below 60%.48,49,50 The detection of iAMP21 is rela-
tively easy to distinguish using fluorescence-in-situ hybridization 
assays which are frequently performed to detect the ETV6/RUNX1 
fusion gene. In these cases, not only is the favorable ETV6/RUNX1 
fusion absent, but ≥5 RUNX1 (4 or more on a derivative chromo-
some) signals are present, signifying this amplification. 

Although the poor outcomes of infants harboring MLL trans-
locations have long been established,53 the outcomes for older 
patients have been controversial. Recent data from the COG on 
the outcomes of 155 patients older than 1 year (2.2% of the entire 
population studied) reveal that the majority of these patients 
present with NCI-HR features (4.3% of NCI-HR vs. 1.1% of NCI-SR 
patients). More than half of the MLL rearrangements were t(4;11), 
and the majority of the remainder were t(11;17) (16%), t:3;11) 
or t(11;19)(13% each). Although MLL-rearranged patients did 
poorly overall compared with non-MLL–rearranged patients, the 
presence of an MLL rearrangement was not statistically signifi-
cant in a multivariable model. Instead, among MLL-rearranged 
patients who had a rapid response to induction therapy, EFS rates 
approached 81.1%, considerably better than anticipated. It should 
be noted, however, that in these clinical trials (AALL0331 and 
AALL0232), patients with MLL rearrangements were treated with 
maximally intensive augmented BFM therapy, thus illustrating the 
concept of “treating” away adverse prognostic factors. 

Likewise, several leukemic blast genetic factors have been 
shown to be strong predictors of favorable outcomes among 
many consortia, including the ETV6/RUNX1 (formerly TEL/AML1) 
translocation and the presence of trisomy 4 and 10. Fortunately, 
these are some of the most common genetic features that occur 
in childhood ALL, with ETV6/RUNX1 occurring in approximately 

The successful intensification of therapy for high-risk ALL has 
weakened the power of many historically used adverse predictive 
factors (Fig. 76.4). Although the NCI-Rome criteria represented 
a major advance in risk classification of childhood ALL, these 
criteria did not adequately take into account more current bio-
logic features, such as molecular genetic alterations, that likely 
contribute to the age and presenting WBC count. In addition other 
powerful predictors of outcome include early response to therapy, 
as measured by either flow cytometric or polymerase chain reac-
tion methodologies to detect minimal residual disease (MRD). In 
particular, the strongest predictor of outcome for B-lineage dis-
ease across all studies in multivariable analyses is the presence or 
absence of MRD at the end of the first or second phase of therapy. 
Indeed, many of the large international consortia have devised 
complex algorithms to direct therapy, the separate components 
of which will be presented and then reintegrated into current risk 
stratification schemes used by the major consortia groups.

Molecular Genetic Alterations Contributing to 
Modern Risk Stratification
The prognostic significance of various genetic features of leukemic 
blasts has long been known (Fig. 76.5). In particular, very high 
risk features for relapse include the presence of the BCR/ABL, or 
Philadelphia chromosome (3% of B-lineage patients), extreme hypo-
diploidy (less than 44 chromosomes or a DNA index of less than 
0.81; 3% of B-lineage patients), and intrachromosomal amplifica-
tion of 21 (iAMP21; 1% to 3% of B-lineage patients).45,46,47,48,49,50 
Recent analyses of 610 patients with Ph-positive ALL who did 
not receive tyrosine kinase inhibitor (TKI) therapy and who were 
treated between 1995 and 2005 revealed improved 7-year overall 
survival in contrast to those who were treated between 1986 and 
1996 (OS 44.9 ± 2.2% vs. 36.0 ± 2.0%, P = 0.017).46 Therapeutic 
benefit was seen with the use of maximally intensive, myeloabla-
tive HSCT. However, the addition of continuous imatinib, a TKI to 
the backbone of dose-intensive chemotherapy in COG AALL0031 
demonstrated for the first time that adding a targeted agent could 
provide a survival benefit for a disease that was otherwise only 
optimally treated using HSCT.45,51 (See Philadelphia chromosome-
positive ALL in “Unique Patient Subgroups.”)

Similar improvements in outcome have not been established 
for patients diagnosed with hypodiploid ALL. Identified through 
either characteristic karyotype findings or DNA indices, rare cases 
of near-haploid ALL may escape detection due to the presence of 
a double hypodiploid clone, leading to “masked” near haploidy or 

A B

FIGURE 76.3. Survival by treatment era for patients enrolled in Children’s Oncology Group trials. A: Earlier trials of Children’s Cancer Group: CCG-160s, 
1978 to 1983; CCG-100s, 1983 to 1988; CCG-1800s, 1989 to 1985. B: Overall survival probability by treatment era for patients enrolled onto Children's Oncology 
Group trials in 1990–1994, 1995–1999, and 2000–2005. (With permission from Hunger SP, Lu X, Devidas M, et al. Improved Survival for Children and Adolescents 
With Acute Lymphoblastic Leukemia Between 1990 and 2005: A Report From the Children's Oncology Group. J Clin Oncol 2012; 30:1663–1669.)
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leukemia-specific genetic factors in their current approaches to 
risk stratification. 

Additional genetic factors that may affect risk stratification 
and therapy in the future, and are thus beyond the scope of this 
chapter include those patients who have been recently identified 
to display a Ph-like gene expression profile (GEP) without harbor-
ing BCR/ABL (15% of NCI HR patients). These patients frequently 
harbor genomic rearrangements in CRLF2 with subsequent over-
expression of the TSLP receptor, JAK family mutations, or novel 
kinase fusion genes. It is important to note that the Ph-like GEP is 
an independently poor prognostic factor in multivariable analyses 
when analyzed among NCI HR patients treated on AALL0232, and 
thus supports identifying alternative approaches, similar to the 
TKI+ chemotherapy approach used for Ph+ ALL, to maximize 
outcomes for these patients.53a 

Response to Induction and Minimal Residual 
Disease
Response to induction has long been valued as a predictor of 
outcome. In 1983, investigators in the Berlin-Frankfurt-Münster 
(BFM) group evaluated the use of a 7-day prophase of prednisone 
and a single dose of intrathecal methotrexate to determine which 
patients should receive more intensive therapy. Prednisone poor 
responders (PPR), or those who had more than 1,000 circulat-
ing blasts day 8 of therapy, comprised 10% of their population 
and had an outcome that was 50% as good as the prednisone 
good responders (PGR). In subsequent protocols beginning in 
1986, therapeutic questions were asked of the PPR versus PGR 
group, and this continues currently. In parallel efforts, the legacy 

25% and trisomy 4 and 10 occurring in approximately 18% of any 
risk childhood ALL. Some groups do risk stratify based on the 
presence of either or both of these factors; however, a multivari-
ate analysis performed on >2,000 COG 9900 patients revealed 
that double trisomy of 4 and 10 retained independent signifi-
cance whereas ETV6/RUNX1 did not. However, among patients 
with these genetic features and a rapid response to induction 
therapy within the first week, more than 98% were long-term 
survivors, leading COG investigators to incorporate response with 

Age

Host Factors

Therapy

Less

More

Host / Tumor Characteristics 

Tumor Characteristics

Gene Polymorphisms (?)

lmmunophenotype

Gender

White Blood Cell Count

Translocations

Chromosome Number

Expression Profiles ?

Female - Favorable
Male - Requires longer treatment

Precursor B - Favorable
T Cell - Unfavorable

Low - Favorable
High - Unfavorable

Marrow/Blood Blast content day 7/14
Minimal Residual Disease - End Induction

TELIAML1 - Favorable
BCRIABL, MILL - Unfavorable

Hyperdiploidy - Favorable
Hypodiploidy - Unfavorable

1 to <10 years - Favorable
<1 ≥ 10 years - Unfavourable  

Low Risk
EFS ∼ 90%

Standard Risk
EFS ∼ 80%  

High Risk
EFS ∼ 75%  

Very High Risk
EFS <50%  

FIGURE 76.4. Risk-group stratification in childhood ALL in 2005. A combination of clinical and biological features along with treatment response was used 
to select therapy. Children in lower-risk groups received less intensive therapy than those in higher-risk groups. (With permission from Carroll WL, Raetz EA. Building 
better therapy for children with acute lymphoblastic leukemia. Cancer Cell 2005;7:289–291.)

FIGURE 76.5.  Kaplan-Meier event-free survival according to biologic subtypes. (With 
permission from Pui CH, Robison L, Look TA. Acute lymphoblastic leukemia. Lancet 
2008;371:1030–1043.)
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of disease using these sensitive methodologies, implying that 
additional features, such as critical genetic lesions, affect outcome. 

The clinical use of MRD at the end of the first phase of therapy 
(traditionally deemed “induction”) or the second phase of therapy 
(“consolidation”) remains somewhat consortium dependent. In 
T-cell ALL, the prognostic significance of MRD appears in at least 
one report to be more powerful at the end of the second phase of 
therapy than at the end of the first phase.73 

Finally, outcomes for the small number (<3%) of pediatric 
patients who fail to attain remission following induction therapy, 
although predictably poorer than other patients, are not as dismal 
as might be expected.74 An intergroup study of 1,041 patients 
who failed induction reported a 10-year survival of 32±1%. Age 
≥10 years, T-cell leukemia, the presence of 11q23 rearrange-
ment, and ≥25% blasts at end of induction had a poor outcome. 
However, children <6 years of age with precursor B-ALL and 
without adverse genetics had a 10-year survival at 72±5% when 
treated with chemotherapy only. Patients with T-cell leukemia 
had improved survival with allogeneic HSCT.

Current Approaches to Staging/Stratification
Based on the collective information above, the COG has developed 
a risk-stratification system that incorporates key clinical features 
including National Cancer Institute (NCI) risk group75 [Standard 
Risk (SR): age 1 to 9.99 years and initial WBC count <50 × 109/L; 
High Risk (HR): age 10+ years and/or initial WBC ≥50 × 109/L], 
immunophenotype, presence/absence of central nervous system or 
testicular leukemia, presence/absence of specific sentinel genetic 
lesions [good risk: ETV6-RUNX1 fusion or hyperdiploidy with tri-
somies of chromosomes 4 and 10; poor risk: MLL-rearrangements 
(MLL-R), hypodiploidy, intrachromosomal amplification of chromo-
some 21 (iAMP21), Philadelphia chromosome positive (Ph+) ALL], 
and early minimal residual disease response for risk stratification 
and treatment allocation.51,68,76 The current risk stratification sys-
tem (AALL08B1) builds on that developed for the first generation 
COG ALL trials (AALL03B1) with key differences being changing 
the MRD threshold used to define poor response from ≥0.1% 
(AALL03B1) to ≥0.01% (AALL08B1), and incorporating day 8 
peripheral blood [and day 29 bone marrow (BM)] MRD measure-
ments while eliminating day 8/15 BM morphology77 (Table 76.3). 

Children’s Cancer Group (CCG) also determined that delivering 
augmented therapy to those NCI HR patients with a poor bone 
marrow morphology response (day 7 M2 (5% to 25% blasts by 
morphology) or M3 (>25% blasts by morphology) improved their 
outcome.54 

The technological ability of measuring response to induction 
using residual blasts grew out of these initial observations. The 
ability to detect small numbers of leukemic cells in peripheral 
blood or bone marrow samples from patients in clinical remission 
by highly sensitive methods such as the polymerase chain reac-
tion55–59 or multiparametric flow cytometry60,61,62 has enabled 
the monitoring of MRD, with the possibility of intensifying therapy 
for patients at higher risk of relapse. A number of studies have 
demonstrated the ability to identify impending relapse in subsets 
of patients, based on correlation of detection of MRD during or 
following completion of therapy.55–58,63 Although variations in 
the sensitivity and specificity of the methods used to detect and 
to quantify MRD, as well as questions raised by the unexpected 
finding of persistent genetic abnormalities related to the leukemic 
clone in patients in apparent sustained remissions58,64,65 ini-
tially delayed the implementation of MRD assessment in patient 
management, recent studies using improved methodologies have 
shown that detection of MRD by either multiparametric flow 
cytometry analysis of leukemia-associated antigens66,67,68 or 
polymerase chain reaction detection of leukemia-specific immuno-
globulin and T-cell receptor rearrangements61,69–71,72 definitively 
correlates with outcome. Indeed, the presence of MRD early in the 
treatment of ALL patients is highly prognostic of outcome and cur-
rently is a key variable to determine the intensity of postinduction 
therapy for many groups. In the COG 9900 series of clinical trials, 
end induction bone marrow MRD and day 8 peripheral blood MRD 
were the most powerful predictors of outcome in a multivariable 
analysis.68 It should be noted, however, that MRD is not the sole 
predictor of outcome in this model; NCI risk group and genetic fac-
tors also remain prognostic, thus justifying the current approach 
that the COG is using in determining risk stratification. Other 
groups, including the St. Jude Children’s Research Group (SJRCH) 
and the Dana-Farber Cancer Institute (DFCI) incorporate measure-
ments of MRD at the end of induction to intensify patients for addi-
tional therapy. Despite MRD being the most powerful predictor of 
outcome, up to 50% of children who relapse do not have evidence 

Risk Group 
(% pts) Low (15%) Averagea (36%) Highb (25%) Very High (25%)

Projected 
5-year EFS

>95% 90–95% 88–90% <80%

NCI risk group SR SR SR SR SR HR SR HR HR SR or HR

(<13 years) (≥13 years)

Favorable 
geneticsc

Yes Yes No Yes No Any No Any Any Any

Unfavorable 
Characteristicsd

No No No No No No No No No Yes

Day 8 PB MRD <0.01% ≥0.01% <1% Any ≥1% Any Any Any Any Any

Day 29 BM 
MRD

<0.01% <0.01% <0.01% ≥0.01% <0.01% <0.01% ≥0.01% ≥0.01% <0.01% Any

BM bone marrow; HR, high risk; MRD, minimal residual disease; PB, peripheral blood; SR, standard risk.
aNCI SR patients who are CNS2 may be included in an average risk, but will not be eligible for the low risk arm.
bAll patients with testicular leukemia will be assigned as HR at start Induction, but may change to VHR if Day 29 MRD ≥0.01% or unfavorable characteristics are present.
c“Yes” is defined as the presence of double trisomy 4 and 10 or ETV6-RUNX1 fusion.
dConsists of patients with CNS3, hypodiploidy (<44 chromosomes and/or DNA index <0.81), iAMP21, Induction failure (m3 marrow Day 29), or MLL rearrangement (not MLL deletion).  
BCR-ABL1 positive patients are eligible for a separate Ph+ ALL study.
Adapted with permission from Hunger SP, Loh ML, Whitlock JA, et al. Review Children’s Oncology Group’s 2013 blueprint for research: acute lymphoblastic leukemia. Pediatr Blood Cancer 2013;60: 
957–963.

OVERVIEW OF THE AALL08B1 CLASSIFICATION SYSTEM FOR B-PRECURSOR ALL

TABLE 76.3
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a productive strategy for enhancing cure rates over the past 
30 years. Persistence of detectable MRD after several weeks of 
intensification is a poor prognostic sign.71,73,84 The goal of main-
tenance is the preservation of remission. Childhood ALL is unique 
in its requirement for prolonged (2 to 3 years) therapy of only 
modest intensity.

Outcome is usually described in terms of overall survival (OS), 
EFS, or disease-free survival (DFS). Overall survival is simply the 
cumulative percentage of living patients, with or without inter-
vening leukemic relapse or second malignant neoplasm. EFS is 
the cumulative fraction or percentage of patients surviving from 
time of diagnosis with no intervening adverse event such as fail-
ure to achieve remission, death, relapse, or second malignant 
neoplasm. DFS includes only patients who achieve remission, 
excluding remission deaths and remission failures, and describes 
the cumulative fraction or percentage of patients surviving with 
no intervening adverse event such as remission death, relapse, 
or second malignant neoplasm. As cure rates have increased, 
attention has broadened to include late sequelae of therapy that 
may have a lasting impact on quality of life, such as neurotoxicity, 
osteonecrosis, anthracycline cardiotoxicity, and secondary malig-
nant neoplasms.85

Primary Treatment

Remission Induction
The goal of induction therapy is to rapidly eliminate all leukemia 
cells using agents with different mechanisms of action. Although 
the majority of children with ALL will achieve remission with 
vincristine and a corticosteroid alone, the addition of asparagi-
nase and/or an anthracycline raises the remission induction rate 
to 98% to 99%.86 Current practice utilizes 3 to 5 systemic agents 
in induction over 4 to 6 weeks. The COG and other groups treat 
children with NCI standard risk ALL with a 3-drug (vincristine, 
dexamethasone, PEG-asparaginase) induction and reserve the 
addition of an anthracycline for NCI high risk and T-ALL patients, 
however, other groups use 4 to 5 drug induction regimens for all 
patients.4,79,83,87–89 A 3-drug induction for SR ALL has proven 
very effective, provided children receive later intensification of 
therapy.90 With contemporary supportive care measures, induc-
tion death rates from toxicity are typically 1% to 2%.

Corticosteroids are the mainstay of induction regimens and 
prednisone (PRED) or dexamethasone (DEX) are most commonly 

TREATMENT
Over successive decades dating back to the 1950s, there has been 
continued progress in treating children, adolescents, and young 
adults with newly diagnosed ALL and overall 5-year survival rates 
now reach 90%.5 Table 76.4 outlines outcomes from recent trials 
conducted internationally.78,79,80,81 The mainstay of treatment 
is a 2- to 3-year schedule of multiagent chemotherapy generally 
divided into induction, intensification, and maintenance phases of 
treatment. An essential component of treatment is presymptom-
atic CNS therapy and this is accomplished with intrathecal and 
systemic chemotherapy with the growing trend of limiting the 
use of cranial irradiation. In recent years improvements in ALL 
therapy have resulted from further refinements in risk allocation 
with the successful application of MRD testing and improvements 
in supportive care. Outcomes have continued to improve as treat-
ment with standard agents is optimized and new targeted thera-
pies are introduced, such as TKIs for the treatment of Ph+ ALL. 
Ongoing studies by several groups are seeking to further refine 
elements of ALL therapy including corticosteroid formulation and 
dosing during induction, frequency of vincristine/steroid pulses in 
maintenance, the optimal use of asparaginase and methotrexate 
(MTX) during the intensification phase of treatment, and further 
reductions in the use of cranial irradiation. The definition of addi-
tional high-risk features from emerging genomic discoveries also 
offers promise for continued improvements in risk stratification in 
the future. Challenges still remain, however, for several high-risk 
subgroups, which include the age spectrum of infant and adoles-
cent and young adult (AYA) ALL as well as children with unfavor-
able blast cytogenetics, induction failures, Down syndrome, T-ALL, 
and relapsed ALL. As the number of childhood ALL survivors is 
increasing, several initiatives are also underway to better under-
stand, prevent, and treat sequelae from ALL therapy. 

ALL therapy is generally divided into phases, namely, induc-
tion, intensification, and maintenance. The goal of induction is 
hematologic remission, the eradication of all microscopically 
detectable leukemia with recovery of peripheral neutrophils and 
platelets. Remission induction in ALL is aided by the availability 
of three very active drugs with minimal myelotoxicity: vincris-
tine, a glucocorticoid (usually prednisone or dexamethasone), 
and l-asparaginase [native or “PEGylated” (modified with poly-
ethylene glycol)]. The goal of intensification, or consolidation, is 
presymptomatic CNS treatment and improvement in the quality 
of marrow remission. Postinduction intensification has been 

5-Year Outcome

Study Group Years of Study Patient Numbers Age Range in Years % T-ALL EFS (% ± SE) OS (% ± SE)

AIEOP-9578 1995–2000 1,743 0–18 11 75.9 (1.0) 85.5 (0.8)

BFM-9579 1995–1999 2,169 0–18 13 79.6 (0.9) 87.0 (0.7)

COG5 2000–2005 7,153 0–21  7 NA 90.4 (0.5)

DCOG-982 1997–2004  859 1–18 11 80.6 (1.4) 86.4 (1.2)

UKALL 97/9983 1999–2002  938 1–18 11 80.0 (1.3) 88.0 (1.1)

DFCI-00-0180 2000–2004  492 1–18 11 80.0 (2.0) 91.0 (1.0)

NOPHO-200081 2002–2007 1,023 1–15 11 79.4 (1.5) 89.1 (1.1)

SJCRH 154 2000–2007  498 1–18 15 85.6 (2.9) 93.5 (1.9)

AIEOP, Associazione Italiana di Ematologia ed Oncologia Pediatrica; BFM, Berlin-Frankfurt-Münster; DCOG, Dutch Childhood Oncology Group; DFCI, Dana-Farber Cancer 
Institute consortium; EFS indicates event-free survival; NA, not available; NOPHO, Nordic Society of Pediatric Hematology and Oncology; SJCRH, St Jude Children’s 
Research Hospital; and UKALL, United Kingdom Medical Research Council Working Party on Childhood Leukaemia.
Adapted from Pui CH, Mullighan CG, Evans WE, et al. Pediatric acute lymphoblastic leukemia: where are we going and how do we get there? Blood 2012;120:1165–1174.

TREATMENT RESULTS FROM SELECTED TRIALS IN CHILDREN WITH ALL

TABLE 76.4
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native Escherichia coli L-asparaginase.104 For individuals who 
develop hypersensitivity to PEG-asparaginase, Erwinia chrysan-
themi L-asparaginase is recommended as an alternative, although 
its half-life is much shorter than that of PEG-asparaginase (0.65 
± 0.13 vs. 5.73 ± 3.24 days),103 so more frequent administration 
is required.106 

Although some patients can be re-treated successfully with 
PEG-asparaginase with premedication after mild allergic reac-
tions, this is generally not recommended because it can mask 
the presence of neutralizing antibodies, which reduce asparagi-
nase activity.107 Historically, asparaginase preparations were all 
administered intramuscularly due to concerns about the risk for 
anaphylaxis; however, PEG-asparaginase is now routinely admin-
istered intravenously and this has been well tolerated and not 
associated with greater toxicities.108 

Response and Outcome
The rapidity of response to chemotherapy during induction, 
whether measured by routine morphologic assessment or by 
flow-cytometry–based or molecular MRD techniques, is a robust 
predictor of outcome as it takes into account all aspects of the 
treatment as well as the unique biologic features of the host and 
the disease. In any clinical or cytogenetic patient subset, slower 
initial response to treatment, whether it be the persistence of 
peripheral blood blasts following intrathecal MTX and a week of 
prednisone, or marrow blasts >5% by light microscopy after 1 or 
2 weeks of multiagent induction therapy, or persistence of marrow 
blasts by multiparameter flow cytometry or PCR on completion of 
4 weeks of induction therapy, predicts an inferior outcome com-
pared to more rapid initial responses61,68,84,109–113 End-induction 
bone marrow MRD was shown to be the most important prognos-
tic variable in multivariate analysis for precursor B-cell ALL in 
recently completed COG protocols,68 and peripheral blood MRD 
1 week after initiation of therapy is now replacing bone marrow 
aspirates for early response determination in the newest COG ALL 
protocols. 

Since the benefit of intensifying postinduction therapy for slow 
early morphologic responses or persistent MRD has been dem-
onstrated,4,54 response-based treatment allocation is a common 
feature of most contemporary ALL protocols. Within the COG, all 
children with precursor B-cell who have end induction (day 29) 
MRD >0.01% using flow-cytometry–based assays are designated 
very high risk and receive intensified augmented BFM-based 
therapy postinduction and similar strategies are used by other 
groups. Failure to achieve marrow remission, that is, marrow 
blasts <5% by microscopy, portends a poor outcome. About 
two thirds of patients with induction failure eventually achieve 
remission, and of these, about one third are cured.74 Somewhat 
better outcomes may be obtained for some patient subsets with 
induction failures, such as patients with T-ALL, with HSCT in first 
remission, whereas as others with low-risk features fare just as 
well with chemotherapy alone.74,114,115 

Presymptomatic Central Nervous System Therapy
Presymptomatic treatment of the CNS has been established as 
an essential component of effective ALL therapy for decades. 
Between 1967 and 1968, in Study Total V, Pinkel et al. at St. Jude 
Children’s Research Hospital treated 31 children with no evidence 
of CNS leukemia at diagnosis with 24 Gy cranial irradiation and 
intrathecal methotrexate. Only three patients had a subsequent 
CNS relapse, and more than half of patients were long-term 
disease-free survivors. Between 1968 and 1971, in Study Total 
VI, Pinkel et al. compared 24 Gy cranial–spinal irradiation with 
no CNS-directed intrathecal methotrexate and confirmed the 
results of Total V. In Study Total VII, similar benefit was shown 
for 24 Gy cranial–spinal irradiation and 24 Gy cranial irradiation 

used. Advantages of DEX include better CNS penetration and 
greater in vitro activity against ALL blasts, and DEX has been 
used with increasing frequency in recent trials.91 Compared to 
historical controls who received PRED, the Dutch ALL VI trial 
showed 80% versus 66% 3-year EFS advantage for DEX for 
standard-risk patients.92 The CCG-1922 study examined the same 
question in a randomized trial for children with NCI standard 
risk features and DEX reduced the CNS relapse rate and also was 
associated with superior EFS at 4 years (88% vs. 81%).93 A similar 
advantage for DEX was observed in the MRC ALL-97-99 trial.94 
Based on these results, presently within the COG, DEX is used 
as the induction steroid as part of a 3-drug induction containing 
vincristine and PEG-asparaginase for children with standard risk 
precursor B-cell ALL. 

Corticosteroid formulation and dosing have also been studied 
in NCI high-risk precursor B-cell ALL. The recently completed 
COG AALL0232 trial compared PRED 60 mg/m2/day for 28 days 
to DEX 10 mg/m2/day for 14 days during induction in patients 
ages 1 to 30 years and high-dose methotrexate (HD MTX) versus 
escalating methotrexate plus asparaginase without leucovorin 
rescue (MTX-ASNase) during interim maintenance. Due to higher 
than expected rates of osteonecrosis (ON) among 10+ year olds 
on the DEX arm, the study was amended to restrict the steroid 
randomization to children <10 years of age. For the patients 
<10 years, DEX during induction had superior EFS compared 
to PRED, when combined with high-dose methotrexate during 
interim maintenance.95 No benefit of DEX over PRED during 
induction, however, was observed among patients 10+ years of 
age and DEX was associated with a much higher risk of ON in the 
older age group. Based on these results, presently within the COG, 
DEX is used as the induction steroid for children <10 years of age 
and high-risk B-cell precursor (BCP) ALL and PRED is used for 
children and adolescents 10+ years of age within the context of 
a 4-drug induction also containing daunomycin. Benefits of DEX 
during induction have also been observed in T-ALL with good ini-
tial prednisone responses, where when compared to PRED, DEX 
during induction was associated with threefold reduction in the 
incidence of relapse in the AIEOP-BFM 2000 trial.96 

Some studies, however, have not shown a benefit of DEX com-
pared to PRED.92,97 A possible explanation for these differences 
could be related to the DEX to PRED ratio. Studies using a ratio 
of 1:5 to 1:7 have shown a benefit for DEX whereas those using 
a DEX to PRED ratio exceeding 1:7 have shown similar outcomes 
with both formulations.91 Important concerns have been raised 
about higher toxicity rates associated with DEX,98 especially 
when it is combined with an anthracycline99,100 however, in the 
recently completed UKALL 2003 study, DEX at a dose of 6 mg/m2/
day × 28 days was well tolerated within the context of a 4-drug 
induction.101 

L-asparaginase is another common element of most induction 
regimens for ALL that has been used to treat children with ALL 
since the 1970s. When native L-asparaginase was combined with 
vincristine and prednisone in early studies, remission induction 
rates exceeded 90%.102 Although not considered an essential 
amino acid, exogenous asparagine is required by lymphoblasts in 
vivo. Asparaginase, which deaminates asparagine to form aspar-
tate, is unique among anticancer drugs in that it requires neither 
activation nor intracellular uptake. 

Three different formulations of asparaginase have mainly 
been used to date: native Escherichia coli L-asparaginase, poly-
ethylene glycol conjugated Escherichia coli L-asparaginase (PEG-
asparaginase), and Erwinia chrysanthemi L-asparaginase103 
and newer formulations are in clinical development. PEG-
asparaginase is now used most often in children with ALL and 
advantages of this formulation include its long half-life, which 
allows less frequent dosing and reduced immunogenicity.104,105 
PEG-asparaginase during induction was also associated with more 
rapid early blast clearance on days 7 and 14 when compared to 
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provided a benefit with less intensive systemic regimens and few 
doses of IT therapy, the benefit has not been observed with more 
contemporary regimens. Furthermore, several comparisons of 
different doses of cranial radiation showed no benefit from higher 
doses of CRT.

Traumatic lumbar punctures (>10 RBCs/ml) with blasts (TLP+) 
have been associated with inferior outcomes.123,124 Therefore it 
is important that all possible measures be taken to reduce the 
risk of bleeding with the initial diagnostic lumbar puncture. The 
presence of blasts in the CSF but fewer than 5 WBC/ml (CNS2) 
has been linked to a higher risk of CNS relapse by some, but not 
all, groups.37 Some groups have intensified CNS-directed therapy 
for CNS2 status and/or traumatic lumbar punctures; however, 
the COG historically has not and this will allow the prognostic 
significance of CNS status to be examined within the context of 
improved systemic chemotherapy on current protocols. 

Postinduction Intensification
Postinduction intensification is essential for all patients with ALL; 
however, there is not a consensus on an optimal regimen or dura-
tion of therapy.86 Intensification with methotrexate has been a 
strategy that has been commonly employed and the optimal dose, 
formulation, and schedule of methotrexate have been studied by 
several groups internationally over the past decades.125–138 The 
recently completed COG study, CCG-1991, showed a benefit for 
escalating IV methotrexate without leucovorin rescue compared 
to oral methotrexate during interim maintenance in standard risk 
precursor B-cell ALL. The COG recently completed a phase III trial 
for newly diagnosed NCI high-risk precursor B-cell ALL, which 
demonstrated the benefit of high-dose MTX (HD-MTX), compared 
to escalating MTX and asparaginase without leucovorin rescue 
in this group.139 This HD-MTX schedule has been used widely 
in frontline ALL for many years by groups worldwide.140,141 
HD-MTX has also been commonly used in children with T-ALL142 
and comparison of HD-MTX versus escalating MTX and aspara-
ginase during interim maintenance is also presently underway 
within the COG in pediatric patients with newly diagnosed T-ALL. 
Individualized MTX dosing has been pursued by investigators at 
SJCRH in an effort to achieve optimal steady-state plasma con-
centrations and minimize toxicity.86 Acute neurologic toxicity has 
been acceptable and studies are underway to examine late neu-
ropsychological outcomes in patients who receive more intensive 
systemic MTX therapy. 

Asparaginase is another essential element of most ALL inten-
sification regimens and there is extensive clinical experience 
supporting its use in B- and T-lineage ALL. Since the 1970s, the 
Dana-Farber Cancer Institute and ALL Consortium has included 
20 to 30 consecutive weeks of asparaginase during postinduction 
consolidation therapy and has demonstrated that this treatment 
significantly improves long-term EFS.143 

The DFCI 91-01 showed superior outcomes for patients 
receiving at least 26 weeks of continuous asparaginase therapy 
compared to those who received less with 5-year EFS 90% 
versus 73%, P = 0.01, respectively.144 A similar advantage in 
disease-free survival was observed in the International BFM 
Study Group when children with standard-risk ALL were random-
ized to receive 20 weekly doses of asparaginase.145 DFCI studies 
have also compared different asparaginase formulations and the 
95-01 trial showed an outcome benefit for weekly native E. Coli 
asparaginase when compared to weekly Erwinia asparaginase, 
postinduction, perhaps secondary to the shorter half-life of the 
latter drug.146 A trial comparing IV PEG-asparaginase with native 
E. Coli asparaginase was recently completed with analyses of the 
toxicity profiles and outcomes underway.89 Children with low-risk 
B-lineage ALL (ETV6-RUNX1 translocations or triple trisomies 
present with rapid early responses) were randomized to receive 
4 additional doses of PEG-asparaginase postinduction in the COG 

with intrathecal methotrexate. In striking contrast to all previous 
experience, one half of patients remained long-term disease-free 
survivors.116,117

Since this time, efforts have been underway worldwide to 
define optimal CNS preventative therapy. Current CNS treatment 
modalities include cranial or craniospinal irradiation, systemic 
chemotherapy (e.g., dexamethasone, methotrexate and aspara-
ginase), and intrathecal chemotherapy with any combination of 
1 to 3 agents. As concerns about the long-term sequelae from 
radiation therapy have increased, there has been a growing trend 
to reduce both the dose and the number of children who receive 
this treatment modality, such that cranial radiation therapy (CRT) 
is often reserved for just those at highest risk for CNS relapse, 
for example, children with T-ALL and high-risk features, those 
with slow initial responses, or CNS leukemia (CNS3) at diagnosis. 
Some groups have eliminated CRT altogether for all children with 
ALL without any decline in outcomes, using regimens with triple 
intrathecal chemotherapy, dexamethasone, and intermediate- or 
high-dose methotrexate.4,82

Historically within the COG, the CCG 161 trial showed that 
intrathecal therapy extended through the 2- to 3-year duration 
of systemic therapy could replace cranial irradiation and limited 
intrathecal therapy for lower-risk patients, age 2 to 10 years with 
WBC <10 × 109/L.118 The CCG 105 trial extended this observa-
tion to intermediate-risk children between the ages of 1 and 9 
with WBC between 10 and 50 × 109/L, but only when patients 
received intensified systemic therapy.119 With only less intensive, 
“standard” systemic therapy, cranial irradiation and limited intra-
thecal therapy were superior to extended intrathecal methotrex-
ate with no irradiation. In CCG 1882, higher-risk patients, either 
>10 years of age or with WBC >50 × 109/L, with a rapid initial 
response to induction therapy, received either 18 Gy cranial 
irradiation and extended intrathecal methotrexate or additional 
intrathecal methotrexate with no whole-brain irradiation. All 
received intensive systemic therapy. The cumulative incidence of 
isolated CNS relapse was 3.6% for patients not receiving cranial 
irradiation and 2.3% for patients receiving cranial irradiation.54 
However, patients receiving additional intrathecal methotrexate 
had numerically fewer bone marrow relapses, and DFS was simi-
lar. Thus, in the presence of effective systemic therapy, cranial 
irradiation could also be replaced with aggressive intrathecal 
methotrexate for this largely precursor B-cell ALL population.54 
When this approach was extended to T-cell ALL patients in CCG 
1961, isolated CNS relapse comprised two thirds of initial relapses 
in the superior “stronger” intensification arms.120 An ongoing 
COG trial has modified the dose of prophylactic radiation in T-ALL 
according to risk groups: none for low-risk, 12 Gy for intermedi-
ate-risk, and 18 Gy for high-risk disease and future reductions 
in radiation therapy in T-ALL are planned within the COG with 
optimization of systemic chemotherapy and IT therapy, so that is 
envisioned that cranial irradiation will be used only for the 10% to 
15% or fewer children with T-ALL and high-risk features or CNS 
disease in the future. 

Triple intrathecal therapy with cytarabine, methotrexate, and 
hydrocortisone (ITT) has also been compared to single-agent IT 
MTX for prevention of CNS leukemia. Matloub et al. reported a 
randomized comparison of ITT and single-agent methotrexate 
therapy with more than 2,000 randomized patients.121 Although 
ITT halved the CNS relapse rate, EFS was similar at 5 years, and 
survival was actually significantly worse because of inferior sal-
vage after bone marrow relapse, which occurred disproportion-
ately in the ITT arm. 

In a recent meta-analysis of patients treated on 47 trials with 
different comparisons of presymptomatic CNS therapy, effective 
systemic and protracted intrathecal chemotherapy was shown to 
yield comparable outcomes to that of CRT.122 The addition of IV 
methotrexate was shown to provide additional benefit, reducing 
rates of both CNS and non-CNS relapse. Although historically CRT 
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therapy. At 5 years, DFS was 75% for the augmented regimen and 
55% for standard intensive therapy (Fig. 76.7).54

In order to assess individual components of intensification 
approaches, CCG-1961 utilized a 2 × 2 factorial design to compare 
standard versus augmented BFM-based postinduction therapy as 
well as standard (1 IM and 1 DI phase) versus increased duration 
(2 IM and 2 DI phases) in patients with rapid initial responses. 
Augmented therapy improved 5-year EFS (81% vs. 72%, P < 
0.001; Fig. 76.8) and survival (89% vs. 83%, P = 0.003).120 
However, longer intensification with a second IM and DI pro-
duced no benefit over standard duration with a single IM and DI 
in rapid responders. The authors suggested there is a window 
of opportunity to eradicate resistant clones with intensification, 
but additional intensification was not successful because of drug-
resistant disease. A second DI phase also provided no benefit to 
SR patients who were rapid responders on the CCG 1991 trial88 
and the recently completed COG AALL0331 trial for standard-risk 
precursor B-cell ALL is testing whether augmented BFM-based 
consolidation is beneficial in this population. Replacing oral MTX, 
6-MP, vincristine, and DEX during interim maintenance with 
vincristine and escalating intravenous MTX improved EFS in CCG 
1991.88 (Fig. 76.9)

Maintenance Therapy
Daily oral 6-MP and weekly oral or parenteral MTX, with or with-
out pulses of steroid and vincristine, with an extended periodic 
intrathecal therapy comprise the most common maintenance or 
continuation regimens. Oral 6-thioguanine (TG) is a more potent 
thiopurine than mercaptopurine,157,158 which has provided the 
rationale for prior randomized trials comparing the efficacy of 
MP and TG. The MRC ALL97 trial concluded that TG caused 
excess toxicity without overall benefit.159 Children were randomly 
assigned to either TG or MP during interim maintenance and 
maintenance therapy and after a median follow-up of 6 years, 
no differences in EFS or OS were observed. TG conferred a lower 
risk of isolated CNS disease, however, this was offset by hepatic 
toxicity. The CCG-1952 trial showed an improvement if EFS in 
children with standard risk ALL who received TG, however, there 
was no increase in overall survival and TG-induced veno-occlusive 
disease of the liver precluded prolonged administration of TG 
during maintenance.160 A recent meta-analysis of randomized 

AALL0331 trial based on in vitro data showing blasts with these 
features are more sensitive to asparaginase. Analyses of the out-
comes of these patients are underway. 

Current lines of investigation in optimizing asparaginase 
therapy include developing measures to detect the presence of 
neutralizing antibodies that reduce drug activity (“silent inactiva-
tion”), further studies to determine the most effective dose and 
schedule, and measures to reduce the incidence of dose limit-
ing toxicities, the most common of which are hypersensitivity 
reactions.147,148

Most contemporary ALL protocols also include a delayed inten-
sification phase based on BFM therapy and this has been shown 
to be beneficial for all patient subgroups. In 1970, investigators 
from the BFM group introduced a 3-month intensive induction/
early intensification phase called Protocol I, which followed a 
VPLD induction with a segment including cyclophosphamide, 
cytosine arabinoside, and 6-MP.149 In 1976, a second intensifica-
tion phase, Protocol II, was added that included a reinduction 
segment of vincristine, dexamethasone, l-asparaginase, and 
doxorubicin followed by a segment including cyclophosphamide, 
cytosine arabinoside, and 6-thioguanine. Outcomes improved 
compared to historical controls, and advantages were most strik-
ing for higher-risk patients. EFS was similar whether Protocol II 
followed immediately after Protocol I or after 2 months’ delay. 
Morbidity was less when intensification was delayed.150 In the 
United States, Protocol II was termed “delayed intensification,” 
and a series of studies conducted in the 1980s and early 1990s 
established the benefit of delayed intensification therapy for both 
SR and HR subgroups of patients (Fig. 76.6).90,149,151–154

A further CCG modification of this therapy, the “augmented 
regimen,” posited that more resistant cells responsible for relapse 
might need a stronger and more prolonged postinduction inten-
sification. The augmented regimen provided two applications of 
delayed intensification and four 2-week courses of nonmyelosup-
pressive vincristine and l-asparaginase during the periods of 
myelosuppression that invariably follow the cyclophosphamide, 
cytosine arabinoside, and thiopurine pulses in consolidation 
(Protocol Ib) and reconsolidation (Protocol IIb). Two courses of 
five Capizzi I pulses155,156 of vincristine, parenteral methotrex-
ate, and l-asparaginase replace the two 2-month courses of oral 
6-MP and MTX between consolidation and delayed intensification 
#1 and between delayed intensification #1 and delayed intensifi-
cation #2. High-risk patients treated on the CCG-1882 trial with 
a poor initial response to therapy (i.e., >25% marrow blasts on 
day 7) were randomized to receive standard or augmented BFM 

FIGURE 76.6. Impact of intensive induction/consolidation (Ind-Con) and delayed 
intensification (Del-Int) on event-free survival of children with average-risk acute 
lymphoblastic leukemia. BFM, both intensive induction consolidation and delayed intensifi-
cation based on the Berlin-Frankfurt-Münster 76/79 study; standard, neither intensive induction 
consolidation nor delayed intensification. (Children’s Cancer Group-105 study; chair Dr. David 
G. Tubergen.) (Courtesy of Dr. Harland N. Sather and the Children’s Cancer Group, Arcadia, CA.)

FIGURE 76.7. Benefit of longer and stronger postinduction intensification (augmented 
BFM) therapy on event-free survival for high-risk ALL and a poor day 7 marrow 
response. BFM 76/79, standard postinduction intensification (Children’s Cancer Group—
1882, Chair James B. Nachman). Nachman JB, Sather HN, Sensel MG, et al. Augmented post-
induction therapy for children with high-risk acute lymphoblastic leukemia and a slow response 
to initial therapy. N Engl J Med 1998; 338:1663–1671. (Courtesy of Harland N, Sather H, and 
the Children’s Cancer Group.)
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been undertaken. Thus far, intravenous 6-MP has provided no 
clinical advantage over oral MP in any study.93,164 

Most maintenance therapy is continued until children receive 
a minimum of 2 years of therapy from the time remission is 
achieved. Although in some groups, such as the COG, treat-
ment for boys is 1 year longer than girls, in most other groups, 
the duration of maintenance therapy is the same among both 
genders. Inferior outcomes have been noted when the treat-
ment duration has been shortened to 18 months; however, no 
benefit to extending maintenance therapy beyond 3 years has 
been observed. Despite effective postinduction intensification, the 
BFM Group found that 18 months of treatment was inferior to 24 
months (83% vs. 77%).149 The Childhood ALL Collaborative Group 
compiled 16 randomized trials that compared shorter and longer 
therapy in a meta-analysis that included 3,861 patients.165 Longer 
therapy provided a small but statistically significant 3.3 percentage-
point improvement in EFS and a statistically not significant 0.8 
percentage-point improvement in survival. An advantage for lon-
ger therapy was found in the 24- versus 18-month and 36- versus 
24-month comparisons, but not in the 60- versus 36-month com-
parisons. Longer therapy provided statistically significant reduc-
tions in bone marrow relapse (26%) and testicular relapse (36%), 
but patients on longer therapy were more likely to die in remis-
sion (2.7% vs. 1.2%). Contrary to popular memory, boys and girls 
derived a similar small benefit from longer therapy. Of course, 
this type of analysis cannot determine the value of duration of 
continuation therapy in regimens not studied, but cross-study 
consistency lends weight to its conclusions. The debate continues 
as to whether more effective postinduction intensification will 
allow briefer maintenance therapy or, conversely, will add value 
to longer therapy as more patients are brought to 24 months in 
remission. Optimal duration of therapy may differ among subsets, 
being more important in standard-risk patients and less impor-
tant in older or T-cell patients. 

Vincristine and corticosteroid pulses are a component of main-
tenance therapy in many ALL protocols; however, the benefit of 
these pulses is controversial within the context of contemporary, 
more intensive therapy. Furthermore, there has been growing 
concern about the potential toxicities of pulse therapy including 
ON, mood disturbances adversely affecting quality of life, obesity, 
and peripheral neuropathy. Although studies from earlier treat-
ment eras have shown a benefit for vincristine/corticosteroid 
pulses in maintenance,118 a more recent review involving more 
than 5,000 children with ALL has called the benefit of pulse 
therapy into question with current regimens where early therapy 
has been intensified.166 In a recent multicenter randomized trial 
in children treated with a BFM-based regimen for intermediate 
risk ALL, no benefit for the addition of 6 pulses of vincristine and 
dexamethasone during maintenance therapy was observed.167 
Among younger children, when pulses are used in maintenance 
therapy, DEX is preferred over PRED due to the outcome benefits 
that have been reported.93,94 PRED is used during maintenance 
among older patients in some groups due to the concerns for a 
heightened risk of ON with DEX.168 The COG is currently inves-
tigating the use of less frequent vincristine/corticosteroid pulses 
(every 12 weeks vs. every 4 weeks) during maintenance in chil-
dren with standard risk ALL on the AALL0932 protocol. 

Variations in the common continuation therapy program 
are found in the DFCI studies,169–171 the NY I and NY II pro-
tocols,172,173 and Brazilian174 and Japanese studies.134 The 
Japanese Children’s Cancer and Leukemia Study Group compared 
MP 175 mg/m2/day days 0 to 4 and intravenous methotrexate 
225 mg/m2 day 14 with daily oral MP 50 mg/m2 and weekly oral 
methotrexate 20 mg/m2. All patients received vincristine and 
prednisone pulses every 4 weeks and intrathecal methotrexate 
every 12 weeks. The 5-year EFS was 73% for the intermittent 
alternating regimen and 50% for the conventional regimen. The 
conventional regimen had more infections and late marrow, CNS, 

trials comparing thiopurines also showed that TG did not improve 
overall EFS, although it may be beneficial in some subsets of 
patients.161 Given these data, and hepatic toxicity that has been 
observed with TG, it is now standard practice to use daily oral MP 
in maintenance.

Interpatient variations in MP absorption are well known.162 
An association between levels of erythrocyte TG nucleotides 
and freedom from relapse has been shown.163 This observation 
encouraged attempts to improve outcome by enhancing intracel-
lular TG nucleotide accumulation. Strategies include replace-
ment of oral MP by parenteral MP93,164 or by oral or parenteral 
TG.157,158 Tailoring doses of 6-MP and methotrexate has been 
associated with improved outcomes and ascertaining the genetic 
polymorphism status of thiopurine methyltransferase helps in that 
regard.86 A number of randomized outcome comparisons have 

FIGURE 76.8. Event-free survival in patients with high-risk ALL according to the type 
of postinduction intensification (PII) chemotherapy (CCG-1961). (With permission from 
Seibel NL, Steinherz PG, Sather HN, et al. Early postinduction intensification therapy improves 
survival for children and adolescents with high-risk acute lymphoblastic leukemia: a report from 
the Children’s Oncology Group. Blood 2008;111:2548–2555.)

FIGURE 76.9. Event-free survival for standard-risk ALL comparing intravenous 
methotrexate (IV MTX) to oral (PO) MTX in CCG-1991. (With permission from Matloub Y, 
Bostrom BC, Hunger SP, et al. Escalating intravenous methotrexate improves event-free survival 
in children with standard-risk acute lymphoblastic leukemia: a report from the Children’s Oncol-
ogy Group. Blood 2011;118:243–251.)
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The overall outcomes for pediatric patients with T-ALL have 
improved; however, there are subsets of patients who have not 
fared well, such as those with the persistence of MRD at day 78 
(time point 2) of therapy.73 A recently described immunopheno-
type in T-ALL is the “early thymocyte precursor (ETP),” where 
T-cells retain stem cell-like features. The ETP phenotype has been 
associated with inferior responses to induction therapy and out-
comes; children with this T-ALL phenotype might be candidates 
for novel therapy in the future.179 

Adolescents and Young Adults with Acute 
Lymphoblastic Leukemia
Although improvements in outcome for adolescents and young 
adults, 16+ years of age, with ALL have been observed, they 
still lag behind those in younger in children. AYAs had a fourfold 
higher relative risk of death from their disease compared to 
younger children in recent generations of COG ALL protocols.5 
Treatment approaches for this group of patients have varied 
as they seek care at both adult and pediatric centers. Several 
clinical trials have demonstrated that treatment with pediatric 
protocols, which utilize high cumulative doses of vincristine, 
corticosteroids, and asparaginase, particularly during periods 
of myelosuppression, significantly improves outcomes in this 
population.5,180,181–183 

In examining AYA outcomes on recently completed pediatric 
trials, where enrollment commonly spans into young adulthood, 
the 5-year EFS of AYA patients (ages 16 to 21 years) who achieved 
rapid initial responses to therapy was 81.8% (SE 5.4%) on aug-
mented arms of the recently completed COG study, CCG-1961 for 
National Cancer Institute (NCI) high-risk (HR) ALL.182 Similarly, 
SJCRH evaluated the outcomes of older adolescents (ages 15–18) 
on four recent ALL studies (XIIIA, XIIIB, XIV, and XV), and the 
5-year EFS for AYA patients on study XV was 86.4% ± 5.2% com-
pared to 87.4% ± 1.7% in younger patients (P = 0.61).183 

In addition to examining the outcomes for AYA patients on 
pediatric treatment protocols, several retrospective compari-
sons of AYA outcomes on pediatric versus adult protocols have 
been undertaken and the vast majority have found a significant 
advantage for a pediatric approach.184–186,187 The largest of these 
studies was a retrospective comparison of 124 patients ages 16 to  
20 years enrolled on Cancer and Acute Leukemia Group B 
(CALGB) ALL trials from 1988 to 2001, to 197 patients ages 16 to 
20 years enrolled on COG ALL studies from 1989 to 1995.187 Both 
cooperative groups utilized BFM-based chemotherapy regimens. 
The rates of CR were similar; however, 7-year EFS was signifi-
cantly better for the patients treated on COG studies (63%, CI 55% 
to 72%) compared to those treated on CALGB trials (34%, CI 24% 
to 44%; P < 0.001). Several adult centers have utilized pediatric 
regimens, including a collaborative cooperative group clinical 
trial involving CALGB, the Eastern Cooperative Oncology Group 
and Southwest Oncology Group (C-10403; NCT00558519), which 
was recently completed. Patients with newly diagnosed ALL, ages 
16 to 39 years are treated according to the standard arm of the 
recently completed COG study AALL0232 in the study and this will 
provide additional insight into outcomes for this unique subset of 
patients. Current COG frontline ALL trials also accrue AYAs up to 
30 years of age. 

Infants with Acute Lymphoblastic Leukemia
Infants 12 months of age or younger may present with a constel-
lation of features that portend an unfavorable outcome and this 
group of patients routinely receives separate treatment regimens 
that are tailored to their unique features. They are more likely 
to have hyperleukocytosis, massive hepatosplenomegaly, CNS 
involvement, chromosomal rearrangements involving MLL, and 
a slow response to induction therapy.56 Historically, infants with 

and testicular relapses.134 The Brazilian Childhood Cooperative 
Group protocol ALL-99 compared standard daily versus intermit-
tent dosing of methotrexate and MP in children with low-risk 
ALL and found less toxicity with the intermittent schedule and 
significant improvement in EFS among boys with the intermittent 
regimen (85.7% ± 4.3% vs. 74.9% ± 4.6%; P = 0.027).174 

Unique Patient Subgroups

Philadelphia Chromosome Positive (Ph+) ALL
Prior to the advent of TKI therapy, outcomes for children, ado-
lescents, and young adults with Ph+ ALL were poor with fewer 
than half of patients surviving46,175 despite intensive treatment 
strategies that often included allogeneic stem cell transplant 
(SCT) in CR1. The COG AALL0031 study introduced imatinib in 
combination with an intensive chemotherapy platform and the 
regimen was well tolerated and patients treated with continu-
ous imatinib (340 mg/m2/day) therapy had a 3-year EFS of 80% 
versus 35% (P < 0.0001) for historical controls treated in the 
pre-TKI era.45 The COG successor trial, AALL0622, replaced 
imatinib with the more potent TKI, dasatinib (60 mg/m2/day), 
and further established the safety of combing a TKI with an 
intensive chemotherapy platform.176 In efforts to facilitate the 
study of small ALL subsets, a transatlantic collaboration is now 
underway with the European EsPhALL group investigating 
dasatinib in combination with chemotherapy (COG AALL1122). 
The results of these more recent trials with dasatinib remain to 
be determined; however, if the promising results achieved with 
imatinib are observed, SCT may have a more limited role for 
patients with Ph+ ALL in the future and TKI therapy in com-
bination chemotherapy may be applicable to other high-risk 
subsets with altered kinase signaling. 

T-ALL
T-cell lymphoid malignancies have distinct biochemical, immuno-
logic, and clinical features that distinguish them from B lymphoid 
malignancies. Historically, the diagnosis of T-ALL portended a 
worse prognosis than precursor B-cell ALL; however, over the past 
three decades, the introduction of intensive, high-dose, multiagent 
pulse chemotherapy has improved the EFS for patients with T-ALL 
such that outcomes are now comparable to those of children with 
high-risk B-lineage ALL.146,177 Intensive therapy is important for 
all patients with T-ALL as children with NCI standard risk T-ALL 
have had inferior outcomes when they were treated with standard 
risk therapy on the CCG 1952 study.178 Based on these findings, 
it is now standard practice for children with both NCI SR and HR 
T-ALL to receive more intensified treatment with a 4-drug induc-
tion and augmented postinduction therapy. 

The role of high-dose methotrexate (HD-MTX) has been 
evaluated in T-ALL and in the recently completed POG9404 study 
patients were randomized to receive HD-MTX (5 g/m2 at weeks 
4, 7, 10, and 13) within the context of a regimen containing inten-
sive asparaginase, doxorubicin, and cranial irradiation. Patients 
who received HD-MTX had 5-year and 10-year EFS that was sig-
nificantly better than those who did not receive HD-MTX (5 years: 
79.5% ± 3.4%, 10 years: 77.3% ± 5.3%) versus no HD-MTX 
(5 years: 67.5% ± 3.9%, 10 years: 66.0% ±6.6%; P = 0.047).142 

Another agent, which has been studied in children with T-ALL, 
is nelarabine, a prodrug of Ara-G, which is uniquely cytotoxic to 
T-lymphoblasts. Based on its differential effect in T-ALL blasts 
and promising results in early phase trials for refractory/relapsed 
disease, nelarabine was added to traditional chemotherapy in 
children with T-ALL and high-risk features. Combination therapy 
was acceptably tolerated44 and this therapy is now being tested 
in the randomized phase III COG trial AALL0434 in pediatric 
patients with newly diagnosed intermediate- and high-risk T-ALL. 
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of second remission. Of 274 patients with a second relapse of ALL, 
72% achieved a third remission although long-term survival was 
dismal (12% at 20 years). A retrospective review of 313 children 
with relapsed ALL treated at institutions in the TACL (Therapeutic 
Advances in Childhood Leukemia) consortium from 1995 to 2004 
found that patients with a second marrow relapse had a com-
plete remission rate of only 44% with 15% 5-year disease-free 
survival.215

Multiple childhood cancer cooperative groups have evaluated 
cohorts of patients with relapsed ALL to identify prognostic fac-
tors for outcome after relapse. On CCG trials from 1983 to 1989, 
the strongest predictor of prolonged survival after relapse was 
an initial time to first relapse ≥36 months.216 More recently, 
Nguyen and colleagues reported the outcomes of 9,585 patients 
with newly diagnosed ALL treated on CCG protocols from 1988 
to 2002, of whom 1,961 relapsed (20.5%).212 The most com-
mon sites of relapse were isolated bone marrow (57%), isolated 
CNS (20.9%), concurrent marrow and extramedullary (13.5%), 
isolated testicular (5.3), and other extramedullary (3.1%). Rare 
extramedullary sites include isolated leukemic infiltration of the 
lymph nodes, eyes, and bone.216–218 Clinical features at the time 
of initial ALL diagnosis that correlated with increased risk of 
relapse included age <1 year or ≥10 years, male gender, initial 
WBC >100 × 109/L, African American or Hispanic ethnicity and 
slow early response to induction therapy. Features associated 
with survival after relapse include site of relapse, with 5-year OS 
59% for those with isolated CNS relapse compared to 24% for iso-
lated marrow relapse and 39% for concurrent marrow and extra-
medullary relapse. Time to relapse, or duration of first remission, 
is also a critical feature, with patients with early (<18 months 
from initial diagnosis) or intermediate (18 to 36 months) relapses 
faring more poorly than those with late relapse >36 months from 
initial diagnosis. Among patients with marrow relapse within 
36 months from initial diagnosis, long-term survival is rare 
(below 10%) despite intensive chemotherapy and use of HSCT.208 
Indeed, among patients treated on CCG protocols, 5-year sur-
vival for isolated early marrow relapse was 11.5% compared to 
18.4% for intermediate, and 43.5% for patients with late mar-
row relapse. Notably, patients with late isolated extramedullary 
relapse fared the best, with 5-year survival 78% (isolated CNS), 
60% (isolated testicular), and 85% (isolated other extramedul-
lary ± CNS).212 Other factors that were significant predictors of 
survival postrelapse included T-cell immunophenotypes, age <1 
year or >10 years at the time of initial diagnosis, history of CNS 
disease, NCI high-risk features at the time of initial diagnosis, and 
male gender. 

Other groups have confirmed the importance of time to relapse 
and site of relapse211,219 as well as T-cell immunophenotype. (220) 
As a result, cooperative group trials for first relapse of ALL risk 
stratify patients based on these features, allocating patients with 
favorable features (e.g., late isolated CNS relapse of pre-B ALL) to 
chemotherapy and CNS radiation, whereas those with unfavor-
able features are planned to undergo allogeneic HSCT in second 
remission. The evaluation of minimal residual disease (MRD) fol-
lowing reinduction chemotherapy for relapse has been found to 
influence prognosis, with those patients with negative (<0.01%) 
or low-level MRD (<0.1%) having improved outcomes. On the 
COG AALL01P2 trial of a combination chemotherapy regimen for 
first marrow relapse, 96% of the pre-B patients with late relapses 
achieved CR2 after the first block of treatment, although 51% of 
those had MRD > 0.01%. For those with early marrow relapse of 
pre-B ALL, the CR2 rate was 68% with 75% of those achieving 
remission having MRD > 0.01%. The presence of MRD > 0.01% 
at the end of reinduction block 1 was predictive of 12-month EFS 
for both early and late relapses. Outcome for the small subgroup 
of patients with relapsed T-ALL was dismal with 5 of 7 failing to 
achieve CR2 and no survivors beyond 10 months from relapse.221 
Other investigators have demonstrated the prognostic significance 

ALL have inferior outcomes with 4-year EFS rates of 47% on the 
largest recent trial.188 Infants with ALL are susceptible to toxic-
ity, especially those <90 days of age at diagnosis. To address 
these challenges, many groups have recommended that infants 
with ALL now receive an induction regimen tailored for age with 
enhanced and aggressive supportive care measures. The FLT3 
tyrosine kinase has been shown to be highly expressed in MLL-
rearranged infant ALL189 and the addition of the FLT3 inhibitor 
lestaurtinib, is also being studied in combination with chemother-
apy in an ongoing COG trial.190 The role of allo-HSCT has been 
debated for infants with ALL as larger analyses have not shown 
an overall benefit for this strategy but recent data indicate that it 
may prove beneficial for a subgroup of patients.188,191,192 

Children with Down Syndrome and Acute 
Lymphoblastic Leukemia
Down syndrome is the most common genetic risk factor for child-
hood ALL.193 Children in whom ALL is associated with Down 
syndrome have a significantly lower rate of remission, a higher 
mortality rate during the induction phase, and a poorer long-term 
survival rate in many studies194–198,199 in contrast to children 
with AML and Down syndrome.200 The adverse influence of 
Down syndrome may be explained in part by a greater incidence 
of toxicity related to intensive treatment,195,197,201 in part by the 
absence of favorable biologic features such as the ETV6-RUNX1 
fusion and hyperdiploidly, as well as a particularly high incidence 
of Janus kinase (JAK2) mutations and increased expression of 
the cytokine receptor CRLF2.193,202,203,204,205 Intensification of 
therapy abrogates the adverse affect of Down syndrome in some 
studies, but it is attended by greater serious toxicity.201,206 Given 
the unique toxicity profile in children with Down syndrome in 
ALL, the COG has modified therapy and implemented aggressive 
supportive care for this unique subset of patients.207 

Treatment after Relapse
Despite the advances made with intensive and risk-stratified 
treatment regimens for childhood ALL, approximately 20% of 
patients will relapse. Most relapses occur during treatment or 
within the first 2 years off therapy, although late relapses have 
been reported many years after diagnosis. Because of the high 
incidence of ALL among pediatric malignancies, the number of 
children with relapsed acute leukemia equals or exceeds the inci-
dence of most other pediatric tumors.208 In contrast to the suc-
cess of frontline ALL therapy, outcomes for children with relapsed 
disease remain suboptimal. Although many patients achieve sub-
sequent remission, long-term survival rates for patients with first 
marrow relapse of ALL range from 20% to 40%, even with the use 
of intensive chemotherapy and allogeneic stem cell transplanta-
tion.209,210,211 Analysis of outcomes for patients who relapsed 
after treatment on frontline CCG studies did not show any differ-
ences in survival after relapse for patients treated on CCG trials 
between 1983 and 1989 and those treated from 1988 to 2002.212 
As a result, despite the fact that 80% of children with ALL will be 
cured with frontline therapy, more children die from ALL than are 
diagnosed with non-Hodgkin lymphoma, Wilms tumor, Hodgkin 
lymphoma, CNS primitive neuroectodermal tumor, AML, and 
rhabdomyosarcoma.213 

Population-based data from the Nordic consortium capturing 
100% of children age 1 to 15 years diagnosed with ALL from 
1981 to 2001 found that 854 of 3,356 children (25%) had a first 
relapse.214 776 patients (90.8%) achieved second remission of 
whom 29% underwent allogeneic HSCT with overall survival 46% 
at 10 years, and 71% received ongoing chemotherapy with OS 
39% at 10 years. The toxic death rate in CR2 was 19% and 50% of 
patients experienced a second relapse, demonstrating that lack of 
disease control is the major cause of failure despite achievement 
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In the past, most children received cranial irradiation as part 
of their initial presymptomatic CNS therapy and treatment after 
CNS relapse represented a second radiation exposure and higher 
cumulative dose. Mulhern et al. found an average of more than 
10 points decline in full-scale IQ compared to population norms 
in 40 children 6 years after CNS relapse. Eight children were 
labeled mentally retarded and were receiving special education 
assistance. Younger children and those with seizures or struc-
tural brain abnormalities had the poorest cognitive outcomes.246 
Winick et al. studied 120 patients with isolated CNS relapse of 
whom 14 had received prior cranial irradiation. Of these, 17% 
had signs or symptoms of leukoencephalopathy, presenting with 
seizure in 85% and ataxia, memory loss, and motor and cranial 
nerve deficits in others. Of children with prior cranial irradiation, 
27% had significant neurotoxicity compared to 15% of children 
who did not (P = 0.33). Twelve patients had progressive neuro-
logic deterioration despite the cessation of intrathecal therapy. 
Eight had mild stable symptoms and of these, four had learning 
disabilities.241 Prevention of subsequent relapse and preservation 
of neurocognitive function remain dual challenges for patients 
with CNS relapse. 

Isolated Testicular Relapse
Testicular leukemia presents with unilateral or bilateral painless 
testicular enlargement. At least half of cases occur more than 
3 years from diagnosis. Outcomes appear better for patients with 
overt disease after completion of therapy than for patients with 
overt disease while still on therapy.247 In two trials, about 10% 
of boys had occult testicular relapse on elective biopsy at 3 years 
from diagnosis. However, no advantage could be shown for early 
diagnosis and 25 of 839 boys with negative initial biopsies had 
subsequent testicular relapse.248,249 

CCG reported a series of patients with overt isolated testicular 
relapse (ITR) on or shortly after initial therapy. Patients received 
salvage chemotherapy as per the NY I173 or CCG BFM-based151 
regimens and bilateral testicular irradiation. Among 57 boys, the 
5-year EFS was 43%.251 This result is similar to that obtained 
in a POG series with somewhat different chemotherapy.252 For 
patients with an earlier or later overt testicular relapse, POG 
investigators obtained 4-year EFS of 53% or 84%.253 In adults, 
testicular irradiation doses greater than 4 to 6 Gy may result in 
persistent azoospermia. Even scatter from spinal irradiation may 
cause elevation of FSH or decreased testicular volume in some 
patients. Leydig cell function is generally spared. However, testic-
ular irradiation doses greater than 20 Gy may compromise Leydig 
cell function in children, resulting in elevated LH, decreased tes-
tosterone, and delayed puberty.254 Doses greater than 20 Gy are 
generally used in the treatment of testicular relapse. The use of 
intensified systemic chemotherapy to allow elimination of radia-
tion therapy in selected low-risk ITR patients is under investiga-
tion by COG. 

Bone Marrow Transplantation
The potential benefit of allogeneic bone marrow transplantation 
(BMT) likely derives less from the opportunity for marrow abla-
tive therapy, that is, high-dose chemotherapy with or without 
total body irradiation, and more from the immunologic benefits 
of graft-versus-leukemia effect. As the majority of children with 
relapsed ALL who need a donor for allogeneic transplant will not 
have a matched sibling donor (MSD), other stem cell sources such 
as matched unrelated marrow (MUD)255–257 or peripheral blood or 
cord blood stem cells,258,259 and related but partially mismatched 
marrow, peripheral blood, or cord blood stem cells260 are increas-
ingly utilized. With continued improvements in tissue typing, man-
agement of acute graft-versus-host disease and other supportive 
care measures, the outcomes of such alternative donor transplants 
now approximate those from matched related donors.261 

of MRD prior to HSCT,222 and it is currently being incorporated 
into risk classification schemes in clinical trials for relapsed 
disease.223,224,225

Most risk stratification strategies for relapsed ALL do not 
incorporate cytogenetic features that do not represent currently 
druggable targets (e.g., hypodiploidy, MLL rearrangement, ETV6-
RUNX1 fusion). Some patients with ETV6-RUNX1 translocations 
with late bone marrow relapses have been found to have novel 
deletions of the nontranslocated ETV6 gene at the time of relapse 
compared to original diagnosis, suggesting that some of these 
“relapses” are actually second de novo leukemias that might be 
treated with conventional frontline chemotherapy.226,227 In addi-
tion, novel molecular predictors of inferior outcome after relapse 
are emerging, including IKZF1 deletion and alteration of TP53, 
which in the future may further refine risk stratification.228 

Treatment of Marrow Relapse
Treatment of relapse begins with an attempt to obtain a second 
remission. This is usually successful with agents similar to those 
used at initial presentation, more so in late than in early relapse. 
In pediatric series, remission induction rates range from 71% to 
97%.209,221,224,229–232 Retreatment of the CNS appears critical 
even in isolated bone marrow relapse.233 Postinduction therapy 
is generally pursued, ranging from conventional chemotherapy 
intensification and maintenance to marrow ablative therapy 
and stem cell rescue (see below). Outcomes improve with an 
increasing duration of first remission,216,217 with protocol as 
opposed to ad hoc therapy,219 and less certainly with increasing 
intensity of otherwise somewhat effective therapy.229,234 A sub-
stantial number of patients with an initial relapse after 3 years 
achieve long-term DFS with chemotherapy without bone marrow 
 transplant.211,229,235

Treatment of Isolated Extramedullary Relapse
Isolated extramedullary relapses are rarely truly isolated to the 
apparent site of involvement. PCR-based assays may show the 
presence of marrow cells sharing the clonotypic immunoglobulin 
or T-receptor rearrangement found in the leukemic blasts at pre-
sentation.236–238 The principal clinical challenge of isolated extra-
medullary relapse is prevention of subsequent marrow relapse. 
Local control of CNS or testicular sites can usually be obtained 
and maintained with chemotherapy and radiation therapy. Thus, 
isolated extramedullary relapse usually represents a failure of 
systemic therapy, not only local therapy.

Isolated CNS Relapse
CNS disease may present with signs of increased intracranial 
pressure, such as headache or vomiting (especially morning 
vomiting). Because all patients receive maintenance intrathecal 
therapy, most CNS relapses occurring during treatment are dis-
covered incidentally. CNS relapses tend to occur between 1 and 
3 years after diagnosis.

CNS blasts may be cleared with weekly or twice-weekly intra-
thecal therapy. Three-agent methotrexate, hydrocortisone, and 
cytosine arabinoside therapy was no more effective than two-
agent methotrexate and hydrocortisone therapy in one trial.239 
Cranial irradiation and intrathecal maintenance therapy were 
less effective in maintaining CNS remission than craniospinal 
irradiation.240 Patients undergo systemic reinduction therapy and 
cranial or craniospinal irradiation is administered 1 month241 to 
6 months229,242,243 from relapse. Radiation may be delayed in order 
to preserve marrow reserve for aggressive systemic therapy.244 The 
dose of cranial irradiation is generally 18 to 24 Gy. The spinal dose 
is 6 to 15 Gy.229,242,243 Overall, at least 50% of patients may achieve 
long-term DFS after CNS relapse; time to relapse is prognostic.244 
The bone marrow is the principal site of treatment failure.245 

72683_ch076_1616-1636.indd   1630 01/08/13   4:38 PM



 CHAPTER 76 Acute Lymphoblastic Leukemia in Children 1631

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

In a rare prospective trial, Wheeler and coworkers in the British 
MRC designated 473 of 3,676 children diagnosed between 1985 
and 1997 as “very high (VH) risk” on the basis of presenting clinical 
and cytogenetic features. Of 288 patients with tissue typing, 99 had 
a MSD and 76 underwent BMT is first remission. Of 189 patients 
with no MSD, 25 underwent BMT from a MUD, contrary to protocol. 
At 10 years, the adjusted EFS was 45% for 101 children receiving 
first remission BMT versus 39% for 351 children receiving chemo-
therapy. In contrast, the 10-year EFS was 50% for children without 
MSD compared to 40% for children with MSD.263 They concluded 
that first remission BMT has not improved EFS for VH-risk ALL.

Gaynon et al. undertook a prospective randomized trial (CCG 
1941) for children with ALL and early marrow relapse.209 Of 
215 patients enrolled, 165 achieved remission (77%). Forty-two 
refused postinduction allocation. Fifty-one patients had matched 
related donors, of which 40 underwent BMT in second remission; 
8 died from TRM (20%) and 19 relapsed. Seventy-two patients 
had no matched related donor and were allocated to alterna-
tive donor BMT or chemotherapy. Of 37 patients allocated to 
alternative donor BMT, 20 underwent BMT in second remission; 
8 died from TRM (40%) and 6 relapsed. Of 35 patients allocated 
to chemotherapy, 10 patients underwent alternative donor BMT; 
4 died from TRM and 3 relapsed. Twenty-five patients received 
only chemotherapy; 2 died from TRM and 16 relapsed. The 2-year 
EFS for MSD BMT and alternative BMT was 40% and 23%. By 
intent-to-treat from the end of induction, the 3-year DFS were 
not significant: 29%, 18%, and 28% for matched related BMT, 
alternative BMT, and chemotherapy, respectively. Censoring the 
chemotherapy patients who underwent BMT, the DFS is 36%.

The British MRC has undertaken three prospective trials in 
patients after relapse. Wheeler et al. studied 489 children who 
relapsed from the UKALL X trial. Harrison et al. studied 256 
relapsed children enrolled on the UKALL R1 trial.264 In adjusted 
comparisons, BMT improved 5-year EFS from 26% to 41% in 
UKALL X (P = 0.05). The 5-year EFS was only 3% for patients 
with marrow relapse prior to 2 years, whatever therapy was pur-
sued. The 5-year EFS was 66% for late extramedullary relapse. 
On the UKALL R1 study, 67 children had MSD BMT and 139 had 
no MSD. Sixty-three of 67 patients with MSDs underwent BMT. 
Contrary to protocol, 41/139 patients with no MSD underwent 
MUD BMT, of which 6 patients died from TRM (15%). Within the 

Definition of the role of BMT in childhood ALL has been an 
ongoing challenge. Interpretation of reported BMT outcomes 
is complicated by the preponderance of small series, selection 
bias, waiting-time bias, and lack of adequate controls. Even in 
aggregate, small series may not be representative of the total 
experience. Small numbers quickly erode statistical power and 
obscure possibly important differences. Selection biases com-
plicate comparisons; in “treatment-received” reports, patients 
who relapse before a BMT is performed are excluded from the 
treatment-received experience, but are included in the control 
group receiving chemotherapy. Patients deemed clinically unfit 
for BMT because of organ dysfunction or deep-seated infection 
are excluded from the BMT arm, but may be included in the 
chemotherapy control. Various statistical techniques can adjust 
for waiting-time bias but selection bias proves more challeng-
ing; therefore, an intent-to-treat analysis is the least biased. 
Interpretation of BMT results is also complicated by differences in 
therapy before BMT, in marrow ablative therapy, in graft-versus-
host disease prophylaxis, and in supportive care. The superiority 
of a particular transplant regimen over a particular chemotherapy 
regimen does not imply that the same or a second transplant 
regimen will necessarily be superior to a second chemotherapy 
regimen.

For children in second marrow remission, a case-control 
analysis of International Bone Marrow Transplant Registry 
data suggested that matched BMT is superior to chemotherapy 
for both early and late marrow relapse. The 5-year DFS was 
estimated at 40% for BMT patients and 17% for matched che-
motherapy patients, excluding patients who failed to achieve or 
maintained remission long enough to have received a transplant 
had they had a donor (Fig. 76.10). Comparisons of BMT and 
chemotherapy outcomes for initial remissions before 18 months, 
at 18 to 36 months, and at 36 months or later were 29% versus 
14%, 41% versus 7%, and 53% versus 32%, respectively.262 A 
matched-pairs analysis of patients treated with chemotherapy 
or unrelated donor transplantation was undertaken by the BFM 
group. Patients treated with HSCT had an EFS of 42% compared 
to an EFS of only 17% for those treated with chemotherapy; the 
poorer outcome in the chemotherapy group was primarily attrib-
utable to the dismal outcome of those with high-risk features such 
as early relapse.220 

FIGURE 76.10. Probability of leukemia-free survival in matched cohorts (n = 255 in each) of children receiving chemotherapy or undergoing sibling 
donor transplantation for relapsed ALL. (With permission from Barret AJ, Horowitz MM, Pollock BH, et al. Bone marrow transplants from HLA-identical siblings 
as compared with chemotherapy for children with acute lymphoblastic leukemia in second remission. N Eng J Med 1994;331:1253–1258.)
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first complete remission, a rate very similar to the general US popu-
lation.85 Although ALL survivors are 3.7 times more likely to report 
a significant chronic medical condition compared to their siblings 
and they have poorer self-reported health status, remarkably, 92% 
of survivors who did not develop a relapse or receive irradia-
tion did not report any severe chronic medication condition after 
therapy.281 In an analysis of more than 800 patients who received 
treatment on SJCRH protocols and attained at least 10-year EFS, 
quality of life among nonirradiated survivors was very good with 
rates of health insurance coverage, marriage, and employment 
that were similar to the age- and sex-adjusted national averages.85 
Many therapeutic trials for childhood ALL now include prospec-
tive assessments of common toxicities as well as underlying host 
factors that contribute to the risk of experiencing side effects from 
ALL therapy and this is envisioned to facilitate prevention of late 
effects from treatment more effectively in the future. 

Neuropsychological Sequelae
Cognitive outcomes of children who receive ALL therapy have been 
an area of active investigation as the side effects of CNS-directed 
therapy have become increasingly recognized.282 Risk factors 
for the impairment in neurocognitive functioning have included 
younger age (<5 years), female gender, more intensive treatment, 
and cranial irradiation.283–291 Historically, cranial irradiation, 
especially when administered to children <3 years of age and at 
the higher doses used in earlier generation treatment protocols, 
has been linked to later cognitive impairment as well as a decline 
in neuropsychological functioning, such as visual–motor integra-
tion, processing speed, attention, short-term memory, and execu-
tive functioning (organization and planning).285,287,292–294,295 In 
recent years, there has been a growing trend to reduce the number 
of children who receive cranial irradiation and this has prompted 
assessments of the cognitive and neuropsychological outcomes 
in children treated with systemic and intrathecal chemotherapy 
alone. The impact of parenteral methotrexate and intrathecal 
chemotherapy and other agents such as corticosteroids has been 
somewhat challenging to define. Factors such as the assessment 
tools used, heterogeneity in populations tested and the treatment 
regimens delivered, differences in time points during treatment 
when testing was undertaken, also contribute to the complexity in 
defining the risk, and furthermore, the clinical impact of numerical 
differences in test scores can be difficult to define. 

There have been relatively few large prospective studies of 
children with ALL who have received common treatment and 
undergone uniform neurocognitive assessments. Comparisons 
of neurocognitive outcomes in children treated with regimens 
containing cranial irradiation versus chemotherapy alone have 
generally suggested better outcomes when radiation is omit-
ted289,294,295,296 but not all studies have shown a significant dif-
ference.292,297,298 Most studies of outcomes following treatment 
with chemotherapy without cranial irradiation have reported 
favorable cognitive and intellectual outcomes; however, some 
meaningful deficits in neurocognitive function with difficulties in 
attention, working memory, processing speed, mathematics, and 
visual–motor integration have been reported.283,286,299,300,301 

A recently completed study assessing cognitive outcomes 2½ 
years following remission induction in 243 children who were 
enrolled on the St. Jude Total Therapy Study XV, which omit-
ted cranial irradiation for all patients, showed that children who 
received ALL therapy in comparison to a normative group, had 
a higher likelihood of below-average performance on sustained 
attention in approximately 40% of patients.302 Those treated on 
this protocol, however, did well on global measure of cognitive 
ability without evidence of impairment on measures of intellec-
tual functioning, academic abilities, learning, or memory. More 
intensive therapy and younger age portended a higher risk for 
impairment; however, gender was not a significant risk factor in 

power of the comparison, no statistically significant difference 
was apparent in intent-to-treat comparisons of patients with MSD 
versus patients with no MSD or in adjusted treatment-received 
comparisons of patients undergoing BMT versus patients receiv-
ing chemotherapy. The UK ALL-R3 randomized 219 children 
with first relapse of ALL to receive either idarubicin or mito-
xantrone during reinduction therapy; all high-risk patients, and 
those  standard-risk patients with MRD levels (≥10−4 cells) after 
3 courses of reinduction therapy, underwent allogeneic SCT, 
whereas standard-risk patients with less end-induction MRD 
received continuation chemotherapy. Estimated 3-year progres-
sion-free survival was significantly better in the mitoxantrone 
group (64.6% ; 95% CI 54.2–73.2) than in the idarubicin group 
(35.9%; CI 25.9–45.9), despite no obvious difference in end-
induction MRD results between the two groups.224 

Further refinements in improving BMT outcomes may come 
from reducing pretransplant levels of disease with either standard 
or novel agents, better conditioning, less TRM, and enhancement 
of the graft-versus-leukemia effect. Although data clearly link end-
induction or pretransplant levels of MRD to outcome,221,222 no 
data have been published demonstrating that further therapy in 
those patients with detectable disease prior to HSCT will improve 
outcomes; an alternative explanation is that detectable MRD prior 
to HSCT may reflect adverse biologic features resistant to cur-
rently available therapies. Clinical trials are underway or planned 
that will address this important issue. 

The optimal choice of conditioning regimen is also unclear; 
although the use of regimens utilizing total-body irradiation 
(TBI) may be superior to busulfan-based regimens in ALL.265,266 
Concerns about the long-term complications of TBI in children 
have led to plans for an international trial randomizing TBI-based 
and non-TBI–based regimens in relapsed childhood ALL. The 
identification of those elements comprising an optimal TBI-based 
regimen (cytosine arabinoside, cyclophosphamide, or etoposide) 
are similarly unclear.267,268 Reduced graft-versus-host disease 
prophylaxis269 or rapid withdrawal of GVHD prophylaxis follow-
ing HSCT in the setting of increasing mixed chimerism270,271 may 
enhance graft-versus-leukemia effect and improve outcomes. 

Future progress in further improving the outcome of children 
with newly diagnosed high-risk or relapsed ALL will come from 
the incorporation of promising new therapies into treatment regi-
mens, either through empiric testing or through the identification 
of critical signaling pathways that are amenable to therapeutic 
targeting (Table 76.5).51 Newer cytotoxic chemotherapy agents 
that have shown promising results in relapse and are being evalu-
ated or planned for evaluation in high-risk subsets of ALL include 
clofarabine,272,273 nelarabine,43 and bortezomib.274,275 Among 
the many other therapies in early development for lymphoid 
malignancies, the most promising appear to be the immunocon-
jugates moxetumomab,276 inotuzumab,277 and blinatumomab. 
The latter agent, the first of a novel class of agents known as 
bispecific T-cell engagers (BiTEs), is a single-chain bispecific 
antibody construct with specificity for CD19 and CD3 which has 
shown impressive activity in adults with CD19+ non-Hodgkin 
lymphomas and ALL.278,279 Similar activity has been seen in a 
small number of children,280 and prospective pediatric trials of 
this agent are underway. 

OUTCOMES

Quality of Life
With steady improvements in survival over successive decades, 
growing attention and focus have been devoted to the short- and 
long-term effects of ALL therapy and their impact on quality of life. 
In a recent analysis of 10-year event-free survivors of childhood 
ALL, 95% were long-term survivors 30 years from achievement of 
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Agent Comment

Monoclonal Antibodies
 Blinatumomab Bispecific antibodies (BiTE) that direct CD3+ T-cell against CD19+ B-ALL
 Rituximab Utilized in adult B-cell lymphoma and Burkitt lymphoma/leukemia; under investigation in CD 20+  

precursor B-ALL
 Epratuzumab Under investigation for relapsed CD22+ precursor B-ALL; probable synergy with other antibodies
 Inotuzumab ozogamicin Humanized anti-CD22 antibody conjugated to calicheamicin
 Alemtuzumab Anecdotal responses in CD52+ ALL; under investigation to eradicate minimal residual disease and in 

patients who have multiple relapses
Antimetabolites
 Clofarabine Nucleoside analogue; inhibits ribonucleotide reductase and DNA polymerase. Approved for relapsed 

childhood ALL; CR of 20–24% and overall response of 30–47%
 Nelarabine Pro-drug of ara-G; inhibits purine nucleoside phosphorylase. Approved for third-line treatment for T-ALL; 

CR rate of 27–35% with a higher rate (46%) in first relapse and lower rate (21%) with CNS disease

 Forodesine Inhibits purine nucleoside phosphorylase. Preliminary data indicate similar activity to nelarabine in  
T-cell malignancies and with less neurotoxicity

Tyrosine Kinase Inhibitors (TKI)
 Imatinib
 Nilotinib
 Dasatinib
 Bosutinib
 Ponatinib
 MK-0457

Utilized with chemotherapy for Ph+ ALL

Fms-like Tyrosine Kinase Inhibitors (FLT-3) Inhibitors
 Lestaurtinib
 Midostaurin
 Tandutinib
 Sunitinib

Small molecule inhibitors; FLT3 mutations occur in MLL+ acute leukemias, KIT (CD117) + T-ALL,  
and hyperdiploid ALL. Lestaurtinib is in phase I trial as inhibitor of JAK2 in ALL

Farnesyltransferase Inhibitors
 Tipifarnib
 Lonafarnib

Inhibition of farnesylation of multiple proteins, including the RAS/RAF pathway, which affects cell  
survival. Preliminary data indicate activity in T-ALL

Proteasome Inhibitors
 Bortezomib
 Carfilzomib

Inhibits ubiquitin proteasome pathway and blocks nuclear factor κB. Leukemia cells become more sensitive 
to chemotherapy by inducing phosphorylation of BCL 2 and BCLX and inhibiting MAPK signaling

g Secretase Inhibitors
 MK-0752 Mutations of NOTCH 1 occur in ∼50% of T-ALL; loss of PTEN (phosphatase and tensin homologue) 

gene may lead to resistance to NOTCH 1 inhibition and require inhibition of PI3K/AKT pathway

Histone Deacetylase Inhibitors
 Depsipeptide
 Vorinostat
 AN-9

Synergistic with DNA methyl transferase inhibitors; can induce differentiation and apoptosis by  
upregulating cyclin-dependent kinase inhibitor A (P21) and down-regulating cyclin D1 and D2

Folate acid antagonist
 Pemetrexed
 Talotrexin

Folic acid. Modest activity in phase I trials; likely synergistic with other agents

Mammalian Target of Rapamycin (mTOR) Inhibitors
 Sirolimus
 Temsirolimus
 Everolimus
 Deforolimus (AP-23573)

Signal transduction inhibitors; induce cell-cycle arrest so that cells may be less susceptible to cell-cycle 
specific agents

NOVEL AGENTS FOR THERAPY OF ACUTE LYMPHOBLASTIC LEUKEMIA

TABLE 76.5

this study. Prospective longitudinal studies of large numbers of 
children who receive contemporary chemotherapy regimens will 
be helpful in further defining risk factors for adverse neurologic 
sequelae and the natural history of deficits over time. Monitoring 
and intervention for neuropsychological effects of therapy is an 
essential element of ALL survivorship care. 

Secondary Malignant Neoplasms 
Cancer survivors treated with radiation therapy and/or 
 chemotherapy are at some increased risk for developing a second 

malignant neoplasm (SMN), although this risk is low in ALL sur-
vivors and estimated to be 1.18% at 10 years with contemporary 
risk-based therapy in a cohort of 8,831 children treated on COG 
protocols from 1983 to 1995.303 Similarly, in an analysis of 5,006 
children treated on BFM ALL protocols from 1979 to 1995, the 
cumulative risk of SMNs at 15 years was 1.2% in nonirradi-
ated children versus 3.5% among those who had received prior 
irradiation.304 Investigators at SJCRH followed a cohort of ALL 
 survivors for a more extended period of time (median follow-up 
of 18.7 years) and found that the incidence of SMNs continues to 
increase over 30 years.305 Although the majority of late-occurring 
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and knees are the most commonly affected joints. In severe cases, 
ON results in joint collapse and may require total joint replace-
ment. In a recent report of results from the COG-1961 study 
for treatment of newly diagnosed NCI high-risk ALL, the use of 
alternate-week dexamethasone during delayed intensification 
significantly reduced the incidence of ON compared to continuous 
dosing schedules with incidence rates of 8.7% versus 17%, P = 
0.0005, respectively.308

Cardiac Toxicity
Anthracyclines are commonly used in the treatment of ALL in 
adults and children and there is a risk of cardiotoxicity associ-
ated with their use, especially in doses that exceed 300 mg/m2.311 
Cumulative doses of anthracycline have been shown to be the 
most important predictor of abnormal cardiac function312,313 and 
females have also been reported to be at higher risk313 as well as 
children with a younger age at exposure.314 Reported frequencies 
of anthracycline-induced clinical heart failure have varied from 
0% to 16%.315 Because most ALL protocols have far less cumula-
tive exposure, overt congestive heart failure is now infrequent, 
although abnormalities in cardiac indices have been reported 
even with lower anthracycline exposures and the natural history 
of these findings is being tracked.316 Lipschultz et al. reported that 
17% of patients who had received only 45 mg/m2 of doxorubicin 
had slightly elevated age-adjusted left ventricular load, as mea-
sured by end-systolic wall stress.312

Measures to prevent cardiotoxicity have been investigated 
and some groups have used the cardioprotectant dexrazox-
ane.314 In a randomized study, children with ALL who received 
dexrazoxane with doxorubicin were less likely to have cardiac 
injury, as reflected by elevations in troponin T and N-terminal 
pro-brain natriuretic peptide (NT-proBNP; cardiomyopathy bio-
marker).317,318 The potential impact of dexrazoxane on the anti-
tumor effect of anthracyclines and the risk of SMN as well as the 
association between cardiac biomarkers and long-term cardiac 
outcomes are areas of ongoing investigation. 

Endocrinologic Late Effects
Survivors of ALL are also at risk for a spectrum of endocrinologic 
late effects. These include impairment in growth, thyroid function, 
gonadal function, bone health, and adrenal function.319 There is 
growing recognition that survivors are at risk for obesity and met-
abolic syndrome possibly related to steroid exposure and insulin 
resistance.320,321,322–324 Screening for endocrinologic sequelae is 

SMNs are low-grade tumors such as basal cell carcinoma and 
meningioma, aggressive tumors occur as well and exceed the 
incidence in the general population, highlighting the need for life-
long follow-up of childhood ALL survivors. Reported risk factors 
for SMNs are female gender, prior cranial irradiation, primary 
disease recurrence, and treatment at a younger age.303,304 

The majority of the SMNs that occur in survivors of child-
hood ALL are secondary high- and low-grade brain tumors 
among children who received prior cranial irradiation.281 This 
risk approaches 0.5% at 10 years, which is a tenfold increased 
risk compared to the general population, and the latency period 
can exceed 10 years.303 A higher than anticipated incidence of 
secondary brain tumors was observed on SJCRH studies where 
intensive antimetabolite therapy was given before and during 
radiation and this was linked to mutations in the thiopurine 
methyltransferase gene, which resulted in defective thiopurine 
catabolism.306 This suggests that other components of therapy, as 
well as underlying genetic characteristics of patients may also be 
associated with the risk for SMNs. 

There is also a risk of chemotherapy-related myelodsyplasia 
(t-MDS) and AML, linked to exposures to epipodophyllotoxin 
therapy. The cumulative incidence of secondary AML/MDS 
among children treated on COG protocols was 0.2%.303 A higher 
incidence of 3.8% at 6 years has been reported after treatment 
on protocols with greater epipodophyllotoxin exposure.307 These 
SMNs are characterized by latency periods of <10 years. 

Osteonecrosis
Osteonecrosis (ON, avascular necrosis of bone) has been rec-
ognized with increasing frequency in the greater number of 
surviving older children and adults with ALL after chemotherapy 
or after BMT (Fig. 76.11). Osteonecrosis and decreased bone 
mineral density are well-known side effects of glucocorticoids 
and ON has emerged as one of the greatest causes of treatment-
related morbidity in survivors of ALL therapy, particularly the 
adolescents.168,308,309 Symptomatic ON has been reported to 
occur in up to 20% of children and adolescents with ALL and its 
pathogenesis is thought to involve ischemia due to intravascular 
thrombi and extravascular lipid deposition as well as compro-
mised intramedullary blood flow due to increased intraosseous 
lipocyte size. Adolescent age (10 to 20 years) and exposure to 
dexamethasone have been shown to be some of the greatest risk 
factors for this complication. New evidence is also emerging to 
suggest that ON may be associated with inherited genomic varia-
tion.310 Pain is the common initial symptom of ON and the hips 

A B

FIGURE 76.11. Coronal (A) and sagittal (B) T2 images from a magnetic resonance imaging scan demonstrating corticosteroid-inducted avascular 
necrosis of the right medial femoral condyle in a 15-year-old white girl. (Courtesy of Dr. Leonard A. Mattano, Michigan State University, Kalamazoo Center 
for Medical Studies.)
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essential both during and following therapy as many treatment-
related side effects can be improved by medical, environmental, 
and dietary interventions.

SUMMARY
The steady progress in pediatric ALL has served as a model of 
incremental improvements in therapy through clinical trials. 
Prognostic risk stratification is shifting from clinical factors to 
a combination of clinical, immunophenotype, and molecular 
genetic data. Early identification of minimal residual dis-
ease is also now incorporated into therapeutic strategies. 
Pharmacogenomics may lead to individualization of therapy. 
Novel agents that are directed at molecular targets are under 
investigation to improve outcomes. The goal of therapy in ALL is 
to continue to maximize and maintain remission while minimiz-
ing long-term complications. 
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ACUTE MYELOGENOUS LEUKEMIA IN CHILDREN
Robert J. Arceci
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HISTORICAL BACKGROUND
Acute myelogenous leukemia (AML) represents a heteroge-
neous group of hematologic malignancies arising from the 
transformation and expansion of an early myeloid stem or pro-
genitor cell. The term leukemia originated with Virchow, who, 
in 1845, recognized a clinical entity characterized by too many 
white blood cells (WBCs), leading him to name the condition 
white blood, or leukemia.1 Of some historical interest is that Dr. 
John Hughes Bennett’s report of a case of leukemia preceded 
Virchow’s description by ∼6 weeks.1 However, Bennett had 
concluded that the condition was secondary to an infection and 
referred to it as pyemia. The term myelogenous, or myeloid, 
derives from the terms myelos, meaning marrow and genesis, 
meaning birth.

The original cases of Virchow and Bennett probably repre-
sented what we now know to be either chronic lymphocytic or 
myelogenous leukemia. The first likely case of acute leukemia 
was reported by Friedreich and was believed to be lymphocytic.2 
It would take the identification of the myeloblast as a precursor 
cell for granulocytes by Naegeli in 1900 to set the stage for the 
description of the first cases of AML or what was originally termed 
acute nonlymphocytic leukemia.3 Even during the first half of the 
20th century, reports describing different types of myeloid leuke-
mia made it clear that this was not one but a variety of distinct 
disorders, all deriving from a bone marrow precursor myeloblast. 
Initially, cases of monocytic leukemia were described, followed 
by myelomonocytic leukemia.3,4 Cases of erythroleukemia, mega-
karyoblastic leukemia, and acute promyelocytic leukemia (APL) 
were subsequently described in 1917, 1931, and 1957, respec-
tively.5–7 During the mid-1970s, the French/American/British 
(FAB) classification system was developed and defined the major 
categories of AML as M1 through M7.8 More recently, the World 
Health Organization (WHO) provided a new classification system 
that utilizes genetic, immunophenotypic, biologic, and clinical 
features in addition to morphology.9

The description and classification of AML moved more rapidly 
than the development of effective treatments. During the mid-
1800s, Virchow used diet therapies, ferric iodide, and application 
of abdominal and foot baths.1 In 1865, Lissauer used arsenic 
(Fowler solution) to treat patients with leukemia, but with little 
success.1 Radiation therapy was used in the late 1800s, mostly as a 
form of palliation for chronic leukemias.1 In 1938, Forkner stated, 
“Although leukemia is a fatal disease much can be done to add to 
the comfort, and promote the general health of sufferers from the 
chronic forms of the disease. Unfortunately acute leukemia does 
not respond satisfactorily to any form of treatment.”1 In 1948, 
Farber demonstrated that the use of the antimetabolite aminop-
terin could produce transient remissions in children with acute 
lymphocytic leukemia (ALL).10 The pioneering work resulted in 
the National Cancer Institute developing screening programs for 
other possible antitumor therapies during the 1950s. During the 
1960s, several chemotherapeutic agents, particularly cytarabine 
and anthracyclines, were developed and used in the treatment of 
AML. During the 1970s, clinical trials demonstrated that combin-
ing these two agents would result in long-term remissions for 
10% to 15% of patients with AML. The subsequent introduction of 
more intensive remission induction regimens and post-remission 
therapy increased the need for more rigorous supportive care 
measures, and the development of bone marrow transplantation 
led to current cure rates of about 50%.11,12

EPIDEMIOLOGY
Approximately 6,500 children <20 years of age develop acute leu-
kemia annually in the United States, and AML represents approxi-
mately 15%, resulting in approximately 600 new cases/year.13 The 
remaining cases of acute leukemia in children and adolescents are 
lymphoblastic leukemia. Essentially the opposite ratios exist for 
adults, with AML accounting for about 80% of acute leukemia and 
lymphoblastic the remaining 20%. With the exception of a peak 
in incidence of AML in infants, the incidence of AML is relatively 
constant until early adolescence following which it continues to 
rise slowly through young adulthood and beyond 50 years of age 
the incidence rises dramatically.14

Some variation in the incidence of AML in children has been 
reported among different racial and ethnic groups. For example, 
black children have an incidence of 5.8 cases/million, compared 
to 4.8 cases/million in white children.15,16 Children and young 
adults of Hispanic background have the highest annual incidence 
at 9 cases per million with the major subtype being APL.17–20 The 
annual incidence of AML in children from Japan, Australia, and 
Zimbabwe has been reported as 8, 8, and 11 per million.21 The 
increasing incidence of secondary leukemia, resulting from che-
motherapy and treatment for other malignancies, is a problem of 
increasing significance in pediatrics.22–28

CELLULAR AND MOLECULAR ORIGINS 
OF ACUTE MYELOGENOUS LEUKEMIA: 
HEMATOPOIETIC HIERARCHIES
The determination of the AML stem cell is not solely of biologic 
interest but has profound significance for understanding the 
causes of leukemia and potentially the development of curative 
therapies. This section discusses the cellular and molecular deter-
minants of AML.

Normal hematopoiesis occurs through a series of complex 
changes that facilitate multipotential hematopoietic stem cells 
to both expand and differentiate into various mature blood cell 
types. Because AML is derived from an abnormal immature 
hematopoietic precursor cell, these leukemias also have the 
capacity to expand and to show characteristics of limited differ-
entiation. Thus, myeloid leukemias retain many of the molecular 
and cellular phenotypic characteristics of their normal hemato-
poietic origins, providing the means to distinguish subtypes of the 
disease and define potential leukemic stem cell compartments. 
For example, although most myeloid leukemia cells often express 
growth, survival, and differentiation receptors for specific cyto-
kines such as KIT, FLT3, and granulocyte-macrophage colony-
stimulating factor receptor, some subtypes also express more 
lineage-specific surface receptors, such as those for granulocyte 
colony-stimulating factor (G-CSF) and erythropoietin. The same is 
true for the expression of differentiation markers that character-
ize various myeloid lineages such as megakaryoblastic, erythroid, 
or monocytic. These diverse phenotypic characteristics of differ-
ent subtypes suggest significant heterogeneity of both the genetic 
changes and the cell of origin in AML.

Some of the earliest biologic tools used to define the cellular 
compartment in which leukemic stem cells arise included the 
use of X-linked glucose 6-phosphate dehydrogenase isoenzyme 
analysis in female patients with chronic myelogenous leukemia 
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(CML) and then AML.29,30 Subsequently, karyotypic abnormalities 
were examined in the maturing colony-forming units to evaluate 
which lineage (colony-forming unit stem, colony-forming unit 
granulocyte-macrophage, colony-forming unit megakaryocyte, 
colony-forming unit granulocyte, colony-forming unit eosinophil, 
etc.) contained the aberrant chromosomal marker.31 These stud-
ies revealed that although CML arises in a very early pluripoten-
tial hematopoietic cell, there are cases of AML that arise in more 
mature pluri- and unipotential progenitor cells.31

By depleting samples of AML with antibodies directed against 
lineage-specific surface antigens, a very small percentage of 
lineage-negative (Lin−) cells were isolated that had the capacity to 
generate AML at a higher percentage than more mature leukemic 
cells when transferred to immunodeficient mice. These leukemo-
genic CD34+, CD38−, Lin− cells (termed self-renewing leukemia-
initiating cells) were in most cases rare, having a frequency of 
as few as 0.2 to 200/106 mononuclear cells.32,33,34,35 Of further 
significance was that the frequency of the self-renewing leukemia-
initiating cell did not correlate with age, sex, or FAB classification, 
with the exception of some cases of APL.33 In the case of APL, 
a significant percentage of cases appeared to be derived from a 
more committed progenitor cell.33,36 Subsequent investigations 
identified both CD34+ and CD34− lineage–negative self-renewing 
leukemia-initiating cell populations that were present at extremely 
low frequency, demonstrating that the AML stem cell is in many 
cases derived from a very immature hematopoietic precursor cell.37

When these results are placed into the context of the hematopoi-
etic differentiation schema, the conclusion can be made that there 
must be primary genetic changes that occur in a very primitive 
self-renewing stem cell and that the nature of those genetic changes 
in part determines the subtype of AML. For example, a t(8;21) 
abnormality may lead to M1 AML with minimal differentiation, 
whereas an inv(16) abnormality may result in an M4Eo subtype. 
The initiating events may primarily affect the ability of the leukemic 
stem cell to differentiate but retain the ability to self-replicate.38,39 
Subsequent genetic changes, such as mutation pathways regulat-
ing apoptosis, cell survival, and proliferation, may further change 
the phenotype of the leukemia as well as provide the proliferative 
potential for the leukemia. These might be considered “driver” and 
“modifier” mutations, respectively. Mutations that do not affect the 
phenotype may be considered “passenger” mutations. This latter 
type of genetic change involves mostly secondary mutations that 
affect the function of growth and survival factor receptors, such as 
FLT3 or KIT. By themselves, most single mutations are insufficient 
to cause leukemia. However, when present together in the same 
cell, they can cooperate and lead to the development of AML. A 
slightly different alternative way of understanding the etiology of 
AML in the context of gene mutations is to consider genetic changes 

such as AML-ETO translocation as a Type I mutation and FLT3-ITD 
or KIT point mutations as Type II mutations that in combination 
result in the proliferation of progenitors with limited and aberrant 
differentiation.40

Genome-wide sequencing has confirmed the above models 
but also revealed many additional subkaryotypic abnormalities 
including gene mutations encoding classes of proteins involved in 
epigenetic patterning41,42,43 and RNA splicing.44,45 Such studies 
have also helped to define the heterogeneity of AML and its clonal 
evolution during treatment.46,47 Of interest, although many of the 
same mutations observed in older adults with AML have been 
found in children with AML, there is a growing body of evidence 
that shows significant differences also exist.48–50

These results have important implications not only for under-
standing the etiology and pathogenesis of AML but also for the 
development of more effective treatments (Fig. 77.1). The causes 
of generating genetic mutations contributing to AML involve both 
inherited and environmental factors. In pediatrics, the former 
class of factors is particularly important.

PREDISPOSING FACTORS AND 
PATHOPHYSIOLOGY

Inherited Predisposition Syndromes

Abnormal Chromosomal Number
Trisomy 21, or Down syndrome (DS), represents the most common 
inherited condition that predisposes to the development of leuke-
mia. The overall risk of developing leukemia has been estimated 
to be about 14-fold above that of the general population.51,52 
Although older children with DS have a similar frequency of ALL 
and AML, within the first 3 years of life, AML, and particularly 
acute megakaryoblastic leukemia (AMKL), predominates.52

Patients with DS also have an increased predisposition to 
develop a condition known as preleukemia or transient myelo-
proliferative disorder (TMD). Approximately 10% of newborns 
with DS develop TMD. Although clinically indistinguishable from 
congenital leukemia (Fig. 77.2), TMD, as the name suggests, is 
usually self-resolving. It is importantly to note that even children 
who are mosaic for trisomy 21 but phenotypically normal share 
the increased risk of developing TMD and subsequent leukemia. 
Approximately 20% to 30% of children whose TMD resolves still 
develop AMKL.

The close association of trisomy 21 with TMD and AMKL 
suggests that predisposing genetic events exist. RUNX1 (AML1), 

Cancer Self- renewing Stem
Cell

Proteasome

Stromal/AML Adhesion

Microenvironment Anti-Stroma Rx (Anti-VEGF, Anti-Integrin)

Non-Self- replicating Cancer
Cell Lineage-Specific Antigens

Anti-CD33, CD123, CD133
Drug Transporter Inhibitors

Anti-MDR1
Cytokine Receptors

Signaling Pathways
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Therapy, Monoclonal
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FIGURE 77.1. Therapeutic targets being tested in acute myelogenous 
leukemia (AML). The schema shows different pathways and/or approaches 
that have been or are being tested in clinical trials, including those that may 
affect the leukemia-initiating cell.
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which is located on chromosome 21 and known to be involved in 
some subtypes of AML, has been implicated etiologically, but no 
definitive evidence has yet demonstrated a specific mutation or 
gene dosage effect leading to AML. However, other investigations 
have demonstrated the interesting finding that TMD and AMKL 
are both characterized by mutations of the GATA1 gene that 
result in the introduction of a premature stop codon, truncating 
GATA1 before the amino-terminal activation domain and reduc-
ing its transcriptional activation ability.53,54 The same GATA1 
mutation has been observed in the blasts from TMD as well as 
in AMKL.53–56 These results argue strongly that mutations in 
the GATA1 hematopoietic transcription factor are an early event 
in the development of TMD and AMKL in children with DS. It 
remains unclear why a majority of children with DS and TMD 
show regression of their disease.

An increased risk of developing AML in patients with Klinefelter 
syndrome (XXY) and Turner syndrome (XO) has also been 
reported, but the numbers of such cases are quite low.57,58

Inherited Marrow Failure and Chromosome 
Instability Syndromes
There are several inherited syndromes characterized by progres-
sive marrow failure and cytopenias with a high frequency of 
AML. Fanconi anemia (FA) is an autosomal recessive inherited 
disorder with common congenital abnormalities including skeletal 
abnormalities, short stature, microcephaly, cardiac abnormalities, 
genitourinary tract abnormalities, café-au-lait spots, and mental 
retardation. Patients with FA have an estimated 15,000 times 
greater risk than the general population for developing AML and 
an actuarial risk of myelodysplastic syndrome (MDS) or AML of 
approximately 52% by 40 years of age.59,60 There are multiple 
gene defects that give rise to FA and affect distinct but functionally 
related proteins that regulate DNA repair; the mutations result 
in a hypersensitivity to genotoxic agents such as mitomycin C or 
diepoxybutane and chromosomal instability.61 Somatic mutations 
in several of the FA genes have also been observed in AML out-
side the setting of FA, thus further strengthening the link of these 
genes with predisposition for AML.62,63

Severe congenital neutropenia (Kostmann syndrome) repre-
sents an important inherited cytopenia of the granulocytic lineage 
with an increased risk of MDS/AML that increases with age.64 
Introduction of G-CSF for the treatment of patients with Kostmann 
syndrome has been linked to the development of AML. However, 
it is possible that patients on G-CSF may survive for longer 

periods, raising the possibility that the development of AML is 
secondary to an intrinsically increased risk of leukemia in patients 
with Kostmann syndrome or a combination of this predisposi-
tion and G-CSF stimulation. Mutations in the elastase gene have 
been associated with both cyclic neutropenias and Kostmann 
syndrome.65,66 The detection of somatic activating mutations of 
the G-CSF receptor has been observed before the development of 
overt AML in patients with Kostmann syndrome.67,68 Thus, when 
a rising WBC count is observed in a patient with Kostmann syn-
drome who was previously stable on G-CSF, one should consider 
that autoactivating mutations of G-CSF have occurred and that the 
patient has developed AML.

Shwachman-Diamond syndrome, inherited in an autosomal 
recessive fashion, is characterized by pancreatic insufficiency, 
skeletal abnormalities, neutropenia, and an increased incidence 
of MDS and AML.63,69,70 Diamond-Blackfan anemia (DBA) is 
another inherited syndrome characterized by congenital anemia, 
skeletal and urogenital abnormalities, and an increased risk of 
developing MDS and AML.60 An association of mutations and/
or deletions in both small and large ribosomal subunit protein-
encoding genes has established DBA as a ribosomopathy. In 
addition to showing an increased frequency of AML, patients with 
DBA also appear to have a predisposition to other cancers, mak-
ing DBA a true cancer-predisposition syndrome.

Neurofibromatosis Type I (NF1) is caused by mutations in the 
neurofibromin gene, encoding a RAS-inactivating GTPase, and 
closely associated with an increased incidence of juvenile myelo-
monocytic leukemia (JMML) and AML.71,72 Noonan syndrome, 
caused by mutations in the PTPN11 gene, which encodes a SHP-2 
tyrosine phosphatase, also has an increased predisposition to 
JMML.73,74 Mutations in CBL, encoding an E3 ubiquitin ligase, 
have been reported to be associated with a dominant inheritance 
and predisposition to JMML.75–77 Patients with Li-Fraumeni syn-
drome and Bloom syndrome, involved defects in TP53 and the 
BLM helicase gene, respectively, have also been reported to have 
a propensity to develop leukemia, including AML.60,78–81

Additional inherited AML predisposition syndromes include 
congenital amegakaryocytic thrombocytopenia (defects in the 
CFFA2 gene and thrombopoietin receptor gene, c-mpl), autosomal 
dominant macrothrombocytopenia (Fechtner syndrome, MYH9 
gene), familial platelet disorder with propensity to myeloid malig-
nancy (FPD/AML, and germline mutations in the RUNX1/CEPB-
alpha gene).60,69,82–87 Other DNA repair/chromosome instability 
syndromes that can lead to leukemia, although more commonly 
ALL, include Bloom syndrome, secondary to an inherited defect 
in the blm helicase gene, ataxia telangiectasia, due to defects in 
the ATM gene, and Li-Fraumeni syndrome, due to inherited muta-
tions in TP53.60,78,79,80,81

Twins and Familial Cases
The increased frequency of both AML and ALL in siblings of 
patients with leukemia has been recognized since the early 1920s. 
The risk for identical twins is high when leukemia first develops 
during infancy; in most cases, transmission has been shown to be 
the result of transplacental transfer. Transmission rates have been 
reported to be 20% to 30%, although other investigators have 
concluded transmission rates may approach 100%.88,89–90 There 
is also a high concordance of timing of the onset of leukemia. 
Molecular studies have demonstrated that identical molecular 
defects characterized the leukemia in both twins.88,91–93

Clinical follow-up is therefore essential in identical twins when 
one of them is diagnosed with acute leukemia. These normal 
twins should be followed approximately every 1 to 2 months 
until approximately 2 years of age with physical examinations 
and peripheral blood cell counts. Bone marrow examinations 
should only be done when clinically indicated. The risk of devel-
oping acute leukemia for nonidentical twins has been estimated 

FIGURE 77.2. Photomicrograph of a peripheral blood smear from a patient with Down 
syndrome and transient myeloproliferative disease.
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with a peak incidence at 4 to 5 years but with an at-risk period 
extending 12 years.129–131 Exposure to topoisomerase I inhibitors, 
including anthracyclines, and topoisomerase II inhibitors, includ-
ing epipodophyllotoxins such as etoposide, is also etiologically 
linked to the development of AML.132–135 Whereas cumulative 
dose and schedule of drug delivery may play important roles in 
the development of AML136 nearly any exposures to such geno-
toxic agents can result in secondary AML, as demonstrated in a 
child initially treated for neuroblastoma.137,138 The development 
of secondary AML in patients treated first for primary cancers 
may be one of the most compelling reasons to develop alternative 
and less genotoxic approaches to therapy.

PRESENTATION
The clinical presentation of AML varies greatly with systemic 
symptoms and severity of illness usually being a result of leuke-
mia cells’ replacement of normal hematopoietic progenitors in 
the bone marrow as well as their infiltration into various organs. 
Approximately 1012 leukemia cells have been estimated to be 
present at the time of diagnosis. The leukemic blasts can invade 
extramedullary sites, such as soft tissues, skin (leukemia cutis), 
gingiva, orbit, and brain. Patients typically present with signs 
and symptoms of neutropenia, anemia, and thrombocytopenia. 
On occasion, other systems may be involved at presentation, as 
in the case of coagulopathy seen most commonly in APL, spinal 
cord compression from chloromas, or end-organ damage due to 
hyperleukocytosis.

The total WBC count may be low, normal, or high depend-
ing upon the number of circulating leukemic cells. The absolute 
neutrophil count is often less than 0.5 × 109/L and is associated 
with an increased risk of infections, often life threatening. Blood 
cultures and broad-spectrum intravenous antibiotic coverage are 
indicated in any newly diagnosed patient with leukemia and fever. 
Anemia results in fatigue, lethargy, decreased exercise tolerance, 
headache, and pallor. Although uncommon at the time of presen-
tation, congestive heart failure (CHF) may occur, particularly with 
severe anemia, which is usually normocytic and normochromic 
although evidence of red cell fragmentation may be seen in cases 
presenting with disseminated intravascular coagulation (DIC); the 
transfusion of packed red blood cells should usually be done slowly 
to prevent precipitating or worsening CHF. Thrombocytopenia 
often leads to bruising and petechiae, and occasionally overt hem-
orrhage into the gastrointestinal track, lungs, or central nervous 
system (CNS). Approximately 50% of patients have hepatospleno-
megaly and lymphadenopathy. Gingival hyperplasia and leukemia 
cutis are less frequent but particularly characteristic of myeloid 
leukemia with monocytic differentiation.

Patients may also present with anemia, which gives rise to fatigue, 
pallor, and, in extreme cases, hemodynamic instability. The anemia 
is typically normocytic and normochromic, although evidence of red 
cell fragmentation may be seen in severe cases of DIC. The median 
hemoglobin is ∼70 g/L, with a range of 25 to 140 g/L.

Nearly 75% of patients present with a platelet count <100 
× 109/L.179 Thrombocytopenia may cause petechiae, purpura, 
mucosal bleeding, and, rarely, CNS and pulmonary hemorrhage. 
Thrombocytopenia is exacerbated by coagulopathy, especially in 
the M3 and M5 AML subtypes. Although the mechanism for DIC is 
not known in M5 AML, there is convincing evidence that expres-
sion of annexin II, a receptor for fibrinolytic proteins, facilitates 
plasminogen activation by associating plasminogen and its activa-
tor, tissue plasminogen activator, at the APL (M3) leukemic blast 
cell surface.180

Patients with peripheral blast counts >200 × 109/L are at 
risk for CNS stroke due to hyperviscosity, and benefit from leuko-
pheresis to drop the blast count rapidly.181 Similarly, pulmonary 
insufficiency may occur in patients with very high leukemia blast 

to be a two- to fourfold increase until about 6 years of age, after 
which the risk becomes similar to that of the general population. 
Nontwin familial cases of AML are rare and often associated 
with constitutional translocations, such as t(7;20) and t(3;6) or  
monosomy 7.94–96

Acquired Predisposition
A variety of acquired AML predisposition disorders exist. For 
example, patients with severe aplastic anemia (SAA) treated with 
immunosuppressive agents, such as cyclosporin A and antithymo-
cyte globulin (ATG) or cyclophosphamide, as well as with recombi-
nant human G-CSF have been reported to have up to a 20% risk of 
developing MDS or AML.97–99 Paroxysmal nocturnal hemoglobin-
uria is also associated with an increased risk of developing MDS and 
AML although less frequently than SAA.100 Although AML arising 
in patients with MDS is a relatively common event in adults, MDS 
is rare in children and may differ in biologic and clinical char-
acteristics from that observed in adults.101 Acquired monosomy  
7 may predispose individuals to developing MDS and AML.102 
The acquisition of predisposing conditions or chromosomal 
abnormalities is often linked to environmental exposures.

Environmental Factors
A wide variety of genotoxic environmental exposures can pre-
dispose individuals to AML. For example, in the period after the 
dropping of atomic bombs on Nagasaki and Hiroshima during 
World War II, an approximately 20-fold increase in myeloid leu-
kemia was documented, with a peak incidence between 6 and  
8 years.103–106 The absence of a documented increase in leuke-
mia in children exposed prenatally to the radiation of the atomic 
bombs has been reported107 and may be consistent with the 
absence of definitive evidence that prenatal exposure to x-rays 
increases leukemia risk.108 There remains no convincing evidence 
that ultrasound or the effects of living near high-voltage power 
lines predisposes individuals to leukemia, although reports differ 
in their conclusions.109–111

Prenatal exposure to chemical genotoxic agents has been 
reported to increase postnatal incidence of myeloid leukemia. For 
example, maternal alcohol consumption has been associated with 
an increased risk of AML in offspring.112 A significant association 
of dose–response of prenatal alcohol consumption and the devel-
opment of AML in offspring was documented.113 However, not 
all reports have concluded such strong associations.112,114 There 
has been an association of maternal ingestion of topoisomerase II 
inhibitors and the development of AML with malignant lympho-
blastic lymphoma rearrangements in offspring.115–118 Parental 
smoking of tobacco or marijuana has also been associated with 
an increased incidence of AML in offspring although there are 
reports with dissenting conclusions.119–121 Some reports have 
linked cigarette smoking in adults to an increased incidence of 
AML, making antismoking preventive counseling important, par-
ticularly during teenage years.122

Exposure of individuals to environmentally derived genotoxic 
agents is quite substantial, and several specific examples of such 
exposures have been shown to be etiologically related to the 
development of AML. Such exposures include petroleum products, 
benzene, pesticides, and herbicides,123–127 although these studies 
have not focused on children. Interestingly, in some instances, 
such as with organophosphate pesticides, children may be at 
greater risk for accumulating higher levels of the chemicals.128

An increasingly worrisome group of patients are those who 
develop AML as a result of chemotherapeutic exposures for treat-
ment of their primary cancer or even nonmalignant conditions. 
For example, exposure to alkylating agents, commonly used to 
treat patients with brain tumors, lymphomas, and other solid 
tumors, results in an increased incidence of secondary AML, 

72683_ch077_1637-1655.indd   1640 01/08/13   4:24 PM



 CHaPtEr 77 Acute Myelogenous Leukemia in Children 1641

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

Increasingly, a diagnosis can be made from peripheral blood 
using multiparameter flow cytometry, although in some instances 
significant differences in antigen expression may exist on leuke-
mic blasts in the bone marrow compared to the peripheral blood.

ACUTE MYELOGENOUS LEUKEMIA 
SUBTYPES
Both FAB and WHO classification systems are used by clini-
cians treating pediatric AML patients. Generally, both classifica-
tion systems apply equally well to pediatric and adult patients. 
However, some important differences exist. FAB subtypes M0, 
M1, and M2 correspond to AML that is minimally differentiated, 
without maturation, and with maturation, respectively, are more 
common in older rather than younger children, with frequencies 
in children 10 to 15 years of age very similar to reported adult 
frequencies.139,140 On the other hand, FAB subtypes M5 (acute 
monocytic leukemia) and M7 (AMKL) are significantly more com-
mon in younger children.139,141 Likewise, the increased frequency 
of M7 AML in young patients is mostly due to the high rate of the 
M7 subtype in patients with DS.142 Younger children are less likely 
to have t(8;21) and t(15;17) but more frequently have chromo-
some abnormalities involving 11q23. M0 AML is defined as AML 
without morphologic signs of differentiation and by expression 
of CD13, CD33, and CD117 (c-KIT) and myeloperoxidase by flow 
cytometry or electron microscopy (Table 77.1).

counts. Approximately 5% of patients with AML have CNS dis-
ease at diagnosis, and a smaller percentage presents with CNS 
chloromas.182 These patients may have headaches, cranial nerve 
palsies, focal neurologic deficits, and, rarely, seizures.

DIFFERENTIAL DIAGNOSIS
Whereas the diagnosis of AML is generally straightforward, the 
differential diagnosis is broad, including both malignant and 
nonmalignant conditions. Juvenile rheumatoid arthritis, infectious 
mononucleosis, aplastic anemia, congenital and acquired cytope-
nias, and the transient myeloproliferative syndrome of DS infants 
may all mimic AML. AML may be mistaken for MDS or chronic 
leukemias, including CML, chronic myelomonocytic leukemia, and 
JMML. Undifferentiated leukemia or FAB L2 ALL may be mor-
phologically difficult to distinguish from megakaryoblastic AML. 
Metastatic rhabdomyosarcoma or neuroblastoma in the bone 
marrow may appear as megakaryoblastic or monoblastic AML, 
especially in the neonate.

The diagnosis of AML is typically made on bone marrow aspi-
rate examination, with special stains, flow cytometry, and cytoge-
netics providing additional data. On occasion, definitive diagnosis 
is difficult either because of technical difficulties in obtaining an 
adequate specimen or because of conflicting data. Repeat mar-
row aspirate and biopsy may provide a specimen adequate for 
diagnosis. Touch preparations of the bone marrow biopsy may 
be used in cases in which bone marrow aspiration is difficult. 

Characteristic Pediatric ≤ 21 y Adults >21 and <55–60 y

Cytogenetics Higher frequency favorable risk  
cytogenetics

Greater percent of unfavorable cytogenetics and drug 
resistant markers

Antecedent AML  
predisposing disorders

Rare (some inherited predisposition) Common (MDS, MPN, and therapy-related)

Subtype More M4/M5, DS, TMD Less M4/M5, no DS or TMD

Extramedullary disease More CNS disease/leukemia cutis Uncommon except in monocytic lineage

Induction ADE “7&3” standard

Remission rates  
(after 2 courses)

85–90% 60–80%

CNS Prophylaxis Yes Not routine

HSCT Only for high-risk patients For some intermediate- and most high-risk patients

APL Treatment ATRA at 25 mg/m2 ATRA at 45 mg/m2

Gene mutations
 FLT3-ITD 10–20% 20–50%
 KIT 25% in t(8;21) 17% in CBF
 N-RAS 20% 10%
 PTPN11 5–21% (infants) Rare
 WT1 13% (CN-AML) 10% (Normal karyotype)
 NPM1 5–10% (14–22% in CN-AML) 35% (53% in CN-AML)
 CEBPA 5% (14% in CN-AML) 10% in CN-AML
 IDH1 or 2 16% 2–3%
 TET2 Rare 16%
 DNMT3A Rare 20%

Overall survival Approximately 60–65% Approximately 40%

Late complications Growth, endocrine, cardiac, neurocognitive, 
secondary malignancies

Secondary malignancies

ADE, ARAC, daunomycin and etoposide; CN-AML, cytogenetically normal AML; CNS, central nervous system; DS, down syndrome; MDS, 
myelodysplastic syndrome; MPN, myeloproliferative neoplasm; TMD, transient myeloproliferative disorder.
Adapted from214,422 and149.

COMPARISON OF KEY CHARACTERISTICS OF ACUTE MYELOGENOUS LEUKEMIA (AML) IN 
PEDIATRIC VERSUS ADULT PATIENTS

TABLE 77.1
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after 3 days of persistent fevers, hospitalization until granulocyte 
recovery, strict hand washing, and use of high-efficiency particulate-
air–filtered rooms whenever possible. Institution of these guidelines 
lowered toxic mortality to ∼5% across cooperative group trials.193

Various trials have also tried to answer additional remis-
sion induction questions, including (1) determining the optimal 
dose and schedule of cytarabine, 2) determining the optimal 
anthracycline and dose, and (3) determining what agents can be 
added to the cytarabine and anthracycline backbone to improve 
outcomes. Although dose intensification of cytarabine has not 
been demonstrated to improve remission induction rates, higher 
doses appear to confer lower rates of leukemia relapse in adults 
in patients with core-binding factor AML.151,154 Becton et al. 
reported the POG 9421 trial that randomized patients to stan-
dard versus high-dose cytarabine in induction therapy. No statis-
tically significant differences in remission induction rate or EFS 
were observed; patients randomized to high-dose cytarabine 
had an increased risk of bacteremia/sepsis that approached, but 
did not reach, statistical significance (28% vs. 22%, P = 0.1).155 
A second pediatric study has also demonstrated no benefit for 
high-dose cytarabine over standard-dose cytarabine when used 
during induction therapy.148

Debate continues over the optimal anthracycline choice in 
induction. The Berlin-Frankfurt-Munster (BFM) group showed 
evidence that idarubicin was superior to daunomycin in induc-
tion,156,157 and a meta-analysis by the Medical Research Council 
(MRC)/Institute for Cancer Research of randomized idarubicin/
daunomycin comparisons suggested that idarubicin is supe-
rior.158 The CCG-2941 and COG-2961 trials showed that idarubi-
cin was too toxic to be used in sequential courses of intensively 
timed IdaDCTER therapy.153,159,160

The MRC AML-12 trial randomized daunorubicin, ARAC, and 
thioguanine (ADE) versus mitoxantrone, ARAC, etoposide (MAE) 
in combination with cytarabine and etoposide. Although the MAE 
regimen showed a decrease in the relapse rate compared to the 
ADE-treated group, the increased risk of treatment-related mor-
tality led to no overall benefit in DFS or OS. These results were 
similar in children and adults.161,162

Whereas the addition of other agents to the “7 and 3” back-
bone has helped increase induction rates from 70% to 85%, no 
randomized trial has demonstrated the superiority of a particular 
agent, or combination of agents, over any other combination. 
Specifically, the MRC-10 trial tested 6-thioguanine versus etopo-
side with daunomycin and cytarabine and found no statistically 
significant difference between the two induction regimens.145 In 
an attempt to introduce a novel, noncross-resistant agent into 
induction therapy, the COG AAML03P1 trial demonstrated that 
gemtuzumab ozogamicin (GO) can be safely added to a backbone 
of cytarabine, daunorubicin, and etoposide, resulting in a remis-
sion rate of 83.5% after 1 cycle of therapy.147,163 Results of the 
randomized trial using GO have not been reported at the time 
of this writing. However, the randomized study from the MRC 
has demonstrated no change in remission rates with the addi-
tion of GO, but an OS advantage particularly for patients with 
 core-binding factor AML.164 No advantage was observed in a 
Nordic Society of Pediatric Hematology and Oncology (NOPHO) 
trial randomizing GO in the post-remission setting.165

In summary, current pediatric AML induction regimens suc-
cessfully induce remission in approximately 85% of patients using 
a variety of induction strategies. The improvements in induc-
tion remission rates have come primarily from intensification of 
therapy, either by adding additional agents to the “7 and 3” back-
bone or from dose intensification. Although successful, it appears 
unlikely that further dose escalation or intensification will signifi-
cantly improve remission rates. Thus, a central remission induc-
tion question now centers on the selection and safe integration of 
other novel agents aside from GO, in order to increase antileukemic 
activ ity with less toxicity than conventional chemotherapy.

THERAPY FOR PATIENTS WITH 
NEWLY DIAGNOSED ACUTE 
MYELOGENOUS LEUKEMIA

Background
Pediatric AML protocols begin with a remission-induction regi-
men, followed by a course of consolidation therapy, and, subse-
quently, intensification courses that may include hematopoietic 
stem cell transplantation (HSCT). This relatively brief but inten-
sive approach has yielded an approximately 60% to 70% chance 
of overall survival across different cooperative group proto-
cols.143–149 Although there is general agreement that pediatric 
AML therapy should be based on the use of anthracyclines and 
cytarabine, pediatric cooperative groups differ in their induction 
regimens and the use of HSCT transplant in the post-remission 
period. The major pediatric cooperative groups are also presently 
evaluating various risk-stratification methods as well as the use 
of novel agents.

Induction Therapy
The primary goal is to achieve a remission of disease, which is 
currently defined in the United States as peripheral blood count 
recovery with a normal or slightly hypocellular marrow with 
fewer than 5% leukemic blasts and no evidence of extramedullary 
disease. An increasingly important additional marker is the eradi-
cation of detectable minimal residual disease (MRD).

The first significant successful remission-induction regimen for 
patients with AML included 7 days of continuous infusion Ara-C 
at 100 mg/m2/day and 3 initial days of an anthracycline, such as 
daunorubicin, at 45 mg/m2 to 60 mg/m2 per day. This regimen 
resulted in remission rates of between 60% to 70% in children 
and young adults.150,151 However, several approaches have been 
utilized to improve on these remission rates, including altering 
the schedule and doses of Ara-C and anthracyclines, as well as 
the introduction of additional agents. Furthermore, supportive 
care measures, such as the pre-emptive use of broad-spectrum 
antibiotics and/or blood product transfusions, have proven to 
reduce significantly remission induction mortality and thus have 
improved remission rates.

Despite the different approaches taken by the cooperative 
groups, several important conclusions can be made. First, remis-
sion quality, now defined as negative MRD at the end of induction, 
modifies relapse risk, and more intensive induction regimens 
may provide deeper (i.e., nondetectable MRD) remissions with 
lower relapse rates and improved OS. The issue of induction 
intensification was nicely demonstrated in the Children’s Cancer 
Group (CCG)–2,891 study, in which the intensively timed DCTER 
(dexamethasone, cytarabine, thioguanine, etoposide, and rubi-
domycin) arm had a similar morphologic induction success rate 
compared to the standard timing regimen, but the relapse rate for 
the intensively timed arm was lower regardless of post-induction 
therapy.146 However, more intensive induction regimens also 
carry greater treatment-related morbidity and mortality that can 
diminish the net benefit of such intensive therapy. In general, 
each trial using a very intensive induction regimen has noted an 
initial toxic death rate of approximately 15%, which decreases to 
usually less than 5% with acquired treatment experience.152,153

This high induction mortality rate has been reduced in several 
studies by mandated supportive care guidelines (see the section 
“Supportive Care”). Although escalating the economic cost of AML 
therapy, these supportive care guidelines are critical for improved 
outcomes. In the CCG, these guidelines mandated early initiation of 
broad-spectrum antibiotics, including vancomycin at the first febrile 
episode, early initiation of treatment doses of antifungal agents 
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necessary to define risk groups more carefully in terms of outcome 
and potential for benefit from HSCT. In addition, whereas most tri-
als have analyzed outcomes on whether patients did or did not have 
an HLA-matched donor, the improving success being obtained using 
matched unrelated donor HSCT has led to outcome analysis based 
on availability of the best HLA-matched donor.162

Many trials have shown that allogeneic HSCT results in an 
improved disease-free survival compared to chemotherapy or 
autologous HSCT.162,168,177,179,180,181 However, HSCT has not 
usually resulted in an improved event-free or overall survival, 
reflecting the associated increased treatment-related mortality. 
Such results suggest that HSCT may benefit some groups more 
than others. Several studies have attempted to define such sub-
groups more precisely.

The availability of an HLA-matched donor was used to ana-
lyze outcome in the MRC AML 10 trial.182 There was no statis-
tically significant difference in overall survival between those 
children with (68%) or without (59%) a donor at 10 years, even 
those there was a significant difference in relapse rate (30% 
with donors vs. 45% without donors). Based on the MRC cyto-
genetic and response-based risk stratification, overall survival at  
5 years from the time of relapse was 57%, 14%, and 8% for good, 
standard, and poor risk groups, respectively; this led to the con-
clusion that allogeneic HSCT should be done in good risk AML 
in CR2. Although outcomes from MRC AML 10 also suggested 
that allo-HSCT in first remission as improved for patients with 
intermediate- and high-risk AML, combined data from the MRC 
AML 10 and 12 trials showed no statistically significant benefit 
for these groups of patients compared to chemotherapy alone.182 
BFM trials and POG 8,821 and 9,421 studies showed comparable 
results although in the POG trials did not do a detailed subgroup 
stratification.155,183,184

In contrast, analysis of post-remission treatment of 1,464 chil-
dren less than age 21 years on 5 consecutive CCG trials from 1979 
to 1996 has shown an advantage to those patients assigned a 
HSCT in terms of overall survival (P = 0.026), disease-free survival 
(P = 0.005), and relapse rate (P < 0.001).185 Subgroup analysis 
demonstrated that HSCT was associated with improved survival 
for patients with WBC greater than 50,000/µL and for those with 
normal karyotype, but was not beneficial for patients with AML 
characterized by good -risk cryogenics, such as inv(16) or t(8;21). 
In support of such data, a report from the CCG 2961 trial showed 
no statistically significant advantage of having a HSCT donor in 
terms of OS or DFS in the subgroup of patients with inv(16) or 
t(8;21) chromosomal translocations.171 A detailed analysis of the 
effect of donor availability on patients with standard and poor 
risk features was not reported although no advantage of having 
a HSCT matched family member donor was observed compared 
to chemotherapy for the entire study population. Overall, these 
results appear to be consistent with those reported from pediatric 
MRC AML trials.

A more detailed analysis of the MRC AML 12 outcomes has 
reported no advantage of HSCT for patients in the good and 
intermediate groups, but a statistically significant advantage for 
relapse-free survival and overall survival for a subset of patients 
with high-risk AML; for example, in the 12% of patients defined 
as having poor-risk AML, HSCT was associated with an overall 
survival of 41% compared to 10% for those who received only 
chemotherapy (P = 0.001).162

Whether patients with other subtypes of AML might also benefit 
from receiving an allogeneic HSCT remains controversial. A high 
FLT3-ITD mutant to normal allele frequency has been uniformly 
associated with a poor prognosis when patients are treated with 
standard chemotherapeutic regimens alone.186,187,188 A signifi-
cant question is whether more allogeneic HSCT is able to improve 
outcomes in patients with a high allelic ratio FLT3-ITD AML.

Some studies have strongly suggested an advantage of HSCT 
for patients with a high mutant allele frequency of FLT3-ITD 

Post-remission Therapy
Once a complete remission has been achieved, including nega-
tive MRD status, additional therapy is required to avoid disease 
relapse. Various combinations and numbers of courses of therapy 
have been tested.

Dose and Duration
Although agreement exists on the role of cytarabine-based inten-
sification therapy, especially for core-binding factor myeloid 
leukemias in which additional courses of cytarabine appear to 
decrease relapse risk significantly, the optimal number of cycles 
of intensification chemotherapy is not known.146,166,167 The pub-
lished pediatric AML trials have used either 2 or 3 courses of con-
solidation therapy, for a total of 4 or 5 courses of therapy.168–170 
The MRC AML-10 trial randomized patients to either auto-HSCT 
transplant or no further therapy and demonstrated a decreased 
relapse risk in patients receiving auto-HSCT. However, the addi-
tion of auto-HSCT was associated with significant morbidity and 
mortality, thus abrogating any OS advantage.169 The CCG-2961 
trial gave patients a total of 3 courses of chemotherapy with a 
resulting overall survival of 57% following changes in supportive 
care recommendations.171 The MRC AML-12 trial randomized 
patients to a total of 4 versus 5 courses of chemotherapy with an 
OS of 81% versus 78%, respectively, at 5 years (P = 0.5). However, 
the survival for patients with very high risk AML was significantly 
less than for patients with intermediate and favorable risk AML; 
thus, any attempts to test 4 versus 3 courses of therapy should 
likely be done in the latter groups.162

With the exception of patients with APL, the use of mainte-
nance therapy with relatively low dose chemotherapy has been 
currently abandoned with the exception of BFM studies, which in 
part base this choice on the results of BFM-87, in which a main-
tenance phase was beneficial to a low-risk group of patients who 
did not receive HSCT. However, when only randomized patients 
were analyzed, no significant difference in outcome was observed, 
and no significant difference was observed.172 Other coopera-
tive groups, however, have shown that maintenance therapy is 
associated with a decrease in both EFS and OS when compared 
to shorter, more intensive regimens, with relapsed disease being 
more resistant to subsequent therapies.173,174,175

Hematopoietic Stem Cell Transplantation
Sustained improvements in chemotherapeutic regimens and sup-
portive care have continued to reduce the need for patients to 
receive allogeneic HSCT. Furthermore, several studies have shown 
equivalent overall survival when compared to chemotherapy; 
most co-operative groups have thus omitted autologous HSCT 
from consideration in order potentially to avoid greater short- 
and long-term toxicities.145,168,176,177 However, with equivalency 
of overall outcome between autologous HSCT and chemotherapy, 
one might also conclude that either approach would be a reason-
able, evidenced-based recommendation.178 In addition, alterna-
tive approaches to transplantation, such as the use of nonablative 
or intensity-reduced allogeneic or haplo-identical HSCT, remain 
experimental and need prospective testing in comparison to more 
conventional approaches.

Pediatric cooperative groups generally agree that intensive 
cytarabine-based post-remission induction therapy is required to 
minimize relapse risk. The role of allogeneic HSCT has continued to 
evolve. This has in large part been due to the advances in chemo-
therapy-based treatments for patients who might have previously 
been considered candidates for allogeneic HSCT. Key questions 
are whether allogeneic HSCT provides an overall improvement in 
survival and quality of life compared to chemotherapy-only treat-
ment approaches. In order to answer these questions, it has been 
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second CR and to refractory AML, based on results from their 
AML-BFM 98 study showing no improvement in DFS or OS for 
high-risk patients receiving allogeneic HSCT.205 Although the 
optimal timing for allogeneic HSCT has not been determined, 
most cooperative groups recommend doing HSCT following the 
second or third course of chemotherapy, based in part due to 
the time involved in obtaining HLA typing. The use of matched 
unrelated donors (MUD), haploidentical donors, single- or 
double-cord blood donor, or nonablative approaches for HSCT 
in CR1 are not as clearly established as MSD HSCT, but are 
increasingly used to provide potential curative treatment for 
patients with recurrent AML (Table 77.3).206,207

mutations.188–191 Data from the CCG 2941 and 2961 trials showed 
a borderline significant difference in relapse for patients with 
FLT3-ITD positive AML who received a allogeneic matched sibling 
donor HSCT (27% ± 27%) compared to those treated with only 
chemotherapy (65% ± 15%, p = 0.05). However, overall survival 
at 4 years from the end of the second course of treatment was not 
significantly different (64% ± 29% for those with FLT3-ITD AML 
who received an allogeneic HSCT and 48% ± 17% for those treated 
with chemotherapy [p = 0.4]).188,192 The MRC AML 10 and 12 tri-
als concluded that there was no strong evidence that FLT3 status 
should be considered as to whether to perform a HSCT based on 
their analysis of 1,135 young adult patients.193 Because OS was not 
significantly improved by having a donor in patients with FLT3-ITD 
positive or negative AML, it was concluded that allogeneic HSCT 
is not able to overcome the intrinsic chemoresistance or radiation 
resistance of FLT3-ITD positive AML. Thus, whether allogeneic 
HSCT can improve outcomes for patients with FLT3-ITD remains 
an open question. Nevertheless, most ongoing clinical trials for 
children and young adults assign allogeneic HSCT for patients with 
AML characterized by a high mutant FLT3-ITD to normal allelic 
ratio, often in the context of additional targeted therapy directed 
toward inhibition of the mutant receptor.

Current strategies for determining which patients should 
receive matched or single mismatched family donor or alternative 
donor HSCT are thus based on risk assessment and stratifica-
tion. Patients with AML characterized by alternations in core 
binding or transcription factors (e.g., t(8;21), inv(16), biallelic 
CEBPA mutations) have an approximately 80% overall survival 
with chemotherapy alone and, thus, HSCT is recommended only 
in CR2. Similarly, children and young adults with APL have an 
overall survival of 75% to 90%, depending on risk group, with 
chemotherapy plus all-trans-retinoic acid (ATRA) and, more 
recently, arsenic.194,195 Thus, HSCT is not usually recommended 
in CR1 for these patients, but instead following CR2, in which case 
allogeneic, and in some instances autologous, HSCT result in an 
approximately 70% overall survival.195–197

MLL-rearranged AML represents an extremely heterogeneous 
group of leukemias associated with variable outcomes. For exam-
ple, an international trial has reported that survival is 100%, 63%, 
27%, and 22% for patients with the t(1;11), the t(9;11), the t(4;11), 
and the t(6;11), respectively.198 Because of the wide variability of 
outcomes along with small numbers of patients with MLL sub-
types as well as no prospective definitive data that demonstrate 
HSCG improves outcome in this group of patients, most coopera-
tive group clinical trials have not used allogeneic HSCT in CR1.178 
An intention-to-treat analysis of the AML-BFM 98 study has sug-
gested an improved OS with allogeneic MSD HSCT for patients 
with 11q23 (MLL) rearrangements.199

AML characterized by a normal karyotype represents a large 
percentage of cases, however, it is also proving to be a molecu-
larly heterogeneous group. For example, nucleophosmin member 
1 (NPM1) mutations are associated with an improved outcome, 
although not necessarily in the presence of high mutant FLT3-ITD 
to normal allelic ratio is somewhat controversial.200,201 AML with 
CEBPA mutations is usually associated with normal karyotype 
AML and improved overall survival, thus making HSCT unde-
sirable in CR1.50 Point mutations involving KIT, RAS, or WT1 
(Wilms tumor 1) have not yet been definitively shown to improve 
outcome although some data exist linking them to a poorer prog-
nosis.202,203 Furthermore, patients with AML having high-risk 
cytogenetics, such as monosomy 7 or del(5q)– and –5, are recom-
mended to have HSCT in CR1 (Table 77.2).

The Children’s Oncology Group (COG) frontline AML clinical 
trial AAML1031 uses allogeneic HSCT in first remission only for 
patients with predicted high risk of treatment failure based on 
unfavorable cytogenetic, molecular characteristics and elevated 
end-of-induction MRD levels.204 In contrast, the AML-BFM 
2004 clinical trial restricted allogeneic HSCT to patients in 

Favorable
 t(8;21)
 inv16
 t(15;17)
 t(1;11)
 CEBPA biallelic mutation
 GATA1 (DS)
Intermediate
 Normal karyotype
  Other Cytogenetic Abnormalities of Neither Favorable or 

Unfavorable Type
 7q-
Unfavorable
 –7
 –5/del5
 inv(3), t(3;3)
 t(6;9)
 t(7;12)
 t(4;11), t(6;11), t(5;11), t(10;11)
 t(9;22)
 t(1;22) in non-DS
 High FLT3-ITD/wild-type allelic ratio
 WT1/FLT3-ITD
 Complex karyotype

RISK GROUPS DEFINED BY CYTOGENETIC AND MOLECULAR 
ALTERATIONS

TABLE 77.2

CHILDREN’S ONCOLOGY GROUP (COG) RISK CLASSIFICATION 
FOR AAML1031 TRIAL

TABLE 77.3

Low Risk (∼70–75% of Patients with Predicted OS of 70–75%)
Presence of favorable cytogenetics involving inv(16) or t(8;21), mutations of 
CEBPA, NPM1, and with any MRD status at the end of first induction course
OR
Standard risk cytogenetics and negative MRD at end of first induction course

High Risk (∼25–30% of Patients with OS < 35%)
Presence of poor prognosis cytogenetic changes such as monosomy 7, del(5q), 
with any MRD status at end of first induction course
OR
High FLT3-ITD to wild-type allelic ratio with any MRD status at end of first  
induction course
OR
Standard risk cytogenetics and positive MRD at end of first induction course

Note: In this schema, patients without minimal residual disease (MRD) or noninformative 
cytogenetic/molecular studies are classified as having low-risk disease
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achieving CR with relapsed and/or refractory AML.232 Overall, 
patients with AML characterized by such high-risk features 
have a 3-year survival of <20%, whereas patients with initial 
CR lasting >1 year may have a 30% to 40% 3-year survival. 
However, the rate of cure for patients with typical core binding 
factor AML, such as t(8;21), have an excellent survival rate fol-
lowing relapse following CR2 and allogeneic HSCT.

SUPPORTIVE CARE
Current AML treatments are among the most intensive used in 
children with cancer, and cause a wide variety of severe complica-
tions. AML treatment-related morbidity and mortality significantly 
affect OS of patients, both through treatment delays and deaths 
due to toxicity. Thus, patients with AML should be cared for by 
physicians and nurses experienced in AML therapy in institutions 
with appropriate laboratory, radiology, blood banking, and surgi-
cal services.

Standardization of supportive care, as shown by Riley et al., 
may reduce treatment-related mortality by 50%.152 AML support-
ive care guidelines typically focus on infection prophylaxis and 
treatment, although hematologic support is also critical. Fever 
and neutropenia in patients with AML constitute a medical emer-
gency. After obtaining blood cultures, broad-spectrum antibiotic 
therapy should be instituted rapidly. Coverage for penicillin-
resistant Streptococcus viridans and Gram-negative organisms 
should be given, and anaerobic coverage should be added if 
clinically indicated. Local microbial resistance patterns should 
dictate selection of initial antibiotics, although broad-spectrum 
antibiotics are typically included in the initial antibiotic selection. 
Patients should remain on broad-spectrum coverage until their 
neutropenia shows signs of resolution. Vancomycin use may be 
limited to 24 to 48 hours until a resistant S. viridans infection has 
been excluded. Although patients with AML are at risk for a wide 
range of bacterial infections, Gram-negative organisms occur fre-
quently at diagnosis, and α-hemolytic streptococcus is often seen 
after intensive consolidation regimens.233

Empiric antifungal therapy should begin if fever persists for 
>3 to 5 days after initiation of antibiotic therapy or with recurrent 
fever. Amphotericin B has been the first-line choice for antifungal 
coverage, although recently voriconazole and caspofungin have 
been shown to be effective agents associated with fewer toxici-
ties.234 Selection of the appropriate antifungal agent is guided by 
culture results, which may require biopsy, radiographic findings 
of lesions difficult to biopsy, and the side-effect profiles of the vari-
ous antifungal agents. Note that strict hand-washing guidelines, 
mandated hospitalization until neutrophil recovery, and use of 
high-efficiency particulate-air–filtered rooms whenever possible 
all significantly decrease the incidence, morbidity, and mortality 
of infections in pediatric AML patients.

Multiple studies, including the recently reported BFM 98 trial, 
have demonstrated that G-CSF may decrease the length of neu-
tropenia and the length of hospital stay, but it does not appear 
to alter severe toxicity or infection rates.235–237 Unlike studies in 
adults, G-CSF treatment in patients with hypercellular day 7 bone 
marrows on CCG-2891 had a statistically significantly improved 
remission rate and OS, although the introduction of G-CSF in this 
study was not randomized.238

Prophylaxis against opportunistic infections is also an impor-
tant supportive care issue. Although Pneumocystis jiroveci is rare 
in pediatric patients with AML, prophylaxis with trimethoprim– 
sulfamethoxazole is often given. S. viridans sepsis may be pre-
vented by penicillin prophylaxis in centers where S. viridans 
remains penicillin-sensitive. Penicillin resistance, however, is 
becoming more frequently detected. High-efficiency particulate-
air–filtration has been shown to diminish Aspergillus infection in 
marrow transplant patients and likely benefits AML patients who 

Summary of Therapy for Patients with Newly 
Diagnosed Acute Myelogenous Leukemia 
Despite some differences in their approaches, most pediatric 
cooperative groups share a common treatment strategy based 
on anthracyclines and cytarabine and risk stratified use of 
HSCT.173,174,183,184,208–211,212,213,214 Overall survival at 5 years for 
children with AML is in the 55% to 65% range, with some patients 
doing significantly better and others worse. As more children and 
adolescents are long-term survivors, increased attention is also 
now being paid to survivorship issues.

THERAPY FOR PATIENTS WITH 
RELAPSED/REFRACTORY DISEASE
Despite AML treatment intensification, recurrent and/or refrac-
tory disease remain the major causes of treatment failure. 
Re-induction regimens typically use high-dose cytarabine, even if 
prior therapy has included substantial cytarabine exposure. With 
the addition of agents such as mitoxantrone, etoposide, fluda-
rabine, cladribine, or clofarabine to cytarabine, approximately 
50% to 70% of patients with relapsed or refractory patients 
achieve CR, depending on the time of their relapse relative to 
their therapy.215–218,219,220 There is evidence that the combina-
tion of fludarabine, idarubicin, and cytarabine (FLAG-Ida) has a 
high remission-induction rate, which may be of longer duration. 
However, the toxicity associated with this regimen is also substan-
tial.218,220,221 The combination of mitoxantrone and high-dose 
cytarabine used in the CCG-2951 study achieved a 76% overall 
remission rate.222 Several adult trials have demonstrated that 
GO may be safely combined with several chemotherapy regimens 
for AML re-induction therapy. The COG AAML00P2 trial demon-
strated that GO could be safely combined with either cytarabine/
mitoxantrone or with cytarabine/l-asparaginase. However, expo-
sure to GO, particularly at single-agent doses, <3 months prior to 
HSCT increases the risk of severe veno-occlusive disease during 
HSCT.223–225

Patients with refractory or relapsed AML will usually require 
an allogeneic HSCT from either a related or an unrelated donor to 
achieve a long-term cure.206,226 Conditioning regimens are quite 
variable and randomized, and prospective trials rare. Because 
many investigators are reluctant to give conditioning regimens 
that include total-body irradiation to young children, the balance 
between risks and benefits of total-body irradiation–containing 
regimens for relapsed AML is largely based on retrospective 
comparative reports. Donor sources have included MUD, HLA-
matched and -mismatched cord blood (single or double) donors, 
haploidentical donors as well as KIR-mismatched unrelated or 
haploidentical donors.227

Although the use of cord blood units and haploidentical grafts 
makes alternative donors available for almost every patient, both 
of these stem cell sources have disadvantages over fully MUD. 
Cord blood grafts may have less of a graft-versus-leukemia effect, 
and the small number of stem cells can delay engraftment or 
increase graft failure. Haploidentical grafts may be associated 
with higher rates of graft-versus-host disease, as well as higher 
rates of viral infections and post-transplant lymphoproliferative 
disease as a result of the intensive immunosuppressive transplant 
regimens used.228

Despite the increased risks of toxicity, infectious compli-
cations, and graft-versus-host disease associated with the 
allogeneic transplant typically used for relapsed or refractory 
AML, between 20% and 50% of patients may achieve long-term 
survival.229,230 Cure is significantly affected by the duration 
of first CR, with shorter CR-1 (e.g., <6 months off therapy 
or while on therapy) being associated with lower overall sur-
vival.231 Leukemia karyotype may also modify the probability of 
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organomegaly, treatment approaches can include exchange 
transfusion and/or low-dose cytarabine arabinoside at 1 to  
1.5 mg/kg IV for 5 to 7 days.250,252

The favorable outcome for young children with DS and AML 
treated with less intensive chemotherapy regimens has been 
observed since the 1990s.253–258,259 However, age at the time of 
diagnosis is an important prognostic factor in children with DS 
and AML with children greater than 4 years of age having a sig-
nificantly worse 4-year EFS of 28% compared to the greater than 
85% for younger patients.250,259,260,261 Older patients with DS 
and AML are often now treated on conventional AML protocols, 
albeit with mixed results. Significant improvements in therapy are 
needed for this group of patients. However, because of the excel-
lent prognosis of younger patients with DS and AML, the goal of 
trials continues to be directed toward reducing the intensity of 
therapy, and, particularly, anthracycline exposure.262

MANAGEMENT OF PATIENTS WITH 
NON-DOWN SYNDROME INHERITED 
SYNDROMES
Patients with inherited syndromes, such as those characterized 
by DNA repair defects, usually are not able to tolerate the effects 
of chemotherapy or radiation treatment as well as other children 
with AML. For example, patients with FA require substantial dose 
reductions in chemotherapeutic drugs as well as bone marrow 
transplantation regimens, but such patients can sometimes be 
cured of their AML. However, chemotherapy to cytoreduce leuke-
mia burden followed by reduced-intensity regimens are therefore 
recommended for such patients.263–269 Patients with other famil-
ial cancer predisposition syndromes, such as those with germline 
CEBPA mutations, or Kostmann syndrome, who develop AML, can 
also be effectively treated with allogeneic HSCT.270–272

MANAGEMENT OF INFANTS WITH 
ACUTE MYELOGENOUS LEUKEMIA
Congenital leukemia is defined as that which occurs in the first 
month of life. Approximately two thirds of patients present with 
leukemia cutis, giving a “blueberry muffin” baby appearance that 
may also be seen in metastatic neuroblastoma or rhabdomyosar-
coma and histiocytosis (Fig. 77.3). Hepatosplenomegaly is also 
typically present, but lymphadenopathy less so; CNS involvement 
is present in 50% of cases that included performance of a lumbar 
puncture. The WBC count is typically elevated, and the majority 
of reported congenital myeloid leukemias have been of the M5 
subtype. A majority of congenital AML cases have abnormal cyto-
genetic findings, with approximately one fourth of cases having 
11q23 abnormalities.273,274 AML in infants (usually considered as 
being less than 12 months of age) is also characterized by a high 
predominance of MLL rearrangements.275

Although spontaneous remissions have been reported in 
neonates with AML,276 OS tends to be poor, with an OS of 24% 
at 2 years in the most comprehensive review.273,274 For these 
neonates and infants, conventional approaches to therapy using 
AML regimens used in older children are typically used, but 
with dose adjustments.275 This is in part due to the immaturity 
of organs as well as the immune system, resulting in significant 
treatment-related toxicities, including death.275,277 For instance, 
the AML-BFM studies have suggested the dose reduction of cyta-
rabine arabinoside because of the reduced clearance in children 
under the age of 2 years.278 With such intensive, although in part 
modified, AML-directed regimens, the survival for infants can be 
similar to that reported in older children, i.e., in the 65% to 75% 

experience prolonged periods of neutropenia and immunosuppres-
sion.239 In addition to management of infectious complications, the 
pre-emptive use of blood products has also been shown to play a 
critical role in the successful treatment of patients with AML.240,241

LATE EFFECTS OF THERAPY
Although intensive AML protocols cure a substantial fraction of 
children with AML, the late effects of these therapies can be sig-
nificant. Several investigators have reported on AML late effects, but 
population-based follow-up studies of recent intensive therapies are 
lacking and remain a critically needed area of research.242–244 Leung 
et al., reporting on 77 patients surviving more than 10 years from 
diagnosis, observed that increasing radiation dose as well as younger 
age at diagnosis and timing of radiation therapy were risk factors 
for growth delay, infertility, academic difficulties, cataracts, and 
hypothyroidism. Patients receiving total-body irradiation had lower 
cumulative anthracycline doses (204 mg/m2 vs. 335 mg/m2) but did 
not have a lower rate of cardiomyopathy, suggesting an interaction 
of radiation and anthracyclines.244 An analysis of a cohort of infants 
with leukemia treated by chemotherapy and then HSCT indicated 
that 59% had growth hormone deficiency, 35% had hypothyroid-
ism, 24% had osteochondromas, 24% had decreased bone mineral 
density, and 59% had dyslipidemias.245 Temming et al. reported on 
results from the United Kingdom that there was a 13.7% and 17.4% 
prevalence of early and late cardiotoxicity in children survivors 
of AML treated with chemotherapy.246 Patients who survive AML 
therapy also have a significantly increased rate of secondary malig-
nancies.247 However, primary disease relapse and therapy-related 
morbidity decrease EFS significantly more than secondary AML.

A population-based study involving children treated on NOPHO 
clinical trials demonstrated overall equivalent usage of health 
care services compared to their siblings, although there was a 
significant increase in use of prescription medications, especially 
for asthma in the leukemia survivors.248 A Childhood Cancer 
Survivor Study (CCSS) analysis of 272 5-year survivors of AML 
showed excellent resiliency and health in this group with sig-
nificant concerns relating to secondary malignant neoplasms (the 
majority of which were in the setting of radiation exposure) as 
well as lower socioeconomic achievement compared to siblings. In 
addition, half of the survivors reported at least one chronic medi-
cal problem and were considered at increased risk for a severe or 
life-threatening condition compared to their siblings.249

MANAGEMENT OF PATIENTS WITH 
DOWN SYNDROME
The majority of leukemias in children with DS are lymphoid, 
although DS children comprise 10% of pediatric AML patients and 
thus represent the most frequently associated genetic disorder 
associated with the development of AML.250 Furthermore, there is 
an up to twentyfold risk of developing leukemia in children with 
DS or mosaicism for Trisomy 21. Approximately 5% of newborns 
with DS experience transient myeloproliferative disease (TMD).250 
Although TMD will usually spontaneously resolve over the course 
of several weeks to months, about 10% to 20% of these infants 
will go on to develop AML, mostly of the megakaryoblastic subtype 
(AMKL). The leukemic blasts in TMD and DS AMKL express exon 2 
mutations of GATA-1 and originate from fetal liver hematopoietic 
precursors.251 These disorders may be associated with hydrops 
fetalis as well as liver cirrhosis.

Because of the spontaneous remissions observed in DS 
patients with TMD, close observation is usually the first approach 
to management. However, when life-threatening signs and 
symptoms occur, often a result of hyperleukocytosis and 
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or in combination with chemotherapy. This type of treatment in 
children has been associated with increased toxicities, such as 
pseudotumor cerebri and “APL differentiation syndrome,” which 
can occur in up to 25% of patients and is characterized by fever, 
respiratory distress, pulmonary infiltrates, pleural/pericardial 
effusions, fluid overload, hypotension, and acute renal failure. A 
dose of 25 mg/m2 of ATRA appears to be equally effective and is 
thus recommended in most pediatric trials.194,195,288–292 The rec-
ognition of this syndrome and early treatment with corticosteroids 
and temporary cessation of ATRA is critical. The effective use of 
prophylactic corticosteroids has been reported for patients with 
presenting WBC counts of > 5,000/ml.293

In addition, the high doses (usually in the 400 to 750 mg/m2) 
of anthracyclines commonly used to treat patients with APL can 
have particularly significant adverse consequences to cardiac 
function in children.195 Thus, an ongoing goal for pediatric trials 
(and some adult trials) has been to reduce overall anthracycline 
exposure. The introduction of arsenic trioxide (ATO) as a single 
agent in APL that has results in CR rates of up to 85% in patients 
with relapsed disease, has provided a potential alternative to 
anthracycline.294–297 In addition, several studies have shown 
excellent to superior results when testing ATO in combination 
with chemotherapy along with ATRA.298,299,300,301 The use of 
ATRA for induction therapy followed by 6 months of maintenance 
with arsenic has been reported to achieve a 3-year overall survival 
of 86%.302 The combined use of ATRA, arsenic, and immunotar-
geted therapy with anti-CD33-calicheamicin monoclonal antibody 
(gemtuzumab ozogamicin or GO) has also been reported.303,304

The recently completed COG trial replaced a course of anthra-
cycline-containing chemotherapy with arsenic, thereby reducing 
anthracycline exposure to 355 mg/m2 of daunorubicin equivalents 
for standard-risk patients with negative MRD at the end of induc-
tion and to 455 mg/m2 for high-risk patients and standard-risk 
patients who have MRD after the third treatment course. Of note, 
this trial also used high-dose AraC during consolidation based on 
positive results from a randomized trial in adults.305

Unlike other subtypes of AML, maintenance therapy with 
ATRA plus antimetabolites has also proven to provide improved 
outcomes for patients with APL, although subsequent data in a 
randomized trial in adults has suggested that such maintenance 
therapy may not be required for a subset of patients with good-
risk APL.306 Reducing or omitting maintenance therapy in subsets 
of pediatric patients with APL has not been reported.

The use of intrathecal (IT) chemotherapy as prophylaxis in 
patients with APL remains unclear. Some studies have sug-
gested that the incidence of CNS relapse is higher in patients 
treated with ATRA or with high risk APL, however, definitive 
data demonstrating that IT prophylaxis reduces extramedullary 
relapse have not been reported.307,308 Overall, the incidence 
of extramedullary relapse in patients with APL is about 3% to 
5%.309 Most pediatric trials continue to include some IT pro-
phylaxis. An important issue, however, is that lumbar puncture 
may not be safe at the time of presentation because of underly-
ing coagulopathy, thus further complicating the timing of CSF 
sampling and IT prophylaxis.

Another important consideration in treating patients with 
APL is to evaluate their initial risk status. Patients who present 
with APL and a WBC >109/L are considered in most studies 
to have high-risk disease and are usually treated with more 
intense regimens. The presence of FLT3-ITD mutation might 
predict early death in pediatric patients with APL310 and a low 
FLT3-ITD to normal FLT3 allele ration has been reported to be 
associated with an improved prognosis in APL.311 Nevertheless, 
patients with high-risk APL make up a large percentage of the 
approximately 15% to 20% of patients with APL who experience 
relapse of their leukemia. The detection of early (molecular) 
relapse in adults has also proven to be advantageous.312,313,314 
Treatment goals in this situation are to obtain a second CR, 

range for 5-year overall survival.153,162,275 The role of transplan-
tation in infants remains unclear.

MANAGEMENT OF ACUTE 
PROMYELOCYTIC LEUKEMIA
Before the introduction of differentiation targeted therapy, APL 
had a significantly poor outcome (Chapter 74). The use of ATRA, 
directed against the fusion proteins characteristically involv-
ing the retinoic acid receptor alpha (RARA) formed as a result 
of the usual t(15;17) chromosomal translocation, reversed this 
scenario.279,280 Overall survival at 5 years is now in the 75% to 
90% range depending upon the presence of different risk fac-
tors when patients are treated with combination regimens that 
include ATRA and chemotherapy.195,281,282,283,284,285,286,287 Other 
RARA fusion proteins occur less frequently and display varying 
sensitivity to ATRA.

The therapy for APL is essentially identical for pediatric and 
adult patients. Thus, pediatric patients have usually been enrolled 
in various adult APL cooperative group trials. This has resulted 
in pediatric patients being exposed to significant amounts of 
anthracyclines as well as higher doses of ATRA. For instance, a 
conventional dose ATRA at 45 mg/m2 is usually employed in adult 
trials, and results in a 90% or greater CR rate when used alone 

FIGURE 77.3. Leukemia cutis in an infant with congenital leukemia. (From Arceci R, 
Weinstein H. Neoplasia in the neonate and young infant. In Avery GB, ed. Neonatology: 
pathophysiology and management of the newborn. Philadelphia, PA: JB Lippincott, 2005, 
with permission.)

72683_ch077_1637-1655.indd   1647 01/08/13   4:24 PM



1648 Part vII Hematologic Malignancies • SECtION 2 The Acute Leukemias

which can usually be achieved with single-agent ATO or in com-
bination with chemotherapy and ATRA. Post-remission therapy 
is required to improve overall outcome. For example, in one 
report, 50% of patients who received an additional course of 
therapy with ATO were alive at 2 years compared to 78% who 
underwent either allogeneic or autologous HSCT.315 Thus, some 
type of HSCT as consolidation therapy for patients with relapsed 
APL is usually recommended. A study from the European APL 
Group reported that the 7-year OS for adults was significantly 
better for those who received autologous HSCT compared to 
those receiving an allogeneic HSCT (60% vs. 52%, respectively; 
p = 0.04); this difference was in large part due to the increased 
treatment-related toxicity with allogeneic HSCT.196 Another 
important consideration, however, is whether there is any bone 
marrow, molecular evidence of the APL at the time of stem 
cell harvest for autologous HSCT. Meloni et al. reported that 
all patients whose autologous graft was positive by RT-PCR for 
RARA fusion transcript relapsed within 9 months of autologous 
HSCT.316 Thus, autologous HSCT may be beneficial for patients 
who achieve a molecular remission before graft harvest. For 
instance, Thirugnanam et al. have reported a 5-year EFS of 
about 83% for patients who received an autologous HSCT com-
pared to 35% for those who received only maintenance therapy 
after achieving a second CR.197 For patients where residual 
disease persists, allogeneic HSCT may be a more advantageous 
treatment strategy.195,317

A significant and unresolved challenge in both children and 
adults with APL is the prevention of early death due to hemorrhagic 
complications, which can occur in about 3% of patients.318,319 The 
pathogenesis of the underlying coagulopathy in APL is complex, 
involving the release of activators of both coagulation and fibri-
nolysis by the leukemic cells.320,321 Early detection and initiation 
of antileukemic treatment along with aggressive supportive care 
measures to control the coagulopathy are essential.322,323

GRANULOCYTIC SARCOMA
Granulocytic sarcoma, myeloid sarcoma, extramedullary AML, 
and chloroma all refer to AML presenting as a solid tumor from 
the localized proliferation of malignant myeloblasts. These may 
occur anywhere in the body, but are most commonly seen in 
skin, bones, or paraspinal/epidural sites. Chloromas may be 
present in up to about 5% of cases and are most frequently 
associated with AML characterized by the t(8;21) chromosomal 
translocation, but also can be seen in other subtypes, especially 
in infants with myelomonocytic or monocytic AML.324 Patients 
may also present, albeit it rarely, with a chloroma and no 
detectable bone marrow or other systemic involvement.324,325 
Biopsy of a chloroma with special immunohistochemical stain-
ing for myeloid markers, FISH, and cytogenetics for AML-
related alterations as well as flow immunophenotyping should 
be done as such lesions can be confused with lymphomas or 
bone and soft tissue sarcomas.

The management of patients presenting with chloromas should 
be similar to that of patients with AML as defined by conventional 
risk groups. A CCG study reported that EFS and local recurrence 
rates were similar for patients treated with chemotherapy alone 
compared to chemotherapy plus radiation to the chloroma(s).326 
Radiation therapy may thus be reserved in cases where a chloroma 
does not respond to intensive AML-directed chemotherapy.324,326

BIPHENOTYPIC LEUKEMIA
Biphenotypic, bilineage, bilineal, or mixed phenotype acute leukemia 
refer to leukemias which co-express proteins that are characteristi-
cally restricted during differentiation to either the lymphoid or myeloid 

lineage. The WHO classification has referred to these leukemias as 
having ambiguous lineage, with biphenotypic referring to one popula-
tion of leukemic blasts that co-express myeloid and lymphoid antigens 
and bilineage referring to two distinct populations of leukemic blasts 
of different lineages. Usually more than one lineage marker from the 
opposite lineage is considered to be necessary to call the leukemia 
biphenotypic, as the aberrant expression of lymphoid-associated or 
myeloid-associated antigens may be present on 10% to 20% of AML 
and 20% to 40% of AML, respectively, and generally have not been 
shown to have prognostic significance.327

The optimal treatment of children with mixed lineage leukemia 
has not been determined. A recommendation that has resulted in 
reasonable outcomes is to direct treatment toward the dominant 
phenotype present. Thus, if a leukemia primarily demonstrates a 
lymphoid phenotype, then ALL directed therapy can be used to 
start induction therapy.328,329,330 Although these leukemias are 
often considered to arise from earlier progenitors and thus diffi-
cult to cure with chemotherapy alone, HSCT may not be required 
in a significant number of cases.331

SECONDARY OR THERAPY-RELATED 
ACUTE MYELOGENOUS LEUKEMIA
Therapy-related AML (TR-AML) is most commonly related to 
exposure to specific chemotherapeutic agents, such as alkyl-
ating agents or topoisomerase inhibitors, as well as radia-
tion.22,332 The goal of treatment should be to achieve a CR and 
then proceed to allogeneic HSCT with the best available donor, 
including haploidentical donors. In addition to genotoxic expo-
sures, there may also be predisposing genetic or susceptibilities, 
such as polymorphisms in drug detoxification and DNA repair 
enzymes.333,334,335–337 Depending on the level of exposures and 
predisposing factors, estimates of between 0.4% and 2% risk for 
developing TR-AML exists for patients undergoing treatment for 
solid tumors.247,338,339

Complete remission rates and overall survival are usually 
lower for patients with TR-AML compared those with de novo 
AML.332,340,341 A high nonrelapse mortality has also been reported 
for this group of patients undergoing HSCT.334 Adverse or high-
risk cytogenetic abnormalities and molecular alterations are more 
frequently observed in TR-AML.22,332 Re-induction regimens should 
ideally include chemotherapeutic agents which patients have not 
been exposed to previously to reduce the risk of cross-resistance of 
the leukemia, although this is not always possible. However, novel 
agents and regimens available through clinical trials should be 
strongly considered if available. The relatively poor outcome for such 
patients increases the importance of determining more effective and 
less toxic treatments for patients with first malignancies.

PROGNOSTIC FACTORS
One of the greatest challenges in the treatment of patients with AML 
has been the identification of risk factors that could be used to more 
precisely direct treatment. Such risk or prognostic factors include 
those of the host and the disease as well as the treatment that is used 
(Fig. 77.4). Our limited ability to identify and act on such factors has 
relegated AML treatment to a population-based approach. However, 
there has been a continuous effort to improve this through a variety 
of methodologies and observations, leading to the hope that future 
therapeutic approaches can be more individualized.

Host Factors
Of the host factors, patient age, race, and specific constitutional 
abnormalities are most strongly correlated with outcome. In gen-
eral, patient age is inversely related to treatment outcome. This 
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factor in AML-BFM trials.275,343 These differences may in part be 
due to treatment effects (Table 77.4).

Although patient gender is not usually included in risk models, 
females generally have marginally better outcomes than males. In 
CCG studies, race has consistently been a predictor of outcome, 
specifically with blacks having a poorer outcome than whites,344 
although this has not been observed in other studies.345,346 The 
importance of body weight has also been underscored by a report 
from the CCG-2961 study, in which there was a twofold greater 
risk of treatment-related toxic deaths associated with patients 
who were ≤10th percentile or >95% percentile.347

Whereas the pharmacogenetic basis of treatment response is 
poorly understood, homozygous deletions of the GST theta gene, a 
detoxifying phase II enzyme, have been reported to be associated 
with decreased survival (52% vs. 40%; P = 0.05).348 This differ-
ence in survival is due to an excess of toxicity in patients who are 
GST theta null (24% vs. 12%; P = 0.05).

Patients with constitutional abnormalities also have altered 
risk of treatment response. Most notably, patients with trisomy 
21 who are less than 4 years of age may experience more 
therapy-related toxicity with conventional, dose-intensive AML 
regimens, but have higher survival rates than patients with a 

relationship was clearly demonstrated in the MRC AML-10 trial 
and was confirmed in MRC AML-12, in which infants, despite 
worse toxicity, had higher survival rates than older children.226,342 
The CCG-2891 trial has also demonstrated a benefit of young 
age146 although age has not been found to be an independent risk 

Cytogenetics
Gene Mutations
Epigenetic Changes

Treatment
Response
MRD

Disease Host

Therapy

Race
Nutritional Status
Co-morbidities
Constitutional Abnormalities
Pharmacogenetics

FIGURE 77.4. Relationship of prognostic factors in pediatric acute myelogenous  
leukemia. See text for details. FAB, French/American/British classification; MRD, minimal 
residual disease; PCR, polymerase chain reaction; WBC, white blood cell.

Study Years
Number of 
Patientsa

Early 
Death (%)

CR  
Rate (%)

CR Evaluation 
Number of 
Courses

5-Y EFS 5-Y OS

Reference% SE % SE

POG 8821 1988–1993 511 3.9 77 2 31 2 40 2 184

CCG 2891 1989–1995 750 4.0 77 2 34 3 45 3 173

MRC-AML 10 1988–1995 303 4 93 4 49 58 182

PINDA-92 1992–1998 151 21 74 NS 36 37 423

LAME-91 1991–1998 247 6 91 2 48 4 62 4 424

TCCSG M91–13/M96–14 1991–1998 192 4 88 NS 56 62 425

BFM-93 1993–1998 427 7 82 4 50 2 57 2 183

CCG 2961 1996–1999 901 6 83 2 42 3 52 4 153

EORTC-CLG 58921 1993–2000 166 1 84 2 49 4 62 4 211

GATLA-AML90 1993–2000 179 20 70 NS 31 4 41 4 426

AIEOP LAM-92 1992–2001 160 6 89 2 54 4 60 4 210

NOPHO-AML 93 1993–2001 223 2 92 3 50 3 66 3 213

POG 9241 1995–1999 622 3 90 2 36 2 54 2 155

MRC-AML 12 1995–2002 504 4 92 4 54 63 161,182,427

AML99 2000–2002 260 2 94 2 61 3 75 3 428

BFM-98 1998–2004 430 3 88 4 51 3 61 2 429

SJCRH AML02b 2002–2008 230 1 94 2 63 4 71 4 148

COG AAML03P1b 2003–2005 350 3 83 2 53 6 66 5 147

NOPHO-AML 2004c 2004–2007 120 2 80 1 53 77 165

BFM-AML 2004 2004–2009 422 2 NS NS 54 3 72 3 430,431

Results are reported for only those trials that had 150 patients and information provided for each of the column headings. All numbers and percentages were rounded to the lowest value if less 
than 0.5 and to the next upper integer if ≥0.5.
aAges include patients from 0 up to and including age 15 years: BFM-98 included patients from 0 to less than 17 years of age; number of patients excludes patients with Down syndrome; CCG-
2961 included patients from 0 to 21 years of age.
bSJCRH AML02 and the COG AAML03P1 have EFS and OS at 3-year follow-up; COG AAML03P1 enrolled patients ≥1 month and ≤21 years of age.
c This reported results for two groups of patients who received identical induction therapy but randomized to receive or not receive post-remission gemtuzumab ozogamicin. Numbers in tables 
represent average of the reported values for each group.
AIEOP LAM, Associazione Italiana di Ematologia ed Oncologia Pediatrica Leucemia Acuta Meiloide; BFM, Berlin-Frankfurt-Munster; CCG, Children’s Cancer Group; COG, Children’s Oncology 
Group; CR, complete remission; EFS, Event-free survival; EORTC-CLG, European Organization for Research and Treatment of Cancer Children’s Leukemia Group; GATLA-AML, Argentine Group 
for the Treatment of Acute Leukemia; LAME, Leucemie Aigue Myeloblastique Enfant; MRC-AML, United Kingdom’s Medical Research Council Acute Myelogenous Leukemia Study; NOPHO-AML, 
Nordic Society of Pediatric Hematology and Oncology—Acute Myeloid Leukemia; NS, not specified; OS, overall survival; PINDA, National Program for Antineoplastic Drugs for Children; POG, 
Pediatric Oncology Group; SJCRH, St. Jude Children’s Research Hospital; TCCSG, Tokyo Children’s Cancer Study Group.
Adapted from Pui CH, Carroll WL, Meshinchi S, et al. Biology, risk stratification, and therapy of pediatric acute leukemias: an update. J Clin Oncol 2011.

TREATMENT OUTCOMES FROM SELECTED PEDIATRIC GROUP TRIALS

TABLE 77.4
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normal constitutional karyotype when less intensive regimens are 
used.250,260 Patients with other constitutional abnormalities, par-
ticularly FA, have increased toxicity with standard AML therapy. 
The underlying ineffective hematopoiesis leading to cytopenias 
limits their ability to recover normal hematopoiesis after AML 
therapy. As a result, these patients are generally excluded from 
standard AML protocols.

Disease-associated Factors—Clinical
Several characteristics of leukemia are also associated with 
outcome, including initial WBC count, FAB morphology, and cyto-
genetics. Like age, initial WBC blast count is inversely related to 
outcome. An initial WBC count <20 × 109/L is associated with a 
favorable prognosis, whereas an initial WBC count >100 × 109/L 
has been associated with an unfavorable prognosis in both the 
MRC and BFM trials. In the CCG-2891 study, patients with a WBC 
count >330 × 109/L had an unfavorable prognosis, with an EFS of 
7%, due to early death, induction failure, and relapse.146 However, 
in the BFM trials, very high leukemia blast counts at diagnosis 
were not associated with a worse DFS, but with increased risk of 
early death and decreased induction remission.349 High leukemia 
blast counts are now known to be associated with biologic factors, 
such as FLT3-ITD mutations.

CNS involvement, which occurs in about 5% to 10% of children 
with AML, has not been shown to result in decreased remission 
rates or survival, although there may be an increase of isolated 
CNS relapse.350,351 Of note, of patients with chloromatous disease, 
those with orbital involvement have been reported to have an 
improved outcome.352

Morphologic classification schemes, such as the FAB classifica-
tion, were once used to assign risk to subtypes of AML, however, 
this has been replaced by a more current WHO classification 
based on underlying biology.

Whereas the FAB group has been associated with treatment 
outcome, different studies have found different associations. The 
BFM group reported that patients with FAB M1–M4 had improved 
survival over patients with either M0 or M5–7.309 However, in 
both MRC-10 and CCG-2891, the M5 FAB subtype was associated 
with favorable prognosis. FAB M7 in non-trisomy 21 patients has 
been associated with poor survival in CCG studies.

The cytogenetics karyotype of the leukemia blasts is a robust 
predictor of outcome. Patients with t(15;17), t(8;21), and inv(16) 
fare better than patients with other cytogenetic findings. Patients 
with monosomy 7 or 5 do poorly, as do patients with complex 
karyotypes, although the concomitant presence of monosomy 7 
or 5 with complex karyotypes has made it difficult to discriminate 
between the contributions of other chromosomal changes. For 
example, FAB subtypes M1/M2 have been historically associated 
with a favorable prognosis but have a higher representation of 
favorable-risk cytogenetic changes. One exception may be with 
APL, where the early morphologic recognition and initiation of 
treatment can have important clinical consequences.

Disease-associated Characteristics—
Cytogenetics/Molecular
The detection of recurrent chromosomal rearrangements in 
AML has been used to decide on probable risk of treatment 
failure since the 1990s. Chromosomal translocations involving 
core-binding transcription factors have been associated with a 
favorable prognosis, such as the t(8;21)(q22;q22) and inv(16)
(p13.1q22), account for about 14% and 8% of pediatric AML, 
respectively. Although these core-binding factor leukemias are 
often considered together as a single group, there are important 
differences. For instance, the AML-BFM group has reported that 
reduction of intensity of treatment by omitting a high-dose ARA-C 

and mitoxantrone course during induction led to a decreased EFS 
and OS for patients with AML with t(8;21) but not inv(16).353 AML 
characterized by t(8;21) is also associated in about 20% of cases 
with the occurrence of chloromas and expression of CD19 and 
CD56 antigens.354,355 The inv(16) translocation is associated with 
the FAB o morphologic subtype.

The t(15;17)((q22;q21) translocation resulting in the PML-
RARA gene fusion, occurs in about 5% to 10% of pediatric AML, 
and, as discussed above, is associated with greater than 75% 
overall survival using APL-directed therapies. APL with t(11;17), 
which involves the PLZF instead of the PML gene, has been associ-
ated with decreased sensitivity to ATRA.356

Rearrangements of the MLL gene at chromosome band 11q23 
occur in 15% to 20% of pediatric AML, making them the most 
commonly observed cytogenetic abnormality.357,358 The specific 
types of fusion gene generated from MLL rearrangements appear 
to have different impacts on outcomes. For example, patients with 
AML having a t(1;11)(q21;q23) have an extremely favorable prog-
nosis whereas those with t(4;11), t(10;11), and t(6;11) have poor 
outcomes.359 Patients with t(9;11) AML have been reported to 
have a favorable prognosis360 however, subsequent studies have 
established this translocation to be associated with an intermedi-
ate prognostic category.359 When combined with the core-binding 
factor leukemias, including APL, MLL rearranged AML represents 
approximately 50% of pediatric AML, which is significantly dif-
ferent from the cytogenetic distribution observed in adults with 
AML.361

Several large studies have defined other chromosomal 
abnormalities as being associated with unfavorable outcomes. 
Monosomy 7 or abnormalities of 7q, when recurrent genetic 
changes are excluded,362 represents about 3% of pediatric AML. 
Of note, AML with del(7q) has been reported to have a better prog-
nosis (5-year OS of 51%) compared to monosomy 7 (5-year OS of 
30%).357,358,363 Studies from the MRC and BFM AML groups have 
reported that abnormalities of chromosome 12p, often associ-
ated with 12p13 rearrangements that involve the ETV6 gene, are 
associated with an unfavorable prognosis.357,358 Other poor prog-
nostic cytogenetic changes include t(6;11), t(10;11), t(7;12) t(6;9), 
5(5;11), and –17/abn(17p).364 The t(1;22)(p13;q13) translocation, 
often associated with megakaryoblastic leukemia in infants less 
than 12 months of age, was historically considered a poor prog-
nostic feature, but intensive chemotherapy regimens have led to 
improved outcomes for these patients.365,366 Rearrangements 
involving the 3q26 locus that includes the EVI1 gene, including 
t(3;3)(q21;26), have been reported to be a poor prognostic fac-
tor in adults but are extremely rare in children.367 However, 
increased expression of EVI1 in children with MLL-rearranged 
leukemia, monosomy 7 or megakaryoblastic morphology, has 
been reported to predict an intermediate or unfavorable progno-
sis.368–370 Chromosomal 5q– portends a poor prognosis in adults 
but is exceedingly rare in childhood AML. Complex karyotypes, 
usually defined as the presence of three or more chromosome 
abnormalities in the absence of one of the WHO-noted recurring 
chromosomal translocations or inversions, are generally associ-
ated with unfavorable outcomes regardless of whether good prog-
nosis changes are observed.357,358

As cytogenetic abnormalities in AML tend to correlate with 
patient age, with, for example, MLL-rearrangements being com-
mon in infants and core-binding factor leukemias more common 
in older patients,343 a similar correlation holds for molecularly 
defined prognostic factors. In addition, approximately 20% of 
children with AML have essentially normal cytogenetics and 
thus cannot be stratified into risk groups based on such criteria. 
Molecular studies have helped to determine patients further with 
more or less favorable AML in this group.

Internal tandem duplications in the juxtamembrane region 
of the FLT3 tyrosine kinase receptor, called FLT3-ITD muta-
tions, occur in approximately 15% of children, about 25% or 
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morphologic classification, not to be significant in multivariate 
analyses. Figure 77.5 summarizes cytogenetic abnormalities 
and gene mutations in pediatric AML. However, despite the 
acknowledgment of the increasing heterogeneity of AML based 
on genetic, RNA expression, and epigenetic patterns, a complete 
understanding of what predicts response or resistance to therapy 
is lacking. To this end, increasingly sensitive assays to measure 
in vivo response to treatment have been developed to help pre-
dict outcomes in combination with the cytogenetic and molecular 
features.

Conventional morphologic assessment of early response to 
therapy is predictive of outcome, however, the application of 
flow-cytometric immunophenotyping or molecular methods have 
demonstrated substantially better sensitivity and predictabil-
ity.409,410,411 Although several reports have shown that increas-
ing levels of t(8;21) or inv(16) transcripts portend relapse,412–414 
polymerase chain-reaction–based approaches to detect MRD have 
also been employed but are limited by the heterogeneous nature 
of chromosomal changes.415,416 Detection of the t(15;17) fusion 
gene on consecutive testing during remission is associated with a 
high risk of relapse, although this assay is not very informative at 
the end of induction therapy as the majority of patients will still 
have detectable fusion transcripts at that time.417–419

MRC AML studies have demonstrated that 94% of children 
with AML have informative immunophenotypes that could iden-
tify AML blasts from normal hematopoietic progenitors. The 
3-year RFS for those patients with MRK less than 0.1% at the 
end of induction was 64% compared to 14% for those with MRD 
values of greater than 0.5%. Note that MRD assessment retained 
its significance in a multivariate analysis that included such fac-
tors as age, WBC, cytogenetics, and FLT3-ITD status.420 A study 
from SJCRH demonstrated MRD by flow cytometry that MRD 
values at the end of induction of 1% or higher was the most 
significant adverse prognostic factor for EFS and OS.148 Using 
four-color multiparameter flow cytometry, COG reported from 
the AAML0531 study that an MRD value at the end of induction 
greater than 0.1% predicted a DFS at 3 years of 34% compared 
to 60% for patients without detectable MRD. It is important to 
note that a significant impact of MRD was absent in patients with 
favorable cytogenetics and in those with high-risk characteris-
tics.204 Although these results would suggest limited utility of 
MRD detection except in intermediate risk AML, they have been 
used to devise a risk stratification strategy for the ongoing COG 
AAML1031 trial for newly diagnosed patients with AML. Thus, 
by combining cytogenetic, molecular, and MRD assessments, two 
risk stratification groups are being used to direct treatment. Low-
risk AML, representing 73% of patients with a predicted OS of 
about 73%, includes mutations involving CBF, CEBPA, and NPM 
and no MRD at the end of induction. High-risk AML, represent-
ing 27% of patients and with a predicted survival of less than 
35%, includes adverse cytogenetic changes such as monosomy 
7, del(5q), –5, high FLT3-ITD to wild-type allelic ratio, or positive 
MRD at the end of induction. Patients with low-risk disease will 
not be recommended for HSCT in first remission, whereas those 
in the high-risk group will be recommended for transplant in CR1 
with the best available donor. Those patients with AML having 
FLT3-ITD receive both pre- and post-HSCT inhibitor (sorafenib). 
Other cooperative groups continue to evolve risk stratification 
schema by refining favorable, intermediate, and high-risk AML 
groups. In pediatric AML, usually only those with high-risk dis-
ease are recommended for allogeneic HSCT.

FUTURE THERAPEUTIC CHALLENGES
Although chemotherapy dose intensification with or without bone 
marrow transplantation has significantly improved the outcome 
of patients with AML, the associated morbidity and mortality 

greater in adults, and infrequently in very young children.371 
High mutant to normal allelic ratios have been shown to pre-
dict a poor prognosis across several large studies in children 
and adults.187,371,372,373,374 Mutations may also occur in the 
kinase domain of FLT3, but these have not been shown to 
portend an adverse prognosis.187,371,372,375 FLT3 mutations 
have also been reported to be present in up to 40% of chil-
dren and adults with APL, and appear to be associated with 
the microgranular variant, hyperleukocytosis, and early death 
in children.310,376–378 Mutations in the KIT tyrosine kinase 
receptor occur in up to 25% of patients with core-binding 
factor AML and have been reported in some studies to define 
a higher risk subgroup,379,380 but this was not observed in a 
subsequent COG report.381

Mutations in the NPM1, a component of nuclear to cytoplasmic 
transport complexes, tend to increase chemosensitivity and are 
associated with improved outcomes with 5-year EFS of about 
70%.200,201 Notably, when NPM1 mutations occur in the presence 
of FLT3-ITD mutations, they do not appear to ameliorate an unfa-
vorable prognosis.374

CEBPA mutations occur in approximately 6% of pediatric 
AML and are usually associated with normal karyotype AML and 
favorable prognosis.50,374,382,383,384 Biallelic mutations of CEBPA 
define a distinct subtype of AML with a favorable prognosis.383,385

Mutations in the WT1 gene occur in about 10% of pediat-
ric AML and are usually associated with normal karyotypes, 
but can be associated with FLT3-ITD in approximately 40% of 
cases.202,203,386,387 WT1 mutations are independently associated, 
however, with poor 5-year OS of about 20%,203,374 although this 
poor outcome was not observed in a COG trial.203 Interestingly, 
WT1 single-nucleotide polymorphism (SNP) of rs16754 in exon 
7 has been reported to be present on a major allele in 28% of 
patients and to be associated with an improved 5-year OS of 
62% compared to 44% for AML not containing the SNP; in addi-
tion, high WT1 expression was associated with poor outcome 
in patients without the rs16754 SNP but not in those with the 
SNP.387 However, this has not been seen in all studies.386

NRAS and KRAS mutations have been reported in 10% 
to 15% and 3% of pediatric AML, and up to 20% in adult 
AML.374,388,389,390 NRAS mutations have been strongly associ-
ated with NPM1 mutations in patients with excellent prognosis, 
although an independent impact of NRAS on remission rates or 
OS was not observed.390

Regulators of epigenetic patterning have been observed more 
commonly in adult compared to pediatric AML. For instance, 
whereas mutations of TET2 on chromosome 4q24 have been 
reported in about 12% of adult AML (about 23% in normal cytoge-
netic AML) and to portend a poor prognosis,391–393 these mutations 
occur in only about 6% of pediatric AML and may be, however, 
similarly associated with poorer prognosis.48,394,395,396 Mutations 
of the IDH1 (isocitrate dehydrogenase) gene interestingly produce 
a gain-of-function activity that in turn results in increased levels 
of 2-hydroxyglutarate and aberrantly hypermethylated promoter 
CpG sites.397–399 Although IDH1 mutations have been reported in 
about 8% of young adults with AML, and often associated with the 
presence of NPM1 mutations, they appear to occur in up to 10% 
of pediatric AML.49,400,401 Poor outcome has been associated with 
IDH1 mutations in adults, but this has not been demonstrated in 
multivariate analyses from pediatric trials.49,400,401 A minor SNP at 
rs11554137 associated with IDH1, found in about 10% of pediatric 
patients with AML, could also not be correlated with outcome.402 
Although mutations of the DNA methyltransferase encoding gene, 
DNMT3A, may occur in up to 20% of adult AML and have been 
associated with poor prognosis,41,403–406 such mutations are 
exceedingly rare in pediatric AML.48,407,408

The robust prognostic cytogenetic and molecular character-
istics that have been and continue to be identified have resulted 
in most clinical features, such as age, WBC at diagnosis, and 
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FIGURE 77.5. Pie chart representations of cytogenetic abnormalities and gene mutations alone and in combination in pediatric acute myelogenous 
leukemia (AML). A: Data shown for all subtypes. B: Detailed data apply to only cytogenetically normal (CN) AML. The data are based on 237 pediatric patients with 
de novo AML. The different pie slices indicate the percentage of patients whose AML had one or more mutations as noted. With permission from Creutzig et al.,149 
Hollink et al.,421 and Balgobind et al.374
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preclude similar approaches from being pursued in the future. 
Instead, future therapeutic advances need to deliver greater 
leukemic cell killing but without additional collateral toxicity to 
normal tissues. These advances have been focused on developing 
targeted therapies directed toward specific molecular pathways 
that lead to increased leukemic cell survival, proliferation, and 
drug resistance. Some of these targets may be prognostic factors, 
but this is certainly not a requirement, as some key pathways that 
drive leukemia may not necessarily be predictive of outcome in 
the context of conventional chemotherapeutic approaches.

In part because of the tremendous advances in understand-
ing the genetic defects and their molecular consequences in 
AML, there are many potential therapeutic targets that are 
being explored. However, the continuously increasing plethora 
of molecular data make it particularly challenging to distinguish 
mutations and pathways that drive leukemic development and 
behavior which in turn will become increasingly important in the 
future development of targeted therapies.

Ideally, molecularly targeted therapies should be leukemia-
specific. Examples of this approach include strategies targeting 
the unique fusion proteins that result from distinctive chromo-
somal translocations or the use of agents that would specifically 
exploit a mutation in a cytokine receptor such as FLT3-ITD or 
KIT. Other therapies directed at chromatin remodeling and repro-
gramming gene expression involve inhibitors of DNA methyltrans-
ferases as well as histone modifying enzymes.

Additional approaches would be to target pathways or molecu-
lar targets that were shared by tumor cells and some normal cells 
but on which leukemic cells are more dependent in terms of their 
survival and proliferation. Such strategies might include the anti-
sense inhibition of antiapoptotic pathways dependent on BCL2 
expression, the inhibition of activated RAS and its downstream 
pathways, and immunotargeted therapy using immunoconjugates 
or chimeric antibody receptors.

Both specific and selective targeted therapies are currently 
being tested in both adult and pediatric patients with AML. 
However, recent data have demonstrated that even molecularly 
targeted therapies are not often as specific as initial results would 
suggest and that leukemia resistance commonly develops or is 
already present at the initiation of treatment, which leads in turn 
to the selection of resistant leukemic clones, including leukemia-
initiating cells (also referred to as leukemia stem cells).

Although targeted therapies hold significant hope for improved 
antileukemic activity and for potentially sparing normal tissues 
from damage, there are clearly significant hurdles to overcome, 
including how to define first the key leukemia-driving molecular 
pathways, as well as understanding how to optimize the use of 
such agents in combinations that will address cellular responses 
and feedback mechanisms of resistance.
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Acute myelogenous leukemia (AML) is a malignant disorder 
of the bone marrow where a maturational arrest in blood cell 
progenitors results in failure of normal hematopoiesis. Acute 
promyelocytic leukemia (APL) is a subtype of AML with a defined 
clinical course and a biology that is distinct from the other forms 
of AML. Morphologically, the most common form of APL can have 
a characteristic appearance as the bone marrow is effaced by 
heavily granulated cells with folded, twisted nuclei. Biologically, 
the cytogenetic changes define the syndrome and the molecular 
consequences of the chromosomal changes found in APL play 
a critical role in leukemogenesis. Clinically, patients typically 
display symptoms associated with cytopenias. The hemorrhagic 
complications are, however, often out of proportion to the degree 
of thrombocytopenia reflecting the underlying biologic proper-
ties of the transformed promyelocyte. Historically, recognition 
of this form of AML as a separate entity was important for the 
clinician, not because the chemotherapy used as treatment dif-
fered substantially from the other subtypes of AML, but because 
the relative common occurrence of life-threatening coagulopathy 
mandated special supportive maneuvers including the use of 
low-dose heparin and aggressive blood product support. Yet, 
despite prompt diagnosis and attention to potential complications 
associated with the institution of therapy, peri-induction mortality 
was often significantly higher than in other forms of AML. Some 
older series reported a treatment-related death rate approaching 
50%.1–3 Hence, APL became a primary example of the most feared 
features associated with an acute leukemia: a fulminant disorder 
that struck primarily young people, had devastating effects on 
an individual’s life, and resulted in death for a large number of 
patients during the early phases of therapy.

The last two decades have seen a fundamental shift from this 
paradigm, with APL now recognized as one of the most curable 
forms of acute leukemia. In part, this change has been accom-
plished because specific supportive care practices have been 
developed and refined. The most dramatic events, however, have 
been the introduction of targeted therapy with all-trans retinoic 
acid (ATRA) and, subsequently, arsenic trioxide (ATO). Laboratory 
investigations into the mechanism of the differentiating/apoptotic 
effects of these agents have led to an understanding of the basic 
biology of APL, making the disease a model for the development 
of new therapies with possible applications across the entire field 
of cancer medicine.

ePidemiology
AML is, in itself, a rare disease. In 2012, approximately 13,780 
new cases of AML in the United States will be diagnosed.4 There 
is a moderately higher incidence in males than in females, and the 
median age is 66 years. APL comprises approximately 7% to 8% 
of adult AML cases, with a median age of 47 years.5 An increased 
incidence has been reported in Hispanic populations, although 
some recent reports have disputed this finding.6 One group has 
reported an association with obesity.7 Although relatively uncom-
mon in children, clustering of cases in pediatric populations 
has been described, raising the issue of possible environmental 
exposure.8 APL generally is not preceded by a myelodysplastic 
syndrome. The disease may, however, result as a consequence of 
prior therapy (particularly with topoisomerase-II inhibitors) for 
an unrelated malignancy, with a median interval from primary 
disorder to APL of approximately 25 months.9,10 In such cases, 

the clinical characteristics are determined by the karyotype, and 
these patients do as well as individuals who present with de novo 
disease. This is in marked contrast to other secondary myeloid 
leukemias that result from exposure to radiation, topoisomerase 
therapy, or alkylating agents, in which the prognosis is signifi-
cantly worse.

clinicAl PreSentAtion
As with any acute leukemia, the symptoms associated with APL 
may be relatively nonspecific. Most patients complain of fatigue 
with a significant decrease in their previous level of activity. 
The manifestations of hemorrhage are often the most dramatic 
findings in the physical examination. There may be prominent 
petechiae or extensive ecchymotic involvement of the skin. Visual 
changes may result from retinal hemorrhages and subconjunc-
tival hemorrhage may follow episodes of coughing or vomiting. 
Overt hemorrhage from the gums, nose, mouth, or other bodily 
orifices can occur.

Frank infiltration of extramedullary sites (i.e., skin, central 
nervous system [CNS], gums) is rare in the newly diagnosed 
patients, although such findings have been described in patients 
who relapse following therapy.11,12

lAborAtory AnAlySiS
The clinical laboratory plays an important role in the diagnosis 
of APL and serves to focus nonspecific complaints and signs 
toward a hematologic origin. A complete blood count is among 
the first laboratory tests obtained and is almost always abnormal. 
Cytopenias, of all three lineages, are the most common findings. 
The white blood cell count may be elevated in 10% to 30% of 
patients and has been associated with a morphologic variant 
of APL (see below).3,13,14,15,16,17 Early recognition of this entity 
is important as such patients have historically had a higher 
incidence of peri-induction morbidity/mortality, which may be 
attenuated with more aggressive management, based upon more 
recent studies.18

Quantitative abnormalities mandate that the peripheral smear 
be reviewed by an experienced morphologist. The peripheral 
blood often contains heavily granulated cells that are character-
istic of the disease, but these are more likely to be found in the 
bone marrow. Direct examination of the blood smear also serves 
to verify any abnormalities and avoids spurious values such as 
thrombocytopenia secondary to platelet clumping. In addition, 
many of the standard “Coulter counter” instruments that rely 
solely on changes in electric impedance to generate blood cell 
differentials are unable to differentiate the heavily granulated 
promyelocytes from granulocytes, causing a false reading on the 
machine-generated differential. Some of the newer blood analyz-
ers rely on a combination of light scatter and flow cytochemis-
try (detecting myeloperoxidase [MPO] content) to differentiate 
between peripheral blood cell types. The high MPO content of the 
abnormal promyelocytes produces a characteristic scatter plot 
(Fig. 78.1), which can aid in the confirmation of the diagnosis.19,20 
This finding is particularly useful in identifying patients with the 
microgranular variant because the cytochemical properties of 
the cell are unchanged and detected by flow cytometry, whereas 
the morphology may be problematic.

72683_ch078_1656-1672.indd   1656 7/18/13   6:36 AM



 Chapter 78 Acute Promyelocytic Leukemia 1657

H
em

at
ol

og
ic

 m
al

ig
na

nc
ie

s

source of morbidity, and despite the effective antileukemia therapy 
presently available, it remains the leading cause of peri-induction 
 mortality,23–25 with early hemorrhagic death rates generally rang-
ing from 5% to 11%.23,25–27 Although less common than hemor-
rhage, thrombotic complications have been reported in up to 10% 
of patients at the time of diagnosis.28 The mechanism underlying 
the coagulopathy is complex and has been the subject of intensive 
investigation. Historically, the coagulopathy had been ascribed to 
disseminated intravascular coagulation (DIC), which resulted as 
the abnormal promyelocytes lysed and liberated the procoagulant 
contents of their granules.29 Evidence for DIC as the underlying 
mechanism has been provided by finding that APL cells release 
increased levels of tissue factor.30,31 Tissue factor may serve to 
promote interaction between factor VII and other circulating pro-
coagulants resulting in a widespread generation of thrombin. The 
coagulopathy can occur in the absence of chemotherapy as the 
neoplastic cells undergo autolysis, and it is found in approximately 
80% of APL patients at the time of diagnosis. The coagulopathy 
may be exacerbated by the institution of chemotherapy, which 
results in the massive lysis of abnormal promyelocytes amplifying 
the already existing activation of the coagulation pathway. Both 
the PT and PTT are abnormally elevated, and the fibrinogen is low, 
reflecting an ongoing consumption. In addition, a number of other 
coagulation parameters such as the thrombin time and the level 
of fibrin split products are elevated, reflecting widespread disrup-
tion of the normal coagulation cascade. It is important to note that 
a fibrinogen in the low range of normal is still cause for concern 
given that it is an acute-phase reactant and ordinarily would be 
elevated in an ill patient. Serial measurements (approximately  
6 to 12 hours apart) often reveal the developing hypofibrino-
genemia indicative of consumption and help guide replacement 
therapy with blood products.

More recently, other explanations for the bleeding diathesis 
have attributed important roles for hyperfibrinolysis as well as 
nonspecific proteolysis.32 An ongoing unchecked fibrinolytic 
process will also result in a low fibrinogen producing a clinical 
picture where hemorrhage is the primary sequela. Evidence for 
this hypothesis has been provided by the finding that low plasma 
levels of plasminogen, a2-plasmin inhibitor, and plasminogen-
activator inhibitor 1 are found in fibrinolytic states and are also 
found in APL. In addition, annexin II, a cell-surface receptor 
for plasminogen and tissue plasminogen activator, is expressed 
at abnormally high levels on APL cells but not on blasts from 
other forms of acute leukemia.33,34 The increased expression of 
annexin II may lead to overproduction of plasmin, which results 
in dysregulated fibrinolysis. The potential for hemorrhage is fur-
ther amplified by the depletion of the main inhibitor of plasmin, 
a2-plasmin inhibitor, which is consumed in an effort to counter 
the increased production of plasmin. The clinical manifestations 
of the coagulopathy are controlled and some of the coagulation 
parameters progressively improve within days following the insti-
tution of therapy with either ATRA or ATO.24,33

Morphology, Cytochemistry, and 
Immunophenotype
Examination of the bone marrow aspirate and biopsy are the 
standard tests by which the diagnosis of acute leukemia is 
made. The morphologic features of the cells in the blood and 
the bone marrow may be different, underscoring the impor-
tance of sampling the bone marrow. The various morphologic 
subtypes of APL and their defining features are summarized in  
Table 78.1.14,16,17,35,36 Characteristic examples of the morphol-
ogy are provided in Figure 78.2. In the classic hypergranular 
variety of APL, the bone marrow aspirate is generally hypercel-
lular and the abnormal promyelocytes constitute the predominant 
population. Blasts may be increased, but their number alone may 
not meet the minimal criteria by which classification systems 

The other blood tests obtained at the time of diagnosis gen-
erally serve to screen for complications that can be associated 
with the leukemia. Serum electrolyte abnormalities need to be 
corrected, particularly prior to the institution of cytotoxic che-
motherapy.21 Adequate renal function is extremely important as 
aggressive blood product replacement can be anticipated in this 
disorder and the management of extreme fluid overload may 
complicate care.

Coagulation Studies
Because the recognition and management of coagulopathy is of 
the utmost importance in treating patients with APL, the initial 
laboratory evaluation may include a platelet count, prothrombin 
time (PT), activated partial thromboplastin time (PTT), d-dimer 
or fibrin split products, and fibrinogen.22 This disease-related 
coagulopathy, typically bleeding diathesis, represents a major 

A

B

C

Perox Baso

Perox Baso

Perox Baso

FIGURE 78.1. Representative cytograms from an automated blood analyzer that plots 
cell volume (y-axis) versus peroxidase (Perox) activity (x-axis) to generate a blood 
cell differential. A: Normal cytogram shows a cluster of cells in the upper right of the peroxi-
dase channel (left panel ) typical for granulocytes. B: Untreated acute promyelocytic leukemia. 
The granulocyte cluster is now shifted to the extreme right, reflecting the high myeloperoxidase 
content of the abnormal promyelocytes. This pattern is characteristic of acute promyelocytic 
leukemia and is preserved in the microgranular variant. C: Treated acute promyelocytic leuke-
mia. The same patient shown in B approximately 35 days after receiving all-trans retinoic acid, 
idarubicin, and cytarabine. The normal pattern has been restored. Baso, basophile channel; 
perox, peroxidase channel.
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that appear to be “breaking apart,” taking on a vibrant reddish-
purple hue with the apparent liberation of granules into the sur-
rounding cellular matrix.

Identification of the microgranular variant (M3V) according 
to the FAB classification system) may be more problematic.14,16 
This entity generally constitutes about 20% to 30% of APL cases. 
It was first recognized because it shared some clinical features as 
well as the typical t(15;17) with the hypergranular form of APL. 
The granules in the microgranular variant are less prominent, are 
somewhat dispersed, and may be difficult to visualize using light 
microscopy. Instead, the granulation may be fine and the cells 
may appear “dusky” or “hazy.” The shape of the nucleus, which 
has a characteristic bilobed, folded appearance, is often the key in 
identifying this disorder. Auer rods may be present but are gener-
ally less plentiful than the hypergranular variety. Another clue to 

such as the French–American–British (FAB) and World Health 
Organization define AML. The malignant promyelocytes need to 
be considered as part of the total blast count to establish a diagno-
sis of AML. Malignant promyelocytes may be slightly larger than 
their normal counterpart. Such cells are heavily granulated: the 
granules often obscure the nucleus, making the nucleocytoplas-
mic border somewhat indistinct. In addition, the nucleus may be 
folded or bilobed. The cytoplasm often contains vacuoles, and dis-
tinctive Auer rods are frequently visible. Auer rods are coalesced 
primary granules and may be abundant. Multiple Auer rods 
clustered together within a single cell resemble a bundle of sticks 
or twigs, and such cells have been labeled faggot cells (after the 
French term for bundle of sticks). Globular cytoplasmic inclusions 
(pseudo-Chédiak-Higashi inclusions) have also been described. 
The term flaming promyelocyte has been coined to describe cells 

A B

C

FIGURE 78.2. Morphologic subtypes of acute promyelocytic leukemia. A: “Classic” 
M3 is characterized by heavily granulated promyelocytes with abundant Auer rods. B: Micro-
granular variant (M3v) has fine granulation with bilobed folded nucleus. C: Hyperbasophilic 
variant has few granules, intense basophilia, and small cytoplasmic projections or “buds” 
reminiscent of micromegakaryocytes (100×, MacNeal Tetrachrome).

Hypergranular (Classic M3) Microgranular (M3V)
Promyelocytic Leukemia 
Hyperbasophilic

Zinc Finger/Retinoic Acid 
Receptor-a (M3r)

Nucleus Folded, lobulated; granules obscure 
borders

Irregular, folded High nucleocytoplasmic ratio Regular round/ovoid: condensed 
chromatin pattern; Pelger-like cells

Cytoplasm Prominent azurophilic granules Fine small granules; “dusky”  
appearance

Granules sparse; strongly basophilic; 
cytoplasmic “budding” noted

Granularity intermediate between  
M3 and M2

Auer rods Frequent; faggot cells Rare Not seen Rare; faggot cells absent

MorPHoLogic SubTyPeS of AcuTe ProMyeLocyTic LeukeMiA

taBLe 78.1
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granulocytes, can be induced with differentiation therapy. The 
aberrant expression of the T-cell marker CD2 has been correlated 
with the microgranular variant, as well as a shorter duration of 
remission.43 Reports of a correlation with the short form of the 
promyelocytic leukemia (PML)/RARa fusion transcripts have been 
mixed.44,45,46,47 Expression of the P-glycoprotein associated with 
the MDR phenotype is generally not found in APL. The NK marker 
CD56 has been reported in true APL (as opposed to NK-AML) and 
has been associated with a poor prognosis.48,49

Differential Diagnosis
As discussed above, the morphologic appearance of APL can be 
quite striking, given the characteristic appearance of the most 
common variety, the hypergranular form. The differential diag-
nosis of APL includes reactive disorders of the bone marrow 
as well as other subtypes of acute leukemia. Recovery from an 
insult producing relative aplasia can result in increased myeloid 
activity with a left shift in the myeloid series. Therapy with the 
myeloid growth factors, granulocyte colony-stimulating factor 
or granulocyte–macrophage colony-stimulating factor, can result 
in a hypercellular bone marrow with prominent toxic granula-
tions. Maturation, however, is preserved, and Auer rods are not 
found. Other marrow elements such as erythroid and mega-
karyocytic precursors are present, although the relative number 
appears somewhat diminished. Chronic myelogenous leukemia 
may appear with a hypercellular marrow containing a predomi-
nant myeloid component that appears heavily granulated. In this 
disorder, all stages of maturation are present and accompanied 
by increased eosinophils and/or basophils. Acute myeloid leu-
kemia with maturation (FAB M2) may contain blasts as well as 
cells that contain too many granules to be considered blasts but 
are not mature enough to be classified as promyelocytes. Auer 
rods are also found in this AML subtype, but these usually occur 
as single structures and not as clusters. Faggot cells are gener-
ally not found. Abnormal promyelocytes can be seen, but these 
cells do not constitute the predominant population in the bone 
marrow. A monocytic component may be present in <20% of the 
nonerythroid elements. The microgranular and hyperbasophilic 
variants may be mistaken for monocytic leukemia because of the 
deeply staining cytoplasm, lack of granules, and folded convoluted 
nuclei. Other rare forms of leukemia such as mast cell leukemia 
or basophilic leukemia may, at first, be confused with APL, but 
lack characteristic features such as Auer rods and the nuclear 
folding pattern and present with granules that can be readily 
distinguished from those of the promyelocyte using conventional 
histochemical stains.

Cytogenetics and Molecular Biology
Despite the minor variations in phenotype discussed above, 
APL as a clinical syndrome is defined by its cytogenetics. The 
balanced translocation between chromosomes 15 and 17 char-
acterizes over 95% of cases of APL.50,51 The breakpoints for the 
translocation usually occur at q22 loci on chromosome 15 and 
q21 on chromosome 17. The t(15;17) is generally detected by 
conventional cytogenetic techniques and provides definitive evi-
dence of the diagnosis of APL. The molecular consequence of this 
translocation results in a fusion of a portion of the gene for the 
RARa on chromosome 17 to part of the PML gene on chromosome 
15.50,52–54 Although the break within the RAR gene is invariable 
within the second intron of the gene, the point of rearrangement 
within the PML gene can occur at two major breakpoints, result-
ing in three isoforms of the transcript. Breakpoints within PML 
intron 3 (bcr3) generally yield a shorter messenger RNA tran-
script, whereas breakpoints within intron 6 (bcr1) result in the 
long form of the transcript.46 Breakpoints within intron 6 of PML 
can also occur at a second site (bcr2) and result in a transcript 

diagnosis is the finding of a few of the more typical hypergranu-
lated forms in the bone marrow. Although diminished in number, 
their presence helps distinguish this disorder from leukemias of 
monocytic origin. The peripheral white blood cell count may be 
higher than the classic variety, and any hypergranulated promy-
elocytes are less likely to be found in the peripheral blood. The 
characteristic cytogram found via flow cytochemistry (Fig. 78.1B) 
will be preserved in the microgranular variant, providing use-
ful rapid confirmation of the diagnosis before the cytogenetic or 
molecular results are available.17

A third morphologic form of APL, the hyperbasophilic vari-
ant, has been described.17 This is a relatively uncommon form of 
APL that some experts group within the M3V category. However, 
the morphologic features are distinct enough to warrant sepa-
rate consideration. The cells in this disorder have few, if any, 
granules. Instead, the cytoplasm is deeply basophilic and may 
be noted to have small blebs, buds, or projections, making the 
appearance reminiscent of micromegakaryocytes. The nucleus 
tends to occupy most of the cell and has an irregular lobulated 
appearance. Both the microgranular and hyperbasophilic variants 
can be mistaken for an acute monocytic leukemia. A variant form 
of AML associated with CD56 expression and natural killer (NK) 
cell lineage has been confused with M3V but lacks the defining 
t(15,17) cytogenetic abnormality.37 More recently, a European 
consensus group has described distinctive morphologic features 
of APL variants associated with the promyelocytic leukemia zinc 
finger gene (PLZF)/retinoic acid receptor-a (RARa) fusion prod-
ucts (see below) and have proposed a new morphologic category, 
M3r. These leukemias exhibit cells that lack a folded or bilobed 
nucleus but instead have a regular round or oval appearance. An 
increased number of Pelger-like cells reminiscent of those found 
in a myelodysplastic syndrome can also be seen. Auer rods are 
generally rare and the cytoplasmic granularity is intermediate 
between M3 and M2 varieties of AML.36

Although not diagnostic for APL, cytochemistry and immu-
nophenotyping may help characterize APL. The cytochemical 
properties of the abnormal promyelocytes are consistent with a 
diagnosis of AML.14,16,17,35,38 The hypergranular variety stains 
intensely with Sudan black, MPO, or chloroacetate esterase. The 
microgranular variant retains this staining pattern, although the 
degree of positivity may be less intense. As discussed above, the 
high MPO content of abnormal promyelocytes may be detected 
in the peripheral blood using modern blood analyzers. Less use-
ful is the observation that nonspecific esterase activity has been 
noted in some abnormal promyelocytes, further confusing the dif-
ferentiation between acute monocytic leukemia and some forms 
of APL.39 These reactions are weaker than those found in mono-
cytes, and some forms of the isoenzymes found in monocytes are 
absent in the abnormal promyelocytes. Metachromatic staining 
with toluidine blue has been reported in cases of APL with baso-
philic differentiation.

Immunophenotyping is also useful in confirming the diagnosis 
of APL.38,40 Promyelocytes are partially differentiated cells that 
are reflected in the immunophenotype. The cells express the early 
myeloid marker CD33 but lack human leukocyte antigen (HLA)-DR, 
a marker often associated with some earlier progenitor cells. It is 
important to emphasize that this immunophenotypic profile is 
characteristic but not diagnostic of APL. Up to 20% of other types 
of AML may express CD33 but not HLA-DR. The marker CD9 is 
expressed in APL but not in other AML subtypes.41 Unfortunately, 
this finding is not clinically useful as few screening panels used 
for diagnosis contain CD9 as part of the initial workup. The stem 
cell marker C34 is generally not expressed, whereas the myeloid 
lineage marker CD13 is occasionally observed and possibly asso-
ciated with the development of retinoic acid syndrome (RAS).42 
The T-cell marker CD7 is negative, as are the myelomonocytic 
markers CD11b and CD14. CD11b is also an indicator of myeloid 
maturation and, along with CD16, a surface marker found on 
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In addition to variant chromosome translocations in APL, 
it has been discovered that APL commonly harbors co-existing 
mutations that may have biologic and clinical impact. To date, 
internal tandem duplication (ITD) mutations of the fms-like 
tyrosine kinase 3 (FLT3) gene are the most frequent concurrent 
mutational events in APL, occurring at a frequency of 21% to 
32%.67,68,69,70 Constitutive activation of the FLT3 receptor via this 
mutation is known to confer a proliferative and survival advan-
tage to AML blasts.71,72 In non-M3 AML, this mutation occurs at 
a similar frequency and is generally associated with worse DFS 
and OS than occurs in FLT3-ITD wildtype AML.74,75 The adverse 
effect of this mutation in APL is less clear, with most series sug-
gesting that the mere presence of an FLT3-ITD mutation does 
not independently affect survival, although it does associate with 
other known adverse factors, such as elevated WBC. However, 
quantitatively higher expression levels of FLT3-ITD and longer 
transcript length may have a negative impact on DFS.68,70 Given 
the recent influx of clinically available pharmacologic inhibitors of 
FLT3, such inhibitors may eventually become incorporated into 
standard therapy for selected patients with APL whose disease 
harbors a FLT3 mutation.

Based on experimental data generated in cell lines, transgenic 
mice, and correlations with clinical treatment data, a model for 
leukemogenesis in APL has been developed (Fig. 78.3).73,74,75,76,77 
On the most basic level, this hypothesis states that APL results 
from transcriptional dysregulation of differentiation produced 
by the PML-RARa gene product. In the normal cell, RARa plays 
an important role in modulating myeloid differentiation by vir-
tue of its ability to recruit various nuclear co-repressors such 
as SMRT/N-CoR and mSin3. These transcription co-repressors, 
in turn, bind various histone deacetylases, affecting chromatin 
conformation and resulting in repression of transcription of target 
genes fundamental to the differentiation process. Under physi-
ologic conditions, binding of retinoic acid causes dissociation of 
the co-repressor complex, recruits transcriptional activators, and 
“opens” the chromatin, facilitating the transcription of the various 
target genes and allowing normal maturation. The PML-RARa 
fusion protein has an increased affinity for the N-CoR co-repressor 
complex such that physiologic doses of RA <(10−8 M) fail to 
produce a dissociation of the complex, resulting in continued 
transcriptional repression and a maturational block. Instead, sup-
raphysiologic doses achieved by the administration of ATRA are 
required to recapitulate the behavior of the wildtype receptor. In 
the PLZF-RARa variant, there is a second binding site for the co-
repressor proteins within the PLZF portion of the fusion protein 

of variable length. The site of the breakpoint has been reported 
to have prognostic implications as newly diagnosed patients with 
the short isoform appear to have a shorter disease-free survival 
(DFS) and overall survival (OS) compared with the long isoform 
in some series.42,46,55 Other authors have correlated the isoform 
with various other prognostic factors but discount an independent 
effect on outcome.56 In all cases, the chimeric gene products that 
result from this translocation have fundamental implications for 
the cell and are thought to be causative in producing the malig-
nant phenotype. Variations of this translocation exist, and in some 
instances have profound clinical implications.

Although the t(15;17) is the defining cytogenetic abnormality in 
APL, other additional chromosomal abnormalities can be found in 
30% to 40% of patients with APL.57,58 The most common among 
these are trisomy 8 and isochromosome 17. Additional chromo-
somal abnormalities do not have a negative impact on the overall 
prognosis.58,59 Complex translocations involving other chromosomes 
in addition to 15 and 17 can occur. Masked translocations, where 
pieces of chromosome 15 and 17 are transposed but escape detec-
tion by conventional techniques, have been reported.60,61 In most 
of these cases, the molecular abnormality, either the PML-RARa or 
the reciprocal RARa-PML transcript, can be detected. Expression of 
the fusion gene product ultimately results in the clinical syndrome 
identified with APL despite the lack of gross chromosomal changes.

Variant translocations also exist and are rare as clinical enti-
ties but are instructive in helping define the biology of APL. The 
most common variants involve translocations between chromo-
some 17 and either chromosome 5 or 11.62,63,64,65 These variant 
translocations retain the same break within the RARa intron but 
differ in the molecular partner gene (X gene), which may account 
for some of the differences regarding their functional effects on 
the cell. The individual variants are summarized in Table 78.2. 
The structural changes within these genes may affect the nor-
mal function of the wildtype product, resulting in the phenotypic 
abnormality, which is expressed as the leukemia. Most notable 
among the variants is the t(11;17) (q23q21) because this entity is 
resistant to the differentiation effects of ATRA. This chromosomal 
translocation results in a fusion of the RAR gene with PLZF. PLZF 
is similar to PML in that it has profound implications for the cell 
with regard to regulation of transcription of target genes resulting 
in differentiation. However, PLZF is distinctly different from PML 
in that properties of this gene product interact differently with 
retinoic acid, rendering it ineffective.66 This form of APL also has 
a poor response to standard chemotherapy, underscoring the 
multiple differences in biology between these two entities.

Translocation Frequency (%)
Molecular Fusion 
Product (X-RARa) Function “X” Gene Retinoid Sensitive

Chemotherapy 
Sensitive

(15;17) (q22,q21) 95 PML-RARa Transcriptional factor + +
(11;17) (q23,q21) <5 PLZF-RARa Developmental/differentiation 

control
− −

(5;17) (q35,q21) <1 NPM-RARa Ribonucleoprotein  
maturation and transport

+ +

(11;17) (q13,q21) <1 NuMA-RARa Structural role in mitosis, 
apoptosis, and interphase 
nuclear matrix

± ±

(17;17) (q11,q21) <1 STAT 5b-RARa Signal transduction,  
transcriptional factor

− ?

+, sensitive; −, not sensitive; ±, may be sensitive; NPM, nucleophosmin; NuMA, nuclear mitotic apparatus; PLZF, promyelocytic leukemia zinc finger; PML, promyelocytic leukemia; RARa, 
retinoic acid receptor-a; STAT 5b, signal transducer and activator of transcription 5b; “X,” RARa partner gene.
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with SMRT/N-CoR/mSin3/HDAC complexes and may localize in 
structures similar to the PNBs. Some of the mediators with which 
PLZF interacts are insensitive to modulation by RA, and these 
properties are retained in the PLZF-RAR fusion product, resulting 
in clinical ATRA resistance.

In addition to providing an understanding of the underlying 
biology of leukemia with possible application to cancer as a whole, 
the molecular genetics of APL also provide a useful tool for the 
clinician in confirming the diagnosis and planning therapy. As 
discussed above, the vast majority of APL is characterized by the 
t(15;17), resulting in a PML-RAR fusion product. These genetic 
changes are specific for APL and, using the modern molecu-
lar technique, reverse transcriptase-polymerase chain reaction 
(RT-PCR), are easily detectable.81,82,83 RT-PCR has become a stan-
dard tool in the management of APL. It is now readily available in 
commercial laboratories, and there is usually a rapid turnaround 
time. RT-PCR is useful in confirming the diagnosis of APL, particu-
larly in cases where morphology is problematic. In addition, this 
unique molecular “signature” can be used to monitor response 
and test for minimal residual disease (MRD).55,81,82,83,84,85,86 This 
ability to have an effective method for detecting MRD is in sharp 
contrast to the other forms of AML, where response is assessed 
primarily through morphologic examination of the bone marrow 
and blood. Therefore, in APL, the concept of remission can be 
redefined to include a molecular response. Molecular relapse can 
be detected before it is clinically apparent, and this information 
can be used to guide therapy. An effective treatment regimen will 
render the RT-PCR assay for PML-RAR negative. The conversion 
from a negative result to positive that is reproducible on two 
sequential assays is predictive of clinical relapse. Some groups 
have reported highly successful results treating the disease in 
molecular relapse prior to the occurrence of the full-blown clini-
cal syndrome87 This has led to the standard recommendation that 
patients with APL be serially monitored via RT-PCR for PML-
RAR every 3 months during the first 2 years after remission is 
achieved, when the risk of relapse is the greatest.55 It is important 
to note, however, that there are different forms of PCR analysis 
with different sensitivities, and the clinical results have only been 
validated with RT-PCR assays having relatively low sensitivities. 
More recently, the low relapse rate following modern treatment 
regimens has caused some investigators to question the need for 
a monitoring strategy, instead reserving such strict monitoring to 
those defined as having poor-risk disease. The role of real-time 
quantitative PCR (RQ-PCR) as part of any monitoring strategy has 
yet to be defined and is currently under investigation.

tHerAPy of Acute Promyelocytic 
leukemiA

General principles of Management
Although therapy for APL is highly successful, early death 
remains an important problem, accounting for at least 50% of 
the total 3-year mortality rates in this disease, a figure that has 
not changed substantively over the past 15 to 20 years.88 As 
mentioned earlier, the primary early life-threatening complica-
tion of APL is hemorrhage.23–25 Hence, successful management 
of the patient with APL includes first recognizing the disorder 
(Table  78.3), and then anticipating the known complications 
and instituting therapy early enough to limit toxicity, the main 
challenge being effective support of the patient through the 3 to  
5 weeks necessary to achieve remission.

Stabilizing the patient requires interpretation of the history, 
clinical presentation, and initial laboratory data to correctly diag-
nose the underlying condition as APL. Many patients present to 
medical attention with fever, and inasmuch as infection in the 
setting of neutropenia can be rapidly fatal, empiric antibiotics 

that is not sensitive to retinoic acid. Hence, even supraphysiologic 
doses are unable to free the co-repressor complex and permit the 
conformational changes in the histones necessary for permitting 
differentiation to occur. This may be an explanation for the clinical 
resistance of t(11;17) to ATRA and has led investigators to explore 
compounds such as histone deacetylase inhibitors that bypass co-
repressor binding as defined by the activity of RARs and directly 
effect transcriptional activation.

Although the model of transcriptional repression through 
chromatin remodeling may rest on the interaction of the aberrant 
RARa fusion protein with key regulatory genetic elements, the 
primary partners in the molecular fusion proteins, namely PML 
and PLZF, are important in leukemogenesis and may also serve to 
amplify dysregulation of transcription.66,73 PML does not directly 
bind DNA but has been found to regulate transcription through 
interaction with a number of transcription factors and repres-
sors.78,79,80 In the normal cell, PML is localized in discreet sub-
nuclear structures called PML oncogenic domains or PML nuclear 
bodies (PNBs). These PNBs may functionally regulate transcrip-
tion by either binding various transcription activators/repressors 
or sequestering them from circulating in the nucleoplasm, thereby 
preventing any interaction with other regulatory elements, or by 
providing an environment where the various regulatory factors 
can interact or be modified. This function, in turn, may affect 
fundamental cellular processes such as growth, senescence, and 
apoptosis. PML-RAR disrupts the organization and function of the 
PNBs and displaces PML, forming a microspeckled pattern in the 
nucleus. Treatment with RA causes the PNBs to reorganize and 
presumably restores not only the structure, but also the functional 
activity.

Less is known regarding the function of PLZF. It also modu-
lates transcriptional repression through multiple interactions 

A

B

FIGURE 78.3. Model of transcriptional dysregulation in acute promyelocytic  leukemia.  
A: Aberrant retinoic acid receptor-a (RARa)/promyelocytic leukemia (PML) fusion product 
recruits histone deacetylase complex (N-CoR/mSin3/HD), resulting in widespread histone 
deacetylation, which, in turn, effectively blocks the transcription of downstream genes critical 
for myeloid maturation. B: Binding of pharmacologic doses of retinoic acid (RA) causes a dis-
sociation of the co-repressor complex, resulting in histone acetylation and providing an “open”  
conformation to the chromatin, which facilitates transcription of downstream target genes, 
resulting in myeloid maturation. HD, histone deacetylase(s).
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However, in a retrospective analysis of the larger GIMEMA series, 
no differences in early hemorrhagic death were observed between 
patients receiving low-dose heparin, antifibrinolytic therapy, or 
supportive care.90 In addition, the introduction of retinoic acid 
has changed the clinical scenario because this therapy does not 
cause an immediate, massive cell lysis and does not worsen the 
coagulopathy. Instead, the clinical coagulopathy typically abates 
after about 5 to 8 days of therapy, perhaps rendering further 
study and discussion of prophylactic low-dose anticoagulation 
irrelevant.

Despite aggressive blood product support and the early 
administration of either ATRA or arsenic, patients can and do 
experience catastrophic hemorrhage or thrombosis. In these 
instances, it may be appropriate after discussion with the 
patient’s health care proxy to institute life support measures in 
an effort to stabilize the patient while continuing to administer 
the leukemia therapy. Hemorrhage in the lung may require 
mechanical ventilation to support the airways, whereas a limited 
CNS hemorrhage may require measures to reduce intracranial 
pressure. The use of the antifibrinolytic e-aminocaproic acid has 
been advocated by some for use with CNS bleeding to inhibit 
fibrinolysis and help stabilize any clot formation.93 Underlying 
such heroic measures is the recognition that APL is ultimately a 
curable disease in the modern era. Primary resistance to either 
ATRA or ATO is rare, and most of the patients who fail these 
therapies do so because they are unable to be supported through 
the acute phases of the illness.

assessment of response
The traditional therapy for AML has relied on the strategy of using 
cytotoxic chemotherapy to induce bone marrow aplasia and clear 
the bone marrow of the malignant clone, allowing subsequent re-
growth of normal progenitor cells with the restoration of normal 
hematopoiesis. A standard method for assessing whether aplasia 
has been achieved is to perform a bone marrow examination on 
approximately day 14 of therapy. The finding of persistent blasts 
on this day 14 bone marrow may prompt re-treatment with a 
second course of induction therapy.

This paradigm does not apply to APL. The day 14 bone marrow 
following the initial course of induction chemotherapy may reveal 
persistent abnormal promyelocytes, yet the patients are able to 
achieve remission at week 4 or 5 without further chemotherapy.94 
Therefore, the finding of these abnormal promyelocytes should 
not automatically trigger a second course of chemotherapy. The 
pattern of response of APL to standard induction therapy is atypi-
cal and once again underscores that this disease is biologically 
distinct from other forms of AML. Some have interpreted these 
findings to mean that standard chemotherapy has a differentiat-
ing effect on the abnormal promyelocytes, whereas still others 
have cited a differential effect of cytotoxic therapy on the replicat-
ing abnormal progenitors with relative sparing of the quiescent, 
partially differentiated promyelocytes.

The introduction of ATRA and ATO as agents that accomplish 
remission by inducing differentiation/apoptosis have further 
modified the ways in which response is determined. The standard 
definitions of complete remission (CR) established by National 
Cancer Institute consensus criteria still remain useful.95 With 
the widespread availability of RT-PCR, the definition of CR has 
been further refined to include molecular remission. Often, the 
first sign that a patient is responding to therapy is the resolu-
tion of the coagulopathy with progressive improvement in the 
various coagulation parameters.96 The transfusion requirements 
for platelets may decrease and FFP may no longer be needed 
to maintain the fibrinogen level. Leukocytosis, which can occur 
with either ATRA or ATO, may represent evidence of a biologic 
response of the abnormal clone to therapy. Peripheral blood leu-
kocytes undergo progressive morphologic changes, which include 

are promptly started following an initial attempt at identifying 
a source of infection.89 This empiric antibiotic coverage can be 
altered based on the sensitivities of any organism isolated from 
the various cultures. Continued fever despite broad-spectrum 
antibiotics may require empiric therapy with an antifungal such 
as an azole, amphotericin preparation, or an echinocandin.

Approximately 80% of patients with APL present with coagu-
lopathy in addition to thrombocytopenia. As discussed above, 
laboratory tests useful as indicators of coagulopathy include the 
platelet count, PT, PTT, and fibrinogen levels. Other coagulation 
parameters such as thrombin time, the ethanol gelation test, and 
the protamine sulfate test may also be obtained, but add little to 
the clinical decision making in addition to confirming the pres-
ence of a coagulopathy. An increased risk of hemorrhage has been 
associated with elevated WBC, hypofibrinogenemia, and elevated 
serum creatinine, but not platelet count.22,90,91

Although definitive management of this coagulopathy 
requires treating the underlying leukemia, the initial therapy 
for the coagulopathy, prior to the onset of the stabilizing effect 
seen with the retinoid, is primarily supportive and based 
on aggressive platelet and blood product support. Frequent 
monitoring is the cornerstone of this management strategy. 
Intervention may be based on a worsening trend in a labora-
tory value such as the fibrinogen level. Platelets may be trans-
fused multiple times a day to maintain a platelet count above 
50 × 109/L and cryoprecipitate or fresh frozen plasma (FFP) 
should be administered to maintain fibrinogen levels above 
100 mg/dl.22 Failure to achieve thresholds of platelets above 
30 × 109/L and fibrinogen above 150 mg/dl may increase the 
risk of hemorrhagic events.91

The use of low-dose heparin as management of coagulopathy 
in APL is controversial, never having been addressed in a pro-
spective randomized trial. Although the rationale for such a strat-
egy was, at best, unclear, some early studies reported a decreased 
rate of morbidity/mortality when heparin was used prophylacti-
cally when compared with historical controls with no heparin.92 

Test Turnover Time

Examine the peripheral blood smear Minutes to hours
• WBC count often low
• Thrombocytopenia often present
•  High peroxidase channel on automated flow  

cytochemistry (i.e., ADVIA)
•  Pitfall: Few white cells in the peripheral smear;  

characteristic cells may not be present

Determine morphologic appearance of the bone marrow Hours to days
• Hypercellular aspirate
• Most common form: Hypergranulated promyelocytes
• Auer rods present and abundant
•  Pitfalls: Morphologic variants can be confused with 

monocytic leukemia; hypergranulated forms confused 
with AML with maturation (FAB M2)

Demonstrate characteristic karyotype/molecular abnormality
• FISH for PML/RARa Day
• RT-PCR for PML/RARa Days
• Karyotype for t(15;17) Days to weeks
•  Pitfalls: Only karyotype may detect cytogenetic  

variants

AML, acute myelogenous leukemia; FAB, French–American–British; FISH, fluorescence in 
situ hybridization; PML, promyelocytic leukemia; RARa, retinoic acid receptor-a; RT-PCR, 
reverse transcriptase-polymerase chain reaction; WBC, white blood cell.
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The addition of chemotherapy to ATRA increases the proportion 
of patients who become negative for molecular evidence of the 
disease.102,103 Repeated cycles of ATO may be needed to achieve 
this molecular remission.101 Given the relative importance of the 
RT-PCR assay results, some experts have recommended that the 
bone marrow be sampled and examined for both morphologic 
and molecular evidence of remission at least every 3 months 
for the first 2 years post-remission.55 More recently, RT-PCR of 
the peripheral blood has been substituted for the bone-marrow–
based assay, but such a practice has yet to be clinically validated. 
Patients whose RT-PCR result converts from a negative to posi-
tive should have the bone marrow examination repeated within 
1 month to verify this result. Patients tend to relapse within  
6 months of completing therapy, so it may be important to 
continue monitoring during this critical time. Despite relatively 
intensive molecular monitoring, some patients relapse with overt 
clinical disease, raising questions regarding the predictive nature 
of the test as well as the sensitivity and the standardization of the 
assay.104,105

Current therapy
Although APL was recognized as a distinct subtype of AML in 
1957,106 until the early 1990s this disease was managed with 
standard therapy used for all subtypes of AML, consisting of a 
combination of an anthracycline and cytosine arabinoside. Using 
this approach, investigators reported CR rates in the 50% to 60% 
range, but with improvement in the management of infections 
and the APL-related coagulopathy, CR rates increased to as high 

nuclear condensation and lobulation accompanied by cytoplasmic 
vacuolization (Fig. 78.4).96 Granulocytic forms with persistent 
azurophilic granules may appear and have been labeled “inter-
mediate” cells as they retain features of promyelocytes but dis-
play some morphologic characteristics of neutrophils.97 These 
cells may also display an intermediate immunophenotype with 
the co-expression of CD33, a marker associated with immature 
myeloid cells, and CD16 or CD11b cell-surface markers, which are 
found on granulocytes and maturing myeloid elements.84 Various 
sources have also described the occurrence of polymorphonuclear 
leukocytes with Auer rods, another anomalous finding resulting 
from differentiation of the abnormal clone. Techniques such as 
fluorescence in situ hybridization and premature chromosomal 
condensation have been used to verify that morphologically 
maturing cells are derived from the original malignant clone.98

Although there may be a variety of clinical and morphologic 
changes that occur with therapy, the process of achieving CR 
is gradual. After about 4 to 6 weeks of treatment, the standard 
definition of CR should apply: adequate cellularity as determined 
by bone marrow biopsy and normal maturation of all cell lines 
with <5% blasts. No cells with Auer rods should be visualized. 
Restoration of normal hematopoiesis should be evidenced by a 
peripheral blood neutrophil count ≥ 1.5 × 109/L, and the platelet 
count should be >100 × 109/L. In order to meet criteria for CR, 
these findings should be present for at least 4 weeks.95

Despite fulfilling the morphologic criteria for CR, approxi-
mately 85% to 90% of patients treated with ATRA alone and 15% 
to 25% of relapsed patients treated with ATO alone still have 
molecular evidence of disease as detected by RT-PCR.55,99,100,101 

A B

C

FIGURE 78.4. Morphologic progression during all-trans retinoic acid (ATRA)  
therapy. A: Abnormal promyelocyte in the peripheral blood prior to therapy. This patient has 
a hyperbasophilic variant; cells are deeply basophilic with a folded nucleus. B: Approximately 
day 14 of ATRA therapy; intermediate cells pictured. These cells share characteristics of the 
abnormal promyelocytes and the mature granulocytes. The nucleus is starting to become 
lobulated. The cytoplasm has lightened and specific granules have started to appear.  
C: Approximately day 30 of ATRA therapy. Most circulating myeloid cells largely resemble 
mature granulocytes. Some minor differences may persist, however.
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Although cytosine arabinoside is the backbone of treatment 
for AML in general, the importance of this drug in the treatment 
of APL specifically remains indistinct. In APL patients, mono-
therapy using either daunorubicin or idarubicin achieves a CR 
rate in the 55% to 88% range.112,116,117 A retrospective analysis of  
62 patients with APL treated with either single-agent daunoru-
bicin or in combination with cytosine arabinoside for induction 
therapy showed no difference in CR rates.117 Similarly, in a ran-
domized Italian Cooperative Group (GIMEMA) prospective study 
in untreated APL patients comparing idarubicin to the combina-
tion of idarubicin plus cytosine arabinoside, no difference in CR 
rate or event-free survival (EFS) was observed.116 Longer term 
follow-up of this GIMEMA study revealed that EFS at 7 years was 
superior in the idarubicin-only arm.118 Considering the exquisite 
sensitivity of APL to anthracyclines, dose-intense single-agent 
anthracycline, particularly idarubicin, may be more beneficial 
than and a less toxic alternative to standard combination therapy 
as suggested by a study119 conducted by the Spanish Programa 
para el Tratamiento de Hemopatias Malignas (PETHEMA) group.

All-Trans Retinoic–Based Strategies
The introduction of ATRA into the treatment strategy of APL 
fundamentally changed the management and outcome of this dis-
ease. The first series of patients treated with ATRA was reported 

as 80%.90,107,108 The likely reasons for failure of this treatment 
included mortality related to sepsis, catastrophic hemorrhage, 
or, less frequently, primary drug resistance.109,110 However, 
despite this high CR rate, long-term DFS in patients with APL was 
approximately 30% to 40%.3,111,112 Subsequently, the incorpora-
tion of ATRA as part of induction therapy in newly diagnosed APL 
and the use of ATO in relapsed disease have markedly improved 
the outcome of patients with this disease. See Table 78.4 for rep-
resentative therapies for APL. A randomized trial has shown that 
ATO consolidation therapy improves survival in newly diagnosed 
patients with APL.113

Chemotherapy
Anthracyclines are one of the most important cytotoxic agents 
used in treating all subtypes of AML. Several studies have spe-
cifically demonstrated the sensitivity of APL to this class of 
agents.3,112 However, whether there is a clinical advantage of 
one anthracycline compared to another remains controversial. 
Prospective randomized trials have not convincingly or consis-
tently shown an advantage of either daunorubicin or idarubicin in 
the treatment of AML,114,115 and specifically, no prospective ran-
domized trial has compared these agents in the treatment of APL. 
Currently, both daunorubicin and idarubicin are used in clinical 
practice for treatment of APL.

Study Primary Therapy N CR EFS or DFS Relapse Rate

Marty et al.112 1984 Daunorubicin  83 64%

Avvisati et al.116 1990 Idarubicin 131 76%

Warrell et al.127 1994 ATRA followed by chemotherapy  49 85%

Sanz et al.119 1999 Idarubicin and ATRA (elimination of cytarabine) 123 89% 2-y DFS  
92% ± 3%

Avvisati et al.133 2011 Idarubicin and ATRA (elimination of cytarabine) 828 94% 12-y EFS 69%

Tallman et al.27 1997 (randomized) ATRA followed by chemotherapy 172 72% 3-y DFS

vs. — — 67%

chemotherapy 174 69% —

(NS) 32%

(p < 0.001)

Burnett et al.149 1999 (randomized) ATRA × 5 d followed by chemotherapy DFS

119 70% 59% 36%

vs. — — — —

ATRA daily until CR + chemotherapy 120 87% 72% 20%

(p < 0.001) (p = 0.07) (p = 0.04)

Ades et al.130 2010 (randomized) ATRA followed by chemotherapy 10-y EFS 10-y CIR

122 93% 64% 22%

vs. — — — —

ATRA + chemotherapy 184 96% 76% 13%

(NS) (p = 0.019) (p = 0.087)

Powell et al.113 2010 (randomized) ATRA + chemotherapy 3-y EFS

237 63%

vs. — — — —

ATRA + chemotherapy followed by ATO consolidation 244 80%

p < 0.0001

ATRA, all-trans retinoic acid; ATO, arsenic trioxide; CR, complete remission; DFS, disease-free survival; EFS, event-free survival.

rePreSenTATive THerAPieS in newLy diAgnoSed AcuTe ProMyeLocyTic LeukeMiA
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therapy (72% vs. 32%, P < 0.001). This trial clearly showed the 
benefit of ATRA in the management of APL, particularly when 
ATRA was incorporated in the induction therapy. The group of 
patients who received no ATRA had a 3-year DFS of only 18%, 
which was consistent with the historical survival rate of APL 
patients.

The European APL group addressed the issue of schedul-
ing of the ATRA/chemotherapy by prospectively randomizing  
413 untreated APL patients between concurrent ATRA plus che-
motherapy (daunorubicin and cytosine arabinoside) and sequen-
tial ATRA followed by the same chemotherapy. Following one to 
two courses of consolidation, patients were then randomized to 
receive either 2 years of maintenance chemotherapy consisting of 
ATRA alone, methotrexate plus 6-mercaptopurine (6-MP), ATRA 
plus methotrexate and 6-MP, or no maintenance chemotherapy 
(observation only).129 The proportion of patients achieving a CR 
in these two induction groups was no different, with an overall CR 
rate of 92%. However, the EFS at 2 years was estimated at 84% in 
the concurrent ATRA plus chemotherapy group versus 77% in the 
ATRA followed by chemotherapy group (P = 0.1). Longer term fol-
low-up from this trial confirmed statistically significant superior 
EFS and cumulative incidence of relapse (CIR) at 10 years in the 
patients assigned to concurrent ATRA plus chemotherapy.130 One 
possible advantage from the concurrent ATRA plus chemotherapy 
treatment approach appears to be a significant (approximately 
50%) reduction in the incidence of the potentially fatal RAS.131,132

Other groups have advocated for anthracycline dose intensity 
during ATRA-based induction therapy. Both the GIMEMA group 
and the Spanish Cooperative Group (PETHEMA) have completed 
trials in APL utilizing induction therapy with daily ATRA plus 
idarubicin on days 2, 4, 6, and 8119,133 Although these trials dif-
fered in their consolidation (with respect to use of cytarabine) and 
maintenance regimens, both demonstrated impressively high CR 
rates (>90%) and long-term DFS rates of >70% beyond 5 years. 
Using this same regimen, the GIMEMA group also reported a CR 
rate of 96% (n = 107) in children (younger than 18 years old) 
with untreated APL, resulting in an OS and EFS of 89% and 76%, 
respectively, with more than 10 years of follow-up.134 Hence, 
dose-intensive anthracycline chemotherapy (without cytarabine) 
in combination with ATRA during induction results in highly suc-
cessful outcomes that are comparable with regimens that incor-
porate cytarabine into induction.

The French–Belgian–Swiss APL 2000 study in non–high-risk 
APL compared outcomes between patients assigned to induction 
therapy consisting of daunorubicin plus ATRA versus daunoru-
bicin plus cytarabine plus ATRA, followed by consolidation that 
included high-dose cytarabine in the patients assigned to the 
cytarabine arm during induction.102 In this trial, both DFS and 
OS were superior in the cytarabine-treated patients. A lower 
cumulative dose of anthracycline in this trial than in the GIMEMA 
and PETHEMA trials was postulated as an explanation for the 
superiority in the cytarabine arm. In addition, it was not clear 
whether the use of high-dose cytarabine during consolidation 
in the patients randomized to cytarabine induction could have 
been responsible for better outcomes. In an attempt to address 
these questions, a joint analysis of the LPA 99 (PETHEMA) and 
APL 2000 (French–Belgian–Swiss) trials was performed.135 This 
analysis revealed that the DFS and OS benefits of cytarabine 
during induction were limited to patients with high-risk disease  
(WBC ≥ 10 × 109/L) at diagnosis. Based upon the available data 
to date, then, inclusion of cytarabine within induction and consoli-
dation regimens for patients with high-risk APL appears justified, 
recognizing the limitations of direct comparisons between trials.

Duration of All-Trans Retinoic Acid
Currently, ATRA is recommended as part of the induction  
regimen and as maintenance therapy, which is initiated after 

by Huang et al. in 1987.120 By the mid-1990s more than 3,000 
APL patients worldwide had been treated with ATRA, with pub-
lished data showing a median CR response >85%.96,98,120,121,122 
Although doses of ATRA up to 100 mg/m2 have been used in vari-
ous studies, no particular dose–effect correlation has emerged. 
Most clinical experience has been obtained with a dose of  
45 mg/m2/day administered as a single daily dose or in two 
equally divided doses and given approximately 12 hours apart. 
In a multicenter study conducted in APL patients by Castaigne  
et al.123 a dose of 25 mg/m2/day of ATRA revealed similar results 
in terms of CR rates and pharmacokinetic parameters compared 
to ATRA at 45 mg/m2/day. The incidence of hyperleukocytosis and 
RAS, however, was also the same. In contrast, a small study con-
ducted at the Shanghai Institute of Hematology reported achieving 
a clinical CR in 24 of 26 (92%) newly diagnosed APL patients with 
daily oral ATRA of 15 to 20 mg/m2/day with no reported events 
of RAS.124 However, no prospective randomized trials have been 
conducted to establish the long-term therapeutic effects of a lower 
dose of ATRA, and therefore doses <45 mg/m2/day should not be 
used routinely as standard of care.

The clinical response to ATRA is correlated with the presence 
of the 15;17 chromosomal translocation assessed by conventional 
cytogenetics or by RT-PCR.81,82,85 This translocation involves the 
molecular rearrangement of RARa, which appears to be the link to 
the clinical responsiveness to ATRA. Some patients with equivocal 
cellular morphology and normal karyotypes have shown typical 
rearrangements of RARa by molecular testing, and these patients 
are clinically responsive to ATRA.81,83 However, patients who 
are negative by RT-PCR for PML/RARa and/or do not exhibit the 
karyotypic t(15;17) do not respond to ATRA.63,81 Therefore, it is 
critical to note that patients with acute leukemia with cytogenetic 
or molecular findings other than the common t(15;17) or PML/
RARa that is distinctly found in APL, respectively, do not respond 
to ATRA and should be immediately treated with standard anti-
leukemic therapy.

In the initial phase II studies with ATRA in APL, two important 
clinical observations became evident. The first was that up to one 
half of the patients developed what is now known as RAS, which 
in the preliminary experience often proved to be fatal. Gradually, a 
number of treatment strategies emerged that improved the associ-
ated morbidity/mortality of this syndrome. Currently, as the result of 
vigilant monitoring and the initiation of high-dose dexamethasone 
with the first presenting sign or symptom (discussed below), few 
patients die as a result of RAS. The second observation was that 
remissions induced and maintained solely by ATRA are brief in dura-
tion, with few patients remaining in remission >1 year.125,126,127 
Subsequently, both randomized27,121 and nonrandomized127,128 
studies revealed that by combining standard induction therapy 
(anthracycline based) with ATRA, followed by consolidation treat-
ments, remissions were not only durable, but also superior to those 
achieved by chemotherapy alone.

In the initial trials incorporating ATRA in the treatment of 
APL, the drug was given as a single agent until CR was achieved; 
then patients were consolidated with chemotherapy. However, 
the optimal schedule and duration of ATRA therapy needed to 
be determined for best clinical outcome. In the U.S. Intergroup 
Study,27 346 newly diagnosed APL patients were randomized to 
receive either ATRA or daunorubicin plus cytosine arabinoside 
for remission induction. Patients who obtained a CR received two 
cycles of consolidation chemotherapy. Patients who remained in 
remission after completing consolidation therapy were random-
ized to either observation only or maintenance treatment with 
ATRA. Therefore, the majority of patients on this trial received 
ATRA, either as induction therapy, maintenance, or both. There 
was no significant difference in the CR rate between the ATRA 
(72%) and chemotherapy (69%) induction groups, however, 
the 3-year DFS was statistically improved in the ATRA-treated 
patients compared to those treated with standard antileukemic 
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Although several groups have incorporated high-dose cytosine 
arabinoside as part of the consolidation strategy,27,102,135,149,150 
the overall benefit of dose-intense cytosine arabinoside in either 
induction or consolidation remains unclear. Schlenk et al.151 
evaluated high-dose cytarabine in combination with mitoxan-
trone as consolidation therapy. In this study 82 newly diagnosed 
APL patients received induction therapy according to the AIDA 
protocol (ATRA, idarubicin) followed by one cycle of idarubicin, 
cytarabine, etoposide and two cycles of HAM (cytarabine 3 g/m2 
every 12 hours days 1 to 3; mitoxantrone 10 mg/m2 on days 2 
and 3). Ten patients died from early/hypoplastic death; 72 (88%) 
achieved a CR; and 71 of these patients received at least one cycle 
of HAM. After 46 months, relapse-free survival (RFS) and OS 
were 83% and 82%, respectively. As discussed, recent data from 
a French–Belgian–Swiss trial, where patients with high-risk APL  
(WBC ≥ 10 × 109/L) received standard-dose cytarabine dur-
ing induction and dose-intensive cytarabine during consolida-
tion, demonstrated an excellent 2-year EFS of 89% along with 
superior outcomes compared to high-risk patients treated with 
non- cytarabine–containing regimens.102,135 More recently, the 
PETHEMA group launched a trial (LPA2005) that incorporated 
high-dose cytarabine into consolidation therapy for high-risk 
patients, demonstrating a decreased CIR and marginally improved 
DFS compared with their previous trial (LPA99) in which cyta-
rabine was not utilized during consolidation.146 Similarly, the 
GIMEMA group also introduced a risk-adapted approach for 
high-risk patients in the AIDA2000 study, utilizing high-dose 
cytarabine during the first course of consolidation.145 Once again, 
CIR and DFS were improved in high-risk patients treated with 
high-dose cytarabine compared with patients in the previous 
study (AIDA0493) that did not utilize high-dose cytarabine during 
consolidation. Taken together, these findings suggest a role for 
high-dose cytarabine during consolidation for patients with high-
risk APL, but the overall topic remains somewhat confounded by 
a lack of randomized trials to address this issue.

Historically, most groups have used a combination of ATRA and 
chemotherapy (anthracycline-based) for remission induction, fol-
lowed by two to three cycles of consolidation chemotherapy that lacks 
ATRA inclusion, with the goal of eliminating MRD. As previously 
noted, results of this approach have been extremely effective, with a 
high likelihood of cure. In an attempt to further improve outcomes, 
the PETHEMA groups LPA99 trial used a risk-adaptive approach, 
adding ATRA to consolidation in the patients with intermediate and 
high-risk disease, along with increased doses of anthracyclines, and 
evaluated relapse rates in comparison to patients treated on the pre-
vious LPA96 trial, where risk-adapted addition of ATRA and anthra-
cyclines did not occur (Table 78.5). Compared to patients treated 
with the LPA96 regimen, the risk-adapted approach utilized during 
consolidation in the LPA99 trial demonstrated an overall reduction 
in the relapse rate from 20.1% to 8.7% (P = 0.004), most notably in 
the intermediate-risk group, where the reduction was from 14.0% 

the completion of consolidation chemotherapy. There is no ben-
efit to continuous treatment with oral ATRA once patients have 
achieved a CR. Generally, patients who relapse while taking ATRA, 
or shortly after discontinuing ATRA, fail to respond to further 
treatment with standard-dose or high-dose ATRA therapy.120,127 
It would be particularly unusual for patients with a molecular 
diagnosis of APL who are retinoid-naive to be resistant to ATRA. 
Given the limited duration of remission with ATRA as a single oral 
agent, acquired resistance to ATRA could theoretically result from 
genetic or epigenetic events.136 Acquired resistance in HL-60, 
a retinoid-sensitive leukemic cell line, has been associated with 
point mutations in the RARa fusion gene.137,138 Initial analysis 
from clinical specimens collected from patients prior to treatment 
with ATRA and at the time of relapse did not reveal additional 
mutations in PML/RAR-a.139 More recently, mutations in the 
high-affinity ATRA binding site of clinical specimens have been 
identified,140 with an incidence of up to 40% in the relapsed set-
ting following ATRA-based therapy.141,142 Interestingly, proximate 
ATRA selection pressure is not thought to be the sole or main 
determinant for the emergence of dominant PML-RARa mutant 
subclones, and these subclones are predisposed to further muta-
tions that result in a survival advantage.142

It appears that multiple mechanisms are likely involved in 
the development of resistance. Continuous daily treatment with 
ATRA is associated with a marked decrease in plasma drug 
concentrations occurring as early as 1 to 2 weeks of initiation of 
therapy.143 The mechanisms by which this occurs include induc-
tion of cytochrome P450 catabolic enzymes, increased expression 
of oxidative co-factors, and/or up-regulation of cellular retinoic 
acid binding proteins.143,144 These biologic mechanisms function 
cooperatively to modulate intracellular retinoid concentrations. 
Therefore, it is conceivable that prolonged administration of 
ATRA could result in the development of clinical resistance due to 
an inability to sustain effective concentrations in vivo that would 
be required to achieve cytodifferentiation.

Post-remission Consolidation Therapy
As reviewed above, treatment of APL with ATRA alone or in 
combination with chemotherapy yields a complete clinical 
remission rate as high as 85% to 95%. However, MRD detected 
by a positive RT-PCR for the PML/RARa transcript is present in  
80% to 90% and 50% of patients following induction therapy with 
ATRA alone55 and ATRA plus chemotherapy,26,119 respectively. 
Invariably, patients with positive cytogenetics for t(15;17) or 
MRD determined by RT-PCR will clinically relapse.81,82,83,84,85,86 
The percentage of patients with MRD is significantly reduced 
by the administration of post-remission chemotherapy, which 
correlates with a higher proportion of patients cured of this 
disease.81,86,119 The Memorial Sloan-Kettering group performed 
serial PCR analysis on the bone marrows of patients with 
untreated APL who received ATRA induction followed by con-
solidation treatment with chemotherapy, RA, and biologic 
agents;55 85% had MRD detectable by RT-PCR after ATRA induc-
tion, and only (10%) had detectable MRD after completing three 
cycles of consolidation therapy. Consistent with these results, 
other groups have reported molecular remission rates ≥90% 
after two to three cycles of anthracycline-based consolidation 
therapy.26,102,133,145,146,147 More recently, a prospective trial 
assessing MRD kinetics during the entire treatment course 
using RQ-PCR in 70 patients newly diagnosed with APL was 
conducted.148 At a median follow-up of 44 months, of those who 
achieved a CR, nine patients had clinical relapse. The greatest 
predictor of relapse (85.7% vs. 7.3%, P < 0.001) and DFS (14.3% 
vs. 91.2%, P < 0.001) was an MRD level of >10−3 after the first 
consolidation treatment. Thus, the use of prospective MRD moni-
toring using quantitative PCR could become a critical component 
in risk-adaptive and long-term treatment strategies to obtain the 
best clinical outcome.

Risk WBC Count Platelet Count

Low ≤10 × 109/L >40 × 109/L

Intermediate ≤10 × 109/L ≤40 × 109/L

High >10 × 109/L

WBC, white blood cell.
Sanz MA, Lo Coco F, Martín G, et al. Definition of relapse risk and role of non-anthracycline 
drugs for consolidation in patients with acute promyelocytic leukemia: a joint study of the 
PETHEMA and GIMEMA cooperative groups. Blood 2000;96:1247–1253.
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characterized by fever, respiratory distress, radiographic pulmo-
nary infiltrates, pleural or pericardial effusions, weight gain due 
to fluid overload, episodic hypotension, and acute renal failure. 
In the setting of ATRA monotherapy, RAS has an incidence of 
20% to 30%.123,126,156 The clinical diagnosis can be challenging 
because this patient population is at risk to develop pneumonia, 
sepsis, and congestive heart failure because of the disease and 
due to complications of cytotoxic chemotherapy. The first sign or 
symptom of RAS has been reported to occur anytime within the 
first few days to weeks of initiating ATRA therapy.139 It is interest-
ing that there have been reports of this adverse event occurring 
in patients who were maintained on ATRA and whose marrow 
was recovering post-myelosuppressive doses of chemotherapy.155 
Although hyperleukocytosis is frequently observed preceding 
RAS, the reaction may occur with a normal leukocyte count in 
up to one third of cases.42,26,156 In addition, there are conflicting 
reports as to whether an elevated pre-treatment leukocyte count 
is associated with an increased risk for subsequent development 
of RAS.155,157 Overall, there have been no clearly established inde-
pendent prognostic factors for the development of RAS. Fatality 
from RAS has been correlated with the pre-treatment factors of 
hyopalbuminemia and ECOG performance status.23

Clinically, RAS gives the impression of a “capillary leak syn-
drome.” Postmortem examination performed on patients who 
have died with progressive hypoxemia and multiorgan failure 
revealed extensive infiltration of maturing myeloid cells into 
lung, skin, kidney, liver, and lymph nodes.156 The cause of RAS 
is unknown, although several mechanisms have been proposed, 
including the release of vasoactive cytokines, increased expres-
sion of adhesion molecules on myeloid cell surfaces, and attain-
ment of migratory capabilities by the malignant promyelocytes as 
they undergo differentiation.42,156 ATRA increases the expression 
of the surface integrin intracellular adhesion molecule-1 in certain 
cell lines. Of clinical importance, this effect can be blocked by 
treatment with dexamethasone158 Development of this reaction 
is also correlated with expression of CD13 (aminopeptidase N),42 
which has been associated with a poor outcome in patients with 
acute myeloid leukemia. These observations suggest a link to the 
clinical experience of extravascular adhesion and migration of 
differentiating cells in this reaction.

The progression of RAS can be terminated by early interven-
tion with a short course of high-dose dexamethasone (10 mg twice 
a day for 3 days), and as a result the mortality from this adverse 
event has decreased significantly.132 The importance, however, of 
the immediate recognition and appropriate interventions cannot 
be overemphasized. The development of any unexplained signs 
or symptoms, particularly fluid retention, sporadic fevers, and 
pulmonary infiltrates, should prompt immediate dexamethasone 
treatment. Once fully established, the management of RAS has 
proved especially difficult and often results in significant mor-
bidity and, frequently, death. Therefore, the benefits of empiric 
steroid therapy far outweigh the risk of complications associated 
with inappropriate use in leukemic patients with infections. In a 
nonrandomized prospective study, the Australian Study Group 
treated patients with prophylaxis corticosteroids (prednisone  
75 mg/day) and reported a lower incidence of pulmonary toxic-
ity and RAS.159 Most groups have not adopted this as a standard 
approach given the risks/benefits of corticosteroids but instead 
administer dexamethasone at the earliest appearance of any of 
the signs or symptoms suggestive of RAS.

Although APL has generally been associated with leukopenia 
at the time of presentation, leukocytosis (≥10 × 109/L) frequently 
occurs in APL patients treated with ATRA alone. In general, it 
was recognized that patients who developed leukocytosis while 
receiving ATRA fared as well as patients who developed RAS.  
In addition, it has been suggested that the development of leuko-
cytosis and RAS is associated with a higher risk of extramedullary 
relapse (EMR).160 The prevention and/or management of leukocy-
tosis involves using full-dose chemotherapy along with ATRA. The 

to 2.5% (P = 0.006). This approach also translated into apparent 
improved DFS and OS.26 Long-term follow-up of this trial confirmed 
continued DFS benefits with such risk-adapted therapy at 5 years 
and beyond.147

Maintenance Therapy
Traditionally, maintenance therapy has not been a standard 
component of the state of the art management of AML. However, 
in APL, there are several small studies that have suggested a 
possible benefit of maintenance chemotherapy. In an early trial 
conducted at MD Anderson, 39 of 70 patients with APL who 
received 6-MP and methotrexate as maintenance therapy had a 
nearly twofold (56% vs. 30%; P < 0.01) higher sustained 3-year 
remission rate compared to those patients who did not receive 
maintenance.152 Subsequently, results of two randomized tri-
als27,129 and one nonrandomized119 trial have shown a reduction 
in the risk of relapse in patients treated with either ATRA and/or 
chemotherapy as maintenance. In the European APL 93 trial,129 
the largest of these three studies, 289 patients, after completing 
their consolidation therapy, were randomized to no maintenance 
or to maintenance with either ATRA (45 mg/m2/day for 15 days 
every 3 months), continuous low-dose chemotherapy with 6-MP 
(90 mg/m2/day) plus methotrexate (50 mg/m2 given weekly), 
or both ATRA and continuous low-dose chemotherapy after 
completion of their consolidation therapy. The 2-year relapse 
incidence was 13% compared to 25% in patients who received 
versus those who did not receive ATRA, respectively (P = 0.02), 
and 11% compared to 27% in patients who received versus those 
who did not receive chemotherapy as maintenance, respectively  
(P = 0.0002). However, the relapse rate (6 out of 74 patients, 
8%) was lowest in the subgroup that was randomized to both 
ATRA and low-dose chemotherapy. In addition, there was an 
improvement in OS (P = 0.01) in those patients who received 
chemotherapy maintenance, and a similar trend in those patients 
who received ATRA maintenance (P = 0.22). Interestingly, high-
risk patients (presenting with WBC counts >5,000 and older than 
60 years) who received both ATRA and low-dose chemotherapy 
seemed to benefit the most from such therapy. In contrast to 
these results, the GIMEMA Cooperative Group (AIDA 0493), which 
randomized patients in molecular CR to the same maintenance 
therapy used in the European APL 93 study, failed to demonstrate 
a long-term benefit of any maintenance regimen.133 Similarly, the 
Japan Adult Leukemia Study Group APL97 study failed to dem-
onstrate a benefit to maintenance chemotherapy, although ATRA 
was not included in the maintenance chemotherapy regimen in 
this trial.153 Finally, in a recent update to the CALGB9710 US 
Intergroup Trial, there was no difference in DFS or OS in patients 
randomized to maintenance therapy with ATRA monotherapy ver-
sus those randomized to maintenance with ATRA plus low-dose 
oral chemotherapy.154 Although the exact role of maintenance 
therapy remains to be defined, particularly with respect to its opti-
mal schedule, most current protocols include this maintenance 
approach in their overall therapeutic strategy.

Most important in the management of APL is that patients in 
remission should be monitored routinely for evidence of MRD by 
RT-PCR. The experience to date shows that patients who remain 
positive after the completion of consolidation therapy, or those 
who convert from negative to positive (molecular relapse), will 
inevitably relapse.69,70,71 Such patients should receive additional 
therapy; in particular, allogeneic bone marrow or stem cell trans-
plantation should be considered.

Adverse Effects of Retinoic Acid
The toxicity profile of ATRA is comparable to other retinoids. 
APL patients, however, are uniquely prone to the development of 
a hyperleukocytosis and a reaction known as RAS.155,156 RAS is 
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in 1997 at Memorial Sloan-Kettering Cancer Center that demon-
strated a 92% (11 out of 12 patients) CR rate.170 Subsequently, in a 
confirmatory US multicenter study,101 40 patients received a daily 
1-hour infusion of 0.15 mg/kg of ATO until the elimination of vis-
ible leukemic cells in the bone marrow. The CR rate was 85% and 
median times to bone marrow leukemic blast clearance and CR 
were 35 days and 59 days, respectively. In addition, 78% of these 
patients achieved PML-RARa transcript negativity by RT-PCR by 
the completion of their consolidation therapy. Eighteen patients 
subsequently received one to four cycles of ATO maintenance 
on a different protocol, and 12 patients ultimately underwent 
allogeneic (n = 9) or autologous (n = 3) transplant while in CR. 
When the data from the 12 patients treated in the original single 
institution study149 of ATO are combined with results from these 
40 patients, combined analysis of the 52 patients in the Memorial 
Sloan-Kettering and the US multicenter studies revealed a 
Kaplan-Meier 18-month estimate of OS and RFS of 66% and 50%, 
respectively.101 Subsequently, other groups have treated relapse/
refractory APL with ATO using a dose and schedule similar to the 
US Multicenter Study and have reported comparable outcomes 
in terms of hematologic and molecular remission rates.99,100 As 
a result of the high efficacy and safety profile observed, ATO is 
used as standard therapy in patients with two or more relapses 
and is now more frequently used in patients after a first relapse, 
particularly in those patients whose first CR lasted <12 months, 
and including molecular relapse. The best subsequent treatment 
strategy (i.e., maintenance ATO vs. autologous transplant vs. allo-
geneic transplant), remains to be determined.

Since receiving Food and Drug Administration approval in 
September 2000, ATO has also been shown to be effective when 
used as a single agent or in combination with ATRA in newly 
diagnosed APL.171,172,173,174,175 Representative studies are shown 
in Table 78.6. Shen174 et al. randomized 61 newly diagnosed APL 
patients into three treatment groups: ATRA, ATO, or the combi-
nation of the two. CR was achieved in ≥90% in all groups, and 
median time to CR was the shortest (25.5 days) in the combina-
tion arm. Other clinical benefits in the combination arm included 
faster recovery of platelet count and normalization of coagulation 
and fibrinolysis parameters, as well as faster decrement in PML/
RARα transcripts, as measured by RQ-PCR. It is important to note 
that relapse occurred in 7 of the 37 (19%) patients treated with 
monotherapy at a median of 18 months, compared with relapsed 
none of the 20 patients in the combination group (P < 0.05). 
These favorable clinical benefits with the combination of ATRA 
and ATO were also reported by other investigators.175 As a single 
agent for untreated APL, ATO appears to produce a durable long-
term benefit, with actuarial 5-year EFS and OS rates of 69% and 
74%, respectively.176

Considering the efficacy and safety of ATRA and ATO as single 
agents in APL, the group at MD Anderson evaluated the combina-
tion of these two agents as an alternative to ATRA plus chemo-
therapy in untreated APL.171,177 Using a treatment strategy based 
upon risk categorization at diagnosis, 56 low-risk (presenting WBC 
count < 10 × 109/L) and 26 high-risk patients (WBC > 10 × 109/L) 
received ATRA (45 mg/m2 daily) and ATO (0.15 mg/kg daily, 
beginning day 10 of ATRA, and later modified to begin on day 1) 
for induction therapy. In addition to the ATO and ATRA, high-risk 
patients received chemotherapy (gemtuzumab ozogamicin) on day 
1 of induction. Patients achieving a CR then received only ATO plus 
ATRA as consolidation therapy unless they were molecularly posi-
tive for PML-RARa 3 months from the CR date or had molecular 
relapse, and then chemotherapy (gemtuzumab ozogamicin) was 
given in combination with ATO and ATRA during consolidation. 
The overall CR rate was 92% (95% in low risk, 81% in high risk). 
At a median follow-up of 99 weeks, the estimated EFS and OS 
were >80%. Both EFS and OS were superior in the low-risk group 
compared with the high-risk group. It was concluded that the 
combination of ATRA and ATO could be used as an alternative to 

concurrent administration of these agents also appears to result 
in a lower incidence of RAS. With ATRA alone, the incidence of 
RAS is approximately 25%; when given concurrently with chemo-
therapy, the GIMEMA Trial, the Japanese Adult Leukemia Study 
Group, and the European APL study reported an incidence of 
10%, 6%, and 15%, respectively.27,119,129

Management of Relapsed Acute Promyelocytic 
Leukemia
Despite the significant improvement in CR and survival rates 
observed since the incorporation of ATRA in the treatment of 
APL,27,98,161 15% to 20% of these patients relapse and are often 
resistant to further treatment with ATRA.98,121 Some patients, 
however, who have relapsed >6 months after completing their 
last ATRA therapy have achieved a second CR when retreated 
with ATRA.109 This relative “reversal of resistance” may in part 
be related to the metabolism of ATRA. The plasma levels of ATRA 
have been shown to decline over time in pharmacokinetics stud-
ies where ATRA was given continuously, in part, as a result of 
autoinduction as discussed earlier. Clinically, this could result in 
a subtherapeutic plasma level and thereby give the appearance 
of drug resistance. The up-regulation of the respective metabolic 
enzymes reverses after a defined period from discontinuation of 
therapy.162,163 Therefore, when re-instituting therapy with stan-
dard doses of ATRA, the therapeutic levels needed clinically to 
induce myeloid differentiation are once again obtained.

Patients who achieve a second CR irrespective of agent(s) 
used will need additional curative therapy. Salvage therapy often 
entails high doses of cytotoxic chemotherapy followed by either 
autologous or allogeneic transplantation. Such an approach car-
ries a risk of significant morbidity and mortality and may not 
be appropriate for some patients, an important consideration in 
treating very young or elderly patients. Also, an allograft is contin-
gent on finding an HLA-identical donor for these patients, which 
occurs only for a subset of the patients.

Since the inclusion of ATRA as part of standard first-line ther-
apy, there have been limited clinical data available reviewing the 
role of dose-intense chemotherapy followed by transplantation in 
relapsed patients. In the European APL 91 trial129 and the Italian 
GIMEMA Group study,164 4 of 5 patients and 6 of 15 patients in 
second CR, respectively, who underwent allografts obtained a 
prolonged CR. Thomas et al.165 reported treating 50 patients with 
APL in first relapse with single-agent ATRA until CR followed by 
sequential EMA chemotherapy (etoposide 200 mg/m2/day for  
3 days, mitoxantrone 12 mg/m2/day for 3 days, and cytosine ara-
binoside 500 mg/m2/day for two sequences of 3 days). Forty-five 
(90%) patients achieved a second CR; 37 of these 45 patients had 
ATRA as part of their first remission regimen when newly diag-
nosed. While in second CR, 11 patients underwent HLA-identical 
allogeneic transplant and had a median DFS of 8.2 months;  
22 patients underwent autologous transplants and had a 3-year 
DFS rate of 77%. These results suggest that autologous trans-
plantation effectively cures a large proportion of these patients 
in first relapse at the risk of significant but acceptable toxicity. 
For patients undergoing an autologous transplantation in second 
CR, an important consideration is the RT-PCR status for PML/
RARa, which is indicative of MRD. In a small series, Meloni  
et al.166 reported that all 7 patients whose graft was positive for 
PML/RARa relapsed within 9 months post transplant, and six of 
eight patients with PCR-negative disease remained in molecular 
remission at a median of 28 months. Relapse rates are lower with 
allogeneic transplant, but the treatment-related mortality tends 
to offset any advantage.167

arsenic trioxide
Based on initial reports from China,168,169 a pilot trial using daily 
infusions of ATO in 12 patients with relapsed APL was conducted 
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Study Disease Status Therapy N CR
Molecular Response 
(RT-PCR Negative) Survival

Shen et al.168 1997 Relapse ATO (10 mg/d) 10 9 (90%) — —

Soignet et al.170 1998 Relapse/refractory ATO (0.06–0.20 mg/kg/d) 12 11 (92%) 8/11 (72%) —

Soignet et al.101 2001 Relapse/refractory ATO (0.15 mg/kg/d) 40 34 (85%) 78% 18 mo

KM estimates

OS 66%

EFS 50%

Shigeno et al.100 2005 Relapsed/refractory ATI (0.15 mg/kg/d) 34 31 (91%) 72% 2-y OS 56%

Shen et al.174 2004 
Randomized

Untreated Quantitative RT-PCR (median 
reduction fold after CR)

Median follow-
up of 18 mo

DFS

ATRA (25 mg/m2/d) 20 19 (95%) 6.7 13 mo

ATO (0.16 mg/kg/d) 20 18 (90%) 32.1 16 mo

ATRA + ATO 21 20 (95%) 118.9 20 mo

Wang et al.175 2004 Untreated ATRA (20 mg TID) 36 31 (83.3%)

ATO (10 mg/d) 40 36 (90%) — —

ATRA (10 mg TID) plus 80 74 (92.5%)

ATO (10 mg/d)

Mathews et al.173 2006 Untreated ATO (10 mg/d) 72 86% 3-y

KM estimates

— EFS 74.9%

DFS 87.2%

OS 86.1%

Ghavamzadeh et al.172 2006 Untreated ATO (0.25 mg/kg/d) 111 95 92% 1-y DFS 
88.3%

(86%) (44 of 48 tested) 2-y DFS 
63.7%

1-y OS 95.5%

3-y OS 87.6%

Ravandi et al.177 2009 Untreated Low risk (WBC < 10 × 109 L): 56 53 (95%) Negative PCR:

49/49 (100%) at 6 mo 
post-CR

ATO (0.15 mg/kg/d)+
ATRA (45 mg/m2/d) 41/43 (95%) at 12 mo 

post-CR

High risk WBC > 10 × 109 L): 26 21(86%)

ATO (0.15 mg/kg/d) + ATRA (45 
mg/m2/d) + GO (9 mg/m2 on 
day 1)

36/37 (97%) at 24 mo 
post-CR

ATRA, all-trans retinoic acid; DFS, disease-free survival; EFS, event-free survival; GO, gemtuzumab ozogamicin; KM, Kaplan-Meier; OS, overall survival; RT-PCR, reverse transcriptase-
polymerase chain reaction; TID, three times per day; WBC, white blood cell.
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chemotherapy in low-risk untreated APL. Further study of ATRA 
plus ATO plus gemtuzumab ozogamicin in high-risk groups is the 
subject of an ongoing US Southwest Oncology Group trial.

The CALGB group has also evaluated the role of ATO during 
consolidation therapy in APL.113 In this trial, patients with newly 
diagnosed APL were randomized, following ATRA-based induc-
tion, to 2 cycles of ATO versus no ATO consolidation (followed 
thereafter by 2 cycles of ATRA plus daunorubicin late consolida-
tion in each arm). This study demonstrated significant improve-
ment in EFS in the ATO-treated patients compared with controls, 
along with a trend toward improved OS in this group, indicating 
a role for ATO earlier in therapy, prior to relapse. It should be 
pointed out, however, that differences exist between the US and 

non-ATO European induction regimens (especially with respect to 
anthracycline dose intensity), such that the precise overall role of 
ATO in untreated APL remains undefined.

Finally, and most recently, the Italian-German Cooperative 
Groups tested ATRA + ATO versus ATRA + idarubicin in newly 
diagnosed APL, revealing a non-inferior 2 year event-free survival 
amongst ATRA + ATO treated patients. These data demonstrated, 
for the first time, that an “all biologic” regimen provides similar 
or superior outcomes compared to a regimen inclusive of tradi-
tional cytotoxic chemotherapy, an observation that may ultimately 
change the standard of care in APL.177a

The most common adverse events observed with ATO in 
the US multicenter study included leukocytosis (>10 × 109/L) 
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during induction therapy, mild hyperglycemia, and fatigue. Also,  
10 patients developed signs and/or symptoms suggestive of RAS 
and were effectively treated with dexamethasone. A potentially 
life-threatening side effect was QT prolongation on electrocar-
diogram, which was observed in 63% of patients. Although all 
of these patients were asymptomatic, including one patient who 
developed a brief episode of torsades de pointes, other investiga-
tors have reported sudden cardiac death178,179 associated with 
ATO therapy in APL patients. Therefore, close monitoring includ-
ing aggressive management of electrolytes, particularly potassium 
and magnesium, is undertaken in conjunction with ATO therapy. 
Both intravenous and oral supplements are liberally provided to 
maintain the serum potassium > 4 mEq/L and the magnesium 
level > 1.8 mg/dl. In addition, every effort should be made to limit 
the concomitant use of other agents known to prolong QT inter-
vals or induce ventricular arrhythmias. Following these manage-
ment guidelines, in a post-marketing safety update on over 2,200 
patients treated with ATO, including 437 patients with APL, no 
torsade de pointes nor deaths due to ATO (Trisenox)-associated 
arrhythmia have been reported.180

Liposomal all-Trans retinoic acid and Gemtuzumab 
Ozogamicin
Other agents that have shown benefit in patients with relapsed 
APL include liposomal ATRA and gemtuzumab ozogamicin 
(Mylotarg). Douer et al.181 conducted a trial using a liposo-
mal formulation of ATRA and administered it intravenously 
in 69  patients with newly diagnosed (32 patients) or relapsed 
(35 patients) APL, and in 2 patients who failed oral ATRA. A CR 
was achieved in 62% of previously untreated patients and in 70% 
of those patients in first relapse who were ATRA naive or off oral 
ATRA for ≥1 year. In those patients who were in first relapse and 
off oral ATRA for <1 year or in their second or greater relapse, 
20% achieved a CR. In a study reported by Tsimberidou et al.,182 
single-agent Lipo-ATRA (liposomal ATRA) was used in untreated 
APL for induction and for consolidation in those patients who 
achieved a CR. Molecular disease was monitored by RT-PCR for 
PML-RARα every 3 months from the time of CR, with idarubicin 
added to those patients who were positive for molecular disease. 
A CR was obtained in 79% of patients. Of 26 responders 10 who 
never received chemotherapy remained in first CR at a median of 
6.4 years. However, the proportion of patients responding in these 
studies may be no different than expected in the same population 
treated with oral ATRA. However, the durability of remissions 
achieved with single-agent Lipo-ATRA have not been reported 
with oral ATRA. This agent warrants further exploration in the 
treatment of APL and clearly is important in a patient population 
in which oral ATRA is not ideal, such as patients who are not able 
to tolerate or absorb the oral formulation.

Gemtuzumab ozogamicin is an engineered human anti-CD33 
antibody linked with the potent antitumor antibiotic calicheami-
cin. This agent binds to the CD33 antigen that is found on the 
surface of leukemic cells in more than 80% of patients with 
AML, and virtually in 100% with APL. The binding of CD33 by 
gemtuzumab results in the internalization and hydrolytic release 
of calicheamicin, which belongs to the anthracycline class of 
drug. Pre-clinical studies have shown this agent to be effective 
against ATRA- and ATO-resistant APL cells.183 Clinical remis-
sions have been observed with gemtuzumab, including a clini-
cal and molecular remission in a patient with multiple relapsed 
APL.184 In a study of patients with molecular (not hematologic 
relapse,185 16 patients received gemtuzumab at 6 mg/m2. There 
were 14 patients (87%) who achieved a molecular remission after 
receiving one to three doses, which was sustained for a median 
of 15 months (range, 7 to 31 months) in 3 patients. This drug was 
withdrawn from the US market in 2010, and is not commercially 
available for any indication, although its primary role in APL 
remains to be determined.

Special Issues

Management of the Elderly Patient
As APL typically manifests in younger patients, the therapeutic 
experience in older adults (age > 60) is more limited. In large 
cooperative group studies, older patients comprise between 5% 
and 20% of the overall study population.113,133,135,146 In general, 
older patients with AML demonstrate poorer tolerance for cyto-
toxic induction therapy,186,187,188 so the same concerns logically 
exist for the elderly APL patient, in whom cytotoxic therapy is 
planned.

Both the PETHEMA and the GIMEMA cooperative groups have 
comprehensively analyzed their experience with older adults 
in APL103,189 in their therapeutic trials (LPA96/99 and 0493, 
respectively). In both groups, early mortality was more frequently 
encountered in patients older than 70, initial CR rates were >80%, 
and 3-year DFS rates were >70%. In the GIMEMA trials, OS at 
6 years was 56%.189 The GIMEMA group recently published the 
results of its modified APL treatment regimen for patients older 
than 60, utilizing induction with ATRA + idarubicin, followed 
by a single course of consolidation with idarubicin + cytarabine, 
followed thereafter with ATRA maintenance.190 This regimen 
produced 5-year OS and DFS rates of 76% and 65%, respectively. 
The use of ATRA + ATO during induction, based upon the MD 
Anderson experience, resulted in similar rates of OS among older 
and younger individuals, suggesting that a regimen free of cyto-
toxic chemotherapy could be better suited for older patients.177 
Hence, although APL occurs infrequently in older individuals, 
outcomes are favorable, indicating the importance of pursuing 
aggressive therapy, with evolution toward reduction or omission 
of cytotoxic chemotherapeutic agents.

Extramedullary Disease and Relapse
Extramedullary disease (EMD) occurs in approximately 5% to 
10% of adult patients with AML, most commonly in the myelo-
monocytic and monocytic subtypes.191 Historically, the incidence 
of EMD in patients with APL has been considered rare.192,193 
However, since the early 1990s there have been numerous 
reported cases in patients with APL at the time of relapse, 
mostly involving the skin and CNS.160,192,194,195,196 In the Italian 
GIMEMA group study, 13 of 97 patients with relapsed APL had 
EMD, and in the European APL 93 trial 3 of 75 relapsed patients 
had documented EMD. Using a competing-risk method to ana-
lyze the incidence, presenting features, and risk factors of EMR 
in 740 patients with APL treated with ATRA and chemotherapy, 
it was concluded that EMR occurs more frequently in patients 
with increased WBC counts (>10,000/mm3) and carries a poor 
prognosis.194 It appears that CNS involvement is more common 
than either skin or organ infiltration. In a series of 21 reported 
cases of EMR, 14 cases involved the CNS.11 The same group also 
analyzed the incidence of EMD involvement in their series of APL 
patients who were treated with either chemotherapy alone or 
with AIDA regimen and subsequently relapsed.11 Accounting for 
all relapses, there were no conclusive data to support a higher 
incidence of EMD in patients treated with ATRA. However, the 
proportion of patients with EMD who had CNS involvement was 
significantly higher in the group that received ATRA as part of 
their induction therapy compared to those who received only 
chemotherapy. One explanation for this observation is that 
ATRA therapy induces the expression of adhesion molecules 
such as CD11c, CD13, and CD56 in the malignant promyelocytes 
and that may facilitate CNS infiltration.48,197,198 There was no 
comparative difference in the incidence of other sites of EMD. 
Of note, 14 of the 16 patients in the AIDA trial with EMD found 
at relapse also had hematologic or molecular evidence of dis-
ease. Treatment for CNS relapse requires systemic re-induction 
along with four to six cycles of intrathecal methotrexate or 
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cytosine arabinoside. Some patients may benefit from additional  
cranial–spinal radiation. It is reasonable to consider CNS pro-
phylaxis, particularly in those patients who present with high 
WBC counts. However, CNS prophylaxis with either intrathecal 
chemotherapy alone or combined with cranial irradiation has 
not been shown to improve DFS in adults with AML in general. 
This is likely because the majority of the patients have systemic 
relapse in addition to CNS or EMD.

SummAry
APL is a highly curable disease and represents a model for mod-
ern cancer therapy. It is unique in that the identification of the 
specific genotype that is used for diagnosis, monitoring MRD, and 
detection of early relapse has also resulted in a greater under-
standing of the fundamental biology of this disease, which serves 
as a template for the development of targeted therapies. APL is 
the first known disease that is clinically sensitive to differentiation 
therapy, and as a result, the paradigm for the treatment of leuke-
mia has been irrevocably altered. As medicine moves through the 
era of genomics, proteomics, and rationale drug design, the mod-
els of pathogenesis based on interactions between both genetic 
and epigenetic factors may be instrumental in the understanding 
and treatment of other forms of malignancy.

SeLeCteD referenCeS
The full reference list for this chapter can be found in the online version.

 6. Matasar MJ, Ritchie EK, Consedine N, Magai C, Neugut AI. Incidence rates 
of acute promyelocytic leukemia among Hispanics, blacks, Asians, and non-
Hispanic whites in the United States. Eur J Cancer Prev 2006;15:367–370.

 9. Beaumont M, Sanz M, Carli PM, et al. Therapy-related acute promyelocytic 
leukemia. J Clin Oncol 2003;21:2123–2137.

 11. Specchia G, Lo Coco F, Vignetti M, et al. Extramedullary involvement 
at relapse in acute promyelocytic leukemia patients treated or not with  
all-trans retinoic acid: a report by the Gruppo Italiano Malattie Ematologiche 
dell’Adulto. J Clin Oncol 2001;19:4023–4028.

 13. Asou N, Adachi K, Tamura J, et al. Analysis of prognostic factors in newly 
diagnosed acute promyelocytic leukemia treated with all-trans retinoic 
acid and chemotherapy. Japan Adult Leukemia Study Group. J Clin Oncol 
1998;16:78–85.

 18. Kelaidi C, Chevret S, De Botton Sp, et al. Improved outcome of acute promy-
elocytic leukemia with high WBC counts over the last 15 years: the European 
APL group experience. J Clin Oncol 2009;27:2668–2676.

 22. Tallman MS, Brenner B, Serna Jdl, et al. Meeting report. Leuk Res 
2005;29:347–351.

 23. de la Serna J, Montesinos P, Vellenga E, et al. Causes and prognostic fac-
tors of remission induction failure in patients with acute promyelocytic 
leukemia treated with all-trans retinoic acid and idarubicin. Blood 2008;111: 
3395–3402.

 24. Di Bona E, Avvisati G, Castaman G, et al. Early haemorrhagic morbidity and 
mortality during remission induction with or without all-trans retinoic acid 
in acute promyelocytic leukaemia. Br J Haematol 2000;108:689–695.

 25. Lehmann S, Ravn A, Carlsson L, et al. Continuing high early death rate in 
acute promyelocytic leukemia: a population-based report from the Swedish 
Adult Acute Leukemia Registry. Leukemia 2011;25:1128–1134.

 26. Sanz MA, Martín G, González M, et al. Risk-adapted treatment of acute 
promyelocytic leukemia with all-trans-retinoic acid and anthracycline 
monochemotherapy: a multicenter study by the PETHEMA group. Blood 
2004;103:1237–1243.

 27. Tallman MS, Andersen JW, Schiffer CA, et al. All-trans-retinoic acid in acute 
promyelocytic leukemia. N Engl J Med 1997;337:1021–1028.

 28. De Stefano V, SorÀ F, Rossi E, et al. The risk of thrombosis in patients with 
acute leukemia: occurrence of thrombosis at diagnosis and during treatment. 
J Thromb Haemost 2005;3:1985–1992.

 29. Gralnick HR, Abrell E. Studies of the procoagulant and fibrinolytic activity of 
promyelocytes in acute promyelocytic leukaemia. Br J Haematol 1973;24:89–99.

 31. Zhu J, Guo WM, Yao YY, et al. Tissue factors on acute promyelocytic leuke-
mia and endothelial cells are differently regulated by retinoic acid, arsenic  
trioxide and chemotherapeutic agents. Leukemia 1999;13:1062–1070.

 32. Dombret H, Scrobohaci ML, Daniel MT, et al. In vivo thrombin and plasmin 
activities in patients with acute promyelocytic leukemia (APL): effect of all-
trans retinoic acid (ATRA) therapy. Leukemia 1995;9:19–24.

 33. Liu Y, Wang Z, Jiang M, et al. The expression of annexin II and its role in 
the fibrinolytic activity in acute promyelocytic leukemia. Leuk Res 2011;35: 
879–884.

 35. Bennett JM, Catovsky D, Daniel MT, et al. Proposals for the Classification of 
the Acute Leukaemias French-American-British (FAB) Co-operative Group. 
Br J Haematol 1976;33:451–458.

 38. Gupta AD, Sapre RS, Shah AS, Advani SH, Nair CN. Cytochemical and immu-
nophenotypic heterogeneity in acute promyelocytic leukemia. Acta Haematol 
1989;81:5–9.

 40. Paietta E, Andersen J, Gallagher R, et al. The immunophenotype of acute 
promyelocytic leukemia (APL): an ECOG study. Leukemia 1994;8:1108–1112.

 46. Guglielmi C, Paola Martelli M, Diverio D, et al. Immunophenotype of adult and 
childhood acute promyelocytic leukaemia: correlation with morphology, type 
of PML gene breakpoint and clinical outcome. A cooperative Italian study on 
196 cases. Br J Haematol 1998;102:1035–1041.

 48. Ferrara F, Morabito F, Martino B, et al. CD56 Expression is an indicator of 
poor clinical outcome in patients with acute promyelocytic leukemia treated 
with simultaneous all-trans-retinoic acid and chemotherapy. J Clin Oncol 
2000;18:1295–1300.

 52. de The H, Chomienne C, Lanotte M, Degos L, Dejean A. The t(15;17) trans-
location of acute promyelocytic leukaemia fuses the retinoic acid receptor 
alpha gene to a novel transcribed locus. Nature 1990;347:558–561.

 53. de Thé H, Lavau C, Marchio A, Chomienne C, Degos L, Dejean A. The 
PML-RAR ± fusion mRNA generated by the t(15;17) translocation in 
acute promyelocytic leukemia encodes a functionally altered RAR. Cell 
1991;66:675–684.

 54. Kakizuka A, Miller WH, Umesono K, et al. Chromosomal translocation 
t(15;17) in human acute promyelocytic leukemia fuses RAR ± with a novel 
putative transcription factor, PML. Cell 1991;66:663–674.

 55. Jurcic JG, Nimer SD, Scheinberg DA, DeBlasio T, Warrell RP, Miller WH. 
Prognostic significance of minimal residual disease detection and PML/RAR-α 
isoform type: long-term follow-up in acute promyelocytic leukemia. Blood 
2001;98:2651–2656.

 56. Gallagher RE, Willman CL, Slack JL, et al. Association of PML-RARα fusion 
mRNA type with pretreatment hematologic characteristics but not treatment 
outcome in acute promyelocytic leukemia: an intergroup molecular study. 
Blood 1997;90:1656–1663.

 58. Slack JL, Arthur DC, Lawrence D, et al. Secondary cytogenetic changes in 
acute promyelocytic leukemia--prognostic importance in patients treated 
with chemotherapy alone and association with the intron 3 breakpoint 
of the PML gene: a Cancer and Leukemia Group B study. J Clin Oncol 
1997;15:1786–1795.

 60. Grimwade D, Biondi A, Mozziconacci M-J, et al. Characterization of acute 
promyelocytic leukemia cases lacking the classic t(15;17): results of the 
European working party. Blood 2000;96:1297–1308.

 64. Redner RL, Chen JD, Rush EA, Li H, Pollock SL. The t(5;17) acute promy-
elocytic leukemia fusion protein NPM-RAR interacts with co-repressor and 
co-activator proteins and exhibits both positive and negative transcriptional 
properties. Blood 2000;95:2683–2690.

 66. He LZ, Guidez F, Tribioli C, et al. Distinct interactions of PML-RARalpha and 
PLZF-RARalpha with co-repressors determine differential responses to RA in 
APL. Nat Genet 1998;18:126–135.

 67. Barragan E, Montesinos P, Camos M, et al. Prognostic value of FLT3 
mutations in patients with acute promyelocytic leukemia treated with all-
trans retinoic acid and anthracycline monochemotherapy. Haematologica 
2011;96:1470–1477.

 70. Schnittger S, Bacher U, Haferlach C, Kern W, Alpermann T, Haferlach T. 
Clinical impact of FLT3 mutation load in acute promyelocytic leukemia with 
t(15;17)/PML-RARA. Haematologica 2011;96:1799–1807.

 73. Guidez F, Ivins S, Zhu J, Söderström M, Waxman S, Zelent A. Reduced 
Retinoic Acid-Sensitivities of Nuclear Receptor Corepressor Binding to  
PML- and PLZF-RARα Underlie Molecular Pathogenesis and Treatment of 
Acute Promyelocytic Leukemia. Blood 1998;91:2634–2642.

 75. Hong SH, David G, Wong CW, Dejean A, Privalsky ML. SMRT corepres-
sor interacts with PLZF and with the PML-retinoic acid receptor alpha 
(RARalpha) and PLZF-RARalpha oncoproteins associated with acute promy-
elocytic leukemia. Proc Natl Acad Sci U S A 1997;94:9028–9033.

 79. Wang ZG, Delva L, Gaboli M, et al. Role of PML in cell growth and the retinoic 
acid pathway. Science 1998;279:1547–1551.

 80. Wang ZG, Ruggero D, Ronchetti S, et al. PML is essential for multiple  
apoptotic pathways. Nat Genet 1998;20:266–272.

 82. Miller WH Jr, Kakizuka A, Frankel SR, et al. Reverse transcription polymerase 
chain reaction for the rearranged retinoic acid receptor alpha clarifies diag-
nosis and detects minimal residual disease in acute promyelocytic leukemia. 
Proc Natl Acad Sci U S A 1992;89:2694–2698.

 84. Breccia M, Diverio D, Noguera NI, et al. Clinico-biological features and out-
come of acute promyelocytic leukemia patients with persistent polymerase 
chain reaction-detectable disease after the AIDA front-line induction and 
consolidation therapy. Haematologica 2004;89:29–33.

 87. Coco FL, Diverio D, Avvisati G, et al. Therapy of molecular relapse in acute 
promyelocytic leukemia. Blood 1999;94:2225–2229.

 88. Park JH, Qiao B, Panageas KS, et al. Early death rate in acute promyelocytic 
leukemia remains high despite all-trans retinoic acid. Blood 2011;118: 
1248–1254.

 91. Yanada M, Matsushita T, Asou N, et al. Severe hemorrhagic complications 
during remission induction therapy for acute promyelocytic leukemia: 
incidence, risk factors, and influence on outcome. Eur J Haematol 2007;78: 
213–219.

 95. Cheson BD, Cassileth PA, Head DR, et al. Report of the National Cancer 
Institute-sponsored workshop on definitions of diagnosis and response in 
acute myeloid leukemia. J Clin Oncol 1990;8:813–819.

 98. Warrell RP Jr, Frankel SR, Miller WH Jr, et al. Differentiation therapy of acute 
promyelocytic leukemia with tretinoin (all-trans-retinoic acid). N Engl J Med 
1991;324:1385–1393.

 101. Soignet SL, Frankel SR, Douer D, et al. United States Multicenter Study of 
arsenic trioxide in relapsed acute promyelocytic leukemia. J Clin Oncol 
2001;19:3852–3860.

72683_ch078_1656-1672.indd   1671 7/18/13   6:36 AM



1672 part vII Hematologic Malignancies • SeCtION 2 The Acute Leukemias

 103. Sanz MA, Vellenga E, Rayon C, et al. All-trans retinoic acid and anthracy-
cline monochemotherapy for the treatment of elderly patients with acute  
promyelocytic leukemia. Blood 2004;104:3490–3493.

 105. Cassinat B, Zassadowski F, Balitrand N, et al. Quantitation of minimal 
residual disease in acute promyelocytic leukemia patients with t(15;17)  
translocation using real-time RT-PCR. Leukemia 2000;14:324–328.

 108. Warrell RP, de The H, Wang Z-Y, Degos L. Acute promyelocytic leukemia.  
N Engl J Med 1993;329:177–189.

 111. Bennett B, Booth NA, Croll A, Dawson AA. The bleeding disorder in acute 
promyelocytic leukaemia: fibrinolysis due to u-PA rather than defibrination. 
Br J Haematol 1989;71:511–517.

 113. Powell BL, Moser B, Stock W, et al. Arsenic trioxide improves event-free 
and overall survival for adults with acute promyelocytic leukemia: North 
American Leukemia Intergroup Study C9710. Blood 2010;116:3751–3757.

 118. Avvisati G, Petti MC, Lo-Coco F, et al. Induction therapy with idarubicin alone 
significantly influences event-free survival duration in patients with newly 
diagnosed hypergranular acute promyelocytic leukemia: final results of the 
GIMEMA randomized study LAP 0389 with 7 years of minimal follow-up. 
Blood 2002;100:3141–3146.

 121. Fenaux P, Le Deley M, Castaigne S, et al. Effect of all transretinoic acid in 
newly diagnosed acute promyelocytic leukemia. Results of a multicenter 
randomized trial. European APL 91 Group. Blood 1993;82:3241–3249.

 125. Castaigne S, Chomienne C, Daniel M, et al. All-trans retinoic acid as a dif-
ferentiation therapy for acute promyelocytic leukemia. I. Clinical results  
[see comments]. Blood 1990;76:1704–1709.

 127. Warrell RP Jr, Maslak P, Eardley A, Heller G, Miller WH Jr, Frankel SR. 
Treatment of acute promyelocytic leukemia with all-trans retinoic acid: an 
update of the New York experience. Leukemia 1994;8:929–933.

 129. Fenaux P, Chastang C, Chevret S, et al. A randomized comparison of all 
transretinoic acid (ATRA) followed by chemotherapy and ATRA plus che-
motherapy and the role of maintenance therapy in newly diagnosed acute 
promyelocytic leukemia. Blood 1999;94:1192–1200.

 130. Ades L, Guerci A, Raffoux E, et al. Very long-term outcome of acute promyelo-
cytic leukemia after treatment with all-trans retinoic acid and chemotherapy: 
the European APL Group experience. Blood 2010;115:1690–1696.

 131. de Botton S, Chevret S, Coiteux V, et al. Early onset of chemotherapy can 
reduce the incidence of ATRA syndrome in newly diagnosed acute promyelo-
cytic leukemia (APL) with low white blood cell counts: results from APL 93 
trial. Leukemia 2003;17:339–342.

 133. Avvisati G, Lo-Coco F, Paoloni FP, et al. AIDA 0493 protocol for newly diag-
nosed acute promyelocytic leukemia: very long-term results and role of 
maintenance. Blood 2011;117:4716–4725.

 134. Testi AM, Biondi A, Lo Coco F, et al. GIMEMA-AIEOPAIDA protocol for the 
treatment of newly diagnosed acute promyelocytic leukemia (APL) in chil-
dren. Blood 2005;106:447–453.

 135. Adès L, Sanz MA, Chevret S, et al. Treatment of newly diagnosed acute 
promyelocytic leukemia (APL): a comparison of French-Belgian-Swiss and 
PETHEMA results. Blood 2008;111:1078–1084.

 140. Marasca R, Zucchini P, Galimberti S, et al. Missense mutations in the PML/
RARalpha ligand binding domain in ATRA-resistant As(2)O(3) sensitive 
relapsed acute promyelocytic leukemia. Haematologica 1999;84:963–968.

 141. Gallagher RE, Moser BK, Racevskis J, et al. Treatment-influenced associations 
of PML-RARalpha mutations, FLT3 mutations and additional chromosome 
abnormalities in relapse acute promyelocytic leukemia. Blood 2012.

 143. Muindi J, Frankel SR, Miller WH Jr, et al. Continuous treatment with all-trans 
retinoic acid causes a progressive reduction in plasma drug concentrations: 
implications for relapse and retinoid “resistance” in patients with acute pro-
myelocytic leukemia. Blood 1992;79:299–303.

 145. Lo-Coco F, Avvisati G, Vignetti M, et al. Front-line treatment of acute promy-
elocytic leukemia with AIDA induction followed by risk-adapted  consolidation 

for adults younger than 61 years: results of the AIDA-2000 trial of the 
GIMEMA Group. Blood 2010;116:3171–3179.

 146. Sanz MA, Montesinos P, Rayon C, et al. Risk-adapted treatment of acute pro-
myelocytic leukemia based on all-trans retinoic acid and anthracycline with 
addition of cytarabine in consolidation therapy for high-risk patients: further 
improvements in treatment outcome. Blood 2010;115:5137–5146.

 148. Lee S, Kim YJ, Eom KS, et al. The significance of minimal residual disease 
kinetics in adults with newly diagnosed PML-RARalpha-positive acute 
promyelocytic leukemia: results of a prospective trial. Haematologica 
2006;91:671–674.

 149. Burnett AK, Grimwade D, Solomon E, Wheatley K, Goldstone AH. Presenting 
white blood cell count and kinetics of molecular remission predict prognosis 
in acute promyelocytic leukemia treated with all-trans retinoic acid: result of 
the randomized MRC trial. Blood 1999;93:4131–4143.

 153. Asou N, Kishimoto Y, Kiyoi H, et al. A randomized study with or without 
intensified maintenance chemotherapy in patients with acute promyelocytic 
leukemia who have become negative for PML-RARalpha transcript after con-
solidation therapy: the Japan Adult Leukemia Study Group (JALSG) APL97 
study. Blood 2007;110:59–66.

 155. De Botton S, Dombret H, Sanz M, et al. Incidence, clinical features, and 
outcome of alltrans-retinoic acid syndrome in 413 cases of newly diagnosed 
acute promyelocytic leukemia. Blood 1998;92:2712–2718.

 161. Soignet S, Fleischauer A, Polyak T, Heller G, Warrell RP Jr. All-trans retinoic 
acid significantly increases 5 years survival in patients with acute promyelo-
cytic leukemia: long-term follow-up of the New York study. Cancer Chemother 
Pharmacol 1997;40:S25–S29.

 166. Meloni G, Diverio D, Vignetti M, et al. Autologous bone marrow transplan-
tation for acute promyelocytic leukemia in second remission: prognostic 
relevance of pretransplant minimal residual disease assessment by reverse-
transcription polymerase chain reaction of the PML/RARα fusion gene. Blood 
1997;90:1321–1325.

 167. Kharfan-Dabaja MA, Abou Mourad YR, Fernandez HF, Pasquini MC, Santos 
ES. Hematopoietic cell transplantation in acute promyelocytic leukemia: a 
comprehensive review. Biol Blood Marrow Transplant 2007;13:997–1004.

 168. Shen Z-X, Chen G-Q, Ni J-H, et al. Use of Arsenic Trioxide (As2O3) in the 
treatment of acute promyelocytic leukemia (APL): II. Clinical efficacy and 
pharmacokinetics in relapsed patients. Blood 1997;89:3354–3360.

 170. Soignet SL, Maslak P, Wang Z-G, et al. Complete remission after treat-
ment of acute promyelocytic leukemia with Arsenic Trioxide. N Engl J Med 
1998;339:1341–1348.

 176. Mathews V, George B, Chendamarai E, et al. Single-agent arsenic trioxide in 
the treatment of newly diagnosed acute promyelocytic leukemia: long-term 
follow-up data. J Clin Oncol 2010;28:3866–3871.

 177. Ravandi F, Estey E, Jones D, et al. Effective treatment of acute promyelocytic 
leukemia with all-trans-retinoic acid, arsenic trioxide, and gemtuzumab ozo-
gamicin. J Clin Oncol 2009;27:504–510.

 177a. Lo-Coco F, Avvisati G, Orlando SM, et al. ATRA and Arsenic Trioxide 
(ATO) Versus ATRA and Idarubicin (AIDA) for Newly Diagnosed, Non 
High-Risk Acute Promyelocytic Leukemia (APL): Results of the Phase  III, 
Prospective, Randomized, Intergroup APL0406 Study by the Italian-
German Cooperative Groups Gimema-SAL-AMLSG. ASH Annual Meeting 
Abstracts 2012;120:6.

 186. Appelbaum FR, Gundacker H, Head DR, et al. Age and acute myeloid leuke-
mia. Blood 2006;107:3481–3485.

 190. Latagliata R, Breccia M, Fazi P, et al. GIMEMA AIDA 0493 amended protocol 
for elderly patients with acute promyelocytic leukaemia. Long-term results 
and prognostic factors. Br J Haematol 2011;154:564–568.

 194. de Botton S, Sanz MA, Chevret S, et al. Extramedullary relapse in acute pro-
myelocytic leukemia treated with all-trans retinoic acid and chemotherapy. 
Leukemia 2006;20:35–41.

72683_ch078_1656-1672.indd   1672 7/18/13   6:36 AM



1673

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

THE MYELODYSPLASTIC SYNDROMES
Guillermo Garcia-Manero

C H A P T E R  7 9

AbSTRACT
The myelodysplastic syndromes (MDS) are a very complex group 
of myeloid disorders characterized by peripheral blood cytopenias 
and morphologic evidence of dysplasia in bone marrow hematopoi-
etic cellular elements. Over the last decade, significant progress has 
been made in the understanding of MDS. This includes the discovery 
of multiple molecular alterations, resulting in better classifications, 
the development of new prognostic scores, and newer forms of ther-
apy. Despite these advances, most patients with MDS will succumb 
either to complications of the disease itself, such as infections or 
bleeding, or from transformation to acute myelogenous leukemia. 
In this chapter, I will provide a summary of current knowledge of 
MDS, including basic epidemiologic and molecular data, prognostic 
scores, and therapy, including stem cell transplantation.

INTRODUCTION
The myelodysplastic syndromes (MDS) are a very heterogeneous 
group of myeloid malignancies that result in bone marrow failure 
and peripheral blood cytopenias.1 MDS is diagnosed based on the 
presence of dysplastic features in the bone marrow. Diagnosis is 
often supported by the presence of cytogenetic alterations and, 
more recently, genetic mutations. The natural history of patients 
with MDS is also very heterogeneous, with a small subgroup of 
patients surviving for long periods of time with minimal interven-
tion and other patients with very poor prognosis that succumb 
early to the disease either from complications of infections or 
bleeding or from transformation to acute myelogenous leukemia 
(AML).2,3 Over the last 15 years, the field of MDS has transformed 
from a rarely studied condition, often considered to be a preleuke-
mia, to the focus of the work of multiple investigators around the 
world. These efforts have resulted in significant improvements in 
our understanding of MDS as well as in our ability to treat patients 
with this group of disorders. Here I will summarize this progress 
and provide concepts for future work in this area.

Clinical Presentation and Complications of 
Myelodysplastic Syndrome
The clinical presentation of most patients with MDS is not specific. 
At the present time, most patients with MDS are diagnosed after a 
routine examination of peripheral blood. MDS is suspected based on 
the presence of one or more peripheral blood cytopenias. Although 
there is no formal data to prove this point, it is my experience that 
is uncommon to diagnose patients with MDS because of critically 
symptomatic anemia, bleeding, or neutropenic fever.4 That said, 
symptoms of anemia, thrombocytopenia, fever, other constitutional 
symptoms, or unexplained infectious processes can lead to a diag-
nosis of MDS. The presence of more than one cytopenia should 
prompt a diagnostic bone marrow evaluation, as will be discussed 
below. Because the initial clinical differential diagnosis of MDS is 
broad and includes potentially clinically significant conditions, it is 
important to perform a thorough evaluation to rule out other condi-
tions that may exclude a diagnosis of MDS or may contribute to the 
severity of the disease. Common examples include iron deficiency 
anemia from gastrointestinal sources, hemolysis, and immune-
mediated cytopenias. Inflammatory clinical syndromes, that can be 
seen, for instance, in the context of connective tissue disorders,5 are 
also important to be investigated in patients with suggestive clinical 

manifestations. Drug-induced cytopenias are not uncommon and 
need to be excluded.6 It is also important to realize that all these 
conditions can overlap. Patients with MDS can have gastrointestinal 
blood losses that may present with normal to mildly increased red 
cell volumes. A fraction of patients with MDS may also have evidence 
of a concomitant hemolytic process. Finally, the diagnosis of MDS 
should be confirmed after performing a diagnostic test that always 
includes evaluation of the morphology of a bone marrow specimen.

The natural history of patients with MDS has not been studied 
in detail. In the earlier phases of the disease it is likely that most 
of the complications are derived from persistent anemia, throm-
bocytopenia, and neutropenia. Also, a fraction of patients will 
progress to either higher-risk MDS or AML. The natural history of 
patients with higher-risk MDS is probably not different from that of 
patients with AML. We performed an analysis of the cause of death 
of patients with lower-risk MDS.3 In this study, we retrospectively 
analyzed the cause of death in a cohort of 273 deceased patients 
with lower-risk MDS that presented to MDACC from 1980 to 2004. 
Patients had received supportive care only. The cause of death was 
MDS-related in 230 of 273 patients (84%) with the most common 
events being infection (38%), transformation to AML (15%), and 
hemorrhage (13%)3 (Fig. 79.1).

Diagnostic Evaluation
A diagnosis of MDS is based on evidence of the presence of 
dysplastic features on examination of a bone marrow aspirate. 
At the present time, most investigators use criteria proposed 
by the World Health Organization (WHO).7 This classification 
has by and large replaced the prior French-American-British 
system (FAB) that was commonly used before.8 By FAB criteria, 
patients with up to 30% blasts were considered to have MDS. 
This percentage was decreased to 20% by the WHO classifica-
tion. It should be noted that WHO should not strictly be used to 
make treatment decisions, as several of the drugs used in MDS, 
including decitabine9 and azacitidine,10 were approved based on 
FAB criteria. WHO classification includes the percentage of blasts 
in both the bone marrow and peripheral blood, the number of 
dysplastic lineages, and the presence of ring sideroblasts. It is 
recommended that 500 nucleated bone marrow cells and 200 
from peripheral blood be evaluated. Dysplasia should be pres-
ent in more than 10% of cells evaluated for each specific lineage. 
Erythroid dysplasia can affect both the nucleus and the cytoplasm, 
including the presence of sideroblasts, cellular vacuolization, 
and PAS positivity. Dysgranulopoiesis can be represented by 
alterations in size, nuclear hypolobation, or irregular hyperseg-
mentation. Dysmegakaryopoiesis is often represented by the pres-
ence of micromegakaryocytes, hypolobation, or multinucleation. 
Examination of a bone marrow biopsy specimen, in conjunction 
with bone marrow aspirate, helps in evaluating bone marrow cel-
lularity and the presence of significant fibrosis, and in making a 
diagnosis of hypoplastic MDS versus aplastic anemia.11

Based on morphologic criteria, MDS is subclassified into  
10 categories (Table 79.1). Bone marrow and peripheral blood 
findings are also summarized in Table 79.1. A photomicrograph 
of a representative case of MDS is shown in Figure 79.2. Although 
morphology is fundamental for diagnosis, and morphologic sub-
sets have different natural histories, morphology by itself is insuf-
ficient to make prognostic predictions or to select therapy. Because 
the diagnosis of MDS can be subjective, several investigators 
have noted a significant degree of discrepancy in the diagnosis of 
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FIGURE 79.1. Cause of death in patients with myelodysplas-
tic syndromes (MDS). A retrospective analysis was performed 
to determine the cause of death in patients with MDS. As shown in 
panel A, most patients succumb to causes intrinsic to the disease. 
B, The most common causes of death are infectious complications, 
transformation to AML, and bleeding. Adapted from Dayyani F, 
 Conley AP, Strom SS, et al. Cause of death in patients with lower-
risk myelodysplastic syndrome. Cancer 2010;116:2174–2179.

Disease Blood Findings Bone Marrow Findings

Refractory cytopenias with unilineage dysplasia (RCUD)

Refractory anemia (RA); Refractory neutropenia (RN)

Refractory thrombocytopenia (RT)

Unicytopenia or bicytopenia

No or rate blasts (<1%)

Unilineage dysplasia: ≥10% of the cells in one myeloid lineage

<5% blasts

<15% of erythroid precursors are ring sideroblasts

Refractory anemia with ring sideroblasts (RARS) Anemia

No blasts

≥15% of erythroid precursors are ring sideroblasts

Erythroid dysplasia only
<5% blasts

Refractory cytopenia with multilineage dysplasia (RCMD) Cytopenia(s)

No or rare blasts (<1%)

No Auer rods

<1 × 109/L monocytes

Dysplasia in ≥ 10% of the cells in ≥ two myeloid lineages
(neutrophil and/or erythroid precursors and/or megakaryocytes)

<5% blasts in marrow

No Auer rods

±15% ring sideroblasts

Refractory anemia with excess blasts-1 (RAEB-1) Cytopenia(s)

<5% blasts

No Auer rods

<1 × 109/L monocytes

Unilineage or multilineage dysplasia

5%–9% blasts

No Auer rods

Refractory anemia with excess blasts-2 (RAEB-2) Cytopenia(s)

5%–19% blasts

Auer rods ±3

<1 × 109/L monocytes

Unilineage or multilineage dysplasia

10%–19% blasts

Auer rods ±3

Myelodysplastic syndrome—unclassified (MDS-U) Cytopenias

≤1% blasts

Unequivocal dysplasia in less than 10% of cells in one
or more myeloid cell lines when accompanied by a cytogenetic
abnormality considered as presumptive evidence for a diagnosis
of MDS (see Table 5.04)

<5% blasts

MDS associated with isolated del(5q) Anemia

Usually normal or
increased platelet count

No or rate blasts (<1%)

Normal to increased megakaryocytes with hypolobated nuclei <5% blasts

Isolated del(5q) cytogenetic abnormality

No Auer rods

WORLD HEALTH ORGANIZATION (WHO) CLASSIFICATION OF MYELODYSPLASTIC SYNDROME (MDS)

TABLE 79.1

patients with MDS.12 In a series of 915 patients with MDS referred 
to a tertiary care center, discordance in diagnosis using very strict 
criteria was documented in 12% of patients. A majority of patients 
were reclassified as having higher-risk disease by the International 
Prognostic Scoring System (IPSS).2 This has obvious implications, 
as most patients with higher-risk disease will be candidates for 
some form of therapy. Therefore, it is fundamental for the clinician 
to have proper documentation of the final morphologic diagnosis 
both for proper prediction of survival and for therapy selection.

A number of diagnostic tools can help the hematopathologist 
confirm the diagnosis of MDS and classify the disease. The most 
important assay, which is mandatory in the evaluation of a patient 
with MDS, is cytogenetic analysis. There is no specific cytogenetic 
pattern diagnostic of MDS. Typically, 20 metaphases are required 
for optimal analysis. That said, it is not uncommon to obtain fewer 
cells in patients with MDS. The presence of cytogenetic alterations 
can have both a diagnostic and a prognostic value. For instance, 
in patients with profound marrow hypocellularity, the presence of 
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FIGURE 79.2. Representative example of morphologic 
alteration in MDS. Panel A shows a view of a bone mar-
row biopsy with almost complete replacement of marrow 
space with cellular element. Panel B shows a higher magnifi-
cation of bone marrow aspirate, demonstrating nucleated red 
cell and micromegakaryocytes characteristic of this disease.

a cytogenetic alteration will allow the differentiation of hypoplas-
tic MDS from aplastic anemia.11 Finally, and more significantly, 
specific cytogenetic alterations have different prognostic values. 
A number of cytogenetic classifications have been proposed 
in patients with MDS. The most recent one is a 5-subgroup 
classification that forms the basis of the Revised International 
Prognostic Scoring System (IPSS-R).13,14 This cytogenetic scor-
ing system is summarized in Figure 79.3. It is of interest as it 
further delineates rare cytogenetic alterations with favorable 
prognostic impact, such as alterations of chromosome 11, and 
also further defines the weight of alterations of chromosome 7 or 
complex karyotypes such as those with 3 or more abnormalities. 
Finally, the presence of specific cytogenetic alterations may help 
in the selection of specific forms of therapy. A classic example 
is the presence of deletions of chromosome 5 in patients with 
the so-called 5q-syndrome.15 Other alterations, such as chromo-
some 7 alterations or complex karyotypes may aid the clinician 
in selecting different forms of therapy with different intensities, 
such as hypomethylating agents.10 This is discussed later. A 
number of groups have proposed the use of fluorescence in situ 
hybridization (FISH) techniques to aid in the clinical work-up 

of patients with MDS.16 At the M.D. Anderson Cancer Center  
(MDACC), we do not routinely use FISH in MDS because it evalu-
ates only a limited number of chromosomes, and the sensitivity 
and specificity of the different probes used is not fully under-
stood or standardized. The frequency of cytogenetic alterations 
depends on risk. For instance, patients in the lower-risk cat-
egories by IPSS are diploid in over 50% of cases.17 This figure 
increases in patients with more advanced forms of the disease,18 
and over 70% of patients with therapy-related MDS will have a 
cytogenetic alteration.19

Flow cytometry can help in the confirmation of a diagnosis of 
MDS, and specific phenotypes may have prognostic value.20 At the 
present time, there is no flow cytometry panel that is diagnostic 
of MDS, and flow cytometry cannot replace morphologic exami-
nation.21 It is not uncommon that clinicians may try to quantitate 
the percentage of blasts by annotating the number of CD34+ cells. 
Although the number of CD34+ cells has been proposed to have 
prognostic value,20,22 it is not an appropriate tool to estimate per-
centage of blasts and it should be considered only complementary.

Newer genomic technologies are currently being developed 
that allow the analysis of multiple genetic events in MDS and other 

FIGURE 79.3. New 5-subgroup cytogenetic classifi-
cation of myelodysplastic syndromes (MDS). This 
new cytogenetic classification divides patients into 
5  categories based on their characteristics. Impact on 
survival is shown for each subset at the bottom of each 
subgroup. Adapted from Schanz J, et al.14 J Clin Oncol 
2012;30:820–829.
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to assess MDS incidence and applied them to the 2000 to 2008 
SEER-Medicare database.30 Using this approach, the annual 
incidence of MDS in the US was projected to be 75 per 100,000 
persons 65 years or older, much higher than previously esti-
mated. MDS is a disease of aging. The incidence of the disease 
sharply increases in patients older than 60 years of age, and the 
median age is 70 years.28 As the age of the population increases, 
it is expected that MDS may become a major medical problem, 
at least in developed countries.

The cause of MDS is not known, but there is strong data 
that suggest that MDS can also be the result of toxic exposure 
of bone marrow stem cells. A prototypical example is cases 
secondary to exposure to prior chemotherapy or radiation 
therapy, i.e., therapy-related (t)-MDS.19,31 Therapy-related 
MDS often is characterized by complex karyotypes and can 
occur in younger patients. Depending on the type of chemo-
therapy exposure, different patterns of disease evolution and 
cytogenetic abnormalities can be documented.31 The prognosis 
of patients with t-MDS is very poor, but it is unclear if this is 
the result of characteristics intrinsic to the disease or because 
a large majority of these patients have very complex karyo-
types that are associated with poor prognosis. For instance, in 
therapy-related AML (t-AML), it has been shown that common 
functional p53-pathway variants such as the MDM2 SNP309 
and the TP53 codon 72 polymorphism may be associated with 
an increased risk of developing t-AML.32 This data is of sig-
nificance as it suggests that predisposing molecular features 
are involved in the development of therapy-related myeloid 
malignancies.33 At MDACC, we evaluated the characteristics 
of patients with t-MDS. We studied 281 patients with MDS 
that had received prior chemotherapy and/or radiotherapy for 
prior malignancy. Multivariate Cox regression analysis identi-
fied 7 factors that independently predicted short survival in 
t-MDS: age ≥ 65 years (HR = 1.63), ECOG performance status 
2 to 4 (HR = 1.86), poor cytogenetics (-7 and/or complex; HR 
= 2.47), WHO MDS subtype (RARS or RAEB-1/2; HR = 1.92), 
hemoglobin (<11 g/dl; HR = 2.24), platelets (<50 × 109/dl; HR 
= 2.01), and transfusion dependency (HR = 1.59). These risk 
factors were used to create a prognostic model that segregated 
patients into three groups with distinct median overall survival: 
good (0 to 2 risk factors; 34 months), intermediate (3 to 4 risk 
factors; 12 months), and poor (5 to 7 risk factors; 5 months)  
(p < 0.001); and 1-year leukemia-free survival (96%, 84%, and 
72%, respectively, p = 0.003). This model also identified dis-
tinct survival groups according to t-MDS therapy.

A number of epidemiologic studies have suggested that 
environmental factors play a role in the development of MDS. 
Recently, a pooled analysis studied the effects of benzene expo-
sure in oil workers. Exposure to benzene was associated with 
MDS. High benzene exposure (>3 ppm) was associated with a 
risk of MDS (OR = 6.32, 95% CI = 1.32 to 30.2). Of interest, no 
association was observed with AML.34 In a hospital-based case-
control study of 354 adult de novo MDS cases and 452 controls, 
a family history of hematopoietic cancer (odds ratio [OR] = 1.92), 
smoking (OR = 1.65), and exposure to agricultural chemicals  
(OR = 4.55) or solvents (OR = 2.05) were associated with MDS 
risk. For patients with lower-risk disease (RA/RARS) only smoking 
(OR = 2.23) and agricultural chemical exposure (OR = 5.68) were 
identified. For patients with higher-risk disease (RAEB/RAEBT), 
a family history of hematopoietic cancer (OR = 2.10), smoking  
(OR = 1.52), and exposure to agricultural chemicals (OR = 3.79) or 
solvents (OR = 2.71) were independent risk factors. Drinking wine 
reduced risk for all FAB types by almost 50% (OR = 0.54). A joint 
effect between smoking and chemical exposure was observed, 
with the highest risk among smokers exposed to solvents/ 
agricultural chemicals (OR = 3.22).35

Finally, a number of genetic syndromes associated with bone 
marrow failure were recently associated with the development 

cancers. These include next-generation gene sequencing23 and 
analysis of single nucleotide polymorphisms.24 Although these 
assays are of great interest, they are not currently integrated into 
clinical practice.

Specific Diagnostic Subgroups of 
Myelodysplastic Syndrome–Related Syndromes: 
Chronic Myelomonocytic Leukemia and Overlap 
Myelodysplastic Myeloproliferative Syndromes
Chronic myelomonocytic leukemia (CMML) is considered a distinct 
clinical entity by the WHO classification and is grouped in the sub-
set of patients with myelodysplastic myeloproliferative neoplasms. 
This group also includes BCR/ABL negative chronic myelogenous 
leukemia (CML), MDS/MPN unclassified, juvenile myelomonocytic 
leukemia, and potentially refractory anemia with ring sideroblasts 
and thrombocytosis (RARS-T). Traditionally, CMML has been con-
sidered 1 subtype of MDS. IPSS2 included patients with CMML if 
the white cell count was less than 12 × 103/L. From a practical 
and therapeutic perspective, most clinicians still consider CMML 
as a subtype of MDS. The natural history of patients with CMML 
is distinct from that of patients with classic MDS. Patients tend 
to have higher frequency of B symptoms and extramedullary 
manifestations of the disease. Tissue infiltration causing hepatic 
or renal dysfunction is not uncommon. Diagnosis is established 
by the presence of persistent monocytosis (>1 × 109/L) in the 
peripheral blood without evidence of BCR/ABL fusion genes or 
PDGFR alterations. Blasts, that include promonocytes, should be 
less than 20% and dysplasia is routine, although often less pro-
nounced that in other MDS categories. CMML is further divided 
into CMML-1 and CMML-2 based on the percentage of bone 
marrow and peripheral blood blasts (CMML-1 is less than 10% 
bone marrow blasts or less than 5% in peripheral blood; whereas 
CMML-2 will include cases with more blasts). Cells usually express 
markers of myelomonocytic differentiation that include CD33 and 
CD13. Cytogenetic alterations occur as in other cases of MDS, and 
the presence of RAS mutations can be observed in up to 40% of 
patients.25 Another group of disorders are the MDS/MPN unclas-
sified (MDS/MPN-U) disorders. These are of particular interest at 
this time because of the advent of agents that inhibit JAK2,26 a 
common molecular alteration in MPN that may explain the pro-
liferative feature of the disease. Although the natural history of 
patients with MDS/MPN-U is not fully understood, it appears that 
specific subsets of patients such as those with RARS-T may have 
a more benign prognosis.27

EPIDEMIOLOGY AND ETIOLOGY
Because of the heterogeneity of MDS and a prior concept that 
MDS was a preleukemic condition of unclear significance affect-
ing older individuals, there are no robust mature registries of 
MDS, at least in the US. A number of studies have tried to delin-
eate the incidence and prevalence of MDS. Data from the North 
American Association of Central Cancer Registries (NAACCR) 
and the Surveillance, Epidemiology and End Results (SEER) pro-
gram indicate that the average annual age-adjusted incidence 
rate of MDS for 2001 through 2003 was 3.3 per 100,000. This 
translates to approximately 9,700 patients with MDS in the 
US per year. Of interest, incidence rates increased per year in 
that analysis. Of importance, only a minority of patients were 
reported to registries by physicians’ offices.28 After this initial 
study, several other groups have reported higher incidence 
rates in MDS. For instance, investigators using a claims-based 
algorithm have reported the incidence of MDS being close to 
75 individuals per 100,000 in people over 60 years of age.29,30 
More recently, Cogle et al. constructed 4 claims-based algorithms 
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of MDS.36 Of importance, several of these disorders are ribo-
somopathies characterized by altered ribosome biogenesis and 
function.37 Syndromes in this category include Diamond-Blackfan 
anemia, Schwachman-Diamond syndrome, dyskeratosis congen-
ita, cartilage hair hypoplasia, and Treacher Collins syndrome.37 
Haploinsufficiency in ribosomal genes, such as RPS14, are also 
implicated in the pathogenesis of the 5q-syndrome, thus providing 
further linkage between these conditions.38 Patients with Fanconi 
anemia are also at increased risk of developing MDS.39 Mutations 
in Runx1 have been described in MDS of patients with Fanconi 
anemia.40

A number of rare familial syndromes have been reported. For 
instance, germline mutations in Runx1 have been shown to occur 
in families characterized by thrombocytopenia and increased risk 
of developing MDS and AML.41 Mutations are more common in 
the DNA binding domain or N-terminus of the gene. The median 
incidence of MDS/AML among carriers of RUNX1 mutation was 
35%.42 It should be noted that not all family members with the 
mutation had low platelet counts.42 It should also be noted that 
allogeneic stem cell transplantation (SCT) was associated with a 
high rate of complications.42 Therefore SCT cannot be recom-
mended in all patients at risk. Because mutational analysis of 
Runx1 is not commonly performed in clinical practice, it is pos-
sible that there are more individuals and families affected by this 
type of familial syndrome. Younger patients with thrombocytope-
nia or MDS should be screened for Runx1 mutations. Germline 
mutations in GATA-2 have also been involved in a familial syn-
drome of MDS/AML, MonoMAC, and lymphedema.43 MonoMAC is 
an autosomal dominant syndrome associated with monocytope-
nia; B and NK cell lymphopenia; and mycobacterial, fungal, and 
viral infections. This syndrome is also associated with pulmonary 
alveolar proteinosis.44

Molecular Pathogenesis
The cause of MDS is not known but remains strongly linked to 
senescence. Over the last 5 years we have gained significant knowl-
edge in both genetic and epigenetic alterations that characterize 
MDS. This information is of great significance and is going to aid 
not only in understanding the molecular bases of MDS but also in 
developing molecularly based classifications of MDS, as well as in 
developing new targeted interventions for patients with MDS.

The molecular analysis of MDS has been revolutionized by 
the advent of powerful new sequencing techniques. Using these 
technologies, several groups have reported a large number of 
genetic mutations in patients with MDS.23,45 A list is shown 
in Table  79.2. The most frequent events are genes involved in 
control of gene splicing46–48 and epigenetic regulators49 such as 
TET245,50 or ASXL145,51 or EZH2.45,52 At the present time, it is not 
known why splicing mutations are so prevalent in MDS and what 
the downstream effects of these mutations are. The mutations on 
epigenetic regulators are of special interest. TET2 mutations were 
first identified in myeloid leukemia but their functional relevance 
or clinical impact was unknown.50,53 The presence of mutations in 
the TET family was rapidly confirmed by several groups.53 TET2 
is located on chromosome 4q24 and has been shown to have a 
role in the control of DNA hydroxymethylation.54,55 Therefore it 
is likely that patients with mutations in TET2 will have abnormal 
DNA methylation patterns that could broadly impact gene expres-
sion patterns in MDS. It has been shown that TET2 has a role in 
the homeostasis of hematopoietic stem cells.56,57 Although the 
prognostic impact of TET2 is not clear at this time, data from 
several groups has suggested that the presence of TET2 mutations 
may be associated with response to azacitidine.58 EZH2 is located 
on chromosome 7 and is a member of the Polycomb group family. 
It is a histone 3 k27 methylase and therefore is also involved in 
the control of epigenetic gene repression. In contrast with EZH2 
mutations described in lymphoma59 that are activating, EZH2 

Gene % Location Function

SF3B1 28 2q33 Splicing factor

TET2 21 4q24 Control of cytosine hydroxy-
methylation

ASXL1 14 20q11 Epigenetic regulator

SRSF2 12 17q25 Splicing factor

RUNX1 9 21q22 Transcription factor

TP53 8 17p13 Transcription factor

U2AF1 7 21q22 Splicing factor

EZH2 6 7q36 Polycomb group protein

NRAS 4 1p13 Signal transduction

JAK2 3 9p24 Tyrosine kinase

ETV6 3 12p13 Transcription factor

CBL 2 11q23 Signal transduction

IDH2 2 15q26 Cell metabolism, epigenetic 
regulation

NPM1 2 5q35 Phosphoprotein

IDH1 1 2q33 As IDH1

KRAS <1 12p12 Signal transduction

GNAS <1 20q13 G protein

PTPN11 <1 12q24 Protein phosphatase

BRAF <1 7q34 Raf kinase

PTEN <1 10q23 Phosphatase

CDKN2A <1 9q121 Cell cycle control

REPORTED FREQUENCY OF GENETIC LESIONS IN MDS

TABLE 79.2

mutations in MDS inactivate the gene. Mutations in EZH2 are 
associated with a poor prognosis, particularly in patients with 
lower-risk MDS.60 Although the analysis of current genetic data 
in MDS is in flux, it is becoming apparent that specific molecular 
pathways may separate different subsets of patients. For instance, 
in the analysis of Bejar et al.,45 patients could be separated into 
2 major subgroups: those with p53 mutations and complex cyto-
genetics, and those without p53 mutations45 (Fig. 79.4). These 
results should be considered as preliminary, as it is likely that 
ongoing studies using whole genome sequencing technologies will 
uncover additional mutations that will provide a deeper insight 
into the biology of MDS.

Together with genetic alterations, epigenetic lesions, in par-
ticular aberrant DNA methylation of promoter CpG islands, have 
been reported in MDS. Aberrant DNA methylation is common 
both in AML61 and MDS.62 This observation has promoted sig-
nificant interest in the use of hypomethylating agents in MDS, 
which is discussed below. Although aberrant DNA methylation 
is common in MDS, whether specific methylation patterns are 
associated with response to these agents or with overall outcome 
is not fully understood. In a study by Shen et al.62 patients with 
higher methylation scores had worse survival. Further studies 
correlating methylation and hydroxymethylation patterns with 
genetic alterations are needed in MDS and other leukemias to 
clarify these important concepts.

Prognostic Classifications
A number of clinical and variable characteristics are associated 
with prognosis in MDS. These include percentage of marrow 
blasts captured by the FAB classification, cytogenetics (dis-
cussed above), age, molecular alterations, presence of bone 
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model has been the basis of most clinical research performed 
in the field over the last 20 years and therefore is of significant 
importance. Because IPSS is based on FAB morphologic criteria, 
in particular the percentage of marrow blasts up to 30%, and 
most currently approved drugs use either IPSS or FAB for their 
approval, IPSS still is of significant practical importance. IPSS 
is summarized in Table 79.3. IPSS has several limitations, the 
most important being that it underestimates the importance of 
the severity of cytopenias and it places too much weight on the 
percentage of blasts at the expense of cytogenetic alterations. 
Because of these limitations, a number of newer classifications 
have been developed by several groups. Examples include the 
WHO-based prognostic scoring system (WPSS) system63 and 
the Global MD Anderson Cancer (MDACC) model.18 That said, 
neither of these latter two models have been formally accepted 

fibrosis, number of marrow CD34+ cells, LDH, ferritin, and beta 
2 microglobulin, to name a few. Prognostic stratification has an 
important role in MDS. One can consider this as a static concept 
helping the clinician predict survival and risk of transformation 
at the time of initial presentation without including the impact 
of any therapy. Other systems may allow prognostic calcula-
tion in a dynamic fashion by permitting sequential application 
during the life of the patient. And finally prognostic models 
may incorporate calculations of the impact of responses and or 
survival and response durations for a specific form of therapy. 
A number of classifications exist that fulfill one or more of 
these criteria. Until 2012, the standard prognostic classifica-
tion system for patients with MDS was the IPSS.2 This model 
was developed in 1997 by Greenberg et al. and included a 
cohort of 880 patients that had not received prior therapy. This 

FIGURE 79.4. Distribution of mutations in myelodysplastic syndromes (MDS). Bejar et al. performed an analysis of mutation status in a cohort of 439 patients 
with MDS. Each row represents a gene, and at the bottom, the cytogenetic characteristics for each patient. Each column represents a patient. Adapted from Bejar R, 
Stevenson K, Abdel-Wahab O, et al. Clinical effect of point mutations in myelodysplastic syndromes. N Engl J Med 2011;364:2496–2506.

A: IPSS score is the sum of the three listed prognostic factors

Score 0 0.5 1 1.5 2

BM blasts (%) <5 5–10 — 11–20 21–30

Karyotype* Good Intermediate Poor

Cytopenias 0/1 2/3

*Good: normal, -Y, del(5q), del(20q); Poor: complex (≥3 abnormalities) or chromosome 7 anomalies; Intermediate: 
other abnormalities
Cytopenias defined as hemoglobin concentration < 10 g/dl, neutrophils < 1.5 × 109/L, and platelets < 100 × 109/L

B: Prognosis determined by IPSS score
Risk group IPSS score Median survival (years)
Age ≤60 y >60 y ≤70 y >70 y

Low 0 11.8 4.8 9 3.9

Intermediate-1 0.5–1.0  5.2 2.7 4.4 2.4

Intermediate-2 1.5–2.0  1.8 1.1 1.3 1.2

High ≥ 2.5  0.3 0.5 0.4 0.4

Adapted from Greenberg P, Cox C, LeBeau MM, et al. International scoring system for evaluating prognosis in 
myelodysplastic syndromes. Blood 1997;89:2079–2088.

THE INTERNATIONAL PROGNOSTIC SCORING SYSTEM

TABLE 79.3

72683_ch079_1673-1687.indd   1678 7/31/13   1:51 PM



 CHaPtEr 79 The Myelodysplastic Syndromes 1679

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

by all groups. Because of this, a very large international effort 
was initiated approximately 4 years ago to develop a new 
international MDS scoring system. This system is known as 
IPSS-R,13 or revised IPSS, and was recently published.13 IPSS-R 
is summarized in Table 79.4. The major differences between 
IPSS and IPSS-R is that the latter includes the new 5-subgroup 
cytogenetic classification discussed above and different cut-offs 
of cytopenias and percentages of marrow blasts, paralleled by 
5 prognostic categories. IPSS-R has not been formally evaluated 
in a prospective fashion and has not yet been tested in patients 
receiving active therapy. Also, IPSS-R does not include molecu-
lar data and therefore is likely to be revised in the near future 
once large-scale mutational analyses are incorporated into rou-
tine clinical practice.

Identification of Patients with “Lower-risk 
Disease” and Poor Prognosis
Until recently, most investigators have recommended two types 
of approaches to patients with MDS. Patients in the higher-risk 
categories, characterized by excess blasts, were recommended 
therapies similar to those used in AML in an attempt to induce 
remissions and prolong survival. In contrast, patients with 
lower-risk disease, low percentage of blasts or cytopenias, have 
been proposed to undergo interventions to minimize transfusion 
needs and improve quality of life. Over the last few years, work 
from several groups has indicated that the prognosis of this 
group of patients can be very heterogeneous. For instance, the 
Düsseldorf group reported that the presence of specific cytoge-
netic alterations, such as those involving chromosomes 5 and 
7, were associated with independent poor prognosis with equal 
or more weight than, for instance, excess blasts.64,65 Based on 
this and clinical experience suggesting that prognosis of patients 
with low or int-1 disease by IPSS was very heterogeneous, a 
prognostic model was developed for this group of patients.17 
For this study, 856 patients with low and intermediate-1–risk 
MDS were analyzed. Patients were grouped with diploid and 
5q as favorable cytogenetics and all others as unfavorable. The 

final model included age, unfavorable cytogenetics, platelet 
count, hemoglobin, and percent of marrow blasts. The survival 
outcome for each score point is listed in Table 79.5. Based on 
this, patients could be divided into 3 subgroups. Patients with 
category 1 (n = 182, 21%) (score 0 to 2 points) had a median 
survival of 80.3 months (95% CI 68-NA), and a 4-year survival 
rate of 65% (95% CI 55 to 76). Patients in category 2 (score 3 or 
4 points) (n = 408, 48%) had a median survival of 26.6 months 
(95% CI 22 to 32), and a 4-year survival rate of 33% (95% CI 
27 to 40). Patients in category 3 (score 5 to 7 points) (n = 265, 
31%) had a median survival of 14.2 months (95% CI 13 to 18), 
and a 4-year survival rate of 7% (95% CI 3 to 14). The proposed 
model was able to further stratify patients in either IPSS low 
or intermediate-1 into 3 risk groups (p < 0.0001 for both low-
risk and intermediate-1). The IPSS scoring did not segregate 
patients with low or intermediate-1 risk within each of the  
3 risk categories identified by this analysis. Two other factors 
were studied but not included in the multivariate analysis, fer-
ritin and b2-microglobulin, because data was available only 
in a fraction of the patients. Only 10% of patients eventually 
transformed to AML. By univariate analysis, IPSS intermediate-1 
versus low-risk (p = 0.005), increased percentage of marrow 
blasts (p < 0.001), infection at presentation (p = 0.001), and 
chromosome 7 abnormalities (p = 0.01) were associated with 
a significant higher-risk of AML progression. Only a higher 
percentage of marrow blasts, chromosome 7 anomalies, and 
infection at referral remained in the final multivariate model and 
were associated with an increased risk of AML transformation 
(p = 0.01 for all three of them). When the results of the lower-
risk MDS model were presented, they had not been validated by 
any group nor was there a hypothesis of why different patients 
with low-risk features would have different prognoses. Recently, 
Bejar et al. performed a retrospective analysis of 288 patients 
with lower-risk MDs and confirmed the lower-risk model.60 
More importantly, these investigators analyzed the mutational 
status of 22 genes in these patients. Mutations were identified 
in 71% of cases. Mutations of EZH2, RUNX1, TP53, and ASXL1 
were associated with shorter overall survival, independent 
of the prognostic score. The conclusion of the study was that 

Prognostic variable 0 0.5 1 1.5 2 3 4

Cytogenetics Very good — Good — Intermediate Poor Very poor

BM blast, % ≤2 — >2%–<5% — 5%–10% >10% —

Hemoglobin ≥10 — 8–<10 <8 — — —

Platelets ≥100 50–<100 <50 — — — —

ANC ≥0.8 <0.8 — — — — —

IPSS-R Prognostic Risk Categories/Scores

Risk category Risk score
Very low ≤1.5

Low >1.5–3

Intermediate >3–4.5

High >4.5–6

Very high >6

—, Indicates not applicable.
Adapted from Greenberg PL, Tuechler H, Schanz J, et al. Revised International Prognostic Scoring System for myelodysplastic syndromes. Blood 
2012;120:2454–2465.

THE REVISED NEW INTERNATIONAL PROGNOSTIC SCORING SYSTEM (IPSS) SCORE

TABLE 79.4

72683_ch079_1673-1687.indd   1679 7/31/13   1:51 PM



1680 Part vII Hematologic Malignancies • SECtION 2 The Acute Leukemias

Characteristics Points

Unfavorable cytogenetics 1

Age ≥ 60 y 2

Hemoglobin < 10 (g/dl) 1

Platelets
 <50 × 109/L
 50–200 × 109/L

2
1

Bone Marrow Blasts ≥ 4% 1

Score Median Survival 4-y OS (%)

0 NR 78

1 83 82

2 51 51

3 36 40

4 22 27

5 14  9

6 16  7

7  9 N/A

Characteristics were selected from multivariate analysis model in patients with lower-
risk MDS. Each characteristic is associated with a number of points. Score is calculated 
by adding all points. Each score allows calculation of median survival (in months) and 
probability of survival at 4 years.
Adapted from Garcia-Manero G, Shan J, Faderl S, et al. A prognostic score for patients with 
lower-risk myelodysplastic syndrome. Leukemia 2008;22:538–543.

M.D. ANDERSON CANCER CENTER (MDACC) MYELODYSPLASTIC 
SYNDROME (MDS) LOWER-RISK PROGNOSTIC MODEL

TABLE 79.5

combining the lower-risk MDACC model with EZH2 mutation 
analysis resulted in the identification of close to a third of 
patients with a worse-than-expected prognosis. The distribution 
of mutations and risk category is shown in Figure 79.5. This 

FIGURE 79.5. Distribution of mutational events in lower-risk myelodysplastic syndromes (MDS). Patients were divided based on the MDACC lower-risk 
score into different categories.17 Then analysis of distribution of mutations was retrospectively performed using data from Bejar et al.60. J Clin Oncol 2012;30: 
3376–3382. As shown in the figure, patients in the lower-risk category 1 had fewer molecular events than those in the poorer risk subset of category 3.

study has important future implications because it opens the 
door for molecular stratification of patients with earlier stages 
of the disease.

Impact of Comorbidities
Patients with MDS tend to be older and to be affected by comor-
bidities expected due to age or known history of exposures. 
Therefore it is important to incorporate information regarding 
how comorbidities affect the natural history of MDS and how 
they affect therapeutic decisions in MDS. A number of studies 
have addressed this issue using different systems. Wang et al. 
conducted a population-based study of older persons with MDS 
that suggested lower survival in those with comorbid ailments, 
particularly those with congestive heart failure (CHF) and chronic 
obstructive pulmonary disease.66 Moreover, previous studies 
have shown CHF, pulmonary and liver failure, infections, hemor-
rhage, and solid tumors as main causes of non-leukemic death in 
MDS.3,67,68 At MDACC, we used the ACE-27 comorbidity score to 
address this issue.69

The ACE-27 was developed by Piccirillo et al. and was derived 
from adult cancer patients.70 In our analysis, 600 patients with MDS 
were included. Approximately half of the patients had a baseline IPSS 
classification of low or intermediate-1. The distribution of comor-
bidities is shown in Figure 79.6. Baseline ACE-27 comorbidity scores 
were as follows: none, 137 patients (22.8%); mild, 254 (42.3%); 
moderate, 127 (21.2%); and severe, 82 (13.7%). Approximately 55% 
of the patients were diagnosed with disorder of the cardiovascular 
system, with hypertension being the most common comorbidity 
(37.0%), followed by coronary artery bypass graft (14.3%). History of 
prior malignancy was reported in 168 (28.0%) patients. Ninety-seven 
(16.2%) patients had diabetes mellitus. Median survival according to 
the ACE-27 scores was: 31.8 months for no comorbidity, 16.8 months 
for mild comorbidity, 15.2 months for moderate comorbidity, and 
9.7 months for severe comorbidity (p < 0.0001). A prior history of 
malignancy and cardiovascular disease were associated with worst 
survival. Older age, advanced IPSS, and leukemic transformation 
were associated with a greater risk of death, while having undergone 
SCT was associated with longer survival. Comorbidity did not have 
a significant effect on survival for patients in the low-risk category, 
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FIGURE 79.6. Distribution of comorbidities in myelodysplastic syndromes (MDS) using ACE-27 score. Adapted from Naqvi K, et al.69 J Clin Oncol in 
press 2011;29:2240–2246.

whereas patients in the intermediate-1 and -2 groups (p = 0.001) 
and high-risk category (p = 0.04) had significantly worse survival 
with increasing ACE-27 scores. Comorbidities significantly decreased 
survival in those younger than 65 years (p < 0.0001), but had no 
significant effect in those older than 65. We conducted a multivariate 
analysis using the Cox Proportional Hazards model. Included in the 
final model are: age, IPSS, and ACE-27 comorbidity scores. The final 
prognostic model for the overall survival was thus developed as low 
(score 0 to 1), intermediate (score 2 to 4), and high (score 5 to 8). 
The model predicted survival on the entire patient group. Patients in 
the low-risk category had a median survival of 43.0 months versus  
23.0 months and 9.0 months for those in the intermediate-risk and 
high-risk groups, respectively (p < 0.001).69

THERAPEUTIC APPROACHES FOR 
PATIENTS WITH MYELODYSPLASTIC 
SYNDROME
In practical terms, therapy for patients with MDS is divided into 
approaches for patients with lower-risk disease and those with 
higher-risk disease. Although investigators may use different cri-
teria, it is accepted that lower-risk disease includes patients with 
low and int-1 disease and those with higher-risk disease, int-2 or 
high, by IPSS.2 The role of IPSS-R in therapy has not been con-
firmed at this time.13 In the US, clinicians use guidelines set by 
NCCN for decision making when selecting therapy.71 A summary 
of therapies for patients with MDS is shown in Figure 79.7.

Therapy for Patients with Lower-risk 
Myelodysplastic Syndrome
Most clinicians believe that the role of therapy in lower-risk MDS 
should focus on improving symptoms and minimizing transfusion 

needs, whereas the potential impact on survival remains unproven. 
We believe in the need to develop curative approaches for patients 
with lower-risk MDS in the context of clinical trials.

Supportive Care for Patients with Lower-risk 
Myelodysplastic Syndrome
Supportive care is an integral part of the care for patients with 
both lower- and higher-risk MDS. In general, we refer to sup-
portive care measures as those that mitigate complications of 
cytopenias, such as severe anemia, thrombocytopenia, and risk 
of infections. Indeed, an analysis of cause of death in patients 
with lower-risk MDS has indicated that the most frequent events 
associated with death were infectious and bleeding complica-
tions.3 Based on this, three major approaches are considered as 
supportive care measures in MDS. These include transfusions of 
red cells and/or platelets, the use of prophylactic antibiotics, and 
the use of growth factors. Because there is some controversy as 
to whether this last approach may have a primary effect on the 
natural history of patients with MDS, we will discuss that below. 
Finally and more recently, a debate has evolved around the topic 
of iron chelation in red cell transfusion–dependent patients. This 
is also discussed in a separate section below.

There are different practices for both red cell and platelet 
transfusions. In most centers in the US, patients receive red cell 
transfusions if hemoglobin is less than 8 g/dl or if the patient has 
symptomatic anemia. Platelets are transfused if the platelet count 
is less than 10 k/ml or if the patient has active bleeding. These 
parameters can change based on geographical distribution and 
practice patterns. Over the years, there has also been a question 
about the need for irradiated blood products, in particular for 
patients that could be potential candidates for stem cell transplan-
tation. This is not the standard practice at MDACC. Finally, some 
centers also provide support with white cell transfusions as an 
early intervention for patients with neutropenic fever or resistant 
infections. These are considered experimental at this point.
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FIGURE 79.7. A treatment algorithm for patients with myelodysplastic syndromes (MDS). GM-CSF, granulocyte-macrophage colony-stimulating factor; 
IPSS, International Prognostic Scoring System.

The role of prophylactic antibiotics is also questionable. Many 
centers, including MDACC, use a triple combination of antibacte-
rial, antiviral, and antifungal agents in patients with MDS and 
significant neutropenia or who are receiving active therapy with 
a cytotoxic agent. There is no systematic data on the use of this 
approach, and criticism may stem from the potential development 
of multidrug resistance.

The Role of Growth Factor Support in 
Myelodysplastic Syndrome
In 2012, growth factor stimulation may include all 3 hematopoietic 
lineages, including neutrophils, erythrocytes, and megakaryocytes. 
Although growth factor support is commonly used in MDS, there is 
no prospective study that has proven that their use is associated with 
improvements in the survival of patients with MDS. Patients with 
isolated neutropenia are uncommon in MDS, and although there are 
no large series focusing on this subset of patients, it is my impres-
sion that their natural history is benign. That said, recent series have 
associated outcomes in MDS with degrees of neutropenia.72 In gen-
eral, the use of prophylactic myeloid growth factors, such as granu-
locyte colony-stimulating factor (G-CSF) or granulocyte-macrophage 
colony-stimulating factor (GM-CSF), is not recommended in these 
patients. It should be noted that the use of these agents is important 
in patients that are experiencing complications from neutropenia 
exacerbated by agents used for primary therapy such as lenalido-
mide or hypomethylating agents that are associated with such an 
effect. When used in this context, growth factors are commonly used 
for a short period of time until complications resolve. 

Recently, 2 new growth factors for platelet generation have 
been developed and approved for patients with immune-mediated 
thrombocytopenia. These agents, romiplostim73 and eltrom-
bopag,74 are thrombomimetic agents that stimulate TPO recep-
tors. Results in MDS are controversial.75 Interim analysis of a large 
study with romiplostim in patients with low or intermediate-1 
MDS with significant thrombocytopenia suggests that patients 
treated with this agent had a higher risk of developing AML and 

marrow fibrosis. Whether this was the result of the natural his-
tory of the disease or a true leukemogenic effect of the drug is 
unknown at this time. There is less experience with eltrombopag 
in MDS.74 With the current information that we have, we cannot 
routinely recommend the use of these compounds for patients 
with MDS. Current investigations with these agents have focused 
on their use as an adjunct to other therapies in MDS, such as of 
the azanucleosides, decitabine or azacitidine.76,77 Recently, in the 
United States, strict FDA guidelines have limited the use of these 
agents to patients with significant immune thrombocytopenia and 
preclude use of them in patients with MDS.

Erythroid stimulating agents (ESA) are commonly used in 
patients with anemia and lower-risk MDS. These guidelines were 
developed after reports of a potential association between ESA 
administration and the development of secondary solid malignan-
cies.75 That said, it is important to realize that there is no pro-
spective data indicating that ESA use has any significant survival 
benefit in patients with MDS. The Nordic group pioneered the 
use of these agents in MDS.75 Although it is clear that its use is 
associated with erythroid responses in close to a third of patients, 
the effect of ESA on survival remains unclear. Of interest, in the 
latest analysis by this group, a cohort of patients that was treated 
with epoetin alpha and G-CSF in consecutive clinical trials was 
compared to a historical group in an Italian database that was 
not. Only the subset of patients that were minimally transfusion-
dependent experienced erythroid responses that translated into 
a survival advantage and reduced risk of AML compared to the 
control cohort, matched for prognostic features.78 Although ESAs 
remain the most widely utilized agent for management of anemia 
in MDS, the potential impact on its natural history is limited.

The Role of Iron Chelation in Myelodysplastic 
Syndrome
Because anemia is a common feature of patients with MDS that 
results in the need for red cell transfusions, it is not uncommon 
that patients with MDS may develop significant evidence of iron 
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Lenalidomide has also been studied in patients with lower-
risk MDS, but without a chromosome 5 alteration.87 A phase 2 
multicenter trial of lenalidomide was performed in transfusion-
dependent patients with low- or int-1–risk MDS without dele-
tion 5q. Eligible patients had 50,000/mm3 or more platelets and 
required 2 units or more RBCs within the previous 8 weeks. In 
summary, 214 patients received 10 mg of oral lenalidomide daily 
or 10 mg on days 1 to 21 of a 28-day cycle. The drug was well 
tolerated. Using an intention-to-treat analysis, 56 patients (26%)  
achieved transfusion independence (TI) after a median of  
4.8 weeks of treatment with a median duration of TI of 41.0 weeks. 
A 50% or greater reduction in transfusion requirement occurred in 
37 additional patients, yielding a 43% overall rate of hematologic 
improvement. Although less active than in patients with del(5q) 
MDS, a large randomized study is evaluating the clinical activity of 
lenalidomide in patients without chromosome 5 alterations.

Recent investigations have provided further insight into 
the karyotype-specific mechanism of action of lenalidomide 
in patients with del(5q) MDS. Haploinsufficiency for 2 dual-
specificity phosphatases encoded within the proximal CDR on 
chromosome 5q accounts for the differential sensitivity of del(5q) 
progenitors. Lenalidomide directly inhibits cell division cycle 25 
C (Cdc25C) and is an indirect inhibitor of the catalytic subunit 
alpha isoform of the protein phosphatase 2A (PP2Aca), both 
coregulators of the G2-M checkpoint.88 Moreover, lenalidomide 
also acts to stabilize MDM2, thereby accelerating p53 degrada-
tion and permitting cycling of del(5q) before arrest at the G2/M 
juncture.89 Ebert et al. reported data that a gene expression 
signature could be used to predict response to this agent in non-
del(5q) MDS.90 Recently, a group has shown the activity of this 
compound at the stem cell level.91

Antithymocyte Globulin 
A fraction of patients with MDS have a significant inflammatory 
component, and it is possible that they have underlying autoim-
mune alterations. Patients with so-called hypoplastic MDS, whose 
pathogenesis may overlap with aplastic anemia, are an example 
of this.11 Hypoplastic MDS is defined as bone marrow cellularity 
of less than 30% to 20%, depending on the age of the patient, with 
evidence of dysplastic features or a clonal cytogenetic alteration.11 
A group at the NIH has pioneered the use of ATG in patients with 
MDS.92 Whether combining this agent with other immunosuppres-
sive agents, such as cyclosporine and/or steroids, is beneficial, is 
unclear at this time. A recent randomized study in patients with 
aplastic anemia has suggested that a horse-derived ATG is supe-
rior to the one generated from rabbits.93 The group at the NIH has 
also developed criteria that allow for a prediction of the response 
to ATG-based therapy.94 These include age, an HLA-DR15 class II 
phenotype, and duration of red blood cell transfusion depen-
dence. Both Kings College in London and MDACC have reported 
that the most important predictors for response to ATG-based 
therapy are age and presence of bone marrow hypocellularity.95 
Data from all the studies has indicated that younger patients with 
hypoplastic MDS benefit from stem cell transplantation and that 
the prognosis of older patients with hypoplastic MDS is very poor, 
despite the use of these agents. Also, it has been reported that 
the ratio of CD4+ to CD8+ cells can be used to predict response 
to ATG.96 Until recently there was no salvage therapy for patients 
that had failed ATG therapy and were not candidates for a stem 
cell transplant. Recently, the group at NIH has also shown data 
that the use of eltrombopag may be associated with trilineage 
response in aplastic anemia patients that failed ATG.97 This data 
is of significant importance and needs to be studied in the MDS 
population. Finally, several groups have also studied the potential 
role of alemtuzumab as therapy for aplastic anemia and hypoplas-
tic MDS.98 The actual activity and safety of this compound is not 
clear at this point.

overload. A number of groups have suggested that excess iron 
deposition in the hepatic parenchyma and myocardium are asso-
ciated with significant morbidity and mortality in patients with 
MDS.79 Other groups have challenged that assertion.17 It is clear 
that patients who require systematic red cell transfusions are at 
increased risk of dying from complications of MDS, whether these 
are derived from end-organ damage to tissues or because this 
represents a subset of patients with more aggressive natural his-
tories. Based on these concepts, a number of iron chelating agents 
have been developed not only for MDS, but for other hematologic 
conditions. For instance, at the present time, an oral chelating 
agent known as deferasirox is currently approved in Europe and 
the USA for patients with evidence of iron overload and lower-risk 
MDS. This was an accelerated approval that awaits validation in a 
large ongoing phase III trial. In general, iron chelating agents have 
been shown to decrease ferritin levels in transfusion-dependent 
patients and to have a manageable toxicity profile.80 Some stud-
ies have also suggested a potential impact on survival.81 Finally, it 
should be mentioned that these agents may have other potential 
effects on MDS that include modifying the risk of both bacterial 
and fungal infections, stimulation of effective hematopoesis,82 and 
delaying transformation to AML. These have not been systemati-
cally studied, but could be of significant clinical benefit. Finally, 
a number of groups have reported that the use of iron chelating 
agents are associated with significant clinical improvements in 
patients undergoing stem cell transplantation.83

Lenalidomide
Lenalidomide is a derivative of thalidomide with immune modu-
latory activity that has been shown to have significant activity 
in patients with lower-risk MDS and anemia. Initial studies with 
thalidomide indicated that this agent had modest but measurable 
activity in patients with MDS and resulted in the development 
of several more potent derivatives.84 Lenalidomide is an oral 
immunomodulatory agent. In the initial study, List et al. docu-
mented that this agent was safe up to doses of 25 mg daily and 
that a particular subset of patients with an interstitial deletion 
of chromosome 5q experienced a high frequency of red blood 
cell transfusion independence and cytogenetic response with the 
use of this compound.15,85 This was confirmed in a subsequent 
multicenter study that focused on patients with lower-risk MDS, 
transfusion-dependent anemia, and an alteration of chromosome 
5.86 Characteristics associated with response were a history of 
less than 4 units of red cell transfusions and platelet counts over 
100 k/ml. These responses were durable with a median duration 
exceeding 2 years. Because this compound has a very accept-
able toxicity profile, the drug was approved in the US for the 
treatment of lower-risk, del(5q) MDS patients with transfusion-
dependent anemia. Furthermore, nearly 50% of the patients 
achieved a complete cytogenetic response after 6 months of 
treatment. A subsequent dose-comparative study in Europe ran-
domized transfusion-dependent patients with lower-risk del(5q) 
MDS to either lenalidomide 5 mg daily(n = 69), 10 mg daily for  
21 days every 28 days (n = 69), and placebo (n = 67). Crossover 
to lenalidomide or a higher dose was allowed after 16 weeks for 
nonresponders. RBC-transfusion independence for more than 
26 weeks was achieved in 56% of patients treated with 10 mg 
of lenalidomide, compared to 41% and 6% of patients receiving 
5mg of lenalidomide or placebo, respectively. Median duration of 
RBC-TI was not reached (median follow-up, 1.55 years), with 60% 
to 67% of responses ongoing in patients. Of importance, cytoge-
netic response rates were 41.5% (10 mg) versus 17.4% (5 mg;  
p = 0.066). For the lenalidomide groups combined, 3-year overall 
survival and AML risk were 56% and 25%, respectively, indicating 
that the 10 mg dose is the preferred dose of lenalidomide, that 
yields higher rates of both RBC-transfusion independence and 
cytogenetic response.
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preparative chemotherapy prior to stem cell transplantation 
(SCT). Unfortunately, SCT is associated with significant early mor-
tality that depends on the age of the patient and donor, as well as 
the degree of matching. Mortality in the first 100 days can range 
from 10% to 40% depending on the series and the center’s exper-
tise. Because most patients with lower-risk MDS are expected to 
live more than 100 days, initial results evaluating the role of SCT 
in lower-risk MDS have suggested that early transplantation is 
not indicated.107 In a recent collaborative study using datasets 
from IBMTR and several cohorts of older patients with lower-risk 
MDS that had received either supportive care, hypomethylating 
agents, or reduced intensity transplantation, it was shown using 
a Markov model that transplantation was associated with lower 
survival. These results are in line with the initial report of Cutler  
et al.107 and indicate that transplantation should be delayed as 
much as possible in this group of patients.

Therapy for Patients with Higher-risk 
Myelodysplastic Syndrome
Over the last decade we have experienced significant advances 
in the therapy of patients with higher-risk MDS. Prior to that, the 
only treatment modalities were induction therapy or salvage stem 
cell transplantation. The results of these approaches were disap-
pointing, particularly in older patients and in those with complex 
cytogenetics.108

Hypomethylating Agents in High-risk 
Myelodysplastic Syndrome
Hypomethylating agents are the standard of care in a large 
majority of patients with higher-risk MDS.108 They have also 
transformed our capacity to treat patients with MDS and have 
increased interest in this disease. The initial significant study 
with azacitidine is known as CALGB-9221.99 This study, which I 
consider seminal in the field, was led by Dr. Lewis Silverman and 
randomized patients with MDS by FAB classification (including 
up to 30% blasts) to either supportive care or a 7-day schedule 
of azacitidine at the dose of 75 mg/m2 via subcutaneous route. 
The study had a crossover design in which patients that had not 
benefited in 1 arm could then be treated in the other arm. The 
drug was very well tolerated, with virtually no induction mortal-
ity. Treatment with azacitidine was associated with significant 
clinical activity, including a complete remission rate of 7% and 
an overall response rate of 60%. Of interest, patients that crossed 
from the supportive care arm to the azacitidine arm had similar 
rates of response, confirming the activity of the drug. Crossover 
designs do not allow one to evaluate the impact on survival, and 
therefore this study was not powered to show the drug’s effect on 
survival. That said, survival in the azacitidine group was close to 
20 months. The investigators performed a landmark analysis at 
6 months in patients, with or without crossover, that suggested 
a survival advantage with azacitidine therapy. CALGB-9221 also 
included a quality of life analysis.109 The report of this study sug-
gested that patients treated with azacitidine had a better quality 
of life. All this data served as the basis for approval of this com-
pound in the US. Subsequent analysis of this cohort of patients 
has also provided significant information regarding the clinical 
use of azacitidine in MDS. It is now known that responses may 
require multiple cycles of therapy administration and that in the 
initial cycles of therapy it is not uncommon to observe significant 
myelosuppression. Proper supportive care and continuation of 
therapy, despite cytopenias, are associated with improved out-
comes. Because of the lack of survival data with CALGB-9221, 
European regulators recommended a noncrossover design as an 
approval strategy for azacitidine in Europe. This study, known 
as AZA-001, was a randomized trial of azacitidine using the 

The Use of Hypomethylating Agents in Lower-
risk Myelodysplastic Syndrome
The hypomethylating agents are the standard of care for patients 
with high-risk MDS. Initial clinical studies in the US performed 
well before the development of WHO criteria for MDS included 
patients with all FAB categories. Therefore the approval of these 
agents in the US, in particular for azacitidine, is for all subsets of 
patients with MDS.99 There is relatively little systematic analysis 
of what is the most effective and safest schedule of this class of 
compounds in lower-risk MDS. In a randomized phase II study by 
a group of community oncologists, it was observed that shorter 
versus longer schedules of azacitidine (5 versus 7 days) were 
less myelosuppressive and were potentially associated with 
an increased rate of hematologic responses in a largely lower-
risk patient population.100 A multicenter Phase II randomized 
trial investigated the activity of two very low dose schedules of 
decitabine in patients with low and intermediate-1 MDS. In this 
study, known as DACO-26, decitabine administered at a dose of 15 
mg/m2 subcutaneous daily for 3 days on a 28-day schedule was 
compared to decitabine given at the same dose and route weekly 
× 3, also on a 28-day schedule. Although the final analysis of this 
study did not show the superiority of one arm versus the other, 
treatment of patients with lower-risk MDS with this very low dose 
schedule of decitabine was associated with trilineage responses 
of over 60% in this group of patients.101 These lower dose sched-
ules were associated with manageable myelosuppression and 
no mortality. Based on this concept, a number of investigators 
have developed oral derivatives of the hypomethylating agents. 
In principle, nucleoside analogs are difficult to absorb because 
they are catabolized by cytidine deaminase. That said, both an 
oral formulation of decitabine and one of azacytidine are in 
development. Oral azacytidine was first investigated in a Phase 0 
trial that demonstrated that the drug could be absorbed by 
patients with leukemia.102 These positive results led to the design 
and completion of a Phase I study of oral azacitidine for patients 
with MDS.103 In this study, 41 individuals were treated with doses 
of oral azacitidine up to 600 mg on a 7-day schedule. An expan-
sion of this study also evaluated more extended schedules for 
14 to 21 days with the drug administered once or twice a day at 
doses of 200 to 300 mg. The results of this study were of interest 
because it was shown that oral azacitidine was associated with 
an overall response rate of 35% in previously treated patients and 
73% in previously untreated patients. Responses were durable 
and the drug was very well tolerated. Furthermore, using large-
scale DNA methylation analysis platforms, it was shown that oral 
azacitidine could induce significant induction of promoter DNA 
hypomethylation. What was interesting from this study was the 
observation that the pharmacokinetic profile of oral azacitidine 
was significantly lower than that of the parenteral route of admin-
istration. Mean relative oral bioavailability ranged from 6.3% to 
20%. These results are interesting in view of a recent report by 
the Baylin group that studied the effect in animal systems of very 
low exposure to hypomethylating agents.104 Planned studies with 
oral azacitidine include a Phase III trial for patients with lower-
risk disease and significant thrombocytopenia starting in 2013.

The Role of Allogeneic Stem Cell 
Transplantation in Lower-risk Myelodysplastic 
Syndrome
SCT is curative in a fraction of patients with MDS.105,106 The 
questions remain as to who is the best candidate for transplant 
and when to perform it. Patients with lower-risk MDS are in 
general characterized by a low percentage of blasts in their 
bone marrows. In principle this makes them perfect candidates 
for upfront transplantation, as they do not require debulking 
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There are no comparative studies of azacitidine versus 
decitabine, and therefore it is not possible to make a recommen-
dation in terms of frontline therapy, although most treating phy-
sicians nowadays use azacitidine in frontline therapy of patients 
with higher-risk MDS because of its reported survival benefit.

Biomarkers of Response to Hypomethylating-
based Therapy in Myelodysplastic Syndrome
It is obvious from the data above that only a fraction of patients have 
significant benefit from the use of either decitabine or azacitidine. 
Because patients require several months of therapy to determine any 
potential clinical benefit, it would be very important to have access 
to a potential biomarker of response to this class of agents. Because 
hypomethylating agents dynamically modify in a transient fashion 
both global and gene-specific methylation patterns, a number of 
groups have analyzed the relationship between specific methyla-
tion patterns and changes in methylation patterns with response to 
hypomethylating agents. At the present time, there is no evidence 
that the specific methylation patterns are associated with a distinct 
response to these agents.62,118 A number of groups have reported 
on specific molecular biomarkers of response to these compounds. 
For instance, levels of micro-RNA29b, which targets DNMT1, have 
been reported to be associated with response to decitabine.119 These 
results, although functionally relevant, have not been reproduced by 
other groups.120 A number of mutational events, such as mutations 
in TET2, have been associated with response, but not survival, to 
azacitidine.121 This observation is of great importance because TET2 
is involved in the control of hydroxy DNA methylation. Prospective 
studies are still needed to prove this association. 

Finally, the French group has developed a very simple model 
to predict outcomes with azacitidine.122 These investigators 
analyzed 282 patients treated in France with azacitidine outside 
clinical trials and identified the following characteristics associated 
with outcome: previous low-dose cytosine arabinoside treatment, 
bone marrow blasts >15% (p = 0.004), and abnormal karyotypes  
(p = 0.03) were independent predictors of lower response rates. 
Complex karyotypes predicted shorter responses (p = 0.0003). 
Performance status, intermediate- and poor-risk cytogenetics, 
presence of circulating blasts, and red blood cell transfusion 
dependency also independently predicted poorer overall survival 
(OS). A prognostic score based on those factors was developed 
(Table 79.6).

Improving Results with Hypomethylating Agents
Although the hypomethylating agents have resulted in very signifi-
cant improvements for our patients with MDS, it is obvious that 
most patients will lose response (discussed below) and that new 
alternatives are needed. One approach is to develop combina-
tion strategies with azacitidine or decitabine and a second agent. 
Over the last decade, a number of groups reported on the activity 
of the combination of a hypomethylating agent with a histone 
deacetylase inhibitor (HDACi).123 These were based on initial 
observations by Baylin et al. that clearly demonstrated that these 
agents are highly synergistic in vitro.124 This resulted in studies 
combining either azacitidine or decitabine with agents such as 
valproic acid,125,126 vorinostat,127 MGCD0103,128 and panabi-
nostat.129 Pilot data from these studies in general indicated that 
response rates were higher than expected with the combination 
and that the responses were faster. Unfortunately, no randomized 
study has proven this observation. An initial randomized trial 
performed at MDACC with valproic acid and decitabine failed to 
show an improvement. More recently, ECOG reported results of 
a combination of azacitidine with a carbamate derivative HDACi 
known as SD275 that also failed to show an advantage to the 
combination. 

same schedule as in CALGB-9221 versus treatment with either 
low-dose cytarabine, AML induction therapy, or supportive care 
based on physician preference.10 Patients were stratified by FAB 
and IPSS. The primary endpoint was overall survival. Efficacy 
analyses were by intention-to-treat for all patients assigned to 
receive treatment. In total, 358 patients were randomly assigned 
to receive azacitidine (n = 179) or conventional care regimens 
(n = 179). Four patients in the azacitidine and 14 in the conven-
tional care groups received no study drugs but were included in 
the intention-to-treat efficacy analysis. After a median follow-up 
of 21.1 months, median overall survival was 24.5 months (9.9 
not reached) for the azacitidine group versus 15.0 months (5.6 
to 24.1) for the conventional care group (hazard ratio 0.58; 95% 
CI 0.43 to 0.77; stratified log-rank p = 0.0001). At 2 years, on 
the basis of Kaplan-Meier estimates, 50.8% (95% CI 42.1 to 58.8) 
of patients in the azacitidine group were alive compared with 
26.2% (18.7 to 34.3) in the conventional care group (p < 0.0001). 
Of interest, response rates were also different among different 
treatment modalities. Although response rates were higher with 
intensive chemotherapy, used mainly in younger patients, these 
did not translate into a clear survival benefit. As with CALGB-
9221, the toxicity profile of azacitidine was acceptable with mini-
mal induction mortality. Additional analysis of AZA-001 have also 
provided significant clues for the clinical management of patients 
with MDS. First, the median number of cycles with azacitidine 
in this group of patients was 9. It is believed that the duration  
of therapy is crucial for the survival advantage documented with 
this drug. Second, in a post hoc analysis, investigators studied 
the impact of age and AML blasts by WHO category (20% to 30% 
blasts) in patients treated with AZA-001. The results indicated 
that older individuals benefited significantly from therapy and 
that excess blasts was not a negative predictor of response.110 
Finally, by multivariate analysis, it was shown in AZA-001 that 
presence of adverse cytogenetic features, such as deletion of 
chromosome 7, were positively associated with azacitidine ther-
apy when compared to other therapy. That said, it is important 
to emphasize that outcomes were better in diploid patients. The 
NCCN guidelines recommend azacitidine as frontline therapy in 
most patients with higher-risk MDS.111

In parallel with azacitidine, decitabine (5-aza-2’-deoxyciti-
dine) is another hypomethylating agent that has been exten-
sively studied in MDS. In an initial randomized non-crossover 
study, decitabine administration was found to be safe in this 
group of patients and to have significant clinical activity with 
an overall response rate of 17%.9 In this initial study, the 
drug was administered over 4 hours 3 times a day on a 3-day 
schedule every 6 weeks. In parallel, a daily schedule for 5 to 
10 days was investigated at MDACC.112 This study suggested 
that a 5-day schedule at a dose of 20 mg/m2 was potentially an 
optimal way to administer decitabine. This was further studied 
in a 3-arm randomized Bayesian study comparing different 
doses and schedules of decitabine.113 The results with the 
5-day schedule indicated a complete remission rate of over 30% 
and overall response rate of 73%.114 These results were further 
confirmed with the ADOPT trial, a multicenter single-arm study 
that served as the basis for the approval of the 5-day schedule 
of decitabine in the US.115 As with AZA-001, a survival study 
with decitabine was performed in Europe.116 Unfortunately, 
this study failed to show a survival advantage with decitabine. 
The reason for this effect is likely due to the design of the study, 
in which the drug was administered using the initial 3-day 
schedule every 6 weeks and treatment was capped at 8 months, 
a fact that resulted in a median number of 4 cycles of decitabine 
administration. These factors likely negatively influenced the 
results of this trial. It should be noted that recently decitabine 
was approved in Europe for the treatment of older patients 
with AML because of its toxicity profile and modest survival 
effect in this population.117 

72683_ch079_1673-1687.indd   1685 7/31/13   1:51 PM



1686 Part vII Hematologic Malignancies • SECtION 2 The Acute Leukemias

Characteristics Multivariate analysis

HR (95% CI) P
ECOG PS <0.0001

0–1 1

≥2 2.0 [1.4–2.9]

Cytogenic risk <0.0001

Favorable 1

Intermediate 1.4 [0.8–2.3] 0.23

Unfavorable 3.0 [2.0–4.3] <0.0001

Transfusion dependence <0.0001

≥ 4 RBC units/8 wk 1.9 [1.4–2.6]

0–3 RBC units/8 wk 1

PB blasts <0.0001

Present 2.0 [1.5–2.7]

Absent 1

Prognostic score for overall survival. The score was computed (for each patient) based on the 
presence of PS ≥ 2 (1 point), presence of circulating blasts (1 point), RBC TD ≥ 4 RBC units/ 
8 weeks (1 point), and intermediate- and high-risk cytogenetics (1 and 2 points, respectively). 
Low score = 0 points, intermediate score = 1-), and high score = 4 to 5 points.
Adapted from Itzykson R, et al.122 Blood 2011;117:403–411.

PROGNOSTIC FACTORS OF OVERALL SURVIVAL

TABLE 79.6

In parallel with this effort, Sekkeres et al. developed pilot 
studies of the combination of azacitidine with lenalidomide.130 
Although the rationale and mechanism of action of this combina-
tion is unknown at this time, it is clear from the data reported 
that this combination has significant clinical activity. The optimal 
dose of lenalidomide in combination is not known at this time and 
studies have used doses ranging from 10 mg/day to 75 mg/day. 
Currently, a US intergroup trial is comparing azacitidine versus 
the combinations with either lenalidomide or vorinostat.

Finally, other ways to optimize the use of these agents is by 
selecting a specific group of patients according to their patient 
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FIGURE 79.8. Survival of patients with myelodysplastic syndromes (MDS) that have failed a hypomethylating agent. Adapted from Jabbour E, et al.131 
Cancer 2010;116:3830–3834.

characteristics, as per the French model, or based on specific 
genotypic characteristics.

Failure of Hypomethylating Agent
It is now recognized that most patients treated with hypometh-
ylating agents that benefit from drug administration will eventu-
ally lose response to these agents. The outcome of this group of 
patients is extremely poor, with survivals that range from 4 to 6 
months after failure (Fig. 79.8).131,132 The mechanisms of failure 
at the present time are unknown and are likely due to a combina-
tion of factors, ranging from pharmacologic resistance to genetic 
evolution. This is an important area of research at this point. 
Because the mechanisms of resistance are not understood it has 
been difficult to target this problem. A number of chemotherapy 
agents are being investigated for patients with both higher- and 
lower-risk hypomethylating failure. These include kinase inhibi-
tors, such as ON1910; more traditional cytotoxic agents, such 
as clofarabine and sapacitabine; and the p38MAPK inhibitor 
ARRY614, particularly in patients with lower-risk disease.133

The Role of Stem Cell Transplantation in  
Higher-risk Myelodysplastic Syndrome
SCT is curative in a significant fraction of patients with higher-risk 
MDS. Data from the Fred Hutchinson Cancer Center has reported 
long term survival rates of over 30% in selected patients.134 
Confirming this data, an analysis by IBMTR using Markov deci-
sion analysis indicated also that survival is improved with trans-
plant in patients with higher-risk MDS. That said, transplant was 
associated with early risk of mortality in this patient popula-
tion. Furthermore, most centers recommend against proceeding 
with transplant in patients with active disease. Therefore, it has 
become evident that initial bridge therapies are needed to take 
the patient successfully through transplantation. One common 
approach is the use of AML induction therapies that have more 
recently been replaced by the incorporation of hypomethylating 
agents prior to transplant. A number of groups have shown both 
in vivo and in vitro that hypomethylating agents have effects on 
specific subsets of T cell regulatory compartments that may result 
in increased graft-versus-leukemia effect and control of GVHD.135 
A number of trials are testing this concept.
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It is also now clear that early successful transplantation does 
not eradicate the possibility of relapse posttransplant. With 
the advent of less toxic reduced intensity transplant treatment 
modalities, death post-SCT is more commonly associated with 
relapsed disease than with acute or chronic GVHD. It is of interest 
that a number of groups have reported now that poor prognostic 
cytogenetic features are also associated with dismal outcomes 
posttransplant. Deeg et al. have also reported on the impact of 
the new five-subset cytogenetic classification on outcomes on 
patients with MDS receiving SCT.136 Because of the problem of 
relapse posttransplant, a number of groups have investigated the 
role of “maintenance” approaches posttransplant. DeLima et al. 
pioneered the use of low-dose azacitidine in patients with myeloid 
leukemias at very high risk of relapse posttransplant.137 These 
initial studies are now being further tested in randomized clinical 
trials, including a planned trial of oral azacitidine post-SCT. Also 
recently, German investigators have reported on the potential 
activity of lenalidomide in the posttransplant setting.

CONCLUSION
Over the last decade, we have witnessed significant improvements 
in our abilities to diagnose, classify, and understand MDS. At the 
present time, a significant effort is being developed by multiple 
investigators to better understand specific molecular subsets of 
patients. These data will also help develop rationale targeted 
interventions that will result in the improvement of outcomes with 
current available agents and stem cell transplantation. Finally, we 
also expect that detailed genomic analysis of MDS will result in the 
identification of new prognostic and therapeutic targets.
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recognized as sharing tyrosine kinase abnormalities, such as 
FIP1L1-PDGFRA in disorders previously considered to be CEL 
and SM with eosinophilia, ETV6-PDGFRB in cases with features 
of chronic myelomonocytic leukemia (CMML) with eosinophilia 
or atypical chronic myeloid leukemia (aCML), and FGFR1 rear-
rangements seen in a number of hematologic neoplasms (for-
merly classified as the 8p11 myeloproliferative syndrome). These 
disorders are now classified as myeloid neoplasms with eosino-
philia and abnormalities of PDGFRA, PDGFRB, or FGFR118 rather 
than as subtypes of other MPNs. The presence of these genetic 
abnormalities is not merely academic, as patients with PDGFRA 
or PDGFRB rearrangements have shown responsiveness to TKIs. 
For example, MPNs with eosinophilia and FIP1L1-PDGFRA can 
contain proliferations of CD25 positive mast cells that are sensi-
tive to imatinib, whereas SM with KIT D816V mutations (and 
dense proliferations of CD25 positive mast cells) is resistant to 
the same drug19,20. The latter patients may respond to second-
generation TKIs initially developed for imatinib-resistant CML 
patients or FLT3 inhibitors developed for patients with acute 
myeloid leukemia, as these drugs have activity against multiple 
tyrosine kinases21,22. The development of new tyrosine kinase 
pathway-targeted small molecule inhibitors is likely to acceler-
ate further the molecular classification of myeloproliferative 
neoplasms.

The overlap MDS/MPNs, according to the WHO classification, 
have traditionally included chronic myelomonocytic leukemia 
(CMML), juvenile myelomonocytic leukemia (JMML), and atypical 
CML (aCML). A provisional entity, refractory anemia with ringed 
sideroblasts and thrombocytosis (RARS-T), also fits within this 
overlap group, sharing features of dysplasia and MPN. These 
overlap syndromes also share tyrosine kinase pathways, includ-
ing JAK2 and MPL W515K/L mutations in RARS-T. As with all 
classification schemes, not every patient’s findings are amenable 
to these guidelines, and it is preferred to term these “unclassifi-
able” until further information clarifies the disorder.

Myeloproliferative NeoplasMs
The traditional classification of the common MPNs is based on 
which cell line is most proliferative (i.e., granulocytic, erythroid, 
and megakaryocytic) and the amount of marrow fibrosis, com-
bined with clinical, laboratory, and cytogenetic/molecular genetic 
features (Table 80.2). As a consequence of excess cell proliferation 
with effective maturation, there is resulting leukocytosis, erythro-
cytosis, and/or thrombocytosis. Subsequent hepatosplenomegaly 
follows due to sequestration of excess cells, extramedullary hema-
topoiesis, or infiltration by neoplastic cells. Although this initial 
dysregulated proliferation may manifest as an indolent disorder, 
these clonal stem cell disorders all have the potential for evolu-
tion. This manifests as either a stepwise increase in fibrosis to an 
end-stage myelofibrosis or as an increase in blasts, transforming 

The myeloproliferative neoplasms include both chronic myelo-
proliferative disorders and overlap myelodysplastic/myelopro-
liferative syndromes. This chapter reviews the pathology of the 
myeloproliferative diseases, including pertinent clinical, labo-
ratory, histologic, cytogenetic, and molecular genetic findings 
necessary for the classification of these disorders. Both myelopro-
liferative neoplasms (MPNs) and overlap myelodysplastic/myelo-
proliferative neoplasms (MDS/MPNs) are clonal neoplasms with 
typical increased marrow cellularity, maturation of cell lineages, 
and organomegaly. The MPNs also share effective hematopoiesis 
and varying amounts of marrow fibrosis, but generally differ by 
which myeloid cell lineage dominates hematopoiesis. The MDS/
MPNs overlap myeloproliferative and myelodysplastic disorders, 
with varying degrees of effective hematopoiesis and myelodys-
plasia. A common theme of aberrant activation of tyrosine kinase 
signaling pathways has emerged among the myeloproliferative 
diseases1–3,4,5. Not only has this helped further our understand-
ing of these complex disorders, but also identification of aberrant 
kinase signaling cascades has led to targeted small molecule 
tyrosine kinase inhibitors (TKIs), such as imatinib, being used suc-
cessfully in the treatment of certain diseases. Thus, the diagnosis 
and classification of the MPNs and overlap disorders requires 
correlation of morphology with clinical, hematologic, and molecu-
lar genetic findings6. An abbreviated overview of select myeloid 
neoplasms including the myeloproliferative diseases (Table 80.1) 
correlates each disease with its corresponding identified aberrant 
tyrosine kinase or related gene involved in the pathogenesis of 
the disorder and corresponding molecular genetic findings. In 
categorizing these disorders, separation of the MPNs from the 
overlap MDS/MPNs is recognized by the presence of myelodys-
plasia in the latter syndromes. Of the MPNs, there are the four 
common disorders, recognized as chronic myelogenous leukemia 
(CML), with its characteristic 9;22 translocation and BCR-ABL1 
fusion protein, and three non-CML MPNs: polycythemia vera 
(PV), essential thrombocythemia (ET), and primary myelofibrosis 
(PMF). These common non-CML MPNs (PV, ET, PMF) share a high 
incidence of the acquired point mutation (V617F) in the JAK2 
kinase7–10, a cytoplasmic tyrosine kinase important in hemato-
poietic proliferation. This mutation is associated with constitutive 
Jak-STAT activation in cell lines and MPN-like disorders in mouse 
 models3,11, and occurs in stem cells in humans with polycythemia 
vera predisposing toward erythroid hyperplasia12,13. Other JAK2 
mutations have also been described in patients with PV14. Given 
the importance of JAK2 V617F, the 2008 revision of the World 
Health Organization (WHO) classification system now includes 
this mutation in the diagnostic criteria for the common non-CML 
MPNs15,16,17.

The MPNs also include a number of uncommon or atypical 
disorders. These uncommon MPNs include chronic eosinophilic 
leukemia not otherwise specified (CEL), systemic mastocy-
tosis (SM), and chronic neutrophilic leukemia (CNL). Several 
atypical MPNs and MDS-MPNs with eosinophilia are now also 
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CML is defined by the presence of the Philadelphia chromosome 
or molecular genetic evidence of the BCR-ABL1 fusion. In contrast 
to the t(9;22) of acute leukemias, which usually demonstrate the 
p190 BCR-ABL1 fusion protein, CML almost always demonstrates 
the p210 fusion protein of this translocation. The rare p230 fusion 
protein is typical of the rare neutrophilic form of CML, which is 
discussed later. CML is primarily a proliferation of granulocytic 
cells, although multiple cell lines demonstrate the Philadelphia 
chromosome. This expansion of myeloid cells typically involves 
the blood, bone marrow, spleen, and liver. Extramedullary involve-
ment may be seen during the blast phase of the disease. The typi-
cal clinical course of CML is an indolent chronic phase followed 
by either blast crisis or progression to an accelerated phase with 
subsequent blast crisis.

The peripheral blood findings are those of a leukocytosis with 
granulocytes at all stages of maturation (Fig. 80.1). Segmented 
neutrophils may show abnormal nuclear segmentation. Myelocytes 

through an accelerated phase (10% to 19% blasts) to overt acute 
leukemia (20% or more blasts). The MPNs differ in the incidence 
of this evolution and transformation.

Chronic Myelogenous leukemia
Chronic myelogenous leukemia, BCR-ABL1 positive (CML)23,24,25, 
is the most common of the MPNs and can occur at any age, 
although it is uncommon in children. The average age at diagnosis 
is 50 to 60 years old with a slightly increased male-to-female ratio. 

Disease Molecular Findings Blood Smear Bone Marrow Fibrosis Splenomegaly Other

CML BCR-ABL1 Leukocytosis with 
immature granulocytes, 
basophilia

Marked myeloid hyper-
plasia with prominence 
of neutrophils and 
myelocytes

Variable ++

PV JAK2
V617F
JAK2 exon 12

Normo- or hypochro-
mic anemia, may have 
thrombocytosis and mild 
basophilia

Panmyelosis ± erythroid 
hyperplasia, atypical 
megakaryocytic  
hyperplasia

Increased in spent 
phase

++ Low EPO

PMF JAK2
V617F
MPL W151L/K

Leukoerythroblastic with 
dacrocytes, giant and 
bizarre platelets

Panmyelosis with atypical 
megakaryocytic hyper-
plasia, dysplastic and 
bizarre megakaryocytes

Marked in fibrotic 
phase

+++

ET JAK2
V617F
MPL W151L/K

Thrombocytosis, often with 
abnormal platelets and 
megakaryocytic nuclei

Atypical megakaryocytic 
hyperplasia with large/
giant forms

Minimal –/+

CML, chronic myelogenous leukemia; EPO, erythropoietin; ET, essential thrombocythemia; PV, polycythemia vera; PMF, primary myelofibrosis.
Table adapted with permission from George TI, Arber DA. Pathology of the myeloproliferative diseases. Hematol Oncol Clin North Am 2003;17:1101–1127, Copyright © Elsevier.

SelecT Molecular GeNeTic, MorPholoGic, laboraTory, aNd cliNical FiNdiNGS iN The coMMoN  
MyeloProliFeraTive NeoPlaSMS

taBle 80.2

FIGURE 80.1. Chronic myelogenous leukemia. The peripheral blood demonstrates neutro-
philia with prominent left shift, eosinophilia, and basophilia. Typically numerous myelocytes and 
segmented neutrophils predominate. Wright–Giemsa, 500×.

Myeloproliferative Neoplasms
CML ABL1 t(9;22)(q34;q11); BCR/ABL1
Non-CML MPN

PV JAK2 JAK2 V617F, JAK2 exon 12

ET JAK2, MPL JAK2 V617F, MPL W151L/K

PMF JAK2, MPL JAK2 V617F, MPL W151L/K

Uncommon non-CML MPNs and other myeloid neoplasms

Myeloid  
neoplasms with 
eosinophilia

PDGFRA del(4q12); FIP1L1-PDGFRA

PDGFRB t(5;12); ETV6-PDGFRB
FGFR1 8p11 abnormalities

SM KIT KIT D816V

Myelodysplastic/Myeloproliferative Syndromes
JMML RAS, NF1, PTPN11
RARS-T JAK2 JAK2 V617F

CML, chronic myelogenous leukemia; ET, essential thrombocythemia; JMML, juvenile 
myelomonocytic leukemia; MPN, myeloproliferative neoplasm; PMF, primary myelofibrosis; 
PV, polycythemia vera; RARS-T, refractory anemia with ring sideroblasts and thrombocytosis; 
SM, systemic mastocytosis.

Myeloid NeoPlaSMS WiTh aSSociaTed TyroSiNe KiNaSeS 
aNd GeNeTic abNorMaliTieS

taBle 80.1
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a diagnosis of blast phase31. The development of extramedullary 
myeloid tumors (myeloid or granulocytic sarcomas, chloromas) is 
also sufficient for blast phase using the WHO criteria. Cytogenetic 
clonal evolution, which may be present at the time of transforma-
tion to either the accelerated phase or blast phase, typically includes 
an extra Philadelphia chromosome, trisomy 8, or i(17q)25,32,33.

Detection of the t(9;22)(q34;q11) by karyotype analysis, fluo-
rescent in situ hybridization (FISH), or reverse transcriptase-
polymerase chain reaction (RT-PCR) is essential for the diagnosis 
of CML. Detection of this abnormality confirms the clonal or neo-
plastic nature of the proliferation and excludes reactive condi-
tions and other MPNs that may mimic CML. Immunophenotyping 
studies add little in the chronic phase of CML, but are helpful in 
defining the blast cell population of accelerated and blast phases 
of this  disease34,35. The majority of blast crisis cases will express 
myeloid-associated antigens without lymphoid markers and are 
easily classified as myeloid blast crisis by immunophenotyp-
ing studies; however, some myeloid blast crisis cases may be 
myeloperoxidase negative by cytochemistry. Although most blast 
transformations of CML are proliferations of myeloblasts, approxi-
mately one third of cases are lymphoid blast crises (Fig. 80.4). The 
vast majority of lymphoid blast crisis cases are of precursor B-cell 
lineage, but rare T-cell blast crisis cases occur. Lymphoid blast 
crisis is reported to have a better prognosis than myeloid blast 
crisis, and lymphoid blast crisis has traditionally been defined as a 
blast cell proliferation that is terminal deoxynucleotidyl transferase 
(TdT) positive. More detailed immunophenotyping of these cases 

and metamyelocytes are present in high numbers in the periph-
eral blood with concomitant basophilia and often eosinophilia. 
Abnormal basophils with “washed-out” granules may be identi-
fied. Platelets are usually elevated. An absolute monocytosis may 
also be present. The bone marrow is markedly hypercellular with 
cellularity approaching 100% in most untreated cases (Fig. 80.2). 
The myeloid-to-erythroid ratio of the bone marrow is increased, 
often >10:1. An atypical megakaryocytic hyperplasia is present, 
with clustering of megakaryocytes, which are small and contain 
hypolobated nuclei. Some degree of reticulin fibrosis is usually 
demonstrated in these cases, and marked increases in reticulin 
and collagen marrow fibrosis are associated with accelerated 
phase and decreased survival26. Pseudo-Gaucher histiocytes are 
common in CML, reportedly present in 37% to 70% of cases27. 
These histiocytes have abundant fibrillar birefringent cytoplasm, 
and their presence has been associated with an improved 
 survival26. Leukemoid reactions, in patients with infectious or 
other reactive conditions, may demonstrate similar features 
to CML. These reactive proliferations, however, do not usually 
show the basophilia, degree of marrow cellularity, or megakaryo-
cyte clustering characteristic of CML. However, cytogenetic or 
molecular genetic studies are indicated if the differential diagnosis 
includes CML.

Chronic myelogenous leukemia usually presents in chronic 
phase, which is essentially defined by the lack of features of accel-
erated phase or blast crisis. Marrow blasts are usually <5%, but 
may range up to 9%. The natural course of the disease is progres-
sion from chronic phase to a more aggressive phase of the disease 
within 3 to 5 years. Any one of a variety of parameters defines 
the accelerated phase of CML, but the criteria are inconsistent 
in the literature28,29. WHO criteria (Table 80.3) require the pres-
ence of either 10% to 19% blasts in the peripheral blood or bone 
marrow, the acquisition of additional chromosomal abnormalities, 
elevations of basophils to 20% or more of blood cells, persistent 
thrombocytopenia (<100 × 109/L), or either of the following that 
do not respond to conventional therapies: platelet elevations of 
>1,000 × 109/L or increasing splenomegaly associated with an 
increasing white blood cell (WBC) count30. In addition, megakaryo-
cytic proliferation in sheets and clusters associated with marked 
fibrosis and/or marked granulocytic dysplasia has also been 
described as suggestive of an accelerated phase31. Blast phase, 
or blast crisis, of CML is defined by the presence of 20% or more 
blasts in the peripheral blood or bone marrow (Fig. 80.3)30. Large  
clusters of blasts on the bone marrow biopsy are also sufficient for 

FIGURE 80.2. Chronic myelogenous leukemia (CML). The bone marrow biopsy is hyper-
cellular with myeloid and megakaryocytic hyperplasia. Note the clusters of small hypolobated 
megakaryocytes typical of CML. Hematoxylin and eosin, 500×.

FIGURE 80.3. Myeloid blast crisis of chronic myelogenous leukemia (CML). Peripheral 
blood smear showing numerous agranular blasts on a background of neutrophils, immature 
granulocytes, eosinophils, and basophils. When blasts are the dominant cell present, the back-
ground changes of CML may be subtle or obscured. Wright–Giemsa, 1,000×.

Who criTeria For acceleraTed PhaSe oF chroNic 
MyeloGeNouS leuKeMiaa

taBle 80.3

Blasts 10–19% in blood or marrow

Peripheral blood basophilia ≥ 20%

Cytogenetic clonal evolution

Persistent thrombocytopenia (<100 × 109/L)

Persistent thrombocytosis (>1,000 × 109/L) unresponsive to therapy

Increasing splenomegaly and/or increasing WBC count unresponsive to therapy

WBC, white blood cell; WHO, World Health Organization.
a The diagnosis requires one or more of the listed criteria.
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usually demonstrates expression of other precursor B-cell mark-
ers, such as CD19 and CD10, but expression of myeloid-associated 
antigens, such as CD13 and CD33, is also common. Cases with a 
lymphoid immunophenotype lacking myeloperoxidase, irrespec-
tive of the expression of other myeloid antigens, have an improved 
survival35 and are probably best classified as lymphoid blast cri-
ses. A small proportion of CML blast crises are mixed phenotype, 
which must be distinguished from de novo mixed phenotype acute 
leukemia (MPAL), a subset of which also has the BCR-ABL1 gene 
 rearrangement.

Typically, patients with all phases of CML are treated with a 
TKI, imatinib, which directly blocks the effects of the BCR-ABL1 
fusion protein36. Imatinib results in a clinical, morphologic, 
and at least partial cytogenetic remission in most patients, with 
reduction in marrow cellularity, normalization of the myeloid-
to-erythroid ratio, and normalization of megakaryocyte number 
and morphology37,38,39,40,41. The peripheral blood is the first to 
respond to imatinib therapy with a normalization of the white 
blood cell and platelet counts, a decrease in basophils, and 
normal-appearing platelets occurring after about 2 months of 
therapy. During therapy, the hemoglobin level tends to decrease 
slightly, and a subset of patients may develop neutropenia 
or thrombocytopenia. Bone marrow hypercellularity gradually 
decreases and by 8 to 11 months the marrow is normocellular 
or hypocellular with a normal or decreased myeloid-to-erythroid 
ratio in most patients. Even in chronic phase, bone marrow blasts 
and megakaryocytes decrease, and the number of hypolobated 
megakaryocytes and the presence of megakaryocyte cluster-
ing become less common as the marrow cellularity decreases. 
This therapy has also been reported to gradually eliminate the 
marrow fibrosis that is prominent in some cases of CML37,38,42. 
Patients with accelerated or blast phases of CML show similar 
changes with rapid decreases in peripheral blood and bone mar-
row blast cell counts37. Two thirds of patients treated in chronic 
phase tolerate imatinib therapy well and experience an excellent 
and sustained remission40,41. More recently, the development 
of second-generation TKIs (dasatinib, nilotinib) have proven 
effective in many patients who fail or are not tolerant of ima-
tinib, and these may become effective alternatives for front line 
therapy43–45. Whereas TKIs are now well established as front 
line therapy, stem cell transplantation (SCT) remains an effective 

FIGURE 80.4. Lymphoid blast crisis of chronic myelogenous leukemia (CML).  
Peripheral blood smear shows intermediate-sized blasts with high nuclear-to-cytoplasmic 
ratios, a very small amount of basophilic cytoplasm, irregular and clefted nuclear contours, and 
immature chromatin. The background shows features of CML. Flow cytometry demonstrated a 
B-lymphoblastic immunophenotype. Wright–Giemsa, 1,000×.

curative option although the risks are not insignificant. SCT is 
therefore now employed as salvage therapy46.

Neutrophilic-chronic myelogenous leukemia appears to be a less 
aggressive variant of CML in which the t(9;22) codes for a 230-kD 
BCR-ABL1 fusion protein47. This disease is associated with a pro-
liferation of more mature granulocytes, usually at the segmented 
neutrophil stage of development. These patients have less severe 
clinical symptoms and are slower to progress to a blastic stage. This 
CML variant has been shown in one study to have low levels of p230 
BCR-ABL1 messenger RNA and undetectable protein product, which 
may explain the milder phenotype in these patients48.

Philadelphia chromosome-negative CML is not recognized 
in the 2008 WHO classification and such a diagnosis should be 
made with caution. Cryptic BCR-ABL1 translocations may occur 
that cannot be identified by routine karyotype analysis. When this 
is suspected, molecular genetic studies, such as FISH or RT-PCR 
analysis, are indicated. When these studies are negative, other 
diagnostic considerations must be entertained. Review of cytoge-
netic and molecular genetic Philadelphia chromosome-negative 
CML cases has resulted in most being reclassified as chronic 
myelomonocytic leukemia or atypical CML (described below)49.

polycythemia vera
Polycythemia vera is a clonal proliferation, usually occurring in 
elderly patients with a male predominance, that presents as an 
expansion of the red blood cell mass50,51,52. This expansion is 
secondary to increased red cell production from dysregulated 
erythropoiesis. An acquired JAK2 V617F mutation in exon 
14 is detected in 95% to 97% of patients with PV53,54, with 
exon 12 mutations accounting for most JAK2 V617F negative 
cases14,55. The WHO 2008 criteria for PV now include JAK2 or 
functionally similar mutations as a major criterion for diagnosis 
(Table  80.4)15,17. These mutations produce a PV-like disease in 
mice14,55 and involve a stem cell in humans predisposing toward 
erythroid differentiation8. Typically, the spleen is enlarged and 
erythropoietin levels are decreased in this disease56. The pres-
ence of a JAK2 mutation allows for the exclusion of a reactive 
erythrocytosis, but is not diagnostic for PV, as JAK2 mutations 
occur in approximately one half of patients with ET and PMF, as 
well as involving atypical MPNs and overlap MDS/MPNs at lower 
levels53,57,58.

Who criTeria For The diaGNoSiS oF PolycyTheMia veraa

taBle 80.4

Major Criteria
•	 Hemoglobin >18.5 g/dl in men, >16.5 g/dl in women or evidence of 

increased red cell volumeb

•	 Presence of JAK2 mutation

Minor Criteria
•	 Hypercellular bone marrow biopsy with panmyelosis with prominent erythroid, 

granulocytic, and megakaryocytic hyperplasia

•	 Low serum erythropoietin level

•	 Endogenous erythroid colony formation in vitro

WHO, World Health Organization.
a Diagnosis requires the presence of both major criteria and one minor criterion or the 
presence of the first major criterion and two minor criteria. The JAK2 mutation refers to the 
JAK2V617F or other functionally similar JAK2 mutation.
b Hemoglobin or hematocrit >99% of method-specific range for age, sex, and altitude 
of residence or hemoglobin >17 g/dl in men, >15 g/dl in women if associated with a 
sustained increase of at least 2 g/dl from an individual’s baseline value that cannot be 
attributed to correction of iron deficiency.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.
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peripheral blood changes, splenomegaly, and marrow fibrosis 
(Fig. 80.6). Differentiation between these two diseases may not be 
possible without a history of the earlier phase of PV (Fig. 80.7). 
Approximately 10% of PV patients will transform to acute myeloid 
leukemia within 15 years and up to half will develop acute leu-
kemia over 20 years (Fig. 80.8)63. Rare cases of myelodysplastic 
transformation are also reported in the literature, which appear 
to be treatment related64.

Evaluation of red cell mass (RCM), which previously was 
recommended for the diagnosis of PV, has now largely been 
supplanted by JAK2 testing, bone marrow histology, and serum 
erythropoietin levels65. However, given the overlap in features 
between PV and other MPNs, some cases may only be resolved 
by RCM studies, although these studies have their own chal-
lenges65. An absolute erythrocytosis is the feature that separates 

Two morphologic phases of PV are well described59. The pro-
liferative or erythrocytotic phase typically shows elevations of 
red blood cells, white blood cells, and platelets. Slight elevations 
in the peripheral blood basophil count may be present, but are 
not as elevated as is usually seen in CML. A neutrophilia with left-
shifted granulocytes is commonly seen. Platelet counts can exceed 
600 × 109/L, which may cause confusion with essential thrombo-
cythemia. It is not uncommon for patients to have associated iron 
deficiency with microcytic red blood cells; absent stainable iron 
on marrow examination is typical59. The bone marrow is usually 
moderately hypercellular with trilineage proliferation (Fig. 80.5). 
In contrast to the other MPNs, however, the erythroid series is 
relatively increased. Loose clusters of pleomorphic megakaryo-
cytes are prominent, with very small and giant megakaryocytes 
adjacent to each other. Marrow fibrosis may be minimal in this 
stage of the disease60,61. Reactive lymphoid aggregates are also 
common62. The spent phase or post-polycythemic phase of PV 
is associated with marked marrow fibrosis and shows peripheral 
blood and bone marrow changes that are similar or identical 
to those seen in primary myelofibrosis with leukoerythroblastic 

A B

FIGURE 80.5. Polycythemia vera. The bone marrow biopsy from a patient with polycythemia 
vera is hypercellular, with panmyelosis, an increased number of erythroid precursors, and large 
atypical megakaryocytes in loose clusters. Hematoxylin and eosin, 200×.

FIGURE 80.6. Post-polycythemic phase of polycythemia vera. Bone marrow biopsy 
showing increased fibrosis and osteosclerosis. Hematoxylin and eosin, 400×.

FIGURE 80.7. The post-polycythemic phase of polycythemia vera shows bone marrow changes (A) indistinguishable from those of the fibrotic 
stage of primary myelofibrosis (B). Both bone marrow biopsies are hypercellular with atypical megakaryocyte clustering, including hyperchromatic enlarged 
megakaryocytes amidst a fibrotic background. Hematoxylin and eosin, 400×.
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megakaryocyte nuclei are often seen in the blood and bone marrow. 
Although spleen enlargement occurs with many myeloproliferative 
neoplasms, the splenomegaly of PMF is striking, and may cause 
severe discomfort and wasting syndromes. The bone marrow may 
be hypercellular, particularly early in the disease when marrow 
fibrosis is less prominent, in the prefibrotic phase of PMF. The 
myeloid-to-erythroid ratio is slightly increased and megakaryocytes 
are increased. Atypical megakaryocyte clustering is prominent, with 
clusters of medium-sized to giant megakaryocytes often adjacent to 
sinuses and bony trabeculae. The megakaryocytes are atypical with 
hyperchromatic megakaryocytic nuclei and coarse lobulations75–78. 
The differential diagnosis between the prefibrotic stage of PMF and 
ET can be quite difficult, but abnormal megakaryopoiesis is most 
helpful in establishing the diagnosis of PMF, although other fea-
tures including bone marrow cellularity (increased markedly in the 
cellular phase of PMF) and left-shifted myeloid hyperplasia (usual 
in PMF) are also useful79–82,83,84. Most patients are diagnosed in 
the fibrotic stage and show marked marrow fibrosis (Fig. 80.10), 
which may include collagen fibrosis. Interestingly, this accompany-
ing fibrosis is reactive, whereas clonal studies have shown that the 
trilineage hematopoietic proliferation is monoclonal85. Clusters of 
atypical megakaryocytes remain prominent in association with the 
fibrosis, and megakaryocyte clusters in sinusoids may be evident. 
The sinuses are often dilated with intrasinusoidal hematopoiesis. 
Sclerosis of bone trabeculae also occurs in many patients with 
broad irregular trabeculae, which can occupy much of the mar-
row biopsy (Fig. 80.10D). Lymphoid aggregates, of predominantly 
T-cells, occur commonly in association with PMF.

Ancillary studies are required to exclude the Philadelphia 
chromosome of CML, and approximately one half of PMF patients 
will have an acquired JAK2 mutation53. An MPL mutation, MPL 
W515L, has also been described in a subset of patients with PMF; 
some of these patients lacked the JAK2 mutation whereas others 
occurred concurrently86,87. Studies report that 35% to 61% of 
patients will demonstrate a cytogenetic abnormality, with dele-
tions of chromosomal arms 20q and 13q most common, as well as 
der(6)t(1;6) (q21–23;p21.3)74,88–91. Other ancillary studies are of 
limited utility with the exception of immunophenotyping of blasts 
in cases that undergo blastic transformation.

The Italian criteria for myelofibrosis focused on the fibrotic 
phase of the disease, requiring diffuse fibrosis of the marrow, 
among other features92. The 2008 WHO criteria for PMF require 
three major and two of four minor criteria15. The first major 
criterion addresses bone marrow histology and allows diag-
nosis in either the fibrotic or prefibrotic phase by focusing on 

PV from other MPNs, and RCM may be decreased in PV patients 
with concurrent iron deficiency; thus, studies may have to be 
repeated after iron therapy. Reactive or secondary polycythemias 
must also be excluded and these may be related to smoking, lung 
and renal disease, erythropoietin-producing tumors, congenital 
conditions causing erythropoietin overproduction, and exogenous 
administration of erythropoietin. Although many of these second-
ary polycythemias will lack JAK2 mutations, not all idiopathic 
erythrocytoses that meet neither criterion for PV or secondary 
polycythemia are well understood66. Some of these idiopathic 
erythrocytoses represent recently described exon 12 or 14 JAK2 
mutations, whereas others are still being investigated14,55. Studies 
have emphasized the value of bone marrow histology in distin-
guishing between early-stage PV and reactive polycythemias. The 
atypical megakaryocytic hyperplasia of PV is not seen in second-
ary polycythemias. These reactive conditions tend to show only 
a borderline increase in cellularity, with an altered interstitial 
compartment containing increased deposition of cellular debris 
within histiocytic cells, hemosiderin-laden macrophages, and 
perivascular plasmacytosis60,61.

Other karyotypic abnormalities may be detected in up to half of 
cases of PV, with chromosome 20q deletions being the most com-
mon67,68. These abnormalities, however, are not specific for PV69. 
Various point mutations occur in association with polycythemias, 
particularly in the congenital or familial forms70. Clonogenic stem 
cell assays are a minor diagnostic criterion used in the diagnosis 
of PV. Progenitor cells from patients with PV are hypersensitive 
to several growth factors, and in vitro detection of endogenous 
erythroid colonies occurs in PV. Although the predictive value of 
clonogenic stem cell assays in certain defined settings may be high 
(97%)71, their availability is limited and these assays are difficult 
to standardize. Thus, these assays are now infrequently used in 
the routine diagnosis of PV72.

primary Myelofibrosis
Primary myelofibrosis, also known as chronic idiopathic myelo-
fibrosis, myelofibrosis with myeloid metaplasia, and agnogenic 
myeloid metaplasia, occurs in elderly patients and usually  presents 
with a leukoerythroblastic peripheral blood smear, massive sple-
nomegaly, and marrow fibrosis73,74. The peripheral blood changes 
include the presence of large teardrop-shaped red blood cells 
(dacrocytes), a granulocyte left-shift that often includes rare myelo-
blasts, and thrombocytosis with giant platelets that are larger than 
a red blood cell (Fig. 80.9). Basophilia may be present and bare 

FIGURE 80.8. Transformation of polycythemia vera. Peripheral blood smear shows numer-
ous giant platelets, including hypogranular forms, a myelocyte, a lymphocyte, and a cluster of 
three blasts. Wright–Giemsa, 600×.

FIGURE 80.9. Primary myelofibrosis. The peripheral blood changes of myelofibrosis show 
the characteristic findings of leukoerythroblastosis with rare blasts, nucleated red blood cells, 
large platelets, and teardrop-shaped red cells (dacrocytes). Wright–Giemsa, 1,000×.
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Allogeneic SCT provides a chance for cure, but the morbidity and 
mortality in PMF can be significant97.

essential thrombocythemia
Essential thrombocythemia is a bone marrow proliferation char-
acterized primarily by an elevation in peripheral blood platelets, 
usually over 1,000 × 109/L. The 2008 WHO classification specifies 
four criteria for diagnosis: a sustained platelet count ≥450 × 109/L; 
bone marrow biopsy showing megakaryocyte proliferation with 
enlarged mature megakaryocytes and with no significant increase 
or left shift of granulopoiesis or erythropoiesis; the exclusion of 
PV, PMF, CML, MDS, or another myeloid neoplasm; and either the 
presence of JAK2 V617F or another clonal marker or the exclu-
sion of reactive thrombocytosis (Table 80.6)98. Causes of reactive 
thrombocytosis include iron deficiency,  splenectomy, surgery, 
infection, inflammation, connective tissue disease,  metastatic 
 cancer, and lymphoproliferative diseases. JAK2 mutations are 
found in ~50% of patients with ET, and the MPL W515K/L in 3%, 
with both mutations found in a few patients58,99.

ET probably represents two different diseases, one clonal and 
one reactive, even using the listed criteria100. Patients with the 
nonclonal form of the disease may include those with abnormali-
ties of the thrombopoietin gene, and appear to be at a decreased 

FIGURE 80.10. Bone marrow changes of fibrotic phase primary myelofibrosis. Fibrosis and intrasinusoidal clusters of atypical megakaryocytes are evident 
in (A). Hematoxylin and eosin, 200×. Diffusely increased coarse reticulin fibrosis is shown in (B). Reticulin stain, 500×. Coarse collagen fibrils are demonstrated in 
(C). Masson trichrome, 500×. Late-stage osteosclerotic changes are noted in (D), Hematoxylin and eosin, 50×.

A B

characteristic megakaryocytic proliferation and atypia accompa-
nied either by significant fibrosis or a hypercellular marrow with 
granulocytic proliferation. The two additional required major 
criteria are the demonstration of the JAK2 V617F mutation or a 
similar clonal marker (such as MPL W515K/L), and the exclusion 
of other MPNs, MDS, and BCR-ABL1–positive CML (Table 80.5). 
Two of four minor criteria must also be met, including (a) leu-
koerythroblastosis, (b) elevated serum lactate dehydrogenase 
levels, (c) anemia, or (d) splenomegaly. As described above, the 
megakaryocytic atypia is quite marked with loose to tight clus-
ters of megakaryocytes, including a wide variation in size with 
hyperchromatic, irregularly folded or bulbous nuclei, as well as 
abnormal nuclear-to-cytoplasmic ratios78,93.

Median survival for patients with PMF varies from 17.5 to 
1.8 years for low- to high-risk subgroups94, using the Dynamic 
International Prognostic Scoring System (DIPSS)-plus with the 
following eight risk factors: age > 65 years, constitutional 
 symptoms, RBC transfusion need, hemoglobin <10 g/dL, leuko-
cyte count >25 × 109/L, circulating blasts ≥1%, platelet count 
<100 × 109/L, and an unfavorable karyotype95. The most fre-
quent causes of death are complications of marrow failure (22%), 
including anemia, infection, and hemorrhage; transformation to 
AML (15%); and complications related to massive splenomegaly 
(11%)88. At present, there are few therapeutic options for PMF96. 

C D
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date there are no convincing data demonstrating that the rate 
of leukemic transformation in ET is attributable to hydroxyurea.

There is considerable overlap between ET and PMF73,80,108. In 
one retrospective study of 120 patients108, of a group of 43 “true” 
ET, only 1 developed an increase in reticulin fibrosis on subsequent 
serial bone marrow biopsies; this group also showed an 80% prob-
ability to lack splenomegaly. Serial bone marrow biopsies on the 
other patients identified prefibrotic PMF, with 65 of 77 patients in 
this group evolving into overt myelofibrosis/osteosclerosis. Survival 
analysis confirmed the better prognosis of the ET group compared to 
the PMF group. Thus, in the gray area of ET and the early or cellular 
phase of PMF, bone marrow morphology plays an important role in 
discriminating between these two entities, and sequential biopsies 
may allow for definitive classification in difficult cases. Reactive 
causes of megakaryocyte hyperplasia and thrombocytosis also must 
be excluded. RCM studies may be necessary to exclude cases of PV 
with associated thrombocytosis that might mimic ET. Whereas the 
presence of the JAK2 V617F mutation will not distinguish among the 
non-CML MPNs presenting with thrombocytosis, the presence of this 
mutation will exclude reactive thrombocytosis109.

The value of other ancillary studies in ET is similar to CML. The 
detection of clonal cytogenetic abnormalities is useful in determin-
ing that the morphologic changes represent a neoplastic rather 
than a reactive process. Although the vast majority of cases do 
not demonstrate cytogenetic abnormalities,  abnormalities such as 
del(20q), trisomy 8, and many others have been reported in ET110. 
Rare Philadelphia chromosome-positive or Philadelphia-negative 
 BCR-ABL1–positive ET cases are described in the literature. These 
appear to have a higher frequency of blast transformation than 
other types of ET, and most authors consider such cases to be 
unusual variants of CML111. However, both the development of a 
new BCR-ABL1 clone in patients with a pre-existing JAK2 positive 
MPN, and the development of a JAK2 V617F clone in patients with 
CML have also been reported112.

Rarely, there are patients who present with features of ET 
with ringed sideroblasts, now considered a provisional entity in 
the WHO classification, best considered under overlap MDS/MPN, 
unclassifiable113–115.

Chronic eosinophilic leukemia
Chronic eosinophilic leukemia, not otherwise specified is a clonal 
myeloproliferative neoplasm in which the predominant finding is 
an eosinophilic proliferation in the blood and marrow (Fig. 80.12). 

Who criTeria For PriMary MyeloFibroSiSa

taBle 80.5

Major Criteria
•	 Atypical megakaryocytic hyperplasia, often accompanied by reticulin and/or col-

lagen fibrosis or in the absence of fibrosis, megakaryocytic atypia and marrow 
hypercellularity with granulocytic hyperplasia and erythroid hypoplasia

•	 Exclusion of WHO criteria for PV, CML, MDS, or other MPNs

•	 JAK2 V617F mutation or other clonal marker or if no clonal marker, exclusion of 
marrow fibrosis secondary to inflammatory or other neoplastic disorders

Minor Criteria
•	 Leukoerythroblastic peripheral blood smear

•	 Elevated serum lactate dehydrogenase level

•	 Anemia

•	 Splenomegaly

CML, chronic myelogenous leukemia; MDS, myelodysplastic syndrome; MPN, 
myeloproliferative neoplasm; PV, polycythemia vera; WHO, World Health Organization.
aDiagnosis requires all major criteria and two minor criteria.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.

Who criTeria For eSSeNTial ThroMbocyTheMiaa

taBle 80.6

•	 Sustained platelet count ≥450 × 109/L

•	 Bone marrow biopsy showing proliferation of enlarged mature megakaryocytes, 
without significant increase or left-shift of granulopoiesis or erythropoiesis

•	 Exclusion of WHO criteria for PV, CIMF, CML, MDS, or other myeloid neoplasm

•	 JAK2 mutation or other clonal marker, or if no clonal marker, then exclusion of 
reactive thrombocytosis

CML, chronic myelogenous leukemia; MDS, myelodysplastic syndrome; PV, polycythemia 
vera; PMF, primary myelofibrosis; WHO, World Health Organization.
aAll criteria must be met for diagnosis.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.

risk of developing thrombosis100,101. Both types show similar 
peripheral blood and bone marrow features. 

The thrombocytosis in ET is usually accompanied by abnor-
mal large platelets. If leukocytosis is present, it is usually mild 
without the prominent left-shift or associated increase in baso-
phils seen in CML. The marrow is normocellular to moderately 
hypercellular with increased numbers of megakaryocytes occur-
ring in loose clusters or distributed throughout the marrow (Fig. 
80.11). The megakaryocytes tend to be large with abundant cyto-
plasm and multilobated nuclei102, and they are larger than those 
seen in reactive conditions and CML80. The myeloid-to-erythroid 
ratio is near normal and marrow fibrosis is absent or minimal.

The most frequent significant complications of ET are thrombo-
sis and hemorrhage103. In high-risk patients, these complications 
are significantly reduced with low-dose aspirin and hydroxyurea 
therapy104,105. Transformation to acute leukemia or progression 
to overt myelofibrosis are uncommon106,107, provided the diag-
nosis is made with careful adherence to 2008 WHO criteria in 
order to differentiate ET from early PMF83. Therapy-related AML 
and MDS, commonly associated with 17p deletions, may occur 
in ET patients treated with hydroxyurea and/or other chemo-
therapy106, but the risk is greater in patients previously treated 
with radiophosphorus or alkylating agents. When compared with 
anagrelide, a medication with no known mutagenic potential, 
hydroxyurea showed no increased risk of leukemogenesis104. To 

FIGURE 80.11. Essential thrombocythemia. Bone marrow biopsy is mildly hypercellular with 
atypical megakaryocyte clustering. The megakaryocytes are enlarged with abundant cytoplasm 
and distinct nuclear lobations. Hematoxylin and eosin, 500×.
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systemic Mastocytosis
Mastocytosis includes a variety of disorders that are characterized 
by the presence of mast cell aggregates in tissue sections, rang-
ing from isolated indolent proliferations to aggressive systemic 
disorders126,127. The WHO classification of mastocytosis (Table  80.7) 
separates cutaneous from systemic forms for the disease128. 
Subclassification of systemic mastocytosis subtypes requires corre-
lation with clinical, laboratory, and molecular features (Table 80.8). 
In tissue or bone marrow biopsy sections, mast cells can range 
from aggregates of round cells with fine granular pink abundant 
cytoplasm to more spindled cells with associated fibrosis. Mast cells 
are often accompanied by eosinophils and small lymphocytes, even 
plasma cells, and may be overlooked due to these cellular compo-
nents. On bone marrow aspirate smears, mast cells are most easily 
identified in the central portion of marrow particles as round or 
spindled cells with fine basophilic granules that obscure the nucleus. 
Nuclei may be round to oval in shape, with irregular nuclear con-
tours yielding “dumbbell-shaped” forms. Spindled and more atypical 
mast cell features tend to correlate with the more aggressive clinical 
syndromes, but morphology alone is not adequate for classification.

A diagnosis of systemic mastocytosis requires detection of 
multiple dense mast cell aggregates in tissue sections (major cri-
terion) and one minor criterion or, in the absence of tissue section 
aggregates, identification of three minor criteria (Table 80.8). Further 

The peripheral blood shows a sustained proliferation of eosino-
phils ≥1.5 × 109/L and the bone marrow is hypercellular with 
proliferation of eosinophil precursors. Other myeloid neoplasms 
with eosinophilia [CML, AML with inv(16)/t(16;16), and neoplasms 
involving PDGFRA/B or FGFR1] are excluded. Causes of reactive 
physiologic eosinophilia, including allergic disease, collagen vas-
cular disease, medication hypersensitivity, pulmonary eosinophilic 
disease, adrenal insufficiency, parasite infections, other nonmy-
eloid malignancies, or an aberrant or clonal T-cell population 
should also be excluded. The latter refers to lymphocyte-variant 
hypereosinophilia, in which a clonal T-cell population produces 
cytokines resulting in a reactive eosinophilia116,117. The 2008 
WHO diagnostic criteria now also require either a clonal cytoge-
netic or molecular abnormality, or an elevation in blasts >2% in 
the blood or >5% in the marrow (but less than 20%)118. It should 
be noted that some cases without clonal cytogenetic abnormalities 
have demonstrated clonality by analysis of X-chromosome inacti-
vation patterns119.

The diagnosis of idiopathic hypereosinophilic syndrome (HES) 
is recommended for those cases without any evidence of either a 
primary myeloproliferative or secondary eosinophilia. Idiopathic 
HES is defined as eosinophilia ≥1.5 × 109/L for 6 or more months 
without an identifiable cause, with evidence of organ damage. This 
definition was originally based on criteria of Chusid et al.120. The 
requirement for eosinophilia to persist for a minimum of 6 months 
need not be strictly adhered to if there is concern for end organ 
damage. Patients with idiopathic HES may subsequently develop a 
myeloid malignancy or acquire a clonal abnormality. Eosinophilic 
tissue damage may affect any organ system, including skin, pulmo-
nary, gastrointestinal, and cardiac121, presumably related to release 
of eosinophil granule contents. In the absence of organ damage, the 
term idiopathic hypereosinophilia is more appropriate.

A variety of clonal cytogenetic abnormalities is reported in 
CEL, including PDGFRA/B rearrangements19,122,123,124. The pres-
ence of a PDGFRA/B rearrangement should be noted in the diag-
nosis, as these are now classified as neoplasms with eosinophilia 
and abnormalities of PDGFRA, PDGFRB, or FGFR1. Patients with a 
PDGFRA/B rearrangement have a high likelihood of responding to 
imatinib, but a subset of FIP1L1–PDGFRA-negative CEL patients 
will also respond19, which argues for a trial of TKI therapy in 
these patients as well121. 

The diagnostic algorithm for hypereosinophilia should include 
a bone marrow examination with cytogenetic studies and screen-
ing for the FIP1L1-PDGFRA fusion gene for those patients whose 
workup is negative for secondary causes of eosinophilia121. As 
standard cytogenetics will not detect this fusion gene, this must 
be accomplished by either FISH or RT-PCR125.

FIGURE 80.12. Chronic eosinophilic leukemia, NOS. Peripheral blood smear showing 
increased numbers of normal-appearing eosinophils. Wright–Giemsa, 600×.

Who claSSiFicaTioN oF MaSTocyToSiS

taBle 80.7

Cutaneous mastocytosis
 Urticaria pigmentosa/maculopapular cutaneous mastocytosis
 Diffuse cutaneous mastocytosis
 Solitary mastocytoma of skin
Indolent systemic mastocytosis

Systemic mastocytosis with associated clonal, hematologic non–mast-cell lineage 
disease

Aggressive systemic mastocytosis

Mast cell leukemia

Mast cell sarcoma

Extracutaneous mastocytoma

WHO, World Health Organization.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.

Who criTeria For SySTeMic MaSTocyToSiSa

taBle 80.8

Major Criterion

Multifocal, dense mast cell infiltrates (≥15 cells) in tissue sections confirmed by 
tryptase or other special stains

Minor Criteria
•  >25% spindled, immature, or atypical mast cells in tissue sections or bone 

marrow aspirate smears

•	 Detection of KIT D816V mutation

•	 Expression of CD117 with CD25 and/or CD2

•	 Serum total tryptase persistently >20 ng/ml (unless associated with a clonal 
myeloid disorder)

WHO, World Health Organization.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.
aDiagnosis requires major and one minor or three minor criteria.
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cell leukemia. It is the associated hematologic malignancy that 
determines the prognosis of these patients. In rare cases, mast cell 
disease is not identified at initial diagnosis but becomes apparent 
later in the disease. Aggressive systemic mastocytosis includes cri-
teria for systemic mastocytosis and includes one or more of the C 
findings (Table 80.9), which indicates organ dysfunction secondary 
to mast cell infiltration. These patients have a very short survival of 
weeks to months. A variant termed lymphadenopathic mastocytosis 
with eosinophilia will present with lymphadenopathy and eosino-
philia, but those cases with a PDGFRA rearrangement are excluded. 
Finally, mast cell leukemia is a type of systemic mastocytosis with 
diffuse marrow infiltration with 20% or more mast cells in the bone 
marrow aspirate smear129. This is an aggressive disease with simi-
lar prognosis as found in aggressive systemic mastocytosis.

Special stains, including toluidine blue and chloracetate ester-
ase, will mark normal mast cells, but more specific immunophe-
notypic markers now exist. Mast cells express CD33, CD43, CD68, 
CD117, and tryptase, with tryptase being the most lineage-specific 
of these markers130. Neoplastic mast cells express CD25 and/or 
CD2, detectable either by immunohistochemistry or flow cytome-
try131. A typical immunohistochemical panel of CD25, CD117, and 
tryptase is recommended for most cases to confirm cell lineage 
and aberrant immunophenotype. In the bone marrow, immuno-
histochemistry can be performed on the core biopsy and will show 
paratrabecular aggregates of mast cells with associated fibrosis in 
systemic mastocytosis (Fig. 80.13). Because bone marrow aspi-
rates may yield hemodilute samples due to the fibrosis with fewer 
mast cells for analysis, flow cytometry immunophenotyping may 
require a higher number of events for adequate immunopheno-
typic characterization of mast cells present132.

The most common genetic abnormality in mastocytosis is a 
point mutation of the tyrosine kinase receptor gene KIT resulting 
in a substitution of valine for aspartate at codon 816 of exon 17, 
Asp816Val, or D816V128,133,134,135. D816V is found in over 90% 
of patients with systemic mastocytosis128,134,135. Other mutations 
include tyrosine or phenylalanine substitutions for aspartate at 
codon 816 and lysine for glutamic acid at codon 839136. KIT muta-
tions, including D816V, are not specific for mastocytosis and have 
been reported in other diseases137,138.

A proliferation of mast cells with eosinophilia that is associated 
with the FIP1L1-PDGFRA fusion gene139,140, is now classified with 
myeloid and lymphoid neoplasms with eosinophilia and abnor-
malities of PDGFRA, PDGFRB, or FGFR1, discussed below.

 subclassification of systemic mastocytosis requires correlation with 
clinical, morphologic, and laboratory findings designated as “B” or 
“C” findings (Table 80.9)128. Indolent systemic mastocytosis, the 
most common form of systemic mast cell disease, meets criteria for 
systemic mastocytosis without B or C findings and no evidence of 
another hematologic malignancy. Skin lesions are usually present. 
Systemic mastocytosis with associated clonal, hematologic nonmast 
cell lineage disease is defined just as the name states and occurs 
in approximately one third of systemic mast cell disease patients. 
Typically the associated clonal, hematologic disease is a myeloid 
malignancy. MDS, MPNs, MDS/MPN, AML, and CEL have all been 
described as associated myeloid malignancies. Associated lymphoid 
malignancies may also occur, including multiple myeloma, chronic 
lymphocytic leukemia, acute lymphoblastic leukemia, and hairy 

A C B

FIGURE 80.13. Aggressive systemic mastocytosis. Bone marrow biopsy shows a paratrabecular nodule of spindled mast cells admixed with scattered  
eosinophils (A). Mast cells are highlighted by tryptase (B) and CD25 (C). Hematoxylin and eosin, 200×.

B Findings
•  >30% of bone marrow mast cells in focal dense aggregates and/or serum total 

tryptase level >200 ng/ml

•	 Signs of dysplasia or myeloproliferation in non–mast-cell lineage, but insufficient 
criteria for a definitive diagnosis of a hematopoietic neoplasm by WHO, with 
normal or only slightly abnormal blood counts

•	 Hepatomegaly without liver function impairment, and/or palpable splenomegaly 
without hypersplenism, and/or palpable or visceral lymphadenopathy

C Findings

•	 Bone marrow dysfunction manifested by 1+ cytopenias (ANC <1.0 × 109/L, 
Hgb <10 g/dl, or PLT <100 × 109/L) without non–mast-cell hematopoietic 
malignancy

•	 Palpable hepatomegaly with impairment of liver function, ascites, and/or portal 
hypertension

•	 Skeletal involvement with large-sized osteolysis and/or pathologic fractures

•	 Palpable splenomegaly with hypersplenism

•	 Malabsorption with weight loss due to gastrointestinal mast cell infiltrates

ANC, absolute neutrophil count; Hgb, hemoglobin; PLT, platelet count; WHO, World Health 
Organization.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.

Who b aNd c FiNdiNGS iN SySTeMic MaSTocyToSiS

taBle 80.9

72683_ch080_1688-1704.indd   1697 7/18/13   10:00 AM



1698 part Vii hematologic Malignancies • SeCtiON 3 Myeloproliferative disorders

of genes resulting in an aberrant tyrosine kinase within a plu-
ripotent hematopoietic stem cell18,117. The genes involved are 
the platelet-derived growth factor receptor alpha (PDGFRA) 
on chromosome 4q12, platelet-derived growth factor receptor 
beta (PDGFRB) at 5q31∼33, and fibroblast growth factor recep-
tor 1 (FGFR1) at 8p11∼13. The associated diseases may pres-
ent with features of an MPN (CEL or SM), MDS/MPN (CMML), 
AML, T-lymphoblastic leukemia/lymphoma, or more rarely 
B-lymphoblastic leukemia/lymphoma. The clinical significance in 
recognizing these rare but distinct entities is that diseases with 
rearrangements of PDGFRA/B are responsive to TKIs. It is hoped 
that similar targeted therapy for rearrangements of FGFR1 will 
be developed.

Myeloid and lymphoid Neoplasms with PDGFRA 
rearrangement
The most common PDGFRA rearrangement is FIP1L1-PDGFRA, 
formed by a cryptic deletion at 4q12. This fusion gene has been 
identified in a subset of patients with CEL and also in patients with 
features similar to systemic mastocytosis with eosinophilia, but has 
also been described in AML and T-lymphoblastic lymphoma.

Patients are young men with eosinophilia and a subset may 
present with elevated serum tryptase levels139. A prevalence of 
14% of the FIP1L1-PDGFRA fusion gene has been reported in 
patients with primarily eosinophilia156. Morphologic findings 
are those of a hypercellular marrow with a myeloid hyper-
plasia and marked eosinophilia; fibrosis is typically present 
(Fig. 80.14). Although in some cases there is no abnormal mast 
cell infiltrate156, in other cases tryptase or CD117 immunostain-
ing typically identifies loose, ill-defined mast cell aggregates that 
are difficult to appreciate on hematoxylin and eosin sections 
(Fig. 80.14)139, which does not technically meet WHO criteria 
for mastocytosis. Mast cells show a similar aberrant immuno-
phenotype with CD25 coexpression and demonstrate the CHIC2 
deletion, a marker for the FIP1L1-PDGFRA fusion gene140, but 
do not have the KIT D816V mutation. Recognition and aware-
ness of this FIP1L1-PDGFRA myeloid neoplasm involving eosino-
philia and mast cell proliferations but lacking KIT mutations 
should avoid misclassification as CEL or SM117,121. The impor-
tance of the FIP1L1-PDGFRA translocation is underscored by its 

Chronic Neutrophilic leukemia
Chronic neutrophilic leukemia is a rare myeloproliferative dis-
order that requires the exclusion of reactive leukocytoses and 
other MPNs141–143,144,145,146. WHO 2008 diagnostic criteria are: 
peripheral blood leukocytosis ≥25 × 109/L with neutrophils and 
band forms comprising >80%, immature granulocytes <10%, and 
myeloblasts <1% of white blood cells; bone marrow myeloid hyper-
plasia with normal maturation, no increase in blasts, and normal or 
left shifted megakaryocytes; hepatosplenomegaly; no Philadelphia 
chromosome or BCR-ABL1; no rearrangement of PDGFRA, PDGFRB, 
or FGFR1; no evidence of another myeloproliferative neoplasm (PV, 
PMF, ET); no evidence of MDS or an MDS/MPN; and either the exclu-
sion of a physiologic neutrophilia (infection, inflammation, underly-
ing malignancy) or molecular or cytogenetic evidence of clonality 
within myeloid cells146. Peripheral blood neutrophils may appear 
toxic but without dysplasia, and there is no monocytosis, eosino-
philia, or basophilia. The platelet count may be normal, but throm-
bocytopenia develops with progressive splenomegaly. The marrow 
shows no evidence of dysplasia or significant reticulin fibrosis.

Patients usually are asymptomatic at diagnosis, but do have 
splenomegaly. Some authors have questioned whether CNL is a 
distinct clinical entity147. The etiology of CNL is unknown, but up 
to 20% to 30% of cases have been reported as associated with 
an underlying neoplasm, most typically plasma cell dyscrasias, 
although it is unclear whether all of these cases are truly clonal 
proliferations148–152. Cytogenetics are abnormal in ∼20% of 
patients and have included trisomy 9, deletion of 11q, deletion 
of 20q, and trisomy 21153. Prognosis is variable and reports of 
transformation to acute leukemia are documented142,154,155.

Myeloid aNd lyMphoid 
NeoplasMs With eosiNophilia 
aNd abNorMalities of PDGFRA, 
PDGFRB, or FGFR1
This new category is comprised of rare myeloproliferative as 
well as lymphoid neoplasms that share eosinophilia and recently 
recognized acquired genetic mutations within a specific group 

FIGURE 80.14. Chronic eosinophilic leukemia with PDGFRA. The bone marrow biopsy is striking for marked fibrosis that accompanies a hypercellular marrow 
with eosinophilia (A). Hematoxylin and eosin, 200×. A loose infiltrate of mast cells is seen using immunohistochemistry directed against CD117, which was not 
readily visible on hematoxylin and eosin stained sections of the bone marrow biopsy (B). CD117, 200×.

A B
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Myelodysplastic/
Myeloproliferative NeoplasMs
Some proliferations have features of both an MPN and MDS145,169. 
These disorders may present with cytopenias and dysplastic 
changes of any cell line, similar to the myelodysplastic syndromes, 
as well as leukocytosis, hypercellular marrow with fibrosis, and 
organomegaly, features more commonly associated with myelo-
proliferative disorders. The presence of fibrosis alone in a case 
that is otherwise typical of myelodysplasia is not sufficient to use 
this category. In addition, patients with a long history of MPN who 
subsequently develop dysplasia are not classified in this group. The 
three best delineated overlap MDS/MPNs are chronic myelomono-
cytic leukemia (CMML), atypical chronic myeloid leukemia (aCML), 
and juvenile myelomonocytic leukemia (JMML). Features that are 
helpful in differentiating the chronic phase of CML from atypical 
CML and chronic myelomonocytic leukemia in adults are listed in 
Table 80.10.

Chronic Myelomonocytic leukemia
Chronic myelomonocytic leukemia was originally defined as a 
myelodysplastic syndrome in the French–American–British (FAB) 
classification, but is now best classified as a mixed MDS/MPN 
using the WHO classification16,170. Patients often have both dys-
plastic changes and elevated white blood cell counts with spleno-
megaly. The disease was originally divided into myelodysplastic 
and myeloproliferative subtypes based on a white blood cell 
count level of 13 × 109/L (i.e., <13 × 109/L myelodysplastic type, 
≥13 × 109/L myeloproliferative type) using recommendations 
by the FAB group171, but clinical studies that stratified patients 
according to the WBC count failed to show prognostic or biologic 
differences using this scheme172,173,174,175.

The diagnosis of CMML requires the presence of >1 × 109/L 
of monocytes in the peripheral blood (Table 80.11). The mono-
cytes may be abnormal in appearance176. Promonocytes, with 
more immature nuclear chromatin, may be present in the blood, 
but monoblasts are usually rare to absent. Much controversy 
surrounds the definition of a promonocyte, and distinguishing 

responsiveness to imatinib with rapid and complete hematologic 
remissions19,157–159,160,161.

Myeloid Neoplasms with PDGFRB rearrangement
The most common PDFGRB rearrangement is t(5;12)(q33;p13) 
with production of the fusion oncogene, ETV6-PDGFRB, 
resulting in constitutive activation of the kinase domain of 
PDGFRB122,123,124. Translocations involving other fusion partners 
for PDGFRB have also been described162. The disease associ-
ated with ETV6-PDGFRB presents with features suggestive of 
CMML with eosinophilia (Fig. 80.15). The variant translocations 
have been associated with features of CMML, CEL, and chronic 
basophilic leukemia, as well as a Ph-negative MPN resembling 
CML or aCML. Not all cases have an associated eosinophilia. 
Isolated cases with features of juvenile myelomonocytic leukemia 
(JMML) or transformed AML have been reported. The chronic 
myeloid neoplasms with PDGFRB rearrangements appear to be 
aggressive, with a high risk of acute transformation. Similar to 
rearrangements of PDGFRA, diseases with rearrangements of 
PDGFRB are sensitive to TKI therapy.

Myeloid and lymphoid Neoplasms with FGFR1 
abnormalities
Hematologic neoplasms associated with rearrangements of the 
fibroblast growth factor receptor-1 (FGFR1) gene of chromo-
some band 8q11 are heterogeneous and may manifest as 
T-lymphoblastic lymphoma, myeloid, lymphoblastic, or mixed 
lineage acute leukemia, or less commonly B-lymphoblastic lym-
phoma or CEL163–166. Those cases presenting with features of 
CEL have an increased risk of transformation to acute myeloid 
leukemia or myeloid sarcoma. Regardless of the presenting neo-
plasm, patients usually have eosinophilia in the blood, marrow, 
or both. The FGFR1 gene most commonly fuses with the ZMYM2 
gene of 13q12 for a t(8;13)(q11;q12), but other translocations 
may occur167,168. Unlike the neoplasms involving PDGFRA/B, 
neoplasms with FGFR1 rearrangements are not responsive to 
currently available TKIs.

FIGURE 80.15. Myeloid neoplasm with eosinophilia with PDGFRB. The bone marrow biopsy is hypercellular with a granulocytic hyperplasia and marrow 
eosinophilia (A). Hematoxylin and eosin, 400×. Increased coarse reticulin fibrosis is present (B). Reticulin stain, 400×.
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The bone marrow of CMML is usually hypercellular and may 
demonstrate monocytic or granulocytic hyperplasia (Fig. 80.17). 
When granulocytic hyperplasia is prominent, it may be difficult to 
distinguish the abnormal monocyte population from myelocytes. 
Erythroid precursors and megakaryocytes may demonstrate 
prominent dysplastic changes, but often these cell types are nor-
mal in appearance. Ringed sideroblasts are present in increased 
numbers in some cases. Blasts and promonocytes may be elevated 
up to 19%. When bone marrow blasts and promonocytes are 
≥20%, such cases are now diagnosed as acute myeloid leuke-
mias. Cases where blasts are <5% in the blood and <10% in the 
marrow are designated CMML-1, whereas cases with 5% to 19% 
blasts in the blood or 10% to 19% in the marrow are diagnosed 
as CMML-2. Multiple studies have shown that increased blasts 
correlate with poor prognosis174,180–183. Variable marrow fibrosis 
may also be seen in nearly 30% of cases184.

Ancillary studies are helpful in the differential diagnosis of 
CMML. Cytochemistry for nonspecific esterase on the peripheral 
blood and bone marrow confirms the presence of an increase 
in monocytes and can help differentiate abnormal monocytes of 
CMML from myelocytes in CML and aCML. Flow cytometry may 

a promonocyte from a monoblast or a mature monocyte can be 
difficult, even in the most experienced of laboratories. A recent 
consensus guideline defines morphologic criteria to help stan-
dardize the differentiation of monoblasts and promonocytes from 
immature and mature monocytes177. The peripheral blood in 
CMML (Fig. 80.16) may demonstrate cytopenias and dysplastic 
changes more typical of the myelodysplastic syndromes, or dys-
plastic changes may be minimal. A subset of patients presents 
with eosinophilia of >1.5 × 109/L and is associated with t(5;12)
(q31;p12)122,124,178,179. This CMML-like disorder with eosino-
philia variant is now classified with the myeloid and lymphoid 
neoplasms with eosinophilia and abnormalities of PDGFRA, 
PDGFRB, or FGFR1. Although an elevated peripheral blood 
monocyte count is necessary for the diagnosis of CMML, such 
a diagnosis should never be made without examination of the 
bone marrow. Some acute myeloid leukemias with monocytic 
blasts may show peripheral blood changes similar to CMML due 
to maturation of the blast cell population in the peripheral blood. 

The diFFereNTial diaGNoSiS oF chroNic-PhaSe cMl, 
aTyPical cMl, aNd cMMl iN adulTS

taBle 80.10

Feature CML Atypical CML CMML

BCR/ABL1 + – –

WBC +++ ++ +
Basophilsa ≥2% <2% <2%

Monocytesa <3% 3-10% Usually >10%

Immature 
granulocytesa

>20% 10–20% <10%

Granulocyte 
dysplasia

– ++ +

Marrow erythroid 
hyperplasia

– – +

CML, chronic myelogenous leukemia, chronic phase, CMML, chronic myelomonocytic 
leukemia; WBC, white blood cell count. Only CML is distinguished by the presence of the 
Philadelphia chromosome or BCR/ABL1. CML typically has a higher WBC count than either 
CMML or atypical CML, with occasional WBC counts of >200 × 109/L. A prominent 
basophilia is also more characteristic of CML, although a mild basophilia may occur in either 
atypical CML or CMML. A marked monocytosis is more typical of CMML than either CML or 
atypical CML. CML also shows a marked left-shift in granulocytes on the peripheral blood 
smear compared to atypical CML or CMML; however, increased circulating blasts may occur 
in atypical CML compared with CML or CMML. Atypical CML also shows the most prominent 
granulocytic dysplasia. Finally, a bone marrow erythroid hyperplasia occurs more often in 
CMML than in de novo CML or atypical CML.
aRefers to peripheral blood.
Table adapted with permission from George TI, Arber DA. Pathology of the myeloproliferative 
diseases. Hematol Oncol Clin North Am 2003;17:1101–1127. Copyright © Elsevier.

Persistent peripheral blood monocytes >1.0 × 109/L

Blasts + promonocytes <20% in blood and marrow

Absence of Philadelphia chromosome or BCR-ABL1 fusion gene

No rearrangement of PDGFRA or PDGFRB
Dysplasia in one or more myeloid lineagesa

WHO, World Health Organization.
a If minimal to absent myelodysplasia, the diagnosis also requires either of the following 
criteria: acquired, clonal cytogenetic abnormality; or persistent monocytosis at least 3 mo 
and exclusion of all other causes of monocytosis.
From Swerdlow SH, Campo E, Harris NL, et al. World Health Organization Classification of 
Tumours of Haematopoietic and Lymphoid Tissues. IARC, Lyon, 2008.

FIGURE 80.16. Chronic myelomonocytic leukemia. Peripheral blood smear with mono-
cytes demonstrating abundant pale cytoplasm containing fine granulation, and folded nuclei with 
delicate chromatin and small nucleoli. Dysplastic hypogranular neutrophils, a single blast, and a 
nucleated red cell are also present. Wright–Giemsa, 1000×.

Who criTeria For chroNic MyeloMoNocyTic leuKeMia

taBle 80.11

FIGURE 80.17. Chronic myelomonocytic leukemia. Bone marrow aspirate shows a mono-
cytic and left-shifted myeloid hyperplasia. Wright–Giemsa, 1,000×.
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with immature granulocytes, including blasts, promyelocytes, 
and myelocytes, representing 10% to 20% of cells (Fig. 80.18). 
Monocytes are usually <10% of peripheral blood cells. The bone 
marrow is hypercellular, with an elevated myeloid-to-erythroid 
ratio, and marrow fibrosis may be prominent. In contrast to usual 
CML, basophilia is not prominent, usually <2% of peripheral white 
blood cells. The myeloid-to-erythroid ratio is usually <10:1 and 
there is no evidence of the Philadelphia chromosome by either 
routine karyotype or molecular genetic studies for the BCR-ABL1 
fusion product. Whereas some abnormalities of granulocyte nuclear 
lobation may be seen in CML, aCML usually has more typical dys-
plastic changes that may involve all cell lines. Granulocytes may 
show pseudo-Pelger–Huet changes and cytoplasmic hypogranular-
ity. Dyserythropoiesis and megakaryocyte dysplasia are common 
and megakaryocytes may be reduced in number with associated 
thrombocytopenia. Atypical CML appears to be a more aggres-
sive disease than usual CML, with progression occurring within 
2 years192–196. Patients may develop acute leukemia or bone mar-
row failure secondary to marked fibrosis. Cytogenetic and molecu-
lar genetic studies are essential in the diagnosis of aCML, to exclude 
t(9;22) or BCR-ABL1 of usual-type CML. There is no defining cytoge-
netic abnormality known at this time for aCML, although +8, +13, 
del(12p), del(20)(q11), and i(17q) have been reported193–195,197. 
In addition, rare cases with features of aCML containing t(5;10)
(q33;q22) have been described in which the fusion gene PDGFRB-
CCDC6 is expressed198–200, but would now be considered cases of 
myeloid neoplasms with PDGFRB rearrangement. In addition, three 
cases have been shown to have t(4;22)(q12;q11)201. RAS mutations 
have also been described190. Other ancillary studies, particularly 
immunophenotyping studies, are usually not helpful unless an 
elevation in blasts is present.

Juvenile Myelomonocytic leukemia
Juvenile myelomonocytic leukemia202 is a childhood mixed MDS/
MPN that includes childhood leukemias previously classified as 
CMML, juvenile CML, and infantile monosomy 7 syndrome. JMML, 
although rare203–205, is the most common MDS/MPN of chil-
dren206,207,208,209,210. Children with JMML are more often boys 
and develop the disease by age 4 years in the vast majority of cases. 
The children usually have elevations of fetal hemoglobin. Skin 
lesions often precede the diagnosis, and these children present with 
an elevated white blood cell count, composed of granulocytes and 
monocytes, which may be identical to CMML of adults (Fig. 80.19). 

be helpful in excluding acute myeloid leukemia, but enumera-
tion of blasts (including monoblasts and promonocytes) must be 
based on morphology rather than flow cytometry. Cytogenetic 
and molecular genetic studies, particularly the absence of the 
Philadelphia chromosome or BCR-ABL1, are required to exclude 
CML. Approximately 20% to 40% of CMML will have detectable 
clonal abnormalities185–187. The most frequent recurring cytoge-
netic abnormalities include trisomy 8, monosomy7/deletion (7q), 
structural abnormalities of 12p, and i(17q). Isochromosome 17q 
has been identified as a possible distinct subtype of mixed MDS/
MPN, which is addressed below188. JAK2 mutations have been 
detected in ∼3% of patients57.

Mutations of RAS are detected in approximately one third of 
CMML cases189. Although detection of RAS mutations is not typi-
cally used for the diagnosis of CMML, abnormalities involving the 
RAS pathway are thought to be involved in the pathogenesis of 
this disorder and other MPNs, including CML190.

The differential diagnosis between BCR-ABL1 negative atypical 
chronic myeloid leukemia (aCML) and CMML may be difficult, but 
is critical given the worse prognosis of patients with aCML when 
compared to CMML. CMML may be distinguished from aCML by 
peripheral blood features171, but some overlap with aCML may occur 
(Table 80.12). Monocytes are slightly elevated in aCML, but do not 
usually exceed 10%, whereas monocytes in CMML are usually >10%. 
Also, the degree of granulocyte dysplasia in CMML is not as pro-
nounced as is usually seen in aCML. Atypical CML demonstrates an 
increase in immature granulocytes, including blasts, promyelocytes, 
and myelocytes, of up to 20% in the peripheral blood; these cell types 
are almost always below 10% in the blood of patients with CMML.

atypical Chronic Myeloid leukemia, BCR-ABL1 
Negative
Atypical chronic myeloid leukemia is a misnomer with no rela-
tion to CML171,191. Whenever this diagnosis is considered, CML 
should be excluded by standard cytogenetics karyotype and PCR 
or FISH for BCR-ABL1, as should rearrangements of PDGFRA/B. 
This rare MDS/MPN affects elderly patients with an apparent male 
predominance. Patients have some features of usual CML with 
splenomegaly, an elevated white blood cell count of predominantly 
granulocytic cells, anemia, and normal or decreased platelets. 
However, aCML patients are usually older and may have an ini-
tial presentation more typical of myelodysplasia with leukopenia 
and evolution into aCML192. The white blood cells are left-shifted 

FIGURE 80.18. Atypical chronic myeloid leukemia. The peripheral blood smear shows 
leukocytosis and marked thrombocytopenia. Granulocytes are left-shifted and dysplastic with 
hypolobated nuclei and hypogranular cytoplasm. Wright–Giemsa, 600×.

Who criTeria For JuveNile MyeloMoNocyTic leuKeMia

taBle 80.12

Required Criteria
Peripheral blood monocytes >1.0 × 109/L

Blasts + promonocytes <20% in blood and marrow

Absence of Philadelphia chromosome or BCR/ABL1 fusion gene

Optional Criteriaa

Increased hemoglobin F for age

Immature granulocytes in peripheral blood

WBC count >10 × 109/L

Clonal chromosomal abnormality (i.e., includes monosomy 7)

GM-CSF hypersensitivity of myeloid progenitors in vitro

GM-CSF, granulocyte-macrophage colony-stimulating factor; WBC, white blood cell.
aDiagnosis requires all major criteria plus two or more of the optional criteria.
Diagnostic criteria originally from Neimeyer CM, Fenu S, Hasle H, et al. Response 
to: Differentiating Juvenile Myelomonocytic Leukemia from Infectious Disease. Blood 
1998;91:365–367. Reprinted with permission.
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any of the myelodysplastic syndromes, are not specific for JMML. 
Similar to adult CMML, RAS mutations occur in approximately 20% 
of cases of JMML216. There is also an association between JMML 
and neurofibromatosis type 1, as well as with Noonan syndrome, 
leading to a markedly increased risk of developing JMML208,217. 
Abnormalities of the NF1 gene lead to loss of neurofibromin, a gua-
nosine triphosphatase (GTPase)-activating protein for RAS, result-
ing in deregulation of the normal RAS signaling pathways, with 
subsequent selective hypersensitivity of myeloid progenitor cells to 
granulocyte-macrophage colony-stimulating factor (GM-CSF)218,219. 
The increased prevalence of JMML in Noonan syndrome is linked 
to abnormalities in the PTPN11 gene, a gene that encodes SHP-2, 
required for RAS-dependent functions; these mutations also induce 
hypersensitivity of myeloid progenitors to GM-CSF220. Given the 
aggressive clinical course of JMML with current treatment regi-
mens206,207,210,221, work has focused on targeting the RAS pathway, 
which may result in new therapies222,223.

Myelodysplastic/Myeloproliferative Neoplasm, 
Unclassifiable
Some cases with features of both MDS and MPN do not fit well 
into any of the previously mentioned categories. Many of these 
cases have typical features of myelodysplasia, as well as an atypi-
cal finding more suggestive of a myeloproliferative disorder, such 
as marked marrow fibrosis and hypercellularity or organomegaly. 
Such cases may be termed myelodysplastic/myeloproliferative  
disease, unclassifiable, with a comment describing the atypi-
cal findings. One such syndrome is refractory anemia with 
ring sideroblasts (RARS) associated with marked thrombocyto-
sis113–115,169,224. These cases have no sex predilection or specific 
cytogenetic abnormality and must be differentiated from the 5q 
syndrome. The bone marrow contains >15% ringed sideroblasts 
with an accompanying atypical megakaryocytic proliferation; 
megakaryocytes often resemble those seen in essential thrombo-
cythemia (Fig. 80.21). The platelet counts are >600 × 109/L. An 
analysis of 38 such patients showed a heterogeneous spectrum of 
diseases based on bone marrow findings and cytologic features, 
including ET, PMF, and MDS225. JAK2 mutations are found in a 
majority of cases of RARS-T226. Also recently described is a mixed 
MDS/MPN associated with isochromosome 17q that occurs in 
adults with a male predominance associated with severe hypo-
segmentation of neutrophil nuclei, monocytosis, and a high rate 
of transformation to acute myeloid leukemia188. Abnormalities 

FIGURE 80.19. Juvenile myelomonocytic leukemia. Peripheral blood smear shows 
left-shifted leukocytosis and dysplastic monocytosis. A small blast is above a sparsely 
granulated lone platelet adjacent to a monocyte. Two dysplastic monocytes on the upper left 
contrast with a lymphocyte. Wright–Giemsa, 1,000×. (Reprinted with permission from Tkachuk 
DC, Hirschmann JV, eds. Wintrobe’s atlas of clinical hematology. Philadelphia, PA: Lippincott 
Williams & Wilkins, 2007. Fig. 4.52.)

FIGURE 80.20. Juvenile myelomonocytic leukemia. Bone marrow aspirate shows numer-
ous erythroid precursors and left-shifted immature myeloid cells with dysplasia. Wright–Giemsa, 
600×.

Thrombocytopenia is also often present and organomegaly is com-
mon. Dysplastic changes and marrow hypercellularity are typical 
(Fig. 80.20), similar to adult CMML. Overlap with features of adult 
aCML also occurs and the criteria for aCML and CMML are prob-
ably not appropriate in children211. JMML must also be differenti-
ated from infection, which can present with similar clinical and 
morphologic findings212. Criteria (Table 80.12) for the diagnosis 
of JMML describe typical clinical findings of hepatosplenomegaly, 
lymphadenopathy, pallor, fever, and skin rash202,213. Laboratory 
criteria include the absence of t(9;22), monocytosis of >1 × 109/L, 
and <20% bone marrow blast cells. Exclusion of rearrangements of 
PDGFRA/B is not within current 2008 WHO criteria, but it should 
be noted that an isolated case of JMML with PDGFRB has been 
reported214. Infantile monosomy 7 syndrome is clinically similar to 
JMML and probably represents a subgroup of JMML patients215; 
one notable laboratory difference is that patients with monosomy 
7 have normal or modestly elevated hemoglobin F210. Cytogenetic 
abnormalities other than monosomy 7, which may occur with 

FIGURE 80.21. Refractory anemia with ring sideroblasts and thrombocytosis. The bone 
marrow biopsy shows dysplastic megakaryocytes, small hypolobated forms, and micromega-
karyocytes, in a hypercellular marrow, with inset demonstrating numerous ringed sideroblasts. 
Hematoxylin and eosin, 400×. Prussian blue stain, 1,000×.
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of chromosome 3q21q26 are also associated with MDS or AML 
patients, accompanied by thrombocytosis with micromegakaryo-
cytes on bone marrow histology227–232. These cases usually have 
a poor prognosis, and should not be placed in the unclassifiable 
mixed MDS/MPN category. Rather, they should be classified into the 
appropriate MDS or AML category.

coNclusioN
The classification of myeloid neoplasms now includes MPN; 
neoplasms with eosinophilia and abnormalities of PDGFRA/B or 
FGFR1, MDS/MPN, MDS; and acute myeloid leukemias. MPN and 
MDS/MPN, both clonal stem cell diseases, share myeloproliferative 
features including typically hypercellular marrows, cell lineage 
maturation, and organomegaly. The MPNs generally differ by 
which myeloid cell lineage dominates hematopoiesis, and the main 
players include CML, PV, ET, and PMF. The new category of myeloid 
and lymphoid neoplasms with eosinophilia and abnormalities of 
PDGFRA/B or FGFR1 represents another significant step forward 
in the molecular classification of neoplastic diseases. This category 
is also highly clinically relevant, due to the responsiveness of the 
PDGFRA/B associated neoplasms to TKI therapy. The overlap 
MDS/MPNs also show dysplastic features and variable amounts 
of effective hematopoiesis; these disorders include CMML, JMML, 
and aCML. Given the mix of morphology among these diseases, 
correlation with clinical, hematologic, and cytogenetic/molecular 
genetic findings is imperative for precise classification.
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CHroniC Myeloid leukeMia
Michael W.n. deininger

C h a p t e r  8 1

HistoriCal PersPeCtive
Chronic myeloid leukemia (CML), although a rare disease, has 
disproportionately influenced hematology/oncology and modern 
medicine. Reports of what was probably CML date back to the 
middle of the 19th century. In 1845, John Hughes Bennett, an 
Edinburgh pathologist, described a “Case of Hypertrophy of the 
Spleen and Liver in which Death Took Place from Suppuration 
of the Blood.”1 It was only a few weeks later when Rudolf 
Virchow of Berlin reported on a very similar case in an article 
titled, “Weisses Blut” (white blood).2 It is likely that both patients 
involved indeed suffered from CML and presented with its most 
typical clinical features: leukocytosis and splenomegaly. Whereas 
Bennett believed that the new disease represented an infection, 
Virchow recognized the neoplastic nature of the process and 
coined the term “leukemia,” from the Greek words “âykon aima,” 
which mean “white blood.” The ensuing academic dispute was 
eventually settled cordially: Virchow acknowledged Bennett’s pri-
ority of discovery and Bennett that leukemia is a neoplastic rather 
than infectious process. Ironically, both were actually preceded by 
Alfred Donné of Paris, Bennett’s previous mentor, whose descrip-
tion of leukemia in his 1844 Cours de Microscopie had lacked 
sufficient detail and visibility to attract attention.3 The next leap 
forward came in 1872, when Ernst Neumann established the bone 
marrow as the origin of leukemia and of blood cells in general.4 
The following 100 years saw progress in understanding leukemia, 
with perhaps the most notable advance being the recognition of 
myeloid versus lymphoid disease. In 1951, William Dameshek 
posited that CML belongs to a larger group of related disorders 
characterized by increased numbers of differentiated blood cells 
as the result of enhanced proliferation of the bone marrow, which 
he accordingly named myeloproliferative disorders.5

A fundamental experimental breakthrough by Philadelphia 
cytogeneticists Peter Nowell and David Hungerford followed in 
1960. They observed an abnormally small G-group chromosome 
in metaphase spreads from several patients with CML.6 This first 
consistent karyotypic abnormality associated with cancer settled 
the debate as to whether DNA or proteins transmitted the neoplas-
tic phenotype to the next generation of cells. The discovery team 
anticipated that this minute chromosome in CML might represent 
the first in a long list of cancer chromosomes, and thus referred 
to it as the Ph1 chromosome (now more commonly known as Ph). 
The presence of Ph in all CML cells was indicative of their clonal 
origin from a single parental cell. Formal proof for this notion 
was lacking until Fred Fialkow demonstrated X-chromosome 
inactivation in CML neutrophils by uniform glucose-6-phosphate 
dehydrogenase (G6PD) isoenzyme expression.7

In 1973, Janet Rowley recognized that Ph was not just a short-
ened chromosome 22, but was in fact the product of a reciprocal 
translocation between chromosomes 9 and 22.8 Over the follow-
ing 25 years, the molecular anatomy and consequences of t(9;22) 
were revealed with increasing resolution. Work from several 
laboratories identified the genes juxtaposed by t(9;22) to form a 
fusion gene on Ph.9,10 The chromosome 9 partner was found to 
be ABL1 (formerly ABL), the human homolog of v-abl oncogene of 
the Abelson murine leukemia virus (A-MuLV).11 On the derivative 
chromosome 22, ABL1 sequences consistently translocated to the 
same genetic region, which became known as the “breakpoint 
cluster region” (BCR), a name that was subsequently used to 
describe the new gene fused upstream of ABL1. The next critical 
set of discoveries was that BCR-ABL1, similar to murine v-Abl, is 

a constitutively active tyrosine kinase and that kinase activity is 
required for cellular transformation.12 Lastly, retroviral expres-
sion of BCR-ABL1 in murine bone marrow cells was found to 
induce a CML-like disease in mice, another milestone in the his-
tory of cancer research.13

Therapy developed slowly. Arsenicals, in use for cancer treat-
ment since ancient times, were the only CML therapy available in 
the 19th century, usually in the form of Fowler’s solution, which 
contained potassium arsenite. The German physician Heinrich 
Lissauer is credited with the first publication on the remarkable 
efficacy of Fowler’s solution in a patient with leukemia.14 In an 
1882 Lancet paper, Conan Doyle, the author of the Sherlock 
Holmes detective stories, published on a patient with the clinical 
presentation of CML who achieved a partial response to arsenic.15 
In the 1920s, splenic irradiation was used for symptomatic relief 
and remained the mainstay of therapy for the first half of the 20th 
century. In 1959, busulfan was introduced as the first drug that 
reliably controlled white blood cell counts in CML and, 10 years 
later, hydroxyurea premiered as the first intervention that sig-
nificantly prolonged survival.16,17 Despite these advances, a cure 
remained elusive until the late 1970s, when the disappearance of 
the Ph+ clone in CML patients treated with allogeneic stem cell 
transplantation was reported.18 In the early 1980s, interferon-a 
(IFN) became the standard drug therapy. This agent induced com-
plete cytogenetic responses (CCyRs) and long-term survival in 10% 
to 20% of patients.19

In 1992, Alexander Levitzki proposed inhibiting ABL1 with 
small molecules called tyrphostins as a potentially useful approach 
to treat leukemias driven by ABL1 oncogenes.20 At about the 
same time, Alois Matter, Jürg Zimmermann, and Nick Lydon at 
Ciba-Geigy had synthesized a compound called GCP57148B,21 
now known as imatinib, that inhibited ABL1 and a restricted 
set of other tyrosine kinases at submicromolar concentrations. 
Clinical trials led by Brian Druker from Oregon Health & Science 
University, very much in the face of skepticism by the manu-
facturer, rapidly established imatinib’s unprecedented activity 
in patients with CML and revolutionized CML therapy.22,23,24 
Dasatinib and nilotinib, tyrosine kinase inhibitors (TKIs) with 
increased activity against BCR-ABL1, were initially developed to 
overcome imatinib resistance, but have since gained approval for 
frontline therapy.25,26 However, once CML has progressed beyond 
the chronic phase, allogeneic stem cell transplant is still the 
recommendation for all eligible patients. There is compelling evi-
dence that CML stem cells are not dependent on BCR-ABL1 kinase 
activity, implying that treatment must continue indefinitely in 
order to prevent recurrence of active leukemia. Current research 
efforts focus on improving the poor prognosis of advanced CML, 
controlling TKI resistance, and developing strategies to eradicate 
CML stem cells.

PatHoPHysiology
It is thought that CML originates from a single hematopoietic cell 
that has acquired Ph. In contrast to an acute myeloid leukemia 
(AML)–associated fusion gene such as MOZ-TIF2, BCR-ABL1 does 
not confer self-renewal capacity, implying that the initial trans-
location event must occur in a multipotent hematopoietic stem 
cell already endowed with this critical property.27 BCR-ABL1 is 
detected in cells of all hematopoietic lineages.28 For unknown rea-
sons, the BCR-ABL1–induced cellular expansion predominantly 
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targets the myeloid progenitor cell compartment, giving rise to the 
clinical phenotype, whereas many newly diagnosed patients have 
mostly Ph− stem cells.29,30 As a consequence, the hierarchical 
organization of hematopoiesis is maintained during the chronic 
phase, and a substantial number of Ph− stem cells are available 
to reconstitute the system when CML hematopoiesis is therapeu-
tically suppressed. Both factors are important for the response 
to TKIs. The salient biologic features of CML cells are as follows: 
increased proliferation, resistance to apoptosis, perturbed inter-
action with bone marrow stromal cells, and genetic instability.31

BCr-aBL1 translocation and Fusion Gene
Ph is the result of a reciprocal translocation between the long 
arms of chromosomes 9 and 22 [t(9;22)(q34;q11)].8 As a result of 
this translocation, genetic sequences from the ABL1 gene on 9q34 
are fused downstream of the BCR gene on 22q11 (Fig. 81.1A,B). 
With rare exceptions, breaks in chromosome 22 localize to one 
of three BCRs and determine the portions of BCR retained in the 
BCR-ABL1 fusion mRNA and protein. In contrast, the chromo-
some 9 breaks can occur over a large genetic region, 5′ of ABL1 
exon Ib, 3′ of ABL1 exon Ia, or most commonly between the two 
alternative first ABL1 exons. Rare exceptions aside, splicing con-
sistently leads to fusion mRNAs that encompass ABL1 exons 2 to 
11 (Fig. 81.2C).32 Breakpoints in the minor BCR (m-BCR) give rise 
to an e1a2 fusion mRNA and p190BCR-ABL, which is found in 2/3 
of Ph+ acute lymphoblastic leukemia (ALL) cases. The very rare 
p190BCR-ABL positive CML is associated with monocytosis and 
exhibits a more aggressive clinical course.33,34 In an overwhelm-
ing majority of CML patients, the break occurs in the major BCR 
(M-BCR), generating e13a2 or e14a2 fusion mRNAs (formerly 
referred to as b2a2 and b3a2) and a p210BCR-ABL fusion protein. 
p230BCR-ABL, the largest of the fusion proteins, corresponds to 
a break in the micro-BCR (μ-BCR), an e19a2 fusion mRNA, and 
is associated with neutrophilic predominance and possibly less 
aggressive disease.35 In addition to the major types of BCR-ABL1 
fusion mRNAs, there are a number of rare variants whose main 
clinical significance is that they can give rise to misleading reverse 
transcription polymerase chain reaction (RT-PCR) results.36–38 
Approximately two-thirds of CML cases also express the recipro-
cal ABL1-BCR mRNA, but there is no evidence that this influences 
disease biology or prognosis.39,40

BCr and aBL1 proteins and their Contribution 
to Cellular transformation
BCR is an ubiquitously expressed 160 kD cytoplasmic protein with 
several functional domains (Fig. 81.2A). The N-terminus contains 
a coiled-coil motif that allows for dimerization, which is critical 
for activation of ABL1 kinase in the BCR-ABL1 fusion protein.41 
Further 3′ there are: a serine/threonine kinase motif whose only 
recognized substrate is Bap-1, a member of the 14-3-3 family of 
proteins,42 and dbl-like and pleckstrin-homology (PH) domains 
that stimulate the exchange of GTP for GDP on Rho guanidine 
exchange factors.43 The C-terminus contains a putative site for 
calcium-dependent lipid binding (CaLB) and a GTPase activating 
function (RAC-GAP). The latter regulates activity of RAC, a small 
GTPase of the RAS superfamily that regulates actin polymeriza-
tion and an NADPH oxidase in phagocytic cells.44,45 Despite these 
diverse functions, Bcr null mice are viable and fertile and the only 
recognizable defect is an increased oxidative burst in neutrophils, 
suggesting redundancy of signaling pathways.46 BCR can be 
phosphorylated on several tyrosine residues, most importantly 
tyrosine 177, which binds GRB2, an adapter molecule involved in 
activation of the RAS pathway in CML cells.47,48,49 The Rho-GEF 
and RAC-GAP functions of BCR that are retained in p210BCR-

ABL but missing from p190BCR-ABL are thought to attenuate the 
disease and cause a phenotypic shift from lymphoid to myeloid 

B

A

FIGURE 81.1. A: Metaphase karyogram of a newly diagnosed man with CML. The 
 yellow arrows indicate the derivative chromosome 9 and the Philadelphia chromosome (Ph). 
B: Schematic of chromosomes 9, 22 and the derivatives resulting from t(9;22)(q34;q11). 
C: Molecular anatomy of the BCR-ABL1 fusion gene. The upper panel shows the ABL1 gene, 
which contains 11 exons, including two alternative first exons. Arrows indicate the breakpoints 
at the genomic level. The middle panel depicts the BCR gene with the three breakpoint cluster 
regions (BCRs). Breaks in the minor BCR (m-BCR) give rise to p190BCR-ABL, which is typical of 
Ph+ ALL, whereas breaks in the major BCR (M-BCR ) generate p210BCR-ABL, typical of CML 
and also found in 1/3 of Ph+ ALL patients. Lastly, breaks in the micro-BCR (m-BCR) lead to 
p230BCR-ABL, which is associated with neutrophilia. The lower panel shows the structure of the 
corresponding mRNAs. Note that BCR exons b2 and b3 are now commonly referred to as exons 
e13 and e14, respectively.
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leukemia.43,50,51 It is possible that this reflects the fact that 
hematopoietic stem cells are susceptible to transformation by 
p210BCR-ABL, and p190BCR-ABL targets pre–B–cells.52 It has been 
suggested that BCR may negatively regulate BCR-ABL1–induced 
leukemogenesis.53 However, the fact that incidence and biology 
of p190BCR-ABL-induced leukemia are identical in Bcr−/− mice 
compared to wildtype mice indicates that BCR is not essential for 
Ph+ leukemia.54

ABL1, the human homolog of the v-abl oncogene of the 
A-MuLV,55 encodes a nonreceptor tyrosine kinase.56 The  
145-kDa ABL1 protein is ubiquitously expressed and exhibits 
two isoforms arising from alternative splicing of the first exon.57 
The N-terminal region contains three SRC-homology domains 
(SH1 to SH3). SH1 carries the tyrosine kinase function, whereas 
the SH2 and SH3 domains engage in protein–protein interac-
tions (Fig.  81.2B).58 In addition, proline-rich sequences in the 
center of ABL1 interact with SH3 domains of other proteins 
such as Crk.59,60 The C-terminus contains nuclear localization, 
DNA binding,61 and actin-binding motifs.62 Diverse functions 
have been attributed to ABL1, which include negative regula-
tion of cell cycle and proliferation,63,64 response to genotoxic 
stress,65,66,67,68,69 and integrin signaling.70 The emerging picture 
is complex and perhaps ABL1 could best be characterized as a 
cellular module that integrates signals from various extra- and 
intracellular sources to influence decisions in regard to cell cycle 
and apoptosis. It must be stressed, however, that many results 
are based primarily on in vitro studies in fibroblasts, not hema-
topoietic cells. Unfortunately, the generation of Abl1 null mice 
failed to shed light on the physiologic function of ABL1. These 
mice have a severe phenotype, including high perinatal mortality, 
runting, and skeletal and immune system defects.71,72 Mice null 
for Abl1 and the Abl-related gene (formerly Arg, now Abl2) are 
embryonically lethal due to absence of neurulation.73 The latter 
observation raised considerable concerns about the potential 
side effects of ABL inhibitors that were fortunately not confirmed 
clinically.

Constitutive Kinase activation in the BCr-aBL1 
Fusion protein
In contrast to ABL1, a tightly regulated nuclear kinase, BCR-
ABL1 is constitutively active and localized in the cytoplasm. The 
mechanism by which the replacement of the ABL1 N-terminus 
with BCR sequences leads to kinase activation has been probed 
by mutagenesis and X-ray crystallography.74 A critical feature 
is the coiled-coil domain of BCR that promotes dimerization, 
which allows for an initial transphosphorylation event, followed 
by autophosphorylation of additional tyrosine residues to acti-
vate the kinase fully.75 Moreover, the N-terminal “cap” region of 
ABL1, when myristoylated, binds a hydrophobic pocket at the 
base of the kinase domain, thereby forming a latch that main-
tains ABL1 in an inactive state.76–78 Replacement of the cap by 
BCR sequences abolishes this negative regulation. Unexpectedly, 
recent studies have shown that certain residues within the SH2 
domain participate in the regulation of kinase activity, an indica-
tion of the complexity of kinase regulation.79 Lastly, trans-acting 
binding partners such as the ABL1 interacting proteins have been 
implicated as physiologic inhibitors whose down-regulation upon 
disease progression may contribute to BCR-ABL1 activation.80,81

Signaling pathways in BCr-aBL1  
transformed Cells
Two decades of intense research have identified multiple BCR-
ABL1 substrates, binding partners, and downstream signaling 
molecules involved in the process of cellular transformation 
(Fig. 81.3). Much effort has been directed at linking these path-
ways to the specific pathologic features that characterize CML 
cells, such as increased proliferation or genetic instability leading 
to disease progression. A comprehensive review of the multiple 
pathways implicated in BCR-ABL1 transformation is beyond the 
scope of this chapter. Studies of mice with homozygous deletions 
of signaling proteins have identified very few pathway compo-
nents with a truly essential function, speaking to the extensive 
redundancy of the transformation network.

Phosphatidylinositol-3 Kinase
In BCR-ABL1–expressing cells, phosphatidylinositol-3 kinase 
(PI3K) is activated by at least two different mechanisms. The first 
requires autophosphorylation of BCR-ABL1 tyrosine 177 (Y177), 
which generates a docking site for the GRB2 adapter protein, 
which in turn recruits GAB2, another adapter, into a complex 
that activates PI3K.82,83 Consistent with a critical role for the 
Y177/GRB2/GAB2 axis, mutation of tyrosine 177 to phenyl-
alanine or lack of GAB2 abrogates myeloid leukemia in murine 
models.83 Alternatively, PI3K can be activated by complex forma-
tion between the p85 regulatory subunit of PI3K, CBL, and CRKL, 
which bind to the SH2 and proline-rich domains of BCR-ABL1.84 
The main downstream outlet of PI3K is the serine–threonine 
kinase AKT, a major conduit for oncogenic signals in different 
cancer types. In CML cells, AKT enhances survival by suppress-
ing activity of the forkhead O transcription factors (FOXO), as 
well as phosphorylation and inactivation of proapoptotic proteins 
such as BAD.85,86,87 Additionally, PI3K promotes proteasomal 
degradation of p27, a cyclin-dependent kinase inhibitor, through 
up-regulation of SKP2, the F-Box recognition protein of SCFSKP2 
E3 ubiquitin ligase. Accordingly, absence of SKP2 from leukemia 
cells prolongs survival in a murine CML model.88 Furthermore, 
AKT activates mTOR, which phosphorylates ribosomal pro-
teins p70S6 kinase (S6K) and 4E-BP1. S6K activation promotes 
cell growth and proliferation by yet undefined mechanisms. 
However, phosphorylation by mTOR has been shown to inacti-
vate 4EBP-1, thereby activating the translation initiation factor 
eIF4E to enhance protein synthesis.89,90

FIGURE 81.2. A: Structure of the BCR protein. Note the dimerization domain (DD) and the 
two cAMP kinase homologous domains at the N-terminus. Y177 is the autophosphorylation site 
crucial for binding to GRB2. The center of the molecule contains a region homologous to Rho 
guanidine nucleotide exchange factors (Rho-GEF) as well as dbl-like and pleckstrin-homology 
(PH) domains. Toward the C-terminus, a putative site for calcium-dependent lipid binding (CaLB) 
and a domain with activating function for RAC-GTPase (RAC-GAP) are found. Arrowheads indi-
cate the position of the breakpoints in the BCR-ABL1 fusion proteins. B: Structure of the ABL1 
protein. The type Ia isoform is slightly shorter than type Ib, which contains a myristoylation (myr) 
site for attachment to the plasma membrane. Note the three SRC-homology (SH) domains situ-
ated toward the NH2 terminus. Y393 is the major site of autophosphorylation within the kinase 
domain, and phenylalanine 401 (F401) is highly conserved in PTKs containing SH3 domains. 
The middle of the protein is dominated by proline-rich regions (PxxP) capable of binding to 
SH3 domains and also harbors one of three nuclear localization signals (NLS). The C-terminus 
contains DNA binding as well as G- and F-actin binding domains. Phosphorylation sites by 
ATM, cdc2, and PKC are shown. The arrowhead indicates the position of the breakpoint in the 
 BCR-ABL1 fusion protein.

A

B
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FIGURE 81.3. Simplified representation of molecular signaling pathways activated in chronic myeloid leukemia (CML) cells. Autophosphorylation 
generates docking sites on BCR-ABL1 that facilitate interaction with intermediary proteins such as GRB2. CRKL and CBL are also direct substrates of BCR-ABL1 that 
are part of a multimeric complex. Additionally, BCR-ABL–dependent signaling complexes activate multiple pathways, which modulate the function of critical proteins 
(blue) that inhibit apoptosis, enhance proliferation, perturb adhesion and migration, and impart genomic instability. For details see text.

RAS/Mitogen-activated Protein Kinase Pathways
Phosphorylation of tyrosine 177 with recruitment of GRB2 and 
SOS promotes exchange of GTP for GDP on RAS.82,91 In its GTP- 
bound form, RAS activates the serine–threonine kinase  RAF-1,92,93 
which subsequently activates mitogen-activated protein kinase 
(MAPK). Other small GTPases such as RAC1/2 have also been 
implicated in BCR-ABL1 signaling.94 Lack of RAC1/2 has been 
shown to delay BCR-ABL1 leukemia in a murine model.95

Janus Kinase/Signal Transducer and Activator  
of Transcription Pathway
The transcription factor signal transducer and activator of tran-
scription 5 (STAT5) is constitutively tyrosine-phosphorylated in 
CML cells. Initial experiments in mice failed to demonstrate a 
critical role for STAT5.96 However, it was subsequently estab-
lished that the mice used in this study were not null for Stat5, but 
expressed an N-terminally deleted protein with partially retained 
function. Although STAT5 is not required for the initiation of 
CML, there is convincing evidence that it plays a rate-limiting 
role in leukemogenesis.97,98 In fact, absence of only STAT5A or 
overexpression of a dominant-negative STAT5 mutant in the 
bone marrow attenuates CML.99 The principal consequence of 

STAT5 activation is inhibition of apoptosis by enhancing tran-
scription of antiapoptotic proteins such as MCL-1 and BCL-XL.100 
BCR-ABL1 may activate STAT5 through direct phosphorylation 
or indirectly by promoting phosphorylation by HCK or Janus 
kinase 2 (JAK2).101,102 There is controversy about the role of JAK2 
in BCR-ABL1–induced leukemia. Previous studies had suggested 
that JAK2 plays an important if not essential role,103 but a recent 
report using conditional knockout technology showed that murine 
CML does not require JAK2.104

Cytoskeletal Proteins
BCR-ABL1 phosphorylates several proteins involved in adhe-
sion and migration, including focal adhesion kinase (FAK), 
CRKL, paxillin, p130CAS, and HEF1.105–110 Although details 
remain to be elucidated, it is thought that this may explain why 
integrin- mediated adhesion of CML progenitors to bone mar-
row stroma and extracellular matrix is defective. Alternatively, 
integrin functions may be compromised through activation of 
RAS or BCR-ABL1 binding to F-actin.82,111 Given that adhesion 
to integrins inhibits proliferation of hematopoietic progenitors, 
the defect in integrin function may contribute to the premature 
circulation as well as the abnormal proliferation of Ph+ progeni-
tor cells.112
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DNA Damage Surveillance and Repair Pathways
The fact that untreated CML-CP invariably progresses to blast 
phase CML (CML-BP) is testimony to the profound dysregulation 
of DNA repair in CML. A central finding is the two- to sixfold 
increase in reactive oxygen species (ROS) in CML CD34+ cells 
compared with normal controls, which is particularly pronounced 
in CML-BP cells.113,114,115 ROS generate oxidized bases and 
double-strand breaks (DSB). It was estimated that CML cells may 
contain up to eight times more oxidized bases and DSBs than 
normal cells.116 Although PI3K activation is primarily responsible 
for ROS production,117 an additional mechanism operational in 
lymphoid blast phase cells is activation of activation-induced 
cytidine deaminase (AID), which promotes point mutations.118 
The consequences of increased DNA damage are greatly aggra-
vated by the impairment of DNA damage surveillance and repair. 
Multiple mechanisms have been implicated, and many but not 
all of these mechanisms are BCR-ABL1-dependent. For example, 
BCR-ABL1 has been shown to impair the intra-S-phase cell cycle 
checkpoint through suppression of checkpoint kinase 1 (CHK1), 
either by inhibition of the nuclear protein kinase ATR119 or down-
regulation of BRCA1, a substrate of ataxia telangiectasia mutated 
(ATM).120 Nonhomologous end-joining (NHEJ) and homologous 
recombination (HR), critical DSB repair pathways, are also 
deregulated in CML. For example, the catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs) is down-regulated in CD34+ 
CML progenitors, leading to error-prone NHEJ.121 Furthermore, 
BCR-ABL1 up-regulates RAD51.122 As a result, DSB repair upon 
challenge with cytotoxic agents and induced ROS is shifted toward 
a rapid but low fidelity pathway, thus promoting chronic oxida-
tive DNA damage. Lastly, telomere length is correlated with time 
to disease progression.123 Whether TKIs themselves may cause 
DNA damage is controversial. Imatinib was reported to induce 
centrosome abnormalities in vitro.124 Given that the overall risk 
of cancer is not increased in patients on long-term imatinib,125 the 
significance of these findings is not clear. Furthermore, the fact 
that clonal cytogenetic abnormalities in Ph-negative cells (CCA/
Ph−) appear in some CML patients with a cytogenetic response 
to TKI therapy is consistent in principle with genomic instability 
prior to acquisition of Ph.126 Indeed, some patients with CCA/
Ph− have progressed to MDS or AML, especially those with  
monosomy 7.127 However, the overall prognosis of patients with 
CCA/Ph− is identical to that of other CML patients with a compa-
rable cytogenetic response, which argues against genomic insta-
bility predating Ph.128 The mechanistic underpinning of genomic 
instability in CML is of considerable complexity.115,116

A wealth of data on BCR-ABL1 signaling has been amassed, 
yet a complete picture is still elusive. As conventional approaches 
have typically focused on single pathways, efforts are now under-
way to establish a more comprehensive picture of BCR-ABL1 sig-
naling complexes by quantitative genomics.129 These data suggest 
that cellular processes in CML rely on integrated networks rather 
than single pathways, which co-operate to realize the leukemo-
genic potential of BCR-ABL1 fully.

transformation to accelerated and  
Blastic phase
It could be argued that the key objective in CML therapy is the 
prevention of transformation to blastic phase (BP), an acute 
leukemia with either myeloid (M-BP) or pre–B–cell phenotype 
(L-BP). A host of genetic alterations has been associated with 
transformation to accelerated phase (AP)/BP. CCA/Ph+ is present 
in 70% to 80% of cases and includes a number of nonrandom 
abnormalities, the most common of which are +8 (34% of cases 
with CCA/Ph+), +Ph (30%), i(17q) (20%), +19 (13%), –Y (8% 
of males), +21 (7%), +17 (5%), and monosomy 7 (5%). These 
frequent chromosomal changes are sometimes referred to as 

major route abnormalities,130 although this is not a universally 
accepted definition. Many other cytogenetic abnormalities have 
been described in smaller subsets of patients and multiple dif-
ferent mutations have been detected at the molecular level. For 
example, in M-BP, inactivating mutations of p53 and RUNX1 
occur in 20% to 30% and 38% of cases, respectively, whereas 
L-BP is characterized by inactivating mutations in CDKN2A/B 
(50%) or IKZF1 (55%) (reviewed in Ref. 116).

BCR-ABL1 expression and activity increase with progression 
to BP. In some patients, rising BCR-ABL1 mRNA levels are associ-
ated with duplication of Ph, but in the majority of cases this seems 
to result from enhanced transcription due to as yet unknown 
mechanisms.131 Increased BCR-ABL1 promotes expression of 
SET, which in turn inhibits PP2A, a tumor suppressor phos-
phatase that dephosphorylates BCR-ABL1 and other important 
substrates by activating SHP-1.132 Thus, reduced PP2A activity 
will increase BCR-ABL1 activity and further enhance the signal in 
a positive feedback loop. Consistent with the importance of this 
pathway, reduced SHP-1activity has been associated with resis-
tance to TKIs.133 In addition to SET-mediated inhibition of PP2A, 
cancerous inhibitor of PP2A (CIP2A) was also shown to inhibit 
this phosphatase, and high CIP2A activity predicts a high risk of 
transformation to BP.134

The central feature of blastic transformation is the loss of ter-
minal differentiation capacity. Based on the paradigm that AML 
requires at least two types of mutations, one driving proliferation 
and one blocking differentiation, it follows that the BP in CML 
should be associated with inactivating mutations in myeloid dif-
ferentiation genes.135 Consistent with this, some patients acquire 
AML-type translocations such as CBFb-MYH11 at the time of 
transformation, but these are rare.136 In the majority of patients, 
myeloid differentiation is impaired due to suppression of CAAT 
enhancer binding protein a (C/EBPa), which occurs as a result of 
increased BCR-ABL1 expression and activity.137 Mechanistically, 
this is due to enhanced expression of the RNA-binding protein 
heterogeneous nuclear ribonucleoprotein E2 (hnRNP-E2), which 
inhibits C/EBPa translation.137 Down-regulation of miR-328 is 
also required for this to occur, as miR-328 would otherwise bind 
hnRNP-E2, thereby blocking its activity.138 Repression of other 
myeloid transcription factors such as C/EBPb and overexpres-
sion of EVI-1 have also been implicated in blastic transforma-
tion.139,140,141 In addition to the loss of differentiation capacity, 
the organization of leukemic hematopoiesis seems to change 
upon transformation, as granulocyte–macrophage progenitor cells 
acquire self-renewal capacity, possibly by activation of nuclear 
b-catenin, undermining the hierarchical structure of CML-CP 
hematopoiesis.142 Various mechanisms have been implicated in 
b-catenin activation, including stabilization by BCR-ABL1 tyrosine 
phosphorylation and inactivation of glycogen synthase kinase 
3b by missplicing.143,144 Unsurprisingly, CML-BP responses to 
therapy are usually short-lived.

CliniCal Features

epidemiology
With an annual incidence of 1.3 to 1.6/105 population, CML accounts 
for 15% to 20% of cases of leukemia in adults. Males are more 
commonly affected, but there is no geographic, ethnic, or familial 
predisposition. The only well-established risk factor is exposure to 
ionizing radiation, evident by the increased CML incidence in sur-
vivors of the atomic bomb explosions in Japan; patients who were 
treated with radiotherapy or exposed to thorotrast, an a-emitting 
contrast medium used in the 1930s,145–147 have an increased CML 
risk as well. From 2004 to 2009, the median age at diagnosis in the 
United States was 64 years.148 The prevalence of CML is increas-
ing due to reduced mortality.149 For the United States, estimates 
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are 70,000 in 2010, 144,000 in 2030, and 181,000 in 2050, when 
prevalence will approach a plateau.150

Clinical presentation

Signs and Symptoms
CML may present with fatigue, weight loss, fever, night sweats, 
bone pain, abdominal pain, and fullness.151 Rare patients with 
excessively high white blood cell counts have symptoms related 
to leukostasis, such as priapism and neurologic deficits. Physical 
exam may reveal splenomegaly and sometimes hepatomegaly, 
although involvement of other extramedullary sites is uncom-
mon. None of these signs or symptoms is typical or even pathog-
nomonic for CML, and the clinical presentation has changed 
considerably due to earlier diagnosis. In the United States and 
other developed countries, the majority of patients are diagnosed 
incidentally, when an abnormal complete blood count obtained for 
an unrelated reason leads to a diagnostic work-up.

Disease Phases
CML evolves in stages termed chronic phase (CML-CP), acceler-
ated phase (CML-AP), and blastic phase (CML-BP). In the Western 
world, most patients present in CML-CP, whereas more advanced 
disease at diagnosis is common in developing countries. CML-CP 
is characterized by left-shifted granulocytosis with maintained 
terminal differentiation, frequently accompanied by basophilia 
and sometimes eosinophilia. Thrombocytosis and mild anemia 
are also common. Dysplasia is not a feature of CML and raises 
the question of alternative diagnoses, such as atypical CML.152 
Bone marrow aspirate and histology are hypercellular for age, but 
demonstrate complete cellular maturation (Fig. 81.4A). A fairly 
typical finding is micromegakaryocytes, which are small monolo-
bated megakaryocytes. Mild reticulin fibrosis may be present, but 
severe reticulin fibrosis is uncommon and may be associated with 
poorer outcomes.153 Without effective therapy, CML-CP inexorably 
progresses to CML-BP, which can exhibit a pre–B–lymphoid (25%), 
myeloid (70%), or indeterminate (5%) phenotype (Fig. 81.4B).154 
CML-BP can develop rapidly or over a period of time through the 
intermediary stage of CML-AP. A variety of clinical and laboratory 
features has been used to define CML-AP, making comparison of 
results between different studies difficult. Today, the criteria used 
in the clinical trials leading to approval of imatinib are widely 
accepted (Table 81.1).155 The exception is clonal cytogenetic 
evolution, i.e., the presence of additional cytogenetic abnormali-
ties in the Ph+ cell clone (CCA/Ph+). Although there is agreement 
that CCA/Ph+ on treatment is diagnostic of CML-AP and therapy 
failure,156 this is not universally accepted for newly diagnosed 
patients. Recent studies showed that these patients have inferior 
outcomes even in the absence of any other features of CML-AP, 
raising the question of whether the criteria should be changed.157 
A blast count of ≥30% in the blood or bone marrow or extra-
medullary blastic leukemic infiltrates (chloroma) in tissues other 
than liver or spleen define CML-BP. Gene expression profiling has 
revealed that CML-AP and CML-BP are closely related to each 
other, suggesting that CML is a two-phase rather than a three-
phase disease.158 In the future, molecular markers and response 
to treatment may replace conventional diagnostic criteria used to 
define the phases of CML.159

risk Scores
Several prognostication systems have been developed to sub-
classify CML-CP. The oldest, developed by Joseph Sokal, uses a 
formula based on age, blast count in the blood, platelet count, 
and spleen size (in cm below the left costal margin). Scores of 
<0.8, 0.8 to 1.2, and >1.2 define low, intermediate, and high 

risk.160 Although the Sokal score was derived from a cohort of 
patients treated with busulfan-based chemotherapy, it has been 
applied successfully to risk-stratify patients treated with IFN or 
TKIs.161,162 Subsequently, Hasford developed a score optimized 
for patients on IFN.163 Recently, a third prognostication system 
(EUTOS score) optimized for patients on imatinib was reported.164 

A

B

FIGURE 81.4. A: Bone marrow aspirate in chronic phase chronic myeloid leukemia 
(CML) (magnification ×20). Note the hypercellularity and the predominance of granulopoi-
esis. Maturation is preserved, with only occasional blasts (arrowhead). Numerous megakaryo-
cytes, many of them small with hypolobulated nuclei (micromegakaryocytes), form sheets and 
clusters (arrows). B: Bone marrow aspirate in a patient with blastic phase. Most of the cells are 
immature blasts (arrows), with only occasional cells still exhibiting differentiation (arrowheads). 
Courtesy of Dr. Marc Loriaux, Department of Pathology, Oregon Health & Science University, USA.

Blast count at least 15% to less than 30% in blood or marrow

Blasts plus promyelocytes of 15–30% in blood or marrow

Basophil count at least 20% in the blood

Platelet count less than 100 × 109/L, unrelated to therapy

aAt least one criterion must be satisfied.

Definition of ACCeLerAteD PHAsea

taBLe 81.1
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The EUTOS score is simple, relying on basophils and spleen size 
only, but has not been universally confirmed in independent  
studies.165 As with the definitions of disease phases, it is likely that 
molecular markers will eventually replace clinical risk scores.159

diagnosis and initial Work-uP

Clinical evaluation
A complete history and physical exam are mandatory. Constitutional 
symptoms raise concerns about more aggressive disease. Spleen 
size (in cm below the left costal margin in the mid-clavicular 
line) must be documented. Despite its inaccuracy, this simple 
clinical test has remained a significant component of all CML risk 
scores.160,163,164 Imaging studies such as abdominal ultrasound 
or computed tomography are not indicated unless there is suspi-
cion of additional abdominal pathology. In the absence of an algo-
rithm to convert imaging-based measurements of spleen size into 
clinical measurements, these data cannot be used to calculate risk 
scores. Extramedullary disease other than hepatosplenomegaly 
is uncommon at presentation, and if suspected must be verified 
histologically. An immature cellular infiltrate (chloroma) indicates 
blastic transformation, but if there is differentiation it can be dif-
ficult to distinguish between true extramedullary disease and an 
inflammatory process that recruits CML cells.

Laboratory tests

Complete Blood Count
A complete blood count (CBC) with manual white blood cell differ-
ential count is usually the first diagnostic step or the first abnormal 
finding in an otherwise asymptomatic patient. The diagnosis of 
CML is suspected based on the morphology of a Wright- or Giemsa-
stained blood smear. Typical features of CML include left-shifted 
granulopoiesis that may encompass the full spectrum of granulo-
cytic precursors including blasts and promyelocytes, basophilia, 
and sometimes eosinophilia and thrombocytosis. Some automated 
cell counters do not provide the percentage of promyelocytes, which 
is required to determine the phase of disease, and in such cases a 
manual count is necessary. All risk scores to stratify CML-CP are 
based on pre-therapeutic values; therefore, it is important to docu-
ment the counts before any therapy is initiated. Flow cytometry is 
indicated only if AP/BP is suspected. Problems can arise in cases of 
discrepancies between morphologic and immunophenotypic blast 
counts, which are usually based on CD34 expression. In our prac-
tice, morphologic blast counts take precedence over flow cytometry, 
but there is currently no universally accepted rule.

Bone Marrow Aspirate and Biopsy
Bone marrow morphology studies at diagnosis are essential to 
establish disease phase. Unfortunately, more and more patients 
do not have a bone marrow biopsy at diagnosis, and in some of 
these, AP/BP will be overlooked and result in undertreatment. 
Whether all patients should have a biopsy is debatable, and prac-
tice varies considerably from country to country. We routinely 
perform a biopsy at diagnosis to identify the occasional patient 
with nests of blasts undetected by cytology. This is particularly 
important in patients with an aggressive presentation and those 
with inadequate aspirates or dry taps. As for peripheral blood, 
flow cytometry is not typically indicated.

Bone Marrow Karyotyping
Metaphase karyotyping of bone marrow cells using G- or 
R-banding must be performed at diagnosis. In 95% of CML 
patients, the BCR-ABL1 fusion gene will be evident as Ph, 

sometimes as part of complex translocations involving additional 
chromosomes. These complex translocations do not seem to affect 
the outcome of patients on TKI therapy, and they must not be 
confused with clonal cytogenetic abnormalities in Ph+ cells (CCA/
Ph+, also referred to as clonal cytogenetic evolution).157 As a rule, 
a minimum of 20 metaphase spreads is analyzed. Rare patients 
have a silent Ph that is not identified by karyotyping; in these 
patients, molecular testing is required to establish the diagnosis 
of CML. Another important piece of information from karyotyping 
is CCA/Ph+, because these patients have inferior progression-free 
and overall survival on TKI therapy, even in the absence of other 
features suggestive of AP.157

Fluorescence In Situ Hybridization
Fluorescence in situ hybridization (FISH) uses fluorescent DNA 
probes to label BCR and ABL1 genetic regions adjacent to the 
translocation breakpoints, typically red fluorescence to label ABL1 
and green fluorescence to label BCR (Fig. 81.5). Most FISH sys-
tems identify both BCR-ABL1 (on Ph) and ABL1-BCR fusion signals 
(on the derivative chromosome 9), and have low false-positive 
and -negative rates.166 FISH is usually performed on interphase 
nuclei. Advantages of FISH compared to conventional karyotyp-
ing include higher sensitivity (200 to 500 nuclei are routinely 
analyzed) and the fact that no metaphases are needed, which 
is important in view of the 5% to 20% failure rate of metaphase 
karyotyping. In cases of silent Ph, FISH is an excellent tool to 
establish the diagnosis of CML. On the other hand, FISH does not 
detect CCA/Ph+. Modern FISH probes identify deletions in ABL1 
adjacent to the translocation breakpoint. These deletions (and 
similar deletions in BCR) confer an adverse prognosis to patients 
treated with IFN and second-line imatinib, but their negative 
impact is overcome by frontline TKI therapy.167–169 All in all, FISH 
at diagnosis does not add actionable information for patients with 
Ph by standard karyotyping and its routine use in addition to con-
ventional karyotyping is not justified.

Reverse Transcription Polymerase Chain Reaction
The main use of qualitative PCR is to identify a BCR-ABL1 fusion 
mRNA in patients with suspected CML who are Ph− by metaphase 
karyotyping. As such, this technique provides the same informa-
tion as FISH. If qualitative RT-PCR is used to ascertain the pres-
ence of a BCR-ABL1 translocation, it is important to make sure 
that the assay detects all types of BCR-ABL1 transcripts, including 
rare atypical transcripts.170 Quantitative PCR (qPCR) assays will 
detect most types of BCR-ABL1 mRNA transcripts, but depend-
ing on test design will miss e1a2 and atypical transcripts. Thus, 
qPCR is not indicated to establish the diagnosis of CML, although 
it is used routinely to monitor patients on therapy. A detailed 

FIGURE 81.5. Fluorescence in situ hybridization (FISH). The left panel shows an inter-
phase nucleus, the right panel a metaphase. FISH was done with the LSI BCR/ABL ES probe 
(Vysis, Downer’s Grove, IL, US) that detects the BCR-ABL1 fusion (yellow) as well as signal on 
the derivative chromosomes 9 (red) and 22 (green). Courtesy of Christel Mueller, Department of 
Hematology, University of Leipzig, Germany.
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FIGURE 81.6. Reduction of leukemia burden with 
increasing depth of response. Estimates are that at 
least 1012 chronic myeloid leukemia (CML) cells may be 
present at diagnosis. Complete hematologic response 
(CHR) is the first therapeutic objective. A complete cyto-
genetic response (CCyR) is equivalent to approximately 
2-log reduction of disease burden and a major molecu-
lar response (MMR) to 3-log reduction, compared with 
a standardized baseline (not to the individual patient’s 
initial disease burden). Further decreases can lead to a 
state where even the most sensitive tests fail to detect 
residual leukemia, which is commonly referred to as a 
complete molecular response (CMR). PCR, polymerase 
chain reaction

discussion of qPCR for BCR-ABL1 is provided in the section 
“Monitoring Response.”

Differential Diagnosis
MPNs such as atypical CML, chronic myelomonocytic leukemia 
(CMML), chronic neutrophilic leukemia, MPN associated with 
rearrangements within the platelet-derived growth factor recep-
tors (PDGFRs) or fibroblast growth factor receptor 3 (FGFR3) 
can be indistinguishable from CML on morphologic and clinical 
grounds alone. Conversely, some CML patients present with a dis-
ease that resembles essential thrombocythemia (ET) or primary 
myelofibrosis.152 Given the profound therapeutic implications, it 
is mandatory to ascertain the presence or absence of BCR-ABL1 
in every patient with MPN. Once Ph or BCR-ABL1 has been dem-
onstrated, the diagnosis is CML, irrespective of the particular MPN 
morphology. Tests such as the leukocyte alkaline phosphatase 
(LAP) score (low in CML, high in leukemoid reactions) or vitamin 
B12 levels (high in CML) have been superseded by molecular tests 
and are of historical interest only. CML may present in lymphoid 
or myeloid BP and these cases can be extremely difficult to distin-
guish from de novo Ph+ ALL or Ph+ AML, a rare and sometimes 
disputed entity. Residual left-shifted but maturing granulocytic 
precursors, basophilia, and splenomegaly point to a prior CML-CP. 
A BCR breakpoint in the m-BCR with e1a2 BCR-ABL1 transcript 
establishes a diagnosis of Ph+ ALL for all practical purposes.

Monitoring resPonse to tHeraPy
Once treatment is initiated, response is measured by clinical, 
hematologic, cytogenetic, and eventually molecular parameters. 
These different levels of response reflect the decrease of leukemia 
burden (Fig. 81.6).

Complete hematologic response
Complete hematologic response (CHR) requires the normalization 
of white blood cell and platelet counts as well as the white blood 
cell differential. Normalization of hemoglobin is not part of the 
CHR definition. Additionally, all CML-related clinical symptoms 
must have resolved and the spleen should not be palpable. The 
latter requirement is stringent and precise; however, bulky sple-
nomegaly is often slow to resolve and the significance of persistent 
minimal splenomegaly in patients who meet all other CHR criteria 

is unknown. The term “major hematologic response” is sometimes 
used to describe response in patients with AP/BP who clear blasts 
from the blood and have less than 5% of blasts in the bone mar-
row without reconstitution of peripheral blood counts.

Cytogenetic response
At least 20 metaphases must be karyotyped to assess cytogenetic 
response. A partial cytogenetic response (PCyR) is present if 35% 
or less of these metaphases are Ph+, and a CCyR if all are Ph−. 
The 35% definition of PCyR reflects the lower bound of the 95% 
confidence interval around 50% Ph+ metaphases based on analy-
sis of 20 metaphases. CCyR and PCyR combined are referred to 
as major cytogenetic response (MCyR). Some studies also report 
minor (36% to 65% Ph+) and minimal (66% to 95% Ph+) cyto-
genetic response, but these response levels have limited clinical 
significance. Given the efficacy of TKI therapy and the availability 
of quantitative RT-PCR (qPCR), CCyR may become the only cytoge-
netic response level used in the future.

Molecular response
qPCR is widely used for monitoring of patients on TKI therapy or 
after allogeneic stem cell transplantation. The use of numerous 
technologies has created a confusing landscape, which has led to 
efforts aimed at establishing minimal requirements for test per-
formance. Unfortunately, harmonization of BCR-ABL1 testing in 
the United States is lagging behind other developed countries.171 
An exhaustive discussion of qPCR monitoring is beyond the scope 
of this chapter and the reader is referred to comprehensive 
reviews of the subject,172 but a few critical points deserve to be 
mentioned here. (i) Compared with metaphase karyotyping and 
FISH, qPCR has a vastly greater dynamic range, which may span 
up to 5 logs. However, this sensitivity is reached only if the sample 
is of optimal quality. Thus, reliable laboratories report the sensi-
tivity reached for a given sample to enable correct interpretation 
of results. (ii) Not all housekeeping genes are equally suitable as 
control genes for normalization of RNA input; acceptable choices 
include ABL1, BCR, GUS, and G6PD.172 b-aActin is not suitable 
due to high-level expression that may conceal degradation of 
the sample. (iii) In clinical practice it is often necessary to decide 
whether a rise of BCR-ABL1 mRNA is significant and should trig-
ger a more extensive work-up. The most important factor is the 
quality of the test, which determines the extent of intertest varia-
tion and, as such, the optimal compromise between sensitivity 
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and specificity.173 Current recommendation is that a fivefold 
rise in transcript level be regarded as significant.172 In excellent 
laboratories this may decrease to twofold,174 whereas in poor 
laboratories even tenfold rises may not be dependable. For the 
clinician, it is important to know the performance of the labora-
tory to ascertain correct interpretation of test results. (iv) qPCR is 
more reproducible at high levels of BCR-ABL1 than at low levels. 
Thus, it is good clinical practice to repeat the test in the case 
of rising BCR-ABL1 mRNA levels before rushing to far-reaching 
conclusions, particularly if the changes occur at a low level.  
(v) A major breakthrough was the introduction of the international 
scale (IS), which allows for the expression of values from different 
laboratories and different assays on a uniform scale. To express 
their individual values on the IS, laboratories obtain a series of 
standards to calculate a lab-specific conversion factor.175–177 Key 
anchoring points of the IS are: (1) 100%, which is equivalent to 
the average BCR-ABL1 mRNA expression of a cohort of patients 
treated on the International Randomized Study of Interferon and 
STI571 (IRIS) study178 and (2) a level of 0.1% IS, corresponding to 
a 3-log reduction compared with this baseline and referred to as 
a major molecular response (MMR). Achievement of MMR on TKI 
therapy is an important milestone that portends a good progno-
sis. Further reductions of BCR-ABL1 mRNA by 4 or 4.5 logs are 
referred to as MR4 or MR4.5, respectively. It is extremely important 
to be aware that the fold reductions of BCR-ABL1 expressed on 
IS refer to a standardized baseline, not to the patient’s individual 
baseline, thus representing an absolute measurement of leuke-
mia burden. Residual leukemia levels will be underestimated if 
the patient-specific baseline is used in patients with high levels 
of BCR-ABL1 mRNA at diagnosis. Inasmuch as this correlates 
with more advanced disease, this is exactly the group of patients 
where overestimating response may have dire consequences.131 
Equally important, IS values are directly comparable between dif-
ferent laboratories, enabling continuity. (vi) A complete molecular 
response (CMR) is present if BCR-ABL1 mRNA is undetectable by 
qPCR. However, in contrast to MMR, which is an absolute value 
due to its anchoring to a standardized baseline, a universal defini-
tion of CMR is impossible, as it depends on the sensitivity of the 
assay, which may increase with advances of technology.

Regrettably, major commercial laboratories in the United 
States have been slow to adopt the IS. Results from these labora-
tories are not interpretable with respect to the key clinical trials 
that define current practice standards. In fact, results expressed 
on some obscure percentage scale can be mistaken for IS results, 
potentially giving the patient false reassurance about her or his 
response to TKIs.

BCr-aBL1 Mutation testing
BCR-ABL1 mutations are an important mechanism of TKI resis-
tance. The current recommendation is to test for mutations in 
patients with evidence of resistance. The National Comprehensive 
Cancer Network (NCCN) guidelines and European Leukemia Net 
(ELN) recommendations advocate for mutation analysis at base-
line in patients with AP/BP, but in the absence of prospective stud-
ies that modified therapy based on these results, it seems hard to 
justify this practice.179 Similarly, the benefit of mutation surveil-
lance in high-risk patients remains to be determined prospectively. 
Direct sequencing of BCR-ABL1 amplicons identifies mutant alleles 
with a sensitivity of 20% to 30% and is currently recommended 
as the technology of choice.172 In contrast, detection of BCR-ABL1 
kinase domain mutations by very sensitive assays such as allele-
specific PCR does not predict failure and is not useful clinically.180 
The optimum may be in the middle: techniques such as high 
performance liquid chromatography and Sequenom MassARRAY® 
may have the right sensitivity to avoid too many false-positive 
results.181,182 However, it will still be necessary to evaluate these 
approaches in prospective interventional studies.

tHeraPy

Cytotoxic agents and Interferon-a
Busulfan, an alkylating agent with considerable hematopoietic 
stem cell toxicity, was the first drug that effectively controlled white 
blood cell and platelet counts, but is rarely used today except as 
part of conditioning regimens in allogeneic stem cell transplanta-
tion.16 Chronic busulfan exposure is associated with pulmonary 
fibrosis, and proper dosing can be challenging due to prolonged 
cytopenias. Hydroxyurea, a ribonucleotide reductase inhibitor, 
is indicated as an effective method for lowering white blood cell 
counts until the diagnosis of CML is confirmed. Because, at conven-
tional doses, hydroxyurea acts predominantly on the more mature 
progenitor cells, cytopenias are usually short-lived and therapy 
is easily adjusted based on CBCs. IFN was the first drug therapy 
that induced durable cytogenetic responses, albeit only in a small 
minority of patients and for reasons that remain incompletely 
understood. Combinations with cytarabine, which has single agent 
activity in CML, were the standard of care in the 1990s.183,184

tyrosine Kinase Inhibitors
TKIs are the standard of care for newly diagnosed CML patients 
in all disease phases. The three approved TKIs—imatinib, dasat-
inib, and nilotinib—are made distinct by their potency, activity 
against BCR-ABL1 mutants (discussed in detail below), spectrum 
of activity against kinases other than BCR-ABL1, and side effect 
profiles (Table 81.2). Today’s treatment algorithms are based on 
the results of a series of clinical trials, starting with a phase 1 
imatinib study initiated in 1998 (Table 81.3).

Imatinib
A phase 1 trial of imatinib in CML patients who had failed con-
ventional therapy demonstrated activity in all disease phases. It is 
important to note that cytogenetic responses were seen, particu-
larly in CML-CP.23,24 No maximum tolerated dose was identified. 
Based on the cytogenetic responses, an initial dose of 400 mg daily 
was selected for phase 2 studies in CP, AP, and BP. These trials 
confirmed or exceeded the phase 1 results and led to approval of 
imatinib for patients who had failed prior IFN due to resistance 
or intolerance.185,186–188 CML-CP responses were mostly durable, 
but there was a high failure rate in advanced CML, which led to 
an increase of the starting dose to 600 mg imatinib daily. Approval 
for frontline use in newly diagnosed patients followed in 2003 
based on the results of the IRIS study, which compared imatinib 
400 mg daily versus a combination of IFN and cytarabine. This 
trial showed imatinib to be vastly superior in all major endpoints, 
but most importantly in progression-free survival.189 Crossover 
was permitted for resistance or intolerance and occurred almost 
exclusively in patients failing IFN. The fact that many of these 
patients were effectively salvaged by imatinib may explain why 
no difference in overall survival between the two experimental 
arms was observed.190 Subsequent phase 3 studies of imatinib 
in newly diagnosed CML-CP patients mainly addressed the ques-
tion of the optimal dose and the role of combinations with IFN 
and cytarabine. Single-arm studies in comparison with historical 
controls had suggested higher rates of CCyR and MMR for 800 mg 
imatinib daily, commonly referred to as high-dose imatinib.191,192 
However, this was not confirmed in two prospective randomized 
studies. The Tyrosine Kinase Inhibitor Optimization and Selectivity 
Study (TOPS) trial compared 400 versus 800 mg imatinib daily in 
newly diagnosed patients irrespective of Sokal risk, and an Italian 
study compared the identical doses in high Sokal risk patients. 
Both studies failed in their primary endpoint, improved MMR or 
CCyR at 12 months at the higher dose.193,194 Recently, the German 
CML IV study reported superior rates of MMR at 12 months for 
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Binding mode Inactive conformation (type II) Inactive conformation (type II) Active conformation (type I)

IC50 native BCR-ABL–
expressing cells (nM)

260 13 0.8

IC50 ABL substrate  
phosphorylation (nM)

280 15 0.6

Additional targets KIT, PDGFRA/B, CSF1R, LCK KIT, PDGFRA/B SRC family and multiple other kinases

Dose 400 mg once daily (CML-CP)
600 mg once daily (CML-AP, CML-BP)

300 mg twice daily (CML-CP, newly  
diagnosed)
400 mg twice daily (CML-CP, CML-AP  
resistant to imatinib)

100 mg once daily (CML-CP)
140 mg once daily (CML-AP, CML-BP  
resistant to imatinib)

Adverse events in 
newly diagnosed 
patients irrespective 
of relation to drug 
(only grades 3 and 4)

Fluid retention 62 (3)
− Superficial edema 60 (2)
− Other fluid retention reactions 7 (1)
Nausea 50 (1)
Muscle cramps 49 (2)
Musculoskeletal pain 47 (5)
Diarrhea 45 (3)
Rash 40 (3)
Fatigue 39 (2)
Headache 37 (<1)
Joint pain 31 (3)
Abdominal pain 37 (4)
Nasopharyngitis 31 (0)
Hemorrhage 29 (2)
− GI hemorrhage 2 (<1)
− CNS hemorrhage 0.2 (0)
Myalgia 24 (2)
Vomiting 23(2)
Dyspepsia 19 (0)
Cough 20 (<1)
Pharyngolaryngeal pain 18 (<1)
Upper respiratory tract infection 21 (<1)
Dizziness 19 (<1)
Pyrexia 18 (<1)
Weight gain 16 (2)
Insomnia 15 (0)
Depression 15 (<1)
Influenza 14 (<1)
Bone pain 11 (2)
Constipation 11 (<1)

Rash 33 (2)
Pruritus 29 (1)
Nausea 31 (1)
Diarrhea 22 (3)
Constipation 21 (<1)
Vomiting 21 (<1)
Abdominal pain 11 (1)
Headache 31 (3)
Fatigue 28 (1)
Pyrexia 14 (1)
Asthenia 14 (0)
Edema, peripheral 11 (0)
Arthralgia 18 (2)
Myalgia 14 (2)
Pain in extremity 13 (1)
Bone pain 11 (<1)
Muscle spasms 11 (<1)
Back pain 10 (<1)
Cough 17 (<1)
Dyspnea 11 (1)
Nasopharyngitis 16 (<1)

Fluid retention 23 (1)
Pleural effusion 12 (<1)
Superficial localized edema 10 (0)
Generalized edema 3 (0)
Conges ctions 2 (<1)
Pericardial effusion 2 (<1)
Pulmonary hypertension 1 (0)
Pulmonary edema <1(0)
Diarrhea 18 (<1)
Headache 12 (0)
Musculoskeletal pain 12 (0)
Rash 11 (0)
Nausea 9 (0)
Fatigue 8 (<1)
Myalgia 6 (0)
Hemorrhage 6 (1)
GI bleeding 2 (1)
Other bleeding 5 (0)
Vomiting 5 (0)
Muscle inflammation 4 (0)

CML, chronic myeloid leukemia; CML-AP, CML-accelerated phase; CML-BP; CML-blastic phase; CML-CP, CML-chronic phase; CNS, central nervous system; GI, gastrointestinal; PDGFR, platelet-
derived growth factor receptors.

tyrosine KinAse inHibitors APProveD for tHe treAtMent of CHroniC MyeLoiD LeuKeMiA

taBLe 81.2

800 mg imatinib daily (59% vs. 44%, P < 0.001).195 Interestingly, 
in this study, imatinib dosing was more flexible and was maxi-
mized based on the individual patient’s tolerability, resulting in a 
median dose of 627 mg imatinib daily. Similarly, the French SPIRIT 
study reported higher MMR rates at 12 months (49% vs. 38%) for 
patients treated with 600 versus 400 mg imatinib daily.196 Thus, 
the optimal dose of imatinib may be approximately 600 mg daily, 
equal to the recommended dose for AP/BC.

Dasatinib
An initial phase I study on CML patients in all disease phases 
who had failed imatinib due to resistance or intolerance revealed 
considerable activity upon treatment with dasatinib.197 This 

study was followed by a series of phase 2 trials that tested 
dasatinib in larger cohorts of patients in the different disease 
phases, and two dose optimization studies that tested 100 versus 
140 mg daily administered as a single dose or in two separate  
doses.198–200,201,202 From these studies, 100 mg dasatinib once 
daily for CML-CP, and 140 mg once daily for AP and BP, emerged 
as the recommended doses. Dasatinib was subsequently com-
pared with imatinib 400 mg in a phase 3 study (DASatinib versus 
Imatinib Study In treatment-Naive CML patients, DASISION) in 
newly diagnosed CML-CP patients and proved superior in the pri-
mary endpoint, CCyR at 12 months, as well as several secondary 
endpoints, including MMR at 12 months.202 Progression events 
were reduced, but the difference did not reach statistical signifi-
cance, and no difference in overall survival was observed. Based 
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Trial N Treatment mg/d CCyR MMR CMR PFS OS

IRIS (18 mo) 553 IM 400 74% (estimated at 18 mo) 57% NR 96.6% (12 mo)
92.1% (18 mo)

97.2% (18 mo)

IRIS (60 mo) 553 IM 400 87% (estimated at 60) mo) 83% EFS (60 mo) 89%

TOPS (12 mo) 157 IM 400 66%a 46%° 95% (18 mo)(P = 0.63)
319 IM 800 70%a 54%° 97.4% (18 mo)(P = 0.63)

ENESTnd (24 mo) 282 NIL 600 63% 51% 16%b 98.0% 97.4%

281 NIL 800 56% 44% 16%b 97.7% 97.8%

283 IM 400 46% 25% 4%b 95.2% 96.3%

DASISION (24 mo) 260 IM 400 74% 46% 92.1% 95.2%

259 DAS 100 80% 64% 93.7% 95.3%

SPIRIT (12 mo) 159 IM 400 58% 43% 9%

160 IM 600 65% 53% 8%

158 IM 400 + ARAC 70% 54% 8%

159 IM 400 + IFN 66% 64% 16%

CML IV (24 mo) 306 IM 400 74% 63% 31% 94% (36 mo) 95% (36 mo)

328 IM 800 82% 76% 43% 94% (36 mo) 95% (36 mo)

336 IM 400 + IFN 77% 63% 30 % 94% (36 mo) 95% (36 mo)

CCyR, complete cytogenetic response; CMR, complete molecular remission OR undetectable residual disease; IFN, interferon; MMR, major molecular response; OS, overall survival; PFS, 
progression-free survival.
aCumulative incidence of CCyR by timepoint, 12 months. MMR in evaluable patients at timepoint, 12 months.
bCMR at any time (ITT).

treAtMent resuLts

taBLe 81.3

on the DASISION trial, dasatinib was approved for use in newly 
diagnosed CML patients.

Nilotinib
An initial phase 1 study tested nilotinib in a cohort of CML and 
Ph+ ALL patients who had failed imatinib due to resistance or 
intolerance. Considerable activity was seen in CP and AP, although 
results in BP were less impressive.203 Subsequent phase 2 studies 
led to approval of nilotinib 400 mg twice daily for patients with 
CML-CP and CML-AP who had failed prior imatinib therapy.204,205 
The recently published results of CML-BP are comparable to 
those of dasatinib, but nilotinib is not currently approved for 
this indication.206 Nilotinib (300 or 400 mg twice daily) was 
then compared to imatinib in the Evaluating Nilotinib Efficacy 
and Safety in Clinical Trials–Newly Diagnosed (ENESTnd) study, 
with MMR at 12 months as the major endpoint.207 This study 
showed both experimental arms superior to the standard arm. 
Note that progression-free survival was improved with nilotinib. 
The results of the ENESTnd study led to approval of nilotinib  
(300 mg twice daily) for frontline therapy in newly diagnosed 
patients with CML-CP.

Drug Combinations
Imatinib has been tested in combination with multiple cytotoxic 
agents and signal transduction inhibitors, mostly in the setting of 
resistance. In the frontline setting, data are limited to combina-
tions with cytarabine and IFN. In the SPIRIT study, 400 mg ima-
tinib daily was compared with 600 mg daily as well as 400 mg 
daily combined with pegylated IFN or cytarabine, with MMR at 
12 months as the major endpoint.196 Patients in the IFN/imatinib 
arm had significantly higher rates of MMR than all other arms 
of the study (57% vs. 38% at 12 months for the comparison with 
imatinib 400 mg daily). These data were confirmed by a smaller 
Scandinavian study.208 Thus far, no differences in overall and 
progression-free survival were seen, and IFN/imatinib combina-
tions should be considered experimental.

aPProaCH to tHe neWly 
diagnosed CHroniC-PHase Patient

Selection of Frontline tyrosine Kinase Inhibitor
Once staging and risk assessment are complete, the question is 
how to choose among the three approved TKIs. Selection is influ-
enced by several considerations, not all of which are strictly medi-
cal. As of 2012, there is no significant difference in overall survival 
between patients treated with imatinib versus dasatinib or nilo-
tinib. However, key molecular endpoints such as MMR and CMR 
are achieved faster with the two newer TKIs. It seems likely that 
with more follow-up a relatively small but significant advantage in 
overall survival will become apparent. This gain must be balanced 
against the long and very impressive safety record of imatinib.125 
The risk/benefit assessment would change dramatically in favor 
of the dasatinib or nilotinib if there were a substantial increase in 
the numbers of patients who can discontinue therapy altogether, 
an outcome as much desirable as uncertain. An important fac-
tor to consider is the risk score. Although molecular responses 
with dasatinib or nilotinib are superior across all risk categories, 
progression to AP/BP is very rare in low-risk patients treated 
with imatinib. Conversely, high-risk patients may benefit dispro-
portionately from dasatinib or nilotinib. Lastly, the patient’s past 
medical history is critical for TKI selection. Diabetes, pancreatitis, 
and QT prolongation are contraindications for nilotinib,203 and a 
history of pleural effusions, heart failure, or gastrointestinal bleed-
ing argues against dasatinib.197 Peripheral edema is frequently 
aggravated by imatinib.209 However, in many cases, there are no 
firm contraindications against any one of the three TKIs, and it 
can be a matter of trial and error to identify the drug with the opti-
mal tolerability in a given patient. In some patients, compatibility 
with lifestyle may favor once-daily dosing to optimize regimen 
adherence. Lastly, medication cost will play an increasing role. 
Dasatinib and nilotinib are more expensive than imatinib, and 
this difference will probably increase dramatically when generic 
imatinib preparations become available (expected in 2015). 
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Optimizing drug therapy for newly diagnosed patients in a general 
way will require a CML management strategy rather than a single 
drug approach. Important questions will have to be answered 
in well-designed prospective studies. For example, can second-
generation TKIs be used as an induction therapy, followed in good 
responders by low-cost maintenance imatinib? Or could patients 
be started on imatinib and switch to a second-generation TKI if 
an early response assessment reveals an unsatisfactory response?

Monitoring patients on therapy
Regardless of the TKI selected for initial therapy, weekly CBCs are 
indicated until blood counts are stable, at which point intervals 
are extended. Cytopenias are common during the initial phase of 
treatment and may require dose interruption and/or reduction. In 
most cases cytopenias are transient, reflecting therapeutic effects 
on leukemic hematopoiesis, when residual normal hematopoiesis 
is still suppressed. Algorithms have been proposed to optimize 
dose intensity, while avoiding prolonged myelosuppression.210 In 
addition, complete metabolic profiles (including lipase in the case 
of nilotinib) must be done periodically to monitor for liver and 
pancreatic toxicity as well as electrolyte imbalances. Repeat bone 
marrow biopsies are indicated until CCyR is achieved, typically at 
3, 6, and 12 months. qPCR is the monitoring strategy of choice for 
patients who attained CCyR. The current recommendation is to 
perform qPCR every three months. Once stable MMR or even CMR 
has been achieved, these intervals can be extended to 6 months.156 
Although no exact data are available, it is likely that many rises of 
BCR-ABL1 levels in patients with well-controlled CML reflect non-
adherence. FISH for BCR-ABL1 on peripheral blood interphases 
should be used only if there is no access to reliable qPCR. An 
expert panel convened by the ELN has recommended milestones 
of response on TKI therapy, which have been widely accepted 
internationally, although minor differences remain compared to 
the NCCN guidelines.186 The ELN milestones are defined time-
points in which responses are classified as optimal, suboptimal, 
and failure (Table 81.4). In addition, there are so-called warning 
signs that may trigger clinical actions such as an increased density 

of surveillance. In their latest version, the ELN recommendations 
for newly diagnosed CML-CP patients were still based on imatinib 
as frontline therapy; with the approval of dasatinib and nilotinib, 
and the maturation of the ENESTnd and DASISION studies, they 
will need to be adjusted.

aPProaCH to tHe Patient 
Presenting in aCCelerated 
PHase/BlastiC PHase
As presentation of CML in AP or BP is uncommon in the devel-
oped world, there are limited data for this group of patients. 
However, second-generation TKIs are preferred over imatinib. In 
the salvage setting, dasatinib has shown slightly higher response 
rates and more durable responses in CML-AP and is currently 
the only second-generation TKI approved for CML-BP. In the case 
of blastic transformation, dasatinib is usually combined with 
AML- or ALL-type multiagent chemotherapy, although this is not 
typically the case for AP.154 All patients with AP/BP should be con-
sidered for an allogeneic stem cell transplant, with TKI therapy 
used to restore a second chronic phase and bridge the time to 
transplant. Therefore, HLA typing and a transplant consultation 
are essential parts of the initial work-up for patients who present 
in AP/BP. Whether to proceed to allografting in an AP/BP patient 
who attained a very good response to TKI can pose an extremely 
challenging clinical decision and it is wise to discuss this eventual-
ity prior to starting TKI therapy. Transplant risk, co-morbidities, 
and the patient’s personal preferences are critical factors.

resistanCe to tyrosine  
kinase inHiBitors
TKI resistance is grouped into primary and secondary (acquired) 
resistance. At a mechanistic level, resistance can be classi-
fied as BCR-ABL1–dependent or BCR-ABL1–independent. In 

Response

Evaluation Time, Months Optimal Suboptimal Failure Warnings

Baseline NA NA NA High risk; CCA/Ph+a

3 CHR and at least minor 
CgR (Ph+ ≤ 65%)

No CgR (Ph+ > 95%) Less than CHR NA

6 At least PCgR  
(Ph+ ≤ 35%)

Less than PCgR  
(Ph+ > 35%)

No CgR (Ph+ > 95%) NA

12 CCgR PCgR (Ph+ 1–35%) Less than PCgR (Ph+  
> 35%)

Less than MMRb

18 MMRb Less than MMRb Less than CCgR NA

Any time during treatment Stable or improving 
MMRb

Loss of MMRb; mutationsc Loss of CHR; loss of CCgR;  
mutationsd; CCA/Ph+

Increase in BCR-ABL1  
transcript levelse; CCA/Ph+

CCA, clonal chromosome abnormalities; CCgR, complete cytogenetic response; CgR, cytogenetic response; CHR, complete hematologic response; MMR, major molecular response; NA, not 
applicable; PCgR, partial cytogenetic response; Ph+, Philadelphia chromosome positive; Ph−, Philadelphia chromosome negative.
aCCA/Ph+ is a warning factor at diagnosis, although its occurrence during treatment (i.e., clonal progression) is a marker of treatment failure. Two consecutive cytogenetic tests are required and 
must show the same CCA in at least two Ph+ cells.
bMMR indicates a ratio of BCR-ABL1 to ABL1 or other housekeeping genes of ≤ 0.1% on the international scale.
cBCR-ABL1 kinase domain mutations still sensitive to imatinib.
dBCR-ABL1 kinase domain mutations poorly sensitive to imatinib.
eThe significance of the increase may vary by a factor of 2 to 10, depending on the laboratories.
Adapted from Baccarani M, Cortes J, Pane F, et al. Chronic myeloid leukemia: an update of concepts and management recommendations of European LeukemiaNet. J Clin Oncol 
2009;27:6041–6051.

evALuAtion of overALL resPonse to iMAtinib frontLine in eArLy CHroniC PHAse

taBLe 81.4
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BCR-ABL1–dependent resistance, there is reactivation of BCR-
ABL1 kinase, which implies that responses may be recaptured 
if BCR-ABL1 inhibition is restored. In BCR-ABL1–independent 
resistance, alternative growth and survival pathways substitute 
for BCR-ABL1 kinase activity.211

BCr-aBL1 Kinase Domain Mutations
The best characterized mechanism of TKI resistance is point 
mutations in the BCR-ABL1 kinase domain that impair drug bind-
ing.212 Solving the crystal structure of ABL1 in complex with an 
imatinib analog was instrumental to understanding how kinase 
domain mutations cause resistance.213 In contrast to expecta-
tions, imatinib was found to bind an inactive conformation of 
ABL1, with the activation loop of the kinase in a closed position. 
Additionally, there was extensive downward displacement of the 
ATP binding loop. Mutations in the kinase domain can cause resis-
tance by steric hindrance or elimination of hydrogen bonds, most 
impressive in the T315I mutation at the gatekeeper position. A 
different type of mutation affects the ATP binding loop, preventing 
the rearrangements required for optimal drug binding. Examples 
include Q252H, Y253(H/F), and E255(K/V). Lastly, mutations in 
the activation loop such as H396P stabilize an open conformation, 
to which imatinib cannot bind.214 Although imatinib is vulnerable 
to a broad range of mutations, the spectrum is much more limited 
for nilotinib and dasatinib, reflecting their greater potency and, 
in the case of dasatinib, less stringent binding requirements.215 
Clinical resistance mutations are precisely predicted by in vitro 
assays, which enable the development of pre-emptive strategies 
to overcome this type of resistance.216,217,218 Biochemical and 
cell proliferation data have been used to rank kinase domain 
mutations according to the degree of TKI resistance they confer 
(Table 81.5).219 Although these data are based on in vitro stud-
ies, they tend to correlate with clinical responses.220,221 However, 
correlations are not as tight as one might suspect, suggesting that 
additional mechanisms govern clinical resistance. The exception 
to this rule is the T315I mutation that confers complete resistance 
to all approved TKIs, both in vitro and in vivo. For several other 
mutants, the difference in sensitivity is sufficient to support the 
use of dasatinib over nilotinib or vice versa (Table 81.5). An in-
depth discussion of the many reported mutations and their sensi-
tivity profiles is beyond the scope of this chapter and the reader is 
referred to detailed reviews of this subject.219,222

activation of alternative Signaling pathways
In contrast to kinase domain mutations, BCR-ABL1 kinase-inde-
pendent resistance is less well understood and seems to involve 
multiple different mechanisms. For example, activation of SRC 
family kinases, MAP kinase, STAT5, SYK, and PI3K have all been 
associated with TKI resistance despite sustained inhibition of 
BCR-ABL1.223,224,225–227 Extrinsic factors such as cytokines may 
also play a role.228,229 Targeting these diverse pathways is thera-
peutically challenging.

aPProaCH to tHe Patient  
WitH tyrosine kinase  
inHiBitor resistanCe
Failure to achieve therapeutic milestones or a loss of response 
from a given level suggests TKI resistance, and should trigger a 
careful evaluation. The first call of order is to assess medication 
adherence through a thorough history. Drug level testing, widely 
available only for imatinib, is not useful, as patients have been 
found to make up for skipped doses during the last few days 
prior to the office visit.230 Moreover, drug interactions should be 

considered, especially in patients on multiple co-medications. It is 
particularly important to include herbal preparations and other 
over-the-counter remedies, for example, St. John’s Wort, which 
can drastically lower imatinib plasma concentrations.231 A realis-
tic view, however, is that drug interactions are almost impossible 
to predict in patients on polypharmacotherapy, and the situation 
is even more complicated in cases of impaired renal or hepatic 
function. If nonadherence or drug interactions seem unlikely, 
a complete resistance work-up that includes a physical exam, 
CBC, bone marrow aspirate and biopsy, bone marrow metaphase 
karyotyping, and BCR-ABL1 mutation analysis is indicated. TKI 
resistance defines a high-risk situation and should be approached 
as a diagnosis with significant clinical implications. Key pieces of 
information derived from this work-up are disease phase, BCR-
ABL1 mutation status, and karyotype, including CCA/Ph+.

Patients with resistance to imatinib can be managed with a 
second-line TKI alone as long as they are in chronic phase and 
do not have the T315I mutation. The selection of dasatinib versus 

Ba/F3 Cellular Proliferation IC50 Values

Imatinib (nM) Nilotinib (nM) Dasatinib (nM)

Native Bcr-Abl 260 13 0.8

M244V 2,000 38 1.3

G250E 1,350 48 1.8

Q252H 1,325 70 3.4

Y253F 3,475 125 1.4

Y253H >6,400 450 1.3

E255K 5,200 200 5.6

E255V >6,400 430 11

V299L 540a nd 18a

F311L 480 23 1.3

T315A 971 61 125a

T315I >6,400 >2,000 >200

F317L 1,050 50 7.4

F317V 350a nd 53a

M351T 880 15 1.1

E355G 2,300b nd 1.8c

F359V 1,825 175 2.2

V379I 1,630 51 0.8

L387M 1,000 49 2

H396P 850 41 0.6

H396R 1,750 41 1.3

Sensitive Intermediate 
sensitivity

Insensitive

Imatinib: sensitive (≤1,000 nM), intermediate (≤3,000 nM), insensitive (>3,000 nM). 
Nilotinib: sensitive (≤50 nM), intermediate (≤500 nM), insensitive (>500 nM). Dasatinib: 
sensitive (≤3 nM), intermediate (≤60 nM), insensitive (>60 nM).
aIC50 values from Burgess MR, Skaggs BJ, Shah NP, Lee FY, Sawyers CL. Comparative 
analysis of two clinically active BCR-ABL kinase inhibitors reveals the role of conformation-
specific binding in resistance. Proc Natl Acad Sci U S A. 2005;102(9):3395–400. 
bIC50 value from Shah NP, Nicoll JM, Nagar B, et al. Multiple BCR-ABL kinase domain 
mutations confer polyclonal resistance to the tyrosine kinase inhibitor imatinib (STI571) in 
chronic phase and blast crisis chronic myeloid leukemia. Cancer Cell. 2002;2(2):117–25.
cIC50 value estimated from Shah N, Tran C, Lee FY, et al. Overriding imatinib resistance with 
a novel ABL kinase inhibitor. Science 2004;305:399–401.
Adapted from O’Hare T, Eide CA, Deininger MW. Bcr-Abl kinase domain mutations, drug resistance, 
and the road to a cure for chronic myeloid leukemia. Blood 2007;110:2242–2249.

sensitivity of bCr-AbL1 KinAse DoMAin MutAnts  
to AbL KinAse inHibitors
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nilotinib is based on past medical history to avoid specific side 
effects and the type of BCR-ABL1 mutation (if present). It is good 
clinical practice to have the patient evaluated or re-evaluated by a 
transplant center. Analogous to newly diagnosed patients, patients 
on second-line TKIs must be assessed at regular intervals to 
determine whether their response meets expectations. One study 
showed that only 7% of patients who failed to achieve a minor 
cytogenetic response (≤65% Ph+ metaphases) at 3 months were 
in MCyR at 12 months, whereas MCyR at 12 months predicted 
progression-free and overall survival.232 Patients who fail frontline 
or second-line dasatinib or nilotinib are at very high risk, even if 
still in CP, and have limited drug treatment options. Switching from 
nilotinib to dasatinib or vice versa is effective only in some patients, 
and responses are not generally durable.233 Thus, experimental 
agents and/or allogeneic stem cell transplant must be considered.

It is likely that this therapeutic space will soon become more 
nuanced with the advent of third-line TKIs, particularly ponatinib, a 
highly potent BCR-ABL1 TKI with activity against all reported single 
mutants, including T315I.234 Ponatinib showed considerable activ-
ity in a phase 1 study of patients with failure to respond to dasatinib 
and/or nilotinib or the T315I mutation, and a large phase 2 study 
(PACE trial) confirmed the results.235,236 Ponatinib is currently 
under consideration for regulatory approval and may replace dasat-
inib and nilotinib for second-line therapy. Patients who progress to 
AP/BP on imatinib are managed with the appropriate second-line 
TKI, and in the case of BP typically combined with chemotherapy. 
All eligible patients in this category should be offered an allogeneic 
stem cell transplant, with the second-line TKI used as a bridge.

disContinuation oF tyrosine 
kinase inHiBitor tHeraPy
Several studies have reported on patients who discontinued 
imatinib, typically after achieving CMR and maintaining it for 1 
to 2 years.237,238 The recurrence rate of molecularly detectable 
leukemia in these patients was approximately 60%, and 40% main-
tained responses without TKI treatment, sometimes with intermit-
tent low-level positivity by qPCR. It is interesting that almost all 
recurrences occurred within 6 months, consistent with two distinct 
patient populations. High Sokal risk at diagnosis and a shorter 
duration of therapy were associated with recurrence. Patients with 
recurrence universally responded to re-treatment, suggesting this 
approach is safe as long as patients are monitored closely. These 
results have raised hopes that imatinib may be curative in a sub-
set of patients.239 Larger studies are underway, including patients 
with CMR on dasatinib or nilotinib. Although these data are clearly 
very encouraging, they do not at this point support a change of 
clinical practice. This is particularly important in the United States, 
where high-quality molecular monitoring is not widely offered. 
Individual decisions to discontinue therapy may be made in the 
case of unacceptable side effects and after careful consideration of 
all alternatives. Otherwise, discontinuation should be regarded as 
experimental and should only be considered within a clinical study.

allogeneiC steM Cell 
transPlantation
Allogeneic hematopoietic stem cell transplantation was the first 
treatment modality that restored Ph− hematopoiesis and induced 
durable responses.18 CML is more susceptible to immunotherapy 
in an allogeneic setting than most other hematologic cancers. 
Donor leukocyte infusions (DLIs) were first used in CML patients 
and demonstrated not only the effectiveness of this approach, but 
also substantiated the existence of a graft-versus-leukemia effect.240 
Prior to the introduction of imatinib, allografting was recommended 

to all eligible patients, and even today it is still regarded as the only 
therapy with curative potential. Only one study prospectively com-
pared allotransplant versus drug therapy. Newly diagnosed patients 
with CML-CP were biologically randomized to a matched sibling 
transplant versus IFN-based drug therapy, the best nontransplant 
treatment available when the trial was initiated.241 Patients man-
aged with drug therapy had superior survival, with the biggest dif-
ference observed in low-risk patients. After approximately 8 years 
the survival curves crossed, suggesting that transplant would be 
superior in the long run if IFN were the alternative. However, given 
the efficacy of TKIs in the frontline setting, and that early transplant-
related mortality is clearly higher than the risk of early disease pro-
gression, allotransplant is no longer justifiable in newly diagnosed 
patients with CML-CP, except in unusual circumstances.156

Risk scores for allografting in CML were developed by the 
European Group for Blood and Marrow Transplantation (EBMT) in 
the pre-imatinib era and identified disease duration of >12 months, 
more advanced disease, higher age, unrelated donor type, and the 
combination of a male recipient with a female donor as adverse 
prognostic factors (Table 81.6).242 Disease phase had the greatest 
impact on outcome. Although somewhat historical, the EBMT score 
is still useful for prognostication. There is consensus that allotrans-
plant should be offered to all patients with progression to AP/BP. 
Good transplant risk patients who fail imatinib and all patients who 
fail dasatinib or nilotinib in chronic phase should also be considered, 
provided they are medically fit to undergo the procedure. Fortunately 
there is no evidence that imatinib or other TKIs prior to allografting 
negatively affect the outcome. On the contrary, for unknown reasons, 
imatinib prior to allotransplant seems to reduce the risk of chronic 
graft-versus-host disease and possibly relapse risk.243–245 Recent 
results from the German CML study group re-assert the importance 
of transplanting patients while they are still in chronic phase: 3-year 
overall survival was 91% for patients transplanted in CP after failing 
imatinib versus 59% for patients transplanted in AP/BP.246 There is 
an emerging consensus that bone marrow is preferred over periph-
eral blood stem cells (PBSCs) in patients with CML-CP, where graft-
versus-host disease is a greater concern than disease control.247 
This assessment is different for patients with transformation to AP/
BP, even if they have achieved a second chronic phase. High relapse 
risk patients should receive a TKI post-transplant; BCR-ABL1 muta-
tion analysis at the time of resistance will help match the optimal 

Risk Factor Score and Description

Disease phase 0 if CP; 1 if AP; 2 if BP
Age 0 if <20 y; 1 if 20–40 y; 2 if >40 y
Interval from diagnosis 0 if ≤ 1 y; 1 if >1 y
Donor type 0 if HLA-identical sibling; 1 in any other instance
Donor-recipient sex match 1 if female donor and male recipient; 0 for any 

other match

Note: The EBMT risk score was based on 3,142 patients treated with alloHSCT between 
1989 and 1997, prior to the introduction of tyrosine kinase inhibitors. For low-risk patients 
(i.e., risk score of 0 to 2), the transplantation-related mortality was 31% in the original 
cohort; however, in a more recent cohort of patients who underwent transplantation between 
2000 and 2003, transplantation-related mortality was reduced to 17%. For the patients with 
a risk score of 3 to 4, transplantation-related mortality was approximately 50%, and it was 
approximately 70% for the patients with a risk score of 5 to 6.93.
AP, accelerated phase; BP, blast phase; CP, chronic phase.
Adapted from Gratwohl A, Hermans J, Goldman JM, et al. Risk assessment for patients 
with chronic myeloid leukaemia before allogeneic blood or marrow transplantation. Chronic 
Leukemia Working Party of the European Group for Blood and Marrow Transplantation. 
Lancet 1998;352:1087–1092.

ALLo-HeMAtoPoietiC steM CeLL trAnsPLAntAtion risK 
fACtors AnD euroPeAn GrouP for bLooD AnD MArroW 
trAnsPLAntAtion risK sCore
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TKI to individual patients. Given the high median age at the time of 
diagnosis, many patients will be eligible only for reduced intensity 
conditioning regimens. An in-depth discussion of the various con-
ditioning regimens, selection of bone marrow versus PBSCs, and 
 post-transplant immunosuppression is presented elsewhere.

Future PersPeCtives
Transformation to BP is rare in the age of TKIs, but the prognosis 
for patients crossing this threshold remains dismal. Understanding 
the mechanisms of resistance to advanced TKIs such as pona-
tinib will be critical for developing effective therapeutic strate-
gies. Although ponatinib blocks all single BCR-ABL1 mutants, 
responses in BP are rarely maintained regardless of BCR-ABL1 
mutational status. In vitro studies have shown that compound 
mutations, i.e., the presence of two point mutations in the same 
BCR-ABL1 molecule, can confer high-level ponatinib resistance 
and the same may occur in vivo.234 Patients without detectable 
kinase domain mutations apparently develop truly BCR-ABL1 
kinase-independent leukemia. As with refractory AML, it seems 
that we are approaching a ceiling on what can be achieved by 
concentrating on the leukemia cells, and future research must 
take into account the protective effects of the microenvironment.

At the other end of the disease spectrum, the majority of patients 
responding to TKIs continue to harbor residual leukemia cells, evi-
dent either as low-level qPCR positivity or as recurrence in the case of 
TKI discontinuation, a state often referred to as disease persistence. 
Ex vivo studies on cells from patients in CMR have identified Ph+ 
cells both in progenitor and primitive long-term culture-initiating 
cells, and the frequency of leukemia stem cells in the CD34+CD38− 
fraction was estimated at 0.59% ± 0.1% based on xenograft studies 
in immunodeficient mice.248,249 There is convincing evidence that 
persistent CML cells are not (or are not solely) dependent on BCR-
ABL1 kinase activity for their survival.250,251 Several pathways have 
been implicated in mediating survival despite inhibition of BCR-
ABL1 activity, including Wnt/b-catenin, PML, Hedgehog, Alox5, 
BCL6, and PP2A, among others.252,253,254,255,256,257,258,259 The 
microenvironment may play a key role in activating these pathways, 
providing a sanctuary to residual CML cells. Significant efforts are 
being directed toward identifying therapeutic targets to eradicate 
residual leukemia. The biggest challenge is that many potential 
targets have important roles in normal hematopoiesis or devel-
opment in general, limiting the therapeutic windows of targeted 
therapies. On the other hand, some patients treated with imatinib 
maintain CMR or MMR in the absence of continued therapy, and it 
will be important to understand the biology of these responses. One 
potential mechanism is that the CML clone, once reduced to very 
low levels by TKI treatment, is controlled by the immune system; 
alternatively, clonal extinction may be possible in some patients 
with biologically low-risk disease.239 Whether this equals a cure 
may be a question of defining “cure” in the context of CML. Given 
that elimination of all leukemia cells cannot be proven, we may 
define “cure” as a risk of active CML that is not different from that 
in the general population. Long follow-up is needed to ascertain this 
point, and late relapses after allogeneic transplantation speak to the 
resilience of the Ph+ cell clone.260 More work is needed to truly turn 
CML into a problem of the past.
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Polycythemia Vera
robert t. means, Jr.

C h a p t e r  8 2

Definition anD history
Polycythemia vera (PV), also called polycythemia rubra vera, is 
a chronic clonal myeloproliferative disorder characterized by a 
striking absolute increase in the number of red blood cells and in 
the total blood volume, and usually by leukocytosis, thrombocyto-
sis, and splenomegaly. The bone marrow is typically hypercellular 
and exhibits hyperplasia of myeloid, erythroid, and megakaryo-
cyte lineages.

In 1892, Vaquez described persistent polycythemia, as dis-
tinguished from relative and transient forms, in a man whom he 
believed to have a congenital cardiac lesion even though no aus-
cultatory signs were noted. At autopsy, a year after the patient 
was first examined, his heart was found to be normal.1 In 1903 
and 1908, Osler recognized that various reports of polycythe-
mia in the literature represented a single disorder and further 
clarified the clinical picture of the disease,2–4 and Türk, in 1904, 
called attention to the occurrence of leukocytosis as well as to 
immature forms of cells of the red and white series, suggesting 
a hyperplastic disorder of blood formation involving the mar-
row as a tissue and not merely erythrocytes.5 Thus, the general 
clinical picture of the disease was established in the earliest 
publications.6

Synonyms for PV used in the older literature include ery-
thremia, splenomegalic polycythemia, Vaquez disease, Osler 
disease, polycythemia with chronic cyanosis, myelopathic 
polycythemia, erythrocytosis megalosplenica, and cryptogenic 
polycythemia.

ePiDemiology
The age- and sex-adjusted incidence rate of PV was 1.9 per 
100,000 person-years in Olmstead County, Minnesota, during 
the years 1935 to 1989,7 and 2.6 per 100,000 person-years in 
Malmo, Sweden, during 1980 to 1984.8 PV appears to be some-
what more common in men than in women, with reported male-
to-female ratios ranging from 1.2 to 2.2 in various studies.7,9–11 
PV in younger patients reportedly shows less marked male 
predominance.10 Some8 but not all7 studies have suggested that 
the incidence of PV is increasing over time. The frequency of PV 
according to age and sex is shown in Figure 82.1.

PV tends to be a disease of older individuals, with peak inci-
dence observed at 60 to 80 years of age,10,11 with maximum 
incidence exceeding 20 per 100,000 person-years.7 The mean age 
at diagnosis has increased steadily since the 1920s.11–15 Cases of 
PV have also been reported in patients younger than the age of 
40 years.16,17

Racial and ethnic factors influence the incidence of PV. PV is 
significantly less common in African Americans than Americans 
of European ancestry.9,13,18 A number of investigators (beginning 
with Türk) have reported that the incidence of PV is higher in 
individuals of Jewish origin.9,13,19,20 Ashkenazi Jews in Northern 
Israel exhibit a higher incidence of PV than do their neighbors of 
Arab or Sephardic Jewish origins.19

Familial occurrence of PV has been reported by 6% of 
patients enrolled in the protocols of the Polycythemia Vera 
Study Group (PVSG) and in intermittent sporadic cases.21–25,26,27 

FIGURE 82.1 Frequency of diagnosis of polycythemia vera according to age and sex. Age at diagnosis of polycythemia vera for 671 men (55%) and 542 
women (45%). M/W, ratio of men to women for diagnosis of polycythemia vera in each 5-year group. (From Gruppo Italiano Studio Policitemia. Polycythemia vera: the 
natural history of 1213 patients followed for 20 years. Ann Intern Med 1995;123:656–664, with permission.)
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It was previously claimed that PV affected primarily those of 
slender body habitus, but there is little evidence to support this 
statement.13

clinical features
The symptoms and signs of PV can be attributed in large part 
to the expanded total blood volume and to the slowing of the 
blood flow as a result of increased blood viscosity, as discussed 
in Chapter 44. At the time of diagnosis, it becomes apparent 
that the disorder has been present for a long time in most cases. 
Patients may complain of headache, dizziness, tinnitus, visual dis-
turbances, dyspnea, lassitude, or weakness. Although the color of 
the skin often is acknowledged to have been abnormal for a long 
time, this complaint alone rarely brings the patient to the physi-
cian. Skin and mucous membrane hemorrhages are not uncom-
mon; these, or a sense of weight or swelling in the abdomen 
owing to enlargement of the spleen, may be the initial symptoms. 
The lack of specificity of symptoms may in fact contribute to the 
delay in diagnosis. On the other hand, some patients have no com-
plaints whatsoever, and polycythemia is discovered incidentally. 
Table 82.1 lists the frequency of common symptoms and physical 
findings in patients with PV.

Skin and Mucous Membranes
The color of the face is not cyanotic but is rather “ruddy,” as might 
be produced by severe sunburn or a profound blush. The face also 
often appears swollen. This “rubor” may be so intense that it pro-
duces a startling appearance. The face, particularly the lips, cheeks, 
tip of the nose, ears, and neck, show this color (Fig. 82.2), but the 
skin of the trunk usually is not particularly affected. The distal por-
tions of the extremities exhibit these changes more than the proxi-
mal portions and may be more truly cyanotic. The skin capillaries 

are distended, and the capillary loops are enlarged. The degree of 
red or blue coloration depends on the state of dilation of the periph-
eral vascular network and on the speed of circulation through these 
areas, because these factors determine the quantity of reduced 
hemoglobin present.28 This is responsible for the frequent descrip-
tion in earlier reports that PV produced “cyanosis.” These findings 
are not unique to PV, but are also observed in patients with an 
elevated hematocrit from secondary erythrocytosis.

Ecchymoses and purpura of various sizes are common as 
the disease progresses. Red or dark-violet spots or brownish 
pigmentation of the skin may be found, and a great variety of 
skin lesions29 have been observed, including dry skin, eczema, 
acneiform or urticarial changes, acne rosacea, acne urticata,30 
urticaria pigmentosa,31–34 and neutrophilic dermatosis (Sweet 
syndrome).35–38 The eyes may appear bloodshot. The mucous 
membranes may be a deep raspberry-red, and epistaxis and/or 
gingival bleeding may occur.

A common complaint is aquagenic pruritus, intense itching 
after exposure to water (most typically in a bath or shower). This 
may be the initial presentation of PV and is reported in up to  
60% of PV patients younger than the age of 40 years.17,39,40 The 
itching may be so troublesome that bathing with hot or even 
warm water is avoided. The reaction is less frequent after the use 
of cold water. This complaint tends to disappear as the polycythe-
mia is treated, but may require specific intervention. Reddening, 
swelling, and pain in the digits (erythromelalgia) may occur and 
are typically associated with extreme platelet elevations.41,42

Cardiovascular System
Cardiac symptoms are not particularly prominent, and cardiac 
hypertrophy is typically absent. The circulatory minute volume is 
reduced, and the velocity of blood flow is greatly lowered,43 but 
the cardiac output and work are normal.44,45 Electrocardiograms 
may show prolonged QT duration.46 When echocardiographic 
abnormalities are observed, they are typically associated with 
previous thromboembolic events and consequent pulmonary 
hypertension.47,48 PV occurs in the population generally consid-
ered to be at highest risk for myocardial infarction, so whether 
PV increases this risk, and if it does, to what degree, is unclear.49 
Increased blood viscosity related to polycythemia, however, 
may contribute to symptoms in patients with atherosclerotic 

Physical Findings Frequency (%)

Splenomegaly 70

Skin plethora 67

Conjunctival plethora 59

Engorged vessels in the optic fluid 46

Hepatomegaly 40

Systolic blood pressure > 140 mm Hg 72

Diastolic blood pressure > 90 mm Hg 32

Symptoms

Headache 48

Weakness 47

Pruritus 43

Dizziness 43

Diaphoresis 33

Visual disturbances 31

Weight loss 29

Paresthesias 29

Dyspnea 26

Joint symptoms 26

Epigastric discomfort 24

Data from Berlin NI. Diagnosis and classification of the polycythemias. Semin Haematol 
1975;12:339–351.

TablE 82.1

Physical Findings and symPtoms in Polycythemia Vera

FIGURE 82.2 Photograph of a drawing (original in color) of one of Osler’s original 
patients.
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cardiovascular disease.50,51 Thrombotic events, in both the arte-
rial and venous circulations, are common in patients with PV. 
Nineteen percent of the 1,213 patients followed by the Gruppo 
Italiano Studio Policitemia (GISP) experienced a thrombotic event.  
Of these, 50.5% of nonfatal thrombotic events were documented 
as having occurred in the arterial circulation and 38.5% in the 
venous circulation. More than 80% of fatal thromboses were 
arterial.10 Other abnormalities of the venous system include 
varicosities and phlebitis.52 Venous thrombosis is more common 
in women.53 Moderate or significant thickening of the peripheral 
arteries is found in patients with PV, and coronary thrombosis, 
claudication without occlusion, arterial occlusion with gangrene, 
acroparesthesia, Raynaud phenomenon, and thromboangiitis 
obliterans have been described.54,55

As noted in Table 82.1 and in other studies,56 hypertension is 
relatively common in patients with PV. It is unclear whether this 
reflects the increased incidence of hypertension in the middle-
aged and elderly or is a consequence of increased blood viscosity. 
Certainly, improvement of blood viscosity by reduction of the red 
cell volume aids in the control of blood pressure.

Gastrointestinal System
In addition to nonspecific gastrointestinal symptoms experienced 
by everyone at some time, such as feelings of fullness, thirst, gas 
pains, and constipation, patients with PV have an increased fre-
quency of peptic ulcer, gastrointestinal bleeding, or thrombosis 
of mesenteric vessels. When compared with dyspeptic controls, 
PV patients had a three- to fourfold greater frequency of upper 
gastrointestinal erosions or ulcers.57,58 The relationship of blood 
basophil concentration, histamine content, gastric acid secretion, 
and dyspepsia on peptic ulceration has also been examined in 
a small group of patients with PV.59 No convincing correlations 
were demonstrated. The frequency of Helicobacter pylori infection 
is increased in PV patients.58

Massive hemorrhage from varices in the esophagus, stomach, 
or bowel may be observed.60–62 Thrombosis in the mesenteric 
veins and arteries may be mistaken for peritonitis or the perfo-
ration of an ulcer. Hepatomegaly is common (Table 82.1), and 
cirrhosis has also been reported.63 Mosse syndrome is a term 
applied by some to the co-existence of cirrhosis and PV.64 Budd–
Chiari syndrome also occurs,65,66,67 particularly in patients with 
a concurrent hypercoagulable state.68–71

Splenomegaly
Palpable splenomegaly occurs in more than two thirds of PV 
patients (Table 82.1).12,72 The size of the spleen varies greatly 
between individual patients and occasionally may extend to the 
pelvic brim.73 It is usually hard and smooth. Patients may experi-
ence pain in the splenic region, and after infarction a friction rub 
can be heard in this area. The general assumption is that polycy-
themia antedates the enlargement of the spleen and that engorge-
ment of this organ with blood and extramedullary hematopoiesis 
are the major contributors to splenomegaly. Splenomegaly appre-
ciated only by radiographic techniques was considered a minor 
diagnostic criterion in most pre-2007 diagnostic schemes for 
PV.74,75 Experience suggests that most practitioners regard it as 
the equivalent of splenomegaly observed on physical examination.

respiratory System
Dyspnea on severe exertion is common, and hoarseness is not 
unusual. Chest radiographs often reveal prominent vascular 
markings. Before the establishment of the PVSG diagnostic cri-
teria, which require a reasonably normal arterial oxygen satura-
tion for the diagnosis of PV, it was noted that the vast majority 
of patients with PV had normal arterial oxygen saturation, even 

when the hemoglobin levels were high, indicating that the high 
viscosity of the blood does not prevent normal blood oxygenation; 
oxygen dissociation studies were also normal.76–79 High diffusing 
capacities, which were reduced after phlebotomy, were also noted 
in a number of patients with PV.80 In another study, hypoxia, as 
evidenced by a low arterial oxygen tension and saturation, was 
observed in the absence of demonstrable co-existent cardiorespi-
ratory disease.81 In these individuals, ventilation–perfusion ratios 
were altered, and the diffusing capacity was low. The authors 
postulated that these findings might be the result of an alteration 
of the pulmonary vasculature caused by unrecognized thrombo-
embolism. Pulmonary hypertension is reported in patients with 
PV and other myeloproliferative disorders.48,82

Genitourinary System
Vesical, vaginal, and uterine bleeding have been reported, as has 
nontraumatic perirenal hematoma.83–86 When hypertension is 
noted, albuminuria and signs of renal disease may be found.

Neuromuscular System
Headache is the most common neurologic symptom87 but lassi-
tude, vertigo and giddiness, transitory syncope, insomnia, weak-
ness, and a sensation of fullness in the head and numbness and 
tingling in the fingers (less often in the feet) are also common.

Visual disturbances are common and include transitory dim-
ness of vision, or even temporary blindness, scotomas, specks and 
bright points in front of the field of vision, diplopia, and temporary 
paralysis of one of the eye muscles. On examination of the eye 
grounds, the vessels may be engorged, tortuous, and irregular 
in diameter; the veins may be dark purple, and the retina deeply 
colored. Papilledema and embolism of the central retinal artery 
have been reported.88

The cerebrospinal fluid pressure may be increased.89 Ringing 
and roaring in the ears are exceedingly common when the 
hematocrit is significantly elevated. Ménière syndrome and  
chorea90 have also been reported.

Vascular lesions of the brain constitute the most serious com-
plication of PV.91–94 A variety of neurologic syndromes, ranging 
from hemiparesis to seizures to alteration of cerebral function, 
have been reported in patients with PV. All such symptoms and 
signs presumably are secondary to increased blood volume and/
or decreased blood flow. Investigators have shown clearly that 
cerebral blood flow is greatly diminished at hematocrit levels 
between 0.53 and 0.62,95 and that elevated hematocrit is a risk 
factor for cerebrovascular accidents.96,97 Central nervous sys-
tem vascular events represented 30% of the nonfatal thrombotic 
events and 10.3% of deaths observed in the GISP study.10

Pain in the limbs may be troublesome and severe. It has been 
attributed to pressure on the bone by swollen, hyperplastic bone 
marrow. Unusual paresthesias may be encountered, but anatomic 
evidence of spinal cord changes has not typically been found at 
autopsy.

BlooD anD laBoratory finDings

hematologic Findings

Erythrocytes
Hemoglobin concentration typically is in the range of 18 to  
24 g/dl. Red cell counts of 7 to 10 × 1012/L are common when 
patients with this disease are first evaluated, and values as high 
as 12 and even 15 × 1012/L have been recorded.98 The individual 
erythrocytes usually appear normal. Slight anisocytosis may be 
evident, but poikilocytosis is unusual. Polychromatophilia and, 
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elevated109 and decreased110 in patients with PV. Platelet glyco-
protein IIIa expression has also been reported to be decreased in 
PV patients.111

Total Blood Volume
The total blood volume characteristically is increased. The enor-
mous increase in blood volume, which distends even the smaller 
vessels of the whole body, no doubt accounts for many of the 
symptoms of this disease. In a group of 30 patients in whom the 
hematocrit was 0.55 or greater, the total red cell volume, mea-
sured by the radioactive phosphorus (32P)-labeled red cell method, 
was 38.8 to 91.9 ml/kg body weight as compared with the normal 
average of 29.9 ml/kg.112 In two thirds of this patient group, the 
plasma volumes were below the lower limits of normal, and in 
none was the plasma volume above normal. Similar observations 
have been made using the chromium isotope method.11 Because 
of variations in plasma volume, the packed cell volume (or hema-
tocrit) gives only a rough indication of the size of the red cell mass.

In the early phases of PV, the red cell volume may not be 
elevated into this range. It has been proposed that a red cell 
volume > 125% of predicted is an appropriate criterion for 
polycythemia.113 In other circumstances, blood loss may result 
in “autophlebotomy”; that is, the patient becomes iron deficient, 
and the hemoglobin, hematocrit, and red cell volume fall into the 
normal range.

Erythrocyte Kinetics
Erythrokinetic studies have shown active hemoglobin production, 
but otherwise, findings have been diverse. Erythrocyte survival 
may be normal114 or shortened,115 and splenic sequestration 
may or may not be present. As measured by the 15N-glycine 
method, the rate of hemoglobin production was approximately 
two times the normal rate. The plasma iron turnover rate was 
also increased.115 This value was not reduced to normal by oxy-
gen administration, as occurs when polycythemia is caused by 
anoxia.

Increased serum bilirubin99 and increased urine and stool uro-
bilinogen116 levels have been demonstrated in some patients with 
PV, but when adjusted for the increase in the total amount of hemo-
globin that must be degraded, fecal urobilinogen values rarely are 
increased above expected values and may be somewhat reduced.

Neutrophil Kinetics
Studies of neutrophil kinetics in patients with PV in whom neutro-
phil counts ranged from normal to 23.9 × 109/L showed a blood 
neutrophil pool that ranged from normal to 12 times normal, with 
increased margination and a normal or slightly prolonged half 
disappearance time. The blood neutrophil turnover rate (effective 
neutrophil production) usually was increased and varied from 
normal to five times normal mean values.117 Increased polymor-
phonuclear leukocyte activation is also observed in PV patients, 
and is associated with evidence of endothelial damage.118

Platelet Kinetics
Studies of platelet kinetics in five patients with PV in whom the 
platelet concentration was increased revealed effective produc-
tion rates that ranged from 2 to 13 times normal. The marrow 
megakaryocyte mass was increased in all five patients studied.119

Fibrinogen Turnover
Results of studies involving three patients with erythremia indi-
cated that fibrinogen was consumed in the course of chronic 
disseminated intravascular coagulation120; similar findings were 

occasionally, basophilic stippling may be found. An occasional 
normoblast may be observed in the blood smear, and, in the 
presence of a relatively normal or definitely increased red cell 
count, should arouse suspicion of PV. The reticulocyte percent-
age is not significantly increased. After hemorrhage, however, the 
reticulocytes may be increased, and a number of other immature 
forms of the red cell series may be encountered. If bleeding occurs 
repeatedly, iron-deficient erythropoiesis may develop. This raises 
an interesting semantic point: these patients are iron deficient in 
that iron stores are absent, but the total body iron content, includ-
ing the iron present as hemoglobin in red cells, may be normal. 
Increased resistance to osmotic lysis has been reported for PV 
erythrocytes.99

Leukocytes
Leukocyte counts of 25.0 × 109/L are not uncommon and val-
ues in the 50.0 × 109/L range are occasionally seen.100 The 
myeloid leukocytes are both relatively and absolutely increased, 
metamyelocytes are increased in number, and 1% or 2% of 
myelocytes, sometimes more, are found. Myeloblasts usually are 
not observed. Basophil, eosinophil, or monocyte concentrations 
may be increased and provide a marker of an underlying myelo-
proliferative disorder. Leukocytes from patients with PV exhibit 
increased metabolic activity.101 A total leukocyte count greater 
than 12.5 to 15.0 × 109/L is a risk factor for thrombosis.102

Neither Vaquez nor Osler appreciated the significance of the 
leukocytosis with a “shift to the left” in the myeloid series of leu-
kocytes that often is present in this disease initially described by 
them. Türk, in 1904, called attention to this significant finding, 
which suggested that the whole bone marrow, rather than the 
erythropoietic tissue alone, was hyperactive. The leukocyte counts 
were >10.0 × 109/L in 50% of Osler’s patients. In larger series, 
leukocytosis is seen in more than 80% of patients, and counts 
greater than 12.0 × 109/L in approximately 40%.12,100

Platelets
The platelet count frequently is increased, usually in the 500 
to 1,000 × 109/L range, but counts as high as 3,000 and even 
6,000 × 109/L have been reported.103 Bleeding time and con-
ventional coagulation parameters usually are normal, but the 
clot may retract poorly. An artifactual elevation of protime 
and activated partial thromboplastin time may be observed in 
patients with erythrocytosis. The standard citrated tube used for 
coagulation studies contains a fixed quantity of anticoagulant 
for a fixed volume of blood. In polycythemia, there is a relative 
reduction of plasma, meaning that there will be excess antico-
agulant for the volume of plasma. Functional assays of coagula-
tion factors will thus be prolonged. This prolongation has no 
clinical significance other than provoking panic on the part of 
the individual reviewing the laboratory results. The leukocyte 
and platelet counts are not always increased above normal in 
patients with otherwise typical disease. Normal values were 
found in 20% of the patients in one series.15

Morphologic and qualitative functional platelet abnormalities 
often are detectable. Platelets may appear to be abnormally large, 
and even bizarre-shaped, and megakaryocyte fragments some-
times are seen in the blood smear. The hemorrhagic complications 
of this disease suggest that a hemostatic defect may be present, 
although physical distention of the vascular bed undoubtedly 
contributes to bleeding when it occurs. Platelet function defects 
reported in PV include shortened platelet survival in patients with 
 erythromelalgia,104 altered von Willebrand factor multimers105 and 
acquired von Willebrand syndrome,106 deficient  platelet-aggregating 
factor-induced aggregation,107 increased platelet thromboxane  
production,108 and platelet factor 3 deficiency.109 Plasminogen 
activator inhibitor-1 levels have been reported to be both 
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Bone Marrow
For most of the last 40 or 50 years, bone marrow examination 
was not one of the criteria included in the PVSG standard for the 
diagnosis of PV.11 The value of bone marrow examination in the 
differentiation of PV from other myeloproliferative disorders, from 
secondary polycythemia, from spurious polycythemia, or from the 
normal state was debated. Some investigators believed it to be an 
invaluable aid for making this differentiation;139,140 others regard 
it as an important diagnostic tool but not one that is capable 
of definitively establishing the diagnosis.12 However, both cur-
rently accepted diagnostic requirements for PV, the World Health 
Organization (WHO) criteria and the ECP criteria, formally include 
bone marrow examination.133,141

The marrow typically is hypercellular142,143 (Fig. 82.3), but 
normal cellularity is noted at the time of diagnosis in approxi-
mately 13% of cases.144 Hyperplasia involves all of the marrow 
elements and displaces marrow fat. Cellularity can be estimated 
with considerable accuracy by low-power examination of clot 
sections and needle or trephine biopsies. In several series, the 
mean cellularity of the marrow was 80% to 90% compared to 
approximately 30% in normal subjects and 40% in patients with 
secondary erythrocytosis.139,140,145 As mentioned, a few patients 
with untreated PV may have normal marrow cellularity.144,145 
Thus, the lack of hypercellularity does not exclude the diagnosis 
but should make it suspect.

An increase in megakaryocyte number and size is well 
documented in association with PV and was reported in 95% of  
175 cases. When the number of megakaryocytes was expressed 
in terms of fat-free marrow, however, the megakaryocyte hyper-
plasia was proportional to overall marrow cellularity.144 The ratio 
of the different cell types in the marrow is not strikingly different 
from normal. Clumps of pronormoblasts and basophilic erythro-
blasts are seen,143 and the percentage of nucleated red cells may 
be moderately elevated.146 Myelocyte and myeloblast numbers 
may be greater than normal, and an increase in eosinophils147 
and basophils may be found.146

Iron pigment is absent from the marrow in more than 90% of 
patients, even when phlebotomy has not been performed.147,148 
Increased marrow iron stores have been suggested as a mor-
phologic hallmark favoring a secondary form of erythrocytosis 
over PV.145,146 An increase in marrow reticulin levels and/or 
fibrosis has often been reported, but an increase was observed 
in only 11% to 15% of patients studied early in the course of 

observed in several patients with erythrocytosis secondary to 
pulmonary insufficiency. No correlations between fibrinolytic 
parameters and thrombotic complications of PV have been 
reported.121

Other Laboratory Findings
The viscosity of the blood may be five to eight times greater 
than normal.98,122 The specific gravity is 1.075 to 1.080, com-
pared with the normal range of 1.055 to 1.065. The degree of 
abnormality varies with the relative quantity of red corpuscles. 
The viscosity and specific gravity of the serum were actu-
ally less than normal. The erythrocyte sedimentation rate of 
polycythemic blood is low.123 The urine may be normal, but 
albuminuria is found occasionally, and, less often, casts are 
present.100 The increased urobilinogenuria noted in some of 
the patients has been mentioned. Studies of renal hemodynam-
ics suggested that glomerular filtration, despite the decreased 
fraction of plasma in the blood, is kept at almost normal values 
by an increase in renal blood flow and in the proportion of 
plasma filtered.124 The amount of uric acid in the serum may 
be normal or increased. Hyperuricemia was present in 70% 
of 127 patients in one series125 and in 55% of 325 patients11 
in another series. Values ranged from 2.8 to 11.7 mg/dl (aver-
age, 6.6 mg).11 Secondary gout occurs in 5% or more of these 
patients,13,17,125–127 and symptoms often are atypical.98 The 
occurrence of hyperuricemia in association with PV is attribut-
able to overproduction of uric acid.126,128 A vitamin B12–bind-
ing protein, which may be an altered form of transcobalamin 
I (Chapter 36), has been found in the plasma of patients with 
PV and in a variety of conditions involving leukocytosis.129,130 
The presence of this protein may explain the observation that, 
whereas serum B12 content may be within the normal range 
or only moderately elevated, the capacity of the serum to bind 
additional vitamin B12 added in vitro (unsaturated B12–binding 
capacity, UB12BC) is increased. Plasma homocysteine levels in 
polycythemic patients are higher than nonpolycythemic sub-
jects but still in the normal range.131 The leukocyte alkaline 
phosphatase score is normal or elevated in 80% to 100% of PV 
patients.113,125

Serum erythropoietin concentration is typically low in PV 
and may be elevated in secondary polycythemia. An elevated 
erythropoietin level in a polycythemic patient with reduced arte-
rial oxygen saturation would be evidence against PV. Birgegard 
and Wide have proposed that PV can be distinguished from 
secondary polycythemia by the erythropoietin response to phle-
botomy: the erythropoietin concentration rises after phlebotomy 
in secondary erythrocytosis but remains unchanged in PV.132 
A decreased serum erythropoietin concentration is a minor 
criterion for the diagnosis of PV in the WHO criteria, and a 
clinical criterion in the European Clinical and Pathological (ECP) 
criteria.74,113,133

Spurious hyperkalemia has been noted when platelets are 
greatly increased in number.134 Hyperhistaminemia and hyper-
histaminuria were reported in patients with PV compared with 
normal controls and secondary polycythemia subjects, but did not 
correlate with the pruritus often present.135 The basal metabolic 
rate may be increased moderately.136 Gastric acidity ranges from 
absent to increased.

Patients with PV and thrombosis exhibit a greater frequency 
of procoagulant abnormalities in antithrombin III, protein C, pro-
tein S, and resistance to activated protein C than do PV patients 
without thrombosis.137 Studies of prothrombin and factor V gene 
polymorphisms with a thrombotic diathesis showed no increased 
incidence of these abnormalities in PV patients.138 However, 
polymorphisms of the PlA2 allele of platelet glycoprotein IIIa were 
associated with increased arterial thrombosis in PV and essential 
thrombocythemia patients.138

FIGURE 82.3 bone marrow biopsy from a patient with polycythemia vera, showing 
hypercellularity and hyperplasia of myeloid, erythroid, and megakaryocyte series 
(1,000×).
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glucose-6-phosphate dehydrogenase isozymes, as expected. Red 
blood cells, granulocytes, and platelets contained only one iso-
zyme (type A), however, thus demonstrating a probable clonal 
origin of this disorder at a pluripotent hematopoietic progenitor 
level. In one other patient, most B lymphocytes were also from the 
disease clone,159 indicating involvement of an earlier hematopoi-
etic progenitor that had differentiation potential for the lymphoid 
as well as the myeloid, erythroid, and megakaryocytic series.

hematopoietic progenitor Studies
The number of erythroid progenitors (burst-forming units- 
erythroid [BFUs-E] and colony-forming units-erythroid [CFUs-E]) 
detected in PV patients has been variously reported as either simi-
lar to that observed in normal persons or increased.160,161 It has 
also been suggested that there is an increase in cycling of primi-
tive BFUs-E, and that CFUs-E (typically observed only in marrow) 
are to be found in the peripheral blood of patients with PV.162,163

A hallmark of PV (and other myeloproliferative disor-
ders as well) is erythroid progenitor colony formation in vitro  
without the addition of exogenous erythropoietin, the phenom-
enon called endogenous erythroid colonies (EECs) or sometimes 
 erythropoietin-independent colony formation.164,165 This phe-
nomenon has been observed with progenitors cultured from the 
marrow or the blood162,163,166–169 of PV patients. This can be a 
consequence of true erythropoietin independence or of exquisite 
sensitivity to erythropoietin, which would permit a response to 
the extremely small quantities of erythropoietin present in the 
serum used in culture media. A variety of investigators, using 
either serum-free medium or neutralizing antibodies to eryth-
ropoietin in serum-containing medium, have provided data sug-
gesting that EECs are a consequence of enhanced sensitivity to 
 erythropoietin.168,170,171,172 Another group subsequently reported 
studies suggesting that EECs are a consequence of an altered 
response pattern induced by hypersensitivity to interleukin-3.173 
Studies using antibodies capable of blocking the erythropoietin 
receptor suggest that BFUs-E fall into two categories: those that 
exhibit a normal response to erythropoietin and those that are 
truly erythropoietin independent.174

In addition to interleukin-3 and erythropoietin, erythroid 
progenitors from PV patients have been reported to exhibit 
hypersensitivity to granulocyte-macrophage colony-stimulating 
factor, interleukin-1, stem cell factor, and insulinlike growth 
factor-1.175–180

hematopoietic Growth Factor Signal 
transduction
The reported hypersensitivity of erythroid progenitors to 
erythropoietin in PV prompted evaluation of the erythropoietin 
receptor in this disease. The normal human erythropoietin 
receptor, although the product of a single gene, is detected on 
CFU-E as a high- and low-affinity receptor.181,182 In CFU-E 

their disease.144,145 The increase in reticulin correlates with the 
degree of marrow cellularity.145 It is slowly progressive but no 
increase occurs in association with a particular form of treatment 
or with the duration of the disease.144 Marrow vascularity may be 
increased in PV and other myeloproliferative disorders.146

Cytogenetics
In early studies of cytogenetic abnormalities associated with PV, 
aneuploidy was noted in some patients; however, many subjects 
had been treated previously and modern banding techniques 
were not used.149 In more modern studies, cytogenetic abnor-
malities were observed in 20% to 43% of patients.150–152 The 
frequency of chromosomal abnormalities varied with the clinical 
picture. Results from two series are presented in Table 82.2.151,152 
Fewer than 20% of patients studied at diagnosis had a cytoge-
netic abnormality. Patients evaluated during a clinical course not 
associated with progression had cytogenetic abnormalities in 
25% to 35% of cases. However, patients who progressed to either 
myeloid metaplasia, myelofibrosis, or acute leukemia/myelodys-
plastic syndrome had abnormal cytogenetics in 75% to 100% of 
evaluations. The greater frequency of cytogenetic abnormalities in 
patients progressing to myelofibrosis in one of these series may 
reflect the greater utilization of 32P therapy and alkylating agents 
among those patients.152 The cytogenetic abnormalities most 
commonly observed were trisomy 8, trisomy 9, and deletions of 
Y, 5q, 6q, 7q, 11q, 13q, and 20q.151 Although cytogenetics do not 
predict outcome, they appear to be correlated with disease stage 
and duration. Specific evaluation for trisomy 8, trisomy 9, and 
20q- by fluorescent in situ hybridization may be a useful adjunct 
to conventional cytogenetics.153

Pathogenesis
The cause of PV is unknown. The early suggestion that this 
disease was the compensatory result of anoxemia of the bone 
marrow was based on the presence of capillary thickening and 
subintimal and adventitial fibrosis of small vessels in the bone 
marrow.154 Direct measurements of bone marrow oxygen satura-
tion, however, gave normal values,155 and the lack of elevated 
serum or urinary erythropoietin levels156,157 is also contrary to 
this hypothesis.

Clonality
In view of the increased production and turnover of erythrocytes, 
neutrophils, and platelets as well as the hypercellular marrow, 
hematopoiesis in PV is abnormal at a multipotent progenitor 
or stem cell level. Evidence supporting this hypothesis was pro-
vided by a study of two black female patients with PV who were 
heterozygous for X-linked glucose-6-phosphate dehydrogenase 
deficiency.158 In these patients, tissues not affected by PV (skin 
fibroblasts and lymphocytes) possessed both A- and B-type 

Frequency (Expressed as Percentage of Patients)

Reference
Patient 
Number At Diagnosis Polycythemia Vera Myelofibrosis Myeloid Metaplasia

Acute Leukemia/
Myelodysplasia

146 64 17 32 85 75 75

145 37 14 25 40 78 100

Frequency oF abnormal cytogenetics by Polycythemia Vera disease stage in two series

taBLe 82.2
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cascade leading to PV, but rather appear to be a relatively late 
event.211,212 The specific phenotype seen with JAK2 V617F muta-
tions is effected by concurrent expression of other genes (TET2,213 
PRV1,214 and IDH1 or IDH2215) and by the JAK2 haplotype.216 
JAK2 V617F expression correlates with the expression of erythro-
cyte adhesion molecules such as laminin a5 and Lu/BCAM.217,218

Diagnosis
In order to standardize the diagnostic basis of PV so that all 
patients included in their protocols had clear-cut and inarguable 
PV, the PVSG developed a set of criteria that were useful clinically 
and conceptually (Table 82.3).11 The diagnosis of PV required 
the presence of all three major criteria (M) or the first two major 
criteria and two minor criteria (m). The first major criterion 
provided confirmation that the patient has actual polycythemia, 
as indicated by an elevated red cell mass. The second major 
criterion ruled out the most common etiology of secondary poly-
cythemia, severe arterial hypoxemia, by demonstrating a normal 
or only moderately reduced arterial oxygen saturation. The third 
requirement, evidence of a myeloproliferative syndrome, was met 
either by the third major criterion, splenomegaly appreciable 
on physical examination, or by two of the four minor criteria. 
Over the years, a number of alternate major and minor criteria 
 developed113,219 (Table 82.3).

PVSG’s goal was to establish exclusive criteria. Although most 
PV patients meet the PVSG criteria, some do not. The current 
(2007) WHO criteria and the ECP diagnostic criteria for the diag-
nosis of PV were developed to address the perceived deficiencies 
of the PVSG criteria (Table 82.4). The ECP criteria are strongly 
oriented toward morphologic and molecular diagnostic criteria, 
and separate PV into overt PV (having a high red cell mass) and 
early PV.74,133 For purposes of research or publication, the 2007 
WHO and/or ECP criteria have largely replaced the PVSG criteria, 
although not without some controversy.220 The WHO and ECP 
criteria may be less applicable to childhood PV.221

The diagnostic approach to erythrocytosis is outlined in 
Chapter 44 and Tables 44.3 and 44.4. In essence, a patient with 
polycythemia should undergo testing for JAK2 V617F. If positive, 
the patient presumably has PV, although a low erythropoietin 
concentration or a characteristic bone marrow examination is 
required for confirmation. If JAK2 V617F is not present, then one 
must decide if features are suggestive of PV (essentially, the cri-
teria listed in Table 82.3), or if one should proceed to identify an 
etiology of secondary polycythemia. Some clinical situations, such 
as distinguishing JAK2 V617F-postive essential thrombocytosis 
with concurrent secondary polycythemia from PV, may be chal-
lenging to sort out.

In JAK2 V617F-negative patients, testing for alternate JAK2 
mutations can be considered. It has been suggested that JAK2 exon 
12 mutations identify a specific subset of PV characterized by “pure” 
erythrocytosis, with few or no abnormalities in the white blood cell 
or platelet lineages.206,222

natural history
The clinical picture of PV is characterized by the complications 
of polycythemia-induced hyperviscosity, expanded blood volume, 
and thrombosis. The occurrence of these complications is signifi-
cantly affected by therapy and is discussed under specific thera-
peutic modalities.

Two other significant complications that may be observed 
late in the course of PV are the development of myeloid meta-
plasia with myelofibrosis and acute leukemia. In perhaps 25% 
of patients with PV, a progressive reduction in erythrocyte sur-
vival, decreased erythropoiesis, and myelofibrosis develop.223 

generated from PV patients, only the low-affinity receptor is 
present.183 This differs from the finding in normal individuals, 
patients with hemolysis, or patients with secondary erythrocy-
tosis. Studies of the erythropoietin receptor gene in PV have 
typically shown no mutations,184,185 suggesting that the detec-
tion of only the low-affinity receptor class is the result of an 
alteration in post-translational processing. Normal erythroid 
progenitors have been reported to express both a full-length 
erythropoietin receptor and a nonfunctional truncated version, 
which is believed to act as a dominant negative regulator of 
erythropoietin signal transduction. Expression of the truncated 
variant is reportedly decreased in PV patients, suggesting a 
mechanism for erythropoietin hypersensitivity.186

The thrombopoietin receptor (Mpl) has been reported to be 
markedly decreased or absent on the platelets of PV patients 
and also of some individuals with myelofibrosis.187 These indi-
viduals exhibit decreased thrombopoietin-induced tyrosine 
 phosphorylation.187 This decrease in phosphorylation appears to 
result from aberrant signaling through an abnormal Mpl charac-
terized by decreased glycosylation.188,189 It has been suggested 
that this abnormality in Mpl expression and function is both a 
marker for PV and, through suppression of apoptosis, a poten-
tial pathophysiologic contributor.188 Other investigators have 
questioned the usefulness of Mpl as a diagnostic marker of PV, 
as marked heterogeneity in its expression was observed in their 
laboratory, resulting in overlap with normal individuals.190

The characteristic behavior of hematopoietic progenitors 
in PV may also reflect constitutive or deregulated activation of 
antiapoptotic mechanisms. Various investigators studying PV 
have reported constitutive activation of STAT3191; deregulation 
of the antiapoptotic protein Bcl-x192,193; decreased expression 
of SHP-1 phosphatase, a negative regulator of hematopoietic 
growth factor–induced mitogenesis194; increased protein tyrosine 
phosphatase activity195; decreased sensitivity of protein kinase  
C to the effects of inhibitors196; decreased expression of the tumor 
suppressor gene H19197; and increased expression of FLIPshort, 
a cellular inhibitor of death-receptor–induced  apoptosis.198 
Activation of STAT5 and/or Bcl-xL in erythroid progenitors leads 
to  erythropoietin-independent colony formation.199

CD177 (PRV-1) is a gene of the urokinase plasminogen activator 
receptor superfamily, which is highly expressed in granulocytes 
from PV patients but not from patients with other chronic myelo-
proliferative disorders or from normal  individuals.200 Polymerase 
chain-reaction–based techniques for detecting PRV-1 have been 
developed, and appear to be highly sensitive and specific for 
PV.201 PRV-1 expression is highly correlated with expression of 
the JAK2 V617F mutation (discussed below).202

JaK2
The observation that patients with myeloproliferative disorders 
frequently have a gain-of-function mutation on the short arm of 
chromosome 9, in which the valine at position 617 of the Janus 
kinase 2 gene is replaced by phenylalanine (JAK2 V617F),203 has 
had significant impact on the approach to the diagnosis of PV 
and on investigation into its pathogenesis. This mutation results 
in constitutive activation of tyrosine kinase signaling through the 
JAK/STAT pathways. JAK2 V617F has been reported to be pres-
ent in up to 96% of PV patients at diagnosis,204 and correlates 
strongly with the PVSG and 2001 WHO criteria for the diagnosis 
of PV.205 However, it is not pathognomonic for PV, inasmuch as 
a significant proportion of patients with essential thrombocy-
tosis and myelofibrosis also have the JAK2 V617F mutation.204  
PV patients who lack the JAK2 V617F mutation often have muta-
tions in exon 12 of the JAK2 gene.206,207,208,209

Although mice expressing JAK2 V617F have a clinical phe-
notype resembling a myeloproliferative disorder,210 JAK2 muta-
tions do not appear to be the initiating event in the molecular 
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treatment
The object of therapy in PV is to produce a reduction in the red 
cell mass by methods that (a) permit the longest survival; (b) are 
associated with fewest significant complications, allowing the 
patient maximum quality of life; and (c) are least expensive and 
inconvenient for the patient.

phlebotomy
Phlebotomy offers prompt and effective reduction of the red cell 
mass and blood volume to normal values. Many patients can be 
maintained in an essentially normal state by phlebotomy together 
with a few simple adjuvants, when necessary, to control hyper-
uricemia or pruritus. The advantages of phlebotomy are that it 
is inexpensive, requires extremely limited technical support, and 
allows rapid control of symptoms. Criticisms of phlebotomy are 
the potential problem of venous access in elderly patients, that it 
does not address leukocytosis or thrombocytosis, and that eryth-
ropoiesis is stimulated by the blood loss.156 This last point is only 
a transient concern; the goal of phlebotomy is to induce a state of 
iron deficiency that will itself suppress erythropoiesis.

The PVSG took patients who had been phlebotomized to main-
tain a normal hematocrit (≤0.45) and then randomized patients to 
phlebotomy to maintain the hematocrit in this range, to therapy with 
32P, or to therapy with chlorambucil.239 Median survival from study 
entry until death was 9.1 years for patients in the chlorambucil arm, 
10.9 years for 32P-treated patients, and 12.6 years for phlebotomized 
patients (P = 0.008). The survival differences did not become appar-
ent until after 7 years into the study, indicating that the development 
of late events (principally leukemia) was responsible for these differ-
ences.239 Acute leukemia developed in 1.5% of phlebotomy patients, 
14.2% of chlorambucil patients, and 9.6% of 32P patients. This 
complication was more frequent in patients with the “spent phase” 
of PV. Myelofibrosis was observed in 8.6%, 7.1%, and 7.7% of the 
phlebotomy, chlorambucil, and 32P patients, respectively.239

The apparent advantage of phlebotomy was undercut by an 
increased risk of thrombosis. Thrombosis-free cumulative sur-
vival was significantly worse in the phlebotomy arm (P = 0.015). 
This increased risk was predominantly limited to the first 3 years 
of therapy.239 Advanced age and history of previous thrombosis 
contributed to the relative risk of thrombosis in this and other 
studies.10,234

Significance Original Criteria Alternative/Additional Criteria

M1. Identifies actual polycythemia vs. spurious 
polycythemia

M1. Increased RCM
Male >36 ml/mg
Female >32 ml/kg

M1. RCM > 125% of predicted

M2. Rules out most common etiology of secondary 
polycythemia

M2. Arterial O2 saturation > 92% M2. Serum erythropoietin concentration not 
elevated

M3. Evidence of a myeloproliferative state M3. Clinical splenomegaly or two of the following: M3. (Additional minor criteria)

m1. Thrombocytosis > 400,000/μ l Splenomegaly apparent only on scans

m2. Leukocytosis > 12,000/μ l Hypercellular marrow with trilineage hyperplasia

m3. Leukocyte alkaline phosphatase activity  
> 100 (no fever or infection)

Characteristic hematopoietic colony response to 
growth factors

m4. Serum B12 (>900 pg/ml) or unsaturated B12 
binding capacity (>2,200 pg/ml)

Evidence of clonal marrow cell population
PRV-1 gene expression in granulocytes
Decreased Mpl expression on platelets

RCM, red cell mass.

Polycythemia Vera study grouP diagnostic criteria: signiFicance and ProPosed alternatiVes/additions

taBLe 82.3

Extramedullary hematopoiesis takes place in the spleen and 
liver. A rising leukocyte count with increased immature myeloid 
forms accompanies these changes. In addition, the teardrop and 
nucleated red cells characteristic of myelofibrosis and myeloid 
metaplasia appear in the blood. The spleen may enlarge dra-
matically. A picture simulating that of acute myeloblastic leu-
kemia develops in approximately one third of these patients.223 
Others develop progressive anemia and thrombocytopenia and 
die of a variety of intercurrent complications in the “spent” or 
“burnt-out” phase of myeloid metaplasia.224 It has been sug-
gested that post-polycythemia myeloid metaplasia syndrome 
was related to the use of 32P therapy,224 although it clearly 
occurs in patients who have never received this therapy. In still 
other patients,10,223 an acute leukemia-like picture develops 
without preceding evidence of myeloid metaplasia or myelofi-
brosis. It has been suggested that the small number of patients 
who have cytogenetic abnormalities at diagnosis are those who 
will eventually develop leukemia, but this is not observed in 
all series.151,152,223 The effect of therapy on the development 
of leukemia is discussed in the “Chemotherapy” section that 
follows.

A number of other diseases have been reported in asso-
ciation with PV. It is unclear whether these represent coinci-
dence or an actual pathophysiologic relationship. These include 
hyperthyroidism,225 neurofibromatosis (von Recklinghausen 
 disease),226 chronic lymphocytic leukemia,227 lymphoma, multiple 
myeloma,228 as well as development of a marrow picture resem-
bling aplastic anemia229 or pernicious anemia.230,231

The median survival of untreated PV patients is reported to 
be 18 months232; in a more contemporaneous series of treated 
patients, median survival is greater than 15 years.10 Overall 
survival of PV patients appears decreased compared to age- and 
sex-matched controls.233 Table 82.5 gives the causes of death 
from three large series of PV patients.10,234,235 Thrombotic and 
cardiovascular events are the leading cause of death, followed 
by acute leukemia and other malignancies, hemorrhage, and 
myelofibrosis/myeloid metaplasia, which represented 2% to 4% 
of patients. The most important predictors of cardiovascular 
events are age older than 65 and a history of thrombosis.235 
The JAK2 V617F allele burden appears to identify patients at 
higher risk for major vascular events and evolution to myelofi-
brosis, inasmuch as it also indentifies patients more likely to have 
marked  leukocytosis,236 which may be the basis for the increased 
risk.237,238
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phlebotomy and antiplatelet agents
In an effort to reduce the thrombotic risk that impairs the oth-
erwise excellent response to phlebotomy, the PVSG randomized 
patients to phlebotomy with aspirin, 300 mg three times daily, 
and dipyridamole, 75 mg three times daily, versus 32P. The study 
was stopped early because of excessive thrombosis, hemorrhage, 
and death in the phlebotomy/aspirin/dipyridamole arm.239 
A  subsequent study, however, found that total aspirin doses of 
325 mg/day or less and phlebotomy resulted in no hemorrhagic 
or thrombotic complications in 69 patient-years of follow-up.240 
However, this latter study contained a preponderance of patients 
with known disease duration longer than 3 years; as discussed 
above, the thrombotic risk occurs predominantly in the first  

Who Ecp

Major Criteria Pathologic Criteria

A1. Hb > 18.5 g/dl male/16.5 g/dl 
female; or other evidence of  
increased RCM

P1. Marrow morphology
P2. Bone marrow EEC formation
P3. JAK2 V617F mutation

A2. Presence of JAK2 V617F or other 
functionally similar mutation

Minor Criteria Clinical Criteria
B1. Marrow morphology C1. Increased RCM (same as WHO A1)

B2. Serum erythropoietin below  
reference range for normal

C2. Hematocrit 0.45–0.51 male 
0.43–0.46 female

B3. EEC colony formation in vitro C3. Low serum erythropoietin

C4. Persistent thrombocytosis

Marrow morphology: hypercellular 
marrow with trilineage hyperplasia; 
clustering of pleomorphic  
megakaryocytes; absent stainable 
iron; no major inflammatory features

Grade I: 400,000–1,500,000/μ l;
Grade II: >1,500,000/μ l

C5. Palpable splenomegaly or  
radiologic splenomegaly > 12 cm

C6. Granulocytosis > 10,000/μ l; 
or leukocytosis > 12,000/μ l; or 
increased LAP score; or increased 
PRV-1 expression, in absence of fever 
or infection

C7. Platelet-mediated microvascular 
disease or thrombosis

C8. Typical PV signs/symptoms of 
hypervolemia

C9. Pruritus, fatigue, upper abdominal 
discomfort

C10. Absence of secondary  
erythrocytosis

Diagnosis Diagnosis

A1 + A2 + any one from B P1 + P2 + P3 = PV

A1 + any two from B P1 + P2 + P3 + C1 = overt PV

P1 + P2 + P3 + C2 + any  
(C3–C10) = early PV

ECP, European Clinical and Pathological; EEC, endogenous erythroid colony formation; Hb, 
hemoglobin; LAP, leukocyte alkaline phosphatase; PV, polycythemia vera; RCM, red cell 
mass; WHO, World Health Organization.

TablE 82.4

2007 world health organization and euroPean 
clinical and Pathological criteria For diagnosis  
oF Polycythemia Vera74,133

Cause of Death PVSG (%) GISP (%) ECLAP (%)

Thrombosis/ 
thromboembolism

31 29.7 26

Acute myeloid 
leukemia

19 14.6 12.5

Other malignancy 15 15.5 20

Hemorrhage 6 2.6 4

Myelofibrosis/
myeloid metaplasia

4 2.6 0.5

Other 25 35.0 37

ECLAP, European Collaborative on Low-Dose Aspirin in Polycythemia Vera235; GISP, Gruppo 
Italiano Studio Policitemia10; PVSG, Polycythemia Vera Study Group.234

TablE 82.5

causes oF death in Polycythemia Vera Patients

3 years after diagnosis. A small placebo-controlled study per-
formed by the GISP using an aspirin dose of 40 mg/day  
(112 patients followed for 1 year) reported similar results.241 The 
European Collaborative for Low Dose Aspirin in Polycythemia 
Vera study randomized 518 patients to aspirin 100 mg/day or 
placebo, and followed them for at least a year. Median duration 
since the diagnosis of PV was <5 years. Patients in the aspirin 
group had no increased bleeding incidence and had a decrease 
of combined endpoint including nonfatal stroke, nonfatal myo-
cardial infarction, pulmonary embolism, and major venous 
thrombosis. However, there was no impact on cardiovascular 
mortality or overall mortality.242 This study supports the safety 
of administering low-dose aspirin; its efficacy may have been 
underestimated, because optimum control of the hematocrit 
appears not to have been obtained in most patients (median 
hematocrit 0.48).242 In a large retrospective study, patients 
treated with antithrombotic agents such as aspirin, phlebotomy 
to keep the hematocrit < 0.48, and who did not receive alkylat-
ing agents, had survival that did not differ from that of healthy 
age-matched controls.243

The goal of phlebotomy should be to maintain the hemato-
crit in the normal range (0.42 to 0.44 for men, 0.39 to 0.42 for 
women). This reflects a slight reduction in the previous upper 
limit target for men: the Cytoreductive Therapy in Polycythemia 
Vera (CYTO-PV) Collaborative Group has recently reported that 
patients treated with a hematocrit goal of less than 0.45 had 
significantly lower cardiovascular mortality and fewer major 
thrombotic events than patients in the 0.45 to 0.50 hemato-
crit ranged. Patients with hematocrits < 0.45 obtained their 
target with phlebotomy with or without cytoreductive drugs as 
needed.244 In elderly patients, patients with known cardiovas-
cular disease, or hospitalized patients with severe symptoms, 
phlebotomy should be initiated cautiously, either using frequent 
small-volume phlebotomy (100 to 150 ml every day or on alter-
nate days) or in larger (500 ml) volumes using fluid replacement 
so that the patient remains isovolemic.245 The hazards of exces-
sively aggressive initial phlebotomy have been well described.246 
After the hematocrit falls to <0.55, or more than 750 to 1,000 
ml of blood have been removed, phlebotomy of 250 to 500 ml 
can generally be carried out safely at weekly or less frequent 
intervals, as clinically indicated. Some advocate the administra-
tion of iron during phlebotomy to prevent the “symptoms” of iron 
deficiency. In many ways, this defeats the long-term purpose of 
phlebotomy, which is to establish a state of iron deficiency that 
will restrict red cell production. It has also been demonstrated 
that iron-deficient PV patients have no significant symptoms 
compared with other PV patients.247
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Anagrelide
Anagrelide is a platelet-aggregating agent that is useful in the 
control of thrombocytosis refractory to hydroxyurea or inter-
feron in myeloproliferative disorders such as PV.281 A large 
study of anagrelide and low-dose aspirin compared to hydroxy-
urea and low-dose aspirin in essential thrombocytosis patients 
at high risk for vascular events found that control of platelet 
counts was equivalent, but patients in the anagrelide arm had 
a higher rate of arterial thrombosis, serious hemorrhage, and 
transformation to myelofibrosis, but a lower rate of venous 
thrombosis.282 These findings, although not directly referring to 
PV, suggest that anagrelide should stay a second-line agent for 
thrombocytosis.

Imatinib Mesylate
Imatinib mesylate has been reported to decrease blood counts, 
splenomegaly, and need for phlebotomy in small series of 
PV patients.283–285 This presumably reflects effects mediated 
through c-kit. Other studies of imatinib in PV have been less 
 encouraging.286 Imatinib may be most useful in younger PV 
patients with normal or near-normal platelet counts.287

Anti-JAK2 Agents
Given the significant role of JAK2 V617F in the pathogenesis 
and diagnosis of PV, agents directed against JAK2 would appear 
to be promising additions to the therapeutic armamentarium. 
At present, such agents appear to be beneficial in symptoms of 
post-PV myelofibrosis or for splenomegaly, but not for molecular 
 improvement.288 Therapy targeted against JAK2 may benefit 
refractory pruritus in PV patients.40

Radioactive Phosphorus
Whole-body or regional external beam irradiation is not espe-
cially useful in PV.289 However, administration of 32P was first- or 
second-line therapy for many years. It fell into disfavor because of 
the increased incidence of acute leukemia (10% to 15%), develop-
ing 7 or more years after treatment.225,239,290 However, it may be 
useful in carefully selected high-risk elderly patients with limited 
life expectancy. In such patients, 32P is effective and easily toler-
ated therapy that can induce satisfactory clinical and hematologic 
remissions that may last years.291,292 Survival after treatment is 
reported to be 10 to 14.5 years.100,290,293

32P is provided as a dibasic sodium salt and administered 
intravenously.292,294 It passes to tissues like bone that have a 
high phosphorus content and metabolize phosphorus rapidly. Its 
uptake by rapidly dividing cells is greater than that by normal 
cells. Because the physical half-life of this isotope is 14.3 days, 
steady irradiation of tissue takes place for several weeks.294 The 
fall in the red cell count usually does not begin until 30 to 60 days 
from the time 32P is given.

A usual dose is 3 to 5 mCi of 32P intravenously, or 
2.3 mCi/m.221,295 No additional 32P is given for 3 months to avoid 
cumulative effects. If the hematocrit rises above 0.44 in the inter-
val, phlebotomy should be performed. If, after 3 months, the need 
for phlebotomy persists and leukopenia and thrombocytopenia 
are not present, a second injection of 1 to 4 mCi may be given. 
Examinations are repeated at 3-month intervals. Some patients 
do not require a second injection or further phlebotomies for 
6 to 18 months or longer. A small minority, reportedly 10% of 
patients, need a third injection. After this third injection, no fur-
ther injections are given for at least 12 to 18 months.296

An analysis of 300 courses administered to 139 patients 
showed that an average of 6.7 mCi had been given during the first 
6 months of treatment.100 Most of these patients were re-treated 

Chemotherapy

Alkylating Agents
Many chemotherapeutic agents have been used for the treat-
ment of PV. Many agents fell into disuse through a poor 
toxicity-to-efficacy ratio and are noted here for historical  
interest: these include nitrogen mustard,248 melphalan,249 tri-
ethylene melamine,250 pyrimethamine,251 and Vercyte (a neutral 
piperazine compound).252 Busulfan,253 pipobroman,254 and chlo-
rambucil255 are alkylating agents that were widely used in PV in 
the modern era, but the increased frequency of leukemia observed 
with alkylating agents led to a discontinuation of their first-line 
use.234,256,257 They may have some utility in selected high-risk 
cases resistant to other modalities.

Hydroxyurea
The nonalkylating myelosuppressive agent hydroxyurea is 
the chemotherapeutic agent most widely used in PV at pres-
ent.258,259 Its efficacy in controlling erythrocyte, leukocyte, and 
platelet counts in PV has been clearly demonstrated.260,261 
Thrombotic complications are less common than are observed 
in patients treated with phlebotomy only.239 Hydroxyurea per-
mits rapid reduction of leukocyte and platelet counts; supple-
mental phlebotomy may occasionally be necessary to reduce the 
red cell mass.239 As a rule, neutropenia or thrombocytopenia 
corrects rapidly after cessation or reduction of hydroxyurea 
dose; for the same reason, however, missing a few days of 
therapy may be associated with recurrence of leukocytosis  
or thrombocytosis.

The incidence of leukemia in patients treated long term with 
hydroxyurea appears to be low and similar to that observed in 
patients treated with phlebotomy alone.239,256,262,263 However, 
a study in which older PV patients initially treated with 32P 
were randomized to maintenance with hydroxyurea or obser-
vation with phlebotomy showed a higher incidence of leuke-
mia in the hydroxyurea arm. This suggests that there may 
be at least some leukemogenic potential with this agent.264 A 
higher JAK2 V617F allele burden has been reported to pre-
dict sensitivity to  hydroxyurea.265 Response to hydroxyurea 
has been associated with a decline in JAK2 V617F expression 
by some266,267 but not all268 investigators. The usual starting 
dose of hydroxyurea is 500 mg either once or twice daily and 
is adjusted according to clinical requirements. The develop-
ment of leg ulcers, particularly over the malleoli of the ankles, 
is an idiosyncratic adverse effect requiring immediate drug 
cessation.269–271

Interferon
Recombinant human interferon-a is an agent that has also dem-
onstrated efficacy in PV.272–274 In at least one study, interferon 
was more efficacious than phlebotomy.274 Another group found 
that only a subset of patients was responsive to interferon.273 In 
general, interferon appears to control leukocytosis and throm-
bocytosis and to reduce or eliminate the need for phlebotomy 
in a significant proportion of patients.275,276,277 It also appears 
to improve pruritus.275,276,278 Reversal of marrow fibrosis has 
been reported in some, although not all, studies.275,279 Pegylated 
interferon-a may decrease the expression of JAK2 V617F, sug-
gesting that it induces responses at a molecular level, rather 
than simply controlling abnormal blood counts.280 The precise 
role of interferon in PV, whether as therapy of first or later 
choice, remains to be firmly established, as does its optimum 
dose schedule.259 Many hematologists use interferon as first-line 
therapy in younger patients, particularly women of childbearing 
years.
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quickly as possible using phlebotomy with volume replacement, 
hydroxyurea, and cytapheresis if necessary, and should be main-
tained as long as possible pre- and post operatively.

Summary and recommendations for treatment
Although treatment with any of a variety of approaches is effec-
tive and prolongs survival, no modality is clearly the best for 
everyone. The following recommendations represent a reasonable 
approach. More detailed recommendations have been published 
elsewhere.259,305,306,307

Most newly diagnosed patients should undergo phlebotomy to 
obtain symptomatic control of polycythemia. The rate and volume 
of phlebotomy are dictated by the patient’s clinical status, as out-
lined in the section on phlebotomy above. The hematocrit should 
be reduced to the upper normal range (<0.45 for men, 0.39 to 
0.42 for women).

The long-term therapy chosen to control PV varies accord-
ing to the patient’s clinical status. Young patients (younger than  
50 years) with no history of thrombosis and without severe 
thrombocytosis (>1,000 × 109/L) can probably be managed 
best with phlebotomy alone, with a target hematocrit as above. 
The addition of aspirin, 325 mg/day or less, may be beneficial. 
Patients with a history of thrombosis who are older than 65 to  
70 years should be treated with myelosuppressive agents.258 
Patients with severe thrombocytosis are considered by many 
hematologists to be in this category, as well. Patients between 
the ages of 50 and 65 to 70 years with no history of thrombosis 
or severe thrombocytosis can be managed with myelosuppressive 
agents or phlebotomy, although the latter modality may increase 
their risk for thrombotic events.

The current myelosuppressive agent of first choice is hydroxy-
urea. Although the additional risk of leukemia with long-term 
hydroxyurea therapy appears to be small, it is probably not 
zero.234,308 Interferon is clearly an effective agent in PV and should 
be considered a possible alternative to hydroxyurea. It may be 
particularly useful in younger patients and women of childbearing 
years. Imatinib may be useful in young patients with normal plate-
let counts. 32P may be beneficial in a small number of very carefully 
selected symptomatic elderly patients refractory to or intolerant of 
other approaches, in whom the potential leukemic risks are out-
weighed by limitations imposed by other clinical conditions.
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within intervals of 6 to 10 months. In another series of 241 
patients,297 the average dose required to produce remissions was 
5.7 mCi in patients without leukocytosis or myeloid immaturity 
and as much as 8.3 mCi in others. The range of dose required 
was 3 to 21 mCi.

As outlined above, the benefits of 32P may exceed the poten-
tial risks in a very small number of carefully selected elderly 
symptomatic patients who are resistant to, or intolerant of, other 
modalities. Obviously a full explanation of the associated risks and 
benefit is required prior to treatment.

Other Modalities
Splenectomy is useful only as a palliative measure in the 
late stages of the disease, when the spleen becomes massive 
and causes early satiety and weight loss, severe anemia, or 
 thrombocytopenia.222 Hematopoietic stem cell transplantation 
has been reported in 10 PV patients who had progressed to 
myelofibrosis or myelodysplastic syndrome/acute leukemia.298 
Five of these patients had a complete response. There is also 
one report of a successful bone marrow transplant in an ado-
lescent with PV.299

Special topics

Pruritus
It has been reported that pruritus, upper gastrointestinal distress, 
and the urticarial manifestations of PV correlate with increased 
levels of whole blood histamine, which in turn is roughly related 
to the basophil leukocyte count300 (although other studies have 
questioned this model301). These clinical manifestations were 
controlled by the administration of a potent antihistaminic 
agent, cyproheptadine (4 mg three or four times per day), in  
12 of 18 patients so treated.300 Cimetidine,302 serotonin release 
 inhibitors,40 and hydroxyurea40 have been useful in approxi-
mately 40% of patients with pruritus. Interferon has been used 
in intractable cases.277 Anecdotal experience suggests that aspi-
rin (80 to 325 mg/day) also relieves pruritus in certain patients. 
Experimental agents showing efficacy against pruritus include 
JAK2 inhibitors and mammalian target of rapamycin (mTOR) 
inhibitors.40 As noted earlier, the most effective management of 
pruritus is establishing good hematologic control of PV.

Hyperuricemia
Because of the excessive urinary load of uric acid excreted by 
patients with myeloproliferative disorders,303 urate may be precipi-
tated in the kidneys, leading to stone formation or nephropathy. An 
effective means of reducing uric acid production in patients with 
PV, other than by myelosuppression, is by the use of allopurinol,  
300 mg/day.278 This agent is most useful during the short periods at 
the initiation of cytoreductive therapy when cell turnover is likely to 
be high and the avoidance of uric acid deposition is a major concern.

Surgery
Patients with poorly controlled PV are at increased risk for 
complications of elective surgery. In a series of 54 PV patients, 
a complication rate of 83% (46% morbidity, 37% mortality) was 
observed in poorly controlled patients, compared to a complica-
tion rate of 21% (16% morbidity, 5% mortality) in well-controlled 
patients.304 Fewer and less serious complications were observed 
in patients who had had stable, well-controlled counts for more 
than 4 months.304 It is recommended that PV patients  undergoing 
elective surgery be in good hematologic control for at least  
4 months. In more urgent surgery, control should be obtained as 

72683_ch082_1722-1733.indd   1732 30/07/13   1:42 PM



 Chapter 82 Polycythemia Vera 1733

h
em

at
ol

og
ic

 m
al

ig
na

nc
ie

s

 207. Kouroupi E, Zoi K, Parquet N, et al. Mutations in exon 12 of JAK2 are mainly 
found in JAK2 V617F-negative polycythaemia vera patients. Br J Haematol 
2008;142(4):676–679.

 211. Nussenzveig RH, Swierczek SI, Jelinek J, et al. Polycythemia vera is not initi-
ated by JAK2V617F mutation. Exp Hematol 2007;35(1):32–38.

 219. Westwood N, Dudley JM, Sawyer B, Messinezy M, Pearson TC. Primary poly-
cythaemia: diagnosis by non-conventional positive criteria. Eur J Haematol 
1993;51:228–232.

 220. Spivak JL, Silver RT. The revised World Health Organization diagnostic  criteria 
for polycythemia vera, essential thrombocytosis, and primary  myelofibrosis: 
an alternative proposal. Blood 2008;112(2):231–239.

 221. Teofili L, Giona F, Martini M, et al. The revised WHO diagnostic criteria for 
Ph-negative myeloproliferative diseases are not appropriate for the diagnos-
tic screening of childhood polycythemia vera and essential thrombocythemia. 
Blood 2007;110(9):3384–3386.

 237. Alvarez-Larran A, Bellosillo B, Martinez-Aviles L, et al. Postpolycythaemic 
myelofibrosis: frequency and risk factors for this complication in 116 
patients. Br J Haematol 2009;146(5):504–509.

 243. Crisa E, Venturino E, Passera R, et al. A retrospective study on 226 polycythe-
mia vera patients: impact of median hematocrit value on clinical outcomes 
and survival improvement with anti-thrombotic prophylaxis and non- 
alkylating drugs. Ann Hematol 2010;89(7):691–699.

 244. Marchioli R, Finazzi G, Specchia G, et al. Cardiovascular events and intensity 
of treatment in polycythemia vera. N Engl J Med 2013;368:22–33.

 258. Finazzi G. Risk stratification, staging, and treatment of patients with poly-
cythemia vera: Italian and European collaboration on low-dose aspirin in 
polycythemia data. Semin Thromb Hemost 2006;32(3):276–282.

 259. Passamonti F. How I treat polycythemia vera. Blood 2012;120(2):275–284.
 276. Elliott MA, Tefferi A. Interferon-alpha therapy in polycythemia vera and 

essential thrombocythemia. Semin Thromb Hemost 1997;23:463–472.
 306. Finazzi G, Barbui T. How I treat patients with polycythemia vera. Blood 

2007;109(12):5104–5111.
 307. Barbui T, Finazzi MC, Finazzi G. Front-line therapy in polycythemia vera and 

essential thrombocythemia. Blood Rev 2012;26:205–211

classification, and staging of the Philadelphia chromosome-negative chronic 
myeloproliferative disorders. Semin Thromb Hemost 2006;32(4 Pt 2): 
307–340.

 75. Strieff MB, Smith B, Spivak JL. The diagnosis and management of polycy-
themia vera in the era since the Polycythemia Vera Study Group: a survey 
of American Society of Hematology members’ practice patterns. Blood 
2002;99:1144–1149.

 132. Birgegard G, Wide L. Serum erythropoietin in the diagnosis of polycythemia 
and after phlebotomy treatment. Br J Haematol 1992;81:603–606.

 133. Tefferi A, Thiele J, Orazi A, et al. Proposals and rationale for revision 
of the World Health Organization diagnostic criteria for polycythemia 
vera, essential thrombocythemia, and primary myelofibrosis: recom-
mendations from an ad hoc international expert panel. Blood 2007;110: 
1092–1097.

 141. Michiels JJ, Bernema Z, Van Bockstaele D, De Raeve H, Schroyens  W. 
Current diagnostic criteria for the chronic myeloproliferative dis-
orders (MPD) essential thrombocythemia (ET), polycythemia vera 
(PV) and chronic idiopathic myelofibrosis (CIMF). Pathol Biol (Paris) 
2007;55(2):92–104.

 158. Adamson JW, Fialkow PJ, Murphy S, Prchal JF, Steinmann L. Polycythemia 
vera: stem-cell and probable clonal origin of the disease. N Engl J Med 
1976;295:913–916.

 172. Casadevall N, Vainchecker W, LaCombe C, et al. Erythroid progenitors in 
polycythemia vera: demonstration of their hypersensitivity to erythropoietin 
using serum free cultures. Blood 1982;59:447–451.

 187. Moliterno AR, Hankins WD, Spivak JL. Impaired expression of the thrombo-
poietin receptor by platelets from patients with polycythemia vera. N Engl J 
Med 1998;338:572–580.

 204. Lippert E, Boissinot M, Kralovics R, et al. The JAK2-V617F mutation is fre-
quently present at diagnosis in patients with essential thrombocythemia and 
polycythemia vera. Blood 2006;108:1865–1867

 205. Ganly P, Hanrahan V, Baker B, Romeril K. Identification of JAK2(V617F) in 
patients with polycythemia is highly correlated with conventional criteria for 
diagnosis of polycythemia vera. Am J Hematol 2007;82:80–82.

72683_ch082_1722-1733.indd   1733 30/07/13   1:42 PM



1734

MYELOFIBROSIS
Rami Komrokji, Eric Padron, Srdan Verstovsek

C H A P T E R  8 3

DEFInItIOn
Myelofibrosis (MF) is a rare, serious myeloid malignancy classified 
as one of the Philadelphia chromosome negative [Ph(–)] myelopro-
liferative neoplasms (MPNs).1

MF is subdivided into primary MF (PMF) and secondary MF.2 
Secondary MF may arise from polycythemia vera (PV) or essential 
thrombocythemia (ET).3

Terms frequently used synonymously with PMF include chronic 
idiopathic myelofibrosis ([CIMF; World Health Organization 
[(WHO]), agnogenic myeloid metaplasia, MF with myeloid meta-
plasia, and idiopathic MF.4,5

The International Working Group for Myelofibrosis Research 
and Treatment (IWG-MRT) has defined MF as either PMF (de novo 
presenting disease), or post-PV or ET MF (MF transformation 
from prior PV or ET). Furthermore, patients with transformation 
to acute leukemia are referred to as PMF in blast phase (PMF-BP) 
or post-PV/ET MF in blast phase.5

The hallmark of MF neoplasm is an increase in mature 
blood cells, which arise from clonal expansion driven by genetic 
mutations in pluripotent cells of the bone marrow  compartment. 
The response to this malignant myeloproliferative process 
is the secretion of multiple profibrogenic,  -angiogenic, and 
 -inflammatory cytokines that eventually results in polyclonal 
bone marrow fibrosis. MF is typically associated with progres-
sive splenomegaly and in many cases with hepatomegaly, which 
can lead to other complications such as portal hypertension 
or splenic infarcts, cytopenias, and an increased likelihood of 
transforming to a blast phase.6,7

HIStORIcaL PERSPEctIVE

1879 First report of PMF was by Heuck.8

1935  Secondary myelofibrosis (post-PV MF) was described by 
Hirsch.9

1951  Dameshek coined the classification of PMF as a myelopro-
liferative disorder (MPD).10

1960  The Philadelphia chromosome abnormality t(9;22)(q32;q13) 
was described in chronic myeloid leukemia (CML) by 
Nowell and Hungerford.11

1978  PMF was characterized as a stem-cell–derived clonal 
myeloproliferative disorder associated with reactive MF by 
Fialkow’s group.12

1992 The JAK-STAT pathway was described.13

2005  Several groups described a novel gain-of-function mutation 
in the gene encoding Janus kinase (JAK) 2. The mutation 
is a single nucleotide change, which results in a valine to 
phenylalanine substitution at codon 617 (JAK2 V617F) in 
over 90% of patients with PV and ∼50% of those with either 
PMF or ET.14–17

2006  A mutation in the myeloproliferative leukemia virus gene 
(MPL) for the thrombopoietin receptor was described in 
∼5% of patients with PMF.18 The mutation was a substitu-
tion of tryptophan to leucine at position 515 in the MPL 
gene sequence, MPL W515L. The “W” and “L” are the short-
hand way to indicate which change occurred and resulted 
in the gene becoming abnormally active.19

2008 The WHO classification changed the term from MPD to MPN.3

2009  Other novel mutations were described for PMF in other 
genes, including ten-eleven–transloaction 2 (TET2), 

 additional sex-combslike 1 (ASXL1), Casitas B-lineage lym-
phoma (CBL), isocitrate dehydrogenase (IDH) 1 and 2, and 
IKAROS family zinc finger-1 (IKZF1). These mutations occur 
in 0% to 17% of MPNs and are more common in chronic 
(TET2, ASXL1, CBL) or juvenile (CBL) myelomonocytic leu-
kemia, myelodysplastic syndromes (MDS) (TET2, ASXL1), 
and secondary acute myeloid leukemia, including the blast 
phase of MPN.20

2011  The FDA approved the first JAK2 inhibitor, ruxolitinib, for 
treatment of intermediate- or high-risk PMF or secondary MF.

EPIDEMIOLOgY
PMF is a rare disease. The annual incidence of MF has been 
estimated to be 0.41 to 1.46 cases per 100,000 individuals.21,22 
The prevalence of MF in the United States has been estimated as 
16,000 to 18,500 patients. MF is slightly more common in males 
and more common in older patients.21 The median age of patients 
at the time of diagnosis is 67 years.21 Among the Philadelphia 
chromosome negative MPNs (e.g., MF, PV, ET), MF is the most 
symptomatic and carries the worst prognosis.

A higher incidence of PMF and related MPN has been sug-
gested for persons of Jewish Ashkenazi ancestry.23 Benzene, 
industrial solvents, and radiation exposure have been reported to 
be associated with increased risk of PMF.24–26

PatHOgEnESIS
Current understanding suggests that PMF occurs secondary to 
acquired mutations that target the hematopoietic stem cell.1,12,27 
As a result, ineffective hematopoeisis and proliferation of dysfunc-
tional megakaryocytes are commonly seen in MF. The hallmark of 
the disease pathologically is bone marrow reticulin and collagen 
fibrosis, ineffective extramedullary hematopoiesis (EMH), and 
deregulated cytokine production.

The disease-initiating mutations remain unknown. Cytogenetic 
abnormalities originating on the progenitor cell level are well 
described in MF. In general, approximately half of patients 
with PMF display cytogenetic abnormalities that include del(20)
(q11;q13), del(13)(q12;q22), trisomy 8, trisomy 9, del(12)
(p11;p13), monosomy or deletions chromosome 7, and partial tri-
somy 1q. None of these abnormalities is specific to PMF, although 
the presence of either del(13)(q12;q22) or der(6)t(1;6)(q21–
23;p21–23) is strongly suggestive of PMF diagnosis. Molecular 
cytogenetics using FISH did not reveal additional karyotypically 
occult cytogenetic lesions, but comparative genomic hybridization 
(CGH) studies have disclosed gains of chromosome 9p as the most 
frequent abnormality occurring in 50% of patients.28,29–31

Deregulation of the Janus kinase-signal transducer and activa-
tor of transcription (JAK-STAT) pathway is the key contributor to 
the clinical phenotype of the disease regardless of the presence or 
absence of the JAK2 V617F mutation. The mutation described is not 
a disease initiating abnormality. The JAK-STAT pathway plays a piv-
otal role in the differentiation and development of hematopoietic cells 
and the functioning of the immune system.32 The JAK family com-
prises JAK1, JAK2, JAK3, and TYK2.33 Cytokines and growth fac-
tors activate the extracellular portion of their cognate receptors,33,34 
which promote the recruitment of JAK proteins to associate closely 
with the intracellular portion of these receptors and the activation of 
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the JAK proteins via phosphorylation (Fig. 83.1). Phosphorylation of 
JAK proteins, in turn, leads to the phosphorylation and activation of 
several intracellular downstream signaling proteins, such as STAT 
proteins.35 Phosphorylated STATs translocate to the nucleus and act 
as inducible nuclear transcription factors, which lead to transcrip-
tional modulation and eventual expression of cellular, molecular, 
and (patho) physiologic actions that were promoted by the initial 
signal (ligand).

The dysregulation of the JAK-STAT signaling pathway in 
hematopoietic progenitor cells has been implicated in the patho-
genesis of MF. JAK-STAT signaling in the pathogenesis of MF also 
relates to its role in mediating signaling from proinflammatory 
cytokines. These cytokines are elevated in environments of myelo-
proliferative disease and contribute to the debilitating symptoms 
of MPNs.36 Somatic mutations that contribute to this dysregulated 
JAK-STAT activity include gain-of-function mutations directly in 
JAK2, or upstream signaling mutations such as the mutation of 
the thrombopoietin receptor (MPL W515L),18 and loss of JAK reg-
ulation by mutations in the gene for the lymphocyte-specific adap-
tor protein (LNK exon 2 mutations).37 Mutations in JAK2 that lead 
to the constitutive activation of the JAK-STAT pathway, namely 
the JAK2 V617F14–16 and JAK2 exon 12 mutations, have been 
identified, although this latter mutation was primarily identified 

in patients with PV.38 JAK2 V617F is the most common mutation 
occurring in a large proportion (50% to 60%) of patients with 
PMF.14,15 With JAK2 activating mutations, the pathway becomes 
cytokine- and growth-factor–independent; therefore, even in the 
absence of these ligands, the intracellular signaling proteins are 
constitutively active. Clonal expansion leads to an increased JAK2 
V617F allele burden and homozygosity influencing disease phe-
notype and differentiation of PV and ET.

Megakaryocyte-derived transforming growth factor-b1 (TGF-b1) 
has been identified as the primary cytokine that mediates many of 
the bone marrow stromal changes (i.e., collagen fibrosis, osteo-
sclerosis, angiogenesis) in PMF.39,40 In mice, the PMF phenotype 
has been induced either by systemic overexpression of throm-
bopoietin (TPOhigh mice) or by megakaryocyte lineage-restricted 
underexpression of the transcription factor GATA-1 (GATA-1low 
mice). In both instances, the megakaryocytes display abnormal 
distribution of P-selectin that is believed to promote a pathologic 
interaction between megakaryocytes and neutrophils, resulting 
in the release of both fibrogenic and angiogenic cytokines includ-
ing TGF-b, platelet-derived growth factor (PDGF), basic fibroblast 
growth factor (bFGF), vascular endothelial growth factor (VEGF), 
tissue inhibitors of matrix metalloproteinases, and neutrophil-
derived elastase and other proteases.41,42

FIGURE 83.1. The JAK-STAT signaling pathway. Cyto-
kines and growth factors bind to the extracellular receptor 
and induce a series of intracellular changes: (1) JAK pro-
teins associate with the intracellular portion of the receptor 
and are phosphorylated; (2) phosphorylated-JAK proteins in 
turn phosphorylate STAT proteins, which then phosphorylate 
other downstream proteins; and (3) phosphorylated-STAT 
translocates into the nucleus and promotes the transcription 
of genes. Other proteins also regulate this signaling pathway, 
such as SOCS1, which prevents activation of this pathway. 
(With permission from Quintas-Cardama A, Kantarjian H, 
Cortes J, et al. Janus kinase inhibitors for the treatment 
of myeloproliferative neoplasias and beyond. Nat Rev Drug  
Discov 2011;10:127–140.)
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Another characteristic feature in PMF that accompanies the 
aberrant bone marrow stromal reaction involves peripheral 
blood expansion of both CD34-positive myeloid progenitors and 
endothelial cells.43,44 Current consensus implicates both circulat-
ing progenitor cell trapping and abnormal cytokine stimulation of 
embryonic hematopoietic sites as mechanisms of hepatosplenic 
EMH in PMF.45,46 Such a contention is supported by the high 
concordance between bone marrow and splenic tissue cytogenetic 
findings in PMF.47

Disease progression to blast phase (acute myeloid leukemia 
[AML]) is probably driven by additional clonal evolution and 
acquired mutations (see section “Disease Course”).

cLInIcaL FEatuRES
Splenomegaly is a well-established clinical feature of MF with 85% 
or more of MF patients presenting with palpable splenomegaly 
at the time of diagnosis. One third of patients will have marked 
splenomegaly (Fig. 83.2) and 50% of patients will also have 
hepatomegaly.48,49 Spleen-related symptoms include abdominal 
discomfort, early satiety, and pain under the left ribs. Portal 
hypertension and variceal bleeding can be morbid complications 
of splenomegaly. Some patients may experience severe pain sec-
ondary to splenic infarcts.50

Constitutional symptoms are common and often debilitating. 
Disease burden due to those symptoms often interfere with daily 
quality of life. These symptoms include fatigue, pruritus, night 
sweats, fever and bone/muscle pain, and cachexia. Presence of 
those symptoms is associated with worse outcome.

Cytopenias can dominate the course of the disease espe-
cially at the advanced stages. Two thirds of patients may have 
anemia at diagnosis and 20% are transfusion-dependent.51,52 
Thrombocytopenia may be present in 21% to 37% and leukopenia 
in 7% to 22%.53

Some patients present with leukocytosis (41% to 49% inci-
dence), and/or thrombocytosis (13% to 31%). Furthermore, >10% 
of patients may present with extreme thrombocytosis (platelet 
count >1,000 × 109/L), whereas >20% present with marked leu-
kocytosis (leukocyte count >20 × 109/L).53 Patients with MF are 
also at risk for developing thrombo-hemorrhagic complications 
secondary to leukocytosis and/or thrombocytosis.54

Other potential symptoms and complications include ascites, 
portal hypertension, lymphadenopathy, pleural effusions, and 
nerve or cord compression secondary to EMH.55

Characteristic laboratory findings in MF may include periph-
eral blood leukoerythroblastosis, dacryocytosis, teardrop-shaped 
red blood cells (see Fig. 80.9), circulating immature myeloid 
cells, increased serum lactate dehydrogenase, increased vitamin 
B12 levels, and hyperuricemia. The characteristic bone marrow 
aspirate and biopsy findings may be limited by the inability to 
collect an adequate bone marrow aspirate (so-called dry tap). 
The clustering of atypical megakaryocytes, which may often 
be mistaken as dysplasia by an inexperienced pathologist, is a 
pathologic hallmark of myeloproliferative syndromes.56 Reticulin 
staining demonstrates an increased deposition of reticulin fibers. 
Collagen fibrosis can be appreciated and may be more disease-
specific compared to reticulin staining. In some early cases of 
MF, the bone marrow could only be hypercellular with no evi-
dence of fibrosis.7 Figure 83.3 illustrates typical bone marrow 
findings in MF.

Circulating levels of CD34+, hematopoietic stem cells and 
progenitors are high in patients with MF compared with healthy 
patients as well as patients with other Philadelphia chromosome 
negative MPNs.42

DIagnOSIS
The differential diagnosis of MF should include bone marrow 
fibrosis associated with nonneoplastic and neoplastic conditions 
(Table 83.1) including but not limited to chronic myeloid leukemia 
(CML), MDS, chronic myelomonocytic leukemia (CMML), lym-
phoma, or AML. Presence of JAK2 or MPL mutation is a reliable 
screen to rule out reactive bone marrow fibrosis or a nonmyeloid 
malignancy. The diagnosis of PMF is facilitated using the WHO 
criteria, whereas post-PV or post-EF MF diagnosis is based on the 
IWG-MRT criteria (Table 83.2).3,57

PMF is typically characterized by the presence of morpho-
logically bizarre megakaryocytes in clusters. However, it is 
important to note that the presence of apparent reticulin fibrosis 
is not essential for the diagnosis of PMF. Accordingly, there are 
two histologic variants of PMF: fibrotic and cellular (prefibrotic) 
phases.58 Reticulin fibrosis is either absent or minimal in cellu-
lar-phase PMF, and it is thus possible to confuse cellular-phase 
PMF with ET. However, bone marrow is markedly hypercellu-
lar, with both granulocytic and megakaryocytic proliferation in 
PMF, as opposed to often normocellular bone marrow with only 
megakaryocytic hyperplasia in ET. Further distinction is facili-
tated by the appreciation of subtle differences in megakaryocyte 

FIGURE 83.2. Splenomegaly due to extramedullary hematopoiesis in a patient with myelofibrosis. A: Massive splenomegaly. B: Chronic idiopathic 
myelofibrosis in the spleen. The red pulp shows extensive involvement by maturing myeloid and erythroid cells, as well as atypical megakaryocytes. Some of this 
abnormal extramedullary hematopoiesis is in a sinus at the lower right side of the figure.
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FIGURE 83.3. Bone marrow in myelofibrosis. A: Hypercellular bone marrow biopsy with megakaryocytic atypia. B: Reticulin stain demonstrating presence  
of myelofibrosis.

Hematologic Disorders
Non-hematologic 
Disorders

Myeloid Disorders
Lymphoid 
Disorders

Primary myelofibrosis Hairy cell leukemia Metastatic cancer

Chronic myeloid leukemia Hodgkin lymphoma Autoimmune  
myelofibrosis

Myelodysplastic syndrome Non-Hodgkin  
lymphoma

Systemic lupus  
erythematosus

Chronic myelomonocytic 
leukemia

Multiple myeloma Kala-Azar (leishmaniasis)

Chronic eosinophilic 
leukemia

Tuberculosis

Systemic mastocytosis Paget disease

Acute megakaryocytic 
leukemia

HIV infection

Other acute myeloid 
leukemias

Vitamin D-deficient 
rickets

Acute lymphocytic  
leukemia

Renal osteodystrophy

Acute myelofibrosis Hyperparathyroidism

Malignant histiocytosis Gray platelet syndrome

Familial infantile  
myelofibrosis

Idiopathic pulmonary 
hypertension

DIFFERENTIAL DIAGNOSIS FOR BONE MARROW FIBROSIS

TABLE 83.1

WHO Criteria: Primary MF
IWG Criteria: Post-ET MF and  
Post-PV MF

Major Criteria (All Required) Major Criteria (All Required)

•	 Megakaryocyte proliferation and 
atypia
•	 Reticulin or collagen fibrosis

•	 Does not meet criteria for other 
myeloid disorders (e.g., PV,  
CML, MDS)

•	 Clonal marker (e.g., MPLW515K/L, 
JAK2V617F) or no evidence for 
secondary marrow fibrosis

•	 Previous diagnosis of ET or PV
•	 Grade 2–3 bone marrow fibrosis (on 0–3 

scale) or Grade 3–4 bone marrow fibrosis 
(on 0–4 scale)

Minor Criteria (Must Meet 2)
•	 ≥5 cm increase in palpable  

splenomegaly or new splenomegaly
•	 Leukoerythroblastosis
•	 One or more constitutional symptoms
•	 Increase in serum LDH (Post-ET MF only)
•	 Anemia with Hgb ≥2 mg/ml decrease 

from baseline (post-ET MF only)
•	 Anemia or sustained loss of requirement 

for either cytoreductive treatment or  
phlebotomy (post-PV MF only)

Minor Criteria (Must Meet 2)
•	 Increase in serum LDH
•	 Palpable splenomegaly
•	 Leukoerythroblastosis
•	 Anemia

IWG, International Working Group; Post-ET MF, post-essential thrombocythemia myelofibrosis; 
Post-PV MF, post polycythemia vera myelofibrosis; WHO, World Health Organization.

WHO CRITERIA FOR DIAGNOSIS OF PRIMARY AND  
POST-ET/PV MYELOFIBROSIS

TABLE 83.2

A B

morphology; PMF megakaryocytes display defective maturation 
with prominent “cloudlike” hyperchromatic nuclei, whereas 
ET megakaryocytes appear mature although large in size, with 

well-lobulated (i.e., staghornlike) nuclei.59 Other distinguishing 
features between cellular-phase PMF and ET include the pres-
ence of myelophthisis and/or increased LDH in the former but 
not the latter. One distinct WHO category of AML (i.e., acute 
MF) can sometimes be confused with PMF. Patients with fibrotic 
AML, either AML M7 or other AML subtype, usually present with 
severe constitutional symptoms, pancytopenia, mild or no sple-
nomegaly, and feature an increase in blood and bone marrow 
blasts that might not necessarily fulfill the required threshold 
for AML diagnosis.
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DISEaSE cOuRSE
MF is a progressive disease. Patients develop progressive spleno-
megaly and its related complications, and suffer from debilitating 
disease burden symptoms such as cachexia, bone pain, and/or 
profound fatigue. Cytopenias can worsen during the course of the 
disease with more patients becoming red blood cell transfusion 
dependent and developing thrombocytopenia and neutropenia. 
The rate of secondary AML transformation (or better termed blast 
phase-PMF) is 10% to 15%. Blast phase-PMF is very difficult to 
manage, and response to intensive chemotherapy is poor.60 The 
major causes of death in PMF include infections (26% to 29%), 
bleeding (11% to 22%), heart failure (7% to 15%), liver failure (3% 
to 8%), and portal hypertension (6%).61,62

RISK StRatIFIcatIOn  
anD PROgnOSIS
MF is a progressive hematologic disease and its prognosis is 
dependent on several factors. The International Prognostic Scoring 
System (IPSS) estimates survival from the time of diagnosis using 
the following risk factors: (1) age 65 years or older; (2) anemia 
(hemoglobin <10 g/dl); (3) presence of constitutional symp-
toms; (4) leukocytosis (white blood cell count >25 × 109/L); and  
(5) circulating blasts of at least 1%.63 Patients presenting with more 
than two of the aforementioned prognostic factors of MF have a 
median survival of less than 3 years, whereas patients without any 
of the factors have a median survival of more than 10 years. The 
presence of 0, 1, 2, and ≥3 factors using IPSS define low, interme-
diate-1, intermediate 2, and high-risk disease, respectively.

Patient karyotype abnormality is also prognostic of survival. 
In a retrospective review of 200 MF patients, in comparison with 
trisomy 8 or a complex karyotype, patients with sole 13q dele-
tion, 20q deletion, or trisomy 9 had an improved survival and 
no leukemia transformation.64 In a study of 433 patients with 
PMF, a high-risk cytogenetic profile was when patients had a 
complex karyotype or sole or two abnormalities that included 
+8, –7/7q, i(17q), –5/5q–, 12p–, or 11q23 rearrangement, and a 
low-risk profile was when patients had normal karyotype, or sole 

abnormalities not present in the high-risk group, including +9, 
13q–, 20q–, or chromosome 1 translocations/ duplications.65 The 
5-year survival rates were 8% and 51%, respectively (Fig. 83.4). In 
a study of 793 patients, 62 (8%) displayed an unfavorable karyo-
type by way of complex cytogenetics (n = 41) or sole trisomy 8 
(n = 21).66 The presence of monosomal karyotype in 41% of the 
patients with complex cytogenetics had an extremely poor prog-
nosis with a 2-year leukemia transformation rate of 29.4% and a 
median survival of only 6 months.

In an update to the IPSS, the Dynamic IPSS (DIPSS) was 
modified using the same prognostic factors from IPSS.67 Unlike 
the IPSS, the DIPSS may be used at any time-point in disease to 
estimate survival; opposed to IPSS, in DIPSS the development 
of disease-related anemia carries two points. Most recently, 
the DIPSS was updated to the DIPSS-plus, which incorporates 
three more prognostic factors including red blood cell trans-
fusion need, platelet count <100 × 109/L, and unfavorable 
karyotype (Fig. 83.5).68 Table 83.3 summarizes risk stratifica-
tion models in MF.

In addition to the prognostic factors in IPSS and DIPSS-plus, 
increased interleukin-8 (IL-8), IL-10, IL-15, or IL-2 receptor have 
also been associated with reduced overall survival and leukemia-
free survival.69

The ability to prognosticate and stratify severity of disease 
is critical in effectively counseling patients regarding expected 
outcome and to define the most appropriate treatment strate-
gies. Risk stratification allows the clinician to identify high-
risk patients who may benefit from intensive therapy such 
as allogeneic stem cell transplant where benefit outweighs 
the risk. Lower risk MF patients or MF patients who are not 
transplant candidates are managed based on the presence 
of constitutional symptoms, symptomatic splenomegaly, or 
severe cytopenias.

Response Criteria and Assessment Tools
The International Working Group for Myelofibrosis Research and 
Treatment (IWG-MRT) developed criteria for response to therapy 
in MF, modeled after other criteria, such as the IWG criteria for 
MDS.70 Treatment responses are categorized as complete remis-
sion (CR), partial remission (PR), or clinical improvement. Recently 
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FIGURE 83.4. Survival data of patients with primary 
myelofibrosis stratified by two-tiered cytogenetic-
risk categorization: unfavorable (complex karyotype or 
sole or two abnormalities that include +8, –7/7q–, i(17q), 
inv(3), –5/5q–-, 12p–, or 11q23 rearrangement) and favor-
able (all others including normal karyotype). (With permis-
sion from Caramazza D, Begna KH, Gangat N, et al. Refined 
cytogenetic-risk categorization for overall and leukemia-free 
survival in primary myelofibrosis: a single center study of 
433 patients. Leukemia 2011;25:82–88.)
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in palpable spleen length, as shown in the Phase I/II trial of 
ruxolitinib).36 Evaluating changes in spleen size by palpa-
tion, however, may not be as objective as evaluating changes 
in spleen size by MRI. In a Phase II study evaluating the JAK 
inhibitor pacritinib (formerly known as SB1518), a 50% reduc-
tion in spleen size as assessed by palpation correlated with a 
25% reduction in spleen size as assessed by MRI.72 Thus, use of 
objective measurements such as MRI or CT to evaluate changes 
in spleen size may be more useful in evaluating response to 
therapy, especially in clinical trials. In practice, physical exami-
nation or ultrasound remain the most common tools utilized for 
spleen size assessment.

revised response criteria by the IWG and European Leukemia 
Net (ELN) have been proposed (Table 83.4).70,71 The criteria for 
“clinical improvement” incorporate reduction in spleen size and 
improvements in anemia, platelet count, and neutrophil count. 
The CR and PR as surrogate markers of survival have not been 
validated, and it would be difficult to achieve CR or PR with cur-
rently available therapy apart from allogeneic hematopoietic cell 
transplantation (alloHCT).

Some clinical trials define spleen response as a ≥50% reduc-
tion in splenic size (length) as assessed by palpation (consistent 
with IWG-MRT criteria) or ≥35% reduction when assessed by 
imaging (corresponding to an approximate ≥50% reduction 

FIGURE 83.5. Survival data of 793 patients with primary myelofibrosis 
evaluated at time of their first Mayo Clinic referral and stratified by their 
Dynamic International Prognostic Scoring System (DIPSS) + karyotype 
+ platelet count + transfusion status prognostic scores. Low risk, zero 
adverse points; n = 66; median survival, 185 months. Intermediate-1 risk, one 
adverse point; n = 174; median survival, 78 months. Intermediate-2 risk, two 
or three adverse points, n = 360; median survival, 35 months. High risk, four 
to six adverse points; n = 193; median survival, 16 months. (With permission 
from Gangat N, Caramazza, D, Vaidya R, et al. DIPSS plus: a refined Dynamic 
International Prognostic Scoring System for primary myelofibrosis that incor-
porates prognostic information from karyotype, platelet count, and transfusion 
status. J Clin Oncol 2011;29:392–397.)

Risk Factor IPSS DIPSS DIPSS plus

Age >65 X X X

Constitutional symptoms X X X

Anemia (Hgb <10 g/dl) X X X

WBC >25 × 109 /L X X X

Circulating myeloblasts ≥1% X X X

RBC transfusion dependence X

Unfavorable karyotype, complex karyotype, 
or sole or 2 abnormalities that include +8, 
–7/7q–, i(17q), inv(3), –5/5q–, 12p–, or 
11q23 rearrangement

X

Platelets <100 × 109 /L X

Points 1 each 1 each except anemia = 2 1 each

Risk Groups (sum points) 0 = Low
1 = Intermediate-1
2 = Intermediate-2
≥3 = High risk

0 = Low
1–2 =Intermediate-1
3–4= Intermediate-2
5–6= High risk

0 = Low
1= Intermediate-1
2–3 = Intermediate-2
≥4 = High risk

Median Overall Survival Low:11.3 y
Int-1: 7.9 y
Int-2: 4 y
High 2.3 y

Low: NR
Int-1 14.2 y
Int-2: 4 y
High 1.5 y

Low: 15.4
Int-1 6.5 y
Int-2: 2.9 y
High 1.3 y

DIPSS, dynamic IPSS; IPSS, International Prognostic Scoring System; NR, not reached.

RISK STRATIFICATION MODELS IN MYELOFIBROSIS

TABLE 83.3
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Response Categories Required Criteria (For All Response Categories, Benefit Must Last for ≥12 Weeks in Order to Qualify as a Response)

Complete Remission (CR) Bone marrow:a Age-adjusted normocellularity; <5% blasts; ≤Grade 1 myelofibrosisb, and
Peripheral blood: Hemoglobin ≥100 g/L and <UNL; neutrophil count ≥1 × 109/L and <UNL.
Platelet count ≥100 × 109/L and <UNL; <2% immature myeloid cellsc, and
Clinical: Resolution of disease symptoms; spleen and liver not palpable; no evidence of EMH.

Partial Remission (PR) Peripheral blood: Hemoglobin ≥100 g/L and <UNL; Neutrophil count ≥1 × 109/L and <UNL.
Platelet count ≥100 × 109/L and <UNL; <2% immature myeloid cellsc, and
Clinical: Resolution of disease symptoms; spleen and liver not palpable; No evidence of EMH,
or
Bone marrow:a Age-adjusted normocellularity; <5% blasts; ≤Grade 1 myelofibrosisb, and
Peripheral blood: Hemoglobin ≥85 but <100 g/L and <UNL; neutrophil count ≥1 × 109/L and <UNL;
Platelet count ≥50 but <100 × 109/L and <UNL; <2% immature myeloid cellsc, and
Clinical: Resolution of disease symptoms; spleen and liver not palpable; no evidence of EMH.

Clinical Improvement (CI) The achievement of anemia, spleen, or symptoms response without progressive disease or deterioration in anemiad.

Anemia Response Transfusion-independent patients: a ≥20 g/L increase in hemoglobin levele.
Transfusion-dependent patients: becoming transfusion-independentf.

Spleen Responseg A baseline splenomegaly that is palpable at 5−10 cm, below the LCM, becomes not palpableh, or
A baseline splenomegaly that is palpable at >10 cm, below the LCM, decreases by ≥50%h

A baseline splenomegaly that is palpable at <5 cm, below the LCM, is not eligible for spleen response.
A spleen response requires confirmation by MRI or CT showing ≥35% spleen volume reduction.

Symptoms Response A ≥50% reduction in the Myeloproliferative Neoplasm Symptom Assessment Form
total symptom score (MPN-SAF TSS)i.

Progressive Diseasej Appearance of a new splenomegaly that is palpable at least 5 cm below the LCM, or
A ≥100% increase in palpable distance, below LCM, for baseline splenomegaly of 5 to 10 cm, or
A 50% increase in palpable distance, below LCM, for baseline splenomegaly of >10 cm, or
Leukemic transformation confirmed by a bone marrow blast count of ≥20%, or
A peripheral blood blast count of ≥20% that lasts for at least 2 wk.

Stable Disease Belonging to none of the above-listed response categories.

Relapse No longer meeting criteria for at least CI after achieving CR, PR, or CI, or
Loss of anemia response persisting for at least 1 mo, or
Loss of spleen response persisting for at least 1 mo

Guidelines for Assessing Treatment-induced Cytogenetic and Molecular Changes

Cytogenetic Remission At least 10 metaphases must be analyzed for cytogenetic response evaluation, and requires confirmation by repeat testing within 6 mo window.
Complete response: eradication of a pre-existing abnormality.
Partial response: ≥50% reduction in abnormal metaphases.
(partial response applies only to patients with at least 10 abnormal metaphases at baseline).

Molecular Remission Molecular response evaluation must be analyzed in peripheral blood granulocytes, and
requires confirmation by repeat testing within 6 mo window.
Complete response: eradication of a pre-existing abnormality.
Partial response: ≥50% decrease in allele burden.
(partial response applies only to patients with at least 20% mutant allele burden at baseline).

Cytogenetic/Molecular Relapse Re-emergence of a pre-existing cytogenetic or molecular abnormality that is confirmed by repeat testing.

CT, computed tomography; EMH, extramedullary hematopoiesis (no evidence of EMH implies the absence of pathology, or imaging study-proven nonhepatosplenic EMH); LCM, left costal margin; 
MRI, magnetic resonance imaging; UNL, upper normal limit.
a Baseline and post-treatment bone marrow slides are to be stained at the same time and interpreted at one sitting by a central review process. Cytogenetic and molecular responses are not required for CR assignment.
bGrading of myelofibrosis is according to the European classification (Thiele K, vasnicka HM, Facchetti F, Franco V, van der Walt J, Orazi A. European consensus on grading bone marrow fibrosis 
and assessment of cellularity. Haematologica 2005;90:1128).
cImmature myeloid cells constitute blasts + promyelocytes + myelocytes + metamyelocytes + nucleated red blood cells. In splenectomized patients, <5% immature myeloid cells is allowed.
dSee Table 83.1 for definitions of anemia response, spleen response, and progressive disease. Deterioration in anemia constitutes the occurrence of new transfusion dependency or a ≥20 g/L 
decrease in hemoglobin level from pre-treatment baseline that lasts for at least 12 weeks.
eApplicable only to patients with baseline hemoglobin of <100 g/L. In patients not meeting the strict criteria for transfusion-dependency at the time of study enrollment (see below), but have 
received transfusions within the previous month, the pre-transfusion hemoglobin level should be used as the baseline.
fTransfusion dependency before study enrollment is defined as transfusions of at least 6 units of packed red blood cells (PRBC), in the 12 weeks prior to study enrollment, for a hemoglobin level 
of <85 g/L, in the absence of bleeding or treatment-induced anemia. In addition, the most recent transfusion episode must have occurred in the 28 days prior to study enrollment. Response in 
transfusion-dependent patients requires absence of any PRBC transfusions during any consecutive “rolling” 12-week interval during the treatment phase, capped by a hemoglobin level of ≥85 g/L.
gIn splenectomized patients, palpable hepatomegaly is substituted with the same measurement strategy.
hSpleen or liver responses must be confirmed by imaging studies where a ≥35% reduction in spleen volume, as assessed by magnetic resonance imaging (MRI) or computed tomography (CT), 
is required. Furthermore, a ≥35% volume reduction in the spleen or liver, by MRI or CT, constitutes a response regardless of what is reported with physical examination.
iSymptoms are evaluated by the Myeloproliferative Neoplasm Symptom Assessment Form total symptom score (MPN-SAF TSS).9 The MPN-SAF TSS is assessed by the patients themselves and 
includes fatigue, concentration, early satiety, inactivity, night sweats, itching, bone pain, abdominal discomfort, weight loss, and fevers. Scoring is from 0 (absent/as good as it can be) to 10 (worst 
imaginable/as bad as it can be) for each item. The MPN-SAF TSS is the summation of all the individual scores (0-to-100 scale). Symptoms response requires ≥50% reduction in the MPN-SAF TSS.
jProgressive disease assignment for splenomegaly requires confirmation by MRI or CT showing a ≥25% increase in spleen volume from baseline. Baseline values for both physical examination 
and imaging studies refer to pre-treatment baseline and not to post-treatment measurements.
Modified from Tefferi A, Cervantes F, Mesa R, et al. Revised response criteria for myelofibrosis: International Working Group-Myeloproliferative Neoplasms Research and Treatment (IWG-MRT) & 
European LeukemiaNet (ELN) consensus report. Blood 2013; doi: 10.1182/blood-2013-03-488098 [Epub ahead of print].

REVISED INTERNATIONAL WORKING GROUP FOR MYELOPROLIFERATIVE NEOPLASMS RESEARCH AND TREATMENT (IWG-MRT) AND 
EUROPEAN LEUKEMIA NET (ELN) RESPONSE CRITERIA FOR MYELOFIBROSIS

TABLE 83.4

72683_ch083_1734-1745.indd   1740 8/1/13   1:09 PM



 CHAPTER 83 Myelofibrosis 1741

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

Treatment of Anemia
Treatment of anemia and resultant RBC transfusion dependency 
remain an unmet challenge in management of PMF. Options for 
treatment include erythroid stimulating agents (ESA), steroids, 
androgens, or immunomodulatory drugs (IMids) which include 
thalidomide and lenalidomide. Transfusion independency had 
been reported with some of the new JAK-2 inhibitors. Many 
patients will remain RBC transfusion dependent.

Subcutaneous erythropoietin (Epo) injections (40,000 U weekly) 
are safe and most suitable for patients with an endogenous serum 
Epo level <125 U/L. Response rate in such patients is estimated 
at 50% and might be even higher in transfusion-independent 
patients.79 The median duration of response is only 1 year, and 
some patients experience further enlargement of their spleen during 
treatment with ESA.

Corticosteroid therapy (variable doses of prednisone, between 
0.5 and 1.0 mg/kg/day) has been used in the past, with response 
rates that were higher in female patients (52%) compared to male 
patients (29%).80 Similar response rates (i.e., 30% to 40%) have 
also been observed with several androgen preparations, including 
testosterone enanthate (400 to 600 mg intramuscularly, weekly) 
and oral fluoxymesterone (10 mg/three times a day).80 The addi-
tion of corticosteroids appears to increase the response rate 
observed with androgens, whereas the presence of cytogenetic 
abnormality predicts a lesser response rate.81 Danazol produces a 
transient (average 5 months) response rate in PMF that is similar 
to that seen with other androgen preparations (i.e., ∼30% to 40% 
at a dose of 600 mg/day).82

Thalidomide and lenalidomide were recently added to the 
therapeutic armamentarium for PMF-associated anemia after 
each drug was shown to effect an ∼20% response rate.83,84 

The Myelofibrosis Symptom Assessment Form (MFSAF) is a 
tool specifically developed to evaluate the presence and severity 
of MF-associated symptoms.73 In a recent version of the MFSAF 
(v2.0), patients rated the presence and severity of splenomegaly-
related symptoms (abdominal discomfort, pain under the ribs on 
left side, early satiety), systemic symptoms (night sweats, pruri-
tus, bone/muscle pain), and inactivity using a scale of 0 (symptom 
not present) to 10 (symptom present and worst imaginable).74

Fatigue is a problematic symptom and is pervasive, persis-
tently severe, and almost universally present in MF patients.75 
Moreover, it interferes with activities of daily living and quality 
of life (QoL). Tools to evaluate fatigue include the Functional 
Assessment of Cancer Therapy Fatigue scale (FACT-F), the 
Brief Fatigue Inventory (BFI), the Cancer Linear Analogue 
Scale (CLAS), and the Patient Reported Outcomes Measurement 
Information System (PROMIS) Fatigue scale.76,77 The FACT-Lym, 
which was developed for assessment of symptoms in lymphoma 
patients, includes an evaluation of constitutional (or “B”) symp-
toms, such as pruritus, bone/muscle pain, and fatigue.78

ManagEMEnt
The first step in disease management is risk stratification. For 
patients with intermediate-2 or high-risk disease allogeneic 
stem cell transplant should be considered. If patients are non-
transplant candidates or have lower risk disease, treatment 
is only for symptomatic patients (with constitutional and/or 
spleen-related symptoms) and those with severe cytopenias. 
The selection of treatment is based on the particular patient’s 
characteristics. Figure 83.6 summarizes a suggested algorithm 
for management of PMF.

1. Establish diagnosis of PMF 
2. Risk stratification (IPSS, DIPSS, DIPSS-plus)

Int-2/High risk

AHSCT

AHSCT Candidate

int-1 risk

Observation

Symptomatic Splenomegaly
or Constitutional Symptoms 

Low

Anemia/Cytopenia

ESA (if sEpo <125)
Androgens
Prednisone
IMiDs + prednisone (prednisone 1st 3 mo)
Splenectomy for refractory cytopenia

First Line
Ruxolitinib
Hydroxyurea
Pegylated interferon
(Early stage, proliferative cases)

2nd line options
IMiDs+ prednisone (prednisone 1st 3 mo)
Oral alkylating agents (older patients)
Splenectomy
Radiation (only palliative)

NOYES

EMH
Radiation

Accelerated/blast phase
HMA

Symptomatic

YES NO

FIGURE 83.6. Suggested algorithm for management of primary myelofibrosis (PMF). AHSCT, allogeneic hematopoietic stem cell transplantation; EMH, 
extramedullary hematopoeisis; ESA, erythroid stimulating agents; HMA, hypomethylating agents; int, intermediate; ImiDs, immunomodulatory drugs (lenalidomide or 
thalidomide); sEpo, endogenous serum erythropoietin level.
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Thalidomide is used at low doses (50 mg/day) and in combina-
tion with corticosteroids (prednisone, 15 to 30 mg/day for 3 
months only) 85 and lenalidomide is clearly active in the pres-
ence of del(5)(q31).84,86 A phase II clinical study using lenalido-
mide 10 mg po daily for 21 days every 28 days (dose adjusted 
based on platelet count) combined with prednisone for 3 months 
(30 mg daily first month, 15 mg daily second month, and 15 
mg every other day third month) reported a 30% hemoglobin 
response but not if patients had baseline thrombocytopenia or 
neutropenia.87 Pomalidomide was also reported to be active in 
anemia treatment in PMF where its use remains currently inves-
tigational.88 Phase I/II studies 0.5 mg was the recommended 
dose and durable hemoglobin responses were reported in 25% 
of patients. A recent phase III placebo controlled study finished 
accrual results of which are pending. Outside the context of a 
clinical trial, we use lenalidomide in patients without baseline 
of thrombocytopenia/neutropenia and thalidomide if those are 
present.

Treatment of Splenomegaly and/or 
Constitutional Symptoms
Splenomegaly and its related symptoms, as well as constitutional 
symptoms, remain the most common indication for treatment. 
Options for treatment include hydroxurea, alkylating agents, 
purine analogues, interferon, IMiDs, JAK-2 inhibitors, splenec-
tomy, and splenic radiation.

Conventional Drug Therapy
Historically, hydroxyurea was considered the first-line ther-
apy for decreasing splenomegaly and the estimated patient 
response rate is less than 50%.48 Limitations with hydroxyurea 
include lack of sustained improvements, rarity in inducing 
complete regression of the enlarged spleen, the requirement 
for high doses to induce a response, and the potential for 
cytopenias.48 Other agents that may alleviate splenomegaly, 
but have their own risks, include oral alkylating agents such 
as melphalan (2.5 mg three times a week),89 and busulfan 
(2 to 6 mg/day with close monitoring of blood counts);90 or 
intravenous cladribine (5 mg/m2/day in a 2-hour infusion for  
5 consecutive days, repeated for 4 to 6 monthly cycles).91

Splenomegaly reduction was reported in 33% of patients 
with low-dose thalidomide combined with a prednisone taper.85 

Lenalidomide produced similar results in a separate study and 
was better tolerated in patients with adequate baseline neutro-
phils and platelets.87

Interferon
 For treatment of PMF, a has been evaluated; however, its toxic-
ity prohibits its use in many cases with more than half of the 
patients discontinuing treatment due to toxicity (e.g., worsening 
cytopenias).92 It had been suggested that interferon may alter 
the natural history of the disease and reverse fibrosis in vitro.93 
Although many clinical studies in PMF have been disappoint-
ing,94–96 results of a recent prospective study of 17 low- and 
intermediate-1 risk patients treated with interferon-a reported 
that >80% of patients had either response or stable disease 
(2 patients with complete remission and 7 with partial remis-
sion).97 Interferon-a may be considered in young lower-risk 
patients and is the treatment of choice in women of childbearing 
age contemplating pregnancy. Pegylated interferon may be an 
appealing choice for further study inasmuch as it is given less 
frequently (usually once a week) and has a better toxicity profile 
than standard interferon.98,99 

JAK 2 Inhibitors
There are numerous JAK2 inhibitors undergoing eval-
uation in clinical trials for the management of MF 
(Table  83.5).72,74,100,101,102–104 In November 2011, ruxolitinib 
was approved by the FDA for treatment of patients with 
 intermediate- (both intermediate-1 and -2) or high-risk MF, 
including PMF, post-PV MF and post-ET MF marking the first 
MF disease-specific drug approval and the first in its class.

Ruxolitinib treatment demonstrated efficacy in two large 
phase III studies in patients with PMF, post-PV MF, and post-
ET MF and intermediate-2 or high-risk disease. The COntrolled 
MyeloFibrosis study with ORal JAK inhibitor Treatment 
(COMFORT)-I was a double-blind, placebo-controlled phase III 
clinical study (n = 309) in which patients were randomized 
(1:1) to ruxolitinib or placebo. Patients randomized to placebo 
and experiencing worsening symptoms and splenomegaly were 
allowed to receive ruxolitinib (“crossover”). Significantly more 
patients in the ruxolitinib arm achieved at least a 35% reduction 
in spleen volume, as assessed by MRI or CT, versus placebo at 
week 24 (41.9% vs. 0.7%, P < 0.001). Indeed, a great majority 

JAK Inhibitor Study Phase Targets Efficacy Major Adverse Events

Ruxolitinib Approved
Phase III

JAK-2/JAK-1 Spleen response 42%
>50% reduction in symptoms in 46%

Anemia
Thrombocytopenia

SAR302503 (TG101348) Phase III JAK-2/FLT-3 Spleen Response 45%
+ improvement of disease related symptoms
+ control of leukocytosis and thrombocytosis

Anemia
Thrombocytopenia
Diarrhea
Hyperlipasemia

Pacritinib (SB1518) Phase II JAK-2/FLT-3 Spleen Response 32% by MRI, 44% by physical exam
+ improvement of disease-related symptoms

GI-related Symptoms

CYT387 Phase II JAK-1/JAK-2 + Spleen response (37%)
+ RBC transfusion independence (68%)

Thrombocytopenia
Hyperlipasemia
Peripheral neuropathy

LY2784544 Phase I JAK-2 V617F  
(mutation)-selective

+ spleen response
+ symptom improvement
+ reversal of fibrosis

Tumor lysis

CLINICAL TRIALS WITH JAK INHIBITORS

TABLE 83.5
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of patients in the ruxolitinib arm had some reduction in spleen 
volume.74 Improvements in MF-associated symptoms were 
also achieved with ruxolitinib therapy. Symptom burden was 
assessed with the modified MFSAF v2.0 where 45.9% of patients 
in the ruxolitinib arm achieved a 50% or greater improvement 
in total symptom score by week 24 versus 5.3% in the placebo 
group (P < 0.001). Moreover, patients also experienced improve-
ments in fatigue and QoL. Most patients participating in this trial 
and receiving ruxolitinib are still on the therapy after 2 years 
of follow-up. Note that, despite a crossover study design (about 
three quarters of placebo-treated patients received ruxolitinib 
upon disease worsening) in the intent-to-treat analysis, those 
patients randomized to ruxolitinib had improved survival over 
those initially randomized to placebo.105

In a separate open-label, randomized phase III study 
(COMFORT-II; n = 219), patients were randomized (2:1) to 
ruxolitinib or best available therapy (BAT). This study also 
allowed a crossover of patients from BAT to ruxolitinib for 
disease worsening.100 Significantly more patients in the rux-
olitinib arm (28%) achieved at least a 35% reduction in spleen 
volume versus BAT (0%) (P < 0.001) at week 48. Although 
most patients in the ruxolitinib arm had a reduction in spleen 
size, the majority of patients in the BAT arm had worsening 
splenomegaly. Patients in the ruxolitinib arm experienced 
improvements in global health status (GHS) and role func-
tioning, as well as individual MF-related symptoms captured 
by the QLQ-C30 instrument, whereas those in the BAT arm 
experienced worsening by most of these measures. FACT-Lym 
scores also improved with ruxolitinib treatment. Similarly to 
the COMFORT-1 study, most patients on ruxolitinib are still on 
the therapy after 2 years of follow-up. A survival advantage of 
therapy with ruxolitinib versus therapy with BAT (despite a 
crossover to ruxolitinib) has recently been reported, similar to 
the results of COMFORT-1.106

The most common adverse drug effects in COMFORT I and 
II included thrombocytopenia and anemia. The rate of grade  
3 or 4 anemia and thrombocytopenia was greater in ruxolitinib-
treated patients versus placebo (45.2% and 12.9% vs. 19.2% and 
1.3%, respectively) in COMFORT I. Similarly, in COMFORT  II 
patients treated with ruxolitinib versus best available therapy 
experienced more grade 3 or 4 anemia and thrombocytopenia 
(42% and 8% vs. 31% and 7%, respectively). In COMFORT I, the 
mean hemoglobin level reached a nadir of 95 g/L after approxi-
mately 8 to 12 weeks of therapy with an increase by week 24 
to a new steady state of 101 g/dl. Nonhematologic adverse drug 
effects included ecchymosis, dizziness, and headache. Note that 
MF-related symptoms typically returned after 1 week of ruxoli-
tinib discontinuation, strongly suggesting that close monitoring 
of patients on the therapy during the first 1 to 2 months (when 
most of the side effects happen) and proactive dose-modification 
is very important, in order to deliver therapy in the best possible 
way and avoid unnecessary interruptions.

The starting dose of ruxolitinib is dependent on the baseline 
platelet count. For patients with a platelet count greater than  
200 × 109/L, a dose of 20 mg twice daily is indicated and 15 mg 
twice daily is indicated in patients with a platelet count between 
100 × 109/L and 200 × 109/L. There are no contraindications to 
the use of ruxolitinib, however, experience with its use in patients 
with platelet count lower than 100 × 109/L is limited and subject 
to investigational trials. It is prudent to use ruxolitinib in such 
patients at the reduced dose, for example, 5 mg twice a day as 
the starting dose. A baseline complete blood cell count and at 
2 to 4 weeks (more often at the start of the therapy) depending 
on patient response will help guide therapy. If thrombocytope-
nia develops, the dosage should be reduced. The dosage may 
be increased to a maximum of 25 mg twice daily depending on 
patient response. If no reductions in splenomegaly or symptoms 
are observed after 6 months, therapy should be discontinued. 

Ruxolitinib is nonspecific for JAK2 V617F mutation; therefore, it 
may be useful in all patients with MF.

Splenectomy is associated with significant morbidity and 
mortality. The perioperative mortality of splenectomy in PMF is 
between 5% and 10%, and post-splenectomy complications occur 
in ∼50% of patients: surgical-site bleeding, thrombosis, acceler-
ated hepatomegaly, extreme thrombocytosis, and leukocytosis 
with excess blasts.107 The indications for splenectomy include 
symptomatic portal hypertension (e.g., variceal bleeding, ascites), 
drug-refractory marked splenomegaly that is either painful or is 
associated with severe cachexia, and frequent red blood cell trans-
fusions or refractory cytopenia.

Radiation provides transient (median response duration of  
3 to 6 months) symptomatic relief of mechanical discomfort from 
hepatosplenomegaly. When it is employed, splenic irradiation 
is given in a total dose of 0.1 to 0.5 Gy in 5 to 10 fractions and 
is associated with a >10% mortality rate from consequences of 
cytopenias.108 In our practice we restrict use of splenic radiation 
as a last resort for pure palliation for drug-refractory patients. 
Radiation therapy is most useful in patients with nonhepato-
splenic EMH presenting with mass effect.109 The thoracic verte-
bral column is the most frequent site of nonhepatosplenic EMH 
in PMF; other sites include lymph nodes, the lung, pleura, small 
bowel, peritoneum, urogenital tract, and heart. When patients 
are symptomatic, such occurrences are effectively treated with 
low-dose radiation therapy (0.1 to 1 Gy in 5 to 10 fractions).109

Primary Myleofibrosis and Risk of Thrombosis
In a cohort of 707 patients, the cumulative rate of fatal and 
nonfatal cerebrovascular (CV) events was 7.2%, accounting for  
1.75 events per 100 patient-years. (2.23 events per 100 patient-years 
adjusted).110 For nonfatal CV events the cumulative rate was 6.6%; the 
incidences of myocardial infarction and peripheral arterial thrombosis 
were lower than those of stroke. There was a remarkably high rate of 
fatal (9 cases) and nonfatal (22 cases) venous thrombosis. In patients 
presenting with thrombosis at diagnosis or with a thrombotic history, 
the incidence of recurrences was 9%. In multivariable analysis, age 
and JAK2 mutation were the only two risk factors to  independently 
predict risk of thrombosis; and patients who were JAK2 V617F 
mutated and presented with leukocytosis had the highest incidence of  
thrombosis (3.9% pt-yr).

Management of Blast-Phase  
Primary Myelofibrosis 
Treatment of the blast phase is typically met with limited suc-
cess. In a retrospective analysis of 91 cases of blast-phase PMF 
seen at the Mayo Clinic, 98% of the patients died at a median of 
2.6 months (range 0 to 24.2 months) from time of transformation 
into blast-phase PMF. Aggressive chemotherapy was no better 
than supportive care, and AML-like induction chemotherapy did 
not produce complete remission in any patient.60 Allogeneic stem 
cell transplant may offer better long-term outcome in a small 
subset of patients.111 Outside the context of a clinical trial, we 
use azanucleosides (azacitidine or decitabine) as an alternative 
to intensive chemotherapy for patients with  accelerated-phase 
or blast-phase PMF.112

Allogeneic Hematopoietic Stem  
Cell Transplantation
AlloHCT remains the only curative option for patients with 
PMF. The decision and timing to proceed with HCT is a complex 
issue weighing potential benefits and substantial  morbidity 
and mortality (see Chapter 104 for more details of HCT for 
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MF).113,114,115,116,117,118 The current recommendation is to 
consider alloHCT worth the risk in patients with PMF whose 
median survival is expected to be less than 5 years.119 The 
consensus is to evaluate alloHCT for patients with a good 
performance status and no major comorbidities who are 
intermediate-2 or high-risk disease by risk stratification mod-
els. However, an argument can be made to allograft selected 
low and intermediate-1 DIPSS risk patients who have had 
5-year survivals following alloHCT over 80% and 60%, respec-
tively, compared to median survivals of 7 and 2.5 years for 
 intermediate-2 and high-risk patients, respectively.120

The use of reduced intensity conditioning (RIC) has expanded 
the availability of alloHCT in diseases such as PMF where the 
median age is old and comorbidities are frequently present. The 
nonrelapse mortality is less and the relapse rate is higher but the 
disease-free survival of patients undergoing RIC tends to be simi-
lar to that of patients who receive myeloablative conditioning.116 
Alternative donors, particularly matched unrelated, are also 
allowing more patients to undergo alloHCT and the results were 
initially inferior but are approaching those seen with matched 
sibling donors.121 Umbilical cord and haptoidentical transplants 
are under investigation for patients with MF.122

The role of splenectomy for PMF prior to alloHCT is 
controversial. Splenectomized patients may engraft more 
quickly, but there is the problem of perioperative morbidity 
and mortality and there are conflicting results about its effect 
on graft versus host disease (GVHD) and survival. Massive 
splenomegaly can resolve following alloHCT, including RIC-
alloHCT.123 Although splenectomy may be considered for an 
individual patient, pre-emptive splenectomy is not routinely 
recommended for patients with PMF undergoing HCT.

The role of JAK2 inhibitors prior to alloHCT in PMF is uncer-
tain, but they could reduce spleen size and improve engraftment 
and could decrease the levels of inflammatory cytokines which 
might affect GVHD and prognosis post-allo–HCT.116 Clearing of 
JAK2 V617F in the peripheral blood after alloHCT had a signifi-
cantly reduced risk of relapse than patients who did not clear the 
mutation.124 Clinical trials are warranted to determine the effi-
cacy of JAK2 inhibition as a bridge to alloHCT, a strategy to delay 
HCT, or a therapy after HCT.

SuMMaRY
PMF is a progressive MPN associated with significant disease 
burden, including splenomegaly, cytopenias, and constitutional 
symptoms that have an impact on patient survival and quality of 
life. Over the past several years, we uncovered important biologic 
aspects of the disease such as discovery of the JAK-STAT pathway 
dysregulation and multiple different mutations leading to abnormal 
genetic and epigenetic regulation in MF. After establishing the diag-
nosis, risk stratification is the most important next step. Allogeneic 
stem cell transplant remains the only curative option and should be 
offered for higher risk patients. Goals of medical therapy are mostly 
centered around improving splenomegaly, anemia, and very poor 
quality of life. Treatment options remain limited but the develop-
ment of JAK inhibitors results in better control of the signs and 
symptoms of the disease and, therefore, improves patients’ outlook. 
The inhibitors may serve as a building block for combination thera-
pies that would significantly alter the biology of the disease.
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historical BackGround
Paul Ehrlich’s use of aniline dyes facilitated identification of the 
eosinophil as a unique leukocyte in 1879.1 Reactive eosinophilias 
and eosinophilia-associated leukemias were recognized in the 
early to mid-twentieth century. However, a nomenclature for 
unexplained eosinophilias was not formulated until 1968 when 
Hardy and Anderson originated the term hypereosinophilic syn-
drome (HES).2 In 1975, Chusid and colleagues generated diag-
nostic criteria for (idiopathic) hypereosinophilic syndrome based 
on a small case series of patients: (1) persistent eosinophilia of 
1.5  ×  109/L for more than 6 months; (2) lack of evidence for 
parasitic, allergic, or other known causes of eosinophilia; and 
(3) signs and symptoms of organ involvement.3 In the last 20 
years, the evaluation of eosinophilic disorders has advanced from 
its descriptive roots to a more comprehensive approach which 
relies on a combination of histopathology, cytogenetics, molecular 
genetics, and immunophenotyping. Table 84.1 lists recent modern 
nosologic and clinicopathologic landmarks which reflect this evo-
lution in the diagnosis and classification of eosinophilic disorders.

dEfinition of Eosinophilia
Although minor differences may exist between laboratories, the 
upper limit of normal for the percent peripheral blood eosinophils 
is 5%, with a corresponding absolute eosinophil count (AEC) of 

approximately 0.5 × 109/L (500/mm3).4,5 The severity of hypereo-
sinophilia (HE) has been stratified into mild, moderate, or severe 
(with AECs between the upper range of normal to 1.5 × 109/L 
(1,500/mm3), 1.5 to 5.0 × 109/L (1,500 to 5,000/mm3), or >5.0 × 
109/L (>5,000/mm3), respectively). Alternatively, the singular 
term hypereosinophilia has been used to denote an AEC of >1.5 × 
109/L (>1,500/mm3).

EpidEmioloGy
HES and chronic eosinophilic leukemia (CEL) are very uncommon 
disorders. Data obtained from the Surveillance, Epidemiology, 
and End Results (SEER) program during the years 2001 to 2005 
revealed an age-adjusted incidence rate of 0.036 per 100,000.6 
Eosinophilias with recurrent genetic abnormalities (PDGFRA/B, 
FGFR1) are yet even more rare, representing approximately 
10% cases of initially unexplained eosinophilias in developed 
countries.7 SEER identified a peak age range at diagnosis of 65 
to 74 years, with cases uncommonly diagnosed in infants and 
children. The male to female ratio of HES/CEL is approximately 
1.5:1, but FIP1L1–PDGFRA-positive disease is almost exclusively 
diagnosed in men, a phenomenon whose biologic basis remains 
unknown.6,7

Eosinophil physioloGy
Eosinophil-committed hematopoietic progenitors are identified 
within the CD34+ progenitor population as interleukin-5 recep-
tor (IL5R)+/CCR3+ cells.8,9 Their production is tightly regulated 
by a network of eosinophilopoietic cytokines. IL-5, interleukin-3 
(IL-3), and granulocyte–macrophage colony-stimulating factor 
are the most relevant to eosinophil physiology, and are primarily 
responsible for the commitment, proliferation, and differentia-
tion of hematopoietic progenitors into the eosinophil lineage.4,10 
These factors are elaborated by several cell types including 
T-lymphocytes, mast cells, and stromal cells, and bind to their 
respective receptors on eosinophils.11 Migration of eosinophils 
from the circulation to tissues is mediated via interactions 
between endothelial cell adhesion molecules such as ICAM-1 
and VCAM1 and eosinophil surface integrins (e.g., the a1 and b2 
integrins VLA-4 and CD18, respectively).12 Eosinophil migration is 
influenced by several potent eosinophil chemoattractants includ-
ing leukotriene b4, complement fragment 5a, platelet activating 
factor, RANTES, and eotaxins, which are ligands for the eosinophil 
receptor CCR3.13–15 Although eosinophils serve as an essential 
component of the immune system’s normal homeostatic function, 
including defense against infection and recruitment in response 
to allergy and inflammation, the potential for collateral tissue 
injury exists due to mediators released from eosinophils under-
going marked or persistent activation. These biologically active 
molecules are released from intracellular granule compartments 
and include preformed substances such as major basic protein, 
eosinophil peroxidase, eosinophil cationic protein, and eosinophil-
derived neurotoxin.4 Eosinophils also contain hydrolytic enzymes 
such as acid phosphatase, catalase, arylsulfatase, and newly syn-
thesized mediators such as hydrogen peroxide that can contribute 
to organ damage.4

Modern ClassifiCation and CliniCopathologiC 
landMarks in eosinophiliC disorders

table 84.1

Year Event

1968 Term “hypereosinophilic syndrome” coined by Hardy and Anderson

1975 Diagnostic criteria for HES established by Chusid and colleagues

1994 Characterization of the first PDGFRB rearrangement  
(ETV6-PDGFRB), t(5;12)(q31-33;p13)

1994 First description of lymphocyte-variant hypereosinophilia

1998 Identification of rearrangement of the FGFR1 gene as the basis 
for the 8p11 syndrome

2001 WHO diagnostic criteria for HES and CEL

2001–2002 Successful empiric treatment of HES patients with imatinib

2002 Characterization of the first PDGFRA rearrangement  
(BCR-PDGFRA), t(4;22)(q12q11)

2003 Identification of the FIP1L1–PDGFRa fusion as the therapeutic 
target of imatinib

2003 Identification of FIP1L1–PDGFRA using the surrogate test “FISH 
for the CHIC2 deletion”

2008 Revised WHO criteria include the category of “Myeloid and  
lymphoid neoplasms with eosinophilia and abnormalities of 
PDGFRA, PDGFRB, or FGFR1”

CEL, chronic eosinophilic leukemia; FGFR1, fibroblast growth factor receptor 1; 
FISH, fluorescent in situ hybridization; HES, idiopathic hypereosinophilic syndrome; PDGFRA; 
platelet-derived growth factor receptor alpha; PDGFRB, platelet-derived growth factor 
receptor beta; WHO, World Health Organization.
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modErn classification
The most recent iteration of the World Health Organization 
(WHO) classification of hematolymphoid neoplasms incorporates 
eosinophilic disorders among the umbrella of myeloid neoplasms 
(Table  84.2). The WHO classification recognized the unique 
molecular basis of a subset of certain eosinophilic disorders by 
establishing the major category entitled, “Myeloid and lymphoid 
neoplasms with eosinophilia and abnormalities of platelet-derived 
growth factor receptor alpha (PDGFRA), platelet-derived growth 
factor receptor beta (PDGFRB), or fibroblast growth factor recep-
tor 1 (FGFR1)” (Table 84.3).16 The diagnostic entity “chronic 
eosinophilic leukemia not otherwise specified (CEL-NOS)” is one 
of eight diseases included within another major WHO category, 
“Myeloproliferative Neoplasms (MPNs)” (Table 84.3).17 CEL-NOS 
is defined by the absence of the Philadelphia chromosome or a 
rearrangement involving PDGFRA/B or FGFR1, and the exclusion 
of other WHO-defined acute or chronic primary marrow neo-
plasms associated with eosinophilia, e.g., acute myeloid leukemia 
(AML), myelodysplastic syndrome (MDS), MPNs such as chronic 

2008 World health organization ClassifiCation  
of Myeloid MalignanCies

table 84.2

1. Acute myeloid leukemia and related disorders

2. MPNs

 a. Chronic myelogenous leukemia, BCR-ABL1 positive

 b. Chronic neutrophilic leukemia

 c. Polycythemia vera

 d. Primary myelofibrosis

 e. Essential thrombocythemia

 f. Chronic eosinophilic leukemia, not otherwise specified
 g. Mastocytosis

 h. Myeloproliferative neoplasm, unclassifiable

3. MDS

 a. Refractory cytopenia with unilineage dysplasia

 b. Refractory anemia

 c. Refractory neutropenia

 d. Refractory thrombocytopenia

 e. Refractory anemia with ring sideroblasts

 f. Refractory cytopenia with multi-lineage dysplasia

 g. Refractory anemia with excess blasts I

 h. Refractory anemia with excess blasts II

 i. MDS with isolated del(5q)

 j. MDS, unclassifiable

4. MDS/MPN

 a. Chronic myelomonocytic leukemia 1

 b. Chronic myelomonocytic leukemia 2

 c. Atypical chronic myeloid leukemia, BCR-ABL negative

 d. Juvenile myelomonocytic leukemia

 e. MDS/MPN, unclassifiable

 f. Refractory anemia with ring sideroblasts and thrombocytosis

5.  Myeloid and lymphoid neoplasms associated with eosinophilia and 
abnormalities of PDGFRA, PDGFRB, or FGFR1

 a. Myeloid and lymphoid neoplasms associated with PDGFRA rearrangement

 b. Myeloid neoplasms associated with PDGFRB rearrangement

 c. Myeloid and lymphoid neoplasms associated with FGFR1 abnormalities

MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasms.

2008 World health organization ClassifiCation  
of eosinophiliC disorders

table 84.3

1.  Myeloid and lymphoid neoplasms associated with eosinophilia and 
abnormalities of PDGFRA, PDGFRB, or FGFR1

 1.  Diagnostic criteria of an MPNa with eosinophilia associated with 
FIP1L1–PDGFRA

  1. An MPN with prominent eosinophilia and

  2. Presence of an FIP1L1–PDGFRA fusion geneb

 2.  Diagnostic criteria of MPN associated with ETV-6-PDGFRB fusion gene 
or other rearrangement of PDGFRB

  1.  An MPN, often with prominent eosinophilia and sometimes with  
neutrophilia and monocytosis and

  2.  Presence of t(5;12)(q31∼q33;p13), or a variant translocationc, or  
demonstration of an ETV6-PDGFRB fusion gene or rearrangement of 
PDGFRB

 3.  Diagnostic criteria of MPN or acute leukemia associated with FGFR1 
gene rearrangement

  1.  An MPN with prominent eosinophilia and sometimes with neutrophilia or 
monocytosis or AML or precursor T-cell or precursor B-cell lymphoblastic 
leukemia/lymphoma (usually associated with peripheral blood or bone 
marrow eosinophilia) and

  2.  Presence of t(8;13)(p11;q12) or a variant translocation leading to FGFR1 
rearrangement demonstrated in myeloid cells, lymphoblasts, or both

2. Chronic Eosinophilic Leukemia-NOS

 a. Eosinophilia (eosinophil count > 1.5 × 109/L)

 b.  No Ph chromosome or BCR-ABL fusion gene or other MPNs (PV, ET, PMF, 
systemic mastocytosis) or MDS/MPN (CMML or atypical CML)

 c. No t(5;12)(q31∼q35;p13) or other rearrangement of PDGFRB
 d. No FIP1L1–PDGFRA fusion gene or other rearrangement of PDGFRA
 e. No rearrangement of FGFR1
 f.  Blast cell count in the peripheral blood and bone marrow is less than 20% 

and there is no inv(16)(p13q22) or t(16;16)(p13q22) or other feature  
diagnostic of AML

 g.  There is a clonal cytogenetic or molecular genetic abnormality, or blast cells 
are more than 2% in the peripheral blood or more than 5% in the bone marrow

3. Idiopathic Hypereosinophilic Syndrome

 EXCLUSION of the following:

 a. Reactive eosinophilia

 b.  Lymphocyte-variant hypereosinophilia (cytokine-producing immunophenotypi-
cally aberrant T-cell population)

 c. Chronic eosinophilic leukemia, NOS

 d.  WHO-defined myeloid malignancies associated with eosinophilia (e.g., MDS, 
MPNs, MDS/MPNs, or AML)

 e.  Eosinophilia-associated MPNs or AML/ALL with rearrangements of PDGFRA, 
PDGFRB, or FGFR1

 f.  Absolute eosinophil count of >1,500/mm3 must persist for at least 6 mo 
and tissue damage must be present. If there is no tissue damage, idiopathic 
hypereosinophilia is the preferred diagnosis

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CML, chronic 
myelogenous leukemia; CMML, chronic myelomonocytic leukemia; ET, essential 
thrombocythemia; MDS, myelodysplastic syndrome; MPN, myeloproliferative 
neoplasms; NOS, not otherwise specified; PMF, primary myelofibrosis; PV, 
polycythemia vera.
a Patients presenting with AML or lymphoblastic leukemia/lymphoma with eosinophilia and 
an FIP1L1–PDGFRA fusion gene are also assigned to this category.
b If appropriate molecular analysis is not available, this diagnosis should be suspected if 
there is a Ph-negative MPN with the hematologic features of chronic eosinophilic leukemia 
associated with splenomegaly, a marked elevation of serum vitamin B12, elevation of serum 
tryptase, and increased bone marrow mast cells.
c Because t(5;12)(q31∼q33;p12) does not always lead to an ETV6-PDGFRB fusion gene, 
molecular confirmation is highly desirable. If molecular analysis is not available, this 
diagnosis should be suspected if there is a Ph-negative MPN associated with eosinophilia 
and with a translocation with a 5q31-33 breakpoint.
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myelogenous leukemia (CML) or systemic mastocytosis (SM), and 
overlap MDS/MPNs. It is also defined by an increase in blood or 
marrow blasts (<20%), and/or nonspecific cytogenetic abnormali-
ties. The diagnostic criteria of HES formulated by Chusid and col-
leagues is recapitulated by the WHO, but the original requirement 
that eosinophilia persist for more than 6 months is no longer 
consistently embraced. This relates to the faster-paced and more 
sophisticated evaluation of eosinophilia that is now feasible, and 
the recognition that early treatment can be critical to mitigating 
eosinophilia-mediated organ damage. The nosological distinction 
between “idiopathic hypereosinophilia” and “idiopathic HES” 
reflects the requirement that organ damage be present in the 
latter. “Lymphocyte-variant hypereosinophilia” is a provisional 
diagnosis that is referred to in the WHO classification and should 
be considered before settling on the diagnosis of idiopathic hype-
reosinophilia or HES, which are diagnoses of exclusion.17

In 2011, members from the Working Conference on Eosinophil 
Disorders and Syndromes proposed a new terminology for eosino-
philic syndromes.18 The panel recommended the higher level 
term “Hypereosinophilia (HE)” for persistent and marked eosino-
philia (AEC > 1.5 × 109/L). In turn, HE subtypes were divided 

into a hereditary (familial) variant (HEFA), HE of undetermined 
significance (HEUS), primary (clonal/neoplastic) HE produced by 
clonal/neoplastic eosinophils (HEN), and secondary (reactive) HE 
(HER). HEUS was introduced as a novel term in lieu of “idiopathic 
hypereosinophilia.” Any HE (not just idiopathic) associated with 
organ damage is referred to as “HES” with specific variants des-
ignated by subscripts (e.g., HESUS, HESN, and HESR). Additional 
recommendations advanced by the consensus panel are summa-
rized in their report.18

diaGnostic Evaluation for 
hypErEosinophilia
In addition to a hematology consultation, a multidisciplinary 
evaluation including allergy/immunology, dermatology, and infec-
tious diseases/tropical medicine may be required to identify the 
etiology of HE. The workup of HE (Fig. 84.1) should commence 
with a thorough evaluation of reactive causes, with particular 
attention to comorbid health conditions, medications, and travel 

FIGURE 84.1 Algorithm for the diagnosis and treatment of eosinophilic disorders.
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history/environmental exposures. Helminth infections are the 
most common cause of HE in developing countries, and hyper-
sensitivity/atopy is the most frequent etiology in industrialized 
nations. In addition to infection and hypersensitivity conditions, 
other secondary causes of HE include connective tissue disor-
ders (Churg-Strauss syndrome), granulomatosis with polyangiitis 
(Wegener’s, systemic lupus erythematosus), solid or hematologic 
malignancies, metabolic disorders (e.g., adrenal insufficiency), 
eosinophilic pulmonary diseases, and rare entities such as famil-
ial eosinophilia,19 hyper-immunoglobulin (Ig)E syndrome, Omenn 
syndrome, episodic angioedema and eosinophilia (Gleich’s syn-
drome), and eosinophilia-myalgia syndrome (possibly related 
to tryptophan ingestion and the historical epidemic of toxic-oil 
syndrome).20,21

In addition to a complete blood count with a white blood cell 
count (WBC) differential to measure the severity of eosinophilia, 
the initial laboratory workup for reactive causes of HE typically 
includes stool culture and serial ova and parasite testing, and 
sometimes serologic testing for specific parasites (e.g., strongy-
loides antibody). Testing for specific bacteria, fungi, or viruses 
may also be warranted in selected cases. The use of chest x-ray, 
 electrocardiogram and/or echocardiography, and computed 
tomography scan of the chest or abdomen/pelvis are similarly 
guided by the patient’s symptoms and physical exam findings. 
Imaging studies may help discern the basis for eosinophilia, 
establish the presence or severity of organ damage, and guide the 
need for tissue biopsy. For eosinophilic lung diseases, pulmonary 
function testing, bronchoscopy, and serologic tests (e.g., aspergil-
lus IgE to evaluate for allergic bronchopulmonary aspergillosis) 
may be obtained to further characterize lung involvement.

If secondary causes of eosinophilia are excluded, the workup 
should proceed to the evaluation of a primary bone marrow 
disorder. Bone marrow aspirate and trephine biopsy with 
cytogenetics and immunophenotyping (with relevant iron and 
reticulin/trichrome stains) are useful to elucidate WHO-defined 
clonal myeloid neoplasms associated with eosinophilia such as 
acute myeloid leukemia, specifically AML with inv(16)(p13q22) 
or t(16;16)(p13;q22), CML or other MPNs (e.g., SM), and overlap 
MDS/MPN disorders such as chronic myelomonocytic leukemia 
(CMML).17

Myeloid malignancies primarily defined by eosinophilia 
include the aforementioned CEL-NOS and the category of 
PDGFRA/B or FGFR1-rearranged neoplasms. Diagnostic assess-
ment of primary eosinophilia should begin with screening of 
the peripheral blood for the FIP1L1–PDGFRA gene fusion by 
interphase or metaphase fluorescence in situ hybridization 
(FISH).22 Less commonly, reverse-transcriptase polymerase 
chain reaction (PCR) is used to detect the fusion. FISH probes 
that hybridize between the FIP1L1 and PDGFRA loci detect the 
800-kb interstitial deletion on chromosome 4q12 that results in 
gene fusion. Because the CHIC2 gene is located in this deleted 
genetic segment, the test has been referred to as “FISH for the 
CHIC2 deletion.”23 If FIP1L1–PDGFRA screening is not avail-
able, serum tryptase has been used as a surrogate marker for 
FIP1L1–PDGFRA-positive disease, since increased levels have 
been associated with the fusion or myeloproliferative forms of 
HE.24 In contrast to FIP1L1–PDGFRA, which is not detectable 
by standard karyotyping, rearrangements involving PDGFRB 
and FGFR1 can be inferred by cytogenetic analysis, represented 
by the breakpoints 5q31-33 (PDGFRB) and 8p11-12 (FGFR1), 
respectively.16 Reciprocal chromosomal translocations involv-
ing the breakpoints 9p24 or 13q12 may relate to JAK2 (e.g., 
PCM1-JAK2) or FLT3 (e.g., ETV6-FLT3) fusions, respectively, 
and have been associated with eosinophilia.25,26 Knowledge of 
these breakpoints is critical because targeted therapy may have 
clinical efficacy against these constitutively activated tyrosine 
kinases. Bone marrow biopsy studies as highlighted above 
should be  performed to complement peripheral blood analyses.

If both secondary and primary causes of eosinophilias are 
excluded, lymphocyte-variant HE should be considered next in 
the diagnostic algorithm.27 Patients with lymphocyte-variant HE 
often have cutaneous signs and symptoms as the primary disease 
manifestation. Although patients’ skin disease can be symptomatic, 
the natural history of this condition is typically indolent, with rare 
patients progressing to T-cell lymphoma or Sézary syndrome. 
Progression has been associated with acquisition of cytogenetic 
abnormalities (e.g., partial 6q and 10p deletions, trisomy 7) in T 
cells and with proliferation of lymphocytes with the CD3−CD4+ 
phenotype.28,29,30,31,31 This syndrome represents a mixture of 
clonal and reactive processes resulting in the expansion of a 
clone of T-lymphocytes that produce cytokines that drive eosino-
philia.27,32,33 Although these laboratory findings constitute basic 
elements of this syndrome, neither the WHO nor other consensus 
panels have established specific diagnostic criteria for this condi-
tion.16–18 The finding of isolated T-cell clonality by PCR without 
T-cell immunophenotypic abnormalities or demonstration of Th2 
cytokine production is not adequate to make a diagnosis of this 
variant.32 In an analysis of patients diagnosed with HES, 18/42 
(43%) subjects exhibited a clonal T-cell receptor gene rearrange-
ment by PCR.34 However, the biologic relevance of such clonal 
T-cell populations to eosinophilia was not established.34 Therefore, 
whether such patients should still be referred to as HES, or as 
lymphocyte-variant HE, remains a matter of debate. Laboratory 
features that suggest this disorder are shown in Table 84.4.

BioloGy of fip1l1–pdGfra
FIP1L1–PDGFRA can promote the proliferation and survival of 
eosinophils through the activation of several signaling pathways 
such as phosphoinositol 3-kinase (PI3 kinase), ERK1/2, and 
STAT5.22,35 The exact mechanism by which FIP1L1–PDGFRa 
preferentially affects eosinophils remains unclear. Recently, it was 
found that in vitro inhibition of JAK2 in the FIP1L1–PDGFRA-
positive EOL-1 cell line, primary FIP1L1–PDGFRA-positive cells, 
and T674I FIP1L1–PDGFRA-imatinib-resistant cells, by either 
JAK2-specific short interfering RNA or the tryphostin derivative 
AG490 (a JAK inhibitor), significantly reduced cellular prolif-
eration and induced cellular apoptosis.36 JAK2 inhibition also 
reduced PI3 kinase, AKT, and nuclear factor kappa B activity in 
a dose-dependent manner, and suppressed expression levels of 

laboratory findings in lyMphoCyte-Variant 
hypereosinophilia

table 84.4

1.  Cytokine-producing abnormal T-lymphocyte population with aberrant  
immunophenotype

 a. Double-negative, immature T cells (e.g., CD3+CD4−CD8−), or

 b.  Absence of CD3 (e.g., CD3−CD4+), a normal component of the T-cell 
receptor, or

 c. Elevated CD5 expression on CD3−CD4+ cells, or

 d. Loss of surface CD7 and/or expression of CD27

2.  Reactive eosinophilia in response to T-lymphocyte secretion of eosinophilopoi-
etic cytokines

3. Elevated serum IgE levels

4.  Lymphocyte production of cytokines (e.g., IL-5, IL-4, IL-13) suggesting Th2 
cytokine profile

5. Elevated production of TARC, a chemokine in Th2-mediated diseases

IL, interleukin; TARC, thymus and activation-regulated chemokine; Th2, T cells with helper 
type 2.
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c-myc and survivin.36 The results suggest that JAK2 is activated 
by FIP1L1–PDGFRa and is required for cellular proliferation, pos-
sibly through induction of c-myc and survivin.

In one murine model, expression of the FIP1L1–PDGFRA fusion 
in bone marrow cells was not sufficient to cause eosinophilia, 
but only a general myeloproliferative disease.37 However, in 
another murine model, expression of FIP1L1–PDGFRA together 
with overexpression of IL-5, the most potent eosinophilopoietic 
cytokine, mimicked more typical features of HES, such as tissue 
infiltration of eosinophils.38 Polymorphic variation at the IL-5 
receptor-a (IL5RA) gene revealed an association between a single 
nucleotide polymorphism in the 5′ untranslated region of IL5RA 
and the eosinophil count/presence of tissue infiltration in FIP1L1–
PDGFRA-positive patients.39 These data suggest that FIP1L1–
PDGFRA alone is not sufficient to explain the development of HES/
CEL, and that additional factors such as IL-5 signaling may also 
be implicated in the disease phenotype.

The structure of the FIP1L1–PDGFRa fusion protein is similar 
to the structure of the ETV6–PDGFRa, ZNF198–FGFR1, and BCR–
ABL1 proteins, for which homotypic oligomerization mediated by 
domains within ETV6, ZNF198, or BCR has been reported.40–42 
Oligomerization of the corresponding fusion proteins leads to 
activation of the tyrosine kinase domains, which in turn activate 
downstream signaling pathways regulating cell proliferation 
and survival. In contrast, interruption of the juxtamembrane of 
PDGFRa, either due to mutations or duplications, causes constitu-
tive activation of kinase activity.43,44 This mechanism occurs with 
internal tandem duplications in FLT3 and mutations of KIT in 
AML or gastrointestinal stromal tumors.45,46 Fusion of FIP1L1 to 
the PDGFRa protein yields a constitutively active tyrosine kinase 
only if the juxtamembrane domain of PDGFRa is partially or com-
pletely removed.47 The different breakpoints within the PDGFRA 
gene are tightly clustered, resulting in the removal of part of the 

juxtamembrane domain and activation of the kinase domain.48 In 
contrast, with many PDGFRB fusions, the juxtamembrane is com-
pletely intact, and activation of PDGFRB kinase activity is obtained 
through oligomerization mediated by the fusion partner.

In addition to dysregulation of PDGFRA by fusion to FIP1L1 or 
other partner genes, activating point mutations have been identi-
fied in PDGFRA in patients with HE.49 Although there was vari-
ability in their transforming ability, injection of cells harboring 
these mutants into mice induced a leukemia-like disease. Imatinib 
treatment significantly decreased leukemic growth and prolonged 
survival.49

clinical prEsEntation  
and proGnosis

Clinicopathologic Features
Patients with FIP1L1–PDGFRA–associated eosinophilia present 
with features of an MPN: splenomegaly, hypercellular bone mar-
rows, and clinicopathologic characteristics which overlap with 
systemic mast cell disease, including increased numbers of abnor-
mal-appearing bone marrow mast cells, marrow fibrosis, and 
elevated serum tryptase levels (see Fig. 84.2).24,48 Soon after the 
discovery of the fusion, a debate arose regarding whether FIP1L1–
PDGFRA-positive disease represents a subtype of SM rather than 
a primary eosinophilic neoplasm, because atypical mast cells can 
be found in the marrows of these patients. In a Mayo Clinic series, 
the bone marrow biopsies of FIP1L1–PDGFRA-positive patients 
were described as showing a loose, interstitial pattern of mast 
cells by tryptase immunostaining compared to the multifocal dense 
aggregates characteristic of D816V KIT-positive SM.50 In some cases, 
the mast cells exhibited spindle-shaped morphology and aberrant 

FIGURE 84.2 Histopathology of a FIP1L1—PDGFRA-positive 
myeloid neoplasm associated with eosinophilia. A peripheral 
eosinophilia is present with an absolute eosinophil count of 2.48 × 
109/L. Eosinophils include atypical forms with ring nuclei (inset, right), 
vacuolated cytoplasm (inset, left), as well as irregularly granulated 
eosinophils (A). Wright-Giemsa, 1,000×. The bone marrow biopsy 
is hypercellular for age with dilated marrow sinuses, a feature associ-
ated with marrow fibrosis (B). Hematoxylin and eosin, 100×. The bone 
marrow biopsy shows a myeloid hyperplasia with a marked eosinophilia 
(C). Hematoxylin and eosin, 400×. Loose aggregates of mast cells are 
present in the bone marrow biopsy as shown by immunohistochemistry, 
but were not readily visible on hematoxylin and eosin-stained sections 
(D). CD117, 200×. Images provided courtesy of Dr. Tracy George.
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surface expression of CD25, both WHO minor criteria for SM. 
However, in the revised 2008 WHO classification, this entity was 
not considered a subtype of SM, but instead was included in the 
new category “Myeloid and lymphoid neoplasms with eosinophilia 
and abnormalities of PDGFRA, PDGFRB, or FGFR1.”16 Reliable 
distinction between KIT D816V-positive SM with eosinophilia and 
FIP1L1–PDGFRA-positive eosinophilia was demonstrated based 
on several clinical and laboratory features.51 In the KIT D816V-
positive SM cohort, gastrointestinal symptoms, urticaria pig-
mentosa, thrombocytosis, median serum tryptase value, and the 
presence of dense marrow mast cell aggregates were significantly 
elevated or more frequently represented compared to patients 
with FIP1L1–PDGFRA-positive disease. Conversely, male sex, car-
diac and pulmonary symptoms, median peak AEC, the eosinophil 
to tryptase ratio, and serum B12 levels were significantly elevated 
or more frequently represented in the FIP1L1–PDGFRA-positive 
group. A scoring system that incorporated these findings was 
devised that could reliably predict these two diagnostic entities.

Although FIP1L1–PDGFRA–positivity is almost always associ-
ated with the phenotype of a chronic MPN, the fusion may be 
rarely found in AMLs or T-cell leukemias/lymphomas associated 
with eosinophilia.52 In addition to the FIP1L1–PDGFRA fusion 
gene, >5 PDGFRA fusion genes, as well as >20 different PDGFRB 
genes, have been described in MPNs with eosinophilia (Fig. 84.3). 
Among 56,709 cytogenetically defined cases at the Mayo Clinic, 
only 25 (0.04%) exhibited the t(5;12) breakpoint.53 The classic 
variant t(5;12)(q33;p13), likely representing the ETV6-PDGFRB 
gene fusion, was present in only 4 of these cases.53 Despite the 
rare frequency (<<1%) of PDGFRB-rearrangements in cytoge-
netically defined cases with features of CMML and other myeloid 
neoplasms (e.g., atypical CML, juvenile myelomonocytic leukemia, 
chronic basophilic leukemia, MDS/MPN-unclassifiable),53 their 
recognition is critical given their responsiveness to imatinib. 
However, not all 5q31-33 breakpoints represent the PDGFRB 
gene. For example, IL-3 (on chromosome 5q31) is fused to the 
Ig heavy chain gene (chromosome 14q32) in a subset of eosino-
philia-associated B-cell acute lymphoblastic leukemias (ALLs).54 
In addition, in cases of MDS/AML with associated eosinophilia 
and a t(5;12)(q31;p13) translocation, an ETV6-ACS2 gene fusion 
was identified.55 Finally, more than 10 fusion partners of FGFR1 
have been described in the context of stem cell leukemia/lym-
phoma (Fig. 84.3).

Clinical presentation
In two retrospective series of HES, eosinophilia was an inciden-
tal finding in 6% to 12% of patients with HE.54,55 In a study of 
188 patients, the mean peak eosinophil count was 6.6 × 109/L 
(range of 1.5 to 400 × 109/L).55 Primary marrow eosinophilias, 
also referred to as “myeloproliferative variants of eosinophilia,” 
may be characterized by blood or bone marrow neutrophilia, 
basophilia, and myeloid immaturity. Eosinophil morphology can 
be normal or abnormal in marrow-derived eosinophilias and 
cannot be used as a distinguishing feature between reactive 
and primary eosinophilias. Marrow findings of Charcot-Leyden 
crystals, increased blasts, and fibrosis are found in a spectrum of 
eosinophilic myeloid neoplasms and are not unique to CEL-NOS 
or myeloid neoplasms with eosinophilia and rearrangements of 
PDGRA/B or FGFR1.16,17

Common non-hematologic signs and symptoms of HES include 
(in descending frequency) weakness and fatigue (26%), cough 
(24%), dyspnea (16%), myalgias or angioedema (14%), rash or 
fever (12%), and rhinitis (10%).56 In follow-up of patients with 
sustained eosinophilia, skin involvement was the most frequent 
clinical manifestation (69% of patients), followed by pulmonary 
(44%) and gastrointestinal (38%) findings.57 Cardiac sequelae 
(unrelated to hypertension, atherosclerosis, or rheumatic disease) 
was eventually identified in 20% of patients at follow-up (only 

6% at the time of initial presentation).57 Table 84.5 shows the 
frequency and type of organ system involvement from 3 historical 
studies.56,58,60

prognosis
Older case series identify cardiac disease as the primary etiology 
of premature death. A review of 57 HES cases published through 
1973 reported a median survival of 9 months, and the 3-year 
survival was only 12%.3 Patients usually presented with advanced 
disease, with congestive heart failure accounting for 65% of 
deaths at autopsy. In addition to cardiac involvement, peripheral 
blood blasts or a WBC count greater than 100 × 109/L were 
poor prognostic factors.3 A later report of 40 HES patients cited 
a 5-year survival rate of 80%, decreasing to 42% at 15 years.58 
Factors predictive of a worse outcome included the presence of an 
MPN, corticosteroid-refractory HE, cardiac disease, male sex, and 
the height of eosinophilia.58

The historical, shortened life expectancy related to heart dam-
age provides a useful example of the consequences of eosinophil-
mediated tissue injury. It is typically a step-wise process resulting 
from local infiltration and release of toxic mediators.56,60 Damage 
to the endocardium can lead to local deposition of platelet 
thrombi, and subsequently to larger mural thrombi and increased 
risk of thromboembolic disease. With time, fibrous thickening 
of the endocardial lining and leaflets of the mitral and tricuspid 
valves can result in a restrictive cardiomyopathy and valvular 
insufficiency.61,62 Advances in cardiac surgery have reduced mor-
bidity and mortality related to eosinophil-mediated heart damage.

In WHO-defined myeloid malignancies, the prognostic impor-
tance of associated eosinophilia has only been studied in a few 
diseases. In a series of 123 patients with SM, eosinophilia was 
prevalent in 34% of cases, but was prognostically neutral and not 
affected by exclusion of FIP1L1–PDGFRA-positive cases.63 In a 
study of 1,008 patients with de novo MDS, eosinophilia (and baso-
philia) predicted a significantly reduced survival without having 
a significant impact on leukemia-free survival.64 A retrospective 
analysis of 288 individuals with newly diagnosed MDS revealed 
that significantly higher numbers of patients with eosinophilia or 
basophilia (compared to patients with neither) had chromosomal 
abnormalities carrying an intermediate or poor prognosis.65 In 
addition, the overall survival rate was significantly lower and a 
higher rate of evolution to AML was observed.65

trEatmEnt

FIp1l1–pDGFra-positive Neoplasms
At the turn of the 21st century, no unique and recurrent clonal 
marker had been linked to eosinophilic neoplasms despite an 
ever-growing list of nonspecific chromosomal abnormalities 
(e.g., trisomy 8) having been catalogued.66 In 2001, Schaller and 
Burkland described a male patient with HES who was resistant 
or intolerant to prior therapies including corticosteroids, hydroxy-
urea, and interferon-alpha (IFN-a).67 The patient was treated with 
imatinib at least partly based on the rationale that the myelo-
proliferative features of HES could share a similar pathobiology 
to CML. After several days of imatinib therapy of 100 mg daily, 
the patient achieved a rapid and complete hematologic remission 
with resolution of peripheral blood eosinophilia just after 1 month 
of treatment. Shortly thereafter, a few case series established 
that imatinib at doses ranging from 100 to 400 mg daily could 
elicit rapid and complete hematologic responses in patients with 
heavily pretreated refractory/relapsed HES or CEL.67,68 In the 
landmark report published in 2003, the fusion tyrosine kinase 
FIP1L1–PDGFRa was ultimately identified as the therapeutic 
target of imatinib in responsive patients.22 At the same time, the 
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FIP1L1–PDGFRa fusion was discovered in the imatinib-sensitive 
EOL-1 cell line by another group of investigators.69

Similar to the experience with CML, imatinib has transformed 
the prognosis of patients with the FIP1L1–PDGFRA abnormality. 
In addition to rapid hematologic remissions, molecular remissions 
can be achieved in the majority of patients with doses in the range 
of 100 to 300–400 mg daily.22,67,68 Although maintenance doses 
of 100 to 200 mg weekly may preserve ongoing molecular remis-
sions in some patients, the optimal dose for maintaining response 
has not been defined.70 Because of its good tolerability and safety 

profile, ongoing therapy with a starting dose of 100 to 400 mg is 
commonly utilized.

The long-term experience with imatinib-treated FIP1L1–
PDGFRA-positive myeloid neoplasms is very favorable. In an 
Italian prospective study of 27 patients followed for a median 
period of 25 months (range 15 to 60 months), patients were 
initially dosed at 100 mg daily and increased to 400 mg 
daily.71 Complete hematologic remission was achieved in all 
patients within 1 month, and all patients became PCR-negative 
for FIP1L1–PDGFRA after a median of 3 months (range 1 to 

FIGURE 84.3 Fusion genes and translocations associated with eosinophilia and rearranged 
PDGFRA/B, FGFR1, JAK2, ETV6, and FLT3. Adapted from the Atlas of Genetics and Cytogenetics 
in Oncology and Haematology. http://AtlasGeneticsOncology.org
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10 months). Patients continuing imatinib remained PCR-negative 
during a median follow-up period of 19 months (range 6 to 
56+  months). Another European study prospectively assessed 
the natural  history of molecular responses to imatinib doses of 
100 to 400 mg daily.72 Among 11 patients with high pretreatment 
transcript levels, all achieved a 3-log reduction in transcript levels 
by 1 year of therapy, and 9 of 11 patients achieved a molecular 
remission.

Despite in-depth and durable molecular remissions, discon-
tinuation of imatinib usually leads to disease relapse. In a dose 
de-escalation trial of imatinib in five patients who had achieved 
a stable hematologic and molecular remission at 300 to 400 mg 
daily for at least 1 year, molecular relapse was observed in all 
patients after 2 to 5 months of either imatinib dose reduction 
or discontinuation.73 Molecular remissions were reestablished 
with reinitiation of imatinib in all patients at a dose range of 
100 to 400 mg daily. In a cohort of patients evaluated by the 
Mayo Clinic, hematologic relapse occurred only several weeks 
after discontinuation of imatinib in four patients.74 These data 
indicate that imatinib does not cure FIP1L1–PDGFRA-positive 
disease and argue for ongoing imatinib therapy to suppress the 
abnormal clone.

As with CML, FIP1L1–PDGFRA-positive patients can develop 
resistance to imatinib, mostly involving the T674I mutation within 
the ATP-binding domain of PDGFRA.22,75,76,77 T674I PDGFRA is 
analogous to the T315I ABL1 mutation in CML, which confers 
panresistance to the tyrosine kinase inhibitors imatinib, dasatinib, 
and nilotinib. However, unlike CML, this secondary resistance is 
much less common (less than 10 cases in the literature) and is 
almost exclusively observed during advanced phases of the dis-
ease. In one study, it was found that the PDGFRa kinase domain 
contains a limited number of residues where exchanges critically 

interfere with the binding of—and inhibition by— available PDGFR 
kinase inhibitors.78 This may be one explanation for the low 
 frequency of imatinib resistance in these patients.

Options for second-line treatment for T6741I imatinib resis-
tance are limited. One patient with the FIP1L1–PDGFRA T674I 
mutation in blast crisis responded briefly to sorafenib, but this was 
followed by rapid emergence of a panresistant FIP1L1–PDGFRA 
D842V mutant.77 Other reports have demonstrated either in vitro 
or in vivo activity of sorafenib, midostaurin (PKC412), or nilotinib 
against the T674I mutant.37,79,80,81 The ability of alternative tyro-
sine kinase inhibitors to elicit durable clinical remissions (despite 
in vitro data demonstrating inhibitory activity against mutated 
fusions) has been disappointing.82 To date, the only report of 
primary resistance to imatinib in chronic phase FIP1L1–PDGFRA-
positive disease has been attributed to the identification of two 
novel mutations, PDGFRA S601P and L629P.83

In patients with rearrangements of PDGFRB or PDGFRA vari-
ants other than FIP1L1–PDGFRA, case reports and series indicate 
that imatinib, usually at doses of 400 mg daily, can elicit durable 
hematologic and cytogenetic remissions.84 FISH and conven-
tional karyotyping can gauge cytogenetic responses to imatinib in 
PDGFRB-rearranged cases.

Though well-tolerated, with a safety profile similar to imatinib 
used in CML, several cases have been reported in which FIP1L1–
PDGFRA-positive patients treated with imatinib experienced 
 cardiogenic shock.85,86 It is therefore recommended that for 
patients with known cardiac disease or elevated troponin levels 
(possibly related to eosinophil-mediated damage of cardiac tis-
sue), prophylactic steroids should be given for 7 to 10 days at the 
time of imatinib initiation.

The poor-prognosis FGFR1-rearranged neoplasms remain a 
therapeutic challenge. Patients with these stem cell neoplasms 

Organ System

Cumulative 
Frequency from 
Three Studies (%)a Examples of Organ-Specific Manifestations

Hematologic 100 Leukocytosis with eosinophilia; neutrophilia, basophilia, myeloid immaturity, immature and/or dysplastic 
eosinophils; anemia, thrombocytopenia or thrombocytosis, increased marrow blasts, myelofibrosis.

Cardiovascular   58 Cardiomyopathy, congestive heart failure, constrictive pericarditis, myocarditis, mural thrombi, valvular 
dysfunction, endomyocardial fibrosis, myocardial infarction, pericardial effusion, deep venous thrombosis, 
superficial thrombophlebitis

Dermatologic 56 Angioedema, urticaria, papules/nodules, dermatitis, plaques, (aquagenic) pruritus, erythroderma, mucosal 
ulcers, vesicobullous lesions, microthrombi, vasculitis, Wells syndrome

Neurologic   54 Thromboembolic stroke, peripheral neuropathy, encephalopathy, dementia, epilepsy, cerebellar disease, 
eosinophilic meningitis, vertigo, paresthesia, change in mentation, aphasia, visual disturbances

Pulmonary   49 Pulmonary infiltrates, effusions, fibrosis, emboli, nodules/focal ground glass attenuation, acute respiratory 
distress syndrome, asthma, sinusitis, rhinitis, cough, dyspnea, recurrent upper respiratory tract infection

Spleen   43 Splenomegaly, hypersplenism, infarct

Liver/gallbladder   30 Hepatomegaly, focal or diffuse hepatic lesions on imaging, chronic active hepatitis, hepatic necrosis, Budd-
Chiari syndrome, sclerosing cholangitis, cholecystitis, cholestasis

Ocular   23 Microthrombi, choroidal infarcts, retinal arteritis, episcleritis, keratoconjunctivitis sicca, Adie syndrome 
(pupillotonia)

Gastrointestinal   23 Ascites, diarrhea, gastritis, colitis, pancreatitis, abdominal pain, vomiting

Musculoskeletal/
rheumatologic

  — Arthritis/arthralgias, effusions, bursitis, synovitis, Raynaud phenomena, digital necrosis, polymyositis/myopa-
thy, myalgias

Renal   — Acute renal failure with Charcot-Leyden crystalluria, nephrotic syndrome, immunotactoid glomerulopathy, 
crescentic glomerulonephritis

a Data from Fauci et al.,56 Lefebvre et al.,58 and Spry et al. 59 From Gotlib J, Cools J, Malone JM III. The FIP1L1–PDGFRa fusion tyrosine kinase in hypereosinophilic syndrome and 
chronic eosinophilic leukemia: implications for diagnosis, classification, and management. Blood 2004;103:2879–2891. © The American Society of Hematology.

organ Manifestations of eosinophiliC neoplasMs/hypereosinophiliC syndroMes

table 84.5
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and cyclosporin-A.99,100,101,102,103,104,105,106–108 Imatinib has been 
used empirically in PDGFRA/B-rearrangement-negative patients 
(e.g., with HES or CEL-NOS). At doses of 400 mg or higher,109 par-
tial hematologic responses are sometimes observed, but are more 
often transient and may reflect drug-related myelosuppression.

Similar to HES, patients with lymphocyte-variant HE are ini-
tially treated with corticosteroids. Refractory or relapsed disease 
may be considered for treatment with IFN-a or steroid-sparing 
immunosuppressive agents. Hydroxyurea and imatinib are less 
likely to demonstrate efficacy in this form of HE. Elevated serum 
IgE and thymus and activation-regulated chemokine levels have 
been associated with responsiveness to steroids.57

antibody approaches
Other treatment options for HES have included the anti-CD52 
monoclonal antibody, alemtuzumab, based on the expression 
of the CD52 antigen on eosinophils. In patients with HES who 
were refractory to other therapies, infusion of alemtuzumab 
one to three times weekly produced a hematologic remission in 
10 of 11 patients (91%), but responses were not sustained when 
alemtuzumab was discontinued.110 Other antibody treatment 
approaches to HES include the use of mepolizumab, an anti-IL-5, 
humanized monoclonal antibody that inhibits binding of IL-5 to 
the alpha chain of the IL5R found on eosinophils.111 Mepolizumab 
has been evaluated in a large, randomized, double-blinded, 
placebo-controlled trial of 85 HES patients (e.g., FIP1L1–PDGFRA-
negative patients).112 Patients were randomized to intravenous 
mepolizumab 750 mg or placebo every 4 weeks for 36 weeks. 
No adverse events were significantly more frequent with mepoli-
zumab compared to placebo. A significantly higher proportion of 
mepolizumab-treated HES patients versus placebo were able to 
achieve the primary efficacy endpoint of a daily prednisone dose 
of <10 mg daily for at least 8 consecutive weeks. Therefore, mepo-
lizumab has a potential role as a steroid-sparing agent for these 
patients. Mepolizumab has not yet been approved by the FDA, but 
is currently available on a compassionate use basis (ClinicalTrials.
gov Identifier NCT00244686) for individuals with life-threatening 
HES who have failed prior therapies.

Allogeneic stem cell transplant has been attempted for patients 
with aggressive disease with anecdotal benefit. Disease-free survival 
ranging from 8 months to 5 years has been reported,113,114,115,116,117 
with one patient relapsing at 40 months.118 Allogeneic trans-
plantation using nonmyeloablative conditioning regimens have 
been reported in three patients, with remission duration of 3 to 
12 months at the time of reported follow-up.119,120 In one patient 
who underwent an allogeneic stem cell transplantation from an 
HLA-matched sibling, the patient was disease free at 3 years and 
there was no evidence of the FIP1L1–PDGFRA fusion which was 
present at diagnosis.121 Despite success in selected cases, the role 
of transplantation in HES is not well established.

Although less commonly used today, cardiac surgery has 
extended the life of patients with late-stage cardiac disease 
manifested by endomyocardial fibrosis, mural thrombosis, and 
valvular insufficiency.56,60 Mitral and/or tricuspid valve repair 
or replacement61,122,123,124,125 and endomyocardectomy for late-
stage fibrotic heart disease61,126 can improve cardiac function. 
Bioprosthetic devices are preferred over their mechanical coun-
terparts because of the reduced frequency of valve thrombosis. 
Anticoagulants and antiplatelet agents have shown variable suc-
cess in preventing recurrent thromboembolism.127,128,129

summary
Recognition of molecularly defined eosinophilias, whose pathobi-
ology is linked to dysregulated tyrosine kinases, has transformed 
the classification and treatment of these diseases. The sensitivity 

exhibit an aggressive course usually terminating in AML in 1 to 
2 years.16 Intensive chemotherapy with AML-type inductions or 
ALL-based regimens such as hyper-cyclophosphamide, vincristine, 
doxorubicin, and dexamethasone, followed by early allogeneic stem 
cell transplantation is recommended for patients with FGFR-1–
rearranged disease. The data for small molecule inhibitors target-
ing constitutively activated FGFR1 is thus far limited, but several 
agents are in development. In one report, midostaurin (PKC412) 
inhibited the dysregulated ZNF198-FGFR1 fusion in vitro, and 
elicited a hematologic and cytogenetic response in a patient with 
this molecular abnormality.87 For patients with JAK2 or FLT3 rear-
rangements, there may be a role for small molecule inhibitors of 
FLT388 and JAK2, but their use remains investigational.

treatment of patients with hypereosinophilic 
Syndrome and Chronic eosinophilic leukemia, 
Not Otherwise Specified
Corticosteroids (e.g., prednisone 1 mg/kg) are recommended as 
first-line treatment for HES. Steroids have potent antieosinophil 
activity and can produce rapid reductions in eosinophil count. In a 
retrospective analysis of 188 patients,57 141 HES patients on cor-
ticosteroids as first-line monotherapy achieved a complete remis-
sion (CR) or partial remission (PR) after 1 month, with duration 
of therapy ranging from 2 to 20 years and a median maintenance 
dose of 10 mg/day.57 As symptoms improve and eosinophil counts 
normalize, a steroid taper can be instituted, particularly given the 
long-term treatment side effects of steroids.

Hydroxyurea at 500 to 1,000 mg daily is also an effective first-
line option for HES, with the understanding that, like corticoste-
roids, hydroxyurea is palliative and does not change the natural 
course of the disease. Hydroxyurea can be used as monotherapy 
or in combination with corticosteroids. In the same retrospective 
study, 64 HES patients (34%) received hydroxyurea monotherapy, 
with 13 (72%) achieving CR or PR.57 One should note that for CEL-
NOS and steroid-refractory idiopathic HES, hydroxyurea has been 
used as a first-line treatment.

 IFN-a has been used effectively to induce hematologic and 
cytogenetic remissions in patients with HES and CEL-NOS who are 
either refractory to steroids or hydroxyurea, or administered in 
addition to corticosteroids as a steroid-sparing agent.89,90,91–94,95 
Of the 188 patients in a retrospective study, 46 were treated with 
IFN-a in combination with steroids, with response rates ranging 
from 50% to 75%, respectively.57 IFN-a remissions have been 
associated with improvement in clinical symptoms as well as 
occasional improvement or reversion of end-organ injury, includ-
ing hepatosplenomegaly and cardiac and thromboembolic com-
plications.89,90,91–94,95 The optimal starting or maintenance dose 
of IFN-a has not been well defined, but the initial dose required 
to control eosinophil counts often exceeds the doses required to 
sustain a remission. Initiation of therapy at 1 million units by sub-
cutaneous injection three times weekly (tiw) and gradual escalation 
of the dose to 3 to 4 million units tiw or higher may be required to 
control the eosinophil count. Treatment of four HES patients with 
PEG-IFN-a-2b among a larger cohort of BCR-ABL1-negative MPN 
patients resulted in one complete and one partial response, but 
side effects required that the initial study dose be reduced from 
3 to 2 μg/kg/week.96 A lower starting dose of 90 μg/kg weekly (e.g., 
1 to 1.5 μg/kg weekly) is better tolerated based on the experience 
of PEG-IFN-a-2a (Pegasys) in the MPNs polycythemia vera and 
essential thrombocythemia.97,98 Side effects of short- and longer-
acting formulations of IFN-a are usually dose-dependent and can 
include fatigue and flu-like symptoms, transaminitis, cytopenias, 
depression, hypothyroidism, and peripheral neuropathy. IFN-a is 
considered safe for use in pregnancy.

Second- and third-line agents for the treatment of HES 
have included vincristine, cyclophosphamide, etoposide, 
2- chlorodeoxyadenosine alone or in combination with cytarabine, 
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of PDGFRA/B-rearranged eosinophilic neoplasms to imatinib has 
reversed the course of these historically poor-prognosis diseases. 
In addition to small molecule inhibitors, antibody approaches 
(e.g., mepolizumab, alemtuzumab) and pegylated IFN offer thera-
peutic options beyond corticosteroids and cytotoxic chemotherapy. 
Despite these advances, the pathogenesis of HES, CEL-NOS, and 
lymphocyte-variant HE remains obscure. Translational research 
approaches which incorporate next generation sequencing tech-
nologies and functional assays to interrogate eosinophil biology 
(e.g., phospho-specific flow cytometry) should help facilitate the 
identification of therapeutic targets in these conditions.
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SySteMic MaStocytoSiS
Dean D. Metcalfe

C h a p t e r  8 5

HiStorical BackgrounD
Mastocytosis is a heterogeneous disease characterized by the 
abnormal growth and accumulation of mast cells in one or more 
organs. The first case of mastocytosis was reported in 1869 by 
Nettleship and Tay under the heading of “rare forms of urticaria.” 
Cutaneous lesions were described as “brown cutaneous lesions 
that wheal after scratching”1 and were termed urticaria pigmen-
tosa (UP) 1 year after this initial description.2 The association 
between mast cells and mastocytosis was made in 1887, when 
Unna found that UP lesions were characterized by an increased 
number of mast cells in the dermis.3

Subsequent appreciation of the full clinical spectrum of these 
disorders has identified variants of mastocytosis that involve mast 
cell infiltration of visceral organs, and these forms of disease have 
collectively been termed systemic mastocytosis (SM).4 It is now 
accepted that SM may present with or without skin lesions and 
may show an indolent or aggressive clinical course, in some cases 
complicated by concomitant emergence of a clonal non–mast cell 
lineage disorder, such as one of the myeloproliferative disorders 
or myelodysplastic syndromes. This has led to further classifica-
tion of mastocytosis based on hematologic findings, molecular 
markers, and serum levels of biomarkers like tryptase and the 
cluster designation (CD) markers such as CD25, thereby grouping 
patients into better-defined clinical categories, which have been 
adopted by the World Health Organization (WHO).5

PatHoPHySiology
The current understanding of the etiology of mastocytosis has 
evolved from concentrated research efforts in the 1990s that 
linked two key factors controlling mast cell growth and activity—
stem cell factor (SCF) and the SCF receptor, KIT, and disruption of 
the normal function of KIT through activating mutations.6

Mastocytosis is thus recognized in the majority of cases to 
represent a clonal disorder of a pluripotent hematopoietic pro-
genitor cell with the most common mutation consisting of an 
activating mutation at codon 816 in KIT.6–9 This precursor is 
believed to be more primitive than precursors committed to either 
the neutrophil/macrophage or erythroid cell lineages, with the 
affected clone showing variable expansion in these lineages in 
the peripheral blood of patients with SM.10 Thus, mastocytosis in 
such cases represents a somatic cell disorder that is confined to 
hematopoietic lineages. Although T and B cells of such mastocy-
tosis patients carry a codon 816 mutation (such as D816V), unlike 
mast cells, these cells do not express surface KIT when mature, 
and thus may be less susceptible to the biologic effects of consti-
tutively activated KIT.

Early research efforts in the area of mast cell biology concen-
trated on identifying the key biochemical pathways and media-
tors that accounted for the clinical sequelae seen in physiologic 
processes due to mast cell activation, including anaphylaxis and 
allergic diseases. Subsequent work by Kitamura et al.11,12 focused 
on murine models of mast cell deficiency via studies on mice that 
exhibited abnormal Kit (W/Wv mice)11 and laid the foundation 
for suggesting the pathophysiologic basis of human mastocyto-
sis as compromising dysfunction at the c-kit-SCF axis.12 Two 
predominant hypotheses thus emerged regarding the etiology of 
mastocytosis: (a) mastocytosis as a result of local overproduction 
of soluble SCF and (b) mastocytosis as a result of mutations in KIT 

and downstream signaling molecules that lead to cell prolifera-
tion. Over time, with the lack of evidence of overproduction of SCF 
in tissues13 and with the identification of the D816V mutation in 
KIT in patients with mastocytosis,6 the second hypothesis rose to 
prominence.

Human mast cells normally reside in tissues associated with 
epithelial surfaces, blood vessels, nerves, and glands, and are 
derived from CD34+ pluripotential progenitor cells.14,15 Except 
for a population of mast cells that reside in the bone marrow, 
mast cells complete maturation in peripheral tissues. During 
this maturation, mast cells downregulate CD34, but continue 
to express cell-surface CD117.14,15,16 Under normal physiologic 
conditions, mast cells and mast cell progenitors do not or only 
minimally express CD2, CD25, or CD35 on their cell surface. This 
expression pattern, however, is altered in most patients with 
mastocytosis.17

The KIT mutation D816V or another similar activating muta-
tion in KIT is found in the majority of adults with SM. However, 
this single mutation cannot alone explain the multiple variants 
of mastocytosis. In one hypothesis, c-kit D816V would play an 
important and possibly causative role in indolent mastocyto-
sis, where the pathologic hallmark is mast cell differentiation 
and clustering without signs of substantial proliferation. More 
advanced cases of mastocytosis would then require additional 
genetic defects not specific to mastocytosis; for example, a muta-
tion in TET2 or NRAS18 that would contribute to the excessive 
proliferation of mast cell progenitors.

Human mast cells are heterogeneous in terms of morphologic, 
biochemical, and functional characteristics. These differences 
correlate with differences in their anatomic locations and, when 
perturbed in function, associate with specific clinical signs and 
symptoms. Clinical sequelae of mastocytosis are thus not only the 
result of organ infiltration, but also the result of mast cell media-
tor release from spontaneous or induced mechanisms.

Mast cells are deemed to be long-lived cells, though it appears 
that at least some mast cells may proliferate locally in tissues in 
response to inflammatory or repair processes. In tissue sections, 
mast cells typically appear as either round or elongated cells, usu-
ally with a nonsegmented nucleus with moderate condensation of 
nuclear chromatin, and contain prominent cytoplasmic granules 
and lipid bodies. The cytoplasmic granules of mast cells contain 
heparin and chondroitin sulfate proteoglycans covalently linked 
to a protein core. Under appropriate conditions, the proteoglycan 
complexes stain metachromatically with basic dyes.

Human mast cells are characterized primarily as either mucosal 
or connective tissue mast cells, the former being located at muco-
sal locations, such as the lamina propria of the gastrointestinal 
(GI) tract, and containing a specific tryptase (thus a “T-type” mast 
cell). The latter are more commonly found near the epithelial sur-
face of the skin and respiratory, GI, and genitourinary tracts and 
containing both tryptase and a chymotryptase (CT mast cells).19 
Human mast cell granules also contain such biologically active 
molecules as tumor necrosis factor-a, histamine, acid hydrolases, 
cathepsin G, and carboxypeptidase.20 They are activated by a 
number of stimuli that are both FcâRI dependent and FcâRI inde-
pendent. After activation, mast cells immediately release granule-
associated mediators and generate lipid-derived substances that 
induce immediate allergic responses. Together, these mediators 
are deemed responsible for many of the clinical sequelae of the 
immediate hypersensitivity reaction, including pruritus, flushing, 
palpitations, and lightheadedness, also commonly reported in 
patients with mastocytosis.
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Major lipid mediators produced on appropriate activation via 
immunoglobulin E (IgE) or non-IgE stimuli include prostaglandin D2 
and leukotriene C4.31 Mast cell activation is followed hours later by 
the synthesis and release of additional chemokines and cytokines, 
which then contribute to chronic inflammation. Growth factors and 
cytokines reported to be synthesized and released from mast cells 
include basic fibroblast growth factor, nerve growth factor, tumor 
necrosis factor, granulocyte–macrophage colony-stimulating factor, 
vascular endothelial growth factor, interleukin-1 (IL-1), IL-2, IL-3, 
IL-4, IL-5, IL-6, IL-8, IL-9, IL-10, IL-13, and IL-16.19,21

Studies performed in rodents, nonhuman primates, and humans 
have shown that many aspects of mast cell development are criti-
cally regulated by SCF, produced by such cells as endothelial cells, 
fibroblasts, and mast cells.19,21,22 SCF has been shown to work in 
concert with other growth factors, such as IL-3, IL-4, IL-5, IL-6, 
IL-9, and nerve growth factor, to induce optimal mast cell precur-
sor proliferation and survival.14,15,20 SCF has also been reported 
to be present in the lesional skin of patients with UP23 but was not 
identified in blister fluids13 and has been reported within neoplastic 
mast cells.24 SCF augments mast cell mediator release in response 
to stimulation by IgE and antigen.22 Cells bearing mutated KIT on 
their surface have been shown to have an increased chemotactic 
response toward SCF.25 SCF may influence the aggregation of mast 
cells leading to mast cell lesions as found in SM within marrow.

The binding of SCF to KIT induces dimerization, with acti-
vation of intrinsic tyrosine kinase activity and phosphoryla-
tion of the receptor. This in turn leads to exposure of specific 
recognition motifs for intracellular binding proteins contain-
ing Src homology (SH2) domains such as phospholipase Cg-1, 
phosphatidylinositol-3′ kinase, mitogen-activated kinase, and Ras 
protein.20,26 Activating or gain-of-function mutations in KIT are 
associated with constitutive tyrosine kinase activation and ligand-
independent autophosphorylation of KIT, thereby giving affected 
mast cells a survival advantage over wild-type cells.20,27,28,29

The D816V mutation was first reported in patients with mas-
tocytosis in the peripheral blood mononuclear cells (PBMCs) of 
adult patients with mastocytosis with an associated hematologic 
disorder and in patients with persistent mastocytosis and exten-
sive disease,6,7,29 but codon 816 mutations (D816Y and D816H) 
have been shown to be present in UP lesions of adults and in a 
subset of pediatric patients with more severe mastocytosis.6,7,30 
An E839K mutation has been reported in skin lesions of some 
pediatric patients with mastocytosis.31 Exceedingly rare KIT 
mutations, which are reported to be present in less than 1% 
of patients with mastocytosis, include R815K, D820G, V533D, 
V559A, del419, K509I, and A533D.32,33 KIT-dependent down-
stream signaling events including the JAK-STAT pathway may 
magnify the consequences of mutations in KIT.32 In addition to 
D817V, the V560G mutation within the juxtamembrane domain of 
KIT was detected in the human mast cell leukemia (MCL) cell line 
HMC-1,34 the E839K-dominant inactivating mutation in several 
reported cases of pediatric mastocytosis, and the rare germline 
mutation F522C.27,35 Thus far, somewhat different mutation 
patterns appear to be emerging for adult- versus pediatric-onset 
mastocytosis, which may explain the differences in presentation 
and clinical course for these two different patient populations.

Irrespective of effects on KIT, inhibition of mast cell apopto-
sis through other biologic pathways may also contribute to the 
pathogenesis of mastocytosis. A subset of SM patients with asso-
ciated eosinophilia and increased serum tryptase levels has been 
described; these patients carry the Fip1-like-1–platelet-derived 
growth factor receptor-a (FIP1L1-PDGFRA) fusion oncogene in 
pluripotent hematopoietic progenitor cells, which results from an 
approximately 800-kb interstitial deletion of chromosome 4q12.36 
Similarly, a rare case of SM and chronic basophilic leukemia was 
found secondary to a PRKG2-PDGFRB fusion.37 A polymorphism 
in the gene for the IL-4 receptor a-chain has been shown to be 
associated with less extensive mast cell involvement, with disease 

usually localized to the skin.38 In addition, the bone marrow cells 
of patients with mastocytosis have been found to constitutively 
express the antiapoptotic proteins Bcl-XL and Bcl-2,39 which may 
explain the long survival of these cells and perhaps their resis-
tance to chemotherapy-induced apoptosis.

Additional studies using gene expression analysis of bone 
marrow mononuclear cells derived from patients with indolent 
SM revealed that, compared with healthy controls, patients with 
mastocytosis displayed a highly consistent profile with 168 genes 
that were significantly up- or downregulated in patient samples.40 
Further analysis using such microarray technology will be useful 
to identify candidate genes distinguishing patient groups showing 
divergent clinical behavior.

Consistent with the progressive genetic instability that is often 
described in other human tumors, increased chromosomal abnor-
malities unrelated to the KIT locus have been detected in patients 
with more malignant forms of mastocytosis, and new abnormalities 
may appear in a subset of such patients on disease progression.41 No 
recurrent patterns of chromosomal changes have been consistently 
reported in patients with SM. The implications of these findings are 
that, at least in some patients with mastocytosis, the etiology of their 
disease may encompass a broader chromosomal problem of genetic 
instability. For instance, tumor mast cell lines express persistently 
high telomerase activity throughout the cell cycle which does not 
appear to be dependent on intracellular signals or cell replication, 
in contrast to normal human progenitor mast cells that experience 
transient induction of telomerase activity that is dependent on growth 
factor-mediated signals such as SCF-, IL-3-, and IL-6–mediated p38 
mitogen-activated kinase and phosphatidylinositol-3' kinase.42

clinical FeatureS
The clinical manifestations of mastocytosis are diverse and 
may be divided into those that are systemic or localized.20,31,33 
Systemic effects of this disorder result from the release of sig-
nificant amounts of mast cell mediators into the circulation. 
Clinical signs and symptoms that comprise systemic mediator 
release are those reported with anaphylaxis and include flushing, 
pruritus, hypotension, syncope, palpitations, and tachycardia. 
GI symptoms are commonly associated with mastocytosis and 
include nausea, vomiting, abdominal cramping, bloating, and/or 
diarrhea. Peptic ulcer disease, which appears to reflect at least 
partially increased gastric acid secretion due to hyperhistamin-
emia, may occur in up to 50% of patients with systemic disease.43 
Malabsorption, though less common, tends to be mild and may 
occur in those with progressive disease. Local sequelae of mas-
tocytosis are largely due to the effects of mast cell collections at 
specific organ sites and may result in severe end-organ dysfunc-
tion due to infiltration of normal tissue with mast cells and sub-
sequent fibrosis (e.g., end-stage liver disease due to fibrosis and 
bone marrow failure).

For some patients, in particular those with advanced disease 
or with an associated hematologic disorder, the most bother-
some complaints include severe and nonspecific constitutional 
symptoms of fatigue, weakness, anorexia, weight loss, low-grade 
fevers, night sweats, musculoskeletal pain, headaches, depression, 
altered attention span, irritability, and even subtle cognitive defi-
cits such as mild memory loss. Some of these symptoms are attrib-
utable to ongoing chronic disease, whereas others may in part be a 
result of the central nervous system effects of mast cell mediators.

Attacks in some individuals are precipitated by stimuli such 
as heat, cold, pressure, alcohol, medications (e.g., opiates, non-
steroidal antiinflammatory agents, and estrogens), radiocontrast 
agents, and venoms. Reactions may be more severe in such 
patients (e.g., anaphylaxis after hymenoptera stings) because of 
an expanded mast cell population.21,44 Patients with aggressive 
disease also often present with lymphadenopathy, splenomegaly, 
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or hepatomegaly that may or may not be symptomatic. One of the 
most difficult clinical scenarios of mastocytosis from a manage-
ment perspective is the treatment of severe musculoskeletal pain 
and/or pathologic fractures due to the osteoporosis that results 
from release of mast cell mediators and/or an expanding marrow 
compartment with active proliferation of mast cells. Besides local 
disruption of normal bone architecture, mast cell infiltration of 
bone may cause bone loss due to the secretion of heparin, IL-6, 
proteases, and mediators, and from their paracrine effects on 
osteoclast function.

The most frequently involved organs in SM are the skin, bone 
marrow, lymph nodes, spleen, liver, and GI tract. The lungs are 
usually spared in mastocytosis. Atopy (e.g., eczema, allergic rhi-
nitis) and airway hyperreactivity (e.g., asthma) are not generally 
features of this disease.

Mastocytosis is one of eight subcategories of myeloprolif-
erative neoplasms in the 2008 WHO classification of tumors of 
hematopoietic and lymphoid tissues.5 The criteria for the diag-
nosis of cutaneous and SM adopted by the WHO are provided in 
Table 85.1. The diagnosis of SM requires that one major and one 
minor criterion or three minor criteria be present. WHO Criteria 
for variants of SM are provided in Table 85.2.

The prognosis of patients with adult mastocytosis is dependent 
on the extent of disease and presence of an associated hematologic 
disorder. Patients with ISM tend to remain within this category of 
disease, although a subset will progress to more aggressive forms 
of disease such as SM-AHNMD (associated non–mast cell lineage 
clonal hematologic disorder with systemic mastocytosis). For 
children with isolated UP, at least 50% of cases are reported to 
resolve by adulthood.45 Patients with SM-AHNMD have a course 

Cutaneous mastocytosis (CM)

  Typical clinical findings of urticaria pigmentosa (UP)/maculopapular  
cutaneous mastocytosis (MPCM), diffuse cutaneous mastocytosis (DCM), or 
solitary mastocytoma, and typical infiltrates of mast cells in a multifocal or 
diffuse pattern on skin biopsy.

Systemic mastocytosis (SM)

  The diagnosis of SM is made if one major and one minor criterion are present, 
or if three minor criteria are met.

Major criterion

  Multifocal, dense infiltrates of mast cells (15 or more in aggregates) detected in 
sections of bone marrow and/or another extracutaneous organ, and confirmed 
by tryptase immunohistochemistry or other special stains.

Minor criteria

 a.  In biopsy sections of bone marrow or other extracutaneous organs, more 
than 25% of the mast cells in the infiltrate are spindle-shaped or have  
atypical morphology, or, of all mast cells in bone marrow aspirate smears, 
more than 25% are immature or atypical mast cells.

 b.  Detection of an activating point mutation at codon 816 of KIT in bone  
marrow, blood, or another extracutaneous organ.

 c.  Mast cells in bone marrow, blood, or another extracutaneous organ express 
CD117 with CD2 and/or CD25.

 d.  Serum total tryptase persistently greater than 20 ng/ml in the absence of an 
associated clonal myeloid disorder.

WHO, World Health Organization.

WORLD HEALTH ORGANIZATION DIAGNOSTIc cRITERIA FOR 
cuTANEOuS AND SySTEMIc MASTOcyTOSIS

taBLe 85.1

Indolent systemic mastocytosis (ISM)

  Meets criteria for SM (see Table 88.1). No “C” findings (see below). No  
evidence of an associated non–mast cell lineage clonal hematologic disorder 
(AHNMD). In this variant, the mast cell burden is low and skin lesions are  
usually present.

•	 Bone marrow mastocytosis

  As above for ISM with bone marrow involvement, but no skin lesions.

•	 Smoldering systemic mastocytosis

  As above for ISM, but with two or more “B” findings and no “C” findings.

Systemic mastocytosis with associated clonal, hematologic non–mast cell lineage 
disease (SM-AHNMD)

  Meets criteria for SM and criteria for an associated, clonal hematologic  
non–mast cell lineage disorder, AHNMD (MDS, MPN, AML, lymphoma, or other 
hematologic neoplasm that meets the criteria for a distinct entity in the WHO 
classification).

Aggressive systemic mastocytosis (ASM)

  Meets criteria for SM with one or more “C” findings. No evidence of mast cell 
leukemia. Usually without skin lesions.

•	 Lymphadenopathic mastocytosis with eosinophilia

   Progressive lymphadenopathy with peripheral blood eosinophilia, often with 
extensive bone involvement, and hepatosplenomegaly, but usually without 
skin lesions. Cases with rearrangement of PDGFRA are excluded.

Mast cell leukemia (MCL)

  Meets criteria for SM. Bone marrow biopsy shows a diffuse infiltration by  
atypical, immature mast cells. Bone marrow aspirate smears show 20% or 
more mast cells. Mast cells account for 10% or more of peripheral white blood 
cells. Variant: leukemic mast cell leukemia as above, but less than 10% of 
white blood cells are mast cells. Usually without skin lesions.

Mast cell sarcoma (MCS)

  Unifocal mast cell tumor. No evidence of SM. Destructive growth pattern.  
High-grade cytology.

Extracutaneous mastocytoma

  Unifocal mast cell tumor. No evidence of SM. No skin lesions. Non-destructive 
growth pattern. Low-grade cytology

“B” findings

   1.  Bone marrow biopsy showing greater than 30% infiltration by mast 
cells (focal, dense aggregates) and/or serum total tryptase level greater 
than 200 ng/ml.

   2.  Signs of dysplasia or myeloproliferation in non–mast cell lineages, but 
insufficient criteria for definitive diagnosis of a hematopoietic neoplasm 
with normal or slightly abnormal blood counts.

   3.  Hepatomegaly without impairment of liver function, and/or palpable  
splenomegaly without hypersplenism, and/or lymphadenopathy.

“C” findings

  1.  Bone marrow dysfunction manifested by one or more cytopenia (ANC 
<1.0 × 109/L, Hb <10 g/dl, or platelets <100 × 109/L), but no  
obvious non–mast cell hematopoietic malignancy.

  2.  Palpable hepatomegaly with impairment of liver function, ascites,  
and/or portal hypertension.

  3.  Skeletal involvement with large osteolytic lesions and/or pathologic  
fractures.

  4. Palpable splenomegaly with hypersplenism.

  5. Malabsorption with weight loss due to GI mast cell infiltrates.

aWHO, World Health Organization.

WORLD HEALTH ORGANIZATION cRITERIA FOR VARIANTS 
OF SySTEMIc MASTOcyTOSIS

taBLe 85.2
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that depends largely on the prognosis of the specific hematologic 
disorder and response to aggressive therapy.20 The mean sur-
vival time for patients with MCL is usually less than 12 months, 
although the prognosis is improving with the use of newer tyro-
sine kinase inhibitors. The survival time with aggressive systemic 
mastocytosis (ASM) is 2 to 4 years with aggressive management. 
Variables strongly associated with poor survival in adult patients 
include advanced age, weight loss, anemia, thrombocytopenia, 
hypoalbuminemia, and excess bone marrow blasts.46

Cutaneous Mastocytosis
Cutaneous mastocytosis is composed of three distinct clinical vari-
ants: UP/maculopapular cutaneous mastocytosis, solitary masto-
cytoma, and diffuse-erythrodermic disease, also known as diffuse 
cutaneous mastocytosis (DCM) (Table 85.1). UP is further subcat-
egorized into four subvariants: Typical UP, a plaque form, a nodu-
lar form, and telangiectasia macularis eruptiva perstans (TMEP).5

The classic lesions of cutaneous mast cell disease are UP, which 
consist of reddish-brown macules, papules, or plaques that urti-
cate (i.e., form a wheal and erythema with a distinct border when 
stroked [a positive Darier sign]). However, in a number of patients, 
cutaneous lesions are lacking, and other organs, particularly the 
bone marrow, when biopsied, support the diagnosis of SM.

UP lesions tend to occur in a generalized distribution, most 
commonly occurring over the trunk and generally sparing the 
face, scalp, palms, and soles. When abundant, they may form a 
cobblestone appearance. There appears to be no sex predilection 
or familial pattern of cutaneous disease, though mastocytosis of 
one form or another has been described in families, including 
several sets of twins.45

Histologically, UP lesions are composed of a collection of 
mast cells within the papillary dermis with variable extension 
throughout the reticular dermis and into the subcutaneous fat. 
An increase in dermal mast cells ≥ 10 times that of normal skin, 
in the absence of other pathology, is highly suggestive of UP.45,47 
Petechiae, ecchymoses, and telangiectasias may be present in or 
adjacent to UP lesions. Blister formation and hemorrhage may 
occur, particularly in infants and young children. This complica-
tion is presumed to occur due to high local levels of mediators 
released from mast cells, but why this younger age group is more 
adversely affected is unknown. After age 10 years, vesicles do 
not generally occur, and UP lesions tend to be smaller and more 
numerous. Onset of UP lesions tends to follow a biphasic curve, 
with one peak at 2.5 months of age and another at 26.5 years.47 
Of pediatric patients in whom UP occurs, approximately half 
lose these lesions by adolescence. The remaining patients gen-
erally have lighter macular lesions at previously involved sites. 
Pruritus is the most common symptom that accompanies UP. 
Approximately 15% to 30% of pediatric patients whose skin 
lesions persist into adulthood progress to develop SM.48

Although UP in adults may persist indefinitely, a subset of 
patients, estimated from 7% to 19% in published series, expe-
rience fading or resolution of cutaneous lesions over time.49 
Regression of UP in patients with indolent SM (ISM) appears to 
parallel a decrease in disease severity in terms of constitutional 
symptoms, although bone marrow findings of ISM remain. In 
contrast, disappearance of lesions in patients with an associated 
hematologic disorder may herald progression of disease, with 
more severe bone marrow pathology noted on follow-up biopsies. 
The absence or presence of the Asp816Val mutation in PBMCs did 
not predict the course of UP. Disease progression in patients with 
SM-AHNMD is therefore better monitored with serum tryptase 
levels and bone marrow biopsy findings than with changes in the 
number, distribution, or intensity of skin lesions.

DCM is a less frequent cutaneous manifestation and gener-
ally presents before the age of 3 years. It is characterized by a 
diffuse mast cell infiltration of the dermis and thus the entire 

skin is generally involved. DCM presents as a yellow-red-brown 
discoloration with a peau d’orange appearance, or as a general-
ized erythroderma in which severe edema gives the skin a doughy 
appearance. Additionally, yellow-cream–colored papules have 
been described that resemble xanthomas and pseudoxanthoma 
elasticum.47 Only rarely does skin appear superficially normal 
in DCM. Dermatographism and formation of hemorrhagic blis-
ters may occur. GI manifestations, such as diarrhea, flushing, 
and hypotension, may be associated, and such patients have an 
increased risk for more serious clinical sequelae such as shock, 
significant GI bleeding, and death. DCM may resolve spontane-
ously by age 5 to 15 months, but when persistent, the skin may 
remain thickened and doughy and recalcitrant to treatment.

Solitary mastocytomas are considered a variant of cutaneous 
mastocytosis that may present at birth or more commonly within 
the first 3 months of age, with spontaneous involution during child-
hood.45,47 They are only rarely described in adults. They present as 
macules, plaques, or nodules and are formed by dermal collections 
of mast cells without cellular atypia. They are most commonly seen 
on the extremities and may involve the palms or soles. When sys-
temic symptoms are present, they most commonly involve flushing.

TMEP is a rare form of cutaneous mastocytosis (<1% of 
cases) that is thought to usually be limited to the skin and only 
reported in adults. Select cases with concomitant splenomegaly, 
increased mast cells in the bone marrow, and abnormal skeletal 
radiographs suggest that this form of cutaneous disease may have 
systemic features.47,50 The characteristic skin lesion in TMEP is a 
telangiectatic, red macule on a tan-brown background. Individual 
lesions are 2 to 6 mm in diameter and are without sharply 
defined borders. Pruritus, purpura, and blister formation are 
not generally associated with TMEP, though lesions may become 
edematous when rubbed. Occasionally, these lesions are found to 
coexist with UP.

Indolent Systemic Mastocytosis
ISM is characterized by mast cell involvement at various organ 
sites, although significant organ dysfunction (C findings) is usually 
absent, and prognosis in these patients is generally good. In most 
cases, clonal mast cells express CD2 and/or CD25 surface markers 
and contain the D816V mutation. The bone marrow is the most 
common site of extracutaneous mastocytosis, with the vast major-
ity of adult patients with indolent disease demonstrating bone 
marrow mast cell infiltration.51,52,53,54 The criteria for diagnosis 
of ISM are provided in Table 85.2.5

Characteristic bone marrow lesions of SM consist of focal 
dense, mixed, diffuse dense, or diffuse interstitial aggregates of 
mast cells, with differing histopathologic patterns of mast cell 
infiltration of the bone marrow related to differing prognoses 
and subtype of mastocytosis.6 Focal infiltrates are frequently 
observed in paratrabecular and perivascular areas and may be 
associated with adjacent lymphoid or eosinophil aggregates, or 
both.55 Mast cells in these patients show characteristic cyto-
logic abnormalities, including cytoplasmic surface projections, 
eccentric oval nuclei, and a hypogranulated cytoplasm (atypical 
mast cell type I).5 A representative bone marrow aspirate from 
a patient with ISM with characteristic morphologic features 
compared with a control bone marrow aspirate is shown in 
Figure  85.1. Clonal mast cells generally express CD2 or CD25, 
or both, on their cell surface, and the D816V mutation.5,17,52 The 
bone marrow lesions of SM may contain a mixed population of 
B and T cells, in addition to mast cells identified by antitryptase 
staining. The histopathology of these lymphoid aggregates is sim-
ilar to benign lymphoid aggregates associated with reactive bone 
marrow and not lymphoproliferative disease, the latter being 
uncommon in patients with adult-onset ISM. In bone marrow 
extensively involved by mast cell infiltration, the bony trabeculae 
may be moderately to markedly thickened.
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A number of hematologic abnormalities have been reported in 
patients with SM, including cytopenias (e.g., anemia, thrombocy-
topenia, leukopenia, and lymphopenia) and increased blood cell 
counts (e.g., leukocytosis, eosinophilia, basophilia, monocytosis, 
lymphocytosis, and thrombocytosis).53 Hematologic abnormalities 
in children with mastocytosis are unusual, with a normochromic 
normocytic anemia being the most common finding.31 Prolonged 
bleeding times have been reported in infants with mastocytosis 
due to abnormal thrombin clotting times. In published reports of 
rare pediatric mastocytosis patients who have developed an asso-
ciated hematologic malignancy, these were most frequently acute 
myeloid leukemias and acute lymphoblastic leukemias.31

Isolated bone marrow mastocytosis is a rare subvariant of ISM 
that is distinctive in lacking cutaneous and multiorgan involve-
ment.5 The tryptase level in this group of patients is usually 
>20 ng/ml. These patients generally require no specific therapy, 
but ISM must be differentiated from ASM or MCL, in which skin 
lesions are also absent.

Smoldering mastocytosis is another subvariant of ISM.54 
Unlike typical ISM, these patients manifest two or more B find-
ings (but no C findings) and have a higher mast cell burden (e.g., 
bone marrow infiltration grade >30% [dense infiltrates] and 
serum tryptase >200 ng/ml) with extension of a clonal disease 
process to several myeloid lineages. Although these patients 
have no overt myeloproliferative or myelodysplastic disease, 
they are at higher risk for progression to more aggressive forms 
of mastocytosis and carry a worse prognosis than those with 
indolent disease. Bone marrow lesions typically contain dense 
focal and diffuse mast cell infiltrates, and mast cells detected in 
such lesions may be immature. Markers of a poorer prognosis 
seen in this subvariant include a hypercellular bone marrow, 
hepatosplenomegaly or lymphadenopathy, and presence of a 
KIT mutation in PBMCs.

In contrast to adults with SM, definitive marrow involvement 
in children is much less common. In a study of 17 children with 
cutaneous or disseminated mastocytosis, only ten patients had 
small focal mast cell lesions on bone marrow biopsy, and only five 
demonstrated increased mast cells on bone marrow aspirate.55 
A follow-up of 15 of these patients 20 years later revealed that 
10 patients had complete clinical regression of disease, while  
5 patients had major or partial disease regression.56 Those 
experiencing complete disease progression had no evidence of 
systemic disease on initial bone marrow examination.

Lymphadenopathy is present in a subset of patients with mas-
tocytosis and is more commonly seen in those with an associated 
hematologic disorder. Peripheral adenopathy has been reported 
to be present in 26% of patients and central lymphadenopathy 
in 19% of patients at the time of diagnosis of SM.57 Hyperplasia 
of lymph nodes is the result of infiltration with mast cells, and 
in approximately one-half of cases is associated with aggregates 
of eosinophils. Infiltrates are more commonly observed in the 
paracortex, follicles, medullary cords, and sinuses. Other histo-
pathologic findings may include extramedullary hematopoiesis, 
small blood vessel proliferation in paracortical areas, and collagen 
fibrosis.58

The presence of lymphadenopathy by itself does not signal 
aggressive disease. However, patients who present with progres-
sive lymphadenopathy, with or without hepatosplenomegaly, and 
especially if accompanied by peripheral blood abnormalities, 
should be closely monitored for evolution into a more aggressive 
systemic disorder. This latter patient population may be more 
likely to harbor mutations in KIT.

Splenomegaly due to splenic infiltration with mast cells is 
likewise a frequent finding in systemic disease and has also 
been reported to occur in the absence of demonstrable mast cell 
infiltration on biopsy.59 A review of pathologic features of 16 
spleens from patients with mastocytosis showed a paratrabecular 
distribution of mast cell infiltrates in 15 of 16 spleens. In addi-
tion, parafollicular, follicular, and diffuse infiltrates were noted 
in ten (64%), two (4%), and one (7%) patients, respectively.57 
Varying degrees of trabecular and capsular fibrosis and eosino-
philic hematopoiesis and plasmacytosis were seen, and 71% of all 
biopsies revealed extramedullary hematopoiesis. The prognostic 
significance of splenomegaly is seen with markedly increased 
splenic weights (>700 g) that have been reported to correlate 
with SM-AHNMD or ASM59 and may be a contributing factor to 
the hematologic abnormalities seen in such patients.

Mast cell infiltration of the liver is a common finding in SM, 
although severe liver disease and hepatomegaly are relatively 
uncommon except, again, in patients with more aggressive forms 
of disease. In a study of 41 patients with mastocytosis, liver 
disease was reported in 61%.60 Approximately one-half of the 
patients with liver disease in this series exhibited elevated liver 
function tests, either an elevated alkaline phosphatase, 5′ nucleo-
tidase, or g-glutamyl transpeptidase. Mast cell infiltration has 
been described to show two distinct patterns: diffuse infiltration 

A B

FIGURE 85.1. Morphologic features of mast cells 
from normal versus mastocytosis bone marrow 
aspirate. Panel A shows staining of a control bone 
marrow aspirate from an individual with aplastic anemia 
using toluidine blue stain (magnification, 40×). Panel B 
shows a hematoxylin and eosin stain of a bone marrow 
aspirate acquired from a patient with indolent systemic 
mastocytosis and illustrates representative spindle-
shaped mast cells with an eccentric nucleus (magnifica-
tion, 40×).
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involving the cords and sinuses in the red pulp and focal infiltra-
tion in the white pulp of the liver. Hepatomegaly, infiltration of the 
liver by mast cells on liver biopsy, and hepatic fibrosis correlate 
with elevated levels of serum alkaline phosphatase. These find-
ings are more commonly seen in patients with aggressive disease, 
ascites, or portal hypertension. As confirmed on liver biopsy, 
portal fibrosis and venopathy with subsequent veno-occlusive 
disease appear to be a result of vascular obstruction by mast 
cell infiltrates.60 Fibrosis, including that which affects the liver, 
often accompanies mast cell proliferation and may be due to mast 
cell release of such proinflammatory mediators as transforming 
growth factor-b.

GI symptoms reported in SM include abdominal pain, cramp-
ing, nausea, vomiting, diarrhea, and peptic ulcer disease. 
Malabsorption syndrome due to mucosal mast cell infiltration is 
less commonly observed.43,61 One prospective study revealed that 
6 of 16 patients with SM had a significantly elevated basal acid 
secretion, with concomitantly low gastrin levels.43 These data 
were found to be consistent with the hypothesis that histamine 
secreted by mast cells contributes to gastric hypersecretion. 
Subsequent studies have shown that biopsy of gastric tissues in 
mastocytosis patients with acid hypersecretion symptoms did 
not always demonstrate increased mast cell infiltrates, thereby 
suggesting that the hyperhistaminemia observed in such patients 
may be due to oversecretion by all mast cells and not to an 
increased mast cell burden in the gastric tissues. GI disease is 
much less common in children, although GI bleeding is a potential 
complication with severe disease,45 and abdominal cramping and 
diarrhea have also been reported.

Musculoskeletal pain in patients with SM has been well 
documented, although of uncertain etiology unless associated 
with osteopenia or osteoporosis, with more aggravated cases of 
osteoporosis leading to pathologic fractures.62,63,64 In some cases, 
osteoporosis or pathologic fractures, or both, may be the initial 
manifestation of mastocytosis.

In the evaluation of skeletal disease in mastocytosis, bone 
scans may show focal or diffuse abnormalities, and the latter have 
been associated with more aggressive disease and a worse prog-
nosis. The most commonly reported abnormalities are diffuse, 
poorly demarcated, sclerotic, and lucent areas involving the axial 
skeleton.63 In addition to bone loss, patients with mastocytosis 
may also exhibit concomitant abnormal bone formation, resulting 
in osteosclerosis.

Occasionally, patients in whom bone involvement by mastocy-
tosis is not seen on routine diagnostic evaluation and symptoms 
are not found to be attributable to any known cause may nonethe-
less report myalgias and arthralgias, often in concert with consti-
tutional symptoms of fatigue, general weakness, and depression. 
Management of this patient subset may be particularly challeng-
ing and may require behavior modification practices as well as 
therapeutic intervention utilizing both non-narcotic and narcotic 
analgesics for adequate pain relief.

Systemic Mastocytosis with an associated 
hematologic Clonal Non–mast Cell Lineage 
Disorder
A subset of patients with SM either present with, or develop over 
time, a defined hematologic disease in association with masto-
cytosis. These patients are categorized as SM-AHNMD.5,53,64,65 
Among 138 consecutive reported cases with SM-AHNMD, 89% 
had an associated myeloid neoplasm: myeloproliferative neo-
plasm (45%), chronic myelomonocytic leukemia (29%), myelodys-
plastic syndrome (23%), and acute leukemia (3%).66 Also rarely 
observed are myeloma or lymphoma.5,53,64,65 In all such patients, 
WHO criteria to diagnose an AHNMD as well as ISM criteria may 
be applied with specific reference to the associated diagnostic 

entity.6,66 Management of these patients involves targeting the 
underlying non–mast cell hematologic disorder either via close 
observation for stable disease, chemotherapy for progressive dis-
ease, or bone marrow (stem cell) transplantation in suitable can-
didates. The prognosis for such patients is dictated by the course 
of the associated non–mast cell lineage disorder.

Bone marrow findings that are more common with SM-AHNMD 
and have been associated with the D816V KIT mutation include a 
hypercellular bone marrow, dysplasia of myeloid or erythroid cell 
lineages, and an increased megakaryocyte number or megakaryo-
cyte atypia. Fibrosis may be seen and is more frequent in patients 
with an associated hematologic disorder. Mast cells with bilobed 
nuclei, if seen on biopsy, portend a poor prognosis.

An imatinib-sensitive, FIP1L1-PDGFRA fusion oncogene– 
positive subset of SM patients with associated eosinophilia and 
increased serum tryptase levels has been described. Such patients 
display clinical and histologic features of a myeloproliferative dis-
order but lack the pathognomonic clusters of atypical mast cells in 
the bone marrow on routine hematoxylin and eosin staining.36,67 
This syndrome has been variably classified as a unique subtype 
of SM, as a “myeloproliferative variant” of hypereosinophilic syn-
drome, as a chronic eosinophilic leukemia, or as a myelomastocytic 
overlap syndrome. However, the WHO classification5 now places 
these cases, with PDGFRA/PDGRFB-rearranged myeloproliferative 
neoplasm with an increase in mast cells in the bone marrow, under 
myeloid of lymphoid neoplasms with eosinophilia and abnormali-
ties of PDGFRA, PDGFRB of FGFR1. It is thus recommended that 
all suspected mastocytosis cases with hypereosinophilia undergo 
screening for the FIP1L1-PDGFRA fusion by either fluorescence 
in situ hybridization or reverse transcriptase- polymerase chain 
reaction. Similarly, an imatinib-sensitive PRKG2-PDGFRB fusion 
has been identified in a patient presenting with increased num-
bers of mast cells and peripheral basophilia.37 Such cases would 
now be considered within the category of myeloid neoplasms with 
PDGFRB rearrangements.

aggressive Systemic Mastocytosis
ASM is a unique variant of mastocytosis characterized by abnor-
mal myelopoiesis with mixed focal and diffuse mast cell infiltra-
tion of the bone marrow. These cells may be atypical and may 
be associated with other peripheral blood abnormalities (initially 
often presenting with eosinophilia), hepatosplenomegaly, osteope-
nia and pathologic fractures, and life-threatening organ impair-
ment.5,68 A subset of cases appears to be associated with a prior 
history of malignant germ cell tumors.69 This disease has been 
described in many respects as resembling a “lymphoma-like” 
illness with progressive infiltration of organs with mast cell infil-
trates. Cutaneous involvement is usually absent.

In some patients, bone marrow aspirates may reveal significant 
numbers of mast cells with bi- or multilobed nuclei (high-grade 
morphology). Metachromatic blasts may also be detected. The 
peripheral blood smear may show cytopenias, leukocytosis, eosin-
ophilia, or monocytosis.70 Laboratory test abnormalities are fre-
quently observed in such patients, with elevations in liver function, 
serum calcium, and alkaline phosphatase tests and prolonged pro-
thrombin and partial thromboplastin time. As a result of impaired 
hepatic function and a propensity for spontaneous mast cell 
degranulation, ASM patients with more advanced disease may be 
at high risk for spontaneous hemorrhage during periods of mast 
cell activation. Serum tryptase levels may be high and demonstrate 
wide fluctuations due to spontaneous mast cell degranulation.

Mast Cell Leukemia
MCL is a rare variant of mastocytosis, with a grave prognosis and 
poorly understood pathophysiology.5,66,71 MCL is defined by the 
presence of mast cells as ≥10% of circulating peripheral white 
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blood cells. The bone marrow typically shows a dense and dif-
fuse infiltration (≥20%) with mast cells that display an immature, 
blastlike morphology with bi- or multilobed nuclei. Many of these 
mast cells express CD2 or CD25, or both.5,72 The KIT mutation 
D816V may be detected. Other peripheral blood abnormalities 
may be observed and include leukocytosis, anemia, and/or throm-
bocytopenia.72 In general, such patients manifest bone marrow 
and peripheral blood abnormalities that are insufficient to fulfill 
WHO criteria for SM-AHNMD.5 In the aleukemic variant of MCL, 
mast cells account for <10% of peripheral white blood cells, and 
patients develop pancytopenia.5 Similar to aggressive mastocyto-
sis, MCL patients are prone to bleeding diatheses, with or without 
signs of consumption or hyperfibrinolysis.

Mast Cell Sarcoma
Mast cell sarcoma (MCS) is a rare and ill-defined malignant mast 
cell neoplasm composed of immature cells with a high nucleus-to-
cytoplasm ratio, nucleoli, and a hypogranulated cytoplasm. It car-
ries a highly unfavorable prognosis. The cellular atypia described 
in MCS is comparable to the high-grade cytologic abnormalities 
found in MCL. It is characterized by local, destructive, sarcoma-like 
growth, with transformation to generalized involvement of mul-
tiple organ sites in its terminal phase. Cases described in the litera-
ture have included MCS of the larynx, the ascending colon, and an 
intracranial site.73,74,75 This disorder may terminate as MCL, with 
no known effective life-prolonging or curative treatments.

extracutaneous Mastocytoma
Extracutaneous mastocytoma is another rare variant of mast cell 
disease, with most cases reported in the literature occurring in 
the lungs.76 They are generally considered benign because of their 
low-grade histology consisting of mature mast cells, and lack of 
progression to aggressive disease or MCL. Because they may pres-
ent similarly to MCS, they must be differentiated from the latter.

Monoclonal Mast Cell activation Syndrome
Monoclonal mast cell activation syndrome (MMAS) is a term 
adopted by a consensus conference to be applied to patients who 
are found to have one or two minor diagnostic criteria for masto-
cytosis but lack the full diagnostic criteria for systemic disease.33 
Patients with such findings have been identified within groups of 
patients diagnosed with idiopathic anaphylaxis and patients with 
anaphylaxis to stinging insects.44,77,78 Most of these patients have 
a tryptase level below 20 ng/ml. The suggestion has been made 
that these studies may be identifying patients with an advancing 
clonal mast cell disorder that may one day meet the diagnostic 
criteria for SM.

For now such patients are treated under guidelines for the 
treatment of anaphylaxis. Follow-up at yearly intervals is recom-
mended. The follow-up examination should include a physical 
exam to rule out evolving organomegaly or lymphadenopathy, a 
serum tryptase level to determine if there is indirect evidence of an 
expanding mast cell compartment, and a CBC with differential and 
platelet count to help rule out an evolving hematologic disorder.

Mast Cell activation Syndrome
The term mast cell activation syndrome (MCAS) is now applied as 
a diagnosis for individuals who present with episodic allergic-like 
signs and symptoms such as flushing, urticaria, diarrhea, and 
wheezing involving two or more organ systems; and where an 
extensive medical evaluation has failed to identify an etiology. The 
assumption is that individuals to whom this diagnosis is applied 
are having episodes due to the release of mediators associated 
with hyperreactivity of mast cells that then activate spontaneously.

Diagnostic criteria have been proposed to separate this possi-
bility from other causes of such clinical findings. These additional 
criteria include response to anti-mediator therapy and an eleva-
tion in a validated urinary or serum marker of mast cell activa-
tion such as serum tryptase with an episode.79,80 Primary (clonal) 
and other clinical disorders associated with mast cell activation, 
as well as other conditions associated with vasoactive media-
tor release must be eliminated as possible causes of the clinical 
findings. Clonal disorders to be considered include mastocytosis 
and MMAS. Other disorders associated with mast cell activation 
including allergic diseases, mast cell activation associated with 
chronic inflammatory or neoplastic disorders, and chronic auto-
immune urticaria must be eliminated as diagnostic possibilities. 
Conditions such as carcinoid syndrome must also be sought and 
rejected. Once the diagnostic criteria are met, therapy is symp-
tomatic. Care must be maintained lest one of the diagnoses elimi-
nated during the initial evaluation reaches the level of diagnosis.

laBoratory FinDingS
The diagnosis of mastocytosis is based on the finding of confluent 
clusters of mast cells in affected organ sites or diffuse infiltration 
with replacement of normal tissue by mast cells, coupled with 
clinical signs and symptoms and laboratory tests that are con-
sistent with mast cell disease.5 Bone marrow biopsy in pediatric-
onset cutaneous disease is generally not recommended unless 
there is evidence of systemic disease, such as unexplained periph-
eral blood abnormalities, hepatosplenomegaly, or lymphade-
nopathy.55 In patients with elevated serum total tryptase,5 a bone 
marrow biopsy and aspiration should be considered, particularly 
in adults. The consideration to obtain tissue biopsy specimens 
from the liver, spleen, GI tract, or lymph nodes should be based on 
a high suspicion of disease involvement and likelihood of yielding 
clinically useful information. Slight increases in mast cell numbers 
in target tissues (up to fourfold) are not diagnostic, as they may 
reflect normal variation or inflammatory or reactive processes.

Examination of the bone marrow in patients with suspected 
mastocytosis includes both an inspection of the bone marrow 
biopsy and the aspirate. Immunohistochemical staining of the 
bone marrow biopsy with antibody directed to mast cell tryptase 
is the method of choice to visualize mast cells,5,81,82 as shown in 
Figure 85.2. In most patients with SM, tryptase-positive infiltrates 
are composed of spindle-shaped mast cells. In these patients, 
SM can be diagnosed without additional tests, provided that 
major and minor SM criteria are met. In the case of patients with 
tryptase-positive round cell infiltrates (designated TROCI-bm) 
where the infiltrates comprise >95% round cells and <5% spin-
dle-shaped cells, application of additional immunohistochemistry 
markers to confirm the diagnosis of SM should be applied if pos-
sible (e.g., 2D7 or BB1), since basophils and sometimes blast cells 
also express tryptase.33 The coexpression of CD2 and/or CD25 in 
CD117 (KIT)-positive mast cells by flow cytometry of bone marrow 
aspirates or by immunohistochemical analysis of bone marrow 
biopsies is generally accepted to be the most sensitive and specific 
method to support the diagnosis of SM in bone marrow.21,33,52 
The cellular composition of lymphoid collections is evaluated by 
using lineage-specific antibodies against CD3 and CD20, respec-
tively,24 as seen in Figure 85.3. Other approaches commonly used 
include reticulin staining to detect fibrosis and Masson trichrome 
staining to evaluate the extent of collagen deposition.

The finding of clusters of confluent mast cells on bone marrow 
aspirate is consistent with SM; however, not all patients dem-
onstrate this finding. Therefore, underestimation of the degree 
of mast cell infiltration through examination of an aspirate may 
be more common than appreciated, with aspirates compromised 
because of underlying marrow fibrosis and a resultant inability to 
obtain adequate marrow aspirate or spicules at fibrotic marrow 

72683_ch085_1757-1769.indd   1763 30/07/13   1:43 PM



1764 Part vii Hematologic Malignancies • SECtiON 3 Myeloproliferative Disorders

A B

FIGURE 85.2. Bone marrow histopathology showing focal mast cell infiltrates in a bone marrow biopsy taken from a patient with indolent systemic 
mastocytosis. Panel A shows staining of a representative mast cell lesion with hematoxylin and eosin stain (magnification, 10×) and panel B shows staining of 
the same section with antitryptase antibody (magnification, 10×).

FIGURE 85.3. Immunohistochemical staining of lymphoid aggregates in two patients with a focal (1 and 2) and one patient with a diffuse (3) 
increase in mast cells. Antibodies are shown on top of each column. Nodular lesions shown in 1 and 2 contain a central core of mast cells (arrows) surrounded by 
B cells (CD20) and a peripheral rim of T cells (CD3). Diffuse mast cell infiltrates (3) are seen in association with a small B cell collection (arrow) and scattered single 
T cells. The bar represents 200 μm. (From Akin C, Jaffe ES, Raffeld M, et al. An immunohistochemical study of the bone marrow lesions of systemic mastocytosis. 
Am J Clin Pathol 2002;118:242–247, by permission of Dr. Cem Akin and the American Journal of Clinical Pathology.)

sites. Surrogate disease markers in mastocytosis include serum 
or plasma tryptase levels, serum histamine, urinary histamine 
metabolites, soluble CD117, soluble CD25, and CD2.83

Serum mast cell tryptase is the most commonly used sur-
rogate marker for SM and is quantified using a commercial 

enzyme-linked immunosorbent assay. It has both high sensitivity 
and high specificity.83,84 A total tryptase >20 ng/ml is suggestive 
of mastocytosis and has been included as a minor criterion in the 
diagnosis of SM.5,33 Normal baseline levels in healthy individuals 
are generally ≤ 12 ng/ml. Tryptase levels ≤ 20 ng/ml have been 
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detected in patients with cutaneous mastocytosis and in those 
with limited systemic disease.81 In general, higher tryptase values 
increase the likelihood of multiorgan involvement. Thus, the trypt-
ase level is an important parameter in evaluating patients with 
suspected mastocytosis and is useful in assessing disease severity 
and monitoring disease activity.

Other mast cell mediators that are surrogate disease markers 
for mastocytosis include serum histamine and 24-hour urine sam-
pling for the urinary histamine metabolites, N-methylhistamine, 
and methylimidazole acetic acid. These tests are less commonly 
used with the availability of a commercial tryptase assay. A com-
parison of serum tryptase to urine N-methylhistamine in patients 
with suspected mastocytosis indicated that serum tryptase (using 
the UniCAP fluorenzyme immunoassay) was able to better iden-
tify patients with an increased number of mast cell aggregates.85 
Other disadvantages of using blood and urinary histamine  
levels for diagnosis and prognostication of patients with mas-
tocytosis are the variability of histamine levels among healthy 
individuals and patients, difficulty in assay standardization, and 
the problem of false-positive results due to presumed synthesis 
of histamine by bacteria in the urinary tract. Other variables that 
can alter results of histamine assays are prior ingestion of foods 
rich in histamine and improper storage of the urine sample. 
Because basophils also contain histamine, hematologic disorders 
presenting with basophilia or allergic events that lead to basophil 
and mast cell activation result in elevated histamine levels.

Various metabolites of arachidonic acid are also elevated in 
patients with mastocytosis. These include urinary PGD-M or 9a, 
11b-dihydroxy-15-oxo-2,2,18,19-tetranorprost-5-ene-1,20-dioxic 
acid, as well as plasma thromboxane B2 and its metabolites. 
Because the source of prostaglandins and thromboxanes in 
mastocytosis is not exclusively limited to mast cells, reliance on 
assays that measure these metabolites is unlikely to be sufficiently 
specific for diagnostic purposes. However, if measured, elevations 
in one or more mast cell mediators raise the suspicion of masto-
cytosis and warrant further diagnostic evaluation.

Identification of genetic markers of mastocytosis, such as point 
mutations in KIT, helps support the diagnosis of mastocytosis. The 
identification of the D816V mutation fulfills a minor diagnostic 
criterion in the diagnosis of mastocytosis. Such mutations are 
more easily identified in patients with more severe disease due to 
the relative clonal expansion of cells derived from the neoplastic 
progenitor. Such mutations may be helpful in following disease 
progression by assessing the relative intensity of the reverse tran-
scriptase-polymerase chain reaction complementary DNA bands 
over the patient’s course. Analysis for KIT mutations are best 
performed on bone marrow and, specifically, on sorted malignant 
mast cells so as to increase sensitivity. Inability to identify the 
presence of a point mutation at codon 816 in KIT does not elimi-
nate the possibility that cells bearing this mutation are present, as 
the malignant clone may have not expanded to sufficient cell num-
bers to allow for detection of the mutation in KIT.21 In patients 
with coexisting eosinophilia, peripheral blood should be exam-
ined for the presence of the FIP1L1/PDGFRa fusion gene. Several 
techniques to detect KIT mutations have been reported, but 
current recommendations for the most sensitive assays include 
RT-PCR-positive restriction fragment length polymorphism test-
ing, peptide nucleic acid-mediated PCR, or allele-specific PCR.33 
When employing KIT mutations as a diagnostic criterion for SM, 
it is important to be aware that such mutations are also detectable 
in some patients with germ cell tumors or other non–mast cell 
tumors with or without coexisting SM.33 Plasma IL-6 levels may 
correlate with disease severity, in particular the extent of bone 
marrow pathology and presence of a non–mast cell hematologic 
disorder, but are not currently recommended for diagnosis or 
routine monitoring of patients.13,86

Additional surrogate markers that may also be useful in assess-
ing more severe forms of mastocytosis, such as SM-AHNMD, and 

in following disease severity are the soluble receptors CD117 (KIT) 
and CD25 (the a-chain of the IL-2 receptor).87 These receptors are 
expressed in both membrane-bound and soluble forms, with the 
latter being a result of proteolytic cleavage. Soluble forms of these 
receptors are more readily detectable in the circulation in patients 
with an increased mast cell burden and correlate with disease 
severity and bone marrow pathology. Soluble CD117 levels are 
also found to be elevated in some patients with acute myeloid 
leukemias and advanced myelodysplastic syndromes. Elevated 
CD25 levels may be seen in patients with hairy cell leukemia, solid 
tumors, and a number of infectious and autoimmune diseases. A 
comparison of the plasma CD117 and tryptase levels for various 
categories of mastocytosis revealed that tryptase levels were more 
sensitive indicators of early disease, whereas elevated plasma 
CD117 levels demonstrated a stronger correlation with advanced 
disease.87

A dual-energy X-ray absorptiometry scan should be employed 
to monitor osteoporosis in those with mastocytosis. Sites com-
monly measured include the lumbar spine and hip. The diagnosis 
is established according to WHO criteria defining osteopenia.33 A 
physical examination, serum tryptase determination, and com-
plete blood count should be recommended at yearly intervals in 
patients with stable ISM.21,33

DiFFerential DiagnoSiS
The differential diagnostic list of disorders for mastocytosis con-
sists of those diseases that have a similar clinical presentation. 
These include hereditary or acquired angioedema, idiopathic 
flushing or anaphylaxis, carcinoid tumor, pheochromocytoma, and 
idiopathic capillary leak syndrome. Pheochromocytoma should be 
considered when episodic hypertension is a predominant clini-
cal manifestation. Unexplained gastroduodenal disease should 
include evaluation for Zollinger-Ellison gastrinoma. Helicobacter 
pylori infection should be considered in all patients with gastric 
ulcers, even in those patients diagnosed with mastocytosis.

DCM should be included in the differential diagnosis of neo-
natal blister disorders such as pemphigoid. Extensive bullae 
with crusting may be the first presentation in an infant who later 
develops DCM.

A number of non–mast cell hematologic disorders, such as the 
myeloproliferative disorders (e.g., chronic myelogenous leukemia) 
or lymphoma of the bone marrow, may present with an increased 
number of mast cells and, in some cases, immature mast cells on 
bone marrow biopsy, though circumscribed lesions are generally 
lacking in these disorders and WHO criteria for diagnosis of pri-
mary mast cell disease are not met.88,89 Diseases with bone mar-
row lesions on biopsy that appear similar to SM on gross analysis 
include primary myelofibrosis, angioimmunoblastic lymphade-
nopathy, eosinophilic fibrohistiocytoma, and “myelomastocytic 
leukemia.”88,90 Close evaluation of histopathologic specimens 
differentiates these disorders from mastocytosis in part on the 
basis of a general absence of mast cell infiltrates. Myelofibrosis 
can resemble mastocytosis when fibrosis is extensive and the 
marrow is diffusely infiltrated with an increased number of mast 
cells. The distinguishing feature between these two disorders is 
the greater absolute number of mast cells on bone marrow biopsy 
in mastocytosis. Although differentiation of mastocytosis from 
angioimmunoblastic lymphadenopathy may be made on the basis 
of the presence of plasma cells and immunoblasts in the latter 
and absence of neovascularity in mastocytosis, differentiation 
of mastocytosis from fibrohistiocytoma is more difficult. Large 
histiocytic cells noted in eosinophilic fibrohistiocytic lesions have 
a similar appearance to the large mast cells seen in many mast 
cell lesions.91

Conditions with secondary changes in mast cell numbers have 
been observed at sites of pathology in a number of autoimmune 
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disorders, including systemic lupus erythematosus, rheumatoid 
arthritis, psoriatic arthritis, and scleroderma; with chronic liver or 
renal disease; and with a variety of infectious diseases, although 
in such cases, these increases are nominal.20 On resolution of the 
infection, mast cell numbers generally return to normal. At sites of 
allergic inflammation, increases of mast cells up to fourfold over 
normal have been described.

ManageMent
Treatment of all categories of mastocytosis involves control of 
symptoms by blocking the action of mast cell mediators, though 
several new therapeutic strategies may hold promise for more 
severe forms of the disease by targeting mast cell growth and 
development.92,93,94 Because of the heterogeneous nature of dis-
ease manifestations in this group of disorders, therapy should be 
individualized to each patient’s clinical presentation and progno-
sis. Aggressive forms of therapy are not indicated in patients with 
indolent mastocytosis, as this disease category has a favorable 
prognosis. A summary of treatment approaches for mastocytosis 
is provided in Table 85.3.

The treatment for most categories of mastocytosis includes 
H1 and H2 antihistamine blockade for prophylaxis of hypotensive 
episodes, for control of cutaneous manifestations such as pruritus 
and flushing, and for gastric hypersecretion. Corticosteroids are 
used for control of malabsorption and ascites and for preven-
tion or amelioration of anaphylaxis.20,92,95,96 Nonsedating anti-
histamines have utility when patient sedation is a key concern 
and are now considered the agents of choice for pruritus and 
urticaria. Alternative approaches include administration of a 
nonsedating antihistamine during the day, with supplementation 
of one of the potent sedating antihistamines at bedtime for added  
symptom relief.

Addition of an H2 antihistamine may be beneficial in cases in 
which insufficient symptom control is afforded by use of an H1 
antihistamine alone.92,96 Aspirin has been used in some patients 
to treat flushing, tachycardia, and syncope. However, aspirin 
must be used with caution, as it may cause vascular collapse in 
some patients with mastocytosis and may also exacerbate peptic 
ulcer disease. Neither chemotherapy nor splenectomy appears to 
have any role in the treatment of cutaneous or indolent forms of 
mastocytosis.

For cutaneous manifestations of mastocytosis, other therapies 
may be beneficial in addition to antihistamines.92 UP and DCM 
have been shown to be responsive to corticosteroids97,98 and oral 
methoxypsoralen therapy with long-wave ultraviolet radiation; 
psoralen and ultraviolet A light has been used for both UP and 
DCM.99,100,101 Indeed, some patients report a decrease in the 
number or intensity of cutaneous lesions after repeated exposure 
to natural sunlight.102 Photochemotherapy, however, should only 
be used in instances of extensive cutaneous disease unresponsive 
to other therapy. TMEP, a rare variant of cutaneous disease, 
is somewhat more complicated in that lesions are chronic and 
tend to be unresponsive to currently available therapies. Neither 
corticosteroids nor psoralen and ultraviolet A light have been 
shown to afford significant improvement in TMEP, and improve-
ment is transient in UP and DCM.102 A limited body of literature 
indicates that laser therapy may have some utility in the treat-
ment of TMEP.92 In children with mastocytomas with associated 
severe systemic symptoms due to mast cell mediator release, 
surgical excision of the mastocytoma may be considered.45 An 
alternative approach used involves injection of the mastocytoma 
with corticosteroids to induce involution.103 There are also now 
considerations of alternative approaches to the treatment of cuta-
neous mastocytosis not yet validated, including the use of topical 
pimecrolimus, an immunomodulating agent used in the treatment 
of eczema.104

FOR ALL VARIANTS: Hypotensive/anaphylaxis

Epinephrine (intramuscular [e.g., Epi-Pen])

More severe, frequent episodes: consider prophylaxis with H1 and H2  
antihistamines ± corticosteroids

Cutaneous disease

Antihistamines: H1 ± H2

Corticosteroids

Psoralen and ultraviolet A light: consider for recalcitrant disease

Laser therapy: consider for telangiectasia macularis eruptiva perstans

Gastrointestinal disease

Peptic ulcer disease/gastroesophageal reflux: H2 antihistamines, omeprazole

Abdominal cramping: cromolyn sodium

Diarrhea: anticholinergics, cromolyn sodium, omeprazole

Malabsorption: corticosteroids

Ascites: corticosteroids, consider a portacaval shunt

Bone disease

Calcium supplementation ± vitamin D

Bisphosphonates

Consider estrogen therapy for postmenopausal women, testosterone replacement 
in men with low testosterone levels
Consider interferon-a2b in patients with severe bone disease and severe  
musculoskeletal pain

Radiotherapy: palliative therapy for severe, localized bone pain

INDOLENT SYSTEMIC MASTOCYTOSIS

No cytoreductive treatment

SMOLDERING SYSTEMIC MASTOCYTOSIS

In severe selected cases with disease progression consider interferon-a, cladribine, 
and tyrosine kinase inhibitors

SYSTEMIC MASTOCYTOSIS WITH AN ASSOCIATED NON–MAST CELL  
LINEAGE DISEASE

If indicated, treatment of the associated non–mast cell hematologic disorder

Interferon-a
Cladribine

Consider a tyrosine kinase inhibitor

AGGRESSIVE SYSTEMIC MASTOCYTOSIS

Interferon-a

Cladribine
Consider a tyrosine kinase inhibitor and/or combination therapy

Consider bone marrow transplantation

Consider splenectomy if patient has an enlarged spleen and/or cytopenias and if 
chemotherapy is to be considered

MAST CELL LEUKEMIA

Consider interferon-a or cladribine or a tyrosine kinase inhibitor
Combined chemotherapy

Consider phase 1 or phase 2 investigational research studies, including bone  
marrow transplantation

SuGGESTED THERApy FOR MASTOcyTOSIS

taBLe 85.3

Management of GI symptoms should address the type and 
severity of symptoms. H2 antihistamines are specifically used to 
treat gastric hypersecretion and peptic ulcer disease associated 
with mastocytosis. Proton pump inhibitors (e.g., omeprazole) may 
be effective in decreasing diarrhea in addition to controlling gas-
tric acid hypersecretion.102 Antileukotrienes are effective in some 
patients in helping control symptoms of flushing, diarrhea, and 
abdominal cramping. Anticholinergics and orally administered 
cromolyn sodium may also be useful for control of diarrhea.105 
Intestinal absorption of cromolyn is limited (≤1%), and a number 
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of weeks of therapy may be needed before clinical benefits are 
seen. The recommended adult dosage is 200 mg four times daily, 
and doses ranging from 60 mg daily to 100 mg four times daily 
have been used in children.45,92 In addition to its efficacy in 
treating GI symptoms, cromolyn has been reported to decrease 
musculoskeletal pain and headaches and improve cognitive abili-
ties.92 Its purported mechanism of action is in decreasing mast 
cell degranulation. As such, its use would not be expected to alter 
the natural course of the disease.

Malabsorption is generally managed with corticosteroids.92 
In adults, oral prednisone (40 to 60 mg/day) usually results in a 
decrease in malabsorption over 10 to 20 days, after which ste-
roids can usually be tapered to as low as 15 to 20 mg every other 
day. A more difficult treatment dilemma, ascites, has been shown 
to improve with systemic corticosteroids.92 Again, in adults, 
treatment with prednisone, 40 to 60 mg/day, with tapering to an 
every-other-day dose, usually results in a decrease in ascites. A 
subgroup of patients with mastocytosis who develop ascites may 
also develop portal hypertension, which may be exceedingly dif-
ficult to manage and indicates a poor prognosis.106 At least one 
patient with portal hypertension was reported to have been suc-
cessfully managed with a portacaval shunt.107

Epinephrine is used to treat acute episodes of hypotension.92 
Treatment of refractory hypotension and shock requires fluid 
resuscitative measures along with additional pharmacologic 
intervention.

Osteoporosis in those with mastocytosis may be underdetected 
and, hence, undertreated. Recommended approaches to treat-
ment include calcium supplementation, vitamin D, and use of 
bisphosphonates.33,92 Narcotic analgesics should be used with 
care, as these, particularly at high doses or in susceptible patients, 
have been suspected of potentiating mast cell degranulation. 
Radiotherapy may have a palliative role in decreasing bone pain 
in isolated areas.108 In severe cases or patients with drug intoler-
ance, an intravenous bisphosphonate or low-dose interferon-a2b 
may be appropriate, as the literature indicates that interferon-a2b 
may have some efficacy in decreasing musculoskeletal pain and 
improving bone mineralization in patients with extensive bony 
involvement.92 Patients with osteolysis and pathologic fractures 
are candidates for cytoreductive drugs (plus a bisphosphonate). 
The decision to initiate treatment with interferon-a2b therapy 
should take into consideration side effects such as fever, malaise, 
nausea, and hypothyroidism, along with the small but well-
described risk for anaphylaxis. Patients with mastocytosis who 
ultimately require joint replacement due to extensive bone loss 
generally tolerate these procedures well; however, such proce-
dures do not obviate further decline in bone mass.109

Neither chemotherapy, cytoreductive therapy such as cladrib-
ine (see below), nor splenectomy have any role in the treatment 
of indolent mastocytosis. Smoldering SM patients with rapid 
progression of B findings or new C findings may be an excep-
tion to this general rule.102 Therapeutic options for patients with 
SM-AHNMD, ASM, and MCL are at the present time based on 
treating associated medical conditions and, when associated, the 
underlying hematologic disorder.20,110,111,112,113,114,115

Interferon-a with or without steroids is often employed as first-
line cytoreductive therapy in more aggressive forms of SM.110,115 
The optimal dose and duration of therapy are unclear and results 
are mixed. In general, interferon-a treatment appears to dimin-
ish skin findings and symptoms, decrease mast cell infiltration of 
the marrow, lessen osteoporosis, and ameliorate cytopenias.111 
The time to response may approach a year, and relapse after 
discontinuing interferon-a is common.115 Furthermore, its use 
is complicated by flu-like symptoms, fever, hypothyroidism, and 
cytopenias.92 One group commonly starts with 1 to 3 million units 
subcutaneously three times per week, followed by gradual escala-
tion to 3 to 5 million units 3 to 5 times per week.115 Prednisone is 
commonly used from the start and tapered as possible. Duration 

of therapy is determined by the response and absence of signifi-
cant side effects.

Cladribine (2-chlorodeoxyadenosine, 2CdA), a purine nucleo-
side analog, has been reported to reduce neoplastic mast cell 
burden and induce clinical remissions in patients with more 
aggressive forms of mastocytosis.112,115 Cladribine is a reasonable 
therapeutic approach in treating those with aggressive forms of 
mastocytosis who need a rapid reduction in mast cell burden, or 
have interferon-a–resistant advanced disease or interferon intol-
erance. Potential toxicities include myelosuppression, lymphope-
nia, and opportunistic infections. Prophylactic glucocorticoids, 
antihistamines, and antibiotics are recommended.

Peripheral stem cell or bone marrow transplantation has the 
potential of allowing long-term engraftment of healthy bone mar-
row progenitors along with provision for a graft-versus-leukemia 
effect. Allogeneic nonmyeloablative bone marrow transplanta-
tion from human leukocyte antigen-identical sibling donors has 
been shown to cause less transplant-related mortality when 
compared to myeloablative transplantation.116 Here, too, limited 
published data are available, but overall results to date have 
been disappointing even when a graft versus mast cell state was 
induced.113,116,117,118,119 The current thinking with regard to 
transplantation is that effective prior cytoreductive therapy may 
be necessary to achieve long-term disease control and cure.

In SM-AHNMD patients with significant cytopenias and spleno-
megaly, splenectomy may result in some amelioration of the cyto-
penias and thereby reduce a patient’s transfusion requirement or 
risk of bleeding or infection.120 Such patients might also be better 
able to tolerate chemotherapy, as suggested by a study in which 
patients with more aggressive forms of mastocytosis who under-
went splenectomy had a mean survival time of 34 months com-
pared to 26 months in those who did not undergo splenectomy.120

Tyrosine kinase inhibitors are under investigation as a thera-
peutic class that could be used to interfere with mast cell pro-
liferation and survival. Imatinib mesylate in vitro inhibits the 
phosphorylation of wild-type KIT, and F522C and V560G mutants. 
It is ineffective at inhibiting KIT bearing the common D816V muta-
tion.121,122,123 Major toxicities include diarrhea and peripheral 
edema. Interstitial pneumonitis appears to be a rare side effect. 
These data underscore the importance of performing a mutational 
analysis of KIT prior to initiating therapy with imatinib.

Future directions for treatment of mastocytosis involve the sec-
ond generation tyrosine kinase inhibitors including midostaurin 
(PKC412), dasatinib, and nilotinib. Midostaurin has activity against 
the D816Y and D816 KIT mutants.124,125,126 In a phase-2 study, 
midostaurin was orally administered to patients with mastocytosis 
variants including SM-CMML, SM-MDS, SM-MDS/MPN-U, and 
MCL.127 There was a major response rate of 38%, which included 
improvement of hemoglobin and platelet counts, improvement 
of liver function abnormalities, and improvement of ascites. Side 
effects included nausea, vomiting, diarrhea, and fatigue. Treatment 
had to be discontinued in 69% of the patients. Additional studies 
are needed to clarify the advantage of midostaurin vs. 2-CdA 
or interferon-a. Dasatinib also has activity against KIT mutants 
including D816V.126 In one study, dasatinib was given to patients 
with ISM, ASM, and SM-AHMD.128 Twenty-seven percent experi-
enced symptomatic improvement, but significant toxicities were 
observed in 58%. It is not clear which patient group will obtain 
the most benefit. Nilotinib has a target profile similar to imatinib. 
A phase II trial evaluated nilotinib in 60 patients with SM. An 
overall response was observed in 12 patients.94,129 The clinical 
trials evaluating tyrosine kinase inhibitors have been relatively 
disappointing as judged by achieving complete remission, in part 
due to multiple off-target effects and the fact that neoplastic mast 
cells acquire additional KIT-independent mutations that contribute 
to mast cell proliferation.94 This has led to an ongoing search for 
more specific inhibitors of KIT130 and raises the possibility that 
combination therapy directed at multiple targets may be required.
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Irrespective of the intricacies of treating this diverse group 
of disorders, an important component of management of all 
categories of mastocytosis is patient avoidance of triggering fac-
tors such as alcohol and nonsteroidal antiinflammatory agents in 
sensitive patients; pressure, friction, or extremes of temperature; 
and agents to which the patient is specifically allergic.77,78,92 
As with other syndromes in which patients may be at risk for 
severe type I hypersensitivity reactions, patients with mastocy-
tosis should carry epinephrine-filled syringes and be skilled in 
self-administration. In situations where surgery under general 
anesthesia is necessary, patients with mastocytosis should 
undergo appropriate prophylaxis with H1 and H2 antihistamines, 
as medications used in general anesthesia are known to vari-
ably induce mast cell degranulation. Pharmacologic agents that 
should be avoided if possible include b-adrenergic agents and 
a-adrenergic and cholinergic receptor antagonists. Serum trypt-
ase levels should be obtained and blood coagulation parameters 
monitored perioperatively and during anesthesia if a suspected 
mast cell degranulation event occurs.131

DeveloPMent oF clinical 
reSPonSe criteria to aSSeSS 
eFFicacy to tHeraPy
Despite the emergence of novel pharmaceutical agents for the 
treatment of mastocytosis, assessment of response to therapy using 
uniform criteria that are objective, reproducible, and mastocytosis 
variant–specific remains the subject of discussion. Response criteria 
developed by consensus have been published.33 These criteria or 
modified versions have been used in clinical trials. Clinical evidence 
of organ damage forms the basis of judging the level of response 
and determining where additional criteria, including changes 
in mast cell burden and serum tryptase levels, are employed to 
subcategorize levels of major response. More recently, attempts 
have been made to make response criteria more clinically relevant 
using disease-related symptoms, organomegaly, organopathy, and 
bone marrow findings.132,134 It is hoped that further consensus 
and the resulting algorithms and recommendations that arise will 
greatly facilitate the management of patients in clinical practice, 
provide better guidelines for selection of appropriate categories of 
mastocytosis for evaluation in clinical trials, and ultimately allow 
for individualized and molecularly tailored therapy of patients with 
mastocytosis, based on their genotype and phenotype.

WeBSiteS
The following websites provide updated information on mastocytosis: www.niaid.
nih.gov/factsheets/masto.htm, www.mastocytosis.com, and www.rarediseases.org.
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Morphologic Examination
Morphologic examination starts at low magnification to evalu-
ate tissue architecture and patterns of infiltration. Lymphomas 
may cause partial or complete destruction of the normal archi-
tectural features of the lymph node. Growth patterns are gen-
erally described as nodular or diffuse. Lymphomas are often 
distributed within specific anatomic compartments of the lymph 
node, such as follicle (germinal) centers, follicle mantles, or the 
paracortical and medullary areas. The low magnification pattern 
of neoplastic cell distribution within the lymph node suggests the 
type of lymphoma present (Fig. 86.1). High magnification is then 
used to examine cytologic features, such as the neoplastic cell 
types (e.g., small cleaved cells [centrocytes], large transformed 
cells [centroblasts or immunoblasts], and plasmacytoid lympho-
cytes or plasma cells), because this information helps establish 
the classification and grade of the tumor. In some lymphomas, 
the composition of the reactive cell constituents also may be of 
prognostic significance.

Immunophenotypic and Genotypic Analysis
Immunophenotypic analysis uses antibodies of variable specificity 
to detect cellular antigens (surface, cytoplasmic, or nuclear) in cell 
suspensions (flow cytometry) or in frozen or paraffin-embedded 
tissue sections (Table 86.1). These studies are often invaluable, 
because they help in distinguishing subtle lymphomatous infil-
trates from reactive hyperplasias, can demonstrate the lineage 
of the neoplastic cell (e.g., B cell, T cell, and natural killer [NK] 
cell), can provide data necessary for precise classification of some 

Specimen evaluation

Tissue Sampling and Processing
Precise assessment of hematopathologic specimens depends, in 
large part, on adequate sampling and proper handling of tis-
sues, both of which may be influenced significantly by clinicians. 
Therefore, effective communication between the clinician and the 
pathologist is imperative for obtaining pertinent patient history 
and the proper specimen. The largest lymph node or mass lesion 
generally provides the most useful material for accurate diagnosis 
and should undergo surgical biopsy. Fresh tissue, moistened in 
a balanced solution, such as normal saline, should be sent intact 
to the surgical pathology laboratory without delay to maximize 
the immunophenotypic, genotypic, and karyotypic studies that 
are available and to minimize irreversible tissue artifacts. Frozen 
sections should be discouraged on small specimens, as lymphoid 
hyperplasias may appear indistinguishable from lymphomas, and 
freezing permanently distorts the tissue. Touch imprints are gen-
erally satisfactory for initial evaluation and for directing specimen 
workup.

Needle biopsy and aspiration cytology is playing an expanded 
role in the primary diagnosis and monitoring of patients with 
malignant lymphomas. The major advantages of these techniques 
include: (a) their relatively noninvasive nature and (b) the rapidity 
with which the cytology can be reviewed (minutes) and the aspi-
rated cells immunophenotyped (2 to 3 hours by flow cytometry). 
With computed tomography guidance, lesions in the mediastinum 
and retroperitoneum or in any highly vascular organ or tissue can 
be sampled with minimal morbidity. Technical advances in flow 
cytometry and molecular biology continue to reduce the amount 
of tissue required to provide immunophenotypic and genetic data.

Just as with lymph node and bone marrow biopsies, however, 
optimal information can be obtained only by close coordina-
tion between the clinician, the person performing the aspirate 
(radiologist or pathologist), and the hematopathologist providing 
ancillary diagnostic services. If the material is put into fixative,  
it cannot be used for flow cytometric phenotypic analysis or stan-
dard karyotypic studies.

The limitations of fine-needle aspiration (FNA) include: (a) the 
possibility of missing focal lesions, (b) the difficulty in making a 
primary diagnosis of malignant lymphoma in which the tumor 
cells are a minor population (e.g., Hodgkin lymphoma [HL] and T 
cell/histiocyte–rich large B-cell lymphoma [THRLBCL]), and (c) the 
difficulty in precisely classifying many reactive processes in which 
architectural features are of prominent diagnostic importance. For 
example, in patients with mediastinal masses, it may be impos-
sible to distinguish between normal thymus, thymoma, and T lym-
phoblastic lymphoma by the cytology of the lymphoid population. 
Furthermore, immunophenotypic studies may identify a common 
thymocyte phenotype that can be dominant in all three. Despite 
these limitations, FNA coupled with flow cytometry and fluores-
cence in situ hybridization (FISH) will play a major role in the 
diagnosis of many non-Hodgkin lymphomas (NHLs) in the future.

DiagnoSiS anD claSSification of lymphomaS
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FIGURE 86.1. Sites of origin of malignant lymphomas in a lymph node according to 
anatomic and functional compartments of the immune system. CLL, chronic lympho-
cytic leukemia; F, follicles with germinal centers; M, medullary cords; PC, paracortex, or interfol-
licular areas; S, sinuses. (Adapted from Mann RB, et al. Malignant lymphomas: a conceptual 
understanding of morphologic diversity. Am J Pathol 1979;94:1.)
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Antibody 
Designation Reactivity Examples of Lymphoid Neoplasms

CD1a Thymocytes, dendritic cells, and epidermal 
Langerhans cells

T lymphoblastic leukemia/lymphoma and Langerhans cell histiocytosis

CD2 T cells and natural killer cells T-cell and natural killer cell lymphomas

CD3 T cells T-cell lymphomas

CD4 Helper and inducer T cells, monocytes, and 
macrophages

T-cell lymphomas and diffuse large B-cell lymphoma with ALK expression (rare)

CD5 T-cells and B-cell subset T-cell lymphomas, chronic lymphocytic leukemia/small lymphocytic lymphoma, and mantle cell  
lymphoma

CD7 T cells and natural killer cells T-cell and natural killer cell lymphomas

CD8 Cytotoxic and suppressor cells T cells and 
natural killer cells

Cytotoxic T-cell lymphomas and natural killer cell lymphomas

CD10 Precursor B cells, B-cell subset (follicle center 
cells), and follicle center T-helper cells

B and some T lymphoblastic leukemias/lymphomas, follicular lymphoma, some diffuse large B-cell  
lymphomas, Burkitt lymphoma, and angioimmunoblastic T-cell lymphoma

CD15 Granulocytes, monocytes, Reed-Sternberg 
cells, activated lymphocytes, and some  
epithelial cells

Classical Hodgkin lymphomas

CD19 B cells B-cell lymphomas

CD20 B cells B-cell lymphomas and nodular lymphocyte predominant Hodgkin lymphoma

CD21 B-cell subset and follicular dendritic cells Follicular dendritic cell sarcoma and follicular dendritic cell meshworks in angioimmunoblastic T-cell 
lymphoma

CD22 B-cell subset Some B-cell lymphomas and hairy cell leukemia

CD23 Activated B cells, mantle B cells, and follicular 
dendritic cells

Chronic lymphocytic leukemia/small lymphocytic lymphoma and follicular dendritic cell meshworks in 
angioimmunoblastic T-cell lymphoma

CD25 Activated T- and B cells and activated  
macrophages

Adult T-cell leukemia/lymphoma, anaplastic large cell lymphoma, and hairy cell leukemia

CD30 Activated T- and B cells and Reed-Sternberg 
cells

Classical Hodgkin lymphomas, anaplastic large cell lymphoma, some peripheral T-cell lymphomas, NOS, 
and some large B-cell lymphomas

CD38 Plasma cells, thymocytes, and activated T cells Plasma cell neoplasms, B-cell lymphomas with plasmacytic differentiation, and some chronic  
lymphocytic leukemias/small lymphocytic lymphomas

CD43 T cells, B cell subset, granulocytes, and  
monocytes and macrophages

T-cell lymphomas, chronic lymphocytic leukemia/small lymphocytic lymphoma, mantle cell lymphoma, 
some marginal zone B-cell lymphomas, and Burkitt lymphoma

CD45 Leukocytes Non-Hodgkin lymphomas and nodular lymphocyte predominant Hodgkin lymphoma

CD45RA B cells, T-cell subset, granulocytes, and 
monocytes

B-cell lymphomas and some T-cell lymphomas

CD45RB B cells, T-cell subset, granulocytes, and  
monocytes and macrophages

B-cell lymphomas and some T-cell lymphomas

CD45RO T cells, B-cell subset, granulocytes, and  
monocytes and macrophages

Most T-cell lymphomas and some diffuse large B-cell lymphomas

CD56 Natural killer cells and T-cell subset Natural killer cell lymphomas, some cytotoxic T-cell lymphomas, and plasma cell neoplasms

CD57 Natural killer cells and T-cell subset Natural killer cell lymphomas, some cytotoxic T-cell lymphomas, and diffuse large B-cell lymphoma with 
ALK expression (rare)

CD68 Monocytes and macrophages Histiocytic sarcomas and reactive histiocytes in many lymphomas

CD79a B cells Most B-cell lymphomas and plasma cell neoplasms

CD103 Intestinal intraepithelial T cells Enteropathy-associated T-cell lymphoma and hairy cell leukemia

CD138 Plasma cells Plasma cell neoplasms and some B-cell lymphomas with plasmacytic differentiation

CD246 (ALK) Neoplastic cells in anaplastic large cell  
lymphoma

Most anaplastic large cell lymphomas and diffuse large B-cell lymphoma with ALK expression (rare)

Bcl-2 B-cell subset and T cells Follicular lymphoma and most other B-cell and T-cell lymphomas

Bcl-6 Follicle center B cells Follicular lymphoma and some diffuse large B-cell lymphomas

Clusterin Follicular dendritic cells Follicular dendritic cell sarcoma, anaplastic large cell lymphoma, and follicular dendritic cell meshworks 
in angioimmunoblastic T-cell lymphoma

CXCL13 Follicle center T-helper cells Angioimmunoblastic T-cell lymphoma and nodular lymphocyte predominant Hodgkin lymphoma

Cyclin D1 Neoplastic mantle cells Mantle cell lymphoma, hairy cell leukemia, and some plasma cell neoplasms

Epithelial 
membrane 
antigen

Epithelial cells and plasma cells Anaplastic large cell lymphoma, nodular lymphocyte predominant Hodgkin lymphoma, plasmablastic 
lymphoma, and plasma cell neoplasms

ImmunophenotypIC markers useD In DIagnosIs of maLIgnant Lymphomas

TABLE 86.1
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lymphomas (e.g., mantle cell lymphoma vs. small lymphocytic 
lymphoma [SLL]) (Table 86.2), can identify important nonlineage-
related markers (e.g., CD15, CD30, and CD56), and can determine 
the proliferative rate of lymphomas. Immunoglobulin (Ig) light 
chain restriction is evidence of B-cell clonality, whereas aberrant 

B-cell or T-cell phenotypes infer clonality.1,2 As small monotypic 
(light chain–restricted) B-cell or genotypically clonal B-cell or 
T-cell populations may be seen in reactive processes, correlation 
of these studies with the morphologic features is essential to pre-
vent misdiagnosis and clinical confusion.3–5

Fascin Follicular dendritic cells, histiocytes,  
Reed-Sternberg cells, and Epstein-Barr  
virus–infected immunoblasts

Classical Hodgkin lymphoma, Epstein -Barr virus-positive B-cell and T-cell lymphomas, follicular  
dendritic cell sarcoma

FoxP3 CD4+/CD25+ regulatory T cells Adult T-cell leukemia/lymphoma

Granzyme A, 
B, and M

Natural killer cells and activated cytotoxic  
T cells

Natural killer cell and activated cytotoxic T-cell lymphomas

IgA, IgD, IgE, 
IgG, and IgM

Immunoglobulin heavy chains B-cell lymphomas and plasma cell neoplasms

Kappa and 
Lambda

Immunoglobulin light chains B-cell lymphomas and plasma cell neoplasms

Ki-67/mib-1 Nuclear proliferation antigens

MUM-1 B cells in terminal phase of differentiation, 
plasma cells, activated T cells, and  
Reed-Sternberg cells

Lymphoplasmacytic lymphoma, some diffuse large B-cell lymphomas, plasma cell neoplasms, some 
T-cell lymphomas, and Hodgkin lymphomas

PAX-5 B cells and Reed-Sternberg cells B-cell lymphomas and Hodgkin lymphomas

T-cell  
receptor a/b

a/b T cells Most T-cell lymphomas

T-cell  
receptor g/d

g/s T cells Few T-cell lymphomas

TdT Lymphoblasts and some myeloblasts B and T lymphoblastic leukemias/lymphomas

TIA-1 Natural killer cells and cytotoxic T cells Natural killer cell and cytotoxic T-cell lymphomas

Immunophenotype

Lymphoma Type Growth Pattern Cytology CD5 CD10 CD23 Surface Ig Genetics

Follicular lymphoma Nodular (follicular) Lymphocytes with irregular 
cleaved nuclei (centrocytes) and 
admixed large cells (centroblasts)

− + − Bright t(14;18)(q32; q21)  
in >85%

Chronic lymphocytic 
leukemia/small lym-
phocytic lymphoma

Diffuse with  
proliferation 
centers

Small lymphocytes with round 
nuclei and scant cytoplasm

+ − + Weak IgM and IgD 
> IgG > IgA

Trisomy 12 20%  
to 30%

Lymphoplasmacytic 
lymphoma

Diffuse or  
interfollicular

Small lymphocytes, plasma cells, 
and plasmacytoid lymphocytes

− − − Moderate IgM MYD88 L265P  
mutation

Mantle cell lymphoma Diffuse or vaguely 
nodular

Small lymphocytes with irregular 
nuclei, scant cytoplasm, and few 
admixed large cells

+ − − Moderate IgM and 
IgD; Lambda > 
kappa

t(11;14)(q13; q32)

Nodal marginal zone 
B-cell lymphoma

Interfollicular and 
perisinusoidal

Small lymphocytes with round, 
folded nuclei and abundant  
cytoplasm ± plasma cells

− − − Moderate IgM None

Splenic marginal zone 
B-cell lymphoma

Nodular Biphasic: inner core of small 
lymphocytes with irregular nuclei 
and scant cytoplasm; outer core 
of medium-size lymphocytes with 
round nuclei and abundant clear 
cytoplasm +/− plasma cells

− − − IgM +/− IgD Del 7q

Extranodal marginal 
zone B-cell lymphoma 
of mucosa-associated 
lymphoid tissue

Diffuse Small lymphocytes with round, 
folded nuclei and abundant  
cytoplasm ± plasma cells

− − − IgM Trisomy 3 or t(11;18)
(q21; q21)

Ig, immunoglobulin; +, positive; −, negative.

pathoLogIC features In the DIfferentIaL DIagnosIs of smaLL B-CeLL Lymphomas

TABLE 86.2
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leukemia, chronic lymphocytic leukemia (CLL), splenic marginal 
zone lymphoma, and ALCL. These studies have highlighted a 
marked heterogeneity within histologically defined lymphoma 
subtypes, but also have identified a range of genetic abnormali-
ties shared between different tumor types. Translation of these 
findings to meaningful diagnostic, prognostic, predictive, and 
therapeutic tests and strategies will be the main challenge for 
the near future.

Classification of Non-hodgkin Lymphomas
For the clinician, pathologist, and basic scientist working in 
lymphoid neoplasia, the classification of NHLs is a persistent, 
confusing, and controversial problem. Several competing clas-
sification schemes have evolved, all with their supporters and 
detractors. In the 1950s, Rappaport developed a classification 
system based on growth pattern (nodular or diffuse) and cytology 
of lymphocytes (well differentiated, poorly differentiated, undif-
ferentiated, or histiocytic).21,22 This scheme enjoyed enormous 
popularity because of its simplicity and reproducibility, but was 
superseded by classification schemes that reflected advances in 
cellular immunology.

In the early 1970s, Lukes and Collins,23 in the United States, 
and Lennert,24 in Kiel, Germany, proposed NHL classifications 
that related morphology to lymphocyte lineage. Both recognized 
follicular structures as a histologic correlate of B-cell differen-
tiation. Each subdivided follicular lymphomas by the cytologic 
appearance of the predominant follicle center cell type: small 
and large cleaved cells in the Lukes-Collins classification (cen-
trocytes in Kiel classification) and small and large noncleaved 
(transformed) cells in the Lukes-Collins classification (centroblasts 
in Kiel classification). For NHLs with diffuse growth patterns, 
immunophenotypic studies facilitated and, in many cases, were 
essential for precise classification.25,26

In 1982, the Working Formulation (WF) was introduced in 
an attempt to provide a morphologic classification scheme with 
prognostic relevance.27 Although the WF was an improvement 
over the earlier Rappaport classification, it had the same limita-
tions as all purely morphologic classification schemes, separating 
biologically closely related lymphomas and grouping together 
biologically unrelated entities. All consideration regarding immu-
nophenotype was excluded, so that the WF did not foster recogni-
tion of new entities.

In 1994, the Revised European American Lymphoma (REAL) 
classification was proposed and listed well-defined, “real disease 
entities recognized and diagnosed in daily practice”.28 More 
recently, the World Health Organization (WHO) classification29 
built on the REAL classification and corrected some of its defi-
ciencies. The WHO classification has many strongpoints and is 
comprehensive, and its most recent edition includes virtually all 
lymphoid malignancies described at the time of its publication 
in 2008 (Table 86.3).30 It defines diseases by four features: mor-
phology, immunophenotype, genetics, and clinical information. 
Accordingly, the major diagnostic criteria for each of the major 
groups of NHL and HL are presented in the following discussion.

B-cell lymphomaS

B-Cell Lymphoblastic Leukemia/Lymphoma
Lymphoblastic lymphoma is a malignant lymphoma of precursor 
lymphocytes. Approximately 10% of lymphoblastic lymphomas 
are of B-cell lineage.30 They are distinguished from extramedul-
lary acute lymphoblastic leukemia (ALL) by (a) the absence of 
peripheral blood involvement at presentation, (b) absence or only 
patchy marrow involvement (<25%) by blast cells, and (c) a clini-
cal picture dominated by extramedullary tumor. Although they 

Each of the major immunologic techniques has its strengths 
and liabilities. Flow cytometry permits rapid analysis of large 
numbers of cells for virtually any surface or cytoplasmic antigen. 
Flow cytometry is the primary tool used for phenotyping most 
NHLs and leukemias and is a very sensitive and specific technique 
for detecting residual disease.6,7,8,9 Studies for coexpression of 
more than one marker are easily accomplished (e.g., CD5 on 
CD19+ B cells). Flow cytometry also allows correlation of phe-
notypic characteristics with cell cycle kinetics and other biologic 
features of cells. Data storage in list mode permits retrospective 
off-line multiparameter analysis of lymphocyte subpopulations. 
However, for most analyses, flow cytometry requires viable cell 
populations. The quality of the information produced by flow 
cytometry is directly related to the quality of the communication 
between the flow cytometrist and the pathologist. The basic ques-
tion is, “Is the cell population of interest to the pathologist the 
same cell population analyzed by flow cytometry?”

Immunohistochemical studies on paraffin-embedded tissue 
permit direct visualization of antigens on the cell of interest. 
Leukocyte common antigen (CD45) is a reliable marker for 
identifying most hematopoietic or lymphoid neoplasms but can 
be negative in acute leukemias, plasma cell neoplasms, ana-
plastic large cell lymphoma (ALCL), and classical HLs.10,11 Two 
markers that work well in paraffin, such as CD20 (pan-B cell) 
and CD3 (pan-T cell), are adequate to categorize most NHLs 
as to their B-cell or T-cell lineage.12,13 Detection of light chain 
restriction is most easily achieved in B-cell lymphomas that have 
abundant cytoplasmic Ig (most lymphomas with plasmacytic 
differentiation and many large B-cell lymphomas). The major 
liability of paraffin immunohistochemistry is the loss of some 
lymphocyte antigens during tissue processing. However, the 
explosion of fixation-sensitive markers for lymphoma-associated 
antigens (e.g., CD2, CD4, CD5, CD8, CD10, CD23, cyclin D1, and 
anaplastic lymphoma kinase [ALK]) has allowed precise classifi-
cation of most lymphomas in paraffin-embedded tissue, obviat-
ing the need to rebiopsy to obtain fresh tissue for flow cytometry 
and cytogenetics.14

Genotypic analysis using the Southern blot technique provides 
a sensitive, but time-consuming and expensive, means of detect-
ing clonal lymphoproliferations and their lineage. Polymerase 
chain reaction (PCR) is more sensitive than Southern blot for 
detecting clonality and also can be performed more rapidly. PCR 
is particularly helpful for establishing B-cell or T-cell clonality in 
lymphoproliferations present in paraffin-embedded small biop-
sies, such as those obtained by endoscopy.15 These methods are 
most useful when immunophenotypic studies are inconclusive 
and are the only practical way of proving B-cell or T-cell clon-
ality. Southern blot and PCR also can demonstrate significant 
chromosomal abnormalities (e.g., CCND1, BCL2, and MYC gene 
rearrangements) and viral nucleic acids that may be involved in 
lymphomagenesis (e.g., Epstein-Barr virus [EBV], human T-cell 
lymphotropic virus type 1 [HTLV-1], and human herpes virus 8). 
PCR also is proving valuable in the detection of minimal amounts 
of residual disease in treated patients.

More recently, FISH applied to paraffin-embedded tissue has 
allowed detection of critical translocations in NHLs with sensitiv-
ity that is much greater than classic cytogenetics on fresh tissue 
or PCR on fresh or fixed tissue.16,17,18 FISH can be performed on 
very small specimens (e.g., smears and touch imprints) and may 
be completed in less than 24 hours. FISH added to flow cytometry 
is greatly increasing the opportunity for making rapid primary 
diagnoses of NHLs on FNA material.19,20

In the coming 5 years, it is expected that next-generation 
whole genome/exome/transcriptome sequencing technologies 
will alter the way lymphomas are diagnosed, classified, risk 
stratified, and treated. Already a number of detailed genetic 
analyses have been published for diffuse large B-cell lymphoma 
(DLBCL), mantle cell lymphoma, Burkitt lymphoma, hairy cell 
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may occur at any age, the majority of these rare lymphomas have 
been described in children and young adults. These neoplasms 
present frequently in extranodal sites such as bone and soft tis-
sue or as skin tumors of the scalp and face.31,32,33,34 They almost 
never present as mediastinal masses.

Histologically, they exhibit a diffuse growth pattern with fre-
quent mitoses and a “starry sky” appearance. Linear capsular 
infiltration and interfollicular involvement is characteristic in 
lymph nodes. Cytologically, the tumor cells are small to intermedi-
ate in size with irregular nuclear borders, dispersed chromatin, 
small nucleoli, and scant cytoplasm.33

Most B lymphoblastic lymphomas are CD19, CD79a, CD10, 
and terminal deoxynucleotidyl transferase (TdT) positive with 
undetectable cytoplasmic Ig and variable expression of CD45 
(weak to absent) and CD20.33,34 Only a few surface Ig-positive 
cases have been described.35 Lymphoblastic lymphomas in 
tissue sections may be difficult to distinguish from nonhema-
topoietic small cell undifferentiated tumors, such as Ewing 
sarcoma, rhabdomyosarcoma, and neuroblastoma, as well as 
T lymphoblastic lymphoma and blastoid variants of mantle cell 
lymphoma. Therefore, immunohistochemical studies are essen-
tial for diagnosis.36,37

Studies of the genetics of B lymphoblastic lymphoma are 
limited. The blasts show clonal Ig gene rearrangements without 
somatic mutation consistent with a pregerminal center cell of 
origin.38 It appears that hyperdiploidy or the presence of many of 
the translocations seen in pediatric ALL, such as t(9;22), t(1;19), 
and t(4;11), are uncommon. Chromosome 21 additions, including 
trisomy and tetrasomy, have been described.34

follicular Lymphoma
The WHO classification of follicular lymphomas requires at least 
a partial follicular growth pattern (Fig. 86.2A). It excludes lym-
phomas, such as extranodal marginal zone B-cell lymphomas 
of mucosa-associated lymphoid tissue (MALT lymphomas) and 
mantle cell lymphomas, which also may have a nodular growth 
pattern. The incidence of follicular lymphomas is second only to 
DLBCL in the United States and Western Europe. These usually 
indolent lymphomas commonly present as painless lymphade-
nopathy in middle-aged or elderly adults. They commonly involve 
the bone marrow early.30 Follicular lymphomas in young children 
and some extranodal follicular lymphomas (e.g., skin and gastro-
intestinal tract) tend to be more localized at presentation than 
nodal follicular lymphomas in adults.39,40,41,42

Background
The follicle center is the major site of B-lymphocyte differentiation 
and proliferation.43,44 It may also serve as the site of lympho-
magenesis of most B-cell lymphomas and HLs.45 B-lymphocytes 
move into the follicle after they first encounter protein antigen 
in the paracortex, to begin a series of steps that ultimately pro-
duces plasma cells with high-affinity Ig and memory B cells. 
Morphologically, the follicular center reflects this biologic trans-
formation by frequent mitoses and by its range of cell types, 
including cleaved cells (or centrocytes) and large noncleaved cells 
(or centroblasts). Differentiation results in the Ig heavy chain 
class switching from IgM to IgG, IgA, or IgE, and in enhanced Ig 
synthesis. Proliferation produces the clonal expansion that is the 
basis of immunologic memory and an effective humoral immune 
response.43,44

Somatic mutation in the Ig genes occurring during prolifera-
tion is followed by selection of B cells with surface Ig of higher 
affinity for antigen. Successful interaction of B cells with antigen-
bearing follicular dendritic cells triggers B-cell expression of 
BCL2 protein that saves the B cell from apoptotic cell death.46 
Tingible body macrophages mark the passing via apoptosis of 
B cells not selected for survival. Somatic mutation may serve 
to identify those neoplasms that have arisen from B cells that 
have been exposed to antigen in the environment of the follicle, 
such as follicular lymphomas and multiple myeloma, versus 
those that have not, such as most mantle cell lymphomas. Most 
B-cell NHLs and HLs have extensive somatic mutations.45,47,48 
Somatic mutation of non-Ig genes, such as BCL6, may participate 
in lymphomagenesis.49 The recognition of the contribution of 
somatic mutation, receptor editing, and class switching in lym-
phomagenesis supports a major role for the follicle in neoplastic 
transformation.45,50,51

B-cell Neoplasms T-cell and NK-cell Neoplasms

Precursor B-cell neoplasm Precursor T-cell neoplasm

B lymphoblastic leukemia/lymphoma T lymphoblastic leukemia/
lymphoma

Mature B-cell lymphomas Mature T cell and NK cell  
lymphomas

Follicular lymphoma Peripheral T-cell lymphoma, NOS

Chronic lymphocytic leukemia/small  
lymphocytic lymphoma

Angioimmunoblastic T-cell 
lymphoma

Lymphoplasmacytic lymphoma Anaplastic large cell lymphoma

Mantle cell lymphoma Adult T-cell leukemia/lymphoma

Nodal marginal zone B-cell lymphoma Hepatosplenic T-cell lymphoma

Splenic marginal zone B-cell lymphoma Subcutaneous panniculitis-like 
T-cell lymphoma

Extranodal marginal zone B-cell lymphoma 
of mucosa-associated lymphoid tissue

Enteropathy-associated T-cell 
lymphoma

Diffuse large B-cell lymphoma, NOS Mycosis fungoides/Sézary  
syndrome

T-cell/histiocyte-rich large B-cell lymphoma Extranodal NK/T-cell lymphoma, 
nasal type

Primary mediastinal (thymic) large B-cell 
lymphoma

Primary diffuse large B-cell lymphoma of 
the CNS

Epstein-Barr virus–positive diffuse large 
B-cell lymphoma of the elderly

Rare large B-cell lymphoma types: DLBCL 
associated with chronic inflammation; 
lymphomatoid granulomatosis; intravascular 
large B-cell lymphoma; ALK-positive large 
B-cell lymphoma; plasmablastic lymphoma; 
large B-cell lymphoma arising in  
HHV-8-associated multicentric Castleman 
disease; primary effusion lymphoma

Burkitt lymphoma

Hodgkin lymphomas

Classical Hodgkin lymphoma

Mixed cellularity Hodgkin lymphoma

Lymphocyte-rich classical Hodgkin  
lymphoma

Nodular sclerosis Hodgkin lymphoma

Lymphocyte depleted Hodgkin lymphoma

Nodular lymphocyte predominant Hodgkin 
lymphoma

ALK, anaplastic lymphoma kinase; CNS, central nervous system; DLBCL, diffuse large B-cell 
lymphoma; HHV, human herpes virus; NK, natural killer; NOS, not otherwise specified.

WorLD heaLth organIzatIon CLassIfICatIon of 
maLIgnant Lymphomas

TABLE 86.3
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Grading
A major problem area within follicular lymphoma is grading. 
Virtually all follicular lymphomas are composed of a mixture of 
centrocytes and centroblasts. Numerous studies have correlated 
the number of centroblasts with prognosis. Most studies agree 
that follicular lymphomas composed predominantly of centrocytes 
have a more indolent course than those composed predominantly 
of centroblasts.52–54 The most popular scheme for subclassifica-
tion of follicular lymphoma is a modified version of that proposed 
by Berard, which bases categorization on numbers of centroblasts 
per standardized high magnification field (HMF) with fewer than 
six per HMF classified as grade 1 follicular lymphoma, 6 to 15 per 
HMF as grade 2, and greater than 15 per HMF as grade 3.55 In all 
of these schemes of grading, there is substantial subjectivity and 
often disappointing interinstitutional reproducibility.56,57

Morphology
Follicular lymphomas are recognized at low magnification by 
the effacement of nodal architecture by follicles that crowd one 
another and fill the cortex and the medulla (Fig. 86.2A). Tingible 
body macrophages are not seen in contrast to reactive follicles. 
Mantle zones are usually thin or absent.58 Occasional patients, 
usually with limited stage disease, have partial nodal involvement 
amidst residual reactive lymphoid follicles.59 A small number of 
follicular lymphomas show differentiation to marginal zone–like 
cells with a “halo-like” distribution around neoplastic follicles. 
These marginal zone cells, although often CD10 and BCL2 protein 
negative, are genetically identical to the neoplastic cells of the fol-
licles.60 On high magnification, low-grade (WHO grades 1 and 2) 

follicular lymphomas are composed of a relatively homogeneous 
population of centrocytes (smaller than, or the same size as a mac-
rophage nucleus) with twisted nuclei, condensed chromatin, and 
inapparent nucleoli (Fig. 86.2B). Centrocytes frequently infiltrate 
the interfollicular areas and capsule. A variable number of centro-
blasts with oval to round nuclei (greater in size than a macrophage 
nucleus), dispersed chromatin, and one to three nucleoli that often 
abut the nuclear membrane also are present. Grade 3 follicular 
lymphomas, which by definition have an increased number of 
centroblasts (Fig. 86.2C), have been provisionally subcategorized 
into 3a and 3b, with the former having a mix of centrocytes and 
centroblasts, and the latter consisting exclusively of centroblasts.61 
Areas of diffuse growth composed predominately of centrocytes do 
not appear to affect prognosis.52 Low-grade follicular lymphomas 
with a purely diffuse growth pattern are uncommon and may be 
difficult to separate morphologically from mantle cell lymphoma 
without immunophenotypic or cytogenetic studies. Recently, an 
early phase of follicular lymphoma restricted to the B-cell follicles 
without altering the lymph node architecture has been recog-
nized.62,63 These are often referred to as “follicular lymphoma in 
situ,” and are identified in lymph nodes removed for other reasons. 
These lesions appear to have an indolent course with a very low 
rate of progression to clinically significant follicular lymphoma.

Follicular lymphomas composed mostly of large centrocytes 
(large cleaved cell lymphoma) are not recognized as a separate 
entity in the WHO classification. Large centrocytes differ from 
small centrocytes not only in nuclear size (larger than macro-
phage nucleus), but also in chromatin pattern, which is more 
open with occasional small nucleoli. The nuclei are elongated and 
twisted like small centrocytes. Because of the abundant cytoplasm 
of tumor cells, the follicles appear pale. A minority of follicular 

A

B

C
FIGURE 86.2. Lymph node: follicular lymphoma. A: Low magnification demonstrates effacement of architecture by a follicular proliferation producing a nodular 
pattern. B: In a higher magnification, the follicles are composed almost entirely of centrocytes (follicular lymphoma, grade 1), whereas, in (C), from another patient, 
the follicles are dominated by centroblasts (follicular lymphoma, grade 3).
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lymphomas of large centrocytes exhibit a predominantly diffuse 
growth pattern. Several studies suggest that these lymphomas 
have a course similar to that of low-grade follicular lymphomas 
composed predominantly of small centrocytes.64

Follicular lymphomas, particularly those arising in the retro-
peritoneum, have a propensity for extranodal growth and inter-
follicular sclerosis.65 Occasionally, follicular lymphomas present 
with massive nodal necrosis. Immunopositivity for CD20 and 
clonal Ig gene rearrangements can sometimes be demonstrated 
in these necrotic lymph nodes without morphologically viable 
lymphocytes.66,67 A small number of follicular lymphomas contain 
plasma cells that may be polytypic or monotypic with the same Ig 
heavy chain and light chain as the follicle center cells.68 Rarely, 
accumulations of intracytoplasmic Ig give cells in follicular lym-
phomas a signet ring cell–like appearance.69 A leukemic phase 
may be present in as much as 10% of patients with low-grade fol-
licular lymphomas. Circulating cells show nuclear irregularity and 
are immunophenotypically distinct from neoplastic cells of B-cell 
CLL/SLL or mantle cell lymphoma. Neoplastic transformation 
to a DLBCL occurs in approximately one-half of cases.70,71,72,73 
Pathology reports should emphasize areas of diffuse growth 
of large cells, as they are sufficient for regarding the tumor as 
higher grade regardless of the grade of the tumor in any residual 
follicles.74 More recently, a rare form of transformation in which 
the tumor cells have a blast-like morphology has been recognized. 
These blastoid variants of follicular lymphoma are aggressive 
clinically.75 Another aggressive variant of follicular lymphoma has 
a low-grade histologic appearance with a high proliferation index 
on Ki-67 staining.76 Rare clinicopathological variants of follicular 
lymphoma include so-called pediatric-type follicular lymphoma77 
and extranodal follicular lymphomas arising in the duodenum, 
skin, thyroid gland, and genitourinary tract. The pediatric-type 
follicular lymphoma is characterized by presentation in children 
and young adults, large cell cytology, lack of BCL2 gene rear-
rangement, limited stage disease, and indolent clinical behavior. 
Similarly, primary extranodal follicular lymphomas tend to have 
a more indolent behavior irrespective of the large cell component.

Immunophenotype
Follicular lymphomas generally express bright surface Ig fluo-
rescence, but a small number of large cell follicular lymphomas 
are surface Ig negative.1 Most follicular lymphomas are CD10+ 
(WHO grades 1 and 2), as are more than one-half of grade  
3 lymphomas.78 Most follicular lymphomas are BCL6 positive 
as well. Follicular lymphomas are almost always CD5−, but 
rare CD5+/CD10+ cases have been described that often exhibit 
atypical histopathology such as floral variants or patterns that 
may be confused with progressive transformation of germinal 
centers.79,80 Expression of BCL2 protein may be helpful in dif-
ferentiating some follicular lymphoid hyperplasia from follicular 
lymphoma; however, overexpression of BCL2 protein does not 
help differentiate follicular lymphomas from other NHLs.81 
Overexpression of p53, detected by immunohistochemistry, may 
identify patients with increased risk for transformation.82,83 
Low-grade follicular lymphomas differ from most other small 
B-cell lymphomas in having a significant admixture of T cells, 
and some authors have suggested that large numbers of T cells 
indicate a favorable prognostic feature.84 Immunohistochemical 
and gene expression data have correlated features of the tumor 
microenvironment such as number of infiltrating macrophages 
and composition of T-cell subsets with prognosis in follicular 
lymphomas.85–88

Genetics
More than 85% of nodal follicular lymphomas and 25% to 30% 
of DLBCLs have a t(14;18) (q32;q21) chromosomal abnormality. 

These numbers are lower in children and in patients with extra-
nodal presentations. Molecular genetic studies and FISH may 
identify additional cases not recognized by conventional cyto-
genetics.89,90,91 Abnormalities of chromosomes 3q27, 5, 7, 12, 
and 13q are more common in a higher grade (WHO grade 3) or 
in transformation of follicular lymphoma. Abnormalities of chro-
mosome 8q24 are associated with blastoid variants of follicular 
lymphoma.92,93 Recently a subset of follicular lymphomas occur-
ring young adults and children (so-called pediatric follicular lym-
phoma) has been shown to have translocations involving the IRF4 
gene.94 The pattern of somatic mutation in follicular lymphomas 
suggests a role for antigen selection in their clonal evolution.47,48

Chronic Lymphocytic Leukemia/Small 
Lymphocytic Lymphoma
B-cell CLL/SLL is a neoplasm of small round B cells that usually 
have scant surface Ig and a CD5+/CD23+ phenotype. SLL is the 
term used to describe the disease when lymph node involvement is 
the dominant feature. Usually, these lymphomas present in elderly 
patients with a leukemic phase and generalized lymphadenopa-
thy on routine physical examination. Bone marrow involvement 
is often extensive. Occasionally, patients present with bacterial 
infection related to hypogammaglobulinemia or with signs and 
symptoms secondary to anemia or thrombocytopenia that may 
have an autoimmune basis. CLL may occur in familial clusters 
with a decreasing age of onset from generation to generation.95

Lymph node architecture is totally effaced with loss of lym-
phoid follicles and obliteration of sinuses by an infiltrate of mono-
morphic small round lymphocytes with condensed chromatin and 
scant cytoplasm. Growth centers or proliferation centers (collec-
tions of intermediate-size round lymphocytes with open chroma-
tin and small nucleoli called paraimmunoblasts) are dispersed 
throughout the lymph node and are thought to represent foci of 
cell proliferation (Fig. 86.3).96 Morphologic features that correlate 
with a worse prognosis include prominent proliferation centers 
in lymph nodes or increased numbers (>10%) of prolymphocytes 
(intermediate-size lymphocytes with prominent central nucleoli) 
in the blood.97,98 A clinically aggressive paraimmunoblastic vari-
ant of SLL has been described in which cells resembling those in 
growth centers predominate throughout the node.99

Richter syndrome, which is the evolution of CLL/SLL to a 
large cell lymphoma, occurs in less than 5% of patients and may 
arise as transformation of the neoplastic small B cell or as an 
unrelated B-cell clone.100,101,102 Less commonly, B-cell SLL may 
transform to prolymphocytic leukemia.103 Rarely, HL complicates 
B-cell SLL.104 Of interest is a description of 13 cases of B-cell SLL 
with Reed-Sternberg (RS)–like cells that contained EBV RNA as 
detected by in situ hybridization; three of these patients developed 
disseminated HL.105 The diagnosis of concurrent HL in a lymph 
node with CLL/SLL requires both RS cells and a polymorphic reac-
tive cell background.

On immunologic typing studies, neoplastic lymphocytes have 
weak or scant monotypic surface Ig, which usually is IgM associ-
ated with IgD. Neoplastic lymphocytes coexpress the nominal 
T-cell antigen CD5 with B-cell markers CD19, CD20 (weak); 
CD21, CD11c (weak); and CD23. The tumor cells are negative 
for FMC7, CD10, and cyclin D1. Phenotypically, SLL and CLL are 
identical.106 Admixed T cells are usually few in number. CD23 
expression and FMC7 and cyclin D1 negativity are helpful in the 
phenotypic separation of CLL/SLL from mantle cell lymphoma, 
another CD5+ small B-cell neoplasm.107 With the increased use 
of flow cytometry, small populations of circulating light chain–
restricted B cells with a CLL/SLL phenotype are being detected in 
asymptomatic patients with no clinical features of neoplasia.108

Classic cytogenetic studies demonstrate specific chromosomal 
abnormalities in more than one-third of patients with CLL/SLL, 
with FISH detecting abnormalities of chromosomes 11, 12, 13, 
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and 17 in almost two-thirds of patients. Deletion of 13q is the 
most frequent abnormality and correlates with a stable clinical 
course in older patients. Trisomy 12, ATM deletions (11q), and 
TP53 deletions (17p) are associated with progressive disease.109,110 
Molecular genetic studies divide CLL/SLL into two major groups 
based on the presence or absence of somatic mutation. The 
absence of somatic mutation is associated with a more aggressive 
clinical course and correlates with an increased expression of CD38 
and the tyrosine kinase, ZAP-70.111,112,113,114,115 Risk stratification 
in CLL/SLL has therefore become an increasingly complex and con-
troversial exercise with no clear consensus as to the relative roles 
of cytogenetics, molecular genetics for somatic mutation status, and 
use of surrogate markers such as CD38 and ZAP-70.116,117

Lymphoplasmacytic Lymphoma
Lymphoplasmacytic lymphomas (LPLs) are uncommon B cell 
neoplasms composed of small lymphocytes, plasmacytoid lympho-
cytes, plasma cells, and variable numbers of large lymphocytes. 
These lymphomas, like CLL/SLL, often have marrow involvement 
and a leukemic phase. They are often associated with high levels 
of an IgM paraprotein (Waldenström macroglobulinemia) or type 
II cryoglobulinemia.118,119 Some patients have antecedent sys-
temic or localized abnormal immune reactions, such as Sjögren 
syndrome.120 Many patients have hepatitis C infection.121 LPL 
must be differentiated from other small B-cell lymphomas that 
frequently exhibit plasmacytic differentiation, including nodal and 
extranodal marginal zone B-cell lymphomas.

LPLs are morphologically diverse and may cause diffuse or 
partial alteration of lymph node architecture. Many have an inter-
follicular distribution and abundant macrophages that may impart 
a mottled low magnification appearance, resembling HL. On high 
magnification, small lymphocytes are admixed with variable num-
bers of plasma cells, plasmacytoid lymphocytes, and admixed large 
lymphocytes. Other features indicating plasmacytic differentiation 
include Dutcher bodies (cytoplasmic Ig inclusions that appear to 
be intranuclear) and extracellular periodic acid-Schiff–positive 
material. Mast cells and hemosiderin-laden macrophages are often 
present. These lymphomas may transform to large cell lympho-
mas.122–124 These higher grade lymphomas usually produce the 
same Ig heavy chains and light chains as the original tumor.

Plasmacytoid lymphocytes and plasma cells contain abundant 
intracellular Ig, which usually is monotypic IgM without IgD and 
can be detected using paraffin immunoperoxidase reactions. In 
cell suspension studies, neoplastic lymphocytes usually express 
more surface Ig than is usually seen in CLL/SLL.124 Tumor 
cells express pan–B-cell markers CD19 and CD20 and are usu-
ally CD5− and CD10−.125,126 As the tumor cells are actively 

secreting  Ig, many patients have high levels of monoclonal IgM 
producing hyperviscosity (Waldenström macroglobulinemia). The 
IgM may have rheumatoid factor activity or function as cryoglobu-
lin, or both.118 Less commonly, these neoplasms may be associ-
ated with production of other Ig heavy chain classes.127

LPLs lack translocations involving the Ig heavy chain gene 
locus but most have a 3p22.2 abnormality resulting in the 
somatic mutation MYD88 L265P, particularly in patients with 
Waldenström macroglobulinemia.128,129 This variant is present 
in few cases of other B-cell neoplasms that have features similar 
to LPL. Somatic mutations of Ig genes are commonly found in 
Waldenström macroglobulinemia.130,131

Mantle Cell Lymphoma
Mantle cell lymphoma is a B-cell lymphoma typically composed 
of small lymphocytes with irregular nuclear outlines that have a 
CD5+ and CD23− phenotype and overexpress cyclin D1. These 
lymphomas are usually widespread at diagnosis with general-
ized adenopathy and extensive bone marrow involvement. They 
may involve extranodal sites, such as the Waldeyer ring, or pres-
ent as lymphomatous polyposis of the lower gastrointestinal 
tract.132,133,134 A few have a leukemic phase mimicking CLL, 
prolymphocytic leukemia, or acute leukemia (blastoid variants of 
mantle cell lymphoma).135 Recognition of mantle cell lymphoma is 
clinically important, as these lymphomas pursue a more aggres-
sive clinical course than other small B-cell lymphomas.136,137

Mantle cell lymphomas are composed of small lymphocytes 
with irregular nuclear contours. Mitotic activity is often brisk, 
and large lymphocytes are usually few in number except in the 
pleomorphic form of the blastoid variant, in which they pre-
dominate. Mantle cell lymphomas usually have a diffuse growth 
pattern (Fig. 86.4A,B) or surround reactive germinal centers in a 
mantle zone pattern. Extension of the lymphoma into the capsule 
and perinodal fat is common.132,133,138 The blastoid variant of 
mantle cell lymphoma is characterized by nuclei with increased 
size, dispersed chromatin, small nucleoli, frequent mitoses, and 
an aggressive clinical course. There is now molecular genetic 
evidence that at least some blastoid variants of mantle cell lym-
phoma are morphologic transformations of typical mantle cell 
lymphoma.139 The differential diagnosis of blastoid transforma-
tion of mantle cell lymphoma includes acute leukemia involving 
lymph nodes and lymphoblastic lymphoma.37,140

The neoplastic cell shares immunophenotypic features with 
normal mantle zone lymphocytes, including moderate amounts 
of surface IgM, usually with IgD. Neoplastic cells are generally 
CD5+ and CD10−, but a subset of mantle cell lymphomas has 
CD5− tumor cells.141 Mantle cell lymphomas usually mark with 

FIGURE 86.3. Lymph node: chronic lymphocytic leukemia/small lymphocytic lymphoma. A: Low magnification shows diffuse alteration of architecture, 
with pale areas corresponding to proliferation centers. B: A higher power of a proliferation center that is composed of intermediate-sized cells with small nucleoli 
that are surrounded by small round lymphocytes.
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antibodies to pan–B-cell antigens CD19, CD20, and CD22. CD23 
is negative or sometimes partially expressed, and FMC7 is positive 
in contrast to the tumor cells of CLL/SLL.107,142 Overexpression 
of cyclin D1 is almost universal in mantle cell lymphoma143 
(Fig.  86.4C), is not seen in follicular lymphoid hyperplasia, and 
is uncommon in other small B-cell malignancies, with the excep-
tion of plasmacytic neoplasms and hairy cell leukemia.144 Recent 
gene expression studies have identified SOX11 expression as 
another specific marker for mantle cell lymphoma.145 Rare “in 
situ” mantle cell lymphomas have been recognized in which cyclin 
D1–positive cells fill unexpanded mantle zones without distortion 
of nodal architecture.146 The clinical significance of these cases is 
unclear at this time. High Ki-67 expression is associated with a 
poor prognosis.147,148

On classic cytogenetics, most cases of mantle cell lymphoma 
show evidence of t(11;14) (q13;q32) involving the cyclin D1 gene 
(CCND1).149,150 FISH analysis of paraffin-embedded tissue extends 
the sensitivity of t(11;14) detection to greater than 90% and does 
not require fresh or frozen tissue.16 Rare cyclin D1-negative 
mantle cell lymphomas exhibit a gene expression profile similar 
to cyclin D1-positive tumors including expression of SOX11.151 
The former cases show overexpression of cyclin D2 or cyclin D3 
without translocations involving these genes. Almost one-third 
of patients with mantle cell lymphoma have somatic mutation of 
their Ig heavy chain genes. The presence of somatic mutation is 
associated with nonnodal disease, lack of SOX11 expression, and 
a more indolent clinical course.152,153,154

Nodal Marginal Zone B-cell Lymphoma
Nodal marginal zone B-cell lymphomas represent a rare, clinically 
and biologically heterogeneous entity.155–157 The diagnosis often 
rests on exclusion of other possible lymphomas, in particular, 

nodal involvement by splenic marginal zone B-cell lymphoma 
(SMZL) and extranodal marginal zone B-cell lymphoma of MALT 
lymphoma. Clinically, these lymphomas appear more aggressive 
than other marginal zone lymphomas.158 They have a tendency 
to early relapse, and a small minority transform to large cell 
lymphoma.157

Nodal marginal zone lymphomas characteristically involve the 
interfollicular areas of lymph nodes and are composed predomi-
nantly of “monocytoid” small- and medium-sized lymphocytes 
of uniform size with distinct cell membranes that surround an 
abundant amount of pale cytoplasm. Nuclei are bland and oval 
to coffee bean in shape. In some cases, plasma cells are promi-
nent.159,160 Admixed large lymphocytes are present, and mitotic 
activity is variable.155

Nodal marginal zone B-cell lymphomas express pan–B-cell 
antigens (CD19, CD20, and CD79a) and monotypic Ig (IgM without 
IgD) and are typically negative for CD5, CD10, and cyclin D1. A 
variable number are positive for BCL2 protein and CD43.155,156

Genetic studies are limited and have not identified any com-
mon cytogenetic abnormalities. Somatic mutation is usually, but 
not always, present in the Ig genes.156

Splenic Marginal Zone B-cell Lymphoma
SMZL is a rare disease accounting for approximately 1% of all 
lymphomas and approximately 20% of lymphoproliferative dis-
orders in diagnostic splenectomy specimens.161,162 SMZL is a 
small B-cell lymphoma of the white pulp of the spleen that often 
involves the splenic hilar lymph nodes, bone marrow, and periph-
eral blood.163 The patients typically present with splenomegaly,  
B symptoms (fever, weight loss, and night sweats), abdominal 
pain, and cytopenias.164,165 A low level of monoclonal paraprotein 
can be detected in approximately one-half of the patients.166,167

FIGURE 86.4. Lymph node: mantle cell lymphoma. A: Low magnification shows diffuse 
architectural effacement, which, on higher magnification in (B), is composed of sheets of 
small irregular lymphocytes with few large cells. C: Small lymphocytes exhibit nuclear stain-
ing for cyclin D1.
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The spleen is massively enlarged, weighing well over 1,000 g 
in most cases. Microscopically, the most striking feature is a 
nodular infiltrate centered on the preexisting white pulp lym-
phoid follicles.168 The tumor has a biphasic pattern with an 
inner core of small lymphocytes and an outer margin of medium-
sized lymphocytes. The inner central zone of small lymphocytes 
resembles normal mantle zone cells with scant cytoplasm and 
small irregular nuclei, clumped chromatin, and indistinct nucleoli. 
The lymphocytes occupying the marginal zone appear similar 
to normal splenic marginal zone lymphocytes. These have well-
defined clear cytoplasm and round/oval nuclei with a more open 
chromatin pattern and indistinct nucleoli. Variable numbers of 
large lymphocytes with prominent nucleoli are also present in the 
marginal zone. Occasionally, plasmacytic differentiation within 
the marginal zone or in the center of the nodules can be observed. 
Bone marrow involvement is nodular or interstitial and frequently 
intrasinusoidal. Tumor cells in peripheral blood often have short 
villous projections.163,166 This cytologic appearance is the reason 
why some cases of SMZL were called splenic lymphoma with vil-
lous lymphocytes. Transformation to large B-cell lymphoma is 
seen in as many as 15% of cases.169

Neoplastic cells are CD45, CD20, and BCL2 protein positive 
with monotypic IgM, with or without IgD. Tumor cells are nega-
tive for CD10, CD21, CD43, and cyclin D1, and in most cases, for 
CD5.163,164,168 Unlike hairy cell leukemia, they are usually CD11c, 
CD103, and DBA.44 negative.

Allelic loss of 7q21–32 is seen in slightly less than one-half of 
patients.170 Chromosomal translocations that are seen in other 
small B-cell lymphomas involving CCND1, BCL2, and MALT1 are 
not present. On molecular genetic studies, approximately one-half 
of cases show somatic mutation, and one-half have unmutated 
Ig genes.171 The latter group more frequently has deletions and 
allelic loss of 7q31–32 and may have a worse prognosis.

Recently, a primary low-grade B-cell splenic lymphoma show-
ing morphologic features distinct from splenic marginal lymphoma 
has been described. This entity is often referred to as “splenic dif-
fuse red pulp small B-cell lymphoma.” It is characterized by diffuse 
red pulp involvement in the spleen, intrasinusoidal involvement in 
the bone marrow, more frequent expression of IgG and DBA.44 by 
immunohistochemistry, bright expression of CD11c and CD22 by 
flow cytometry, and an indolent clinical behavior.172,173

Extranodal Marginal Zone B-cell Lymphoma of 
Mucosa-associated Lymphoid Tissue
Extranodal marginal zone B-cell lymphoma of MALT lymphoma is 
the third most common type of NHL, accounting for approximately 
6% to 8% of all NHLs in the Western hemisphere.174 Although 
MALT lymphomas are clinically indolent, the disease is typically 
chronic, requiring long-term clinical surveillance and, often, 
repeated biopsies.175,176

Most MALT lymphomas arise in mucosal sites devoid of orga-
nized lymphoid structures. Development of MALT lymphoma is 
often preceded by a chronic inflammatory process that leads to 
acquisition of lymphoid tissue.177,178–187 This forms the back-
ground for the emergence of the lymphoma. The examples of 
chronic inflammatory processes that are associated with MALT 
lymphoma development are listed in Table 86.4.

The infectious process not only creates the microenvironment 
for development of the tumor but also the microenvironment 
necessary to sustain the tumor progression. Eradication of the 
infectious etiology has been shown to lead to remission in gastric, 
orbital, and cutaneous MALT lymphomas and is recognized as 
the first line of therapy, particularly for gastric MALT lymphoma.

MALT lymphomas are cytologically low-grade lymphoid neo-
plasms and are thought to arise from the marginal zone B-cell 
compartment of the mucosal lymphoid follicles.188 The cytologic 
features and the architecture of the tumor often mimic the features 

of normal mucosal organized lymphoid tissues such as intestinal 
Peyer’s patches. For this reason, many of the cases have been 
mistakenly diagnosed as pseudo-lymphomas before the applica-
tion of clonality and genetic studies. MALT lymphomas tend to 
remain localized at the site of origin for many years. When they 
disseminate they tend to go to other mucosal sites, a phenomenon 
thought to be a result of homing programming. Transformation to 
large cell lymphoma occurs in a minority of cases.176

The lymphoma cells assume varied cytologic appearances, 
often within individual specimens. Characteristic are the centro-
cyte-like cells, small to medium-sized lymphocytes with irregular 
nuclei. Alternatively, the neoplastic cells may have a monocyt-
oid appearance with abundant pale cytoplasm and distinct cell 
borders. The tumor cells also may resemble mature small lym-
phocytes. Scattered large cells are usually dispersed throughout 
the lymphoma. Variable numbers of plasma cells are frequently 
present, often adjacent to epithelium. In approximately one-third 
of cases the plasma cells are part of the neoplastic clone and may 
show atypical features such as Dutcher bodies. Regardless of the 
neoplastic cells’ appearance, they produce a diffuse infiltrate that 
invades epithelial structures, producing lymphoepithelial lesions 
(Fig. 86.5A,B) and subsequent epithelial disruption.189 Reactive 
lymphoid follicles are generally present, and the neoplastic lym-
phocytes may infiltrate and colonize them.190

MALT lymphomas express B-cell antigens (CD19 and CD20) 
and monotypic surface Ig (usually IgM without IgD). They may 
be CD43+ but usually lack other antigens expressed by small 
B-cell lymphomas, such as CD5, CD10, CD23, and cyclin D1. 
Cytoplasmic Ig is present in cases exhibiting plasmacytic differ-
entiation.190 These lymphomas demonstrate clonal Ig gene rear-
rangements and show extensive somatic mutations characteristic 
of post-germinal center B cells.

The three major chromosomal translocations seen in MALT 
lymphomas are t(11;18)(q22;q21)/BIRC3 (API2)-MALT1, t(14;18)
(q32;q21)/IGH@-MALT1, and t(1;14)(p22;q32)/IGH-BCL10.175,176 
Remarkably, these appear to promote lymphoma development by 
a common mechanism. This concordance results from the roles 
of both the adapter protein BCL10 and the caspase-like protein 
MALT1 in antigen receptor-mediated activation of nuclear fac-
tor kappa B (NFkB), a transcription factor that regulates the 
expression of genes involved in lymphocyte proliferation and 
survival.191,192 Importantly, MALT lymphomas do not carry 
t(11;14)(q13;q32)/IGH@-CCND1 or t(14;18)(q32;q21)/IGH@-BCL2 
chromosomal abnormalities typical of mantle cell lymphoma or 
follicular lymphoma, respectively.

T(11;18) identifies gastric MALT lymphomas that (a) present 
with advanced-stage disease, (b) do not respond to Helicobacter 
pylori eradication, and (c) are unlikely to transform to large cell 
lymphoma.193,194

Site Risk Factor Reference

Stomach Helicobacter pylori 177,178

Intestine Campylobacter jejuni 179,180

Orbit Chlamydia psittaci 181,182

Salivary gland Hepatitis C virus, autoimmunity 
(Sjögren syndrome)

183

Thyroid Autoimmunity (Hashimoto’s  
thyroiditis)

184

Skin Borrelia burgdorferi 185–187

rIsk faCtors for extranoDaL margInaL zone B-CeLL 
Lymphomas of muCosa-assoCIateD LymphoID tIssue 
(maLt Lymphomas)

TABLE 86.4
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Diffuse Large B-cell Lymphoma
DLBCLs are a morphologically, phenotypically, and genetically 
heterogeneous group of mature B-cell malignancies unified by 
the presence of large (nuclear size greater than the macrophage 
nuclei) neoplastic B cells. Comprising 30% to 40% of all lympho-
mas, they are the most common lymphoma type in the United 
States and Europe.174,195 A greater appreciation for their com-
plexity has followed from recent clinical, pathologic, and biologic 
studies, so that the most recent WHO classification recognizes 
13 subtypes/DLBCL clinical entities.30 The more common DLBCL 
entities are discussed below.

Diffuse Large B-cell Lymphoma, Not Otherwise 
Specified
DLBCL, not otherwise specified (NOS), occurs in all age groups, 
with an incidence that increases with age, and with a sight male 
predominance.196,197 Though most DLBCL, NOS cases arise de 
novo, risk factors for DLBCL, NOS include immunosuppression 
and prior low-grade B cell lymphoma. The most common pre-
sentation is as a bulky mass of lymph nodes, but up to 40% of 
cases arise in extranodal sites, including spleen or bone marrow. 
Staging bone marrows are involved in approximately 10% to 25% 
of cases. The pattern of bone marrow involvement may be con-
cordant or discordant—constituted by a lower grade lymphoma. 
The former is associated with an adverse outcome; the latter with 

response to initial therapy similar to the cases without bone mar-
row involvement, but with increased risk for late recurrence.198

Morphology
Regardless of the anatomic site involved by DLBCL, NOS, the basic 
pathologic features are similar. The large neoplastic lymphoid 
cells grow in a purely diffuse pattern and efface the underlying tis-
sue architecture (Fig. 86.6). Tingible body macrophages, apoptotic 
bodies, mitotic figures, and zones of necrosis and/or fibrosis vari-
ably accompany the neoplastic cells. Three cytologic variants are 
recognized by the WHO: centroblastic, immunoblastic (Fig. 86.7), 
and anaplastic.197 Rounded nuclei, dispersed chromatin, multiple 
small nucleoli, and modestly abundant basophilic cytoplasm char-
acterize centroblastic DLBCL. These cells resemble the centro-
blasts of normal germinal centers. Round nuclei, with dispersed or 
marginated chromatin, prominent single centrally located nucleoli, 
and abundant cytoplasm usually eccentrically distributed relative 
to the nucleus are the cytologic features of immunoblastic DLBCL. 
Patients whose DLBCL contains 90% of cells with immunoblastic 
cytology may have an adverse outcome.196,199 A pleomorphic cell 
population that includes multinucleated tumor giant cells consti-
tutes anaplastic DLBCL. The designation “anaplastic” for a DLBCL 
is a cytologic descriptive term that should not be confused with 
anaplastic large cell lymphoma, now considered a separate lym-
phoma entity comprised of neoplastic T cells. Occasional DLBCL 
have further cytologic diversity that includes signet ring cells, cells 
with multilobate nuclei, or spindle-shaped cells.

FIGURE 86.5. Stomach: extranodal marginal zone B cell lymphoma of mucosa-associated lymphoid tissue. A: The submucosa contains a diffuse  
infiltrate of small lymphocytes. B: Centrocyte-like cells with moderate amounts of clear cytoplasm invade gastric glands, producing lymphoepithelial lesions.

A B

FIGURE 86.6. Lymph node: diffuse large B cell lymphoma. A: On low magnification, a neoplastic large lymphocyte population diffusely effaces lymph node 
architecture. B: On high magnification, round nuclei, partially clumped chromatin, small nucleoli and modest amounts of pale cytoplasm characterize the tumor cells. 
Note the apoptotic bodies and mitotic figures.

A B
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Immunophenotype
DLBCL cells express CD45 and a variety of pan–B-cell antigens, 
including CD19, CD20, CD22, CD79a, and PAX-5 in almost every 
case.200 Ninety percent express light chain restricted surface Ig. 
Following rituximab (R) therapy, CD20 may be lost from the tumor 
cells,201 in which case B-cell lineage is defined by expression of 
one or more of the other B-cell antigens. Variable subsets of DLBCL 

express CD10, BCL6, GCET1, LMO2,202 BCL2, IRF4 (MUM1), and 
FoxP1.203 The pattern of expression of these latter markers by 
immunohistochemistry variably correlates with germinal center 
(CD10, BCL6, GCET1, LMO2) or nongerminal center (IRF4 and 
FoxP1) B-cell derivation of the DLBCL as defined by gene expression 
profiling (Fig. 86.8). Germinal center B cell (GCB)–derived DLBCL 
are thought to have a better prognosis than non-GCB DLBCL, and so 

FIGURE 86.7. Lymph node: cytologic vari-
ability in diffuse large B cell lymphoma.  
A: Centroblastic. B: Immunoblastic.

FIGURE 86.8. Lymph node: germinal center B 
cell lymphoma phenotype. By the criteria of the 
Hans algorithm this DLBCL has a germinal center 
phenotype. Using immunohistochemistry on paraffin 
sections the neoplastic cells express: A: CD20, B: 
bcl-2, C: CD10, and D: bcl-6.

A B

C

A B

D
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for practical purposes, several immunohistochemistry algorithms, 
Choi,204 Hans,205 Muris,206 Nyman,207 and Talley,208 have been 
proposed by which GCB and non-GCB are assigned. All have been 
shown to predict prognosis of R-CHOP–treated DLBCL patients in 
some, but not all studies. Therefore, phenotyping to assign a DLBCL 
to the GCB vs. non-GCB subtype for the purpose of selecting opti-
mal therapy has been inconsistently applied to routine practice. 
Approximately 5% of DLBCL cases express CD5.200,209 These cases 
are distinguished from the blastoid variant of mantle cell lymphoma 
because they are cyclin D1−. They tend to occur in older patients, 
are more frequent in women than in men, and tend to be dissemi-
nated at the time of diagnosis.209 They are biologically distinct by 
genetic and gene expression profiling studies,210,211 but are not 
recognized as a separate entity in the WHO classification. One other 
marker of interest in DLBCL is Ki-67, a marker of cells in cycle. The 
fraction of Ki-67+ cells in a tumor is a general indicator of its pro-
liferative rate. Ki-67 positivity ranges from 30% to nearly 100% in 
DLBCL cases, and it too, if expressed in greater than 90% of the cells, 
has been suggested as an adverse prognostic indicator in DLBCL.212

Genetics
There is no single genetic abnormality that typifies DLBCL. Rather, 
a complex karyotype with genetic imbalances occurs in two-thirds 
of cases.213 In decreasing frequency, subsets of DLBCL cases have 
recurrent translocations involving BCL6 (3q27), BCL2 (18q21), 
and MYC (8q24) usually, but not always, to Ig heavy or light chain 
gene loci. BCL6 and BCL2 translocations do not predict progno-
sis in DLBCL patients but MYC translocations do.214 FAS and 
BCL6215 hypermutation are relatively common in DLBCL cases 
as are amplifications of REL216 and BCL2. Finally, particularly in 

DLBCL that arises from a lower grade lymphoma, p53 deletion 
or point mutations are also observed.217 Together these muta-
tions are pathogenetic by promoting entry of the neoplastic cells 
into the cell cycle, inhibition of apoptosis, promoting genetic 
instability, and/or producing maturation arrest in the neoplastic 
cells. Finally, there is a subset of cases of morphologically typical 
DLBCL that usually express CD10 and BCL2 that contain trans-
locations involving both MYC and BCL2.218 Colloquially termed 
“double-hit” lymphomas, these tumors have a particularly aggres-
sive clinical course and are resistant to most chemotherapy regi-
mens.219,220,221,222 By convention, they are typically categorized 
among “B-cell lymphoma, unclassifiable, with features intermedi-
ate between DLBCL and Burkitt lymphoma”.223

T-cell/Histiocyte-rich Large B-cell Lymphoma
The typical patient with THRLBCL presents with systemic symp-
toms and widespread disease involving lymph nodes and bone 
marrow with or without hepatosplenic involvement. THRLBCL 
occurs at a younger median age than DLBCL, NOS and has a 
decided male predominance.224,225–228

Morphology
In lymph nodes a heterogeneous cell population diffusely effaces 
the architecture. Small lymphocytes and histiocytes in varying 
proportions dominate the histologic picture. In contrast, the neo-
plastic cells are in the minority and are singly distributed without 
clustering together or forming sheets. Centroblast-like, immuno-
blast-like, or pleomorphic cytologic features typify the neoplastic 
cells in most cases (Fig. 86.9). Because the reactive elements 

FIGURE 86.9. Lymph node: T-cell/histiocyte-rich 
large B-cell lymphoma. A: A mixture of small lym-
phocytes and histiocytes dominates the morphology. 
Occasional large neoplastic cells with rounded to lobu-
lated nuclei, delicate chromatin, small nucleoli, and pale 
cytoplasm are present. Immunoperoxidase stains for  
(B) CD20 highlight the neoplastic cells and for (C) CD3 
demonstrate staining in the nonneoplastic T-cells.

A

B C
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dominate the histologic picture, the challenge in these cases is to 
recognize THRLBCL as lymphoma rather than a reactive process. 
In some cases the neoplastic cells have characteristics similar to 
LP cells of nodular lymphocyte predominant Hodgkin lymphoma 
(NLPHL); in others they resemble diagnostic RS cells of classical 
Hodgkin lymphoma (CHL). In these cases the diagnostic challenge 
is to distinguish THRLBCL from HL. The phenotype of both the 
neoplastic cells and the reacting cell populations usually resolves 
the differential diagnostic problems.

Immunophenotype
The large neoplastic cells express CD45 and pan–B cell antigens 
(CD19, CD20, CD22, and PAX-5), are usually positive for BCL6, 
and variably express BCL2. They typically lack expression of 
classical Hodgkin cell–associated markers such as CD15 and 
CD30. The small background lymphocytes are CD3+ T cells and 
the histiocytes express CD68 and CD163. Virtually no small non-
neoplastic CD20+ or IgD+ lymphocytes accompany the large cells 
and the lesions are devoid of both CD57/CD279 (PD-1) rosettes 
surrounding the neoplastic B cells and CD21+ follicular dendritic 
cell meshworks. These latter are immunoarchitectural features 
that help to distinguish THRLBCL from NLPHL.229

Genetics
Genetics are nondistinctive. But, as expected, these tumors have 
a gene expression profile enriched for a T cell/histiocytic host 
response.230

Primary Mediastinal (Thymic) Large B-cell 
Lymphoma
Primary mediastinal large B-cell lymphoma (PMBCL) is a bio-
logically, clinically, and pathologically distinct lymphoma type231 
thought to arise from a peculiar subset of intrathymic B cells.232,233 
The tumor originates in the thymus, and grows into a mediastinal 
mass that produces symptoms as it enlarges and infiltrates and 
compresses local structures such as lung, pericardium, and supe-
rior vena cava. Women are affected more commonly than men 
and PMBCL typically occurs at a younger age (median, 35 years) 
than DLBCL, NOS.234,235

Morphology
A diffusely growing population of medium to large lymphoid cells 
effaces the architecture of the underlying thymus and infiltrates 
into adjacent anatomic sites. The tumor cells are variably accom-
panied by a richly vascular fibrous stroma that frequently circum-
scribes clusters of neoplastic cells. This can be a cause of diagnostic 
difficulty, because fibrosis itself and/or compression artifact intro-
duced when biopsying a firm mass, can obscure the tumor cells. 
PMBCL is cytologically characterized by case-to-case variability. 
Some examples are composed of cells resembling centroblasts; oth-
ers contain a prominent population of immunoblast-like neoplastic 
cells. Cells with multilobulated nuclei and varying amounts of clear 
cytoplasm or with features of RS or Hodgkin cells can constitute the 
neoplasm in some cases. This cytologic diversity is not of prognos-
tic significance, but pathologists must appreciate it as part of the 
possible spectrum observed in PMBCL. A nonneoplastic population 
of T cells and histiocytes often accompanies, and together with 
fibrosis can also potentially obscure, the neoplastic cells. Finally, 
residual thymic Hassall’s corpuscles can be found in some cases.

Immunophenotype
The tumor cells express CD45, CD19, CD20, PAX5, and the tran-
scription factors OCT2 and BOB1.231 They are frequently positive 
for CD23,236 BCL6, and IRF4 (MUM1), and either lack or show 
only variable immunoreactivity for CD30. They are typically nega-
tive for surface and cytoplasmic Ig and for CD15. Stains for kera-
tin highlight the residual thymic epithelial elements.

Genetics
Gains in chromosomes 9p24 (75% of cases)237 and the REL238 
locus on 2p (50% of cases) typify PMBCL, which unlike other 
DLBCL cases only rarely harbors BCL2 or BCL6 translocations.

other Considerations
In gene expression profiling studies, PMLBCL cases are more sim-
ilar to cases of nodular sclerosis Hodgkin lymphoma (NSHL) than 
to DLBCL, NOS.239,240,241,242 Both tumor types contain similar 
genetic abnormalities and have activation of the NFkB pathway, 
altered JAK/STAT signaling, and aberrant activation of the PI3K/
AKT pathway. Thus it is no surprise that morphologic and clinical 
overlap between PMBCL and NSHL occurs. In most cases suffi-
cient sampling, careful microscopic observations, and application 
of immunohistochemical stains can readily distinguish these two 
from one another. However, in rare instances, PMBCL cannot be 
distinguished from NSHL. Recognition of this phenomenon has 
led the WHO to acknowledge a lymphoma category termed “B cell 
lymphoma, unclassifiable, with features intermediate between 
DLBCL and CHL,”243 or, colloquially, “gray zone lymphoma.”244 
The actual diagnostic criteria for use of this term are incompletely 
defined. It should be applied rarely and only for those cases where 
an abundant tissue sample has been comprehensively evalu-
ated by morphology and phenotype and the distinction between 
PMBCL and CHL is still impossible.

Primary Diffuse Large B-cell Lymphoma of the 
Central Nervous System
This tumor is defined as a neoplasm of large B cells exclusively 
involving the brain parenchyma or the eye (retina, vitreous, but 
not the soft tissues of the orbit).245 Secondary brain involve-
ment by systemic lymphoma, exclusive meningeal involvement, 
or a history of immunodeficiency/immunosuppression excludes 
the diagnosis of primary central nervous system lymphoma 
(PCNSL). The lymphomas may be unifocal (75%) or multifocal 
(25%) in the brain. Of patients who present with intraocular 
involvement, intraparenchymal brain involvement eventually 
develops in the majority, and about 20% of patients who present 
with intracerebral disease will develop intraocular involvement. 
Most patients with PCNSL are elderly. There is a slight male 
predominance.246–248

Morphology
PCNSLs preferentially involve perivascular spaces with varying 
degrees of infiltration into the brain parenchyma. The neoplastic 
cells usually have cytologic features of centroblasts or immuno-
blasts or a combination of both. Reactive astrocytes, activated 
microglial cells, and histiocytes complete the histologic picture. 
Preoperative corticosteroid therapy to reduce intracerebral edema 
prior to biopsy can cause intralesional necrosis or regression of 
the neoplasm. Sometimes tumor cell ghosts can be recognized 
within the necrotic areas suggesting the diagnosis, but in some 
cases steroid therapy leaves behind only a mixture of small 
T-lymphocytes and histiocytes or sheets of foamy macrophages. 
Necrosis in a large B cell lymphoma involving the central nervous 
system (CNS) is also relatively common in cases that are associ-
ated with EBV or with immunosuppression. Thus necrotic areas 
in a large cell lymphoma involving the CNS should raise the ques-
tion of prior corticosteroid therapy, underlying immunosuppres-
sion, or an association of the lesion with EBV, and the diagnosis/
classification of the tumor adjusted accordingly.245

Immunophenotype
PCNSL cells are CD19+ and CD20+. They almost always express 
IRF4 and are positive for BCL6 in a substantial subset of the 
cases. Because they typically lack immunoreactivity for CD10 and 
are positive for IRF4, only a small subset of PCNSL have a GCB 
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phenotype using the GCB versus non-GCB immunohistochemistry-
based classifier algorithms.249

Genetics
Complex karyotypes are common in PCNSL cases. BCL6 transloca-
tions occur in 15% to 45% of cases with both IGH@ and non-Ig 
gene partners. Translocations involving MYC and BCL2 are rare in 
this lymphoma type.247,250

Epstein-Barr Virus–Positive Diffuse Large B-cell 
Lymphoma of the Elderly
EBV-positive DLBCL of the elderly has only recently been formally 
recognized as a distinct entity.251 By definition, it occurs in adults 
greater than 50 years of age who have no identifiable underlying 
cause for immunosuppression/immunodeficiency. It is presumed 
that age-related immune senescence allows latently infected 
EBV+ B cells to escape from immune surveillance and proliferate 
to form these tumors. In this regard they are pathogenetically 
analogous to EBV-related posttransplant lymphoproliferative dis-
orders in which iatrogenic immunosuppression allows for EBV+ 
B cell proliferation to occur. EBV-positive DLBCL of the elderly 
increases in frequency with age, has a male predominance, and 
typically involves extranodal sites.252,253

Morphology
A diffusely growing cell population that not infrequently is asso-
ciated with necrosis effaces the architecture of the underlying 
tissue.254 Many cases are composed of a relatively monomorphic 
population of large lymphoid cells (“large cell lymphoma subtype”) 
resembling centroblasts and immunoblasts with varying propor-
tions of RS-like cells. The most abnormal-appearing neoplastic 
cells frequently surround the areas of necrosis (Fig. 86.10A). 
Other cases, termed “polymorphous subtype” contain a tumor cell 
population of large immunoblasts, plasma cells, and cells with 
transition features between plasma cells and immunoblasts. They 
are often variably mixed with small lymphocytes and histiocytes. 
While it is no longer thought that “large cell lymphoma” and “poly-
morphous” subtypes of EBV-positive DLBCL of the elderly carry 
prognostic significance, pathologists must recognize them as part 
of the morphologic spectrum of this tumor and therefore it is use-
ful to maintain this distinction.255

Immunophenotype
The neoplastic cells in the large cell lymphoma subtype of EBV-
positive DLBCL of the elderly usually express CD45, CD19, CD20, 
PAX5, and IRF4 (Fig. 86.10B). They are usually negative for CD10. 
The greater the number of neoplastic plasmacytoid and plasma 
cells contained in the tumor, the less frequently CD20 is expressed 

FIGURE 86.10. Soft tissue: EBV-positive DLBCL 
of the elderly. A: The tumor diffusely effaces tissue 
architecture and is associated with necrosis (left ). The 
neoplastic cells are medium size and large with hyper-
chromatic, irregular nuclei. They are positive for (B) 
CD20 by immunohistochemistry and for (C) EBER by 
in situ hybridization.

A

B C
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by the tumor and the more frequently IRF4+ and CD138+ cells 
constitute the tumor cell population. The ease with which light 
chain–restricted cytoplasmic Ig expression can be demonstrated 
also increases with increasing plasma cell differentiation in these 
tumors. By definition, the tumor cells are positive for EBV, most 
sensitively detected by in situ hybridization with probes that rec-
ognize EBV-encoded RNA (EBER) (Fig. 86.10C). By immunohisto-
chemistry, the neoplasms express EBV latent membrane protein 
(LMP)-1 in 94% of cases and Epstein-Barr nuclear antigen 2 in 
28% of cases.252

Genetics
Insufficient numbers of cases have been studied to comment on 
recurring genetic abnormalities in these tumors.

other Considerations
EBV-positive DLBCL of the elderly has most recently been rec-
ognized as the most malignant end of a spectrum of EBV-related 
lymphoproliferative disorders occurring in adults. While it is 
outside the scope of this chapter to comment on the more benign 
entities, EBV reactivation with reactive lymphoid hyperplasia, 
EBV-associated polymorphous extranodal lymphoproliferations 
including mucocutaneous ulcer,256 and polymorphous nodal EBV-
associated lymphoproliferations all are within the differential 
diagnosis of EBV-positive DLBCL of the elderly.257 The differential 

diagnosis of EBV-related lesions in adults also includes posttrans-
plant lymphoproliferative disorders and EBV-related lymphopro-
liferations that occur following immunomodulatory therapy for 
autoimmune diseases. They are morphologically and phenotypi-
cally similar to EBV-positive DLBCL of the elderly. Except in the 
situation of pathologically and clinically overt DLBCL, consider-
ation of the patient’s history and following the clinical evolution of 
the lesion are important so that aggressive therapy is not prema-
turely instituted in EBV-associated lymphoproliferative disorders 
in adults.

Rare Large B-cell Lymphoma Types
Some rare large B-cell lymphoma types have been described in 
the WHO classification30 and are shown in Table 86.5 and illus-
trated in Figure 86.11.

Burkitt Lymphoma
Burkitt lymphoma is a high-grade B-cell lymphoma composed 
of medium-sized, rapidly dividing lymphocytes. These lympho-
mas usually affect children and young adults and often pres-
ent at extranodal sites. Less commonly, they have a leukemic 
phase. Three clinical forms are recognized: (a) endemic, which 
classically presents as jaw or facial masses in young boys 

Rare Large B-cell 
Lymphoma Type Clinical Features Morphology Phenotype Genetics

DLBCL associated with 
chronic inflamma-
tion258–261

• Elderly patients
• M:F = 12:1
•  Arises in sites associated with 

longstanding (>10 y) chronic 
 inflammation (e.g., lung/pleura in 
tuberculosis patients or near pros-
thetic/chronically inflamed joints)

• Similar to DLBCL, NOS •  Most: CD19+, CD20+,  
PAX-5+

•  Some: CD20−, IRF-4+, 
CD138+

•  Rare: B cells aberrant T cell 
antigen expression

• EBER+ almost all

•  Complex clonal 
karyotype

Lymphomatoid granulo-
matosis262,263,264

• Predominantly adults
• M:F = 2:1
• May be immunodeficiency related

•  Typically extranodal: lung (90%)—
prototypic site, kidney, brain, liver, 
skin, others

•  Angiocentric, angiodestructive 
lympho-histiocytic infiltrates 
associated with necrotic zones 
(“granulomatosis”)

•  Varying proportion of large 
abnormal lymphocytes resem-
bling centroblasts and immuno-
blasts and small lymphocytes

•  Large lymphoid cells: CD19+, 
CD20±, EBER+

•  Small lymphocytes: CD3+  
T cells enriched in Tia-1 positive 
cytolytic lymphocytes

• Non-distinctive

Intravascular large B-cell 
lymphoma265,266,267

• Predominantly adults
• M:F = 1:1
• Protean clinical manifestations
•  Anatomic sites: disseminated, bone 

marrow, brain, lung, skin, kidney, 
others, but only rarely detectable in 
peripheral blood

•  Hemophagocytic syndrome (more 
common in Asian cases)

•  Large neoplastic lymphoid cells 
resembling centroblasts or 
immunoblasts

•  Neoplastic cells confined to 
blood vessel lumens

•  Minimal or no extravascular 
infiltrates

• CD19+, CD20+

•  CD5+ in 38%, CD10+ in 
13%, remainder are IRF-4+

•  Insufficient studied 
cases

ALK-positive large B-cell 
lymphoma268,269,270,271

• Very rare
•  Predominantly adults, but described 

in children
• M:F = 3:1
•  Anatomic sites: lymph nodes most 

common, isolated cases reported in 
extranodal locations

•  Preferentially involves lymph 
node sinuses

•  Cytologic features similar to 
immunoblasts/plasmablasts

• CD138+, IRF-4+
• CD20− (most cases)
•  ALK+ (entity defining  

phenotype)
•  Cytoplasmic Ig light chain 

restriction and expression of 
IgH, usually IgA

•  t(2:17)(p23;q23); 
involves ALK and 
CLTC genes (most 
cases)

•  t(2:5)(p23; q35) 
involves ALK and 
NPM genes

•  Other rare translo-
cations/insertions 
involving ALK

rare Large B-CeLL Lymphoma types

TABLE 86.5
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These tumors have reciprocal translocations involving the 
MYC oncogene mapped to chromosome 8q24, which is usually 
juxtaposed to the IGH@ gene on chromosome 14q32. The trans-
location less commonly involves the k–light chain (IGK@; chromo-
some 2p12) or l–light chain (IGL@; chromosome 22q11) genes.282 
In endemic Burkitt lymphoma, the translocation breakpoints 
are located far upstream 5′ to MYC and in the joining region of 
IGH@.283 In the sporadic form, the breakpoints are immediately 
5′ to MYC and in the switch region of IGH@. In the immunodefi-
ciency-associated cases, the breakpoints involve the first exon or 
intron of MYC and the switch region of IGH@. Therefore, different 
mechanisms may generate the chromosomal breakpoints in the 
various forms of this lymphoma.284 All forms show the presence 
of somatic mutation, which is ongoing in some cases of epidemic 
Burkitt lymphoma.285,286

Pediatric Burkitt lymphomas, whether endemic or sporadic, 
appear to be a more homogeneous entity than adult Burkitt lym-
phomas in terms of morphology, immunophenotype, and cytoge-
netics.219,286,287 Furthermore, there may be considerable overlap 
in the pathologic features of some adult Burkitt lymphomas and 
DLBCLs, which makes accurate distinction problematic, resulting 
in the previously discussed WHO classification category “B cell 
lymphoma, unclassifiable, with features intermediate between 
DLBCL and Burkitt lymphoma.”223 Gene expression profiling 
may provide a more precise biologic definition of Burkitt lym-
phoma,288,289 but this technique is not currently useful for daily 
clinical practice.

Plasmablastic lympho-
ma272,273,274

• Predominantly adults
• Male predominance
•  Underlying immunodeficiency in 

almost all (HIV, immunomodulatory 
therapy for autoimmune diseases, 
organ transplant, immune  
senescence in elderly)

•  MUST exclude multiple myeloma in 
EBV negative cases

•  Anatomic sites: extranodal (oral 
cavity, nasopharynx, orbit, skin, gas-
trointestinal, others)

•  Diffuse sheets of cells with 
plasmablastic cytology (round 
nuclei, marginated chromatin, 
distinct central nucleoli, eccen-
trically distributed cytoplasm 
with a perinuclear hof) variably 
mixed with more “mature” 
plasma cells

• CD138+, CD38+, IRF-4+

•  CD20 and PAX-5– to minimally 
positive

•  Cytoplasmic Ig light chain 
restriction and expression of 
IgH, usually IgG

•  EBER+ (almost all, if negative, 
consider myeloma)

• Complex karyotype
•  MYC@ transloca-

tion usually with 
IGH@, i.e., t(8:14)
(q24;q32) in 50%

Large B-cell lym-
phoma arising in HHV8-
associated multicentric 
Castleman disease275

• HIV+ adults
•  Baseline clinical features of HHV-8-

associated multicentric Castleman 
disease

•  Severe immunodeficiency associ-
ated with asymmetric lymph node 
enlargement and /or splenomegaly

•  Also associated with concurrent 
Kaposi sarcoma

•  Background of Castleman dis-
ease (regressively transformed 
germinal centers and interfol-
licular plasma cell sheets

•  Progression from isolated 
immunoblast/plasmablast-like 
cells in follicular mantles (poly-
clonal) to aggregates of these 
cells (emergence of monoclonal 
proliferation) to sheets of overtly 
neoplastic large lymphoid cells 
that diffusely efface tissue 
architecture

• CD20±, CD138−, IRF-4+
•  Cytoplasmic Ig light chain 

restriction (almost always l) 
and expression of IgH, almost 
always IgM

•  HHV-8+ (entity defining  
phenotype)

• EBER−

•  Insufficient studied 
cases

PEL276,277,278 •  Epidemiology linked to cause for 
immunosuppression (found in almost 
all cases): young gay HIV+ males, 
solid organ transplant recipients, 
elderly patients with immune related 
immunosenescence, often from 
Mediterranean countries with high 
HHV-8 prevalence

•  Pleural, pericardial and abdominal 
cavities, minimal organ infiltration, 
rare lymph node or extranodal cases 
(“solid PEL”)

•  Immunoblastic/plasmablastic 
cytology, often with pleomorphic 
tumor giant cells and abundant 
apoptotic bodies in cytocentri-
fuge preparations or cell blocks 
made from involved fluids

•  Preferentially involve sinuses 
in rare cases involving lymph 
nodes

•  CD45+, CD19−, CD20−, 
CD79a−

•  Surface and cytoplasmic  
immunoglobulin negative

•  Variable expression of CD38, 
CD138, and IRF-4

•  HHV-8+ and EBER+ (disease 
defining phenotype, present in 
almost all cases)

•  Complex clonal 
karyotype

ALK, anaplastic lymphoma kinase; DLBCL, diffuse large B-cell lymphoma; EBER, Epstein-Barr virus–encoded RNA; HHV, human herpes virus; NK, natural killer; NOS, not otherwise specified; 
PEL, primary effusion lymphoma.

in equatorial Africa; (b) sporadic, which may present at any 
age with frequent abdominal involvement; and (c) epidemic 
(immunodeficiency-associated), such as in patients who are 
human immunodeficiency virus (HIV)-positive. All subtypes 
are characterized by chromosomal rearrangements involving 
the MYC oncogene that lead to its inappropriate expression in 
B cells. The three forms have variable association with EBV 
infection, 100% in endemic Burkitt lymphomas and 20% to 
40% in sporadic and immunodeficiency-associated Burkitt 
lymphomas.30,279–281

Burkitt lymphomas typically have a diffuse growth pattern that 
is dominated on low magnification by the “starry sky” produced 
by tingible body macrophages (Fig. 86.12A). Tumor cells may 
home into residual follicles and often have a cohesive appearance 
at the interface of tumor and soft tissue. Nuclear size is equivalent 
to that of endothelial cells or macrophages. The nuclei are round 
to oval with small nucleoli and a moderate amount of amphophilic 
cytoplasm. Mitoses are frequent (Fig. 86.12B). On Wright-stained 
touch imprints, the neoplastic cells show remarkable nuclear 
homogeneity and the presence of characteristic vacuolated, baso-
philic cytoplasm.

Immunophenotypically, these lymphomas express pan-B cell 
antigens, are CD10+ and BCL6+, and are negative for BCL2.30 
They have monotypic surface Ig (usually IgM) and are TdT−, 
indicating a mature B cell phenotype. Ki-67/mib-1 staining shows 
greater than 95% of tumor cells are positive, which is consistent 
with a high growth fraction.
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t-cell anD natuRal KilleR-cell 
lymphomaS
T-cell and NK-cell lymphomas may be grouped together, because 
their normal counterparts apparently arise from a common pro-
genitor cell that expresses CD3ε and is unable to develop into  
B cells.290 Furthermore, some lymphomas from these two lym-
phoid lineages have considerable morphologic, immunologic, 
and clinical overlap. Overall, T and NK cell lymphomas are less 

common than B-cell malignancies, as they comprise approxi-
mately 10% of NHLs in the United States and Western Europe.30

The WHO classification divides T-cell and NK-cell neoplasms 
into precursor and mature categories.30 The mature (peripheral) 
T-cell and NK-cell neoplasms are subdivided into those that are 
leukemic, cutaneous and extranodal, and nodal in origin. Most 
peripheral T-cell lymphomas (PTCLs) are postthymic malignan-
cies that express TCR a/b chains and are apparently derived 
from the adaptive (antigen-specific receptor-based) immune 
system (e.g., PTCL, NOS, angioimmunoblastic T-cell lymphoma 

FIGURE 86.11. Various tissue sites: uncommon 
types of DLBCL. A and B: Intravascular large B 
cell lymphoma. A: Large neoplastic cells fill vascular 
spaces in the subcutis and are positive for (B) CD20. 
C, D, and E: Primary effusion lymphoma. C: The cell 
block preparetd from pleural fluid contains pleomor-
phic tumor cells characteristic for this entity. By in situ 
hybridization they are positive for (D) EBER and (E) 
HHV-8. F, G, and H: Plasmablastic lymphoma. F: Note 
the round nuclei, marginated chromatin, prominent 
nucleoli, and eccentric cytoplasm of the plasmablasts. 
They express (G) CD138 and are positive for (H) EBER. 
I, J and K: Lymphomatoid granulomatosis. I: In this 
periodic acid-Schiff–stained section, the angiocentric, 
angioinvasive growth pattern is highlighted. The tumor 
cells express (J) CD20 and are (K) EBER positive.

FIGURE 86.12. Lymph node: Burkitt lymphoma. A: The architecture is effaced by a diffuse infiltrate with a “starry sky” appearance. B: High magnification shows 
a monotonous population of small noncleaved lymphocytes with round to oval nuclei and variable cytoplasm. Mitotic figures are frequent. Numerous tingible body 
macrophages are present.
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[AITL], and systemic ALCL).291 They generally arise in peripheral 
lymphoid organs from naïve, effector (regulatory [CD4+] and 
cytotoxic [CD8+]) or memory T cells.292 NK cell lymphomas and a 
small number of PTCLs that may be extrathymically-derived are 
related to the innate (non-MHC–restricted) immune system.291 
The PTCLs in this group (e.g., hepatosplenic T-cell lymphoma 
[HSTCL], subcutaneous panniculitis-like T-cell lymphoma, and 
enteropathy-associated T-cell lymphoma [EATL]) tend to arise in 
mucosal or cutaneous sites, and often express TCR g/d chains, 
NK-cell-associated antigens, and cytotoxic granule-associated 
proteins, including granzyme M.293,294,295

Precursor and peripheral T- and NK-cell lymphomas are dis-
cussed in the following sections. T lymphoblastic leukemia (T-ALL) 
(Chapters 73, 74, and 76), T-cell prolymphocytic leukemia and 
T-cell large granular lymphocytic leukemia (Chapters 88 and 90)
and mycosis fungoides (Chapter 92) are discussed elsewhere in 
this text.

T Lymphoblastic Leukemia/Lymphoma
T lymphoblastic leukemia/lymphoma is a highly aggressive malig-
nancy of immature (precursor) T cells that generally presents in 
children and young adults. The lymphomatous form of the disease 
typically presents as an anterior mediastinal mass, often accompa-
nied by supradiaphragmatic lymphadenopathy. These lymphomas 
efface the thymic and nodal architecture in a diffuse pattern, and 
infiltrate the capsule and adjacent soft tissue. Numerous tingible 
body macrophages impart a “starry sky” appearance similar to 
Burkitt lymphoma (Fig. 86.13A). Monomorphic neoplastic lympho-
cytes are small to intermediate in size, contain scant cytoplasm, 
and have round to convoluted nuclei (Fig. 86.13B). The chromatin 
is dispersed and blast-like, and nucleoli are usually indistinct. 
Mitotic figures are abundant. These morphologic features are 
indistinguishable from disseminated T-ALL296 and the infrequent 
B-cell lymphoblastic lymphomas that were discussed previously.

T lymphoblastic lymphomas express diverse T-cell antigens, but 
most are CD3+ and CD7+. Some lesions correspond to early (CD1−, 
cytoplasmic CD3+, CD4−, and CD8−), common (CD1+, cytoplasmic 
CD3+, CD4+, and CD8+), or late (CD1−, surface CD3+, CD4+, or 
CD8+) thymocytes.297 Cytoplasmic CD3 expression is the most 
specific early marker of a T-cell phenotype and is also present in 
T-ALL.298,299 TdT is present in T lymphoblastic lymphomas, and 
25% of these lymphomas are CD10+. HLA-DR expression is absent 
in almost all cases unlike B-ALL and most non-lymphoid leukemias. 
CD34 expression is also uncommon in T lymphoblastic lymphomas. 
Occasional T lymphoblastic lymphomas express NK-cell–associated 
antigens (e.g., CD16, CD56, or CD57).300

Because T lymphoblastic lymphoma and T-ALL have consider-
able overlap of morphologic, immunologic, and clinical features, 
it may be impossible to distinguish between the two for individual 
precursor T-cell neoplasms. Extensive mediastinal and periph-
eral lymph node involvement with limited bone marrow and 
peripheral blood disease favors a diagnosis of T lymphoblastic 
lymphoma, whereas the presence of greater than 25% T-cell lym-
phoblasts in the marrow is considered T-ALL.30

Peripheral T-cell Lymphoma, Not otherwise 
Specified
Several specific types of PTCLs are recognized by the WHO 
classification, as discussed separately in the following sections. 
However, nearly one-third of PTCLs do not fit a distinctive type 
and are regarded as PTCL, NOS. These lymphomas are hetero-
geneous, but usually present in adults who have disseminated 
disease accompanied by B symptoms and poor performance 
status. There is generally a diffuse growth pattern, but rare cases 
may appear nodular.301,302 A variety of the following morphologic 
features may also be seen: neoplastic lymphocytes of varying size 
that often have clear cytoplasm; large tumor cells that may have 
hyperlobated nuclei, may be multinucleate, or may resemble RS 
cells; frequent reactive epithelioid histiocytes; delicate connective 
tissue bands that segregate cells into clusters; and hypervascu-
larity.301 These lesions have diverse and often aberrant T cell 
phenotypes.303 Most express a/b TCRs and demonstrate TCR 
gene rearrangements.304,305 Tumors with a cytotoxic lymphocyte 
phenotype or that are EBV+ appear to have a worse prognosis 
than other lymphomas in this category.306,307 A recurrent t(5;9) 
(q31-q32;q22) chromosomal abnormality that fuses ITK to SYK 
has been identified in a very small number of PTCL, NOS that tend 
to have follicular involvement.308 Rare cases of cytotoxic PTCL, 
NOS, with skin and bone marrow involvement, have a t(6;14)
(p25;q11.2) that fuses IRF4 to the TCR–alpha (TRA@) locus.309 
Otherwise, recurrent chromosomal translocations in PTCL, NOS 
have not been described. Gene expression profiling may deter-
mine different molecular subgroups or therapeutic targets among 
PTCL, NOS, but the impact of the nonneoplastic cell constituents 
on the results of such studies must be considered.310,311

T-zone Lymphoma
T-zone lymphoma is recognized as a morphologic variant among 
the PTCL, NOS in the WHO classification.30 The characteristic 
histopathologic feature is an interfollicular growth of primarily 

FIGURE 86.13. Lymph node: T lymphoblastic lymphoma. A: The nodal architecture is completely effaced by a diffuse lymphoid infiltrate. The interspersed 
macrophages help impart a “starry sky” appearance. B: The neoplastic cells are intermediate in size and have delicate chromatin characteristic of blasts, indistinct 
nucleoli, and scant cytoplasm. Frequent mitoses are present (center).
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small neoplastic T cells with clear cytoplasm that are associated 
with prominent high endothelial venules and spared secondary 
lymphoid follicles.

Lymphoepithelioid Cell Lymphoma
Lymphoepithelioid cell (Lennert) lymphoma312–314 is also con-
sidered a morphologic variant among PTCL, NOS in the WHO 
classification.30 The most striking histologic feature is the numer-
ous clusters of epithelioid histiocytes that are relatively evenly 
dispersed throughout tissues obliterated by a lymphomatous infil-
trate composed primarily of small neoplastic T cells. This mod-
erately aggressive lymphoma must be distinguished from some 
cases of HL, B-cell lymphomas, and other PTCLs that are also 
accompanied by a high content of epithelioid histiocytes.123,315–317 
Misinterpretation as a reactive process may occur when attention 
is focused on the histiocytes rather than on the lymphoid infil-
trate that destroys tissue architecture. When localized, Lennert 
lymphoma tends to involve the head and neck region, particularly 
cervical lymph nodes and sometimes the Waldeyer ring.

Follicular T-cell Lymphoma
Follicular T-cell lymphoma is another variant of PTCL, NOS that 
is recognized in the WHO classification.30 It is characterized by 
intrafollicular aggregates of T cells with clear cytoplasm that 
have a follicular T-follicular helper (TFH) cell phenotype.318 The 
resulting expansion of the lymphoid follicles may mimic follicular 
lymphoma or, sometimes, NLPHL. A t(5;9)(q31-q32;q22) is present 
in some cases.308

Angioimmunoblastic T-cell Lymphoma
AITL was first described in the 1970s as a clinical syndrome 
characterized by generalized lymphadenopathy, hepatospleno-
megaly, anemia, and hypergammaglobulinemia.319,320 The lymph 
node histology showed a number of distinctive features, including 
partial effacement of the architecture by a polymorphic inflam-
matory cell infiltrate, including large lymphocytes (immunoblasts), 
and marked vascular proliferation. Based on these histologic 
appearances, the disease was called a variety of terms, includ-
ing immunoblastic lymphadenopathy, lymphogranulomatosis X, 
and angioimmunoblastic lymphadenopathy with dysproteinemia 
(AILD). The latter term for this clinical syndrome was accepted by 
most investigators.319

AILD was initially thought to be an atypical lymphoid hyper-
plasia, a premalignant lesion with a tendency to develop into 

a lymphoma, rather than as a frank neoplasm from the onset. 
With the advent of immunophenotyping and molecular tech-
niques, it became apparent that most cases of AILD contained 
monoclonal T-cell populations as well as clonal cytogenetic 
abnormalities, strongly suggesting that most of the cases were 
neoplastic from the onset.320 It was included in the updated Kiel 
classification of lymphomas as T-cell lymphoma of AILD-type. 
Since then, the WHO classification has dropped the term AILD-
like TCL and opted for the term AITL to stress the neoplastic 
nature of this disease.

Morphology
AITL is characterized by partial effacement of the lymph node 
architecture by a polymorphic inflammatory cell infiltrate predom-
inantly within the paracortical areas (Fig. 86.14A). In the original 
descriptions of AITL, absence of hyperplastic B-cell follicles was 
considered to be a characteristic feature. It is now recognized that 
the architectural changes in AITL fall into three overlapping pat-
terns.321,322 In pattern I (15% of the cases), there is partial preser-
vation of the lymph node architecture. Hyperplastic B-cell follicles 
with poorly developed mantle zones and ill-defined borders are 
easily identifiable in the cortex of the lymph node. These merge 
into the expanded paracortex, containing a polymorphic infiltrate 
of small lymphocytes, immunoblasts, plasma cells, macrophages, 
and eosinophils within a prominent vascular network. Pattern II 
(25% of the cases) is characterized by loss of normal architec-
ture except for the presence of occasional depleted follicles with 
concentrically arranged follicular dendritic cells. In some cases, 
follicular dendritic cell proliferation extending beyond the follicles 
can be identified. The rest of the lymph node shows a polymorphic 
inflammatory cell infiltrate with increased numbers of immuno-
blasts and vascular proliferation similar to that described for pat-
tern I. In pattern III (60% of the cases), the normal architecture 
is completely effaced and no B-cell follicles can be identified. 
Prominent irregular proliferation of follicular dendritic cells can 
be seen in hematoxylin and eosin (H&E)–stained sections in some 
cases, and this is accompanied by extensive vascular proliferation 
and a polymorphic inflammatory cell infiltrate similar to that seen 
in patterns I and II. Approximately one-half of the cases contain 
perivascular collections of atypical medium-large lymphoid cells 
with clear or pale cytoplasm (Fig. 86.14B), whereas in other cases 
cytologic features of malignancy may not be apparent. In a few 
cases where consecutive biopsies from the same patient have 
been reviewed, there appears to be a transition from pattern 1 
to pattern 3 as the tumor progresses. This suggests that pattern  
3 cases represent advanced disease.322

FIGURE 86.14. Lymph node: angioimmunoblastic T-cell lymphoma. A: There is a diffuse lymphoproliferation that is associated with prominent periodic 
acid-Schiff–staining blood vessels. B: Perivascular clusters of “clear cell” immunoblasts (left) are admixed with small lymphocytes and periodic acid-Schiff–staining 
blood vessels.
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Although generalized lymphadenopathy is the main presenting 
sign, many of the patients have evidence of extranodal involve-
ment at the time of diagnosis. The most frequently involved extra-
nodal sites include the bone marrow, spleen, skin, and lungs. The 
histologic appearances in these sites are usually nonspecific but 
mimic some of the features described in the lymph node includ-
ing increased vascularity and a polymorphic inflammatory cell 
infiltrate.323–325 Cytologic features of malignancy can rarely be 
identified and tumor involvement can be shown only by immu-
nohistochemistry and molecular clonality analysis. Therefore, the 
initial diagnosis of AITL rests on histologic examination of the 
lymph node.

Immunophenotype
Immunohistochemistry shows the expansion of the interfollicular 
areas by a diffuse infiltrate of CD3+ T cells. In most cases CD4+ 
T cells dominate, but there is usually an intermixed population of 
CD8+ cells. B-cell markers CD20 and CD79a highlight the residual 
follicle center and mantle zone B cells as well as many of the 
immunoblasts in the interfollicular areas. In some instances these 
can be numerous, mimicking a large B-cell lymphoma or classical 
HL, though they are typically polytypic for Ig light chain expres-
sion. One of the most important immunophenotypic features in 
AITL is the expansion of the follicular dendritic cell meshwork 
that typically surrounds the paracortical small vessels. Although 
this is sometimes visible on H&E–stained sections, it is best dem-
onstrated by staining for follicular dendritic cell markers such as 
CD21.326,327,328

Until recently, the assessment of immunophenotype of the 
AITL cells was difficult, since the neoplastic cells in many cases 
were not readily identifiable and no specific markers were avail-
able to highlight the tumor cells. However, recent phenotyp-
ing and gene expression profiling studies have shown that the 
neoplastic cells of AITL express a number of TFH cell markers, 
including CD10, CXCL13, and CD279 (PD-1), which suggests AITL 
may be derived from intrafollicular T cells.318,322,329 TFH cell 
markers are not expressed by normal peripheral T cells except 
for a minority of follicle center T cells. The expression of CD10, 
CXCL13, and CD279 on neoplastic T cells appears highly specific 
for AITL, as most other PTCLs are negative for these antigens. 
Although it is not yet known whether CD10 is expressed by all 
tumor cells or only by a subset of the tumor cells, the avail-
ability of specific markers for AITL has helped understand the 
biology of this disease. Initially, the tumor cells account for only 
a small fraction of the whole infiltrate (pattern 1). The cells are 
intimately related to the residual reactive B-cell follicles and the 
expanded follicular dendritic cell meshwork, some being located 
within the follicle centers and others surrounding the follicles.  
As the tumor progresses (patterns 2 and 3) the neoplastic cells 
spill into the interfollicular area but retain the intimate association 
with the follicular dendritic cell meshwork. This suggests that the 
follicular dendritic cell microenvironment may be important in 
tumor growth. Interestingly, follicular dendritic cells also express 
CXCL13, a chemokine critical for B-cell entry into follicle centers. 
In T-cell lymphomas, CXCL13 shows a very similar expression 
pattern as CD10 and can be utilized as a diagnostic marker for 
AITL.330,331–333 The neoplastic T cells in extranodal dissemina-
tion may retain expression of CD10 and this may be helpful for 
diagnosis.334

Virtually all cases of AITL contain increased numbers of EBV-
infected cells with immunoblastic or RS cell-like morphology. 
Double immunolabeling suggests that these are B cells, and con-
vincing evidence for infection of T cells is lacking.

The overwhelming evidence suggests that there is a monoclo-
nal T-cell population in the vast majority of AITLs. Interestingly, 
the presence of a B-cell clone can also be demonstrated in a sub-
set of cases.320 These are thought to be expanded EBV-infected 

B-cell clones possibly secondary to underlying immunodeficiency/
immune activation.

Anaplastic Large Cell Lymphoma
ALCL is typically characterized by an infiltrate of highly pleo-
morphic large lymphocytes that express strong reactivity with 
antibodies directed against CD30, a T-cell activation-associated 
antigen.335,336 The entity initially included all lymphomas com-
posed of large cells and uniformly expressing CD30 (Ki-1). 
However, the current WHO classification restricts the entity to 
those cases showing either a T-cell lineage or a null phenotype 
and excludes CD30+ large B-cell lymphomas.

As defined by the WHO classification primary, ALCL comprises 
three different clinicopathologic entities sharing similar morphol-
ogy and immunophenotype but showing distinct clinical features. 
These are (1) systemic ALCL, ALK-positive337; (2) systemic ALCL, 
ALK-negative338; and (3) cutaneous ALCL, which is grouped 
among cases classified as “primary cutaneous CD30-positive 
T-cell lymphoproliferative disorders.”339

Anaplastic Lymphoma Kinase–Positive Anaplastic 
Large Cell Lymphoma
Primary systemic ALCL, ALK-positive is a moderately aggressive 
tumor that generally presents in young patients who have periph-
eral lymphadenopathy and extranodal disease that often includes 
the skin.340,341 The lymphoma preferentially infiltrates nodal 
sinuses (Fig. 86.15A) and extends into the paracortical region, 
often sparing secondary lymphoid follicles. The neoplastic large 
cells seem cohesive and usually have great variability in nuclear 
appearance, including some that are horseshoe- or doughnut-
shaped (“hallmark” cells) (Fig. 86.15B) or are multinucleate 
with a resemblance to RS cells of HL.342 These features of the 
tumor cells are characteristic of the common variant of ALCL 
with pleomorphic cytology. The common variant, comprising 
approximately 70% of ALCL, also includes cases with monomor-
phic cytologic features in which the nuclei are round rather than 
pleomorphic. The chromatin pattern is dispersed (blast-like), and 
there are often prominent nucleoli. The cytoplasm is abundant, 
and the mitotic rate is often brisk. The common variant of ALCL 
may be misdiagnosed as metastatic carcinoma or malignant 
histiocytosis because of the pleomorphic cytologic features of 
the tumor cells.335,336 Small cell and lymphohistiocytic variants 
have been described, each comprising approximately 10% of 
ALCL.343,344 The latter two variants may be misdiagnosed as an 
inflammatory process.

The tumor cells in ALCL are always CD30+, may express 
pan–T-cell antigens such as CD2 and CD3 and, frequently, cyto-
toxic granule-associated proteins.345,346 Most cases express ALK 
oncoprotein, most frequently due to a t(2;5) (p23;q35.1) chro-
mosomal abnormality.347,348 This translocation fuses the ALK 
gene on chromosome 2 and the nucleophosmin (NPM1) gene 
on chromosome 5.349 The fusion protein can be detected with a 
cytoplasmic and nuclear ALK staining pattern by immunohisto-
chemistry.350 Approximately 70% to 80% of ALK-positive ALCL 
have cytoplasmic and nuclear staining, whereas the remainder 
have cytoplasmic staining only, indicating variant translocations 
involving ALK and partner genes other than NPM1. Variant ALK 
gene translocations include t(1;2)(q21.3;p23), which fuses the 
tropomyosin 3 (TPM3) gene on chromosome 1 and ALK; t(2;3)
(p23;q12.2), which involves the TRK-fused gene (TFG) on chromo-
some 3 and ALK; inv(2)(p23q35), which involves the ATIC gene 
(encoding for 5-aminoimidazole-4-carboxamide-ribonucleotide) 
on chromosome 2 and ALK; and t(2;17)(p23;q11-qter), which 
fuses the clathrin heavy chain (CLTC) gene on chromosome  
17 and ALK.351–354
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CD30+ T-cell lymphoproliferations confined to the mucosa in 
the head and neck may have morphologic and immunophenotypic 
features resembling ALK-negative ALCL, but the clinical course is 
indolent like primary cutaneous CD30-positive T-cell lymphopro-
liferative disorders.365

Adult T-cell Leukemia/Lymphoma
Adult T-cell leukemia/lymphoma (ATLL) is a peripheral T-cell 
neoplasm caused by HTLV-1, and it is most prevalent where the 
retrovirus is endemic (southwestern Japan, central Africa, and the 
Caribbean basin). However, the incidence of the disease appears 
to be increasing in nonendemic areas due to spreading by carri-
ers of the virus.366 There is a long latency period for HTLV-1, and 
the lifetime risk of developing ATLL is <5% among those infected. 
ATLL occurs in adults and has four clinical subtypes: acute, 
chronic, lymphomatous, and smoldering.367,368,369 Bone marrow 
infiltrates are interstitial or diffuse and may be less impressive 
than the degree of peripheral blood involvement. Circulating 
tumor cells have hyperlobate nuclei, sometimes with a cloverleaf 
shape. Lymph nodes are generally effaced by a diffuse infiltrate 
of pleomorphic lymphocytes of variable size, an appearance that 
may be difficult to distinguish from some PTCL, NOS by morphol-
ogy alone.370 Cutaneous infiltrates may be difficult to distinguish 
from mycosis fungoides, because ATLL can have epidermotropism 
with formation of Pautrier’s microabscesses.367 The neoplastic 
cells express T-cell antigens but often lack CD7. Most cases are 
CD4+, express the activation marker CD25 (interleukin-2 recep-
tor) and are positive for FoxP3, a phenotype characteristic of 
regulatory T cells.371 ATLL exhibits TCR gene rearrangements and 
clonal integration of HTLV-1 genomes.369 The virally-encoded pro-
tein, Tax, activates numerous transcription factors and represses 
cell cycle–active proteins, resulting in persistent clonal prolifera-
tion of virally-infected cells.

hepatosplenic T-cell Lymphoma
HSTCL, a rare extranodal lymphoma comprising <1% of NHLs, 
probably arises from the cytotoxic g/d and a/b T cells of the splenic 
red pulp.372 Despite the few descriptions of HSTCLs,373,374,375,376 
a fairly typical clinicopathologic picture has emerged for these 
neoplasms. Most cases involve young, adult men who present with 
B symptoms, massive hepatosplenomegaly, no lymphadenopathy, 
moderate anemia, and marked thrombocytopenia. Approximately 

Anaplastic Lymphoma Kinase–Negative Anaplastic 
Large Cell Lymphoma
Systemic ALCLs lacking ALK expression are morphologically and 
immunophenotypically very similar to ALK-positive ALCLs but 
they lack genetic abnormalities involving ALK and ALK protein 
expression. ALK-negative ALCLs also appear genetically distinct 
from ALK-positive ALCLs by comparative genomic hybridization 
and microarray gene expression profiling.355–357 Furthermore, 
the patients are typically older and, clinically, have a worse prog-
nosis compared to ALK-positive ALCLs.358,359 Therefore, whether 
or not ALK-negative ALCLs should be regarded as ALCLs or 
grouped among PTCLs, unspecified is controversial. However, this 
debate does not appear to need an answer at this time because 
ALK-negative ALCL and PTCL, NOS share a similar poor progno-
sis.360 The first recurrent translocation, t(6;7)(pter-q22.33;q32.3), 
among ALK-negative ALCLs, was recently described, which 
results in fusion of DUSP22 and FRA7H.361

Primary Cutaneous Anaplastic Large  
Cell Lymphoma
Primary cutaneous ALCL typically occurs in adults who have 
localized disease at the time of diagnosis.339,340 This form of 
ALCL is often indolent and may be an extension of lymphoma-
toid papulosis (LyP) type A. The tumor cells generally resemble 
those of the common variant of primary systemic ALCL and 
express T-cell antigens. Primary cutaneous ALCL is usually 
epithelial membrane antigen negative and lacks t(2;5) and ALK 
expression, suggesting it has a different pathogenetic mecha-
nism than that of primary systemic ALK-positive ALCL.339,340,348 
A significant subset of primary cutaneous ALCLs have IRF4 
translocations, an abnormality rarely seen in LyP, mycosis fun-
goides, and systemic ALCL.362

Other Considerations
ALCLs have been reported in seroma fluid or in capsules associ-
ated with silicone or saline breast implants.363,364 The absolute 
risk of developing ALCL adjacent to breast implants is exceed-
ingly low, and the tumors show no propensity for producing 
solid tumors or systemic disease despite being consistently ALK-
negative. This clonal proliferation has an indolent clinical behav-
ior similar to primary cutaneous ALCL.

FIGURE 86.15. Lymph node: anaplastic large cell lymphoma. A: Tumor cell infiltrates with a cohesive appearance fill the sinuses, mimicking a metastatic 
carcinoma. B: The lymphoma is composed of pleomorphic large lymphocytes, some of which have the horseshoe- or bean-shaped nuclei that are characteristic of 
“hallmark” cells of anaplastic large cell lymphoma.
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perforation. The disease has an aggressive course, with most 
patients dying within a few years of diagnosis.

It is now realized that the pathology of the tumor shows a 
spectrum.389,390,391 At one end of the spectrum, the lymphoma 
is limited to the intraepithelial lymphocyte population (intraepi-
thelial EATL). No tumor mass or cytologic features of malignancy 
are seen, but there is often aberrant loss of CD8 expression and 
a monoclonal T-cell population by molecular analysis. These 
patients frequently present with refractory celiac disease and 
demonstrate serologic findings of celiac disease. Some of these 
cases are complicated by multiple ulcers in the small intestinal 
mucosa (ulcerative jejunitis). Tumors cannot be identified by his-
tology in the ulcer bases, which contain a mixed inflammatory cell 
infiltrate. TCR gene rearrangements can be demonstrated, how-
ever.392 At the other end of the spectrum, the lymphoma presents 
as single or multiple tumor masses along the small intestine, most 
frequently in the jejunum. Histologically, the tumor cells are usu-
ally intermediate to large in size with oval to pleomorphic nuclei 
(type I EATL). There is generally abundant clear to eosinophilic 
cytoplasm, and azurophilic cytoplasmic granules are occasionally 
observed on touch imprints of the tumor. Mitotic activity is usually 
brisk. The phenotype is variable but is often CD2+, CD3+, CD4−, 
CD5−, CD7+, CD8−/+, TCRa/b positive, and TCRg/d negative. 
Some cases may be CD30+ and must be distinguished from ALCL. 
A unique subset of EATL, which often lacks clinical features of 
celiac disease, is composed of small- to medium-sized lymphoid 
cells (Type II EATL). These tumors, in addition to pan–T-cell 
markers, coexpress CD8 and CD56.

Many cases demonstrate TCR b-chain (TRB@) gene rearrange-
ments. Comparative genomic hybridization has shown chromo-
somal imbalances in 87% of EATLs with gains at chromosome 9q 
being the most frequent by far.393

Virtually all cases presenting with a tumor mass contain 
clonally-linked intraepithelial low-grade lymphoma in the distant 
small intestinal mucosa, suggesting that the large cell lymphoma 
has arisen from an underlying intraepithelial lymphoma. This 
intraepithelial component is a very helpful hint in establishing the 
nature of a large cell lymphoma in the intestinal tract.

Extranodal Natural Killer/T-cell Lymphoma 
Nasal Type
Nasal NK/T-cell lymphomas occur in the nasopharyngeal or 
sinonasal areas and include cases with morphologic features 
described previously as polymorphic reticulosis and lethal mid-
line granuloma. These lymphomas are often angiocentric, angio-
invasive, and angiodestructive lesions composed of a polymorphic 
infiltrate of small lymphocytes and immunoblasts with significant 
cytologic atypia.394,395 The lymphoid infiltrate often occludes 
vessels producing areas of ischemic necrosis. The clinical course 
is typically aggressive and prognosis is poor. These lymphomas 
are observed most frequently in East Asia and among the native 
American populations of Mexico, Central America, and South 
America. They are rare in the United States and Europe. Any age 
group can be affected.

Recent studies have shown these lymphomas are true NK-cell 
lymphomas or cytotoxic PTCLs. Most cases express NK-cell– 
associated antigens, particularly CD56, and some contain azuro-
philic cytoplasmic granules on Romanowsky-type–stained smears 
or cytotoxic granule-associated proteins recognized by immunohis-
tochemistry.394,395–397 The true NK-cell lymphomas lack TCR gene 
rearrangements, whereas the few well-defined T-cell cases dem-
onstrate TCR gene rearrangements or transcripts.394,395–398 Most 
of these lymphomas are EBV-associated.395,397–399 Extranodal 
NK/T-cell lymphoma, nasal type has a distinct molecular signature 
when compared with gene expression profiling of PTCL, NOS.400

Nonnasal NK/T-cell lymphomas may be called extranodal 
NK/T-cell lymphoma, nasal type, because they share many of the 

20% of HSTCLs arise in the setting of prolonged antigenic stimula-
tion or chronic immunosuppression, such as following solid organ 
transplantation or treatment of inflammatory bowel disease.375,377 
The disease is aggressive, and most patients die within 2 years, 
even if a remission is achieved initially with therapy.

This lymphoma preferentially infiltrates the cords and sinuses 
of the splenic red pulp, hepatic sinusoids, and bone marrow 
sinuses. A leukemic phase may develop as the disease progresses. 
Tumor cells are generally small to intermediate in size, but 
some cases may have a predominance of large cells. There are 
condensed chromatin, indistinct nucleoli, and scant eosinophilic 
cytoplasm. Circulating tumor cells are generally agranular, but 
cytoplasmic granules have been detected by electron microscopy 
in some cases.378 There may be an associated hemophagocy-
tosis by benign histiocytes.378 The characteristic phenotype is 
CD2+, CD3+, CD4−, CD5−, CD7+, and CD8−. Most reported cases 
express TCR g/d chains, but a subset has TCR a/b chains.376 
The TCR g/d cases are derived preferentially from the Vd1 sub-
set of g/d T cells.379 NK-cell–associated antigens, such as CD16 
and CD56, are often detected.336,374,378 The pattern of cytotoxic 
granule-associated protein expression, TIA-1+, granzyme M+, 
granzyme B-, and perforin-, is consistent with nonactivated 
cytotoxic T cells of the innate immune system.295,374,375,376,378 
HSTCLs also express killer cell Ig-like receptors (KIRs) consis-
tent with a derivation from memory T cells, and their exhibiting 
multiple KIR isoforms (CD158a, CD158b, and CD158e) is unique 
among cytotoxic T-cell lymphomas.380 TCR gene rearrangements 
are observed. Karyotypic studies often show isochromosome 7q 
that may be accompanied by trisomy 8 and loss of a sex chromo-
some.374,375,376,378,381 HSTCL has a distinct molecular signature 
when compared with gene expression profiling of other T-cell 
lymphomas.382

Subcutaneous Panniculitis-like T-cell Lymphoma
Subcutaneous panniculitis-like T-cell lymphoma usually pres-
ents as multiple erythematous subcutaneous nodules of variable 
size (0.5 to 12.0 cm) on the extremities or trunk, or both, of 
adults.383,384,385,386 This moderately aggressive lymphoma tends 
to remain localized to the subcutis throughout the clinical course 
that may be complicated by a severe, and often fatal, hemophago-
cytic syndrome.

The lymphoma primarily involves the subcutaneous adipose 
tissue, where there is a lobular panniculitic infiltrate of pleomor-
phic lymphocytes of variable size. There may be tumor in the 
deep dermis, but the upper dermis and epidermis are spared. 
Karyorrhexis and fat necrosis are always present, as are benign 
histiocytes that often exhibit phagocytosis of nuclear debris or 
red blood cells. The lymphoma cells express a T-cell phenotype 
that may be aberrant. Only cases with a/b TCRs are accepted 
in this disease category.386 Lymphomas that have a subcutane-
ous panniculitis-like growth pattern but express g/d TCRs are 
included in the cutaneous g/d T-cell lymphoma group among the 
primary cutaneous PTCL, unspecified category.386 Subcutaneous 
panniculitis-like T-cell lymphomas often express CD8, contain 
cytotoxic granule-associated proteins, and may express NK-cell–
associated antigens.385,386 TCR gene rearrangements have been 
identified.385,386

Enteropathy-associated T-cell Lymphoma
EATL is a tumor of the intraepithelial lymphocytes most frequently 
arising as a complication of celiac disease, which is often not 
clinically evident.387,388 Most patients are middle-aged to elderly; 
it is unusual for these lymphomas to present before 40 years of 
age. The most common presenting symptoms are abdominal pain 
and weight loss. Diarrhea is present less often but is not infre-
quent. There may be signs of acute obstruction or spontaneous 
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Variable immunoreactivity for CD20 is present in a subset of 
cases. Hodgkin cells do not express CD3.

Although the presence and phenotype of RS cells constitute 
defining features of CHL, cells that are cytologically (and phe-
notypically) identical to RS cells can be seen in reactive condi-
tions, such as infectious mononucleosis411,412 and in other NHLs. 
Therefore, tissue architectural effacement and the inflammatory 
cells that accompany the Hodgkin cells are also critical criteria for 
the diagnosis of HL. Careful attention to the inflammatory cells, 
particularly the lymphocytes, helps the pathologist to distinguish 
HLs from NHLs containing RS-like cells. In the former, there is 
a dimorphism between the Hodgkin cells and the small bland 
appearing lymphocytes. NHLs with RS-like cells often contain a 
population of medium-size lymphocytes with cytologic features, 
including nuclear irregularities and pleomorphism. The presence 
of the prominent host response in HL also complicates separation 
of HL from benign, inflammatory processes. Granulomas contain-
ing multinucleated giant cells with or without central necrosis, 
abundant neutrophils, numerous eosinophils, granulation tissue, 
collagen deposition, and vascular proliferation are the hallmarks 
of the host immune response to a variety of infectious agents 
or can be seen in allergic reactions and autoimmune diseases. 
Tissues involved by CHL can contain these same features. Once 
the essential diagnostic features of HL are recognized CHL is sub-
classified based upon the presence or absence of particular types 
of RS cell variants and upon the varying proportions of reacting 
host inflammatory cells and fibrosis.

Mixed Cellularity Hodgkin Lymphoma
Mixed cellularity Hodgkin lymphoma (MCHL) is probably best 
thought of as the prototype of CHL because it contains all of 
the essential diagnostic features of this disorder.413 In the most 
characteristic cases RS cells, RS cell variants, and an admixture 
of lymphocytes, plasma cells, eosinophils, and macrophages dif-
fusely efface lymph node architecture (Fig. 86.18). RS cells are 
typically quite numerous. There may be a delicate collagen fibro-
sis between the cells, but collagen bands that thicken the lymph 

features of the more commonly occurring NK/T-cell lymphomas 
in the nasal region.401 Skin, soft tissue, gastrointestinal tract, and 
testis are the most frequent nonnasal extranodal sites involved 
by NK/T-cell lymphomas.402–404 Some cutaneous and subcutane-
ous NK/T-cell lymphomas may represent secondary spread from 
nasal NK/T-cell lymphomas. Cutaneous cases are generally true 
NK-cell lymphomas. Most express CD56, and azurophilic cyto-
plasmic granules are often present. There is also a high degree of 
association with EBV, particularly those of apparent, true NK-cell 
origin.404,405

hoDgKin lymphomaS
Although HL has distinct clinical manifestations that help to define 
the disease, its simplest pathology definition is a neoplasm of RS 
cells and RS cell variants (collectively termed Hodgkin cells) that 
are associated with an inflammatory response that often domi-
nates the morphologic picture. This histopathologic definition 
formulated by Jackson and Parker and further refined by Lukes, 
Butler, and Hicks, has formed the basis for reproducible diagnosis 
of this disease for many years. However, based on advances in 
the understanding of the biology of Hodgkin cells, the WHO modi-
fied the defining features of HL to include phenotypic criteria.406 
Thus, HL was subdivided into 2 major categories: lymphocyte pre-
dominant HL and classical HL. LPHL is rather homogeneous, both 
histopathologically and clinically. However, there is heterogeneity 
in the histopathology and clinical features of CHL and so the WHO 
classification continues to recognize as subtypes of CHL mixed 
cellularity (MC), lymphocyte-rich (LR), nodular sclerosis (NS), and 
lymphocyte-depleted (LD) types. Aside from the modification to 
include phenotype in the definition of CHL, the subtypes of CHL 
are recognized using the same basic criteria as those proffered 
in the Rye modification of the Lukes, Butler, and Hicks HL clas-
sification scheme.407,408 Although the prognostic significance of 
the histologic type of CHL has not been proven to be independent 
of clinical stage, the diagnostic importance of this classification 
scheme is not diminished. To the contrary, it is very useful to 
pathologists, helping them to recognize the histologic diversity 
of HL, and to managing clinicians, helping them to predict the 
likelihood of advanced-stage disease. In general, LPHL and NSHL 
correlate with low stage disease; LDHL with advanced-stage dis-
ease; and MCHL presents an intermediate risk for widespread 
disease.409

Classical hodgkin Lymphoma
The histopathologic features of CHL include architectural efface-
ment of the involved tissue by a mixed cell infiltrate that includes 
RS cells, large neoplastic cells with some, but not all of the fea-
tures of RS cells (termed Hodgkin cells or RS cell variants), and 
inflammatory cells, including varying numbers of small lympho-
cytes, macrophages, plasma cells, eosinophils, neutrophils, and 
fibroblasts.406,407,410 HL is an unusual neoplasm because the RS 
cells and Hodgkin cells are in the minority, and the inflammatory 
host response constitutes most of the cellular infiltrates. RS cells 
are characteristically described as large cells, 20 to 50 mm in 
diameter, with bilobed, multilobed, or multiple nuclei (Fig. 86.16). 
Each nucleus or nuclear lobe has a thick nuclear membrane 
with vesicular chromatin. Typically, large inclusion-like nucleoli 
surrounded by a perinucleolar halo are present. The cytoplasm 
is abundant, eosinophilic to amphophilic and homogeneous 
throughout. By current WHO lymphoma classification criteria, 
CHL is not only cytologically defined, it is also phenotypically 
defined. Immunohistochemistry performed on paraffin sections 
of the tumor is the preferred modality to phenotype cases of HL. 
The RS cells and variants in CHL express CD30 and PAX5, they 
often express CD15 and they are negative for CD45 (Fig. 86.17). 

FIGURE 86.16. Lymph node: classical Hodgkin lymphoma. This composite photograph 
highlights the features of diagnostic Reed-Sternberg cells: multiple or bilobed nuclei, prominent 
inclusion-like nucleoli, and abundant eosinophilic cytoplasm.
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These cases would have been diagnosed as LPHL prior to the 
WHO lymphoma classification, but in deference to the pheno-
type are now termed “lymphocyte-rich classical Hodgkin lym-
phoma.”415,416,417 Their clinical features more closely resemble 
MCHL than LPHL. LRHL grows in either a nodular or diffuse pat-
tern. There are relatively sparse RS cells and Hodgkin cells; almost 
all of the remaining cells in the infiltrates are small lymphocytes 
(Fig. 86.19). RS cells and variants in LRHL express the same 
antigens as their counterparts in other types of CHL. Small non-
neoplastic T- and B-lymphocytes comprise almost all of the rest of 
the cells in this disease. The differential diagnosis includes LPHL 
distinguished by the phenotype of the Hodgkin cells (see below) 
and T-cell/histiocyte-rich large B-cell lymphomas.227,418,419–421

Nodular Sclerosis Hodgkin Lymphoma
NSHL is the most common histologic type of HL encountered 
in the United States and it is the most reproducibly diagnosed. 
In addition to meeting the general criteria of HL (phenotypi-
cally characteristic RS cells and the appropriate inflammatory 
cellularity), two additional criteria define this subtype: collagen 
band formation and lacunar cells (Fig. 86.20).422 Within this 
basic definitional framework there is a broad spectrum of pos-
sible histologic appearances of NSHL, depending on the relative 
contributions of RS cells and lacunar cells, the degree of collagen 
sclerosis, the proportions of the various inflammatory cells and 
the presence and extent of necrosis.

node capsule and define the borders of nodules are not present. In 
addition, lacunar cells and LP variants of RS cells are not identi-
fied. Within this basic morphologic framework, MCHL can span a 
considerable histologic spectrum based on the relative numbers of 
Hodgkin cells and the different types and proportions of reacting 
cells present in the cellular infiltrates.

In some lymph nodes, the diagnostic infiltrates of HL occur 
between reactive germinal centers. This pattern was termed “inter-
follicular Hodgkin’s disease”.414 In lymph nodes containing inter-
follicular HL, the reactive follicles predominate. In most cases, they 
are constituted by centroblasts, centrocytes, tingible body macro-
phages, and frequent mitotic figures. However, in a small number 
of cases, regressive transformation of germinal centers identical to 
the follicular changes in hyaline vascular type Castleman disease 
are present. The areas diagnostic of HL occur between the follicles 
and contain varying numbers of RS cells, small lymphocytes, mac-
rophages, eosinophils, and plasma cells. Interfollicular HL does 
not constitute a specific subtype of CHL; rather it represents early, 
partial lymph node involvement by MC or NS type. There are no 
reported distinctive clinical features of interfollicular HL.

Lymphocyte-rich Classical Hodgkin Lymphoma
Once CHL and LPHL were defined phenotypically, it was recog-
nized that there were HLs containing Hodgkin cells that were phe-
notypically identical to those in classical types of HL, but whose 
reaction was composed almost exclusively of small lymphocytes. 

FIGURE 86.17. Lymph node: phenotypic features of Reed-Sternberg cells in classical Hodgkin lymphoma. A: The large Hodgkin cells are positive for 
CD30 and B: CD15, C: but are negative for CD45 in immunoperoxidase stains performed on paraffin sections of this involved lymph node.

CA B

FIGURE 86.18. Lymph node: mixed cellularity Hodgkin lymphoma. There are many large 
Hodgkin cells, a diagnostic Reed-Sternberg cell (upper center), and a background population of 
small lymphocytes, histiocytes, plasma cells, and eosinophils.

FIGURE 86.19. Lymph node: lymphocyte-rich classical Hodgkin lymphoma. Few  
Hodgkin and Reed-Sternberg cells are present in a background composed almost exclusively of 
small lymphocytes and histiocytes.
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somewhat imprecise, because it implies that this type of HL is 
defined solely by the absence of lymphocytes rather than by the 
presence of numerous RS cells and variants or by the presence 
of a peculiar type of collagen fibrosis. Therefore, for the purposes 
of this discussion the distinction of reticular and diffuse fibrosis 
variants of LDHL will be maintained.407,428,429

The reticular variant of LDHL has two basic morphologic 
expressions. In each there is diffuse architectural effacement of 
the lymph node, absence of distinct nodularity, absence of bire-
fringent collagen bands, diminished numbers of lymphocytes, and 
a cytologic composition dominated by RS cells. In each, granular 
interstitial material can be present between the cellular elements, 
and areas of necrosis can be prominent. Numerous typical RS 
cells with large nucleoli numerically predominate the cellular 
infiltrates in one manifestation of the reticular variant of LDHL. 
In the other, the frequent RS cells are extremely pleomorphic, 
almost sarcomatoid appearing. Because the reticular variant of 
LDHL has histologic features that overlap considerably with other 
NHLs and with other pleomorphic malignancies, the definition of 
reticular variant of LDHL requires that the neoplastic cells exhibit 
the distinctive phenotype of RS cells. LDHL, reticular variant, can 
be particularly difficult to distinguish from ALCL.

In the diffuse fibrosis variant of LDHL nonbirefringent collagen 
admixed with relatively few RS cells and variants accompanied 
by a rather minimal inflammatory cellularity, particularly poor 
in lymphocytes effaces the lymph node architecture (Fig. 86.21). 
In early stages, the lymph node is usually small with a depleted 
appearance and with fibrosis that appears amorphous and com-
pact and that is deposited in the reticular framework of the lymph 
node, sparing the lymph node sinuses and capsule. At the oppo-
site end of the diffuse fibrosis spectrum, almost the entire lymph 
node is replaced by compact, hyalinized, disorderly collagen. 
In these late stages, RS cells and variants are quite infrequent. 
Unless this latter feature is appreciated, the diagnosis of LDHL 
can be missed entirely.

Immunophenotypic Features of Classical Hodgkin 
Lymphoma
Phenotypic, cytogenetic, molecular genetic, and cell culture experi-
ments indicate that Hodgkin cells are activated post-germinal cen-
ter B-lymphocytes. They are uniformly positive for CD30406,430,431 
and PAX5.432 They express CD15 in 75% to 80% of cases433 and 
are negative for CD45.10 They variably express other pan–B-cell 

Lacunar cells have distinctive nuclear and cytoplasmic fea-
tures.407,410 The nuclei are hyperlobated with delicate chromatin 
and small nucleoli. The cytoplasm is abundant and pale, staining 
to clear with sharply demarcated peripheral margins. It is in B5 
or Zenker’s fixed tissue sections where the distinctive cytologic 
features of lacunar cells are best appreciated. However, in for-
malin-fixed tissue sections, lacunar cells stand out because their 
cytoplasm retracts from the adjacent cells, forming the lacunae 
from which these cells derive their name. Lacunar cells may be 
very numerous, forming large aggregates or clusters or they may 
be individually distributed. The earliest manifestation of NSHL 
in lymph nodes is the appearance of lacunar cells in the cortico-
medullary junction without collagen deposition, a phenomenon 
termed cellular phase of NSHL by some authors.

Collagen band formation, the second diagnostic criteria of 
NSHL, begins in the lymph node capsule and extends into the cor-
tex. The degree of sclerosis varies from collagen bands that com-
pletely circumscribe the cellular nodules to obliterating sclerosis 
in which the majority of the lymph node is replaced by collagen.

In an attempt to define prognostic subgroups of patients 
with NSHL, histologic grading schemes have been devised, most 
notably, those proposed by the British National Lymphoma 
Investigation (BNLI).423 By the BNLI criteria, the cellular composi-
tion of the nodules determines the histologic grade. Any one of 
the following indicated higher grade (grade II): replacement of the 
cellular nodules by bland looking fibroblasts and histiocytes with 
little pleomorphism and few RS cells and lacunar variants; nodules 
composed of uniform sheets of lacunar cells (the “syncytial vari-
ant” of NSHL); and nodules composed of numerous lacunar cells 
that include pleomorphic giant cells. NSHL that lack these features 
are designated grade I. In the studies of the BNLI and others, 
stage-matched, similarly treated patients with grade II NSHL have 
a worse survival than their counterparts with grade I NSHL. The 
WHO does not require grading of NSHL cases because not all stud-
ies have replicated survival differences based of BNLI grade.424–426

Lymphocyte-depleted Hodgkin Lymphoma
Lymphocyte-depleted Hodgkin lymphoma (LDHL) is the least com-
mon type of HL.427 Although the Rye conference on HL contracted 
the original histologically defined categories of diffuse fibrosis 
and reticular types of HL into LDHL, maintaining the separation 
is most useful to pathologists who must recognize the histologic 
variability of LDHL.408 The term lymphocyte-depleted is also 

FIGURE 86.20. Lymph node: nodular sclerosis Hodgkin lymphoma. A: Collagen band formation is illustrated, circumscribing the mixed cell infiltrates into 
nodules. B: This photograph demonstrates the cytologic features of lacunar cells (upper right). Note also the background population of small lymphocytes, neutrophils, 
eosinophils, and plasma cells.
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varies. In Western countries, RS cells are EBV+ in up to 50% of 
cases, with the highest frequency detected in MCHL.442–444,445 
The incidence of EBV positivity in RS cells from tissue samples 
obtained from patients from underdeveloped countries is much 
higher; in some nations it approaches 100%.444,446–451 EBV has 
also been found in Hodgkin cells in most HLs that complicate HIV 
infections.452,453 The RS cells in EBV+ HLs express EBV LMP-1 
and in many instances LMP-2A, but these cells lack the EBV 
proteins EBNA-2, glycoprotein 350/250, viral capsid antigen, and 
early membrane antigen.454–458 These findings are consistent with 
a type II latency pattern. When considering only nonimmunosup-
pressed patients, the data regarding the significance of EBV posi-
tivity for HL clinical outcome is somewhat contradictory.459–461 
But in general, Hodgkin cell positivity for EBV suggests a favorable 
outcome in children and young adults, but predicts for an adverse 
outcome in older adults (greater than 50 years old).

Nodular Lymphocyte Predominant hodgkin 
Lymphoma
The WHO classification requires both morphologic and pheno-
typic criteria for the diagnosis of NLPHL.462 In addition, since the 
description of diffusely growing large B-cell lymphomas with a 
background rich in nonneoplastic T cells and/or histiocytes (T-cell/
histiocyte–rich large B-cell lymphomas), the boundary between 
diffuse LPHL and THRLBCL has been blurred. Therefore, in the 
WHO classification, nodular LPHL is the defined entity with some 
reservations expressed about the feasibility of separating de novo 
diffuse LPHL from THRLBCL.4,462

The morphologic features of LPHL include the presence of RS 
cell variants, colloquially termed “LP cells,” and a host response 
rich in lymphocytes and macrophages.410,463 LP cells are large 
and have distinctly indented or lobulated nuclei (“popcorn cells”), 
delicate chromatin, small nucleoli, and moderately abundant 
wispy pale staining cytoplasm.

In prototypic cases, nodular LPHL variably effaces the lymph 
node architecture by small lymphocytes, macrophages, and LP 
cells growing in a macronodular pattern (Fig. 86.22). The nod-
ules are usually larger than reactive lymphoid follicles and vary 
in number in any given lymph node. In early involvement, only a 
few nodules are present in the lymph node cortex, accompanied 
by follicular lymphoid hyperplasia and progressively transformed 
germinal centers (PTGCs). In the most histologically advanced 
cases, the nodules coalesce, becoming confluent, such that almost 
all the tumor grows in a diffuse pattern with only focal nodularity.  

antigens, such as CD19, CD20, and CD79a. However, strong uni-
form positivity for any of these markers by the entire Hodgkin 
cell population in CHL is not characteristic and should suggest an 
alternative diagnosis. Hodgkin cells typically lack staining for Ig. 
The biologic bases for this finding include “crippling” point muta-
tions in the Ig genes or diminished expression of Ig transcription 
factors (OCT2, BOB1, PU.1).434,435,436

Epstein-Barr Virus and Classical Hodgkin 
Lymphoma
Several lines of evidence suggest that HL is related to EBV.437 
Epidemiologic studies show that there is an increased incidence 
of HL in people who have had infectious mononucleosis.438,439 
Conversely people with HL have higher antibody titers to EBV 
than age-matched control patients.440 In addition, there are great 
morphologic and phenotypic similarities between RS-like cells in 
the tissue reaction to EBV and actual RS cells in HLs.441

The most useful technique to study HL tissues for the presence 
of EBV has been in situ hybridization using probes that recognize 
EBER. The frequency of HLs positive for EBV using this technique 

FIGURE 86.21. Lymph node: Lymphocyte-depleted Hodgkin lymphoma, diffuse fibro-
sis variant. Hodgkin cells and a few small lymphocytes are present amid the disorganized  
collagen.

FIGURE 86.22. Lymph node: nodular lymphocyte-predominant Hodgkin lymphoma. A: This photograph was taken from one of the nodules. It shows the few 
LP Reed-Sternberg cell variants together with abundant small lymphocytes and few histiocytes. B: This high-power field shows typical LP cells with their lobulated 
nuclei, delicate chromatin, small nucleoli, and pale staining cytoplasm.
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clonally-related to one another.467 PTGC can be present in reac-
tive lymph node specimens from patients prior to the development 
of LPHL, concurrent with LPHL, or following LPHL, suggesting a 
relationship between these two conditions.466,468,469 However, 
PTGC occur much more frequently as a reactive process accom-
panying follicular lymphoid hyperplasia. Their presence does not 
de facto indicate the presence of nodular LPHL, nor do they neces-
sarily predict for subsequent development of LPHL.470

Immunophenotypic Features of Lymphocyte 
Predominant Hodgkin Lymphoma
Unlike Hodgkin cells in other types of HL, LP cells have a distinc-
tive and consistent phenotype, indicating GCB lineage (Fig. 86.23). 
They are consistently positive for pan–B-cell antigens, such as 
CD19, CD20, CD22, CD79a, PAX5,463,471,472,473,474,475 and J 
chain.476 The neoplastic cells in LPHL are also positive for Ig light 
chains when optimized paraffin section immunohistochemistry 
is used. Kappa light chain expressing cases greatly outnumber 
lambda light chain expressing cases.477 While the heavy chain type 
expressed by LP cells is usually IgG, a subset of cases with unique 
histologic and clinical attributes contains LP cells positive for 
IgD.478 These cases typically occur in young males. BCL6, a zinc-
finger protein normally expressed by follicle center B-lymphocytes 
is also localized to the nuclei of LP cells.479 LP cells strongly 
express B-lymphocyte transcription factors OCT2 and BOB1. In 
contrast to other types of HL, the LP cells are frequently positive 
for CD45. By definition, they lack staining for CD30 and CD15, and 
in a subset of cases, they express epithelial membrane antigen.471

In most cases of nodular LPHL, the majority of the small lym-
phocytes accompanying the intranodular LP cells are polytypic 
IgD and IgM expressing B cells. The small lymphocytes that are 
immediately adjacent to the LP cells (“rosetting” around the LP 
cells) also have a distinctive phenotype.480–482 They are CD2, 
CD3, CD4, CD57, CXCL13, BCL6, and CD279 (PD-1) positive.483 
This unusual cell population has the phenotype of transiently 
activated germinal center T cells. Finally, expanded mesh works 
of CD21+ follicular dendritic cells form the immunoarchitectural 
background of the nodules of LPHL. In combination, the pheno-
typic attributes of LP cells coupled with the immunoarchitecture 
of the reactive cell populations is highly characteristic for LPHL.

The latter can be so minimal that wide sampling of the lymph 
node or application of immunohistochemistry is required to find 
the nodular areas. The cytologic composition of the nodules varies 
from case to case. Usually small lymphocytes, similar to mantle 
zone B cells, comprise the majority of the cellularity of the nod-
ule. Epithelioid macrophages can be present within the nodules, 
distributed singly or in small clusters, or they can satellite around 
the nodules in a wreath-like arrangement. LP cells, a diagnostic 
requirement for this HL type, are present. The numbers of LP 
cells can vary greatly from one nodule to the next, ranging from 
one or two per nodule to near-confluent aggregates. Diagnostic RS 
cells are extremely rare. If there are any more than one or two 
cells that have the features of RS cells in cases thought to repre-
sent nodular LPHL, the diagnosis of CHL should be entertained. 
In contrast to CHL, plasma cells, eosinophils, and fibrosis are 
conspicuous by their absence in nodular LPHL. Finally, a careful 
search usually uncovers the presence of intranodular follicular 
dendritic cells. Based on morphology and immunohistochemistry 
the Stanford group reported six patterns of nodular LPHL: “classic” 
(B-cell–rich) nodular, serpiginous/interconnected nodular, nodular 
with prominent extra-nodular LP cells, T-cell–rich nodular, dif-
fuse with a T-cell–rich background (T-cell–rich B-cell lymphoma 
[TCRBCL]–like), and a (diffuse) B-cell–rich pattern.464 This vari-
ability highlights the complexity of the histopathology and immu-
noarchitecture of this disease.

Progressive transformation of germinal centers465,466 is an 
unusual reactive pattern that often accompanies the infiltrates 
of nodular LPHL. PTGCs are larger than usual germinal centers. 
They have a “darker” appearance because they are composed of 
a large proportion of small lymphocytes indistinguishable from 
mantle zone lymphocytes. Although small lymphocytes predomi-
nate, all PTGC contain single and clustered germinal center cells, 
scattered tingible body macrophages, and expanded follicular 
dendritic cell meshworks. In contrast to the nodules of nodular 
LPHL, PTGC do not tend toward confluence, do not efface lymph 
node architecture, and do not contain LP cells. The germinal cen-
ter B cells of PTGC exhibit Ig gene somatic hypermutation with 
intranodular clonal expansion. However, the Ig gene rearrange-
ments found in different nodules of PTGC are dissimilar. This 
feature distinguishes PTGC from the nodules in LPHL in which 
the LP cells of different nodules within the same lymph node are 

FIGURE 86.23. Lymph node: immunoarchitecture 
of nodular lymphocyte-predominant Hodgkin lym-
phoma. A: The LP cells and most of the background 
small lymphocytes are strongly positive for CD20. B: 
The LP cells and small lymphocytes are CD30-negative. 
C: The LP cells show nuclear bcl-6 positivity. D: CD21-
positive follicular dendritic cells form a meshwork that 
defines the nodules in this disorder. E: Small lympho-
cytes in the immediate vicinity of the LP cells, some 
forming rosettes around tumor cells, are CD3-positive 
and F: CD57-positive T-cells.
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histologic type of HL. In LPHL, encountering a bone marrow posi-
tive for HL is very rare.489,490 Intertrabecular and paratrabecular 
aggregates of small lymphocytes admixed with macrophages and 
occasional LP cells typify bone marrow involvement by LPHL. The 
LP cells can be present on only one or two levels of the biopsy 
specimen and therefore step sectioning any lymphoid aggregates 
in the bone marrow from patients with LPHL may be necessary to 
find the LP cells and confirm bone marrow involvement.

In CHL, the bone marrow is positive in 5%, 10%, and greater 
than 50% of patients with NSHL, MCHL, and LDHL, respec-
tively.491,492,493 In all, the histologic pattern of bone marrow 
involvement is similar, such that the type of CHL cannot be spec-
ified from the bone marrow findings alone. There are intertra-
becular or paratrabecular aggregates of mixed cell composition 
including lymphocytes, macrophages, eosinophils, and plasma 
cells, together with a few RS cells or Hodgkin cells (Fig. 86.24). 
The areas of involvement can be quite hypocellular appearing, 
are usually associated with fibrosis, and often have stellate bor-
ders. In some cases, histiocytes predominate, simulating granu-
lomatous infiltrates. In others, the fibrosis and eosinophilic 
infiltrates simulate systemic mastocytosis. In patients with HL 
who are HIV-infected, or in patients with LDHL492 who pres-
ent with fever of undetermined origin and minimal peripheral 
adenopathy, the bone marrow often becomes the primary site 
from which a diagnosis of HL is established. In these instances, 
one must find diagnostic RS cells. Because bone marrow involve-
ment by PTCL and THRLBCL can closely simulate HL, it is also 
essential to perform phenotypic studies on paraffin section of 
the bone marrow specimen to confirm that the RS cells and 
variants are CD15+, CD30+, PAX5+, and CD45− before render-
ing a definitive diagnosis of classical HL on the basis of the bone 
marrow alone. Finally, the noninvolved bone marrow from 
patients with HL can show trilineage hyperplasia, eosinophil 
hyperplasia, benign lymphoid aggregates, and noncaseating 
granulomas, all due to the generalized host response to HL.  
In the absence of RS cells and/or variants, these features do not 
indicate bone marrow involvement by HL. Flow cytometry and 
cytogenetic analysis play no role in assessing the bone marrow 
for involvement by HL.

Involvement of Extranodal Sites by hodgkin 
Lymphoma
Once a diagnosis of HL has been definitively established based on 
characteristic morphologic and immunophenotypic criteria in the 
initial biopsy specimen, the criteria for involvement of other sites 
are relaxed. In any involved anatomic site, Hodgkin cells, includ-
ing diagnostic RS cells, do not occur as isolated cells but always 
carry with them the host immune reaction. So, in staging samples, 
Hodgkin cells together with the appropriate inflammatory back-
ground are all that is required to diagnose involvement by HL. 
Diagnostic RS cells need not be present and phenotyping does 
not have to be performed, as long as the infiltrates have features 
within the morphologic spectrum of HL.

Spleen, liver, and bone marrow are the most frequent sites of 
extranodal involvement by HL. In the spleen, it is very unusual to 
find HL in random histologic sections. Sectioning at two-millimeter 
intervals and careful gross examination allow one to identify the 
small white nodules of potential HL and to sample them for his-
tologic examination. If it is difficult to cut the fresh spleen thin 
enough, resectioning and reexamining the gross anatomy of the 
spleen following a brief period of fixation optimizes the probabil-
ity of identifying HL. Because the number of nodules of splenic 
involvement by HL is of prognostic significance484 (greater than 
five confers a greater risk for recurrence following initial therapy), 
this should be recorded. In the liver, HL most frequently involves 
the periportal areas.485,486 It should be remembered that hepatic 
involvement by HL is almost never encountered in the absence 
of splenic involvement. Finally, sarcoid-type granulomas can be 
encountered in any tissue sample obtained from a patient with 
HL.487,488 By themselves, they do not indicate the presence of HL 
in the tissues in which they are found and should not advance 
the stage of the disease. However, because sarcoid-type granulo-
mas are potentially part of the inflammatory background of HL, 
Hodgkin cells must be searched for whenever these granulomas 
are observed.

Bone marrow involvement by HL in general is quite infrequent, 
seen in no more than 5% to 10% of cases at diagnosis. However, 
the frequency of bone marrow involvement varies with the 

FIGURE 86.24. Bone marrow: classical Hodgkin lymphoma. A: The bone marrow is focally replaced by Hodgkin lymphoma. B: Small lymphocytes, macro-
phages, and Hodgkin cells (but no diagnostic Reed-Sternberg cells) are present in the infiltrates. Using paraffin section immunohistochemistry, the Hodgkin cells 
expressed C: CD30 and D: CD15.
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introduction
The non-Hodgkin lymphomas (NHLs) are a diverse group of 
mature lymphoid neoplasms with a wide range of cellular mor-
phologies, histologic presentations, clinical presentations, cells of 
origin, etiologies, and responses to therapy. Due to the protean 
manifestations, NHLs remain a significant diagnostic challenge 
for hematopathologists. In fact, using morphology alone, the 
interpathologist consensus is 41% to 93%, depending on the 
diagnosis.1 This lack of consensus is especially true of the T-cell 
lymphomas which are even more varied in presentation than 
their B-cell counterparts. Incorporation of clinical history and 
immunophenotyping can improve the consensus, but pathogno-
monic diagnostic clues are often missing.

The NHLs represent 4% of all cancers with an overall annual 
incidence of 19.6/100,000 in the United States (Fig. 87.1), 
making it the seventh most common cancer in both males and 
females.2,3,4 Despite their relatively high frequency in clinical 
practice, the NHLs have defied numerous attempts to classify 
them. Early classification schemes relied heavily upon morphol-
ogy. However, as the classification of acute leukemias moved to 
emphasize the cell of origin, so too did lymphoma classifications 
attempt to identify a cell of origin and stage of maturation. Most 
recently, leukemia classification schemes have advanced beyond 
morphologic or immunophenotypic criteria to molecular genetic 
criteria for the subclassification of acute leukemias. Not only are 
leukemias defined by their genetic translocations, but rapidly 
molecular mutations, invisible on the metaphase cytogenetic level 
of resolution, are defining diagnostic and prognostic categories.

In fact, the researchers of the NHLs were pioneers in the dis-
covery of molecular genetic underpinnings of hematolymphoid 
malignancies. The first reciprocal translocations that caused 
tumorigenesis were identified in Burkitt lymphoma (BL), translo-
cations involving the MYC oncogene.5 These were followed by the 
discovery of the t(14;18) in follicular lymphoma (FL).6 However, 
after an initial flurry of activity, the NHLs have lagged behind 
their leukemia counterparts in the identification of the molecular 
genetic causes of neoplasia. The most recent 2008 World Health 
Organization classification scheme still largely relies upon cell 
of origin as the primary discriminator of the B-cell NHLs,4,7,8 
and T-cell lymphomas are even less well understood in general, 
with many of the classifications defined by the site of the tumor. 
Molecular changes in NHLs, although often associated with a given 
type of lymphoma, do not solely characterize that entity.4,9 For 
example, 10% to 15% of FLs lack the hallmark t(14;18),10 whereas 
t(14;18) can be seen in some types of de novo diffuse large B-cell 
lymphoma (DLBCL) without a preceding history of FL. Other 
molecular genetic changes are often more phenomenologic, rather 
than pathognomonic, of the particular type of lymphoma and only 
further highlight the molecular heterogeneity of these neoplasms.

However, other molecular aberrations are likely as yet unrec-
ognized and new efforts in next generation sequencing (NGS) and 
mutational analysis in general are slowly elucidating new markers 
of disease. It is possible, however, that disease classification in 
the future of NHL will not be defined by single molecular aber-
rations, but by pathway dysregulation. Therefore, more global 
methods of assessing molecular genetic aberrations may become 
more prominent in the diagnosis and prognosis on NHLs in the 
years to come.

overview of MetHodoloGies

Commonly Used techniques
One of the mainstays of molecular testing in lymphoid malignan-
cies is the use of clonality testing. These methods are based upon 
the unique rearrangement of either the B-cell receptor (BCR), 
composed of an immunoglobulin (Ig) heavy chain and one of two 
light chains, or the T-cell receptor (TCR), heterodimers of either 
a/b subunits or g/d subunits. However, there are other recurrent 
reciprocal translocations that can also be assessed by polymerase 
chain reaction (PCR), quantitative real-time polymerase chain 
reaction (q-PCR), fluorescent in situ hybridization (FISH), or meta-
phase cytogenetics (MC). The latter two methodologies can also 
identify other structural or numeric aberrations as well. These 
other methodologies, often in conjunction with clonality testing, 
are useful diagnostically as well as potentially for the measure-
ment of minimal residual disease (MRD) during therapy moni-
toring. Gene naming conventions throughout the chapter follow 
the nomenclature recommendations set forth by the HUGO Gene 
Nomenclature Committee.11

Clonality Testing
Immunoglobulin Gene rearrangements
The expression of Ig is one of the defining characteristics of all 
mature B-cells. At the earliest stages of B-cell ontogeny, recom-
bination of the Ig heavy chain (IGH@) can be detected, well 
before the expression of the complete heterotetrameric product 
composed of two heavy chains and two light chains on the 
surface of the B-cell, where the light chain can be either kappa 
or lambda (Fig. 87.2). Although the individual Ig genes are 
located at disparate locations in the genome—the IGH@ locus 
on chromosome 14q32, the kappa locus (IGK@) at 2p11, and the 
lambda locus (IGL@) at 22q11—the genes are all structured in 
a similar fashion to enable the unique somatic recombination 
of germline gene segments that create the antigen specificity of 
the final Ig protein heterotetramer. During this recombination 
process, individual variable regions (V regions), joining regions 
(J regions), and constant regions (C regions) are selected which 
form the body of the final Ig chain and contribute to the antigen 
specificity. In addition, the IGH@ locus also contains diversity 
regions (D regions), for a final VDJC rearrangement (versus VJC 
for the light chains).12

Each gene segment is marked for potential recombination 
by a recombination signal sequence (RSS) which is acted upon 
by the recombination-activating genes 1 and 2 to create double-
stranded DNA breaks that are recombined through nonhomologous  
end-joining, with assistance from the DNA-bending proteins, HMG1 
and HMG2. The D-J recombination is the first rearrangement of the 
IGH@ locus, followed by V-DJ and VDJ-C. At each recombination 
site, these double-stranded breaks can be further modified by being 
filled in with palindromic nucleotide insertions (P nucleotides), 
removal of one to two nucleotides through a random exonuclease 
activity, or further varied by the addition of N nucleotides that are 
not present in the germline sequence through terminal deoxynucle-
otidyl transferase. These actions also contribute to the diversity of 
the Igs. The cut and modified ends of the coding sequence are then 
also repaired by nonhomologous end-joining.12
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The variable regions of all the Ig proteins form a canonical 
beta-sheet structure which necessarily means that the major-
ity of amino acids are paradoxically highly conserved.13 These 
conserved regions are termed the framework regions, FR1-3 
(Fig. 87.3). Between these framework regions are the truly vari-
able complementary determining regions (CDRs1-3) which encode 
sequences of approximately 10 amino acids that project from the 
tips of the beta-sheet as fingers reaching out to contact antigen. 

Therefore, although the IGH@ gene contains up to 200 different 
V regions (approximately 80 of which are widely used in human 
biology),12 consensus primers can be constructed against the V 
regions that will permit the amplification of the gene across the 
VDJ recombination sites by PCR. Due to the variability of the 
encompassed CDRs as well as the diversity created by the ran-
dom exonuclease activity and N nucleotide addition, physiologic 
B-cells should each have a distinctively sized PCR product, and 

FIGURE 87.1. Surveillance epidemiology and end 
result (SEER) data for the relative incidence of  
non-Hodgkin lymphomas. See Reference 3.

FIGURE 87.2. Immunoglobulin genes and their chro-
mosomal organization. The number of subunits of each 
type (V, D, or J) is noted in parentheses as follows: total 
number of subunits/number of subunits in physiologic use.
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clonal populations should have identical PCR products. This forms 
the basis of the Ig gene rearrangement studies by PCR. Southern 
blot (SB) methods, which look for the unique rearrangements on 
unamplified DNA, have been considered the gold standard for 
gene rearrangement studies, but have fallen into disuse with the 
ease of PCR-based methods and now next generation sequencing.

PCR primers may be constructed against any of the three 
framework regions. Although more variability is theoreti-
cally captured by using FR1 primers, the PCR products are 
longer and therefore more difficult to obtain using standard 
methods (Fig. 87.3). Therefore, many labs use only FR3 prim-
ers (coupled with J region primers), or a combination of FR3 
and FR2 primers. However, somatic hypermutation (SHM), 
a process that occurs physiologically in the germinal centers 
of lymphoid tissues when a B-cell is exposed to antigen, can 
cause sequence changes in both the CDRs and the FRs.7,13 
This normal physiologic process can prevent the binding of 
individual primers should a mutation occur in the targeted 
“consensus” sequence. Thus, SHM limits the clinical sensitiv-
ity of limited sets of primers to detect clonal populations of 
B-cells (e.g., some clones may not be detected by PCR due to 
failure of the consensus primers to bind to that clone’s specific 
sequence). However, several commercial kits are now avail-
able that utilize multiplexed sets of primers against all the 
FRs, in the hopes that at least one primer will have an intact 
unmutated sequence to permit amplification of the unique PCR 
product.14,15,16,17 In addition, primers against IGK@ and IGL@ 
can also be utilized, although the PCR products do not form a 
well-dispersed Gaussian distribution as in the case of the IGH@ 
assay, complicating their interpretation.16

Table 87.1 shows the range of clinical detection rates (clinical 
sensitivity) of multiplexed IGH@ PCR assays compiled from several 
published papers.14,15,17 These data clearly demonstrate the high 
clinical detection rates for neoplasms of pre-germinal center B-cells 
(pre-GCB). However, the gene rearrangement assays have a lower 
clinical sensitivity for neoplasms of post-GCB-cells and particularly 
of germinal center lesions, during which active SHM may be ongo-
ing, resulting in very low detection rates.7,18 IGK@ or IGL@ assays 
can be used if the IGH@ assay fails to detect a clonal rearrange-
ment for a known neoplastic B-cell process. Therefore, combina-
tions of primers of all three frameworks of IGH@ and for IGK@ are 
required to ensure reasonable clinical sensitivity across all B-cell 
neoplasms.14,15,17 On the other hand, the detection of an appar-
ently clonal population does not equate with neoplasia, as pseudo-
clonality can be seen in reactive conditions with a strong reaction 
to a particular antigen, or in cases of a limited B-cell repertoire.

Analytical sensitivity of the IGH@ PCR assay depends upon 
the number of polytypic background B-cells. In cases of limited 
background B-cells, the neoplastic clone can be detected at 1 cell 
in 100 nonneoplastic (and non-B lineage) cells, or approximately 
1%. However, in cases of significant numbers of background 
polytypic B-cells, the detection of a clonal peak rising above 
the Gaussian distribution of background B-cell rearrangements 
can be as low at roughly 5% analytical sensitivity (Fig. 87.4). 
The analytical sensitivity can be increased by the design of 

allele-specific oligonucleotide primers. However, this technique 
requires sequencing of the patient’s specific clonal Ig rearrange-
ment. With the advent of rapid sequencing methods, this may 
become more practical in the future. However, recently next 
generation sequencing itself has been developed as a method to 
determine clonality and to monitor MRD.18a

t-cell Gene rearrangements
The TCR is a heterodimer of two proteins that form the functional 
receptor, either ab or gd. During T-cell ontogeny, the g (TRG@) and 
d (TRD@) genes rearrange first, so that the gd receptor is the first 
to be expressed. Subsequently the a (TRA@) and b (TRB@) genes 
rearrange, and ultimately 85% to 98% of mature peripheral T-cells 
express the ab receptor.19,20 It is interesting that the location of 
these genes is such that the d locus is actually embedded within 
the a gene on chromosome 14q11 (Fig. 87.5). Thus, in the vast 
majority of the cases, the subsequent rearrangement of the a gene 
results in excision of the d gene from the cell’s DNA, and any pre-
viously rearranged sequences are lost. However, the b and g loci, 
although both on chromosome 7, are distinct (7q34 and 7p15, 
respectively), and the rearrangement of the g loci is retained, even 
if the cell ultimately expresses the ab T-cell receptor.

Like the immunoglobulin genes, the TCR genes are com-
posed of V, D (b and d genes only), J, and C regions (Fig. 87.5). 
However, unlike the immunoglobulin genes, there are no spe-
cific framework regions, and therefore consensus primers are 
difficult to design for the various V regions. Therefore, with the 
exception of homology between a few of the V regions, sepa-
rate V region primers are required to assess all physiologically 

FIGURE 87.3. Schematic of an immunoglobulin gene 
rearrangement. Shown are the framework regions 
(FR1–3, light blue), complementary determining regions 
(CDRs, red; note CDR3 is composed of the DH region and 
the flanking variable junctions created by random exo-
nuclease activity and N and P nucleotide insertions), and 
representations of potential locations of primers in the FRs 
noted (bright green). General sizes of polymerase chain 
reaction (PCR) products are indicated.

Method MCL CLL FL DLBCL MZL

IGH@ FR1 100 95–100 30–73 50–68 48–73

IGH@ FR2 98–100 91–100 30–76 58–61 66–85

IGH@ FR3 96–100 93–100 13–52 50 62–68

IGH@ FR1-3 100 100 37–84 79–88 86–88

IGK@ 75–94 96–100 60–63 58–61 62–68

IGK@de 50–75 61–67 57–59 46–58 48–54

all IGK@ 100 100 80–84 75–80 69–83

IGL@ 44–75 30–44 21–23 8–28 28–29

IGH@ FR1-3 
and all IGK@

100 100 100 96–98 95–100

CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; FL, follicular 
lymphoma; IGH@, immunoglobulin heavy chain; IGK@, immunoglobulin kappa locus; IGL@, 
immunoglobulin lambda locus; MCL, mantle cell lymphoma;MZL, Marginal Zone Lymphoma

CLiNiCAL SeNSitivitieS of tHe iMMuNoGLobuLiN GeNe 
ReARRANGeMeNt StuDieS14,15,17

taBLe 87.1
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relevant TCR gene rearrangements. Due to the location of the 
a gene within the d gene which limits its utility, the limited 
number of g gene V regions (only Vg1–11 are physiologically 
relevant of the 15 Vg segments),21 and the homology between 

the Vg segments 1 to 8 which allows the use of a common 
primer for those segments, typically TRG@ is the common 
target of most clinical assays, with or without the addition of 
TRB@ assessment as well.

FIGURE 87.4. Analytical sensitivity of immunoglobulin gene rearrangement studies as illustrated by dilutions of a clonal population into a  
polyclonal background.
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The clinical sensitivity of the TRG@ assay is higher than for 
the corresponding Ig assay due to the absence of SHM of the TCR. 
However, the assay still does not detect 100% of all neoplastic 
rearrangements due to other acquired mutations, and the true 
clinical sensitivity is approximately 89% to 94%.15,17,22 In cases of 
a known neoplastic T-cell process, TRB@ assay can also be used 
to look for a clonal marker of disease. The analytical sensitivity of 
the TCR clonality assays is similar to that of the immunoglobulin 
assays, although for biologic reasons limited T-cell repertoires can 
often lead to pseudoclonality or oligoclonality in certain tissues 
(such as skin), making it easy to overcall or undercall TCR clonal-
ity results. Therefore, the presence of an apparently clonal popu-
lation does not equate with neoplasia, and the absence of a clonal 
population does not exclude a neoplastic process. Next generation 
sequencing methods have also been developed for diagnostic and 
MRD purposes for the assessment of T cell clonality.18a

Southern Blot
As alluded to earlier, SB is the gold standard, albeit outdated, 
method for all clonality testing and has been used to test for 
various translocations or other chromosomal aberrations as 
well. First introduced in 1975, this technique uses unamplified 
genomic DNA from the sample which is fragmented using restric-
tion enzymes.23 These cleavage products are separated by size 
via agarose gel electrophoresis and then transferred or “blotted” 
to a nitrocellulose membrane. The membrane is then treated 
with typically radiolabeled probes that are complementary to a 
particular sequence of interest. The radiolabel provides signal 
amplification at the final detection stage that affords an analytical 
sensitivity of approximately 2% to 3% tumor cells of the sample 
cellularity.

This method is extremely time consuming, labor intensive, and 
requires numerous precautions for the handling and disposal of 
radioactivity. For these reasons, SB has been replaced in most 
clinical laboratories by methods based upon PCR.

Polymerase Chain Reaction
PCR is a commonly used method for template amplification due 
to its ease, versatility, and analytical sensitivity. The achievable 
levels of amplification are such that as few as 1 neoplastic cell 
can be detected out of 105 to 107 cells (0.001% to 0.00001% ana-
lytical sensitivity). Amplification also permits the use of this assay 
in small sample volumes. In addition, if the size of the amplicon 
(product of the PCR reaction) is small, even partially sheared DNA, 
such as that obtained from formalin fixed paraffin-embedded tis-
sue, is adequate for the assay. The high sensitivity of the assay 
also makes it ideal for the detection of MRD.

In this assay, forward and reverse primers (typically 15 to  
25 bp in length) are generated against the target region. These 
primers may be specific for a mutated versus a wild-type sequence 
or may flank the area of interest (especially flanking areas of small 
insertions or deletions, or flanking a translocation site). Using a 
specific temperature-resistant polymerase (Taq polymerase) that 
allows repeated cycles of strand melting (separation of double-
stranded DNA), primer annealing, and polymerase-mediated 
extension of the primers based upon the target sequence, the tar-
geted region in DNA can be doubled per cycle. If compatible con-
ditions can be designed for multiple sets of primers, the PCR assay 
can be multiplexed. The template can consist of genomic DNA, or 
mRNA that has been reverse transcribed into clonal DNA (cDNA).

PCR products, or amplicons, can be detected in several dif-
ferent ways. Qualitative detection methods include agarose gel 
electrophoresis and capillary electrophoresis, both of which 
allow the separation of amplicons by size. In the latter method, 
fluorescently tagged primers are used, which allows separation 
of the amplicons along the capillary tube and detection using a 
fluorescent camera as the separated products exit the tube. By 
using multiple different fluorophores on each primer set, even 
multiplexed assays can be analyzed by this method.

Quantitative detection methods can also be used, typically 
involving some version of quantitative real-time PCR (q-PCR). 
In this technique, fluorescence is directly proportional to the 
amount of amplicon generated. This fluorescence can be gener-
ated after the amplification is completed by the intercalation of 
a fluorescent dye, such as SYBR green, or can be continuously 
generated during each cycle of amplification by the release of 
fluorescence during the extension step (e.g., Taqman probes). 
Using pre-made dilutions of the desired amplicon to generate a 
standard curve, direct quantitation of the amount of the target in 
the sample can be made.

Fluorescent In Situ Hybridization
FISH is another molecular method of interrogating genomic 
aberrations. FISH utilizes longer probes than PCR (typically 200 
to 400 bp in length) which bind in a complementary sequence-
specific fashion to the intact chromatin of interphase cells.24 FISH 
is commonly used to identify balanced translocations, and can 
also identify copy number variations (CNVs) of large segments of 
chromatin. In the former case, by using probes directed against 
the translocation partners, each labeled with a different fluoro-
phores, the presence of a translocation is marked by fusion of 
the two signals (Fig. 87.6). FISH can also be used in cases where 
the translocation partner is unknown by the use of breakapart 
probes, probes located adjacent to each other on either side of 
the putative breakpoint in the one known translocation partner, 

FIGURE 87.5. T-cell receptor genes. The number of 
subunits of each type (V, D, or J) is noted in parentheses 
as follows: total number of subunits/number of subunits in 
physiologic use.
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which appear as a fused signal when the gene is intact, and sepa-
rate signals when a translocation occurs.

This method, like that of PCR methods, is necessarily targeted 
and therefore biased by the subjective nature of which probes are 
selected for study (Table 87.2). Unlike PCR, FISH has low resolu-
tion of the sites of aberrancy, in the range of 2 to 5 kb (kilobase 
pairs).24 The analytical sensitivity depends upon the nature of 
the probes utilized in the assay and the number of interphases 
assessed. However, typical analytical sensitivities range from 
1% to 5% for 200 interphase cells evaluated. Nevertheless, FISH 
remains a mainstay in the identification of genetic aberrances in 
lymphoid lesions due to the variety of breakpoints and transloca-
tion partners in these malignancies which often limit the use of 
the highly targeted PCR methods.

Metaphase Cytogenetics
Conventional karyotyping, based upon metaphase cytogenetics 
(MC), is a mainstay in hematopathology due to its unbiased and 
uniform genomewide coverage (Table 87.2). Due to the require-
ment to culture the cells in order to obtain metaphase spreads 
and the time-consuming microscopy to generate the karyotypes, 
the method takes typically at least 2 days. In addition, terminally 
differentiated cells, such as mature lymphocytes and plasma cells, 

do not readily undergo mitosis, and therefore standard methods 
often fail to identify the neoplastic karyotype of most lymphoid 
neoplasms.25,26

The resolution of MC is low, 5 to 10 Mb (megabase pairs).27 
In addition, due to the need to construct the individual karyo-
types manually, even with the aid of computers, typically only  
20 metaphases are examined, and the analytical sensitivity is 
therefore only approximately 10% (for balanced translocations, 
2 of 20 metaphases must demonstrate the same abnormality 
for it to be considered a clonal change, and 3 metaphases must 
demonstrate the same CNV for it to be considered clonal).28 
Thus, this methodology is of limited utility in MRD testing and 
often is not helpful for lymphoid neoplasms with routine culture 
conditions.

Other techniques

Somatic Hypermutation
SHM testing can be used both to identify clonal rearrangements 
of the IGH@ gene and to calculate the percent of nucleotides that 
have undergone SHM in the V regions of IGH@. This assay has 
been used to understand the biology of many B-cell neoplasms. 
However, its main clinical utility has been in the determination 
of the mutational status in chronic lymphocytic leukemia/small 

FIGURE 87.6. Examples of FISH patterns. A: Schematic of dual color dual fusion 
fluorescent in situ hybridization (FISH) probes. B: Schematic of breakapart FISH probes.

Method Resolution
Genome 
Coverage Sensitivity

Detection 
of UPD and 
CN LOH

Detection 
of Balanced 
Translocations

Detection of 
Unbalanced 
Translocations

Utility in 
Screening 
New 
Lesions

Distinguish 
Different 
Individual 
Clones

Utilize 
Interphase 
DNA

Distinguish 
Somative 
Versus 
Germline 
Aberrations

aCGH 5–6 kb Uniform 2–30% No No Yes Yes No Yes Yes

aSNP 25–50 kb Not Uniform 2–30% Yes No No Yes No Yes No

Conventional 
karyotyping

5–10 Mb Uniform 10%a No Yes Yes Yes Yes No No/Yes

FISH 2–5 kb Targeted 1–5% No Yes No No Yes Yes No/Yes

PCR Potentially 
single 
nucleotide 
aberrations

Targeted Variable, 
potentially 
as low as 
0.00001%

No Possible Possible Yes No Yes Possible

NGS Potentially 
single 
nucleotide 
aberrations

uniform or 
targeted

5–10% Possible Possible Possible Yes No Yes Possible

aCGH, array comparative genomic hybridization; aSNP, array single nucleotide polymorphisms; CN LOH, copy neutral loss of heterozygosity; FISH, fluorescent in situ hybridization; NGS, next 
generation sequencing; PCR, polymerase chain reaction; UPD, uniparental disomy.
aClonality is typically defined as involving at least 2 of 20 metaphases.28 For PCR and NGS methods, depending on the design of the assay/experiment, different questions may be answered. For 
instance, if normal and tumor tissues are examined for a particular mutation, somatic versus germline mutational status can be ascertained by PCR.
Portions adapted from Reference 27.

taBLe 87.2

CHARACteRiStiCS of DiffeReNt GeNoMewiDe StuDieS
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lymphocytic lymphoma (CLL/SLL). Typically a cutoff of 98% 
homology to germline is used to determine the mutational status, 
with greater than 98% homology corresponding to the unmutated 
designation, which carries a poor prognosis in CLL, and less than 
or equal to 98% homology describing a somatically hypermutated 
state, which is associated with a better prognosis in CLL.29,30

PCR using typically FR1 primers or leader primers (prim-
ers located in the leader region upstream from FR1) are used in 
conjunction with partner JH primers. PCR can be performed on 
either genomic DNA (gDNA) or cDNA. Many laboratories report 
both results which typically are very similar, although each input 
type has its distinct advantages. Utilization of gDNA is the easiest 
to perform inasmuch as it involves the isolation of the more stable 
DNA from the samples (compared to labile RNA required for the 
preparation of cDNA) and avoids a requisite reverse transcription 
step. However, cDNA is better for the identification of function 
rearrangements as well as double in-frame small insertions and 
deletions (indels). In addition, it is better at defining the Ig isotype. 
After PCR, the amplicons can then be directly sequenced using 
labeled sequencing primers by capillary electrophoresis, or can be 
cloned into a plasmid and then sequenced following colony expan-
sion and plasmid extraction. The latter method is required if there 
is significant background amplification (background polyclonal 
B-cells), but is quite time consuming and labor intensive.

Array Comparative Genomic Hybridization and 
Array Single Nucleotide Polymorphism
CGH was initially developed as a method to identify CNVs in 
patient tissues. The methodology is based upon the differential 
labeling of patient and control DNA, followed by competitively 
hybridizing those labeled samples to metaphase spreads. Areas 
of deletions would be seen as regions with a predominance of the 
control DNA fluorophore, whereas areas of duplications show a 
predominance of the patient DNA fluorophore. Due to the limita-
tions of metaphase spreads, the array format was developed to 
contain an array of probes that span the genome (Fig. 87.7). The 
probes for array comparative genomic hybridization (aCGH) can 
be obtained from bacterial artificial chromosome (BAC)-derived 
sequences, cDNA, or from oligonucleotides. Using this method, 
CNVs and unbalanced translocations can be interrogated uni-
formly throughout the genome at a resolution as low as 5 to 6 kb 
(kilobase pairs) in some cases (Table 87.2).27,31,32 The analytical 
sensitivity varies from 2% to 30% sensitivity.

By contrast, aSNP (array single nucleotide polymorphisms) is 
a single-color experiment that hybridizes labeled patient DNA or 
amplicons to an array composed of probes that are sequence-spe-
cific to interrogate individual SNPs. Because these are designed 
to target specific SNPs at their nonrandom genomic locations, the 

genome coverage is not uniform and this method is not useful in 
identifying balanced translocations or in distinguishing germline 
from somatic changes.27,32 However, aSNP is especially useful in 
the identification of copy neutral loss of heterozygosity and uni-
parental disomy that are not assessed by aCGH. Analytical sensi-
tivities are similar to those for aCGH. To leverage the advantages 
of both aSNP and aCGH, many commercial platforms are now 
available that combine the two array methods.

Due to the challenges of obtaining metaphases in lymphoid 
neoplasms, aCGH was rapidly applied to the study of chronic 
lymphocytic leukemia (CLL), for which disease aCGH can identify 
clonal abnormalities in 100% of cases.26 For comparison with 
FISH and metaphase cytogenetics, other studies have demon-
strated the ability of aCGH to detect abnormalities in 12% of 
normal karyotype CLL cases26 and in 21% of cases where no 
aberration was detected by FISH.33

Metaphases are also difficult to obtain in plasma cell neo-
plasms, leading to the prominent role of FISH in the diagnosis 
and prognosis of myeloma. However, because FISH is targeted, 
it cannot provide an unbiased genomewide assessment as can 
be achieved by aCGH. Gutierrez et al. found CNVs by aCGH in 
69% of myeloma patients and that those patients had significantly 
decreased overall survival.34 The prognostic significance of other 
specific loci, which include gains of 1q and 7q, have also been 
studied using aCGH.35,36 The latter study also highlighted the util-
ity of this method in paraffin-embedded tissue.

Next Generation Sequencing
Whole genome sequencing (WGS) provides the theoretically opti-
mal combination of uniform unbiased genomewide coverage with 
nucleotide-level resolution for the discovery of acquired genetic 
aberrations in oncology (Table 87.2). The caveats, of course, cen-
ter upon the cost and analysis of the potentially terabytes of data 
accumulated by a single WGS analysis. Prior to 2005, nearly all 
DNA sequencing was performed using some variant of Sanger 
sequencing, a method by which sequencing was achieved by 
chain termination first described in 1977.37 These Sanger-based 
methods typically required large quantities of input DNA since 
the DNA needed to serve as the template for at least as many 
polymerase extension reactions as nucleotides to be sequenced. 
The polymerase products are separated by size to determine the 
sequence. This traditional sequencing is plagued by poor quality 
of the initial 15 to 40 bases of the sequence, and read lengths are 
limited to 500 to 1,000 bases.38

All NGS methodologies are based on read-through sequence 
determination, or sequence by synthesis, rather than chain-
termination technology, and the sequencing is conducted in a 
massively parallel fashion (Fig. 87.8).38,39 Sheared DNA, the 

FIGURE 87.7. Schematic of array comparative hybridization (aCGH) and 
transcriptional profiling using a dual-channel platform. Patient and control 
genomic DNA (aCGH) or RNA (transcriptional profiling) are differentially labeled with 
fluorophores, then stoichiometrically mixed and allowed to hybridize to probes fixed 
to a solid surface. The relative amounts of fluorescence at each feature is measured 
to gain information about gains or losses in the patient sample compared to control 
(aCGH) or about over- or underexpression of genes (transcriptional profiling).
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template, is immobilized in spatially fixed and arrayed posi-
tions by a variety of means and then iteratively interrogated 
by the repeated addition of each of the 4 nucleotides. Several 
methods of detection are utilized by the various commercial 
platforms. Illumina and Helicos BioSciences both use dye-labeled 
nucleotides which are reversible chain terminators; i.e., after 
detection of addition of a labeled nucleotide, the chain termina-
tion is chemically reversed before the next nucleotide is added 
(Fig. 87.7). Roche’s pyrosequencing-based technology and Ion 
Torrent’s semiconductor-based platform are both based upon the 
detection of the release of pyrophosphate or H+ ion, respectively, 
which are chemically produced each time a nucleotide is added 
by the polymerase. Applied Biosystem's SOLiDTM platform uses 
a library of probes which encompasses all combinations of a 
dinucleotide sequence that are iteratively added through ligation 
to the growing strand.

Although the first human genome project took approximately 
13 years and cost nearly 3 billion dollars to complete through 
Sanger-based methods, the advent of NGS has dramatically 
changed the landscape.40 Today, a full genome can be sequenced 
at a cost of $1 to $5000 and take less than a day.38 The read 
length for NGS is significantly shorter than for Sanger sequencing, 
often 30 to 400 bp. Therefore, the ability to map these sequences 
back to the genome requires significant overlap of the reads, from 
tens to even millions of reads per nucleotide. The higher number 
of reads are required to detect even small insertions and deletions 
or translocations. The analytical sensitivity for typical NGS can 
approach 5% tumor cells in a background of nonneoplastic cells.41 

However, newer deep sequencing methods have been adapted for 
MRD testing. Using very high read depths, sensitivities of 0.0001% 
can be achieved.18a

WGS can encompass vast amounts of data, however. For 
example the roughly 3 Gb (gigabase pairs) of the human genome 
at only 30 reads per nucleotide results in 90 Gb of data. However, 
by targeting the sequencing to a smaller portion of the genome, 
the data generated can be significantly decreased. Therefore, 
methods have been developed to conduct whole exome sequenc-
ing (WES), targeted WES, transcriptome sequencing (RNA-seq), 
sequencing of DNA methylation sites (bisulfite seq), mirnome 
sequencing (miRNA-seq), sequencing of immunoprecipitated DNA 
(ChIP-seq), and many others.38 Targeting 500 kb at 100 reads 

generates only 50 Mb of data. Many of these targeted platforms 
can essentially perform expression profiling by sequencing.

Transcriptional Profiling
Initially developed in the 1980s, transcriptional profiling was the 
first omic technology to see widespread utilization. This method-
ology enables the assessment of the transcriptome, the sum of 
expressed genes reflected in the mRNA population of the cell(s). 
Since the 1990s, a number of high-density commercial microarray 
platforms, in addition to the numerous academic methods, have 
been available, differing in their amplification methods, types 
of probes, probe content, probe design, probe adherence tech-
nologies, and labeling and hybridization methods.42 The two main 
types of DNA microarrays that have dominated the field involved 
probes made from either cDNA libraries or oligonucleotides, 
although the majority of the commercial platforms now use oligo-
nucleotide probes. Transcriptional profiling can be performed as 
either a single-channel or a dual-channel experiment (Fig. 87.7).

This methodology does not capture the protein expression of 
various genes and any post-translational modifications. In addi-
tion, when the mRNA levels are varied between two samples, 
it is impossible to determine in a single timepoint comparison 
whether the differences are due to primary changes at the DNA 
mutational level, primary changes at the transcriptional level, or 
secondary changes at the transcriptional level resulting from the 
true disease-causing aberration. Therefore, the results are largely 
phenomenologic until extensive research is conducted to decon-
volute the true disease-causing aberrancy. In addition, the meth-
odology has limited analytical sensitivity for small fold changes, 
and limited clinical sensitivity if the reference samples are not 
chosen wisely. This methodology may be falling into disuse with 
the advent of NGS.

Nonetheless, transcriptional profiling has led to significant 
discoveries in lymphoid malignancies. One main utility has been 
in the definition of prognostic subgroups. For example, its use 
in the study of SHM status in CLL led to the identification of 
ZAP70 expression as an independent poor prognostic marker.43 
Similarly, in DLBCL, transcriptional profiling has identified three 
widely used prognostic subgroups: GCB-like with better progno-
sis, and activated B-cell (ABC) and type 3 DLBCL, which does not 

FIGURE 87.8. Schematic of next generation sequencing using dye-labeled 
nucleotides which act as reversible chain terminators. The DNA is first sheared 
and modified with adaptors. These adaptors can be used to immobilize the DNA frag-
ments and serve as primers for polymerase chain reaction (PCR) amplification and for 
sequencing using the reversible chain terminators. The sequence of each fragment is 
determined, followed by the computational alignment of the fragments to construct 
the genomic sequence.

72683_ch087_1801-1826.indd   1808 01/08/13   8:26 PM



H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

 ChaPtEr 87 Molecular Genetic Aspects of Non-Hodgkin Lymphomas 1809

express either set of genes at a high level, the latter two subgroups 
with poorer prognosis.44

Gene expression profiling studies have also been useful in clar-
ifying the biologic relationships between various hematolymphoid 
neoplasms. Studies have demonstrated, for example, the similari-
ties at the transcriptional level between primary mediastinal large 
B-cell lymphoma (PMBL) and classical Hodgkin lymphoma (cHL)-
derived cell lines,45 or between anaplastic large cell lymphoma 
(ALCL) and cHL.46

MicroRNAs, Epigenetic Changes
MicrorNas
Both plants and animals have evolved microRNAs (miRNAs), 
single-stranded RNAs of ∼21 nucleotides, as a mechanism for 
translational regulation. These miRNAs are encoded in the 
genome and are transcribed by DNA polymerase II. Following 
processing in both the nucleus and cytoplasm, the mature miRNA, 
mediated by the RNA-induced silencing complex, binds in a 
complementary fashion to the 3′untranslated regions (3′-UTR) of 
target mRNAs to cause translational repression.

Physiologically, miRNAs play a key role in the development and 
identity of different cell types.47,48 The pattern of transcription of 
miRNAs during ontogeny is tightly regulated.49,50 Additionally, 
miRNAs expression patterns are also associated with specific cell 
types at a given stage of development. For example, differentia-
tion of the hematopoietic lineages involves carefully co-ordinated 
changes of expressed miRNAs.51,52 In addition, to their roles in 
differentiation, whether at the organism or cellular level, miRNAs 
are important in cell identity.53 Thus, miRNAs, individually or in 
profiles, can be markers of tissue type.

Due to their roles in cell identity and differentiation, miRNAs 
have been investigated in numerous tumor types. Interestingly, 
the location of all miRNAs in the human genome is nonrandom. 
It has been demonstrated that miRNAs are concentrated by a fac-
tor of nine in genomic fragile sites and others that are commonly 
altered in cancer.48 Thus, over one-half of 186 miRNAs evaluated 
in one study were located at cancer-associated genomic regions, 
such as regions of loss of heterozygosity, common breakpoints 
and areas of amplification. These findings suggest that aberrant 
miRNA expression might be a common pathway in oncogenesis.

For example, the commonly deleted region in CLL (13q14) con-
tains two miRNAs, miR-15a and miR-16-1.56,54,55 These are con-
sequently down-regulated in CLL, resulting in overexpression of 
their target mRNAs, BCL2 and MCL1, and an overall antiapoptotic 
effect.56 By contrast, miR-155 has been identified as up-regulated 
in a number of B-cell lymphomas. First identified in cases of child-
hood BL, expression of the pre-miRNA for miR-155 was found to 
be up-regulated in BL, DLBCL (associated with the ABC subtype), 
CLL, and marginal zone lymphoma.57–59,60,61 The miRNA polycis-
tron miR-17-92, located at 13q31, is also implicated in lympho-
mas such DLBCL, FL, mantle cell lymphoma (MCL), and primary 
cutaneous B-cell lymphoma, among others.62

Using miRNA RT-PCR, microarrays, and NGS methods, miRNA 
expression patterns have been interrogated and represent an 
unfolding field of lymphoma research. The future may see these 
miRNAs as the target of diagnostic, prognostic, or even therapy-
monitoring assays.

epigenetics
Epigenetics involves the heritable alterations in gene expression 
that are not caused by actual changes in the genomic sequence. 
Epigenetic changes occur through one of two main pathways. 
Methylation of the 5-position of cytosines, particularly in CpG rich 
sites such as CpG islands, shores, and shelves, results in tran-
scriptional repression. CpG islands are defined as regions >500 
bp in length with a CG percentage >55% and an observed to 
expected CpG ratio of >65%.63,64 Alternatively, post-translational 

modification of the amino acids of histones via methylation or 
acetylation can result in heritable changes in histone structure 
and therefore the accessibility of the DNA to transcription. DNA 
methylation has been the better-examined epigenetic mechanism 
of the two, and methylome studies can be conducted via NGS, 
methylation arrays, and targeted methylation methods.

All methods to interrogate methylation status depend upon one 
of three main techniques.65,66,67 Isoschizomer restriction enzyme-
based methods rely upon the selective cleavage of either methyl-
ated or unmethylated sequences by specific restriction enzymes. A 
second method uses the chemistry of bisulfite to convert unmeth-
ylated cytosine to uracil, thereby causing a sequence change 
in unmethylated CpG sites but not in methylated sites. These 
differences can then be identified via sequencing or sequence-
specific hybridization methods. Lastly, proteins that selectively 
bind to methylated CpG sites, whether the naturally occurring 
methylation binding protein or antibodies generated against CpG 
sites, can be used to pull down methylated fragments of DNA. All 
three techniques can be used to prepare samples for sequencing, 
arrays, or more targeted methods.

recurrent Molecular 
aberrancies in b-cell and t-cell 
neoplasMs
Tables 87.3 and 87.4 list many of the common reciprocal trans-
locations found in B-cell and T-cell malignancies, respectively. 
Of note, many of the reciprocal translocations involve one of the 
immunoglobulin genes in the case of B-cell lymphomas (most 
commonly IGH@ on chromosome 14q32). A smaller proportion 
of T-cell lymphomas involve the TCRa/d locus on chromosome 
14q11. The ensuing text highlights some of the better known 
translocations, and discusses selected other molecular aberran-
cies identified in specific lymphoid neoplasms.

Mature Neoplasms of B-cells

Burkitt Lymphoma
BL is a highly aggressive B-cell neoplasm that can have a lympho-
matous, leukemic, or combined presentation, although these forms 
are not biologically distinct. However, there are three subtypes of BL 
that appear to have different epidemiologic and molecular bases, 
while related by their common dependence upon MYC dysregula-
tion.4 The endemic variant of BL is prevalent in equatorial Africa, 
tending to occur in young children between the ages of 4 and 7, 
with involvement of the mandible, maxilla, other facial bones, and 
abdomen.5 There is an association of this form of BL with Epstein-
Barr virus (EBV) which is also endemic to that geographic region, 
and approximately 95% of endemic BL contains clonal EBV DNA. 
Sporadic BL is found predominantly in adolescents and young 
adults of Western countries, and is the most common form of child-
hood lymphoma in the United States. In these cases, the disease 
is predominately abdominal with less frequent association with 
EBV in 5% to 30% of cases.4,9,68 Immunodeficiency-associated BL 
is the third biologic subtype, where the most common association 
is with human immunodeficiency virus (HIV), although this form 
of BL can be seen secondary to other causes of immunodeficiency, 
both primary and secondary in nature. In approximately 25% to 
40% of cases, there is an association with clonal EBV as well.69,70

Translocations of the MYC gene characterize BL as well as a 
subset of aggressive DLBCLs, many of which are currently best 
classified as B-cell lymphoma, unclassifiable, with features inter-
mediate between DLBCL and BL. Thus, although essentially all 
BLs have some form of a MYC translocation, a MYC translocation 
is not specific to BL.
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Although all cases of BL contain a translocation of MYC, the 
different subtypes of BL are molecularly distinct as well.76,77,78,79 
All the translocations with immunoglobulin genes result in the 
transcription of the full MYC coding sequences. However, the 
breakpoints of MYC and immunoglobulin genes vary among 
the BL subtypes. In endemic BL, the MYC breakpoint is located 
approximately 300 kb upstream from exon 1. This breakpoint 
translocates the full MYC gene to the JH region of IGH@. By con-
trast, the MYC breakpoint in sporadic BL can occur 5′ to exon 1 
or within intron 1, still translocating the full MYC coding region in 
either scenario to the one of the C regions of IGH@ (Cμ, Cg, and 
Ca have all been documented). In the translocations involving 
either IGK@ or IGL@, the MYC gene typically remains on chromo-
some 8, with the breakpoint 3′ to the third and final coding exon 
to which the IGK@ or IGL@ locus is affixed at either a V or J seg-
ment. These differing molecular breakpoints may be related to 
differences in the stages of B-cell development during which the 

The most common translocation partner of MYC, located at 
8q24, is the IGH@ locus on chromosome 14q32. This t(8;14)
(q24;q32) can be identified in 80% of all BL and results in the 
overexpression of MYC.71,72 The remaining cases of BL place MYC 
under the regulation, not of the heavy chain locus, but under one 
of the light chains, with a kappa light chain partner in a t(2;8)
(p11;q24) and with lambda in t(8;22)(q24;q11).73,74 The MYC gene 
is composed of three exons, the first noncoding, and the remaining 
two coding. MYC encodes for a transcription factor involved in both 
cell proliferation as well as apoptosis (Fig.  87.9]). Dysregulated 
function of MYC results in increased cell cycling through its inhibi-
tion of p21 and p27 as well its promotion of CDK2 and CDK4.75 
This is manifest pathologically by the numerous mitoses in BL as 
well as the extremely high proliferation rate, with Ki-67 expres-
sion typically >99%. In addition, MYC is proapoptotic, correlating 
with the numerous apoptotic bodies that create the classic “starry 
sky” histologic appearance of these tumors.

Translocation Product Disease Association

t(1;14)(p22;q32) BCL10 overexpression (IGH@ ) MALTa

t(1;14)(q21;q32) BCL9 overexpression (IGH@ ) B-LBL and others

t(1;14)(q21;q32) FCRL4/5 overexpression (IGH@ ) Myeloma (<5%)

t(1;14)(q22;q32) MUC1 overexpression (IGH@ ) DLBCL

t(1;22)(q23;q11) FCGR2B overexpression (IGL@ ) Transformed FL

t(2;7)(p12;q21-q22) CDK6 SMZL

t(2;14)(p16.1;q32) BCL11A overexpression (IGH@ ) CLL, DLBCL

t(3;14)(q27;q32)/t(3;v)(q27;v) BCL6 overexpression (IGH@ or IGK@/IGL@ ) DLBCL (5–10%) and others

t(3;14)(p14;q32) FOXP1 overexpression(IGH@ ) MALT

t(4;14)(p16;q32) WHSC1 (MMSET)/FGFR3 overexpression (IGH@ ) Myeloma (20–25%)

t(5;14)(q23-q31;q32) IL3 overexpression (IGH@ ) B-LBL

t(6;14)(p25-p23;q32) IRF4 overexpression (IGH@ ) Myeloma (∼20%)

t(6;14)(p21;q32) CCND3 overexpression (IGH@ ) Myeloma (<5%), DLBCL, SMZL, MZL

t(6;14)(p22;q32) ID4 overexpression (IGH@ ) B-LBL (<1%)

t(8;14)(q24;q32)/t(8;v)(q24;v) MYC overexpression (IGH@ or IGK@/IGL@ ) BL (>98%), DLBCLa, FLa, PLL, myeloma

t(8;14)(q11;q32) CEBPD overexpression (IGH@ ) B-LBL (<1%)

t(9;14)(p13;q32) PAX5 overexpression (IGH@ ) LPL (1-2%), other neoplasms with plasmacytic differentiation, 
DLBCL

t(10;14)(q24;q32) NFKB2 overexpression (IGH@ ) DLBCL

t(11;14)(q13;q32) CCND1 overexpression (IGH@ ) MCL (>95%), PLL, SMZL, myelomab (20–25%)

t(11;14)(q23;q32) PAFAH1B2 overexpression (IGH@ ) PMBCL

t(11;14)(q23;q32) DDX6 overexpression (IGH@ ) DLBCL

t(11;18)(q22;q21) BIRC3-MALT1 fusion MALTa

t(12;14)(q23;q32) CHST11 overexpression (IGH@ ) DLBCL, CLL (rare)

t(12;14)(q24;q32) BCL7A BL, myeloma

t(12;15)(q32;q11-13) NBEAP1? DLBCL

t(12;22)(p13;q11) CCND2 CLL

t(14;16)(q32;q22-q23) MAF overexpression (IGH@ ) Myeloma (20–25%)

t(14;18)(q32;q21) BCL2 overexpression (IGH@ ) FL (∼80%), DLBCL (∼20%)

t(14;18)(q32;q21) MALT1 overexpression (IGH@ ) MALT

t(14;19)(q32;q13) BCL3 overexpression (IGH@ ) CLL

t(14;19)(q32;q13) CEBPA overexpression (IGH@ ) B-LBL (<1%)

t(14;20)(q32;q11-q13) MAFB overexpression (IGH@ ) Myeloma

B-LBL, B lymphoblastic leukemia/lymphoma; BL, Burkitt lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; LPL, lymphoplasmacytic 
lymphoma; MALT, mucosa-associated lymphoid tissue; MCL, mantle cell lymphoma; PLL, prolymphocytic leukemia; PMBCL, primary mediastinal large B-cell lymphoma;
SMZL, splenic marginal zone lymphoma
aIndicates adverse prognostic significance in addition to diagnostic role.
bIndicates favorable prognostic significance in addition to diagnostic role.

taBLe 87.3

CoMMoN CHRoMoSoMAL tRANSLoCAtioNS iN b-CeLL NHL
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oncogenic change occurs. The sporadic cases may develop during 
class switching, whereas endemic cases may occur during SHM.9

As a result of the wide range of potential breakpoints in both 
the MYC gene and the immunoglobulin genes, PCR-based assays 
for MYC translocations are not practical, although primers have 
been generated against specific MYC breakpoints.80 Rather, FISH 
is the optimal means for detection of MYC translocations at diag-
nosis. Specific probes against both MYC and IGH@ can be used to 
assess for the t(8;14)(q24;q32). However these probes will be less 
sensitive for the variant light chain rearrangements. Therefore, 
MYC breakapart probes provide greater sensitivity for any MYC 
rearrangement, regardless of the immunoglobulin partner.81

In addition to BL, 5% to 16% of DLBCLs may contain a MYC 
translocation82,226 and MYC translocations are seen in 35% to 
50% of B-cell lymphoma, unclassifiable, with features interme-
diate between DLBCL and BL.4 Therefore, the presence of a 
MYC translocation alone does not define BL in the absence of 

the appropriate morphologic and immunophenotypic features. 
In cases where either the morphology or the immunopheno-
type is not classic for BL, additional FISH studies are recom-
mended to rule out a double- or even triple-hit lymphoma.83,84 
These include FISH assessment for the BCL2-IGH@ transloca-
tion t(14;18)(q32;q21) as well as for rearrangements of BCL6 on  
chromosome 3q27. In addition, use of MYC breakapart probes are 
critical in these cases as the translocation partner in some cases 
may involve nonimmunoglobulin-related genes.4

Gene expression profiling studies have clearly supported the 
distinction of BL from DLBCL and the category formerly known 
as atypical BL (many of which are currently classified as B-cell 
lymphoma, unclassifiable, with features intermediate between 
DLBCL and BL).85,86 These studies have also highlighted the 
overexpression of T-cell leukemia 1 (TCL1) in BL which appears 
to be dependent upon the presence of EBV. Other studies have 
identified significant overexpression of miR-155.57,59 In fact, the 
combinatorial decreases of several miRNAs, including miR-34b, 
may help explain the overexpression of MYC in those cases that 
appear to lack a MYC rearrangement (up to 10% of BL in some 
studies).86,87,88 Another mechanism to account for these rare 
cases may be mutations in the MYC gene, although most of these 
are found in addition to a MYC translocation and may enhance the 
tumorigenicity of the MYC dysregulation.89

Guidelines for Molecular testing in Burkitt Lymphoma
FISH confirmation of a MYC rearrangement is recommended at 
diagnosis of BL. However, FISH is not a sensitive marker of MRD. 
Due to the extensive SHM of BL as a neoplasm of GCBs, PCR-based 
immunoglobulin gene rearrangement studies have very poor clini-
cal sensitivity, and, in the absence of allele-specific primers, PCR 
for immunoglobulin gene rearrangements is not superior to FISH 
in terms of analytical sensitivity. PCR directed against the MYC 

Translocation Product
Disease 
Association

t(1;14)(p32;q11)/t(1;7)
(p32;q34)

TAL1 overexpression 
(TRD@/TRB@ )

T-LBL (3%)

t(1;7)(p34;q34) LCK 
overexpression(TRB@ )

T-LBL (1%)

t(2;5)(p23;q35) ALK/NPM1 fusion ALCLa 84% of 
ALK+ cases

t(5;14)(q35;q11) TLX3 overexpression 
(TRD@ )

T-LBL (1%)

t(6;7)(q22-q23;q32-36) MYB overexpression 
(TRB@ )

T-LBL (1%)

t(7;7)(q34;p15)/inv(7)
(q35p15)

HOXA cluster 
overexpression (TRB@ ))

T-LBL (5%)

t(7;9)(q34;q32) TAL2 overexpression 
(TRB@ )

T-LBL (1%)

t(7;9)(q34;q34) NOTCH1 overexpression 
(TRB@ )

T-LBL (1%)

t(7;12)(q34;p13) CCND2 overexpression 
(TRB@ )

T-LBL (1%)

t(7;19)(q34;p13) LYL1 overexpression 
(TRB@ )

T-LBL (1%)

iso(7q) product unknown HSTLb >80%

t(8;13)(p12;q11-q12) FGFR1/ZMYM2 fusion Myeloproliferative 
neoplasm associ-
ated with T-LBL

t(8;14)(q24;q11) MYC overexpression 
(TRD@/TRA@ )

T-LBL (1%)

t(10;14)(q24;q11)/t(7;10)
(q34;q11)

TLX1 overexpression 
(TRD@/TRB@ )

T-LBL (10–30%)

t(11;14)(p13;q11)/t(7;11)
(q34;p13)

LMO2 overexpression 
(TRD@/TRB@ )

T-LBL (3%)

t(11;14)(p15;q11) LMO1 overexpression 
(TRD@ )

T-LBL (2%)

t(14;14)(q11;q32)/
inv14(q11q32)

TCL1 overexpression 
(TRD@/TRA@ ))

T-PLL (70–75%), 
T-LBL (<1%)

t(X;14)(q28;q11) MTCP1 overexpression 
(TRD@/TRA@ )

T-PLL (∼5%)

ALCL, anaplastic large cell lymphoma; HSTL, hepatosplenic T-cell lymphoma; T-LBL, T-cell 
lymphoblastic leukemia/lymphoma; T-PLL, T-prolymphocytic leukemia
aIndicates favorable prognostic significance in addition to diagnostic role.
bIndicates adverse prognostic significance in addition to its diagnostic role when extra copies 
of 7q are identified.

CoMMoN CHRoMoSoMAL tRANSLoCAtioNS iN t-CeLL  
NoN-HoDGkiN LyMpHoMA

taBLe 87.4

Diagnosis MRD

FISH for MYC Consider NGS for Ig gene rearrangement studies

Consider FISH for BCL2 
and BCL6
Consider NGS for Ig gene 
rearrangement studies

rearrangement itself sees little practical use due to the low clini-
cal sensitivity. NGS may provide a good means for MRD testing. 
Therefore, FISH remains the optimal diagnostic test, and there 
is a limited role for any testing for MRD other than potentially 
NGS. As mentioned earlier, in cases that do not have the clas-
sic morphologic or immunophenotypic profile of BL, additional 
FISH studies for BCL2 and BCL6 gene rearrangements are also 
 recommended.

Follicular Lymphoma
FL accounts for approximately 20% of all lymphomas, and is the 
second most common B-cell lymphoma, especially prevalent in 
Western nations.4 FL is predominantly a disease of adults and 
subclassifications are based upon the histologic grade and degree 
of nodularity. Notable subtypes include primary cutaneous FL, 
pediatric FL, and FL of specific extranodal sites such as the duo-
denum or testes.

A BCL2 translocation can be found in approximately 85% to 
90% of cases of FL as well as in 20% to 25% of de novo DLBCLs 
(not transformed from a known prior FL), occasional cases of CLL, 
and rarely in other lymphomas.10,90,91,92 Therefore, although the 
BCL2 rearrangement is the canonical cytogenetic abnormality 
associated with FL, it is not pathognomonic for this entity.
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The t(14;18)(q32,q21) is involved in the pathogenesis of FL, 
placing the BCL2 gene on 18q21 under the regulation of the IGH@ 
gene locus at 14q32. The translocation, which appears to be 
directed by the RSS-mediated VDJ rearrangement process, results 
in the overexpression of BCL2 which can be determined by immu-
nohistochemical staining (IHC) except in cases when a mutation 
in BCL2, superimposed on the rearrangement, prevents the anti-
body from binding.93 BCL2 is a mitochondrial membrane-bound 
protein that plays a critical role in the prevention of apoptosis 
(Fig. 87.9). BCL2 forms a heterodimer with BAX, thereby prevent-
ing the formation of proapoptotic BAX or BAK homodimers.94,95 
For GCBs, which should undergo apoptosis in the absence of 
appropriate nonself antigen stimulation, the overexpression of 
BCL2 results in the failure of the neoplastic cells to apoptose. 
This pathogenesis explains the rather indolent behavior of this 
lymphoma in the absence of additional hits that create a more 
proliferative drive.

Because FL is a neoplasm of GCBs, ongoing SHM limits the 
utility of immunoglobulin gene rearrangement molecular assays. 
Indeed, these assays have a notoriously low clinical sensitivity for 
FL using a single set of IGH@ FR3 primers, ranging from 13% to 
52%.14,15,17 This corresponds to the extremely high average fre-
quency of mutations in FL, of 11.6% for IgG clones, 9.9% for IgA 
clones, and 7.8% for IgM clones.96 VH contains an overall of 11.0% 
mutations in essentially 100% of cases of FL, where VK con-
tains a mean mutation rate of only 0.5% in only 33% of cases.97 
Therefore, the addition of IGK@ primers greatly enhances the clin-
ical sensitivity of the assay for FLs. The IGK@ locus tends to har-
bor fewer mutations, 4.7% according to one study.98 Therefore, by 
combining multiple immunoglobulin primers against both IGH@ 
and IGK@, a clonal rearrangement can be identified.14,15,17,97 
However, without the development of allele-specific primers, any 

background B-cells can decrease the sensitivity of the detection of 
the clone to 1% to 5%.

However, within the BCL2 locus there are several clusters of 
breakpoints spread out over the entire length of the coding gene 
and extending to more than 30 kb downstream from the final 
exon 3 (Fig. 87.10).99,100 The majority of the potential break-
point clusters involve translocation of the full coding sequence of 
BCL2 to chromosome 14. The major breakpoint region (MBR) is 
located within the 3′-UTR of exon 3 and accounts for 50% to 70% 
of potential breakpoints in BCL2. The minor cluster region (mcr) 
is located 20 to 30 kb farther downstream of exon 3, accounting 
for 5% to 15% of cases. The most common laboratory practice is 
to design primers for the MBR and mcr regions separately, using 
partner primers in the JH subunit. These two sets of primers are 
able to detect approximately 70% to 85% of potential rearrange-
ments.10 However, there are several additional sites within the 
BCL2 locus that can also be involved in rearrangements with 
immunoglobulin.99,100 The intermediate cluster region (icr) may 
actually be more prevalent in neoplasms than the mcr, account-
ing for approximately 13% of translocations. The icr is located 
between the MBR and the mcr as is the 3′ BCL2 cluster which 
accounts for 6% of cases. The 5′ mcr is the farthest downstream 
breakpoint region, but only accounts for approximately 1% of 
cases. Lastly, the variable cluster region (vcr) is located 5′ to the 
first exon but is found predominantly in the rare cases of CLL 
which harbor a t(14;18) as well as rare cases of FL. The vcr is 
the only one of the breakpoint regions that occasionally can be 
involved in translocations involving either IGK@ or IGL@ instead 
of IGH@. Unlike in BL, there is no definitive evidence that the 
location of the breakpoint plays a particular role in prognosis or 
disease biology.100

Given the only 70% to 85% clinical sensitivity of most clinical 
PCR-based assays for t(14;18)(q32;q21), FISH for the rearrange-
ment does play a role in those cases where the diagnosis is not 
definitive and the molecular testing fails to identify the transloca-
tion.101 The clinical sensitivity of FISH is significantly higher (100% 
correlation with SB) due to the far longer probes used in this 
method which are not dependent upon the specific site of the break. 
However, due to the limited analytical sensitivity of FISH compared 
to PCR-based methods, FISH is less useful in monitoring patients 
for MRD. For cases in which there is morphologic concern for a 
more high-grade process (foci of grade 3B or concomitant DLBCL), 
FISH for MYC and BCL6 rearrangements may also be helpful to 
identify transformation to a double- or triple-hit lymphoma.83,84

Even with the more clinically sensitive FISH studies, still 
approximately 10% of FLs will be negative for a t(14;18). 
Approximately 5% to 15% of FL cases may have translocations 

FIGURE 87.9. Apoptosis and proliferation pathways illustrating some of 
the roles of cyclin D1, MYC, and BCL2. Cyclin D1 associates with the cyclin-
dependent kinases, CDK4 and CDK6, to form a complex that hyperphosphorylates 
the retinoblastoma protein (Rb). When phosphorylated, Rb is unable to sequester 
and inhibit the function of E2F1 in promoting entry into S phase and promoting cell 
cycling. MYC inhibits p21 and p27, inhibitors of the cyclin-dependent kinases, and 
promotes the expression of CDK2 and CDK4. MYC also inhibits several antiapoptotic 
proteins, such as BCL2. BCL2 forms a heterodimer with BAX, thereby preventing 
the formation of proapoptotic BAX/BAK homodimers. MYC also promotes the p19ARF 
activation of p53-mediated apoptosis and cell cycle arrest through p21 and p27.

FIGURE 87.10. Location of breakpoint clusters in the BCL2 gene and their relative 
frequencies in follicular lymphoma and other B-cell neoplasms. MBR, major break-
point region; mcr, minor cluster region; icr, intermediate cluster region; vcr, variable cluster 
region.99,100
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involving BCL6 instead, often associated with more aggressive 
lesions with increased large cells.102,103,104,105 In addition, the FL 
variants such as primary cutaneous FL and pediatric FL are also 
typically t(14;18)-negative.4 Higher grade FL is also associated 
with a higher incidence of t(14;18)-negativity.106 These t(14;18)-
negative FLs have been associated with down-regulation of miR-
16, miR-26a, miR-101, miR-29c, and miR-138, supporting a later 
germinal center cell of origin.107

Studies on the prognostic significance of t(14;18) test-
ing results have demonstrated that the achievement of PCR-
negativity after induction chemotherapy did not significantly effect  
progression-free survival.108 However, there is a significantly bet-
ter survival in those patients who were PCR-negative in the bone 
marrow at diagnosis and for those who achieved PCR-negativity 
in the bone marrow after maintenance rituximab chemother-
apy.108,109 Thus, there is a role for molecular testing of t(14;18) in 
prognostication, although the role in MRD testing may be limited 
to after long-term maintenance therapy.

The use of molecular testing for BCL2-IGH@ rearrange-
ments for MRD monitoring carries one significant caveat. Using 
highly sensitive nested PCR methods or RT-PCR, t(14;18) may be 
found in up to 50% of normal individuals, the incidence increas-
ing with age.110 At this time, there is no indication that these 
t(14;18)-positive individuals are at any higher risk of developing 
FL. This phenomenon may serve as the basis for those indi-
viduals who enjoy prolonged complete remission while remaining 
PCR-positive.111

The presence of t(14;18) in normal individuals suggests that 
overexpression of BCL2 alone is not tumorigenic. Indeed, careful 
cytogenetic examination of FL by karyotype, aCGH, or aSNP can 
identify additional aberrations in up to 97% of FLs, including loss 
of 1p, 6q, 10q, 13q, and 17p as well as gains of 1q, 2p, 7, 8, 12q, 
18q, and X.112,113 Even in those cases without a CNV, copy neu-
tral loss of heterozygosity can occur.114 Cytogenetic abnormalities 
tend to accumulate with transformation of FL to DLBCL, and dele-
tions or mutations of TP53 located on 17p13, deletions of 6q or 
9p are particularly associated with poor prognosis.115,116 Losses 
or copy number neutral LOH of 1p36, at which site TP73 and 
TNFRSF14 are located, have been associated predominantly with 
diffuse FL.117,118 In addition, acquisition of a MYC translocation 
may also be associated with transformation.4

Gene expression profiling studies in FL have identified two 
separate prognostic groups distinguished by their tumor micro-
environment. Whereas a prominent T-cell signature is associated 
with better prognosis, a dominant macrophage signature is associ-
ated with poor outcomes.119 Given the impracticality of diagnostic 
transcriptional profiling for all patients at this time, immunohisto-
chemical surrogates have been sought including the quantitation 
of CD68+ macrophages and the histologic localization and num-
ber of FoxP3+ Treg cells, but the interpretation of these studies 
remains somewhat controversial.117 Other studies have examined 
markers of microvascular density,120 other antiapoptotic proteins 
in the BCL2 family,121,122 BCL2/BAK ratios,123 and CCNB1 expres-
sion124 in FL for prognosis and diagnosis.

MiRNA profiling has identified expression profiles that distin-
guish FL from nonneoplastic cases as well as DLBCL, and can 
even discriminate between transformed and nontransformed 
FL.125 Methylation studies have identified global hypermethyl-
ation in FL including the methylation of the promoters of CDKN2B 
(p15) and CDKN2A (p16).126 It is interesting that this global hyper-
methylation occurs with the concomitant overexpression of the 
methyltransferase EZH2 in FL.127 However, in those 7% to 22% 
of cases of FLs with a mutation in EZH2 identified by NGS there 
is paradoxically reduced transferase activity.128,129

In fact, genes involved in epigenetic regulation are com-
monly mutated in FL. MLL2, a histone methyltransferase, con-
tains somatic mutations in 89% of FL whereas MEF2B, a gene 
that interacts with CREBBP and EP300 to acetylate histones, is 

mutated in 13.4% of FL.130 As mentioned earlier, EZH2 mutations 
are common in B-cell lymphomas of germinal center origin, with 
the exception of BL.129 Many of the genes that are affected by 
somatic mutation are similar to those found in cases of DLBCL as 
well, suggesting a common oncogenic pathway revolving around 
epigenetic dysregulation.

Guidelines for Molecular testing in Follicular Lymphoma
At diagnosis, PCR or SB for the t(14;18) is recommended to estab-
lish the sensitivity of the assay for that patient’s specific rearrange-
ment. If positive, this marker can then be used to monitor MRD in 
this patient for prognostic import after maintenance therapy. Due 
to the extensive SHM of BL as a neoplasm of GCBs, PCR-based 
immunoglobulin gene rearrangement studies have very poor 
clinical sensitivity, and, in the absence of allele-specific primers, 
PCR for immunoglobulin gene rearrangements is not superior to 
FISH in terms of analytical sensitivity, and is vastly inferior to PCR 
for t(14;18) or NGS deep sequencing methods. Therefore, if the 
molecular assay for the BCL2-IGH@ translocation fails to detect the 
patient’s clonal rearrangement, then FISH for t(14;18) may be nec-
essary if the diagnosis is cannot be made morphologically. If there 
is morphologic evidence for a more high-grade process disease, 
then FISH for MYC and BCL6 may also be appropriate.

Diagnosis MRD

PCR or SB for BCL2-IGH@ PCR for BCL2-IGH@ after  
maintenance

Consider FISH for BCL2 Consider NGS for Ig gene rearrange-
ment studies

Consider FISH for MYC and BCL6  
if aggressive

Consider NGS for Ig gene rearrange-
ment studies

Mantle Cell Lymphoma
MCL accounts for 5% to 6% of NHLs, occurring predominantly 
in males over the age of 55 years (male:female ratio of 4:1).4,131 
MCL is typically thought of as an aggressive disease that is often 
widespread at diagnosis, although more indolent cases, often 
with a more leukemic presentation, can have longer survival 
times (average 79 months rather than 36 to 60 months for typical 
cases).132,133 Other morphologic variants, such as the pleomor-
phic or blastoid variants, tend to have poorer outcomes.4

The hallmark cytogenetic aberration in MCL is the CCND1-
IGH@ translocation that can be found in 90% to 99% of all cases 
of MCL.134,135 In addition, this rearrangement can also be seen in 
20% to 25% of plasma cell myelomas, and some cases of CLL or 
prolymphocytic leukemia (PLL), and splenic marginal zone lympho-
mas.136,137–139,140 This translocation results in the overexpression of 
cyclin D1 which can be assessed via IHC, with greater than 90% sen-
sitivity for the translocation.140 However, overexpression of cyclinD1 
is also associated with the above lymphoid neoplasms as well as in 
the proliferation centers of typical CLL and in some cases of hairy 
cell leukemia (HCL) that do not harbor the translocation.141,142

The t(11;14)(q13;q32) in MCL juxtaposes the CCND1 gene on 
11q13 which encodes for cyclin D1 with JH subunit of the IGH@ 
locus on 14q32. As in the cases of MYC and BCL2, the majority 
of the translocations place the entire coding region of CCND1 
under regulation of the IGH@ locus, resulting in overexpression 
of the full cyclin D1 protein. As in FL, the translocation with the 
JH subunit is directed by the RSS. Cyclin D1 associates with the 
cyclin-dependent kinases, CDK4 and CDK6, to form a complex 
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that hyperphosphorylates the retinoblastoma protein (Rb).143 
When phosphorylated, Rb is unable to sequester and inhibit the 
function of E2F1 in promoting entry into S phase and promoting 
cell cycling (Fig. 87.9). This increased proliferation is marked by 
Ki-67 IHC staining, with higher levels of Ki-67 portending a more 
aggressive disease (cut-offs vary from >40% to >60%).144,145

The majority of the CCND1 breakpoints occur upstream 
or centromeric to the coding sequence (Fig. 87.11). However, 
these breakpoint regions are spread out across approximately  
120 kb.99,146 Although there are three main regions of break-
points, these are not tightly clustered. The major translocation 
cluster (MTC) spans an 80 to 100 bp region located the farthest 
upstream from the CCND1 gene, accounting for 30% to 40% of 
translocations. This region was formerly known as the B-cell 
lymphoma/leukemia 1 region (BCL1), prior to the recognition 
that the gene responsible for the biology of MCL was actually 
the downstream CCND1 gene. The minor translocation clusters 
(mTC1 and mTC2) lie closer to the CCND1 coding sequence. In 
addition, occasional breakpoints 3′ to the coding sequence can be 
seen, especially in plasma cell myeloma. In addition to the trans-
locations, deletions or point mutations in the 3′-UTR of CCND1 
mRNA have been identified in 5% to 10% of patients which result 
in increased stability of the transcript, potentially due to inability 
of miR-16-1 to target the mRNA. The resultant increased half-life 
of the transcript is associated with increased proliferative rate and 
poor survival.147,148 By contrast, recently discovered 5′-UTR and 
first exon mutations in CCND1 appear to be bystander mutations 
without prognostic significance.149

The wide distribution of these breakpoints explains the poor 
clinical sensitivity of PCR-based molecular assays for the t(11;14). 
The majority of PCR assays are designed to target just the MTC, 
resulting in a 30% to 40% clinical sensitivity, and due to vari-
ability within the JH subunit as well, product sizes can span 143 
to 934 bp.146 By contrast, FISH, with its large probes, has nearly 
100% sensitivity for the rearrangement.135,140 However, given the 
greater than 90% correlation with IHC, in most cases IHC alone is 
required to make the diagnosis, with the caveat that other benign 
and neoplastic entities can have some cyclin D1 expression with-
out harboring the t(11;14).

FISH and IHC, however, are not sufficiently sensitive for 
the detection of MRD. However, a clonal immunoglobulin gene 
rearrangement can be identified in the majority of cases of MCL 
(approaching 100% in some studies with a single set of FR3  
primers).14,15,17 The high clinical sensitivity of this test is due to 
the pre-germinal center naive B-cell origin of this neoplasm. In 
the majority of cases, the clonal cell population has not undergone 
any SHM. More detailed analysis, however, reveals that 26% of 
cases of MCL do indeed exceed the 2% nonhomology with germ-
line used to define SHM, with an average mutation rate of 1.51% 
for the 32 cases examined.150

For the development of a true MRD test, however, the analyti-
cal sensitivity must be below the 1% to 5% range achievable by 
either FISH, IHC, or immunoglobulin gene rearrangements using 
standard primers. Using allele-specific primers, the utility of 
RT-PCR for IGH@ VDJ rearrangement assays (peripheral blood 

either MRD positive or negative) has been demonstrated in the 
prediction of progression-free survival.151 These methods, how-
ever, have not yet achieved widespread clinical utilization.

Approximately 1% to 10% of cases of MCL are t(11;14)- negative, 
involving variant translocations. These are divided among cyclin 
D1 overexpression by rearrangement with the light chains as well 
as overexpression of cyclin D2 or D3 with the immunoglobulins: 
t(2;11)(p11;q13) (CCND1-IGK@), t(11;22)(q13;q11) (CCND1-IGL@), 
t(12;14)(p13;q32) (CCND2-IGH@), t(2;12)(p11;p13) (CCND2-IGK@), 
t(12;22)(p13;q21) (CCND2-IGL@), and t(6;14)(p21;q32) (CCND3-
IGH@).135 These cases may be difficult to diagnose using cyclin D1 
FISH, although breakapart of the CCND1 signal may be seen with 
the light chain variants and breakapart of the IGH@ locus may 
be seen with either CCND2 or CCND3 recombinations with IGH@. 
Strong expression of SOX11 by IHC has been identified in 90% 
of MCLs, including the t(11;14)-negative cases.152,153 Expression 
of this transcription factor is negative in nearly all other mature 
B- and T-cell lymphoma, with the exception of some cases of 
BL, T-prolymphocytic leukemia (T-PLL), and lymphoblastic neo-
plasms. However, to date this immunohistochemical stain is not 
widely employed in histology laboratories.

MCL is also commonly associated with other genetic aberra-
tions. The most common secondary abnormality is loss or muta-
tion of the ATM gene, with inactivating mutations identified in 
40% to 75% of cases and deletions of 11q22-23 in 21% to 59% 
of cases.4 Mutations of TP53 seen in approximately 7% to 20% 
of cases of MCL and deletions of the 17p13-pter are seen in 21% 
to 45% of cases.4,154,155 Decreased function of either ATM or p53 
affects the ability of MCL cells to respond appropriately to DNA 
damage, enabling the accumulation of additional genetic changes. 
Approximately 20% to 30% of MCL have deletions of the INK4a/
ARF locus (CDKN2A) which encodes for both p14 and p16 in alter-
nate reading frames.156–158,159 The latter protein is an inhibitor of 
both CDK4 and CDK6; therefore its deletion facilitates cell cycling 
in conjunction with cyclin D1 overexpression. The p14ARF pro-
tein inhibits MDM2/HDM2 which negatively regulates p53. Thus, 
deletion of p14 results in decreased p53 function as a tumor sup-
pressor and regulator of DNA damage.

Other common aberrations identified by karyotyping or 
aCGH include gains of 3q, 7p, 8q (MYC), 12q (CDK4), 12, 15q, 
and 18q (BCL2) and losses of 1p, 6q, 8p, 9p (CDKN2A), 9q, 
10p (BMI1), 11q, 13q, and 17p (TP53) (SB validated candidate 
genes in parentheses).135 Many of these changes are aber-
rations commonly associated with CLL, such as del(11q23), 
del(17p13), +12, del(13q14), and may suggest some common-
ality in pathogenic pathways. Blastoid and pleomorphic MCL 
may harbor tetraploid cytogenetics as well as gains of 3q, 7p, 
and 12q, and losses of 9p21 (CDKN2A) and 17p (TP53).135 By 
contrast, indolent cases of MCL often have t(11;14) as the sole 
abnormality.135

Gene expression profiling on a large series of MCL patients 
has identified a characteristic signature of 20 genes which, not 
surprisingly, are associated with proliferation.159 When this 
gene set was pared down to a minimal set of 5 genes (RAN, 
MYC, TNFRSF10B, POLE2, and SLC29A2), the profile by RT-PCR 
was able to predict survival.160 Methylation profiling has been 
helpful in distinguishing MCL from CLL, identifying a MCL meth-
ylation profile demonstrating hypermethylation of developmental 
genes, in particular homeobox genes.161,162 miRNA profiling has 
also identified several candidate miRNAs which might serve as 
adverse prognostic markers, such as down-regulation of miR-29 
and up-regulation of miR-17-5p/miR-20a.163,164

NGS has recently confirmed mutations of TP53 (7% to 20%), 
ATM (20% to 33%), and CHEK2 (anecdotal)135,154,155,165–167 but 
also discovered a 12% prevalence of NOTCH1 mutations in MCL 
associated with decreased overall survival.149 These mutations 
are truncation mutations or small frameshift indels in the PEST 
domain that result in decreased ubiquitination and increased 

FIGURE 87.11. Location of breakpoint regions in the CCND1 gene and the frequency of 
the most common breakpoint in mantle cell lymphoma. MTC: major translocation cluster, 
mTC: minor translocation clusters 1 and 2.99,146
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NOTCH1 activity. These mutations are similar in frequency and 
location to those seen in CLL, and differ from the more prevalent 
and widespread NOTCH1 mutations in precursor T lymphoblastic 
leukemia.

Guidelines for Molecular testing in Mantle Cell 
Lymphoma
At diagnosis, IHC for cyclin D1 overexpression is required. 
Further testing by FISH is only required for the rare cyclin 
D1-negative cases. IHC for SOX11 can also be considered in 
those cases (limited availability at this time). There are no good 
MRD markers for MCL, in the absence of allele-specific prim-
ers for patient-defined immunoglobulin gene rearrangements. 
Additional prognostic information may be gleaned from loss of 
the TP53 locus, and NOTCH1 mutational testing may be relevant 
in the future.

Extranodal Marginal Zone Lymphoma (Mucosa-
associated Lymphoid Tissue Lymphoma)
Extranodal marginal zone lymphomas comprise 7% to 8% of all 
B-cell lymphomas and are the most common NHL of extranodal 
site.4 This neoplasm is not to be confused with splenic marginal 
zone lymphoma or nodal marginal zone lymphoma, as these enti-
ties lack the characteristic reciprocal translocations found in the 
lymphomas of the mucosa-associated lymphoid tissue (MALT). It is 
interesting that these lymphomas are not traditionally found in nor-
mal physiologic sites of MALT, but rather in sites exposed to chronic 
inflammation that acquire a significant lymphoid infiltrate.9 This 
chronic inflammation is often associated with specific infectious 
agents or autoimmune disease, and these instigating etiologies 
segregate by the sites of the MALT lymphomas (Table 87.5).168,169

Four recurrent reciprocal translocations are identified in 
MALT lymphomas: t(11;18)(q22;q21), t(1;14)(p22;q32), t(14;18) 

(q32;q21), and t(3;14)(p14.1;q32). The first three of these translo-
cations all involve overexpression or fusion of components within 
the NF-kB pathway, resulting in overstimulation of the pathway 
and overexpression of NF-kB-dependent genes involved in anti-
apoptosis and cellular proliferation (Fig. 87.12).168 Typically, 
stimulation of the BCR (Ig complex) induces the interaction of 
BCL10 and MALT1 which promotes dimerization of MALT1. This 
complex in turn causes oligomerization of the TNF receptor- 
associated factor 6 (TRAF6). This activation of TRAF6 results 
in promotion of IKKg-mediated phosphorylation of Ik-B. 
Phosphorylated Ik-B is then targeted for degradation, releasing 
NF-kB, which translocates to the nucleus and promotes transcrip-
tion of genes involved in lymphocyte survival and proliferation. 
The various NF-kB pathway-related translocations cause induc-
tion of this pathway independent of stimulation through the BCR.

The t(11;18)(q22;q21) creates a fusion product between BIRC3 
(API2) on 11q22 and MALT1 on 18q21 and is the most common 
recurrent translocation in MALT lymphomas.170,171 Although 
BIRC3 contains some independent antiapoptotic activity, more 
importantly for MALT lymphomas it also contains a dimerization 
domain. This fusion therefore results in MALT1 units that can 
dimerize independent of the BCR, thereby creating constitutive, 
antigen-independent stimulation of the NF-kB pathway. All of 
the translocation sites in BIRC3 (at least 4 known) are localized 
downstream from the BIR domains in the gene, resulting in full 
BIR domain activity in the fusion protein.172 These domains mark 
BIRC3 as a member of the inhibitors of apoptosis (IAP) family of 
proteins that inhibit the caspases. However, these domains are 
also capable of homophilic interactions, causing dimerization. 
Over 90% of the translocation sites in BIRC3 occur at a single 
site, just 5′ to its CARD domain, so designing primers against this 
most common breakpoint region is possible. Unfortunately, the 
MALT1 breakpoint regions are spread over 300 bp throughout 
the middle portion of the gene, leaving the carboxyl terminus 
of the MALT1 gene fused to BIRC3.172 Nevertheless, PCR-based 
assays have been designed for this lesion, which, depending on 
the primers, have variable but overall moderate clinical sensitiv-
ity. FISH probes, which easily span the possible breakpoint sites, 
provide higher clinical sensitivity for this translocation which has 
significant therapeutic relevance (vide infra).173

The t(1;14)(p22;q32) results in the overexpression of the 
BCL10 gene on 1p22 through its relocation under the IGH@ 
enhancer. The resultant increased concentration of BCL10 in the 
cytoplasm results in its forced association with MALT1 and activa-
tion of the NF-kB pathway. Interestingly, the interaction of BCL10 
with MALT1 appears to help localize BCL10 to the cytoplasm, 

Diagnosis MRD

IHC for CyclinD1, Ki-67, p53 Consider PCR or NGS for Ig gene rear-
rangement studies

Consider PCR or NGS for Ig gene  
rearrangement studies

Consider FISH for variant  
translocations or 17p13

Consider IHC for SOX11

Translocation t(11;18)(q22;q21) t(1;14)(p22;q32) t(14;18)(q32;q21) t(3;14)(q14.1;q32) Potential Agent

Product BIRC3–MALT1 
Fusion (%)

Overexpression of 
BCL10 (%)

Overexpression of 
MALT1 (%)

Overexpression of 
FOXP1 (%)

Locations:

Stomach 22 3 Helicobacter pylori
Intestine 15 10 Campylobacter jejuni
Lung 42 7 Chlamydia psittaci
Ocular adnexa 13 20 C. psittaci
Salivary glands 5 Sjogren’s disease
Thyroid 50 Hashimoto’s disease
Skin 14 10 Borrelia burgdorferi

taBLe 87.5

tRANSLoCAtioNS iN extRANoDAL MARGiNAL ZoNe LyMpHoMAS, tHeiR fRequeNCy by Site, AND tHeiR  
ASSoCiAtioN witH CHRoNiC iNfLAMMAtoRy AGeNtS/DiSoRDeRS168,169
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and overexpression of BCL10 results in excess unbound BCL10 
and consequent nuclear expression of BCL10 in cells with this 
translocation. The formation of BIRC3–MALT1 fusion in cases 
harboring the t(11;18) likewise frees BCL10 from the cytoplasm 
and results in nuclear expression of BCL10. This can be seen 
immunohistochemically, and may prove to be a good surrogate 
for these translocations.172,174,175 Currently, there is limited offer-
ing of FISH or any molecular assay for this translocation, although 
IGH@-breakapart probes can be used to identify the translocation, 
albeit not its partner.

The t(14;18)(q32;q21) seen in approximately 10% of MALT 
lymphomas contains the identical karyotypic breakpoints to 
those seen in FL.176 However, with increased resolution, the 
BCL2 gene is in reality located 5 Mb telomeric to the MALT1 
gene.177 As in FL and MCL, this translocation juxtaposes the 
IGH@ partner, in this case MALT1, with the IGH@ enhancer 
through a RSS-guided rearrangement to the JH subunit of 
IGH@.176 The resultant overexpression of MALT1 protein 
results in elevated cytoplasmic concentrations of the protein, 
which stochastically force enough proximity to induce TRAF6 
oligomerization and NF-kB activation. The majority of MALT1 
breakpoints appear to occur within an 87 bp region which may 
permit the development of a PCR-based assay for this trans-
location. However, due to the relatively low frequency of this 
translocation in MALT lymphoma, clinical development has 
not been widespread. Rather, FISH probes for these loci are 
 commonly available.

Finally, the t(3;14)(p14.1;q32) involves the overexpression 
of the FOXP1 gene on 3p14 due to its relocation to the IGH@ 
gene locus.178 FOXP1 encodes a transcriptional repressor in the 
Forkhead family which is critical for B-cell development and 
whose overexpression is implicated in several B-cell lymphomas 
in addition to MALT lymphomas, including DLBCL, FL, and cuta-
neous B-cell lymphomas. Although FOXP1 can be interrogated 
by IHC, this antibody is not commonly used in clinical laborato-
ries, nor are directed FISH probes or PCR-based assays. IGH@-
breakapart probes can be used to identify the translocation, albeit 
not its partner.

These translocations are associated with specific sites and 
etiologies of MALT lymphomas.168 The t(11;18) and t(1;14) are 
most common in gastric, intestinal, and lung MALT lymphomas 
with the t(11;18) being especially prevalent in the gastric and lung 
neoplasms. By contrast, the t(14;18) and t(3;14) occur in the ocular 
adnexa and skin, with the t(14;18) also rarely found in the salivary 
gland lymphomas and the t(3;14) commonly found in the thyroid 
lesions. Each of these different sites has a distinct source of chronic 
inflammation that has been associated with MALT lymphomas in 
these sites, although exactly how the particular instigating agent 
causes specific reciprocal translocations remains to be understood. 
However, it is known that although early gastric MALT lymphomas 
are dependent upon Helicobacter pylori stimulation of the B-cell, 
once the neoplasm acquires a t(11;18), it becomes independent 
of the bacterium. Thus, whereas antibiotics successfully treat up 
to 75% of gastric MALT lymphomas, the cases with t(11;18) are 
refractory to antibiotic therapy.179

Inasmuch as MALT lymphomas are derived from post- germinal 
center marginal zone B-cells, they tend to have significant SHM. 
Thus, immunoglobulin gene rearrangement studies identify clonal 
rearrangements in only 62% to 68% of cases using a single set of 
FR3 primers.14,15,17 However, when a clonal population can be 
identified, it can be a valuable test both for diagnostic purposes as 
well as for monitoring for MRD. Distinguishing reactive lymphoid 
hyperplasia from MALT lymphoma in sites of chronic inflamma-
tion can be histologically challenging; in these cases, Ig gene rear-
rangement studies, when positive, can be helpful. However, these 
results must be interpreted with caution, as inflammatory lesions 
can demonstrate pseudoclonality due a limited repertoire of B-cells 
responding to a given antigen. Similarly, a negative result may be 
due to SHM and does not preclude a neoplasm.

MALT lymphomas, as well as other marginal zone lympho-
mas, can demonstrate ancillary cytogenetic changes, in particular 
trisomies of 3, 7, 12, and 18.180 In addition, with transforma-
tion to DLBCL, additional aberrations may accumulate in TP53, 
CDKN2B (p15),CDKN2A (p16), RB1, and MYC.168 The accumula-
tion of genetic changes is also reflected in the accumulation of 
miRNA expression changes from controls, to gastritis, to MALT 

FIGURE 87.12. Biology of translocations common in 
extranodal marginal zone lymphomas. On the far left: 
Helicobacter pylori stimulation of the B-cell receptor (BCR) 
induces the interaction of BCL10 and MALT1, promoting 
dimerization of MALT1 and downstream oligomerization of 
TRAF6. This activation of TRAF6 results in promotion of 
IKKg-mediated phosphorylation of Ik-B (IKKg not shown). 
Phosphorylated Ik-B is then targeted for degradation, 
releasing NF-kB, which translocates to the nucleus and 
transcriptionally activates genes involved in lymphocyte 
survival and proliferation. The t(11;18) induces BCR-
independent dimerization of MALT1 and activation of the 
pathway. The t(1;14) induces BCL10 overexpression and 
promotes dimerization of MALT1 as does overexpression 
of MALT1 itself via a t(14;18). Lastly the t(3;14) induces a 
FOXP1 transcriptional program that must be related to the 
NF-kB program.168
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lymphoma, to DLBCL.181,182 Note that in the transformation to 
DLBCL, gastric MALT lymphomas appear to acquire a signa-
ture of 27 down-regulated miRNAs that are all transcriptionally 
repressed by MYC, and MYC overexpression was found in 80% of 
the DLBCLs, but only 20% of the low grade MALT lymphomas. In 
particular miR-34a down-regulation caused overexpression of its 
target, FOXP1, in DLBCL but not in MALT lymphoma.183 A similar 
gradation of accumulated changes is seen in the increase in the 
CpG island methylator phenotype from 0% in controls, 62% in 
MALT lymphomas, and 93% of DLBCLs.184

Guidelines for Molecular testing in extranodal Marginal 
Zone Lymphoma
No specific molecular testing is required to make the diagnosis 
of a MALT lymphoma. However, FISH for t(11;18) may have 
therapeutic implications for the patient at diagnosis. In addition, 
assessment of whether a clonal population can be detected by Ig 
gene rearrangement studies at diagnosis may be helpful both in 
distinguishing a reactive process for neoplasia and in the identi-
fication of a molecular marker of disease for therapy monitoring.

Chronic Lymphocytic Leukemia/Small Lymphocytic 
Lymphoma
Accounting for only 6.7% of NHLs, CLL/SLL is nonetheless the 
most common adult chronic leukemia in Western countries.4,9 The 
majority of these cases are leukemic (CLL), with the isolated lym-
phomatous presentation of SLL uncommon. Although considered 
to be overall an indolent disease, there is wide variability in clini-
cal outcomes, with some patients enjoying survival measured in 
decades, and others succumbing to disease or disease-associated 
sequelae within just a few years. A minority of cases can progress 
to more aggressive disease, including DLBCL (Richter’s transfor-
mation, 2% to 8%), Hodgkin lymphoma (<1%), and prolymphocytic  
leukemia (PLL).4

Genetic aberrations are found in the vast majority of cases of 
CLL, although the identification of these changes varies widely 
upon the methodology. Conventional MC identifies abnormalities 

in only approximately 40% of cases.185 However, FISH can detect 
cytogenetic changes in about 80% of CLL cases.186 Typical FISH 
panels interrogate four common chromosomal aberrancies: dele-
tions of 13q14, 11q22-23, and 17p13 as well as trisomy of chro-
mosome 12. Array CGH methods have the potential to identify 
even more aberrations, and some institutions routinely perform 
aCGH for CLL, although most of the published studies still use 
FISH as the gold standard for comparison.187,188

Deletions of 13q14 are the most common recurrent abnormal-
ity in CLL and account for 50% to 60% of cases.186 Patients can 
show either homozygous or heterozygous losses of 13q14, both 
associated with favorable prognosis. The locus affected by this 
deletion appears to contain two miRNAs, miR-15a and miR-16-1, 
and deletion of these miRNAs are common in familial cases of CLL 
as well.54,55 These miRNAs have been demonstrated to target and 
translationally repress a number of genes involved in apoptosis, 
including BCL2, MCL1, and TP53, therefore the loss of these miR-
NAs results in increased expression of the antiapoptotic genes 
BCL2 and MCL1 (Fig. 87.13). Although TP53 is proapoptotic, its 
role in CLL may be more complex than previously understood. 
The protein product of TP53, p53, also promotes transcription of 
two other miRNAs, miR-34b and miR-34c, both of which target 
the mRNA of ZAP70.189 Thus in 13q14-deleted CLLs, there is 
increased p53 expression, increased miR-34b and miR-34c, and 
decreased ZAP70 protein. ZAP70 has independently been deter-
mined to portend a poor prognosis.43

Deletions of 11q22-23 are identified in approximately 17% of 
cases of CLL.190 This locus contains a number of important genes 
in the pathogenesis of CLL. ATM is located in this deleted region 
at 11q22.3. As noted earlier, ATM phosphorylates p53, resulting 
in its protection from ubiquitination and degradation by MDM2. 
The active p53 then can induce cell cycle arrest followed by either 
apoptosis or DNA repair. Therefore, loss of the ATM locus is 
tantamount to decreased function of p53. In addition, miRNAs, 
miR-34b and miR-34c, are located at 11q23.1 and are also deleted 
with ATM. The deletion of these miRNAs results in increased 
ZAP70 protein, the poor prognostic marker.43,189 Deletions of 
11q22-23 are therefore consistent with a poor prognosis. Recent 
studies have suggested the importance of adding alkylating agents 
such as cyclophosphamide to regimens used to treat patients with 
deletion 11q22-23.191

Deletions of 17p13 involve the loss of the TP53 locus, and are 
found in approximately 8% of cases of CLL, also associated with 
a poor prognosis.190 By itself, deletion of the tumor suppressor 
gene is typically associated across malignancies with negative 
prognosis. In CLL, it has been demonstrated that loss of p53 can 
also result in decreased miR-34b and miR-34c transcription and 

FIGURE 87.13.  Chronic lymphocytic leukemia (CLL) biology. Loss of 13q14 
causes decreased miR15a/16-1, resulting in decreased apoptosis. Trisomy 11 results 
in increased miR-34b/34c, with resultant decreased ZAP 70 and decreased B-cell 
receptor (BCR) signaling. However, loss of 17q13 results in increased ZAP 70 and 
increased BCR-mediated signaling with decreased apoptosis.

Diagnosis MRD

Consider FISH for various  
translocations

Consider PCR or NGS for Ig gene  
rearrangement studies

Consider PCR or NGS for Ig gene  
rearrangement studies
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therefore increased ZAP70 expression.189 The identification of 
del(17p) is a critical predictor of fludarabine-resistance. Because 
fludarabine forms the backbone of most chemoimmunotherapy 
regimens for CLL, FISH for TP53 provides therapeutically impor-
tant information, and may prompt the use of alemtuzumab 
instead of fludarabine.192

Trisomy 12 is found in approximately 20% of cases of CLL, 
and can be associated with more atypical morphologic features 
such as irregular nuclear contours and less condensed chromatin 
as well as increased CD11c expression.4,190,193 Trisomy 12 is 
considered to be an intermediate risk factor in CLL but can be 
associated with specific other abnormalities that may modify its 
prognostic import.

Although it has subsequently been shown to be an independent 
poor prognostic marker, the importance of ZAP70 expression 
was originally identified as a surrogate marker for SHM status 
through gene expression profiling studies.43,194,195 CLL cases are 
nearly divided evenly in their mutational status, approximately 
40% to 50% SHM-negative and 50% to 60% SHM-positive.29,30 
The discovery of SHM in CLL caused a revolution in the thinking 
of the biologic origin of CLL. These same gene expression profiling 
studies also determined that CLL is a neoplasm of memory B-cells, 
approximately 50% of which pass through the germinal center 
thereby acquiring SHM in a T-cell dependent fashion, whereas 
the remaining memory B-cells are part of our innate immune sys-
tem and become memory B-cells without traversing the germinal 
center in a T-cell independent manner.194–196 These latter cases 
therefore do not acquire SHM. Prognostically, the SHM-positive 
cases of CLL have longer overall survival (median 293 months 
for low stage disease), and SHM-negative cases portend a poor 
prognosis (median survival 95 months for low stage disease).30,197 
Despite the presence of SHM in roughly half the cases of CLL, 
nonetheless, Ig gene rearrangement studies have a universally 
high level of detection of clonal rearrangements using standard 
framework primers.14,15,17

The VH repertoire utilized in CLL is biased, implying a common 
set of antigens or superantigens in the pathogenesis of CLL that 
have yet to be identified.198–199,200,201 In some cases, certain Ig 
genes appear to be preferentially used in unmutated rearrange-
ments (VH1-69, VK1-33, VL3-21) whereas others are associated 
with SHM-positive cases (VH4-34, VK3-7, VL3-23, VL2-30, VL2-
8).200,201 Within these gene regions even the specific amino acid 
changes that occur in these regions in those cases exhibiting SHM 
involve stereotyped changes, providing further evidence of selec-
tion for specific pathogenic antigens.200 Certain of the stereotypes 
are associated with poor prognosis regardless of mutational status. 
The most well documented of these is VH3-21, although VH3-48 and 
VH3-53 have been discussed in this context as well.197,202,203,204 
Other B-cell Ig gene stereotypes have been associated with bet-
ter prognosis, including VH4-34 and VH2-30.200 Monoclonal B-cell 
lymphocytosis appears to utilize VH4-59/61 preferentially, although 
it has a similar array of cytogenetic changes as CLL.205

SLL, although derived from the same cell of origin as CLL, 
demonstrates slightly different prognostic markers. SLL is associ-
ated with a lower rate of SHM than CLL (26% of cases compared 
to 40% of cases.206 The prevalence of trisomy 12 and VH3-21 is 
also significantly increased in SLL compared to CLL.207

Disease progression and transformation in CLL appears to be 
associated with an accumulation of genetic changes, particularly 
deletion of 6q21-q24.186,208 Therefore, at relapse or progressive 
disease, the number and nature of cytogenetic aberrancies can 
differ from diagnosis. Acquisition of reciprocal translocations, 
even those commonly associated with other B-cell lymphomas 
such as rearrangements of BCL2, MYC, and BCL3, can be seen at 
disease progression.90,92,209–212 Many of these involve the light 
chain Ig loci in addition to IGH@.

The accumulation of mutations during disease progression 
has been documented by NGS as well. NGS has confirmed  

mutation rates for TP53 (15%) and ATM (9%).213 In addition, 
several new mutations have been identified that may play key 
roles in CLL pathogenesis. Mutations in NOTCH1 have been iden-
tified in 4% to 12% of CLLs, associated with decreased overall 
survival.213,214,215,216 The majority of these cases contain a two-
nucleotide deletion in the PEST domain. Similar to those identi-
fied in MCL, these deletions are expected to result in decreased 
ubiquitination and increased NOTCH1 activity. The prevalence of 
NOTCH1 mutations increases with Richter transformation (from 
8.3% to 31.0%) as well as with chemorefractoriness (20.8%).215 
NOTCH1 can directly stimulate MYC transcription, and mutations 
of NOTCH1 appear to be mutually exclusive with MYC activation, 
suggesting that the MYC oncogenic pathway can be accessed by 
either mechanism in CLL. NOTCH1 mutation or MYC activation can 
coexist with decreased p53 function, perhaps to counteract the role 
of MYC in apoptosis, especially in cases of fludarabine- refractory 
CLL or Richter’s transformation.215,217,218 NOTCH1 mutations are 
associated with trisomy 12 and unmutated Ig status.214,215,218

NGS has also identified several other genes that are mutated 
in CLL.213,214,215,216 MYD88 mutations, occurring in 10% of 
cases, predominantly involve missense mutations occurring at 
only three sites within a 40 bp region of the gene.213 These 
patients tend to be younger with disease presenting at a more 
advanced clinical state, and are highly associated with SHM and 
del(13q). FBXW7 mutations (4% of cases), as well as NOTCH1 
mutations, are associated with trisomy 12. TP53 mutations (15% 
of cases) often occur in conjunction with del(17p), to result in 
biallelic loss of function. Lastly, SF3B1 was identified as one of 
the most common mutations in CLL, occurring with a frequency 
of 15% of all CLL cases.219 This gene functions in the catalytic 
core of the SF3b complex of the spliceosome. The majority of 
the mutations are a single K700E mutation (mutational hotspots 
also include codons 662 and 666) which is believed to be a gain-
of-function mutation causing aberrant splicing in these patients. 
This mutation is commonly associated with del(11q) or muta-
tions in the ATM gene, and found in predominantly unmutated 
cases of CLL. It is interesting that SF3B1 mutations and TP53 
aberrations appear to be mutually exclusive in fludarabine-
refractory cases, suggesting some overlap in their roles in che-
morefractoriness, although perhaps SF3B1 and ATM aberrations 
are synergistic. SF3B1 mutations have also been identified in the 
myeloid neoplasm, myelodysplastic syndrome, suggesting inter-
esting hypotheses about the relationship between myeloid and 
T-cells developmentally as well as the role of aberrant splicing in 
general oncogenesis.220–224

Guidelines for Molecular testing in Chronic Lymphocytic 
Leukemia
Although no molecular testing is required to make a diagnosis of 
CLL, molecular cytogenetic aberrations may play an important 
role in prognostication and also in the selection of chemoimmuno-
therapy regimens. These include FISH or aCGH for the recurrent 
abnormalities and SHM testing. In addition, assessment of a clonal 
population at diagnosis may be helpful in the identification of a 
molecular marker of disease for therapy monitoring. Several of 
the novel markers identified by NGS, such as NOTCH1 and SF3B1 
have highly localized mutations for which very sensitive PCR 
methods can easily be developed in addition to NGS. These may 
be used prognostically at diagnosis, and possibly for monitoring 
MRD, although no studies exist exploring this role for molecular 
studies at this time.

Diffuse Large B-cell Lymphoma
DLBCL, not otherwise specified, is the most common adult lym-
phoma, comprising approximately 30% to 40% of cases of NHL.4 
This is a heterogeneous category of disease for which there is 
varied clinical presentation, response to therapy, and molecular 
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aberrancies. These features have made the study of DLBCL chal-
lenging, and molecular discoveries have lagged behind some of 
the more homogeneous lymphoma entities. Nevertheless, gene 
rearrangements can be identified by FISH using breakapart 
probes in approximately 65% of cases of DLBCL, split among 
those involving BCL6 (45% of cases), BCL2 (21% of cases), BCL10 
(18% of cases), and MYC (16% of cases).225,226

BCL6 gene rearrangements involve the translocation of the 
entire coding region of BCL6 on chromosome 3q27 to its partner 
chromosome. At least 20 such partners have been described, 
including both Ig and non-Ig genes, mandating the requirement 
for breakapart FISH probes against BCL6.227 These translocations 
place the BCL6 coding sequencing downstream of the heterolo-
gous promoter sequences of the partner chromosome, resulting in 
overexpression of BCL6.228 The breakpoints in the BCL6 are pre-
dominantly located in the MBR which consists of the 5′ flanking 
region, the first noncoding exon, and part of the first intron. An 
alternative breakpoint region (ABR), found in 17% of BCL6 trans-
locations, is located 240 to 280 kb 5′ to the MBR and requires a 
separate FISH probe to identify these rearrangements.229 Most 
FISH studies only use the single MBR-directed breakapart probes, 
thereby decreasing their clinical sensitivity,229,230,231,232 but 
newer FISH assays cover both breakpoints. BCL6 translocations 
are associated primarily with germinal center histogenic origin, 
and confer an advantageous prognosis, although they can be seen 
in nongerminal center DLBCLs as well where they appear to be 
associated with poor outcome.233

BCL6 encodes a POZ (Poxvirus zinc finger) domain, that 
is involved in both homodimerization and heterodimerization 
with other POZ-containing proteins, as well as a DNA recogni-
tion sequence. BCL6 is a germinal center-specific transcrip-
tional repressor, regulating genes such as PRDM1 (BLIMP1) and 
CDKN1B, TP53, ATR, and BCL2.7,234 PRDM1 is another transcrip-
tional factor that regulates the transition from the GCB stage to 
the plasma cell stage of differentiation through inhibition of MYC 
expression, preventing further proliferation. CDKN1B encodes for 
p27, a cell cycle inhibitor. ATR and TP53 are involved in DNA 
damage repair and cell cycle arrest, whereas BCL2 inhibits apop-
tosis. Therefore overexpression of BCL6 blocks plasmacytic dif-
ferentiation, promotes proliferation, and inhibits apoptosis. BCL6 
inhibition has therefore become an active area for the develop-
ment of new therapeutics.235–238

By locking the neoplastic B-cells in the germinal center stage 
of maturation, BCL6 translocations permit ongoing SHM. BCL6 is 
itself a target of this SHM both physiologically and in DLBCL. The 
mutations are clustered in the MBR and are seen in approximately 
25% to 45% of cases of DLBCL, often multiple or  biallelic.226,239,240 
These mutations are found in both rearranged and wild-type 
alleles and, interestingly, the SHM occurs even when the translo-
cation partner is not one of the Ig genes.241 These mutations can 
affect the BCL6 binding sites in exon 1, preventing the normal 
negative feedback inhibition of BCL6 and accounting for a second 
cause of BCL6 overexpression.241

The BCL2 rearrangement found in 20% to 30% of DLBCLs is 
the identical hallmark t(14;18)(q32;q21) of FL.4,91 In many cases 
these are de novo DLBCLs, without transformation from a preced-
ing or concomitant FL. As in FL, this translocation is associated 

with a germinal center origin of the lymphomas. However, BCL2 
overexpression due to chromosomal gains at this locus can be 
associated with more ABC –type DLBCLs.225

BCL10 overexpression as a result of reciprocal translocations 
appear to be unrelated to any associated MALT lymphoma in most 
cases, and are associated with a poor prognosis.226

Lastly, MYC translocations are found in up to 16% of cases of 
DLBCL (most studies suggest 5% to 10%).225,226 MYC rearrange-
ments are found in de novo DLBCL, as a secondary acquired 
genetic change during the process of transformation from a low-
grade lymphoma, and in the recently described category B-cell 
lymphoma unclassifiable, with features intermediate between 
DLBCL and BL.9 In all three cases, the MYC translocation carries a 
poor prognosis242 and may be a component of double- or triple-hit 
lymphomas, which carry especially dire prognoses.243,244 Double-
hit lymphomas harboring both MYC and BCL2 can be identified 
by FISH and recent studies suggest that IHC for these two markers 
may also be prognostically important.244

Gene expression profiling studies have distinguished three 
separate biologic subtypes of DLBCL.60,245 The germinal center 
B-cell–like DLBCLs (GCB DLBCLs) were characterized by expres-
sion of genes such as MME (CD10), BCL6, and MYBL1 (A-MYB). 
These cases had a 5-year overall survival of 60%.60,246 By con-
trast, the ABC–like subtype of DLBCL expressed genes that are 
induced by mitogenic stimulation, such as BCL2, IRF4 (which 
encodes for MUM1), and CCND2. The ABC lymphomas had only a 
35% 5-year median overall survival.60,246 In addition, a third cat-
egory of DLBCL, termed the “type 3” category did not molecularly 
cluster with either the GCB or ABC groups.60

Due to the cost and impracticality of performing gene expres-
sion profiling for routine diagnosis, a flurry of research has been 
devoted to the identification of IHC surrogates for the GCB and 
ABC categories. From the three marker algorithms involving 
CD10/BCL6/MUM1247,248 or BCL2/CD10/MUM1,249 to the five 
marker algorithms such as GCET1/CD10/BCL6/MUM1/FOXP1 or 
GCET1/CD10/MUM1/FOXP1/LMO2,250,251 all have shown excel-
lent correlation to the gene expression profiles in their own insti-
tutions, but show only moderate correlation in the hands of an 
outside institution.90,247–251,252,253 In addition, most studies have 
shown that the addition of rituximab to current chemotherapy 
regimens so improves the outcomes of the ABC group as to elimi-
nate all prognostic differences between the groups, although this 
is still a contested area.252,254,255 Accordingly, the initial excite-
ment for IHC surrogates has somewhat abated, and many no 
longer attempt to subclassify DLBCL into GCB or ABC, preferring 
instead to rely upon Ki-67 and MYC dysregulation.

Both gene and miRNA expression profiling have identified 
important markers of response to anthracycline-based chemo-
therapy. Earlier studies by gene expression profiling detailed the 
5-year survival rates of the GCB, ABC, and type 3 subgroups of 
DLBCL in the pre-rituximab era (60%, 35%, and 39%, respec-
tively).91,246 However, more recent miRNA studies using standard 
rituximab-containing therapy identified miRNA signatures that 
correlate with the cell of origin (GCB versus ABC), as well as a 
completely distinct set of miRNAs which correlated with out-
come.256 This study cast further doubt upon the prognostic rel-
evance of the ABC and GCB determinations in the rituximab era. 
It is interesting that two of the miRNAs overexpressed in the GCB 
DLBCLs, miR-151 and miR-28, are predicted to down-regulate 

Diagnosis MRD

Consider FISH for BCL2, BLC6, or MYC
Consider PCR or SB for BCL2-IGH@ Consider PCR for BCL2-IGH@
Consider PCR or NGS for Ig gene  
rearrangement studies

Consider PCR or NGS for Ig gene  
rearrangement studies

Diagnosis MRD

FISH or aCGH Consider PCR or NGS for Ig gene 
 rearrangement studies

SHM testing

Consider PCR or NGS for Ig 
gene rearrangement studies

Future: novel markers by 
PCR or NGS
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FOXP1 (a marker expressed in the ABC subtype) whereas miR-
451, a miRNA in the ABC signature is predicted to down-regulate 
CD10 (a germinal center marker).256

Both genomic deletions and promoter methylation have been 
found to account for decreased expression of CDKN2A which 
encodes p14 and p16.257,258 As mentioned previously, these pro-
teins play important roles in promoting cell cycling and in inhib-
iting p53 function. Other mutations identified by NGS (WES) in 
DLBCL have included expected deletions of CDKN2A and CDKN2B 
as well as mutations in PRDM1, TNFAIP3, CARD11, CD79B, and 
MYD88.259 Many of these genes are important in the NF-kB 
pathway which has been shown to underlie the ABC subtype of 
DLBCL. In addition, mutations were found in CREBBP, EZH2 (6% 
to 14% of samples), and MLL (11% to 24% of samples) which are 
involved in the epigenetic regulation.129,130,259

Guidelines for Molecular testing in Diffuse Large B-cell 
Lymphoma
There are no molecular tests required for the diagnosis of DLBCL. 
If the t(14;18) is present, this rearrangement can provide a good 
marker for MRD. Ig gene rearrangements have only a moderate 
level of clinical sensitivity for DLBCL, and, in the absence of allele-
specific primers, have moderate analytical sensitivity. FISH may 
be helpful in the identification of double- or triple-hit lymphomas, 
although currently probes for BCL10 are uncommon.

Hairy Cell Leukemia
HCL is a rare leukemic mature B-cell neoplasm which affects 
middle aged to older adults with a strong male:female bias (5:1).4 
Until recently, no consistent or specific cytogenetic abnormalities 
had been identified in HCL, although gains in chromosome 5 
(20%) and losses of the long arm of chromosome 7 (10%) had been 
identified.260-262 The cell of origin is believed to be a late post-
germinal center memory B-cell, since more than 85% of cases 
demonstrate significant SHM.4,263 Unlike many of the other B-cell 
lymphomas which develop reciprocal translocations during RSS-
guided VDJ rearrangement, reciprocal translocations are rare in 

HCL. This is further supported by the balanced genomic profile 
of HCL by aSNP.264 Instead, many cases of HCL appear to have 
multiple clonally related Ig-isotypes, suggesting that the defect lies 
in the class switching process.265 Gene expression profiling has 
likewise failed to determine a pathogenic pathway in HCL. These 
studies instead demonstrate a molecular signature that matches 
the morphologic and clinical characteristics of the disease, with 
prominent signatures generated by adhesion molecules, homing 
molecules, and molecules involved in marrow fibrosis.266

However, the advent of NGS has permitted the identification of 
point mutations in HCL. Of those identified, the V600E mutation 
in BRAF has been proven in several studies to be 100% sensitive 
for HCL, and highly specific as well, with no mutation identified 
in cases that can be morphologic mimics such as splenic marginal 
zone lymphoma and unclassifiable splenic B-cell lymphoma/ 
leukemia.267,268 This mutation is most commonly found as a het-
erozygous somatic mutation, but in rare cases can be homozygous. 
This mutation has been found to activate the MAPK pathway, a 
pathway previously identified as important in HCL. Dysregulation 
of this pathway results in constitutive transcription of cyclin D1 and 
down-regulation of p27, both of which conspire to cause increased 
cellular proliferation, and explain the expression of cyclin D1 by 
IHC in HCL without any evidence of the t(11;14). Highly sensitive 
PCR-based BRAF assays have already been developed for mela-
noma, and may be helpful in the diagnosis and almost certainly in 
the future monitoring of patients with HCL.269,270

Guidelines for Molecular testing in hairy Cell Leukemia
Molecular testing is generally not needed for the diagnosis of 
HCL when morphology and immunophenotype are definitive. 
Therefore the V600E BRAF mutation is likely not required at 
diagnosis, although it may be helpful in distinguishing HCL from 
some of its morphologic mimics. Sensitive PCR-based methods 
for the detection of the mutation should be helpful in monitoring 
MRD status in these patients, although no studies to date have 
examined BRAF mutations in the MRD setting of HCL. Due to the 
high rates of SHM, Ig gene rearrangement studies are not recom-
mended and are less sensitive than BRAF testing for MRD.

FIGURE 87.14. Anaplastic large cell lymphoma. The 
various translocations of ALK with its myriad partners is 
demonstrated with cytogenetic translocations and immu-
nohistochemical pattern of AKT1 described. Adapted from 
Swerdlow SH, International Agency for Research on Cancer, 
World Health Organization. WHO classification of tumours 
of haematopoietic and lymphoid tissues, 4th ed. Lyon, 
France: International Agency for Research on Cancer, 2008.
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Mature Neoplasms of t-cells

Anaplastic Large Cell Lymphoma, Anaplastic 
Lymphoma Kinase-positive
Anaplastic Lymphoma Kinase (ALK)-positive ALCLs comprise 
roughly 3% of all adult NHLS (12% of T-cell NHLs), but as much 
as 20% of childhood lymphomas.3,4 Incidence peaks in the second 
decade of life, and cases in elderly adults are rare. These lympho-
mas are highly chemosensitive, although aggressive, and the over-
all 5-year survival approaches 80%, up to 90% in patients with 
low prognostic indices. By contrast, incidence of ALK-negative 
ALCLs peaks in the sixth decade of life, and survival is consider-
ably less than in the ALK-positive cases (36% 5-year survival). For 
these reasons, these two forms of ALCL are classified separately, 
and, despite their similarity in morphology and CD30 expression 
that initially grouped them together as ALCLs, they have very dif-
ferent epidemiology and clinical outcomes.

These two entities also differ significantly in what is known 
of their molecular underpinnings, although both have clonally 
rearranged T-cell genes: 76% of ALK-positive ALCLs, 89% of 
ALK-negative ALCLs. Together, 79% of all ALCLs can be detected 
by a combination of TRG@ and TRB@ sets of commercial prim-
ers.22 Although the ALK-negative cases have only rare recurrent 
cytogenetic aberrations, the ALK-positive cases of ALCL have well- 
documented driving reciprocal translocations involving the ALK 
locus on chromosome 2p23 and a limited set of partner chromo-
somes. ALK encodes for a transmembrane tyrosine kinase protein 
which is found in neural cells, but has no appreciable expression in 
normal hematopoietic cells.271 The breakpoints in ALK are located 
near this transmembrane domain and result in the full expression 
of the tyrosine kinase domain in the fusion product in all cases. 
The most common partner is the NPM1 gene on chromosome 
5q35.1, found in 84% of ALK-positive cases, resulting in a t(2;5)
(p23;q35.1) (Fig. 87.14).4,272 NPM1 encodes for nucleophosmin, 
a protein that shuttles ribonucleoproteins from the nucleus to 
the cytoplasm and is involved in preribosomal assembly.273 As a 
result, the fusion protein is also found in both locations, and IHC 
stains targeting the normally cytoplasmic C-terminus of ALK show 
both nuclear and cytoplasmic staining.4 The fusion attaches the 
N-terminus of NPM containing an oligomerization domain to ALK, 
resulting in constitutive activation of ALK kinase activity. This 
kinase activity activates numerous pathways involved in growth 
and cell survival, including AKT/PI3K/mTOR, Jak/STAT, JUN, and 
MYC pathways.274 The dependence of the ALCL cells upon the 
fusion protein has made the fusion and its downstream collabora-
tors a target for the development of novel therapeutics.275,276

In addition to the t(2;5)(p23;q35.1), several other transloca-
tions of ALK are summarized in Fig. 87.14.4 In each case, the 
partner chromosome contains an oligomerization domain and in 
most cases there is a single breakpoint region involved. The physi-
ologic localization of the partner protein is mimicked in the fusion 
protein, resulting in characteristic patterns on ALK IHC.

Although the t(2;5)(p23;q35.1) can be identified by a number of 
molecular techniques, including PCR, reverse transcription PCR, 
SB, and FISH, the most prevalent method in clinical use is FISH, 
inasmuch as it has the best clinical sensitivity for the variant rear-
rangements.277,278,279 In addition, CGH studies have determined 
that 58% of ALK-positive ALCLs may carry additional aberrations 
such as gains of 17p and 17q24-qter and losses of 4q13-q21 
and 11q14.280 These aberrations were not associated with any 
particular prognostic import. Here too, ALK-negative cases of 
ALCL demonstrate a different pattern of imbalances (gains of 1q, 
6p21, 3p, and losses of 16pter, 6q13q21 a15, and 17p13) in 65% 
of cases which further supports their biologic separation.280,281

Gene expression profiling studies of ALCLs have identified 
a profile of activated T-cells involving the JAK3/STAT3 path-
way (IL26, IL31RA, IL9), molecules that characterize Th17-cells 

(IL17A, IL17F, RORC), as well as overexpression of ALK, albeit 
with down-regulation of a number of other molecules which 
typically characterize T-cells.282,283,284 In fact the profiles of both 
ALK-positive and ALK-negative ALCLs resemble the signature 
obtained from cHL, with overexpression of members of the NF-kB 
pathway, and in fact, the cHL cell lines more closely resemble 
ALK-positive ALCL than other B-cell lymphomas, despite the dif-
ferences in their cells of origin.46,282,285 Both ALK-positive and 
ALK-negative cases also form a common ALCL signature that is 
distinct from that of other T-cell lymphomas, supporting their con-
tinued separation from peripheral T-cell lymphoma, not otherwise 
specified (PTCL, NOS).284 However, distinct signatures separate 
the ALCLs by ALK status as well, with ALK-positive tumors over-
expressing the cyclin, CCND3, as well other signal transduction 
molecules (SYK, LYN, CDC37) and ALK-negative lymphomas 
demonstrating decreased expression of p19INK4D, a cell cycle 
inhibitor, and underexpression of homeobox transcription factors, 
HOXC6 and HOXA4.286

Recently studies on miRNAs in ALK-positive ALCLs have iden-
tified both miR-135b and miR-29a as regulated by the expression 
of the NPM1-ALK fusion. The resultant up-regulation of miR-
135b blocks IL-17 production by ALCL cells, suppressing a Th2 
phenotype and inducing a Th17 phenotype.287 These results are 
compatible with the gene expression profiling studies that also 
find a prominent Th17 signature.283 NPM-ALK mediated down-
regulation of miR-29a may result in the downstream overexpres-
sion of MCL1 and inhibition of apoptosis.288 In the miR-29a study, 
the authors propose that the down-regulation of miR-29a is due 
to methylation of the miRNA promoter. Similarly, the NPM1-
ALK fusion has also been implicated in the methylation of the 
IL2RG gene promoter directly through STAT3 regulation of DNA 
methyl transferases and indirectly through repression of miR-21 
expression.289 Comparisons with ALK-negative ALCLs have been 
made through miRNA profiling, and identified several miRNAs 
up-regulated in the ALK-positive cases (miR-866-3p, miR-20b, 
miR-20a, miR-17, and miR-106a) and miR-155 which was highly 
up-regulated in the ALK-negative cases.274

Lastly, a recurrent t(6;7)(p25.3;q32.2) has recently been iden-
tified in ALK-negative ALCL via NGS methods.290 This recipro-
cal translocation places the DUSP22 phosphatase gene or the 
IRF4 gene (encoding MUM1) on chromosome 6p25.3 adjacent to 
chromosome 7q32.3, near the FRA7H fragile genomic site and 
miR-29, and is the first balanced translocation identified in this 
diagnostic entity. Using FISH probes against these loci, 20% to 
45% of cases of ALK-negative ALCL (both systemic and primary 
cutaneous) were shown to have this rearrangement, approxi-
mately two-thirds with DUSP22, whereas only rare PTCLs were 
positive and with no other cutaneous T-cell lymphomas.275,290 
DUSP22 and IRF4 are located within 40 kb of each other. 
Translocations of IRF4 do not appear to affect MUM1 expres-
sion; however, DUSP22-containing rearrangements result in a 
decrease of DUSP22 expression, which has been shown to have 
tumor suppressor activity in some other T-cell neoplasms, as 
well as overexpression of miR-29.290

Guidelines for Molecular testing in anaplastic Large Cell 
Lymphoma
Beyond IHC, no particular molecular studies are required for 
the diagnosis of ALCL. TCR gene rearrangement studies may be 
helpful for the identification of a molecular marker to monitor 
response to therapy (MRD testing), although the test only has 
analytical sensitivity of approximately 1% to 5%. If TCR studies 
fail to detect a reliable marker of disease, FISH for the t(2;5) may 
be helpful for ALK-positive cases, although the analytical sensitiv-
ity for this assay is not superior to the molecular studies. As the 
probes for the DUSP22/IRF4 and FRA7H loci become available, 
this may become a useful discriminator between ALK-negative 
ALCL and PTCL, NOS, permitting better prognostication.291
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Peripheral T-cell Lymphoma, Not Otherwise 
Specified
PTCL, NOS, is a diagnosis of exclusion, accounting for approxi-
mately 26% of T-cell NHLs.292 This category encompasses a wide 
range of neoplasms of T-cells that fail to fall clearly into the other 
defined categories of T-cell lymphomas. Many of these lymphomas 
are defined by site, rather than by the biology of the cell of origin. 
As a result, there is a wide range of clinical, epidemiologic, and 
pathologic findings. In addition, there are few cytogenetic changes 
specifically associated with PTCL, but rather a panoply of nonspe-
cific changes. Essentially all cases of PTCL, NOS, contain clonally 
rearranged TCR genes that can be detected by a combination of 
TRG@ and TRB@ commercial primers.22

Discrimination between ALK-positive ALCL, ALK-negative 
ALCL, and PTCL, NOS, has been the focus of much research in an 
attempt to define different cells of origin, aspiring to the success 
seen in the B-cell lymphomas. The diagnostic dilemma is par-
ticularly challenging between ALK-negative ALCL and PTCL, NOS, 
with high expression of CD30. The distinction between these two 
entities is clinical relevant inasmuch as prognostically the ALK-
negative ALCLs fare better than the PTCLs (74% 5-year overall 
survival for cases with a low prognostic index, IPI 0-1, versus 52% 
to 56% for similar IPI PTCL groups, respectively).291,292

Cytogenetic studies have identified a wide spectrum of changes 
in these latter two entities (ALK-positive ALCL detailed in the 
previous section) which point to slightly different patterns of aber-
rations, albeit with some overlap. Both disease categories share 
common gains of 1q and 3p and losses of 13q.281 As mentioned 
in the previous section, ALK-negative ALCL also demonstrate 
losses of 16pter, 6q13q21, 15, and 17p13 whereas PTCL, NOS, 
showed losses of 6q22q24, 9p21-pter, 10p13pter, 10q23-24, and 
12q21-q22 as well as additional gains of 7q22q31, 5p, 11q13, and 
12p13.281,293,294 None of the specific aberrations appear to have 
discrete impacts on overall survival although general cytogenetic 
complexity does correspond to poorer overall survival.

SNP arrays have identified candidate genes at the site of 
recurrent losses in PTCL at chromosome 9p21.3, encompassing 
CDKN2A and CDKN2B, loci that encode for key proteins in regulat-
ing cell cycling and apoptosis, p14/p16 and p15, respectively.295 
In addition, the recurrent gain at 7p22 contains the apoptosis-
related gene CARD11 (CARMA1), corresponding to overexpression 
of the corresponding mRNA. Prognostically, gains at chromosomes 
2 and 5 are associated with poor clinical outcomes in PTCL.295

Gene expression profiling has been perhaps the most useful 
in discerning differences in biology of different T-cell lymphomas. 
However, due to its heterogeneity, PTCL, NOS, not surprisingly has 
been difficult to associate with a clear defining transcriptional signa-
ture, often interspersed among the other subtypes of T-cell lympho-
mas.296 The most successful profiling experiments have been able 
to assign profiles to PTCL, NOS, which most closely resemble acti-
vated CD4+ or CD8+ T cells.297 Transcriptional profiling has identi-
fied one discrete subset of PTCL, NOS, which expresses a signature 
characteristic of cytotoxic T-cells and is associated with a poor 
prognosis. Although not all these tumors are CD8+ (in fact, 55% 
were CD4+), they expressed two key transcription factors found in 
CD8+ T-cells, T-bet (TBX21) and eomesodermin, as well as their tar-
get genes (CXCR3, IL2RB, CCL3, IFNG). These cells also expressed 

typical cytotoxic molecules and even killer cell immunoglobulin-like 
receptor family members and other NK-cell markers.283

A single recurrent translocation has been found in a particular 
histologic subtype of PTCL accounting for 18% of PTCL, NOS.298,299 
The t(5;9)(q31-q32;q22) represents one of the few recurrent trans-
locations in PTCL, NOS, and appears to be specific, inasmuch as 
it is not found in angioimmunoblastic T-cell lymphoma (AITL) or 
ALK-negative ALCL.299 This rearrangement fuses the inducible 
T-cell kinase (ITK) with the spleen tyrosine kinase (SYK). ITK is acti-
vated through the TCR. SYK is integral in the function of both the 
BCR and the TCR, playing the predominant role in B-cells whereas 
ZAP-70 plays an analogous role in T-cells.300 The fusion results 
in loss of the ITK kinase domain and autoinhibitory SH2 and SH3 
domains (with retention of the pleckstrin homology domain and 
proline-rich region) and their replacement by the kinase domain 
of SYK, which may prove to be a reasonable target for kinase 
inhibitors such as fostamatinib.275 These lymphomas demonstrate 
a characteristic histologic pattern of lymphoid follicles (“follicular 
pattern” PTCL) which immunophenotypically marks a neoplasm 
of follicular helper T-cells. This raises the possibility that this 
neoplasm may be more closely related to AITL than to other cases 
of PTCL, NOS, although the t(5;9) has yet to be identified in AITL.

Although the ITK-SYK translocation is limited to follicular 
pattern PTCL, approximately 95% of all peripheral T-cell lym-
phomas demonstrate overexpression of SYK by IHC, whereas 
nonneoplastic T-cells are negative. The kinase in these lym-
phomas is phosphorylated and therefore in an activated state, 
suggesting the possibility of SYK inhibition in the treatment of 
PTCL.275,301 Similarly, overexpression of PDGFRA has been iden-
tified in 85% to 90% of PTCLs by gene expression profiling stud-
ies and RT-PCR without any genomic imbalances involving the  
4q11-q13 locus, providing another potential molecular target for 
treatment.275,297,302

Rare cases of a IRF4-TRA@ fusion in PTCL have also been 
noted, resulting from a t(6;14)(p25;q11.2). These cases appear to 
be associated with a cytotoxic T-cell phenotype and involve the 
bone marrow and skin without concomitant lymphadenopathy.303

Recently, mutations in TET2 and DNMT3A, commonly associ-
ated with acute myeloid leukemias (AML), have also been identified 
in PTCL.304,305–308 Both genes involve epigenetic regulation of tran-
scription through CpG methylation. TET2 is involved in the oxida-
tion of the 5-methyl group of 5-methylcytosine, believed to be the 
first step in demethylation. DNMT3A is a DNA methyltransferase, 
although the role of DNMT3A mutations in global methylation status 
is unclear. TET2 mutations have been found in 12% of nodal and 
extranodal T-cell lymphomas (compared to only 2% of B-cell lym-
phomas) and are not found in the leukemic or disseminated T-cell 
neoplasms such as T-PLL, T-cell large granular lymphocytic leuke-
mia, or adult T-cell leukemia/lymphoma.308 TET2 mutations are 
often found in conjunction with mutations in DNMT3A as well.304

Guidelines for Molecular testing in peripheral t-cell 
Lymphoma
TCR gene rearrangement studies may be helpful for the identification 
of a molecular marker to monitor response to therapy (MRD testing), 
although the test only has analytical sensitivity of approximately 1% 
to 5%. In addition, SYK and PDGFRa overexpression by IHC may 
become therapeutically relevant in the future as may molecular 
testing for mutations in TET2 and DNMT3A. Because TET2 muta-
tions are spread throughout the gene and the common R882 site in 
DNMT3A does not account for all mutations in that gene either, these 
targets for molecular testing will be less useful as markers of MRD.

Angioimmunoblastic T-cell Lymphoma
AITL is an EBV-associated T-cell lymphoma associated with a 
wide range of systemic symptomatology.4,275 It is one of the more 
common subtypes of peripheral T-cell lymphomas, accounting 

Diagnosis MRD

Consider PCR or NGS for TCR gene 
rearrangement studies

Consider PCR or NGS for TCR gene 
rearrangement studies

Consider FISH for t(2;5)

Consider FISH for t(6;7) as it becomes 
available
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copy number or LOH findings very similar to those of PTCL, NOS. 
Specifically in AITL, gains of 13q22.3 may involve MYCBP2, a gene 
that encodes a MYC binding protein with putative ubiquitin ligase 
activity that may regulate MYC-mediated transcription. These 
gains are associated with poor prognosis in these patients.295

Recently, mutations in TET2, DNMT3A, and IDH2 have been 
identified at a high prevalence in AITL. All three genes are 
involved in the DNA methylation. The roles of TET2 and DNMT3A 
in the regulation of DNA methylation have been described above. 
TET2 mutations have been found in up to 33% of cases of AITL, 
located throughout the gene on chromosome 10.308 It is common 
for TET2 mutations to occur in conjunction with DNMT3A muta-
tions, implying some synergism.304 IDH2, located on chromosome 
15q21-qter, encodes for a mitochondrial NADP(+)-dependent 
isocitrate dehydrogenase which physiologically plays a role in 
the citric acid cycle, converting isocitrate to a-ketoglutarate. The 
mutant enzyme is believed to catalyze the production of (R)-2-
hydroxyglutarate which may inhibit the function of TET2 and 
Jumonji histone demethylases, thereby affecting epigenetic regu-
lation of the cell.312–315 IDH2 mutations (predominantly R172, 
with fewer R140) were identified in approximately 45% of all 
cases of AITL.316 Identical mutations are also seen in gliomas 
and AMLs.314,317 Unlike in these other disease types, mutations 
in IDH1 are not identified and there is no suggestion of any prog-
nostic import of the identification of this mutation at this time. 
Likewise, TET2 and DNMT3A mutations are also common in AML 
and other myeloid neoplasms. The coincident finding of similar 
sets of mutations in myeloid and T-cell neoplasms may be a result 
of the established relationship of these lineages,220,224 and may 
point to possible common pathways on tumorigenesis. These 
mutations may also provide targets for novel therapeutics in AITL 
and MRD monitoring, although to date no studies have been con-
ducted to investigate their use in MRD testing. IDH2 provides the 
greatest potential for MRD testing inasmuch as a single mutation 
at R172 accounts for 15/16 cases examined, allowing for high 
clinical sensitivity and the development of highly sensitive allele-
specific PCR assays.

for 15% to 20% of cases, although it comprises only 1% to 2% 
of all NHLs.4 Patients typically present in their sixth or seventh 
decade. Systemic symptoms include hepatosplenomegaly, lymph-
adenopathy, polyclonal hypergammaglobulinemia, rash, pruritus, 
cold agglutinin disease associated with hemolytic anemia, positive 
rheumatoid factor, the presence of antismooth muscle antibodies, 
and immunodeficiency. Interestingly, although this lymphoma is 
associated with EBV, only the background B-cells in this lym-
phoma are EBV-positive. The EBV-driven B-cells can undergo a 
resultant immunoblastic proliferation and often can demonstrate 
a clonal/pseudoclonal Ig gene rearrangement. The T-cells, by con-
trast, are EBV-negative. AITL is one of the few T-cell lymphomas 
for which the cell of origin is well established to be a CD4+ fol-
licular helper T-cell. Clonally rearranged TCR genes are identified 
in 95% of cases of AITL using commercial primers.22

Early attempts at establishing a gene expression profile of AITL 
were plagued by the numerous contaminating B-cells, dendritic 
cells, and endothelial cells in this lymphoma.296,309,310 However, 
recent studies have confirmed a signature of follicular helper T-cells 
in AITL, with expression of CXCL13, CXCR5, BCL6, PDCD1, CD40LG, 
and NFATC1.283,311 These studies have defined the characteristic 
protein profile of the neoplastic cells in AITL through the use of a 
range of IHC markers and in situ hybridization for EBV RNA. In addi-
tion, a signature of immunosuppressive cytokines and their recep-
tors was also notable (TNF-b1, TNF-bR2, IL-10Ra, IL-10-Rb).283 A 
prognostic signature was also obtained for AITL by gene expression 
profiling. Cases with a poor prognosis (1.05 years median overall 
survival versus 3.06 years, P < 0.001) demonstrate high expression 
levels of PDGFRa and PDGFRb, suggesting the potential for tyrosine 
kinase inhibitors in treating this disorder.275,283

Until recently little was known about any recurrent genetic 
aberrations in AITL. aCGH studies identify gains of 22q, 19 and 
11q11-q14 (11q13) and losses of 13q.293 The gain of 11q13 is 
shared by both AITL and PTCL, NOS, and may involve either 
CCND1 or GSTP1, a gene often co-amplified with CCND1 encod-
ing for a glutathione transferase. aSNP studies show general 

FIGURE 87.15. Biology of TCL-1. Receptor tyrosine kinases activate PI3K through 
phosphorylation which in turn catalyzes the formation of phosphatidylinositol-3,4-biphos-
phate (PIP2) and phosphatidylinositol-3,4,5-triphosphate (PIP3). These molecules localize 
PDK1 to the membrane which then phosphorylates AKT. The interaction of TCL1 with acti-
vated AKT further enhances the phosphorylation of downstream AKT target substrates.
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Guidelines for Molecular testing in angioimmunoblastic 
Lymphoma
TCR gene rearrangement studies may be helpful for the identifica-
tion of a molecular marker to monitor response to therapy (MRD 
testing), although the test only has analytical sensitivity of approx-
imately 1% to 5%. Future testing modalities may also include use 
of the IDH2 R172 or R140 mutations in diagnosis and monitoring 
of MRD for AITL. In addition, assessment of PDGFR expression 
may be prognostically helpful, although a clinically useful testing 
modality has not yet been identified.

T-prolymphocytic Leukemia
T-PLL is a rare aggressive T-cell neoplasm found in adults. 
Involvement is predominantly of the peripheral blood and bone 
marrow, with frequent infiltration of the lymph nodes and occa-
sionally of the skin (20% of cases).4 This neoplasm is not known 
to be virally driven, although it occurs with increased frequency 
in patient with ataxia-telangiectasia due to mutations in the ATM 
gene.318 Clonal rearrangements of the TCR genes are detectable 
in essentially all cases of T-PLL using commercial primers against 
TCRG and TCRB.22

Although the cell of origin is poorly understood, T-PLL is eas-
ily distinguished from other T-cell neoplasms by the presence of 
hallmark translocations and inversions involving the oncogenes 
TCL1A, TCL1B, or MTCP1 with the TRA@ gene. These rearrange-
ments are found in greater than 90% of cases of T-PLL.319 TCL1A 
and TCL1B are located on chromosome 14q32, resulting in inv(14)
(q11;q32.1) or t(14;14)(q11;q32.1). Less frequently, translocations 
can involve the homologous MTCP1 locus in chromosome Xq28 in 
a t(X;14)(q28;q11). Overexpression of the genes fused to the TRA@ 
locus at the J/D segment is the result in all these aberrations. 
This overexpression is independent of the orientation relative to 
the TRA@ enhancer, due to the presence of TCL1A and TCL1B in 
opposite orientations within a 120 kb region which separates the 
two breakpoint clusters common at 14q32.1.318 Less commonly, 
rearrangements of TCL1 can involve TRB@ as well.320

TCL1A and TCL1B encode for a cytoplasmic protein that is 
typically expressed in early double-negative T-cell progenitors 
and most B-cells, but not in mature T-cells. However, its over-
expression in T-PLL, a mature T-cell neoplasm, appears to be 
oncogenic, functioning through activation of the AKT pathway 
(Fig. 87.15).318 In addition, recently ATM has been identified as 
a TCL1-interaction protein, leading to activation of the NF-kB 
pathway.321

Various profiling methods (aCGH, aSNP, and gene expression 
profiling) have identified other common secondary cytogenetic 
aberrations in T-PLL, which can lead to quite complex karyo-
types.322,323 These changes include large regions of gains in 6p 
and 8q, as well as losses of 6q, 8p, 10p, 11q, and 22q. These 
loci correspond to genes found to be over- or underexpressed by 
gene expression profiling which involved pathways in lymphom-
agenesis, cell cycle regulation, apoptosis, and DNA repair.322 In 
particular, SMARCB1, a gene involved in chromatin remodeling 
and checkpoint control, may be recurrently lost on 22q11.23.324

Guidelines for Molecular testing in t-prolymphocytic 
Leukemia
TCR gene rearrangement studies may be helpful for the identi-
fication of a molecular marker to monitor response to therapy 
(MRD testing), although the test only has analytical sensitivity of 

approximately 1% to 5%. Likewise, FISH for inv(14) or t(14;14) 
suffers from a similar lack of analytical sensitivity.
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HistoRicaL pERspEctivE
Thomas Hodgkin was the first to recognize that lymphadenopa-
thy could occur as a primary disorder rather than secondary 
to infection or carcinoma in his 1832 paper entitled, “On Some 
Morbid Appearances of the Absorbent Glands and Spleen.”1 Since 
Hodgkin’s initial description, there have been four historical 
phases in the study of non-Hodgkin lymphoma (NHL): (1) clini-
cal features, 1832 to 1900; (2) histopathology, 1900 to 1972; (3) 
immunopathology, 1972 to the present; and (4) molecular genet-
ics, 1982 to the present. These phases naturally overlap and all 
contribute to the understanding of NHL.2

From 1863 to 1865, Virchow introduced the terms aleukemia 
and lymphosarcoma to distinguish lymphoproliferative diseases 
from leukemia3 and in 1871, Billroth used the term malignant 
lymphoma for a vague collection of primary lymphoid disorders.4 
In 1893, Kundrat proposed that the term lymphosarcoma was 
more specific than the term originally used by Virchow and 
should be reserved for the sarcomatous tumors of lymph nodes.5

At the turn of the last century, Sternberg6 and Reed7 identi-
fied the giant cells characteristic of Hodgkin lymphoma (HL) and 
introduced histopathology as a method for diagnosis and clas-
sification of lymphoma. Brill8 and Symmers9 described follicular 
lymphoma (FL) in the 1920s and indicated it was a malignant, 
albeit indolent, disorder. Ewing (1914), Oberling (1928), and 
Roulet (1930) used the term reticulum cell sarcoma which came 
to be used for large cell lymphoma and was distinct from lym-
phosarcoma, mainly composed of small lymphocytes.10 In 1941, 
Gall and Mallory developed a classification scheme on NHL that 
had both clinical and histopathologic significance.11 The histo-
pathologic phase of NHL culminated in the 1956 classic work 
of Rappaport who developed a morphologic classification which 
stratified cases according to the pattern of growth with nodular 
replacing follicular and contrasting with diffuse.12 There were 
four categories of lymphoma: well differentiated lymphocytic, 
poorly differentiated lymphocytic, mixed lymphocytic and histo-
cytic, and histocytic. 

In 1967, Good and Finstad discussed the relationship of 
B and T cells to lymphoid neoplasia, and Dameshek introduced 
the concepts that lymphomas were aberrations of immunologi-
cally competent cells and that transformation of lymphocytes to 
“blast” forms (immunoblasts) could occur secondary to antigenic 
 stimulation.4 In 1972, the immunologic origin of lymphoid neo-
plasia was confirmed by the presence of monotypic immuno-
globulin (Ig) on the cell surface (B cell) or by sheep erythrocyte 
rosette formation with neoplastic cells (T cell).13,14 Lymphoblastic 
lymphoma (LBL) was determined to originate from thymocytes by 
Smith in 1973.15 Barcos and Lukes described the clinicopatho-
logic features of “convoluted lymphocytic lymphoma” of thymic 
origin and used the term LBL, which was later preferred by 
Nathwani because of similarities to blasts of T cell acute lympho-
blastic leukemia (ALL).14,16

In 1974, Lennert in Kiel, Germany, and Lukes and Collins 
in the United States classified NHL on the basis of the cell of 
origin within the immune system (Fig. 88.1).17,18 Subsequently, 
monoclonal antibodies to lymphocyte differentiation antigens 
have been able to detect sequential stages in the development of 
B and T cells and to identify subtypes of NHL. Recurrent cytoge-
netic translocations involving the IG gene locus on chromosome 
14 were identified in Burkitt lymphoma (BL) in 1976 and in 
FL in 1979.19,20 In the 1980s, the lymphoid origin of NHL was 

confirmed at the molecular level with the identification of specific 
IG gene and T cell receptor (TCR) gene rearrangements in B and 
T cell  lymphomas, respectively.21,22

In 1982, a Working Formulation (WF) of NHL separated dis-
eases according to histologic grade and made correlations with 
survival; however, the WF lumped disparate diseases together 
by basing the diagnosis on morphology without utilizing immu-
nophenotyping or molecular genetic techniques. The labora-
tories of Leder and Croce in 1982 identified MYC as the gene 
translocated from chromosome 8 to the IG genes in BL.20,23,24 
Subsequently, the genes defining FL, BCL2/IGH, and mantle cell 
lymphoma, CCND1/IGH, were described.23,24 Recurrent translo-
cations were less commonly seen in T cell lymphomas, but novel 
genes were translocated with the loci of T cell receptor genes 
in T-LBL/ALL. In 1989, a proportion of T-anaplastic large cell 
lymphomas (ALCL) were found to have t(2;5) (p23-, q35);25 and 
in 1994, Morris identified the genes, ALK/NPM, involved in the 
translocation.26

Issacson and Stein formed an international group of patholo-
gists, International Lymphoma Study Group (ILSG), to develop 
a consensus about diagnosis and terminology of lymphoid neo-
plasms.2 In 1994, a Revised European-American Lymphoma 
(REAL) classification was proposed to identify specific types of 
lymphomas of B and T cell origin.27 The REAL classification 
dropped the grading schema of lymphomas and developed a 
diagnosis by identifying clinical features, morphology, immu-
nophenotype, and genetic data when available. An International 
Lymphoma Classification Project organized by Armitage affirmed 
the clinical utility and the reproductibility of the REAL classifica-
tion.28 The World Health Organization (WHO) has adopted the 
diagnostic principles of the REAL classification, and the WHO 
classification is utilized as the schema for diagnosis of all hema-
topoietic neoplasms.

EpidEMioLogy
There is a worldwide epidemic of NHL that varies according to 
gender, race, and geography. The rise in NHL has been faster 
than that of all other malignancies except lung cancer in women, 
melanoma, and prostate cancer.29 The age-adjusted incidence of 
NHL in the United States increased from 11.1 per 100,000 people 
in 1975 to 19.3 in 2002; there has been a plateau in the incidence 
with 19.6 in 2009. There were approximately 484,000 people 
(250,000 men and 232,000 women) alive in 2009 with a his-
tory of NHL. More than 70,000 new cases will be diagnosed and 
nearly 19,000 will die of NHL in the United States (US) in 2012.30 
Worldwide, 356,000 new cases of NHL occurred in 2008 and over 
191,000 deaths were due to NHL.31

Part of the increase was attributed to the development of NHL 
in patients with the acquired immunodeficiency syndrome (AIDS); 
however, there are a large number of other possible contribut-
ing factors to the epidemic (Table 88.1). Improvement in disease 
detection and cancer registration have likely played a role. Even 
before the AIDS crisis, there was a steady increase of 3% to 4% 
per year from the 1970s up until the early 1990s, when there was 
even a drop-off in some subgroups of patients (Fig. 88.2). Part of 
the drop-off is attributed to the introduction of highly active anti-
retroviral therapy (HAART) for AIDS patients.32 The consensus is 
that the increase in NHL remains unexplained by either the AIDS 
crisis or improvements in diagnosis.
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FIGURE 88.1. Cellular origins of non-Hodgkin lymphoma by B and T cell differentiation pathways. B and T cells originate in the marrow, where they are 
antigen independent. The follicular center is a normal site of antigen-dependent B cells which go through different stages: (a) proliferation of centroblasts (large 
noncleaved cells), (b) selection of centrocytes (small cleaved cells) or cell death via apoptosis, (c) differentiation into postgerminal center memory B lymphocytes or 
plasma cells, often in association with increased antigen affinity and an immunoglobulin isotope switch. The T cells depend upon the thymus for early differentiation 
before becoming peripheral T cells. The most immature T cell precursors are negative for both CD4 and CD8. Thymocytes can become committed to either the 
gamma-delta or alpha-beta lineage. As thymocytes within the alpha-beta lineage mature they gain CD4 and then CD8 to become double positive thymocytes. Normal 
thymocytes downregulate the expression of CD4 or CD8 to become mature peripheral T cells, which are subdivided into helper (CD4+) and suppressor/cytotoxic 
(CD8+) subsets. Corresponding lymphomas are based on stage of cellular differentiation and site(s) of nodal and/or extranodal origin. BCL, precursor B cell lympho-
blastic lymphoma; SLL, small lymphocytic lymphoma; MZL, marginal zone lymphoma (MALT types, postgerminal center); MCL, mantle cell lymphoma (pre-germinal 
center); FL, follicular lymphoma; DLBCL, diffuse large B cell lymphoma; TCL, precursor T cell lymphoblastic lymphoma; ALCL, anaplastic large cell lymphoma (sinus 
involvement). Peripheral T/NK lymphomas tend to involve the interfollicular zone of lymph nodes or specific extranodal sites.
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FIGURE 88.2. Temporal trends in the age-adjusted incidence rates of NHL in the United 
States (SEER data, 1979 to 2009).
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increase in diffuse pattern over nodular, and in aggressive NHL 
than in indolent disease.35 NHL of the brain has risen 4 times as 
rapidly as other extranodal sites and is partly due to AIDS, but 
the upward trend began before the AIDS crisis and continues to 
rise in immunocompetent hosts of all ages and in both genders.36 
The most common extranodal sites are the gastrointestinal tract 
and nasopharynx; other common sites include brain, skin, bone, 
thyroid, salivary glands, and testis.

Familial aggregation of NHL plays a small role in the epidemic 
and accounts for a 1.5- to 4-fold increased risk for NHL in close 
relatives of patients with lymphoma or other hematopoietic 
neoplasm.37 Aggregation has been reported to be stronger for 
siblings and male relatives.38,39 Anticipation (earlier age of onset 
in subsequent generations) has been reported in NHL;40 however, 
others have disputed the finding by suggesting that the studies do 
not account for the increasing incidence of NHL.41

There is an increased risk for both NHL and HL in families 
with an autoimmune lymphoproliferative syndrome (ALPS, also 
known as the Canale-Smith syndrome), which is characterized by 
chronic lymphadenopathy, splenomegaly, autoimmune features, 
and expanded T cells, negative for CD4 and CD8.42 Both NHL and 
HL, particularly nodular lymphocyte–predominant, may occur 
decades after recognition of the syndrome and are associated 
with germline FAS mutations and defective lymphocyte apoptosis. 
Somatic FAS mutations and CASP10 germline mutations are other 
subtypes of ALPS.43

A prior history of cancer, Jewish ancestry, and small size fami-
lies have been suggested as risk factors for lymphoma.44 In families 
with a diagnosis of NHL, there are reports indicating an increased 
risk for melanoma and other cancers, including pancreas and 
stomach.38 Patients who have both a family history of hematologic 
cancer and occupational exposures to certain substances (e.g., 
gasoline or benzene) appear to have an increased risk for NHL.45

Infectious agents
Infectious diseases have contributed to understanding the mecha-
nisms of lymphomagenesis. The role infections play in spe-
cific lymphomas vary according to host factors, environment, 

age, race, and Sex Differences
The frequency of various lymphoid neoplasms is age-dependent, 
has a variable worldwide distribution, and is more common 
in males than females. Lymphomas represent approximately 
10% of all childhood cancers in developed countries and are 
third in relative frequency behind acute leukemias and brain 
tumors. They are more common in adults than in children and 
have a steady increase in incidence from childhood through age  
80 years (Fig. 88.3).33 They are the fifth most common cancer 
in the United States and represent 4% of all cancers. The mean 
age at diagnosis is 45 to 55 years and the median age for 2005  
to 2009 was 66 years. The annual incidence rate of NHL in 
2005 to 2009 was 40% higher for males (23.8 per 100,000) than 
females (16.3 per 100,000). The median age of death was 75 years 
of age. The highest age-adjusted mortality in 2009 was in white 
males (8.7 per 100,000) and the lowest mortality has been in 
Asian/Pacific Islander females (3.4 per 100,000).33 The incidence 
and mortality rates for NHL vary worldwide, with North America 
having the highest (Fig. 88.4).

A comparison of NHL in children and adults is outlined in 
Table  88.2. Lymphomas involving peripheral lymph nodes are 
usually of B cell origin in North America and Europe and are 
more common in adults than in children, who often present 
with gastrointestinal involvement (BL) or mediastinal widening 
(usually lymphoblastic lymphoma of T cell origin). The histologic 
appearance of NHL is more variable in adults, who frequently 
have low grade follicular or diffuse patterns in which the major-
ity of malignant cells are small, dormant lymphocytes; children 
predominantly have high-grade diffuse patterns in which the 
malignant cells have a “blastic” or transformed appearance and 
a high mitotic rate. A possible explanation of the differences 
between childhood and adult NHL is that most childhood lympho-
mas arise from early cells that are antigen-independent, whereas 
many adult lymphomas arise from fully differentiated cells and 
are antigen-dependent.

Extranodal presentation of NHL occurs in 15% to 25% of adult 
patients in the United States, is higher in Europe, and is up to 
40% to 50% in Asia.34 Clinicopathologic features of the epidemic 
of NHL include a faster rise in extranodal than nodal disease, an 

FIGURE 88.3. Age-specific incidence rates of NHL 
according to race (SEER data, 1979 to 2009).
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children that was characterized by frequent jaw and abdomi-
nal involvement (Fig. 88.5A). Using careful epidemiologic sur-
veys, Burkitt identified a tumor belt across equatorial Africa 
that was associated with temperature, rainfall, and elevation 
(Fig. 88.5B).47,48 Subsequently, the geographic distribution of this 
neoplasm was shown to correlate with that of endemic malaria. 
In 1964, Epstein, Achong, and Barr found viral particles in tumor 
cell lines derived from Burkitt’s patients.10 A direct causative role 
for the virus was subsequently questioned by its infrequency in 
BL occurring outside Africa; however, the EBV was shown to be 
trophic for B cells, to induce B cell proliferation and differentia-
tion, and to be the etiologic agent for infectious mononucleosis. In 
1965, Burkitt was the first to discover that the lymphoma could 
be cured with chemotherapy.49

The identification of a 14q+ cytogenetic abnormality in BL 
by Manalov and Manalova50 in 1971 led to the description of the 
8;14 chromosomal translocation by Zech19 in 1976. Subsequent 
molecular genetic studies showed that this translocation juxta-
posed the MYC oncogene on chromosome 8 to the IG heavy chain 
gene sequences on chromosome 14.51 These observations suggest 
that the 8;14 translocation of endemic Burkitt NHL arises in a 
state of EBV-induced polyclonal B cell proliferation in the setting 
of immunodeficiency associated with chronic malaria.52 Support 
for this theory has been derived by the role of EBV in lymphop-
roliferation in other immunodeficient conditions. EBV has also 
been implicated in posttransplant lymphomas, AIDS-related lym-
phomas (mostly central nervous system [CNS] and variably with 
systemic), some T/NK lymphomas, particularly nasal; some HL, 
and several lymphomas that developed after chronic infectious 
mononucleosis.53–55

Shortly after immunologic classifications for NHL were pro-
posed, adult T cell leukemia/lymphoma (ATL) was described in 
Japan by Takatsuki and Uchiyama in 1977.56 The clinical course 
of ATL was variable, but the majority of patients presented with 
an acute form, which was characterized by lymphadenopathy, 
organomegaly, skin lesions, hypercalcemia, and an elevated white 
count with multilobated lymphocytes, referred to as “cloverleaf” 
or “flower” cells (see Fig. 88.21D), and a rapidly fatal course. In 
1980 to 1982, Poiesz et al. in Gallo’s lab in the United States and 

Children Adults

Incidence Rare Common

Median Age 10–15 years 55–70 years

Presentation Extranodal > nodal Nodal > extranodal

Most Common 
Histologic 
Diagnoses

B cell: Burkitt
   Diffuse large cell
T cell: Lymphoblastic
   ALK + anaplastic 
   large cell

B cell: Diffuse large cell (DLBCL)
   Follicular
T cell: Peripheral T cell, not 
 otherwise specified
   Anaplastic large cell
   Angioimmunoblastic

Immunophenotype 60–70% B cell 85–90% B cell  
(United States, Europe); 
20–35% T/NK cell (Asia)

Paraprotein None Rare (<5%)

Clinical Course Aggressive Variable—often indolent

Curability 70–95% <30%, except 40% to 70% in
aggressive subtypes, particularly 
DLBCL

cLinicopatHoLogic DiFFErEncEs BEtWEEn cHiLDHooD  
anD aDuLt non-HoDgkin LyMpHoMas

taBLe 88.2
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FIGURE 88.4. Age-adjusted incidence and mortality rates of NHL in selected world 
regions. From International Agency for Research on Cancer GLOBOCAN 2008 data, from 
Bassig BA, Lan Q, Rothman N, et al. Current understanding of lifestyle and environmental fac-
tors and risk of non-Hodgkin lymphoma: an epidemiological update. J Cancer Epidemiol 2012: 
978930, with permission.

and geography.46 There are at least two mechanisms in which infec-
tions contribute to lymphomagenesis. The best described is direct 
lymphocyte transformation by microbial agents. Lymphotropic 
viruses include Epstein-Barr virus (EBV), human T-leukemia 
virus-1 (HTLV-1), and human herpes virus 8 (HHV8). An alterna-
tive mechanism is an agent, such as Helicobacter pylori (H. pylori), 
infecting host tissues and eliciting a lymphoproliferation response 
that remains dependent upon the presence of the agent, or anti-
gen. The former does not usually respond to antimicrobial therapy, 
while the latter does. There are an expanding number of infections 
associated with specific types of NHL (Table 88.3).

The complex interplay of environmental and host factors in 
the pathogenesis of lymphoma was recognized through Dennis 
Burkitt’s description in 1958 of an aggressive tumor of young 

Agent Lymphoma Type(s)

Epstein-Barr virus (EBV) Burkitt lymphoma (Africa)
Posttransplant lymphoproliferative disorders
Acquired immunodeficiency syndrome–
related lymphoma (central nervous system, 
others)
Natural killer/T cell nasal lymphoma
Hodgkin lymphoma
Diffuse large B cell lymphoma of the elderly

Human T-lymphotropic virus I 
(HTLV-1)

Adult T cell leukemia/lymphoma

Human herpes virus 8/Kaposi 
sarcoma–associated herpes virus

Primary effusion lymphoma
Plasmablastic lymphoma

Helicobacter pylori Gastric MALTomaa

Hepatitis B virus Diffuse large B cell lymphoma

Hepatitis C virus Splenic marginal zone lymphoma; other B 
cell lymphomas

Campylobacter jejuni Immunoproliferative small intestinal diseasea

Borrelia burgdorferi Primary cutaneous B cell lymphomaa

Chlamydia psittaci Ocular adnexal lymphomaa

aExtranodal marginal zone lymphoma, MALT-type.

inFEctions anD associations WitH LyMpHoMa

taBLe 88.3
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form by the regulation of E2F transcription factor 1 pathway; the 
HBZ protein interacts with CREB-2 and suppresses TAX-mediated 
viral transcription.62,63 Initially, the T lymphoproliferation is poly-
clonal and controlled by host defense mechanisms;64 however, as 
TAX expression diminishes, an oligoclonal or monoclonal T cell 
proliferation that is IL-2–independent emerges, resulting in the 
clinical manifestations of ATL. HTLV-1 contributes to a multistep 
process of worsening genetic instability characterized by mutation 
of TP53, deletion of tumor suppressor genes CDKN2B/p15 and 
CDKN2A/p16, and DNA methylation.59

HTLV-I can be transmitted by blood transfusions, needle shar-
ing, sexual intercourse, and from mother to child through breast 
milk or through the placenta. Over 20 million people worldwide 
are estimated to be infected with HTLV-1, and over 90% will 
remain asymptomatic carriers.60 The virus can have a prolonged 
latency period of decades before clinical syndromes appear64,65 
(see section on “Mature T/NK Leukemias”). Where the virus is 
endemic, ATL occurs at a rate of 20 to 86 cases per 100,000 popu-
lation per year, with a lifetime risk of approximately 1% to 6% 
for those persons seropositive for HTLV-I antibodies.64 In Japan, 
males are 3 times more likely to develop ATLL than females, with 
a peak age around 60 years, while in the Caribbean there is no 
gender difference and the peak age is 40 years.66

HTLV-I infection induces the production of antibodies to vari-
ous viral core proteins which can be used as serologic markers 
of infection.67 The diagnosis is usually suggested by a screen-
ing enzyme-linked immunoabsorbent assay and confirmed by 
Western blot. Because of slow replication, seroconversion may 
take up to 2 years in HTLV-I infection compared to the 3 to 
6 months for HIV. PCR utilizes primers and probes of the Pol 
(polymerase or reverse transcripter) and TAX (transactivator) 
regions and is the most sensitive and specific assay for detecting 
HTLV-I. HTLV-I can lead to other diseases, including myelopathy/
tropical spastic paraparesis, uveitis, bronchopneumopathy, and 
arthropathy.60,67

Other viruses have been implicated in lymphoid neoplasia 
and include HTLV-II, herpes virus (HHV-6), HHV-8, (Kaposi’s 
sarcoma-associated herpes virus [KSHV]), and hepatitis B and 
C. HTLV-2 was isolated in 1982 by Kalyanaraman et al. from a 

Yoshida et al. in Hinuma’s lab in Japan independently discovered 
an unique retrovirus, HTLV-1, as the etiologic agent of ATL.57,58 
HTLV-1 was shown to be endemic to certain geographic areas: 
southwestern Japan, in which 6% to 20% of the population is 
seropositive for HTLV-1; the Caribbean Islands, New Guinea, 
parts of Central Africa and South America, parts of West Africa, 
the Middle East and Melanesia (Fig. 88.6).59,60

HTLV-1 is an RNA-containing delta retrovirus that infects 
mature T cells, usually CD3+, CD4+, and HLA-DR+. The molecular 
pathogenesis revolves around TAX, a potent HTLV-1 transcription 
activator protein, and HTLV-1 basic ZIP factor, HBZ (Fig. 88.7).59 
T cell dysregulation may initially involve an autocrine interleukin 
(IL)-2 loop as well as paracrine effects from other cellular genes 
and cytokines. The TAX protein is prominent during the initial 
infection by increasing the expression of viral genes through 
viral long terminal repeats (LTRs) and by stimulating the tran-
scription of cellular genes through signaling pathways of nuclear 
factor Kappa B (NFkB), serum response factor (SRF), cyclic AMP 
response element binding protein (CREB), and activated protein 1 
(AP1).59 The TAX protein induces proliferation and inhibits apop-
tosis of HTLV-1 cells through induction of IkB-alpha degrada-
tion, which activates the NFkB pathway, which in turn promotes 
expression of cell-cycle regulators (cyclin D2 and CDk6) and leads 
to increased activation of PI3-kinase signaling.61 TAX deregulates 
the expression of cytokines (IL-2 and IL-15) and antiapoptotic 
genes, upregulates vascular cell adhesion molecules, activates 
osteoclasts, and alters interferon signaling, all of which contribute 
to the pathogenesis of ATL.

HBZ is transcribed from the 3′-LTR and is the only gene 
which is conserved and unmethylated in all ATL cases, while the 
TAX gene is often inactivated by epigenetic changes or the loss 
of 5′-LTR.62 Unlike TAX, which activates both the classical and 
alternative NFkB pathways and suppresses TGF-b signaling, HBZ 
suppresses the classical pathway without inhibiting alternative 
NFkB signaling and promotes TGF-b signaling, which leads to 
upregulation of forkhead box P3 (FOXP3) protein. By enhancing 
TGF-b and increasing FOXP3 expression, HBZ allows infected  
T cells to convert to Tregs, which contribute to viral persistence 
and leukemogenesis. HBZ promotes T cell proliferation in its RNA 

FIGURE 88.4. Age-adjusted incidence and 
mortality rates of NHL in selected world regions. 
From International Agency for Research on Can-
cer GLOBOCAN 2008 data, from Bassig BA, Lan Q, 
Rothman N, et al. Current understanding of life-
style and environmental factors and risk of non-
Hodgkin lymphoma: an epidemiological update. 
J Cancer Epidemiol2012;2012: 978930[Q50], with 
permission.

FIGURE 88.5. A: Burkitt lymphoma involving mandible, maxilla, and orbit. From O’Conor GT. Significant aspects of childhood lymphomas in Africa. Cancer 
Res 1963;23:1514–1527. B: Lymphoma belt of Africa: Burkitt lymphoma occurred only in areas below 3,000 feet (above sea level), with mean temperature above 
15.6°C, and with annual rainfall over 50 cm. Shaded area, where Burkitt lymphoma would be expected to occur; black squares, sites of cases identified by Burkitt. 
From Haddow AJ. An improved map for study of Burkitt lymphoma syndrome in Africa. E Afr Med J 1963;40:429–432.

A B
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FIGURE 88.6. Geographic distribution of HTLV-1 in countries where the disease is endemic. The stars emphasize high-prevalence areas. The country 
boundaries shown in the map are not coincidental with the areas of endemicity, reflecting the cluster nature of HTLV infection. From Goncalves DU, Proietti FA, Ribas 
JG, et al. Epidemiology, treatment, and prevention of human T cell leukemia virus type 1-associated diseases. Clin Microbiol Rev 2010;23:577–589, with permission.

FIGURE 88.7. Course of HTLV-1 infection. After infection of a mature T helper cell, there is a long latency period (decades) which can be controlled by cytotoxic 
T cells and an autocrine IL-2 loop. Clonal proliferation is promoted by pleiotropic actions of Tax and other viral proteins that inhibit apoptosis and induce IkBa, which 
activates the NFkB pathway. HBZ promotes T cell proliferation and the HBZ protein suppresses TAX-mediated viral transcription. As TAX expression is lost, there is 
the emergence of a monoclonal T cell population that is independent of IL-2.CC chemokine receptor 4 (CCR4) and cutaneous lymphocyte antigen (CLA) on ATL cells 
interact with endothelial cells in the skin and contribute to epidermotropism. ATL follows a multistep process of worsening genetic instability and is subdivided into 
clinical syndromes characterized by immunodeficiency and chemoresistance.
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mainly in patients with MC who do have an increased risk for 
indolent lymphomas.76,86 Spleen involvement is more common in 
DLBCL with HCV (34% vs. 13%); some of the DLBCL have under-
gone transformation from an indolent NHL.87 Rearrangement 
of either IGH or the BCL2 genes occurs in up to three-fourths 
of patients with HCV and MC and can regress with antiviral 
therapy.88 Complete responses to antiviral therapy, primarily 
peg-interferon and ribavirin, occur in 60% to 75% of patients with 
HCV-positive lymphomas.89,90,91 Adding rituximab to antiviral 
therapy is well tolerated and improves responses.92,93 Proposed 
mechanisms of HCV’s role in lymphomagenesis include chronic 
antigenic stimulation, activation of B cells by an HCV E2 protein, 
and direct infection of B cells, a combination of which could lead 
to genetic aberrations.76,85

H. pylori is a gram-negative rod which was discovered by 
Warren and Marshall in 1983 and was shown to be associated 
with peptic ulcer disease, gastric carcinoma, and NHL.94,95,96 
Gastric lymphoma was found to have a high frequency in certain 
parts of Europe, such as the Veneto region of Italy, and was usu-
ally an indolent B cell lymphoma of mucosa-associated lymphoid 
tissue (MALToma), a term proposed by Isaacson and Wright.97,98 
Parsonett recognized that H. pylori infection preceded the devel-
opment of lymphoma,99 and Wotherspoon reported in 1993 that 
antibiotic treatment for H. pylori caused regression of the lym-
phoma in over two-thirds of patients.100 Over one-half of H. pylori 
large B cell gastric lymphoma will also respond to antibiotics.101

MALToma of the stomach serves as a model for lymphoma-
genesis secondary to antigenic stimulation (Fig. 88.8).102 Both B 
and T cells are recruited to the gastric mucosa following H. pylori 
infection. Proliferation of B cells are dependent upon reactive 
T cells.103 There is a continuous spectrum of pathologic lesions 
during the transition from gastritis to low grade MALToma to the 
less frequent large B cell.102 PCR may be helpful in identifying a 
malignant B cell clone which may persist after histologic regres-
sion following antibiotic therapy.104 Somatic hypermutation is 
characteristic of the B cell clone of MALToma and, along with the 
observation of plasmacytic differentiation, indicates a post germi-
nal center origin. Translocation-positive gastric MALTomas lead 
to activation of the NFkB pathway which causes overexpression 

patient with an unusual T cell variant of hairy cell leukemia.68 
It has subsequently been isolated only rarely in lymphoid neo-
plasia and in HTLV-I negative tropical spastic paraparesis, but 
it is prevalent in intravenous drug abusers.69 Two other related 
viruses, HTLV-3 and HTLV-4, were reported in 2005 in Central 
Africa but have not been linked to human disease.70 Salahuddin et 
al. identified HHV-6 in B lymphocytes from 6 patients with various 
lymphoproliferative disorders;71 it was identified subsequently 
as the etiologic agent for exanthem subitum (roseola infantum) 
and as a cause for pneumonia in immunocompromised hosts.72 
A role for HTLV-2 or HHV6 in lymphoproliferation has not been 
detected. KSHV, also referred to as HHV-8, has been identified in 
AIDS-related body-cavity based B cell lymphomas and multicen-
tric Castleman disease and has been associated with EBV genome 
in the absence of MYC rearrangement.73,74 Theoretically, KSHV 
acts synergistically with EBV to transform B cells and causes a 
unique clinical presentation.

There is conflicting data regarding the risk of NHL in patients 
infected with hepatitis B (HBV) and C (HCV), but the association 
appears valid, particularly in endemic areas. Meta-analyses have 
reported a 2- to 3- and a 2- to 4-fold risk of developing NHL in 
HBV and HCV-infected patients, respectively.75,76,77,78 The incu-
bation time for lymphoma to occur in patients infected with hepa-
titis is estimated to be as long as 15 years.79 DLBCL is the most 
common subtype associated with HBV.75 Besides the association 
of HBV with NHL, cytotoxic therapy with or without rituximab 
can lead to HBV reactivation, resulting in hepatitis and even liver 
failure.78,80 Screening HBV status prior to chemotherapy and pro-
phylaxis with antiviral therapy for positive patients can decrease 
the rate of reactivation.81

The causative fraction of NHL by HCV varies widely according 
to country, but is estimated to be as high as 10% where HCV is 
endemic, such as Egypt, Italy, and South Korea.82 Chronic HCV 
infection is often (40% to 90%) present in patients with type II 
mixed cryoglobulinemia (MC); and 5% to 10% of MC patients have 
or will develop a B cell lymphoma (see Chapter 101).83–85 Early 
studies stating that indolent B cell lymphomas, lymphoplasma-
cytic and marginal zone, were the most common subtypes associ-
ated with HCV have not been confirmed, but they were reported 
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FIGURE 88.8. MALToma of the stomach: model for lymphomagenesis. Helicobacter pylori infects the epithelial cells and there is recruitment of both T and B 
cells. Contact-dependent T cell help is mediated by CD40 and CD40 ligand interaction. B cells undergo a T cell–dependent polyclonal response which can develop 
into a postgerminal center monoclonal B cell lymphoma. Three-fourths of gastric MALTomas have allelic imbalance, methylator phenotype, and/or trisomies and 
respond to antibiotics that eradicate Helicobacter pylori. Alternatively, there can be clonal evolution that involves a specific translocation (i.e., t[11;18] or t[11;14]) and/
or a loss of tumor suppressor genes (i.e., TP53, CDKN2B/p15, CDKN2A/p16), which are associated with dissemination of disease. The t(11;18) rarely is associated 
with transformation while the t(11;14) may progress to a diffuse large B cell lymphoma.
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reported among people employed in agriculture, forestry, fish-
ing, construction, motor vehicles, telephone communication, and 
leather Industries.124,125 Specific jobs at risk include plant and 
poultry farmers, butchers, gardeners, painters and plasterers, 
car repair and gasoline station workers, carpenters, brick and 
stone masons, plumbers, welders and solderers, roofers, and 
teachers. The associations tend to increase with longer duration 
of employment, and studies have correlated specific jobs with 
histologic types.125

Chemicals that have been implicated in the epidemic include 
organochlorines and phenoxyacetic acids that are commonly 
found in pesticides and herbicides.126–129 A number of organo-
chlorine compounds have been banned in the United States, 
including dichlorodiphenyl-trichloroethane (DDT, used from 1939 
to 1972), polychlorinated biphenyls (PCBs, 1929 to 1977), and 
chlordane (1947 to 1988); however, studies have correlated the 
presence of these and similar chemicals in carpet dust and in adi-
pose tissue with a higher risk of developing NHL. An excess risk 
for NHL has also been suggested for exposure to organic solvents, 
such as benzene, xylene, toluene and trichloroethylene, fertilizers, 
epoxy glues, and wood dust.130 Variations in immune genes or 
DNA repair genes may affect an individual’s risk of developing 
NHL after exposure to solvents,131,132 which may also directly 
impair cell-mediated immunity.

Hair dyes, ultraviolet light (UV), and nutritional factors have 
been implicated in some epidemiologic studies and negated in 
others.133–136 Hair dye is more likely to be a factor in women 
than in men because of greater use in women. There has been an 
increased risk for NHL in women who used hair dyes before 1980, 
but not among women after 1980, probably related to removal of 
carcinogenic compounds.136,137

Several studies noted an increase in NHL among patients with 
melanoma or squamous cell skin cancer and suggested a role 
for UV suppressing the immune system;133 however, there was 
no correlation between NHL mortality and increased UV light 
exposure in the southern United States or in Scandinavia.134,138 
Additionally, a reduced risk of NHL has been reported with higher 
sun exposure.138,139 A hypothesis is that reduced risk in mid-
latitudes arises from vitamin D production with UVB light, while 
an increased risk arises from immunosuppression by more UVA 
light in higher latitudes.140 Other studies have found no protective 
effect of UV radiation and no association between vitamin D and 
NHL risk.141,142

Nutritional factors, including milk, butter, liver, meat, cof-
fee, and cola consumption, have been identified as possible risk 
 factors.143–147 A high-meat diet and a high intake of fat from ani-
mal sources have been associated with an increased risk of NHL; 
there was a decreased risk with increased ingestion of fruits.135 
Other studies have reported a lower risk for NHL with higher 
intakes of vegetables, lutein and zeaxanthin, and zinc.148 Milk 
consumption has had conflicting reports.135,147 Obesity and lack 
of exercise have been suggested as contributing to the epidemic 
in some studies and refuted in others.147,149,150

Blood transfusion has been implicated as contributing to 
the increased incidence of NHL.151–153 The use of blood prod-
ucts beginning in the 1950s has coincided with the epidemic. 
Transmission of infectious agents through blood transfusion 
could suppress the immune system, and make a patient suscep-
tible to the development of lymphoma. Blood transfusion has 
been associated with all types of histologies, but a meta-analysis 
found a higher risk for CLL/SLL.152,153 While cohort studies have 
supported the connection between blood transfusion and lym-
phoma, case-control studies have not consistently confirmed the 
association.151,153,154

A number of other factors have been mentioned as possibly con-
tributing to the epidemic, including ionizing radiation, electromag-
netic fields, alcohol, tobacco, and chronic fatigue syndrome, but 
the data is weak to support an association of any of these factors 

of BCL2, blocks apoptosis of B cells, and leads to antibiotic resis-
tance, while translocation-negative cases involve inflammatory 
and immune responses, which maintain B and T cell interaction 
and respond to H. pylori eradication.105 The oncoprotein of the 
CAGA gene has been shown to be directly delivered into B cells by 
H. pylori, and it likely contributes to lymphomagenesis.106

The most common genetic abnormality in gastric MALToma is 
the t(11;18)(q21;q21) which is present in one-quarter to one-third 
of cases, and up to one-half of H. pylori negative cases.107,108 
The genes involved at t(11;18) are an apoptosis inhibitor-2 gene 
(API2) and a novel 18q gene, MALT, and are more likely to result 
in disseminated disease but less likely to undergo histologic trans-
formation than other genetic abnormalities.109 The t(14:18) in 
MALToma involves IGH/MALT2 and may coexist with trisomies 
3, 12, or 18; occurs in 5% gastric MALTomas; and is more com-
mon in nongastrointestinal sites.108 The t(1;14)(p22;q32) and 
t(1;2)(p22;q12) involve the BCL10 gene102,110 and are present in 
1% to 3% of gastric MALTomas.102,108,110 BCL1 and BCL2 gene 
rearrangements are usually not present in MALTomas, and BCL-6 
has rarely (1% to 2%) been reported.102,111 There is controversy 
whether the B cell clones remain dependent upon antigen stimu-
lation or expand through autonomous (antigen-independent) 
growth. Loss of tumor suppressor genes and amplification of 3q27 
have been associated with histologic progression and dissemina-
tion of MALTomas.109,112

Other infections associated with specific MALTomas include 
Borrelia burgdorferi with primary cutaneous B cell lymphoma, 
Chlamydia psittaci with ocular adnexal MALTomas, and 
Campylobacter jejuni with immunoproliferative small intestinal 
disease (also called alpha heavy chain disease or Mediterranean 
lymphoma).46,113 Their frequency varies according to endemic 
geography and have been found more commonly in Europe than 
in North America or Asia. The ability to diagnose the association 
depends upon either immunohistochemistry using a monoclonal 
antibody detecting the agent or, preferably, targeted polymerase 
chain reaction (PCR) that detects the DNA of the infectious 
agent. When the infections are present in these MALTomas, the 
lymphomas will regress in the majority of patients treated with 
antibiotics.114,115

environmental Factors
Environmental associations implicated in the pathogenesis of 
NHL include not only infections, but also drug exposure and toxic 
chemical exposure. Immunosuppressive agents contribute to lym-
phomagenesis through interaction with EBV, particularly in organ 
transplants. Phenytoin and carbamazepine have been associated 
with both pseudolymphoma and malignant lymphoma, with the 
former condition presenting with fever, rash, and adenopathy that 
regress after drug withdrawal.116 Methotrexate and the tumor 
necrosis factor (TNF) alpha inhibitors (adalimumab, certolizumab, 
etanercept, golimumab, and infliximab) have been associated with 
an increased risk of lymphoma in some but not all studies in rheu-
matoid arthritis, which itself may have an increased risk (see sec-
tion on “Prelymphomatous Conditions”).117 In a meta-analysis of 
randomized controlled studies, there was a trend for an increased 
risk of B-NHL in patients receiving anti-TNF therapy, but it did not 
reach statistical significance.118 Hepatosplenic T cell lymphoma 
has been reported in patients with Crohn disease receiving anti-
TNF therapy usually with other immunomodulators.119 Although 
epidemiologic studies are flawed by methodologic weaknesses, 
other drugs possibly associated with NHL include analgesics, 
antibiotics, steroids, digitalis, estrogen, and tranquilizers.44,120–122 
A Danish study found no increased risk of NHL in women using 
postmenopausal hormone replacement.123

Occupational exposures have been suggested as factors in the 
epidemic, but studies are often flawed because of small numbers 
and being retrospective. An increased risk of NHL has been 
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dependent upon age, EBV status, type of transplant, and amount 
of immunosuppression.165 A lower chance occurs in older as 
opposed to younger age, sibling over cadaver donor, and single 
over multiple transplants. Early reports from Stanford University 
indicated that up to 40% of patients surviving cardiac transplanta-
tion developed a malignant lymphoma.166 With less immunosup-
pression, the incidence is 1% to 15% after solid organ transplants, 
which is a 30- to 60-fold increase in lymphomas compared to 
the general population.167,168 The diagnosis and management of 
posttransplant lymphoproliferative disease (PTLD) is described in 
Chapter 62.

acquired Immunodeficiency Syndrome
AIDS was recognized as a disease in 1981 and the first case of 
lymphoma in an AIDS patient was reported in 1982.169 This 
was followed by a series of 90 homosexual patients with NHL 
reported by Ziegler et al. in 1984.170 In 1985, the diagnosis of 
NHL in association with positive serologic evidence for human 
immunodeficiency virus (HIV) became a criterion for the diag-
nosis of AIDS.171 In Ziegler’s series, presenting features included 
generalized adenopathy and opportunistic infections in one-third 
of patients.170 Extranodal sites of disease and advanced stage 
occur in three-fourths of patients with AIDS-related lymphoma 
(ARL). The most common extranodal sites are the meninges, gas-
trointestinal tract, bone marrow, liver, and lung/pleura; unusual 
sites include rectum, oral cavity, heart/pericardium, common 
bile duct, and skin.172 NHLs in AIDS patients are usually of B cell 
origin and include diffuse large B cell (DLBCL: immunoblastic, or 
large transformed) and BL. Unique presentations of ARL include 
plasmablastic lymphoma of the oral cavity173 and primary effu-
sion lymphoma.73 Differences in the histology of ARL have not 
impacted survival;174 however, they are likely to become more 
important with improved survival in AIDS.

The prevalence of NHL in AIDS is 3% to 6%, and before the 
era of highly active antiretroviral therapy (HAART) there were 
projected increased risks over time.175 The risk of lymphoma 
is increased 60- to 650-fold among HIV-infected patients com-
pared to the general population and is associated with older age, 
severe immunodeficiency (defined by CD4 count and HIV viral 
load), and prolonged HIV infection.176,177 Since the introduction 
of HAART in 1996, epidemiologic studies in developed countries 
are reporting an increase in ARL as the first AIDS-defining illness 
but decreased overall incidence in ARL, particularly in primary 
CNS NHL and in DLBCL (immunoblastic) histology.172,177,178,179 
Additionally, survival for ARL has improved.177,180 Prognostic fac-
tors and therapy of ARL are addressed in Chapter 64.

autoimmune and Other Immunologic Disorders
Chronic inflammation, immune hyperactivity, and/or immuno-
suppression are elements of autoimmune disorders that predis-
pose patients to lymphoma.98,181,182 Many of these lymphomas 
arise in extranodal sites where there is sparse lymphoid tissue; 
they are usually localized, low grade B cell lymphomas arising 
from mucosa-associated lymphoid tissue (MALT). Isaacson and 
Wright initially recognized MALTomas in the gastrointestinal 
tract and indicated they were a subset of immunoproliferative 
small intestinal disease, or Mediterranean lymphoma; however, 
they subsequently identified similar lymphomas occurring in 
the lung and salivary gland.183 Multiple other extranodal sites 
have been involved with MALTomas and include thyroid gland, 
thymus, breast, conjunctiva, gallbladder, skin, cervix, larynx, 
and trachea. Although the term MALToma is misleading due to 
the fact that not all of the lesions arise in mucosal tissue, two 
common features are chronic inflammation and the presence of 
glandular epithelium that is destroyed by progressive lympho-
cytic infiltration.

with an increased risk of NHL.155–158 The epidemiology of NHL 
continues under investigation and requires carefully designed stud-
ies with large cohorts and prolonged follow-up to determine the 
validity of an association between a factor and NHL. InterLymph, 
an international consortium of NHL studies, is providing large 
databases to assess the impact of environmental risk factors.159

pRELyMpHoMatous coNditioNs
The mechanism of developing lymphomas has been best studied 
in those occurring in immunodeficiency states. These disorders 
can be subdivided into congenital, or primary, immunodeficien-
cies, and acquired, or secondary, immunodeficiencies (Table 88.4). 
Common components to all these disorders are defects in 
immunoregulation, particularly in T cell immunity, resulting in 
decreased cytokines, and uncontrolled B cell growth in lymphoid 
tissue, often in association with the EBV genome. Since 1973, 
cases of malignant disease in children with immunodeficiency 
have been recorded by immunodeficiency cancer registries, and 
NHL constitutes the majority of the cases.160,161 The median age 
of onset is 7 years and there is a predominance of males over 
females, due in part to the contribution of X-linked disorders.160 
The importance of EBV in the pathogenesis of lymphoprolifera-
tion in immunodeficiency was suggested by Purtilo et al. in 1974, 
when they described an X-linked disorder in which 6 boys in a 
single family died of infectious mononucleosis, agammaglobulin-
emia, or malignant lymphoma.162 The role of EBV in lymphomas 
developing in patients with immunodeficiencies is addressed in 
Chapters 62 through 64.

Organ transplants
In the early 1980s, a range of lymphoproliferative lesions was 
described that occurred in patients receiving chronic immuno-
suppressive therapy after solid organ transplantation. The clinical 
and pathologic spectrum of diseases included primary infectious 
mononucleosis, polymorphic B cell hyperplasia, and intermedi-
ate- to high-grade B cell lymphomas in which necrosis, cytologic 
atypia, monotypic Ig expression, and cytogenetic abnormali-
ties are harbingers of neoplastic transformation and aggressive 
behavior.163 Serologic and molecular studies linked many of these 
lymphoproliferations to primary or secondary EBV infection.164 

The risk of developing lymphoproliferation after transplantation is 

Congenital Acquired

Ataxia telangiectasia
Wiskott-Aldrich syndrome

Severe combined immunodeficiency
Common variable immunodeficiency

Hyper IgM syndrome
Hyper IgE syndrome

X-linked hypogammaglobulinemia
X-linked lymphoproliferative syndrome

Autoimmune lymphoproliferative 
syndrome

Immunodeficiency
 Organ transplants
 Acquired immunodeficiency syndrome

Autoimmune disorders
 Sjögren syndrome
 Hashimoto thyroiditis
 Rheumatoid arthritis
 Systemic lupus erythematosus
Inflammatory bowel disease
Castleman disease
Hodgkin lymphoma
Lymphomatoid granulomatosis
Predisposition to T cell lymphoma
 Nontropical sprue
 Angioimmunoblastic lymphadenopathy
 Lymphomatoid papulosis

prELyMpHoMatous conDitions

taBLe 88.4
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Castleman disease (CD) (giant lymph node hyperplasia, angio-
follicular lymph node hyperplasia) was first recognized in the 
1920s and was further described as a clinicopathologic entity in 
1954.206,207 It has two types of clinical presentations (localized 
and multicentric) and three types of histologic subtypes (hyaline 
vascular, plasma cell, and mixed).208,209 The hyaline vascular 
type is the most common subtype and presents as localized ade-
nopathy, often in the mediastinum. It can be amenable to surgical 
resection; and although it was initially reported to be radioresis-
tant, it has been successfully treated with radiation as well.210 
The plasma cell variant is associated with systemic symptoms, 
anemia of chronic disease, hypergammaglobulinemia, and a vari-
ety of unusual syndromes, including myasthenia gravis, nephrotic 
syndrome, peripheral neuropathy, amyloidosis, and temporal 
 arteritis.211 A plasmablastic subvariant is associated with HIV 
infection. Increased expression of the gene coding for IL-6 has 
been identified in CD, and retroviral transduction of the gene 
into mice has reproduced histology and symptoms.212 Moreover, 
antibodies to IL-6 or its receptor have ameliorated the disease.213

The plasma cell variant tends to be either a local form, more 
commonly occurring in a young adult and amenable to local 
therapy, or a multicentric form occurring in an older adult or in 
an HIV-infected patient with diffuse adenopathy and a variable, 
but often fatal, clinical course in which 20% to 30% of patients 
develop either Kaposi sarcoma or B cell lymphoma.211,214,215 
Immunophenotyping and IG gene rearrangements of the plasma 
cell variant in CD indicate that patients usually have polyclonal 
lesions;216 however, monoclonal IG gene rearrangements have 
been identified in patients with the multicentric form and in 
patients developing B cell lymphoma.217 KSHV (HHV8) has been 
identified in HIV-associated multicentric CD cases and levels of 
KSHV DNA correlate with symptomatic disease.215,218 KSHV posi-
tive plasmablasts have lambda light chain restriction, are localized 
to the mantle zone of germinal centers, and can coalesce to form 
microscopic lymphomas.219 The lymphomas have had a variable 
histologic pattern but they are usually of B cell origin with mantle 
cell the most common subtype and have a poor  prognosis.220 
Plasmablastic lymphoma and primary effusion lymphoma have 
also been reported.74 There is no standard of treatment for mul-
ticentric CD, and anecdotal cases have utilized rituximab, inter-
feron, thalidomide, tocilizumab (anti-IL6), antiviral therapy, and 
chemotherapy with variable success.207,215,221,222

NHL may follow HL, with prior therapy and the cell-mediated 
immune defect characteristic of HL serving as possible contrib-
uting factors. Krikorian et al. reported 6 cases from Stanford 
University of intermediate- to high-grade lymphoma developing 
after HL.223 In subsequent series, authors estimated that 1% to 
5% of patients with HL will develop NHL;224 some studies have 
indicated a greater risk in the nodular variant of lymphocyte 
predominant HL (LPHL), which has a unique CD20+ B cell immu-
nophenotype.225,226 The large B cell lymphomas associated with 
LPHL generally are regarded as a progression of LPHL rather than 
as secondary neoplasms. Single cell analysis of the lymphocytic 
and histiocytic cells of LPHL have proven a clonal relation to large 
B cell lymphoma developing in the same patient.227 There are 
rare patients with intermediate clinical and pathological features 
between DLBCL and classical HL that have been referred to as 
“mediastinal gray zone lymphoma,” or “large B cell lymphoma 
with Hodgkin-like features.”228 Most NHL that occur after all sub-
types of HL are of B cell origin,225,229 but those of T cell immuno-
phenotype have followed HL as well.230The EBV genome has been 
found in some cases of NHL developing after HL.231

T cell lymphomas commonly do not occur in the setting of 
immunodeficiencies, with the exception of ataxia telangiectasia; 
however, some disorders appear to predispose to PTCL, and 
up to one-tenth of lymphomas in organ transplants are of T cell 
origin. PTLD of T cell origin tend to occur late and have a poor 
prognosis.232 Hepatosplenic gd T cell lymphoma can occur late 

Lymphomas associated with Sjögren syndrome (SS) and 
Hashimoto thyroiditis (HT) are of B cell origin and tend to occur 
in elderly females. The presumed pathogenesis of lymphomas in 
these patients is associated with chronic antigenic stimulation 
causing polyclonal B cell growth with eventual development of a 
monoclonal B cell lymphoma. Bunim and Talal reported the first 
association of lymphoma and SS in 1963,184 and Kassan et al. 
subsequently reported a greater than 40-fold risk for lymphomas 
in these patients.185 Approximately 5% of patients with primary 
SS will develop lymphoma.186,187

The histologic lesion of SS is a myoepithelial sialoadenitis 
(MESA) characterized by lymphoid infiltration of the salivary 
gland along with acinar atrophy and proliferation of ductal cells 
to form myoepithelial islands.188 Although the initial clinical 
course of SS usually is benign, clonally rearranged IG genes can 
be detected in the biopsy of MESA.189 Furthermore, the finding 
of light chain restriction in minor salivary glands of the lip by in 
situ hybridization techniques correlates with development of lym-
phoma.190 These findings suggest, as in many other prelympho-
matous conditions, that the “benign” lesion actually represents 
either a monoclonal population of unknown significance or malig-
nant lymphoma in situ. B-lymphocyte activator of the TNF-family 
(BAFF) is overexpressed in SS salivary glands, induces BCL-2 
which impairs apoptosis, and likely contributes to lymphoma-
genesis.191 Overt lymphoma tends to occur in those lesions with 
extensive, confluent areas of monotypic B cell proliferation, and 
the lymphomas most commonly seen are marginal zone, lympho-
plasmacytic, or DLBCL types.

Lindsay and Dailey described an association between lym-
phoma of the thyroid and HT in 1957.192 Subsequent studies 
indicate that over 75% of thyroid lymphomas are preceded by HT, 
made evident by thyroiditis in the nonlymphomatous portion of 
the pathologic specimens and by antithyroid antibodies in most 
patients.193 There is a 60- to 80-fold increase in thyroid lymphoma 
after thyroiditis, but the lifetime risk is only 1% to 2%.194 Unlike 
the lesion of SS, which has IG gene rearrangement, the lesion of 
HT does not usually have a clonal population of cells identified by 
DNA analysis;195 however, similar IGH bands have been detected 
in a minority of HT patients and subsequent thyroid lymphoma, 
supporting the hypothesis of clonal evolution of NHL from HT.196 
Most thyroid lymphomas express surface IgG rather than the IgM 
characteristic of follicular center cell (FCC) lymphomas, suggesting 
that thyroid lymphomas involve B cell progenitors with the ability 
to differentiate further from IgM to IgG production.197

Lymphomas have been reported in patients with other auto-
immune disorders, including rheumatoid arthritis (RA), systemic 
lupus erythematosis (SLE), scleroderma, inflammatory bowel dis-
ease, and dermatomyositis; however, the increased incidence in 
these disorders are complicated by the use of immunosuppressive 
therapy and by possible methodologic flaws in the epidemiologic 
studies.198 The increased risk for lymphoma in RA varies from 
2- to 15-fold and is higher in patients with more severe disease or 
with Felty syndrome.199 A large study reported an increased NHL 
risk (2.9[1.7 to 4.9]) in RA patients treated with any biologic agent 
and a greater risk with anti-TNF agents than methotrexate.200 
A meta-analysis of randomized clinical trials in RA reported no 
increased risk of malignancy with biologic therapy, but did find 
an increased risk for NHL of 2.1 (0.55 to 8.4) in patients receiving 
anti-TNF therapy compared with controls.201 A wide spectrum of 
lesions have been described in RA patients, ranging from lesions 
that resemble posttransplant polymorphous lymphoprolifera-
tion to large B cell lymphomas, the most common type, HL, and, 
rarely, PTCL.198,202 EBV may be present in tumor cells, and the 
lymphoproliferations may regress with discontinuation of immu-
nosuppression.202,203 T-large granular lymphocyte leukemia is 
often associated with rheumatoid arthritis and neutropenia.204 
The risk of NHL in SLE is increased 3- to 4-fold and DLBCL is the 
most common type.205
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stomach involvement. Frank bleeding occurs in less than 30% 
of patients with gastrointestinal lymphomas, and usually is 
from either a gastric (melanotic stool) or large bowel source.247 
Patients with rectal involvement usually present with hemato-
chezia or a change in bowel habits.248 Obstruction, specifically 
intussusception, or perforation are associated with aggressive 
small bowel lymphomas, particularly BL and EATL. Mantle cell 
lymphoma presents with gastrointestinal symptoms in 20% to 
30% of patients, and multiple polyposis may be found on colonos-
copy (Fig. 88.9). Lymphomatous polyposis of the gastrointestinal 
tract is not restricted to MCL and has also been detected in FL 
and MALToma.246,249 Although the mucosa may appear normal, 
abnormal histology in the gastrointestinal tract is found in over 
80% of MCL patients.250 Dysphagia, airway obstruction, and 
eustachian tube blockage with or without cervical adenopathy are 
symptoms suggesting Waldeyer’s ring involvement. Epistaxis and 
nasal obstruction usually with facial edema are common signs of 
involvement of nasal lymphomas.

Hepatosplenomegaly is a common feature of advanced indolent 
B cell lymphoma, including small B lymphocytic lymphoma, and 
splenic marginal zone lymphoma (SZML), and can be the predomi-
nant clinical feature of hepatosplenic T cell lymphoma. Subclinical 
secondary involvement of the liver has been reported in 26% to 
40% of NHL, while primary hepatic lymphoma (PHL) is extremely 
rare, representing 0.05% of extranodal lymphoma.251,252 Primary 
splenic lymphoma is similarly rare, and splenectomy may be 
considered for diagnosis and therapy.253 Primary NHL of the liver 
usually is a large B cell type, can be associated with hepatitis C 
(40% to 60%), and can arise in immunodeficient hosts. Presenting 
features include right upper quadrant pain, anorexia, nausea, 
coagulopathy, and elevated liver enzymes without significant 
jaundice.251,252,254 Hypercalcemia is present in 40% of patients. 
Hypodense, nonenhancing (possible rim enhancement) masses 
on CT imaging are characteristic of primary liver NHL. Solitary 
masses occur in approximately two-thirds, multiple masses in 
one-third, and diffuse infiltration is unusual.251,254 Obstructive 
jaundice can occur in NHL secondary to periportal lymphadenop-
athy or to primary lymphoma of the bile duct or pancreas. Rarely, 
liver involvement with NHL may present with hepatic failure.255

The skin is another common extranodal presentation of NHL, 
and the most common primary cutaneous type is the cerebriform 
T cell of mycosis fungoides/Sezary syndrome (Chapter 92). While 
mycosis fungoides tends to be confined to the skin with charac-
teristic stages, B cell lymphomas involving the skin represent only 
15% to 25% of primary cutaneous lymphoma and usually present 

after solid organ transplantation and in patients with Crohn 
disease, the majority of whom were on anti-TNF therapy.119,233 
PTCL comprise only 3% of all AIDS lymphomas.234 Patients with 
gluten-sensitive enteropathy or celiac disease have an increased 
incidence of intestinal T cell lymphoma.235 Although Isaacson 
et al. initially reported that these lymphomas were variants of 
malignant histiocytosis, subsequent studies with gene rearrange-
ment techniques indicated a T cell origin and they are referred to 
as enteropathy-associated T cell lymphoma (EATL).236 Primary 
anaplastic large cell lymphoma has been reported after breast 
implant surgery.237

Skin disorders may also evolve into a malignant CTCL 
(Chapter  92). Clonality, as evidenced by TCR gene rearrange-
ments, has been detected in some patients with lymphomatoid 
papulosis238 as well as in those with other cutaneous T cell 
processes of uncertain malignant potential, such as pityriasis 
lichenoides et varioliformis acuta,239 granulomatous slack skin 
disease,240 and pagetoid reticulosis.241 The latter two disorders 
are considered variants of mycosis fungoides.

cLiNicaL FEatuREs  
at pREsENtatioN
The majority of patients with NHL present with painless adenopa-
thy, more commonly in the cervical or supraclavicular regions;242 
however, extranodal disease can be detected at presentation in up 
to 40% of patients and varies depending upon immune status and 
geographic differences. Systemic symptoms occur in less than 25% 
of patients in most large series.242,243 When present, however, 
they usually are associated with advanced stages of disease and 
a poor prognosis. Significant cytopenias are rare unless marrow 
involvement is extensive or there are associated immune mediated 
cytopenias, hypersplenism, or rarely, hemophagocytosis. Leukemia 
presentations in NHL are rare and variably impact prognosis.244,245

The gastrointestinal tract is the most common extranodal 
site at presentation and is involved in 5% to 20% of adults with 
NHL.246 The stomach is most frequently involved followed by 
the small intestine, the colon, and the esophagus. Approximately 
90% of primary gastrointestinal lymphomas are of B cell origin. 
Certain subtypes have a site predilection: MALToma in the stom-
ach, Burkitt (non-African) in the terminal ileum; mantle cell in the 
terminal ileum, jejunum, and colon; T cell (EATL) in the jejunum; 
follicular in the duodenum.

Gastrointestinal symptoms are often nonspecific with vague 
abdominal pain the most common presenting symptom. Epigastric 
pain, dyspepsia, nausea and, less often, early satiety, suggest 

FIGURE 88.9. Mantle cell lymphoma. A: Intestine involved by multiple lymphomatous polyposis. Multiple small nodules extensively involve the bowel mucosa. 
Image provided by Dr. Lawrence Weiss, City of Hope National Medical Center. B: Aggregates of small B cells from multiple nodules just beneath the mucosa express 
CD5 and cyclin D1. Image provided by Dr. Dan Arber, Stanford University, Palo Alto, CA.
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Lymphomatous meningeal infiltration may be detected in up 
to 15% of patients with parenchymal PCNSL or may occur as an 
early or late complication in patients with specific sites of disease, 
including nasopharynx through local extension, testicular, or 
extensive marrow involvement.263 The histologies involving the 
spinal fluid are usually aggressive and include Burkitt, lymphoblas-
tic, and DLBCL. Primary leptomeningeal lymphoma is when there 
is no systemic lymphoma or parenchymal disease and occurs in 
7% of presentations with CNS disease.263 Neurolymphomatosis is 
a rare syndrome characterized by a clinical neuropathy with vari-
able pain and is due to lymphomatous infiltration of peripheral 
nerve(s), nerve root or plexus, or cranial nerves.264Intravascular 
B cell lymphoma usually has subcutaneous skin lesions, but can 
present with a wide variety of neurological symptoms, including 
neuropathies, myopathy, dementia, and stroke.265

Because of the risk of leptomeningeal disease in PCNSL, ARL, 
Burkitt, lymphoblastic, and DLBCL with the specific sites noted 
above, the CSF should be examined by cytology and flow cytom-
etry, and prophylaxis should be considered in these patients. 
Elevated LDH and more than one extranodal site have been 
associated with CNS disease in patients with intermediate to high-
grade histologies.266

Symptoms of spinal cord compression may include back pain, 
paresthesias, weakness, and incontinence, and requires emergent 
recognition and therapy. Compression occurs through extension 
of a paravertebral mass or direct involvement of a vertebral body. 
MRI of the entire spine is recommended to exclude multiple sites 
of involvement. The thoracic spine is the most common area, fol-
lowed by lumbar and then cervical.267

Primary ocular lymphoma is part of the spectrum of CNS 
lymphoma, usually with DLBCL histology; and is defined by infil-
tration by lymphoma cells in the visual tract, retina, vitreous, or 
optic nerve head. Approximately 5% to 15% of PCNSL have ocu-
lar involvement at diagnosis while CNS involvement may follow 
isolated ocular lymphoma in 50% to 80% of patients.259 Ocular 
symptoms include blurred vision and loss of visual acuity, or 
“floaters,” but patients can be asymptomatic. Slit lamp examina-
tion is recommended for patients with CNS or ocular lymphoma. 
The external eye usually is normal, and the diagnosis can be con-
fused with uveitis, vitritis, or glaucoma.268

Lymphomas of the extraocular space are more common than 
ocular lymphomas and can arise in the superficial conjunc-
tiva or eyelids or deeper in the lacrimal gland or retrobulbar 
 tissues.269,270 Blurred vision, ptosis, chemosis, epiphora, and 
proptosis can occur depending upon the orbital site involved. 
Most orbital lymphomas are of B cell origin and are low grade, 
particularly in the conjunctiva or eyelids, but can be a large B cell 
lymphoma in the lacrimal gland or retrobulbar area. Bilateral 
involvement occurs in 10% to 15% of patients, mostly in conjunc-
tival forms. CNS involvement rarely occurs, and the risk of distant 
spread is less with conjunctival lesions.

Other symptoms and signs depend on unusual extranodal 
presentations. Bone pain is uncommon unless the lymphoma has 
a leukemic component or the patient has extranodal bone lym-
phoma, which accounts for 3% to 5% of extranodal NHL.271 The 
long bones are most commonly affected and there may be soft tis-
sue swelling.272 The lesions may be lytic, sclerotic, or mixed with 
periosteal erosion, and are best evaluated by MRI. Genitourinary 
presentations include renal mass, ureteral obstruction, testicular 
mass, ovarian mass, and vaginal bleeding. The most common 
cause of a testicular mass in an elderly male is NHL. Primary 
breast lymphoma is rare, accounts for 0.04% to 0.5% of all 
malignant breast tumors, and has a bimodal presentation. Breast 
lymphoma in young women is associated with pregnancy and lac-
tation and often has diffuse involvement of both breasts.273 Older 
women tend to have discrete masses with unilateral involvement. 
Large B cell lymphoma is the most common type of the above 
extranodal NHL.

as nodules involving head, neck, or trunk.256,257 The major types 
of primary cutaneous B cell lymphomas and their distinguishing 
immunotypes include marginal zone (MALT-type) (CD20+, CD5−, 
CD10−), primary cutaneous follicular lymphoma (PCFL) (CD20+, 
CD10+), and primary cutaneous large B cell lymphoma (PCBCL) 
(CD20+; usually CD10−). Other T cell lymphomas with unique 
skin involvement include anaplastic large cell lymphoma (ALCL), 
which can be a primary cutaneous type or a systemic disease;258 
subcutaneous panniculitis-like PTCL, ab subtype; and 3 provi-
sional entities, cutaneous gd T cell lymphoma (TCL), aggressive 
epidermotropic CD8+ cytotoxic TCL, and primary cutaneous CD4+ 
small/medium-sized pleomorphic TCL. 

Neurologic symptoms and signs, including headache, confu-
sion, lethargy, dysphasia, hemiparesis, seizures, and cranial 
nerve palsies, and rarely, multifocal leucoencephalopathy, may 
be presenting features of CNS involvement.259 Cognitive and per-
sonality changes are more common in primary CNS lymphoma 
(PCNSL) due to a predilection for involvement in the frontal lobes, 
corpus callosum, and periventricular areas. Approximately 90% of 
PCNSL are DLBCL; the remainder are indolent B cell lymphomas, 
BLs, and peripheral T cell lymphomas.259,260

The detection of a single lesion on MRI favors PCNSL, but 
multifocal lesions can occur in approximately one-third of normal 
hosts and formerly more frequently in AIDS patients (Fig. 88.10).
The differential in AIDS patients with intracranial mass lesions 
includes not only CNS lymphoma, but also toxoplasmosis, pro-
gressive multi- focal leukoencephalopathy, and other opportunis-
tic infections. CT scanning of CNS lymphoma usually identifies 
a contrast enhancing lesion or lesions with a mass effect and 
edema which may have ring enhancement, a common finding in 
toxoplasmosis. The definitive diagnostic procedure is CT-guided 
stereotactic biopsy.261 Positron emission tomography (PET) scan-
ning may distinguish lymphoma and toxoplasmosis and obviate 
the need for biopsy in some AIDS patients.262

FIGURE 88.10. Primary CNS lymphoma. This FLAIR sequence MRI demonstrates a small 
periventricular mass lesion in the left thalamus. The lesion displays a signal intensity that is 
isointense compared with normal gray matter structures. This feature is consistent with a highly 
cellular lesion, a finding that suggests lymphoma but is not specific for that diagnosis. In addi-
tion, there are multiple areas of high signal intensity with ill-defined borders, most pronounced 
in the left frontal region. This appearance is also nonspecific, reflecting increased water content 
or decreased myelin in those regions, as may occur with any cause of inflammation. It is consis-
tent with a multifocal, widely infiltrative process, and supportive of the diagnosis of lymphoma. 
Description provided by Dr. Paul Moots, Vanderbilt University, Nashville, TN.
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lymphoma have been reported and the initial presentation is 
usually due to the mass effect.278 Rarely, adrenal insufficiency 
may be the initial presentation of NHL and is rapidly fatal if 
unrecognized.279

stagiNg
The Ann Arbor staging classification (Table 88.5) developed 
for HL in 1971 has been the standard scheme for NHL;280 
however, it does not account for tumor burden and does not 
correlate well with prognosis. Other staging systems have 
been developed for NHL, particularly in children (Chapter 89), 
specific pathologies, and extranodal sites of disease, including 
gastrointestinal (Table 88.5). Prognosis and therapy depend 
not only on stage, but also on the pathologic features of the 
lymphoma and by a variety of clinical parameters which reflect 
tumor bulk and kinetics (e.g., size of mass, LDH level, number 
of extranodal sites).281,282

The International Prognostic Index (IPI) (Table 88.5) was 
developed to correlate clinical parameters with prognosis and 
appears more useful than the Ann Arbor staging system in 
predicting survival.283 When the REAL classification was under 
evaluation for clinical utility, an early report indicated that a high 
IPI did not predict an adverse outcome for ALCL; however, subse-
quent studies have indicated that the IPI correlates with prognosis 
for all histologies.284,285 There are situations where the IPI may 
be less useful, such as large B cell lymphoma of the mediastinum, 
for which prognosis depends upon the extent of local disease. 

Lung and heart are rarely involved in NHL, but patients 
commonly present with cardiopulmonary symptoms. Cough, 
dyspnea, and chest pain usually of a short duration of a few 
weeks may be the presenting symptoms of mediastinal nodal 
involvement. The superior vena caval syndrome can occur with 
either T-lymphoblastic lymphoma or large B cell lymphoma of the 
mediastinum. Pleural effusions require cytology and immunophe-
notyping by flow cytometry to determine if there is lymphomatous 
involvement. The most common primary lung lymphoma is a 
MALToma, a small B cell bronchus-associated lymphoid tissue 
(BALT) lymphoma which more commonly presents as localized 
opacities.274,275 Bronchoscopy may reveal bronchial narrowing 
and biopsy can identify submucosal involvement. Open thoracot-
omy or video-assisted thoracoscopy is required in the majority of 
cases because bronchoscopy is diagnostic in approximately one-
third of patients.275 Primary lymphoma of the pleura has been 
associated with chronic tuberculosis pyothorax or empyema.276 
Primary cardiac lymphoma is extremely rare, usually occurs as 
a large B cell NHL in an immunocompromised host, and may 
present with heart failure, pericardial effusion, or arrhythmia, 
including heart block.277

NHL occasionally will present with metabolic and endocrine 
problems, which tend to be more prominent following intro-
duction of therapy, particularly in the setting of a large tumor 
volume or aggressive histologies. Hypercalcemia, hyperuricemic 
renal failure, and severe hypoglycemia are unusual metabolic 
presentations. Hypercalcemia is present in approximately one-
fifth of patients with ATL at diagnosis and occurs in up to 70%  
during the course of the illness.59 A few cases of primary adrenal 

Staging System Stage Definition

Ann Arbor I

II

III

IV

B symptoms

Involvement of a single lymph node region or of a single extranodal organ or site (IE)
Involvement of two or more node regions on the same side of the diaphragm, or localized 
involvement of an extranodal site or organ (IIE) and one or more lymph node regions on the same 
side of the diaphragm
Involvement of lymph node regions on both sides of the diaphragm which may also be 
 accompanied by localized involvement of an extranodal organ or site (IIIE) or spleen (IIIS) or  
both (IIISE)
Diffuse or disseminated involvement of one or more distant extranodal organs with or without 
associated lymph node involvement
Fever >38°C, night sweats, and/or weight loss >10% of body weight in the 6 months  
preceding admission are defined as systemic symptoms

Staging Modification The E designation is used when extranodal lymphoid malignancies arise in tissues separate 
from, but near, the major lymphatic aggregates. Stage IV refers to disease that is diffusely 
spread throughout an extranodal site, such as the liver. If pathologic proof of involvement of 
one or more extralymphatic sites has been documented, the symbol for the site of involvement, 
followed by a plus sign (+), is listed. Sites are identified by the following notation: H, Liver, S, 
spleen; L, Lung; P, pleura; M, bone marrow; O, bone; D, skin. Current practice assigns a  
clinical stage (CS) based on the findings of the clinical evaluation and a pathologic stage (PS) 
based on the findings made as a result of invasive procedures beyond the initial biopsy

International Prognostic Index

Adverse Factor Risk Group Number of Factors

Performance status ≥ 2* Low 0, 1

LDH > normal* Low-intermediate 2

Extranodal sites ≥ 2 High-intermediate 3

Stage III/IV disease* High 4.5

Age > 60

Age-adjusted factors*

taBLe 88.5

staging oF non-HoDgkin LyMpHoMa

(Continued )

72683_ch088_1827-1872.indd   1839 01/08/13   7:26 PM



1840 Part vii Hematologic Malignancies • SECtiON 4 Lymphoproliferative Disorders

Follicular Lymphoma International Prognostic Index (FLIPI)

Adverse Factor Risk Group Number of Factors

Age > 60 years Low 0,1

Stage III/IV Intermediate 2

Hemoglobin <120 g/L High ≥ 3

Number of nodal areas >4
LDH > normal

FLIPI2: Adverse Factor
b-2 Microglobulin elevated
Age >60 y
Bone marrow positive for lymphoma
Anemia, hemoglobin < 120 g/L
One or more nodes > 6 cm

Proposed Staging System for Gastrointestinal Non-Hodgkin Lymphomaa

Stage Description

Stage I Tumor confined to gastrointestinal tract without serosal penetration
Single primary site

Stage II Tumor extending into abdomen from primary site—nodal involvement
II1 Local (gastric/mesenteric)
II2 Distant (para-aortic/para-caval)

Stage IIE Penetration of serosa to involve adjacent “structures”; enumerate actual site of involvement, such as Stage IIE (large intestine)
Perforation/peritonitis

Stage IV Disseminated extranodal involvement or a gastrointestinal tract lesion with supradiaphragmatic nodal involvement

a From Rohatiner A. Report on a workshop convened to discuss the pathological and staging classifications of gastrointestinal tract lymphoma. Ann Oncol 1994;5:397–400.

taBLe 88.5

staging oF non-HoDgkin LyMpHoMa (continuED)

Modification in clinical prognostic indices have been made for dif-
ferent types of NHL and biologic parameters can further subdivide 
groups (see section on “Prognostic Factors”).

Table 88.6 outlines the clinical evaluation and staging studies to 
consider when evaluating patients with NHL. Bone marrow evalua-
tion detects disease in 20% to 40% of all patients with NHL and from 
50% to 70% of patients with indolent lymphomas.286 Flow cytom-
etry (FC) can increase the overall percent involvement; but morphol-
ogy can be positive when FC is negative, as well as vice versa.287 
Immunoperoxidase techniques may identify isolated tumor cells not 
visualized on routine hematoxylin and eosin stains. Because NHL 
can have focal involvement, there may be a slight advantage in per-
forming bilateral posterior iliac crest biopsies.288 MRI is a sensitive 
technique to identify marrow involvement in patients whose biop-
sies have been negative.289 Molecular studies, particularly PCR, are 
more sensitive than morphology and further increase the percent-
age of marrow involvement; however, there is an ongoing debate 
about the impact of molecular markers on prognosis in NHL.290

Positron emission tomography (PET) using 18F-fluorodeoxy-
glucose (18F-FDG) has replaced 67-gallium (67Ga) scintigraphy 
as a nuclear medicine imaging technique to diagnose dissemi-
nated disease and to assess response (see section on “Functional 
Imaging in Prognostic Factors”). Patients with a tumor that 
remains 18F-FDG avid during therapy are more likely to develop 
progressive disease than those patients with lesions that become 
FDG negative.291 18F-FDG uptake varies according to histology 
and proliferative activity, with less uptake in the indolent lym-
phomas than in the aggressive lymphomas. Although there is 
increasing reliance on PET scans, there is no substitute for tissue 
diagnosis to confirm the presence of disease.

Complete history and physical examination, inquiring about B symptoms, HIV risk, 
infections, autoimmune diseases, immunosuppressive therapy

Complete blood count, including leukocyte count with differential, platelet count

Chemistry profile, particularly lactate dehydrogenase: also alkaline phosphatase, 
uric acid, creatinine, calcium, and albumin

Computerized tomography of chest, abdomen, pelvis and neck

Bone marrow aspiration and biopsy – cytogenetics [+fluorescent in situ 
 hybridization (FISH) in specific lymphomas: BCL2, BCL1, MYC, ALK, others] and 
consider molecular tests and gene rearrangement studies in selected patients

Lumbar puncture with cytology in selected patients: all patients with Burkitt and 
lymphoblastic lymphomas; patients with non-Hodgkin  lymphoma in certain sites: 
nasopharynx, epidural space, testes, and large cell with marrow involvement; 
HIV+ patients

Gastrointestinal endoscopy for patients with Waldeyer ring involvement or  
abdominal symptoms

Cytologic assessment of third space fluids (pleura, peritoneum)

Immunophenotype of pathology specimen (cytogenetics/gene rearrangement data 
in selected patients)

Immunophenotype of pathology specimen (cytogenetics/gene rearrangement data 
in selected patients)

Selected radiologic procedures as clinically appropriate (e.g. PET scan, MRI,  
ultrasound, bone scan)

Other blood evaluations: levels of b2-microglobulin and cytokines (IL-2 receptor, 
tumor necrosis factor)

staging stuDiEs in non-HoDgkin LyMpHoMa

taBLe 88.6
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of origin on prognosis. Large, prospective trials have indicated 
a worse prognosis for PTCL than for DLBCL except for ALCL of 
Tcell origin, which has a survival equivalent or superior to DLBCL 
(Fig. 88.11).296,297 Within B and T cell lymphoma subtypes there 
are clinical, immunophenotypic, and genetic markers that fur-
ther predict prognosis. Randomized pediatric trials for the most 
aggressive lymphomas (Burkitt and T-lymphoblastic) have identi-
fied the effects of pathology and different therapies on outcome.298 
The improved response and survival with anti-CD20 monoclonal 
antibody plus chemotherapy compared to chemotherapy alone in 
DLBCL is additional evidence supporting the importance of recog-
nizing the cell of origin.299

Clinical Scoring Systems
The International Prognostic Index (IPI) score has utility in 
predicting survival for DLBCL based on readily available clini-
cal and laboratory parameters (Table 88.5).300 Revisions to the 
IPI have been based on the improved outcomes observed for 
patients treated with the R-CHOP immunochemotherapy regimen 
incorporating rituximab as opposed to earlier chemotherapy-only 
regimens.301 Whereas the original IPI identified 4 prognostic sub-
groups, the revised IPI found that patients could be stratified into 
3 groups, defined as very good (0 risk factors) (10% of patients, 
4-year overall survival [OS] 94%), good (1 or 2 factors) (45% of 
patients, 4-year OS 79%), and poor (≥3 factors) (45% of patients, 
4-year OS 55%) (Fig. 88.12).

As a component of the IPI, serum LDH represents a surrogate 
quantitative measure for tumor burden. Other serologic mark-
ers, particularly b2 microglobulin (b2m), have been identified as 
prognostic factors. b2m is a low-molecular-weight polypeptide 
noncovalently linked to the heavy chain of Class I histocompat-
ibility antigens that is shed with cell turnover.302 Combined 
with serum LDH, b2m provides a reliable serologic system 
for predicting freedom from relapse and survival in large cell 
lymphoma.303 Patients at low risk for disease recurrence have 
normal levels of both markers, whereas elevations in levels of 
both LDH and b-2m (>3.0 mg/L) predict shortened remission 
and survival.303 The IPI also is predictive in FL, but its discrimi-
natory value is limited because most patients fall into low- or 
low-intermediate–risk groups. A scoring system designated the 
FLIPI stratifies patients into low-, intermediate-, or high-risk 
groups based on the number of nodal groups involved, age, 
Ann Arbor stage, hemoglobin level, and LDH (Table 88.5).304 
The FLIPI has been validated as a useful prognostic tool, and 
provides a means of comparing relative patient risk distribution 
among clinical trials. The FLIPI2 scoring system (Table 88.5) 

pRogNostic FactoRs
The broad spectrum of NHL is reflected by a highly variable prog-
nosis among and within individual subtypes of the disease. Recent 
advances in clinical scoring systems, molecular and immunophe-
notypic markers, and functional imaging techniques such as PET 
scans have improved the ability to predict therapeutic response 
and clinical outcome for individual patients. Table 88.7 outlines 
clinical, laboratory, and biologic features that affect prognosis in 
NHL. Prognostic biomarkers specific to individual NHL subtypes 
are also discussed with these entities in this chapter. An impor-
tant aim of ongoing studies of prognostic markers is to identify 
approaches for rational and effective risk-adapted therapy that 
takes into account the marked heterogeneity within individual 
NHL entities and among patients with otherwise histologically 
identical diseases.

histologic type
The WHO classification separates disorders into B, T, and NK cell 
neoplasms, with the B and T cell lymphomas further subdivided 
into precursor versus mature subtypes. The B cell lymphomas 
represent about 85% of NHL in Western countries, whereas Tcell 
subtypes are more prevalent in Asia. B cell NHL are clinically 
stratified as indolent (e.g., follicular, marginal zone, and small 
lymphocytic) versus aggressive (e.g., DLBCL, mantle cell, and 
Burkitt) subtypes. Patients with follicular grade 1 to 2 lymphoma 
typically experience prolonged survival despite a continuous rate 
of relapse, while FL grade IIIa may have prolonged disease-free 
survival following anthracycline-based induction therapy.292,293 
Discordant lymphoma is encountered when DLBCL presents 
with a coexisting indolent lymphoma in the marrow or lymph 
node; in most cases this represents an aggressive component that 
has transformed from a preexisting indolent B cell clone. These 
patients show lower rates of complete response and freedom from 
progression than de novo DLBCL, although the overall survival 
(OS) does not differ.294 Concordant involvement of the marrow has 
an inferior OS compared to DLBCL with discordant involvement 
or a negative marrow.295

Since the initial recognition of T cell lymphomas in the 1970s, 
there has been controversy about the effect of recognizing the cell 

Clinical Features
 Stage (I/II vs. III/IV)
 Age (≤60 vs. >60 years)
 Performance status (ECOG 0, 1 vs. ≥2)
 B symptoms
 Mass size (<10 cm vs. ≥10 cm)
 Number of extranodal sites (< 2 vs. ≥ 2)
 Bone marrow involvement
 Functional imaging (PET)
 Treatment courses to CR (≤ 3 vs. > 3)
Laboratory Parameters
 Lactate dehydrogenase
 b2- Microglobulin

Biologic Characteristics
 Histology
 Lineage (B cell vs. T cell)
 Proliferative rate
 Tumor-infiltrating T lymphocyte response
 Lymphocyte-associated macrophage content
 Karyotype
 Genotype

cLinicaL anD patHoLogic FEaturEs tHat aFFEct 
trEatMEnt outcoME in non-HoDgkin LyMpHoMa

taBLe 88.7

FIGURE 88.11. Overall survival of 228 PTCL (non-ALCL) and 60 T-ALCL compared with 
1,595 DLBCL patients. From Gisselbrecht C, Gaulard P, LePage E, et al. Prognostic signifi-
cance of T cell phenotype in aggressive non-Hodgkin’s lymphoma. Blood 1998;92:76–82, with 
permission.
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one or more nodal masses ≥6 cm in diameter. Five- and ten-year 
overall survival rates had a strong inverse correlation with low-, 
intermediate-, and high-risk FLIPI2 scores.305

A mantle cell lymphoma IPI (MIPI) score has also been 
validated that utilizes the clinical parameters of age, LDH, white 
blood cell count, and performance status, and has been further 
refined to include the proliferation marker Ki-67.306 Similarly, a 
prognostic index for PTCL (PIT) includes 4 variables:bone marrow 
involvement, age, performance status, and LDH.307

Immunophenotypic and Molecular Markers
Advances in the molecular and cellular biology of lymphoma have 
contributed to better understanding of tumor-specific variables 
that affect clinical behavior and therapeutic response. Cell kinetics 
(low-growth vs. high-growth fraction), tumor microenvironment 
(e.g., monocyte/macrophage vs. T cell predominance), and cell 
adhesion molecules are biologic parameters that contribute to 
lymphomagenesis and may correlate with prognosis. In DLBCL 
and mantle cell lymphoma, a high proliferative fraction as defined 
by expression of the nuclear proliferation antigen Ki-67 (MIB1; 
>30% to 60% of malignant cells) has identified patients at risk for 
early relapse and short survival.306,308,309

Correlations between acquired molecular abnormalities and 
specific lymphoma entities are a central part of the WHO 
classification and the understanding of lymphomagenesis. 
Immunophenotyping further identifies protein expression pat-
terns that correlate with specific cytogenetic abnormalities and 
with prognosis (Table 88.8). Examples include nuclear cyclin  
D1 expression with the t(11;14)(q13;q32) of mantle cell lym-
phoma, and anaplastic lymphoma kinase (ALK) expression with 

is more relevant to current patients, however, as it is based on 
initial therapy with rituximab-containing regimens (Fig. 88.13). 
The acronym “BABA6” can be used for the 5 FLIPI2 markers: 
Beta-2 microglobulin > normal, Anemia with hemoglobin <120 
g/L, Bone marrow positive for lymphoma, Age > 60 years, and 

FIGURE 88.12. Progression-free survival according to the revised International 
 Prognostic Index. From Sehn LH, Berry B, Chhanabhai M, et al. The revised International Prog-
nostic Index (R-IPI) is a better predictor of outcome than the standard IPI for patients with diffuse 
large B cell lymphoma treated with R-CHOP. Blood 2007;109:1857–1861, with permission.

FIGURE 88.13. Progression-free survival are overall survival according to the Follicular Lymphoma International Index 2. A and B are the PFS and OS for 
the training sample (832 patients) and C and D are for the validation sample (231 patients). FLIPI2: low risk (blue line), score 0; intermediate risk (yellow line), score 1–2; 
high risk (grey line), score 3–5. From Federico M, Bellei M, Marcheselli L, et al. Follicular lymphoma international prognostic index 2: A new prognostic index for follicular 
lymphoma developed by the International Follicular Lymphoma Prognostic Factor Project. J Clin Oncol 2009;27:4555–4562, with permission.
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ABC DLBCL, again with good correlation with patient overall 
survival.315 To further enhance this scoring system, the Choi 
algorithm was integrated with immunohistochemical staining for 
a marker of the DLBCL tumor microenvironment and stromal-1 
signature (SPARC: secreted protein, acidic, and rich in cysteine), 
a good prognostic marker when expressed;and markers of angio-
genesis and microvessel density within the tumor stroma, a poor 
prognostic marker when increased. The resulting “biologic prog-
nostic model” assigned 1 point each for each adverse prognostic 
marker; those patients with 0 or 1 marker designated “low-risk” 
and those ≥ 2 as intermediate- or high-risk.326 All patients had 
de novo DLBCL treated with R-CHOP or R-CHOP–like regimens 
in this multicenter study. A highly significant correlation was 
found for improved event-free and overall survival for those in 
the low-risk group.

About 5% to 8% of DLBCL carry translocations in the MYC 
oncogene, often with coexisting BCL2 and/or BCL6 translocations 
(“doublehit” or “triplehit”). MYC protein expression identifies MYC 
deregulation not detected by FISH; and coexpression with BCL-2 
is present in 21% to 29% of DLBCL.319,320 Double hit DLBCL has 
a poor outcome with standard R-CHOP chemotherapy; as such, 
testing for these markers using immunohistochemistry or FISH 
analysis and applying alternative treatment strategies for these 
patients is now being assessed.327,328

Whereas molecular and phenotypic features of the tumor 
cells themselves have prognostic relevance in DLBCL, gene 
expression profiling in FLs revealed prognostic subsets cor-
relating with survival based on the type of tumor-infiltrating 
immune cells.329 FL patients with a predominant T cell sig-
nature had improved outcome versus those patients with an 
immune response signature reflecting a predominant monocyte/ 
macrophage infiltrate. An immunophenotypic correlate was 
shown by analysis of lymphoma-associated macrophage (LAM) 
content, wherein FL patients with >15 LAM per high-power 
field had inferior survival compared to those with fewer LAM.330 
Similarly, a high number of regulatory T cells in the tumor 
microenvironment as assessed by FOXP3 expression was associ-
ated with improved survival.331,332

It should be recognized that prognostic markers for treatment 
response and patient outcome are defined within the context of 
specific regimens and thus may become irrelevant when newer 
therapeutics are applied. As such, it is essential to revalidate these 
markers with new regimens and targeted therapies.

the t(2;5) and its variants in ALCL.310 BCL-6 expression has been 
associated with an improved outcome in DLBCL, but its absence 
may be less deleterious in the rituximab era.311

Gene expression profiling using cDNA microarrays has been 
a powerful tool for dissecting pathogenetically relevant muta-
tions and therapeutically targetable pathways in lymphomas. 
For example, DLBCL may be stratified into prognostic subtypes 
based upon molecular profile.323,324 These include primary medi-
astinal Bcell lymphoma (PMBL), germinal center Bcell–like (GCB), 
activated Bcell–like (ABC), and a fourth type with a microarray 
signature distinct from the other types. PMBL and GCB have bet-
ter prognoses than the others in patients treated with CHOP-like 
chemotherapy (Fig. 88.14).325 Since molecular profiling is not 
currently practical for routine clinical use, efforts have been made 
to use immunophenotypic expression patterns to stratify DLBCL 
into GCB or non-GCB subtypes. One of these systems, the Hans 
algorithm, uses immunostains for CD10, BCL-6, and MUM1, with 
good correlation with gene expression profile analysis.317,318

A modification, the Choi algorithm, also uses these mark-
ers plus GCET1 and FOXP1 to stratify patients into GCB vs. 

Biomarker Pathway/Function Correlation Reference

ALK Proliferation (tyrosine kinase) Improved survival if positive in T-ALCL 310, 561, 562

BCL-2 Apoptosis Decreased survival in activated B-cell-like (ABC) expressing BCL-2 506

Ki-67 Proliferation Expression associated with increased proliferative rate and 
decreased survival in MCL, PTCL, and DLBCL

306, 309

FOX P1 Transcription factor Poor survival in cases with strong expression (DLBCL) 317, 521

BCL-6 Transcriptional repressor, marker 
of germinal center origin

Improved response and survival in BCL-6 positive DLBCL 311

CD10+; or CD10-, BCL-6+, MUM1- Markers for Germinal center 
B-like (GCB) subtype

Improved survival vs. non-GCB (DLBCL) 315, 316

CD10-, BCL-6-; or CD10-, BCL-6+, MUM1+ Markers for non-GCB subtypes Decreased survival vs. GCB (DLBCL) 315, 316

MYC plus BCL-2 Proliferation and apoptosis Double hit DLBCL, poor prognosis 319, 320

TP53+, CDKN1A- Proliferation and apoptosis TP53 mutation, poor prognosis DLBCL and PTCL 517,586

ALCL, anaplastic large cell lymphoma;DLBCL, diffuse large B cell lymphoma; MCL, mantle cell lymphoma;PTCL, peripheral T cell lymphoma.
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FIGURE 88.14. Gene expression arrays can stratify diffuse large B cell lymphoma 
(DLBCL) into at least three subtypes, primary mediastinal B cell lymphoma (PMBL), ger-
minal center B cell (GCB), and activated B cell-like (ABC). This Kaplan-Meier curve indicates 
differing survival among the groups. From Rosenwald A, Wright G, Leroy K, et al. Molecular diagno-
sis of primary mediastinal B cell lymphoma identifies a clinically favorable subgroup of diffuse large 
B cell lymphoma related to Hodgkin lymphoma. J Exp Med 2003;198:851–862, with permission.
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PET scans have a high discriminatory value in identifying residual 
lymphoma in patients with incomplete therapeutic response. 
Several studies have correlated posttreatment PET positivity with 
relapse and poor survival, and prospective clinical trials are ongo-
ing to assess the use of PET imaging to stratify patients for early 
institution of dose-intensive therapy.335

The use of interim PET imaging following two to three 
cycles of chemotherapy has shown a strong correlation with 
outcome in HL; however, interim PET in DLBCL remains con-
troversial. Interim 18-FDG-PET/CT failed to predict outcome in 
diffuse large Bcell lymphoma patients treated at diagnosis with 
 rituximab-CHOP.336,337 Retrospective data in mantle cell lymphoma 
suggested an improved outcome for negative posttreatment PET/CT 
but not for interim scans.338 Pre- and postinduction PET/CT imag-
ing was performed in 122 patients with FL who took part in a 
prospective clinical trial of rituximab-chemotherapy followed by 
maintenance rituximab versus observation.339 Patients remain-
ing PET-positive after induction therapy had significantly inferior 
progression-free survival and increased risk of death compared 
to PET-negative individuals. Interestingly, response by traditional 
posttreatment restaging including CT scans did not correlate with 
outcome.

Response criteria for NHL now include recommendations for 
incorporation of functional imaging by PET in patients with DLBCL 
and HL (Table 88.9).340 In addition, guidelines for standardization 
and interpretation of PET scans have been recommended for use 
in clinical trials and in prospective registries assessing treatment 
outcomes and prognosis.341

tHERapEutic pRiNcipLEs
Therapy follows assessment of the patient, pathology, and stage 
of disease. The ability of the patient to tolerate therapy is depen-
dent upon age, performance status, and, if present, immunodefi-
ciency due to a prelymphomatous condition. How advanced age 

treatment-associated parameters
The ability to deliver a prescribed treatment regimen is a rec-
ognized prerequisite to optimal patient outcome in any area of 
oncology. Treatment delays, dose reductions, or eliminating one 
or more agents during a patient’s therapy—i.e., a reduction in 
doseintensity or dose-density—may lead to a lower likelihood 
of achieving durable remission or cure. While tumor-associated 
features correlate with outcome, as described above, patient-
associated variability in pharmacokinetics may have an important 
impact even with strict adherence to a treatment regimen. The 
dose-adjusted R-EPOCH regimen (rituximab, continuous-infusion 
etoposide, doxorubicin, and vincristine plus cyclophosphamide 
and prednisone) was designed to address potential underdos-
ing by integrating scheduled incremental dose increases based 
upon interim neutrophil counts between cycles for treatment of 
DLBCL.333 Phase II studies have shown improved progression-
free survival as compared with historic R-CHOP data; a U.S. 
Intergroup trial led by CALGB is directly comparing DA-R-EPOCH 
with R-CHOP. This study is also correlating GCB vs. non-GCB 
DLBCL subtype with the treatment regimen and patient outcome. 
Looking forward, it is anticipated that methods for pharmacoge-
nomic assessment and dose-optimized delivery of chemotherapy 
and targeted agents will become available to improve treatment 
response and to decrease treatment-associated toxicities.

Functional Imaging
The use of 18F-FDG–PET scans has improved the sensitivity for 
initial staging and posttreatment restaging of NHL.334 Assessment 
of treatment response by anatomic staging with routine CT scans, 
especially in aggressive lymphomas, reveals that many patients 
have measurable residual abnormalities. The significance of 
such findings is often problematic as to whether they represent 
fibrous tissue only versus residual lymphoma, and biopsy of these 
residual masses may be inconclusive or falsely negative due to 
sampling error or necrosis. Properly performed and interpreted 

Response Category Definition Nodal Masses Spleen/Liver Bone Marrow

Complete response Disappearance of all evidence 
of disease

a) FDG-avid or PET positive prior to therapy 
becomes negative; a post treatment mass of 
any size is permitted if PET negative
b) If variably FDG-avid or PET positive, all lymph 
nodes should regress to normal size on CT

Not palpable; nodules 
disappear

Infiltrate cleared on repeat 
biopsy; if indeterminate 
by morphology, immuno-
histochemistry should be 
negative

Partial Response Regression of measurable 
disease and no new sites

a) ≥ 50% decrease in SPD of up to 6 largest 
masses; no increase in size of other nodes
b) One or more persistently FDG-avid or PET 
positive sites
c) Regression on CT if variably FDG-avid or PET 
negative

≥ 50% decrease in SPD 
of nodules; no increase 
in size of liver or spleen

Irrelevant if positive prior 
to therapy and partial 
response at other sites

Stable Disease Failure to attain CR/PR, but 
does not meet criteria for 
progressive disease

a) FDG-avid or PET positive at prior sites of 
disease and no new sites on PET or CT
b) Variably FDG-avid or PET negative; no 
change in size of previous lesions on CT

Relapsed or Progressive 
Disease

Any new lesion or increase by 
≥50% of previously involved 
sites from nadir

Appearance of a new lesion(s) > 1.5 cm in any 
axis, ≥ 50% increase in SPD of more than one 
node, or ≥50% increase in longest diameter 
of a previously identified node > 1 cm in short 
axis. Lesions PET positive if FDG-avid  
lymphoma or PET positive prior to therapy

>50% increase from 
nadir in the SPD of any 
previous lesions

New or recurrent  
involvement

CT, computed tomography; FDG (18F)fluorodoxyglucose; PET, positron emission tomography; PR, partial remission; SPD, sum of the product of the diameters.

Adapted from Cheson BD, Pfistner B, Juweid ME, et al. Revised response criteria for malignant lymphoma. J Clin Oncol 2007;25:579–586.
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After therapy is instituted, response formerly was assessed 
according to standardized criteria developed in 1999;347 however, 
new criteria based on PET scans, immunohistochemistry and flow 
cytometry are now being used340 (Table 88.9). Previously, nodal 
masses should be ≤1.5 cm to be considered normal but should 
be ≤1.0 cm if initially clinically abnormal in the 1.0 to 1.5 cm 
range.347 A common problem particularly in large cell NHL is a 
residual mass after therapy. A designation of unconfirmed com-
plete response (CRu) was given if there was a greater than 75% 
reduction in tumor size after therapy; but the criteria utilizing PET 
scans eliminates the CRu category.340 Persistently positive PET 
scans after therapy suggest residual disease, but biopsy should be 
performed if a therapeutic decision is going to be made. The end 
points of clinical trials should be well defined, and their impor-
tance may vary according to type of lymphoma. For example, 
PFS is more important in aggressive lymphomas than in indolent 
lymphomas, for which OS or time to next treatment may be more 
relevant. The problem with the latter endpoint is that guidelines 
for initiation of treatment need to be standardized as well.

iNdoLENt LyMpHoMas
Indolent lymphomas are characterized by a long median survival 
and by a slow but continuous decline in survival. They are usually 
advanced stage at presentation; respond to therapy, but relapse; 
over time, may transform to a more aggressive course; and rarely, 
spontaneously regress. With the availability of new chemotherapy 
agents and the advent of immunotherapy, the therapeutic options 
for indolent lymphomas are increasing in number and prognosis 
is improving (Table 88.11). While the expansion of therapies rep-
resents a major advancement, the decisions of when to initiate 
therapy and what type of therapy to select are often controversial 
and confusing for the individual patient.

Indolent B cell lymphomas include FL, small lymphocytic lym-
phoma, lymphoplasmacytoid lymphoma, and marginal zone lym-
phoma. Indolent T/NK cell lymphomas are less common and are 
less well recognized, other than mycosis fungoides (Chapter 92). 

adversely affects outcome in therapy is controversial, but comor-
bid illnesses and biologic differences of lymphomas can contribute 
to higher mortality in the elderly. Treatment-related toxicities 
are greater in elderly patients, but deaths from unrelated causes 
are also increased.342,343 Biologic differences of NHL between 
young and old patients are implicated by a greater lymphoma-
related mortality in some series of elderly patients compared with 
younger cohorts344 (see section on “Therapy in the Elderly”).

The type of therapy is based on pathology. One of the clini-
cal disadvantages of the WHO/REAL classifications was deleting 
the WF grading system. Clinical schemas have been proposed to 
recognize the biologic behavior along with the cell of origin of the 
lymphoid neoplasm (Table 88.10).

The intensity of therapy is based on pathology and stage of 
disease. Advanced stage, tumor bulk as reflected by size (usually 
greater than 10 cm) and LDH, and number of extranodal sites 
of involvement were recognized early as independent prognostic 
determinants in NHL and contribute to the IPI. The IPI has cor-
related clinical features into prognostic groups for both indolent 
and aggressive lymphomas.345,346

B Cell Lineage T/NK Cell Lineage

Indolent Lymphomas/Leukemia

Chronic lymphocytic leukemia/small  
lymphocytic lymphoma

Large granular lymphocytic leukemia, 
T and NK cell types

Lymphoplasmacytic lymphoma/
Waldenström macroglobulinemia

Mycosis fungoides/Sezary syndrome

Primary cutaneous anaplastic large 
cell

Follicular lymphoma (grade I/II) Smoldering and chronic adult T cell 
leukemia/lymphoma (HTLV1+)Marginal zone B cell lymphoma

 Splenic marginal zone lymphoma
 Extranodal (MALT-B cell lymphoma)
 Nodal (monocytoid)

Aggressive Lymphomas

Mantle cell lymphoma (can be indolent) Prolymphocytic leukemia (can be 
indolent)

Follicular (large cell)-grade III Peripheral T cell lymphoma, not  
otherwise specified

Diffuse large B cell lymphoma Anaplastic large cell lymphoma (ALK 
+/ALK-)

Primary mediastinal large B cell  
lymphoma

Angioimmunoblastic lymphoma

Large B cell lymphoma with intermediate 
features between DLBCL and Hodgkin 
lymphoma

Enteropathy-associated T cell  
lymphoma
Nasal type NK/T cell lymphoma
Hepatosplenic gd T cell lymphoma
Subcutaneous panniculitis-like T cell 
lymphoma, ab (can be indolent)

Highly Aggressive Lymphomas/Acute Leukemias

Precursor B-lymphoblastic lymphoma/
leukemia

Precursor T-lymphoblastic lymphoma/
leukemia

Burkitt lymphoma/B cell acute leukemia
Large B cell lymphoma with intermediate 
features between DLBCL and Burkitt 
lymphoma

Adult T cell lymphoma/leukemia 
(HTLV-1+) (lymphoma and acute 
leukemia subtypes)

Natural killer cell leukemia

ALK, anaplastic lymphoma kinase; DLBCL, diffuse large B cell lymphoma ; HTLV-1, human 
T-leukemia virus-1; NK, natural killer.

cLinicaL scHEMa For LyMpHoiD nEopLasMs

taBLe 88.10

Watchful waiting

Local radiation for limited stage disease

Chemotherapy
 Alkylating agent
 Nucleoside analogue
 Bendamustine
 Combination chemotherapy

Immunotherapy
 Unconjugated monoclonal antibody
 Radioimmunotherapy
 Interferons
 Cellular
 Vaccines

Combined modality
 Chemotherapy and immunotherapy
 Chemotherapy and radiation

Transplantation
 Autologous ± purging
 Allogeneic:
  Myeloablative
  Nonmyeloablative

Selected therapies
 Antibiotics in selected MALTomas
 Splenectomy

tHErapEutic options For inDoLEnt LyMpHoMa

taBLe 88.11
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Small B lymphocytic lymphoma (SLL) comprises 3% to 10% of 
all NHL and is part of the spectrum of diffuse small B cell lympho-
mas which includes lymphoplasmacytoid lymphoma, marginal 
zone lymphomas, and mantle cell lymphoma (Chapter 86).365,366 
There is extensive clinical overlap with chronic lymphocytic 
leukemia (CLL) (Chapter 90), although there is more promi-
nent lymphadenopathy and less lymphocytosis in SLL than in 
CLL.367–369,370 The WHO considers SLL and CLL different clinical 
presentations of the same disease. An initial lymphocyte count 
greater than 5 × 109/L is considered diagnostic of CLL. Over time, 
10% to 20% of patients develop a lymphocytosis consistent with 
CLL. SLL represents 4% to 6% of NHL in the West, is a disease of 
the elderly (median age, 55 to 65 years), and has a male:female 
ratio of approximately 2:1.367,368 Patients usually present with 
generalized adenopathy, and marrow involvement is found in 
most patients (70% to 80%). Median survivals have been vari-
able from a low of 4 to 6 years to 10+ years, may depend upon 
prognostic factors and the criteria utilized to separate SLL from 
CLL, but are similarly improving in the rituximab era.371 Deletion 
at chromosome 6q is the most common cytogenetic abnormality 
in SLL, but has had no effect on prognosis,372 whereas del(17p) 
and del(11q) are associated with poorer prognosis.373 Both unmu-
tated genes as opposed to hypermutated genes and expression 
of CD38 or ZAP 70 have been associated with a worse prognosis 
in CLL.374 Between 2% and 8% of SLL and CLL evolve into an 
aggressive large cell process known as Richter syndrome, which 
is characterized by bulky retroperitoneal adenopathy, rising LDH, 
and survival usually less than 1 year.375,376 Prognosis is better if 
transformation occurs in previously untreated patients.370

Lymphoplasmacytic lymphoma (LPL) largely overlaps with 
Waldenström macroglobulinemia (WM) (Chapter 100). LPL rep-
resents 1% to 2% of NHL, usually occurs in the elderly (median 
age 60 to 70 years), and presents with lymphadenopathy (15% 
to 20%), splenomegaly (10% to 20%), and marrow involvement 
in most patients.377,378 A paraprotein is found in 29% to 50% 
of patients, with IgM the most prevalent type, and can contrib-
ute to hyperviscosity (6% to 20%), neuropathy, and glomerular 
disease.377 A positive Coombs’ test, cold agglutinin disease, 
cryoglobulinemia, autoimmune diseases, and positive hepatitis 
C serology can be associated with LPL and WM.379,380 Mutation 
of the myeloid differentiation primary response gene88 (MYC88) 
is nearly universal in WM and can be useful in differentiating it 
from other disorders.381 Translocation (9;14) involving the paired 
box gene PAX5 can be detected in LPL, but its frequency and 
significance are a matter of debate.378 Deletion of 6q is the most 
common cytogenetic abnormality but it is not specific for LPL/
WM.378 Median survivals have been variable, usually in the 7- to 
10-year range, and are worse with advanced age, cytopenias, 
organomegaly, elevated B2 M, and hypoalbuminemia.378,382,383

Marginal zone B cell lymphomas (MZL) usually account for 
between 5% and 7% of all NHL and include extranodal MALToma, 
nodal based disease, and SMZL.384 Extranodal MALTomas rep-
resent the most common MZL (50% to 70%) and are discussed 
in the section “Management of Extranodal Lymphomas”. Nodal 
MZL occurs in the elderly (median age, 59 to 65 years) and pref-
erentially in women (up to 2:1 female:male ratio), may present 
with localized lymphadenopathy, and has less marrow involve-
ment (28% to 45%) than other indolent lymphomas.371,384,385,386 
Cytopenias or a paraprotein (10%) are rarely present. The most 
frequent cytogenetic abnormalities are gains in chromosomes  
3 and 18q23.387 Median survival has been variable due to limited 
numbers of patients but has been recorded in the 9- to 12-year 
range.371

SMZL occurs in the elderly (median age, 61 to 70 years), has 
a slight female predominance, and usually presents because of 
symptoms of splenomegaly.384,388,389 Cytopenias are common 
(46% to 60%); peripheral adenopathy is rare (10% to 15%); and 
marrow involvement is usually detected (73% to 100%).390,391  

T/NK lymphomas/leukemias which can have an indolent phase 
include large granular T/NK leukemia, smoldering and chronic 
HTLV-1+ ATL, T-prolymphocytic leukemia, and, more contro-
versially, some types of PTCL. FLs formerly included follicular 
small cleaved (FSCL), mixed (FML), and large cell (FLCL), and 
roughly correlated with cytologic grades 1, 2, and 3, respectively. 
Cytologic grading of FL is under scrutiny due to poor reproduc-
ibility among pathologists.

FL (grades I and II) is the second most common NHL 
behind DLBCL and is the most common indolent lymphoma in 
North America and Europe, usually comprising 25% to 35% of 
lymphomas, compared to 5% to 12% in Asia and developing 
countries.348,349,350 Most patients present with asymptomatic 
lymphadenopathy; B symptoms occur in approximately one-
fourth of patients.292 The disease occurs primarily in the elderly 
(median age, 55 to 65 years), has a near equal male:female 
ratio, and usually is disseminated at diagnosis (stage III/IV ≥ 
70%).292,351,352 Marrow involvement occurs in 30% to 60% of 
FL.351–353 Evaluating the marrow or blood for the BCL-2 translo-
cation will often identify occult disease and can upstage patients 
by molecular criteria.354,355

Prior to the recognition of different types of lymphomas by 
immunophenotyping and the prevalence of BCL-2 translocation 
in FL, extensive descriptions were made about pathologic differ-
ences among FLs. The degree of nodularity was associated with a 
better prognosis in grade I FL, but it was not of major significance 
without near complete absence of follicles, as in diffuse small 
cleaved cell lymphoma (DSCL).351 With present--day immuno-
phenotyping, most DSCL are more aggressive diseases than FL 
and include mantle cell NHL and PTCL. FL immunophenotyp-
ing is characterized by the presence of CD10+, CD20+, BCL2+, 
CD23+/−, CD43−, CD5−, CCND1−, and BCL6+.

Cytologic grading further subclassifies FL into grades 1 to 3. 
Histologic grades 1 and 2 are treated as indolent disease, while 
grade 3b is usually excluded from clinical trials involving FL due 
to its similar behavior to that of intermediate-grade lymphoma. 
Identification of BCL2 translocations and Ki-67 may add to the 
prognosis of FL. Approximately 70% of patients have transloca-
tions at the major breakpoint region (MBR) located in the untrans-
lated region 3′ of the last exon of the BCL2 gene, and 10% to 15% 
of patients have translocations in the minor cluster region (mcr) 
which is 30 kb downstream of the BCL2 gene.348 Lopez-Guillermo 
correlated survival with BCL2 rearrangements: the 3-year failure-
free survival (FFS) for mcr, MBR, and germline cases were 95%, 
76%, and 57%, respectively (P< 0.001).356 The impact of persis-
tence of BCL2 rearrangement in FL after therapy is controversial, 
because there is data indicating its presence adversely affects clin-
ical progression after therapy and, alternatively, other series indi-
cate that it has no effect on long-term survival.355,357 Patients with 
low grade and a high proliferation index (Ki-67 > 30%) appear to 
have clinically aggressive behavior.358,359 Median survivals for FL 
were static in the range of 8 to 12 years for several decades, but 
are now improving due, in part, to monoclonal antibody therapy 
and better supportive care.351,352,360,361

The microenvironment and gene expression profiling in FL 
are likely to add prognostic information and potential therapeutic 
targets. There has been conflicting data about the presence of 
tumor-associated CD68+ macrophages (TAM) and T-reg cells, 
with initial reports indicating a poor prognosis for the former 
and a favorable prognosis for the latter. Subsequent studies have 
not confirmed these findings.330,332,364 Gene profiling identified a 
favorable “immune response 1” signature encoding T cells (CD7, 
CD8B1, ITK, LEF1, and STAT4) and macrophages. (ACTN1 and 
TNFSF3B) and an unfavorable “immune response 2” signature 
of genes in macrophages and/or dendritic cells (TLR5, FCGR1A, 
SEPT10, CCR1, LGMN, and C3AR1). Future studies will incorpo-
rate genetic, molecular, and biologic data into prognostic models 
which will influence the selection of therapy.
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Spontaneous regression has occurred in the indolent lympho-
mas, but its exact incidence is uncertain. Horning and Rosenberg 
reported regression in 19 (23%) of 83 untreated FL patients, 
including complete regression in 6 patients.402 Spontaneous 
regression occurs in approximately one-fourth of primary cuta-
neous ALCL (see section on “ALCL”). Spontaneous remission in 
DLCL has rarely been observed.408

Additional clinicopathologic terms that are often misnomers 
are discordant histology, composite lymphoma, and gray zone 
lymphoma. Discordant histology refers to identifying different 
histologic grades of lymphoma in the same patient. The most com-
monly identified discordant histology is a peripheral node with 
predominantly large cells and a marrow with small cleaved cells 
(see section on “Prognostic Factors”).295,409 Composite lymphoma 
has been used to describe a mixture of histologic grades but prob-
ably should be restricted to lymphomas that have two distinct his-
topathologic types, i.e., two distinct diseases, preferably with both 
immunophenotypic and molecular genetic differences.410 Gray 
zone lymphomas are intermediate between two diseases with 
DLBCL having overlap features with either Hodgkin or BL.228,411

Stages I and II Indolent Lymphoma
Limited stage disease in indolent lymphomas is infrequent 
and may be as low as 6%, as reported by the National Cancer 
Institute (NCI) series of pathologically staged patients;412 most 
series that involve clinical staging report between 10% and 20% 
of patients with limited stage disease.351,413 Immunophenotyping 
and molecular genetic studies may identify more advanced stage 
disease as well as predict the clinical course, but their impact 
on therapeutic decisions is controversial. Radiation therapy has 
achieved disease-free survival (DFS) in 31% to 85% of limited 
stage FL patients with follow-up over 10 years, including reports 
from Stanford University of relapse-free survival (RFS) of 44% 
and 37% at 10 and 20 years, and from Dana Farber Cancer 
Institute of freedom from treatment failure (FFTF) of 47% and 
43% at 10 and 15 years.414,415 The median survival in the latter 
study involving predominantly stage I FL (only grades 1 and 2) 
was 19 years.415 While these reports suggest that some limited 
stage patients may be curable, there is not a clear plateau on the 
survival curves. Most relapses have occurred outside the radiation 
field. The best results have been in young patients (less than 50 
years), with stage I and nonbulky disease (less than 2.5 cm).413 
Observation alone can be considered in patients with clinically 
insignificant disease and has no adverse effect on prognosis even 

A paraprotein may be present and is usually IgM. Despite dis-
seminated disease, splenectomy can alleviate symptoms and 
improve cytopenias.389,390 Median survival has been recorded 
to be 10.5 years, but is shorter in the presence of a paraprotein, 
elevated b-2m, or lymphocytosis (>9 × 109/L).391,392 A simple 
prognostic scoring system is based on 3 factors: hemoglobin <120 
g/L, LDH level greater than normal, and albumin <35 g/L. The 
5-year cause-specific survival was subdivided into 3 groups: 88% 
for no adverse factor, 73% (one factor), and 50% (two or more 
factors).388 Complete or partial trisomy 3 is the most frequent 
(∼85%) cytogenetic abnormality.393 The abnormality charac-
teristic of SMZL is a deletion or translocation of chromosome 
7q32, present in 40% of patients.384 Adverse cytogenetics include 
del(17p), del(8p), and del(7q) with unmutated genes.394,395

Special Clinicopathologic Features
Clinicopathologic features unique to indolent lymphomas are 
histologic transformation (HT) and spontaneous regression. The 
forerunner and counterpart of HT is the Richter syndrome of CLL/
SLL.375,376,396,397 HT of indolent lymphomas usually is associated 
clinically with increasing adenopathy and LDH levels. All of the 
indolent lymphomas can undergo transformation, but the most 
common lymphoma to do so is grade I FL; the transformation is 
characterized pathologically by a loss of a follicular pattern and 
an increase in the number of large noncleaved cells.397,398–400 
Predictive factors for HT of FL have included no prior CR, hypoal-
buminemia, an elevated B2m (>3 mg/L), and a high FLIPI score at 
diagnosis.396,401 The median time from initial diagnosis to HT is  
4 to 6 years.398–400 Historically, the incidence of HT is uncertain, 
but has been estimated to be between 10% and 70% of indolent 
lymphomas. Discrepancies among studies are related to method-
ological differences, including the definition of transformation.397 
The risk of HT in FL is estimated at 2% to 4% per year, and it 
appears to increase over time, but some series have suggested a 
plateau at 20 years (Fig. 88.15A).401–403 Autopsy series of nodular 
lymphomas have identified diffuse morphologic changes, usually 
with increased large cells, in more than two-thirds of patients.404 
HT may involve the expression of additional cytogenetic abnor-
malities and oncogenes.405–407 The disease course usually pro-
gresses rapidly after HT, with median survival usually less than 
1 year and ranges from 2.5 to 22 months (Fig. 88.15B).398,401,403 
Patients with limited stage disease, low FLIPI, and no prior che-
motherapy at the time of histologic transformation are more likely 
to have prolonged survival.397,400,403

FIGURE 88.15. Histologic transformation of follicular lymphoma. A: Cumulative incidence of transformation. B: Survival (median = 1.2 years) in patients after 
transformation. From Montoto S, Davies AJ, Matthews J, et al. Risk and clinical implications of transformation of follicular lymphoma to diffuse large B cell lymphoma. 
J Clin Oncol 2007;25:2426–2433, with permission.
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randomized trials comparing chemotherapy plus rituximab to 
chemotherapy alone have shown improved response rates and 
PFS with the rituximab arm.425 Due to the lack of randomized 
trials, disparate therapeutic approaches have been adopted 
worldwide. The most commonly used regimens for advanced 
indolent lymphoma, particularly FL, were formerly alkylator 
based and included single agents, chlorambucil or cyclophos-
phamide, with or without prednisone; and CVP (cyclophos-
phamide, vincristine, prednisone);431 however, the addition of 
doxorubicin in R-CHOP is the most commonly used regimen. 
Nucleoside analogs, bendamustine, and mitoxantrone are all 
being used in different upfront regimens as well. In a multi-
center longitudinal study by the National LymphoCare in the 
United States, the initial chemotherapeutic regimen of choice 
was R-CHOP (55%), followed by R-CVP (23%) and R- fludarabine 
based (15.5%).432

Nucleoside analogs are well tolerated, with few gastrointesti-
nal side effects and no alopecia, but cause prolonged decrease in  
T cell immunity and contribute to immune mediated cytopenias. 
Responses with single agent nucleoside analogs are 40% to 50% 
(10% to 20% CR) in previously treated patients, and 60% to 90% 
(37% to 50% CR) in untreated patients.433–435 Adding rituximab 
to fludarabine yielded a response rate of 90% with 80% CR.436

Combination of nucleoside analogs with other agents are being 
used in indolent lymphomas. In phase I and II trials of fludarabine 
plus cyclophosphamide in untreated indolent lymphomas and 
SLL/CLL, the response rates have been 92% to 100%, including 
CR rates of 47% to 89%.437,438 The addition of rituximab to this 
combination has similarly high response rates and can achieve 
molecular remission.439 Despite these encouraging results, oppor-
tunistic infections are increased with the combination; there may 
be increased incidence of myelodysplasia; and stem cells may be 
difficult to collect after its use.

The combination of fludarabine, mitoxantrone (Novantrone) 
and dexamethasone (FND) has also been established as an 
effective combination with response rates over 90% (CR 43% to 
67%) in both treated and untreated indolent lymphoma.440,441 
In previously untreated patients, the 2-year PFS was 63% and 
OS was 93%.442 Steroids may not increase efficacy and have 
been dropped by some investigators. In a phase III study com-
paring R-FM vs. R-CVP vs. R-CHOP, the rate of CR was similar 
in all treatment arms; however, the 3-year time to treatment 
failure was significantly shorter in the R-CVP arm compared 
with R-FM or R-CHOP (46%, 61%, and 64%, respectively). The 
rate of secondary malignancies was notably higher in the R-FM 
arm (8%).443

An area of controversy in indolent lymphomas is the use of 
anthracyclines with initial therapy. Retrospective studies have 
been equivocal with some showing no significant differences in 
response and OS444,445 while others show superiority to anthra-
cycline-based regimens over less aggressive therapy.446 R-CHOP 
was established as an effective regimen in a limited number 
(N = 38) of patients.447 The response rate was 100% with 87% 
CR/Cru, with a median time to progression of 82.3 months; 42% 
remain in continuous remission (6.4 to 8.8 years). Subsequently, 
R-CHOP was shown to have a higher response rate and prolonged 
remission when compared to CHOP alone.425 Both mitoxantrone 
and doxorubicin contribute to cardiotoxicity, and an argument 
could be made to restrict their use to FL, with either grade 3 his-
tology, particularly 3b, and/or a high prognostic index score. In 
a randomized phase III trial by Rummel et al.bendamustine and 
rituximab (BR) was compared with R-CHOP therapy in patients 
with low grade lymphomas. The preliminary data favored BR 
over R-CHOP with a CR rate (40.1% vs. 30.8%, P = 0.03) and PFS 
(69.5 vs. 31.2 months, P< 0.001).448 Other options for therapy in 
indolent lymphomas include radioimmunotherapy, salvage che-
motherapy regimens, novel agents, and transplantation, which 
are addressed in subsequent sections.

in the rituximab era.416,417 In a study that evaluated the role 
of reduced field of radiation (involved regional field or involved 
nodal radiation therapy), the 10-year PFS and OS were 49% and 
66%, respectively. By reducing the field of radiation, there was no 
difference in the recurrence rate.418

Rituximab (anti-CD20 monoclonal antibody) (see section on 
“Immunotherapy”) was initially approved for relapsed indolent 
lymphomas with response rates in the 50% range, but is now 
being used as front-line single agent therapy with response rates 
of 47% to 76%.419,420 The rationale for its use in limited stage 
patients includes its efficacy with low tumor burden, better PFS 
with molecular responses, and the fact that most limited stage 
patients actually have advanced stage disease.421

Stages III and IV Indolent Lymphoma
Many investigators advocate initial “watchful waiting” for asymp-
tomatic patients with advanced stage indolent lymphomas, 
because of a continual risk of relapse; early chemotherapy has 
not improved overall survival (OS).422,423 Although stages III 
and IV usually are considered together, stage III has a tendency 
toward better survival than stage IV.351,413 Among the most 
controversial aspects in the management of indolent lympho-
mas are the initiation of therapy and the selection of type of 
therapy (Table 88.11). The choices of therapy are multiple and 
vary widely from no initial therapy, rituximab alone, to various 
chemotherapy agents (single or in combination) with or without 
monoclonal antibody therapy, to radioimmunotherapy, and to 
transplantation.422,424

The number of choices are increasing but there is gen-
eral agreement that once a decision has been made to start 
therapy, combination chemotherapy with rituximab offers the 
best response.350,425 Clinical features which usually warrant 
therapy include B symptoms, bulky lymphadenopathy, nodal 
encroachment on vital organs, massive organomegaly, cytope-
nias, or transformation.363,422,426,427 Age of the patient, his-
tologic grade, performance status, comorbid illnesses, patient 
preference, and physician training and bias influence therapeu-
tic decisions. A number of clinical scoring systems, including 
the FLIPI and subsequent modifications have been devised not 
only to predict prognosis, but also to select patients for therapy 
(see section on “Prognostic Factors”). Because indolent lympho-
mas usually have long median survivals, prolonged follow-up 
is required and randomized trials are needed to determine 
optimal therapy.

Watchful waiting can be psychologically difficult for both 
patient and physician, but remains a valid approach based on ini-
tial observations and randomized trials before the availability of 
rituximab. There are 3 randomized trials that compared watchful 
waiting to some form of initial therapy.423,428,429 The NCI group 
used an aggressive combined modality regimen ProMACE (pred-
nisone, methotrexate, Adriamycin [doxorubicin], cyclophospha-
mide, and etoposide) and MOPP (mustard, Oncovin [vincristine], 
procarbazine, and prednisone) plus total lymphoid irradiation; 
the French used interferon or prednimustine; and the British used 
chlorambucil. There was no difference in overall survival between 
observation and therapy in all these reports. In the latter study, 
the median follow-up was 16 years; and the median length of 
time until chemotherapy was started in the observation group was  
31 months. The actuarial chance of not requiring chemotherapy 
at 10 years was 19%.429 In a phase III trial evaluating the role 
of immediate treatment with rituximab versus watchful waiting 
for advanced stage disease, the median PFS was significantly 
longer in patients receiving rituximab therapy (NR vs.24 months;  
P< 0.001); but there was no difference in OS.430

There is no standard of care treatment recommendation 
for upfront therapy of FL. Rituximab is uniformly incorporated 
with chemotherapy at the time of treatment initiation. Multiple 
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or partial remission to chemotherapy or rituximab-chemotherapy 
induction (FIT trial).457 RIT is also being investigated as a compo-
nent of induction therapy or conditioning prior to stem cell trans-
plantation in relapsed Bcell NHL.

Vaccination with anti-idiotype vaccines unique to individual 
patient lymphomas was pioneered by Levy and colleagues at 
Stanford University.458 Unfortunately, multicenter Phase II–III 
clinical trials have been largely disappointing, although one anti-
idiotype vaccine that showed an improved disease-free survival in 
FL patients achieving remission with induction chemotherapy has 
been FDA approved for this indication.459

The ability of monoclonal antibodies to target lymphoma cells 
has made them an appealing vehicle for delivering a cytotoxic 
agent, analogous to RIT, with a number of such therapeutics in 
development. A paradigm for this approach is brentuximab vedo-
tin, an anti-CD30 monoclonal conjugated to the mitotic spindle 
inhibitor monomethyl auristatin E (MMAE). Once bound to a 
CD30-positive tumor cell such as anaplastic large cell lymphoma 
(ALCL) or Hodgkin lymphoma Reed-Sternberg cells, the bound 
CD30 is internalized and the MMAE is released. Response rates 
of 80% and higher have been achieved in relapsed or refractory 
patients, some of whom have then been able to proceed to con-
solidative and potentially curative stem cell transplantation.460

Cellular immunotherapy for lymphomas is an important com-
ponent of allogeneic stem cell transplantation efficacy, albeit with 
concomitant risk of graft-versus-host disease. A novel approach 
instead utilizes autologous patient Tcells genetically modified to 
express a chimeric antigen receptor (CAR) that combines an anti-
Bcell antigen such as CD19 with Tcell activators CD3 and CD137. 
This strategy showed dramatic efficacy and proof of principle in 
patients with refractory CLL.461 Additional studies are ongoing in 
lymphoma using similar constructs, aimed at further enhancing 
efficacy and safety while overcoming some of the technical chal-
lenges inherent in generating CAR-modified Tcells.

A more detailed discussion of immunotherapy is reviewed in 
Chapter 70.

MaNtLE cELL LyMpHoMa
Mantle cell lymphoma (MCL) was referred to as centrocytic, 
intermediate lymphocytic, and mantle zone lymphoma in earlier 
classifications and was given its present name in 1992.462–464 
MCL represents ∼ 5% of NHL in Western populations. It occurs 
predominantly in the elderly (median age, 60 to 68 years) and 
with a two- to threefold male predominance.465–467 Most patients 
present with diffuse lymphadenopathy and splenomegaly.465–467 
B symptoms are present in 25% to 50% of patients, and 15% to 
30% have or will develop a unique gastrointestinal presentation 
with multiple lymphomatous polyposis (Fig. 88.9).250,465–467 Bone 
marrow involvement is detected in 60% to 90% of patients, and up 
to 25% will have an overt leukemic phase, although most patients 
have a small circulating clone detectable by flow cytometry.465–467 
Central nervous system involvement has been documented in 
9% of patients during the course of the illness, usually as a later 
event.468,469

MCL has a characteristic, although not completely unique, 
phenotype, with most expressing CD5 and negative for CD10 and 
CD 23, which helps distinguish MCL from follicular and small 
lymphocytic lymphomas. Virtually all MCL demonstrate the clas-
sic cytogenetic marker t(11;14) (q13;q32) by conventional cytoge-
netic analysis and fluorescence in situ hybridization (FISH).470,471 
Expression of nuclear cyclin D1 protein is found in >90% of 
cases and is considered the most reliable immunophenotypic 
marker in the diagnosis of MCL,472 although variant MCL with 
cyclin D2 or cyclin D3 expression also occur.473,474 A minimally 
deleted segment of 11q22–q23 affecting the ATM gene in 50% of 
MCL suggests that this is an early genetic event along with the 

Immunotherapy
Immunotherapy for lymphoma includes a broad and expanding 
number of approaches. These include nonspecific immunos-
timulation with interferons (now largely of historic interest in 
lymphoma therapy), passive humoral therapy with antilymphoid 
monoclonal antibodies, radioimmunotherapy, drug-antibody 
conjugates, patient-specific anti-idiotype vaccines, and novel 
approaches to cellular therapy such as chimeric antigen receptor 
(CAR)-directed Tcells.

Despite modest evidence of biologic activity, IFN has not been 
widely adopted in standard lymphoma therapy because of its 
toxicity and the emergence of more active immunotherapeutics. 
The most widely used agent among these is rituximab, a chimeric 
IgG anti-CD20 monoclonal antibody consisting of a murine IgG 
anti-CD20 antigen binding domain coupled with a human IgG 
light and heavychain–constant region.421 CD20 is a highly useful 
antigenic target in that it is not expressed on mature plasma cells 
or on hematopoietic stem cells and does not shed or internal-
ize after binding with antibody. Major mechanisms of response 
include antibody-dependent cellular cytotoxicity (ADCC) via  
Ig heavychain receptors (FcR) on monocytes, T cells, and natural 
killer cells, as well as complement activation. Rituximab is an 
integral component as a single agent or in combination with che-
motherapy in the treatment of all subtypes of Bcell lymphomas. 
In a phase I dose-escalation trial, Maloney et al. determined a 
dosage of 375 mg/m2 weekly for 4 doses as the dose for sub-
sequent phase II trials.449,450 In a multicenter trial involving  
166 patients with relapsed indolent NHL, McLaughlin et al. 
reported a 48% response and a median time to progression of 13 
months for responders.451 This study led to rituximab’s approval 
by the U.S. FDA for relapsed indolent NHL in 1997.

Rituximab has response rates of 47% to 76% (up to 20% to 45% 
CR) as front-line singleagent therapy, depending upon disease 
burden and Bcell lymphoma subtype. Randomized trials almost 
uniformly have favored the rituximab-plus-chemotherapy arms 
over chemotherapy alone for both indolent and diffuse large Bcell 
lymphomas. Rituximab maintenance therapy following rituximab 
or rituximab-chemotherapy induction has improved PFS but, in 
most studies, not overall survival.

A number of novel next-generation antibodies have been 
developed to better engage hostresponse mechanisms, many 
being tested on ongoing clinical trials.452,453 These include bispe-
cific molecules that bind both tumor and effector Tcells such as 
blinatumomab (anti-CD19 plus anti-CD3), or the concomitant use 
of the effector cell agonist anti-CD137 following rituximab.454 
Other Tcell immunomodulators such as anti-CTLA-4 and anti-
PD-1 are being pursued in both hematologic malignancies and 
solid tumors.

Radioimmunotherapy includes two agents consisting of a 
radioisotope (yttrium-90 [90Y] or iodine-131 [131I]) conjugated to 
a murine anti-CD20 antibody. In a randomized trial comparing 
90Y-ibritumomab tiuxetan to rituximab in relapsed/refractory follic-
ular or CD20+ transformed NHL, Witzig et al. reported that radio-
immunotherapy had a higher response rate (80 vs. 56%, P = 0.002; 
30 vs. 16% for CR, P = 0.04). Although there was no difference 
in median duration of response (14.2 months vs. 12.1 months), 
durable responses of ≥6 months were statistically more frequent 
with radioimmunotherapy (64 vs. 47%, P = 0.030). Iodine-131 
tositumomab similarly showed response rates of 65% in patients 
with chemorefractory indolent or transformed NHL, compared to 
28% response after their last chemotherapy (P< 0.001).455 The 
median duration of response was 6.5 months for 131I tositumomab, 
compared to 3.4 months after chemotherapy (P< 0.001).455 When 
used as initial therapy in patients with FL, the response rate was 
97%, including 75% CR, and the median PFS was 6.1 years.456 
Postinduction consolidation therapy with 90Y-ibritumomab tiux-
etan significantly improved response durations following complete 
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while older patients and those with significant comorbid disease 
are managed with less aggressive approaches. Romaguera et al. 
utilized rituximab- hyper-CVAD/MTX-Ara-C (fractionated cyclo-
phosphamide plus vincristine, doxorubicin, and dexamethasone 
alternating with high-dose methotrexate-cytarabine regimen) in a 
single-institution phase II trial.487 Among 97 previously untreated 
patients, 87% achieved complete response. With a median 8-year 
follow-up, patients <65 years old had a time to treatment fail-
ure of 46% and OS 68%, whereas older patients were 16% and 
33%, respectively. A multicenter trial in 60 patients 70 years 
or younger confirmed a high CR rate of 72% and a 5-year OS of 
61%, as well as high treatment-associated toxicity—only 37% of 
patients completed the planned course of therapy.488 Patients 
with low- or intermediate-risk MIPI had much improved outcomes 
as compared to those with high-risk scores. High-dose cytarabine 
has emerged as an important component of therapy in a large 
phase III trial by the European MCL Network comparing R-CHOP 
versus R-CHOP alternating with R-DHAP (dexamethasone, high-
dose Ara-C and cisplatinum) followed by autologous stem cell 
transplantation.489 Time to treatment failure for the 420 patients 
was significantly improved with the addition of R-DHAP, although 
4-year OS did not differ at about 80% in each arm. This study 
also showed that achievement of minimal residual disease (MRD)–
negativity in the peripheral blood and bone marrow was strongly 
associated with prolonged disease-free survival.490

Bendamustine, a highly active chemotherapeutic in relapsed 
MCL, was studied as initial therapy in combination with ritux-
imab (BR) and compared with R-CHOP in a phase III trial of non-
transplant-eligible patients.448 PFS was improved in the BR arm 
although with a similar continuous rate of relapse. The European 
MCL Network completed a phase III trial in 560 elderly, nontrans-
plant-eligible patients comparing R-CHOP versus R-FC (fludara-
bine, cyclophosphamide) followed by a second randomization 
to interferon-alfa versus rituximab maintenance therapy.491 CR 
rates were similar with the two induction regimens, although 
toxicity, treatment failure, and 4-year OS were inferior with R-FC. 
The 4-year OS was significantly improved for R-CHOP followed 
by maintenance rituximab given once every 2 months until pro-
gression as compared with interferon (87% vs. 63%, respectively, 
P = 0.005). MRD-negativity was a strong predictor of improved 
outcome.490 Maintenance rituximab can thus be recommended in 
this patient population, with confirmatory studies ongoing follow-
ing BR-based induction and in a U.S. cooperative group trial test-
ing the combination of rituximab plus lenalidomide maintenance.

In younger, fit patients, reinduction followed by related or 
unrelated allogeneic stem cell transplantation has shown excel-
lent response, with 50% to 60% of patients remaining event-
free at 2 years, suggesting a possible graft-versus-lymphoma 
effect.492,493 While treatment-associated morbidity and mortal-
ity remain high, allogeneic transplant consolidation should be 
considered for selected patients given its potential for durable 
remission and cure.

A number of treatment options are available for patients with 
relapsed MCL. The proteasome inhibitor bortezomib provides 
responses in 33% of relapsed or refractory MCL patients.494 As 
noted, bendamustine is a highly active regimen in the relapse set-
ting, as are several novel targeted agents including the immuno-
modulatory drug lenalidomide, the mTOR inhibitors temsirolimus 
and everolimus, and inhibitors of cyclin D1 and cyclin-dependent 
kinases CDK 4 and -6 (flavopiridol, PD0332991).495,496–498 Agents 
targeting the B cell receptor pathway have shown very high 
response rates in relapsed and refractory MCL. These include 
the Bruton tyrosine kinase inhibitor ibrutinib and the PI3 kinase 
inhibitor CAL-101(GS-110)499,500 (see section on “Novel Agents”). 
It is anticipated that these agents will become integral compo-
nents of induction and consolidation or maintenance regimens, 
and will continue to improve outcomes and survival for this chal-
lenging lymphoma.

BCL-1/CCND1 (cyclin D1) translocation to chromosome 14.475 
Loss of tumor suppressor genes, including TP53 and CDKN2/p16, 
appears to occur later and has been associated with an aggres-
sive clinical course.476–479

Marked clinical and biologic heterogeneity of MCL is now well 
recognized, with about a quarter of patients having “indolent” 
disease that may not require immediate therapy. These patients 
often present with lymphocytosis and splenomegaly, and their 
symptoms may be confused with CLL if proper flow cytometry 
and FISH markers are not obtained at diagnosis. Others pres-
ent with low tumor burden lymphadenopathy and lack systemic 
symptoms, and watchful waiting for the assessment of the pace 
of disease has been proposed as initial management in these 
cases.480 Biomarkers of clinically indolent cases include mutated 
immunoglobulin heavy chain variable genes, lack of nuclear 
SOX11 expression and TP53 mutation, few if any karyotypic 
changes aside from the t(11;14), and a characteristic molecular 
signature.481

Clinically aggressive MCL typically has high tumor burden, 
blastoid morphology, and complex cytogenetics in addition to 
the t(11;14) and/or high Ki-67 expression. Molecular markers 
that appear both pathogenically and prognostically relevant 
include the NOTCH1 mutation,482 dysregulation of the Hippo 
tumor suppressor pathway,483 and a unique microRNA signature 
and expression of miR-29.484,485 The percentage of tumor cells 
expressing the proliferation marker Ki-67 has been incorporated 
into the MIPI score to enhance the discrimination of clinical out-
comes among low-, intermediate-, and high-risk MCL patients 
treated with CHOP or R-CHOP regimens (Fig. 88.16).306,486

Clinical outcomes and survival have improved in recent years 
as treatment options have expanded, although MCL remains 
incurable with standard approaches. Most studies show the 
absence of a plateau on survival curves. Response rates to initial 
therapy are typically above 80% with a number of chemoimmu-
notherapy regimens; CRs are usually <50% and median time to 
treatment failure is about 18 to 24 months. There is no current 
standard of care for induction treatment, nor for therapeutically 
sequencing the various active regimens and targeted agents at 
relapse. Younger patients often receive an intensive regimen with 
or without autologous stem cell transplantation in first remission, 

FIGURE 88.16. Overall survival in advanced-stage patients according to the Mantle 
Cell International Prognostic Index (MIPI) and Ki67. Low risk (LR) score <5.7; intermedi-
ate risk (IR) ≥5.7 and <6.2; high risk (HR) =6.2. The combined biologic score is calculated 
as 0.03535 times age (years) plus 0.6978 (if ECOG > 1) plus 1.367 times log10 (LDH/ULN) 
plus 0.9393 times log10 (WBC count) plus 0.02142 times Ki-67 (%). From Hoster E, Dreyling 
M, Klapper W, et al. A new prognostic index (MIPI) for patients with advanced-stage mantle cell 
lymphoma. Blood 2008;111:558–565, with permission.
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EBV-positive DLBCL is DLBCL associated with chronic inflamma-
tion involving joints or body cavities (pyothorax).508,509

There is no single cytogenetic abnormality which defines 
DLBCL, but there are a number commonly found with DLBCL, 
including t(3;14), t(14;18), and t(8;14) and related variants. These 
cytogenetic abnormalities are commonly found with other types of 
lymphomas; and when observed in DLBCL, there can be a clinical 
problem distinguishing transformation from a de novo presenta-
tion. BCL6 gene on 3q27 is associated with multiple chromosomal 
partners; and translocations involving 3q27 are found in 30% to 
35% of DLBCL.510 The prognostic implication of BCL6 abnormali-
ties has been variable, with data indicating a worse survival with 
nonIG gene BCL6 rearrangements than with IGH/BCL6 transloca-
tions of t(3;14).511

The t(14;18) is present in 20% to 25% of DLBCL and may rep-
resent transformation from a FL or a true de novo presentation. 
While BCL2 genetic translocation has not been correlated with 
survival in de novo DLBCL, BCL2 protein expression has been 
associated with an inferior survival, specifically in the activated 
B cell type of DLBCL.314 The t(8;14) is usually found in BL and is 
rare in DLBCL. Double hit lymphomas harbor dual translocations 
with MYC; t(8;14), and BCL2 ; t(14;18),512 are refractory to stan-
dard chemotherapy regimens, and have a poor prognosis. The 
synergistic activity of antiapoptosis driven by BCL2 and prolifera-
tion by MYC is responsible for the poor outcome with traditional 
chemotherapy.513–515

Large B cell lymphoma of the leg is seen in the elderly and has 
a poorer prognosis than other cutaneous B cell lymphomas.516,517 
Intravascular B cell lymphoma was recognized in 1959 and was 
known as malignant angioendotheliomatosis.518 It occurs in the 
elderly (median age 65 to 70 years) and most commonly affects 
the skin and central nervous system. Symptoms are usually 
related to ischemia secondary to occlusion of blood vessels, and 
approximately one-half of cases are first detected at autopsy.519

Gray zone lymphoma is an entity applied to tumors that dem-
onstrate morphological and immunophenotypic features between 
classical HL and DLBCL, especially primary mediastinal large B 
cell lymphoma (PMLBCL).520 These lymphomas have a poorer 
outcome than HL or PMLBCL. Unclassifiable B cell lymphomas 
with features between DLBCL and BL are also included in the 
WHO classification. These tumors are generally aggressive and 
respond poorly to standard chemotherapy, though the optimal 
treatment regimen is not defined.

DLBCL can rarely involve the anaplastic lymphoma kinase 
(ALK) gene, and most ALK+ DLBCL have a single or complex 
t(2;17)(p23;q23) involving the ALK gene at chromosome band 
2p23 and the clathrin gene at chromosome band 17q23.521 ALK+ 
DLBCL lacks expression of pan-B cell antigens, CD20 and CD79a, 
but is positive for CD138 and epithelial membrane antigen (EMA). 
Although data is limited due to the rarity of the disease, ALK+ 
DLBCL is usually advanced stage and has a poor prognosis.521

Mutations in the TP53 gene have been detected in 20% of 
DLBCL and are associated with a poor prognosis. TP53 expres-
sion is detectable by immunohistochemistry in 30% to 40% 
of DLBCL, does not correlate with the presence of mutations, 
and has not consistently affected prognosis. However, combin-
ing TP53 and its downstream target CDKN1A/P21 (acting as a 
cyclin-dependent kinase inhibitor) has shown that the TP53+/
P21-immunophenotype is a surrogate for TP53 mutations and 
is associated with poor survival in DLBCL, even with a low-risk 
IPI.321

Expression of individual antigens assessed by immunopheno-
typing may help define subsets of DLBCL and may have prognos-
tic value (see section on “Prognostic Factors”). CD10, also known 
as the common acute lymphoblastic leukemia antigen, is a marker 
for germinal center derivation and is detected in 20% to 30% of 
DLBCL. CD10 expression has been associated with improved 
survival or no effect.522 CD5, an antigen primarily expressed by 

aggREssivE LyMpHoMas

Diffuse Large B Cell Lymphomas
DLBCL is the most common type of adult NHL in North America 
and Europe, making up 30% to 40% of NHL. DLBCL represents 
a heterogeneous group of diseases and attempts to subdivide it 
have been based on morphology, cytogenetics, immunohistochem-
istry, predominant clinical presentations, and genomic profiles 
(Table 88.12). Morphologic distinctions in DLBCL can be difficult 
to reproduce and may not be clinically useful. Morphologic vari-
ants include centroblastic, intravascular DLBCL associated with 
chronic inflammation, EBV-positive DLBCL, immunoblastic (IBL), 
T cell/histiocyte–rich and anaplastic (see Chapter 86). Although 
IBL was categorized as high grade in the WF Classification, it is 
regarded as intermediate-grade in that no apparent differences in 
survival exist between it and other DLBCL.501 IBL may need to be 
distinguished from extramedullary involvement by a plasmablas-
tic variant of plasma cell myeloma.

T cell/histocyte–rich B cell lymphoma (T/HRBCL) represents 
1% to 3% of DLBCL and is a subtype in which the malignant large 
B cell is the minority cell.502–504 T/HRBCL was first described as  
T cell–rich B cell lymphoma in 1988 by Ramsay and can be 
confused with HL, both classical and nodular lymphocyte pre-
dominant types, PTCL, and indolent lymphomas.503–505 T/HRBCL 
occurs at a younger median age than typical DLBCL with most 
series reporting fourth to fifth decade median ages compared to 
sixth decade.503 Patients with T/HRBCL have more B symptoms 
(26% to 62%), splenomegaly (21% to 60%), and marrow involve-
ment (32% to 53%) than traditional DLBCL. Although some series 
of T/HRBCL have had inferior CR rates compared to DLBCL, there 
may have been a disproportionate number of patients with a high 
IPI; and case-controlled series have shown no differences in OS.503 
T/HRBCL can be further defined by molecular profiling that iden-
tifies a unique cluster of genes involved in host response.506,507

EBV-positive DLBCL of the elderly is a recent entity which is 
clinically recognized for its aggressive behavior with frequent 
extranodal presentation and poor prognosis.508 This type of lym-
phoma is thought to be a result of immunosenescence with aging. 
The median age at presentation is 75 years. Another form of 

DLBCL, not otherwise specified
 Morphologic: centroblastic, immunoblastic, anaplastic, other
 Immunophenotype/gene expression: germinal center-derived, activated B cell, other
 Molecular/genetic: BCL6, BCL2, MYC, other

Specified by site
 Primary mediastinal large B cell lymphoma
 Primary cutaneous large B cell lymphoma, leg-type
 Intravascular B cell lymphoma
 Other: CNS, testes, bone

Specified by histology or immunophenotype
 T cell/histiocyte-rich B cell lymphoma
 De novo, CD5+ large B cell lymphoma
 Anaplastic lymphoma kinase-positive large B cell lymphoma

Associated with EBV and/or KS-HHV8
 EBV+ diffuse large B cell lymphoma of the elderly
 DLBCL associated with chronic inflammation (e.g., pyothorax)
 Plasmablastic lymphoma

Unclassifiable types
 LBCL with intermediate features between DLBCL and Hodgkin lymphoma
 LBCL with intermediate features between DLBCL and Burkitt lymphoma

DLBCL, diffuse large B cell lymphoma ; EBV, Epstein-Barr virus.

DiFFusE LargE B cELL LyMpHoMa

taBLe 88.12
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pericardium, chest wall, or lung is common, while distant involve-
ment of peripheral nodes, marrow, or CNS is infrequent.526,529 
The stage of disease is I or II in 80% of patients at diagnosis. 
Unusual extranodal sites of involvement include kidney, ovaries, 
and adrenal glands.

Although early reports indicated a poor prognosis despite com-
bination chemotherapy, recent studies have had a good prognosis 
similar to or better than other DLBCL.527,528,535 Poor prognostic 
factors in PMLBCL have been the presence of pleural or peri-
cardial effusion, multiple extranodal sites (≥2) of disease, bulk 
(≥ 10 cm), high LDH (>3× normal), and a persistently positive 
gallium or PET scan posttherapy.526,528,529 The age-adjusted IPI 
was not found to be predictive in these patients.535 Some of the 
best treatment results historically included involved field radia-
tion therapy,528,529 but some series have had equally good results 
without radiation, indicating that the role of radiation remains 
controversial.527,535 Some centers have favored regimens other 
than R-CHOP, including R-MACOP-B/VACOP-B regimens and 
R-EPOCH. The latter was reported to have EFS of 90% in a series 
of 26 patients, without the use of radiation therapy.536,537 Others 
have advocated autologous HCT as consolidative therapy among 
patients with “high-risk” PMLBCL, but there are sparse phase II 
trials to commend this approach.538

peripheral t/Natural Killer Cell Lymphomas
The clinical significance and the management of T/natural killer 
(NK) neoplasms are areas of controversy in part because of the 
relative infrequency as compared to B cell lymphomas, and the 
lack of controlled trials evaluating the impact of immunophe-
notype on prognosis.296,539,540 PTCL and NK cell neoplasms 
represent 5% to 15% of all NHL, and there are multiple subtypes 
so that most represent less than 1% of NHL541 (Table 88.13). 
These diseases have a geographic variation with more nodal dis-
ease in North America and Europe, including PTCL, unspecified; 
anaplastic large cell lymphoma (ALCL) and angioimmunoblastic  
T cell lymphoma (AILT); and more extranodal disease in Asia 
due to EBV-related nasal NK/T lymphoma and HTLV-1 associated 
ATL.542 The prognosis in most peripheral T/NK neoplasms is poor, 
with 5-year survival less than 30%.539,540,542,543 PTCLs may be 
associated with paraneoplastic phenomena, including skin rashes, 
autoimmune hemolytic anemia, hypergammaglobulinemia, eosin-
ophilia, hypercalcemia, vasculitis, hemophagocytosis, and fever of 
unknown origin, which may obscure the initial diagnosis.

Attempts have been made to separate postthymic T cell neo-
plasms; however, the so-called low grade T cell lymphomas may 
have an aggressive course and can undergo histologic trans-
formation similar to that seen in indolent B cell lymphomas.544 
Cytogenetic differences have been utilized in an attempt to sepa-
rate PTCL into low- and high-grade categories.545 PTCL that have 
been described with an indolent course include AILT, T-zone lym-
phoma, and lymphoepithelioid (Lennert) lymphoma;544,546 only 
AILT is described in the WHO classification as a distinct entity, 
while the latter two would be referred to as PTCL, unspecified. 
Lennert lymphoma typically occurs in older patients, often with 
diffuse adenopathy and involvement of Waldeyer’s ring and has a 
clinical course characterized by recurrent relapses.546

Mature T/NK neoplasms do not have the high frequency of 
translocations involving the T cell receptor genes at 14q11 (alph-
adelta), 7q34 (beta), and 7p14 (gamma), that the B cell lympho-
mas do with IG gene receptors, particularly with the IGH. The 
best described translocation is the t(2;5) (p23;q35) associated 
with ALCL (vide infra). It produces a fusion gene between the 
cytoplasmic part of anaplastic lymphoma kinase (ALK), a recep-
tor tyrosine kinase of the insulin receptor subfamily on chromo-
some 2, and the amino-terminal portion of nucleophosmin (NPM) 
on chromosome 5.26 A novel t(5;9) translocation involving the 
IL-2-inducible T cell kinase (ITK) gene on chromosome 5 and the 

T cells and a small subset of B cells (B-1 cells), is present on 5% to 
10% of DLBCL. CD5+ DLBCL has been associated with a high IPI 
and poor survival in most, but not all studies.522

As noted in the Prognosis Section, DLBCL can be subdivided 
by gene expression profiling (GEP) using cDNA or oligonucleotide 
microarrays into 4 subgroups: germinal center B cell (GCB), acti-
vated B cells (ABC), primary mediastinal B cell, and unclassified 
DLBCL.523 Comparative genomic hybridization (CGH) has shown 
differences in genetic imbalances between GCB and ABC DLBCL. 
GCB is characterized by the gain of 1q, 2p, 7q, and 12q; and ABC 
has gains of 3q, 18q, and 19q and loss of 6q and 9p21, the latter 
of which is described with the CDKN2A locus and an aggressive 
course.524

Tissue microarray (TMA) technology can be performed on 
formalin-fixed and paraffin-embedded samples and is easier 
and less expensive than GEP, which requires fresh or optimally 
cryopreserved samples. TMA can identify protein surrogates for 
dysregulated genes detected by GEP. Expression of BCL6 and 
CD10 were associated with a germinal center type and favorable 
outcome, whereas MUM1, CYCLIN D2, FOX P1, and/or protein 
kinase C beta (PKC-b) were associated with either the activated B 
cell or unclassified type and a poor prognosis.316,525

GEP and TMA are technically difficult studies to perform. Hans 
et al. proposed a reliable immunohistochemical staining using 
BCL-6, CD10, and MUM1 which is 80% concordant with that of 
the DNA-expression analysis.317 Choi et al. described a similar 
approach with additional staining with GCET-1 and FOXP1 that 
showed a 93% concordance rate.315 The clinical utility of these 
studies are being evaluated in prospective studies (see section on 
Prognostic Factors).

Current therapy of DLBCL is directed at clinical features, 
pathology, and stage of disease. As DLBCL represents a group of 
potentially curable neoplasms, prognostic factors are important 
to recognize and can influence the type, intensity, and duration of 
therapy. Selecting the intensity of therapy based upon prognostic 
factors is referred to as risk stratification and has been applied 
successfully in pediatrics, in which the curability of all types and 
stages of NHL is over 80%. The IPI is currently the best prognosti-
cator for survival in DLBCL. Immunohistochemistry can delineate 
different types of DLBCL, but there is no consensus about the best 
panel of markers to either subclassify or prognosticate DLBCL. 
In the rituximab era, the prognosis has improved and the impact 
of IPI and immunohistochemistry was reassessed and classifies 
patients into very good, good, or poor risk groups with 94%, 75%, 
and 55% 4-year OS, respectively.300

Mediastinal (Thymic) Large B Cell Lymphoma
The WHO classification recognizes a distinct large B cell lym-
phoma postulated to arise from a thymic B cell and that can 
be confused with lymphoblastic lymphoma, HL, thymomas, 
and extragonadal germ cell neoplasms.526–530 Older literature 
referred to this entity as primary sclerosing mediastinal large 
cell lymphoma. PMLBCL constitute 2% to 3% of NHL and occur 
predominantly in females (female:male ∼2:1) and young adults; 
three-fourths of cases are less than 35 years old.526 Gains in 
chromosome 9p24 or 2p15 have been recognized in up to 75% 
and 50% of patients, respectively.530,531BCL-2 and BCL-6 gene 
rearrangements rarely occur; overexpression of the MAL gene is 
common.532 Interestingly, gene expression analysis has revealed 
a molecular signature with similarities to classical HL, perhaps 
reflected in the shared clinical and pathologic features and dys-
regulation of c-REL/NF-kB pathways.533,534

Presenting features are usually of short duration, varying from 
a few weeks to several months, and include chest pain (73%), 
cough (60%), dyspnea (46%), and superior vena caval obstruc-
tion (30% to 57%).528,530 Over two-thirds of patients have large 
masses (≥ 10cm) (Fig. 88.17). Local extension of the mass into the 
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spleen tyrosine kinase (SYK) on chromosome 9 was identified in 
5 (17%) PTCL, NOS cases.545 Another translocation involving the 
multiple myeloma gene (MUM1)/ IFN-regulatory factor-4 (IRF4) 
gene locus with the TRA@ gene, t(6;14) (p25;q11.2) was found 
in two cases of PTCL, NOS and led to the recognition by FISH 
screening of non-TCR-related IRF4 translocations in ALK-negative 
ALCLs. A balanced translocation between DUSP22 phosphatase 
gene on 6p25.3 and FRA7H on 7q23 was subsequently found in 
both systemic and cutaneous ALCL.547

Although CHOP has been the mainstay of therapy for aggres-
sive lymphomas, its results have been poor for most mature T/
NK neoplasms.548–550 The response rates to CHOP have been 
inferior compared to B cell lymphomas, and there has been no 
ubiquitous monoclonal antibody similar to rituximab to improve 
survival. Adding agents to CHOP may slightly improve responses 
but is limited by increased toxicity. Adding etoposide to CHOP had 
modest improvement for only young patients, primarily with ALK-
positive ALCL, in the combined analysis of trials by the German 
High-Grade Non-Hodgkin Lymphoma Study Group.551 Escalating 
therapy, such as Mega-CHOEP or HyperCVAD, has not improved 
responses or survival.551 Addition of alemtuzumab to CHOP led to 
increased infections so that its use is likely limited.552 Using novel 
non-anthracycline-based regimens suchas PEGS (cisplatin, eto-
poside, gemcitabine, solumedrol) have not improved survival.553 

FIGURE 88.17. Large B cell lymphoma of mediastinum: Computerized tomography 
indicates mass encasing blood vessels in anterior-posterior (A) and sagittal (B) 
views. Image provided by Dr. Ron Arildsen, Vanderbilt University, Nashville, TN. C: There are 
aggregates of large B cells with open nuclear chromatin and nucleoli separated by fibrosis. 
Such fibrosis is characteristic of this lymphoma type. Images provided by Dr. Dan Arbor, Stanford 
University, Palo Alto, CA.

Nodal
 Peripheral T cell lymphoma, not otherwise specified
 Anaplastic large cell lymphoma
  ALK-positive
  ALK-negative
 Angioimmunoblastic T cell lymphoma

Extranodal
 Nasal NK/T cell lymphoma
  Localized
  Disseminated (nasal type)
 Enteropathy type intestinal T cell lymphoma
 Hepatosplenic T cell lymphoma
 Subcutaneous panniculitis-like T cell lymphoma, ab

Leukemia
 T-prolymphocytic leukemia
 Adult T cell lymphoma/leukemia
 Large granular lymphocytic leukemia
 Aggressive NK cell leukemia

ALK, anaplastic lymphoma kinase; NK, natural killer.
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nervous system are rarely involved.258 Bone marrow involvement 
in ALK-positive ALCL is identified in 10% to 15% with hema-
toxylin and eosin stains, but up to 30% if immunohistochemistry 
stains are used to identify isolated ALCL cells.258,564

ALK-positive ALCL is more chemosensitive than ALK-negative 
ALCL with CR rates >75% for ALK-positive and 50% to 75% in 
ALK-negative.312,313,565,566 Better responses have resulted in a 
twofold or higher increase in survival for ALK-positive ALCL (60% 
to 93% at 5 years) compared to ALK-negative ALCL (15% to 46%) 
in retrospective series (Fig. 88.19).3121,313,542,565,567–569 A worse 
prognosis can be seen in ALK-positive patients with B symptoms, 
a high IPI, small cell variant histology, and expression of CD56 
or survivin (a member of the inhibitor of apoptosis family).570,571

A problem comparing ALK-positive ALCL to ALK-negative 
ALCL is the fact that the latter represents a heterogeneous group 
of diseases. Translocations affecting 6p25.3 which target DUSP22 
and/or IFD4 have been identified in a subset of ALK-negative 
ALCL with predominant skin involvement.572 ALK-negative ALCL 
may be considered as secondary ALCL when it follows mycosis 
fungoides, lymphomatoid papulosis, or HL.258 Hodgkin-like ALCL 
is formally a provisional diagnosis of the WHO classification, but 
is probably a variant of HL.573 ALK-negative ALCL can rarely be 
of B cell origin, either with an aggressive course or in the setting 
of AIDS.258,573 Differences in gene expression may further define 
ALCL with overexpression of genes encoding signal transduction 
and underexpression of transcription factor genes in ALK-positive 
compared to ALK-negative ALCL.574,575

Primary cutaneous ALCL is another ALK-negative ALCL, is 
part of the spectrum of CD30+ cutaneous lymphoproliferative 
disease, and clinically overlaps with lymphomatoid papulosis 
(Chapter 92).576,577 It usually arises in the skin in an older patient 
(median age ∼60 years) as an isolated reddish-violet tumor, 
which may be ulcerated. Less commonly, it may present as mul-
tiple nodules in a circumscribed area, or rarely with disseminated 
skin lesions. Treatment of localized lesions may be watchful 
waiting (because approximately one-quarter of patients regress), 
local excision ± radiation, or radiation alone.258,577 Combination 
chemotherapy may be warranted with widespread skin disease or 
localized skin disease with adjacent nodal involvement, but these 
patients tend to relapse.577,578

Two proteins provide unique therapeutic targets in ALCL. 
Brentuximab vedotin (SGN-35;Adcetris, Seattle Genetics, Botnell, 
WA) is an antibody-drug complex that combines an anti-CD30 
antibody with the antimicrotubule agent, monomethylauristatin 
E. In a phase II trial in 58 patients with relapsed/refractory ALCL, 
the ORR was 86% with 57% CR. The median duration of objective 
response was 12.6 months for all patients and 13.2 months for CR 
patients. Crizotinib (PR-02341066; Xalkori, Pfizer, San Diego, CA)  

How to incorporate newly approved agents such as pralatrexate, 
an antifolate, and romidepsin, a histone deacetylase inhibitor, 
into therapy is under investigation in PTCL. The response rate 
and toxicities in relapsed PTCL for pralatrexate was 29% (11% CR) 
with 22% mucositis and 18% to 32% cytopenias, and for romidep-
sin was 38% (18% CR) with 26% grade 3/4 neutropenia.554,555 
Because of the overall poor results with CHOP, stem cell trans-
plant, both autologous and allogeneic, has been advocated in first 
remission in many patients with T/NK neoplasms although there 
is no randomized trial to prove its superiority.556,557

The WHO classification separates the mature T/NK neoplasms 
by site of involvement: nodal, extranodal, leukemic, and cutane-
ous. In the subsequent section, the focus is primarily on nodal and 
extranodal diseases followed by a brief description of the leuke-
mias. Cutaneous T cell lymphomas are reviewed in Chapter 92.

Anaplastic Large Cell Lymphoma
Since the original description of Ki-1+ (CD30) ALCL by Stein in 
1985, a type of ALCL has become a paradigm for the WHO clas-
sification for NHL.258,558,559 The first clinical description of ALCL 
was in a series by Kadin et al. in 6 children, all of whom had skin 
lesions.560 Subsequent studies recognized a common lymphoma 
(2% to 8% of NHL) with a wide morphologic spectrum, young 
median age, peripheral adenopathy with relative sparing of the 
mediastinum, frequent extranodal disease, and a good progno-
sis.258,561,562 In 1989, a proportion of ALCLs were associated 
with a specific chromosomal translocation;25 and in 1994, Morris 
identified the genes involved in the t(2;5).26

ALK rearrangements are present in 50% to 70% of CD30+ 
ALCL, and the t(2;5) occurs in approximately three-fourths of these 
patients.258,563 Cytogenetic variants have been described with 
t(1;2)(q25;p23) as the most common.563 Immunocytochemical 
stain for the ALK protein is usually present in both cytoplasm and 
nuclei of the classic t(2;5)(p23;q35), while only in the cytoplasm of 
the variants.258,312 Because the variants are of T or null cell origin 
and occur in a similar age group as the t(2;5), Falini proposed the 
term “ALKoma” for all patients expressing the ALK protein.312

ALK expression subdivides ALCL into at least 3 clinical sub-
types of ALCL: 1) ALK-positive systemic ALCL, 2) ALK-negative 
systemic ALCL, and 3) primary cutaneous ALCL (also, ALK-
negative). ALK-positive ALCL occurs at a younger median age 
(15 to 30 years) than ALK-negative (45 to 65 years), has a male 
predominance (male:female = 2–6:1), and usually has advanced 
stage disease with frequent B symptoms (40% to 75%) and extra-
nodal involvement (50% to 80%).258,312,313 Skin (21% to 35%) 
(Fig. 88.18), soft tissue (17%), and bone (8% to 17%) are com-
mon extranodal sites, while the gastrointestinal tract and central 

FIGURE 88.18. ALK-1 positive anaplastic large cell lymphoma (ALCL): Skin lesions can vary from nodules (A) in an axilla to ulcerations (B) in 
a popliteal fissa.
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in the interferon g/JAK/STAT pathway.589 Another study reported 
that reduced expression of NF-kB pathway genes had an inferior 
survival to those with increased NF-kB expression.590 Two differ-
ent profiles, a large group corresponding to activated CD4+ cells 
and a smaller group of CD8+ cells, also subdivided PTCL-NOS.591

AILT is difficult to diagnose and treat because there may be 
the presence of both B and T clones, as well as EBV; and it has 
a variable clinical course with autoimmune features.543,592,593,594 
AITL was the second most common type (18.5%) in the IPTL 
usually occurs in the elderly (median age, 57 to 68 years) as a 
systemic disease with diffuse adenopathy (84% to 100%), B symp-
toms (52% to 86%), a pruritic rash (38% to 58%), arthritis (16% to 
18%), eosinophilia (32% to 50%), and immunologic abnormalities 
(Coombs’ positive hemolytic anemia [32% to 75%], cold agglu-
tinins, cryoglobulinemia, polyclonal hypergammaglobulinemia 
[50% to 83%], antinuclear antibodies and rheumatoid factors).
Most patients have extranodal disease and are advanced stage 
(68% to 94%). 

There is clonal evolution over time in AILT and EBV may par-
ticipate in lymphomagenesis.595 The cell of origin is a T-follicular 
helper cell (TFH); and there is cytoplasmic expression of the 
cytokine CXCL13.596 TCR gene rearrangements occur early in 
the course of AILT, indicating a clonal T cell population. Nearly 
all patients have EBV-positive B cells and approximately one-
third have also had IG gene rearrangements.597As with post-
transplant lymphoproliferation but unlike other NHL, unrelated 
or oligoclonal clones are commonly found in AILT. The most 
common cytogenetic abnormalities are trisomy 3, trisomy 5, and 
an additional X chromosome, but patients who develop complex 
aberrant clones and structural abnormalities in the short arm of 
chromosome 1 progress rapidly.598 EBV can be identified in both 
B cells and T cells of AILT, and it may participate in the occa-
sional B-immunoblastic lymphoma as well as the more common 
PTCL.592,597,599 Gene expression profile found overexpression of 
genes characteristic of TFH cells and genes deregulating vascular 
endothelial growth factor.600,601

AILT may spontaneously regress in up to 10% of patients; and 
it can respond to single agents, including steroids, cyclosporine, 
methotrexate, interferon, nucleoside analogs, bortezomib denileu-
kin diftitox, and rituximab. Combination chemotherapy is usually 
warranted once a diagnosis is made with a CR rate of 50% to 70% 
following anthracycline-based therapy, but patients have frequent 
and early relapses or deaths due to infections, with 5-year sur-
vival at 10% to 30%.543,593

is an oral small-molecule inhibitor of ALK tyrosine kinase that 
was first used in non-small cell lung cancer with a rearrangement 
involving ALK in 2% of cases. A phase I trial reported 7 CRs in 
8 relapsed pediatric ALK-positive ALCL.579 A subsequent report 
confirmed CRs in adults.580 Both agents are being incorporated 
into phase III trials.581

Nodal Peripheral T Cell Lymphoma
Problems in management of PTCL include the fact that, unlike B 
cell NHL, cell size does not correlate with prognosis, and there 
is sparse data regarding the impact of cytogenetics on diagnosis 
other than ALK expression in ALCL. The IPI does correlate with 
prognosis in PTCL-not otherwise specified (NOS), but only the low-
risk (0,1) has prolonged survival over 45%.346,5676,568,582 A new 
prognostic model has added bone marrow involvement to some 
of the IPI factors (age, PS LDH).307 Elevated levels of serological 
markers, nm23-H1 (involved in regulation of metastasis), IL-2 
receptor, and soluble CD44 may enhance the IPI.583

PTCL-NOS represented the largest group (29.5%) in the inter-
national T cell Lymphoma Project.582 The median age was 60 
years with a male predominance. Most patients presented with 
nodal disease (87%) and had advanced stage (69%); extranodal 
involvement occurred in 49%. The 5-year OS was 32% and FFS 
was 20%.

Tumor-specific features under evaluation to assess prognosis 
include expression of cytotoxic molecules, Ki-67, TP53, chemokine 
receptors, and gene profiles.584 Cytotoxic molecules (CM), TIA-1, 
and granzyme B in PTCL-NOS, are associated with B symptoms, a 
higher IPI, an inferior CR rate, and a worse overall survival when 
compared to a CM-negative group.585 The proliferation-associated 
antigen, Ki67, was additive to IPI factors (age, PS, LDH) in a series 
of PTCL-NOS.586 Immunohistochemistry detection of TP53 over-
expression was detected in a minority (29%) of nodal PTCL cases; 
was associated with Ki-67, BCL-2, and P-glycoprotein; and was 
a better predictor of poor survival than IPI.328 Preliminary data 
indicate chemokine receptor expression that distinguishes subsets 
of T helper cells, Th1 and Th2, and correlates with histology and 
prognosis.587

Gene expression profiles are under investigation as a method 
to subdivide PTCL.588 Three molecular profiles have been identi-
fied in PTCL-NOS: 1) Overexpression of genes with an aggressive 
course, including CYCLIN D2; 2) genes involved in T cell activation 
and apoptosis, NFKB1 and BCL-2; and 3) overexpression of genes 

FIGURE 88.19. Overall survival for patients with aggres-
sive peripheral T cell lymphoma by subtype according 
to the International Peripheral T Cell and NK/T Cell Lym-
phoma Study. From Armitage JO. The aggressive peripheral 
T cell lymphomas: 2012 update on diagnosis, risk stratifica-
tion, and management. Am J Hematol 2012;87:511–519, with  
permission.
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lymphocyte morphology; CD2+, CD3−, CD16−/+, CD56+, CD57− 
phenotype; and an aggressive course.617,618 Only 10% express 
surface CD3+ and have clonal TCR rearrangement and have a 
similar course.618 EBV is consistently detected in tumor cells and 
elevated levels of EBV DNA in tumor tissue or serum have cor-
related with a poor prognosis.619,620 NK neoplasms are prevalent 
in Asia and Latin America. Nasal NK/T lymphoma may present 
with facial swelling or midfacial destruction and was formerly 
called lethal midline granuloma or polymorphic reticulosis. The 
disease occurs more commonly in males with a median age of 50 
to 55 years.617,618

Nasal NK/T lymphoma is localized stage I/II in 80% of patients 
at diagnosis but can disseminate early to skin, gastrointestinal 
tract, testis, orbit, and CNS (Fig. 88.20). Although radiation alone 
can achieve CR in two-thirds of localized disease, local relapse 
occurs in half the patients and disseminated disease develops in 
one-quarter of patients.617 Combined modality with early radia-
tion and chemotherapy is recommended. Patients with disease 
confined to the nasal cavity, larynx, pharynx, or oral cavity had 
54% 5-year survival compared to 20% (P = 0.0068) with more 
advanced disease.621

Nasal-type NK/T cell lymphoma is essentially disseminated 
nasal disease without obvious nasal involvement.622 Only one-
fifth of patients have stage I disease.622 Despite anthracycline 
therapy, median survival is less than 1 year. L-asparaginase has 
been shown to be effective as a single agent in patients who failed 
CHOP.623 Because of high expression in P-glycoprotein, regi-
mens containing multidrug resistant-independent agents, such 

Extranodal T Cell and Natural Killer-Cell 
Lymphomas
Hepatosplenic g/d T cell lymphoma (HSTL) was first described in 
1990 as an aggressive illness with B symptoms and organomegaly 
in young adult males.602,603 Up to 20% of HSTLs arise in patients 
with solid organ transplants and Crohn disease.541 The median 
age is 25 to 35 years with a male/female ratio of 9:1. Patients 
have splenomegaly (98%), hepatomegaly (80%), minimal to no 
lymphadenopathy, anemia (84%) and severe thrombocytopenia 
(85%).233,604 The bone marrow is involved in 72% of patients and 
erythrophagocytosis may occur.604 Isochrome 7q, often associ-
ated with trisomy 8, is a common cytogenetic abnormality.605 
Most patients are refractory to anthracycline-based therapy 
or have brief responses and have a median survival less than  
1 year.233,549,604 There is an a/b variant with similar features and 
prognosis.606 A similar gene expression profile involving genes 
implicated in cytotoxic T and NK cell function is present in both 
g/d and a/b variants.607

Subcutaneous panniculitis-like T cell lymphoma (SPTL) pres-
ents with subcutaneous nodules, usually on the extremities, and 
is often associated with systemic symptoms and erythrophago-
cytosis.608–610 The 2008 WHO classification recognizes only the 
ab subtype as SPTL and distinguishes it from cutaneous gdT cell 
lymphoma, which may have a panniculitis-like presentation.611 
The ab subtype occurs at a younger median age (36 years) with a 
female predominance. The skin lesions tend to be self-healing sub-
cutaneous plaques and nodules without ulceration. Disseminated 
disease and hemophagocytosis (17%) are rare. These patients 
may be controlled with single agent steroids and/or methotrex-
ate and have a 5-year OS of 82%.611 The gdtype occurs in an 
older population (median age, 59 years) with a roughly equal 
male:female ratio. Skin lesions may involve the epidermis and 
ulcerate. B symptoms, nodal disease, and hemophagocytosis are 
associated with a poor prognosis and a 5-year OS of 11% despite 
combination chemotherapy.611

Enteropathy-associated T cell lymphoma (EATL) has an 
association with celiac disease but has occurred without it as 
well.612–616 There are two types of EATL.616 Type 1 has a large 
cell or pleomorphic cytology, has chromosome 9q31.3 gain or 
16q12.1 deletion, is associated with the HLA-DQ2 haplotype, is 
strongly associated with celiac disease, and is common in Europe. 
Type 2 is characterized by monomorphic cells often with CD56 
expression, has chromosome 8q24 gain and less commonly 1q 
and 5q gains, is less associated with sprue, and is found in Asia. 
The median age is 50 to 64 years and males predominate in most 
series.614,615 Abdominal pain and weight loss occur in over four-
fifths of patients at presentation followed by diarrhea or vomiting 
in one-third of patients.614 Small bowel obstruction or perforation 
is common, and the diagnosis of EATL is usually made at lapa-
rotomy. Prognosis is poor, with median survival of 7.5 months 
and 1 year failure-free survival less than 20%.614–616

Nasal and nasal-type NK/T lymphomas are characterized by 
angiocentric and angiodestructive proliferation;large granular 

FIGURE 88.20. Nasal NK/T lymphoma: Patient presented with facial edema, proptosis, and dysconjugate gaze (A) and an ulcerated lesion in the 
hard palate (B).
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with median survival over 10 years.204 Immunosuppressant drugs 
which have been used in LGL leukemia include methotrexate, 
cyclosporine, prednisone, cyclophosphamide, nucleoside analogs, 
and alemtuzumab.204,627,631,632

Aggressive NK leukemia is a rare disorder more common 
in Asia, is associated with EBV, and represents the leukemic 
phase of nasal-type NK lymphoma (Fig. 88.21B).633–635Patients 
are young (median age, 30 to 40 years) with slight male pre-
dominance and present with a fulminant illness characterized by  
B symptoms, diffuse adenopathy, organomegaly, and circulating 
LGL cells which can have a blastic appearance.634,635 Patients 
are chemoresistant and have a median survival of less than  
3 months.634,635 Another neoplasm of possible NK cell lineage 
is myeloid/NK cell precursor acute leukemia.636,637 Blastic plas-
macytoid dendritic cell neoplasm, formerly mislabeled as CD4+/
CD56+ hematodermic neoplasm or blastic NK cell lymphoma, has 
a predilection for cutaneous involvement and probably should 
receive therapy for acute myeloid leukemia.638

T-prolymphocytic leukemia (T-PLL) represents approximately 
2% of small lymphocytic leukemia in adults (Fig. 88.21C).639,640,641 
Median age is 57 to 69 years and the male:female ratio 
is 1.5:1.642,643 Patients usually have a marked lymphocytosis  
(>100 × 109/L in 75% of patients), splenomegaly (73%) and 
lymphadenopathy (53%); and approximately 20% of patients have 

as SMILE (steroids, methotrexate, ifosfamide, L-asparaginase, 
etoposide) have been formulated to treat nasal-type NK/T cell 
lymphoma.624 Patients with cutaneous only involvement have a 
better survival.625 A disseminated, leukemic form is usually fatal 
within weeks.626

Mature t Cell and Natural Killer-Cell Leukemias
The differential diagnosis of CLL in Chapter 90 includes the 
mature T/NK leukemias. Large granular lymphocyte (LGL) leuke-
mia was associated with chronic neutropenia in 1977, recognized 
as a clonal disorder in 1985, and classified into T (CD3+) and NK 
(CD3-) types in 1993(Fig. 88.21A).204,627,628 The median age is 55 
to 60 years, and there is an association with rheumatoid arthritis 
(20%) and autoimmune features.204,629 Lymphocytosis is usually 
between 2 and 20 × 109/L and mild splenomegaly (25% to 50%) 
may be present, but the usual clinical presentation is neutropenia 
or anemia. Recurrent infections are usually respiratory or muco-
cutaneous and occur in 15% to 56% of patients.204 Pure red cell 
aplasia, autoimmune hemolytic anemia, aplastic anemia, ITP, and 
MDS may occur in LGL leukemia. LGL cells express high levels 
of both FAS and FAS ligand, but the cells are resistant to FAS-
mediated death due to STAT 3 activation which upregulates an 
antiapoptotic protein.629,630 LGL leukemia is an indolent disease 

FIGURE 88.21. Mature T/NK leukemias: A: T cell large granular lymphocytic leukemia: The lymphocytes are enlarged with dense nuclear chromatin and abundant 
cytoplasm with fine azurophilic granules. B: Natural killer/T cell leukemia: Three leukemic cells and one myelocyte are present. The leukemia cells have blastic, fine 
nuclear chromatin with irregular nuclei and basophilic cytoplasm. Some cases may show cytoplasmic granules. C: T cell prolymphocytic leukemia: The lymphocyte 
has clumped nuclear chromatin with irregular nuclear contours, sometimes referred to as “knobby cells.” Nucleoli may be inconspicuous, in contrast to B cell pro-
lymphocytic leukemia, which has prominent nucleoli. D: Abnormal T lymphocyte in the peripheral blood of a patient with adult T cell leukemia. The cell is enlarged 
with a multilobated nucleus. These “flower cells” are usually easily found with this disorder. Images provided by Dr. Dan Arber, Stanford University, Palo Alto, CA.
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pulmonary infections and progressive disease, often in association 
with hypercalcemia.661,662

Because of its chemoresistance and its HTLV-1 viral leukemo-
genesis, ATL has been a unique disease for investigating therapy. 
Interferon a (IFN) plus zidovudine (AZT) has had a higher 
response rate (67% to 92%) than chemotherapy regimens in 
ATLL.663 The current recommendation is to first initiate antiviral 
therapy for the acute, chronic, and smoldering forms.657 Others 
advocate debulking with chemotherapy followed by antiviral 
therapy or concomitant treatment, particularly for the lymphoma 
form. NF-kB inhibition has been proposed as a therapeutic target 
in ATL. Arsenic trioxide synergizes with IFN, has been shown to 
shut down the NF-kB pathway, and has been effective in phase 
II trials.664 Conjugated and unconjugated monoclonal antibodies 
directed at the IL-2 receptor (CD25), CD52 (alemtuzumab), che-
mokine receptor 4(KW-0761), and CD2 (Siplizumab) have activity 
in ATL and are being evaluated in conjunction with other therapy.

Allogeneic hematopoietic cell transplantation (alloHCT) was 
first reported as a curative option in ATL in 1996. Although 
the median survival with alloHCT (9.9 months in a review of  
586 patients) does not appear superior to other therapy, the 
3-year estimated overall survival of 36% suggests HCT may offer 
the best chance for long-term survival.665

Despite the new therapies under investigation in ATL, the 
ultimate goal is prevention of the disease. Avoiding breast-feeding 
in mothers infected with HTLV-1 can reduce infection in the 
newborn by 80%.59 Other proposed methods to prevent ATL are 
antiretroviral therapy and a TAX-targeted vaccine.

tHERapy FoR LocaLizEd LaRgE 
cELL LyMpHoMa
Localized disease is defined by either stage I or II disease which is 
nonbulky (no tumor mass ≥ 10 cm; no mediastinal mass > one-
third the chest diameter). Radiation therapy alone has resulted 
in 20% to 85% cure rates for limited stage large cell lymphomas, 
with the best results in patients who have stage I disease after 
undergoing pathologic staging.18,666 With clinical staging, cure 
rates with radiation alone have usually been less than 50%; there-
fore, most investigators are advocating chemotherapy, usually 
CHOP-type regimens, often followed by radiation, with cure rates 
of 70% to 90%.667 Using a stage-modified IPI for localized disease, 
patients with no adverse risk factors (stage I, age ≤60, <2 per-
formance status, normal LDH) have cure rates exceeding 90%.668

Clinical trials have addressed the issue of chemotherapy 
versus combined modality therapy in limited stage large cell 
lymphoma.669 In a SWOG study, patients with localized inter-
mediate- or high-grade NHL were randomized to 3 cycles of 
CHOP followed by involved field radiation therapy (4,000 to 
5,500 cGy) versus 8 cycles of CHOP.670 Better PFS (77% ver-
sus 64%, P = 0.03) and OS (82% versus 72%, P = 0.02) were 
observed in the combined modality arm and there was a trend 
toward increased toxicity, particularly cardiac, in the chemo-
therapy-only arm.670 A subsequent follow-up report, however, 
indicates no difference in survival between the two arms.671 
Other concerns of the SWOG study are that 8 cycles of CHOP is 
probably excessive for localized disease and that radiation will 
contribute to the risk of long-term toxicities.

An ECOG trial compared low-dose (30 Gy) radiotherapy (RT) 
with observation in limited stage aggressive lymphoma patients 
who had achieved CR after CHOP times 8 cycles, and assessed the 
impact of higher dose (40 Gy) RT in patients in PR.672 The DFS at 
6 years was significantly greater for CR patients who received RT 
(76% vs. 56%, P = 0.05), but there was no improvement in overall 
survival. Patients who received RT rarely relapsed in previously 
irradiated sites. PR patients had a 63% FFS at 6 years, indicating 

skin infiltration.639,640,642 Cell morphology is variable; the nuclei 
are irregular, include a “knobby” variant, and usually have promi-
nent nucleoli; cytoplasmic protrusions are characteristic. Sixty per 
cent of patients are CD4+/CD8-; 25% coexpress CD4+/CD8+; and 
15% are CD4-/CD8+ 639,640,642.

The most common cytogenetic abnormality occurring in 80% 
of patients is an inversion of chromosome 14 with break points 
in q11 and q32; 10% have a reciprocal translocation t(14;14)
(q11;q32).639,644 These translocations juxtapose the locus of 
the TCR a/b gene with the TCL1 and TCL1b genes at 14q32.645 
Deletions at 11q23, the locus for the ATM gene, and at 12p13, and 
abnormalities of chromosome 8 are other common cytogenetic 
findings in T-PLL.639,646

Response rates in T-PLL are 10% to 48% with few com-
plete remissions utilizing chemotherapy, including CHOP or 
nucleoside analogs.642,643 Median survival is usually 1 year 
although up to one-third of patients can have an indolent 
phase.642,643,647Alemtuzumab (Campath 1H) is the most active 
single agent in T-PLL with a 74% and 91% response rate in 
previously treated and untreated patients, respectively.641,648 
Preliminary data suggest the best survival occurs in patients 
treated with intravenous alemtuzumab followed by an allogeneic 
HCT. Nucleoside analogs, particularly pentostatin, can be effective 
in slow responders.641

The clinical course of ATL, which follows infection by HTLV1, 
is variable and takes 4 basic forms: 1) acute (leukemic) (60%), 2) 
lymphoma (20%), 3) chronic (20%), and 4) smoldering (5%). The 
male to female ratio is 1.3–2.2:1, and the median age is 47 to 65 
years.59 The acute form is characterized by lymphadenopathy, 
organomegaly, skin lesions, elevated white count with multilobed 
lymphocytes, often referred to as “cloverleaf” or “flower” cells 
(Fig. 88.21D), hypercalcemia, elevated lactate dehydrogenase 
(LDH) level, and usually a rapidly fatal course. The cutaneous 
lesions have a diverse appearance, including papules, nodules, 
plaques, tumors, and ulcers. Histologically, dermal invasion pre-
dominates, although the lesions of ATL may resemble primary 
cutaneous T cell lymphoma with epidermotropism and Pautrier’s 
microabscesses. Anemia and thrombocytopenia are infrequent 
findings because of a low degree of marrow infiltration. Central 
nervous system involvement may develop in as many as 10% of 
patients with ATL.649

Lymphoma is distinguished by prominent adenopathy without 
significant peripheral blood involvement. Primary extranodal 
lymphoma occurs in approximately 5% of lymphomatous presen-
tations and has involved skin, Waldeyer’s ring, gastrointestinal 
tract, sinuses, and pleura.650 The chronic type is associated with 
an increased white blood cell count and occasionally with slight 
adenopathy and organomegaly. Patients with smoldering ATL 
have few ATL cells (0.5% to 3%) in the peripheral blood, and may 
have skin lesions as well as slight adenopathy, organomegaly, and 
marrow infiltration. Chronic and/or smoldering ATL may evolve 
into an acute form after many years of indolent disease.651

No consistent cytogenetic abnormality has been identified in 
ATL. The most common abnormalities are gains at chromosomes 
14q, 7q, and 3p and losses at 6q and 13q.652,653 Aneuploidy, mul-
tiple chromosomal breaks, and loss of tumor suppressor genes 
are associated with an aggressive course.653,654

Despite combination chemotherapy, which can yield brief 
and low responses, median survivals in the acute and lympho-
matous forms of ATL are usually less than 1 year.59,655,656,657 
Chemotherapy with a complex regimen, the LSG15 protocol, is 
marginally superior to CHOP and has higher response rates in the 
lymphoma form compared to acute.658 Overexpression of MDR 
(ABCB1) and TP53 contribute to chemoresistance.659,660 Poor 
performance status, high LDH, age above 40 years, tumor bulk, 
and hypercalcemia are adverse prognostic factors.655 The chronic 
and smoldering forms have a longer survival rate regardless of 
therapy. The major causes of death in ATL are opportunistic 
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[doxorubicin], cyclophosphamide, Oncovin [vincristine], and dexa-
methasone), MACOP-B (methotrexate, bleomycin, Adriamycin, 
cyclophosphamide, Oncovin, and prednisone), and ProMACE-
CytaBOM (prednisone, Matulane, Adriamycin, cyclophosphamide, 
etoposide/cytarabine, bleomycin, Oncovin, methotrexate).696 
There were no differences in CR, PFS, or OS. The percentage of 
patients alive without progression at 3 years was 41% in the CHOP 
and MACOP-B groups and 46% in the m-BACOD and ProMACE-
CytaBOM groups (Fig. 88.22). The estimated OS was 52% of the 
entire group: 50% for both ProMACE-CytaBOM and MACOP-B, 
52% for m-BACOD, and 54% for CHOP (P = 0.90). There were 
also no differences in fatal toxicities among the regimens: CHOP 
(1%), ProMACE-CytaBOM (3%), m-BACOD (5%), and MACOP-B 
(6%)(P = 0.09).

While the intergroup study reestablished CHOP as standard 
therapy for large cell lymphoma, it did not address the issue of 
dose intensity, and it did not emphasize how poorly these regi-
mens do in patients with adverse prognostic factors. Although the 
newer regimens supposedly were more dose intensive than CHOP, 
there are few differences among the regimens with respect to 
the doses of the most active agents used (i.e., cyclophosphamide 
and doxorubicin). Although no differences were identified among 
the regimens in patients with adverse prognostic factors, none of 
them produced good results. Using these conventional regimens, 
CR rates of 55% and 44% and 5-year survivals of 43% and 26% 
were observed in the high-intermediate and high-risk groups, 
respectively, in the IPI (see section on Prognostic Factors).283,697

The intergroup trial was met with praise as well as disappoint-
ment because it indicated no improvement in survival for nearly 
two decades after the establishment of CHOP as an effective regi-
men. The first study to show an improvement in survival was a 
randomized GELA comparison of CHOP to rituximab plus CHOP 
(R-CHOP) in elderly patients (age 60 to 80 years) with DLBCL.299 
The rate of CR/CRu was higher for R-CHOP compared to CHOP 
alone (75% versus 63%, P = 0.005). The 5-year EFS and OS 
were significantly higher in the R-CHOP arm: 47% versus 29%,  
P< 0.001; and 58% versus 45%, P = 0.007.299,698 The results 
have held up at 10 years (Fig. 88.23).699 A similar intergroup 
trial reported a 3-year FFS of 53% for R-CHOP and 46% for CHOP  
(P = 0.04).700 A second randomization evaluated the role of 
maintenance rituximab (MR) and resulted in a 2-year FFS of 76% 
for MR compared to 61% for observation (P = 0.009); however, 
the major improvement was observed in patients who had not 

a role for the addition of RT. The efficacy of adding rituximab to 
CHOP chemotherapy followed by IFRT was evaluated in a SWOG 
study. The 4-year PFS and OS were 88% and 92%, respectively.673

Other randomized trials in children, as well as adults, have 
shown no benefit to combined modality over chemotherapy 
alone in limited stage patients.674,675 A GELA trial compared 
4 cycles of CHOP plus RT to 4 cycles of CHOP alone in patients 
over 60 years of age and found no difference in EFS or OS.675 
Another GELA randomized trial compared an intensive regimen 
of ACVBP (doxorubicin, cyclophosphamide, vindesine, bleomycin, 
and prednisone) to 3 cycles of CHOP followed by involved field RT 
for patients less than 60 years of age with limited stage disease. 
Although there was more toxicity in the ACVBP arm, there was 
superiority in both EFS (82% vs. 74%, P< 0.001) and 0S (90% vs. 
81%, P = 0.001) for the intensive regimen over the CHOP plus 
RT.676 The major improvement for ACVBP was in the patients 
with bulky stage II disease.

Thus, although short course chemotherapy (3 to 4 cycles) fol-
lowed by RT is an accepted treatment for adults with localized 
large cell NHL, there is data to support chemotherapy alone for 
many patients. There may be more local relapses when RT is 
not used, but there are no differences in survival and there is 
likely to be fewer long-term toxicities with chemotherapy alone. 
A potential role for RT could be in patients who have a positive 
interim or postchemotherapy FDG-PET scan.669 In a series of 
59 patients (83% with stage I/II disease), the 3-year PFS for 
patients with negative scans receiving chemotherapy alone  
(n = 39) and with positive scans receiving consolidative involved 
field RT (n = 20) were 97% and 90%, respectively.677

cHEMotHERapy
In the early 1970s, DeVita introduced a combination chemother-
apy regimen, C-MOPP (cyclophosphamide replacing mechloretha-
mine, vincristine, procarbazine, and prednisone), which produced 
a CR rate in excess of 40% in patients with diffuse “histiocytic” 
lymphoma, a neoplasm generally equivalent to DLCL; approxi-
mately one-third of these patients were cured.678,679 By the 
middle 1970s, doxorubicin had been added to cyclophosphamide, 
vincristine, and prednisone to produce the CHOP regimen, which 
produced CR rates of 50% to 60% and DFS of 30% to 40%.680,681 
CHOP is the most extensively studied and used regimen in the 
therapy of large cell lymphoma. The addition of rituximab has 
improved response and survival.682 Clinical observations have 
been that rapid achievement of a CR was associated with a good 
prognosis680,683 and that relapses after 2 years of DFS were rare. 
Further follow-up for large cell lymphoma, however, recorded 
relapses in 6% to 22% of patients after 2 years of CR.683,684

Subsequent regimens were developed in part on the con-
cepts of Goldie and Coldman, who proposed that tumors 
develop drug resistance by spontaneous mutation soon after 
exposure to chemotherapy;and of Hryniuk and Bush, who 
proposed that increasing dose intensity could overcome drug 
 resistance.342,685–692 The CR rates of third-generation regimens 
were 78% to 88% with DFS of 58% to 69% in studies primarily 
at single institutions.686,692–695 Many of these newer regimens 
had considerable toxicity when used initially, and were associ-
ated with mortality rates of 5% to 10%; however, the rate of 
toxic deaths decreased over time with more experience and with 
better patient selection.684 Many of the series in which these regi-
mens were used involved favorable prognostic groups, including 
patients with limited stage disease and patients with a relatively 
young median age.

One of the most important clinical trials for lymphoma was 
performed by an intergroup (SWOG and ECOG) study which 
compared CHOP with 3 of the newer and reportedly more inten-
sive regimens, m-BACOD (methotrexate, bleomycin, Adriamycin 

FIGURE 88.22. Intergroup study comparing CHOP, M-BACOD, and ProMACE/CytaBOM 
in predominantly intermediate grade Working Formulation (WF) lymphomas. There 
were no differences observed in time to treatment failure in the four groups. Updated and 
adapted from Fisher RI, Gaynor ER, Dahlberg S, et al. Comparison of a standard regimen (CHOP) 
with three intensive chemotherapy regimens for advanced non-Hodgkin’s lymphoma. N Engl J 
Med 1993;328:1002–1006, with permission.
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clinical trials have yet to prove the efficacy of dose intensity. 
Increased doses of doxorubicin in the BACOP regimen failed 
to show improvement in response or survival when compared 
in a randomized trial to standard doses.711 In a small trial of 
22 patients treated with high-dose CHOP, the CR rate was 86% 
with 69% PFS but short follow-up (median of 20 months).712 
In a trial of 70 patients with intermediate- to high-grade 
lymphoma, a short course (8 weeks), dose intensive therapy, 
referred to as MEGA, produced an 81% CR rate and 52% 5-year 
FFS.713 Another phase II trial evaluating double dose ProMACE-
CytaBOM with growth factor support reported a CR of 69%, 
PFS of 58%, and OS at 73% at 4 years.714 A dose-escalated trial 
known as MegaCHOEP with stem cell transplantation on the 
third and fourth cycles resulted in FFTF of 62.1% and OS of 
67.2% at 5 years.715

In a phase III trial (LNH87-1) that compared a more inten-
sive regimen, ACVBP (Adriamycin [doxorubicin], cyclophos-
phamide, vindesine, bleomycin, prednisone) to a standard 
regimen (m-BACOD) in a group of low-risk aggressive lym-
phoma patients, there were no differences in FFS and OS (65% 
and 75% in ACVBP, and 61% and 73% in m-BACOD).716 In a 
multivariate analysis, ACVBP was associated with a better FFS 
in the patients with 2 or 3 age-adjusted IPI risk factors.716 In 
another randomized trial, ACVBP was superior to CHOP plus 
RT for limited stage patients.676 ACVBP plus rituximab was also 
superior to R-CHOP in DLBCL patients <60 years with an IPI 
of 1. Three year EFS was 81% vs. 67% (P = 0.0035) and OS was 
92% vs. 84% (P = 0.0071). Serious adverse events, particularly 
febrile neutropenia, were more common in R-ACVBP (42%) than 
in R-CHOP (15%).717

Some investigators advocate early autologous HCT for selected 
DLBCL patients with poor prognostic factors, but large random-
ized trials have failed to consistently show a benefit for early 
transplantation.718,719,720–723 R-CHOP is the standard regimen 
for DLBCL for adults in the United States. European trials and 
pediatric studies, however, have indicated a role for more inten-
sive therapy based upon an increasing number of adverse fea-
tures.715,716,724 And it is likely that there are patients with such 
poor survival at diagnosis who should be considered for either 
dose intensification or early transplantation. Ongoing trials con-
tinue to address the issues of dose intensity and transplantation 
as front-line therapy for aggressive NHL.725,726

received rituximab with CHOP. The 2-year FFS after the second 
randomization for the 4 arms were: 77%, 79%, 74%, and 45% for 
R-CHOP, R-CHOP plus MR, CHOP+MR, and CHOP, respectively. 
Randomized trials in young patients have shown a superiority to 
the rituximab arm: 79% versus 59% 3-year EFS (P < 0.0001).701 
The addition of rituximab to CHOP may partially overcome the 
adverse prognosis associated with the nongerminal center (ABC) 
DLBCL.702 New prognostic models evaluating biologic markers 
and/or gene expression are under investigation in the rituximab 
era, although reproducibility remains a concern.326,703

Strategies to improve response and survival in aggressive 
lymphomas have included using alternating non–cross-resistant 
regimens, infusional therapy, additional drugs, shorter intervals, 
modifiers of multidrug resistant genes, and dose intensification, 
including HCT. Phase II trials of non–cross-resistant regimens 
such as alternating triple therapy from M.D. Anderson, appeared 
to overcome adverse prognostic factors, but they were not com-
pared to CHOP in phase III trials.704,705 Similarly a continuous 
infusional regimen, EPOCH with dose adjustments (DA-EPOCH) 
based on an individual’s drug clearance, had a CR rate in large B 
cell NHL of 92%, a 5-year PFS and OS of 70% and 73%, respec-
tively, and overcame the IPI.536 Other phase II trials evaluating 
infusional therapy with or without modifiers of MDR (verapamil 
and quinine) have not shown an advantage over historical trials 
utilizing CHOP therapy.706 An intergroup trial is now comparing 
DA-EPOCH-R to R-CHOP.

German trials have evaluated whether biweekly CHOP  
(CHOP-14) with or without etoposide (CHOEP) was more effec-
tive than the same regimens given on a 21-day cycle. For elderly 
patients, aged 61 to 75 years, CHOP-14 was superior to CHOP-21 
with 43.8% and 53.3% 5-year EFS and OS compared to 32.5% and 
40.6%; and the CHOEP regimens were too toxic.707 Alternatively, 
for younger patients, aged 18 to 60 years, the CHOEP regimen 
had better CR (87.6% versus 79.4%, P = 0.003) and 5-year EFS 
(69.2% versus 57.6%; P = 0.004) than CHOP.708 There was no 
statistical advantage of CHOEP-14 over CHOEP-21. These trials 
were performed without rituximab which, if added, might lessen 
differences among the regimens. Randomized trials in the United 
Kingdom and France have compared R-CHOP 14 to R-CHOP 21 
and have shown no differences in responses or survivals.709,710

Dose escalation has been advocated as a means to improve 
response and survival in aggressive lymphomas, but phase III 

FIGURE 88.23. Progression-free survival (PFS) in elderly patients randomized between CHOP plus rituximab (R-CHOP) and CHOP. The 10-year PFS 
(median) was 36.5% (4.8 years, 95% CI: 23.7 to 7.6) for R-CHOP versus 20% (1.2 years, 95% CI: 9–1.8) for CHOP (P< 0.0001). From Coiffier B, Thieblemont C, 
Van Den Neste E, et al. Long-term outcome of patients in the LNH-98.5 trial, the first randomized study comparing rituximab-CHOP to standard CHOP chemotherapy 
in DLBCL patients: a study by the Groupe d’Etudes des Lymphomes de l’Adulte. Blood 2010;116:2040–2045, with permission.
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(GEMOX-R) led to an ORR of 43% with 34% CR in refractory/
relapsing DLBCL.743 Both regimens could be used in elderly 
patients and the best survivals were in patients who were able to 
go to transplant.

Doxorubicin-related compounds used as single agents and 
in combination chemotherapy for relapsed NHL include mito-
xantrone,734 amsacrine,744 idarubicin,745 epirubicin,746 aclaci-
nomycin,747 esorubicin,748 liposomal doxorubicin,749 and 
pixantrone.750 No drug has had an advantage over doxorubicin, 
although mitoxantrone produces less alopecia, mucositis, nausea, 
emesis, and possibly cardiotoxicity. Liposomal doxorubicin also 
appears to have less cardiotoxicity. CHOP was superior to CNOP 
(cyclophosphamide, mitoxantrone, vincristine, prednisone) in a 
randomized trial in elderly patients;751 however, an argument 
has been made that the study did not compare equivalent doses 
of doxorubicin and mitoxantrone.734 A salvage regimen utilizing 
mitoxantrone, carboplatin, cytosine arabinoside, and methylpred-
nisolone had a response rate of 70% (26% CR).752

Nucleoside analogs have primarily been used in indolent 
lymphomas, but gemcitabine, a pyrimidine antimetabolite, has 
had activity in relapsed aggressive lymphomas (see section on 
“GEMOX”). A response rate of 20% was observed in predomi-
nantly large B cell NHL, and higher responses have been observed 
in PTCL.753,754 The ORRs in gemcitabine combination regimens 
with cisplatin and methylprednisolone, and with vinorelbine, have 
been 79% (21% CR) and 50% (14% CR), respectively.755,756 The 
ORR of cisplatin, etoposide, gemcitabine, and methylprednisolone 
(PEGS) in PTCL was 39% (24% CR/CRu) with 2-year OS of 30% 
and PFS of 12%.553 The authors concluded that PEGS was not 
clearly superior to results for CHOP likely because of the inherent 
chemoresistance of PTCL, but PEGS could serve as a comparison 
for non-CHOP regimens in PTCL.

Vinca alkaloids with less neurotoxicity than vincristine have 
also been evaluated in NHL. Vincristine sulfate liposomes injec-
tion had a 25% ORR (5% CR/CRu) in refractory aggressive NHL 
with twice the dose intensity of standard vincristine.757 Infusional 
vinorelbine resulted in 25% response with a median PFS of 6 
months in responders.758 Novel methods of drug delivery includ-
ing liposomal formulations, pegylation, different schedules of 
infusions, and oral formulations may also obtain responses in 
relapsed NHL.757,759,760

Taxanes and camptothecins are agents with activity in solid 
tumors which are being evaluated in the therapy of NHL. 
Paclitaxel (Taxol) and docetaxel (Taxotere) are tubulin-binding 
taxanes which have produced responses in 13% to 23% of heavily 
treated patients.761–764 Camptothecins, topoisomerase I inhibitors, 
including hycamptamine (Topotecan), irinotecan (Camptosar), 
and 9-aminocamptothecin (9-AC) have had responses of 25% to 
35%.765,766 Combinations of paclitaxel plus hycamptamine are 
synergistic, with a response rate of 48% and a median duration 
of 6 months.767

Bortezomib is a proteasome inhibitor that has shown activity 
in lymphoma, and response rates vary according to histologic 
subtypes.768–770 The best response rates (33% to 56%) have been 
reported in MCL, the only type of NHL for which bortezomib is 
approved. Bortezomib plus CHOP-R is in trials for previously 
untreated DLBCL and MCL and appears to overcome the poor 
prognosis of nongerminal DLBCL, possibly through inhibition of 
the NF-KB pathway.494,769–771

Understanding mechanisms of drug resistance is an area of 
investigation for the development of salvage regimens. Although 
the multidrug resistance (MDR/ABCB1) gene and its gene product, 
P-glycoprotein, are expressed rarely in lymphomas at diagnosis, 
MDR expression often is detected in lymphoma cells at relapse. 
The MDR-inhibiting agents include verapamil, cyclosporine, and 
its analog valspodar (PSC-833), and their use in conjunction with 
chemotherapy has been inconsistent in patients with relapsed 
lymphomas.772,773

saLvagE cHEMotHERapy
Chemotherapy regimens at relapse usually involve agents that are 
non–cross-resistant with, or at least different from, drugs used 
in initial therapy. Rituximab is usually added to the regimen as 
long as the lymphoma remains CD20-positive. For example, ifos-
famide, an alkylating agent analog, produced a 29% response rate 
in phase II trials,727 and has been incorporated into salvage regi-
mens. Investigators at MDACC have developed multiple effective 
protocols: MIME (methylguazone, ifosfamide, methotrexate, eto-
poside [VP-16]),728 DHAP (dexamethasone, high-dose cytarabine 
[ara-C], and cisplatin [Platinol]),729 ESHAP (etoposide, solumedrol 
[methylprednisone], high-dose cytarabine [ara-C], Platinol [cis-
platin]),730 MINE (mesna, ifosfamide, Novantrone [mitoxantrone], 
etoposide),731 and MINT (mesna, ifosfamide, Novantrone [mito-
xantrone], Taxol [paclitaxel]).732 The CR and PR rates for a variety 
of histologic types were 24% and 36% for MIME; 31% and 24% for 
DHAP; 37% and 27% for etoposide, solumedrol (methylpredniso-
lone), and high-dose cytarabine (ara-C) with or without cisplatin; 
and 26% and 20% for MINT. However, most of the responses were 
of short duration with median times to treatment failure usually 
less than 1 year. Combining regimens such as MINT-ESHAP or 
MINE-ESHAP has yielded response rates in the 49% to 69% range, 
but there are no obvious differences in outcome among the com-
binations.733,734

Various doses and schedules of ICE (ifosfamide, carboplati-
num, etoposide) have been used in relapsed NHL and to mobi-
lize peripheral blood stem cells prior to transplant.735,736 The 
response rate to an ICE regimen developed at Memorial Sloan-
Kettering Cancer Center was 66%, with 89% of these patients 
going on to transplantation.735 Patients who achieved a CR to ICE 
prior to transplantation had a superior OS to patients who had PR 
(65% versus 30%, P = 0.003).735 The addition of rituximab to an 
ICE regimen improved the CR rate from 27% on a previous study 
to 53%.737

A phase III trial, the Collaborative Trial in Relapsed Aggressive 
Lymphoma (CORAL) study, randomized R-ICE versus R-DHAP 
in patients with refractory or relapsed CD20+ DLBCL and found 
similar response rates (63.5% vs. 62.8%).738 Responding patients 
failed to mobilize after both regimens and only 50% of patients 
were able to undergo SCT. There was no difference in 3-year EFS 
(26% and 35%) or OS (47% and 51%) between the 2 regimens. 
EFS was adversely affected by initial relapse within 1 year from 
diagnosis, aaIPI of 2 to 3, and prior rituximab treatment.

Based on the premise that prolonged exposure to therapy 
may be more effective than bolus, EPOCH was developed at the 
NCI and produced a 24% CR and 50% PR in relapsed/refractory 
NHL.739 With a median follow-up of 76 months, the OS and EFS 
were 17.5 and 7 months, respectively. In patients with chemo-
sensitive  disease with aggressive histologies, the EFS was 19% 
at 3 years739 (see section on “DA-EPOCH-R in Chemotherapy”). 
Investigators at Stanford University developed CEPP(B) (cyclo-
phosphamide, etoposide, procarbazine, prednisone ±  bleomycin), 
which produced 34% CR and 22% PR in previously treated 
patients with  intermediate- or high-grade histologies.740

In general, salvage chemotherapy regimens in DLBCL are 
utilized as a bridge to transplantations because prolonged surviv-
als without transplant are less than 15%. Single agent therapy is 
rarely used in intermediate- to high-grade lymphoma except in 
phase I/II trials or as palliation. Because of significant activity in 
relapsed disease, some of the agents are being used in combina-
tion with other drugs earlier in the course of NHL.

Oxaliplatin, a third-generation platinum drug with no renal 
toxicity and minimal auditory damage, has a 40% response rate 
in refractory NHL and is used in salvage regimens.741 Rituximab, 
dexamethasone, cytarabine, and oxaliplatin (R-DHAX) had an 
ORR of 75% (57% CR/CRu) in relapsed NHL, primarily DLBCL 
and FL.742 Combining gemcitabine with oxaliplatin and rituximab 
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for ≥ 2 cycles, and 15% had FFP for ≥ 4 cycles.785 Toxicities were 
minimal with 4% grade 3 and there was no grade 3 or 4 neutro-
penia. In a randomized phase II trial of R-CHOP plus enzastaurin 
versus R-CHOP in high-intermediate or high IPI DLBCL, the CR 
rates were 36% vs. 26% and the 1 year PFS was 71% vs. 52% with 
similar toxicity profiles.786

Rapamycin and the rapalogs (temsirolimus, everolimus, and 
deforolimus) are inhibitors of mTOR kinase, a mediator of 
growth signaling that follows the PI3K pathway and is activated 
by mutation or amplification of AKT (protein kinase B).774,787 
Temsirolimus has yielded ORR of 22% to 41% in MCL.787 In a 
phase III trial comparing temsirolimus to investigator’s choice of 
therapy in relapsed/refractory MCL, the objective RR was higher 
for temsirolimus (22% vs. 2%) (P = 0.0019); and there was no 
statistical difference in median OS (12.8 vs. 9.7 months).788 The 
grade 3/4 toxicities were thrombocytopenia (59%), anemia (20%), 
neutropenia (15%), and asthenia (13%). In a phase II trial of 
everolimus for relapsed B-NHL, the ORR was 30% with no differ-
ences among DLBCL (30%), MCL (32%), and FL (38%).789

Immunomodulating drugs (IMiDs) have both immunomodu-
latory and antiangiogenic properties; they can stimulate T cell 
responses and dendritic cells to recruit natural killer cells and 
modify the cytokine microenvironment.774 Lenalidomide, an 
analog of thalidomide, has been extensively evaluated in CLL. 
Responses of 31%to 47% were observed in relapsed patients 
and 58% to 65% in previously untreated CLL.790 A tumor flare 
response (painful enlargement of nodes or spleen, fever, and 
rash) occurs in over half the patients in several series and may 
be lessened by slow dose escalation and the use of steroids.790,791 
Tumor lysis may occur in up to 5% of CLL patients treated with 
lenalidomide.790

Lenalidomide monotherapy has also been used in aggressive 
lymphomas. An ORR of 35% (12% CR/CRu) was observed in 49 
relapsed/refractory B-NHL, including 19% for DLBCL and 53% for 
MCL.792 Grade 4 cytopenias were 8.2%. In an international phase 
II trial, the ORR was similarly 35% (13% CR): 28% for DLBCL, 
42% for MCL, 42% for FL-grade 3, and 45% for transformed lym-
phoma.793 The PFS was 3.7 months and the median duration of 
response for responders was 10.6 months. Grade 4 neutropenia 
and thrombocytopenia occurred in 17% and 6%, respectively.  
A higher response and improved survival with lenalidomide has 
been reported for the nongerminal center DLBCL compared to 
the germinal center type.794 An ORR of 30% has been reported 
in PTCL.795

NovEL agENts
Relapse due to chemoresistance remains a major obstacle in 
improving survival for NHL. Targeting B and T cell receptors with 
monoclonal antibodies, both unconjugated and conjugated, is an 
ongoing area of investigation (see section on “Immunotherapy”). 
The PI3K/AKT/mTOR signaling pathway is critical in cancer devel-
opment, and aberrant activation of the protein tyrosine kinases 
has led to the development of novel targeted therapy. Drugs under 
investigation target protein kinases, oncogenic signaling via the 
mammalian target of rapamycin complex (mTOR), and the tumor 
microenvironment (immune modulation) (Fig. 88.24).774,775,776

B cell receptor (BCR) signaling can lead to activation of spleen 
tyrosine kinase (SYK) in B cell lymphomas. Fostamatinib, an oral 
SYK inhibitor, abrogates BCR signaling, inhibits MYC overexpres-
sion, and induces apoptosis. In a phase I/II trial of relapsed B-NHL 
(n = 68), the ORRs were: 22% for DLBCL, 10% for FL, 55% for 
SLL/CLL, and 11% for MCL.777 Side effects included fatigue (41%), 
diarrhea (41%), cytopenias (24% to 31%), and hypertension (24%).

Ibrutinib (PCI-32765) is an oral, irreversible inhibitor of Bruton 
tyrosine kinase (BTK) just downstream of SYK; and it inhibits 
the subsequent pathways, including MAPK, PI3K, and NF-kB 
 signaling.778 In 26 elderly (median age, 71 years) CLL patients, 
73% achieved a response (65% PR and 8% CR) and an additional 
12% had a nodal response with lymphocytosis.779 One year PFS 
was 93%. Diarrhea, nausea, and fatigue were common (grade ≤2) 
side effects; 10% of patients had > grade 3 cytopenias or infec-
tions. In a phase IA study of 56 patients with relapsed B-NHL, the 
ORR was 62%, including 29% for DLBCL and 78% for MCL.780

CAL-101 (GS-1101) is an oral selective inhibitor of PI3K-d 
and is active in CLL and other B cell NHL with little toxicity 
and minimal myelosuppression. In a phase I trial of 55 patients 
with relapsed B-NHL, PRs occurred in 62% for both indolent 
NHl and MCL but none in DLBCL.781 Because CAL-101 inhibits 
microenvironment signals which can cause drug resistance and 
enhances cytotoxic agents, it is being investigated in combination 
regimens.782 In 18 patients who received CAL-101 with rituximab 
or bendamustine, the ORRs were 91% in indolent B-NHL (n = 11) 
and 71% in CLL.783

Enzastaurin is an oral inhibitor of protein kinase C beta 
(PKCb), an essential component of the vascular endothelial growth 
factor (VEGF) signaling pathway, which has been linked to a poor 
prognosis in DLBCL.784 In a phase II trial of 55 patients with 
relapsed/refractory DLBCL, 7% had a CR,22% experienced FFP 

FIGURE 88.24. Targeting B cells: This simplified sche-
matic illustrates relationships between intermediates 
(see text) in the PI3K/AKT/mTOR pathway and shows 
points at which selected drugs inhibit B cell growth.
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and are a part of present-day regimens. Rituximab is incorpo-
rated into the regimens and appears to have improved outcome, 
but there are no comparative trials.810 Relapses are usually con-
fined to the first year after stopping therapy; there is no role for 
maintenance.

In pediatric and some adult trials, there is a prephase with 
low-dose cyclophosphamide- vincristinesteroids to debulk and 
to lessen tumor lysis, followed by intensive therapy stratified 
according to prognostic factors.803 Prephases are probably unnec-
essary in most patients, particularly with the use of rasburicase. 
Patients with limited stage disease often require only 2 to 3 cycles 
of therapy delivered over 2.5 to 4 months.816 In a retrospective 
review of adults treated with the pediatric LMB protocols, the CR 
rate was 89% with a 3-year OS of 74%.803 The Magrath regimen 
of CODOX-m/IVAC has been administered to both children and 
adults and also utilizes risk stratification. The initial reports had a 
4-year DFS of 84% but were in a young population with a median 
age of 25 years.727 Selected older patients are now given the 
more intensive regimens but tend to have more treatment-related 
deaths unless modifications are made.817

Intensity of therapy in HIV patients with NHL was previously 
reduced due to risk of infections and poor survival; however, in the 
era of HAART and growth factor support, the CR rate with hyper-
CVAD in HIV patients with BL/leukemia has reached 92% with a 
2-year survival of 48%.818 Myelosuppression can still be problem-
atic in HIV patients and dose modifications may be required. There 
is a randomized trial indicating that rituximab does not improve 
survival if given with chemotherapy in HIV-related NHL.819 The 
lack of improvement in the rituximab arm was attributed to 
increased infectious deaths in HIV patients with CD4(+) counts 
less than 50/mm3. Rituximab with concurrent infusional EPOCH 
achieved a high rate of complete response. At a median follow-up 
of 5 years the PFS and OS were 84% and 68%, respectively.820 
DA-EPOCH-R is also being used in non-HIV BL/BUL and may be 
particularly warranted in the elderly due to less toxicity.815

Advanced stage patients with CNS or marrow involvement 
previously had survival less than 30% and were considered candi-
dates for early transplantation;821 however, with the present-day 
regimens, DFS is in the 40% to 80% range for BL/B-ALL, obviat-
ing the need for early transplantation in most adult patients.822 
At relapse, there is no standard therapy, and there is no clear 
advantage of allogeneic HCT over autologous, even though many 
centers favor the former.823 Transplantation is rarely successful 
for relapsed patients unless they are chemosensitive and in a sec-
ond CR (see Chapter 104).

Lymphoblastic Lymphoma
T cell LBL is more common than B-LBL in adults, accounting for 
up to 90% of cases. T-LBL is seen primarily in adolescents and 
young adults with a predominance of men (2 to 3:1) who have a 
bimodal distribution (peaks at age 10 to 30 and 60 to 70 years).824 
T-LBL presents with a mediastinal mass in 60% to 70% of 
cases.825 B cell LBL has a slight male predominance, a more even 
age distribution (median age ∼39 years), and rarely has mediasti-
nal or bone marrow involvement. Extranodal sites of disease are 
common in B-LBL and include skin, bone, and soft tissue.826,827

The immature T cell origin of LBL was confirmed by the pres-
ence of the intranuclear enzyme, terminal deoxynucleotidyl trans-
ferase (TdT), which is not detected in the mature or peripheral 
T cell neoplasms. Although LBL expresses less TdT and tends to 
have a more mature phenotype than T-ALL, considerable overlap 
exists both biologically and clinically between these entities, and 
they are unified as precursor T cell lymphoblastic leukemia/lym-
phoma by the WHO classification.828

Multiple genes have been identified in the translocations asso-
ciated with T-LBL/ALL. Approximately one-third of patients with 
T-LBL have translocations involving the loci of T cell receptor 

All of the above agents and many more are being investigated 
in combinations with each other, monoclonal antibodies, and che-
motherapy. Trials should be designed with specific targets, pre-
clinical evidence of synergism, and an awareness of the expense.

HigHLy aggREssivE LyMpHoMas
BL and lymphoblastic lymphoma (LBL), usually of immature T cell 
origin, are rare NHLs in adults, each representing less than 3% of 
NHLs. Since NHL is more common in adults; the absolute number 
of highly aggressive lymphomas exceeds that in children. Because 
children are treated primarily on clinical trials unlike adults, at 
least in the United States, the main advances learned from pediat-
rics apply to the therapy of highly aggressive lymphoma in adults 
(Chapter 89). In brief, short course, dose intensive cyclophospha-
mide therapy is utilized in BL while therapy for ALL is the main 
approach to LBL. Both types of highly aggressive NHL require CNS 
prophylaxis, and have clinical overlap with adult ALL (Chapter 74).

Burkitt Lymphoma
BL has a bimodal peak between 0 and 15 years and a later peak 
over 60 years.796 SEER data indicates the median age is as high 
as 45 years with 30% over 60 years of age.797

BL is characterized by a high proliferative rate (Ki67 approach-
ing 100%), a germinal center phenotype expressing CD10 and 
BCL6 and weak BCL2, and a MYC/8q24 translocation.798 B 
cell lymphoma unclassified with features intermediate between 
DLBCL and BL (BLU) tend to have slightly deviant morphology 
and not quite as high a proliferative rate as BL. MYC transloca-
tions occur in 30% to 50% of BLU, but there are usually more 
complex genetic abnormalities than BL, including “double hits” 
where there are BCL2 translocations or breakpoints in BCL6.515

GEP is emerging as a technology to distinguish lymphomas 
with an intermediate morphology between DLBCL and BL. BL 
can be distinguished from DLBCL by a high level of MYC target 
genes, a subgroup of germinal center B genes, and a low level 
of expression of major-histocompatibility complex Class I genes 
and NF-kB target genes.799 Until GEP becomes more available, 
detecting MYC translocations by fluorescence in situ hybridization 
along with a high proliferative index can usually distinguish BL 
from DLBCL.800

In the United States, BL tends to occur in younger adults with 
more gastrointestinal presentations and less marrow involvement 
than BLU;but they clinically overlap, have a risk for spontaneous 
tumor lysis, and have been difficult to cure with conventional 
chemotherapy for adults. Intraabdominal presentations usually 
involve the small bowel and intraabdominal nodes and may 
mimic appendicitis or intussusception.801 Surgery formerly played 
a role in staging and debulking disease, but now is reserved for 
the emergency acute abdomen. Early use of rasburicase and 
nephrology intervention should be considered in patients with 
elevated levels of LDH and uric acid. Bone marrow and CNS 
involvement have been reported in 30% to 38% and 13% to 17% 
of patients, respectively.801

Short course, dose intensive regimens have improved results 
in BL/mature B-ALL.727,802–809,810,811,812,813–815 Results vary in 
part due to differences in age, stage, number of HIV-positive 
patients, and intensity of therapy (Table 88.14). In general, the CR 
rates are in the range of greater than 80% and survival is approxi-
mately 50% for the older adult and in the range of 60% to 90% for 
young adults. CNS prophylaxis previously involved whole brain 
and occasionally spinal radiation, but can be accomplished by a 
combination of intravenous and intrathecal drugs (methotrexate 
and/or cytarabine). Radiation may still be utilized in patients who 
have documented CNS disease at diagnosis. Growth factors, either 
G- or GM-CSF, have decreased the length of myelosuppression 
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the type of maintenance therapy, and the role of transplanta-
tion. With present-day ALL regimens, the CR rates are 75% 
to 90%, with prolonged DFS of 40% to 70% of responders 
(Table 88.15).842–853 An option to consider for young adults is to 
utilize pediatric-based protocols which have had better EFS when 
compared to adult ALL protocols.854 A retrospective analysis 
comparing patients irradiated to those not irradiated showed less 
mediastinal relapse but no difference in FFP or OS.855 In the era 
of intensive ALL regimens, however, routine mediastinal radia-
tion is no longer used in pediatrics and is probably not warranted 
in most adults. PET imaging may assess residual mediastinal 
disease, but it has not been well studied in LBL. Because of poor 
survival with chemotherapy in high-risk patients, there may be a 
role for early transplantation.851

The most significant predictor of survival for patients under-
going HCT is the status of the disease at the time of trans-
plant.853,856–859 The European Bone Marrow Transplantation 
Group retrospectively reviewed their experience in 214 patients 
with LBL who underwent autologous transplantation with 6-year 
DFS varying according to disease status: 63% in first CR, 31% in 
second CR, and 15% with resistant disease.853 Trials that evalu-
ate HCT often fail to include intent to treat analysis and result in a 
bias favoring the transplant arm. In a randomized trial comparing 
early autologous HCT to conventional chemotherapy,858 there was 
a trend favoring autoHCT (55% versus 24%, P = 0.065) but there 
was no improvement in OS.858 Only two-thirds of patients eligible 
for randomization were actually randomized.

The role of allogeneic transplant in LBL in first CR is even more 
controversial. In an International Bone Marrow Transplant Registry 
retrospective review of transplants for LBL, there were fewer 
relapses with allogeneic HCT compared to autologous HCT, but 
there was no survival advantage due to higher treatment-related 
mortality.859 Recent randomized trials in adult ALL, some of which 
include LBL, however, are favoring the allogeneic arm.860,861

Novel agents are being studied in relapsed LBL. Nelarabine, 
an analog of AraG, had an ORR of 55% in pediatric patients 
with T-ALL/LBL in first relapse and 27% in second relapse.862 
An ORR of 46% (36% CR) was reported for adults with relapsed/
refractory T-ALL/LBL.863 Clofarabine, a nucleoside analog that 

genes, a and d at 14q11.2, b at 7q35, and g at 7p14-5, which 
produce high levels of transcription factor genes such as HOX11/
TLX1, TAL1/SCL, TAL2, and LYL. GEP can subdivide T-LBL into 
subtypes with differing prognoses.829–831 Patients with HOX11 
have a pattern of gene expression associated with the early cor-
tical thymocyte and have a better prognosis than patients with 
TAL1 or LYL1 expression, which correlate with late cortical and 
early pro-T lymphocytes, respectively.832 NOTCH1 is a transmem-
brane receptor and activating mutations occur in 50% to 60% of 
patients with childhood T-ALL.833,834 FBXW7 is a ubiquitin ligase 
that triggers ubiquitination and degradation by the proteasome. 
Inactivating mutations FBXW7 have been reported in 11% to 
13% of patients. NOTCH1 and FBXW7 mutational status together 
identify a favorable group of lymphoblastic lymphoma.835 Rarely, 
T-LBL is associated with eosinophilia, myeloid malignancy, spe-
cific cytogenetic translocations t(8;13) (p11;q12), t(8;9)(p11;q32), 
or t(6;8)(q27;p11), and is known as 8p11 myeloproliferative dis-
order.836 Unusual cases of T cell LBL have been associated with 
prior epipodophyllotoxin chemotherapy and a cytogenetic translo-
cation involving the MLL gene, t(11;19)(q23;p23).837

Because LBL is rare in adults, only a few series have addressed 
therapy and some patients have received early transplantation, 
which compromises the assessment of the impact of chemo-
therapy.458 Studies in the 1980s indicated a CR rate of 53% to 
95% using CHOP-like induction regimens and high CNS relapse 
(∼40%) if CNS prophylaxis was not given.838–840Using predomi-
nantly ALL-like regimens with a maintenance phase lasting 12 to 
36 months results in 3- to 5-year survivals of 40% to 72%.838–840 
Poor prognostic features included age (> 30 years), bone marrow 
involvement, elevated white-cell count (>50 × 109/L), CNS dis-
ease, elevated LDH, and slow response.839,840 Coleman reported 
a 5-year survival of 94% in low-risk patients compared to 19% 
(P< 0.001) with high-risk features, defined by bone marrow or 
CNS disease or elevated LDH (>1.5 × normal).840 Short course, 
dose intensive regimens without maintenance have been tried in 
lymphoblastic lymphoma, but the relapses appear excessive and 
the numbers are too small to utilize this approach.841

Controversial management issues for LBL include the optimal 
type of CNS prophylaxis, the role of radiation to the mediastinum, 

Survival by 
Risk Group

Author, Year 
(Reference)

No. of 
Patients

Median 
Age (y) Regimen CR (%)

SCT in 1st 
CR (%)

Overall 
Survival (%) 
(at x years) Low Higha

Thomas, 2001842  24 28 Hyper CVAD 96 0 80 (3) — —

Sweetenham, 2001858 119 26 LSA L2/Stanford 57 36b 46 (3) — —

Hoelzer, 2002848  45 25 GMALL-89/93 93 0 51 (7) 56 48

Jabbour; 2006849  27 31 LMT-89 74 — 63 (5) 85 30

Song, 2007850  34 26 Hybrid ALL/NHL 66 85c 72 (4) — —

Hunault, 2007851  45 27 ALL, randomized 
to auto-SCT

89 44 64 (7) 69 60

Cortelazzo, 2012852  30 27 ALL ± auto-SCT 62d 47 72 (5) — —

ALL, acute lymphoblastic leukemia; CR, complete response; GMALL, German Multicenter Acute Lymphoblastic Leukemia; HyperCVAD, cyclophosphamide, vincristine, doxorubicin, 
dexamethasone alternated with high-dose methotrexate and cytarabine followed by maintenance; LMT, Lymphoma Malignant T; NHL, non-Hodgkin lymphoma; SCT, stem cell transplant.
a High risk defined by marrow involvement.

b Transplant: 12 allo, 31 auto; auto had 55% vs. 24% RFS (3 year) for chemotherapy (n = 34) (P = 0.065).
c Transplant: 4 allo, 25 auto.
d CR rate up to 93% with radiation to 6 pts.

taBLe 88.15

cHEMotHErapy in aDuLts WitH LyMpHoBLastic LyMpHoMa
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reflect the homing mechanisms of lymphocytes and may depend 
upon antigen-driven lymphoproliferation. Management of extra-
nodal lymphomas does not necessarily follow that of their nodal 
counterparts.870

Site(s) of involvement and histologic type are both important fac-
tors in the management of extranodal lymphomas (Table 88.16). 
It is important to determine whether the disease is localized or 
disseminated. The Ann Arbor staging system has been used with 
stage IE, representing localized extranodal lymphoma, and IIE, 
representing extranodal lymphoma with involvement of adjacent 
lymph nodes; a subclassification of IIE, which separates involve-
ment into contiguous nodes (II1E) and noncontiguous nodes 
(II2E), has been used in gastric lymphomas; stages III and IV in 
extranodal lymphomas represent disseminated disease with little 
advantage in distinguishing the 2 stages. Extranodal lymphomas 
of the gastrointestinal tract, nasopharynx, and testes are generally 
more aggressive than those of the lung, orbit, or salivary gland. 
Therapy, however, depends not only on the site, but also on the 
histologic characteristics, immunophenotype, epidemiologic fac-
tors, size, and stage of the lymphoma.

The stomach accounts for approximately one-half of the gas-
trointestinal lymphomas; 60% of gastric lymphomas are aggres-
sive, usually DLBCL, sometimes in conjunction with low grade 
histology, and 40% are indolent, usually of the MALT type. The 

inhibits ribonucleotide reductase, had an ORR of 30% (24% CR) 
in relapsed pediatric ALL and 17% in adult ALL.864 Clofarabine 
combined with cyclophosphamide and/or etoposide had a 31% 
CR rate in adults with relapsed ALL/LBL, but had 23% treatment-
related deaths.865 The prevalent NOTCH1 mutations in T-ALL are 
targets for inhibition, and mutations of NUP214-ABL1, an acti-
vated tyrosine kinase in episomal DNA, present in 6% of T-ALL, 
may respond to tyrosine kinase inhibitors.866

MaNagEMENt oF ExtRaNodaL 
LyMpHoMas
Approximately one-third of NHLs arise from sites other than 
nodes, spleen, or bone marrow, and have occurred in almost 
every organ.867 There is geographic and ethnic variation for 
sites and types of extranodal lymphomas.868 The gastrointesti-
nal tract accounts for up to one-third of extranodal NHL in the 
Western hemisphere.867,869 If Waldeyer’s ring and tonsils are 
included, head and neck localizations are the second most com-
mon site, accounting for one-fifth of cases. SEER data reports 
stomach, skin, intestine, and brain to be the most common 
sites of extranodal disease.35 The sites of extranodal lymphoma 

Site Usual Pathology Clinical Associations Suggested Therapya

Stomach B cell MALToma Helicobacter pylori Antibiotic trial, serial endoscopy; other therapy if 
t(11;18), t(1;14), transformation or progressive 
disease

Intestine
Ileum
Immunoproliferative small 
intestinal disease
Enteropathy-associated  
T cell lymphoma

Burkitt
B cell MALToma
Peripheral T cell lymphoma

Obstruction
Malabsorption IgA heavy chain,  
Middle East
Celiac disease, West
Obstruction

High-dose cyclophosphamide combination  
chemotherapy ±surgery
Antibiotics, steroids, ± combination chemotherapy
Combination chemotherapy ± surgery; nutrition

Waldeyer’s ring Large B cell Other gastrointestinal disease Combination chemotherapy or combined modality

Paranasal (sinus) Large B cell CNS disease Combined modality, consider CNS prophylaxis

Nasal Natural killer/T cell lymphoma Epstein-Barr virus; angiocentric  
features, Asia

Combined modality, consider CNS prophylaxis

Salivary gland B cell MALToma Sjögren syndrome Single agent and/or radiation

Thyroid Large B cell,
B cell MALToma

Hashimoto thyroiditis Radiation or combined modality, depending on 
histology and stage

Lung Small B cell, B cell MALToma Single agent, surgery, or radiation

Orbital Small B cell, B cell MALTtoma Radiation

Primary CNS Large B cell Ocular involvement
Leptomeningeal disease
AIDS

Steroids, high-dose methotrexate ± radiation

Testis Large B cell Contralateral testicular disease,  
CNS disease, retroperitoneal spread

Orchiectomy, combination chemotherapy, radiation 
to contralateral testis, CNS prophylaxis

Breast Large B cell Pregnancy Combination chemotherapy ± radiation

Ovary Burkitt
Large B cell

Bilateral disease Combination chemotherapy

Bone Large B cell Combination chemotherapy ± radiation

Cutaneous Mycosis Fungoides
B cell MALTomas, primary cutaneous 
follicular lymphoma, primary cutaneous 
large B cell lymphoma

Skin-directed
Radiation if stage IE
Combined modality
(see Chapter 92)

AIDS, acquired immunodeficiency syndrome; CNS, central nervous system; MALToma, lymphoma of mucosa-associated lymphoid tissue.

aCombined modality refers to combination chemotherapy and radiation. Combination chemotherapy refers to doxorubicin-based therapy. Rituximab is added to therapy of most B cell (CD20+) 
lymphomas.

taBLe 88.16

ManagEMEnt issuEs For ExtranoDaL LyMpHoMas
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to chemotherapy (see section on “Extranodal Peripheral T Cell 
Lymphoma”).612,891,892

Lymphomas involving Waldeyer’s ring account for up to 
one-third of extranodal lymphomas and are second to gastric 
lymphoma as the most common extranodal site.893 Prognosis 
depends upon histology, which is usually a DLBCL, size of the ton-
sillar mass, and stage.894 Up to one-half of patients have advanced 
disease, and simultaneous involvement of the gastrointestinal 
tract is detected in 10% to 15% of patients with Waldeyer’s ring 
lymphoma.895,896 Because of the usual DLBCL histology and the 
advanced stage of many patients, chemotherapy plus rituximab, 
often in combination with radiation, is usually considered the 
therapy of choice.897 With combined modality therapy, 5-year 
PFS is 70% to 90% for clinical stage IE and 40% to 60% for stage 
IIE.898–900

Lymphomas of the nasal cavity and paranasal sinuses often 
are evaluated in series that include Waldeyer’s ring lymphomas, 
despite differences in presentation, diagnosis, and therapy. The 
primary lymphoma is often advanced in nasal lymphomas with 
invasion of adjacent bones and an increased risk for CNS involve-
ment. Although uncommon, cervical node involvement in nasal 
lymphomas is associated with a poor prognosis.898 Using the 
American Joint Committee TNM staging for carcinoma of the 
paranasal sinuses, patients with T 1 to 2 lesions had an 89% 
5-year DFS compared to 25% for patients with T 3 to 4 lesions.898 
DLBCL is the most common histology in the West; but in series 
from Asia, NK/T cell lymphomas predominate, present with nasal 
septal perforation or destruction, and are associated with EBV 
(see section on “Extranodal PTCL”).617,901 Concurrent chemora-
diotherapy or novel chemotherapy using agents which bypass 
MDR is advocated for most nasal NK/T cell lymphoma.902 The 
best therapeutic results in nasal lymphomas have tended to be in 
those series with combined modality therapy.901,903 Adding CNS 
prophylaxis to combined modality therapy resulted in a 5-year OS 
of 47% and disease-specific survival of 62%.904

Although somewhat variable according to series, the major-
ity of salivary gland lymphomas are indolent (MALToma) and 
localized, most often to the parotid, and have survivals following 
radiation therapy alone of 80% to 90% at 5 years and 50% to 
70% at 10 years.188,905,906,907 Most patients (approximately 80%) 
with thyroid lymphomas have localized stage IE or IIE disease, 
and the majority are DLBCL, sometimes with a MALToma com-
ponent.908,909 Approximately half of the patients have a history of 
HT.910 A worse prognosis occurs with penetration of the thyroid 
capsule, tumor bulk, advanced stage, and intermediate- to high-
grade histologic types. Because of the frequency of these factors, 
many have advocated combined modality therapy for thyroid 
lymphoma except in the patient with stage I MALToma, who can 
receive radiation alone.909,910 Five-year OS for DLBCL of the thy-
roid ranges from 52% to 90%.906,911 Five-year DFS for MALToma 
of the thyroid following radiation is 88% to 100%.912

Most primary pulmonary lymphomas are small B lymphocytic 
with or without plasmacytic differentiation and are considered a 
part of the spectrum of MALTomas. Two previously diagnosed 
entities, pseudolymphoma and lymphocytic interstitial pneu-
monitis, likely represent MALTomas. Therapy options include 
rituximab;chemotherapy, either single agent or combination; 
surgical resection; and radiation. The prognosis is good with  
94% OS at 5 years without reaching a median survival at 10 years; 
and there is no advantage for a specific type of therapy.274,913,914 
Other pulmonary lymphomas are heterogeneous, and therapy 
depends upon pathology and extent of disease. A favorable prog-
nosis has been reported for DLBCL without bulk disease and nor-
mal LDH.915 Lymphomatoid granulomatosis (LYG) is a rare type 
of EBV lymphoproliferation of B cells which most commonly pres-
ents with lung lesions varying from nodules to necrotic cavitary 
lesions, and which can have associated CNS and skin lesions.916 
Therapy and prognosis depend upon grading with steroids and 

recognition of MALTomas has led to unique therapeutic options. 
MALTomas were previously called pseudolymphomas, but the 
latter term is no longer valid because MALTomas are monoclo-
nal, can be associated with a higher grade histology, and have 
cytogenetic abnormalities.107–110,871 Clinically, MALTomas are 
different from other indolent lymphomas in that they tend to 
remain localized, rarely disseminate, and respond favorably to 
local therapy.871,872

Management of gastric MALToma changed when antibiotic 
therapy for H. pylori resulted in regression of lymphoma.873–877 
Ultrasound endoscopy and biopsies assist in determining the 
extent of disease and depth of invasion, which correlate with 
spread to regional lymph nodes and response to antibiotics.878 
CR rates to antibiotics are over 80% when disease is confined to 
the mucosa and submucosa.876 Antibiotics are also curative in 
over half the patients with H. pylori associated gastric large B cell 
lymphoma, with either a mixed marginal zone/DLBCL or pure 
DLBCL.101 Infiltration of the muscularis propria or nodal exten-
sion and the presence of t(11;18) or t(1:14) predict poor response 
to antibiotics.875,876,879 Serial endoscopies are warranted to 
ensure eradication of H. pylori and gradual disappearance of the 
lymphoma over many months.873–876 Follow-up endoscopy is rec-
ommended 2 months after antibiotic therapy and, subsequently, 
at least twice a year for 2 years.878 B cell clonality as detected by 
PCR may persist after histologic regression, but is of uncertain 
clinical significance.104,880 If there is H. pylori negative or pro-
gressive disease, alternative therapies are usually effective and 
include radiation, rituximab, and/or single agent or combination 
chemotherapy.872,881,882

With the recognition of MALToma and the effectiveness of 
other therapies, the role of surgery has diminished in the man-
agement of gastrointestinal lymphoma. While early studies advo-
cated surgical resection in gastric and other intestinal lymphomas 
to cure localized disease, debulk, accurately stage, and/or prevent 
perforation,247,883,884 recent reports have achieved good results 
with either combination chemotherapy or combined modality 
without surgery, particularly for the aggressive  histologies.869 
While a partial or subtotal gastrectomy may be justified in rare 
cases, more extensive surgery, such as total gastrectomy, should 
not be routinely performed because of the increased morbidity 
and the curability with alternative therapies. In a series of 398 
patients with localized primary gastric lymphoma (38% MZL and 
49% DLBCL) who received radiation and/or chemotherapy, there 
was no difference in survival at 42 months for those treated with 
surgery (n = 63; 86% OS) compared to those without surgery  
(n = 335; 91% OS).885

Similar surgical issues pertain to intestinal lymphomas as to 
gastric lymphomas, particularly if they present with obstruction; 
however, they usually are less amenable to total resection.886 
Other B cell tumors which can have unique gastrointestinal pre-
sentations are Burkitt in the ileocecal region, which is common 
in the Middle East,887 mantle cell lymphoma, which can present 
with lymphomatous polyposis,250 and FL in the duodenum.888 
Immunoproliferative small intestinal disease (IPSID), also called 
alpha heavy chain disease or Mediterranean lymphoma, can be 
considered a subtype of B cell MALToma distinguished by its 
occurrence in older children and young adults (age range, 10 to 
35 years) from low socioeconomic groups in the Middle East and 
North Africa and its association with the synthesis of an IgA heavy 
chain and Campylobacter jejuni.114,889 Although the prognosis is 
usually considered poor in IPSID, a combination of antibiotics (tet-
racycline), steroids, and/or anthracycline-based chemotherapy, 
along with aggressive supportive care with hyperalimentation, 
can achieve complete remissions in two-thirds of patients, with 
survivals in over half the patients at 3.5 years.889,890 A unique 
T cell lymphoma of the small intestine is EATL, which can be 
associated with celiac disease (type I), may require emergent 
surgery due to obstruction or perforation, and responds poorly 
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to 50% of patients and have had a poor prognosis, with 5-year 
survival of less than 25%. Prognosis depends on the extent of 
disease and the histologic type. DLBCL is the most common type, 
followed by FL, all grades, and Burkitt. Combination chemo-
therapy plus rituximab is warranted in most patients because of 
aggressive histologies.

Primary bone lymphomas are usually DLBCL (85%+), and 
approximately one-third have more than one bone involved.271 
Prognosis depends on the bones involved, with the femur the best 
and the spine the worst, histologic type, stage, and the presence 
of soft tissue involvement.271,943 Although combined modality has 
been recommended for aggressive histologies,944,945 chemotherapy 
alone has been successful. Because radiologic abnormalities persist 
after chemotherapy, local radiation is often given to the entire bone 
with a boost to the tumor bed.946 For localized bone lymphoma 
treated with combined modality, FFTF exceeds 80% at 5 years.947

Therapy of CTCL and the differential diagnosis of cutane-
ous lymphomas are addressed in Chapter 92. Local radiation 
therapy is often adequate for localized (IE) cutaneous MALToma 
or PCFCL, whereas multiple therapeutic options similar to other 
indolent lymphomas can be considered for advanced disease. 
Both the primary cutaneous MALToma, or marginal zone lym-
phoma (PCMZL), and PCFCL have a good prognosis with 5-year 
OS exceeding 90%.948,949 The majority of PCMZL have multifo-
cal skin lesions involving the trunk and extremities, and up to 
50% will relapse within 5 years of their initial therapy, but will 
still have a good prognosis (5-year OS>90%).948 PCFCLs tend to 
involve the head and neck and lack BCL-2 expression and the 
BCL-2 gene rearrangement. Alternatively, BCL-2 expression is 
often present in PCBCL of the leg as opposed to other sites, is 
primarily seen in the elderly, and has a poor prognosis (5-year OS 
43% to 63%) despite the use of rituximab and combined modality 
therapy.517,949–951

RoLE oF HEMatopoiEtic cELL 
tRaNspLaNtatioN
Transplantation is addressed in Chapters 102 and 104 and has 
taken an expanded role in the therapy of NHL; its use has been 
noted in preceding sections on individual diseases. Outcomes 
depend upon disease state (type of lymphoma, remission status), 
patient factors (age, performance status), and source of stem cells, 
either autologous (auto) or allogeneic (allo). In 1978, Appelbaum 
reported long-term DFS in 3 of 9 patients with relapsed BL who 
underwent high-dose chemotherapy and autologous marrow 
transplantation.952 Subsequent series reported a 5-year OS rate 
of 20% to 50% using autoSCT for relapsed NHL.953,954,956 In the 
rituximab and RIT era, the OS has improved to 40% to 70%, but 
is variable depending upon type of lymphoma, prognostic factors, 
and chemosensitivity.957,958

Patient selection determines outcome, with the best results 
achieved in patients who are either in first CR or have minimal 
residual disease before the transplant and have a good perfor-
mance status. Transplants in first CR or in patients with indolent 
histologies are controversial. Patients with predominantly DLBCL 
who are in a sensitive relapse—i.e., they are responding to 
additional chemotherapy—have a 30% to 70% salvage rate with 
autoHCT, compared to 0% to 15% patients who are in a resis-
tant relapse. There is no superior preparative regimen, which 
may include various chemotherapy agents with or without total 
body irradiation. Rituximab and/or RIT are being incorporated 
into preparative regimens to try to decrease relapses.957,959 In 
a randomized trial comparing BEAM (carmustine, etoposide, 
cytarabine, and melphalan) plus rituximab vs. BEAM plus conven-
tional tositumomab (Bexxar) followed by autoHCT, there was no 
difference in PFS, OS, or transplant relapsed mortality (TRM).960

interferon used for grades 1/2 and chemotherapy plus rituximab 
for grade 3 lesions.

Orbital lymphomas usually involve small B lymphocytes with 
or without plasmacytic differentiation and need to be distin-
guished from benign lymphoid hyperplasia. Some are associated 
with Chlamydia psittaci and can respond to antibiotics (see sec-
tion on “Prelymphomatous Conditions”). They tend to be localized 
(80%+), and 10% to 20% are bilateral. They respond to radiation, 
with survival of 75% to 95% at 5 years and 70% to 80% at 10 
years.269,917,918 Large B cell lymphomas are less common, tend to 
involve the lacrimal gland or retro-orbital area, and are treated 
with (10 to 200) combined modality therapy plus rituximab.269,919

CNS lymphomas are predominantly DLBCL and are responsive 
to steroids, radiation, intrathecal or Ommaya reservoir therapy, 
and systemic chemotherapy which crosses the blood brain 
 barrier.920,921 Standard treatment historically for PCNSL was 
whole brain radiation therapy (WBRT) alone; and the prognosis 
was poor with survival less than 6 months in AIDS patients and 
1 to 2 years in immunocompetent hosts.922,923 However, recent 
data utilizing early chemotherapy, particularly high-dose metho-
trexate or cytosine arabinoside, usually followed by WBRT, have 
improved results in PCNSL with median survivals from 30 to 60 
months.920,924–926 Severe neurologic toxicity manifested as leuko-
encephalopathy secondary to radiation is common, particularly in 
the patient over 60 years of age, and trials with chemotherapy alone 
and deferred radiation are being conducted.266,927–929 In a ran-
domized trial of 551 patients with PCNSL, there was no difference 
in OS when WBRT was omitted from primary chemotherapy.930 
Rituximab has poor penetration into the CNS, but it is being used 
in protocols with PCNSL and its role is yet to be  determined.920,931 
Alkylating agents with good CNS penetration which are a part of 
chemotherapy combination include thiotepa, ifosfamide, nitro-
soureas, procarbazine, and temozolomide.920 There may be a role 
for high-dose chemotherapy and autologous transplant for PCNSL 
in both the relapsed and upfront setting.932,933

Testicular lymphoma, representing approximately 5% of tes-
ticular neoplasms, is the most common testicular tumor beyond 
the age of 60 years and the most common bilateral testicular 
tumor.934,935,936 It is associated with involvement of the contra-
lateral testis in 20% to 35% of patients, and with involvement of 
the skin, Waldeyer’s ring, and CNS, each in approximately 10% of 
patients. The predominant histologic type is DLBCL (80% to 90%). 
In early series, median survivals have been 1 to 2 years, and 
5-year survivals have varied from 12% to 48%, depending in part 
upon the extent of disease.934,935 Because of the poor prognosis 
and early systemic spread, anthracycline-based chemotherapy 
and rituximab are warranted, usually with radiation to the 
involved testis if unresected, as well as to the contralateral testis. 
Because of the CNS relapse rate of 15% to 31%, CNS prophylaxis 
should be considered.934,937 In an international phase II trial of 53 
patients treated with R-CHOP, usually with CNS prophylaxis and 
testicular radiation, the 5-year PFS and OS were 74% and 85%, 
respectively; CNS relapse was 6%.938 Breast lymphomas usu-
ally manifest as a rapidly enlarging mass, may be multiple, and 
involve the opposite breast in 10% to 20% of patients.273,939,940 
The histologic type is variable, but the majority are DLBCL; low 
grade lesions with MALToma features and an association with 
lymphocytic lobulitis have been described.941 Massive bilateral 
breast involvement with BL has been described in pregnant or 
lactating women, predominantly from Africa, and is characterized 
by rapid dissemination with ovarian and CNS disease.273 After 
simple biopsy and staging, radiation therapy can be considered 
for local control of low grade lesions, but combination chemo-
therapy plus rituximab is warranted for aggressive histologies.

Primary ovarian lymphomas are rare, except in countries 
where BL is endemic; however, the ovary is the most common 
site of female genital tract involvement by lymphoma.942 Ovarian 
lymphomas may be associated with bilateral involvement in 20% 
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and an occasional prospective trial indicate a survival advantage 
for HCT in patients with an age-adjusted IPI that is greater than 
or equal to 2 (high–intermediate or high);719,968,970 however, the 
majority of randomized trials have not supported early transplan-
tation over chemotherapy.971,972 Many centers still offer HCT in 
first CR for poor prognosis NHL, particularly MCL and PTCL (see 
sections on these diseases).

The use and timing of HCT and the role of purging are con-
troversial in indolent lymphomas. Various techniques have 
been used for removal of tumor cells and include in vivo and 
in vitro monoclonal antibodies, metabolites of cytotoxic agents, 
and physical methods.973 There is evidence that indicates an 
advantage for successfully purging BCL2-positive clonal B cells 
in FL patients undergoing autoHCT.974 Prognostic models have 
been developed to select patients with indolent lymphomas for 
early HCT and include progressive disease within 1 year of initial 
therapy, extensive marrow involvement, multiple extranodal sites 
of disease, tumor bulk, transformation, and a high IPI.424,975–977 
Randomized trials comparing chemotherapy to chemotherapy 
followed by autoHCT are less common in FL than the aggressive 
histologies, predominantly DLBCL, but similarly have not shown 
an advantage to early HCT.975,978 Long follow-up and randomized 
trials are required to determine the role of HCT and purging in 
indolent lymphomas.973,975

The optimal transplant strategy and stem cell source remain 
controversial. Peripheral blood stem cells have replaced bone 
marrow for autografting because of quicker engraftment, but 
have not consistently improved survival compared to marrow.979 
Peripheral blood tends to also be used over marrow for allografts, 
but is associated with more chronic GVHD. As many as one-half 
of patients undergoing autologous peripheral stem cell collec-
tion mobilize malignant cells.979,980 MDS and secondary AML 
are an increasingly recognized problem after autografts, with 
an actuarial incidence of 5% to 10% at 10 years. Prior exposure 
to radiation, 4 or more chemotherapy regimens, and difficulty 
harvesting stem cells have been associated with a higher risk of 
MDS/AML.981–983

Some investigators have favored allografts because of fewer 
relapses, a graft-versus-lymphoma effect, a tumor free stem cell 
source, and less MDS/AML.984–986 The lack of an available donor 
and the toxicity of allograft transplantation keep the issue of 
optimal stem cell source unresolved; however, the availability of 
alternative donors and the use of nonmyeloablative regimens are 
expanding the role of alloHCT. Because of higher relapse rates in 
autografts, trials are evaluating pre- and posttransplant immuno-
therapy and radioimmunotherapy to eradicate minimal residual 
disease.960,987–990 An emerging strategy is to utilize an autograft 
to achieve minimal residual disease followed by a RIC, or NMAC, 
allograft.991,992

spEciaL aREas

therapy in the elderly
Lymphomas steadily increase in number with aging as over half 
the new cases occur in people over 60 years of age.993 There is an 
expected increase in lymphomas solely based on the aging popu-
lation, particularly in developed countries.994 The prognosis tends 
to be poor in the older patient; however, survival has improved 
for older patients with NHL in 2008 to 2012.995 Factors that con-
tribute to poor prognosis in the elderly include poor performance 
status, reduced vital organ reserve, comorbid diseases, altered 
absorption or metabolism of drugs, decreased immunologic integ-
rity, and biologic features of the lymphoma. Lymphomas in the 
elderly have more frequent extranodal presentations and more 
often have aggressive histologies. Unique presentations with a 
predilection for the elderly include primary CNS lymphoma, 

AlloHCT has been used less than autoHCT because of higher 
mortality rates, cost, and/or lack of a donor. It was initially 
reserved for selected young patients (usually less than 50 years 
of age) with marrow involvement, highly aggressive lymphomas, 
or after relapse from an autoHCT. Early (day 100) mortality rates 
previously were 5% to 25% for autoHCT and 15% to 45% for 
alloHCT, but are now <5% and 5% to 15%, respectively. Relapse 
is the main reason for failure after autoHCT; and TRM, either reg-
imen-related toxicity or graft-versus-host disease (GVHD), is the 
main problem with alloHCT. Donor availability has increased with 
the expansion of unrelated donor registries, the use of umbilical 
cord transplantation in adults, and immune suppression to allow 
the use of mismatched donors.

The development of reduced intensity conditioning (RIC) and 
nonmyeloablative (NMAC) regimens for alloHCT has led to less 
early mortality and to use in older patients.959 In a CIBMTR report 
of 396 alloHCT for DLBCL, there was higher 5-year non-relapse 
mortality (NRM) with myeloablative conditioning (MAC, n = 165) 
than RIC ( n = 143) and NMAC (n = 88) regimens (56% vs. 47% 
vs. 36%; P = 0.007).Five-year relapse was lower in MAC than 
in RIC and NMAC (26% vs. 38% vs. 40%; P= 0.031).961 There 
were no differences in GVHD 5-year PFS (15% to 25%) and OS 
(18% to 26%). Similar findings of less NRM and increased relapse 
were reported by the CIBMTR comparing RIC to MAC for alloHCT 
patients with relapsed FL.962 Chemosensitivity and performance 
status were better predictors of outcome than intensity of condi-
tioning and have led to a shift in favor of RIC/NMAC for FL. Using 
a NMAC regimen (fludarabine, cyclophosphamide, and high-dose 
rituximab), Khouri et al. reported a 5-year OS and PFS rate for FL 
of 85% and 83%, respectively, with a TRM of 14%; acute GVHD 
was 11% and chronic GVHD was 60%.963

Unresolved issues of HCT for NHL are the optimal timing 
and the type of transplant. There is agreement that HCT is war-
ranted in relapsed patients with intermediate-grade histology 
based on the PARMA trial which randomized patients to trans-
plantation versus chemotherapy (Fig. 88.25).953 Disagreement 
surrounds which, if any, poor prognostic factors could be used 
to select patients with NHL for early HCT. While several small 
series have had DFS over 75% in selected patients with aggres-
sive histologies transplanted in initial PR or first CR,954–956 
most studies comparing autoHCT to chemotherapy in first 
CR or in slow responders have shown no advantage to early 
 transplantation.718,719,720,964–969 Retrospective analysis of trials 

FIGURE 88.25. Kaplan-Meier curves for event-free survival of patients with relapsed 
intermediate to high grade lymphomas in the transplantation and conventional treat-
ment groups. Data are based on an intention-to-treat analysis. From Philip T, Guglielmi C, 
Hagenbeck A, et al. Autologous bone marrow transplantation as compared with salvage che-
motherapy in relapses of chemotherapy-sensitive non-Hodgkin’s lymphoma. N Engl J Med 
1995;333:1540–1545, with permission.
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avoid myelosuppression of mother and fetus or to initiate intensive 
chemotherapy. Complete staging should be done after delivery.

The prognosis for mothers has been relatively poor, with 
DFS of only 40% to 50%, probably because of both the aggres-
sive histologies and the advanced stage.1014,1016,1017 Although 
indolent lymphomas constitute a minority of NHL in pregnancy, 
they generally can be observed until after delivery. If necessary, 
interferon can be used throughout pregnancy to control indolent 
hematologic disorders.1020 Offspring who as fetuses received 
chemotherapy even in the first trimester have had normal growth 
and development and no increased risk of cancer.

Long-term Sequelae
The long-term complications of therapy in NHL are not as well 
described as those in HL, but they appear to be similar and 
depend on the therapy used, age of the patient, and comor-
bid illnesses.1021 These problems include endocrine disorders 
(infertility, hypothyroidism, panhypopituitarism, growth retar-
dation), vital organ toxicity, psychosocial issues, and second 
neoplasms.1022,1023 Radiation is the main cause of endocrine 
and neurological toxicities and secondary solid neoplasms.1022 
Cardiotoxicity from anthracyclines is the most common chemo-
therapy-related toxicity and is usually manifested as congestive 
heart failure. Factors associated with increased cardiomyopathy 
include older age (>70 years), previous cardiac disease, hyper-
tension, prior mediastinal radiation, and combination with other 
chemotherapy agents (e.g., cyclophosphamide). The cumulative 
incidence of cardiovascular disease in patients with NHL treated 
with anthracyclines was 12% at 5 years and 22% at 10 years.1024 
Cardiomyopathy can occur many years (15 to 20 years) after 
completion of therapy.1025 Although previous studies suggested 
no increase in second neoplasms after therapy for NHL, the 
NCI’s SEER Program identified an increased risk over time for 
AML;cancers of the bladder, kidney, and lung; malignant mela-
noma; and HL.1022,1023 Up to 10% of NHL patients treated with 
standard chemotherapy regimens or autologous transplantation, 
particularly using total body irradiation, may develop MDS or 
AML within 10 years of their initial therapy.981,983

FutuRE dEvELopMENts
Advances in NHL will involve molecular techniques to refine 
diagnosis, classification, and therapy. The classification of lym-
phoma will improve with genomic profiling in conjunction with 
clinical and pathologic factors. The application of PCR to detect 
minimal residual disease may identify patients who should be fol-
lowed more closely or receive additional therapy. The success of 
monoclonal antibody therapy in NHL has been remarkable; and 
the development of vaccines may be the ultimate goal of immuno-
therapy (Chapter 70). New agents are targeting both B and T cell 
receptors and protein signaling pathways critical to lymphoma-
genesis. The novel agents are synergistic with other chemother-
apy and monoclonal antibodies and will require phase III trials to 
establish their place in the expanding list of treatments for NHL. 
Continued trials evaluating the role of dose intensification and the 
use of different types of transplantation are warranted in NHL.
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iNTroduCTioN
There have been significant clinical and laboratory advances 
over the last 25 years in our understanding of the non-Hodgkin 
lymphomas (NHLs) of childhood. These include the refinement 
of diagnosis and classification of clinically relevant histologic 
subtypes, the elucidation of various pathogenic mechanisms, and 
most importantly, improvements in therapy and supportive care 
which have resulted in improved event-free and overall survival 
rates. Increased attention to the reduction and elimination of late 
effects of therapy such as infertility, cardiotoxicity, and second 
cancers is another important hallmark of clinical research over 
recent years. These advances and future directions will be dis-
cussed in this chapter.

Malignant lymphomas, which comprise both Hodgkin lym-
phoma and NHL, are the third most common type of childhood 
cancer after acute lymphoblastic leukemia (ALL) and brain 
tumors.1,2,3–7 Among children <18 years of age, there is a slight 
predominance of Hodgkin lymphoma, whereas the reverse is true 
among those <15 years of age.3,6

It is important to note the distinction between the NHLs of 
adults and children.8,9,10 Children typically present with diffuse 
extranodal disease in contrast to adults, among whom primary 
nodal disease is more common. Additionally, the pediatric NHLs 
are typically high grade tumors,9 in contrast to the low- and 
intermediate-grade tumors which are predominant among adults. 
Age-related differences in the immune system and associated sus-
ceptibility to malignant transformation are possible contributing 
factors to these observed differences in histologic subtype.7

epideMioLogy
There are at least 500 cases of newly diagnosed pediatric NHL 
in the United States each year.3–5Although there is no clear peak 
age, the median age in one single institution review was 10 years 
(range, 7 months to 19 years).10 This disease occurs uncommonly 
in very young children (i.e., <3 years of age).2,10 NHL is two to 
three times more common in boys than in girls, and more com-
mon in black children than in white children.2,7 The reasons for 
these differences have yet to be elucidated.

There are geographical differences with respect to frequency 
and distribution of histologic subtypes of NHL in children.11 For 
example, although NHL is very common in equatorial Africa, it is 
very rare in Japan.12 Among the NHL cases observed in equatorial 
Africa, Burkitt lymphoma (BL) is the most common type observed. 
BL is also the most frequent histologic subtype encountered in 
northeastern Brazil and in some areas of the Middle East.13 In 
contrast, lymphoblastic lymphoma (LBL) is the predominant his-
tologic subtype in southern India.13

BL is also of interest with respect to the geographical (i.e., 
endemic versus sporadic) variances that exist with respect to 
both clinical and biologic features.14 Those tumors, which arise 
in children from equatorial Africa (“endemic subtype”), are 
characterized clinically by frequent involvement of jaw, abdo-
men, paraspinal area, and orbit, and by a younger age at diag-
nosis.14,15,16 Those Burkitt tumors which arise in children from 
Western Europe and the United States (“sporadic subtype”), are 
in contrast characterized by frequent involvement of the abdo-
men, nasopharynx, and bone marrow and an older age at diag-
nosis.14,15,16 The breakpoint in the c-myc proto-oncogene and in 

the IG heavy chain (IGH) genes in BLs has also been reported to 
vary with respect to geography: in sporadic cases the breakpoints 
tend to occur within the MYC gene and the switch region of IGH 
gene, as compared to upstream of MYC and the VDJ region of IGH 
in endemic cases.14,17

An infectious agent was suspected to play a role in the patho-
genesis of BL in equatorial Africa after it was noticed that the 
malaria belt overlapped with the lymphoma belt. Subsequently, 
EBV was shown to be associated with BL in this part of the world 
(i.e., equatorial Africa).14,16 The association of EBV with BL has 
been shown, however, to vary with geography. EBV association 
occurs in approximately 85% of endemic cases, in contrast to the 
15% association in Western Europe and the United States.14,16 
An intermediate degree of EBV association has been observed in 
other parts of the world, such as northeastern Brazil.18 Although 
the evidence for a direct role for EBV in BL pathogenesis is 
relatively lacking, the circumstantial evidence is compelling. It 
was initially hypothesized that EBV, a B-cell mitogen, increases 
the target pool of cells that would be susceptible to a malignant 
transformation.14 This hypothesis is supported by the observation 
that the expression of the recombination activating gene (RAG) 
can be induced by EBV, and therefore potentially increases the 
chance that a chromosomal translocation may occur during IG 
gene rearrangement.19

Children with certain immunodeficiency conditions are at 
increased risk for the development of NHL.2,7 Examples of specific 
populations at risk include those with congenital immunodefi-
ciency disorders such as ataxia-telangiectasia (A-T),20 X-linked 
lymphoproliferative syndrome (XLP), and Wiskott-Aldrich syn-
drome. It is important that these underlying conditions be rec-
ognized in children who present with NHL, so that appropriately 
designed therapy can be delivered. For example, in children with 
A-T, involved field irradiation and the use of radiomimetics such 
as bleomycin should be avoided, and the judicious use of x-rays 
is advised. Children with A-T are also at increased risk for the 
development of severe late onset hemorrhagic cystitis following 
the administration of alkylating agents such as cyclophosphamide 
and ifosfamide; therefore, vigorous hydration and administration 
of the uroprotectant mesna are recommended whenever these 
agents are delivered. Boys with XLP are at increased risk for 
the development of both B-cell lymphomas and fatal infectious 
mononucleosis, and are potential candidates for allogeneic bone 
marrow transplantation. Therefore, the diagnosis of XLP should 
be considered in any boy who presents with a B-cell lymphoma 
and whose brother has had either B-cell lymphoma or fatal 
infectious mononucleosis, or in any male who has had two pri-
mary B-cell lymphomas. There is also an increased risk for the 
development of NHL among children with acquired immunode-
ficiency conditions.21 Specific populations at risk include those 
with the acquired immunodeficiency syndrome (AIDS) and those 
on immunosuppressive therapy following bone marrow or organ 
transplantation.

paTHoLogiC SpeCiMeN evaLuaTioN
Most of the NHLs of childhood are very rapidly growing neo-
plasms. It is therefore imperative that the diagnosis be established 
as soon as possible so that appropriate therapy can be started. 
The diagnosis typically requires a comprehensive characterization 
of the tumor, including histologic, flow cytometric, cytogenetic, 
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and molecular genetic studies. Ideally, larger fragments of tis-
sue should be obtained by open biopsy of an involved site, but 
percutaneous image-guided needle biopsy has been increasingly 
used for diagnosis in the pediatric age group with good results.22 

Bilateral bone marrow aspirates and biopsies should be consid-
ered before open biopsy, since this may allow the diagnosis to be 
established without a more invasive open biopsy. In patients who 
are not candidates for general anesthesia, such as those with a 
large anterior mediastinal mass, the diagnosis may be established 
by examination of pleural fluid obtained by thoracentesis or by 
parasternal core biopsy of the mass using local anesthesia with 
an anesthesiologist in attendance.23

CLaSSifiCaTioN
The most recent World Health Organization (WHO) Classification 
of Tumors of Haematopoietic and Lymphoid Tissues24 designates 
NHLs, including those predominant in the pediatric age group, 
according to their clinical, morphologic, immunophenotypic, and 
genetic features, and also acknowledges difficulties in differen-
tiating some of the clinically significant subtypes of B-cell lym-
phoma by introducing some borderline (“gray-zone”) categories 
to encompass these issues. Table 89.1 summarizes the pediatric 
NHLs according to the WHO Classification 2008. Table 89.2 sum-
marizes the main diagnostic immunophenotypic features of the 
most common subtypes of NHL encountered in this age group.

Lymphoblastic Lymphoma (t and B 
Lymphoblastic Lymphoma/Leukemia)
ALL and LBL are neoplasms of precursor B-cells or T-cells, charac-
terized by immature (blastic) morphology and immunophenotype. 

At the pathologic and clinical levels, ALL and LBL appear to rep-
resent an overlapping continuum, with the distinction between 
these two processes being largely quantitative and arbitrary: 
cases involving at least 25% of the marrow cellularity are man-
aged as ALL, while cases with less or no marrow involvement, 
are designated as LBL.25–27 More recent studies have identified 
important differences in gene expression profiles, adhesion mol-
ecule expression, and molecular pathways of T-ALL and T-LBL 
that explain at least partially their distinct dissemination pat-
terns.28–30 T-LBL is the more common subtype and involves most 
often the mediastinum, lymph nodes, skin, bone, or soft tissues, 
and less commonly kidney, lung, or orbit. By contrast, the less 
common B-LBL more often presents in the lymph nodes, skin, 
bone, soft tissues, or breast, with mediastinal presentation being 
very uncommon.31–35 The most frequent location of skin lesions in 
children is the scalp.34,35

Histologically, B- and T-LBLs show a diffuse growth pattern, 
with extensive replacement of the underlying normal tissue archi-
tecture by sheets of blastic cells. The malignant lymphoblasts are 
small to intermediate in size, with scant to moderate amounts of 
basophilic cytoplasm, finely dispersed nuclear chromatin, and 
small indistinct nucleoli (see Fig. 89.1). In some cases the nuclei 
may have markedly irregular or convoluted outlines, a feature 
more common in T-LBL. Mitotic figures may be numerous in some 
cases, correlating with the presence of a “starry sky” appearance 
imparted by scattered pale macrophages containing apoptotic 
nuclear debris. BL should be considered in the differential diag-
nosis of such cases.

Immunophenotypically, approximately 90% of LBLs are of T 
lineage and the remaining 10% of B lineage.36–40 Most T-LBLs 
resemble cortical thymocytes, a feature that may lead to diffi-
culties in the differential diagnosis with thymoma and residual 
normal thymus in biopsy samples obtained from mediastinal and 
cervical lesions. They typically express CD1a, CD10, weak CD79a, 
BCL2, CD99, and the pan-T-cell antigens CD2, CD3 (mostly cyto-
plasmic), CD5, and CD7, although these markers may under- or 
overexpressed when compared to their normal counterparts. 
Similar to thymocytes, T-LBLs are often CD4+ and CD8+ and 
usually terminal deoxynucleotidyl transferase (TdT) positive, a 
marker that can be used to distinguish this neoplastic process 
from mature T-cell lymphomas.41,46 Other immature T-cell mark-
ers, including CD34 and HLA-DR are also coexpressed in these 
cases. A more frequent expression of T-cell receptor ab than gd 
has been reported in T-cell LBL as compared to precursor T-cell 
ALL.47 Some LBLs may aberrantly express myeloid-associated 
antigens.37,48,49 Of note, CD45 expression, often used to differ-
entiate blasts by flow cytometry, ranges from dim (“blast-like”) 
to strong (“mature lymphocyte-like”) in T-ALL/LBL. A subset of 
T-LBLs resemble late thymocytes. In these cases TdT expres-
sion may be absent. They also express strong surface CD3, lack 
expression of CD1a, CD10, CD34, and HLA-DR, and are CD4+ or 
CD8+, rendering distinction from mature T-NHL very difficult, 
especially in small needle biopsy samples. The mediastinal local-
ization and blastic cell morphology are very helpful in such cases.

B-LBLs typically resemble normal progenitor B-cells found 
primarily in the bone marrow and in lower numbers in blood, 
lymph nodes, and tonsils.46,50,51 They express CD10, TdT, CD99, 
the B lineage antigens PAX-5 and CD79a, and may be negative 
or only weakly positive for the mature B-cell marker CD20. The 
neoplastic cells most often lack expression of surface IG and light 
chain restriction. Most often they express cytoplasmic m heavy 
chain without detectable k or l IG light chains.38,52,53 Rare cases 
of B-LBL may express surface IG with light chain restriction, 
associated with strong CD20 expression and without detectable 
TdT; in such cases BL should be considered in the differential 
diagnosis.39,54 Of note, a significant proportion of pediatric 
B-ALL/LBL lack expression of CD45 (leukocyte common antigen), 
a marker often used to identify hematopoietic neoplasms in tissue 

Precursor Lymphoid Neoplasms
 B lymphoblastic lymphoma/leukemia
 T lymphoblastic lymphoma/leukemia

Mature B-cell lymphomas
 Burkitt lymphoma
 Diffuse large B-cell lymphoma (DLBCL)
 Primary mediastinal (thymic) large B-cell lymphoma
  B-cell lymphoma, unclassifiable, with features intermediate between DLBCL 

and BL
  B-cell lymphoma, unclassifiable, with features intermediate between DLBCL 

and classical Hodgkin lymphoma
 Follicular lymphoma. Variant: Pediatric FL
  Marginal zone lymphoma (nodal and extranodal/MALT lymphoma). Variant: 

Pediatric nodal marginal zone lymphoma

Mature T and NK cell neoplasms
 Anaplastic large cell lymphoma, ALK-positive
 Peripheral T-cell lymphoma, NOS
 Hepatosplenic T-cell lymphoma
 Extranodal NK/T cell lymphoma, nasal type
 Subcutaneous panniculitis-like T-cell lymphoma
 Primary cutaneous CD30 positive T-cell lymphoproliferative disorders
 Mycosis fungoides
 Hydroa vacciniforme-like lymphomaa

The categories highlighted in bold represent entities common in children; the remainder are 
rare in this age group.
MALT, mucosa-associated lymphoid tissue; NK, natural killer; NOS, Not Otherwise Specified.
a This type of lymphoma is limited to Asia, South and Central America, and Mexico.

SubtypeS of NoN-HoDgkiN LyMpHoMa eNcouNtereD 
iN cHiLDreN accorDiNg to tHe WorLD HeaLtH 
orgaNizatioN (WHo) cLaSSificatioN (2008)

taBLe 89.1
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TDT CD20 CD79a Ig CD5 CD3 CD30 CD15 ALK CTA MUM1b BCL2 BCL6

T-LBL +(−) − −(+) − +/− +a − − − − −/+ − +/−

B-LBL + −/+ + −/+b − − − − − − − +/− −

Burkitt − + + + − − − − − − − − +

DLBCL − + + +/− −/+ − +/− − −/+c +/− +/− +/− +/−

PMBL − + + − − − +/− − − − +/− −/+ −/+
ALCL, 
ALK+

− − − − −/+ −/+ ++ −(+) + +/− + − +/−

PTCL − − − − +/− +/− −/+ − − −/+ +/− −/+ −/+

HSL − − − − − + − − − + −/+ − +

+, positive; −, negative; (+) less than 15% of cases positive; +/−, commonly positive but may be negative; −/+, commonly negative but may be positive; (−), less than 15% of cases 
negative.
ALCL, anaplastic large cell lymphoma; B-LBL, B lymphoblastic lymphoma; CTA, cytotoxic antigen (e.g.,TIA-1, perforin); DLBCL, diffuse large B cell lymphoma; FL, follicular lymphoma; HSL; 
hepatosplenic lymphoma; MUM1, interferon regulatory factor-4 (IRF4); PMBL, mediastinal large B-cell lymphoma; PTCL, peripheral T cell lymphoma; T-LBL, T-lymphoblastic lymphoma.
acytoplasmic CD3.
bcytoplasmic m heavy chain only.
cALK restricted to the ALK+ DLBCL subtype.

taBLe 89.2

iMMuNopHeNotypic featureS of tHe MoSt coMMoN peDiatric NoN-HoDgkiN LyMpHoMaS

sections. This feature, combined with the frequent expression of 
CD99 by these neoplasms may lead to an erroneous diagnosis of 
Ewing sarcoma, another CD99+ pediatric neoplasm with blastic 
morphology, unless other markers (e.g., PAX5, TdT) are included 
in the diagnostic immunohistochemistry panels.

Cytogenetic studies of pediatric LBLs are few and include 
small numbers of patients (Table 89.3).55–57 Additionally, some 
reports of the cytogenetic or molecular genetics of LBL include 
cases of ALL with extra-medullary spread. T-LBL and T-ALL 
share similar chromosomal abnormalities. Chromosome abnor-
malities of the T cell receptor are relatively common and include 
chromosome abnormalities at 7q34–36, 7p15, and 14q11.56,57 
The t(9;17) translocation appears more commonly in T-LBL than 
T-ALL.56,57 These patients often present with a mediastinal mass 
and have an aggressive disease course. The t(8;13)(p11;q11–14) 

FIGURE 89.1. Lymphoblastic lymphoma. Sheets of small lymphoid cells with fairly uniform 
chromatin without clearing and scant cytoplasm are present. They show little variation in size 
and many show mitotic activity.

has been described in rare cases of precursor T-LBL that pres-
ent with myeloid hyperplasia and eosinophilia.58–60 The t(10;11)
(p13–14;q14–21) is an uncommon but recurring translocation 
associated with T-ALL, and T-LBL, where it correlates with 
expression of the g/d T-cell receptor by the neoplastic cells.61–63 
Cytogenetic abnormalities have not been shown to be of prognos-
tic significance in LBL. At the molecular level, B-LBLs and T-LBLs 
contain IG (IG) and T-cell receptor gene (TCR) rearrangements, 
respectively. The latter should not be used for lineage determina-
tion, as B-LBLs (like B-ALL) often contain TCR rearrangements, 
and T-LBLs may also harbor IG gene rearrangements.

Burkitt Lymphoma
The WHO Classification replaced “small noncleaved cell lymphoma” 
of the older NCI Working Formulation with BL (Table 89.1),9,64,65 
and also combined under the same category the ALL-L3 of the 
French-American-British classification, which corresponded to 
cases of high-stage BL with leukemic dissemination.

BL is a mature B-cell lymphoma which resembles highly pro-
liferative B-cells present in the follicular germinal center (GC). 
The biology of this lymphoma is characterized by translocations 
involving the MYC gene and leading to its overexpression and the 
typical high proliferation rate. Notably, however, MYC gene rear-
rangements are not unique to this subtype of mature B-cell lym-
phoma. Clinically, as described above (see section “Epidemiology”) 
there are three recognized variants of BL: endemic, sporadic, and 
immunodeficiency-associated, which appear to correlate with dis-
tinct profiles of clinical presentation, association with EBV, molecu-
lar lesions, and cytogenetic abnormalities. Histologically, BL may 
present as one of three patterns with no prognostic significance 
(classic, atypical, and plasmacytoid), previously recognized as 
disease variants and currently merged under the unique designa-
tion of BL. Regardless of the histologic variant, BL is characterized 
by a diffuse growth pattern that typically replaces extensively the 
normal underlying tissue architecture. Occasionally, BL cells may 
also be seen “colonizing” preexisting GCs adjacent to the main 
tumor or present in the lymph nodes, draining an area involved 
by diffuse BL. Frequent mitotic and apoptotic cells are present and 
reflect this lymphoma’s high proliferative rate and apoptotic index, 
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respectively. Tingible body macrophages interspersed among the 
neoplastic cells impart a characteristic low-power microscopic 
“starry sky” appearance. The proliferation index, measured by 
immunohistochemical nuclear expression for Ki-67, typically 
approaches 100% of the tumor cells and is a requirement for the 
diagnosis of BL, regardless of the morphologic subtype, as an 
acceptable surrogate for the demonstration of MYC gene rear-
rangements. In the classic BL variant the neoplastic cells are 
monomorphous, medium-sized (“small noncleaved”) with moder-
ate amounts of basophilic cytoplasm (see Fig. 89.2).64,65 The cells 
have round nuclei, clumped or condensed chromatin with clear 
parachromatin, and one to three nucleoli. When seen in Wright-
stained cytologic preparations, BL cells have a characteristically 
deeply basophilic cytoplasm with prominent clear cytoplasmic 
vacuoles. In the atypical variant, the neoplastic cells are more pleo-
morphic, including large cells with centroblastic appearance and 
often prominent central nucleoli. The plasmacytoid BL cells, which 
are seen mostly in association with immunodeficiency, are more 

monomorphous, predominantly large, with eccentric nucleus, 
prominent nucleolus, and more abundant, IG-positive cytoplasm. 
BL cells retrieved from malignant pleural effusions often are larger 
and more pleomorphic than their tissue or blood counterparts.

Immunophenotypically, BLs have a mature GC-like profile. 
They express CD10, CD19, strong uniform CD20, CD22, CD79a, 
PAX5, BCL-6, and surface IG (IgM, or less commonly IgA or IgG), 
with IG light chain k or l restriction (Table 89.2).66 They are typi-
cally negative for BCL2, CD34, and TDT. The latter two antigens 
are useful in the differential diagnosis with B-LBL, which is most 
often positive for these markers. CD21, the receptor for comple-
ment fragment Cd3 and the Epstein-Barr virus, is more frequently 
detected in the endemic than sporadic form.

Cytogenetically, all cases of BL harbor one of three chromo-
somal translocations which rearrange the MYC oncogene locus to 
regions controlled by regulatory components of the IGH or light 
chain (IGK or IGL) genes, leading to constitutionally overexpressed 
MYC in the neoplastic B-cells (Table 89.3). These translocations 
include t(8;14)(q24;q32)/MYC-IGH (80% to 90% of the cases), 
t(2;8)(q11;q32)/IGL-MYC, and t(8;22)(q23;q11)/MYC-IGK. The 
translocations associated with BL are relatively easily detected by 
classical cytogenetic methods and more recently by fluorescent in 
situ hybridization of interphase nuclei.67 In addition to these clas-
sic translocations, a significant proportion of pediatric BLs also 
contain other nonspecific but recurrent cytogenetic abnormalities, 
some of which may correlate with prognosis, at least in cases with 
high-stage presentation.68

Diffuse Large B-cell Lymphoma
 Diffuse Large B-Cell Lymphoma (DLBCL) is a mature B-cell neo-
plasm composed predominantly of large cells (i.e., nuclear size 
equal to or exceeding that of macrophage nuclei), with a diffuse 
growth pattern, and with a proliferation index typically less than 
that required for a diagnosis of BL (typically 90% or less). The 
neoplastic cells may have a predominantly centroblastic (>80% 
in children),69 immunoblastic (<10% in children),69 or anaplas-
tic appearance, defining three morphologic variants with no 
known prognostic implications (see Fig. 89.3).65 Tumors rich in 
T-lymphocytes and histocytes are defined as a distinct entity in 
the most recent WHO Classification as T-cell/histocyte-rich large 
B-cell lymphoma.

FIGURE 89.2. Burkitt lymphoma. Sheets of medium-sized lymphocytes are present with fine 
chromatin and multiple nucleoli. In addition, there are scattered large histiocytes containing 
debris. These histiocytes give the “starry sky” appearance to the histology of BL.

Subtype
Proportion of 
Cases (%)a Phenotype Primary Site Translocation Affected Genes

Burkitt 39 B cell Abdomen or head and 
neck

t(8;14)(q24;q32)
t(2;8)(p11;q24)
t(8;22)(q24;q11)

IGH – MYC
IGL – MYC
IGK – MYC

Lymphoblastic 28 T-cellb Mediastinum or head 
and neck

t(1;14)(p32;q11)
t(11;14)(p13;q11)
t(11;14)(p15;q11)
t(10;14)(q24;q11)
t(7;19)(q35;p13)
t(8;14)(q24;q11)
t(1;7)(p34;q34)

TCRad – TAL1
TCRad – LMO2
TCRad – LMO1
TCRad – TLX1
TCRb – LYL1
TCRad – MYC
TCRb – LCK

Large cellc 26 B cell, T cell Mediastinum, abdomen, 
head and neck, or skind

t(2;5)(p23;q35)d NPM-ALK

Ig, IG; TCR, T cell receptor.
a Proportion at St. Jude Children’s Research Hospital; other histotypes account for approximately 7%.
b B-cell–progenitor variants have also been described.
c Includes DLBCL and its variants, ALCL and some types of peripheral T-cell lymphoma.
d Primarily in T-ALCL.

taBLe 89.3

cLiNicaL aND bioLogic cHaracteriSticS of NoN-HoDgkiN LyMpHoMa iN cHiLDreN
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Immunophenotypically, DLBCLs express one or more pan-B–
associated markers CD19, CD20, CD22, CD79a, and PAX5. 
Surface or cytoplasmic IG are expressed by 50% or more cases. 
Some cases may express CD5, CD10, BCL2, BCL6, IRF4/MUM1, 
and CD30 (Table 89.3). Gene expression profiling and immu-
nohistochemical studies have defined subgroups with distinct 
biology in DLBCL. These groups do not currently determine 
therapy in children. The GC-like group, which is predominant in 
children69 is characterized by a CD10+/−, BCL6+/−, IRF4/MUM1− 
immunophenotype, while the non-GC subtype is CD10−, BCL6+/− 
and IRF4/MUM1+. Rare cases of anaplastic lymphoma kinase 
(ALK)-expressing DLBCL with plasmablastic features can be found 
among DLBCL of children.70–72 These have been included under 
the designation of ALK-positive large B-cell lymphoma in the 
WHO Classification 2008.24

Cytogenetics of DLBCL often include complex karyotypes with 
recurrent, but nonspecific abnormalities. While in adults many of 
the GC-like cases contain the t(14;18) characteristic for follicular 
lymphoma (FL), this is not the case in pediatrics, perhaps due to 
the unique biology of FL in this age group (see below).69 The rare 
ALK-positive cases may harbor the t(2;5) or t(2;17), resulting in 
ALK gene overexpression.70–72

primary Mediastinal (thymic) Large B-cell 
Lymphoma
Primary mediastinal (thymic) large B-cell lymphoma (PMBL) is an 
uncommon subtype of diffuse large B-cell lymphoma (<10% of 
large cell lymphomas in children) thought to arise from nonrecir-
culating thymic medullary B-cells.65,73–78 The latter feature may 
explain the biologic behavior of this tumor, which never involves 
the bone marrow (prerequisite feature for a diagnosis of PMBL 
and exclusion of DLBCL with secondary mediastinal involvement). 
Patients present with signs and symptoms of a large medias-
tinal mass, frequently with extension into adjacent structures 
including lung, pericardium, chest wall, and superior vena cava. 
Extrathoracic extension at diagnosis is uncommon but with dis-
ease progression can include kidneys, brain, soft tissue, skin, and 
adrenal glands. In the pediatric age group, the presence of extra-
thoracic disease at presentation is an adverse prognostic feature.76

Histologically, PMBL is characterized by a diffuse growth pat-
tern and is composed of tumor cells that may range from medium-
sized to large. They may have a centroblast-like appearance, 

may show lobated, “flower-like” nuclear outlines, or may have 
an anaplastic, Reed-Sternberg–like appearance. Often, they have 
abundant pale cytoplasm, with a “clear cell” appearance. The 
neoplastic cells are typically surrounded by thin to thick, dense 
fibrotic bands. Small benign-appearing lymphocytes and eosino-
phils may be present and add to the difficulty in differentiating 
PMBL from Hodgkin lymphoma.

Immunophenotypically, PMBL cells express CD45 and B-cell–
associated antigens PAX5, CD19, CD20, CD22, and CD79a 
(Table  89.2), characteristically lack IG, and very often show 
variable degrees of CD30 expression,79 as well as CD23 and 
IRF4/MUM1 positivity. Expression of CD10, BCL-6, and BCL2 is 
less common. Although not unique to PMBL, the expression of 
the myelin and lymphocyte protein (MAL) may be useful in dif-
ferentiating it from other mature B-cell and post-thymic T-cell 
lymphomas.80

Molecular studies uniformly reveal clonal IG gene rearrange-
ments even if IG expression is not demonstrable by immunologic 
techniques. The lymphoma cells show mutated IG V region genes 
consistent with post-germinal center B-cells.81,82 Uncommonly, 
evidence of clonal EBV genome may be present in the tumor cells. 
The relatively few cytogenetic studies reported show aneuploid 
tumor cells, often with gains of chromosome 9p or Xq.83,84 The 
tumor cells may overexpress REL or MAL in a minority of cases.85 
BCL6, TP53, CDKN2A alterations and MYC rearrangements may 
be present.83–87

Unclassifiable Large B-cell Lymphomas
The most recent WHO Classification has recognized the existence 
of some borderline B-cell lymphomas, where complete morpho-
logic, immunophenotypic, and genetic characterization does not 
allow a clear distinction between clinically significant categories 
of aggressive B-cell NHL or between DLBCL and classical Hodgkin 
lymphoma. This recognition has led to the definition of two 
heterogeneous disease categories that are not to be applied for 
cases where sufficient information is not available for a definitive 
distinction. These rare cases do occur in the pediatric age group 
and, at the present time, it appears that they are best managed as 
aggressive B-cell lymphomas in these patients.

B-cell Lymphoma, Unclassifiable, with Features 
Intermediate between Diffuse Large B-cell 
Lymphoma and Burkitt Lymphoma
This is a heterogeneous category of mature B-cell lymphomas, 
often with morphologic features of both DLBCL and BL, but 
with intermediate biologic features: cases of DLBCL with a gene 
expression profile similar to BL, many of which harbor dual trans-
locations involving MYC and BCL2 (“double-hit lymphomas”), cor-
relating with a particularly poor outcome; cases of DLBCL with 
high proliferation rate and immunophenotype resembling BL, but 
lacking a detectable MYC translocation; or cases with morphology 
typical for BL, but atypical immunophenotype or genetic features. 
Some of these cases would have been classified as “Burkitt-like 
lymphoma” in previous classification systems.

B-cell Lymphoma, Unclassifiable, with Features 
Intermediate between Diffuse Large B-cell 
Lymphoma and Classical Hodgkin Lymphoma
This category has been introduced mainly to reflect a distinct 
group of B-cell lymphomas occurring in the mediastinum and 
showing features intermediate between PMBL and classical 
Hodgkin lymphoma (“gray-zone lymphomas”).88 However, 
lymphomas with similar features have also been described 
in peripheral lymph nodes. Gene expression profiling studies 

FIGURE 89.3. Diffuse large B cell lymphoma. Sheets of variably sized large cells with 
prominent nucleoli and chromatin clearing. There is variation in cell size, in contrast to the more 
uniform cells of BL.
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have suggested related molecular signatures for PMBL and 
classical Hodgkin lymphoma,89–91 offering a possible explana-
tion for these phenotypically intermediate categories, although 
specific genomic studies of gray-zone lymphomas have not 
been reported.

anaplastic Large Cell Lymphoma
Anaplastic large cell lymphomas (ALCLs) are mature T lineage 
lymphomas characterized by anaplastic morphology (large “hall-
mark” neoplastic cells with abundant cytoplasm, pleomorphic, 
often horseshoe-shaped nuclei) and strong uniform expression 
of CD30. The most recent WHO Classification has recognized 
two distinct biologic entities sharing these features: ALK-positive 
ALCL and ALK-negative ALCL. The vast majority of pediatric 
ALCLs are ALK-positive and therefore, the latter disease subtype 
will be referred to exclusively in the remainder of this chapter. In 
children, ALCL tends to involve lymph nodes and extranodal sites 
including skin, soft tissues, lungs, and bones.92 Approximately 
20% to 25% of patients have bone marrow involvement at 
diagnosis that may not be obvious without ancillary studies.93 
Histologically, ALK expression by these lymphomas has allowed 
recognition of a wide spectrum of morphologic variants. These 
range from classical (common) cases, where the anaplastic cells 
predominate, growing in diffuse sheets (see Fig. 89.4) or within 
sinusoidal lymph node space; to the small cell variant,65,94 where 
the anaplastic cells are a minor component, admixed with pre-
dominantly small neoplastic cells; and the lymphohistiocytic 
variant,95,96 containing a minority of “hallmark” cells surrounded 
by a reactive lymphohistiocytic population that forms the bulk of 
the tumor. The monomorphic variant, more common in children 
(author’s unpublished observation) consists of sheets of monoto-
nous immunoblastic cells with a high mitotic rate and “starry 
sky” appearance, mimicking BL. Rare cases have a sarcomatoid 
appearance, consisting of spindled CD3+/ALK+/CD30+ neoplastic 
cells. Although none of these variants appears to have prognostic 
implications, the small cell variant appears to be associated more 
often with systemic dissemination and leukemic peripheral blood 
involvement at presentation.97,103

Immunophenotypically, ALCLs express one or more T-cell–
associated antigens including CD2, CD3, CD4, CD7, CD43, or 
CD45RO (Table 89.2).65,104 T-cell antigens CD5 and CD8 are usu-
ally negative. Some cases lack demonstrable T-cell antigens but 
have evidence of TCR gene rearrangements.65 Most ALCLs express 
cytoplasmic cytotoxic cell–associated proteins TIA-1, granzyme B, 

or perforin. A membranous and Golgi pattern of CD30 expression 
is characteristic of the neoplastic cells of ALCL.105,107 The most 
intense reactivity to CD30 antibodies is seen in the large cells, 
whereas the smaller cells are weakly positive or more often nega-
tive. Most ALCLs are positive for the EMA (epithelial membrane 
antigen) with a pattern similar to CD30.108 Myeloid-associated 
antigens (CD13, CD15, CD33) are often expressed by neoplastic 
cells, especially when analyzed by flow cytometry.109 Expression 
of myeloid markers CD13 and CD33 appears to differentiate ALK+ 
ALCL from ALK− ALCL.110

Cytogenetically, the t(2;5)(p23;q35)/NPM-ALK translocation 
is demonstrable in over 75% of ALK+ ALCLs (Table 89.3).111,112 
Several other translocations involving the ALK gene have been 
described, including t(1;2)(q25;p23), t(2;3)(p23;q21), inv(2)
(p23q35), t(2;22), t(2;17)(p23;q11), and t(2;19)(p23;p13).97,113–115 
All of these translocations lead to cytoplasmic overexpression and 
activation/phosphorylation of the ALK gene product as a result of 
dimerization of the gene partner-associated proteins. The NPM-
ALK fusion is unique in that it is associated with both nuclear 
and cytoplasmic expression of ALK, due to the unique nuclear 
localization properties of NPM (nucleophosmin). As a result ALCLs 
associated with this translocation show nuclear and cytoplasmic 
ALK expression, while all other tumors show cytoplasmic ALK 
only, allowing immunohistochemical staining for ALK to predict 
the underlying genetic lesion in these lymphomas.

Of note, ALK expression is not unique to ALCL, but has also 
been demonstrated in a large subset of inflammatory myofibro-
blastic tumors, a predominantly pediatric mesenchymal neoplasm 
that also harbors translocations involving ALK; as well as in other 
pediatric tumors, where alternative mechanisms of overexpres-
sion may be operative.116–118 Therefore, careful immunopheno-
typic characterization of ALK+ neoplasms should be performed to 
confirm the diagnosis of ALCL.

Uncommon pediatric Lymphomas
While the lymphoblastic and large cell lymphomas detailed above 
represent the vast majority of pediatric NHLs, a small but signifi-
cant proportion of lymphomas occurring in this age group consists 
of low-grade B-cell lymphomas and some subtypes of peripheral 
T-cell lymphoma (see Table 89.1). The diagnosis of these rare 
lymphomas in children is often delayed or initially interpreted 
as a reactive process or as one of the more common pediatric 
lymphomas.

Some of these neoplasms (including FL and marginal zone 
lymphoma [MZL]) appear to constitute distinct clinicopathologic 
entities in this age group and will be detailed below. Other rare 
lymphomas of children and adolescents include hepatosplenic 
T-cell lymphoma, mycosis fungoides,119–126 panniculitis-like 
T-cell lymphoma,127,128,129 HTLV-1–associated leukemia/lym-
phoma,130–132 and natural killer (NK) lymphoma.129,133–135 For 
the most part, the clinical and biologic features of these lympho-
mas in children resemble their adult counterparts. A detailed pre-
sentation of all of these lymphoma subtypes is beyond the scope 
of this chapter. Only hepatosplenic lymphoma will be discussed 
below, with an emphasis on the frequent bone marrow involve-
ment at presentation and the importance in differential diagnosis 
with the more common pediatric leukemias.

Follicular Lymphoma
Follicular lymphoma (FL) is a neoplasm of follicular germinal 
center B-cells that retains a follicular or nodular growth pattern. 
Children may develop FL pathologically and clinically similar to 
the adult disease, as well as FLs with unique clinicopathologic 
features, designated by the most recent WHO Classification as 
pediatric follicular lymphoma (P-FL). P-FL comprises <3% of 
all pediatric lymphomas,2,136,139–141 and usually presents with 
disease localized to lymph nodes of the head and neck area or 

FIGURE 89.4. Anaplastic large cell lymphoma. Heterogeneous population of large 
 lymphocytes is present with clearing of the nuclear chromatin and moderately abundant pink 
cytoplasm. Some cells have irregular and horseshoe-shaped nuclei (“hallmark” cells).
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testicles.140,142–145,146 In striking contrast to adults, transforma-
tion to higher grade lymphoma is distinctly uncommon in P-FL, 
and the patients have prolonged remissions and high event-free 
survival rates, with or without therapy.138,139,140

P-FL is characterized by a follicular growth pattern, often as 
large, irregular GCs with monotonous, predominantly centroblas-
tic cells, similar to the grade 3 FL seen in adults.181,183,184,186 
Neoplastic cells of P-FL express CD10, CD19, CD20, CD22, CD79a, 
and BCL6; may be weakly positive or negative for surface IG IgM 
or IgG; and are negative for BCL2.65,140,141 P-FLs have BCL6 rear-
rangements but lack the t(14;18)(q32;q21), BCL2 rearrangements 
and P53 overexpression, despite their apparent high histologic 
grade (Table 89.3).142–145 This is in contrast to the majority of 
adult FL, which express BCL-2 and have a t(14;18) that involves 
rearrangement of BCL2.65 The distinction between classic FL 
and P-FL is important in the pediatric age group. In two sepa-
rate studies of pediatric nontesticular FL, BCL2 expression was 
an important determinant of outcome,139,140 with patients with 
BCL2+ lymphomas presenting with advanced disease stage or dis-
ease refractory to therapy; whereas children with BCL2 negative 
tumors (likely mostly P-FL cases) presented with stage I disease, 
achieved complete remission, and had no relapses.140

Marginal Zone B-cell Lymphoma
MZL B-cell lymphoma is rarely diagnosed in the pediatric age 
group, with only a few reports available to date.141,147,148 As with 
adults, MZLs in children and young adults may be nodal or extra-
nodal in their presentation. The extranodal MZLs of mucosa-asso-
ciated tissue are also referred to as MALT lymphomas. Extranodal 
sites of presentation include salivary glands, lung, orbit, ocular 
adnexa, lip, breast, stomach, and sinonasal cavity. Gastric forms 
are associated with H. pylori infection. Nodal MZL is reportedly 
more frequent in males and presents usually with localized disease. 
Extranodal MZL also tends to be localized in these young patients 
and shows a slight male predominance. Most children with MZL 
do exceptionally well with treatment. Both nodal and extranodal 
types demonstrate morphologic and immunophenotypic features 
similar to their adult counterparts. Morphologically, the marginal 
zone and interfollicular areas of the lymph node are infiltrated by 
a mixture of small lymphocytes, centrocyte-like cells, and monocyt-
oid B-cells. A small number of immunoblastic cells may be present. 
Plasma cells and sometimes significant plasma cell differentiation 
may be present. Additionally, over two-thirds of pediatric nodal 
MZLs display disruption of residual normal follicles resembling 
progressive transformation of GCs, a feature that appears to be 
unique to MZLs in this age group. Immunophenotypically, the 
neoplastic cells express CD20, CD79a, IgD, and IgM; but not CD5, 
CD10, CD43, CD103, and cyclin D1.65 Extranodal MZLs must be 
distinguished from benign marginal zone hyperplasias of tonsils 
or appendix with l IG light chain restriction.149

hepatosplenic t-cell Lymphoma
Hepatosplenic T-cell lymphoma is an aggressive extranodal 
malignancy of cytotoxic T-cells usually of gd and less commonly 
ab T-cell receptor type.65,150–155 This rare lymphoma has a peak 
incidence in adolescents and young adults, with male predomi-
nance,65,151 although a female predisposition is reported for ab 
hepatosplenic lymphomas.153,154 A relatively high percentage of 
cases follow solid organ transplantation or immunosuppressive 
therapies for other conditions.156–159 Patients typically present 
with enlarged spleens and livers, but no appreciable lymphade-
nopathy. Isolated thrombocytopenia is a common presentation. 
Circulating lymphoma cells are commonly present at diagnosis 
but may be difficult to distinguish from atypical lymphocytes. A 
more obvious leukemic phase may develop as the disease pro-
gresses.153,154 Cases of ab hepatosplenic lymphoma are histo-
logically, cytogenetically, and clinically similar to the gd form.154

In liver and spleen samples, the neoplastic cells are medium-
sized to large, with scant to moderate amounts of cytoplasm 
and a predominantly sinusoidal location154,155 (see Fig. 89.5). 
Azurophilic cytoplasmic granules have been described in a 
minority of cases. The nuclei may be round or convoluted with 
condensed chromatin and inconspicuous nucleoli. With disease 
progression, a blast cell transformation with large cells having 
prominent nucleoli may occur.156,160,161 This is the most frequent 
lymphoma cell appearance in bone marrow samples from pediat-
ric patients, and therefore it is an important consideration in the 
differential diagnosis with acute leukemias, especially of myeloid 
lineage. The bone marrow biopsy samples frequently show a 
characteristic sinusoidal infiltrate.154,155,161 Erythrophagocytosis 
may be evident.154,155,162,163 The lymphoma cells have a fairly 
consistent immunophenotypic expression pattern of CD2+, CD3+, 
CD4−, CD8±, CD5−, CD7+, CD16+, and CD56± (Table 89.2).65,153,164 
The ab hepatosplenic lymphomas have a similar immunopheno-
type except for a slightly more frequent expression of CD57.154 
TCR gd or less commonly TCR ab proteins can be detected by 
flow cytometric analyses.150,155 Cytotoxic granular protein TIA-1 
is detected in most cases, whereas granzyme B or perforin are 
detected in only a minority of cases.153,154,162,165,166

Cytogenetically, an isochrome 7q, often with trisomy 8 and 
other random chromosomal abnormalities, is found in the major-
ity of reported cases.154,158,160,161,167–170

CLiNiCaL feaTureS
The clinical presentation for children with NHL is quite varied 
(Tables 89.3 and 89.4).1,2,7 The primary sites of disease, which 
vary according to histologic subtype, are the primary deter-
minants for the signs and symptoms observed. Children with 
advanced-stage T-LBL or mediastinal large B-cell lymphoma 
typically present with a mediastinal mass (Figs. 89.6 and 89.7), 
whereas children with BL typically present with abdominal dis-
ease (usually arising from the terminal ileum and often serving 
as a trigger point for an intussusception). By way of contrast, 
children with large cell lymphoma may present with primary 
involvement of either mediastinum or abdomen.

Those children presenting with an abdominal mass may have 
associated nausea, vomiting, and abdominal pain. Abdominal 
distension secondary to obstruction and associated ascites may be 
present on physical examination. Extension of the mass into the 
pelvis may result in ureteral compression and hydronephrosis. 
The presence of an anterior mediastinal mass may result in some 

FIGURE 89.5. Hepatosplenic T cell lymphoma. Prominent hepatic sinusoidal infiltration 
by intermediate to large lymphoid cells with clumped chromatin and occasional nucleoli. Inset: 
Immunohistochemical staining for CD3 highlights a sinusoidal pattern of bone marrow infiltration.
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degree of respiratory distress, ranging from slight cough to severe 
respiratory compromise, including arrest.7 The respiratory status 
may also be compromised by the presence of a pleural effusion. 
A mediastinal mass may obstruct venous return to the heart, 
resulting in a superior vena cava syndrome.7 This syndrome is 
characterized by swelling in the neck and shoulder region and 
prominent venous vasculature, a condition which may predispose 
the patient to the development of a deep venous thrombosis.

The degree of tumor burden at the time of diagnosis is quite 
variable. Some children present with isolated lymph node involve-
ment, whereas others may present with more widespread disease 
(Fig. 89.8). Involvement of the bone marrow may be associated 

with pancytopenia, pallor, and bruising. Blurred vision, headache, 
or the presence of a cranial nerve palsy on physical examination 
may be present when the central nervous system is involved. Skin 
lesions may be present at the time of diagnosis in approximately 
4% of children; however, this is usually associated with the 
CD30+, ALK+ anaplastic subtype of large cell lymphoma.171,172 
Involvement of bone may be associated with local swelling, pain, 
or limp. Boys may present with testicular enlargement secondary 
to tumor infiltration. Involvement of the ovary may be identified 
on diagnostic imaging studies.

Stage I

A single tumor (extranodal) or involvement of a single anatomical area (nodal), with 
the exclusion of the mediastinum and abdomen.

Stage II

A single tumor (extranodal) with regional node involvement.

Two or more nodal areas on the same side of the diaphragm.

Two single (extranodal) tumors, with or without regional node involvement on the 
same side of the diaphragm.

A primary gastrointestinal tract tumor (usually in the ileocecal area), with or  
without involvement of associated mesenteric nodes, that is completely resectable.

Stage III

Two single tumors (extranodal) on opposite sides of the diaphragm.

Two or more nodal areas above and below the diaphragm.

Any primary intrathoracic tumor (mediastinal, pleural, or thymic).

Extensive primary intraabdominal disease.

Any paraspinal or epidural tumor, whether or not other sites are involved.

Stage IV

Any of the above findings with initial involvement of the central nervous system, 
bone marrow, or both.

a Based on the classification proposed by Murphy.

StageS of NoN-HoDgkiN’S LyMpHoMaa

taBLe 89.4

FIGURE 89.6. Computed tomography scan of child with mediastinal lymphoblastic 
lymphoma.

FIGURE 89.7. Computed tomography scan of child with mediastinal large B-cell  
lymphoma.

FIGURE 89.8. Positron emission computed tomography scan of child with  
disseminated anaplastic large cell lymphoma.
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MaNageMeNT
Initial workup and staging: Modern therapy for the NHLs of 
childhood is determined by both the histologic diagnosis and the 
disease stage. It is therefore imperative that an expeditious and 
comprehensive staging workup be performed after the diagnosis 
is established. This generally includes: computerized tomogra-
phy of the neck, chest, abdomen, and pelvis; nuclear imaging; 
bilateral bone marrow aspirates and biopsies for cell count and 
differential, flow cytometry if the marrow is overtly involved, 
cytogenetics, and molecular pathology; lumbar puncture for 
cerebrospinal fluid cytology.2,7 Over the past 5 years there has 
been a change in the type of nuclear imaging studies done in 
the pediatric NHL staging workup. Historically, gallium and bone 
scans were considered part of the workup; however, positron 
emission tomography (PET) is becoming a more widely used 
staging modality for children with NHL.173 Data on how PET 
compares to conventional gallium and bone scanning is lacking. 
Uniform criteria for the interpretation of PET findings in children 
both at diagnosis and in response evaluation are needed. In some 
large cooperative groups studies, PET is not used at all. Thus, it 
is important to know what imaging studies are being done for a 
staging workup when risk-adapted (e.g., stage-adjusted) protocol 
results are reported. A complete blood count with differential and 
chemistry panel including serum lactate dehydrogenase (LDH) 
should also be obtained. Upon completion of the above workup, 
patients are designated with a disease stage—usually accord-
ing to the St. Jude system described by Murphy (Table 89.4).8 
Those with stage I or II are considered to have limited-stage 
disease, whereas those with stage III or IV are considered to have 
advanced-stage disease.

Initial management: Upon expeditious completion of the diag-
nostic and staging workup, appropriate therapeutic options can be 
implemented. Before chemotherapy is started, however, a num-
ber of issues must be considered. Some children are at high risk 
for tumor lysis syndrome (TLS). This primarily includes children 
with advanced-stage BL and some children with LBL who have a 
large tumor burden at diagnosis, which may be reflected by an 
elevated serum LDH. Some of these children will have metabolic 
abnormalities with some degree of renal dysfunction at diagnosis, 
which only worsens once chemotherapy is started (e.g., hyperka-
lemia, hyperuricemia, hyperphosphatemia, etc.). Therefore, these 
children should have excellent intravenous access and vigorous 
hydration before starting chemotherapy. Hyperuricemia has 
historically been managed using hyperhydration coupled with 
allopurinol, a xanthine oxidase inhibitor. Uricolytics, such as 
uricozyme, which cleave uric acid to the more soluble and read-
ily cleared allantoin, have been used for decades. A recombinant 
form of this drug, rasburicase, has been shown to be very effec-
tive and well tolerated with a reduced risk of associated allergic 
reaction.174 The advantage of these agents is the precipitous drop 
in serum uric acid which negates the need for alkalinization, thus 
facilitating phosphorous excretion. Of note, a study of rasburicase 
in children at high risk for TLS demonstrated preservation of 
renal function with no significant associated hyperphosphatemia 
or hyperkalemia.174

Therapy: There have been significant improvements in treat-
ment outcome for children with newly diagnosed NHL over the past 
25 years.1 This has been largely accomplished through incremental 
refinements in sequential multicenter trials which feature both a 
stage- and histology- or immunophenotype-directed approach to 
treatment assignment. Two of the initial successful regimens for 
children with NHL were the multiagent LSA2L2 regimen175,176,177 
designed for children with ALL, and the cyclophosphamide-based 
COMP regimen.175 A randomized trial by the Children’s Cancer 
Group (CCG) comparing these two approaches validated a stage- 
and histology-directed therapeutic approach to pediatric NHL.175 
Specifically, children with limited-stage disease did well regardless 

of the treatment arm. In contrast, among those with advanced-
stage disease, those with BL had a better outcome with COMP and 
those with LBL had a better outcome with LSA2L2; there was no 
clear therapeutic advantage with either approach for children with 
advanced-stage large cell lymphoma. Other trials validated and 
built on these observations.96,178,215

Subsequent to the CCG trial comparing LSA2L2 and COMP, the 
dominant theme of most trials for children with limited-stage disease 
has been the reduction of treatment-related acute and late effects 
without compromising treatment outcome.180,182,183,198,201,202 This 
has been attempted by shortening the duration of therapy, dose 
reduction of certain agents, and elimination of involved field irradi-
ation. In the first of two sequential trials performed by the Pediatric 
Oncology Group (POG),183 it was demonstrated that involved field 
irradiation could safely be eliminated from a 33-week treatment 
plan that featured three courses of cyclophosphamide, Adriamycin, 
vincristine, and prednisone (CHOP), followed by a 24-week main-
tenance phase of 6-mercaptopurine and low-dose methotrexate. In 
the subsequent trial it was shown that the 24-week maintenance 
phase could be safely eliminated for children with Burkitt or large 
cell lymphoma; however, for children with LBL the result was infe-
rior.183 Even with the 24-week maintenance phase, one-third of 
children with LBL experienced a recurrence; however, the majority 
were successfully salvaged, resulting in a similar overall survival to 
other histologic subtypes. Other groups have approached limited-
stage LBL with a more intensive initial treatment regimen.197 For 
example, the French Society of Paediatric Oncology (SFOP) coop-
erative group trial treats children with LBL with the same regi-
men used for those with advanced-stage disease.197 A somewhat 
intermediate intensity approach is currently being studied by the 
Children’s Oncology Group (COG), in which patients with limited-
stage LBL are receiving a regimen modeled after approaches used 
for low-risk ALL.

Treatment advances for children with advanced-stage disease 
have primarily focused on improving histology- and immunophe-
notype-directed treatment strategies (United States and Europe, 
respectively). Intensification of therapy, addition of new active 
agents, and refinement in risk-adapted therapy have all been 
credited with improvement in outcome.

Burkitt lymphoma: For children with advanced-stage BL, 
initial improvements in treatment outcome beyond that achieved 
with COMP were attained by the incorporation of high-dose 
methotrexate and cytarabine (Table 89.5). Two year event-free 
survival rates of approximately 80% for children with stage III BL 
were reported with the Total B regimen which featured 1 gram/
m2 methotrexate and sequentially escalating doses of continuous 
infusion cytarabine; for those with bone marrow involvement 
however, the outcome was inferior (approximately 20%).181 The 
POG modified the Total B approach in the PG8617 protocol by 
incorporating high-dose pulses of cytarabine and intensified 
intrathecal therapy; this resulted in an improved treatment out-
come for children with stage IV disease.185 The optimal duration 
of therapy was examined in other trials. For example, the French 
(SFOP)186 demonstrated that the duration of therapy could be 
reduced to 4 months; Schwenn et al.190 reported an excellent result 
with a 2-month regimen for those with stage III disease. Further 
advances in therapy were subsequently achieved by dose inten-
sification of cyclophosphamide, methotrexate, and cytarabine 
and by the incorporation of new active agents (e.g., etoposide). 
The German Berlin-Frankfurt-Münster (BFM)201 and SFOP180 
cooperative groups have reported encouraging results, using 
risk-directed treatment assignment based on clinical features 
such as stage, degree of surgical resection, tumor burden, degree 
of bone marrow involvement, and disease sites. For example, in 
the SFOP LMB-89 regimen,180 Group A treatment is restricted 
to those who completely resected limited-stage disease, whereas 
Group C, which is the most intensive arm, comprises those who 
have greater than 70% marrow blasts or central nervous system 
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anthracycline- and asparaginase-rich backbone207,221 however; 
the result for children with T-ALL entered on this trial was 
inferior in the arm without high-dose methotrexate.221 The COG 
recently completed a randomized trial which also examined 
the need for high-dose methotrexate in children with LBL. In 
this study, the arm featuring the incorporation of high-dose 
methotrexate was being compared to an arm which featured 
the incorporation of extended intrathecal therapy. Preliminary 
reports suggest no difference in the treatment arms, although 
the final analysis is pending. Improvements in treatment out-
come have also been attributed to other interventions such as 
the incorporation of a delayed intensification phase205 (i.e., re-
induction phase), L-asparaginase,212 and new active agents.191 
A randomized trial performed by the POG demonstrated a 
survival advantage for those patients receiving additional doses 
of L-asparaginase. L-asparaginase is a featured component of 
the very successful Dana Farber approach. Anthracyclines are 
also commonly used in successful NHL treatment regimens. 
For example, they are a featured component in the POG 9404 
 regimen.207,221 The use of epipodophyllotoxins in the treatment 
of LBL is more controversial. In this regard, etoposide was a fea-
tured agent in the successful NHL13 regimen222; however, their 
use in the POG T3 protocol was found to be associated with an 
increased rate of secondary AML.212

It has been difficult to identify clinical features among children 
with LBL that are reliably predictive of outcome—that is, for 
whom novel or intensified therapy could be planned. However, 
the use of flow cytometric technology to measure disease extent 
at diagnosis (minimal disseminated disease, MDD) has identified 
higher risk patients. A study by Couston-Smith et al. demon-
strated that the detection of MDD in the bone marrow of LBL 
patients at the time of diagnosis was predictive of outcome.223 
Those with greater than or equal to 1% lymphoblasts in the mar-
row had a significantly inferior event-free survival compared 
to those with a lesser amount. Of interest, the level of disease 
detection in the peripheral blood was comparable to that found 
in the bone marrow, suggesting that disease response (minimal 
residual disease, MRD) could be followed with a peripheral blood 
test instead of bone marrow examination.223 This data regarding 
the prognostic significance of MDD at diagnosis is the basis for 
two ongoing clinical trials for advanced-stage T-cell LBL in the 
United States.

disease. Group B is intermediate in intensity and is given to those 
with incompletely resected limited-stage disease, stage III, and 
those with <70% bone marrow replacement. Approximately  
85% of children with advanced-stage B-cell lymphoma are cured 
with this approach. An international collaborative study (LMB-
96) was conducted to determine whether the intensity of LMB-89 
therapy could be safely reduced for patients with Group B and C 
therapy. Among Group B patients it was demonstrated that the 
avoidance of cyclophosphamide dose escalation in the second 
course of COPADM and deletion of a maintenance sequence could 
be safely implemented without compromising the outcome.216 

Among Group C patients however, reduction in therapy was 
associated with a poorer outcome.217 The BFM cooperative group 
has also reported excellent results with a regimen that features 
high-dose methotrexate (5 g/m2), ifosfamide, doxorubicin, etopo-
side, cytarabine, vincristine, and steroids.201 In their most recent 
trial, it was demonstrated that a 4-hour infusion of methotrex-
ate resulted in a noninferior outcome compared to the 24-hour 
infusion; however, this was not found to be true for those with 
advanced-stage disease.218 The current BFM study is examining 
a rituximab window phase to evaluate both activity and  toxicity—
responses to single agent rituximab were observed in some 
patients, and the toxicity profile was generally acceptable.219

LBL: Strategies to improve the outcome for children with LBL 
have generally built on the results of the CCG trial, which dem-
onstrated a superior result with an ALL-like treatment approach 
(i.e., LSA2L2). The incorporation of high-dose methotrexate has 
been featured in a number of successful treatment regimens 
(Table 89.6).197,205,206,207 For example, the SFOP modified the 
LSA2L2 regimen by incorporating courses of high-dose metho-
trexate throughout the maintenance phase of therapy with 
an excellent treatment result.197 The BFM cooperative group 
achieved an outstanding result (i.e., 5-year event-free survival 
rate of 90%) with an approach which featured a high-dose 
methotrexate consolidation phase (5 g/m2 every other week for 
a total of 4 courses).205 The improved outcome with higher doses 
of methotrexate may be the result of higher levels of intracellular 
methotrexate polyglutamates achieved with dose escalation.220 

The necessity of methotrexate in the treatment regimen has 
been questioned.207 In a randomized trial performed by the 
POG, it did not appear that high-dose methotrexate added to 
the treatment result for children with LBL in the setting of an 

Protocol Stage No. Patients Event-Free Survival Rate Reference

POG 8617 IV
B-ALL

 34
 47

4 y EFS = 79% ± 9%
4 y EFS = 65% ± 8%

185

LMB 89a II
IV
B-ALL

278
 62
102

5 y EFS = 91% (95%CI,87–94%)
5 y EFS = 87% (95%CI,77–93%)
5 y EFS = 87% (95%CI,79–92%)

180

BFM 90 III
IV
B-ALL

169
 24
 56

6 y EFS = 86% ± 3%
6 y EFS = 73% ± 10%
6 y EFS = 74% ± 6%

201

LMB 96 III
IV (CNS-)/B-ALL

413
235

4 y EFS = 89.8%
4 y EFS = 79%

216
217

BFM 95 III
IV
B-ALL

221
 33
 79

3 y EFS = 87%
3 y EFS = 81%
3 y EFS = 79%

218

B-ALL, B-cell acute lymphoblastic lymphoma; BFM, Berlin-Frankfurt-Münster; CI, confidence interval; EFS, event-free survival; POG, Pediatric Oncology 
Group
aIncludes patients with B-cell large cell NHL.

taBLe 89.5

treatMeNt outcoMe for aDvaNceD-Stage burkitt LyMpHoMa
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Large cell lymphoma: Determining the optimal treatment 
approach for children with advanced-stage large cell lymphoma 
has been more of a challenge for various reasons. The CCG 
randomized trial comparing COMP and LSA2L2 did not show 
an advantage to either approach for children with advanced-
stage large cell lymphoma.175 Further complicating the picture 
is the fact that historically, children with large cell lymphoma 
in the United States were treated on the basis of the histologic 
diagnosis (i.e., uniform therapy for all immunophenotypic sub-
types), whereas in Europe, children with large cell lymphoma 
have been treated primarily according to immunophenotype 
(e.g., T-cell, B-cell, or CD30+ALCL).96,196,208,224 With histology-
directed therapy, the 5-year event-free survivals for children 
with advanced-stage disease have generally been in the range 
of 60% to 75%175,178,179,188,208,210,211 (Table 89.7). These results 

have largely been achieved using CHOP-based therapy (cyclo-
phosphamide, Adriamycin, vincristine, and prednisone). During 
the past 15 years, the investigators in the United States have 
used an immunophenotype-directed approach for children with 
large cell lymphoma, in part because of the excellent results 
achieved in Europe using this strategy. For example, in France 
(SFOP), children with advanced-stage B-cell large cell lymphoma 
are treated according to a BL regimen (LMB89) with an excel-
lent result (3-year event-free survival >80%). Most groups are 
now treating BL and B-cell large cell lymphoma similarly. The 
PMBL, however, have an inferior outcome with an approximate 
70% event-free survival reported with modern therapy.216 
Preliminary results from protocols featuring dose-adjusted 
EPOCH-R in adults with PMBL been encouraging225–227 and have 
recently prompted the development of a protocol examining this 
approach in children.

There are still quite varied approaches used for those children 
with CD30+ ALCL.96,211,224 In Europe, an immunophenotype-
directed approach has been used. In the German BFM trials, 
children CD30+ ALCL have been treated with a B-cell approach 
(BL like) with an outstanding result (3-year event-free survival 
rate of approximately 80%).196,224 The United Kingdom Children’s 
Cancer Study Group studied the activity of a B-cell approach 
(NHL 9002), based on the very successful French LMB-89 B-cell 
protocol. In this UK study, children with stage II, III, and non-
CNS+ stage IV ALCL treated with the Group B arm of the LMB-89 
regimen achieved a 55% 5-year event-free survival rate.213 It is 
unclear why this approach appeared to be inferior to the BFM 
B-cell approach; however, the BFM approach features more fre-
quent use of alkylators. In SFOP trials, children with CD30+ ALCL 
have been entered on regimens specific for that subtype.96 The 
HM 89 and HM 91 both feature an initial treatment phase (one 
course of COP followed by two courses of COPADM) based on their 
very successful B-cell protocol, LMB-89. The maintenance phases, 
however, were different from LMB-89: the HM 89 protocol 

Protocol Stage
No. of 
Patients

Event-Free Survival 
Rate Reference

CHOP III & IV 21 3 y EFS = 62% ± 11% 178

MACOP-B III & IV 11 3 y EFS = 55% ± 16% 195

COMP
vs.
LSA2L2

III & IV

III & IV

42

18

5 y EFS = 52%

5 y EFS = 43%

175

APO
vs.
A-COP+

III & IV

III & IV

62

58

3 y EFS = 72% ± 6%

4 y EFS = 62% ± 7%

209

CHOP, cyclophosphamide, Adriamycin, vincristine, and prednisone; EFS, event-free survival.

treatMeNt outcoMe for aDvaNceD-Stage Large ceLL 
NoN-HoDgkiN LyMpHoMa

taBLe 89.7

Protocol Stage No. of Patients Event-Free Survival Rate Reference

LSA2L2 ( modified)
CCG-551

III/IV 124 5 y EFS = 64% 175

BFM 90 III
IV

 82
 19

5 y EFS = 90% ± 3%
5 y EFS = 95% ± 5%

205

X-H SJCRH III/IV  22 4 y DFS = 73% 191

APO (Dana Farber) III/IV  21 3 y DFS = 58% ± 23% 271

A-COP + (POG) III  33 3 y DFS = 54% ± 9% 192

SFOP LMT81 III
IV/ALL

 33
 43

57 mo EFS = 79% (SE, 4%)
57 mo EFS = 72% (SE, 4%)

197

CCG: LSA2L2 (modified)
vs.
ADCOMP

I-IV

I-IV

243

138

5 y EFS = 74%

5 y EFS = 64%

200

POG8704: no extra Asp
vs.
extra Asp

III/IV

III/IV

 83

 84

4 y CCR = 64% (SE, 6%)

4 y CCR = 78% (SE, 5%)

212

BFM 95 III/IV(CNS-) 156 5 y DFS 88% 252

NHL 13 III/IV  41 5 y EFS = 82.9% 222

POG 9404 III/IV 137 5 y EFS = 84.6% 221

Asp, asparaginase; BFM, Berlin-Frankfurt-Münster; CCG, Children’s Cancer Group; CCR, continuous complete remission; DFS, 
disease-free survival; EFS, event-free survival; POG, Pediatric Oncology Group; SE, standard error.

treatMeNt outcoMe for aDvaNceD-Stage LyMpHobLaStic NoN-HoDgkiN LyMpHoMa

taBLe 89.6
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featured alternating courses of VEM (etoposide, methotrexate, 
and cyclophosphamide) and VAD (vincristine, doxorubicin, and 
decadron), for a total of 8 courses; and the HM 91 regimen fea-
tured alternating courses of VEBP (vinblastine, etoposide, bleomy-
cin, and prednisone) and Sequence 1 (vincristine, methotrexate, 
cyclophosphamide, and doxorubicin) for a total of 8 courses. The 
3-year event-free survival for all stages treated with these two 
regimens was 66% (54% to 76%); however, among stage III and 
IV patients, the 3-year event-free survival was 55%.

In the United States, a histology-directed approach has histori-
cally been used to treat children with large cell lymphoma. The 
APO regimen is one of the most active regimens, and features an 
induction phase (doxorubicin, vincristine, prednisone, and intra-
thecal methotrexate) followed by sequential maintenance phases 
(doxorubicin, methotrexate, vincristine, prednisone, 6-mercap-
topurine, and intrathecal methotrexate).193,210,211 A POG ran-
domized trial which examined the potential benefit of adding 
intermediate-dose methotrexate and high-dose cytarabine to the 
APO regimen found no difference in outcome regardless of immu-
nophenotype.211 Among the 86 patients with advanced-stage 
disease, a 4-year event-free survival and overall survival of 71.8% 
and 88.1%, respectively, were reported.

During the past decade, cooperative group trials in Europe 
and the United States built on the BFM B-cell and APO strate-
gies, respectively. Both studies are examining the benefit of 
adding vinblastine, an agent which has activity as a single agent 
in multiply relapsed ALCL patients.215 In the ALCL99 trial (BFM-
based), the addition of vinblastine to the BFM backbone did 
not improve long-term event-free survival.228 Another observa-
tion in this trial was that the infusion of methotrexate could be 
changed from 1 gram/m2 given over 24 hours with IT MTX to a 
3-hour infusion of methotrexate at a dosage of 3 g/m2 (without 
IT MTX), without compromising outcome.229 The shorter infu-
sion was also associated with less toxicity. In this trial, various 
prognostic factors were examined. Interestingly, stage was not 
associated with prognosis230; however, those with a small cell 
variant or lymphohistiocytic histologic component had a poorer 
outcome than children who lacked this subtype.231 Preliminary 
results from the COG APO trial also indicated that the inclusion 
of vinblastine did not improve treatment outcome, although the 
final report is pending.

Relapse: Approximately 20% to 30% of children with NHL will 
have a treatment failure with frontline therapy as manifested by 
either recurrent or, less commonly, refractory disease.1 The prog-
nosis for children with recurrent or refractory NHL has generally 
been felt to be quite poor. Therefore, most oncologists consider 
either intensive or novel salvage chemotherapy regimens, fol-
lowed by an intensification phase including either autologous or 
allogeneic hematopoietic stem cell transplantation (HSCT) in the 
majority of cases. However, the role of HSCT in this setting is 
somewhat controversial.232

There are a number of studies which feature HSCT.201,233–243 
For example, some children with BL who had a poor early 
response to therapy were successfully salvaged with high-
dose intensive chemotherapy followed by autologous HSCT in 
European Cooperative Group trials.201,236,238,239,241 The Spanish 
Working Party for Bone Marrow Transplantation reported that 
58% of the children who had either refractory/recurrent NHL, 
or high risk in first CR, were event-free survivors following 
HSCT.238 SFOP reported that 8 of 24 children with refractory 
or recurrent NHL were long-term disease-free survivors using 
HSCT.239,243 In a St. Jude single institution review of 20 chil-
dren with recurrent or refractory NHL, approximately 45% 
were survivors following HSCT.243 Published studies featuring 
HSCT for pediatric NHL are relatively small in number, and vary 
with respect to the type of HSCT (autologous versus allogeneic), 
 salvage therapy, preparative regimen, and histologic subtype, 
making direct comparisons difficult.

The availability of novel and targeted therapies has made 
the histologic subtype of NHL a crucial factor in determining the 
appropriate initial salvage therapy, and in some cases the type of 
HSCT (i.e., allogeneic versus autologous) for those children who 
experience a failure following primary therapy.

(a)  Various options can be considered for children with recurrent 
ALCL. Single agent vinblastine has been shown to be active 
even in children who have experienced multiple relapses. Of 
interest, some of these patients have experienced extended 
event-free survival after completing 1 to 2 years of therapy.244 

Multiagent chemotherapy regimens have also been reported to 
be active and include the ICE regimen (ifosfamide, carbopla-
tin, and etoposide)245 and the MIED regimen (methotrexate, 
ifosfamide, etoposide, and dexamethasone),246 with long-term 
event-free survival achieved with subsequent auto-HSCT in 
patients who are chemosensitive going into HSCT. The BFM 
reported prognostic factors for children with chemosensitive 
disease that went on to get an auto-HSCT; those with CD3+ 
tumors, or “relapse on therapy” had a poorer outcome.247 The 
BFM also published very promising results with the use of 
allo-HSCT for children with high-risk ALCL, suggesting a pos-
sible  graft-versus-lymphoma effect.248

(b)  One of the most commonly used regimens for children with 
recurrent CD20 mature B-cell lymphoma (e.g., BL, DLBCL) is 
the RICE regimen, which includes rituximab, ifosfamide, car-
boplatin, and etoposide. A COG study demonstrated activity of 
this regimen in patients with either BL or DLBCL with subse-
quent event-free survival following either auto-HSCT or allo-
HSCT.249 A number of studies have suggested that autologous 
HSCT is beneficial in the management of children with BL who 
are poor early responders to initial therapy.201,234,239 It is less 
clear which approach is optimal for those children with BL 
who relapse in the bone marrow, although many would favor 
an allogeneic approach if a suitable donor is available.

(c)  Children with recurrent T-cell LBL are generally managed 
with salvage regimens for recurrent T-ALL; if chemosensitive, 
they are generally managed with allo-HSCT, as auto-HSCT has 
not been found to be very effective.250

There is a spectrum of preparative regimens which have been 
studied in children with recurrent or refractory NHL.201,233–243 
Carmustine, etoposide, cytarabine, and melphalan (BEAM); and 
carmustine, cytarabine, cyclophosphamide, and thioguanine 
(BACT) are two of the earliest drug combinations used success-
fully.234,235,242 SFOP credited their excellent salvage rate in part 
to the inclusion of high-dose busulfan in the preparative regi-
men.239 Gordon et al.237 reported excellent results for children 
with recurrent peripheral T-cell lymphoma using a regimen that 
featured thiotepa. Additional prospective clinical trials which 
examine HSCT strategies in children with recurrent or refractory 
NHL are clearly needed; it has been suggested by one group that 
the potential graft-versus-lymphoma effect of the allogeneic HSCT 
approach be studied.241

LoNg-TerM SequeLae
Improvements in the cure rate for children with NHL have prompted 
investigators to more closely examine long-term treatment-related 
late effects. Areas of concern include second malignancies, second 
cancers, and fertility. Attempts to reduce these unwanted sequelae 
include trials which have eliminated or reduced the doses of cer-
tain chemotherapeutic agents or involved field irradiation.

In the first of two sequential randomized trials for limited-stage 
NHL, the POG demonstrated that involved field irradiation could 
be safely eliminated without compromising the excellent treat-
ment outcome.183 The elimination of involved field irradiation was 
also shown to be possible without compromising outcomes in a  
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St. Jude study of patients with advanced-stage disease.251 Involved 
field irradiation of primary tumor masses is not used in most cur-
rent NHL trials. However, cranial irradiation is considered in the 
management of children with LBL who present with overt involve-
ment of the central nervous system. Historically, the use of cranial 
irradiation for CNS prophylaxis in children with LBL has been 
considered controversial; however, studies by the BFM252 and St. 
Jude222 have demonstrated that prophylactic cranial irradiation 
can be safely omitted from the treatment plan without compromis-
ing outcomes.

Alkylating agents such as cyclophosphamide and ifosfamide 
cause a dose-related depletion of germinal cells and tend to be 
more gonadotoxic in males. Studies suggest that fertility is gener-
ally maintained at a cumulative cyclophosphamide dose of <4 g/
m2, whereas sterility is likely at doses greater than 7.5 g/m2.253 
In this regard, various clinical trials have examined the possibility 
of eliminating or reducing the dose of cyclophosphamide in the 
treatment of certain NHL subtypes.209 For example, in the LMB-
96 trial for children with high-grade mature B-cell lymphomas, it 
was demonstrated that escalation of the cyclophosphamide dos-
age in the second course of COPADM could be avoided in Group B 
patients without compromising the outcome.216

Pediatric NHL trials have also been influenced by the desire 
to avoid or limit anthracycline-related cardiac toxicity. Although 
adults have been shown to tolerate cumulative Adriamycin doses 
of 550 mg/m2, children treated with lower cumulative doses have 
been shown to have clinically significant abnormalities in ven-
tricular contractility.254 Factors which have been shown to be pre-
dictive of cardiac dysfunction include higher anthracycline dose 
intensity, cumulative anthracycline dose, female sex, younger age 
at time of treatment, combined modality therapy which includes 
mediastinal irradiation, and time interval since completion of 
therapy.255,256 In addition to trials which attempt to reduce the 
cumulative dose of anthracyclines,188 the study of cardioprotec-
tants is also indicated.

fuTure direCTioNS
Although significant progress has been made in the treatment of 
children with NHL, 25% to 30% continue to have refractory or 
recurrent disease. Treatment-related late effects are of additional 
concern. Thus, the continued goal and challenge for the pediatric 
oncologist is to develop more effective treatment approaches 
which are not associated with significant late effects. This will 
require further refinement in risk-adapted treatment planning, 
which will be made possible by the identification of additional 
prognostic biologic and clinical factors.

Various strategies may contribute to further improvement 
in treatment outcome, such as the development of new active 
agents or new schedules for the delivery of current agents. 
One of the most promising novel approaches is the use of 
immunotherapeutic agents such as rituximab for patients with 
CD20+ B-cell lymphomas.257–259 In adults, the use of Rituxan 
has been shown to improve outcome for adults with DLBCL 
and FL. Pediatric trials which include rituximab for children 
with CD20+ B-cell lymphomas are ongoing. The BFM recently 
reported on the activity and toxicity profile of rituximab given 
as window therapy before starting conventional therapy.219 
The COG performed two pilot studies which incorporated 
rituximab into Groups B and C of LMB-96 based therapy—
preliminary results are promising, with final reports pending. 
Anti-CD30 (SGN30) has been shown to have activity in adults 
with CD30+ ALCLs.260 A pediatric trial of SGN30 combined 
with ICE (ifosfamide, carboplatin, and etoposide) was recently 
completed, with results forthcoming. An antibody drug conju-
gate (i.e., SGN35) which links auristatin to anti-CD30 has been 
shown to be active in CD30+ ALCL and Hodgkin lymphoma 

occurring in adults.261–263 Small molecule inhibitors, which 
have been shown to be active in adults with CML, may have 
a role in some types of childhood NHL; phase I studies are 
currently ongoing.264,265 Crizotinib, a small molecule inhibitor 
of c-MET/ALK, has been shown to be active against ALCL in 
adults;266 pediatric trials are ongoing. Future plans for the use 
of targeted therapeutic agents, including immunotherapeutic 
agents and small molecule inhibitors, include their combination 
with conventional agents in the management of children with 
newly diagnosed ALCL.

The continued molecular characterization of chromosomal 
abnormalities associated with pediatric NHL may prove help-
ful in refining the classification of clinically relevant histologic 
 subtypes,28,267,270 evaluating response to therapy, and developing 
novel therapeutic approaches which target the molecular lesion 
directly.
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ChroniC LymphoCytiC Leukemia
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Chronic lymphocytic leukemia (CLL) is characterized by the accu-
mulation of mature-appearing lymphocytes in the blood, marrow, 
lymph nodes, and spleen.1,2,3,4 Small lymphocytic lymphoma 
(SLL) is the same disease, but primarily there is involvement of 
lymph nodes and spleen. Both CLL and SLL are antedated by 
monoclonal B-cell lymphocytosis (MBL) in which small numbers 
of CLL cells can be detected in the blood of asymptomatic indi-
viduals.1,2,3,4 The CLL cells are monoclonal B lymphocytes that 
express CD19, CD5, and CD23 with weak or no expression of sur-
face immunoglobulin (Ig), CD20, CD79b, and FMC7.1,2,3,4 Recent 
evidence suggests that CLL cells have a similar gene expression 
profile as memory B-cells, and there is considerable heterogene-
ity in CLL in terms of cellular morphology, phenotype, biology, 
molecular genetics, and prognosis.1,2,3,4,5–7 The incidence of CLL 
varies throughout the world, being highest in North America 
and rare in the Far East. In North America, CLL/SLL accounts 
for one-quarter of all leukemias, with the incidence reported by 
the Surveillance, Epidemiology and End Results (SEER) Program 
being 5.13/100,000 for the years 1993 to 2004.8 A total of 75% 
of cases were CLL and 25% SLL. However, the incidence is likely 
much higher, as many patients are diagnosed by flow cytometry 
and are not included in tumor registries.9 By combining data from 
flow cytometry and the cancer registry the incidence of CLL/SLL is 
7.99/100,000, with the median age at diagnosis being 71.5 years.9 
The median age at diagnosis is younger for males (70 years) than 
for females (73 years), with the male:female ratio being 1.3:19 
(Fig. 90.1). One third of patients are less than 65 years and 10% 
less than 50 years. Using SEER data, it has been shown that rela-
tive survival is poorest for those >80 years, and worse for men.10 
Interestingly, the 10-year relative survival has increased over the 
last 20 years for all age groups except for those 80 years of age 
or older at the time of diagnosis (Fig. 90.2).10 Moreover, relative 
survival has improved for men, diminishing the difference previ-
ously seen between the sexes.

Although the median age at diagnosis for CLL patients in the 
population is 71.5 years, it is 64 years in CLL clinics and as low as 
58 years in specialized clinics.11,12,13 Thus, it is likely that many 
older patients are not being referred for assessment and therapy.

pathophySioLoGy

predisposing Factors Including Familial Chronic 
Lymphocytic Leukemia
Unlike other leukemias, there is no firm evidence linking an 
occupational exposure with an increased incidence of CLL.14 
However, CLL patients have a higher incidence than normal 
individuals of having had an infection just prior to the diagnosis, 
suggesting a role for infection in the etiology of this disease.15 
Moreover, a number of studies have demonstrated that about 
20% of CLL patients have very similar (stereotypic) heavy-chain 
complementarity-determining region 3 (HCDR3) sequences in 
their B-cell receptors (BCR), and this affects mainly patients with 
an unmutated IgVH gene (see section “Cell of Origin”).2,16,17,18,19,20 
Moreover, approximately 1% of BCRs from both mutated and 
unmutated cases are identical.20 Compared to normal B-cells in 
the elderly, there is skewing of IgVH gene usage in CLL and the 
biologic features of the disease are reflected in the gene used and 
whether the HCDR3 is stereotypic.2,16,18,19 These findings suggest 
that a common antigen or an antigenlike element may be respon-
sible for triggering this malignancy, perhaps an infective organism 
or an autoantigen.2,16,18,19 Although patients with CLL have an 
increased risk of a prior diagnosis of pernicious anemia, they do 
not have an increased risk of other autoimmune diseases.4,21 A 
recent study has shown that the BCRs from CLL cells, and not the 
BCRs from normal B-cells or other B-cell malignancies, can induce 
cell-autonomous signaling, which is dependent on the interaction 
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FIGURE 90.1. Age distribution of 351 males and 265 females diagnosed through the provincial cancer registry and a centralized flow cytometry 
facility in Manitoba over a 5-year period (1998 to 2003). The median age at diagnosis was 70 years for men and 73 years for women (P = 0.0281). Overall 
median age was 71.5 years. From Seftel MD, Demers AA, Banerji V, et al. High incidence of chronic lymphocytic leukemia (CLL) diagnosed by immunophenotyping: 
a population-based Canadian cohort. Leuk Res 2009;33:1463–1468, with permission.
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of HCDR3 with internal epitopes on nearby BCRs.20 As only spe-
cific HCDR3 structures may interact with the epitope and induce 
signaling, this may explain the high incidence of stereotypic 
HCDR3s. However, no obvious differences in signaling are seen 
between the BCRs of mutated or unmutated cases or whether the 
HCDR3 was stereotypic.

A family history of CLL or another lymphoproliferative dis-
order is a strong risk factor for CLL, and it is estimated that 1 
in 10 patients with CLL has a family history of CLL or another 
lymphoproliferative disorder.14,22 There is a thirtyfold increase in 
the risk of CLL in first-degree relatives of patients with CLL,22–24 
and 13% to 18% of first-degree relatives have a peripheral blood 
CD5+ MBL.25,26 However, whether individuals with these abnor-
mal cells will eventually develop CLL is presently unknown.25 
Patients with familial CLL are approximately 10 years younger 
than those with sporadic CLL,14,23 and anticipation may occur in 
familial CLL, with affected children being 15 to 20 years younger 
than their parents at diagnosis.27–30 However, other authors have 

not observed anticipation.14 There is no consistency in the clinical 
features of affected members with familial CLL and no difference 
in the clinical features of patients with familial CLL or sporadic 
CLL.14,31 As discussed in the section on “Cell of Origin”, there are 
two forms of sporadic CLL; those with somatic hypermutations of 
the IgVH gene and those without. At the present time, it is unclear 
as to whether familial CLL differs from sporadic CLL with regard 
to the incidence of IgVH gene mutations.32,33

The pattern of inheritance in familial CLL is unknown, but 
there is no linkage to HLA type.34 Several recent studies have 
attempted to identify a susceptibility gene for familial CLL.35,36 
A 3.68 Mb minimal region has been identified at 13q21.33-
q22.2, which has been found to be shared in four CLL families, 
including family members with CD5+ MBL.37 These findings 
suggest that candidate genes at this and other sites may be 
involved in the pathogenesis of inherited CLL.14 It has been 
suggested that polymorphisms in the ataxia telangiectasia 
mutated (ATM) gene may pre-dispose individuals to develop 

FIGURE 90.2. Ten-year relative survival curves of 
patients with chronic lymphocytic leukemia (CLL) 
by major age group. Period estimates for 1980 to 
1984 (solid lines ) and 2000 to 2004 (hatched lines). 
From, Brenner H, Gondos A, Pulte D. Trends in long-
term survival of patients with chronic lymphocytic leu-
kemia from the 1980s to the early 21st century. Blood 
2008;111:4916–4921, with permission.
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CLL, but a recent study has discounted this hypothesis.37 
Patients with familial CLL have also been shown to have 
elevated plasma levels of B-lymphocyte stimulator (BLgS) and 
an increased frequency of a C→T polymorphism at –871 in the 
BLgS promoter.38 Finally, in one CLL family, a single nucleotide 
polymorphism (SNP) in the promoter site of the death-associ-
ated protein kinase 1 (DAPK1) gene was observed in affected 
family members.39 This polymorphism silenced this gene by 
binding the transcriptional regulator HOXB7.114. These results 
suggest that multiple abnormalities may be involved in the 
development of familial CLL.

Cell of Origin
There has been controversy as to the normal counterpart of the 
CLL cell.2,19 As the CLL cell is CD5+, it was previously believed 
that the normal counterpart was the CD5+ B lymphocyte, which 
is present in the mantle zone of lymph nodes and in small 
numbers in the peripheral blood.40 However, the CD5+ B lym-
phocyte lacks mutations of the IgVH gene,41 whereas the CLL 
cell has undergone mutations in approximately 50% of cases.2,19 
Additional studies suggest that CLL cells with unmutated, as well 
as mutated, IgVH have been antigen exposed.2,19,42 Firstly, sur-
face immunophenotyping shows activation markers to be pres-
ent in both mutated and unmutated cases.42 Secondly, there is a 
skewing toward specific IgVH gene usage in CLL cells (IgVH1–69, 
IgVH3–23, IgVH3–7, and IgVH4–34) with some genes, for example, 
IgVH1–69 being more common in unmutated CLL and others, for 
example, IgVH4–34, IgVH3–23, and IgVH3–7 being more common in 
mutated cases.16 Thirdly, as discussed previously, 10% to 20% 
of patients have changes in their BCR, suggestive of antigen 
exposure.17,18 Finally, gene expression studies indicate that both 
mutated and unmutated IgVH CLL cells are memory B-cells.6,7 
The results of these studies indicate that the CLL cell is antigen-
experienced, suggesting that the expressions of CD5 and CD23 
on these cells are secondary changes, perhaps representing cell 
activation or nonspecific changes secondary to the malignancy. 
Thus, the cell of origin of the CLL cell may be the memory B-cell, 
regardless of whether there are mutations of the IgVH gene. This 
would explain why all CLL cells are CD27+, which is typically a 
marker of the memory B-cell.43 Although most normal CD27+ 
B-cells have IgVH gene mutations, a small fraction does not.44 
Altered DNA methylation is observed in CLL and the methylation 
pattern in the unmutated IgVH form of CLL is similar to a CD5+ 

naive B-cell form, whereas the mutated form is most similar to 
a memory B-cell.45 Significant hypomethylation occurs in the 
production of the CLL cells, with many similar changes for the 
both the mutated and unmutated forms which may explain the 
similar gene expression profiles for both types of CLL. Based on 
the methylation patterns. a third form of CLL has been proposed, 
which is antigen-experienced but has lower levels of mutations 
than the IgVH mutated form. The influence of DNA methylation 
on gene expression in CLL and how this can be altered is an area 
of great interest.45,46

A recent study has demonstrated that the hematopoietic 
stem cell is abnormal in CLL having increased expression of 
early lymphoid transcription factors, such as IKAROS.47 When 
CLL hematopoietic stem cells are transplanted into immuno-
suppressed mice there is an increased production of polyclonal 
B-cells including increased numbers of monoclonal or oligoclonal 
B-cells that are either CD5+ or CD5–, generally have mutated IgVH 
and, as in CLL cells, preferentially used VH1, 3, and 4 similar to 
that seen with MBL (Fig. 90.3). However, the clonal cells have 
VDJ recombinations that are different from the original patient’s 
cells. These clones do not have the typical genetic changes seen 
by fluorescence in situ hybridization (FISH) studies in CLL cells. 
These results indicate that the stem cells from CLL patients have 
the capacity to generate monoclonal B-cells and the authors spec-
ulate that a “second hit” is required for these clones to become 
CLL cells.

abnormalities in apoptosis
Although a defect in apoptosis typifies CLL, with the majority of 
cells being long-lived, noncycling, and in G0, there is a small frac-
tion of replicating cells in the lymph nodes and marrow that is 
responsible for disease progression.2 Chemotherapeutic agents 
induce apoptosis, and defects in apoptosis may also be respon-
sible for drug resistance.48–50 Considerable knowledge has been 
obtained regarding the apoptotic pathways, and the major steps 
are shown in Figure 90.4. Apoptosis occurs through the activa-
tion of caspases, which are cysteine proteases that cleave other 
caspases at aspartate acid residues, converting the inactive pro-
forms to active enzymes. The downstream caspases, caspases 3, 6, 
and 7, cleave specific proteins leading to the typical morphologic 
changes of apoptosis. Apoptosis can be initiated through 2 main 
pathways, which interact and subsequently activate the same 
downstream caspases.

FIGURE 90.3. Schematic presentation of human 
chronic lymphocytic leukemia (CLL) develop-
ment based on the xenogeneic transplantation 
model. CLL human stem cells have accumulated 
genetic abnormalities that might play a role in ampli-
fied B-cell differentiation, and produce a high number of 
polyclonal B-cells carrying the same genetic aberrations. 
B-cell clones are selected, and expanded in response to 
B-cell receptors (BCR) signaling driven presumably by 
xenoantigens, simulating progression of monoclonal B cell 
lymphocytosis (MBL). Additional abnormalities such as 
aberrant karyotypes might play a role in progression from 
MBL into human CLL. This final step was not recapitu-
lated in the xenograft model. From Kikushige Y, Ishikawa, 
Miyamato T, et al. Self-renewing hematopoietic stem cell 
is the primary target in pathogenesis of human chronic 
lymphocytic leukemia. Cancer Cell 2011;20:246–259, 
with permission.
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then become activated by autoactivation.51 Apoptosis through this 
pathway is controlled by the presence of the receptor and a vari-
ety of inhibitors that can bind to the DED in place of the caspases. 
One of these inhibitors is FLICE inhibitory protein (FLIP), which 
is a homologue of procaspase 8 and contains 2 DED domains but 
lacks proteolytic activity.57 It been reported that CLL cells have 
high levels of FLIP expression rendering the cells resistant to 
DR-induced apoptosis.58

There is cross-talk between the intrinsic and extrinsic path-
ways. Thus, caspase 8 can activate Bid, which causes the release 
of cytochrome c from the mitochondria.50,59 Alternatively, trig-
gering of the intrinsic pathway in CLL cells by chemotherapy 
or irradiation can activate caspase 8,60 possibly by activation of 
caspase 3.61

Apoptosis through the TNF receptors plays an important role 
in controlling lymphoid cell populations, and defects either in FAS 
ligand or the receptor result in the autoimmune lymphoprolifera-
tive syndrome (ALPS) with lymphadenopathy, splenomegaly, and 
an increase in the risk of subsequent autoimmune diseases and 
lymphomas. FAS is normally up-regulated in activated lympho-
cytes, and CLL cells are not sensitive to FAS ligand, even if FAS 
(CD95) is increased through the use of Staphylococcus aureus 
protein A from Cowan I plus interleukin (IL)-2, CD40 ligation, 
or through a- or g-interferon.60–63 DR4 and DR5 receptors are 
present on CLL cells, but the extent of sensitivity of these cells to 
TRAIL is controversial.57,64 CLL cells secrete both TRAIL65 and 
FAS ligand,60,65 which may suppress normal T-cells and contrib-
ute to the immunosuppression seen with this disease.

Apart from the direct induction of apoptosis through the 
interaction with TNF ligands, the TNF receptors may play a role 
in the activity of chemotherapeutic agents. Chemotherapeutic 

two Major apoptotic pathways
The intrinsic apoptotic pathway is typically initiated by DNA 
damage, which causes the up-regulation of TP53, an increase 
in the BAX:BCL2 ratio, and the release of cytochrome c from 
between the inner and outer mitochondrial membranes into the 
cytosol. Cytochrome c binds to and activates apoptosis-activating 
factor-1 (APAF1) in the cytosol in a process that requires deoxy-
adenosine triphosphate (dATP). The N-terminal of APAF1 binds 
to and causes the autoactivation of procaspase 9 and, subse-
quently,  caspase 3.51 The cytochrome c/mitochondrial system is 
important for the activity of chemotherapy, and a deficiency in 
APAF1 can cause drug resistance,52 although whether the vari-
able levels of APAF1 in CLL influence sensitivity to chemotherapy 
is unknown.51 As discussed later, the triphosphate derivatives of 
fludarabine and cladribine can substitute for dATP, and part of 
their cytotoxic activities is related to the binding of APAF1and 
direct activation of caspases 9 and 3.53–55 SMAC/DIABLO is also 
released from the mitochondria along with cytochrome c and 
induces apoptosis by binding to the inhibitor of apoptosis (IAP) 
family of proteins, which normally inactivate a number of cas-
pases, including caspase 3.56

The extrinsic apoptotic pathway also plays a major role in 
apoptosis. There are presently 6 known death receptors (DRs), 
and these include the Tumor necrosis factor (TNF) receptor, 
FAS (APO-1 or CD95) and DR4/DR5 (receptors for TNF-related 
apoptosis-inducing ligand [TRAIL]). These receptors contain a 
cytosolic domain called the death domain, which recruits adap-
tor proteins such as FADD/MORT1 to the receptor complex after 
binding to ligand. The recruiter adaptor protein has a death 
domain end and a death effector domain (DED). Once bound to 
the TNF receptor, the DED binds to caspases 8 and 10, which 
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FIGURE 90.4. Apoptotic pathways in chronic lymphocytic leukemia.
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agents may up-regulate receptors for FAS66,67 or DR4/DR5,68,69 
which could prime the cells to physiologic levels of FAS ligand 
or TRAIL. However, although fludarabine and chlorambucil 
increase FAS messenger RNA levels in CLL cells in vitro, they 
do not affect the levels of FAS protein.60 In contrast, irradiation 
does increase FAS protein levels, but none of these agents sen-
sitizes CLL cells to FAS ligand.60 Fludarabine and chlorambucil 
increase the messenger RNA and cell-surface protein expres-
sion levels of DR4/DR5 in CLL cells, and this sensitizes the cells 
to TRAIL.64

Modulators of the apoptotic pathway in Chronic 
Lymphocytic Leukemia
The above pathways are modulated by a variety of proteins, 
which may be altered in CLL. The BCL2 family consists of 
approximately 20 members that can either promote or inhibit 
apoptosis. These proteins are located in the cell membrane, 
nuclear membrane, and mitochondrial membrane, and func-
tion by binding to other proteins or influencing cell permeability 
and the release of cytochrome c from the mitochondria. Some 
BCL2 family members (e.g., BAX, BCLXS, BAK, and BAD) pro-
mote apoptosis, whereas others (e.g., BCL2, BCL-xL, and MCL-1) 
inhibit apoptosis.70–76 In addition, another group (e.g., BAG1) 
can influence the activities of the other family members. CLL 
cells have high BCL2, BAX, and BAK levels but have low levels 
of BCLXL and BAD.70–76 The BCL2 overexpression is related to 
hypomethylation of DNA, rather than to a translocation, and may 
contribute to the longevity of the CLL cell.70 CLL cells with high 
BCL2 levels have more prolonged in vitro survival than those with 
low levels, and decreasing BCL2 expression by antisense oligo-
nucleotides can induce apoptosis.70 Whether the BAX and BCL2 
levels or the BAX:BCL2 ratios are predictive of drug sensitivity 
in CLL is controversial.71–76 MCL1 protein levels are variable in 
CLL, and it has been suggested that patients with high levels are 
more resistant to chemotherapy.74 An insertion of either 6 or 18 
nucleotides in the promoter of MCL1 is found in CLL cells with a 
lower incidence in normal B cells.77 An analysis of matched pairs 
of normal versus leukemia cell samples indicates that the MCL1 
promoter insertions represent somatic alterations and not hered-
itary polymorphisms. This insertion is associated with higher lev-
els of MCL1 protein and nonresponsiveness to chemotherapy.77 
However, other groups have not confirmed these findings and the 
importance of an insertion in the MCL1 promoter remains to be 
determined.78 In addition, a guanine-to-adenosine substitution 
at position 125 (G125A) in the BAX promoter has been associ-
ated with decreased BAX expression, advanced disease, and drug 
resistance in CLL.79

A number of other proteins play a role in apoptosis, and their 
expressions can be affected by the genetic changes in CLL, as 
discussed in the section on “Genomic Abnormalities.” The tumor-
suppressor gene, TP53, is a transcriptional activator and is located 
on chromosome 17p13.80,81 TP53 protein is phosphorylated and 
stabilized after DNA damage, such as that produced by radiation 
or alkylating agents, through activation of ATM kinase and DNA-
dependent kinase.80 Cell cycle blockage at G1 or G2 may occur, 
allowing the cell to repair the damage before entering the S- or 
M-phase.80 However, TP53 may also induce apoptosis, and this 
occurs preferentially in tumor cells, a feature that may explain the 
relative tumor specificity of anticancer agents.81 Mechanisms for 
TP53-induced apoptosis are through up-regulation in the expres-
sions of the TRAIL DRs, DR4, and DR5, and increased expres-
sion of the proapoptotic BCL2 family members, BAX, NOXA, and 
PUMA.82 TP53 mutations are typically associated with deletions 
of the second allele (deletion 17p13), and mutations or TP53 
gene deletions are observed in 10% to 15% of CLL patients (see 
section “Genomic Abnormalities”); these abnormalities are associ-
ated with high lymphocyte counts, drug resistance to anticancer 

agents in vitro and in vivo, and poor patient survival.2,72,73,83,84 
In a longitudinal study of 181 patients, the percentage of leukemic 
cells with a TP53 mutation increased during the course of the dis-
ease, indicating that the mutation provides a survival advantage 
for the tumor cells.83 The murine double minute-2 (MDM2) gene 
is located on chromosome 12 and is transactivated by TP53.80 
The MDM2 protein enhances the binding of TP53 to ubiquitin, 
and TP53 is subsequently degraded.80 Thus, overexpression of 
MDM2 in cell lines reduces the capacity of TP53 to block the cell 
cycle in G1 after irradiation and speculatively could also decrease 
TP53-induced apoptosis and produce drug resistance.72 However, 
although the MDM2 protein has been found to be overexpressed 
in two-thirds of CLL cases, this does not correlate with disease 
stage, aggressiveness, or drug resistance.72,85

The ATM gene is located on chromosome 11q22-q23 and is 
responsible for phosphorylation and activation of p53 after DNA 
damage.80,86 Approximately 10% to 20% of CLL patients have a 
mutation of ATM, and about half of these will have a defective 
response to irradiation, similar to that with a TP53 mutation, 
if all alleles are mutated or if one is mutated and the other lost 
because of a deletion of 11q22-23.86,87 Approximately one third of 
patients with a mutated ATM have a deletion 11q22-23 and one 
third of those with a deletion 11q22-23 have a mutation on the 
other allele.86,87

Microenvironment

Overview
The microenvironment in the peripheral blood, spleen, lymph 
nodes, and marrow plays an important role in the biology of 
CLL. In the bone marrow and lymph nodes, follicular dendritic, 
stromal, and/or fibroblast cells interact with CLL cells whereas in 
the peripheral blood the interaction is with “nurselike” cells and 
T-cells.88 Co-culture of CLL cells with “nurselike” or stromal cells 
decreases spontaneous apoptosis in the leukemia cells, promotes 
CLL cell proliferation, and confers drug resistance.89–91 This effect 
seems to require cell–cell contact and CLL cells interact with the 
microenvironment through activation of their cell surface recep-
tors. The BCR plays a central role in CLL biology in the microen-
vironment through maintenance and expansion of the CLL cell 
clone. BCR signaling is controlled by intracellular tyrosine kinases 
such as spleen tyrosine kinase (Syk), and Bruton’s tyrosine kinase 
(BTK; Fig. 90.5).92,93–97 In addition, aberrantly expressed CD40L 
on CLL cells can interact with CD40 on microvascular endothelial 
cells which leads to the release of the TNF family members, BAFF 
(B-cell activating factor of the TNF family), and APRIL (a prolifer-
ation-inducing agent).98 Receptors for BAFF and APRIL (BMCA, 
TAC1, and BAFF-R) are present on CLL cells and stimulation leads 
to increased survival and induction of the expression of CD40L on 
the CLL cells thus further potentiating the cycle. This exemplifies 
the cross-talk between CLL and stromal cells in the microenviron-
ment. Adhesion molecules are also important for CLL cell sur-
vival. b1 and b2 integrins on CLL cells bind to CD54 and CD106 
on stromal cells and this promotes cell survival.99,100 Moreover, 
neutralizing antibodies against various integrins induces the CLL 
cells to undergo apoptosis.101 Caveolin-1 expression by CLL cells 
in lymph nodes may stimulate CLL proliferation and migration but 
also mediates immune synapses with autologous T lymphocytes 
which contributes to immune tolerance.102 Finally, CD44 on CLL 
cells is a receptor for hyaluronic acid and collagen, thus helping 
retain the cells in the microenvironment.103

In addition to cell–cell contact, the extracellular milieu con-
tains molecules such as growth factors, proteins, and lipids that 
contribute to CLL progression.89 Stromal and CLL cells produce 
cytokines that may stimulate leukemia cell growth in an auto-
crine or paracrine fashion while inhibiting survival of normal 
lymphoid and marrow cells. This latter effect can lead to the 
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kinase inhibitors disrupts the interactions between CLL cells and 
the microenvironment.109,110,111 These chemotherapeutic agents 
have shown promising pre-clinical activities.

Cellular Features of the Microenvironment
BMSCs and other cells of the lymphatic tissue have intrinsic 
characteristics to support CLL cell functions.111,112 Normal hema-
topoiesis depends upon BMSCs as the BMSCs provide attachment 
sites and growth signals for the hematopoietic precursors. In 
CLL the BMSCs create niches where CLL cells are nourished and 
protected from either spontaneous or chemotherapy-induced 
apoptosis. The CLL cells bind to BMSCs with high affinity which 
allows tight adhesion and migration of the CLL cells underneath 
the BMSCs. Both murine and human BMSCs have similar effects 
on CLL cell growth and cell survival. BMSC are of mesenchymal 
origin and are similar to mesenchymal stromal cells in other tis-
sues. Follicular dendritic cells (FDCs) are also found in lymphatic 
tissue and support CLL cell survival. These FDCs are being used 
to express CLL specific antigens and are under clinical investiga-
tion for the development of vaccines for CLL.113 The CLL cells also 
cross-talk with stromal cells through the CXCR4–CXCL12 and the 
CD40–C40L axis discussed in detail later.

Nurselike cells (NLC) are differentiated monocytes that are 
large, round, and adherent cells that bind to CLL cells mainly in 

immunosuppression and myelosuppression that typify this dis-
ease. In addition, the chemokine receptors CXCR4 and CXCR5 on 
CLL cells regulate CLL cell trafficking to the stromal cells (which 
produce the receptor ligands, CXCL12 and CXCL13, respectively) 
in the microenvironment where the CLL cells produce IL-6 and 
IL-8, which in turn provide signals for cell survival.11,104 Upon 
BCR activation, CLL cells secrete cytokines such as CCL3 that 
attract additional accessory cells such as T-cells to join the CLL 
and stromal cells.105 In addition to signaling, stromal cells also 
supply essential nutrients to the CLL cells. For example, CLL 
cells have limited capacity to transport cystine for glutathione 
synthesis due to low expression of Xc-transporter.106 In contrast, 
stromal cells can effectively transport cystine and convert it to 
cysteine which can then be released into the microenvironment 
where the CLL cells take up the cysteine for GSH synthesis. 
CLL cells can also influence stromal cells signaling through 
microvesicles.107 Microvesicles are released by CLL cells and 
can modulate the activity of the bone marrow stromal cells 
(BMSCs). The microvesicle can activate the AKT/mammalian 
target of rapamycin (mTOR)/p70S6K/hypoxia-inducible factor-
1alpha axis in CLL-BMSCs with production of vascular endothelial 
growth factor (VEGF), a survival factor for CLL cells.107,108 They 
can also transfer various messages to target cells that may be 
critical to disease progression. In the clinic, molecular targeting 
of the microenvironment through CXCR4 antagonists or BCR 

FIGURE 90.5. Molecular interactions in the chronic lymphocytic leukemia (CLL) microenvironment. Molecular interactions between CLL and stromal cells 
in the BM and/or lymphoid tissue microenvironments that are considered important for CLL-cell survival and proliferation, CLL-cell homing, and tissue retention. 
Contact between CLL cells and nurselike cells (NLCs) or bone marrow stromal cells (BMSCs) is established and maintained by chemokine receptors and adhesion 
molecules expressed on CLL cells. NLCs express the chemokines CXCL12 and CXCL13, whereas BMSCs predominantly express CXCL12. The chemokine receptors 
CXCR3 and CCR7 are additional chemokine receptors on CLL cells that are involved in lymphatic tissue homing. NLCs and BMSCs attract CLL cells via the G-protein–
coupled chemokine receptors CXCR4 and CXCR5, which are expressed at high levels on CLL cells. Integrins, particularly VLA-4 integrins (CD49d), expressed on the 
surface of CLL cells cooperate with chemokine receptors in establishing cell–cell adhesion through respective ligands on the stromal cells (VCAM-1 and fibronectin). 
NLCs also express the TNF family members BAFF and APRIL, providing survival signals to CLL cells via corresponding receptors (BCMA, TACI, and BAFF-R). CD38 
expression allows CLL cells to interact with CD31, the ligand for CD38 that is expressed by stromal and NLCs. Ligation of CD38 activates ZAP-70 and downstream 
survival pathways. Self- and/or environmental Ags are considered key factors in the activation and expansion of the CLL clone by activation of the BCR and its 
downstream kinases. Stimulation of the BCR complex (BCR and CD79a,b) induces downstream signaling by recruitment and activation of Syk, Btk, and PI3Ks. Finally, 
BCR stimulation and co-culture with NLCs also induces CLL cells to secrete chemokines (CCL3, CCL4, and CCL22) for the recruitment of immune cells (T-cells 
and monocytes) for cognate interactions. CD40L+ (CD154+) T-cells are preferentially found in CLL-proliferation centers, and can interact with CLL cells via CD40. 
From Burger JA. Nurture versus nature: the microenvironment in chronic lymphocytic leukemia. Hematology (Am Soc Hematol Educ Program) 2011;2011:96–103.
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growth of normal lymphocytes and marrow cells.127,129–131 The 
serum level of TNF-a is increased in most patients with CLL, and 
the highest levels are observed in those with advanced disease.130 
An increase in the serum levels of the soluble receptors for TNF-a 
has also been observed in CLL.132

Transforming growth factor-b (TGF- b): TGF-b is secreted by 
CLL and marrow stromal cells.133,134 TGF-b inhibits DNA syn-
thesis in both CLL and normal B-cells, although the degree of 
inhibition can be quite low in CLL as a result of the loss of TGF-b 
receptors.135,136 In contrast to normal B-cells, CLL cells are con-
sistently resistant to apoptosis induced by TGF-b.137

Adhesion molecule receptors: It has long been known that 
adhesion molecules on the cell surface are important for cell 
survival. For adherent cells, such as epithelial cells, removal of 
the cells from their attachments and resuspending the cells in 
culture results in apoptosis, called anoikis.99 Binding of adhe-
sion molecules such as integrins can prevent aniokis suggesting 
that cell–cell contact is important in maintaining cell viability. 
Although CLL cells can be in suspension they do adhere to other 
cells in the marrow, lymph nodes, and peripheral blood and adhe-
sion molecules play a role in protecting the leukemia cells against 
apoptosis.138 As mentioned previously, b1 and b2 integrins and 
CD44 are also present on the CLL cell surface.99,100,103

BMCA, TAC1, and BAFF-R: CLL cells express BAFF and APRIL 
along with their corresponding receptors BMCA, TAC1, and 
BAFF-R.139 The addition of exogenous BAFF and APRIL to CLL 
cells prevents spontaneous and drug-induced apoptosis.141 These 
molecules are known factors in B-cell survival, differentiation, 
and apoptosis.139 Conversely, the addition of a soluble form of the 
BMCA receptor or neutralizing antibodies against BAFF or APRIL 
results in increased apoptosis.140 CLL cells secrete BAFF and 
APRIL and the plasma levels of APRIL are higher in CLL patients 
than in normal individuals.139,140 In addition, antigen-presenting 
cells, such as dendritic cells, express high levels of BAFF and 
APRIL.140 Because CLL cells have receptors for BAFF and APRIL, 
autocrine and paracrine survival signaling likely occurs in 
CLL.139,140 This concept is supported by the fact that the ability of 
“nurselike” cells to provide survival signals to CLL cells is reduced 
by the presence of decoy receptors for BAFF and APRIL.139

Vascular endothelial growth factor (VEGF) receptor: VEGF 
is an angiogenic factor that is involved in cell survival for many 
cancers.141 In CLL, VEGF protects the leukemic cells from both 
spontaneous and drug-induced apoptosis whereas apoptosis is 
increased by adding inhibitors to VEGF receptor kinase.142,143 
CLL cells express VEGF receptors 1 (VEGFR1) and 2 (VEGFR2) and 
increased protein levels of VEGFR2 are associated with elevated 
lymphocyte counts and advanced disease.143,144 Furthermore, 
CLL cells secrete VEGF and the levels of VEGF are increased in 
the plasma of CLL patients.144,145 The mechanism responsible for 
VEGF production by CLL cells is unclear but activation of CD40 by 
CD40 ligand (CD40L), which may be produced by CLL and other 
cells (see below) may be important for this activity.142

CD40: CD40 is a glycoprotein of the TNF superfamily that 
is expressed on B-cell surfaces and is important for B-cell dif-
ferentiation and function, whereas the CD40 ligand (CD40L) is 
expressed on activated T-cell surfaces. In addition to T-cells, NLC 
also express CD40L.146 CD40L binds to normal B lymphocytes 
promoting proliferation and cell survival.147 Similarly, stimula-
tion of CD40 on CLL cells induces proliferation and the release 
of cytokines148 and also prevents apoptosis induced by chemo-
therapy.149,150 CLL cells may also release CD40L, and the level 
of ligand is high in the plasma of CLL patients.151 As CLL cells 
have both CD40 and CD40L, it has been suggested that the cell 
may stimulate its own growth and survival, perhaps through 
up-regulation of the antiapoptotic protein survivin (a member of 
the IAP family).147,151,152 In contrast to the CD40 survival func-
tion, increased CD40 expression may lead to better recognition 
by cytotoxic T-cells and increased CLL cell killing.153 Moreover, 

the peripheral blood system. However, NLCs can be found in the 
spleen and secondary lymphoid tissue.89 There is diverse cross-
talk between NLC and CLL cells. NLC express CXCL12, CXCL13, 
and CD31 plexin B1 BAFF and APRIL and vimentin.88,112 All 
these cell-surface markers interact with CLL receptors providing 
survival and proliferative signals.

T lymphocytes also interact with CLL cells. The number of cir-
culating T-cells in CLL patients is often increased and this might 
be due to interactions with CLL cells. T-cells can either suppress 
or stimulate expansion of CLL cells. In the proliferation centers, 
T-cells co-localize suggesting that T-cells support the CLL prolif-
eration.112,113 This is supported by evidence that CLL cells fail to 
proliferate in immunodeficient mice, demonstrating that activated 
CD4+ T-cells could be important for CLL proliferation.114

Survival Factors in the Microenvironment
B-cell receptor (BCR): The BCR is the most studied receptor in 
mature B-cells due to its important role in recognizing foreign 
antigens and activating B-cell proliferation and transformation 
into plasma cells. It has also been implicated in B-cell survival. 
In CLL cells, the BCR can be activated by binding to antigen-
presenting cells, such as FDCs, and this promotes cell survival and 
protects the cells against drug-induced apoptosis.88,90 Activation 
of ZAP-70 through ligation of the BCR may play an important 
role in promoting cell survival in CLL.93–96 Overall, the protec-
tive effect of BCR activation against apoptosis has been related 
to increased expression of antiapoptotic BCL2 family members, 
especially MCL1.97 Indeed, biopsies of CLL cells in the lymph 
nodes and bone marrow of CLL patients indicated that BCR acti-
vation signatures are found in CLL cells in these microenviron-
ments.115 Inhibitors of the BCR-activated kinases including SYK, 
mTOR, phosphoinositide 3′-kinase (PI3K), and BTK, have been 
found to decrease CLL cell viability through modulation of the 
microenvironment.116,117,118,119 BCR pathway inhibitors appear 
to be highly active in refractory CLL, independent of the presence 
of poor prognostic markers, such as deletion 17p13.119 However, 
the extent of BCR activation in CLL remains controversial inas-
much as CLL cells are less responsive than naive B-cells to BCR 
activation.

Interleukins: CLL cells have receptors to various ILs and the 
levels of IL-4 and IL-8 are elevated in the blood of some patients. 
The addition of IL-4 and IL-8 to CLL cells protects them against 
spontaneous and drug-induced apoptosis.120 A number of other 
IL (e.g., IL-1, IL-2, IL-6, and IL-8) can also prevent CLL cells from 
undergoing spontaneous apoptosis and these may be derived 
from the CLL cells (IL-1, -6, and -8), T cells (IL-2 and -4) or stro-
mal cells.88,121,122 CLL cells differ from normal CD19+ B-cells in 
producing the lymphoid stem cell growth factor, IL-7, suggesting 
that this cytokine might also be important in disease pathogen-
esis.123 IL-7 does not itself induce proliferation or prevent apop-
tosis of CLL cells in vitro.123 However, the prevention of apoptosis 
of CLL cells by co-culturing with endothelial cells appears to be 
related to the maintenance of intracellular IL-7 levels, which 
occurs by signaling through the cell-surface b2-integrin.123 Both 
IL-2 and IL-15 stimulate the proliferation of CLL but not normal 
B-cells.124 Moreover, IL-2 is sequestered by the CLL cells and 
by the increased serum levels of the IL-2 receptor (TAC recep-
tor) seen in this disease, preventing its interaction with normal 
lymphocytes.125,126 High levels of IL-6 have been shown to be a 
better prognostic marker than Ig mutation status in older CLL 
patients indicating the importance of ILs in disease progres-
sion.104 This may also partly explain the immune dysfunction 
seen in CLL.

Tumor necrosis factor-a (TNF-a): CLL cells produce TNF-a in 
vitro.127,128, and TNF-a decreases apoptosis in these cells through 
the induction of BCL2 expression127,129–131 In addition, TNF-a 
may induce the proliferation of CLL cells while suppressing the 
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cytochrome c/mitochondrial pathway, and these agents may be 
useful in drug-resistant disease.165–167

The protein kinase AKT is activated through phosphatidylino-
sitol 3′-kinase and can suppress apoptosis by inactivating bad, 
caspase 9, and other proapoptotic proteins through phosphoryla-
tion.168,169 In addition, AKT can activate NF-kB and regulate the 
expression of antiapoptotic genes. This pathway is activated by 
autologous plasma in CLL, which may explain the relative resis-
tance of these cells to spontaneous and drug-induced apoptosis 
when they are grown in plasma.169 Overexpression of TCL1 in a 
transgenic mouse model leads to the expansion of B-cells which 
have similar characteristics as CLL cells.170 The B-cells overex-
pressing TCL1 have increased levels of activated AKT, which may 
explain the enhanced survival of these cells.171

The mitogen-activated protein kinase (MAPK) signaling path-
way is also activated in CLL cells. This pathway consists of extra-
cellular regulated kinase (ERK), Jun N-terminal kinase (JNK), and 
p38 MAPK. BCR activation leads to ERK activation and up-regula-
tion of BCL2 family members.172 During apoptosis, ERK activation 
is often suppressed.173 p38 MAPK activation is elevated in CLL 
cells and plays a role in CLL survival mediated by human stromal 
cells.174 In contrast, JNK activation is associated with increased 
apoptosis in CLL cells.

The JAK-STAT signaling pathway is an emerging pathway 
activated in CLL cells contributing to cell survival and drug 
resistance. In CLL, STAT3 is constitutively phosphorylated on 
serine 727 and is associated with increased transcriptional 
activation. STAT3 contributes to increased expression of anti-
apoptotic proteins such as X-linked apoptosis inhibiting protein 
(XIAP).175–177 STAT3 has also been shown to cross-talk with the 
NF-kB in CLL cells increasing cell survival.178 The JAK-STAT 
pathway is activated by growth factors such as VEGF.179 These 
factors are found in the microenvironment indicating that the 
JAK-STAT pathway might be a good target for disrupting the CLL 
microenvironment.

abnormalities in Cell Division
Although CLL cells in the peripheral blood are not dividing, the 
telomeres of these cells are shorter than in normal B-cells, sug-
gesting that the leukemic cells have undergone more frequent 
cell divisions than normal B-cells.180 Moreover, the telomeres in 
CLL cells with unmutated IgVH genes have shorter telomeres than 
those cases with mutated IgVH genes.180 Using deuterated water 
(2H2O) to label DNA, it has been estimated that 0.11% to 1.76% 
(median, 0.39%) of the CLL cells in patients are dividing each day, 
which is the same or greater than that observed in the B-cells 
from normal individuals.181 Although CLL cells in the peripheral 
blood are not dividing, cells in the “proliferation centers” in the 
lymph nodes or marrow are dividing, where, under the influence 
of CD4+ cells they express the proliferation markers, survivin and 
Ki67, and become CD38+.2,14,182,183 Moreover, greater uptake of 
2H2O is observed in the CD38+ cell fraction as compared to the 
CD38– cells confirming their role in cell proliferation.184 Gene 
expression profiling has demonstrated that CLL cells in the lymph 
nodes have increased expression of genes related to BCR activa-
tion, as compared to cells from the peripheral blood.115 These 
changes include increased expression of phosphorylated Syk and 
NF-kB and are less marked in marrow than in the lymph nodes. 
As predicted, the changes are greater in unmutated IgVH cases 
than in mutated IgVH cases and correlate with the rate of cell 
proliferation, as measured by Ki67.

Passage through the cell cycle is controlled by the interaction 
of the cyclins and the cyclin-dependent kinases (CDKs); the levels 
of the CDKs remain constant, whereas the levels of the five differ-
ent cyclins fluctuate and activate the appropriate CDK, leading the 
cell through the cycle (Fig. 90.6).185 In addition, 2 classes of CDK 
inhibitors, the INK4 proteins and the Cip/Kip proteins, control the 

co-stimulation of CD40 and FAS on CLL cells can increase apop-
tosis.154 A novel therapeutic approach has thus been recently 
explored in which CLL cells are induced to secrete CD40L by a 
viral transfection strategy.155

Stromal-derived growth factor-1 (SDF-1) receptor: SDF-1 is a 
chemokine that is normally secreted by stromal cells. The recep-
tor for SDF-1 is CXCR4, which is expressed on CLL cells and the 
addition of SDF-1 protects CLL cells from spontaneous and drug-
induced apoptosis.156 Similarly, CLL cell survival is increased 
when the cells are co-cultured with stomal cells.157 NLC can 
also express SDF-1 and the levels of SDF-1 are increased in the 
plasma, suggesting that this cytokine is probably important for 
CLL cell survival.158

Basic fibroblast growth factor (bFGF) receptor: It has been 
demonstrated that the bFGF levels in the serum of CLL patients 
are elevated and that bFGF treatment of CLL cells prevents apop-
tosis through a decrease in TP53 expression and up-regulation of 
BCL2 expression.159

NOTCH receptors. The Notch family consists of four receptors 
NOTCH 1 to 4 and five ligands, including Jagged1 and Jagged 2. 
All NOTCH receptors and ligands are constitutively expressed on 
CLL cells and on BMSCs.113 As discussed in detail later, NOTCH 1 
gain-of-function mutations are detected in approximately 10% of 
CLL patients at diagnosis and the incidence increases with disease 
progression and the development of drug resistance. This is con-
sistent with NOTCH signaling being involved in CLL survival and 
resistance to apoptosis. The microenvironment may also influence 
NOTCH signaling in CLL cells through integrins and chemokine 
receptor activation.113

Albumin: Albumin is the major protein in the blood and can 
decrease both spontaneous apoptosis and apoptosis induced by 
irradiation or chlorambucil in primary CLL cells in vitro.160 This 
effect is related to the uptake of albumin into the CLL cells with 
activation of AKT protein kinase. In contrast, the protective effect 
of albumin against chlorambucil is not seen in normal B or T 
lymphocytes.

Lysophosphatidic acid (LPA): LPA is a soluble phospholipid 
with a wide range of biologic activities and can protect epithelial 
and fibroblast cell lines from apoptosis.161 Similar to albumin, 
LPA protects CLL cells, but not normal B-cells, from spontaneous 
and drug-induced apoptosis and this effect is mediated through 
the AKT kinase.161 Blockage of the LPA receptor or inactivation of 
AKT prevents the protective effect of LPA. As albumin allows for 
the solubilization of lipids in plasma it is possible that the protec-
tive effect of albumin is mediated through the carriage of LPA.161

Cell Survival Signaling pathways in Chronic 
Lymphocytic Leukemia
The microenvironment influences survival responses primarily 
through receptor activation. This leads to activation of signal 
transduction pathways that regulate gene expression and BCL2 
family member functions. These survival signaling pathways have 
overlapping functions and cross-talk with each other. The follow-
ing is a brief description of the survival pathways in CLL.

The transcription factor nuclear factor-kB (NF-kB) plays an 
important role in suppressing apoptosis by inducing the expres-
sion of a variety of antiapoptotic genes.162,163 NF-kB is inacti-
vated by IkB, which binds NF-kB and prevents its access to the 
nucleus; activation of NF-kB occurs by the phosphorylation of IkB, 
which leads to the coupling of IkB with ubiquitin. This complex 
is degraded by a protease called the proteasome. The levels of 
NF-kB are high in CLL and are increased further by stimulation 
with CD40 ligand, which plays an important role in preventing 
apoptosis and prolonging cell survival in CLL.164 In addition, 
inactivation of the proteasome by inhibitors such as lactacystin, 
MG132, and bortezomib can induce death of CLL cells but not of 
normal lymphocytes.165–167 Cell death is mediated through the 
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Genomic abnormalities
Tremendous strides have been made in the analysis of the CLL 
genome, providing insight into pathogenesis and identifying genes 
that are important as markers of disease progression and drug 
resistance. Initial classical cytogenetic studies were carried out in 
the 1980s, but it was difficult to obtain metaphases in CLL.84,193 
When analysis was possible, clonal chromosomal abnormalities 
were detected in approximately 50% of cases,84,193–206 and it 
is likely that the normal karyotyping in many of the remaining 
cases was due to analysis of contaminating normal T-cells. Of the 
50% of cases with clonal abnormalities, one half had one clonal 
abnormality, and the remainder had 2 or 3 abnormal clones.195 
However, with the more recent use of the CD40 ligand, or a 
combination of IL-2 and CpG-oligodeoxynucleotides, to stimu-
late CLL cells, metaphases are now routinely obtained in over 
90% of cases with aberrations detected in greater than 80% of 
samples.207–209

Using FISH and comparative genomic hybridization (CGH) to 
analyze interphase cells (FISH) or isolated DNA (CGH), abnormali-
ties are detected in over 80% of cases.84,193 FISH is highly sensi-
tive, but the specific abnormality to be studied needs to be known 
in advance, and this is therefore not a good technique to screen 
for new abnormalities. In contrast, CGH has been used to screen 
for chromosome gain or loss (i.e., aneuploidy, gene amplification, 
or deletions not detected by conventional cytogenetics).193 More 
recently, new assays, including SNP and DNA sequencing have 
advanced our ability to detect genetic abnormalities.

analysis by Conventional Cytogenetics
Using conventional cytogenetics, the International Working Party 
on Chromosomes in CLL reported in 1990 that clonal chromo-
somal abnormalities were obtained in 311 patients (51%) out of 
a total of 604 cytogenetically evaluable cases (Table 90.1).200,201 
The most common clonal abnormality was trisomy 12 (36%, or 
19% of all evaluable cases), either by itself or in combination 
with other cytogenetic changes. Other frequently observed altera-
tions included structural abnormalities of chromosome 13 (20%, 
or 10% of all cases) and of chromosome 14 (16%, or 8% of all 
cases).199,200 The 13q abnormalities usually involved a 13q14 

activity of the CDKs.186 Normally, when quiescent cells enter the 
cell cycle, the D cyclins (D1, D2, and D3) in conjunction with CDKs 
4 and 6 bring the cell into the S-phase. The D cyclin/CDK4/6 initi-
ates phosphorylation of the retinoblastoma (Rb) protein, which is 
then further phosphorylated by cyclin E/CDK2. Another function 
of the D cyclins/CDK4 is the sequestration of the CIP/KIP inhibi-
tors p27Kip1 and p21Cip1, which normally inhibit the activity of 
cyclin E/CDK2. Although the majority of the peripheral blood CLL 
cells are quiescent and in G0/G1, the expression of cyclins D1, 
D2, and D3 are increased in these cells.187–189 Despite these find-
ings, the Rb protein is not phosphorylated in unstimulated CLL 
cells190; this may be related to overexpression of p27Kip1, high 
levels of which are associated with high lymphocyte counts and 
poor patient survival.191 CDK1 (cdc2) is a serine/threonine kinase 
involved in G2-M phase transition and gene expression studies 
have shown that this gene is highly expressed in patients with del 
11q22-23 cells.192

FIGURE 90.6. Control of the cell cycle. Both cyclins D2 and D3 are overexpressed in chronic 
lymphocytic leukemia cells, but the retinoblastoma (Rb) protein is not phosphorylated, perhaps 
related to overexpression of p27Kip1. CDK, cyclin-dependent kinase.
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InCIDenCe of GenoMIC AbnorMALItIes AnD AssoCIAteD CLInICAL feAtures In CHronIC LyMpHoCytIC LeukeMIA (CLL)

taBLe 90.1

Incidence (%)

Genomic Abnormality Classical Cytogeneticsa
Fluorescence in 
Situ Hybridizationb Affected Genes Clinical Features

Normal 50c 18 — —

13q deletion 10 55 Rb, MiR-15a, MiR-16-1 Good prognosis

11q deletion 8 18 ATM
SF3B1

Younger; bulky lymphadenopathy; poor prognosis

12q trisomy 13 16 MDM2
NOTCH1

“Atypical” morphology; end-stage disease

17p deletion 4 7 TP53 CLL/PLL morphology; drug resistance; very poor 
prognosis

6q deletion 4 6 — —

a From Juliusson G, Merup M. Cytogenetics in chronic lymphocytic leukemia. Semin Oncol 1998;25:192–196; Juliusson G, Oscier DG, Fitchett M, et al. Prognostic subgroups in B-cell-chronic 
lymphocytic leukemia defined by specific chromosome abnormalities. N Engl J Med 1990;323:720–724; and Juliusson G, Oscier D, Gahrton G, et al. Cytogenetic findings and survival in B-cell 
chronic lymphocytic leukemia. Second IWCCLL compilation of data on 662 patients. Leuk Lymphoma 1991;5:21–25. Percentages refer to the number of cases with the abnormality compared to 
the total number of cases in which cytogenetic analysis was possible.
b From Döhner H, Stilgenbauer S, Benner A, et al. Genomic aberrations and survival in chronic lymphocytic leukemia. N Engl J Med 2000;343:1910–1916.
c In 50% of cases, clonal abnormalities were not obtained. As these studies were not carried out on purified chronic lymphocytic leukemia cells, some of the cases with normal cytogenetics 
reflect analysis of normal T-cells.
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11q22-23 whereas patients with mutated IgVH are more likely to 
have deletion 13q14.193 The incidence of trisomy 12 is the same 
in patients with mutated or unmutated IgVH.193

More recent evidence indicates that the prognosis with a 
13q14 deletion depends on the extent of the deletion.212,213 There 
are two anatomical landmarks for deletion 13q14: (a) the minimal 
deleted region (MDR) containing the deleted in leukemia (DLEU) 2 
gene, microRNA (miR)-15A/16-1 cluster, and the first exon of the 
DLEU1 gene; and (b) the RB1 gene.212 Of patients with deletion 
13q14, 60% had loss of MDR only and 40% also had loss of the 
RB1 gene. The prognosis is poorer if >70% nuclei have the dele-
tion or if there is a concomitant loss of RB1.212,213

It has been recommended that all CLL patients should be rou-
tinely examined for an IGH translocation.214,215 Of 1,032 patients 
at the Mayo Clinic with a presumptive diagnosis of CLL, 76 (7%) 
were found to have an IGH translocation, with 34 involving a 
translocation with cyclin D1, 18 a translocation with BCL2, and 
6 a translocation with BCL3.214 Upon review, half of the patients 
with translocations were found to have CLL and half had the leu-
kemic phase of another lymphoid malignancy.

Trisomy 12 frequently occurs in “atypical” CLL or CLL/PLL.203 
However, not all the “atypical” cells in an individual patient con-
tain trisomy 12, indicating that the chromosomal abnormality is 
not responsible for the atypical morphology.201,216 In addition, 
although trisomy 12 connotes aggressive disease, it is unclear 
whether the proportion of cells with trisomy 12 increases over 
time.201,217 Half the patients with CLL/PLL have a TP53 mutation, 
suggesting a role for the gene in the pathogenesis of this variant.218

assessment of Genomic Complexity
Recent evidence has suggested that prognosis in CLL is closely 
linked to the complexity of genetic abnormalities, as well as to 
the specific defect.219–220,221,222–224 The majority of patients 
using either CGH or SNP arrays will have 1 to 3 copy number 
abnormalities, and these techniques detect abnormalities not 
seen with FISH and demonstrate that increasing genomic com-
plexity predicts poor prognosis. Moreover, although the pres-
ence of 11q21–22 and 17p13 deletions predict the presence of 
genomic complexity, genomic complexity can be present with 

deletion (site of the RB1 gene) or translocations with a breakpoint 
at chromosome 13q14. The 14q abnormalities included translo-
cations from a variety of chromosomes, usually involving chromo-
some 11, suggesting that these patients had actually mantle cell 
lymphoma. Less than 5% of patients had an 11q22-q23 deletion. 
The abnormalities of chromosomes 12 and 13 occurred with 
equal frequency in cases with a single clonal abnormality and 
in patients having more than one clonal abnormality.195,199 In 
contrast, abnormalities of chromosome 14 occurred primarily 
in patients having more than one clonal abnormality.195,199 In 
general, patients with abnormal karyotyping had a worse prog-
nosis than those with normal cytogenetics, and the outlook was 
poorest for those with multiple clonal abnormalities.196–202 In 
addition, the higher the percentage of cells at metaphase with 
a clonal chromosomal abnormality, the worse the prognosis. 
Of patients with a single clonal abnormality, those with trisomy 
12 had the worst prognosis, and those with 13q+ had a similar 
survival as cases with normal karyotyping.199,200 It is interest-
ing that trisomy 12 was usually seen in those 15% of cases with 
CLL variants, either CLL/prolymphocytic leukemia (CLL/PLL) or 
“atypical” CLL, and this may explain the poor prognosis associ-
ated with these morphologic variants.202–204 When all patients 
were considered, regardless of the number of clones, those with 
chromosome 14 abnormalities had the worst prognosis.199 As 
most of the chromosome 14 abnormality group had a t(11;14)
(q13;q32), in retrospect, they likely had mantle cell lymphoma 
and not CLL.3 11q22-q23 deletions have been detected in 13% of 
patients by karyotyping, and these patients had disease progres-
sion and poor survival.205

Nowadays, metaphases may be obtained in over 90% of 
patients using either CD40 ligand or a combination of IL-2 and 
CpG-oligodeoxynucleotides with abnormalities being detected in 
over 80% of patients.207–209 These studies demonstrate that many 
more abnormalities can be detected using classical cytogenetics 
than seen with FISH alone and that both balanced and unbal-
anced translocations are observed.207–209 Mayr et al.208 observed 
translocations in one third of CLL patients, and half of these were 
balanced. The presence of these translocations was a poor prog-
nostic feature and was independent of other prognostic factors for 
overall survival. Moreover, patients with 13q deletions and trans-
locations had a poorer prognosis than patients with 13q deletions 
without translocations.

analysis by Fluorescence in Situ hybridization
A landmark study by Döhner et al.84 in 2000 demonstrated 
the importance of FISH in CLL. In 325 patients, 268 (82%) had 
abnormalities, with deletion 13q14 being most frequent (55%), 
followed by deletion 11q22-23 (18%), trisomy 12q13 (16%), 
deletion 17p13 (7%), and deletion 6q21 (7%).84 There was 
one abnormality in 175 (65%) patients, 67 (25%) patients had 
2 aberrations, and 26 (10%) patients had more than 2 chro-
mosomal changes. A hierarchical model categorized patients 
into 5 groups with different prognoses (Fig. 90.7). The median 
survival times for patients with a 17p13 deletion, an 11q22-q23 
deletion, trisomy 12q, normal karyotype and a 13q deletion as 
the sole abnormality were 32, 79, 114, 111, and 133 months, 
respectively. Patients with 17p13 or 11q22-q23 deletions had 
the poorest survival, had more marked lymphadenopathy and 
splenomegaly, and were more likely to be symptomatic with 
night sweats and weight loss. Very similar results have been 
obtained in subsequent prospective studies.210,211 The incidence 
of these specific abnormalities detected by FISH differed from 
the incidence with conventional cytogenetics in older studies, but 
similar incidences are now being observed where metaphases 
are being induced using CD40 ligand or a combination of IL-2 
and CpG-oligodeoxynucleotides207–209 (Table 90.1). Patients with 
unmutated IgVH are more likely to have deletions of 17p13 or 
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FIGURE 90.7. Survival according to molecular genetic changes in chronic lymphocytic 
leukemia. From Döhner H, Stilgenbauer S, Benner A, et al. Genomic aberrations and survival in 
chronic lymphocytic leukemia. N Engl J Med 2000;343:1910–1916, with permission.
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effects of Chromosome Changes on 
Gene expression

Deletion 13q13
The most frequent structural abnormality in CLL is a deletion of 
13q14 affecting 55% of cases.84 Of these cases 76% are monoal-
lelic and 24% biallelic, and deletions occur most commonly in 
patients who have mutated IgVH disease.84 The deleted region 
has been shown to involve the MDR, containing the DLEU2 gene 
and microRNA (miR)-15a/16-1.236 DLEU2 encodes a noncoding 
RNA, but its function is unknown, whereas miR-15a/16-1 inhibits 
proliferation and apoptosis.236 Using transgenic mice it has been 
demonstrated that deletion of miR-15a/16-1 alone can lead to 
MBL and CLL, which is related to increased cell proliferation as 
a result of the loss of miR-15a/16-1.237,238 Moreover, as in CLL, 
many of these cases have a very similar CDR3, suggesting that 
a common antigen and/or autoantigen causes induction of the 
monoclonal population. In addition, the disease is more aggres-
sive if there is a concomitant deletion of DLEU2, suggesting that 
this element functions as a tumor-suppressor gene. In the clinical 
scenario, deletion 13q14 generally encompasses a much larger 
area than just MDR, with additional loss of a large area called 
the common deleted region (CDR) which contains DLEU1, DLEU7, 
and RNASEH2B.237,238 Loss of this region, which is telomeric to 
MDR, results in more aggressive disease than for mice lacking 
MDR alone. This observation is similar to that in the clinical sce-
nario where loss of RB1, which is centromeric to MDR, leads to 
more aggressive disease.212,213 Thus, the effect of MDR deletion 
is potentiated by the loss of adjacent chromosomal material and 
the prognosis with a deletion 13q14 worsens with the extent of 
the deletion.

Deletion 11q22-q23
Deletion 11q22-23 occurs in approximately 20% of cases, is seen 
in younger patients, and is associated with marked lymphade-
nopathy, rapid disease progression, and poor survival.84,239–241 
The critical region for the deletion is a 3-Mb segment at 11q22.3-
q23.1, and candidate genes in this region include radixin (RDX), 
which has homology to the neurofibromatosis-type 2 (NF2) 
tumor-suppressor gene and the ATM gene.240 The ATM pro-
tein is a protein kinase activated by DNA double-strand breaks 
and this leads to phosphorylation and activation of TP53. One 
third of patients with a deletion 11q22-23 have a mutation on 
the remaining ATM allele and this subgroup has a defective 
response to DNA damage with radiation or chemotherapy and 
a poorer overall survival (OS) than the group of patients with a 
deletion 11q22-23 and wildtype ATM on the other allele.37,86,87 
Thus, the other two-thirds of patients must have an additional 
defect leading to their poor prognosis. Recently, 36% of patients 
with deletion 11q22-23 have been shown to have a mutation in 
SF3B1, an abnormality associated with drug resistance and poor 
survival.226,235 Although CLL cells with a deletion 11q22-23 do 
not differ from other CLL cells in growth fraction, NF-kB expres-
sion, or response to mitogenic stimuli, they have reduced levels 
of a number of adhesion proteins, which may explain the marked 
lymphadenopathy observed in these cases.240 Complementary 
DNA microarray analysis has demonstrated that patients with a 
deletion of 11q22-11q23 have a distinct expression pattern, and 
overexpress genes involved in cell signaling, cycling, and apop-
tosis.192,240,241.

Deletion 17p13
Deletion 17p13 is usually associated with a mutation of TP53 on 
the other allele and these patients usually have aggressive and 
drug-resistant disease with poor survival72,73,83,84,210 Further 
details regarding this abnormality are discussed later.

low-risk FISH and is a useful independent prognostic predic-
tor. Kay et al.219 evaluated genomic complexity using CGH in 
patients commencing treatment with chemoimmunotherapy. 
Chromosome deletions were more common than gains and 
although abnormalties were typically seen in patients with 
high-risk FISH, complex abnormalities were also seen in 
patients with 13q deletions. Complex changes were associated 
with poor response to treatment. Similarly, Ouillette et al.223 
have shown that increasing genomic complexity by SNP is an 
independent prognostic marker, predicting rapid disease pro-
gression, poor response to chemotherapy, and short survival. 
Genomic complexity has also been shown to correlate with 
resistance of the CLL cells to undergo apoptosis with radiation 
in vitro.222

Clonal evolution
Chromosomal abnormalities may be identified in MBL and early 
CLL, with the likelihood of deletions of 11q22-23 and 17p13 
increasing over time and with the development of drug resis-
tance.2,193 By FISH analysis, one-quarter of patients will have the 
development of new abnormalities after 5 years, particularly in 
patients who are ZAP-70 positive, CD38 positive, and those with 
unmutated IgVH.211 Interestingly, patients with unmutated IgVH 
have an increased risk of developing deletions of 11q22-q23 or 
17p13, whereas those with mutated IgVH develop deletions of 
13q.211 The risk of developing new genetic abnormalities may be 
further increased by chemotherapy, as treatment with fludarabine 
increases the expression of TP53-dependent genes, thus increas-
ing the risk of selecting 17p13 deleted cells.224 Indeed, 42% of 
fludarabine-resistant CLL patients have either TP53 mutations or 
deletions of 17p13.225

Whole Genome and exome Sequencing
Several recent studies using whole genome and exome sequenc-
ing have identified important new mutations in CLL.226,227,228,229 
Nine genes are mutated at increased frequency with 4 being 
known to be important in CLL, TP53 (15%), ATM (9%), myeloid 
differentiation primary response gene 88 (MYD88; 10%), and 
NOTCH1 (4%). TP53 and ATM have been discussed in detail 
in other sections. MYD88 is an adaptor molecule of the IL-1 
receptor-tolllike receptor signaling pathway and MYD88 muta-
tions are associated with mutated IgVH, deletion 13q14, and good 
prognosis.226 Stabilizing NOTCH1 mutations in exon 34 generate 
a stop codon, producing a shortened and more active isoform 
of the protein.227 NOTCH1 is one of 4 NOTCH receptor proteins 
activated by the Serrate/Jagged or Delta family expressed on 
neighboring cells and this results in release of the N–IC domain 
from NOTCH which in turn assembles a transcriptional complex 
that controls expression of a number of genes.229 Mutations 
of NOTCH1 occur in 8.3% of CLL cases at diagnosis, increase 
frequency with a Richter syndrome (RS) progression (31%), and 
drug resistance (20.8%).227 A number of subsequent studies have 
demonstrated that NOTCH1 mutations are associated with unmu-
tated IgVH, trisomy 12, and correlate with drug resistance, the 
development of RS, and poor survival.227,229,230–232,233,234

Five genes with unestablished roles have also been identified 
in CLL and these include splicing factor 3b subunit 1 (SF3B1; 
15%), ZMYM3, MAPK1, FBXW7, and DDX3X.226 SF3B1 is a 
component of one of the five small nuclear ribonucleoproteins 
(SnRNP) that form a complex and are involved in splicing mes-
senger RNA. Mutations of SF3B1 are relatively common in 
CLL occurring in 15% to 17% of patients and the mutations 
cause aberrations in splicing activity. Mutations are associated 
with a deletion of 11q22-23 (36%), are a cause of fludara-
bine resistance, and are independent prognostic markers for 
survival.226,234,235
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be related to marrow replacement or, more rarely, to autoimmune 
hemolysis or aplasia. Alternatively, patients may have bruising or 
bleeding, most commonly related to thrombocytopenia and rarely 
to acquired von Willebrand disease, or factor VIII inhibitors. 
Rarely, patients may present with a paraneoplastic syndrome, 
such as nephrotic syndrome, paraneoplastic pemphigus, or angio-
edema (see section “Autoimmune Manifestations”).

peripheral Blood
The median lymphocyte count at diagnosis is 20 to 30 × 109/L, 
and in most patients, there is a continuous increase in the lym-
phocyte count over time.13,243,244 In half the patients, it takes 
more than 12 months for the lymphocyte count to double; cyclic 
fluctuations of up to 50 × 109/L can occur in the lymphocyte 
counts of untreated patients, and in others, the count may 
remain stable for years.244 The CLL cells are small to medium-
sized lymphocytes with clumped chromatin, inconspicuous 
nucleoli, and a small ring of cytoplasm. Cytoplasmic inclusions 
occasionally may be observed in CLL cells and may be crystal-
line, globular, tubular, or rod-shaped.248 Smudge cells (basket 
cells or shadow cells of Gumprecht) are commonly seen in the 
peripheral blood smear in CLL, but not in other lymphoid dis-
orders, and are caused by a decrease in the cellular content of 
vimentin, a cytoskeletal protein required for maintaining cell 
structure.249,250 The number of smudge cells can vary from 1% 
to 75% (median 28%) and appears to be remarkably consistent 
in individual patients.250 One study suggests that patients with 
≥30% smudge cells are more likely to have mutated IgVH and 
have a better prognosis than those with <30% smudge cells.250 
There can be variations in cell morphology, with some cells 
being PL, whereas others are larger with abundant cytoplasm, 
and some are plasmoid or cleaved.204,251 The French/American/
British classification system divides patients into 3 groups 
depending on the percentage of abnormal cells.251 In classical 
CLL, >90% of cells are small, and when 11% to 54% of the cells 
are PL, it is termed CLL/PLL. When >15% of the lymphocytes 
are plasmoid or cleaved and <10% are PL, it is termed atypical 
CLL.203,204,251 Approximately 80% of patients have classical CLL, 
and 20% have CLL/PLL or atypical CLL. If ≥55% of the cells are 
PL, the patient has PLL.

Bone Marrow and Lymph Nodes
Marrow infiltration in CLL may be interstitial, nodular, mixed 
(nodular and interstitial), or diffuse, with mixed being the most 
common and nodular the least common.3,252 Diffuse involve-
ment, in which there is effacement of the fat spaces by tumor, 
carries the worst prognosis.3,252 The marrow involvement is 
random and contrasts with follicular lymphomas, in which 
paratrabecular involvement is the rule. In contrast to marrow, 
involvement of the lymph node is diffuse. Proliferation centers 
with PL and paraimmunoblasts are typically seen in both marrow 
and lymph nodes.

Immunophenotyping
CLL can usually be readily differentiated from other disorders by 
immunophenotyping1–3,253,254,255 (Table 90.2). The leukemic cells 
have the B-cell markers CD19, CD20 (low), CD43, and CD79b (low) 
and must be CD5+. In addition, the cells show clonal light chain 
restriction, weak expression of sIgM and sIgD, and are CD23+ 
and CD10−. The cells are also CD27+,43 consistent with being 
memory B-cells.5 Alternatively, the presence of CD27, CD5, and 
CD23 could reflect the activated nature of the CLL cell.42 Matutes 
et al.254,256 recommend 5 markers to differentiate CLL from other 
B-cell malignancies (Table 90.3). Typical CLL should be surface Ig 
(weak), CD5+, CD23+, CD79b or CD22 (weak), and FMC7−.

Trisomy 12q13
Trisomy 12 occurs as a result of duplication of one homologue and 
is seen in 10% to 20% of CLL patients. Trisomy 12 is frequently 
associated with “atypical” CLL and CLL/PLL. Patient survival is 
only minimally affected when trisomy 12 is detected by FISH, 
whereas survival is shortened if trisomy 12 is detected by clas-
sical cytogenetics.84,199,200 12q13–15 contains the MDM2 gene, 
and overexpression of MDM2 could simulate a TP53 mutation, as 
MDM2 binds and inactivates TP53.72,84 However, although MDM2 
is overexpressed in two-thirds of patients, the increase does not 
correlate with disease stage, aggressiveness, or drug resistance.85

Translocations of 14q32
Translocation of 14q32 involving IGH occurs in 7% of patients 
with CLL and many of these cases turn out to have a differ-
ent disorder.84,193,214 The t(11;14) (q13;q32) occurs typically in 
mantle cell lymphoma, and the rearrangement on chromosome 
11 involves the BCL1 gene, a G1 cyclin also called CCND1 or cyclin 
D1. A t(14;18) (q32;q21) translocation is seen commonly in follicu-
lar lymphomas, and this rearrangement juxtaposes the IGH locus 
on chromosome 14 to the 3′ end of BCL2 on chromosome 18. 
This rearrangement causes overexpression of BCL2 in the follicu-
lar lymphomas with inhibition of apoptosis; although the levels 
of BCL2 in CLL are equivalent to those in follicular lymphomas, 
the overexpression in CLL is related to BCL2 gene hypomethyl-
ation.70,71 The t(14;19) (q32;q13.1) is a rare event and involves 
the juxtapositioning of BCL3 on chromosome 19 with the Ig gene 
on chromosome 14. The candidate oncogene BCL3 is a member of 
the IkB family, and patients with this translocation have atypical 
morphology and progressive disease.242

CLiniCaL FindinGS
Most CLL patients in the general population are elderly (median 
age 71.5 years). As a result of referral bias the median age of 
patients seen in the specialist clinic is 64 years, with 20% to 25% 
of patients being <55 years old.11,12,243,244 However, the present-
ing features are similar regardless of age.243,244 Nowadays, 70% 
to 80% of patients are diagnosed incidentally when they have 
a routine blood count and will have early-stage (Rai 0 or I) dis-
ease.245 Alternatively, lymphadenopathy, splenomegaly, or both 
may be detected during a regular physical examination. When 
symptomatic, the most frequent complaint is fatigue or a vague 
sense of being unwell. Less frequently, enlarged nodes or the 
development of an infection is the initial complaint, and the most 
frequent infections are bacterial pneumonias. Fever and weight 
loss are uncommon at presentation but may occur with advanced 
and drug-resistant disease.

Most symptomatic patients have enlarged lymph nodes, as 
well as splenomegaly. Enlargement of the cervical and supracla-
vicular nodes occurs more frequently than axillary or inguinal 
lymphadenopathy. The lymph nodes are usually discrete, freely 
movable, and nontender. Painful enlarged nodes usually indicate 
superimposed bacterial or viral infection. There is usually only 
mild to moderate enlargement of the spleen, and splenic infarc-
tion is uncommon. Less common manifestations are enlargement 
of the tonsils, abdominal masses due to mesenteric or retroperi-
toneal lymphadenopathy, and skin infiltration. Skin lesions in CLL 
may be caused by squamous and basal cell carcinomas which are 
thought to be related to immunosuppression (see section “Second 
Malignancies”).246 Other common cutaneous manifestations 
include shingles and recalcitrant warts. Direct involvement of the 
skin by CLL typically affects the face and the features can be quite 
variable, from macules or papules, which may be vascular or to 
more extensive involvement that may simulate rhinophyma.247 
Patients can also present with symptomatic anemia, which may 
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The CD5 antigen is most commonly associated with mature 
T-cells and is expressed weakly on thymocytes.2,262 However, 
normal B-cells carrying the CD5 marker are located in the mantle 
zone of the lymph node, and small numbers of these cells are also 
present in the peripheral blood.262 The CD5 molecule has been 
cloned and appears to be involved in the activation of T lympho-
cytes. The function of CD5 on the B-cell remains unknown, but its 
induction has been shown to be inhibited by the T-cell–derived 
cytokine IL-4. CD5+ B-cells can be stimulated to secrete anti-
DNA antibodies and rheumatoid factors in vitro, and increased 
numbers are found in the peripheral blood of patients with 
rheumatoid arthritis, systemic lupus erythematosus, and Sjögren 
syndrome.262 It has been suggested that the normal counterpart 
of the CLL cell is the CD5+ B-cell,19 although detailed immu-
nophenotyping demonstrated significant differences between 
the two groups.263 Thus, the CD5+ B-cell appears to be a resting 
antigen-naive cell, whereas the CLL cell is activated and antigen-
experienced. Moreover, the specific activation marker expression 
pattern varies between cells that have IgVH gene mutations and 
those that do not, with the unmutated group resembling B-cells 
at an earlier state of activation.41 Older studies suggested that 
about 5% of cases of CLL could be CD5− and were more likely to 
be FMC7+, CD23−, CD11b+, and CD13+ and have a poor progno-
sis.261 However, these CD5− cases should be reclassified, as CD5+ 
is essential for the diagnosis of CLL.1,3

Surrogate Markers for IgVH Mutational Status
Both CD38 and ZAP-70 have been evaluated as surrogate mark-
ers for IgVH mutational status, as these can be measured readily 
by flow cytometry. To define the stage of maturation of the CLL 
cell, Damle et al.42 measured CD38 levels in CLL. Approximately 
50% of patients had >30% CD38+ cells, and these patients had 
unmutated IgVH and had a worse prognosis than those with <30% 
CD38+ cells. However, not all have found such a correlation.2 
CD38 acts as a receptor and enzyme and can produce cell replica-
tion and survival with a variety of signals.264 Activation of CD38+ 
cells, but not CD38− cells, through sIgM induces apoptosis and 
through IgD prolongs cell survival and induces differentiation.264 
In addition, recent evidence suggests that the replicating cells in 
CLL are the CD38+ cells and the number of CD38+ cells is higher 

One of the typical features of the CLL cell is the overexpression 
of membrane CD23, which is related to deregulation of NOTCH2 
signaling and may play a role in the decreasing apoptosis.257,258 
The presence of CD23 is useful to differentiate CLL from mantle cell 
lymphoma, which is also CD5+.257 Cell surface CD23 undergoes 
spontaneous proteolysis, producing elevated serum levels of CD23, 
the level of which is a marker of disease stage and progression.257

The BCR complex is required for the proliferation of B-cells 
after immune stimulation and is a complex formed by sIg and 
Iga/Igb (CD79a/CD79b). CLL cells lack CD79b, which is related to 
overexpression of an alternatively spliced form of the gene.259 The 
FMC7 antibody identifies an epitope of CD20 and usually strongly 
stains hairy cell leukemia and PLL; however, only 16% of CLL 
cases stain positively, presumably because CD20 is only weakly 
expressed in typical stable CLL.253,260 In general, those patients 
who are FMC7+ have high levels of surface IgM, low expression 
of CD23, and poor prognosis.253 Although the myelomonocytic 
antigens (CD11b, CD13) may be expressed in multiple myeloma, 
acute lymphoblastic leukemia, and in the CD5− chronic lymphoid 
leukemias, they are not expressed in CLL.261

Condition smIg CD5 CD10 CD11c CD19 CD20 CD22 CD23 CD25 CD43 CD79b CD103′ FMC7

CLL Dim ++ − −/+ ++ Dim −/+ ++ +/− + − − −/+
Prolymphocytic 
leukemia

+++ −/+ −/+ −/+ ++ +++ ++ ++ −/+ + ++ − +

Splenic marginal 
zone lymphoma

++ −/+ −/+ +/− ++ ++ ++ +/− −/+ + ++ −/+ ++

Marginal zone 
lymphomas

++ − − +/− ++ ++ +/− +/− − −/+ ++ − +

Mantle cell 
 lymphoma

++ ++ −/+ − ++ ++ ++ − − + ++ − ++

Follicular 
 lymphoma

++ −/+ ++ − ++ ++ ++ −/+ − − ++ − ++

HCL +++ − − ++ +++ +++ +++ − +++ + + +++ +++
HCL variant +++ − − ++ +++ +++ +++ − − + + +++ +++
Waldenström 
 macroglobulinemia

++ − − −/+ ++ ++ + − −/+ +/− + − +

−, not expressed; −/+, usually is not expressed; +/−, usually is expressed; + to +++, varying degrees of strength of expression; HCL, hairy cell leukemia; smIg, surface membrane Ig.
Adapted from References 254–257.

IMMunopHenotypes of CHronIC LyMpHoCytIC LeukeMIA (CLL) AnD otHer CHronIC b-CeLL DIsorDers

taBLe 90.2

sCorInG systeM for DIAGnosIs of CHronIC LyMpHoCytIC 
LeukeMIA (CLL)

taBLe 90.3

Marker
Marker 
Intensity Score

Marker 
Intensity Score

Surface Ig Weak 1 Strong 0

CD5 + 1 − 0

CD23 + 1 − 0

CD22/CD79b Weak 1 Strong 0

FMC7 − 1 + 0

+, present; −, absent.
Note: Diagnosis of chronic lymphocytic leukemia requires a score of 4 or 5.
From Matutes E, Polliack A. Morphological and immunophenotypic features of chronic 
lymphocytic leukemia. Rev Clin Exp Hematol 2000;4:22–47.

72683_ch090_1888-1928.indd   1900 30/07/13   1:51 PM



h
em

at
ol

og
ic

 m
al

ig
na

nc
ie

s

 Chapter 90 Chronic Lymphocytic Leukemia 1901

Functional Immune abnormalities
Patients with CLL are immunosuppressed, as a result of hypo-
gammaglobulinemia, alterations in T-cell function and to abnor-
malties in complement activation and neutrophil/monocyte 
function.288,289 Moreover, the immunosuppression is potentiated 
by chemotherapy or immunotherapy. As a result, about 50% of 
patients have recurrent infections, with sepsis being an impor-
tant cause of death. Apart from typical bacterial infections, CLL 
patients are also susceptible to opportunistic infections, par-
ticularly if they have received nucleoside analogues, steroids, 
or monoclonal antibodies. The nucleoside analogues are highly 
toxic to T lymphocytes, whereas monoclonal antibodies may be 
cytotoxic to B-cells (e.g., rituximab) or to both B- and T-cells 
(alemtuzumab).

The CLL cell has no useful immune function and shows 
poor stimulatory activity in mixed lymphocyte culture290 and in 
response to B-cell mitogens, such as pokeweed mitogen, lipopoly-
saccharide, and the Epstein–Barr virus.291,292 However, phorbol 
esters, Staphylococcus aureus protein A from Cowan I, anti-m 
antibodies, anti-CD40, and loxoribine have been shown to be 
potent mitogens.293,294 Moreover, these cells are poor antigen-
presenting cells and, as discussed below, can interfere with nor-
mal B- and T-cell function.295

The risk of infection is closely related to the extent of hypogam-
maglobulinemia in CLL, and the severity increases with the dura-
tion and stage of disease.288,289,296 The Ig levels are all decreased, 
and within the IgG class, reduced levels of IgG2 and IgG4 correlate 
best with the risk of infection; however, the decline in IgA levels 
is the most important predictor of infection.296,297 Interestingly, 
the correlation between Ig levels and infection rate is not abso-
lute, and some patients with normal Ig will have repeated infec-
tions whereas others with hypogammaglobulinemia will remain 
infection-free.288 Patients with CLL have reduced primary and 
secondary responses to immunization.289 Although patients with 
higher levels of gammaglobulin usually show better responses 
than those with low levels, the responses of both groups are 
abnormal. The pathogenesis of the hypogammaglobulinemia is 
poorly understood. However, impaired B-cell function and regu-
latory abnormalities of T-cells (including the reversal of normal 
helper/suppressor cell ratios) probably play a role. In addition, 
CLL-derived NK-cells have been shown to suppress Ig secretion 
by normal B-cells in vitro.298

The absolute number of T-cells may be increased in untreated 
CLL, and there are marked abnormalities in the surface mark-
ers, including inversion of the T-helper to -suppressor cell ratio, 
suggesting perturbations in T-cell function.290,299 In addition, 
the increase in the number of T-suppressor cells may correlate 
with the degree of hypogammaglobulinemia.300 The T-cells usu-
ally respond normally to mitogens, such as phytohemagglutinin, 
in vitro and produce IL-2 and g-interferon.301 However, there is 
decreased T-helper function with reduced reactivity to allogeneic 
and autologous B-cells.302,303 Spontaneous and antibody-depen-
dent cytotoxicities are reduced, suggesting an abnormality in the 
large granular lymphocyte population, including NK-cells.304

The cause of these abnormalities is unclear, but the increase 
in T-cells has been ascribed to stimulation by CLL cells or chronic 
infection, such as cytomegalovirus (CMV).289,305,306 Alternatively, 
the B-, T-, and NK-cell functions may be suppressed by means of 
immunosuppressive factors produced by CLL B-cells.307,308 The 
gene expression profile of CD4+ and CD8+ cells are different in 
CLL patients as compared to normal individuals.307 However, the 
abnormal expression could be induced in CD4+ and CD8+ cells 
from normal individuals by co-culturing them with CLL cells.307 
Similar studies showed that CLL cells could affect the ability of 
normal T-cells to form normal immunologic synapses.308 One 
potential candidate that could be causing these changes is TGF-b, 
which is secreted by CLL cells and marrow stromal cells in CLL, 
and has been shown to be a potent inhibitor of normal B- and 

in lymph nodes, likely reflecting the higher rate of cell prolifera-
tion at that site.115,265 Although CD38 can be measured easily by 
flow cytometry there is disagreement about the number of cells 
that are required to define positivity, with values ranging from 5% 
to 30%.266,267,268 Moreover, the number of CD38 positive cells can 
vary over time.266,267,268

ZAP-70 is a member of the Syk-ZAP-70 protein kinase fam-
ily and is expressed in T and natural killer (NK) cells and is 
important in T-cell signaling.269,270 However, recent evidence 
suggests that normal B-cells may also express ZAP-70, par-
ticularly when activated.269,270 Gene expression studies in CLL 
have also demonstrated that cells with unmutated IgVH have 
an increased expression of ZAP-70 whereas those with muta-
tions have low levels.7 Subsequent studies have shown a 70% 
to 90% correlation between ZAP-70 expression and IgVH muta-
tional status, regardless of whether ZAP-70 was measured by 
flow cytometry (≥20% cells positive), Western blot analysis, or 
immunohistochemistry.271–274 Kröber et al.275 have shown that 
discordant cases may have poor prognostic features including 
deletions of 17p13 or 11q22-q23, or IgVH3–21 expression. ZAP-
70 positivity also correlates moderately with CD38 positivity and 
the presence of poor-risk cytogenetics, that is, deletion 11q22-
q23, deletion 17p13, and trisomy 12.275,276 The poor prognosis 
associated with ZAP-70 positivity has been related to the mag-
nified signaling by the BCR in ZAP-70–positive CLL cells.277 A 
major difficulty presently in the routine use of ZAP-70 is the 
variability in the assay as a result of the sensitivity of different 
antibodies and the use of different internal controls.266,267,268 
Moreover, although initial studies suggested that ZAP-70 dif-
fered from CD38 in remaining stable during the disease course, 
more recent evidence indicates that ZAP-70 may also change 
over time.267,268

Immunoglobulin production in Chronic 
Lymphocytic Leukemia
Apart from having either k or l light chains on the cell-surface 
membrane, clonality is confirmed by the presence of unique 
idiotypic specificities of the Igs produced by CLL cells278 and 
by IG gene rearrangements.2,18 CLL cells have low to undetect-
able amounts of monoclonal polyreactive IgM autoantibodies, 
frequently of the rheumatoid factor type, on their surface.262,263 
Thus, the same monoclonal autoantibody produced by a leukemia 
cell may react with a variety of antigens (e.g., IgG, cardiolipin, 
histones, or single- or double-stranded DNA).262 Surface and 
cytoplasmic Igs contain either k or l light chains but never both. 
Most cells display a single heavy chain class, usually m, although 
some display m and d. Less commonly, g, a, or no heavy chain 
determinant is found. Although the CLL cell is believed to be fro-
zen at a particular stage in maturation, up to 50% of CLL patients 
have IgM+ leukemia cells that are able to undergo isotype switch-
ing to IgA (usually) or to IgG.279,280 Rearrangements of the IGH 
and IGL genes are seen in CLL and these remain constant over 
time.2 Interestingly, the T-cell receptor b gene can be aberrantly 
re-arranged in 6% of CLL cases and this is associated with chro-
mosome 6q deletions.281,282

CLL cells may secrete idiotypic IgM and in most cases can be 
induced by mitogens to secrete IgM that can react to a variety of 
autoantigens.283,284 Using a sensitive immunoblotting technique, 
monoclonal proteins can be detected in the serum of virtually all 
patients although the light chain of the protein is only the same 
as that on the CLL in half the cases.285 These findings indicate 
that the monoclonal protein in many cases is not derived from the 
tumor cells. Serum electrophoresis detects a monoclonal protein 
in approximately 5% of CLL cases and an abnormal serum-free 
light chain ratio is observed in one third of patients.286,287 The 
presence of an abnormal ratio correlates with advanced disease, 
markers of aggressive disease, and poor prognosis.287
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is often difficult to ascertain as the marrow usually is heavily infil-
trated with CLL cells. ITP may be predicted if there is an isolated 
fall in platelets without splenomegaly as anemia usually precedes 
thrombocytopenia when cytopenia is caused by marrow replace-
ment. Autoimmune neutropenia occurs rarely in CLL but should 
be considered if patients remain neutropenic following chemo-
therapy with recovery in the other blood counts. A bone marrow 
analysis will be required under these circumstances to assess 
marrow reserve. Red cell aplasia is also rare and is suspected 
when a patient develops isolated anemia with reticulocytopenia 
and none of the usual signs of hemolysis. A marrow shows a 
reduction in red cell precursors.

Several pieces of evidence indicate that the antibodies caus-
ing these cytopenias are produced by normal B-cells and not CLL 
cells. First, the antibodies are polyclonal and are usually IgG. 
Second, the autoimmune disorders may occur while the patient’s 
disease is responding to therapy.312–314,315 It has been suggested 
that CLL cells act as antigen-presenting cells for normal CD5+ or 
CD5− antibody-producing B-cells and that antibody production 
is increased after inhibition of T-cells, either with advancement 
of disease or because of therapy.312,313 Antigen presentation 
may occur in the spleen which is the major site of removal of 
senescent red cells and may be potentiated by T-cells through 
CD40L-CD40.313,320 There is an association between AIHA in CLL 
and the expression by the leukemia cells of certain IgVH genes, 
for example, V1 family gene DP51p1.320 How this may influence 
the normal B-cell population to produce red cell antibodies is 
unknown. In contrast, pure red cell aplasia is caused by a T-cell 
mechanism rather than the formation of autoantibodies, and 
these patients respond well to cyclosporine, a drug that affects 
T-cell function.313,314,321

The above abnormalities are caused by normal B- or T-cells, 
however, antibodies produced by CLL cells can cause cold agglu-
tinin disease, peripheral neuropathy, and paraneoplastic pemphi-
gus.313 Normal CD5+ B-cells can produce autoantibodies to IgG 
and single- and double-stranded DNA, as well as other autoanti-
gens, and the number of these cells is increased in autoimmune 
disorders.262 CLL cells can be induced to secrete IgM molecules 
that react with a comparable spectrum of antigens.264,283,318 
Alternatively, IgM+ CLL cells can undergo isotype class-switching 
to IgG+ cells.278,279

In contrast, a number of other conditions may be caused by 
antibodies produced directly by the CLL cells.313 Thus, the IgM 
antibody-producing cold agglutinin disease in CLL is produced by 
the CLL cells against the red cell I antigen and the CLL cells are 
typically IgVH4–21.322 Antibody produced by the CLL cells against 
myelin-associated glycoprotein (MAG) may also cause a poly-
neuropathy.313 Paraneoplastic pemphigus causes painful mouth 
ulcers, conjunctivitis, and pruritic blistering skin lesions.323 This 
disorder is diagnosed by distinct histologic changes in the skin 
and the presence of autoantibodies in the blood directed against 
cutaneous epitopes.323,324 Acquired angioedema is associated 
with recurrent abdominal pain and is caused by consumption of 
the inhibitor of the first component of complement by tumor.313 
Glomerulonephritis, frequently with nephrotic syndrome, may 
occur secondary to deposition of intact monoclonal antibody 
or light chains in the kidney and remits with treatment of the 
CLL.313,325 As opposed to the immune cytopenias, all of the above 
occur with CLL disease progression and resolve with treatment of 
the leukemia.

diaGnoSiS
The International Workshop of Chronic Lymphocytic Leukemia 
(iwCLL) in 2008 changed the diagnosis of CLL to require a 
peripheral blood B-cell count of ≥5 × 109/L and the pres-
ence of monoclonal (kappa or lambda) B-cells which have the 

T-cells.133–137 In addition, CLL cells express both CD40 and the 
CD40L (CD154), and these cells decrease CD154 expression by 
normal T-cells with resultant effects on normal B-cell differentia-
tion and isotype switching.309

The levels of different complement components are decreased 
in CLL, particularly in patients with advanced disease.310 As well, 
multiple defects in neutrophil and monocyte function have been 
described in CLL, and these are associated with an increased risk 
of infection.288,311

autoimmune Manifestations
Despite being immune deficient, CLL patients have an increased 
incidence of autoimmune cytopenias secondary to autoantibody 
formation.312,313,314–316,317,318 The immune cytopenias may be 
present before or at the time of diagnosis in one third and during 
the course of disease in two-thirds.315 CLL is the most common 
cause of autoimmune hemolytic anemia (AIHA), causing 14% of 
cases, followed by systemic lupus erythematosus.312 Moreover, 
patients with AIHA have an increased incidence of MBL and 
subsequently developing CLL, but this is not true for patients 
with immune thrombocytopenia (ITP).314,316 Overall, 4% to 10% 
of CLL patients develop AIHA, and this is usually associated with 
a warm-type antibody against the Rhesus system and a positive 
direct antiglobulin test (DAT).312–314,315 Another 7% to 14% of 
cases may have a positive DAT without evidence of hemolysis. 
The incidence of this disorder is increased with male sex, older 
age, high lymphocyte count, advanced disease, and the presence 
of biologic markers of poor prognosis, such as high b2-microglob-
ulin, high ZAP-70, and unmutated IgVH.314,315,317 The diagnosis 
of AIHA may be difficult in CLL, as multiple factors may produce 
anemia, a positive DAT can exist without hemolysis, and other 
diagnostic parameters may be influenced by the disease.314,315,317 
Zent et al.317 have thus developed diagnostic criteria for the diag-
nosis of AIHA in CLL and include (a) hemoglobin <100 g/L; (b) 
≥1 marker of hemolysis, i.e., reticulocytosis, increased indirect 
bilirubin without liver disease, increased lactate dehydrogenase 
(LDH) without another cause or increased marrow erythropoiesis; 
(c) positive DAT/cold agglutinins or ≥2 markers of hemolysis, 
without evidence of hypersplenism or bleeding. When fludara-
bine was introduced, AIHA was seen relatively frequently leading 
investigators to believe that this was a unique complication of the 
drug. However, in the LRF CLL4 trial the incidence of AIHA was 
similar in previously untreated patients who received chloram-
bucil (12%) as compared to fludarabine (11%), and the incidence 
was lowest in patients treated with a combination of fludarabine 
plus cyclophosphamide (5%) indicating that cyclophosphamide 
has a protective effect.318 The likelihood of developing AIHA was 
greater if the patient had a positive direct DAT before treatment, 
had advanced disease, or had a high b2-microglobulin test.318 
The incidence of a positive DAT before treatment was 14% and 
approximately one third of patients receiving chlorambucil or 
fludarabine with a positive DAT developed AIHA. Conversely, the 
chance that a patient who was DAT-negative would develop AIHA 
was 7%. Thus, the high incidence of AIHA observed when fludara-
bine was first used was because patients receiving this drug usu-
ally had advanced and previously treated disease. The protective 
effect of cyclophosphamide has been confirmed in a subsequent 
study where the incidence of AIHA was 1%.319 Although the addi-
tion of rituximab to chemotherapy would be expected to reduce 
the incidence of AIHA further, it is reported to occur in <1% to 
6.5% of patients receiving FCR.210,319 The impact of the develop-
ment of immune cytopenias on survival has been recently evalu-
ated in 2 studies, which have demonstrated that the prognosis of 
these patients is no worse than those without cytopenias.315,317

ITP occurs in <1% to 2% of patients, and the diagnosis is 
based on an increase in platelet size in the peripheral blood and 
an increase in megakaryocytes in the marrow, although the latter 
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IGHgene rearrangements may represent the first abnormality 
before B-cell expansion.327

Tropical splenomegaly syndrome or hyperreactive malarial 
splenomegaly occurs in countries with endemic malaria and may 
mimic CLL.329,330 This disease is believed to be a disordered 
response to malarial antigens leading to overproduction of B-cells 
and is characterized by massive splenomegaly, an increase in 
IgM, and, in 10% of cases, an increase in the peripheral lympho-
cyte count. The disorder responds to antimalarial therapy, and 
this can be used to differentiate hyperreactive malarial spleno-
megaly from CLL.

Malignant Causes
Malignant disorders that may be confused with CLL are summa-
rized here for comparative purposes and as an aid in differential 
diagnosis (Table 90.5). Before flow cytometry became routine, 
many patients were diagnosed as having CLL but in fact had 
other disorders331 (Table 90.2). The most common malignan-
cies to be confused with CLL are PLL and the leukemic phase of 
non-Hodgkin lymphomas. Morphologically, these disorders may 
appear similar to CLL.

B-cell–Associated Causes
Monoclonal B-cell lymphocytosis
In MBL there is a persistent increase in the number of monoclo-
nal B-cells in the peripheral blood but the B-cell count remains  
<5 × 109/L; there are three common variants, CLL-like MBL 
(CD5+, CD20 dim), atypical MBL (CD5+, “bright CD20,” and CD5- 
MBL (Fig. 90.8).1,332,333 MBLs are found in 3.5% of adults older 
than 40 years of age with normal blood counts with the incidence 
increasing with age.334,335 The incidence of MBL is even higher 
(13.5%) among healthy members of CLL families25,26,336 and in 
otherwise healthy people with a lymphocyte count >4 × 109/L. A 
more recent study using 8-color flow cytometry detected MBL in up 
to 12% of healthy individuals with normal blood counts, suggesting 

typical immunophenotype of CLL cells (CD19+, CD5+, CD23+, and 
decreased expression of surface Ig, CD20, and CD79b).1 Using 
these markers a diagnostic scoring system for CLL has been devel-
oped and CLL may be considered “atypical” if there are variations 
in these markers (Table 90.3). The CLL cells are mature-appearing 
lymphocytes admixed with larger or atypical cells, PL, and cleaved 
cells. Having more than 55% PL is consistent with PLL. Individuals 
with a peripheral blood B-cell count of <5 × 109/L and CLL cells 
in the blood have either SLL or MBL. These two disorders can be 
distinguished as MBL lacks lymphadenopathy or splenomegaly 
(by physical examination or CT scans;1 Table 90.4).

diFFerentiaL diaGnoSiS
In most patients, the diagnosis of CLL is easily made after a 
careful review of the peripheral smear and immunophenotyping, 
although other conditions must be considered (Table 90.5). On 
occasion, immunohistochemistry or gene rearrangement studies 
are required to exclude other diagnoses.

Benign Causes

T-cell–Associated Causes
Chronic infections, such as tuberculosis or syphilis, may produce 
a lymphocytosis. A transient lymphocytosis may also be seen in 
viral illnesses, such as pertussis, CMV, or infectious mononucleo-
sis. However, these are usually found in children or young adults 
and should be easily distinguished from CLL by the clinical fea-
tures and the morphologic appearance of the cells.

B-cell–Associated Causes
Persistent polyclonal B-cell lymphocytosis is a rare and benign 
condition seen typically in middle-aged female smokers with a 
familial tendency.326–328 The lymphocytes are binucleated and 
have abundant cytoplasm. There is a polyclonal increase in Igs 
and a strong association with HLA-DR7, and an isochromosome 
3q+ (i3)(q10) is observed in some cases.326,327 These cells show 
IgVH gene mutations and immunophenotypically are marginal 
zone lymphocytes.328 Delage et al.327 have demonstrated multiple 
BCL2/IGH gene rearrangements in this disease and described 
a family in which there was a high incidence of the gene rear-
rangements in first-degree relatives in association with a paternal 
HLA haplotype. These findings suggest that persistent polyclonal 
B-cell lymphocytosis can be a familial disorder and that the BCL2/

Marker

Monoclonal 
B-Cell 
Lymphocytosis 
(MBL)

Chronic 
Lymphocytic 
Leukemia 
(CLL)

Small 
Lymphocytic 
Lymphoma 
(SLL)

Peripheral blood 
B-cell count

<5 × 109/L ≥5 × 109/L <5 × 109/L

Enlarged lymph 
nodes or 
spleena

No Maybe Yes

a By physical examination.
From Hallek M, Cheson BD, Catovsky D, et al. Guidelines for the diagnosis and treatment 
of chronic lymphocytic leukemia: a report from the International Workshop on Chronic 
Lymphocytic Leukemia updating the National Cancer Institute-Working Group 1995 
Guidelines. Blood 2008;111:5446–5456.
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DIfferentIAL DIAGnosIs of CHronIC LyMpHoCytIC  
LeukeMIA (CLL)

taBLe 90.5

Benign Causes

Bacterial (e.g., tuberculosis)

Viral (e.g., infectious mononucleosis)

Persistent polyclonal B-cell lymphocytosis

Hyperreactive malarial splenomegaly

Malignant Causes

B-Cell
Monoclonal B-cell lymphocytosis (MBL)

Prolymphocytic leukemia (PLL)

Leukemic phase of non-Hodgkin lymphomas

 Mantle cell lymphoma
 Follicular lymphoma
 Marginal zone lymphoma
 Lymphoplasmacytic lymphoma
 Diffuse large-cell lymphoma

Hairy cell leukemia (classical and variant)

Waldenström macroglobulinemia

T-Cell

Prolymphocytic leukemia

Adult T-cell leukemia/lymphoma

Sézary syndrome

Large granular lymphocytic (LGL) leukemia

72683_ch090_1888-1928.indd   1903 30/07/13   1:51 PM



1904 part vii Hematologic Malignancies • SeCtiON 4 Lymphoproliferative Disorders

considered to have MBL.341 Recent evidence indicates that the 
survival of CD38− “Clinical MBL” (79% patients, <30% cells posi-
tive) is no different from age- and sex-matched controls whereas 
the survival of CD38+ “Clinical MBL” (21% patients, ≥30% cells 
positive) and Rai stage 0 patients is reduced.342 Rawstron et al.336 
have estimated that approximately 1% of the “Clinical MBL” cases 
will progress to CLL and require treatment each year.

An ethical issue over MBL has been the possibility of unin-
tentional transmission of this syndrome by blood transfusion or 
hematopoietic cell transplantation (HCT).337,343 This issue is dis-
cussed further in the section on HCT for CLL.

B-cell prolymphocytic Leukemia
B-cell PLL is characterized by larger, less mature-appearing 
cells than are seen in CLL, and the nucleus has condensed 
chromatin and prominent central nucleoli.344,345 Patients with 
CLL/PLL have 11% to 54% PL, but in PLL ≥55% of the cells 
are PL.251 PLL appearing de novo is an aggressive disease, 
and patients frequently are symptomatic with fever, weight 

that the incidence of the abnormality may be even higher depend-
ing on the sensitivity of the assay.337 Rather than having a continu-
ous distribution of B-cell numbers in MBL there appears to be a 
bimodal distribution with a lower peak of 0.0001 to 0.010 × 109 
clonal B-cells/L (detected when screening the healthy individuals, 
“population MBL”) and a second peak of 0.05 to 0.5 × 109 clonal 
cells/L (detected when testing individuals for a slightly elevated 
lymphocyte count, “clinical MBL”).338 Although the risk of patients 
with “population MBL” progressing to CLL is exceedingly low, these 
patients may harbor CLL-like genetic abnormalities, such as dele-
tion 13q14, trisomy 12, or deletion 17p13, and have IgVH gene 
mutations.339,340 Moreover, there are multiple T-cell clones in half 
the cases, suggesting that the whole immune system is affected, 
perhaps related to chronic immune stimulation.340 Support for 
this concept has been the observation that multiple B-cell clones 
may also be observed in these individuals.334,337 The difference 
between “clinical MBL” and low-count Rai stage 0 CLL appears 
quite arbitrary and 40% of patients diagnosed with CLL using the 
older criteria for CLL (lymphocyte count >5 × 109/L) are now 
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FIGURE 90.8. Role of absolute B-cell count in monoclonal B cell lymphocytosis (MBL) and immunophenotype patterns. The top panel shows the absolute number of B-cells as a cumula-
tive function of the number of cases dividing low-count MBL (normal white blood cell count, absolute lymphocyte count) from clinical MBL (with lymphocytosis). The bottom panel from left to right 
shows the three major immunophenotypic patterns seen in MBL. From Marti GE. MBL: mostly benign lymphocytes, but… Blood 2011;118:6480–6481.
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the cases or irregular, often with convolutions.347 Splenomegaly 
is typically present, with, lymphadenopathy in half the cases 
and skin involvement (nodules or a maculopapular rash) in 20%. 
Periorbital edema may also occur. Cells are CD3+, CD4+, CD7+, 
and CD8−, but in one-quarter of patients, the cells are both CD4+ 
and CD8+ or, more rarely, CD4− and CD8+.347 Most patients (81%) 
achieve a complete remission (CR) with intravenous alemtuzumab 
with a median survival of 2 years.347

adult t-cell Leukemia/Lymphoma
Adult T-cell leukemia/lymphoma is most common in Asia and has 
a variety of clinical presentations.356,357 Patients may present 
acutely with lymphadenopathy or hepatosplenomegaly, although 
skin involvement, lytic bone lesions, hypercalcemia, and involve-
ment of other organs have been described. Alternatively, there 
may be a chronic form of the disease with peripheral lymphocy-
tosis and skin involvement, which may either resolve entirely or 
develop into the acute form of the disease.357 A prognostic classi-
fication has been developed based on the proliferative capacity of 
the peripheral blood leukemic cells.358 The cells are usually CD4+ 
and are infected with human T-cell leukemia/lymphoma virus-1.

Sézary Syndrome
Sézary syndrome is the leukemic form of mycosis fungoides, and 
affected patients have diffuse skin involvement plus lymphade-
nopathy and splenomegaly, although peripheral lymphocytosis 
can occur in isolation.359 The cells are typically large with cere-
briform nuclei, coarse chromatin, and inconspicuous nucleoli, and 
are usually CD4+.359 The diagnosis of Sézary’s syndrome requires 
a peripheral blood Sézary cell count of >1 × 109/L or that >20% 
of the lymphocytes be identified as Sézary cells.359

Large Granular Lymphocytic Leukemia
Large granular lymphocytic (LGL) leukemia is characterized by 
moderate lymphocytosis (1 to 49 × 109/L) and the presence of 
cells that are bigger than CLL cells with abundant cytoplasm 
containing azurophilic granules.360–362 However, there is consid-
erable variation, even within the same patient. In some cases, the 
lymphocytes may appear normal, and the granules may be coarse, 
fine, or absent.360 Large granular lymphocytes may be NK-cells 
that mediate nonmajor histocompatibility complex-restricted 
cytotoxicity or CD3+ T-cells that mediate nonmajor histocompat-
ibility complex-restricted cytotoxicity.360 T-LGL leukemia is the 
most common form, making up 85% of cases, and is associated 
with neutropenia (which may be cyclical), red cell aplasia, and 
rheumatoid arthritis (25%), but this is a distinct entity from 
Felty syndrome.360 It has been suggested that the neutropenia 
is related to the expression of FAS ligand by LGL cells.363 The 
usual immunophenotyping of T-LGL leukemia is CD3+, CD4−, 
CD8+, CD16+, CD56−, CD57+, and TCRab+; T-cell receptor gene 
rearrangement studies confirm T-cell monoclonicity. If therapy 
is required, responses may be observed with cyclosporin or 
methotrexate.364,365 NK-LGL leukemia occurs most frequently in 
Japan and has an acute fulminant course with high fever, hepa-
tosplenomegaly, and pancytopenia.361 However, chronic NK-cell 
leukemia can occur, with a clinical course similar to that of T-LGL 
leukemia.362 These cells are usually CD3−, CD4−, CD8−, CD16+, 
CD56+, and CD57−.360

inveStiGationS and StaGinG

Investigations
A complete blood count, review of the peripheral smear, and 
immunophenotyping are required for diagnosis and prognosis in 
CLL. Recommended investigations have been published by the 
IWCLL and the European Medical Society of Oncology (EMSO).1,5 

loss, or abdominal discomfort and are found to have massive 
splenomegaly, minimal lymphadenopathy, and resistance to 
therapy.344,345 Leukocyte counts in excess of 150 × 109/L, con-
sisting almost entirely of PL, are common, as are anemia and 
thrombocytopenia. The cells invariably have intense staining 
for surface membrane Ig, FMC7, CD20, and CD79b, whereas 
this may or may not occur with CLL/PLL.251 One third of cases 
have a deletion of 11q23, one half a deletion of 13q14, and one 
half a mutation of TP53.346,347 Although occasional patients may 
initially have stable disease, progression is the rule, and the 
median survival is 65 months.345

Leukemic phase of Non-hodgkin Lymphoma
The leukemic phase of non-Hodgkin lymphoma used to be 
referred to as lymphosarcoma cell leukemia and includes the 
leukemic phase of mantle cell lymphoma, follicular lymphoma, 
splenic lymphoma with villous lymphocytes (splenic marginal 
zone lymphoma), other marginal zone lymphomas, and, rarely, 
large-cell lymphomas. The lymphocytes in mantle cell lymphoma 
are larger than those seen in CLL and have more cytoplasm; in 
contrast to CLL and the other disorders, there is variation in cell 
morphology, with some cells looking like classical CLL cells, oth-
ers having irregular nuclei, and some looking like PL.348,349 Two-
thirds of patients have marrow involvement and one third have 
leukemic presentation.348 Patients with a leukemic picture have 
aggressive disease. The cells strongly express surface Ig and are 
CD19+, CD20+, CD5+, CD23−, CD10−, and FMC7+.350 These cells 
have the t(11;14)(q13;q32) and, by immunohistochemistry, stain 
strongly for cyclin D1. As the breakpoint for t(11;14)(q13;q32) 
covers a large area, polymerase chain reaction (PCR) using only 
one set of primers misses many cases, and Southern blot analysis 
or FISH may be required.350,351 The leukemic phase of follicular 
lymphomas may be confused with CLL; usually, the cells are 
small, the nuclear chromatin is smooth and not clumped, there is 
almost no cytoplasm, and the nucleus is indented.352 Occasionally, 
large cells are seen, and, when possible, a lymph node biopsy 
should be carried out to type the follicular lymphoma. The cells 
are identified by immunophenotyping and are CD19+, CD20+, 
FMC7+, CD23−, CD5−, and CD10+. The diagnosis can be con-
firmed by demonstrating a t(14;18)(q32;q21). Approximately 10% 
of peripheral B-cell lymphocytosis is caused by splenic marginal 
zone lymphoma; these cells have characteristic filamentous pro-
jections and, frequently, a nucleolus.331,353 The cells are usually 
SIg+ (strong), CD19+, CD20+, CD23−, CD5−, CD79b+, and FMC7+. 
The other forms of marginal zone lymphomas (mucosa-associated 
lymphoid tissue and monocytoid B-cell lymphomas) and lympho-
plasmacytic lymphomas may also rarely involve the marrow and 
peripheral blood.3

hairy Cell Leukemia
In hairy cell leukemia (Chapter 91) the cells are of moderate size 
with eccentric oval nuclei and variable prominent nucleoli. The 
cells differ from CLL cells in being tartrate-resistant acid-phos-
phatase positive (TRAP+) and CD5–, CD11c+, CD25+, CD103+. 
and CD123+.354 In contrast to classical hairy cell leukemia, in 
which the lymphocyte count is usually low, the variant form 
of hairy cell leukemia has a higher lymphocyte count, but the 
cells have prominent nucleoli, are TRAP–, and are CD25– and 
CD123–.355

T-cell–Associated Causes
The chronic T-cell disorders are much less common than the 
B-cell disorders but can be classified into 4 groups.251

t-cell prolymphocytic Leukemia
Formerly called T-cell CLL, T-cell PLL cells have a prominent 
nucleolus and the nucleus may be either round to oval in half 
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lymphadenopathy is related to disease progression, transforma-
tion, or a second malignancy.

Staging
Two staging systems are in general use, and are based on physi-
cal examination and results of a routine blood count.368,369 The 
Rai staging system is generally used in North America, and 
the original system divided patients into 5 groups on the basis 
of lymphocytosis alone (peripheral blood lymphocyte count  
≥15 × 109/L and ≥40% lymphocytes in the marrow), clinically 
apparent lymphadenopathy or splenomegaly, and the presence 
of anemia (hemoglobin <110 g/L) or thrombocytopenia (platelets 
<100 × 109/L; Table 90.6).368 A simplified 3-stage version of this 
scheme is now generally accepted (Table 90.6).1 The Binet stag-
ing system is most frequently used in Europe,369 and staging is 
based on the number of involved areas, the level of hemoglobin, 
and the platelet count (Table 90.7). The diagnosis of CLL required 
a peripheral blood lymphocyte count of ≥4 × 109/L with ≥40% 
lymphocytes in the marrow. The 5 areas of involvement were  
3 lymph node areas (cervical, axillary, and inguinal, whether uni-
lateral or bilateral), the spleen, and the liver.

Several points should be emphasized about these staging 
systems:
(a) The staging is based on clinical examination and not on CT 

scans.
(b) The cause of cytopenia was not defined in the original descrip-

tions of Rai stages III/IV or Binet stage C disease. A recent 
detailed study from the Mayo Clinic demonstrated that one-
quarter of all CLL patients develop cytopenia, with 54% being 
due to marrow replacement by tumor, 18% due to immune 
cytopenias, and 28% due to other causes, for example, che-
motherapy or uremia.317 Recent studies have shown that the 
survival of patients with immune cytopenias is much better 
than those due to marrow replacement by tumor and likely not 
different to those without cytopenias.315,317 It has thus been 
suggested that patients should be subclassified according to 
the cause of their cytopenia.

These investigations depend on whether a patient is being seen in 
general practice or within the context of a clinical trial.

Standard Tests for General Practice
physical assessment
This includes measuring the bidimensional size of the largest 
nodes in the cervival, supraclavicular, axillary, inguinal, and 
femoral regions with measurement of the spleen and liver. The 
performance status should also be documented.

Laboratory Measurements
Complete blood count with white cell differential (including the 
percentage of PL) and reticulocyte count. DAT, routine plasma 
biochemistry [including renal/liver function tests, and LDH], 
serum protein electrophoresis and/or immunoelectrophoresis, 
and Ig levels.

Screening for hepatitis B and C, cytomegalovirus (CMV), and 
human immunodeficiency virus (HIV) should be carried out before 
treatment. Therapy for patients who are HIV-positive will need 
to be individualized depending on their condition and medica-
tions. Patients who have antibody to CMV will require monitoring 
and treatment if there is viral reactivation with alemtuzumab or 
allogeneic HCT.366 Patients who have hepatitis B antigenemia will 
require therapy with suppressive therapy (such as lamivudine) 
during chemotherapy in order to prevent viral reactivation.1,5

A number of prognostic markers may help in determining the 
rate of disease progression and overall prognosis in newly diag-
nosed patients and is discussed in detail below. FISH is recom-
mended prior to therapy as the presence of certain abnormalities 
(deletion 17p13 or 11q22-23) can influence treatment.

radiology
A baseline chest x-ray is useful to determine any pre-existing lung 
disease.

Additional Tests for Clinical Trials and Specific 
Clinical Situations
Laboratory Measurements
A marrow aspirate/biopsy may be useful: (a) to assess normal 
marrow reserve and to establish the cause of anemia and throm-
bocytopenia for patients with Rai stage III or IV disease; (b) to 
assess the cause of persistent cytopenias following chemotherapy, 
and (c) to assess cellularity and the extent/pattern of marrow 
infiltration, which is of prognostic value.252

radiology
A meta-analysis has recently demonstrated that CT scans are not 
of value for routine management.367 Findings of the baseline CTs 
were not prognostically important and disease progression could 
be detected by clinical examination and blood counts. The pres-
ence of persistent radiologic disease following therapy predicted 
a shorter progression-free survival (PFS) and OS for patients 
treated with chemotherapy but was not of value when rituximab 
was added to chemotherapy, as in the German CLL8 study,210 
where FC (fludarabine/cyclophosphamide) was compared with 
FCR (fludarabine/cyclophosphamide/rituximab). Thus, the use of 
prognostic markers and the detection of minimal residual disease 
(MRD) following therapy are of greater value in CLL than CT 
scans. However, CT scan may be used: (a) in clinical trials; (b) to 
confirm a remission prior to hematopoietic cell transplant, where 
tumor burden is prognostically important, and (c) to assess tumor 
burden prior to treatment with alemtuzumab. Patients with lymph 
nodes >5 cm respond poorly to alemtuzumab and require alter-
nate therapy.367 PET scans are not useful for staging in CLL, as 
18F-FDG uptake in CLL is low. However, they are useful to iden-
tify a suitable node for biopsy when determining whether new 

Stage Modified Stage Description Median Survival (y)

0 Low-risk Lymphocytosisa >10

I Intermediate-risk Lymphocytosis + 
lymphadenopathy

7–9

II Intermediate- risk Lymphocytosis + 
splenomegaly ± 
lymphadenopathy

7–9

III High-risk Lymphocytosis 
+ anemiaa ± 
lymphadenopathy 
or splenomegaly

1.5–5

IV High-risk Lymphocytosis + 
thrombocytope-
niaa ± anemia, 
splenomegaly or 
lymphadenopathy

1.5–5

a Lymphocytosis, originally lymphocytes >15 × 109/L for >4 weeks; anemia, hemoglobin 
<110 g/L; and thrombocytopenia, platelets <100 × 109/L.
Data from Rai JL, Sawitsky A, Cronkite EP, et al. Clinical staging of chronic lymphocytic 
leukemia. Blood 1975;46:219–234, and Shanafelt TD. Predicting clinical outcome in CLL: 
how and why. Hematology (Am Soc Hematol Educ Program) 2009:421–429.

rAI CLAssIfICAtIon systeM for CHronIC LyMpHoCytIC 
LeukeMIA (CLL)

taBLe 90.6
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value of these systems has been somewhat tempered, as there is 
variation in survival within each stage and the majority of patients 
are in Rai stage 0/I at diagnosis.245 Thus, 30% to 50% of patients 
with early-stage disease will require therapy in 1 to 4 years and 
have a median survival of 7 to 8 years whereas occasional patients 
may have a spontaneous remission.245,371 This uncertainty about 
the future creates great anxiety for the patient and has led to tre-
mendous efforts to develop reliable prognostic markers267,268,372 
(Table 90.8). Stratification of patients into different risk groups 
will allow for a more rational approach to treatment options and 
will identify specific patient groups to be studied in clinical trials. 
Several general points about prognostic markers should be made. 
First, these markers have generally been evaluated in patients 
less than 65 years of age and their value in older patients is less 
certain.11,12 Thus, although IgVH status and FISH results are useful 
predictors of survival for younger patients they are less useful in 
those ≥75 years.11,12 Second, the markers have been studied at the 
time of diagnosis and their utility throughout the disease course is 
less clear. The exception here is for FISH, which is usually carried 
out prior to treatments; new genetic abnormalities can develop 
during the disease course and the results of FISH are important for 
prognosis and influencing treatment decisions. Finally, a prognostic 
marker may be able to predict one aspect of the disease course, 
for example, time to first treatment, but may not be able to predict 
PFS or OS.

Some prognostic markers, such as clinical staging, lym-
phocyte morphology and doubling time, CD38, serum LDH, 
b2-microglobulin levels, and FISH are routinely available, but 
others are either experimental or only available at specialized 
centers. In the following section we review the most com-
monly used and new potentially important prognostic markers. 
Further details on other markers can be obtained in recent 
reviews.267,268

rai and Binet Staging
The median survival of patients in the Rai staging low-risk group 
(∼55% to 60%) who have an isolated lymphocytosis, is more than 
10 years.267,370,373–375 Patients in the intermediate-risk group 
(∼35% to 40%) have lymphadenopathy, splenomegaly, or both, 
and have a median survival of 7 to 9 years. Patients in the high-
risk group (∼5% to 10%) have anemia, thrombocytopenia, or 
both and a median survival of 1.5 to 5 years. Survival in the high-
risk group depends on the cause of the cytopenia, being poorest 

(c) The diagnosis of CLL in the original studies was not based on 
immunophenotyping, whereas nowadays the diagnosis of CLL 
depends on a peripheral blood B-cell count of ≥5 × 109/L. 
Thus, a number of patients in the original studies likely had 
non-Hodgkin lymphomas with leukemic involvement. This 
might partly explain the poorer prognosis for patients with 
advanced stages, as compared with more recent observations. 
However, the relative survival of patients with confirmed CLL 
and stages Binet B/C disease has increased over the past 20 to 
30 years, suggesting that the improved survival nowadays is 
related to improved therapy or supportive care.370

proGnoSiS
CLL is a very heterogeneous disease, both in presentation and 
disease progression. The Rai or Binet clinical staging systems are 
simple and reliable prognostic measures. However, the prognostic 

bInet CLAssIfICAtIon for CHronIC LyMpHoCytIC 
LeukeMIA (CLL)

taBLe 90.7

Stage Blood Counts Involved Areasa Median Survival (y)

A Hb >100 g/L 
and platelets 
>100 × 109/L

<3 >10

B Hb >100 g/L 
and platelets 
>100 × 109/L

≥3 7

C Hb <100 g/L, 
or platelets 
<100 × 
109/L, or both

Any number 2–5

Hb, hemoglobin.
a The five areas of involvement include head and neck, axillae, groins, palpable spleen, and 
clinically enlarged liver.
Data from Binet JL, Auquier A, Dighiero G, et al. A new prognostic classification of chronic 
lymphocytic leukemia derived from a multivariate survival analysis. Cancer 1981;48:198–206, 
and Shanafelt TD. Predicting clinical outcome in CLL: how and why. Hematology (Am Soc 
Hematol Educ Program) 2009:421–429.

Prognostic Marker Better Prognosis Worse Prognosis

Sex Female Male

Age <70 y >70 y

Plasma vitamin D level High Low

Rai stage 0, I, and II III and IV

Lymphocyte count <12 × 109/L ≥12 × 109/L

Lymphocyte doubling time >12 mo < 12 mo

Number of “smudge cells” ≥30% <30%

b2-microglobulin level Low High

Flow cytometry: B-cell count <11 × 109/L ≥11 × 109/L

 CD38a <20% cells positive ≥20% cells positive
 ZAP-70 <20% cells positive ≥20% cells positive

FISH Deletion 13 Deletion 11q22-23 or 17p13

IgVH mutation status Mutated Unmutated

a The precise number of cells required for CD38 positivity varies according to the study.

proGnostIC MArkers In CHronIC LyMpHoCytIC LeukeMIA (CLL)

taBLe 90.8
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peripheral blood or marrow.266,363,381,383–385 However, there is 
still controversy as to the number of cells required to denote posi-
tivity.247,248 Initial studies suggest a correlation between the pres-
ence of an IgVH gene mutation and CD38− (<30% CD38+ cells), 
however, this has not been confirmed by others.266,267 In all of 
these studies, CD38+ has been associated with shorter survival and 
correlates with increasing Rai stage, intrathoracic and abdominal 
lymphadenopathy, short doubling time, increased b2-microglobulin 
levels, and atypical morphology.383–385 Moreover, the CD38 status 
is useful to predict which patients within a particular clinical stage 
will progress.381,384,385 When followed over time, CD38− patients 
may become CD38+, and this is associated with deletion of 17p13 
(TP53 mutation) and disease progression.374

ZAP-70 is also a useful prognostic marker although further 
studies are required to standardize the assay and it is still unclear 
whether equivalent results are obtained on analyzing the marrow 
or peripheral blood.266 There is a 70% to 90% correlation between 
ZAP-70 expression and absence of IgVH mutations, regardless 
of whether ZAP-70 is measured by flow cytometry (>20% cells 
positive), Western blot analysis, or immunohistochemistry.271–275 
ZAP-70 positivity correlates moderately with CD38 positivity and 
the presence of poor-risk cytogenetics, that is, deletion 11q22-
q23, deletion 17p13, and trisomy 12.275 Kröber et al.275 have also 
demonstrated that discordant cases may have poor prognostic 
features including deletions of 17p13 or 11q22-q23, or IgVH3–21 
expression. Thus, some patients with a mutated IgVH3–21 gene 
express high levels of ZAP-70 and do poorly.271,275 Alternatively, 
low ZAP-70 expression in some patients with unmutated IgVH 
can correlate with the presence of deletions of 17p13 or 11q22-
23.275 ZAP-70 positivity may be a stronger predictor for time 
to treatment (TTT), PFS, or OS than an unmutated IgVH.273,276 
A comparison of the prognostic markers by the CLL Research 
Consortium has demonstrated that ZAP-70 is the most important 
marker for TTT.386 Thus, ZAP-70 positive patients had a median 
time from diagnosis to treatment of 2.6 years versus 8.4 years for 
ZAP-70 negative patients. The CD38 status did not add additional 
prognostic information but for ZAP-70 negative patients unmu-
tated IgVH patients had a median survival of 6.3 years versus 10 
years for mutated IgVH patients (Fig. 90.9). It is unclear why ZAP-
70 positive CLL patients have a poor prognosis, although it has 
been related to the magnified signaling by the Ig cell receptor in 
ZAP-70 positive CLL cells.386

Alterations in T-cells are also prognostically important in CLL 
and a low CD4/CD8 ratio with a decreased number of NK-cells is 
observed in advanced disease with hypogammaglobulinemia.387

Molecular Genetics

FISH Studies
FISH has become a standard technique in CLL and patients with 
a deletion of 17p13 have a median survival of 2 to 3 years, com-
pared with 6 to 7 years for those with a deletion of 11q22-23, 9 
years for those with a trisomy 12 or normal FISH, and 11 years 
for those with a deletion of 13q14 alone.84 The identification of 
deletions of 17p13 or 11q22-23 is particularly important as their 
presence can alter therapy and prognosis.2,84,210,267,388,389

The significance of a deletion 17p13 depends on when it is 
detected.390,391 Thus, 4% to 5 % of patients at diagnosis have a 
deletion of 17p13 and although half of these patients require treat-
ment in 3 years one third will have stable disease.390 In contrast, 
at the time of first treatment, 10% patients have deletion 17p13 
and these patients are resistant to chemotherapy with only one 
third surviving 3 years.210 By the time patients are fludarabine-
resistant, 33% will have a deletion of 17p13 and these patients 
have a very poor prognosis.225 Most patients with deletion 17p13 
have a TP53 mutation on the other allele, however, patients may 
have a TP53 mutation without a deletion of 17p13.392,393 Thus, 

in those with marrow failure due to CLL infiltration, whereas 
those with immune cytopenias have a good prognosis.315,317 The 
median survival of patients with Binet stage A is >10 years, stage 
B is 7 years, and stage C is 2 to 5 years.375 Although both staging 
systems provide useful prognostic information, they do not corre-
late well with each other. Thus, there are more patients with Binet 
stage A as there are in the Rai low-risk groups, whereas the oppo-
site is true for Binet stage B and Rai intermediate-risk groups.375

age and Sex
Approximately 25% of CLL patients in the clinic are ≤55 years, 
and the clinical features, prognostic markers, and staging at pre-
sentation are generally similar to older patients.12,243,244 Survival 
of both groups of patients is the same, although the proportion 
of deaths that can be directly attributed to CLL is greater for the 
younger age group.244 These results indicate that a subgroup 
of younger patients has aggressive disease and the risk of a 
Richter’s transformation is fivefold higher in the younger age 
group.244 The male-to-female ratio for CLL is 1.3:1, and women 
are more likely to have early-stage disease. Regardless of stage 
and age, women have a better prognosis than men.376,377 The 
mechanism(s) responsible for the improved survival in women 
is (are) unknown but has been related to an increased incidence 
of IgVH mutated disease with good prognostic genetic markers in 
women.377 In addition, hormonal differences may be important as 
clinical responses have been observed in CLL when patients with 
co-existing prostate cancer were treated with estrogens.377

Lymphocyte Characteristics

Morphology
Approximately 20% of patients have atypical CLL or CLL/PLL, and 
these patients have a more advanced stage, a higher proliferative 
index, and a poorer prognosis.203,204,217,254 These patients are 
also more likely to have trisomy 12 or deletion of 17p13 (TP53 
mutation), to be CD38+, and to have unmutated IgVH.204,217,284 
However, in a multivariate analysis, aberrant cell morphology was 
found to be an independent prognostic marker.378 Patients with 
≥30% smudge cells have a better prognosis than those with <30% 
smudge cells.250

Number
Survival decreases with increasing B-cell or lymphocyte count 
at the time of diagnosis,341,379 A B-cell count of >11 × 109/L 
predicts a shorter treatment-free survival and OS independent of 
CD38, ZAP-70, and IgVH mutational status.379

Doubling Time
The lymphocyte doubling time (LDT) is a useful measure of dis-
ease aggressiveness. Indolent CLL is associated with a slow LDT, 
whereas patients with a LDT of <12 months have a significantly 
worse survival rate.380,381 A recent study from Britain has demon-
strated in 1,154 patients with Binet stage A disease that patients 
with a LDT of <12 months required treatment in 2.5 years and 
had a median survival of 12.6 years whereas those with a LDT of 
≥12 months required treatment in 18.6 years and had a median 
survival of 20.3 years.381

Immunophenotyping
Variations in immunophenotyping, such as an increase in surface 
Igs, FMC7+, or increased intensity of CD20, may be associated with 
atypical morphology, trisomy 12, and poor prognosis.204,253,254,382

A number of studies have demonstrated the importance of 
CD38+ as a prognostic marker and this can be measured in either 
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4.6 years and OSof 12.5 years in patients with unmutated IgVH. 
The use of IgVH3-21 has been associated with a poor prognosis, 
regardless of mutation status, perhaps related to overexpression 
of genes involved in transcription and cell cycle control.396

Telomere Length and Telomerase Activity
In CLL, the telomeres are generally shorter than in normal 
B-cells and are shortest in IgVH unmutated cells.180,397,398,399,400 
In response, telomerase may be increased, with activity being 
inversely related to telomere shortening. These abnormalities 
have been observed in patients with early-stage CLL with telo-
mere shortening continuing to occur over time and being associ-
ated with telomere fusions and abnormal genetics, particularly 
deletions of 17p13 and 11q22-23.2,398,399,400 Not surprisingly, 
increased telomerase and short telomeres have been associated 
with poor survival.398

NOTCH and SF1B3 Mutations
NOTCH1 and SF1B3 mutations have recently been identified as 
common and important prognostic markers in CLL and were dis-
cussed earlier.226,227,228,229,230,231,232,233,234,235 Mutations in exon 
34 of NOTCH1 is present in 4% to 10% of patients (usually unmu-
tated IgVH), but the incidence increases in patients with trisomy 
12 (41.9%),232 those with drug-resistant disease (20%),227,233 
and in those with Richter’s syndrome (one third).227,234 The 
NOTCH1 mutations decrease the rate of NOTCH1 protein clear-
ance and thus increase the protein level and NOTCH1 activity.208 
This results in increased NF-kB activity with cellular prolif-
eration and increased cellular inhibitor of apoptosis protein 2 
(c-IAP2) and X-linked inhibitor of apoptosis protein (XIAP) with 

fludarabine-resistant patients may have deletion 17p13 alone 
(∼10%), deletion 17p13 with a TP53 mutation (∼25%), or a TP53 
mutation alone (∼10%).225,392,393 Prognosis is equally poor in all 
groups leading to the suggestion that patients may require TP53 
sequencing in addition to FISH studies.394,395 The type of TP53 
mutation is also important with mutations in the DNA binding 
domain portending a particularly poor prognosis.394,395

Patients with deletions of 11q22-23 typically are middle-aged 
men with bulky lymphadenopathy, and prognosis can be signifi-
cantly improved with immunochemotherapy.210,389 The addition 
of rituximab to fludarabine/cyclophosphamide (FCR) can improve 
the CR rate from 15% to 51% (p < 0.0001) and the OS at 3 years 
from 83% to 94% (p = 0.036).210

Patients with trisomy 12 may have atypical morphology but 
the incidence does not correlate with stage and these patients 
respond well to chemotherapy.2,210

Mutations of the Immunoglobulin Gene  
and IgVH3–21 Usage
Approximately 50% of patients with CLL have mutations of the 
IgVH gene, and these patients generally have stable disease and 
normal cell morphology.2,6,7,267,268 In contrast, patients without 
IgVH mutations are more likely to have atypical morphology, dele-
tion of 11q22-23 and/or 17p13, and NOTCH1 mutations.2,233 As 
a result, these patients generally have advanced disease, drug 
resistance, an increased risk of developing RS, and poor survival. 
Indeed, a recent large British study demonstrated that for Binet 
stage A patients the IgVH mutational status was the most impor-
tant prognostic indicator in a multivariate analysis.381 The median 
TTT for patients with mutated IgVH had not been reached and the 
median survival was 23.3 years, compared to a median TTT of 
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FIGURE 90.9. Relationship between ZAP-70 and CD38 or IGHV mutation status in defining the time from diagnosis to initial therapy. Kaplan–Meier curves depict the proportion of 
untreated CLL patients in the validation cohort (N = 705) from diagnosis to initial therapy. Panels A through D depict the time from diagnosis to initial treatment of patients who have CLL cells that 
express ZAP-70 (ZAP-70+), whereas panels E through H show the time from diagnosis to first treatment of patients with CLL cells that were ZAP-70 negative (ZAP-70−). Panels A and E or B and F 
show how IGHV mutation status can segregate cases that are CD38+ or CD38−, respectively. Panels C and G or D and H show how CD38 can segregate cases that use U-IGHV or M-IGHV, respectively. 
The P-values were determined using the log-rank test. The symbols represent the time at which patients were censored. From, Rassenti LZ, Jain S, Keating MJ, et al. Relative value of ZAP-70, CD38 
and Ig mutation status in predicting aggressive disease in chronic lymphocytic leukemia. Blood 2008;112:1923–1930, with permission.
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survival, particularly in the elderly.11,130,412–415 It is likely that 
many cell types secrete the cytokines which may act by increas-
ing CLL cell adhesion in the microenvironment.11 The chemokine, 
CCL3, has also been recently shown to have prognostic value in 
CLL.105 CCL3 is secreted by CLL cells with BCR stimulation in 
the microenvironment and elevated plasma levels predict a short 
TTT.105 Finally, Yan et al.416 have measured 23 cytokines by a 
multiplex assay in 84 patients and were able to identify 3 groups 
that showed clustering of different cytokines. Patients could be 
stratified into these groups to predict TTT and OS.

Two groups have recently demonstrated the importance of 
plasma vitamin D levels in CLL.417,418 In one study from the 
Mayo Clinic, one third of patients had vitamin D deficiency.417 
The plasma level did not correlate with the season, and there 
was no correlation between age, sex, stage, lymphocyte count, 
nor other prognostic markers. However, patients with low levels 
had a shorter TTT and reduced OS. A subsequent study from Italy 
in untreated Binet stage A patients confirmed these results.418 
In both studies, TTT appeared inversely related to the vitamin D 
level. As the vitamin D receptor is highly expressed on CLL cells 
it has been suggested that vitamin D has a direct cytotoxic effect 
on CLL cells.417,418

prognostic Index
Despite the ever-increasing number of prognostic markers there is 
conflicting evidence as to the value of these markers and whether 
combining markers will improve prognosis. Wierda et al.13 at the 
MD Anderson have developed a predictive model using generally 
available measurements. The value of this index in early-stage 
patients has been validated at the Mayo Clinic and in a large 
Swiss–Italian multicenter study.373,374 Six factors were originally 
identified for the index (age, sex, Rai stage, lymphocyte counts, 
number of lymph node regions involved, and b2-microglobulin 
level) with each factor being scored to generate a prognostic 
index.13 However, the subsequent studies did not find lymphocyte 
count to be of prognostic value, and the European study has sim-
plified the index to include age, sex, Binet stage (which includes 
number of lymph node sites), and b2-microglobulin.374 The MD 
Anderson have also subsequently developed a prognostic index 
incorporating clinical finding with IgVH mutational status and the 
presence of deletions of 17p13 and 11q22-23.419

treatment
Therapy for CLL has undergone dramatic changes over the past 
25 years. Previously, chlorambucil, or sometimes cyclophospha-
mide, was the agent of choice. Treatments were given intermit-
tently to control blood counts, organomegaly, or symptoms. 
However, rigorous trials were never carried out to determine 
the optimum treatment dose or schedule for these agents. In the 
1980s the nucleoside analogues were shown to have activity in 
CLL and the evaluation of these agents in clinical trials required 
increased precision in the diagnosis of CLL, standard indications 
for treatment, and definitions of response, including MRD. There 
was subsequently a re-evaluation of the role of chlorambucil in 
CLL and the development of combination therapies in CLL, using 
primarily alkylating agents and nucleoside analogues. Since that 
time there has been the development of monoclonal antibodies 
and exciting new agents which inhibit the BCR pathway. In the 
following sections we review each of these areas and provide a 
summary of the standard of care for CLL.

Indications for treatment
The majority of patients with CLL present with Rai stages 0/I 
disease. They do not require treatment but do need careful moni-
toring for evidence of disease progression. Premature treatment 

decreased apoptosis.230 Interestingly, disruption of TP53 function 
is only observed in 10% of cases with a NOTCH1 mutation and 
thus NOTCH1 mutations are associated with non-TP53-mutated 
drug resistance.233 Mutations of SF3B1 occur in 15% to 17% of 
CLL patients and cause aberrations in splicing of a variety of 
mRNAs.226,229,234,235 Mutations generally occur in patients with 
unmutated IgVH, are associated with a deletion of 11q22-23 (36%), 
are a cause of fludarabine resistance, and are independent prog-
nostic markers for survival.226,234,235

MicroRNA Expression
Low levels of MiR-181b at diagnosis have been shown to predict 
disease progression, and the level of the MiR decreases over time 
in patients with progressive disease.401 Both BCL2 and MCL1 are 
targets for MiR-181b and the levels of these antiapoptotic proteins 
increase as the level of MiR-181b falls.401

Marrow histology
Nodular and interstitial growth patterns in the marrow are asso-
ciated with similar marrow tumor burdens and median survival 
times of 90 and 46 months, respectively, whereas diffuse infiltra-
tion or a “packed marrow” is associated with a greater marrow 
tumor burden and a median survival time of only 28 months.1,252 
Fibrosis of the marrow also indicates an aggressive clinical 
course.402 Although the extent of lymphocyte involvement in the 
marrow is of prognostic importance, the marrow biopsy is prefer-
able as it provides a more reproducible measure of lymphocyte 
infiltrate and can demonstrate the pattern of marrow involve-
ment.403 However, it should be noted that other investigators 
have not found that the pattern of marrow involvement adds any 
additional prognostic information over clinical staging.404

The pattern of marrow involvement after chemotherapy is also 
prognostically important. Patients with persistent lymphoid nod-
ules in the marrow after chemotherapy [nodular partial remission 
(nPR)] have persistent leukemia and have a shorter time to relapse 
compared to those in CR.405 However, the extent of involvement 
does not correlate with the rapidity of disease recurrence.406

Fludarabine resistance
One of the most important prognostic factors is fludarabine 
resistance. Patients who do not respond to fludarabine or relapse 
within 6 months of treatment have a median survival of 9 to 10 
months with standard chemotherapy.407,408

plasma Markers
Plasma LDH levels are a measure of cell turnover and increased 
levels are associated with the presence of other poor prognostic 
markers, such as high CD38 or ZAP-70, or the presence of dele-
tion 17p13.268 Moreover, a sudden increase in LDH may indicate 
disease progression or the development of a RS.

Plasma b2-microglobulin is derived from the cell membrane of 
nucleated cells and is noncovalently linked to the a-chain of the 
class I major histocompatibility complex.268 Increased levels of 
b2-microglobulin have been shown to be a marker of poor prognosis 
predicting TTT, duration of response, and OS.11,210,409–411 It has 
been assumed that b2-microglobulin levels reflect tumor burden, 
however, b2-microglobulin levels remain a useful prognostic indica-
tor in patients with similar low-bulk Binet stage A disease.409,410 
Moreover, the levels have been found to correlate very closely with 
the plasma levels of the inflammatory cytokines (IL-6, IL-8, and TNF-
a), indicating that it reflects the cytokine milieu.11 b-microglobulin is 
cleared by the kidneys and it has been suggested that its prognostic 
value can be increased by correcting for renal function.411

The plasma levels of the inflammatory cytokines may be 
increased in CLL and are important prognostic markers for 
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detecting MRD were defined in 2007 as CD5/CD19 with CD20/
CD38, CD81/CD22, and CD79b/CD43.423 Concordance between 
peripheral blood and marrow MRD was ∼90% when assessed >3 
months after treatment, and was poorer if testing was done <3 
months after treatment, particularly if alemtuzumab was used. 
The detection sensitivity with flow cytometry was one CLL cell 
in 10,000 leukocytes and flow cytometry detection rates showed 
concordance with a real-time quantitative allele-specific oligo-
nucleotide (R-ASO) Ig heavy chain gene (IgH) PCR assay, although 
the PCR assay was more sensitive. This flow cytometry assay was 
used to assess MRD following FCR or FC in the German CLL8 
trial.424 MRD levels were lower in patients treated with FCR and 
for both treatment arms the reduction in MRD following therapy 
correlated with improvements in PFS and OS.406 This randomized 
study confirmed the prognostic importance of MRD measure-
ments and the long-term benefit of achieving MRD negativity with 
therapy.

Chemotherapy

Alkylating Agents
In the past, the standard treatment for CLL was the alkylating 
agent, chlorambucil, but nowadays this drug is generally only 
used in older and frail patients. The precise mechanism of action is 
unclear but it likely produces its antitumor effect by binding cova-
lently with DNA, RNA, and cellular proteins.425,426 Chlorambucil 
has been used in CLL for 60 years but the optimum treatment 
schedule and duration of therapy are still unclear. Traditionally, 
chlorambucil was administered continuously in a daily dosage of 
0.1 mg/kg or intermittently as 0.4 mg/kg every 2 weeks, and these 
treatment schedules had equivalent efficacy, although the inter-
mittent route produces less myelosuppression.427,428 More recent 
studies have used chlorambucil administered in boluses, every 2 
to 4 weeks (Table 90.10). Overall, the response rate with these 
regimens is 31% to 90%, with 4% to 60% of patients achieving 
a CR.429,430,431,432,433,434,435 The response rates have depended 
on dose intensity and criteria for remission. Although very high 

may actually cause harm and initial studies with chlorambucil in 
patients with Rai 0 or Binet A disease showed a delay in disease 
progression but no improvement in survival and an increase in 
the incidence of epithelial tumors and acute leukemia.420 The 
indications for treatment are based on the following clinical 
 findings.1

(a) Rai stage 0–II disease in patients who are symptomatic (weight 
loss of >10% body weight in previous 6 months, extreme 
fatigue, night sweats or fevers of >100.5°F or 38°C for >2 
weeks without evidence of infection), or have progressive ane-
mia/thrombocytopenia or lymphocytosis (>50% increase over 
2 months or doubling time <6 months)

(b) Rai stages III/IV to improve the hemoglobin level and/or plate-
let counts, although asymptomatic patients can be monitored 
and treatment initiated when there is clear evidence of disease 
progression

(c) Bulky or progressive lymphadenopathy (masses >10 cm in 
diameter) or splenomegaly (>6 cm below left costal margin)

(d) AIHA/ ITP.

response Criteria and Minimal residual Disease
To facilitate comparisons of results obtained in clinical trials, the 
IWCLL1 has established criteria for clinical responses in CLL, and 
the details of these definitions are outlined in Table 90.9. The 
presence of organomegaly in clinical practice is based on clinical 
examination but CT scans are required for clinical trials. In the 
original NCI-WG definitions patients were considered to be in CR 
even if there were lymphoid nodules in the marrow, as these can 
occur normally. However, it was subsequently demonstrated that 
patients in CR achieved a shorter remission if there were nodules 
in the marrow, indicating that some of these nodules are malig-
nant.405 Thus, patients with residual lymphoid nodules in the 
marrow are classified as having a nPR.

As therapy for CLL has become more effective, there has been 
interest in the prognostic value of MRD following treatment and 
in determining whether therapy should be aimed at eliminating 
MRD.421–423,424 The optimum specific antibody combinations for 

CrIterIA for response In CHronIC LyMpHoCytIC LeukeMIA (CLL)

taBLe 90.9

Parametera Complete Response (CR)b Partial Response (PR)c Progressive Disease (PD)d Stable Disease (SD)e

Symptoms None Any Any Not CR, PR or PD

Lymph nodes <1.5 cm Decrease ≥50% New node or ≥50% increase

Hepatomegaly/splenomegaly None Decrease ≥50% Detected enlargement or  
≥50% increase

Lymphocytes <4 ×109/L Decrease ≥50% from 
baseline

Increase ≥50% over baseline  

Hemoglobin >110 g/L >110 g/L or ≥50% increase 
from baseline

Development of a cytopenia 
 secondary to progressive CLL

Neutrophils >1.5 × 109/L >1.5 × 109/L and/or

Platelets >100 × 109/L >100 × 109/L or >50% 
increase

Marrow Normocellular <30% 
 lymphocytes, no nodules

No marrow requirements for 
a PR

a In clinical trials CT scans of abdomen, pelvis, and thorax are desirable. Response should be by CT scan if abnormal before therapy.
b Features should be maintained at least 2 months after completion of chemotherapy. If marrow hypocellular, repeat after 4 weeks or until peripheral blood counts have recovered (should be  
<6 months after chemotherapy). If nodules are present in marrow, do immunohistochemistry to confirm that they are monoclonal B-cells. If CLL nodules present, then is a “nodular PR”. If 
patient fulfills criteria for a CR but counts remain low as a result of chemotherapy, it is denoted CRi (CR with incomplete marrow recovery).
c For PR, require =50% decrease in lymphocytes, nodes, and liver/spleen with a recovery in one of the blood counts, as indicated, for >2 months.
d If transformed to a more aggressive histology, such as Richter’s syndrome.
e From Hallek M, Cheson BD, Catovsky D et al. Guidelines for the diagnosis and treatment of chronic lymphocytic leukemia: a report from the International Workshop on Chronic Lymphocytic 
Leukemia updating the National Cancer Institute-Working Group 1995 Guidelines. Blood 2008;111(12):5446–5456.
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higher response rate than CHOP (89.5% vs. 75.0%) and an 
improved survival (median, 68 months vs. 47 months).435

Other combination regimens have been studied. In advanced 
or refractory disease the M2 program, consisting of cyclophos-
phamide, bischloroethylnitrosourea, melphalan, and prednisone, 
produced a CR rate of 17% and a PR rate of 44%.448 In addition, 
the median survivals were not significantly different from those 
achieved with less aggressive regimens. A CR rate of 30% was 
achieved in untreated patients.448 A combination protocol includ-
ing prednisone, vincristine, cytosine arabinoside, cyclophospha-
mide, and doxorubicin (POACH) achieved response and survival 
rates not significantly different from those reported for chloram-
bucil and prednisone, with complete and overall response rates of 
21% and 56%, respectively, for previously untreated patients and 
6% and 21%, respectively, for previously treated patients.449 VAD 
(vincristine, doxorubicin, and dexamethasone) has been exam-
ined in relapsed or refractory CLL.450 No CRs were observed, and 
although 21% had a PR, 33% had progressive disease.

To determine whether aggressive multiagent therapy is bet-
ter than standard chlorambucil (with or without prednisone) in 
CLL, a meta-analysis of 10 randomized studies involving 2,035 
patients, mostly with Binet stage B and C disease, was carried 
out comparing chlorambucil with COP, CHOP, and chlorambucil/
epirubicin.451 This analysis did not reveal an improvement in 
survival by using an anthracycline-containing regimen compared 
to standard chlorambucil, demonstrating that more aggressive 
treatment approaches were not required to make an impact on 
survival.

Bendamustine has demonstrated high activity in CLL.432,452 
The drug was developed as an alkylating agent and has three 
components: (a) a 2-chloroethylamine alkylating group that is 
seen with the other nitrogen mustards; (b) a butyric side chain 
that is also contained in chlorambucil, and (c) a benzimidazole 
ring which is believed to contribute to the unique action of this 
agent.452–454 Bendamustine produces more extensive DNA cross-
linking and breaks than other alkylators, activates a base-excision 
DNA repair pathway rather than O6-alkylguanine-DNA alkyl-
transferase repair used by chlorambucil and cyclophosphamide, 
is active against cell lines that are resistant to the nitrogen mus-
tards, and may act through the induction of apoptosis and mitotic 
catastrophe.452–454 Bendamustine has been compared to chlo-
rambucil in the first-line treatment of CLL (Table 90.11).432,455 
Bendamustine produced a higher CR rate, a threefold increase in 
PFS and time to next treatment (31.7 vs. 10.1 months) but no dif-
ference in survival. The quality of life was similar with both drugs 
and, not surprisingly, patients who were sensitive to either drug 
had an improved survival. However, adverse events were twofold 

response rates have been reported by Jaksic et al.435 lower doses 
of chlorambucil are generally used. Cyclophosphamide differs 
little, if at all, from chlorambucil in its effectiveness in CLL.436 
Cyclophosphamide may be given orally using 2 to 3 mg/kg/day or 
20 mg/kg once every 2 to 3 weeks and it causes less myelosup-
pression than chlorambucil.

To improve response rates, alkylating agents have been 
combined with steroids or other agents. Monthly chlorambucil 
with prednisone increased the response rate (47%) and survival 
compared to daily chlorambucil plus prednisone (response rate, 
37%) or prednisone alone (response rate, 11%).427 In a second 
study, the frequency of response and the number of patients 
alive at 2 years were higher when chlorambucil (6 mg/day) 
was combined with prednisone (30 mg/day) for 6 weeks than 
when chlorambucil was used alone; however, no difference in 
survival was demonstrated between the 2 groups.437 Steroids 
cause a re-distribution of the CLL cells and there is usually an 
increase in the peripheral lymphocyte count with the initiation 
of steroids. In practice, prednisone is frequently combined with 
chlorambucil or used prior to chlorambucil to produce a rapid 
decrease in lymph node/spleen size and reduce pancytopenia 
related to marrow packing.433 However, corticosteroids should 
be used sparingly as they do not increase survival and may pro-
duce significant side effects.

Nonrandomized studies initially reported excellent responses 
using intermittent cyclophosphamide, vincristine, and prednisone 
(COP) in patients with advanced CLL,438,439 with approximately 
44% of patients achieving a CR.438 However, a subsequent ran-
domized study comparing COP to chlorambucil showed no differ-
ence in survival or disease progression at 9440 or 53441 months. 
When COP was compared with chlorambucil and prednisone 
in untreated patients, the response and survival rates were 
 identical.442 In a similar study, a significantly higher response 
rate was observed using COP (59%) compared to chlorambucil 
and prednisone (31%), but the CR and OS rates were similar for 
both groups.443

The addition of low doses of doxorubicin to COP (CHOP) 
or CAP (cyclophosphamide, doxorubicin, and prednisone) or 
the use of multiple agents has been examined. The French 
Cooperative Group on CLL compared COP to CHOP in previously 
untreated patients with Binet stage C disease.444 The 3-year 
survival rates were 28% with COP and 71% with CHOP, and the 
median survival times were 22 and 62 months, respectively.445 
However, these results are controversial, as no survival advan-
tage has been observed when CHOP is compared with standard 
chlorambucil and prednisone.446,447 Indeed, higher doses of 
chlorambucil (15 mg/day continuously) produced a statistically 

response rAtes In CHronIC LyMpHoCytIC LeukeMIA (CLL) to DIfferent CHLorAMbuCIL reGIMens

taBLe 90.10 

Author Chlorambucil Schedule
Total chlorambucil 
per month (mg)a CR (%) PR (%)

PFS 
(Months)

Rai (2000)429 40 mg/m2 every 28 days (6–12 mo) 68 4 33 14

Hillmen (2007)430 40 mg/m2 every 28 days (6–12 mo) 68 2 53 11.7

Eichorst (2009)431 0.4–0.8 (median 0.5) mg/kg days 1  
and 15 (12 mo)

70 0 51 18

Knauf (2009)432 0.8 mg/kg days 1 and 15 (6 mo) 112 2 29 8

Catovsky (2007)433 10 mg/m2, days 1–7, every 28 days  
(6–12 mo)

119 7 65 23

Robak (2000)434 12 mg/m2/day every 28 days 571 12 45

Jaksic (1997)435 15 mg/day continuously 420 60 30

a Assuming a patient weighing 70 kg and SA 1.7 m2.
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phosphorylated by deoxyguanosine kinase in the mitochondria to 
CdATP, which is directly toxic to the mitochondria.

Pentostatin produces CR and PR rates of 16% to 25% in previ-
ously treated patients, with an additional 20% to 30% of patients 
exhibiting other forms of clinical improvement.464,465 The stan-
dard dose is 4 mg/m2 intravenously (IV) every other week.456,465 
Toxicities include infection, myelosuppression, nausea/vomiting, 
and pruritus.

Fludarabine has greater activity in CLL and is equally effi-
cacious when administered orally or IV, although a higher 
dose is required when given orally.466 Using 25 to 30 mg/m2 
IV daily for 5 days, repeated monthly, the overall response 
rate is approximately 45% in previously treated patients, with 
the CR rate being 3% to 20%.467–469 In untreated patients, the 
response rate is approximately 70%, with the CR rate being 
20% to 40%.429,469–471 The main toxicities with fludarabine are 
myelosuppression and infections, particularly when patients 
have been previously treated with alkylating agents. Nausea, 
vomiting, and neuropathy rarely occur. In an attempt to reduce 
toxicity, fludarabine has been administered as 30 mg/m2 IV 
daily for 3 days, repeated every 4 weeks.472 Compared to the 
standard 5-day treatment schedule, the response rate was 
lower at 46% (CR, 10%), but there was a significant reduction 
in the infection rate and no difference in survival. The addition 
of prednisone does not improve the response rate over fludara-
bine used alone and significantly increases the risk of unusual 
infections (e.g., Pneumocystis jirovecii pneumonia and Listeria 
monocytogenes sepsis).473 Five major phase III studies have 
determined whether initial treatment with fludarabine could 
produce an increased remission rate compared with standard 
chemotherapy and whether this would translate into improved 
survival.429,431,433,434,469,470 A summary of the results of these 
studies is in Table 90.11.

•	 In the European Cooperative Group study fludarabine was 
compared with CAP (cyclophosphamide, Adriamycin, predni-
sone).469 The responses with fludarabine were similar to those 

more common with bendamustine and included skin rashes, 
marrow suppression, and nausea/vomiting.432 As discussed later, 
bendamustine is now more typically administered with rituximab.

Nucleoside Analogues
The nucleoside analogues have demonstrated significant activity 
in the low-grade lymphoproliferative disorders.456 Pentostatin 
(2′-deoxycoformycin;dCF) is an inhibitor of adenosine deaminase, 
which is responsible for the deamination of deoxyadenosine and 
adenosine to deoxyinosine and inosine, respectively. After therapy 
with pentostatin, deoxyadenosine and adenosine accumulate in 
the plasma; after uptake into cells, deoxyadenosine is phosphory-
lated to deoxyadenosine monophosphate, deoxyadenosine diphos-
phate, and dATP, and this occurs preferentially in lymphocytes.457 
The intracerebral accumulation of deoxyadenosine and adenosine 
likely causes nausea and vomiting, a major toxicity with this 
agent.458 Cladribine (2-chlorodeoxyadenosine; CdA) and F-ara-A 
are halogenated derivatives of deoxyadenosine that are resistant 
to degradation by adenosine deaminase. For clinical use, F-ara-A 
is administered as the more water-soluble monophosphate, F-ara-
adenosine monophosphate (fludarabine); fludarabine is rapidly 
dephosphorylated in the plasma to F-ara-A.459,460 Like deoxy-
adenosine, cladribine and F-ara-A are taken up into lymphocytes 
by a nucleoside transport system and accumulate in lymphocytes 
as their phosphorylated derivatives. A correlation has been found 
between the protein levels of the hNT2 transport protein and in 
vitro cytotoxicity.461,462 The triphosphate derivatives of deoxy-
adenosine, cladribine, and F-ara-A can kill lymphocytes in three 
ways.52,463 First, the triphosphate forms can trigger DNA breaks, 
which result in the release of cytochrome c from the mitochon-
dria; the released cytochrome c interacts with Apaf-1 and dATP 
causing the activation of caspase 9 and, subsequently, apoptosis. 
Second, the increased levels of the triphosphates can enhance the 
effects of endogenous dATP on the apotosome, inducing apoptosis. 
Finally, cladribine differs from the other two drugs in that it is 

Reference Treatment Patients (No.) CR (%) PR (%) PFS (Months) Median Survival (Months)

European Cooperative 
Group (1996)469

Fludarabine
CAP

52
48

23
17

48
43

Not reached
208 days

Not reached
1,580 d

US InterGroup 
(2000)429

Fludarabine
Chlorambucil
Fludarabine/
Chlorambucil

170
181
123

20
4
20

43
33
41

25
14
Not reached

66
56
55

French Cooperative 
Group (2001)470

Fludarabine
CAP
CHOP

341
240
357

40a

15a

30a

31
43
42

32
28
29

69
70
67

UK LRF CLL4 Study 
(2007)433

Fludarabine
Chlorambucil

181
366

15
7

65
65

10% at 5 yrs
10% at 5 yrs

52%b

59%b

German CLL Study 
Group (2009)431

Fludarabine
Chlorambucil

93
100

7
0

65
51

19
18

46
64

Polish Group (2000)434 Cladribine/ 
prednisone
Chlorambucil/ 
 prednisone

126
103

47
12

40
45

21
18

78%c

82%c

German CLL Study 
Group (2012)455

Bendamustine
Chlorambucil

162
157

21
10.8

13.6
19.1

21.2
8.8 (p < 0.0001)

Not Reached
78.8 (p = 0.18)

CAP, cyclophosphamide, doxorubicin, and prednisone; CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone; PFS, progression-free survival.
a Actually denoted as clinical remissions as marrow studies were not carried out on many after therapy.
b Alive at 5 years.
c Alive at 24 mo.

pHAse III stuDIes CoMpArInG nuCLeosIDe AnALoGues AnD ALkyLAtInG AGents As fIrst-LIne treAtMent In CLL

taBLe 90.11
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neurotoxicity, and peripheral neuropathy is now being docu-
mented as a potential devastating toxicity.481 The nucleoside 
analogues are all highly immunosuppressive, being both myelo-
suppressive and producing a marked fall in the CD4+ cell count, 
which may persist for years.456 Although initial studies demon-
strated that the nucleoside analogues could trigger AIHAs, the 
frequency of this complication is no greater with the analogues 
than with other agents.433,434 Graft-versus-host disease has been 
observed in patients being treated with nucleoside analogues who 
receive blood transfusions, and it has been recommended that 
these patients receive only irradiated blood products.482 Reports 
have also indicated a higher incidence of acute myeloid leuke-
mia (AML)/myelodysplasia in patients receiving nucleoside ana-
logues,483,484 and this risk may be further increased in patients 
receiving a combination of chlorambucil and fludarabine.484 
Recent studies have demonstrated that fludarabine can be toxic 
to the lung, in addition to pre-disposing these patients to pneu-
monia.485 Once infections have been ruled out, the pulmonary 
toxicity syndrome often responds to steroids.485

An in vitro study has demonstrated cross-resistance between 
fludarabine and cladribine in the leukemic cells of 90% of 
patients,459 and clinical studies have confirmed that patients 
resistant to fludarabine are unlikely to respond to cladribine, and 
vice versa.479,486 In a clinical trial of 28 patients who were resis-
tant to fludarabine, only 1 patient had a PR with  cladribine.486 
Thus, patients who are resistant to one of the nucleoside ana-
logues should not be treated with another, particularly as such 
therapy increases the risk of infections secondary to myelosup-
pression and immunosuppression.

Combinations of Nucleoside Analogues with 
Alkylating Agents
To improve antitumor activity the nucleoside analogues have been 
combined with other agents. Combined therapy with steroids 
does not improve the antitumor effect and markedly increases the 
risk of infection.473,478 In vitro studies have demonstrated that 
the nucleoside analogues can inhibit DNA repair, which explains 
the synergistic antitumor activity seen between these agents and 
irradiation or alkylating agents.487–489 Moreover, this effect is seen 
preferentially in CLL cells compared to normal marrow cells.488 
Synergy has also been observed between fludarabine and cyclo-
phosphamide in phase II clinical studies.490–492 O’Brien et al.490 
combined fludarabine 30 mg/m2 IV daily × 3 with cyclophospha-
mide 300, 350, or 500 mg/m2 IV daily × 3 and demonstrated a 
38% response rate in patients who were resistant to fludarabine 
alone. In previously untreated patients, more than 80% responded 
with a 35% CR. Moreover, the duration of response was longer 
than for fludarabine alone. Similar findings have been observed in 
3 large randomized clinical trials433,493,494 (Table 90.12). The effi-
cacy and toxicity of cladribine with cyclophosphamide is similar 

for CAP, but the duration of responses was significantly longer 
with fludarabine with a tendency toward a longer survival.

•	 In a French Cooperative Group study patients were random-
ized to CHOP, CAP, or fludarabine.470 The response rates were 
similar for CHOP and fludarabine, and both were better than 
CAP. However, time to relapse and survival rates were similar 
regardless of treatment.

•	 Three groups have compared fludarabine and chlorambucil, 
and although the doses of fludarabine were similar in all, the 
dose of chlorambucil was lowest in the North American Inter-
Group CLB-9011 study (Table 90.11).429 In this study, there 
was a higher response rate, longer duration of response, and 
improved PFS in patients treated with fludarabine but no differ-
ence in OS. However, a follow-up analysis at 10 years showed 
a survival advantage for fludarabine.474 In the LRF CLL4 study 
from the United Kingdom, the response rates were higher for 
fludarabine than for chlorambucil, but there was no differ-
ence in PFS or OS.433 In the German CLL5 trial only patients 
>65 years were studied, and fludarabine produced a higher 
response rate compared to chlorambucil.431 Again, there was 
no difference in PFS or OS.

In CLL, cladribine has been less extensively evaluated than 
fludarabine but the former probably has equivalent antitumor 
activity.434,456,475–480 The drug is given in monthly cycles, in 
doses of 0.1 mg cladribine/kg/day by continuous infusion × 7 
days,477 or 0.12 to 0.14 mg/kg/day over 2 hours × 5 days,475,478 
or 10 mg/m2/day orally × 5 days.482 The results of studies with 
cladribine have varied greatly,434,475,476,478 with response rates 
in previously treated patients varying from 48% to 72% and CR 
rates varying from 4% to 39%.456,475 In previously untreated 
patients, approximately 80% of patients respond, and the CR rate 
varies from 10% to 45%.434,456,475,479 In a multicenter study with 
patients randomized to receive initially either cladribine or chlo-
rambucil, and resistant patients being switched to the other drug, 
cladribine produced a higher remission rate and more prolonged 
remissions than chlorambucil (Table 90.11).434 However, as with 
the randomized studies comparing fludarabine with alkylating 
agents, survival was similar whether the initial treatment was 
with cladribine or chlorambucil. The variation in the response 
rates to cladribine in previously treated patients may be related 
to the extent of prior therapy. In vitro studies have shown that 
cladribine is more myelosuppressive than fludarabine,459 and in 
the clinical setting, repeated treatments with cladribine can pro-
duce prolonged thrombocytopenia.434,475–480 As is fludarabine, 
cladribine is very immunosuppressive, and infections are the 
major toxicity, particularly when cladribine is given in conjunc-
tion with prednisone.289,434,479

Neither cladribine nor fludarabine causes the accumula-
tion of adenosine, which likely explains the lack of nausea/
vomiting observed with these agents when compared to pento-
statin. However, all of these nucleoside analogues can produce 

Reference Treatment Patient Number CR (%) PR (%) PFSa Survival

German CLL Study 
Group (2006)493

Fludarabine
FC

164
164

7
24

76
70

Median, 20 mo
Median, 48 mo

3 y, 80.7%
3 y, 80.3%

UK LRF CLL4 
(2007)433

Fludarabine
FC

181
182

15
38

65
57

5 y, 10%
5 y, 36%

5 y, 59%
5 y, 54%

InterGroup Trial 
E2997 (2007)494

Fludarabine
FC

137
141

4.8
23.4

54.6
50.4

Median, 19.2 mo
Median, 31.6 mo

2 y, 80%
2 y, 79%

a PFS, progression-free survival.

pHAse III stuDIes CoMpArInG fLuDArAbIne AnD fLuDArAbIne/CyCLopHospHAMIDe (fC) In CHronIC LyMpHoCytIC 
LeukeMIA (CLL)

taBLe 90.12
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In animal models, the type II antibodies are more effective in 
clearing CD20 positive lymphocytes from blood and lymphoid 
organs.504

Using the standard rituximab regimen that is effective in fol-
licular lymphomas (375 mg/m2 IV weekly × 4), initial studies 
showed that rituximab had little activity in CLL (13% response 
rate), compared to a 50% response rate in the follicular lympho-
mas.505 This decreased activity was attributed to the low levels 
of CD20 on CLL cells and the high plasma CD20 levels observed 
in CLL; the high plasma CD20 levels are believed to divert ritux-
imab from the cellular target and to reduce the half-life of the 
antibody.506 The plasma CD20 is believed to be derived from cell 
breakdown, and the level correlates with disease stage but not 
the lymphocyte count.506 However, 2 studies have shown that 
rituximab can rapidly, albeit transiently, reduce the peripheral 
lymphocyte counts of CLL patients.507,508 The treatment had 
little effect on lymphadenopathy and did not normalize blood 
counts, and this discrepancy has been related to the fact that the 
CLL CD20 levels are lower in the nodes and marrow than in the 
peripheral blood.509 In an attempt to increase the effectiveness of 
rituximab in CLL, the dose of rituximab has been escalated, using 
either a weekly or thrice weekly schedule, and response rates of 
36% to 45% have been achieved without a significantly higher tox-
icity than is observed with the standard schedule.510,511 Of special 
interest is the observation that “shaving” or removal of CD20 and 
rituximab from the CLL surface by monocytes and macrophages 
results in the appearance of CLL cells in the circulation that have 
neither CD20 nor rituximab on their surface.512 This occurs pri-
marily with high doses of rituximab, raising the question as to 
whether rituximab would be best administered using lower doses 
applied more frequently.513

Rituximab can cause reactions (e.g., fevers/rigors, dyspnea, 
hypotension, and nausea/vomiting) as a result of the release of 
inflammatory cytokines (e.g., IL-6, IL-8, TNF-a, and g-interferon) 
and this complication primarily occurs in patients with lympho-
cyte counts of greater than 50 × 109/L.507,508,510,511 The reactions 
usually occur with the first treatment, and the likelihood of a 
reaction decreases with each subsequent treatment. Pretreatment 
with steroids and “stepped-up dosing” decreases the severity or 
likelihood of a reaction.508 More recently, the development of 
immune neutropenia has been observed after rituximab and usu-
ally resolves spontaneously in 1 to 3 weeks or in 3 to 5 days with 
G-CSF.514

Rituximab has been administered with high-dose methylpred-
nisolone for patients with high-risk disease including those with 
deletions of 17p13 and 11q22-23.515,516 Approximately two-
thirds of patients will respond with a median PFS of 1 year, and 
main side effects include hyperglycemia and fluid retention.

Ofatumumab is a fully human type I monoclonal antibody 
directed against a different epitope on CD20 that results in 
tighter binding and increased complement activation.499,517 The 
pivotal study by Wierda et al.518 showed a response rate of 58% 
in patients who were resistant to fludarabine and alemtuzumab 
(FA) and 47% in patients who were resistant to fludarabine with 
bulky (>5 cm) lymphadenopathy (BF). The median PFS and OS 
were 5.7 and 13.7 months for the FA group and 5.9 and 15.4 
months for the BF group. The treatment schedule was with 8 
weekly treatments followed by 4 monthly treatments. The first 
infusion was with 300 mg followed by 2,000 mg for all other 
infusions. Treatment was well tolerated and the FDA subse-
quently licensed ofatumumab for patients resistant to FA. A 
subsequent analysis indicated that rituximab-resistant patients 
had a similar response to ofatumumab as patients who were 
rituximab-naive.519 Ofatumumab has been administered with 
high-dose steroids with two-thirds of patients with fludarabine 
resistance and bulky lymphadenopathy responding.520 This 
included patients with deletions of 17p13, where the response to 
ofatumumab alone is 14%.518

to that of FC in previously untreated patients.495 Pentostatin has 
also been combined with cyclophosphamide in one study.496 In 
23 previously treated patients treated with pentostatin 4 mg/m2 
IV and cyclophosphamide 600 to 900 mg/m2 IV repeated every 
3 weeks × 6, 17 patients responded with 4 CRs and 13 PRs. It 
is important to note that10 of 13 fludarabine-resistant patients 
responded with one CR. A concern with combining the nucleoside 
analogues with alkylating agents is an increased risk of myeloid 
leukemias, as may be the case when fludarabine and chlorambu-
cil are combined.484

A recent systematic review has summarized all these stud-
ies.497 In brief, the addition of cyclophosphamide to a nucleoside 
analogue increases the response rates and PFS over single agents 
but this does not translate into improved survival, likely as a 
result of effective second-line therapies.

Steroids
As steroids kill CLL cells with a TP53 mutation,68 they can be 
useful for palliation in patients resistant to alkylating agents and 
nucleoside analogues.498 However, as discussed later, nowadays 
they are usually combined with a monoclonal antibody. High-dose 
steroids, such as methylprednisolone at 1 gm/m2/day × 5 days, 
repeated monthly, can be helpful in advanced-stage patients, who 
are drug resistant and have bulky disease, marrow failure, or 
both.498 In 25 patients treated with methylprednisolone, with or 
without chemotherapy, the overall response rate was 77% with the 
median duration of response being 12 months (range, 7–23+). Of 
the 10 patients with p53 mutations, 5 responded to this therapy. 
The management of CLL patients maintained on steroids is dis-
cussed in the section “Systemic Complications Requiring Therapy.”

Monoclonal antibodies

Anti-CD20
The cell-surface antigen CD20, plays an important role in the acti-
vation, proliferation, and differentiation of B-cells and antibodies 
to CD20 have transformed the therapy of the B-cell lymphoprolif-
erative disorders.499,500 The chimeric monoclonal antibody, ritux-
imab, contains a human IgG1 Ig constant region and a murine 
variable region directed against CD20.499,500 This agent was 
licensed for use in relapsed indolent lymphoma in 1997 by the US 
Food and Drug Administration (FDA) and since that time many 
variants of this antibody have been developed, with ofatumumab 
and GA101 being most studied in the clinic. Rituximab has shown 
significant activity against low-grade lymphomas, which have 
high surface concentrations of CD20, and is believed to exert its 
antitumor activity by complement-dependent cytotoxicity (CDC), 
antibody-dependent cell-mediated cytotoxicity (ADCC), or by the 
direct induction of apoptosis. An intact FcgR is required for ADCC 
and it has been suggested that polymorphisms in FcgRIIIa (CD16) 
may influence the response to rituximab.499 A variety of new anti-
CD20 antibodies has been developed to enhance antitumor activ-
ity that are humanized, unlike rituximab which is chimeric. The 
anti-CD20 monoclonal antibodies are classified as type I or type II 
based on their ability to redistribute CD20 into lipid rafts that can 
influence antibody activity.499 Type I antibodies, exemplified by 
rituximab and ofatumumab, redistribute CD20 into lipid rafts and 
potently activate complement. In contrast type II antibodies, as 
exemplified by tositumomab and GA101, induce programmed cell 
death that is independent of caspase activation and DNA breaks, 
and is not affected by BCL2.501,502,503 The ability to induce pro-
grammed cell death correlates with the induction of intercellular 
homotypic adhesion which alters the actin cytoskeleton causing 
permeabilization of the lysosome and the release of cathepsin 
B into the cytoplasm.501,502,503 Recent studies suggest that this 
leads to increased free radical formation from NADPH oxidases, 
which results in loss of plasma cell membrane and cell death.503 
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treated with alemtuzumab, 15 (42%) had TP53 mutations and/
or deletions and 6 of the 15 (40%) responded to alemtuzumab.225 
The median duration of response was 8 months (range, 3 to17 
months). When used as initial therapy in previously untreated 
patients, the response rates for 7 patients with a deletion of 17p13 
was 64%.430 Alemtuzumab has also been administered following 
standard chemotherapy for the purpose of consolidation.530–532 In 
these studies the dose and duration of alemtuzumab ranged from 
10 to 30 mg 3 times a week for 4 to 12 weeks. The CR and MRD-
negative responses can be increased with this therapy and this is 
associated with a longer PFS. However, these positive effects are 
counterbalanced by an increased risk of infections and the devel-
opment of Epstein–Barr positive large-cell lymphomas.530–532 
Until further studies direct otherwise, the use of alemtuzumab in 
front-line therapy or for the purpose of consolidation should be 
confined to clinical trials.

Alemtuzumab has been combined with high-dose steroids in 
17 untreated and 22 previously treated patients with a deletion 
of 17p13.533 The overall response rate and CR rate were 85% 
and 36%, respectively, with a median OSof 23.5 months demon-
strating the effectiveness of the regimen in this high-risk group 
of patients. Side effects included hypokalemia, hyperglycemia, 
and infections. Two-thirds of patients needed granulocyte colony-
stimulating factor for neutropenia, half needed (val)ganciclovir  
for CMV reactivation. Although grade 3 to 4 infection occurred 
in half the patients, this was age-related and only occurred in 
29% of patients less than 60 years of age. Alemtuzumab has also 
been combined with rituximab in patients with molecular mark-
ers indicative of aggressive disease.534 Patients received alemtu-
zumab 30 mg subcutaneously 3 times a week for 4 weeks with 
rituximab 375 mg/m2 weekly for 4 treatments. Of 30 patients, 
90% responded with 37% CRs, and the median duration of 
response of responders was 14.4 months. Neutropenia was com-
mon and CMV reactivation occurred in 10%.

Anti-CD23
The anti-CD23 antibody, lumiliximab, has limited activity alone 
but results of a phase I/II study suggests that the addition of 
lumiliximab with FCR may increase the response rate without 
additional toxicity.535

Chemoimmunotherapy

Combinations with anti-CD20 Antibodies
Combinations with rituximab
Synergy has been demonstrated between rituximab and che-
motherapy in vitro, although the mechanisms underlying this 
phenomenon are unclear.536–538 Synergy may be related to effects 
of rituximab on the levels of antiapoptotic proteins, as rituximab 
reduces the cellular levels of BCL2 through inhibition of IL10 in 
lymphoma cell lines in vitro,537 and the levels of MCL1 and XIAP 
are decreased in the CLL cells of patients undergoing treatment 
with the antibody.539 Alternatively, fludarabine may down-regu-
late the expressions of CD46 and CD55 on the CLL cells, proteins 
that antagonize the effects of activated complement.538

Fludarabine has been combined with rituximab (FR) in the 
clinic.540–542,543 In one study, 31 previously treated or untreated 
CLL patients received 4 monthly cycles of fludarabine (25 mg/
m2 IV daily × 5 days) combined with 4 monthly treatments with 
rituximab (375 mg/m2 IV), the first 2 rituximab treatments given 
with the last 2 cycles of fludarabine.540 The CR rate was 33%, 
the PR rate was 55%, and treatment was well tolerated. Byrd 
et al.541 compared concurrent versus sequential treatment with 
fludarabine and rituximab in untreated CLL patients (CALGB 
9712). There were 51 patients who received 6 cycles of fludara-
bine followed by 4 weekly treatments with rituximab (sequential 

GA101 (obinutuzumab) is a humanized type II antibody with 
a novel mechanism of action and is presently being evaluated 
against rituximab in a number of clinical trials for CLL.499

Anti-CD52
The monoclonal antibody, alemtuzumab (Campath-1H), is a 
humanized IgG1 antibody against CD52, with the  antigen-binding 
site being of rodent origin; targets are B and T lymphocytes, 
NK-cells, monocytes and eosinophils with sparing of normal 
hematopoietic stem cells.521,522 As with rituximab, alemtuzumab 
can kill tumor cells by CDC, ADCC, or the direct induction of 
apoptosis and has become an important agent for the treat-
ment of fludarabine-resistant patients with deletions of 17p13 
or 11q22-23.521,522 In the pivotal CAM 211 multicenter study 
on 93 patients with fludarabine-resistant disease, patients were 
treated for 12 weeks with alemtuzumab.523 The CR rate was 2%, 
PR rate 31%, and 54% of patients had stabilization of their dis-
ease. Many patients with symptoms such as night sweats, fatigue, 
or weight loss had resolution of their symptoms. The median time 
to response was 1.5 months and median time to progression 
was 4.7 months for all patients and 9.5 months for responders. 
Median survival for all patients was 16 months and 32 months 
for responders. As an historical comparison, the median sur-
vival of fludarabine-resistant CLL patients is 10 months.523 
Alemtuzumab was particularly efficacious at clearing the periph-
eral blood (first) and marrow/spleen (later) of CLL cells, but was 
less active against lymphadenopathy. Lymphadenopathy resolved 
in two-thirds of patients but no patient with nodes >5cm had 
complete resolution of lymphadenopathy. Unfortunately, patients 
had infusion-related toxicities (i.e., nausea/vomiting, fevers, 
rigors, and rash) with the initiation of treatment and there was 
an increased incidence of infections. Patients were maintained 
on prophylactic trimethoprim/sulphamethoxazole and famci-
clovir until 2 months after treatment was completed. Infections 
occurred in 55% of patients and CMV reactivation was the most 
common opportunistic infection. Because of the high risk of 
infections with alemtuzumab, especially in heavily pretreated 
patients, care must be used in patients who had previous infec-
tions or a poor performance status. To reduce the risk of CMV 
valganciclovir 450 mg twice a day has been recommended 
although 900 mg 3 times a week may also be effective and pro-
duce less myelosuppression.524,525 Guidelines are available for 
the use of alemtuzumab, particularly with regard to prophylactic 
antibiotics and CMV monitoring.366,522

Alemtuzumab appears to have equivalent clinical activity when 
administered subcutaneously (sc), even though it takes longer to 
achieve a steady plasma concentration of antibody.526,527 Thus, 
Stilgenbauer et al.526 were able to reproduce the results of the 
CAM 211 study using sc alemtuzumab. Of patients receiving sc 
alemtuzumab, 90% have local injection-site reactions, with ery-
thema/edema, pruritus, and pain at the site of injection. However, 
the reactions disappear with continued treatments, usually within 
2 weeks. During the initial 2 weeks, the local reactions can be 
controlled by ice-packing the injection site before the injection and 
for about 1 hour after the injection. Alemtuzumab has also been 
evaluated as front-line therapy in 2 studies.430,528 Of 41 previously 
untreated CLL patients receiving sc alemtuzumab, 38 received 
more than 1 week of therapy, and in this group, the CR rate was 
19% and the PR rate 68%.528 Consistent with these findings, the 
CR and PR rates with alemtuzumab in the CAM 307 study were 
22% and 61%, respectively.430 Following alemtuzumab therapy in 
previously untreated patients, the lymphocyte subtypes gradually 
recover, but remain at <25% baseline for >9 months following 
therapy.528 Despite this, infections were not a problem.

Because of its unique properties, there has been interest 
in evaluating alemtuzumab for the treatment of patients with 
resistant disease.225,529 Of 36 fludarabine-resistant patients 
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less, and a creatinine clearance of ≥70 ml/min. Prophylaxis with 
antivirals was not given and prophylaxis against Pneumocystis 
jirovecii only recommended for severe leukopenia lasting >7 
days. Approximately one-quarter of patients in both the FC and 
FCR groups were unable to tolerate the full 6 cycles of therapy 
and drug dosages had to be reduced by >10% in 47% of patients 
on FCR and 27% of patients on FC. The CR and PR for FCR were 
44% and 46% and for FC were 22% and 58% (p = <0.0001). The 
median PFS was 51.8 months with FCR and 32.8 months with 
FC (p < 0.001) whereas OS at 3 years was 87% with FCR and 
83% with FC (p = 0.01) (Figs. 90.10 and 90.11). Although an 
improvement in CR rate was seen for all Binet stages with FCR, 
only Binet stage B showed an improvement in PFS and OS with 
chemoimmunotherapy. The response of patients with a deletion 
of 17p13 was equally poor for patients treated with FCR or FC, 
and although PFS was increased with FCR (11.3 vs. 6.5 months, 
p = 0.019) there was no improvement with survival. However, 
supporting a previous observation,388 FCR overcame the poor 
prognosis associated with FC in patients with a deletion 11q22-
23, with an improved CR rate (51% vs. 15%, p = <0.0001)), pro-
longed PFS at 3 years (64% vs. 32%, p = <0.0001), and increased 
OS at 3 years (94% vs. 83%). FCR caused more neutropenia than 
FC, and neutropenia and infections occurred more commonly in 
those >65 years. Deaths related to both regimens only occurred 
in 2% to 3% of patients, and it should be emphasized that these 
patients were carefully chosen according to performance status, 
comorbidities, and renal function. In addition, the median age of 
patients was only 61 years.

The MD Anderson studies have demonstrated that about 20% 
of patients can have cytopenias lasting longer than 3 months fol-
lowing FCR and that 28% of patients whose blood counts have 
recovered following treatment can have a late cytopenia that 
usually occurs in the first year of remission.545 The incidence of 
immune cytopenias was reported to be 6.5% in the MD Anderson 
series with AIHA typically occurring between cycles 3 and 6 and 
most patients responding to standard therapies.319 In contrast, 
in the CLL8 study, only 1% of patients developed immune cyto-
penias. In addition, the risk of serious or opportunistic infections 
at the MD Anderson was 10% and 4% in the first and second 

regimen), and 53 patients who received 6 cycles of concurrent 
fludarabine and rituximab followed by consolidation with 4 
weekly treatments with rituximab. In the concurrent regimen, 
there were 47% CRs and 43% PRs, whereas the sequential regi-
men appeared less effective with 28% CR and 49% PR. Treatment 
was generally well tolerated; infusion-related toxicity, myelosup-
pression, and infections were the major toxicities. A follow-up 
analysis showed that both groups had a similar outcome with 
the combined median PFS being 42 months and the median OS 
being 85 months.543 A retrospective comparision has been made 
to patients treated with fludarabine alone (CALGB 9011).542 The 
CR and PR rates in the CALGB 9011 study were 20% and 43%, 
respectively, and the CR and PR rates in the CALGB 9712 study 
(all patients) were 38% and 46%, respectively. The 2-year PFS and 
OS for patients receiving fludarabine were 45% and 81%, respec-
tively, and for patients receiving fludarabine with rituximab were 
significantly better at 67% and 93%, suggesting that the addition 
of rituximab in first-line therapy prolongs survival.

The MD Anderson Cancer Center developed the combined 
fludarabine with cyclophosphamide and rituximab (FCR) regimen 
using fludarabine 25 mg/m2 and cyclophosphamide 250 mg/m2 
administered IV on days 1, 2, and 3 with rituximab 375 mg/m2 IV 
on day 1 with the first course and then 500 mg/m2 IV for courses 
2 to 6. The treatments were given every 28 days for 6 cycles for 
the treatment of both untreated and previously treated patients 
(Table 90.13).544,545,546 In 224 previously untreated patients the 
CR, nPR, and PR rates were 72%, 10%, and 13%, respectively.545 
A retrospective comparison among fludarabine, FC, and FCR also 
suggested that FCR increased OS, with OS at 6 years being 54%, 
59%, and 77% for patients treated with fludarabine, fludarabine 
and cyclophosphamide/mitoxantrone, or FCR.545 The subsequent 
CLL8 prospective randomized phase 3 study from the German 
CLL Study Group confirmed these findings. FCR has subse-
quently become a standard first-line therapy for selected patients 
(Table 90.13). Previously untreated patients were randomized to 
FCR or FC using the MD Anderson treatment regimens. As FCR is 
an aggressive treatment regimen, patients were required to have 
an Eastern Cooperative Oncology Group (ECOG) performance 
status of 0 to 1, a cumulative illness rating scale (CIRS) of 6 or 

CHeMoIMMunotHerApeutIC reGIMens

taBLe 90.13

Reference Treatmenta Patient Number Previously Treated CR (%) nPR (%) PR (%)

Tam et al. (2008)545 FCR 224 No 72 10 13

Badoux et al. (2011)546 FCR 284 Yes 30 14 30

Hallek et al. (2010)210 FCR
FC

388
371

No
No

44
22

51b

67c

Parikh et al. (2011)562 CFAR 60 No 70 3 18

Badoux et al. (2011)563 CFAR 80 Yes 29 4 33

Bosch et al. (2012)548 R-FCM 72 No 82 11

Woyach et al. (2005)543 FR 104 No 38 46d

Kay et al. (2007)550 PCRe 64 No 41 22 28

Kay et al. (2010)551 PRf 33 No 27 15 33

Fischer et al. (2012)552 BR 117 No 23 2 63

Fischer et al. (2011)553 BR 78 Yes 9 3 47

a A, alemtuzumab; C, cyclophosphamide; F, fludarabine; FluCam, fludarabine/alemtuzumab; P, pentostatin; R, rituximab.
b Median PFS was 32.8 mo with FC and 51.8 mo with FCR (p < 0.001). Overall survival at 37.7 months was 84.1% with FCR and 79.0% with FC (p = 0.01). Patients with Binet stage B 
disease primarily benefited from the addition of rituximab.
c nPR and PR were combined.
d High-risk patients with a b2-microglobulin of ≥4 mg/L and aged <70 years.
e Dose of pentostatin, 2 mg/m2.
f Dose of pentostatin, 4 mg/m2.
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rituximab which will make it difficult to compare the effects on 
PFS and OS with the FCR studies where maintainance rituximab 
was not given.

Variations in FCR have been developed to reduce the signifi-
cant myelosuppression of FCR. In one regimen, patients received 
6 cycles of reduced doses of fludarabine and cyclophosphamide 
with increased doses of rituximab followed by maintenance ritux-
imab every 3 months until relapse.549 This regimen decreased 
myelosuppression without compromising the response rate, 
but effects on survival are not yet known. Pentostatin has been 
substituted for fludarabine, as it is less myelotoxic.550,551 Using 
pentostatin 2 mg/m2 IV, cyclophosphamide 600 mg/m2 IV, and 
rituximab 375 mg/m2 IV, repeated every 3 weeks for 6 cycles 
the CR, nPR, and PR rates were 41%, 22%, and 28%, respec-
tively, in 64 previously untreated patients.550 In contrast to FCR, 
patients >70 years of age appeared to do particularly well with 

years of remission, respectively, with a relatively high incidence 
of shingles at these times. In addition, 4.5% of patients developed 
AML or myelodysplasia, with the median onset from the initiation 
of chemotherapy being 35 months (median, 3 to 118 months).547 
Thus, although FCR is a highly effective therapy, there are signifi-
cant toxicities and care must be taken in deciding which patients 
require, and/or can tolerate, this treatment. Patients with deletion 
11q22-23 should receive FCR, if possible, Results of the CALGB 
10404 study, comparing the front-line activities of FR and FCR in 
CLL, should help clinicians individualize treatment.543

To enhance activity, mitoxantrone has been added to the 
FCR regimen (R-FCM).548 In patients less than 70 years old, the 
response rate was 93% with 82% CR (46% MRD negative) with 
marrow suppression being the primary toxicity. Again, patients 
with high tumor burden, deletion 17p13, and high b2-micro-
globulin levels did poorly. These patients received maintainance 

FIGURE 90.10. Progression-free survival in all 
patients and in patients with Binet stage B and C 
chronic lymphocytic leukemia. From Hallek M, Fischer 
K, Fingerle-Rowson G, et al. Addition of rituximab to fluda-
rabine and cyclophosphamide in patients with chronic lym-
phocytic leukemia: a randomised, open-label, phase 3 trial. 
Lancet 2010;376:1164–1174.
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fludarabine-resistant and 14 had a deletion of 17p13.553 The CR, 
nPR, and PR rates were 9%, 3%, and 47%, respectively, and the 
median event-free survival was 14.7 months.

Combinations with Ofatumumab
Ofatumumab has been combined with fludarabine and cyclophos-
phamide (O-FC) for previously untreated CLL patients and has 
comparable activity to FCR.554

Combinations with anti-CD52 Antibody
Alemtuzumab may reverse drug resistance, as 1 CR and 4 PR 
were obtained in 6 fludarabine- and alemtuzumab-resistant CLL 
patients treated with a combination of FA.555 Sayala et al.556 
administered alemtuzumab 30 mg sc 3 times a week with oral 
fludarabine 40 mg/m2 for 3 consecutive days every 4 weeks to 17 
fludarabine-resistant CLL patients who were not responding (NR) 
or had only a PR to alemtuzumab alone. Three patients responded 

this regimen having similar response rates and toxicities as seen 
with younger patients. The regimen appeared to be less myelo-
toxic than FCR and although patients with 11q22-23 deletions 
did as well as patients without high-risk cytogenetics, patients 
with deletions of 17p13 did not respond to PCR. Pentostatin and 
rituximab have been evaluated in 33 patients using a higher dose 
of pentostatin (4 mg/m2) than for PCR.551 The CR was 27%, nPR 
15%, and PR 33%, confirming the importance of additional cyclo-
phosphamide to enhance response rate.

Bendamustine has been combined with rituximab (BR) for 
117 previously untreated CLL patients.552 The CR was 23% 
and PR 65% with a median estimated event-free survival of 
34 months. Marrow toxicity occurred in half the patients and 
although neutropenia appeared to be less than in the CLL8 study, 
there was a higher incidence of anemia and thrombocytopenia. 
Whether BR is better than FCR is being evaluated in the phase 
III German CLL10 study. Bendamustine/rituximab has also been 
evaluated in 78 previously treated CLL patients, of whom 22 were 

FIGURE 90.11. Overall survival in all patients (A), and in genetic subgroups of chemotherapy (B) and chemoimmunotherapy groups (C). Chemoim-
munotherapy = fludarabine, cyclophosphamide, and rituximab. Chemotherapy = fludarabine and cyclophosphamide. From Hallek M, Fischer K, Fingerle-Rowson 
G, et al. Addition of rituximab to fludarabine and cyclophosphamide in patients with chronic lymphocytic leukemia: a randomised, open-label, phase 3 trial. Lancet 
2010;376:1164–1174.

100

90

80

70

60

50

40

30

20

10

0
0

Chemoimmunotherapy
Chemotherapy

6 12 18 24 30 36 42 48 54 60 66 0 6 12 18 24 30 36 42 48 54 60 66

P
ro

po
rt

io
n 

su
rv

iv
in

g 
(%

)

100

90

80

70

60

50

40

30

20

10

0
0

+12q
13q–single
11q–
Not 17p–/11q–/+12q/13q–
17p–

Not 17p–/11q–/+12q/13q–
+12q
13q–single
11q–
17p–

6 12 18 24 30 36 42 48 54 60 66

P
ro

po
rt

io
n 

su
rv

iv
in

g 
(%

)

A

C

B

408 383 247 88
66207320

359
357409

Number at risk
Chemoimmunotherapy

Chemotherapy

Time since randomization (months)

Time since randomization (months)

72683_ch090_1888-1928.indd   1919 30/07/13   1:51 PM



1920 part vii Hematologic Malignancies • SeCtiON 4 Lymphoproliferative Disorders

Immune Modulation
Lenalidomide has multiple mechanisms of action in CLL affect-
ing angiogenesis, cytokine levels, and the microenvironment. 
In refractory CLL, lenalidomide can produce responses in up to 
one third of patients with major toxicities including marrow sup-
pression and tumor flare, which can be controlled with predni-
sone.567 Because of the risk of tumor lysis syndrome, it has been 
suggested to start lenalidomide using 2.5 mg/day with monthly 
escalations up to 20 mg/day.568,569 The median dose achieved 
varies between 5 and 15 mg/day, depending on the extent of prior 
treatment and patient age.567–569,570 The dose-limiting toxicity is 
marrow suppression although most patients have side effects with 
higher drug doses, including fatigue, bowel disturbance, and skin 
 rash.567–569,570 In previously untreated patients, approximately 
two-thirds of patients respond with up to 15% CRs.569,570 In a 
study on patients >65 years, response depended on the drug 
dose with the median achieved being 5 mg/day.570 A total of 
10% achieved a CR, 5% CR with residual cytopenias, 7% nodular 
PR, and 43% PR. Interestingly, serum Ig increased with lenalido-
mide and there was a fall in CCL3 and CCL4. However, the drug 
needs to be given continuously and patients with deletion 17p13 
respond less well than other patients.570

Effectors of the Microenvironment
With the understanding of the importance of the BCR pathway 
for cell survival and proliferation in CLL, a number of drugs have 
been developed to inhibit different stages in the pathway and 
have recently been reviewed.110,111 These include a SYK kinase 
inhibitor (fostamatinib); a Lyn/BTK inhibitor (dasatinib); and 
perhaps the two most exciting drugs, the PI3-kinase delta inhibi-
tor, GS-1101 (formerly CAL-101) and the BTK inhibitor ibrutinib 
 (PCI-32765).571,572 In early studies these agents have demon-
strated remarkable activity with little toxicity and there are a large 
number of ongoing studies evaluating these novel agents, either 
alone or in combination with standard therapies.

treatment of resistant Disease
The majority of CLL patients will initially respond to therapy 
resistance, however, they will eventually develop resistance, 
and these patients become progressively more difficult to 
treat.564,573 The definition of drug resistance is a lack of response 
to treatment or relapse within 6 months and is based on the 
original definition by Keating et al.407 where the median sur-
vival of patients who were fludarabine-resistant was 10 months. 
However, nowadays, most patients will be treated initially with 
chemoimmunotherapy and may relapse 2 to 3 years later with 
refractory disease, where the time of relapse has just been 
postponed because of the more effective initial treatment. Thus, 
as opposed to “fludarabine-refractory” CLL, it is preferable to 
describe resistance as “refractory” CLL.573 As discussed in the 
section, “Molecular Genetics,” approximately 45% of patients 
who are fludarabine-resistant have either deletions of 17p13 or 
p53 mutations, with the site of mutation influencing drug resis-
tance.392,393,394,395 Of the remaining 55% of cases approximately 
20% will have a deletion of 11q22-23. Mutations of NOTCH1, 
SF3B1, and BIRC3 have also been associated with refractory 
disease.226,227,228,229,230,231,233,392

Thus, it has been suggested that CLL patients can be divided 
into three groups: (a) “highest-risk” where patients are unlikely to 
respond to chemotherapy, and these patients include those with 
a TP53 mutation/17p13 deletion, are resistant to fludarabine, or 
relapse within 2 years of FCR (approximately 20% (b)); (b) “high-
risk” where patients are likely to relapse early after chemotherapy, 
and these include patients with a high b2-microglobulin, deletion 
of 11q22-23 or unmutated IgVH ; and (c) “low-risk” where patients 
are untreated and have no TP53 mutations/deletions, no deletions 

(2 NR to a PR and 1 PR to a CR). Elter et al.557 administered 
FluCam (fludarabine 30 mg/m2 IV with alemtuzumab 30 mg IV 
for 3 consecutive days every 4 weeks for 6 cycles) to 36 heavily 
pretreated patients. The CR and PR rates were 30% and 53% with 
the median time to progression being 13 months with an OS of 
36 months. Of 9 fludarabine-refractory patients, 6 responded to 
FluCam. This combination was well tolerated and there were few 
infections. A subsequent study in previously treated patients who 
were sensitive to fludarabine or alemtuzumab (response to either 
agent had lasted >12 months) demonstrated improved survival 
when patients were treated with FluCam as compared to fluda-
rabine.558 The CR and PR rates were 13% and 69% for FluCam 
and 4% and 71% for fludarabine, respectively. The PFS was sig-
nificantly longer for FluCam (23.7 months vs. 16.5 months, P = 
0.0003) and although the median OS was not reached for FluCam 
it was 52.9 months for fludarabine (P = 0.021). However, it is 
unclear how many of these patients had been treated with ritux-
imab-containing regimens, and so the clinical applicability of the 
study is unclear. A small study using FluCam in elderly patients 
(median age 66 years) with deletions of 17p13 or p53 mutations 
showed that 6 of 7 patients achieved a CR and one a PR, with 
excellent tolerability.559 The likelihood of response diminished 
and the incidence of complications increased when previously 
treated patients received FluCam.

A clinical trial with alemtuzumab in combination with fluda-
rabine and cyclophosphamide (FCCam) for relapsed or refractory 
CLL was discontinued because of myelotoxicity, infections, and 
a treatment-related mortality (TRM) of 9%.560 The response rate 
also did not appear to be as high as FluCam or FCR.560 In addi-
tion, a prospective phase III trial comparing FCR with FCCam in 
previously untreated patients showed that FCCam produced a 
lower response rate and was more toxic than FCR.561

The MD Anderson has combined FCR with alemtuzumab 
(CFAR) both in previously untreated and treated patients.562,563 
In untreated patients <70 years and with a b2-microglobulin 
≥4 mg/dl, the CR, nPR, and PR rates were 70%, 3%, and 18%, 
respectively, with a median PFS of 38 months.562 These results 
did not appear to be significantly better than expected with FCR. 
For heavily pretreated patients, the CR, nPR, and PR rates were 
29%, 4%, and 33%, respectively, but the estimated PFS of 10.6 
months and OS of 16.7 months was similar to that observed with 
FCR.563 Moreover, the infection rate was higher with CFAR. Thus, 
the addition of alemtuzumab to FCR appears to increase toxicity 
without significant benefit.

New agents
A number of new agents are under development but only those 
agents already available for clinical use or hold promise are dis-
cussed (Fig. 90.12).564

CDK Inhibitors
Flavopiridol is one of a number of CDK inhibitors and is active in 
CLL, producing responses in 50% of resistant patients, including 
those with loss of TP53 function.565 Indeed, the drug is so effec-
tive that the major side effect is tumor lysis. The mechanism of 
action of flavopiridol, and probably other CDK inhibitors, is likely 
through the inhibition of CDKs, the inhibition of transcription with 
a reduction in mcl-1 and XIAP, and the induction of endoplasmic 
reticulum stress.566

Inhibition of BCL2
A number of drugs have been developed to inhibit BCL2, which 
is increased in CLL. ABT-263 (Navitoclax) is a potent inhibitor of 
BCL2, BCLXL, and BCLW and potently induces cell death in CLL 
cells in vitro. In initial studies in heavily pretreated patients, one 
third of patients achieved a PR.564

72683_ch090_1888-1928.indd   1920 30/07/13   1:51 PM



h
em

at
ol

og
ic

 m
al

ig
na

nc
ie

s

 Chapter 90 Chronic Lymphocytic Leukemia 1921

Autologous Transplantation and Cellular Therapy
The dose intensity of the preparative regimen is of critical 
importance for autologous HCT (autoHCT), as the intent of such 
myeloablative chemotherapy and/or radiotherapy is to eradicate 
residual CLL. This is followed by the reinfusion of autologous 
hematopoietic progenitor cells that are hopefully free of residual 
CLL cells. Until recently, autoHCT had been an attractive option 
in CLL, as the TRM of this procedure is relatively low and durable 
remissions were achievable.578,579 However, subsequent random-
ized controlled trials demonstrated that autoHCT, when used as 
consolidation after first-line therapy, offers no survival advan-
tage over observation580 or standard dose chemotherapy.581 In 
addition, the German CLL study group compared the results of 
their single arm trial of autoHCT as first-line therapy for CLL to 
the outcomes in a similar cohort of CLL patients who received 
first-line FCR. Survival was no better in the autoHCT cohort.582 
An additional concern with autoHCT is that of treatment-related 
myelodysplasia/acute myeloid leukemia (MDS/AML). The inci-
dence of AML/MDS for CLL patients 5 years post-autoHCT is as 
high as 12.4%.583 Taken together, before autoHCT can be revis-
ited as a therapeutic tool in CLL, new approaches are needed to 

of 11q22-23, mutated IgVH, and low b2-microglobulin.573 Patients 
in the highest-risk group should be considered for investigational 
agents, alemtuzumab, and allogeneic HCT. Patients in the high-
risk group should receive FCR and an investigational agent to try 
to maintain the remission. Low-risk patients should be treated 
with FCR or an alternative regimen.573,574

hematopoietic Stem Cell transplantation
Because CLL is not curable with standard therapy, HCT is 
worthy of consideration, particularly in younger patients who 
are more able to withstand this potentially arduous therapy. 
In addition, recent advances in the identification of clinical or 
biologic risk factors indicative of aggressive disease (i.e., fluda-
rabine resistance, or deletions of 17p13) have permitted the 
recognition of patients who have a very poor prognosis with 
standard therapy and may benefit from HCT. As genomic abnor-
malities are known to develop over time in CLL, it is reason-
able to consider early transplantation in these patients, before 
the development of drug resistance and even more aggressive 
disease. Detailed reviews have recently been published on the 
subject.575,576,577

FIGURE 90.12. Selection of targets and novel agents in early clinical trials of CLL.  There are multiple “biologic” therapeutic approaches in current clinical 
development in CLL. Signal transduction inhibition will often target the B-cell receptor cascade, which has been shown to be critical to CLL cell survival. A number of 
surface molecules of CLL cells can be targeted by antibodies. Different members of the apoptosis machinery are targets currently explored in clinical trials. Micro-
environmental stimulation and T-cell interaction are of critical importance for CLL cell survival, and are being increasingly utilized for treatment strategies. There is 
ongoing interest in using mutant p53 as a “druggable” target, and a number of agents have been identified that may preferentially target mutant p53.34. Improving 
efficacy in CLL with p53 pathway defects is likely to offer the greatest overall benefit. From Stilgenbauer S, and Zenz T. Understanding and managing ultra high-risk 
chronic lymphocytic leukemia. Hematology (Am Soc Hematol Educ Program) 2010;2010:481–488, with permission.
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GVL effect is retained. A pivotal European registry-based study 
demonstrated that in 73 heavily pretreated patients receiving 
NMA alloHCT, the cumulative TRM was relatively low at 19%. 
With a median follow-up of 22 months, the cumulative event-
free and OS was 58% and 70%, respectively. In this study, only 
1 patient relapsed after the 2-year post-transplant mark,575,591 A 
retrospective comparison of these 73 NMA cases with 82 matched 
myeloablative HCT patients from the EBMT registry showed a 
significant reduction in TRM but an increased relapse incidence 
in the NMA population.591 There was no significant difference 
between the 2 alloHCT modalities in terms of event-free and 
overall survival. Although NMA/RIC and conventional myeloabla-
tive alloHCT approaches have yet to be prospectively compared, 
the NMA/RIC strategy is probably at least as effective as the lat-
ter, and, in addition, allows the expansion of transplant eligibility 
criteria to older or more medically fragile or complex recipients. 
Current internationally accepted guidelines recommend NMA/
RIC regimens for all CLL allograft recipients.575 A summary of 
recently updated studies in NMA/RIC alloHCT for CLL is provided 
in Table 90.14.

The best preparative regimen for use in NMA/RIC alloHCT 
is unknown. Several regimens have gained popularity, almost 
all of which include fludarabine in combination with alkylating 
agents (such as cyclophosphamide, melphalan, or busulphan), 
with or without anti-T–cell antibody therapy to augment recipi-
ent immune suppression. In the absence of controlled studies, 
preparative regimen choice should be individualized depend-
ing on patient (e.g., age, extent of CLL control pre-transplant, 
comorbidities) and donor variables (e.g., degree of HLA match), 
as well as familiarity of the transplant team with a specific regi-
men. The use of a partially matched donor generally requires the 
use of a regimen with heightened immune suppression, such as 
the addition of antithymocyte globulin.592,593 The inclusion of 
alemtuzumab in the preparative regimen is more contentious, 
as its administration is thought to be associated with higher 
rates of post-transplant CLL relapse and poorer survival.592,594 
The reason for this is possibly related to the potent ability of 
alemtuzumab to reduce graft-versus-host disease, with a cor-
responding reduction in the graft-versus-tumor effect. The dose 
of alemtuzumab may be important in this regard, as lower doses 
may provide sufficient GVHD prophylaxis without excess risks of 
relapse or infection.595

improve methods of in vivo or ex vivo purging of CLL cells in the 
harvested autologous cells, the choice of conditioning regimens, 
post-autoHCT maintenance therapy, or the induction of an autolo-
gous graft-versus-CLL effect.

Chimeric Antigen Receptor Modified T-cells
The induction of autologous T-cells that are reactive against 
CLL cells represents a highly promising form of cellular therapy. 
This concept has led to early-phase clinical trials using chimeric 
antigen receptor modified T-cells (CARTs). Autologous T-cells 
are genetically modified to express chimeric antigen receptors, 
with T-cell specificity against the CD19 bearing B-cells found in 
CLL and other lymphoid malignancies.584,585 These CLL-specific 
T-cells are then re-infused into recipients. Preliminary clinical 
results suggest that such therapy has the ability to achieve rapid 
and profound responses in heavily treated, chemorefractory CLL 
patients. However, despite their exciting potential, further data 
will be required before such strategies can be adopted into wide-
spread clinical practice.

Allogeneic Transplantation
Whereas autoHCT primarily depends on dose intensity to eradi-
cate CLL, allogeneic HCT (alloHCT) offers the added advantage 
of adoptive cellular immunotherapy. This probably explains the 
higher efficacy of this treatment, albeit at the cost of increased 
therapy-related toxicity. The difference in response between 
autoHCT and alloHCT is most likely due to the graft-versus-
leukemia (GVL) effect. Specifically, CLL cells disappear with the 
onset of graft-versus-host disease, relapse risk increases with the 
use of T-cell–depleted grafts, and there are reports of favorable 
responses to donor lymphocyte infusions.586–588,589

In myeloablative alloHCT, the proposed benefit in preventing 
CLL relapse has been offset by relatively high treatment-related 
toxicities, with cumulative nonrelapse mortality approaching 
50%.590,591 However, the GVL effect associated with alloHCT 
has raised considerable interest in nonmyeloablative (NMA) or 
reduced-intensity conditioning (RIC) alloHCT. The principle of this 
approach is that the nonhematopoietic toxicity, profound pancyto-
penia, and opportunistic infections associated with intense mye-
loablative preparative regimens are avoided, and the beneficial 

Study, year N Study type Regimen Chronic extensive GVHD(%) NRM(%) Relapse(%) OS(%)

Sorror, 2008599 82 Prospective, 
multicenter

TBI +/− F 51% 23(5y) 38(5y) 50(5y)

Delgado, 2009600 37 Retrospective, 
two centers

F+Mel+alemtuzumaba 19b 34(2y) 18c(2y) 39(5y)

Dreger, 2010592 90 Prospective 
multicenter

FC+ATG if UD 55(2y) 23(4y) 40(4y) 65(4y)

Khouri, 2011589 86 Retrospective 
single center

FCRd 56(5y) 17(1y) 39(3y) 51(5y)

Brown, 2013590 76 Retrospective 
single center

FB 65(2y) 16(5y) 40(5y) 63(5y)

ATG, antithymocyte globulinUD; antiCD52, alemtuzumab; B, busulfan; C, cyclophosphamide; F, Fludarabine; GVHD, graft-versus-host-disease; Mel, melphalan; N, number; NRM, nonrelapse 
mortality;OS, overall survival; R, rituximab; TBI, total body irradiation; UD, unrelated donor; y, year.
a Alemtuzumab in 21 patients.
b Not stated if acute or chronic.
c Estimated from cumulative incidence curve.
d The majority received FCR.

CLInICAL outCoMes of reDuCeD IntensIty ConDItIonInG/nonMyeLoAbLAtIVe ALLoGeneIC HeMAtopoIetIC CeLL 
trAnspLAntAtIon for CLL

taBLe 90.14 
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100 to 400 rad.614 A total of 88% of the patients responded, with 
one third achieving a CR, although mild anemia and thrombocy-
topenia persisted in some individuals. The regimen was generally 
well tolerated, although significant myelosuppression occurred, 
and rest periods of weeks to months were intermittently required 
to allow marrow recovery. The Ig levels returned to normal in 
most of the patients who achieved a CR.

Splenic irradiation can produce systemic effects with a decrease 
in lymphadenopathy and a reduction in lymphocyte count and can 
induce CRs.602,608 The mechanism(s) underlying these phenom-
ena is unclear, and many factors may be involved.602 CLL cells 
are highly sensitive to ionizing radiation in vitro, and a correla-
tion has been observed between the radiosensitivity of CLL cells 
in vitro and the patients’ clinical response to radiation therapy.619 
However, irradiation may also produce its effects through the 
inhibition of CD8+ T-cells and the induction of cytokine release 
from CLL cells.602,620 Finally, radiation of the spleen can produce 
a “radiotherapeutic splenectomy,” thus decreasing “pooling” and 
improving normal blood counts.

Splenectomy
Splenectomy is primarily carried out in CLL for the treatment 
of AIHA or ITP but may also be useful for patients with massive 
painful splenomegaly or in whom the leukemia is predominantly 
confined to the spleen.621–625 In addition, splenectomy may be 
considered when cytopenias are believed to be due to hyper-
splenism and have not responded to chemotherapy.621–624 Neal 
et al.624 noted an improvement in the hemoglobin and platelet 
counts in two-thirds of patients with advanced-stage CLL who 
underwent splenectomy, and the improvement was maintained 
during the 1-year follow-up. In this study, neither the spleen size 
nor the degree of marrow involvement was predictive of response, 
although others have observed a correlation between spleen 
size and the improvement in blood counts after splenectomy.621 
Approximately 50% of patients have post-operative infections, and 
half of these require antibiotics.621 Moreover, the perioperative 
mortality from sepsis is 5% to 10%, but this is primarily in patients 
with advanced disease and poor performance status.621 Thus, in 
selected patients with good performance status, splenectomy may 
increase the blood counts sufficiently to permit aggressive chemo-
therapy. In addition, more individuals may now be candidates for 
this procedure as laparoscopic splenectomies become routine.625 
Patients should be immunized with pneumococcal, meningococ-
cal, and hemophilus influenza vaccines about a month before 
splenectomy, although there will be variability among patients as 
to how well they can produce an antibody response.288

SyStemiC CompLiCationS 
requirinG therapy

Infection
Patients with CLL have an increased risk of infection, which 
is partly related to the effects of the disease and partly to the 
effects of chemotherapy. Although a number of immune abnor-
malities occur in CLL, the incidence of infection is most closely 
related to hypogammaglobulinemia which increases with dis-
ease stage and duration.288,289,626,627 The risk of infections, par-
ticularly opportunistic ones, is increased by steroids, nucleoside 
analogues, and monoclonal antibodies. Patients treated with 
alkylating agents are primarily affected by bacterial infections, 
whereas those on fludarabine-based treatments can get other 
opportunistic infections, such as Pneumocystis jirovecii, CMV, 
herpes simplex, and varicella zoster. The addition of steroids 
markedly increases the risk of infections with fludarabine and 
should be avoided.

Traditionally, related donors have been the preferred source 
of donor cells for alloHCT. However, one concern in CLL is the 
high incidence of familial CLL.335 In addition, MBL is prevalent 
not only in relatives of CLL patients, but at substantial levels in 
the healthy adult population; estimates of MBL range from 0.14% 
to >20%, depending on the population studied.596 It is presently 
unknown what proportion of these patients will develop clini-
cally relevant CLL. However, MBL is transferrable from donors 
to allogeneic transplant recipients.597 Consequently, it has been 
proposed that related donors be routinely screened for MBL and 
excluded from donation if found to have this syndrome.598 In the 
current era of high-resolution typing of unrelated donors, the 
prospect of more widespread use of unrelated donors is feasible, 
especially if histocompatible-related donors are unavailable or 
medically ineligible. The use of well-matched (at least 7/8 HLA 
allele compatibility) unrelated donor results in outcomes at least 
as favorable as those of related donor transplants593,599 To date, 
no published randomized studies have compared alloHCT to 
nontransplant-based therapy for CLL. However, there are data to 
suggest that alloHCT may overcome the poor prognostic impact 
of fludarabine-refractory CLL.592 In addition, alloHCT may result 
in durable disease control and quite possibly cure in CLL patients 
with adverse cytogenetic markers (including 17p13 mutations).594 
A case control study that compared RIC/NMA allografting with 
nontransplant controls that were matched for age and disease 
stage suggested that allografting may be superior to a nontrans-
plant approach.600 Moreover, a decision analysis using a Markov 
model concluded that alloHCT remains the preferred approach for 
patients with relapsed or refractory CLL, even when accounting 
for the significant upfront costs and toxicity of the HCT.601

Although there is increasing confidence in alloHCT for high-
risk or relapsed CLL, controlled trials are required to address 
issues such as optimal patient selection, preparative and GVHD 
regimens, and, most important, whether this procedure is truly 
superior to modern nontransplant approaches. We recommend 
that CLL patients who are candidates for HCT be managed within 
the context of a clinical trial.

radiotherapy
Radiation is rarely used for CLL nowadays, but for many decades 
irradiation of the spleen was the primary treatment for this 
disease;602–608 irradiation of the mediastinum,609,610 extracor-
poreal irradiation of the blood,611,612 TBI,613–617 and hemibody 
 irradiation618 may also reduce the peripheral blood lymphocyte 
counts and the size of lymph nodes, spleen, and liver.

Splenic irradiation has produced survival rates comparable to 
those achieved with chlorambucil or COP in Rai stage III and IV 
patients.615 However, in general, splenic irradiation is reserved to 
treat patients with large painful spleens or those with cytopenias 
related to splenomegaly who are not medically fit for splenectomy. 
Although almost all patients experience a reduction in spleen size 
and relief from pain with irradiation, the effects on hemoglobin 
and platelets are more variable.604,606 It is likely that differences in 
therapeutic effect are related to the extent of prior treatments, as 
untreated patients respond much better to irradiation than those 
who have previously undergone therapy.602 High doses of splenic 
irradiation may cause neutropenia and thrombocytopenia, and it 
is thus recommended to initially use small fraction sizes (e.g., 0.25 
to 0.50 Gy on alternate days, or 3 times per week).602,603 The dose 
of irradiation is gradually increased according to response and 
toxicity, and the usual maximum cumulative dose is 5 to 10 Gy.

TBI has been given alone613–615 or in combination with chemo-
therapy.616,617 Patients treated with TBI plus cyclophosphamide 
and prednisone had higher response rates than those treated with 
TBI alone.616 Intermittent low doses of irradiation may also be 
effective.612,614,615 In one study, 48 patients with progressive dis-
ease received 5 to 10 rad TBI 3 to 5 times per week for a total of 
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over a period of 2 to 3 months. These patients should be watched 
for all the usual complications of prednisone, such as gastric 
irritation, diabetes mellitus, an increased risk of opportunistic 
infections, and osteoporosis. Thus, these patients may need to 
be maintained on an H2-blocker or proton pump inhibitor, may 
require oral hypoglycemics/insulin, and should be maintained on 
prophylaxis against Pneumocystis jirovecii [e.g., trimethoprim-
sulfamethoxazole (one double-strength tablet orally twice a day 
on Saturdays and Sundays, or one double-strength tablet 3 times 
a week)] if they are on steroids for longer than a few weeks.637 
They are also at risk of other infections, such as oral candidiasis 
or herpetic infections and may require therapy or prophylac-
tic antibiotics such as valacyclovir. Many of these patients are 
elderly, and the prolonged course of prednisone increases the 
risk of osteoporosis and vertebral collapse. Thus, patients should 
be maintained on bisphosphonates. The authors prefer an intra-
venous formulation to reduce the risk of the gastric irritation 
that may result from corticosteroids (e.g., pamidronate 30 mg IV 
every 3 months).638 It is important that patients with AIHA and 
dangerously low hemoglobins are transfused, because, despite 
theoretical concerns, these patients rarely have severe transfu-
sion reactions.639 In addition, any infection should be treated 
promptly, as sepsis can inhibit the compensatory reticulocytosis 
and worsen the anemia.

If a more rapid response if required, or if the patient does not 
respond to prednisone within 7 to 10 days, 1 gram of methyl-
prednisolone IV or intravenous Ig (0.4 g/kg/day × 5 days or 1 g/
kg/day × 2 days) should be added.314 This can produce a rapid 
response, but the response is transient, and re-treatments are 
generally required every 3 to 4 weeks.314,640 There is no standard 
therapy for patients who do not respond to this therapy or who 
cannot be weaned off prednisone without a relapse. Cyclosporin 
is a reasonable option and produces a major response in two-
thirds of CLL patients with ITP or anemia and is highly effective 
in red cell aplasia.314,641,642,643 In one study using cyclosporin 
300 mg/day, the median time to initial response was 3 weeks 
(range, 1 to 13 weeks), and the median time to best response 
was 10.5 weeks (range, 1 to 48 weeks).643 The median dura-
tion of response was 10 months (1+ to 39+ months), and some 
patients who had fludarabine-associated cytopenias were re-
treated effectively with fludarabine. Immune cytopenias also 
may be treated with other immunosuppressive drugs, such as 
6-mercaptopurine or cyclophosphamide, although no controlled 
trials related to their use have been published.314 Rituximab is 
also useful for the immune cytopenias, either alone644–647 or in 
combination with a cyclophosphamide-containing regimen when 
treatment of the underlying leukemia is also required.648,649,650 
The response rate of 48 steroid-resistant CLL patients with 
immune cytopenias (AIHA 26, ITP 9, Evan syndrome 8, and red 
cell aplasia 5) receiving RCD (rituximab, cyclophosphamide, and 
dexamethasone) was 90% with the median duration of response 
being 24 months.649 There were 40% of these patients who had 
progressive disease at the time of treatment and all patients 
who relapsed with immune cytopenias had progression of their 
CLL. Further studies to prolong the duration of remission of the 
immune cytopenias will require better control of the underlying 
CLL. Good responses in small numbers of patients with CLL and 
AIHA have also been reported with alemtuzumab.651

Splenectomy may also be a useful treatment for patients with 
AIHA, and the number of patients eligible for this procedure is 
increasing with the use of laparoscopic splenectomy.625 Splenic 
irradiation may be carried out in those who are not surgical 
candidates, but it may take up to 2 months to see a response; the 
responses last for approximately 1 year.312,604

The thrombopoietin analogues, rombiplastin, and eltrom-
bopag, have also been shown to be effective in small numbers 
of CLL patients with refractory thrombocytopenia, although the 
drugs need to be given indefinitely.314,652

Patients with hypogammaglobulinemia and recurrent bacte-
rial infections may be treated with intravenous Ig. High-dose Ig, 
400 mg/kg IV every 3 weeks, reduces the incidence of bacterial 
infections by 50%, particularly those caused by Streptococcus 
pneumoniae and Haemophilus influenzae, but the total number 
of severe bacterial infections and nonbacterial infections is not 
reduced, and this treatment does not prolong survival.628 A sub-
sequent study using this regimen showed that the reduction in 
infections did not improve the patients’ quality of life or survival 
and that the treatment was not cost effective, because of the high 
doses of Ig infused.629 Lower doses of gammaglobulin may be as 
effective, for example, 250 mg/kg every 4 weeks or 10 g every 3 
weeks.630,631 Molica et al.632 randomized CLL patients with an 
IgG of less than 6 g/L and a serious infection in the previous 6 
months to 300 mg/kg gammaglobulin every 4 weeks or to obser-
vation. Patients receiving gammaglobulin had a reduced number 
of infections, but the effectiveness did not correlate with resto-
ration of the IgG levels. Thus, it is recommended that selected 
patients with hypogammaglobulinemia and frequent bacterial 
infections may receive prophylactic Ig.289,633

Granulocyte-macrophage colony-stimulating factor can 
increase the neutrophil count and function in CLL, although 
whether this reduces the incidence of infections remains 
unclear.634,635 However, the use of granulocyte colony- 
stimulating factor after fludarabine has been shown to reduce 
the risk of neutropenia and the incidence of pneumonia.636 In 
general, older patients with more advanced disease have greater 
risk of infection than younger patients, particularly if they have 
had prior therapy. Prophylactic antibiotics may be of benefit, 
particularly when patients are receiving nucleoside analogues, 
monoclonal antibodies, and steroids, and frequently, antibiotics 
are incorporated into the newer and more immunosuppressive 
regimens. Thus, patients may be maintained on trimethoprim-
sulfamethoxazole (cotrimoxazole) to prevent Pneumocystis 
jirovecii pneumonia, acyclovir to prevent herpes viruses, valgan-
ciclovir to prevent both CMV, and fluconazole to prevent fungal 
infections. However, the use of these antibiotics varies widely 
and whether all patients should receive prophylactic antibiotics 
or only older patients or those with a history of shingles is still 
unclear.289,633

In general, vaccines are less effective in CLL because of 
impairment in the immune system.288,633 However, it is still 
recommended to immunize these patients for pneumococcus and 
influenza, the latter annually. These patients should not receive 
live vaccines, and these include, typhoid, yellow fever, measles, 
mumps, rubella, BCG, and herpes zoster.288,633

autoimmune Complications
As discussed previously, immune cytopenias are the commonest 
autoimmune complications occurring in 4.3% to 9.7% of patients 
with AIHA in about 7% of patients and <1% to 2% having ITP, 
red cell aplasia, or immune neutropenia.312,313,314,633 The dis-
orders are caused by the immune dysregulation in CLL, may be 
triggered by chemotherapy, and are treated with immunosup-
pressives. In contrast, other autoimmune disorders in CLL are 
caused by antibodies produced by the CLL cells, for example, 
cold agglutinin disease, and these will respond to treatment 
of the CLL. It is thus important to be constantly aware of the 
potential development of these disorders and to treat them 
appropriately.

The immune cytopenias are treated initially with steroids, 
using prednisone 1 mg/kg/day, and 75% of patients respond 
to this therapy.312,633 A response may be seen within days, 
although it may take several weeks in some patients. Patients 
with AIHA should also be maintained on folic acid, 5 mg/day, and 
after the hemoglobin and reticulocyte counts have normalized 
(usually in 1 to 2 weeks), the prednisone can be tapered slowly 
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prognosis with RS likely depends on whether the tumors are clon-
ally related or unrelated to the underlying CLL.659 Where the RS 
was clonally unrelated, the median survival was 62.5 months, no 
different from de novo diffuse large B-cell lymphoma, versus 14.2 
months for clonally related RS. Patients with disruption of TP53, 
either through deletion or mutation, had a median survival of 9.4 
months versus 47.1 months for patients with no disruption.

Occasionally, Hodgkin lymphoma develops in CLL, and is 
about 10% as common as RS.662 As in RS, the Hodgkin’s trans-
formation occurs about 4 years after CLL is diagnosed with the 
mean age at diagnosis being 65.7 years versus a median age of 
61 years for RS.662 Histologically, there are 2 types of transfor-
mation. The type 1 transformation is characterized by scattered 
Reed–Sternberg cells in a field of typical CLL cells and the type 2 
transformation shows Reed–Sternberg cells in a field of inflam-
matory cells, separate from the CLL cells.663 Most patients have 
advanced Rai stage disease at transformation and 70% of cases 
are mixed cellular or nodular sclerosing Hodgkin lymphoma.662 
As with RS, patients present with fever, lymphadenopathy, and 
weight loss.662 One-quarter of patients achieve a CR with chemo-
therapy and one-quarter a PR, with a mean survival of 1.7 years 
(range, 0 to 14 years).662 Patients who had previously received 
fludarabine for their CLL had a much poorer survival than 
patients who had not required treatment of their CLL. The cell 
of origin for the Reed–Sternberg cell in these patients has been 
debated, with some studies showing a clonal relationship to the 
underlying CLL cell, whereas others do not. However, whether the 
variation in response of these patients to chemotherapy is related 
to their clonal relationship to the underlying CLL is not yet known. 
In contrast to RS, Epstein–Barr viral infection is frequently seen 
in this transformation, but the exact role of the infection in this 
transformation is not yet known.

Prolymphocytic transformation of CLL occurs slowly over sev-
eral years with the gradual accumulation of increasing numbers 
of prolymphocytes [PLL/CLL] until there are ≥55% prolympho-
cytes (PL).254 In general, this type of transformation occurs more 
frequently in patients with unmutated IgVH and trisomy 12.254 
The underlying genetic cause for the transformation is presently 
unknown, but MYC rearrangements have been described.664 
Although most cases of PL in CLL represent a transformation of 
the CLL clone, cases of separate CLL and PL clones in the same 
patient have been described.665

Multiple myeloma may also develop in patients with CLL.666,667 
Some studies have suggested that the two diseases develop sepa-
rately, whereas in others, multiple myeloma develops from the 
CLL clone. Acute leukemia occurs in less than 1% of CLL patients, 
and this contrasts with the almost invariable progression of 
patients with chronic myeloid leukemia to acute leukemia.668 
Hairy cell leukemia is also more common in CLL.657 Of 31 cases 
of acute leukemia developing in patients with pre-existing CLL, 
10 were lymphoblastic, 7 myeloblastic, and 1 plasmacytic; in 13 
cases, the cell type was not identified.668 Both acute B- and T-cell 
lymphoblastic leukemias have been described in CLL,669–672 and 
although this usually occurs after many years, the concomitant 
presentation of CLL and acute lymphoblastic leukemia also has 
been reported.669 In B-ALL, evidence of clonal evolution has been 
documented in some cases, whereas in T-cell cases, a common 
lymphoid progenitor precursor has been postulated as the source 
of both malignancies.669–672

SeCond maLiGnanCieS
Second malignancies are commonly found in the lymphoid malig-
nancies, but are particularly common in CLL because of the signi-
ficiant immunosuppression seen in this disease.673,674 Compared 
to the general population and patients with follicular lymphoma, 
the incidence of second malignancies is increased twofold, with 

tranSFormation oF ChroniC 
LymphoCytiC Leukemia

Based on cytogenetic and molecular studies, it has been dem-
onstrated that multiple clones may occur in CLL and that clonal 
evolution is a frequent occurrence.208,217–219 The transformation 
of CLL to a high-grade non-Hodgkin lymphoma was originally 
described by Maurice Richter in 1928 (RS) and over time a 
Richter’s transformation became synonymous with the develop-
ment of diffuse large B-cell lymphoma, Hodgkin lymphoma, PLL, 
or acute leukemia in CLL.653 However, nowadays, RS or Richter’s 
transformation is taken to reflect the development of diffuse large 
B-cell lymphoma in a patient with CLL or SLL.3,654,655 The likeli-
hood of a second lymphoid malignancy is three- to fivefold higher 
in CLL than in the general population, is significantly increased 
by prior treatment with a purine nucleoside analogue, and almost 
half of these second malignancies are RS.656

In 75% of cases of RS the transformation is clonally related 
to the CLL and in 25% of cases is unrelated.234 By multivariate 
analysis the 4 most important factors predictive for a transforma-
tion are mutated NOTCH1, IgVH4–39 usage, trisomy 12/deletion 
11q22-23/TP53 disruption, and CD38 positivity (≥30%).234 The 
risk of developing a clonally related RS is markedly increased 
if the patient has IgVH4–39 in addition to a NOTCH1 mutation 
(75% risk at 5 years) and least if the patient has neither (0% at 
5 years).234 Of these lymphomas, 40% have a NOTCH1 mutation 
suggesting enrichment of CLL cells harboring the mutation over 
time.227 In contrast, patients who develop a clonally unrelated 
transformation generally have IgVH mutated CLL.656

In contrast, NOTCH1 mutations are not involved in clonally 
unrelated RS.234 As discussed later, the clonally unrelated cases of 
RS in CLL behave as does de novo diffuse large B-cell lymphoma 
and may occur as a result of immunodeficiency or to an inherent 
predisposition to these malignancies.657 Finally, Epstein–Barr 
associated diffuse large B-cell lymphoma may develop in CLL fol-
lowing therapy with FA, and these tumors may resolve spontane-
ously.532 Whether they are clonally related to the underlying CLL 
is not known.

RS occurs in 5% of patients with the median time to onset 
being 4 years, although patients can present with concomitant 
CLL and RS.654,655,658,659 The incidence of RS may actually be as 
high as 16.2% at 10 years, as many cases are probably misdiag-
nosed as having CLL progression.660 Patients with clonally related 
RS have a very poor prognosis and typically present with rapidly 
increasing lymphadenopathy or splenomegaly, fever, or weight 
loss, high LDH, and frequent extranodal involvement of kidneys, 
lungs, and the gastrointestinal tract. Preferably, the diagnosis 
should be made on a lymph node biopsy but in sick patients a 
needle aspirate of a node with cytology demonstrating large cells 
is sufficient.655 PET/CT scanning with 18F-FDG is a highly sensi-
tive technique to detect a Richter’s transformation and is useful 
in helping to decide which node to biopsy.661 However, hyperme-
tabolism may also be seen with other transformations, with a co-
existing solid tumor or infection, or with accelerated-phase CLL. 
The lymph node with accelerated-phase CLL shows increased 
numbers of proliferation centers, increased Ki67-positive CLL 
cells or PL, and no evidence of large-cell transformation.

Of 148 patients with RS at the MD Anderson, 135 received 
therapy using a variety of treatment regimens including R-CHOP 
(rituximab-cyclophosphamide, doxorubicin, vincristine, and 
 prednisone).658 The addition of rituximab appeared to increase 
the response rate and for all patients the OR was 39% with 12% 
CR. For 7 patients in remission who underwent an allogeneic SCT 
the 3-year survival was 75%. Thus, although the OS was poor 
some patients did well and a RS prognostic score was thus devel-
oped based on performance status, LDH, platelet count, tumor 
size, and the number of prior treatments.658 However, the varying 
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 9. Steroids should primarily be reserved to treat immune cyto-
penias and should be avoided, if possible, when patients are 
receiving chemotherapy. There is no evidence that steroids 
increase the response rate obtained with alkylating agents 
or nucleoside analogues alone, and they increase the risk of 
infection. However, if used judiciously, prednisone may be 
combined with chlorambucil to enhance marrow clearing of 
tumor and to reduce organomegaly.

 10. Patients with immune cytopenias or red cell aplasia should 
initially be treated with prednisone 1 mg/kg/day orally, but 
may also benefit from gammaglobulin, cyclosporine, cyclo-
phosphamide, or rituximab. Patients who are going to receive 
a prolonged course of prednisone should be maintained on 
pamidronate 30 mg IV every 3 months, or an equivalent, 
to prevent osteoporosis and prophylactic antibiotics for 
Pneumocystic jirovecii and herpes infections.

 11. Radiotherapy is reserved for local lesions that are particularly 
bulky and troublesome and is used only when chemotherapy 
is not required for control of more disseminated disease. The 
lowest dose of radiotherapy capable of shrinking the tumor 
mass should be used. Splenic irradiation may be helpful in 
patients who require a splenectomy but who are not surgical 
candidates. Radiotherapy is most useful in patients who have 
had little prior therapy.

 12. Splenectomy may be useful in patients with painful spleno-
megaly or who have cytopenias that are unresponsive to other 
therapies. Minimally invasive surgical techniques should be 
considered.

 13. Prophylactic gammaglobulin is useful in reducing the fre-
quency of infections in patients with hypogammaglobulinemia 
and frequent bacterial infections. G-CSF and erythropoietin 
may be useful to maintain neutrophil counts and hemoglobin.

 14. Although not standard therapy, alloSCT may be considered 
for younger patients (<65 years) who have developed refrac-
tory disease.

 15. Most patients in CLL clinics will die from disease progression 
or transformation, infections, and second malignancies (skin, 
melanomas, and solid tumors). Thus, patients need to be 
monitored for these complications with each visit and second 
malignancies promptly treated.
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the most common malignancies being squamus and basal cell 
carcinomas of the skin.674,675,676,677,678 Melanomas are also com-
mon, followed by cancers of the gastrointestinal tract, lung, breast, 
and prostate.674,675,676,677,678 Clinical features associated with an 
increased incidence of second malignancies include older age, 
male sex, a b2-microglobulin >3 mg/dl, an increased LDH, and an 
elevated creatinine.675 In addition, these malignancies can be more 
aggressive than in patients without CLL, and an increased mortality 
is observed with skin cancers, melanomas, Merkel cell tumors, and 
lung cancer.674,678,679–681 The risk of developing AML or myelo-
dysplasia with alkylating agents or nucleosides alone appears to 
be low, although the risk may increase if both are given together 
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chemotherapy is 4.5% which occurs approximately 3 years follow-
ing initiation of therapy.484,547 This appears directly related to the 
potent myelosuppression seen with this regimen. Finally, patients 
with CLL may develop myeloproliferative disorders.682

Chronic myeloid leukemia, myelofibrosis, and essential throm-
bocythemia may also rarely occur in CLL. As second malignancies 
are a common cause of death in CLL, patients should be moni-
tored for the development of new malignancies which should be 
promptly treated when identified.

Summary oF therapy
The indications for treatment and the type of treatment will vary 
according to the patient’s age and condition. If the patient is not 
participating in a clinical trial, the following are general guidelines.1

 1. Patients with Rai stages 0–II usually do not require therapy 
unless there is evidence of significant disease progression or 
symptoms, for example, weight loss, night sweats, or fatigue.

 2. Patients with Rai stages III/IV disease frequently require 
treatment but this may be deferred until the patient is symp-
tomatic or if there is disease progression.

 3. Other indications for treatment include AIHA/ ITP and mas-
sive uncomfortable lymphadenopathy or splenomegaly.

 4. Patients with Rai stage III or IV disease may require a bone 
marrow aspirate and biopsy prior to chemotherapy to ensure 
that the anemia and/or thrombocytopenia are related to mar-
row infiltration.

 5. Prior to therapy, patients should have FISH analysis, a 
Coomb’s test, and be screened for common viral pathogens, 
including hepatitis B and C, and CMV.

 6. Most treatment regimens include rituximab, and the standard 
initial therapy for patients with adequate performance status, 
comorbidity score, and renal status is FCR, particularly if the 
patient has a deletion 11q22-23. Other common regimens 
include FR and PCR, or chlorambucil with or without ritux-
imab for the elderly and frail. Bendamustine with or without 
rituximab is also highly effective and is presently being com-
pared with FCR in the German CLL10 study.

 7. Approximately half the patients who become refractory to 
the above regimens have a deletion 17p13 and treatment 
options for resistant patients include alemtuzumab alone, or 
high-dose steroids in combination with rituximab or alemtu-
zumab. Ofatumumab is used for patients who are refractory 
to alemtuzumab or with lymph nodes >5 cm, but is not very 
effective for patients with loss of p53 function.

 8. Prophylaxis against Pneumocystic jirovecii and herpes 
infections should be given to patients receiving nucleoside 
analogues, steroids, or alemtuzumab and continued for 6 
months following therapy. The authors use trimethoprim-
sulfamethoxazole (co-trimoxazole) 1 double strength twice a 
day on Saturdays and Sundays with valacyclovir 500 mg/day 
(or an equivalent). For patients allergic to trimethoprim-sulfa-
methoxazole, dapsone 100 mg 3 times a week or pentamidine 
by aerosol once a month may be used.
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Hairy Cell leukeMia
James B. Johnston, Michael r. Grever

C h a p t e r  9 1

Hairy cell leukemia (HCL), or leukemic reticuloendotheliosis, is a 
chronic B-cell disorder that was initially described by Bouroncle 
et al. in 1958.1 The disease is characterized by the presence of 
typical hairy cells in the peripheral blood and marrow, pancyto-
penia, and a variable degree of splenomegaly.1,2–3,5,6 The disease 
has always aroused interest, initially over the unique morphologic 
and clinical features of this disorder. The tumor cells are B-cells 
that typically express CD11c, CD25, CD103, and CD123, are usu-
ally IgVH-mutated and are unique memory B-cells in expressing 
multiple immunoglobulin (Ig) isotypes. More recently, it has been 
demonstrated that most hairy cells contain a mutated active form 
of the BRAF gene (V600E) which may be used as a diagnostic 
tool and a potential target for therapy. Most cases of HCL are 
very sensitive to interferon (IFN)-a and the nucleoside analogs 
pentostatin (2′-deoxycoformycin, dCF) and cladribine (2-chlorode-
oxyadenosine CdA).5,6 Less responsive patients generally respond 
to monoclonal antibodies, such as rituximab (against CD20) or to 
immunotoxin-labeled antibodies to CD22 or CD25. Prior to the 
development of these treatments the median survival for HCL 
patients was 4 years whereas now the survival of these patients 
is no different from an age- and sex-matched control population.

inCidenCe and etioloGy
HCL is a rare disorder, accounting for 2% of all leukemias, and 
occurs more frequently in men, with an incidence in the United 
States of 2.9 per million per year for men and 0.6 per million 
per year for women.5,7 The etiology of HCL is unknown. Several 
case-controlled studies have identified possible relationships to 
radiation exposure,7,8 exposure to benzene,9 to farm animals, and 
to commercial herbicides and pesticides.9,10 A familial predisposi-
tion is suggested by reports of the disorder in 15 families where 
HCL occurred among first-degree relatives. In these families, dis-
ease is usually associated with the following haplotypes; A2, B7, 
and Bw4/6; A1/3 and B7/8; A2, B51, and DR52/53.11

PatHoGenesis
Immunologic,12,13,14 molecular genetic,15–21 chromosomal,22,23 
and gene expression24 studies have demonstrated that the 
hairy cell is of B-cell origin. Although some T-cell features have 
been reported,25,26–30 including two cases in which the retro-
virus human T-cell leukemia virus type II was isolated,31,32 no 
instances of T-cell receptor gene rearrangements have been 
found. Fluctuations in the expression of T- and B-cell markers 
have been demonstrated both in vivo and under various in vitro 
culture conditions.33–36 In most instances, the alteration noted 
was between a surface-immunoglobulin–positive (SIg+) CD2−phe-
notype and a SIg−CD2+ phenotype. Other B-cell antigens, how-
ever, such as CD20, were retained, even with the loss of SIg and 
the appearance of CD2.35

The cell of origin of the hairy cell has been a subject of much 
debate and has been discussed in several recent reviews.37–39 
Gene expression profiling has demonstrated that the hairy cell 
is most similar to a memory B-cell, although it differs in that the 
hairy cell has increased expression of adhesion and chemokine 
receptor genes.24 The profile is extremely homogeneous, quite 
different from other lymphoid malignancies, and the abnormal 
expression of specific genes explains the properties of this disease 
which include unique cell structure, marrow fibrosis, marrow 

suppression, and the tendency of tumor cells to home to spleen 
and marrow, rather than to lymph nodes. As hairy cells do not 
express CD27, which is normally expressed on memory B-cells, 
it has been suggested that the normal counterpart is a memory 
cell which lacks CD27 but has somatic mutations of the the IgVH 
genes.40 However, the profile also demonstrated expression of 
many genes associated with macrophages suggesting that these 
cells are unique in having phagocytic properties.24 Consistent 
with being a memory B-cell, the majority of cases with HCL 
show mutations of the variable chain of the Ig gene, demonstrat-
ing that the hairy cell has passed through the germinal center 
(Fig. 91.1).15–21,41 However, 10% to 20% of cases have unmutated 
IgVH and in general these patients have very poor prognosis and 
are resistant to chemotherapy.17,18 The IgVH gene usage is shown 
in Figure 91.2 and demonstrates that in classical HCL IgVH 3–23 
(17%), 3–30 (8%), and 4–34 (7%) are most commonly used. IgVH 
1–69, 3–11, 3–48, and 4–39 are each used in 5% of cases The 
major difference between the HCL variant and classical HCL, is 
the usage of IgVH V4–34, which is present in 54% of variant cases 
but only 17% of classical cases.20 The majority (94%) of IgVH4–34 
cases are unmutated. As expected, the IgVH is more likely to be 
unmutated in the HCL variant (54%) as compared to classical 
HCL (17%). It is interesting that, as discussed later, patients with 
unmutated IgVH or those that use IgVH4–34 have more aggres-
sive and drug-resistant disease.17,18 The patterns of IgVH gene 
family usage and the incidence of IgVH mutations is different in 
HCL and chronic lymphocytic leukemia (CLL).20 In CLL, the most 
commonly used IgVH genes are IgVH1–69, 3–21, 3–30, 4–34, and 
1–02 and whereas most IgVH 1–69 cases are unmutated, most 
IgVH4–34 cases are mutated.42 Overall, approximately 60% of 
CLL cases have mutated IgVH and 40% are unmutated.

Hairy cells are unique in expressing multiple Ig isotypes that 
are related to RNA splicing. Thus, individual hairy cells may 
express IgG alone or in combination with IgM and/or IgD and/or 
IgA.15,16,41 Similarly, IgVH mutational analysis has demonstrated 
intraclonal variation in gene expression, both in the IgVH unmu-
tated and mutated varieties. These studies have suggested that the 
hairy cell is in maturation arrest before deletional recombination 
within the heavy chain locus.

Cytogenetics
Cytogenetic studies have been difficult to carry out in HCL, because 
the number of circulating hairy cells is small, and attempts at 
marrow aspiration are usually unsuccessful. In addition, until 
recently it has been difficult to induce hairy cells to proliferate and 
to obtain hairy cells in metaphase. In early reports, the abnor-
malities observed in HCL tended to be nonclonal.43,44 However, 
more recently, 15 of 19 patients were found to have an abnormal 
karyotype, and a 14q+marker involving the breakpoint q32 at the 
Ig heavy chain locus was the most frequent clonal abnormality.22 
Abnormalities involving the short arm of chromosome 12 have been 
observed in four patients.13 Haglund et al.45 observed deletions 
and inversions in 67% of patients. Clonal abnormalities of chro-
mosome 5 were found in 40% of cases (most commonly trisomy 5,  
pericentric inversions, and interstitial deletions involving 5q13). 
The frequency with which these abnormalities occur is unique and 
is not found in other B-cell malignancies. Abnormalities in 5q13 
thus occur in one third of patients, and subsequent studies have 
identified three expressed sequences as candidates for a putative 
tumor-suppressor gene at 5q13.3.46 Cytogenetic analysis has been 
carried out using monoclonal antibodies to CD40, because this 
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appears to be the most effective way of inducing hairy cell prolif-
eration.47 This technique allowed cytogenetic analysis in 42 of 43 
cases and demonstrated that clonal abnormalities were present in 
19% of cases and involved numeric or structural abnormalities in 
chromosomes 5, 7, and 14. In contrast, abnormalities of chromo-
some 5 were not observed in the HCL variant, and translocations 
more frequently involved either chromosome 2 or 14.48

High-density genomewide DNA profiling in HCL showed that, 
in contrast with CLL, HCL has a remarkably stable genome.49,50 
Using a high-density single nucleotide polymorphism array, it 
has been shown that only 25% of patients had gross copy num-
ber abnormalities.49 Alterations in the genes for FGF12 and FGF 
receptor were observed, and increased expression of these genes 
is typically observed in HCL, which is responsible for the marrow 
fibrosis seen in this disease.49 Although a high incidence of TP53 
mutations was initially reported in HCL, subsequent studies have 
suggested that this is uncommon and occurs primarily in patients 
with unmutated IgVH.17,51,52

Oncogenes and Signal transduction
To date, there has been little information regarding the role 
of oncogenes in HCL. It has been shown that CSF1R, which 

encodes the receptor for macrophage colony-stimulating factor 
and is normally expressed in macrophages/monocytes, is highly 
expressed in hairy cells.53 The addition of macrophage colony-
stimulating factor to hairy cells causes enhanced mobility of the 
cells, the extent of which depends on the underlying stratum, and 
this effect is mediated through alterations in the integrin avb4.54 
More recently, it has been demonstrated that, compared with 
normal lymphocytes, hairy cells have markedly increased levels 
and activities of the protein tyrosine kinase pp60c-src, which is 
the product of the proto-oncogene CSK.55 This increase was not 
observed in CLL cells and was unrelated to the amplification or 
structural rearrangements of the gene.55 Cyclin D1 messenger 
RNA and protein levels are increased in HCL, but the increase 
is less than is seen in mantle cell lymphoma and is not related 
to t11,14 (q13;q32), which is typically observed in mantle cell 
 lymphoma.56,57 Finally, because of the high frequency of abnor-
malities of chromosome 5 in classic HCL, it has been suggested 
that a transforming oncogene might be located at 5q13.3.46

Gene expression profiling identifies a unique homogeneous 
signature for HCL distinct from other B-cell malignancies. In HCL 
samples, decreased expression was noted for CXCR5, TNFRAF5, 
CD40, CD27, and CCR7, whereas increased expression was noted 
for GAS7, FGFR1, FGF2, FLT3, TIMP1, TIMP4, RECK, ANXA1, 

FIGURE 91.1. The germinal center (GC) reaction is a key event in adaptive immunity to T-cell–dependent antigens. In lymph nodes and the spleen, 
antigen (Ag)-activated naive B-cells (immunoglobulin [Ig] M+/IgD+) are driven into primary follicles where, aided by T-cells, they undergo clonal expansion, form the 
GC, and displace nonproliferating naive B-cells to the periphery or mantle zone (shown in diagram). Within the GC, somatic hypermutation (SHM) mutates the Ig vari-
able region of proliferating B-cells to increase their affinity for the stimulating Ag. Although most GC B-cells (GCB) acquire unfavorable mutations and die by apoptosis, 
a few improve their Ig affinity and are selected for further differentiation through interactions with T-cells and follicular dendritic cells (FDC). A proportion of these 
selected B-cells then undergo switch recombination of the Ig constant region, which changes the isotype and, consequently, the antibody-effector function. B-cells 
of the GC express BCL6, which is required for GC formation, and activation-induced cytidine deaminase (AID) which is essential for SHM and switch recombination. 
Finally, selected B-cells differentiate into memory B-cells (CD27+) or antibody-secreting plasma cells (CD138+). Follicular lymphoma (FL), Burkitt lymphoma (BL), 
and some diffuse large B-cell lymphomas (DLBCLs) are thought to derive from B-cells of the GC, mantle cell lymphoma (MCL) mainly from mantle-zone naive B-cells, 
B-cell chronic lymphocytic leukemia (B-CLL) and hairy-cell leukemia (HCL) from memory B-cells, and multiple myeloma (MM) from plasma cells. The majority of 
cases of CLL and HCL have undergone SHM, but a proportion have not and these cases have more aggressive disease. (From Tiacci E, Liso A, Piris M, and Falini B. 
Evolving concepts in the pathogenesis of hairy-cell leukaemia. Nature Rev 2006;6:437–448, with permission).
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Syndecan3, Cyclin D1, IGFBP, and NUDT6.24 The proposed effects 
of these changes on the pathophysiology of HCL are outlined in 
Table 91.1. More recently, a heterozygous mutation of GTG to 
GAG at codon 600 of the BRAF gene has been observed in typi-
cal HCL producing a V600E variant protein, in which glutamate 
substitutes for valine at position 600.58–62 BRAF is a serine–
threonine kinase and the variant protein (V600E) demonstrates 
increased activity resulting in enhanced phosphorylation and 
activation of mitogen-activated protein-ERK kinase (MEK) and 
extracellular signal-regulated kinase (ERK), which increase cell 
survival and proliferation by increasing the expression cyclin D1 
and decreasing p27.58 The functionality of the variant protein was 
demonstrated in primary hairy cells by showing the presence of 
phosphorylated MEK and ERK in these cells, and demonstrating 
that the phosphorylation was decreased using the BRAF inhibitor, 
PLX-4720.58 Initial studies suggested that all patients with classi-
cal HCL contained a V600E; however, a more recent study dem-
onstrated that 82% of patients with classical HCL express BRAF, 

whereas the V4–34 subtype and HCL variant do not express 
BRAF.21 Thus, BRAF inhibitors may not be useful in the treatment 
of the aggressive V4–34 HCL subtype of the HCL variant.

It has also been demonstrated that the activities of MEK and 
ERK are increased in HCL through the epsilon form of protein 
kinase C (PKCε), which in turn is activated by tyrosine nitration 
(Fig. 91.3).63 Tyrosine nitration is produced by the high levels 
of reactive oxygen species (ROS) and nitric oxide (NO) in hairy 
cells.63 In addition, apart from its role in cell survival, activated 
PKCε is also involved in causing the unusual hairy cell structure 
by increasing the Rho guanosine triphosphatases (GTPases), Rac1 
and Cdc42.63 The Rho GTPases are members of the Ras family 
of GTP-binding proteins and can either be active (GTP-bound) 
or inactive (GDP-bound).63 The GTPases are important for actin 
structure within the cell and controlling cell shape. It has been 
shown that three groups of Rh0 GTPases, RhoA, Rac1, and Cdc42, 
are overexpressed in HCL and are responsible for the filamentous 
projections and growth of these cells.64
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FIGURE 91.2. Immunoglobulin (Ig) VH fam-
ily and gene usage in hairy-cell leukemia 
(HCL). Number of IgVH rearrangements in each fam-
ily (A) and for genes used by more than one patient 
(B) for HCLc (black) and HCLv (gray). (From Arons 
E, Roth L, Sapolsky J, et al. Evidence of canonical 
somatic hypermutation in hairy cell leukemia. Blood 
2011;117:4844–4851, with permission.)

50

A

B

40

30

20

10

0

0 5
Number of rearrangements

10 15 20

VH1-18
VH1-2
VH1-3

VH1-46
VH1-69
VH3-11
VH3-15
VH3-21
VH3-23
VH3-30

VH3-30-3
VH3-33
VH3-48
VH3-66
VH3-7
VH3-9

VH4-31
VH4-34
VH4-39
VH4-4

VH4-59
VH4-61
VH6-1

R
ea

rr
an

ge
m

en
ts

V
H

1

V
H

2

V
H

3

V
H

4

V
H

5

V
H

6

V
H

7

HCLc
HCLv

72683_ch091_1929-1950.indd   1931 7/17/13   7:58 AM



1932 Part vii Hematologic Malignancies • SECtiON 4 Lymphoproliferative Disorders

Cytokines
There has been great interest in the role of cytokines in the 
pathogenesis of HCL.37–39 Identified factors that may be involved 
include interleukin-2 (IL-2), tumor necrosis factor (TNF)-a, IL-4, 
IL-6, B-cell growth factor, IFN-a, transforming growth factor-b 
(TGF-b), and basic fibroblast growth factor (bFGF, FGF2).65 Some 
of these factors may be produced by the hairy cells themselves or 
by normal T-cells.65,66 T-cell clones have been shown to produce 
cytokines that stimulate the growth of hairy cells, but not normal 
B-cells; this effect is prevented by the addition of IFN-a.66

A feature of classical HCL is the reactivity of the hairy cells 
with anti-Tac (CD25), which detects the a-chain of the IL-2 recep-
tor.67–70 Increased serum levels of IL-2 receptor have been found 
in untreated HCL patients, and there is evidence that the leukemic 
cells release the receptor.70 The serum levels of IL-2 receptor 
correlate with the extent of disease and decrease after effective 
therapy with IFN-a.71,72,73 Paradoxically, even though the IL-2 
receptor is present on hairy cells, these cells do not respond to 
stimulation by IL-2, and IL-2 probably does not play a major role 
in the pathogenesis of HCL.65

It has been demonstrated that TNF-a, but not TNF-b, stimu-
lates the growth of hairy cells, whereas in CLL, both forms of TNF 
stimulate leukemic cell growth (Fig. 91.4).74,75 Hairy cells can also 
produce TNF-a,76,77 and the serum level of TNF-a is increased 
in HCL, the level correlating with tumor burden.77 The TNF-a 
receptor can also be detected in the serum of these patients, 
and the level of this receptor also decreases after treatment with 

IFN-a.78,79 These findings suggest that TNF-a production by the 
hairy cells may play an important role in the pathogenesis of HCL 
by stimulating further growth of hairy cells and producing pancy-
topenia through the inhibition of normal marrow function.74,76,77

Hairy cells secrete low levels of IL-6, and the serum level of this 
cytokine is increased in HCL.65,80 The production of IL-6 messen-
ger RNA and IL-6 secretion is markedly increased by incubating 
HCL cells with TNF.80 IL-6 antisense oligonucleotide can inhibit 
the effect of TNF on IL-6 secretion and DNA synthesis, suggesting 
that IL-6 mediates the activity of TNF in HCL.80

Hairy cells also produce bFGF and TGF-b and express the 
bFGF receptor.81,82 Adhesion of the hairy cells to hyaluronan 
via CD44 induces the secretion of bFGF, but not TGF-b.81 The 
secreted bFGF then feeds back on the hairy cell to secrete fibro-
nectin, which is a major component of the marrow fibrosis in this 
disease. As the spleen does not have hyaluronic acid, this explains 
the lack of bFGF and fibrosis in this organ despite abundant 
hairy cells.81 TGF-b has been shown to be present in increased 

Hairy Cell Feature Mechanism

Hairy cell projections Alteration of actin structure through 
up-regulation of the Rho GTPase 
Rac 1.

Prolonged survival of hairy cells Autocrine stimulation by TNF-a, 
increased cellular levels of bcl-2.

Ability of hairy cell to phagocytose and 
expression of macrophage markers, 
for example, CD11c

Up-regulation of annexin1 medi-
ates phagocytic function and c-Maf 
transcription factor for macrophage 
differentiation.

Marrow fibrosis and monocytopenia Up-regulation of FGF2 which activates 
FGFR1 on the hairy cell producing 
fibronectin and TGFb, which causes 
the adjacent fibroblasts to secrete 
collagen.
TNF-a and TGF-b cause marrow sup-
pression and monocytopenia.

Infliltration of red pulp of spleen 
by hairy cells with the formation of 
“pseudosinuses”

Up-regulation of TIMP1, TIMP4, RECK 
inhibitors of matrix metalloproteinases.

Lack of lymph node involvement by 
hairy cells

Hairy cells lack L-selectin which is 
required for binding to venule endo-
thelium and chemokine receptor 7 
(CCR7) which is required for transen-
dothelial migration.

GTPases, guanosine triphosphatases; TGF-b, transforming growth factor-b; TNF-a, tumor 
necrosis factor.
Swerdlow SH, Campo E, Harris NL, et al. WHO classification of tumours of haematopoietic 
and lymphoid tissues, vol. 2, 4th ed. WHO 2008; Basso K, Liso A, Tiacci E, et al. Gene 
expression profiling of hairy cell leukemia reveals a phenotype related to memory B cells 
with altered expression of chemokine and adhesion receptors. J Exp Med 2004;199:59–68 
and Cawley JC, Hawkins SF. The biology of hairy-cell leukaemia. Curr Opin Hematol 
2010;17:341–349.

MeCHanisMs for Hairy CeLL LeukeMia features

taBLe 91.1

FIGURE 91.3. Proposed pathways of constitutive signaling in hairy cells (HCs). This 
figure shows the schematic representation of the possible associations into two parallel path-
ways of active signaling components detected in HCs. Protein kinase C (PKCε) plays a central 
role, controlling the activation of p60src, Rac1, and extracellular signal-regulated kinase (ERK). 
PKCε is itself activated through nitration of tyrosine residues by reactive oxygen species (ROS) 
and nitric oxide (NO) which are increased in HCs. (From Slupsky JR, Kamiguti AS, Harris RJ, et al. 
Central role of protein kinase Cε in constitute activation of ERK1/2 and Rac 1 in malignant cells 
in hairy cell leukemia. Am J Path 2007;170:745–754, with permission.) MEK, mitogen-activated 
protein-ERK kinase; MT, mitochondrial; NOX5, NADPH oxidase 5; iNOS, inducible  nitric-oxide 
 synthetase.
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quantities in the plasma and marrow of patients with HCL, and 
this also contributes to the marrow fibrosis by inducing the pro-
duction of collagen and reticulin by adjacent fibroblasts.82

CliniCal FindinGs
The median age in HCL is between 50 and 55 years (range, 22 
to 85 years), with the male-to-female ratio being 4:1.1,2–4,5,6,83 
Classically, these patients present with weakness and fatigue, and 
the symptoms can usually be related to pancytopenia and spleno-
megaly (Table 91.2).1,2–4,5,6,83 Ninety percent of patients have a 
palpable spleen, which may be massive, and one third of patients 
have hepatomegaly.1,2–4,5,6,83 Peripheral lymphadenopathy is 
uncommon,5 but with computed tomography scanning, significant 
abdominal lymphadenopathy may be observed.84,85The degree 
of abdominal lymphadenopathy correlates with the duration 
and extent of disease. The incidence at presentation is 17%, but 
increases to 56% at relapse after chemotherapy.84 Less frequently, 
mediastinal node enlargement may also be observed.86 Compared 
to 30 years ago, patients are now being diagnosed earlier and 
have less marked splenomegaly and anemia at presentation.6

Most patients have pancytopenia, the etiology of which is 
multifactorial but is primarily related to marrow failure and sple-
nomegaly. Marrow failure is related to replacement of marrow by 
hairy cells and the associated reticulin fibrosis, and to the inhibi-
tion of myelopoiesis by cytokines, such as TNF-a, released by the 
hairy cells.37–39 Splenomegaly in HCL may produce pancytopenia 
by three mechanisms. First, the major factor responsible for 
the cytopenias is pooling (sequestration, margination) of normal 
peripheral blood cells in the enlarged spleen.87–92 As much as 
90% of the peripheral platelet mass,88 30% of the red cell mass,91 
and 65% of the granulocytes89 may pool in a massively enlarged 
spleen. In HCL, apparently because of the formation of blood-
filled pseudosinuses by the hairy cells, a greater proportion of the 
peripheral red cell volume (as much as 48%) may be pooled in a 
massively enlarged spleen.91 A second mechanism responsible for 
cytopenias with splenomegaly is the increased destruction of cells 

in the spleen. Finally, an expanded plasma volume contributes to 
the appearance of cytopenia with splenomegaly; this is particu-
larly true for the observed anemia.87,90

Infections
Prior to the development of effective treatments for HCL, infections 
were a major problem and the leading cause of death.83,93–95,96 
Nowadays, approximately one third of patients will develop an 
infection during the course of their disease and two thirds of these 
will be serious.96 Fever is rarely a manifestation of the underlying 
HCL; when present, it should prompt a careful search for an infec-
tious process. Approximately 30% of patients present with infec-
tion, and 70% have either documented or suspected infections 
during the course of the disease.93 Pyogenic infections account 
for ∼50% of infectious episodes; Gram-negative and Gram-positive 
bacteria are identified with approximately equal frequency.83,93 
However, nonpyogenic infections occur in >30% of patients,83,93 
and infections can occur with unusual organisms such as atypi-
cal mycobacteria, including Mycobacterium kansasii, which is a 
unique feature of HCL, in comparison to other lymphoproliferative 
disorders.83,94,97 Other organisms include Toxoplasma gondii, 
Legionella, Listeria monocytogenes, and Pneumocystis jirovecii, 
as well as various fungi and viruses.83,98–100

The high infection rate can be ascribed primarily to neu-
tropenia, although several other immune defects have been 
described. Monocytopenia is often a prominent feature,101,102 
and functional abnormalities of monocytes and granulocytes may 
occur.99,101,103–105 The defects in monocyte production and func-
tion may account for the unusual susceptibility of these patients 
to atypical mycobacterial and fungal infections.95,96 The T-cells 
are also highly abnormal in HCL, demonstrating an inversion in 
the CD4:CD8 ratio, and they have a poor antigen response which 
is likely related to absence of CD28.106,107 Moreover, there is clo-
nogenic expansion of CD8+ cytotoxic lymphocytes but the target 
for these cells has not yet been identified.108 These abnormalities 
can resolve with IFN-a therapy, although it may take up to 2 years 
to see this effect.109 A depressed helper to suppressor T-cell ratio 
associated with a decrease in the number of T-helper cells and an 
increase in the number of T-suppressor cells also has been dem-
onstrated.109 As expected, lymphocyte functional studies reveal 
impaired delayed-type hypersensitivity to recall antigens, as well 
as near-absent antibody-dependent cellular cytotoxicity.106 In 
contrast to CLL, the serum Ig levels are normal.110

autoimmune Disorders
Clinical manifestations secondary to various autoimmune disor-
ders are being recognized with increasing frequency in patients 

FIGURE 91.4. Immune suppression in hairy-cell leukemia (HCL). Immune suppression 
is a result of T-cell dysfunction and impaired hematopoiesis with pancytopenia, bone marrow 
fibrosis, and hypersplenism. T-cell activation, decreased numbers of memory T-cells, restricted 
T-cell repertoire, and opportunistic infections are the result of inappropriate activation and sup-
pression of T-cell responses directly by cytokines produced by the neoplastic B-cells. Cytopenia 
with severe monocytopenia is caused by the secretion of tumor necrosis factor (TNF)-a by the 
hairy cells. TNF-a also has autocrine prosurvival effects on the tumor clone. Treatment of HCL 
with IFN-a is able to restore the abnormal T-cell repertoire and hematopoiesis by inhibiting 
cytokine (including TNF-a) mediated effects on the T-cells and tumor cell. Fibrosis is caused by 
production of fibroblast growth factor-2 (FGF-2) and overexpression of its receptor FGFR1. The 
FGF2-FGFR1 interaction increases with CD44v3 co-receptor and syndecan family members. 
FGFR1 signals secretion of autocrine fibronectin and of transforming growth factor-b (TGFb) 
by hairy cells. TGFb stimulates adjacent fibroblasts to produce fibronectin and collagen type 
III. (From Forconi F. Hairy cell leukaemia: biological and clinical overview from immunogenetic 
insights. Haematol Oncol 2011;29:55–66, with permission.)

Manifestation Incidence (%)

Weakness, easy fatigue 80

Fever, sweats, weight loss, anorexia 20–35

Infection 20–30

Easy bruising, bleeding 20–30

Left upper quadrant abdominal discomfort 25

Autoimmune disorders 15–30

Splenomegaly 80–90

Hepatomegaly 30–40

Ecchymoses, petechiae 20–30

Hairy CeLL LeukeMia: CLiniCaL Manifestations

taBLe 91.2
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with HCL.83,111,112,113–115 In one series of patients, these compli-
cations were second only to infection as a cause of morbidity.83,112 
The onset may occur any time during the course of the disease 
and is not related to the tumor burden. Most frequently, patients 
present with arthritis, arthralgias, palpable purpura, or nodular 
skin lesions resulting from cutaneous vasculitis, and low-grade 
fever.83,112,114 Occasionally, patients may have involvement of 
the lung, liver, intestine, and kidney, with a clinical picture that 
resembles polyarteritis nodosa.83,112,113,115 These patients often 
have fever, malaise, and weight loss, and a co-existent infection 
must be ruled out.83,112 If skin lesions are present, the diagnosis 
can be confirmed by biopsy, which usually shows changes com-
patible with a diagnosis of polyarteritis nodosum or leukocytoclas-
tic vasculitis; occasionally, a vasculitis related to the invasion of 
the vessel wall by hairy cells occurs; this may appear very similar 
to polyarteritis nodosa with the presence of aneurysms.114 In 
some organs, such as the lung, a granulomatous vasculitis may 
be found.112 Angiography may reveal peripheral aneurysms.112 
Antinuclear antibodies, rheumatoid factor, immune complexes, 
and hepatitis B antigen are variably positive.111 Cryoglobulinemia 
has been detected in some patients.116,117 It has been postulated 
that the increased incidence of vasculitis in HCL may be related 
to infections with hepatitis B and other viruses, cross-reactivity of 
antibodies against hairy cells with epitopes on endothelial cells, 
and decreased clearance of immune complexes by the impaired 
immune system.114

These autoimmune manifestations may be self-limited, but if 
therapy is required, a short course of corticosteroids is usually 
effective.114 Remissions have also been observed after splenec-
tomy, IFN-a, and pentostatin therapy.112,114,115

Unusual Manifestations

Lytic Bone Lesions
Although the immunophenotypic profile of hairy cells closely 
resembles that of B-cells at a developmental stage just before 
terminal differentiation to plasma cells, lytic bone lesions are 
distinctly unusual (Table 91.3).118–121 In some patients with osteo-
lytic lesions, HCL and multiple myeloma were thought to coex-
ist.122,123 However, several patients with classic HCL and without 
any evidence of plasma cell proliferation have been reported to 
develop osteolytic lesions.119–121 These lesions have a predilection 
for the proximal femur and usually are associated with extensive 
bone marrow infiltration by hairy cells.120,121 The lesions, as with 
those seen in association with multiple myeloma, respond well to 
radiotherapy. The administration of corticosteroids can produce 
prompt relief of bone pain.118

Skin Involvement
Cutaneous lesions referable to thrombocytopenia (ecchymoses, 
petechiae), infection, or vasculitis are common during the course 

of HCL, but lesions caused by infiltration of the skin by hairy 
cells are unusual.124,125 In a retrospective review of 600 cases, 
skin lesions thought to be due to infiltration by hairy cells were 
reported in 8.0% of cases, but histopathologic verification was 
present in only 1.3%.124 Infiltrative lesions usually are widely 
disseminated and consist of erythematous maculopapules. Biopsy 
shows the infiltrates to be perivascular, involving the dermis but 
not the epidermis.126

Splenic Rupture
Surprisingly, even with massive splenomegaly, spontaneous 
splenic rupture is rare in HCL, occurring in ∼2% of cases.1,127

Other Organ Dysfunction
Although hairy cell infiltration of multiple organs and tissues is a 
frequent finding at autopsy, clinically significant organ dysfunction 
is unusual.128 Infiltration of connective tissue and fat surround-
ing organs is common.128 Central nervous system involvement is 
unusual, and only a rare case of meningeal involvement has been 
documented.128,129 Infection is by far the most frequent cause for 
neurologic complications.129 Pleural effusions, ascites, protein-
losing enteropathy, and spinal cord compression may occur rarely 
in HCL and result from tissue infiltration by hairy cells.118

laBoratory FindinGs
The relative incidence of the most characteristic laboratory find-
ings is listed in Table 91.4. In a series of 725 cases studied by the 
Italian Cooperative Group, 80% of patients had pancytopenia at 
presentation, with one third of all patients having a hemoglobin 
level <8.5 g/dl, neutrophils <0.5 × 109/L, and platelets <50 × 
109/L.6 A careful inspection of the peripheral blood smear dem-
onstrates the presence of typical hairy cells in >85% of patients,1,6 
and in 13% of cases, there are >5 × 109/L hairy cells.6 In 
Bouroncle’s series of 82 patients, hairy cells accounted for ≥10% 
of the leukocytes in 80% of patients and ≥50% in 43% of patients.2 
The total leukocyte count was elevated in 20%, but in only 4% did 
the count exceed 50 × 109/l.2 Monocytopenia also typically occurs 
in active HCL.101,102

Abnormal liver function studies, usually with an isolated eleva-
tion of the serum alkaline phosphatase level, are obtained in 10% 
to 19% of individuals with HCL.4 The leukocyte alkaline phos-
phatase scores are high in most cases. The Ig levels are normal 
in HCL and monoclonal gammopathy is rare, occurring in 1% to 
3% of patients.3,4 It has been difficult to prove that the hairy cells 
are secreting the paraprotein130; in other cases, the M band was 
thought to be related to a co-existing myeloma.120,122,123

Manifestation Incidence (%)

Peripheral lymphadenopathy <5

Lytic bone lesions    3

Skin involvement    5

Splenic rupture <5

Other organ dysfunction <5

Hairy CeLL LeukeMia: unusuaL CLiniCaL Manifestations

taBLe 91.3
Manifestation Incidence (%)

Pancytopenia 70

Neutropenia 80

Thrombocytopenia 80

Anemia 75

Monocytopenia 98

Leukocytosis 15

Hairy cells in peripheral blood 85

Hairy cells in bone marrow 99

Hairy CeLL LeukeMia: Laboratory Manifestations

taBLe 91.4
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hairy Cells
The characteristic morphologic appearance of hairy cells on a 
Wright-stained peripheral blood smear is the single most impor-
tant diagnostic finding (Fig. 91.5).12 Other B-cell disorders that 
may have hairy projections on the cells include B-cell prolympho-
cytic leukemia, atypical HCL, and splenic lymphoma with villous 
lymphocytes (SLVL), although careful analysis and flow cytometry 
can differentiate these disorders.131 Typical hairy cells are mono-
nuclear with relatively abundant cytoplasm and a cell diameter 
in the range of 10 to 25 mm. The cytoplasm is pale blue-gray and 
agranular with a variable number of elongated (hairy) projec-
tions. The mechanism for the hairy cell villi has been related to 
up-regulation of the expression of the Rho GTPases in the hairy 
cells.64 The nuclei are round, oval, reniform, or dumbbell-shaped 
with a nuclear chromatin pattern that is homogeneous and 
less clumped and lighter staining than that of normal mature 
lymphocytes and those seen in classic CLL and prolymphocytic 
leukemia.6,25,131 A prominent nucleolus is rarely seen. On both 
transmission and scanning electron microscopy, the cytoplasmic 
projections appear as elongated slender microvilli or broad-based 
ruffles or pseudopods (Fig. 91.6).132 Other ultrastructural features 
include numerous mitochondria, polyribosomes, strands of rough 
endoplasmic reticulum, intermediate filaments, and some lyso-
somal granules.25 In 50% of cases, cytoplasmic inclusions known 
as ribosome–lamellar complexes are found.6,133 These complexes 
appear as rod-shaped structures under light microscopic analy-
sis.133 Although seen most frequently in individuals with HCL, 
they are not pathognomonic, having been reported in association 

with other chronic B-cell lymphoproliferative disorders, acute 
monocytic leukemia, and even nonhematologic neoplasms.134 The 
characteristic filamentous projections can be seen readily in living 
hairy cells; using supravital dyes and phase-contrast microscopy, 
one can observe the cytoplasmic projections protruding and then 
retracting constantly.6

A useful diagnostic test for HCL is the presence of acid phos-
phatase isoenzyme 5 in the cytoplasm of hairy cells, but this can 
also be positive in other disorders.6,135–139 Cytochemical staining 
procedures demonstrate that this isoenzyme, unlike other acid 
phosphatase isoenzymes, is not inhibited by tartrate.135–139 The 
enzyme concentrates primarily in the Golgi area and nuclear 
membrane.135 Even though a positive tartrate-resistant acid 
phosphatase (TRAP) stain is not pathognomonic for the diagnosis 
of HCL, it has stood the test of time as an important tool in the 
differential diagnosis of this disease.137 The test is positive in 
more than 95% of cases.4 In one report,137 the TRAP stain was 
positive in 76%, intermediate in 21%, and negative in only 3% of 
29 patients with HCL. In contrast, in 37 patients with CLL and 
other lymphoproliferative disorders, the test was positive in only 
3%, intermediate in 32%, and negative in 65%.137 The TRAP stain 
can now be carried out on paraffin-embedded tissue using 9C5, a 
monoclonal antibody to TRAP.138,139 The majority of cases of HCL 
are detected using this antibody, although only 50% of the cells 
stain positively.139

Gene expression profiling has identified ANXA1 as one of the 
most up-regulated genes in HCL.24 ANXA1 codes for annexin1, 
and is not expressed in normal B-cells. By using an immuno-
cytochemical assay staining for the presence of annexin A1 on 
either paraffin-fixed bone marrow specimens or acetone-fixed 
cytospins of peripheral blood, 100% sensitivity and specificity has 
been shown in differentiating HCL from other B-cell malignan-
cies, including variant HCL.140 This is now considered one of the 
best tests.

More recently it has been shown that the majority of patients 
with classical HCL have GTG to GAG mutations at codon 600 of 
the BRAF gene, the (V600E) allowing glutamic acid to be substi-
tuted for valine at position 600 of the BRAF protein.58–62 A recent 
study by Kreitman et al21 has demonstrated that all classical HCL 
cases have the mutation apart from the aggressive and drug-
resistant IgVH4–34 subtypes and the HCL variant. Several recent 
reports have described highly sensitive polymerase chain reaction 
(PCR) assays to detect the V600E mutation, which should be use-
ful in the diagnosis of HCL and monitoring for minimal residual 
disease (MRD) following therapy.60–62

Immunophenotyping has proved very useful in assisting in 
the diagnosis of HCL and in differentiating it from variants and 
other B-cell malignancies.1,131,141,142,143 Using flow cytometry, 
very small numbers of abnormal cells can be detected and the 
diagnosis of HCL can be made on the peripheral blood of the 
majority of patients. The hairy cells are monoclonal and, in con-
trast with most other lymphoid malignancies, cases with k or l 
expression are equally represented or there is a predominance 
of cases with k expression.142 Table 91.5 shows the immuno-
phenotype of typical HCL in comparison to other chronic B-cell 
disorders with which it can be confused. In HCL, the leukemia 
cells have SIg (IgM+/−, IgG, IgD, or IgA) and B-cell–associated 
antigens (CD19, CD20, and CD22); typically, the cells are positive 
for CD25, the IL-2 receptor. CD11c (leu-M5), which reacts with 
the a subunit of p150/95, a member of the lymphocyte function-
associated antigen subfamily of integrin molecules, is present on 
virtually all hairy cells, but it is also present on monocytes and 
neutrophils and on the cells of other lymphoid malignancies.6,141 
Several antibodies have been raised against hairy cells, although 
none is entirely specific for this leukemia. B-ly-7 reacts with a 
144-kd antigen (mucosal lymphocyte antigen; CD103) on hairy 
cells and on a small number of normal lymphocytes, which have 
been postulated to be the normal hairy cell counterpart.142 Like 

FIGURE 91.5. Hairy cells from a peripheral blood smear (light microscopy). Cells have 
abundant agranular cytoplasm with multiple cytoplasmic projections. Nucleus is round, oval, or 
reniform with light-staining homogeneous nuclear chromatin (Wright stain, × 1,500).
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B-ly 7, the antibodies HML-1, Ber-ACT8, and LF61 can also rec-
ognize CD103. Two further antibodies, RAB-I and anti-HC2, are 
also relatively specific for hairy cells.6 CD123 (a chain of the IL-3 
receptor) is present in 95% of cases with classical HCL and is only 
rarely detected in other chronic lymphoid malignancies.142,143,144 
Hairy cells are also typically strongly FMC7 positive (an epitope 
of CD20), negative for CD79b (an epitope of B-cell receptor b 
chain), and CD27, CD10, and CD38 are rarely positive.142 In 
summary, the diagnostic immunophenotypic features for HCL 
are monoclonal B-cells that are positive for CD11c, CD25, CD103, 
and CD123.142

These antibodies are primarily used on viable or frozen 
cells, but antibodies have also been developed that can rec-
ognize formalin-resistant hairy cell antigens. One of these is 
DBA.44, which is directed against CD72, strongly stains hairy 
cells fixed in formalin or Bouin solution, and has good sensi-
tivity.143,145 However, DBA.44 is not entirely specific for hairy 
cells and also stains mantle zone lymphocytes and a variety of 
low- and high-grade B-cell lymphomas. The specificity and sen-
sitivity for the diagnosis of HCL by immunohistochemistry can 
be increased when DBA.44 staining is used in conjunction with 
the 9C5 antibody to detect TRAP and an anti-CD20 antibody to 
detect B-cells.139,143

Bone Marrow
More than 99% of patients have marrow infiltration by biopsy, 
although the occasional patient can have isolated involve-
ment of the spleen.3 The pattern of bone marrow involvement 
on biopsy specimens is near to pathognomonic for HCL (Fig. 
91.7).146,147,148 Classically, the infiltration is diffuse and has a 
“honeycomb” appearance with the nucleus of each hairy cell 
surrounded by a halo of cytoplasm. The individual cells have 
been described as resembling a fried egg. This pattern of infil-
tration is quite different from that seen in other chronic lym-
phoproliferative disorders, such as CLL and lymphoplasmacytic 
lymphoma, where the lymphocyte nuclei closely approximate 
each other.146,147,148 In prolymphocytic leukemia, monocytoid 
B-cell lymphoma, marginal zone lymphoma, and large granular 
lymphocytic (LGL) leukemia, in which the malignant lymphocytes 
are about the size of hairy cells with a low nuclear-to-cytoplasmic 
ratio, the infiltrates are similar to those seen in HCL. Bone mar-
row involvement in systemic mast cell disease and even in some 
nonhematologic neoplasms, such as mesenchymal chondrosar-
coma, also may mimic HCL.149 The hairy cells may be more 
easily identified using immunohistochemistry with antibodies to 
CD20 (L26) or DBA.44.

FIGURE 91.6. Hairy cells from the peripheral 
blood (transmission electron microscopy). The 
characteristic and delicate cytoplasmic projections are 
striking. Nucleus is irregular in shape with marginated 
chromatin (× 11,000).
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Silver staining demonstrates diffuse reticulin fibrosis, without 
a collagenous component; this likely explains the usual difficulty 
in obtaining a marrow by aspirate (“dry tap”). Recently, it has 
been demonstrated that this feature is related to the ability of 
hairy cells to synthesize fibronectin.150 In addition, hairy cells 
contain the fibronectin receptor, very late antigen-5, and are 
able to assemble the fibronectin molecule into multimers.150 
In some patients, the bone marrow is not diffusely involved 
by hairy cells; instead, focal (patchy) or interstitial infiltrates 
are seen.146,147,148 The focal areas may be well-circumscribed 
nodules or they may have irregular borders. Extravasation of 
red cells into areas of involvement is often present.147 Islands of 
normal hematopoiesis, particularly erythroid islands, are com-
mon. Increased numbers of plasma cells, lymphocytes, and mast 
cells may also be seen.

The overall marrow cellularity is increased in 55% of patients 
and normal in 38% of patients.6 However, in 7% of cases, the 
cellularity is decreased; this can lead to the erroneous diagno-
sis of aplastic anemia or hypoplastic myelofibrosis.149,151,152 
Patients with hypocellular marrows frequently do not have 
splenomegaly.

Spleen and Liver
The spleen is almost always involved in HCL, and the pattern of 
hairy cell involvement, as with that in the bone marrow, is nearly 
pathognomonic for HCL.124,153,154 The infiltrates are confined to 
the red pulp, and, unlike other lymphoproliferative disorders, the 
white pulp is not expanded and is actually atrophic. Although a 
variable degree of red pulp involvement is seen in association 
with all leukemias, it is not a feature of most lymphomas until 

a leukemic transformation occurs. Blood-filled pseudosinuses 
lined by hairy cells are a characteristic feature, and, despite 
monocytopenia, the number of histiocytes is increased in the 
red pulp. Infiltration of the liver occurs in both portal areas and 
sinuses.131 Pseudosinuses, some resembling hemangiomas, may 
be present.131

diaGnosis
The diagnosis of HCL usually is not difficult.12–4,5,6 Most patients 
have splenomegaly in the absence of peripheral lymphadenopa-
thy, and a variable degree of pancytopenia with severe monocy-
topenia. Typical hairy cells are evident in the peripheral blood on 
a routine smear or on a buffy coat in more than 90% of cases, 
and the suspected hairy cells should be TRAP positive and be 
monoclonal B-cells that are CD11c+, CD103+, and CD25+. The 
marrow aspirate is “dry,” and the bone biopsy should reveal the 
classic pattern of infiltration that may be diffuse, focal, or inter-
stitial with increased reticulin and the cells staining positively 
for annexin A1. When hairy cells cannot be demonstrated in 
the peripheral blood, the bone marrow findings are critical for 
diagnosis. In addition to the typical bone marrow findings, immu-
nophenotypic analysis may be helpful in identifying the leukemic 
cells (Table 91.5). Rarely, the diagnosis is confirmed only after 
splenectomy.

Marker HCL HCL-Variant B-PLL SMZL/SLVL

CD19, CD20 ++ ++ ++ +
CD22 ++ ++ ++ +
Surface Ig + ± ++ +
CD11c +++ +++ + ++
CD25 +++ – + –/+
CD103 +++ ++ — —

CD123 +++ — — —

TRAPa + — — —

Annexin A1b + — — —

DBA.44 (CD72) + — — —

BRAF V600E 
mutation

80–100% 0% 0% 0%

HCL, hairy cell leukemia; B-PLL, B-prolymphocytic leukemia; SLVL, splenic lymphoma with 
villous lymphocytes; SMZL, splenic marginal zone lymphoma.
a Can be detected by cytochemistry or immunohistochemistry. Less frequently used 
nowadays.
b It is the most specific marker to differentiate hairy cells from other lymphoid cells. 
However, it is expressed in myeloid and T-cells and thus not useful to detect residual 
disease.
Data from Swerdlow SH, Campo E, Harris NL, et al. WHO classification of tumours 
of haematopoietic and lymphoid tissues, vol. 2, 4th ed. WHO 2008; Matutes E. 
Immunophenotyping and differential diagnosis of hairy cell leukemia. Hematol/Oncol Clin 
N Am 2006;20:1051–1063. Cook JR. Splenic B-cell lymphomas/leukemias. Surg Path 
2010;3:933–954, and Jones G, Parry-Jones N, Wilkins B, Else M, Catovsky D. Revised 
guidelines for the diagnosis and management of hairy cell leukaemia and hairy cell 
leukaemia variant. Br J Haematol 2011;156:186–195.

Hairy CeLL LeukeMia (HCL): iMMunopHenotypiC profiLe 
anD DiagnostiC Markers

taBLe 91.5

FIGURE 91.7. Bone marrow biopsy (plastic embedded) in hairy cell leukemia. Pattern 
of the infiltration gives a “honeycomb” appearance with the nucleus of each hairy cell sur-
rounded by a halo of cytoplasm. Nuclei are bland and round, oval, or indented (hematoxylin 
and eosin, × 600).
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diFFerential diaGnosis
Disorders to be considered in the differential diagnosis of 
HCL include lymphoid malignancies that present with spleno-
megaly in the absence of lymphadenopathy and are listed in 
Table 91.6.12,131,146 They can usually be easily separated by their 
clinical features, morphology, and immunophenotype (Table 91.5). 
The disorders most likely to be confused with hairy cell leukemia 
are the hairy cell variant, B-cell prolymphocytic leukemia, and 
splenic marginal zone lymphoma (SML)/SLVL.146

The HCL variant makes up 10% to 20% of all HCL cases and 
was originally described as having morphologic features inter-
mediate between hairy cells and prolymphocytes and nowadays 
is classified by the World Health Organization (WHO) as being a 
separate disease from classical HCL.12,155,156 However, there are 
other presentations of the HCL variant, including hybrid forms of 
HCL and prolymphocytic leukemia or CLL, a blastic form of HCL, 
and an HCL multilobular form.155,156,157–161 These patients have 
many of the clinical and laboratory features of typical HCL. The 
HCL variant differs from typical HCL in a number of ways155,156:

(a)  Patients are older with a median age at diagnosis of 71 years.
(b)  The peripheral leukocyte count is higher (often >50 × 109/L).
(c)   The hairy cells have a higher nuclear-to-cytoplasmic ratio 

with more condensed nuclear chromatin and more prominent 
nucleoli than in classic HCL.

(d)   The cells are TRAP-, CD25-, and CD123-, are usually IgVH 
unmutated, frequently use the IgVH4–34 gene, and do not 
have the BRAF (V600E) mutation.

(e)  The monocyte count is normal.
(f)   The marrow can usually be aspirated and there is an intersti-

tial pattern of infiltration in the marrow with variable fibrosis.
(g)   The clinical course is aggressive with a poor response to 

therapy and the median survival is 9 years.

B-cell prolymphocytic leukemia may have a presentation very 
similar to that of HCL, with splenomegaly and minimal or no 
peripheral lymphadenopathy.162 Prolymphocytic leukemia can 
usually be distinguished from HCL in that the nuclear chroma-
tin is more clumped than in hairy cells, the level of peripheral 
lymphocytosis is high, the TRAP stain is negative or only weakly 
positive, and expansion of the white pulp in the spleen is evident. 
Cells can be differentiated from hairy cells by tissue markers.142

In SLVL, previously known as malignant lymphoma simulat-
ing leukemic reticuloendotheliosis163 and now considered to be 
one of the SMZLs,12 the white cell count is usually higher than in 
HCL, being 3 to 38 × 109/L.163,164 Typically, these patients have 

prominent splenomegaly and no lymphadenopathy. The leukemia 
cell is smaller and frequently contains a nucleolus, and the villi 
are shorter, fewer, and more uneven than in a typical hairy cell 
and are frequently concentrated at one end of the cell. A small 
monoclonal band is found in the serum or urine in two thirds 
of patients and patients may develop a Coombs-positive auto-
immune hemolytic anemia.164 Marrow involvement is patchier 
without the “fried-egg” pattern or reticulin fibrosis; in the spleen, 
the white pulp is expanded, and there is a variable degree 
of red pulp expansion without pseudosinus formation.163,164 
Immunophenotyping can also assist in differentiating these cells 
from hairy cells.13 Although these cells have many markers simi-
lar to those of hairy cells, only 25% of cases are CD25+, and these 
do not have the other classic markers for HCL (strong staining for 
CD11c, CD103, and CD123). In marginal zone B-cell lymphoma, 
the pattern of bone marrow infiltration also tends to be patchy or 
focal without reticulin fibrosis, but in the spleen, the infiltration 
is predominantly in the red pulp, such as occurs in HCL.124 In 
nodal marginal zone lymphoma (monocytoid B-cell lymphoma), 
the infiltrates resemble those of HCL, but the clinical presentation 
is different.12,13 These patients usually have peripheral lymphade-
nopathy without splenomegaly and a high incidence of extranodal 
involvement. Bone marrow involvement is less frequent and usu-
ally is paratrabecular; peripheral blood involvement is rare. In 
lymph nodes, the infiltration is interfollicular and sinusoidal, often 
with preservation of some lymph follicles, a finding similar to that 
seen in hairy cell involvement of lymph nodes.

Patients with CLL/small lymphocytic lymphoma (SLL), lym-
phoplasmacytic lymphoma, primary splenic CLL, and mantle 
cell lymphoma can have the same clinical presentation as HCL, 
but the laboratory features are quite different.12,131 The cyto-
logic appearance of the malignant cells on Wright stain and the 
appearance and distribution of the infiltrates in the bone marrow, 
spleen, and lymph nodes distinguish these disorders from HCL. 
In CLL/SLL, the lymphocytes are small with scant cytoplasm and 
clumped nuclear chromatin. The bone marrow usually is diffusely 
involved in CLL, but a focal interstitial pattern may be evident 
early in the course of the disease. In SLL, the bone marrow may 
not be involved early in the course, and the pattern initially is 
more focal. Involved lymph nodes in SLL and CLL show diffuse 
infiltration with small mature lymphocytes that completely efface 
the nodal architecture. The spleen shows not only white pulp 
expansion, but also a variable degree of red pulp expansion. The 
malignant lymphocytes in CLL/SLL are CD5+ in contrast to hairy 
cells, which are CD5−. In the lymphoplasmacytic disorders, par-
ticularly Waldenström macroglobulinemia, splenomegaly, periph-
eral lymphadenopathy, and a variable degree of pancytopenia are 
a more common presentation. As with hairy cells, these malignant 
B-cells are CD5−, but they are CD103− and usually CD11c− and 
CD25−. In addition, the cytologic appearance (plasmacytoid lym-
phocytes) and the frequent presence of a serum IgM monoclonal 
spike distinguish them from HCL. Although mantle cell lymphoma 
is usually associated with generalized lymphadenopathy, spleno-
megaly may be a prominent feature. Again, this lymphoma can be 
differentiated from HCL by the cytologic appearance of the cells, 
immunophenotyping, and the pattern and nature of the infiltra-
tion in lymph nodes, spleen, and bone marrow. The malignant 
cells are small, mature lymphocytes with scant cytoplasm, a 
round or cleft nucleus, and clumped nuclear chromatin. The bone 
marrow may demonstrate diffuse or patchy involvement. Lymph 
nodes are diffusely infiltrated and often show expansion of the 
mantle zone with residual isolated benign-looking germinal cen-
ters. A similar pattern is seen in the expanded white pulp in the 
spleen with a variable degree of red pulp expansion.

Various myeloproliferative disorders present with spleno-
megaly without peripheral lymphadenopathy, but the diagnosis is 
established easily by bone marrow biopsy and the findings on a 
peripheral blood smear.

Splenic marginal zone lymphomas/splenic lymphoma with villous lymphocytes

Hairy cell variant

B-cell prolymphocytic leukemia

Chronic lymphocytic leukemia/small lymphocytic lymphoma

Lymphoplasmacytoid lymphoma, including Waldenström macroglobulinemia

Mantle cell lymphoma

Myeloproliferative disorders

Malignant histiocytosis

Primary lymphoma of spleen

Monocytoid B-cell lymphoma

Large granular lymphocytic leukemia

Systemic mast cell disease

Hairy CeLL LeukeMia: DifferentiaL Diagnosis

taBLe 91.6
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Malignant histiocytosis occasionally is associated with spleno-
megaly as the predominant manifestation.165 The characteristic 
cytologic and cytochemical features of the malignant histiocytes 
and the subsequent course of the disease make the process of dif-
ferential diagnosis easy.

Rarely, a diagnosis cannot be made for a patient with symp-
tomatic splenomegaly short of splenectomy; these patients may 
have primary lymphoma of the spleen166 or, less commonly, pri-
mary splenic HCL.167

LGL leukemia frequently presents with splenomegaly without 
peripheral lymphadenopathy.168 The disease is characterized 
by the presence of cells that are bigger than CLL cells and have 
abundant cytoplasm containing azurophilic granules. LGLs may 
be CD3− NK-cells that mediate nonmajor histocompatibility com-
plex-restricted cytotoxicity, or they are CD3+ cells, that may be 
in vivo activated cytotoxic T-lymphocytes that mediate nonmajor 
histocompatibility complex-restricted cytotoxicity.168 T-LGL leu-
kemia is associated with neutropenia (which may be cyclical), red 
cell aplasia, and rheumatoid arthritis, but is a distinct entity from 
Felty syndrome.168 The usual immunophenotype of T-LGL leuke-
mia is CD3+, CD4−, CD8+, CD16+, CD56−, CD57+, and TCRab+. 
NK-LGL leukemia occurs most frequently in Japan and has an 
acute fulminant course with high fever, hepatosplenomegaly, and 
pancytopenia. However, chronic NK-LGL leukemia can occur with 
clinical features similar to those of T-LGL leukemia.168 These cells 
are usually CD3−, CD4−, CD8−, CD16+, CD56+, and CD57−.

Systemic mast cell disease, in which splenomegaly may be 
a prominent feature, rarely presents a problem in differential 
diagnosis, except for the appearance of the mast cell infiltrates in 
tissue sections that can closely mimic HCL.169

More recently, a condition called hairy B-cell lymphopro-
liferative disorder (HBLD) has been described in five patients 
from Japan.170,171 All patients were middle-aged women who 
presented with clinical and laboratory features consistent with 
the HCL variant and had a polyclonal increase in IgG. However, 
the hairy cells were polyclonal. This condition is thus similar 
to persistent polyclonal B-cell lymphocytosis, a rare and benign 
condition seen typically in middle-aged female smokers with a 
familial tendency.172–174 The lymphocytes are binucleated and 
have abundant cytoplasm. There is a polyclonal increase in IgM 
and a strong association with HLA-DR7.172 However, HBLD dif-
fers from persistent polyclonal B-cell lymphocytosis in that the 
patients in HBLD are not smokers, there is a polyclonal increase 
in IgG in HBLD as opposed to the polyclonal increase in IgM seen 
with persistent polyclonal B-cell lymphocytosis, the cells in HBLD 
are not binucleated, are CD11c+, and there is no association 
with HLA-DR7 in HBLD. The disorder needs to be differentiated 
from the HCL-Japanese variant (HCL-JV) which is similar to the 
HCL variant in having splenomegaly, a high peripheral leukocyte 
count with hairy cells, and does not have the diagnostic markers 
of classical HCL (Table 91.5).156 However, in contrast with the 
HCL variant, the clinical course of HCL-JV is indolent and similar 
to classical HCL.

treatMent
Although splenectomy used to be the standard treatment for 
HCL, therapy for this disease over the past quarter of a century 
has usually involved IFN-a, the nucleoside analogs, and ritux-
imab.136,175,176 Splenectomy and IFN-a may still be used for HCL 
under specific circumstances, but the standard therapy consists of 
the nucleoside analogs pentostatin or cladribine, which produce 
complete and durable remissions in the majority of patients. More 
recently, it has been demonstrated that the monoclonal antibody 
rituximab, which is directed against CD20, and the immunotoxins 
LMB-2 and BL22, which are directed against CD25 and CD22, 
respectively, have significant activity against nucleoside-resistant 

HCL. As discussed, there has also been recent interest in combin-
ing the nucleoside analogs with rituximab. Defining the optimal 
strategy for this combination with respect to schedule of drug 
administration and numbers of doses of the monoclonal antibody 
will require additional investigation.

Splenectomy
Until the mid-1980s, the standard therapy for HCL was splenec-
tomy.5,177,178,179,180 The variable degree of pancytopenia in all 
patients during the course of their disease is partly related to 
splenomegaly.80,81–83 An enlarged spleen may be responsible for 
the development of peripheral cytopenias by one or more of three 
mechanisms: increased sequestration or pooling, increased rate of 
peripheral destruction, or dilution of the cellular elements in the 
peripheral blood by an expanded plasma volume.80,81–83 Other 
clinical manifestations, such as hypermetabolism, weight loss, 
early satiety, and left upper quadrant abdominal discomfort, are 
also caused by splenomegaly. Occasionally, patients may achieve 
a complete remission (CR) with splenectomy, and these patients 
may have a pure “splenic” form of HCL.2 Approximately two thirds 
of patients have a hematologic response to splenectomy; the pro-
cedure may also alleviate early satiety, weight loss, and abdomi-
nal discomfort.5 However, it is unclear whether this procedure 
prolongs survival, because all the studies are retrospective, and, 
because of the obvious clinical benefit of splenectomy, randomized 
prospective trials have not been carried out.5 Early studies, with 
small numbers of patients, demonstrated no overall improvement 
in survival for patients after splenectomy.177,178 However, in a 
large, multicenter retrospective analysis of 391 patients, a highly 
significant survival advantage (P < 0.0001) was demonstrated 
for those patients who underwent splenectomy.179 In the mul-
ticenter analysis, CR, defined as a postsplenectomy hemoglobin 
>11 g/dl, neutrophils >1 × 109/L, and platelets >100 × 109/L, 
was achieved in 40% of patients.179 An increase was noted in 
the hemoglobin in 92%, neutrophils in 84%, and platelets in 92% 
of patients.179 Jansen et al.179 also reported that patients with 
larger spleens responded better than those with smaller spleens, 
but this has been disputed.180 The duration of response after 
splenectomy is variable, but some patients remain asymptomatic 
for years. Approximately one third, however, achieve only a mini-
mal response or relapse within a few months. In an analysis of 
prognostic variables after splenectomy in 194 patients, the most 
important were bone marrow cellularity and the platelet count.181 
Failure-free survival, defined as time from splenectomy to death 
or the need for more therapy, was significantly worse if the post-
operative bone marrow cellularity was ≥85% or the platelet count 
was <60 ×109/L, or both.181

Although splenectomy is now rarely required in HCL, it may be 
of value for patients with splenic rupture, patients with the pure 
“splenic” form of the disease, and patients with splenomegaly 
and profound thrombocytopenia, having megakaryocytes in the 
marrow.5

Interferon-a
IFN-a, both the natural form and the two recombinant forms 
(IFN-a2a and IFN-a2b), is effective in the treatment of HCL,182–

188,189,190,191 and a recent study has provided insight into the 
mechanism for this activity.192 IFN-a has been shown to induce 
apoptosis in nonadherent hairy cells; this is related to an increase 
in the production of TNF by the hairy cells associated with sensi-
tization of the hairy cells to TNF-a.192 The sensitization is due to 
a decrease in the levels of inhibitors of apoptosis (IAPs) by IFN-a. 
It is interesting that IFN-a does not induce apoptosis in hairy cells 
adhering to vitronectin or fibronectin, because IFN-a does not 
affect the IAPs in adherent cells. The receptors for TNF-a are not 
changed by IFN-a. These results may explain why IFN-a can clear 
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hairy cells rapidly from the bloodstream, but not from the tissues, 
in which the leukemic cells presumably are adherent.

A CR was defined as normalization of the peripheral blood 
counts (hemoglobin >120 g/L, platelets >100 × 109/L, and neu-
trophils >1.5 ×109/L) for at least 1 month with no morphologic 
evidence of hairy cells in the marrow or peripheral blood and 
resolution of organomegaly. A partial remission (PR) was defined 
as the normalization of peripheral blood counts and the persis-
tence of >5% hairy cells in the marrow; however, treatment must 
have produced a >50% fall in the hairy cell infiltration in mar-
row. The aggregate results show that the overall response rate 
with IFN-a is ∼80%, with 13% having a CR and 69% having a 
PR.189–191 Responding patients have a reduced incidence of infec-
tions, even if they remain neutropenic.187 The responses occur 
rapidly, regardless of whether the patients have previously had 
a splenectomy, with hairy cells disappearing from the peripheral 
blood within the first week; the platelet counts return to normal 
within 2 months, the hemoglobin level within 4 months, and the 
neutrophil counts within 4 to 6 months.182,187 The percentage of 
hairy cells in the bone marrow decreases, but they rarely disap-
pear completely, and the reticulin fibrosis persists.193,194 Patients 
with CD5+ hairy cells195 and HCL-variant patients149 respond 
poorly to IFN-a.

The optimal dose schedule for IFN-a- in HCL has yet to be 
established. In most series, the dose is 2 to 4 × 106 U/m2 sub-
cutaneously (SC) three to seven times weekly for 12 months. 
Higher doses do not appear to increase the response rate and 
are associated with more toxicity.186,196 In addition, extending 
the treatment beyond 12 months does not improve the response 
rate, and the development of a chronic fatigue syndrome is more 
prevalent and severe.197 Doses 1 log lower (2 × 105 U/m2 three 
times weekly) show activity, but the response is inferior to that 
achieved with higher IFN-a doses.198 However, the relapse rate is 
high (33% to 77%) after the discontinuation of IFN-a, usually 6 to 
31 months after cessation of therapy.188,199 It has been demon-
strated that maintenance low-dose IFN-a (1 × 106 U, three times/
week, or 3 × 106 U, once per week) can prolong remissions with 
minimal toxicity.191,200,201 In one study, patients received either 
no maintenance therapy or 1 × 106 U IFN-a three times/week; 
37 of the 56 patients who did not receive maintenance therapy 
relapsed at a median time of 19 months, whereas none of the 28 
patients receiving maintenance therapy relapsed, with the median 
follow-up time being 30 months.200 When patients relapse after 
IFN-a therapy, a further remission can generally be obtained 
with IFN-a200,201 or the nucleoside analogs.136,175,176 In addition, 
patients who relapse after therapy with the nucleoside analogs 
may respond to IFN-a, confirming the lack of cross-reactivity 
between these agents.202

Neutralizing anti-IFN antibodies appear to develop in one 
third of patients treated with IFN-a2a,203 but this does not occur 
with IFN-a2b.204 The clinical significance of these neutralizing 
antibodies and their role in the induction of resistance to therapy 
are controversial. In 51 patients with HCL treated with INF-a2a, 
31 (61%) developed antibodies after a median of 6 months of 
therapy, and in 16 of these, the antibodies neutralized the anti-
viral activity of recombinant INF-a2a in vitro but had no effect 
on natural IFN-a.203 It is interesting that six of the patients with 
antibodies were clinically resistant to IFN-a, whereas none of 
the patients without antibodies were resistant. However, in a 
follow-up study, no further patients were noted to have developed 
antibodies, and antibodies to IFN could no longer be detected in 
patients who previously had antibodies, although they continued 
to receive IFN-a.205

Virtually all patients experience toxicity with IFN-a therapy, 
and the frequency and severity are dose- and age-related. Flu-like 
symptoms occur in most patients with the initiation of treatment; 
these symptoms can usually be controlled with acetaminophen 
or by reducing the IFN-a dosage, and symptoms usually resolve 

within 2 to 4 weeks. Less common symptoms include: nausea and 
vomiting; diarrhea; central nervous system manifestations, such 
as somnolence and confusion; cardiovascular disorders, includ-
ing hypotension and tachycardia; and skin changes, such as rash 
and pruritus.196 With high doses, leukopenia, thrombocytopenia, 
and anemia may occur, but this is rare with the doses of IFN-a 
used for HCL. A worsening of pre-existing autoimmune disor-
ders, or the emergence of new autoimmune problems, has also 
been reported with IFN-a therapy; this appears to be related to 
the development of multiple autoantibodies.206 In most reports, 
patients developed thyroiditis, autoimmune thrombocytopenia, 
or anemia.207,208 Kampmeier et al.209 reported an increased inci-
dence of second malignancies in HCL patients treated with IFN. 
Of 69 patients treated with IFN-a2b for 12 to 18 months, 13 (19%) 
developed second malignancies; this incidence was substantially 
higher than predicted. Six of the tumors were hematologic, and 
seven were adenocarcinomas. The tumors developed 17 to 105 
months after the initiation of IFN-a. However, these results have 
not been confirmed, and no increase in the incidence of second 
malignancies was observed in 200 HCL patients in another study, 
of whom 147 had been treated with IFN-a.210

Nucleoside analogs
The nucleoside analogs pentostatin (pentostatin; Nipent, SuperGen, 
San Ramon, CA), cladribine (cladribine; Leustatin, Ortho Biotech, 
Raritan, NJ), and fludarabine (F-ara-A AMP; Fludara, Berlex 
Laboratories, Richmond, CA) have significant activity in the 
low-grade lymphoid malignancies (Fig. 91.8).136,175,176 Both 
pentostatin and cladribine have now replaced IFN-a as first-line 
therapy for HCL, and fludarabine is now one of the standard treat-
ments for CLL.

After therapy with pentostatin, deoxyadenosine and adenos-
ine accumulate in the plasma; after uptake into cells, deoxy-
adenosine is phosphorylated to deoxyadenosine monophosphate, 
deoxyadenosine diphosphate, and deoxyadenosine triphosphate 
(dATP); this occurs preferentially in lymphocytes.211 The intra-
cerebral accumulation of deoxyadenosine and adenosine likely 
causes the nausea and vomiting that are a major toxicity of this 
agent.212 Cladribine and F-ara-A are halogenated derivatives of 
deoxyadenosine that are resistant to degradation by adenosine 
deaminase. For clinical use, F-ara-A is administered as the more 
water-soluble monophosphate, F-ara-AMP (fludarabine), which is 
rapidly dephosphorylated in the plasma to F-ara-A.213,214 As with 
deoxyadenosine, cladribine and F-ara-A accumulate in lympho-
cytes as their phosphorylated derivatives and their mechanisms 
of action have been recently reviewed.215–217 These agents can kill 
lymphocytes in three ways (Figs 91.9 and 91.10).215–217 First, the 
triphosphate forms can trigger DNA breaks, which result in the 
release of cytochrome c from the mitochondria; the released cyto-
chrome c interacts with Apaf-1 and dATP, causing the activation 
of caspase 9 and, subsequently, apoptosis. Second, the increased 
levels of triphosphates can enhance the effects of endogenous 
dATP on the apoptosome, inducing apoptosis. Finally, cladribine 
differs from deoxyadenosine and F-ara-A in that it is phosphory-
lated by deoxyguanosine kinase in the mitochondria to cdATP, 
which is directly toxic to the mitochondria.

Pentostatin is highly effective in HCL and produces a 
much higher rate of durable CR than is observed with IFN-a 
(Table 91.7).189 Pentostatin has been administered in a variety of 
different doses and schedules for HCL, but regardless of the mode 
of administration, it produces responses in most patients. Of 960 
patients in nine studies, the CR rate ranged from 44% to 89% 
(median, 76%), and the PR rate varied from 0% to 52% (median, 
16%).189,216,217,218–223,224,225 Patients who relapse after splenec-
tomy or who are resistant to IFN-a also respond to pentostatin, 
with a median CR rate of 42% and a PR rate of 45%.225,226,227 
In two large studies, the response rates to pentostatin were 
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similar in untreated patients and in patients previously treated 
with IFN-a.189,224 Moreover, these studies identified young age, 
initial high hemoglobin, high white cell count, and little or no 
splenomegaly as favorable prognostic features.189,224 The most 
commonly used treatment regimen is pentostatin 4 mg/m2  

intravenously (IV) every second week; the average number of 
treatments to CR is 8 (range, 4 to 15).189,220 The peripheral blood 
lymphocyte count falls rapidly after the initiation of treatment, 
with the hairy cell count decreasing by 50% to 95% in the first 
week.228 Concomitantly, there is a rapid increase in platelets fol-
lowed by recovery of neutrophils and hemoglobin; the median 
time to documented peripheral and marrow CR is 4 months.228 
In contrast to IFN-a, there is resolution of the marrow fibrosis 
after therapy with pentostatin.228,229 Using immunophenotyping 
of peripheral blood or bone marrow, immunohistochemistry of 
the bone biopsy, or gene rearrangement studies, one can detect 
MRD in HCL patients who are in morphologic CR after pento-
statin, suggesting that pentostatin cannot entirely eliminate the 
hairy cell population.229,230 In addition, relapses are observed 
after discontinuation of treatment without evidence of a plateau, 
although the duration of remissions is considerably longer than 
for IFN-a.189,221,231,232,233

Several studies have evaluated the long-term outcome of 
patients treated with pentostatin223,225,232–236 (Table 91.8). The 
longest follow-up is of 188 patients followed for a median of 
14 years with the relapse rates at 5, 10, and 15 years being 
24%, 42%, and 47%, respectively.233 The likelihood of relapse 
depended on response and pre-treatment parameters with the 
longest remission being in those who achieved a CR and had a 
pre-treatment hemoglobin of >100 g/L and platelets >100 × 
109/L, and the worst prognosis was in those who achieved a 
PR and were anemic and/or thrombocytopenic pre-treatment 
(Fig. 91.11).233,234 For patients who remain in CR at 5 years the 
likelihood of remaining in CR by 15 years is 75%. For patients 
requiring another treatment, the likelihood of achieving a CR 
decreased but for those who did achieve a CR the prognosis was 
similar as for those with a first-time CR.233,234

In the Phase III intergroup study, patients were randomized 
to receive pentostatin, 4 mg/m2 IV every 2 weeks, or IFN-a,  
3 × 106 U SC three times per week.189,236 Patients not responding 
to one treatment were switched to the other agent. There were 
241 patients who received pentostatin and were followed for a 
median of 9.3 years; 154 received pentostatin as initial therapy, 
and 87 received pentostatin after failure with IFN-a. For all  

FIGURE 91.8. Structures of nucleoside analogs.

2’-Deoxycoformycin (dCF) 2-Chlorodeoxyadenosine (CdA) F-ara-A

Adenosine Deoxyadenosine

HN

N
N

N

H

HOCH2

OH

OH

O

N

N N

N

NH2

CL

HOCH2

OH

O
HOCH2

OH

O

HO

N

N
N

N

NH2

F

HOCH2

OH OH

O

N

N
N

N

NH2

HOCH2

OH

O

N

N
N

N

NH2

72683_ch091_1929-1950.indd   1941 7/17/13   7:58 AM



1942 Part vii Hematologic Malignancies • SECtiON 4 Lymphoproliferative Disorders

CD4+ and CD8+ cell counts fall to <0.2 × 109/L during  
therapy;229,237,238 after discontinuation of pentostatin, the CD4+ 
counts gradually recover and normalize in 3.0 to 49.5 months 
(median, 14.5 months).229 The CD8+ and B-cells recover at the 
same rate.229,237,238 Associated with the decrease in T-cells 
during therapy is an increase in the incidence of herpetic 
infections, which are easily treated with acyclovir, and there 
is a gradual decrease in the incidence after discontinuation 
of therapy.229,237,238 However, there is no increase in more 
unusual opportunistic infections, either during therapy or dur-
ing long-term follow-up, and there is no evidence of a significant 
increase in second malignancies.233,236 Although neurotoxicity is 
a problem with high doses of pentostatin,240 this is not observed 
with the doses used for HCL.

Cladribine appears to have activity equivalent to that of pen-
tostatin in HCL, and has the advantage of rarely causing nausea 
and vomiting although it appears to be more myelosuppres-
sive.233,234,241–248,249,250,251–253 In initial studies, cladribine was 
administered as 0.1 mg/kg/day by continuous infusion for 7 days, 
because in vitro studies indicated that a prolonged exposure to 
cladribine was required for cytotoxic effect.246 Response rates 
varied, with the CR ranging from 50% to 91% (median, 80%) 
and PR from 0% to 37% (median, 16%).241–247,248,249,250,251–253 

patients, the estimated 5- and 10-year survivals were 90% and 
81%, similar to those predicted for the general population. The 
survival was similar whether patients were treated initially with 
pentostatin or were crossed over to pentostatin after treatment 
with IFN-a (Fig.91.12A). Patients younger than 55 years of age 
did significantly better than patients 55 years of age or older, 
and the 10-year survivals for the two groups were 93% and 68%, 
respectively (Fig. 91.12B). Similarly, in a large multicenter ret-
rospective study from France, the estimated survivals at 5 and 
10 years in 230 evaluable patients treated with pentostatin were 
both 89%.224 In that study, a hemoglobin level <100 g/L, a white 
cell count <2 × 109/L, and lymphadenopathy were associated 
with decreased survival.

Pentostatin is generally well tolerated, although nausea 
and vomiting and lethargy can occur.189,216,217,,218–223,224,225 
Drug-induced neutropenia with fever commonly occurs with 
initiation of treatment and deaths from infection have occurred. 
However, for patients receiving 4 mg/m2 pentostatin every 2 
weeks, infections can be avoided by delaying the treatments if 
the white blood count is <1.5 × 109/L.220 Pentostatin decreases 
the number of T-cells to a greater extent than that of B-cells, 
and CD4+ cells are affected to a greater extent than CD8+cells 
or NK-cells, whereas Ig levels are not affected.229,237–239 The 

FIGURE 91.9. Metabolism of the nucleoside analogs. ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CdA, 2-chlo-
rodeoxyadenosine; d, deoxy; dCF, 2′-deoxycoformycin.
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response rates and survivals were the same for both drugs. In 
a large, long-term study from the Scripps Clinic, 91% of patients 
achieved a CR with cladribine, and these 349 patients were fol-
lowed for a median of 52 months (range, 1 to 134 months).248 
Of these patients, 24% relapsed at a median time of 30 months 
(range, 7 to 85 months). The overall survival at 48 months was 
96%. The same group has evaluated 207 patients followed for at 
least 7 years,249 and 37% relapsed with patients achieving a CR 
relapsing later (median 44 months [8 to 118 months]) than those 
who achieved PR (median 31 months [10 to 108]). Of 60 patients 
who received a second cycle of cladribine, 75% achieved a CR 
and 17% a PR. It is interesting that19 of 358 patients treated at 
Scripps have remained in long-term remission after a single cycle 
of cladribine. The median time from cladribine was 16 years and 
9 had no evidence of MRD, 7 had MRD, and 3 had morphologic 
evidence of HCL.253

A number of patients who were resistant to pentostatin have 
obtained remissions with cladribine, suggesting a possible lack 
of cross-resistance between these agents.224,258 This may be 
related to the additional action of cladribine on the mitochondria 
of the leukemia cells.215,216 Likewise, some patients who have not 
achieved a CR with cladribine have also achieved durable remis-
sions with pentostatin. Therefore, the overall response rates and 
relapse rates are comparable with either purine analog.

Cladribine can be toxic and was implicated as the cause of 
deaths in the National Cancer Institute group C Phase II study in 

As with pentostatin, there was a rapid recovery in blood counts, 
with the platelet count increasing almost immediately, followed 
by an increase in neutrophils and hemoglobin. Some patients 
achieved a CR with normal blood counts, whereas the marrows 
remained hypocellular.254 Technetium 99 m sulfur colloid scans 
have demonstrated increased uptake in the distal appendicular 
skeleton in some of these patients, suggesting abnormal areas 
of hematopoiesis.254 Although hairy cells may not be seen in 
the marrow 3 to 4 months after cladribine treatment, the leu-
kemic cells can still be detected by immunostaining, using the 
monoclonal antibody, DBA.44,255 or by using the (PCR) with 
clonospecific probes for IGH genes.256 When marrows were 
intermittently examined by DBA.44 for 25 months after treat-
ment with cladribine, there was no increase in the number of 
hairy cells in the marrow in most cases, suggesting stabilization 
of residual disease.255 However, others have suggested that the 
presence of residual disease is predictive of relapse.257 Because 
cladribine has not been compared with pentostatin in a random-
ized study, it is unknown whether one of these agents is supe-
rior in terms of toxicities and long-term outcomes (Table 91.8). 
However, in patients achieving a CR morphologically, Tallman et 
al.257 demonstrated with immunohistochemical stains that there 
is evidence of residual disease comparable to that observed after 
pentostatin. Moreover, Else et al.233 have recently carried out 
a retrospective analysis of patients treated either with pento-
statin or cladribine at the Royal Marsden Hospital. The overall 
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Agent AuthorRef (Year) Dose and Schedule
Number of 
Patients CR (%) PR (%)

Interferon-a
Spielberger199 (1994) 2 × 106 U/m2 SC; 3 ×/wk for 12 or 18 mo 69 13 62

Grever189 (1995) 3 × 106 U SC; 3 ×/wk for 12 mo 159 11 27

Rai190 (1995) 2 × 106 U SC; 3 ×/wk for 12 mo 55 24 49

Pentostatin
Spiers219 (1987)a 5 mg/m2 IV daily × 2; repeated every 14 d until CR 27 59 37

Johnston218 (1988) Cycles (4 mg/m2 IV/wk × 3); q8wk until CR + 2 
further cycles

28 89 11

Grever189 (1995) 4 mg/m2 IV q2wk; until CR + 2 to max 12 mo 154 76 3

Maloisel224 (2003) 4 mg/m2 IV q2wk until max response or failure 238 79 17

Else233 (2009) 4 mg/m2 IV q2wk; until CR + 2 188 82 14

Cladribine
Juliusson270 (1995) 3.4 mg/m2 SC daily × 7 d 73 81 14

Saven248 (1998) 0.1 mg/kg/d cont IV × 7 d 349 91 7

Lauria272 (1999) 0.15 mg/kg IV over 2 h weekly × 6 30 73 27

Robak276 (2007) 0.12 mg/kg/d IV over 2 h × 5 d
0.12 mg/kg/wk IV × 6 wk

62
54

76
72

19
19

Else233 (2009) 0.1 mg/kg/d cont IV × 7 d 45 76

cont, continuous; CR, complete remission; IV, intravenous; max, maximum; PR, partial remission; SC, subcutaneously.
a Median number of injections, 12.

response rates WitH Different agents anD treatMent sCHeDuLes for Hairy CeLL LeukeMia

taBLe 91.7

Agent AuthorRef (year)
Number of 
Patients CR (%)

Median Follow-Up 
Months (Range)

Relapse 
after CR (%)

Outcome for  
Patients in CRe

Interferon–a

Grever189 (1995) 159 11 57 (19–82) 70

Pentostatin
Johnston235 (2000) 28 89 125 (61–137) 36 Median time to relapse 49 

mo (15–122 mo)

Flinn236 (2000) 241 76 112 (19–139) 18 RFS 67% at 10 y

Maloisel224 (2003) 238a 79 63.5 (0.39–138.4) 14 DFS 68.8% at 10 y

Else233 (2009) 188 82 71 (6–139) 44 Relapse rate at 15 y, 47%

Cladribine
Saven248(1998) 358b 91 58 (1–134) 24

Jehn251 (2004) 40 102 (1.2–146) 39

Goodman249 (2005) 209c 95 108 (86–172) 34 Median time to relapse 44 
mo (8–118 mo)

Chadha252 (2005) 86d 79 116 (4–165) 31 Median time to relapse 
35 mo

Else233 (2009) 45 76 108 (5–192) 38 Relapse rate at 15 y, 48%

NA, not available.
a Only 230 evaluable for response.
b Only 349 evaluable for response.
c Follow-up of at least 7 years. Only 207 evaluable for response.
d Only 85 evaluable for response.
e RFS, relapse-free survival.

Long-terM foLLoW-up of patients WitH Hairy CeLL LeukeMia

taBLe 91.8
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of this complication occurring increases with the severity of ini-
tial marrow involvement, and it has been suggested that these 
patients should initially be treated with IFN-a.259 Alternatively, to 
reduce the risk of infections, granulocyte colony-stimulating fac-
tor has been administered using 5 mg/kg/day SC on days −3, −2, 
and −1 before a standard 7-day course of cladribine, and then 
after cladribine until the neutrophil count was >2 × 109/L for 

1.1% of 979 patients.247 The major cladribine toxicity is marrow 
suppression; one third to one half of patients developed severe 
neutropenia with infections and often required prolonged blood 
support after therapy. This problem is not prevented by pro-
phylactic antibiotics, and, although an infectious cause for the 
fever is not found in most cases, affected patients may require 
hospitalization for septic workup and antibiotics. The likelihood 

FIGURE 91.11. Relapse-free survival after first-
line purine analog therapy. Patients were sepa-
rated by pre-treatment blood counts and response 
to therapy. Relapse-free survival was longest in 
complete responders (CR) with hemoglobin (Hb) 
>100 g/L and platelet count >100 × 109/L (CR + 
Hb and Plt higher) and shortest in partial respond-
ers with hemoglobin <10 g/dl and/or platelet count 
<100 × 109/L (PR + Hb and/or Plt lower). (From 
Else M, Dearden CE, Mastutes E, et al. Long-term 
follow-up of 233 patients with hairy cell leukaemia, 
treated initially with pentostatin or cladribine, at a 
median of 16 years from diagnosis. Br J Haematol 
2009;145:733–740, with permission.)
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tration for 2′-deoxycoformycin (dCF) therapy, by phase of treatment. B: Overall survival by age of patients treated with dCF. Survival is significantly better for patients 
younger than 55 years of age (p < 0.0001). Figure shows estimated distributions of overall survival (Kaplan-Meier estimates) from date of registration for dCF 
therapy, by age at start of initial therapy. (From Flinn IW, Kopecky KJ, Foucar MK, et al. Long-term follow-up of remission duration, mortality, and second malignancies 
in hairy cell leukemia patients treated with pentostatin. Blood 2000;96:2981–2986, with permission.)
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the cell-surface CD20, an antigen that plays an important role 
in the activation, proliferation, and differentiation of B-cells.279 
This agent has shown significant activity against the low-grade 
lymphomas, which have high surface concentrations of CD20, 
and is believed to exert its antitumor activity by complement-
dependent cytotoxicity, antibody-dependent cell-mediated cyto-
toxicity, or the direct induction of apoptosis.279–281 Using 
rituximab, 375 mg/m2 IV once per week for 4 weeks, response 
rates of 25% to 75% were observed with a variable number of 
CRs.283,284,285,286,287 This variation may be related to the extent 
of prior treatment as the poorest responses were observed 
in heavily pre-treated patients.284 A more prolonged dura-
tion of therapy may improve efficacy, and Nieva et al.284 have 
observed a response rate of 80% with 53% CRs in 15 patients 
with relapsed or refractory HCL using 8 weekly treatments with 
rituximab. Kreitman and Pastan288,289,290 have developed two 
immunotoxins directed against CD25 and CD22, which contain 
the modified light chains of the antibodies bound to a truncated 
form of the Pseudomonas exotoxin. The immunotoxin can kill 
the targeted cells through a variety of ways and the immune 
mechanisms utilized by rituximab are not required. BL22 is 
directed against CD22 and has undergone Phase I and II clinical 
trials, demonstrating a response rate of up to 72% with a CR rate 
of 47% in cladribine relapsed/resistant HCL patients.290 Some of 
these responses can last many years. Patients with small spleens 
were more likely to respond with not statistically significant 
relationship between prior response to cladribine and response 
to BL22. One unusual toxicity with this regimen is a reversible 
form of the hemolytic uremic syndrome, which occurs in about 
10% of patients and appears unrelated to depletion of plasma 
ADADTS13.288,289,290 LMB-2 is a similar structured immuno-
toxin directed against CD25 which has also demonstrated activ-
ity in HCL.288

repeated treatments or Drug Combinations
As patients who achieve a CR appear to have a much longer 
remission than those who achieve a PR, attempts have been made 
to convert PR to a CR. The group at the Royal Marsden Hospital 
have demonstrated in 8 patients who achieved a PR with cladrib-
ine that a second course of treatment at 4 to 7 months led to a CR 
in 6 patients and the relapse-free survival was the same whether 
one or two cycles of therapy was required to achieve the CR.233,234 
An alternate approach has been to administer rituximab follow-
ing chemotherapy to consolidate the remission. Thus, rituximab 
given 3 to 6 months following cladribine can increase the number 
of CRs without additional toxicity.286 More recently, 36 patients (5 
with HCLv) have been treated with a standard dose of cladribine 
followed 1 month later by rituximab 375 mg/m2 IV weekly for 8 
weeks.287 All patients achieved a CR with 79% having a marrow 
clear of MRD; with a median follow-up time of 25 months (1 to 63 
months), only 1 patient with HCLv has relapsed. Rituximab has 
also been co-administered with the nucleoside analogs with toler-
able toxicity and high response rates.288,291,292

Other treatments
Because HCL is now so easily and effectively treated with the 
nucleoside analogs, IFN-a, or the monoclonal antibodies, other 
treatments have become redundant. However, for complete-
ness and interest, they are reviewed briefly. Chlorambucil was 
previously used when the disease progressed after splenec-
tomy.293,294 Although some patients improved, the course in 
others was often worse, with more myelosuppression. The best 
results were reported by Golomb et al.,294 who administered 
chlorambucil, 4 mg orally/day for at least 6 months, to 24 post-
splenectomy patients with progressive disease. A reduction in 
the number of circulating hairy cells and an increase in one or 

2 consecutive days.260 Although granulocyte colony-stimulating 
factor increased the neutrophil count before therapy and reduced 
the severity of neutropenia after cladribine, there was no decrease 
in the number of febrile episodes and the number of hospitaliza-
tions for antibiotics. An identical phenomenon is observed after 
treatment of HCL with pentostatin,218,231 and it has been sug-
gested that the fever is related to tumor lysis and the release of 
cytokines by the tumor.244 It is important to realize that patients 
with active infection were not eligible to participate in the initial 
cladribine trials. Thus, a patient with hairy cell leukemia who 
requires therapy, but has an active infection, presents a challeng-
ing dilemma. In general, it is important to try to treat any infection 
before administering a purine analog and if there is urgency in 
treating the leukemia initial therapy with IFN should be consid-
ered. Alternatively, pentostatin has been administered to patients 
with infection when therapy was essential and the incidence of 
febrile neutropenia may be less following pentostatin than seen 
with cladribine. The intermittent schedule of drug administra-
tion following pentostatin affords an opportunity to titrate the 
drug administration depending upon the neutrophil count. It is 
clear that the optimal management of patients with hairy cell 
leukemia with a concommitant active infection requires further 
investigation.

Cladribine also produces a profound fall in the CD4+ and CD8+ 
cell counts, and although CD8+ cell counts may recover within 3 
months, the CD4+ count may take longer than 3 years to normal-
ize.261,262 Despite this, there have, to date, been no long-term 
problems with opportunistic infections after therapy with cladrib-
ine.239,244 However, infections, sometimes opportunistic, do occur 
in some of these patients, and deaths have been reported.243,263 
More recently, Epstein-Barr virus, associated diffuse large B-cell 
non-Hodgkin’s lymphoma, have been described in two patients 
shortly after completion of cladribine therapy.264,265 Significant 
neurotoxicity has also been observed with cladribine and may 
involve the legs or arms.247 Transfusion-associated graft-versus-
host disease has been observed with multiple cycles of cladribine 
or fludarabine in low-grade lymphomas and CLL,266,267 but, to 
the authors’ knowledge, this has not yet been observed in HCL.

There has been interest in investigating different modes of 
cladribine administration to simplify the treatment and minimize 
toxicity. Liliemark et al.268 demonstrated an identical “area under 
the curve” for drug concentration versus time using the same 
cladribine concentration given by continuous infusion, as a 2-hour 
infusion, or given orally using twice the IV dose. Similar responses 
have been obtained with cladribine in HCL using 0.1 mg/kg IV 
over 2 hours daily × 5269 or 0.1 mg/kg SC daily × 7270,271 and 
when the drug was administered as 0.1 mg/kg/day by continuous 
infusion × 7. Weekly cladribine (e.g., 0.14 to 0.15 mg/kg/week 
IV × 5 to 6 weeks) appears to be as effective as the other sched-
ules.272,273–276 However, although this regimen was initially felt to 
be associated with less marrow suppression and to be safer than 
conventional regimens, recent randomized studies demonstrated 
that the weekly regimen produced an equivalent incidence of 
infections and septic deaths as a standard regimen using 0.12 mg/
kg over 2 hours daily × 5.275,276

Fludarabine has not yet been evaluated extensively in HCL. 
However, complete and partial responses have been observed in 
the few patients treated thus far.277,278

Monoclonal antibodies
Monoclonal antibody therapy is an attractive option for HCL, 
because many patients have significant neutropenia at the time 
of diagnosis and the monoclonal antibodies should theoretically 
not worsen this problem. The chimeric monoclonal antibody 
rituximab (Rituxan; Genentech, Inc., South San Francisco, and 
IDEC Pharmaceuticals, San Diego, CA) contains a human IgG1 
Ig constant region and a murine variable region directed against 
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blood products for the rest of their lives, to prevent graft-
versus-host disease.143

 2. Our recommended approach to therapy is detailed in 
Figure  91.13. The standard therapy for HCL is with one 
of the nucleoside analogs, pentostatin or cladribine, which 
appear to have equal efficacy and produce CRs in the major-
ity of patients. The survival of HCL patients nowadays is no 
different from age- and sex-matched controls. Cladribine 
appears to have similar efficacy as pentostatin and appears 
to have equal efficacy whether administered as 0.1 mg/kg/day 
× 7, by continuous infusion, or as 0.14 mg/kg/day × 5, as a 
2-hour infusion or SC, or on a weekly schedule. Pentostatin 
is generally administered on a biweekly (4 mg/m2 IV) basis. 
Because of the effectiveness of pentostatin and cladribine in 
HCL and the rarity of this disease, it is unlikely that there will 
be any prospective studies to compare the efficacy of these 
two agents and the different treatment regimens.

The major toxicity with the nucleoside analogs is myelosup-
pression and the risk of infections with initiation of treatment. As 
a result the authors prefer using pentostatin every other week or 
weekly cladribine with a blood count just prior to each treatment. 
For safety, the biweekly or weekly treatments are delayed until 
the neutrophil count is back to baseline or better. Both pentostatin 
and cladribine are excreted by the kidneys and the creatinine 
should be measured before each treatment and therapy only 
continued as long as renal function is not impaired. It has been 
suggested that 1.5 l of IV fluid be given with each pentostatin 
treatment.

Myelosuppression is most common in patients with severe 
marrow impairment; in such cases, it might be preferable to use 
IFN-a 3 × 106 units SC three times a week initially to obtain mar-
row clearing before treatment with a nucleoside analog. A mor-
phologic CR can be obtained in ∼75% of patients and a PR in 15% 
of cases, although residual hairy cells can invariably be detected 
by immunostaining, even with a morphologic CR. Remissions are 
prolonged, and most relapsing patients respond to a second cycle 
of therapy. It is unclear whether survival is longer for patients 
who achieve a CR or a PR. However, for patients who remain 
in CR for 5 years, the likelihood remaining in CR by 15 years 
is 75%.233 Response to cladribine and pentostatin is poorer for 
patients with the HCL variant and for those with bulky abdominal 
lymphadenopathy.310 Prognosis for patients treated with pen-
tostatin is worse for those older than 50 to 55 years of age and 
those with a hemoglobin level <100 g/L and white cell counts <2 
× 109/L.224,233,236

Patients should have a marrow test 6 months  after starting 
cladribine or pentostatin and if there is residual disease, addi-
tional therapy with or without rituximab should be considered. 
The goal should be to strive for a CR, but to avoid excessive immu-
nosuppressive and marrow toxicities remembering that long-term 
consequences (e.g., myelodysplasia or opportunistic infections) 
may result from excessive treatment.
 3. IFN-a (3 × 106 U SC three times/week for 12 months) pro-

duces a lower response rate than the nucleoside analogs (8% 
CR and 74% PR), and relapses occur after discontinuation of 
the drug. However, IFN-a may be useful initially in patients 
with an active infection or severe neutropenia.

 4. Initial studies with the monoclonal antibodies against CD20, 
CD22, and CD25 suggest that these agents may be useful 
for the treatment of patients refractory to the nucleoside 
analogs, for patients with poor marrow reserve, and for 
patients with the HCL variant. Preliminary studies have also 
shown that concomitant or sequential therapy using ritux-
imab with a nucleoside analog is highly effective therapy, 
and probably should be considered as initial therapy for the 
HCL variant.

 5. Two thirds of patients benefit from splenectomy, but a CR is 
rare. Splenectomy is required for patients who have a splenic 

more of the normal peripheral blood cellular elements occurred 
in most patients. Six deaths occurred, and time to response 
was 6 months or longer. Other chemotherapeutic agents, either 
alone or in combination, have demonstrated some benefit, but 
the toxic effects were often severe.295,296 These agents included 
doxorubicin;297 rubidazone;298 combinations of rubidazone, 
cytarabine, and cyclophosphamide; or cytarabine and cyclo-
phosphamide.299 PRs also have been reported with andro-
gens,300,301 as well as with a combination of lithium carbonate 
and immunotherapy with Calmette-Guérin bacillus.302 A tran-
sient increase in neutrophils can be obtained with granulocyte 
colony-stimulating factor and may be a useful adjunct to more 
definitive therapy.260,303 Steroids are ineffective and increase 
the risk of infection.4

Bone Marrow Transplantation
One case of successful bone marrow transplantation from an iden-
tical twin has been reported.304

Leukapheresis
Clinical and hematologic improvements, lasting as long as  
26 months, have been reported by using leukapheresis to reduce 
the number of hairy cells in the peripheral blood.305,306 However, 
others have found the responses less predictable and more 
 transient.307

Radiation Therapy
Low-dose radiotherapy to the spleen can produce transient clini-
cal and hematologic improvements, but the response is slow and 
unpredictable.308 However, radiation therapy can be effective for 
the treatment of massive retroperitoneal lymphadenopathy and 
lytic bone lesions.309

treatment of hairy Cell Leukemia Variant
In contrast to classical HCL, the HCL variant is notoriously dif-
ficult to treat. Splenectomy has been reported to produce partial 
responses in approximately half the patients with improvements 
in the blood counts.155,156,157 Although response to the nucleo-
side analogs is generally poor, it is reasonable to treat these 
patients with a rituximab–nucleoside analog combination or to 
refer the patient for a clinical trial with a novel agent.143,156,287–

288,289,290,291,292

suMMary

 1. Asymptomatic patients with HCL may not require treatment; 
however, it is generally recommended to start therapy, when 
the hemoglobin is <120 g/L, platelets <100 × 109/L or neu-
trophils <1 × 109/L or if there is evidence of disease progres-
sion.143,175 Patients with active HCL are at risk of infection 
related to neutropenia, monocytopenia, and lymphocyte dys-
function, and this will resolve after a remission is obtained. 
Persistent lymphopenia and lymphocyte dysfunction may 
persist for many months following the use of a purine nucleo-
side analog. Concommitant use of rituximab may further 
deplete the lymphocytes. Although the value of prophylactic 
antibiotics in otherwise healthy patients is unclear, patients 
with prior infections may require prophylaxis for herpetic 
infections and Pneumocystis jirovecii until the lymphocytes 
are ≥1 × 109/L.143,176 In addition, it has been recommended 
by the British Guidelines that HCL patients who have been 
treated with a nucleoside analog should receive irradiated 
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a 7.4% incidence of second malignancies in 350 HCL patients 
after a mean follow-up of 7.1 years, and this incidence was not 
significantly greater than expected and was not influenced by 
treatment with IFN-a or the nucleoside analogs. Others have 
made similar observations.224,236 In a large multicenter prospec-
tive crossover study with pentostatin and IFN-a and a median 
follow-up of 112 months, there was no increase in the number 
of second malignancies as compared with that of the control 
population.236 However, a large Surveillance, Epidemiology and 
End Results (SEER) population study of 3,104 HCL patients col-
lected between 1973 and 2002 has demonstrated an increased 
incidence of Hodgkin lymphoma, non-Hodgkin lymphomas, and 
thyroid cancer in HCL, but the overall increase in cancer rates 
was small with the probability of a second cancer being 31.9% 
at 25 years.316

ProGnosis
Before the availability of IFN-a and the nucleoside analogs, the 
median survival of HCL patients was 4.6 years for nonsplenec-
tomized patients and 6.9 years for splenectomized patients.2 
However, the prognosis has improved markedly with present 
therapies, and the predicted 5- and 10-year survival rates for 
patients treated with the nucleoside analogs are now similar to 
those of the general population.233,234,236 However, long-term 
follow-up is required to determine the relapse rate, the percentage 
of patients who become resistant to the nucleoside analogs and, 
subsequently, the monoclonal antibodies, and whether there will 
be long-term complications from these treatments.

rupture and may be of value for patients with pure “splenic” 
HCL, as well as for patients who have severe thrombocytope-
nia with increased numbers of megakaryocytes in the marrow.

seCond MaliGnanCies
There has been controversy as to whether patients with HCL 
have an increased incidence of malignancies and whether this 
may be related to therapy.210,224,236,247,248,311–314,315,316 Several 
studies have demonstrated an increased incidence of second 
tumors in HCL, and the incidence appears to be highest in the 
first 2 years after diagnosis. However, the increase may occur 
before the diagnosis of HCL, or concurrently, suggesting that 
these patients have an inherent tendency to develop second 
malignancies.210,311,312 Kampmeier et al.312 demonstrated that 
19% of 69 patients observed for a median of 91 months after 
treatment with IFN-a developed a second malignancy, and the 
authors suggested that the increased incidence was related 
to the more prolonged survival of these immunocompromised 
patients rather than an effect of the IFN-a. However, it has been 
observed that the incidence of second malignancies is lower 
when patients are treated with pentostatin or cladribine than 
with IFN-a, suggesting that the second malignancies may be 
directly related to active HCL.313 In 379 patients treated with 
cladribine, 22% developed a second malignancy (primarily solid 
tumors), a rate 2.03-fold higher than expected.249 Those patients 
who had had a malignancy before the diagnosis of HCL had a 
3.7-fold increased risk of developing a second cancer compared 
with those who did not.249 However, Kurzrock et al.314 observed 

•
•

Follow Clinic Course/Decision to Treat
•
•
•

Symptoms of bone marrow failure (anemia, infection)
Splenomegaly with symptoms
Decline in peripheral blood counts

Complete Response > 1 Year
Consider retreatment with initial
therapy or combination purine
analog with monoclonal antibody

Complete Response < 1 Year
Same as failure to respond

Initial Treatment with Purine
Nucleoside Analog

Confirm Complete
Response*

YES

Follow Patient Until Relapse Confirm correct diagnosis
Treat with alternative purine analog with
or without monoclonal antibody, or refer
for immunotoxin conjugate therapy

NO

Establish Diagnosis
Peripheral blood smear/bone marrow
Immunophenotypic profile by flow cytometry

•
•

FIGURE 91.13. Recommended treatment schema for 
hairy cell leukemia (HCL). *Confirmation of a complete 
response: If patient is participating in a clinical trial, con-
sider using flow cytometry or immunohistochemical stains 
on bone marrow to document minimal residual disease. It 
is difficult to require these added studies for patients being 
treated from a clinical protocol. (From Grever MR. How I 
treat hairy cell leukemia. Blood 2010;115:21–28, with 
permission.)

72683_ch091_1929-1950.indd   1948 7/17/13   7:58 AM



H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

 ChaPtEr 91 Hairy Cell Leukemia 1949

 63. Slupsky JR, Kamiguti AS, Harris RJ, Cawley JC, Zuzel M. Central role of pro-
tein kinase Cε in constitute activation of ERK1/2 and Rac 1 in malignant cells 
in hairy cell leukemia. Am J Path 2007;170:745–754.

 64. Zhang X, Machii T, Itaru M et al. Constitutively activated Rho guanosine 
triphosphatases regulate the growth and morphology of hairy cell leukemia 
cells. Intern J Hematol 2003;77:263–273.

 65. Schmid M, Porzsolt F. Autocrine and paracrine regulation of neoplastic cell 
growth in hairy cell leukemia. Leuk Lymphoma 1995;17:401–410.

 66. Schmid M, Schrezenmeier H, Staib G, et al. Evidence for a paracrine pathway 
of B-cell stimulation in hairy cell leukemia. Br J Haematol 1995;90:156–162.

 71. Richards JM, Mick R, Latta JM, et al. Serum soluble interleukin-2 receptor is 
associated with clinical and pathologic disease status in hairy cell leukemia. 
Blood 1990;76:1941–1945.

 72. Lauria F, Rondelli D, Raspadori D, et al. Serum soluble interleukin-2 recep-
tor levels in hairy cell leukemia: correlation with clinical and hematological 
parameters and with a-interferon treatment. Leuk Lymph 1992;7:103–107.

 81. Aziz KA, Till KJ, Chen H, et al. The role of autocrine FGF-2 in the distinctive 
bone marrow fibrosis of hairy-cell leukemia (HCL). Blood 2003;102:1051–1056.

 82. Shehata M, Schwarzmeier JD, Hilgarth M, Hubmann R, Duechler M, 
Gisslinger H. TGF-beta1 induces bone marrow reticulin fibrosis in hairy cell 
leukemia. J Clin Invest 2004;113:676–685.

 83. Hoffman MA. Clinical presentations and complications of hairy cell leukemia. 
Hematol Oncol Clin N Am 2006;20:1065–1073.

 96. Damaj G, Kuhnowski F, Marolleau JP, Bauters F, Leleu X, Yakoub-Agha I. Risk 
factors for severe infection in patients with hairy cell leukemia: a long-term 
study of 73 patients. Eur J Haematol 2009;83:246–250.

 108. Spaenij-Dekkiing EHA, Van der Meijden ED, Falkenburg JHF, Kluin-Nelemans 
JC. Clonally expanded T cells in hairy cell leukemia patients are not leukemia 
specific. Leukemia 2004;18:176–178.

 111. Dorsey JK, Penick GD. The association of hairy cell leukemia with unusual 
immunologic disorders. Arch Intern Med 1982;142:902–903.

 112. Westbrook CA, Golde DW. Autoimmune disease in hairy-cell leukaemia: clini-
cal syndromes and treatment. Br J Haematol 1985;61:349–356.

 131. Cook JR. Splenic B-cell lymphomas/leukemias. Surg Path 2010;3:933–954.
 140. Falini B, Tiacci E and Liso A, et al. Simple diagnostic assay for hairy cell 

leukaemia by immunocytochemical detection of annexin A1 (ANXA1). Lancet 
2004;363(9424):1869–1870.

 141. Stetler-Stevenson M, Tembhare PR. Diagnosis of hairy cell leukemia by flow 
cytometry. Leuk Lymph 2011;52(S2):11–13.

 142. Matutes E. Immunotyping and differential diagnosis of hairy cell leukemia. 
Hematol Oncol Clin North Am 2006;20:1051–1063.

 143. Jones, Parry-Jones N, Wilkins B, Else M, Catovsky D. Revised guidelines for 
the diagnosis and management of hairy cell leukaemia and hairy cell leukae-
mia variant. Br J Haematol 2011;156:186–195.

 144. del Guidice I, Matutes E, Morilla R, et al. The diagnostic value of CD123 
in B-cell disorders with hairy or villous lymphocytes. Haematologica 
2004;89:303–308.

 145. Hounieu H, Chittal SM, al Saati T, et al. Hairy cell leukemia. Diagnosis of 
bone marrow involvement in paraffin-embedded sections with monoclonal 
antibody DBA.44. Am J Clin Pathol 1992;98:26–33.

 147. Bartl R, Frisch B, Hill W, et al. Bone marrow histology in hairy cell leukemia. 
Identification of subtypes and their prognostic significance. Am J Clin Pathol 
1983;79:531–545.

 148. Katayama I. Bone marrow in hairy cell leukemia. Hematol Oncol Clin North 
Am 1988;2:585–602.

 150. Burthem J, Cawley JC. The bone marrow fibrosis of hairy-cell leukemia is 
caused by the synthesis and assembly of a fibronectin matrix by the hairy 
cells. Blood 1994;83:497–504.

 151. Lee WM, Beckstead JH. Hairy cell leukemia with bone marrow hypoplasia. 
Cancer 1982;50:2207–2210.

 155. Matutes E, Wotherspoon A, Brito-Babapulle V, et al. The natural history 
and clinico-pathological features of the variant form of hairy cell leukemia. 
Leukemia 2001;15:184–193.

 156. Robak, T. Hairy-cell leukemia variant: recent view on diagnosis, biology and 
treatment. Cancer Treat Rev 2010;37:3–10.

 175. Grever MR. How I treat hairy cell leukemia. Blood 2010;115:21–28.
 176. Naik RR, Saven A. My treatment approach to hairy cell leukemia. Mayo Clin 

Proc 2012;87:67–76.
 179. Jansen J, Hermans J. Splenectomy in hairy cell leukemia: a retrospective 

multicenter analysis. Cancer 1981;47:2066–2076.
 189. Grever M, Kopecky K, Foucar MK, et al. Randomized comparison of pento-

statin versus interferon alfa-2a in previously untreated patients with hairy 
cell leukemia: an intergroup study. J Clin Oncol 1995;13:974–982

 190. Rai KR, Davey F, Peterson S, et al. Recombinant alpha-2b-interferon in 
therapy of previously untreated hairy cell leukemia: long term results of study 
by cancer and leukemia group B. Leukemia 1995;9:1116–1120.

 191. Benz R, Siciliano RD, Studdi G, Fehr J. Long-term follow-up of interferon-
alpha induction and low-dose maintenance therapy in hairy cell leukemia. 
Eur J Haematol 2009;82:194–200.

 202. Seymour JF, Estey EH, Keating MJ, Kurzrock R. Response to interferon-
alpha in patients with hairy cell leukemia relapsing after treatment with 
2- chlorodeoxyadenosine. Leukemia 1995;9:929–932.

 215. Genini D, Adachi S, Chao Q, et al. Deoxyadenosine analogs induce pro-
grammed cell death in chronic lymphocytic leukemia cells by damaging the 
DNA and by directly affecting the mitochondria. Blood 2000;96:3537–3543.

 216. Genini D, Budihardjo I, Plunkett W, et al. Nucleotide requirements for the in 
vitro activation of the apoptosis protein-activating factor-1–mediated caspase 
pathway. J Biol Chem 2000;275:29–34.

SeLeCteD refereNCeS
The full reference list for this chapter can be found in the online version.

 1. Bouroncle BA, Wiseman BK, Doan CA. Leukemic reticuloendotheliosis. Blood 
1958;13:609–630.

 5. Bouroncle BA. Thirty-five years in the progress of hairy cell leukemia. Leuk 
Lymph 1994;14(Suppl 1):1–12.

 6. Frassoldati A, Lamparelli T, Federico M, et al. Hairy cell leukemia: a clinical 
review based on 725 cases of the Italian Cooperative Group (ICGHCL). Leuk 
Lymph 1994;13:307–316.

 7. Ruiz-Arguelles GJ, Cantu-Rodriguez O, Gomez-Almaguer S, et al. Hairy cell 
leukemia is infrequent in Mexico and has a geographic distribution. Am J 
Hematol 1996;52:316–318.

 9. Clavel J, Mandereau L, Cordier S, et al. Hairy cell leukaemia, occupation, and 
smoking. Br J Haematol 1995;9:154–161.

 10. Nordstrom M, Hardell L, Magnuson A, et al. Occupational exposures, animal 
exposure and smoking as risk factors for hairy cell leukaemia evaluated in a 
case-control study. Br J Cancer 1998;77:2048–2052.

 12. Swerdlow SH, Campo E, Harris NL, et al. WHO classification of tumours of 
haematopoietic and lymphoid tissues. 4th Ed. Lyon, France: IARC Press, 
2008;188–193.

 13. Matutes E, Morilla R, Owusu-Ankomah K, et al. The immunophenotype 
of hairy cell leukemia (HCL). Proposal for a scoring system to distinguish 
HCL from B-cell disorders with hairy or villous lymphocytes. Leuke Lymph 
1994;14:57–61.

 14. Robbins BA, Ellison DJ, Spinosa JC, et al. Diagnostic application of two-color 
flow cytometry in 161 cases of hairy cell leukemia. Blood 1993;82:1277–1287.

 15. Forconi F, Sahota SS, Raspadori D, et al. Hairy cell leukemia: at the cross road 
of somatic mutation and isotype switch. Blood 2004;104:3312–3317, 3338.

 16. Forconi F, Sozzi E, Rossi D, et al. Selective influences in the expressed immu-
noglobulin heavy and light chain gene repertoire in hairy cell leukemia. 
Haematologica 2008;93:697–705.

 17. Forconi F, Sozzi E, Cencini E, et al. Hairy cell leukemias with unmutated IGHV 
genes define the minor subset refractory to single-agent cladribine and with 
more aggressive behaviour. Blood 2009;114:4696–4702.

 18. Arons E, Suntum T, Stetler-Stevenson M, Kreitman RJ. VH4–34+ hairy cell 
leukemia, a new variant with poor prognosis despite standard therapy. Blood 
2009;114:4687–4695.

 19. Sozzi E, Amato T, Sahota SS, et al. Lack of allelic exclusion by secondary rear-
rangements of tumour B-cell receptor light chains in hairy cell leukaemia. 
Hematol Oncol 2011;29:31–37.

 20. Arons E, Roth L, Sapolsky J, Suntum T, Stetler-Stevenson M, Kreitman RJ. 
Evidence of canonical somatic hypermutation in hairy cell leukemia. Blood 
2011:117:4844–4851.

 21. Xi L, Arons E, Navarro W, et al. Both variant and IGHV4–34-expressing hairy 
cell leukemia lack the BRAF V600E mutation. Blood 2012;119:3330–3332.

 24. Basso K, Liso A and Tiacci E, et al. Gene expression profiling of hairy cell 
leukemia reveals a phenotype related to memory B cells with altered expres-
sion of chemokine and adhesion receptors. J Exp Med 2004;199:59–68.

 25. Naeim F. Hairy cell leukemia: characteristics of the neoplastic cells. Hum 
Pathol 1988;19:375–388.

 37. Tiacci E, Liso A, Piris M, Falini B. Evolving concepts in the pathogenesis of 
hairy-cell leukaemia. Nat Rev 2006;6:437–448.

 38. Cawley JC, Hawkins SF. The biology of hairy-cell leukaemia. Curr Opin 
Hematol 2010;17:341–349.

 39. Forconi F. Hairy cell leukaemia: biological and clinical overview from immu-
nogenetic insights. Haematol Oncol 2011;29:55–66.

 40. Weston-Bell N, Townsend M, Di Genova G, Forconi F, Sahota SS. Defining ori-
gins of malignant B cells: a new circulating normal human IgM(+)D(+) B-cell 
subset lacking CD27 expression and displaying somatically mutated IGHV 
genes as a relevant memory population. Leukemia 2009;23:2075–2080.

 41. Forconi F, Sahota SS, Raspadori D, et al. Tumor cells of hairy cell leukemia 
express multiple clonally related immunoglobulin isotypes via RNA splicing. 
Blood 2001;98:1174–1181.

 49. Forconi F, Poretti G, Kwee I, et al. High density genome-wide DNA profiling 
reveals a remarkably stable profile in hairy cell leukaemia. Br J Haematol 
2008;141:622–630.

 50. Hockley, SL, Morgan GJ, Leone PE, et al. High-resolution genomic profiling 
in hairy cell leukemia-variant compared with typical hairy cell leukemia. 
Leukemia 2011;25:1189–1220.

 52. Dierlamm J, Stefanova M, Woldarska I, et al. Chromosomal gains and losses 
are uncommon in hairy cell leukemia: a study based on comparative genomic 
hybridization and interphase fluorescence in situ hybridization. Cancer Genet 
Cytogenet 2001;128:164–167.

 58. Tiacci E, Trifonov V, Schiavoni G, et al. BRAF mutations in hairy-cell leuke-
mia. N Engl J Med 2011;364:2305–2315.

 59. Arcaini L, Zibellini S, Boveri E, et al. The BRAF V600E mutation in hairy cell 
leukemia and other mature B-cell neoplasms. Blood 2012;119:188–191.

 60. Boyd EM, Bench AJ, van’t Veer MB, et al. High resolution melting analysis 
for detection of BRAF exon 15 mutations in hairy cell leukaemia and other 
lymphoid malignancies. Br J Haematol 2011;155:609–612.

 61. Schnittger S, Bacher U, Haferlach T, et al. Development and validation of a 
real-time quantification assay to detect and monitor BRAFV600E mutations 
in hairy cell leukemia. Blood 2012;119:3151–3154.

 62. Tiacci E, Schiavoni G, Forconi F, et al. Simple genetic diagnosis of hairy 
cell leukemia by sensitive detection of the BRAF-V600E mutation. Blood 
2012;119:192–195.

72683_ch091_1929-1950.indd   1949 7/17/13   7:58 AM



1950 Part vii Hematologic Malignancies • SECtiON 4 Lymphoproliferative Disorders

 268. Liliemark J, Albertioni F, Hassan M, et al. On the bioavailability of oral and 
subcutaneous 2-chloro-2-deoxyadenosine in humans: alternative routes of 
administration. J Clin Oncol 1992;10:1514–1518.

 269. Robak T, Blasinska-Morawiec M, Krykowski E, et al. 2-Chlorodeoxyadenosine 
(Cladribine) in 2-hour versus 24-hour intravenous infusion in the treatment 
of patients with hairy cell leukemia. Leuk Lymph 1996;22:107–111.

 270. Juliusson G, Heldal D, Hippe E, et al. Subcutaneous injections of 2-chlorodeoxy-
adenosine for symptomatic hairy cell leukemia. J Clin Oncol 1995;13:989–995.

 273. Chacko J, Murphy C, Duggan C, et al. Weekly intermittent 2-CdA is less toxic 
and equally efficacious when compared to continuous infusion in hairy cell 
leukaemia. Br J Haematol 1999;105:1145–1146.

 274. Zinzani PL, Tani M, Marchi E, et al. Long-term follow-up of front-line treat-
ment of hairy cell leukemia with 2-chlorodeoxyadenosine. Hematologica 
2004;89:309–313.

 275. Zenhausern R, Hsu Schmitz S-F, Solenthaler M, et al. Randomized trial of 
daily versus weekly administration of 2-chlorodeoxyadenosine in patients 
with hairy cell leukemia: a multicenter phase III trial (SAKK 32/98). Leuk 
Lymph 2009;50:1501–1511.

 276. Robak T, Jamroziak K, Gora-Tybor J, et al. Cladribine in a weekly versus daily 
schedule for untreated active hairy cell leukemia: final report from the Polish 
Adult Leukemia Group (PALG) of a prospective, randomized, multicenter trial. 
Blood 2007;109:3672–3675.

 284. Nieva J, Bethel K, Saven A. Phase 2 study of rituximab in the treatment of 
cladribine-failed patients with hairy cell leukemia. Blood 2003;102:810–813.

 286. Cervetti G, Galimberti S, Andreazzoli F, et al. Rituximab as treatment for mini-
mal residual disease in hairy cell leukaemia. Haematology 2004;73:412–417.

 287. Ravandi F, O’Brien S, Jorgensen J, et al. Phase 2 study of cladribine followed 
by rituximab in patients with hairy cell leukemia. Blood 2011;118:3818–3823.

 288. Kreitman RJ, Arons E, Stetler-Stevenson M, Fitzgerald DJ, Willson WH, Pastan 
I. Recombinant immunotoxins and other therapies for relapsed/refractory 
hairy cell leukemia. Leuk Lymph 2011;52(Suppl 2):82–86.

 289. Kreitman RJ, Pastan I. Antibody fusion proteins: anti-CD22 recombinant 
immunotoxin moxetumomab pasudotox. Clin Cancer Res 2011;17:6398–6405.

 291. Else M, Dearden CE, Matutes E, et al. Rituximab with pentostatin or cladrib-
ine: an effective combination treatment for hairy cell leukemia after disease 
recurrence. Leuk Lymph 2011;52(S2):75–78.

 292. Gerrie AS, Zypchen LN, Connors JN. Fludarabine and rituximab for relapsed 
or refractory hairy cell leukemia. Blood 2012;119:1988–1991.

 310. Mercieca J, Matutes E, Emmett E, et al. 2-chlorodeoxyadenosine in the treat-
ment of hairy cell leukaemia: differences in response in patients with and 
without abdominal lymphadenopathy. Br J Haematol 1996;93:409–411.

 315. Federico M, Zinzani PL, Frassoldati A, et al. Risk of second cancer in patients 
with hairy cell leukemia: long-term follow-up. J Clin Oncol 2002;20:638–646.

 316. Hisada M, Chen BE, Jaffe ES, Travis LB. Second cancer incidence and 
cause-specific mortality among 3,104 patients with hairy cell leukemia: a 
population-based study. J Natl Cancer Inst 2007;99:215–222.

 217. Johnston JB. Mechanism of action of pentostatin and cladribine in hairy cell 
leukemia. Leuk Lymph 2011;52(S2):43–45.

 224. Maloisel F, Benboubker L, Gardembas M, et al. Long-term outcome with 
pentostatin treatment in hairy cell leukemia patients. A French retrospective 
study of 238 patients. Leukemia 2003;17:45–51.

 225. Seymour JF, Talpaz M, Kurzrock R. Response duration and recovery of CD4+ 
lymphocytes following deoxycoformycin in interferon-a resistant hairy cell 
leukemia: 7 year follow-up. Leukemia 1997;11:42–47.

 230. Matutes E, Meeus P, McLennan K, et al. The significance of minimal residual 
disease in hairy cell leukemia patients treated with deoxycoformycin: a long 
term follow-up study. Br J Haematol 1997;98:375–383.

 232. Zinzani PL, Pellegrini C, Stefoni V, et al. Hairy cell leukemia. Evaluation of the 
long-term outcome in 121 patients. Cancer 2010;116:4788–4792.

 233. Else M, Dearden CE, Mastutes E, et al. Long-term follow-up of 233 
patients with hairy cell leukaemia, treated initially with pentostatin 
or cladribine, at a median of 16 years from diagnosis. Br J Haematol 
2009;145:733–740.

 234. Dearden CE, Else M, Catovsky D. Long-term results for  pentostatin and 
cladribine treatment of hairy cell leukemia. Leuk Lymph 2011;52(S2): 
21–24.

 235. Johnston JB, Eisenhauer E, Wainman N, et al. Long-term outcome following 
treatment of hairy cell leukemia with pentostatin (Nipent): a national cancer 
institute of Canada study. Semin Oncol 2000;27:32–36.

 236. Flinn IW, Kopecky KJ, Foucar MK, et al. Long-term follow-up of remission 
duration, mortality, and second malignancies in hairy cell leukemia patients 
treated with pentostatin. Blood 2000;96:2981–2986.

 249. Goodman GR, Burian C, Kaziol JA, et al. Extended follow-up of patients 
with hairy cell leukemia after treatment with cladribine. J Clin Oncol 
2003;21:891–896.

 251. Jehn U, Bartl R, Dietzfelbinger H, et al. An update: 12-year follow-up of patients 
with hairy cell leukemia following treatment with 2- chlorodeoxyadenosine. 
Leukemia 2004;18:1476–1481.

 252. Chadha P, Rademaker AW, Mendiratta P, et al. Treatment of hairy  
cell leukemia with 2-chlorodeoxyadenosine (2-CdA): long-term  
follow-up of the Northwestern University experience. Blood 2005;106: 
241–246.

 253. Sigal DS, Sharpe R, Burian C, Saven A. Very long-term eradication of minimal 
residual disease in patients with hairy cell leukemia after a single course of 
cladribine. Blood 2010;115:1893–1896.

 265. Bhargava R, Barbashina V, Filippa DA, et al. Epstein-Barr virus positive large 
B-cell lymphoma arising in a patient previously treated with cladribine for 
hairy cell leukemia. Leuk Lymph 2004;45:1043–1048.

 266. Zulian GB, Roux E, Tiercy JM, et al. Transfusion-associated graft-versus-
host disease in a patient treated with cladribine (2-chlorodeoxyadenosine): 
 demonstration of exogenous DNA in various tissue extracts by PCR analysis. 
Br J Haematol 1995;89:83–89.

72683_ch091_1929-1950.indd   1950 7/17/13   7:58 AM



1951

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

Cutaneous t-Cell lyMpHoMa: MyCosis Fungoides 
and sézary syndroMe
John a. zic, Jeff p. zwerner, laura y. Mcgirt, Claudio a. Mosse, John p. greer

C h a p t e r  9 2

Cutaneous lymphomas are a heterogeneous group of non-Hodgkin 
lymphomas (NHLs) of T- and B-cell origin in which the skin is the 
primary organ of involvement. Primary cutaneous lymphomas 
usually present without signs of extracutaneous malignancy at 
onset of symptoms; they represent an entity distinct from nodal 
lymphomas with secondary cutaneous involvement. In 1975, 
Lutzner, Edelson, and associates introduced the term cutaneous 
T-cell lymphoma (CTCL) to describe the spectrum of skin-based 
lymphomas of T-cell origin including classical mycosis fungoides  
(MF) and Sézary syndrome (SS).1,2 This chapter is a review of the 
history, epidemiology, clinicopathologic features, and therapy of 
these lymphomas.

HistoriCal perspeCtive and 
patHopHysiology

Clinical Description
The first clinical description of MF was provided in 1806 by 
Alibert, a French physician, who identified a 56-year-old man pre-
senting with skin tumors resembling mushrooms after having had 
a desquamating rash over several months; the lesions waxed and 
waned for 5 years before the patient died with a “hectic” fever.3 In 
1832 Alibert first used the term mycosis fungoïde in his treatise on 
diseases of the skin to describe the mushroomlike tumors.4 Bazin 
described the three “classical” cutaneous stages in 1870: (a) the 
premycotic stage, which can be localized or diffuse with superfi-
cial eczematous or erythematous lesions; (b) the infiltrative plaque 
stage; and (c) the tumor stage.5 The mycosis d’emblée variant, in 
which tumors develop rapidly without a preceding premycotic or 
plaque stage, was described by Vidal and Brocq in 1885.6 In the 
early 1890s, Besnier and Hallopeau described the erythrodermic 
variant, which later became known as Sézary syndrome.7,8

histopathology
By the end of the 19th century, most authorities agreed that the 
small round cells infiltrating the epidermis and forming tumors 
were lymphoid in origin.9 Although the French authorities con-
sidered the disease lymphadenomatous in nature, the German, 
English, and American authorities were divided between sarco-
matous and granulomatous (infectious) etiologies.9,10

The unique appearance of the cells involved in CTCL was 
identified in 1938 by Sézary and Bouvrain, who reported a triad 
of erythroderma, leukemia with circulating mononuclear cells 
that had convoluted nuclei, and adenopathy infiltrated with the 
same cells.11 SS was recognized in the English literature by sev-
eral groups in the 1950s, but it was not described in the United 
States medical literature until Taswell and Winkelmann at the 
Mayo Clinic in 1961.12 In 1968, Lutzner and Jordan extended 
the light microscopic description of the Sézary cell by using elec-
tron microscopy to visualize the “serpentine” or cerebriform cell 
nucleus.13

Immunology
The 1970s witnessed the introduction of cellular immunology into 
the study of hematopoietic neoplasms, and in 1971 Crossen et al. 

confirmed the lymphocyte origin of SS.14 In 1973, Broome et al.15 
and Brouet et al.16 identified the neoplastic cell as a T-cell, and 
Broder et al. demonstrated in 1976 that the cells are usually of the 
helper phenotype (CD4+).17

Studies performed in the early 1990s further characterized 
the circulating malignant T-cells in patients with SS as “memory” 
helper T-cells because of the expression of CD45RO+.18 In 1992, 
Vowels et al. detected a cytokine profile similar to that produced 
by murine Th2 cells from both stimulated peripheral blood 
mononuclear cells (PBMCs) and serum from patients with SS.19 
Further studies identified a Th2 cytokine profile (interleukin 
[IL]-4, IL-5, IL-6, IL-10) to be present in the skin of patients with 
MF and SS.20–22 Increased levels of IL-4 and IL-5 produced by 
the malignant T-cell clone may account for the eosinophilia and 
increased levels of IgE and IgA in the serum of patients with 
advanced CTCL.23 More recently, the Th17-associated proinflam-
matory cytokine, IL-17, has also been found to be up-regulated 
in MF skin lesions and appears to be activated through the Jak/
Stat pathway.24

Immunologic studies have addressed the pathogenesis of MF 
and SS by examining the complex interactions among malignant 
cerebriform T-cells, keratinocytes, Langerhans cells, and other 
immunomodulating cells.24 Lymphocytes (malignant and inflam-
matory) that home to cutaneous sites differ from lymphocytes in 
noncutaneous infiltrates by expressing the cutaneous lymphocyte-
associated antigen (CLA), which binds to the endothelial cell 
adhesion molecule E-selectin (ELAM-1), which is preferentially 
induced on cutaneous venules.25 Both circulating and skin-based 
malignant T-cells from patients with MF have been shown to 
express CLA, which may explain how the cells preferentially home 
into the skin (Fig. 92.1).25,26 In addition, CLA+ T cells selectively 
express CC chemokine receptor 4 (CCR4) and CCR10, whose 
ligands CCL17 (TARC) and CCL27 (CTAK) are generated by the 
lesional keratinocytes and also on the luminal surface of post-
capillary venules in the skin.25–28 Narducci et al. discovered that 
SS cells express a functionally active CXCR4 and that the ligand 
SDF-1 is abundantly produced in the skin, which represents the 
main destination of SS cell spreading.29 SDF-1 is normally inacti-
vated by proteolytic cleavage by the CD26/dipeptidylpeptidase IV 
(DPPIV). The lack of CD26 from the cell surface is a hallmark of 
circulating SS cells. Additionally, it has been found that fibroblasts 
from lesional CTCL produce increased levels of the chemokine 
eotaxin, which is also expressed at increasingly higher levels as 
the disease advances.30 The only receptor for eotaxin is CCR3, 
which is found on Th2 lymphocytes and eosinophils, and may 
further explain why we see an increase of Th2 polarity as CTCL 
progresses.30 Another recent report suggests that low herpes 
virus entry mediator (HVEM) expression on dermal fibroblasts in 
advanced CTCL skin attenuates expression of Th1 chemokines, 
which may contribute to a shift to a Th2-dominant microenviron-
ment as disease progresses.31

Within the skin, the specific epidermotropism of the malig-
nant T-cell is partially explained by the discovery of increased 
expression of intercellular adhesion molecule-1 (ICAM-1 or 
CD54) by epidermal keratinocytes in early MF lesions. The 
binding of ICAM-1 to LFA-1 (lymphocyte function-associated 
protein or CD18) expressed by lymphocytes may explain the 
histologic finding of atypical lymphocytes nesting within the 
epidermis.32 Some authorities speculate that the expression of 
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ICAM-1 by keratinocytes is induced by the release of interferon-g 
(IFN- g) from infiltrating CD8+ T-cells or natural killer (NK) cells 
responding to the malignant T-cell population within the dermis 
(Fig.  92.2).23 Adhesion molecules other than ICAM-1/LFA-1 
have been implicated in the phenomenon of epidermotropism 
and include E-cadherins, CD58/CD2, B7/CD28, CD49a (VLA-1), 
CD49c (VLA-3), and CD49f (VLA-6).28 Soluble chemotactic factors 
may also play a role in the epidermotropism of MF. The expres-
sion of the CXC chemokine IP-10 (IFN-g–inducible protein-10), 
which is chemotactic for CD4+ lymphocytes, has been shown to 
be markedly increased by basal and suprabasal keratinocytes in 
MF lesions.33 Several studies suggest that in early MF, epidermal 
Langerhans cells convert to hyperstimulatory antigen-presenting 
cells (CD1a+, CD1b+, CD36+) with a high expression of Class II 
MHC molecules and adhesion molecules capable of activating 
tumor-infiltrating lymphocytes.23

More advanced lesions of MF, characterized clinically as 
tumors or generalized erythroderma, often demonstrate a loss 
of epidermotropism, with malignant T-cells infiltrating the deep 
dermis.28 In 1989, Nickoloff et al. found markedly diminished 
ICAM-1 expression by keratinocytes in a patient with SS,34 
and similar findings in tumor-stage patients were reported by 

Vejlsgaard et al..35 Rook et al.36 have suggested that unknown 
mechanisms lead to an evasion of the host immune response, with 
subsequent expansion of the malignant clonal population and 
increased production of IL-4. Increased levels of IL-4 could inhibit 
the production of IFN-g, leading to decreased ICAM-1 expres-
sion by keratinocytes and thus reduced binding of malignant 
T-cells within the epidermal compartment (Fig. 92.3).36 In addi-
tion, CXCR3, a T-cell chemokine receptor, has been shown to be 
expressed by lymphocytes in early-stage MF but absent in cases of 
transformed MF, when epidermotropism is often absent.37 Others 
have suggested that the expression of CCR7 by some peripheral 
blood Sézary cells may enhance their ability to home into lymph 
nodes.38 Indeed, a recent study revealed a disparate chemokine 
receptor expression profile in leukemic CTCL cells as compared 
to CTCL cells isolated from lesional skin. The leukemic cells had 
strong expression of CCR7, L-selectin, and CCR4, whereas the 
cells from CTCL skin expressed CCR4 and CLA.39 The results 
of these investigators suggest that SS is a malignancy of central 
memory T-cells and MF is a malignancy of skin-resident effector 
memory T-cells.39

As the disease progresses, cell-mediated immunity, critical 
for tumor cell recognition and destruction, is slowly dismantled. 
IL-4 and IL-10 secreted by the malignant T-cell may inhibit 
Th1 cells responsible for coordinating cell-mediated immune 
functions.23,40,41 Also, the inhibition of IL-12 secretion from 
macrophages may diminish the cytokine’s stimulatory effect on 
CD8-cytotoxic T-cells.23 With Th1 cells, CD8-cytotoxic T-cells, 
macrophages, and NK cells partially disabled, the malignant clone 
can escape immune surveillance and proliferate.40,41

Molecular Genetics
Clonality in T-cell lymphoma was difficult to establish before the 
development of molecular genotyping methods in the 1980s. 
Initial evidence of clonality in MF/SS was provided by cytogenetic 
analysis.42,43 Several of these early studies demonstrated the 
same abnormal clone in separate lesions from skin, peripheral 
blood, lymph nodes, and bone marrow.42,43

The identification of a defined cytogenetic abnormality would 
be a major advance in the diagnosis and our understanding 
of the pathogenesis of MF/SS. Unfortunately, to date, no such 
abnormality has been identified consistently in MF, with most 
reported findings being largely of a random nature.44,45 Some of 
the specific chromosomal deletions and amplifications that have 
been identified in CTCL include 8q gains, 10q and 17p deletions, 

FIGURE 92.1. Membrane proteins of the malignant T-cell. The cutaneous lymphoid anti-
gen (CLA) is a membrane protein expressed by a vast majority of T-cells found in inflamed skin 
including (CTCL). LFA-1 is a b2 integrin expressed by all mature white blood cells.

FIGURE 92.2. Early (CTCL): mechanisms of epidermotropism. The release of interferon 
(IFN) g by early, reactive CD8 cytotoxic T-cells or natural killer (NK)-cells leads to increased 
keratinocyte expression of intercellular adhesion molecule-1 (ICAM-1) and release of the CXC 
chemokine IP-10, which binds to the CXCR3 receptor, and may lead to nesting of CTCL cells 
within the epidermis.

FIGURE 92.3. Late cutaneous T-cell lymphoma (CTCL): loss of epidermotropism. As the 
clonal population of CTCL cells expands, more IL-4) is released which drives autocrine-induced 
proliferation of the CTCL cells and inhibition of CD8 cytotoxic T-cells and natural killer (NK)-cells. 
The impaired release of interferon (IFN) g may lead to less ICAM-1) expression and decreased 
keratinocyte-CTCL cell adhesion. MF, mycosis fungoides.
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and 17q gains (isochromosome 17).46–50 Abnormalities in chro-
mosome 10 have been correlated with progression to tumor stage, 
including loss of heterozygosity on 10q and microsatellite instabil-
ity.51 Salgado et al. demonstrated through comparative genomic 
hybridization oligonucleotide array that in tumor-stage MF, loss 
of 9p21.3 (encodes CDKN2A and CDKN2B) and 10q26qter, and 
gain of 8q.24.21 were associated with decreased survival.52 
Additionally, p16INK4a, a protein coded at the 9p21 locus, has 
been shown to be silenced in tumor-stage MF.53 Microsatellite 
instability was detected in 16 of 56 patients with CTCL that may 
be a consequence of hMLH1 promoter hypermethylation and may 
prevent transcription in a subset of patients.54 van Doorn and col-
leagues reported that the malignant T-cells of patients with CTCL 
display widespread promoter hypermethylation associated with 
inactivation of several tumor-suppressor genes involved in DNA 
repair (MGMT, MLH1), cell-cycle (CHFR), and apoptosis signal-
ing pathways.55 Recently, comparative transcriptome analysis 
was performed on tissue from patients with early-stage MF and 
benign dermatoses that identified increased expression of the 
TOX protein in MF. TOX is strongly expressed in thymic tissue but 
is normally silenced in mature CD4+ T-cells.56 It may prove to be 
useful as an immunohistochemical diagnostic marker.

Overexpression of the tumor-suppressor gene TP53 has been 
detected in some cases of high-grade CTCL such as cutaneous 
anaplastic large-cell lymphoma (ALCL), but rarely in low-grade 
CTCL.57 Infrequent FAS mutations, but no BAX or TP53 muta-
tions, were discovered in a study of 44 patients with early MF.57 
Aberrant expression of the BCL-2 gene, which normally codes for 
an inner mitochondrial membrane protein, can suppress apopto-
sis, an important pathogenic mechanism in lymphomas. Although 
Dummer and colleagues detected BCL-2 expression in 22 of  
26 MF cases; it was also present in 5 of 6 cases of benign inflam-
matory dermatoses.58 A cDNA microarray study of 29 cases of MF 
and 11 cases of inflammatory dermatoses revealed a signature of 
27 genes implicated in the tumorigenesis of MF, including tumor 
necrosis factor receptor–dependent apoptosis regulators, STAT4, 
CD40L, and other oncogenes and apoptosis inhibitors.59 Loss of 
SHP-1 tyrosine phosphatase expression appears to correlate with 
the advanced stages of CTCL.60 The epigenetic silencing of SHP-1 
is induced by an activated phosphorylated (p)-STAT3 transcrip-
tion factor in cooperation with DNA methyltransferase 1, the 
key member of the epigenetic gene silencing machinery.60 JUNB 
amplification leads to enhanced Th2 cell function, a hallmark of 
the malignant T-cell in CTCL. Mao and colleagues reported the 
amplification and overexpression of JUNB in tissue from patients 
with CTCL.61 Recently, mutations involving the RAS pathway have 
been identified in a minority of CTCL.62

The small, single-strand, noncoding RNAs, known as microR-
NAs (miRNAs), have been found to be differentially expressed in 
MF/CTCL.63,64 A CTCL miRNA signature (miR-155, miR-203, and 
miR-205) has been identified in a recent study and is capable of 
distinguishing between CTCL and benign inflammatory derma-
toses with 95% accuracy.64 It has also been demonstrated that 
there is a loss of miR-223 and miR-342 in SS versus normal CD4+ 
T-cells and that the reduced miR-342 leads to inhibition of apop-
tosis in CTCL cells.65

In 1985 Aisenberg et al. and Weiss et al. independently 
described Southern blot analysis techniques using probes for the 
b chain of the T-cell receptor (TCR) to establish clonality in T-cell 
lymphoproliferative disorders.66,67 Because earlier cytogenetic 
studies suggested that CTCL arises from a single malignant clone 
of mature T-cells,42 the presence of TCR b-chain rearrangement 
in pathologically suspicious tissue has been considered strong evi-
dence for the diagnosis of CTCL.68 However, in early lesions of MF 
(patch stage), when the number of infiltrating malignant T-cells is 
minimal, the Southern blot technique fails to detect clonal T-cell 
populations consistently. Other limitations of the Southern blot 
technique include its necessity for large amounts of preserved 

DNA, as well as its extensive time and labor requirement.69 
Therefore, the detection sensitivity of Southern blotting of DNA 
derived from skin biopsy specimens of early lesions is too low 
and may fail as a diagnostic test when the clinical and histologic 
diagnosis is most difficult.70

More sensitive techniques involving polymerase chain reac-
tion (PCR) have been developed to evaluate clonality in CTCL and 
related skin diseases and are now considered the methods of 
choice.71,72 The PCR is an in vitro imitation of the enzymatic DNA 
repair and replication that takes place in all proliferating cells, 
but it amplifies short specific lengths of DNA of the order of 109 to 
1012 and therefore permits the use of very small amounts of start-
ing DNA. Although the vast majority of CTCL express the a/b TCR 
heterodimer, most labs using the PCR technique take advantage of 
the fact that all a/b TCR-positive T-cells also contain at least one 
rearranged allele of the TCR g-chain gene.73 The g gene contains 
a very limited number of clinically significant V segments (8) and 
C regions (2), making it possible to use specific primers for all 
known TCR g V segments.74 It is estimated that this PCR-based 
technique in combination with high-resolution nondenaturing 
polyacrylamide gel electrophoresis is 10 to 50 times more sensi-
tive than conventional Southern blot analysis in the detection of 
small T-cell clones.72 Several studies have shown a sensitivity of 
90% to 95% using the PCR technique, indicating that up to 10% 
of cases of CTCL may show no TCR rearrangement even with this 
sensitive technique.71,75,76 Given that some TCR b rearrange-
ments may be missed with conventional TCR g primers, there are 
those who recommend use of both TCR g and TCR b primers.77 It 
is important to note that clonality does not indicate malignancy, as 
suggested by one study in which 25% of tissue from patients with 
lichen planus, a benign dermatosis, were found to have TCR gene 
rearrangements using the PCR technique.75

In the late 1990s, a European consortium of 45 laboratories 
(BIOMED-2 Concerted Action BMH4-CT98-3936) was initiated 
with the aim to establish a highly reliable standard in PCR-
based clonality testing, for B-cell as well as for T-cell malignan-
cies.78 Because of the higher speed, efficiency, and sensitivity 
of the BIOMED-2 multiplex PCR protocol, it can reliably replace 
Southern blot analysis in clonality diagnostics in routine labora-
tory settings.79 Expertise with clonality diagnostics and knowl-
edge about the biology of TCR gene recombination are essential 
for correct interpretation of TCR clonality data.78 Patel and 
colleagues recently showed that combining TCR-g primers with 
TCR-b primers significantly improved the sensitivity of TCR gene 
analysis, to 94%.80 Yang et al. used the strategy of multiple PCR/
heteroduplex analysis for TCR-g gene rearrangement combined 
with a laser-capture microdissection proteinase K approach to 
increase the detection rate of clonal TCR-g gene rearrangement 
in early MF cases.81 This approach could provide strong evidence 
to confirm the diagnosis of early MF when the diagnosis can be 
most challenging.

epideMiology
The incidence of the primary CTCLs has risen dramatically and 
consistently since 1973.82 Based on data from the Surveillance, 
Epidemiology, and End Results (SEER) Program of nine cancer 
registries, the incidence of CTCL in the United States increased 
from 2.8 to 6.3 to 9.6 cases per 1 million population in the periods 
1973 to 1977, 1988 to 1992, and 1998 to 2002, respectively.82 
During the period 1973 to 2002, the overall annual age-adjusted 
incidence of CTCL for the original nine SEER registries was  
6.4 per million persons, representing 4% of all reported NHLs.82 
Bradford et al. reported an age-adjusted CTCL incidence of 7.7 
per million persons from 2004 to 2005.83 Because the number of 
patients with early-stage MF often is not reported to tumor reg-
istries, the actual incidence may be higher. In one study, missed 
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cases were estimated to constitute 17% of MF.84 Thus, using the 
most recent incidence rate, the incidence of new cases of CTCL 
in the United States in the first decade of the 21st century is 
almost 3,000 cases per year. The incidence of MF increases with 
advancing age, and the median age is usually between 60 and 70 
years, with an incidence rate of 24.6 per million for persons 70 to  
79 years of age and a peak around 80 years of age.82,83 It is 
rare in patients <30 years of age. However, in the 1990s there 
emerged several reports of children and adolescents affected with 
MF and SS.85–87 One study found that 4% to 5% of patients with 
MF had onset of their eruption before 20 years of age,87 whereas 
the more recent epidemiologic study by Criscione and Weinstock 
showed only 1% of cases of CTCL to be in the <20 years age 
group.82 A study from the International Childhood Registry of 
Cutaneous Lymphoma found the mean age of onset and diagnosis 
of pediatric cutaneous lymphoma to be 7.5 years (±3.8 years) and 
9.9 years (±3.4 years), respectively.88

Blacks are more likely to develop MF compared to whites, 
9.0 to 10.0 versus 6.1 to 8.1 per million incidence rates, with 
the greatest racial differences seen among the younger patient 
populations.82,83 Both Asian/Pacific Islanders and Hispanic whites 
have an incidence rate of 5.1 per million.83 Men are significantly 
more likely to develop CTCL than women, with an age-adjusted 
incidence rate almost twice that of women.82,83 The epidemiologic 
study by Criscione and Weinstock found the incidence rates of 
CTCL to be correlated with high physician density, high family 
income, high percentage of population with a bachelor’s degree 
or higher, and high home values, suggesting that increased detec-
tion of CTCL may play a role in the increased incidence rates since 
1973.82

The etiology of MF/SS remains unknown, but genetic, environ-
mental, and infectious agents have been implicated as possible 
factors in triggering lymphocyte activation and/or lymphocyte 
transformation.89,90 A recent study found that not only did the 
antioxidative effects of wine consumption fail to protect against 
the development of MF, but patients who consume >24 g of alco-
hol per day demonstrated a higher incidence of MF than matched 
controls (adjusted odds ratio 3.02, 95% confidence interval 1.34 
to 6.79).91 Also significant was that the alcohol effect remained 
constant regardless of beverage type.

Rare familial clusters of CTCL cases have been reported,92 and 
an increased incidence has been noted in patients with certain 
histocompatibility antigens.93,94 A rare case of transformed CTCL 
developing in a husband and wife suggested a common environ-
mental or infectious exposure in the etiology of their disease.95 
Early reports implicated an increased risk of developing CTCL 
in people employed in a manufacturing occupation, particularly 
those related to petrochemicals, textiles, or metals, or in farming, 
with exposure to pesticides or herbicides.96 However, two case-
control studies have failed to confirm these observations.97,98 
Results of other studies have suggested that patients with MF have 
increased contact allergies, but Whittemore et al. were unable to 
substantiate the association in a case-control clinical study.98

Human retroviruses have been suggested as possible etiologic 
agents in CTCL. HTLV-I was described initially in a CTCL patient 
who had an aggressive clinical course; however, this disease 
was later identified as adult T-cell leukemia/lymphoma (ATL), 
which is endemic to Japan, the Caribbean, and other areas of 
the world but  can have cutaneous lesions similar to CTCL (see 
ATL in Chapter 88).99 Serologic findings for HTLV-I/II in patients 
with CTCL are negative in the vast majority of patients.100–102 In 
support of the association of HTLV-I/II and MF, virus particles 
indistinguishable from HTLV-I have been identified using electron 
microscopy on immortalized MF cells,103 and combined PCR/
Southern blot analyses have demonstrated HTLV pol, tax, and/
or rex sequences in PBMC lysate extracts and lesional skin from 
patients with MF/SS.100,104–106 Further support of a potential 
HTLV-1/CTCL association was suggested after inoculation of 

immunosuppressed rats with PBMC extracts from patients with 
MF/SS. A novel anti-HTLV-I antibody was detected in the serum 
of 29% of the animals, whereas PBMC from healthy controls 
did not elicit an anti-HTLV-1 antibody response. These findings 
lend further support to the role of HTLV-1 as being at least a 
co-factor in the pathogenesis of CTCL.107 Based on these studies, 
some authors contend that the strongest evidence of an etiologic/
pathogenic factor for CTCL relates to the presence of a defective 
or variant HTLV-I virus.70,104 Other authorities,101,102,108,109 how-
ever, disagree, citing seven series that found no proviral HTLV-I 
sequences in 332 CTCL patients101,110–115 and four studies that 
detected the proviral sequences in 10% of 176 patients.116–119 
Future development of advanced molecular techniques should 
eliminate the difficulty of establishing with certainty the pres-
ence or absence of HTLV-I proviral sequences in patients with 
CTCL.108,120 More recently, there have been studies evaluating 
the presence of HHV-8 and the Merkel cell polyoma virus, but 
neither of these infectious agents has been significantly identi-
fied.121,122 A separate group evaluated MF skin samples for the 
presence of multiple infectious agents (HTLV, Epstein-Barr virus, 
and Borrelia burgdorferi) and found that 21/83 MF samples had 
two or more infectious agents identified as compared to 1/83 
healthy controls.123

CliniCal presentation
 MF usually evolves over a long period, so patients often have a 
long premycotic or pre-malignant phase with eczematous skin 
eruptions between 4 and 10 years before a histologic diagnosis 
is established.70 The differential diagnosis during this period 
includes chronic eczematous, atopic or contact dermatitis, which 
may evolve slowly into eruptions clinically suggestive of parapso-
riasis en plaque, poikiloderma atrophicans vasculare, or other 
benign papulosquamous skin diseases.124 Failure of the lesions 
to respond to standard topical therapy may be an early clue of a 
different diagnosis. However, initial lesions occasionally appear to 
improve following topical steroid application, which masks early 
recognition of the underlying malignancy.125 Because of the dif-
ficulty in diagnosis in the premycotic phase of MF, careful follow-
up with serial skin biopsies is warranted in patients with suspect 
lesions (see section “Diagnostic Evaluation”).

The earliest diagnostic phase of MF is the patch phase, char-
acterized by persistent scaly macules and patches that vary in 
size, shape, and color, tend to involve sun-protected sites, and are 
occasionally associated with pruritus (Fig. 92.4A).5,124,126 Early 
MF patches and plaques, unlike other eczematous eruptions, are 
usually asymptomatic. Other, less common early skin findings 
in MF include poikiloderma,127 hypopigmentation,128 hyper-
pigmentation (Fig. 92.4B), alopecia, pruritus alone,129–131 and 
porokeratosis-like lesions.132 Recently, several cases of “invisible 
MF” were described. Afflicted patients presented only with persis-
tent, generalized pruritus and no clinical eruption.129–131 Random 
biopsies of “normal” skin confirmed the diagnosis of MF.

Plaques are sharply demarcated, scaly, elevated lesions that 
may have annular, arcuate, or serpiginous borders (Fig. 92.4C). 
Plaques with thick scale can mimic psoriasis or nummular 
eczema, whereas annular lesions with central clearing may be 
confused with tinea corporis.124 Ultraviolet radiation occasionally 
induces regression of patches and plaques, further delaying cor-
rect diagnosis. Prominent involvement of the palms and/or soles 
may result in hyperkeratosis, fissuring, or frank keratoderma 
(Fig. 92.4D).133

The tumor phase is heralded by the onset of dome-shaped, 
deep red to violaceous nodules emerging in areas of uninvolved 
skin or in pre-existing plaques.124 The tumors may ulcer-
ate and become secondarily infected (Fig. 92.4E), and there 
is a predilection for the body folds and face, where dermal 
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thickening, coalescing plaques, and tumors may result in char-
acteristic “leonine facies” (Fig. 92.4F). The tumor stage is more 
clinically aggressive than the patch and plaque stages, and may 
be associated with histologic transformation to a large cell pro-
cess with a vertical growth phase (see section “Histopathology 
and Prognosis”).124 Rarely, patients with MF will present initially 
with tumors without the preceding patch and plaque phases (the 
MF d’emblée variant).6,134 It is very common for more advanced 

patients to have patches, plaques, and/or tumors present simulta-
neously on different areas of their skin.70

Generalized erythroderma may develop as the initial present-
ing sign of MF/SS or may accompany plaques and tumors.70 In 
SS, the leukemic variant of CTCL, erythroderma, and circulat-
ing tumor cells (Sézary cells) in the peripheral blood may be 
accompanied by generalized lymphadenopathy, splenomegaly, 
keratoderma, vitiligo-like hypopigmented patches,135 alopecia, 

FIGURE 92.4. The cutaneous phases of mycosis fungoides. A: Early patch-stage lesions in a sun-protected region. B: Hyperpigmented diffuse patches on 
the back of a dark-skinned patient. C: Scattered thin and thick plaques on the back. D: Early keratoderma of the sole. E: Ulcerated tumor within a plaque on the 
posterior leg. F: Coalescing nodules and tumors with dermal thickening forming “leonine facies” in this patient with transformed cutaneous T-cell lymphoma (CTCL). 
See text for full description.
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ectropion, nail dystrophy, and ankle edema.136 Intense pruritus 
and cutaneous pain are common in SS, and when the palms and 
soles are affected with scaling and fissuring, walking and manual 
dexterity become difficult.136

ClassiFiCation oF Cutaneous 
t-Cell lyMpHoMas
The term cutaneous T-cell lymphoma or CTCL is a general term 
that encompasses a variety of diseases, including MF and SS. In 
addition, there are other cutaneous T-cell lymphoproliferative 
disorders that appear to be specific entities with unique clini-
cal, histologic, and prognostic features. In an effort to recognize 
the separate disease processes, a new classification of primary 
cutaneous lymphomas was formulated jointly by the World Health 
Organization (WHO) and the European Organisation for Research 
and Treatment of Cancer (EORTC) in 2005 (Table 92.1).137 The 

most recent WHO classification of tumors of hematopoietic and 
lymphoid tissues presented in 2008 essentially mirrors, with a few 
exceptions, the 2005 WHO-EORTC classification scheme.138,139 
MF is the most common subtype, accounting for almost 50% of all 
CTCL, and this term should be used only for patients with the clas-
sic presentation of patches and plaques with slow progression as 
described by Alibert and Bazin.137 The WHO-EORTC classification 
recognizes three variants of MF and the T-cell lymphoproliferative 
disorder lymphomatoid papulosis (LyP) as a distinct subtype of 
CTCL for the first time. The following sections focus on the histo-
pathology and immunopathology of MF, SS, and the other types of 
primary CTCLs.

diagnostiC evaluation

tissue handling
Skin biopsies for diagnosis of MF/SS must be properly handled 
to maximize the diagnostic information obtained. These studies 
include routine histology, immunophenotyping, and molecular 
genotyping. Communication between the clinical staff, dermatolo-
gists, and pathologists is essential to ensure that the appropriate 
types of biopsies are done and are properly handled. In general, 
6-mm punch biopsies are recommended. Multiple biopsies from 
different skin lesions may be necessary to establish a definitive 
diagnosis of MF/SS, particularly in early-patch–stage lesions. 
Topical steroids may blunt many of the histologic features of MF/
SS and should be discontinued for 2 to 3 weeks prior to biopsy. 
A careful drug history should be taken prior to biopsy, because 
certain drug eruptions can closely mimic early MF, particularly 
phenytoin and other anticonvulsants.140 Although advancements 
in immunohistochemical protocols and molecular diagnostics 
allow most studies to be performed on formalin-fixed tissue, 
optimally skin biopsies for possible CTCL should be sent to the 
pathology or dermatopathology lab fresh, on saline-soaked gauze 
or in tissue culture media such as RPMI. These biopsies can then 
be divided for the various diagnostic studies. Punch biopsies can 
be divided into halves, one half for routine histology and the other 
half for immunophenotyping and/or molecular diagnostic studies. 
Sections for routine histology should be fixed in a good nuclear 
fixative such as B5 to facilitate evaluation of nuclear morphology 
and recognition of characteristic cerebriform cells. If it is a large 
biopsy of a cutaneous tumor or a lymph node biopsy, it may pro-
vide adequate tissue to prepare cell suspensions for immunophe-
notyping by flow cytometry and for cytogenetic studies. The tissue 
for immunophenotyping by flow cytometry should be promptly 
delivered to the appropriate laboratory in cell culture media. 
Tissue for molecular studies should be snap-frozen in liquid nitro-
gen and stored at –70°C. For leukemic infiltrates, cytochemical 
stains can be performed on air-dried touch imprints from freshly 
cut surfaces. A small sliver of the biopsy can be shaved off and 
fixed in glutaraldehyde for electron microscopy if needed. Lymph 
nodes should be worked up as previously described.141

histopathology

Cutaneous Features of Mycosis Fungoides/Sézary 
Syndrome
In general, the histologic diagnosis of MF/SS in skin biopsies is 
based on criteria similar to those used for the diagnosis of other 
lymphoid neoplasms, including the presence of an infiltrative or 
destructive growth pattern and cytologic atypia. The distribution of 
the infiltrate within the skin biopsy is also important (Fig. 92.5A). 
The characteristic atypical lymphocytes in MF and SS are dysplas-
tic cerebriform T-cells with enlarged hyperchromatic nuclei and 
complex nuclear folding. Demonstration of cerebriform nuclear 

Cutaneous T-cell Lymphomas

Mycosis fungoidesa

 Variants of MF:
  Folliculotropic mycosis fungoidesa

  Pagetoid reticulosisa

 Subtype of MF:
  Granulomatous slack skina

Sézary syndromeb

CD30+ lymphoproliferative disorders of the skin
 Lymphomatoid papulosisa

 Primary cutaneous anaplastic large-cell lymphomaa

Subcutaneous panniculitis-like T-cell lymphomaa

Primary cutaneous T-cell lymphoma, unspecifiedc

 Provisional entities:
  Primary cutaneous epidermotropic CD8+ T-cell lymphoma (provisional)b

  Cutaneous gd-positive T-cell lymphoma (provisional)b

   Primary cutaneous CD4+ small/medium-sized pleomorphic T-cell  
lymphomaa

Extranodal NK-/T-cell lymphoma, nasal typeb,d

Adult T-cell leukemia/lymphomad

Cutaneous B-cell Lymphomas

Primary cutaneous marginal zone B-cell lymphoma (MALT-type)a

Primary cutaneous follicle center lymphomaa

 Follicular, follicular and diffuse, diffuse growth patterns

Primary cutaneous diffuse large B-cell lymphoma, leg typee

Primary cutaneous diffuse large B-cell lymphoma, othere

 Intravascular large B-cell lymphomad,e

Precursor Hematologic Neoplasm

Blastic plasmacytoid dendritic cell neoplasm (previously CD4+/ CD56+ hemato-
dermic neoplasm)

EORTC, European Organization for Research and Treatment of Cancer; MALT, mucosal 
associated lymphoid tissue; MF, mycosis fungoides; NK, natural killer WHO, World Health 
Organization.
a Indolent (5-year disease-specific survival >75%).
b Aggressive (5-year disease-specific survival <25%) clinical behavior.
c Aggressive (5-year disease-specific survival <25%) clinical behavior (excluding provisional 
entities).
d Typically, an extracutaneous lymphoma with skin as a secondary site.
e Intermediate (5-year disease-specific survival 25% to 75%).
Modified from Willemze R, Jaffe ES, Burg G, et al. WHO-EORTC classification for cutaneous 
lymphomas. Blood 2005;105:3768–3785.

WHO-EORTC CLASSIFICATION OF CUTANEOUS LYMPHOMA

taBLe 92.1
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folding requires good fixation (such as B5 fixation), thin (4-mm) 
sections, and examination under 100× oil immersion. Others have 
used special methods such as 1-mm sections of plastic-embed-
ded tissue, electron microscopy, or nuclear morphometry.142 
Diagnostic criteria for cutaneous involvement by MF are best 
illustrated in plaque-stage lesions (Fig. 92.5B,C). The essential cri-
teria for diagnosis are (a) a bandlike lymphocytic infiltrate in the 
superficial papillary dermis, (b) epidermotropism, and (c) atypical 
cerebriform T-cells in the dermal and epidermal infiltrates.143,144 
Pautrier microabscesses (Fig. 92.5D) are characteristic of MF but 
are often absent in patch-stage lesions, erythroderma, and nonepi-
dermotropic tumors. Diagnosing early-patch–stage lesions is often 
difficult. In a morphologic study of >700 early-patch–stage lesions 
by Massone et al., the histologic features most helpful for diagnos-
ing MF were (a) epidermotropism, particularly with a basilar lym-
phocytosis (23%) or with “haloed” lymphocytes (40%); (b) a dermal 
lymphocytic infiltrate that is bandlike (30%) or patchy lichenoid 
(66%); and (c) interface dermatitis (59%).145 Large convoluted 
lymphocytes in the epidermis were found only in 9% of cases, 
and Pautrier microabscesses were found in 19%. The authors 

noted that although these cytologic changes are highly specific, 
the architectural abnormalities (infiltrate, epidermotropism) were 
more sensitive in diagnosing MF, as has also been suggested by 
others.146 Earlier studies have shown similar criteria as being 
valuable in diagnosing MF “haloed” epidermotropic cerebriform 
T-cells along the basal layer of the epidermis, disproportionate 
epidermotropism (intraepidermal lymphocytes without accompa-
nying spongiosis), and medium to large cerebriform cells in the 
epidermis and clustered in the dermis.143,147,148 Several stud-
ies have pointed to the association of papillary dermal fibrosis 
with MF/SS; however, at least one study found that in a carefully 
selected population of early, untreated MF patients this finding 
argued against a lymphoma diagnosis.149

Spongiosis should be minimal in relationship to epidermot-
ropism in MF and SS. Biopsies with prominent spongiosis must 
be differentiated from eczematous or spongiotic dermatitis. 
Microvesiculaion and Langerhans cell microabscesses are rarely 
present in MF/SS and would point toward a spongiotic process. 
Eosinophils and plasma cells are often present in early patch- and 
plaque-stage MF, and represent a nonspecific reactive component.

FIGURE 92.5. A: Mycosis fungoides (MF), patch stage. A bandlike lymphocytic infiltrate occupies the superficial papillary dermis with single-cell epidermotropism 
by atypical, “haloed” cerebriform T-cells, preferentially involving the basal layer (hematoxylin and eosin, ×50). B: MF, plaque stage. A bandlike lymphocytic infiltrate 
occupies the papillary dermis with epidermotropism by atypical cerebriform T-cells, focally forming small Pautrier microabscesses (hematoxylin and eosin, ×25).  
C: MF, thick plaque. A dense bandlike lymphocytic infiltrate fills the papillary dermis and extends into the reticular dermis. Prominent epidermotropism by atypical, 
enlarged cerebriform T-cells creates large Pautrier microabscesses (hematoxylin and eosin, ×25). D: MF, Pautrier microabscess. High magnification of a Pautrier 
microabscess shows characteristic small to medium cerebriform T-cells with highly convoluted nuclear folding. The Pautrier microabscess recapitulates normal inter-
actions between components of the skin-associated lymphoid tissue, i.e., cutaneous T-cells, Langerhans histiocytes (2 cells with large pale nuclei in the center), and 
keratinocytes (hematoxylin and eosin, ×500).
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It is important to understand that a definitive diagnosis of MF 
may not be possible in some early-patch–stage lesions. Multiple 
biopsies of separate skin lesions, immunophenotyping, and TCR 
gene rearrangement studies may help confirm the diagnosis in 
difficult cases. Even these ancillary studies may be inconclusive 
in early lesions. The reported range of sensitivity of T-cell clon-
ality detection is large, with some studies reporting as few as 
20% of early-patch–stage lesions being clonal150 to as many as 
71%.151 Likely, this variability reflects variability in density of 
infiltrate in early lesions, variability in source material for DNA 
extraction (frozen vs. paraffin), and variability of the clonality 
assay [Southern blot vs. PCR vs. denaturing gel electrophoresis 
vs. capillary electrophoresis]. In later plaque- and tumor-stage 
lesions, T-cell clonality can typically be detected in >90% of 
cases.151,152 Recently, a PCR-based clonality protocol has been 
proposed and validated (BIOMED-2) in an attempt to provide 
some degree of standardization.77,153 In addition, several tech-
niques have been advocated, such as comparing clonality studies 
from disparate clinical lesions and using complementary clonal-
ity studies (TCR b and TCR g) that may increase the specificity 
and sensitivity of the molecular studies.154,155 Despite these 
advancements, however, a lack of demonstrated clonality in a 
histologically or clinically suspicious lesion should not prevent a 
diagnosis of CTCL. Likewise, the presence of a clonal population 
does not equate with malignancy as many benign dermatoses 
may demonstrate clonality.156

Tumor-stage MF is characterized histologically by a dense 
dermal infiltrate involving the papillary and reticular dermis, 
often with extension into the subcutis. In contrast to patch- and 
plaque-stage lesions, MF tumors are often nonepidermotropic and 
may spare the dermal—epidermal interface. Furthermore, the 
malignant T-cells in tumor-stage MF often display various degrees 
of histologic transformation, with medium and large pleomorphic 
cells, immunoblastic large cells, and anaplastic large cells.157,158 
The diagnosis of malignancy in the tumor stage is rarely in ques-
tion, but recognition of MF origin for tumors with large-cell trans-
formation may be obscured by their resemblance to other NHLs. A 
careful search for dysplastic cerebriform T-cells and residual foci 
of epidermal infiltration near the edges of tumors often provides 
histologic evidence of MF origin in difficult cases.157 Previous or 
concurrent biopsies of earlier-stage MF lesions may also help 
confirm the diagnosis in these cases.

Generalized exfoliative erythroderma is characteristic of SS but 
may also occur in MF.159 Cutaneous biopsies of erythroderma in 
MF/SS often lack many of the hallmark features found in patch/
plaque MF, such as epidermotropism and lymphocytes aligned 
along the basement membrane.160 In fact, in one study, up to 
17% of skin biopsies of patients with established SS were consid-
ered nondiagnostic because of insufficient epidermotropism.161 
Evaluation of the peripheral blood for circulating tumor cells and/
or molecular analysis of the skin and peripheral blood for a clonal 
rearrangement of the TCR may help establish the diagnosis of MF/
SS in cases for which skin biopsies are histologically suspicious, 
but nondiagnostic. In addition, the finding of identical clonal 
populations in the skin and peripheral blood is very supportive of 
a lymphoma diagnosis.162

Large-cell Transformation of Mycosis Fungoides/
Sézary Syndrome
Approximately 20% of low-grade MF and SS undergo secondary 
transformation to high-grade large-cell lymphoma with a predom-
inance (>25%) of large transformed lymphocytes (Fig.  92.6).157 
Secondary large-cell transformation of MF/SS may resemble 
immunoblastic large-cell lymphoma, pleomorphic large-cell lym-
phoma, or ALCL.157,163 It has been shown that secondary large-
cell lymphoma is immunophenotypically and clonally related 
to earlier MF/SS biopsies taken prior to transformation.164 

Cutaneous large-cell transformation usually occurs late in tumor-
stage lesions, but it can occasionally be seen in plaques or eryth-
rodermic MF and may be present in the initial diagnostic biopsy 
(mycosis d’emblée variant). Lymph nodes are the most common 
site of extracutaneous large-cell transformation, but it may also 
occur in other extracutaneous sites. Approximately 50% of sec-
ondarily transformed large-cell lymphomas express CD30.165  
In MF patients with large-cell transformation the absence of CD30 
expression has been associated with a reduced disease-specific 
survival.166 It is important to distinguish secondary large-cell 
transformation of MF/SS from unrelated primary cutaneous large-
cell lymphoma, LyP, and secondary cutaneous involvement by sys-
temic large-cell lymphoma because of prognostic differences.167 
This is particularly true for secondary CD30+ large-cell lymphoma 
resulting from transformation of MF/SS, which has a poor prog-
nosis, in contrast to primary cutaneous CD30+ ALCL and LyP, 
both of which have a favorable prognosis.168,169 Differentiating 
these entities is often impossible on histologic grounds alone and 
requires close collaboration between the clinician and pathologist 
to establish the correct diagnosis in the WHO-EORTC classifica-
tion scheme.

Extracutaneous Mycosis Fungoides/Sézary 
Syndrome
Extracutaneous dissemination is generally considered to be a 
late occurrence in MF/SS because the disease is clinically lim-
ited to the skin for prolonged periods of time in most patients. 
Using more sensitive techniques such as cytogenetics, electron 
microscopy, and immunophenotypic studies, extracutaneous 
disease has been found in nearly 90% of MF/SS patients at ini-
tial staging in one case series.170 There is evidence that nodal 
involvement as detected with highly sensitive molecular tech-
niques can segregate otherwise low-stage patients into high-
risk and low-risk groups;171 however, assessment of regional 
lymph nodes is not standard practice in early-stage MF patients. 
Although autopsy studies have histologically documented wide-
spread extracutaneous disease in most patients,172 most series 
were performed several decades ago, when detection of early 
disease was difficult.

Extracutaneous MF/SS has histologic features that are usually 
similar to those seen in the skin. Dysplastic cerebriform T-cells 
are the most helpful diagnostic feature for recognition as extra-
cutaneous disease. Almost every organ has been involved by MF/
SS in autopsy series, but the most frequent sites are the lymph 

FIGURE 92.6. Large-cell transformation of mycosis fungoides (MF). This represents 
secondary transformation of low-grade MF to high-grade immunoblastic large-cell lymphoma. 
This tumor is composed of sheets of large transformed cells or immunoblasts with round to oval 
nuclei, dispersed chromatin, and prominent nucleoli. Several mitoses are present (hematoxylin 
and eosin, ×500).
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nodes, liver, spleen, and lungs, which may be involved in >50% 
of more advanced cases.172 Other common sites include kidney, 
bone marrow, thyroid, heart, pancreas, gastrointestinal tract, and 
central nervous system. Lymph nodes represent the most frequent 
site of extracutaneous disease in pathologic staging studies; up 
to 50% of lymph nodes are positive by light microscopy at initial 
staging.173 Several series from the 1980s found visceral involve-
ment present in ∼15% of initial staging liver and bone marrow 
biopsies.157,173,174 When staging laparotomies were routinely 
performed in the past, ∼30% of spleens were microscopically 
involved by MF/SS.175 Extracutaneous CTCL, particularly visceral 
disease, is strongly associated with advanced-stage skin disease 
(tumors and erythroderma) and SS.174 Because tumor-stage MF 
and generalized erythroderma are frequently nonepidermotropic, 
it has been suggested that loss of epidermotropism may play an 
important role in systemic dissemination.

Lymph Node Pathology
With up to 50% of staging lymph node biopsies being microscopi-
cally involved by MF/SS, lymph nodes are the earliest and most 
common site of extracutaneous dissemination.173 Nevertheless, 
the ISCL guidelines only recommend excision of lymph nodes 
if they are either >1.5 cm in greatest transverse diameter or 
are palpably irregular, firm, or fixed lymph nodes regardless of 
size.176 Partially effaced nodes often have an interfollicular pat-
tern with preservation of reactive follicular centers, but eventually 
most lymph nodes become completely effaced. As lymph nodes 
become progressively infiltrated, the cerebriform T-cells tend to 
become larger and more pleomorphic, with increased numbers of 
large transformed cells.177 Over 35% of positive nodes will show 
complete large-cell transformation with pleomorphic, immuno-
blastic, or anaplastic large-cell morphology.157,177,178 In contrast 
to MF, lymph nodes from patients with SS tend to be effaced by 
more monomorphic infiltrates of small to medium cerebriform 
T-cells,179 but may also undergo large-cell transformation in some 
cases.157,165

Bone Marrow Involvement
The bone marrow in MF and SS is generally thought to be spared 
until late in the course of the disease, including in patients with 
large numbers of circulating Sézary cells.70,170 Early studies sug-
gested that antemortem marrow involvement occurred in <3% of 
MF/SS patients,170 yet the marrow was involved in nearly 50% 
of patients at autopsy in several series from the 1970s.172,180 
Marrow involvement typically manifests as nonparatrabecular 
lymphoid aggregates with cerebriform lymphocytes. Molecular 
studies have shown that in patients with a defined clonal 
T-cell rearrangement in the skin, approximately 20% will have 
an identical T-cell clone detected in their blood or bone mar-
row. Moreover, all patients with bone marrow involvement by 
molecular studies had blood involvement as well, but only 76% 
of patients with blood involvement had bone marrow involve-
ment.181 Sibaud et al. were unable to demonstrate that bone 
marrow involvement was associated with a worse prognosis in 
a multivariate analysis of their data; however, blood involvement 
was an independent variable for disease progression. In patients 
with SS, subtle small interstitial clusters of Sézary cells have been 
identified in up to 90% of cases, suggesting that most patients 
with circulating Sézary cells have early systemic dissemination 
of disease.174 Detection of these subtle interstitial infiltrates of 
Sézary cells requires careful examination under oil immersion 
(100×) to identify the cells with abnormal cerebriform nuclear 
folds. Identification can be facilitated with immunoperoxidase 
studies for T-cell markers such as CD3, CD4, and CD7. Flow 
cytometry using a broad array of T-cell markers including CD3, 
CD4, CD8, CD7, and CD26 is also useful for detecting marrow 
involvement.

Other Extracutaneous Sites
Splenic and hepatic involvement by MF and SS is common and 
can be staged using imaging criteria rather than by invasive 
methods.182 Liver involvement in initial staging procedures has 
been found in 8% to 16% of cases.173 Disseminated MF and SS 
tend to form nodular infiltrates of atypical cerebriform T-cells 
within the portal tracts or hepatic lobules. Cerebriform T-cells 
within the hepatic sinusoids without formation of focal aggre-
gates are not considered diagnostic of liver involvement in the 
presence of peripheral blood involvement. Splenic infiltration was 
documented in 31% of staging laparotomies in one series.175 The 
atypical cerebriform T-cells usually infiltrate the red pulp diffusely, 
but they may home to the periarteriolar lymphocyte sheath.180 
Splenic rupture has been reported in a rare case with massive 
splenic involvement by CTCL.183

All other suspected sites of visceral involvement should be 
confirmed by biopsy if possible. Antemortem pulmonary mani-
festations of MF and SS are generally uncommon but may occa-
sionally present clinically as interstitial or nodular pulmonary 
infiltrates.184 However, the lungs are frequently involved by MF/
SS at autopsy.172 Infiltrates of atypical cerebriform T-cells usually 
spread along the alveolar septae with preservation of the alveolar 
architecture. In some cases, the infiltrates may also fill alveolar 
spaces.

Blood Involvement
The ISCL has defined three stages of blood involvement for MF/
SS.176 Patients with B2 peripheral blood involvement have >1,000 
Sézary cells/mm3, where the Sézary cells are distinguished by 
their large nuclear size (>15 mm) and high nuclear contour index 
(Fig. 92.7).185 In one study, increased large Sézary cells corre-
lated significantly with poorer survival.186 However, size criteria 
alone would fail to recognize the small Sézary cell variant, which 
is similar in size to a normal resting lymphocyte. Because of the 
inherent difficulties in diagnosing peripheral blood involvement 
by MF/SS on peripheral smear review, additional technologies are 
now used including flow cytometry and molecular studies such as 
PCR. The ISCL considers a positive clonal TCR rearrangement in 
the blood coupled with either a CD4:CD8 ratio >10:1 or abnormal 
immunophenotype by flow cytometry (CD4+CD7− or CD4+CD26−) 
as adequate evidence to constitute a positive peripheral blood for 
staging purposes.185 It has been shown that patients with B2 blood 
involvement have a statistically worse survival than those with B1 
or B0 staging.186 ISCL B0 is defined as no increase in Sézary cells 
(<5% of peripheral blood lymphocytes). B0 cases with molecular 
detection of T-cell clonality (B0b) have a worse prognosis than 

FIGURE 92.7. Sézary syndrome. The peripheral blood shows lymphocytosis. Most lympho-
cytes are Sézary cells with enlarged, highly convoluted nuclei and scant cytoplasm (hematoxylin 
and eosin, ×250).
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molecularly negative (B0a) cases even when the histologic criteria 
for blood involvement have not been met.162,187,188 In fact, T-cell 
clonality in the peripheral blood even in the absence of increased 
lymphocytes by morphology or flow cytometry (B0b) has been 
shown to convey a worse overall survival (OS), disease-specific 
survival and risk of disease progression.189 B1 stage is defined 
as the group of patients who fail to meet criteria for B2 or B1. 
These patients have >5% atypical T-cells but do not otherwise 
reach the criteria for B2 involvement. These patients can also be 
split into B1a molecular clone negative and B1b molecular clone 
positive cases. Although T-cell clonality is required for diagnosis 
of B2 stage, the presence of molecularly defined T-cell clones 
in elderly patients or in patients with other lymphoproliferative 
disorders is not uncommon151,190,191 requiring therefore correla-
tion with the clonality of the cutaneous infiltrate or association 
with MF-associated immunophenotypic abnormalities (increased 
CD4:CD8 ratio, loss of CD7 or CD26 on CD4 T cells).

Immunophenotyping Studies
T-cell origin of the neoplastic cells in MF and SS is well estab-
lished as a memory T-cell that expresses CLA, the cutaneous 
lymphoid antigen homing receptor.192 The vast majority are 
derived from T-helper cells that express CD4 and other T-cell–
associated antigens including CD2, CD3, CD5, CD45RO, and ab 
TCRs (Fig. 92.8).193 However, a small number of CD8+ CTCL194 
have been reported as well as gd CTCL.195,196 Of note, clinical 
presentation and behavior are crucial in distinguishing the CD8+ 
MF variant from the more aggressive primary cutaneous aggres-
sive epidermotropic CD8+ cytotoxic T-cell lymphoma described in 
the updated WHO-EORTC nomenclature as a provisional subtype 
of peripheral CTCL. Furthermore, it is likely that most gd CTCL 
would be classified as cutaneous gd T-cell lymphoma (CGDTCL)
in the WHO-EORTC scheme.137,194,197 Activation-associated 
(HLA-DR, CD25, CD30, CD38) and proliferation-associated (CD71, 
Ki-67) antigens are also frequently expressed in MF/SS, particu-
larly in advanced stages.157

Aberrant T-antigen expression is often seen in MF and SS, 
particularly advanced plaque- or tumor-stage lesions, and can 
be used to help differentiate reactive dermatitis from MF/SS.198 
Often, flow cytometry is used to assess antigen expression on 
the T-cells present in circulation or directly from involved skin 
biopsies. Aberrant T-cell phenotypes are defined as dimin-
ished or absent expression of pan-T–cell antigens (CD2, CD3, 
or CD5), absent T-subset antigen expression (CD4− CD8−), or 
 co-expression of T-subset antigens (CD4+ CD8+). Diminished or 
absent CD7 expression is one of the most common aberrant T-cell 

phenotypes in tissue sections of MF and SS.198 However, the iso-
lated findings of loss of CD7 expression must be considered in the 
context of other clinical, histologic, and immunophenotypic find-
ings in that expanded populations of CD7-negative T-cells can also 
be seen in benign dermatitides.193 More recently, several studies 
have shown that the loss of CD26 (dipeptidyl-aminopeptidase IV) 
expression is a characteristic feature of circulating Sézary cells 
that is likely more sensitive than loss of CD7 expression.199,200,201 
Nevertheless, when considered as a group, loss of any major 
T-cell antigen (CD2, CD5, CD3, CD4, or CD7) is as or more sensi-
tive a marker for SS and MF than loss of CD26.202

For histologic diagnosis of cutaneous lymphomas, immunohis-
tochemistry can reliably differentiate among T-cell lymphomas, 
B-cell lymphomas, and Hodgkin disease. The most widely used 
paraffin-reactive T-cell antibodies include CD2, CD3, CD4, CD5, 
CD7, CD8, CD30, CD43, CD45RO, bF1, and TCR ab. Although 
immunohistochemistry for CD7 can be helpful in evaluating early 
MF biopsies, loss of CD7 can be seen in a wide variety of reactive 
benign conditions requiring correlation with clinical, histologic, 
other immunophenotypic and molecular findings.203,204 NK-cell 
or cytotoxic lymphocyte markers (CD56, granzyme B, perforin, 
and TIA-1) can be used as well if non-MF NK-/T-cell lymphomas 
are in the differential. CD20, CD79a, CD5, CD10, BCL-6, BCL-2, 
k, l, MUM1, and CD138 are the most widely used B-cell paraffin-
reactive antibodies. When used in panels, these antibodies allow 
subclassification of most cutaneous lymphomas.

diFFerential diagnosis
The clinicopathologic differential diagnosis for MF/SS includes 
several forms of benign dermatitis, other primary low-grade 
CTCLs, and secondary cutaneous involvement by disseminated 
lymphomas or leukemias (Table 92.2). Differentiation of these 
mimickers from CTCL often requires careful correlation of clinical, 
histopathologic, immunophenotypic, and genotypic characteris-
tics, and may require multiple or serial biopsies. The following 
discussion describes methods to differentiate MF/SS from similar 
benign conditions, indolent CTCL, and other primary CTCLs.

To assist clinicians with the diagnosis of early MF, Pimpinelli et 
al. proposed an algorithm using clinical, histopathologic, molecu-
lar biologic, and immunopathologic criteria in which a total of 
4 points from any of the four categories was necessary to make 
the diagnosis of early MF.126 The scoring system would allow, 
for example, a patient with persistent patches in nonsun-exposed 
areas with size/shape variation (2 points) and histologic findings 
of a superficial lymphocytic infiltrate, epidermotropism without 
spongiosis, and lymphocyte atypia (2 points) to meet criteria for 
early MF diagnosis without any immunostains or T-cell–receptor 
gene rearrangement analysis of the skin tissue.

Benign Conditions
Benign inflammatory skin lesions are most likely to be confused 
with early patch-stage MF. In general, these conditions have 
clinical presentations and courses that are different from MF, lack 
enlarged atypical cerebriform T-cells, and lack epidermotropism 
that is disproportionately increased in relationship to spongio-
sis. However, in difficult cases, immunophenotypic analysis and 
gene rearrangement studies may be necessary to look for aber-
rant T-cell phenotypes or clonal TCR gene rearrangements. The 
benign inflammatory dermatoses that most closely resemble CTCL 
include small and LPP, PVA, pityriasis lichenoides, pigmented pur-
puric eruption, lichenoid keratosis, benign erythroderma, contact 
dermatitis, persistent arthropod bite reactions, drug eruptions, 
LyP, and actinic reticuloid (AR).205

Despite the name, the chronic skin diseases under the term 
parapsoriasis are unrelated to the much more common skin 

FIGURE 92.8. Frozen section immunohistochemistry of a cutaneous plaque in a 
patient with MF shows a marked predominance of CD4+ T-helper cells within Pautrier 
microabscesses and within the dermis. CD8 is essentially negative (Diaminobenzidine-
hematoxylin, ×50). MF, mycosis fungoides.
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disease psoriasis. Most dermatologists separate parapsoriasis 
into one of two types. The benign subtype is known as small 
plaque parapsoriasis, digitate dermatosis, or chronic superficial 
dermatitis. The other type is considered pre-malignant and is 
most often called LPP or parapsoriasis en plaques (having in 
the past been called pre-reticulotic poikiloderma).206,207 LPP is 
clinically indistinguishable from patch-stage MF.126 However, the 
patches of MF tend to be fixed whereas the patches of LPP tend 
to wane in the summer and flare in the winter. Because of clinical 
and histologic overlap, some authorities consider LPP to be an 
early stage of MF.208 Others consider LPP to be a latent form of 
MF209 because ∼10% of patients eventually develop overt MF.210 
A retrospective review documented a higher rate of evolution to 
MF in 12 of 36 (33%) patients with LPP.211 This view is supported 
by the demonstration of clonal TCR gene rearrangement in 50% 
of LPP biopsies.73 Furthermore, demonstration of clonal TCR 

gene rearrangements in small plaque or digitate parapsoriasis 
has suggested that this may be an abortive form of MF.212,213 
Histologically, the lymphoid infiltrate of LPP is perivascular and 
less dense with less epidermotropism than in MF; Pautrier micro-
abscesses are not seen in LPP. Furthermore, cytologically atypical 
cerebriform T-cells with highly convoluted nuclei are inconspicu-
ous or absent in LPP. However, immunophenotypic analysis is 
usually not helpful for differentiating LPP from patch-stage MF 
as both have a predominance of CD4+ helper cells with absent 
CD7 and CD62L expression.127 One study found the presence of 
HECA-452 immunostaining higher in MF than LPP, which may be 
helpful in distinguishing the two diseases and predicting which 
cases of LPP may evolve into MF.214

PVA can also present similarly to early MF, so much so, that 
most experts believe PVA to be a rare variant of MF.215–217 
The macules and patches of PVA show the poikilodermatous 
features of hypopigmentation, hyperpigmentation, atrophy, and 
telangiectasias. PVA macules/patches tend also to be localized 
to sun-protected sites, most commonly appearing on the but-
tocks, breasts, and flexural areas. And, like LPP, some clinicians 
believe that PVA may potentially precede or co-exist with MF.125 
Histologically, PVA is characterized by an atrophic epidermis, 
chronic, ill-defined inflammatory changes and dilated capillaries. 
Often, lymphoid cells form a bandlike pattern in the superficial 
dermis, with only rare epidermotropism.215–217

Pityriasis lichenoides is considered a spectrum of diseases 
including an acute and a chronic form: pityriasis lichenoides et 
varioliformis acuta (PLEVA) and pityriasis lichenoides chronica 
(PLC), respectively. Many patients demonstrate lesions of both 
forms during their disease course. PLEVA, also known as Mucha-
Habermann disease, is a benign cutaneous disorder character-
ized by recurrent, self-healing papulonecrotic lesions that may 
resemble LyP, which is discussed later.218 PLC, which is a benign 
eruption with lymphocytic infiltrates of the skin, presents as a 
persistent, erythematous, papular eruption with scale.219 Biopsies 
may show slightly atypical cerebriform T-cells with some epider-
motropism, but vacuolar degeneration of the epidermal basilar 
layer, necrotic keratinocytes, and dermal hemorrhage in PLEVA 
distinguish it from MF. The lymphoid infiltrate is composed pre-
dominantly of CD8+ cells as opposed to the typical CD4+ pheno-
type of MF.220 The histology of PLC is similar to PLEVA, although 
the findings are muted with only focal basal vacuolar change and 
limited lymphocytic exocytosis. The intraepidermal lymphocytes 
tend to be CD4+, which further complicates the distinction from 
early MF. As in PLEVA, the lymphocytes lack significant cytologic 
atypia. Some consider pityriasis lichenoides to be a T-cell lym-
phoproliferative disorder or a form of indolent cutaneous T-cell 
dyscrasia related toLyP, and clonal TCR gene rearrangement has 
been demonstrated.221–224 Although cases of patients with pity-
riasis lichenoides progressing to MF have been described, this is 
definitely a rare event.220,224,225

Pigmented purpuric dermatoses (PPD) are a group of chronic 
and benign skin disorders categorized by rupture of the small 
capillaries in the superficial papillary dermis. Clinically, patients 
present with petechiae and bronze discoloration of the skin on the 
lower extremities.226 Histologically, there is a superficial perivas-
cular infiltrate that may be dense and lichenoid in nature. Dermal 
hemorrhage and hemosiderin deposition is present to varying 
degrees. Lymphocytic exocytosis is often present, however, cyto-
logic atypia and intraepidermal lymphocytic microabscesses are 
generally absent. Immunohistochemical and molecular studies 
are typically not helpful in differentiating PPD from MF. Lichen 
aureus, a rare type of PPD, can mimic MF both clinically and 
histologically and progress to MF in very rare cases.227 One study 
showed that of 43 cases of PPD, 21 showed a clonal population 
of T-cells. Only 40% of the cases with demonstrated clonality, 
however, had clinical and pathologic features consistent with 
MF. In addition, loss of CD7 was frequently observed in both 
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the polyclonal and monoclonal groups.228 Other studies have 
documented the frequent occurrence of T-cell clonality in cases of 
PPD that fail to develop disease typical of MF.229 The presence of 
extensive PPD-like skin disease, especially when present outside 
the lower extremities, should raise the suspicion of MF regardless 
of the histologic features.

Lymphomatoid keratosis is a benign epithelial skin neoplasm 
related to an inflamed seborrheic keratosis or lichenoid keratosis. 
Patients generally demonstrate scattered small hyperkeratotic 
plaques on the trunk and are biopsied to rule out the possibility of 
a nonmelanoma skin cancer. The histologic features can be indis-
tinguishable from MF with a lichenoid infiltrate and extensive 
lymphocytic exocytosis. Additionally, clonal populations of T-cells 
have been detected.230 The presence of epidermotropic CD20+ 
B-cells is suggestive of a lymphomatoid keratosis; however, clini-
copathologic correlation is paramount in arriving at the correct 
diagnosis.231

Erythroderma may occur in a variety of benign dermatologic 
disorders including psoriasis, pityriasis rubra pilaris, eczematous 
dermatitis, seborrheic dermatitis, severe contact dermatitis, and 
drug eruptions.232,233 These patients may also have circulating 
cerebriform cells and lymphadenopathy, further complicating the 
diagnosis. Erythroderma secondary to drug reactions, especially 
anticonvulsants such as phenytoin, can be particularly difficult 
to distinguish from MF/SS because of the presence of convoluted 
cerebriform T-cells and the formation of Pautrier microab-
scesses.140 Several studies have compared the histologic features 
of erythrodermic MF/SS with other causes of reactive erythro-
derma. Although not present in all cases, Pautrier microabscesses 
and a dense, often lichenoid, dermal lymphocytic infiltrate were 
more commonly associated with erythrodermic MF/SS.234–236 
Differentiation of benign erythroderma from erythrodermic CTCL 
can usually be accomplished through careful evaluation of the his-
tory, skin biopsy of the more typical lesions of the underlying dis-
ease, and molecular genetic analysis of both skin and blood.235,236 
Numerous eosinophils favor a drug reaction. Aberrant T pheno-
types or clonal TCR gene rearrangements are usually not present 
in benign erythroderma.

Subacute or chronic spongiotic dermatitis and interface der-
matitis resulting from contact dermatitis, drug eruption, and 
persistent arthropod bite reaction may have atypical cerebriform 
T-cells with epidermotropism and Pautrier-like microabscesses 
mimicking MF.205 Caution should be exercised in interpretation 
of epidermotropism associated with significant spongiosis, espe-
cially microvesiculation, which is only rarely observed in MF.143 
The Pautrier-like microabscesses seen in spongiotic processes 
typically have a flask shape and are composed of Langerhans cells 
and keratinocytes. Immunophenotyping may be helpful in this 
differential diagnosis because cutaneous T-cell pseudolymphomas 
rarely show aberrant loss of CD2, CD3, or CD5 expression, espe-
cially a combination of these markers.205 CD7 and CD62L (Leu 8) 
are not as helpful as their expression is commonly lost in both 
MF and reactive dermatoses.205 Typically, T-cell– predominant 
pseudolymphomas are characterized by perivascular, “sleeve-
like” infiltrates around vessels in the dermis, with accompany-
ing plasma cells, eosinophils, and macrophages. The T-cells are 
typically a mixture of CD4+ and CD8+ cells as opposed to the 
CD4+-predominant population characteristic of most cases of MF. 
The utility of gene rearrangement studies in this setting is unclear 
as clonal TCR gene rearrangements have been reported in some 
cutaneous T-cell pseudolymphomas.237–239 The following drugs 
have been implicated as causing pseudolymphoma: alprazolam, 
amitriptyline, atenolol, carbamazepine, cefixime, chlorpromazine, 
cimetidine, clarithromycin, clonazepam, clonidine, cotrimoxazole, 
cyclosporine, desipramine, diltiazem, doxepin, fluoxetine, furose-
mide, gemfibrozil, gold, lamotrigine, lithium, lorazepam, losartan, 
methotrexate, nizatidine, perphenazine, phenytoin, ranitidine, 
sulfamethoxazole, sulfasalazine, and thioridazine.240

B-cell–predominant pseudolymphomas are notable for reactive 
follicle formation with tingible-body macrophages, centroblasts, 
and centrocytes in the germinal centers surrounded by distinct 
mantle zones. There are polyclonal plasma cells, a mix of CD4+ 
and CD8+ T-cells and often eosinophils in the accompanying 
inflammatory infiltrate.241,242 CD21+ follicular dendritic cells 
(DCs) can be found in the follicles as well.

AR is a severe form of photosensitive dermatitis that may 
closely mimic MF or SS clinically and histologically when fully 
developed.243–245 AR is a chronic persistent eruption that can be 
induced by a broad spectrum of light wavelengths (ultraviolet A 
[UVA], UVB, and visible wavelengths of light).243 The skin lesions 
are typically plaques and papules on the sun-exposed areas of the 
face and hands, but may extend to covered areas or even become 
generalized erythroderma.246 In contrast to MF, epidermotropism 
is not prominent, but small Pautrier microabscesses may be found 
in some cases. Severe cases of erythrodermic AR may have gen-
eralized lymphadenopathy and circulating Sézary cells mimicking 
SS. Preferential involvement of sun-exposed areas, absence of 
large dysplastic cerebriform T-cells, and a CD8+ phenotype help 
distinguish AR from MF/SS. AR does not appear to be associated 
with progression to malignant lymphoma, and clonal TCR rear-
rangements have not been reported.245

CD30+ Lymphoproliferative Diseases
The differential diagnosis for suspected MF also includes a vari-
ety of related conditions, which are equally concerning for their 
malignant or pre-malignant clinical course. LyP and primary 
cutaneous ALCL (pcALCL) are both characterized by the presence 
of CD30+ T-cells; together, they represent the poles of a continu-
ous disease spectrum. Both LyP and pcALCL are now considered 
subtypes of the CTCLs.137 There is no clear-cut boundary between 
the diseases, however, and many patients fall into a borderline 
category when definitive diagnosis is not possible based on the 
current clinicopathologic features.

LyP is a CD30 (Ki-1)-positive T-cell lymphoproliferative disor-
der characterized by chronically recurring, self-healing crops of 
mildly pruritic papulonodular lesions that are clinically benign 
but histologically malignant.247 LyP initially presents with crops 
of erythematous papules that wax and wane, becoming hemor-
rhagic and necrotic before undergoing spontaneous regression 
with scar formation. Individual lesions range from 2 mm to 2 cm 
in diameter (usually <1 cm) and have an average duration of 
5 weeks, ranging from 2 weeks to 6 months.248 LyP is classically 
divided into three histologic types, type A, type B, and type C. 
More recently a fourth histologic presentation, termed LyP type 
D, has been described.249 Any of the histologic types may occur 
simultaneously in the same patient or during the course of the 
disease and the individual histologic type provides no prognostic 
significance.250 LyP type A, the most common type, is character-
ized by a polymorphous infiltrate of eosinophils, neutrophils, and 
scattered anaplastic large transformed lymphocytes and binucle-
ate Reed-Sternberg-like cells (Fig. 92.9).251,252 LyP type B is char-
acterized by small to medium cerebriform T-cells resembling MF. 
LyP type C is characterized by sheets of large, anaplastic CD30+ 
cells and can be histologically identical to pcALCL but follows a 
waxing and waning clinical course. The atypical cells in LyP types 
A, B, and C are typically CD4+. LyP type D is characterized by 
an extensively epidermotropic population of cytologically atypi-
cal CD8+ lymphocytes in a pattern that is nearly identical to that 
observed in primary cutaneous aggressive epidermotropic CD8+ 
cytotoxic T-cell lymphoma (see below).249,253,254 The atypical cells 
in all of the types often have clonal rearrangement of the T-cell–
receptor gene, and absent or diminished expression of pan-T–cell 
antigens.255 However, CD30 expression differs among the types; 
the large transformed cells in types A, C, and D are CD30+, similar 
to CD30+ ALCL, whereas the atypical cerebriform T-cells in type 
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B  LyP typically do not express CD30.256 Vonderheid and Kadin 
have suggested that the papular variant of MF and type B LyP 
are the same entity256 although Kodama and colleagues point to 
the lack of spontaneous resolution of papules in papular MF.257 
Clinical behavior of LyP is usually benign; however, overt lym-
phoma has been documented in ∼10% to 25% of patients, usually 
MF, pcALCL, or Hodgkin lymphoma.248,258 The cumulative risk for 
the development of another lymphoma in patients with LyP over 
15 years of disease may be as high as 80%.259 A retrospective 
review of 31 patients with LyP over a 27-year span identified 60% 
who developed a co-existing lymphoma.258 No clinical, histologic, 
immunophenotypic, or molecular genetic features have been 
identified that can predict which patients will develop lymphoma, 
but two studies suggest that malignant transformation is more 
strongly associated with type A than with type B LyP.256 Onset of 
LyP at a younger age may be associated with increased cumula-
tive risk for overt lymphoma and therefore all LyP patients should 
be closely monitored throughout their lives.221,259,260 The benign 
or malignant nature of LyP is controversial, but the WHO-EORTC 
considers LyP to be a latent or low-grade stage of the primary 
cutaneous CD30+ lymphoproliferative disorders that are consid-
ered to be malignancies.137,261 Its clinical, histologic, and immu-
nophenotypic similarities to pcALCL, aberrant T-cell– antigen 
expression, clonal TCR gene rearrangements, and increased risk 
for transformation to malignant lymphoma support this view.

Differentiation of primary cutaneous ALCL from LyP and 
secondary CD30+ LCL resulting from large-cell transformation 
of MF/SS is important because of differences in prognosis and 
therapy.137,261 pcALCL has a good prognosis and can be effec-
tively managed with local excision and/or radiation therapy,262 
whereas secondary CD30+ LCL due to large-cell transformation 
of MF/SS has a very poor prognosis requiring systemic therapy 
that often includes aggressive combination chemotherapy.167,263 
LyP also has an excellent prognosis and can often be managed 
with no therapy, topical chemotherapy, phototherapy, and low-
dose methotrexate without the need for aggressive therapy.264,265 
Furthermore, pcALCL must be differentiated from secondary 
cutaneous involvement by extracutaneous ALCL.266,267 Primary 
nodal ALCL and secondary cutaneous involvement by extra-
cutaneous ALCL are more aggressive than pcALCL.266,267 In 
malignant cells, the presence of anaplastic lymphoma kinase-1 
protein (ALK-1) from the t(2;5) (p23;q35) chromosomal translo-
cation favors primary nodal ALCL.268 A thorough dermatologic 
examination, history, and staging for extracutaneous disease are 
necessary to exclude secondary large-cell transformation of low-
grade MF or secondary cutaneous involvement by extracutaneous 

lymphoma before a case is accepted as pcALCL. pcALCL is differ-
entiated from LyP type A by cohesive sheets or >75% CD30+ large 
transformed cells, fewer admixed neutrophils and eosinophils, 
a diffuse infiltrate that extends into the deep dermis versus a 
more superficial wedge-shaped infiltrate, larger solitary or local-
ized nodules or tumors instead of crops of papules, and higher 
frequency of persistent or progressive cutaneous lesions with 
less frequent or incomplete spontaneous regression.263,268,269 
Recently it has been shown that translocations in the interferon 
regulatory factor-4 (IRF4) gene are specifically associated with 
pcALCL and may be used to differentiate it from the other previ-
ously mentioned entities.270 Other aspects of ALCL are discussed 
in more detail in Chapter 88.

Other primary Cutaneous t-cell Lymphomas
Using the WHO-EORTC classification for cutaneous lymphomas as 
a guide, other primary CTCLs need to be considered in patients 
with atypical lymphocytic infiltrates of the skin.137,139,271 These 
lymphomas include: three variants of MF (pagetoid reticulosis 
[PR], granulomatous slack skin [GSS] disease, and folliculotropic 
MF); subcutaneous panniculitic T-cell lymphoma; extranodal NK-/
T-cell lymphoma, nasal type; and primary cutaneous peripheral 
T-cell lymphomas (PTCLs), unspecified, which include: (a) primary 
cutaneous aggressive epidermotropic CD8+ T-cell lymphoma, (b)
CGDTCL, and (c) primary cutaneous CD4+ small/medium-sized 
pleomorphic T-cell lymphoma.

PR and folliculotropic MF are variants of MF implying minor 
clinicopathologic differences from classical MF, whereas GSS is 
a subtype of MF with more significant differences from classical 
MF.272 As in classical MF, these diseases are low-grade clonal 
T-cell lymphomas that generally follow a benign course but may 
behave aggressively over time. PR is a rare epidermotropic vari-
ant of MF that usually presents as localized, hyperkeratotic, ver-
rucous plaques on the hands or feet (Woringer-Kolopp disease)273 
but may also present with disseminated cutaneous plaques 
(Ketron-Goodman disease).274 Given its more aggressive clinical 
course, Ketron-Goodman disease would currently be better clas-
sified as tumor-stage MF, CGDTCL, or aggressive epidermotropic 
CD8+ CTCL.137,275,276 PR may mimic a more unusual variant of 
MF localized to the palms and soles known as MF palmaris et 
plantaris.277 Skin biopsies of PR show pagetoid epidermotropism 
by enlarged, atypical cerebriform T-cells, with relative sparing of 
the dermis (Fig. 92.10). The malignant cells in PR may be CD8+ 
or, less commonly, CD4+and rarely, CD4−CD8−.278 In contrast to 
conventional MF and SS, there is often co-expression of CD30+. 
Although the original classification of PR allowed for gd TCR 
expression of the neoplastic cells, these cases are best classified 

FIGURE 92.9. Lymphomatoid papulosis, type A. Anaplastic large cells with abundant cyto-
plasm, reniform nuclei, and prominent nucleoli are scattered among small lymphocytes and 
eosinophils. Note occasional binucleate Reed-Sternberg-like cells (hematoxylin and eosin, 
×250). The large cells were strongly positive for CD30 (not shown).

FIGURE 92.10. Pagetoid reticulosis. Note the pronounced pagetoid pattern of epidermotro-
pism by enlarged, atypical cerebriform T-cells (hematoxylin and eosin, ×50).
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as CGDTCL according to the WHO-EORTC guidelines. Clonal TCR 
gene rearrangement and aberrant T-cell–antigen expression sup-
port classification of PR as a form of CTCL;279 however, PR has 
a clinically benign course, with only rare reports of cutaneous 
dissemination of localized PR.276 Further studies are needed to 
confirm whether phenotypic differences in PR have clinical rel-
evance. Local excision or radiation therapy is generally adequate 
treatment for PR, especially the localized form.

Folliculotropic or follicular MF (FMF) is another uncommon 
variant of CTCL first reported in 1985 with preferential perifol-
licular and folliculotropic infiltration by atypical cerebriform 
T-cells with minimal or absent epidermotropism and mucin 
(Fig. 92.11).280–282 The follicles may show plugging, cystic dilata-
tion, and mucinous degeneration, as seen with mucin stains such 
as Alcian blue. Folliculotropic cerebriform T-cells are CD4+282,283 
and may express an aberrant T-cell phenotype with loss of CD7 
and other T-cell antigens.282 Differential up-regulation of ICAM-1 
(CD54) on follicular epithelium instead of epidermal keratinocytes 
has been implicated in the folliculotropic homing pattern of follic-
ulotropic MF.282 Lymph node involvement and large cell transfor-
mation have also been described.282 Folliculotropic MF, whether 
or not exhibiting follicular mucinosis, has shown a more aggres-
sive course than classic MF.189,284 Approximately 7% of reported 
cases have demonstrated rapid lymph node involvement.285,286 In 
a large series of patients with FMF (n = 51), the disease-specific 
survival was 68% at 5 years and 26% at 10 years.286 This poor 
prognosis has been confirmed by other studies as well.166,287 Agar 
and colleagues completed an outcome analysis on 1,502 patients 
with MF/SS concluding that folliculotropic MF was one of several 
independent predictors of poor survival and increased risk of 
disease progression.189

Follicular mucinosis is frequently associated with folliculo-
tropic MF and less commonly with classical MF. This variant of 
MF must be differentiated from idiopathic follicular mucinosis or 
alopecia mucinosa.288,289 In general, no single clinicopathologic 
feature can differentiate follicular mucinosis associated with MF 
from alopecia mucinosa.288–290 Alopecia mucinosa tends to occur 
in younger patients with fewer lesions localized to the head and 

neck as opposed to the more general distribution commonly seen 
in MF-associated cases. Histologically, alopecia mucinosa tends 
to have fewer atypical cerebriform T-cells, less epidermotropism 
and/or lymphocytic infiltration of follicular epithelium, and a 
normal CD4/CD8 ratio. In follicular mucinosis associated with MF 
the infiltrate tends to be denser and cytologically atypical with a 
CD4+-predominant immunophenotype.288 Clonal TCR gene rear-
rangement can be detected in many cases of alopecia mucinosa 
thus limiting its usefulness in the differentiation from MF.290,291 
In support of this, a long-term follow-up study of seven patients 
with follicular mucinosis concluded that despite the presence of 
a clonal TCR gene rearrangement, there was no evidence of pro-
gression to CTCL in any patient.292

GSS disease is a rare but distinctive subtype of MF that begins 
with patches and plaques that steadily progress to characteristic 
pendulous, erythematous skin folds in the axillae and groin.293,294–

298 Several authors stress the importance of distinguishing the 
mature lesions of GSS from the histologic variant of granuloma-
tous MF, which can be differentiated quantitatively, not qualita-
tively.293,298 GSS has histologic features of MF including superficial 
papillary dermal and epidermotropic infiltrates of atypical cerebri-
form T-cells, but it also exhibits expansive infiltration into the deep 
dermis and subcutis with extensive elastolysis and a prominent 
granulomatous reaction with Langerhans-type multinucleated 
giant cells (Fig. 92.12). These multinucleated giant cells are histio-
cytic in origin with 20 to 30 nuclei, frequently show emperipolesis 
and elastophagocytosis, and express CD68 and CD1a.293,299,300 
Similar to MF, GSS is a clonal proliferation of CD4+ T-helper cells 
that frequently lack expression of CD7 and CD62L. GSS usually 
remains localized to the skin, although hypercalcemia, lymph node 
involvement, and fatal systemic dissemination have been reported. 
295–298,301,302 It is important to note that in contrast to other 
CTCL variants, patients with GSS have an increased incidence of 
Hodgkin lymphoma at a frequency between 25% to 50%.293,302,303

Subcutaneous panniculitis-like T-cell lymphoma (SPTL) pres-
ents as tender erythematous nodules or subcutaneous palpable 
masses, mostly on the legs, trunk, arms, or face. Histologically, 
this lesion is confined to the subcutis and does not typically 

FIGURE 92.11. Folliculotropic mycosis fungoides with follicular mucinosis. Note the 
preferential pattern of perifollicular infiltration by atypical cerebriform T-cells with prominent fol-
liculotropism forming small Pautrier microabscesses. Also note the bluish pools of mucin within 
the hair follicles (hematoxylin and eosin, ×25).

FIGURE 92.12. Granulomatous slack skin. This variant of mycosis fungoides (MF) shows a 
deep lymphocytic infiltrate with dermal edema, disruption of elastic fibers, and numerous foreign 
body giant cells (hematoxylin and eosin, ×10).
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extend to the dermis or epidermis.304,305 Classically, T-cells 
ranging from small and inconspicuous to large and transformed 
cells with hyperchromatic nuclei rim individual fat cells.306,307 
There is necrosis, karyorrhexis, and cytophagocytosis by the 
histiocytes that are found interspersed in the lesional tissue. 
As the name implies, this lymphoma is similar in histology to a 
lobular panniculitis and, in fact, many patients present with a 
history of previously biopsied panniculitis. In addition, there is 
some clinical and histologic overlap with lupus panniculitis and 
many patients with SPTL will present with or develop evidence 
of concomitant systemic lupus erythematosus.308–310 By immu-
nohistochemistry, the neoplastic T-cells express ab TCR, CD3, 
CD8, and cytotoxic granule proteins, although CD56 and CD30 
are rarely detected.304,306,307,311,312 Historically SPTL had been 
associated with a very poor prognosis often secondary to an 
aggressive hemophagocytic syndrome (HPS). The more recent 
WHO-EORTC classifications divided these cases into SPTL with 
an ab phenotype and CGDTCL based both on immunohistologic 
features and clinical behavior. SPTL with an ab phenotype are 
CD4−, CD8+, CD56−, and bF1+; are limited to the subcutaneous 
fat; are uncommonly associated with a HPS; and have a favorable 
prognosis (5-year OS 82%). CGDTCL is generally CD4−, CD8−, 
CD56+/–, and bF1−; tends to involve the epidermis with result-
ing ulceration; is commonly associated with HPS; and has a dire 
prognosis (5-year OS 11%).313 Repeat biopsies may be necessary 
to confirm the diagnosis of SPTL. Once confirmed, early induction 
of combination chemotherapy with or without radiotherapy may 
yield remission and prevent the development of HPS.314–316 (For 
further discussion of SPTL, see Chapter 88.)

Primary cutaneous T-cell neoplasias that do not fit into the other 
categories of CTCL are diagnosed as primary cutaneous PTCL, 
unspecified, in the WHO-EORTC classification system. This large 
category includes three provisional entities that are considered 
separately here. First, CGDTCL is characterized clinically by dis-
seminated plaques and ulceronecrotic nodules that frequently also 
involve mucosal sites. The different clinicopathologic presentations 
may resemble MF, PR, PTCL, unspecified, and SPTL.307,317–319 
Patients presenting with nodules/tumors/plaques localized pre-
dominantly to the extremities should alert the clinician to CGDTCL. 
One series found all 23 of their patients with CGDTCL to have 
nodules or tumors on the extremities, with less than half exhibiting 
concurrent truncal lesions.319 Most reports suggest that CGDTCL 
is aggressive and poorly responsive to therapy. Whether these 
lesions are primary to the mucosa or the skin, the prognosis is uni-
versally poor,320 except in rare cases.321 As mentioned previously, 
CGDTCL includes subcutaneous lesions previously considered to 
be gd variants of SPTL, which is associated with a potentially very 
aggressive HPS.241,319 There are reports of a more indolent sub-
cutaneous form of CGDTCL associated with atypical lymphocytic 
lobular panniculitis321 that may be difficult to distinguish without 
clinical correlation. Histologically, the neoplastic clone of CGDTCL 
is a mature, activated gd T-cell with a cytotoxic phenotype. The 
subcutis, dermis, or epidermis may be involved by medium- to 
large-sized cells with irregular nuclei and clumped  chromatin. 
Basal vacuolar interface change and interface dermatitis is  
common. The background tissue shows apoptosis and necrosis with 
occasional angioinvasion. Often, one patient may show different 
histologic patterns at different sites. In contrast to ab+ MF and SS, 
the neoplastic gd+ T-cells are typically negative for both CD4 and 
CD8, with rare CD8+ cases.318,319 Immunohistochemically, these 
neoplastic gd T-cells express CD3, CD2, CD43, and CD45RO.322 
The T-cells also express cytotoxic granule proteins such as TIA-1, 
perforin, and granzyme B.304 Due to the lack of a reliable antibody 
that could detect either the g or d TCR in formalin-fixed tissue, 
identifying gd T-cells has historically been deduced from the lack 
of CD4, CD8, and TCR bF1 staining. Recently a protocol using com-
mercially available antibodies directed against epitopes on the g 
and d TCR has been described.323

Primary cutaneous aggressive epidermotropic CD8+ cyto-
toxic T-cell lymphoma (PC8TCL) is a second provisional entity 
in the primary cutaneous PTCL, unspecified, group. As the 
name implies, this tumor is comprised of epidermotropic CD8+ 
T-cells with an aggressive clinical course.324,325 Patients with 
this aggressive variant usually present with widespread eruptive 
ulcerative plaques. Mucosal and genital involvement is common. 
The disease course is often complicated by spread to the central 
nervous system, lung, and testis.324 Of note, the lymph nodes 
are rarely involved. Histologically, there is a pagetoid pattern 
or occasionally a linear distribution of T-cells in an atrophic or 
acanthotic epidermis. Spongiosis may accompany the intraepi-
dermal lymphocytes.324 Angioinvasion with adnexal destruction 
are common findings. Immunohistochemically, the neoplastic 
cells express CD3, CD8, CD45RA, and cytotoxic granule pro-
teins such as perforin, granzyme B, and TIA-1.194 CD2 and CD5 
expression are often lost, but CD7 expression is retained, a pat-
tern that is generally the reverse of what is typically observed in 
MF.326 PC8TCL must clinically and histologically be differentiated 
from CD8 MF, PR, and Type D LyP, all of which tend to follow 
an indolent course.194,254,327 Nofal and colleagues have recently 
proposed diagnostic criteria for PC8TCL that must include these 
constant features:324 (1) clinical: a history of onset within weeks 
to months of an aggressively behaving eruption of widespread 
papules, plaques, and tumors, that often ulcerate, without any 
precursor lesions; (2) histopathologic: epidermotropism, often 
prominent with a nodular or diffuse infiltrates of pleomorphic 
T-cells; (3) immunohistochemical: CD8+, CD4− staining pleo-
morphic T-cells. PC8TCL patients have a poor prognosis with a 
median survival of 32 months.324,326 This is further exemplified 
by an average 5-year survival of 18% as compared with 88% in 
the more indolent MF.137

The third provisional entity classified as a primary cutaneous 
PTCL is primary cutaneous CD4+ small-/medium-sized pleomorphic 
T-cell lymphoma. Primary cutaneous CD4+ small-/medium-sized 
pleomorphic T-cell lymphoma typically presents as a solitary plaque 
or tumor on the trunk or head and neck without preceding ery-
thematous patches or plaques more typical of MF.328 Uncommonly, 
the papulonodules, tumors, or deep plaques of primary cutaneous 
CD4+ small-/medium-sized pleomorphic T-cell lymphoma can be 
multiple.328,329 Histologically, there is a nodular or diffuse infiltrate 
of small- or medium-sized pleomorphic lymphocytes in the dermis, 
with minimal or no epidermotropism and without cerebriform 
nuclei. The infiltrate can extend deeply into the dermis and subcutis 
and can include histiocytes, plasma cells, and eosinophils. Large 
atypical lymphocytes should comprise <30% of total cellularity. 
There have been rare cases with granulomatous features that may 
be confusing for GSS, yet GSS typically presents with more epider-
motropism and shows some cerebriform cells.328,330 The neoplastic 
T-cells are by definition CD4+ and also express CD3 and ab TCR, 
but are negative for CD8, CD30, and cytotoxic proteins, and they 
can show loss of pan-T–cell markers. Several recent studies have 
shown that the neoplastic cells express the markers PD-1, CXCL13, 
and BCL-6 consistent with derivation from follicular T-helper 
cells.331,332,333 The prognosis is usually excellent; a 5-year survival 
rate has been reported as 60% to 80% in several series.328,329,334

Other hematopoeitic Neoplasms with Similar 
Cutaneous presentations
Other lymphomas and hematopoietic tumors that may involve the skin 
include HTLV-1+ ATL (Fig. 92.13), extranodal NK-/T-cell lymphoma, 
Hodgkin lymphoma, cutaneous B-cell lymphomas, and leukemia 
cutis or extramedullary myeloid tumor (EMT) (including granulocytic 
sarcoma and monoblastic sarcoma). Peripheral T-cell and NK/T-cell 
lymphomas are discussed in Chapters 88 and 89. Hodgkin lymphoma 
is discussed in Chapters 91 and 92. Cutaneous B-cell lymphoma, leu-
kemia cutis, and EMTs are discussed in the following section.
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Primary cutaneous B-cell lymphomas are uncommon (inci-
dence of 3.1 per million person-years), and must be differenti-
ated from secondary cutaneous involvement by systemic B-cell 
lymphoma and cutaneous lymphoid hyperplasia of B-cell type.83 
The primary cutaneous B-cell lymphomas include: primary 
cutaneous follicle center lymphoma (PCFCL); primary cutaneous 
marginal zone B-cell lymphoma (PCMZL); primary cutaneous 
diffuse large B-cell lymphoma (PCLBCL), leg type; and primary 
cutaneous large B-cell lymphoma, other.137,335 Other systemic 
B-cell lymphomas may involve the skin, including intravascular 
large B-cell lymphoma, lymphomatoid granulomatosis, chronic 
lymphocytic leukemia/small-cell lymphoid neoplasm, mantle cell 
lymphoma, and Burkitt lymphoma.137,261 Cutaneous B-cell lym-
phomas usually present as single or multiple violaceous nodules 
on the head and neck or trunk and tend to infiltrate the deeper 
portions of the dermis, sparing the epidermis (“bottom-heavy”). 
PCFCLs are the most common cutaneous B-cell lymphomas. 
PCFCLs may have a nodular or a nodular and diffuse growth 
pattern and more frequently have a predominance of large 
noncleaved cells336 than their nodal counterparts (Fig. 92.14). 
The Mann-Berard grading system used for nodal follicular lym-
phomas is not predictive in PCFCL. In fact, in contrast to the 
aggressive behavior of nodal large-cell follicular lymphomas, 
primary cutaneous large-cell follicular lymphomas tend to be 
localized, follow an indolent course, and can often be managed 

with local excision, radiation therapy, and more recently ritux-
imab.335,337–340 However, careful staging must be performed to 
exclude extracutaneous lymphoma before a case is classified as 
primary cutaneous B-cell lymphoma. Typically, nodal follicular 
lymphomas express BCL-2 and are characterized by the chromo-
somal translocation t(14;18). PCFCLs, on the other hand, rarely 
show characteristic chromosomal translocations and BCL-2 is 
uncommonly expressed (Table 92.3).341,342

PCMZL is an indolent lymphoma characterized clinically by 
small purple-pink irregular plaques on the trunk, in contrast to 
PCFCL, in which the violaceous nodules are usually confined to 
the head and neck.343 Histologically, PCMZL is characterized by 
small, monocytoid, or lymphoplasmacytoid B-cells. Rarely, the 
infiltrate may be predominantly plasmacytic, and in instances 
where there is no evidence of systemic disease, these lesions are 
still considered part of the spectrum of PCMZL. The infiltrates 
range from nodular to diffuse. Reactive germinal centers may 
serve as foci for the nodular infiltrate of neoplastic marginal-
zone cells. The neoplastic cells typically express CD20 and CD79 
and BCL-2 but are negative for CD5, CD10, and BCL-6, the last 
two markers helping to distinguish it from PCFCL.343,344 The 
presence of large clusters of CD123 plasmacytoid DCs has also 
been proposed as a differentiating feature of PCMZL from the 
other primary cutaneous B-cell lymphomas.345 The chromo-
somal translocation t(14;18) (q32;q21) leading to the fusion of 
IGH and MALT1 genes as well as the t(3;14) (p14;q32) fusing the 
IGH and FOXP1 genes have rarely been reported in PCMZLs.346 
Similar to diffuse large B-cell lymphoma, a recent study identi-
fied aberrant somatic hypermutation in PCMZL, which leads to 
genomic instability.347

PCLBCL, leg type, typically presents in the elderly (average 
age of onset, 78 years) with rapidly growing reddish to viola-
ceous nodules and tumors on the lower legs, but they can occur 
at any cutaneous site.348,349,350,351 Histologically, the lesion is 
composed of immunoblasts and centroblasts without the admixed 
centrocytes that are more often seen in PCFCL. The infiltrate 
rarely involves the epidermis but can extend into the deep dermis 
and subcutaneous tissue. Because PCLBCL has a poor prognosis 
compared to the more indolent course of PCFCL, it is impor-
tant to be able to distinguish these two entities.348,349,350,351 As 
noted earlier, PCFCL and also PCLBCL can have a purely diffuse 
infiltrate with many centroblasts and immunoblasts, yet PCFCL 
will also contain centrocytes whereas PCLBCL, leg type, will not. 
By immunohistochemistry, PCFCL expresses CD10 and BCL-6 
and only expresses BCL-2 or MUM1/IRF4 in a minority popula-
tion, whereas PCLBCL diffusely expresses BCL-2, MUM1/IRF4, 
and IgM, but does not express CD10 and only rarely expresses  
BCL-6.344,350,351–353 Gene chip expression profiling has shown 
that PCLBCL has an activated B-cell genotype, whereas PCFCL 
has more of a germinal center B-cell genotype.354 A further study 
evaluating apoptosis-related genes identified a strong cellular 
cytotoxic immune response in PCFCL, whereas PCLBCL, leg type, 
had constitutive activation of the intrinsic mediated apoptosis 
pathway and downstream inhibition of apoptosis.355

PCLBCL, other, is a WHO-EORTC classification that includes 
those B-cell lymphomas that do not conform to the PCFCL or 
PCLBCL, leg type, criteria. This category includes large B-cell 
lymphoma subtypes such as anaplastic, plasmablastic, T-cell/
histiocyte-rich, and intravascular large B-cell lymphoma.356–362 
Although these entities can present initially as cutaneous 
lesions, they often represent cutaneous involvement by a sys-
temic lymphoma. Of note, some cases of intravascular large 
B-cell lymphoma appear to be confined exclusively to the 
venules, capillaries, and arterioles of the skin, without systemic 
involvement.362 These rare cases have a better prognosis (56% 
3-year OS vs. 22%) than their systemic counterparts.362 More 
detailed discussion of the other systemic B-cell lymphomas is in 
Chapter 88.

FIGURE 92.13. HTLV-1 (+) adult T-cell leukemia/lymphoma. Cutaneous involvement by 
HTLV-1 (+) adult T-cell leukemia/lymphoma showing epidermotropism and formation of a Pautrier 
microabscess (hematoxylin and eosin, ×50). HTLV-1, human T-cell lymphotrophic virus type-I

FIGURE 92.14. Primary cutaneous follicle center lymphoma. Note the back-to-back 
nodular pattern. The infiltrate extends from the superficial reticular dermis to the superficial 
subcutis in a “bottom-heavy” pattern sparing the papillary dermis and epidermis (hematoxylin 
and eosin, ×2).
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Leukemia cutis and EMT are cutaneous infiltrates of myelo-
blasts and immature myeloid precursors that are often difficult 
to differentiate from cutaneous lymphoma. EMT, also known as 
granulocytic sarcoma or chloroma, is an extramedullary tumor 
composed of immature granulocytic precursor cells. The most 
common sites of presentation are bone, periosteum, soft tissue, 
lymph node, skin, and, infrequently, small intestine. The tumor 
may develop during the course of acute myeloid leukemia, chronic 
myeloid leukemia, or other myelodysplastic disorders.363,364 EMT 
usually presents as nodules or tumors that are often solitary, 
whereas leukemia cutis presents with multiple skin lesions with 
a varied clinical appearance, including papules, nodules, plaques, 
palpable purpura, or ulcers.364 Histologically, EMT and leukemia 
cutis tend to infiltrate between collagen bundles and fat spaces in 
an interstitial pattern (Fig. 92.15). Cytologically, the myeloblasts 
of EMT and leukemia cutis are medium-sized cells with finely 
dispersed chromatin, small or inconspicuous nucleoli, and scant 
cytoplasm. Occasionally, eosinophilic or neutrophilic granules 
may point to the cells’ myeloid lineage. In difficult cases, immu-
nohistochemistry, flow cytometry, and cytochemical stains will 
usually confirm the diagnosis and exclude lymphoma.365 CD68, 
CD43, and lysozyme, although not lineage-specific for monocytes 
or macrophages, have been shown to be the most sensitive mark-
ers for detecting myeloid leukemia cutis.366,367 Nearly half of 
the cases may be myeloperoxidase negative; however, a recent 
study looking at 173 skin biopsies of myeloid leukemia cutis 
demonstrated a 100% diagnostic accuracy utilizing CD68, CD33, 
and MPO.368 If the patient has systemic leukemia, comparing 
the immunohistochemical profile of the cutaneous infiltrate with 
that from the peripheral blood or bone marrow can be helpful. It 
must be kept in mind, however, that many of the immunopheno-
typic markers used in defining blastic cells in the blood or bone 

marrow (CD117 and CD34) are often negative in the cutaneous 
infiltrates.353 Myeloperoxidase, Sudan black B, and chloroacetate 
esterase cytochemical stains can be used to confirm myeloid dif-
ferentiation if air-dried touch imprints are available.

staging
In 1979, a staging system for CTCL was proposed by an inter-
national panel of experts who devised a tumor–node–metastasis 
(TNM) system.369 In the original TNM staging system, peripheral 
blood involvement with >5% atypical circulating cells was indi-
cated by a separate peripheral blood stage B1 (vs. B0) and did not 
affect the clinical stage designation. Two large series have shown 
that blood involvement is more commonly seen in higher-stage 
disease, with 0% to 12% of patients with plaques only, 16% to 
27% of patients with tumors, and >90% with erythroderma, dem-
onstrating peripheral blood involvement.173,370 More recently, 
Vonderheid et al. have shown that blood involvement has distinct 
prognostic implications.371

In 2007 the ISCL/EORTC recommended revisions to the MF 
Cooperative Group classification and staging system for CTCL.176 
These revisions are made to incorporate advances related to tumor 
cell biology, diagnostic techniques, and prognostic variables per-
taining exclusively to MF and SS as opposed to non-MF/SS CTCLs 
(Table 92.4). Stage I refers to patients with patches and plaques 
without adenopathy and is divided into stage IA for patients with 
<10% body surface area (BSA) involvement (T1) and stage IB for 
more generalized patches and plaques (T2). Stage II has two unique 
categories: stage IIA patients have patches/plaques with palpable 
adenopathy (histology negative), whereas stage IIB patients have 
tumors (nodules >1cm in size) with or without palpable adenopa-
thy (histology negative). Patients with erythroderma are placed into 
stage III with or without palpable adenopathy (histology negative). 
Stage IV patients have evidence of CTCL beyond the skin. Stage 
IVA1 reflects significant blood involvement. Patients with stage 
IVA2 have nodal involvement without visceral disease and stage 
IVB reflects patients with visceral disease. The lymph node staging 
includes N1 for dermatopathic lymph nodes (NCI grades 0 to 2),  
N2 for NCI grade 3 lymph nodes, and N3 for NCI grade 4 lymph 
nodes (Table 92.5). New to the ISCL/EORTC staging system is B2 
staging for high blood tumor burden (Table 92.4), B0 for <5% 
Sézary cells, and B1 blood stage for >5% Sézary cells when criteria 
for B2 are not met. For the first time, the blood stage is factored into 
the clinical stage to create a TNMB matrix. Changes also include 
the creation of clinical stages IIIA (T4N0-2M0B0), IIIB (T4N0-
2M0B1), IVA1 (T1–4N0-2M0B2), and IVA2 (T1–4N3M0B0–2).176

Staging procedures recommended by the international panel 
in 1979 included lymph node biopsy of a nonpalpable lymph 
node in patients without adenopathy, and liver and bone mar-
row biopsies for advanced stages (II, III, IV).372 These proce-
dures may be considered in patients in clinical trials but are 
rarely helpful in those patients with limited skin disease and no 

CBCL Type BCL-2 BCL-6 CD10 CD20 Ig MUM1/IRF4

PCFCL – (10% +) + + follicular pattern; – diffuse pattern + – – (10% +)

Secondary FCCL + + + + + –

PCMZL + – – + + + on associated plasma cells

PCLBL, Leg type ++ rarely – + +IgM ++

FCCL, follicle center cell lymphoma; PCFCL, primary cutaneous follicle center lymphoma; PCLBL, primary cutaneous large B-cell lymphoma; PCMZL, primary cutaneous marginal zone lymphoma.

IMMUNOHISTOCHEMISTRY PATTERN OF THE PRIMARY CUTANEOUS B-CELL LYMPHOMAS (CBCL)

taBLe 92.3

FIGURE 92.15. Leukemia cutis. Clusters of myeloblasts with fine chromatin and scant cyto-
plasm infiltrate between collagen bundles in the reticular dermis (hematoxylin and eosin, ×250).
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lymphadenopathy.182 Because invasive tests such as liver biopsy 
or staging laparotomy have added little diagnostic information for 
patients with early and advanced-stage disease,175,373,374 these 
staging studies are not recommended by the recent consensus 
conference.176 Table 92.6 outlines staging procedures for MF/SS 
adapted from the ISCL/EORTC guidelines.176 All patients should 
have a complete physical examination with special attention to 
skin and lymph nodes. Careful mapping of skin involvement and/
or total-body photographs are recommended to document the ini-
tial extent of disease at diagnosis and to assess response to treat-
ment.375 Laboratory studies should include serum comprehensive 

metabolic panel, lactate dehydrogenase, and complete blood count 
with manual differential. In addition, peripheral blood should be 
examined for abnormal lymphocytes by either a Sézary cell count 
(number per microliter) and/or flow cytometry with attention to 
CD4+/CD8+ ratio and CD4+/CD7− or CD4+/CD26− gated popula-
tions if indicated. TCR gene rearrangement of peripheral blood is 
also recommended, including an attempt to correlate a positive 
finding with any clone in the skin. A recent study showed no 
significant benefit to performing bone marrow biopsies for stag-
ing purposes.181 They may be helpful in working up unexplained 
hematologic abnormalities.

Stage Clinical–Pathologic Features

T Skin Stage

T1 Patches/plaques <10% BSA

T2 Patches/plaques >10% BSA

T3 At least one tumor nodule >1 cm in diameter

T4 Confluence of erythema (erythroderma) covering >80% BSA

N Lymph Node Stage

N0 No clinically abnormal peripheral lymph nodes (pLNs)

N1 Clinically abnormal pLNs with NCI grade 1 or 2 pathology

N2 Clinically abnormal pLNs with NCI grade 3 pathology

N3 Clinically abnormal pLNs with NCI grade 4 pathology

Nx Clinically abnormal pLNs with no histologic confirmation

M Visceral Stage

M0 No visceral involvement

M1 Visceral involvement

B Blood Stage

B0 Sézary cell count ≤5% lymphocytes

B1 Sézary cell count >5% lymphocytes when B2 criteria are not met

B2 T-cell clone in blood +
>1,000 Sézary cells/ml, OR 2 of 3:

CD4/CD8 ratio >10, or
CD4+CD7− >40% lymphocytes, or
CD4+CD26− >30% lymphocytes

AND lymphocytes or CD4 or CD3 count must be elevated.

Clinical Stage TNMB Stages

Early-Stage Disease

IA T1 N0 M0 B0–1

IB T2 N0 M0 B0–1

IIA T1–2 N1–2 M0 B0–1

Late-Stage Disease

IIB T3 N0–2 M0 B0–1

IIIA T4 N0–2 M0 B0

IIIB T4 N0–2 M0 B1

IVA1 T1–4 N0–2 M0 B2

IVA2 T1–4 N3 M0 B0–2

IVB T1–4 N0–3 M1 B0–2

Sézary Syndrome

IVA1 or 2 or IVB T4 N0–3 M0–1 B2

BSA, body surface area; EORTC, European Organization for the Research and Treatment of Cancer; ISCL, International Society of Cutaneous 
Lymphomas; NCI, National Cancer Institute; pLNs, peripheral lymph nodes.
Modified from Olsen E, Vonderheid E, Pimpinelli N, et al. Revisions to the staging and classification of mycosis fungoides and Sézary 
syndrome: a proposal of the International Society for Cutaneous Lymphomas (ISCL) and the Cutaneous Lymphoma Task Force of the 
European Organization of Research and Treatment of Cancer (EORTC). Blood 2007;110:1713–1722.

2007 ISCL/EORTC STAGING OF MYCOSIS FUNGOIDES/SÉZARY SYNDROME

taBLe 92.4
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Imaging
The role of diagnostic imaging in the initial staging of CTCL has 
been examined by several authors.376–379 Kulin et al. studied 
the results of gallium citrate Ga-67 scintigraphy, liver–spleen 

scans, lymphangiography, and computed tomography (CT) used 
in the initial staging of 62 CTCL patients (85% with stage I or II 
disease) and found that none of the results added significantly 
to the information obtained from physical examination and rou-
tinely performed lymph node biopsy (73% of 62).377 In contrast, 
a study of 63 CTCL patients (78% with stage I or II disease) who 
had staging body CT scans found positive findings in 18 (29%) 
patients, one half of whom had clinically unsuspected advanced-
stage disease.376 Eight of these 18 patients had biopsies, with 5 of 
8 confirming extracutaneous CTCL. Of the 38 patients with stage 
I disease, however, only 2 had positive findings on CT scan.376 
Another retrospective study of 33 CTCL patients (70% with stage 
I or II disease) who had CT scans found that 3 of the 20 patients 
with initial clinical stage I disease were staged higher on the basis 
of CT findings as stage II.378 Subsequent lymph node biopsies 
confirmed extracutaneous disease in all three patients (stage IVA). 
In summary, pelvic, abdominal, and thoracic CT scans have a low 
yield in patients without palpable adenopathy (stage I) and are not 
necessary for staging these patients. The highest yield of CT scans 
appears to be in cases of non-MF/SS CTCL (nonepidermotropic, 
transformed CTCL, ALCL) and stage III disease (erythroderma), 
in contrast to stage II and IV patients, in whom CT findings often 
do not change treatment or stage.376 Therefore, staging CT scans 
of the chest, abdomen, and pelvis are recommended for patients 
with generalized plaques, erythroderma, tumors, palpable lymph 
nodes, or blood involvement.176

Grade Histopathologic Features

LN-1 DL with occasional CTC

LN-2 DL with CTC singly or in small clusters (<6 cells)

LN-3 DL with numerous CTC, singly or in large clusters  
(>15 cells)

LN-4 Partial or complete effacement by MF/SS ± DL

CTC, cerebriform T-cells; CTCL, cutaneous T-cell lymphoma; DL, dermatopathic 
lymphadenopathy; LN, lymph node; MF, mycosis fungoides; NCI, National Cancer Institute; 
SS, Sézary syndrome; VA, Veterans Affairs.
Modified from Sausville EA, Eddy JL, Makuch RW, et al. Histopathologic staging at initial 
diagnosis of mycosis fungoides and the Sézary syndrome. Definition of three distinctive 
prognostic groups. Ann Intern Med 1988;109:372–382.

NCI VA GRADING SCHEME FOR LYMPH NODE HISTOLOGY 
IN CTCL

taBLe 92.5

Evaluation and Studies

Skin

Physical exam Identify primary skin lesion (patches, plaques, tumors, erythroderma) and % BSA involved.

Skin biopsy Punch biopsy of thickest or oldest skin lesions (>1 skin biopsy)

Immunophenotyping CD2, CD3, CD4, CD5, CD7, CD8, CD20, CD30.

Molecular genetics T-cell receptor rearrangement analysis if needed.

Lymph Nodes

Physical exam Identify abnormal peripheral lymph nodes ≥1.5 cm or irregular.

Radiologic tests CT scans of chest, abdomen, pelvis except in stage IA or limited IB. PET scans may be helpful to identify which LN to biopsy.

LN biopsy Complete LN biopsy preferred over core LN biopsy or FNA.

Immunophenotyping CD2, CD3, CD4, CD5, CD7, CD8, CD20, CD30.

Molecular genetics T-cell receptor rearrangement analysis if needed.

Viscera

Physical exam Identify abnormal liver, spleen, or other organs.

Radiologic tests CT scans of chest, abdomen, pelvis except in stage IA or limited IB. PET scans may be helpful to identify visceral abnormalities.

Liver biopsy Not indicated, unless involvement would change management.

Spleen biopsy Not indicated, unless involvement would change management.

Bone marrow biopsy Not indicated, unless abnormalities would change management.

Other biopsies Not indicated, unless involvement would change management.

Immunophenotyping CD2, CD3, CD4, CD5, CD7, CD8, CD20, CD30.

Molecular genetics T-cell receptor rearrangement analysis if needed.

Blood

Chemistries Comprehensive panel including liver enzymes, lactate dehydrogenase, HTLV-1 serology if indicated.

Blood cells Complete blood count and manual Sézary cell count/differential.

Immunophenotyping Flow cytometry for absolute count and %: CD2, CD3, CD4, CD5, CD7, CD8, CD20, CD26 (if available), CD30. Also include CD4/CD8 ratio, 
CD4+CD7−, CD4+ CD26− (if available).

Molecular genetics T-cell receptor rearrangement analysis.

BSA, body surface area; CT, computed tomography; FNA, fine-needle aspiration; HTLV-1, human T-lymphotropic virus-1; LN, lymph node; PET, positron emission tomography.
Modified from Olsen E, Vonderheid E, Pimpinelli N, et al. Revisions to the staging and classification of mycosis fungoides and Sézary syndrome: a proposal of the International Society for 
Cutaneous Lymphomas (ISCL) and the Cutaneous Lymphoma Task Force of the European Organization of Research and Treatment of Cancer (EORTC). Blood 2007;110:1713–1722.

RECOMMENDED INITIAL STAGING EVALUATION OF MYCOSIS FUNGOIDES/SÉZARY SYNDROME

taBLe 92.6
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Positron emission tomography (PET) may provide an alter-
native staging and response-assessment tool for patients with 
CTCL. A recent study evaluated 13 patients with MF and SS at 
risk for secondary lymph node involvement using integrated PET/
CT followed by excisional biopsy of the lymph nodes.380 Two of 
seven patients with LN4 effaced lymph nodes had nodes <1.5 
cm on CT scan and would have been assigned an N0 classifica-
tion without the use of integrated PET/CT. The intensity of PET 
activity correlated roughly with lymph node histologic grade but 
did not reach statistical significance because of the small sample 
size. Feeney and colleagues recently evaluated the FDG PET/CT 
findings in patients with a variety of T-cell lymphomas noting a 
significant difference in the mean maximum standardized uptake 
value (SUV) in patients with MF with transformation (SUV, 11.3) 
compared with patients with MF without transformation (SUV, 
3.82; p < 0.05).381 Additional studies need to be performed to 
evaluate the role of CT/PET in the staging of patients with MF/SS.

Lymph Nodes
Although the presence of palpable nodes has prognostic value, 
lymph node histology is even more important in staging and 
assessing prognosis, not only at diagnosis but also later in the 
course of the disease. Enlarged lymph nodes from MF/SS patients 
either show dermatopathic lymphadenopathy or involvement by 
MF/SS. Sausville et al. described a system of grading lymph nodes 
in CTCL patients (NCI VA classification) that correlated well with 
prognosis: LN1, a few atypical cerebriform T-cells; LN2, dermato-
pathic lymphadenopathy with small clusters (<6 cells) of atypical 
cerebriform T-cells; LN3, dermatopathic lymphadenopathy with 
large clusters (>6 cells) of atypical cerebriform T-cells; and LN4, 
partial or complete effacement of lymph node architecture.173 
Although clusters of atypical cerebriform T-cells are present in 
grades LN2 and LN3, lymph node architecture is preserved. Only 
LN4 lymph nodes are considered involved with CTCL (histology 
positive) for purposes of the TNM staging system (Table 92.4). The 
NCI VA classification has been criticized because of the nonspeci-
ficity of grades LN1–3 and because lymph nodes from patients 
with unrelated diseases can show similar findings, and many 
consider LN3 lymph nodes to be histologically borderline.163,382

The ISCL/EORTC consensus staging system for lymph nodes 
distinguishes stage N3 lymph nodes that show effacement of nodal 
architecture (grade LN4) from stage N2 lymph nodes that contain 
clusters of atypical lymphocytes (>6 cells) that do not efface 
architecture (grade LN3). ISCL/EORTC stage N1 lymph nodes may 
show dermatopathic lymphadenopathy, or small clusters of atypi-
cal lymphocytes (3 to 6 cells) that do not distort nodal architecture 
(grade LN1–2). In general, there is good correlation between his-
tologic and molecular evaluation of lymph nodes for involvement 
by MF/SS. Three studies have shown that most histologically 
negative lymph nodes (LN1–2) do not show T-cell–receptor gene 
rearrangements, whereas ∼90% or more histologically involved 
LNs (LN4) do show clonal T-cell–receptor gene rearrangements 
by Southern blot analysis.383–385 All three studies also showed a 
mixture of clonal and polyclonal populations in histologically bor-
derline cases (LN3 or histologically equivalent to LN3). Although 
not statistically significant in all studies, histologically borderline 
cases that have a positive TCR gene rearrangement tend to have 
a poorer prognosis, similar to cases with histologically involved 
lymph nodes (LN4).384

Fine-needle aspiration of lymph nodes to assess for involve-
ment by MF/SS has been evaluated in a limited number of 
patients, with good correlation between cytologic grade of the 
FNA specimen and histologic classification of the lymph node 
biopsy.382,386 However, as with other types of lymphomas, there 
is an inherent risk of sampling only low-grade involvement and 
missing a focal area of transformation to a large-cell lymphoma. 
Therefore, excisional biopsy of peripheral lymph nodes >1.5 

cm in diameter is recommended, with preference for the largest 
lymph node draining the involved skin area or, if available, the 
lymph node with the highest SUVfrom PET scan data.176

peripheral Blood
The 1979 Committee on Staging and Classification of CTCLs 
defined peripheral blood involvement by MF/SS as >5% periph-
eral blood lymphocytes with Sézary cell morphology (Fig. 92.7);372 
however, this criterion is not uniformly agreed on. Because 
Sézary cells can be seen in the peripheral blood of patients with 
benign dermatitis or erythroderma, investigators have suggested 
that other criteria be used to define peripheral blood involve-
ment.176,371 The 2007 ISCL/EORTC staging criteria of peripheral 
blood involvement includes B2 staging for high blood tumor bur-
den and B1 blood stage for low blood tumor burden (>5% Sézary 
cells) when criteria for B2 are not met. More specifically, B2 is 
defined as clonal TCR rearrangement in the blood and one or 
more of the following: (a) absolute Sézary cell count of 1,000 cells/
ml or more, (b) CD4/CD8 ratio of 10 or more due to an increase in 
CD3+ or CD4+ cells by flow cytometry, (c) increase in CD4+ cells 
with an aberrant phenotype: ≥40% CD4+/CD7−, or ≥30% CD4+/
CD26− as suggested by Vonderheid and Bernengo.387

As discussed earlier, aberrant phenotypes include the absence 
of T-cell markers such as CD2, CD3, CD5, CD7, and CD26, which 
are usually expressed on normal T-cells, or co-expression or 
absence of both CD4 and CD8. A CD4:CD8 ratio of >10:1 or an 
aberrant phenotype constitutes an abnormal population. Because 
decreased CD7 expression on T-cells has been seen in patients 
with benign skin conditions, the ISCL recommends that 40% or 
more of the CD4+ T cells lack CD7 for it to be considered sig-
nificant.176 PCR of peripheral blood has been shown to detect a 
clonal population of T-cells in approximately one third of patients 
with stage I to II disease and a majority of patients with stage 
III to IV disease.187,388 In addition, loss of CD26 expression on 
circulating CD4+ T-cells has been reported in most cases of MF 
and SS.199,200,389 Therefore, gating of CD4+CD26− T-cells may 
provide a more sensitive way to use flow cytometry to evaluate 
peripheral blood for involvement by MF/SS.29,38,235,390 A recent 
study of CD27 expression in peripheral blood T-cells showed 
a significantly higher expression of the CD4+CD27+CD45RA- 
central memory T-cell subset in patients with SS as compared 
to patients with idiopathic erythroderma patients who showed 
increased CD4+CD27–CD45RA– effector memory T-cell levels.391

Bone Marrow
Studies of bone marrow involvement in MF patients at initial 
staging found disease in 2% to 22% of patients.174 Histologic find-
ings in involved marrows include clusters of CD3+ atypical lym-
phocytes with cerebriform nuclei and occasional large dysplastic 
cells.174 Bone marrow involvement by MF is more common in 
higher-stage disease and correlates with a poorer prognosis; how-
ever, when other factors such as skin stage and visceral involve-
ment were considered, bone marrow involvement was not shown 
to be an adverse prognostic factor.392 These findings were sup-
ported by a recent study that evaluated the prognostic significance 
of histologic and molecular evidence of bone marrow involvement 
at the time of diagnosis. This study also showed a correlation 
between histologic or molecular bone marrow involvement and 
clinical stage of disease, but bone marrow involvement failed to be 
an independent prognostic indicator.181 Therefore, despite being 
considered in initial staging of non-MF/SS lymphoma patients, 
routine staging bone marrow biopsies in patients with MF are 
not currently recommended. The recent ISCL/EORTC consensus 
conference recommended performing bone marrow biopsies only 
in patients with B2 blood involvement or unexplained hematologic 
abnormalities.176
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prognosis
Prognosis correlates with the extent of skin disease and status of 
the lymph nodes, blood, and visceral involvement. MF behaves 
in a manner similar to other low-grade or indolent NHLs, with 
prolonged survival despite recurrent relapses (see Chapter 88). 
Zackheim et al. assessed relative (observed/expected) long-term 
survival among the four skin stages. Stage and survival data 
for 489 patients with CTCL was extracted from a University of 
California, San Francisco, CTCL registry dated 1957 to 1994 and 
compared to a control group matched for age, sex, race, and geo-
graphic variables. Using the control group to generate expected 
survival values, researchers found a relative survival at 10 years 
for each group as follows: 100% for T1, 67% for T2, 40% for T3, 
and 41% for T4.393

The TNM staging system has correlated well with prognosis, 
demonstrating the following 5-year survival rates: 95% for stage 
I, 76% for stage II, 45% for stage III, and 51% for stage IV.394 
Utilizing the newest staging criteria from the ISCL/EORTC, the 
5-year survival rates are similar: 94% for stage IA, 84% for stage 
IB, 78% for stage IIA, 47% for stage IIB, 47% for stage IIIA, 40% 
for stage IIIB, 37% for stage IVA1, 18% for stage IVA2, and 18% 
for stage IVB.189 Data from a retrospective cohort analysis sug-
gest that the long-term (30-year) survival of patients with stage 
IA (limited patch/plaque) MF is similar to the expected survival of 
a matched control population.389,393 Therefore, it is unlikely that 
stage IA MF will affect the life expectancy of afflicted patients.

Kim et al. performed a retrospective cohort analysis of 525 
patients with MF/SS at Stanford University from 1958 through 
1999.389 In the multivariate analysis, patient age, T classifica-
tion, and the presence of extracutaneous disease were the most 
important independent factors. The risk for disease progression 
to a more advanced TNM or B classification, worse clinical stage, 
the development of extracutaneous disease, or death due to MF 
correlated with the severity of the initial T classification. None of 
the patients had T1 disease when their extracutaneous disease 
was detected.389

Using histology to differentiate between patch and plaque 
predominance within stage T2, one study found plaque pre-
dominance to influence relative survival negatively.395 A retro-
spective analysis by Sausville et al. of 152 consecutively staged 
patients at the NCI identified skin stage (T3, T4 vs. T1, T2) and 
visceral involvement as the most significant independent pre-
dictors of survival with palpable adenopathy and lymph node 
histopathology classification showing marginal significance using 
multivariate analysis.173 Three prognostic groups were identi-
fied, with the most favorable, low-risk group having limited skin 
disease without visceral or blood involvement (TNM stages IA, 
IB, IIA) and the least favorable, high-risk group demonstrating 
effaced lymph nodes (NCI VA LN4, TNM stage IVA) or visceral 
involvement (TNM stage IVB).173,396 The intermediate-risk group 
included all other patients (TNM stages IIB, III) and stage IVA 
patients with grade LN3 lymph node histopathology. Several 
reports suggest that patients with dermatopathic or early 
lymph node involvement with TCR gene rearrangement have a 
worse prognosis than similar patients without evidence of gene 
rearrangement.171,383,384,397

A study of 57 patients demonstrated serum LDH to reflect 
tumor burden in erythrodermic CTCL, with levels being inversely 
related to hematologic stage and survival.398 This same study 
used a univariate model, which found lymph node stage and 
hematologic stage to predict survival. Upon multivariate assess-
ment, however, only lymph node stage served as an important 
prognostic indicator of survival.

A more recent study that retrospectively analyzed 1,502 MF/
SS patients with the revised ISCL/EORTC staging for CTCL found 
a significant difference in survival between those with patch-only 
disease (T1a/T2a) versus patch and plaque disease (T1b/T2b).189 

Multivariate analysis revealed that advanced T stage, the pres-
ence of a peripheral blood tumor clone without Sézary cells (B0b), 
increased LDH, and folliculotropic MF were associated with both 
decreased survival and increased risk of disease progression.189 
The same analysis showed that large-cell transformation was 
predictive only of increased risk of disease progression, and male 
sex, increasing age, and poikilodermatous MF were associated 
with decreased survival.189

In a retrospective analysis of 100 patients with transformed 
MF, Benner et al. identified decreased overall and disease-
specific survival in those with folliculotropic MF and those lack-
ing CD30.166 They developed a “prognostic index” for those 
with transformed MF based upon the following four negative 
prognostic factors: CD30 negativity, generalized skin lesions, 
extracutaneous transformation, and folliculotropic MF. There was 
a significant decrease in survival in those with 2+ negative prog-
nostic factors versus those with 0 to 1.166

Patients with SS have a relatively poor prognosis, with a 
median survival of ∼3 to 4 years.136,389,399 In a series of 29 
patients with SS, features linked with a bad prognosis included 
fast evolution of the disease (from symptoms onset up to diagno-
sis) (p = 0.0274), raised levels of serum lactate dehydrogenase (p 
= 0.0379), and b2-microglobulin (p = 0.0151), the latter being 
the most important prognostic factor.399 Some of these findings 
were confirmed in another series of 28 patients with SS in whom 
the detrimental prognostic value of increasing age and LDH 
level, and the identification of the EBV genome in the skin, were 
reported.400

The prognosis for patients with extracutaneous disease 
is poor, with median survivals between 1 and 2.5 years.401 
Virtually all patients with extracutaneous disease die of CTCL, 
compared to nearly one third of patients with generalized 
plaques and a majority of patients with tumors or erythroderma 
without visceral involvement.375,402 Very few patients with lim-
ited plaques (T1) actually die of MF, with most deaths due to 
cardiovascular events or other malignancies.375,389,393 Overall, 
illnesses attributed directly to CTCL or indirectly implicated 
via CTCL-related complications contribute up to a mere 19% of 
deaths in CTCL patients.394 More recently, Agar et al. found that 
26% died due to their cutaneous lymphoma.189 Overall, the bulk 
of patients with CTCL do not die from their malignancy.401,403 
Second malignancies other than skin cancers include NHL, HD, 
colon cancer, and lung cancer.404 Infection remains the most 
common cause of death in patients who succumb to CTCL, with 
Staphylococcus aureus and Pseudomonas aeruginosa being the 
most common pathogens infecting the skin, leading to bactere-
mia and sepsis.402,403 Visceral involvement with CTCL may lead 
to organ failure and ultimately death.

tHerapy
The mainstay of treatment of CTCL has been control of the cutane-
ous manifestations of disease with topical therapies in the hope 
of preventing spread to extracutaneous sites. However, because 
of the risk of progression to extracutaneous sites and worsen-
ing cutaneous symptoms, systemic agents alone or in combina-
tion with topical therapies have been studied to control more 
advanced disease. Therapy in MF/SS is based on the extent of dis-
ease, age, performance status, potential for remission, availability 
of treatments, efficacy, and treatment toxicity.405,406 Because MF 
usually behaves as a low-grade or indolent lymphoma, contro-
versial issues have involved the timing, selection, and intensity of 
systemic therapy. Unfortunately, there are few randomized clinical 
trials comparing the efficacy of the numerous therapeutic options 
available for patients with MF/SS. The following discussion sum-
marizes the efficacy and toxicity of each therapy, and relates these 
parameters to disease stage (Fig. 92.16).
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topical Chemotherapy
Mechlorethamine hydrochloride, or nitrogen mustard (HN2), was 
introduced in 1947 as the first topical agent to demonstrate activ-
ity in treating MF407 and remains one of the major therapies of 
choice for early-stage MF. In 1942, HN2 became the first chemo-
therapy agent to be infused into a human being for the treatment 
of cancer.408 HN2 is an alkylating agent that undergoes rapid deg-
radation to an active ethylenimonium ion that has high antimitotic 
activity and a brief half-life.401 Several studies have suggested that 
the mode of action of HN2 may involve induction of G2 arrest,409 
gene-specific DNA cross-links,410,411 and blockage of transcription 
factor–binding sites.412 Some investigators have suggested that 
immunogenic properties of HN2 demonstrated by its propensity 
to induce delayed-type hypersensitivity contribute to its antineo-
plastic activity.413 Topical HN2 may be prepared in a variety of 
ways; initial studies involved dissolving HN2 in water to reach a 
concentration of 10 to 20 mg/dl,414 whereas more recently HN2 
has been suspended in an emollient such as Aquaphor or a gel at 
concentrations of 0.01% and 0.02%.415,416 Topical HN2 is usually 
applied once daily to the entire skin surface with relative sparing 
of the eyelids, genitalia, rectum, lips, and intertriginous areas. 
The length of treatment is variable but usually involves daily 
applications until the patient achieves a complete or significant 
clearing of skin lesions, followed by a maintenance regimen of 
daily or every-other-day applications for a period of 6 months 
to 2 years. No author has advocated a maintenance regimen of 
indefinite HN2 applications. Recently, Kim et al. found that lon-
ger maintenance regimens had no impact on the relapse rate in 
patients treated with topical HN2.417 Treatment may be intensi-
fied for localized lesions by increasing either the concentration or 
frequency of application.

The response rate of topical HN2 is related to the morphology 
(patch/plaque vs. tumor) and extent of disease (T1 vs. T2). Several 
large series with >100 patients have been reported.417,418,419 It 
is difficult to compare overall response rates among these stud-
ies because of differences in the clinical stages treated, adjunc-
tive therapies, and staging systems. The percentage of patients 
with early-stage MF achieving an initial complete response (CR) 
ranged from 64%418 to 75%419 in stage I disease. Including more 
advanced stages, the complete response ranged from 37% in stage 
I/IIA disease to 50% in stage I to III disease.417 The median time 
to achieve CR is shorter for stage I patients than for those with 

more advanced stages.417,418 Vonderheid et al. found a durable 
CR to HN2 lasting more than 8 years occurring in 34 of 324 (10%) 
patients with early-stage MF,419 and Kim et al. demonstrated that 
freedom-from-progression rates at 10 years were 85% and 83% 
for T1 and T2 patients, respectively.417 Relapse is common, as 
Kim et al. observed relapses in 42% of 107 patients after an initial 
CR, all of which occurred within 5 years, and disease progression 
to a higher skin stage has been recently reported in 12% and 17% 
of T1 and T2 patients, respectively.417 However, among patients 
who had an initial response to HN2 and relapsed, 67% achieved 
a CR after receiving HN2 salvage therapy. In summary, HN2 is 
effective in achieving an initial response in early-stage disease. 
Relapse occurs frequently but can often be treated with a second 
course of therapy.

The side effects of topical HN2 include local allergic reactions, 
xerosis, hyperpigmentation, and secondary cutaneous cancers.413 
Immediate hypersensitivity reactions manifesting as urticaria 
are rare but do occur in ∼5% of patients using topical HN2 and 
necessitate discontinuing treatment to avoid a potentially life-
threatening anaphylactic reaction.413,420,421 Delayed-type hyper-
sensitivity reactions (allergic contact dermatitis) manifesting as 
erythematous eczematous patches occur in up to 64% of patients 
treated with aqueous HN2418,419,422 but occur less frequently 
(<10%) with the ointment-based preparation.417 Some investiga-
tors have suggested that the delayed-type hypersensitivity reac-
tion to topical HN2 may have a beneficial effect in clearing MF 
lesions413 and advocate topical desensitization414,418,423 rather 
than discontinuation of the HN2 when delayed-type hypersensitiv-
ity reactions occur.413 Despite this, discontinuation of the medica-
tion can occur in up to 19% of patients.422 Hyperpigmentation of 
the skin, especially in sites of MF involvement, occur commonly in 
patients using topical HN2, and patients should be reassured that 
the hyperpigmentation will resolve spontaneously within several 
months.413

In their study of 331 patients treated with HN2, Vonderheid et 
al. calculated an 8.6-fold (n = 31, 9%) and 1.8-fold (n = 27, 8%) 
increased risk for the development of squamous cell carcinoma 
(SCC) and basal cell carcinoma (BCC) of the skin, respectively, 
when compared to the general US population.419 In contrast, Kim 
et al. found BCC or SCC skin neoplasms in only 8 of 203 (4%) CTCL 
patients treated initially with HN2.417 Melanoma occurred in  
1 patient in the Kim et al. cohort. This patient had Fitzpatrick skin 
type 1 and had had a previous BCC.417 Because HN2 is a known 
radiomimetic agent, its carcinogenic potential may be amplified 
with the simultaneous use of other agents, most notably ultra-
violet therapy.413,424 To help minimize this risk, patients using 
HN2 should adhere to strict protection from sun exposure. The 
risk of environmental contamination from topical HN2 appears 
to be minimal, as there are no epidemiologic data of increased 
malignancy in family members of treated patients; however, treat-
ment assistants should wear latex gloves and wash accidentally 
exposed skin thoroughly.425,426

Topical carmustine (BCNU), a nitrosourea compound that 
causes DNA damage through alkylation at an O6 site of guanine 
and interstrand cross-linkage, is also used to treat early-stage 
MF, although experience is more limited than with topical 
HN2.427,428 The use of topical nitrosoureas for the treatment 
of MF was first reported in 1972.429 Patients mix a 5-ml (10-mg) 
aliquot of a 0.2% alcoholic stock solution with 60 cc of tap water 
and apply the solution to only the involved areas of MF.413 
Applications are repeated daily for no more than 8 to 10 weeks at 
a time. Zackheim et al. reported a CR in 86% of T1 stage patients 
and 48% of T2 patients treated with BCNU solution.427 In their 
follow-up report of 188 early-stage MF patients treated with topi-
cal BCNU, 91% of stage T1 patients and 62% of stage T2 patients 
had not failed treatment after 36 months, and 5-year survivals 
were 97% and 80%, respectively.413 Very recently, a phase 1 clin-
ical trial evaluating the use of topical carmustine and intravenous 

FIGURE 92.16. Cutaneous T-cell lymphoma (CTCL) treatment algorithm. alloSCT, allo-
geneic stem cell transplant; Bex, bexarotene capsules; IFN, interferon; LN,lymph node; MF/
SS, mycosis fungoides/ Sézary syndrome; NBUVB, narrow beam ultraviolet B phototherapy; 
PUVA, psoralen + ultraviolet A phototherapy. Note that single-agent chemotherapeutic agents 
with impressive benefit/risk ratios include pegylated liposomal doxorubicin, gemcitabine, and 
 pralatrexate.
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O6-benzylguanine was reported.428 Given the likelihood of a 
potentiating effect from the two therapies, O6-benzylguanine and 
systemic carmustine have been used to treat solid tumors. The 
therapeutic combination, now utilizing topical carmustine was 
initiated in 21 patients with refractory early-stage MF (IA-IIA). 
The minimal toxic effect was seen at the 40-mg dose of carmus-
tine, and there was also a 76% overall clinical response noted.428 
Side effects from carmustine include erythema and skin tender-
ness in a great majority of patients, telangiectasia following less 
common severe cutaneous reactions, allergic cutaneous reactions 
(<10%), and mild leukopenia (4%).428

phototherapy
Psoralen photochemotherapy was introduced in 1974 for refrac-
tory psoriasis430 and has been used extensively in the early stages 
of CTCL. Psoralen and ultraviolet A light therapy (PUVA) involves 
the ingestion of 8-methoxypsoralen (8-MOP), a photosensitizing 
compound, which is activated after exposure to ultraviolet A (UVA) 
light (320- to 400-nm wavelength). More recently, 5-methoxypso-
ralen has been used as the photosensitizing agent in PUVA, and 
early studies indicated similar efficacy.431 Because of the similar 
efficacy of narrow-band ultraviolet B (NBUVB) phototherapy as 
compared to PUVA phototherapy in the treatment of psoriasis, 
the availability of UVA light boxes in dermatology offices is dimin-
ishing. Psoralen intercalates with DNA and, after UVA exposure, 
forms mono- or bifunctional adducts to pyrimidine bases and 
cross-links between strands of DNA. In addition to interfer-
ing with DNA synthesis and the subsequent death of neoplastic 
T-cells,432 PUVA may have other effects, including a direct cyto-
toxic effect, immunomodulation,433 and the induction of apoptosis 
in peripheral blood lymphocytes.434

Approximately 1 to 2 hours after ingesting 8-MOP, patients 
are exposed to increasing doses of UVA light, initially in the 
range of 1.5 to 3.0 J/cm2 based on the patient’s skin type (I to 
VI) determined from skin color and sun sensitivity or, less com-
monly, based on the direct measurement of a patient’s minimal 
phototoxic dose.432 Treatments are given at a frequency of two to 
three times per week until complete clearing occurs, followed by 
a maintenance regimen with increasing intervals between treat-
ments over 2 to 7 months.432,435 Some authors recommend a 
once-monthly treatment indefinitely to decrease recurrences,435 
whereas others discontinue PUVA treatments in stage I patients 
after the maintenance regimen.436 In a small study, the number 
of patients in the relapse versus the nonrelapse group receiving 
maintenance therapy was the same.437 Therefore, the risk of 
increased cumulative UVA dose in patients treated with mainte-
nance therapy must be balanced against the potential side effects.

In their combined analysis of five recent studies435,436,438–440 
reflecting the response of 244 CTCL patients to PUVA, Herrmann 
et al. reported the following complete response rates for each 
stage: IA, 54/60 (90%); IB, 88/116 (76%); IIA, 7/9 (78%); IIB, 
16/27 (59%); III, 11/18 (61%); IVA, 4/10 (40%); IVB, 0/4 (0%).432 
Median time to complete response was 3 months in the study 
of Herrmann et al..435 Patients with early-stage disease read-
ily respond to PUVA, but relapse among complete responders 
is common, affecting ∼31%, 56%, and 71% of stage IA, IB, and 
IIA patients, respectively.435 In a retrospective review of 104 
patients with early-stage MF treated with PUVA, Querfeld et al. 
reported a 63% CR rate, although 50% relapsed on maintenance 
PUVA therapy.437 Even higher relapse rates were seen in eryth-
rodermic patients treated with PUVA alone. Tumor-stage (IIB) 
patients usually require localized radiation therapy or systemic 
chemotherapy to achieve a significant response and PUVA should 
play only an adjunctive role. Approximately one third of relapsing 
stage IA patients will achieve a second long-lasting disease-free 
remission with re-initiation of PUVA, whereas ∼22% of stage IB 
patients can be expected to do the same.432,435 Hermann et al. 

reported the same 5- and 10-year survival rates of 89%, 78%, and 
100% for stages IA (n = 19), IB (n = 49), and IIA (n = 6) patients, 
respectively, and a 5-year survival rate of 80% for stage III (n = 6) 
patients.435 In an attempt to minimize side effects, Weber et al. 
evaluated 16 patients who received bath PUVA. Patients were 
treated with 30 ml of 0.5% alcoholic 8-MOP in 150 l of water; all 
16 patients achieved a CR.441

Acute side effects of PUVA include delayed (24 hours) burning 
and erythema (10%), pruritus (7%), nausea due to psoralen (4%), 
and reactivation of herpes simplex (2%).432 The photosensitivity 
due to psoralen may last up to 24 hours, and patients should 
wear protective clothing and sunscreens to prevent sunburn. 
Potential complications to long-term PUVA therapy include cata-
ract formation, nonmelanoma skin cancer (8% to 10%), benign 
solar lentigos (4%), actinic keratoses, keratoacanthomas (3%), 
and vitiligo (2%).432,435 Because of the potential of PUVA to induce 
cataracts, patients are instructed to wear ultraviolet light-blocking 
eyeglasses for 24 hours. BCC and SCC of the skin can be expected 
to occur in 8% to 10% of patients receiving PUVA after several 
years, with a clear predominance of SCC, unlike the general 
population.432,435

Wide-band ultraviolet B phototherapy (WBUVB) (280- to 
320-nm wavelength) has also been used effectively to treat stage  
I CTCL patients,442,443 but has largely been replaced by NBUVB 
phototherapy.444 Resnik and Vonderheid reported the 15-year 
follow-up results of 31 patients with MF (68% stage IA, 29% stage 
IB, one patient stage IIA) treated with alternate-day home ultra-
violet B phototherapy using a commercially available cabinet of 
Westinghouse FS40 lamps for 3 to 12 months beyond the date of 
initial remission (median = 5 months).443 Overall, 23 of 31 (74%) 
patients achieved a CR, and available long-term follow-up data 
from 19 complete responders showed that 7 of 19 had a median 
disease-free sustained remission of >94 months. Ramsay et al. 
reported similar results in 37 patients (32 with CTCL, 5 with para-
psoriasis en plaques), most of whom (73%) had received home 
UVB therapy, the rest receiving WBUVB phototherapy in an out-
patient setting.442 None of the 4 patients with infiltrated plaques 
responded, whereas 25 of 30 (83%) patients with erythematous 
patches achieved a CR, with 5 (20%) relapses and a median CR 
duration of 22 months.442 Although burning and erythema may 
occur, adverse effects from UVB phototherapy are minimal.432 No 
cutaneous SCC tumors and four BCC tumors were noted in the 
previous studies.442,443

More recently, studies have emerged on the effectiveness of 
NBUVB phototherapy (311 to 312-nm wavelength). NBUVB was 
first introduced in 1984 with the Philip TL-01 lamp as the optimal 
wavelength for antipsoriatic activity.445 NBUVB treatment has a 
lower carcinogenic potential and is associated with less erythema 
than PUVA and broad-band UVB (BBUVB), respectively.446–448 
One in vitro study, however, reported cyclobutane pyrimidine 
dimer (CPD) formation, a sign of carcinogenicity, following a 
minimum erythema dose by NBUVB was significantly higher than 
that following 1 MED by WBUVB, whereas the formation of (6-4) 
photoproducts and 8-oxoG following WBUVB was significantly 
higher than those following NBUVB exposure. These results sug-
gest that CPD formation is closely related to higher carcinogenic 
characteristics of NBUVB.449 In the initial clinical report, Clark 
et al. reported a CR in 6 of 8 patients with MF treated with 
NBUVB.450 Since that time, several larger studies have emerged. 
Gathers et al. evaluated 24 patients with stage IA/IB disease. 
A total of 13 (54%) achieved a CR, 7 (29%) achieved a PR, and 
4 (17%) had no response. In the 4 patients who achieved a CR 
and discontinued therapy, the average time to relapse was 12.5 
weeks.451 In two comparative studies of NBUVB to PUVA in stage 
IA/IB disease, no difference in CR rates was observed in patients 
receiving NBUVB or PUVA.452,453 Pavlotsky et al. conducted a 
retrospective analysis of patients with stage IA/IB disease receiv-
ing NBUVB and WBUVB. CR was seen in 84% and 89% of stage 
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1A patients receiving NBUVB and WBUVB, respectively. The CR 
dropped to 78% and 44% in patients with stage IB disease. Once 
maintenance therapy was stopped, 65% were relapse-free at  
27 weeks. The study found no difference in relapse rates regard-
less of use of maintenance therapy.454 Other recent small series 
of patients with early-stage MF treated with NBUVB therapy have 
been reported, with CR rates of 57% to 100% (for patch-stage 
disease) and relapse rates of ∼50%.446,455–457 Side effects of 
NBUVB therapy were minor and did not require discontinuation 
of therapy. Gathers et al. report erythema in 42% of patients and 
pruritus in 29% of patients.451 Permanent tan freckles (lentigines) 
and white macules (idiopathic guttate hypomelanosis) have also 
been reported recently as side effects of NBUVB.458–460 In early 
MF, there is no statistically significant difference between the 
response to oral PUVA and NBUVB.461 NBUVB is a safe and effec-
tive treatment for stage IA/IB MF, especially patch-stage disease. 
In addition, several studies have confirmed the safety of NBUVB 
in children as opposed to PUVA phototherapy which should be 
avoided.462–464

retinoids
Retinoids are a class of pharmaceuticals whose structure and 
function resemble vitamin A and its metabolites. Vitamin A and its 
analogs, the retinoids, have antiproliferative activity, may induce 
cellular maturation, and probably modulate immune response.465 
Isotretinoin (13-cis-retinoic acid) and etretinate, a monoaromatic 
retinoid compound no longer available, have demonstrated simi-
lar efficacy in the treatment of CTCL.466 Three clinical trials have 
demonstrated overall objective clinical responses in 66 of 113 
patients (58%) treated with isotretinoin or etretinate and a CR in 
19%.466–468 Median duration of response, however, has ranged 
from 3 to >8 months.468 Etretinate is no longer available and has 
largely been replaced with its metabolite, acitretin, because of its 
superior safety profile. Acitretin may reduce the thick palmoplan-
tar keratoderma of advanced MF or SS.465

In 1999 the FDA approved the use of bexarotene capsules, 
a novel retinoid, for the treatment of CTCL. Unlike isotretinoin 
and acitretin, which bind to nuclear retinoic acid receptor (RAR), 
bexarotene binds to and activates the nuclear retinoid X receptor 
RXR and is therefore referred to as a “rexinoid.” RXRs are unique 
in that they form heterodimers with a vast array of nuclear recep-
tors including the RARs, liver X receptors (LXR), and peroxisome 
proliferator activator receptors.469,470 The ultimate antiprolifera-
tive effect is mediated, in part, by the induction of apoptosis and 
expression of adhesion molecules.471,472 Two multicenter clinical 
trials established the optimal dose of 300 mg/m2/day, with an over-
all response rate of 45%.473,474 Higher response rates were seen 
in patients with higher initial doses (up to 650 mg/m2), but side 
effects of hypertriglyceridemia were dose-limiting. Subsequent 
pancreatitis occurred in 4 of the 152 patients enrolled in the 
two clinical trials.473,474 The advanced-stage CTCL trial showed 
a relapse rate of 36% but an impressive median duration of 
response of 299 days.473

Talpur et al. recently summarized the experience of treating 
70 patients with CTCL using bexarotene capsules as monotherapy 
and combined with other modalities.475 Many of the patients 
participated in the two pivotal clinical trials. The overall response 
rate seen in the monotherapy group (n = 54) was 48%, in con-
trast to the 69% response rate in the combination-therapy group. 
Bexarotene was safely added to photopheresis (extracorporeal 
photochemotherapy [ECP]), ECP/IFN, IFN/PUVA, and ECP/IFN/
PUVA. Adverse effects were similar between the clinical trials 
and included hypertriglyceridemia (87%), central hypothyroid-
ism requiring thyroid supplementation (80%),476 neutropenia 
(41%), skin peeling (43%), hypercholesterolemia (20%), and 
pancreatitis (3%). Of the monotherapy group, 78% (n = 54) and 
100% of the combination-therapy group (n = 16) required at least 

one lipid-lowering agent (LLA). Of the 10 patients with diabetes,  
3 had hypertriglyceridemia that could not be controlled with an 
LLA.475 In this series, atorvastatin and fenofibrate were the LLAs 
of choice. It is interesting that 9 of 10 (90%) patients on bexaro-
tene monotherapy taking two LLAs responded, which was signifi-
cantly higher than those groups on one or no LLA (p = 0.0001). 
The explanation for this finding is not clear, but using two LLAs 
may allow patients to maintain maximum doses of bexarotene.475 
Vigilance should be exercised when combining atorvastatin and 
fenofibrate to monitor for rhabdomyolysis. Gemfibrozil and drugs 
that inhibit the CYP 3A4 enzyme are contraindicated with bex-
arotene, to avoid elevated drug levels and worsened side effects. 
Although patients taking bexarotene are at increased risk for 
elevated triglycerides, elevated LDL, and decreased HDL, there 
are no reports to date indicating an increased risk of cardiac 
events. Several animal studies have shown that bexarotene may 
have a favorable pharmacologic effect on atherosclerosis despite 
the induction of hypertriglyceridemia via LXR,477 due to a ben-
eficial action on intestinal absorption and macrophage efflux,478 
inhibition of the initial inflammatory response that precedes the 
atherogenic process by targeting different steps of the mono-
nuclear recruitment cascade,469 and protective effects against 
H2O2-induced apoptosis in H9c2 rat ventricular cells through 
antioxidant and mitochondria-protective mechanisms.479

Bexarotene is also available as a 1% gel. The gel formulation is 
most helpful in early-stage patients (IA) without prior therapies. 
In a phase I/II multicenter trial, bexarotene 1% gel was applied 
to lesional skin with increasing frequency, once daily the first 
week and twice daily the second week, with a goal of four times 
daily if tolerated.480 Patients achieved an overall response rate 
of 63% and a clinical CR of 21%. Median projected time to onset 
of response was 20.1 weeks (range, 4.0 to 86.0 weeks), and the 
estimated median response duration from the start of therapy was 
99 weeks.480 The most common side effect was irritation (retinoid 
“paint splatter” dermatitis) at the sites of application, which might 
make it difficult to assess response to the drug. The study was fol-
lowed by a phase III study that included patients with stages IA/B 
and IIA disease. The overall response rate was 44% according to 
the Physicians Global Assessment. Similar to the previous study, 
the median time to response was 142 days (range, 28 to 505 
days), and the relapse rate in responding patients was 26%. The 
most frequent adverse response was irritant dermatitis, which 
occurred more frequently in patients applying the drug more 
frequently.481 Overall, topical bexarotene is a moderately effective 
and well-tolerated treatment for early-stage MF most often used 
for refractory patches or thin plaques. The retinoid dermatitis 
may obscure evaluation of the patches of MF so patients should 
be instructed to avoid enlarging the original treatment area and 
to stop applying the gel 1 to 2 weeks before clinical evaluation.

Interferon
IFNs are glycoproteins, naturally occurring or synthesized by 
recombinant DNA technology. These agents act as immunomodu-
lators with both cytostatic and antiviral activity.482 Although three 
classes, IFN-a, IFN-b, and IFN-g, are described, the a-IFNs have 
been most extensively studied in MF and SS, and their efficacy 
was first reported by Bunn et al. in 1984.483 The exact mecha-
nism of action of IFN in MF and SS is unknown. IFN may act to 
inhibit IL-4 and IL-5 production by normal and aberrant T-cells 
in patients with SS, induce myelomonocytic My7 antigen (CD13) 
in epidermal basal cells,484 induce the ds-RNA–dependent enzyme 
2′5′-oligoadenylate synthetase leading to cleavage of cellular 
RNAs, and phosphorylate eIF-2, a peptide elongation initiation 
factor that blocks protein synthesis.482 The pharmacokinetics of 
IFN delivered via the intramuscular and subcutaneous routes are 
equivalent, allowing patients the opportunity to self-administer 
the drug subcutaneously.
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The phase II National Cancer Institute (NCI) trial reported by 
Bunn et al. in 1984 used high doses of recombinant IFN-a2a (50 × 
106 U/m2 = 50 MU/m2 subcutaneously three times per week) in 
20 heavily pretreated MF patients and demonstrated an objec-
tive response in 45%, including 3 patients (15%) who achieved a 
CR.485,486 Treatment of MF and SS with IFN-a has been reported 
in >200 patients and the results have been summarized.482 The 
overall response rate for IFN-a alone was 52%, with a 17% CR 
among 207 MF and SS patients, summarized by Bunn et al.487 
Over three quarters of the patients received IFN-a2a, which is 
no longer available in the United States, although there were no 
apparent differences in clinical efficacy between IFN-a2a and 
IFN-a2b (Intron-A, Schering-Plough Research Institute).482,487 
However, interpretation of pooled data is complicated by varia-
tions in initial dose, target dose, frequency, and length of therapy 
among study centers.482 A trial evaluating PUVA and IFN-a2a 
versus PUVA and IFN-a2b in CTCL patients demonstrated 
increased myelosuppression and liver toxicity, but also reduced 
constitutional effects, reduced study drop-out, and increased 
overall response (89% versus 50%) in the IFN-a2b arm.488 There 
are conflicting reports regarding the impact of clinical stage on the 
likelihood of response to systemic IFN-a.482,489,490 In their study 
of 51 MF and SS patients, Jumbou et al. found that patients with 
early disease (stages I and II) demonstrated a higher response rate 
to IFN-a than those with advanced disease.491

In an attempt to define the optimal dose of IFN-a in CTCL, a 
randomized study from Duke and Northwestern Universities was 
designed comparing low-dose (3 MU/day) to escalating doses (up 
to 36 MU/day); however, because of slow patient accrual, the 
proposed study was terminated.489 For the 22 patients evaluated, 
the objective response rate was 64% and was greater, although 
not statistically significant, for those receiving high doses (11 of 
14) than for those receiving low doses (3 of 8), in part because of 
late responses in unresponsive patients who crossed over into the 
higher-dose arm.487,489 Of interest, two of the three CR patients 
were induced by the low-dose regimen, suggesting that patients 
could achieve a CR with 3 MU daily of IFN-a2a.482,489 An inter-
mediate daily dose of 18 MU of IFN-a2a for 3 months followed by 
the same dose three times a week resulted in an impressive 80% 
objective response rate (27% CR, 53% PR) in 15 CTCL patients 
reported by Tura et al.492

Daily dosing of IFN-a2a for an induction period of several 
months was used by all of the larger studies of IFN-treated CTCL 
patients,490,493 whereas many fewer patients have been studied 
using an initial three times a week schedule.494–496 Nonetheless, 
some authorities487 recommend an optimal dose of 3 MU of 
IFN-a2a three times a week, based in part on randomized dose 
studies in B-cell indolent NHL showing no benefit of higher-dose 
IFN with respect to response rate or duration.497 Maximum daily 
dosing is dependent on several patient factors but, in general, 
should not exceed 15 M.498 Two to five months is generally nec-
essary to obtain an objective response with IFN, but a complete 
or maximal response can take much longer.482,490 Treatment is 
generally continued for ∼1 year after a CR to prevent the high 
potential for relapse when treatment is discontinued before 
clearing.482 Three studies have reported a median duration of 
response to IFN-a as follows: 6 months,485 8 months,493 and 14 
months.490 Olsen et al. noted a mean duration of PR while on 
therapy of 7.9 months (range, 2.1 to 26.5 months) and durations 
of CR off therapy ranging from 4 to 28 months.482 Two NCI phase 
II trials combined IFN-a2a with the adenosine analogs DCF and 
fludarabine to treat CTCL and demonstrated no clear advantage 
over either drug alone.499 The numerous side effects associated 
with IFN have led to dose reductions in 50% to 86% of patients in 
some studies.489,492

Besides producing anti-IFN antibodies, patients with MF can 
also exhibit decreased responsiveness to IFN through acquired 
resistance to IFN-a–induced gene expression. Specifically, a 

resistant CTCL cell line exhibits disrupted signal transduction in 
a pathway that is normally activated by IFN-a when therapeutic. 
In particular, STAT1 expression is reduced in these cells, which 
interrupts the JAK/STAT  signaling pathway.500

Recombinant IFN-g and IFN-b have been studied in many 
fewer CTCL patients, as they appear to offer no major advantage 
over IFN-a.501–503 IFN-b has reportedly shown little effectiveness 
in treating CTCL,501 and IFN-g has been linked with more intense 
and frequent side effects than IFN-a.482 Interestingly, it has been 
demonstrated in vitro that the combination of IFN-g and a Toll-
like receptor (TLR) 7/8 agonist increases natural-killer–cell cyto-
toxic activity against CTCL cell lines.504 This combination of the 
two therapies led to an increase in IL-12 and IFN-a levels which 
was regulated through the IRF8.504

electron Beam radiotherapy and photon Beam 
Irradiation
Radiation was one of the earliest effective treatments for MF, first 
reported in 1902.505 In 1953, Trump et al. were first to suggest 
using accelerated electrons for treatment.506 Modern total-skin 
electron beam radiotherapy (TSEBRT) is among the most effec-
tive and well-studied therapies for MF.200,507,508 The total skin 
surface can be treated by linear accelerator, generated electron 
beams that are scattered by a penetrable plate at the collimator 
site.509 The usual depth of penetration is <10 mm and is propor-
tional to the energy of the electrons generated, allowing effective 
dosing to the skin and adnexal structures without internal organ 
toxicity.507 The most common technique uses a dual fixed-angle 
6-field or rotation methods with 4- to 9-MeV electrons, with total 
doses in the range of 2,400 to 3,600 cGy over an 8- to 10-week 
period.507,510 With this technique, relatively lower doses are 
delivered to the scalp, soles, and areas of self-shielding such as 
the ventral penis, perineum, upper medial thighs, perianal skin, 
inframammary folds, and folds under any pannus.507 Only the 
eyes are routinely shielded, and unless there is involvement of the 
head and neck, a scalp shield is used after a dose of 2,500 to 2,600 
cGy has been delivered, to decrease the degree of alopecia.507 
The hands, forearms, ankles, and dorsal penis may receive doses 
>100%, and shielding all of these structures for part of TSEBRT 
is not uncommon.507

The long-term results of 561 MF patients treated at Stanford 
University and Hamilton Regional Cancer Centre from the mid-
1950s to 1993 with TSEBRT alone were summarized by Jones et 
al.507 Over 80% of stage IA patients can be expected to achieve 
a CR after TSEBRT, with 40% to 60% remaining relapse-free at  
5 years.507 Two more recent studies showed similar CR rates, 
ranging from 80% to 90% for IA and IB disease.511,512 Less 
encouraging were the relapse-free rates, at 2.5 years for stages IB 
(35% to 40%), IIA (21% to 37%), IIB (7% to 26%), and III (10% to 
23%).507 However, most patients who relapse with what is usually 
minimal disease will re-enter remission with other topical thera-
pies.507 In these studies, a new diagnosis of MF, low stage, lack 
of blood involvement, and intensity of TSEB were independently 
associated with progression-free survival (PFS).507,511 TSEBRT 
was less effective in advanced-stage disease (II to IV), with a CR 
rate of 60%.511 Another report suggests that prognosis for tumor-
stage patients with <10% skin involvement treated with TSEBRT 
is significantly better than for patients with >10% involvement.513

Acute cutaneous side effects, peaking 1 to 2 weeks after 
TSEBRT, include erythema, edema, dry or moist desquamation, 
tenderness, and rare blister formation that is most severe at 
sites of disease.507,514 Total-body alopecia and loss of nails will 
occur in all unshielded patients, but the skin appendages will 
normally regrow within 6 months.507 During the first year, heat 
intolerance may develop as a result of the suppression of sweat 
gland production, which may be permanent.403,515 Patients with 
erythroderma (T4) may experience more severe acute side effects 
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from TSEBRT; however, radiation may be effective in stage III, 
especially with no blood involvement.516 When there is blood, 
lymph node, or visceral involvement in patients with erythro-
derma, combined-modality therapies, in particular photopheresis, 
should be explored.516,517 Chronic cutaneous side effects most 
commonly include xerosis, superficial atrophy, telangiectasia, and 
dyspigmentation.507,515 The role of TSEBRT in the development 
of secondary cutaneous malignancies has not been clearly estab-
lished, as most patients have received a variety of therapies that 
could contribute to the development of skin cancer.507

Several studies have evaluated the response and toxic-
ity of multiple courses of TSEBRT for CTCL, with similar 
results.512,518,519,520 Wilson et al.518 reported on 14 CTCL 
patients, 5 receiving three courses of TSEBRT and 9 patients 
who received two courses. The total median dose was 5,700 cGy 
(range, 4,500 to 8,200 cGy) with 86% (n = 12) achieving a CR 
after the second course of therapy (median relapse-free interval, 
11.5 months) and 3 of 5 (60%) achieving a CR after a third course 
(limited follow-up).518

Because of the toxicities of TSEBRT and the effectiveness of 
topical therapies, most authorities recommend using TSEBRT 
for patients with progressive disease, those failing topical thera-
pies, or patients with extensive, deeply infiltrated plaques and 
tumors.511,521 Because of the high relapse rates after TSEBRT, 
post-treatment with nitrogen mustard, PUVA, or photopheresis 
have been studied to maintain remissions.511,517,522 A recent 
retrospective study of patients with MF that received TSEBRT  
(n = 180, T2 and T3 skin stage) from Stanford University found 
no difference in outcomes between those that received adjunctive 
topical nitrogen mustard to prevent relapse and those patients 
that did not.520

Small-field megavoltage photon beam irradiation can be 
applied as palliation to either deep-seated cutaneous lesions in 
the tumor phase or for extracutaneous disease.523 Nearly all 
cutaneous lesions respond completely, with the risk of relapse (up 
to 45%) being inversely proportional to the dose, and with recur-
rence usually developing within 2 years of treatment.

photopheresis or extracorporeal 
photochemotherapy
Because of the development of resistance to conventional che-
motherapy and radiation and the high potential for relapse in 
advanced-stage patients, new modalities to treat CTCL have been 
developed. Leukapheresis, which had been used in patients with 
high Sézary cell counts,524 was the forerunner for a new adapta-
tion of PUVA called extracorporeal photochemotherapy (ECP) or 
photopheresis. In the original protocol, patients ingested 8-MOP 
prior to undergoing fractionation of their blood. A leukocyte-
enriched blood fraction was then isolated and exposed to UVA in 
an extracorporeal system, which photoactivated the psoralen.525 
The photopheresis procedure currently performed uses liquid 
8-MOP injected directly into the collection bag containing the 
enriched white blood cell fraction to achieve a concentration of 
340 ng/ml within the collection bag. All treated and untreated 
blood products were then returned to the patient.

In 1987, Edelson et al. were the first to report responses in 
27 of 37 patients (64%) with resistant CTCL treated with ECP, 
including 8 of 10 patients with lymph node involvement and 24 of 
29 patients with erythroderma. However, patients with extensive 
plaques or tumors did not respond as well (3 of 8 patients).525

The immunomodulatory mechanism underlying patient 
response to ECP is still under debate. However, evidence cur-
rently supports the following two simultaneous and synergis-
tic processes occurring during ECP: induction of apoptosis in 
malignant T-cells, and a mass conversion of blood monocytes 
to DCs.434,526,527 Animal studies demonstrate that ECP induces 
a CD8+ T-cell response against expanded clones of pathogenic 

T-cells,528 as well as an increased synthesis of class I MHC mol-
ecules on murine T-cell lymphoma cells.529 Recent in vitro studies 
using family-specific monoclonal antibodies and magnetic bead 
technology demonstrated a tumor-specific cytolytic CD8+ T-cell 
response to distinctive Class I surface peptides on CTCL tumor 
cells of four patients with advanced disease. These results suggest 
that reduced Class I expression of relevant tumor antigen epit-
opes may limit the extent of CD8+ T-cell–mediated cytolysis.530 In 
support of this hypothesis, investigators have found a favorable 
response to correlate with the following two scenarios at the onset 
of ECP: normal or near-normal numbers of CD8+ peripheral blood 
T-cells531 and a lower CD4/CD8 ratio in the peripheral blood.532

Other investigators have found that ECP and in vitro PUVA 
induce apoptosis in peripheral blood lymphocytes but not in 
monocytes.434 The apoptosis induction mechanism remains 
unknown, but may be explained by the observation that a signifi-
cant amount of tumor necrosis factor-a (TNF-a), which mediates 
various antitumor effects, is produced by macrophages following 
ECP.533 Berger et al. identified monocytes transitioning to imma-
ture DCs during overnight incubation in gas-permeable bags of 
ECP-treated WBCs from five patients with intractable CTCL.534 
Both the initial leukapheresis step as well as the subsequent 
passage through the narrow photoactivation plate initiated and 
contributed to monocytes-to-DC differentiation.534,535 Edelson 
proposed that the innumerable encounters of monocytes with the 
plastic surface of the photoactivation plate activated the cells to 
begin differentiation to immature DCs.526 An immature DC can 
engulf an apoptotic T-cell and present tumor antigen via MHC 
Class I molecules, which stimulates a potent antitumor CD8 T-cell 
response.526,527,534–536

Treatment of CTCL with ECP has been reported in >400 
patients and has been recently summarized.537 The majority 
of CTCL patients treated with ECP have exhibited generalized 
erythroderma (skin stage T4), a finding most likely due to the 
encouraging preliminary study results of Edelson et al.537 A com-
bined analysis of >400 patients treated with ECP and adjunctive 
therapies showed an overall response rate for all stages of CTCL of 
55.7% (244 of 438), with 17.6% (77 of 438) achieving a complete 
response537 Efficacy in treating certain clinical stages (IB, IIA, III, 
and IVA) and skin stages (T2 and T4) of MF and SS is favorable, 
although randomized trials comparing ECP to other standard 
therapies are needed. Combined analysis of five North American 
series525,538–542 of ECP-treated CTCL patients (N = 157) demon-
strates an objective response (>25% improvement of skin lesions) 
in 67 of 111 stage T4 patients (60%), with ∼20% achieving a CR. A 
long-term follow-up study of the original 29 erythrodermic CTCL 
patients in the report of Edelson et al.525 demonstrated a median 
survival of 60 months, which compared favorably to historical 
controls.532 Many authorities recommend that ECP be considered 
the first line of treatment for erythrodermic-stage patients.543–545 
However, other authorities differ in their opinions regarding 
the role of ECP in the treatment of CTCL, stating that the data 
have been inconsistent and the need for prospective randomized 
studies.546,547,548

Preliminary and long-term follow-up studies by Zic et al. on 
20 refractory CTCL patients treated with ECP and adjunctive 
therapies demonstrated an objective response (>50% clearing 
of skin lesions) in 9 of 14 (64%) early-stage T2 patients, with 
CR in 4.538,549 Talpur and colleagues reported the results of a 
prospective study of 19 patients with MF stages IA, IB, and IIA 
who were treated with photopheresis administered 2 days every 
4 weeks for 6 months.550 Patients with partial responses by skin 
weighted assessment continued for an additional 6 months and 
nonresponders added oral bexarotene and/or IFN-a. The overall 
response rate was 42% and the authors concluded that ECP is 
effective for patients with early-stage MF alone or in combination 
with biologic response modifiers with low toxicity and improved 
quality of life.550 Observations by other investigators question 
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the use of ECP to treat stage IB patients when less expensive and 
more widely accessible therapies are available.551,552,553

ECP is well tolerated, with few complications or adverse 
effects.537,545 Uncommon adverse reactions are usually vascu-
lar-related and include the fluid-responsive hypotension and 
venipuncture-site hematomas.549 Rarely, adverse reactions have 
included exacerbation of congestive heart failure or arrhyth-
mias,543 superficial thrombophlebitis,543 catheter-related sep-
sis,554 herpes infections,543 disseminated fungal infection,543 and 
a single episode of hemolysis.538

Several studies have focused on the effects of combining 
ECP with systemic chemotherapy, PUVA, IFN and other cyto-
kines,555–558 radiation therapy, bexarotene with and without 
IFN,559,560 and nitrogen mustard. Recently, Raphael and col-
leagues summarized their experience treating 98 patients with 
SS with at least 3 months of photopheresis and one or more 
systemic immunostimulatory agents (IFN-a, oral retinoids, IFN-g, 
granulocyte-macrophage colony-stimulating factor).561 A total of 
73 patients (75%) responded (30% CR, 45% PR) and a lower CD4/
CD8 ratio, a higher percentage of monocytes, and lower numbers 
of circulating abnormal T-cells at baseline were the strongest 
predictive factors for complete response compared with nonre-
sponse.561 A much smaller cohort of patients with SS (n = 12) 
showed a lower response rate of 42% and the parameters that 
correlated best with response were number of Sézary cells, CD4/
CD8 ratio, and white blood cell count.562 McGirt and colleagues 
found increased eosinophils and decreased percentages of Sézary 
cells were associated with a favorable clinical response to ECP, 
but they were not able to identify the predictors of ECP response 
within the first 3 months of treatment.563

Systemic Chemotherapy
Single agent and combination chemotherapy are reserved for 
patients who have advanced stage (IIb–IVb), relapsed or refrac-
tory disease or are part of a clinical trial.564 Treatments that 
maintain or augment the immune response, such as IFN, bex-
arotene, and ECP may be preferable over chemotherapy which 
is immunosuppressive. Sequential use of single agents should be 
considered over combinations inasmuch as CTCL is chronic and 
the clinical goals are control of the disease, amelioration of pru-
ritus, and prevention of skin breakdown; however, combination 
chemotherapy may be warranted if the disease is progressive, 
extensive, or in stage IV.565,566 There is no consensus about the 
optimal combination of agents.564

Previously, single agents used for MF/SS were the same as 
those used in all types of NHL and included oral corticosteroids, 
alkylating agents, methotrexate, doxorubicin, bleomycin, vinka 
alkaloids, cisplatin, and etoposide, and resulted in an objective 
response in a majority of patients with CR rates ranging from 
15% to 20%.559,567 However, median relapse-free intervals were 
usually short and lasted less than 6 months with a range from 
3 to 22 months.567 Daily or pulse chlorambucil with a steroid 
has been used to successfully treat SS.568,569 In two retrospec-
tive series using weekly low-dose oral methotrexate, Zackheim 
et al. reported a 33% response rate (12% CR) in T2 skin dis-
ease and a 55% response rate (41% CR) in erythrodermic CTCL 
with time to progression and OS of 15 months and 31 months, 
respectively.570,571

Novel chemotherapy agents have been evaluated for therapy 
of CTCL and include nucleoside analogs, liposomal doxorubicin, 
histone deacetylase inhibitors, the antifolate pralatrexate, the 
proteasome inhibitor bortezomib, and a novel alkylating agent, 
temozolomide. In a phase II trial of gemcitabine, a pyrimidine 
antimetabolite, in refractory patients, Zinzani et al. reported a 
70% ORR, including 10% CR and a median response duration of 
8 months.572 Gemcitabine was given at a dose of 1,200 mg/m2 on 
days 1, 8, and 15 of a 28-day cycle for a total of three courses. One 

to two cycles were sufficient to induce tumor reduction in 83% of 
patients with stage IIB MF. Side effects with gemcitabine included 
neutropenia (34%), thrombocytopenia (25%), cutaneous hyperpig-
mentation (17%), and elevated liver enzymes (13%).572 Duvic et al. 
demonstrated a similar response rate (68%) and side-effect profile 
in another phase II trial, with dosing 1,000 mg/m2 on days 1, 8, 
and 15 for 6 cycles.573 Marchi et al. reported a 78% ORR, includ-
ing 22% CR, in previously untreated patients.574 Isolated cases of 
cardiotoxicity, including atrial fibrillation, myocardial infarction, 
and congestive heart failure; and of pulmonary toxicity suggest 
that patients with CTCL may be prone to unusual, nonhematopoi-
etic side effects of gemcitabine.575

The purine nucleoside analogs, 2-deoxycoformycin (DCF or 
pentostatin), 2 chlorodeoxyadenosine (2CdA or cladribine), and 
fludarabine monophosphate (FAMP) have activity in CTCL.576,577 
DCF inhibits adenosine deaminase, preventing the transforma-
tion from adenosine to inosine, which is found in high concen-
trations of T lymphocytes. Accumulation of metabolites blocks 
DNA synthesis by inhibiting ribonucleotide reductase. Dosing of 
DCF has varied among studies and yields an ORR of 33% to 71% 
with approximately one third of the responses being CR.578 The 
median time to progression ranges from 1.3 to 8.3 months, and 
there appears to be a better response in SS than in MF.578–580 
The most common side effects are granulocytopenia, renal insuf-
ficiency, and prolonged CD4 lymphopenia. A combination study of 
DCF with high-dose IFN resulted in an ORR of 41% with a median 
PFS of 13.1 months.581

2CdA is a chlorinated purine analog that is activated by phos-
phorylation and accumulates in lymphocytes with high deoxy-
cytidine kinase, resulting in DNA strand breaks and cell death. 
2-CdA was initially given by continuous infusion over 5 to 7 days 
and resulted in an ORR of 28% to 41% with a median duration 
of response of 4 to 5 months in pretreated patients.577,582,583 
Toxicity included leukopenia (62%) with grade 3 or 4 neutropenia 
(24%), thrombocytopenia (33%), and infections (62%) of both bac-
terial and opportunistic types.582

FAMP is activated by phosphorylation and inhibits DNA 
repair to induce cell death in lymphocytes. The ORR of FAMP as 
a single agent in relapsed CTCL has been 19% to 29.5%;584,585 
however, response rates improved in small series when FAMP 
was combined with IFN (51%), cyclophosphamide (42%), or 
ECP (63%).499,585,586 The median PFS for IFN and ECP were 5.9 
months and 13 months, respectively.499,585 Grade 3 or 4 cytope-
nias occurred in 60% of FAMP+IFN but only 5% of FAMP+ECP.

Forodesine is a selective purine nucleoside phosphorylase 
inhibitor and causes increased levels of deoxyguanosine and 
deoxyguanosine triphosphate, which inhibit T-cell prolifera-
tion.587,588 In a phase I intravenous trial of 13 patients with CTCL, 
there were 4 responses (3 CR, 1 PR) and 6 with stable disease 
(SD). In a phase I/II trial using an oral formulation at 80 mg/m2 
once daily, the objective response rate was 53.6% (2 CR, 13 PR 
and 22 SD).589 Forodesine was well tolerated with primarily mild 
(grade 1 or 2) side effects, including nausea, dizziness, headache, 
peripheral edema, and fatigue.

Altering a drug’s vehicle can improve its efficacy and lower its 
toxicity, as evidenced by the pegylated liposomal preparation of 
doxorubicin.590 In an open clinical trial, 10 patients with relapsing 
CTCL were treated with pegylated liposomal doxorubicin at a dos-
age of 20 mg/m² once a month, with an upper limit of 400 mg or 8 
infusions.591 A total of 60% of patients experienced a CR, 10% PR, 
and 10% SD following this monotherapy. These results were sup-
ported by a retrospective review of 34 patients using doses of 20 
to 40 mg/m2 every 2 to 4 week.592 They demonstrated an overall 
response rate of 88% (44% CR + CRu [patients who achieved a CR 
defined by clinical criteria only with no biopsy] and 44% PR), an 
OSof 17.8 months and event-free survival of 12 months. Adverse 
events were reported in 41% of patients with 17% grade 3/4, 
including only one with palmar-plantar erythrodysesthesias.
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Histone deacetylase (HDAC) inhibitors (HDI) were discovered 
serendipitously to have activity in T-cell lymphomas in phase I tri-
als by Piekarz et al. at the NCI and by O’Connor et al. at Memorial 
Sloan Kettering Cancer Center (MSKCC).593,594 HDI cause histone 
hyperacetylation, alter chromatin structure, and modulate gene 
expression.595 They also acetylate nonhistone proteins such as 
p53 and down-modulate cytokines such as IL-10, both of which 
contribute to apoptosis of cancer cells.595–597 HDI can be divided 
into 6 groups based on their chemical structures, and it is 
unknown whether pan-HDAC inhibition (HDACi) or more selective 
HDACi is better in treating malignancies.598 Two HDI have been 
approved for therapy in relapsed CTCL, vorinostat (Zolinza, Merck 
& Co, Whitehouse Station, NJ, suberoylanilide hydroxamic acid 
[SAHA]), a relatively nonselective inhibitor of HDAC, and romidep-
sin (Istodax, formerly depsipeptide, Celgene Corp, Summit, NJ), a 
specific inhibitor of class I HDAC enzymes.596

Vorinostat was approved for the treatment of relapsed CTCL 
in October 2006. The maximum tolerated daily oral doses of 
vorinostat were determined to be 400 mg. In a phase II trial of 
33 heavily treated patients with CTCL (median number of prior 
systemic therapy = 5), Duvic et al. reported an ORR of 24% (all 
PR) and an additional 33% had SD, pruritus relief, or both.599 In 
a multicenter phase II trial in 74 patients treated with at least two 
previous systemic therapies, the ORR was similar at 29.7%.600 
The median time to progression was 4.9 months and 9.8 months 
for responders with stage IIB–IVB disease. The adverse effects 
for the two phase II trials were diarrhea (49% to 60%), fatigue 
(46% to 78%), nausea (43% to 60%), thrombocytopenia (22% to 
54%), and dysgeusia (24% to 51%). Grade 3/4 adverse events 
were thrombocytopenia (5% to 19%), dehydration (1% to 8%), 
and pulmonary embolism (5%).599,600 Cardiac complications have 
been reported including QT prolongation.601 Vorinostat is being 
evaluated in combinations with bexarotene, bortezomib, and 
lenalidomide.595,602

Romidepsin achieved orphan drug status in 2007 and was 
approved for the treatment of relapsed CTCL in November 
2009.603,604 It is a natural product and a stable prodrug that is 
converted into its active form by a glutathione-mediated step. 
Thus, a benefit of romidepsin lies in its ability to counteract 
glutathione-mediated drug resistance.593,605 In two phase II trials 
in relapsed CTCL patients (n = 71 and 96), the ORRs were 34% 
in both, including 6% CR in both and the median durations were 
13.7 and 15.4 months.606,607 Both studies used the same dose 
and schedule derived from the NCI phase I study: 14 mg/m2 as a 
4-hour infusion once weekly times 3 out of 4 weeks.

Most of the adverse events with romidepsin were mild (grade 
1 or 2) and were gastrointestinal symptoms or fatigue. Adverse 
events (all grades) were nausea (52% to 54%), fatigue (41% to 
42%, emesis (19% to 26%), anorexia (20% to 21%), diarrhea 
(8% to 14%), and ageusia (13% to 19%). Grade 3/4 cytopenias 
were more pronounced in the NCI study: neutropenia (14%), 
lymphopenia (21%), thrombocytopenia (6%),608 and anemia 
(6%).606 There was concern that HDI, including romidepsin, 
would have significant prolongation of the QT interval and 
risk of arrhythmia, but the studies found minimal risk; how-
ever, antiemetics which prolong QT should be limited and the 
potassium and magnesium levels should be normalized before 
romidepsin infusion.

The potential to alter the expression of a more focused, 
disease-related subset of genes and to limit adverse effects has 
prompted the development of isoform-specific HDAC inhibitors 
in various stages of study.597,609 Belinostat is an intravenous 
hydroxamic acid with an ORR of 14% in CTCL and 25% in 
PTCL.610–613 Panobinostat is a hydroxamic acid with both intra-
venous and oral formulations and had a 60% ORR in a study of 
10 patients with CTCL;614 however, a larger study of 95 patients 
reported only 16% ORR.615 Clinically relevant QTc prolongation 
is not associated with current dose schedules of panobinostat.616

Pralatrexate (Folotyn; Allos Therapeutics Inc.) is a novel 
antifolate with a high affinity for the reduced folate carrier-1 
which is overexpressed in neoplastic cells. Pralatrexate inhibits 
dihydrofolate reductase, an enzyme involved in the synthesis of 
deoxythymidine and the purine DNA nucleotides, and promotes 
apoptosis. Pralatrexate received approval in September 2009 
for relapsed or refractory PTCL at a dose of 30 mg/m2 weekly 
for 6 of 7 weeks.617 A de-escalation trial identified an effec-
tive dose of 15 mg/m2 weekly for 3 of 4 weeks in patients with 
relapsed CTCL.618 The ORR was 45% (13/29: 1 CR, 12 PR); 73% 
of responses were continuing at 6 months by Kaplan–Meier esti-
mate. The main toxicities were mild except for mucositis (48% 
all grades, 17% grade 3). To reduce mucositis, vitamin B12 and 
folate supplementation are started before therapy with prala-
trexate. Ongoing trials are investigating combination therapies 
that incorporate pralatrexate. Although in vitro studies sug-
gested synergy with sequential gemcitabine, the toxicities, pri-
marily marrow suppression, were excessive.619,620 Pralatrexate 
is synergistic with bortezomib in both in vitro and in vivo models 
of T-cell malignancies.621

Bortezomib (Velcade; Millennium Pharmaceuticals, Boston, 
MA); a proteasome inhibitor, down-regulates NF-kB activation 
and causes apoptosis of CTCL cell lines.622 In a phase II trial of 
12 relapsed patients (10 MF, 2 PTCLU with skin involvement), 
the ORR was 67% (2CR, 6PR) and all responses were durable, 
lasting from 7 to >14 months.623 There were no grade 4 toxici-
ties, and the grade 3 toxicities were neutropenia (n = 2), throm-
bocytopenia (n = 2), and sensory neuropathy (n = 2). Bortezomib 
is synergistic with other agents. A phase I trial of bortezomib, 
gemcitabine, and liposomal doxorubicin reported a PR in 6 of  
7 relapsed CTCL patients.624 The combination of bortezomib 
with the HDAC inhibitor, vorinostat, induced apoptosis in CTCL 
and was associated with an up-regulation of cell cycle regulating 
proteins p21 and p27, an increased expression of phosphory-
lated p38, and a suppression of vascular endothelial growth 
factor by tumor cells.625

Temozolomide, an oral derivative of dacarbazine that causes 
DNA damage by methylating nucleotide bases, has demonstrated 
some efficacy in the treatment of CTCL. This alkylating agent 
produces O6-alkylguanine adducts, which are deactivated by 
O6-alkylguanine-DNA alkyltransferase (AGT), a DNA repair 
enzyme often found in tumor cells. Dolan et al. found that 
patients with MF demonstrated lower than expected levels of 
AGT in tumor cells, thus emphasizing temozolomide’s potential 
therapeutic efficacy in this specific malignancy.626 In a phase II 
trial, 9 patients were treated with 150 mg/m² of temozolomide 
orally for 5 days for the first 4-week cycle and then 200 mg/m2 of 
temozolomide for 5 days for the second and third 4-week cycles. 
A total response rate of 33% was observed with 2 patients devel-
oping grade 3 hematopoietic toxicities.627 In a larger trial of  
26 relapsed patients using the 200 mg/m2 dosing schedule, the 
ORR was 27% (2CR, 5 PR); the median disease-free survival (DFS) 
and OS were 4 and 24 months, respectively.628 The response did 
not correlate with levels of AGT. The most common grade 1/2 
toxicities were gastrointestinal and treatment was stopped in 
three patients due to grade 3 thrombocytopenia, lymphopenia, 
and skin reaction.

Combination chemotherapy regimens tend to be reserved 
for relapsed, aggressive, and advanced-stage MF/SS. Responses 
occur in the 40% to 89% range but are brief with PFS in the 5 
to 9 month range.629–631 In a phase II trial of EPOCH (etopo-
side, prednisone, vincristine, cyclophosphamide, doxorubicin) 
in 15 refractory patients with CTCL, including 4 ALCL, the 
ORR was 80% (4 CR, 8 PR); the median PFS was 8.0 months 
and the median OS was 13.5 months.631 Infectious complica-
tions, including staphylococcal bacteremia related to open skin 
lesions, are a significant problem for patients receiving combi-
nation chemotherapy.
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when stage T3/T4 patients treated with adjuvant photopheresis  
(n = 7) were compared to stage T3/T4 patients receiving no adju-
vant therapy (n = 22).637

Retinoids and IFN-a have been combined to treat CTCL in 
several open studies.638–640 Combined analysis of the results of 
102 reported patients treated with retinoids and IFN-a showed 
that approximately 60% of patients respond and 10% achieve 
a CR similar to the response for IFN-a alone.487 PUVA therapy 
has been combined with systemic retinoids to treat CTCL in two 
studies.641 demonstrating response rates similar to PUVA alone. 
Bexarotene has been combined with ECP, PUVA phototherapy, 
and IFN-a in several patients with potential beneficial effects, as 
well as no increased toxicity.475,642

The combination of PUVA and IFN-a is well tolerated and 
generates impressive complete response rates.643–645 In the 
combined analysis of the phase I and phase II trials of IFN-a and 
PUVA for CTCL at Northwestern University, 39 CTCL patients 
(Stage IB, n = 14; IIA, n = 5; IIB, n = 6; III, n = 8; IVA, n = 5; IVB, 
n = 1) received intramuscular or subcutaneous IFN-a2a three 
times a week at initial intermediate doses (6MU, n = 3; 12MU 
to 18MU, n = 13; 21MU to 30MU, n = 23) with subsequent dose 
reduction in 19 patients due to apparent toxicity.643 IFN-a was 
continued for the planned 2-year period in only 10 of 39 patients 
(26%) with 8 patients receiving 4 or less months of IFN-a due to 
tumor progression, toxic effects, or patient request. PUVA was 
initiated three times per week and tapered to 1 monthly treat-
ment indefinitely for patients achieving a CR. The overall objec-
tive response rate was 90% with 24 patients (62%) achieving a 
pathologically confirmed CR, 15 of whom had early-stage disease 
(Stage IB/IIA). A total of 19 patients (54%) relapsed demonstrat-
ing a median duration of response of 28 months (range, 1 to  
64 months). Median survival for the entire cohort was 62 months 
with mean survivals for stage I/II and stage III/IV patients of  
55 and 35 months, respectively.643 Thus, although patients 
respond impressively, a majority of patients will relapse despite 
maintenance PUVA and experience nontrivial toxicities at higher 
doses of IFN. The overall impact on survival of combined PUVA 
and IFN-a has yet to be determined.

A prospective phase II trial examined escalating doses of IFN-
a2a combined with PUVA in 63 symptomatic patients represent-
ing all stages of MF and SS.645 A total of 51 patients achieved 
a CR (74.6%) or PR (6%), with a median response duration of  
32 months. The 5-year OS rate was 91% and included 17 patients 
with advanced disease.645

Rupoli et al. completed a multicenter prospective phase II clini-
cal study on 89 patients with early-stage IA to IIA MF treated for 
14 months with low-dose IFN-a2b (6 to 18 MU/wk) and PUVA.646 
Complete remission (CR) was achieved in 84% and an overall 
response rate in 98% of cases. Long-term CR was associated with 
high epidermal CD1a+ dendritic-cell density (P = 0.030) and high 
CD8+ lymphoid T-cell density was associated with a lower relapse 
rate (P = 0.002).646

Stadler and colleagues completed a prospective random-
ized multicenter trial to compare IFN plus PUVA and IFN plus 
acitretin in stage I and II patients with CTCL (n = 82 evaluable 
patients).647 IFN-a2a was administered subcutaneously at 9 MU 
three times weekly and combined with either PUVA at an initial 
interval of five times weekly, or with acitretin up to 50 mg daily. 
IFN-a + PUVA (n = 40) was significantly superior to the IFN + 
acitretin (n = 42), as marked by a 70% complete remission rate 
in the former, versus a 38.1% complete remission rate in the 
 latter.647 A recent report appeared to suggest that elevated levels 
of the cutaneous T-cell attracting chemokine CTACK/CCL27 in 
skin and sera after combined PUVA and IFN-a2b therapy might 
be correlated with risk of recurrence.26 Reports have emerged 
of the successful combination of low-dose bexarotene and 
phototherapy. Narrow-band UVB phototherapy has been com-
bined with oral bexarotene with success in one recent case.648  

Combined-modality therapy
Because there is no single therapy for CTCL that can consistently 
induce long-lasting remissions, various combinations of therapeu-
tic modalities have been studied. The results of several small stud-
ies suggested that better survival could be achieved by combining 
TSEBRT with chemotherapy.632,633 Hallahan et al. evaluated 
TSEBRT followed by combination chemotherapy for 21 patients 
with tumor-stage CTCL demonstrating an objective response in 19 
(90%) with a median duration of remission of 12 months, but all 
patients relapsed within 25 months.632 Two nonrandomized stud-
ies suggested a benefit for early-stage CTCL patients who receive 
TSEBRT followed by chemotherapy.633,634

Following TSEBT, subsequent PUVA therapy appears to aid 
in maintaining remission status in patients with CTCL. A sig-
nificant benefit in DFS but no statistically significant improve-
ment in OS was observed. However, prospective, randomized 
data are needed to confirm these results. Incidentally, PUVA 
has also demonstrated effectiveness as a salvage therapy after 
TSEBT in early-stage patients with recurrence, with acceptable 
toxicity.635

The most significant study to evaluate the role of combined-
modality therapy was that of Kaye et al. at the NCI who compared 
TSEBRT and combination chemotherapy (cyclophosphamide, 
doxorubicin, etoposide, and vincristine) to conservative topical 
therapy (beginning with topical HN2 followed sequentially, if 
needed, by PUVA, TSEBRT, and combination chemotherapy) in 
a randomized trial of 103 patients with MF.636 Although the rate 
of CR was significantly increased in the combined-modality arm 
(38% vs. 10%, p = 0.032), toxicity was greater and no significant 
difference was noted between the groups in disease-free or OS 
(Fig. 9.17). Thus, this study indicated that, similar to other low-
grade lymphomas, early aggressive therapy in MF does not have 
a major impact on survival.

A nonrandomized study from Yale University compared 
relapse-free survival (RFS) and OS between CTCL patients who 
achieved a CR following TSEBRT, with subsequent treatment con-
sisting of either adjuvant chemotherapy (cyclophosphamide and 
doxorubicin; n = 77), photopheresis (n = 11), or no adjuvant ther-
apy (n = 43).637 Adjunctive therapy was also offered to 32 patients 
who achieved a “good PR” to TSEBRT. The statistical analysis 
found no appreciable impact on RFS among the patients receiv-
ing adjuvant chemotherapy or photopheresis when compared to 
patients receiving no adjuvant therapy. However, a marginally 
significant (p < 0.06) improvement on OS was demonstrated 

FIGURE 92.17. Survival curves from randomized study at the National Cancer Institute 
comparing intensive combined therapy. A: Overall survival. B: Survival among low-risk 
patients (stage IA, IB, or IIB). C: Survival among intermediate-risk patients (stage IIB, III, or IVA). D: 
Survival among high-risk patients (stage IVB). (From Kaye FJ, et al. A randomized trial comparing 
combination electron beam radiation and chemotherapy with topical therapy in the initial treat-
ment of mycosis fungoides. N Engl J Med 1989;321:1784, with permission.)
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arms.662 Not surprisingly, the placebo group had significantly 
fewer adverse events and reduced PFS.

The effectiveness of denileukin diftitox in patients with <20% 
of their lymphocyte population expressing CD25 has not been 
determined, but a study of 24 patients treated without prior 
knowledge of their CD25 status showed a significant difference 
in patients achieving a partial response when patients with high 
CD25 expression were compared to patients with intermediate to 
minimal CD25 expression. In this study, no patient experienced 
acomplete response, and the side-effect profile was similar to that 
of previous studies.663

Another small phase III study focused on the use of steroid 
pre-medication to improve the tolerability of denileukin diftitox. 
Fifteen CTCL patients received prednisone or dexamethasone 
immediately prior to each dose of denileukin diftitox, which 
was administered at two dose levels (9 or 18 mg/kg/day) for  
5 consecutive days, every 3 weeks. This cycle was repeated up to 
eight times. Following therapy, a significant decrease in the inci-
dence of acute hypersensitivity reactions was noted, and a 60% 
response rate was observed. These findings prompted the authors 
to conclude that steroid pre-medication not only made denileukin 
diftitox more tolerable, it also performed this task without com-
promising clinical response.664

Side effects of denileukin diftitox have included reversible 
elevated hepatic transaminases (61% total, 15% with grade 3 
or 4) and flu-like symptoms (fever/chills, nausea/vomiting, and 
arthralgias/myalgias) seen in 92% of patients in the pivotal trial. 
A delayed vascular leak syndrome (hypoalbuminemia, edema, 
and hypotension) was seen in 25% of patients in the same patient 
population. Increasing hydration may decrease the incidence of 
vascular leak syndrome, but this theory currently lacks supporting 
data. Acute hypersensitivity reactions during infusion may show 
as dyspnea, back pain, chest pain, and hypotension. As noted 
above, pre-treatment of these patients with steroids make acute 
hypersensitivity reactions less likely. Bone marrow suppression 
or secondary immunosuppressive effects have not been noted 
as significant adverse events related to denileukin diftitox.655,661 
Infections were seen in 56% of subjects. However, 80% of these 
infections were typical in patients with advanced-stage or heavily 
pretreated CTCL and were thus not attributed to therapy.661

Alemtuzumab (CAMPATH-1H), a monoclonal antibody directed 
against CD52, has been studied in the treatment of advanced, low-
grade NHLs, including CTCL. This humanized antibody targets 
T and B lymphocytes, and it appears to have a predilection for 
circulating cells, relatively sparing those localized within lymph 
nodes.665,666 Two small phase II studies evaluated the safety and 
efficacy of alemtuzumab in stage IIB to IV disease. Kennedy et 
al. reported a 38% overall response rate, and Lundin reported 
a 55% overall response rate. Both studies used 30 mg twice-
weekly dosing. The time to progression and the time to treatment 
failure were short in both studies, at <4 and 12 months, respec-
tively.667,668 A more recent open-label trial from Querfeld et al. 
treated 19 erythrodermic CTCL patients with escalating IV doses 
of alemtuzumab up to a maximum of 30 mg, three times weekly, 
for 4 weeks, followed by 8 weeks of subcutaneous administra-
tion.669 The overall response rate was 84%, with 47% having a 
complete response. Similar to previous studies, the median PFS 
was 6 months. Significant side effects occurred, including grade 
3 to 4 cytopenias and severe infections.669 There are also reports 
of cardiac toxicity in several patients that resolved with the 
discontinuation of treatment;670 however, Lundin et al. did not 
experience any adverse cardiac events in their study patients.671 
The side-effect profile for CAMPATH-1H includes significant neu-
tropenia with subsequent increased susceptibility to opportunistic 
infections and bacterial septicemia, thus limiting its utility in the 
treatment of advanced-stage patients with compromised immune 
systems.667,668,672,673 Although subcutaneous low-dose alemtu-
zumab shows promise in the setting of SS, larger clinical trials 

The successful combination of low-dose bexarotene with PUVA 
phototherapy has also been reported.475,642,649–654

Immunotherapy
Over the past decade, researchers have developed immunothera-
pies to correct abnormalities in the immune response, and cel-
lular growth and differentiation pathways in patients with CTCL. 
As described in previous sections, recombinant forms of natural 
cytokines such as IFNs and immunomodulation with photophere-
sis have shown promise in the treatment of CTCL, with tolerable 
toxicity profiles and reasonable efficacy. This section focuses on 
other cytokines and monoclonal antibody therapies for the treat-
ment of CTCL.

Fusion toxin therapy takes advantage of the preferential 
expression of specific receptors on the surface of malignant cells. 
Recombinant fusion of a plant or bacterial toxin gene to a specific 
receptor ligand can guide the toxin gene to the target cell, where it 
can be internalized via receptor-mediated endocytosis and trans-
located into a toxic moiety in the cytosol.655 The interleukin-2 
receptor (IL-2R) is present in low-, medium-, and high-affinity 
forms. The high-affinity form of IL-2R is a three-subunit peptide, 
and one of the three subunits contains CD25. The high-affinity 
IL-2R has been a specific target that is commonly present on 
cells in ATLL,656 and on mature, activated T-cells. Approximately 
60% of patients with CTCL will show expression of IL-2R on their 
mature T-cells, but there is both interpatient and intrapatient 
variability of expression.657

DAB486IL2 and DAB389IL2 were the first fusion toxins to 
be used in clinical trials and are composed of the nucleotide 
sequence of the enzymatically active and the membrane translo-
cating domains of diphtheria toxin conjugated to the amino acid 
sequence of human IL-2.655,658,659 In a phase II trial of DAB486IL2 
reported by Foss et al.,660 3 of 14 CTCL patients demonstrated an 
objective response (1 patient with a PR and 2 patients with slightly 
less than 50% improvement). The authors observed that IL-2R 
expression was necessary, but not sufficient, to predict response. 
DAB389IL2 (denileukin diftitox), a second-generation molecule, 
replaced DAB486IL2 because it showed a more favorable pharma-
cokinetic profile.

A pivotal phase III trial evaluated the safety, efficacy, and 
pharmacokinetics of two dose levels of denileukin diftitox.661 This 
randomized, blinded, parallel-grouped study focused on the use of 
denileukin diftitox in the treatment of 71 patients with persistent 
or recurrent stage IB to IVA CTCL. For study inclusion, patients 
had to have detectable CD25 on ≥25% of their tissue biopsy 
lymphocytes via immunoperoxidase assay. Following therapy, 
30% of patients experienced an objective response (20% PR and 
10% CR), 32% experienced SD, and 3% demonstrated progressive 
disease. Both 9- and 18-mg/kg/day doses were compared, and 
showed similar tolerability and no evidence of cumulative toxic-
ity. No statistically significant difference was found between the 
two dosing regimens with respect to response rate and duration 
of response (median 6.9 months, range 2.7 to 46.1 + months).661 
Upon stratification with respect to disease stage, 18 mg/kg/day 
of denileukin diftitox proved more effective in treating stage IIB 
patients (36% OR) than the lower dose (23% OR).661 Denileukin 
diftitox was approved by the FDA in 1999 for the treatment of 
patients with persistent or recurrent CTCL whose malignant cells 
express the CD25 component of the IL-2 receptor. A phase III, 
placebo-controlled trial, again evaluating the two dosing regimens 
of 9- and 18-mg/kg/day doses was performed with 144, CD25 
CTCL patients of any stage.662 The overall response rate was 
higher in the 18-mg/kg/day group as compared to the 9-mg/kg/
day group (49.1% vs. 37.8%) and both were higher than placebo 
(15.9%).662 There was also increased estimated PFS in the 18-mg/
kg/day group versus the 9mg/kg/day group (32.4 months vs. 26.5 
months), but the adverse events were similar for both dosing 
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nine patients with tumor stage or more advanced MF, Olavarria 
et al. reported CR in eight patients, but seven relapsed at a 
median of 7 months (range, 2 to 14 months), one died of sepsis 
and one remained in CR at 10 months.685 Four of the relapsed 
patients had a less aggressive disease course and responded to 
conventional therapy. Most experts agree that autoSCT offers little 
advantage for patients with CTCL due to the high rate of relapse 
and the increased risk of infectious complications.

In the era of alternative donors and reduced intensity condi-
tioning (RIC), alloSCT is more readily available, but it remains 
controversial in CTCL due to the indolent course, an increasing 
number of novel therapies, and the risk and expense of alloSCT. 
An advantage of alloSCT is an apparent graft-versus-tumor effect. 
Molina et al. obtained a CR in all eight patients receiving alloSCT 
(4 matched related donor [MRD] and 4 matched unrelated donor 
[MUD]).686 The clonal T-cell population originally found in six 
patients became undetectable within 60 days post-SCT and had 
not recurred within a mean follow-up of 56 months. One patient 
died of respiratory syncytial viral pneumonia at day +34, and 
a second patient expired from graft-versus-host disease at 16 
months. Six patients remained in remission at a median of 53 
months (range, 33 to 108 months).

European investigators, retrospectively, analyzed 60 patients 
(36 MF, 24 SS; median age = 46.5 years [range, 22 to 66 years]) 
who underwent alloSCT (45 MRD; 15 MUD); 44 received RIC 
regimens, and 25 underwent T-cell depletion.687 The PFS was 
42% and 34% and the OS was 66% and 53% at 1 and 3 years, 
respectively. Nonrelapse mortality was 20% at 1 year. A total of 
26 patients relapsed (REL) at a median of 3.8 months (range, 1 
to 37 months) and the incidence of relapse was 47% at 3 years. 
There were 17 REL patients who received donor lymphocyte infu-
sions (DLI) and 10 achieved either a CR (8; 47%) or PR (2; 12%). 
RIC and MRD SCT had better survival than myeloablative and 
MUD SCT, respectively.687

Duvic et al. reported the MD Anderson experience in 19 patients 
with advanced CTCL (median age = 50 years; range, 21 to 63 years) 
who received total skin EBRT prior to a RIC alloSCT (12 MRD; 7 
MUD).688 Of 18 evaluable patients 7 experienced relapse or progres-
sion in the skin at a median of 50 days (range; 28 to 718 days). Of 
8 that experienced relapse in the skin, 5 regained CR with reduced 
immunosuppression of DLI. Two-year PFS was 53% and OS was 
79%. Of the 19 patients 11 (58%) were in CR at a median follow-up 
of 1.7 years (range, 0.8 to 7.9 years).

More studies are required to define the role of SCT in the 
treatment of advanced CTCL. An expanding donor pool, including 
umbilical cord and mismatched family; the decreased mortality 
of RIC, and improvements in supportive care are increasing the 
applicability of alloSCT for hematologic cancers. Based on prelimi-
nary findings in a limited number of patients, alloSCT warrants 
further study in CTCL.

suMMary and Future 
investigations
Molecular studies are unraveling the complex interactions of cyto-
kines, adhesion molecules, and the immune system responsible 
for the pathogenesis of CTCL and are continuing to provide insight 
for novel approaches to treatment. As with other indolent lympho-
mas, an array of therapies can produce responses in CTCL, but are 
generally not curative. In contrast to other lymphomas, however, 
is the high degree of efficacy of topical treatments (NM, TSEBRT, 
NBUVB, and PUVA phototherapies) for patients with early-stage 
MF/SS. Because CTCL is not cured by systemic chemotherapy, 
initial management of early-stage disease should include skin-
directed therapy.689 Ongoing clinical trials may define the roles 
of systemic therapy in managing more advanced-stage patients 
including combinations of skin-directed therapies, chemotherapy 

are needed to clarify the role of alemtuzumab in the treatment of 
CTCL.136,673,674,675,676

Another monoclonal antibody that targets CD4 (zanolim-
umab) has undergone phase II trials in CTCL patients. Kim et al. 
reported the use of zanolimumab in 47 treatment-refractory CTCL 
patients.677 Seventeen weekly infusions at a dose of either 280, 
560, or 980 mg were utilized. An objective response was seen 
in 15 of the 41 patents (36.6%), but evaluation of the two higher 
dosing regimens had an objective response of 56% with a median 
response of 81 weeks.677

An antibody to CD30 (SGN30) had minimal activity until it was 
conjugated to a cytotoxic drug monomethyl auristatin E (MMAE). 
Brentuximab vedotin (SGN35; Adcetris, Seattle Genetics) is an 
antibody–drug conjugate that consists of three components: a 
chimeric immunoglobulin G1 mAb cAC10 specific for human 
CD30, the microtubule disrupting agent MMAE, and a protease 
cleavable covalent linker that attaches the antibody to MMAE.678 
Brentuximab vedotin was approved by the FDA in August 2011 
for relapsed patients with Hodgkin lymphoma or systemic ALCL.  
A phase II trial in 58 patients with relapsed ALCL (72% ALK-
negative) reported an objective response in 86% of patients 
including 57% CR and 29% PR.679 The median durations of overall 
response and CR were 12.6 months and 13.2 months, respectively. 
Grade 3 or 4 adverse events were neutropenia (21%), thrombocy-
topenia (14%), and peripheral sensory neuropathy (12%).

CCR4 is expressed on tumor cells from most patients who have 
ATLL, which is relatively resistant to chemotherapy. KW-0761 
is humanized anti-CCR4 monoclonal antibody, which enhances 
antibody-dependent cellular cytotoxicity. In a phase II trial of  
26 patients with relapsed CCR4-positive ATL, the overall response 
rate was 50%, including 31% CR.680 Median PFS and OS were 5.2 
and 13.7 months, respectively. Adverse events were manageable 
in fusion reactions (89%) and skin rashes (63%). Clinical trials are 
investigating KW-0761 in CTCL.

In addition to monoclonal antibodies, there have been efforts 
to harness the patients’ own immune system to enhance the 
cytotoxic antitumor response. Utilizing TLRs, and additional cyto-
kines to stimulate NK cells, in vitro studies have shown increased 
cellular death in CTCL lines.504 A phase I trial initially evaluated 
the use of a TLR9 agonist in treatment-refractory CTCL patients 
(Stage IB-IVA), using a dose escalation ranging from 0.08 to 0.36 
mg/kg in 24 weekly subcutaneous injections.681 Common side 
effects included rigors, cytopenias, and pyrexia, among others. 
Although the trial was not designed to evaluate for efficacy, they 
did identify a 32% overall response rate, of which most lasted for 
the duration of the study (24 weeks).681 More recently, a phase  I/
II study combined an intratumoral injection of a TLR9 agonist 
with radiation (to enhance tumor immunogenicity) in a cohort of  
15 MF patients (stage IA–IVA) who had failed at least one stan-
dard therapy.682 They again found a 33% overall response rate 
and the therapy was well tolerated with mild injection site reac-
tion or flu-like symptoms.682

hematopoietic Stem Cell transplantation
Inasmuch as patients with advanced CTCL have a poor prognosis 
with only a small chance of sustained remission, treatments as 
invasive as hematopoietic stem cell transplantation (HSCT) have 
been increasingly explored using various donor sources, donor 
sites, and therapeutic conditioning regimens. See Chapters 102 
and 104  for a full discussion of HSCT.

Autologous stem cell transplant (autoSCT) has an advantage 
over allogeneic SCT (alloSCT) with a lower treatment-related 
mortality, but has a disadvantage with a higher relapse rate. 
AutoSCT has been done in a small number of heavily pretreated 
CTCL patients, but relapses have occurred quickly in the majority 
of patients.683–685 In a report of six patients, five achieved a CR, 
but three relapsed within 100 days and two remained in CR at 
12 months.683 Using T-depletion and CD34+ stem cell selection in 
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Hodgkin lymphoma (HL) is a lymphoproliferative malignancy 
that accounts for only 1% of newly diagnosed malignancies in 
the United States; however, the disease’s importance to the field 
of medical oncology is out of proportion to its clinical incidence. 
From an historical point of view, HL was the first cancer in which 
the curative potential of combination chemotherapy was demon-
strated. Second, because affected patients are often young, there 
is a great potential for adding years of productive life by giving 
curative therapy. Third, because patients with HL are often cured, 
HL serves as a clinical laboratory for investigating the late effects 
of cancer therapy.

HL usually presents as solitary or generalized lymphadenopa-
thy and most commonly occurs in young adults, although persons 
in any age group may be affected. The disease tends to spread 
in a contiguous fashion, and most patients present with disease 
limited to the lymph nodes or to the lymph nodes and spleen. 
Even patients with advanced disease have a reasonable chance 
of cure. Overall, cure can be achieved in approximately 80% of 
patients with HL. Treatment of limited disease often incorporates 
radiation therapy and combination chemotherapy, whereas treat-
ment of advanced disease is generally limited to combination 
chemotherapy alone.

The evaluation of data and conclusions from clinical trials in 
HL requires certain caveats. The first issue is that salvage therapy 
for relapsed HL patients has a relatively high rate of cure. This 
fortunate fact can complicate the interpretation of trials of initial 
therapy for HL. In contrast to the situation in many other areas of 
oncology where salvage therapies generally do not lead to cures, 
progression-free survival (PFS) in HL trials must not be used as 
a surrogate marker for overall survival (OS). Conversely, because 
late complications, including malignancy, can compromise the 
long-term efficacy of treatments that appear superior in the short 
run, therapies that produce superior PFS at 5 years may not be 
associated with superior OS at 15 years. In some situations, then, 
treatment plans with built-in contingencies may be appropriate. 
As an example, consider two hypothetical treatment strategies: 
treatment A is moderately effective but nontoxic, and failures can 
be salvaged effectively with treatment X. The alternate treatment, 
B, is very effective but failures are only rarely salvaged with treat-
ment Y. The combination of the (less-effective) treatment A and 
salvage with × if needed may lead to superior long-term results 
as opposed to starting out with the (more effective) treatment B 
and salvage with treatment Y. This may be especially true if one 
considers short- and long-term toxicities of treatment. When 
considering initial therapy for patients with HL, one must realize 
that valid alternatives exist in addition to what may be considered 
the “best therapy” based on short-term observations, and that 
individualized approaches may be appropriate to accommodate 
individual risks, especially for long-term toxicity.1

EarLy History
In 1832, Thomas Hodgkin presented a paper entitled, “On Some 
Morbid Appearances of the Absorbent Glands and Spleen.”2 His 
report was an autopsy description of seven patients, and the 
major original thesis presented in the paper was that the entity 
he was describing was a primary process involving the lymph 
glands and spleen rather than a reactive inflammatory condi-
tion. In 1856, Samuel Wilks published a series of cases involving 
enlargement of the lymph glands3 and noted Hodgkin’s original 

description. In 1865, Wilks wrote, “Cases of Enlargement of 
the Lymphatic Glands and Spleen (or Hodgkin’s Disease) with 
Remarks,” updating and extending his findings.4 Thus, Thomas 
Hodgkin’s name became linked to the disorder. Of note, some of 
the cases included in Hodgkin’s initial report were cases of tuber-
culous lymphadenopathy and non-Hodgkin lymphoma.

After these gross pathologic descriptions, the first microscopic 
description of HL was reported by Langhans5 in 1872. This report 
was followed by independent reports by Sternberg in 18986 and 
by Reed in 19027 describing the characteristic giant cells that 
came to be known as (RS) cells. At the time of these early reports, 
all comments regarding the cause of HL were purely speculative. 
Not surprisingly, these early authors were divided over whether 
HL represented an infectious disease, an inflammatory disorder, 
or a malignancy involving the lymph glands.

EpidEmioLogy and EtioLogy
It is estimated that 9,060 new cases of HL will be diagnosed in 
2012.8 The male-to-female ratio is 1.2:1.8 In most economically 
developed countries, there is a bimodal age distribution, with 
one peak occurring in the third decade of life and the second, 
smaller, peak occurring after age 50 years.9 The occurrence of 
HL in patients between the ages of 15 and 39 has been posi-
tively associated with increased maternal education, decreased 
numbers of siblings and playmates, and single-family dwellings 
in childhood.10 In less economically developed countries, HL is 
less common but affects children, most of whom are boys; mixed 
cellularity HL and lymphocyte-depleted HL are more commonly 
seen.11 These data have been interpreted as supporting the 
hypothesis that HL is caused by an infectious agent, and it has 
been postulated that malignancy is more likely to occur when 
exposure to the agent in question is delayed until late adolescence 
or early adulthood.11–14

Epstein-Barr virus (EBV) has been proposed as contributing 
to the development of some cases of HL, and the circumstantial 
evidence is considerable. The incidence of HL is elevated among 
patients with a history of EBV infection.15–17 EBV has been associ-
ated with other related malignancies, including Burkitt lymphoma 
and lymphomas developing in immunocompromised patients. 
Using modern molecular biology techniques, EBV genome frag-
ments have been found in RS cells from approximately 40% of 
patients with HL,18–20 more commonly in cases of mixed cel-
lularity HL.23 In addition, the EBV DNA associated with RS cells 
in HL has been shown to be monoclonal, establishing that EBV 
preceded the development of HL.18,19 Interestingly, prognosis 
appears to be better in HL that is EBV-positive, as compared to 
cases that are EBV-negative.21–23

HL occurring in early childhood or in older adults is more likely 
to be EBV-associated than are cases of HL occurring in young 
adults.24 However, in an important 2003 study, 38,555 patients 
with documented EBV-positive infectious mononucleosis were 
followed for an extensive period.25 In this selected population, 
29 cases of HL developed and 16 (55%) were positive for EBV. 
The risk of EBV-positive HL was increased by a factor of 4 as 
compared to patients who never had documented EBV-positive 
infectious mononucleosis; the median latency for HL after EBV 
infection was 4.1 years. There was no increase of EBV-negative 
HL in this population. These data do not prove causality: the data 
are equally compatible with the theory that EBV pre-disposes 
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patients to the development of HL. If there is a causal role for EBV, 
additional factors must be required for the development of HL.

The idea that HL may represent an uncommon host response 
to a common agent has received additional support in a study of 
monozygotic and dizygotic twins. Monozygotic twins, who would 
be expected to have similar immune responses, had a 99-fold 
increased risk of being concordant for having HL, supporting 
a role for genetic susceptibility or abnormal immune response, 
or both, in the etiology of HL.26 The incidence of HL in patients 
with the acquired immunodeficiency syndrome or with human 
immunodeficiency virus infection is elevated over the incidence in 
the general population (although not to the extent of the increase 
in the incidence of non-Hodgkin lymphoma), perhaps lending 
further plausibility to the concept that HL represents a disordered 
immune response to antigens.27,28 An increased incidence of HL 
has been noted in recipients of allogeneic bone marrow trans-
plants.29 In addition, a patient has been reported with reversible 
methotrexate-associated lymphoproliferative disorder that even-
tually evolved into HL.30

HistopatHoLogy
The diagnosis of HL requires biopsy of an involved lymph node 
or, rarely, of an involved extranodal site (Chapter 86). It is 
important to note that inflammatory nodes may be interspersed 
among nodes harboring HL. In general, a larger node with more 
abnormal features on imaging is a better target for biopsy than a 
smaller, perhaps more accessible, node. Inguinal nodes, although 
generally fairly easily biopsied, are often enlarged from current or 
past inflammation, and biopsy may be misleading. A fine needle 
aspiration (FNA) should generally be considered an inferior diag-
nostic approach and will only rarely yield a firm diagnosis; most 
diagnoses will require an excisional lymph node biopsy (although 
occasionally a diagnosis can be made on generous core biopsy). 
Flow cytometry is noninformative in HL, as the majority of cells 
in a specimen reflect the inflammatory background, with the 
malignant RS cells being relatively rare. This fact can occasionally 
falsely reassure a clinician who gets a flow cytometry result of 
“reactive” and a nondiagnostic FNA on a patient with unexplained 
adenopathy; the correct response is to go on to an excisional 
biopsy. Fortunately for clinicians, concordance between patholo-
gists regarding the diagnosis of HL is high, often exceeding 90%.31

HL can be confused with atypical inflammatory reactions that 
can occur in some patients with infectious mononucleosis32 or 
in patients receiving phenytoin.33 Among the lymphomas, HL is 
sometimes mistaken at the histologic level for anaplastic large cell 
lymphoma, mediastinal large cell lymphoma, or T-cell–rich B-cell 
lymphoma. Correct classification can usually be achieved using 
immunohistochemistry and cytogenetic techniques. Recently 
identified and listed as a provisional entity in the World Health 
Organizations classification was:34 “B-cell lymphoma, unclas-
sifiable, with features intermediate between diffuse large B-cell 
lymphoma and classical Hodgkin lymphoma (cHL),” also known 
as “Grey Zone Lymphoma.”35,36

Pathologically, HL is distinguished from other lymphomas by 
the presence of large binucleated or multinucleated cells (RS cells) 
generally surrounded by a benign reactive response consisting of 
lymphocytes, histiocytes, granulocytes, eosinophils, and plasma 
cells. RS cells are large cells with abundant cytoplasm and gen-
erally contain two or more nuclei and two or more inclusionlike 
nucleoli. Molecular evidence (clonal immunoglobulin rearrange-
ments) has shown that the cell of origin for RS cells is a germinal 
center or post-germinal center B-cell. The RS cell does not express 
the common B-cell transcription factors and thus its B-cell phe-
notype (including the B-cell receptor) because of down-regulation 
and because of epigenetic silencing.37,38 Commonly such nonfunc-
tional B-cells would undergo apoptosis, and activation of several 

antiapoptotic pathways (including the nuclear factor [NF]-kB 
pathway)39 has been proposed as mechanisms for the molecular 
pathogenesis of HL. The molecular mechanisms involved in the 
development of HL have been the subject of several reviews,40,41 
and further discussion of these intracellular pathways is beyond 
the scope of this clinical chapter.

Variant forms of RS cells exist, especially in the nodular 
sclerosis subtype of HL and the nodular form of lymphocyte-
predominant HL (LPHL). RS cells are not specific for HL and 
have been noted in cases of infectious mononucleosis42 and other 
malignancies including lymphoma, carcinomas, and sarcomas.43 
Therefore, RS cells are not sufficient to establish the diagnosis of 
HL because that diagnosis depends on the presence of both the 
characteristic RS cells and the characteristic cellular environ-
ment in which the RS cells are found. In addition to the histologic 
criteria, immunostaining, the RS cells or variants in classical HL 
should be positive for CD15 (85%) and CD30 (100%), and negative 
for most pan-B–cell and pan-T–cell antigens. If a B-cell antigen is 
present, it is usually CD20 and it is variable in intensity.44,45

The subclassification of HL depends in large part on the ratio 
of neoplastic to reactive cells and their orientation. The current 
subtype classification stems from the classification of Lukes and 
Butler,46 as modified at the Rye Conference in 1966.47 These 
investigators described RS cell and their variants (Fig. 86.16), one 
of which they called the L and H cell, (“lymphocytic and histio-
cytic” because of the associated background) seen primarily in the 
LPHL. Later these multilobated cells were referred to as “popcorn 
cells.”48 It was later shown through immunohistochemistry stud-
ies that classic RS cells and L and H cells were distinct, with RS 
cells or variants of other subtypes of HL being CD30 and usually 
CD15 positive and negative for pan-B–cell markers (Fig. 86.17), 
and with the L and H cells of LPHL being CD20 pos and CD30 and 
CD15 negative (Fig. 86.23). Likewise it is now clear on clinical, 
immunophenotyping, and gene expression profiling grounds that 
LPHL is a clinicopathologic entity distinct from the other types of 
HL.49–52 Thus the current WHO classification34 distinguishes cHL 
from LPHL.

cHL is comprised of four subtypes: nodular sclerosis HL, 
mixed cellularity HL, lymphocyte-rich classical HL (LRCHL), and 
lymphocyte-depleted HL. In the past, the subtype of HL was felt to 
give the clinician valuable prognostic information; however, it is 
now recognized that the histologic subtype co-varies with stage, 
and that much of the reported differences in prognosis previously 
attributed to histologic subtypes may be attributed to stage. When 
patients are stratified by stage and receive equivalent therapy, 
differences attributable to histologic subtype are either trivial or 
nonexistent.53–56

The incidence of HL cases with respect to histologic subtype 
is shown in Table 93.1. The data are taken from one large tumor 
registry57 and three large series of referred patients,31,58,59 and 
are subject to biases in the selection process. However, the general 
agreement among the series suggests that this is a fairly reliable 
estimate regarding the relative incidence of the subtypes of HL.

In nodular sclerosis HL, nodularity is produced by dense col-
lagenous bands that divide the cellular portion of the node into 
sections (Fig. 93.1). In this type of HL, RS cell variants, rather 
than classic RS cells, are commonly found in the cellular areas. 
These lacunar RS cells have faintly stained cytoplasm and appear 
separated from adjacent cells by empty space, an artifact of for-
malin fixation (Figs. 93.2 and 86.20). Nodular sclerosis HL is the 
most distinctive form of HL. Although the other subtypes of HL 
may be regarded as a histologic continuum and transformation 
among other subtypes is commonly seen, when patients with the 
nodular sclerosis subtype undergo repeat biopsies, the nodular 
sclerosis form of HL is confirmed in more than 90% of cases.60 
This form of HL classically presents as stage I or II disease with 
cervical and mediastinal involvement in young adults, although 
more advanced stages of disease are not uncommon (Table 93.2).
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A “syncytial variant” of nodular sclerosis HL has been recog-
nized in which numerous RS cell variants have been observed in 
sheets and clusters. This variant of HL may be confused with NHL, 
thymoma, or metastatic cancer.61

HL of the mixed cellularity pattern is a diffuse lymphoma 
composed of a mixture of cells including RS cells (Figs. 93.3 and 
86.18). Distinguishing mixed cellularity HL from diffuse mixed 
forms of NHL may be difficult on the basis of histology alone, but 
should be resolved with modern immunohistochemical stains. 
This subtype of HL has a greater tendency than nodular sclerosis 
HL to be advanced at the time of presentation and to be associated 
with symptomatic disease. Mixed cellularity and nodular sclerosis 
HL make up the majority of HL cases.

Lymphocyte-depleted HL is composed predominantly of histio-
cytes and lymphocytes with varying numbers of eosinophils and 
RS cells (Figs. 93.4 and 86.21). The host reaction is often scant 
relative to the number of malignant giant cells, and a varying 
amount of fibrosis is generally present. The disease is the least 
common type of HL and tends to be advanced at diagnosis (i.e., 
stage III or IV). Most patients have B symptoms,62 retroperitoneal 
nodal involvement is common, and approximately one half of 
patients have bone marrow involvement.63–65 Many older case 
series contain cases that would now be classified as peripheral 

T-cell lymphomas66 or anaplastic large cell lymphomas.67,68 
Therefore the older literature regarding this entirety must be 
treated cautiously.

LRCHL51 is characterized by rare RS cells or variants dispersed 
in a background of predominantly small lymphocytes. The tumor 
cells have the appearance of classic RS cells as well as the immu-
nophenotype of classic RS cells (CD30+, CD15+, but CD20 nega-
tive) (Figs. 93.5 and 86.19).

LympHocytE-prEdominant 
Hodgkin LympHoma
Nodular lymphocyte-predominant HL (NLPHL) is an uncommon 
subtype of HL, representing about 5% of cases,69 with unique 
pathologic features distinguishing it from classical HL.70 The 
neoplastic cell is a large cell, the LP cell, otherwise known as 
a popcorn cell due to its single, large, folded or multilobulated 
nucleus that typically has a smaller nucleus than observed in RS 
cells (Figs. 93.6 and 86.22). However, unlike the RS cell, these cells 
are typically CD30 and CD15 negative, with CD19, CD20, CD45, 
and CD79a positivity (Fig. 86.23). These cells are also PAX-5 and 
Oct-2 positive. The surrounding background lymphocytes are pre-
dominantly small CD20 B-cells, with rare eosinophils, neutrophils, 
or plasma cells. Surrounding the LP cells, CD4+ t-cell rosettes are 
found and CD21-positive follicular dendritic cells are present, con-
sistent with the germinal center derivation of this malignancy.70

Due to the rare occurrence of this malignancy, presentation, 
treatment, and patient outcomes are not well described in this 
disease. In a retrospective analysis of 8,298 patients enrolled on 
clinical trials for HL through the German Hodgkin Study Group,  

Author 
(Reference)

Lymphocyte 
Predominant (%)

Nodular 
Sclerosis (%)

Mixed  
Cellularity (%)

Lymphocyte 
Depleted (%)

Dorfman58 7 74 17 2

Jones et al.31 2 65 26 6

Bernhards et al.59 3 74 22 1

Medeiros et al.57 7 63 26 4

Note: Percentages refer to “classified” cases, as some studies contain cases of unclassified Hodgkin disease.

ReLAtive inciDence of HistopAtHoLogic subtypes of HoDgkin LyMpHoMA

taBLe 93.1

Figure 93.1. A: Nodular sclerosing Hodgkin lymphoma. Gross appearance of the cut surface of a resected node shows a thickened capsule, white fibrous 
bands, and yellow parenchymal nodules.B: Nodular sclerosing Hodgkin lymphoma. Low magnification shows a fibrous capsule and bands of sclerosis circumscribing 
abnormal lymphoid nodules.

A B
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394 patients had NLPHL.69 In this series, the median age at 
diagnosis was 37, 75% patients were male, and 79% of patients 
had early stage disease. Clinically, there appear to be two age 
peaks, one in children and another in patients aged 30 to 50. The 
presence of B-symptoms or bulky disease is unusual, observed 
in <10% of patients.70 Unlike classical HL, patients with NLPHL 
typically have peripheral adenopathy (axillary or inguinal) at diag-
nosis rather than central or mediastinal involvement and nodal 
spread does not track from LN basin to LN basin as typical for 
classical HL. In NLPHL, nodal involvement is not contiguous and 
extranodal involvement is uncommon.

An association exists with this subtype of lymphoma and 
a benign condition, progressive transformation of germinal 
centers, as well as with NHL, particularly T-cell–rich B-cell 
lymphoma and diffuse large B-cell lymphoma. Progressive trans-
formation of germinal centers is described as lymph nodes with 
large, well-defined nodules with an excess of B-cells, or germinal 
centers overrun by lymphocytes.70 This entity may be observed 
prior to, simultaneous with, or following a diagnosis of NLPHL. 
This entity is thought to be a benign condition, but as it occurs 
concurrently or following a diagnosis of NLPHL, biopsy of recur-
rent adenopathy is always required in this disease to confirm 

relapse. Likewise, T-cell–rich B-cell lymphoma and NLPHL can 
occur simultaneously or in succession, and frequently T-cell–rich 
B-cell lymphoma can be pathologically confused for NLPHL. With 
T-cell–rich B-cell lymphoma, large atypical B-cells that are CD20 
positive are surrounded by an abundant background of T-cells 
and histiocytes. As about 5% of NLPHL eventually develop NHL 
including T-cell–rich B-cell NHL or diffuse large cell lymphoma, 
biopsy of recurrent lymph nodes is necessary to determine 
therapy at relapse. In a series of 22 patients treated with ritux-
imab for NLPHL, 9 patients relapsed, including 5 who underwent 
biopsy at recurrence and of these 2 had diffuse large cell NHL 
within 13 months of follow-up.71

cLinicaL EvaLuation

physical examination: Sites of Disease
Staging, the basis for treatment planning in HL, begins with the 
physical examination. HL almost always presents with lymph-
adenopathy, and the involved nodes are usually freely movable 
with a rubbery consistency. Cases in which the microscopic 
appearance reveals fibrosis or sclerosis can be associated with 
hard firm nodes. Although any lymph node group can be involved 
(Table 93.3), cervical and supraclavicular adenopathy are the 
most common physical findings, and axillary presentations are 
not rare.72,73

Figure 93.2. Nodular sclerosing Hodgkin lymphoma. High magnification shows Reed-
Sternberg cells and lacunar variants in B5 fixed material.

Histologic Subtype

Stage

Lymphocyte 
Predominant 
(%)

Nodular 
Sclerosis 
(%)

Mixed 
Cellularity 
(%)

Lymphocyte 
Depleted 
(%)

IA and 
IB

 47  8  12  9

IIA and 
IIB

 38  52  34  14

IIIA and 
IIIB

 14  29  41  41

IVA and 
IVB

 1  11  13  36

Total 100 100 100 100

Modified from Kaplan HS. Hodgkin’s disease, 2nd ed. Cambridge: Harvard University 
Press, 1980.

ReLAtive inciDence of eAcH stAge foR eAcH 
HistopAtHoLogic subtype of HoDgkin LyMpHoMA

taBLe 93.2

Figure 93.3. Mixed cellularity-type Hodgkin lymphoma. High magnification shows a 
classic Reed-Sternberg cell in a mixed background of small lymphocytes, plasma cells, and 
eosinophils.

Figure 93.4. Lymphocyte-depleted type Hodgkin lymphoma, diffuse fibrosis 
 subtype. Reed-Sternberg cells are easily found, and the background is depleted of cellularity 
and composed of amorphous eosinophilic connective tissue.
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Mediastinal disease is often present, but it is rarely the only 
site of disease because it usually occurs in conjunction with cervi-
cal or supraclavicular disease. HL can present with iliac, inguinal, 
or femoral adenopathy, and in approximately 3% of cases, only 
subdiaphragmatic disease is present.74,75 However, in a large 
series of cases in which the original diagnosis of HL was not con-
firmed on review, two features that predicted errors in diagnosis 
were primary extranodal disease and primary subdiaphragmatic 
disease.76 Thus, the pathologic diagnosis of HL should be ques-
tioned in cases with subdiaphragmatic presentation. A complete 
physical examination of the patient with HL should include an 
evaluation of Waldeyer’s ring and epitrochlear nodes even though 
these sites are only rarely involved.

Splenomegaly is noted at presentation in approximately 
10% of cases of HL. However, splenomegaly may be a non-
specific manifestation of the HL, and in only one half of 
patients with splenomegaly was splenic involvement confirmed 
at laparotomy73 in a study from the era of staging laparotomies. 
Additionally, splenic involvement may occur in 20% to 30% of 
patients in the absence of splenomegaly73 even when abdominal 
computed tomography (CT) scans are used to assess splenomeg-
aly by three-dimensional measurements.77 This latter fact should 
not be surprising, because splenic involvement may be limited to 
a few microscopic nodules.

Extranodal disease can occur at any site. However, the central 
nervous system and the testis, which are not uncommon sites for 
NHL, are exceptionally rare sites for HL. At presentation, lung, 
liver, bone, and bone marrow are the most common extranodal 
sites of disease, with each of these sites seen in approximately 
5% to 10% of cases.78,79 Disease at other individual sites occurs 
in <5% of cases. Primary extranodal HL should always lead the 
clinician to consider the possibility of an incorrect pathologic 
diagnosis.

pattern of Spread
HL tends to spread in a contiguous fashion.72,80 In fact, when one 
considers that the left supraclavicular area and the upper abdo-
men are contiguous (via the thoracic duct), a contiguous pattern 
of disease can be established at presentation in more than 90% of 
cases.72 For patients with only right supraclavicular involvement 
at presentation, abdominal disease is found in only 8% of cases; 
for patients with left supraclavicular involvement at presentation, 
the incidence of abdominal involvement is 40%. Hilar involvement 
with HL does not occur unless mediastinal disease is present. 
Pulmonary involvement by HL does not occur in the absence of 
mediastinal and hilar involvement.81

The spleen is the most commonly involved abdominal site 
of disease, possibly representing hematogenous spread. Liver 
involvement is uncommon at presentation in patients with HL, 
and it is exceptionally rare in the absence of splenic involve-
ment.72,82 Within the abdomen, the pattern of disease detected 
at staging laparotomy suggests spread from the spleen in a con-
tiguous fashion. In a series in which staging laparotomies were 
performed with rigorous attention to biopsy of all nodal groups, 
the spleen and contiguous nodes were involved in 71% of cases, 
the spleen and noncontiguous nodes were involved in 16% of 
cases, and lymph nodes were involved in the absence of spleno-
megaly in only 13% of cases.83 It is unknown whether the cases 
of apparent discontiguous spread represent cases in which early 
hematogenous dissemination has occurred or cases in which HL 
has spread through a node without involving the node.

Figure 93.5. Lymphocyte-rich “classic” Hodgkin lymphoma. The background is primarily 
lymphocytes, and the Reed-Sternberg cells are usually CD15+ and CD30+ and negative for the 
B-cell marker CD20.

Figure 93.6. Lymphocyte-predominant Hodgkin lymphoma. High magnification shows 
variant lymphocytic and histiocytic cells (L and H cells), which have “popcorn” nuclei. A back-
ground of small lymphocytes and histiocytes is present.

Site
Frequency of 
Involvement (%)

Frequency of 
Involvement as Only 
Site of Disease (%)

Left cervical and/or 70 7

supraclavicular nodes

Right cervical and/or 62 4

supraclavicular nodes

Mediastinum 60 1

Spleena 36 0

Para-aortic nodesa 34 <1

Left axillary nodes 25 1

Right axillary nodes 25 1

Hilar nodes 21 0

Iliac, inguinal, femoral nodes 16 1

a Data based on surgically staged patients.

Modified from Kaplan HS. Contiguity and progression in Hodgkin’s disease. Cancer Res 
1971;31:1811–1813; and Kaplan HS, Dorfman RF, Nelsen TS, et al. Staging laparotomy 
and splenectomy in Hodgkin’s disease: analysis of indications and patterns of involvement in 
285 consecutive, unselected patients. Natl Cancer Inst Monogr 1973;36:291–301.

fRequency of invoLveMent of noDAL sites in 
HoDgkin LyMpHoMA

taBLe 93.3
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Initial evaluation of the hodgkin Lymphoma 
patient

Clinical history
An accurate clinical history facilitates the management of HL 
patients in a number of ways. The presence of certain symptoms 
is associated with a less favorable prognosis and may be a clue 
to more advanced disease than otherwise suspected. Other symp-
toms may point out the need for additional studies (such as a bone 
scan or neck CT) for accurate staging. The discovery of additional 
sites of disease because of symptoms may lead to a modification 
of therapy and establish the need for additional follow-up studies 
on completion of treatment. A history of heart disease or lung 
disease may prompt closer assessment of those organs before 
chemotherapy or during its course. A history of HIV infection may 
affect choice of chemotherapy or infection prophylaxis. A history 
of smoking or autoimmune disease or a family history of breast 
cancer may influence the decision to incorporate radiation ther-
apy into the treatment plan and may influence the follow-up plan.

The constitutional symptoms that are known to have prognostic 
value are unexplained fever to >101°F, drenching night sweats, 
and weight loss equal to 10% of the patient’s weight. These are 
the only symptoms that are accounted for in the Cotswold staging 
system (and whose presence is denoted by B appended on the 
numerical stage). Fever in HL can have any pattern, including 
continuous low-grade fever or occasional fever spikes. The pat-
tern of recurrent episodes of daily high fevers separated by days 
without fever, Pel-Ebstein fever, was first associated with HL in 
1885.84,85 However, in the modern era it is a rare manifestation 
of HL and, although limited to patients with very advanced dis-
ease, it is uncommon even in those patients. Rarely, fever may be 
the only clinical manifestation of HL, for instance, in the case of 
patients with the lymphocyte-depleted HL who present with fever 
and disease limited to retroperitoneal nodes or the bone marrow, 
or both.86

Before designating a patient as having the symptom of night 
sweats, the clinician should verify that the patient’s sweating is 
abnormal. The night sweats of HL are drenching and not simply 
associated with increased ambient temperature. Perimenopausal 
women should be asked if they have vasomotor symptoms before 
the sweating, as flushing is not generally a symptom of the sweats 
of HL.

Pain at the site of HL in association with the ingestion of alco-
hol is well described and can be the first hint of a recurrence. 
The mechanism of this phenomenon is unknown and it does not 
have prognostic significance. The occurrence of alcohol-induced 
pain has become less common in recent decades, perhaps in 
association with earlier diagnosis and more effective therapy. 
Generalized pruritus may be a nonspecific manifestation of HL, 
and it may be an early manifestation of the disease in up to 10% 
to 15% patients. It also has no known prognostic implication. 
Similarly, fatigue and weakness may occur in patients with HL but 
do not cause a patient to be classified as symptomatic.

Although the staging classification divides patients into cat-
egories A and B for asymptomatic and symptomatic, respectively, 
clinicians are well aware that this binary classification is an 
oversimplification and that the presence 0 of symptoms varies 
along a continuum87,88 with respect to their clinical significance. 
When patients with stage IB and stage IIB HL were reviewed, it 
was found that the presence of fevers was associated with a rela-
tive risk of relapse after treatment of 4.3. For weight loss alone, 
the relative risk of relapse after treatment was 2.4; for night 
sweats, the relative risk of relapse was 0.8 (i.e., not increased).87 
Nevertheless, the presence of symptoms may suggest advanced 
disease. Symptoms are found in <10% of patients with stage I 
disease and in approximately two thirds of patients with stage IV 
disease.89 The presence of B symptoms in a patient with apparent 

stage I disease is, therefore, suggestive that further evaluation will 
lead to the discovery of a more advanced-stage disease.

the Cotswold Staging System
The stage of the patient is the main determinant of therapy and 
prognosis in HL. The current classification system is the Cotswold 
classification system90,91 (Table 93.4). Although the modalities 
used to stage patients have changed since the Cotswold confer-
ence in 1990 (e.g., PET and improved CTs have replaced staging 
laparotomy and gallium scans), and treatment algorithms have 
changed, the current staging system remains the backbone for 
clinical decision making and for clinical trial design.

Stage I disease is the involvement of a single lymph node 
region (or a single lymphoid structure). Stage II disease is the 
involvement of multiple lymph node regions (e.g., cervical nodes, 
supraclavicular nodes) but on only one side of the diaphragm. 
Stage III disease is the involvement of lymph node regions on 
both sides of the diaphragm and is further subdivided as to 
anatomic substage. Disease limited to the upper abdomen (i.e., 
spleen, splenic hilar nodes, celiac nodes, or porta hepatis nodes) 
in a patient with stage III disease is defined as substage III1. 
Patients with stage III disease in whom abdominal nodal involve-
ment includes para-aortic, iliac, or inguinal nodes are classified 
as substage III2. The distinction between stages III1 and III2 is 
largely obsolete as all patients with stage III are now treated 
similarly with chemotherapy. Stage IV disease is visceral involve-
ment (e.g., lung, liver, or bone marrow) that is not due to direct 
extension from a nodal site. The subscript E represents exten-
sion from a nodal site, such as extension of a mediastinal mass 
directly into the lung, for example, IIE.78 The designations A and 
B are used to represent the absence and presence of symptoms 
(e.g., unexplained fever, drenching night sweats, and weight loss 
of 10% of body weight), respectively. The presence of “bulky” dis-
ease, defined as a mediastinal mass with a diameter greater than 
one-third the diameter of the chest as measured at the T5–T6 
interspace on a postero-anterior chest radiograph, or any nodal 

Stage I

Involvement of a single lymph node region or lymphoid structure (e.g., spleen, 
thymus, Waldeyer ring)

Stage II

Involvement of two or more lymph node regions on the same side of the  
diaphragm (the mediastinum is a single site; hilar lymph nodes are lateralized); 
number of anatomic sites should be indicated by a suffix (e.g., II3)

Stage III

Involvement of lymph node regions of structures on both sides of the diaphragm

III1 With or without splenic hilar, celiac, or portal nodes

III2 With para-aortic, iliac, or mesenteric nodes

Stage IV

Involvement of extranodal site(s) beyond that designated E
A No symptoms

B Fever, drenching sweats, weight loss

X Bulky disease, greater than one-third widening of the mediastinum, 
>10 cm maximum dimension of nodal mass

E Involvement of a single extranodal site, contiguous or proximal to a 
known nodal site

CS Clinical stage

PS Pathologic stage

cotswoLD stAging cLAssificAtion foR HoDgkin LyMpHoMA

taBLe 93.4
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mass with a greatest diameter of more than 10 cm, is represented 
by the designation X.92–94 The relative incidence of each stage of 
HL is shown in Table 93.5.

required and Suggested Studies  
for Initial evaluation
As treatment recommendations for HL depend heavily on stage, 
accurate staging is crucial. Staging also establishes a baseline so 
that the completeness of remission can be assessed on comple-
tion of therapy. The evaluation begins with a clinical history (see 
above) and a physical examination. The physical exam should 
focus on accessible lymphoid tissues, including Waldeyer’s ring, 
all palpable lymph node areas, including the epitrochlear and 
popliteal nodes, as well as the spleen.

The role of radiographic imaging in HL patients is to determine 
the stage accurately, as stage determines treatment. A second role 
is to establish a baseline for comparison to mid-treatment or post-
treatment scans. There is now a general agreement that positron 
emission tomography with integrated CT scanning (PET/CT) can 
supplant other imaging studies in the initial assessment of most 
patients with HL. PET/CT is reported to have very high sensitivity 
and specificity in HL. CT alone relies on size criteria to distinguish 
normal nodes from involved nodes and thus may understage 
patients with small but involved nodes. It is also poor at identifying 
a diffusely involved organ such as the spleen or liver, unless those 
organs are enlarged. It is reported that PET/CT (as compared to CT 
alone) changes the stage in up to 20% to 40% of cases and changes 
the treatment in 5% to 15%.95,96,97 The majority of these cases 
are upstaging. Some argue for omitting PET/CT in favor of CT 
alone for certain “clearly limited-stage” patients,98 however, most 
clinicians and most guidelines (e.g., the National Comprehensive 
Cancer Network) favor initial PET/CT as a routine study for initial 
evaluation of HL. If a PET/CT is unavailable, or otherwise unused, 
patients should have CT scans of the chest, abdomen, and pelvis. 
A neck CT should be included if there is any clinical suspicion of 
involvement of neck nodes. A chest radiograph is performed in a 
patient with a mediastinal mass to assess whether the patient’s 
disease meets the criteria for bulky mediastinal disease. Certain 
situations and patients may warrant other radiographic studies, 
for example, the patient with bone pain may be evaluated with 
bone scan or MRI.

A marrow biopsy is usually performed on any patient with  
B symptoms or abnormal blood counts, and on any patient with 
stage III or IV disease. Although the chance that an early stage 
asymptomatic patient with normal blood counts will have marrow 
involvement is low,79,99 some clinicians perform a marrow biopsy 
on all patients with HL. Recent data suggest that PET/CT accurately 
identifies or rules out marrow involvement,100 and clinicians may be 
able to decrease their use of marrow biopsy accordingly in the future.

Blood tests should include a complete blood count with differ-
ential and platelets, erythrocyte sedimentation rate, liver function 
tests including alkaline phosphatase, lactate dehydrogenase, albu-
min and bilirubin (abnormal liver function tests are not diagnostic 
of liver involvement, but are sometimes nonspecifically elevated 
and may complicate the use of certain chemotherapy agents); 
BUN and creatinine, and thyroid function tests as a baseline (if 
neck radiotherapy is contemplated). Serology for human immuno-
deficiency virus is appropriate in selected cases. A pregnancy test 
should be performed for women of childbearing potential.

Patients should be counseled about fertility preservation. An 
assessment of ejection fraction by echocardiogram or radionu-
clide study is appropriate if anthracycline chemotherapy will be 
used. Pulmonary function tests with diffusing capacity should be 
ordered if bleomycin-containing chemotherapy will be used.

A summary list of suggested initial procedures and tests is 
presented in Table 93.6.

prognostic Indicators
As noted above, stage is the major prognostic factor in HL and the 
major basis on which therapy is determined. However, patients 
can be stratified for risk on the basis of prognostic factors in 
addition to stage. In a study of 5,141 patients with “advanced” 
HL, primarily stage III and IV disease, Hasenclever and Diehl101 
performed a multivariate analysis of risk factors (Fig. 93.7). Seven 
independent factors that predicted freedom from progression 
(FFP) were identified: albumin <4.0 g/dl; hemoglobin <10.5 g/dl; 
male sex; 45 years of age or more; stage IV disease; leukocytosis 
at or above 15,000/mm3; and lymphocytopenia (lymphocytes 
≤600/mm3 and/or lymphocytes <8% of total white count). For 
patients with no risk factors (7% of all patients), FFP was 84%. For 

Stage A (%) B (%) A and B (%)

I 11.4  0.8  12.2

II 34.1 12.4  46.5

III 17.5 13.1  30.6

IV  3.3  7.4  10.7

Total 66.3 33.7 100.0

Modified from Kaplan HS. Hodgkin’s disease, 2nd ed. Cambridge: Harvard University Press, 
1980.

DistRibution of HoDgkin LyMpHoMA cAses witH Respect 
to stAge AnD syMptoMAtic stAtus

taBLe 93.5

History and Physical Examination, Including

Past medical history: including B symptoms (fever, night sweats, weight loss of 
>10% in past 6 mo), alcohol intolerance, itching, HIV risks, cardiac, renal, liver 
impairment

Family history: including lung cancer, coronary disease, breast cancer

Personal history: smoking

Examination of all peripheral lymph node regions (including epitrochlear, popliteal, 
Waldeyer’s ring), liver, and spleen

Radiologic Studies

Chest radiograph

PET/CT

Assessment of EF (optional in younger patients)

Pulmonary function tests (optional in younger patients)

Laboratory Studies

Hematocrit, white blood cell count, differential, platelet count

Erythrocyte sedimentation rate, lactic dehydrogenase

Liver function tests including albumin, alkaline phosphatase transaminases,  
bilirubin

Bilirubin, alkaline phosphatase, liver function tests

Thyroid function tests if radiation to neck is contemplated

Bone scan (selected patients)

HIV serology

Bone Marrow Aspiration and Biopsy (Optional Unless Stage III)

CT, computed tomography; HIV, human immunodeficiency virus; PET, positron emission 
tomography.

RecoMMenDeD initiAL evALuAtion foR pAtients witH 
HoDgkin LyMpHoMA

taBLe 93.6
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patients with one risk factor (22% of all patients), FFP was 77%. 
For patients with two risk factors (29% of all patients), FFP was 
67%. For patients with three risk factors (23% of all patients), FFP 
was 60%. For patients with four risk factors (12% of all patients), 
FFP was 51%. For patients with five or more risk factors (7% of 
all patients), FFP was 42%. Of note, B symptoms did not have 
independent prognostic value in this model. At present this model 
is validated only for advanced-stage patients.

A number of prognostic classifications have been used for 
early-stage HL and have been used to tailor therapy further in 
clinical trials. These commonly employ some combination of age, 
erythrocyte sedimentation rate, mediastinal bulk, and number 
of involved nodal sites. See Table 93.7, “Unfavorable Prognostic 
Factors for Stage I–II HL, by Three Cooperative Groups.”

ovErviEW and HistoricaL 
pErspEctivE oF radiation tHErapy
Six years after the discovery of x-rays by Roentgen in 1895, Pusey 
reported that x-rays could shrink enlarged nodes in patients 
with HL.102 However, given the orthovoltage techniques of the 
day, therapy was only palliative. The modern radiotherapy era 
began with the Swiss radiotherapist Gilbert in 1925.103 Based 
on observed patterns of spread in patients with HL, Gilbert advo-
cated treatment of both involved areas and adjacent, apparently 
uninvolved, areas. This approach was also adopted by Peters, 
who, in 1950, was the first to report that radiation therapy of HL 
could produce cures.104 Over the next two decades, the curability 
of HL was confirmed by Peters,105,106 Easson and Russell,107 and 
Kaplan,108,109 the latter investigator establishing the critical rela-
tionship between radiation dose and the risk of recurrence in the 
treatment field (Fig. 93.8).

As originally suggested by Gilbert, the principle of treating 
involved and adjacent apparently uninvolved areas (i.e., extended 
field therapy) became a standard radiotherapeutic approach to 
HL. With the advent of staging laparotomy and evidence that the 
retroperitoneum could represent a potentially involved adjacent 
area of disease, the concept of extended field therapy came to 
include the standard mantle, para-aortic/splenic, and pelvic 
radiation ports shown in Figure 93.9.110

Although the radiotherapy pioneers were the first to cure 
HL, and they did so by conducting elegant and groundbreaking 
clinical trials, the era of radiation as single modality for the initial 
treatment of HL has passed. However, HL is a very radiation-sen-
sitive disease, and radiation remains a useful component of the 
treatment of certain patients. Currently the most well documented 
role for radiation is in the early stage setting, discussed below.

Complications of radiation therapy depend on technique, 
dose, and the volume of irradiated tissue. Common complica-
tions include hair loss within the treatment fields, radiation 
pneumonitis, radiation pericarditis, mediastinal fibrosis, and 
pulmonary fibrosis. Symptoms of radiation pneumonitis gener-
ally occur within 1 to 3 months of completing therapy and are 
nonspecific because they include dyspnea, cough, and fever. Such 

A

B

Figure 93.7. Progression-free survival (A) and survival (B) as related to number of 
risk factors. (From Hasenclever D, Diehl V. A prognostic score for advanced Hodgkin’s disease. 
N Engl J Med 1998;339:1506–1514, with permission.)

Risk Factor GHSG EORTC NCIC

Age ≥50 ≥40

Histology NC or LD

ESR and B 
symptoms

>50 if A; 
>30 if B

>50 if A; 
>30 if B

50 or any B

Mediastinal 
mass

MMR > .33 MTR > 35 MMR >.33 or 
>10 cm

# Nodal sites >2a >3 >3

E lesions any

GSHG, German Hodgkin Study Group (auses alternate definition of nodal sites); EORTC, 
European Organization for the Research and Treatment of Cancer; NCIC, National Cancer 
institute of Canada; MMR, mediastinal mass ratio: maximal width of mass/maximal 
intrathoracic width; MTR, mass to thoracic width at T5–T6 interspace on standing PA 
chest radiograph.

unfAvoRAbLe cHARActeRistics foR stAge i AnD ii HL,  
peR tHRee coopeRAtive gRoups

taBLe 93.7

Figure 93.8. rate of recurrence in a given treatment field as a function of radiation 
dose delivered to that field. (From Kaplan HS. Evidence for a tumoricidal dose level in the 
radiotherapy of Hodgkin disease. Cancer Res 1966;26:1221–1224, with permission.)
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complications are rarely seen at lung doses <15 Gy and occurred 
in <5% of patients receiving routine mantle irradiation. The 
presence of a large mediastinal mass or the concomitant use of 
chemotherapy essentially doubles the risk of radiation pneumoni-
tis.111,112 Although infection and recurrent HL must be considered 
in the differential diagnosis of radiation pneumonitis, radiation 
injury is likely to be confined to the area of the lung that was 
irradiated. Infiltrates with sharp borders, representing the edge 
of the radiation field, strongly suggest the presence of radiation 
pneumonitis. Because HL and its therapy are both associated with 
immunosuppression, whenever radiation injury is considered in 
the differential diagnosis of a patient with HL, one must also con-
sider the diagnosis of Pneumocystis jiroveci pneumonia.

Cardiac toxicity of radiation therapy can include myocarditis, 
arrhythmias, pericarditis (rarely including constrictive pericardi-
tis and tamponade), valvular heart disease, and coronary artery 
disease.113,114,115,116–118 Although an increased risk of myocar-
dial infarction appears to exist after radiation therapy,117 this 
risk is greater for patients who received radiation therapy before 
1966, suggesting that modern treatment techniques have mini-
mized this risk.

Spinal cord injury should not occur with modern radiation ther-
apy techniques but may occur if radiation fields overlap. Splicing of 
fields over the spinal cord should be done with great care. The one 
neurologic problem that may occur despite the use of appropriate 
technique is the Lhermitte sign,89 which includes numbness and 
tingling in the arms, legs, or both and electrical sensations up and 
down the spine made worse by flexion of the head. This complica-
tion is usually transient and of no clinical consequence.

Hypothyroidism is a common complication of radiation ther-
apy,119 with actuarial analysis indicating that 52% of patients 
develop hypothyroidism 20 years after radiation.119 Thyroid can-
cer is an uncommon complication, but, based on the hypothesis 
that chronic elevations of thyroid-stimulating hormone in patients 
after thyroid irradiation may lead to thyroid tumors, the admin-
istration of thyroid replacement has been advocated in patients 
with an elevated thyroid-stimulating hormone even if they are 
clinically euthyroid.119

In addition to thyroid cancer, an increased risk of second 
malignancies, including lung cancer,120,121 stomach cancer,120 
melanoma,120,122 and breast cancer,123,124,125 has been noted in 
patients receiving radiation therapy for HL. These malignancies 
generally occur 10 to 20 years after radiation therapy, with the 
risk of second malignancies being increased in patients who have 
also received chemotherapy. The relative risk of breast cancer sec-
ondary to radiation is age related. The relative risk of developing 
breast cancer is 38 for patients radiated before age 20; the relative 
risk is 17 for patients radiated between the ages of 20 and 29; the 

relative risk is 4 for patients radiated after the age of 30, a rela-
tive risk that is not significantly different from 1.123 Fortunately, 
the baseline risk of breast cancer in patients younger than age 30 
is low, muting the quantitative impact of this increase in relative 
risk. Nevertheless, it has been recommended that women who 
receive radiation therapy for HL should receive mammography 
starting 8 years after completion of therapy because 95% of such 
tumors occur more than 10 years after radiation.124

It should be recognized that radiation therapy developed as 
a primary treatment approach to HL when no other modalities 
were available. In the 1960s, 1970s, and 1980s, when chemo-
therapy and radiotherapy were both rational treatment options, 
radiotherapy was often seen as the simpler approach with mini-
mal side effects. Over the last 10 to 15 years, however, there has 
been increased recognition of the fact that radiation therapy is 
associated with an increased incidence of late deaths and that for 
limited-stage patients those deaths eventually exceed the number 
of deaths from HL. At the same time, chemotherapy has become 
more tolerable. The result is an overall trend to use radiation 
therapy less often and to use chemotherapy more often.126 This is 
discussed in detail in the sections on treatment.

ovErviEW and HistoricaL 
pErspEctivE oF cHEmotHErapy
The development of cancer chemotherapy arose from the obser-
vation of lymph node necrosis in soldiers exposed to nitrogen 
mustard gas during World War I. Therefore, it is not surprising 
that HL and NHL were among the first disorders treated with 
nitrogen mustard when the drug was developed for therapeutic 
use.127,128,188,189 Since then, several chemotherapeutic agents in 
several classes of drugs have been shown to be effective in HL. 
Single agents generally produced partial rather than complete 
remissions, and unmaintained remissions rarely lasted more than 
3 months, with maintained remissions lasting 8 to 10 months 
(Table 93.8).129–132 During the 1960s, efforts were made to com-
bine effective agents,133 culminating in the landmark demonstra-
tion by DeVita et al. that MOPP (Mustargen [mechlorethamine], 
Oncovin [vincristine], procarbazine, and prednisone) combination 
chemotherapy could cure advanced HL.134 In the initial publica-
tion reporting results achieved with the MOPP regimen,135 81% 
of patients with advanced HL achieved a complete remission, and 
by actuarial analysis, 47% were projected to be long-term disease-
free survivors. Follow-up studies136,137 confirmed that these long-
term disease-free survivals (DFSs) were equivalent to cure and 
projected cure rates of 56%.137

Figure 93.9. Treatment fields used as extended 
field irradiation of Hodgkin disease. A: Mantle field.  
B: Inverted Y field. C: Mantle and para-aortic field (extended 
mantle field). D: Total nodal field. The spleen is irradiated in 
conjunction with the fields in B, C, and D, unless it has been 
surgically removed.

A B C D
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This study of MOPP in advanced HL135 established combina-
tion chemotherapy as the treatment of choice for advanced HL 
(Table 93.9).135–140,141,142–145 Additionally, by demonstrating 
the cumulative and synergistic efficacy of combining drugs with 
different mechanisms of action and—to a degree—separate tox-
icities, it established the rationale for the use of combination 
chemotherapy in other malignancies. Subsequent investigations, 
as detailed below in the section on front-line therapy of advanced 
disease, have established alternative regimens as superior to 
MOPP with respect to efficacy and toxicity.

The primary toxicity of combination chemotherapy is hema-
tologic, with neutropenia being more common than thrombocy-
topenia. Drug toxicity tends to be cumulative, with neutropenia 
having an increased degree and duration with each cycle of 
chemotherapy. Because there is evidence that optimal dose inten-
sity (dose /time) is essential to achieving the best therapeutic 
results,137,140,146,147 many clinicians have used a granulocyte 
colony-stimulating factor to avoid delays in therapy. However, 
a recent report showed increased lung toxicity in HL patients 
treated with filgrastim along with ABVD (26% vs. 9% without 
G-CSF)148 and has led to some concerns about this approach 
although patients with testis cancer treated with bleomycin 
and using filgrastim support had no increase in lung toxicity 
as compared to a no-filgrastim group. Evens and colleagues 
reported their experience with proceeding with ABVD every  
14 days without regard to neutrophil count and without adminis-
tering colony-stimulating factors. They retrospectively compared 
the 61 patients treated in this manner to 23 patients treated 
with routine empiric filgrastim. Only 0.44% of the treatments 
given without filgrastim or dose reductions were complicated by 
neutropenic fever, and over 99% of the planned dose intensity 
was maintained.149 Whether or not there is an increase in lung 
toxicity in HL patients treated with bleomycin and filgrastim, 
it seems reasonable to treat younger healthier patients without 

dose reductions or delays and without the routine use of colony-
stimulating factors.

A major long-term complication of the MOPP regimen was 
myelodysplasia and leukemia, occurring in 2.6% at 5 years150 and 
in more patients with longer follow-up. The addition of radiation 
may increase the risk to as much as 7% to 10% during the first  
10 years.151–158 ABVD does not seem to cause myelodysplasia.

Vincristine, and to a lesser extent vinblastine, cause a dose-
dependent sensory neuropathy. This should not lead to dose 
modifications unless the sensory neuropathy involves the entire 
fingers or limits function. Motor neuropathy and obstipation are 
indications for dose reduction, but to limit the need for this dose 
modification, patients receiving vincristine should receive prophy-
lactic laxatives.

Bleomycin may produce pulmonary fibrosis, and doxorubi-
cin may produce cardiac toxicity. However, these toxicities are 
related to total dose administered. Bleomycin lung toxicity is seen 
in approximately 10% of patients receiving more than 250 mg/m2 
of bleomycin.159 Clinical evidence of cardiac toxicity is observed in 
a similar percentage of patients receiving more than 450 mg/m2 
of doxorubicin.160–162 Thus, these toxicities are uncommon even 
when ABVD (Adriamycin [doxorubicin], bleomycin, vinblastine, 
and dacarbazine) is used. For patients receiving eight cycles of 
ABVD, the total cumulative doses would be 160 mg/m2 of bleo-
mycin and 400 mg/m2 of doxorubicin, which approaches the toxic 
threshold. The threshold for drug toxicity is not absolute, and 
evidence of drug toxicity may be observed at lower doses, espe-
cially in older patients or in patients who have received radiation 
therapy to ports that include the lung or heart.

If the history or physical examination during ABVD therapy 
raises the suspicion of bleomycin pulmonary toxicity, a chest 
radiograph should be obtained, and tests such as a chest CT scan 
and pulmonary function tests with diffusing capacity of lung for 
carbon monoxide should be considered. Absolute criteria for the 
discontinuation of bleomycin have not been established, but we 
strongly caution against the continuation of bleomycin in the face 
of a corrected diffusing capacity of lung for carbon monoxide of 
≤50%. In making a decision about further use of bleomycin, the 
clinician must consider the risks of further therapy as well as the 
risk of early discontinuation of an effective agent.

Sterility is another toxicity of HL treatment that must be 
considered in planning therapy because this complication may 
have a significant impact on a patient’s quality of life. Although 
the formerly standard MOPP chemotherapy produced long-term 
azoospermia in 90% to 100% of patients,163–166 limited data 
suggest that ABVD is associated with only transient azoosper-
mia.167 For men, permanent sterility is related primarily to the 
use and dose of alkylating agents; with ABVD, sterility is rare. 
In women, age, alkylating agent, and dose are important.168 
Many women become amenorrheic during chemotherapy, with 
hormonal findings consistent with ovarian failure.169,170 In 
younger women, recovery of menses and recovery of fertility 
are generally seen. In women older than age 35, menses may 
resume, but menopause may occur prematurely. In women who 
are perimenopausal at the time of chemotherapy, menses may 
cease permanently. Although cryopreservation of semen before 
chemotherapy and artificial insemination have been successful 
in achieving pregnancy,171 the presence of decreased sperm 
counts and abnormal sperm motility before therapy in patients 
with HL limit this approach.172 In vitro fertilization for embryo 
cryopreservation is an option for some patients, but requires a 
delay in treatment. The cryopreservation of oocytes and of ovar-
ian tissue is under investigation. Oral contraceptives or gonad-
otropin-releasing hormone-analogues have not been protective 
of fertility.173 Offering information about fertility preservation 
should be considered even for those in whom limited ABVD is 
planned, as a minority of patients will progress and will go on to 
more intensive therapy.

Response Rate (%)

Agent
Representative Dose 
and Route CR CR and PR

Nitrogen mustard 0.2–0.4 mg/kg IV, 
q4–6wk

13 65

Vincristine 0.2 mg/kg/wk IV 36 58

Procarbazine 50–150 mg/kg/d PO 38 69

Prednisone 40–60 mg/d PO  0 61

Cyclophosphamide 2 mg/kg/d PO 12 54

Chlorambucil 0.2 mg/kg/d PO 16 60

Vinblastine 0.2 mg/kg/wk IV 30 68

Bischloroethyl nitrosourea 100–200 mg/m2 IV, q6wk  4 47

Doxorubicin 30–60 mg/m2 IV, q3–4wk  8 41

Bleomycin 5 mg/m2 IV, varying 
schedules

 6 37

DTIC 200 mg/m2 IV, daily ∞5, 
variable

 6 56

Etoposide 50–120 mg/m2 IV, daily 
∞5, variable

 7 25

Cisplatin 75 mg/m2 IV, q3–4wk  8 35

CR, complete response; PR, partial response.
Modified from Kaplan HS. Hodgkin’s disease, 2nd ed. Cambridge: Harvard University Press, 
1980:199–201.

ResuLts of singLe-Agent tHeRApy in HoDgkin LyMpHoMA

taBLe 93.8
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Although the detrimental effects of combination chemotherapy 
on fertility are well documented, neither the occurrence of infer-
tility nor its persistence can be predicted with certainty. Because 
of the risk of birth defects, adequate contraception during che-
motherapy is essential. Both during and following chemotherapy, 
patients desiring to avoid pregnancy should be advised not to rely 
on chemotherapy as their only form of contraception. In addition 
to decreased fertility, hormonal effects of chemotherapy have 
been associated with decreased libido in both men and women 
receiving chemotherapy for HL.169,174,175

Limited-stage Disease
Limited- or early-stage HL is further stratified into two groups for 
the purpose of clinical trials and for treatment planning. Favorable 
early-stage HL is defined as stage I or II HL without unfavorable 
features or risk factors, and unfavorable early-stage HL is defined 
as the stage I or II with one or more risk factors. The risk factors 
have been variously defined by different groups, (see Table 93.7) 
but generally include (1) a greater number or nodal sites, (2) ele-
vated erythrocyte sedimentation rate, (3) B symptoms, (4) a large 
mediastinal mass or other bulky disease, and (5) age over 40 or 50 
years. Unfavorable early-stage HL may also be thought of as com-
prising two further groups: those unfavorable on the basis of bulky 
disease, and those unfavorable on the basis of another risk factor.

treatment of Favorable early-stage  
hodgkin Lymphoma
Favorable early-stage HL has traditionally been treated with 
extended field radiotherapy, with cure rates as high as 80%. Long-
term follow-up of patients treated and cured with radiotherapy 
has now made clear that such patients suffer from high rates of 
life-threatening and/or debilitating late effects, such as early ath-
erosclerosis and myocardial infarction, valvular heart disease, and 
secondary malignancies. Over the last 2 decades this recognition 

has led to a general move toward using chemotherapy for early-
stage patients and simultaneously reducing the fields and doses 
of radiotherapy, and even eliminating radiotherapy entirely for 
certain highly susceptible patients (e.g., young women with medi-
astinal disease who would have a high risk of breast cancer with 
mediastinal irradiation). Reducing the fields and doses of radio-
therapy has been shown to reduce the risk of at least some of the 
late side effects of radiation exposure.176,177–179,180

In the last 15 years, a number of publications have shown 
the excellent results and tolerability of a treatment paradigm for 
favorable early-stage HL consisting of a limited number of courses 
of chemotherapy (generally ABVD) and limited radiotherapy at 
reduced total dose.181–184 Although there is a paucity of random-
ized data comparing a modern combined modality regimen (i.e., a 
limited number of cycles of ABVD followed by involved field radio-
therapy with relatively low total dose) to radiotherapy alone or to 
ABVD alone, the single-arm PFS rates of over 90% and short-term 
tolerability, and the expected low rate of long-term side effects 
have made combined modality therapy a de facto standard for 
favorable early-stage HL. Extended field radiotherapy is no longer 
a standard of care, and chemotherapy alone is used primarily 
when there is particular concern about long-term side effects of 
radiation. A number of randomized trials have evaluated com-
bined modality treatment, although most have used noncurrent 
radiotherapy, noncurrent chemotherapy, or both. As is the case in 
many trials of initial treatment of HL, a difference in OS is difficult 
to prove, presumably because of the efficacy of salvage therapy 
and the long survival times of patients. However, at least one 
randomized trial, the EORTC’s H8F trial, which compared three 
cycles of MOPP/ABV (mechorethamine, vincristine, procarbazine, 
prednisone, doxorubicin, bleomycin, and vinblastine) hybrid and 
involved field radiotherapy to subtotal nodal irradiation, shows 
an OS for the combined modality treatment advantage at 10 years 
follow-up (97% vs. 92%, P = 0.001).183 Likewise a meta-analysis 
of trials comparing chemotherapy alone to combined modality 
therapy demonstrated an advantage in both tumor control and OS 
for the combined modality approach.185

ABVD Adriamycin 25 mg/m2

Bleomycin 10 units/m2

Vinblastine 6 mg/m2

Dacarbazine 375 mg/m2

IV
IV
IV
IV

Days 1 and 15
Days 1 and 15
Days 1 and 15
Days 1 and 15

Q28d

BEACOPP (baseline) Bleomycin 10 mg/m2

Etoposide 100 mg/m2

Adriamycin 25 mg/m2

Cyclophosphamide 650 mg/m2

Vincristine 1.4 mg/m2 (capped at 2.0 mg)
Procarbazine 100 mg/m2

Prednisone 40 mg/m2

IV
IV
IV
IV
IV
IV
IV

Day 8
Days 1–3
Days 1
Day 1
Day 8
Day 1–7
Day 1–14

Q21d

BEACOPP (escalated) Bleomycin 10 mg/m2

Etoposide 200 mg/m2

Adriamycin 35 mg/m2

Cyclophosphamide 1,200 mg/m2

Vincristine 1.4 mg/m2 (capped at 2.0 mg)
Procarbazine 100 mg/m2

Prednisone 40 mg/m2

IV
IV
IV
IV
IV
IV
IV

Day 8
Days 1–3
Days 1
Day 1
Day 8
Day 1–7
Day 1–14

Q21d

Stanford V Adriamycin 25 mg/m2

Vinblastine 6 mg/m2

Vincristine 1.4 mg/m2 (capped at 2.0 mg)
Bleomycin 5 units/m2

Mustard 6 mg/m2

Etoposide 60 mg/m2

Prednisone 40 mg/m2

IV
IV
IV
IV
IV
IV
PO QOD

Weeks 1, 3, 5, 7, 9, 11
Weeks 1, 3, 5, 7, 9, 11
Weeks 2, 4, 6, 8, 10, 12
Weeks 2, 4, 6, 8, 10, 12
Weeks 1, 5, 9
Weeks 3, 7, 11
Weeks 1–9, taper by 10 mg 
QOD weeks 10 and 11

cHeMotHeRApy RegiMens utiLizeD in ADvAnceD-stAge HoDgkin LyMpHoMA
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Most recent investigations of combined modality therapy of 
favorable early-stage HL have used ABVD, based on its superior-
ity to earlier regimens, although some studies incorporate the 
BEACOPP (bleomycin, etoposide, doxorubicin, cyclophospha-
mide, vincristine, procarbazine, and prednisone) or Stanford V 
regimens (see section “Advanced Therapy Treatment”). A cur-
rently accruing trial of the German Hodgkin Study group, HD13, 
randomizes favorable early-stage patients to ABVD versus ABV 
versus ABD versus AV.

Within the paradigm of combined modality therapy for favor-
able early-stage HL, several key questions remain, including the 
following. (1) What is the optimal number of cycles of chemo-
therapy? (2) What is optimal dose of RT? (3) Can radiotherapy be 
eliminated entirely?

Four cycles of ABVD followed by involved field radiotherapy 
has been used as a comparator arm in a number of studies and 
has emerged as a standard treatment for favorable early HL. For 
example Bonadonna and colleagues reported a study comparing 
radiotherapy fields in stages I and II HL (29% were unfavor-
able). The ABVD × 4 and involved field radiotherapy arm had 
a 12-year FFP of 94% and an OS of 94%.184 The HD 10 study of 
the German Hodgkin Study Group randomized favorable early-
stage patients to either four or two cycles of ABVD, and later 
to one of two doses of radiation. A total of 1,190 patients from 
329 institutions were analyzed for the comparison of ABVD × 4 
versus ABVD × 2. At 5-year follow-up, there was no difference 
in OS (97.1% vs. 96.1%, NS) or PFS (93.1% vs. 91.2%, NS).186 
It is important to note that the inclusion criteria for this trial 
selected patients likely to be especially favorable, as compared 
to the study population in other favorable early-stage HL tri-
als. In particular, the patients had two or fewer nodal groups 
involved (as opposed to three or fewer), and the definitions of 
the nodal groups are unique to the GHSG and not precisely 
concordant with the Cotswold definition. Details are available 
in the appendix to the paper online at http://www.nejm.org/doi/
suppl/10.1056/NEJMoa1000067/suppl_file/nejmoa1000067_
appendix.pdf. Thus the HD10 trial may be read as identifying 
a “very favorable” subgroup for whom ABVD × 2 is adequate 
before involved field radiation therapy.

The appropriate dose of involved field radiation therapy in 
the combined modality approach to favorable early-stage HL 
has also been a topic of investigation. The Italian trial above184 
used a dose of 36 Gy with excellent 12-year results, and a 
Stanford trial of abbreviated chemotherapy (Stanford V × 8 
weeks), followed by involved field radiotherapy used a dose of 
30 Gy with 10-year OS and PFS of 94%. The EORTC H9F trial 
(reported in abstract only) used the alternative chemotherapy 
EBVP (epirubicin, bleomycin, vinblastine, and prednisone) × 6 
followed by involved radiotherapy 30 Gy versus 20 Gy versus 
no radiotherapy. There was no significant difference between 
the 30 Gy and 20 Gy groups by 4-year freedom from treatment 
failure (FFTF, 87% vs. 84%).187 The HD10 study of the German 
Hodgkin Study Group randomized patients (selected for two or 
fewer involved nodal groups, as above) to either 30 Gy or 20 Gy 
involved field radiation. There was no difference between the 
two doses of radiotherapy at 5 years (PFS 93.7% vs. 93.2% and 
OS 97.7% vs. 97.5%).186

A number of groups have reported using chemotherapy 
alone for favorable early-stage patients. In a prospective single-
arm study from Spain, investigators reported on stage I and 
II patients treated with ABVD × 6 for early-stage HL. Among  
49 patients who were favorable by EORTC criteria, the PFS and 
OS were 88% and 100% at 78-months follow-up.188 Canellos et 
al reported a retrospective series of 75 patients with nonbulky 
early-stage HL who were treated with ABVD alone (the major-
ity with 6 cycles). All patients attained a complete response 
(CR), and the PFS at 60 months was 92%.189 It is important to 
note that this is a retrospective study: presumably those not 

achieving a CR would have been considered for RT and if they 
received radiation would not have been included in the study. 
Strauss et al. randomized 152 nonbulky stage I, II, and IIIA 
patients to ABVD × 6 versus ABVD x6 and 36 Gy of extended 
or involved field radiation therapy. At 60 months, FFP was 
81% versus 86% (NS) and OS was 90% versus 97% (NS).190 
The inclusion of stage III patients and the use of “full-course” 
chemotherapy complicates the interpretation of this trial. The 
authors point out the trial is not powered to detect difference 
smaller than 20%. The HD6 trial of the National Cancer Institute 
of Canada randomized nonbulky early-stage patients to either 
ABVD alone (4 to 6 cycles) or a strategy in which favorable 
(<40 years, ESR <50, no MC or lymphocyte-depleted histology, 
<4 sites of disease) patients received extended field radiation 
alone and unfavorable patients received ABVD × 2 followed 
by radiation. Comparing the chemotherapy-only patients to the 
patients treated with a strategy including radiation, there is an 
advantage in PFS for the latter (93% radiation vs. 87% ABVD, 
P = 0.006) but no difference in event-free survival (EFS) and 
OS. Five-year PFS for the favorable patients receiving ABVD 
only (59 patients) is 87%. In this study, the only patients who 
were randomized to chemotherapy-only or combined modal-
ity therapy were unfavorable (though nonbulky), and thus the 
utility of these data for evaluating combined modality therapy 
versus chemotherapy alone are limited.191

In summary, the standard treatment of favorable early-stage 
HL is combined modality treatment, with two to four cycles of 
ABVD followed by 20 to 30 Gy of involved field radiation therapy. 
The lower limits of the above guideline are validated for the 
somewhat selected group identified in the HD10 study with two 
or fewer involved sites. Chemotherapy alone has a 5-year PFS 
rate of 81% to 92%. Although the PFS is likely somewhat lower 
than with combined modality therapy, chemotherapy alone 
might be preferred when radiation is deemed more dangerous 
or otherwise unsuitable. The most common of these situations 
is the case of a young woman who would be placed at higher 
risk of breast cancer if she underwent chest irradiation. Other 
scenarios include smokers in whom chest irradiation would 
further increase the risk of lung cancer or fibrosis, and ana-
tomic situations where a vital structure such as the heart would 
be irradiated. A reasonable question for the clinician to ask 
himself is whether the additional margin of PFS after an initial 
combined modality approach is worth any extra toxicity over a 
chemotherapy-alone approach, especially if there is a reasonable 
chance of salvage for the small number of patients who relapse 
as a result of not receiving radiation therapy. In the future, an 
early response by PET may identify patients who do not have an 
additional benefit from post-CR radiation; this is a focus of a cur-
rent intergroup trial, C50604.

treatment of Unfavorable early-stage  
hodgkin Lymphoma
Many patients who are classified as having unfavorable early-
stage HL (also known as intermediate stage HL) have a bulky 
mediastinal mass, although others will qualify as unfavorable on 
the basis of a high erythrocyte sedimentation rate or multiple 
nodal sites.

Combined modality therapy has long been the recommended 
therapy for this group of patients. The EORTC/GELA (Groupe 
d’Etude des Lymphoma de l’Adulte) H8U183 study randomized 
patients to one of three treatment strategies, two of which were 
MOPP/ABV × 6 followed by involved field radiation and MOPP/
ABV × 4 followed by involved field radiation. There was no sta-
tistical difference in 5-year FFTF (84% vs. 88%) or the 10-year 
OS (88% vs. 85%). The same group’s H9U study187 random-
ized patients to ABVD × 6, ABVD × 4, or baseline BEACOPP, 
each followed by involved field radiation. The ABVD arms were 
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equivalent, with 4-year FFTF of 94% and 89%, respectively, and 
4-year OS of 96% and 95%. BEACOPP was not more effective 
(4-year FFTF 91%) and was more toxic. These studies established 
ABVD × 4 followed by 30 Gy involved field radiation as a standard 
for unfavorable early-stage HL.

The HD11 study of the German Hodgkin Study Group random-
ized 1,395 patients to either ABVD or baseline BEACOPP and 
further randomized them to involved field radiotherapy of 20 Gy 
or 30 Gy. Of these, 19.5% had a bulky mediastinal mass and 9.9% 
had an extranodal lesion. ABVD × 4 and 30 Gy was as effective 
(5-year PFS 87.2%) as BEACOPP and 30 Gy (87.9%) or BEACOPP 
and 20 Gy (87.0%), but ABVD × 4 and 20 Gy was inferior (82.1%). 
BEACOPP arms were more toxic. The authors concluded that 
ABVD × 4 and 30 Gy should be the standard in unfavorable early-
stage HL because of superior tumor control and lower toxicity.192

In an attempt to improve on the HD11 results, the German 
Hodgkin Study Group’s HD 14 trial compared ABVD × 4 to escalated 
BEACOPP × 2 followed by ABVD × 3 (“2 + 2”), each followed by 30 
Gy involved field radiation; 1,528 patients entered the study. The 2 + 
2 arm was superior in PFS at 5 years (95.4% vs. 89.1%, p = <0.001) 
and OS was not significantly different. Toxicity was higher in the 2 
+ 2 arm as compared to the ABVD arm (at least one grade 3 or 4 
toxicity 87.1% vs. 50.7%) and 4 patients (0.52%) died from toxicity 
in the 2 = 2 arm.193 Despite the higher efficacy of the 2 + 2 arm, 
many would question the utility of the small increase in PFS without 
an increase in OS in this relatively short follow-up.

The current intergroup trial C50604 includes nonbulky unfa-
vorable patients. Those who have a negative PET after two cycles 
will omit radiotherapy.
Therapy for lymphocyte predominant Hodgkin lymphoma is addressed 
after the section on Pregnancy.

Front-LinE tHErapy For 
advancEd-stagE Hodgkin 
LympHoma

adriamycin (Doxorubicin), Bleomycin, 
Vinblastine, and Dacarbazine
Since the early 1990s, the treatment of patients with advanced-
stage HL has relied on combination chemotherapy with ABVD 
(see Table 93.9). ABVD was first introduced by Bonadonna and 
colleagues in the late 1970s as an effective, non-cross–resistant 
chemotherapy option for patient with relapsed HL.141 Unlike 
MOPP (mechlorethamine, vincristine, procarbazine, and pred-
nisone), the first successful combination chemotherapy regimen 
used in the treatment of HL, ABVD was not associated with steril-
ity or secondary myelodysplasia or leukemia.154,167 The success of 
ABVD in the second line setting eventually led to efforts to com-
bine MOPP and ABVD in 12 alternating treatment cycles (MOPP/
ABVD alternating regimen). As front-line therapy in patients with 
stage IV HL, MOPP/ABVD proved superior to MOPP alone with a 
FFP at 8 years of 64.6% versus 35.9% (P< 0.005) and 8-year OS 
rates of 83.9% versus 63.9% (P < 0.06).143 In 1982, the Cancer 
and Leukemia Group B (CALGB) in the United States initiated a 
randomized multicenter trial in 361 patients with stage III–IV pre-
viously untreated HL, comparing MOPP for 6 to 8 cycles (n = 123), 
ABVD for 6 to 8 cycles (n = 115), and alternating MOPP/ABVD 
for 12 cycles (n = 123).200 In this trial, CR rate (67% MOPP, 82% 
ABVD, and 83% MOPP/ABVD, P = 0.006) and 5-year failure-free 
survival (FFS) (50% MOPP, 61% ABVD, and 65% MOPP/ABVD, P 
= 0.02) were superior in the ABVD and MOPP/ABVD arms, with 
less neutropenia, thrombocytopenia, and infectious toxicity in the 
ABVD arm (18%, 2%, and 2% ABVD, 47%, 36%, and 11% MOPP, 
and 53%, 28%, and 12% MOPP/ABVD, respectively).200 A subse-
quent randomized phase III US Intergroup trial compared ABVD 

and MOPP/ABV hybrid (combined MOPP and ABV drugs in each 
cycle rather than alternating cycles of MOPP and ABVD) for 8 to 
10 cycles in 856 patients with stage III–IV HL. CR rates (76% vs. 
80%, P = 0.16) and 5-year FFS rates (63% vs. 66%, P = 0.42) were 
similar in patients receiving ABVD or MOPP/ABV, respectively.150 
In this study, the 5-year FFS for patients with 0, 1, 2, 3, 4, and ≥5 
risk factors by the International Prognostic Score (IPS),.101 were 
76%, 72%, 81%, 69%, 64%, and 67%, respectively; the 5-year OS 
was 82% using ABVD; and ABVD resulted in fewer pulmonary 
and hematologic toxicities, treatment-related deaths, and second 
malignancies including acute leukemia than observed with MOPP/
ABV.150 In a UK study comparing ABVD to other combination 
hybrid regimens (ChlVPP/PABIOE and ChlVPP/EVA), the 3-year 
EFS and OS with ABVD were 75% and 90%, respectively, once 
again similar to multidrug regimens, with less infectious and 
neurologic toxicity than observed with the hybrid regimens.201 
As a result of these trials, ABVD became the standard of care for 
initial therapy of advanced-stage HL; however, recently, two other 
combination chemotherapy regimens, Stanford V and BEACOPP 
(see Table 93.9), have challenged the role of ABVD as the standard 
front-line regimen in this patient population.

Stanford V
Stanford V, a multiagent combined modality regimen consist-
ing of doxorubicin, vinblastine, mechlorethamine, vincristine, 
bleomycin, etoposide, and prednisone administered weekly over 
12 weeks followed by 36 Gy consolidative radiotherapy to bulky 
mediastinal disease, tumor masses or lymphadenopathy ≥ 5 cm, 
and macroscopic splenic nodules, was designed to reduce the 
total doses of bleomycin and adriamycin. In initial phase II trials, 
respectively, the 5-year FFP utilizing this regimen was 85% to 
89% in patients with bulky stage I–II and advanced-stage HL.202, 

203 In a randomized Italian trial in 355 patients with stage IIB, III, 
and IV HL comparing six cycles of ABVD (n = 122), 12 weeks of 
Stanford V (n = 107), and six cycles of MOPPEBVCAD (mechlor-
ethamine, vincristine, procarbazine, prednisone, epidoxorubicin, 
bleomycin, vinblastine, lomustine, doxorubicin, and vindesine), 
5-year FFS were 78%, 54%, and 81%, respectively (P < 0.01).204 
However, in this trial, radiation was only given to sites of initial 
bulky disease or sites of residual disease post-chemotherapy, 
and only 66% of patients receiving Stanford V also received 
radiation in the Italian study, compared to 91% in the prior 
single institution trial.202,204 At 10 years of follow-up, 10-year 
FFS were 75%, 74%, and 49% (P < 0.001) and 10-year OS were 
87%, 80%, and 78% (P = 0.4) for the ABVD, MOPPEBVCAD, and 
Stanford V arms, respectively; however, in looking at Stanford V 
patients treated with and without radiotherapy, 10-year DFS was 
statistically in favor of those patients receiving radiation (76% 
vs. 33%, P = 0.004).205 In a subsequent multicenter UK study in 
520 patients with stage IIB, III, IV, or bulky stage I-II HL, there 
were no differences in 5-year FFS and OS in patients receiving 
six to eight cycles of ABVD (53% patients received radiation to 
sites of residual disease) or 12 weeks of Stanford V (73% patients 
received radiation to disease sites >5 cm or splenic nodules).206 
More pulmonary toxicity was observed in the ABVD arm in this 
trial, although myelosuppression and neuropathy were slightly 
worse with Stanford V. A randomized phase III US Intergroup 
trial, conducted from 1999–2006, demonstrated no significant 
difference in 5-year FFS (73% vs. 71%, P = 0.29) or 5-year OS 
(88% vs. 87%, P = 0.87) in 812 patients with bulky stage I–II, 
III, or IV HL receiving six to eight cycles of ABVD with radiation 
to bulky mediastinal disease or 12 weeks of Stanford V chemo-
therapy with radiotherapy to disease >5 cm or splenic nodules, 
respectively.207 With median follow-up of 5.25 years, 26 second 
malignancies were observed (14 ABVD and 12 Stanford  V). 
Therefore, as a result of these trials, six cycles of ABVD has 
remained the standard treatment for patients with advanced-
stage HL; however, Stanford V may be acceptable in patients 
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where a shortened treatment duration or reduction in cumulative 
doses of bleomycin or adriamycin is desirable. Long-term follow-
up is needed from the UK and US intergroup trials to determine 
the risks of second malignancies, particularly with Stanford V, as 
additional radiotherapy is required per the treatment protocol in 
the majority of patients.

Bleomycin, etoposide, Doxorubicin, 
Cyclophosphamide, Vincristine, procarbazine, 
and prednisone
Intensification of initial therapy is one approach to improving 
outcomes in patients with advanced-stage HL. However, this 
approach may lead to increased short-term and long-term toxicity 
that may ultimately have a negative impact on OS, particularly in 
lower-risk patients. The German Hodgkin study group HD9 trial 
randomized patients ages 15 to 65 with stage IIB, III, and IV HL to 
either eight cycles of COPP/ABVD (cyclophosphamide, vincristine, 
procarbazine, and prednisone alternating with ABVD), BEACOPP-
baseline, or BEACOPP-escalated (esc).208 With 10 years of follow-
up, FFTF was 64%, 70%, and 82% with OS of 75%, 80%, and 86% 
in the COPP/ABVD, BEACOPP-baseline, and BEACOPP-esc arms, 
respectively.209 By IPS, FFTF at 5 years was 92%, 87%, and 82% 
with BEACOPP-esc for patients with 0 to 1, 2 to 3, and 4 to 7 risk 
factors, respectively.208 However, it is important to note that only 
13% of patients receiving BEACOPP-esc had 4 to 7 risk factors on 
this trial, and although differences in FFTF were significantly in 
favor of BEACOPP-esc among all three risk groups, statistically 
significant improvements in OS were only observed in patients 
with IPS scores of 2 to 3 (P = 0.27 for IPS 0–1, P< 0.0027 for IPS 
2–3, and P = 0.16 for IPS 4–7).209 When analyzed by age, there 
was not a significant improvement in FFTF and OS for patients 
ages 60 to 65 and increased toxicity occurred with BEACOPP-esc. 
Therefore, BEACOPP-esc is not recommended in patients over the 
age of 60.208 In an attempt to reduce toxicity, the HD12 trial exam-
ined eight cycles of BEACOPP-esc versus four cycles of BEACOPP-
esc plus four cycles of BEACOPP-baseline.210 Five-year FFTF and 
OS were 86.4% and 92%, respectively with eight BEACOPP-esc 
compared to 84.8% and 90.3% with 4 + 4 arm, and toxicities were 
not significantly reduced with the 4 + 4 approach.210

In a randomized Italian study comparing six cycles of ABVD 
with four cycles of BEACOPP-esc plus two cycles BEACOPP-
baseline,211 5-year PFS was superior for BEACOPP (81%) com-
pared to ABVD (68%), although there were no differences in OS 
perhaps due to the smaller numbers of patients150 on this trial 
compared to the 1,201 patients on the previous German HD9 
trial. In a second Italian cooperative group study, the 7-year rate 
of freedom from first progression was 85% in patients receiving 
four cycles of BEACOPP-esc plus four cycles BEACOPP-baseline 
compared to 73% in patients receiving six to eight cycles of ABVD 
(P = 0.004).212 In this same trial, the 7-year rate of freedom from 
second progression was 88% in the BEACOPP group compared to 
82% in the ABVD group (P = 0.12), suggesting that long-term out-
comes may not differ between the two regimens when one factors 
in the efficacy of salvage chemotherapy and autologous stem cell 
transplant following ABVD.212

Despite the success of the BEACOPP-esc regimen compared to 
hybrid regimens and ABVD in patients ≤60 years of age, this regi-
men is associated with infertility and a 6.0% second malignancy 
rate, including a 3.2% incidence of secondary AML/MDS.209,213 
In addition, BEACOPP-esc is associated with more acute toxicities 
including hematologic and infectious complications than observed 
with ABVD.211 Therefore, although several studies demonstrate 
the superiority of BEACOPP-esc with respect to PFS in patients 
with advanced-stage HL, it remains unclear if the risks of second 
malignancies, infertility, and acute infections associated with 
BEACOPP-esc are justified to improve patient outcomes in all 

patients with advanced-stage HL, especially if relapsing patients 
after ABVD can be effectively salvaged with high-dose therapy 
and stem cell transplantation. Current studies are examining the 
role of reduction of total cycles of BEACOPP-esc and PET-directed 
approaches that may maintain the advantage of improved disease 
control observed with BEACOPP-esc while reducing acute and late 
toxicities or at least limiting exposure to those patients at high-
est risk. However, these approaches utilizing interim PET/CT to 
reduce total number of cycles of BEACOPP-esc in patients who 
have negative interim PET/CT or to limit exposure to BEACOPP-
esc to only the most unfavorable patients with interim positive 
PET/CT remain under investigation and long-term follow-up will 
be needed to assess for late toxicities that affect OS. Currently 
ABVD, Stanford V, and BEACOPP-esc are all accepted front-line 
therapy in patients with advanced-stage HL.

radiation therapy as Consolidation in Stage  
III–IV hodgkin Lymphoma
Several studies have examined the role of consolidative radio-
therapy in patients with advanced-stage HL, and to date, no 
study has demonstrated a clear OS advantage with combined 
modality therapy in patients achieving a CR or PR with chemo-
therapy alone. The H89 GELA study randomized 533 patients 
with stage III–IV HL to six cycles of MOPP/ABV hybrid or six 
cycles of ABVPP followed by either two more cycles of chemo-
therapy or subtotal nodal radiation for patients achieving a CR or 
PR after six cycles.214 In the chemotherapy alone arms 10-year 
OS was superior (90% for ABVPP × 8, 78% for MOPP/ABV × 
8, 82% for MOPP/ABV × 6 with radiation, and 77% for ABVPP 
× 6 with radiation, P = 0.03). Using an ABVD backbone, Laskar 
and colleagues demonstrated an improvement in 8-year EFS 
and OS with chemotherapy and involved field radiotherapy in 
patients achieving a CR; however, this trial was small with only 
179 patients randomized to observation versus radiotherapy and 
included all stages (n = 80 with stage III–IV disease).215 A larger, 
although nonrandomized, UK study restricted to advanced-stage 
HL patients analyzed outcomes in 807 patients treated with six 
cycles of ABVD, CHLVPP/PABlOE, or CHLVPP/EVA, and involved 
field radiotherapy to sites of residual masses or bulky disease. A 
total of 300 patients (43%) received involved field radiotherapy, 
and although non-RT patients tended to be more often in CR, 
5-year EFS was 86% with RT and 71% without RT (P < 0.001) 
and 5-year OS was 93% with RT and 87% without RT (P < 
0.001).216 In contrast, a randomized study of 739 patients with 
advanced-stage HL assigned patients with a CR after six to eight 
cycles of MOPP/ABV hybrid to observation or involved field RT, 
and demonstrated no difference in 5-year OS (P = 0.07) or EFS 
(P = 0.35) in the radiotherapy (n = 172, OS of 85% and EFS of 
79%) group compared to the observation group (n = 161, OS of 
91% and EFS of 84%).217 The HD12 trial randomized respond-
ing patients after BEACOPP with stage IIB, III, and IV HL and 
with bulk or residual tumor on CT imaging to either additional 
consolidative RT or no RT.210 In this trial, 1,085 patients received 
initial BEACOPP therapy, 207 required no RT due to lack of bulky 
disease or CR; 148 received RT due to less than a PR to chemo-
therapy (less than 50% tumor reduction); and 730 patients were 
randomized to RT or no RT. At 5 years, FFTF was 87% in those 
patients who did not receive RT, compared to 90.4% in the RT arm 
(P = 0.08).210 Therefore, based on these studies, it appears that 
consolidation with IFXRT does not improve outcomes in patients 
achieving a CR after combination chemotherapy, although addi-
tional studies need to be done in patients with a PR, particularly 
utilizing a PET-based response determination. In one such trial, 
the HD15 trial, patients with stage IIB, III, and IV HL received 
involved field radiotherapy after six to eight cycles of BEACOPP 
if they had residual disease more than 2.5 cm and were PET 
positive. In this study, 311 of 1,788 enrolled had residual disease 
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>2.5 cm on CT and PET was positive in 66 of these patients.218 
With 1 year of follow-up, PFS for the PET-negative patients who 
were not radiated was 96% and for the PET-positive patients was 
85% (P = 0.011), and therefore PET-directed radiotherapy may 
be feasible in this population.218 In addition, as demonstrated 
by the GELA study,214 prolonged follow-up beyond 10 years is 
needed from these trials to determine if OS is adversely affected 
with the incorporation of involved field radiotherapy at the end of 
therapy in patients with advanced-stage HL due to the potential 
late complications of second malignancies and cardiovascular 
disease related to the radiotherapy.

autologous transplant as Consolidation in  
Stage III–IV hodgkin Lymphoma
Several trials have examined the role of autologous transplant 
to improve outcomes in patients with high-risk, advanced-stage 
HL, and to date none have demonstrated a role for this following 
standard ABVD chemotherapy. A European intergroup trial ran-
domized 163 patients with stage III–IV HL and two risk factors 
(elevated LDH, bulky disease, stage IV with two or more extra-
nodal sites, anemia, or inguinal involvement) achieving a CR or 
PR after four cycles of ABVD or doxorubicin containing induction 
(MOPP/ABVD, MOPP/ABV, CVPP/ABV) to either four additional 
cycles of the same induction chemotherapy or autologous stem 
cell transplantation after BEAM (carmustine, etoposide, cytara-
bine, and melphalan) or CBV (cyclophosphamide, carmustine, 
and etoposide) conditioning regimens.219 The 5-year FFS with 
continued chemotherapy was 82% compared to 75% (P = 0.4) 
with consolidative autologous transplantation, and the 5-year OS 
were 88% and 88% (P = 0.99), demonstrating no clear benefit 
from early high-dose consolidation in high-risk advanced-stage 
HL. Two other studies using hybrid induction chemotherapy regi-
mens versus chemotherapy followed by myeloablative transplant 
in 126 to 158 high-risk patients also similarly demonstrated no 
difference in OS with front-line transplantation.220,221

Future Directions/Upcoming Studies in Front-
line therapy for Stage III–IV hodgkin Lymphoma
In the future, therapy for advanced-stage HL may be tailored 
based on a patient’s pre-treatment risk factors (clinical or selected 
biologic markers) or on results of interim PET/CT. In previous 
studies, 2-year PFS for patients with a positive PET/CT after two 
cycles of ABVD were 12.8% compared to 95% for interim PET/
CT negative patients (P < 0.0001), and interim PET/CT results 
were more predictive of outcome than IPS score in multivariate 
analysis.222 Although the prognostic potential of PET/CT may be 
dependent on initial treatment, timing of scans, and definitions 
of PET negativity, PET/CT does represent an important tool that 
may in the future direct therapy. To date, altering therapy based 
on interim PET/CT results remains investigational; however, a 
number of trials are ongoing examining this question in patients 
with advanced-stage HL. Risk-adapted therapy was first described 
by Dann et al., who prospectively assigned 108 patients with unfa-
vorable HL (stages I–II with risk factors, B-symptoms, or bulky 
disease and stages III–IV) to either two cycles of BEACOPP-esc if 
IPS score ≥3 or BEACOPP-baseline if IPS <3 followed by interim 
PET/CT or gallium scan.223 Patients with a positive interim scan 
received four more cycles of BEACOPP-esc and those with a nega-
tive interim scan received four cycles of BEACOPP-baseline. Using 
this IPS and imaging directed therapeutic approach resulted in 
5-year EFS and OS of 85% and 90%, respectively.223 Currently, UK 
and US intergroup studies are exploring intensification of therapy 
in patients who are interim PET/CT positive after two cycles of 
initial ABVD therapy, and the German Hodgkin Study Group HD18 
trial is reducing therapy after two cycles of initial BEACOPP-esc 

in patients who are interim PET/CT negative. Central review of 
interim PET/CT is critical in these studies using PET/CT to alter 
treatment approaches.

In addition to efforts to risk-stratify therapy based on initial 
high-risk features or interim PET/CT, efforts are also being made 
to incorporate promising new therapies into traditional ABVD 
backbones to improve outcomes in advanced-stage HL further. 
Brentuximab vedotin, a CD-30 antibody-drug conjugate, which 
is FDA-approved for the treatment of relapsed and refractory HL 
and is further described below, has recently been added to the 
ABVD regimen.224 In this phase I trial, patients with stage III–IV 
HL received ABVD with escalating doses of brentuximab vedotin 
ranging from 0.6 to 1.2 mg/kg on days 1 and 15 of each 28-day 
cycle. Initial toxicities included significant pulmonary toxicity, 
leading to removal of bleomycin from the regimen and treatment 
of an expanded cohort of patients with AVD plus brentuximab.224 
Randomized studies in patients with bulky stage II, III, and IV 
HL comparing the AVD plus brentuximab regimen to traditional 
ABVD are planned, but this may offer an alternative strategy for 
improving therapy in high-risk patients using a novel targeted 
agent and may ultimately become an attractive option in young, 
high-risk patients with less risk of secondary malignancies or 
infertility than intensification with BEACOPP-esc. However, long 
term follow-up will be needed from randomized studies compar-
ing AVD plus brentuximab with ABVD and BEACOPP-esc to deter-
mine the efficacy and risks with AVD plus brentuximab before this 
approach to therapy is accepted in advanced-stage patients.

tHErapy For rELapsEd or 
rEFractory Hodgkin LympHoma

Salvage therapy and autologous hematopoietic 
Cell transplant
Salvage chemotherapy followed by autologous stem cell trans-
plant is the standard of care for patients with relapsed or refrac-
tory HL (Chapter 104). With respect to salvage regimens prior 
to autologous transplant, patients typically receive two to three 
cycles and then proceed to transplant. However, there are no 
randomized data on optimal salvage regimens and numerous 
options exist. Regimens include ICE (ifosfamide, carboplatin, eto-
poside), GVD (gemcitabine, vinorelbine, liposomal doxorubicin), 
DHAP (dexamethasone, cytarabine, cisplatin), ESHAP (etoposide, 
methylprednisolone, cytarabine, cisplatin), GDP (gemcitabine, 
dexamethasone, and cisplatin), IGEV (ifosfamide, gemcitabine, 
vinorelbine, prednisolone), mini-BEAM (carmustine, etoposide, 
cytarabine, melphalan), and Dexa-BEAM (dexamethasone, car-
mustine, etoposide, cytarabine, melphalan; see Table 93.10) 
with responses ranging from 70% to 90%.225–228,229,230,231–233 
Ideally, the salvage regimen chosen should result in a high overall 
response rate with acceptable toxicity and not impair stem cell 
mobilization if transplantation is planned.

In 1997, physicians at Stanford University compared outcomes 
for 60 patients with relapsed or refractory HL treated with a 
non-cross–resistant combination therapy until maximal response 
followed by autologous transplant with 103 matched historical 
patients receiving chemotherapy alone.234 The 4-year OS, EFS, 
and FFP were 54% versus 47% (P = 0.25), 53% versus 27%  
(P < 0.01), and 62% versus 32% (P < 0.01), respectively, favoring 
transplant compared to conventional salvage therapy. The British 
National Lymphoma Group randomized 40 patients with relapsed 
HL to either BEAM (carmustine, etoposide, cytarabine, and mel-
phalan) followed by autologous transplant or mini-BEAM alone, 
demonstrating a significant PFS benefit (P = 0.005) with trans-
plantation.235 A larger trial of 161 chemosensitive patients ran-
domized to two cycles of Dexa-BEAM and autologous transplant 
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or two further cycles of Dexa-BEAM demonstrated a 3-year FFTF 
of 55% with transplantation compared to 34% without transplant 
(P = 0.019).229 However, neither trial demonstrated an OS benefit 
perhaps due to limited follow-up or small patient numbers.

For patients who are refractory to front-line or salvage 
therapy, PFS of 25% to 38% with high-dose therapy and hema-
topoietic cell transplantation (HCT) have been reported,236–238 
suggesting that these patients also benefit from transplantation, 
although not unexpectedly with inferior outcomes compared to 
patients with chemosensitive disease. These studies are limited by 
differing definitions of refractory disease, the fact that many of the 
patients received MOPP containing inductions which is inferior 
to standard ABVD, and that few patients who did not respond to 
salvage therapy were transplanted. For example, in 86 patients of 
whom 91% failed to achieve a CR with front-line hybrid regimens 
and 9% had disease progression within 3 months of completing 
front-line therapy, 62% responded to salvage therapy and 24% 
progressed.238 All patients did undergo HCT and 5-year EFS and 
OS were 25% and 35%, respectively, with response to salvage 
therapy significantly associated with survival in multivariate 
analysis.238 In a retrospective review of 122 patients who failed 
to achieve a CR after at least one induction combination chemo-
therapy regimen and underwent autologous transplant between 

1989–1995 at centers participating in the Autologous Bone and 
Marrow Transplant Registry, 56% had a CR or PR with pre- 
transplant salvage and 44% had less than a PR.237 Similar 
to the previous trial, 3-year PFS and OS were 38% and 50%, 
respectively.237 A retrospective study from Vancouver also dem-
onstrated 15-year OS of 39% in patients with refractory disease 
to initial induction therapy, compared to 67% in chemosensitive 
patients.239 In a retrospective analysis of 175 patients with SD 
or PD to initial induction and who also failed to respond accord-
ing to CT findings to salvage therapy, 5-year OS and PFS were 
36% and 32%.236 In multivariate analysis, > 18 months interval 
between diagnosis and HCT was favorably associated with OS. 
Therefore, in patients with primary refractory disease defined 
either as failure to achieve a CR on CT (not PET/CT) with front-line 
chemotherapy or a short remission duration who respond to sal-
vage therapy, high-dose therapy with HCT may lead to prolonged 
durable remissions. Fewer data are available in those patients 
who fail to respond to salvage therapy.

Although the study by Sweetenham suggests that some patients 
who are refractory to salvage therapy may benefit from HCT,236 
PET/CT may be helpful in guiding treatment approaches for these 
patients. A number of studies have recently demonstrated the 
prognostic value of FDG PET/CT pre-transplant, with EFS/PFS of 

GVD (not previously transplanted)227 Gemcitabine 1,000 mg/m2

Vinorelbine 20 mg/m2

Liposomal doxorubicin 15 mg/m2

IV
IV
IV

Days 1 and 8
Days 1 and 8
Days 1 and 8

Q21d

GVD (previously transplanted)227 Gemcitabine 800 mg/m2

Vinorelbine 15 mg/m2

Liposomal doxorubicin 10 mg/m2

IV
IV
IV

Days 1 and 8
Days 1 and 8
Days 1 and 8

Q21d

ICE226 Ifosfamide 5,000 mg/m2

Mesna 5,000 mg/m2

Etoposide 100 mg/m2

Carboplatin AUC = 5 (maximum dose of 800 mg)

IV over 24 h
IV over 24 h
IV
IV

Day 2
Day 2
Days 1–3
Day 2

Q14d

DHAP231 Dexamethasone 40 mg
Cisplatin 100 mg/m2

Cytarabine 2,000 mg/m2

IV/PO
IV over 24 h
IV every 12 h

Days 1–4
Day 1
Day 2

Q21d

ESHAP Etoposide 40 mg/m2

Methylprednisolone 500 mg
Cytarabine 2,000 mg/m2

Cisplatin 25 mg/m2

IV
IV
IV
CIV

Days 1–4
Days 1–5
Day 5
Days 1–4

Q21d

Mini-BEAM232 BCNU (carmustine) 60 mg/m2

Etoposide 75 mg/m2

Cytarabine 100 mg/m2

Melphalan 30 mg/m2 (maximum of 50 mg)

IV
IV
IV every 12 h
IV

Day 1
Days 2–5
Days 2–5
Day 5

Q21–28d

Dexa-BEAM233 Dexamethasone 24 mg
BCNU (carmustine) 60 mg/m2

Melphalan 20 mg/m2

Etoposide 200 mg/m2

Cytarabine 100 mg/m2

GCSF 300–480 mg

PO
IV
IV
IV every 12 h
IV ever 12 h
SQ

Days 1–10
Day 2
Day 3
Days 4–7
Days 4–7
Day 9 until WBC >2,500/ml

Q28d

IGEV225 Ifosfamide 2,000 mg/m2

Gemcitabine 800 mg/m2

Vinorelbine 20 mg/m2

Prednisolone 100 mg

IV
IV
IV
PO

Days 1–4
Days 1 and 4
Day 1
Days 1–4

Q21d

GDP232 Gemcitabine 1,000 mg/m2

Cisplatin 75 mg/m2

Dexamethasone 40 mg

IV
IV
PO

Days 1 and 8
Days 1 and 8
Days 1–4

Q21d

ChlVPP248 Chlorambucil 6 mg/m2

Vinblastine 6 mg/m2

Procarbazine 100 mg/m2

Prednisone 40 mg

PO
IV
PO
PO

Days 1–14
Days 1 and 8
Days 1–14
Days 1–14

Q28d

Brentuximab Vedotin194 1.8 mg/kg (capped at maximum of 100 kg) IV Day 1 Q21d

sALvAge coMbinAtion cHeMotHeRApy RegiMens utiLizeD foR ReLApseD oR RefRActoRy HoDgkin LyMpHoMA

taBLe 93.10

72683_ch093_1984-2004.indd   1999 8/2/13   12:03 PM



2000 part vii Hematologic Malignancies • SeCtiON 4 Lymphoproliferative Disorders

10% to 31% in patients who are PET positive compared to 68% 
to 93% for patients with a negative PET/CT prior to HCT.240–242 
Using PET/CT to determine eligibility for HCT remains investi-
gational, however, it is reasonable to recommend two to three 
cycles of salvage chemotherapy, confirmation of response by PET/
CT, and then autologous stem cell transplantation in responding 
patients. For those patients with clearly progressive disease on 
PET/CT, alternative salvage regimens should be offered and if 
patients respond, autologous transplant could be considered. For 
those patients with improving disease on CT scan, but persistent 
PET positivity prior to autologous transplant, HCT is still recom-
mended based on previous retrospective data and possibility of 
false-positive PET/CT237,238; however, further prospective study 
is needed in this patient population that incorporates centrally 
reviewed PET/CT into the response assessment and transplant 
determination.

Tandem transplantation or sequential high-dose therapy has 
also been evaluated with poor risk or refractory disease and 
remains investigational. In the largest multicenter trial of 247 
patients, 105 patients with primary refractory (defined as less 
than a PR or progression within the first 90 days from induc-
tion doxorubicin containing chemotherapy) or at least two risk 
factors (time to relapse <12 months, stage III–IV at relapse, or 
relapse within irradiated sites) underwent tandem ASCT and 
95 patients with intermediate risk disease (only 1 risk factor) 
received a single transplant. In this study, 5-year FFP and 
OS were 73% and 85%, respectively, in the intermediate risk 
group; and 46% and 57%, respectively, for the high-risk group 
who underwent tandem transplant which compares favorably 
to historically observed 3- to 5-year PFS of 25% to 39% in 
primary refractory patients.243 However, in a second trial, use 
of sequential high-dose conditioning regimens (i.e., high-dose 
cyclophosphamide, methotrexate, and etoposide followed by 
BEAM and then HCT) did not improve FFTF or OS over standard 
BEAM and HCT.244 Therefore, single versus tandem transplant 
and use of sequential high-dose conditioning regimens remains 
investigational in patients with relapsed HL.

therapeutic Options for patients relapsing after 
autologous hematopoietic Cell transplantation
Although many of the previously discussed combination salvage 
regimens including ICE, GVD, DHAP, ESHAP, GDP, and IGEV 
have significant activity in patients with HL that has progressed 
after autologous HCT, often the goals in this patient popula-
tion are palliation, with minimization of symptoms as well as 
treatment-related toxicity. Furthermore, prolonged therapy over 
several months rather than two to three cycles may be neces-
sary to control disease. Therefore, single-agent regimens are 
often preferred and combination regimens reserved for patients 
with organ involvement or significant disease-related symptoms.  
A number of single-agent regimens can be utilized in this setting 
and include vinblastine, etoposide, gemcitabine, and vinorelbine. 
With vinblastine, 4 to 6 mg/m2 weekly or every 2 weeks until dis-
ease progression or toxicity, response rates as high as 59% and 
median EFS of 14 months have been reported.245 Gemcitabine 
and vinorelbine both have single-agent activity in 39% to 50% of 
patients.246,247 Combination therapy with ChlVPP (chlorambucil, 
vinblastine, procarbazine, and prednisone) also has activity in this 
patient population.248 Selected patients with nonbulky lymphade-
nopathy and no organ involvement who are otherwise asymptom-
atic could also be observed in this setting.

Radiotherapy should also be considered in the setting of 
relapsed HL. In a retrospective analysis of salvage radiotherapy 
used in 100 patients at first treatment failure, typically after 
COPP/ABVD initial therapy, 5-year FFTF and OS were 28% and 
51% with radiotherapy alone.249 Advanced stage at relapse and 
B-symptoms adversely affected OS in multivariate analysis.249 

Therefore, in highly selected patients with limited-stage disease 
at relapse who may not be eligible for autologous HCT due to age 
and co-morbid conditions, involved field radiotherapy may lead 
to prolonged remissions. For younger patients with relapsed HL, 
due to potential risks of second malignancies within the radiation 
field and improved survival with autologous stem cell transplan-
tation, radiotherapy alone is not recommended at first relapse. 
However, involved field radiotherapy should be considered in 
these patients as consolidation post-autologous transplant to 
bulky, nonirradiated sites or to sites of relapsed limited-stage 
disease in previously nonirradiated fields. For those patients with 
limited-stage relapse post-transplantation, radiotherapy may 
lead to prolonged remissions and delay the need for palliative 
chemotherapy.

Brentuximab Vedotin (SGN-35)
Recently, the Food and Drug Administration approved brentux-
imab vedotin, a novel anti-CD30 drug–antibody conjugate for the 
treatment of patients with relapsed or refractory HL after previous 
stem cell transplant. Brentuximab vedotin is comprised of a CD30 
antibody conjugated by a plasma-stable linker to the antimicro-
tubule agent, monomethyl auristatin E. In phase I testing, the 
maximum tolerated dose was 1.8 mg/kg every 3 weeks with an 
overall response rate of 38% in 45 patients, including 11 CRs.250 
In a pivotal phase II study with 102 patients with relapsed (29%) 
or refractory (71%) HL who had previously received a median of 
3.5 prior therapies (range 1 to 13), the ORR was 75% with a 34% 
CR rate.194 The median duration of response was 20.5 months in 
this trial and grade 3 to 4 toxicity consisted of sensory neuropa-
thy (5%), fatigue (2%), neutropenia (14%), and thrombocytopenia 
(3%).194 Therefore, with its significant single-agent activity and 
tolerability, brentuximab vedotin should be considered as initial 
therapy for patients with relapsed HL post-autologous transplanta-
tion. Brentuximab vedotin may be administered for up to 16 cycles, 
with dose reductions or delays if needed for myelosuppression or 
neuropathy.

On the basis of this striking efficacy and tolerability in a heavily 
pre-treated relapsed and refractory patient population, brentux-
imab vedotin has recently been added to ABVD chemotherapy in 
a phase I trial in patients with stage IIB, III, and IV previously 
untreated HL.224 Due to increased risks of bleomycin toxicity 
(40% incidence in 25 patients treated with ABVD + brentuximab 
vedotin), the study has dropped bleomycin from the combination 
and is currently examining AVD in combination with brentuximab 
vedotin utilizing brentuximab vedotin at 1.2 mg/kg days 1 and 15 
of each cycle.224a There are 26 patients who have received AVD + 
brentuximab vedotin without bleomycin and no pulmonary toxic-
ity has been observed now that the bleomycin has been dropped 
from the treatment regimen. An international study sponsored 
by Seattle Genetics/Millennium randomizing patients with stage 
III and IV HL to ABVD × 6 cycles versus AVD + brentuximab 
vedotin × 6 cycles is in development as are multicenter phase 
2 studies using this agent alone and in combination with ICE as 
pre-transplant salvage therapy, and in the future it is hoped we 
will determine if it is safe to incorporate this agent into front-line 
therapy, the effect of this agent on stem cell mobilization, and if 
PFS and OS are improved with the addition of brentuximab to 
front-line or pre-transplant therapy.

allogeneic transplant
Allogeneic HCT has been used for patients with relapsed HL 
after prior autologous transplant, although the presence of a 
graft-versus-Hodgkin lymphoma effect remains controversial.251 
Most trials of allogeneic transplant in HL demonstrate 2-year 
PFS rates of 30% and OS of 35% to 60%. A European Blood 
and Marrow Transplantation trial compared reduced intensity 
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(n = 89) to myeloablative (n = 79) allogeneic HCT.252 In this trial, 
with reduced intensity conditioning, 1-year treatment-related 
mortality (TRM) was 23% and 5-year OS was 28%, compared 
to 46% 1-year TRM and 5-year OS of 22% with myeloablative 
conditioning. In the reduced intensity group 5-year PFS was 
18%. Other prospective and retrospective studies have reported 
2- to 3-year PFS of 25% to 32% and OS of 43% to 64% with 
reduced intensity conditioning allogeneic stem cell transplanta-
tion in patients with relapsed HL.253,254 Overall, these studies 
and others demonstrate that in selected patients with available 
donors, reduced intensity allogeneic stem cell transplantation is 
an option for patients with relapsed or refractory HL after prior 
autologous transplantation and may lead to prolonged DFSs in 
18% to 30% of patients.

Hodgkin LympHoma  
in tHE ELdErLy
Older patients with HL have generally been underrepresented in 
clinical trials. Outcomes in this population are inferior to those in 
younger patients, most likely because of more frequent co-morbid 
conditions in older patients. This may lead to dose attenuation 
and loss of dose density and thus inferior outcomes.

Fit older patients without limiting co-morbidities may be 
candidates for treatment with standard ABVD-based protocols, 
as long as there is normal cardiac and pulmonary function. Data 
regarding the outcome and toxicity of this approach is limited, 
however. The GHSG reported that grade 3 to 4 toxicity occurred 
in 67% and 69% of patients with a median age of 65 and 64 years 
receiving ABVD × 4 on the HD 10 and HD 11 studies;255,256 they 
included a prospective stratification of elderly (age 66 to 75 years) 
patients randomized to COPP/ABVD or BEACOPP (standard dose). 
The complete remission rate and OS rate were similar; however, 
the rate of toxic death during the treatment was 21% (9 of 42 
patients) in the BEACOPP group as opposed to 8% in the COPP/
ABVD group. Thus most would consider BEACOPP inappropriate 
for even the fit elderly.

Recently the GHSG published their experience with PVAG 
(prednisone 40 mg/m2 days 1–5, vinblastine 6 mg/m2 day 1, doxo-
rubicin 50 mg/m2 day 1, and gemcitabine 1,000 mg/m2 day 1, 
repeated every 21 days) in patients 60 to 75 years old with early 
unfavorable or advanced HL. Patients received six to eight cycles 
of PVAG and radiotherapy was added for patients not in complete 
remission after chemotherapy.257 PFS and OS were 58% and 66% 
of 59 patients. Grade 3 or 4 toxicity was reported in 73%, but 
there was only one toxic death.

Hodgkin LympHoma and Human 
immunodEFiciEncy virus
Although HL is not considered an AIDS-defining illness, the inci-
dence of HL is increased perhaps tenfold among patients with 
HIV infection.27,28,258,259 In contrast to patients without HIV 
infection, HL in patients with HIV infection is most commonly 
of the mixed cellularity subtype and is associated with B symp-
toms and with advanced stage, commonly due to bone marrow 
involvement.260 Despite the excellent results seen in patients 
with advanced-stage HL in the absence of HIV infection, early in 
the AIDS epidemic, median survival in HIV-positive patients with 
HL was poor, generally <2 years.260 With the advent of immune 
reconstitution with highly active antiretroviral therapy, outcomes 
approach those in the HIV-negative population using standard 
chemotherapy.261,262,263 As in the general population, an interim 
PET scan is highly predictive of good outcome.264

Hodgkin LympHoma  
and prEgnancy
Because HL is commonly seen in women of childbearing years, it 
is not surprising that HL may occur in women who are pregnant. 
This problem has been extensively reviewed;168 although agree-
ment regarding optimal management of these patients does not 
exist, several key observations have been made, and guidelines 
for therapy have been advocated. Pregnancy does not affect the 
course of HL as compared to age-adjusted controls with Hodgkin 
disease who are not pregnant.265

Staging of the pregnant patient with HL must be modified to 
decrease the risks associated with radiation exposure of the fetus. 
Such an evaluation must be performed in the context of treat-
ment planning. If the overall plan is to delay treatment until after 
delivery, unless bulky disease is found, then a modified approach 
to staging is reasonable. A chest radiograph, complete blood 
counts, liver and renal function tests, serum lactic dehydrogenase, 
and bone marrow biopsy are indicated. Abdominal ultrasound 
is probably adequate to establish or rule out the presence of 
extensive abdominal disease, but more accurate staging must be 
deferred until after pregnancy as pregnancy precludes the use of 
CT or PET scans.

The risk of fetal malformations is approximately 15% when 
chemotherapy is given in the first trimester, but there is no evi-
dence of an increase in fetal malformations when chemotherapy 
is given in the second and third trimester.266 The risk of late 
sequelae of chemotherapy to the fetus is unknown. Therefore, 
unless disease is clearly bulky and symptomatic, one can consider 
following patients to term if disease is diagnosed in the late sec-
ond or third trimester.

If a decision is made to delay therapy until after delivery, the 
patient should be monitored closely, and the clinical plan should 
be re-evaluated if progressive disease is noted. If chemotherapy is 
given during pregnancy, it is probably best to avoid chemotherapy 
during the 3 weeks before delivery to avoid having the baby be 
neutropenic at birth.

tHErapy For LympHocytE-
prEdominant Hodgkin LympHoma
With respect to treatment for NLPHL, no standard front-line 
or relapsed therapy exists, although a number of options are 
available. In the large German Hodgkin Study Group series, 
outcomes for these patients appears to be excellent, with ORR 
of 85% to 91% in patients with early-stage NLPHL compared 
to ORR of 83% to 86% in patients with early-stage classical HL 
treated with the same regimens.69 For advanced-stage patients, 
outcomes are similarly good with ORR of 78% in patients with 
NLPHL compared to 78% in patients with stage III–IV classical 
HL. FFTF at 50 months was 88% in patients with NLPHL and 
82% for patients with classical HL. Interestingly, late relapses 
>1 year after therapy are observed more commonly in patients 
with LPHL (7.4%) compared to classical HL (4.7%). Adverse 
prognostic factors in LPHL include advanced stage, hemoglobin 
< 10.5 g/dl, age ≥ 45 years, and lymphopenia (< 8% of total 
white cell count).69

For early-stage NLPHL, typically involved field radiotherapy 
alone or in combination with rituximab or chemotherapy 
is recommended. However, given the excellent long-term 
survivals of these patients, the risks of late secondary malig-
nancies and cardiovascular disease must be considered. 
In a single institution study of 113 patients with stage I–II 
NLPHL, 93 patients were treated with radiation alone, 13 
patients received combined-modality therapy, and 7 received 
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chemotherapy alone.194a Of 106 patients receiving radio-
therapy, 20 relapsed (19%), compared to 6 of 7 patients 
treated with chemotherapy alone; 10-year PFS for stage I 
and II patients treated with radiotherapy were 89% and 72%, 
respectively. No differences were observed in patients treated 
with extended field, regional, or limited field radiotherapy and 
the use of combined modality therapy did not improve PFS or 
OS over radiotherapy alone. However, 12 patients receiving 
radiotherapy did develop second cancers, 5 of which were 
fatal. The GHSG evaluated 131 patients with stage IA LPHL 
treated with extended field (n = 45), involved field (n = 45), 
and combined modality treatment (n = 41), and found a FFTF 
rate of 95% and OS of 99% at 43 months, with no differences 
with respect to FFTF or OS among the three treatment arms.69a 
In this series, only one secondary cancer was observed, gastric 
carcinoma in the extended field group. In a retrospective evalu-
ation from the Australasian Radiation Oncology Group of 202 
patients with stage I–II NLPHL treated with radiotherapy alone, 
the 15-year FFP and OS were 83% and 82%, respectively.195 
Second malignancies included NHL (n = 9), acute leukemia  
(n = 1), and 18 carcinomas including breast, lung, GI, mela-
noma, and unknown primary carcinomas. Deaths due to car-
diac and respiratory complications after radiotherapy occurred 
in 9 patients. In contrast to these three trials demonstrating 
excellent PFS and OS with RT alone in early-stage NLPHL, a 
retrospective comparison of 32 patients treated with RT alone 
versus 56 patients receiving combined modality therapy with 
ABVD × 2 cycles and RT demonstrated improved PFS survival 
(65% vs. 91%, P = 0.0024) with combined modality therapy 
as compared to radiation alone.196 Therefore, although most 
series support very favorable outcomes with radiotherapy 
alone in early-stage NLPHL with the exception of late second 
malignancies and cardiovascular disease, at least one series 
advocates treating these patients similarly to current classi-
cal HL treatment approaches with combined modality therapy 
and both approaches are standardly utilized. Due to the risks 
of second malignancies and the excellent long-term outcomes 
observed in patients with LPHL, in selected patients where the 
disease is completely resected, observation may also be a suit-
able alternative to involved field radiotherapy.197

Chemotherapy is typically reserved for those patients with 
advanced-stage disease or where the risks of late complications 
of radiotherapy are increased due to field or dose of radiotherapy 
required. In early-stage patients, where the risks of secondary 
malignancies with radiotherapy are of concern, chemotherapy 
alone is occasionally utilized. For example, a study conducted 
in the United Kingdom and France prospectively examined the 
results of three cycles of cyclophosphamide, vinblastine, and 
prednisolone (CVP) in children and adolescents with stage I–II 
NLPHL. In this trial, the ORR was 100% and the 40-month FFTF 
and OS were 75% and 100%, respectively.198 In a study of single-
agent rituximab as front-line therapy in 28 patients with stage IA 
NLPHL, the ORR was 100% and at 36 months the PFS was 81%.199 
Therefore, although the FFTF may be slightly lower with chemo-
therapy alone compared to radiotherapy or combined modality 
therapy, these early-stage patients who relapse can be effectively 
salvaged with additional chemotherapy and radiotherapy and 
such an approach may reduce the rates of second malignancies.

In the advanced-stage setting, chemotherapy options include 
six cycles of ABVD, alkylator regimens (CVP or CHOP), or 
rituximab. Due to the CD20 expression on LP cells, rituximab 
is increasingly utilized in the front-line treatment of advanced-
stage NLPHL. In one of the initial series examining the activity 
of this agent, Ekstand and colleagues reported an ORR of 96% in  
22 patients, 12 with previously untreated NLPHL; however, 
response duration is limited, with a median freedom of progres-
sion of 9.2 months.71 With the notable activity of single-agent 
rituximab in relapsed and previously untreated HL, it is frequently 

combined with ABVD or alkylator-based (CHOP or CVP) therapy 
as part of initial treatment with those for stage III–IV disease. 
Limited data exist comparing ABVD to alkylator therapy either 
alone or in combination with rituximab, and therefore, these regi-
mens are all frequently utilized as front-line and salvage therapy 
for relapsed stage III–IV NLPHL.

FoLLoW-up oF patiEnts WitH 
Hodgkin LympHoma
Follow-up of patients with HL must address both the risk 
of relapse as well as potential late complications of therapy 
(Fig.  93.10). In a study of 1,261 patients treated for HL before 
the age of 41 from 1965–1987, 534 patients died, including 54% 
due to HL and 22% from second malignancies.267 The likelihood 
of HL recurrence declined after 5 years, whereas the incidence 
of second malignancies and cardiovascular disease continually 
increased beginning 10 to 15 years from the start of treatment.267 
Within the first 5 years from diagnosis, patients are typically 
monitored for HL recurrence with history- and symptom-directed 
evaluation, physical examinations, and laboratory testing (CBC, 
platelets, chemistries, and ESR if elevated at initial diagnosis) 
every 2 to 3 months for the first 2 years and every 3 to 6 months 
during years 3 to 5. However, limited data exist regarding the util-
ity of routine blood work in detecting relapsed disease, and in one 
series, relapse was detected in 55% of patients by history, 23% by 
CXR, and 1% by laboratory findings.268 In a second study of 107 
patients, 22 patients relapsed and 64% were detected clinically, 
9% detected by laboratory testing, and 9% by CT imaging.269

With respect to imaging studies, although the convention has 
been to recommend CT of initially involved sites every 6 to 12 
months during the first 5 years from diagnosis, several previous 
studies have demonstrated no survival benefit with routine CT 
surveillance and it does not appear to be cost effective.269–271 A 
more recent examination of follow-up PET/CT demonstrated a 
high false-positive rate, with an overall positive predictive value 
of only 28%, limiting its utility as a follow-up tool for HL.272 In this 
study, 161 patients had 299 routine or clinically indicated follow-
up PET/CTs (defined as PET/CT performed based on clinical 
suspicion) and in this setting the true positive rates were only 5% 
and 13%, respectively.272 Therefore, with the low risk for relapse 
in most patients with HL, and no demonstrated survival benefit 
with routine surveillance CT or PET/CT, follow-up should consist 

Figure 93.10. Causes of death in limited-stage Hodgkin lymphoma. At approximately 
15 years Hodgkin lymphoma is not the major cause of death. (From Ng A, Bernardo M, Weller E. 
Long-term survival and competing causes of death in patients with early-stage Hodgkin’s dis-
ease treated at age 50 or younger. J Clin Oncol 2002;20:2101–2108, with permission.)
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2.4 compared to nontransplanted patients with HL.276 Second 
malignancies occurred in 15 patients, at a median of 9 years 
post-transplantation and consisted of AML/MDS (n = 6), NHL  
(n = 3), non-small cell lung cancer (n = 2), colon cancer (n = 2), 
gastric cancer (n = 1), and adenocarcinoma of unknown primary  
(n = 1). All patients with AML/MDS had MOPP as part of 
their initial treatment regimen. In 100 patients treated with 
autologous HCT in Vancouver, second malignancies occurred in  
7 patients at median time of 4.2 years from transplantation 
and consisted of AML/MDS, glioblastoma, renal cell carcinoma, 
colon carcinoma, NHL, and breast cancer.239 In this series,  
5 patients developed cardiovascular disease including myo-
cardial infarctions 4 to 11 years post-transplant, arrhythmia, 
and aortic stenosis. In the largest retrospective series of out-
comes post-autologous transplantation, 16 of 494 patients who 
underwent autologous HCT for relapsed or refractory disease 
developed second malignancies and second malignancy was 
associated with use of total body irradiation as part of condition-
ing, age ≥ 40, or use of radiation prior to transplantation.277 
Therefore, all survivors of HL who are transplanted should be 
monitored lifelong for second malignancies, with close attention 
to those treated with radiation either pre- or post-transplant or 
with TBI during transplant conditioning.

In addition, patients typically experience hypogonadism post-
transplantation and monitoring for consequences of hormonal 
deficiency is recommended including monitoring for bone min-
eral density reduction using DEXA scanning. Lastly, immu-
nity typically wanes post-autologous transplantation, and it 
is recommended that patients receive pneumococcal, tetanus, 
Haemophilus influenza type B, hepatitis B, and annual influenza 
vaccinations. Measles, mumps, and rubella and varicella vaccina-
tions can be considered in immunocompetent patients no sooner 
than 24 months post-transplantation.

summary
HL is a success story of modern medical and radiation oncology. 
A disease once universally fatal is now cured in 80% of patients. 
The study of this disease has led to major advances in our under-
standing of the use of noncross-reactive chemotherapy to cure 
patients with advanced malignancies and of the long-term effects 
of radiotherapy and chemotherapy.

Despite this success, some patients are not cured, and others 
may be overtreated by the current treatment paradigms. A major 
remaining question is how to tailor our treatment not only to sub-
groups of patients but to individuals. Two current US intergroup 
studies nearing completion, SWOG 0816 and CALGB 50604, 
address this question through the investigation of response-
adapted therapy. Patients with an FDG-PET positivity after two 
cycles of ABVD go on to more intensive therapy.

In the future the two objectives of increasing efficacy of treat-
ment and of lessening late effects will be increasingly the focus of 
trials. New agents and individualized therapy may be the key to 
simultaneously achieving these goals.
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of history and physical exam with only symptom-directed imaging 
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hypothyroidism, fertility issues, secondary cancers, and cardiovas-
cular disease. The risks of second malignancies and cardiovascular 
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therefore, monitoring of late complications is a lifelong endeavor 
for HL survivors. In a meta-analysis, second cancers were more 
commonly encountered in patients receiving chemoradiation or 
radiation alone compared to chemotherapy alone, and no signifi-
cant differences in the second malignancy rate were observed with 
involved field versus extended field radiotherapy.274 Therefore, 
any patient receiving previous radiotherapy should be monitored 
for second malignancy and cardiovascular disease. Specifically, 
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therapy, but can be observed in up to 3.2% of patients treated 
with eight cycles of BEACOPP-esc.209 It remains to be seen 
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treated with MOPP or BEACOPP typically become infertile213 and 
should be counseled about this risk and referred for sperm bank-
ing or reproductive endocrinology evaluation if interested prior 
to treatment.
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who undergo autologous HCT for relapsed disease should also 
be monitored for risks of secondary leukemia, other second-
ary malignancies, hypogonadism and its complications includ-
ing declines in bone mineral density, and also considered for 
re-vaccination. In a retrospective study of 153 patients treated 
with autologous HCT for relapsed HL, the relative risk of second 
malignancies was 6.5 compared to the general population and 
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HODGKIN LYMPHOMA IN CHILDREN
Debra L. Friedman

C H A P T E R  9 4

INTRODUCTION
The first description of Hodgkin lymphoma (HL) was in 1832 
when Thomas Hodgkin described seven patients with enlarged 
lymph glands and spleen. This was followed with histologic 
descriptions of multinucleated giant cells, by Sternberg in 18981 
and Reed in 1902.2 In the 1960s, the clonality of the Reed-
Sternberg cell was established.3 More recently, work has focused 
on the molecular biology of the disease, including the role of 
immunoglobulin genes, transcription factors, apoptotic pathways, 
and Epstein-Barr virus (EBV) incorporation.4–7

Therapeutic advances in HL began in 1902 when Pusey reported 
on the use of radiotherapy,8 followed by the use of single-agent 
chemotherapy, mechlorethamine (nitrogen mustard) in 1946,9 then 
combination chemotherapy with MOPP in 1964,10 and ABVD in 
the 1970s.11 Donaldson and colleagues at Stanford introduced the 
concept of combined modality therapy for pediatric patients using 
the MOPP backbone and low-dose radiation therapy (RT)12 (see 
Table 94.1 for acronyms of treatment protocols). Multimodality, risk-
adapted therapies are now the standard of care for pediatric and 
adolescent HL. The goals of contemporary clinical trials are to bal-
ance short- and long-term toxicity with efficacy, in order to maximize 
cure and minimize adverse sequelae of treatment simultaneously.

EPIDEMIOLOGY

Incidence
Supported by data from United States Surveillance, Epidemiology 
End Results [SEER],13 HL makes up 8.8% of all childhood can-
cer under the age of 20 years, but 17.7% of cancer in children 

between ages 15 and 17 years. The overall annual incidence rate 
in the United States is 12.1 per million for children under 20 years 
and increases to 32 per million when limiting the analysis to ado-
lescents between 15 and 19 years. Overall there is a slight female 
predominance when considering all children less than 20 years 
(M:F = 0.9). The Caucasian:African American ratio is 1.3:1.13

Adolescent and young adults are most likely to have disease 
of the nodular sclerosing subtype. Although among children  
<20 years of age, the nodular sclerosing subtype accounts for 
70% of cases, this subtype accounts for 74% of cases in those 15 
to 19 years of age. Under the age of 20 years, the mixed cellularity 
subtype accounts for 16% of cases, but under the age of 10 years, 
32% of cases and across the pediatric age group, it is more com-
mon in males.13

Risk Factors
There are several factors that are known to increase the risk of HL, 
which include family history of HL, Epstein-Barr virus (EBV) infec-
tions, socioeconomic status, and social contacts. For young adult 
disease (ages 16 to 44 years), there is a 99-fold increased risk 
among monozygotic twins and a seven-fold increased risk among 
other siblings.14–16 There is a fascinating interaction between EBV 
and HL epidemiology and biology. EBV-associated HL, with incor-
poration of the EBV in the genome, is most commonly reported 
with the mixed cellularity histologic subtype in children from 
underdeveloped and developing nations and in young adult males. 
Conversely, in young adult HL, incorporation of EBV in the tumor 
genome is unusual but a history of infectious mononucleosis and 
high-titer antibodies to EBV are associated.7,17–19,20 Interestingly, 
the association between HL and socioeconomic status also differs 
by age. In children under 10 years, the disease is associated with 
lower socioeconomic status and large sibship.21,22 In contrast, 
risk in young adult patients increases with socioeconomic status 
and with the related characteristics of a small nuclear family, 
single-family housing, and fewer siblings or childhood playmates. 
These findings may be related to an association with infections, 
where increased infections in early childhood may reduce risk of 
young adult HL.23,24 There are inconsistent data regarding clus-
tering of young adult cases.25,26 

Biology
The hallmark of classical HL is Reed-Sternberg (RS) cell which 
most commonly derives from a neoplastic clone originating 
from B-lymphocytes in lymph node germinal centers, but is then 
embedded within a reactive infiltrate of lymphocytes, macro-
phages, granulocytes, and eosinophils.27 The RS cell is a binucle-
ated or multinucleated giant cell that is often characterized with a 
bilobed nucleus, with two large nucleoli, described commonly as 
an owl’s eye appearance.28 Sequence analyses of RS cell clones 
reveal rearrangements of immunoglobulin variable-region genes 
resulting in deficient immunoglobulin production. RS cells then 
evade the apoptotic pathway, leading to the genesis of HL, and 
perhaps the paraneoplastic immune-mediated phenomena that 
sometimes accompany the disease.4,5 The B lymphoid cells from 
which RS arise have high levels of constitutive nuclear NF-kB, a 
transcription factor known to mediate gene expression related to 
inflammatory and immune responses, and deregulation of NF-kB 
has been postulated as a mechanism by which RS cells evade 
apoptosis.6,29 NF-kB dimers are held in an inactive cytoplasmic 
complex with inhibitory proteins, the IkBs.29 B-cell stimulation by 

Acronym Chemotherapy Agents

ABV Doxorubicin, bleomycin, vinblastine

ABVD Doxorubicin, bleomycin, vinblastine, dacarbazine (DTIC)

BEACOPP Bleomycin, etoposide, doxorubicin, cyclophosphamide,  
vincristine, procarbazine, prednisone

CHOP Cyclophosphamide, doxorubicin, vincristine, prednisone

COP (P) Cyclophosphamide, vincristine, procarbazine (prednisone)

COPDAC Cyclophosphamide, vincristine, prednisone, dacarbazine

D(A)BVE (PC) Doxorubicin, bleomycin, vincristine, etoposide (prednisone, 
cyclophosphamide)

MOPP Mechlorethamine (nitrogen mustard), vincristine, procarbazine, 
prednisone

VAMP Vincristine, doxorubicin, methotrexate, prednisone

VEPA Vinblastine, etoposide, prednisone, doxorubicin

OEPA Vincristine, etoposide, prednisone, doxorubicin

OPPA Vincristine, procarbazine, prednisone, doxorubicin

ICE Ifosfamide, carboplatin, etoposide

IV Ifosfamide, vinorelbine

BEAM Carmustine, etoposide, cytarabine, melphalan

COMMON CHEMOTHERAPY PROTOCOLS AND ACRONYMS

TABLE 94.1
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diverse signals results in rapid activation of the IkB kinase (IKK). 
The IKK complex phosphorylates two critical serine residues of 
IkBs,30,31,32 thereby targeting them for rapid ubiquitin-mediated 
proteasomal degradation. Active NF-kB dimers are then released 
and translocated to the nucleus, where they activate gene tran-
scription. Activation of NF-kB appears to be a final common effect 
of co-stimulatory interactions, genetic aberrations, or viral pro-
teins that operate in HL.33

RS cell survival is dependent on several downstream pathways. 
RS cells express CD40 and CD40 ligand (CD40L) is expressed on 
inflammatory T and dendritic cells that surround them. CD40/
CD40L interactions normally provide a second signal from acti-
vated helper T-cells to normal B-cells, resulting in activation of 
NF-kB. NF-kB in turn causes proliferation and induces expression 
of BCL-xL, which protects B-cells from apoptosis.34 Tumor necro-
sis factor receptor-associated factor 1 (TRAF 1) is overexpressed 
in EBV-transformed lymphoid cells and RS cells35 and is associ-
ated with activation of NF-kB and protection of lymphoid cells 
from antigen-induced apoptosis. Activation of NF-kB, in turn, 
leads to expression of TRAF1, thereby establishing a positive feed-
back loop that maximizes NF-kB–dependent gene expression.36 
EBV latent membrane protein 1 (LMP1) interacts with TRAF1, 
and tumors with TRAF1-LMP1 aggregates exhibit high NF-kB 
activity.37,38 LMP1 activates NF-kB by promoting IkBa turnover.39 
RS cells express CD30 and CD30 ligation promotes proliferation of 
HL-derived cells with constitutive activation of NF-kB.40

EBV genome fragments can be found in approximately 30% 
to 50% of HL specimens, and may play a role in the rescue and 
repair of RS cells, further aiding in their evasion of apopto-
sis and enhanced survival.7,41,42,43 Three latent viral antigens 
are expressed in EBV-positive HL in RS cells: Epstein-Barr 
nuclear antigen-1 (EBNA1), required for viral episome mainte-
nance, LMP1 with transforming properties, and LMP2, which is 
nontransforming.44,45

Histology
HL can broadly be divided into two pathologic classes: classical 
Hodgkin lymphoma (CHL) and nodular lymphocyte predominant 
Hodgkin lymphoma (NLPHL).46,47 In turn, CHL can be further 
divided into four subtypes: lymphocyte rich (LRCHL), nodular scle-
rosis (NSHL), mixed cellularity (MCHL), and lymphocyte depleted 
(LDHL). See Chapter 86 for descriptions of the subtypes. As noted 
above, different cell types are more common in younger or older 
children and adults with HL.

In CHL, the RS cells do not express B-cell antigens such as 
CD45, CD19, and CD 79A, but virtually all express CD30 and 
approximately 70% express CD15, with only 20% to 30% express-
ing CD20.48 In comparison, in NLPHL, the tumor cells do express 
B-cell antigens such as CD19, CD20, CD22, and CD79A, may or 
may not express CD30 and do not express CD15.49 In addition, 
the OCT.2 and BOB.1 oncogenes are down-regulated in CHL but 
not in NLPHL, correlating with immunoglobulin transcription.50

CLINICAL CONSIDERATIONS

Presentation and Staging
The most common presentation of HL, occurring in 80% of 

patients, is painless adenopathy. Mediastinal involvement is 
present in approximately 76% of adolescents but only in 33% of 
children 10 years of age and younger. A large mediastinal mass 
with a maximum diameter that is greater than one third of the 
chest diameter and/or a node or nodal aggregate greater than 
10 cm occurs in about 20% of patients.51,52 B symptoms, defined 
as (1) unexplained loss of >10% of body weight in the 6 months 
preceding the diagnosis; (2) unexplained fever with temperatures 

>38°Celsius for more than 3 days; or (3) drenching night sweats, 
are seen in 20% of patients at the time of initial disease presen-
tation.52,53,54 Staging is performed clinically, based on the Ann 
Arbor staging system55 as revised in 1989.53 Approximately 80% 
to 85% of children and adolescents with HL have involvement 
limited to or with direct extension from the lymph nodes and/or 
the spleen (Stages I to III), whereas 15% to 20% of patients are 
Stage IV with involvement of the lung, bone marrow, bone, or 
liver.55 Although staging definitions by nodal region, B symptoms, 
and definition of extranodal involvement are well defined, bulk 
disease and substaging have not been consistent across studies 
(Table 94.2).

Diagnostic Evaluation
A detailed history is required to elucidate B symptoms, which 
becomes important in risk stratification. A thorough physical 
evaluation should be performed, documenting the location and 
size of adenopathy, presence of splenomegaly and any evidence 
of organ dysfunction. This should be complemented by computed 
tomography (CT) scans of the neck, thorax, abdomen, and pelvis. 
FDG-PET imaging is the standard of care in HL and response to 
disease is now judged by FDG-PET alone or in combination with 
CT. With the advent of combined CT-PET scans, areas of disease 
can be evaluated simultaneously with both modalities in an over-
lapping fashion.56,57,58,59 Technicium-99 bone scintigraphy can 
be considered in patients with bone pain or elevated alkaline 
phosphatase, although PET may obviate the need for this. In 
addition, an upright chest radiograph (CXR) with posteroanterior 
(PA) and lateral views has traditionally been required for docu-
mentation of a large mediastinal mass (bulk mediastinal disease) 
for clinical trials, defined as tumor diameter >1/3 the thoracic 
diameter (measured transversely at the level of the dome of the 
diaphragm on a 6-foot upright PA CXR),60 although the ongoing 
value of this remains unclear.

Bone marrow biopsy is recommended for all Stage III and IV 
patients or patients with B symptoms. There are less consistent 
recommendations for lower-stage patients without B symp-
toms.61,62 Laboratory studies include a complete blood count, 
blood chemistries to evaluate hepatic and renal function and 
may include acute phase reactants such as ferritin, erythrocyte 
sedimentation rate, and serum copper, which may be seen as 
nonspecific markers of tumor activity, but may correlate with 
prognosis or response.

Prognostic Factors
Adverse prognostic markers established from clinical trials often 
form the basis for risk stratification and subsequent modification 
of therapeutic algorithms. In sequential trials, as treatment is then 
risk-based, these adverse factors are abrogated by the changes 
in therapy. Pre-treatment factors that have been shown to be 
associated with adverse outcome include advanced stage, B symp-
toms, bulk disease, extranodal extension, male sex, and elevated 
erythrocyte sedimentation rate; and in some studies, hemoglobin 
<110  g/L or white blood cell count >11.5 × 109/L, age 5 to 
10 years, and increased numbers of sites of disease.63–66,67,68,69 
Patients with NLPHL appear to have an overall better progno-
sis than those with CHL, and among those with CHL, histologic 
subtype is not consistently associated with prognosis.67,70 Serum 
markers that may confer adverse prognostic risk include soluble 
vascular adhesion molecule-1, tumor necrosis factor, soluble 
CD-30, beta-2 microglobulin, transferin, serum IL-10, and serum 
CD 8 antigen.71,72,73,74,75,76 High RS cell levels of caspase 3 may 
be associated with a more favorable outcome.77 Early response to 
treatment, which may be a correlate for biology, may also be an 
important prognostic factor, allowing titration of therapy to the 
individual.68,78–80
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A. Stage Grouping

Stage I:  Involvement of single lymph node region (I) or localized involvement of a single extralymphatic organ or site (IE).

Stage II:    Involvement of two or more lymph node regions on the same side of the diaphragm (II) or localized contiguous involvement of a single extralymphatic organ or site 
and its regional lymph node(s) with involvement of one or more lymph node regions on the same side of the diaphragm (IIE).

Stage III:  Involvement of lymph node regions on both sides of the diaphragm (III), which may also be accompanied by localized contiguous involvement of an extralymphatic 
organ or site (IIIE), by involvement of the spleen (IIIS), or both (IIIE+S).

Stage IV:  Disseminated (multifocal) involvement of one or more extralymphatic organs or tissues, with or without associated lymph node involvement, or isolated extralym-
phatic organ involvement with distant (nonregional) nodal involvement.

B. Symptoms and Presentations
“A” Symptoms: Lack of “B” symptoms.

“B” Symptoms: At least one of the following:

 Unexplained weight loss >10% in the preceding 6 mo

 Unexplained recurrent fever >38°C

 Drenching night sweats.

X Bulk disease (see C below)

 E Involvement of a single extranodal site that is contiguous or proximal to the known nodal site.

C. Bulk disease
One or both of the following presentations are considered “bulk” disease:

•	 Large mediastinal mass: tumor diameter >1/3 the thoracic diameter (measured transversely at the level of the dome of the diaphragm on a 6-foot upright PA CXR) In the 
presence of hilar nodal disease the maximal mediastinal tumor measurement may be taken at the level of the hilus. This should be measured as the maximum mediastinal 
width (at a level containing the tumor and any normal mediastinal structures at the level) over the maximum thoracic ratio.

•	 Large extramediastinal nodal aggregate: A continuous aggregate of nodal tissue that measures >6 cma in the longest transverse diameter in any nodal area.

aSome studies use 10 cm for definition of extramediastinal bulk disease.

CLINICAL AND STAGING CRITERIA FOR HODGKIN LYMPHOMA

TABLE 94.2

INITIAL TREATMENT FOR PEDIATRIC  
HODGKIN LYMPHOMA
To our knowledge, the biology and natural history of HL does not 
differ between children and adults. As a result, early therapeutic 
approaches for pediatric HL were similar to or modeled after 
those developed for adults with HL. This seemed particularly logi-
cal and HL is most commonly a disease of adolescents as opposed 
to adults. However, with high cure rates, contemporary standard 
approaches to adolescent and young adult HL include multiagent 
chemotherapy with or without low-dose involved field radiother-
apy. The overriding principles of these treatment regimens are to 
balance efficacy with both acute and, perhaps, more important, 
long-term toxicities.81–83 A summary of common protocols for 
upfront therapy is found in Table 94.3. Figure 94.1 shows the 
timeline of evolution of therapy for pediatric HL.

Challenges inherent in comparing data across pediatric HL tri-
als are differing patient populations, with differing definitions of 
stratification. However, overall, results are quite good with 3- to 
10-year EFS rates ranging from 67% to 94% for combined modal-
ity therapy and 60% to 91% for chemotherapy alone, as reviewed 
by Olson and Donaldson.84

Chemotherapy regimens have largely built upon the MOPP 
and ABVD backbones and have been quite successful overall. 
To decrease alkylator therapy and potential cardiotoxicity and 
to provide dose-intensive treatment, the Pediatric Oncology 
Group (POG) developed a series of studies built upon the ABVD 
backbone, substituting dacarbazine with etoposide. The use of 
vincristine instead of vinblastine allowed for escalation of doxo-
rubicin and etoposide. POG 9226 piloted therapy with 4 cycles of 
DBVE followed by low-dose IFRT in patients with Stages I, IIA 
and IIIA. The 5-year EFS was 89%.85 This pilot was followed by 
a Phase III study using the same therapy (POG 9426) in a non- 
randomized response-based manner. Those with a rapid response 

Stage and Presentation
Commonly Accepted Chemotherapy 
Regimens

IA, IIA < 4 nodal regions with-
out B symptoms, bulk disease, 
or extranodal extension

VAMP × 4
COPP/ABV hybrid × 4
ABVE × 4
OEPA or OPPA × 2
CHOP × 3–4 ± Rituximab
ABVD × 2–4

IA, IIA with bulk disease, ≥3 
nodal regions, or extranodal 
extension
IIB*, IIIA, IVA

COPP/ABV × 6
ABVE-PC × 3–5
OPPA/OEPA × 2 + COPP × 2
OEPA-COPAC
ABVD × 4–6

IIB*, IIIB, IVB ABVE-PC × 3–5
BEACOPP × 8 (or BEACOPP × 4 + ABVD 
× 2 or + COPP/ABV × 4)
OPPA/OEPA × 2 + COPP × 4
OEPA-COPAC
Stanford V
ABVD × 6–8

All regimens should consider LD-IFRT (low-dose involved field radiotherapy; 15 to 25 Gy), 
but there are variations in recommendations based on risk and early and complete response 
to chemotherapy.

SOME COMMON STANDARD THERAPY PROTOCOLS FOR 
PEDIATRIC CLASSICAL HODGKIN LYMPHOMA

TABLE 94.3
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(60% tumor reduction, gallium negative) after 2 cycles proceeded 
to consolidative IFRT without further chemotherapy; slow 
responders continued to receive 4 cycles plus IFRT. The overall 
EFS was 88.3%.86 In POG 9425 (for patients with advanced stage 
disease) prednisone and cyclophosphamide were added to the 
ABVE backbone, with more rapid delivery of therapy to intensify 
the weekly therapeutic intensity. Response was assessed after 
three cycles (9 weeks). Those with rapid response did not receive 
the additional two cycles of chemotherapy. All patients received 
consolidative regional low-dose (20 Gy) RT. Overall 3-year EFS 
was 87%.79 Both studies evaluated the efficacy of dexrazoxane in 
reducing cardiac and pulmonary toxicity. Although it is still too 
early to know whether there was a significant benefit, dexrazox-
ane was associated with an increased risk of acute (hematologic/
infectious) toxicities and development of second malignancies, 
mostly treatment-related leukemia.87

With the goal of balancing efficacy with toxicity, and specifi-
cally to decrease long-term risk for organ dysfunction and second 
malignancies, there have been a number of studies conducted to 
evaluate the avoidance of RT in the POG and Children’s Cancer 
Group (CCG), and more recently in the Children’s Oncology Group 
(COG), representing the merger of those groups. In the Children’s 
Cancer Group (CCG) 521 study, patients were randomized between 
12 cycles of alternating MOPP/AVBD versus 6 cycles of AVBD + 
low-dose regional chemotherapy. Event-free survival was 77% for 
Stage III and IV patients and there was excess pulmonary toxicity 
with the ABVD arm.88 POG 8725 compared eight cycles of MOPP/
AVBD with and without IFRT in Stage IIB, III, and IV patients. 
There was no significant benefit for RT, but patients were exposed 
to significant doses of alkylating agents and anthracyclines, which 
are associated with significant long-term risk for gonadal toxic-
ity, cardiac toxicity, and secondary leukemia.89 Response post 
three cycles was a strong prognostic factor, with a 94% EFS in 
the rapid early responders as opposed to a 78% EFS in those who 
did not respond quickly.89 In a randomized Phase III trial, CCG 
5942 evaluated the avoidance of radiotherapy in patients who 
had a complete response following chemotherapy. Patients were 
treated with four cycles of COPP/ABV, six cycles of COPP/ABV, or 
two cycles each of COPP/ABV, cytarabine/etoposide, and CHOP, 
depending on the stage of disease and presence of bulk disease. 
Of the 829 eligible patients, complete response was achieved in  
83% and 501 were randomized to receive IFRT or no further 
therapy. Event-free survival at 3 and 10 years was 87% and 83%, 
respectively. In all groups, the difference in EFS post randomization 
was highly significant and overall EFS was 91% at 3 and 10 years 
for the group who received IFRT and 86% at 3 years and 83% at 
10 years for those who did not receive IFRT. Despite the differences 

in EFS, early evaluation of overall survival is not affected by the 
inclusion of IFRT.63,90 A pilot study of 99 patients in CCG 59704 
utilized the German Hodgkin Disease Group’s BEACOPP backbone 
for patients with B symptoms or advanced stage disease. Overall 
the 5-year EFS was 94% with patients receiving six to eight cycles 
of chemotherapy with or without radiotherapy on the basis of a 
gender-stratified, response-based therapeutic algorithm.91

A series of studies in the COG have just completed accrual 
and have evaluated the principles of response-based risk-
adapted therapy, where therapy is decreased for those at lowest 
risk and with favorable early responses to chemotherapy and 
augmented for those with more advanced disease or a slow 
response to initial chemotherapy. These studies have utilized the 
ABVE-PC backbone of the POG 9425 and 9,426 studies.

The Dana Farber-Stanford-St. Jude pediatric Hodgkin lym-
phoma consortium studies have focused efforts on reduction in 
alkylating agent, anthracycline, and radiotherapy doses. Low-risk 
patients have been treated with four cycles of an alkylator-free che-
motherapy protocol, VAMP, with radiotherapy doses of 15 Gy or 
25.5 Gy based upon response to the first two cycles of chemother-
apy. This approach resulted in a 5-year EFS of 93% and 10-year 
EFS of 89%.92 For patients with higher risk disease, two protocols 
have been evaluated, VAMP/COP and VEPA, both with IFRT. 
Results have been less acceptable with 5-year EFS of 74% and 
68%, respectively.93,94 The group is now evaluating the Stanford V 
regimen95 that has been successfully employed in adult patients.

In the same era, the German cooperative groups have built 
upon COPP chemotherapy in both pediatric and adult HL. To 
decrease gonadotoxicity, which is more prevalent in males 
exposed to alkylating agents, some of these therapies have been 
gender-based. The DAL-HL-90 study used OEPA/COPP for males 
and OPPA/COPP for females, both followed by IFRT. EFS for 
Stages II, III, and IV was 92%, 86%, and 90%, respectively.96 
The GPOH-95 study was designed to assess elimination of radio-
therapy for those with a complete response. It built on the OPPA/
OEPA backbones by adding cycles of COPP for patients with more 
advanced disease. Radiotherapy dose was determined by the 
post-chemotherapy disease reduction. Complete response was 
defined as complete resolution of all disease (as opposed to a 70% 
reduction in CCG 5942 and 59704). Only 22% achieved a complete 
response. A total of 50% achieved between 75% and 95% disease 
reduction and were treated with 20 Gy radiotherapy, and 4% 
had less than a 75% reduction and were treated with 30 Gy. In 
addition, 20% of patients had residual masses treated with boost 
doses to 35 Gy. Overall the EFS was 92% for those receiving radio-
therapy, compared with 88% in those treated with chemotherapy 
alone, but for patients with IA, IB, and IIA disease, EFS was not 

FIGURE 94.1. Timeline of Hodgkin lymphoma upfront therapy.
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should be utilized as appropriate to protect normal tissue. 
Blocking the genitalia is of specific importance when pelvic fields 
are included. In females, oophoropexy results in doses of 8% to 
10% and 4% to 5%, respectively, of the pelvic dose,108 which 
will be compatible with the preservation of fertility. For males, a 
frog leg position and an individually fitted shield will provide the 
greatest shielding to the testes, reducing scatter to approximately 
0.75% of the pelvic lymph node dose.109

TREATMENT FOR RELAPSED HODGKIN 
LYMPHOMA
HL may be cured even if it has recurred after initial treatment. 
Potentially curative options include conventionally dosed com-
bined modality protocols: radiotherapy alone for those relapsing 
in a limited nodal pattern, re-induction chemotherapy followed 
by autologous hematopoietic stem cell transplantation (HSCT), 
full and reduced intensity allogeneic transplants, and evolving 
targeted antibodies.110,111 Some common retrieval regimens are 
shown in Table 94.4 and the choice of regimen is dependent on 
previous treatment and patterns of relapse. Two ifosfamide-based 
regimens have been used with good response rates, ICE and IV 
with EFS exceeding 75%.112,113 Gemcitabine has also been used 
in combination with vinorelbine with excellent overall response 
rates in recurrent HL with similar EFS.114,115,116,117

Autologous HSCT is most commonly used for recurrent or 
refractory HL, particularly when used following dose-intensive 
regimens or for high-risk disease.115,116–119,120–125,126,127,128 
However, an allogeneic effect has been observed, and full and 
reduced intensity allogeneic approaches as well as immune modu-
lation and induction of autologous graft versus host disease have 
been explored to enhance the allogeneic effect.129–131,132,133–136

The most promising new agent in the treatment for HL is 
brentuximab vedotin (SGN35), which is also being utilized in the 
earlier relapse period with several recently reported as well as 
ongoing trials, although pediatric experience is quite limited.137 
In a recent Phase 2 study, the efficacy and safety of brentuximab 
vedotin was evaluated in 102 patients with relapsed or refractory 
HL after ASCT. Reductions in tumor size were observed in 94% of 
patients. The overall response rate was 75%, with complete 
remission achieved by 34% of patients and partial response in 
40%.138 A retrospective analysis by the German Hodgkin Study 
Group with brentuximab vedotin as single agent was reported 
in 45 patients with refractory or relapsed CD30 (+) HL, with an 
objective response rate of 60%, including 22% complete remis-
sions.139 A case series of 20 transplant-naive patients who either 
refused or were ineligible for transplant, enrolled in two Phase 
I multicenter studies, reported six responses.140 In a study of 

different among those with a CR to chemotherapy and no other 
therapy (97%) and those with a partial response, subsequently 
treated with radiotherapy (94%). However, for all other patients 
the EFS was 79% for those treated with chemotherapy alone 
compared with 91% for those treated with combined modality 
therapy.97 This was followed by the GPOH-HD-2002 study, where 
OEPA-COPDAC chemotherapy was tested in males compared with 
OPPA-COPP in females for intermediate and advanced HL. The 
5-year EFS was 89.0% without significant difference between 
males and females.98

For low-risk patients with NLPHL, some patients may be 
treated with surgery alone. There are multiple small reports in 
both adult and pediatric HL of patients of successful treatment of 
completely resected Stage I disease. For those who did relapse, 
salvage rates were encouraging and death from disease very 
low.99–102 This has prompted a study in the COG to formally evalu-
ate surgery only in patients with involvement of a single com-
pletely resected lymph node with NLPHL. Although adults with 
NLPHL may be treated with radiotherapy alone, the dose required 
without adjuvant chemotherapy exceeds that optimal in children 
and adolescents, and thus this strategy is not used in pediatric 
NLPHL. The optimal treatment of patients with advanced stage 
NLPHL remains undetermined. These patients are traditionally 
treated with regimens that are used for patients with advanced 
stage classical HL with outcomes equivalent to or better than those 
with CHL. However, the biology of NLPHL may be more similar to 
indolent CD20+ B-cell non-Hodgkin lymphoma (NHL) than clas-
sical HL and thus the question remains of whether regimens for 
NHL would be more effective with potentially less toxicity in these 
patients. A retrospective analysis at MD Anderson Cancer Center 
from 1995 to 2010 found that patients with NPLHL treated with 
R-CHOP had better 5-year progression-free and overall survival 
compared to those treated on the HL regimen.103 From 2005 to 
2010, a study was conducted in France and the United Kingdom, 
testing CVP in 55 patients with early-stage NLPHL. The 40-month 
freedom from treatment failure was 75.4%, but with an overall 
survival of 100%, respectively.104

However, prospective multicenter randomized studies have 
not been conducted to answer such questions and it is unlikely, 
given the exceptional overall survival, that such studies will be 
successfully conducted.

Radiotherapy for Hodgkin Lymphoma
It has been recognized since the 1950s that HL is an extremely 
radiosensitive disease. Currently, for children and adolescents 
with HL, radiotherapy is exclusively delivered in the context of 
multimodality therapy. Doses of 15 to 25 Gy are commonly used, 
and as noted above, clinical trials have been and continue to be 
conducted to identify groups of patients for whom the exclusion 
of radiotherapy is possible, without affecting disease-free survival.

Below are some basic principles for radiotherapy in pediatric 
and adolescent HL. However, delivery of radiotherapy, particu-
larly in children and adolescents, requires careful considerations 
of the age, tumor burden and location, response to chemotherapy, 
and an assessment of both short- and long-term potential toxicity.

Megavoltage energies are now the treatment of choice for 
pediatric and adolescent HL. Although there are differences in 
treatment techniques among radiation oncologists and specific 
institutions, the general technical principles remain constant.105 
Proton beam radiotherapy is currently under investigation at 
several centers across the United States, but there is insufficient 
data to know whether this modality will provide the best option 
for long-term cure, while decreasing adverse long-term effects of 
treatment.106,107

Radiotherapy fields must be designed with the goal to deliver 
the optimum volume of radiotherapy for disease control, while 
avoiding normal tissue damage. Customized shielding blocks 

ICE (Ifosfamide, carboplatin, and etoposide)

DECA (Dexamethasone, etoposide, cisplatin, cytarabine)

IV (Ifosfamide and vinorelbine)

GV (Gemcitabine and vinorelbine)

IEP–ABVD–COPP (Ifosfamide, etoposide, prednisone–doxorubicin, bleomycin,  
vinblastine, dacarbazine–cyclophosphamide, vincristine, procarbazine, prednisone)

APE (Cytosine arabinoside, cisplatin, etoposide)

SGN-35 (brentuximab vedotin)—antibody-drug conjugate targeting CD30

These therapies can be used as stand-alone therapy or as re-induction prior to planned 
stem cell transplant. Radiotherapy can be considered together with this therapy.

COMMON TREATMENT OPTIONS FOR RECURRENT HODGKIN 
LYMPHOMA

TABLE 94.4
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25  patients with recurrent HL post-allogeneic transplant, who 
had received a median of 9 (5–19) prior regimens, overall and 
complete response rates were 50% and 38%, respectively, among 
24 eligible patients, with a median progression-free survival time 
of 7.8 months.141 These data led to accelerated approval of bren-
tuximab vedotin for the treatment of patients with HL after failure 
of autologous stem cell transplantation (ASCT) or after failure of 
at least two prior multiagent chemotherapy regimens in patients 
who are not ASCT candidates.142 Studies are now ongoing evalu-
ating brentuximab vedotin as part of multiagent protocols in the 
upfront and recurrent setting.

ADvERSE LONG-TERM OUTCOMES OF 
THERAPY
In pediatrics, a significant consideration when deciding therapy 
is the risk of adverse long-term risks of therapy, which include 
organ dysfunction and second malignancies.143 The common 
potential long-term effects of radiotherapy and chemotherapy 
for HL are summarized together with general monitoring recom-
mendations in Table 94.5. In a review from the Childhood Cancer 
Survivor Study (CCSS), among 2,633 HL 5-year survivors, initially 
treated between 1970 and 1986, there were 500 deaths with the 
following causes: HL, 35%; second malignancies, 23%; cardio-
vascular disease, 14%; pulmonary disease, 4%; external cause, 
7%; other and unknown cause, 17%. Adjusting for demographics 

and medical conditions, treatment with radiotherapy or alkylat-
ing agents were independent risk factors for overall mortality 
and those same exposures as well as anthracycline treatment 
for second malignancies. In this cohort, the 30-year cumulative 
incidence for second malignancy was 18.7%. Based on self-report, 
the 30-year cumulative incidence of grade 3 to 5 chronic health 
conditions in the cohort were as follows: cardiovascular,11%; 
pulmonary, 5%; and thyroid, 51%.144 Other studies of subsequent 
malignancy cite female gender, radiotherapy field and dose, and 
follow-up time since diagnosis as risk factors. The most sig-
nificant risk is for secondary breast cancer in female survivors 
treated with thoracic radiotherapy, where even lower doses of 
radiotherapy, with ongoing follow-up now are associated with 
increased risk.145–149 Thyroid dysfunction and thyroid cancer 
are also of concern in this population. In the CCSS, self-report 
thyroid status was assessed in 1,791 HL survivors treated from 
1970 to 1986. Of the entire cohort, 34% have been diagnosed 
with at least one thyroid abnormality. Hypothyroidism was the 
most common disturbance, with a relative risk of 17.1 compared 
to sibling controls. Hyperthyroidism was reported by 5% of survi-
vors, which was 8-fold greater than the incidence reported by the 
controls. The risk of thyroid nodules was 27 times that in sibling 
controls. Female gender and higher radiation dose increased 
risk for thyroid abnormalities.150 In a pooled cohort of childhood 
cancer survivors including 16,757 patients, with 187 develop-
ing primary thyroid cancer, radiation-dose–related relative risks 
increased approximately linearly for <10 Gy, leveled off at 10 to 
15-fold for 10 to 30 Gy and then declined, but remained elevated 

System Therapeutic Exposure Potential Effects Monitoring Recommendationsa

Cardiac Thoracic RT
Doxorubicin

Cardiomyopathy
Pericarditis
Coronary artery disease
Valvular disease

Electrocardiogram and echocardiogram

Pulmonary Thoracic RT
Bleomycin

Pulmonary fibrosis
Restrictive lung disease

Pulmonary function tests (PFTs) (including DLCO and  
spirometry)

Thyroid Neck RT Overt or compensated hypothyroidism
Thyroid nodules or cancer
Hyperthyroidism

Free T4; TSH

Gonadal (female) Pelvic RT
Alkylating agents

Delayed/arrested puberty
Early menopause
Ovarian failure

FSH, LH, estradiol

Gonadal (male) Pelvic RT
Alkylating agents

Germ cell failure
Infertility/Azoospermia
Leydig cell dysfunction
Hypogonadism
Delayed/arrested puberty

FSH, LH, testosterone
Semen analysis

Bone Corticosteroids Decreased bone mineral density Bone density evaluation (DEXA or quantitative CT)

Second Malignancies Radiotherapy

Doxorubicin
Etoposide
Mechlorethamine
Cyclophosphamide

Sarcomas
CNS tumors
Breast cancer
Melanoma
Nonmelanoma skin cancer
Thyroid cancer
Other solid tumors
Therapy-related myelodysplasia and 
acute leukemia

Routine cancer screening per general population guidelines
Mammography to screen for female breast cancer at age 
25 y or 10 y post RT exposure, whichever is later

Annual cbc with differential for 10-y post exposure

a  Monitoring recommendations all include a risk-adapted health history and physical examination. The frequency with which diagnostic studies should be performed is dependent on 
many factors including radiotherapy dose, chemotherapy exposures, age at exposure, and other clinical parameters. See Children’s Oncology Group guidelines for more details  
(www.survivorshipguidelines.org).

DEXA, Dual-energy X-ray absorptiometry; DLCO, Diffusing capacity; FSH, follicle stimulating hormone; LH, luteinizing hormone; RT, radiation therapy; TSH, thyroid stimulating hormone.

GENERAL GUIDELINES FOR RISK AND SURVEILLANCE FOR ADVERSE LONG-TERM OUTCOMES

TABLE 94.5
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for doses >50 Gy. Dose-related excess relative risks increased 
with decreasing age at exposure but did not vary with attained 
age or time-since-exposure, remaining elevated 25+ years after 
exposure. Gender and number of treatments did not modify radia-
tion effects. In another pooled analysis, three models of assessing 
absolute risk for secondary thyroid cancer were developed and 
validated. Model M1 included self-reported risk factors, model 
M2 added basic radiation and chemotherapy treatment informa-
tion abstracted from medical records, and model M3 refined M2 
by incorporating reconstructed radiation absorbed dose to the 
thyroid. All models were associated with elevated relative risks 
(M1 = 10.8; M2 = 6.8; M3 = 8.2) and had good discriminatory 
ability. Past thyroid nodule was consistently the strongest risk fac-
tor in the models.151,152 Cardiac toxicity following anthracycline 
therapy and mediastinal radiotherapy is well recognized among 
survivors.144,153 Among 1,132 survivors of HL treated between 
1978 and 1995, treated with a relatively low doxorubicin dose 
(160 mg/  m2), at a median of 19.5 years, cardiac diseases had 
been diagnosed in 50 patients. Valvular defects were diagnosed 
most frequently, followed by coronary artery diseases, cardiomy-
opathies, conduction disorders, and pericardial abnormalities. 
Multivariate analysis showed the mediastinal radiotherapy dose to 
be the only significant variable associated with cardiac disease.154 
In a cohort of 1,362 5-year survivors diagnosed between 1966 
and 1996, with 50 cardiac events reported, cumulative incidence 
of anthracycline (dose), cardiac irradiation (dose), combination of 
these treatments, and congenital heart disease were significantly 
associated with developing a cardiac event.155 Reproductive out-
comes have been examined for all survivors in the CCSS, but risk 
factors for impairment are generally those seen with HL therapy. 
Sklar and colleagues evaluated premature menopause and a mul-
tiple Poisson model showing risk factors to include attained age, 
exposure to radiation to the ovaries in a dose-dependent manner, 
number and cumulative dose of alkylating agents, and a diagnosis 
of HL.156 Green and colleagues found that male survivors were 
less likely to sire a pregnancy than siblings. Among survivors, the 
hazard ratio of siring a pregnancy was decreased by RT to the 
testes, higher cumulative alkylating agent dose, and treatment 
with cyclophosphamide or procarbazine.157

Studies of HL survivors treated in the more contemporary 
age of chemoradiotherapy are underway to see if reduction in 
anthracyclines, alkylating agents, and radiotherapy have resulted 
in fewer long-term adverse chronic health conditions.

Various pediatric cooperative groups have developed long-
term follow-up guidelines, which provide a foundation for the 
type of follow-up care that should be delivered. However, the 
recommendations are not completely consistent with one another 
and recommendations are consensus-based, and thus, the opti-
mal follow-up strategy is yet to be fully elucidated. Efforts are 
underway for international harmonization among large childhood 
cancer groups.158–161,162–164,165–167

CONCLUSIONS
Cure rates for HL are one of the highest in pediatric oncology, 
but the very therapies that have afforded such cure rates share 
the etiologic limelight for adverse long-term health outcomes. 
Ongoing clinical trials thus seek to balance efficacy with both 
short- and long-term toxicity. For a meaningful minority of 
patients with higher risk initial disease, refractory, and recur-
rent disease, the challenge remains increasing the cure rate and 
incorporating novel agents that may better target the underly-
ing biology and pathophysiology. And last, additional study is 
required to understand the complex biology and epidemiology 
of HL better to understand better how they interface with one 
another, affect disease presentation, response to therapy, and 
long-term outcomes.

Key Summary Points
For initial diagnosis:
Work-up: History and exam; CT neck, chest, abdomen, pelvis, 

FDG-PET scan, Bone marrow; CBC/differential, metabolic 
panel, erythrocyte sedimentation rate, ferritin, bone marrow; 
excisional lymph node biopsy.

Initial treatment: Risk-based (Table 94.3); Enroll on open clinical 
trial when available.

For refractory or recurrent disease:
Work-up: As per initial diagnosis.
Treatment: Risk based (Table 94.4). If relapse is not low stage 

after low-density low-risk chemotherapy protocol without 
radiotherapy, consider stem cell transplant once response is 
evident (FDG-PET non-avid).

For follow-up:
Follow clinically with imaging studies for first year to18 months, 

then clinically follow for long-term toxicity using COG guide-
lines (www.survivorshipguidelines.org).

Useful Web-based References

Children’s Oncology Group:
http://www.childrensoncologygroup.org/index.php/hodgkindisease
http://www.survivorshipguidelines.org
National Cancer Institute PDQ: http://www.cancer.gov/cancertopics/
pdq/treatment/childhodgkins/HealthProfessional
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interpretation, and limitations are also reviewed. Subsequent 
chapters in this book will deal with the detailed evaluation of spe-
cific diseases associated with monoclonal gammopathy.

ClassifiCation of MonoClonal 
iMMunoglobulin DisorDers
A prior understanding of the various conditions associated with the 
production of monoclonal immunoglobulins (monoclonal protein) 
is essential in the evaluation of an individual with a monoclonal 
gammopathy. The clinical presentation may be due to the magni-
tude of the underlying tumor burden or the direct toxic effect of 
the monoclonal protein. However, a simple way of approaching the 
evaluation of these cases is to start with the type of monoclonal 
protein (Table 95.1). Although the various diseases can be broadly 
classified based on the type of monoclonal protein, there is overlap 
in the underlying conditions. For example, an IgM monoclonal pro-
tein is usually associated with lymphoproliferative diseases such as 
Waldenström macroglobulinemia and some lymphomas, but may 
also be associated with cases of IgM-associated multiple myeloma.13

Initial Evaluation
The usual test that will detect a monoclonal protein is not part of 
the typical healthy adult physical evaluation.14 It is therefore usually 
detected during the evaluation of a clinical symptom or during fur-
ther evaluation of an abnormal routine blood test. Abnormalities in 
routine clinical tests that suggest the possibility of a monoclonal pro-
tein disorder include rouleau formation in a peripheral blood smear, 
elevated total serum protein, proteinuria, anemia, renal dysfunction, 
or hypercalcemia. Clinical situations that may require evaluation for 

The real incidence of monoclonal gammopathy is unknown; how-
ever, it increases with age, with most cases being identified in the 
7th or 8th decade of life.1–3 The presence of a monoclonal protein 
is indicative of an underlying clonal plasma cell or B cell disorder. 
These disorders encompass a spectrum of disease entities ranging 
from clinically benign monoclonal gammopathy of undetermined 
significance (MGUS) to clinically significant diseases such as mul-
tiple myeloma, and also including Waldenström macroglobulin-
emia, chronic lymphocytic leukemia, and various neurologic and 
cutaneous diseases.4–12 Among 43,000 monoclonal gammopa-
thies evaluated at Mayo Clinic from 1960 to 2010 most had MGUS 
(57.5%), multiple myeloma (18%), or primary (AL) amyloidosis 
(9%) (Fig. 95.1). However, 4% of these cases were associated with 
other conditions, such as POEMS syndrome, cryoglobulinemia, 
Castleman’s disease, and light chain deposition disease, which 
do require therapy and should not be missed during evaluation. 
A systematic approach to the patient with a monoclonal immu-
noglobulin (monoclonal protein) disorder is required, on the one 
hand to prevent unnecessary testing in the majority who will not 
need treatment for the underlying condition, and on the other 
hand to ensure that those with a clinically significant condition 
will be adequately diagnosed.

This chapter addresses the initial approach to an individual 
with a monoclonal protein or suspected immunoglobulin disor-
der. We review the various conditions to consider in a patient 
with a monoclonal protein, so as to help guide the evaluation. 
The basic principles on the use of the various tests used, their 

S E C T I O N  5

PraCtiCal aPProaCh to evaluation  
of MonoClonal gaMMoPathies
francis K. buadi, Joseph r. Mikhael, William g. Morice ii

C h a p T E r  9 5

p l a S m a  C E l l  D y S C r a S I a S

FIGURE 95.1. Distribution of monoclonal gammopathies seen at Mayo Clinic between 
1960 and 2010. MGUS, monoclonal gammopathy of undetermined significance; SMM, 
 smoldering multiple myeloma.
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a monoclonal protein include back pain, osteoporosis disproportion-
ate to age, pathologic fracture, osteolytic or sclerotic bone lesions, 
recurrent sinopulmonary infections, progressive peripheral neu-
ropathy, infiltrative or restrictive cardiomyopathy, and Raynaud’s 
phenomenon. It must, however, be noted that in these conditions a 
monoclonal protein may not always be detected by standard test-
ing, and further evaluation may be needed to confirm or exclude an 
underlying plasma cell or lymphoproliferative disorder, particularly 
if the index of suspicion is high. Most patients with monoclonal 
protein are asymptomatic, especially those in whom a routine blood 
abnormality leads to further testing, resulting in the identification of 
a monoclonal protein. A simple algorithm taking into consideration 
the various tests available and clinical presentation is shown in 
Figure 95.2. Although there may be some overlap, following this 
algorithm should lead to the correct diagnosis in most cases.

laboratory Evaluation
The following are important tests that will help in the evaluation 
of a patient with or suspected to have a monoclonal protein.

Protein eleCtroPhoresis
Serum and urine should both be evaluated for the presence of a 
monoclonal protein. High-resolution agarose gel electrophoresis 
or capillary zone electrophoresis is the preferred method for 
screening for a monoclonal protein.15–19 These tests will separate 
serum or urine proteins into their various components in an elec-
tric field based primarily on their physical properties such as size 
and charge; the proteins are detected either by staining a solid 
matrix or by their electrical impedance as they exit the column. 
There are usually five components seen, albumin, a-1, and a-2, 
b-, and g-globulin (Fig. 95.3).

Monoclonal proteins will usually migrate into the gamma 
regions; however, occasionally they may be seen in the b or a-2 
region. Samples with a monoclonal protein usually will result in 

FIGURE 95.2. Simple diagnostic algo-
rithm for patients with a monoclonal 
gammopathy. CLL, chronic lymphocytic 
leukemia; MGUS, monoclonal gammopathy of 
undetermined significance; SMM, smoldering 
multiple myeloma; SWM, Smoldering Walden-
ström macroglobulinemia; LCDD, light chain 
deposition disease; LDL, Lymphoplasmacytic 
lymphoma.
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FIGURE 95.3. Images of a normal serum electrophoresis, showing the five protein 
components.
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a spike in the gamma region (Fig. 95.4). This is referred to as the 
M-protein or M-spike with the “M” referring to monoclonal, not 
IgM. Further testing is then required to determine the type and 
quantity. All spikes should be evaluated, since in certain cases there 
may be two (biclonal gammopathy), or more, different monoclonal 
proteins in a single M-spike that should not be missed.20–23 It must 
also be stressed that the gamma region contains all immunoglobulin 
isotypes (IgM, IgA, IgD, and IgE) and not only IgG. This same test 
can be used to determine the amount of monoclonal protein present 
using the densitometer tracing or peak size by capillary zone elec-
trophoresis (Fig. 95.4). The measured M-protein by densitometry 
tracing is usually lower than the total involved immunoglobulin 
measured by nephelometry.16 Protein electrophoresis occasionally 
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may fail to identify the presence of a monoclonal protein, especially 
in cases where there is only minimal production of the monoclonal 
protein, or minimal amounts of immunoglobulin free light chains.24 
Currently in such cases performing immunofixation despite a 
negative protein electrophoresis or using the serum free light chain 
analysis may be the only way to confirm the presence of an under-
lying clonal disorder, although tandem mass spectroscopy methods 
are currently being explored.21,25,26 A monoclonal protein spike 
should not be confused with a polyclonal increase in immunoglobu-
lin, which usually will be seen as a broad-based band in the gamma 
region and is not associated with a clonal cell disorder27 (Fig. 95.5).

iDentifiCation of the tyPe anD 
Quantitation of the MonoClonal 
Protein
The heavy and light chain isotypes of a monoclonal pro-
tein is usually determined by immunoelectrophoresis or 

 immunofixation.15,16,21 Immunoelectrophoresis, although less 
expensive, is infrequently used, as it is relatively insensitive. 
Immunofixation involves the application of anti-heavy and anti-
light chain antibodies to the electrophoretic gel and has higher 
detection sensitivity. Immunofixation will identify both the heavy 
chain isotype (IgG, IgM, IgA, IgD, or IgE) and the light chain type 
(k or l) and should always be performed on all cases of protein 
electrophoresis with an M-spike. A case with an IgG heavy chain 
isotype and a k-light chain will be reported as an IgG-kmonoclonal 
protein (Fig. 95.6). Most laboratories will initially only perform 
immunofixation for IgG, IgA, and IgM. Immunofixation for IgD and 
IgE must be performed if an M-spike is present and either initial 
immunofixation studies are negative or detect only a monoclonal 
light chain (Fig. 95.7). The isotype and quantity of the monoclonal 
protein is important for classification and prognosis. For example 
in MGUS, the risk of progression is lower in patients with IgG 
isotype and an M-spike less than 0.5 g/dl. The type of protein and 
quantity is also important for monitoring patients during therapy. 
Immunofixation should still be performed in cases where there 
is a strong suspicion of the presence of a clonal plasma cell or 
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FIGURE 95.4. Images of a serum protein electrophoresis and immunofixation depicting 
a monoclonal protein.
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FIGURE 95.5. Images of a serum protein electrophoresis depicting a polyclonal 
gammopathy.
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lymphoproliferative disorder, even if the protein electrophoresis 
is negative for an M-spike. Capillary zone electrophoresis with 
immunosubtraction is an automated system that is slightly more 
sensitive than high-resolution agarose gel electrophoresis and 
can be used in the identification, subtyping, and measurement of 
the M-protein.17,19 This method is laborious and time consuming, 
however, making it less frequently used for typing of the mono-
clonal protein.

Quantitation of 
iMMunoglobulins
Immunoglobulin (IgG, IgA, IgM) levels should always be measured 
at diagnosis and monitored regularly during therapy, especially 
the involved immunoglobulin. If immunofixation showed an IgD 
or IgE M-protein, then their levels should also be determined. 
In most clonal plasma cell disorders the levels of the uninvolved 
immunoglobulins are suppressed or reduced. Rate nephelometry 
is a reliable and rapid method for immunoglobulin quantification, 
although this method does not differentiate between monoclonal 
and polyclonal immunoglobulin.28,29 Rate nephelometry also does 
not provide information on how much of the measure immu-
noglobulin is abnormal; therefore, in patients with normal total 
immunoglobulin it is not clinically helpful. This test does have 

M-spike = 8.9 g/L
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Alb

IgD Myeloma

PEL

PEL

G

A

M

K

L

D

E

L

K

IFE

IFE

α1 α2 β γ

FIGURE 95.7. Images of a positive protein electrophoresis but initial negative immu-
nofixation for IgG, IgA, or IgM isotype with further testing for IgD and IgE showing an 
IgD isotype with l-light chain.

value in clinical care however, as knowing the level in severely 
hypogammaglobulinemic states will help determine who should 
receive immunoglobulin replacement, especially those with recur-
rent sinopulmonary infections.

FIGURE 95.6. Protein electrophoresis and immunofixation studies characterize a 
monoclonal IgG-k protein. The arrows indicate the lanes that show reactivity with the spe-
cific antibodies. The reactivity is consistent with the same migration shown in the extreme left 
column that shows the electrophoresis. Thus, in this assay the nature of the monoclonal protein 
seen in the electrophoresis is elucidated: isotype G and light chain-k.
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free light Chain assay
A significant population of patients with clonal plasma disorders 
produces excess amounts of light chain but not a full immunoglob-
ulin molecule: Bence Jones proteinemia.30 Most of these patients 
will have a negative protein electrophoresis and immunofixation. 
In these patients the free light chain assay test may be the only 
way to detect the presence of a clonal plasma cell disorder.24–26 
Immunoglobulin free kappa (k) and lambda (l) light chains 
concentration in the serum is usually dependent on the rate of 
production from plasma cells and renal clearance. This results 
in a defined serum concentration and ratio. In clonal plasma cell 
disorders there is an excess production of only one of the light 
chain types, resulting in higher levels, with suppression of the 
uninvolved light chain, leading to an abnormal k/l ratio. The 
levels and ratio, however, may be affected by renal failure, since 
the light chains are cleared by the kidneys. This test has become 
very important in the evaluation and monitoring of patients with 
amyloidosis, since this is the major protein involved in AL-type 
amyloid deposits.31

urine evaluation
In all patients with a serum M-protein or suspected to have a 
clonal plasma cell or lymphoplasmacytic disorder, a 24-hour 
urine collection should be examined for the presence of a mono-
clonal protein and 24-hour urine protein and monoclonal protein 
excretion. The excretion of immunoglobulin free light chain in the 
urine is referred to as Bence Jones proteinuria.30 The pattern of 
protein excretion, whether the urine protein is solely albumin or 
Bence Jones protein, is of diagnostic importance. For example, 
nonselective proteinuria (albumin predominance) is associated 
with glomerular diseases such as AL amyloidosis caused by the 
presence of a monoclonal protein.12,31

Bone marrow and Tissue Evaluation
Bone marrow aspiration and biopsy should be performed in all 
patients except in a selected group of completely asymptomatic 
patients with a very small monoclonal protein if a diagnosis of 
MGUS is favored.32–34 Even in the latter setting, however, most 
hematologists will recommend this test, since apart from giving 
information on the type of clonal cell disorder, it also provides 
information on the extent of disease. For example, the presence 
of less than 10% marrow plasma cells distinguishes MGUS from 
smoldering multiple myeloma (SMM).10

Basic evaluation of the bone marrow sample should 
include extent of infiltration by the cells of interest, reported 
as a percentage of the total marrow nucleated cells and/
or cellularity. Flow cytometric or immunophenotyping can 
confirm both the cell type (lymphoid vs. plasma cell) and 
clonality35,36 (Fig. 95.8). Flow cytometry is particularly useful 
when following patients on therapy, as it is more sensitive 
in assessing the depth of response. Plasma cell DNA content 
can also be measured by flow cytometry, allowing measure-
ment of ploidy status and proliferation rate, which, along with 
the proportion of normal plasma cells provides important 
prognostic information.37 Plasma cell proliferation can also 
be measured by the labeling index (PCLI) which uses a BrdU 
pulse label and immunofluorescent detection.38 However, it is 
not generally accessible and is not necessary in the majority 
of patients.

Metaphase cytogenetics and fluorescent in situ hybridization 
for specific gene targets should be obtained in a subset of cases, 
since these provide prognostic information in certain clonal cell 
disorders. For example, in multiple myeloma, cytogenetic abnor-
malities provide important prognostic information, and therefore 
this must be obtained in all suspected cases at the time of initial 
evaluation.39–42 Gene expression profile analysis of the malig-
nant plasma cells in multiple myeloma is of prognostic value and 
should be obtained if available.43–45

FIGURE 95.8. Identification of abnormal and normal plasma cells (PCs) by flow cytometry. All plasma cells are CD38 and CD138 positive. The  abnormal 
plasma cells are CD19 and CD45 negative and l-immunoglobulin light chain restricted.
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Congo reD stain
In certain cases, a Congo red stain of subcutaneous fat aspirate 
or a bone marrow biopsy will have to be performed, looking for 
amyloid deposition.12,46,47 In about 70% of cases of AL amyloi-
dosis Congo red staining of bone marrow or subcutaneous fat 
aspirate will be sufficient to make the diagnosis. The remaining 
cases will require biopsy of the involved organ. All patients with 
peripheral neuropathy, significant albuminuria, or infiltrative 
cardiomyopathy in the setting of a monoclonal protein should 
have this test done. It should also be considered in patients in 
whom there is a high clinical suspicion of amyloidosis. If this is 
positive, then liquid chromatography tandem mass spectometry 
of peptide extracts from the congophilic material should then be 
done for subtyping of the amyloid deposits.48

Imaging
The imaging required for the evaluation of a patient with 
monoclonal protein depends on the clinical syndrome and type 
of monoclonal protein. A metastatic skeletal survey should be 
performed in all patients with non-IgM monoclonal protein. In 
multiple myeloma this may show lytic bone lesions (Fig. 95.9). 
One should also look for vertebrae compression fractures, and 
osteoporosis or osteopenia. These radiologic studies should 
also be performed in IgM monoclonal gammopathies if there 
is a strong clinical suspicion of IgM myeloma. For all cases of 

suspect multiple myeloma, a skeletal survey is still considered 
the standard test for bone evaluation.49–51 More sensitive 
modalities such as magnetic resonance imaging or PET-CT 
may provide further information.52–55 Magnetic resonance 
imaging is particularly useful for the assessment of the extent 
and nature of soft tissue disease arising from bone lesions, 
especially those in the spine which may cause neurologic com-
promise. PET-CT is usually helpful in the evaluation of plas-
macytomas and cases of nonsecretory multiple myeloma56–58 
(Fig. 95.10). In our experience, this modality has been helpful 
in the evaluation of patients with POEMS syndrome, by helping 
identify hypermetabolic osteosclerotic bone lesions. Computer 
tomography (CT) scanning of the chest, abdomen, and pelvis 
should be performed in cases of IgM gammopathy, since they 
are usually associated with lymphoproliferative disorders 
which may involve the lymph nodes, spleen, and mucosa-
associated lymphoid tissues.

history and physical Evaluation
A detailed history and physical examination should be obtained 
any time a monoclonal protein is identified. Certain signs and 
symptoms may help guide the evaluation and ultimately indicate 
the appropriate diagnosis. For instance, patients presenting with 
bone pain, pathologic fractures, weight loss, and symptoms of 
hypercalcemia or acute renal failure are more likely to have mul-
tiple myeloma.9 Alternatively, those with night sweats, epistaxis, 

FIGURE 95.9. Skeletal bone survey showing lytic lesions typically seen in multiple myeloma.
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and lymphadenopathy are more likely to have lymphoprolifera-
tive disorders such as Waldenström macroglobulinemia, marginal 
zone lymphoma, or chronic lymphocytic leukemia/small lympho-
cytic lymphoma.8,35,59–61

Other less common conditions may also be revealed by 
patient assessment. A diagnosis of amyloidosis may be indicated 
by the presence of edema, shortness of breath, hepatomegaly, 
peripheral neuropathy (e.g., carpal tunnel syndrome), autonomic 
dysfunction, periorbital purpura, and macroglossia.12,31,47 Skin 
rash, neuropathy, and Raynaud’s phenomenon should prompt 
evaluation for cryoglobulinemia.5,62 Those presenting with 
polyneuropathy, multiple endocrinopathy, skin lesions like glo-
meruloid hemangiomata, and organomegaly may have POEMS 
syndrome.11 Importantly, one should never overlook the initial 
reason that led to the identification of the monoclonal protein. 
Most patients in whom a monoclonal protein is identified are 
asymptomatic. For these patients, the key to a correct diagnosis 
may be the reason for the initial testing for the monoclonal pro-
tein. In a case where a mildly elevated serum creatinine was the 
key factor, a nephrology evaluation with possible kidney biopsy 
may be the only way to diagnose immunoglobulin deposition 
disease of the kidney.6,63,64

Monoclonal gammopathies are common in the elderly, who are 
also at risk for other pathologic conditions and are usually on mul-
tiple medications with their side effects. Therefore it is necessary 
to always confirm that the identified abnormality is due to the 
clonal cell disorder or monoclonal protein rather than to another 
unrelated pathologic condition. For example, mild hypercalcemia 
in association with a monoclonal protein may be due to parathy-
roid disease or medication in a patient with benign MGUS rather 
than myeloma. Renal failure or proteinuria in a hypertensive or 
diabetic patient with monoclonal protein should be investigated 
thoroughly before attributing it to the monoclonal protein. Such 
cases may require a kidney biopsy.

Diagnostic algorithm (Fig. 95.2)
In a patient suspected of having an underling gammopathy, one 
should first define the isotype and then quantity of the monoclonal 
protein. This will certainly help in identifying and defining the 
underlying clonal cell disorder. In the majority of cases, appro-
priate tissue biopsy and histopathologic evaluation should aid in 
providing a definitive diagnosis. Bone marrow biopsy is usually 
requisite. In certain situations, directed biopsy of a single bone 
lesion, lymph node, or soft tissue mass may also be needed. Tissue 
diagnosis can also be helpful in deciding therapeutic interven-
tion; for example, the use of rituximab for the treatment of an 
IgM MGUS associated neuropathy can be indicated by finding an 
underlying CD20-positive lymphoproliferative disorder. Once the 

type of monoclonal protein and underlying clonal cell disorder 
has been established, the physician then needs to look into the 
patients’ history, physical examination, and laboratory data to 
determine whether this clonal disorder is having any system-
atic effect. The typical issues are usually with the hematopoietic 
(anemia, thrombocytopenia, bulky lymphadenopathy), skeletal 
(lytic lesion, pathologic fracture, and sclerotic lesions), renal (cast 
nephropathy, immunoglobulin deposition disease, and nephrotic 
range proteinuria), nervous system (peripheral neuropathy, auto-
nomic dysfunction), cardiovascular (restrictive cardiomyopathy), 
and/or the endocrine systems. There may be overlap of symp-
toms, but understanding the various syndromes is important in 
helping to arrive at the correct diagnosis.

Differential Diagnosis of monoclonal 
Gammopathy (Table 95.2)
The majority of non-IgM monoclonal gammopathies are initially 
classified as MGUS.10 In most MGUS patients the M-protein is a 
complete immunoglobulin molecule; however, some may have 
only light chain and therefore are classified as light chain MGUS.2 
MGUS patients do not have any symptoms or laboratory abnor-
malities attributable to the underlying clonal plasma cell disorder; 
specifically, they do not have anemia, hypercalcemia, renal insuf-
ficiency, or disease-associated bone disease. They should have less 
than 3 g/dl of monoclonal protein and less than 10% bone marrow 
plasma cell. Patients with similarly minimal clinical sequelae and 
an M-protein ≥ 3gm/dl or ≥ 10% clonal bone marrow plasma 

FIGURE 95.10. PET-CT scan showing multiple soft tissue plasmacytomas in a patient 
with negative marrow biopsy.

IgM type

IgM MGUS (may also be biclonal)

Smoldering Waldenström macroglobulinemia

Waldenström macroglobulinemia

Other (including lymphoma and IgM MM)

Non-IgM type

Non-IgM MGUS (may also be biclonal)

SMM

MM

Plasma cell leukemia

Solitary plasmacytoma

Amyloidosis complicating a B cell neoplasm (AL)

Miscellaneous monoclonal gammopathy–associated conditions

Osteosclerotic MM with peripheral neuropathy

POEMS syndrome

Cryoglobulinemia

Peripheral neuropathy associated with MGUS

SLONM

Fanconi’s syndrome

Light or heavy chain deposition disease

Castleman’s disease

Scleromyxedema

Necrobiotic xanthogranuloma

Systemic capillary leak syndrome

Angioimmunoblastic lymphadenopathy with monoclonal protein

Other

MGUS, monoclonal gammopathy of undetermined significance; MM, multiple myeloma; 
SLONM, sporadic late onset nemaline myopathy SMM, smoldering multiple myeloma.

Differential DiGnosis of MonoClonal GaMMoPatHies

TaBlE 95.2
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cell are classified as having SMM.65 Distinguishing between 
MGUS and SMM has prognostic significance and will determine 
frequency of follow-up. As bone marrow examination may be 
the only factor that will upgrade an MGUS to SMM, this must 
be strongly considered in the evaluation of all monoclonal gam-
mopathies. Neither MGUS nor SMM require therapeutic interven-
tion; patients with MGUS have a lower risk of progression to MM 
at about 1% per year, compared to 10% to 20% in patients with 
SMM. Closer follow-up is needed for SMM compared to MGUS.10

Patients with myeloma should meet the CRAB criteria, 
defined as hypercalcemia, renal insufficiency, anemia, or bone 
disease.66 It is necessary to confirm that these complications 
are due to the underlying clonal plasma cell disorder. These 
patients do require therapy and should be under the care of 
a specialist with detailed knowledge of the management of 
multiple myeloma and associated complications. Solitary plas-
macytomas should also be recognized, since these require only 
limited therapy.56 These patients have a single bone or soft tis-
sue mass, a negative bone marrow biopsy, and do not meet the 
CRAB criteria. Local therapy such as radiation, cryotherapy, or 
surgical excision is usually all that is required.67 They do have 
a better prognosis.

A significant number of patients with monoclonal gammopathy 
develop complications as a result of the toxic effect of the mono-
clonal protein. In amyloidosis, misfolding of the monoclonal pro-
tein, usually the light chain component, results in the formation 
of insoluble amyloid deposits in major organs of the body.12,31,47 
This deposition results in structural and physiologic dysfunction 
of the affected organ. An amyloid diagnosis is easy to make when 
presenting with macroglossia in association with periorbital pur-
pura.68 Most, however, will present with symptoms secondary to 
the organ involvement, such as chest pain and shortness of breath 
due to restrictive cardiomyopathy in cardiac cases, and peripheral 
neuropathy and autonomic dysfunction in nervous system disease. 
Nonselective proteinuria with hypoalbuminemia is seen in kidney 
involvement. Hepatomegaly with elevated alkaline phosphates will 
be seen in those with liver disease, and those with gastrointestinal 
involvement will have constipation or diarrhea. Patients may pres-
ent with multiple organ involvement, causing a protean constella-
tion of findings; in such cases a strong suspicion of amyloidosis is 
required in order not to miss the diagnosis.

Nonamyloidotic immunoglobulin deposition diseases such 
as light chain deposition diseases are a group of conditions 
that should be considered during the evaluation of monoclonal 
gammopathy.69 This involves the deposition of light chains in 
the kidney or heart. Renal involvement presenting with renal 
failure with some proteinuria is the most common.64 Heart 
involvement, although not common, does occur, presenting with 
restrictive cardiomyopathy, and should be differentiated from 
amyloidosis.70

IgM monoclonal gammopathy is usually associated with an 
underlying B cell lymphoproliferative disorder, and true IgM 
myeloma is exceedingly rare.13 A large percentage of these IgM 
monoclonal gammopathy patients will have an IgM MGUS or 
Waldenström macroglobulinemia.59,71 The remainder often has a 
variety of other B cell lymphoproliferative diseases such as chronic 

lymphocytic leukemia, marginal zone lymphoma, and large cell 
lymphoma.8 Those with Waldenström macroglobulinemia may 
present with cytopenias, hyperviscosity syndrome, epistaxis, lymph-
adenopathy, and splenomegaly.35,61,72

There are other rare monoclonal gammopathy associated 
conditions that should be considered during the evaluation of 
a monoclonal protein. The evaluation in these cases is usually 
dictated by the clinical presentation; for example, those with 
neuromuscular complications should be evaluated for condi-
tions such as POEMS syndrome, the antimyelin associated 
glycoprotein–associated neuropathy, or sporadic late onset 
nemaline myopathy.11,73,74 POEMS patients, in addition to the 
neuropathy, do have organomegaly (lymphadenopathy, spleno-
megaly, cardiomegaly, and hepatomegaly), multiple endocrine 
dysfunction, and skin changes (glomeruloid hemangiomata, 
hyperpigmentation). Almost all POEMS patients do have a 
l-light chain restricted monoclonal protein, and it may be a 
non-IgM or IgM monoclonal protein. If a patient has a k-light 
chain monoclonal protein, they most probably do not have 
POEMS syndrome.

Skin conditions such as scleromyxedema, necrobiotic xan-
thogranuloma, and cryoglobulinemia should be considered in 
the differential diagnosis when patients present with cutaneous 
lesions.7,62,75–78

Summary and recommendations
The diagnostic approach to monoclonal gammopathy should be 
thorough and involve a detailed history, physical examination, 
appropriate laboratory testing, and imaging. This should distin-
guish benign from clinically relevant conditions that need imme-
diate intervention. A good understanding of conditions associated 
with monoclonal gammopathy is essential. Testing and evaluation 
should include the following considerations.

•	 Serum and urine protein electrophoresis, followed by immu-
nofixation will confirm the presence of the monoclonal protein, 
identify and classify the isotype, and provide an estimation of 
the amount. Immunoglobulin free light assay will help identify 
cases with only free light chain production, but negative protein 
electrophoresis.

•	 Immunoglobulin isotype quantification is helpful for monitoring.
•	 A bone marrow evaluation will determine the nature of the 

underlying B-lineage disorder (plasma cell or lymphoprolifera-
tive) and also the extent of marrow infiltration.

•	 Complete blood count analysis will identify cytopenias which 
may be due to bone marrow replacement or immune mediated 
causes.

•	 Comprehensive metabolic panel, looking at serum calcium, 
creatinine, bilirubin, lactate dehydrogenase, and liver transami-
nases is essential.

•	 Bone and soft tissue imaging, looking for bony lesion and soft 
tissue masses such as lymphadenopathy or plasmacytoma is 
also needed.

•	 A detailed history and physical evaluation should help direct 
further testing. 
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introDuction
Multiple myeloma (MM) is an age-dependent monoclonal tumor 
of bone marrow (BM) plasma cells (PCs), often with significant 
end organ damage that can include lytic bone lesions, anemia, 
loss of kidney function, immunodeficiency, and amyloid deposits 
in various tissues.1 It has an estimated incidence of 21,700 in 
2012, with 10,710 deaths in the United States.2 Despite recent 
therapeutic advances, MM continues to be a mostly incurable 
disease but with a 5-year survival rate reported in the SEER 
database that has increased from 28% (1987 to 1989) to 43% 
(2002 to 2008).3 In fact, a subset of younger patients initially 
treated in 1999 can be identified with a 10-year survival rate of 
75%,4 with presumably even better results possible for patients 
starting treatment today. The incidence is higher in blacks than 
whites, and in men than women (Fig. 96.1),3 and it is evident 
from the SEER registry data that although the incidence of MM 
continues to rise with an annual percentage change of close to 
1%, since 1995 the mortality rate has been decreasing at an 
even faster rate. MM cells are similar to postgerminal center 
(GC) long-lived PCs, characterized by strong BM dependence, 
extensive somatic hypermutation (SHM) of immunoglobulin (Ig) 
genes, and absence of IgM expression in all but 1% of tumors.5 
However, MM cells differ from healthy PCs because they retain 
the potential for a low rate of proliferation (1% to 3% of cycling 
cells). MM has served as a useful model for understanding the 
pathogenesis of lymphoid tumors because it is characterized by 

the presence of a premalignant precursor tumor and defined 
stages, with researchers able to isolate purified tumor cell 
populations at all stages.

Multiple MyeloMa is a plasMa 
cell tuMor of postGerMinal 
center B cells
Pre-GC B cells can generate short-lived PC that mostly remain 
in the primary lymphoid tissue (Fig. 96.2). Post-GC B cells can 
generate plasmablasts (PB) that have successfully completed 
multiple rounds of SHM and antigen selection, followed by IgH 
switch recombination, with both B cell–specific DNA modifica-
tion processes having oncogenic potential.6 These PB typically 
migrate to the BM, where stromal cells facilitate terminal differ-
entiation into long-lived PC.7 The surface immunophenotype of 
normal BM PCs is CD38+CD138+ CD19+CD45+CD56−. Although 
monoclonal gammopathy of undetermined significance (MGUS), 
SMM, and MM tumor cells also are CD38+CD138+, 90% are 
CD19−, 99% are CD45− or dim, and 70% are CD56+.8,9 The 
reason for this immunophenotypic difference is not known. 
Possibly there is a normal PC with an MM phenotype, but 
it is rare, and/or transient, and it has yet to be identified. 
Alternatively, the change in the phenotype may be a conse-
quence of the transformation process.
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FIGURE 96.1. Differences in US incidence and mortality rates over time, by race and gender. Source is the SEER 9 areas and US mortality files.  
The most recent annual percentage change for each rate is indicated adjacent to the respective regression line.
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Multiple MyeloMa is alMost 
always preceDeD By an 
asyMptoMatic Monoclonal 
GaMMopatHy
An age-dependent premalignant tumor called monoclonal gam-
mopathy of undetermined significance (MGUS)10,11 is present in 
about 4% of individuals over the age of 5012,13 and precedes almost 
every case of MM. A PC tumor must contain at least a billion cells to 
produce enough monoclonal Ig (M-Ig) or M-IgL (in the 15% of tumors 
that produce only IgL) to be detected by serum or urine electropho-
resis or a serum–free IgL assay. It can be subclassified as lymphoid 
(15%) or PC (85%) MGUS, which can progress sporadically at average 
rates of 1% per year to chronic lymphocytic leukemia/lymphoma/ 
lymphoplasmacytoma/Waldenstrom’s macroglobulinemia and MM, 
respectively.14 Lymphoid MGUS and PC MGUS can be distinguished 
by morphology, although clinically the distinction is primarily based 
on the type of M-Ig detected in serum or urine: mostly IgM for lym-
phoid MGUS and mostly non-IgM (including Ig light chain only) for PC 
MGUS. MGUS is distinguished from MM by having a M-Ig of <30 g/L,  
with no more than 10% of BM mononuclear cells being tumor cells, 
and no end organ damage or other symptoms. In primary amyloi-
dosis (AL) there is a monoclonal gammopathy which is symptom-
atic because of pathologic deposits of intact or portions of M-Ig in 
various tissues.15 Unfortunately, the pathologic deposits can lead to 
organ failure, so that the median survival of patients with AL is only  
3 years, even with a very small number of premalignant tumor 
cells.16 Progression of MGUS to smoldering MM and symptomatic 
MM is associated with an expanding BM tumor mass and increas-
ingly severe organ impairment or symptoms.1 Despite BM depen-
dence, sometimes the tumor extends to extramedullary locations, 
such as spleen, liver, and extracellular spaces. Extramedullary MM 
(EMM) typically is a more aggressive tumor that sometimes is associ-
ated with secondary or primary plasma cell leukemia (PCL), depend-
ing on whether or not preceding intramedullary MM was recognized. 
Human MM cell lines (HMCLs), which provide a renewable reposi-
tory of most oncogenic events involved in initiation and progression 
of the corresponding MM tumor, can sometimes be generated, but 
usually only from EMM tumors.17,18

a selection for Genetic 
Mutations tHat allow 
inDepenDence froM tHe Bone 
Marrow MicroenvironMent
In considering the diverse array of mutations in MM, it is helpful 
to place their pathways in the context of the biology of normal 

BM-localized PCs. MGUS and MM cells, similar to long-lived PC, 
are dependent on the BM microenvironment, which includes the 
extracellular matrix and many kinds of cells, e.g., stromal cells, 
osteoclasts, osteoblasts, immune cells (T lymphocytes, dendritic 
cells), other hematopoietic cells, and their precursors, vascular 
endothelial cells.5,19,20 These cells mediate reciprocal positive and 
negative interactions by a variety of adhesion molecules, cyto-
kines, and receptors. Additional stimuli such as hypoxia result in 
activation of HIF1-a and secretion of VEGF.21 For MM, there are 
several biologic phenomena that are affected by these tumor–host 
interactions, including differentiation, and proliferation of tumor 
cells (most notably IL-6, IGF-1, APRIL); homing to BM; spread 
to secondary BM sites by the blood stream; generation of many 
paracrine factors that are involved in survival; angiogenesis; 
osteoclastogenesis; inhibition of osteogenesis; enhanced resis-
tance to chemotherapeutic agents; humoral and cellular immu-
nodeficiency; and anemia. Many of these tumor–host interactions 
(e.g., homing, differentiation, and survival) appear to be quali-
tatively similar for PC and MM tumor cells, whereas the altered 
composition of the BM microenvironment represents a pathologic 
response to the MGUS and MM tumor cells. Several therapies 
(IMiDs, proteasome inhibitors) might target not only the tumor cell 
but also its interaction with the BM microenvironment. Several of 
the secondary genetic events associated with the progression of 
MM discussed below constitutively activate the pathways impli-
cated downstream of the interaction of the MM cell with the BM 
microenvironment.22,23

Seven primary Igh translocations are an early 
Oncogenic event in Monoclonal Gammopathy 
of Undetermined Significance and Multiple 
Myeloma
Like other B cell tumors, translocations involving the IgH locus 
(14q32) or one of the IgL loci (k, 2p12, orl, 22q11) are common 
in MM. It seems likely that these events are mediated by errors 
in IgH switch recombination, or SHM, since the breakpoints are 
usually located near or within IgH switch regions, but sometimes 
near VDJ sequences.24 Since there is no evidence that IgH switch 
recombination or SHM mechanisms are active in normal PC or 
PC tumors, it is presumed that these translocations usually rep-
resent primary—perhaps initiating—oncogenic events as normal  
B cells pass through GCs. The translocations result in dysregulated 
or increased expression of an oncogene that is positioned near 
one or more of the strong Ig enhancers. However, translocations 
involving an IgH switch region uniquely dissociate the intronic 
from one or both 3′ IgH enhancers, so that an oncogene might be 
juxtaposed to an IgH enhancer on either or both of the derivative 
chromosomes, as first demonstrated for FGFR3 on der(14) and 

IgH switch recombination

Ig somatic hypermutation

GERMINAL CENTER

IgMIgD
B

IgGPB

t(4;14)

t(11;14) IgGPB

IgAPB

IgAPB

PC

CD138

CD19

MM

CD138
CD56

BONE MARROW

CD45

FIGURE 96.2. Normal and malignant plasma cell development. Pre-germinal center (GC) B cells expressing surface immunoglobulin can enter germinal centers where the immuno-
globulin genes undergo repeated rounds of somatic hypermutation followed by IgH isotype switch recombination. In multiple myeloma (MM), IgH translocations occur as a result of errors 
in these two physiologic DNA modification processes (10% and 90%, respectively). Post-GC B cells can generate plasmablast that homes to the bone marrow where stromal cells facilitate 
differentiation into long-lived PC. Normal plasma cell (PC) express surface CD138, CD19, and CD45; whereas MM cells express CD138, only 10% express CD19, 99% are CD45− or dim, 
and 70% express CD56. Ig, immunoglobulin; PB, plasmablasts.
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MMSET on der(4) in MM. Rarely, tumors can have translocations 
involving two of the primary translocation groups, suggesting that 
there can be some complementation.18

These IgH translocations are efficiently detected by fluores-
cent in situ hybridization analyses. Large studies from several 
groups show that the prevalence of IgH translocations increases 
with disease stage: about 50% in MGUS or SMM, 55% to 70% for 
intramedullary MM, 85% in PCL, and >90% in HMCL.25,26 Limited 
studies indicate that IgL translocations are present in about 10% 
of MGUS/SMM tumors, and about 15% to 20% of intramedullary 
MM tumors and HMCL.18 Translocations involving an IgK locus 
are rare, occurring in only 1% to 2% of MM tumors and HMCL.18

There are three recurrent primary IgH translocation groups, 
with the chromosomal sites, target oncogenes, and approxi-
mate prevalence in MM (∼40% prevalence for all three groups) 
as follows: CYCLIN D (11q13-CYCLIN D1-15%; 12p13-CYCLIN 
D2- < 1%; 6p25-CYCLIN D3-2%) MAF (16q23-MAF-5%; 20q12-
MAFB-2%; 8q24.3-MAFA-< 1%; MMSET/(FGFR3)-4p16-(MMSET 
in all but also FGFR3 in 80% of these tumors)-15%.

Chromosome Content Is associated with  
at Least two Different Oncogenic pathways
There is a consensus that chromosome content reflects at least 
two pathways of pathogenesis. Nearly half of MGUS and MM 
tumors are hyperdiploid (HRD), with 48 to 75 (mostly 49 to 56) 
chromosomes, usually with extra copies of three or more specific 
chromosomes (3,5,7,9,11,15,19,21). Nonhyperdiploid (NHRD) 
tumors have <48 and/or >75 chromosomes. Strikingly, HRD 
tumors rarely (∼10%) have a primary IgH translocation, whereas 
NHRD tumors usually (∼70%) have an IgH translocation.27 
Tumors with a t(11;14) may represent a distinct category of NHRD 
tumors as they often are diploid or pseudodiploid. Curiously, EMM 
tumors and HMCLs nearly always have a NHRD genotype, sug-
gesting that HRD tumors are more stromal cell dependent than 
NHRD tumors. Although it has been proposed that NHRD and 
HRD tumors represent different pathways of pathogenesis, the 
timing, mechanism, and molecular consequences of hyperdiploidy 
is unknown. Interestingly, in patients with t(4;14) or t(14;16) or 
t(14;20) or del17p, the presence of one or more trisomies is asso-
ciated with a substantially better prognosis than with the absence 
of trisomies. This suggests that the phenotype associated with 
trisomies may be dominant.28

Universal Cyclin D Dysregulation
Almost all cases of PC neoplasms starting from the MGUS stage 
express 1 or more of the CYCLIN D genes in an aberrant fashion, 
despite a low proliferation index.29 Therefore, it has been pro-
posed that dysregulation of a CYCLIN D gene provides a unifying, 
early oncogenic event in MGUS and MM. MGUS and MM appear 
closer to normal, nonproliferating PCs than to normal proliferating 
PB, for which 30% or more of the cells can be in S phase; yet the 
expression level of CYCLIN D1, CYCLIN D2, or CYCLIN D3 mRNA 
in MM and MGUS is distinctly higher than in normal PCs. This 
can be due to direct dysregulation in MM tumors with a CYCLIN D  
gene translocation or indirectly in tumors with a translocation of 
MAF, encoding a transcription factor that markedly upregulates 
CYCLIN D2. Although MMSET/FGFR3 tumors express moderately 
high levels of CYCLIN D2, the cause of increased CYCLIN D2 
expression remains unknown. While normal BM PC express little 
or no detectable CYCLIN D1, the majority of HRD tumors express 
CYCLIN D1 biallelically, whereas most other tumors express 
increased levels of CYCLIN D2 compared to normal BM PC, both 
by unknown mechanisms. Only a few percent of MM tumors do 
not express increased levels of a CYCLIN D gene compared to 
normal PC, but many of these tumors appear to represent samples 
that are substantially contaminated by normal cells and another 
large fraction of these tumors often have inactivated RB1, the 

inhibitor downstream of CYCLIN D, eliminating the necessity of 
overexpressing a CYCLIN D gene.

primary Igh translocations
It is thought that CYCLIN D translocations only dysregulate 
expression of a CYCLIN D gene. By contrast, MAF translocations 
dysregulate expression of a MAF transcription factor that causes 
increased expression of many genes, including CYCLIN D2 and 
adhesion molecules that are thought to enhance the ability of the 
tumor cell to interact with the BM microenvironment.29,30 The 
contributions of the two genes dysregulated by t(4;14) remain 
controversial. MMSET is a chromatin-remodeling factor that is 
overexpressed in all tumors with a t(4;14), whereas about 20% 
of tumors lack der(14) and FGFR3 expression. The rare acquisi-
tion of FGFR3 activating mutations during progression confirms 
a role for FGFR3 in MM pathogenesis. Although an activated 
mutant FGFR3 can be oncogenic, it recently was shown that wild-
type FGFR3 (as is found in most t[4;14]) can contribute to B cell 
oncogenesis.31 It remains to be determined if FGFR3 is critical 
early in pathogenesis but becomes dispensable during progres-
sion of t(4;14) MM. Preclinical studies suggest that tyrosine kinase 
inhibitors are active only against t(4;14) HMCL with activating 
mutations of FGFR3, whereas anti-FGFR3 monoclonal antibodies 
that inhibit FGFR3 signaling but also elicit antibody-dependent 
cell-mediated cyotoxicity are active against HMCLs expressing 
wild-type FGFR3.32,33 Despite an apparently indispensable role 
in t(4;14) MM, it remains to be determined how MMSET, which 
sometimes has amino-terminal truncations caused by the trans-
location, contributes to MM pathogenesis. There are some clues. 
It is a histone methyltransferase for H3K36me2, and when over-
expressed it results in a global increase in H3K36 methylation, 
and a decrease in H3K27 methylation, which might explain some 
of the many changes in gene expression associated with t(4;14) 
tumors.29,34,35,36 In addition, it recently has been determined 
that MMSET has a role in DNA repair (Fig. 96.3). Following DNA 
damage MMSET is phosphorylated on Ser102 by ATM and is 
recruited to sites of double strand breaks (DSBs), where it results 
in methylation of H4K20, which is required for recruitment of p53 
binding protein (53BP1). 53BP1 is required for p53 accumulation, 
G2/M checkpoint arrest, and the intra-S–phase checkpoint in 
response to ionizing radiation. Approximately half of the trans-
location breakpoints in t(4;14) MM result in a truncated MMSET 
that lacks Ser102 and cannot be recruited to DSBs, resulting in 
a failure to recruit 53BP1 and a loss of the normal DNA damage 
response pathway. It is not known whether this biologic differ-
ence results in a different clinical outcome for t(4;14) MM patients 
with a truncated versus full-length MMSET.37 Importantly, loss 
of MMSET expression alters adhesion, suppresses growth, and 
results in apoptosis of HMCLs, suggesting that it is an attractive 
therapeutic target.35

Molecular Classification of Multiple Myeloma
The patterns of spiked expression of genes deregulated by pri-
mary IGH@ translocations and the universal overexpression of 
CCNDs genes either by these translocations or other mechanisms 
led to the translocations and cyclin D (TC) classification that 
includes eight groups: those with primary translocations (desig-
nated 4p16, 11q13, 6p21, MAF), those that overexpressed CCND1 
and CCND2 either alone or in combination (D1, D1 & D2, D2), and 
the rare cases that do not overexpress any CCND genes (“none”) 
(Table 96.1).29 Greater than 95% of the D1 group are HRD. In 
addition, most of the patients with HRD MM and trisomy 11 fall 
within the D1 and D1 & D2 groups, while those without trisomy 
11 fall within the D2 group, although a majority of the D2 group 
are NHRD. This classification system therefore focuses on the dif-
ferent kinds of mechanisms that dysregulate a CCND gene as an 
early and unifying event in pathogenesis.
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An MM classification based on an unsupervised analysis of 
microarray gene expression profiling from the UAMS identified 
seven tumor groups characterized by the coexpression of unique 
gene clusters.38 This classification was partially replicated in an 
independent unsupervised analysis of a combined HOVON-GMMG 
dataset that identified 10 tumor groups with considerable overlap 
with the UAMS groups.39 Interestingly, these clusters also identify 
subgroups corresponding to the different primary translocations 
and hyperdiploidy. Importantly, however, they also highlight 
other important secondary events that can occur in each subtype 
of MM: proliferation (PR), expression of NFkB target genes (NFkB), 
cancer-testis antigens, and the phosphatase PTP4A3/PRL3 (PRL3). 
The CD-1 and CD-2 groups represent subgroups of patients with 
t(11;14) and t(6;14), with the former characterized by arginosuc-
cinate synthetase 1 expression, and the latter by expression of B 
cell antigens (CD20, VPREB, CD79A). Interestingly, they identify 
patients with markedly different clinical outcomes. Of all the 
molecular subgroups, CD-1 has the quickest onset and highest 
frequency of CR (90%), whereas CD-2 has the slowest onset and 
lowest frequency of CR (45%), when treated with Total Therapy 
3. However, after the MF, the CD-1 has the shortest CR duration 

(77% at 2 years), whereas the CD-2 has the longest (100% at 2 
years).40

additional Oncogenic events in Monoclonal 
Gammopathy of Undetermined Significance  
and Multiple Myeloma

MYC Dysregulation
There is increased expression of c-MYC in most newly diagnosed 
MM tumors compared to MGUS tumors.41 Recently, it was shown 
that sporadic activation of a MYC transgene in GC B cells in an 
MGUS-prone mouse strain led to the universal development of 
MM tumors.42,43 Hence, increased MYC expression seems to be 
responsible for progression from MGUS to MM. Complex trans-
locations involving MYC (c-MYC>>N-MYC>L-MYC) appear to be 
secondary progression events that often do not involve Ig loci.44 
They are rare or absent in MGUS, but occur in 15% of newly diag-
nosed tumors, 50% of advanced tumors, and 90% of HMCLs.18,45 
A recent report suggests that a small molecule inhibitor of BRD4 
can inhibit MYC RNA expression in MM, with therapeutic effect.46
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Chromosome 13 Deletion
A recent study concludes that chromosome 13 deletion can be an 
early event in MGUS (e.g., in MAF, MMSET tumors) or a progres-
sion event (e.g., in t(11;14) tumors).47 The pathogenic effect of 
this chromosome deletion is unknown, though it is possible that 
haploinsufficiency of RB1 promotes tumorigenesis.25 A recent 
genome-wide sequencing study identified mutations of DIS3, a 
gene of unknown function on 13q, in about 10% of MM. Although 
only very few mutations have been reported to date, it has been 
suggested that DIS3 mutations occur in parallel with deletions 
of RB1,48 suggesting a possible dependence between these two 
events.

Activating Mutations of RAS and BRAF
The prevalence of activating NRAS or KRAS mutations is about 
15% to 18% each in newly diagnosed and relapsed MM tumors,25,49 
but substantially higher in tumors that express CCND1 compared 
to tumors that express CCND2. For MGUS tumors, the prevalence 
of NRAS mutations is 7%, but KRAS mutations have not been 
described.14 This is consistent with increasing evidence that 
NRAS and KRAS mutations have overlapping but nonidentical 
effects,50 and also with the hypothesis that KRAS mutations pro-
vide a molecular mark of the transition of MGUS to MM.51,52 MM 
tumors depend on the continued expression of activated but not 
wild-type RAS.53 Recently, BRAF mutations were described in 4% 
of MM tumors, suggesting a possible role for BRAF inhibitors in 
these cases.54

Mutations that Activate the NFkB Pathway
Extrinsic ligands (APRIL and BAFF) produced by BM stromal 
cells provide critical survival signals to long-lived PCs by stimu-
lating TACI, BCMA, and BAFF receptors to activate the NFkB 

pathways.55 Most MGUS and MM tumors highly express NFkB tar-
get genes, suggesting a continued role of extrinsic signaling in PC 
tumors.56,57 Activating mutations in positive regulators and inacti-
vating mutations in negative regulators of the NFkB pathway have 
been identified in at least 20% of untreated MM tumors and ∼50% 
of HMCLs, rendering the cells less dependent on ligand-mediated 
NFkB activation (Fig. 96.4).54 Small molecules that inhibit extrin-
sic signaling (including TACI.Fc, IKKb, and NIK [MAP3K14]) are 
being developed as potential therapeutic agents.58,59 There also is 
some evidence suggesting that cells addicted to constitutive NFkB 
activation may be particularly sensitive to proteasome inhibition.57

Chromosome 17p Loss and Abnormalities of TP53
Deletions that include the TP53 locus occur in ∼10% of untreated 
MM tumors, and the prevalence increases with disease stage.25,60 
TP53 mutations were present in 37% of untreated MM tumors 
with del17p, but not in patients without del17p.61 It remains to 
be determined if the poor prognosis associated with monoallelic 
del17p but no TP53 mutation is due to haploinsufficiency or to 
predisposition to complete inactivation of TP53 that is selected 
for with tumor progression. Recently, decreased expression of 
microRNAs miR-199, -192, and -215 in MM was reported to 
increase MDM2, an inhibitor of TP53.62

Gain of Chromosome 1q  
and Loss of Chromosome 1p
These genomic events frequently occur together in MM, and each 
is associated with a poor prognosis.25,63 The relevant genes on 1q 
are unclear at this time. By contrast, there are potential targets 
on two regions of 1p that are associated with a poor progno-
sis: CDKN2C (p18INK4c) at 1p32.3, and FAM46C at 1p12.64,65 
Homozygous deletion of CDKN2C, which is present in about 30% 
of HMCL and about 5% of untreated MM tumors, is associated 
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factor into the nucleus. Both pathways can be activated by a variety of stimuli, including the interaction of external factors with PC receptors. Positive regulatory proteins (red) and 
negative regulatory proteins (green) are targets for mutations that constitutively activate NFkB during the progression of some MM tumors. Bortezomib (BTZMB) may act partially by 
inhibiting NFkB activity. B: Normal PC, as well as most MGUS and MM tumor cells, have a high NFkB index (NFkBi) as a result of bone marrow (BM) stromal cell ligands that stimulate 
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 Chapter 96 Molecular Genetic Aspects of Plasma Cell Disorders  2027

with increased proliferation and a poor prognosis, whereas mono-
allelic deletion is not. Mutations of FAM46C—often with hemizy-
gous deletion—were identified in 3.4% and 13% of MM tumors in 
two studies, and in 25% of 16 HMCL.54,64

Other Pathogenic Events
Secondary Ig translocations, including most IgK and IgL trans-
locations and IgH translocations not involving one of the seven 
primary partners, can occur at all stages of disease, and with a 
similar frequency in HRD and NHRD tumors, but apart from MYC, 
few partner loci have been identified.18 Other genomic rearrange-
ments are frequent, but only a few specific target genes have been 
identified.63,66,67 Changes in DNA methylation are frequent, with 
one study suggesting that a marked increase in hypomethylation 
is associated with the MGUS to MM transition,68 whereas a sec-
ond study suggests only a small increase in hypomethylation for 
MM compared to MGUS.69 Mutations in seven genes regulating 
RNA metabolism, protein translation, and homeostasis were iden-
tified in 16 of 38 patients.54 In addition to previous studies impli-
cating roles for MMSET and KDM6A (UTX), genomic sequencing 
studies found that other histone-modifying enzymes are frequent 
targets of mutation, although the epigenetic consequences are 
unknown.54 Similarly, changes in microRNA expression at differ-
ent stages have been identified, but more extensive studies are 
needed.62,70

Intraclonal tumor heterogeneity  
associated with high-risk Multiple Myeloma
Although the evidence is still emerging, it appears that many of 
the genetic events in MM are secondary and often present only 
in subclones of the tumor population.48,67,71 Recently, a high 
level of intraclonal tumor heterogeneity has been described in 
some patients with high-risk MM48,67,71 associated in one case 
with alternating clonal dominance under therapeutic selective 
pressure, observations with important clinical implications. The 
findings suggest a competition between subclones for limited 
resources and raise the possibility that early, suboptimal treat-
ment may eradicate the “good” drug-sensitive clone, making room 
for the “bad” drug-resistant clone to expand. They support the 
use of aggressive multidrug combination approaches for high-
risk disease with unstable genomes and clonal heterogeneity, and 
sequential one- or two-drug approaches for low-risk disease with 
stable genomes and lacking clonal heterogeneity.

conclusion
Significant progress has been made in understanding the molecular 
pathogenesis and biology of MM (Fig. 96.5). Oncogenic pathways can 
be activated through cell intrinsic or extrinsic mechanisms. Similar 
to other cancers, MM is characterized by multistage accumulation of 
genetic abnormalities deregulating different pathways. Much of this 
knowledge is already being utilized for diagnosis, prognosis, and 
risk-stratification of patients. Importantly, from a clinical standpoint, 
this knowledge has led to development of novel therapeutic strate-
gies, some of which are already in clinical use, and many others 
showing promise in preclinical and early clinical studies.
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Monoclonal GaMMopatHies of UndeterMined 
siGnificance and sMolderinG MUltiple MyeloMa
s. Vincent rajkumar, robert a. Kyle, John a. lust

C h a p t e r  9 7

introdUction

Nomenclature
Monoclonal gammopathy of undetermined significance (MGUS) is 
an asymptomatic, pre-malignant clonal plasma cell proliferative 
disorder.1–4 It was initially referred to as essential hyperglobu-
linemia by Jan Waldenström, as well as several other terms 
such as benign, idiopathic, asymptomatic, nonmyelomatous, 
discrete, cryptogenic, and rudimentary monoclonal gammopathy; 
dysimmunoglobulinemia; lanthanic monoclonal gammopathy; 
idiopathic paraproteinemia; and asymptomatic paraimmuno-
globulinemia.5,6 However, because there is an indefinite risk of 
progression to multiple myeloma (MM) or related disorder such 
as Waldenström macroglobulinemia (WM) or amyloidosis (AL), the 
term MGUS is now the accepted nomenclature.1,2,7,8 Smoldering 
multiple myeloma (SMM) is a clinically defined pre-malignant 
stage between MGUS and MM.9,10 MGUS and SMM must be dif-
ferentiated from MM, and from a number of related plasma cell 
disorders using the criteria listed on Table 97.1.8,11

Detection of Monoclonal proteins
Immunoglobulins consist of two heavy polypeptide chains of the 
same class and subclass and two light polypeptide chains of the 
same type. The various types of immunoglobulins are designated 
by capital letters that correspond to the isotype of their heavy 
chains, which are designated by Greek letters: gamma (g) consti-
tutes immunoglobulin G (IgG), alpha (a) is found in IgA, mu (m) is 
present in IgM, delta (d) occurs in IgD, and IgE is characterized by 
epsilon (â). IgG1, IgG2, IgG3, and IgG4 are the subclasses of IgG; 
the subclasses of IgA are IgA1 and IgA2. Kappa (k) and lambda 
(l) are the two types of light chains. An intact immunoglobulin 
consists of two heavy chains of the same class and two light 
chains of the same type. A monoclonal increase in immunoglobu-
lins results from a clonal process such as MGUS or MM, and a 
polyclonal increase in immunoglobulins is caused by a reactive or 
inflammatory process. The monoclonal immunoglobulin secreted 
by clonal plasma cells in MGUS, SMM, MM, and related mono-
clonal gammopathies is referred to as a monoclonal protein or 
M protein.

Electrophoresis and Immunofixation
Monoclonal proteins are detected using agarose gel or capillary 
electrophoresis of the serum and urine.12 An M-protein is usually 
visible as a localized band on protein electrophoresis, and as a 
tall narrow spike or peak in the b or g region or, rarely, in the a2- 
globulin area of the densitometer tracing (Fig. 97.1A). A polyclonal 
increase in immunoglobulins produces a broad band or broad-
based peak that migrates in the g region. A suspected M protein 
on electrophoresis must be confirmed on immunofixation, which 
also determines the immunoglobulin heavy-chain class and its 
light chain type.13 In addition, immunofixation is also done when 
MM, WM, AL (light chain) amyloidosis, or a related disorder is 
suspected, because small M proteins may not be detected with 
electrophoresis alone. Immunofixation is performed using com-
mercial kits or systems such as Sebia, or Pentafix (Fig. 97.1B).

Quantitative Immunoglobulins
In patients with detectable M proteins, another assay that aids in 
monitoring is quantitation of immunoglobulins performed with a 
rate nephelometer. It can accurately measure 7S IgM, polymers 
of IgA, and aggregates of IgG. However, levels of IgM obtained 
by nephelometry may be 1,000 to 2,000 mg/dl higher than 
those expected on the basis of the serum protein electrophoretic 
tracing. The quantitative IgG and IgA levels may be increased 
similarly.14

Serum Free Light Chain Assay
The serum free light chain (FLC) assay (Freelite™, The Binding 
Site Limited, Birmingham, UK) is an automated nephelometric 
assay that measures free kappa (k) and lambda (l) light chains 
that are not bound to intact immunoglobulin.15,16 The normal 
serum free-k level is 3.3 to 19.4 mg/L and the normal free-l 
level is 5.7 to 26.3 mg/L.17 The normal ratio for FLC-k/l is 0.26 
to 1.65. The normal reference range in the FLC assay reflects a 
higher serum level of free l light chains than would be expected 
given the usual k/l ratio of 2 for intact immunoglobulins. This 
occurs because the renal excretion of free k (which exists usu-
ally in a monomeric state) is faster than free l (which is usually 
in a dimeric state).15,16 Patients with a k/l FLC ratio <0.26 are 
considered to have a monoclonal l free light chain and those 
with ratios >1.65 are defined as having a monoclonal k free light 
chain. If the FLC ratio is >1.65, k is referred to as the “involved” 
FLC and l the “uninvolved” FLC, and vice versa if the ratio is less 
than 0.26.

The serum FLC assay can be used in place of urine protein 
electrophoresis and immunofixation in the initial screening algo-
rithm for M proteins. In a study of 428 patients, Katzmann et al. 
found that urine studies can be eliminated by using the serum 
FLC assay in combination with the SPEP and immunofixation.18 
However, if a monoclonal plasma cell disorder is identified on 
screening, a 24-hour urine collection followed by electrophoresis 
and immunofixation should always be done to aid in the assess-
ment of disease progression and response to therapy over time. In 
addition to its role as a substitute for urine studies in the screening 
of plasma cell disorders, the FLC assay is used to predict progno-
sis in MGUS, SMM, AL, and solitary plasmacytoma.19–21 In addi-
tion, it is also used to monitor oligo-secretory MM, nonsecretory 
MM, light chain only form of MM, and AL amyloidosis.16,22,23,24 
In order to use the FLC assay to monitor disease progression, the 
baseline FLC ratio must be abnormal and the involved FLC level 
≥100 mg/L.24,25

Monoclonal GaMMopatHy of 
UndeterMined siGnificance

Definition
MGUS is defined by the presence of a serum M protein <3 g/dl, 
bone marrow plasma cells <10%, and absence of anemia, hyper-
calcemia, lytic bone lesions, or renal failure that can be attrib-
uted to the plasma cell proliferative disorder (Table  97.1).26,27 
In the case of IgM MGUS, there should be no evidence of 
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Disorder Disease Definition References

Monoclonal gammopathy of  
undetermined significance (MGUS)

All three criteria must be met:
• Serum monoclonal protein <3 g/dl
• Clonal bone marrow plasma cells <10%, and
•  Absence of end organ damage such as hypercalcemia, renal insufficiency,  

anemia, and bone lesions (CRAB) that can be attributed to the plasma cell  
proliferative disorder; or in the case of IgM MGUS no evidence of anemia,  
constitutional symptoms, hyperviscosity, lymphadenopathy, or hepatosplenomegaly 
that can be attributed to the underlying lymphoproliferative disorder.

(275)

Light chain MGUS All criteria must be met:
• Abnormal FLC ratio (<0.26 or >1.65)
•  Increased level of the appropriate involved light chain (increased k FLC in patients 

with ratio >1.65 and increased l FLC in patients with ratio <0.26)
• No immunoglobulin heavy chain expression on immunofixation
• Clonal bone marrow plasma cells <10%, and
•  Absence of end organ damage such as hypercalcemia, renal insufficiency,  

anemia, and bone lesions (CRAB) that can be attributed to the plasma cell  
proliferative disorder; or in the case of IgM MGUS no evidence of anemia,  
constitutional symptoms, hyperviscosity, lymphadenopathy, or hepatosplenomegaly 
that can be attributed to the underlying lymphoproliferative disorder.

(4)

Smoldering multiple myeloma (also 
referred to as asymptomatic multiple 
myeloma)

Both criteria must be met:
•  Serum monoclonal protein (IgG or IgA) ≥3 g/dl and/or clonal bone marrow plasma 

cells 10-60%, and
•  Absence of end organ damage such as lytic bone lesions, anemia, hypercalcemia, 

or renal failure that can be attributed to a plasma cell proliferative disorder

(275)

Multiple myeloma All three criteria must be met except as noted:
• Clonal bone marrow plasma cells ≥10%
•  Presence of serum and/or urinary monoclonal protein (except in patients with true 

nonsecretory multiple myeloma), and
•  Either ≥60% clonal plasma cells in the marrow or evidence of end organ damage 

that can be attributed to the underlying plasma cell proliferative disorder,  
specifically

      • Hypercalcemia: Serum calcium ≥ 11.5 mg/dl or
      •  Renal insufficiency: Serum creatinine >1.73 mmol/L (or >2 mg/dl) or  

estimated creatinine clearance less than 40 ml/min
      •  Anemia: Normochromic, normocytic with a hemoglobin value of >2 g/dl  

below the lower limit of normal or a hemoglobin value <10 g/dl
      • Bone lesions: Lytic lesions, severe osteopenia or pathologic fractures

(276, 277)

IgM monoclonal gammopathy of  
undetermined significance (IgM MGUS)

All three criteria must be met:
• Serum IgM monoclonal protein <3 g/dl
• Bone marrow lymphoplasmacytic infiltration <10%, and
•  No evidence of anemia, constitutional symptoms, hyperviscosity,  

lymphadenopathy, or hepatosplenomegaly that can be attributed to the  
underlying lymphoproliferative disorder.

(75, 277–280)

Smoldering Waldenström  
macroglobulinemia (also referred  
to as indolent or asymptomatic 
Waldenström macroglobulinemia)

Both criteria must be met:
•  Serum IgM monoclonal protein ≥3 g/dl and/or bone marrow lymphoplasmacytic 

infiltration ≥10%, and
•  No evidence of anemia, constitutional symptoms, hyperviscosity,  

lymphadenopathy, or hepatosplenomegaly that can be attributed to the  
underlying lymphoproliferative disorder.

(75, 277–281)

Waldenström macroglobulinemia All criteria must be met:
• IgM monoclonal gammopathy (regardless of the size of the M protein), and
•  ≥10% bone marrow lymphoplasmacytic infiltration (usually intertrabecular) by 

small lymphocytes that exhibit plasmacytoid or plasma cell differentiation and a 
typical immunophenotype (e.g., surface IgM+, CD5+/−, CD10−, CD19+, CD20+, 
CD23−) that satisfactorily excludes other lymphoproliferative disorders including 
chronic lymphocytic leukemia and mantle cell lymphoma.

•  Evidence of anemia, constitutional symptoms, hyperviscosity, lymphadenopathy, 
or hepatosplenomegaly that can be attributed to the underlying lymphoproliferative 
disorder.

(75, 277–280)

Solitary plasmacytoma All four criteria must be met
•  Biopsy proven solitary lesion of bone or soft tissue with evidence of clonal  

plasma cells
• Normal bone marrow with no evidence of clonal plasma cells
•  Normal skeletal survey and MRI of spine and pelvis (except for the primary  

solitary lesion)

(81, 282)

DiagnostiC Criteria For PlasMa Cell DisorDers

taBLe 97.1
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•  Absence of end organ damage such as hypercalcemia, renal insufficiency, 
anemia, or bone lesions (CRAB) that can be attributed to a lympho-plasma cell 
proliferative disorder

Systemic AL amyloidosis All four criteria must be met:
•  Presence of an amyloid-related systemic syndrome (such as renal, liver, heart, 

gastrointestinal tract, or peripheral nerve involvement)
•  Positive amyloid staining by Congo red in any tissue (e.g., fat aspirate, bone  

marrow, or organ biopsy)
•  Evidence that amyloid is light chain related established by direct examination of 

the amyloid (possibly using mass spectrometry (MS)-based proteomic analysis, 
or immunoelectron microscopy; note that immunohistochemistry results to type 
amyloid may be unreliable), and

•  Evidence of a monoclonal plasma cell proliferative disorder (serum or urine M protein, 
abnormal free light chain ratio, or clonal plasma cells in the bone marrow).

Note: Approximately 2–3% of patients with AL amyloidosis will not meet the  
requirement for evidence of a monoclonal plasma cell disorder listed above; the 
diagnosis of AL amyloidosis must be made with caution in these patients.

(283)

POEMS syndrome All four criteria must be met
• Polyneuropathy
• Monoclonal plasma cell proliferative disorder (almost always l)
• Any one of the following three other major criteria:
 1. Sclerotic bone lesions
 2. Castleman’s disease
 3. Elevated levels of vascular endothelial growth factor (VEGF)a

• Any one of the following six minor criteria
 1. Organomegaly (splenomegaly, hepatomegaly, or lymphadenopathy)
 2. Extravascular volume overload (edema, pleural effusion, or ascites)
 3. Endocrinopathy (adrenal, thyroid, pituitary, gonadal, parathyroid, pancreatic)b

 4.  Skin changes (hyperpigmentation, hypertrichosis, glomeruloid hemangiomata, 
plethora, acrocyanosis, flushing, white nails)

 5. Papilledema
 6. Thrombocytosis/polycythemia

(137,284)

FLC, free light chain.

Note: Not every patient meeting the above criteria will have POEMS syndrome; the features should have a temporal relationship to each other and no other attributable 
cause. Anemia and/or thrombocytopenia are distinctively unusual in this syndrome unless Castleman disease is present.

a The source data do not define an optimal cut-off value for considering elevated VEGF level as a major criterion. We suggest that VEGF measured in the serum or plasma 
should be at least three- to fourfold higher than the normal reference range for the laboratory that is doing the testing to be considered a major criterion

b In order to consider endocrinopathy as a minor criterion, an endocrine disorder other than diabetes or hypothyroidism is required inasmuch as these two disorders are 
common in the general population

Modified from Kyle RA, Rajkumar SV. Criteria for diagnosis, staging, risk stratification and response assessment of multiple myeloma. Leukemia 2009;23:3–9.

lymphadenopathy or organomegaly attributable to the clonal 
lymphoid/ plasma cell proliferative disorder. A new subtype of 
MGUS termed light chain MGUS is defined by the presence of an 
abnormal FLC ratio (<0.26 or >1.65), elevated level of involved 
FLC, no immunoglobulin heavy chain (IGH) expression on immu-
nofixation, bone marrow plasma cells <10%, and absence of ane-
mia, hypercalcemia, lytic bone lesions, or renal failure that can be 
attributed to the plasma cell proliferative disorder (Table 97.1).4 
A diagnosis of MGUS requires exclusion of plasma cell malignan-
cies (MM, solitary plasmacytoma, and WM), monoclonal immuno-
globulin deposition disorders (AL, light chain deposition disease), 
as well as SMM. In addition to these closely related disorders 
which are unique progression events, MGUS can be associated 
with a variety of malignant and nonmalignant disorders where 
the association between the monoclonal process and the associ-
ated disorder can vary from a coincidental finding to a direct 
paraprotein related syndrome.

epidemiology

Prevalence
MGUS is the most common plasma cell proliferative disorder 
(Fig. 97.2). The prevalence of MGUS has been estimated in a large 
population-based study that included 21,463 of the 28,038 enu-
merated residents (77%) of Olmsted County, Minnesota, who were 

50 years or older.3 MGUS was identified in 694 (3.2%) of these 
subjects. Age-adjusted rates were greater in men than in women, 
4.0% versus 2.7% (P < 0.001; Fig. 97.3). The prevalence of MGUS 
was 5.3% among persons 70 years or older and 7.5% among those 
85 years or older. Several other studies have reported similar 
prevalence estimates (Table 97.2).28 In addition, approximately 
1% of the general population over the age of 50 have light chain 
MGUS.4

The incidence of M proteins is higher in blacks than in 
whites. In the study by Cohen et al., the prevalence of an M protein 
was 8.4% in 916 blacks and 3.6% in whites.29 Landgren et 
al., in a study of 4 million African American and white males 
admitted to Veterans Affairs Hospitals, found that the preva-
lence of MGUS was 0.98% in African Americans and 0.4% in 
whites.30 The age-adjusted prevalence ratio of MGUS in African 
Americans compared with whites was 3.0 (95% confidence 
interval, 2.7 to 3.3). The increase of MGUS in blacks may be 
related to genetic or environmental factors. A population-based 
study found that the increased risk of MGUS seen in African 
Americans was also seen in blacks in Ghana, suggesting that 
the racial disparity may be due more to genetic factors.31 
Furthermore, a study of women in the southern part of the 
United States found that the racial disparity between blacks and 
whites persisted even after adjusting for socioeconomic status, 
again suggesting that the differences were more likely genetic 
rather than environmental.32
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than whites as discussed above.29–32,36 In addition to age, race, 
and gender, there are other risk factors that have been identified, 
both genetic and environmental. First-degree relatives of patients 
with MGUS and MM have a two- to threefold higher risk of MGUS 
compared to those with no known affected relatives.37,38,39 
Obesity and immunosuppression are also known risk factors for 
MGUS.32,40,41

pathophysiology
MM is almost always preceded by the asymptomatic pre- 
malignant MGUS stage.42,43 For the screening arm of the nation-
wide population-based prospective prostate, lung, colon, ovarian 
(PLCO) cancer screening trial, annual blood samples were col-
lected on 77,469 healthy adults. From this cohort, a joint study 
by the National Cancer Institute and the Mayo Clinic identified 
71 individuals who developed MM during the course of the study. 
Serial serum samples (up to 6) obtained 2.0 to 9.8 years prior to 
MM diagnosis were then studied. The study found that an asymp-
tomatic MGUS phase always preceded MM and was found in 
100% of cases 6 years prior to MM.42

The events responsible for malignant transformation of MGUS 
to MM or a related plasma cell proliferative disorder are 
unknown. Genetic changes, bone marrow angiogenesis, various 
cytokines related to MM bone disease, and infectious agents may 
play a role in the progression of MGUS to MM or a related disor-
der.44,45 However, the specific role of these alterations is not well 
understood.

Initiation of the Clone
The precise sequence of events that leads to the initiation of the 
MGUS clone are not known. However, antigenic stimulation and/
or immunosuppression are thought to be predisposing factors. 
Toll-like receptors (TLRs) are normally expressed by B lympho-
cytes, and are essential for these cells to recognize infectious 
agents and pathogen-associated molecular patterns (PAMP) which 
then initiate the host–defense response.46–48 The aberrant expres-
sion of TLRs by plasma cells may be an initiating event that causes 
these cells to respond abnormally to TLR-specific ligands result-
ing in increased MM cell proliferation, survival, and resistance 
to apoptosis, mediated in part by autocrine interleukin-6 (IL-6) 
 production.46,47

Immunosuppression may also contribute to the initiation 
of monoclonal gammopathies inhibiting tumor surveillance. 
Monoclonal proteins are known to arise in the context of immuno-
suppressive states such as bone marrow or stem cell transplanta-
tion (SCT), organ transplantation, and human immunodeficiency 
virus (HIV) infection.40,41,49–51 Moreover, patients undergoing 
renal transplantation develop monoclonal proteins dependent on 
the level of immunosuppression to which they are subjected.41

FIGURE 97.2. Distribution of 1,733 cases of monoclonal gammopathy seen 
at the Mayo Clinic in 2011. MGUS, monoclonal gammopathy of undetermined  
significance.

One study found that only 2.7% of elderly Japanese patients 
had a monoclonal gammopathy.33 A subsequent population-based 
study in Japan found that the risk of MGUS was lower compared 
with the white population of Olmsted County.34

Incidence
The annual incidence of MGUS in males is estimated to be 
120/100,000 at age 50, and rises to 530/100,000 at age 
90 years.35 The rates for women are 60/100,000 at age 50, and 
370/100,000 at age 90. The fact that the increased prevalence of 
MGUS with rising age is not just related to accumulation of new 
cases but due to an actual increase in incidence suggests that an 
age-related cumulative damage model is at play in the pathogen-
esis of MGUS.

Risk Factors
The incidence and prevalence of MGUS rises with age.3,35 MGUS 
is also more common in males. Blacks have a higher risk of MGUS 

FIGURE 97.1. Monoclonal (M) protein on serum protein electrophoresis. Note tall, 
narrow-based peak of fast g mobility (A). Immunofixation of serum with antisera to immuno-
globulin G (IgG), IgA, IgM, k, and l shows a localized band with IgG and k, indicating an IgG k 
monoclonal protein (B).

A

 B
Alb α1 α2 β γ
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patients with MM have either IGH translocations involving chro-
mosome 14q32 or trisomies. These cytogenetic changes referred 
to as “primary cytogenetic abnormalities” are also are present in 
MGUS.52 Thus, approximately 50% of patients with MGUS have 
primary translocations on chromosome 14q32 (IgH translocated 
MGUS/SMM).52,53 The most common partner chromosome loci 
are 11q13, 4p16.3, 6p21, 16q23, and 20q11.54,55,56 These trans-
locations lead to the dysregulation of oncogenes such as CCND1 
(cyclin D1) (11q13), FGFR3/WHSC1 (fibroblastic growth factor 
receptor 3/Wolf-Hirschhorn syndrome candidate; 4p16.3), CCND3 
(cyclin D3; 6p21), MAF (16q23), and MAFB (20q11). The dysregu-
lation of these oncogenes is thought to be critical for the initia-
tion of the MGUS clone rather than progression of MGUS to MM. 
Approximately 40% of patients (40%) with MGUS have trisomies 
of odd-numbered chromosomes leading to hyperdiploidy (IgH 
nontranslocated MGUS). In a small subset, there are likely both 
IgH translocations and trisomies, and in some neither abnormal-
ity can be detected.

Deletions of chromosome 13 have been found to have an 
adverse prognostic value in MM. However, this cytogenetic abnor-
mality occurs early in the disease pathogenesis and present in the 
MGUS stage.57,58 Although deletions of chromosome 13 confer an 
adverse effect on MM, there are no data that the rate of progres-
sion from MGUS to MM is accelerated because of this abnormality. 
K- and N-RAS mutations and deletion of 17p are uncommon in 
MGUS in contrast to MM.59

Cytogenetic Changes
Cytogenetic changes are common in MM and in MGUS. On the 
basis of fluorescence in situ hybridization studies, almost all 

Study Diagnostic Criteria
Number of 
MGUS Cases Sample Size

Overall Prevalence 
(95% CI)

Aguzzi et al.285 M protein <30 g/L
No evidence of B-cell 
lymphoproliferative 
disorder

1,015 35,005 2.9

Anagnostopoulos et al.286 M protein <30 g/L
Bone marrow <10%
No end organ damage

60 1,564 4.0

Axelsson et al.6 M protein <30 g/L
Bone marrow smear
No end organ damage

64 6,995 0.9

Carrel et al.287 M protein <30 g/L
Bone marrow <10%
No end organ damage

7 2,192 0.3

Cohen et al.29 M protein <30 g/L
No end organ damage

106 1,732 6.1

Iwanaga et al.34 M protein <30 g/L
Bone marrow <10%
No end organ damage

1,088 52,781 2.1 (1.9 to 2.2)

Kyle et al.288 M protein <30 g/L
Bone marrow <10%
No end organ damage

15 1,200 1.3

Kyle et al.3 M protein <30 g/L
No end organ damage

694 21,643 3.2 (3.0 to 3.5)

Landgren et al.30 M protein <30 g/L
No end organ damage

2,046 3,997,815 .05

Landgren et al.31 M protein <30 g/L
No end organ damage

54 917 5.8 (4.3 to 7.4)

Malacrida et al.289 M protein <30 g/L
No end organ damage

261 102,000 0.3

From Wadhera RK, Rajkumar SV. Prevalence of monoclonal gammopathy of undetermined significance: a systematic review. Mayo Clin Proc 
2010;85:933–942.

PrevalenCe oF MonoClonal gaMMoPatHY oF UnDeterMineD signiFiCanCe (MgUs)

taBLe 97.2

FIGURE 97.3. Prevalence of monoclonal gammopathy of undetermined significance, 
according to age. Of 21,463 residents 50 years of age or older, 694 had a monoclonal  
protein. The I bars represent 95% confidence interval. Years of age older than 90 have been con-
densed to 90 years of age (x-axis). (From Kyle RA, Therneau TM, Rajkumar SV, et al. Prevalence 
of monoclonal gammopathy of undetermined significance. N Engl J Med 2006;354:1362–1369. 
Used with permission.)
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There are three distinct categories of MGUS each with a dif-
ferent mode of progression: IgM MGUS, non-IgM MGUS, and light 
chain MGUS, each with a different mode and risk of progression 
(Table 97.3).4,7,71

prognosis

Mayo Clinic Referral Population
The prognosis of MGUS was first established in a study of 
241 patients seen at the Mayo Clinic from 1956 through 1970.1 The 
actuarial rate of progression to MM or related disorder at 10 years 
was 17%; at 20 years, 34%; and at 25 years, 39% (Fig. 97.4).72 Of 
the 64 patients with progression, 44 (69%) had MM.

Angiogenesis
Bone marrow angiogenesis is increased in MM and has prog-
nostic value.60 In a study of 400 patients with a spectrum of 
plasma cell disorders, the median microvessel density (in vessels 
per high-power field) was 1.3 in the 42 normal controls, 1.7 in 
AL, 3 in MGUS, 4 in SMM, 11 in MM, and 20 in relapsed MM.61 
Thus bone marrow angiogenesis increases progressively from 
the pre-malignant MGUS stage to advanced MM. Using a chick 
embryo chorioallantoic membrane angiogenesis assay, Vacca et 
al. reported that 76% of MM bone marrow samples had increased 
angiogenic potential compared with 20% of MGUS samples.62 
Their findings suggest that increased angiogenesis may play a role 
in progression of MGUS to MM.

Cytokines
There is overexpression of CD126 (IL-6 receptor a-chain) in 
MGUS compared to normal plasma cells.63,64 IL-6 is a major 
growth factor for plasma cells and may therefore play a role in 
the clonal proliferation of plasma cells in MGUS. Another cyto-
kine that is of importance is IL-1b. IL-1b is produced by plasma 
cells in all patients with MM, but is undetectable in most patients 
with MGUS.65 IL-1b has strong osteoclast-activating factor activ-
ity, increases the expression of adhesion molecules, and induces 
paracrine IL-6 production. This activity parallels the development 
of osteolytic bone lesions, homing of MM cells to bone marrow, 
and IL-6–induced cell growth.66,67

As the MGUS clone evolves with additional cytogenetic 
abnormalities and changes in the microenvironment, there is 
overexpression of receptor activator of nuclear factor-kB ligand 
(RANKL) by osteoblasts (and possible plasma cells) and macro-
phage inflammatory protein 1-a (MIP 1-a ) by plasma cells.68,69 
Furthermore, there is a reduction in osteoprotegerin, the decoy 
receptor for RANKL. This leads to osteoclast activation and bone 
resorption. In addition, increased dickkopf 1 (DKK-1) expression 
by MM cells is felt to play a major role in simultaneous suppres-
sion of osteoblasts and new bone formation.70 This combination 
of factors is thought to be critical for development of lytic bone 
lesions in MM.

Clinical Features
MGUS is an asymptomatic condition. It is typically detected as an 
incidental finding when electrophoresis and immunofixation of 
the serum and/or urine or the serum FLC assay are performed 
during the work-up of suspected MM or WM. Thus, MGUS is 
usually detected during the work-up of unexplained weakness 
or fatigue, increased erythrocyte sedimentation rate, anemia, 
unexplained back pain, osteoporosis, osteolytic lesions or frac-
tures, hypercalcemia, proteinuria, renal insufficiency, or recurrent 
infections. MGUS is also detected during work-up of patients with 
symptoms suggestive of AL amyloidosis such as unexplained sen-
sorimotor peripheral neuropathy, carpal tunnel syndrome, refrac-
tory congestive heart failure, nephrotic syndrome, orthostatic 
hypotension, malabsorption, weight loss, change in the tongue or 
voice, paresthesias, numbness, increased bruising, bleeding, and 
steatorrhea.

Most cases of MGUS remain undiagnosed due to the asymp-
tomatic nature of the condition. At age 60, the proportion of 
prevalent cases that are clinically recognized is only 13%.35 This 
rate rises to 33% at age 80. When MGUS is first diagnosed, it 
is estimated that the condition has already been present in an 
undiagnosed form for a median duration of over 10 years.35 For 
example, it is estimated that 56% of women age 70 diagnosed 
with MGUS have had the condition for over 10 years, includ-
ing 28% for over 20 years. Corresponding values for men are 
55% and 31%, respectively.

Type Risk of Progression

Non-IgM MGUSa 1% per year risk of progression to multiple 
myeloma, AL amyloidosis, or related disorder

IgM MGUSb 1.5% per year risk of progression to 
Waldenström macroglobulinemia; rare patients 
can progress to IgM multiple myeloma

Light chain MGUSc Risk of progression to light chain myeloma  
and AL amyloidosis. Rate of progression  
not defined.

IgM, immunoglobulin M; MGUS, monoclonal gammopathy of undetermined significance
aAlmost all patients are IgG or IgA type. Occasional patients may have IgD or IgE monoclonal 
proteins.
b Note that conventionally IgM MGUS is considered a subtype of MGUS. Thus, when the term 
MGUS is used, in general, it includes IgM MGUS.
c Because light chain MGUS was only defined in 2010, studies pertaining to MGUS prior to 
that time do not include patients with this entity; unless otherwise specified studies since 
then may also not include patients with light chain MGUS.

From Rajkumar SV. Preventive strategies in monoclonal gammopathy of undetermined 
significance and smoldering multiple myeloma. Am J Hematol 2012;87:453–454.

ClassiFiCation oF MonoClonal gaMMoPatHY oF 
UnDeterMineD signiFiCanCe

taBLe 97.3

FIGURE 97.4. Actuarial analysis of incidence of multiple myeloma, macroglobulinemia, 
amyloidosis, or lymphoproliferative disease after recognition of monoclonal protein in 
241 patients with monoclonal gammopathy of undetermined significance. (From Kyle 
RA, , Therneau TM, Rajkumar SV, Larson DR, Plevak MF, Melton LJ 3rd. Long-term follow-up 
of 241 patients with monoclonal gammopathy of undetermined significance: the original Mayo 
Clinic series 25 years later. Mayo Clin Proc 2004;79:859–866.)
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number. The risk of development of chronic lymphocytic leukemia 
was only slightly increased.

The 75 patients in whom MM developed accounted for 65% of 
the 115 patients who had progression to a plasma cell disorder. 
The mode of development of MM among the patients with MGUS 
was variable. The M-protein level increased within 2 years of the 
recognition of MGUS in 11 patients, whereas the serum M-protein 
level was stable for more than 2 years and then increased 
within 2 years in 19 patients; in 9 others, the M-protein level 
increased gradually after having been stable for at least 2 years. 
In 9 patients, the M-protein level increased gradually during 

Southeastern Minnesota Study
The risk of progression has also been estimated in a larger pop-
ulation-based study of 1,384 persons with MGUS who resided in 
the 11 counties of southeastern Minnesota, the risk of progres-
sion of MGUS to MM or related disorder was found to be 1% per 
year.2 The median age at diagnosis of MGUS was 72 years. The 
M-protein level at diagnosis ranged from unmeasurable to 3.0 
g/dl. On the basis of the heavy-chain type of immunoglobu-
lins, 70% of the M proteins were IgG, 12% IgA, and 15% IgM. 
A biclonal gammopathy was found in 45 patients (3%). The light 
chain type was k in 61% and l in 39%. A reduction of uninvolved 
(normal or background) immunoglobulins was found in 38% 
of 840 patients in whom quantitation of immunoglobulins was 
determined. The 1,384 patients in this study were followed up 
for a total of 11,009 person-years (median, 15.4 years; range, 0 
to 35 years). During follow-up, MM, primary AL, lymphoma with 
an IgM serum M protein, WM, plasmacytoma, or chronic lym-
phocytic leukemia developed in 115 patients (8%). The cumula-
tive probability of progression to one of these disorders was 10% 
at 10 years, 21% at 20 years, and 26% at 25 years (Fig. 97.5). 
Patients were at risk for progression even after 25 years or more 
of stable MGUS. Although the risk of progression is 1% per year, 
it must be emphasized that this does not take into account other 
competing causes of death in elderly patients. After adjusting for 
competing causes of death, the true lifetime probability of pro-
gression of MGUS for the average patient is only  approximately 
10% (Fig. 97.6).

The number of patients with progression to a plasma cell dis-
order (115 patients) was 7.3 times the number expected on the 
basis of the incidence rates for those conditions in the general 
population (Table 97.4). The risk of MM developing was increased 
25-fold; WM, 46-fold; and AL amyloidosis, 8.4-fold. The risk 
of development of lymphoma was only modestly increased at 
2.4, but this risk was underestimated because only lymphomas 
associated with an IgM protein counted in the observed num-
ber, whereas the incidence rates for lymphomas associated with 
IgG, IgA, and IgM proteins were used to calculate the expected 

FIGURE 97.5. Probability of disease progression among 1,384 residents of south-
eastern Minnesota in whom monoclonal gammopathy of undetermined significance 
(MGUS) was diagnosed from 1960 through 1994. The top curve shows the probability of 
progression to a plasma cell cancer (115 patients) or of an increase in the monoclonal protein 
concentration to more than 3 g/dl or in the proportion of plasma cells in the bone marrow to 
more than 10% (32 patients). The bottom curve shows only the probability of progression of 
MGUS to multiple myeloma, IgM lymphoma, primary amyloidosis, macroglobulinemia, chronic 
lymphocytic leukemia, or plasmacytoma (115 patients). The error bars indicate 95% confidence 
intervals. (From Kyle RA, Therneau TM, Rajkumar SV, et al. A long-term study of prognosis of 
monoclonal gammopathy of undetermined significance. N Engl J Med 2002;346:564–569. 
Used with permission.)
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FIGURE 97.6. The risk of progression to myeloma or related disorder in 1,148 patients with monoclonal gammopathy of undetermined  
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risk factor for progression in monoclonal gammopathy of undetermined significance (MGUS) Blood 2005;106;812–817. © the American Society of Hematology.)
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Size of M Protein
The size of the M protein at recognition of MGUS is one of the 
most important predictors for the risk of progression. In the 
study of 1,384 patients from Southeastern Minnesota, the risk of 
progression to MM or a related disorder 10 years after diagnosis 
of MGUS was 6% for patients with an initial M-protein level of 
0.5 g/dl or less, 7% for 1 g/dl, 11% for 1.5 g/dl, 20% for 2 g/dl, 
24% for 2.5 g/dl, and 34% for 3.0 g/dl.2 Corresponding rates for 
progression at 20 years were 14%, 16%, 25%, 41%, 49%, and 
64%, respectively. The risk of progression in a patient with an 
M-protein level of 1.5 g/dl was almost twofold greater than that 
in a patient with an M-protein level of 0.5 g/dl, and the risk of 
progression in a patient with an M-protein level of 2.5 g/dl was 
4.6 times that of a patient with a 0.5-g/dl spike.

Type of M Protein
Patients with an IgM or IgA M protein have a higher risk of pro-
gression compared with those with an IgG M protein.2 IgM MGUS is 
a unique subtype of MGUS in which patients are at risk of progres-
sion to WM rather than MM.75 Due to a confusion in terminology, 
some patients with WM are referred to as having non-Hodgkin lym-
phoma or lymphoplasmacytic lymphoma (a term commonly used 
by pathologists to describe the bone marrow findings of patients 
with WM). Rarely do patients with IgM MGUS evolve into IgM 
MM.71 Among 213 patients in the Southeastern Minnesota MGUS 
study, 23 developed “non-Hodgkin lymphoma” or WM, 3 developed 
chronic lymphocytic leukemia, and 3 developed AL amyloidosis.75 
The risk of progression was 1.5% per year. The risk of progression 
of light chain MGUS relative to IgA, IgG, or IgM MGUS is not known.

Bone Marrow Plasma Cells
Cesana et al. have found that patients with MGUS who have 5% 
to 9% bone marrow plasma cells have a higher risk of progres-
sion compared with those with <5% bone marrow plasma cells.76 
Of 1,104 patients with MGUS in this study, at a median follow-up 
of 65 months, 64 MGUS cases (5.8%) evolved to MM or related 
plasma cell disorder. Patients with greater than 5% marrow plas-
macytosis had a significantly higher risk of progression compared 
to those with 5% or fewer plasma cells, 1.35 versus 0.64 per 
100 person years, respectively, P = 0.004.

Abnormal Serum-Free Light Chain Ratio
An abnormal FLC ratio is an independent risk factor for progres-
sion of MGUS. In a study of 1,148 patients with MGUS, 379 (33%) 
had an abnormal FLC ratio.19 The risk of progression in patients 
with an abnormal FLC ratio was significantly higher than that in 
patients with a normal ratio (hazard ratio 3.5; P < 0.001) and was 
independent of the size and type of serum M protein (Fig. 97.7). 
The production of excess monoclonal FLC in MGUS may be a 
biomarker for plasma cells bearing a higher degree of cytogenetic 
abnormalities thereby serving as a biomarker for a higher risk of 
progression.

risk Stratification
A risk-stratification model can be used to predict risk of progres-
sion in MGUS, and is useful for management.19 The model is 
based on the size and type of the M protein and the FLC ratio 
(Table 97.5). Patients with all three risk factors consisting of an 
abnormal serum FLC ratio, IgA or IgM MGUS, and an increased 
serum M-protein value (≥1.5 g/dl) have a risk of progression at 
20 years of 58%, whereas the risk is 37% with any two risk factors 
present, 21% with one risk factor present, and 5% when none of 
the risk factors are present. When competing causes of death were 

follow-up until the diagnosis of symptomatic MM was made. 
In 10 patients, the serum M-protein level remained essentially 
stable; the diagnosis of MM was unequivocal in these 10 patients 
because of an increase in bone marrow plasma cells, development 
of lytic lesions, or occurrence of anemia, renal insufficiency, or 
an increased level of urine M protein. Seventeen patients had an 
insufficient number of serum M-protein measurements to deter-
mine the pattern of increase. In patients with WM, the M-protein 
level showed a gradual increase in 3, stable levels were followed 
by a sudden increase in 2, and data were insufficient in 2.

Spontaneous disappearance of M protein after the diagnosis of 
MGUS was rare.2 The M protein disappeared without an apparent 
cause in 27 patients (2%), and only 6 of these 27 patients (0.4% 
of all patients) had a discrete spike on the densitometer tracing 
of the initial electrophoresis (median, 1.2 g/dl); the rest had small 
M proteins detected on immunofixation only.

Follow-up in Other Series
The risk of progression of MGUS has been estimated in sev-
eral other studies, and the results mirror those seen in the 
Southeastern Minnesota study. For example, Baldini et al. noted 
that 6.8% of 335 patients with MGUS had progression during a 
median follow-up of 70 months.73 In the Danish Cancer Registry, 
64 new cases of malignancy (5 expected; relative risk, 12.9) were 
found among 1,229 patients with MGUS.74

prognostic Factors
No findings at diagnosis of MGUS can reliably distinguish patients 
whose condition will remain stable indefinitely from those in 
whom MM or related malignancy develops. However, there are 
several known prognostic factors that assist in estimation of the 
risk of progression for appropriate counseling and management.

No. of Patients Relative Risk

Type of progression Observed Expecteda (95% CI)

Multiple myeloma  75 3.0 25.0 (20–32)

Lymphomab  19 7.8  2.4 (2–4)

Primary amyloidosis  10 1.2  8.4 (4–16)

Macroglobulinemia   7 0.2 46.0 (19–95)

Chronic lymphocytic 
leukemiac

  3 3.5  0.9 (0.2–3)

Plasmacytoma   1 0.1  8.5 (0.2–47)

Total 115 15.8  7.3 (6–9)

CI, confidence interval.
aExpected numbers of cases were derived from the age- and sex-matched white population 
of the Surveillance, Epidemiology, and End Results program in Iowa except for primary 
amyloidosis.
bAll 19 patients had serum IgM monoclonal protein. If the 30 patients with IgM, IgA, or IgG 
monoclonal protein and lymphoma were included, the relative risk would be 3.9 (95% CI, 
2.6–5.5).
cAll 3 patients had serum IgM monoclonal protein. If all 6 patients with IgM, IgA, or IgG 
monoclonal protein and chronic lymphocytic leukemia were included, the relative risk would 
be 1.7 (95% CI, 0.6–3.7).
From Kyle RA, Therneau TM, Rajkumar SV, et al. A long-term study of prognosis of 
monoclonal gammopathy of undetermined significance. N Engl J Med 2002;346:564–569. 
(Used with permission.)

risk oF Progression aMong 1,384 resiDents oF 
soUtHeastern Minnesota in WHoM MonoClonal 
gaMMoPatHY oF UnDeterMineD signiFiCanCe Was 
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taken into account, the risk of progression in the low risk group 
is only 2% at 20 years.

Life expectancy and Cause of Death
In the Mayo Clinic study of 241 patients with MGUS, survival was 
shorter compared with an age- and sex-adjusted 1980 U.S. popu-
lation (13.7 vs. 15.7 years).77 Similarly, in the population-based 
study of 1,384 patients with MGUS in Southeastern Minnesota, 
median survival was 8.1 years compared with the expected 

median of 11.8 years for Minnesota residents of matched age and 
sex (P < 0.001).2 In the study by van de Poel et al.78, the long-
term survival of 334 patients with MGUS was slightly shorter than 
the expected survival of an age- and sex-adjusted population. 
However, it is not clear from these studies if there is an excess risk 
of death from MGUS once the deaths due to malignant progres-
sion are accounted for.

Management
The differentiation between MGUS and MM and other related 
disorders is based on the criteria listed on Table 97.1.8 At the 
time of initial diagnosis all patients need a complete blood count 
(CBC), serum calcium, and serum creatinine, and a radiographic 
survey of the skeleton. A bone marrow aspiration and biopsy 
is also recommended for most patients, and cytogenetic studies 
should be done at baseline on the bone marrow sample. Although 
a bone marrow biopsy is required for the definition of MGUS, 
not all patients need to have such an examination if the clinical 
picture is otherwise consistent with MGUS, and the patient is 
low-risk by the risk-stratification model shown on Table 97.5.19 If 
available, peripheral blood flow cytometry for circulating plasma 
cells should be done.

Once the diagnosis is made, the CBC, serum calcium, creati-
nine, and serum protein electrophoresis (and serum FLC if light 
chain MGUS) must be repeated in 6 months.79 If stable, then in 
patients with low-risk MGUS, an assessment of the M protein level 
is needed only if symptoms worrisome for progression develop. 
This recommendation is based on the fact that the progression 
risk is very low in these patients, and that there are no data that 
monitoring can prevent complications in a timely manner.80 In all 
other patients with MGUS, annual follow-up of the M protein is 
recommended lifelong.

No single factor can differentiate a patient with a benign mono-
clonal gammopathy from one in whom a malignant plasma cell 
disorder develops subsequently. However, the presence of a high 
plasma cell proliferative rate, circulating plasma cells or other con-
cerning clinical or laboratory features in a patient with MGUS needs 
to be followed up frequently for other evidence of progression.

Risk Group
No. of 
Patients

Relative  
Risk

Absolute Risk  
of Progression 
at 20 Years (%)

Absolute Risk of 
Progression at 20 
Years Accounting 
for Death as a 
Competing Risk (%)

Low risk (Serum M 
protein <1.5 g/dl, IgG 
subtype, normal FLC 
ratio (0.26–1.65)

449 1 5 2

Low-intermediate 
risk (Any 1 factor 
abnormal)

420 5.4 21 10

High-intermediate 
risk (Any 2 factors 
abnormal)

226 10.1 37 18

High risk (All 3 factors 
abnormal)

 53 20.8 58 27

From Rajkumar SV, Kyle RA, Therneau TM, et al., Serum free light chain ratio is an independent risk factor for progression 
in monoclonal gammopathy of undetermined significance (MGUS) Blood 2005; 106;812–817. © The American Society 
of Hematology.

risk-stratiFiCation MoDel to PreDiCt Progression oF MonoClonal 
gaMMoPatHY oF UnDeterMineD signiFiCanCe to MYeloMa or  
relateD DisorDers

taBLe 97.5

FIGURE 97.7. Risk of progression of monoclonal gammopathy of undetermined  
significance (MGUS) to myeloma or related disorder. The top curve illustrates the risk of 
progression with time in patients with three risk factors: abnormal serum k:l free light chain 
(FLC) ratio (<0.26 or >1.65), a high serum monoclonal (M)-protein level (≥1.5 g/dl), and non-
IgG MGUS. The second curve is the risk of progression in patients with any two of these risk fac-
tors. The third curve illustrates the risk of progression with one of these risk factors. The bottom 
curve is the risk of progression for patients with none of the risk factors. (From Rajkumar SV, Kyle 
RA, Therneau TM, et al. Serum free light chain ratio is an independent risk factor for progression 
in monoclonal gammopathy of undetermined significance (MGUS) Blood 2005;106;812–817. 
© the American Society of Hematology.)
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studies also include patients with lytic lesions. Future studies of 
SMM need to use more uniformly accepted criteria so that results 
can be compared.

Extent of Bone Marrow Involvement
The natural history of SMM in the literature is based almost 
exclusively on data from patients with bone marrow plasma cells 
of less than 60%. In studies describing the diagnosis, natural 
history, and progression of SMM, no upper limit of bone mar-
row involvement was defined.10 In a study of 276 patients with 
SMM only 6 of 276 patients (2%) had a bone marrow plasma 
cell percentage of ≥60%.87 Four of these 6 patients progressed 
to symptomatic MM between 3 to 9 months following diagnosis 
of SMM. The median progression free survival was 7.7 months. 
In a separate cohort of 655 patients with SMM seen from1996 
to 2010 at the Mayo Clinic, only 21 patients (3.2%) had a bone 
marrow plasma cell percentage of ≥60%. Ninety-five percent of 
patients with ≥60% bone marrow plasma cells progressed to MM 
within 2 years of diagnosis, with a median time to progression 
(TTP) of 7 months. Patients with SMM who have bone marrow 
involvement of 60% or greater almost invariably progress to MM 
within 2 years, and we now recommend that such patients be 
considered as MM regardless of the presence or absence of end 
organ damage and be initiated on therapy.86,87 The prognostic 
value of levels of bone marrow involvement from 10% to 60% 
needs further study.

Circulating Plasma Cells
The ability of plasma cells to escape from the bone marrow 
microenvironment and circulate in the peripheral blood (“mar-
row emancipation”) is a likely hallmark of aggressive disease as 
well as malignant transformation. Except for the small subset of 
solitary plasmacytoma, most MM patients present with lytic bone 
lesions in multiple bones, suggesting hematogenous dissemina-
tion once a malignant transformation has occurred. Patients 
with abnormal peripheral blood monoclonal plasma cell studies, 
defined as an increase in the number or proliferative rate of cir-
culating plasma cells by immunofluorescent assays, are at higher 
risk for earlier progression to MM. In a study of 57 patients, Witzig 
et al. found that the median TTP was 9 months for those with 
abnormal circulating plasma cell values on a slide-based immuno-
fluorescent assay versus 30 months for those with normal results 
(P < 0.01).88 In a more recent study of 91 patients diagnosed 
with SMM at the Mayo Clinic, Bianchi et al. found that the level of 
circulating plasma cells could be used to identify patients with a 
high risk of progression to MM within the first 2 years.89 Patients 
with a high level of circulating plasma cells on an immunofluores-
cent assay (absolute peripheral blood plasma cells >5,000 × 106/L 
and/or >5% cytoplasmic immunoglobulin positive plasma cells 
per 100 peripheral blood mononuclear cells) were significantly 
more likely to progress to active disease within 2 years compared 
with patients without high circulating plasma cells, 71 versus 
25%, respectively, P = 0.001. Corresponding rates for progression 
within 3 years were 86 versus 35%, respectively, P < 0.001. The 
slide-based immunofluorescent method is not widely available, 
and these results can be more practically applied by detecting 
and quantifying circulating plasma cells using a six-color flow 
cytometric assay. In the flow assay, circulating plasma cells can be 
detected with high sensitivity by counting 150,000 mononuclear 
cell events, and can be used to calculate the absolute number of 
blood plasma cells per ml in SMM patients.

Abnormalities on Magnetic Resonance Imaging
Patients who undergo magnetic resonance imaging often have 
abnormalities detected even when the skeletal survey shows no 

sMolderinG MUltiple MyeloMa

Definition
SMM is defined by the presence of a serum M protein ≥3 g/dl 
and/or bone marrow plasma cells 10% to 60%, and absence 
of anemia, hypercalcemia, lytic bone lesions, or renal failure 
that can be attributed to the plasma cell proliferative disorder 
(Table 97.1).26,27

epidemiology
SMM accounts for approximately 15% of all cases of newly diag-
nosed MM.81 In a study conducted at the M.D. Anderson Cancer 
Center, 95 (15%) of 638 patients with MM were considered to have 
asymptomatic MM.82 Other investigators have found a higher 
proportion of patients with SMM, but the sample size in these 
studies is small.83,84 The prevalence estimates for SMM are dis-
torted because many reports include asymptomatic patients with 
lytic bone lesions on skeletal survey. Some exclude patients with 
bone lesions on skeletal survey but include patients who have lytic 
lesions on magnetic resonance imaging. Calculation of the true 
prevalence of SMM on the basis of strict criteria is not available.

pathophysiology
SMM is not a unique biologic entity.44,45 It is a heterogeneous 
entity created primarily for clinical purposes to identify a group 
of patients with asymptomatic plasma cell dyscrasia that have a 
much higher risk of progression than MGUS (10% per year) so 
that these patients can be monitored more closely.10,44,85 From a 
biologic standpoint, SMM includes patients with pre-malignancy 
(biologic MGUS) and patients with early asymptomatic malig-
nancy (MM).45,86 Unfortunately, at present, histopathologic and 
other laboratory methods cannot distinguish SMM patients with 
pre-malignant MGUS from those who have early MM because 
there is no clear marker of malignancy that can distinguish a 
clonal pre-malignant plasma cell from a clonal malignant MM cell.

Clinical Features
As with MGUS, SMM is asymptomatic and is diagnosed during the 
routine work-up for a variety of symptoms and signs.79,85 SMM 
should be differentiated from related plasma cell disorders using 
the criteria listed on Table 97.1.8

prognosis
The risk of progression of SMM is much higher compared with 
MGUS, 10% per year compared with 1% per year. In a study of 
276 patients with SMM, the risk of progression was 10% per year 
for the first 5 years, 5% per year for the next 3 years, and then 1% 
to 2% per year thereafter.10 This pattern of progression in which 
there is a plateau after 10 years is consistent with the heteroge-
neous nature of SMM; in the first 10 years, the subset of patients 
with early MM declare themselves with symptomatic disease, and 
after 10 years, the remaining cohort of patients is identical to 
MGUS in biology and clinical behavior. A subset of patients can 
remain free of progression for several years.9 Another study has 
reported a lower rate of progression of only 20% at 6 years.76 
However, the definition of SMM used in this study was different; 
it considered patients to have SMM only if they had no disease 
progression after 1 year of follow-up.

prognostic Factors
The assessment of prognostic factors for SMM is hampered by 
varying diagnostic criteria used to define the cohort. Several 

72683_ch097_2029-2045.indd   2038 30/07/13   1:53 PM



 ChaPtEr 97 Monoclonal gammopathies of Undetermined significance and smoldering Multiple Myeloma 2039

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

More recently, clinical trials have found that thalidomide may 
delay TTP, but there are long-term side effects associated with 
this treatment that make it unsuitable for intervention in an 
asymptomatic population.98,99 In a randomized trial, Witzig et al. 
compared thalidomide plus zoledronic acid versus zoledronic acid 
alone in patients with SMM.100 The TTP was superior for patients 
treated with thalidomide plus zoledronic acid (n = 35) compared 
with zoledronic acid alone (n = 33); median TTP 2.4 years 
(95% CI:1.4 to 3.6) versus 1.2 years (95% CI:0.7 to 2.5), respec-
tively, P = 0.02. Lenalidomide plus dexamethasone has also 
shown promising activity in high-risk SMM. A recent randomized 
trial of lenalidomide plus dexamethasone in high-risk SMM is 
an excellent example of this strategy, in which the investigators 
demonstrated a significant prolongation of TTP, and preliminary 
evidence of a survival benefit.101 An ECOG trial is comparing 
lenalidomide versus observation in this patient population. Other 
trials are exploring agents such as bisphosphonates, IL-1b inhibi-
tors, clarithromycin, and dehydroepiandrosterone in an attempt 
to delay progression of SMM to symptomatic MM.102

In addition to clinical trials, efforts are also under way to iden-
tify biomarkers that can predict patients who will inevitably prog-
ress to symptomatic MM within 2 years with high (80% or greater) 
accuracy.45,86 Many groups are actively working toward this goal, 
and several promising biomarkers have already been identified as 
candidates for further study (Table 97.6).20,94 If such biomarkers 
are validated, patients with SMM who are considered as high risk 
(>80% progression risk within 2 years) may be candidates for 
initiation of therapy similar to MM.

Variants of Monoclonal 
GaMMopatHy of UndeterMined 
siGnificance

Secondary Monoclonal Gammopathy of 
Undetermined Significance
During the course of MM, new M proteins of an isotype distinct 
from the original clone can arise, and are referred to as  secondary 
MGUS. In a study of 1,942 patients with MM, 128 (6.6%) devel-
oped a secondary MGUS, at a median time of 12 months from the 
diagnosis of MM.103 The median duration of secondary MGUS 
was 6 months. In 34 (27%) of the 128 patients with secondary 
MGUS, there were multiple secondary MGUSs of varying isotypes. 
Secondary MGUS was more common in patients who had under-
gone SCT compared to those who had not undergone such a pro-
cedure: 23% versus 2%, respectively, P < 0.001. Most secondary 

lytic lesions.81,90 Abnormal focal lesions on magnetic resonance 
imaging are associated with a shortened TTP in SMM.91,92

Serum Free Light Chain Assay
The serum FLC ratio can predict risk of progression in MGUS.19 
Similarly, among 116 patients with solitary plasmacytoma, an 
abnormal FLC ratio was associated with higher risk of progres-
sion to MM (P = 0.039).21 In a study of 273 patients with SMM, 
an FLC ratio of ≤0.125 or ≥8 was an independent risk factor for 
progression (HR, 2.3; 95% CI, 1.6 to 3.2). Patients identified as 
high risk based on this assay had a 25% per year risk of progres-
sion in the first 2 years.20

Absence of Normal Plasma Cells on 
Multiparametric Flow Cytometry
Certain immunophenotypic markers distinguish MM cells from 
normal PCs with a high degree of accuracy.93 A Spanish study 
defines abnormal (MM-type) plasma cell immunophenotype as 
lack of expression of CD19 and/or CD45, expression of CD56, or 
weak expression of CD38. In SMM, if >95% plasma cells in the 
bone marrow have an abnormal immunophenotype, there is a 
17-fold increased risk of progression.94 In other words, the pres-
ence of <5% normal bone marrow plasma cells in a patient with 
SMM is associated with a significantly higher risk of progression.

Cytogenetic Abnormalities
The prognostic value of cytogenetic abnormalities in SMM have 
not been fully evaluated. In general, the presence of MYC abnor-
malities, 17p deletion, and RAS mutations, particularly K-RAS, are 
markers of malignant transformation and are likely associated 
with higher risk of progression in SMM.59

Plasma Cell Proliferative Rate
A cardinal feature distinguishing MGUS from MM is the prolifera-
tive rate of the clonal plasma cell population. Indeed, using a slide-
based immunofluorescent assay, there are preliminary data that 
high plasma cell labeling index (PCLI) values (≥1) identify patients 
with SMM who progress within 2 years with high specificity.95 
However, the PCLI method is subjective, and not widely available. 
A six-color flow cytometric assay, currently in clinical practice, 
offers greater sensitivity and reproducibility. Further studies are 
needed to investigate the flow cytometry-based proliferative rate 
as a biomarker that can distinguish SMM patients with malignant 
transformation from those who have MGUS.

Management
The current standard of care in SMM is close follow-up once every 
3 to 6 months without chemotherapy.79,85 Two trials done prior 
to the arrival of thalidomide, lenalidomide, and bortezomib found 
no significant improvement in OS in patients who received imme-
diate treatment with melphalan plus prednisone compared with 
those who received treatment at progression for stage I or asymp-
tomatic MM. Hjorth et al. randomly assigned 50 patients with 
asymptomatic stage I MM to observation versus chemotherapy 
with melphalan and prednisone.96 No differences were observed 
in OS between the two groups. Grignani et al. reported similar 
survival time with immediate or deferred therapy in a series of 
44 patients with asymptomatic MM.97 However, these trials were 
underpowered, and more data are needed.86 The recommenda-
tion to observe closely without treatment until progression is also 
based on the possible short-term and long-term side effects of 
therapy, and the fact that in some patients SMM may not progress 
for months to years.

High involved/uninvolved free light chain ratios (≥100)

High levels of circulating plasma cells

High bone marrow plasma cell proliferative rate

Abnormal plasma cell immunophenotype

Marked suppression of uninvolved immunoglobulins

Specific cytogenetic abnormalities

Abnormalities on magnetic resonance imaging studies

Rise in monoclonal protein or light chain levels over time

From Rajkumar SV. Preventive strategies in monoclonal gammopathy of undetermined 
significance and smoldering multiple myeloma. Am J Hematol 2012;87:453–454.

Potential BioMarkers For PreDiCting HigH risk oF 
Progression in sMolDering MUltiPle MYeloMa

taBLe 97.6
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6 years without evidence of progressive disease.114 Similarly, an 
IgD l MGUS patient has been reported from the Mayo Clinic who 
remained stable for more than 8 years without development of 
MM or related disorder.115 The IgD l protein in this patient has 
remained stable after 24 years follow-up.

association of Monoclonal 
GaMMopatHy WitH otHer 
diseases
Serum protein electrophoresis is commonly done in patients 
presenting with a wide variety of clinical symptoms. This results 
in the incidental diagnosis of MGUS in a wide variety of clinical 
settings. Inasmuch as MGUS is common in the general population, 
and because the prevalence increases with age, “associations” 
with various diseases can occur just coincidentally. Thus over 
the years, over a hundred different medical conditions have been 
reported to be associated with MGUS, and most such reported 
associations are not likely causally related. The only method to 
ascertain definitively true disease associations with MGUS that 
are etiologically related is to screen all persons in a geographic 
population for the presence or absence of MGUS, and then deter-
mine the diseases that are significantly associated in patients with 
and without MGUS. Only one such systematic study has been con-
ducted so far. Bida and colleagues studied the association of MGUS 
with all diseases in a population-based cohort of 17,398 patients, 
all uniformly tested for the presence or absence of MGUS.116 
Among 17,398 persons, 605 MGUS cases and 16,793 negative 
controls were identified. The computerized Mayo Medical Index 
was used to obtain information on all diagnoses entered between 
January 1, 1975 and May 31, 2006 totaling 422,663 person-years 
of observations. The study encompassed all prior reported associ-
ations in detail, and also looked for new associations not hitherto 
described. Data were analyzed using stratified Poisson regression, 
adjusting for age, gender, and total person-years of observation. 
The study confirmed a significant association in 14 (18.7%) of 75 
previously reported disease associations with MGUS, including 
vertebral and hip fractures and osteoporosis (Table 97.7). Several 
of these associations were known progression events of MGUS 
such as MM and Waldenström macroglobulinemia. A systematic 
analysis of all 16,062 diagnostic disease-codes found additional 
previously unreported associations, including hyperlipidemia, 
mycobacterium infection, and superficial thrombophlebitis.

Some commonly reported disease associations are briefly dis-
cussed below. In some of these cases, the association with MGUS 
is undoubtedly causal and has great clinical relevance such as 
MGUS-associated neuropathy, membranoproliferative glomerulo-
nephritis (MPGN), and several dermatologic disorders. In others, 
the association is real, but carries limited clinical consequences 
such as M proteins that arise with immunosuppression. In oth-
ers, such as the association with leukemia and other hematologic 
disorders, connective tissue disorders, neurologic disorders, and 
rheumatologic disorders it is impossible to determine whether the 
reported associations are coincidental, and they have limited clin-
ical or etiologic significance. Most such associations are reported 
from studies in which not all patients were screened for the pres-
ence or absence of MGUS. Thus, the reported associations merely 
reflect the type of diseases and clinical settings in which a serum 
protein electrophoresis is ordered rather than a true association 
with the result of the test.

Monoclonal Gammopathy of Undetermined 
Significance associated Neuropathy
MGUS-associated neuropathy is a well-described entity.117,118 In a 
Mayo Clinic study of 279 patients with a sensorimotor peripheral 

MGUS M proteins were small, detectable by immunofixation only 
in 84 patients (66%). OS was significantly superior among patients 
who developed secondary MGUS compared with those who did 
not develop a secondary MGUS: 73 months versus 38 months, 
respectively, P < 0.001. Other studies on secondary MGUS have 
also found a survival benefit with secondary MGUS that appears 
in MM patients following SCT.20,104,105 Among patients with sec-
ondary MGUS, there is a trend to better OS in those in whom the 
MGUS resolved compared to those with persistent MGUS.

Biclonal and triclonal Gammopathy
Biclonal gammopathies are characterized by the presence of two 
different M proteins and occur in 3% to 6% of patients with mono-
clonal gammopathies. The two M proteins may be caused by the 
proliferation of two different clones of plasma cells, each produc-
ing an unrelated M protein, or by production of two M proteins by 
a single clone of plasma cells. In one study, biclonal gammopathy 
of undetermined significance was found in 37 of 57 patients with 
a biclonal gammopathy.106 Riddell et al. reported that 2.5% of 
1,135 patients with monoclonal gammopathy had biclonal gam-
mopathy.107 They postulated that in some patients complete class 
switching in a single plasma cell clone resulted in the production 
of two M proteins, but in others the M proteins arose from two 
separate plasma cell clones.

Triclonal gammopathy is rare. Most reported cases have been 
associated with immunodeficiency syndromes or lymphoprolifera-
tive disorders.108–110

Idiopathic Bence Jones proteinuria (Benign 
Monoclonal Light Chain proteinuria)
Idiopathic Bence Jones proteinuria represents a more advanced 
stage of light chain MGUS, in which there is excretion of mono-
clonal light chains in the urine without any evidence of end organ 
damage to suggest MM or related disorder.111,112 It is best consid-
ered as representing light chain SMM.7 In one study, two patients 
with stable serum M-protein levels excreted 0.8 g/d or more of 
Bence Jones protein for more than 17 years without disease pro-
gression.111 In a separate study, seven patients with Bence Jones 
proteinuria (>1 g/24 hour) were described in whom there was no 
evidence of heavy chain expression in the serum or urine, and no 
evidence of MM or a related disorder.113 During long-term follow-
up, three of the seven patients developed MM, two others had an 
increase of their Bence Jones protein (BJP), and two remained 
stable during follow-up. One of the two patients who remained 
stable died of lung cancer after 10 years follow-up without change 
in the BJP, whereas the other patient died of a cardiac arrhythmia 
36 years after diagnosis. An autopsy showed no evidence of MM 
or AL amyloidosis. The precise cut-off of urine M protein excre-
tion that will distinguish LC-MGUS from idiopathic Bence Jones 
proteinuria remains unclear and is the subject of ongoing studies. 
Although idiopathic Bence Jones proteinuria may remain stable 
for years, as with MGUS or SMM, there is a continued risk of pro-
gression to MM or related disorder, and therefore patients must 
be followed up indefinitely.

IgD Monoclonal Gammopathy of Undetermined 
Significance
In most studies of MGUS, there are few if any patients with IgD 
MGUS making it hard to ascertain the natural history of this entity. 
In general, because IgD is not usually secreted, the presence of 
a serum IgD M protein almost always indicates MM, AL amy-
loidosis, or plasma cell leukemia. However, IgD MGUS has been 
reported occasionally. O’Connor et al. described a patient with an 
IgD l protein level of 0.5 g/dl who was followed up for more than 

72683_ch097_2029-2045.indd   2040 30/07/13   1:53 PM



 ChaPtEr 97 Monoclonal gammopathies of Undetermined significance and smoldering Multiple Myeloma 2041

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

Description (Reference)

Positive 
MGUS 
Cases

Age and Sex 
Adjusted Case 
Rate per 100,000 
Person-Yearsa

Positive 
Controls

Age and Sex 
Adjusted Control 
Rate per 100,000 
Person-Yearsa

Risk Ratio  
(95% CI) P-Valueb

Macroglobulinemia1,290,278 5 55.1 1 0.6 96.2(11.0–836.5) <0.001

Multiple myeloma278 29 257.4 19 7.9 32.6(18.1–58.7) <0.001

Plasma cell proliferative  
disorder278

11 87.1 9 3.1 28.0(11.4–68.7) <0.001

Amyloidosis278 7 85.2 18 11.8 7.2(3.0–17.4) <0.001

CIDP124,291 2 14.9 8 2.5 5.9(1.2–28.4) 0.03

Liver transplant292 2 13.9 10 2.6 5.4(1.2–25.3) 0.03

Kidney  
transplant174,176,177,293

5 34.6 38 9.8 3.5(1.4–9.1) 0.01

Lymphoproliferative  
disease294

17 161.2 105 48.0 3.4(2.0–5.6) <0.001

Autonomic neuropathy122 5 35.8 39 11.0 3.2(1.3–8.3) 0.01

Vertebral fracture 46 511.1 478 263.9 1.9(1.4–2.6) <0.001

Hip fracture 36 581.6 388 377.1 1.5(1.1–2.2) 0.01

Hypercalcemia295 40 297.5 736 214.9 1.4(1.0–1.9) 0.05

Osteoporosis296 153 1,701.1 3,013 1,407.7 1.2(1.0–1.4) 0.02

Urticaria171,297,298 20 144.8 1,003 242.9 0.6(0.4–0.9) 0.02

CI, confidence interval; CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; MGUS, monoclonal gammopathy of undetermined significance
aRates age and sex adjusted
bUnadjusted P values.

From Bida JP, Kyle RA, Therneau TM, et al. Disease associations with monoclonal gammopathy of undetermined significance: a population-based study of 17,398 patients. Mayo Clin Proc 
2009;84:685–693.

Disease assoCiations PrevioUslY rePorteD in tHe literatUre in WHiCH a signiFiCant Disease assoCiation WitH 
MonoClonal gaMMoPatHY oF UnDeterMineD signiFiCanCe (MgUs) CoUlD Be ConFirMeD aMong resiDents oF  
olMsteD CoUntY, Minnesota

taBLe 97.7

neuropathy of unknown cause, MGUS was found in 6%.119 Other 
series have found similar rates.120–122 In one study, neuropathy 
was found on testing in 2 of 34 patients with IgG (6%) MGUS, 2 of 
14 with IgA MGUS (14%), and 8 of 26 with IgM MGUS (31%).122 
However, the neuropathy was not clinically apparent in approxi-
mately 50% of these patients.

In most cases, MGUS-related neuropathy is predominantly 
a demyelinating process with some features of axonal degen-
eration.123 When patients classified as having chronic inflamma-
tory demyelinating polyradiculoneuropathy (CIDP) are studied, 
patients with an associated MGUS have a more indolent course, 
less severe motor symptoms and weakness, but more frequent 
sensory loss.124 Occasionally a MGUS neuropathy can present 
with a predominant axonal pattern. This subtype is associated 
with mild, symmetric, slowly progressive, predominantly sensory 
neuropathy involving the lower extremities.125 In a Mayo Clinic 
series, the size of the M spike was not associated with the severity 
of the neuropathy.126

The most common type of M protein in MGUS neuropa-
thy is IgM. The clinical and electrodiagnostic manifestations 
resemble those of chronic inflammatory demyelinating polyneu-
ropathy.122,127 Motor involvement is less prominent than sensory 
involvement. Cranial nerve and autonomic functions are intact.128 
The course of the neuropathy is progressive in more than two-
thirds of patients.126 In approximately half of patients with an 
IgM monoclonal gammopathy and peripheral neuropathy, the M 
protein binds to myelin-associated glycoprotein (MAG).129,130 The 
MAG-reactive polyneuropathies are characterized by a slowly 
progressive, mainly sensory neuropathy beginning in the distal 

extremities and extending proximally. In a Mayo Clinic study, 
the type and severity of neuropathy with anti-MAG were not 
greatly different from those without anti-MAG.126 Discriminative 
and proprioceptive modalities are more severely involved than 
touch, pain, and temperature. The IgM protein may also bind to 
various other peripheral nerve components such as anti-GM-1 
IgM antibodies, but the pathogenetic relationship needs further 
study.131,132,133

The relationship of IgG and IgA M proteins to peripheral neu-
ropathy is less well documented.118,134 IgG and IgA neuropathy 
may have more motor impairment and may have more features 
of axonal degeneration than IgM neuropathy.122

Differential Diagnosis
Inasmuch as 3% to 4% of the general population has an MGUS, in 
most patients the association of MGUS and neuropathy is likely 
coincidental. Therefore, the first step in a diagnostic evaluation 
should be to consider and exclude other causes of neuropathy. 
MGUS neuropathy is a diagnosis of exclusion, and there are 
no specific clinical or laboratory tests that are specific for the 
diagnosis. Intervention often involves administering anticancer 
therapy in patients without malignancy, therefore a diagnosis 
of MGUS neuropathy should not be made lightly. In the absence  
of other causes of neuropathy, the younger the patient, and 
the more severe the neuropathy, one should be more serious 
in considering MGUS as the cause of neuropathy and one that 
warrants intervention. The differential diagnosis of MGUS neu-
ropathy should also consider other plasma cell disorders that are 
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Membranoproliferative Glomerulonephritis
A substantial proportion of cases with “idiopathic” immune- 
complex mediated MPGN are now felt to be related to MGUS.152,153 
In a study of 126 patients with MPGN conducted at the Mayo 
Clinic, 22% were associated with a monoclonal gammopathy.152 
Excluding other known causes such as hepatitis B and hepatitis C, 
approximately 40% of cases of idiopathic MPGN could be attrib-
uted to MGUS. MGUS-associated MPGN is characterized by sub-
endothelial and mesangial deposition of immune complexes that 
show light chain restriction on immunofluorescent studies. The 
optimal treatment has not been well defined, but depending on 
the clinical symptoms, therapy targeted against the M protein is 
reasonable.153 In a small subset of patients light chain restricted 
MPGN is seen on renal biopsy with no M protein in the serum or 
urine, and no clonal plasma cells in the bone marrow. The natural 
history of this subset is unclear.

Inasmuch as the kidney is often involved in plasma cell disor-
ders such as light chain cast nephropathy, light chain deposition 
disease, and AL amyloidosis, renal involvement in patients with 
M proteins requires a careful evaluation and differential diag-
nosis. Besides MPGN and these known entities, other reported 
associations include rapidly progressive glomerulonephritis,154 
dense deposit disease,155 and “idiopathic” focal and segmental 
glomerulosclerosis.156

Dermatologic Diseases
A variety of dermatologic diseases has been associated with 
MGUS.157 Lichen myxedematosus (papular mucinosis, scleromyx-
edema) is a rare dermatologic condition frequently associated 
with an IgG l monoclonal protein.158 Scleredema (Buschke’s dis-
ease) has been noted with an M protein, but the role of the M pro-
tein is unknown.159 Other known associations include pyoderma 
gangrenosum,160 diffuse plane xanthomatosis,161–163 and subcor-
neal pustular dermatosis.164,165 Necrobiotic xanthogranuloma, is 
frequently found with an IgG M protein,166,167 and Schnitzler’s 
syndrome is a rare disorder characterized by the presence of 
chronic urticaria and an IgM monoclonal gammopathy.168–171

Immunosuppression
M proteins arise in patients with immunosuppression. M proteins 
have been reported in patients with the acquired human immuno-
deficiency syndrome, but do not appear to have any prognostic sig-
nificance.172,173 M proteins have been detected in approximately 
5% to 10% of patients following renal  transplantation.174,175,176 
Others have reported rates as high as 30%.177,178 In fact, in 
one study, the incidence was 10 times greater than that in a 
control group with chronic renal insufficiency who were receiv-
ing dialysis.177 The presence of cytomegalovirus infection after 
renal transplantation in pediatric patients has been associ-
ated with an increased incidence of M proteins.179 M proteins 
have also been reported in patients receiving other forms of 
organ transplantation. Approximately 25% of patients following 
heart  transplantation,180,181 and approximately 30% of patients 
 following liver transplantation have been reported to develop 
M proteins.182,183

The effect of organ transplantation on patients with MGUS is 
unclear. In a report of five patients with MGUS undergoing trans-
plantation, SMM developed in two and one had an increase in the 
serum M protein.184 Amyloidosis developed 10 years after an IgG 
k M protein was recognized after renal transplantation in another 
patient. In a more recent study, 3,518 patients who underwent 
renal transplantation at the Mayo Clinic were studied.185 MGUS 
was identified in 42 patients: 23 prior to transplantation, and 
19 after transplantation. Of the patients who had MGUS prior to 

associated with neuropathy, namely AL amyloidosis and POEMS 
syndrome.135,136,137 In neuropathy related to AL amyloidosis 
both upper and lower extremities tend to be affected, whereas in 
MGUS neuropathy peripheral regions of the lower extremities are 
primarily affected. AL amyloidosis also has a greater tendency to 
be associated with autonomic features (postural hypotension, 
sphincter dysfunction, anhidrosis). In most cases, MGUS neu-
ropathy tends to be primarily demyelinating, whereas neuropa-
thy in AL amyloidosis is characterized by axonal degeneration.  
A diagnosis of AL amyloidosis is often suggested by the pres-
ence of other organ involvement, and requires demonstration 
of Congo red positive amyloid material on fat aspirate, or an 
affected organ. POEMS syndrome is associated with a pre-
dominantly motor chronic inflammatory demyelinating poly-
neuropathy, sclerotic bone lesions, and a varying number of 
associated abnormalities such as hepatomegaly, hyperpigmen-
tation, hypertrichosis, gynecomastia, testicular atrophy, club-
bing, polycythemia, thrombocytosis, and Castleman’s disease. 
In POEMS syndrome, the neuropathy is often progressive and 
disabling. Although MGUS neuropathy is also demyelinating in 
most instances, it is typically more of a sensory neuropathy. MM 
and WM can also be associated with neuropathy, either directly 
due to the plasma cell disorder, or as a result of therapy. When 
related to the plasma cell disorder, the neuropathy in MM and 
macroglobulinemia is similar in pathogenesis to MGUS neuropa-
thy; in contrast the pathogenesis of neuropathy in AL amyloidosis 
and POEMS syndrome is probably different mechanistically from 
MGUS neuropathy.

Treatment
The results of treatment of peripheral neuropathy and monoclonal 
gammopathy have been disappointing. A variety of interventions 
has been tried, but there are few good trials.138 Most treatment 
recommendations are based on anecdotal experience. Intravenous 
immunoglobulin has been used, but the results have been disap-
pointing.139 However, intravenous immune globulin may be of 
benefit in patients with IgG MGUS related neuropathy, with 40% 
of patients showing improvement in one study.140 Plasmapheresis 
has been of benefit in some patients.141 In a double-blind 
controlled trial conducted at the Mayo Clinic, 39 patients with 
peripheral neuropathy and MGUS of the IgG, IgA, or IgM type 
were randomly assigned to undergo plasmapheresis or sham 
plasmapheresis.142 Plasma exchange prevented worsening of or 
ameliorated the neuropathy. Patients with IgG or IgA gammopathy 
had a better response to plasma exchange than those with IgM 
gammopathy. In another study, 8 of 13 patients with a monoclonal 
gammopathy and peripheral neuropathy obtained benefit from 
plasma exchange.143 Patients who do not respond to this program 
may be given rituximab when the M protein is of the IgM type 
or standard treatments used for MM such as lenalidomide and 
dexamethasone, or melphalan plus prednisone for IgG and IgA 
gammopathies.144 In one study, 21 patients with IgM MGUS neu-
ropathy treated with rituximab were compared with 13 untreated 
controls.145 Rituximab treatment was associated with decreased 
IgM levels and improvement in strength. Two randomized tri-
als have investigated the role of rituximab in IgM MGUS neu-
ropathy.146 In one trial, the authors randomized 26 patients with 
anti-MAG positive IgM MGUS to rituximab versus placebo.147 An 
improvement in neuropathy was noted in approximately 25% of 
patients. In another randomized trial, 54 patients were studied, 
and a similar benefit was observed.148 Additional studies, with 
placebo controls and blinded outcome measures, are warranted to 
further test the efficacy of rituximab treatment of IgM-associated 
polyneuropathies. In patients with IgM MGUS neuropathy refrac-
tory to rituximab, fludarabine or other treatments used for WM 
can be tried.149,150,151
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Connective tissue Disorders
Rheumatoid arthritis,219 seronegative erosive arthritis,220 sys-
temic lupus erythematosus, and other connective tissue disorders 
have been reported with MGUS.221–223 Polymyalgia rheumatica 
and polymyositis have also been reported with monoclonal gam-
mopathy.224–226

Neurologic Disorders
Several instances of monoclonal gammopathy and amyotrophic 
lateral sclerosis have been reported, including one series of 
120  patients with amyotrophic lateral sclerosis in whom 11 
(9%) had an associated M protein.227–229 However, a causal rela-
tionship has not been established. Other neurologic disorders 
that been reported in association with MGUS include myas-
thenia gravis,230,231 ataxia-telangiectasia,232,233 and nemaline  
myopathy.234

Miscellaneous Conditions

Systemic Capillary Leak Syndrome
Numerous other associations have been reported with MGUS. One 
important association is with angioneurotic edema and acquired 
deficiency of C1 esterase inhibitor.235 In some instances, the 
M protein functions as an antibody that modifies the interaction 
between C1 inhibitor and its target protein.236 The most impor-
tant consequence is systemic capillary leak syndrome which can 
be life-threatening.237 In a review of the literature, all 21 patients 
with a systemic capillary leak syndrome had a serum M protein 
(IgG k in 12; IgG l in 7; IgA in 1; IgG with an unspecified light 
chain in 1).238 In another series of 25 patients with systemic 
capillary leak syndrome seen at the Mayo Clinic, the median age 
at diagnosis was 44 years.239 The median time to diagnosis from 
symptom onset was approximately 1 year, but in 25% the time to 
diagnosis was longer than 4 years (interquartile range, 0.5 to 4.1 
years). A monoclonal gammopathy, mostly IgG-k type, was found 
in 19 patients (76%). The degree of albumin decrease during an 
attack was correlated with the development of rhabdomyolysis. 
Acute attacks are usually managed with fluids and supportive 
care. Long-term prophylactic therapy usually consists of theoph-
ylline (or aminophylline) along with terbutaline. A leukotriene 
inhibitor can be tried in patients refractory to theophylline or 
terbutaline.

Hepatitis C
Most cases of type II cryoglobulinemia are related to hepatitis C, 
and are associated with an IgM monoclonal protein.240,241 The 
incidence of hepatitis C virus infection was 69% in 94 patients 
with mixed cryoglobulinemia and 14% in 107 patients without 
cryoglobulinemia242. In another series of 102 cases of MM, WM, 
or MGUS, hepatitis C virus infection was found in 16% of patients 
but in only 5% of controls.243 An M protein was found in 11% of 
239 hepatitis C virus-positive patients but in only 1% of 98 hepa-
titis C virus-negative patients. Thus, the prevalence of M proteins 
in patients with hepatitis C virus-related chronic liver diseases is 
high.244

Other Disorders
M proteins have been noted in numerous other disorders such 
as chronic active hepatitis, primary biliary cirrhosis, Henoch-
Schönlein purpura, bacterial endocarditis, Hashimoto thyroiditis, 
idiopathic pulmonary fibrosis, pulmonary alveolar proteino-
sis, idiopathic pulmonary hemosiderosis, sarcoidosis, thymoma, 

renal transplantation, 2 developed progression of the plasma cell 
disorder, both to SMM. None of the 19 patients who developed 
an MGUS after transplant progressed to MM or related disorder. 
Thus, progression of MGUS following renal transplantation is 
rare. A few patients in this study developed post-transplant lym-
phoproliferative disorder and the relationship of this entity with 
MGUS needs further study.

Leukemia and Other hematologic Disorders
Mailankody and colleagues studied the risk of acute myeloid 
leukemia (AML) and myelodysplastic syndrome (MDS) in patients 
with MM and MGUS using population-based data from Sweden.186 
They identified 8,740 patients with MM and 5,652 patients with 
MGUS diagnosed between 1986 and 2005. They found a 11.5-fold 
increased risk of AML or MDS in patients with MM. But more 
strikingly, MGUS patients also had an 8-fold (95% CI 5.4 to 11.4) 
increased risk of AML/MDS compared with controls. The risk 
was confined to IgG/IgA MGUS, and the highest risk was seen in 
patients with an M protein of >1.5 g/dl. A subsequent study from 
the Mayo Clinic has also found an increased risk of acute leukemia 
and MDS in MGUS.187 This study utilized data from the popula-
tion-based cohort established in Olmsted County to estimate the 
prevalence of MGUS in the general population and therefore was 
not subject to detection or ascertainment bias.3 MGUS patients 
had a significantly higher risk of developing acute leukemia (AML 
or acute lymphoblastic leukemia) or MDS compared with controls, 
risk ratio 2.20 (95% CI 1.23, 3.92), P = 0.008.187 These findings 
suggest that there may be an inherent increased risk of acute 
leukemia and MDS in patients with plasma cell disorders that is 
independent of MM therapy.

An association between MGUS and chronic lymphocytic leuke-
mia has been reported. In one study, 100 patients with chronic 
lymphocytic leukemia and an M protein in the serum or urine 
were described.188 The M protein type was IgM in 38%, and IgG in 
51%. No major differences were apparent in patients with chronic 
lymphocytic leukemia, whether they had an IgG or an IgM M 
protein. Monoclonal gammopathy also has been reported in hairy 
cell leukemia,189 adult T-cell leukemia,190 mycosis fungoides,191 
Sézary syndrome,192 non-Hodgkin lymphoma,193 Kaposi sar-
coma,194 and chronic myeloid leukemia,195 but the significance of 
these associations is not known.

MGUS has been reported in patients with MDS,196 and 
myeloproliferative disorders including chronic myeloid leukemia, 
myelofibrosis and polycythemia vera.197–201 Duhrsen et al. found 
that the frequency of M proteins was 8.5% (16 of 188) among 
patients with idiopathic myelofibrosis, which suggests a possible 
true association.201

MGUS has also been linked to a variety of coagulation disor-
ders. Cases of acquired von Willebrand’s disease resulting from 
monoclonal gammopathy have also been described.201–204 In 
several patients, a specific interaction between the M component 
and the antigenic portion of the factor VIII molecule was demon-
strated.205–209 In these patients, intravenous gamma globulin had 
a longer-lasting effect than did infusion of von Willebrand’s factor 
concentrate.210 In addition to acquired von Willebrand disease, 
a bleeding diathesis may also occur in MGUS from binding of 
an M protein to thrombin.211 Thromboembolic disease has also 
been noted to be more frequent in patients with MGUS.212 The 
mechanisms are unknown, but in rare instances the paraprotein 
in MGUS may have lupus anticoagulant activity.213 An increased 
incidence of antiphospholipid antibodies has also been reported 
in patients with MGUS.214

Other rare associations that have been reported include 
Gaucher disease215 and pernicious anemia,216  as well as pure red 
cell aplasia caused by a block in the maturation of the erythroid 
burst forming unit (114) .217,218
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hereditary spherocytosis, Doyne macular heredodystrophy, and 
eosinophilic fibrohistiocytic lesions of the bone marrow, but these 
associations are likely coincidental.116 M proteins have also been 
associated with corneal crystalline deposits and hyperlipoprotein-
emia, and the relationship of monoclonal gammopathy to these 
diseases is not clear.

M proteins with antibody activity
M proteins may have autoantibody activity, and there have been 
numerous reported associations.245,246 Of 612 patients in whom 
M proteins were studied for their antibody activity against actin, 
tubulin, thyroglobulin, myosin, myoglobin, fetuin, albumin, 
transferrin, and double-stranded DNA, 36  (5.9%) had antibody 
activity.247 In some patients with MGUS, MM, or Waldenström 
macroglobulinemia, the M protein has exhibited unusual 
specificities to dextran,248 antistreptolysin O,249 antinuclear 
 activity,250 smooth muscle,251 riboflavin,252,253  thyroglobulin,254 
insulin,255 double-stranded DNA,256 apolipoprotein,257 thyrox-
ine,258  cephalin,259 lactate dehydrogenase,260 anti-HIV,261 and 
antibiotics.262

In one patient, xanthoderma–xanthotrichia (yellow discolor-
ation of the skin and hair) was caused by an IgG l protein with 
antiriboflavin antibody activity. Xanthoderma disappeared when 
the IgG level decreased to less than 2 g/dl after chemotherapy.252 
Another patient with similar clinical and laboratory features has 
been reported.253

DiMinno et al. described a patient with MM and a bleeding 
diathesis in whom an IgG1 k protein reacted with platelet glyco-
protein IIIa.263 This produced a thrombasthenia-like state. An IgM 
k M protein that agglutinated platelets and produced a pseudo-
thrombocytopenia has been reported.264

The binding of calcium by M protein may produce hypercal-
cemia without symptomatic or pathologic consequences.265,266 
This situation must be recognized so that patients are not 
treated for hypercalcemia.267 Copper-binding M protein has 
been found in two patients with MM.268,269 Binding of an M 
protein with transferrin, producing a high serum iron level, 
has been reported.270,271 Hilgard et al. described a patient with 
multiple thrombi from intravascular precipitation of an IgG l 
monoclonal cryoglobulin with transferrin and fibrinogen.272 
Pettersson et al. described a patient with an IgG k protein that 
bound phosphate, producing a spurious elevation of the serum 
phosphorus level.273 Transient M proteins with antibody activity 
have also been recognized after infection in children. One report 
described a newborn with congenital toxoplasmosis who had an 
IgG l protein.274
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Multiple myeloma (MM) is a neoplastic plasma cell dyscrasia 
(PCD) characterized by a clinical pentad: (1) anemia, (2) a mono-
clonal protein in the serum or urine or both, (3) bone lesions and/
or bone pain, (4) hypercalcemia, and (5) renal insufficiency. With 
the exception of monoclonal gammopathy of undetermined sig-
nificance (MGUS), it is the most common PCD, with an incidence 
of about 4.5 per 100,000 per year in the United States. Solitary 
plasmacytoma and plasma cell leukemia (PCL) are recognized as 
separate entities and are much less prevalent. The underlying 
pathogenesis of the plasma cell malignancies is not well under-
stood but is an area of active investigation. At present, according 
to the WHO (World Health Organization) classification system, 
there is only one category for MM.1 Results of clinical trials are 
confounded by this underclassification. Emerging information 
about the genetic underpinning of the disease, however, will likely 
change this deficiency.

The interactions among the plasma cells, their antibody prod-
uct, the local bone and bone marrow environment, and other 
organs are complex. There is no cure for MM, but there are many 
effective treatments that prolong and improve the quality of life in 
patients with the disease.

HiStory

the earliest Diagnoses and Diagnostic Methods
Samuel Solley reported the first well-documented case of MM 
(mollities ossium) in Sarah Newbury in 1844.2,3 Several years 
later, William MacIntyre described and recorded the properties 
of the disease we now call MM in Thomas Alexander McBean.4 
Both Drs. MacIntyre and Bence Jones noted and described some 
of the peculiar urine properties of this same patient. On heating, 
the urine was found to be “abound in animal matter,” which dis-
solved on the addition of nitric acid but reappeared after cooling. 
These urinary proteins became known as Bence Jones proteins.5 
MacIntyre and Dalrymple described the post-mortem examina-
tion of Mr. McBean’s bones.4 The former described the affected 
bones as softened and fragile, with their interiors replaced with a 
soft “gelatinform” blood-red substance. Dalrymple suggested that 
the disease began in the cancellous bone and extended through 
the periosteum. The nucleated cells, which formed the bulk of the 
gelatinous material, were heterogeneous in size and shape, but 
the majority were round to oval. Many of the larger and more 
irregular cells frequently contained two or three nuclei.3 The 
term “multiple myeloma” was coined in 1873 by von Rustizky,6 
who independently described a similar patient to emphasize the 
multiple bone tumors that were present.

In 1889, Professor Otto Kahler7 described a case involving a 
46-year-old physician with MM and published a major review 
of the disease. He described the skeletal pain, albuminuria, pal-
lor, anemia, a precipitable urinary protein, and the findings on 
necroscopy and linked these findings as part of a clinical syn-
drome that bears his name (MM has also been referred to as 
Kahler disease).

In 1898 Weber predicted the usefulness of Roentgen x-rays in 
establishing the diagnosis3,8 and later postulated the Bence Jones 
protein was produced in the bone marrow.9 Wright10 empha-
sized that MM arose specifically from plasma cells of the marrow, 
Jacobson11 recognized Bence Jones proteins in the bloodstream, 
and Walters12 concluded that the Bence Jones protein was 
probably derived from blood proteins through the action of the 

abnormal cells in the bone marrow. The technique of bone mar-
row aspiration13 facilitated the diagnosis of MM.

Serum electrophoresis, described by Tiselius in 1937,14 made 
it possible to separate serum proteins. Longsworth et al.15 applied 
electrophoresis to the study of MM and described the tall narrow-
based “church spire” peak. The use of filter paper as a support 
for protein electrophoresis permitted the separation of protein 
into distinct zones that could be stained with various dyes.16 
Paper electrophoresis was supplanted by filter paper in 1957 and 
most recently by high-resolution electrophoresis on agarose gel. 
Immunoelectrophoresis17 and immunofixation or direct immuno-
electrophoresis18 made it possible to detect small monoclonal light 
chains not recognizable by electrophoresis. The immunoglobulin 
free light chain assay has been added to the diagnostic armamen-
tarium to detect circulating free light chains in the majority of 
patients previously designated nonsecretory.19

Kunkel20 hypothesized that monoclonal proteins were the 
product of malignant plasma cells and were the equivalent of nor-
mal antibodies produced by normal plasma cells. Before 1960, the 
term “gamma globulin” was used for any protein that migrated 
in the gamma mobility region of the electrophoretic pattern; 
however, in 1959, Heremans21 proposed the concept of a family 
of proteins with antibody activity. In 1961 in a Harvey Lecture,22 
Waldenström distinguished between monoclonal and polyclonal 
hypergammaglobulinemia.

In 1928, Geschickter and Copeland23 reported on the larg-
est case series of MM—13 cases—and reviewed the 412 cases 
reported in the literature since 1848. They documented a higher 
incidence in men than women and an overall survival (OS) of 
about 2 years. They emphasized six features: (1) involvement 
of the skeletal trunk, (2) pathologic rib fractures, (3) Bence 
Jones proteinuria in 65% of cases, (4) backache with early 
paraplegia, (5) anemia in 77% of cases, and (6) chronic renal 
disease. They did not note abnormalities of blood protein or an 
increased erythrocyte sedimentation rate.3 In 1931, Magnus-
Levy24 described amyloidosis as a complication of MM. Salmon, 
Durie, and Smith developed methods to quantitate the total body 
burden of tumor cells25 and to stage patients26 in 1970 and 
1975, respectively.

Prior to the discovery in 195027 of salutary effects of adre-
nocorticotropic hormones on MM (Fig. 98.1), medications 
used to that point included stibidine and urethane, neither of 
which had activity upon critical testing.3 During that decade, 
it was recognized that the adrenocorticotropic hormones cor-
tisone and prednisone were useful agents in patients with MM. 
Corticosteroids decreased bone pain, improved hypercalcemia, 
increased hemoglobin values, and decreased abnormal serum 
and urine globulin concentrations.28 However, it was not until 
1967 that high-dose corticosteroids were recognized as effective 
antineoplastic agents against MM.29

Blokhin et al.30 reported benefits in 3 of 6 patients with MM 
who were treated with sarcolysin (a racemic mixture of the d- and 
l-isomers of phenylalanine mustard). Subsequently, the d- and 
l-isomers were tested separately, and the anti-MM activity was 
found to reside in the l-isomer, melphalan. Bergsagel et al.31 
reported significant improvement in 14 of 24 patients with MM 
with the use of melphalan; this activity was quickly substantiated 
by others.32 Similar effectiveness was noted with cyclophospha-
mide.33 Subsequently, interferon-a (IFN), doxorubicin, carmus-
tine, thalidomide, bortezomib, lenalidomide, bendamustine, and 
carfilzomib34–36,37,38,39 have each been reported to have activity 
as a single agent in MM.
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As described in Chapter 97, recent evidence supports the theory 
that all MM arises from a preceding MGUS.40 Increasingly it is 
becoming apparent that there is an increased risk of developing 
MM or MGUS among first-degree relatives of both MGUS and MM 
patients.41,42 Whether this family linkage is due to either genetic 
susceptibility factors or shared environmental risk factors (or 
both) is yet to be determined.

epidemiology of Myeloma
The 2012 annual estimate in the United States for new cases of 
MM is 21,700 and for deaths is 10,710.43 SEER (Surveillance, 
Epidemiology, and End Results) data incidence age-adjusted rates 
from 1992 through 1998 show an overall incidence of 4.5 per 
100,000 per year, with the incidence among whites being 4.2 per 
100,000 per year and among blacks, 9.3 per 100,000 per year.44 
Male-to-female ratio is 1.3 to 1.43 The median age at diagnosis of 
MM is 71 years. Since the turn of the century, 5-year survival rates 
in blacks and whites have equalized.43 MM accounts for 1% of all 
malignancies and 10% of all hematologic malignancies in whites 
and 20% in African Americans.44 International mortality data 
reveal that the highest rates of MM occur in Northern Europe, 
North America, Australia, and New Zealand and the lowest rates 
are in Japan, Yugoslavia, and Greece.45 Geographic clusters46 and 
familial clusters47–52 of MM among first-degree relatives have 
been documented. Modest increases in MM rates were observed 
when incidence data from 1973 to 1992 were calculated in nine 
population-based cancer registries.53 These increases are likely 
due to a heightened awareness of the disease.

etiologic Factors

Radiation Exposure
Reports of increased MM incidence and mortality among Japanese 
atomic bomb survivors have suggested an association between 
ionizing radiation and MM. Initial evaluations of cancer inci-
dence54 and mortality55 among Japanese atomic bomb survivors 
suggested an increased risk of MM with increasing radiation dose, 
an observation that was no longer seen with additional years of 
follow-up.56 Subsequent data would suggest that the prevalence of 
MGUS is higher among those younger patients exposed to higher 
doses of radiation.57

An excess of MM deaths among American radiologists was 
reported in the 1960s.58 MM risk was considered to be two times 
higher among radiologists exposed to low doses of radiation than 
among physicians not exposed to radiation.59 However, among 
27,000 Chinese diagnostic radiography workers, no excess inci-
dence of MM was observed in a 30-year period.60 An analysis 
of 115,000 workers from the combined roster of four different 
nuclear plants showed a positive association between MM and 
radiation exposure in older age groups.61 No increases in MM 
incidence and mortality have been observed among British62 or 
New Zealand63 military men who participated in atmospheric 
nuclear weapons testing.

Diagnostic x-ray exposure has not been linked with the devel-
opment of MM in most epidemiologic studies.64–69 A large multi-
center population-based case-control study showed no evidence of 
excess risk of MM among individuals who reported exposure for 
10 or more diagnostic radiographs.70 One study reported that the 
overall risk for MM was not high (RR, 1.14), but that there was 
evidence of increasing risk with exposure to increasing numbers 
of radiographic procedures.71 Of historic interest is the finding of 
an association between MM and the use of Thorotrast.65 Studies 
of the effects of therapeutic irradiation on MM risk have shown 
conflicting results, but a study of 180,000 women treated for 
cervical cancer demonstrated no overall excess risk of develop-
ing MM.72 Similarly, a study of 14,000 patients suffering from 
ankylosing spondylitis and treated with radiation revealed no 
significant increase in the risk of developing MM.73

Workplace Exposures
Several epidemiologic studies have evaluated the risk of MM 
among agricultural workers, with positive associations reported 
by many74–79 but not all of the studies.80–82 Khuder and Mutgi83 
found a relative risk of 1.23 in a meta-analysis of several studies. 
Workers in various metal occupations and industries have been 
reported to have an increased MM risk.84–86

Benzene has been suggested as a possible etiologic agent for 
MM.87–89 A comprehensive review of the published literature 
found no evidence of a link between benzene exposure and MM.90 
Subsequently, Sonoda and colleagues91 conducted a meta-analysis 
of case-control studies and showed no excess risk for the develop-
ment of MM. A meta-analysis by Wong and Raabe92 of more than 
350,000 petroleum workers similarly showed no increased risk.

Cigarette Smoking, Alcohol Consumption, and Diet
Multiple studies to date have found no etiologic role for cigarette 
smoking or alcohol consumption in the development of MM.93–96 
In contrast, Tavani et al.97 suggested a dietary link for MM and 
found a higher risk among people consuming large quantities of 
liver (odds ratio [OR], 2.0) and butter (OR, 2.8), and a lower risk 
among people consuming large amounts of vegetables (OR, 0.4) 
No association of MM and consumption of coffee or red meat has 
been found.97 Brown and colleagues98 looked at diet and nutri-
tion as risk factors for MM among blacks and whites in the United 
States. Only obesity was associated with increased risk, and obe-
sity was more frequent in black than in white controls. Frequent 
consumption of cruciferous vegetables, fish, and vitamin C supple-
ments was associated with decreased risk of MM. The authors 
concluded that the greater use of vitamin C supplements by whites 
and the higher frequency of obesity among blacks may explain 
part of the higher incidence of MM among blacks compared with 
whites in the United States.

Personal use of hair dyes was evaluated as a risk factor for 
MM,99 including two prospective studies.100,101 Thun et al.100 
found that women using permanent hair dyes are not generally 
at increased risk of fatal cancer. However, women with prolonged 
use of dark, particularly black, hair dyes may have increased risk 

FIGURE 98.1. Landmark therapeutic innovations. ASCT, autologous stem cell trans-
plant; BCNU, melphalan, cyclophosphamide, and prednisone (M-2 regimen); CCT, conventional 
 chemotherapy; VAD, vincristine, doxorubicin, dexamethasone; VBMCP, vincristine.

1924

1950s

1964

1975
1979

1996

1999

2003
2005

2012

Radiation therapy

Corticosteroids

Cyclophosphamide

Doxorubicin

Bisphosphonates

Thalidomide

Bortezomib
Lenalidomide

Carfilzomib

Interferon-α

Melphalan

VAD
ASCT

HSCT × 1 vs HSCT × 2

Meta-analysis IFN-α

ASCT vs CCT

VBMCP

Syngeneic SCT

Meta-analysis
MP vs CCT

High dose melphalan

1962

1974

1982
1983
1984
1986
1996
1998

2001

2003

72683_ch098_2046-2097.indd   2047 01/08/13   9:57 PM



2048 part vII Hematologic Malignancies • SeCtION 5 Plasma Cell Dyscrasias

of fatal non-Hodgkin lymphoma and MM, but these women are a 
small fraction of hair dye users. A subsequent meta-analysis by 
Correa et al.102 showed no increased risk.

Socioeconomic Status
Some investigators have reported that there is an inverse rela-
tionship between the risk of MM and socioeconomic status,103 
and that this inverse correlation may account for a substantial 
amount of the black and white differential of MM incidence.104 
Earlier studies did not show a link between socioeconomic status 
and MM.105

Chronic Antigenic Stimulation
Repeated or chronic antigenic stimulation of the immune system 
may lead to MM. Several case-controlled studies have suggested 
that MM risk is associated with past history of infections, inflam-
matory conditions, connective tissue disorders, autoimmune ill-
nesses, and allergy-related disorders.94,106,107 Patients with the 
human immunodeficiency virus may have an increased likelihood 
of developing MM.108,109 In addition, MM and hepatitis C may 
be associated.110–112 The finding of human herpes virus 8 has 
been suggested as a possible etiologic agent,113 but this has not 
been confirmed.114–117 Increased risk for MM has been observed 
in patients with rheumatoid arthritis.51,118,119 Other studies of 
individuals with these conditions have shown no increased risk 
of MM.120–123

clinical ManifeStationS
The symptoms of MM may be nonspecific and include fatigue, 
bone pain, easy bruisability and bleeding, recurrent infections, 
manifestations of anemia, hypercalcemia, lytic bone lesions, 
hyperviscosity, thrombocytopenia, and hypogammaglobulinemia 
(Fig. 98.2). Weakness, infection, bleeding, and weight loss are 
reported in as many as 82%, 13%, 13%, and 24% of patients, 
respectively.124–127 Hypercalcemia is present in 18% to 30% of 
patients.124,125,126 One to two thirds of patients present with 
spontaneous bone pain.124,125,126 “Tumor fever” is present in less 
than 1% of presenting patients.

anemia
The most common clinical feature of MM is anemia. A hemoglo-
bin concentration of less than 120 g/L occurs in 40% to 73% of 
patients at presentation124,125,126 and contributes to the weakness 
and fatigue observed in as many as 82% of patients.124,125,126 

The anemia is normochromic, normocytic in most patients, but 
macrocytosis may be observed as well. When there are high con-
centrations of serum immunoglobulin, rouleau formation may be 
observed (Fig. 98.3A). The combination of anemia and hyperpro-
teinemia leads to a marked increase of the erythrocyte sedimenta-
tion rate in more than 90% of cases.128

The anemia is related partially to direct infiltration and replace-
ment of the bone marrow. Hemoglobin concentration is also cor-
related directly with the percentage of MM cells in S phase,129 
suggesting that the bone marrow cytokine milieu, permissive for 
MM cell proliferation, is not conducive to efficient erythropoiesis. 
Cytokines, like tumor necrosis factor-a and IL-1, may inhibit 
erythropoiesis.130 Fas ligand-mediated erythroid apoptosis is also 
increased in patients with MM.131 Finally, relative erythropoietin 
deficiency from MM-induced renal insufficiency also contributes 
to the observed anemia.

Monoclonal proteins
The M protein (M component, myeloma protein, or M spike) is a 
hallmark of the disease; 97% of MM patients have either an intact 
immunoglobulin or a free light chain that can be detected by pro-
tein electrophoresis, immunoelectrophoresis, or immunofixation 
studies of the serum or urine (Fig. 98.3B,C).124,126 Those cases 
without a detectable monoclonal protein have been referred to as 
nonsecretory MM, which had accounted for approximately 1% to 
3% of MM cases. With the immunoglobulin free light chain assay, 
small free light chain monoclonal proteins heretoforth not seen by 
aforementioned methods are seen in approximately two thirds of 
the cases that had been referred to as nonsecretory.19

Historically, monoclonal proteins have had a valuable role in 
the fields of immunology and molecular biology, for distinguish-
ing MGUS from MM and for calculating MM tumor burden and 
kinetics.25,132,133 Practically, both serum and urine M protein 
concentrations are used to stage MM patients and to document 
their response to treatment.

In a series of 1,027 newly diagnosed cases of MM, the immu-
noglobulin type was IgG, IgA, IgD, and free light chain only (Bence 
Jones MM) in 52%, 20%, 2%, and 16% of cases, respectively.126 
Fewer than 1% of MM cases are IgM; most IgM monoclonal proteins 
are associated with diagnoses of MGUS, lymphoma, Waldenström 
macroglobulinemia, or primary systemic amyloidosis.134 A total of 
93% of patients have a monoclonal protein detected in their serum. 
About 90% of MM patients have reduction in at least one of their 
uninvolved immunoglobulins.134 About 70% have a monoclonal 
protein—or fragment thereof—detected in the urine.

histopathology
The bone marrow microenvironment is hospitable to malignant 
plasma cells that circulate through the blood. There is a complex 
interaction among the malignant clone, its surrounding stromal 
cells, and the remaining immune cells. The morphologic and 
immunologic phenotypes of MM cells can vary, and they often 
resemble normal plasma cells. Plasma cells are at least two to 
three times the size of peripheral lymphocytes and are round to 
oval, with one or more eccentrically placed nuclei (Fig. 98.3D). 
The nucleus, which contains either diffuse or clumped chromatin, 
is displaced from the center by an abundance of rough-surfaced 
endoplasmic reticulum, the site of specialized immunoglobu-
lin synthesis. Intranuclear and cytoplasmic inclusions are not 
uncommon.135 There is a perinuclear clear zone that is the site 
of the Golgi apparatus, the machinery used for immunoglobu-
lin packaging and glycosylation for secretion. Derangements of 
immunoglobulin secretion are responsible for an assortment of 
cytologic aberrations, including flaming cells, Mott cells, Russell 
bodies, and Gaucher-like cells. Flaming cells are plasma cells 
that have intensely eosinophilic cytoplasm with a magenta or 

FIGURE 98.2. Signs and symptoms of 1,027 newly diagnosed myeloma patients seen 
at the Mayo Clinic from 1985 through 1998.
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carmine coloring of their margins, which is due to plugging of 
peripheral secretory channels by precipitated immunoglobulin or 
immunoglobulin fragments. These cells are most commonly seen 
in IgA MM. Thesaurocytes are large flaming cells with a pyknotic 
nucleus that is pushed to the side. Mott cells (grape cells or morula 
forms) are plasma cells filled with dense spherical immunoglobu-
lin inclusions; these inclusions are colorless, pink, or blue. Other 
inclusions are Russell bodies and their intranuclear counterparts 
(intranuclear dense bodies); these appear cherry red and can be 
as large as several microns in diameter. Gaucher-like cells are not 
uncommon in MM infiltrates; these cells are macrophages laden 
with sphingolipids released by the dying plasma cells.136 None of 
these interesting inclusions is specific for malignancy nor do they 
have prognostic value.

In MM, there is often discordance between the nucleus and 
cytoplasm, the former appearing immature and the latter highly 
differentiated. About 20% of MM cases have plasmablastic mor-
phology: a diffuse chromatin pattern, nucleus greater than  
10 microns or nucleolus greater than 2 microns, relatively less 
abundant cytoplasm, and a concentrically placed nucleus with little 
or no hof.137,138 Both diffuse and nodular infiltration patterns can 
be observed, although the former is more common. A minority of 
patients have plasma cells that have a lymphoplasmacytic appear-
ance. MM cells are commonly present in cords around bone mar-
row microvessels. There is a high correlation between the extent 
of bone marrow angiogenesis, evaluated as microvessel area, and 
the proliferating fraction of marrow plasma cells in patients with 
MM.139,140 Mild marrow fibrosis may be observed in as many as 
27% of cases; extensive fibrosis is rare.141,142 Less than 1% of 
cases have an extensive idiopathic granulomatous reaction.135

The immunophenotype of MM cells is complex. In general, 
MM cells are CD45 negative and CD38 and CD138 positive.143,144 
However, there is increasing evidence that a subset of MM cells 
is CD45 positive,144,145 with an increasing proportion of CD45 
positive MM cells in less advanced disease.146,147 CD19 and 
CD20 are earlier B-cell antigens that are variably expressed on 
MM cells; surface immunoglobulin is seen in up to one third of 
patients. CD56 is strongly positive in about 55% to 78% of MM 
cases.144,148,149 CD56-negative MM cells tend to be present in 
more aggressive disease, such as end-stage MM or plasma cell 
leukemia.149,150 Other surface antigens such as CD10 (CALLA), 
CD28, CD117 (c-KIT), CD13, CD33, and CD20 are present on a 
minority of patients’ MM cells.143–145,151,152 Co-stimulatory mole-
cules involved in the activation of B- and T-lymphocytes (CD28 and 
CD40) are seen in 40% and 70% of patients, respectively.153,154

No individual bone marrow finding, however, is pathogno-
monic for a malignant plasma cell process; the bone marrow 
diagnosis of MM relies on percentage of clonal bone marrow 
plasma cells, with 10% accepted as a cutoff. The clinical diagnosis, 
of course, is made from a synthesis of bone marrow findings and 
other clinical features.

Bone Disease
Approximately one third to two thirds of patients present with 
bone pain.124,125,126,127 There is an uncoupling of the balance 
between osteoclastic and osteoblastic activity. Even before the 
development of bone lesions, enhanced osteoblastic recruitment 
with an increased generation of new osteoclasts is observed in 
early MM.155 Regardless of the initiating signal, whether IL-1b, 

FIGURE 98.3. Laboratory findings in patients with 
multiple myeloma. A: Rouleaux. B: Serum protein 
electrophoresis, illustrating a 3-g/dl monoclonal protein 
spike. C: Immunofixation electrophoresis, illustrating a 
monoclonal IgG lambdam monoclonal protein. D: Bone 
marrow: myeloma cells on aspirate specimen.
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IL-6 and sIL-6R, tumor necrosis factor-a, MIP-1a, receptor activa-
tor of NF-kappab (RANK) ligand, or parathyroid hormone-related 
protein (PTHrP),156 the eventual outcome is bone destruction.157

MM bone disease is a major source of morbidity and may 
present as an area of persistent pain or as a vague migratory 
bone pain, often in the lower back and pelvis. The type, location, 
and duration of the pain have no characteristic features. At times, 
pain and tenderness may be sudden in onset, especially when 
associated with a pathologic fracture, and are most commonly 
precipitated by movement. Persistent localized pain also may be 
associated with a pathologic fracture.

A myelomatous lesion may extend through the cortex of a 
vertebral body and cause either nerve root or spinal cord com-
pression in less than 2% of patients.125 Alternatively, the MM can 
disturb the mechanical integrity of a vertebral body, resulting in 
compression fracture with retropulsion of either plasmacytoma 
or bony fragments into the spinal canal, again causing neurologic 
deficit. Approximately 75% of patients have punched-out lytic 
lesions, osteoporosis, or fractures on conventional radiography 
(Fig. 98.4A,B). The vertebrae, skull, ribs, sternum, proximal 
humeri, and femora are involved most frequently.124,126,127 A 
small subset of patients has de novo osteosclerotic lesions,158 and 
in a few patients osteosclerosis is seen after therapy and may 
serve as a marker of healing.

Because myelomatous bone lesions are characteristically 
lytic, conventional radiography is superior to technetium-99m 
bone scanning.159,160 About twice as many myelomatous bone 
lesions are detected by radiograph as by bone scan; an exception 
to this general finding is at the lumbar spine and the rib cage, 
where the two methods are equally reliable.160 There have been 
reports supporting the use of technetium-99m sestamibi scans. 
These scans are almost as sensitive as plain radiographs for bone 

disease in untreated patients (i.e., patients with active disease).161 
They may be able to distinguish active myelomatous bone lesions 
from inactive lesions161 and are quite sensitive for bone marrow 
involvement.162–164 There is a high concordance between scinti-
graphic findings and clinical status in patients undergoing che-
motherapy or autologous stem cell transplantation (ASCT).165,166 
18-Fluorodeoxyglucose positron emission tomography (FDG–PET) 
also shows promise in the staging of MM, with sensitivity and 
specificity rates of 84% to 92% and 83% to 100%, respectively167 
(Fig. 98.4D,E).

Computed tomography and magnetic resonance imaging (MRI) 
are more sensitive than conventional radiography (Fig. 98.4C). 
Both reveal specific lesions in 40% of stage I MM patients.168 
The presence of lacunae larger than 5 mm with trabecular dis-
ruption on computed tomography appears to be sensitive and 
specific for MM. This information may be useful in distinguishing 
between senile and myelomatous osteoporosis and compression 
fractures.169 Among asymptomatic MM patients with normal 
radiographs, 50% have tumor-related abnormalities on MRI of 
the lower spine.170 In patients with Durie-Salmon stage I MM, 
MRI can distinguish patients at higher and lower risks of pro-
gression.171 One third of patients with an apparently solitary 
plasmacytoma of bone have evidence of other plasma cell tumors 
on MRI.172

MRI is superior to radiographs for the detection of lesions in 
the pelvis and the spine, but overall it is inferior to radiographs 
for detecting bone involvement in MM (79% versus 87%, respec-
tively).173 On MRI, vertebral fractures due to spinal infiltration 
or osteoporosis are seen in 48% of patients with symptomatic 
MM, and spinal canal narrowing with impingement occurs in 
20%.170 Nanni et al.174 compared MRI to FDG-PET/CT in 28  
newly diagnosed myeloma patients. In 25% of patients FDG-PET/CT  

FIGURE 98.4. Myeloma bone disease. A: Plain radiograph of a skull with punched-out myeloma lesions. B: Plain radiograph of a compression fracture thoracic 
spine. C: Myelomatous marrow involvement of the lumbar spine by magnetic resonance imaging (MRI) with and without gadolinium. D: 18-Fluorodeoxyglucose 
positron emission tomography (FDG-PET), spine and rib involvement. E: Fusion image of CT/FDG-PET scan demonstrating lesion at rib and thoracic vertebra.
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detected more lytic bone lesions, all of which were out of the field 
of view of MRI, and in 25% of patients MRI detected an infiltra-
tive pattern in the spine that was not discerned on FDG-PET/
CT. In subsequent studies, whole body MRI has been reported to 
have a higher sensitivity and specificity than FDG-PET/CT175 and 
than multidetector-row computed tomography.176 A major limita-
tion, however, to MRI and PET/CT is that there are no uniformly 
accepted standard acquisition or interpretation protocols, limiting 
their generalizability. Detection of marrow infiltration on MRI 
does not translate into a deficit of cortical bone integrity. Also, 
given the expense of MRI, it cannot be recommended for routine 
clinical use in all patients.

hypercalcemia
Hypercalcemia occurs in 18% to 30% of patients. About 13% have 
concentrations greater than 11 mg/dl. Rates of hypercalcemia 
at presentation have been decreasing in the last few decades, 
perhaps because of the earlier diagnosis of patients.124,125,126,127 
Hypercalcemic patients may complain of fatigue, constipation, 
nausea, or confusion. Calcium can precipitate in the kidneys 
and aggravate renal insufficiency. Inorganic phosphate is rarely 
decreased, except in cases of acquired Fanconi syndrome.177

renal Insufficiency
Approximately 25% of MM patients have a serum creatinine 
value greater than 2 mg/dl at diagnosis. Another 25% have 
mildly elevated creatinine values.124,125,126,127,178–181 Patients 
with Bence Jones or IgD MM have the highest rates of renal 
insufficiency.179,181 Free light chain proteinuria is a risk factor 
for renal failure.182 Contributing factors to the renal insufficiency 
associated with MM kidneys include hypercalcemia, dehydration, 
hyperuricemia, and the use of nephrotoxic drugs.183 If the renal 
insufficiency reverses with therapy, as it does in more than half of 
cases,183,184 survival is fourfold to sevenfold higher than in those 
in whom it does not.178,185 Factors predicting for renal function 
recovery include a serum creatinine less than 4 mg/dl, serum cal-
cium value greater than 11.5 mg/dl, proteinuria less than 1 g/24 h, 
and adequate rehydration.178

The pathologic lesion of MM kidney consists of monoclonal 
light chains in the tubules in the form of dense, often laminated, 
tubular casts. These casts contain albumin and Tamm-Horsfall 
protein. Light chains are normally filtered by the glomeruli and 
reabsorbed and catabolized in the nephron’s proximal tubules. 
It is postulated that these systems become overwhelmed, and 
casts result. When other causes contributing to renal insufficiency 
are excluded, there is a good correlation between the extent of 
MM cast formation and the severity of renal insufficiency.186,187 
Tubular atrophy and degeneration correlate well with renal 
dysfunction.188 The most common findings on autopsy include 
tubular atrophy and fibrosis (77%), tubular hyaline casts (62%), 
tubular epithelial giant cell reaction (48%), and nephrocalcino-
sis (42%). Evidence of acute and chronic pyelonephritis were 
observed in 20% and 23% of cases, respectively. Plasma cell 
infiltrates and amyloid may be observed in 10% and 5% of cases, 
respectively.127 Rarely, MM may be associated with acquired 
Fanconi syndrome.177,189

An important feature of myeloma kidney is that it is primarily a 
tubular, rather than a glomerular, disease.188 Glomerular function 
is preserved initially, and there is a predominance of immuno-
globulin light chain protein in the urine instead of the nonspecific 
protein loss observed in glomerular disease. This feature helps 
predict the renal lesion: nonspecific protein loss (i.e., mostly albu-
min) is more compatible with primary systemic amyloidosis, light 
chain deposition disease of the kidney, or proteinuria unrelated 
to the PCD;186 a free light chain predominance is consistent with 
myeloma kidney.

Infection
Patients with MM are at high risk for bacterial infections and for 
dying of overwhelming bacteremia. Overall, the incidence of infec-
tion is from 0.8 to 1.4 per patient-year.190–192 During the first 2 
months after initiating chemotherapy the infection incidence is as 
high as 4.68 infections per patient-year192 but decreases to 0.44 
to 0.49 per patient-year in those reaching a plateau phase.191,192 
Risk factors for infection are serum creatinine values greater 
than or equal to 2 mg/dl190,192 and decreased levels of polyclonal 
serum immunoglobulins.191,192 Since the 1960s, Gram-negative 
bacilli have become more common pathogens than Streptococcus 
pneumoniae in patients with MM.193 At disease onset, infections 
with encapsulated organisms such as Streptococcus pneumoniae 
and Haemophilus influenzae are most common.193 After diagno-
sis, the proportion of infections due to Gram-negative bacilli and 
Staphyloccocus aureus increases markedly, and are responsible 
for more than 90% of deaths from infection.193

hemostasis in Multiple Myeloma
MM can be associated with hemostatic abnormalities, more often 
bleeding than thrombosis. Bleeding as a complication of MM may 
be present in as many as one third of patients194 and is related to 
thrombocytopenia, uremia, hyperviscosity, and interference with 
the function of coagulation factors. Rarely, MM proteins may also 
interact with coagulation proteins.192,193

The association with thrombosis is less clear because of co-
existing factors such as old age and immobility that confound the 
interpretation of available data, however, the risk of thrombosis 
may be increased in MM patients.194,195 Individual cases of aber-
rance have been reported. Monoclonal proteins have been shown 
to be responsible for lupus anticoagulants,196,197 acquired protein 
S deficiency,198,199 acquired activated protein C resistance,200 and 
inhibition of tissue plasminogen activator.201

Fewer than 7% of MM patients have a viscosity greater than 
4.124,126 Symptoms of hyperviscosity include bleeding (particu-
larly of the oronasal areas), purpura, decrease in visual acuity, 
retinopathy, neurologic symptoms, dyspnea, expanded plasma 
volume, and congestive heart failure. Most patients become symp-
tomatic when the serum viscosity is 6 or 7 centipoise (normal is 
less than or equal to 1.8 centipoise).

“acute terminal phase of plasma Cell Myeloma” 
and Cause of Death
Bergsagel and Pruzanski202 described the “acute terminal phase” of 
patients with MM, which they observed in about one third of their pre-
terminal patients. They defined the syndrome as rapidly progressive 
disease with an unexplained fever and pancytopenia and a hypercel-
lular marrow. Extramedullary plasmacytomas are also not uncom-
mon preterminally.203 As the disease progresses, and at autopsy, 
cutaneous, visceral, and even meningeal involvement is possible.203 
Besides “progressive disease,” the most frequent causes of death are 
infection in 24% to 52% and renal failure in about 20%.127,183,202,203 
Acute leukemia, myelodysplastic syndromes, and hemorrhage are 
the causes of death in a minority of patients.127,202,203 In one autopsy 
series, 85% of patients had evidence of either bacterial or fungal infec-
tion, and myelomatous involvement was found in the spleen, liver, 
lymph nodes, and kidneys in 45%, 28%, 27%, and 10% of patients, 
respectively. Other less frequent areas of myelomatous involvement 
were the lung, pleura, adrenal glands, pancreas, and testis.127

DiagnoSiS
The diagnosis of MM has not been subject to static norms. In 
1973, the Chronic Leukemia–Myeloma Task Force204 set forth 
guidelines for the diagnosis of MM (Table 98.1). These criteria, 
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which by today’s standards are not stringent enough, have been 
replaced by a more modern definition.205 In the last 3 decades, 
the terms and definitions of MGUS, smoldering MM, indolent MM, 
and symptomatic MM124,206–208 have evolved and are now to be 
replaced by the following designations: MGUS, inactive (smolder-
ing) MM, and active (or symptomatic) MM.205

Because MM includes a spectrum of biologic features, physi-
cians should not feel compelled to start treatment as a result 
of a single threshold value. The diagnosis of active MM is not a 
straightforward pathologic one; rather, it is a clinical diagnosis 
that requires thoughtful synthesis of multiple variables. Patients 
with Durie-Salmon stage I disease, who also meet the criteria 
for smoldering or asymptomatic MM, should be managed expec-
tantly. Median progression-free survival in asymptomatic stage 
I patients, observed without any therapy, is 12 to more than 
48 months;209–212 for similar stage II patients, progression-free 
survival is 12 months.209 Until recently,213 no survival advan-
tage had been demonstrated by treating asymptomatic MM 
patients.208,210,211,214

SySteMic tHerapy for Multiple 
MyeloMa
Before starting therapy for MM, a distinction must be made between 
smoldering (asymptomatic) MM and active MM (Table  98.1). 
Approximately 20% of patients with MM are recognized by chance 
without significant symptoms; such patients can be carefully 
monitored without instituting therapy (see Chapter 97). Once the 
decision has been made to treat for symptomatic disease, a long-
term plan for managing the disease should be formulated before 

instituting therapy. Because high-dose therapy with autologous 
hematopoietic stem cell transplantation (ASCT) has been accepted 
as an important treatment modality for patients younger than age 
70, only a limited amount of alkylator-based therapy should used 
prior to the collection of hematopoietic stem cells in patients con-
sidered candidates for high-dose therapy.

Historically, the bifunctional alkylating agents, including 
melphalan and cyclophosphamide, had been the foundation of 
therapy for MM. MM cells tend to proliferate slowly, and alkyl-
ators, whose effectiveness does not rely heavily on cell division 
and DNA replication, are useful therapeutic agents. Prior to 
1999, the bifunctional alkylators, nitrosoureas, doxorubicin, 
and glucocorticoids were the primary agents shown to have 
single-agent activity against MM in vivo.215 These drugs along 
with vincristine, either singly or in combination, had been the 
mainstay of chemotherapy for MM from the early 1960s to the 
present (Fig. 98.1). Until recently, the higher response rates seen 
with regimens that combine multiple active agents as part of 
initial therapy, had not resulted in improved OS rates.216 IFN-a 
had been incorporated into induction and maintenance protocols 
with minimal benefit.34,217–219 Both autologous and allogeneic 
stem cell transplantation (AlloSCT) have become important 
therapeutic options since McElwain and Powles’ description in 
1983220 of the benefit of dose intensification of melphalan in 
patients with MM. With the recognition of thalidomide’s activity 
against MM in 199937 and the subsequent development of bort-
ezomib,38 lenalidomide,39 and carfilzomib221 there is hope that 
the next 4 decades of MM treatment will be even more promising 
than the last.

Before discussing induction, transplantation, maintenance, 
and salvage therapies, two general concepts are reviewed: 
interpretation of study response data and the efficacy of single 

Criteria For Diagnosis oF Mgus, sMM, anD MM

taBLe 98.1

Chronic Leukemia-Myeloma Task Force 
Definition of Multiple Myeloma (1973)a

Criteria for Diagnosis of MGUS, SMM, and MM, 
International Working Group (2003)b

Monoclonal Gammopathy of 
Undetermined Significance

Not described - Serum monoclonal protein (<30 g/L)
- Bone marrow <10% plasma cells
- No evidence of other B-cell proliferative disorders
- No related organ or tissue impairmentc,d

Smoldering Myeloma (asymptomatic) Not described - No related organ or tissue impairmentc

- Serum monoclonal protein (≥30 g/L) and/or
- Bone marrow clonal plasma cells ≥10%

Multiple Myeloma If M protein present in serum or urine, one or more of the 
following must be present:
-  Marrow plasmacytosis >5% in absence of underlying 

reactive process
-  Tissue biopsy demonstrating replacement and distortion 

of normal tissue by plasma cells
- >500 plasma cells/mm3 in peripheral blood
- Osteolytic lesion unexplained by other causes
If no M protein in serum and urine, radiologic evidence of 
osteolytic lesions or palpable tumors and one or more of 
the following required:
-  Marrow plasmacytosis of >20% from two sites in 

absence of reactive process
-  Tissue biopsy demonstrating replacement and distortion 

of normal tissue by plasma cells

ACTIVE OR SYMPTOMATIC MM
- Monoclonal protein present in serum and/or urine
- Clonal bone marrow plasma cells or plasmacytoma
- Related organ or tissue impairmenta

MM, multiple myeloma; MGUS, monoclonal gammopathy of undetermined significance; SMM, smoldering MM.
a From Chronic Leukemia-Myeloma Task Force, National Cancer Institute,204 shown for historical purposes.
b From Chronic Leukemia-Myeloma Task Force, current definitions.205
c The absence of CRAB (calcium elevation [> 1 mg/dl above upper limit of normal], renal dysfunction [creatinine >2 g/dl], anemia [hemoglobin 2 g/dl below lower limit of normal], bone lesions 
[lytic lesions or osteoporosis with compression fracture] attributable to the plasma cell disorder).
d The existence of immunoglobulin light chain amyloidosis or another paraneoplastic disorder attributable to the monoclonal gammopathy, like a peripheral neuropathy would be termed 
“monoclonal gammopathy associated with…”
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chemotherapeutic agents commonly used to treat MM. Figure 98.5 
is one potential algorithm for treating patients with newly 
 diagnosed MM.

Interpreting Study response and Survival Data
Four points are emphasized regarding the interpretation and 
comparisons of the MM treatment literature. First, historically 
definitions of response have varied (Table 98.2). Second, defini-
tions of evaluable patients may be different. Third, concurrent 
corticosteroid therapy, either as part of the regimen or for other 
indications, may confound interpretation of efficacy. Finally, 
patient population risk and prognosis may differ substantially. 
Lead-time bias and treatment of MGUS or smoldering MM can 
significantly distort survival figures, as can effective salvage 
regimens.

The measurement of MM disease burden is complex, and 
investigators have used different methods to define response 
(Table 98.2). The four most common response criteria that had 
been used until acceptance of the Uniform Response Criteria 
(URC) in 2006222 were the Chronic Leukemia–Myeloma Task 
Force (CLMTF),204 Southwest Oncology Group (SWOG),223,224 
Eastern Cooperative Oncology Group ECOG),225 and Autologous 
Blood and Marrow Transplant Registry and the International 
Bone Marrow Transplant Registry (IBMTR/ABMTR).226 Although 
all address calcium, bone changes, and bone marrow plasmacy-
tosis, the main distinction among them is their consideration of 
the serum and urine M components. With the exception of the old 
SWOG criteria,223,224 a partial response (PR) has been considered 
to be a 50% reduction in serum M component and a greater than 

50% to 90% reduction in urine M component. Until about 1990, a 
SWOG objective response was defined as a 75% reduction in the 
tumor mass index (NOT serum M protein) and improvement was 
defined as a 50% to 74% reduction in the tumor mass index.224 
A subsequent iteration of the SWOG response criteria used the M 
component (rather than the tumor mass index) as the primary 
measurement of the plasma cell burden.

In the earliest literature, response included such factors as 
increasing hemoglobin concentration or performance status, or 
decreasing blood urea nitrogen levels. Neither the CLMTF or 
SWOG originally had a complete response (CR) category, because 
it was unusual for the M protein to disappear completely. It 
was not until the advent of high-dose melphalan that investiga-
tors227,228 began to define a complete remission category. Earliest 
definitions of CR only included disappearance of M protein as 
determined by electrophoresis, which is less sensitive than immu-
noelectrophoresis or immunofixation. Subsequent definitions 
have required immunofixation negativity to qualify as complete 
remission.226 The first iteration of an international consensus 
definition of MM response was the IBMTR/ABMTR response 
criteria.226 After nearly 8 years of use, several deficiencies were 
noted, and the International Myeloma Working Group issued 
a new consensus definition called the International Uniform 
Response Criteria (URC) which includes the Intergroupe Français 
du Myélome (IFM) very good partial response category,229 the 
ability to measure response using the serum immunoglobulin free 
light chain, and a new category of “stringent complete response,” 
which requires documentation of the absence of clonality in the 
bone marrow and by including a normal serum immunoglobulin 
free light chain ratio in the definition.222

FIGURE 98.5. Mayo stratification for myeloma and risk-adapted therapy (mSMART).357,358 Possible treatment algorithm for patients with newly diagnosed 
myeloma for patients not being treated on a clinical trial.CR, complete response; CyBorD, cyclophosphamide, bortezomib, and dexamethasone; MPT, melphalan, 
prednisone, and thalidomide; Tx, transplantation; VRd, bortezomib, lenalidomide, and dexamethasone, VGPR, very good partial response. aNote that a subset of 
patients with these factors will be classified as high-risk by GEP. bBortezomib containing regimens preferred in renal failure or if rapid response needed. cIf age 
>65 or > 4 cycles of Rd Consider G-CSF plus cytoxan or plerixafor. dContinuing Rd is option for patients responding to Rd and with low toxicities; Dex is usually 
discontinued after first year. eConsider allogeneic stem cell transplantation in suitable patients.
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efficacy of Single Chemotherapeutic agents
Single agents are not commonly used as upfront therapy, but they 
are used in the relapsed setting, and understanding each drug’s 
activity provides insight into how much they may be contributing 
to combination therapy.

Melphalan
Bergsagel et al.31 demonstrated the benefit of melphalan in 14 of 
24 patients with MM. Others (Table 98.3) have substantiated that 
melphalan as a single agent results in response rates of 20% to 
34% and median OS duration of 15 to 27 months.32,230–233 Since 
early reports by Blokhin et al.30 and Bergsagel et al.,31 various 
schedules of melphalan have been tried, including continuous 
daily dose, 6 to 10 mg/day for 2 to 3 weeks, followed by mainte-
nance therapy of 0.01 to 0.03 mg/kg per day; intermittent total 
doses of 0.25 mg/day given for 4 days every 4 to 8 weeks; or 0.15 
mg/kg per day for 7 days every 6 weeks.232,234 Several studies 
suggest that the intermittent schedule is superior to continuous 
daily dosing.232,234

Cyclophosphamide
Korst et al. were the first to report on the activity of oral cyclo-
phosphamide.33 A partial response (50% M-protein reduction) was 
achieved by 24% of MM patients, and 48% had objective improve-
ment. Median survival was 24.5 months in all 207 patients and 

32 months in the group that received at least 2 months of cyclo-
phosphamide therapy. The single-agent activity of cyclophospha-
mide (Table 98.3) has been demonstrated in a placebo-controlled 
trial,231 in multiple studies of previously untreated patients,235,236 
and in those who relapsed or had refractory disease.237

Despite documented equivalency for low-dose oral regimens 
of cyclophosphamide and melphalan,235 induction therapies of 
MP have historically been preferred over those of cyclophospha-
mide and prednisone. Cyclophosphamide has most commonly 
been used in multidrug combinations for induction, for therapy 
in relapse, and for stem cell mobilization rather than as a single 
agent for induction, as has melphalan. In newly diagnosed MM, 
oral daily dosing of cyclophosphamide (150 mg/d)235,238,239 or 
intravenous doses of 600 mg/m2 every 3 weeks236 with or without 
prednisone resulted in a response rate of approximately 25% and 
median survival of 24 months.

Glucocorticoids
In 1950, Thorn et al.27 reported the first observations on the ben-
eficial effects of adrenocorticotropic hormone in MM. Adams and 
Skoog28 observed a marked decrease in the MM serum protein 
in 18 of 26 patients treated with corticosteroids. Surprisingly, 
Mass240 failed to show a difference between the survival of  
55 patients randomly assigned to prednisone therapy or placebo 
despite clinical improvement in the former group. Subsequently, 
high-dose corticosteroids have been shown to produce response 
rates of 40% to 50% in previously untreated patients, and 25% 

M protein

Response Study % BMPC Serum Urine Duration, wk

Stringent CR (sCR) IRC222 <5a IF —b IF — 0

Complete response IRCc ≤5 IF — IF — 6

IBMTRc,226 <5 IF — IF — 6

SWOG224 <1a IF — IF — 8

ECOG225 ≤3 IF — IF — 6

CLMTF204 Not defined —

Very good partial 
response

IRC ≥90% reduction < 100 mg/24 hr

Objective response SWOG — ↓ ≥ 75%c ↓ ≥ 90% 8

Partial Response IRCd — ↓ ≥ 50% ↓ ≥ 90% 6

ECOG/IBMTR — ↓ ≥ 50% ↓ ≥ 90%e 6

SWOG (“Improvement”) — ↓ ≥ 50%c ↓ ≥ 75% 8

CLMTFf — ↓ ≥ 50% ↓ ≥ 50% —

Minimal response IBMTR — ↓ ≥ 25% ↓ ≥ 50%

Progression IRC/IBMTR/SWOG — > 25%g > 25%h —

ECOG — ≥ 50%i ≥ 50%h —

BMPC, bone marrow plasma cells; CLMTF, Chronic Leukemia-Myeloma Task Force; CR, complete response; ECOG, Eastern Cooperative Oncology Group; IBMTR, International Blood and Bone 
Marrow Transplant Registry; IF, immunofixation; IRC, International Response Consensus; IF, immunofixation; MR, minimum response; PR, partial response; SWOG, Southwest Oncology Group.
a Clonal plasma cells as measured by flow cytometry, immunohistochemistry, or immunofluorescence.
b Also requires normalization of serum immunoglobulin free light chain ratio.
c Change in synthetic index and not monoclonal protein concentration.
d Allows for immunoglobulin free light chain responses in patients whose serum and urine are not measurable.
e Or <200 mg/24 hours.
f Response also takes into account reduction in size of plasmacytomas, >2 g/dl Hb rise, weight gain, correction of calcium, renal function, albumin.
g Absolute increase must be at least 5 g/L.
h Absolute increase must be greater than 200 mg/24 hours.
i For ECOG, Absolute increase must be at least 20 g/L.

resPonse Criteria

taBLe 98.2
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in refractory or relapsed patients;29,241–247 median survival of 
responding patients is 16 to 22 months.243–245 In reviewing their 
experience with single-agent dexamethasone and VAD, Alexanian 
et al.244 noted that in patients with refractory disease, response 
rates with single-agent dexamethasone were comparable to those 
with VAD (27% vs. 32%). In contrast, in relapsed disease, response 
rates achieved with single-agent dexamethasone were inferior to 
those with VAD. These data were not randomized but rather serial 
observations. On occasion, patients who do not respond to high-
dose dexamethasone can be salvaged with intermittent high-dose 
methylprednisolone.245

Despite their contribution to quicker and more abundant 
responses, there are conflicting data as to whether corticoste-
roids prolong survival.230,232,248 As initial therapy for elderly 
patients, single-agent dexamethasone is responsible for both 
higher treatment-related morbidity and mortality as compared 
to melphalan-containing regimens.249 The mechanism of action 
of this drug class is complex. Corticosteroids suppress the pro-
duction of cytokines important in MM growth, such as IL-6 and 
IL-1b, and reduce nuclear factor kB activity, resulting in enhanced 
apoptosis.250–253

Vincristine
Although never evaluated as a single agent in newly diagnosed 
MM, vincristine has little activity as a single agent in refractory 

disease. There were 21 patients treated with a 0.5 mg bolus of 
vincristine followed by 0.25 to 0.5 mg/m2 per day as a continu-
ous infusion over 5 days on a 3-week schedule. Two patients had 
transient responses (1.2 and 2.2 months).254 Finally, the activity 
credited to vincristine as a maintenance therapy is also ambigu-
ous. Although a superior survival (35 vs. 27 months, P = 0.003) 
was reported in patients treated with single-agent melphalan and 
maintained on bimonthly vincristine (1 mg/m2) and prednisone 
(0.6 mg/kg for 7 days), the benefit could easily be attributed to 
prednisone alone.255

Alexanian et al.256,257 suggested that regimens which 
included vincristine resulted in better patient outcome than 
protocols not including this agent. The theory behind its posited 
utility was that after an initial kill of MM cells by alkylating 
agents, the subsequent increase in the mitotic index made MM 
cells more sensitive to vincristine.258 Reports by Lee , Salmon, 
and Case have been cited as confirmatory evidence for activ-
ity of vincristine in MM.259–261 However, several randomized 
controlled trials do not support this premise.262–265 The most 
compelling of these is the MRC IV Trial in Myelomatosis, which 
randomized 530 newly diagnosed MM patients to monthly MP, 
with or without monthly vincristine. Median survival in both 
arms was 26 months.264 Even though vincristine has not been 
shown to have significant single-agent in vivo activity or to 
improve OS,254,264–266 it has been included in multiple thera-
peutic regimens.

early (1969 to 1982), alkylator-BaseD ranDoMizeD trials For newly DiagnoseD MyeloMa

taBLe 98.3

Study Year Agent Schedule N RR (%) OS, mo

1969231 CTX 2–4 mg/kg/ d  54 21 11.5a

Placebo 3.5

1969231 CTX 4 mg/kg/d  49 28 13

M 0.1 mg/kg/d  54 34 15.5

1972232 M qd 0.025 mg/kg/d  35 17 18

M intermittent 0.25 mg/kg d1–4  69 32 18

M alt. P 0.25 mg/kg d1–4 and 1mg/kg MWF  28 61 24

M concurr P 0.25 mg/kg d1–4 and 2 mg/kg d1–4  51 65 17

1971235 CTX 150 mg/d 114 NG 28b

M 4 mg/d 105 NG 24b

1972223 MP M: 0.25 mg/kg and P: 2 mg/kg d1–4  83 52a 21

MP and procarbazine M: 0.2 mg/kg and P: above and Pro  79 41 23

1973230 M 0.15 mg/kg × 7, maintenance 0.05 kg/d  53 20 27 30,21,c

M and P M: as above and P: 1.25 mg/kg/d  70 39 NG 9,53

M, P, and testos M and P as above and weekly testosterone  56 43 NG 4,36

1980236 MP M: 10 mg d1–7; P: 40 mg d1–7 q 3 wk 174 NG 32b

CTX IV 600 mg/m2 q 3 wk 179 24

MP As above  71 NG 6b

CMLP 3 d: C: 250 mg/m2, M:5 mg/m2, P:40 mg/m2, 
and d4 L:50 mg/m2 q 4 wks

 61 NG 6

1982262 MP M: 0.15 mg/kg d 1–7; P: 0.8 mg/kg 100 44a 27

Carmustine-P C: 150 mg/m2 IV; P: 0.8 mg/kg 124 34 21

Lomustine-P L: 100 mg/m2 qd; P: 0.8 mg/kg 137 30a 21

Alt, alternating; C, cyclophosphamide; concurr., concurrently; CTX, cyclophosphamide; IV, intravenous; L, lomustine; M, melphalan; MRC, Medical Research Council Working Party on Leukaemia 
in Adults; NG, not given; OS, overall survival; P, prednisone; po, by mouth; qd, daily.
a Difference is significant.
b Survival estimated from survival curves.
c Patients stratified for good and poor risk; median survival given as all patients (good risk, poor risk). Authors note that much quicker response observed with prednisone but worse survival with 
prednisone in poor-risk patients.
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Anthracyclines
Doxorubicin is the most commonly used anthracycline in the treat-
ment of MM, but it has not been studied as a single agent in newly 
diagnosed MM patients. Its activity as a single agent in relapsed 
or refractory disease is modest, with response rates of about 
10%.35,267 The pegylated form has been used in a number of MM 
regimens since the 1990s.268,269 A phase II trial of mitoxantrone 
as a single agent (12 mg/m2 every 3 weeks) yielded a partial 
response rate of 3% (1 of 35). An additional 4 patients showed clin-
ical improvement lasting 4 to 7 months.270 Idarubicin is another 
anthracycline that has been studied in MM. Response rates of 0% 
to 27% have been observed in relapsed and refractory patients 
with single-agent oral regimens (30 mg/week in three divided 
doses given 3 of 5 weeks or 40 mg/m2 every 3 weeks).271,272

Etoposide
In relapsed and refractory disease, single-agent etoposide (200 to 
250 mg/m2 over 5 days) has minimal activity; in 85 patients the 
response rate was < 5%.273 Barlogie et al.274 treated 14 patients 
with 200 mg/m2 by continuous infusion, and 2 responded. In 
addition, there are two anecdotal reports of activity of low-dose 
(25 to 50 mg/day) oral etoposide.275,276

Nitrosoureas
The nitrosoureas have single-agent activity in MM. In a random-
ized trial of 361 previously untreated patients, objective response 
frequency with carmustine (BCNU; 40%) and lomustine (CCNU; 
42%) was lower than that of melphalan (59%), although the sur-
vivals for all groups were not significantly different.262

Interferon
Despite the encouraging reports that daily human leukocyte 
IFN (3 to 9 MU/day) could induce responses in as many as 60% 
of MM patients34,217 subsequent studies with recombinant IFN 
yielded rates of 10% to 20%.219,277–280 Toxicity was not inconse-
quential.280 In vitro activity had good predictive value for in vivo 
clinical response in 26 patients studied.278 However, IFN has a 
stimulatory effect in about one third of MM samples tested in 
vitro.278 This drug has been used most commonly in the mainte-
nance setting as discussed below.

Bendamustine
Bendamustine is a multifunctional alkylating agent with a purine-
like ring system and a novel mechanism of action. Bendamustine 
appears to be more efficient in inducing DNA double-strand 
breaks compared with other more commonly used alkylating 
agents such as cyclophosphamide or phenylalanine mustard.

In a phase I study of bendamustine, Knoop et al. enrolled  
31 patients with MM that had progressed after high-dose che-
motherapy. Bendamustine 100 mg/m2 on days 1 and 2 per cycle 
was found to be the maximal tolerated dose. The overall response 
rate was 55% with a median progression-free survival of 26 (0 to 
61) weeks. Toxicity was mild and mainly hematologic.281,282 In 
this retrospective analysis of a single institution experience, 39 
patients with relapsed or refractory MM received bendamustine 
as salvage therapy.283 Bendamustine used at 80 to 150 mg on 
day 1 + 2 of a monthly cycle with or without steroids resulted in 
3% VGPR, 33% PR, 18% MR, 26% SD, and 20% PD. The median 
EFSand OS were 7 and 17 months, respectively.

Thalidomide
Thalidomide is the first in the class of drugs called immune 
modulatory drugs (IMiDs). Recognition of the role of increased 

angiogenesis in the pathogenesis and progression of MM,139 and 
evidence of thalidomide’s antiangiogenic properties,284,285 led to 
clinical trials in MM.37,286 The observed responses in patients 
without high-grade angiogenesis suggest that thalidomide may 
act via other mechanisms as well.287 In vitro data suggest that 
the drug and its metabolites may inhibit angiogenesis, but in 
addition may modulate adhesion molecules of MM cells and their 
surrounding stroma, modulate cytokines, and affect natural killer 
cells. There is evidence that thalidomide and its analogues induce 
apoptosis and G1 growth arrest in MM cells.287

The first report of the utility of thalidomide in patients with 
relapsed MM37 who were treated with escalating doses of 
thalidomide was published in 1999. Patients were started on  
200 mg each evening; the dose was escalated every 2 weeks, if 
tolerated, to a final maximal dose of 800 mg daily. A total of 25% 
of patients had at least a 50% reduction in their serum para-
protein. Preliminary evidence of response was apparent within 
2 months in more than three quarters of the patients who did 
respond. Other investigators have confirmed a partial response 
rate of 25% to 58%, with an additional 6% to 26% achieving a 
minimal response, median response duration of 9 to 12 months, 
2-year progression-free survival of 10% to 20%, and 2-year OS of 
48%.286,288–294,295,296 As a single agent in previously untreated 
patients, response rates of 25% may be achieved.297–299 The role 
of dose intensity in thalidomide effectiveness is unclear.293,300 
In the original reports, the highest dose tolerated was adminis-
tered.37 In high-risk patients there was a suggestion that response 
rates were higher and survival longer in patients receiving high 
doses of thalidomide (greater than or equal to 600 mg/day).301 
However, in some patients, responses may be seen with doses as 
low as 50 to 100 mg/day.300

Toxicities associated with thalidomide include fetal malforma-
tions, constipation, weakness or fatigue, somnolence, skin prob-
lems, and sensory neuropathy in more than one third of patients. 
There is also an increased risk of thrombosis in patients treated 
with thalidomide, which appears to be exacerbated by the use 
of concurrent combination chemotherapy, with rates as high as 
28%.302,303,304 Other life-threatening complications have included 
Stevens–Johnson syndrome and hepatitis.305,306

Thalidomide received US Food and Drug Administration 
approval for use in conjunction with dexamethasone for newly 
diagnosed MM in 2006.

Lenalidomide (CC-5013; Revlimid™ )
This drug is a small molecule derivative of thalidomide and a 
member of the immunomodulatory (IMiD) class. Lenalidomide is 
more potent than thalidomide in mediating direct cytokine-related 
and immunomodulatory effects against human MM cell lines and 
patient-derived cells in vitro. It induces apoptosis of MM cells; over-
comes cytokine and bone marrow stromal cell-mediated drug resis-
tance; has antiangiogenic effects; and stimulates host anti-MM T 
and natural killer cell immunity.39,307 In the original phase I study, 
30% of patients responded to the single-agent drug, with a median 
duration of response of 6 months.39 At 50 mg per day the dose 
limiting toxicity was myelosuppression. In the randomized phase II 
trial, two schedules were evaluated: 25 mg daily and 15 mg twice 
daily. In both arms, drug was given only 21 out of 28 days. Overall 
approximately 17% of relapsed or refractory patients achieved 
a partial response, including a 4% complete response rate, with 
a median progression-free survival (PFS) of 4.6 months for the 
patients receiving once-daily dosing.39,307 Aside from myelosup-
pression, other grade 3 to 4 toxicities included neuropathy and 
fatigue in 3% and 7% of patients. In the open label phase II tral, 
including 222 patients, there was 25% partial response rate, with a 
time to progression of 5.1 months.308 newly diagnosed MM, single 
agent lenalidomide induces responses in fewer than one-third of 
patients.309 The FDA approved the drug in combination with dexa-
methasone as second line therapy for patients with MM in 2006.
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Pomalidomide (CC-4047; Actimid™)
Pomalidomide is another IMiD with activity310 that is currently 
undergoing clinical trials in relapsed MM.311,312 Preclinical stud-
ies have shown changes that suggest a significant immunomodu-
latory effect of the drug, with decrease in CD8+/CD45RA+ cells 
and CD4+/CD45RA+ initially following therapy, which was also 
accompanied by a corresponding increase in CD8+/CD45RO+ 
cells and CD4+/CD45RO+, suggesting a switch from naïve cells 
to activated effector T-cells.310 It also has an effect on the inflam-
matory pathways via transcriptional inhibition of cyclooxygen-
ase-2 (COX-2) production, which is associated with increased 
prostaglandins in human lipopolysaccharide (LPS)-stimulated 
monocytes.313 In addition to the direct anti-MM activity and 
the immunomodulatory functions, pomalidomide also alters the 
tumor microenvironment. In vitro studies also have shown potent 
inhibitory effect on osteoclast differentiation as well as bone 
marrow angiogenesis.314,315 A total of 54% of previously treated 
patients respond to the single-agent drug. Median PFS was  
9 months. Additional studies have been done as are described in 
the section of relapsed/refractory disease. As of this writing, the 
drug is not available except in clinical trials.

Bortezomib (Velcade™, PS-341)
Bortezomib is the first drug in its class of proteasome inhibi-
tors. It is a boronic acid dipeptide that reversibly and selectively 
inhibits the proteasome, an intracellular complex that degrades 
primarily ubiquitinated proteins. The proteasome has a key role 
in protein degradation, cell-cycle regulation, and gene expression. 
Tumor cells, including MM, are heavily dependent on proteasome-
regulated proteins for their growth and interaction with stromal 
cells. Inhibition of the proteasome has emerged as an important 
antitumor target, and bortezomib has been shown in vitro and in 
vivo to cause growth arrest, to induce apoptosis, and to inhibit 
angiogenesis.

Of newly diagnosed MM patients, 38% to 48% will respond to 
single-agent bortezomib.316–318 The addition of dexamethasone 
results in an overall response rate of 67% to 88%.317,319 Single-
agent response rates in relapsed/refractory MM range from 28% 
to 38% with a median duration of response of 8 months.308,320–322 
The most common adverse events associated with bortezomib 
are: gastrointestinal disturbances, fatigue, peripheral neuropa-
thy, and myelosuppression. There were 75% of patients who had 
serious (grade 3 to 4) adverse events, the most common of which 
were thrombocytopenia, neutropenia, anemia, gastrointestinal 
disturbances, fatigue, and peripheral neuropathy (sensory, motor, 
and pain).321,323 In a review of 256 patients treated on two phase 
II studies, over 80% of paitents had baseline peripheral neu-
ropathy. Treatment-emergent neuropathy was reported in 35% of 
patients. Grade 1–2, 3, and 4 neuropathy occurred in 22%, 13%, 
and 0.4% of patients, respectively. Grade 3 neuropathy was more 
likely to occur in patients with a baseline neuropathy. A total of 
71% of patients with neuropathy greater than or equal to grade  
3 and/or requiring discontinuation who had resolution to baseline 
or improvement. Subcutaneous administration and/or weekly 
administration of bortezomib reduces the incidence of severe 
peripheral neuropathy by nearly 40%.324

The FDA approved bortezomib for patients with refractory 
MM in 2003, patients who failed one prior regimen in 2005, and 
as initial therapy in 2008. Because of toxicity, two important 
modifications to bortezomib administration have been made over 
the past decade. The first was introduction of weekly bortezomib 
rather than twice weekly followed by a 10-day rest; the second was 
the subcutaneous administration rather than the intravenous route 
of administration. This latter change was approved by the FDA 
in 2012 based on a randomized control trial that demonstrated 
comparable efficacy but significantly lower toxicity.324 Overall 
response rate for both arms was 42% to 43%, but grade 3 or higher 

peripheral neuropathy was 6% versus 16% and any neuropathy 
was 38% versus 53%, favoring the subcutaneous administration.

Carfilzomib (PX-171, KyprolisTM)
Carfilzomib is a selective proteasome inhibitor that binds irre-
versibly to its target. It differs from bortezomib in that it does not 
contain a boronic acid residue, and irreversibly binds to the prote-
asome subunit. It was FDA approved for the indication of relapsed 
or refractory MM among patients who have had prior exposure to 
an IMiD and bortezomib. Two schedules had been tested in hema-
tologic malignancies,325,326 and best tolerance was seen with an IV 
infusion on days 1, 2, 8, 9, 15, and 16 every 28 days. In bortezo-
mib-naïve patients,221 reponse rates were seen in 25% of patients 
treated at the 20 mg/m2 level and in 52% of patients treated with 
first cycle 20 mg/m2, but subsequent cycles at 27 mg/m2. An addi-
tional 17% and 12% of patients had a minimal response (i.e., a 
25% reduction in their serum M-protein) in the 20 mg/m2 cohort 
and the 20/27 mg/m2 cohorts, respectively. Median duration of 
response is 13 months among patients achieving a a PR or better. 
The most common side effects of drug are fatigue, nausea, anemia, 
dyspnea, cough, and pyrexia occurring in 34% to 62% of patients. 
The most common grade 3 or higher AEs were hematologic (13% 
to 16%) and pneumonia (12%). Treatment-emergent peripheral 
neuropathy was rare with only 1 patient in 129 developing a grade 
3 PN. Because fever, chills, shortness of breath, and/or rigors may 
occur during cycle 1 and sometimes cycle 2, dexamethasone 4 mg 
daily can be given before each dose in cycle 1 and before the first 
dose of the cycle 2 if dose escalation is planned.

Other Agents
Barlogie et al.274 explored the utility of cisplatin therapy for 
patients with MM. A total of 14 patients were treated with  
10 mg/m2 for 7 days by continuous infusion, and 2 responded. 
The drug has been incorporated into other regimens for relapsed 
disease274,327,328 and induction therapy.329

Cytosine arabinoside,330 tenoposide,331 topotecan,332 deoxyco-
formycin,333,334 arsenic trioxide,335,336 and paclitaxel337,338 have 
been reported to produce response rates of 7%, 28%, 16%, 0% to 
15%, 7.1%, and 15% to 29%, respectively. Topotecan induces sig-
nificant toxicity including greater than or equal to grade 3 granu-
locytopenia and thrombocytopenia in 93% and 53% of patients, 
respectively.332 Patients treated with paclitaxel were premedi-
cated with 40 mg of dexamethasone every 21 days,337,338 bringing 
into question whether the observed responses were attributable to 
dexamethasone or paclitaxel.

Agents that do not appear to have any activity in MM include 
drugs that are interesting from an historical perspective and 
drugs that have known activity in other diseases. Agents in  
the former category include diamidines, such as stilbami-
dine; 1-aminocyclopentanecarboxylic acid; amsacrine,339,340 
 aclarubin,341 chlorozotocin,342 hexamethylmelamine343 and aza-
serine.32 Other agents without activity against MM include: 
methotrexate, 6-mercaptopurine, 6-thioguanine, 5-fluorouracil, 
fluorodeoxyuridine, hydroxyurea, mitomycin C,32 vinblastine, vin-
desine,243 carboplatin,344 bleomycin,267 ATRA (all trans-retinoic 
acid), fludarabine,345 2-chlorodeoxyadenosine,346 flavopiridol,347 
and imatinib.348 Although Durie et al.349 reported a 57% response 
rate with clarithromycin, subsequent reports did not corroborate 
this response rate, and the activity observed in the original report 
was attributed to concurrent corticosteroid therapy.350–352

Combination Chemotherapy for Induction
Combining multiple active agents in an effort to achieve synergy 
is a logical corollary. The last 3 decades of the 20th century were 
spent combining alkylators, anthracyclines, corticosteroids, and 
IFN. Thirty years of study indicate that the higher response rates 
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afforded by these combinations as initial therapy did not translate 
into longer OS rates than standard MP therapy216 (Fig.  98.6), 
and the data are conflicting as to whether patients with more 
advanced disease benefited from combination alkylator chemo-
therapy.210,216,233,258,353–355 Once IMiDs and proteasome inhibi-
tors were shown to have activity, clinical investigators began using 
these drugs in combination. Table 98.4 serves as a reference for 
commonly cited regimens. For expediency, the section on induction 
regimens is separated into three larger categories: those com-
monly used in all types of MM patients, those specifically for trans-
plant-ineligible patients, and those for transplant-eligible patients.

Clinical research in MM began to move at breakneck speed 
starting in the first decade of the 21st century. Because of the abun-
dance of induction data and the absence of definitive “best options,” 
the Mayo Clinic group has published a treatment algorithm for 
patients with newly diagnosed MM called mSMART. 357,358 This is 
an online algorithm that is updated as new data emerge (Fig. 98.5; 
http://www.msmart.org/index.html). As a general rule, patients 
who are being considered for stem cell collection and transplan-
tation receive nonalkylator-containing induction regimens, or if 
alkylator-containing regimens are used, the number of cycles is 
restiricted to four prior to stem cell mobilization.

Commonly Used Regimens for Any Newly 
Diagnosed Multiple Myeloma Patient
Three of the most commonly used induction regimens in the 
United States—lenalidomide/dexamethasone (Rd), bortezomib/
lenalidomide/dexamethasone (VRD), and cyclophosphamide/bort-
ezomib/dexamethasone (CyBorD)—are regimens that can be used 
for patients regardless of their transplant eligibility. Surpisingly, 
these three regimens have the least published phase III data to 
support their use. The mSMART method of prioritizing their use is 
shown in Figure 98.5.357,358 Table 98.5 also lists these regimens, 
as well as other phase II regimens of interest that are discussed 
later in this chapter.

Lenalidomide/Dexamethasone (rd)
In previously untreated patients with active MM, the combination 
of lenalidomide and dexamethasone with or without clarithro-
mycin yields overall response rates of 91% to 95%, with com-
plete response/very good response rates of 32% to 38%.359,360 
Rajkumar et al.359 treated 34 patients with lenalidomide 25 mg 
orally days 1 to 21 and dexamethasone 40 mg days 1 to 4, 9 to 

12, and 17 to 20, both repeated every 28 days. Aspirin was given 
as DVT prophylaxis. The overall response rate was 91%, with 6% 
achieving complete response and 32% very good partial response. 
Grade 3 to 4 neutropenia occurred in 12% of patients. A total of 
47% of patients experienced grade 3 or higher nonhematologic 
toxicity, most commonly fatigue (15%). The 2-year progression-
free survival rates for patients proceeding to SCT and patients 
remaining on Rev-Dex were 83% and 59%, respectively; the OS 
rates were 92% and 90% at 2 years and 92% and 85% at 3 years, 
respectively. The 3-year OS rate for the whole cohort was 88%.361

Niesvizky et al.360 treated 72 patients with clarithromycin, 
lenalidomide, and dexamethasone (BiRD). The rationale for the 
clarithromycin use is that it alters the hepatic metabolism of both 
drugs, resulting in higher effective doses. The lenalidomide sched-
ule was as above, but dexamethasone was administered only once 
weekly. Clarithromycin was given 500 mg twice daily. Aspirin 
was given as DVT prophylaxis. The overall response rate was 
90%, including 39% CR and 35% VGPR. Twenty patients went on 
to receive ASCT. Two-year EFS for the nontransplant group was 
75%. The most common grade 3 or higher nonhematologic AEs 
were myopathy (11%) and thromboembolic events (12.5%). Grade 
3 or higher hematologic toxicies were neutropenia in 19.4%, ane-
mia in 13.8%, and thrombocytopenia in 22.2%.

A randomized controlled trial comparing lenalidomide with 
standard dexamethasone (12 days/month schedule)—RD—to 
lenalidomide with reduced intensity dexamethasone (weekly dexa-
methasone)—Rd.362 After 4 months of therapy, 79% of the RD 
patients and 68% of the Rd patients had achieved a partial response 
or better; however, at 1 year, OS was superior in the Rd arm as 
compared to the RD arm (92% vs. 87%, P = 0.0002). Among those 
aged less than 65, the 1-year OS was 91% with RD and 98% with 
Rd; among those older than 65, the 1-year OS was 83% with RD and 
94% with Rd. The trial was stopped due to this safety concern, and 
patients receiving high-intensity dexamethasone (RD) were crossed 
over to the low-intensity arm (Rd). Grade 3 to 4 AEs and early 
deaths were higher in the RD group (52% vs. 35%, P = 0.0001 and 
5.4% vs. 0.5%, P = 0.003), respectively. The most common grade  
3 or higher toxicities were DVT (26% vs. 12%, P = 0.0003), infec-
tions (16% vs. 9%, P = 0.04), and fatigue (15% vs. 9%, P = 0.08).

Because of the ease of administration and low early death 
rate, many consider Rd an excellent first-line therapeutic option. 
Others express concern that a 68% response rate and a VGPR 
or better rate of 40% is insufficient, and therefore favor the use 
of triplets, especially in younger patients. To date, there are no 

FIGURE 98.6. Melphalan and prednisone (MP) versus combined chemotherapy (CCT) as induction. Results from 6,633 patients from 27 randomized 
trials.  A: Overall survival. B: Response duration. (From the Myeloma Trialists’ Collaborative Group.216 By permission of the American Society of Clinical Oncology.)
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completed randomized trials demonstrating survival advantage 
of any of the triplets over the Rd. Several clinical trials are ongo-
ing that compare a triplet (MPT, VRD) to Rd. In the absence of 
prospective data, a retrospective comparison of three consecu-
tive clinical trials [RD (lenalidomide-dexamethasone, n = 34), 
CLD (cyclophosphamide-lenalidomide- dexamethasone, n = 53), 
and CyBorD (cyclophosphamide/bortezomib/dexamethasone, 
n = 63)], has been reported.363 Overall response rates were 
comparable at 94%, 85%, and 90%, but complete response/near 
complete response rates were highest in the CyBorD arm, 35%, 
15%, and 41%, P = 0.006. Despite this difference, however, PFS 

and OS were no different among the groups. Respective median 
PFS rates were: 3.2, 2.3, and 2.7 years, P = 0.11, and respective 
3-year OS rates were 88%, 79%, and 88%. Poor cytogenetic risk 
was not overcome by any of these regimens. A notable finding of 
this study was that 80% of patients were alive at 4 years.

Despite the concern of an increased rate of secondary malignan-
cies when using lenalidomide as maintenance after ASCT and in 
conjunction with MP, the use of Rd appears to impart a lower rate 
of acute myeloid leukemia and myelodysplastic syndrome than MPT 
with respective rates of 0.15 per 100 person-years (95% CI 0.05 
to 0.47) versus 1.04 per 100 person-years (95% CI 0.56 to 1.94), 

Regimen VCR Alk Dox Gluco IMiD Proteas

L-dexa 362 — — — D:40 mg/wk L: 25 mg d1–21 —

VMPd 356 — M: 9 mg/2 d 1–4 — P: 60 mg/m2 d1–4 — B: 1.3 mg/m2d

MPTb 388 — M: 0.25 mg/kg 
d 1–4

— P 2 mg/kg d1–4 T: 200 mg/d —

CTDc 465 C: 500 mg/wk D: 40 mg d1–4 & 
12–15

T: 100–200 mg/d

CyBorD365,366a C: 300 mg/m2/wk — D: 40 mg/ wkf B: 1.5 mg/m2/wk

VRDc 370 D: 20 mg d1, 2, 4, 
5, 8, 9, 11, 12

L: 25 mg d1–14 B:1.3 mg/m2 IV d1, 
4, 8, 11

Carfilzomib221 D: 4 mg each Car 
dose cycle 1 and at 
Car dose increase

Car: 20 mg/m2 
d1,2,8,9,15,16 
cycle 1; increase to 
20 mg/m2 cycle 2

MP — M: 9 mg/m2 d1–4a — P 100 mg d1–4 a — —

MP — M:0.15 mg/kg/d 
d1–7 b

— P 60 mg d1–7 b — —

VBMCPe 259 0.03 mg/ kg IV d 1 M: 0.25 mg/kg 
d1–7
C: 10 mg/kg IV d 1 
BCNU: 0.5 mg/kg 
IV d 1

— P: 1 mg/kg d1–7 — —

CPa — C: 300 mg/m2 
weekly or 50–100 
mg qd

— P: 50–100 mg qod — —

T-Dexa 407 — — — D: 40 mg/wk T: 50 to 100 mg/d —

Doxil/ Bortc 268 — — Pegylated dox 30 
mg/m2 d4

— — B: 1.3 mg/m2 IV d 
1, 4, 8, 11

VADe 443 0.4 mg/ m2 d1–4 
CI

— 9 mg/m2 CI d 1–4 D 40 mg d 1–4, 
9–12, 17–20

— —

C-VADc 465 0.4 mg/d CI d 1–4 C: 500 mg IV d 1, 
8, 15

9 mg/m2 CI d 1–4 D: 40 mg d1–4, 
9–12

VDT-PACEe 475 — d1–4 by CI: C 400 
mg/m2,
CDDP 10 mg/m2, & 
Etop 40 mg/m2

10 mg/m2 d1–4, CI D: 40 mg d1–4 T: 200 mg d1–4 B: 1 mg/m2 SQ d1, 
4, 8, 11

PAD 9 mg/m2 CI d1–4 D: 40 mg 1–4, 
9–12, 17–20

B: 1.3 mg/m2 IV d 
1, 4, 8, 11

B, bortezomib; BCNU, carmustine; C, cyclophosphamide; Car, carfilzomib; CDDP, cisplatin; CI, continuous infusion; CP, cyclophosphamide and prednisone; CTX, cyclophosphamide; C-VAMP, 
cyclophosphamide, vincristine, doxorubicin, and methylprednisolone; d, day; D, dexamethasone; Dex, dexamethasone; Dox, doxorubicin; IMiD, immune modulatory drug; IV, intravenous; 
L, lenalidomide; M, melphalan; MP, melphalan and prednisone; MPT, MP and thalidomide; po, by mouth; P, prednisone; q, every; qod, every other day; T, thalidomide; VAD, vincristine, 
doxorubicin, and dexamethasone; VAMP, vincristine, doxorubicin, and methylprednisolone; M-2, VBMCP; VCR, vincristine; VMCP, vincristine, melphalan, cyclophosphamide, and prednisone; 
VDT-PACE, bortezomib, dex, thalidomide, cisplatin, doxorubicin, cyclophosphamide, etoposide; gluco, corticosteroid; VMP, MP and bortezomib; wk, week.
a Repeated at 4-week intervals.
b Repeated at 6-week intervals.
c Repeated at 3-week intervals.
d Initial treatment strategy for VISTA trial was bortezomib 1.3 mg/m2 on days 1, 4, 8, 11, 22, 25, 29, and 32, repeated every 6 weeks for four cycles, and then repeated every 5 weeks, with 
bortezomib schedule changing to weekly administration for 4 weeks followed by 1 week rest. Due to high rates of neuropathy, recommended modification is to start with weekly administration 
and 5-week cycles.397
e Repeated every 5 weeks.
f Dexamethasone 40 mg days 1–4, 9–12, 17–20 for cycle 1; then days 1, 8, 15, and 22.

CoMMonly CiteD regiMens anD tHeir Dosage sCHeDules

taBLe 98.4
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respectively. Rates of other secondary primary malignancies were 
comparable in both arms and within the expected range for an 
elderly population.364

Cyclophosphamide, Bortezomib, and Dexamethasone 
(CyBorD or VCD)
The combination of cyclophosphamide, bortezomib, and dexa-
methasone (CyBorD or VCD) has been explored both in the 
relapsed setting and in patients with newly diagnosed MM. The 
first resport was that of a four 28-day cycles of bortezomib  
1.3 mg/m2 intravenously on days 1, 4, 8, and 11, cyclophospha-
mide 300 mg/m2 orally on days 1, 8, 15, and 22, and dexametha-
sone 40 mg orally on days 1 to 4, 9 to 12, and 17 to 20 on a 28-day 
cycle for four cycles.365 Among the 33 pateints enrolled, responses 
were rapid. The overall response rate was 88%, with 39% achiev-
ing complete/near complete response. Peripheral neuropathy 
rate was 66%, with 7% grade 3. A modified extension of that 
trial included another 30 patients to maximize dose delivery and 
reduce toxicity.366 Patients received the same weekly cyclophos-
phamide schedule, but bortezomib was increased to 1.5 mg/m2 

IV on days 1, 8, 15, and 22 and dexamethasone was modified to 
40 mg once weekly after cycle 2. Response rates were comparable 
and toxicity was less; grade 3/4 AEs dropped from 60% to 40% of 
patients, and no patient had grade 3 PN.

Bensinger reported results from a phase II study of two sequen-
tial three-drug combinations: three 21-day cycles of bortezomib, 
cyclophosphamide, and dexamethasone (VCD) followed by three 
21-day cycles of bortezomib, thalidomide, and dexamethasone 
(VTD).367 Among the 42 evaluable patients, overall response 
rate was 95%, including 19% stringent complete response (sCR). 
Adverse cyctogenetics did not appear to affect response. With 
a median follow-up of 21 months, 1-year EFS and are OS were 
81% and 91%, respectively. The most common nonhematological 
grade 3/4 AE was periphaeral neuropathy, which occurred in 
11% of patients. Four patients had cardiovascular events all dur-
ing the VTD cycles.

A randomized phase II study comparing bortezomib, dexa-
methasone, cyclophosphamide, and lenalidomide (VDCR); bort-
ezomib, dexamethasone, and lenalidomide (VRD); and two 
formulations of VCD in 140 previously untreated patients has 

seleCteD PHase 2 inDuCtion regiMens

taBLe 98.5

Reference Regimen Phase N CR (%) VGPR (%) PR (%) OR (%) PFS OS

Niesvizky360 BiRD 2 40 25 18 53 95 2-y 75% NA

Jagannath319,477 Bortez 2 32  3  9 28 40 21 m 4-y 67%

Bortez+/−

dex
2 32  6 19 63 88 pooled pts pooled pts

Richardson318 Bortez 2 64  3  8 23 41 17 m 1-y 92%

Dispenzieri316 Bortez 2 42  0 10 38 48 8 m 2-y 76%

Harousseau317 Bortez-Dex 2 48 20  0 47 67 NA NA

Gosh478 VT 2 27 10 20 43 73 17 m 3-y 74%

Richardson370 VRD 1/2 66 29 40 33 66 1-y 75% 1.5-y 97%

Kumar368 VRD 2 42 24 27 34 85 1-y 83% 1-y 100%

Reeder365 CyBorD 2 33 39a 22 17 88 NA NA

Reeder366 mCyBorD 2 30 43a 17 33 93 NA NA

Kumar368 VCD 2 33 22 19 34 75 1-y 93% 1-y 100%

Kumar368 mVCD 2 17 47  6 47 100 1-y 100% 1-y 100%

Bensiger367
VCD + VTD 2 42 45 12 38 95 1-y 81% 1-y 91%

Wang472 VTD 2 36 19  0 73 92

Kumar487 CLD 2 53 13 34 38 85 28 m 2-y OS 87

Jakubowiak479 CarRd 1/2 53 42 39 17 98 1-y 97% NA

Oakavee 480,481 PAD 2 21 24  0 71 95 29 m 2-y 95%

Popat481,486 LD-PAD 2 19 11 28 50 89 24 m 2-y 73%

Berenson483 VDD 2 35 20  9 43 72 NA NA

Sher482 VDT 2 43 35 NA 43 78 NA NA

Kumar368 VDRC 2 48 25 33 30 88 1-y 86% 1-y 92%

Hussein et al.488 DVd-T 2 55 36 13 34 83 28 m NA

Offidani490 ThaDD 2 50 34 24 30 88 3-y 57% 3-y 74%

Zervas484 T-DVD 2 39 10  0 64 74 1-y 70% 1-y 80%

Jaubowiak485 RVDD 1/2 72 44 23 29 96 2-y 70% 2-y 75%

BiRD, biaxin, lenalidomide, and dexamethasone; bortez, bortezomib; CarRd, carfilzomib, lenalidomide, and dexamethasone; CLD, cyclophosphamide, lenalidomide, and dexamethasone; CR, 
complete response; CyBorD, cyclophosphamide, bortezomib, and dexamethasone; dex, dexamethasone; EFS, event-free survival; LD-PAD, low-dose PAD: N, number of patients; NA, not 
available; OR, overall response rate; OS, overall survival; PFS, progression-free survival; PR, partial response; ThaDD, thalidomide, pegylated doxorubicin, and dexamethasone; mo, months; thal, 
thalidomide; mCyBorD, modified CyBoD; MDT, MD and thalidomide; MPR, melphalan, prednisone and lenalidomide; mVCD, modified VCD; PAD, bortezomib, doxorubicin, and dexamethasone; 
RVDD, lenalidomide, bortezomib, doxorubicin, and dexathasone; ThaDD, thalidomide, pegylated doxorubicin, and dexamethasone; T-DVd, thalidomide, pegylated doxorubicin, vincristine, and 
dexamethasone; ThaDD, thalidomide, doxorubicin, and dexamethasone; VCD, bortezomib, cyclophosphamide, and dexamethasone; VDD, bortezomib, doxorubicin, and dexamethasone; VDRC, 
bortezomib, dexamethasone, lenalidomide, and cyclophosphamide; VDT, bortezomib, pegylated liposomal doxorubicin, and thalidomide; VGPR, very good partial response; VMP, MP and 
bortezomib; y, year; VRD, bortezomib, lenalidomide, and dexamethasone; VT, bortezomib and thalidomide.
a Includes nCR as well as CR.
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been reported.368 A maximum of eight 21-day cycles followed 
by maintenance bortezomib (1.3 mg/m2 every other week for 
24 weeks) was administered. The bortezomib was administered 
as 1.3 mg/m2 days 1, 4, 8, and 11 and the dexamethasone was 
administered as 40 mg days 1, 8, and 15 for all patients. The 
VRD patients received lenalidomide 25 mg days 1 to 14, whereas 
the VDCR patients received lenalidomide 15 mg days 1 to 14 and 
cyclophosphamide 500 mg/m2 days 1 and 8. The VCD paitents 
received cyclophophamamide 500 mg/m2 days 1 and 8, whereas, 
the VCD-mod patients received cyclophophamamide 500 mg/m2 
days 1, 8, and 15. Nearly all patients responded and the VGPR 
or better (CR) rates were 58% (25%), 51% (24%), 41% (22%), 
and 53% (47%) for patients on VDCR, VDR, VCD, and VCD-mod, 
respectively. The corresponding 1-year progression-free survival 
was 86%, 83%, 93%, and 100%. Grade 3 or higher AEs were seen 
in 76% to 88% of patients, with the highest rate of AE resulting 
in discontinuation in the VDCR arm. The highest rate of grade 
3/4 hematologic AEs was in the VDCR and VCD arms. Grade 3/4 
peripheral neuropathy rates ranged from 9% to 18%. The two 
regimens recommended by the authors were VCD-mod and VRD.

Kropff et al. reported phase I results of a variant of CyBorD. 
Thirty patients were treated with three 21-day cycles of bort-
ezomib 1.3 mg/m2 on days 1, 4, 8, 11 plus dexamethasone  
40 mg on the day of bortezomib injection and the day after plus 
cyclophosphamide at 900, 1,200, or 1,500 mg/m2 on day 1.369 
The maximum tolerated dose of cyclophosphamide was defined 
as 900 mg/m2. Overall response rate across all levels was 77%, 
with a 10% CR rate.

Bortezomib, Lenalidomide, Dexamethasone (VrD)
Richardson and colleagues reported on 66 patients treated 
on a phase I/II study using the combination of bortezomib, 
lenalidomide, and dexamethasone for previously untreated MM 
patients.370 Patients receved eight 3-week cycles and either pro-
ceeded to transplantation or maintenance. All patients responded, 
and 67% achieved a VGPR or better. A total of 42% proceeded to 
ASCT. With median follow-up of 21 months, estimated 18-month 
PFS and OS for the combination treatment with/without trans-
plantation were 75% and 97%, respectively. Sensory neuropathy 
occurred in 80% of patients and 32% reported neuropathic pain 
(grade 2/3 in 14%). Grade 3 to 4 neutropenia and thrombocytope-
nia occurred in 9% and 6% of patients respectively.

Summary statement: Based on complete response rates, the 
triplets are superior. Based on toxicity, lenalidomide and dexa-
methasone are superior. There are no compelling OS data to sup-
port one option over another.

Transplant Ineligible Patients
Transplant Ineligible Patients: Phase III Trials of Induction 
Regimens Including IMiDs and/or Proteasome Inhibitors 
(Table 98.6)

The combination of melphalan and prednisone (MP) was 
the standard for all patients with MM for nearly 40 years. The 
combination of MP has been studied extensively.223,230 Response 
rates are 40% to 60% and anticipated median survivals are 18 to  
42 months.210,216,223,230,232,236,257,263,264,354,371–386 Because of 
the variable gastrointestinal tract absorption of melphalan, intra-
venous regimens of 15 to 25 mg/m2 every 4 weeks along with oral 
prednisone or dexamethasone have been tried and resulted in 
response rates of 50% to 82%.386,387 An important phase III trial 
(IFM 95-01) directed at the elderly (age 65 to 75 years) was a four-
arm study comparing MP to melphalan–dexamethasone (MD), 
dexamethasone, or dexamethasone–IFN.249 A total of 488 patients 
was randomized, and follow-up was 83 months. Response rates 
were significantly higher among patients receiving MD, and PFS 
was significantly better among patients receiving melphalan  
(22 vs. 13 months), but there was no difference in OS among the 

four treatment groups. The median survival for the whole series 
was 35 months. The morbidity associated with dexamethasone-
based regimens was significantly higher than with MP.

With the advent of ASCT, MP was relegated to those not eli-
gible for ASCT. As drugs outside the alkylator, anthracycline, 
and corticosteroid classes began to show activity around 2000, 
combining these drugs with alkylator and prednisone became 
the obvious path for study.388–395,396,397–400 Such regimens have 
become part of the standard for treating elderly patients with MM 
(Table 98.6) in addition to a few combinations that have not been 
directly compared to MP, but have shown promise in either phase 
II or III trials.362,365,366,370 A major limitation of several of the 
trials that compare a doublet to a triplet is that it is often unclear 
what percentage of the doublet patients got access to the third 
drug at the time of relapse or progression.

There have been seven randomized controlled trials compar-
ing MP to MP and a novel agent.388–395,396 In terms of the six MPT 
studies, all have favored MPT with regard to higher CR rates. 
Four of six have been positive with regard to PFS, again in favor 
of three drugs over two drugs, but only three of six have been 
positive with regard to OS. An individual patient meta-analysis 
has recently been reported.401 In aggregate, MPT was superior to 
MP in terms of overall response rate (59% vs 37%), median PFS  
(20 versus. 15 months), and median OS (39 vs. 33 months). 
Although this meta-analysis is an extraordinarily important study, 
there was no effort to examine what percentage of the relapsing 
MP patients received thalidomide as salvage. In a side meta-anal-
ysis examining serious adverse events of individual patient data of 
these same six trials,402 a higher cumulative incidence of grade 3 
to 4 nonhematologic (39% vs. 17%, HR 2.78, 95%CI 2.21 to 3.50) 
and hematologic (28% vs. 22%, HR 1.32, 95%CI 1.05 to 1.66) tox-
icities was documented with MPT. Nonhematologic toxicities were 
more likely to occur in patients with a baseline poorer perfor-
mance status (HR 1.18, 95%CI 1.06 to 1.32). The specific serious 
adverse events that were more common in patients receiving MPT 
were peripheral neuropathy, neurologic other than peripheral 
neuropathy, thrombosis, and dermatologic toxicity. The experi-
ence of a nonhematologic grade 3 to 4 AE had a negative impact 
on both PFS (HR 1.24, 95%CI 1.07 to 1.45, P = 0.006) and OS (HR 
1.23, 95%CI 1.03 to 1.47, P = 0.006).

The first positive MP versus MPT trial (Table 98.6) is the the 
IFM 99-06 study,388 in which 447 patients were randomized 
to twelve 6-week cycles of either of MP (melphalan 0.25 mg/kg 
per day and prednisone 2 mg/kg/day days 1 to 4 every 6 weeks) 
or MPT (MP plus 200 to 400 mg of thalidomide daily) or to two 
sequential miniautologous peripheral blood stem cell transplants 
(MEL100). The thalidomide was not continued past the twelfth 
cycle of therapy. Higher response rates and longer PFS were seen 
with the MPT as compared to either the MP or MEL100 groups, 
with respective PFS times of 28, 18, and 19.0 months. With a 
median follow-up of 51 months, there was a significant survival 
advantage for the patients on the MPT arm, with respective OS 
times not reached at 52 months, 33 months, and 38 months.388

The IFM01-01391 included 129 patients over the age of 75. 
They were randomized to twelve 6-week cycles of either of MP 
(melphalan 0.2 mg/kg per day and prednisone 2 mg/kg/day 
days 1 to 4 every 6 weeks) or MPT (MP plus 50 to 100 mg of 
thalidomide daily). With a median follow-up of 47.5 months, in 
the MPT arm both median OS (44 vs. 29 months, P = 0.03) and 
PFS (24 vs. 19 months, P = 0.001) were longer. Grade 2 to 4 
peripheral neuropathy (20% vs. 5%, P = 0.001) and neutropenia 
(23% vs. 9%, P = 0.003) were more frequent in the MPT arm.

In the GIMEMA MP versus MPT trial, patients were random-
ized to either standard dose oral MP for 6 months or to MP for  
6 months with concurrent thalidomide, which was continued 
indefinitely.389,390 Overall response rates were significantly higher 
with the MPT than the MP as were the complete response rates and 
the median PFS rates (22 vs. 14 months, P = 0.004). In the initial 
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report, there was a trend toward an improved 3-year OS in favor 
of MPT, but a second report with 38 months follow-up showed no 
difference in OS. This trial addressed a maintenance question as 
much as an induction question.

In the Dutch–Belgium Hemato-Oncology Cooperative Group 
(HOVON) 49 trial, patients were randomized to either eight cycles 
of MP (melphalan 0.25 mg/kg per day and prednisone 2 mg/kg/
day days 1 to 5 every 4 weeks) or MPT (MP plus 200 mg/day tha-
lidomide). The median EFS was 9 months with MP and 13 months 
with MPT, and 2-year PFS was 33% versus 21%, P < 0.05. OS 
of those treated with MPT was also superior (40 vs. 31 months, 
P < 0.05). In a partner health-related quality-of-life study,403 the 
higher frequency of adverse events associated with the MPT arm 

did not translate into a negative effect on the health-related qual-
ity of life. Only the score for paresthesia worsened in the MPT 
arm, but subscales rating emotional function and future perspec-
tives favored the MPT arm.

In the Nordic study,392 357 patients were randomized to MP 
(4 days of melphalan 0.25 mg/kg per day and prednisone 100 mg/
day every 6 weeks) or MPT (MP plus 200 to 400 mg/day thalido-
mide). Treatment was continued to plateau and the thalidomide 
was continued until relapse. Although there were superior CR 
and PR rates in the MPT arm, there was no difference in PFS or 
OS between the two groups. In fact, there was a higher mortality 
rate in the first 6 months among the MPT patients over age 75.  
In a partner health-related quality-of-life study, patients in the 

Study Regimen N CR (%) P >=PR (%) P

Median 
PFS/EFS, 
mo P

Overall 
Survival, 
mo P

% of Control 
Patients 
Receiving 
Study Drug  
at Relapse,

Facon (IFM 95–01)249 Dex
Dex-IFN
MP
MD

127
121
122
118

1
1
1
3

NS 42
43
41
70

<0.001 12
15
21
23

With M vs. no 
M, P < 0.001

33
32
34
40

NS NA

Ludwig, 2005405 Thal-Dex
MP

142
141

2
2

NS 68
52

0.002 17
21

NS 2-y 61%
2-y 70%

NS NA

IFM99–06388 a MPT
MP

125
196

13
2

<0.001 76
35

<0.001 28
18

<0.001 52
33

0.0006 44

IFM01–01391 MPT
MP

113
116

7
1

<0.001 62
31

<0.001 24
19

0.001 45
28

0.03 63

GIMEMA389,390 MPTb

MP
129
126

15
2

<0.001 60
45

NA 22
14

0.004 45
48

NS 42c

NMSG #12392 MPTb

MP
182
175

13
4

<0.001 57
40

<0.001 15
14

NS 29
32

NS 45

HOVON 49393 MPTb

MP
165
168

23d

8d
<0.001 66

45
<0.001 13

 9
<0.001 40

31
0.05 80

TMSG394 MPT
MP

57
57

9
9

NS 58
37

0.03 21
14

NS 26
28

NS  8

Meta-analysis401 MPT
MP

809
876

25d

9d
NA 59

37
<0.0001 20

15
<0.0001 39

33
0.004 NA

MRC IX –non- 
intensive399

CTDa
MP

419
418

13
2

NA 64
33

<0.001 13
12

0.01 33
31

NS NA

MM-015398 MPR-R
MPR
MP

152
153
154

33d

33d

12d

NA 77
68
50

0.002 31
14
13

<0.001 3-y 70%
3-y 62%
3-y 66%

NS NA

VISTA395,396 VMP
MP

344
338

30
4

<0.001 71
35

<0.001 24.0m
16.6m

<0.001 3-y 68%
3-y 54%

0.008 47

PETHEMA/GEM400 VMP e

VTP
130
130

20
28

NS 80
81

NS 34 m
25 m

NS 3-y 74%
3-y 65%

NS NA

VMPT + VT397 VMP
VMPT + VT

257
254

24
38

<0.001 81
89

NS 3-y 41%
3-y 56%

0.008 3-y 87%
3-y 89%

NS NA

E4A08=>70362,409 Rd
RD

71
76

NA NA 74
75

NS 22
16

0.1 2-year 90%
2-year 69%

0.03 NA

THAL-MM-003408 TD
D

240
235

8
3

NS 63
46

<0.001 15
 6

< 0.001 2-year 69%
2-y 63%

NS NA

CR, complete response; MP, melphalan and prednisone; MPT, melphalan, prednisone, thalidomide; NA, not available; OS, overall survival; PFS/EFS, event-free survival or progression-free survival; 
VMP, bortezomib, melphalan and prednisone; VMPT, bortezomib, melphalan, prednisone and thalidomide.
a Third arm of this study which treated patients with two sequential miniautologous ASCTs is not included in this table.
b Thalidomide was continued as maintenance in MPT arm.
c Received thalidomide or bortezomib; number of patients in control arm receiving thalidomide as salvage not specified.
d Complete response + very good partial response.
e Secondary randomization to either VT or VP.

ranDoMizeD trials oF inDuCtion regiMens For elDerly Patients/Patients not DestineD For autologous steM Cell 
transPlantation (asCt)

taBLe 98.6

72683_ch098_2046-2097.indd   2062 01/08/13   9:57 PM



 Chapter 98 Multiple Myeloma 2063

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

MPT arm had higher rates of constipation and lower rates of diar-
rhea, physical function, and social function.

The final MP versus MPT study was conducted in Turkey 
where 114 patients were randomized to 12 months of MP (mel-
phalan 9 mg/m2/day and prednisone 60 mg/m2/day for 4 days 
every 6 weeks) or MPT (MP plus thalidomide 100 mg/day continu-
ously). Although response rates were higher in the MPT patients 
than the MP patients, PFS and OS did not differ.

CTDa (cyclophosphamide, thalidomide, and dexamethasone) is 
a variation on the theme of MPT. The MRC IX trial399 randomized 
elderly patients to either MP or CTDa (Table 98.4) to maximum 
response, with a minimum of six cycles to a maximum of nine 
cycles (Table 98.6). There was a secondary randomization to tha-
lidomide or no thalidomide maintenance.404 Median follow-up is 
44 months, and PFS was marginally better in the CTDa arm, but 
OS was not different between the two arms. Patients in the CTDa 
group had higher rates of sensory and motor neuropathy, throm-
boembolic events, constipation, infection, rash, and elevated alka-
line phosphatase levels than did those in the MP group, but lower 
incidence of cytopenias.

The combination of thalidomide and dexamethasone (TD) 
has also been compared to MP.405 In these 282 elderly patients 
although there were higher response rates using TD (68% vs. 
52%, P = 0.002), there was also higher rates AEs: neuropathy 
(72% vs. 33%), psychological toxicity (36% vs. 18%, P < 0.001), 
constipation (33% vs. 13%, P < 0.001), and a trend toward more 
DVTs (10% vs. 4%). The only toxicity more commonly seen in 
the MP arm was myelosuppression. With a median follow-up 
of 28 months, there was no difference in PFS, but there was a 
trend toward shorter OS among TD-treated patients which was 
more notable in patients older than 75 years. MP has also been 
compared to the combination of melphalan, prednisone, and 
lenalidomide in a three-arm phase III trial398: MP versus MP with 
lenalidomide (MPR) versus MPR with lenalidomide maintenance 
(MPR-R). A total of 459 patients was randomized to either MP 
(nine 4-week cycles of melphalan 0.18 mg/kg/day and prednisone 
2 mg/mg/kg/day days 1 to 4), MPR (nine 4-week cycles of MP plus 
lenalidomide 10 mg days 1 to 21), or nine cycles of MPR with 
indefinite lenalidomide maintenance (10 mg days 1 to 21 every  
4 weeks). Overall response rates were lowest in the MP (50%) arm 
with progressively better rates for MPR (68%) and MPR-R (77%). 
With a median follow-up period of 30 months, however, neither 
PFS nor OS was better among patients treated with MPR as 
compared to MP. MPR-R patients had better PFS (31 months vs.  
14 and 13 months) but not 3-year OS (70%) as compared to the 
other two groups (62% vs. 66%). Toxicity was substantially higher 
in the lenalidomide arms.

The VISTA trial395 is the one large trial comparing MP to bort-
ezomib and MP (VMP). Patients received nine 6-week cycles of 
either melphalan (at a dose of 9 mg/m2) and prednisone (60 mg/
m2) on days 1 to 4, alone or in combination with bortezomib (1.3 
mg/m2) on days 1, 4, 8, 11, 22, 25, 29, and 32 during cycles 1 to 4 
and on days 1, 8, 22, and 29 during cycles 5 to 9. All response and 
survival outcomes were superior with the VMP, most notably CR 
rates of 30% versus 4%. Median PFS was 24 months as compared 
to 17 months, and 3-year OS was 68% as compared to 54%.396 
Time to response was also quicker with VMP 1.4 months versus 
4.2 months. Grade 3 to 4 adverse events, however, were more 
frequent in patients receiving VMP (46% vs. 36%). A total of 33% 
of patients discontinued bortezomib due to toxicity. Peripheral 
sensory neuropathy occurred in 44% of patients with grade 3 to  
4 in 13%. Neuralgia was also reported in 36% of patients.

There are three phase III trials for the elderly that compare 
VMP to other regimens.400,406 A major finding of two of these 
trials was the feasibility and efficacy of changing the bortezomib 
scheduled from days 1, 4, 8, 11 every 21 days to a once-weekly 
schedule. This alteration dramatically reduced rates of peripheral 
neuropathy.

With median follow-up of 32 months, the VMP vs. VTP trial 
was negative.400 Response rates, PFS, and OS were comparable 
but grade 3 to 4 AEs were significantly higher in the VTP arm. 
More patients in the VTP arm discontinued therapy prematurely, 
and they had higher rates of cardiac events (8% vs. 0%) but lower 
rates of infection (1% vs. 7%). An analysis based on cytogenetic 
risk was done, comparing outcomes based on hyperdiploidy ver-
sus nonhyperdiploidy. The 3-year OS in the VMP-treated patients 
was no different based on cytogenetic risk category implying that 
this regimen may abrogate the risk of nonhyperdiploid cytogenet-
ics; this difference was not observed in the VTP-treated patients. 
There was a secondary randomization in this trial to maintenance 
with either bortezomib and thalidomide (VT) or bortezomib with 
prednisone (VP).

Palumbo and colleagues randomized patients to receive either 
nine 5-week cycles of VMP (Table 98.6) or nine 5-week cycles of 
VMPT, which also added thalidomide 50 mg continuously, and 
continued with maintenance thalidomide along with alternate 
week bortezomib. Median follow-up at the time of the publica-
tion was 23 months. Response rates and PFS were higher in 
the four-drug combination with maintenance as compared to 
the three-drug with no maintenance, but OS was not different. 
Toxicity was significantly higher using the four-drug regimen: 
grade 3 to 4 neutropenia (38% vs. 28%; P < 0.02), cardiologic 
events (10% vs. 5%; P < 0.04), and thromboembolic events  
(5% vs. 2%, P < 0.08). The most important observation of this 
trial was that the bortezomib schedule could be changed from 
days 1, 4, 8, 11, 22, 25, 29, and 32 to days 1, 8, 15, and 22 
without reducing efficacy (or actual dose of drug delivered) but 
significantly reducing adverse events. Severe sensory peripheral 
neuropathy was reduced from 16% to 3%.

The multicenter, phase IIIb UPFRONT study compares the 
efficacy and safety in newly diagnosed MM patients ineligible 
for HDT–SCT of three bortezomib-based induction regimens 
followed by weekly bortezomib maintenance: VcD (bortezomib– 
dexamethasone); VTD; and VMP.406 Although this has only been 
presented in abstract and oral presentation, the findings are 
important. Despite the highest rates of VGPR or better in the 
VTD arm (51% vs. 37% and 40%), with a median follow-up of 26 
months, there was no difference in PFS or OS among the groups, 
but the mean global health status score (QOL) worsened for all 
groups during induction. During maintenance, QOL trended back 
toward baseline for the VcD and the VMP arms, but remained 
much lower than baseline for the VTD cohort.

Two trials address the combination of thalidomide–dexa-
methasone (TD) versus dexamethasone alone.407,408 The smaller 
trial is discussed in a later section and is reviewed in Table 98.7 
inasmuch as the majority of patients proceeded to ASCT.407 The 
larger trial is summarized in Table 98.6 and includes patients 
not destined for ASCT. In the TD arm, time to progression was 
significantly better (17.4 months, 95% CI: 8.1 months not reached 
versus 6.4 months, 95% CI: 5.6 to 7.4 months), but grade 3 to 
4 adverse events were also higher: DVT/PE 15.4 versus 4.3%; 
cerebral ischemia 3.4% versus 1.3%; myocardial infarction 4.7% 
versus 1.3%, and peripheral neuropathy 3.8% versus 0.4%.407

In E4A03, the subset of patients aged 70 or older who were 
treated with lenalidomide with high-intensity dexamethasone 
(RD) or low-intensity dexamethasone (Rd) are considered.362,409 
Although in this trial there is no comparator to MP, it is still rel-
evant because many judge it to be an effective and well-tolerated 
option for elderly patients. The major findings are shown in 
Table 98.6. Patients treated on the high-intensity dexamethasone 
arm had slightly higher response rates, comparable PFS, and infe-
rior OS as compared the low-intensity dexamethasone arm. Rates 
of nonhematologic toxicity in the RD and Rd arms were 68% and 
61%, respectively, with treatment-related deaths in 13% versus 
4% of patients. The 2-year OS survival rate of 90% for patients 
treated with Rd in this randomized trial prompted a large trial 
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Post-induction  
Response (%)

Post-ASCT(s)/Maintenance 
Response (%)

Reference Regimena N Overall =>VGPR (CR) Overall =>VGPR (CR) Median PFS/EFS Median OS

Barlogie, 2006463 TT2 no thalb 323 40 10 78 43c 44% 5-yc 63% 5-y

TT2 + thalb 345 60 19 86 62c 56% 5-yc 64% 5-y

MAG/Macro469 VAD 104 NA 7 (NA) NA 42 (NA) NA NA

Thal-dex 100 NA 25 (NA) NA 44 (NA) NA NA

IFM 2005–1470
VAD + DCEP 121 63c 156 c 79 3718 c 30 m 77% 3-y

BD + DCEP 121 79c 3815 c 84 5435 c 36 m 81% 3 y

GIMEMA466
VTD + VTD/D 236 93c 6219 c 96 8958 c 68% 3-yc 86% 3-y

TD + TD/D 238 79c 285 c 89 744 c 56% 3-yc 84% 3-y

HOVON50464
VAD + IFN 268 57c 18c 2 79c 5423 c 25c 60

TAD + Thal 268 71c 37c 3 88c 6631 c 34c 73

MRC IX465
CVAD + Thal or P 556 71 278 90d 6237 d 25 m 57% 4-y

CTD + Thal or P 555 82 4313 92d 7450 d 27 m 62% 4-y

HOVON-65/GMMG-HD4467
VAD + IFN 414 54c 142 c 83c 5624 c 28 m 55% 5 yc

PAD + Velcade 413 78c 427 c 90c 7636 c 35 m 61% 5-yc

PETHEMA/GEM05MEN0S65468 VTD 130 85 6035 c NA NA46 c 56 mc 74% 4-y

TD 127 62 2914 c NA NA24 c 28 mc 65% 4-y

VBMCP/BVAD/B 129 75 3621 c NA NA38 c 35 mc 70% 4-y

IFM 2007–02471 VD  99 81 36c 12 86 58c 31 30 m No difference

vtD 100 88 49c 13 89 74c 29 26 m

E1A00407e TD  99 63 NA4 NA NA NA 1-year 82

D 104 41c NA0 NA NA NA 1-year 82

E4A03362e Rd 208 70c 26c 4 NA NA 25 mc 2-y 87%

RD 214 81c 33c 5 NA NA 19 mc 2-y 75%

S0232460e RD  97 78 6326 NA NA 3-y 52% 3-y 79%

D  95 48 164 c NA NA 3-y 32%c 3-y 73%

Rifkin, 2006461e DVd  97 44 NA3 NA NA 2-y 53% 2-y 79%

VAd  95 41 NA0 NA NA 2-y 56% 2-y 72%

Dimopoulos, 2003462 e DVD 132 61 NA13 NA NA 2-y 49% 2-y 60%

VAD 127 62 NA13 NA NA 2-y 49% 2-y 68%

aRegimens listed as “induction” + “consolidation/maintenance.”
bThe basis of TT2 is a complex 6 or 7 drug induction followed by 2 autologous stem cell transplants, followed by 2 cycles of 5 drug consolidation, indefinite interferon maintenance, and 1 year of 
dexamethasone.
cStatistically significant difference between arms.
dMaintenance not included in response, although patients were randomized to thalidomide or prednisone.
eASCT was not a predetermined part of these trials, so data include both patients who did and did not undergo ASCT.

outCoMes For inDuCtion regiMens aMong Patients DestineD For autologous steM Cell transPlantation (asCt), 
ranDoMizeD ControlleD trials

taBLe 98.7

comparing Rd to MPT, which has completed accrual (MM-020), 
but has not yet been reported.

transplant-Ineligible patients: Induction  
Chemotherapy for patients Ineligible for  
aSCt prior to the 21st Century
The 1970s and 1980s were a testing ground for vari-
ous combinations of alkylators, corticosteroids, and doxo-
rubic in . Melphalan-cyc lophosphamide-prednisone,256 
carmustine-cyclophosphamide-prednisone,371,372 melphalan-
cyclophosphamide-carmustine-prednisone (MCBP),256,353 and 
vincristine-melphalan-cyclophosphamide-prednisone (VMCP)256 
resulted in response rates of 47%, 37% to 50%, 49% to 68%, and 
62%, respectively. Median survivals with these regimens were 25 to 

36 months.256,353,371,372 Lee and Case260 introduced the five-drug 
regimen of vincristine-carmustine-melphalan-cyclophosphamide-
prednisone (VBMCP or the M-2 regimen), which included the same 
four drugs as MCBP plus vincristine; dose intensities, however, 
were different in these two regimens. The response rate for VBMCP 
was about 85% in previously untreated patients with a median sur-
vival of 38 months.260,410 The success of the VBMCP regimen sup-
ported the value of vincristine. However, the MRC IV trial, which 
randomized 530 previously untreated patients with MM to MP 
versus melphalan-vincristine-prednisone, revealed no difference 
in either response rate or OS between the two arms.264 VMCP has 
not produced any response or survival advantage over MP.383,411

Although subsequent randomized trials have substantiated 
the superior response rates of VBMCP over standard MP, 

72683_ch098_2046-2097.indd   2064 01/08/13   9:57 PM



 Chapter 98 Multiple Myeloma 2065

H
em

at
ol

og
ic

 M
al

ig
na

nc
ie

s

they have not demonstrated superior survival.263,376,385,412 In 
fact, the meta-analysis performed by the Myeloma Trialists’ 
Collaborative Group216 involving 6,633 patients in 27 random-
ized trials, revealed a superior response rate (60.2% vs. 53.2%, 
P < 0.000001, two-tailed) but no survival benefit for combina-
tion chemotherapy over standard MP (Fig. 98.6). A prior meta-
analysis of 18 published trials (3,814 patients) also demonstrated 
no benefit for combination chemotherapy in terms of survival. 
There was a suggestion of a survival advantage in the subgroup 
of patients with more aggressive disease,355 but this was not 
substantiated in the larger meta-analysis.216

The use of alkylator–doxorubicin-based combination che-
motherapy was stimulated by a report on the benefits of a 
combination of doxorubicin and BCNU in patients who had 
become resistant to melphalan.413 Regimens such as MAP 
(melphalan-doxorubicin-prednisone), CAP (cyclophosphamide-
doxorubicin-prednisone), VCAP (vincristine and CAP), and VBAP 
(vincristine-BCNU-doxorubicin-prednisone) were tried; by SWOG 
response criteria, objective response rates were 41%, 46%, 64%, 
and 61%, respectively.256,414 Median survival ranged from 30 
to 32 months; subsequent analysis demonstrated a superior 
median survival for the VBAP arm of 37 months.415 Enthusiasm 
for alternating VMCP and VBAP (or VCAP) was generated by 
the SWOG study of 237 patients randomized to MP or the above 
regimens.380,381 Response rates and OS were superior in the 
alternating combination chemotherapy arms compared to the MP 
arm,414,415 but the survival benefits of this initial study were not 
reproducible by others.257,377,378,382,384,416,417 The V MRC myelo-
matosis trial randomized patients to ABCM (VBAP-VMCP without 
the vincristine or prednisone) or melphalan as a single agent on 
the basis of findings emanating from the IV MRC trial, which 
demonstrated a lack of benefit attributable to the addition of vin-
cristine. Median survival in the ABCM group was superior to that 
of the melphalan-only arm (32 vs. 24 months, P = 0.0003).233,266

Combination Chemotherapy with  
Interferon-a for Induction
IFN and dexamethasone have been combined as an induction reg-
imen in patients with newly diagnosed myeloma and a low tumor 
mass. A retrospective comparison showed that the response rate 
of this regimen (57%) was similar to the response rate (48%) 
previously observed with dexamethasone alone.418 A randomized 
trial comparing MP, melphalan-dexamethasone, dexamethasone, 
and dexamethasone-IFN did not demonstrate any added benefit 
by incorportating IFN into the treatment regimen.249 Ahre et al.419 
randomized 55 patients to MP or IFN (3 to 6 MU daily); response 
rates in the MP arm were significantly higher than in the IFN arm 
(44% vs. 14%, P < 0.001). These results spawned a multitude of 
trials adding IFN to MP420–428 and numerous alkylator-corticoste-
roid combinations with or without anthracycline422,429–438 as part 
of an induction regimen. Results have been mixed. Two meta-
analyses have been performed in an attempt to reconcile these 
conflicting results.439,440 The first, reported in 2000,439 used pub-
lished data and included 17 induction trials420–428,430–435,437,438 
with 2,333 evaluable patients;439 the second, reported by The 
Myeloma Trialists’ Collaborative Group in 2001,440 used primary 
data from 12 induction trials420–428,430,432–434,436–438,441 involv-
ing 2,469 patients.440 Overall, the results were similar. In the 
first meta-analysis, the benefits attributable to the addition of 
IFN to the induction regimen included a 6.6% higher response 
rate (P < 0.002) and a 4.8-month and 3.1-month prolongation of 
relapse-free (P < 0.01) and OS (P < 0.01).439 In the second meta-
analysis, patients receiving IFN had a slightly better response rate 
(57.5% vs. 53.1%, P = 0.01) and PFS (30% vs. 25% at 3 years,  
P < 0.0003), with a superior median time to progression of about 
6 months. The survival advantage of 2 months, however, was not 
significant (P = 0.1).440 These meta-analyses suggest that incor-
poration of IFN into induction provides a modest prolongation of 
response and possibly of survival. Wisloff et al.442 evaluated the 

quality of life of 583 patients randomized to either MP or MP plus 
IFN as induction. During the first year of treatment with IFN, the 
patients reported significantly more fever, chills, dry skin, fatigue, 
pain, nausea, vomiting, and appetite loss than the control patients. 
After the first year, however, the only symptom reported more 
often was dizziness. Although patients receiving IFN had a 5- to 
6-month prolongation of the response and plateau phase, there 
was no late quality-of-life benefit observed to compensate for the 
early impairment. The authors questioned the clinical value of the 
plateau phase prolongation and reported that only 60% of patients 
continued to receive IFN after 24 months, suggesting that their 
data might underestimate the potential toxicity of the drug.

Transplant Eligible Patients
VAD-like regimens—incorporating different corticoste-
roids,243,246,443 and C-VAMP (cyclophosphamide-vincristine-
doxorubicin-methylprednisolone)245 had commonly been used 
as induction therapy before stem cell collection and transplanta-
tion, but have been largely replaced by regimens incorporating 
IMiDs and/or proteasome inhibitors. These VAD-like regimens 
had initially been piloted with salutary effect in relapsed disease, 
and were subsequently applied in previously untreated patients 
with response rates of 50% to 84%.444–453 Median survival for 
patients treated initially with VAD and no transplant was about 36 
months.454 The complete response rate of C-VAMP was higher than 
that of VAMP alone, but survival was not different.447 Response 
rates of 80% have also been achieved using the CAD (cyclophos-
phamide-doxorubicin-dexamethasone) regimen.455 The addition of 
etoposide to C-VAD appears to contribute only toxicity.456

By the late 1990s and early 2000s, single-agent high-dose 
dexamethasone was used by some experts in lieu of VAD for 
induction in those patients destined for stem cell collection based 
on a nearly comparable response rate of single-agent high-dose 
dexamethasone of 43%242 and the advantage of an oral nonin-
fusional therapy. This strategy was used successfully, resulting 
in adequate collections of peripheral blood stem cells without 
any apparent adverse effects on complete remission rates or 
progression-free survival in several single-arm studys.457,458 With 
the advent of additional therapies, single-agent dexamethasone is 
no longer a standard induction option.

There is controversy about which induction is best for 
patients before stem cell collection and ASCT. In the absence of 
mature data, there are two philosophical camps. There are the 
proponents of “deepest response,” who argue that using those 
multidrug regimens yielding highest CR rates is essential. These 
investigators point to the circular reasoning that those patients 
with the deepest response do best.459 The counterargument posed 
by others is that until randomized controlled trials demonstrate 
a survival advantange or at least a PFS advantage with improved 
quality of life for one regimen over another, selection of a regimen 
that may give a higher CR rate but more toxicity and cost may 
not prove to be the most prudent course of action. Unfortunately, 
for the majority of regimens there are no completed prospective 
randomized trials to answer this question. Many of the trials 
discussed here suffer from a paucity of information about future 
access to the novel agent in the control arm, making it impossible 
to discern whether an advantage seen using a multiagent induc-
tion regimen lies in synergy of a particular combination or merely 
in access to yet another drug with activity against MM.

transplant-eligible patients: phase III trials of Induction 
regimens Including Immune Modulatory Drugs and/or 
proteasome Inhibitors (table 98.7)
Table 98.7 includes published phase III induction regimens 
that are part of an ASCT transplant treatment plan. Five of 
them include a mix of patients who are and are not destined 
for transplant,362,407,460–462 five include include planned main-
tenance,463–467,468 and three do not specify post-transplant 
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maintenance.469–471 Further limitations of many of these trials 
are short follow-up and different maintenance arms, making it 
difficult to tease out benefit due to induction versus maintenanace. 
There is also a paucity of information about quality of life associ-
ated with these protocols. Patterns arise in terms of response and 
PFS: that is, addition of thalidomide is better than no addition, but 
addition of bortezomib is better yet. Despite these advantages in 
response rate and PFS, to date only one study has shown a better 
OS, the HOVON-65 trial. As more drugs are added, there is more 
toxicity, especially peripheral neuropathy.

The IFM 2005-1 randomized 482 patients to either four cycles 
of VAD or bortezomib dexamethasone (BD)470 followed by DCEP 
(dexamethasone-cyclophosphamide-etoposide-cisplatin) for two 
cycles versus no DCEP. Patients were to have a single ASCT, 
and those without a VGPR or better were to receive a second 
ASCT. An undefined number of patients received maintenance 
lenalidomide as part of a different trial of lenalidomide versus 
placebo (IFM 2005-2 trial). Pretransplant CR, VGPR, and PR were 
superior with BD. By protocol, fewer patients who received BD 
were deemed candidates for second ASCT than patients who 
had VAD induction, but only 21% and 27%, respectively, actually 
received a second ASCT. The improvement in response in the BD 
arm persisted after transplant, but with a median follow-up of  
32 months, there was no difference in PFS or OS. The incidence of 
grade 3 to 4 adverse events appeared similar between groups, but 
hematologic toxicity and deaths related to toxicity (0 vs. 7) were 
more frequent with VAD. In contrast, rates of grade 2 (20.5% vs. 
10.5%) and grades 3 to 4 (9.2% vs. 2.5%) peripheral neuropathy 
during induction through first transplantation were significantly 
higher with BD.

Based on the promising phase II results using VTD in previ-
ously untreated myeloma,472 the GIMEMA group randomly allo-
cated 480 patients to either three 21-day cycles of thalidomide 
(100 mg daily for the first 14 days and 200 mg daily thereafter) 
plus dexamethasone (40 mg daily on 8 of the first 12 days), either 
alone or with bortezomib (1.3 mg/m(2) on days 1, 4, 8, and 
11).466 After double autologous stem-cell transplantation, patients 
received two 35-day cycles of their assigned drug regimen, VTD 
or TD, as consolidation therapy. All patients were subsequently 
maintained on dexamethasone 40 mg days 1 to 4 every 28 days. 
After induction therapy, higher rates of complete or near com-
plete response were observed in the VTD arm as compared to 
TD (31% vs. 11%, P < 0.0001). These improved response rates 
persisted after first and second ASCT and after two cycles of con-
solidation. 3-year PFS was better in the VTD group (68% vs. 56%,  
P = 0.006), but with a median follow-up of 36 months, the esti-
mated 3-year OS rates were no different. Grade 3 or 4 adverse 
events post induction were recorded in a significantly higher 
number of patients on VTD than in those on TD (56% vs. 33%,  
P < 0.0001), with a higher occurrence of grade 3 to 4 peripheral 
neuropathy in patients on VTD (10% vs. 2%, P = 0.0004).

The HOVON 50/GMMG-HD3-trial is a phase III study of 536 
randomized patients up to 65 years464 to either three cycles of 
TAD (thalidomide, 200 mg for HOVON and 400 mg for GMMG; 
adriamycin 9 mg/m2, days 1 to 4; and dexamethasone 40 mg, 
days 1 to 4, 9 to 12, 17 to 21) or VAD. TAD resulted in more 
grade 2 to 4 AEs as compared with the VAD arm (31% vs. 21%, 
P = 0.008). The TAD had superior overall response rates pre- 
and post-ASCT, but with a median follow-up of 52 months, there 
was no significant difference in median OS (73 vs. 60 months,  
P = 0.77). Patients who had been randomized to the thalidomide 
arm had a markedly shorter survival post-relaspse.

In the MRC IX trial (transplant pathway), 1,111 paitents 
were randomized to either oral cyclophosphamide-thalidomide-
dexamethasone (CTD) or to infusional cyclophosphamide, vincris-
tine, doxorubicin, and dexamethasone (C-VAD).465 As many as 
six cycles were given prior to ASCT. The post-induction overall 
response rate was significantly higher with CTD than C-VAD 

(82.5% vs. 71.2%, P < 0.0001, including superior complete 
response rates (13.0% vs. 8.1%, P = 0.008). This response advan-
tage persisted post-autologous stem-cell transplantation (complete 
response, 50.0% vs. 37.2%, respectively; P = 0.00052). Patients 
had a secondary randomization to either maintenance thalido-
mide or prednisone. With a median follow-up of 47 months, there 
was no difference in either PFS or OS. FISH risk had no impact 
on outcome.

To date, the HOVON-65 trial is the only randomized trial 
incorporating novel therapies into induction that has shown an 
improvement in OS.467 These results are confounded by the fact 
that these same patients had different maintenance regimens as 
well, making it difficult to know if the induction, the maintenance, 
or merely access to bortezomib was the value-added step, in 
terms of the OS benefit. This trial randomized 827 patients to  
3 weeks of initial therapy with either VAD or bortezomib, doxo-
rubicin, and dexamethasone (PAD), followed by one or two ASCT. 
Post-ASCT maintenance for the VAD group was thalidomide  
50 mg daily and for the PAD group bortezomib 1.3 mg/m2 once 
every 2 weeks. Maintenance was continued for 2 years. After 
completing induction therapy with PAD, 31% of patients had 
achieved a CR in contrast to 15% of VAD patients. This improved 
CR rate persisted even after one or two ASCT. PFS was superior in 
the PAD-bortezomib maintenance arm as compared to the VAD-
thalidomide arm, 35 months versus 28 months. After a median 
follow-up of 66 months, OS was also better in the PAD arm, 5-year 
OS of 61% versus 55%, P = 0.05 when adjusted for risk factors 
(age, performance status, ISS, double ASCT, and FISH abnor-
malities) in the multivariate analysis. Of note, the hazard ratio for 
double ASCT was similar to that of being on the PAD-bortezomib 
arm. Peripheral neuropathy grades 2 to 4 were reported in 18% 
of VAD patients versus 40% of PAD patients, P < 0.001. The dis-
continue rate of thalidomide maintenance was higher than that of 
bortezomib maintenance (30% vs. 11%, P < 0.001). An important 
observation made in this trial is that the use of bortezomib both 
before and after ASCT appeared to attenuate the poor prognostic 
impact of deletion 17p.473

The Spanish Myeloma Group conducted a trial to compare VTD 
versus TD versus vincristine-BCNU-melphalan-cyclophospha-
mide-prednisone alternating with vincristine-BCNU-doxorubicin-
dexamethasone plus bortezomib (VBMCP/VBAD/B) in patients 
aged 65 years or younger with MM destined for ASCT.468 A total 
of patients was allocated. The CR rate was significantly higher 
with VTD than with TD (35% vs. 14%, P = 0.001) or with VBMCP/
VBAD/B (35% vs. 21%, P = 0.01). The median PFS was signifi-
cantly longer with VTD (56.2 vs. 28.2 vs. 35.5 months, P = 0.01). 
With a median follow-up of 35 months, the 4-year OS was 74% for 
VTD, 65% for TD, and 70% for VBMCP/VBAD/B, P = NS.

The IFM 2007-2 trial471 was a randomized trial to compare 
bortezomib-dexamethasone (VD) as induction ASCT to a combina-
tion consisting of reduced doses of bortezomib and thalidomide 
plus dexamethasone (vtD), the latter of which was comprised of 
four 3-week cycles of IV bortezomib 1 mg/m2/m2 day 1, 4, 8, and 
11 along with thalidomide 100 mg/day orally, and dexamethasone 
40 mg days 1 to 4 (all cycles) and days 9 to 12 (cycles 1 and 2).  
In the case of less than PR after cycle 2, the dose of bortezomib 
was increased to 1.3 mg/m2 and the dose of thalidomide to 200 
mg/day. The VD patients received two drugs on the same schedule 
as vtD, but the dose of bortezomib was 1.3 mg. Patients receiving 
the three-drug regimen had similar overall response rates and CR 
rates, but VGPR or better occurred significantly more often in the 
vtD group. This same pattern was observed after a single ASCT. Of 
note, the number of stem cells collected was less in patients receiv-
ing the three-drug regimen. Subsequent post-ASCT consolidation 
and/or maintenance was at treating physician’s discretion; more 
patients receiving VD received maintenance therapy. Despite 
these differences, there was no significant difference in PFS or OS 
with a median follow-up of 32 months. There were significantly 
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higher rates of peripheral neuropathy among patients on the VD 
arm: overall 70% versus 53%, P = 0.01 and grade 3 in 11% versus 
3%, P = 0.03. The authors concluded that vtD, including reduced 
doses of bortezomib and thalidomide, yields higher VGPR rates 
compared with VD and can be considered a new effective triplet 
combination before HDT/ASCT.

E1A00,407 E4A03,362 and S0232460 (Table 98.7) were con-
ducted with response endpoints rather than PFS or OS. The two 
trials comparing variants of VAD using pegylated doxorubicin had 
response and toxicity as major endpoints.461,462 E1A00 compared 
single-agent dexamethasone to thalidomide-dexamethasone (TD). 
Its premise was to validate whether the addition of thalidomide to 
dexamethasone increased response rates as reported in phase II 
studies. The overall response rate of TD was significantly higher 
than dexamethasone alone (63% vs. 41%); however, toxicity was 
greater using the combination with grade 4 to 5 toxicity being 45% 
vs. 21%, P < 0.001.407 For nearly a decade TD was used as induc-
tion in the months before stem cell collection because of its high 
response rates and its ease of administration, but with the intro-
duction of lenalidomide and bortezomib, the TD doublet is not com-
monly used in the United States as induction. The results of the two 
lenalidomide trials (E4A03362 and S0232460 have been discussed.

In an attempt to avoid the contiuous infusion required to 
administer VAD, the use of the pegylated liposomal doxorubicin 
has been explored in two randomized trials. Doxil-vincristine-
dexmathasone (DVD)—using either standard high dose dexa-
methasone462 or attenuated doses of dexamethasone 461—was 
compared to VAD. Results were comparable between arms with 
regards to response rates, 42% in the attenuated dexamethasone 
trial461 and 61% with the standard dose dexamethasone trial.462 
PFS and OS were comparable, but there was more alopecia, grade 
3/4 neutropenia in the nonliposomal doxorubicin arms and more 
palmar-plantar erythrodysesthesia in liposomal doxorubicin arms.

Total Therapy Approach
Barlogie and colleagues have championed the “total therapy” (TT) 
approach since 1990.329,463,474,475 The concept is to use all thera-
pies with activity against malignant plasma cells as early as possible 

with prolonged treatment courses. Advances have come from this 
approach, especially the concept of tandem transplantation, but 
the major limitation of the total therapy studies is that they have 
not been compared to less aggressive strategies in a randomized 
fashion. With successive trials—total therapy 1 (TT1), total therapy 
2 (TT2), and total therapy 3 (TT3)—there have been improve-
ments in outcomes including complete response, PFS, and OS 
(Table 98.8).329 Complete response rates have increased from 38% 
to 62% of patients and 5-year OS rates have increased from 57% 
to 73%. Although other investigators have not reported duration 
of complete response rates that approach those of TT3, since the 
beginning of the 21st century 5-year OS rates of 50% to 80% among 
transplant-eligible patients are increasingly common using less 
intensive treatment strategies.363,476 Moreover, toxicity of the total 
therapy strategies is not inconsequential. For example in TT2 grade 
3/4 adverse events include PN in 27%, thrombosis or embolism in 
30%, bowel obstruction in 14%, and syncope in 12%.463

Other Induction Regimens of Interest
Table 98.5 includes a number of regimens that have reported in 
the up-front setting,316–319,360,365–368,472,477,478,479,480,481,482–485 
but no recommendation can be made regarding their use given 
the absence of randomized trials that may better define their role 
in patients with myeloma. Several have been discussed in previous 
sections.365–368,472,480,481,486 All of the other regimens are novel 
triplets or quadruplets. Response rates are listed in Table 98.5, 
therefore much of the emphasis of this section focuses on toxicity.

Four phase II studies use either single-agent bortezomib or 
bortezomib in combination with dexamethasone. One study is 
notable because all patients on that study (E2A02) were high-risk 
as defined by B2M and/or cytogenetic abnormalities, and none of 
the pateints had early transplantation. Median PFS was 8 months 
and 2-year OS was 76%.316

Two regimens exclude corticosteroids, VT (bortezomib, and 
thalidomide),478 and VDT (bortezomib, pegylated liposomal doxo-
rubicin, and thalidomide).482 The VT study treated 27 patients 
with bortezomib 1.3 mg/m2 on days 1, 4, 8, and 11 every 21 
days and thalidomide 150 mg/d for a maximum of eight cycles.478 

TT1 (n = 231) TT2 + thal (n = 345); TT2 – thal (n = 323) TT3A (n = 303); TT3B (n = 177)

Induction VAD × 3 VAD followed by DCEP +/− thal VTD-PACE × 2

Mobilization High dose CTX DCEP +/− thaldiomide Using above

Transplant × 2 Yes Yes Yes

Consolidation DCEP DPACE quarterly × 1 year +/− thal A: VTD-PACE × 2; B: VRD-PACE × 2

Maintenance IFN Dex × 1 year, IFN continuously +/− thal indefinitely A: VTD × 1 year followed by TD × 2 years, or B: VRD for 3 years

Duration of therapya 1 year TT2 + thal: > 3 years; TT2 – thal: 3 years >4.2 years

Number of drugs 6 TT2 + thal: 8; TT2 – thal: 7 TT3A: 8; TT3B 9

Accrual years 8/1990–8/1995 10/1998–2/2004 2/2004–7/2006

Age < 65, % 91 TT2 + thal: 79; TT2 – thal: 80 72

Median follow-up 17.1 years 8.7 years 5.5 years

CR, % 38 60 with thal; 43 no thal A: 62

CR duration 35 25,45 59 52,66 with thal; 52 43,60 no thal A: 79 73,85

PFS 27 21,32 56 50,61 with thal; 42 37,47 no thal A: 67 62,73

5-year OS, % 57 50,63 68 63,73 with thal; 65 60,70 no thal A: 73 68,78

DCEP, dexamethasone, cyclophosphamide, etoposide, cisplatinin; DPACE, dexamethasone, cisplatinin, doxorubicin, cyclophosphamide, etoposide; IFN, interferon; VAD, vincristine, doxorubicin, 
dexamethasone; Thal, thalidomide; TT, total therapy; VTD-PACE, bortezomib, thalidomide, dexamethasone, cisplatinin, doxorubicin, cyclophosphamide, etoposide.
aExcluding interferon maintenance duration.

total tHeraPy aPProaCH329,463,474,475
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The overall response rate was 81.5% with 25.8% near complete 
response or greater. The most common grade 3 toxicities were 
peripheral neuropathy (22%), pneumonia (15%), fatigue (7%), 
and anemia (7%). No venous thromboembolic events were 
observed even in the absence of prophylactic anticoagulation. 
Forty-three newly diagnosed MM patients were enrolled onto the 
VDT study.482 The overall response rate and complete response 
(CR) + near complete response (nCR) rate were 78% and 35%, 
respectively. Median time to progression was 29.5 months. 
Fatigue, rash, neuropathy, constipation, and infections were the 
most common side effects.482

Kumar et al. built on the Rd experience by adding cyclophos-
phamide.487 A total of 85% of patients responded, and the toxici-
ties were manageable with over 80% of planned doses delivered;  
6 patients went off study for toxicity. The median PFS for the entire 
group was 28 months (95% CI: 22.7 to 32.6) and the OS at 2 years 
was 87% (95% CI: 78 to 96). Note that 14 patients with high-risk 
MM had similar PFS and OS as the standard-risk patients (n = 39).

Carfilzomib, lenalidomide, and dexamethasone479 have been 
used in the up-front setting with excellent response rates.479 The 
long-term utility of this regimen is not known, but in a phase I/
II study in 53 patients with newly diagnosed MM the maximum 
tolerated dose was 28-day cycles of: carfilzomib 20/ 36 mg/m2, 
days 1, 2, 8, 9, 15, 16, and 1, 2, 15, 16 after cycle 8; lenalidomide  
25 mg/d, days 1 to 21; and weekly dexamethasone 40/20 mg 
cycles 1 to 4/5+. Most patients did not require dose modifications. 
Thirty-five patients underwent stem cell collection after cycle 4, 
and 7 proceeded to early transplant. After a median of 12 cycles 
(range, 1 to 25), 62% achieved at least near-complete response 
(CR) and 42% stringent CR. With median follow-up of 13 months, 
24-month progression-free survival estimate was 92%. Grade 
3/4 toxicities included hypophosphatemia (25%), hyperglycemia 
(23%), anemia (21%), thrombocytopenia (17%), and neutropenia 
(17%); peripheral neuropathy was limited to grade 1/2 (23%).

Lenalidomide, bortezomib, pegylated doxorubin, and dexa-
methasone (RVDD) were tested in a phase I/II trial including 
72 pateints.485 The MTD was 3-week cycles of lenalidomide 25 
days 1 to 14, bortezomib 1.3 mg/m2 on days 1, 4, 8, and 11, and 
pegylated doxorubin 30 mg/m2 in day 4, and dexamethasone  
20 mg days 1, 2, 4, 5, 8, 9, 11, and 12 (cycles 1 to 4, but 10 
mg for cycles 5 to 8). The maximum number of treatment 
cycles was 8, and patients who did not go to ASCT were to 
receive maintenance that included lenalidomide, bortezomib, 

and dexamethasone indefinitely. The median treatment duration 
was 4.5 cycles and 15% of patients achieved stringent CR. Grade 
3/4 AEs included neutropenia (19.4%), infections (14%), throm-
bocytopenia (11%), sensory peripheral neuropathy (6%), and 
thromboembolism in 3%. All grade fatigue, constipation, sensory 
neuropathy, and infection occurred in 83%, 69%, 65%, and 57%, 
respectively. The 18-month PFS for patients proceeding and not 
proceeding to ASCT was 93% and 64%, respectively. Although 
the decision of proceeding to ASCT was nonrandomized, there 
was a significant difference in PFS between the groups. With a 
median follow-up of 15 months, the 2-year OS for all patients 
was approximately 75%.

There are three phase II reports of adding thalidomide to 
pegylated doxorubicin, and dexamethasone with488,489 or without 
vincristine.490 Response rates were comparable. In the ThaDD trial 
which did not include vincristine, grade 3 to 4 infections and throm-
boembolic accidents were observed in 22% and 14% of patients, 
respectively.490 In the DVd-T and T-DVD trials grade 3 to 4 toxici-
ties included: neutropenia (14% to 15%), thrombosis (10% to 25%), 
pneumonia (12%), constipation (10%), rash (5% to 8%), and periph-
eral neuropathy (5% to 22%) . It is notable that although the ThaDD 
cohort490 was older and received lower doses of the thalidomide and 
no vincristine, similar response rates and less toxicity were seen.

hematopoietic Stem Cell transplantation

Autologous Transplant
To overcome resistance of the myeloma cells to conventional-
dose chemotherapy, McElwain and Powles220 pioneered the use 
of high-dose melphalan to treat MM and plasma cell leukemia. 
The treatment was complicated by prolonged myelosuppression. 
Barlogie et al.491 subsequently used a regimen combining high-
dose melphalan with total body irradiation supported by autolo-
gous bone marrow transplantation in MM patients refractory to 
VAD. Ten years hence, Attal et al. published the first prospective 
randomized controlled trial demonstrating an improved OS for 
patients undergoing high-dose therapy with autologous stem cell 
support compared to conventional chemotherapy.229

Although high-dose therapy followed by ASCT is not cura-
tive, it improves event-free and OS in three229,492,493 of the 
seven published randomized controlled trials addressing this 
issue,494–497 Table 98.9. Three of the four “negative” studies are 

CR/VGPR (%) ORR (%) PFS, mo OS, mo SCT (%)

N CCT ASCT CCT ASCT CCT ASCT CCT ASCT CCT ASCT

IFM90229,502 200 13 38a 57 81a 18 28a 44 57a 9 74

MRC7492 401 8 44a 46 86a 19.6 31.6a 42 54a 15 75

MAG91494 190 4 6 56 59 18.7 25.3a 47.6 47.8 22 75

MAG90495 185 57 20 58 78 13 39 64 65 78 98

PEETHMA497 164 11 30a 83 82 33 42 61 66 18 90

S9321496 516 17 15 90 93 7 y 14% 7 y 17% 7 y 38% 7 y 38% 34 82

MMSGb 493 194 6 25a 66 72 16 28a 42 58+ a 39 92

HOVON-24c 503 303 13 28a 86 90 23 24a 50 55 — —

CR/VGPR, complete response or very good partial response; ORR, any response greater than or equal to a partial response; OS, overall-survival; PFS, progression-free survival; SCT, patients 
known to receive an autologous hematopoietic stem cell transplant.
aSignificant.
bTransplant arm is 2 low dose (melphalan 100 mg/m2) autologous stem cell transplants.
cOften included in “double transplant” tables because both arms received melphalan 70 mg/m2 × 2 without stem cell support as induction therapy.

Conventional CHeMotHerPay versus single autologous HeMatoPoietiC steM Cell transPlantation, ranDoMizeD trials

taBLe 98.9
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FIGURE 98.7. Conventional chemotherapy versus autologous hematopoietic stem cell 
transplantation, IFM 90 Trial. (With permission, Attal M, Harousseau JL, Stoppa AM, et al. A 
prospective, randomized trial of autologous bone marrow transplantation and chemotherapy in 
multiple myeloma. Intergroupe Francais du Myelome. N Engl J Med 1996;335:91–97. Copyright 
© 1996 Massachusetts Medical Society. All rights reserved.)

largely “‘early” versus “delayed” transplant trials, and the fourth 
“negative” study excludes from their randomization those patients 
who did not respond to induction therapy.497 Response rates with 
ASCT are 75% to 90%, and complete response rates are 20% to 
40%.229,492–497

In contrast to the experience with malignant lymphoma, stem 
cell transplantation appears to be useful for patients with primary 
resistant disease.498–500 Patients with MM, in whom first-line ther-
apy such as VAD fails, can be sensitive to high-dose chemotherapy 
with stem cell reconstitution. Alexanian et al.498 reported a 
decrease of 75% in tumor burden in 56% of patients and a marked 
improvement in survival compared with matched historical con-
trols. Kumar et al.500 also looked at stem cell transplantation in 
primary refractory disease and found that although there was a 
lower complete response rate (20% vs. 35%) in the the primary 
refractory patients, the 1-year PFS was similar to that of patients 
with chemosensitive disease. The benefit of high-dose therapy is 
less clear among patients who fail induction with immunomodu-
latory agents. A more recent retrospective study from the Mayo 
Clinic501 analyzed PFS and OS in patients who did not have a 
partial response (never responded or progressed during continu-
ous therapy) after induction therapy with a regimen that included 
thalidomide or lenalidomide. Patients who did not achieve partial 
remission had a significantly shorter OS from ASCT (73.5 vs. 30.4 
months) and a shorter PFS (22.1 vs. 13.1 months; P < 0.001).

As shown in Table 98.9, the Intergroupe Français du 
Myélome229 published the first randomized trial comparing high-
dose chemotherapy followed by autologous bone marrow trans-
plantation with conventional chemotherapy (Fig. 98.7). A total of 
200 patients with previously untreated MM were randomized to 
receive ASCT or combination chemotherapy (CCT). The 5-year 
EFS (28% vs. 10%) and OS rates (52% vs. 12%) were higher in the 
transplantation group. An updated analysis with a median follow-
up of 7 years confirmed that high-dose chemotherapy improves 
EFS (median, 28 months vs. 18 months), as well as OS (median, 
57 months vs. 44 months).502

The Medical Research Council VII trial was the second pub-
lished study addressing the question of CCT versus ASCT.492 

This trial included 401 randomized patients. They found that the 
complete response rates (8% vs. 44%), the median EFS (19 vs. 31 
months), and the OS (42 vs. 54 months) all significantly favored 
the ASCT arm, even though only 75% of the patients assigned 
transplant actually received it and 15% of patients in CCT arm 
received salvage ASCT.

Three trials address the “early” versus “delayed” transplant 
strategy.494–496 The first is the MAG90 trial in which Fermand et 
al. demonstrate that among the 185 patients randomized to either 
early or late ASCT, the OS in both groups was 64 months and the 
percentage of the respective groups actually receiving a ASCT was 
98% and 78%, respectively.495 This trial was important because 
it gave patients and physicians license to time their transplant 
either up-front or delayed. Most chose to transplant early because 
the time without systemic therapy (TWiST) was longer in the 
early than the delayed ASCT group, potentially providing better 
quality of life for the early transplant group. The MAG91 trial494 
randomized 190 patients under the age of 56 to CCT or HSCT, 
but this trial ended up being another early versus late transplant 
trial. Only patients 55 to 65 years of age were included. EFS  
(19 vs. 25 months), but not OS (47.6 vs. 47.8 months) was better 
in the ASCT arm. Despite the 120-month follow-up, the OS statis-
tics are confounded by the fact that only 75% of the “ASCT” arm 
received ASCT, and that 22% of the “CCT” received an HSCT. The 
intergroup trial (S9321) randomized 510 patients 70 or younger 
to CCT or ASCT.496 With a 76-month follow-up, 7-year OS was 
no different between the arms, but again only 82% of the “ASCT” 
group received an ASCT and 34% of the “CCT” group received an 
ASCT. What is quite striking in this study is the fact that at 7 years 
after a myeloma diagnosis, 38% of patients were still alive.

Of note, there are no prospective randomized clinical trials 
addressing the “early versus late” question in the context of up-
front IMiDs and proteasome inhibitors. One retrospective study 
tried to address this question and found that in ASCT-eligible 
patients who received IMiDs as initial therapy followed by early 
stem cell mobilization, delayed ASCT results in similar OS com-
pared with early ASCT. It was noteworthy that an excellent 4-year 
survival rate of >80% was observed among ASCT-eligible patients 
who received initial therapy with lenalidomide and dexametha-
sone regardless of the timing of ASCT.476

The Spanish Cooperative Group prospective trial is dissimil-
iar from the other randomized trials in that only those patients 
responding to therapy were randomized. At enrollment, 216 
patients were treated initially with four cycles of VBMCP and VBAD 
(vincristine, carmustine, doxorubicin, and dexamethasone),497 and 
only 164 were randomized to receive eight additional courses of 
chemotherapy versus ASCT. There was no difference between the 
groups with respect to complete response rate, overall response 
rate, PFS, or OS. These data are discordant from the other ASCT 
trials, but can be interpreted in two possible ways: one, patients 
who achieve response with alkylator-based induction do not 
require consolidation with ASCT; or two, with longer follow-up and 
more events (i.e., deaths), an OS difference will be seen.

The MMSG97 trial was unique in that it randomized patients 
aged 50 to 70 years of age to either MP or two half-dose melpha-
lan transplants.493 Patients receiving MP had significantly worse 
outcomes. A significant difference between two low-dose ASCT 
and MP was not seen in the IFM 999-06 trial.249

The Hovon-24 trial is commonly grouped in the “single versus 
double” transplant category, although it is actually an “intensified 
chemotherpy without transplant” versus “intensified chemotherpy 
followed by high dose chemotherapy and a single ASCT.”503 There 
was a significantly higher complete response rate and EFS in the 
more intensive treatment arm. The differences in EFS, PFS, and 
TTP were not seen until 4-year follow-up had been reached. The 
authors reported that the lack of difference in OS was likely due 
to a “high proportion” of patients from the control arm receiving 
ASCT at first relapse.
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It should be noted that all randomized studies of ASCT were 
designed and implemented before the availability of thalidomide, 
lenalidomide, and bortezomib. Therefore the role of transplant 
may evolve in the future. Studies are ongoing to evaluate whether 
prolonged treatment with bortezomib, lenalidomide, and dexa-
methasone (VRD) followed by lenalidomide maintenance is supe-
rior to induction chemotherapy followed by ASCT.

Single versus Double transplantation
As the evidence was mounting that one course of dose-intensifed 
chemotherapy with ASCT was superior to conventional chemo-
therapy, investigators began experimenting with applying two 
consecutive ASCT. The concept of double or tandem transplant 
was promulgated by Dr. Barlogie and colleagues at the University 
of Arkansas.329,504,505,506 These investigators reported high 
complete response rates and survival.329,504,505,506 In the first 
report of “Total Therapy 1” which included 231 patients with 
newly diagnosed myeloma, the OS with this approach was 68 
months.329

The largest and most mature randomized trial comparing sin-
gle transplant to double ASCT was the IFM 94 study (Table 98.10). 
They found no difference in EFS or OS between double and single 
ASCTs after 2 years of follow-up484; however, by 4 years and 
beyond, an OS benefit was detected.481 Although the response 
rate was not significantly different between the two groups 
(complete response and very good partial response, 42% in the 
single-transplant arm vs. 50% in the double-transplant group, 
P = .15), both EFS (25 vs. 30 months) and OS (48 vs. 58 months) 
were improved in the double-ASCT arm. The respective 7-year 
OS (21% vs. 42%) and EFS rates (10% vs. 20%) also significantly 
favored the double-ASCT group (Fig. 98.8 REALLY 98.8).507 In 
this trial, four factors were associated with a longer survival: low 
b2-microglobulin levels at diagnosis (P < 0.01), young age (P < 0.05), 
low lactate dehydrogenase (LDH) at diagnosis (P < 0.01), and the 
treatment arm to which the patient was assigned (P < 0.05). 
When the authors did an unplanned subgroup analysis, they 
found that patients who benefited most from the tandem ASCT 
were those who did not achieve a very good partial response or 
better after their first ASCT. Cavo et al.482 have made similar 
observations based on preliminary data, including the benefit of a 
second ASCT being limited to those patients who do not achieve 
a very good partial response or better after their first ASCT. Most 
patients under the age of 65 years should have enough stem cells 
collected for at least two transplants.

A meta-analyisis was done comparing single ASCT to tandem 
ASCT for patients with MM.508 Included were 1,803 patients 
enrolled in six randomized controlled trials. Patients treated 
with tandem ASCT did not have a better OS or EFS than patients 
treated with a single ASCT. Some of this difference may be in 
part related to patients receiving a second ASCT at relapse. 
Table  98.11 illustrates post-second ASCT performed in the 

salvage setting; patients can enjoy median OS rates ranging 
from 19 to 53 months.509,510,511,512,513,514,515,523,524 Factors 
affecting OS included time to progression after first ASCT, num-
ber of prior lines of therapy, and chemosensitivity at time of 
second ASCT.

hematopoietic Stem Cell Collection
Autologous peripheral blood stem cell transplantation has 
replaced autologous bone marrow transplantation because 
engraftment is more rapid and there is less contamination with 
myeloma cells.525–527 Hematopoietic stem cells should be col-
lected before the patient is exposed to alkylating agents528,529 
because prolonged melphalan exposure leads to an impaired 
harvest of peripheral blood stem cells when stem cells are 
mobilized with chemotherapy plus growth factors530 or growth 
factors alone.531 Data also suggest lenalidomide exposure may 
have adverse effects on the ability to collect stem cells.532 This 
appears to be related to the duration of lenalidomide therapy as 
well as the age of the patient. For this reason, early mobiliza-
tion of stem cells, preferably within the first four cycles of initial 
therapy, is now recommended.533 Stem cell mobilization for 
myeloma patients is primarily performed using filgrastim gran-
ulocyte-colony stimulating factor alone or after cyclophospha-
mide chemotherapy. The target CD34 + cell dose to be collected 
as well as the number of apheresis performed varies by center, 
but a minimum of 2 million CD34 + cells/kg has been tradition-
ally used for the support of one cycle of high-dose therapy.534 
In the setting of ASCT, CD34 + cell doses of >3 million/kg have 
been associated with better outcomes, primarily due to faster 
hematologic recovery and lower incidence of infectious and 
bleeding complications.535,536 The use of plerixafor in conjunc-
tion with filgrastim has enhanced the ability to mobilize suc-
cessfully the majority of patients undergoing ASCT. Plerixafor is 
a novel stem cell mobilizing agent. It is a bicyclam molecule that 
inhibits the SDF-1 alpha/CXCR4 binding that occurs between 
CD34 + stem cells and the marrow stroma. The inhibition of 
this interaction results in the release of CD34 + stem cells into 
the bloodstream facilitating their collection through apheresis 
methods.537

Historically, all peripheral blood cell products have been 
shown to be contaminated with malignant cells.538,539 Purging 
marrow with cyclophosphamide derivatives540 or with mono-
clonal antibodies541–543 is feasible although associated with 
prolonged myelosuppression after transplantation. CD34+ 
selection of peripheral blood progenitor cells provided effective 
hematopoietic support in a group of 55 patients with advanced 
MM after myeloablative chemotherapy.544 However, two phase 
III randomized trials have shown no clinical benefit to using 
CD34+ selected autologous peripheral blood stem cells.545,546 
Moreover, the risk of infection was higher in the CD34 selected 
group.546

Event-Free Survival, mo Overall Survival (%)

Study N FU, mo Single Double P Single Double P

IFM, 94507 403 75 25 30 0.03 48 58 0.01

Bologna, 96466 228 ∼48 21 31 0.001 44% at 6 y 63% at 6 y NS

MAG, 95495 193 27 41 events 43 events NS 27 deaths 22 deaths NS

FU, follow-up; IFM, Intergroupe Français du Myélome; MAG, Myelome Auto Greffe; NS, not significant.

single versus DouBle HeMatoPoietiC steM Cell transPlantation, ranDoMizeD trials

taBLe 98.10
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Study No of Pts TRM (%) ORR (%) Median PFS (months) Median OS (months)

Mayo (unpublished data) Gonsvales 98 4 86 10a,b,c 33a

Alveres509 83 — — 16 35

Jimenez-Zepeda510 81 3 97 16 53a,c

Silva Rondon511 60 — 77 11 24

Fenk512 55 5 75 14a 52a

Shah513 44 2 90 12 32a,b

Mehta514 42 10d 81 12d 32d

Olin515 41 7 55 8 b 21a,b

Elice523 26 0 69 15 38

Burzynski524 25 8 64 12 19

Summary 0–8 55–97 8–16 19–53

aTTP after initial ASCT affected OS.
bNumber of lines of therapy affected OS.
cVGPR or CR after salvage affected OS.
dIncluded allogeneic transplant patients.

seConD autologous steM Cell transPlantation (asCt) as salvage
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FIGURE 98.8. Single autologous versus double 
hematopoietic stem cell transplantation, IFM 
94 trial. A: Event-free survival. B: Overall survival. 
(With permission from Attal M, Harousseau JL, Facon 
T, et al. Single versus double autologous stem-cell 
transplantation for multiple myeloma. N Engl J Med 
2003;349:2495–2502. Copyright © 2003 Massa-
chusetts Medical Society. All rights reserved.)

autologous hematopoietic Stem Cell transplantation  
in Special populations
The mortality rate from ASCT is currently less than 5%. Age older 
than 65 years alone is not a contraindication for transplantation, 
although there are no randomized data proving or disproving 
its utility in this age group. Such patients are candidates for 
transplantation if they have good functional status and limited co-
morbidities.547,548 Patients with renal failure, including dialysis 
patients can successfully undergo ASCT with melphalan 140 mg/m2, 
with similar response rates and PFS, and a proportion will even 
have reversal of their renal failure. Treatment-related morbidity 
is higher,549 and their OS is inferior to their dialysis-independent 
counterparts.550,551

Conditioning therapy and Stem  
Cell transplantation
In an effort to improve ASCT, various preparative regimens have 
been used. There has been only one prospective randomized 
controlled trial comparing conditioning regimens in patients 

with myeloma.554 Moreau et al.554 randomized 282 patients to 
receive either melphalan (140 mg/m2) plus total body irradiation 
or melphalan alone (200 mg/m2). There was no difference  in 
response rates or EFS. Survival at 45 months favored the mel-
phalan alone arm (65.8% vs. 45.5%, P = 0.05). Toxicity with 
melphalan alone was significantly less. Most investigators have 
now discontinued the use of total body irradiation and give only 
melphalan (200 mg/m2) as the preparative regimen.

Other regimens including various combinations of melphalan, 
busulfan, cyclophosphamide, idarubicin, etoposide, and/or thio-
tepa have been used,555–560 without any evidence of superiority 
of these regimens over melphalan 200 mg/m2 and several with 
significantly more toxicity556,560 and morbidity.555 Innovative 
trials supplementing melphalan with skeletal targeted radiation 
(samarium 153-ethylenediaminetetramethylene phosphonate561 
and holmium 166 to 1,4,7,10-tetraazocyclodo-decane-1,4,7,10-
tetramethylenephosphonic acid562) have been reported. Others 
have been studying bortezomib as a chemosensitizer for the 
melphalan.563–565
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Desikan et al. retrospectively compared the impact of different 
conditioning regimens used for the second ASCT.566 Outcomes 
of patients treated with melphalan 200 mg/m2 were better than 
those conditioned with melphalan 200 mg/m2 plus cyclophos-
phamide 120 mg/m2, and melphalan 140 mg/m2 plus total body 
irradiation (1,125 cGy).

Allogeneic Stem Cell Transplantation
AlloSCT includes both myeloablative and nonmyeloablative 
or “reduced intensity conditioning” (RIC) transplants. AlloSCT 
is appealing in theory because it avoids infusion of stem cells 
contaminated with myeloma cells and because there can be a 
beneficial graft versus myeloma effect.547 Complete response 
rates of 22% to 67%, including molecular remissions in about 
one third,495,548,549 can be achieved. Prolonged PFS is observed 
in approximately one quarter to one third of patients471,495,550 
(Table 98.12). The high treatment-related mortality (10% to 
63%) and significant toxicity from graft-versus-host disease 
have limited the role of this procedure in the treatment of 
myeloma.495,551,554

Myeloablative allogeneic Stem Cell  
transplantation
There are no prospective randomized controlled trials that 
examine the role of myeloablative AlloSCT in myeloma. The 
US intergroup trial S9321496 attempted to answer this ques-
tion. Newly diagnosed patients with MM were treated with four 
cycles of VAD. Patients were randomly assigned to either high-
dose therapy with melphalan (MEL) plus total body irradiation 

(TBI) or to standard dose therapy with VBMCP. Patients who 
were ≤55 years of age with an HLA-compatible sibling donor 
were offered the option of allogeneic transplantation with MEL 
140 mg/m2 plus TBI. However, this arm was closed when an 
excessive first-year treatment-related mortality rate of 53% was 
observed after enrollment of 36 eligible patients.With 7 years of 
follow-up the OS of the conventional chemotherapy, autologous 
and allogeneic transplant groups were identical at 39%. It was 
intriguing that that AlloSCT group showed a survival plateau 
whereas the other two groups did not, suggesting long-term 
benefit.

There have been seven case-control or cohort-control stud-
ies comparing autologous to AlloSCTs (Table 98.12).558–564 The 
largest of these was by Bjorkstrand et al.558 In their retrospective 
analysis of data compiled by the European Blood and Marrow 
Transplantation Group, there was inferior OS for myeloma 
patients treated with AlloSCTs compared to case-matched con-
trols treated with ASCT (18 vs. 36 months).558 The six smaller 
studies, which had relatively short follow-up, showed mixed 
results with regard to PFS and OS; transplant-related mortality, 
however, was consistently higher in the allogeneic groups (19% 
to 25%). Only one report favored allogeneic transplantation.564 
However, patients in the AlloSCT group were better-prognosis 
patients; they were significantly younger and less likely to have 
IgA myeloma. Although not reaching statistical significance, 
there were more ASCT patients having their transplant as sal-
vage (37% vs. 23%). In addition, cyclophosphamide and TBI 
were used to condition both the ASCT and AlloSCT patients. 
With follow-up times for the two groups of 24 and 43 months, 
respectively, the 1-year OS was 86 and 64%, and the 4-year OS 
was 50% and 64%.

Study N TRM (%) PFS, mo P OS, mo P

Bjorkstrand et al.516 189 Auto 13 ∼22 NS 34 0.001

189 Allo 41 ∼12 18

Varterasian et al.517  24 Auto 12 16.7 NS 33.5 NS

 24 Allo 25 31 38.6

Couban et al.518  40 Auto  5 14 — > 48 < 0.001

 22 Allo 27 ∼11  7

Reynolds et al.519 Auto 35  6 2 y 30% NS  2 y 42% NS

Allo 21 19 2 y 60%  2 y 60%

Lokhorst et al.520  50 Autoa  6 3 y 67% NS  3 y 82% NS

 11 Alloa,b 18 3 y 67%  3 y 82%

Alyea et al.521 166 Auto 13 2 y 48% 0.002  2 y 74% 0.006

4 y 28% NS  4 y 41% NS

 66 Allob 24 2 y 23%  2 y 51%

4 y 18%  4 y 39%

Arora et al.522  70 Autoc  6 1 y 67% NS  1 y 86% NS

4 y 18% NS  4 y 50% NS

 17 Allo 31 1 y 58%  1 y 64%

4 y 32%  4 y 64%

MS, median survial; NS, not significant; TRM, treatment-related mortality.
aChemotherapy-sensitive patients only.
bT-cell–depleted allogeneic stem cells.
cCyclphosphamide and total body irradiation conditioning.

nonranDoMizeD CoMParisons oF autologous anD allogeneiC HeMatoPoietiC steM Cell  
transPlantation For MultiPle MyeloMa

taBLe 98.12
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Study N Regimen
Completed  
both SCT (%)

Median  
FU, mo TRM (%) CR (%) PFS (%) OS (%)

IFM99–03/4552,572 219a Auto mel 200/220 ± IL-6 Ab  76 24  5 33 5-y 0% 6-y 40%

 65 Auto mel/Allo Bu/Flu/ATG  71 28  8 43 5-y 0% 6-y 28%

Bruno et al.570,571  73 Auto mel 200/200  75 36  4 16 3-y 41%t 7-y 35%

 56 Auto mel 200/Allo TBI 100 36 11 46 3-y 75% 7-y 35%

PeTHEMA573  85 Auto mel 200/mel 200 or CVB  85 >62  5 11 4-y 40% 4-y 65%

 25 Auto mel 200/Allo Flu/mel  25 >62 16 40 4-y 60% 4-y 65%

EBMT553 251 Auto mel 200/200 104 61  3 41 5-y 18% 5-y 58%

107 Auto mel 200/Allo Flu/TBI  91 61 12 51 5-y 35% 5-y 65%

CTN 0102574 484 Auto mel 200/200 397 40  4 40 3-y 46% 3-y 80%

226 Auto mel 200/Allo Flu/TBI 185 40 11 50 3-y 43% 3-y 77%

FU, follow-up; OS, overall survivial; PFS, progression-free survivial; TRM, treatment-related mortality.
aHigh-risk patients as defined by the presence of deletion 13 by FISH and beta-2 microglobulin of >3 mg/L.

ProsPeCtive ranDoMizeD trials CoMParing tanDeM autologous sCt to tanDeM autologous-Hla iDentiCal  
reDuCeD intensity allogeneiC sCt

taBLe 98.13

reduced Intensity Conditioning allogeneic Stem  
Cell transplantation (table 98.13)
Another strategy is to use ASCT to cytoreduce the myeloma fol-
lowed by a reduced intensity conditioning alloSCT (allo-RIC). After 
two large series reported encouraging results,567,568 four prospec-
tive trials have looked at this approach (Table 98.13). Only one of 
the five trials noted improved OS in patients undergoing tandem 
auto/allo transplants. Graft-versus-myeloma effect appears to be 
tightly linked to graft-versus-host disease (Fig. 98.9),569 which has 
the potential to significantly affect quality of life.

Bruno and colleagues570,571 enrolled 162 consecutive patients 
with newly diagnosed myeloma who were ≤65 years of age. All 
patients were initially treated with VAD, followed by high-dose 
melphalan and ASCT. Patients without an HLA-identical sibling 
received a second ASCT. Patients with an HLA-identical sibling 
then received nonmyeloablative TBI and stem cells from the 
sibling. The median OS was longer in the 80 patients with HLA-
identical siblings than in the 82 patients without HLA-identical 
siblings (80 months vs. 54 months, P = 0.01).
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PFS FIGURE 98.9. European blood and marrow transplantation registry 
data on the role of reduced intensity conditioning allogeneic trans-
plantation regimens. A: Overall and progression free survival. B: Overall 
survival relative to presence or absence of graft versus host disease. (From 
Crawley C, Lalancette M, Szydlo R, et al. Outcomes for reduced-intensity 
allogeneic transplantation for multiple myeloma: an analysis of prognos-
tic factors from the Chronic Leukaemia Working Party of the EBMT. Blood 
2005;105:4532–4539. Copyright © the American Society of Hematology.)

The IFM enrolled 503 patients with high-risk MM (beta2-
microglobulin level greater than 3 mg/L and chromosome 13 dele-
tion at diagnosis) in two clinical trials.572 In both protocols, the 
induction regimen consisted of VAD followed by first ASCT pre-
pared by melphalan 200 mg/m2. Patients with an HLA-identical 
sibling donor were subsequently treated with allo-RIC (IFM99-03 
trial), and patients without an HLA-identical sibling donor were 
randomly assigned to undergo second ASCT prepared by melpha-
lan 220 mg/m2 and 160 mg dexamethasone with or without anti-
IL-6 monoclonal antibody (IFM99-04 protocol). There were 284 
patients enrolled in the IFM99-03 trial and 219 in the IFM99-04 
trial. There were no differences in OS or EFS.

The PETHEMA group enrolled 110 patients with MM who had 
failed to achieve at least near-complete remission (nCR) after a first 
ASCT.573 They received a second ASCT (85 patients) or a allo-RIC 
(25 patients), depending on the availability of an HLA-identical 
sibling donor. Those who received the allo-RIC had higher rates of 
complete remission (40% vs. 11%, P = 0.001) but no difference in 
EFS and OS. They noted a 66% incidence of chronic GVHD. The 
European Bone Marrow Transplant (EBMT), MM subcommittee 
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enrolled 357 patients up to age 69. Patients with an HLA-identical 
sibling were allocated to the ASCT- allo-RIC arm and the remaining 
to a tandem ASCT arm. Complete response rates were higher in 
the ASCT- allo-RIC group as was PFS, but there was no difference 
in OS with a median follow-up of 61 months. Only 41% of patients 
in the tandem ASCT arm actually got a second ASCT whereas 
85% of patients in the ASCT-allo-RIC group received their second 
transplant.

The Blood Marrow Transplant Clinical Trials Network (BMT 
CTN) enrolled 710 patients574 and biologically randomized them 
to tandem ASCT or ASCT- allo-RIC. They, too, noted no difference 
in OS or PFS.

Given the toxicity of this approach—rates of chronic graft-
versus-host disease of 50%—and the lack of suitable donors, 
allogeneic transplant, whether myeloablative or RIC, should be 
considered experimental in patients with myeloma.

Donor Lymphocyte Infusions
A graft-versus-myeloma effect has been noted after the adminis-
tration of donor peripheral blood mononuclear cells for relapse 
after allogeneic transplantation.575,576 DLI has been used in two 
ways in myeloma patients. Initially, it was used to treat relapsed 
or residual disease after full myeloablative AlloSCT.575,576 
Subsequently, it was used to re-introduce T-cells into a patient 
who had received an allogeneic T-cell depleted graft.577,578 Most 
recently, it has been implemented in the context of allo-RIC 
programs to treat mixed chimerism, as well as for the older 
inductions.579–581 In the largest DLI series for relapsed MM  
(n = 54), 52% of patients responded (35% with a partial response 
and 17% with a complete response). The majority of patients 
received some chemotherapy before DLI. PFS and OS were 19 
and 23 months, respectively. Rates of overall acute GVHD and of 
grade III–IV acute GVHD were 57% and 20%, respectively. Rates 
of overall chronic GVHD and of extensive GVHD were 47% and 
30%, respectively. Acute and chronic graft-versus-host disease 
following DLI were the strongest predictors for response.582

Maintenance therapy
Strategies for maintenance therapy can be divided into two broad 
categories: continued induction therapy ad infinitum, and addition 
of a novel therapy after induction therapy. The former strategy 
was prevalent until recognition of the risk of developing alkylator-
induced myelodysplastic syndromes and leukemia.583–585,586,587,588 
The latter strategy has predominantly applied immune modula-
tors, including prednisone, IFN, cellular therapies, thalidomide, 
lenalidomide, and, most recently, bortezomib. To date, the benefit 
with these aforementioned strategies has been marginal at best, 
but for several of the agents, more study is required. The role of 
maintenance thalidomide, lenalidomide, and bortezomib are cur-
rently areas of both study and controversy as discussed below. No 
benefit has been observed with maintenance levamisole,257,381 
azathioprine,589 or bacillus Calmette–Guérin (BCG).414

Maintenance Thalidomide
In terms of randomized controlled trials evaluating the role 
of thalidomide maintenance as compared to placebo or pred-
nisone, there have been seven performed in the post-ASCT 
setting404,463,464,574,590–592 and another three in the setting of 
low-dose alkylator-based therapy390,392,393,404 (Table 98.14). In 
toto in all of the post-ASCT trials there was a PFS benefit among 
patients receiving maintenance thalidomide, but there was an OS 
benefit in only two of these trials.590,591 Quality of life was signifi-
cantly worse among patients receiving thalidomide in the NCIC 
CTG-MY.10 trial.592

Among the four nontransplant trials,390,392,393,404 there was 
improvement in PFS in three of the trials, but an OS benefit in only 

one.393 Three of these four nontransplant trials not only tested the 
value of maintenance thalidomide, but also used it as part of an 
induction triplet of MPT.390,392,393 Due to this design limitation, 
it is impossible to state whether the induction component or the 
maintenance component contributed to any differences in out-
comes. The MRC IX trial,404 which compared attenuated CTD to 
MP, had a double randomization, so the effect of induction versus 
maintenance could be more easily separated. Although there was 
a modest improvement in PFS in this study (11 vs. 9 months), 
there was no difference in OS between the maintained and the 
nonmaintained groups.

Maintenance Lenalidomide (table 98.14)
There are three randomized controlled trials evaluating lenalido-
mide maintaince (Table 98.14). The most experience, however, with 
lenalidomide maintenance is the continuous use of lenalidomide 
plus dexamethasone as the primary induction therapy without early 
transplant. All published studies evaluating this up-front combina-
tion have continued drug until ASCT or progression, and there are 
currently no studies that challenge this practice. The MM-020 trial, 
which has completed accrual, will in part address this question.

The use of the drug as maintenance after alkylator-based 
therapy has been addressed in three randomized controlled tri-
als.398,593,594 The first of these is the MM-015, which randomized 
patients among three arms: MP, MPR, and MPR with lenalidomide 
maintenance.398 PFS was superior in the maintenance arm, but so 
far there is no difference in OS. The authors note that the great-
est benefit was observed in those patients aged 65 to 75 years. 
Slightly more than twice as many secondary malignancies were 
seen in the lenalidomide maintenance arm.

The next two randomized controlled trials addressing lenalido-
mide maintenance are after ASCT. Both show improved PFS 
and a higher rate of secondary malignancies with maintenance 
lenalidomide,593,594 but only the CALGB 100404 trial had a better 
OS (3-year OS 88 vs. 80 months, P = 0.03).594 However, this OS 
advantage did not persist when the arms were stratified for beta-2 
microglobulin and prior thalidomide use. A limitation to the CALGB 
100404 trial is that in December 2009 (enrollment was April 2005 
to July 2009), the study-drug assignments were unblinded when a 
planned interim analysis revealed a superior PFS in the lenalido-
mide arm. Patients who had been on placebo were encouraged 
to cross over to the lenalidomide. In contrast, in the IFM 2005-02 
study,593 the 4-year OS was 73% for the maintenance group and 
75% for the placebo group. The duration of maintenance in this 
study was limited to 2 years once their data safety monitoring board 
noted a higher cumulative incidence of secondary malignancies in 
the lenalidomide arm. At last follow-up the incidence of second 
primary cancers was 3.1 per 100 patient-years for the lenalidomide 
arm as compared to the 1.2 per 100 patient-years for the placebo 
arm, P = 0.002. Another difference between the IFM 2005-02 study 
and the CALGB 100404 study is that all patients received two cycles 
of lenalidomide upon post-ASCT registration prior to getting either 
placebo or lenalidomide.593 At this time no definitive recommenda-
tion regarding lenalidomide maintenance can be made.

Maintenance Strategies Incorporating Bortezomib
There are four randomized clinical trials that incorporate bort-
ezomib into a maintenance strategy.397,400,467,468 Due to the 
complexity of these trials, however, it is difficult to isolate the 
actual clinical benefit of the bortezomib maintenance. The first 
of the two ASCT trials was the HOVON-65/GMMG-HD4 trial,467 
which randomized patients to either PAD induction followed 
by one or two ASCT followed by maintenance bortezomib 
every other week for 2 years versus VAD induction followed 
by one or two ASCT followed by thalidomide maintenance for 
2 years. Although OS was superior (5-year OS 61% vs. 55%) in 
the bortezomib containing arm, it is impossible to isolate the 
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Trial Designa N
Initial
Dose, mg

Intended  
Months of 
Maintenance FU, mo EFS or PFS OS, %

% Getting 
Maintence 
Drug as 
Salvage

TT2463 TT2 ± T 668 400 Indefinite 72 5-y 56 vs. 44% 8-y 57 vs. 44

Abn Cyto 5yr: 56 vs. 43b 83

IFM99–02590 ASCT × 2 ± T 597 400 Indefinite 36 3-y 52 vs. 36% 4-y 87 vs. 77 62

ALLG MM6591 ASCT × 1 + P ± T 243 200 1 y 24 3-y 42 vs. 23%b 3-y 86 vs. 75b 54

MRC IX instensive 
path404

ASCT × 1 ± Td 492 100 Indefinite 38 30 vs. 23 mb 3-y 75 vs. 80c 62

NCIC CTG MY.10592 ASCT × 1 ± TP 332 200 Indefinite 48 28 vs. 17 mb 4-y 68 vs. 60 NA

HOVON-50464 TAD v VAD → ASCT × 1 or 2 ± T (vs. IFN)d 536  50 Indefinite 52 34 vs. 25 mb 73 vs. 60 m NA

BMT CTN 0102574 ASCT × 2 ± T 366 200 (+dex) Indefinite 36 3-y 49 vs. 43% 3-y 80 vs. 81% NA

IFM 2005–2593 ASCT × 1or 2 ± L 614 L: 10–15 2 y 45 4-y 43 vs. 22%b 4-y 73 vs. 75%b 45

CALGB 100104594 ASCT × 1 ± L 460 L: 10–15 Indefinite 34 46 vs. 27 mb 3-y 88 vs. 80%b NA

HOVON-65/ 
GMMG-HD4467

PAD v VAD ASCT × 1 or 2 ± B (vs. T)d 827 V: 1.3 mg/m2  
T: 50

2 years 66 35 vs. 28 mb 5-y 61 vs. 55 %b NA

PETHEMA/
GEM05MEN0S65468

ASCT × 1→ VT vs. T vs. IFN <387 V: 1.3 mg/m2  
T: 100 mg  
IFN: 3 MU

3 years 24 2-y 78 vs. 63% 
vs. 49%b

Not different NA

GIMEMA390 MPT vs. MP 355 T: 100 Indefinite 38 22 vs. 14 mb 45 vs. 48 m 42e

Nordic392 MPT vs. MP 357 T: 200–400 Indefinite 42 15 vs. 14 m 29 vs. 32 m 45

HOVON 49393 MPT vs. MP 333 T: Indefinite 39 13 vs. 9 mb 40 vs. 31 mb 80

MRC IX non-intensive 
path

CTDa ± T vs. MP ± T 326 50 Indefinite 38 11 vs. 9 mb 38 vs. 39 m NA

MM-015398 MPR-R vs. MPR/MP 459 L: Indefinite 31 vs. 13 mb 3-y 70 vs. 64%

VMPT + VT397 VMPT + VT vs. VMP 511 V: 1.3 mg/m2  
T: 50

2 years 23 3-year 56 vs. 
41%b

3-year 89 vs. 
87%

NA

PETHEMA/GEM400 VTP vs. VMP, 2° random to VT vs. VP 260 V: 1.3 mg/m2  
T: 50; P: 50

3 years 32 32 vs. 24 mb HR 1.20.6–2.4

ASCT, autologous stem cell transplantation; f/u, follow up; mo, months; MP, melphalan and prednisone; MPT, MP and thalidomide; MS, median survival; NA, not available; OS, overall survival; 
Thal, thalidomide.
aInduction regimens for trial design not specified if same in both arms. If no comparator maintenance drug listed, the comparator is either nothing or placebo.
bStatistically significant difference between arms.
cRisk of death 1.8 × higher in patients with adverse cytogenetics if thal.
dOther details of this study included in Table 97.8.
eReceived thalidomide or bortezomib; number of patients in control arm receiving thalidomide as salvage not specified.

ranDoMizeD CliniCal trials inCorPorating iMiDs or BortezoMiB For MaintenanCe

taBLe 98.14

effect of induction versus maintenance. Moreover, there was no 
information regarding the availability of salvage bortezomib in 
the VAD plus thalidomide arm. The other post-ASCT trial is the 
PETHEMA/GEM05MEN0S65 trial,468 which is a complicated 
study of 387 patients who were randomized to one of three 
induction regimens followed by an ASCT followed by a second-
ary randomization to bortezomib (1.3 mg/m2 days 1, 4, 8, and 11 
every 3 months) plus thalidomide (100 mg/day), to single-agent 
thalidomide, or to thrice weekly IFN. PFS was superior with the 
VT as compared to the T or the IFN, but with 24 months follow-
up there was no difference in OS.

The other two bortezomib maintenance trials were among 
elderly patients, who did not undergo ASCT. The first is the 
PETHEMA/GEM trial,400 which randomized newly diagnosed 
elderly patients to eitherVMP or VTP with a secondary random-
ization to either VT or VP. After a median follow-up of 22 months 
from second randomization, PFS from this timepoint was 32 
months for patients receiving VT and 24 months for those receiv-
ing VP (HR 1.4, 95% CI 0.8 to 2.1; P = 0.1). No difference in OS 
was observed. In the Italian study comparing VMP with no main-
tenance to VMPT plus VT maintenance,397 PFS was superior with 
the four-drug combination with two-drug maintenance compared 

to the three-drug regimen without maintenance (32 months vs. 24 
months), but there was no difference in OS. Based on these data, 
no recommendation regarding the utility of bortezomib mainte-
nance can be provided.

Maintenance with alkylators, Steroids,  
or Interferon
Through the 1970s and 1980s, several randomized studies 
established that alkylator-based maintenance therapy does not 
produce a survival benefit.210,236,264,266,376,411,589,595,596 In 
general, patients not receiving maintenance had similar to 
slightly shorter remission duration than those receiving mainte-
nance210,376,411,589,596,597 but had higher rates of second remis-
sion.596,597 Induction was commonly discontinued after plateau 
was reached (no change in M protein of more than 25% for 4 to 
6 months).210,264,598 With alkylator-based therapy, the ability to 
achieve a plateau is as important, if not more important, than 
the degree of response achieved.210,598–601,604 No benefit has 
been documented for treatment beyond 12 months,376 although it 
has been suggested—but not validated—that prolonged primary 
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chemotherapy may be beneficial in patients achieving less than a 
partial response, that is, a minimal response or stable disease.605 
Patients who relapse off alkylator-based chemotherapy have 
response rates of 25% to 80% with resumption of the original 
regimen.210,414,596,597 In a study of 115 newly diagnosed patients 
treated with VBMCP for about 1 year, an initial response rate of 
82% was achieved, with a median duration of response of 22 
months. After a first relapse, 26 of 38 patients (68%) responded 
again and had a median duration of response of 11 months. After 
a second relapse, 7 of 16 patients (44%) responded, with a dura-
tion of response of 3.5 months.606

There are four studies that address the utility of corticosteroids 
as maintenance therapy. None justify a recommendation of pred-
nisone as a standard maintenance regimen for all patients.

SWOG 9210 compared prednisone 10 mg every other day 
to prednisone 50 mg every other day in patients who had 
responded to 6 to 12 months of a VAD-based program, that is, a 
corticosteroid-intensive program. Median PFS for the higher-dose 
prednisone arm was 14 months compared to 5 months for the 
lower dose (P = 0.003). OS also was marginally better at 37 and 
26 months (P = 0.05).607 An earlier randomized study, which 
compared dexamethasone maintenance (20 mg/m2 orally daily 
for 4 days repeated monthly) to IFN maintenance after induction 
with melphalan and dexamethasone, demonstrated equivalence 
to inferiority of dexamethasone compared with IFN.608 The 
CALGB 7,461 study addressed this issue less directly. Patients 
were treated initially with alkylator therapy and were randomized 
to observation or vincristine and prednisone as maintenance. OS 
and response rates were significantly longer and higher in the 
vincristine–prednisone maintenance group who had received 
up-front melphalan (median, 35.3 months vs. 27.0 months;  
P = 0.003) but not in patients who had received up-front BCNU or 
CCNU.255 Finally, SWOG 8624, which evaluated the influence of 
corticosteroid dose intensity on response and survival, indirectly 
provided data on corticosteroid maintenance. Higher objective 
response and median OS (40 months vs. 31 months, P = 0.02) 
were observed in patients who received prolonged administration 
of glucocorticoids (prednisone 50 mg every other day) between 
chemotherapy courses.454

IFN has been studied both after conventional chemotherapy 
and after ASCT. The initial positive findings by Mandelli et al.609 
in 1990 demonstrated a superior disease-free and OS in chemo-
therapy-responsive patients randomized to maintenance IFN, but 
it took meta-analyses to clarify divergent results observed in over 
1,500 patients in 13 maintenance trials.439,440 With IFN there was 
a 4.4-month prolongation of relapse-free survival (P < 0.01) and 
a 7.0 month increase in OS (P < 0.01).439 There are fewer data 
available examining the utility of IFN after ASCT.610,611 The use 
of IFN in this setting cannot be recommended outside of clinical 
trials.

Management of relapsed or refractory Disease
The advances in the initial therapy of MM during the past decade 
has led to more effective control of the disease early in its course 
and has significantly improved the OS of these patients. However, 
the disease remains incurable with the current approaches and 
eventually relapses after the initial therapy. The combination of 
improved OS and the inability to eliminate the disease has lead to 
an increased number of patients living with the disease, making 
the management of relapsed disease an important component of 
the care of the myeloma patient.

At the same time, the increasing number of initial treatment 
approaches employed for myeloma has led to a significant het-
erogeneity among patients with relapsed MM. This combined 
with the underlying biologic heterogeneity intrinsic to the 
disease has precluded development of uniform approaches to 
management of relapsed disease. Recent studies using advanced 
genomic analyses have clearly shown that significant clonal 

evolution as well as clonal selection occurs as the disease suffers 
multiple relapses over time.

Definitions
Attempts have been made to standardize the definitions for 
relapsed and refractory disease. In general, relapses can be 
classified as biochemical relapses where the increase in the 
monoclonal protein component, bone marrow plasmacytosis, or 
size of plasmacytoma(s) meet the definitions of relapse as per 
the International Myeloma Working Group Uniform Response 
Criteria.222 However, a significant proportion of patients who 
meet these criteria do not require therapy right away, a concept 
similar to how we manage early-stage asymptomatic myeloma. 
However, patients can have clinical evidence of progression, 
that may or may not satisfy the biochemical criteria, but clearly 
require therapeutic intervention. These typically include develop-
ment of one or more components of the CRAB criteria that is used 
at the time of diagnosis. Several additional qualifying criteria 
need to be included in defining the patient with relapsed dis-
ease. This is not only important from a clinical trial perspective, 
allowing us to better compare results across different trials, but 
also helps us in deciding the future course of therapy. The most 
important aspect is the differentiation between relapses occurring 
on therapy and off therapy, with the former often having a poorer 
prognosis. An accepted definition for refractory disease, currently 
used in most of the clinical trials, is relapse occurring while on 
a particular therapy or relapse within 60 days of stopping the 
therapy. A subset of these patients may have never responded 
to the initial therapy or may have progressed within 60 days of 
stopping the intial therapy, a group referred to as having primary 
refractory disease.612 These definitions should be further quali-
fied by the class of agents or the treatment modality to which the 
patient is refractory.

Prognostic Factors in Relapsed Disease
Many of the prognostic factors that are relevant at the time of 
initial diagnosis continue to be important at the time of relapse. 
These include the International Staging System, the plasma cell 
proliferation rate, serum LDH, performance status, refractory 
status with respect to various drugs, cytogenetics and/or FISH 
findings, and the presence of circulating cells or extramedul-
lary disease. Two key factors that become evident at the time of 
relapse are particularly relevant to the prognosis of patients with 
relapsed disease. The duration of response to the initial therapy 
is one of the most important prognostic factors at the time of 
relapse. Patients with short lasting responses to initial therapy or 
are primary refractory to the newer drugs have very poor OS. In 
fact, in a retrospective study the OS from relapse among a cohort 
of patients relapsing within 12 months of an ASCT was less than 
a year. Similar findings have been seen in nontransplant therapy 
settings as well. The second critical factor is the acquisition of 
new genetic abnormalities with disease evolution. The two most 
common abnormalities seen with increasing frequency among 
relapsed disease are loss of the TP53 gene and chromosome  
1 abnormalities, both of which portend a poor outcome.

Treatment of Relapsed Disease: General Approach
Before the era of high-dose chemotherapy with stem cell support, 
IMiDs, and proteosome inhibitors, treatment guidelines were more 
straightforward. If the relapse had occurred during an unmain-
tained remission, resumption of the patient’s original therapy was 
a good rule.597 If relapse occured after unmaintained remission, 
50% to 60% of patients responded to repeat treatment414,596,597,613 
and median survival was about 10 months.597,617 The current 
landscape, however, is more complicated. New combinations incor-
porating the new and the old agents are being tested worldwide, 
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Author Regimen Phase N CR (%) VGPR (%) PR (%) OR (%) PFS/EFS, mo OS, mo

Singhal, 199937,301 Thalidomide 2 169 — — — 30 2 y 20%  2 y 48%

Dimopoulos, 2001625 Thal-Dex 2  44 — — 55 55 4.2 12.6

Offidani, 2003634 Mel-Thal 2  27 12  0 48 60 2 y PFS 61%  2 y OS 61%

Hovenga, 2005635 CTX Thal 2  38 11  0 64 75 30 20

Garcia-Sanz, 2004628 CDT 2  71  2  0 53 55 2 y EFS 57%  2 y OS 66%

Dimopoulos, 2004629 CDT 2  53  5  0 55 60 TTP 8.2 17.5

Kropff, 2003630 CDT 2  60  3  0 65 68 11 19

Kyriakou, 2005631 Low dose CDT 2  52 17  0 62 79 — —

Sidra, 2006632 CDT 2  47  0 19 63 83 — —

Palumbo, 2006633 MPT IV 2  24  0 13 29 42  9 —

Zervas, 2004484 T-DVD 2  39 10 10 64 84 — —

Hussein, 2006488 T-DVd 2  49 20 24 31 75 15.5 39.9

Offidani, 2006602 TDD 2  50 26 12 38 76 17 NR

Suvannasankha, 2008603 CTP 2  35 20  6 37 63

Ponisch BTP ½  28 14 21 50 85 11 19

AA, ascorbic acid; ATO, arsenic trioxide; Bortez, bortezomib; CDT, cyclophosphamide, dexamethasone, thalidomide (several different schedules); CR, complete response; Dex, dexamethasone; 
EFS, event-free survival; IFN, interferon; Lenalid, lenalidomide; MAC, melphalan, ATO, AA; MD, melphalan, dexamethasone; mo, months; MP, melphalan, prednisone; MPT IV, intravenous 
melphalan, prednisone, thalidomide; N, number of patients; NR, not reached; OR, overall response rate; OS, overall survival; PFS, progression-free survival; PR, partial response; yRetro, 
retrospective analysis; TDD, thalidomide, pegylated doxorubicin, dexamethasone; T-DVD, thalidomide, pegylated doxorubicin, vincristine, dexamethasone; T-DVd, T-DVD, but low dose 
dexamethasone; Thal, thalidomide; TTP, time to progression; VGPR, very good partial response; y, year.
*Abstract only.
†
Minimal response.
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leaving clinicians with an assortment of options but little guidance 
on how to proceed. There are a few guidelines that can be kept in 
mind while deciding the management approach to relapsed dis-
ease in any given patient. Regimens that have been effective previ-
ously, and to which the patient is not refractory can and should be 
considered again. Combinations of two drugs, where the individual 
drugs have not been very effective may be able to capitalize on the 
synergy and produce meaningful responses. Given the clonal slec-
tion processes that occur in the myeloma cells as shown through 
elegant genomic studies,618 drugs that have previously become 
ineffective can be of benefit later on, alone or as part of combina-
tions. Although deep responses typically translate into prolonged 
disease control, minor responses can be quite meaningful in those 
patient populations from the point of clinical benefit. Therapeutic 
selection should take into account residual toxicities from earlier 
therapies in order not to exacerbate the ongoing symptoms and 
must be tailored to the patient’s performance status. Care should 
be taken in terms of the use of drugs with cumulative toxicity, par-
ticularly hematological toxicity, that will preclude subsequent use 
of some of the newer drugs.

Until MM is a curable disease in all patients, clinical trials will 
play a critical role in the treatment of these patients. They will assist 
in defining a better classification system for relapsed disease, clarify 
which treatments offer the most value, and bring new effective 
agents into standard clinical practice. The subject of chemotherapy 
for relapsed or refractory disease is divided into six sections: 
IMiD-based therapies, proteasome inhibitor-based therapies, IMiD-
proteasome inhibitor combinations, emerging new agents and 
finally older therapies that incorporate alkylators or anthracyclines. 
Many of the newer regimens have been utilized in the setting of 
newly diagnosed disease and have been described in that section.

Immune Modulatory Drugs–Based Therapy for 
Relapsed or Refractory Disease

Thalidomide (Table 98.15). Single-agent thalidomide can induce a 
response in 25% to 58% of relapsed/refractory patients,286,288–295 

and higher response rates of 41% to 55%624–627 when combined 
with dexamethasone.299,625 Thalidomide doses have ranged 
between 100 and 400 mg per day in the different regimens, with-
out any clear dose–response effect. In addition to corticosteroids 
thalidomide has been combined with a variety of different drugs, 
both old and new. Investigators have combined thalidomide with 
alkylators either with628–633 or without corticosteroids634,635 
achieving overall response rates as high as 79%, including com-
plete response rates as high as 26%. These have included com-
binations of thalidomide with melphalan, cyclophosphamide or 
bendamustine, with addition of dexamethasone or prednisone. 
DT-PACE is a combination of five drugs including thalidomide 
(Table 98.4) and is an integral part of “Total Therapy” programs 
piloted by Dr. Barlogie and colleagues at University of Arkansas.

Lenalidomide (Table 98.16). As a single agent approximately 18% to 
25% of relapsed or refractory patients have achieved a partial 
response, and the median duration of response for responding 
patients is 20 months.307 In the randomized phase II trial of 
lenalidomide, the addition of dexamethasone (40 mg days 1 to  
4 and 15 to 18) to patients not responding to 2 months of lenalido-
mide resulted in partial response rates in an additional 22% of 
patients.307 The combination of lenalidomide and dexamethasone 
has been studied in two large phase III trials.636,647 The results 
of both were comparable with 59% of patients responding to the 
combination, including a 14% complete response rate. This was 
significantly better than what was observed with single-agent 
dexamethasone (PR 22.5% and CR 2%). In addition, both time to 
progression (11 to 13 months vs. approximately 5 months) and 
OS (not reached vs. 24 months) were superior in the lenalido-
mide/dexamethasone arm. The benefit with lenalidomide was 
independent of prior exposure to thalidomide.648 A significant 
number of patients who initially had a PR improved the response 
to a CR or VGPR with continued treatment, especially among 
those obtaining a PR within the first four cycles.649 As with 
other therapies, patients who achieved a CR/VGPR as their best 
response had  significantly longer median response duration, time-
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Author Regimen Phase N CR (%) VGPR (%) PR (%) OR (%) PFS/EFS, mo OS, mo

Richardson, 2006307 Len (30 mg QD) 2  67 — — 18 17 8 28

Len (15 mg BID) 2  35  0  0 14 17 4 27

Dimopoulos (MM-010), 2007636 Len/dex 3 176 16 — 44 60 TTP 11.3 NR

Dex 3 175  3.4 — 20 24 TTP 4.7 20.6

Weber (MM-009), 2007647 Len/dex 3 177 14 — 47 61 TTP 11 29.6

Dex 3 177  1 — 19 20 TTP 4.7 20.2

Richardson, 2006307 Len 2 222  0  0 25 25 4.9 23.2

Knop et al. (2009)614 Len- dox-Dex ½  69 — — — 77 — —

Baz et al.615 Pegylated dox-vincristine-Dex-Len ½  62 18 11 46 75 12 NR

Schey et al. (2010)651 Cyclo-Len-Dex ½  31 29  7 45 81 56% at 2 yrs 80% at 2.5 years

Lentsch et al. (2012)616 BRD ½  36 24 28 52 4.4 NR

Palumbo et al. (2010)652 RMPT ½  44  2 32 41 75 51% at 1 y 72% at 1 y
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taBLe 98.16

to- progression, and OS compared with those with only a partial 
response.649 Continuation of lenalidomide treatment until disease 
progression in patients achieving a PR was associated with a sig-
nificant survival advantage.650

As with thalidomide, lenalidomide has been combined with 
alkylators (melphalan, cyclophosphamide, or bendamustine) as 
well as anthracyclines. The results with these combinations are 
summarized in Table 98.17.651,652

Pomalidomide. Pomalidomide (CC-4047) is another thalidomide-
based immunomodulatory drug that is currently undergoing 
clinical trials in relapsed myeloma.311,312 The initial trials with 
pomalidomide were done several years ago, when the phase I 
trials established the maximum tolerated dose of pomalidomide 
as 2 mg daily or 5 mg on alternate days.310,653 These studies 
used pomalidomide as monotherapy and have shown an excel-
lent activity with an overall response rate of 52%.653 In the 
initial phase II trial from Mayo Clinic, pomalidomide 2 mg daily 
in combination with dexamethasone 40 mg weekly were given 
to a cohort of 60 patients with relapsed myeloma, who had two 

to three prior regimens.654 A total of 38 patients (63%) achieved 
confirmed response including CR in 3 patients (5%), VGPR in  
17 patients (28%), and PR in 18 patients (30%). Responses were 
seen irrespective of their prior drug exposures, with 40% of 
lenalidomide-refractory patients, 37% of thalidomide-refractory 
patients, and 60% of bortezomib-refractory patients achieving a 
response. Subsequent cohorts of patients were enrolled studying 
different doses and schedules in different groups with respect to 
their refractoriness to bortezominb or lenalidomide.655,656

The optimal dose and schedule for pomalidomide remains an 
issue of debate. The studies done so far have examined either 
2 mg or 4 mg, and given either continuously or for 3 out of 
every 4 weeks. Richardson and colleagues in a phase I/II dose 
escalation study showed that 4 mg pomalidomide daily given 
for 3 of 4 weeks is the MTD for that particular schedule.657 The 
IFM group performed a randomized phase II trial looking at two 
dosing schedules, 21/28 days or 28/28 days with pomalidomide 
administered at 4 mg daily with weekly dexamethasone. The 
overall response rate and the duration of response were com-
parable with the two strategies as was the overall toxicity.658

Author Regimen Phase N CR (%) VGPR (%) PR (%) OR (%) PFS/EFS, mo OS, mo

Richardson (SUMMIT), 2006308 Bortezomib 2 193  4  6 18 28 7 17

Jagannath, 2004322 Bortez-Dex (1.0 mg/m2) 2  27  0 19 19 37 TTP 10.9 26.7

Bortez-Dex (1.3 mg/m2) 2  26  0  4 46 50 TTP 7.0 NR

Richardson, (APEX) 2005321 Bortezomib 3 315  6  7 25 38 6 1 y 80%

Dex 3 312  1  1 16 18 3 1 y 66%

Kropff, 2005619 Bortez-Dex 2  15  7 — 67 74 — —

Musto, 2006620 Bortezomib 2  21 10 −0 33 43 — —

Orlowski, 200238,268 Bortez-pegylated dox 1  22 23 14 36 72 — —

Chanan-Khan, 2005621 Bortez-pegylated dox –thal Pilot   6 33 — 17 50 — —

Jakubowiak, 2005485 Bortez-pegylated dox-Dex 2  20 33 — 22 55 — —

Gozetti et al. 2010662 Bortez-pegylated dox-Dex 2  25 — — — 80 8 —

Berenson, 2008622 Bortez-MP ½  46  4 31 35 70 9 32

Popat, 2009623 Bortez-IV Mel 2  53 23 — — 68 10 28

Reece, 2008665 CTX- Bortez – Pred ½  37 50 — — 95 83% at 1 y 100% at 1 y

Kropff, 2007664 CTX- Bortez –Dex 2  54 16 — 66 90 12 22

BortezoMiB-BaseD CoMBinations For relaPseD reFraCtory Disease
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Proteasome Inhibitor-based Therapies for 
Relapsed or Refractory Disease
Bortezomib (Table 98.17). Single-agent response rates in relapsed/
refractory myeloma range from 28% to 38% with a median 
duration of response of 8 months.308,320–322 In a phase III study, 
Richardson et al. randomly assigned 669 patients with relapsed 
myeloma to receive either an intravenous bortezomib or high-dose 
dexamethasone.321 The overall response rate was significantly 
higher with bortezomib (38%) compared with dexamethasone 
(18%) and the median times to progression in the bortezomib and 
dexamethasone groups were 6.2 months and 3.5 months, respec-
tively. Although the original studies using this drug included only 
eight cycles of therapy, 63 patients were treated on an extension 
study without significantly more serious adverse events than were 
seen on the parent studies of eight cycles alone.659

As with the IMiDs, the initial trials of bortezomib were followed 
by a series of trials examining various combinations including 
alkylator drugs and doxorubicin.660,661–663 One of the most com-
monly used and effective combinations has been that of cyclo-
phosphamide added to bortezomib and dexamethasone.664–666 
In an international phase III study, 646 patients were randomly 
assigned to receive either intravenous bortezomib with or without 
PLD.660 The overall response rate was similar between bortezo-
mib (41%) and PLD + bortezomib (44%). Median time to pro-
gression was increased from 6.5 months to 9.3 months with the 
combination and the 15-month survival rate for the combination 
was 76% compared with 65% for bortezomib alone.

Carfilzomib. Carfilzomib is a next-generation, selective protea-
some inhibitor that has been approved for treatment of relapsed 
MM.221,667,672 In an open-label, single-arm phase II study 
(PX-171-003-A1), patients received single-agent carfilzomib  
20 mg/m2 intravenously twice weekly for 3 of 4 weeks in cycle 1, 
followed by 27 mg/m2 at the same schedule.672 Among the enrolled 
patients, 95% were refractory to their last therapy and 80% were 
refractory or intolerant to both bortezomib and lenalidomide. Overall 
response rate was 24% with a median duration of response of 7.8 
months and OS of 15.6 months. Common toxicities encountered were 
fatigue, anemia, nausea, and thrombocytopenia. Neutropenia was 
limited to grades 1 and 2, occurring in 10% to 15% of the patients.

In another phase II trial, 35 patients with relapsed and/or 
refractory MM who have received at least one bortezomib-based 
regimen, received carfilzomib 20 mg/m2 in a twice-weekly, 

consecutive-day dosing schedule.667 The best overall response 
rate was 17.1% and the clinical benefit response rate (ORR + 
Minor response) was 31.4%. The median duration of response 
was ∼10 months and the median time to progression was 4.6 
months. In a similar phase II study, 129 bortezomib-naïve 
patients with relapsed refractory MM received intravenous carfil-
zomib either at 20 mg/m2 for all treatment cycles, or 20 mg/m2 
for cycle 1 and then 27 mg/m2 for all subsequent cycles.221 The 
overall response rate was 42.4% in the former group and 52.2% 
in the latter. The clinical benefit response (overall response rate 
+ minimal response) was 59.3% and 64.2%; the median duration 
of response was 13.1 months and not reached, and median time 
to progression was 8.3 months and not reached, respectively. 
Several combinations of carfilzomib along with the older and new 
agents are ongoing, and will lead to more treatment options for 
patients with relapsed disease.

Immune Modulatory Drugs-Proteasome Inhibitor 
Combinations (Table 98.18)
Some of the most effective regimens reported to date in the 
therapy of relapsed disease and also with newly diagnosed dis-
ease, are combinations involving bortezomib with thalidomide or 
lenalidomide. The results of these clinical studies are summarized 
in Table 98.18. Bortezomib has been combined with the DTPACE 
regimen previously described; the resultant VDTPACE regimen is 
the standard initial therapy in the “Total Therapy” protocols used 
at the University of Arkansas.

Other Novel Agents for Relapsed or Refractory 
Disease
Several new classes of drugs are being tested in clinical trials that 
are at different stages of development. Several promising drugs 
are already in phase III testing including pomalidomide and carfil-
zomib, both of which were discussed previously.

Histone Deacetylase Inhibitors. Acetylation and deacetylation of his-
tone proteins play an important role in the regulation of gene 
expression. Deacetylated histones by binding tightly to the DNA 
limit access to transcription factors, leading to inhibition of tran-
scription. Acetylation on the other hand, neutralizes the charge of 
histones and opens up the DNA conformation, allowing expression 
of the corresponding genes. The opposing activities of two sets of 

Author Regimen Phase N CR (%) VGPR (%) PR (%) OR (%) PFS/EFS, mo OS, mo

Ciolli, 2006637 Low dose bortez-thal-dex 2 18 11 — 33 44 — —

Zangari, 2005638 Bortez-Thal-Dex 2 85  0 — 55 55 9 22

Palumbo, 2007639 Bortez-MP-Thal ½ 30 — 43 24 67 61 at 1 y 84% at 1 y

Terpos, 2008640 Bortez-MD-Thal 2 25 13 27 26 66  9.3 —

Kim et al.641 CTVD 2 70 46  9 33 88 14.6 31.6

Chanan-Khan et al.642 Bortezomib, pegylated liposomal doxorubicin 
and thalidomide

2 23 — — — 56 10.9 15.7

Ciolli et al. 2008643 VTD 2 28 — — — 50 8 —

VTD + PLD 2 42 — — — 81 15 —

Berenson et al. 2012644 Bort-PLD-Dex 2 40 21 10 18 48 — —

Offidani, 2011645 ThaDD-V 2 46 37 35  5 76 18.5 TTP 40

Richardson et al. 2010646 VRD ½ 38  2 — 37 39 6.9 37

iMiD-ProteasoMe inHiBitor CoMBinations For relaPseD reFraCtory Disease
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enzymes, histone acetyltransferase (HAT) and HDAC, control the 
acetylation status, with normal cells existing in a state of balance. 
Existing evidence suggests that aberrant recruitment of HDAC may 
play a role in the changes in gene expression in cancer cells. HDAC 
inhibitors are thought to affect multiple pathways in MM reversing 
the abnormalities of cell apoptosis and cell cycle, potentially sensi-
tizing MM cells to apoptosis.673,674 Several HDAC inhibitors have 
been studied in the context of myeloma, including suberoylanilide 
hydroxamic acid (SAHA; vorinostat),675 ITF2357,676 LBH589 
(panobinostat),677 and romidepsin.678 Results thus far suggest 
modest single-agent activity in patients with MM.674

A phase I trial studied escalating doses of oral vorinostat 200, 
250, or 300 mg twice daily for 5 days every week or 200, 300, 
or 400 mg twice daily for 2 of 3 weeks in patients with relapsed/
refractory MM.679 There were 13 patients enrolled and MTD was 
not reached. Drug-related adverse experiences included fatigue, 
anorexia, dehydration, diarrhea, and nausea. Of 10 evaluable 
patients, 1 had a minimal response and 9 had stable disease.

Romidepsin is an intravenously administered HDAC inhibitor 
that was studied in a phase II trial, patients with MM who were 
refractory to standard therapy were treated with romidepsin 
(13 mg/m2) given as a 4-hour intravenous infusion on days 1, 
8, and 15 every 4 weeks.678 No objective responses were seen 
among the 123 patients treated.

Significant single-agent activity has been less than convinc-
ing, however, combinations with bortezomib or lenalidomide 
appeared to hold promise based on the initial trials. A phase I 
trial evaluated escalating doses of bortezomib (1 to 1.3 mg/m2 
on days 1, 4, 8, and 11 and vorinostat at 100 to 500 mg orally 
daily for 8 days of each 21-day cycle).680 Among the 23 patients 
enrolled, overall response rate was 42%, including three partial 
responses among 9 bortezomib refractory patients. The most 
common toxicities were myelosuppression, fatigue, and diarrhea. 
In another phase I trial, patients with relapsed or refractory MM 
were randomized to oral vorinostat (200 mg twice daily or 400 mg 
once daily for 14 days) in combination with bortezomib (0.7 or 0.9 
mg/m2 on days 4, 8, 11, and 15 or 0.9, 1.1, or 1.3 mg/m2 on days 
1, 4, 8, and 11).681 The best responses observed in the 33 evalu-
able patients included PR (36.4%), MR (18.2%), and SD (39.4%). 
Based on the initial results, a large phase III trial was performed 
comparing vorinostat with or without bortezomib. Overall, 636 
patients were randomized to bortezomib in combination with 
vorinostat or placebo. Although the overall response rate was sig-
nificantly higher with the vorinostat combination (56% vs. 41%), 
the PFS was only marginally improved (7.6 vs. 6.8 months) and no 
difference was seen in OS. Over a third of the patients had serious 
adverse events, with hematological and gastrointestinal toxicity 
and fatigue being the most common.682

The combination of panobinostat and bortezomib also has 
been explored in early stage trials. In a phase Ib trial, San Miguel 
et al. observed with 14 partial response or better (50%) among 28 
evaluable patients, including 4 with complete response (CR).683 
Common adverse events included hematologic toxicity, diarrhea, 
fever, nausea, fatigue, and asthenia. In another trial, panobino-
stat was combined with melphalan, prednisone, and thalidomide, 
with some activity, but was accompanied by significant hemato-
logical toxicity.684 A large phase III trial is currently evaluating 
the combination of panobinostat and bortezomib in patients with 
relapsed MM.

Harrison et al. studied the combination of romidepsin with 
bortezomib, identifying bortezomib 1.3 mg/m2 on days 1, 4, 8, 
and 11, dexamethasone 20 mg (days 1, 2, 4, 5, 8, 9, 11, and 12), 
and romidepsin 10 mg/m2 (days 1, 8, and 15) every 28 days as the 
MTD.685 Thrombocytopenia was the most common hematologic 
toxicity and peripheral neuropathy occurred in 76% of patients. 
The overall response rate was 60% including 52% PR and 8% CR. 
The median TTP was 7.2 months, and the median OS was > 36 
months. This regimen shows activity with manageable toxicity 
and warrants further evaluation.

Heat Shock Protein 90 Inhibitors. Heat shock protein 90 (Hsp90) is a 
molecular chaperone that is induced in response to cellular stress 
and leads to stabilization of various client proteins involved in 
cell cycle control and apoptotic signaling. Hsp90 inhibitors have 
been shown to decrease MM proliferation, and sensitize MM cells 
to other anticancer agents.686 Several hsp90 inhibitors have been 
evaluated in early-stage clinical trials.

Tanespimycin was one of the early hsp90 inhibitors to be 
tested in myeloma. In a phase I dose-escalation study, tanespimy-
cin (150 to 525 mg/m2) was given on days 1, 4, 8, and 11 of each 
3-week cycle in patients with relapsed/refractory MM.687 One 
patient (3%) achieved an MR, and 52% had SD with a median PFS 
of 2.1 months. Common adverse events included diarrhea, back 
pain, fatigue, and nausea, anemia, and thrombocytopenia.

Preclinical studies suggested potent synergy when hsp90 
inhibitors were combined with bortezomib, paving the way for 
combination clinical trials. In a multicenter phase I/II trial tanespi-
mycin (100 to 340 mg/m2) was combined with bortezomib (0.7 to 
1.3 mg/m2) given on days 1, 4, 8, and 11 of a 3-week cycle.688 The 
highest tested dose of tanespimycin at 340 mg/m2 and bortezomib 
at 1.3 mg/m2 was considered the phase II dose. The combination 
was well tolerated and among 67 efficacy-evaluable patients, there 
were 2 (3%) CR, 8 (12%) PR, and 8 (12%) minimal responses.

Signal Transduction Inhibitors. Various signal transduction pathways 
have been considered critical for the survival and proliferation of 
myeloma cells. Among these the PI3K-Akt pathway has been most 
studied from a therapeutic standpoint. Perifosine is the best-stud-
ied Akt inhibitor in the setting of myeloma.689 In a phase II trial of 
perifosine, alone or with dexamethasone, the best response to sin-
gle agent among 48 enrolled patients was an MR in 1 patient and 
stable disease in 22 patients (46%).690 Addition of dexamethasone 
in 37 patients with disease progression led to a partial response 
in 13%. Most common adverse events included nausea, vomiting, 
diarrhea, fatigue, increased creatinine, and anemia. Subsequent 
trials have examined the combination of perifosine with lenalido-
mide or bortezomib with modest evidence of activity.690,691

The mTOR kinase, downstream in the PI3K/Akt pathway 
has been another target explored in myeloma. Both CCI779 and 
RAD001 have been studied in phase II trials in patients with 
relapsed disease with very little clinically relevant antimyeloma 
activity. Ghobrial et al. studied intravenous temsirolimus given at 
15 or 25 mg with bortezomib at 1.3 or 1.6 mg/m2 once a week 
enrolling 20 patients into the phase I study and 43 into phase II. 
The MTD was determined to be 1.6 mg/m2 bortezomib on days 1, 
8, 15, and 22 in combination with 25 mg temsirolimus on days 1, 
8, 15, 22, and 29, given every 35 days. In the phase II study, the 
proportion of patients with a partial response or better was 33%. 
The most common treatment-related grade 3 to 4 adverse events 
were thrombocytopenia, hematologic disorders, and diarrhea.

Monoclonal Antibodies. Monoclonal antibody therapy has seen 
resounding success in B-cell malignancies, but has had minimal 
success with plasma cell disorders. Elotuzumab is a humanized 
monoclonal IgG1 antibody targeting human CS1, a cell surface 
glycoprotein. CS1 is highly and uniformly expressed on MM (MM) 
cells, with limited expression on natural killer (NK) cells and CD8 + 
cells and little to no expression in normal tissues. In a phase I 
study, escalating doses of elotuzumab (2.5, 5, 10, and 20 mg/kg 
IV) were administered on days 1 and 11 in combination with 
bortezomib (1.3 mg/m2 IV) administered on days 1, 4, 8, and 
11 of a 21-day cycle.691 Dexamethasone 20 mg PO was added 
for patients with disease progression The MTD was not reached 
and the most frequent grade 3/4 side effects were lymphopenia, 
fatigue, thrombocytopenia, neutropenia, hyperglycemia, periph-
eral neuropathy, pneumonia, and anemia. A partial response or 
better was observed in 13/27 (48%) evaluable patients, including 
7% CR and 41% PR. Another study examined the drug in combina-
tion with lenalidomide, using escalating doses of elotuzumab with 
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the standard lenalidomide dose.692 No DLTs were observed at the 
maximum dose tested (20 mg/kg). A partial response or better 
was seen in 82% (23/28) of treated patients and 96% (21/22) of 
lenalidomide-naïve patients. Richardson et al. studied two doses 
of elotuzumab in combination with lenalidomide and dexametha-
sone in a randomized phase II trial: patients received elotuzumab 
10 or 20 mg/kg IV (days 1, 8, 15, and 22 every 28 days in the first 
two cycles and days 1 and 15 of subsequent cycles), lenalidomide 
25 mg PO (days 1 to 21) and dexamethasone 40 mg PO weekly.693 
Among 63 enrolled patients, 81% had a PR including 37% with 
VGPR. The overall response rates were 90% in the 10 mg/kg group 
(n = 31) and 72% in the 20 mg/kg group (n = 32). Median time 
to response was 30 days (range, 21 to 100). The most common 
toxicities were hematologic and infusion reactions.

The inflammatory cytokine interleukin (IL)-6 is a survival fac-
tor for malignant plasma cells. CNTO328 is a novel human–mouse 
chimeric monoclonal antibody targeting IL-6 that has inhibitory 
effect on tumor burden and potentiates bortezomib-mediated 
apoptosis. Initial studies support the feasibility of combining the 
antibody with bortezomib in patients with relapsed myeloma.694

Several other drugs have been tried with very modest activity. 
IFN has been shown to modulate the multidrug resistance pheno-
type and to re-induce chemosensitivity in patients with chemoresis-
tant MM. In one study, nonresponding patients received the same 
chemotherapy to which they were resistant, preceded by a 5-day 
course of IFN. An objective response was achieved in 4 of 14 patients 
(28.6%).695 Several investigators have combined IFN with dexa-
methasone454,696 or methylprednisolone697 as therapy for patients 
with relapsed or refractory disease. With response rates of 29% to 
66%696,697 it is difficult to isolate the corticosteroid and IFN effects. 
There is no clear evidence that the response rate or the survival time 
improved compared with similar treatments without IFN.698

Because patients with MM refractory to alkylating agents fre-
quently express P-glycoprotein, which is associated with the mul-
tidrug resistance phenotype, cyclosporine, a multidrug resistance 
reversal agent, has been combined with VAD in patients with 
refractory or progressive disease. No benefit was observed.699,700 
As a result of the findings of a phase I/II trial in patients with 
myeloma,701 PSC 833, a multidrug resistance glycoprotein modu-
lator, was incorporated into a small phase III study of VAD versus 
VAD and PSC 833 in the relapsed/refractory setting.702 There 
was no difference in response rate, PFS, or OS in PSC 833 arm, 
although there was more toxicity.

The human anti-CD20 antibody has demonstrated some effect 
in patients with myeloma. About 20% of patients with myeloma 
have CD20 expression on their plasma cells. In one study 1 of  
19 patients had a partial response to therapy; an additional 5 had 
stable disease.703

Alkylator-based Regimens for Relapsed or 
Refractory Disease (Table 98.19)
There is cross-resistance among the alkylators, but it is not absolute 
and may be circumvented by increasing dose intensity. Without 
extreme dose intensification, 5% to 20% of patients with melphalan-
resistant disease respond to cyclophosphamide or BCNU as single 
agents or in combination with prednisone.617,704–709 Response rates 
as high as 30% to 38% can be obtained if prednisone is administered 
with the cyclophosphamide.710–712 Higher doses of cyclophospha-
mide (e.g., 600 mg/m2 intravenously for 4 consecutive days) result in 
response rates of 29% to 43%.237,713 Both response duration and OS 
tend to be short, approximately 3 and 9 months, respectively.237,713 
Consolidating the chemotherapy into a 1-day schedule rather than 
a 4-day schedule does not improve response rate but does increase 
the toxicity.714 Similarly, administration of 3.6 g/m2 over 2 days with 
prednisone appears to produce comparable responses.715

Dose intensification of melphalan can also be quite effective 
and is the basis for high-dose therapy with stem cell support.220 
Selby et al.227 reported that 66% of patients with resistant disease 
treated with 140 mg/m2 without stem cell support responded, 
but median response duration was 6 months, with all patients 
relapsing within a year. Median times to leukocyte and platelet 
recovery were 42 and 37 days, respectively, and the regimen-
related toxicity was 13%. Doses of 50 to 70 mg/m2 resulted in a 
50% response rate and leukocyte and platelet recovery time of 20 
and 16 days, respectively.716,717 Further reducing the intensity to 
30 mg/m2 every 2 months resulted in response rates of 38% and 
progression-free survival of 10 months.718

VBMCP (the M-2 regimen) or MOCCA provided responses in 
20% to 30% of refractory patients375,719,720 with a median sur-
vival of about 11 months.720 Combinations of cisplatin with BCNU, 
cyclophosphamide, and prednisone have produced response in 
heavily pretreated patients;328 however, the addition of cisplatin 
and bleomycin to VBAP did not appear to produce better out-
comes than standard VBAP.274,327,328 The addition of etoposide 
to high-dose cyclophosphamide and granuocyte-macrophage 

Author Regimen N ORR (%) DOR, mo OS, mo

de Weerdt, 2001712 Continuous low dose CTX; Pred  42 38 — —

Trieui, 2005668 Weekly CTX; Pred  66 41 — 28.6

Lenhard, 1994713 CTX IV; Pred  48 29 —  8.6

Petrucci, 1989669 IV Mel25 /m2  34 34 16  8

Tsakanikas, 1991716 IV Mel50–70/m2  18 50 — 11.5

Barlogie, 1984443 VAD  29 59 >12 mo —

Dimopoulos, 1996727 HyperCVAD  58 40  8 15

Finnish Leukaemia Group, 1992670 MOCCA  80 49 22 31

Lee, 2003671 DT-PACE 148 32 — —

Barlogie, 1989274 EDAP  20 40 — 4.5

Bonnet, 1982724 VBAP 151 25 — 7.6

CTX, cyclphosphamide; DOR, duration of response; DT-PACE, dexamethasone, thalidomine, cisplatin, doxorubicin, cyclophosphamide, etoposide; EDAP, etoposide, dexamethasone, doxorubicin, 
cisplatin; hyperCVAD, cyclophosphamide, vincristine, doxorubicin, dexamethasone; mo, months; MOCCA, melphalan, vincristine, cyclophosphamide, lomustine, doxorubicin; N, number 
of patients; ORR, overall response rate (partial response or better); OS, overall survival; pred, predisone; mel, melphalan; VAD, vincristine, doxorubicin, dexamethasone; VBAP, vincristine, 
carmamustine, doxorubicin, prednisone.

Conventional CoMBinations For relaPseD reFraCtory Disease

taBLe 98.19
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conlon-stimulating factor resulted in a response rate of 42%, but 
with significant myelosuppression.721

Bendamustine with or without corticosteroids can produce 
responses in approximate 55% of relapsed patients. Among 
patients relapsing after transplant PFS was 26 weeks (0 to 61). 
In another study among relapsed refractory patients, the median 
EFS and OS were 7 and 17 months, respectively.

Anthracycline-based Regimens for Relapsed  
or Refractory Disease (Table 98.19)
Various permutations of doxorubicin-containing chemotherapy 
regimens—doxorubicin and cyclophosphamide (AC);413 doxorubi-
cin, BCNU, cyclophosphamide, and prednisone (ABC-P);722 CAP;723 
VCAP;414 VBAP;724,725 and BAP723—have been tried in patients 
with relapsed and refractory disease, resulting in response rates 
of 7% to 28%.414,722–724 Response duration and survival tend to 
be short: less than 6 and 12 months, respectively. Responding 
patients tend to live 7 to 10 or even 22 months longer than nonre-
sponders.723–725 Patients who have relapsed disease, rather than 
resistant or refractory disease, have higher response rates (i.e., 
close to 30%). Augmenting these combinations with high-dose 
corticosteroids has been tried with some benefit,243,246,443 yield-
ing response rates of 47% to 59%, but with a high rate of infec-
tion. Concurrent IFN435,698 adds nothing to response rate or OS. 
In single-arm studies, there does not appear to be any advantage 
to the addition of cyclophosphamide to VAD, VAMP, or vincristine, 
epirubicin, and dexamethasone (VED).242,246,451,726,737

After studying high-dose cytosine arabinoside, cisplatin, and 
etoposide as single agents, Barlogie et al.329 did preliminary stud-
ies of DAP (dexamethasone, cytosine arabinoside, and cisplatin) 
and later EDAP (etoposide and DAP). In patients with refractory 
disease, response rates with these treatments were 7%, 14%, 
17%, 0%, and 40%, respectively. Median survival in patients 
treated with EDAP was 4.5 months. This regimen is myelosup-
pressive, with more than half of treated patients requiring platelet 
transfusions and 80% requiring hospitalization for neutropenic 
fever. In the first month, treatment-related mortality was 15%. In 
the complex Total Therapy 2 program wherein this regimen was 
used as part of induction, the respective incremental objective and 
complete response rates went from 55% and 9% to 65% and 15% 
after EDAP treatment.329

raDiation tHerapy
As early as the mid-1920s there was recognition that external 
beam radiation therapy could promote immediate relief of pain, 
healing of pathologic fractures, and resolution of extramedullary 
plasmacytomas.23,738,739 Until the 1950s, radiation therapy was the 
only effective treatment available for the management of plasma 
cell tumors. With the advent of systemic chemotherapy, indications 
for irradiation were primarily palliation of bone pain and solitary 
plasmacytomas. Concern for maintaining bone marrow reserve 
also constrains the use of radiation in patients with MM. Sykes et 
al.730,731 showed that radiation has long-term effects on the bone 
marrow; the majority of patients receiving concentrated local doses 
of 3,500 cGy or more showed persistent localized marrow aplasia.  
One must administer enough radiation to provide palliation, without 
jeopardizing opportunities for further systemic therapy. In a retro-
spective review, Norin732 has found that objective improvement was 
lacking when the tumor dose was below a cumulative dose (single-
dose equivalent) of 1,000 cGy. For palliation, the recommendation is, 
therefore, a cumulative dose of 1,500 cGy, corresponding to a tumor 
dose of 3,400 cGy in 10 to 15 fractions.732,733 Leigh et al.734 recom-
mended a total cumulative dose of 1,000 cGy in these same patients. 
There is controversy as to whether the duration of response corre-
lates with the radiation dose in myeloma patients.734,735

In contrast, the conventional wisdom has been that patients 
with solitary plasmacytoma of bone should receive higher doses 
in an attempt at cure. Although the optimal dose has not been 
established by randomized controlled trials, 4,000 to 5,000 cGy 
encompassing all disease with a margin of normal tissue is rec-
ommended by most experts.736–738 A recent study of 203 patients 
with solitary plasmacytoma of bone has brought this principle into 
question.739 These authors found that therapeutic doses above 
3,000 cGy had no bearing on local control.

Radiation can often spare patients from undergoing sur-
gery.740 In a recent retrospective analysis of 35 cases of patients 
with cervical lesions and spinal instability, it was found that  
19 of the 20 patients experienced resolution of pain, 15 of whom 
received radiation alone. Of the 10 patients with sufficient follow-
up data, none showed clinical progression of instability.

The first report of using whole body irradiation to treat 
myeloma was by Medinger and Craver741 in 1942. Partial or 
complete relief of pain was noted in the majority of patients. 
Once effective systemic chemotherapy came into wide use, this 
approach became less popular until 1971 when Bergsagel742 
postulated that sequential hemibody radiation could be a means 
of debulking tumor. He suggested that if a dose of approximately 
725 cGy were given to the upper half of the body and 1,000 cGy 
to the lower half, a theoretical 3-log kill could be achieved and 
survival prolonged. After a series of retrospective studies743–751 
and a randomized study417,752 evaluating its role in the earlier 
phases of myeloma, hemibody irradiation has once again fallen 
out of favor. In patients who have end-stage disease, with poor 
pain control, this treatment may still be important.

The majority of series involving hemibody or sequential 
hemibody radiation are retrospective and include patients who 
were either resistant to or relapsing from alkylator-based ther-
apy. Significant relief of bone pain occurred in 80% to 90% of 
patients743–751 and the median duration of survival was 5 to 11 
months733,745 Objective biochemical response occurred in 25% 
to 50% of patients.745,746,753 Pain relief typically occurred 1 to 
2 days after institution of therapy, with a maximal response in 
1 to 2 weeks.743 The most common side effects were moderate 
myelosuppression, pneumonitis, nausea, vomiting, diarrhea, 
and stomatitis.733,743 If an oral lead shield was not used, muco-
sitis also occurred.733 Nadirs occurred within 3 weeks745 and 
white cell count and platelet count recovery occurred by about 
6 weeks.733,745 Decrements in pulmonary function occurred in 
about half the treated patients.733 The most serious complication 
was radiation-induced pneumonitis, which was seen in 14% of 
patients.745 The option of sequential half-body radiation therapy 
must be balanced against unpredictable and varying degrees of 
pancytopenia and alternative treatment options.753

Bergsagel’s postulate742 and preliminary data from several 
small studies744,749,750 led two cooperative group studies (SWOG 
8229 and CALGB 8003) to incorporate systemic radiation therapy 
as consolidation therapy.417,752 Neither study demonstrated a 
meaningful advantage to patients receiving adjuvant hemibody 
radiation,417,752 and hemibody radiation is used only for pain pal-
liation in end-stage chemotherapy-refractory myeloma patients.

prognoSiS anD patHogeneSiS
Prognosis and pathogenenesis are covered together because in 
many instances there is an intimate relationationship between 
them. To date no single molecular defect can account for the 
pathogenesis of MM, although by using single nucleotide poly-
morphisms and gene expression profiling, several candidate 
genes have been identified as being different between MGUS and 
MM.754,755 It is not clear if a single critical genetic change in the 
clonal plasma cell of MGUS results in the “switch” to the malig-
nant state of myeloma or if it represents the cumulative effect of 
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a series of changes, which may be different in different patients. 
Malignant plasma cells are long-lived cells, typically with low 
proliferative rates.137,756 A post-germinal cell origin is indicated 
by their somatically hypermutated, rearranged immunoglobulin 
genes.757 A multitude of abnormalities has been identified in sig-
naling pathways, apoptotic mechanisms, the bone marrow micro-
environment, and the cell cycle. Factors including the level of gene 
expression, protein expression, and phosphorylation status of cell 
cycle molecules may all be relevant for the propagation of the 
malignant plasma cells. Extracellular signaling alterations include 
changes in stromal cell, osteoblast, osteoclast, vessel endothelial 
cell, and immune cell interactions. These changes may in turn 
result in activation, adhesion, and cytokine production that fuel 
myeloma cell proliferation and survival (Fig. 98.10).

prognosis and Staging
Survival of MM patients varies from months to more than a 
decade.599,758 There are no precise methods of identifying the 
subset of newly diagnosed patients who are best served by stan-
dard intensity therapies, by maintenance therapies, by novel ther-
apies, or by more intensive regimens such as hematopoietic stem 
cell transplantation. Prognostic factors are needed for patient 
counseling, therapeutic decision making, and clinical trial strati-
fication. Given the disease heterogeneity and differing outocmes, 
it is important to understand the prognostic factors and develop 
adequate risk stratification systems in order to compare different 
group of patients from different studies or clinical trials. However, 
prognostication is a dynamic process changing within a given 
patient during the disease course as dictated by the response to 
therapies and acquisition of new genetic changes. It is also con-
stantly changing for the disease as a whole with incorporation of 
newer therapeutic startegies for the disease.

Staging is one form of prognostic modeling. The Durie-Salmon 
system (Table 98.20), which until the present had been the most 
widely accepted MM staging system, separates patients pre-
dominantly by tumor burden and renal function.26 As the biol-
ogy of myeloma is better understood, novel markers reflecting 
myeloma cell kinetics, signaling, genetic aberrations, and apop-
tosis have eclipsed the prognostic significance of tumor burden 

as a predictor of survival.415,759–765 At the time of its inception, 
the Durie-Salmon staging system was an elegant system that 
incorporated information about immunoglobulin production and 
half-life, hemoglobin, calcium, creatinine, and extent of bone 
disease to derive mathematically the total myeloma cell bur-
den.26 Quantification of bone lesions used in this staging system, 
however, is not always reliable as a prognostic factor762 in that 
patients classified as stage III solely on the basis of bone lesion 
criteria do not have a poorer prognosis.

Other variables, including patient age, performance sta-
tus, serum albumin, immunoglobulin isotype, and bone mar-
row plasma cell infiltration, have long been recognized to 
predict survival,766–769 and subsequent models have incorpo-
rated these factors236,599,765,770 whereas others have shown 
the prognostic value of serum b2M, C-reactive protein, lactate 
dehydrogenase, elevations in serum immunoglobulin free light 
chains, presence and quantity of circulating plasma cells, bone 
marrow plasma cell proliferative rate, plasmablastic morphol-
ogy, bone marrow angiogenesis, and chromosomal abnormali-
ties.137–139,415,759–761,763–765,770–773,774,775–787 Most recently, MRI 
and PET-CT imaging has been shown to have some prognostic 
importance.788–792 More esoteric prognostic factors include: 
decreased staining of bone marrow plasma cells for acid phos-
phatase,793 increased circulating plasma cells as measured by the 
peripheral blood labeling index,794 apoptotic index,795 increased 
sIL-6R,761,796 serum neopterin,378 a1-antitrypsin,797 C-terminal 
telopeptide of Type I collagen,798,799 serum bone sialoprotein,800 
B12 binding protein,801 soluble CD56,802 soluble Fc recep-
tor (CD16),803 soluble syndecan or CD138,804 and serum IL-6 
levels.797,805,806

A staging system’s relevance is based not only on its abil-
ity to predict outcome, but also on its at availability and 
cost.807 An international consensus panel addressed this issue 
and developed the International Staging System (ISS) for MM 
(Table 98.21); it incorportates serum albumin levels and beta-2 
microglobulin.08 Although this staging system is inexpensive and 
readily available, it does not get to the heart of myeloma cell biol-
ogy as do genetic changes, as discussed below. However, it does 
rely heavily on b2M concentration, which is the strongest and 
most reliable prognostic factor for MM that is routinely available. 

Myeloma cells Microenvironment

Paracrine myeloma cell growth model

Adhesion and
up-regulated growth

Beta-1 Integrins VLA-4 and 5
adhere myeloma cells

to stromal cells,
vascular endothelial cells,

and matrix

NCAM (CD56) adheres myeloma cells
to CD56 on other myeloma cells

and to heparan sulfate proteoglycan
in bone matrix

Release of
IL-6, VEGF, SDF-1α,

RANKL, and IGF
from microenvironment
to support myeloma cell

growth, angiogenesis, and
osteoclast formation

IL-6

VEGF
IL-1β

MIP-1α
TNF-α
TGF-β
bFGF

Stromal cells

Osteoclasts

Osteoblasts

Endothelial cells

Matrix

FIGURE 98.10. Putative pathogenic mechanisms in 
myeloma. IGF, insulinlike growth factor; IL, interleukin; MIP, 
macrophage inflammatory factor; MMP, metalloproteinase; 
NCAM, neural cell adhesion molecule; TNF, tumor necrosis fac-
tor; VEGF, vascular-derived endothelial growth factor; VLA, very 
late antigen.
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Criterion

Measured  
Myeloma Cell Mass, 
Cells × 1012/m2 OS, mo

Stage I < 0.6 (low) 61

All of the following
 Hemoglobin > 100 g/L
 Serum calcium < 12 mg/dl
  On radiograph, normal bone  

structure (scale 0)a or solitary bone  
plasmacytoma only

 Low M-component production rates
  IgG < 50 g/L, IgA < 30 g/L, or urine
  M spike on electrophoresis < 4 g/24 h

Stage II 0.6–1.2 (intermediate) 54b

 Fitting neither stage I or III

Stage III >1.2 (high) 30 / 15c

One or more of the following
 Hemoglobin < 85 g/L
 Serum calcium > 12 mg/dl
 Advanced lytic bone lesions
 High M-component rates
 IgG > 70 g/L, IgA > 50 g/L, or urine light
 chain M spike > 12 g/24 hrs

Subclassification
 A: Serum creatinine < 2 mg/dl
 B: Serum creatinine ≥ 2 mg/dl

aScale of bone lesions: normal bones, 0; osteoporosis, 1; lytic bone lesions, 2; and extensive 
skeletal destruction and major fractures, 3.
bIncludes Durie-Salmon Stage IB and IIB.
cIncludes Durie-Salmon Stage IIIA/IIIB.
From Durie and Salmon.26 By permission of the American Cancer Society.

Durie-salMon staging systeM

taBLe 98.20

b2M concentration is influenced by both tumor burden and renal 
function. Elevated b2M values predict early death.229,760,763,809–

814 Formulas to correct the b2M concentrations for the effects 
of renal insufficiency have not improved its predictive value,815 
and the b2M value is still prognostic in myeloma patients with 
normal renal function.759 As discussed below, investigators have 
tried to enhance the performance of the ISS by adding other 
soluble markers or genetic risk features. An example is combin-
ing abnormal FLC ratio with the ISS risk factors to create four 
prognostic groups with median survival times of 51, 39, 30, and 
22 months, respectively.776

Cytogenetics, Fluorescence In Situ Hybridization, 
and Other Genetic Abnormalities
The first cytogenetic abnormalities in myeloma were docu-
mented nearly 30 years ago (Fig. 98.11). In the past decade it 
has become increasingly apparent that cytogenetic testing is an 
integral element of establishing prognosis and a treatment plan 
for all newly diagnosed myeloma patients. Nearly all myeloma 
patients have abnormal chromosomes by fluorescence in situ 
hybridization (FISH), including deletions, aneuploidy, and translo-
cations816,817,818 (Fig. 98.12A,B), although abnormal karyotypes 
are seen in only 18% to 30% of cases. This apparent discrepancy 
is explained by the generally low proliferative rate of myeloma 
cells and the requirement of obtaining plasma cells (and not just 
the rapidly dividing normal myeloid precursors) in metaphase 
to generate conventional cytogenetics.819–821 Therefore, any 

Stage Criterion
Overall Survival, 
months

Stage I b2M < 3.5 mg/L and alb ≥ 3.5 g/dl 62

Stage II Not Stage I or III 45

Stage III b2M ≥ 5.5 mg/L 29

b2M, beta-2 microglbouli.

international staging systeM808

taBLe 98.21

abnormality in conventional cytogenetics identifies a group with 
a higher proliferative rate822 and poorer prognosis. There is an 
excellent correlation between abnormal conventional cytogenetics 
and a high plasma cell proliferative rate.823,824 With interphase 
FISH, several chromosomal abnormalities, such as immunoglobu-
lin heavy chain translocations and deletion of chromosome 13, 
are observed at equal frequencies among the spectrum of plasma 
cell proliferative disorders from MGUS to MM to PCL.825,826

Monoallelic loss of chromosome 13 (del 13) or its long arm (del 
13q), when determined by metaphase cytogenetics, is a powerful 
adverse prognostic factor in patients treated with standard che-
motherapy764,827,828 or with high-dose chemotherapy and hema-
topoietic stem cell transplantation.329,506,778,829,830 Approximately 
50% of newly diagnosed MM patients have del 13 or del 13q by 
FISH.824,826,831 Our group has shown that del 13q is associated 
with specific biologic features, including a higher frequency of 
λ-type MM, slight female predominance, higher PCLI, and a 
higher frequency of a serum M component of less than 10 g/L.827 
Patients with the deletion by FISH have a worse OS with standard 
chemotherapy,764,824,827 high-dose therapy,831,832 and IFN treat-
ment.827 The absence of abnormalities of chromosome 13 and 11 
by conventional cytogenetics is associated with longer complete 
response duration, EFS, and OS in patients treated with high-
dose therapy.329 The prognostic significance of del 13q by FISH 
is less than that for del 13 by conventional cytogenetics, because 
the latter test incorporates both the chromosomal abnormality 
and a high rate of plasma cell proliferation, whereas the former 
captures only the chromosomal abnormality.

Hypodiploid myeloma has a worse prognosis than diploid 
or hyperdiploid myeloma. This has been demonstrated by 
flow cytometric methods828,833,834 and metaphase cytogenet-
ics.830,835,836,837,838 Controversy exists about whether the deletion 
13q adds any additional prognostic information to a hypodiploid 
karyotype.835,838,839

Up to 50% of patients with MM have translocations involving 
the heavy chain gene on chromosome 14.818 These translocations 
include illegitimate switch recombinations of the variable regions 
of the immunoglobulin heavy chain gene at 14q32. Partners of 
the translocations into the IgH switch region on chromosome 
14 include chromosomes 11, 4, 6, and 16.840 The most common 
translocation in MM is t(11;14)(q13;q32),820,839 which increases 
expression of cyclin D1,841 a protein involved in cell cycle progres-
sion. The prevalence of t(11;14)(q13;q32) is 20% in MM.820,839,842 
Previous publications had suggested that this translocation was 
associated with an adverse outcome in MM,764,778 but more 
recent data refute this hypothesis.842 The t(6;14)(p21;q32) is also 
associated with a neutral prognosis.843 The t(4;14)(p16.3;q32) is 
present in 15% of MM patients.844–848 This translocation results 
in the up-regulation of fibroblast growth factor receptor 3 (FGFR3) 
and in the hybrid transcript IgH/MMSET.844,845 This abnormal-
ity had been thought to be as bad as deletion 17p, but there are 
emerging data that long-term bortezomib use can abrogate some 
of this poor prognosis. The t(14;16)(q32;q23) is also seen in a 
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1979
1985

1994

1997

1998

2001

2003

2010

1995

2000

2002

2004

2006

2011

Liang (M-cytogenetics)
Abnormal in advanced MM
t(11;14), 14q abn common
Gain chr 1, 5, 9, 11

Drach (FISH)
Aneuploidy, usually manifest by chr
gain, is common by FISH
Tricot (M-cytogenetics)
∆13, ∆13q or 11q abnormities prognostic

Konisberg (FISH)
17p13 → poor prognosis
 Jumping translocations of 1q common

Avet-Loiseau (FISH)
t(4;14) or t(14;16) associated  ∆13

Panani (M-cytogenetics)
Deletion 1p12 confers poor prognosis
Hanamura (GEP)
Increasing 1q copy number with progression Chng (array-comparative genomic hybridization)

1p31−32 deletion prognostic

Avya (M-cytogenetics)
Discordant cytogenetics between iliac crest
   and other focal lesion biopsy
Smadja (M-cytogenetics)
Hypodiploidy is more important than ∆13 

Dewald (M-cytogenetics))
Poor prognosis if any abnormality

Sawyer (SKY)
Jumping translocations of 1q common

Avet-Loiseau (FISH)
Illegitimate 14q recombinations in 57%

Chesi
t(4:14) c-maf is 14q partner

Dao
∆Rb-1 in > 50% by FISH
∆ in only 17% by M-cytogenetics
Chesi
Fibroblast growth factor receptor 3
   is 14q partner in t(4:14)

Smadja (M-cytogenetics)
Hyperidiploid vs non-hyperdiploid MM
Hyperidiploid → better prognosis  

Fonseca (FISH)
Association between hypodiploidy &
  14q32 translocations

Boyd (GEP)
Mapping genes FAM46C at 1p12 and CDKN2C
       at 1p32.3

Sawyer (M-cytogenetics)
Hyperdiploidy: trisomies 3, 5, 7, 11, 15, 19, 21
∆13/13q present in 43%∗

Structural abn of chr 1 in 48%∗

Breakpoint 14q32 common,
      with chr 11q13 and 8q24 partners

FIGURE 98.11. History of 
cytogenetic discovery in 
multiple myeloma.

small subset (∼5%) of patients with MM.839,845 Both convey a very 
poor prognosis, although a recent French study has questioned 
the poor prognostic value of t(14;16).849 In one study there was a 
tight association of del 13 abnormalities and high b2M values with 
the unfavorable t(4;14) and t(14;16) abnormalities,831 suggesting 
that the poor prognosis associated with del 13 may be because of 
other nonrandom, associated chromosomal abnormalities.

Trisomy is common by FISH and most often includes chromo-
somes 3, 6, 9, 11, and 15.850 In another study trisomy of 3, 7, and 
11 accounted for over 50% of the hyperdiploid cases.851 Trisomies 
of chromosomes 6, 9, and 17 were associated with prolonged sur-
vival.852 Recently it has been shown that presence of trisomies is 
associated with better outcomes even among patients with high-
risk cytogenetic markers such as t(4;14), t(14;16) and 17p deletion 
(Fig. 98.12C).818

Deletion of the TP53 gene locus as a result of monosomy 17 or 
deletion of 17p is seen in 10% of patients at diagnosis and is asso-
ciated with very short median OS.818,853,854,855 In contrast, inacti-
vating mutation of TP53, locus 17p13, is rare in freshly explanted 
myeloma cells but is common in human myeloma cell lines and 
in patients with a terminal phase of myeloma.856 Such mutations 
have been observed in ∼5% of cases of early MM versus 20% to 
40% of cases of PCL.857–859,860

Another set of new cytogenetic prognostic markers are abnor-
malities involving chromosome 1,861–864,865 either gain of 1q21 or 
loss of 1p21, and have been associated with poor outcome.861,862 
Abnormalities of both the short and long arms of chromo-
some 1 have been noted since the first cytogenetic studies of 
myeloma.819,866 Hanamura et al. demonstrated that the frequency 
of 1q21 amplications increases from monoclonal gammopathy of 
undetermined significance (0%), to overt MM (43%), and finally to 
relapse (72%). In a prospective clinical trial of high-dose therapy 
(HOVON 24), abnormalities of chromosome 1p and 1q were 
found in 19 (36% of patients with an abnormal karyotype) and  

21 patients (40%).862 There was a strong association between 
chromosome 1p and/or 1q abnormalities and deletion of chro-
mosome 13 or 13q. Patients with 1p/q abnormalities had a 
significantly shorter OS than patients with normal karyotypes. 
Amplifications of 1q21 are concurrent with dysregulated expres-
sion of c-MAF, MMSET/FGFR3, or deletion 13.867 Candidate 
genes for the molecular mechanism of prognosis imparted by the 
1q21 amplification include CKS1B, BCL-9, or RAB25, but this has 
not been confirmed by others.755

Mutations of RAS have been noted in 30% to 50% of MM 
patients, with increasing prevalence in the advanced stages of 
the disease868,869 and in patients who have shorter survival.870 
Mutations of RAS were first observed in fulminant disease,856 
but have also been observed in 27% to 39% of newly diagnosed 
cases.868,870 Patients with RAS mutations had a median survival 
of 2.1 years versus 4 years for patients with wildtype RAS.870

Both metaphase cytogenetic and FISH testing each have their 
own advantages and disadvantages. The added value of meta-
phase cytogenetics is the additional negative prognostic informa-
tion provided by the ability to generate a plasma cell karyotype, 
that is, capture proliferation in addition to information about 
ploidy status and specific structural abnormalities. The disadvan-
tage is that certain interstitial abnormalities and translocations 
may be missed. In contrast, a standard myeloma FISH panel will 
contain probes for the common translocations and structural 
abnormalities and will detect them regardless of the proliferative 
rate of the plasma cells. FISH, however, provides no informa-
tion on the proliferative index of the myeloma cells. Ideally, both 
metaphase cytogenetics and FISH should be done for all newly 
diagnosed patients, but if the cost is prohibitive, the test that is 
more readily available should be performed.

Boyd and colleagues combined FISH results with ISS among 
1,069 patients with newly presenting myeloma treated in the MRC 
IX trial.871 FISH lesions associated with short progression-free 
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FIGURE 98.12. The relationship between genetic abnormalities among patients with multiple myeloma. A: Venn diagram demonstrating the overlap-
ping nature between the common abnormalities seen with FISH in patients with newly diagnosed multiple myeloma. The actual number of patients with different 
abnormalities is presented from among 484 patients. The remaining 19 patients either had a normal FISH (n = 15) or another abnormality (n = 4). B: Distribution 
of various monosomies/deletions and their overlap. C: Modification of genetic risk system, using a hierarchical approach. High-risk includes deletion 17p, t(14;16), 
t(14;20), but with this new system, patients were reclassified into a new high-risk group, moving those patients previously classified as high-risk but with a trisomy 
into the standard-risk group. The survival of patients reclassified as high-risk (n = 66; 14%) was 3 years compared with not reached for the standard-risk group  
(P < 0.001). (From Kumar S et al. Blood 2012;119:2100–2105. Copyright © the American Society of Hematology.)

and OS in multivariate analysis were + 1q21, del(17p13), t(4;14), 
t(14;16), and t(14;20). They defined a favorable risk group by the 
absence of any of these genetic lesions, an intermediate group with 
one lesion and a high-risk group defined by the co- segregation of 
>1 lesion. This genetic grouping was then combined with ISS to 
identify an high-risk group defined by ISS II or III and >1 adverse 
FISH finding. This high-risk group constituted 14% of patients and 
was associated with a median OS of 19.4 months.

Gene Expression Profiling
Many hematological malignancies have witnessed the develop-
ment of prognostically relevant disease subclassification through 
microarray profiling. MM is no exception, and considerable 
progress has been made to predict accurately individual patients’ 
clinical course and survival outcomes using a molecular classifica-
tion. Zhan and colleagues have comprehensively studied the gene 
expression on purified plasma cells of 414 NDMM patients who 
underwent HDT with tandem transplants.872 They introduced 
seven molecular subtypes of MM: PR(proliferation), LB(low bone 
disease), MS(MMSET), HY (hyperdiploid), CD-1(CCND1), CD-2 
(CCND3), and MF (MAF/MAFB). HY, CD1, CD2, and LB comprised 
the low-risk group with 3-year actuarial probabilities of 81% to 
88%. The two high-risk groups, MS and PR, did not achieve a ther-
apeutic benefit on Total Therapy 2.872 The same group of investiga-
tors identified 70 genes linked to shortened survival, with 30% of 
51 overexpressed and 50% of 19 underexpressed genes mapping 
to chromosome 1, in a cohort of 532 newly diagnosed patients 
who received tandem transplants. This model was supplanted 
by an extremely powerful 17-gene prognostic model to detect 
the high-risk disease. In addition, this model could successfully 

prognosticate the patients with relapsed disease on either single-
agent bortezomib, or high-dose dexamethasone (APEX phase III 
trial).873 It has been validated using the Mayo Clinic dataset of 
71 NDMM patients treated with HDT, but practical impediments 
remain in the routine clinical utilization of this model. The GEP70 
signature has also been validated in the nontransplant setting 
among a group of patients with newly diagnosed MM receiving 
initial therapy with lenalidomide and dexamethasone.874

Zhan et al.754,875 have studied the gene expression of  
74 myeloma patients by using high-density oligonucleotide micro-
arrays interrogating about 6,800 genes. On hierarchical clustering 
analysis, four distinct subgroups of myeloma (MM1, MM2, MM3, 
and MM4) were identified. The expression pattern of MM1 was 
similar to normal PCs and MGUS, whereas MM4 was similar to 
MM cell lines. Clinical variables linked to poor prognosis, includ-
ing abnormal karyotype and high serum b2M levels, were most 
prevalent in MM4. Overexpression of genes involved in DNA 
metabolism and cell cycle control were observed in MM4.

Several risk stratification systems have been proposed on the 
basis of GEP results in addition to the ones from the University of 
Arkansas, including those from the French and Dutch groups.876 
These studies have helped us develop insights into the disease 
biology. However, the minimal overlap between different signa-
tures raises questions as to the independence of these signatures 
from the type of therapy utilized as well as the potential influence 
of the sample prepration on the results and the ability to apply 
the method uniformly in a real-life clinical setting. Waheed et al. 
studied 612 patients in the context of the three Total Therapy 
regimens, showing an independent prognostic value for ISS and 
cytogenetic abnormalities even when the GEP-based risk stratifi-
cation and presence of TP53 deletion were incorporated.877
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Routine incorporation of fluorescence in situ hybridization 
(FISH) as part of the initial work-up of MM has significantly 
improved our understanding of the disease biology, and a better 
appreciation of the genetic heterogeneity that underlies this dis-
ease.818,878,879 The majority of the FISH-detected abnormalities 
are seen at the time of diagnosis, and the prevalence of some of 
the abnormalities increases with time as patients suffer multiple 
disease relapses. More recently, application of advanced genomic 
technologies such as whole genome sequencing has given a dif-
ferent perspective of the genetic chaos that exists in this disease. 
Chapman et al. performed massively parallel sequencing of 38 
tumor genomes and compared them with matched normal DNAs. 
The pattern of mutations suggested the presence of several new 
and unexpected oncogenic mechanisms including mutation of 
genes involved in protein translation in nearly half of the patients, 
genes involved in histone methylation, and genes involved in 
blood coagulation. In addition, mutations were observed in  
11 members of the NF-kappaB pathway, a pathway that has 
already been the focus of several studies in myeloma. Activating 
mutations of the kinase BRAF were observed in 4% of patients, 
suggesting the evaluation of BRAF inhibitors in MM clinical trials. 
Additional studies are ongoing, and will help us further delineate 
the genetic evolution in myeloma. Keats et al., in a recent study, 
showed that tumors can follow several evolutionary paths over 
a patient’s disease course.618 With the use of serial genomic 
analysis of samples collected at different points during the disease 
course of 28 patients with MM, they showed that the genomes 
of standard-risk patients show few changes over time, whereas 
those of cytogenetically high-risk patients show significantly 
more changes over time. The results indicated that the pattern of 
genetic evolution over time can follow either a quiescent pathway 
with few changes, incremental changes with addition of new 
abnormalities over time (clonal evolution), or consist of a mixture 
of clones that wax and wane over time based on treatment selec-
tion pressure (clonal selection).

Plasma Cell Proliferative Rate
That the rate of clonal plasma cell expansion determines the 
disease outcome has been known for a long time, and several 
methodologies have been used to assess the degree of prolif-
eration. One such test, the plasma cell labeling index (PCLI), is a 
slide-based method that measures the percentage of bone mar-
row myeloma cells in the S-phase of the cell cycle137 which is 
a powerful prognostic factor in MM.759,760,765,880 An increased 
PCLI predicts a short remission and survival but does not predict 
response to therapy. All large studies published to date have con-
firmed the independent prognostic value of the PCLI for survival 
after treatment with conventional chemotherapy759,761,781,881 or 
high-dose therapy.811 A recent study highlighted the prognostic 
relevance of PCLI in the patients treated with immunomodulatory 
agents, thalidomide and lenalidomide, with high PCLI (≥1) at the 
time of initiation of therapy predicting a poorer progression-free 
survival. However, lenalidomide appears to negate the adverse 
impact of high PCLI on OS, an effect not seen in the thalidomide 
arm. Undoubtedly, a longer follow-up of patients is required to 
determine the true impact of the PCLI in patients on lenalidomide 
therapy.882

Determination of S phase by flow cytometry using a DNA/
CD38 double-staining technique is also possible.765,883,884 A high 
proportion of PCs in S phase (>3%) indicated poorer prognosis.  
A poor correlation between the slide and flow cytometric LI assays 
has been demonstrated by the Australian Group who questioned 
the sensitivity and accuracy of the less objective slide-based PCLI 
requiring manual enumeration of the plasma cells. In the flow 
cytometric analysis, the PCLI of primitive plasma cells (CD38++/
CD45+) was higher than that of mature myeloma cells (CD38++/
CD45–), and correlated better with the disease status (mean 

PCLI of 9.2% in the progressive disease and 2.2% in the plateau,  
P = <0.001).

Ki-67 protein is a marker for proliferation that is expressed by 
all the cells in the “growth fraction” of the tumor, including the 
cells in the late G1, S, G2, and mitotic phases of the cell cycle. The 
Ki-67 proliferative index represents the fraction of myeloma cells 
expressing Ki-67 antigen as detected by a monoclonal antibody.  
A higher index indicates poorer prognosis, and a cut-off of 8% 
could categorize newly diagnosed MM patients into two groups 
with a difference in survival OS (P < 0.07).885–887

Immunophenotype of Myeloma Cells
As discussed previously, the phenotype of malignant plasma cells 
is diverse143–145,148,149,151,152 and potentially dynamic.888,889 
Investigators have demonstrated that surface expression of CD45, 
CD56, and CD117 portends a better prognosis,145,147 whereas, 
expression of CD28, CD44, a worse prognosis.145,890 Patients 
with the t(11;14) translocation are more likely to have surface 
expression of CD56, and CD117. Patients with nonhyperdiploid 
myeloma have an increased expression of both CD20 and CD28 
in the absence of reactivity for CD56 and CD117, all poor prog-
nostic findings.145 Over the course of the last few decades, a 
continuous effort to identify diagnosis-, prognosis-, and therapy-
related immunophenotypic markers has been instrumental in the 
recognition of the correlations between certain cellular antigens 
and the different phenotypic entities of MM. The extramedullary 
extension of the neoplastic plasma cells has been associated with 
a reduced expression or total absence (as in de novo or second-
ary plasma cell leukemia) of the adhesion molecule, CD56,148 and 
up-regulation of CD44 on the plasma cells. CD28 (a T-cell marker) 
expression correlates with disease progression, and is universally 
expressed in the human myeloma cell lines.148,891 Its association 
with t(14;16) and del(17p) is notable. The absence of CD45 and 
CD27 portends a worse outcome. In a multivariate analysis of  
95 newly diagnosed MM patients who underwent HDT, the lack of 
CD45 expression was the only significant variable that affected the 
outcome (median OS.of 42 months for CD45- versus not reached 
at 4 years for CD45 + MM, P = 0.004).146 A small subset of 
CD45 + plasma cells constitutes the proliferative compartment of 
the bone marrow, and the expression of this antigen is required 
for IL-6 signaling, but prevents insulin growth factor 1(IGF-1)-
mediated AKT pathway activation. Furthermore, a lower degree 
of angiogenesis, likely due to reduced vascular endothelial growth 
factor production, was observed with CD45 + expression. CD27 
expression is associated with a better OS (92% at 3 years for  
CD27 + MM versus 50% in CD27- MM.892

CD221 (IGF-1 receptor) overexpression is linked with t(4;14) or 
t (14;16) whereas CD20 expression is tightly associated with the 
more favorable t(11;14) and small lymphoplasmacytic morphol-
ogy. Aberrant CD117 (c-KIT) expression is predominant in the 
MGUS and indolent phases, and infrequent (8%) in the relapsed 
cases.893 It is associated with a superior outcome (3-year OS, 93% 
for CD117 + versus 64% for CD117- MM; P = 0.05). CD200 is a 
membrane glycoprotein that imparts an immunoregulatory signal 
through CD200R, leading to the suppression of T-cell–mediated 
immune responses. Using Affymetrix microarrays, Moreaux  
et al. quantified the expression of the CD200 gene in myeloma 
cells of 112 patients with newly diagnosed MM.894 The CD200 
gene expression was either absent or present in 22% and 78% 
of MMCs, respectively. Patients with low/absent CD200 had an 
increased EFS compared with the remaining patients in the con-
text of high-dose therapy and stem cell transplantation.

The value of immunophenotyping newly diagnosed MM by 
multiparametric flow cytometry was clearly established by the 
Spanish group in a recent prospective analysis of 685 patients 
treated with HDT (GEM 2000 protocol).895 A prognostic model, 
risk-stratifying the newly diagnosed MM patients into three 
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categories, the poor risk (CD28 +/CD117–; 23%), the intermediate 
risk (CD28–/CD117– or CD28+/CD117+; 56%) and the good risk 
(CD28–/CD117+, 21%) with OS 45 months, 68 months and not 
reached, respectively, was promulgated by this group. The HDT 
followed by ASCT was not beneficial in approximately one quarter 
of those patients, that is, the high risk group.895

Magnetic Resonance Imaging
The superiority of the more sensitive tests, such as whole body/
spinal MRI and PET, over conventional radiography is being 
exploited to prognosticate patients with MM accurately.788 One 
of the key features of the DS stage I patients is the absence of 
skeletal involvement detected radiographically. However, 29% to 
50% of DS stage I patients demonstrate infiltration of the marrow 
by MRI. The extent of the BM infiltration influences survival and 
can be adequately estimated by MRI. Various MRI patterns of the 
BM infiltration—normal, focal, diffuse, and variegated—have been 
used to predict the OS (56, 51, 24, and 52 months, respectively). 
Within each ISS I and II stage, the concomitant detection of diffuse 
BM infiltration by MRI can segregate the patients into two groups 
with statistically different survival outcomes suggesting enhance-
ment of the prognostic value of ISS with this test. This finding is 
similar to the previously described observation noted with the 
incorporation of PCLI to the ISS. Dynamic contrast enhanced 
(DCE)-MRI has been shown to correlate with the degree of tumor 
infiltration in the bone marrow as well as the degree of vascularity 
or angiognesis in the marrow.789,790

Positron Emission Tomography
The avidity of metabolically active myeloma cells for 18F fluoro-
deoxyglucose, a radiolabeled glucose analogue, may not be helpful 
only in making a diagnosis, but it may also be prognostic. Zamagni 
et al. prospectively studied the prognostic value of PET/CT at diag-
nosis, after thalidomide–dexamethasone induction therapy and 
double autotransplantation in 192 newly diagnosed MM patients.791 
Presence at baseline of at least 3 focal lesions, a SUV > 4.2, and 
presence of extramedullary disease adversely affected 4-year esti-
mates of progression-free survival. In addition, SUV > 4.2 and EMD 
were predictive of a shorter OS. In a multivariate analysis, both 
EMD and SUV > 4.2 at baseline and persistence of FDG uptake 
after ASCT were independent prognostic factors for a shorter PFS.

The use of PET scan and MRI overcomes the limitation of 
conventional radiography in prognosticating patients by the 
DS-staging, and a DS-plus staging system that incorporates the 
findings of PET/MRI to the original DS staging system has been 
proposed for predicting OS. PET scan can detect both medullary 
and extramedullary lesions simultaneously, and can potentially 
upstage the patients due to its greater sensitivity (85%) and 
specificity (92%).792 A drawback of the PET scan is its inability to 
detect very small lesions (<1cm). Radiation-induced inflammatory 
changes can lead to false-positive PET which should therefore 
only be performed at the time of diagnosis, or at least 2 months 
after the therapy.792

Renal Failure
Renal failure has been shown to portend a poor outcome in 
patients with MM. In a study from184 the Nordic myeloma group, 
renal failure, defined as plasma creatinine > 130 micromol/l, 
was observed in 29% of the cases at the time of diagnosis. 
During the first year after diagnosis 58% achieved normalization 
of p-creatinine, and this was achieved mainly during the first  
3 months. Patients who needed dialysis had a poor prognosis, 
with a median survival of 3.5 months. A 12-month landmark 
analysis showed that reversibility of renal failure was a more 
important prognostic factor than response to chemotherapy.

Prior to the 21st century, of those patients with MM and severe 
renal failure who survived the first 2 months on dialysis, only 
40% would have an objective response to chemotherapy and a 
median survival of almost 2 years;896 however, these statistics 
have changed with highly effective regimens including bortezomib 
with hematologic response rates of more than 70%897 and renal 
improvements in 82% of patients with renal impairment.898,899 In 
a study of 39 patients with biopsy-proven myeloma kidney with a 
median estimated glomerular filtration rate of 9 m/min/1.73 m2, 
the relationship between renal recovery and serum immunoglob-
ulin free light chain (FLC) reduction was linear. Achieving at least 
a 60% reduction in FLC by 21 days was associated with recovery 
of renal function for 80% of the population.900

pathogenesis of Mutliple Myeloma
There is a synergistic pathologic relationship between myeloma 
cells and the cells comprising the bone marrow microenvironment 
or stroma, including fibroblasts, endothelial cells, osteoblasts, and 
osteoclasts. The stromal cells of the marrow of myeloma patients 
produce high levels of interleukin-6 (IL-6) in vitro.901 The IL-6 
serves as a growth and survival factor for benign and malignant 
plasma cells, which produce IL-1b,902,903 VEGF, and macrophage 
inflammatory protein-1a (MIP-1a).904,905 In turn, IL-1b and 
MIP-1a regulate and activate osteoclasts.902,906,907

Bone Marrow Microenvironment
A cell adhesion molecule belonging to the immunoglobulin super-
family, CD56 (N-CAM), is strongly expressed in most plasma cells 
of myeloma patients908 and is believed to play a role in myeloma 
homing and cell adhesion to the marrow. Increased levels of 
the adhesion molecules lymphocyte function-associated antigen 
(LFA)-3,150 LFA-1 (CD11a),909 and very late antigen-4 (VLA-4) 
are expressed on the myeloma cells in the majority of patients. 
VLA-4 may act to bind myeloma cells to fibronectin in bone mar-
row,910 which under appropriate conditions can significantly 
increase IL-6 production by stroma.911 Cell–cell contact between 
marrow stromal cells and myeloma cells via VCAM-1 and a4b1-
integrin enhances production of osteoclast-stimulating activity.912 
Hyaluronan, a glycosaminoglycan component of the bone marrow 
extracellular matrix, appears to be a survival and proliferation 
factor for myeloma cells.913 Notch receptors are expressed in 
early hematopoietic stem cells and Notch ligands are expressed on 
BMSCs. Myeloma cells expressing Notch receptors are activated 
by the BMSC Notch ligand, protecting the myeloma cells from 
drug-induced apoptosis. In addition, this interaction also activates 
Notch signaling in BMSCs, leading to secretion of IL-6, VEGF, and 
IGF-1.914 Cell-adhesion–mediated drug resistance (CAM-DR) is 
a well-recognized entity.915 Another signaling pathway that has 
been implicated in myeloma pathogenesis is the Hedgehog (Hh) 
signaling pathway. Hedgehog (Hh) signaling is a highly conserved 
pathway that plays an important role in development in both ver-
tebrates and invertebrates.916 Hh ligands secreted by the stromal 
cells, namely Indian (Ihh), sonic (Shh), and desert (Dhh) bind to 
their receptor, patched (PTCH) on tumor cells. This binding allevi-
ates the inhibition of PTCH on its downstream target, smoothed 
(Smo), thereby activating it. This activation leads to activation of 
the transcription factor involved in glioma formation (Gli) which 
promotes the transcription of its target genes leading to tumor 
development and progression.917 In the myeloma setting it has 
been found that the Hh pathway is essential for maintaining a 
subset of tumor-causing stem cells.

The endothelial microvascular environment has also been 
shown to be important in MM biology.139 There is a high cor-
relation between the extent of bone marrow angiogenesis, evalu-
ated as microvessel area, and the proliferating (S phase) fraction 
of marrow plasma cells in patients with MM and in those with 
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MGUS.139,918,919–923 VEGF plays an important role in angiogen-
esis by acting as a potent inducer of vascular permeability as well 
as serving as a specific endothelial cell mitogen. Plasma cells in 
the bone marrow from MM patients express VEGF,924,925 which 
can thereby interact with the Flt-1 and KDR high-affinity VEGF 
receptors highly expressed on bone marrow myeloid and mono-
cytic cells surrounding the tumor.918

Investigators are beginning to understand the complex interac-
tions among osteoclasts, osteoblasts, and myeloma cells. Receptor 
activator of NF/B (RANK), which is found on osteoclasts, interacts 
with RANK ligand (RANKL) found on osteoblasts and bone mar-
row stromal cells. These interactions contribute to bone destruc-
tion.926 Myeloma cells also prevent differentiation of osteoblasts 
through secretion of the Wnt-signal antagonist DKK1.927 It 
has been shown that MM cell-derived DKK1, a soluble inhibi-
tor of canonical Wnt signaling, disrupt Wnt3a-regulated OPG 
and RANKL expression in osteoblasts. This suggests that DKK1 
may play a key role in the development of MM-associated bone 
lesions by directly interrupting Wnt-regulated differentiation of 
osteoblasts and indirectly increasing osteoclastogenesis via a 
DKK1-mediated increase in RANKL-to-OPG ratios.928 MIP-1a is 
produced by myeloma cells and it serves as an inducer of osteo-
clast formation.929 In turn, osteoclasts produce a number of fac-
tors that stimulate myeloma cells, including IL-6.156

In addition to these cells, other cells that are part of the 
immune system also play a significant role in the myeloma patho-
physiology. It has been shown that bone marrow macrophages, 
in particular tumor-associated macrophages, were protectors of 
myeloma cells.930 The protective effect was dependent on direct 
contact between macrophages and myeloma cells. Macrophages 
protected both myeloma cell lines and primary myeloma cells 
from spontaneous and chemotherapy drug-induced apoptosis 
by attenuating the activation and cleavage of caspase-dependent 
apoptotic signaling. Using both in vitro and in vivo MM xenograft 
models, Chauhan et al. showed that plasmacytoid dendritic cells 
(pDCs) in the bone marrow (BM) microenvironment both mediate 
immune deficiency characteristic of MM and promote MM cell 
growth, survival, and drug resistance.931

Cytokines and Cell Signaling
The search for a growth factor for myeloma cells culminated in 
the identification of IL-6, formerly known as B-cell growth factor 
or hybridoma growth factor.932 IL-6 is among the most important 
proliferation and survival factors in myeloma.933 Predominantly 
produced by bone marrow stromal cells—macrophages, fibro-
blasts, endothelial cells, osteoblasts, osteoclasts, and monocytes 
(Fig. 98.10) 934—it serves as a growth factor and as an antiapop-
totic factor.935–938 IL-6 exerts its cellular effects through gp130, 
which can activate two pathways: the JAK-STAT pathway939 and 
the Ras-MAP kinase pathway.940 Through the former pathway, 
which includes JAK-2 and STAT3, the antiapoptotic proteins 
MCL-1939 and BCL-XL

941 are up-regulated; through the latter 
pathway, transcription factors such as ELK-1, AP-1, and NF-IL-
6939 are up-regulated. NF-kB942 and IL-6943,944 may also mediate 
the observed increase in the antiapoptotic proteins BCL-2,945,946 
MCL-1,943 and BCL-XL.943,944,947,948 The overall effect of these 
pathways is prevention of apoptosis and enhancement of MM 
proliferation. In addition, the constitutive activation of STAT3 
may also be important in the pathogenesis of MM, independent of 
IL-6.949 Moreover, CD40 activation of myeloma cells can alter the 
cell surface phenotype, triggering autocrine IL-6 secretion regulat-
ing the myeloma cell cycle in a p53-dependent fashion.950

Other cytokines and growth factors produced by myeloma 
and stromal cells that maintain myeloma growth951 include 
IL-1b,952,953,954 VEGF, insulinlike growth factor (IGF),955–960 
hepatocyte growth factor (HGF),961 and tumor necrosis factor-
a.962,963 Aberrant expression of IL-1b may be a critical step in the 

transition of MGUS to MM.902,954 IL-1b up-regulates production 
of IL-6, changes expression of cell adhesion molecules, and has 
been shown to have osteoclast-activating factor activity. Although 
IL-1b does not stimulate myeloma cell proliferation directly, 
by virtue of its effect on stromal cells in the marrow it induces 
production of IL-6903 and IL-8.964 Myeloma cells are capable of 
expressing and secreting VEGF and responding to the cytokine 
in an autocrine fashion.904,905 Moreover, stromal and microvas-
cular endothelial cell exposure to VEGF induces an increase in 
IL-6 secretion,904 which then further stimulates myeloma cells. 
The precise role basic fibroblast growth factor (bFGF), another 
potent angiogenic factor, plays in the growth of myeloma cells 
is under active investigation.965 Higher bFGF levels have been 
found in more advanced stages of MM.965 IGF, which is believed 
to signal through the phosphatidylinositol-3′-kinase (PI-3K) path-
way,955 is capable of directly stimulating myeloma cell growth 
and enhancing myeloma cell responsiveness to IL-6 through 
mitogen-activated protein kinase958 and also inhibiting apoptosis 
by increasing expression of BAD.955

Cell Cycle
Regulatory signals underlying proliferation of myeloma cells 
include increased cyclin D1 expression, hypermethylation of the 
cyclin-dependent kinase (CDK) pathway regulatory gene p16,966 
mutations of the RAS oncogene,868,870 loss of TP53,868,870 and 
overexpression of MYC in progressive disease.967 Approximately 
one third of myeloma patients have up-regulation of cyclin D1 by 
immunohistochemistry; the plasma cells of these same patients 
tend to have higher proliferative rates.968 The t(11;14)(q13;q32) 
translocation, which juxtaposes the immunoglobulin heavy chain 
promoter and the cyclin D1 gene, is seen in approximately 25% 
of MM patients.778,841,969–971 Bergsagel et al. has postulated that 
activation of one of the three cyclin D genes is an initiating event 
in myeloma.972

Both p15 and p16 are important cell cycle inhibitors that sup-
press cell proliferation through inhibition of CDK4 or CDK6 or 
both, thereby preventing the phosphorylation of the retinoblas-
toma gene (RB). Although large deletions of p15 and p16 are rare 
in myeloma (0% to 12% of cases),973–975 selective methylation of 
these genes, a form of transcriptional inactivation, occurs in as 
many as 67% and 75% of cases, respectively.976–978 Most data 
suggest that methylation of p16 or p15 is associated with disease 
progression.979

K- and N-RAS mutations have been described in 25% to 
100% of newly diagnosed MM patients,862,870,980 depending on 
the technique used for detection. A TP53 tumor suppressor gene 
deletion is present in plasma cells from nearly 10% of patients 
with newly diagnosed myeloma818,981 and mutations are even less 
common.857,858,859,860 The MYC protein and MYC RNA are over-
expressed in about 25% of MM patients.982,983 Rearrangements 
of the MYC gene are present in about 15% of patients with MM 
or primary PCL.984 Dysregulation of MYC appears to be caused 
principally by complex genomic rearrangements that occur during 
late stages of MM progression.967

Special caSeS of MyeloMa

Nonsecretory Multiple Myeloma
Nonsecretory MM accounts for 1% to 5% of myeloma cases.124,985–

989 With more sensitive testing such as immunofixation990 and free 
light chain assays,19 a majority of these “nonsecretory” patients 
are found to be low secretors or oligosecretory. More than 85% of 
cases have a cytoplasmic monoclonal protein; in the remainder, 
no monoclonal protein can be detected in the cytoplasm.988,989,991 
Individuals in this latter group are referred to as “nonproducers.” 
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From a clinical standpoint, both are termed “nonsecretory.” 
Median survival of these patients is at least as good as for those 
with secretory myeloma.985,987,988 Response is difficult to docu-
ment, but with the new serum assays, quantitation of free light 
chains is possible in about two thirds of these patients.19

Immunoglobulin D and e Multiple Myeloma
IgD myeloma accounts for about 2% of all cases of MM.992 The 
presence of a monoclonal IgD in the serum usually indicates MM, 
but three cases of IgD MGUS have been documented.986 Patients 
with IgD MM generally present with a small band or no evident 
M spike on serum protein electrophoresis. Their clinical presen-
tation is similar to that of patients with Bence Jones MM (light 
chain MM) in that both have a higher incidence of renal insuf-
ficiency and coincident amyloidosis as well as a higher degree of 
proteinuria than in IgG or IgA MM.992 IgD MM patients, however, 
appear to have a higher frequency of monoclonal lambda light 
chain than kappa light chains.992 With an incidence of 19% to 
27%, extramedullary involvement is more prevalent in patients 
with IgD MM.993–995 Survival of patients diagnosed after 1980 is 
comparable to patients with non-IgD MM.986,996

IgE myeloma is a rare form of MM. A disproportionate num-
ber of cases are PCL, although the sample size is small, with only 
about 40 cases of IgE myeloma reported in the literature.997,998

plasma Cell Leukemia
PCL is a rare form of PCD. Between 2% and 4%850,999,1000 of 
malignant PCD cases are PCL. By definition, there are more than 
20% plasma cells in the peripheral blood with an absolute plasma 
cell count of more than 2 × 109/L. Some authors accept the diag-
nosis with only one of these criteria.986 The presentation may be 
primary, de novo, or secondary, evolving from an existing case of 
myeloma as part of the terminal phase of the disease. About 60% 
to 70% of cases are primary.999

PCL plasma cells more frequently express the CD20 antigen850 
than those of MM (50% vs. 17%), and they often lack CD56 anti-
gen,148,850 which is present on the majority of MM cells.850 CD56 
is considered important in anchoring plasma cells to bone mar-
row stroma and is associated with a poor prognosis.149,150 CD28 
is more frequently expressed on malignant plasma cells in second-
ary than in primary PCL, which is consistent with an observation 
made in MM, i.e., that acquisition of the CD28 antigen on plasma 
cells appears to correlate with an increased proliferative rate and 
disease progression.891

PCL plasma cells have higher proliferative rates850 and more 
complex karyotypes than myeloma plasma cells.1000 By com-
parative genomic hybridization and by FISH techniques, losses on 
13q1001,1002 and monosomy 13850 exist in more than 80% of PCL 
patients.1001,1002 Losses on chromosome 16 also occur in about 
80% of cases.1002 Gains in 1q are present in about half of the 
patients by FISH,850 but in all by comparative genomic hybridiza-
tion.1002 In addition, PCL patients have unique losses of 2q and 
6p.1002 Overexpression of PRAD1/cyclin D1 and t(11;14) is com-
monly observed in PCL.1003

The clinical presentation of primary PCL is more aggressive 
than that of MM, with a higher presenting tumor burden and 
higher frequencies of extramedullary involvement, anemia, throm-
bocytopenia, hypercalcemia, renal impairment,850,999,1000,1004 
increased levels of serum lactate dehydrogenase and b2M, and 
plasma cell proliferative activity.850 The incidence of lytic bone 
lesions is slightly lower than that usually observed in MM.850,1005

Although the clinical and laboratory features of primary 
and secondary PCL are similar,1005,1006 the response to ther-
apy and OS in primary and secondary PCL go from poor to 
worse.999,1000,1004,1005 Higher response rates can be achieved with 
multiagent chemotherapy rather than single alkylator programs 

(47% to 66% vs. 8% to 13%).850,999,1000,1005 Regimens such as 
VMCP/VBAP, VAD, and combination cyclophosphamide and 
etoposide have resulted in median survivals of 18 to 20 months 
compared with 2 to 6 months when single-agent therapy is 
used.850,999,1000,1005 When thalidomide and dexamethasone are 
used, responses are possible.1007,1008 There are anecdotal reports 
of activity of bortezomib in these patients.1009,1010,1011 Some 
patients derive excellent responses and 2- to 3-year disease-free 
survivals after ASCT.1012–1016 Saccaro et al.1017 reported on the 
cumulative outcomes of the literature of PCL patients undergo-
ing hematopoietic stem cell transplantion. Median survival post 
autologous ASCT was 36 months, whereas it was only 12 months 
after allogenic ASCT. Registry studies have shown that overall sur-
vival with primary PCL approaches that of multiple myeloma, and 
up-front ASCT appears to outperform AlloSCT even when reduced 
intensity protocols are used.1018

Response and survival rates with secondary PCL remain 
low.1005,1006 See the recent review of PCL.1019

Osteosclerotic Myeloma (pOeMS Syndrome)
Osteosclerotic myeloma is a rare variant of myeloma (≤3.3% of 
cases).1020 There is a straight osteosclerotic variant that is similar 
to MM in that anemia, significant bone marrow plasmacytosis, 
hypercalcemia, and renal insufficiency occur.158 Survival in these 
patients is comparable to that of classic MM patients. There is, 
however, a more interesting form, which is known as Crow-
Fukase syndrome, PEP (PCD, endocrinopathy, polyneuropathy) 
syndrome, Takatsuki syndrome, and POEMS syndrome (poly-
neuropathy, organomegaly, endocrinopathy, M protein, and skin 
changes).1021–1024 This variant is discussed in Chapter 101.

treatMent of coMplicationS  
anD Supportive care

Complications Specific to Novel therapies
Thrombosis is an important complication in patients undergoing 
treatment with IMiDs. As a single agent, there does not appear 
to be any heightened risk; however, concomitant chemother-
apy,389 especially anthracyclines,1025,1026,high-dose corticoste-
roids,359,407,1027 and erythropoietin1028 appears to increase the 
risk of thrombosis to as high 58%. A phase III trial1029 compared 
aspirin (100 mg/day), low-dose warfarin (1.25 mg/day), and 
enoxaparin (40 mg/day) in 667 patients with previously untreated 
myeloma receiving a thalidomide-based regimen. The primary 
endpoint was a composite that included serious thromboembolic 
events, acute cardiovascular events, or sudden deaths during the 
first 6 months of treatment. The most frequent complications 
were thromboembolic events that occurred in 5.9% in the aspirin 
group, 8.2% in the warfarin group and 3.2% in the LMWH group. 
Symptomatic pulmonary embolism episodes occurred only in the 
aspirin and warfarin groups. The absolute differences for serious 
thromboembolic events were +2.7% (P = 0.173) between aspirin 
and LMWH groups and +5.0% (P = 0.024) between warfarin and 
LMWH groups. These results did not reach a statistical signifi-
cance. The same group conducted a prospective trial comparing 
aspirin (ASA) to low molecular weight heparin (LMWH) in 342 
newly diagnosed patients1030 who were treated with lenalidomide 
and dexamethasone or MPR. Patients were randomly assigned to 
receive ASA 100 mg/d (n = 176) or LMWH enoxaparin 40 mg/d 
(n = 166). The incidence of VTE was 2.27% in the ASA group and 
1.20% in the LMWH group, a difference that was not significant. 
Based on this, ASA can be an effective and less-expensive alter-
native to LMWH thromboprophylaxis. Of note, however, patients 
considered high risk for VTE were excluded from both these stud-
ies. Those patients with advanced age, inherited thrombophilic 
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abnormalities, recent surgery, or a history of VTE should be con-
sidered for full-dose anticoagulation.

pharmacologic therapy of Myeloma  
Bone Disease
Myeloma bone disease is a significant contributor to morbid-
ity, and there is expanding information about the relation-
ships between bone turnover and plasma cell growth and 
survival.157,926,1031–1033 A randomized trial has demonstrated that 
treating with bisphosphonates not only helps prevent secondary 
bony events in patients with existing bone lesions, but that the use 
of monthly zolendronic acid as compared to clodronate increases 
median OS of ALL patients (whether they have bone lesions or 
not) by 6 months.1034 Bisphosphonates inhibit dissolution of the 
hydroxyapatite crystals and down-regulate the major osteoclast 
functions. After internalization, the nitrogen-containing bisphos-
phonates interfere with the biosynthetic mevalonate pathway by 
inhibiting farenesyl diphosphonate synthase with resultant inabil-
ity of osteoclasts to form the ruffled borders of their membrane 
needed to activate bone resorption.

The first study showing a reduction of almost 50% of secondary 
skeletal events among myeloma patients who received monthly 
intravenous administration of pamidronate was published in 
1996.1035 At 12 months, there were fewer skeletal-related events 
in the pamidronate group than in placebo-treated patients (28% 
vs. 44%; P < 0.001).1035,1036 With longer follow-up of 21 months, 
the difference between groups persisted but narrowed slightly to 
28% in the pamidronate group versus 51% in the placebo group 
(P < 0.015).1037 This prospective study subsequently led the 
FDA to approve the use of the drug in this setting. Equivalency 
of pamidronate and zoledronic acid has been demonstrated in 
two randomized clinical trials, a randomized phase II1037 and a 
randomized phase III.1038 In the phase III trial, patients with MM 
or breast cancer, who had lytic disease, were treated with zolen-
dronic acid (4 or 8 mg per dose) or pamidronate (90 mg) every  
3 to 4 weeks. The infusion time for zoledronic acid was increased 
from 5 minutes to 15 minutes during the trial due to an increase 
in creatinine occurring more frequently among patients receiving 
the rapid infusion. Renal problems continued to occur more often 
among patients randomized 8 mg zoledronic acid and their dose 
was subsequently reduced to 4 mg. The sample size was based on 
showing noninferiority of zoledronic acid to pamidronate, and of 
1,648 patients who were enrolled 510 had MM and the remainder 
had metastatic breast cancer. The portion of patients with any 
SRE after 13 months did not differ among the three treatments 
and did not differ between the breast cancer and MM patients. 
In February 2002, the FDA approved an expanded indication for 
zoledronic acid for the treatment of patients with bone metastases 
that included its use in MM.

Despite the fact that the longest follow-up of patients in these 
studies was 24 months, the recommendation by the American 
Society of Clinical Oncology was to continue these agents indefi-
nitely at monthly intervals.1039 The rationale for practice was not 
data driven, but based on several theoretical benefits. The first 
was that patients have continued bone disease throughout the 
course of their disease. The second was predicated on the in vitro 
and in vivo (murine) data that bisphosphonates exert antitumor 
activity.1031

In the short-term, the drugs were well tolerated, with occa-
sional episodes of mild pyrexia, renal function impairment, 
myalgias, and hypocalcemia. However, by 2003, avascular osteo-
necrosis of the jaw (ONJ) has been described as a new compli-
cation associated with their use.1040,1041–1043,1044,1045,1046–1050 
Bisphosphonate-associated ONJ has been described in various 
malignancies including MM, breast cancer, and prostate cancer.  
A management algorithm for ONJ has recently been pub-
lished.1051 It has been seen in both the mandible and the maxilla 

but is more frequent in the former. The etiology of ONJ is unclear, 
but is likely multifactorial in origin. Although most patients who 
develop ONJ have had recent dental or oral surgical procedures 
(70%), the remainder develop spontaneous ONJ.1045 Proposed 
mechanisms include that inhibition of osteoclast activity reduces 
bone turnover and remodeling and that bisphosphonates prevent 
release of bone-specific factors that promote bone formation.1052 
In addition, bisphosphonates, particularly zoledronic acid, may 
have antiangiogenic effects which has been implicated in the 
development of ONJ. Finally, healing of an open bony oral wound 
may be challenged by bacterial insult from oral microflora.

The true incidence of this complication is hard to estimate, but 
is somewhere aroung 6.8% to 9.9%.1047,1048 Risk factors for ONJ 
are longer duration of treatment, zolendronic acid (as compared 
to pamidronate). In one study,1047 patients who developed ONJ 
received a median number of 35 infusions (range, 13 to 68) com-
pared to 15 infusions (range, 6 to 74) for patients with no ONJ. 
The optimal dosing schedule and duration of therapy has not been 
adequately defined by randomized clinical trials. One retrospec-
tive study suggested quarterly infusions of zoledronic acid are as 
effective as monthly infusions with less risk of ONJ.1053

Most would agree that 1 to 2 years of IV bisphonate is standard 
after a dental check-up. The role of these drugs after this time-
point is uncertain. Many opt to reduce the frequency of adminis-
tration after 2 years, especially if disease is in remission. Once on 
these drugs, invasive dental procedures should be limited if pos-
sible. Other drugs such as bone seeking radionuclides561,1054,1055 
and inhibitors of the receptor activator of nuclear factor kB 
(RANK) signaling known as osteoprotegerin1056 are being tested. 
Denosumab (a fully human monoclonal nati-receptor activator of 
nuclear factor kappa-B ligand antibody) was compared to zolen-
dronic acid for delaying or preventing skeletal-related events.1057 
Denosumab was noninferior to zolendronic acid in delaying a first 
skeletal event. Hypocalcemia was more commonly seen in the 
denosumab-treated paitents.

The standard method of following patients is with periodic 
(every 6 to 12 months) skeletal radiographs; the use of more 
sophisticated imaging modalities has been described in a previous 
section. Cross-linked N-telopeptides of Type I collagen, which can 
be measured in the serum or urine, appear to be a sensitive indi-
cator of bone turnover,799,1058 and urinary levels show a strong 
positive correlation with the dynamic histomorphometric indices 
of bone resorption.1059 Serum levels of bone metabolism markers 
including osteocalcin, MIP-1a, RANKL, and osteopetegrin have 
been studied and shown to be aberrently expressed in patients 
with active myeloma.157

Nonpharmacologic treatment of  
Myeloma Bone Disease
When a lytic bone lesion is present, significant risk factors for 
fracture of a long bone include increased pain with use, and 
the involvement of more than the diameter of the bone. These 
lesions should be treated prophylactically with surgery if they 
are situated in weight-bearing bones.1060 Endosteal resorption 
of one half the cortical width of the femur weakens the bone by 
70%. Surgical treatment should be considered for these lesions as 
well.1061 Once a bone has fractured, healing can occur especially 
if proper internal fixation is performed and if patients have an 
anticipated survival of >6 months. Much of the data regarding 
malignant bone disease are derived from patients with carcinoma 
rather than MM. In patients with carcinoma metastatic to bone, 
modest post-operative radiation doses (≤3,000 cGy) as adjuvant 
therapy are associated with better healing,1062 but the role of 
adjuvant radiation therapy in MM patients is less clear. MM is 
often chemotherapy sensitive; adjuvant systemic chemotherapy 
in MM patients may be more appropriate than adjuvant radiation 
therapy. In general, radiation therapy should be used for pain 
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relief in chemotherapy-refractory disease, because it relieves pain 
in 80% to 90% of patients with bony metastases,1063 long-term in 
55% to 70%.1064

Percutaneous vertebroplasty is occasionally an option for 
patients with vertebral body compression fracture. Pain relief is 
generally apparent within 1 to 2 days after injection and persists 
for at least several months up to several years.1065 Complications 
are relatively rare, although some studies reported a high inci-
dence of clinically insignificant leakage of bone cement into the 
paravertebral tissues. Compression of spinal nerve roots or neu-
ralgia due to the leakage of polymer and pulmonary embolism 
have also been reported. Percutaneous kyphoplasty is also an 
option.1066 There is one published trial in patients with MM that 
randomized patients in an unblended fashion to kyphoplasty or 
nonsurgical management.1067 At 1 month, the back specific dis-
ability score was significantly better in the kyphoplasty group. 
Inasmuch as patients in the control group had the option of cross-
ing over to the kyphoplasty arm, there are no long-term data on 
outcomes.

Spinal Cord Compression
In a paper published in 1979, it was estimated that nearly 10% 
of patients with myeloma either present with spinal cord com-
pression or that it develops during the course of the disease;1068 
with higher awareness of myeloma and better imaging technol-
ogy, the incidence is likely lower now. Cord compression, how-
ever, remains an important and emergent subject. The usual 
standard treatment is high-dose corticosteroids and radiation 
therapy.1069–1072 On rare occasions, surgical decompression may 
be considered. Because most myelomatous lesions arise from the 
vertebral body, an anterior surgical approach is generally used, 
which may contribute additional morbidity. One small random-
ized trial addressing the question of radiation versus laminectomy 
and radiation, showed no benefit attributable to laminectomy;1070 
similarly, a larger retrospective series found no benefit.1069 If the 
deficit is due to compression by the plasma cell tumor (rather 
than a bone fragment retropulsed by a pathologic compression 
fracture), outcomes with radiation therapy are probably equal (or 
superior) to surgical intervention in a radiosensitive tumor such 
as myeloma.1069,1070

High-dose corticosteroids may provide immediate pain relief 
and improvement in neurologic function.1071,1072 The optimal 
corticosteroid dose has not been established, but common dose 
schedules for metastatic disease include dexamethasone in an 
initial bolus of 10 mg intravenously or 100 mg intravenously fol-
lowed by 4 mg orally 4 times daily;1073 or a 100-mg intravenous 
bolus followed by 96 mg in four divided doses for 3 days followed 
by tapering doses.1071,1072

hypercalcemia
Patients with MM are at risk of severe hypercalcemia that can 
precipitate acute renal failure, hypertension, nausea, vomiting, 
pancreatitis, cardiac arrhythmia, coma, and death. The extracel-
lular volume depletion associated with hypercalcemia should be 
corrected by vigorous hydration745,1074 followed by an antire-
sorptive agent such as intravenous bisphosphonate. Serum cal-
cium values usually decline rapidly, reaching the normal range 
within 2 to 3 days in more than 80% of cases. It occasionally 
goes below normal at the nadir. Corticosteroids can also reduce 
serum calcium concentration in about 60% of patients with 
hypercalcemia.1075

Gallium nitrate, mithramycin, and calcitonin are interesting 
from an historical perspective. Since the advent of bisphospho-
nates, they are not often used. Gallium nitrate therapy had been 
shown to be superior to maximally approved doses of calcitonin 
for acute control of cancer-related hypercalcemia.1076

hematologic Complications Including anemia, 
Secondary Leukemia, hyperviscosity, 
and Cryoglobulinemia

Anemia
The anemia of MM can result from many factors. When the 
anemia is due solely to myelomatous bone marrow infiltration, 
chemotherapy remedies the problem. Other patients have a rela-
tive erythropoietin deficiency related to renal injury due to the 
myeloma or to age-related changes. In these patients, as in any 
patient with renal insufficiency, modest doses of recombinant 
erythropoietin are effective. For patients with chemotherapy-
induced anemia, recombinant erythropoietin may be effective 
at higher doses (150 to 300 IU/kg thrice weekly or 40,000 units 
weekly). Two placebo-controlled trials in myeloma patients dem-
onstrate significantly improved hemoglobin levels and a reduced 
number of red cell transfusions in patients receiving erythropoie-
tin.1077,1078 Erythropoetin increases the risk of thrombotic events.

Secondary Myelodysplasia and Acute Leukemia
The most ominous cause of anemia in the setting of previously 
treated MM is a secondary myelodysplastic syndrome or acute 
leukemia. Kyle et al.583 were among the first to recognize that 
cytotoxic agents can induce myelodysplasia and acute myeloid 
leukemia.583–585,586 The risk of a secondary myelodysplastic 
syndrome or acute leukemia is approximately 3% at 5 years 
and 10% at 8 to 9 years,1079,1080 with estimates as high as 25% 
at 10 years,1081 with multiple other estimates somewhere in 
between.385,587,588 Some authors have suggested that higher 
cumulative doses of melphalan are implicated as a risk for acute 
leukemia.1079 Others have shown no difference in incidence based 
on the number of courses of chemotherapy or the cumulative 
melphalan dose between the patients who did and did not develop 
acute leukemia.1080 In a Finnish study, the mean number of che-
motherapy cycles was 19.7 and 18.5 in patients with and without 
secondary leukemia; mean cumulative melphalan doses were 
1,440 and 1,400 mg, respectively.1080 Although cyclophospha-
mide has been shown to be leukemogenic, data suggest that it is 
less so than melphalan.1079,1082,1083 After secondary leukemia is 
diagnosed, median survival tends to be short, about 2 months.1080

The occurrence of concurrent acute leukemia in MM suggests 
that there may be a proclivity for acute leukemia to develop in 
patients with myeloma.1084,1085 After stem cell transplantation 
for myeloma, the risk of myelodysplastic syndrome appears to be 
related to prior chemotherapy rather than to the transplant itself, 
at least in one retrospective series.1086

Cryoglobulinemia and Hyperviscosity
Approximately 5% of myeloma gammaglobulins exhibit reversible 
precipitation in the cold, so-called cryoglobulins, forming either 
a flocculent precipitate or a gel-like coagulum when the serum is 
cooled.1087 Plasmapheresis relieves the symptoms of hyperviscos-
ity, but the benefit of this treatment in the absence of concurrent 
chemotherapy is short lived.1088

renal Failure
Normal creatinine values are present in approximately 50% of 
MM patients at diagnosis,124,125,126,127,178–181 and only 15% to 
25% have a creatinine value above 2 mg/dl.126,184 Patients in 
whom the renal failure is reversed have a better OS than those 
without improvement.182,185 Factors that increase renal tubular 
cast formation include dehydration, infection, and hypercalcemia. 
There is some controversy around best management of patients 
with renal failure in terms of plasmapheresis and the relative 
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which would not be responsive to plasma exchange. More than 
twice as many patients on the plasma exchange group had 
MP as in the control group, which could have confounded the 
results because both overall response rates are lower and time to 
response is longer with MP than with VAD.

Infection Management
Infections are a major cause of morbidity in myeloma 
patients.1093,1094 Pneumonias and urinary tract infections caused 
by Streptococcus pneumoniae, Haemophilus influenzae, and 
Escherichia coli are most frequent.193,1095–1097 The susceptibility 
to infection varies with the phase of illness.192,1098 In one prospec-
tive study, the overall serious infection rate was 0.92 infections 
per patient-year and was four times higher during periods of 
active disease (1.90) than in plateau phase myeloma (0.49).191 
In a retrospective study evaluating the sequential incidence of 
infection, the first 2 months of initial chemotherapy emerged as a 
particularly high-risk period, with nearly half of the patients expe-
riencing at least one clinically significant infection.192 Infections 
late in the course of MM may be an inevitable result of long-
standing immunosuppression and overwhelming tumor burden. 
Prevention of infection is a critical goal for improving survival.

Prevention of infections by use of vaccines is an attractive 
strategy. Unfortunately, responses to vaccines are poor among 
myeloma patients.198,1099–1101 Patients with MM were investi-
gated to assess whether immunologic risk factors predisposing to 
serious infection could be identified.191 Specific antibody titers to 
pneumococcal capsular polysaccharides and tetanus and diphthe-
ria toxoids were significantly reduced compared with the control 
population. Low antipneumococcal and anti-Escherichia coli 
titers correlated with risk of serious infection. In addition, among 
41 immunized patients, responses to pneumococcus vaccine and 
tetanus and diphtheria toxoids were poor. IgG subclass levels 
were significantly reduced, and a poor IgG response to pneumo-
coccus vaccine immunization was associated with an increased 
risk of septicemia. The predominant site of infection was the 
respiratory tract. Decreased concentrations of the uninvolved 
immunoglobulins were significantly associated with at least one 
serious infection.191

The two most common prevention strategies consist of pro-
phylaxis with antibiotics1102 or intravenous immunoglobulin 
(IVIg).1102 A randomized, placebo-controlled trial of trimethoprim-
sulfamethoxazole (TMP-SMX) demonstrated a significant decrease 
in severe infections among newly diagnosed myeloma patients 
randomized to TMP-SMX compared with controls.1103 A larger 
follow-up trial, however, failed to show a benefit from prophy-
lactic antibiotics.1104 In that study 212 untreated, symptomatic 
myeloma patients who were on chemotherapy were randomized 
to receive ciprofloxacin (n = 69), trimethoprim-sulfamethoxasole 
(n = 76), or observation (n = 67) for the first 2 months of treat-
ment. The use of prophylactic antibiotics did not decrease the 
incidence of infection.

A randomized, double-blind placebo-controlled trial demon-
strated that IVIg significantly reduced the number of infections 
in high-risk patients with plateau phase MM.1102 Eighty-two such 
patients received either IVIg (0.4 g/kg per month) or an equal 
volume of placebo for 1 year. There were no episodes of septi-
cemia or pneumonia in patients receiving IVIg compared with 
10 in placebo patients (P = 0.002). There were 38 serious infec-
tions in 470 patient-months for the placebo group, compared 
with 19 in 449 patient-months for the IVIg group (P = 0.019).  
A poor antibody response to pneumococcal vaccination (less than 
twofold increase) identified patients who had maximum benefit 
from IVIg. However, IVIg is expensive and inconvenient and can 
be associated with toxicity. Therefore, use of this agent is rec-
ommended only for patients with a significant history of severe 
infections.

importance of alkylizing urine, but there are four points that are 
incontrovertible: (1) achieve a deep hematologic response as soon 
as possible, (2) avoid nephrotoxic drugs, (3) correct hypercalce-
mia, and (4) correct dehydration (maintaining a 24-hour fluid 
intake of at least 3 liters can improve renal function).182

In terms of best chemotherapeutic regimens to achieve rapid 
hematologic response, several have already been discussed.  
A bortezomib-based regimen such as CyBorD, VTD, or PAD is 
often favored in the setting of renal failure. In a recent trial in 
which patients were randomized to VAD or PAD followed by ASCT, 
the subset of patients presenting with creatinine above 2 mg/
dl and who were randomized to PAD had a markedly improved 
median survival as compared to the VAD patients (54 months 
vs. 21 months, P < 0.001). Because light chains with the lowest 
isoelectric points tend to be more nephrotoxic in animal models, 
avoidance of a low or acidic urinary pH is recommended. Oral 
or intravenous bicarbonate is useful in the setting of acute renal 
failure.1089 The MRC third myelomatosis trial randomized MM 
patients with significant renal failure to oral sodium bicarbonate to 
neutralize urine pH (or not), and there was a trend toward better 
survival in the bicarbonate recipients.182

The use of plasmapheresis in the setting of renal failure 
remains controversial. There are three randomized trials address-
ing this question, with conflicting results. One small randomized 
study of patients with active myeloma and progressive renal 
failure suggested benefit in a subset of patients.1090 There were  
21 patients randomized to either forced diuresis and chemo-
therapy (10 patients) or forced diuresis, chemotherapy, and 
plasmapheresis (11 patients). There was a trend toward better 
outcome in the plasmapheresis group, but the difference was not 
statistically significant. It is unclear whether the lack of signifi-
cance is due to the small sample size, or to an equivalence of the 
two therapeutic strategies. The study did demonstrate that the 
severity of myeloma cast formation directly correlated with lack 
of improvement regardless of treatment strategy.

Another randomized study in myeloma patients with severe 
renal compromise compared plasma exchange (and hemodialysis 
when needed) with peritoneal dialysis.1091 All patients received 
chemotherapy and corticosteroids. Of the 29 patients in the 
study, 24 received dialysis and 5 maintained serum creatinine 
concentrations of greater than 5 mg/dl without dialysis. Of the  
15 patients in the plasmapheresis ± hemodialysis group 13 recov-
ered renal function, reaching serum creatinine values of less than 
or equal to 2.5 mg/dl in most cases, whereas only 2 patients in the 
peritoneal dialysis group had enough improvement to stop dialy-
sis. The 1-year survival rates were 66% and 28%, respectively  
(P < 0.01). The study’s design was flawed in that one group 
received peritoneal dialysis and the other hemodialysis; the ques-
tion about the role of plasmapheresis is not adequately settled.

The largest and most recent trial was a negative study.1092 
A total of 104 patients with newly diagnosed myeloma and a 
creatinine of 2.3 mg/dl were randomized to conventional chemo-
therapy with or without five to seven sessions of plasma exchange 
over 10 days. The primary outcome was a composite measure of 
death, dialysis dependence, or glomerular filtration rate of less 
than 30 ml/min/1.73 m2. At 6 months the endpoint was reached 
in 58% of the plasma exchange group and 69% of the control 
group. At 6 months, 7 of the 39 control patients (18%) and 5 of 
58 plasma exchange patients (9%) were on dialysis. At 6 months, 
33% of each group had died. Criticisms of this study included the 
patient selection, including the absence of renal biopsy, the use 
of relatively ineffective conventional chemotherapy, and small 
sample size. Patients were eligible if the serum creatinine level 
was 2.3 mg/dl with an increase greater than 0.6 mg/dl in the 
preceding 2 weeks despite correction of hypercalcemia, hypovo-
lemia, and metabolic acidosis. This would imply that institution 
of plasma exchange was delayed and that there could have been 
underlying pathologic renal lesions other than cast nephropathy, 
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Differential DiagnoSiS
The diagnosis of MM is made from a constellation of findings, 
including anemia, monoclonal proteins, bone lesions, renal 
complications, hypercalcemia, and bone marrow plasmacytosis. 
Often the diagnosis is straightforward, but other disease entities 
associated with hypergammaglobulinemia or monoclonal bone 
marrow plasma cells must also be considered. These include 
reactive plasmacytosis, MGUS, primary systemic amyloidosis, 
Waldenström macroglobulinemia, light chain deposition disease, 
acquired Fanconi syndrome, solitary plasmacytoma, osteoscle-
rotic myeloma or POEMS syndrome, and PCL.

Reactive plasmacytosis and polyclonal hypergammaglobu-
linemia must be distinguished from a clonal process. Patients 
with liver disease, chronic infections including human immunode-
ficiency virus, connective tissue diseases, other lymphoprolifera-
tive disorders, and carcinoma can have increased bone marrow 
plasmacytosis (polyclonal) and hypergammaglobulinemia (poly-
clonal).22,123 These conditions should not be confused with MM 
or MGUS, which are clonal processes.

MGUS patients do not have bone marrow suppression, lytic 
bone lesions, hypercalcemia, renal failure, or susceptibility to 
infection. Standard clinical features do not accurately predict 
which patients will remain stable, and in approximately 1% per 
year MM develops.133 The clinical distinction between MGUS 
and asymptomatic MM is derived from an arbitrary definition 
(Table  98.1), although the underlying biologic conditions may 
prove to be different.

The greatest challenges in differentiating MGUS (or asymp-
tomatic MM) from MM occur in patients who have MGUS and (1) 
senile osteoporosis, (2) renal insufficiency from another cause, or 
(3) hypercalcemia due to hyperparathyroidism. Approximately 
50% of women older than age 60 years have osteoporosis, and a 
fraction of these have vertebral compression fractures. Computed 
tomographic scan of the spine may help distinguish between 
senile osteoporosis and myelomatous bone disease. Similarly, 
renal insufficiency due to long-standing diabetes, hyperten-
sion, or nonsteroidal drug use is not uncommon. In such cases,  
a patient may still have MGUS (or smoldering MM) and “end-
organ damage.” The key is whether the damage is attributable 
to the plasmaproliferative disorder or another cause. In some 
instances, renal biopsy may be required to clarify this issue.

Immunoglobulin light chain amyloidosis (AL amyloidosis) is a 
rare disorder that is characterized by the deposition of amyloid 
fibrils and is discussed in Chapter 99. The diagnosis should be 
suspected when a patient with a monoclonal protein in the serum 
or urine presents with nephrotic-range proteinuria (primarily 
albumin) with or without renal insufficiency, cardiomyopathy, 
hepatomegaly, or peripheral neuropathy. A histologic diagnosis 
is made by demonstrating the amyloid fibrils: green birefringence 
under polarized light by using a Congo red stain, or 8- to 10-nm 
nonbranching fibrils by electron microscopy.

The nonamyloidogenic light chain deposition diseases (LCDDs) 
are due to pathologic protein deposition in various tissues and 
organs. Unlike the light chain deposits observed in patients with 
primary systemic amyloidosis, these infiltrates are not congophilic 
by light microscopy, and nonbranching fibrils are not observed 
by electron microscopy. Instead, amorphous nodular deposits 
are seen. LCDD may occur with or without co-existent MM. Renal 
involvement is most common, followed by cardiac and hepatic 
deposits. Clinically, LCDD can be differentiated from MM and 
primary systemic amyloidosis by the following findings. As in 
primary systemic amyloidosis, early in the disease course the 
light chain deposits have a predilection for the renal glomeruli 
rather than the tubules. This results in nonselective proteinuria, 
that is, a predominance of albuminuria, which is not usual in 
MM. It is impossible without tissue biopsy to distinguish clinically 

the cardiomyopathy and hepatopathy from primary systemic 
amyloidosis. In LCDD, the underlying clone is more commonly 
monoclonal k rather than λ. The prognosis of patients who have 
this disorder depends on whether there is underlying MM. In one 
retrospective study of 19 patients with LCDD, 5-year actuarial 
patient survival and survival free of end-stage renal disease were 
70% and 37%, respectively.1105

Fanconi syndrome is a rare complication of PCDs character-
ized by diffuse failure in reabsorption at the level of the proximal 
renal tubule and resulting in glycosuria, generalized aminoacid-
uria, and hypophosphatemia.189 Fanconi first described the syn-
drome in children. Subsequently, acquired forms were described 
in adults. Acquired Fanconi syndrome is usually associated with 
MGUS. Overt hematologic malignancies may occur, such as MM, 
Waldenström macroglobulinemia, or other lymphoproliferative 
disorders. The prognosis is good in the absence of overt malig-
nant disease. Clinical manifestations include slowly progressive 
renal failure and bone pain due to osteomalacia. The diagnosis of 
Fanconi syndrome can be made when a patient with a monoclo-
nal plasma cell disorder presents with aminoaciduria, phospha-
turia, and glycosuria. Electrolyte abnormalities typically include 
hypokalemia, hypophosphatemia, and hypouricemia. Bence Jones 
proteinuria is usually present and is almost always of the k 
type. Rare patients have been reported with Fanconi syndrome 
associated with λ Bence Jones proteinuria. Treatment consists 
of supplementation with phosphorus, calcium, and vitamin D. 
Chemotherapy may benefit patients with rapidly progressive renal 
failure or symptomatic malignancy.

Waldenström macroglobulinemia should not be confused 
with IgM myeloma, which comprises only about 1% of myeloma 
cases.126 Patients with Waldenström macroglobulinemia may 
have anemia, hyperviscosity, B symptoms, bleeding, and neuro-
logic symptoms. Significant lymphadenopathy or splenomegaly 
may also be present. Lytic bone disease is markedly uncommon; 
if present, consider whether the patient has IgM myeloma. In 
Waldenström macroglobulinemia, bone marrow biopsy typi-
cally reveals infiltration with clonal lymphoplasmacytic cells 
(CD20 positive). The natural history and treatment options for 
Waldenström macroglobulinemia are different from those of 
MM1106 (Chapter 100).

Solitary plasmacytoma of bone is a rare form of plasmaprolif-
erative disease. Its true incidence has not been described, but it 
accounts for about 2% to 5% of malignant plasma cell dyscrasias 
treated at large referral centers.208,1107,1108 In most series, the 
definition has required the following characteristics: (1) histologic 
proof that the solitary lesion is a plasmacytoma; (2) no other bone 
lesions on metastatic bone survey; (3) less than 5% plasma cells 
from a random bone marrow biopsy site; and (4) the absence 
of anemia, hypercalcemia, or renal insufficiency that had no 
attributable cause. Some definitions allow for <10% bone mar-
row plasma cells736 and others have restricted the quantity of 
the serum or urine M spike. Others have excluded patients who 
developed disseminated myeloma within a year after diagnosis 
of the solitary plasmacytoma.1109 The International Myeloma 
Working Group has adopted the above definition, but adds that 
if done, MRI should not demonstrate any other areas of marrow 
involvement.205

There is a clear male preponderance, and the median age is 
55 years.740,1109–1111 Plasmacytomas most commonly arise from 
the axial skeleton, particularly the vertebral bodies. Pain is the 
usual presentation. Spinal cord or nerve root compression may 
also be present. If the patient also has evidence of a peripheral 
neuropathy, and especially if the bone lesion is sclerotic, one 
should consider the diagnosis of POEMS syndrome (Chapter 101). 
Monoclonal proteins are present in about 50% of patients.736,1109

Careful staging should be done in all patients, including a 
complete blood cell count, protein electrophoresis and immuno-
fixation of the serum and urine, serum immunoglobulin free light 
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chains, a complete radiographic skeletal survey, and random 
bone marrow aspiration and biopsy. At a minimum, immunohis-
tochemical stains should be done on the bone marrow to identify 
a clone apart from the solitary plasmacytoma. MRI of the entire 
spine and pelvis should also be done to determine whether the 
lesion is solitary. Using MRI, Moulopoulos et al.172 found unex-
pected bone marrow involvement in 4 of 12 patients with appar-
ently solitary plasmacytomas of bone. FDG-PET may should also 
provide useful information.

From an historical perspective, solitary plasmacytomas of 
bone were treated surgically with or without adjuvant radia-
tion.1112 Present day, single modality, definitive radiation therapy 
is the treatment of choice. Although the optimal dose has not been 
established by randomized controlled trials, 4,000 to 5,000 cGy 
encompassing all disease with a margin of normal tissue is recom-
mended by most experts on the basis of retrospective local relapse 
rate data.736–738,1113 This principle, however, has been challenged 
by recent data which show no difference in local control as long 
as the therapeutic dose is over 3,000 cGy.739

Median 10-year disease-free survival is about 25% to 
40%.736,1114 Median time to failure, that is, local relapse, appear-
ance of another plasmacytoma, or disseminated myeloma, is 
about 2 years,736,739,1114 but these figures are contaminated 
by inadequate staging of patients. In a retrospective study at a 
major academic institution, fewer than 5% of patients referred 
for a diagnosis of solitary plasmacytoma of bone had adequate 
baseline staging.1115 The majority of patients with a solitary 
“plasmacytoma of bone” had a low burden of clonal plasma cells 
in their marrow. Because these patients are typically not offered 
immediate chemotherapy, a novel term was used to label these 
patients, “plasmacytoma plus.” The 21-month disease-free sur-
vival of patients that did not satisfy criteria for “plasmacytoma 
plus” was 100%.

Risk factors for evolution to myeloma include absence of 
a monoclonal protein at presentation (nonsecretory disease), 
depression of immunoglobulin values at presentation, persistence 
of the monoclonal protein after treatment,1114 abnormal immu-
noglobulin free light chain ratio at presentation,1116 tumor size 
of more than 5 cm, and a nonvertebral presentation.739 The per-
sistence of a monoclonal protein after radiation therapy does not 
guarantee relapse,208,736 even after more than 10 years of follow-
up.1114 In rare instances, the maximum reduction of myeloma 
protein may take several years after completion of the radiation 
therapy.208,736 Median survival for all patients presenting with 
solitary plasmacytoma of bone—based on data from patients 
staged before routine use of MRI and bone marrow clonality  
studies—was approximately 10 years.736,739,1108,1114,1115 For 
those who progressed to myeloma, the median survival was 44 
months after the start of chemotherapy.208 Adjuvant chemo-
therapy has not been shown to produce a survival advantage and 
carries the risk of treatment-related myelodysplastic syndromes 
or acute leukemia; it cannot be recommended.

Solitary extramedullary plasmacytomas represent about 3% of 
all plasma cell neoplasms.1118 They most commonly affect men in 
their early 60s and occur in the upper respiratory tract (paranasal 
sinuses, nose, nasopharynx, and tonsils). They also occur in lymph 
nodes, lung, thyroid, gastrointestinal tract, liver, spleen, pancreas, 
testes, breast, or skin.1119 Amyloid involvement of the plasmacy-
toma occurs on occasion. Although extramedullary plasmacyto-
mas are not common in newly diagnosed MM, classic myeloma 
must be excluded by thorough staging. A monoclonal protein in 
the serum and urine, lytic bone lesions, anemia, renal insuffi-
ciency, and hypercalcemia should be excluded. Histologically, an 
extramedullary plasmacytoma should be differentiated from reac-
tive plasmacytosis, plasma cell granuloma, poorly differentiated 
neoplasms, and immunoblastic lymphoma. Some extramedullary 
plasmacytomas may represent marginal zone B-cell lymphomas 
that have undergone plasmacytic differentiation.1120 Dimopoulos 

et al.1118 compiled 128 extramedullary plasmacytoma patients 
from eight published series1108,1119,1121,1122–1126 and summarized 
their clinical course. The local failure rate was 7%, multifocal 
extramedullary relapse occurred in 13%, and classic myeloma 
developed in 15%. Local radiation therapy is the treatment of 
choice and adjuvant chemotherapy is not recommended. The 
10-year disease-free survival is 70% to 80%. Ozsahin et al.1116 
compiled 52 pateints through a Rare Cancer Network study. Their 
findings were similar with a 5-year progression rate of about 25% 
and a 5-year survival approaching 90%.

Helpful websites for patients and doctors may include:

http://myeloma.org/
http://www.themmrf.org/
msmart.org
clinicaltrials.gov
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C h a p t e r  9 9

hIstory
The term lardaceous change has … come more into use chiefly 
through the instrumentality of the Vienna School…. The term, lar-
daceous changes … has but very little to do with these tumours, and 
rather refers to things, upon which the old writers … who were bet-
ter connoisseurs in bacon than our friends in Vienna, would hardly 
have bestowed such a name…. The appearance of such organs … 
are said to look like bacon, bears … a much greater resemblance to 
wax, and I have therefore now for a long time … made use of the 
term waxy change…. These structures … by the simple action of 
iodine … assume just as blue a colour as vegetable starch….1

Schleiden, a German botanist, first used the term amyloid 
in 1838 to describe a normal constituent of plants.2–4 In 1858, 
Virchow, head of a pathology department in Berlin, gave a 
lecture entitled “Amyloid Degeneration” and described amyloid 
deposits that stained blue with iodine and sulfuric acid, similar 
to the chemical reaction markers of starch. Virchow concluded 
that the substance was composed of starch5 and used the word 
amyloid to describe it.6 During the lecture, Virchow also criti-
cized his chief competitor in Vienna, Rokitansky, who believed 
that amyloid was a lardlike substance—perhaps because amyloid 
deposits were white and glistening—found in patients with syphi-
lis,  tuberculosis, or malaria.7 In 1859, Friedreich, Nikolau, and 
Kekule recognized that the waxy spleen described by Virchow did 
not contain any starchlike substances and that the deposits prob-
ably were derived from modified proteins.8 Kekule was famous 
in his own right at the time for describing the structure of ben-
zene from his dream of a serpent biting its own tail. In addition, 
Friedreich gave the first description of a form of ataxia that now 
bears his name.9,10

Budd analyzed the liver of a patient with amyloidosis and 
found that it was not lardaceous11; he also wrote original 
descriptions of rickets and scurvy.12 Probably the first reported 
case of primary amyloidosis (AL; described as “idiopathic” 
at the time) was identified by Wilks, who detailed a 52-year-
old patient with lardaceous change unrelated to an obvious 
cause.13–15 Wilks was the first physician to use bromide in 
the treatment of epilepsy and wrote an original description of 
myasthenia gravis.

The amino acid composition of amyloid deposits was first 
described by Schmiedeberg in 1920.16 Amyloid proteins strongly 
resembled serum globulin and therefore were neither fat nor 
carbohydrate. The first use of Congo red as the specific stain for 
detection of amyloid was reported in 1922 by Bennhold.17 In 
1927, Divry and Florkin18 reported green birefringence under 
polarized light when amyloid-laden material from the brain 
of a patient with Alzheimer disease was stained with Congo 
red. However, the association between the neurodegeneration 
of Alzheimer disease and amyloid was forgotten for nearly 50 
years. Magnus-Levy19 postulated that Bence Jones proteins were 
a precursor of the amyloid substance and noted a relationship 
among amyloid deposits, Bence Jones proteins, and multiple 
myeloma.

The finding that amyloid proteins consisted of fibrils was 
credited to Cohen and Calkins in 1959.5 They determined that 
all forms of amyloid were nonbranching and fibrillar. The fibril 
length varied, but the width was 9.5 nm. Apitz20 claimed that 
amyloid in the tissues was analogous to the excretion of immu-
noglobulin (Ig) light-chain proteins by the kidneys; he coined the 

term paraprotein to describe monoclonal immunoglobulins. Isobe 
and Osserman21 reported in 1974 that Bence Jones proteins had 
a direct role in the pathogenesis of AL. Physiologically normal 
proteins primarily have an a-helix configuration. In 1968, Eanes 
and Glenner22 reported that they used x-ray diffraction to deter-
mine that amyloid proteins formed an alternate configuration of 
b-pleated sheets, similar to the configuration of silk proteins.23

As with silk, amyloid proteins are highly resistant to sol-
vents, and this resistance is a feature of the purification process. 
Amyloid-laden tissue is homogenized repeatedly in saline and 
centrifuged. The supernatant, which contains soluble compo-
nents, is discarded, and the residual pelletized material contains 
amyloid proteins. After the pellet is resuspended in distilled 
water, a relatively pure preparation of amyloid fibrils is obtained. 
Pras et al.24 first described the purification of amyloid in 1968. 
Levin et al.25 were the first to sequence amyloid protein, and 
they designated it as amyloid A. Benditt et al.26,27 independently 
sequenced amyloid A at the same time. The first sequence of an 
immunoglobulin light-chain form of amyloid was reported in 1970 
by Glenner et al.28 and was recognized as an N-terminal fragment 
of the immunoglobulin light chain.28,29,30,31,32

ClassIfICatIon
The diagnosis of amyloidosis requires biopsy tissue specimens 
with deposits that are positively stained by Congo red.33 With 
hematoxylin and eosin staining, amyloid deposits resemble hyalin. 
Deposits are always extracellular and appear amorphous. Apple-
green birefringence is seen when Congo-red–stained material is 
viewed under polarized light.34 The Congo red stain can be tech-
nically difficult to use and can form precipitates, yielding false-
positive results.35 Pathologists need to perform diagnostic assays 
regularly to be experts in the interpretation of stains. All forms of 
amyloid have a fibrillar appearance when viewed with electron 
microscopy, and the fibrils are rigid and nonbranching. However, 
not all fibrils identified with electron microscopy are amyloid pro-
teins.36–38 Such findings are strongly suggestive of amyloidosis, 
but in the absence of a positive result on Congo red stain and 
apple-green birefringence, the diagnosis remains unconfirmed.

Studies of recombinant-derived variable region fragments of 
immunoglobulins have shown a relationship between thermody-
namic instability and fibrillogenic potential. Structural parameters 
and overall thermodynamic stability contribute to the fibril-form-
ing propensity.39 Human monoclonal immunoglobulin light chains 
can be converted to amyloid fibrils in vitro by digestion with 
pepsin.30 Synthetically, amyloid fibrils can be produced by break-
ing the disulfide bonds of intact immunoglobulins. In the past, all 
forms of amyloid were thought to be derived from misfolded frag-
ments of immunoglobulin light chains, but heavy-chain fragments 
have also been shown to produce amyloid (designated as AH).40

The classification scheme of amyloidosis has undergone revi-
sion as understanding of the pathophysiology of the disease has 
improved. In the 19th century, involvement of the liver, spleen, 
and kidneys was incorrectly thought to represent secondary amy-
loidosis (AA); amyloid that involved the heart, tongue, and periph-
eral nerves was classified as AL or idiopathic amyloidosis. Later, 
amyloidosis was classified by the site of first deposition and was 
referred to as pericollagenous or perireticular amyloidosis.41,42 
Familial amyloidosis (AF) was recognized generally by the 
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presentation of progressive painful peripheral neuropathy with 
an autosomal dominant inheritance pattern.43,44 Families with 
inherited renal amyloidosis were also described.45,46 Mutations 
in transthyretin (TTR), apolipoprotein A1, fibrinogen A-a chain, 
lysozyme, leukocyte chemotactic factor 2 (LECT2),47 and apoli-
poprotein A2 are associated with hereditary amyloidosis. TTR 
amyloidosis is the most common form of AF, and it is associated 
with peripheral neuropathy.48

In the 19th century, when tuberculosis, leprosy, syphilis, and 
chronic infections were prevalent, patients with these infections 
often had concomitant AA. However, in the postantibiotic era, 
chronic inflammatory polyarthritis (e.g., ankylosing spondylitis, 
juvenile rheumatoid arthritis) is more commonly associated with 
AA. Crohn disease and chronic osteomyelitis have also been asso-
ciated with a small number of AA patients in the Western hemi-
sphere.49 Hereditary periodic fever syndromes, such as familial 
Mediterranean fever (FMF; the most common entity of this disor-
der), hyperimmunoglobulinemia-D syndrome, and tumor necrosis 
factor (TNF) receptor–associated periodic syndrome (TRAPS), are 
characterized by recurrent fever and inflammation, and reactive 
amyloidosis is a complication of these hereditary periodic fevers. 
The causative genes of these syndromes have been identified. 
Anticytokine-based therapies are a new treatment option for these 
inflammatory conditions, and they potentially may prevent amy-
loidosis.50 Etanercept, adalimumab, and infliximab have all been 
reported to be effective for patients with AA.

One hundred years ago, the term primary amyloidosis referred 
to idiopathic amyloidosis and included all cases that were neither 
familial nor secondary; cases of unrecognized AF and AA for 
which a cause could not be established were mistakenly clas-
sified as AL. Currently, AL refers only to systemic or localized 
amyloidosis that is immunoglobulin light chain derived. A clonal 
plasma cell disorder exists for all patients with systemic AL, and 

the disease spectrum ranges from a barely detectable plasma cell 
clone to overt multiple myeloma.51 A classification of the various 
forms of amyloidosis is shown in Table 99.1.

In AL, the tertiary structure and amino acid sequence of 
immunoglobulin light chains are abnormal.52,53 For patients 
with AL, three fourths of immunoglobulin light chains are of 
the l type. In contrast, for patients with multiple myeloma and 
monoclonal gammopathy of undetermined significance, two 
thirds of the light chains are of the k type (Fig. 99.1).49 The 
implication is that l immunoglobulin light chains have a greater 
tendency to form a b-pleated sheet. AL-associated immunoglobu-
lins generally tend to have more b-pleated sheet proteins than 
a-helical proteins.

Certain immunoglobulins have “amyloidogenic” properties. 
No renal dysfunction is seen after mice are injected with puri-
fied immunoglobulin light chains derived from the urine of 
patients with multiple myeloma who do not have amyloidosis.54 
However, deposits of human AL develop in the kidneys of mice 
after injection of light chains purified from the urine of patients 
with AL.

Amyloid-associated germline gene usage has been deter-
mined.55 The l6 subgroup of immunoglobulin light chains 
is always associated with amyloid proteins, which suggests 
that unique amino acid sequences may result in formation of 
 amyloidogenic proteins.56 The l3 family appears most frequently 
in amyloidosis and polyclonal states. Two germline genes that 
belong to the l3 and l6 families encode 42% of l variable regions. 
The gene segment 3r accounts for 22% of l variable regions and 
is newly associated with the disease; gene segment 6a accounts 
for 20%. These gene segments have a strong association with 
amyloidosis; they are represented in less than 11% of polyclonal 
conditions (Table 99.2). Overuse of 3r and 6a likely accounts for 
the l light-chain overrepresentation that is typical of amyloidosis. 
Germline gene usage may also influence the organ tropism of AL.57 
Patients with clones derived from the 6a germline gene are more 
likely to present with dominant renal involvement. Those with 
clones from 1c, 2a2, and 3r are more likely to present with car-
diac and multiorgan disease.58

The distinction between AL and amyloidosis associated with 
multiple myeloma is somewhat arbitrary (considerable overlap 
exists between them). However, a patient with amyloidosis and 
symptomatic multiple myeloma (e.g., widespread lytic bone dis-
ease, rib fractures, and lumbar spine compression fractures) is 
uncommon.59 Renal insufficiency in amyloidosis is almost never 
a consequence of the formation of light-chain cast nephropa-
thy, as is the case in multiple myeloma. For patients with 
amyloidosis, renal failure is attributable to tubular atrophy, a  

Protein Precursor Clinical

AL or AH Immunoglobulin (light 
or heavy chain)

Primary or localized amyloidosis; 
associated with myeloma or 
macroglobulinemia

AA SAA Secondary or familial 
Mediterranean fever; familial 
periodic fever syndromes 
associated with mutated 
tumor necrosis factor 
receptor

ATTR (form of AF) Transthyretin Familial and senile  
amyloidosis

Fibrinogen A-a 
chain (form of AF)

Fibrinogen Familial renal amyloidosis 
(Ostertag amyloidosis)

Ab2M b2-Microglobulin Dialysis-associated carpal 
tunnel syndrome

Ab AbPP Alzheimer disease

Apo1, Apo2 (form 
of AF)

Apolipoprotein Renal, nephrotic syndrome

Lysozyme (form 
of AF)

Lysozyme Renal, hepatic rupture

LECT2 (form of AF) Leucocyte chemotactic 
factor 2

Renal autosomal dominant 
inheritance

AA, secondary amyloid; Ab, amyloid b; Ab2M, amyloid b2-microglobulin; AbPP, amyloid b 
protein precursor; AF, inherited amyloid proteins; AH, immunoglobulin heavy-chain amyloid; 
AL, primary amyloid; Apo1, apolipoprotein A1 amyloid; Apo2, apolipoprotein A2 amyloid; 
ATTR, amyloid transthyretin; LECT, leucocyte chemotactic factor; SAA, serum amyloid A.

NomeNCLAture of AmyLoIdosIs

taBLe 99.1

FIGURE 99.1. Distribution of serum monoclonal protein in patients with amyloidosis 
(N = 270) or myeloma (N = 1,000). The k-to-l ratio is 1:3.6. BG, biclonal gammopathy. Ig, 
immunoglobulin. (From Gertz MA, Lacy MQ, Dispenzieri A, et al. Transplantation for amyloidosis. 
Curr Opin Oncol 2007;19:136–141 with permission from Lippincott Williams & Wilkins.)
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Study

Light-chain 
Class

Comenzo et al.57 
(%)

Perfetti et al.55,a 
(%)

Abraham et al.58 
(%)

l1 31 15 22

l2 14 16 34

l3 17 47 28

l6 38 20 16

aFor polyclonal conditions, l1 usage is 25%, l2 usage is 24%, and l3 usage is 43%.
Data from Perfetti V, Casarini S, Palladini G, et al. Analysis of Vl-Jl expression in plasma 
cells from primary (AL) amyloidosis and normal bone marrow identified 3r (lIII) as a new 
amyloid-associated germline gene segment. Blood 2002;100:948–953; Comenzo RL, Zhang 
Y, Martinez C, et al. The tropism of organ involvement in primary systemic amyloidosis: 
contributions of Ig V(L) germ line use and clonal plasma cell burden. Blood 2001;98:714–
720; Abraham RS, Geyer SM, Price-Troska TL, et al. Immunoglobulin light chain variable (V) 
region genes influence clinical presentation and outcome in light chain-associated amyloidosis 
(AL). Blood 2003;101:3801–3808. Epub 2002 Dec 19.

LIgHt-CHAIN CLAss usAge IN AmyLoIdosIs

taBLe 99.2

consequence of long-term albuminuria.60,61 Often, the distinc-
tion between multiple myeloma–associated amyloidosis and 
AL is made on the basis of the percentage of plasma cells in 
the bone marrow.62 For patients with AL, serial bone marrow 
biopsies performed over several years do not show a progres-
sive increase in the plasma cell percentage. In amyloidosis, the 
process is clonal but typically is not proliferative, and the unre-
strained growth associated with malignancy is absent. If it is not 
present at diagnosis, multiple myeloma does not develop subse-
quently in patients with AL who present with 10% to 30% bone 
marrow plasma cells; multiple myeloma develops in fewer than 
0.5% of patients with amyloidosis.51 We have established an 
arbitrary threshold of 30% plasma cells to fulfill the criteria of 
multiple myeloma–associated amyloidosis if no other clinical 
features of multiple myeloma are present. For patients who have 
greater than 30% plasma cells in the bone marrow, the clinical 
course is dominated by AL and not by myeloma bone disease or 
myeloma-induced anemia.

The incidence of AL is eight per million per year and has been 
stable for more than 50 years.63 Multiple myeloma is five times 
more prevalent than amyloidosis.64 Amyloidosis is uncommon; 
its incidence is similar to that of Hodgkin lymphoma (nodular 
sclerosing variant), chronic granulocytic leukemia (Philadelphia-
chromosome–positive), and polycythemia rubra vera.65–67 Bone 
marrow plasma cells from AL patients typically show chromo-
somal abnormalities.68 Trisomies of chromosomes 7, 9, 11, 15, 
and 18 are seen in 42%, 52%, 47%, 39%, and 33% of patients 
with amyloidosis, respectively. Fifty-four percent of male patients 
and 13% of female patients have trisomy X, and 72% have dele-
tions in chromosome 18. The finding of aneuploidy in monoclo-
nal plasma cells is indicative of their neoplastic nature, despite 
the fact that these plasma cells are nonproliferative and are 
present in small numbers (median, 5% plasma cells).69 An early 
pathogenetic event in the development of multiple myeloma is 
translocation at the immunoglobulin heavy-chain locus (band 
14q32).70,71 A total of 16 of 29 patients with AL (55%) showed 
translocations at the immunoglobulin heavy-chain locus. An 
additional 17% showed a pattern compatible with a possible  
IgH translocation.72 Overall, an IgH translocation was seen in 21 
of 29 patients by using fluorescent in situ hybridization analysis. 
Of the 21 patients, 16 had t(11;14)(q13;q32) translocations. For 
15  of the 16 patients, cyclin D1 overexpression accounted for 
76% of all IgH translocations.

symPtoms and sIgns
Weight loss, paresthesia, edema, dyspnea, and fatigue are the 
most common symptoms of AL (Fig. 99.2).73 These nonspecific 
complaints provide little help to a clinician evaluating patients. 
Patients with extreme weight loss frequently undergo evaluation 
for an occult malignancy. The fatigue, usually caused by early 
cardiac involvement with AL, generally is not associated with 
overt congestive heart failure and easily may be diagnosed incor-
rectly as stress-related or functional fatigue.74 We have seen many 
patients undergo coronary angiography because of fatigue and 
breathlessness, only to have the evaluation end when angiogram 
findings are normal.75

Light-headedness occurs frequently in amyloidosis, but this is 
a common and nonspecific complaint in the primary care setting. 
In AL, the cause of light-headedness is multifaceted.76 Patients 
with nephrotic syndrome have dizziness because of hypoalbu-
minemia and marked intravascular volume contraction, which 
leads to orthostatic hypotension.77 Patients with cardiac AL have 
a low end-diastolic volume (because of restriction to filling during 
diastole)78 and low cardiac output, but a normal ejection fraction 
is maintained until late in the course of the disease. The echo-
cardiographic finding of a normal ejection fraction may be highly 
misleading and may hinder recognition of cardiac involvement in 
AL. Patients may have orthostatic hypotension as a consequence 
of autonomic neuropathy. Syncope is not unusual.79,80

The physical findings of amyloidosis are specific and diagnos-
tic; however, they are present in only 15% of patients and may 
easily be overlooked. Amyloid purpura is seen in only one of every 
six patients with AL (Fig. 99.3).81 Purpura may be periorbital but 
also may occur in the face, webbing of the neck, and upper chest. 
Purpura on the arms is not characteristic of AL, but petechial 
lesions on the eyelids should not be overlooked. The liver is pal-
pable 5 cm below the right costal margin in only 10% of patients. 
Splenomegaly, if present, is usually of modest degree. Overall, any 
degree of hepatomegaly is present in one fifth of patients.82

Macroglossia is the most specific finding of AL (Fig. 99.4). In 
our experience, enlargement of the tongue is never found in AF, 
AA, or senile systemic amyloidosis.83 Tongue enlargement is seen 
in 1 of 11 patients with AL and may be overlooked easily unless the 
physician knows to look for dental indentations on the underside of 
the tongue. However, presentation with fatigue, edema, breathless-
ness, or paresthesias would not immediately lead the physician to 
examine the patient’s tongue. Tongue enlargement is almost always 
accompanied by concomitant enlargement of the submandibular 
salivary glands,84 but salivary gland involvement should not be 

FIGURE 99.2. Prevalence of symptoms for patients with primary amyloidosis evalu-
ated 1 month before or after diagnosis at Mayo Clinic, 1981–1992. (From Kyle RA, Gertz 
MA. Primary systemic amyloidosis. Clinical and laboratory features in 474 cases. Semin Hematol 
1995;32:45–59. Used with permission.)
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FIGURE 99.3. Classic truncal purpura in primary amyloidosis. (From Gertz MA, Lacy 
MQ, Dispenzieri A. Amyloidosis. Hematol Oncol Clin North Am 1999;13:1211–1233. Used with 
permission.)

FIGURE 99.4. Tongue enlargement in primary amyloidosis. (From Gertz MA, Lacy MQ, 
Dispenzieri A. Amyloidosis. Hematol Oncol Clin North Am 1999;13:1211–1233. Used with 
 permission.)

misinterpreted as submandibular lymphadenopathy. Major and 
minor salivary gland involvement may result in sicca syndrome.85

Vascular involvement without visceral organ dysfunction pro-
duces occlusion and ischemic symptoms, such as jaw claudication, 
when the temporal arteries are involved86; calf and limb claudica-
tion may occur when the microvasculature that supplies the extrem-
ities is involved.87 Monoclonal protein in the serum may increase 
the sedimentation rate, and it is not unusual for amyloidosis and 
jaw claudication to be misdiagnosed as polymyalgia rheumatica.88 
Amyloid deposits may be found if a temporal artery biopsy is per-
formed, but Congo red staining typically is not performed on such 
specimens.87,89 The shoulder-pad sign is a consequence of periar-
ticular infiltration with amyloid and may produce pseudohypertro-
phy. Although the musculature of the shoulder and hip girdle is 
enlarged, patients present with diffuse muscular weakness90,91 and 
may have muscular atrophy because of chronic vascular occlusion.

dIagnosIs of amyloIdosIs
When should a clinician initiate a diagnostic algorithm to confirm 
the presence of AL? The symptoms and physical findings of AL gen-
erally are nonspecific and unhelpful to the clinician. Nevertheless, 

eight critical clinical syndromes commonly associated with amyloi-
dosis should trigger screening: (1) gastrointestinal tract symptoms 
of pseudo-obstruction or steatorrhea, (2) tongue enlargement, (3) 
carpal tunnel syndrome, (4) hepatomegaly, (5) peripheral neu-
ropathy, (6) nephrotic-range proteinuria, (7) infiltrative cardiomy-
opathy with restrictive hemodynamics, and (8) atypical multiple 
myeloma. The diagnosis of AL must be considered when any one 
of these syndromes is seen (Table 99.3). AL also must be consid-
ered for any patient for whom the diagnosis of multiple myeloma 
is being considered and who has associated, unexplained weight 
loss or fatigue or a percentage of plasma cells in the bone marrow 
that does not meet the criteria for multiple myeloma.

A clonal population of plasma cells is observed in AL patients, 
even when the marrow percentage is less than 2%.92 The insoluble, 
fibrillar b-pleated sheets of amyloid proteins are derived from the 
monoclonal immunoglobulin light chains produced by a clonal 
population of plasma cells. For any patient with a compatible clini-
cal syndrome that includes monoclonal gammopathy, tests to con-
firm the diagnosis of AL should be pursued aggressively. Important 
screening tests for a patient with cardiomyopathy, neuropathy, 
hepatomegaly, or proteinuria are immunofixation of the serum and 
of the urine93 and immunoglobulin free light-chain measurement.94 
The urine must be evaluated because serum assays may fail to 
detect monoclonal light chains (Fig. 99.5). Serum electrophoresis 
tests are inadequate because the light chains in AL are frequently 
present only in trace amounts and they do not produce a spike 
on an electrophoretic pattern. Monoclonal protein in the urine 
frequently is difficult to detect because most patients have protein-
uria to the extent that small amounts of light chains are obscured 
(Fig. 99.6). If amyloidosis is being considered in the differential 
diagnosis, immunofixation of serum or urine (or both) is essential. 
The immunoglobulin free light-chain assay is tenfold more sensi-
tive than serum immunofixation for the detection of serum light 
chains.95 If all three tests are negative, systemic AL is not present.

For patients with a suggestive clinical syndrome, immunofixa-
tion is a good noninvasive screening test. For patients with light-
chain levels in the serum or urine that are below the threshold 
of detection by immunofixation,96 the bone marrow often shows 
a clonal population of plasma cells when examined by flow 
cytometry, immunofluorescence, or immunohistochemistry.97,98 
Such patients frequently have abnormal k-to-l ratios of free light 
chains. In patients with confirmed AL who did not have detect-
able levels of monoclonal protein in the serum or urine, 94% had 
a clonal population of plasma cells in the bone marrow when a 
slide-based immunofluorescence test was used to detect expres-
sion of clonal cytoplasmic immunoglobulin. If the patient does 
not have monoclonal protein in the serum or urine, has a normal 
free light-chain ratio, and has no detection of clonal population 
of plasma cells in the bone marrow, the diagnosis of systemic AL 
is very unlikely. If amyloidosis is present, it likely is not immuno-
globulin light-chain derived, and further evaluation for familial, 
secondary, or localized amyloidosis should be performed.

Syndrome Patients (%)

Nephrotic or nephrotic and renal failure 30

Hepatomegaly 24

Congestive heart failure 22

Carpal tunnel syndrome 21

Neuropathy 17

Orthostatic hypotension 12

syNdromes IN PrImAry AmyLoIdosIs

taBLe 99.3
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FIGURE 99.5. Serum monoclonal protein levels from patients with primary 
amyloidosis (N 5 488). Inset, immunofixation results.

FIGURE 99.6. Total protein excreted in the urine of patients with primary amyloidosis 
(24-hour period). Inset, identification of immunoglobulin light chains, %. (From Gertz MA, Lacy 
MQ, Dispenzieri A. Amyloidosis. In: Mehta J, Singhal S, eds. Myeloma. London: Martin Dunitz, 
2002:445–463. Used with permission.)

Our ability to recognize AL has been improved by the nephelo-
metric assay for free light chains in the serum; the assay detects 
free immunoglobulin light chains that are not associated with an 
intact immunoglobulin molecule.99,100 For 100 consecutive AL 
patients tested with the nephelometric assay, the assay sensitivity 
was 90% for patients with confirmed AL-k, and similar sensitiv-
ity was noted for patients with confirmed AL-l. For patients with 
detectable urinary light chains (but no detectable monoclonal pro-
tein in the serum with immunofixation assays), the nephelometric 
light-chain assay detected free light chains in the serum of 85% 
of patients with AL-k and 80% of patients with AL-l. For patients 
with AL who had no monoclonal protein detected in the serum or 
urine with immunofixation assays, the nephelometric light-chain 
assay identified free k light chains for 86% of patients with AL-k 
and free l light chains for 30% of patients with AL-l. The free 
light-chain serum assay is convenient and adds an important 
diagnostic tool for classifying and monitoring AL patients.

All forms of amyloid deposits contain the amyloid P component, 
a pentagonal glycoprotein that may represent as much as 10% of 
the amyloid fibril by weight. It is structurally similar to C-reactive 
protein and has been identified in all vertebrates. However, it 
does not function as an acute-phase reactant in humans because 
the concentration in plasma is relatively stable.101 Amyloid P 
component maintains a dynamic circulating equilibrium between 
the serum and amyloid deposits. Because serum amyloid P (SAP) 
exchanges readily with the amyloid P component of amyloid 
fibrils, binding and release of SAP from amyloid deposits may 
be observed with an 123I-labeled SAP scan.102,103 In addition, 
the clearance rate of radiolabeled P components (125I-labeled 
SAP) from the plasma may be used to assess the total-body bur-
den of amyloid and to evaluate the effect of therapy.104 Patients 
with large burdens of amyloid have rapid clearance, which is 
associated with shorter survival, but those with trace amounts of 

systemic amyloid deposits have plasma clearance rates similar to 
those of healthy individuals. Healthy adults have 50 to 100 mg 
of amyloid P component in the extravascular and intravascular 
compartments, whereas patients with amyloidosis may have up to 
20,000 mg. Antibodies to P component have been used as therapy 
against amyloidosis.105

The P component scan may be performed serially to determine 
whether patients have increasing rates of amyloid deposition. 
However, the technique does not determine whether the amy-
loidosis is AL, AF, AA, or localized. Cardiac amyloid deposits 
are not detected through the use of SAP scans,106 but uptake of 
123I-labeled amyloid P component is seen in the spleen, liver, and 
kidneys in 87%, 60%, and 25% of patients, respectively. Imaging 
does not consistently show deposits in the carpal tunnel, kid-
neys, and gastrointestinal tract. The correlation is poor between 
imaging and the extent of organ dysfunction assessed clinically. 
The diagnostic sensitivity of SAP scintigraphy for systemic AA, 
AL, and amyloid TTR origin amyloidosis is 90%, 90%, and 48%, 
respectively; specificity is 93%. Splenic amyloid is observed in 
80% of AL patients, even though it rarely is detected clinically. 
Bone marrow uptake is specific for AL in 21% of patients. More 
widespread organ involvement is identified with a scan than with 
a clinical examination.107 Amyloid is distributed heterogeneously 
within individual organs. Presently iodine-labeled SAP scanning 
was not available in the United States.

The diagnosis of amyloidosis must always be confirmed by 
tissue biopsy.108 For patients who have neuropathy, nephrotic 
syndrome, cardiac failure, or hepatomegaly, the diagnosis could 
be established by direct biopsy of the involved organs,108 but an 
invasive visceral biopsy usually is not required to confirm AL. 
Because amyloid deposits typically are widespread at diagnosis 
and have involved the vasculature extensively,109 biopsy proce-
dures that are less invasive, lower risk, and lower cost may be 
used to establish the diagnosis.

For a patient with a syndrome consistent with AL and con-
firmed presence of monoclonal protein, we begin the diagnostic 
evaluation with a subcutaneous fat aspirate and bone marrow 
biopsy.110 The subcutaneous fat aspirate is a 75%-sensitive, risk-
free procedure that is performed by registered nurses.111 Results 
are available within 24 hours (Fig. 99.7). Amyloid deposits are 
seen in half of the bone marrow biopsy specimens of patients with 
AL and generally are identified in blood vessels.112 To exclude the 
diagnosis of multiple myeloma, a bone marrow biopsy is justi-
fied for any patient who has monoclonal immunoglobulin light 
chains. Knowledge of the percentage of bone marrow plasma 
cells is important prognostically.113 Table 99.4 shows the findings 
of bone marrow biopsies and fat aspirations of patients with AL. 
With Congo red studies of fat and bone marrow, the diagnosis is 
established in 87% of patients. For the other 13%, the diagnosis 
may be established by a biopsy of the affected organ.

Less invasive biopsy procedures may be used to establish 
a diagnosis of AL. Xerostomia in amyloidosis is attributable to 
salivary gland infiltration, and lip biopsy findings have high sen-
sitivity (up to 87%).114,115 Subcutaneous blood vessels may be 
accessed through a skin biopsy and may show AL deposits.116,117 
Amyloid deposits regularly were confirmed by rectal biopsy in the 
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FIGURE 99.7. Subcutaneous fat aspirate showing amyloid deposits (congo red, origi-
nal magnification ×100). (Courtesy of Paul J. Kurtin, MD, Mayo Clinic, Rochester, Minnesota. 
Used with permission.)

Biopsy Finding

Fat Marrow Patients (%)

+ + 55

+ − 22

− + 10

− − 13

+, tissue positive for amyloid deposits; −, tissue negative for amyloid deposits.
Modified from Gertz MA, Lacy MQ, Lust JA, et al. Prospective randomized trial of melphalan 
and prednisone versus vincristine, carmustine, melphalan, cyclophosphamide, and 
prednisone in the treatment of primary systemic amyloidosis. J Clin Oncol 1999;17:262–
267. Used with permission.

fINdINgs of NoNINvAsIve BIoPsIes IN PrImAry 
AmyLoIdosIs

taBLe 99.4

1970s and 1980s.118 Rectal biopsy is an outpatient procedure, 
although occasionally it results in bleeding. Endoscopic biopsy 
specimens frequently are inadequate because submucosa is 
essential for specimen adequacy.

All patients who have nephrotic syndrome should undergo 
screening with immunofixation assays of serum and urine and 
free light-chain assays. Among 110 patients with AL, the sensitiv-
ity of the free light-chain assay was 92%, but in combination with 
serum and urine immunofixation assay findings, the sensitivity 
increased to 99.1%.119 If either assay finding is positive, a fat aspi-
ration is performed, which eliminates the need for a diagnostic 
renal biopsy for 70% of patients. The net result is reduced expense 
and reduced risk of bleeding and hospitalization.

Congo red may precipitate in tissue, and the resultant overstain-
ing, particularly in subcutaneous fat, may produce a false-positive 
result.120 Skin and subcutaneous fat have a high content of elastin 
and collagen; both bind Congo red and may also be interpreted as 
a false-positive result.121 Rectal biopsy specimens containing amy-
loid may be misinterpreted as collagenous colitis if stained only 
with hematoxylin and eosin.122 To recognize amyloid in the myo-
cardium, our cardiac pathologists prefer to use sulfated Alcian blue 
stain.123 The Peripheral Nerve Laboratory at Mayo Clinic stains 
sural nerve biopsy specimens with crystal violet during screening 
and confirms the diagnosis subsequently with Congo red.124

dIfferentIatIng amyloIdosIs from 
other forms of amyloIdosIs
It is important that the diagnosis of amyloidosis be confirmed 
as AL, AF, or AA because therapy for the three syndromes dif-
fers.125,126 Localized amyloidosis,127 AF,128 AA,129 and senile 
systemic forms of amyloidosis130 are not associated with a plasma 
cell dyscrasia. Except for the rare case of a patient who has one 
of these forms of amyloidosis and an incidental monoclonal gam-
mopathy of undetermined significance, only AL patients have 
monoclonal light chains in the serum and urine or clonal plasma 
cells in the marrow. Patients with localized amyloidosis may 
present with hematuria,131 respiratory difficulties,132 and visual 
disturbances133; such symptoms may easily be confused with 
those of systemic amyloidosis. The localized amyloidosis syn-
drome, which usually involves the skin, tracheobronchial tree, or 
urogenital tract, never becomes systemic. The fibrils of localized 
amyloidosis may be immunoglobulin light-chain derived,134 but 
clonal plasma cells are not seen in the bone marrow.

The site of amyloid deposition provides an important clue 
for recognizing localized amyloidosis. The most frequent sites of 

localized amyloid deposits are the respiratory tract, genitourinary 
tract, and skin.126,135 Pulmonary amyloid may be subdivided 
into nodular, tracheobronchial, or diffuse interstitial deposits. 
Only the last type of deposit is a manifestation of systemic AL.136 
The diagnosis of tracheobronchial amyloidosis is made by 
bronchoscopy during evaluation of a patient with obstruction, 
cough, dyspnea, wheezing, or hemoptysis. The usual treatment 
is resection of the tissue with an yttrium–aluminum–garnet 
laser.137 Tracheobronchial amyloid deposits are derived from 
immunoglobulin light chains.138 Nodular amyloidosis presents as 
a solitary pulmonary nodule or multiple nodules, and the nodules 
do not indicate systemic AL.139 Nodules are not calcified, and 
they often require resection to exclude a diagnosis of malignancy. 
The AL diagnosis is established during a thoracotomy or a video-
assisted thoracoscopic surgical procedure. Amyloid can involve 
the vocal cords and false vocal cords and cause traction on the 
structures, leading to hoarseness. This form of laryngeal amyloi-
dosis is always localized.140

Obstructive ureterovesicular amyloidosis is always localized. 
Patients present with hematuria and have a prebiopsy diagnosis 
of cancer. Amyloid deposits are found when cystoscopic biopsies 
are performed. Eighty-five percent of patients with this type of 
amyloidosis present with hematuria. Patients may undergo partial 
cystectomy, fulguration, or transurethral resection.141 Dimethyl 
sulfoxide (DMSO) instillation in the bladder has been reported 
to reduce these deposits.142 Colchicine has also been reported 
to be beneficial. Amyloid involving the renal pelvis or ureter is a 
localized amyloid syndrome.143,144 These patients present with 
colic because of obstruction or hematuria, and deposits are found 
during surgery. Nephrectomy is commonly performed because 
the ureteral mass preoperatively is thought to represent a transi-
tional cell malignancy, but the recognition of amyloidosis avoids 
nephrectomy. Patients may present with dysuria and hematuria 
when amyloidosis involves the urethra.145 The preoperative diag-
nosis is usually a urethral malignancy. Resection is the treatment 
of choice.

Three forms of cutaneous amyloidosis are recognized. The 
lichen and macular forms are localized,146 innocuous conditions 
that usually are associated with a history of local skin trauma or 
inflammation. Nodular amyloidosis is associated with AL,147 and 
evidence of nodular deposits may be an important clinical clue 
to an underlying life-threatening process. Degraded keratin mol-
ecules are the source of macular and papular amyloid deposits.148 
Dermabrasion and other forms of local therapy adequately control 
cutaneous amyloidosis.

Carpal tunnel amyloidosis may be observed in systemic AL and 
AF, but it may also be localized.149,150 For patients who present 
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with carpal tunnel syndrome as the only manifestation of amyloi-
dosis, the median survival is 12 years. Virtually all patients with 
carpal tunnel amyloidosis have localized disease, and one study 
reported that only 2 of 124 patients with localized carpal tunnel 
amyloidosis had development of AL.151 TTR is often found in 
localized carpal tunnel amyloid deposits.

Localized amyloidosis is seen in the conjunctiva and orbits. 
The best treatment is surgical excision. Amyloid has also been 
localized to breasts,152 mesenteric lymph nodes, colonic polyps, 
thyroid,153 retroperitoneum, and ovaries. Localized deposits of 
amyloid commonly are observed in trace amounts within the car-
tilage on the hip surface after a total hip arthroplasty.154 Similarly, 
localized deposits are found in resected knee arthroplasty speci-
mens. These deposits are not associated with systemic disease.155

AA is a consequence of poorly controlled, long-term systemic 
inflammation. From a simple syndrome standpoint, its presenta-
tion is similar to that of AL. AA is more common than AL in under-
developed countries because of the persistence of tuberculosis,61 
syphilis, malaria, and leprosy, but in the United States, AA is not 
easily distinguished from AL. AA is not associated with a monoclo-
nal protein or clonal marrow plasma cells. Patients with AA most 
commonly present with nephrotic-range proteinuria.156 At Mayo 
Clinic, AA accounts for only 2% of all patients with amyloidosis.157

The underlying cause of AA most commonly includes anky-
losing spondylitis,158 juvenile rheumatoid arthritis,159 psoriatic 
arthritis,160 and rheumatoid arthritis161; for most patients with 
AA, the cause is clear because the arthritis is disabling and 
develops a median of 15 years before the development of AA.162 
Of patients with rheumatoid arthritis, AA develops in 3.1%.163 
With the introduction of anti-TNF therapies for inflammatory 
arthropathy, the prevalence of AA in industrialized nations con-
tinues to decrease as these disorders are better controlled. AA 
is also seen in patients with Crohn disease,164 bronchiectasis165 
(including long-term survivors of cystic fibrosis), and chronic 
osteomyelitis.166 These are conditions in which the infected tis-
sue is not amenable to surgical excision and antibiotic therapy 
results in poor control. For most patients with AA and Crohn 
disease, the inflammatory bowel disorder has been present for 
decades. The first clinical manifestation is proteinuria. No mono-
clonal protein is detectable. AA has been described in individu-
als who subcutaneously inject contaminated illegal substances 
(i.e., “skin poppers”).167,168 Skin abscesses develop at the site 
of injection and cause the inflammation that is necessary for 
the development of AA. Patients with Hodgkin lymphoma169,170 
or hypernephroma171,172 and paraplegic patients with chronic 
infected decubitus ulcers or chronic urinary tract infection173,174 
have been reported to have AA. Amyloid deposits are identified 
during autopsy for half of all patients who sustained a spinal 
cord injury 10 years or more before death.175 AA from Castleman 
disease has been recognized. Surgical excision leads to remis-
sion.176,177 AA has also been reported for patients with hyper-
immunoglobulin D syndrome and periodic fever syndromes, 
so-called TRAPS.178

AF is more common than AA in the United States. Presentation 
of AF is clinically indistinguishable from AL; patients may 
have cardiomyopathy,179,180 neuropathy,181 and nephrotic syn-
drome.182 The most common form of AF is attributable to TTR 
mutations. More than 100 different mutations in the TTR gene 
have been involved in amyloid neuropathy.183 Nearly half of the 
patients with AF seen at Mayo Clinic do not have a family history 
of the disease, but absence of a family history is a poor screening 
method to exclude AF.184 The most common TTR mutation seen 
at Mayo Clinic is Thr60Ala, caused by a nucleotide substitution in 
TTR DNA of 238A>G. Amyloid neuropathy without monoclonal 
protein or clonal plasma cell disorder should raise clinical suspi-
cion of AF. Cardiac amyloid deposition may occur with mutated 
and wild-type TTR genes.185 Cardiac amyloid deposits186 that 
consist of normal TTR proteins occur in 8% to 25% of people older 

than 80 years. In this form of senile systemic amyloidosis, only 
cardiac symptoms are seen.

AF involving only the heart (without peripheral neuropa-
thy) was first described in a Danish kindred.187 Since then, AF 
 cardiomyopathy has been described throughout the world. The 
US patients in AF pedigrees usually have symptoms after age 
60  years. Patients with cardiomyopathy from AF present with 
heart failure or arrhythmias, and the clinical picture is virtually 
indistinguishable from that of senile cardiac amyloidosis or AL. 
Twenty-one percent of patients older than 90 years (the gen-
eral patient population) have senile systemic amyloidosis from 
deposition of wild-type TTR.188 The Val122Ile mutation of TTR 
is a major cause of inherited cardiac amyloidosis for African 
Americans. The first report of the mutation described an African 
American man aged 68 years.189 The TTR Val122Ile allele is car-
ried by 3.9% of African Americans, which translates to 1.3 million 
people in the United States.190 Therefore, a finding of cardiac 
amyloidosis without monoclonal gammopathy could represent 
AF-based cardiomyopathy (even without a family history), and 
clinicians should not assume that the patient is affected by AL.191

Mutations in the fibrinogen,192 lysozyme,193 or apolipoprotein 
A1 and A2194–196 and LECT2 proteins may produce inherited 
forms of renal amyloidosis. The amyloidosis associated with these 
mutations has a much better prognosis than that of renal AL. We 
have regularly seen patients who have proteinuria for more than 
a decade without renal failure. Because these patients present 
with proteinuria and the renal biopsy specimen shows amyloid 
deposits, their condition is easily confused with AL. The absence 
of a monoclonal immunoglobulin disorder or the absence of free 
light chains in the serum is an important distinguishing feature. 
However, only immunohistochemical staining or sequencing of 
the amyloid can differentiate these entities definitively. Of 285 
renal amyloid samples, 31 were unclassified and subsequently 
7  were found to be LECT2 related by tandem mass spectrom-
etry.197 Isolation of genomic DNA and polymerase chain reaction 
amplification of LECT2-encoding exons showed no mutations. 
However, all were homozygous for the G allele encoding valine at 
position 40 in the mature protein. LECT2-associated renal amy-
loidosis represents a unique form of renal amyloidosis, especially 
in Mexican Americans, and has only recently been recognized.

The treatment of TTR-derived AF includes liver transplanta-
tion, which makes the distinction between AF and AL critical for 
treatment decisions.198 TTR is produced in the choroid plexus and 
the liver. Regression of amyloid deposits has been reported199 
when liver transplantation is performed before the development 
of disabling peripheral neuropathy, autonomic neuropathy, or 
advanced cardiomyopathy. Patients with the Val30Met muta-
tion in the TTR gene appear to have the best outcome after liver 
transplantation.200 Progressive cardiac amyloidosis has been 
reported after liver transplantation for patients with other TTR 
mutations.201 After mutant TTR is deposited in the myocardium, 
it may serve as a nidus for further deposition of native TTR pro-
duced by the transplanted liver. Autopsy findings show cardiac 
amyloid fibrils with mutant and wild-type TTR.202,203 AF may be 
initially diagnosed as AL unless the patient has a clear family his-
tory of AF. When the referral diagnosis was AL, 34 of 350 patients 
(9.7%) were reported to have AF.204 The most common mutation 
in AF was identified in the gene encoding the fibrinogen A-a 
chain, and the second-most common mutation occurred in the 
gene encoding TTR. A low-grade monoclonal gammopathy was 
detectable in eight patients. All patients who have clinical syn-
dromes consistent with AF should be screened for a genetic cause 
when AL cannot be confirmed unequivocally.204 Of 178 consecu-
tive patients referred for amyloidosis, 54 underwent screening 
with polymerase chain reaction assays to detect AF variants.205 
Three patients had monoclonal gammopathy and a hereditary 
variant; this finding justified routine screening of patients with 
apparent AL for hereditary variants and showed the necessity of 
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immunohistochemical or mass spectroscopic confirmation of the 
type of amyloid protein subunit.

Screens for mutant forms of TTR may be performed using 
immunoaffinity chromatography and immunoprecipitation; both 
are convenient methods for assessing circulating TTR in serum.206 
In addition, TTR variants may be examined using immunoprecipi-
tated serum proteins and matrix-assisted laser desorption ioniza-
tion mass spectrometry.207

The gold standard for protein identification is mass spectro-
scopic analysis of the tissue and direct sequencing to identify the 
amyloid protein, and this evaluation is now standard for all patho-
logic specimens that test Congo red positive seen at Mayo.208,209 
The procedure can be performed on subcutaneous fat. The dis-
tinction between immunoglobulin and nonimmunoglobulin amy-
loidosis is important because nonimmunoglobulin amyloidosis 
does not benefit from chemotherapy.

In summary, any patient with amyloidosis who does not have a 
detectable monoclonal light chain in the serum or urine and does 
not have a clonal population of plasma cells in the bone marrow 
should be considered for AA, AF, or localized amyloidosis. Laser 
capture microdissection mass spectroscopic analysis is the most 
direct method to identify the protein subunit comprising the amy-
loid and is recommended for all positive tissue biopsies.

PresentatIon and ClInICal 
features
We reviewed records of all patients who received a diagnosis of 
AL over a 10-year period at Mayo Clinic. All patients received the 
diagnosis within 30 days of presentation at our institution. All 
had a clonal plasma cell disorder and histologic proof of amyloid 
deposits. Patients with overt multiple myeloma were excluded. 
The male preponderance of AL (67.3%) has been constant at our 
institution for 40 years, and we believe this finding reflects a true 
higher prevalence of the disorder in men. Multiple myeloma also 
is more common in men, but the male-to-female ratio is 52:48. 
Although we have seen patients with amyloidosis who were as 
young as 27 years, the median age of patients with amyloidosis 
was 67 years (range, 39 to 89 years). The median age of patients 
who present with AL in Olmsted County, Minnesota, is 73 years63; 
this age difference suggests that a referral bias to amyloidosis 
treatment centers may exist.

Echocardiographic examinations have dramatically increased 
the ability to recognize cardiac amyloid deposits.210,211 Cardiac 
amyloidosis was seen in 37.4% of patients with AL at Mayo Clinic. 
Congestive heart failure was present in only half of these patients; 
for the other half, the presenting symptoms of cardiac amyloidosis 
were fatigue and dyspnea. These patients had poor cardiac filling 
and low cardiac output, but the ejection fraction was preserved. 
Syncope and arrhythmias also occurred.

Renal amyloid deposits were seen in 30% of patients with AL; 
kidneys were the second-most common organ affected by AL.212 
Nephrotic-range proteinuria was observed for 95% of patients with 
renal AL; the other 5% had amyloid deposits in the interstitium 
and mesangium of the kidney but not the glomeruli, so proteinuria 
was not present. Sensorimotor symmetrical ascending peripheral 
neuropathy was present in 15.3% of AL patients.24 Palpable hepa-
tomegaly was observed in 17.7% of AL patients, but a dominant 
hepatic syndrome was seen in only 4.6%. Gastrointestinal tract 
amyloidosis occurred for 7.1% of patients with AL, and they pre-
sented with intestinal bleeding, pseudo-obstruction, or diarrhea. 
The other 7.8% of patients had amyloid deposits that were identi-
fied in only the tongue, lung, joints, or soft tissues.

At Mayo Clinic, 29.9% of AL patients had two or more organs 
affected, 6% had three affected organs, and 0.5% had four or 
more affected organs.213 When multiple organs were involved, 

the liver was most likely to be affected. Clinically significant 
bleeding (excluding purpura) occurred for only 2.3% of our 
patients.214,215 Congestive heart failure was observed for 22% 
of patients, and carpal tunnel syndrome was observed for 21% 
of patients.212 Edema was noted for 44.8% and fatigue for 
46.4%. Lower-extremity paresthesias, nephrotic-range protein-
uria, orthostatic hypotension, and weight loss were observed 
for 34.9%, 21.0%, 12.5%, and 51.7% of patients, respectively. 
The median survival of our entire cohort was 12 months, 
and the 2- and 5-year survival rates were 33.6% and 14.9%, 
respectively.

Amyloidosis is rarely associated with anemia.216 The hemoglo-
bin level was greater than 100 g/L for 90% of patients and greater 
than 120 g/L for 64.4%. Only 1.5% had hemoglobin levels less 
than 90 g/L, and the cause was usually active gastrointestinal tract 
bleeding or renal failure. The median platelet count of patients with 
AL was 257 × 109/L (range, 46 × 109/L to 809 × 109/L). A platelet count 
greater than 500 × 109/L was seen for 5.5% of patients. The most 
common cause of thrombocytosis in AL is hepatic involvement 
with associated hyposplenism.217,218 A serum creatinine value of 
2 mg/dl or greater was present for 13.6% of patients, and 6.7% 
had alkaline phosphatase levels greater than twice the maximum 
normal value. The number of patients with elevated alkaline phos-
phatase levels was close to the number of patients with clinical 
hepatic amyloid involvement.

The median bone marrow plasma cell percentage of patients 
with AL is 7% (range, 1% to 30%; Fig. 99.8).212 In 11.3% of 
patients with AL, greater than 20% of plasma cells were found 
in the bone marrow, but no other clinical evidence of multiple 
myeloma was observed. Proteinuria is exceedingly common in 
AL, and the median urine protein loss is 790 mg per 24 hours 
(Fig. 99.6).219 Monoclonal l and k light chains (in the serum and 
urine) were found in 70.1% and 18.9% of patients, respectively, 
and 11% had no detectable light chains. For patients with intact 
monoclonal g globulins, the serum heavy chain was IgG, IgA, 
and IgM for 58%, 10%, and 8.2% of patients, respectively. The 
presence of an IgM monoclonal protein in 8.2% is important 
because we have seen many referred patients with a diagno-
sis of Waldenström macroglobulinemia, for whom the amyloid 
syndrome was overlooked.220 Amyloid arthropathy occasionally 
occurs in amyloidosis. Synovial membrane biopsy may establish 
the diagnosis, and chemotherapy may effectively alleviate the joint 
manifestations.221

heart
The heart is the organ that determines the patient outcome, and 
it is the organ most frequently involved in AL.222–224 Amyloid 
is deposited extracellularly and results in a noncompliant and 
thickened left ventricle (Fig. 99.9).225,226 The clinical presenta-
tion is infiltrative cardiomyopathy with restricted diastolic ven-
tricular filling. Many patients with cardiac AL present only with 
fatigue and unexplained weight loss. Early cardiac AL produces 
diastolic dysfunction without systolic dysfunction,227,228 and 
chest radiographs do not show evidence of pulmonary vascular 

FIGURE 99.8. Distribution of bone marrow plasma cells of patients with primary amy-
loidosis (N = 486).
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congestion or cardiomegaly. Moreover, the ejection fraction is 
preserved because amyloid deposition is an infiltrative process 
with diastolic dysfunction only.229 Indeed, because of a low stroke 
volume, a hyperdynamic myocardium may develop with an ele-
vated ejection fraction. This constellation of findings is frequently 
misinterpreted, and the presence of amyloid may be overlooked 
completely. An echocardiographic examination usually shows that 
contractility is normal, but because of poor diastolic filling, the 
end-diastolic volume is reduced and cardiac output is low. The 
electrocardiogram shows low voltage, but this also may be easily 
overlooked.230 The pseudoinfarction pattern of amyloidosis, with 
nearly two thirds of patients showing loss of anterior forces in V1 
through V3,230 may be misinterpreted as ischemic heart disease. 
Electrocardiographic findings are clinically suspicious of silent 
ischemic disease, and patients invariably undergo coronary arte-
riography. Coronary angiogram findings are generally normal.231 
A characteristic echocardiogram shows wall and valve thickening, 
diastolic dysfunction, and a sparkling myocardium (Fig. 99.10). 
The median septal thickness for patients with AL was 14 mm.210 
The septal wall thickness was less than 15 mm for 52.9% and 
greater than or equal to 15 mm for 47.1%.210 Wall thickening 
frequently is misinterpreted as concentric left ventricular hyper-
trophy or asymmetrical septal hypertrophy, rather than infiltrative 
cardiomyopathy.232–234 When ventricular hypertrophy is diag-
nosed from the thickened walls, the electrocardiogram typically 
shows low voltage and does not reflect hypertrophy.235 Screening 
tests for monoclonal protein in the serum or urine should be 
performed for any patient with diastolic heart failure, restrictive 
hemodynamics, or thickened walls.

Patients with cardiac amyloidosis have restriction to blood 
inflow that is characteristic of the disease. Doppler studies are 
best for accurate assessment of myocardial function for AL 
patients. The Doppler filling patterns accurately indicate the 
extent of amyloid infiltration.236 For patients with advanced 
cardiac amyloidosis, a short deceleration time is consistent with 
restrictive physiologic characteristics, but in the early stages 
of cardiac amyloidosis, abnormal relaxation is observed.237 
Decreased fractional shortening and increased ventricular wall 
thickness are the best predictor of outcome in AL. Patients with 
a wall thickness greater than 15 mm and a fractional shortening 
less than 20% have a median survival of 4 months. An impor-
tant measurement is the deceleration time; a short deceleration 
time is indicative of restrictive physiologic characterisitics, and 
a deceleration time shorter than 150 milliseconds is associated 
with worse outcomes than that of a deceleration time longer than 
150 milliseconds.

The most common echocardiographic feature of cardiac amy-
loidosis was thickening of the right ventricular wall, septum, and 
left ventricular free wall. The size of the left ventricular cavity 
was reduced. Approximately 20% of patients had congestive 
heart failure, but echocardiographic studies showed that twice as 
many had cardiac amyloid deposits. Patients with overt cardiac 
amyloidosis often presented with mild symptoms of fatigue and 
dyspnea on exertion. The median survival time of patients with 
cardiac amyloidosis and a septal thickness greater than or equal 
to 15 mm or less than 15 mm at diagnosis was 1 year and 4 years, 
respectively. Syncope with exercise developed for almost one third 
of patients with cardiac AL. A median survival time of 2 months is 
reported with exercise-induced syncope in AL.238 Immunofixation 
of the serum and urine and a free light-chain assay are required 
for any patient who presents with cardiomyopathy or congestive 
heart failure that does not have an obvious ischemic cause.74 The 
echocardiogram is the diagnostic standard for recognizing amy-
loid cardiomyopathy; occasionally, a patient has a nondiagnostic 
echocardiogram and amyloidosis is subsequently proven through 
endomyocardial biopsy, but these occurrences are rare.239 Pulsed 
tissue Doppler imaging, when combined with strain imaging, 
may disclose early signs of amyloidosis. However, functional 
abnormalities may be detected before any morphologic echocar-
diographic abnormalities are evident. Both the left- and right-side 
heart functions may be affected.240

A poor prognosis is associated with right ventricular dilata-
tion and atrial systolic failure.241 For patients who are assumed 
to have hypertrophy because of thickened ventricular walls, the 
finding of thickened mitral and tricuspid valves is a common and 
important clue: thickened valves are not found in hypertensive 
cardiomyopathy.242 Valvular regurgitation is commonly seen 
by Doppler echocardiography, but it does not appear to have 
a clinically significant effect on myocardial performance.242 
Atrioventricular sequential pacing does not benefit cardiac hemo-
dynamics.236 Implantation of a cardioverter-defibrillator does 
not prevent death from cardiac amyloidosis.243 Distinguishing 
pericardial disease from restrictive cardiomyopathy may be dif-
ficult.244 It is rare for surgical pericardiectomy to provide clinical 
benefits to patients with AL. The hazards of surgery for patients 
with cardiac amyloidosis are well established.244,245 As discussed 
previously, a bone marrow biopsy and a fat aspirate will establish 
the diagnosis of cardiac amyloidosis for most patients with the 
disease, but for those with infiltrative cardiomyopathy, endomyo-
cardial biopsy will provide the correct diagnosis for all patients 
when at least three endomyocardial specimens are obtained.246 
Magnetic resonance imaging may be a useful diagnostic technique. 

FIGURE 99.9. Myocardial wall diffusely thickened with amyloid. The whitish deposits 
represent the amyloid and are the lardaceous changes first recognized by Rokitansky. (From 
Gertz MA, Kyle RA. Amyloidosis [AL]. In: Wiernik PH, Goldman JM, Dutcher JP, et al., eds. Neo-
plastic diseases of the blood, 4th ed. New York: Cambridge University Press, 2003. Used with 
permission.)

FIGURE 99.10. Echocardiographic image of concentric thickening of the wall of the 
left ventricle (LV) due to amyloid. RV, right ventricle. (From Gertz MA, Kyle RA. Amyloidosis 
[AL]. In: Wiernik PH, Goldman JM, Dutcher JP, et al., eds. Neoplastic diseases of the blood, 4th 
ed. New York: Cambridge University Press, 2003. Used with permission.)
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The combination of subtle, widespread heterogeneous myocardial 
enhancement on delayed postcontrast inversion recovery in 
T1-weighted images, with ancillary features of restrictive cardiac 
disease, may be highly suggestive of cardiac amyloidosis.247 The 
presence of a positive cardiac magnetic resonance imaging in 
AL was associated with a significantly increased risk of death, in 
particular of cardiac origin, but was not independent of clinical 
congestive heart failure.248

Ventricular thrombi may develop in AL patients because of 
stasis of blood within the cardiac chambers. Embolism may 
result, and the first manifestation of AL may be a stroke.249 For 
AL patients in sinus rhythm, atrial thrombi may develop.250 
Anticoagulation therapy is indicated for AL patients with atrial 
standstill. Most AL patients present with cardiac muscle infiltra-
tion and pump failure, but patients rarely present with symptoms 
of exertional angina and myocardial infarction from amyloid 
deposition in the coronary arteries.251 Angiographic findings are 
normal because epicardial coronary arteries are spared. For such 
patients, standard exercise tests show ischemia,231 but the diag-
nosis of intracoronary amyloid is difficult to establish before death. 
Right ventricular myocardial biopsy may show amyloid deposits 
in small intramural vessels. We previously have described 11 
AL patients who presented with angina or an unstable coronary 
syndrome.252 A classic low-voltage electrocardiogram was seen 
in only two patients. The median survival after symptom develop-
ment was 18 months. Virtually all patients were assigned the diag-
nosis of cardiac amyloidosis during autopsy, which reflects the 
difficulty of recognizing small-vessel coronary arteriolar amyloido-
sis. A follow-up report of obstructive intramural coronary amyloi-
dosis showed that 63 of 96 patients (66%) did not have obstruction 
of epicardial coronary arteries.253 Myocardial ischemia affected 
25% of patients with obstructive intramural coronary amyloido-
sis. Most patients with primary systemic amyloidosis and cardiac 
involvement have obstructive intramural coronary amyloidosis 
and microscopic changes of myocardial ischemia.253

Not all patients with cardiac amyloid have AL. Familial amy-
loid cardiomyopathy, particularly in elderly African American 
men, must be distinguished from AL.191 The clinical presentations 
are similar,254 but patients with AF do not have a monoclonal 
protein in the serum and urine. The most common mutation iden-
tified in patients with AF in the United States is TTR Val122Ile. 
A screen for TTR mutations helps differentiate between patients 
with AF (have the mutation) and AL (do not have the mutation). 
Senile cardiac amyloidosis, which results from the deposition 
of nonmutated TTR, must also be distinguished from AL.255 
Echocardiographic features of AL, AF, and senile cardiac amyloi-
dosis are indistinguishable. All amyloid deposits are positive for 
Congo red stain, so positive staining cannot be used as a criterion 
to classify patients with different types of amyloidosis. The main 
distinguishing clinical feature is the presence of the monoclonal 
protein for patients with AL (patients with the TTR forms of car-
diac amyloid lack monoclonal protein).186

Patients with senile systemic amyloidosis tend to be older than 
those with AL, and virtually all patients with senile systemic amy-
loidosis are men. Proteinuria is not present. Patients tend to have a 
greater left ventricular wall thickness. The severity of heart failure 
is less, and the median survival time is much longer than that of 
patients with cardiac AL.256 The mechanism of amyloid deposition in 
senile systemic amyloidosis is not understood. A quarter of patients 
older than 90 years (general patient population) have cardiac amy-
loid deposits. Clinicians must remember that all forms of cardiac 
amyloidosis are not derived from immunoglobulin light chains.188

Kidney
When a patient has free monoclonal light chains in the urine, 
the differential diagnosis is cryoglobulinemia,257 amyloidosis, 
Randall-type light-chain deposition disease,258 and myeloma cast 

nephropathy.259 The presence of proteinuria does not always 
indicate albuminuria. All patients presenting with proteinuria 
should have immunofixation of the urine performed during the 
first evaluation to exclude light-chain–associated syndromes. 
Kidneys are affected in 28% of AL patients. An Italian group 
has reported that amyloid deposits affect the kidneys for half of 
their patients with AL.260 For nondiabetic adults with nephrotic 
syndrome, amyloidosis is observed in 12% of renal biopsy speci-
mens261; 2.5% to 2.8% of all kidney biopsy specimens contain 
amyloid deposits.

The serum creatinine level at AL diagnosis has prognostic 
value. Patients with a creatinine value less than or greater than 
1.3 mg/dl had a median survival time of 25.6 or 14.9 months, 
respectively. Urinary protein loss did not affect survival. Patients 
with higher levels of albumin loss have a shorter time from 
diagnosis to the development of end-stage renal disease.219 The 
presenting serum creatinine value exceeded 2 mg/dl for 14% of 
patients. The median urinary protein excretion for all AL patients 
was 0.75 g in 24 hours, but 30% had greater than 3 g of urinary 
protein in 24 hours. Only 5% of AL patients had urinary protein 
loss in the reference range. Monoclonal light-chain proteins were 
more likely to be found when the urinary protein loss was high; 
for example, 85% of patients with urinary protein loss exceeding 
1 g/day had detectable monoclonal light chains.

The ratio of patients with underlying l clones to patients with 
k clones is 5:1 among those with nephrotic-range proteinuria. 
Median urinary protein loss for patients with k or l amyloidosis 
is 1.1 or 4.6 g/day, respectively. The l light chain may predispose 
patients to a higher level of renal involvement, but no difference 
in the frequency of renal failure in k or l amyloidosis is observed. 
The median survival of patients with urinary l light chains, 
 urinary k light chains, or no detectable urinary light chains is 1, 
2.5, and 2.5 years, respectively. Severe hypoalbuminemia is the 
result of nephrotic-range proteinuria.77 Diuretics typically are 
required to control edema, but diuretics further aggravate intra-
vascular volume contraction, increase hypotension, and decrease 
renal blood flow. Bilateral catheter embolization of renal arteries 
reduces the loss of urinary protein and increases the serum total 
protein of patients with advanced anasarca.262

Continuous urinary protein loss results in tubular damage, 
and the principal long-term complication is end-stage renal dis-
ease.263 Prognostic factors for development of end-stage renal 
disease were serum creatinine value at presentation and 24-hour 
urinary protein loss. The median time from the diagnosis of AL 
nephrotic syndrome to dialysis was 14 months. After initiation 
of dialysis, the median survival time was 8 months. Most deaths 
of dialysis patients with AL were attributable to cardiac amyloid. 
No survival difference has been recognized between hemodialysis 
and peritoneal dialysis.264 The 1-year survival rate from the start 
of dialysis was 68%.

Patients younger than 45 years had a better survival rate. 
Chemotherapy slowed progression to end-stage renal disease and 
showed a trend toward improved survival. In addition to younger 
age, normal values of serum calcium and creatinine at presenta-
tion favor longer survival. Heart failure, cardiac arrhythmias, 
and refractory hypotension are the most common extrarenal 
complications of AL. Cardiac amyloidosis with renal failure regu-
larly results in dialysis that is complicated by severe hypotension 
(a difficult clinical condition to manage). The amount of protein in 
the urine and the extent of amyloid deposits in a kidney biopsy 
specimen correlate poorly.265 Severe nephrotic syndrome may 
occur, even with low levels of amyloid deposits. All patients with 
nephrotic syndrome undergo ultrasonography, and the kidneys of 
patients with AL are virtually always normal size.266 The urine of 
patients with AL contains fat or fatty acid crystals but no casts or 
red blood cells.267 Of 118 patients with monoclonal gammopathy 
undergoing renal biopsy, 30% had AL. In that cohort, the median 
time from diagnosis to dialysis was 15 months, the median overall 
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survival time was 24 months, and the main cause of death was 
cardiac amyloidosis.

Only 2% of patients with amyloidosis have proteinuria eventu-
ally if it is not present at diagnosis. Of patients with cardiac AL 
who underwent cardiac transplantation and antirejection therapy, 
we have seen nephrotic syndrome develop in two patients. It is 
possible that patients treated before routine organ transplantation 
might not have survived long enough for renal amyloid nephrotic 
syndrome to develop. Amyloid deposits penetrate the glomerular 
basement membrane and result in proteinuria.268 Adult Fanconi 
syndrome,269 renal vein thrombosis,270 and retroperitoneal 
fibrosis have been reported with renal amyloidosis. Fibrillary 
(immunotactoid) glomerulopathy refers to the deposition of fibrils 
in the kidney that initially may be confused with AL.271 However, 
examination by electron microscopy shows that the fibrils of 
fibrillary glomerulopathy are twice the width of amyloid fibrils,272 
and extrarenal disease does not develop in patients with fibril-
lary glomerulopathy. The fibrils are negative for Congo red stain. 
Monoclonal protein typically is not detected in the serum or urine. 
Randall-type light-chain deposition disease indicates granular 
deposition of nonamyloid immunoglobulin light chain along the 
glomerular basement membrane.273 It produces nephrotic syn-
drome and renal insufficiency. Light-chain deposition disease and 
amyloidosis in the same patient has been reported.274 Electron 
microscopy studies of tissues affected by light-chain deposition 
disease do not show fibrils.

Fifteen patients with systemic amyloidosis who underwent 
renal transplantation had SAP scintigraphy studies.275 Abnormal 
uptake of radioactive iodine in the transplanted kidney was 
observed in 4 of 10 patients, and none had a reduction in the 
level of fibril precursor protein. Patients with renal amyloidosis 
had a high prevalence of adrenal dysfunction. Of 22 patients with 
renal amyloidosis, poor cortisol reserves were identified for 7, and 
hypoadrenalism resulted in the death of 4.276 Amyloid deposits 
are regularly found in the adrenal glands at autopsy.

Liver
In one fourth of patients with AL, hepatomegaly is noted during 
physical examination.277 Hepatomegaly is not synonymous with 
hepatic involvement because the high prevalence of right-sided 
heart failure may produce congestive hepatomegaly. One sixth 
of patients had a symptomatic hepatic amyloid syndrome, which 
typically included an increased serum alkaline phosphatase 
or g-glutamyltransferase level and unexplained hepatomegaly. 
Most clinicians suspect that unexplained hepatomegaly is due to 
hepatic metastases, but radionuclide imaging, computed tomog-
raphy, or magnetic resonance imaging demonstrate homogeneous 
patterns. A high proportion of patients with hepatic amyloidosis 
also have renal involvement.

Half the patients with hepatic amyloidosis have proteinuria 
in excess of 1 g every 24 hours. A patient who presents with an 
increased serum alkaline phosphatase value and proteinuria may 
have liver dysfunction resulting from a systemic disorder such 
as amyloidosis. Several key clues may be helpful in establishing 
the diagnosis of hepatic amyloidosis: (1) hepatomegaly out of 
proportion to the degree of liver function abnormality; (2) pres-
ence of Howell-Jolly bodies in a peripheral blood film (suggestive 
of reduced splenic function, a consequence of splenic replace-
ment with amyloid deposits); (3) monoclonal protein (detectable 
by immunofixation) in the serum or urine; (4) proteinuria; and 
(5)  increase of the alkaline phosphatase value with minimal 
increase in transaminase values. Biochemically, patients with 
hepatic amyloidosis tend to have low levels of aspartate amino-
transferase and alanine aminotransferase—almost always less 
than twice the maximum normal value at diagnosis—and the 
bilirubin value is typically normal. Hyperbilirubinemia, when 
present, is usually a preterminal finding.

Hepatic rupture is rare but results in massive intra-abdominal 
hemorrhage that is generally fatal. Computed tomography is use-
ful for diagnosing hepatic rupture with subcapsular hematoma.278 
On physical examination of patients with a confirmed diagnosis 
of hepatic AL, the median measurement of the liver edge extend-
ing below the right costal margin was 7 cm. Hepatomegaly was 
not present in one tenth of patients with biopsy-proven liver AL 
involvement. Hepatic AL was usually diagnosed in these patients 
on the basis of an increased alkaline phosphatase value. At diag-
nosis, the median increase of the serum alkaline phosphatase level 
was 2.3 times the maximum normal value. The serum alkaline 
phosphatase value was the most important screen for determining 
whether a patient had clinically significant hepatic involvement. 
Thirty-six percent of patients with hepatic AL excreted more than 
3 g of protein in the urine per day. Patients with hepatic AL also 
have higher levels of C-reactive protein than those without hepatic 
involvement.279 The proportion of patients with hepatic AL whose 
amyloid deposits were derived from k clones was identical to that 
of patients with other affected organs. It has been suggested that 
an increased incidence of k light chain may be seen in hepatic 
AL,280 but this suggestion was not supported by our data. In a 
study of 98 patients,281 72% had involuntary weight loss and 89% 
had proteinuria. Clinicians considered amyloidosis as the cause of 
the hepatic dysfunction in only 26% of patients. None had hepatic 
rupture or death resulting from liver biopsy, and only 4% had 
bleeding. The predictors of a poor prognosis were heart failure, 
elevated bilirubin levels, and thrombocytosis.

Although symptomatic hepatic amyloid is identified in only 
16%  of AL patients, SAP scans show that hepatic amyloid is 
present in virtually all AL patients.282 Cholestatic jaundice is a 
preterminal finding.283 In hepatic AL, portal hypertension with 
varices and bleeding is rare.284 Presumably, patients succumb to 
hepatic or extrahepatic complications of AL before portal hypertension 
develops.285 It is common to see ascites in patients with hepatic AL, 
but most of these patients also have nephrotic-range proteinuria, 
hypoalbuminemia, or congestive heart failure, all of which are 
more likely to cause ascites. Amyloid deposits are found in liver 
biopsy specimens distributed in the portal tract and perisinusoi-
dally.286 At autopsy, involvement of the portal triad vasculature 
frequently is seen, but the effect of amyloid deposits in the vascula-
ture is not clinically significant.287 After the diagnosis of AL is con-
firmed by liver biopsy, the median survival time is less than 1 year.

Scintigraphy generally is not useful for establishing the diag-
nosis of hepatic AL. The findings are nonspecific and include 
irregular distribution of the radionuclide and, occasionally, 
splenic uptake is absent.288–290 Sinusoidal amyloid deposits 
may compress branches of the hepatic artery, which results in 
the angiographic appearance of luminal irregularity and abrupt 
changes in vascular caliber.291

Amyloidosis is not a contraindication for liver biopsy. Although 
spontaneous hepatic rupture has been described,292 rupture after 
a percutaneous liver biopsy has not been reported. The risk of 
complications after liver biopsy ranges from 0.31% to 3.00%.281 
In our experience, 4% of patients with amyloidosis had bleed-
ing after liver biopsy and none died of the bleeding. Physicians 
should remember that biopsy specimens from subcutaneous fat 
or bone marrow show amyloid deposits in 85% of patients with 
AL. Despite the relative safety of the procedure, if amyloidosis is 
suspected appropriately, liver biopsy usually is not required.

In a statistical analysis, hepatomegaly had a significant impact 
on survival within the first year after diagnosis, perhaps because 
hepatomegaly for some patients may be due to congestive heart 
failure rather than hepatic infiltration. In an autopsy series of nine 
patients with amyloidosis and hepatomegaly,293 three did not 
have anatomical evidence of deposits, and liver enlargement was 
attributable to passive congestion. In a second autopsy study,293 
20% of patients with palpable hepatomegaly and amyloidosis did 
not have histologically evident deposits.
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In patients with AL, the finding of Howell-Jolly bodies is 
highly specific for splenic involvement, but their absence does not 
exclude it. Twelve patients with autopsy-proven diffuse splenic 
involvement have been reported in whom Howell-Jolly bodies 
were not found.294 Scanning of the spleen also does not corre-
late well with the presence of Howell-Jolly bodies observed on a 
peripheral blood smear. In patients with hepatic AL, splenomeg-
aly is present in 11%. Splenic rupture is a recognized complication 
in patients with hepatic amyloid.295,296

In summary, the cardinal features of hepatic AL are hepato-
megaly, monoclonal protein in serum or urine, proteinuria, an 
increase of the alkaline phosphatase value with minimal increase 
of transaminase values, and Howell-Jolly bodies in the blood 
smear of patients with advanced hepatic and splenic involvement.

Gastrointestinal tract
No correlation exists between the presence of gastrointestinal 
tract amyloid deposits and liver amyloid deposits. Only 15% of our 
patients with gastrointestinal tract amyloidosis had hepatomegaly, 
and less than one third had increased alkaline phosphatase val-
ues.297 When routine screening biopsies are performed on the 
rectum or intestinal tract, amyloid deposits are found in most 
patients with AL.118 Generally, deposits are vascular, but occa-
sionally, they are in the submucosa of the bowel; they produce 
symptoms (e.g., steatorrhea, nausea, vomiting, abdominal pain, 
hematemesis, and hematochezia) for only a few patients.298 Bowel 
dysfunction in AL may result from direct infiltration of the bowel 
lining or from a motility disturbance attributable to damaged 
regulatory nerves of the intestinal tract.299 The high prevalence 
of anorexia and weight loss does not correlate with the presence 
of gastrointestinal tract amyloid deposits. Typically, patients had 
a median delay of 7 months between the onset of gastrointes-
tinal symptoms and the histologic recognition of AL, although 
one patient had a delay of 4 years. Four of our 19 patients with 
gastrointestinal tract AL underwent laparotomy for evaluation of 
intestinal symptoms. For three of these four patients, diagnosis 
was delayed because the surgical specimens were not routinely 
stained with Congo red.297

Steatorrhea and low serum carotene levels were seen in less 
than 5% of patients with gastrointestinal tract amyloidosis. These 
patients were not distinguishable clinically from those with celiac 
sprue, Whipple disease, or bacterial overgrowth. Small-bowel 
biopsy findings showed amyloid deposits for 19 of our patients 
with AL. This number constitutes only 1% of the AL population at 
our institution,297 and it does not include patients who had clini-
cal evidence of malabsorption, for whom a small-bowel biopsy 
was not performed (widespread amyloidosis was evident in other 
organs). Diarrhea, anorexia, dizziness, and abdominal pain were 
the most common symptoms. All patients had weight loss (median 
loss, 30 pounds). Half the patients had orthostatic hypotension. 
A prolongation of prothrombin time, primarily from malabsorp-
tion of vitamin K, was present in one fourth of patients. Factor X 
deficiency also was seen in one fourth, but only one patient had 
factor X activity below 30%. A multivariate analysis showed that 
the degree of weight loss and the hemoglobin value at diagnosis 
affected survival. For patients presenting with a weight loss of 
20  pounds or more, the median survival was 10 months. Ten 
patients died as a consequence of nutritional failure and five died 
of heart failure. The severe diarrhea of patients with systemic 
amyloidosis could not be explained by malabsorption generally, 
bacterial overgrowth, or malabsorption of electrolytes by epithe-
lial cells. Transit of polyethylene glycol was 10 times faster than 
that of healthy subjects. Autonomic neuropathy was the likely 
cause of rapid gastrointestinal tract transit.300

Patients with amyloidosis may have esophageal dysmotility 
or gastroesophageal reflux of the upper gastrointestinal tract.301 
Multiple reports describe patients who had surgical intervention 

for obstruction, only to have amyloid deposits identified histologi-
cally.302,303 The most frequent symptoms of pseudo-obstruction 
are nausea (even during fasting) and emesis,304 and abdominal 
distention and pain are common.305 Dilatation of small-bowel 
loops is rare.306 The typical radiographic findings of a patient 
with intestinal amyloid deposits include increased fluid accumula-
tion in the small bowel, loop dilatation with delayed transit, and 
thickening or nodularity. Computed tomography may show mild 
splenomegaly or lymphadenopathy, but it generally does not help 
establish the diagnosis. Esophagitis, duodenitis, and gastritis are 
commonly found during endoscopic procedures.307 It is rare for 
these changes to cause symptomatic bleeding.

Ischemic colitis rarely is the presenting feature of AL.308 The 
amyloid deposits obstruct vessels of the muscularis mucosa and 
lamina propria. The obstructed blood supply leads to mucosal 
ischemia, sloughing of the bowel lining, and hemorrhage.309 
Barium studies show luminal narrowing, mucosal fold thickening, 
and ulcers. The most common location of ischemia is the recto-
sigmoid and descending colon.310 Vascular obstruction from AL 
has been reported to cause duodenal perforation.311 Hematemesis 
and hematochezia were rare in patients who did not undergo 
stem cell transplantation. In our experience, treatment of the 
underlying AL does not result in recovery of intestinal motility 
after pseudo-obstruction develops. For patients with pseudo-
obstruction, extensive replacement of the muscularis propria by 
amyloid is prominent.312

Nervous System
In 1938, the first description of peripheral nerve amyloidosis 
was published.313 Among patients with AL, 15% to 20% have 
paresthesias and neuropathy symptoms.314 The clinical picture is 
often dominated by cardiac or renal involvement, and the periph-
eral neuropathy is minimally symptomatic. Echocardiographic 
abnormalities are found in 44% of patients who present with AL 
neuropathy. When a predominant neuropathy is seen in a patient 
with biopsy-proven amyloidosis, the possibility of AF should be 
considered. The absence of a monoclonal protein in the serum or 
urine is clinically useful for distinguishing between AL and AF.315 
Paresthesias, pain, numbness, muscle weakness, impotence, uri-
nary retention, and orthostatic symptomatology are the most fre-
quent symptoms of amyloid neuropathy.316 Twelve percent of the 
patients have syncope. Dysesthesia that manifests as distal burn-
ing is present in one fourth of the patients. Of those with periph-
eral neuropathy, autonomic neuropathy is seen in two thirds, and 
lower-extremity involvement precedes upper-extremity involve-
ment for nearly 90%. Involvement of the cranial nerves in AL is 
rare.317,318 Half the patients with amyloid peripheral neuropathy 
also have carpal tunnel syndrome, a soft-tissue manifestation of 
amyloidosis. Frequently, it is difficult to distinguish electrodiag-
nostically between upper-extremity neuropathy and carpal tunnel 
syndrome. Weight loss was recognized in one third of patients. 
Rarely is painful sensory neuropathy, mononeuropathy multiplex, 
or demyelinating polyneuropathy the presenting manifestation of 
AL neuropathy.319

An important diagnostic clue for amyloid neuropathy is its 
association with autonomic neuropathy.320 Voiding difficulties 
are often due to detrusor weakness and impaired bladder sensa-
tion. The underlying mechanism of urinary dysfunction seems 
to involve postganglionic, cholinergic, and afferent somatic 
nerves.321 However, when patients present with peripheral neu-
ropathy, amyloidosis usually is not considered in the differential 
diagnosis. The median delay between onset of paresthesias and 
biopsy proof of amyloidosis is 29 months.

Amyloidosis typically causes loss of small myelinated and 
unmyelinated fibers. Electromyography does not sensitively detect 
changes in small unmyelinated fibers. Consequently, patients 
may have symptoms of amyloid neuropathy and have normal 
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electromyographic findings. As it progresses, the neuropathy 
of amyloidosis is axonal and demyelinating. The loss of myelin 
results in an elevation of cerebrospinal fluid protein value in 
one third of patients. Axonal degeneration is detected in 96% 
of patients with amyloid myopathy. Typical electromyographic 
changes consist of reduced amplitude of compound muscle action 
potentials, decreased or absent sensory responses, mild slowing 
of nerve conduction velocity, and fibrillation potentials on needle 
examination.322

Although sural nerve biopsy is the standard method of diag-
nosing amyloid neuropathy, less invasive fat or bone marrow 
biopsies may also confirm the diagnosis.316 With sural nerve 
biopsy, amyloid deposits are found in the endoneurial capillaries 
or in the epineurium.323 Teased fibers show axonal degeneration 
and a marked decrease in myelin fiber density. Although Mayo 
Clinic uses sural nerve biopsy as the standard diagnostic method, 
the biopsy is not 100% sensitive. Nine patients were reported to 
have amyloid neuropathy, but six had negative sural nerve biopsy 
findings.324 Amyloid proteins may have been deposited at the 
nerve root, which resulted in distal demyelination without recog-
nizable deposits in the sural nerve. Amyloid is deposited focally 
in the nerve, and multiple sections of the sural nerve need to be 
examined to confirm the diagnosis.

For AL patients who present with a dominant neuropathy, 
the median survival time is 25 to 35 months.325,326 Clinical 
improvement in peripheral neuropathy is rare with traditional 
chemotherapy, and it is infrequent even with high-dose therapy. 
The clinical course for most cases of peripheral neuropathy is 
progressive neuropathy over time. One third of patients ultimately 
are bedridden, and three fourths have marked restriction in their 
mobility and a reduced ability to perform the activities of daily liv-
ing. The serum albumin value is the only prognostic factor that is 
associated with survival for patients who present with a dominant 
neuropathy. The median survival was 31 months for patients with 
an albumin value greater than 3 g/dl but only 18 months for those 
with serum albumin levels less than 3 g/dl (Fig. 99.11).

All patients who present with a peripheral neuropathy should 
be screened with immunofixation assays of serum and urine and 
with immunoglobulin free light-chain measurement. A patient 
with peripheral neuropathy and monoclonal light chains has a 
restricted differential diagnosis that includes (1) amyloidosis; 
(2) cryoglobulinemia; (3) the polyneuropathy, organomegaly, 
endocrinopathy, M protein, and skin change syndrome (POEMS-
osteosclerotic myeloma)327; and (4) neuropathy associated with 
monoclonal gammopathy of undetermined significance.

respiratory tract
We have reviewed our experience with pulmonary deposition of 
amyloid.136 Most patients who present with amyloidosis involv-
ing the respiratory tract have only localized tracheobronchial or 
nodular pulmonary amyloid deposits. A patient with laryngeal 
amyloidosis was treated with adjuvant external beam radiation 
to a dose of 45 Gy. At 11 months, the patient’s voice, breathing, 
and swallowing had improved substantially.328 Neither localized 
tracheobronchial nor nodular pulmonary amyloid deposits are 
associated with systemic disease, and both have a good progno-
sis.220,329,330 Nodular pulmonary amyloidosis, if recognized, does 
not always require intervention. It frequently may be nonprogres-
sive for 5 years or longer.331

Patients who present with systemic amyloidosis may have dif-
fuse, interstitial pulmonary involvement and concomitant cardiac 
involvement that usually overshadow any respiratory symp-
toms.332 Gas exchange is preserved until amyloid deposition in 
the alveolar interstitial space is advanced.333 Diffuse alveolar sep-
tal amyloid deposits rarely cause hemoptysis.334 Minor salivary 
gland involvement is shown histologically in a high proportion of 
patients with AL,335 and many patients report xerostomia.336,337 
Patients with AL have received incorrect diagnoses of Sjögren 
syndrome. Skeletal muscle and diaphragmatic involvement can 
produce muscular weakness and ventilatory failure.336,338,339 
Rarely, pleural deposits of amyloid cause pleural effusions.340,341 
Bevacizumab has been used to treat effusions in AL.342 Occlusive 
amyloid deposits in the pulmonary circulation system may occa-
sionally cause pulmonary hypertension with resultant right-sided 
cardiac failure.343,344 After a diagnosis of diffuse interstitial pul-
monary amyloidosis was established, the median survival time 
was 16 months; for the small percentage of patients with pulmo-
nary hypertension, the median survival was 2.8 years.

Patients whose amyloidosis is associated with an IgM mono-
clonal protein or Waldenström macroglobulinemia have a higher 
prevalence of pulmonary amyloid deposits.220 Monoclonal protein 
is not seen in nodular pulmonary amyloidosis or tracheobronchial 
amyloidosis; only interstitial pulmonary amyloidosis is associ-
ated with free immunoglobulin light chains in serum or urine. 
Pulmonary involvement, when part of a systemic immunoglobulin 
light-chain amyloid syndrome,345 appears radiographically as a 
nonspecific interstitial or reticulonodular pattern.346 The diagno-
sis is easily obtained by a transbronchial lung biopsy, which is not 
associated with excessive bleeding.

Autopsy studies of pulmonary amyloidosis have been pub-
lished.347 In one study,348 histologic specimens from 11 of 
12  patients had deposits in the lung. Deposition was seen in 
blood vessel walls and the alveolar septum. Only 4 of the 12 had 
clinical dyspnea, and pulmonary amyloidosis was responsible for 
the death of 1 patient. Thus, patients with unexplained dyspnea 
or fluid overload who have normal left ventricular diastolic and 
systolic function should be evaluated for pulmonary hypertension 
attributable to AL.

Coagulation System
Amyloidosis increases the fragility of blood vessels because of 
infiltration of the vessel wall,349 and complications may include 
clinically significant hemorrhage215 or thrombosis. The most com-
mon manifestation of hemorrhage is purpura. Prolonged throm-
bin time is a frequently observed abnormality of amyloidosis,350 
and it is attributed to the presence of an inhibitor of fibrin polym-
erization in the plasma or the effects of prolonged nephrotic-
range proteinuria with severe serum hypoalbuminemia. Acquired 
hemostatic abnormalities include coagulation factor deficiencies, 
hyperfibrinolysis, and platelet dysfunction.

Acquired factor X deficiency is an uncommon, but well- 
documented, complication of AL81,214,351,352; nevertheless, bleed-
ing is unlikely if factor X levels are higher than 25%. Fewer than 

FIGURE 99.11. The effect of serum (S) albumin level on the survival of patients with 
isolated amyloid peripheral neuropathy. (From Rajkumar SV, Gertz MA, Kyle RA. Prognosis 
of patients with primary systemic amyloidosis who present with dominant neuropathy. Am J Med 
1998;104:232–237. Used with permission.)
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5% of patients have a serious deficiency of factor X with plasma 
levels less than 10% of the reference level for factor X,81,214 and 
patients with cardiac and renal involvement in the absence of 
hepatic involvement do not show clinically significant reductions 
in factor X levels. However, clinically significant bleeding com-
plications may occur, especially for patients with ischemic colitis 
attributable to vascular occlusions.351,352 For one patient, factor X 
deficiency was treated with recombinant human factor VIIa dur-
ing preparation for surgical splenectomy.353 Bleeding disorders 
resulting from low levels of a2 plasmin inhibitors, increased levels 
of plasminogen activators, and abnormal platelet aggregation also 
have been reported.354 Life-threatening bleeding from acquired 
factor V deficiency has been reported.355 Fatal retroperitoneal 
hemorrhage developed, despite infusions of fresh frozen plasma. 
Autopsy findings showed that the patient had massive deposits of 
AL in the liver, spleen, and heart.

In one study, 36 AL patients were evaluated for coagulation 
disorders.350 Only one patient had severe bleeding, and mild to 
moderate hemorrhage was observed in nine patients. The most 
common abnormalities were prolongation of the reptilase and 
thrombin times. A severe factor X deficiency was seen in only one 
patient. The activated partial thromboplastin time was prolonged 
for 25 patients, and the prothrombin time was prolonged for 8. A 
lupus anticoagulant was not detected in any patient.

Black et al.356 described patients with amyloidosis who had 
documented episodes of thromboembolism. Similarly, Halligan 
et al.357 described patients with documented thromboembolism. 
Of 2,132 patients, those with myocardial infarction, peripheral 
vascular disease, and stroke were excluded, and records of 
40 patients (19 women, 21 men; median age, 65 years) with docu-
mented thromboemboli were examined. In 11 of the 40 patients, 
thromboembolism preceded the diagnosis of amyloidosis, and 
for 9 of these 11 patients, the thromboembolic event occurred 1 
month or more before the diagnosis of amyloidosis was estab-
lished. In 20 of the 40 patients, the thromboembolism occurred 
1 month or more after the diagnosis of AL was established. The 
thrombosis was venous for 29 patients and involved (in decreas-
ing order of frequency) vessels in the calf, subclavian veins, 
popliteal regions, inferior venae cavae, common femoral veins, 
and atrioventricular fistulae. Arterial thrombosis was seen in 11 
and involved femoral, popliteal, or multiple arteries, and the atria 
were affected in 2 patients. Of the 40 patients, 37 had additional 
risk factors for thrombosis, including nephrotic syndrome (20 
patients), immobilization (13 patients), tobacco use (6 patients), 
heart failure (8 patients), estrogen therapy (1 patient), obesity 
(4 patients), aortic aneurysm (1 patient), prosthetic material (4 
patients), and disseminated intravascular coagulation (2 patients). 
Five patients had activated protein C resistance. Eight patients 
died within a month of the thrombosis, and 18 of the 40 died 
within the first year. Thus, thrombosis appears to be a strong pre-
dictor of imminent death within the first month (or perhaps the 
first year) after the event for patients with AL. The type of heavy 
or light chain and the organ distribution of amyloid deposits did 
not predict the development of a thromboembolic event.

PrognostIC features
After amyloidosis has been confirmed (histologic evidence from a 
fat aspirate or bone marrow biopsy specimen, a compatible clini-
cal syndrome, and monoclonal protein in the serum or urine), the 
patient needs to be advised of his or her prognosis. Congestive 
heart failure (caused by progressive cardiomyopathy) and sudden 
death (caused by asystole or ventricular fibrillation) are the most 
common causes of death for patients with AL. The most important 
determinant of clinical outcome is the extent of cardiac involve-
ment. Other recognized adverse predictors of survival include 
referral status, heart failure, hyposplenic peripheral blood film, 

free light chains in the urine, elevated serum creatinine level, 
bone marrow plasmacytosis greater than 30%, circulating plasma 
cells in the peripheral blood, elevated bone marrow plasma cell 
labeling index, and increased b2-microglobulin levels.

Exertional syncope is a predictor of early death.238,358 More sub-
tle cardiac findings also have prognostic value. Echocardiography 
is an important tool for assessing the prognosis of patients with 
AL. Two-dimensional and Doppler echocardiography shows that 
40% of AL patients have cardiac involvement, although only 
17% have symptoms of heart failure. In a Mayo Clinic study of 
64  patients,359 cardiac relaxation was abnormal in the early 
stages of amyloidosis, but patients with advanced amyloidosis had 
restrictive filling and a shortened deceleration time.360 Doppler 
echocardiography may be performed serially to monitor diastolic 
dysfunction in cardiac AL. The 1-year survival rate of patients 
who had a deceleration time greater than 150 milliseconds 
(measured by Doppler echocardiography) was 92%; in contrast, 
the 1-year survival rate was 49% for patients with a decelera-
tion time less than 150 milliseconds. The Doppler-measured left 
ventricular diastolic filling parameters359,361 are also independent 
prognostic features. Doppler studies of right ventricular diastolic 
function show filling abnormalities that correlate with the degree 
of amyloid infiltration (measured by right ventricular free-wall 
thickness).362,363 Patients with elevated serum cardiac troponin 
levels have a shortened overall survival.364

Detection of Howell-Jolly bodies during examination of a 
peripheral blood film indicates advanced splenic involvement that 
usually is associated with advanced hepatic involvement and a 
median survival of 4.4 months.365 Findings from a renal biopsy 
may provide prognostic information.366 Patients have a better 
prognosis if they have a lower percentage of thickened glomerular 
capillary walls, a higher incidence of amyloid deposits in vessels 
but not glomerular capillaries, and deposits of IgG and C3 in 
mesangial and glomerular capillary walls. The serum creatinine 
value at diagnosis and the presence of a urinary light chain are 
both important prognostic indicators. If the serum creatinine 
value at diagnosis is abnormal, the median survival is 15 months. 
Patients who have free light chains in the urine have a shorter 
survival (12 months) than those who do not (35 months).

In a multivariate analysis, heart failure and orthostatic hypo-
tension were associated with a median survival of less than 
1 year in a cohort of 229 patients.73 An analysis was performed 
for 147 AL patients to identify cytoplasmic immunoglobulin–
positive plasma cells by using a sensitive slide-based immuno-
fluorescent technique. The percentage of circulating cytoplasmic 
immunoglobulin-positive cells was calculated by measuring the 
number of circulating monoclonal plasma cells. Circulating blood 
plasma cells were observed for 16% of AL patients. The median 
survival of patients with and without circulating cells was 10 and 
29 months, respectively.367 Independent prognosticators of sur-
vival included the presence of peripheral blood plasma cells and 
the serum b2-microglobulin value. When AL patients with co-
existing multiple myeloma and dominant cardiac amyloidosis 
were excluded, the presence of peripheral blood plasma cells had 
independent prognostic value. A slide-based immunofluorescence 
technique was used to detect circulating peripheral blood plasma 
cells in 16% of AL patients.368 Overall survival was 13 or 31 
months for patients with or without circulating blood plasma cells, 
respectively. The identification of circulating peripheral blood 
plasma cells may help select treatment for patients with AL.368

When serum b2-microglobulin levels were compared, AL 
patients with values within the reference range had a median 
survival time of 33 months, and patients with elevated values 
had a median survival of 11 months.369 The prognostic value of 
b2-microglobulin levels was independent of the presence of renal 
failure or heart failure. The median survival of patients with normal 
renal function and elevated b2-microglobulin values was 9 months, 
but it was 39 months for patients with normal b2-microglobulin 
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values. Congestive heart failure and serum b2-microglobulin values 
remain important predictors of outcome (Fig. 99.12).370

In a cohort of 153 patients with AL, the median survival time 
of the entire group was 20 months; the 5-year survival rate was 
20%.371 Of the patients who presented with congestive heart 
failure, the 5-year survival rate was 2.4% and the median sur-
vival time was 8 months. When peripheral neuropathy was the 
sole manifestation of AL, the 5-year survival rate was 32% and 
the median survival time was 40 months. When assessing the 
long-term prognosis, the investigators found it useful to classify 
patients into four groups by clinical manifestations of AL: (1) heart 
failure, (2) peripheral neuropathy, (3) nephrotic syndrome, and 
(4) other. Women had a slightly longer survival time than men.

Referral bias definitely is evident at large treatment centers for 
amyloidosis. To be treated at a distant center, the patient a priori 
must physically be able to travel. This type of information must be 
considered when attempting to interpret the results of clinical trials 
reported from a single center. Of patients with amyloidosis who were 
evaluated at Mayo Clinic, the median survival was 2 years. If the 
cohort was limited to patients who were evaluated within 30 days of 
diagnosis, however, the median survival decreased to 13 months.212

When uniform statistical criteria were applied to a large cohort 
of patients with AL, the median survival of the entire group was 
12 months (range, 4 months [for patients with congestive heart 
failure] to 50 months [for patients with peripheral neuropa-
thy]).370 Within the first year after diagnosis, the significant prog-
nostic factors included heart failure, urinary light chains, multiple 
myeloma, and hepatomegaly. After the first year, the predictors of 
poor outcome were an increased serum creatinine value, multiple 
myeloma, monoclonal serum protein, and orthostatic hypoten-
sion. When studies of treatment outcomes are compared, stratifi-
cation of variables that affect survival is important.

All patients being assessed for AL should have an echocar-
diographic evaluation that includes Doppler studies of diastolic 
performance, ejection fraction, and mitral deceleration time. The 
absolute values of immunoglobulin free light chains have prog-
nostic value for patients with AL. Patients with higher baseline 
levels of free light chains have an increased risk of death (hazard 
ratio, 2.6), and achievement of a free light-chain response is a 
better predictor of survival than the standard defined complete 
hematologic response.372 A staging system that includes serum 
cardiac troponin levels and N-terminal probrain natriuretic 
peptide (NT-proBNP) levels was developed for patients with AL. 
Depending on whether troponin and NT-proBNP levels were both 
low, both high, or high for only one component, three stages were 
defined with median survivals of 26.4, 10.5, and 3.5 months, 

respectively (Fig. 99.13). This staging system should facilitate more 
consistent and reliable comparisons of therapeutic outcomes.373 A 
similar result was seen when this staging system was applied to 
patients who underwent stem cell transplantation. Patients with 
stage 3 who underwent transplantation had a median survival of 
26.1 months, but patients with stage 1 and stage 2 who underwent 
transplantation had a median survival of 66 months.374 Reducing 
the level of amyloidogenic free light chain by more than 50% has 
been associated with substantial survival benefit, regardless of the 
type of chemotherapy used. Organ improvement is delayed, but 
the treatment strategy may be guided by the early effect of therapy 
on the free light-chain concentration.375

The 4-year overall suvival after AL diagnosis has improved 
during every recent decade of follow-up: 21%, 24%, and 33%, 
respectively, for the decades 1977 through 1986, 1987 through 
1996, and 1997 through 2006 (P < .001).376 Yet, the 1-year mor-
tality rate continued to be high during these three decades. A risk 
stratification score that used cardiac troponin T, NT-proBNP, and 
uric acid identified the patients at risk for early death. The 1-year 
mortality rate was 19%, 37%, 61%, and 80%, respectively, for 
patients with zero, one, two, or three risk factors.376

A 90% reduction in dFLC (the involved less the uninvolved 
free light-chain level) after stem cell transplant best predicted 
survival at 3 or 5 years. The median overall survival among those 
patients with a 90% decrease was not reached compared with 
37.4 months for the rest of the patients (P < .001). The free light 
chain level used as a response criterion is a more useful measure 
than M-protein response. A minimum of a 90% reduction in the 
dFLC is associated with the best outcomes.377 One study reported 
that interphase-fluorescence in situ hybridization coupled to cyto-
plasmic staining of specific Ig is an important test for patients 
with light-chain amyloidosis378 in whom t(11;14) is an unfavor-
able prognostic factor. Risk of death for patients who had t(11;14) 
translocation was 2.1 (95% confidence interval, 1.04 to 6.4), which 
on multivariate analysis was independent of therapy received.

treatment

Supportive therapy for amyloidosis

Cardiac Amyloidosis
Diuretic agents are the mainstay of therapy for patients with 
 cardiac AL.379 Diuretic therapy is complicated because many 
patients have orthostatic hypotension and intravascular 

FIGURE 99.12. The effect of congestive heart failure (CHF) on survival of patients with 
amyloidosis. (From Gertz M, Lacy MQ, Dispenzieri A. Amyloidosis. In: Mehta J, Singhal S, eds. 
Myeloma. London: Martin Dunitz, 2002. Used with permission.)

FIGURE 99.13. Survival of patients with primary amyloidosis who were treated 
with nontransplant therapy. Patients were categorized into three stages by level of brain 
 natriuretic peptide and troponin T levels (P < .01). OS, overall survival.
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volume contraction, which are consequences of the nephrotic 
syndrome.380,381 Diuretic therapy may precipitate a decrease in 
renal blood flow; the associated increase in serum creatinine 
concentration may induce syncope.382 Loop diuretics are typically 
used to control edema. Doses of furosemide may be as high as 
120 mg three times per day. If loop diuretics fail to control edema, 
 metolazone may be beneficial.

Patients with recurrent syncope may receive permanent 
pacemakers.383,384 Those with exertional syncope should be 
considered for the placement of an implantable cardioverter-
defibrillator because most patients with cardiac AL die within 
2 months after syncope develops.238,359 For some patients with 
recurrent syncope, an implantable cardioverter-defibrillator has 
been placed.385

The standard treatment of patients with heart failure includes 
orally administered angiotensin-converting enzyme inhibitors.386 
Whether these agents result in similar survival benefits for 
patients with cardiac AL is unknown.387,388 Their use is problem-
atic for AL patients because of the high incidence of associated 
hypotension. Sudden cardiac death is well recognized in patients 
with cardiac AL.389 Congestive heart failure may be precipitated 
by use of calcium channel blockers, such as nifedipine and diltia-
zem. Amyloid fibrils selectively bind nifedipine, which could result 
in high intracellular levels of the medication.390,391

Fludrocortisone acetate (0.1 mg orally two or three times per 
day) may be used to treat AL orthostatic hypotension.392 The dose 
has been escalated from 0.4 to 2.0 mg daily.393 Adverse effects 
of fludrocortisone include supine hypertension, increased fluid 
retention with aggravation of heart failure, severe hypokalemia, 
and edema.394 Fludrocortisone is not well tolerated in elderly 
patients with AL. Midodrine is another agent that has been used 
to treat hypotension in AL patients.395 Midodrine dosage starts at 
2.5 mg three times per day at 4-hour intervals. Supine hyperten-
sion is an adverse effect of midodrine, and the drug is normally 
given only during waking hours.396 The drug is absorbed rapidly 
from the intestinal tract, and peak serum levels are attained 
within 30 minutes. The initial dose may be increased as needed to 
achieve therapeutic endpoints. The maximum recommended daily 
dose for midodrine is 40 mg. Active metabolites of midodrine 
are excreted by the kidney, and patients with renal insufficiency 
should begin with a reduced dose. Evidence of midodrine toxic-
ity includes restlessness, supine hypertension, and tachycardia. 
Severe orthostatic hypotension that was not affected by midodrine 
and fludrocortisone may be treated successfully with erythropoie-
tin, but success is not correlated with the correction of anemia.397

Patients with cardiac AL have received heart transplants. 
Seven patients who received cardiac allografts had a mean age 
of 46 years.398 For five of the patients, the mean survival time 
after transplantation was 32 months. Recurrent amyloid depos-
its were reported in the allograft for two patients at 3.5 and 
4.0 months; one died 13 months after transplantation. There was 
one operative death. One patient retained heart function (class 
I) 1 year after transplantation, but amyloid deposits were seen 
in an  endomyocardial biopsy specimen at 14 weeks after trans-
plantation. A successive report of 10 patients399 noted that 4 of 
9 patients survived longer than 1 month, and patients had a high 
prevalence of recurrent amyloid deposition in the transplanted 
heart. One patient with amyloidosis survived 9 years after cardiac 
transplantation, and we have experience with a patient who did 
well 11 years after cardiac transplantation.

A report of 10 patients who received a cardiac transplant 
between 1984 and 1997 indicated a 20% perioperative mortality 
rate; the 8 surviving patients had a 50-month follow-up period.400 
Endomyocardial biopsy specimens showed recurrent amyloid 
deposits in the grafted heart for five of the eight patients at 5, 
11, 12, 28, and 30 months. No patient had echocardiographic 
evidence of amyloid deposits. Overall, 7 of the 10 patients died 
after transplantation (median survival, 32 months; range, 3 to 

116 months). For four of these seven patients, extracardiac amy-
loid deposits developed. The 1- and 5-year survival rates were 
60% and 30%, respectively. The perioperative mortality rate of 
20% was attributable to extracardiac amyloid deposits.

Heart transplantation is feasible technically, but treatment to 
eliminate the underlying plasma cell proliferative disorder is nec-
essary for a favorable outcome.400 Thirteen Mayo Clinic patients 
with cardiac AL have received a heart transplant.401 The actuarial 
5-year survival rate was 50%, which was inferior to the survival 
of patients who underwent transplantation for primary cardiomy-
opathy. Eleven cardiac transplant recipients have received stem 
cell transplantation at our institution; of these patients, six are 
alive at 2 to 7 years after the transplantation.

Heart transplantation has been reported by a number of 
groups for the management of amyloid cardiomyopathy. The 
United Network for Organ Sharing database contained records 
of 69 patients with a diagnosis of amyloidosis who received a 
heart transplant. The records noted 5 operative deaths and 29 
late deaths. Nine recipients died of amyloid-related complications. 
Patient sex influenced survival: The 1-year survival rate was 84% 
for men and 64% for women.402 Five patients had sequential heart 
transplantation and stem cell transplantation in an effort to pre-
vent recurrent amyloid deposition. Two patients died of progres-
sive amyloidosis at 33 and 90 months after heart transplantation. 
Three of five patients were without biopsy evidence of amyloid 
accumulation.403 One patient had successful allogeneic bone mar-
row transplantation and cardiac transplantation.404 In the United 
Kingdom, 24 patients with amyloid heart disease had cardiac 
transplantation; of these patients, 17 had AL. Survival was supe-
rior for seven patients with AL who also received chemotherapy; 
the 1-, 2-, and 5-year survival rates of the seven patients were 
86%, 86%, and 64%, respectively. Two were alive at the end of the 
study period. These survival rates were less than those of patients 
undergoing transplantation for other indications. Progression 
of amyloidosis contributed substantially to the increased mor-
tality rate.405 In a single-center report of five patients (four of 
whom received a heart transplant),406 two were alive at 60 and 
41 months. One patient had a combined heart–liver transplanta-
tion, and two patients died after intervention at 23 months.

Nine patients underwent heart transplantation. Eight of the 
patients received high-dose chemotherapy followed by an autolo-
gous stem cell transplant. Six of seven evaluable patients achieved 
a hematologic complete remission, and one was a partial remis-
sion. At a median follow-up of 56 months from heart transplant, 
five of seven patients are alive without recurrence. Their survival 
was compared with 17,389 patients who received heart transplant 
for nonamyloid heart disease: 64% in nonamyloid versus 60% in 
amyloid patients at 7 years (P = .83). Seven of eight patients who 
receved a transplant have had no evidence of recurrent amyloid 
in their cardiac allograft.407

Renal Amyloidosis
Diuretics, compressive support hose, low-sodium diets, and 
selective use of albumin diuresis are the mainstays of renal ther-
apy for amyloidosis. Angiotensin-converting enzyme inhibitors 
may reduce proteinuria for patients with nephrotic syndrome. 
The mechanism appears to be postglomerular vasodilatation. 
Symptoms of toxicity of angiotensin-converting enzyme inhibitors 
include hyperkalemia and hypotension. Enalapril and lisinopril 
have been reported to decrease proteinuria and corticosteroid-
resistant nephrotic syndrome that is due to focal segmental 
glomerulosclerosis. The possibility that angiotensin-converting 
enzyme inhibitors may be active in amyloid nephropathy has not 
been explored.408,409

The results of hemodialysis for AL patients are inferior to those 
for patients with primary kidney disorders. The 2-year survival 
rate for all dialysis patients is 76%, but it is 53% for patients 
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with renal AL.410 The first report of patients with amyloidosis 
who underwent continuous ambulatory peritoneal dialysis was 
published in 1984; the three patients survived between 10 to 18 
months.411 One of the three patients received a renal transplant 
and survived 57 months; however, autopsy findings showed 
widespread amyloidosis. In a review of 61 AL patients receiving 
dialysis, 18 died within a month after initiating dialysis.412 Of 
the 43 other patients, the median survival time was 61 months. 
Hemodialysis and chronic ambulatory peritoneal dialysis had 
identical long-term survival rates. Younger patients had superior 
outcomes. Patients most commonly succumbed to development 
of extrarenal amyloid deposits in the gastrointestinal tract and 
heart. In the Mayo Clinic experience, two thirds of the deaths of 
dialysis patients with AL resulted from extrarenal progression 
(mostly cardiac amyloidosis). Most reports of the outcome of dialy-
sis for renal amyloidosis describe patients with AA.275,413,414 In a 
report of 12 patients (2 with AL), only 4 survived 2 years after kid-
ney transplantation. Renal biopsy specimens from two of the four 
survivors showed amyloid deposits. Among patients presenting 
with renal AL, 42% received renal replacement therapy compared 
with 5% of patients who did not present with renal involvement. 
Patients with kidney amyloid who ultimately required dialysis 
support had significantly higher serum creatinine and 24-hour 
urine protein levels at diagnosis. Patients with l light chains 
were significantly more likely to have kidney involvement and 
had significantly greater urinary protein loss than those with k 
light chain. Serum creatinine level was an independent predictor 
of survival even when corrected for heart involvement. For the 
38 patients reported who received dialysis, median survival from 
the initiation of dialysis was 10.4 months and 26% of patients with 
AL ultimately received renal replacement therapy compared with 
42% of patients who presented with renal AL.415

The development of amyloidosis in a transplanted kidney is 
well recognized.416 Eleven amyloidosis patients were studied 
after undergoing renal transplantation.417 Three amyloid recur-
rences were observed at 11, 28, and 37 months. Two AL patients 
who underwent renal transplantation died; one had renal failure 
attributable to new deposits of amyloid in the grafted kidney, and 
the other had cardiac amyloidosis (renal function was stable). 
Another report described 45 patients with amyloidosis who 
underwent kidney transplantation.418 The 3-year survival rate of 
these patients was 51%. Patient age greater than 40 years was 
the major determinant of a poor outcome. The median age of AL 
patients in the study was 62 years. Recurrent amyloid deposits 
in the allograft were established histologically for four patients. 
The authors of the study estimated that the chance of amyloido-
sis recurrence at 1 year after transplantation was 20%. Two AL 
patients had renal biopsies showing recurrent amyloid deposition 
after transplantation.419 In that study, no factors predicted recur-
rence. Two additional AL patients receiving renal transplants 
were reported. Glomerular amyloidosis developed in one and 
caused renal failure and death. The other patient died of cardiac 
amyloidosis. Pasternack et al.418 reported inferior survival of 
patients with renal AL.

Living-donor kidney transplantation and autologous stem cell 
transplantation have been reported in patients with amyloidosis. 
Eight patients underwent living-donor kidney transplantation. 
Two had complications and died 3 and 10 months after the pro-
cedure. Stem cells were harvested successfully for six patients, 
and five underwent stem cell transplantation. Renal function was 
stable for four patients; it was reduced for one patient because 
of infections and bleeding complications. Sequential living-donor 
kidney transplantation and autologous stem cell transplantation 
are feasible,420 although there is controversy about whether the 
stem cell transplantation should precede the kidney transplanta-
tion.421 Nineteen patients with AL underwent living (n = 18) or 
deceased (n = 1) kidney transplantation at our institution from 
1999 to 2008 (median age, 57 years422). Six of the patients were 

women. Outcome data were stratified in accordance with three 
treatment regimens: group 1, kidney transplantation followed by 
autologous stem cell transplantation (n = 8); group 2, autologous 
stem cell transplantation followed by kidney transplantation (n = 
6); and group 3, kidney transplantation after complete remission 
achieved with nonmyeloablative therapy (n = 5) (median follow-
up, 41.4 months). At the time of the study, 79% of the patients 
were still alive. The treatment groups did not differ in their sur-
vival rates. Recurrent amyloidosis was diagnosed through biopsy 
in a patient in group 2 (before an autologous stem cell transplan-
tation) and in another patient in group 3.

Hepatic and Gastrointestinal Tract Amyloidosis
No specific supportive care measures are available for hepatic 
amyloidosis. Ascites seen in these patients is more commonly 
associated with concurrent right-sided heart failure or nephrotic 
syndrome because portal hypertension is not common. Diuresis 
and, on occasion, paracentesis are the mainstays of support. 
Patients with hepatic AL have been treated with transjugular 
intrahepatic portal systemic shunting,423 which results in reso-
lution of ascites and hydrothorax. For a patient with renal and 
hepatic amyloidosis, bilateral nephrectomy resulted in mark-
edly improved liver function and normalization of a previously 
elevated bilirubin value.424 The median survival of 98 patients 
with amyloidosis (histologically proven with liver biopsy speci-
mens) was 8.5 months.281 Stem cell transplantation performed in 
tandem at 10 and 14 months after liver transplantation resulted in 
a good clinical outcome 28 months after liver transplantation.425

Amyloid deposits are commonly seen in the gastrointestinal 
tract. Intestinal symptoms include alternating diarrhea and con-
stipation in the same patient. Bowel disturbances may result from 
massive deposits in the gastrointestinal tract; malabsorption syn-
drome or dysmotility may be a consequence of autonomic involve-
ment. Therapy for diarrhea includes diphenoxylate, tincture of 
opium, loperamide, or paregoric, but results vary. Octreotide (a 
somatostatin analog) has been reported to reduce diarrhea. In 
the short-acting form, the dose is 200 to 300 mg/day, divided 
into two or three doses. A long-acting form of octreotide, which 
comes in 10-, 20-, and 30-mg doses, may be used. (This is a 
sustained-release formulation of injectable octreotide that lasts for 
2 months.) A dose may be given on a monthly basis for 2 months, 
and it may then be adjusted according to the patient’s response. 
Patients who are disabled because of diarrhea and fecal inconti-
nence may undergo a diverting colostomy, which may result in 
excellent patient satisfaction. Patients with intestinal AL some-
times have such severe nutritional failure that long-term total par-
enteral nutrition is required. We have not found metoclopramide 
or cholinergic agents to be effective. A colon biopsy showing amy-
loid deposits might be localized, not systemic, disease.426

Respiratory Amyloidosis
For patients with localized tracheobronchial or laryngeal amy-
loidosis, neodymium:yttrium–aluminum–garnet laser therapy is 
standard treatment. Low-dose irradiation has been reported to 
improve obstructive symptoms.137 Nodular pulmonary amyloidosis 
may be observed or be treated with surgical excision. For patients 
with diffuse interstitial pulmonary amyloidosis and true disruption 
of the alveolar arterial gradient, low doses of prednisone produce 
symptomatic benefits, although radiographic changes are not 
evident. The therapy for pulmonary hypertension includes vasodi-
lators and calcium channel blockers. Many patients with amyloi-
dosis are intolerant of these medications because of the associated 
orthostatic hypotension. Pulmonary amyloidosis may be part of 
systemic amyloidosis or may be organ limited. Interstitial amyloid 
deposits affect gas exchange. Airway stenosis from tracheobron-
chial amyloid deposits may necessitate iterative laser treatment.427
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Factor X Deficiency
Therapy for factor X deficiency has included the use of oral 
melphalan, prednisone, and stem cell transplantation.428 For a 
patient who is an appropriate candidate, splenectomy results in 
improvement of factor X levels,429 and infusion of activated fac-
tor VII can temporarily normalize coagulation factors and permit 
safe splenectomy.359 The management of factor X deficiency with 
recombinant human factor VII and splenectomy has resolved 
intractable hematuria.430 Prothrombin complex concentrates 
containing high levels of factor X have also been used before 
 performing a hemicolectomy in AL.431

Nonchemotherapy treatment

Dimethyl Sulfoxide
The best results of DMSO treatment were achieved when it was used 
in topical applications for patients with cutaneous amyloidosis432 
and after cystoscopic treatment for patients with bladder amyloi-
dosis.142,433 DMSO is not used in the management of AL today.434

Colchicine
FMF is associated with the development of AA in an autosomal 
dominant inheritance pattern. Clinical features of FMF are pleuri-
tis, peritonitis, synovitis, and migratory skin rash.435 This disorder 
is rarely seen in the Western hemisphere, and it primarily affects 
individuals of Sephardic Jewish, Armenian, Arabic, and Turkish 
ethnicity. Recurrent attacks of polyserositis are not required for 
development of amyloidosis. Fully one fourth of patients in whom 
AA develops do not have any history of arthritis or polyserositis. 
In the Middle East, one fourth of renal amyloidosis cases are 
attributable to the presence of FMF.77 With the introduction of 
colchicine therapy, the survival of FMF patients has improved 
(median, 25 months) and the 5-year survival rate is 20%. For 
patients with FMF, the clinical manifestation of AA is protein-
uria, nephrotic syndrome, and dialysis-dependent renal failure. 
Colchicine has been shown to prevent attacks of polyserositis 
effectively in two double-blind placebo-controlled studies436,437; 
the frequency of attacks was reduced by 82% and 78%.

Colchicine decreased the incidence of renal amyloidosis by 
nearly two thirds for patients with FMF.438,439 When patients 
were adherent with colchicine therapy, development of amyloi-
dosis was rare. Occasionally, colchicine in FMF reversed the pro-
teinuria associated with established renal amyloidosis. When 350 
children younger than 16 years (with clinically evident FMF) were 
given prophylactic colchicine, amyloidosis developed in none.440 
After renal failure develops from AA in FMF, colchicine prevents 
recurrent amyloid deposition in the grafted kidney. Colchicine 
can be administered safely to children and pregnant women.441 
The classic clinical picture of FMF is recurrent, acute, short-lived, 
febrile, and painful attacks. The gene that causes FMF (MEFV) has 
been fully sequenced.442 Hereditary periodic fevers with amyloi-
dosis have also been described as a cryopyrin-associated periodic 
syndrome. Colchicine is only effective in the management of FMF 
and is not effective for any other periodic fever syndrome.50

Measuring responses in primary amyloidosis
Surrogate measurements typically are used to assess responses 
in amyloidosis. For example, responses to treatment may be 
defined by clinical improvement in dysfunctional organs or 
by reduced levels of the amyloid precursor protein. The lat-
ter involves measuring the monoclonal protein component and 
applying criteria that were established for patients with multiple 
myeloma. The third method of defining response is by SAP scan 
findings, but this technique is not widely available. All patients 

who have detectable serum or urine monoclonal proteins or free 
light chains must have this variable monitored after any thera-
peutic intervention. A reduction in the size of the M component 
peak or light chain suggests that production of amyloid precursor 
protein is decreased. The immunoglobulin free light-chain neph-
elometric assay has been invaluable for quantifying monoclonal 
proteins that previously were classified only as present or absent. 
In assessment of response with the free light-chain assay, the 
criterion conventionally accepted as a partial response is a 50% 
reduction in the concentration of the free light chains. A very 
good partial remission is defined as a dFLC less than 40 mg/L. 
When the free light-chain assay findings are negative (<2% of AL 
patients) and the M component is not measurable, a response is 
defined as the disappearance of light chains when examined by 
immunofixation.443 The median number of plasma cells at diag-
nosis is 5%, which makes estimation of plasma cell reductions 
difficult. In addition, even when the percentage of plasma cells is 
1% or 2%, sophisticated studies using immunofluorescent assays 
to detect a clonal population through gene rearrangements sug-
gest that molecular complete responses are rare.444

The quantitative serum free light-chain assay has become 
mandatory for assessing the treatment response of patients with 
AL. Patients with a hematologic partial response can show evi-
dence of improved cardiac function by echocardiography and by 
reduction of cardiac biomarkers. The decreased concentration of 
free light chains is associated with improved survival. Similarly, 
when free light-chain levels are not reduced after chemotherapy, 
patients have a high risk of early death.445 The free light-chain 
test is also useful after histologic tissue diagnosis of amyloidosis 
to determine whether the patient has AL.446 We have found that 
absolute values of immunoglobulin free light chains have prog-
nostic value for patients undergoing stem cell transplantation. 
Achievement of a free light-chain response was a better predictor 
of survival than achievement of a complete hematologic response 
as defined by serum and urine immunofixation assays. The free 
light-chain measurements before and after stem cell transplanta-
tion are important predictors of outcome.372 When the free light-
chain analysis was performed after chemotherapy for 25 patients, 
the levels of free light chain decreased significantly, and all 
patients with a k-to-l ratio of 0.26:1.65 had a good prognosis.447 
The circulating free light-chain concentration was measured 
in 262 patients with AL. Of the 86 patients who had at least a 
50%  decrease in free light-chain concentration, the 5-year sur-
vival rate was 88%; in contrast, patients who did not have a light-
chain decrease of 50% had a 5-year survival rate of 39%.375 Used 
to measure hematologic response, the free light-chain response 
is a more useful gauge than the M-protein response. Attaining a 
dFLC reduction of 90% or more is important to improved outcome 
of patients with light-chain AL.377 Amyloid deposition in fat tissue 
undergoes substantial histologic regression only after normaliza-
tion of the level of serum free light chain.448

Organ response criteria have been defined. Ideally, a response 
in amyloidosis is accompanied by improved function of a previ-
ously involved organ. A 50% reduction in the amount of albumin 
excreted in the urine within 24 hours, with no increase in serum 
creatinine levels and no decrease in serum albumin concentra-
tion, is the generally accepted definition of a response for patients 
with renal amyloid nephrotic syndrome. A 50% reduction in 
serum alkaline phosphatase with no increase in transaminase 
or bilirubin levels is considered an organ response for hepatic 
AL. Reduction in liver size is less common. Documentation of 
amyloid regressions in the heart is difficult with echocardiog-
raphy. A  reduction in wall thickness of 2 mm, measured by 
two-dimensional echocardiography, has been proposed as confir-
mation of a response. Interprocedural variability is considerable, 
however, and caution is required when confirming a cardiac 
response or progression on the basis of echocardiographic crite-
ria only. New criteria using NT-proBNP define cardiac response 
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as a reduction of more than 30%, with a minimum decrement 
of 300 pg/ml. Although rare, a response in amyloid peripheral 
neuropathy should be documented by an electromyogram show-
ing improved nerve conduction velocities. A consensus definition 
of organ involvement and treatment response incorporating the 
free light-chain assay was developed at the Tenth International 
Symposium on Amyloid and Amyloidosis.449

Chemotherapy for amyloidosis
To date, most therapies for AL have been directed toward killing 
the underlying plasma cell clone. The cornerstone of therapy, 
described in the following section, has been alkylation or cortico-
steroid based. However, with advances made in the last decade 
for myeloma treatment, new regimens have been tested, but none 
have been subjected to randomized clinical trials. Successful 
cytotoxic chemotherapy to induce regression of AL was reported 
in 1972.450 The use of alkylating agents to suppress plasma cell 
clones in the bone marrow of AL patients occurred after the rec-
ognized success of these agents in the treatment of patients with 
multiple myeloma.451 More recently, high doses of chemotherapy 
with peripheral blood stem cell support have been applied.452 
Unlike in multiple myeloma, recognition of an organ response in 
AL may take up to 1 year. In the case of intermittent low-dose 
chemotherapy, it is difficult to distinguish between patients who 
will respond after longer exposure to therapy and those who will 
not benefit from therapy and who should be offered an alterna-
tive therapeutic approach.453,454 In vitro studies of the plasma 
cells from AL patients show aberrant light-chain synthesis. In one 
study,455 the cytoplasm of the plasma cells contained light-chain 
tetramers. After successful alkylating agent–based chemotherapy, 
light-chain synthesis was suppressed and a clinical response was 
observed.

The two earliest reports of melphalan and prednisone ther-
apy456,457 showed responses and prolongation of survival for 
a minority of patients. Patients with renal, cardiac, or liver AL 
appeared to benefit, but elevated b2-microglobulin levels and 
cardiac involvement were predictors of failure of response.458,459 
Although therapy with melphalan and prednisone has been 
shown repeatedly to benefit a subgroup of patients with AL, the 
majority of patients did not respond. Even with subset analysis, 
no cohort had a response rate that exceeded 40%, including 
patients with single-organ renal involvement and normal serum 
creatinine values. Moreover, even when patients showed an organ 
response, follow-up tissue biopsy specimens showed persistent 
deposits of amyloid.460 Because follow-up biopsies are performed 
infrequently, it is unclear whether clinical improvement is regu-
larly associated with histologic regression. SAP scans suggest, 
however, that these deposits may be mobilized and that the total 
amyloid body burden is reduced.

When the Mayo Clinic experience with melphalan and pred-
nisone therapy was reviewed,371 the overall response rate was 
only 18%. Increased serum creatinine concentration also had 
an adverse impact on survival; patients with serum creatinine 
values that exceeded 3 mg/dl at the initiation of therapy did not 
have a response. The highest response rate (39%) was observed 
with the small group of patients with nephrotic syndrome, no 
extrarenal involvement, normal serum creatinine values, and 
normal echocardiographic findings. Responses were noted for 
patients with amyloid cardiomyopathy, suggesting that no patient 
is too ill for treatment. The response rate, however, was low 
(15%).371 Clinical regression of neuropathic symptoms, such as 
pain, paresthesias, and numbness, is rare after melphalan-based 
chemotherapy. Although only 18% of patients responded to mel-
phalan, their median survival time was 89 months. The 5-year 
survival rate of this small subgroup was 78%. The median time to 
response was 1 year. Nonresponders had a median survival of 15 
months. It is often difficult to know when to discontinue low-dose 

melphalan-based therapy. If alternative therapies, such as high-
dose chemotherapy with peripheral blood stem cell support, are 
not viable, a trial of alkylating agent–based chemotherapy for AL 
may be beneficial and is a reasonable consideration for virtually 
all patients.

Long-term survival is possible for patients with AL. One report 
described 841 patients with AL who were studied over a 21-year 
period.461 The actuarial survival rate for the patients at 1, 5, and 
10 years was 51%, 16%, and 4.7%, respectively. The 10-year 
survivors (30 patients) received treatment with melphalan and 
prednisone. Fourteen had a documented hematologic response 
with eradication of M protein from the serum and urine. Ten 
patients had nephrotic-range proteinuria, and four had a reduc-
tion in urinary protein excretion of greater than 50%. Unfavorable 
prognostic features for 10-year survival included heart failure, 
older age, creatinine values greater than 2 mg/dl, greater than 
20% bone marrow plasma cells, and a platelet count greater than 
500 × 109/L. In a report of 10 patients with AL, 8 were treated 
with cyclophosphamide and melphalan.462 No patient responded 
to treatment. Four patients received infusion of vincristine, doxo-
rubicin, and dexamethasone over 96 hours. Two patients showed 
a 50% reduction in the serum M component level.

A randomized crossover study of melphalan and prednisone 
versus colchicine was reported.456 The 101 eligible patients were 
stratified by the clinical manifestation of amyloidosis: (1) heart 
failure, (2) neuropathy, (3) nephrotic syndrome, and (4) other. 
Patients were also stratified by age. Significant differences that 
favored melphalan and prednisone therapy were observed.

Two prospective, randomized noncrossover studies were 
performed to evaluate melphalan and prednisone therapy for 
patients with AL. In one study, 219 patients were enrolled.457 
Patients were stratified by age, sex, and clinical manifestation. 
Half of the patients had nephrotic-range proteinuria, and 20% had 
heart failure. The median survival was significantly longer in the 
groups treated with melphalan and prednisone (17 months) than 
in the colchicine group (8.5 months).

The second study463 randomly assigned 100 patients to receive 
colchicine therapy or a combination of melphalan, prednisone, 
and colchicine. The overall survival of the patient group was 
6.7 months in the colchicine-only group and 12.2 months in the 
melphalan group. With multivariate analysis, melphalan had a 
significant impact on survival when heart failure was not present.

Although melphalan is a superior therapy in the treatment of 
AL, the frequency of response with melphalan is low, and the treat-
ment itself is potentially leukemogenic. Of 153 patients receiving 
melphalan, cytogenetic abnormalities were recognized in 10.464 
All cytogenetic changes were consistent with damage to hemato-
poietic stem cells. Eight of the 10 patients died of pancytopenia, 
one died of progressive renal amyloidosis, and one was alive at 
the time of publication. Morphologically, four patients had acute 
leukemia and five had myelodysplasia. Overall, bone marrow 
damage consistent with alkylation-induced toxicity was observed 
for 7% of the patient population. The actuarial risk was 21% for 
myelodysplasia or acute leukemia developing 42 months after ini-
tiation of therapy. The median survival period was 8 months after 
receiving the diagnosis of leukemia or myelodysplasia.

In one study, nine consecutive patients were treated with 
dexamethasone alone (dosage, 40 mg on days 1 through 4, days 
9 through 12, and days 17 through 20, every 5 weeks for three 
to six cycles).465 This treatment was followed by maintenance 
levels of interferon. Three patients received maintenance levels 
of dexamethasone (dosage, 40 mg on days 1 through 4, every 
month for 1 year). An AL organ improvement was reported in 
eight of the nine patients. Of seven with nephrotic-range pro-
teinuria, six had a 50% reduction in proteinuria, with a median 
time to response of only 4 months. Organ function improvement 
was reported in amyloid neuropathy, hepatic involvement, and 
gastrointestinal involvement. Neither patient with heart failure 
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showed improvement. Dexamethasone has no tendency to cause 
leukemia, and the responses are faster than with melphalan. 
When we treated 19 patients with high-dose dexamethasone in 
an identical regimen without interferon, only 3 had an objective 
organ response.466 The median survival of the entire group was 
11.2 months. When cardiac amyloid is not present, high-dose 
dexamethasone treatment may produce benefit in some patients 
with AL. We also have used dexamethasone when melphalan and 
prednisone therapy failed.466 Among 25 patients who received 
high-dose dexamethasone treatment, three objective responses 
with organ-specific improvement were observed. The median sur-
vival of the entire group was 13.8 months. Dexamethasone may 
be beneficial when treatment with melphalan fails,467 but toxicity 
may be formidable and may include fluid retention, gastrointesti-
nal bleeding, and colonic perforation.

The combination of melphalan with high-dose dexamethasone 
treatment has been reported in the management of amyloido-
sis.468 Patients were selected on the basis of their ineligibility for 
stem cell transplantation. Of 46 patients, a hematologic response 
was seen in 31 (67%); of these, a hematologic complete response 
was seen in 15 (33%). Improvement in organ dysfunction was 
observed in 22 patients (48%). A strong correlation was noted 
between hematologic response and organ response. Of the 
patients who achieved a hematologic complete response, 87% had 
organ improvement. Among the patients who achieved a hemato-
logic response (at least 50% reduction of the M component), organ 
function improved in 56% of patients. The 15 who had no response 
also had no improvement in organ function. Advantages of this 
regimen included a 4% mortality rate on day 100 and resolution of 
cardiac failure for 6 of 32 patients. The median time to response 
was short (4.5 months), and only 11% had adverse effects. Using 
a similar melphalan- and dexamethasone-based regimen, phy-
sicians at Weill-Cornell School of Medicine reported a median 
survival of only 10.5 months. Outcomes appear to be strongly 
linked to the proportion of patients with cardiac amyloidosis.469 
With melphalan administered parenterally with dexamethasone 
in patients who had immunoglobulin light-chain amyloidosis, the 
median survival of 61 patients was 17.5 months. The 3-month 
all-cause mortality rate was 28%.470 In Boston, a study of 70 
patients who were treated with melphalan and dexamethasone 
showed that, among 48 patients who survived and returned for 
follow-up assessment, 6 patients (13%) had a full hematologic 
response and 12 patients (25%) had a partial response. Responses 
of the patients who received weekly “low-dose” dexamethasone 
treatment were not inferior compared with those who received 
4-day pulses. Median survival for the 70 patients has not yet been 
reached (median follow-up, 17 months).471 There appear to be 
two factors that help account for at least some of this difference. 
First, the assessment of response using the immunoglobulin free 
light-chain assay did not exist in the early studies of melphalan-
based therapy but has been used regularly since 2005, resulting 
in improved ability to monitor hematologic responses. Second, 
the mix of patients, particularly those with cardiac amyloidosis, is 
very important in determining overall outcomes.

Reduced-dosage dexamethasone produces high response 
rates for patients with AL472 compared with response rates of 
patients receiving the traditional dosage.473 Among 93 patients 
with biopsy-proven AL, hematologic complete remissions were 
observed for 24%, and improvement in AL-related organ dysfunc-
tion occurred for 45%.473 Median survival of the entire cohort 
was 31 months, and the 2-year event-free survival rate was 52%. 
Heart failure and the b2-microglobulin levels were predictors of 
adverse outcome. Front-line therapy with dexamethasone may 
lead to durable reversal of AL-related organ dysfunction and to 
prolonged survival.

Use of thalidomide has been explored in the treatment of 
amyloidosis. Sixteen patients (median age, 62 years) were 
treated,474 and the median maximum tolerated dose was 300 mg. 

Exacerbation of peripheral neuropathy and pulmonary edema 
occurred frequently, and 50% of patients had Grade 3 or 4 toxic-
ity. No patient had a complete hematologic response; 25% had a 
significant reduction in light-chain proteinuria. Twelve patients 
at our institution were treated with thalidomide.475 Nine patients 
had cognitive difficulty, edema, and constipation, and two had 
deep vein thrombosis and syncope. The median time receiving 
thalidomide therapy was 72 days. Two patients died, and the 
other 10 withdrew from treatment (6 because of toxicity and 
4 because of disease progression). Patients with AL had poor 
tolerance of thalidomide. In another study,476 thalidomide was 
combined with dexamethasone in doses of up to 400 mg per day. 
A hematologic response was achieved in 48% of patients , 19% had 
a hematologic complete response, and 26% had organ responses. 
The median time to response was 3.6 months. Treatment-related 
toxicity occurred for 65%. Thalidomide, dexamethasone, and 
cyclophosphamide have been reported to produce a hematologic 
response rate of 74%.477

A phase 2 trial of 35 patients receiving lenalidomide showed 
therapeutic activity when lenalidomide was combined with dexa-
methasone.478 When lenalidomide was used alone, four patients 
showed a response. Eight of 13 evaluable patients had a measur-
able hematologic response. Three responses were complete or 
near complete. Lenalidomide is well tolerated by patients with AL 
and may result in excellent hematologic responses. In an update, 
progression-free survival of patients with complete response was 
49.8 months.479 In a second study, 41% of patients receiving 
salvage treatment with lenalidomide who had renal amyloid had 
a reduction in urinary protein, but the response duration and 
overall survival were not reported.480 In that study, high-risk 
patients were less likely to respond to lenalidomide. Therapy with 
lenalidomide can change cardiac biomarkers481 and alter renal 
function in amyloidosis.482

Lenalidomide also has been combined with melphalan and 
dexamethasone.483 The maximum tolerated dose of lenalidomide 
is 15 mg. This three-drug oral combination produced hema-
tologic responses in 58% and complete responses in 42%. The 
2-year event-free survival rate and the overall survival rate were 
54% and 81%, respectively. In addition, lenalidomide was com-
bined with cyclophosphamide and dexamethasone in the treat-
ment of 35 patients.484 Hematologic response rate was 60%. In 
those patients receiving at least 4 treatment cycles, the response 
rate was 87% (median overall survival, 16.1 months).

A randomized study of cyclophosphamide–thalidomide–dexa-
methasone treatment compared with melphalan–dexamethasone 
treatment suggested a greater complete response rate with the 
three-drug regimen, albeit with greater toxicity.485 One caution-
ary note when using lenalidomide or thalidomide in patients 
with AL is that the NT-proBNP level appears to increase after the 
initiation of therapy. Recognition of potential immunomodulatory 
drug-induced cardiac toxicity is important when these agents are 
used. High levels of NT-proBNP are predictive of an inability to 
tolerate immunomodulatory agents for amyloidosis.486

Pomalidomide, a derivative of thalidomide with structural 
similarity to thalidomide and lenalidomide, was given to 29 evalu-
able patients in one study.487 All patients had received treatment 
previously and 13 of the patients had received a prior autologous 
stem cell transplantation. Previously, an immunomodulatory 
agent was given to 15 patients and bortezomib to 12. Twenty-
nine patients evaluable for hematologic response were seen. The 
overall response rate was 38% (11 patients). Combined treatment 
with pomalidomide and dexamethasone is promising. One-year 
survival and progression-free survival rates were 77% and 56%, 
respectively. Pomalidomide was considered effective and safe for 
patients, including those in whom prior lenalidomide or thalido-
mide therapy had failed.

Eighty percent of evaluable patients in the first reported study 
of bortezomib for amyloidosis had a hematologic response.488 
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Among 18 patients, the hematologic response rate was 77%, with 
a 16% complete response rate. A phase 1 dose-escalation study of 
bortezomib given either twice weekly on days 1, 4, 8, and 11 every 
21 days or on days 1, 8, 15, and 22 every 35 days reported hema-
tologic responses in 50% of patients. The weekly regimen was 
associated with decreased neurotoxicity. There was a 1-year 
hematologic progression-free rate of 72.2% and 74.6% and a 
1-year survival rate of 93.8% and 84%, respectively, for the twice-
weekly and once-weekly doses.489 Among 70 patients, 29% had 
renal responses and 13% had cardiac responses. Discontinuation 
and dose reduction due to the toxicity were greater with the twice-
weekly than once-weekly dose. Both dose schedules represent 
active, well-tolerated regimens in relapsed AL.490

The combination of bortezomib and dexamethasone has been 
used after stem cell transplantation as consolidation to improve 
the depth of response.491 Of 23 patients, 17 received bortezo-
mib posttransplantation; 74% achieved a complete response 
and 58% achieved an organ response. A multicenter study of 94 
patients receiving bortezomib and dexamethasone showed hema-
tologic responses in 71% of patients; responses were complete 
in 25%.492 Cardiac response was seen in 29% of patients. The 
NT-proBNP predicted survival. In a study of bortezomib–dexa-
methasone therapy in 26 patients, the overall response rate was 
54%, with complete responses in 31% of patients. Median time 
to response was 7.5 weeks, but the median progression-free and 
overall survivals were 5 and 18.7 months, respectively, suggesting 
short durability with bortezomib combined with dexamethasone. 
No grade 3 to 4 neuropathy was observed.493

Stem Cell transplantation
Hematopoietic stem cell transplantation for AL is inherently dif-
ferent from transplantation for other hematologic cancers.494 
Patients with lymphoma, multiple myeloma, or leukemia typically 
have considerable bone marrow abnormalities that manifest as 
multiple cytopenias, but these patients generally have excellent 
cardiac, hepatic, and renal function and a performance status of 
0 or 1. In contrast, AL patients often have clinically significant 
visceral organ dysfunction, which puts them at a high risk for 
complications after high-dose chemotherapy. Hematologic abnor-
malities such as anemia, leukopenia, and thrombocytopenia are 
uncommon.

Syngeneic transplantation was reported in the treatment of 
a patient with AL in 1995.495 A SAP scan showed a reduction 
in amyloid deposits. In one report, two AL patients had abla-
tive allogeneic bone marrow transplantation.496 The first had a 
hematologic response and underwent an allogeneic transplanta-
tion after melphalan treatment (110 mg/m2) and total body irra-
diation (1,200 cGy). The patient achieved a complete hematologic 
response and was alive 29 months after transplantation. The 
second patient received a stem cell transplant from a human leu-
kocyte antigen–identical sibling after treatment with melphalan 
(140  mg/m2) and total body irradiation (800 cGy). The urinary 
protein loss decreased from 9.15 to 1.3 g/day. The patient had 
chronic graft-versus-host disease of the skin and liver but was 
alive 18 months after transplantation.

Allogeneic stem cell transplantation may be a promising treat-
ment, but the mortality rate is high. The European Group for 
Blood and Marrow Transplantation reported 19 patients with 
AL.497 Fifteen underwent allogeneic transplantation: seven had 
full-intensity conditioning and eight had reduced-intensity condi-
tioning. Overall survival and progression-free survival at 1 year 
were 60% and 53%, respectively. The treatment-related mortality 
rate was 40%. Eight patients had a complete response and two 
had a partial response. For five of seven evaluable patients who 
had a complete response, chronic graft-versus-host disease was 
observed, which implied existence of a graft-versus-amyloidosis 
effect. Cardiac failure was a clinically significant problem. It is 

unlikely that allogeneic or nonmyeloablative allogeneic trans-
plantation will be applicable to a large proportion of AL patients 
because of the age restrictions and the need for good performance 
status and adequate renal function. Allogeneic hematopoietic cell 
transplantation after reduced-intensity conditioning should be dis-
cussed as a treatment option for relapse after autologous hemato-
poietic cell transplantation in patients younger than 60 years with 
preserved organ functions and a HLA-identical donor.498

Most reported experiences with myeloablative chemotherapy 
involve progenitor cell replacement with autologous peripheral 
blood stem cells. The blood stem cells are used because they are 
easy to collect and have relatively rapid engraftment kinetics. Most 
AL patients who receive blood stem cells show clonotypic cells in 
the apheresis product. CD34+ cell selection to eliminate the clono-
typic stem cells may be performed, but its impact on outcome is 
uncertain.499 It is known that CD34+ selection yields no survival 
benefit for patients with multiple myeloma who undergo stem cell 
transplantation,500 and we have no reason to believe that the out-
come would be different for patients with AL. Clinicians at Boston 
University first reported five patients with AL receiving stem cell 
transplants, and all showed a clinical response.501 When the cohort 
was expanded to 25 patients, a hematologic response was reported 
for 62% and an organ response for 65% of surviving patients.502

Another report described 250 patients who received melpha-
lan (100 to 200 mg/m2) before stem cell transplantation.503 The 
median patient age was 57 years, and 53% of patients had echo-
cardiographic evidence of amyloidosis. The 3-month transplant-
related mortality rate was 14%; 11% of patients who initiated stem 
cell collection did not undergo transplantation because of death 
or mobilization toxicities that precluded safe transplantation. 
During mobilization, 23 patients had major morbidities; 18 did 
not undergo stem cell transplantation. Four patients had cardiac 
arrest during stem cell infusion, and six additional cardiac arrests 
were noted during the weeks after transplantation. Febrile neutro-
penia occurred in 62 patients, 17 had gastrointestinal tract hemor-
rhage, and 12 had progressive renal failure that required dialysis. 
At a mean follow-up time of 23 months, 66% of the patients were 
alive. The best responses were from patients with isolated renal 
amyloidosis. Lower toxicity grades were observed in patients who 
received lower conditioning doses of melphalan (100 mg/m2).

Multicenter surveys that reported the outcome of transplanta-
tion were first published in 1998.504 In France, 21 patients with 
systemic AL received transplants: 18 were treated with melphalan 
alone and 3 had regimens that included total body irradiation. 
The death rate was 43%, and 9 of the 21 died within 1 month after 
transplantation. All deaths were attributable to multiorgan failure, 
including one patient with intractable bleeding. Of the 12 survi-
vors, 10 achieved a response. Patient selection clearly affected the 
results because the median time between diagnosis and trans-
plantation was 11 months. We suggest that the lengthy period 
before transplantation excluded patients with a worse prognosis. 
Outcome was predicted by the number of organs involved at the 
time of transplantation. For patients with two or more affected 
organs, the 4-year survival rate was 11%. The risk of toxic death 
when two organs were involved was 75%, which reflected the 
need for careful patient selection. One study from the United 
Kingdom described 27 patients who received high-dose melpha-
lan therapy before stem cell transplantation.505 Eight treatment-
related deaths (30%) occurred: four deaths were attributable to 
multiorgan failure, two to gastrointestinal tract hemorrhage, one 
to sepsis, and one to cardiac complications. Despite the high death 
rate, a clonal response of the bone marrow plasma cells was seen 
in 64% and organ regression in 57%. Seventeen of the 27 patients 
were alive at the end of the study. Of the nine patients who 
received a transplant, four died within a year after transplanta-
tion (treatment-related mortality rate, 44%).506 Three of the four 
deaths were attributable to cardiac amyloidosis; the fourth death 
was of a patient with amyloid involvement of the kidney, nerve, 
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and intestinal tract. The median follow-up of the five survivors 
was 12.6 months; four patients responded to therapy and one 
patient had disease progression.

Multiorgan failure and gastrointestinal tract bleeding are 
more common in transplantation for AL than transplantation for 
any other indication. Gastrointestinal tract bleeding appears to 
be highly specific for AL. We reviewed the first 45 patients who 
received transplants for AL at our institution.507 Eleven died after 
transplantation (median survival time, 2 months). Gastrointestinal 
tract bleeding was observed in nine (20%). The median time 
to onset of bleeding was 9 days after transplantation, and the 
median platelet count was 22 × 109/L. Bleeding was seen in the 
upper gastrointestinal tract for two patients, the lower tract for 
three, and the lower and upper tract for four. Endoscopy was 
performed for five patients, and all had inflamed, friable gastric 
and esophageal mucosa. Four of the nine patients with bleeding 
died, three of multiorgan failure. Gastrointestinal tract bleeding 
was associated with female sex and poor engraftment of plate-
lets. During the first 100 days after transplantation, the median 
number of packed red blood cell units administered was 20 for 
those with gastrointestinal tract bleeding. The exact mechanism 
underlying bleeding after stem cell transplantation is unknown. 
The widespread vascular deposits of amyloid may render the ves-
sels rigid and friable, however. High-dose chemotherapy, which 
causes clinically significant mucosal damage, may also cause 
bleeding. In our patient cohort, abnormalities of the coagulation 
system were not involved in the bleeding.

We have described three patients who did not undergo stem 
cell infusion because of complications related to mobilization.508 
Two patients died of progressive amyloidosis at 1 and 3 months 
after mobilization. In the past, we have used two different 
mobilization schemes. One used filgrastim only (10 mg/kg/day), 
and apheresis commenced on day 5. The other scheme used 
cyclophosphamide (1.5 g/m2) on 2 consecutive days, followed by 

sargramostim (5 mg/kg/day), and apheresis began when the white 
blood cell count exceeded 1,000 cells/ml. The median overall yield 
was 6.4 × 106 CD34+ cells/kg. Of patients who received mobili-
zation treatment with cyclophosphamide, the median number of 
apheresis was three. Of patients receiving filgrastim alone, the 
median number of apheresis was two, a statistically significant 
difference.

At Mayo Clinic, 434 patients with amyloidosis received their 
transplants at a median of 4.0 months after histologic diagno-
sis: One fourth within 3 months and three fourths within 6.6 
months (median actuarial survival for the entire group, 94.9 
months). Predictors of survival included weight gain of greater 
than 2% during stem cell mobilization and an absolute lympho-
cyte count at day 15 of greater than 500 cells/ml. The number of 
organs involved appeared to be relevant to predicting the outcome 
successfully. Patients with two-organ involvement had a median 
survival rate of 70% at 60 months; and those with three-organ 
involvement, a median survival of 58 months. The levels of serum 
creatinine, troponin T, and NT-proBNP and the septal thickness 
were all significant predictors of outcome.509

Engraftment kinetics were similar to those of patients with 
multiple myeloma. We did not administer growth factor after 
transplantation because of its impact on fluid retention and the 
ability of growth factors to precipitate congestive heart failure 
in amyloidosis patients. A neutrophil count of 500 cells/ml was 
achieved at a median of 14 days (range, 7 to 116 days). Twenty-
five percent of patients showed engraftment on or before day 13, 
75% by day 16, and 90% by day 22. A platelet count of 20 × 109/L 
was achieved at a median of 14 days (range, 6 to 406 days); 25% 
of patients achieved 20 × 109/L by day 12, 75% by day 19, and 
90% by day 27. A platelet count of 50 × 109/L was achieved at a 
median of 18 days; 25% achieved the count by day 14, 75% by day 
27, and 90% by day 47. CD34+ cell collection had an important 
impact on the time to platelet engraftment (Fig. 99.14). When the 

FIGURE 99.14. Engraftment kinetics for neutrophils (A) and platelets (B) 
posttransplantation. The ideal minimum for CD34+ cells is >3.0 × 106 cells/kg. 
ANC, absolute neutrophil count.
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number of infused CD34+ cells was greater than 3 × 106 but less 
than 4 × 106, engraftment was not significantly different from 
that of patients who received an infusion with more than 4 × 106 
CD34+ cells. However, the time to engraftment was significantly 
longer for platelets and neutrophils when 2 × 106 to 3 × 106 
CD34+ cells were infused. We therefore set a goal of more than 
3 × 106 stem cells for rapid engraftment. Safe engraftment may 
be achieved by infusing only 2 × 106 cells, but the time to engraft-
ment is prolonged, and the risk of infection, bleeding, and an 
increased number of transfusions is increased.

Studies have demonstrated that patients with stage III disease 
should be excluded from transplant studies. The troponin level 
predicts early death from stem cell transplantation and can be 
used as an exclusion criterion for this therapy.510 Troponin T 
levels should be measured in all patients before transplanta-
tion. Data have recently been reported on 10-year survivors: 
25% of patients who received a transplant survived 10 years, 
and the 10-year survival rate was 53% for complete responders. 
Transplant-related mortality rates are decreasing from as high as 
40% to the now-reported 7%. The median actuarial survival for 
the entire group was 94.9 months.

Our conditioning regimens are typical of those used for 
patients with multiple myeloma: 62% receive melphalan at a full 
dose of 200 mg/m2, 26% receive a dose of 140 mg/m2, and 12% 
receive lower doses primarily because of advanced cardiac amy-
loidosis or elevated creatinine levels. We have previously reported 
that the intensity of chemotherapy is important for the overall 
outcome and that patients receiving full-dose melphalan appear 
to survive longer.511 It is difficult to exclude the possibility that 
patients selected for reduced-intensity chemotherapy had more 
advanced amyloidosis. At Mayo Clinic, only one quarter of AL 
patients ultimately undergo stem cell transplantation. Our case-
matched control study512 compared 63 patients who underwent 
stem cell transplantation with 63 patients who received conven-
tional treatment. The patients were matched for age, sex, cardiac 
function, creatinine level, and urinary protein loss. We identi-
fied an overall survival advantage for patients who underwent 
transplantation. The Center for International Blood and Marrow 
Transplant Research reported data results of 107 patients with 
primary systemic amyloidosis from 48 transplant centers.513 The 
day-30 treatment-related mortality rate was 18%, whereas the 
Mayo Clinic day-30 mortality rate was 7.4%. The center reported 
high response rates, and only 11% of patients had disease pro-
gression after transplantation. The median projected survival 
was 47  months; the clinical experience of the centers was the 
most important predictor of survival. Patients who underwent 
transplantation within the study’s last 5 years survived longer 
than patients who underwent the procedure more than 5 years 
earlier. The response rate was 34%, and 33% of patients had 
stable disease.

An unanswered question is whether transplantation for AL 
patients should be performed preferentially in specialized centers 
that have extensive amyloidosis experience or in centers that have 
extensive transplantation experience for nonamyloidosis diseases. 
An Eastern Cooperative Oncology Group study suggested that 
treatment-related mortality rates were not higher in multicenter 
cooperative group settings.514,515 Stem cell transplantation is 
not a proven therapy in the management of amyloidosis, despite 
reports of organ disease remission for 50% of patients.516,517 
One study has also shown an improvement in the quality of life 
of patients who underwent stem cell transplantation.518 A Group 
Myélome-Autogreffe and Intergroupe Francophone du Myélome 
study suggested that overall survival after stem cell transplantation 
may not be better than survival after a regimen of melphalan and 
high-dose dexamethasone.519 This trial randomly assigned 100 
patients; the median actuarial survival was 57 months with mel-
phalan and high-dose dexamethasone and 49 months after stem 
cell transplantation. The patients who underwent transplantation 

received melphalan (140 or 200 mg/m2) and were mobilized 
only with granulocyte colony-stimulating factor. The hematologic 
response rates were 65% and 64% for the patients who did and 
did not undergo transplantation, respectively. Caution is required 
when interpreting these results, however; the treatment-related 
mortality rate was high (24%). Furthermore, only 29 of the 100 
patients who underwent transplantation were evaluable for 
response. On the basis of these small numbers, it is premature to 
abandon transplantation as a treatment modality for amyloidosis.

The extent of cardiac amyloidosis measured with echocardiog-
raphy in the transplant population is less than that expected of 
an unselected nontransplant cohort. The median intraventricular 
septal thickness was 12 mm; one quarter of patients had a septal 
thickness of 10 mm or less, and three quarters had less than 
14 mm.509 The median ejection fraction was 65%; three quarters 
of patients had an ejection fraction of less than 70%, and one 
quarter had an ejection fraction of less than 60%. The median 
actuarial survival is depicted in Figure 99.15. The absolute lym-
phocyte count 15 days after stem cell transplantation may have an 
impact on survival.520 The number of organs involved appeared 
to be a relevant prognostic factor (Fig. 99.16). Other prognostic 
factors included the intraventricular septal thickness; the levels of 
serum creatinine, serum troponin T, and NT-proBNP; and exces-
sive weight gain during stem cell mobilization.521 The NT-proBNP 
levels have profound effects on survival after transplantation, 
presumably because they reflect progression due to cardiac fail-
ure.522 The median level of NT-proBNP among 117 amyloidosis 
patients at Mayo Clinic was 170 pg/ml; using this concentration 
as a threshold, the difference in survival is highly significant 
(Fig. 99.17).

Response has a profound impact on overall survival.523 
Patients who have a 50% reduction of light-chain levels have 
superior survival compared with those who do not have a 50% 
decrease. The pretreatment free light-chain value also affects 
outcome and survival. In a proportional hazards model, overall 
survival is linked to the pretransplantation free light-chain levels 
and the number of organs involved. In large medical centers 
that perform stem cell transplantation, the treatment-related 
mortality rate is 6% to 18%. Hematologic responses range from 
16% to 50%, and reported organ responses range from 34% to 
64%. Organ response is a time-dependent variable, and organ 
responses may be delayed up to 36 months after transplantation. 
Tandem stem cell transplantations are feasible and have been 
performed in patients with amyloidosis, but the ultimate effect 
on outcome is unknown.524 In a published meta-analysis of stem 
cell transplantation in AL, transplantation did not appear to be 
superior to conventional chemotherapy in improving survival for 

FIGURE 99.15. Survival of patients with primary amyloidosis who underwent stem 
cell transplantation at Mayo Clinic (N = 492). The median survival time was 80 months. 
Mortality rate at day-100 was 11%.
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FIGURE 99.16. Effect of the number of affected organs on survival 
(N  = 486). Tick marks indicate censored patients (alive).

FIGURE 99.17. Effect of N-terminal brain natriuretic peptide level on  survival 
(N = 358). 

patients. But the quality of evidence is low, indicating a need for 
well-designed and adequately powered randomized clinical trials 
to better address the role of autologous hematopoietic cell trans-
plantation in AL.525

The toxicities associated with high-dose chemotherapy are 
listed in Table 99.5. The response rates that we observed exceeded 
those of our previous experience with conventional-dose chemo-
therapy. However, patients receiving high-dose chemotherapy 
were highly selected, and it is difficult to predict the response rate 
or survival of an age- and organ-matched population. The most 
common type of response is the resolution of nephrotic syndrome. 
Table 99.6 summarizes reported data on stem cell transplanta-
tion in nearly 300 patients. Comenzo and Gertz517 published a 
risk-adapted strategy for selecting patients with AL and assigning 
melphalan doses. A review of four single-center studies showed 
that the day-100 mortality rate was 21%. The contraindications 
for stem cell transplantation are given in Table 99.7, and the risk-
adapted approach is shown in Table 99.8.

Patients with AL who undergo transplantation are highly 
selected by age, number of organs involved, the absence of 
advanced heart failure, and performance status. Therefore, a 
true control group is lacking for comparison. Dispenzieri et al.533 
reviewed 1,288 AL patients seen at Mayo Clinic between 1983 and 
1997 and identified patients ineligible for stem cell transplanta-
tion using the criteria in Table 99.7. Eligible patients had to have 
symptomatic amyloidosis without multiple myeloma, an age less 
than 70 years, an interventricular septal thickness no more than 
15 mm, and an ejection fraction greater than 55%. In addition, the 
serum creatinine value had to be less than 2 mg/dl and the direct 
bilirubin value had to be less than 2 mg/dl. After the application of 

these selection criteria, only 229 patients (18%) were eligible for 
transplantation. The median survival of this nontransplantation 
cohort was 42 months, and the 5- and 10-year survival rates were 
36% and 15%. Clearly, patients who were eligible for transplanta-
tion had much better outcomes than those who were ineligible. 
The predictors of survival included the amount of M protein in 
the 24-hour urine measurement and the number of involved 
organs (Fig. 99.18). The alkaline phosphatase value, performance 
status, and degree of weight loss were also factors that influenced 
survival. Patients eligible for stem cell transplantation inherently 
are a low-risk population; certainly, their anticipated median 
survival time far exceeds the 18 months reported by other studies 
of patient cohorts that received melphalan and prednisone.216,534

ConClusIon
Amyloidosis should be considered in the differential diagnosis of 
any patient with nephrotic-range proteinuria, monoclonal gam-
mopathy, heart failure, neuropathy, or hepatomegaly. The symp-
toms of amyloidosis are vague and not useful for establishing a 
diagnosis. The pathognomonic physical findings are seen in less 
than one fifth of patients and therefore are not reliable for disease 
detection. When a patient has a compatible clinical syndrome, 
the best screening tests include immunofixation of the serum and 
urine and a free light-chain assay. Monoclonal light chains may 
be detected in the serum or urine (or both) of nearly 90% of AL 
patients, and 99% of those who have free light-chain assays of 
the serum have abnormal findings. Noninvasive studies, such as 
fat aspiration and bone marrow biopsy, confirm the diagnosis for 
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Frequency, % (n)

Toxic Response 200 mg/m2 100 mg/m2

Nausea or vomiting 83 (19) 52 (14)

Diarrhea 65 (15) 48 (13)

Mucositis 91 (21) 37 (10)

Pulmonary edema 35 (8) 26 (7)

Peripheral edema 48 (11) 15 (4)

Non-GI tract bleeding 17 (4) 0 (0)

GI tract bleeding 22 (5) 7 (2)

Hepatic 13 (3) 22 (6)

Renal 35 (8) 19 (5)

Metabolic 35 (8) 7 (2)

Sepsis 26 (6) 11 (3)

GI, gastrointestinal.

toxIC resPoNses (soutHwest oNCoLogy grouP grAde, ≥2)

taBLe 99.5

Reference No. of Patients
100-d Treatment-
Related Mortality

Overall Survival 
(Intention-to-
Treat) Evaluable Follow-up

Hematologic 
Response

Amyloid Disease 
Organ Involvement

Majolino et al. 526 1 1/1 (100%) CMV  
pneumonitis

0 at 74 d 1 74 d PR at 2 wk Not reported

van Buren et al.495 3 (1 syngeneic) 0 2/2 (100%) at 
24 mo

2 12 mo 2/2 (100%) CR 2/2 (100%) PR

Amoura et al.506 9 3/9 (33%) ARF,  
sepsis, arrhythmia

5/9 (55%) at 
median 12.6 mo

5 Mean, 8.9 mo Not reported 4/5 (80%), 1/5 CR, 
3/5 PR

Moreau et al.504 21 9/21 (43%)  
multiorgan failure,  
bleeding, arrhythmia

12/21 (57%) at 
median 14 mo

12 Median, 14 mo 3/12 (25%) CR 10/12 (83%) PR + CR

Schulenburg  
et al.527

1 1/1 (100%) GI tract 
perforation

0 at 4 d 0 NA NA NA

Patriarca et al.528 1 0 1/1 (100%) at 
22 mo

1 22 mo 1/1 (100%) CR 1/1 (100%) PR

Saba et al.529 9 7/9 (78%) (3 during 
mobilization) arrhythmia, 
CHF, hypotension

2/9 (22%) at >6 
mo after referral

2 Not reported Not reported 2/2 (100%) PR

Sezer et al.530 1 0 1/1 (100%) at 3 mo 1 3 mo 1/1 (100%) CR 1/1 (100%) renal and 
cardiac PR

Gertz et al.508 23 (3 never 
received trans-
plants)

4/20 (20%) pneumonia, 
multiorgan system  
failure, sudden death

13/23 (57%) at 
median 16 mo

20 Median, >13 mo 8/20 (40%) CR 12/20 (60%) PR

Reich et al.531 4 2/4 (50%) acute MI,  
diffuse alveolar  
hemorrhage

2/4 (50%) at 7 and 
19 mo

2 7 and 19 mo 1/2 (50%) PR 2/2 (100%) PR

Dember et al.532  

and Sanchorawala  
et al.503

205 (20 never 
received trans-
plants)

28/205 (14%) 115/152 (76%) at 
>12 mo

115 at  
> 12 mo

>12 mo 54/115 (47%) CR 18/50 (36%) renal CR 
at 12 mo

ARF, acute renal failure; CHF, congestive heart failure; CMV, cytomegalovirus; CR, complete response; GI, gastrointestinal; MI, myocardial infarction; NA, not applicable; PR, partial response.

PuBLIsHed serIes of AutoLogous trANsPLANts for AmyLoIdosIs

taBLe 99.6

85% of patients with AL. For patients with biopsy-proven amyloi-
dosis who do not have detectable monoclonal protein in the serum 
or urine, a nonimmunoglobulin form of amyloidosis should be 
considered. The prognosis should be assessed by two-dimensional 

Absolute contraindication

 Clinical congestive heart failure

 Total bilirubin >3.0 mg/dl

 Echocardiographic ejection fraction <45%

 Troponin T > 0.06 ng/ml

Relative contraindication

 Serum creatinine >2.0 mg/dl

 Interventricular septal thickness >15 mm

 Age >65 y

 More than two visceral organs involved

CoNtrAINdICAtIoNs for stem CeLL trANsPLANtAtIoN

taBLe 99.7

Doppler echocardiography, and levels of NT-proBNP, troponin T, 
and b2-microglobulin should be measured. Systemic therapy is 
appropriate for most patients. Treatment with melphalan and 
prednisone provides marginal survival benefit for a minority of 
patients. High-dose dexamethasone therapy with or without mel-
phalan may be beneficial for a subset of patients. The role of tha-
lidomide and lenalidomide is investigational. Bortezomib appears 
to have significant activity as a single agent.
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Low risk (all of the following)

 1 or 2 organs involved

 No cardiac involvement

  Creatinine clearance  
≥51 ml/min

 Any age

Intermediate risk  
(all of the following)

 1 or 2 organs involved

  Asymptomatic cardiac 
or compensated cardiac 
involvement

  Creatinine clearance  
<51 ml/min

 Age <61 y

High risk (1 of the following)

 3 organs involveda

 Advanced cardiac involvement

Melphalan Dosage (mg/m2) Based on Risk Group and Age

Low Risk Intermediate Risk High Risk

200 if age ≤60 y 140 if age ≤50 y Standard therapy

140 if age 61–70 y 100 if age 51–60 y Clinical trials

100 if age ≥71 y – –

aOrgan involvement includes heart, kidney, nerves, liver, and vascular or soft tissue; it does 
not include bone marrow, skin, tongue, or gastrointestinal tract.
Modified from Comenzo RL, Gertz MA. Autologous stem cell transplantation for primary 
systemic amyloidosis. Blood 2002;99:4276–4282. Used with permission.

rIsk-AdAPted APProACH to stem CeLL 
trANsPLANtAtIoN for AmyLoIdosIs
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FIGURE 99.18. Effect of the number of involved organs on survival. Patients with amyloi-
dosis were eligible for stem cell transplantation but were treated with melphalan and prednisone. 
MS, median survival. (From Dispenzieri A, Lacy MQ, Kyle RA, et al. Eligibility for hematopoietic 
stem-cell transplantation for primary systemic amyloidosis is a favorable prognostic factor for 
survival. J Clin Oncol 2001;19:3350–3356. Used with permission.)

The more aggressive approach of stem cell transplantation 
may have long-term benefits. Response rates with stem cell trans-
plantation approach 60%, and responders have the potential for 
long-term survival. However, firm evidence-based data that prove 
the survival benefit of stem cell transplantation do not exist.
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introduction
Waldenström macroglobulinemia (WM) is a malignancy of mature 
B cells characterized by a monoclonal IgM in the serum and the 
presence of lymphoplasmacytic lymphoma (LPL) in the bone 
marrow.1,2,3 The disease is now defined at the molecular level 
by the near-universal presence of mutations of the myeloid dif-
ferentiation primary response gene MYD88, believed to be the 
key step in disease pathogenesis. The classical clinical findings 
in this disease include anemia, organomegaly, lymphadenopathy, 
and hyperviscosity. The vast majority of patients typically pres-
ent with a monoclonal IgM in the serum and anemia.1,2,3 In this 
chapter, we review the biology and management of WM, including 
discussions of its preceding state IgM monoclonal gammopathy of 
undetermined significance (IgM MGUS).

epidemiology

General principles
WM is rare in the United States, with only 1,500 new cases diag-
nosed per year,4,5 an incidence of only one sixth that of multiple 
myeloma (MM). Although it is now possible to conclusively identify 
patients by the presence of the MYD88 mutation, this aberration 
is not exclusively seen in WM6 and can be present in other B-cell 
neoplasms. In future classification schemes for the disease, it is 
likely that molecular confirmation will be needed. Patients with 
WM need to be distinguished from patients with a monoclonal 
IgM in the serum, but no evidence of LPL and no disease-related 
symptoms or signs (Table 100.1). These patients are felt to have 
an IgM MGUS.7 The disease is slightly more common in males 
than females, and more common with advancing age (median age 
at diagnosis 63 years).4 WM is rare in patients of Mexican-mestizo 
or African descent, and more common among Caucasians.4,5,8

Kristinsson identified an association between WM and autoim-
munity using a population-based registry from Sweden, finding 
that WM patients were more likely to have a history of autoim-
munity.9 This risk was observed both in patients with a personal 

history of WM, but also in those with a familial predisposition. 
Among the various autoimmune disorders, Sjögren syndrome 
and autoimmune hemolytic anemia were notable risk factors for 
subsequent development of WM. Recent observations by Koshiol 
and colleagues using a large database from the US Veterans 
Administration showed that there is a heightened relative risk 
(RR) for WM among patients who have a history of autoimmunity 
(RR, 2.23), autoimmune antibodies (RR, 2.3 to 2.5), hepatitis (RR, 
3.39), human immunodeficiency virus infection (RR, 12.05), and 
rickettsiosis (RR, 3.35).10 Because of the rarity of the disease, these 
increased relative risks do not pose major consequences for indi-
viduals with these conditions. However, these observations present 
an hypothesis that chronic stimulation may either drive excessive 
traffic through the germinal center, with an increased risk of clonal 
establishment or that a cytokine-enriched milieu allows for further 
expansion of WM precursor clones normally dormant.

Familial Disease and Genetic predisposition
In some WM, there appears to be a familial component with more 
than one member of the family affected.11–16,17 This implies that a 
single gene defect may be capable of creating heightened suscepti-
bility. The relationship between this heightened susceptibility and 
MYD88 mutations has yet to be elucidated. McMaster has shown 
that the prevalence of IgM monoclonal gammopathies is as high 
as 10% among relatives of individuals diagnosed with WM.18 They 
also showed that the risk of monoclonal gammopathy decreases 
with genetic distance, further indicating genetic predisposition. 
Linkage analyses that include IgM MGUS have shown positive 
associations.19 McMaster studied 11 high-risk WM families with 
WM informative for linkage and collected DNA samples from 
122 individuals. Genotypic analysis using microsatellite mapping 
showed linkage at chromosomes 1q and 4q. In addition, chromo-
somes 3 and 6 were also suggested as linked.19

In another study, Kristinsson and colleagues looked at genetic 
predisposition for WM by studying 2,144 LPL/WM patients diag-
nosed in Sweden (1,539 cases with WM (72%) and 605 cases of 
LPL (28%).20 They compared them with 8,279 population-based 
matched controls, and linkable first-degree relatives of patients 

IgM-MGUS SWM WM

Monoclonal serum protein Usually <1.5 g/dl Usually >1.5 g/dl Usually >3 g/dl

Anemia Not seen Common but mild Common

Other cytopenia Not seen Rare (15%) Rare (15%)

Organomegaly None May be present ∼15–20% of patients

Hyperviscosity None None ∼15% of patients

Constitutional symptoms None None Present

Bone marrow clonal cells Usually <5–10% Usually >20% Usually >20%

Therapy Not needed Not needed Indicated

IgM MGUS, IgM monoclonal gammopathy of undetermined significance; SWM, smoldering Waldenström macroglobulinemia; WM, 
Waldenström macroglobulinemia.

Relation among igm-monoclonal gammopathy of UndeteRmined Significance, 
SmoldeRing WaldenStRÖm macRoglobUlinemia, and WaldenStRÖm macRoglobUlinemia

taBLe 100.1
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(n = 6,177) and controls (n = 24,609). They reported that first-
degree relatives of LPL/WM patients have a 20-fold increased risk 
for LPL/WM.

To further investigate familial predisposition and environ-
mental factors, Royer and colleagues used a questionnaire-based 
survey in the hope of identifying environmental influences that 
could modulate this predisposition.21 They analyzed data on 103 
WM patients and 272 unaffected relatives from 35 multiple-case 
WM and 46 mixed WM/B Cell disorders (BCD) kindred and 28 
nonfamilial (sporadic) WM patients. Once more, autoimmunity 
was notable (overall response [OR], 2.27), as well as infections 
(OR, 2.13). Other factors identified included farming (OR, 2.70), 
pesticide exposure (OR), exposure to wood dust (OR, 2.86), and 
exposure to organic solvents (OR, 4.21). Although the net effect 
of these risks is small, they do point to possible environmental 
modification of germline genetic susceptibility.

diagnosis and laboratory testing
The diagnosis in WM is confirmed by the presence of a monoclo-
nal IgM protein in the serum in association with bone marrow 
infiltration by monoclonal lymphoplasmacytic cells. These diag-
nostic criteria are the consequence of various consensus meetings 
to establish standardized diagnostic criteria for WM (see below).22 
As mentioned above, the utilization of molecular techniques will 
likely become essential in the final confirmation of the diagnosis.

The use of the serum monoclonal protein is a cornerstone of 
disease diagnosis and monitoring, similar to its use in MM. There 
are multiple laboratory tests that exist for monitoring the serum 
concentration of the protein. The treating physician needs to be 
consistent in using the tests that are used for monitored. The 
serum protein electrophoresis (SPEP) is the preferred method of 
detecting the monoclonal protein, but quantitative detection of the 
IgM is also appropriate because the baseline concentration of the 
normal IgM (polyclonal) is low enough that it does not substantially 
alter the monoclonal protein concentration. Initially, immunofixa-
tion is needed to characterize a new monoclonal protein (in cases 
where no IgM has been measured) and also to confirm a complete 
response (CR). In our practice, we measure both the quantitative 
IgM and the SPEP because discrepancies are sometimes associated 
with technical aspects of the measurement. The b2-microglobulin 
should be determined, in addition to standard laboratory testing, 
as it is a prognostic factor for the disease (see below).23,24

At the time of diagnosis, serum viscosity should be determined 
and repeated as needed. For any given patient, it is usually pos-
sible to determine a level at which an IgM protein will result in 
hyperviscosity.25 Determining viscosity, therefore, at each visit 
is not really needed (see section “Hyperviscosity, Neurologic and 
Retinal Complications”). Urine collections can be performed to 
measure the monoclonal light chain excreted, but the clinical 
value of this is not clear. Many series have shown that a signifi-
cant fraction of patients who have WM can have Bence-Jones pro-
teinuria (i.e., light chains).7 For unknown reasons, WM patients 
rarely develop intrinsic renal failure despite elevated serum-free 
light chains (SFLC) in some. Perhaps the large size of the mono-
clonal IgM prevents most of the intact molecule from reaching 
kidney tubules, unlike myeloma where the intact immunoglobulin 
molecule can also be detected in the urine, and possibly contrib-
utes to cast formation when large amounts of free light chains are 
excreted. Studies are not available that address the clinical sig-
nificance of serum-free light-chain detection; however, it is clear 
that this assay can be used as a surrogate tumor marker as well.

The use of the serum-free light chain (SFLC) has also 
been explored in WM.26 Leleu studied 72 patients (15 new 
diagnosis and 57 previously treated) and found a correlation 
between the serum concentration of sFLC and negative prog-
nostic  indicators.27 Itzykson reported on 42 cases of WM (all at 

diagnosis) and observed similar associations, with elevated levels 
predicting shorter times to treatment initiation.28 Larger studies 
are needed to better quantify these associations and associateds 
clinical implications.

It is useful to obtain a computed tomographic (CT) scan of 
the chest, abdomen, and pelvis at baseline to assess the spleen 
and liver size and the presence or absence of lymphadenopathy. 
Obtaining a metastatic bone survey for patients with WM has little 
value because, in most cases of WM, bone disease is not present. 
Obtaining a bone survey is recommended in cases with bone 
symptoms or in those where the bone marrow pathology is purely 
plasmacytic.29,30,31,32,33 The use of positron emission tomo-
graphic scan is not considered routine, but can be useful in deter-
mining the extent of disease bulk in selected patients.34 In some 
cases, discordant results have been observed, however, a global 
recommendation for its use has not been made. In patients with 
proven bone lesions, a diagnosis of IgM myeloma rather than WM 
needs to be considered. Until recently, the entity of IgM myeloma 
had not been defined at the genetic level, making the distinction 
between WM and IgM myeloma extremely difficult (see below).

igm monoclonal gammopatHy 
oF undetermined signiFicance 
and smoldering WaldenstrÖm 
macroglobulinemia

Diagnosis
Having a minimal concentration of a monoclonal protein (e.g., 1.5 
or 3.0 g/dl) has classically been required to establish the diagnosis 
of WM; however, a consensus panel eliminated this requirement.22 
The rationale was that having a required minimal concentration 
could underdiagnose patients early in the course of their disease 
who may already be symptomatic. It is still unclear how to dif-
ferentiate IgM MGUS from WM.7 Inasmuch as most patients with 
a monoclonal IgM do not necessarily have WM, better diagnostic 
tools are needed, perhaps including molecular detection of MYD88 
mutations. Asymptomatic patients with a small monoclonal pro-
tein and minimal involvement of the bone marrow by lympho-
plasmacytic cells or clonal lymphocytes (e.g., less than 10%), still 
need to be considered as having an IgM MGUS. Patients like these, 
according to many epidemiology studies, may have no disease 
progression for decades.35 One study found that patients with 
IgM MGUS, as well as patients with asymptomatic WM, have a 
better survival than patients with symptomatic WM, emphasizing 
the critical importance of symptoms over laboratory values.36 The 
importance of segregating IgM MGUS from symptomatic WM is 
highlighted by this last study.

evolution to Waldenström Macroglobulinemia 
from asymptomatic Stages
The evolution of the monoclonal gammopathy is different for 
patients with non-IgM disease versus those with IgM MGUS.35 
IgM MGUS, in contrast to non-IgM disease, tends to evolve to WM 
and not to myeloma35 (Table 100.1). Therefore, the greatest risk 
factor for the development of WM is having an IgM MGUS.35 These 
patients have a 46-fold greater risk of developing WM than the 
general population.35 Identification of risk factors for the progres-
sion of IgM MGUS is therefore needed. Identification of such risk 
factors will not only shed new light on the mechanisms of pro-
gression, but will also provide a mechanism by which to monitor 
patients at risk for progression.

In another series, Kyle reported on the outcome of patients 
with IgM MGUS.37 In contrast to those with non-IgM MGUS, these 
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patients have a heightened risk of progression to WM (and not 
myeloma per se). He identified a total of 213 patients with IgM 
MGUS seen at the Mayo Clinic—Rochester from 1960 to 1994.37 
These patients were followed for a median of 6.3 years (cumula-
tive 1,567 person-years). Interestingly, a lymphoma not otherwise 
specified developed in 17 patients (RR 14.8), and WM developed 
in 6 (RR, 262). Risk factors predictive of progression included the 
concentration of the serum monoclonal protein and albumin at 
diagnosis (for progression to lymphoma or a related disorder).

Morra reported on risk factors for progression from IgM MGUS 
to WM.38 She studied 384 asymptomatic IgMMGUS and a total 
of 74 other IgM-related disorders.38 At 5 and 10 years, the risk 
of progression was 8% and 29%, respectively for IgM MGUS. A 
total of 41 patients evolved to WM after a median follow-up of 45 
months. Factors predictive of progression included the extent of 
bone marrow infiltration, sedimentation rate, hemoglobin, serum 
concentration of the IgM, and lymphocytosis. However, in the 
multivariate analysis, only the serum IgM concentration and lym-
phocytosis remained predictive. Among patients with smoldering 
Waldenström macroglobulinemia (SWM), the risk of progression 
seems to be greater in patients who have a monoclonal spike 
greater than 3 g/dl, and/or a lymphoplasmacytic infiltrate of the 
bone marrow, greater than 30%, or diffuse infiltration of the 
bone marrow, or anemia.39 Likewise, Alexanian reported that 
a hemoglobin less than 11.5, M-spikes greater than 3 g/dl, and 
an elevated b2-microglobulin correlate with a heightened risk of 
progression.40

Gobbi and colleagues reported on a large series of patients 
with various IgM monoclonal gammopathies.36 A large cohort of 
698 patients with IgM gammopathy was subdivided into 4 unique 
clinical entities; IgMMGUS, SWM, WM, and other IgM-related 
disorders (excluded from further analysis). Not surprisingly, IgM 
MGUS and SWM had median survivals similar to that of the gen-
eral population. The standardized mortality rate for patients with 
symptomatic WM was 5.4.

Baldini and colleagues evaluated 217 patients with IgM MGUS 
and another 201 patients with SWM.41 The median time to pro-
gression was not reached for IgM MGUS, and was 142 months 
for those with SWM (median duration of follow-up of 56 and  
60 months). Progression was more likely in patients with elevated 
serum monoclonal proteins, anemia, and male sex.

Likewise, Greco et al. evaluated risk factors for progres-
sion from IgM MGUS and SWM to active disease.42 Their series 
included a total of 287 patients: 201 with IgM MGUS, and 86 with 
SWM. After a median of 50 months, 32 cases evolved (11.1%): 
26 to WM and 6 to other non-Hodgkin lymphoma. In the univari-
ate analysis, risk factors for progression included the degree of 
bone marrow infiltration, elevated sedimentation rate, the con-
centration of the serum monoclonal protein, and IgA levels. The 
highest risk of progression was identified for patients with SWM, 
serum monoclonal protein ≥3 g/dl and/or those with ≥10% BM 
infiltration.

Kyle presented a recent update on the risk of transformation 
from SWM to WM.43 SWM was defined as those patients having 
an elevated monoclonal IgM to greater than 3 g/dl and/or greater 
than 10% involvement of the bone marrow by the clonal pro-
cess. By definition, these patients must have no evidence of end 
organ damage (anemia, constitutional symptoms, hyperviscosity, 
lymphadenopathy, or hepatosplenomegaly). A total of 48 patients 
were identified who fulfilled these criteria. After a median follow-
up of 15.4 years, a total of 34 patients progressed to WM. In two 
other patients, other complications were observed (amyloidosis 
[AL] in one and lymphoma in the other). Based on these data, 
the cumulative risk of progression was estimated at 6% at 1 year, 
39% at 3 years, 59% at 5 years, and 68% at 10 years. Risk fac-
tors predictive of progression included the degree of bone mar-
row involvement (hazard ratio [HR] 1.31), concentration of the 
serum M-spike (HR 2.1), reduction of the serum IgA (HR 2.4), and 
hemoglobin (HR 0.7). As in the Greco et al. study, it seems that 

progression is a stochastic event and, therefore, tumor bulk (i.e., 
cells at risk) predicts likelihood of progression.

patHology
The WHO classification and the Revised European–American 
Lymphoma classify WM as LPL because of its immunopheno-
typic and morphologic characteristics.44 Some cases of LPL have 
no associated monoclonal protein,45 a more aggressive clinical 
course, and a different set of genetic abnormalities.23 It is now 
believed that there are several subsets of LPL, of which WM is 
only one subtype.

Estimation of clonal involvement in the bone marrow is rou-
tinely performed at diagnosis with a unilateral trephine aspirate 
and biopsy. The disease is typically a pleomorphic infiltrate of 
lymphoplasmacytic cells,46–48 and variability in cell morphology 
is common (Fig. 100.1). The infiltrate can range from purely 
lymphocytic to one that is predominantly plasmacytic.46–48 The 
co-existence of mast cells in association with the lymphomatous 
infiltrate is a unique feature of WM.46,47,48,49,50 The role of these 
mast cells as part of the disease pathogenesis has not been fully 
elucidated. A complex network of interactions between the WM 
cells and the bone marrow microenvironment has been suggested 
in preliminary observations.50 In addition, infiltration by malig-
nant B cells can be seen in lymphoid structures and multiple other 
organs (giving rise to organomegaly and  lymphadenopathy).44 
The detection of clonal cells in other organs is not known to have 
particular prognostic implications; however, clinically evident 
organomegaly is usually a negative prognostic factor for the 
 disease51,52 and usually indicates a large tumor burden.

The nature of the clonal B-cell populations is remarkable.53,54 
Sahota has identified the normal counterpart of WM cells as 
mature B cells that have undergone somatic hypermutation, but 
that have not yet completed isotype class switching.55 In that 
particular study, they did not find evidence of intraclonal hetero-
geneity. It is notable that in many cases of WM, one can observe 
co-existent populations of monoclonal B cells and plasma cells. 
Recently, Zehentner and colleagues demonstrated that only in 
40% of cases are the clonal B-cell and plasma cell populations 
related.56 Conversely, in 60% of cases, they represent two sepa-
rate and independent clones. By performing sequencing of the 
immunoglobulin genes, and in some cases using fluorescence 

FIGURE 100.1. Lymphoplasmacytic morphology of the clonal cells of Waldenström 
macroglobulinemia. As shown in the graph, the cells have variable morphology but most 
show transition between mature lymphocytes and plasma cell morphology. The cells have been 
called in the past “plymphs.” The morphology can be variable with some cases showing more 
extreme plasma cell morphology, whereas others have more lymphocytic predominance.
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in situ hybridization (FISH) analysis, they conclusively show the 
separate nature of these clones in 60% of cases.

Flow cytometry is usually indicated as part of the pathologic 
work-up to make the diagnosis of WM. Flow cytometry is help-
ful in differentiating WM from other morphologically similar 
neoplasms, such as mantle cell lymphoma, marginal zone lym-
phomas, and B-cell chronic lymphocytic leukemia (CLL).49,57–59 
WM cells are characterized by the surface expression of CD19, 
CD20, CD22,49,57–61 are light chain restricted, and commonly 
express CD79a. They are also typically CD10 and CD23 nega-
tive, in contrast to follicular lymphoma and B-cell CLL, respec-
tively. The associated plasma cells are monoclonal and express 
CD138.49,57–60 CD5 is not expressed on the malignant cells (in 
contrast to mantle cell lymphoma and B-cell CLL) in the majority 
of cases; however, some cases can be positive.49,57–60

Cell proliferation markers are usually indicative of the indo-
lent nature of the disease. The fraction of cells incorporating 
5-bromo-2'-deoxyuridine (BrdU),62 indicating cell replication, is 
usually minimal, and frequently no such fraction is detected at 
all. The evolution of WM to a more aggressive lymphoprolifera-
tive disorder has been previously reported,63,64 and the presence 
of a highly proliferative fraction may suggest transformed dis-
ease. The role of karyotype analysis in the clinical management 
of patients is not felt to be necessary and, in most patients, the 
metaphases will be normal.65–67 Therefore, this analysis should 
be reserved for patients suspected of having treatment-associated 
myelodysplasia.68

WM variants have been described where patients have a simi-
lar pathology to WM, but present with IgG monoclonal proteins.69 
These patients appear to be clinically different from WM and 
tend to have a lymphocytosis present in the peripheral blood. It 
is not clear if these diseases have a similar pathogenesis, as only 
one series of patients with this variant tumor has been reported. 
Also, some patients have been described as having WM with 
associated bone lesions.29,30,33 This makes distinguishing WM 
from IgM myeloma very difficult. Given the availability of molecu-
lar testing that can identify MYD88 mutations and also chromo-
some abnormalities seen in IgM MM, this distinction should now 
be possible. If some cases of true WM indeed have bone lesions, it 
is likely that these will be due to the same mechanisms operative 
for myeloma.70 In a recent study of patients with IgM myeloma, 
it was found that the t(11;14)(q13;q32) was nearly universally 
present.71 Another recent study did not find it as universal, but 
still common in IgM myeloma patients (38%).72 Also, the t(14;16)
(q32;q23) has been reported in one case of IgM myeloma.73 In 
addition, we have found that translocations of the IGH locus 
seen in IgM myeloma are not typically observed in patients with 
WM, and when present, they are secondary genetic events, seen 
only in cell subsets.67 This, along with the new-found mutation 
of MYD88, clearly separates WM and IgM myeloma as separate 
disease entities.

biology and genetics

Somatic Mutations
There is compelling evidence for a postgerminal center origin 
of the clonal B cells in WM.31,32,74–76 To ascertain the lack of 
class switch rearrangements involving the mu switch region, we 
studied cases using a Southern blot assay, with no rearrange-
ments identified (concordant 5′ and 3′ switch m bands after 
digestion).67 The aggregate of these studies thus shows that cell 
arrest just prior to class switching is the likely stage of neoplastic 
transformation, and genetic defects of the class switch machin-
ery may be involved in the disease pathogenesis. It is important 
to note that lymphoplasmacytic cells of WM can mature to clonal 
plasma cells in vitro77 suggesting that additional mechanisms 
may play a role.

MYD88 L265p
Just recently, a mutation of the gene MYD88 has been described 
by Treon et al. in almost all cases of WM.78 The mutation is associ-
ated with intracellular signaling and is believed to be key in the 
pathogenesis of the disease.78 The prevalence of this mutation in 
IgM MGUS cases is still being investigated. In the initial reports 
it was felt to be uncommon in IgM MGUS cases, but the actual 
prevalence is still being investigated, with some reports show-
ing up to 50% of IgM cases harboring the mutation. The MYD88 
L265P activating mutation has been reported in 90% of WM 
cases.78 MYD88 encodes for an adapter protein that affects the 
interleukin (IL)-1 and Toll-like receptor pathway, and the L265P 
leads to the dysregulation of the nuclear factor kappa B (NF-kB) 
and JAK signaling pathways.6

Other Mutations
Two other genes have been found to be inactivated in WM: 
TNFAIP3 and TRAF3. TNFAIP3 is a tumor suppressor gene whose 
inactivation results in the constitutive activation of NF-kB.79 We 
reported biallelic inactivation/deletion of TNFAIP3 in 5% of WM 
patients.80 In addition, 38% of patients were found to have mono-
allelic deletions of TNFAIP3 with associated diminished transcrip-
tion of the gene, with proposed associated haploinsufficiency. 
Inactivating mutations of TRAF3 (located at 14q32.32) have been 
described and also result in the constitutive activation of NF-kB 
in about (∼5%) of patients.79 TRAF3 is a negative regulator of 
the noncanonical NF-κB signaling pathway, with a consequent 
increase in serine/threonine protein kinase NIK.79,81,82 Similar 
observations have been made using novel high-throughput 
genomic tools.83

6q Deletions and Other Genetic Changes
The most common cytogenetic abnormality in WM is deletion of 
6q. We know through multiple studies that in at least one half of 
cases, large deletions of chromosome 6 are observed in WM by 
a combination of FISH and aCGH (array comparative genomic 
 hybridization).66, 67,84,85 Usually, these deletions involve chromo-
some bands 6q21-q23, with the most commonly deleted being the 
q23 region. These deletions are clonally selected in the majority 
of cases.67 The clinical relevance of the presence of a 6q dele-
tion has not been well defined, but a recent study suggested that 
these patients tend to have more aggressive disease and a shorter 
survival.86 These observations, however, need to be confirmed in 
additional studies.67 Although the data are limited, chromosome 
6q deletions seem to be rare in cases of IgM MGUS, suggesting that 
deletions in 6q are involved in the progression to WM87 (Fig. 100.2). 
Although there is no direct link yet made between 6q deletions and 
MYD88 mutations, and given the ubiquitous nature of the latter, 

FIGURE 100.2. Biology of progression for Waldenström macroglobulinemia (WM).   
Mutations of MYD88 are likely founder lesions for the disease. In 50% of cases, deletion of the 
long arm of chromosome 6 may be the culprit in the initiation of the clonal process of Walden-
ström macroglobulinemia. In some cases, deletions of chromosomes 13 and 17 may represent 
progression events. Emerging data suggest that abnormalities of tumor necrosis factor (TNF) and 
nuclear factor kappa B (NF-kB) signaling may also be contributing factors in the pathogenesis 
of the disease.
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and the high prevalence of the former, it is only logical to conclude 
that both are important in disease pathogenesis. The second most 
common observation by aCGH was the gain of 6p (16.6%), always 
occurring as a secondary event following the loss of 6q.79

Originally, due to the presence of LPL in the bone marrow, 
it was believed that WM must contain the t(9;14)(p13;q32) 
(described originally in at least 50% of LPL cases, none of which 
had detectable IgM monoclonal protein).88 The t(9;14)(p13;q32) 
results in upregulation of PAX-5,89–91 implicating this gene as a 
putative oncogene in the pathogenesis of LPL cases without mono-
clonal IgM.45,92 PAX-5 prevents expression of high levels of immu-
noglobulin and diminishes production of the J-peptide needed for 
the pentameric IgM assembly; therefore, the presence of PAX-5 
up-regulation by this translocation is inconsistent with the phe-
notype of WM. In contrast to many other B-cell malignancies, it 
has been shown that WM never harbors the t(9:14), or any other 
14q32 translocations.67 In a significant number of cases, review 
of the karyotype also failed to identify IGH translocations on chro-
mosome 14.65–67 Although some rare cases have clones with IGH 
translocations,93 these events are now believed to be secondary 
genetic events associated with disease progression. In most WM 
cases, the karyotype results are usually normal.65–67,94–96

In sporadic cases of WM, the t(11;18)(q21;q21), usually asso-
ciated with a subset of marginal zone lymphomas, has been 
reported.97 Using an interphase FISH-based strategy, others 
have been unable to detect this translocation.67 Again, molecular 
confirmation of MYD88 mutations will be important in redefining 
whether these entities should be considered under the WM diagno-
sis. Other chromosomal abnormalities, such as deletions of 17p13.1 
and 13q14, are not common at the time of diagnosis, but at the 
time of disease progression, may be observed in 15% of patients.98 
The clonal cells of WM are usually diploid,67 and this has been con-
firmed by DNA content analysis in a subset of patients.99

Additional data have suggested that WM may have features in 
common with other disease entities, as well as with MM. At the 
gene expression level, WM resembles B-cell CLL more than it does 
MM.100 In addition, studies of patients with IgM MGUS show clus-
tering together with WM.100 Furthermore, the clonal cells of WM 
express high levels of IL-6, which likely would explain the clini-
cal observation of high C-reactive protein levels in the serum of 
WM patients.100,101 In a manner similar to the anemia of chronic 
disease, the high levels of IL-6 likely contribute to the anemia, of 
WM.102 Experiments of gene expression profiling in WM were per-
formed, separating the CD19+ cells from the CD138+ cells, and 
have found remarkably similar patterns of gene expression.103

epigenetic aberrations; Micro-ribonucleic acid 
and histone acetylation
Roccaro et al. reported on a unique miRNA profile in WM cells, 
something that was different from the normal B-cell counter-
parts.104 Their studies showed that miRNA-363*, -206, -494, 
-155, -184, -542–3p were up-regulated and miRNA-9* was under-
expressed.104 Many of the predicted targets for these miRNAs 
include genes associated with the cell cycle, apoptosis, transcrip-
tion factors and oncogenes. Because of its previous descriptions in 
other B-cell malignancies, miRNA-155 has been more extensively 
studied in WM.104 For a more detailed analysis, the reader is 
referred to a recent review article.105,106 Likewise, alteration of 
the balance between histone acetyl transferases and histone de-
acetylases has been postulated as important in the pathogenesis 
of WM. This is important as two miRNAs are associated with his-
tone acetylation: miRNA-206 and -9*.107

Cytokines and B-cell Signaling
A tumor necrosis factor family member, B-lymphocyte stimulator 
(BLyS), is critical for maintenance of normal B-cell development 

and homeostasis. Elsawa and colleagues found that WM cells 
variably express the BLyS receptors BAFF-R, TACI, and BCMA 
and bind soluble BLyS.108 Also, they documented elevated 
serum BLyS levels in patients with WM and expression of BLyS 
in bone marrow samples by immunohistochemistry.108 BLyS, in 
vitro, increased the viability and proliferation of WM cells and 
stimulated secretion of the monoclonal IgM. She also found that 
chemokine (C-C motif) ligand 5 (CCL5), granulocyte colony-stim-
ulating factor, and soluble IL-2 receptor are overexpressed in 
WM, with CCL5 correlating quite closely with the serum levels of 
IL-6. As mentioned earlier, up to 50% of WM have up-regulation 
of IL-6, a cytokine critical in B-cell development and impli-
cated in various B-cell malignancies. Furthermore, WM cells 
also express the IL-6 receptor, and CCL5 results in increased 
secretion of IL-6 by bone marrow stromal cells in WM, further 
enhancing IL-6 stimulation, occurring both in an autocrine and 
paracrine fashion. This stimulation resulted in increased secre-
tion of IgM in a process mediated via JAK/STAT signaling.

aKt
Leleu et al. reported increased activity of AKT in the clonal cells 
of WM.109 They also showed that down-regulation of AKT and 
use of an AKT inhibitor, perifosine, resulted in diminished prolif-
eration and induction of apoptosis.109

clinical Features
It is best to differentiate the clinical symptoms of this disease 
based on their causes: those signs and symptoms secondary to 
the effects of the monoclonal protein and other paraneoplastic 
phenomena, and those related to the clonal proliferation in the 
bone marrow and other lymphoid organs.3 It should be noted 
that most patients with WM have a limited symptom complex at 
the time of diagnosis, consisting of a monoclonal IgM and various 
degrees of anemia.24,110 This anemia is often secondary to the 
clonal expansion of cells in the bone marrow, but may also be 
due to hyperviscosity (by reducing erythropoietin production) 
or the increased plasma volume.111 In many cases, anemia can 
be a consequence of treatment. Recent data suggest that some 
patients may have an anemia secondary to elevated levels of IL-6 
emanating from the clonal cells, and will present with a picture 
reminiscent of the  anemia of inflammation.100 Given the high level 
of expression of IL-6 and IL-6 receptors in at least half of WM, it 
is not surprising that elevated levels of hepcidin have been pos-
tulated as key mediators in the anemia of WM.102 In cases with 
significant involvement of the bone marrow by the WM clonal 
cells, thrombocytopenia may also be observed.24,110

In 20% of cases, the clonal cells of WM can infiltrate other 
organs and result in hepatomegaly and splenomegaly in 15% of 
patients.23,24, 51,52,110,112 Splenomegaly can result in hypersplen-
ism, with worsening pancytopenia. Although patients may have 
liver involvement, this is usually asymptomatic. Lymphadenopathy 
can be seen in 15% to 20% of patients,23,24,51,110,112 and involve-
ment of other organs, such as the lung, can be seen in WM, 
although this is present in only a minority of cases.113,114

hyperviscosity, Neurologic and retinal 
Complications
Hyperviscosity is one of the most characteristic features of WM; 
however, it is only seen in 15% of cases.25, 115,116 The details of 
the physical properties of the pentameric IgM molecule leading 
to hyperviscosity have been previously described.25,116 The large 
dimensions of the IgM molecule make the serum more viscous, 
and results in slower transit in capillaries.25 The increased viscos-
ity is not just the result of the large size of the IgM molecule, as 
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other large particles such as albumin do not have the same effect 
on the serum viscosity.25 Although the overt clinical syndrome 
of hyperviscosity is obvious, subtler symptomatology can also be 
seen. Typical symptoms include neurocognitive effects (sometimes 
with overt hemorrhage and neurologic abnormalities), retinal 
bleeding, and mucosal bleeding in gums and nose. In different 
patients, different serum concentrations of the monoclonal IgM 
will give rise to hyperviscosity, and there is no absolute value 
at which hyperviscosity will be observed.25, 115,116 However, for 
a given patient, a given IgM level will usually again result in 
symptoms when the serum IgM reaches that level again.25, 115,116 
Despite having a high serum viscosity, some patients will have 
no symptoms, whereas others will have prominent symptoms at 
lower viscosity levels. To see symptoms of hyperviscosity at values 
less than 4 cps is uncommon. In contrast, nearly all patients with 
a viscosity greater than 8 will be symptomatic, and most patients 
with a viscosity of 5 to 8 cps will have symptoms.25, 115,116 Also, 
to have hyperviscosity with an IgM less than 4,000 mg/dl is very 
rare.25 The patient’s hydration and the red cell mass are other 
factors that contribute to blood viscosity. Red cell transfusions 
should therefore be used with caution, and sometimes in conjunc-
tion with pre-transfusion plasmapheresis, in patients with high 
IgM concentrations.

Since the original reports by Waldenström,117 neurologic 
abnormalities in patients with WM have been described (Bing–
Neel syndrome). Plasma exchange should be entertained in 
any patient presenting with a focal or global neurologic deficits 
that potentially could be attributed to hyperviscosity, even if 
a clear causal association is not immediately established. The 
symptoms may be nonspecific and the spectrum can include 
headache, fatigue, impaired cognition, confusion, stroke, or frank 
dementia.118,119

Peripheral neuropathies associated with the presence of 
monoclonal proteins include, demyelinating polyneuropa-
thy (both associated and not with antimyelin-associated gly-
coprotein antibodies),120,121 other demyelinating neuropathies, 
 cryoglobulinemia-associated symptoms, and neuropathies associ-
ated with light-chain AL. The monoclonal protein, in most cases, 
has affinity for the myelin sheath and results in demyelinization,122 
which can be observed in up to one half of WM patients with 
peripheral neuropathy.123 Patients can also have abnormalities 
of proprioception resulting in ataxia, in addition to the sensory 
deficits.123,124 Some of the new therapeutic agents, namely bort-
ezomib, can also be associated with treatment-induced peripheral 
neuropathy. As a direct consequence of the increased viscosity, 
patients can have retinal complications of WM, and these present 
on physical examination as venous engorgement, hemorrhage, 
and cotton-wool exudates.125,126 In some severe cases, WM can 
precipitate retinal vein occlusion.125,126

Clinical features of light-chain–associated AL can develop in 
some patients with WM.7,127,128 In these cases, there appears to 
be a higher incidence of pleural and pulmonary AL, and a greater 
tendency for amyloid-associated cardiomyopathy than in other 
AL cases (44% vs. 27%).127,128 In these patients, therapy should 
be tailored to control the WM rather than the AL. The fact that 
AL can be observed in association with WM suggests that AL 
is merely a complication of any monoclonal protein-producing 
neoplasm.

prognosis
The prognosis of WM is highly variable, and until recently, there 
were few models validating putative prognostic factors. The 
median survival for patients with WM has been estimated to be  
5 years,51, 68 however, 10% of patients remain alive at 15 years.68 
Although the survival appears short for a disease felt to have an 
indolent nature, the fact that patients present at an advanced 

age presents a significant problem in determining the survival 
associated with this disease. The precise disease-specific survival 
is often difficult to determine, as these patients have “compet-
ing causes for death.” One study addressed disease-specific 
survival associated with WM, with the median felt to be closer 
to 11.2 years.52 In this study, organomegaly and age > 65 years 
were associated with poor prognosis in a multivariate analysis. 
Similarly, a longer survival of 108 months has been reported in 
another series, suggesting that this disease may truly behave in 
an indolent fashion.129 It is likely that the survival of patients con-
tinues to increase given the availability of various new therapeutic 
classes of agents.

Several prognostic models for WM have been previously pro-
posed. Morel51 and Facon110 studied 232 patients treated prior 
to 1989 (mostly alkylators and no purine nucleoside analogues 
[PNAs]). They found that the prognostic factors associated with a 
shorter survival were age > 65, albumin < 40 g/L, hemoglobin 
< 12 g/dl, platelet count < 150 × 109/L, and WBC < 4 ×109/L. 
They developed a prognostic model based on a point system that 
discriminated groups with different outcomes. If the patients had 
one cytopenia, they were assigned 1 point, and if they had two or 
more, they were given 2 points. The proportion of patients alive 
at 5 years was 87% (0 to 1 points; 27% of cases), 62% (2 points; 
27% of cases), and 25% (3 to 4 points; 46% of cases) for the low-, 
intermediate-, and high-risk groups, respectively. Differences in 
outcome based on time of therapy initiation (initial observation 
vs. initial treatment) were not found in this series. It is interesting 
that they did not find systemic symptoms, pathologic features, or 
splenomegaly to be useful in determining prognosis. This prog-
nostic model has been further validated by Kyrtsonis129 and by 
the same group (Morel and colleagues) in a separate cohort of 
patients with advanced WM.130

A second model was developed by Gobbi and colleagues.131 
They were able to show that the following variables were 
 associated with a shorter survival: anemia (hemoglobin less 
than 10 g/dl), age greater than 70, weight loss, and cryoglobu-
linemia.131 This model divided patients into low- and high-risk 
groups, the latter defined by patients having two or more adverse 
prognostic factors.

Dhodapkar proposed a different model, studying 182 patients 
treated with fludarabine in a clinical trial.23 He showed that 
patients with an elevated serum b2-microglobulin (≥3 mg/dl), low 
hemoglobin (<12 g/dl), and low IgM (<4,000 mg/dl) fared the 
worst. From this model, it is unclear why patients with a lower 
concentration of the monoclonal protein would fare worse; but it 
may be explained by the inclusion of patients with LPL, which may 
be a different biologic entity. In a follow-up report, they reported 
that overall survival (OS) and event-free survival in the presence of 
lower levels of serum b2-microglobulin were significantly longer 
in all cohorts.132 It is interesting that achieving a response, or the 
time needed to achieve this response, did not predict event-free 
survival or OS.132 Unfortunately, the Dhodapkar model was not 
reproduced in a series of patients with advanced WM reported by 
Levy and colleagues. 130

Recently, Dhodapkar updated the SWOG series, with a median 
follow-up of 10 years for live patients.133 Of the 59 previ-
ously untreated patients who initially were observed, only 
12 patients (21%) required therapy, at a median follow-up of  
100 months.133 Among the 183 patients requiring therapy, the 
long-term observations confirmed that advancing age (>70), pre-
vious treatment, and the serum concentration of b2-microglobulin 
(3 mg/dl or greater) were negative factors, but with additional 
 follow-up, an elevated serum LDH became important too. They 
propose a new and improved model that uses advanced age, 
b2-microglobulin, prior treatment, and LDH (above upper limit 
of normal) to segregate patients into 3 groups, with 8-year OS of 
55%, 33%, and 5% (P < 0.001). In the multivariate model, a low 
serum monoclonal protein did not remain significant.
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An international effort has been focused on the development 
of an international prognostic model for WM. A total of 587 
patients were entered into this model who fulfilled the diagnostic 
criteria recommendations by the Second International Workshop 
of WM.134,135 In the univariate model, seven factors were associ-
ated with a shortened survival, and included age over 65, plate-
let count ≤ 100 (n/m1), b2-microglobulin greater than 3 mg/dl, 
M-spike greater than 7 g/dl, granulocytes ≤ 1.5 ×109/L, hemo-
globin ≤ 11 g/dl, and albumin ≤ 3.5 g/dl.

An updated model has been published by the same group.136 
Using a bootstrap analysis, the following factors were selected to 
develop a risk-factor–based classification: age, hemoglobin, plate-
let count, b2-microglobulin, and M-spike.136 Low risk was defined 
as having only one risk factor or less, high risk as having greater 
than two, and all others, intermediate, or if only age was greater 
than 65. The 5-year survival rates were 87%, 68%, and 36%  
(P < 0.0001). (Table 100.2)

conventional treatments and 
management
No standard response criteria in WM have been available until 
recently. A consensus statement regarding criteria for response 
was published and subsequently updated.137,138 Aside from 
defining CR and PR (partial response), these criteria define a 
“minor response” (MR) category, thereby recognizing that patients 
may sometimes have a dramatic clinical improvement with only 
a minor decrease in the serum monoclonal protein. The criteria 
also stressed the importance of delayed responses and recom-
mended an assessment of response over an extended duration 
follow-up period.

The development of novel therapeutics in WM has had to 
rely solely on the results of clinical trials, as no good pre-clinical 
models for the study of WM have existed. Clinical trials have had 
slow accrual rates due to the small numbers of patients with this 
disorder, and many therapeutic strategies have been extrapolated 
from observations in other lymphoid neoplasms. A potential 

pre-clinical model of WM was published by Tassone and col-
leagues.139 They were able to develop a SCID-Hu murine model 
that mimics human WM. Human fetal bone grafts (embedded sub-
cutaneously) were used to support the ex vivo growth of WM cells. 
In this study, the model reflected the usual response to rituximab 
as is observed in patients. It is hoped that this model will allow 
pre-clinical testing of novel compounds or combinations for use in 
WM prior to initiating clinical studies.

Observation
Many patients with WM may not be in need of immediate 
treatment, and for many, the disease may follow an indolent 
course.23,36,131 Although no specific criteria exist, the absence of 
overt symptoms or complications may be used as reason for con-
tinuing careful monitoring of patients. Because WM is considered 
an incurable malignancy, the goal of treatment must be to provide 
symptom relief for patients, as those without symptoms are not 
known to benefit from therapy. This paradigm has, however, been 
challenged in other similar disease settings, and it is possible that 
in the future, recommendations will be made for the treatment of 
the asymptomatic patient with impending progression. Previous 
studies have clearly described pre-symptomatic stages for WM 
(including IgM MGUS),36,117,140 and the treating physician should 
first decide whether the patient really needs therapy.

alkylating agents

Classic Alkylators
Chlorambucil is a well-tolerated oral agent used in the treatment 
for WM.141 This drug is currently used in selected situations, 
predominantly in the treatment of the elderly, given the high tol-
erability of the drug, its ease of administration, and despite the 
leukemogenic potential. For a summary of response rates of most 
published clinical trials in WM, see Table 100.3. The aforemen-
tioned study by Facon (n = 167), demonstrated a median sur-
vival of 5 years for patients treated with chlorambucil as initial 
therapy.110 The only prospective randomized phase III clinical 
trial for WM patients was performed at Mayo Clinic by Kyle and 
colleagues.68 In this study, patients received oral chlorambucil, 
either continuously at a dose of 0.1 mg/kg/day, or pulsed doses 
in an intermittent fashion every 6 weeks (0.3 mg/kg/day for 
7 days). The median OS was the same (5.4 years, P NS) and the 
response rates between both groups were similar (79% and 68%, 
respectively; P NS). This is the first trial that highlighted that 
response to any therapy in WM can occur late, and that usually 
at least 6 months of therapy are needed prior to concluding lack 
of efficacy.68

Other alkylator-based combinations, such as VBMCP  (vincristine, 
carmustine, melphalan, cyclophosphamide, and prednisone),  have 
resulted in high response rates.142–144 In recent years, alkylators 
have been used less frequently, as a result of a study by Leblond 
and colleagues that showed the superiority of fludarabine over 
a cyclophosphamide containing regimen (higher response rate 
and duration of response),145 and a number of other therapeutic 
options for patients. In addition, the risk of myelodysplasia with 
long-term use makes alkylators a less desirable option for younger 
patients. However, given the convenience of oral dosing and the 
minimal toxicity, alkylators are particularly suitable for the elderly.

Bendamustine
Bendamustine has been used with success in the treatment of 
WM. Rummel reported on the use of bendamustine in low-grade 
B-cell lymphomas, which included patients with WM. In a phase 
II study (n = 63 patients) of mantle cell lymphoma and low-grade 
B-cell neoplasias, he reported an overall response rate (ORR) 

Factors Associated 
with Prognosis Value

Age (years) >65

Hemoglobin (g/dl) ≤11.5

Platelet count (n/ml) ≤100,000

b2-Microglobulin (mg/L) >3

Monoclonal IgM (g/dl) >7

Risk Stratum and Survival

Risk Category Score
Median Survival 
(Months)

Low 0 or 2 (except age) 142.5

Intermediate 2 or age >65 years  98.6

High >2  43.0

One point is assigned for each risk factor and the risk score is the sum of these factors.
Adapted from Morel P, Duhamel A, Gobbi P, et al. International prognostic scoring 
system for Waldenstrom macroglobulinemia. Blood 2009;113:4163–4170 and Morel P, 
Duhamel P, Gobbi PG, et al. International prognostic scoring system for Walndenstrom 
macroglobulinemia. Haematologica 2007;92:84.

inteRnational pRognoStic index

taBLe 100.2
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purine Nucleoside analogues

Fludarabine
Among the most active agents available for the treatment of WM 
are PNAs. Most patients treated with PNAs will respond within 
3 to 6 months of therapy initiation, however, a small fraction of 
patients will show delayed responses (5% after 12 months).170 
Kantarjian first reported the treatment of 11 patients with fluda-
rabine (10 previously treated) and 5 responded, having a median 
duration of response >1 year.146 Dimopoulos, in a later publica-
tion, reported on the treatment of 28 patients (only 2 were treat-
ment naive) where he showed a response rate of 36%,147 and 
many of the responses were durable (median duration of response 
38 months). Leblond reported on the treatment of 71 patients with 
relapsed WM treated with a median of 6 cycles of fludarabine, 
resulting in a response rate of 30% (21/71 cases).149 In a separate 
study, 78 patients with previously untreated WM were given fluda-
rabine at 25 mg/m2 daily, for 5 days every 4 weeks151 resulting 

of 90% with 60% CRs.168 In a larger study, Rummel compared 
bendamustine in combination with rituximab, with cyclophos-
phamide, doxorubicin, vincristine, and prednisone (R-CHOP) che-
motherapy.169 Of a total of 546 patients, 40 had WM.169 Among 
WM patients the ORR was 96% for  bendamustine-R and 94% for 
R-CHOP. After a median of 26 months, 87% of bendamustine-
treated patients, (20/23) remained free of progression, and only 
53% of those treated with R-CHOP were so (9/17) (M Rummel, 
International WM Workshop, 2012). Treon et al. reported on a 
retrospective analysis of 30 previously treated WM patients who 
received bendamustine.170 Bendamustine was given on days 1 
and 2 of a 28-day cycle, along with rituximab (in most cases, n = 
24). The median number of treatment cycles was 5. The reported 
ORR was 83%, with 5 (17%) very good partial responses (VGPRs) 
and 20 PRs (67%). The estimated median time to progression 
was 13 months. The contribution of the addition of rituximab still 
needs to be elucidated. In at least a quarter of patients, therapy 
had to be discontinued due to toxicity, and sometimes, prolonged 
myelosuppression.

Investigator Regimen N Response Rate (%)

Alkylators/Cytotoxic

Facon110 Chlorambucil 167  75

Kyle68 Chlorambucil 22–24 68–79

Case143 VBMCP  33  82

Petrucci144 Cyclophosphamide + melphalan + prednisone  34  74

Leblond145 Cyclophosphamide + doxorubicin  45  11

Fludarabine

Kantarjian146 Fludarabine  11  45

Leblond145 Fludarabine  45  30

Dhodapkar23 Fludarabine 182  36

Dimopoulos147 Fludarabine  28  36

Zinzani148 Fludarabine  12  41

Leblond149 Fludarabine  71  30

Thalhammer-Scherrer150 Fludarabine   7  86

Foran151 Fludarabine  19  79

Dimopoulos152 Fludarabine + cyclophosphamide  73  55

Tamburini153 Fludarabine + cyclophosphamide  14  85

Vargaftig154 Fludarabine + cyclophosphamide + rituximab  21  76

Tam155 Fludarabine + cyclophosphamide + rituximab   9  56

Cladribine

Liu156 Cladribine  20  55

Betticher157 Cladribine  25  40

Dimopoulos158 Cladribine  29  59

Delannoy159 Cladribine  18  39

Dimopoulos160 Cladribine  26  85

Hellman161 Cladribine  22  41

Laurencet162 Cladribine + cyclophosphamide   3 100

Thomas163 Rituximab + cladribine + cyclophosphamide  18  94

Rituximab

Dimopoulos164 Rituximab  27  44

Gertz165 Rituximab  69  52

Weber138 Rituximab   8  75

Byrd166 Rituximab   7  43

Treon167 Rituximab  30  27

tReatment RegimenS

taBLe 100.3
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in an ORR of 79% (15% CR), many of them durable (median 30 
months). The treatment-related mortality was 5% in this study, 
predominantly due to infection. It should be noted that patients 
treated with almost all active agents in WM, including PNAs, can 
take a long time to respond to treatment,171 and concluding early 
in the treatment course that a therapy has failed may be a mistake.

These high response rates were, unfortunately, not confirmed 
in a subsequent larger series. Dhodapkar studied 231 patients of 
whom 182 required therapy, 118 were treatment naive, and 64 
were relapsed cases.23 Patients treated with 4 to 8 cycles of fluda-
rabine at a dose of 30 mg/m2 daily for 5 days repeated monthly. 
They reported a response rate of 36%, and only 2% of cases were 
complete responders. Prior treatment did not predict for a lower 
likelihood of response, but older age was associated with a low like-
lihood of response. The treatment-associated myelosuppression 
led to a 4% mortality from infections, similar to what was previ-
ously reported. It should be noted that the use of purine nucleoside 
analogues should be done with caution in patients needing to col-
lect hematopoietic stem cells.172 More recently, the development of 
treatment-associated myelodysplasia has been reported in patients 
treated with fludarabine combinations, although the definitive risk 
of development has yet to be defined.173

A prospective randomized trial comparing fludarabine against 
chlorambucil is ongoing, and was reported in a preliminary 
fashion at the 2011 ASH meeting.174 Leblond reported that fluda-
rabine is more effective than chlorambucil as initial therapy for 
WM, including significantly greater disease-free survival (DFS), 
progression-free survival (PFS), and OS. Patients were random-
ized to 8 mg/m2 oral chlorambucil administered for 10 days every 
28 days (to a maximum of 12 cycles), or to 40 mg fludarabine (5 
days every 28 days for a maximum of 6 cycles). Response rates 
were higher with fludarabine than with chlorambucil (PR 47% 
vs. 41%; CR 6% vs. 2%, NS). Fludarabine resulted in a significant 
advantage in PFS (36.3 vs. 27.1 months; P = 0.012), DFS (38.3 vs.  
19.9 months; P = 0.0005) and OS at 5 years (69.4% vs. 61.8%;  
P = 0.046). The median duration of response was longer 
with fludarabine (38.3 vs. 19.9 months; Leblond Personal 
Communication IWMW, August, 2012). Negative predictive fac-
tors included, age >70, low albumin (<4 g/dl), and treatment arm 
(OR 1.34). The main toxicity was, as expected, greater myelosup-
pression in the fludarabine arm. She also reported that secondary 
malignancies were less common in the fludarabine arm (3.7% vs. 
21% at 6 years). This trial included other entities other than WM, 
such as LPL and marginal zone lymphomas.

Cladribine (2-Chlorodeoxyadenosine)
Cladribine also has documented activity against WM and is 
structurally similar to fludarabine. In one series, Dimopoulos 
treated 29 patients with a continuous intravenous infusion of 
2-CDA (2-chlorodeoxyadenosine) 0.1 mg/kg/day for 7 days, for 
a total of two courses.158 An ORR of 59% (100% in previously 
untreated patients; 40% for relapsed patients) was reported. 
Likewise, Delannoy and colleagues reported an ORR of 39% in 
18 patients treated with cladribine.159 Cladribine can also be 
administered intermittently, obviating the need for an intrave-
nous central catheter with similar response rates.156 Using the 
intermittent schedule, Liu et al. reported a median duration of 
response of 28 months. In another study, the OR to cladribine 
was 41% in 22 patients with WM.161 A very high response rate 
was seen in 10 newly diagnosed patients treated with 2-CDA (fol-
lowed by interferon). In this study, all patients responded (1 CR, 
8 PR, and 1 MR).157 Another multicenter study treated 25 naive 
patients, and attempted to use a longer duration of cladribine, 
for up to 6 cycles (median 3 cycles).175 They reported a response 
rate of 40%, with a median remission duration of 8 months.

Very limited data exist documenting the value of using differ-
ent PNAs in patients who progress after treatment with a purine 

analogue.176 In one study, 14 patients were treated with cladrib-
ine after prior fludarabine exposure. Only 1 of 10 patients with 
fludarabine-resistant disease responded. In the patients who had 
demonstrated a previous response (and subsequently progressed) 
to fludarabine, however, 3 of 4 patients responded. In another 
study, 6 patients were treated with fludarabine who were resis-
tant to cladribine, and 2 responded.177 It seems who those who 
are refractory to a PNA, overall, are unlikely to respond to an 
alternate agent in this class.

Monoclonal antibody therapy

Rituximab
All WM cells express CD20, which allows for the use of anti-
CD20 monoclonal antibody-based strategies. Initial studies using 
rituximab documented a tumor burden reduction, resulting in 
improved cytopenias,178 neurologic symptoms,179 and a decrease 
in the clonal cells in the bone marrow.180 Byrd and colleagues 
then documented PRs to rituximab by treating seven patients with 
relapsed disease.166 Treon and colleagues also treated 30 patients 
with relapsed disease,167 14 of whom (47%) had been previously 
treated with a PNA. They showed convincing evidence of antitumor 
activity by documenting reductions of the serum monoclonal pro-
tein (median IgM decline 2,403 to 1,525 mg/dl), increases in the 
hematocrit (19/30, 63%), and increases in the platelet count (15/30, 
50%). In Treon’s study, the ORR was 60%, with 8 of 30 patients 
achieving a PR (27%).167 Dimopoulos treated 27 patients with 
rituximab (15 that were treatment naive) with 4 infusions at stan-
dard doses (375 mg/m2).164 Patients received an additional 4-week 
course 3 months after the first course, if they had not progressed. 
The probability of response was the same in relapsed patients as 
in treatment-naive patients (44%), with a median time to response 
of 3.3 months and a median duration of response of 16 months.

It has become clear that the best response to rituximab may be 
seen only after several months of drug administration. We believe 
that the true clinical benefit of rituximab may be greater than that 
originally reported in these clinical trials because the response 
rates may have been underestimated due to the responses being 
evaluated too early in the treatment course. This delayed response 
effect is likely to be observed with other biologic therapies as 
well. This delayed effect was partially addressed by administer-
ing an extended course of therapy with rituximab in a study by 
Treon.181 Treon et al. evaluated the administration of 8 cycles 
of rituximab (as opposed to four infusions) in this study. They 
reported on 26 patients who completed the intended therapy: 14 
(48.3%) patients had a PR, and 5 (17.2%) patients achieved an 
MR. The median time to best response was 17 months, with 2 of 
19 responding patients subsequently progressing at the time of 
the report (median follow-up of 29 months).181

The identification of patients likely to respond to therapy has 
become of paramount importance given the increased usage 
of rituximab. Because of its overall ease of administration it 
is important to recognize those patients who are not likely to 
respond, and in whom pursuing other treatment alternatives 
may be preferable. Dimopoulos reported on the higher likeli-
hood of response to rituximab among patients with lower serum 
IgM (<4 g/dl) and higher b2-microglobulin.182,183 Although the 
median time to progression was 14 months, these variables 
predicted patients with shorter duration of response.182 In the 
study by Treon et al., patients were more likely (75% response 
rate, 18/24 cases) to respond to rituximab monotherapy if they 
had an IgM of <6,000 mg/dl, compared to a response rate of 
only 20% with higher protein concentrations.181 Polymorphisms 
in the Fcγ receptor have similarly been postulated to predict the 
likelihood of response.184

Rituximab has become the de facto first-line treatment for 
most patients with WM because of a favorable profile and 
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risk–benefit ratio.185 In addition, rituximab can be easily com-
bined with other chemotherapeutic agents because of the lack 
of additive toxicity, and is now commonly used in combination 
regimens for WM. Also, rituximab retains activity when patients 
are given repeated courses of therapy and can be administered 
in a maintenance fashion. Unfortunately, the use of radio-
labeled anti-CD20 monoclonal antibodies is limited in WM due to 
the larger extent of bone marrow involvement by the clonal cells 
and the risk of significant toxicity. A strategy for using radio-
labeled monoclonal antibodies will therefore require an initial 
“debulking”, with clearance of the bone marrow using rituximab 
or other agents, followed by the use of a radioactively labeled 
monoclonal antibody.

A total of 50% of patients will have a paradoxical rise of the 
monoclonal protein after rituximab administration: the so-called 
rituximab flare.186,187 This phenomenon was first reported in two 
patients treated with cladribine,188 but has been reported more 
frequently in patients treated with rituximab. The elevations of 
the serum concentration of the IgM can be of such magnitude that 
patients might experience symptoms of hyperviscosity. Patients 
who have higher concentrations of the IgM should be considered 
for prophylactic or concurrent plasmapheresis when treated with 
rituximab.164 Reports have also emerged of patients who have 
worsening of peripheral neuropathy after treatment with ritux-
imab, and the hypothesis is that this is also a manifestation of the 
flare phenomenon.189–191

Rituximab Maintenance
Treon has shown the benefit of maintenance rituximab in 
patients with WM.192 He studied 248 rituximab-naive WM 
patients who showed disease sensitivity after receiving ritux-
imab. Of these 86, (35%) went on to receive maintenance. In 
36 of 86 (41.8%) patients receiving maintenance, the quality 
of the responses improved. PFS (56.3 vs. 28.6 months; P = 
0.0001) and OS (not reached vs. 116 months; P = 0.0095) were 
longer for patients receiving maintenance. Although this study 
was retrospective, it does provide compelling evidence to con-
sider rituximab maintenance after prior rituximab-containing 
regimens.192 Prospective studies will be needed to address this 
question fully in WM.

Corticosteroids
WM historically has not been considered a steroid-responsive 
malignancy; however, reports exist suggesting that steroids alone 
can be beneficial, particularly in patients who are not candidates 
for cytotoxic therapy or who have severe pancytopenia. Steroids 
have also had an additive effect when used in combination with 
other agents. Gomez et al. treated two patients with WM with vin-
cristine, 0.25 mg/m2, and bleomycin, 5 units, given for 4 consecu-
tive days with prednisone, 1,000 mg/m2, given orally on alternate 
days.193 In both patients, the bone marrow tumor cell infiltration 
was reduced by 50% (remission duration 4 to >35 weeks) and 
they had a greater than 50% decrease in the M protein. Two 
additional patients with resistant WM demonstrated marked 
decreases in viscosity and total M protein after short periods of 
high-dose dexamethasone.194 Steroids have been reported to be 
particularly useful in patients with WM with an associated cryo-
globulin because of their anti-inflammatory properties and effect 
on immune complex vasculitis.195

Combination therapy

Overview
Despite an overall higher response rate to combination therapy 
for the up-front treatment of WM, its ultimate clinical worth is 

clouded by the difficulty of being able to document an impact on 
patient outcome due to the indolent nature of WM. The response 
rates undoubtedly seem superior with combination strategies and 
the duration of response is also likely to be longer. However, these 
combinations burden patients with additional toxicities. How 
does one decide on the best treatment approach for patients? 
Most trials available for WM are phase II clinical trials with a 
primary endpoint of ORR, but no assessment of long-term out-
come. Therefore, the identification of novel combinations capable 
of retaining a favorable toxicity profile and increasing the dura-
tion of response would likely constitute significant progress in 
this field. Combinations that include rituximab would seem most 
likely to increase the quality and duration of responses and result 
in the best safety profile. At a minimum, combination therapies 
need to show a very substantial enhancement of OR to be consid-
ered suitable for use in the “off-study” setting.

The value of combination treatment has been the focus of a 
recent panel review.170 This review stressed that the results of 
combination strategies were encouraging enough that they would 
be considered reasonable treatment170 options for patients with 
WM (alongside extended treatment with rituximab) in a nonstudy 
setting. However, the panel properly recognized the need for 
additional clinical trials to better evaluate their clinical utility. 
For patients with evidence of slowly evolving progression, but 
no significant cytopenias or organomegaly, it would seem that 
single-agent rituximab may be more appropriate than combina-
tion approaches. Combination strategies should be considered for 
individuals in need of rapid reduction of tumor burden. Secondary 
gains, such as blunting of a rituximab flare, will also have impor-
tant practical implications that may favor the use of secondary 
agents with rituximab.

Purine Nucleoside Combinations
In an attempt to combine PNA with alkylating agents, Laurencet 
and colleagues used IV cyclophosphamide 500 mg/m2 and oral 
prednisone monthly, in combination with 2-CDA at 0.1 mg/kg/
day SQ, for 3 consecutive days, for up to six courses.162 The 
ORR was 88%, with grade 4 neutropenia seen in 11% (2/19) 
of patients, but no treatment-related deaths. A dose-escalation 
study of the combination was subsequently performed: 2-CDA 
5.6 mg/m2 QD was given as a 2-hour IV infusion, followed by 
a 1-hour infusion of cyclophosphamide QD for 3 days.196 A 
dose of cyclophosphamide 200 mg/m2 was given initially and 
was escalated in 100 mg/m2 increments. The maximal toler-
ated dose of cyclophosphamide was 300 mg/m2, and an ORR 
of 58% was seen. Neutropenia was the dose-limiting toxicity 
and severe infections were seen in 4% of cycles. A total of 31% 
of patients could not be given repeated cycles because of pro-
longed thrombocytopenia.

Tamburini and colleagues described 49 patients with WM 
treated with cyclophosphamide and fludarabine, 14 of whom 
were treatment naive.153 The doses used were cyclophosphamide 
300 mg/m2 IV and fludarabine 30 mg/m2 IV, days 1 to 3, every 
4 weeks, for a median of 4 cycles. The ORR was 78% (38/49 cases 
all PRs), 2 had progressive disease, and 9 had stable disease. The 
median time to treatment failure was 27 months. It is interesting 
that the two factors associated with an adverse outcome were a 
serum monoclonal protein concentration of less than 4 g/dl and 
age greater than 65 years (an observation previously made in the 
Dhodapkar model, but not repeated since).23

Purine Nucleoside, Alkylators, and Rituximab 
Combinations
Hensel and colleagues reported on 14 patients with WM treated 
with the combination of pentostatin, cyclophosphamide, and (in 
8 cases) rituximab.197 There were eight patients who had been 
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previously treated with 1 to 3 regimens, and nine patients were 
untreated. Patients received pentostatin 4 mg/m2 plus cyclophos-
phamide 600 mg/m2. Rituximab was administered at the stan-
dard dose of 375 mg/m2 on day 1 (every 3 weeks). Two patients 
achieved a CR (12%) and the ORR was 65%. The ORR for patients 
receiving rituximab was increased at 77%. Three patients had 
further improvement with additional follow-up.

Tam and colleagues described a group of 18 patients with 
WM treated with fludarabine, cyclophosphamide, and rituximab 
(FCR) (n = 5); fludarabine plus mitoxantrone (n = 3); plus cyclo-
phosphamide (n = 9); or rituximab alone (n = 1).198 The median 
response duration in this study was 38 months, with an ORR of 
76%. In a follow-up report, they expanded, the report to include 
an additional nine patients with WM who were treated with the 
same FCR combination. The attained ORR was 56% (5/9 patients), 
but no CRs were observed.155

Weber and colleagues have reported on the combination of 
Rituximab (375 mg/m2 q week × 4 weeks), cyclophosphamide 
(40 mg/m2 PO BID for 7 days), plus cladribine (1.5 mg/m2 SQ TID 
for 7 days), repeated at 6 weeks.138,199 With a median follow-
up of 69 months, they reported an ORR of 94% and a CR rate 
of 17%.138,199 The median time to remission was reported at 
2.4 months, with duration of remission of 58.6 months, clearly 
surpassing the median response duration of 26 months reported 
by the same authors when the combination did not include 
rituximab. Likewise, the time to re-treatment was not reached 
at 56.3 months when the combination without rituximab was 
used.138,199

Tedeschi reported on a phase II trial of the combination of 
fludarabine, rituximab, and cyclophosphamide.200 A total of 43 
WM patients (new diagnosis and previously treated) received 
rituximab on day 1; and fludarabine 25 mg/m2 and cyclophospha-
mide 250 mg/m2 intravenously on days 2 through 4. Treatment 
was administered monthly and patients could receive a total of 
up to 6 cycles of treatment. The ORR was 79%, and the quality of 
responses was high: 12% of patients achieved a complete remis-
sion and 21% had a very good partial remission. However, nearly 
one half of patients (45%) had grades 3 and 4 neutropenia, and in 
a similar proportion, this neutropenia was long lasting. Only one 
patient had progressive disease.

Dimopoulos and colleagues have also explored the combi-
nation of rituximab (375 mg/m2 repeated every 21 days for a 
total of 6 cycles) plus cyclophosphamide (100 mg/m2 PO BID for 
5  days), given with concurrent dexamethasone (20 mg IV).201 
They report an OR of 70% with 7% of patients achieving a CR. 
With a median follow-up of 24 months 60% of patients remain 
free of progression.

A study by Treon addressed the therapeutic benefit of ritux-
imab combined with CHOP chemotherapy.202 There were 13 
patients with WM who were treated with R-CHOP, 10 of whom 
had been previously treated.202 The intended treatment was 6 
cycles, and then they received rituximab as maintenance therapy. 
They reported 3 CRs, 8 PRs, 1 MR, and concluded that the regimen 
was highly effective. Currently, an Eastern Cooperative Oncology 
Group study is testing the combination of bortezomib, rituximab, 
dexamethasone, and temsirolimus in relapsed WM (and other 
malignancies) in a phase I/II study.

New treatment Options

Thalidomide and Lenalidomide
Thalidomide is an antiangiogenic and immunomodulatory 
agent that has been found to be effective as salvage therapy of 
MM.203 Dimopoulos and colleagues have reported the results 
of a phase  II trial of thalidomide for 20 patients with WM  
(10 untreated, 10 previously treated).204 Patients received 
thalidomide 200 to 600  mg/day and the ORR was 25%  

(5 of 20 patients, 2 previously treated). The time to progression 
was less than 3 months however, suggesting that thalidomide 
as a single agent has minimal activity in WM. One study by 
Treon and colleagues explored the combination of lenalido-
mide with rituximab as primary treatment for WM. Although 
50% showed antitumor activity, there was a sharp drop in 
hematocrit in most patients, and further study of the combina-
tion is warranted.205

Bortezomib
Responses to the proteasome inhibitor, bortezomib, have been 
documented in WM. Bortezomib’s precise mechanism of action 
is largely unknown, although it is thought to exert its antitu-
mor effects by deregulating the NF-κB pathway. Bortezomib 
has been used alone or in combination with rituximab and 
corticosteroids.

Dimopoulos and colleagues reported on the use of bortezomib 
in patients with WM.206 They used the medication in 10 previ-
ously treated patients (3 patients treated with 3 prior lines of 
therapy) and 6 achieved a PR.

Treon reported on the outcome of bortezomib as treatment 
for relapsed and refractory WM in a multicenter study (WMCTG 
Trial 03–248).207 A total of 27 patients were treated with single-
agent bortezomib on days 1, 4, 8, and 11. The OR was 85% 
with 13 (48%) patients achieving a major response, and 10 
(37%) patients having an MR. The median time to response was 
1.4 months. The main toxicity was sensory peripheral neuropa-
thy: grade 2 in 5/27 (22.22%) and grade 3 in 6/27 (22.2%) of 
patients. The study reported that, in most cases, peripheral neu-
ropathy improved after treatment. In a recent study, Chen and 
colleagues treated symptomatic WM patients (treatment naive 
and relapsing) with bortezomib at doses 1.3 mg/m2 intrave-
nously days 1, 4, 8, and 11 on a 21-day cycle. The response rate 
in this study was low (26%), probably due to treatment discon-
tinuation due to neuropathy. There were 20 patients (74%) who 
developed new or worsening peripheral neuropathy (5 patients 
with grade 3, no grade 4).208,209

Bortezomib has also been used in combination strategies 
against WM. Treon and colleagues were able to show a high 
response rate, including CRs, in one study of bortezomib in com-
bination with rituximab and dexamethasone.210 They treated 
23 patients with bortezomib, weekly dexamethasone at 40 mg, 
and rituximab 375 mg/m2 on day 11. The treatment schedule 
first used an induction phase with monthly cycles, followed by 
maintenance treatment (one same treatment) every 3 months.210 
The reported ORR was 96% with 83% of patients attaining a 
deep response (3 CR, 2 near CR, 3 VGPR, 11 PR, and 3 MR). At 
a median duration of follow-up of 23 months, 78% of patients 
remained free of disease progression (18 of 23). As is true in 
other situations where bortezomib is used, herpes zoster was 
a common complication. All patients treated with bortezomib 
should receive acyclovir-based prophylaxis. Similar results 
have been reported by Ghobrial in two separate phase II trials 
addressing the role of bortezomib, but administered in a weekly 
schedule to prevent peripheral neuropathy, in combination 
with rituximab, in both treatment-naive and previously treated 
WM.211,212 For untreated patients (n = 26), she reported a MR 
or better in 23 (88%) with 1 CR (4%), 1 near CR (4%), 15 PR 
(58%), and 6 MR (23%). She also reported an estimated 1-year 
event-free rate of 79%, and no grade 3 or 4 peripheral neu-
ropathy.211 Among previously treated patients, (n = 37) an MR 
or better was observed in 81%, 2 CR or near CR (5%), 17 in PR 
(46%), and 11 (30%) in MR.212 The median time to progression 
was 16.4 months. Peripheral neuropathy was again lessened by 
the weekly administration of bortezomib, and grade 3 occurred 
in only 2 patients (5%). PFS was 16 months, and estimated at 
57% at 12 months, and 45% at 18 months.212 Agathocleous also 
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reported as well a high level of activity in 10 WM patients treated 
with bortezomib.213

Everolimus and Perifosine
A phase II study of everolimus reported 42% PRs and 70% 
minimal responses or better.214 The main toxicities seen were 
myelosuppression, but up to 50% of patients required dose 
reductions due to toxicity. Roccaro et al. have shown that 
everolimus interacts with and inhibits TORC1 and induces 
cell cycle arrest and apoptosis (both caspase-dependent  
and -independent).215 The mTOR kinase system is responsive 
to AKT and ultimately signals via TORC1. As mentioned earlier, 
AKT has been found to be up-regulated in WM. Furthermore, 
the same group proposes that dual targeting of the PI3K/mTOR 
pathway may be advantageous in treating WM, such as with the 
dual inhibitor NVP-BEZ235.216

Because of the increased activation of AKT, perifosine has 
been explored in the clinic for WM.214 In a phase II study, 37 
patients were treated with single-agent perifosine (oral agent) for 
a total of up to 6 cycles. There were 4 PRs (11%) and 9 minimal 
responses (24%). Correlative studies showed that perifosine did 
inhibit AKT and also down-regulate NF-kB.

Alemtuzumab
The use of anti-CD52 monoclonal antibodies (alemtuzumab) 
has also been proposed by Hunter and colleagues.217 In one 
pilot study, the investigators were able to show that clinical 
responses can be observed, but there appears to be significant 
toxicity. Alemtuzumab as treatment for WM is being further 
evaluated, but it may have more of a role in patients with 
relapsed and refractory disease. The WMCTG has reported on 
the use of a monoclonal antibody targeting CD52 in patients 
with WM. They enrolled 28 patients in the study WMCTG 
02–079 where patients were treated with 30 mg alemtuzumab, 
3 times per week, for up to 12 weeks.218 Among evaluable 
patients, the ORR was 81%, including 1 CR (4%) and 10 PR 
cases (37%). The major toxicities included myelosuppression 
(more common among previously treated patients), anemia, 
fatigue, and infection. Of note, two patients had treatment-
related death, including one CMV infection, and the other with 
 thrombocytopenia complications.

Imatinib Mesylate
Another trial conducted by the WMCTG (05–140) addressed the 
role of imatinib in the treatment of WM. A phase II study using 
imatinib started at 400 mg per day and, if tolerated, the doses 
were escalated to 600 mg per day for up to 2 years.218 The 
reported ORR was 26%, with 2 PR and 5 MR cases. Further stud-
ies of imatinib in the setting of relapsing disease are warranted.

Sildenafil
Anecdotal observations have suggested that for some patients, 
sildenafil results in clinical improvement of WM.219 To better 
define its activity in WM, additional studies are needed.

Oblimersen Sodium
Gertz and colleagues have reported on early data using oblim-
ersen sodium, a BCL-2 antagonist.220 It is an antisense oligonucle-
otide to the first 6 codons of the B-cell leukemia gene 2 (BCL-2) 
that prevents the expression of the BCL-2 gene. This process alone 
can enhance vulnerability of cells exposed to fludarabine, dexa-
methasone, and rituximab, and is believed to enhance apoptosis. 

To assess the value of this therapy for WM, the final results of 
ongoing clinical trials will be needed.

HigH-dose cHemotHerapy WitH 
stem cell support

autologous
Although there are limited data regarding long-term outcomes of 
WM after autologous or allogeneic transplant in WM, it has been 
recently argued that autologous (stem cell transplantation [SCT]) 
should be more often considered in suitable candidates.221 It is 
unlikely that SCT will be fully vetted using a randomized phase 
III trial, however, the utilization of the procedure in related condi-
tions, such as CLL and MM, has made this a safe and, arguably, 
routine procedure. It has been shown that higher doses of chemo-
therapy can be safely administered to patients with WM, resulting 
in disease control.222, 223,224

Registry series have been reported describing the outcome 
of WM patients after autologous stem cell transplant.222,225,226 
Overall, the nonrelapse mortality at 1 year was 6% in the largest 
series thus far reported. Kyriakou and colleagues reported a ret-
rospective analysis of 158 patients treated with high-dose chemo-
therapy and autologous stem cell support.225 The median age of 
patients was 49 years, and they reported 23 PR, 77 VGPR, and 34 
CR.227 It seems that, given the availability of other effective regi-
mens, stem cell transplant done as up-front treatment for the dis-
ease should still be done in the context of clinical trials. Stem cells 
need to be collected in patients who may be potential stem cell 
transplant candidates, and high-dose chemotherapy with stem 
cell support is an effective disease-controlling strategy for patients 
experiencing relapsing disease. However, a stem cell transplant 
should be considered more often in cases of first relapse, where 
the disease is still chemosensitive, and where the clinical results 
have been thus far encouraging. For a summary of published SCT 
series on WM, please refer to Table 100.4.172, 222,225,226, 228,229 
The optimal conditioning regimen has not been identified, but 
both BEAM and high-dose melphalan have been used.

allogeneic
There are even fewer reports of allogeneic transplantation in WM. 
The overwhelming majority of patients may not be eligible to be 
treated with this modality because the median age at onset of 
WM is 65 years. The originally reported series have been small 
and predominantly retrospective cases.230,231 Anagnostopoulos 
and colleagues reported on 26 patients with WM treated with SCT 
between 1986 and 2002.222 Over one half (58%) of patients were 
treated with myeloablative conditioning regimens. The relapse 
rate at 3 years was no different between those undergoing an 
allogeneic versus an autologous SCT (24% vs. 29%). The sur-
vival at 3 years was 46% in the allogeneic group and 70% in the 
autologous group. These data indicate that allogeneic strategies 
may only be appropriate for select patients with WM and prob-
ably should not be pursued for WM patients outside the context 
of a clinical trial. In an updated report from the European Bone 
Marrow Transplant (EBMT) registry, Kyriakou and colleagues 
describe the outcome of 106 patients treated with allogeneic stem 
cell transplant.232 A total of 30 patients had nonrelapse mortality 
(28%). A second report of 37 patients undergoing myeloabla-
tive therapy, and 49 with reduced-intensity conditions, showed 
similar results.227 For a more detailed discussion on the vari-
ous high-dose therapy options, please refer to Gertz et al. (Table 
100.5).221,222,233 In our opinion, although allogeneic strategies 
may be feasible, the high treatment-associated mortality suggests 
this treatment should be mostly conducted in the setting of clinical 
trials and not as up-front therapy for the disease.
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Study N Regimen n
Median Age 
at SCT OR RFS OS

Anagnostopoulos and Giralt267  24 MEL 200
MEL or Cy + TBI
Other

10
 9
 5

50 PR 14
CR 9

Tournilhac268  17 MEL or Cy + TBI
BEAM
MEL 180

13
 3
 1

54 PR 8
VGPR 7
CR 2

9 progression; 
median, 10 mo

6 dead; median, 11.5 mo
11 Alive; median, 25+ mo

Anagnostopoulos222  10 TBI + other
Bu + Cy + other
Other

 3
 2
 5

56 65% at 3 y 70% at 3 y

Dhedin226  32 BEAM
Mel + TBI or CY + TBI
Other

13
16
 3

56 Median, 32 mo 58% at 5 y

Gilleece228  9 MEL 200
BEAM
CY + TBI

 3
 5
 1

56 PR 5
VGPR 1
CR 3

43% at 4 y 73% at 4 y

Kyriakou227 158 TBI + other
BEAM Other

45
46
67

49 PR 23
VGPR 77
CR 34

39.7% at 5 y 68.5% at 5 y

BEAM, BCNU, etoposide, cytarabine, melphalan; Bu, busulfan; Cy, cyclophosphamide; Mel, melphalan; OR, overall response; OS, overall survival; PR, partial response; RFS, relapse-free survival; 
SCT, stem cell transplantation; TBI, total-body irradiation; VGPR, very good partial response.
Numbers indicate drug doses in milligrams per square meter of body surface area (mg/m2).
Adapted from Gertz MA, Reeder CB, Kyle RA, Ansell SM. Stem cell transplant for Waldenstrom macroglobulinemia: an underutilized technique. Bone marrow transplantation 2012;47:1147–1153.

SUmmaRy of aUtologoUS Stem cell tRanSplant StUdieS foR WaldenStRÖm macRoglobUlinemia

taBLe 100.4

otHer tHerapeutic interventions

Splenectomy
There are patients with hypersplenism or spleen-dominant disease 
who benefit from splenectomy, despite the fact that a splenectomy 
does not address the marrow infiltration associated with WM.234 
Splenectomy has also been reported as correcting a factor VIII 
deficiency in a WM patient.235 Furthermore, some anecdotal cases 
have been reported of patients with disease limited to the spleen 
who had long durations of response after splenectomy.236

plasma exchange
Plasmapheresis with total plasma exchange as treatment for the 
symptoms of the hyperviscosity syndrome in WM is very useful, 
but has no impact on the tumor burden. When acute hyperviscos-
ity symptoms develop, usually with a viscosity value above 4, small 
changes in plasma volume can produce large reductions in serum 
viscosity because the serum viscosity is not linearly correlated 
with IgM. IgM reductions as small as 20% can result in viscosity 
reductions of as much as 50%. Dramatic effects on symptoms can 
occur with even small reductions in serum viscosity.237 In a survey 
conducted in Canada from 1981 to 1997, WM was among the top 
five indications for plasma exchange.238 Plasma exchange has 
also been used as a long-term maintenance treatment in patients 
who become resistant to cytotoxic drugs.239

toxicity oF standard tHerapy
WM patients have baseline immunosuppression because of 
decreased levels of uninvolved immunoglobulins and treatment-
related granulocytopenia, all of which increase the risk of 
infection. In addition, treatment with PNA increases the risk of 
opportunistic infections, and there are occasional reports of post-
transplant-like lymphoma240 secondary to a reduction in the level 

of circulating CD4+ T cells.241,242 Other infections, such as oppor-
tunistic viral enteric infection243 and Cryptococcus meningitis, 
have been reported in WM patients treated with fludarabine.244 
Furthermore, 2-CDA interferes with lymphocyte proliferation and 
activity resulting in associated fever and potential infection.242,245 
Autoimmune phenomena in patients exposed to 2-CDA have been 
reported and may be the result of suppression of T-lymphocyte 
function. Four WM patients have been reported in whom immune-
mediated hemolysis developed after 2-CDA therapy (median, 
40 months after initial administration). Hemolytic anemia has also 
been reported.246 In a small series, one patient responded to oral 
corticosteroids and two died.247 Neurologic, renal, and local skin 
reactions have also been reported.248

Cladribine and fludarabine are both associated with myelosup-
pression,175 including severe neutropenia and thrombocytopenia. 
In one study using cladribine, grade 3 or 4 neutropenia was 
seen in 60% of patients.156 Similarly, high rates of neutropenia 
(77%) and thrombocytopenia (32%) have been reported in other 
 studies.161 We therefore recommend that when cladribine is to 
be used, it should be limited to 2 cycles and empiric preventive 
antimicrobial and antiviral prophylaxis be considered.

Alkylating agents are well known to induce chromosomal 
changes and to be mutagenic. Acute myelogenous leukemia or the 
development of myelodysplasia are clearly the most devastating 
complications associated with alkylating agent therapy; although 
these occur in a small minority of patients. Reports of acute leu-
kemia appeared shortly after the introduction of alkylating agents 
for the management of WM.249–251 In a study of 46 patients, acute 
leukemia or refractory anemia developed in 4  patients.68 Acute 
leukemia has also been reported with chlorambucil treatment.252 
Two patients, without any prior exposure to alkylating agents, have 
been reported with myelodysplastic syndrome (MDS) and chromo-
somal abnormalities, including monosomy-5 and monosomy-7.253 
A metabolite of cyclophosphamide, acrolein, is toxic to the urinary 
bladder, and bladder cancer has been reported in patients treated 
with oral cyclophosphamide (50 to 100 mg/day).254
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study) showed a rate of secondary malignancies of 3.7% at  
6 years versus 20.6% (P = 0.001) for those treated with chloram-
bucil, with a combination of both solid tumors and hematologic 

Treatment has also been reported as being associated with an 
increased risk of secondary malignancies. Several reports have 
shown an increased incidence in retrospective series of patients 
treated with these agents, with rates ranging from 0% to 7%. 
The validity of these observations has been questioned due to 
the retrospective nature of these reports, which lacked controls. 
The baseline rate of secondary malignancies plus the increment 
associated with the use of alkylators has not been fully elucidated. 
In one of the largest series, Facon reported a rate of 1.2% (2/167 
patients). It is possible to conclude that, as single agents, PNAs 
have a low incremental risk of MDS and acute myeloid leukemia. 
However, the risk may be higher when they are combined with 
alkylators such as cyclophosphamide155, 255,173 (Table 100.6).

Studies on the use of fludarabine reported an incidence of 
secondary malignancies of 1.4% to 8.9%. Once more, these stud-
ies were small in size and retrospective. Morel and colleagues 
reported an increased incidence of second cancers in WM 
patients.51 An Italian group reported a large incidence of second-
ary malignancies of 12%, at 10 years and 17% at 15 years.256 
One report using the Surveillance, Epidemiology, and End Results 
(SEER) database evaluated 1,618 WM patients and found an 
increased risk of myeloma, melanoma, and colon, uterus, lung, 
and kidney cancers.257 However, the Leblond study (a randomized 

Allogeneic N Regimen N Median age Response TRM RFS OS

Anagnostopoulos and Giralt267  6 Cy + TBI + other
Other

 3
 3

45 PR 3
CR 1

3/6 3 alive 5+, 34+,  
112+ mo

Tournilhac268 10 Cy + TBI
MEL + TBI
BU + TBI

 8
 1
 1

46 PR 1
VGPR 1
CR 6
PROG 2

4/10 4 relapsed 2, 
3, 3, 10 mo

6 alive 3+, 23+, 50+, 
59+, 74+, 76+ mo

Anagnostopoulos222 26 TBI + other
Bu + Cy + other
Mini allo
Flu + other

15
 5
 5
 1

49 40% at 1 y 31% at 3 y 46% at 3 y

Dhedin226 22 Cy + TBI
Mel + TBI
Flu + TBI
Other

 9
 2
10
 1

46

56

36% MA

27% RIC

48% at 54

68% at 54

54% at 5 y 

68% at 5 y 

Gilleece228  9 TBI
BEAM
Other

 2
 2
 5

50 CR 3
Stab 3
NE 3

44% at 1 y 44% at 4 y 56% at 4 y

Garnier233 25 Cy + TBI
Mel + TBI
Flu + Cy
Flu + TBI + other
Bu + Flu + ATG
Flu + Mel

11
 1
 4
 7
 1
 1

48 CR 12
VGPR 3
PR 7
NR 2

25% at 1 y 50% at 5 y 67% at 5 y

Kyriakou227 37 MA

49 RIC

Cy + TBI
Bu + Cy + other

Flu + alkylator 
Flu + TBI

27
10

31
18

39

46

CR 7
VGPR 14
PR 7
NR 2
NE 7

CR 8
VGPR 19
PR 10
NR 4
NE 8

33% at 3 y

23% at 3 y

56% at 5 y

49% at 5 y

62% at 5 y

64% at 5 y

ATG, antithymocyte globulin; BEAM, BCNU, etoposide, cytarabine, melphalan; Cy, cyclophosphamide; Flu, fludarabine; MA, myeloablative conditioning; Mel, melphalan; NR, no response; NE, 
not evaluated; OS, overall survival; PR, partial response; Prog, progression; RFS, relapse-free survival; RIC, reduced-intensity conditioning; Stab, stable disease; TBI, total-body irradiation; TRM, 
transplant related mortality; VGPR, very good partial response.
Adapted from Gertz MA, Reeder CB, Kyle RA, Ansell SM. Stem cell transplant for Waldenstrom macroglobulinemia: an underutilized technique. Bone Marrow Transplantation 2012;47:1147–1153.

allogeneic Stem cell tRanSplant StUdieS foR WaldenStRÖm macRoglobUlinemia

taBLe 100.5

AUTHORS N Treatment
Survival 
(months) MDS/AML

Facon (1993)110 167 AA  60 2/167 (1.2%)

Kyle (2000)68  46 AA  65 3/46 (6%)

Garcia Sanz (2001)24 217 AA 120 3/217 (1.4%)

Ghobrial (2006)52 237 AA  78 16/237 (7%)

Leleu 173 PNA — 10/173 (1.7%)

Leleu 153 AA — 0/153 (0%)

AA, alkylating agent; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; PNA, 
purine nucleoside analogue. Courtesy of Dr. V. Leblond, 2012.

SecondaRy malignancieS in WaldenStRÖm 
macRoglobUlinemia

taBLe 100.6
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malignancies (Personal communication, V Leblond, International 
Waldenström Macroglobulinemia Workshop, August, 2012). In 
this same study, there was no evidence of an effect of PNAs on 
the risk of Richter transformation (Table 100.7).

Rituximab is also associated with toxicity that is thought to be 
secondary to the immunosuppressive effects of the medication. It 
has been reported that reactivation of a variety of viral infections, 
including hepatitis B, can occur after rituximab treatment.258–263 
One patient with WM developed a fatal adenoviral hepatitis after 
rituximab treatment. Reports also exist of rituximab-associated 
progressive multifocal leukoencephalitis.264,265 A case of nasal 
skin necrosis after rituximab therapy has also been reported.266

mayo clinic treatment 
recommendations
It remains of paramount importance to identify patients who 
have IgM MGUS or smoldering WM who do not need therapy, 

and for whom expectant observation is appropriate. It is 
important to emphasize, however, that close monitoring is 
indicated, as there can be substantial decrements in quality 
of life of individuals who progress to symptomatic WM. In our 
institution, most patients who require initial therapy and who 
cannot, or do not want, to be enrolled in clinical trials, are 
treated with the combination of rituximab, cyclophosphamide, 
and dexamethasone. This is a very well-tolerated regimen that 
will not interfere with subsequent collection of stem cells. In 
suitable candidates, stem cells are collected for a future SCT. In 
some rare instances, the use of single-agent rituximab can be 
considered, but in the majority of cases, combination therapy 
is indicated. In elderly patients who have significant comor-
bidities or limited mobility, single-agent chlorambucil can be 
considered as well. Plasma exchange is only indicated in cases 
of symptomatic hyperviscosity, and is used only as a “bridge” 
procedure until effective cytotoxic therapy is instituted. Our 
consensus group recommendations have been published and 
presented as Figure 100.3.

Study N Status
Prior 
Treatment Treatment OS (month) FU (month)

MDS/
AML

Retrospective Leblond149 71 RR AA Fluda IV × 6 23 34 1/71
(1.4%)

Prospective Leblond145 46 RR AA Fluda IV × 6 41 34 4/45
(8.9%)

Randomized Leblond145 46 RR AA CAP × 6 45 34 2/45
(4.5%)

Retrospective 
Tamburini153

49 Naive 14 
RR 35

AA Fluda Fluda + Cy IV × 6 NR 42 2/49
(4%)

AA, alkylating agent; AML, acute myeloid leukemia; CAP, cyclophosphamide, liposomal doxorubicin, and prednisone; Fluda, fludarabine; FU, follow-up time; IV, intravenous; MDS, 
myelodysplastic syndrome; NR, not reached; OS, overall survival; RR, relapsed and/or refractory. Courtesy of Dr. V. Leblond, 2012.

SecondaRy malignancieS in WaldenStRÖm macRoglobUlinemia tReated With pURine nUcleoSideS

taBLe 100.7

FIGURE 100.3. Consensus for newly diagnosed 
Waldenström’s macroglobulinemia. MGUS, mono-
clonal gammopathy of undetermined significance. From 
Ansell SM, Kyle RA, Reeder CB, Fonseca R, et al. Diag-
nosis and management of Waldenström macroglobu-
linemia: Mayo stratification of macroglobulinemia and 
risk-adapted therapy (mSMART) guidelines. Mayo Clinic 
Proc 2010;85:824–833.
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conclusions
The mainstay of therapy for WM has changed recently and more 
broadly uses rituximab-based combinations with other novel 
agents, such as bortezomib and others. The new developments 
in understanding disease biology, mainly by the identification of 
MYD88 as a disease-defining mutation, will allow a more rational 
approach to disease identification, classification, and possibly 
targeted therapy. A recent consensus statement discussed this 
dilemma and conceded that single-agent therapy or combination 
approaches were equally appropriate treatment for WM patients. 
Issues to be considered when selecting therapy include factors 
associated with the disease, such as tumor bulk, hyperviscos-
ity, and cytopenias, as well as patient-related factors, such as 
comorbid diseases and prior therapy. For some patients, achiev-
ing rapid cytoreduction of tumor may be important (and may 
favor a combination therapy approach), but for most, this is not 
necessary and single-agent therapy may be more appropriate. It 
is also important to remember that there may be a long latent 
period before one observes the full clinical benefit of the selected 
treatment. Based on the small population of patients with this dis-
ease and the paucity of information available regarding the best 
therapy, however, patients should be considered for clinical trials 
whenever possible.
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PoeMs syndroMe, CryoglobulineMia, and  
Heavy-CHain disease
angela dispenzieri, david dingli, Morie a. gertz

C h a p t e r  1 0 1

introduCtion
This chapter addresses three types of immunoglobulin-based 
orphan diseases: the POEMS syndrome (polyneuropathy, organo-
megaly, endocrinopathy, monoclonal plasma cell disorder, and 
skin changes), cryoglobulinemia, and immunoglobulin heavy-
chain disease (HCD). These diseases are characterized by lym-
phoproliferative, lymphoplasmacytic proliferative, or plasma cell 
proliferative disorders and specific serum immunoglobulin find-
ings that serve as markers to define each entity.

PoeMs syndroMe
POEMS syndrome is a rare paraneoplastic syndrome due to 
an underlying plasma cell disorder. The acronym, which was 
coined by Bardwick in 1980,1 refers to several, but not all, of 
the features of the syndrome: polyradiculoneuropathy, organo-
megaly, endocrinopathy, monoclonal plasma cell disorder, and 
skin changes. There are three important points that relate to 
this memorable acronym: (1) not all of the features within the 
acronym are required to make the diagnosis; (2) there are other 
important features not included in the POEMS acronym, includ-
ing papilledema, extravascular volume overload, sclerotic bone 
lesions, thrombocytosis/erythrocytosis (P.E.S.T.), elevated vascular 
endothelial growth factor (VEGF) levels, a predisposition toward 
thrombosis, and abnormal pulmonary function tests; and (3) there 
is a Castleman disease variant of POEMS syndrome that may be 
associated with a clonal plasma cell disorder. Other names of the 
POEMS syndrome that are less frequently used are osteosclerotic 
myeloma, Takatsuki syndrome, Crow-Fukase syndrome, and PEP 
syndrome.2,3

The disease was initially thought to be more common in 
patients of Japanese descent, given the most numerous initial 
reports from Japan.2,3 However, over the years, large series 
have also been reported from France, the United States, China, 
and India.4,5,6,7,8 A national survey conducted in Japan in 2003 
showed a prevalence of approximately 0.3 per 100,000.9

etiology of PoeMs syndroMe
The pathogenesis of the syndrome is not understood. Distinctive 
presenting characteristics of the syndrome that differentiate 
POEMS syndrome from standard multiple myeloma (MM) include 
the following: (1) dominant symptoms have little or nothing to 
do with bone pain, extremes of bone marrow infiltration by 
plasma cells, or renal failure; (2) dominant symptoms are typi-
cally neuropathy, endocrine dysfunction, and volume overload; 
(3) VEGF levels are high; (4) sclerotic bone lesions are present in 
the majority of cases; (5) overall survival is typically superior; and 
(6) λ clones predominate.10

To date, VEGF is the cytokine that correlates best with disease 
activity,11,12–14,15,16,17,18,19,20 although it is likely not the driving 
force of the disease, based on the mixed results seen with anti-
VEGF therapy.21–27 VEGF is known to target endothelial cells, 
induce a rapid and reversible increase in vascular permeability, 

and be important in angiogenesis. It is expressed by osteoblasts, 
in bone tissue, macrophages, malignant plasma cells,28,29,30 and 
megakaryocytes/platelets.31 Both IL-1b and IL-6 have been shown 
to stimulate VEGF production.28 Little is known about the plasma 
cells in POEMS syndrome except that more than 95% of the time 
they are λ-light chain restricted with restricted immunoglobulin 
light chain variable gene usage (IGLV1).32,33,34 Aneuploidy and 
deletion of chromosome 13 have been described, but hyperdip-
loidy is not seen.35

diagnosis of PoeMs syndroMe
The diagnosis is established based on a composite of clinical 
and laboratory features. The most notable symptoms include the 
constellation of neuropathy and any of the following: monoclonal 
protein (especially λ-light chain), thrombocytosis, anasarca, or 
papilledema. All the features of the acronym are not required to 
make the diagnosis. The requirements set forth in Table 101.1 
are designed to retain both sensitivity and specificity, potentially 
erring on the side of specificity. Making the diagnosis can be a 
challenge, but a good history and physical examination followed 
by appropriate testing—most notably radiographic assessment of 
bones,38 measurement of VEGF,13,17,20,39,40 and careful analysis 
of a bone marrow biopsy41—can differentiate this syndrome from 
other conditions like chronic inflammatory polyradiculoneuropa-
thy (CIDP), monoclonal gammopathy of undetermined significance 
(MGUS) neuropathy, and immunoglobulin light chain amyloid 
neuropathy.42 Figure 101.1 demonstrates several classic findings 
among patients with POEMS syndrome.

CliniCal Presentation of PoeMs 
syndroMe

polyradiculoneuropathy
The peripheral neuropathy is the dominant characteristic,2,3,5,7,36 
and it is ascending, symmetrical, and affecting both sensation 
and motor function.43 In our experience, pain may be a dominant 
feature in about 10% to 15% of patients, and in one report as 
many as 76% of patients had painful neuropathy.9,44 Nerve con-
duction studies in patients with POEMS syndrome show slowing 
of nerve conduction that is more predominant in the intermedi-
ate than distal nerve segments as compared to CIDP, and there 
is more severe attenuation of compound muscle action potentials 
in the lower than upper limbs.9,45,46,47,48 In contrast to CIDP, 
conduction block is rare.9,46,48 The conduction findings suggest 
that demyelination is predominant in the nerve trunk rather than 
the distal nerve terminals, and axonal loss is predominant in the 
lower limb nerves.9 Axonal loss is greater in POEMS syndrome 
than it is in CIDP.48 The nerve biopsy is not specific, but uncom-
pacted myelin lamellae, endothelial cytoplasmic enlargement, 
opening of the tight junctions between endothelial cells and pres-
ence of many pinocytic vesicles adjacent to the cell membranes, 
and absence of macrophage-associated demyelination have been 
described.49–55,64
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Organomegaly, endocrinopathy, Skin Changes, 
papilledema, and extravascular Overload
Depending on the series, 45% to 85% of patients will have any 
combination of splenomegaly, hepatomegaly, and/or lymphade-
nopathy. With the exception of lymph node biopsies, the histology 
of the liver and spleen tends to be nonspecific. Lymph nodes may 
appear reactive or reveal frank Castleman’s Disease or merely 
“Castleman’s Disease-like” changes. Historically, it was estimated 
that between 11% and 30% of POEMS patients with documented 
clonal plasma cell disorder also have documented Castleman 
disease or Castleman-like histology.1,3,5,7,36,42 More recent data 
would suggest that among individuals with POEMS who undergo 
lymph node biopsy, about 50% show angiofollicular hyperplasia 
typical of Castleman disease,3,7 and 84% of these are hyaline vas-
cular type.7 Only those with peripheral neuropathy AND a plasma 
cell clone should be classified as standard POEMS syndrome; 
without both, patients can be classified as Castleman disease vari-
ant of POEMS if they have other POEMS features.56

Endocrinopathy is a central but poorly understood feature of 
POEMS. In a recent series,37 approximately 84% of patients had a 
recognized endocrinopathy, with hypogonadism as the most com-
mon endocrine abnormality, followed by thyroid abnormalities, 
glucose metabolism abnormalities, and lastly by adrenal insuf-
ficiency. The majority of patients have evidence of multiple endo-
crinopathies in the four major endocrine axes (gonadal, thyroid, 
glucose, and adrenal). Gynecomastia may be present on physical 
examination.

The characteristic skin changes include hyperpigmentation, 
a recent outcropping of hemangioma, hypertrichosis, dependent 
rubor and acrocyanosis, white nails, sclerodermoid changes, 
facial lipodystrophy, flushing, or clubbing.2,4,5,6,7,8,57,58 Rarely, 
calciphylaxis is also seen.59,60 The histologic findings of the 

dermis have been reported to range from nonspecific to glo-
meruloid hemangiomata to vascular abnormalities in apparently 
normal dermis.61,62–64

Papilledema is present in at least one-third of patients65; the 
majority of these patients do not have specific symptoms relating 
to this finding but a minority will report blurred vision, diplopia, 
or ocular pain.

Peripheral edema, ascites, and effusions are the symptoms 
and signs that cause the next most morbidity after peripheral 
neuropathy. The manifestations of extravascular overload occur 
in 29% to 87% of patients with POEMS syndrome and are not 
typically associated with severe hypoalbuminemia. Severe third 
spacing can lead to worsening renal function. Serum creatinine 
levels are normal in most cases, but serum cystatin C, which is a 
surrogate marker for renal function, is high in 71% of patients.66 
In our experience, at presentation, fewer than 10% of patients 
have proteinuria exceeding 0.5 g/24 hours, and only 6% have a 
serum creatinine greater than or equal to 1.5 mg/dl. Four per-
cent of patients developed renal failure as preterminal events.36 
In another series from China, however, 37% of patients had a 
creatinine clearance (CrCl) of less than 60 ml/minute, 9% had a 
CrCl of less than 30 ml/minute, and 15% had microhematuria. 
In POEMS syndrome, the renal histologic findings are diverse, 
with membranoproliferative features and evidence of endothelial 
injury being most common.67 On both light and electron micros-
copy, mesangial expansion, narrowing of capillary lumina, base-
ment membrane thickening, subendothelial deposits, widening 
of the subendothelial space, swelling and vacuolization of endo-
thelial cells, and mesangiolysis predominate.68,69–74 Standard 
immunofluorescence is negative,69,75 which differentiates it from 
primary membranoproliferative glomerulitis.67 Rarely, infiltra-
tion by plasma cell nests or Castleman-like lymphoma have been 
described.74

% Affectedb

Mandatory major criteria 1. Polyradiculoneuropathy (typically demyelinating) 100

(both required) 2. Monoclonal plasma cell disorder (almost always l) 100c

Other major criteria 3. Castleman diseased 11–25

(one required) 4. Bone lesions, usually sclerotic 27–97

5. Vascular endothelial growth factor elevatione

Minor criteria (one required) 6. Organomegaly (splenomegaly, hepatomegaly, or lymphadenopathy) 45–85

7. Extravascular volume overload (edema, pleural effusion, or ascites) 29–87

8. Endocrinopathy (adrenal, thyroidf, pituitary, gonadal, parathyroid, pancreaticf  ) 67–84

9.  Skin changes (hyperpigmentation, hypertrichosis, glomeruloid hemangiomata, plethora,  
acrocyanosis, flushing, white nails)

68–89

10. Papilledema 29–64

11. Thrombocytosis/polycythemiag 54–88

Other symptoms and signs Clubbing, weight loss, hyperhidrosis, pulmonary hypertension/restrictive lung disease, thrombotic  
diatheses, diarrhea, low vitamin B12 values

POEMS, polyneuropathy, organomegaly, endocrinopathy, M-protein, skin changes.
a The diagnosis of POEMS syndrome is confirmed when both of the mandatory major criteria, one of the three other major criteria, and one of the six minor criteria are present.
b Summary of frequencies of POEMS syndrome features based on largest retrospective series.2,3,5,7,36,37

c Takasuki and Nakanishi series are included even though only 75% of patients had a documented plasma cell disorder. Since these are among the earliest series describing the syndrome, they 
are included.
d There is a Castleman disease variant of POEMS syndrome that occurs without evidence of a clonal plasma cell disorder that is not accounted for in this table. This entity should be considered 
separately.42

eA plasma VEGF level of 200 pg/ml is 95%specific and 68%sensitivity for a POEMS syndrome.20

f Because of the high prevalence of diabetes mellitus and thyroid abnormalities, this diagnosis alone is not sufficient to meet this minor criterion.
gApproximately 50% of patients will have bone marrow changes that distinguish it from a typical MGUS or myeloma bone marrow.
From Dispenzieri A. How I treat POEMS syndrome. Blood 2012;119(24):5650–5658, with permission.

Criteria For tHe Diagnosis oF PoeMs synDroMea

taBLe 101.1
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Monoclonal plasma Cell Disorder, Sclerotic 
Bone Lesions, and Myeloproliferation
Among patients with POEMS syndrome, the CBC is notable for 
an absence of cytopenias. In fact, nearly half of patients will 
have thrombocytosis or erythrocytosis.36 In a recent series from 
China, 26% of patients had anemia, which the authors attrib-
uted to impaired renal function.7 Their series was enriched with 
Castleman disease cases (25%), which may have also contributed 
to this unprecedentedly high rate of anemia.

The bone marrow biopsy reveals megakaryocyte hyperpla-
sia and megakaryocyte clustering in 54% and 93% of cases, 
respectively.41 These megakaryocyte findings are reminiscent 
of a myeloproliferative disorder, but JAK2 V617F mutation 
is uniformly absent. One-third of patients do not have clonal 
plasma cells on their iliac crest biopsy. These are the patients 
who present with a solitary or “multiple solitary” plasmacyto-
mas. The other two-thirds of patients have clonal plasma cells 
in their bone marrow, and 91% of these cases are clonal l. 
The median percent of plasma cells observed is less than 5%. 
Immunohistochemical staining is more sensitive than is 6-color 

flow cytometry, since the former provides information on bone 
marrow architecture, which is key in making the diagnosis in 
nearly half of cases. In our study of 67 pretreatment bone mar-
row biopsies from patients with POEMS syndrome, lymphoid 
aggregates were found in 49% of cases. Of these, there was 
plasma cell rimming in all but one, and in 75% and 4% the rim-
ming was clonal l and k, respectively. This finding was not seen 
in bone marrows from normal controls or from patients with 
MGUS, MM, or amyloidosis. Overall, only 8/67 (12%) of POEMS 
cases had normal iliac crest bone marrow biopsies, i.e., no 
detectable clonal plasma cells, no plasma cell rimmed lymphoid 
aggregates, and no megakaryocyte hyperplasia.

Osteosclerotic lesions occur in approximately 95% of patients and 
can be confused with benign bone islands, aneurysmal bone cysts, 
nonossifying fibromas, and fibrous dysplasia.3,36,76,77 Some lesions 
are densely sclerotic, while others are lytic with a sclerotic rim, while 
still others have a mixed soap-bubble appearance. Occasionally 
patients will have a lytic lesion without any evident sclerosis. Bone 
windows of CT body images are often very informative, often even 
more so than FDG-uptake, which can be variable and most useful 
when there is an obvious lytic component to the bone lesion.

FIGURE 101.1. Classic findings of POEMS (polyneuropathy, organomegaly, endocrinopathy, monoclonal plasma cell disorder, and skin changes) syndromes. A: Massive ascites 
and lipodystrophy. B: Chest radiograph and pulmonary function test results demonstrating reduced lung volumes due to neuromuscular weakness, small effusions, and reduced diffusing capacity 
of carbon monoxide. C: Improved chest radiograph and pulmonary function tests 2.5 years after ASCT (same patient as H). D: Fusion CT PET of mixed lytic/sclerotic lesion in right scapula. E: Bone 
windows of CT of mixed lytic/sclerotic lesion in right scapula. F: Hyperemia of extremities and white nails. G: Outcropping of cherry angiomata at diagnosis. H: Shrinkage and disappearance of cherry 
angiomata after radiation to solitary osteosclerotic lesion right femur. I: Plasmacytoma right scapula with overlying erythema as well as gynecomastia, muscle wasting, and ascites. Also present but 
unrelated is florid tinea corporis due to chronic steroid used for the incorrect diagnosis of CIDP. (From Dispenzieri, A. How I treat POEMS syndrome. Blood 2012;119(24):5650–5658, with permission.)
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elevated Vascular endothelial Growth Factor 
and Other Cytokines
Plasma and serum levels of VEGF are markedly elevated in 
patients with POEMS11,20,28,78 and correlate with the activity of 
the disease.13,17,20,28 The principal isoform of VEGF expressed 
is VEGF165.13 VEGF levels are independent of M-protein size.13 
IL-1b, TNF-a, and IL-6 levels are often also increased. Serum 
VEGF levels are 10 to 50 times higher than plasma levels of 
VEGF,79 making it unclear which test is preferred. In patients with 
POEMS, VEGF is found in both plasma cells29,30 and platelets.78 
The higher level observed in serum is attributable to the release of 
VEGF from platelets in vitro during serum processing. Our group 
has recently demonstrated that a plasma VEGF level of 200 pg/
ml had a specificity of 95% with a sensitivity of 68% in support of 
a diagnosis of POEMS syndrome. Other diseases with high VEGF 
include connective tissue disease and vasculitis.20

pulmonary and Coagulation abnormalities
Respiratory complaints are usually limited, given patients’ neuro-
logic status impairing their ability to induce cardiovascular chal-
lenges.80 The pulmonary manifestations are protean, including 
pulmonary hypertension, restrictive lung disease, impaired neu-
romuscular respiratory function, and impaired diffusion capacity 
of carbon monoxide, but improve with effective therapy.7,80,81 
Whether the digital clubbing seen in POEMS is a reflection of 
underlying pulmonary hypertension and/or parenchymal disease 
is yet to be determined. Fingernail clubbing is seen in about 4% 
to 49% of cases.3,80

Patients are at increased risk for arterial and/or venous throm-
boses during their course, with nearly 20% of patients experiencing 
one of these complications.10,82 Ten percent of patients present with 
a cerebrovascular event, most commonly embolic or vessel dissec-
tion and stenosis.83 Thrombocytosis and increased bone marrow 
infiltration are associated with risk for cerebrovascular accidents.83 
Aberrations in the coagulation cascade have been implicated in 
POEMS syndrome, but are not usually clinically apparent.55

treatMent of PoeMs syndroMe
Despite the relationship between disease response and dropping 
levels of VEGF, the most experience with successful outcomes has 
been associated with directing therapy at the underlying clonal 
plasma cell disorder rather than solely targeting VEGF with 
anti-VEGF antibodies. The treatment algorithm is based on the 
extent of the plasma cell infiltration (Fig. 101.2). The approach to 
therapy differs based on whether there is bone marrow involve-
ment as determined by blind iliac crest sampling.84

The course of POEMS syndrome is usually chronic, with mod-
ern estimated median survivals of nearly 14 years.36,80 Only fin-
gernail clubbing, extravascular volume overload—i.e., effusions, 
edema, and ascites36—and respiratory symptoms80 have been 
associated with a significantly shorter overall survival. The num-
ber of POEMS features does not affect survival.5,10 In our experi-
ence and in a recent report from China, patients with coexisting 
Castleman disease may have an inferior overall survival as com-
pared to patients without.7 In a series of 11 patients, lower VEGF 
levels predicted for better response to therapy, with resolution of 
the skin changes, improvement of the neuropathic disturbances, 
and improvement of all of the features assumed to be related to 
increased permeability, like papilledema and organomegaly.17

Management of pOeMS Syndrome without 
Disseminated Bone Marrow Involvement
In the case of patients with an isolated bone lesion without 
clonal plasma cells found on iliac crest biopsy, radiation is the 

recommended therapy, as it is in the case of a more straightfor-
ward solitary plasmacytoma of bone. Not only does radiation to 
an isolated (or even two or three isolated) lesion(s) improve the 
symptoms of POEMS syndrome over the course of 3 to 36 months, 
but it can be curative.

Management of pOeMS Syndrome with 
Disseminated Bone Marrow Involvement
Once there is disseminated bone marrow involvement, albeit 
even with a low plasma cell percentage, radiation is not expected 
to be curative. Typically, once there is disseminated disease 
identified, systemic therapy is recommended with the caveat 
that large bony lesions with a significant lytic component may 
require adjuvant radiation therapy.84 Decisions about adjuvant 
radiation should be made on a case by case basis, and typically 
not until a minimum of 6 months after completing chemotherapy. 
It is important to remember that there is a lag between comple-
tion of successful therapy and neurologic response, often with 
no discernible improvement until 6 months after completion of 
therapy. Maximal response is not seen until 2 to 3 years hence. 
Other features like anasarca, papilledema, and even skin changes 
may improve sooner. Optimal FDG-PET response may also lag by 
6 to 12 months.

Since there are no randomized clinical trials among patients 
with POEMS syndrome, treatment recommendations are based 
on case series and anecdote. The treatment armamentarium is 
borrowed from other plasma cell disorders, most notably MM 
and light chain amyloidosis. Table 101.2 summarizes regimens 
and observed outcomes. Corticosteroids may provide symptom-
atic improvement, but response duration is limited. The most 
experience has been with alkylator-based therapy, either low-
dose or high-dose, with peripheral blood stem cell transplant. 
The first prospective clinical trial to treat POEMS syndrome was 
reported from China.89 They treated 31 patients with 12 cycles 
of melphalan and dexamethasone and found that 81% of patients 
had hematologic response, 100% had VEGF response, and 100% 
had at least some improvement in neurologic status. A limitation 
of this study is that follow-up was only 21 months, so long-term 
outcomes are not yet available. Personal experience and retro-
spective reports of the use of cyclophosphamide-based therapy 
are also promising.84

CLONAL PLASMA CELLS ON ILIAC CREST BIOPSY?

Yes

Yes No

No Yes or No

>3
Bone lesions

Systemic therapy
Curative doses of radiation

to affected site(s)

Extensive assessments every 3–6 months

Vigorous
supportive

care

FIGURE 101.2. Algorithm for the treatment of POEMS (polyneuropathy, organomegaly, 
endocrinopathy, monoclonal plasma cell disorder, and skin changes) syndrome. (From 
Dispenzieri, A., How I treat POEMS syndrome. Blood 2012;119(24):5650–5658, with permission.)
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was 98%, 94%, and 75% at 1, 2, and 5 years, respectively.128 
Symptomatic progressions were rare, whereas radiographic and 
VEGF progressions were most common. Treatment-related mor-
bidity and mortality can be minimized by recognizing and treat-
ing an engraftment-type syndrome characterized by fevers, rash, 
diarrhea, weight gain, and respiratory symptoms and signs that 
occur anytime between days 7 and 15 post–stem cell infusion.113

Other promising treatments include lenalidomide, thalidomide, 
and bortezomib, all of which can have anti-VEGF and anti-TNF 
effects. Enthusiasm for the latter two therapies should be tem-
pered by the high rate of peripheral neuropathy induced by these 
drugs. We have observed dramatic improvements in one patient 

High-dose chemotherapy with peripheral blood 
stem cell transplant can also be quite effective, but selec-
tion bias may confound these reports. Case series suggest 
100% of patients achieve at least some neurologic improve-
ment.18,57,67,104,105,106,107,108,109,110,111,112,113,124,125 Doses of 
melphalan ranging from 140 mg/m2 to 200 mg/m2 have been 
used, with the lower doses used for sicker patients. In addition, 
tandem transplant has been applied in one patient, but again, no 
information is available regarding any added value of the second 
transplant.126 Anecdotally, responses are durable, but relapses 
have been reported.27,127 Of the 59 patients with POEMS syndrome 
treated at the Mayo Clinic Rochester, progression-free survival 

Regimen Outcome

Radiation36,85–88 ≥50% of patients have significant clinical improvement

Mel-Dex89 81% hematologic response rate; 100% with some neurologic improvement

Corticosteroids56 ≥15% of patients have significant clinical improvement

ASCT56 100% of surviving patients have significant clinical improvement

Thal after MP90 No hematologic response but improved ascites; stabilized PN, splenomegaly, pulmonary hypertension

Thal + Dex after CAD91 CD/POEMS: improved ascites, effusions, pulmonary hypertension, PN, renal function, IL-6 level

Thal + Dex92 Nine patients. VEGF improved in all; PN improved in 66%; stable in 33%; improved edema; no HCR

Thal after VAD, CTX, Bev25 Improved cardiopulmonary status, but no improved PN and rising VEGF

Len + Dex93 Improved ascites, PS, PN, VEGF, testosterone, pulmonary function tests

Len + Dex94 Nine patients. All had hematologic response; clinical responses in all evaluable patients including PS, neurologic 
syndrome, edema, and VEGF

Len ± Dex95 Ten patients. All had prior therapy a median of 4 mo (range 1–36 mo) prior to starting len. For 7, only Pred and 
IVIG were used as prior therapy, making it improbable that the salutatory effect was related to anything other 
than len. After a median of 7.5 cycles of len, all had clinical improvement despite the fact that only half achieved 
CR. Five were consolidated with ASCT

Len + CTX + Dex96 After 4 cycles of therapy, patient was able to walk without support, and after 6 cycles, papilledema and IgA  
disappeared. 1 y after 9 cycles, she remains in remission

Bortez+AD after VAD, CTX, Mel-Pred, + AD97 Improved M-protein, VEGF, paresthesias, splenomegaly, effusions, muscle strength, gynecomastia, and skin 
changes

Bortez + Dex98 Improved M-protein, polyneuropathy, hepatomegaly, testosterone; no change in electromyelography
Bortez x 5 cycles + Thali added at cycle 6  
(prior Dex and Mel-Pred)99

Improvement of anasarca, PN, VEGF, and PET scan with Bortez alone, but thali added because of persistent edema, 
M-protein, PN, and barely elevated VEGF. With thali, disappearance of pleural effusion, ascites, and M-protein and 
normalization of VEGF

Bortez Dexa100 Improvement by 3 cycles, but continued for 6. Complete remission 4 y after completing therapy. Improvement in 
adenopathy, pleural effusion and ascites, hepatosplenomegaly, and IL-6

Bortez, CTX, Dex101 Clinical response of anasarca within 6 wk and tolerated therapy for 18 mo achieving a near complete response and 
a VEGF response. PN, hyperpigmentation, pulmonary hypertension improved significantly

Bev alone21 Death within 6 wk

Bev + mycophenolate + Dex102 One month after starting therapy, patient deteriorated further with worsening ascites and shortness of breath.  
Bev and Dex were discontinued. Mel and Pred were begun. Patient died 1 mo later

Bev alone22 Worsening PN, anasarca, multiorgan failure; died of pneumonia 5 wk after therapy

Bev alone23 Improved pain, breathing, and walking

Bev + Mel-Dex24 Improved effusions/ascites

Prior VAD/CTX25 Improved edema, pain, weakness, and VEGF

Bev + CTX-Dex26 Initial worsening; repeat with Bev → improved pulmonary HTN, anasarca, skin changes

Bev + CTX-CS27 Initial improvement, but multiorgan failure and death

Bev + CTX-radiation103 Two patients. First patient treated with radiation and CTX and then Bev. Clinical improvement started before Bev. 
At radiologic relapse, Bev no use, so lenalidomide plus Dex used with benefit. Second patient treated with same 
sequence, but course complicated by sepsis. Biochemical and early neurologic response before Bev started

Bev +CTX20 Clinical and biochemical relapse. No response to CTX, so bevacizumab added. Death

Bev, bevacizumab; Bortez, bortezomib; CS, corticosteroids; CTX, cyclophosphamide; Dex, dexamethasone; HCR, hematologic complete response; HTN, hypertension; Len, lenalidomide; Mel, 
melphalan; PN, polyneuropathy; POEMS, polyneuropathy, organomegaly, endocrinopathy, M-protein, skin changes; Pred, prednisone; PS, performance status; Thali, thalidomide; VAD, vincristine, 
doxorubicin, dexamethasone; VEGF, vascular endothelial growth factor.
aCastleman’s variant of POEMS syndrome.

aCtivity oF tHeraPy For tHe treatMent oF PoeMs synDroMe

taBLe 101.2
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as follows: (1) hematologic response using modified amyloid 
response criteria; (2) VEGF response; and (3) a simplified organ 
response, which is limited to those systems causing the most 
morbidity, like peripheral neuropathy assessment, pulmonary 
function testing (diffusion capacity of carbon monoxide), and 
extravascular overload (grading ascites and pleural effusion as 
absent, mild, moderate, or severe).

CryoglobulineMia
In 1933, Wintrobe and Buell139 originally reported observ-
ing cryoglobulins in a serum sample from a patient with MM. 
These cold precipitable immunoglobulins were observed in 
some patients with vasculitis, viral infection, or lymphoprolif-
erative disorders, and were found to be byproducts of lymphoid 
 dysfunction—unchecked and misdirected stimulation and prolif-
eration that cause dysfunction and pathologic changes. An under-
standing of cryoglobulins and the cells that produce them, along 
with their interaction with tissue matrix, systemic cytokines, 
and the remainder of the immune system, may provide insight 
into basic control pathways and the earliest steps of malignant  
transformation.

The term “cryoglobulin” was coined by Lerner and Watson140 in 
1947. Precipitation of cryoglobulins is dependent on temperature, 
pH, cryoglobulin concentration, and weak noncovalent factors.141 
Meltzer and others delineated a distinct syndrome of purpura, 
arthralgias, asthenia, renal disease, and neuropathy—often occur-
ring with immune complex deposition or vasculitis, or both.129,142 
Brouet et al.120 popularized a system of classifying cryoglobuline-
mia on the basis of the components of the cryoprecipitate: type I, 
isolated monoclonal immunoglobulins; type II, a monoclonal com-
ponent, usually IgM, that binds to the Fc component of polyclonal 
IgG (i.e., has rheumatoid factor activity); and type III, polyclonal 
immunoglobulins of more than one isotype.120 This classification 
provided a framework by which clinical correlations could be 
made. Associated conditions, such as lymphoproliferative disor-
ders, connective tissue disorders, infection, and liver disease were 
observed in some patients121,143 (Table 101.3). Since early studies 
failed to identify an associated underlying condition in 34% to 71% 
of cryoglobulinemia cases, the majority of patients were thought 
to have essential or primary cryoglobulinemia120,121,144; however, 
with the discovery of hepatitis C virus (HCV) came the recognition 
that the majority of these cases were actually related to HCV.145,146 
(Fig. 101.3). Essential cryoglobulinemia now accounts for fewer 
than 10% of cases of cryoglobulinemia.134

ePideMiology of 
CryoglobulineMia
It is difficult to determine the prevalence of cryoglobulinemia 
since the syndrome is clinically heterogenous and it may be 
difficult to distinguish incidental laboratory findings from the 
symptomatic disease state. Although only a minority of patients 
with serum cryoglobulins have symptoms referable to them, 
cryoglobulins may be found in patients with cirrhosis (up to 45%), 
alcoholic hepatitis (32%), autoimmune hepatitis (40%), subacute 
bacterial endocarditis (90%), rheumatoid arthritis (47%), Sjögren 
syndrome, IgG myeloma (10%), and Waldenström macroglobu-
linemia (19%).120,121,122,123,136,143 The presence of cryoglobu-
lins should alert the physician to the possibility of undiagnosed 
chronic infections such as subacute bacterial endocarditis, Lyme 
disease, and Q fever.143 Case reports describe cryoglobulinemia 
associated with hepatitis A virus, hepatitis B virus, Hantavirus, 
cytomegalovirus, Epstein-Barr virus, human T-cell lymphotropic 
virus type I, hepatitis G virus, human immunodeficiency virus, 

treated with lenalidomide.93 In France, nine patients, one of whom 
was newly diagnosed, were treated with lenalidomide and dexa-
methasone.94 Serious side effects were noted in three patients, 
with two hematologic toxicities and a cutaneous allergy. All 
patients evaluable for hematologic response had at least a partial 
hematologic response. Clinical responses, including improvement 
in performance status and neurologic symptoms, were docu-
mented among the 8 who had sufficient follow-up. One patient 
relapsed 5 months after discontinuing therapy, but responded 
to reintroduction of the drug. Bortezomib use has been reported 
in three patients.97,98,101 The first report is difficult to interpret, 
since the patient had a number of chemotherapies prior to receiv-
ing a bortezomib, doxorubicin, and dexamethasone combination. 
There was early evidence of improvement even before starting the 
bortezomib regimen. The second and third reports are more con-
vincing: in the first, 7 cycles of bortezomib and dexamethasone 
resulted in patient improvement; and in the second, 18 months of 
cyclophosphamide, bortezomib, and dexamethasone resulted in 
dramatic improvements in a patient with refractory paracentesis-
dependent ascites. Although an anti-VEGF strategy is appealing, 
the results with bevacizumab have been mixed.22–27 Five patients 
who had also received either radiation or alkylator during and/or 
predating the bevacizumab had benefit,24–26,103 including three 
who had improvement but were then consolidated with high-dose 
chemotherapy and autologous stem cell transplant.25,103 Three 
patients receiving bevacizumab died.21,22,27

Both our experience and the literature would support that sin-
gle-agent IV IG or plasmapheresis is not helpful. Other treatments 
like interferon (IFN)-a, tamoxifen, transretinoic acid, ticlopidine, 
argatroban, and strontium-89 have been reported as having activ-
ity, mostly as single case reports.10

Managing Symptoms of Disease
Attention to supportive care is imperative. Orthotics, physical 
therapy, and CPAP all play an important role in patients’ recov-
ery. Ankle foot orthotics can increase mobility and reduce falls. 
Physical therapy reduces the risk of permanent contractures and 
leads to improved function both in the long and short term. For 
those with severe neuromuscular weakness, CPAP and/or BiPAP 
provides better oxygenation and potentially reduces the risk of 
complications associated with hypoventilation like pulmonary 
infection and pulmonary hypertension.

Monitoring response
Patients must be followed carefully on a quarterly basis, track-
ing the status of deficits and comparing these to baseline.128 
VEGF responses may occur as soon as 3 months,124 but they 
can be delayed. VEGF is an imperfect marker since discordances 
between disease activity and response have been reported,137 
so trends rather than absolute values should direct therapeutic 
decisions. Serum M-protein responses by protein electrophoresis, 
immunofixation electrophoresis, or serum immunoglobulin free 
light chains also pose a challenge. The size of the M-protein is 
typically small, making standard MM response criteria inappli-
cable in most cases. In addition, patients can derive very signifi-
cant clinical benefit in the absence of an M-protein response.89,113 
Finally, despite the fact that the immunoglobulin free light chains 
are elevated in 90% of POEMS patients, the ratio is normal in 
all but 18%,66 making the test of limited value for patients with 
POEMS syndrome.

Recommendations about how to approach organ response 
have recently been suggested for the purposes of clinical tri-
als, since there are more than two dozen parameters that can 
be assessed in a given patient with POEMS syndrome, given 
the multisystem nature of the disease.128,138 Alternatively, 
response criteria for POEMS syndrome could be abridged 
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CryoglobulineMia: CliniCal anD exPeriMental assoCiations

taBLe 101.3

Infectious Diseases
 Viral

  Epstein-Barr virus

  Cytomegalovirus

  Hepatitis B virus

  Hepatitis A virus

  Adenovirus

  Hepatitis C virus114,115

  Human immunodeficiency virus116–118

 Bacterial

  Subacute bacterial endocarditis (± nephritis)

  Lepromatous leprosy (± erythema nodosum)

  Acute poststreptococcal nephritis

  Syphilis

  Lyme disease (± erythema chronicum migrans)

  After intestinal bypass with arthritis

  Q fever119

 Fungal

  Coccidioidomycosis

 Parasitic

  Kala-azar

  Toxoplasmosis

  Tropical splenomegaly syndrome

  Echinococcosis

  Malaria

  Schistosomiasis

  Trypanosomiasis

Autoimmune Diseases
 Systemic lupus erythematosus

 Nephritis, hypocomplementemia

 Drug-induced lupus (procainamide)

 Rheumatoid arthritis

 Extra-articular disease, Felty syndrome, synovial fluid

 Polyarteritis nodosa (positive or negative for hepatitis B surface antigen)

 Kawasaki syndrome (± macroglobulinemia)

 Sjögren syndrome

 Scleroderma

 Sarcoidosis

 Thyroiditis

 Henoch-Schönlein purpura

 Behçet syndrome

 Polymyositis

 Inflammatory bowel disease

 Celiac disease, ulcerative colitis, regional enteritis

 Endomyocardial fibrosis

 Pulmonary fibrosis

 Cutaneous vasculitis

 Pemphigus vulgaris

 Erythema elevatum diutinum

 Cold-induced urticaria

 Epidermolysis bullosa acquisita

(Continued )
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and parvovirus B19.116,143,147 The association with HCV was 
reported in 1990 and 1991,145,146 and the majority (42% to 100%) 
of patients with mixed cryoglobulinemia were found to be infected 
with HCV.146,148,149,150,151–155

Results of most studies show that the median age at diagnosis 
is the early to mid 50s.136,156,157 In some studies, the female pre-
dominance for cryoglobulinemia is greater than 2:1 (Table 101.4). 
No racial preference has been noted, but the incidence is higher 

 Erythema multiforme

 POEMS syndrome

 Pyoderma gangrenosum

Lymphoproliferative Disorders
 Macroglobulinemia (primary and secondary)120,121,122,123

 Lymphoma (Hodgkin and non-Hodgkin)120,121,122,123

 Chronic lymphocytic leukemia

 Immunoblastic lymphadenopathy

 Hairy cell leukemia

Renal Disease
 Proliferative glomerulonephritis

Liver Diseases
 Cirrhosis (Laënnec, postnecrotic)

 Biliary cirrhosis

 Chronic hepatitis

Familial (Symptomatic, Asymptomatic)
Essential
Experimental
 Pneumococcal vaccines

 Streptococcal (A and C) hyperimmunization

 NZB/NZW, MRL/1, BXSB mice

POEMS, polyneuropathy, organomegaly, endocrinopathy, M-protein, skin changes.
From Dispenzieri A, Gorevic PD. Cryoglobulinemia. Hematol Oncol Clin North Am 1999;13(6):1315–1349. By permission of WB Saunders.

CryoglobulineMia: CliniCal anD exPeriMental assoCiations (ContinueD)

taBLe 101.3

?

“Essential”
No identifiable underlying

disease process

Serum

Purpura

?

?

Arthralgias

Neurologic

Renal complications

Weakness

Symptomatic
cryoglobulinemia

“?”
represents
unknown

contributing
factors

Cryoglobulins

No symptoms
of cryoglobulinemia

“Secondary”
Chronic liver disease (HCV)

Chronic infection (HCV)
Lymphoproliferative disorder
Connective tissue disease

FIGURE 101.3. Relationship among underlying diseases, cryoglobulins, and symptoms of cryoglobulinemia. Question marks represent unknown contributing 
factors. HCV, hepatitis C virus. (Adapted from Dispenzieri A, Gertz MA. Cryoglobulinemia. In: Gertz MA, Greipp PA, eds. Handbook of Multiple Myeloma and Related Cell Dis-
orders (Primary Amyloidosis, AL). Berlin: Springer-Verlag, 2004.)
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in regions where HCV occurs at higher frequencies (for example, 
southern Europe).

etiology of CryoglobulineMia
Cryoglobulinemia is driven primarily by 4 classes of disease: liver 
disease (predominantly HCV), infection (again, predominantly 
HCV), connective tissue disease, and lymphoproliferative disor-
ders. Type I and II cryoglobulins are associated with monoclonal 
expansion of B cells or plasma cells, while type III cryoglobulins 
result from polyclonal B cell expansion. Infection and/or inflam-
mation ostensibly induce a nonspecific stimulation of B cells, fre-
quently resulting in polyclonal hypergammaglobulinemia. When 
these various antibodies are produced, antibodies to autoantigens 
may also result. In animal models, a strong B cell stimulus dis-
rupts the sequential order of idiotype–anti-idiotype interactions, 
resulting in both immunosuppression and idiotype–anti-idiotype 
immune complexes.159 Furthermore, poorly regulated production 
and clearance of IgM-rheumatoid factor contributes to immune 
complex formation.141,121 Deposition of these antibody complexes 
in tissue leads to a variety of pathologic conditions, including vas-
culitis, nephritis, and vascular occlusion.

Complement components, fibronectin, and lipoproteins have 
been found along with antigen-antibody complexes within cryo-
precipitates. Although hepatitis B virus, Epstein-Barr virus, and 
bacterial products may also be present, by far the most com-
mon pathogen within cryoprecipitates is HCV.160 HCV-RNA, 
HCV-specific proteins, and anti-HCV antibodies are found in the 
supernatant of the cryoprecipitate and in the cryoprecipitate 

itself in 42% to 98% of patients with essential mixed cryoglobu-
linemia.149,150,151–155 Cryoprecipitates contain 20 to 1,000 times 
more HCV-RNA than is present in the supernatant.161 The IgG 
component to which the IgM-rheumatoid factor fraction binds is 
directed against the HCV proteins.162

The biochemical basis for the temperature-dependent pre-
cipitation of these proteins is not completely understood. They 
may precipitate at temperatures substantially higher than the 
4°C that is used to determine their presence in the laboratory. 
Precipitation also depends on temperature, pH, the ionic strength, 
and the structure (sequence) of the immunoglobulin components.

relationships among predisposing Conditions 
and Cryoglobulinemia

Hepatitis C Virus
The exact relationship between HCV and cryoglobulinemia is 
unknown, although the lymphotropism of HCV is well established. 
The virus can infect B lymphocytes through CD81 or the LDL 
receptor.163,164 There is considerable evidence that (1) HCV can 
serve as a chronic immune stimulus, (2) cryoglobulins are pres-
ent in up to 50% of HCV-infected patients,165,166,167,168 (3) HCV 
is associated with autoimmune phenomena even in the absence 
of cryoglobulinemia, and (4) HCV may predispose patients to 
lymphoma.143,169–172 Predisposing factors for cryoglobulinemia 
in HCV patients are female gender, alcohol consumption, detect-
able serum HCV-RNA, longer duration of hepatitis, higher serum 
g-globulin levels, higher rheumatoid factor levels, steatosis, and 
extensive liver fibrosis or cirrhosis.155,165,166,173–176

Patients, %

Cryo type

Authorsa N F:M Essential 
cryob

I II III LPD Liverc Sicca Skin Raynaud Renal Arthralgia Neuro

Meltzer et al.129 29 3:1  41 59 41d 41d 31 72e 17e 92e — 25e 92e 17e

Brouet et al.120 86 —  34 25 25 50 44 —  9 55 50 21 35 17

40 1.7:1 100  0 32 68 — 70 15 100 25 55 72 12

Tarantino  
et al.f 130

44 1:7  82 — — —  0g 14  2 59  7 100 57  7

Singer et al.131 16 — — 12 63 25  6 — — 94 — 63 63 56

Authorsa N F:M Essential 
cryob

 I II III LPD Liverc Sicca Skin Raynaud Renal Arthralgia Neuro

Monti et al.132 891 2:1 72  6 62 32  6 39  5 76 19 20 — 21

Ferri et al.133 231 3:1 <8% — 62 38 10 77 53 98 48 30 98 80

Trejo et al.134 206h — — — — — 10 — — 51 11 39 40 14

Rieu et al.135  49 1.7:1 12  6i  49 33  0 43 35 82 35 24 51 55

Bryce136  66 45:55 15 — 100 —  9 50  2 55 12 26 21 18

Abd, abdominal; cryo, cryoglobulinemia; LPD, lymphoproliferative disorder; neuro, neurologic disease.
a Publications are listed chronologically, from oldest to most recent.
b Cryoglobulinemia without any identified predisposing condition. These values do not represent actual incidence but rather the make-up of the population analyzed for symptoms.
c Patients with abnormal liver function tests or hepatomegaly, or both.
d Value is for types II and III combined.
e Symptoms of the essential mixed cryoglobulinemia (types II and III) population only.
f Series restricted to patients with renal involvement.
g Patients with multiple myeloma, Waldenström macroglobulinemia, and infection were excluded from this study by design.
h Only patients with a cryocrit ≥ 1% were included. The percentages were calculated on the basis of the 206 symptomatic patients described by the authors.
i In this study, 12% of the patients were not typed.
Modified from Dispenzieri A, Gorevic PD. Cryoglobulinemia. Hematol Oncol Clin North Am 1999;13(6):1315–1349. By permission of WB Saunders.

CliniCal Features oF CryoglobulineMia at Diagnosis

taBLe 101.4
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The major envelope protein of HCV (HCV-E2) binds with high 
affinity to CD81, a tetraspanin expressed on several cell types, 
including B and T lymphocytes.163 CD81 expression on CD19+ 

B lymphocytes is significantly higher in patients with mixed 
cryoglobulinemia compared to those without mixed cryoglobu-
linemia, patients chronically infected with hepatitis B virus, 
and healthy controls.177 Moreover, CD81 expression is higher 
on CD5 positive B cells relative to other circulating B cells.178 
Engagement of CD81 on human B cells by a combination of 
HCV-E2 and an anti-CD81 monoclonal antibody triggers the 
JNK pathway and leads to the preferential proliferation of the 
naive (CD27−) B cell subset.179 The interaction between CD19/
CD21 and CD81 provides a strong activation signal for B cells 
that drives the polyclonal proliferation of naive B lymphocytes 
and may be a key initiating factor for the development of the 
HCV-associated B lymphocyte disorders.179 This interaction may 
explain the frequent finding of clonal B cells in patients with HCV 
in the absence of an overt malignancy.180,181 These B cells have 
a biased usage of rheumatoid factor encoding VH1–69 and Vk3–
20 gene segments, similar to what is observed in patients with 
HCV-related lymphoma.182 Interestingly, these cells express low 
levels of CD21 and are associated with an anergic phenotype.183 
Eradication of HCV infection by IFN therapy leads to normaliza-
tion of the activation markers’ expression on B lymphocytes179 
as well as restoration of immune homeostasis, especially after 
therapy with rituximab.184,185 The potential host-specific pre-
disposing factors for the development of cryoglobulinemia are 
being deciphered. In a large series of patients with HCV-related 
cryoglobulinemic glomerulonephritis, HLA DRB1*11 was more 
frequent in patients with nephrotic syndrome, while HLA 
DRB1*7 appeared to be protective.158

Connective Tissue Disease
The incidence of cryoglobulinemia, most commonly type II or 
III, in relation to specific connective tissue diseases is quite vari-
able.129 Among patients with systemic lupus erythematosus, 
25% have detectable cryoglobulins,186 and cryoglobulins have 
been detected in 12.5% of patients with systemic sclerosis.122,187 
Measurable amounts of cryoglobulins, usually polyclonal, can be 
found in up to 46% of patients with active rheumatoid arthri-
tis.188 Among patients with Sjögren syndrome, 16% to 37% have 
serum cryoglobulins122,189,190; conversely, 5% to 15% of patients 
with mixed cryoglobulinemia have Sjögren syndrome.120,121,144 
Patients with Sjögren syndrome and mixed cryoglobulins have a 
7-fold risk of lymphoma developing (86% versus 12.5% in patients 
without cryoglobulins) and a worse survival.189,191

Lymphoproliferative Disorders
The relationship between cryoglobulinemia and lymphoprolif-
erative disorders is complex; cause can be difficult to distinguish 
from effect. At a minimum, approximately 31% of all cases of 
secondary symptomatic cryoglobulinemia already have a diag-
nosis of lymphoproliferative disorder when cryoglobulinemia is 
diagnosed.144 Higher percentages are found in series in which 
bone marrow biopsies, flow cytometry, Southern blot tests, and 
polymerase chain reaction are performed routinely.192–194,195,196 
In another 6% to 28% of patients, symptomatic lymphoma devel-
ops at follow-up170,195,197,198; 50% of these are intermediate- or 
high-grade lymphoma.198 The most common histologic diagno-
ses among the remaining low-grade lymphomas are immuno-
cytoma,192,199 followed by mucosa-associated lymphoid tissue 
(MALT) and centrocytic follicular lymphoma.200 Among patients 
whose conditions transform to overt lymphoma, the malignant 
clone is derived from one of the dominant baseline B cell clones in 
only a minority of patients,194 implying a predisposition for clonal 
production and evolution.

associations among Cryoglobulinemia, hepatitis 
C Virus, Connective tissue Disease,  
and Lymphoma
A recognized model for progression from chronic antigenic stimu-
lation to benign or malignant lymphoproliferation is Helicobacter 
pylori and MALT lymphoma.201 HCV, Sjögren syndrome, cryo-
globulinemia, and immunocytoma may abide by this model. 
There is remarkable conservation of and homology among the 
antigen-combining sites (variable regions) of the IgM-k rheuma-
toid factors in patients with HCV, HCV-associated lymphoma, and 
cryoglobulinemia.202–208 Similar degrees of homology are seen 
between the immunoglobulin receptors in the lymphoproliferation 
of patients with Sjögren syndrome and those in the lymphomas of 
HCV-infected patients with or without type II mixed cryoglobuline-
mia.209 This finding supports the concept that the combination of 
chronic antigenic stimulation, ineffectively regulated autoreactive 
B cells (which make restricted rheumatoid factor), and continued 
B cell proliferation may predispose B cells to subsequent onco-
genic mutation and transformation to malignant lymphoma.

Among HCV-positive patients with mixed cryoglobulinemia, 
HCV-RNA is detected in peripheral blood mononuclear cells 
in up to 81% of patients210 and in bone marrow cells in up to 
100% of patients.195,211–215 Clonal immunoglobulin gene rear-
rangements can be detected by reverse transcriptase polymerase 
chain reaction in all HCV-positive patients with type II mixed 
cryoglobulinemia and in 24% of HCV-infected patients without 
cryoglobulinemia.196 These clones are usually, but not always, 
associated with the presence of type II cryoglobulins. In one 
series, HCV-infected patients with clonal B cell proliferation in 
both the blood and liver were older and had longer duration of 
HCV infection, higher serum cryoglobulin levels that were more 
frequently symptomatic, and liver disease that was more severe 
than that in patients without a clonal B cell population.180

In a series of 1,255 patients in Italy with HCV and symptom-
atic mixed cryoglobulinemia, there was a 35-fold increase over 
the general population, with 224.1 new cases of aggressive non-
Hodgkin lymphoma (NHL) subtypes per 100,000 patient-years.216 
The median time from the diagnosis of cryoglobulinemia to the 
clinical onset of NHL was 6.3 years (range, 0.81 to 24 years). 
The clinical course and response to chemotherapy in the patients 
with cryoglobulinemia and NHL were similar to those usually 
described for patients with NHL without cryoglobulinemia.

Productive t(14;18) translocations with resultant BCL-2 over-
expression occur in about 12% to 38% of HCV-positive patients 
without symptomatic cryoglobulinemia and in 39% to 85% 
of their cryoglobulin-positive counterparts.217–220 Patients with 
cryoglobulinemia in whom lymphoma develops have been found 
to have genomic sequences of HCV in their lymphoma speci-
mens.200,221–223 The NHL subgroup most commonly observed in 
patients with HCV is lymphoplasmacytoid lymphoma/immuno-
cytoma.224 An increased rate of HCV infection (8% to 50%) has 
also been reported in idiopathic B cell NHL by many investiga-
tors.143,169–171 Splenic lymphoma with villous lymphocytes has 
been associated with HCV and mixed cryoglobulinemia.172

CliniCal Presentation of 
CryoglobulineMia
Involvement of the skin, peripheral nerves, kidneys, and liver is 
common (Table 101.4). Lymphadenopathy is present in approxi-
mately 17% of patients.129,121 On autopsy, widespread vasculitis 
involving small and medium vessels in the heart, gastrointesti-
nal tract, central nervous system, muscles, lungs, and adrenal 
glands may also be seen.121,225 The interval between the onset of 
 symptoms and the time of diagnosis varies considerably (range,  
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0 to 10 years).121 Type I cryoglobulinemia is usually asymptomatic. 
When symptomatic, it most commonly causes occlusive symptoms 
rather than the vasculitis of types II and III.120,121,129 Symptoms 
of hyperviscosity may occur (Fig. 101.4). Type II cryoglobulinemia 
is more frequently symptomatic (61% of patients) than type III 
(21% of patients).266 The most common causes of death include 
renal failure, infection, lymphoproliferative disorders, liver failure, 
cardiovascular complications, and hemorrhage.120,121,131,135,144, 
With improved therapy, the main cause of death appears to be 
cardiovascular disease.158

In a series of 231 patients seen between 1972 and 2001, the 
mixed cryoglobulinemia syndrome followed a relatively benign 
clinical course in more than 50% of cases, whereas a moderate-
severe clinical course was observed in one-third of patients whose 
prognosis was severely affected by renal or liver failure. For 15% 
of individuals the disease was complicated by malignancy: B cell 
NHL was more common than hepatocellular and thyroid malig-
nancies. Ten year overall survival was 56%. Lower survival rates 
were seen in males and in individuals with renal involvement.133

Dermatologic and Joint Manifestations of 
Cryoglobulinemia
Purpura is the most frequent symptom, being present in 55% 
to 100% of patients with mixed cryoglobulinemia120,121,131,144 
(Table 101.4 and Fig. 101.4). The incidence varies from 15% 
to 33% in type I, from 60% to 93% in type II, and from 70% to 
83% in type III.267 Petechiae and palpable purpura are the most 
common lesions, although ecchymoses, erythematous spots, and 
dermal nodules occur in as many as 20% of patients. Bullous or 
vesicular lesions are distinctly uncommon.120 Successive purpuric 
rashes, which may be preceded by a burning or itching sensation, 
occur most commonly on the lower extremities, gradually extend-
ing to the thighs and lower abdomen. Occasionally the arms are 
involved, but the face and trunk are generally spared.120 Head and 
mucosal involvement, livedoid vasculitis, and cold-induced acro-
cyanosis of the helices of the ears are more frequently observed 
in type I; infarction, hemorrhagic crusts, or ulcers, occur in 10% 

to 25% of all patients with mixed cryoglobulinemia.268 Showers of 
purpura last for 1 to 2 weeks and occur once or twice a month. 
Cold precipitates these types of lesions in only 10% to 30% of the 
patients.120,268 Raynaud phenomenon occurs in about 19% to 
50% of patients120,121,131,144; in a quarter of these, the symptoms 
may be severe, including necrosis of fingertips.120 Skin necrosis, 
urticaria, and livedo, which are all rare, are more commonly asso-
ciated with exposure to cold.

Arthralgias are common, affecting 35% to 92% of patients, with 
the highest incidence in type III cryoglobulinemia (Table 101.4). 
The small distal joints are affected more frequently than the larger 
proximal joints. Symmetrical polyarthralgia is often exacerbated 
by the cold. Frank arthritis is rare.120,121,131,134,144

Nervous System Manifestations of 
Cryoglobulinemia
Peripheral neuropathy is the more common presentation, although 
central nervous system involvement may occur. Peripheral nerve 
involvement is described in 12% to 56% of patients120,121,131,134,144 
(Table 101.4). Signs and symptoms of sensory neuropathy usually 
precede those of motor neuropathy.120,269 The presentation may 
be an acute or subacute distal symmetric polyneuropathy or a 
mononeuritis multiplex269–271 with a chronic or chronic-relapsing 
evolution.272 The neuropathy is most often characterized by axo-
nal degeneration. Epineurial vasculitis is a common finding on 
sural nerve biopsy.270,271,273–275 Even when other manifestations 
of mixed cryoglobulinemia are stable over time, there is typically 
worsening of the peripheral neuropathy.276

Central nervous system abnormalities are not uncommon in 
patients with mixed cryoglobulinemia. Casato et al. compared 
40  patients with mixed cryoglobulinemia vasculitis and chronic 
active HCV infection with normal controls and HCV patients without 
mixed cryoglobulinemia. Twenty-four of the 27 (89%) patients with 
HCV-mixed cryoglobulinemia had a deficiency in one or more of 10 
cognitive domains examined. The most commonly involved domains 
were those of attention (70%), executive functions (44%), visual 
construction (37%), and visual spatial functions (33%). Magnetic 

FIGURE 101.4. Cryoglobulin-associated physical findings. A: Hyperviscosity manifested as retinopathy with venous engorgement and hemorrhage. B: Purpura. C: Gangrene.
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resonance imaging analysis showed that HCV-mixed cryoglobuline-
mia patients had a higher mean number of total and periventricular 
white matter high intensity signals than HCV controls and healthy 
controls, respectively.277 Cappellari et al. have also found central 
nervous system abnormalities in a majority of patients studied.278

renal Manifestations of Cryoglobulinemia
Approximately 21% to 39% of patients with mixed cryoglobuli-
nemia have renal involvement.120,134,279 The incidence of renal 
injury is highest in patients with type II cryoglobulins.144,280 
Although renal and extrarenal manifestations may occur concur-
rently, renal involvement usually follows the onset of purpura by 
approximately 4 years.121,281 Proteinuria greater than 0.5 g/d and 
hematuria are the most common features of renal disease at diag-
nosis (present in 50% of patients)282; nephrotic syndrome affects 
approximately 20% of patients and acute nephritic syndrome 
affects approximately 25% of patients.281,282 Although cryopathic 
membranoproliferative glomerulonephritis portends a poor prog-
nosis,121,122,280,282,283 progression to end-stage renal failure due 
to sclerosing nephritis is uncommon.282 Among patients with 
mixed cryoglobulinemia-associated membranoproliferative glo-
merulonephritis followed up for a median of 11 years, 15% had 
disease progression to end-stage renal failure, and 43% died of 
cardiovascular, hepatic, or infectious causes.282

Liver Manifestations of Cryoglobulinemia
Approximately 39% of patients with symptomatic cryoglobuline-
mia144 and as many as 77% with mixed cryoglobulinemia121,284 have 
documented liver abnormalities at the time of diagnosis (Table 101.4). 
Furthermore, hepatomegaly is present in up to 70% of patients, and 
splenomegaly is present in up to 52% of patients.121,130,142 Among 
patients with symptomatic cryoglobulinemia, liver failure is the 
cause of death in 2.5% to 7.6% of patients121,132,282 and in 5.6% to 
29% of all reported deaths.121,132,282

Histologic findings include portal fibrosis, chronic persistent 
hepatitis, chronic active hepatitis, chronic active hepatitis with 
cirrhosis, and postnecrotic cirrhosis.158,284 Most specimens are 
characterized by a diffuse lymphocytic infiltrate ranging from 
minimal periportal to extensive infiltration with nodule forma-
tion. These changes correlate with the severity of other pathologic 
findings. Plasma cell infiltration has also been noted in several 
specimens.266,284 The lymphoid population in the liver may show 
the histologic and immunophenotypic findings of lymphoplasma-
cytoid lymphoma/immunocytoma, and frequently the lymphoid 
elements arrange in pseudo-follicular structures in the liver with 
morphologic features similar to those previously reported in 
chronic HCV without cryoglobulinemia.198 These liver lymphoid 
nodules contain B cells predominantly with a CD5+/Bcl-2+/Ki67− 
 phenotype—that is, low apoptotic and proliferative rates.285

Other Manifestations of Cryoglobulinemia
Given the propensity of immune complexes to deposit in blood 
vessels and activate complement, in principle, cryoglobulinemic 
vasculitis can affect any vascular distribution including the mes-
enteric vessels,134,286 leading to intestinal ischemia, cholecystitis, 
and pancreatitis. Pulmonary vascular involvement in severe cases 
may lead to acute alveolar hemorrhage and diffuse pulmonary 
infiltrates.287,288 Rarely, coronary vasculitis may lead to myocar-
dial infarction.

diagnosis of CryoglobulineMia
By definition, all patients with cryoglobulinemia have serum 
cryoglobulins. The collection and processing of the specimens are 
critical because these cold-induced reversible precipitates can be 

lost with improper handling.143,289 A minimum of 10 ml of blood 
is required, and the specimen must be allowed to clot at 37°C for 
30 to 60 minutes before centrifugation. The serum supernatant 
is stored at 4°C for up to 7 days and inspected daily for cryopre-
cipitate. Methods to evaluate the composition of the cryoglobulin 
include immunoelectrophoresis, immunofixation, immunoblot-
ting, and capillary electrophoresis.

Concentrations of cryoglobulins tend to vary by type: type 
III, less than 1 mg/ml; type II, 1 mg/ml or greater; and type I, 
greater than 5 mg/ml.120,290 The type or quantity does not reliably 
predict the presence or nature of symptoms. On serum protein 
electrophoresis, polyclonal hypergammaglobulinemia is the most 
common finding, although normal patterns or hypogammaglobu-
linemia may also be seen.121,129,136 Even among patients with 
type II cryoglobulinemia, only 15% have a visible monoclonal 
spike on serum protein electrophoresis. Frequently, serum121 
IgM levels are elevated; cryoprecipitable IgM may comprise up to 
one-third of the total serum IgM concentration.121 Hyperviscosity 
occurs only occasionally.142 Marked depression of complement 
CH50, C1q, and C4 in the presence of relatively normal C3 levels 
is usual.121,134,291 Neither C4 concentrations nor cryoglobulin lev-
els correlate with overall clinical severity, although for individual 
patients the cryoglobulin level can sometimes serve as a marker 
for disease activity.121,242,291,292 Rheumatoid factor activity—that 
is, anti-Fc activity—is detectable in the sera in 87% to 100% of 
patients with mixed cryoglobulinemia,120,129,132 and levels may 
decrease with response to therapy293 An elevated erythrocyte 
sedimentation rate and a mild normochromic, normocytic anemia 
are fairly common.121,242 Cytopenias have been described, as 
have pseudoleukocytosis and pseudothrombocytosis.142 Among 
patients with cryoglobulinemia, the antinuclear antibody results 
may be positive in as many as two-thirds of the patients294 and 
in as many as one-third of the HCV-positive patients.134 Because 
HCV is frequently concentrated in cryoglobulins,149 serial mea-
surements of plasma or serum HCV-RNA levels in these patients 
are not reliable.175

treatMent of CryoglobulineMia
Since cryoglobulinemia has a fluctuating course with spontaneous 
exacerbation and remission, it is essential that controlled clinical 
trials are used to evaluate the response to therapy. Unfortunately, 
such studies are rare in the field of cryoglobulinemia. Although 
there are several “accepted” or “standard” treatments that have 
no randomized trials to support their practice, there are several 
reported strategies (Table 101.5) that have questionable, if any, 
benefit.143 Although therapies such as use of histamine (H) H1 
and H2 blockers and penicillamine have sound scientific basis for 
consideration, they have shown no clear clinical benefit.121,143 
Figure 101.5 outlines a strategy for managing symptomatic 
 cryoglobulinemia.

The standard treatment of mild symptomatic cryoglobulinemia 
(purpura, asthenia, arthralgia, and mild sensory neuropathy) has 
included bed rest, analgesics, low-dose corticosteroid therapy, 
low-antigen content diet, and protective measures against cold; 
the treatment of severe disease (glomerulonephritis, motor neu-
ropathy, and systemic vasculitis) has included plasmapheresis, 
high-dose corticosteroid therapy, and cytotoxic therapy. With 
the recognition of the association between HCV and mixed cryo-
globulinemia, immunosuppressive therapy has been viewed less 
favorably, and IFN with or without ribavirin has generally been 
considered to be first-line therapy for HCV-positive patients who 
are in nonemergent situations.226,227,228–230,295 For patients with 
symptomatic type I cryoglobulinemia, anti-CD20 therapy or cyto-
toxic therapy appropriate for the lymphoproliferative disorder 
remains the therapy of choice. Similarly, treatment of an under-
lying connective tissue disease or infection would be first-line 
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therapy in the appropriate situation. The importance of not over-
treating patients must be emphasized.

treatment of Life-threatening Disease
For emergent situations (acute nephritis or severe vasculitis), 
initial measures are aimed at reducing the inflammatory activ-
ity of renal lesions (corticosteroids), removing circulating cryo-
globulins (plasmapheresis) and reducing the formation of new 
antibodies (e.g., cyclophosphamide).281,296 Plasma exchange or 
plasmapheresis alone can reverse serious complications, but 
these procedures are typically used in combination with cytotoxic 
agents or corticosteroids for more durable responses.292,243–245 
According to case reports, responses may be seen in 60% to 100% 
of patients.292,243–245 Skin manifestations and arthralgias usu-
ally respond the most quickly, whereas the degree of neural and 
renal responses depends on the acuity of their occurrence, with 
poorer responses occurring in chronic cases.244 With combination 
immunosuppressive therapy and plasma exchange, reversal of 
catastrophic complications such as encephalopathy and acute glo-
merulonephritis has been documented.244,292,297 High-dose pulse 
therapy with methylprednisolone is also a favored therapeutic 
intervention for acute events, with 90% response rates in rapidly 
progressive glomerulonephritis.251,281 Once the acute exacerba-
tion has been mitigated, antiviral strategies are implemented in 
HCV-positive patients to consolidate and maintain response. One 
should be cognizant of reports of peripheral neuropathy (personal 
observation and298), nephritis,299 vasculitis,300 and ischemic 
manifestations being exacerbated by IFN-a.301

antiviral therapy
Five randomized trials evaluating the efficacy of IFN therapy in 
HCV-positive patients with symptomatic type II mixed cryoglobu-
linemia conducted in the 1990s documented clinical responses 
in 60% to 89% of the patients.226,227,228–230 However, when 
compared with HCV-related chronic hepatitis, treatment of mixed 
cryoglobulinemia with IFN monotherapy was associated with a 
relatively poorer response and a high relapse rate, especially in 
severe cases. A majority of patients relapsed within 6 months 
of discontinuation.227,228–230,295,302 Lack of response after 3 to 
4 months predicted for monotherapy failure.295 Factors associ-
ated with a poorer response to therapy or rapid relapse include 
liver cirrhosis, advanced age,230 male sex,295 and high levels of 

Reference Treatment Effective?

226,227,228,229,230,231,232 Interferon/PEG-
Interferon

Yes

233 Ribavirin Probably

234–238,239,240 Rituximab Yes

241 Low-antigen diet Probably  
(mild disease)

242–248 Plasmapheresis, 
plasma exchange

Probably

121,122,130,142,249,250 Low-dose  
corticosteroids

Probably

251,252 High-dose  
corticosteroids

Probably

243 Chlorambucil Probably

248,253,254,255 Cyclophosphamide Probably

249 Melphalan Probably

256,257 Thalidomide Probably

258 anti-TNF-a antibody Probably not

121 Azathioprine Possibly

198,259 Cyclosporin Possibly

260 Colchicine Probably not

261,262 Immunoglobulin IV Variablea

263,264 Cladribine and  
fludarabine

Variable

142,253 Splenectomy Variable

142 Chloroquine Probably not

121 H1 and H2 blockers Probably not

121 Penicillamine Probably not

PEG, pegylated; IV, intravenously; TNF, tumor necrosis factor; V, variable.
a One case report of precipitating acute renal failure261 and another of systemic vasculitis265.

treatMent strategies For syMPtoMatiC 
CryoglobulineMia

taBLe 101.5

FIGURE 101.5. Possible treatment schema for cryoglobulinemia. If interferon 
therapy fails, combination therapy with interferon-a and ribavirin may help; however, 
contraindications for ribavirin should be considered. Cryo, cryoglobulin; CTX, cyclophos-
phamide; HCV, hepatitis C virus; IS, immunosuppressant; PBSCT, peripheral blood stem 
cell transplantation; pred, low-dose therapy with prednisone; Sx, symptoms.
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Other therapies for Cryoglobulinemia
Although not formally studied, high-dose therapy with autologous 
stem cell transplantation may be considered for patients with 
symptomatic, refractory cryoglobulinemia that results from a 
plasma cell proliferative disorder. There is an increased risk of 
lethal veno-occlusive disease in patients with chronic hepatitis C 
who are undergoing stem cell transplantation.312

Dramatic reductions in the cryocrit and the cryoglobulinemic 
symptoms, including membranoproliferative glomerulonephritis, 
have been reported in several patients who underwent splenec-
tomy for hypersplenism.253,313 In contrast, in the series reported 
by Meltzer and Franklin, the one patient who underwent sple-
nectomy died of acute renal failure.142 Because this intervention 
has not been studied thoroughly, and because of the high risk 
involved, it should not be considered as standard therapy, but 
rather as a potential option for patients without cirrhosis who 
have disease that is difficult to manage because of cytopenias 
resulting from hypersplenism.

Heavy-CHain disease
The HCDs are a rare group of disorders with diverse clinical 
presentations. The 3 conditions (a-, g-, and m-HCD) are discussed 
together because they are lymphoproliferative or plasma cell 
proliferative disorders that share the generation and secre-
tion of an isolated heavy-chain fragment (Table 101.6). a-HCD 
(Mediterranean lymphoma or immunoproliferative small intes-
tinal disease [IPSID]) is the most common and has the most 
uniform presentation; g- and m-HCD have variable clinical pre-
sentations and histopathologic features. In the majority of cases, 
the heavy-chain fragment is not secreted in large quantities and 
immunofixation or immunoelectrophoresis is required to detect 
the abnormality. Screening the serum and urine of patients 
with lymphoplasmacytoid NHL would most likely identify more 
patients with a-, g-, or m-HCD. Cases of a-, g-, and m-heavy–chain 
monoclonal gammopathy of unknown significance have been 
reported.314,315,316

a-heavy-chain Disease
Mediterranean lymphoma, originally described in the 1960s as a 
condition in young adults, is a primary small intestinal lymphoma 
coupled with intestinal malabsorption.317 An isolated IgA immu-
noglobulin heavy-chain fragment was recognized in association 
with this condition. Because some patients had benign-appearing 
lymphocytes in their small bowel, the term “a-HCD” was preferred 
over “Mediterranean lymphoma” by some authors.318 A consen-
sus panel in 1976 concluded that a-HCD and Mediterranean 
lymphoma represented a spectrum of disease with benign, inter-
mediate, and overtly malignant stages, and the term “immunop-
roliferative small intestinal disease” came into use.319 This entity 
has been recently reviewed.320

The majority of reported patients with a-HCD are from 
northern Africa, Israel, and surrounding Middle Eastern or 
Mediterranean countries, with fewer patients from central and 
southern Africa, eastern Asia, and South and Central America.321 
Patients present with malabsorption syndrome, weight loss, and 
abdominal pain. On physical examination, peripheral edema, 
clubbing, and an abdominal mass are not uncommon find-
ings.319,320,321,322 On endoscopy of the small intestine, one may 
find thickened mucosal folds, nodules, ulcers, a mosaic pattern, 
or submucosal infiltration. Intestinal parasites and bacterial 
overgrowth in the small intestine are common. Anemia, vitamin 
deficiencies, and hypogammaglobulinemia are also common. 
The IgA level is generally not increased, but on immunofixation 
or immunoelectrophoresis, a monoclonal component is present, 
especially in the earlier phases of the disease. An immunoglobulin 

HCV-RNA at the onset of therapy.228 Purpuric lesions and liver 
function abnormalities are the features that tend to respond 
rapidly (within weeks), but neuropathy and nephropathy respond 
more slowly.295,298

The frequent relapse of both HCV replication and mixed 
cryoglobulinemia syndrome at the end of IFN treatment sug-
gested the combination with ribavirin: this therapeutic option 
appeared valid in several studies.303,304,305,306 Even ribavirin 
monotherapy has been shown to decrease transaminase levels 
and mixed cryoglobulinemia-related symptoms. IFN-a and riba-
virin is now the preferred strategy for patients with symptomatic 
HCV-associated cryoglobulinemia.303,305,307 More than 60% of 
patients with symptomatic mixed cryoglobulinemia who do not 
respond to IFN therapy alone respond to combined therapy, and 
80% of patients who relapse with IFN-a therapy alone respond to 
combined therapy.303

Ribavirin plus weekly pegylated IFN-a is at least as effective as 
the combination using standard three times weekly IFN-a.231,232 
Saadoun et al. compared the outcomes of 72 consecutive patients 
who received treatment with IFN-a (n = 32 patients) or pegylated 
IFN-a (n = 40 patients), both in combination with oral ribavirin, 
for at least 6 months. Compared with patients treated with IFN-a 
plus ribavirin, those receiving pegylated IFN-a plus ribavirin had 
higher sustained clinical (67.5% versus 56.3%), virologic (62.5% 
versus 53.1%), and immunologic (57.5% versus 31.3%) responses, 
regardless of HCV genotype and viral load. In multivariate analy-
ses, an early virologic response was independently associated 
with a complete clinical response of mixed cryoglobulinemia.  
A glomerular filtration rate less than or equal to 70 ml/minute was 
negatively associated with a complete clinical response of mixed 
cryoglobulinemia.232

rituximab therapy
Anti-CD20 therapy with rituximab has been shown to produce 
responses in patients with all types of cryoglobulinemia235–238; 
however, those patients with HCV are at risk for increased 
HCV replication.235,236 Initial studies reported responses in the 
majority of patients, including improvements in skin vasculitis 
manifestations (ulcers, purpura, or urticaria), subjective symp-
toms of peripheral neuropathy, low-grade B cell lymphoma, 
arthralgias, fever, nephritis, levels of rheumatoid factor, cryo-
globulins, and C4.308,309 In a randomized trial, 59 patients with 
cryoglobulinemia vasculitis were randomized to either ritux-
imab or conventional therapy, which included glucocorticoids, 
azathioprine, cyclophosphamide, or plasmapheresis. Time to 
treatment failure at 1 year was superior in the rituximab 
group (64% versus 3%). The vasculitis activity also improved 
significantly on rituximab, whereas it did not for the other treat-
ment arm. The median duration of response to rituximab was 
18 months.310

The combination of pegylated IFN-a, ribavirin, and rituximab 
(the so-called PIRR regimen) has been tested in two trials.185,311 
Both studies reported similar results: the triple combination leads 
to a faster response with respect to symptoms, organ (renal) 
response, cryoglobulin clearance, and elimination of HCV vire-
mia. The response was generally more durable, with a median 
duration of response in excess of 3 years.185 The two trials used a 
similar regimen for the IFN-a and ribavirin but differed in the use 
of rituximab. While Saadoun et al. started therapy with rituximab 
alone (weekly for 4 doses),311 Dammacco et al. started the triple 
combination simultaneously and subsequently give additional 
single doses of rituximab at 6 and 11 months after the initia-
tion of therapy.185 The addition of Rituxan to the combination of 
antiviral agents did not lead to an increase in the HCV burden as 
measured by quantitative PCR, and therapy was associated with 
a significant reduction or elimination of clonal B cells from the 
circulation.
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challenged.324 C. jejuni is now considered to be a possible 
offending organism,328 but this will need to be confirmed.

Although no data exist from randomized prospective studies, 
the standard accepted treatment for the early stage is broad-
spectrum antibiotics, with or without corticosteroids. This pro-
tocol has resulted in clinical or histologic remission (in 33% to 
71% of cases), which is generally short-lived but occasionally 
durable.320,321 In the absence of a documented parasite or an 
intestinal bacterial overgrowth, therapy with tetracycline or met-
ronidazole and ampicillin is appropriate.329,330 Any documented 
parasite should be eradicated. Treatment of H. pylori has led to 
complete remission in two patients with a-HCD,331 one of whom 
was unresponsive to prior combination chemotherapy. Lecuit et 
al. demonstrated response of IPSID after clearance of C. jejuni.328 
Response to antibiotics usually occurs promptly; however, a mini-
mum 6-month trial of tetracycline (1 to 2 g/d) is recommended for 
establishing responsiveness of the lesion.332 In patients with more 
advanced stages, or unresponsive early stages, total abdominal 
radiation or combination chemotherapy, or both, have been used 
(remission rate, 64%).320,333–338 Overall 5-year survival rates 
are 60% to 70%. Immunotherapy with rituximab, an anti-CD20 
monoclonal antibody, has been a major advance in the treatment 
of indolent NHL,339 but to date there have been no reports of 
rituximab use in patients with a-HCD.

m-heavy-chain Disease
First described in 1970, m-HCD is a rare condition.340,341 The 
median age of patients with m HCD is about 57 years and equal 
numbers of males and females are affected.314,342,343 Common 
clinical presentations include splenomegaly and hepatomegaly. 
Lymphadenopathy is less common. About one-third of patients 
have chronic lymphocytic leukemia. Some patients with m-HCD 
have features resembling those of lymphoma or MM with amyloid 
arthropathy.344 Hypogammaglobulinemia is present in about one-
half of the patients and a free monoclonal IgM fragment is found 
in the serum of all patients. The m-heavy-chain is missing most, if 
not all, of its VH region.345 A free monoclonal light chain has been 
described in the urine in about one-half of the cases.314,346 Lytic 
bone lesions or osteoporosis occurs in a minority of patients. Bone 
marrow plasma cells tend to be vacuolated. Survival ranges from 
less than 1 month to 11 years (median, 24 months).314 There is no 
standard treatment for this disorder, but it is generally treated as 
a low-grade lymphoproliferative disease with observation alone 

light chain is not found. The monoclonal IgA fragment may be 
found in jejunal secretions as well as in blood and urine.322 The 
monoclonal protein in patients with a-HCD is of the a1 subclass 
and consists of multiple polymers. The length of the basic poly-
peptide subunit is typically between one-half and three-fourths 
that of a normal a-heavy-chain; the shortening results from an 
internal deletion involving most of the VH and the CH1 domain.323 
In about one-half the cases, the electrophoretic pattern of a-HCD 
protein contains a broad band extending from the a2 region to 
the b-globulin region because of the tendency of these chains to 
polymerize. The remainder of the patients may have a normal 
serum protein electrophoresis pattern.

Histologic features of IPSID range from early lymphoplasma-
cytic intestinal infiltration to overt malignant diffuse large B cell 
lymphoma. This entity shares morphologic features of MALT in 
that there are lymphoepithelial lesions, centrocyte-like cells, and 
plasma cell differentiation.324 The histologic findings are classi-
fied into stages A, B, and C. Stage A includes a diffuse, dense, 
compact, and apparently benign lymphoplasmacytic infiltration 
of the mucosal lamina propria. Stage B has features of stage A 
but also has circumscribed “immunoblastic” lymphoma in either 
the intestinal or mesenteric lymph nodes. Stage C comprises a 
diffuse “immunoblastic” lymphoma with or without demonstrable 
lymphoplasmacytic infiltration.319 Villous broadening or efface-
ment and shortened sparse crypts are also observed. These histo-
pathologic findings can be distinguished from those of celiac sprue 
because celiac sprue includes total villous atrophy, hyperplastic 
and elongated crypts, intraepithelial lymphocytosis, and surface 
epithelial flattening. The lymphoma that arises from celiac sprue 
is T-cell lymphoma325 rather than B cell lymphoma, as in the 
case of a-HCD. A study of 11 cases of IPSID demonstrated higher 
expressions of syndecan-1 in Stage A samples relative to Stage B; 
conversely, Stage B samples showed higher expression of BCL-6 
and p53.326 IPSID lacks the t(11;18) translocation that is not 
uncommon in other MALT lymphomas. Other cytogenetic abnor-
malities have been seen including t(9;14), t(2;14), and t(5;9).320

The hypothesis that chronic antigenic stimulation by intes-
tinal organisms is the cause of this disorder is credible and 
can be modeled after the MALT lymphoma paradigm. This 
hypothesis is further supported by the fact that the incidence 
of a-HCD (or IPSID) is most common in patients who live in 
areas with poor sanitation and who also have a high preva-
lence of intestinal microbial infestation. H. pylori had been a 
candidate organism,327 but its association was subsequently 

Type of Heavy-Chain Disease

Feature a g m

Monoclonal 
protein

IgA IgG IgM

Year described 1968166 1964167 1970168,169

Incidence Rare Very rare Very rare

Median age Young adults 61 y 57 y

Associated  
diseases

Bacterial overgrowth; malabsorption Autoimmune diseases -

Site Small intestine; mesenteric lymph 
nodes

Lymph nodes, bone marrow, and spleen Liver, spleen, lymph nodes, and bone marrow

Pathologic  
features

Extranodal marginal zone lymphoma 
(MALT or IPSID)

Lymphoplasmacytoid lymphoma Small lymphocytic lymphoma/chronic lymphocytic leukemia

Therapy Antibiotics; chemotherapy Chemotherapy Chemotherapy

IPSID, immunoproliferative small intestinal disease; MALT, mucosa-associated lymphoid tissue.

Features oF Heavy-CHain Diseases

taBLe 101.6
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for asymptomatic patients and low-intensity chemotherapy for 
symptomatic patients.

g-heavy-chain Disease
First described in 1964 by Franklin et al.,347 g HCD has a diverse 
clinical phenotype. The median age of patients with g-HCD is 61 
years, with 54% of the patients being male.343,348 Originally, g 
HCD was considered to be merely a lymphoma-like illness; Kyle 
et al.343 challenged this concept. Since the original description, 
there have been approximately 100 cases reported in the litera-
ture.315 Although most patients present with weakness, fatigue, 
fever, lymphadenopathy (62%), hepatomegaly (58%), splenomeg-
aly (59%), and lymphoma, other features, such as autoimmune 
hemolytic anemia and idiopathic thrombocytopenic purpura, may 
also be seen.315,343 Cutaneous and subcutaneous involvement 
is not uncommon.349 Several cases have arisen in patients with 
long-standing connective tissue disorders such as rheumatoid 
arthritis,315,350–352 lupus,315,353 keratoconjunctivitis sicca,354,355 
vasculitis,355 and myasthenia gravis.315 A normochromic anemia 
is a presenting feature in about 79% of patients. About 10% have 
either a Coombs-positive or Coombs-negative autoimmune hemo-
lytic anemia.314,315,355 Lymphopenia and lymphocytosis each 
occur in less than 10% of patients. Thrombocytopenia may be 
present in as many as 22% of patients.315

The g chain in this disorder is truncated with deletions at the 
CH1 domain.356,357 The mobility pattern of the immunoglobulin 
fragment on protein electrophoresis is quite variable, with the 
band present anywhere from the a1-globulin region to the slow 
g-globulin region; most commonly, however, it runs in the b 
region.315 The subclass is IgG1 in 76%, IgG2 in 19%, and IgG4 
in 5% of cases. With the normal distribution of subclasses, one 
would expect a higher occurrence of IgG2 and a lower occurrence 
of IgG3 and IgG1. Proteinuria can range from none to 20 g/d.

Bone marrow most commonly demonstrates an increase of 
plasma cells, lymphocytes, or plasmacytoid lymphocytes; occa-
sionally eosinophilia is seen. The lymphoproliferative disorders 
range from benign lymphoplasma cell proliferative disorder to 
plasmacytoma, to chronic lymphocytic leukemia, to angioimmu-
noblastic lymphoma, to diffuse large cell lymphoma.315,358 Lytic 
bone disease occurs rarely. Amyloid deposits may be present.343

The median survival is 7.4 years, with a range of 1 month to 
more than 25 years.315 Treatment is not standardized. Single-
agent therapy with prednisone and combination chemotherapy 
with cyclophosphamide, vincristine, and prednisone have been 
used with benefit. Wahner-Roedler et al. reported a rituximab 
response in one patient.315 Patients with aggressive lymphomas 
should receive a regimen containing anthracycline.
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marrow transplantation.6 Littermates genotypically identical 
for the major histocompatibility complex (MHC) survived longer 
after marrow transplantation than did their MHC-nonidentical 
siblings. However, despite the MHC genotypic identity, GVHD 
was still potentially severe in many but not all dogs. This indi-
cated that other factors identified as minor histocompatibility 
antigens (mHC) were involved in the development of GVHD. 
Pharmacologic immunosuppression with a calcineurin inhibitor 

HemaTopoieTic cell TransplanTaTion
richard a. nash, Vijayakrishna K. Gadi

Transplantation of hematopoietic cell grafts containing plu-
ripotent hematopoietic stem cells (HSCs) after myeloablative or 
nonmyeloablative conditioning regimens reconstitutes immuno-
hematopoiesis. Sites from which HSC can be harvested and then 
used for transplantation include bone marrow, peripheral blood, 
and the umbilical cord. Patients may serve as their own donors 
(autologous) or may receive HSC from other individuals (related 
or unrelated). Hematopoietic cell transplantation (HCT) is done for 
a variety of therapeutic indications: (1) to support hematopoiesis 
after myeloablative doses of total body irradiation (TBI) and che-
motherapy, (2) to establish a graft-versus-leukemia or tumor (GVL 
or GVT) reaction, or (3) to replace diseased tissues of hematologic 
or immunologic origins. The advances in supportive care after 
transplantation have resulted in improved outcomes, and HCT has 
become more accepted as a therapeutic modality that can be suc-
cessful in otherwise life-threatening diseases. In the 2003–2007 
period as compared with the 1993–1997 period, a 60% reduction 
in day 200 nonrelapse mortality and a 41% reduction in overall 
mortality was observed.1 There were also significant reductions in 
severe graft-versus-host disease (GVHD), opportunistic infections, 
and organ damage.

The focus of this chapter is on the general indications for HCT, 
sources of stem cells, conditioning regimens, transplant biology 
issues, and complications of HCT; other chapters provide detailed 
discussions of the indications and results of HCT in relation to 
specific diseases (Table 102.1).

HisTorical perspecTiVe

Early Preclinical Studies
After the effects of radiation on hematopoiesis became evident 
during World War II, Jacobson and colleagues reported that mice 
survived an otherwise lethal exposure to TBI if the spleen was 
shielded (Fig. 102.1).2 Radiation protection was also conferred by 
infusion of bone marrow.3 A runting syndrome developed after 
recovery of hematopoiesis when the infused marrow was from 
a donor of a different mouse strain.4 This syndrome was due to 
GVHD, a complication that was soon recognized to limit the use of 
allogeneic marrow transplantation in humans. In further studies 
in mice, methotrexate and 6-mercaptopurine were found to be 
effective in inducing immune tolerance or ameliorating the graft-
versus-host (GVH) reaction.5

The dog served as a random-bred large animal model for 
studies of principles and techniques of bone marrow transplan-
tation applicable to humans. The dog was the first random-
bred species in which it was demonstrated that the results of 
in vitro histocompatibility typing could predict the outcome of 
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Nonmalignant

 Aplastic anemia

 Fanconi’s anemia

 Diamond-Blackfan syndrome

 Sickle cell disease

 Thalassemia

 Paroxysmal nocturnal hemoglobinuria

 Myelofibrosis

 Congenital neutropenia

 Chediak-Higashi syndrome

 Chronic granulomatous disease

 Glanzmann’s thrombasthenia

 Osteopetrosis

 Gaucher’s disease

 Mucopolysaccharidosis

 Mucolipidoses

 Immune deficiencies

Malignant

 Acute nonlymphoblastic leukemia

 Acute lymphoblastic leukemia

 Hairy cell leukemia

 Myelodysplasia

 Chronic myelogenous leukemia

 Chronic lymphocytic leukemia

 Hodgkin’s disease

 Non-Hodgkin’s lymphoma

 Multiple myeloma

 Solid tumors

DisorDers TreaTeD by TransplanTaTion
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FIGURE 102.1. Timeline showing numbers of bone marrow transplantations and advances in the field, 1957–2006. BMT denotes bone marrow trans-
plantation; HLA, human leukocyte antigen. Data are from the Center for International Blood and Marrow Transplant Research. (Reprinted with permission from 
Appelbaum FR. Transplantation of bone marrow as compared with peripheral blood cells from HLA-identical relatives in patients with hematologic cancers. N Engl J 
Med 2007;357:1472–1475. Copyright 2007 Massachusetts Medical Society. All rights reserved.)

(i.e., cyclosporine or tacrolimus) or methotrexate for prevention 
of GVHD improved survival after allogeneic marrow grafting.7,8 
It was then established that methotrexate and cyclosporine in 
combination were more effective than either used alone.9 The 
efficacy of a calcineurin inhibitor and methotrexate combined for 
GVHD prevention was subsequently confirmed in clinical trials 
and remains the standard in many transplant programs.

Early Clinical Studies
Bone marrow was the first commonly used source of HSC for 
transplantation. Bone marrow transplantation from human leuko-
cyte antigen (HLA)-identical sibling donors was first successfully 
used by two groups in 1968 to treat patients with immunologic 
deficiencies.10,11 After extensive preclinical studies of GVHD, 
Thomas et al. then reported the successful transplantation of 
marrow from a HLA-identical sibling donor for aplastic anemia in 
1972.12 Five years later, the same group reported their experience 
in 100 patients with end-stage leukemia treated with allogeneic 
marrow transplantation.13 Allogeneic HCT from an HLA-matched 
related or unrelated donor is now considered standard therapy 
for many malignant and nonmalignant hematologic diseases.

HemaTopoieTic sTem cells
The HSC is defined as a cell with the ability to achieve long-term 
reconstitution of both myeloid and lymphoid lineages. To fulfill 
these criteria, HSC must be able to self-renew and be pluripotent. 
In vitro colony-forming units (e.g., CFU-GM, CFU-Meg, CFU-E, 
BFU-E) are progenitor cells that cannot reconstitute hematopoi-
esis, whereas populations of cells enriched for long-term culture-
initiating cells can, at least in the mouse, rescue lethally irradiated 
recipients.14,15 No accepted in vitro assays for human HSC are 
available currently. A population of small mononuclear cells 

enriched for HSC can be identified by (1) the presence of the CD34 
and CD133 antigen, the absence of lineage-specific antigens, and 
high content of aldehyde dehydrogenase and (2) the exclusion of 
fluorescent vital dyes including Rhodamine123 and Hoechst 33 
342 (Table 102.2).16–19,20 In humans and other species, successful 
sustained engraftment was achieved with isolated CD34-positive 
cells confirming that a true “stem cell” is contained within this 
population.21,22–24

The true extent of the pluripotency of adult marrow-derived 
stem cells remains under investigation. Several studies have 
reported that populations of HSCs may contribute to regen-
eration of muscle, osteoblasts, hepatocytes, and neuronal and 
nonneuronal cell types of the brain.25–27 However, some of the 

A. Cell Surface Antigen Expression

  Positive
  aCD34-positive

  CD133-positive

  Aldehyde dehydrogenase

  Low Positive
  Thy 1 (CDw90), c-KIT

  Negative
  CD38, CD33, T and B cell markers, CD71, DR

B. Dye Exclusion

 Rhodamine123, Hoechst 33 342

aCD34 negative HSC have been identified in mice.

CharaCTerisTiCs of human hemaTopoieTiC sTem Cell (hsC)

taBLE 102.2
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experimental observations may have resulted from cell fusion, 
technical artifact, or culture induced changes in cellular gene 
expression. Nevertheless, there is agreement that if “plasticity” of 
circulating HSCs occurs, it is likely to be a rare event.28

Identification of Cell Populations Enriched for 
hematopoietic Stem Cells
The CD34 antigen is a cell surface type 1 transmembrane pro-
tein which is highly O-glycosylated and expressed primarily on 
hematopoietic progenitor cells and vascular endothelium from 
many tissues.29,30,31 It is also expressed on stromal cell precur-
sors identified by the STRO-1 antibody. Cell surface expression 
of CD34 is developmentally regulated in hematopoiesis and is 
inversely related to the stage of differentiation such that CD34 
expression is absent beyond the committed progenitor stage. 
The functional significance of CD34 expression on hematopoietic 
progenitor cells, stromal cells, and developing blood vessels is 
unknown, except that CD34 on vascular endothelial cells binds to 
L-selectin.32 The CD34 antigen is expressed on 1% to 5% of nor-
mal human adult marrow cells, up to 1% of mobilized peripheral 
blood cells, and by 2% to 10% of normal fetal liver and marrow 
cells.29,33 Approximately 90% to 95% of the CD34-positive cells 
express antigens indicating commitment to the lymphoid or 
myeloid lineages.34,35 Purified populations of HSC can be obtained 
with strategies that lineage-deplete a CD34-positive population of 
cells using monoclonal antibodies specific for DR, CD33, CD38, 
CD71, and B and T cell markers (Table 102.2). Other work sug-
gests that human HSC are Thy-1low, c-KITlow, Rhodamine123 low, 
and CD133-positive.36–41 In vivo preclinical models for studying 
populations of purified human HSCs based on the aforementioned 
characteristics include transplantation into SCID-Hu mice or into 
fetal sheep.40,42,43

Enriched populations of autologous CD34-positive marrow 
cells or blood cells, in both animal and human studies, have 
been shown to protect from myeloablative doses of radiation or 
chemotherapy.22,44,45 Conversely, the CD34-negative subset of 
the marrow was not protective.46,47 Complete and stable donor 
hematopoietic chimerism has also been shown in humans after 
transplantation with allogeneic CD34-enriched cells from the 
peripheral blood.24,48 Thus, CD34-positive hematopoietic cells are 
capable of long-term stable reconstitution of multiple hematopoi-
etic lineages.

Sites of hematopoiesis and for Collection  
of hematopoietic Stem Cells
In the developing human embryo, the production of hematopoietic 
cells shifts to the liver from the yolk sac after 6 weeks of gestation. 
At 16 weeks of gestation, the most active site of hematopoiesis is 
the fetal liver. At the end of gestation, essentially all hematopoietic 
production derives from the marrow with only small contribu-
tions from the liver and spleen. Umbilical cord blood is enriched 
for HSC. The number of progenitors in one cord blood unit were 
comparable to the number of progentiors from adult marrow that 
had been reported to achieve successful engraftment.49

Historically, the bone marrow served as the routine collection 
site for HSC.50 Marrow is a clinically reliable and easily accessible 
source of long-term reconstituting cells. The presence of HSC in 
peripheral blood was first documented in preclinical studies.51,52 
In early clinical studies, transplantation of autologous peripheral 
blood HSC resulted in reconstitution of hematopoiesis following 
myeloablative chemotherapy or chemoradiotherapy; however, 
obtaining sufficient HSC required a prolonged period of collec-
tion.53 To overcome this problem, granulocyte-colony-stimulating 
factor (G-CSF) can be administered to mobilize HSC from the mar-
row to the peripheral blood. Collections from G-CSF-mobilized 

peripheral blood yielded similar or greater numbers of HSC than 
that harvested from marrow.54 Combining chemotherapy and 
G-CSF administration for mobilization resulted in higher yield 
of CD34-positive cells than G-CSF alone.55 Plerixafor is a small 
molecule that reversibly inhibits chemokine stromal cell-derived 
factor-1a binding to its cognate receptor CXC chemokine receptor 
4. In a randomized clinical trial, G-CSF with plerixafor was more 
effective than G-CSF alone for collection of stem cells in patients 
with myeloma.56 In this study, a total of 54% of plerixafor-treated 
patients collected a target number of 6.0 × 106 CD34+ cells/kg 
after one apheresis, whereas 56% of placebo-treated patients 
required 4 daily aphereses to achieve this target. Other cytokines 
have been demonstrated to mobilize HSC into peripheral blood, 
including stem cell factor, granulocyte/macrophage-CSF, inter-
leukin-6 (IL-6), IL-8, and flt-3 ligand.57,58 While most normal 
donors receive only G-CSF for mobilization of HSC for allogeneic 
transplant, mobilization strategies including plerixafor or chemo-
therapy are now routinely used for the collection of autologous 
HSC from the peripheral blood of patients with hematologic 
malignancy.59,60,61 Plerixafor is not indicated for use in patients 
with acute leukemia.

Monoclonal antibodies specific to the adhesion molecule VLA-4 
(very late antigen-4 or a4b1 integrin) and VCAM-1 (vascular cell 
adhesion molecule-1) can also mobilize hematopoietic progenitors 
in nonhuman primates.62,63 An essential step contributing to the 
release of hematopoietic progenitors from the marrow may be the 
cleavage of VCAM-1 expressed on stromal cells by neutrophil pro-
teinases following the administration of G-CSF.64 Hematopoietic 
progenitors reversibly downregulate VLA-4 expression and 
adhere significantly less to stroma and fibronectin during mobi-
lization.65 VLA-4 integrin expression is restored after progeni-
tors are removed from the in vivo mobilizing milieu, which may 
account for their homing properties after transplantation.

selecTion of sTem cell source
Autologous, syngeneic, and allogeneic are the three general cat-
egories of HSC grafts (Table 102.3). In general, the origin of HSC 
used for HCT is based on both the availability of the donor and 
the type of disease for which the patient is being transplanted. 
While autologous HSC should be available for most patients, 
extensive prior cytotoxic therapy or heavy involvement of mar-
row with malignant cells may preclude the use of this source of 
HSC. Although the preferred allogeneic donor is an HLA-identical 
sibling, fewer than 30% of patients have access to this source. 
Availability of HLA-identical sibling donors for pediatric patients 
may be less than this because of the smaller family sizes now 
compared to previous generations. Syngeneic donors are avail-
able in less than 1% of cases, and phenotypically HLA-matched 
or one-antigen-mismatched haploidentical family donors are 
available in less than 5% of cases.66 Approximately 30% to 40% 
of patients may identify a phenotypically HLA-matched unrelated 
donor from the volunteer registries.67 The availability of unrelated 
(or related) umbilical cord blood banks increases the chances of 
successfully identifying a compatible allogeneic graft source for 
both pediatric and adult patients.68–70 HLA-haploidentical donors 
are also available for the majority of patients.

The disease for which transplantation is being considered is 
another important determinant for choice of stem cell source. 
Autologous, syngeneic, or allogeneic HSC can support hematopoi-
etic recovery after myeloablative chemoradiotherapy for malig-
nant hematologic and nonhematologic diseases. For acquired 
disorders of marrow function (e.g., aplastic anemia), syngeneic or 
allogeneic HSC are required.71 Patients with congenital hemato-
poietic or immunologic defects (e.g., thalassemia, severe combined 
immunodeficiency (SCID) syndrome) require transplantation with 
allogeneic stem cells or gene-modified autologous stem cells.72–75
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Relationship  
of Donor MHC (HLA)-Matching

Genetically 
Identical Haplotype mHCa Matching Site of HSC Collection

I. Syngeneic Sibling Identical 2 Identical Marrow or peripheral blood

II. Allogeneic Sibling Identical 2 Shared Marrow, peripheral blood, or umbilical 
cord blood

Sibling, Parent, Child 0–3 Antigenb Mismatch 1 Shared Marrow, peripheral blood, or umbilical cord 
blood (sibling or child)

Unrelated Identical
1 Antigen Mismatch or  
2 Allele Mismatch

0 Divergent Marrow or peripheral blood

Unrelated 0–3 Antigen Mismatch 0 Divergent Umbilical cord blood

III. Autologous Self Marrow or peripheral blood

HLA, human leukocyte antigen; mHC, minor histocompatibility complex; MHC, major histocompatibility complex.
aShared indicates a higher probability of sharing mHC antigens within the family. Divergent indicates that the probability of sharing mHC antigens is no better than what is expected by matching 
two unrelated individuals who were randomly chosen. There is currently no routine testing for mHC compatibility.
bTwo or three antigen mismatched transplants of unmanipulated marrow grafts from adult or pediatric family donors have in general a higher transplant-related mortality.

poTenTial sourCes of hemaTopoieTiC sTem Cell (hsC) for hemaTopoieTiC Cell TransplanTaTion

taBLE 102.3

autologous Source of Stem Cells
Autologous marrow or mobilized peripheral blood stem cells are 
the grafts of choice for many patients. Autologous stem cell sup-
port is most commonly derived from “mobilized” peripheral blood 
stem cells instead of marrow because of faster hematopoietic 
recovery in the recipient.60 Peripheral blood stem cell transplants 
have decreased the time required for hospitalization. Autologous 
stem cell support after myeloablative therapy has been successful 
for treatment of acute myelogenous leukemia (AML), non-Hodgkin 
lymphoma, and Hodgkin lymphoma.76,77,78,79 Disease-free sur-
vival was prolonged in patients with multiple myeloma receiving 
a single autologous or two sequential autologous transplants.80,81 
Significant transplant-related complications encountered most 
frequently include infections and organ toxicity of the liver or 
lung, caused in large part by the high-dose myeloablative cytotoxic 
therapy. A GVHD-like syndrome (also known as the engraftment 
syndrome or pseudo-GVHD) of the skin and gastrointestinal tract 
has been described, but it is generally not frequent or severe.82,83

allogeneic Source of Stem Cells

Transplantation from Related Donors
Hematopoietic cell grafts from related donors may be HLA-
identical or HLA-haploidentical. The preferred allogeneic donor 
has been a genotypically HLA-identical sibling. A genetic match 
at the HLA loci between siblings is confirmed by the genotyping 
of 5 HLA loci including HLA-A, HLA-B, HLA-C, HLA-DRB1, and 
HLA-DQB1. If an HLA-identical sibling is available, patients with 
hematologic malignancies should be transplanted with peripheral 
blood stem cells rather than marrow. Two phase 3 studies have 
now shown an improved disease-free and overall survival with 
transplantation of peripheral blood stem cells (Fig. 102.2).84,85 
Ten year follow-up of the study by Bensinger et al. showed that 
the benefit persisted for disease-free survival, but the likelihood 
of overall survival was not significantly different between the 2 
groups.86 The 10-year cumulative incidence of chronic GVHD 
and the duration of systemic immunosuppression were similar 
between the 2 groups. A third study concluded that peripheral 
blood was an equivalent source of HSCs compared with marrow 
if administered to patients with standard-risk leukemia, since a 
significant difference in survival could not be demonstrated.87 All 
3 studies showed an accelerated recovery of neutrophil counts in 
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FIGURE 102.2. Probability of overall survival after myeloablative conditioning and 
transplantation with either peripheral blood stem cells or marrow. Survival at 2 years 
was improved in the peripheral blood stem cell group as compared to marrow (66% vs. 54%; 
P = 0.006). Disease-free survival was also improved in the peripheral blood stem cell group 
(P = 0.003). (Reprinted with permission from Bensinger WI, Martin PJ, Storer B, et al. Trans-
plantation of bone marrow as compared with peripheral blood cells from HLA-identical relatives 
in patients with hematologic cancers. N Engl J Med 2001;344:175–181. Copyright 2001 Mas-
sachusetts Medical Society. All rights reserved.)

the group receiving peripheral blood stem cells. Although most 
studies have not shown a significant increase in the incidence of 
acute GVHD in the peripheral blood stem cell group, the incidence 
of chronic GVHD was significantly greater.84,85,87,88 Higher doses 
of CD34-positive cells in the peripheral blood stem cell graft (>8.0 
× 106/kg) have been significantly associated with the develop-
ment of chronic GVHD.89 Since outcome is unlikely to be improved 
if there is an increased risk of chronic GVHD from the use of 
peripheral blood stem cells, patients with nonmalignant disorders 
are still being transplanted with marrow in some centers. With a 
median follow-up of 6 years, survival of aplastic anemia patients 
transplanted with marrow was 88% (Fig. 102.3).90 In a retro-
spective analysis by CIBMTR, rates of chronic GVHD and overall 
mortality were greater after transplantation with peripheral blood 
stem cells than marrow, especially in the younger patient popula-
tion (<20 years of age).91 Similar survivals to those observed after 
HCT for aplastic anemia have been reported in patients trans-
planted with marrow for hemoglobinopathies.72,92
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Outcomes have improved after HCT from HLA-matched unre-
lated donors because of improved supportive care and high-
resolution HLA typing. Outcomes after HCT from an unrelated 
donor are now comparable to what is observed after HCT from 
an HLA-identical sibling. In a study of 2,223 adult AML patients, 
the overall survival after transplantation from 8/8 HLA-matched 
donors was similar to that observed after transplantation from an 
HLA-identical sibling (RR = 1.03; P = 0.62).100 The risk of acute 
GVHD, however, was lower after transplantation from an HLA-
identical sibling.

The relative importance of the various HLA loci has been 
defined for HCT from unrelated donors. In a study from CIBMTR 
of 3,857 transplants performed from 1988 to 2003, it was 
observed that high-resolution DNA matching for HLA-A, HLA-B, 
HLA-C, or HLA–DRB1 (8/8 match) was the minimal level of match-
ing associated with the highest survival.101 A single mismatch at 
HLA-A, HLA-B, HLA-C, or HLA–DRB1 (7/8 match) was associated 
with an increased mortality compared to an 8/8 match. A single 
mismatch at HLA-B and HLA-C appeared better tolerated than 
a mismatch at HLA-A and HLA-DRB1. A mismatch at HLA-DQ 
or HLA-DP loci did not have an effect on survival. Ninety-four 
percent of the transplants in this study were performed with mar-
row grafts. In a follow-up study, the association between HLA 
matching and outcomes was investigated for transplantation of 
peripheral blood stem cells from unrelated donors.102 Survival 
was better with 8/8 HLA matching compared to 7/8 HLA match-
ing. Single HLA-C antigen mismatches were associated with an 
increased risk of treatment-related mortality and grade III-IV 
acute GVHD. HLA-B antigen/allele mismatching was associated 
with an increased risk of grade III-IV acute GVHD with no effect 
on survival. No significant differences in outcomes were observed 
with HLA-C allele mismatches, HLA-A antigen/allele mismatches, 
or HLA-DRB1 mismatches compared to 8/8 HLA-matched pairs. 
The differences in the reported associations for HLA mismatches 
between marrow and peripheral blood stem cell grafts may result 
from differences in cell numbers in the graft as well as the graft 
composition.

Disease status is an important consideration in the search 
process. In patients with advanced malignancies, survival after 
transplantation from an HLA-matched or 1-antigen/allele HLA-
mismatched unrelated donor was similar.103 Therefore, when 
transplants cannot be delayed because of disease status, selection 
of a donor with the fewest HLA mismatches may be an alterna-
tive choice for patients without a completely HLA-matched donor.

Because of the possible higher risk of acute GVHD, studies 
of peripheral blood stem cell transplantation from unrelated 
donors started later than those done from HLA-identical donors. 
A recently completed randomized clinical trial (BMTCTN 0201) 
comparing marrow to peripheral blood stem cells observed that 
there was no difference in overall survival, disease-free survival, 
nonrelapse mortality, relapse, or acute GVHD outcomes at 2 years 
between the 2 arms. There was a significantly increased risk of 
chronic GVHD.

Transplantation with Umbilical Cord Blood Grafts
There are several advantages to the use of umbilical cord blood 
when compared to unrelated donor peripheral stem cell or mar-
row product harvested from adults. First, umbilical cord blood 
represents a potentially nonlimiting donor source for transplanta-
tion. At present, over 550,000 HLA typed cord bloods are banked 
and are conceivably available with several days notice (www.
bmdw.org). Many of the banked specimens are from underrep-
resented ethnic and racial groups, thus expanding the potential 
donor pool for individuals poorly served by the unrelated donor 
marrow registries. The total nucleated cell dose required for suc-
cessful engraftment is 10-fold less than that required for conven-
tional peripheral blood or marrow transplant. The transmission 
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FIGURE 102.3. Overall survival among 94 patients with aplastic anemia who under-
went transplantation from HLA-identical siblings after conditioning with cyclophos-
phamide (CY) and antithymocyte globulin. With a median follow-up of 6.0 (0.5 to 11.6) 
years, the Kaplan-Meier estimate of survival was 88%. Cyclosporine and methotrexate were 
administered after transplantation for graft-versus-host disease (GVHD) prophylaxis. (Reprinted 
with permission from Storb R, Blume KG, O’Donnell MR, et al. Cyclophosphamide and antithymo-
cyte globulin to condition patients with aplastic anemia for allogeneic marrow transplantations: 
the experience in four centers. Biol Blood Marrow Transplant 2001;7:39–44.)

An HLA-haploidentical donor (parent, sibling, child) is  available 
for almost all patients, but haplotype differences (genotypically 
identical at one HLA haplotype but nonidentical at the other 
HLA haplotype) are associated with a high risk of severe GVHD, 
graft rejection, and increased mortality with conventional post-
transplant immunosuppression. However, transplants for hema-
tologic malignancies from HLA-haploidentical family members 
mismatched for only one HLA antigen in the nonidentical HLA 
haplotype may have a similar overall survival to transplants from 
HLA-identical siblings.93 In this situation, although the higher 
incidence of GVHD results in an increased transplant-related mor-
tality, relapse is less frequent, resulting in no overall difference in 
long-term survival compared to transplants from HLA-matched 
siblings. Patients transplanted from HLA-haploidentical family 
members mismatched for 2 or more HLA loci had significantly 
lower overall survivals compared to patients transplanted from 
phenotypically HLA-matched unrelated donors.94 In patients 
with advanced leukemia, transplantation with high-dose CD34-
positive cell grafts which had been highly T cell-depleted resulted 
in 12 of 43 patients being alive and disease-free at 18 months.95 
Immune reconstitution after transplantation was poor, how-
ever.96 High-dose cyclophosphamide (CY) early after HCT from 
an HLA-haploidentical donor appears effective in preventing the 
development of severe acute and chronic GVHD.97,98 In a report 
of parallel phase 2 studies, transplantation of HLA-haploidentical 
marrow grafts appeared to have favorable outcomes at 1 year 
compared to transplantation of umbilical cord blood grafts.99 
Patients who lack a closely matched family donor should be 
offered a phenotypically HLA-matched unrelated donor before 
considering a transplant from an HLA-haploidentical donor.

Transplantation from Unrelated Donors
After the initial success with transplantation of marrow from 
matched unrelated volunteers, large databanks were established 
around the world, including the National Marrow Donor Program 
(NMDP) in the United States. Available through the world-wide 
registries and the NMDP are approximately 20 million volun-
teer donors who have been typed for HLA-A and -B antigens, 
and many of these are also typed for HLA-DR (www.bmdw.org). 
Certain racial and ethnic groups are underrepresented in the 
registry and therefore there is a lower probability that an HLA-
matched donor will be found.
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of Epstein-Barr virus (EBV) or cytomegalovirus (CMV) is negligible 
compared to conventional allogeneic transplantation. HLA allele 
mismatches (up to 2 to 3 loci) are permissible in cord blood trans-
plantation. Notable disadvantages to cord blood transplantation 
are the potential for prolonged pancytopenia and lower rates of 
overall engraftment.

The first successful cord blood cell transplant in a pediatric 
patient was done in 1988.69 Two studies were then successfully 
conducted of cord blood transplantation from HLA-matched or 
HLA-haploidentical allogeneic siblings (44 patients) and partially 
HLA-mismatched unrelated donors (25 patients).104,105 In the 
first report of a large experience in 562 recipients (including 
18% adults) after transplantation with umbilical cord blood grafts 
from unrelated donors, the probability of engraftment at 42 days 
and grade III-IV GVHD, was 81% and 23%, respectively.106 It 
was concluded from this study that umbilical cord blood grafts 
regularly engraft and cause a low rate of GVHD relative to the 
number of HLA mismatches, and produced survival rates com-
parable to those with transplantation of marrow from unrelated 
donors. This experience was confirmed in a retrospective analysis 
of 541 children with leukemia transplanted with stem cell grafts 
from unrelated donors of which 99 were from umbilical cord 
blood.107 Recipients of cord blood had an increased number 
of HLA mismatches but a lower risk of both acute and chronic 
GVHD compared to recipients of unmanipulated marrow from 
unrelated donors. The day 100 mortality was higher, however, in 
the cord blood group, possibly because of the significantly delayed 
recovery of hematopoiesis and immunity after transplantation. 
These results were later confirmed by another group.108 It was 
concluded that the use of umbilical cord blood was an option 
for children with acute leukemia lacking an acceptably matched 
unrelated marrow donor. In children who had received umbilical 
cord blood or bone marrow grafts from HLA-identical siblings, the 
umbilical cord blood group had a lower risk of acute and chronic 
GVHD (relative risk 0.41 [P = 0.001] and 0.35 [P = 0.02]), respec-
tively.109 Survival was similar in both groups. The progenitor cell 
and CD34-positive cell content of the umbilical cord blood graft 
predicted the rate of neutrophil recovery after transplantation.110

The reported low incidence of severe GVHD after transplant of 
umbilical cord blood cells from unrelated donors (relative to the 
degree of HLA disparity) may be related to the decreased immu-
nocompetence of the fetal blood cells compared to adult cells.111 
Two years after transplantation, T cell receptor rearrangement 
excision circles (TRECs), a measure of recent thymic output, were 
greater in recipients of umbilical cord blood than in recipients of 
marrow grafts, suggesting complete immune recovery despite the 
low number of cells infused.112

Initially, recipients of umbilical cord blood cell transplants 
had been mostly children. Even though, at first, there was a con-
cern about the low cell count for the larger body size, outcomes 
in adults were comparable to those reported in children.113 
Prospective trials comparing cord blood transplantation to unre-
lated peripheral blood/marrow transplants are not available; 
however, two large registry or retrospective studies summarizing 
consortia experience for acute or chronic leukemias have been 
published.114,115 Slower engraftment kinetics, reduced engraft-
ment rates, and decreased acute and chronic GVHD rates and 
severity were observed in the cord blood transplantation groups. 
Rates of relapse reported for the two studies were similar between 
the 2 groups. Transplant-related complications, including delayed 
recovery of blood counts after cord blood transplantation, may 
be reduced in the adult population with reduced intensity 
conditioning.116

Transplantation of multiple cord blood units was investi-
gated to determine if recovery of neutrophil and platelet counts 
after transplantation could be improved.117 After the infusion of 
two umbilical cord blood grafts into adult patients, the median 
day to neutrophil recovery was 24 (range 12 to 28) in 23 adult 

patients compared to 27 (range 13 to 59) in another study of  
68 adult patients transplanted with a single cord blood unit.113 
This observation of improved recovery times was not confirmed in 
a retrospective study at a single institution.118 After transplanta-
tion with 2 cord blood units, only one unit eventually dominates 
and engrafts long-term.119 Higher CD3+ cell dose and percentage 
of CD34+ viability were associated with unit dominance. Higher 
dominant unit total nucleated cells, CD34+ cells, and colony-form-
ing unit doses were associated with higher sustained engraftment 
and faster neutrophil recovery. Mechanistically, the dominant 
cord mounts an allogeneic immune response mediated by CD8+ 
T cells against the nondominant unit.120 Outcomes after double 
cord blood transplantation were compared with outcomes after 
transplantation from HLA-matched related donors, HLA-matched 
unrelated donors, and 1-antigen HLA-mismatched unrelated 
donors.121 Leukemia-free survival at 5 years was similar for all 
donor types. The risk of relapse was decreased in the double cord 
blood transplantation group compared to the other donor types, 
but the risk of nonrelapse mortality was increased. The lower 
risk of relapse after transplantation from a double cord blood unit 
compared to a single cord blood unit had been previously seen 
in another retrospective study, although a significantly increased 
risk of acute GVHD was also observed.118 Sharing of one or more 
HLA-A, B, or DRB1 loci between the inherited paternal MHC 
alleles (IPA) of the donor and the recipient after unrelated cord 
blood transplantation leads to superior leukemia-free survival 
with no increase in acute GVHD, a result attributed to maternally 
derived anti-IPA elements persisting in the cord blood.122

Umbilical cord blood grafts should be considered for both 
pediatric and adult patients lacking a suitably matched unrelated 
donor or unable to wait for an unrelated search to be completed.

collecTion of HemaTopoieTic 
sTem cells for TransplanTaTion

Marrow
Marrow is obtained by multiple aspirations from the posterior iliac 
crest under general or epidural anesthesia.123 The anterior iliac 
crest (or the sternum) may also be harvested if larger quantities of 
marrow are required. The target volume of marrow for transplant 
is 10 to 15 ml/kg of recipient or donor weight, whichever is the 
smaller individual. Marrow is collected with heparinized syringes 
through large bore needles and placed into small amounts of cul-
ture medium. The collected marrow must be filtered prior to intra-
venous transfusion into the recipient to remove small particles or 
clots. If the patient and donor are ABO-incompatible and there are 
high anti-A or -B titers, the marrow can be red blood cell–depleted 
or plasma-depleted, depending on whether it is a major or minor 
ABO mismatch.124 In some cases of a major ABO mismatch, 
plasmapheresis of the recipient may be effective in reducing the 
high anti-A or anti-B titers so that RBC depletion of marrow is 
not required. Marrow is infused immediately after harvesting, 
but delays of 24 hours may occur without adverse consequences. 
Such delays are common when marrow is shipped to a transplant 
program after harvest from an unrelated donor. In an analysis of 
marrow harvest characteristics of 1,549 donors, the median total 
nucleated cell count from the marrow was 2.5 (range 0.3 to 12.0) × 
108/kg recipient weight.125 Life-threatening complications from 
marrow harvesting, usually related to the administration of anes-
thesia, were reported in 0.27% to 0.4% of the donors.126

Peripheral Blood
HSC circulate in the peripheral blood but the concentration is 
very low and it requires multiple aphereses to collect adequate 
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numbers. The number of aphereses may be reduced to one or 
two sessions when HSC are mobilized to the peripheral blood 
after the administration of cytokines alone or in combination with 
chemotherapy or plerixafor. An effective mobilization strategy of 
autologous HSC for patients with malignancy is chemotherapy 
in conjunction with G-CSF, 6 mg/kg/day.61 After chemotherapy, 
patients are apheresed when the total white blood cell count 
has recovered to 1,000/ml or the CD34-positive cell count in the 
peripheral blood is at least >10/ml. For patients not requiring 
chemotherapy or normal allogeneic donors, mobilization is with 
G-CSF alone (5 to 16 mg/kg) by daily subcutaneous injections for 
5 to 8 days.48,127,128 These doses of G-CSF are generally well 
tolerated, with common side effects of bone pains, myalgias, and 
flu-like symptoms that are managed with acetaminophen or low-
dose narcotics. Plerixafor in combination with G-CSF was effec-
tive for increasing the yields of circulating CD34+ progenitor cells 
and is indicated for patients with lymphoma or multiple myeloma 
who are being collected for autologous HCT.56 The recommended 
dose is 0.24 mg/kg/day administered subcutaneously 11 hours 
before the apheresis procedure. The maximum dose is 40 mg/
day. Common side effects included diarrhea, nausea, fatigue, 
headaches, and arthralgias. Apheresis was performed as early 
as day 4 after the start of G-CSF using a continuous blood flow 
separation technique. Apheresed products may be cryopreserved 
in 5% dimethylsulfoxide (DMSO) for use after thawing on the day 
of transplant. A more rapid sustained hematopoietic recovery 
of both neutrophil and platelet counts occurs with increasing 
numbers of CD34+ cells in the hematopoietic cell graft (up to 
5 × 106/kg). Some investigators consider 2.5 × 106/kg of recipi-
ent weight a minimum dose of CD34+ cells from the peripheral 
blood to achieve complete autologous recovery. Platelet recovery 
is more rapid at higher CD34+ cell doses.60,61 Since the cell dose 
used in the autologous transplant setting yields consistent and 
prompt engraftment, it is also considered an appropriate target 
for collection of allogeneic HSC from the peripheral blood. Donors 
of peripheral blood avoid general anesthesia and other complica-
tions of marrow harvesting. If peripheral veins are inadequate, 
a large bore double lumen catheter for vascular access may be 
required. In a large analysis of safety from the NMDP (n = 2,408 
donors), it was concluded that collection of peripheral blood stem 
cells was safe but that nearly all patients will experience bone 
pain and 1 in 4 will have headache, nausea, or citrate toxicity.129 
Serious and unexpected toxicities were experienced by 0.6% of 
the donors, but complete recovery was universal.

Cord Blood
Umbilical cord blood cells are now being routinely collected and 
cryopreserved for storage in a cord blood bank.130,131 Directed-
donor banking of cord blood for siblings in a current good tissue 
practices environment has also now been reported.132 After the 
separation of the placenta, umbilical cord blood cells are collected 
into a closed system which utilizes a sterile donor blood collection 
set. The placenta and umbilical cord can be suspended on a frame 
and the blood drained as a “standard gravity phlebotomy” into 
CPD (citrate, phosphate, dextrose) anticoagulant. The median vol-
ume of umbilical cord blood collected in one study of 44 patients 
was 100 ml (range 42 to 282 ml).104 The median number of total 
nucleated cells per kilogram of recipient weight for banked umbil-
ical cord blood is 2.5 × 107 (range 1 to 33) and corresponds to a 
CD34+ cell dose of 1.5 × 105 per kilogram of recipient weight.110

aBo incompaTiBiliTy
ABO incompatibility between the donor and the recipient occurs 
in about 30% of cases. A major ABO incompatibility is considered 
to occur when the isohemagglutinins in the recipient plasma 

are directed against the donor red blood cell antigens. A minor 
ABO incompatibility is when the isohemagglutinins in the donor 
plasma are directed against recipient red blood cell antigens. ABO 
incompatibility between the donor and the recipient has no signif-
icant effect on the incidence of graft rejection, GVHD, or survival, 
although bidirectional ABO mismatches were associated with a 
higher risk of grade III-IV acute GVHD.133 ABO incompatibilities 
may result in severe hemolytic episodes after transplantation. For 
major ABO incompatibilities, if the recipient isohemagglutinin 
titers in the plasma are high, an acute hemolytic event can be 
prevented by red cell depletion of the graft. Conversely, plasma-
pheresis may be effective in reducing the anti-donor isohemag-
glutinin in the recipient plasma. If the latter approach is chosen, 
the goal should be to reduce the isohemagglutinin titer to 1:16 or 
lower.134 If there is continued production of anti-donor isohemag-
glutinins in the recipient plasma after transplantation, delayed 
erythropoiesis or even pure red cell aplasia and persistent hemo-
lysis may result.135 Although plasmapheresis and erythropoietin 
may be of some benefit, the hemolytic episode may persist for 
months after transplantation. If there are no contraindications, 
early withdrawal of immunosuppression may result in a more 
rapid resolution of the delayed hemolytic event, possibly because 
of a GVH reaction against the isohemagglutinin-producing cells of 
the recipient.136 To prevent hemolytic events related to minor ABO 
incompatibilities, the isohemagglutinins can be removed from 
the stem cell graft if the anti-recipient titers are high. The risk of 
hemolysis from a minor ABO mismatch appears to be increased 
after peripheral blood stem cell transplantation, possibly related 
to the higher content of lymphoid cells (B cells) in the graft. The 
development of severe hemolysis may be prevented with the 
administration of methotrexate after transplantation.137

condiTioninG reGimens

Myeloablative
Myeloablative conditioning regimens are sufficiently intense that 
recovery of hematopoiesis would not be expected without the 
support of transplanted hematopoietic progenitor cells. The ideal 
myeloablative conditioning regimen should fulfill the following 
criteria: (1) eliminate or reduce the tumor load; (2) suppress the 
host immune system to prevent graft rejection (not applicable to 
hematopoietic support with autologous cells); and (3) have toler-
able nonhematopoietic toxicity. The first conditioning regimens 
consisted of TBI, alone or in combination with cyclophosphamide 
(CY).50 TBI is an effective antineoplastic modality that is both cell 
cycle nonspecific and immunosuppressive. CY is a chemothera-
peutic agent with immunosuppressive properties that has few 
nonhematopoietic toxicities that are similar to TBI, and therefore 
can be used in combination. Other conditioning regimens which 
have since been developed include: (1) the replacement of CY 
with other chemotherapeutic agents (e.g., etoposide, Ara-C, and 
melphalan) in combination with TBI.138,139; (2) other chemo-
therapeutic agents in combination with both CY and TBI140,141; 
(3) chemotherapeutic agents used in combination with CY but 
without TBI, including busulfan (BU)/CY or carmustine-cyclophos-
phamide-etoposide (BCV)142,143; and (4) replacement of CY with 
fludarabine and used in combination with BU or melphalan.144,145 
In one study, BCV was associated with a significant incidence of 
transplant-related complications and mortality.146 Other high-
dose cytotoxic regimens have been used, especially with autolo-
gous stem cell support.147,148

Most preparative regimens used for the treatment of malignant 
diseases have not been tested in Phase III studies, so it is gener-
ally unclear if any one regimen represents an improvement over 
those previously used. Two Phase III studies in allogeneic mar-
row transplantation have compared differing intensities of TBI  
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(1,200 cGy versus 1,575 cGy).149,150 The relapse rate was reduced 
in the group of patients receiving the higher dose of TBI, but 
was associated with an increase in complications from regimen-
related toxicity and GVHD which negated any improvement in 
disease-free survival compared to the group receiving the lower 
dose of TBI. In a more recent study, conditioning with TBI 800 
cGy and fludarabine was compared with TBI 1,200 cGy and CY 
and there was no difference in overall survival, relapse, or treat-
ment-related mortality.151 The combination of BU/CY was deter-
mined to be an acceptable alternative to CY/TBI for patients with 
leukemia in several studies.152–154 However in one study, patients 
in the BU/CY group had an increased risk of sinusoidal obstruc-
tion syndrome (SOS) of the liver and other transplant-related com-
plications.155 Since this last study, it has been demonstrated that 
targeting of busulfan levels in the plasma may decrease the risk of 
relapse and severe regimen-related toxicities, contributing to an 
improved disease-free survival (Fig. 102.4).156 Monitoring levels 
of metabolites from cyclophosphamide may also be important to 
decrease the risk of liver toxicity and nonrelapse mortality.157,158

In patients already profoundly immunosuppressed with SCID 
syndrome, engraftment of allogeneic stem cells from matched 
related siblings may occur without conditioning therapy.159 High-
dose CY in combination with antithymocyte globulin (ATG) as a 
preparative regimen for patients with aplastic anemia was associ-
ated with graft rejection in less than 5% of cases.90 The actuarial 
survival rate was 88% at 6 years after transplantation (Fig. 102.3). 
For transplantation of patients with thalassemia or sickle cell 
disease, a myeloablative conditioning regimen, usually consisting 
of the combination of BU and CY, was thought to be necessary to 
prevent a high incidence of graft rejection, since most patients 
with these disorders had received multiple blood transfusions 
and were potentially sensitized to donor-derived mHC.160,161 
However, reduced intensity conditioning regimens have now been 
shown to successfully overcome the risk of graft rejection associ-
ated with these hematologic disorders.162

Although HSC engraftment may be achieved after transplanta-
tion and some patients are cured, relapse remains an important 
problem in patients with advanced hematologic malignancies. 
Since further intensification of the conditioning regimen using 
current modalities is unlikely to improve overall survival because 
of associated increases in toxicity, new strategies will be required 

to achieve a cure. Radiolabeled monoclonal antibodies (i.e., radio-
immunoconjugates) specific for certain lineage-specific cell sur-
face antigens on tumor cells or sites from which the malignancy 
originates might enhance the efficacy of the conditioning regimen 
and decrease the rates of relapse.163–166

Nonmyeloablative
The development of nonmyeloablative or reduced intensity regi-
mens permitted the application of potentially curative allogeneic 
HCT to older patients and those patients with contraindications to 
intensive cytotoxic regimens.167 The success of the nonmyeloab-
lative conditioning regimens in preclinical and clinical studies 
established new biologic principles which formed the basis of our 
understanding of the engraftment process after allogeneic HCT. 
The findings in these studies were consistent with the following 
conclusions about successful engraftment:

1.  Myeloablative therapy is not needed, since stem cell grafts can 
“create their own marrow space” with a GVH effect.

2.  Engraftment is promoted by posttransplant suppression of the 
host-versus-graft reaction.

There are multiple different nonmyeloablative conditioning 
regimens which have been piloted. The conditioning regimens 
fall into 2 broad categories: (1) reduced intensity regimens and 
(2) minimally myelosuppressive regimens.145,168–171,172,173 In 
general, after reduced intensity conditioning, recipients usu-
ally become aplastic from the regimen and complete chimerism 
is established early after transplantation. Reduced intensity 
conditioning regimens are of sufficiently low intensity that 
recovery of hematopoiesis would be expected without the sup-
port of hematopoietic progenitor cells. Although reduced in 
intensity, the regimen may contribute a substantial antitumor 
effect resulting in a tumor response early after transplantation. 
The minimally myelosuppressive or nonmyeloablative regimens 
rely on pretransplant and posttransplant immunosuppression to 
prevent graft rejection. After transplantation, a mixed chimeric 
state may persist for months before converting to full donor 
hematopoietic chimerism (Table 102.4).172 The regimen may 
be only mildly myelosuppressive resulting in a reduction in 
the requirements for blood products (Fig. 102.5).174 The con-
ditioning regimen would not be expected to have a substantial 
antitumor effect, so efficacy of the treatment is largely from a 
GVT effect.
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FIGURE 102.4. Outcomes for 131 patients after conditioning with cyclophosphamide 
and targeted busulfan followed by hematopoietic cell transplantation (HCT) from 
human leukocyte antigen (HLA)-identical siblings for chronic myelogenous leukemia 
in chronic phase. Graft-versus-host disease (GVHD) prophylaxis was with the combination of 
cyclosporine and methotrexate. The probability of survival was 86% at 3 years. (Reprinted with 
permission from Radich JP, Gooley T, Bensinger W, et al. HLA-matched related hematopoietic 
cell transplantation for chronic-phase CML using a targeted busulfan and cyclophosphamide 
preparative regimen. Blood 2003;102:31–35. Copyright American Society of Hematology.)

Day 28a Day 56b

Median % (range) of donor cells
 T cells 60 (10–100) 91 (5–100)
 PB neutrophils 91 (0–100) 99 (4–100)
 Bone Marrow 87 (0–100) 95 (2–100)

Chimerism
 % Mixedc 86 79
 % Full Donord 14 21

a 44 evaluable patients. One additional patient–donor pair had no identifiable DNA 
polymorphism, and evidence of donor cell engraftment was based on red blood cell 
polymorphisms.
b 41 evaluable patients.
c ≥1 and ≤ 95% T cells of donor origin.
d >95% T cells of donor origin.
McSweeney PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell transplantation in 
older patients with hematologic malignancies: replacing high-dose cytotoxic therapy with 
graft-versus-tumor effects. Blood 2001;97:3390–3400. Copyright American Society of 
Hematology, used with permission.)

meDian perCenT anD Chimerism sTaTus

taBLE 102.4

72683_ch102_2159-2175.indd   2166 30/07/13   2:23 PM



Tr
an

sp
la

nt
at

io
n

 ChaPter 102 hematopoietic Cell Transplantation 2167

105

104

103

102

101

103

102

101

1

P
la

te
le

t 
co

u
n

ts
 x

 1
00

0/
µI

N
eu

tr
o

p
h

il 
co

u
n

ts
/µ

I

0 5 10 15

Days after HCT
20 25 30

max

median

50

min

max

median

500

min

Neutrophils

Platelets

FIGURE 102.5. Engraftment after nonmyeloablative hematopoietic cell transplantation 
(HCT). Engraftment profile showing neutrophil and platelet changes after HCT. Graphs show the 
median (black lines) and range (broken lines) of neutrophil and platelet counts of all 45 patients 
on day 0 through 30. Circles represent the minimum and maximum values on each day. Min, 
minimum; max, maximum. (From McSweeney PA, Niederwieser D, Shizuru JA, et al. Hemato-
poietic cell transplantation in older patients with hematologic malignancies: replacing high-dose 
cytotoxic therapy with graft-versus-tumor effects. Blood 2001;97:3390–3400. Copyright Ameri-
can Society of Hematology, used with permission.)

Early studies of nonmyeloablative transplantation focused on 
patients with donors who were HLA-identical siblings because 
the risk of graft rejection and GVHD was considered less com-
pared to other types of donors. Risk factors for graft rejection 
after conditioning with TBI 200 cGy alone were no prior intensive 
chemotherapy and a diagnosis of CML.172 When fludarabine was 
added to low-dose TBI, the incidence of graft rejection decreased. 
Nonmyeloablative conditioning regimens have also been effective 
for transplantation from alternative sources including unrelated 
donors and umbilical cord blood.175,176,177

The allogeneic HSC graft can induce GVL/GVT effects. The 
effectiveness of the GVT effect can be best observed in the 
responses patients have had with the minimally myelosuppressive 
regimens (Fig. 102.6).172,178,179 In patients not otherwise eligible 
for a myeloablative conditioning regimen, sustained responses 
have been noted with AML, the chronic leukemias, lymphoma, 
and myeloma. A minimally myelosuppressive conditioning regi-
men may be appropriate for indolent hematologic malignancies 
including CML, chronic lymphocytic leukemia, agnogenic myeloid 
metaplasia, and low grade lymphomas.172,180,181,182 In those dis-
eases in which some cytoreduction may be necessary, a reduced 
intensity regimen may be of more benefit. Another strategy is 
to use a cycle of chemotherapy or high-dose cytotoxic therapy 
and autologous transplantation to debulk the disease or induce 
a clinical remission followed by allogeneic nonmyeloablative 
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FIGURE 102.6. Complete disease responses after HCT. A: Example of molecular remis-
sion of chronic myelogenous leukemia (CML) induced by nonmyeloablative hematopoietic cell 
transplantation (HCT) without donor lymphoid infusion, as documented by failure of reverse 
transcription–polymerase chain reaction (PCR) to detect BCR-ABL transcripts. The lane 
described “-ve” is negative control of normal bone marrow (BM). K562 is a positive control for 
BCR-ABL. B: Example of molecular remission of chronic lymphocytic leukemia (CLL) induced 
by HCT without donor lymphocyte infusion as documented by PCR to detect a tumor-specific 
immunoglobulin heavy-chain gene arrangement (arrow). Each posttransplantation sample was 
amplified in duplicate. The lanes designated 10–1 to 10–5 show a dilution series of the patient’s 
pretransplantation sample (more than 90% tumor cells) into normal bone marrow. C: Example 
of complete remission of multiple myeloma after allogeneic HCT. The patient was initially treated 
with four cycles of vincristine, adriamycin, and dexamethasone. High-dose cytoreduction with 
melphalan 200 mg/m2 and autologous transplantation was performed 3 months before allo-
geneic HCT. Donor lymphocyte infusion was given 4 months after HCT because of persistent 
tumor. After complete remission was achieved, trace levels of serum monoclonal paraprotein 
were detected by immunofixation intermittently in follow-up testing. DLI, donor lymphocyte infu-
sions. (From McSweeney PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell transplanta-
tion in older patients with hematologic malignancies: replacing high-dose cytotoxic therapy 
with graft-versus-tumor effects. Blood 2001;97:3390–3400. Copyright American Society of 
Hematology, used with permission.)

transplantation.183,184 The objective of this tandem approach is to 
consolidate the remission with a GVT reaction. The assessment of 
the patient, the disease type, and the disease status are required 
to determine the optimal approach. In retrospective comparisons 
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transplantation). Relapse also needs to be considered in a patient 
with decreasing peripheral blood counts.

Graft rejection is infrequent (<1% incidence) after HCT 
from HLA-matched siblings and was more common after HLA-
mismatched related or unrelated HLA-matched donors (2% to 
6%).198 Luznik et al. reported a rejection rate of 13% after reduced 
intensity conditioning and HCT from an HLA-haploidentical 
donor.98 All but 1 patient experienced recovery of autologous 
hematopoiesis after rejection in this study. As grafts are rejected, 
peripheral blood counts may drop, and chimerism studies 
demonstrate the loss of donor cells in the peripheral blood and 
marrow. Factors that influence the risk of graft rejection include 
T-cell depletion of the hematopoietic cell graft, increased HLA 
disparity, the intensity of the conditioning regimen and post-
transplant immunosuppression, pretransplant sensitization of the 
host against donor alloantigens, and the number of HSC in the 
graft.98,198–201 Previous chemotherapy has been associated with 
a reduced risk of graft rejection after nonmyeloablative condition-
ing.202 T cell engraftment kinetics were also improved in patients 
with higher steady state concentrations of the active mycophe-
nolate mofetil (MMF) metabolite (achieved with three times daily 
dosing instead of twice daily) without increased risk of relapse, 
albeit with a modest increase in the rate of CMV reactivation.203 
Clinically, hematopoietic growth factors have not been demon-
strated to be effective in preventing graft rejection. Historically, 
the occurrence of graft rejection after a myeloablative condition-
ing regimen and an allogeneic HCT had been almost always fatal. 
Strategies utilizing noncytotoxic immunosuppressive conditioning 
regimens and HCT may salvage patients after rejection of the first 
graft.204 Aggressive medical management during the prolonged 
neutropenic period is required to prevent death from infection 
after transplantation of the second hematopoietic cell graft. 
Although the rates of rejection have been higher in the studies of 
nonmyeloablative HCT for hematologic malignancy (2% to 7%), 
graft rejection has not been associated with a significant morbid-
ity or mortality because the duration of the pancytopenic period 
before autologous recovery has in general been short.172,205 When 
rejection occurs after reduced intensity conditioning, salvage HCT 
using a conditioning regimen of fludarabine and TBI (300 or 
400 cGy) resulted in an engraftment rate of 87%.206 A different 
donor was used for salvage HCT in 63% of the cases. Nonrelapse 
mortality at 2 years was 24%. The estimated survivals at 2 and 
4 years were 49% and 42%, respectively. Graft rejection can be 
successfully overcome by salvage HCT from the same or different 
donor with a reduced intensity conditioning regimen consisting of 
fludarabine and low-dose TBI.

reGimen-relaTed ToxiciTies
The severity of regimen-related toxicities is related to the intensity 
of the myeloablative therapy, the type of cytotoxic therapy, the 
medical condition of the patient before transplantation, and the 
presence of posttransplant factors, including the use of methotrex-
ate, calcineurin inhibitors, and amphotericin B. Reduced inten-
sity conditioning regimens may decrease the severity of certain 
regimen-related toxicities.188,207–210

Oral mucositis occurs in more than 90% of patients after 
myeloablative conditioning, and most require pain relief with a 
continuous intravenous narcotic drug. Improvement occurs tem-
porally, with marrow recovery approximately 2 to 3 weeks after 
transplantation. The severity of the oral mucositis depends on the 
intensity of myeloablative therapy and the use of methotrexate. 
Severe mucositis may result in upper airway obstruction or aspi-
ration pneumonitis. A blinded randomized placebo control study 
of the recombinant human keratinocyte growth factor (palifermin) 
in patients receiving TBI plus high-dose chemotherapy followed 
by autologous stem cell rescue demonstrated a 35% reduction 
in severe mucositis and a 6-day reduction in the median time to 

of patient populations after myeloablative and nonmyeloablative 
conditioning regimens, no difference in overall survival was 
observed.185–187 However, relapse rates were higher in patient 
groups which had received a nonmyeloablative conditioning 
regimen.

GVHD and infections are the major reasons for transplant-
related treatment failure after nonmyeloablative transplantation. 
Since these patients, in general, have been older and at higher 
risk of poor outcome based on preexisting complications at base-
line, nonmyeloablative transplantation has been well tolerated 
compared to what could have been expected after myeloablative 
conditioning. The day 100 and year 1 treatment-related mortality 
has been reported as 3% and 16%, respectively, but significantly 
less than after myeloablative conditioning.188 Earlier clinical tri-
als of nonmyeloablative conditioning regimens had given short 
courses of immunosuppressive therapy or early administration of 
donor lymphocyte infusions (DLI). GVHD tended to develop later, 
with many cases developing at 3 to 6 months after transplanta-
tion.189 The cumulative incidence of acute grade II-IV GVHD was 
less after a nonmyeloablative than a myeloablative conditioning 
regimen (64% versus 85%, p = 0.001). There was no difference in 
the incidence of chronic GVHD. GVHD developed in many patients 
as late as 6 to 12 months after nonmyeloablative conditioning 
and HCT. The incidence of acute GVHD decreased when GVHD 
prophylaxis was administered for a longer period after HCT.190 
Acute GVHD did not have a significant impact on the risk of pro-
gression but had an association with increased risk of nonrelapse 
mortality. Chronic GVHD was associated with a decreased risk of 
relapse or progression (P = 0.006) and an increased probability 
of progression-free survival (P = 0.003).178 Strategies for the opti-
mal management of GVHD are required so that complications are 
reduced but do not prevent an effective GVT response.

In the presence of a major ABO incompatibility, delayed devel-
opment of donor red cell chimerism resulting in an increased 
need for red blood cell products has been reported.136 Withdrawal 
of cyclosporine may induce a graft-mediated immune reaction 
against recipient isohemagglutinin-producing cells, thus result-
ing in a decrease in isohemagglutinin levels and improvement in 
donor red blood cell chimerism. The onset of CMV disease may 
be delayed after nonmyeloablative transplantation.191,192 Patients 
after nonmyeloablative conditioning with a minimally myelosup-
pressive regimen can generally be managed in the outpatient 
setting.

enGrafTmenT
Stable engraftment of a hematopoietic cell graft requires the 
circulation, homing, and growth of HSC. The number of CD34+ 
cells that are required to ensure prompt recovery of neutrophil 
and platelet counts is 2.5 to 5.0 × 106/kg. In addition, adequate 
suppression of the host immune system is required to prevent 
graft rejection after allogeneic HCT. To achieve adequate immu-
nosuppression, conditioning regimens may be myeloablative or 
nonmyeloablative. Donor T cells are important to prevent graft 
rejection, even with the concomitant administration of substantial 
numbers of CD34+ cells.193 Although infrequently observed in 
humans, a single stem cell may substantially reconstitute hema-
topoiesis (clonal dominance) and demonstrates the considerable 
proliferative potential of a normal HSC.194,195 In many clinical 
trials of HCT, engraftment has generally been defined as the 
achievement of a peripheral blood neutrophil count greater than 
0.5 × 109/L and evidence of donor chimerism if engraftment is 
being assessed after allogeneic HCT. The rate of engraftment is 
dependent upon the number of HSC (CD34+ cell content), purg-
ing strategies for autologous grafts, use of growth factors, and the 
use of methotrexate for GVHD prophylaxis.61,196,197 Graft failure 
may result from either an infusion of inadequate numbers of HSC, 
drug toxicity, infection (CMV), or graft rejection (after allogeneic 
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resolution of severe mucositis.211 Furthermore, palifermin was 
associated with decreased opioid and total parenteral nutrition 
use. The role of palifermin in other types of HCT recipients has 
not been established. Gastroenteritis induced by chemotherapy 
and irradiation results in nausea, vomiting, and diarrhea, all of 
which may persist for up to 2 to 3 weeks after transplantation. 
Central lines are placed prior to transplant for administration of 
fluids, drugs, and hyperalimentation during the period of therapy-
induced mucositis and gastroenteritis.

Renal dysfunction is common after HCT.212,213 Some factors 
associated with the development of severe renal failure requiring 
dialysis were hyperbilirubinemia, significant fluid retention after 
transplant, amphotericin B administration, and pretransplant 
serum creatinine levels greater than 0.7 mg/dl. Renal dysfunc-
tion (as indicated by a doubling of the baseline serum creatinine) 
was most strongly associated with the use of amphotericin B 
administration and SOS of the liver.213 In this study, calcineurin 
inhibitors, GVHD, sepsis, TBI, and CY were not found to be sig-
nificant contributors to severe renal failure. Calcineurin inhibitors 
cause transient renal dysfunction that is generally reversible with 
aggressive hydration and eventual discontinuation of the drugs. 
Renal complications were decreased after HCT with a nonmy-
eloablative conditioning regimen.208

Lung and liver are the two organs that limit further escalation 
of the intensity of myeloablative therapy. Idiopathic interstitial 
pneumonitis occurs in 8% to 18% of patients after myeloablative 
conditioning and marrow transplantation.214–216 Clinical mani-
festations include dyspnea, nonproductive cough, hypoxemia, 
and diffuse pulmonary infiltrates. This toxicity is most likely due 
to TBI, but preparative regimens containing high doses of che-
motherapeutic agents such as CY, BU, and carmustine also con-
tribute directly to toxicity in the lungs. Pulmonary veno-occlusive 
disease (VOD) is important to consider in patients with diffuse 
pulmonary infiltrates, since there may be a favorable response 
to corticosteroids.217,218 Treatment for idiopathic interstitial 
pneumonitis consists of supplemental oxygen and ventilatory sup-
port. Survival is poor (3%) for patients requiring intubation and 
mechanical ventilation for greater than 24 hours.219 Pulmonary 
complications are reduced after nonmyeloablative conditioning 
regimens.207,209

SOS (formerly known as veno-occlusive disease, or VOD) 
of the liver is an event characterized by damage to vascular 
endothelial cells and to hepatocytes in zone 3 of the liver acinus 
and is the most frequent cause of hyperbilirubinemia within 
20 days following HCT.220 Historically, the overall incidence 
of SOS was 53%, and 15% of patients had severe disease. The 
incidence of SOS has decreased in more recent years because 
of the reduced intensities of conditioning regimens and better 
selection of patients for myeloablative regimens. Risk factors for 
the development of severe SOS are pretransplant hepatitis with 
elevated serum levels of hepatocellular enzymes, the intensity of 
the conditioning regimen (TBI greater than 13 Gy), or the use of 
busulfan. Targeting strategies may have reduced the incidence 
of severe SOS in patients conditioned with busulfan. Patients 
receiving ursodeoxycholic acid after HCT had significantly 
lower rates of severe hyperbilirubinemia and elevated alanine 
aminotransferase levels, although the rates of SOS were simi-
lar compared to controls.221 Furthermore, the rates of severe 
GVHD were less and mortality was significantly improved at 
1-year posttransplant in the ursodeoxycholic acid group. For 
the treatment of SOS, responses to the administration of tissue 
plasminogen activator have been reported.222,223 However, the 
risk of bleeding must be weighed against the potential benefit of 
this agent. Responses were also observed in patients treated with 
defibrotide which is a single-stranded polydeoxyribonucleotide 
with fibrinolytic and antithrombotic activity.224 No random-
ized clinical trials of defibrotide for treatment of SOS have been 
conducted. However, in a randomized clinical trial of prophy-
lactic therapy, administration of defibrotide to pediatric patients 

undergoing HCT demonstrated decreased rates of SOS at day 30 
when compared to controls.225

Increasingly recognized as an important clinical problem are 
the delayed complications other than chronic GVHD after HCT 
(Chapter 106). Long-term risks associated with myeloablative 
conditioning include secondary malignancies, sterility, increased 
bone loss, delayed development in pediatric patients, neurocog-
nitive changes, hypothyroidism, and cataracts.226,227,228,229–232 
After autologous HCT there is an increased risk of myelodysplastic 
syndrome.233,234 Use of immunosuppression for chronic GVHD 
treatment was associated with an increased incidence of squa-
mous cell cancer of the skin and oral cavity in allogeneic trans-
plant recipients.235 Risk factors for defective spermatogenesis are 
older age at transplantation and presence of chronic GHVD.236 
Rapid bone loss after transplantation can be partially corrected 
with the administration of bisphosphonate drugs.237,238 Children 
may experience delays in growth and development particularly 
after exposure to TBI-based conditioning regimens which may 
be improved with growth hormone therapy.239 Neurocognitive 
changes observed early after HCT largely recover at 1 year240; 
however, full recovery after HCT, especially psychological recov-
ery, may be a 3- to 5-year process. Recovery might be accelerated 
by more effective interventions to increase work-related capabili-
ties, improve social support, and manage depression.241,242

GrafT-Versus-HosT disease
GVHD is mediated by genetically disparate lymphocytes after 
transfer to an immunologically compromised recipient incapable 
of rejecting the donor graft (Chapter 105).243 In the initial stages 
of GVHD, donor T cells recognize disparate histocompatibility 
antigens on host cells. Two primary classes of MHC exist. HLA 
class I antigens have a broad distribution and are expressed on all 
cells. HLA class II antigens are expressed on antigen-presenting 
cells, including macrophages, dendritic cells, B cells, and activated 
T cells. The mHC are genetic polymorphisms of endogenous cellu-
lar proteins that are presented to T cells as small peptides bound 
within the hypervariable grooves of MHC proteins. Some mHC 
which have been identified in humans as being associated with 
GVHD are HA-1 and the DBY (male-specific mHA gene).244,245 
The presence of multiple disparate mHC between the recipient 
and donor was associated with an increased mortality.246 Single 
disparities of mHC may not be sufficient to result in a significantly 
increased risk of GVHD.247

The skin, liver, and gastrointestinal tract are the primary 
organs damaged by the GVH reaction. The cells which are tar-
geted in the affected organs by the GVH reaction are primarily 
epithelial stem cells and their progeny.248 In the liver, the epithe-
lium of the small interlobular and marginal bile ducts is damaged 
by the GVH reaction. In tissues involved with GVHD, a lymphoid 
infiltrate is present and cell death occurs by apoptosis. In lymph 
nodes there is an absence of germinal centers which lasts for 
many months after HCT. Abnormal CD4:CD8 ratios can be found 
both in the lymph node as well as in the peripheral blood. The 
induction and release of signaling cytokines might be important 
in the development and severity of GVHD.249 The IL-10 pathway 
may play an important role in controlling the severity of acute 
GVHD.250,251 Plasma biomarkers for acute GVHD include IL-2-
receptor-alpha, TNF-receptor-1, IL-8, and hepatocyte growth 
factor.252 Regenerating islet-derived 3 α (REG3 α), secreted by 
Paneth cells, is a plasma biomarker for severe acute GVHD of 
the gastrointestinal tract.253 In a multivariate analysis, stages  
2 to 4 GVHD of the gastrointestinal tract, severe histologic dam-
age, and high levels of REG3 alpha at GVHD diagnosis indepen-
dently predicted nonrelapse mortality at 1 year.

GVHD has been traditionally classified into two different 
phases. Acute and chronic GVHD were defined as occurring before 
or after 3 months, respectively. However with increasing adoption 
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of nonmyeloablative conditioning regimens in which engraftment 
of donor T cells occurs more gradually, the distinctions between 
these two phases of GVHD has blurred.189,254 Findings consistent 
with either diagnosis often occur concomitantly.

acute

Clinical Evaluation
Acute GVHD involves three organ systems primarily—the skin, 
the gastrointestinal tract, and the liver. A maculopapular rash 
which can involve the palms and soles is often present and can 
be pruritic or painful. Bullae and epidermal separation may occur 
in severe cases and resembles toxic epidermal necrolysis. GVHD 
can also involve any part of the gastrointestinal tract. Symptoms 
and signs include nausea, vomiting, crampy abdominal pain, 
diarrhea, intestinal bleeding, and ileus. Lesions in the mouth may 
also occur. Patients may also present with persistent anorexia, 
nausea, and vomiting, and require endoscopy to evaluate the gas-
trointestinal tract for GVHD.255,256,257 Permanent scarring with 
loss of mucosal regeneration may occur in very severe GVHD of 
the gastrointestinal tract.258 Cholestatic jaundice is common in 
liver GVHD but hepatic failure due solely to GVHD of the liver 
is unusual unless the GVHD is long-standing. A biopsy of these 
organs may be required to confirm the diagnosis of GVHD and to 
distinguish it from other posttransplant complications.

The major determinant for the development of acute GVHD is 
the degree of HLA match. The increased incidence of acute GVHD 
in HLA-matched unrelated donor transplants is likely attributable 
to increased disparity in mHC antigens or unrecognized dispari-
ties of the phenotypically matched major histocompatibility loci. 
Other factors influencing the rates of acute GVHD include sex 
mismatch with the donor, parity of female donors, TBI dose, 
and acute GVHD prophylaxis regimen.259,260,261 In peripheral 
blood HSC transplantation, the CD34-positive cell dose has been 
reported as an independent risk factor for acute GVHD.262

To facilitate the study and prognostication of acute GVHD, a 
clinical staging and grading system (Glucksberg) was developed 
and then updated in 1995 (Chapter 105).50,263,264 Grade I or 
very limited acute GVHD has a favorable prognosis and does not 
require treatment. Therapy is usually required for grade II GVHD 
since it is moderately severe and usually affects multiple organs. 
Since patients with anorexia, nausea, and vomiting with positive 
biopsies for GVHD from the upper gastrointestinal tract usually 
require therapy, this was included as grade II. Grades III-IV 
GVHD are severe, affect multiple organs, and are associated with 
a decreased patient survival.259 An acute GVHD severity index 
was also developed, grouping patients with patterns of organ 

involvement associated with similar risks of treatment-related 
mortality and treatment failure.265 In a prospective evaluation of 
the two classifications, the performance was similar in explain-
ing the variability in survival by acute GVHD grade.266 An acute 
GVHD activity index has also been developed.267 The activity 
index considers serum bilirubin, oral intake, treatment with 
prednisone, as well as performance, and may predict nonrelapse 
mortality better than either of the more commonly used clinical 
grading schema.

Prevention
The two major approaches to the prevention of acute GVHD after 
allogeneic marrow transplantation are pharmacologic immu-
nosuppression and T-cell depletion. Agents for pharmacologic 
immunosuppression are generally more effective when used in 
combination. Methotrexate in combination with either cyclospo-
rine or tacrolimus (both calcineurin inhibitors) are the pharma-
cologic agents used most commonly by transplant centers. In 
randomized controlled studies, the combination of tacrolimus 
and methotrexate was associated with a lower incidence of acute 
GVHD compared to cyclosporine and methotrexate, but there 
was no difference in the incidence of chronic GVHD or survival 
between the two groups (Fig. 102.7).268,269 These agents may 
have significant adverse effects and therefore patients must be 
monitored closely. Methotrexate delays, but does not prevent, 
hematopoietic engraftment. Methotrexate also potentiates the 
mucositis associated with myeloablative conditioning regimens. 
Nephrotoxicity and neurotoxicity are complications associated 
with the administration of cyclosporine and tacrolimus.

Other immunosuppressive agents including corticosteroids 
and MMF have been studied in combination with cyclosporine. 
The addition of prophylactic corticosteroids to the combina-
tion of cyclosporine and methotrexate or to cyclosporine alone 
had only limited if any benefit, and in one study a paradoxical 
increase in chronic GVHD was observed in the corticosteroid 
arm.270–272 MMF, a reversible inhibitor of inosine monophos-
phate dehydrogenase, has been successfully used in combination 
with cyclosporine for prevention of both GVHD and graft rejection 
after nonmyeloablative conditioning. The use of MMF instead of 
methotrexate in standard prophylaxis regimens after myeloabla-
tive conditioning regimens has been demonstrated to result in 
similar rates of acute GVHD, less mucositis, and faster neutrophil 
engraftment.273,274

Alternative methods of GVHD prophylaxis include ex vivo T 
cell depletion of the hematopoietic cell graft, in vivo T cell deple-
tion and posttransplant cyclophosphamide. Strategies for ex vivo 
T cell depletion include the use of monoclonal antibodies which 

FIGURE 102.7. Kaplan-Meier estimate of acute graft-versus-host disease 
(GVHD). The combination of tacrolimus and methotrexate was compared to 
cyclosporine and methotrexate as GVHD prophylaxis after a myeloablative con-
ditioning regimen followed by hematopoietic cell transplantation (HCT) from an 
human leukocyte antigen (HLA)-matched unrelated donor. There was less acute 
GVHD in the tacrolimus group at 100 days after HCT than the cyclosporine group 
(56% vs. 74%, respectively, P = 0.0002). (From Nash RA, Antin JH, Karanes C, 
et al. Phase 3 study comparing methotrexate and tacrolimus with methotrexate 
and cyclosporine for prophylaxis of acute graft-versus-host disease after marrow 
transplantation from unrelated donors. Blood 2000;96:2062–2068. Copyright 
American Society of Hematology, used with permission.)
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are specific for T cells, selective agglutination to soybean lectin, 
and counter flow centrifugation elutriation. Although reduction 
in acute and chronic GVHD has been observed with transplanta-
tion of T cell-depleted marrow, there was an associated increase 
in graft rejection, infections, posttransplant lymphoproliferative 
disorders, and relapse. A randomized controlled trial did not 
demonstrate any survival benefits for ex vivo T cell depletion 
compared to standard pharmacologic immunosuppression for 
acute GVHD prevention after HCT from HLA-matched unrelated 
donors.275 In vivo T cell depletion with pretransplant ATG and 
alemtuzumab was also effective for reducing the risks of severe 
acute and chronic GVHD after reduced intensity conditioning.276 
However, relapse rates were higher and overall survival was sig-
nificantly decreased compared to the T cell replete group in the 
study. Relapses were not increased with in vivo T cell depletion if 
patients were conditioned with myeloablative regimens.

Posttransplant cyclophosphamide reduced the risks of both 
acute and chronic GVHD but until more experience has been 
obtained, it is not known if this approach will improve overall 
survival.97,98

Treatment
The most common agents used to treat acute GVHD have been 
corticosteroids and ATG. In many marrow transplant centers 
the administration of corticosteroids (methylprednisolone or 
prednisone-equivalent dose of 2 mg/kg/day) had been the stan-
dard initial treatment for acute GVHD.277,278 In a retrospective 
analysis, it was observed that initial treatment with a lower dose 
of corticosteroids (methylprednisolone dose of 1 mg/kg/day) may 
be as effective as the higher dose, However, this needs to be 
confirmed in a prospective study.279 Higher doses of methylpred-
nisolone (10 mg/kg/day) did not improve outcomes.280 Because 
complete remission of GVHD is seen in only 40% to 50% of the 
cases after initial or primary treatment, other immunosuppressive 
agents have been investigated in combination with prednisone. 
When a CD5-specific immunotoxin was added to prednisone for 
primary treatment, GVHD manifestations were more effectively 
controlled only during the first 5 weeks after start of treatment 
when compared to prednisone alone.281 Similarly, no long-term 
benefit was observed when ATG was added to prednisone.282 In 
a study of daclizumab in combination with prednisone as pri-
mary therapy, survival was significantly decreased compared to 
prednisone alone.283 This suggested that caution must be used 
with approaches that intensify immunosuppression for primary 
treatment of acute GVHD. In a randomized clinical trial of primary 
treatment for gastrointestinal GVHD, a short course of prednisone 
in combination with either placebo or beclomethasone dipropio-
nate (BDP), an oral topical agent with limited systemic absorption, 
was evaluated.284 The use of BDP was associated with better con-
trol of upper gastrointestinal GVHD and improved survival at 200 
days and 1 year posttransplantation. For steroid-refractory GVHD, 
immunosuppressive agents which have been studied include ATG, 
daclizumab, rapamycin, MMF, ABX-CBL (CD147-specific mAb), 
and pentostatin among others. Outcomes at 6 to 12 months after 
salvage therapy for steroid-resistant GVHD have been poor with 
a high transplant-related mortality.285–290 There are no standard 
effective therapies for steroid-refractory GVHD which can be rec-
ommended.291,292 Psoralen and ultraviolet A therapy for the skin 
may permit a decrease in systemic immunosuppression.293 The 
massive secretory diarrhea of acute GVHD has been controlled 
in some cases with a somatostatin analog, octreotide acetate.294

Chronic

Clinical Evaluation
Chronic GVHD is a syndrome that may develop as early as 50 to 
60 days or as late as 400 days after transplantation. The incidence 

of chronic GVHD is dependent on the degree of disparity in the 
MHC antigens. It was observed in 33% of HLA-identical sibling 
transplants, 49% of HLA-nonidentical related transplants, and 
64% of HLA-matched unrelated transplants.295 A prior history 
of acute GVHD is a significant risk factor for the development of 
chronic GVHD. Other risk factors for chronic GVHD are older age, 
female donor if male recipient, DLI, and use of peripheral blood 
stem cells.296–298 Corticosteroid use for GVHD prophylaxis may 
also increase the risk of the development of chronic GVHD.270,272

Clinical features of chronic GVHD are skin lesions which may 
initially resemble lichen planus and may progress to generalized 
scleroderma, keratoconjunctivitis, oral mucositis, esophageal and 
vaginal strictures, intestinal abnormalities, chronic liver disease, 
pulmonary insufficiency secondary to bronchiolitis obliterans 
(BO), and a wasting syndrome.299 If generalized scleroderma 
occurs, it may lead to joint contractures and debility. Elevations 
in alkaline phosphatase and serum bilirubin are often the first 
indication of hepatic involvement with chronic GVHD. Bile duct 
damage has a similar histopathology as that seen in primary 
biliary cirrhosis. Liver biopsies are often helpful in establishing 
a diagnosis. BO affects the small airways of the lung and may 
occur at less than 150 days (40%) or more than 150 days (60%) 
following HCT.300 If serial pulmonary function tests show an 
evolving obstructive pattern, further testing is required including 
a high-resolution computed tomography scan to evaluate for the 
presence of BO. Keratoconjunctivitis sicca is a common but irre-
versible complication that is managed with frequent eye drops 
and tear duct ligation.

Screening studies and clinical manifestations of chronic GVHD 
are used in a clinical classification of chronic GVHD. Based on a 
retrospective clinical and pathologic review from 1980, a stag-
ing system was developed in which chronic GVHD was classified 
into limited and extensive. Extensive disease was associated with 
more frequent infections.299 The utilization of this original clas-
sification system was difficult because many patients were not 
easily classifiable by strict organ criteria and thus other significant 
prognostic factors have since been identified. Poor prognostic 
factors were extensive skin involvement, thrombocytopenia, and 
progressive-type onset.301,302 In 2005, the NIH consensus criteria 
were developed to standardize the criteria for the diagnosis of 
chronic GVHD.303 A clinical scoring system (0 to 3) described 
the extent and severity of chronic GVHD for each organ or site 
at any given time, taking functional impairment into account.  
A global assessment of chronic GVHD severity (i.e., mild, moder-
ate, or severe) was then calculated based on the number of organs 
or sites involved and the degree of involvement in the affected 
organs. Diagnosis of chronic GVHD required at least 1 clinical sign 
or manifestation of chronic GVHD confirmed by biopsy or other 
relevant test and the exclusion of other possible diagnoses for 
those clinical symptoms considered to be chronic GVHD. Subtypes 
of late GVHD (>100 days) were recognized, including late onset 
acute GVHD, classical chronic GVHD, and an overlap syndrome 
(clinical symptoms of both acute and chronic GVHD).

Prevention
Several strategies to prevent the development of chronic GVHD 
have been pursued but none have made a significant impact on 
long-term overall survival. Prolonged administration (24-month 
course vs. 6-month course) of cyclosporine demonstrated no 
significant differences between the groups in the incidence of 
chronic GVHD, transplant-related survival, or overall survival.304 
T cell depletion was associated with lower rates of chronic GVHD 
in HLA-matched sibling transplants, but not in the unrelated 
donor setting. No improvement in overall survival was associated 
with T cell depletion.305 Inclusion of alemtuzumab or ATG in the 
conditioning regimen was associated with a reduction in chronic 
GVHD.276,306,307
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Treatment
Extensive chronic GVHD that is left untreated has a poor prog-
nosis. In general, based on the NIH consensus criteria, topical 
or local therapy is recommended for mild chronic GVHD, and 
systemic immunosuppression for moderate or severe chronic 
GVHD. In an original report of chronic GVHD, only 2 of 13 patients 
survived and there was the development of significant morbid-
ity.299 Prednisone given for 9 to 12 months reversed many of the 
signs and symptoms of disease. The mortality in the group treated 
with prednisone was 21%.308 Patient survival was worse with 
the combination of azathioprine and prednisone compared to 
prednisone alone.302 The combination of cyclosporine and predni-
sone was first used in patients with high-risk chronic GVHD who 
had a platelet count less than 100,000. The results of this study 
appeared promising compared to historical controls.309 There 
was a trend toward improved survival and decreased morbidity. 
In contrast, a randomized study of combination therapy versus 
prednisone alone for standard-risk chronic GVHD suggested that 
more intense immunosuppression did not improve survival.310 A 
report of a randomized clinical trial in 2009 comparing MMF plus 
prednisone to prednisone only as primary treatment for chronic 
GVHD did not show any benefit.311 Standard practice for pri-
mary treatment of patients with moderate-severe chronic GVHD 
remains systemic immunosuppression with prednisone. There is 
no evidence that additional immunosuppression is beneficial. In 
practice, patients with extensive chronic GVHD are treated for a 
period of 9 to 12 months. At the end of this period, a reevaluation 
is done and, if there is no evidence of active chronic GVHD, the 
immunosuppressive agents are tapered. Other therapies which 
have been reported to have some limited efficacy for treatment 
of chronic GVHD are extracorporeal photopheresis for skin and 
oral GVHD and ursodeoxycholic acid treatment for GVHD of the 
liver.312–314 There is insufficient data to make strong recommen-
dations regarding treatment of steroid-refractory chronic GVHD.

By 3 to 5 years after initiation of therapy, many patients have 
inactive chronic GVHD and immunosuppressive therapy has 
been discontinued (Fig. 102.8).90 Approximately 75% of patients 
treated for extensive chronic GVHD will survive with Karnofsky 
scores of greater than 80%. The major cause of excess mortality 
in patients with clinically extensive chronic GVHD is infections.

GrafT-Versus-Tumor effecT
Allogeneic immune surveillance or GVT reaction for malignancy 
contributes significantly to the therapeutic effectiveness of HCT. 
The term GVT refers to the GVL effect, the graft-versus-myeloma 
effect, as well as the effects on solid tumors by the graft. The first 
clinical report of a GVT effect after allogeneic marrow transplanta-
tion was published in 1979.315 It was observed that patients who 
developed GVHD had a lower risk of relapse after transplantation. 
In 1990, Kolb and colleagues successfully treated 3 patients with 
CML who relapsed after marrow transplantation with DLI from the 
original HLA-identical sibling marrow donor.316 In a subsequent 
report evaluating DLI in 135 patients with relapsed disease, com-
plete remissions were achieved in 72% of CML patients and 29% of 
patients with AML.317 No responses were observed in patients with 
acute lymphoblastic leukemia. Chemotherapy to induce remission 
before DLI was a more effective strategy for long-term disease 
control for some patients with acute leukemia. GVHD and myelo-
suppression developed in 41% and 34% of patients, respectively, 
after DLI. Fourteen patients (10%) died from complications related 
to GVHD or myelosuppression. Another large study of 140 patients 
with relapsed malignancy after marrow transplantation confirmed 
the effectiveness and risks of DLI after relapse.318 Notably in both 
studies, GVHD after DLI correlated with disease response. The 
durability of the responses was confirmed with longer follow-up of 
patients who had achieved complete remission after DLI.319

Chronic GVHD
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FIGURE 102.8. A: Prevalence of chronic graft versus host disease (GVHD) after 
 allogeneic marrow transplantation from human leukocyte antigen (HLA)-identical 
sibling for aplastic anemia. The prevalence curve accounts for the time of onset of chronic 
GVHD and the time of its resolution in response to therapy. B: Probability of survival among 
the 29 patients with chronic GVHD (83%) and probability of discontinuing immunosuppres-
sion given for chronic GVHD (73%). (Modified from Storb R, Blume KG, O’Donnell MR, et al. 
Cyclophosphamide and antithymocyte globulin to condition patients with aplastic anemia for 
allogeneic marrow transplantations: the experience in four centers. Biol Blood Marrow Transplant 
2001;7:39–44. Used with permission.)

The number of CD3-positive cells infused (or DLI dose) is an 
important parameter in determining clinical response and risk 
for development of GVHD.320 Patients with CML had a lower risk 
of GVHD, and the efficacy of treatment was maintained with a 
strategy of escalating the dose of donor lymphocytes based on 
response of disease and development of GVHD.321 Comparable 
results with DLI from unrelated donors have also been demon-
strated.322 The response, severity of GVHD, and the degree of 
myelosuppression were similar to that observed after DLI from 
HLA-matched sibling donors.

After nonmyeloablative conditioning and allogeneic HCT, 
the GVT effect is the main contributor to the disease response. 
Disease responses have been observed in both myeloid and 
lymphoid hematologic malignancies. Since the establishment of 
a GVT effect may not be achieved for 2 to 3 months after HCT, 
malignant disease needs to be controlled before HCT. Several 
retrospective studies have now shown comparable overall sur-
vival after either myeloablative or nonmyeloablative conditioning 
and HCT.185–187,323 However, all these studies showed relapse 
was higher and transplant-related mortality was lower after a 
nonmyeloablative conditioning regimen. In a randomized clini-
cal trial of reduced intensity conditioning with TBI (800 cGy) and 
fludarabine compared to TBI (1,200 cGy) and cyclophosphamide 
in patients with AML in first remission, there were no differences 
in transplant outcomes including relapse and nonrelapse mortal-
ity except for increased severity of oral mucositis in the TBI (1,200 
cGy) group.151

Although patients may have an excellent response to alloge-
neic HCT, severe GVHD may occur. Separation of GVHD from GVT 
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effects may be possible because of disparate hematopoiesis-asso-
ciated mHC molecules or tumor-restricted antigens on malignant 
cells.324 These tissue or tumor-restricted antigens could serve as 
targets for T cell immunotherapy to enhance GVT activity without 
inducing GVHD. Peptides identified as minor histocompatibility 
molecules have been isolated and sequenced.325,326–330 Cytotoxic 
T lymphocytes (CTL) clones specific for recipient mHC antigens 
have been generated ex vivo.331 These were infused into 7 patients 
who had relapsed after HCT. Pulmonary toxicity was seen in three 
patients and in one it was severe. The CTL circulated for 21 days, 
and five patients had complete but transient remissions. The con-
tribution of natural killer (NK) cells to the antitumor effect after 
allogeneic HCT has also been investigated.332  For AML, a disease 
with sensitivity to NK-mediated activity, NK cells from unrelated 
donors encoding the activating killer-cell immunoglobulin-like 
receptor KIR2DS1 was associated with improved relapse-free 
survival in an HLA-C-dependent manner. These studies may help 
to explain the mechanisms associated with a GVT effect after allo-
geneic HCT, and in the future this information might be helpful 
for improving outcomes.

immune reconsTiTuTion
After myeloablative therapy and autologous or allogeneic trans-
plant, both humoral and cellular immunity are impaired for 
months to years. After autologous HCT, NK cells in the peripheral 
blood recover by 1 month and B cells and CD8+ T cells recover by 
3 to 6 months after HCT. However, CD4+ T cells are not restored 
to normal levels until 1 to 2 years after HCT.333,334 After allogeneic 
transplantation, recovery of the immune system from the donor 
graft occurs in phases over a period of 1 to 2 years in patients who 
do not develop GVHD. There are significant delays in recovery of 
the immune system if GVHD develops.

The first phase of recovery is the increase in neutrophil counts 
which occurs 2 to 3 weeks after transplantation. Although the func-
tion of neutrophils is largely intact, impaired chemotaxis persists for 
a period up to 4 months.335 Monocyte numbers in the peripheral 
blood return to normal within 3 to 4 weeks after transplantation. 
Monocyte counts in the peripheral blood were inversely correlated 
with infection rates between days 100 and 365.336 Macrophages 
in the liver and lung have been shown to be of donor type by day 
80. NK cells and other cell types capable of antibody-dependent 
cytotoxicity have recovered to normal levels by 30 days after trans-
plantation. The recovery of the donor-derived immune system is 
important in the understanding of the GVT effect and complications 
after HCT, including graft rejection, GVHD, and infections.

B Cells
There are defects in serum immunoglobulin production initially 
after the transplant. Serum antibody responses to different 
antigens, including ØX174, keyhole limpet hemocyanin, pneu-
mococcal antigen, and meningococcal antigen are lower than 
normal.337–339 The defect in antibody production occurs in both 
T cell–dependent and T cell–independent systems. B lymphocytes 
respond to mitogenic stimulation including staphylococcal aureus 
and cross-linked anti-IgM antibodies after 2 months. By 3 months 
after transplantation, B lymphocytes with surface immunoglobu-
lin have recovered to normal levels. Persistent deficiencies in  
B lymphopoiesis have been described in association with GVHD 
(acute or chronic) or its treatment.340 The number of B cell pre-
cursors in the marrow was not related to CD34 cell dose, type of 
transplant, donor age, or recipient age.

Serum IgG and IgM have typically achieved normal levels 1 
year after transplantation in the absence of chronic GVHD.337 
Serum IgA may remain low for a period of 2 years. If serum IgG 
levels are below 400 g/L, patients are generally treated with intra-
venous immunoglobulin.

t Cells
Reconstitution with donor T cells is poor initially in all recipients 
and remains defective in patients with chronic GVHD. Because of 
the faster recovery of CD8 positive T cells, a reversed CD4:CD8 
ratio with low levels of CD4-positive cells has been demon-
strated and persists in patients with chronic GVHD. In vivo cel-
lular immunity, determined by skin testing to the recall antigens 
Candida, mumps, trichophyton, and the neo-antigen dinitrochlo-
robenzene, is diminished, but may be prolonged if chronic GVHD 
develops.341 In in vitro assays, donor T cells from patients have 
a decreased proliferation to mitogenic stimulus with phytohe-
magglutinin (PHA) and CD3-specific antibody. After 3 months 
the addition of exogenous IL-2 can normalize the proliferative 
response to PHA stimulation.342,343 By 6 months the response 
to PHA stimulation has normalized without the requirement for 
exogenous IL-2. T cell immunity to herpes simplex virus (HSV) 
can be detected by day 40.344 CTL function against varicella-
zoster virus (VZV) and CMV is acquired later (≥3 months). 
Acquisition of T cell immunity to herpes virus may be delayed 
by prophylaxis of viral infections with anti-viral agents or GVHD 
treatment.345,346

Immunity early after myeloablative conditioning and alloge-
neic transplantation is restored by the adoptive transfer of mature 
T cells and may establish cellular immunity to infectious agents 
such as the herpes viruses.96,346,347,348 Vaccination protocols 
may also improve the pathogen-specific cellular immunity. An 
inactivated varicella vaccine given before, and during the first 
90 days after, transplantation significantly reduced the risk for 
the development of varicella-zoster infections.349 CD4 T cell 
proliferation in response to the VZV was greater in patients who 
received the vaccine. Immune function after HCT may also be 
improved with the use of a peripheral blood stem cell graft. There 
were higher lymphocyte subset counts after HCT, and the rate of 
definite infections was significantly decreased compared to mar-
row.350 T cell–depleted HCT or therapy for active GVHD has been 
observed to delay the recovery of cellular immunity, thus resulting 
in an increased risk of infections. The thymus contributes to late 
immune reconstitution.

T cell recovery is improved in younger patients compared to 
older patients, an affect attributable to the improved thymic func-
tion in the former group. Increased thymic output (i.e., high TREC 
levels) was associated with an increased number of naive T cells 
and broader T cell repertoires, while low TREC levels correlated 
with the presence of chronic GVHD and severe opportunistic 
infections.351,352 Thymic rebound correlated with the capacity to 
respond to vaccinations.353 Measures to enhance thymic output 
after transplantation, especially in older patients, may enhance 
immune reconstitution and decrease the risk of infections.

Web Sites
The web site for the Center for International Blood and Marrow 
Transplantation is: www.cibmtr.org. This site provides more infor-
mation on trends and survival data as well as published results 
of research studies.
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introDuction
Hematopoietic stem cell transplantation (HSCT) has expanded 
significantly over the past several decades as a consequence 
of broader utilization in the treatment of malignant and pre-
malignant conditions such as acute leukemia and myelodysplastic 
syndrome, respectively.1,2 A parallel wider application also has 
evolved for nonmalignant disorders, such as hemoglobinopathies, 
primary immunodeficiency disorders (PIDs), inborn errors of 
metabolism, marrow failure syndromes, and other acquired and 
hereditary hematologic disorders, particularly among pediatric 
recipients.3–6 Although supportive care for many of these con-
ditions also has improved over this same period of time, long-
term toxicity and morbidity of nontransplant interventions (e.g., 
chronic blood transfusions and iron overload) have a negative 
impact on the quality of life and can also cause early mortality.7 
Thus, HSCT for nonmalignant disorders represents an alternative 
curative option for many patients who might otherwise succumb 
to complications of the underlying condition. In this chapter, we 
delineate and describe representative hereditary hematologic dis-
eases for which HSCT is an option, review outcomes after HSCT 
in patients with these disorders, and outline the long-term effects 
of the therapy.

conDitionS Suitable for 
Hematopoietic Stem cell 
tranSplantation
A broad array of hereditary and acquired nonmalignant disorders 
derives from selected hematopoietic cell lineages, which by virtue 
of their origin in the hematopoietic stem cell, also are theoretically 
amenable to cure by successful HSCT. Rather than attempt to cata-
log all these disorders, three broad categories of disorders have 
been selected to illustrate how and when to apply this therapeutic 
intervention.

The first of these are the PIDs, which classically are illustrated 
by the child with severe combined immunodeficiency syndrome 
(SCIDS) where there is absent B- and T-lymphocyte function. In 
these individuals, life-threatening infections occur in the first 
months of life and portend early mortality.8 Because there is no 
immunologic barrier to donor engraftment, marrow from an HLA-
identical sibling can be infused in the absence of any pre-transplant 
immunosuppressive therapy. Thus, these were among the first 
cases in which the proof-of-principle of HSCT was demonstrated.

The next group of disorders are the hereditary bone marrow 
failure syndromes, of which Fanconi anemia (FA) is a prototypic 
example. Fanconi anemia is caused by a heterogeneous collection 
of defects in genes that encode proteins involved in DNA repair.9 
This deficiency is associated with a variable phenotype that 
includes progressive aplastic anemia, musculoskeletal and other 
congenital defects, and cancer predisposition (particularly to 
myelodysplastic syndrome, acute myelogenous leukemia, and car-
cinoma of the skin and oropharynx).10 Although the hematologic 
manifestations of this condition are eliminated after successful 
HSCT, donor selection, modulation of the conditioning regimen, 
and the possibility of malignant transformation in the marrow 
together make this a challenging disease to treat by HSCT.

Finally, the broad category of hemoglobin disorders is dis-
cussed.11 These disorders differ from the others because the 
immune and hematopoietic systems are intact before HSCT, and 
a proliferative marrow develops as a consequence of chronic ane-
mia and ineffective erythropoiesis. Thus, the conditioning regi-
men before HSCT for the hemoglobin disorders typically requires 
a combination of ablative and immunosuppressive activities. In 
addition, there is a marked variability of clinical phenotype in 
sickle cell disease, which affects the decision making about when 
and in whom to consider this aggressive therapy.

Together, these broad examples of nonmalignant conditions 
illustrate the variety of clinical and genetic parameters one must 
consider in selecting appropriate transplantation candidates and 
regimens. These considerations are highlighted in the sections 
that follow.

Hematopoietic Stem cell 
tranSplantation for primary 
immunoDeficiency DiSorDerS
PIDs classically are associated with significant morbidity and early 
mortality caused by life-threatening infections in the first months 
and years of life. Before the availability of HSCT, these infections 
invariably caused death in the vast majority of affected children. 
SCIDS is the most widely recognized manifestation of a PID. SCIDS 
is a genetically heterogeneous group of over 20 mutations in  
13 genes identified to date that result in the common phenotype 
of impaired T-cell production and/or function (Table 103.1). These 
mutations in varied target genes lead to impaired immunity as a 
consequence of absent T-cell function, but often defects in B-cell 
and natural killer (NK) cell number or function occur in paral-
lel, as many of the genes affect all three lineages. However, the 
level of B- and NK-cell activity is highly variable. In rare cases, 
autoimmune phenomena are observed in these patients.13 This is 
particularly noteworthy in children with Omenn syndrome, which 
is caused by mutations in genes that participate in rearrange-
ments of T-cell receptors and VDJ regions of immunoglobulins. 
Mutations in these genes elicit a phenotype that mimics graft-
versus-host-disease as a consequence of the expansion of T-cell 
clones that are reactive to self-antigens. There is also reduced 
peripheral and central tolerance in these patients, which contrib-
utes to the observed phenotype.

preparative regimen
The first transplant for SCIDS using an HLA-matched sibling 
bone marrow donor was performed in 1968.14 In this case, no 
preparative regimen was administered to prevent graft rejection 
due to the absence of an immunologic barrier to engraftment. 
Thus, donor hematopoietic stem cells simply were infused and 
successful immune reconstitution followed. However, fatal graft-
versus-host disease (GVHD) often occurred in donor/recipient 
settings in which there was a major HLA disparity. By testing 
transplantation in animal models of SCIDS, it was determined 
that by using the technique of donor T-cell depletion, it was 
possible to eliminate GVHD after HLA-mismatched HSCT, if 
thorough T-cell depletion was accomplished.15,16 In addition, 
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after successful HSCT in the mouse, there was durable engraft-
ment of the donor cells with restored host immunity. However, 
even in the earliest clinical reports of HSCT after T-cell depleted 
HLA-haploidentical HSCT for SCIDS, B-cell engraftment was 
quite poor, as most patients required long-term immunoglobulin 
replacement after HSCT.

In a cohort of 161 patients treated by HSCT at a single U.S. 
institution, Railey et al. reported the results in individuals with 
SCIDS who received no pre-transplant chemotherapy or GVHD 
prophylaxis.17 Notably, only 16 (10%) of these patients had 
HLA-identical sibling donors, and thus most received T-cell 
depleted HLA-haploidentical marrow. In this clinical series, it 

MoleCular CauSeS of Severe CoMbiNeD iMMuNoDefiCieNCy

taBLe 103.1

Gene Defect Defective Protein, Function, Features
Percentage of 
SCIDa Cases Lymphocyte Profile

Tb B NK

IL2RG (X-linked) Common g-chain (gc) of receptors for  
IL-2, -4, -7, -9, -15, and -21

45–50 (only  
males)

− + −

ADA Adenosine deaminase enzyme 16 − + −
IL7R a-Chain of IL-7 receptor 9 − + +
JAK3 Janus kinase 3, activated by gc 6 − + −
RAG1, RAG2 Recombinase activating genes required  

for T- and B-cell antigen receptor gene  
rearrangement

5 − − +

DCLRE1C (Artemis) Part of T- and B-cell antigen receptor gene  
rearrangement complex, also required for  
DNA repair

<5 − − +

TCRD, TCRE, TCRZ CD3 d, â, and z chains of the T-cell receptor 
complex, required for T-cell development

Rare −/low + +

CD45 Protein tyrosine phosphatase receptor (PTPRC), 
required for T-and B-cell activation  
by antigen

Rare −/low + +/low

LCK Lymphocyte tyrosine kinase p56lck, required for  
T-cell development and activation

Rare −/low + +

PNP Purine nucleoside phosphorylase enzyme;  
deficiency also causes neurologic  
impairment

Rare Low Low +/low

LIG4 DNA ligase IV required for antigen receptor gene 
rejoining

Rare − + +

DNAPKCS DNA protein kinase catalytic subunit, required for 
T- and B-cell antigen receptor rearrangement, and 
DNA repair

Rare − − +

NHEJ1 (Cernunnos) Nonhomologous end joining of DNA;  
deficiency also causes microcephaly and radiation 
sensitivity

Rare − − +

AK2 Adenylate kinase 2; deficiency causes reticular  
dysgenesis with granulocytopenia, lymphocytopenia, 
and deafness

Rare − − −

FOXN1 Forkhead box N1, required for thymus and hair  
follicle development (ortholog of nude 
 mouse)

Rare −/low + +

STAT5a Signal transducer and activator of  
transcription 5, phosphorylated after cytokine  
receptor engagement; deficiency also causes  
growth-hormone–resistant growth failure

Rare −/low + −

CORO1A Coronin-1A, protein mediating lymphocyte migration 
and T-cell emigration from the 
 thymus

Rare −/low + +

Currently unknown Unknown defects, including SCID and  
congenital anomalies; SCID with multiple bowel  
atresias

∼10 −/low +/− +/−

aBased on Buckley,18 Puck25 and Lindegren et al.12
bSome patients have substantial numbers of maternally derived T-cells at time of diagnosis; autologous T-cells are shown.
Adapted from Puck JM. The case for newborn screening for severe combined immunodeficiency and related disorders. Ann N Y Acad Sci 2011;1246:108–117.  
Epub 2012 Jan 13.
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was observed that survival was highest among those patients 
who were transplanted before 3.5 months of age (94% compared 
to 70%, P = 0.002). Of those who died, the majority (76%) expe-
rienced progressive viral infections that pre-dated HSCT. There 
were very few deaths related to GVHD or infections that were 
acquired after HSCT. Thus, this series suggested that no chemo-
therapeutic preparation is necessary in patients with SCIDS who 
are treated by HSCT shortly after birth. However, many patients 
require regular immunoglobulin (IVIG) infusions after success-
ful HSCT for SCIDS due to absent engraftment of donor B-cells, 
particularly in the absence of a conditioning regimen before 
HLA-haploidentical related donor HSCT in recipients with B-cell 
positive SCIDS.18,19

Long-term follow-up of patients showed mixed results regard-
ing the stability of long-term donor T-cell engraftment after 
HLA-haploidentical HSCT in the absence of a conditioning regi-
men before HSCT. With up to 25 years follow-up in a report by 
Buckley, 11 of 19 patients had no evidence of decreased T-cell 
function or diminished T-cell repertoire diversity. However, as 
noted above, most patients lacked donor B-cell engraftment and 
thus received long-term replacement immunoglobulin therapy.8 
In another series that included survivors with up to 16 years 
follow-up, 35% of the patients had low T-cell antigen receptor 
excision circle (TREC) levels and a limited T-cell repertoire as 
evidenced by oligoclonality that was demonstrated in 27.5% of 
patients.20 Based upon these observations, it has been suggested 
that the use of an ablative conditioning regimen before HSCT may 
be required to ensure long-term T-cell engraftment in the setting 
of HLA-haploidentical donors.

Whether improved T-cell engraftment translates into improved 
survival remains in question, however. Patel et al. retrospectively 
reviewed a series of 22 patients with SCIDS who were treated by 
HSCT at a single institution.21 In this series, no statistical differ-
ence in overall survival was with respect to whether a preparative 
regimen was administered regardless of donor type. In addi-
tion, experience from a large European cohort treated between 
1968 and 2005 showed that chemotherapeutic preparation did 
not improve overall survival in patients with SCIDS.22 These 
authors argued that a conventional ablative chemotherapeutic 
preparation does not improve survival in patients with SCIDS, 
particularly in those who undergo HSCT in the first 3½ months 
of life. Unfortunately, proceeding directly to HSCT early in life is 
not always feasible, as affected individuals often are not identified 
in the first several months of life or before they have developed 
serious infections. Thus, the decision of whether to use a condi-
tioning regimen should hinge on several salient clinical features, 
including the patient’s age, the donor, and the baseline immu-
nologic function with regard to resistance to donor engraftment. 
Also, recipients with SCIDS who have a T–/B+ lymphocyte profile 
appear to have better outcomes than recipients who lack B-cells.23 
The advent of pilot newborn screening programs by TREC screen-
ing from blood spots has the potential to mitigate the limitation 
of patient age.24–26

reduced Intensity Conditioning
To date, optimization of a conditioning regimen that might be 
safely applied in all patients with SCIDS has been elusive. In an 
attempt to reduce transplant-related morbidity and mortality, 
reduced intensity conditioning regimens that are not ablative and 
contain a diverse array of immunosuppressive agents such as 
fludarabine, busulfan (BU), etoposide, cyclophosphamide (CY), and 
low-dose radiation have been tested.27,28,29 Current data suggest 
that reduced intensity regimens are most appropriate in recipients 
with T-cell deficiency syndromes and in unrelated donor HSCT.30,31 
However, graft rejection associated with inadequate suppression of 
residual host immune function remains a concern, particularly 
in patients with T- and NK-cell function at baseline. Ultimately, 

the selection of a preparative regimen and its intensity will vary 
according to the level of retained immunity in the recipient, and 
with the degree of HLA matching in donor hematopoietic cells.

Donor Source
HLA-identical marrow HSCT has yielded very good results in 
SCIDS, with approximately 70% to 80% of patients surviving 
long-term32 (Fig. 103.1). Because most patients lack a HLA-ID 
sibling donor, alternative donor sources have been explored in 
clinical trials. Roifman et al. reviewed transplant outcomes after 
HLA-mismatched related donor HSCT compared to HLA-matched 
unrelated donor HSCT for SCIDS.33 They reported that survival 
was superior in those receiving HLA-matched unrelated mar-
row. Specifically, patients who received a HLA-matched unrelated 
HSCT had better engraftment and immune reconstitution. They 
concluded that HLA-matched unrelated marrow transplantation 
is superior to HLA-mismatched related donor HSCT and should 
be considered as the first choice when a related HLA-identical 
donor is unavailable. In other patient series noted above, excellent 
results were observed after T-cell depleted HLA-haploidentical 
HSCT. Thus, the optimal donor source for HSCT remains a point 
of controversy.

More recently, the application of umbilical cord blood trans-
plantation (UCBT) has been explored in SCIDS. Fernandes et al. 
recently compared results after HLA-mismatched related donor 
and unrelated donor UCBT in patients with SCIDS.34 There were 
175 HLA-mismatched donor HSCT recipients and 74 UCBT 
recipients in this retrospective cohort of patients with SCIDS or 
Omenn syndrome. The median follow-up was 58 and 83 months 
in each group, respectively. Most UCBT recipients received a 
myeloablative preparative regimen, whereas a larger fraction of 
the related donor recipients did not. UCBT recipients were more 
likely to have complete donor chimerism and faster lymphocyte 
recovery independent of the preparative regimen. T-cell engraft-
ment was equivalent in the two groups, and immunoglobulin 
replacement was discontinued earlier after transplantation in 
the UCBT group. There was a statistically insignificant higher 
incidence of grade II–IV acute GVHD and statistically significant 
rate of chronic GVHD after UCBT. However, the 5-year overall 
survival rates were equivalent. Other data suggest that B-cell 
engraftment may be better after UCBT.35 Although a random-
ized, prospective trial has not been performed, these data indi-
cate that UCB appears to represent a suitable alternative donor 
source.

Late effects and Future Directions
There are limited series of long-term follow-up after HSCT for 
SCIDS in which the follow-up period exceeds 10 years.20,21,36 In 
several of these series, loss of T-cell diversity and autoimmune 
disorders was observed late after HSCT, although follow-up 
through 25 years after HSCT suggests improvement in the T-cell 
repertoire.37 In addition, patients with adenosine deaminase defi-
ciency in particular have experienced a high incidence of central 
nervous system abnormalities that include motor dysfunction, 
sensorineural hearing loss, and cognitive deficits that contribute 
to emotional and behavioral difficulties.20 In addition, chronic 
infection by human papilloma virus also has been reported.20 
It is unclear which, if any of these, is related to pre-transplant 
conditioning and GVHD prophylaxis or to the underlying genetic 
defect. Finally, for those who lack a transplant donor, gene therapy 
is an alternative therapy for some patients, although development 
of this technology is ongoing.38 A consensus group has discussed 
plans for future multicenter studies in North America, both retro-
spective and prospective, focused on collecting data from newborn 
screening and natural history sources.39 The importance of col-
laboration in developing new protocols for these rare disorders 
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was illustrated best by recent data showing that long-term mor-
tality rates for both SCIDS and non-SCIDS patients with a PID are 
higher than their age- and gender-matched controls in the general 
population.40

Hematopoietic Stem cell 
tranSplantation for  
fanconi anemia
Fanconi anemia is the most common hereditary cause of bone 
marrow failure. The genetic defect responsible for these find-
ings has been characterized in 15 complementation groups, 
termed FANC genes, most of which are autosomal and recessive 
(Table 103.2).41,42 The most common mutations occur in FANCA, 
FANCC, FANCG, and FANCD2 genes. These gene products par-
ticipate in a signal transduction pathway involved in DNA repair, 
called the FA/BRCA pathway (Fig. 103.2).43 Thus, its diagnosis 

is confirmed by a chromosome fragility test that when positive, 
should be followed by an attempt to define the complementation 
group by DNA testing.

The most common hematologic manifestation is progres-
sive marrow aplasia that causes cytopenias in the blood, which 
typically occur in the first or second decade of life.44 Erythrocyte 
macrocytosis and elevated fetal hemoglobin often are present. In 
some cases, the diagnosis of FA will not be established until after 
the patient has developed myelodysplastic syndrome or AML. 
Some patients never develop pancytopenia but do experience an 
increased risk of malignancy. Based upon studies of a cohort of 
FA patients at the NCI, the risks of developing MDS and AML by 
age 50 are estimated to be 40% and 10%, respectively.45,46 The 
overall survival and cancer-free survival in this cohort is shown in 
Figure 103.3 with a median overall survival of 33 years in those 
with FA.

Because of poor survival, HSCT was developed as a therapeutic 
measure to restore normal hematopoiesis and reduce or eliminate 
the risk of hematologic malignancy. There were several important 
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observations generated in the early clinical trials. The first was 
that high-dose alkylating chemotherapeutic drugs at doses admin-
istered for severe aplastic anemia and gamma irradiation caused 
severe toxicity including mucositis and hemorrhagic cystitis as a 
consequence of the sensitivity to DNA damage in all tissues.47,48 
Second, the risk of acute GVHD was increased in comparison to 
other indications for HSCT, presumably also as a consequence of 
impaired DNA repair and an extended duration of tissue injury 
eliciting an allogeneic reaction by donor T-cells.49 The initial 
reports by Gluckman and her colleagues in 1984 showed that a 
reduced-dose regimen of CY (20 to 40 mg/kg) and a single fraction 
of total body irradiation or thoracoabdominal irradiation (400 to 
450 cGy) effectively modulated the toxicity and was sufficient to 

ensure engraftment after HLA-ID sibling bone marrow transplan-
tation with a long-term survival rate of 58.5%, although the rates 
of acute (55%) and chronic (70%) GVHD were quite elevated.50 
However, an updated experience of this regimen in 35 patients 
was reported in 2007, and included antithymocyte globulin (ATG) 
in the conditioning regimen.51 These results showed a probability 
of survival of 89% at 10 years, with the incidence of acute and 
chronic GVHD at 23% and 12%, respectively.

Several other notable improvements have occurred in the 
25 years since these initial results after HSCT for Fanconi anemia 
were reported. The elimination of irradiation from the condi-
tioning regimen has been associated with better results. In a 
series from Saudi Arabia, the replacement of thoracoabdominal 
irradiation by a combination of CY with ATG generated better 
results after HLA-ID sibling bone marrow transplantation (overall 

Disease/
Genes

Chromosome 
Locus

Mode of 
Inheritance 
Frequency

% of 
Patients

FANCA 16q24.3 AR 60

FANCB Xp22.31 XLR 2

FANCC 9q22.3 AR 14

FANCD1/
BRCA2

13q12.3 AR 3

FANCD2 3p25.3 AR 3

FANCE 6p21.3 AR 3

FANCF 11p15 AR 2

FANCG/
XRCC9

9p13 AR 10

FANCI 15q25–26 AR 1

FANCJ/
BACH1/BRIP1

17q22.3 AR 2

FANCL 2p16.1 AR 0.2

FANCM 14q21.3 AR 0.2

FANCN/
PALB2

16p12.1 AR 0.7

FANCO 17q22 AR I Case

FANCP 16p13.3 AR I Case

GeNeS aSSoCiaTeD WiTH faNCoNi aNeMia

taBLe103.2

FIGURE 103.2. FA/BRCA pathway. From Soulier J. Fanconi anemia. Hematol Am Soc Hematol 
Educ Program 2011;2011:492–497. Epub 2011 Dec 14.

FIGURE 103.3. Survival, cancer-free survival, and survival free of marrow failure in a cohort of patients with bone marrow failure syndromes 
from the National Cancer Institute. The probabilities of overall survival (A), survival free of cancer (B) and survival free of bone marrow failure (C) are depicted 
in the 3 panels among patients with Fanconi Anemia, Dyskeratosis Congenita, Diamond-Blackfan Anemia, and Schwachman-Diamond Syndrome. From Alter BP, 
Giri N, Savage SA, et al. Malignancies and survival patterns in the National Cancer Institute inherited bone marrow failure syndromes cohort study. Br J Haematol 
2010;150(2):179–188. Epub 2010 May 29.
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survival 96.9% versus 72.5%, P = 0.013).52 Alternatively, the use 
of CY alone at a reduced dose of 60 mg/kg by investigators in 
Brazil generated an overall survival and event-free survival 93% 
and 88%, respectively, with acute and chronic GVHD occurring 
in 71% and 28.5% of recipients after HLA-ID sibling transplanta-
tion.53 Thus, in patients who have a HLA-ID sibling donor and 
who have not yet progressed to MDS or AML, the results of the 
reduced intensity conditioning regimens are excellent. In addition, 
by eliminating radiation from the conditioning regimen, the risk 
of developing a malignancy after transplantation also should be 
lowered.

Another important discovery was the benefit of fludarabine 
in the conditioning regimen, which effectively reduces the rate of 
graft rejection, in particular after alternate donor HSCT, without 
contributing significantly to toxicity.54,55 The application of unre-
lated donor HSCT to Fanconi anemia is vital to expanding this 
treatment modality, as most individuals with FA lack a sibling 
donor. Initial trials of unrelated donor HSCT in which the same 
regimen of low-dose CY and irradiation was used were plagued by 
high rates of graft rejection, organ toxicity, and GVHD, with over-
all survival in the 30% to 40% range.56,57 The escalation of the 
dose of radiation to 600cGy and the addition of ATG did little to 
improve overall survival.58 However, in a retrospective analysis of 
the effect of fludarabine in the conditioning regimen, a significant 
impact was noted.59 The probability of neutrophil and platelet 
recovery after HSCT improved from 69% to 89% and from 23% 
to 74%, respectively, and this translated in a lower transplant-
related mortality (47% compared to 81%). The 3-year overall 
survival was 52% in those who received a fludarabine-containing 
regimen compared to 13% in those who did not (Fig. 103.4).

Another contributor to the positive effect of fludarabine on 
transplant outcome might be related to a condition of T-cell 
mosaicism that develops in some patients with FA. This condition 
is characterized by having two populations of host T-cells, one of 
which is sensitive to clastogenic/mutagenic agents and another 
that is resistant as a consequence of a reversion of the FA muta-
tion.60 McMillan et al. showed that T-cell mosaicism was a risk 
factor for graft rejection, presumably as a consequence of the 
reduced conditioning intensity used in FA not being sufficiently 
intensive to eradicate all the host T-cells.58 Of interest, fludara-
bine mitigates this risk, as the incidence of graft rejection was 
not increased among those who had T-cell mosaicism and who 
received fludarabine.59

There is growing consensus that marrow from an unrelated 
donor should undergo T-cell depletion to reduce the risk of 
GVHD. A benefit after T-cell depletion of donor marrow has been 
observed after HLA-ID sibling and after unrelated HSCT.55,60,61 

In the retrospective analysis noted above, the incidence of acute 
GVHD decreased from 71% to 21% in the T-cell depleted group 
and was decreased further to 16% if fludarabine and T-cell deple-
tion were utilized together. In parallel, umbilical cord blood also 
has been tested in FA as a source of HSC because it naturally 
contains fewer T-cells and is associated with a lower risk of GVHD 
after HSCT. Of note, the first successful report of UCB transplanta-
tion in 1989 was conducted in a patient with FA and who survives 
free of disease more than 20 years later.62 A retrospective review 
of 93 cases of FA treated by unrelated donor UCB transplantation 
showed acute and chronic GVHD rates of 32.5% and 16%, respec-
tively, confirming a benefit.63 Unfortunately, this benefit was bal-
anced by high rate of graft rejection, with an overall survival rate 
of 40%. For this reason, the selection of UCB as a source for HSCT 
is generally assigned a lower priority in patients with FA.

Late effects in Fanconi anemia patients
The most important late complication after HSCT for FA is the 
development of cancer.64 The most common forms include squa-
mous cell carcinomas of the head and neck, carcinoma of the 
esophagus, and gynecologic squamous cell carcinoma. Exposure 
to radiation increases this risk, thus its elimination from condi-
tioning regimens is an important advance. Survivors of successful 
transplantation still experience an increased risk of developing a 
malignancy. The risk is increased fourfold in those who receive 
transplantation compared to those who do not, and the cumula-
tive incidence of a secondary cancer is 40% during the 15 to 20 
years after HSCT.65 In addition, the time to developing a second-
ary cancer is shortened on average by 16 years, for which the 
development of GVHD is a key risk factor.56,66 Together, these 
factors must be considered carefully when making a decision 
about when to proceed to an alternate donor transplantation, 
particularly because some patients with marrow aplasia can be 
managed for extended periods of time by the administration of 
androgens and judicious use of transfusions without significant 
risk of progressing to MDS/AML.

hematopoietic Stem Cell transplantation for 
hemoglobin Disorders
Together, thalassemia and sickle cell disease account for the most 
common hereditary disorders worldwide with broad distribution 
in regions of the world where malaria is endemic. However, the 
majority of transplantations performed for these disorders have 
been conducted in developed nations, which means that very few 
of those affected globally are ever considered for transplantation. 

FIGURE 103.4. Effect of fludarabine administered before hemato-
poietic stem cell transplantation (HSCT) in patients with Fanconi 
anemia. From Wagner JE, Eapen M, MacMillan ML, et al. Unrelated 
donor bone marrow transplantation for the treatment of Fanconi anemia. 
Blood 2007;109(5):2256–2262. Epub 2006 Oct 14.
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The first case report of successful transplantation for thalassemia 
occurred 30 years ago and has been followed by several thousand 
children with thalassemia who have been treated successfully.67,68 
The first reports of successful transplantation for sickle cell dis-
ease occurred somewhat later, and because of the variable clini-
cal course many children experience, far fewer individuals with 
sickle cell disease have been treated by HSCT.69,70 Nonetheless, 
outcomes after HLA-ID sibling donor bone marrow transplan-
tation for the hemoglobin disorders are excellent. The broader 
application of HSCT is limited by the risks of HSCT, which must 
be balanced by complications inherent to the underlying disease, 
for which significant progress in supportive care has occurred.

With the institution of universal newborn screening programs 
in the United States and elsewhere, now it is possible to identify 
patients with hemoglobin disorders shortly after birth and to 
institute comprehensive preventive care.71 As a consequence, the 
majority of children with SCD survive to adolescence and nearly 
all children with thalassemia major survive into the third decade 
of life.72,73 Still, the most severely affected patients with sickle 
cell disease experience significant morbidity and life-limiting 
complications that include stroke, acute chest syndrome, painful 
episodes, and with regular RBC transfusions, the development 
of iron overload.74 However, in most children with sickle cell 
disease, supportive care measures are safe and mitigate the risk 
of life-threatening events. For these reasons, very few children 
with sickle cell anemia are treated by HSCT.75 Unfortunately, the 
outlook for adults with sickle cell anemia has not changed sub-
stantially since the 1980s, when a median survival in males of  
42 years, and in females, of 48 years was observed in the 
Cooperative Study of Sickle Cell Disease (CSSCD).76 As a conse-
quence, although most children with sickle cell disease survive to 
age 20, the outlook for young adults remains unsatisfactory.77,78 
Thus, decisions about HSCT for sickle cell anemia are often driven 
by an individual’s outlook in the long term and by donor availabil-
ity. In the child with thalassemia major where the genotype more 
reliably predicts the phenotype of the disease, families today are 
more likely to pursue HSCT in childhood if there is a suitable donor.

hematopoietic Stem Cell transplantation  
for thalassemia
Pioneering studies that span several decades were performed by 
the transplant team in Pesaro led by Lucarelli.68 Using a backbone 
combination of BU and CY before transplantation and a standard 

combination of methotrexate (MTX) and cyclosporine (CSP) to 
prevent GVHD, the majority of children were cured after a HLA-ID 
sibling bone marrow transplantation. However, the likelihood of 
cure was highest in those recipients who had good-risk features, 
defined as having no hepatomegaly, no evidence of portal fibrosis 
by liver biopsy, and by having adhered to a regular program of 
iron chelation therapy. Alternatively, children who had one (risk 
class 2) and two or more prognostic features (risk class 3) fared 
worse. Class 3 patients experienced a thalassemia-free survival 
probability of 50% and 30% had graft rejection with thalassemia 
recurrence (Fig. 103.5).79 The improved outcomes that followed 
this initial report occurred by targeting good-risk young patients 
for transplantation promptly when there was an HLA-ID sibling 
donor, and by modulating the conditioning regimen in high-risk 
recipients to improve the safety profile. The latter also served to 
deliver sufficient pre-grafting immunosuppression necessary for 
ensuring the stable engraftment of donor cells.

Initially, attempts to reduce the toxicity of transplantation in 
high-risk features focused on modifications to the BU/CY back-
bone. In particular, it was possible to reduce the incidence of reg-
imen-related toxicity by reducing the dose of CY. Unfortunately, 
this was accompanied by a higher incidence of graft rejection, so 
that the overall thalassemia-free survival rate did not improve 
after modifying the CY dose.80 In response, a greater emphasis 
was placed on the role of immunosuppressive therapy before 
transplantation as a strategy for reducing graft rejection. Thus, 
Protocol 26 was established, which employed a combination of 
HU, azathioprine, and hypertransfusion with intensive iron chela-
tion therapy that was administered 6 weeks before transplantation 
to modulate the proliferative erythron and induce an immunosup-
pressive effect.81 This was followed by a backbone of BU/CY with 
CY dosing that ranged from 120 to 160 mg/kg. This combination 
of changes resulted in a substantially improved outcome with an 
event-free probability of 85% and rejection incidence of 8% in 
class 3 recipients (Fig. 103.6). Thus, it was possible to modify the 
transplantation regimen in such a way as to generate outcomes 
that appeared indistinguishable from those in children with good-
risk features. The importance of this modification was illustrated 
in a different fashion by results from a separate patient series 
from the Center for International Blood and Marrow Transplant 
Research (CIBMTR) registry. This retrospective analysis reported 
outcomes after HLA-ID sibling bone marrow transplantation from 
non-Italian centers. Using a modified risk categorization based 
upon patient age and liver size, outcomes were outstanding 
among recipients who had good-risk features.82 However, the use 
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of the BU/CY conditioning backbone was associated with a far 
inferior outcome in this high-risk category of patients older than  
7 years who had hepatomegaly, where the thalassemia-free sur-
vival probability was 50% (Fig. 103.7). This observation strength-
ened the conclusion that high-risk patients require a modified 
conditioning regimen for reasons of safety and efficacy.

As most individuals with thalassemia major lack a sibling 
donor, the development of unrelated donor transplantation and 
alternative sources of hematopoietic stem cells has been pursued 
to broaden the availability of HSCT. An early report from the 
Pesaro team showed that the use of HLA-mismatched related 
donors was associated with an inferior outcome, and in particular, 
a high rate of graft rejection.83 Thus, it became apparent that addi-
tional modification of the conditioning regimen would be needed 
to ensure engraftment across a MHC barrier and that selecting 
donors with optimal HLA matching also was necessary. In one 
series, the BU/CY backbone was augmented by thiotepa to inten-
sify the pre-grafting immunoablation. Among 32 patients, most of 
whom had class 2 or 3 risk features, the thalassemia-free prob-
ability was 66% and graft rejection occurred in 13% of the cases.84 

Of interest, 22 of 32 recipients shared at least one extended HLA 
haplotype with the donor. Of these, 19 survived and 17 survived 
free of thalassemia after transplantation. Thus, the importance of 
donor selection was suggested by these data. The unrelated donor 
HSCT outcomes were updated 5 years later and included the 
replacement of fludarabine for CY which accompanied thiotepa 
and BU in the conditioning regimen.85 This combination was asso-
ciated with reduced toxicity and lower transplant-related mortal-
ity (reduced from 25% to 13.3%) and a thalassemia-free survival 
rate of 71%. Most recently, the team from Pavia, Italy reported its 
experience with the use of treosulfan, a myeloablative drug that 
has a reduced toxicity profile when compared to BU. Using a com-
bination of treosulfan, fludarabine, thiotepa, and ATG, 60 patients 
treated between 2005 and 2009 experienced 93% survival and 
84% event-free survival probabilities after HLA-ID sibling (N = 
20) or unrelated donor bone marrow transplantation (N = 40).86 
Twenty-one of the patients had Lucarelli class 2 or 3 features and 
12 were adults. Thus, incremental progress in unrelated donor 
transplantation shows the potential for outcomes that appear 
indistinguishable from those after HLA-ID sibling HSCT.
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hematopoietic Stem Cell transplantation for 
Sickle Cell Disease
The application of HSCT for sickle cell disease has developed 
more slowly than in thalassemia, in part due to the heterogeneous 
phenotype of sickling syndromes and also from a lack of suitable 
donors. However, several patient series were conducted in the 
mid- to late-1990s in the United States and Europe and demon-
strated very similar outcomes.87–89 The aim of these clinical trials 
was to identify children who were at risk for early mortality or 
extensive morbidity, but to treat by HSCT before organ damage 
had occurred that might increase the risk of transplant-related 
complications. Thus, patients were deemed eligible if they had 
a stroke and were receiving regular RBC transfusion therapy to 
prevent another stroke, if they had recurrent painful episodes, 
or if there were recurrent episodes of acute chest syndrome. The 
current eligibility criteria are shown in Table 103.3.

Following these eligibility requirements, myeloablative condi-
tioning regimens with a backbone of BU 14 to 16 mg/kg and CY 
200 mg/kg were used, with or without ATG. Post-transplantation 
immunosuppression consisted of CSP and MTX in most cases. 
The results of transplantation showed a disease-free survival of 
approximately 80% to 85%. A total of 5% to 10% of patients died 
of complications related to transplantation, with GVHD and its 
treatment as the leading cause of death.

In the Belgian series, many patients with symptomatic sickle 
cell disease were children of parents from Africa who were 
studying abroad in Europe.70 It was reasoned that because sup-
portive care was limited in their country of origin, the possibility 
of cure by HSCT was a reasonable justification for pursuing this 
therapy. The initial small series of patients reported in 1988 was 
later expanded to include 50 patients, and this was the earliest 
clinical trial to suggest that having the diagnosis of sickle cell 
anemia in and of itself was sufficient justification for bone marrow 
transplantation.88 Of the 50 patients reported, 5 (10%) had graft 
rejection accompanied by recurrent sickle cell anemia and 86% 
survive free of sickle cell anemia. Of interest, some of the patients 
with graft rejection had persistent elevation of fetal hemoglobin 
levels despite having no evidence of donor cells in the marrow. 
This phenomenon of persistent fetal hemoglobin expression 
was associated with resolution of sickle-related complications.90 
Although in these cases, the fetal hemoglobin elevation was not 
durable and eventually levels declined, a long-lived elevation of 
fetal hemoglobin of host origin in thalassemia was observed in a 
more recent report.91

An international study of BMT for sickle cell disease led by 
investigators in the United States was conducted between 1991 
and 2000 and enrolled 59 patients from the United States, South 
America, and Europe.87,92 Early in the course of the study, a high 
rate of neurologic complications was observed, including intra-
cranial hemorrhage.93,94 These events occurred in the setting of 
CSP administration, hypertension, and in some cases, thrombocy-
topenia or elevated hemoglobin levels as a consequence of hyper-
transfusion. These events also were observed in the European 
patient series. In response to observing these events, a standard 
approach for preventing neurologic complications was instituted 
and it included the strict control of hypertension, administration 
of anticonvulsant prophylaxis during CSP use, RBC transfusion 
support to maintain the hemoglobin between 9 and 11 gm/l to 
avoid hyperviscosity, and to keep the platelet level >50,000/mm3. 
After the institution of these preventive measures, there were no 
further episodes of intracranial hemorrhage in the international 
study, although seizures still occurred in approximately 20% of 
recipients.95

The largest single patient series of HSCT for sickle cell dis-
ease was reported in France and included 87 patients who 
received HLA-ID bone marrow or in 12 cases, umbilical cord 
blood grafts between 1988 and 2004.89 Initially, patients were 
prepared for transplantation with a BU/CY backbone alone, but 
after the initial 12 patients were treated, rabbit ATG was added 
to the conditioning regimen. The overall cumulative incidence of 
graft rejection was 7%; however, the rejection rate was signifi-
cantly lower after the addition of rabbit ATG to the conditioning 
regimen (Fig. 103.8). In addition, the level of mixed donor–host 
hematopoietic chimerism was analyzed with regard to the effect 
of ATG, and it was measured in 77 of the patients. A higher 
level of persistent host hematopoiesis was observed in those 
who received ATG. A larger fraction transplant recipients had 
full chimerism noted at 12 and 24 months after transplantation 
after receiving BU/CY alone. However, the development of mixed 
chimerism was not associated with sickle-related events after 
HSCT, although 2 patients with only 20% donor cells had moder-
ate anemia (8.5 to 9 gm/dl) and did not require RBC transfusions.

Patients with sickle cell disease (HbSS or HbSb0-thalassemia)

One or more of the following complications:

 Stroke or CNS event lasting longer than 24 hours

 Recurrent acute chest syndrome

 Recurrent vaso-occlusive painful episodes or recurrent priapism

  Impaired neuropsychological function with abnormal cerebral MRI and  
angiography

Other indications under consideration:

  Elevated cerebral arterial velocity by  
transcranial doppler

 Pulmonary hypertension

 Silent cerebral infarction

CNS, central nervous system; HCT, hematopoietic cell transplantation; MRI, magnetic 
resonance imaging.

iNDiCaTioNS for HCT for SiCkle Cell DiSeaSe
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FIGURE 103.8. The effect of rabbit antithymocyte globulin (ATG) on the cumulative 
incidence of graft rejection after sibling hematopoietic stem cell transplantation 
(HSCT) for sickle cell anemia. From Bernaudin F, Socie G, Kuentz M, et al. Long-term 
results of related myeloablative stem-cell transplantation to cure sickle cell disease. Blood 
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The development of stable donor chimerism has been observed 
after transplantation for thalassemia and sickle cell disease, and 
has been studied most extensively in the thalassemia cohort from 
Pesaro.96,97,98 The cause of the phenomenon is uncertain, and 
it is associated with oligoclonal skewing of the T-cell repertoire, 
which is not associated with impaired immune function.99 In the 
RBC lineage, there is a natural enrichment of donor cells in the 
blood, as a consequence of ineffective erythropoiesis and longer 
RBC survival in donor erythrocytes. Most important, even when 
there is a minority of donor cells, the patients who develop stable 
mixed chimerism do not experience symptoms of the underlying 
hemoglobinopathy and thus survive disease-free.

These observations in part became the basis for exploring if 
a reduced intensity or nonmyeloablative conditioning regimen 
might be sufficient to establish mixed chimerism and thereby 
generate an alternative safer means of transplantation for these 
disorders. Initial clinical trials tested a minimal toxicity regimen 
of fludarabine with a single fraction of total body irradiation (TBI, 
200 cGy) in patients with hemoglobinopathies.100 The results 
showed that only transient donor chimerism was achieved in 
most patients, and that donor chimerism was lost when the 
intensity of the post-grafting immune suppression was tapered 
and discontinued. The addition of rabbit ATG to a backbone of 
fludarabine and TBI did not improve the outcome.101 There has 
been better success with the application of reduced intensity regi-
mens that require hospitalization and cause cytopenias, but still 
retain a favorable toxicity profile. The use of alemtuzumab, an 
anti-CD52 antibody, in combination with melphalan and fludara-
bine in the conditioning regimen has generated better results and 
most patients achieve full donor chimerism after HSCT. In one 
series, 12 of 16 patients with nonmalignant disorders survived 
with donor engraftment after receiving this conditioning regi-
men.102 In a more recent trial at the National Institutes of Health, 
adult recipients with severe sickle anemia who were judged too ill 
to receive a standard myeloablative preparative regimen received 
a nonmyeloablative combination of fludarabine, campath, and 
300cGy of TBI before HLA-ID sibling mobilized peripheral blood 
stem cell transplantation. Sirolimus as a single agent was admin-
istered for post-grafting immunosuppression.103 To date, 23 
patients have been treated in the trial, and all 23 survive, and 
20 survive with mixed chimerism sufficient to eliminate sickle-
related clinical features including an improved reticulocyte count, 
LDH, and serum bilirubin after HSCT (Fig. 103.9). Although many 
of the recipients appear to require long-term immunosuppres-
sion with sirolimus to stabilize engraftment, this is a promising 
approach in older patients.

As in Fanconi anemia, umbilical cord blood might also have 
benefits in HSCT for hemoglobin disorders due to the lower risk 
of GVHD. In addition, finding suitably HLA-matched donors in 
underrepresented ethnic groups in the unrelated marrow donor 
registry still presents challenges.104 Unlike marrow-derived hema-
topoietic stem cells, UCB units are immediately available upon 
request and are not affected by donor scheduling or health for 
procurement. Because of the lower GVHD risk, a greater degree 
of HLA disparity is acceptable when selecting a UCB unit, which 
effectively expands the pool of possible donors for patients.105 
Unfortunately, there are several limitations of cord blood units, 
including small volume, relatively low stem cell number, vari-
able collection methods, and viability after cryopreservation. The 
nucleated and CD34+ cell dose are the major factors that affect 
outcome.106 Thus the role of UCB transplantation for hemoglobin 
disorders is still evolving.

Locatelli et al. reported the outcome after HLA-ID sibling cord 
blood transplantation for patients with SCD and thalassemia.107 
A total of 44 patients was included in the series (median age 
5 years, range 1 to 20) and the patients had thalassemia (n = 33) 
or SCD (n = 11). The majority of children (n = 40) received CSP 
alone or CSP / MTX as GVHD prophylaxis and their median total 

nucleated cell dose was 4.0 × 107/kg (range 1.2 to 10 × 107/kg). 
Eighty-two percent of patients were alive and disease-free with 
a median follow-up of 2 years (range 4 to 76 months), and only 
4 (9%) had grade II acute GVHD. The two-year event-free survival 
probabilities were 79% and 90% for patients with thalassemia 
and SCD, respectively. Results were best in patients who did not 
receive MTX to prevent GVHD and also in those patients who 
received an additional immunosuppressive drug such as thiotepa 
or fludarabine with the BU/CY backbone.

In an attempt to extend these encouraging results observed 
after sibling donor UCB transplantation, the applicability of unre-
lated donor UCB transplantation was explored. Recently, a pro-
spective investigation of unrelated donor HSCT for severe sickle 
cell disease reported the results after UCB transplantation.108 
In this phase II trial, eight children who met study criteria for 
severe SCD underwent unrelated-donor cord blood transplanta-
tion. They received alemtuzumab, fludarabine, and melphalan as 
their preparative regimen and either CSP or tacrolimus in addi-
tion to mycophenolate mofetil as GVHD prophylaxis. All patients 
had either 6 of 6 (n = 1) or 5 of 6 HLA matching based on low-/
intermediate-resolution typing of HLA-A, -B, and -DRB1. Because 
of excessive graft rejection rates in the cord blood cohort, that arm 
of the trial was closed. Similarly, results after unrelated donor UCB 
transplantation in patients with thalassemia major are inferior to 
those with related marrow donors. Ruggeri et al. reported results 
of the CIBMTR data registry that included a cohort of 35 thalas-
semia patients who underwent either matched or mismatched 
UCB transplantation.109 Despite acceptable HLA matching, dis-
ease-free survival and overall survival for patients in this report 
were 21% and 62%, respectively. Of these patients, 20 had graft 
failure that was fatal in 5. A larger cell dose (>5 × 107/kg) was 
associated with lower risk of graft failure, indicating that perhaps 
survival could be improved through the use of multiple cord blood 
units or ex vivo expansion.

late effectS

assessment of Disease-free Survival
Disease-free survival after HSCT for hemoglobin disorders is 
defined as freedom from transfusions and iron loading in thal-
assemia, and in addition among those with sickle cell disease, 
freedom from sickle-related complications. However, the iron that 
accumulates as a consequence of RBC transfusions before and 
after HSCT is not eliminated after successful HSCT to any appre-
ciable extent. Left untreated, iron overload causes significant 
morbidity and mortality with progressive liver disease and even 
cirrhosis after transplantation.110 A prospective analysis of annual 
liver biopsies in thalassemics not treated by iron chelation and in 
whom thalassemia was cured by HSCT demonstrated that iron 
overload and hepatitis C virus infection were independent risk 
factors for progressive liver fibrosis. Patients who had an active 
hepatitis C infection and also had very high levels of hepatic iron 
had an 80% risk of developing progressive hepatic fibrosis 10 to 
12 years after successful transplantation.111 Conversely, patients 
with a liver iron level less than 16 mg iron/gm liver dry weight 
and who were also free of evidence of active hepatitis C virus 
infection, showed no signs of progressive hepatic fibrosis.

Phlebotomy is safe, inexpensive, and highly efficient, and there-
fore it is the treatment of choice of transfusion iron overload after 
HSCT. With this approach, excess iron can be completely mobi-
lized from the body without any significant side effects. Following 
completion of the phlebotomy program, significant improvement 
in liver function was observed, particularly in patients infected 
with hepatitis C virus.111 It is possible to reverse severe hepatic 
fibrosis and even early cirrhosis.112 Patients with early cardiac 
involvement characterized by left ventricular diastolic dysfunction 
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and impaired left ventricular contractility demonstrated regres-
sion of subclinical cardiac disease after phlebotomy.113

After successful HSCT for sickle cell disease, patients with 
stable engraftment of donor cells do not experience sickle-
related clinical complications, even if there is stable mixed 
donor–host hematopoietic chimerism.89,97 In addition, inves-
tigators have reported improvements in splenic function and 
 osteonecrosis.114,115 Patients treated by HSCT also had stabiliza-
tion of the underlying cerebrovascular disease.95 Of 55 patients 
who were enrolled in the multicenter study, 46 underwent cerebral 
MRI performed a median of 25.4 months after transplantation. Of  
59 patients, 29 had stroke or other significant central nervous 
system disease as an indication for transplantation and 28 sur-
vived after BMT. Surviving patients with stroke who also had 

stable engraftment of donor cells (n = 25) experienced no subse-
quent stroke events after BMT. However, patients who had graft 
rejection after BMT were not protected from stroke. One patient 
with graft rejection experienced a second stroke when the Hb S 
fraction reached 60% after BMT and another patient with graft 
rejection had a subarachnoid hemorrhage after BMT. In total,  
28 of 29 (97%) of patients with stroke survived after transplanta-
tion, and 26 of 29 (90%) survived stroke-free after HSCT. Evidence 
of silent cerebral infarction before transplantation was found in 10 
patients, and of these, all 8 who had MRI studies performed after 
HSCT had stable or improved appearance. There were no clinical 
strokes after HSCT in this group. No documented central nervous 
system disease before transplantation was found in 16 patients. 
MRI appearance was normal in all 10 patients in this group and 

FIGURE 103.9. Effect of donor chimerismw on sickle 
cell disease expression after nonmyeloablative 
hematopoietic stem cell transplantation (HSCT) from 
HLA-ID siblings in adult recipients with severe sickle 
cell disease. In panel A, the percentage of donor myeloid 
and T-cells in the blood over time is shown. In Panel B, 
the change in the hemoglobin level over time in males and 
female transplant recipients is shown. In panel C, the retic-
ulocyte count, total serum bilirubin and LDH levels before 
and after transplantation are shown. From Hsieh  MM, 
Kang  EM, Fitzhugh CD, et al. Allogeneic hematopoietic 
stem-cell transplantation for sickle cell disease. N Engl J 
Med 2009;361(24):2309–2317. Epub 2009 Dec 17.
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none had stroke. Together, these observations suggest that there 
is stabilization of cerebral vasculopathy after hematopoietic cell 
transplantation. These data also suggest that in those with silent 
cerebral infarction who are at risk of developing stroke, there is 
protection from disease progression and a first stroke. The French 
group reported a similar experience.89 Among the 36 patients 
with a history of stroke before hematopoietic cell transplantation, 
2 had a recurrent stroke. With a median follow-up of 6 years, the 
risk of recurrent stroke was 5.6%, which is a significantly lower 
rate of second stroke observed in sickle cell disease patients who 
are treated by regular transfusion therapy after a first stroke.

long-term toxicitieS of 
conDitioning
The incidence of secondary solid tumors in thalassemia and 
sickle cell disease after transplantation is less than 10/100,000 
patient-years, a rate that does not appear different compared 
to patients who receive supportive care treatment for b thalas-
semia.116 These findings also are consistent with data reported 
by the CIBMTR; patients with nonmalignant disorders treated by 
HSCT had an incidence of secondary malignancies that was not 
significantly increased compared to the normal population.117

Gonadotropin and sex hormone levels confirm the toxic effect 
of BU on gonadal function after HSCT. In addition, hypogonad-
ism is the most common endocrine disorder in medically treated 
patients with thalassemia major, affecting approximately half 
the patients.118,119 In a study involving 68 children with thal-
assemia after HSCT, 32% reached an advanced or complete 
puberty spontaneously (34% of girls and 63% of boys), despite 
clinical and hormonal evidence of gonadal impairment in most 
cases.110 In this group, iron overload and the conditioning 
regimen were the major factors influencing endocrine function. 
In the cooperative study of HSCT for SCD follow-up gonadal 
function studies were performed in patients who were 21.6 
(range, 16.1 to 28.5 years) and 21.7 (range, 14.1 to 27.8 years) 
years of age in males and females, respectively.95 Among those 
evaluated, the luteinizing hormone (LH) and follicle stimulating 
hormone (FSH) levels were normal in 9 males and less than 
normal in 4 after transplantation. However, only 3 of 13 had 
normal testosterone levels, consistent with hypogonadotrophic 
hypogonadism in most of the pubertal males. In contrast, 8 of 
14 females had increased gonadotropin levels and/or below 
normal estradiol levels, a finding consistent with primary ovar-
ian failure in the majority of post-pubertal females. Only 4 of 14 
females had normal estradiol levels. However, one female had 
a successful pregnancy 13 years after BMT and another female 
with graft rejection gave birth to a healthy baby following pre-
implantation genetic diagnosis 14 years after BMT, although 
she had experienced 2 previous spontaneous abortions sev-
eral years earlier. Among 6 evaluable pre-pubertal girls in the 
Belgian cohort, 5 had primary amenorrhea with elevated serum 
LH and FSH.88 Two post-pubertal females developed secondary 
amenorrhea. Testicular function was also adversely affected in  
4 of 6 evaluable boys who demonstrated decreased testosterone 
and elevated FSH levels. In the French series, 7 post-pubertal 
females, aged 13 to 22 years, developed amenorrhea after hema-
topoietic cell transplantation with decreased serum estradiol and 
elevated LH and FSH levels and received hormone replacement 
therapy.89 It is anticipated that many, if not most, of the females 
will require hormonal replacement therapy after HSCT. The 
development of reduced intensity conditioning regimens is antici-
pated to reduce the late effect of gonadal toxicity.

Eggelston et al. reported growth outcomes in children who 
were enrolled in a multicenter investigation of HSCT for SCD.121 
The baseline height and weight and growth velocities after HSCT 
were compared to children who were treated by HU and who 

were enrolled in the CSSCD, previous investigations of SCD dur-
ing which prospective height and weight measurements were 
documented.122,123 It was determined that growth after HSCT 
was not impaired, except in older males, where data from the 
CSSCD showed a more rapid height and weight velocity after age 
11.6 and 12.1 years, respectively. However, males grew 0.67 cm/
year faster after HSCT compared to males in the HU group before 
treatment with HU was initiated. Thus, the data showed that 
conventional myeloablative HCT generally had no adverse effect 
on height or weight gain in young children. However, diminished 
growth may occur in patients who undergo HSCT at or near the 
growth spurt. This study emphasized the importance of treating 
children early in the course of their disease to minimize toxicity.

concluSion
HSCT for nonmalignant disorders can be life-saving when applied 
early in life of children who inherit a fatal condition such as 
SCIDS. In other disorders, early mortality caused by marrow fail-
ure or a predisposition to acute leukemia, as occurs in Fanconi 
anemia, similarly can be life-saving, but as applied over a longer 
time period. In the setting of hemoglobin disorders, the decision 
making about HSCT is more nuanced, and often families and their 
physicians must make decisions based upon long-term projections 
of mortality and the quality of life. Common to all these disorders, 
however, is a strict requirement for optimizing donor selection to 
avoid GVHD, a complication that offers no benefit in these dis-
orders, and an understanding of conditioning regimens that are 
best tailored to minimize short- and long-term toxicities but still 
ensure engraftment of donor cells. It is these considerations and 
the development of improved methods of HSCT that remain the 
focus of ongoing clinical investigation and which are very likely to 
improve future outcomes for these disorders.
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INTRODUCTION
The curative potential of allogeneic hematopoietic stem cell 
transplantation (HCT) in hematologic malignancies is well estab-
lished,1 and currently acute myelogenous leukemia (AML) is the 
most common indication for HCT, accounting for approximately 
more than one-third of adult HCT.2 As the donor pool expands to 
include more unrelated and HLA-mismatched donors and umbili-
cal cord blood (CB), and as treatment-associated morbidity and 
mortality rates decline with improvements in HLA matching, anti-
microbial therapy, and management of graft-versus-host disease 
(GVHD), it has become increasingly feasible to offer this modality 
of treatment.3

HCT is offered either to increase the chance of cure in a disease 
that may have a low chance of cure with nontransplant approach 
(AML in first complete remission [CR1] with high-risk cytogenet-
ics) or to cure an otherwise incurable disease (myelodysplastic 
syndrome [MDS], AML beyond CR1). Given the inherent risks of 
HCT, the risk–benefit ratio depends on the natural history of the 
disease versus the non-relapse mortality or transplant-related 
mortality due to the procedure itself. Although randomized con-
trol trials have been done, an ideal study of “intent to transplant 
analyses” is lacking in most disease types. With the advances in 
human leukocyte antigen (HLA) typing and supportive care, the 
non-relapse mortality after transplant continues to improve. The 
emergence of reduced-intensity conditioning (RIC) in deference 
to myeloablative conditioning (MST) broadens the applicability of 
this modality to patients who formerly would have been excluded 
from HCT because of advanced age or co-morbid conditions.4,5,6,7 
Here we discuss the indications, benefits, and risks of HCT in 
patients with hematologic malignancies.

Chronic myelogenous (or myeloid) leukemia (CML) was a 
model disease to cure with HCT in the pre-tyrosine-kinase inhibi-
tors (TKI) era. The introduction of TKIs led to a paradigm shift. 
Current indications of HCT are outlined in the National Cancer 
Center Network (NCCN) guidelines and addressed in Chapter 81. 
Consideration of HCT is recommended at 3 months post-TKI 
therapy if there is a >10% increase in BCR-ABL transcript as 
measured by quantitative PCR (QPCR) using the International 
Scale, or if conventional cytogenetics shows less than a partial 
cytogenetic response. Loss of cytogenetic response, molecular 
progression, or evolution of new mutations associated with TKI 
resistance should prompt a transplant evaluation. HCT consid-
eration is often delayed based on response to second generation 
TKIs. Patients presenting in accelerated phase (AP) or blast crisis 
(BC)should be considered for earlier HCT.

Acute Myeloid Leukemia
In the United States, approximately 25% of AML patients younger 
than 70 years undergo an HCT. Median age at transplantation is 45 
years; 75% of HCT recipients are younger than 55 years.2,8,9,10,11 
The increasing need for HCT in adults with AML requires that all 
patients and their siblings undergo HLA typing early after diagno-
sis to determine if a matched related donor (MRD) is available and 
to allow for the possibility of unrelated donor (URD), haploidenti-
cal donor or umbilical cord blood (CB) searches.

Rationale of Hematopoietic Stem Cell 
Transplantation in First Complete Remission
Transplants should preferentially be performed on time and not 
reserved for relapsed disease or complete remission 2 (CR2) in 
high-risk patients. Although several reports of successful HCT in 
CR2 with a curative potential of 25% to 30% have been reported, 
such data are highly selective and should not influence a decision 
against earlier HCT, especially at experienced transplant centers. 
Moreover, the risk of relapse after URD HCT is higher for patients 
with unfavorable cytogenetics, irrespective of whether the trans-
plant is performed in CR1 or CR2. Since the probability of achiev-
ing CR2 after chemotherapy in this group of patients is low, early 
HCT provides the optimal approach.9,10,12,13

Indications of Hematopoietic Stem Cell 
Transplantation in Acute Myeloid Leukemia First 
Complete Remission
Several clinical features at presentation are associated with 
particularly poor outcome for AML patients. Age over 60 years, 
hyperleukocytosis, secondary AML (after antecedent myelodyspla-
sia), or treatment-related myeloid neoplasm and, in some series, 
two induction cycles rather than one to attain CR1 are clinical fac-
tors that portend a worse outcome. As a result, many investigators 
proceed to offer HCT to such individuals.9,12,13

Cytogenetics, however, remains the most robust prognostic 
marker for risk stratification of AML at the time of diagnosis as 
well as in selection of post-remission treatments. On the basis 
of specific structural and numerical cytogenetic abnormalities, 
AML patients are divided into favorable, intermediate, and 
adverse risk groups (Chapter 75). A notable exception is the 
favorable cytogenetic risk group, in which HCT did not further 
improve outcome.

In recent years, a variety of novel molecular markers including 
mutations in the FLT3 (FMS-like tyrosine kinase) gene, the NPM1 
(nucleophosmin) gene, and the CCAAT/enhancer binding protein 
alpha (CEBPA) gene have refined the risk stratification of inter-
mediate-risk AML. Several investigators have used combinations 
of molecular markers to improve the patient’s risk assessment in 
cytogenetically normal AML.8

The most challenging group of patients with de novo AML 
falls within the intermediate-risk category.8,12 Intermediate-risk 
patients who achieve CR1 after chemotherapy have a 50% prob-
ability of disease recurrence without HCT, and the probability 
that CR2 can be attained is low. With advances in the molecular 
classification of AML such as NPM1, FLT3-internal tandem dupli-
cation (ITD), CEBPA, and KIT, the indications for HCT can now 
be extended to approximately 40% of patients with AML with 
no chromosomal abnormalities.9,10–13 In a recent meta-analysis 
by Koreth et al.14 for the transplant period 1982 to 2006, a sig-
nificant overall survival benefit was reported for patients with 
poor-risk and intermediate-risk AML who received HCT in CR1. 
NPM1 positivity has been considered a good-risk feature. More 
recently, it has been shown that only the subgroup with wild type 
isocitrate dehydrogenase 1 and 2 (IDH1/IDH2) along with NPM1 
mutations are expected to do well.15 Thus, the prognostic impact 
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of known well validated mutations continues to evolve as new 
mutations are identified and the interactions of these mutations 
are understood.

Donor Source and Outcome in Acute Myeloid 
Leukemia First Complete Remission
Importantly, the outcome of transplantation appears to be com-
parable for recipients of URD vs. MRD transplant. With improve-
ments in transplant procedures including better donor selection 
(with high-resolution HLA- typing), excellent supportive care, and 
pre-emptive therapy in high-risk patients, we anticipate that out-
comes will continue to improve.3,16–21

The results of 4 comparative studies together with meta-
analyses of cord blood transplant (CBT) vs. URD transplant, the 
results of CBT appear to be as promising as those of matched URD 
transplant in adults with hematologic malignances.10,12,20,22 In 
the absence of an HLA-matched donor, both CBT and haploiden-
tical-stem cell transplantation (SCT) strategies (center dependent) 
are suitable options to treat high-risk patients. An upcoming blood 
and marrow transplant (BMT)-clinical trials network (CTN) study 
(BMT-CTN 1101; clinicaltrials.gov NCT01597778) will compare 
haploidentical-SCT with CBT.

Effect of Consolidation Therapy Pre-stem Cell 
Transplantation in Acute Myeloid Leukemia First 
Complete Remission
Relapse is the major cause of treatment failure after HCT in patients 
with AML10,23; new approaches to prevent disease recurrence are 
being explored. A question of practical importance is whether 
patients undergoing transplantation in CR1 will benefit from post-
remission chemotherapy prior to transplantation. There are no 
prospective studies demonstrating that any form of post-remission 
chemotherapy further reduces the risk of post-transplant relapse. 
However, results from two retrospective registry analyses suggest 
no benefit from adding further consolidation chemotherapy prior 
to HCT; in both studies (transplant period 1980 to mid-1990s), 
most patients were young and received full-intensity conditioning 
MRD HCT.9,12,14,24 The role of post-remission consolidation che-
motherapy prior to RIC HCT in HR AML has not been adequately 
addressed.13,25 In a recently published CIBMTR study, relapse 
occurred in 37% to 40%, and was higher in patients receiving RIC 
regimens. These findings highlight the importance of the depth of 
remission pre-SCT, especially in recipients in the RIC group.18 The 
efficacy of current chemotherapeutic regimens to achieve minimal 
residual disease negativity needs to be balanced against the risk of 
increasing co-morbidities prior to HCT.

Given the expanding use of RIC conditioning and the argu-
ment that treatment intensity may be important for cytoreduction 
prior to SCT, assessing the impact of pre-transplant consolidation 
therapy in AML CR1 on outcomes post RIC HCT is an important 
clinical question that remains unanswered. There is an ongoing 
CIBMTR analysis to determine if consolidation chemotherapy 
prior to RIC regimen for AML CR1 improves survival and relapse 
risk after RIC HCT.

Allo- vs. Auto-Stem Cell Transplantation vs. 
Chemotherapy in First Complete Remission
A recent summary of several clinical trials comparing HCT with 
alternative therapies for patients with AML CR1 showed benefits 
of HCT over alternative therapies.8,9,13,26 Studies showed lower 
relapse rates for allograft recipients compared with those who 
received auto-SCT or further chemotherapy. None of the studies 
demonstrated an advantage for any of the alternative modalities 
(auto-SCT or further chemotherapy) as compared with HCT.

Full Myeloablative vs. Reduced-intensity 
Conditioning Regimen for Acute Myeloid Leukemia 
First Complete Remission
Conditioning regimens prior to HCT serve two purposes. One 
is the suppression of host immunity to allow for donor cell 
engraftment, and the other is the ablation of underlying malig-
nancy. Ideally both these tasks need to be accomplished with 
minimal extramedullary toxicity. Conditioning regimens can 
be broadly classified as myeloablative (MST), RIC, and non 
myeloablative (NMA), based on the intensity of conditioning. 
MST regimens cause irreversible cytopenia and hence stem cell 
support is necessary. RIC regimens cause profound cytopenia 
and should be given with stem cells but cytopenia may not be 
irreversible. NMA regimens can theoretically be given without 
stem cell support.

MST HCTs are associated with decreased relapse but with 
increased transplant-related mortality (TRM). We now know that 
myeloablation is not as critical for engraftment as is immunosup-
pression. Reduced-intensity immunosuppressive approaches such 
as antithymocyte globulin (ATG), alemtuzumab, rituximab, and 
others can be used for transplant conditioning. There is a balance 
between reducing TRM by reducing intensity, and risking more 
relapse as the regimen is weakened.6,27

No study to date has shown superiority of RIC to MST in 
AML4,27–29,30; we recommend reserving RIC (but not truly NMA) 
for patients thought to be ineligible for the more intense MST 
regimen. The importance of disease control at the time of trans-
plant, especially for those patients undergoing the RIC condi-
tion, appears to have paramount importance when evaluating 
outcomes. In Martino’s large-scale retrospective analysis of AML 
patients undergoing SCT, those patients transplanted in CR1 had 
similar rates of relapse (MST: 27% vs. RIC: 32%).31 A prospective 
study randomizing patients to MST or RIC HCT regimens based 
solely on age of < or >50 years for AML patients in CR1 revealed 
similar non relapse mortality of 19% for MST and 20% for RIC 
with equivalent relapse and survival.32 These data suggest that 
MST conditioning may not be needed for those AML patients in 
CR1 at the time of HCT. Ongoing prospective randomized clini-
cal trials (BMT-CTN 0901; clinicaltrials.gov NCT01339910) will 
answer this question more definitively.

Hematopoietic Stem Cell Transplantation for 
Patients Not in Remission and Beyond First 
Complete Remission
HCT for AML was first tested in patients with recurrent or 
relapsed refractory disease three decades ago. The transplant out-
come for patients with induction failure or resistant relapse AML 
or for those with extramedullary disease treated with standard-
dose chemotherapy remains quite poor. Although the results are 
less than satisfactory, there is still a role for HCT for patients with 
advanced AML.

Difficulties in Achieving Complete Remission 2  
Pre-stem Cell Transplantation
More recently, the investigators from City of Hope National 
Medical Center (COHNMC) reported their extended experience 
with 71 patients with refractory AML who were treated with 
HCT during a period of 22 years with 82% receiving grafts from 
MRD. The median age of these patients was 37 years (range 2 
to 62 years) and the median follow-up was 1 year. Three-year 
disease-free survival (DFS) was 29% with a relapse rate of 54%. 
Cytogenetic data were available on 51 of the patients treated at 
COHNMC. Three patients had favorable, 27 intermediate, and 
21 unfavorable cytogenetics. Those patients with favorable or 
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intermediate cytogenetics had DFS of 44% vs. only 18% in those 
with unfavorable cytogenetic features.33

A score to predict transplantation success was developed in 
a retrospective survey of 1,673 patients who underwent a MST 
HCT for AML in relapse. In patients with low score the 3-year 
overall survival (OS) was 42% and those with a very high score 
had a dismal prognosis with only 6% alive at 3 years. The high 
score refers to the same group of patients in whom attempts to 
reinduce second remission are likely to fail. Patients with a short 
CR1, poor cytogenetics, and/or circulating blasts present a major 
clinical challenge.34,35

Sequential Chemotherapy Followed by Reduced-
intensity Conditioning Hematopoietic Stem Cell 
Transplantation
An interesting strategy of sequential cytoreductive chemotherapy, 
immediately followed by RIC and prophylactic donor lymphocyte 
infusion (DLI) in refractory and early relapse patients, was evalu-
ated.36 This German protocol known as the FLAMSA (fludarabine, 
Ara-C, amsacrine)–RIC approach was reported in a prospective 
multicenter study involving 103 patients. The median survival of 
16.4 months and the 4-year estimated OS of 32% were promis-
ing.36 This approach requires an HLA-matched donor available 
just when relapse is diagnosed. Therefore, for AML patients in CR1 
even if HCT is not scheduled, a search for a donor should be initi-
ated to enable sequential transplantation in case of early relapse.

Persistent Cytogenetic Abnormalities Pre-stem 
Cell Transplantation
Risk stratification is important to identify patients with AML who 
might benefit from HCT in CR1. An MD Anderson Cancer Center 
(MDACC) study analyzed 150 patients with AML and diagnostic 
cytogenetic abnormalities who underwent MST HCT while in CR1 
to evaluate the prognostic impact of persistent cytogenetic abnor-
malities at HCT.37 Three risk groups were identified. Patients with 
favorable/intermediate cytogenetics at diagnosis (n = 49) and 
patients with unfavorable cytogenetics at diagnosis but without a 
persistent abnormal clone at HCT (n = 83) had a similar 3-year 
leukemia-free survival of 58% to 60% despite the higher 3-year 
relapse incidence in the latter group (32.3%, versus 16.8% in 
the former group). A third group of patients with unfavorable 
cytogenetics at diagnosis and a persistent abnormal clone at HCT 
(n = 15) had the worst prognosis, with a 3-year relapse rate of 
57.5% and 3-year leukemia-free survival of only 29.2%. These 
data suggest that patients with AML and unfavorable cytogenet-
ics at diagnosis and a persistent abnormal clone at HCT are at 
very high risk for relapse after HCT.37,38 These patients should 
be considered for clinical trials designed to optimize conditioning 
regimens (e.g., clofarabine-based regimen, see below) and/or to 
use preemptive strategies (e.g., chemotherapy [azacitidine], DLI, 
early withdrawal of immunosuppression if no GVHD, etc.) in the 
post-transplant setting, aimed at decreasing relapses.

Acute Myeloid Leukemia Complete Remission 2 
and Beyond
Although the results of HCT in CR1 indicate an overall improved 
outcome compared with chemotherapy, many patients do not 
undergo transplantation while in CR1 based on either non-severe 
disease symptoms and/or on the patient desire, or mainly due to 
physician/patient preferences.

The currently available data suggest that patients with AML 
with untreated first relapse can expect an outcome following MST 
HCT similar to that of those patients proceeding to transplanta-
tion during CR2.10 Studies evaluating patients who receive an 

HCT in second or subsequent relapse, or third or later remissions 
following standard therapy, have demonstrated very few long-
term survivors.

Relapse Prevention and Management of 
Relapses after Hematopoietic Stem Cell 
Transplantation

Monitoring of Relapse
Although HCT can be curative, even in advanced disease, treat-
ment failure is commonly manifested by relapse of disease, for 
which treatment is successful in only a minority of patients.23 
Detection of minimal residual disease  in post-transplant surveil-
lance is felt to be a necessary component of any strategy.39,40 
Past strategies for relapse prevention have focused on the use 
of DLI with variable success. Peritransplantation intervention 
and maintenance therapies (e.g., azacitidine) are under current 
investigation.41,42

Traditionally, the detection of impending relapse in the 
post-transplant period had been based on donor chimerism 
analysis (e.g., poor donor chimerism has been associated with 
increased risk of relapse), but the lack of specificity remains 
a problem. In AML, the development of post-transplant mini-
mal residual disease strategies is more complex because of 
the genetic heterogeneity of these disorders. Nevertheless, for 
some genetic subtypes, for example, reciprocal translocations 
or NPM1-mutated AML, minimal residual disease monitoring 
in the post-transplant period has already been realized.39,43–45

Walter et al.24 investigated 99 AML patients receiving MST 
HCT CR1 by 10-color flow cytometry before transplantation. mini-
mal residual disease-positive patients had lower 2-year estimates 
of survival (30.2% versus 76.6%) and higher 2-year estimates of 
relapse (64.9% versus 17.6%), compared with minimal residual 
disease-negative patients. After adjustment for other prognosti-
cally relevant parameters, a positive minimal residual disease 
status pre-HCT was significantly associated with increased over-
all mortality and relapse relative to minimal residual disease-
negative HCT. Kebriaei et  al.46 found a trend toward improved 
outcomes in 68 patients in cytogenetic remission compared with 
those with residual cytogenetic abnormalities at the time of HCT.

In the conservative treatment setting of AML, many minimal 
residual disease studies confirmed the potential of real-time 
PCR to predict the relapse risk in patients with reciprocal rear-
rangements. Some studies investigated the potential of molecular 
minimal residual disease monitoring for patients with reciprocal 
rearrangements also in the post-transplant period.39,43,47

Novel Conditioning Regimen
Incorporating novel agents in the conditioning regimen with 
potent antileukemic activity is a strategy that is currently under 
investigation.48 Clofarabine is a novel nucleoside analog that has 
potent antileukemic activity. It has shown efficacy in refractory 
disease as well as upfront scenarios. Geyer et al.49 combined total-
body irradiation (TBI) with clofarabine and cytarabine for HCT in 
pediatric patients with refractory or multiply relapsed leukemia 
in a phase I/II study. The early results show the probability of 
a 1-year progression-free survival of 57.4%. Andersson et al.50 
reported on a clofarabine/fludarabine/busulfan–based RIC regi-
men for advanced MDS and AML in 42 patients, which included 
children. In this high-risk patient population, 20 patients are alive 
at median survival of 23 months, which is an encouraging early 
result and warrants further studies.

Targeted immunotherapy post-SCT: One of the strategies for 
the prevention of relapse of AML/MDS post-SCT is to use targeted 
immunotherapy as part of the conditioning regimen such as the 
employment of vaccines, and DLI. Additionally, natural killer cells 
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could be transferred for the treatment of leukemia relapse both 
during and after SCT.23,51,52

Post-transplant Therapy
The posttransplant therapeutic approach has been limited to TKI 
in patients with BCR-ABL1–positive leukemia. However, other 
strategies, including the use of interleukins, monoclonal antibod-
ies, immunomodulatory agents (bortezomib), DNA methyltrans-
ferase inhibitors, and histone deacetylase inhibitors, are currently 
being explored in AML.39 The goal of these approaches is to treat 
minimal residual disease while minimizing adverse side effects 
and avoiding the impediment of donor cell engraftment. The use 
of hypomethylating agents (e.g., azacitidine) in patients with AML/
MDS has drawn increased interest because of their demonstrated 
efficacy and relatively acceptable toxicity profile.41,42,53

As our ability to monitor minimal residual disease post-HCT 
improves, along with identification of actionable molecular muta-
tions, it will allow for the development of clinical trials aimed at 
prevention of relapse in a targeted fashion. Therapeutic interven-
tions will be needed not only to prevent relapse but allow for 
simultaneous favorable modulation of the GVHD-graft versus 
tumor (GVT) balance.

Relapse after HCT for AML carries a very poor prognosis. 
Second HCT, although curative, is not an appropriate treatment 
option for a large number of relapsing patients (only 2% to 20% 
patients receive a second HCT), and efforts to increase the num-
ber of patients who may benefit from a second HCT are ongoing.23

Incorporating Novel Agents
The development of novel agents is expected to gather momentum 
as new actionable mutations are identified. A mutation in FLT3 is 
well known to be a poor prognostic marker in newly diagnosed 
and relapsed AML. Specific inhibitors of FLT3 such as sorafenib, 
lestaurtinib (CEP-701), and quizartinib (AC220) have been studied 
in relapsed or refractory AML.10,39,54 FLT3 inhibitors need to be 
investigated post-SCT in patients with FLT3 + AML to prevent 
relapse, a most common cause of transplant failure.55

Hypomethylating agents are active in high-risk MDS, and to 
a lesser degree in highly proliferative AML. 5-Azacitidine was 
shown in one study to prolong survival in elderly AML patients 
with low proliferative disease (expected disease course after HCT), 
and hence has drawn attention as an agent that may control low 
proliferative relapses after HCT.53

Summary
The initial approach for patients should be determined by cytoge-
netic risk factors, molecular markers, availability of a donor/ stem 
cell source, and response to induction chemotherapy. Patients 
with cytogenetic features associated with a good prognosis who 
achieve a CR with induction followed by consolidation chemo-
therapy should be observed without immediate transplantation, 
although HLA typing of these patients and their siblings is war-
ranted at diagnosis. Patients with intermediate or poor markers 
who achieve a CR with induction/consolidation chemotherapy 
should undergo an HCT procedure early during CR1 if a histocom-
patible donor is available or any other stem cell source is available 
with low risk for transplant procedure. For those patients who 
do not enter a CR or who relapse after standard therapy, an HCT 
should be performed sooner rather than later. The transplant 
approach should be individualized for all patients based on remis-
sion status, performance status, and coexisting medical problems, 
i.e., MST vs. RIC regimens.

The treatment outcome of patients who have suffered a relapse 
of AML following HCT remains poor. Additional chemotherapy 
and second transplants are associated with exceptionally high 

morbidity and mortality and have generally resulted in short 
remissions. Chemotherapy followed by second non-myeloablative 
stem cell transplant (NST) HCT or DLI is a reasonable option for 
patients with late relapse after HCT. Relapse remains a major 
cause of transplant failure. We believe that the outcome of AML 
will be further improved by an innovative approach to reducing 
relapse risk, and that enrollment in clinical trials is the way to go 
and should be encouraged for all HCT recipients.

Myelodysplastic Syndrome
MDS is primarily a disease of older patients, with a median age 
at diagnosis in the eighth decade of life. Despite new therapeu-
tic interventions, HCT remains the only curative option for this 
disease, with long-term survival probabilities ranging from 25% 
to 70%.56–59 There is a significant selection bias for HCT as illus-
trated by the age difference between the average MDS patients 
and those who ultimately receive a transplant.

Rationale of Hematopoietic Stem Cell 
Transplantation in Myelodysplastic Syndrome
MDS originates in hematopoietic stem or precursor cells, and a 
logical approach is, therefore, to replace the clonal MDS cells by 
healthy donor cells via HCT procedure. Successful HCT requires 
that the infused cells from the healthy donor establish themselves 
(engraft), and that the malignant cells of the patient’s disease are 
eliminated by graft-versus-tumor (GVT) effects.

Over the past decade the approach to treating MDS has under-
gone major changes, at least in part related to the Food and Drug 
Administration (FDA) approval of several drugs for MDS and the 
development of new concepts for HCT. The drug therapy has 
improved the prognosis of patients with MDS, with 35% to 65% 
of patients achieving clinically relevant hematologic responses 
which may last from a few months (for high-risk MDS) to several 
years (predominantly for low-risk diseases). Concurrently, the 
emphasis with HCT has shifted from high-dose therapy, aimed 
at maximum tumor cell kill, to low- or reduced-intensity condi-
tioning, relying heavily on donor cell-mediated immune effects 
to eradicate the disease (GVT effect). This GVT effect eliminates 
residual cells of the patient’s disease via recognition of minor 
histocompatibility antigens.

Patient Selection for Hematopoietic Stem Cell 
Transplantation
Since age is a major factor determining the decision about HCT, 
many patients younger than 60 years of age are likely to be con-
sidered for transplantation sooner and more often than older 
patients.60 Kuendgen et al. recently presented registry data that 
included 232 patients less than 50 years of age and 2,496 patients 
more than 50 years of age, where approximately 42% of the 
younger patients underwent transplantation compared to only 8% 
of the older patients.61

The International Prognostic Scoring System (IPSS) and 
World Health Organization prognostic score (WPSS) (discussed 
in the MDS chapter) are generally thought to identify patients 
in whom HCT should be considered sooner rather than later.62 
In a retrospective registry-based analysis, Cutler and collabora-
tors showed that upfront transplantation was associated with a 
greater number of added life years for intermediate-2 and high-
risk IPSS patients.63 Delaying HCT offered the longest life expec-
tancy in patients in IPSS categories low and intermediate-1. In 
the MDACC experience in 89 MDS patients who underwent HCT 
from 2002 to 2008, the 3-year OS rates were 79%, 49%, and 27%, 
respectively, for patients with WPSS low-intermediate-, high-, 
and very-high-risk categories, respectively.56
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The European Group for Blood and Marrow Transplantation 
(EBMT) analyzed the post-transplant outcome of 692 patients 
with MDS according to their cytogenetic status. The overall sur-
vival and relapse rates were 47% and 34% for good-risk, 40% and 
35% for intermediate-risk, and 31% and 57% for high-risk cyto-
genetics.64 A recent analysis showed that patients with secondary 
MDS had a post-transplant prognosis comparable to patients with 
de novo MDS once the data were adjusted for cytogenetic risk. In 
a small series of 47 patients with high-risk MDS, the 3-year OS 
was better in patients who received HCT than in those who did 
not (71% v 31%).65

Novel genetic factors are being studied to determine pos-
sible predictors of transplant outcomes.56 A significant cor-
relation between HLA-DR15 and tumor necrosis factor (TNF) 
polymorphisms at position 308 among patients with MDS has 
been observed. The TNF-308 AG genotype conferred an increased 
risk of TRM compared to the GG genotype. Conversely, the TNF-
863 AA genotype was correlated with decreased overall mortality 
and TRM compared with the CC genotype.66

Timing of Hematopoietic Stem Cell 
Transplantation
Determining the optimal timing of HCT for MDS has proven 
difficult, although all available data indicate that patients trans-
planted at an early stage of their disease have superior outcomes. 
Al-Ali et  al.67 observed that HCT outcome was best if SCT was 
performed between 6 and 12 months after diagnosis, the negative 
effect of later HCT being possibly related to frequent blood trans-
fusion, longer duration of pancytopenia, and disease progression 
while waiting for HCT. If SCT is delayed, for example because of 
a lengthy search for an unrelated donor, bridging treatment with 
hypomethylating agents may delay progression to AML.68

It is expected that incorporation of newer prognostic tools 
such as flow cytometry or molecular markers will improve our 
ability to select patients for transplantation at an earlier time 
period.69,70 Newer risk models and individual risk factors (such as 
co-morbidities) will hopefully identify covariates that are likely to 
affect outcomes across non-transplant and HCT therapies.59,71–74

Pre-transplant Disease Status
In an attempt to improve chances for post-SCT success, patients 
with a high marrow myeloblast count, (e.g., >5–10%), typically 
will receive pre-SCT therapy with a hypomethylating agent or with 
more classical induction-type chemotherapy.56,58,68 The clinical 
impression is that pre-SCT therapy may select chemosensitive 
patients since it appears that patients who do respond to such 
therapy have a superior outcome, and patients who fail to respond 
have a poorer outcome than do untreated patients.75

The CR status at the time of transplant may impact relapse 
and TRM rates favorably; however, CR in chemotherapy-
treated patients with MDS is infrequent. Warlick et al.76 studied 
84 patients undergoing HCT, and observed a 1-year cumulative 
incidence of relapse of 18% in patients in CR compared to 35% 
for those transplanted with active disease. In a retrospective 
analysis of 49 MDS/AML patients treated with T cell–depleted 
grafts, the 2-year cumulative incidences of TRM were 23%, 38%, 
and 40%, respectively, dependent upon response status prior to 
HCT (responsive disease, untreated, and refractory).77 Oran et al. 
also documented the benefit of minimal tumor burden at HCT in 
patients with high-risk MDS/AML undergoing RIC HCT. CR at SCT 
was associated with day-100 and 2-year TRM rates of 0% and 
20%, respectively. Estimates of 2-year OS were 66% for those in 
CR, 40% for patients with active disease without circulating blasts, 
and 23% for patients with circulating blasts.78

Nakai et al.79 compared the outcomes of 283 adult patients 
with MDS (n = 215) or secondary AML (n = 68) who received 

(n = 188) or did not receive (n = 95) induction chemotherapy 
prior to HLA-identical sibling donor HCT, and showed no dif-
ference in survival rates between the two groups, with 5-year 
OS rates of 54% and 57%, respectively. Similarly, Scott and 
collaborators in Seattle failed to demonstrate a clear survival 
advantage for a cohort of patients studied retrospectively that 
received induction chemotherapy pre-transplant, although the 
risk of relapse was somewhat reduced.80

In the absence of controlled data, the decision to use pre-SCT 
induction therapy should be made on an individual basis. The 
treatment strategy should also take into account the fact that 
promising novel drugs are becoming available, although it is 
unclear if this approach will change long-term outcomes.

CURRENT OUTCOME DATA
An analysis by Warlick et al.76 showed a 1-year OS of 48%, a 
cumulative relapse incidence of 23%, and a DFS of 38%. The 
EBMT registry analyzed results in a cohort of 374 patients 
with <5% myeloblasts who received HCT from HLA-matched 
donors after various conditioning regimens.81 At 4 years, DFS 
was 48%, the relapse incidence 15%, and deaths not related 
to relapse 37%. The risk of relapse was increased after RIC 
compared to MST conditioning (HR 2.8), but overall survival 
did not differ significantly. Patients transplanted from URD had 
a lower relapse risk (HR 0.6), but a higher risk of non-relapse 
mortality (NRM) (HR 1.4), and OS did not differ significantly 
between related and unrelated HCT. T cell depletion of the 
transplanted cells resulted in higher NRM. Younger patients 
and patients transplanted within 12 months of diagnosis had 
superior outcomes.

The Fred Hutchinson Cancer Research Center (FHCRC) 
published results in 257 patients transplanted for secondary 
MDS. At 5 years, 19% of patients with tAML were surviving 
in remission, compared with 25% of patients with refractory 
anemia with excess blasts (RAEB), and 41% of patients with 
refractory anemia/refractory anemia with ringed sideroblasts 
(RA/RARS). Two-thirds of patients developed acute GVHD 
grades II–IV and 57% developed chronic GVHD. After adjusting 
for karyotype, there were no significant differences in outcome 
between the cohort with secondary MDS and the cohort of 
339 patients with de novo MDS. The probability of relapse and 
DFS correlated significantly with disease stage (P < 0.001) and 
cytogenetics (P < 0.001). As in many other studies, patients 
transplanted from unrelated donors (n = 122) had a lower 
risk of relapse (P = 0.003) and superior DFS (P = 0.02) com-
pared to patients transplanted from related donors.58 These 
results were confirmed in principle in a more recent analysis 
of CIBMTR data.82 These studies emphasize the importance of 
cytogenetics on HCT outcome.

Martino et al.83 analyzed HCT results in an EBMT cohort of 
215 patients with MDS conditioned with RIC and 621 patients 
who received MST conditioning and were transplanted from HLA-
matched related donors. For the MST and RIC cohorts, NRM at 
3 years was 32 versus 22%, OS was 45% versus 41%, and DFS 
41% versus 33%. Lack of remission before HCT (P = 0.001), poor-
risk cytogenetics (P = 0.03), transformation to AML, and older age 
were risk factors for inferior DFS.

A British trial84 evaluated the results in 75 patients condi-
tioned with an alemtuzumab-based RIC regimen and transplanted 
from unrelated donors. After 3 years transplant-related mortal-
ity (TRM), DFS, and OS for patients with refractory cytopenia 
with multilineage dysplasia (RCMD) were 24%, 55%, and 59%, 
respectively; the corresponding numbers for patients with RAEB 
(1 and 2) were 44%, 18%, and 18%, respectively. HLA-mismatch 
negatively affected all endpoints, as did disease status at HCT and 
patient co-morbidities.
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Strategies to Improve Transplant Outcome after 
Hematopoietic Stem Cell Transplantation

Pre-transplant Use of Hypomethylating Agents
Field et al.85 presented data in 54 consecutive patients with MDS 
or chronic myelomonocytic leukemia (CMML) who underwent 
HCT from HLA-matched donors. Thirty patients had received 
azacitidine for one to seven (median 4) cycles, and 24 patients 
had not received azacitidine. At 1 year after HCT with condi-
tioning involving high-dose busulfan and fludarabine, 47% of 
azacitidine-treated patients were alive, compared with 60% of 
patients not given azacitidine, but relapses were 20% and 32%, 
respectively. The authors concluded that outcome was consistent 
with a trend toward a lower incidence of relapse in azacitidine-
treated patients.

In a study by De Padua Silva et al.86 17 patients with MDS 
underwent HCT after having received decitabine. At 1 year, 
11 patients were alive, whereas six had died: four from disease 
progression, one from GVHD, and one with septicemia. Lubbert 
et al.87 presented data on 15 similarly treated patients who then 
underwent HCT following RIC regimen. At the time of reporting, 
6 patients were alive in remission, whereas four had died from 
progressive disease and five from transplant-related complica-
tions while in remission.

FHCRC recently reviewed results in 68 patients who under-
went HCT for MDS or AML transformed from MDS (tAML). Thirty-
five patients had received cytoreduction with azacitidine prior to 
SCT followed by either an MST (40%) or RIC (60%) regimen, and 
33 patients had undergone induction-type chemotherapy followed 
by SCT with MST conditioning. The 1-year overall survival was 
57% in the azacitidine group, and 36% in the group given induc-
tion chemotherapy. Although the risk of post-SCT relapse and 
NRM was lower in the azacitidine group, none of the differences 
were statistically significant.88

Hypomethylating Agents Post-transplantation
Post-SCT relapse has remained a major cause of failure, par-
ticularly in high-risk MDS. Earlier studies had shown that inten-
sification of the transplant conditioning regimen reduced the 
relapse frequency, though the associated increase in NRM may 
prohibit such use. It may be advantageous to allow for recov-
ery from the conditioning-related effects, and then administer 
additional agents. As most of the post-transplant relapses occur 
within the first 1 to 2 years, addition of hypomethylating agents 
may have immunomodulatory effects that could potentially 
increase the GVT response.68

In a phase I dose-finding study, de Lima et al.53 at the MDACC 
started azacitidine at 6 to 7 weeks after HCT and determined that 
a dose of 32 mg/m2 given for 5 consecutive days was well toler-
ated. Forty-five patients with high-risk MDS/AML were treated 
and 1-year RFS was 58%. In addition, the authors noted that the 
incidence of chronic GVHD was lower in 5-azacitadine-treated 
patients than in historical controls. This observation was con-
firmed in a study at Washington University, which emphasized, in 
addition, that the beneficial effect on GVHD did not compromise 
the GVT effect.89

Similarly, Platzbecker et al.41 reported a prospective study 
of patients receiving HCT for MDS and AML. If the donor chi-
merism fell below 80%, patients were offered treatment with 
5-azacitidine. This event occurred in 25 of 59 screened patients 
at a median of 169 days, and azacitidine was initiated at  
75  mg/m2/day for 7 days. Sixteen patients responded with an 
increase in donor chimerism or stabilization at 80%. Eleven 
patients were given additional 1 to 11 (median 4) cycles of 
azacitidine. Hematologic relapse eventually occurred in 13 
patients (65%), but was delayed to days 56 to 558 (median 231). 

Therefore, preemptive azacitidine treatment may be effective in 
delaying hematologic relapse.

Other Post-stem Cell Transplantation Interventions
DLI may improve transplant outcomes in high-risk MDS by 
decreasing relapse rates. Kolb et al.90 investigated escalating 
doses of DLI to treat a subset of patients with high-risk MDS 
(n = 67) or patients with secondary AML (n = 90) after RIC HCT. 
Relapse appeared less likely in patients given DLI.

Another approach under investigation by several groups is the 
use of vaccines against leukemia-specific antigens such as Wilms 
tumor gene 1 (WT1) and proteinase-3-derived PR1 peptide (or the 
use of antigen-specific cytotoxic T-lymphocytes). Peptide-based 
vaccination has been shown to elicit immunologic T cell and clini-
cal responses in myeloid leukemia.51,52

Relapse after Hematopoietic Stem Cell 
Transplantation
Post-SCT relapse remains a challenging problem, particu-
larly in patients prepared for HCT with RIC regimens.23,57,60 
Multiparameter flow cytometry has been used effectively to show 
that aberrancy of marrow blasts pre-SCT can influence outcome 
after SCT.69 However, the definition of minimal residual disease in 
patients with MDS has not been clarified.39

The infusion of donor lymphocytes in patients with relapse has 
shown only limited efficacy, as has withdrawal of immunosup-
pressive therapy (IST).23,58 Early administration of hypometh-
ylating agents may be more effective.23,41,53,89 The prophylactic 
use of drugs such as hypomethylating agents or small molecule 
inhibitors that are coming into use in patients with high-risk 
disease may be even more effective. Intensive chemotherapy has 
generally been disappointing, and second allo-SCT in adults has 
yielded low-success rates.23,91

Summary
HCT continues to be the only curative option for MDS. Since the 
majority of patients with this disease are often older and frail, 
treatment-related mortality and morbidity remain major obstacles 
to be overcome. The development of reduced toxicity regimens 
has allowed HCT to be offered to older patients and those with 
clinically relevant co-morbid conditions.

Post-transplant relapse and GVHD remain problems requiring 
further research in this area. Ongoing studies are exploring the 
incorporation of novel agents (used in non-transplant therapy) 
during the peri-transplant period.

Acute Lymphoblastic Leukemia
HCT is a potentially curative therapeutic modality for acute lym-
phocytic leukemia (ALL). Unlike the dramatic advances made in 
the treatment of childhood ALL with 5-year survival at more than 
80%, therapeutic progress for adult ALL has been relatively slow, 
with long-term survival being achieved in only about 30% to 40% 
of patients.92,93

As modern induction regimens can obtain CR rates in up to 
80% to 90% of patients, the major barrier to improved results in 
the treatment of ALL in adults remains the high relapse rates in 
patients with CR1. Among the various post-remission therapies, 
HCT remains the single most effective modality for consolidation 
and prevention of relapse.

Among 3,113 patients ≥ 20 years of age receiving HLA-matched 
sibling HCT for ALL between 2000 to 2009, the 3-year survival 
probabilities were 51%, 34%, and 21% for patients with early, 
intermediate, and advanced disease, respectively. Corresponding 
probabilities among the 3,086 recipients of unrelated donor HCT 
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were 45%, 33%, and 16% (Center for International Blood and 
Marrow Transplant Research, CIBMTR, 2011).2

Major predictors of HCT outcome in ALL are remission state 
at time of transplantation and age.94 Defining prognostic markers 
to help determine the optimal use and timing of HCT in the treat-
ment algorithm of patients with ALL is critical. This part of the 
chapter describes the recent studies and current practice patterns 
concerning the who, when, and how of HCT in the management 
of adult ALL.

Indications of Hematopoietic Stem Cell 
Transplantation
Generally accepted prognostic indicators including age, WBC 
count, immunophenotype, certain high-risk cytogenetics, and 
treatment response during induction therapy remain classic 
prognostic features. OS ranges from 34% to 57% for patients 
less than 30 years compared with only 15% to 17% for patients 
greater than 50 years. Generally, a WBC count greater than 
30,000/ul or 50,000/ul for B-lineage ALL and greater than 
100,000/ul for T-lineage ALL predict for poor prognosis. 
T-lineage ALL also appears to have better outcomes than 
B-lineage ALL, while among T-lineage ALL, patients with corti-
cal T ALL appeared to have the best outcomes.93

The achievement of CR and time to CR after induction therapy 
also carries significant prognostic implications, with patients who 
require more than 4 weeks achieving a CR having a lower likeli-
hood of being cured. Specific cytogenetic abnormalities also have 
a major impact on prognosis. The presence of the Philadelphia 
(Ph) chromosome and t (4;11) (q21;q23) have been associated 
with inferior survival in multiple large series. Additionally, the 
presence of the t(8;14)(q24.1;q32) complex karyotype defined as 
≥ 5 chromosomal abnormalities, or low hypodiploidy/near trip-
loidy, were noted to have poor survival in the analysis of patients 
treated in the UKALL XII/ECOG 2993 trial.95,96

Despite documented improvements in the long-term survival of 
adult patients with certain phenotypes of ALL, the results have not 
been as good as those achieved in children. Several large studies 
have shown that CR can now be achieved in 80% to 90% of newly 
diagnosed adult patients under the age of 60 years. With modern 
intensive chemotherapy, approximately 30% of adult patients can 
achieve a cure of the disease. For patients with poor-risk features 
(discussed above), HCT is the therapy most likely to lead to long-
term DFS. For those patients who relapse, HCT offers the only 
chance for long-term disease control.

For patients with high-risk features, there is general agree-
ment that allo-HCT in CR1 is a potentially curative option; how-
ever, there is no consensus on early transplant for standard-risk 
patients.92,97 Minimal residual disease evaluation and monitoring 
is developing as an important prognostic factor and could guide 
physicians in determining which patients, especially those with 
standard risk, might require transplant.98 On the basis of the 
Medical research Council and Eastern Cooperative Oncology 
Group (MRC/ECOG) data, it is worth considering HCT for stan-
dard-risk patients in CR1, as the relapse rate is high and the 
prospects of achieving CR2 are uncertain. 99,100

Philadelphia Chromosome-Positive (Ph+) Acute 
Lymphoblastic Leukemia
Historically, patients with Ph+ ALL have had a poor prognosis 
with long-term DFS rates of 10% to 20%.101 In the pre-imatinib 
era, HCT from a related or unrelated donor was widely used for 
consolidation, with 30% to 65% long-term survival for patients 
receiving HCT in CR1. Beyond first remission, HCT was curative 
in only a small fraction of patients with DFS ranging from 5% to 
17%.92,93,100

In the post-TKI era, the incorporation of imatinib into standard 
ALL therapy has resulted in significantly improved remission 
induction rates, as well as improved depth of remissions, enabling 
more HCT performed in CR1. Indeed, in a report from the MRC/
ECOG group, the rate of HCT was found to be improved with the 
addition of imatinib (28% in the pre-imatinib era, compared with 
44% for patients receiving any imatinib on protocol).102 With the 
use of an imatinib induction combined with a MST HCT, 3-year 
OS rates of between 50% and 65% have been reported.103 In 
recent years, there has been increasing use of second-generation 
tyrosine kinase inhibitors together with chemotherapy in the 
frontline therapy for patients with Ph+ ALL. Results have been 
encouraging with high CR rates (more HCT eligible patients) and 
encouraging DFS, albeit with relatively short follow-up. The data 
on HCT in patients treated with second-line agents, however, 
remains very limited.103

Reduced-intensity vs. Myeloablative Regimen in 
Tyrosine-Kinase Inhibitor era
The key challenges in the treatment of Ph+ ALL are the selection 
of appropriate pre-transplantation therapy, the minimization of 
transplantation toxicity, the use of TKIs after transplantation, and 
the appropriate use of and response to BCR-ABL monitoring.

Where imatinib-based induction was combined with MST HCT, 
the 3-year OS rate in the UKALL12/E2993 protocol was 59%.99 
Successive German Multi-Centre ALL (GMALL) studies in Ph+ 
ALL also revealed that excellent outcomes can be achieved with 
MST HCT when an imatinib-based induction is used; OS at 3 years 
was 72%.104 A recent Japanese Adult Leukemia Study Group also 
reports a 3-year OS probability of 65% after imatinib-based induc-
tion and MST HCT.105

In recent data from the Seattle group, the subgroup of Ph+ 
patients receiving an HCT following a Fludarabin (Flu)/TBI non-
myeloablative allogeneic stem cell transplantation (NST) regimen 
had an impressive 3-year OS of 62%, up to 73% in the group 
without minimal residual disease at transplant, and a relapse 
rate of 32% when done in CR1, thus demonstrating that GVT 
contributes to the excellent outcomes in this patient popula-
tion.106 Importantly, it may be feasible to achieve CR following a 
milder induction regimen consisting of TKI combined with steroid 
therapy only, followed by RIC or NST HCT consolidation in the 
older patient population who are ineligible for intensive induction.

In summary, HCT approaches appear promising, offering DFS 
rates in Ph+ ALL that appear higher than could be obtained with 
chemotherapy and imatinib alone. A comparative study of EBMT 
registry reports of the outcome of MST versus RIC HCT in patients 
with ALL confirms this impression.107 In a multivariate analysis, 
the type of conditioning regimen was not significantly associated 
with outcome.

Patients with Poor Donor Options
TKIs such as imatinib, dasatinib, and nilotinib are now standard 
therapy for Ph+ patients and the resultant increase in initial 
remission rates has allowed greater eligibility for HCT.

It is hard to be exactly sure if the risk of TRM balances against 
the increased risk of relapse. Haploidentical HCT often results in 
a very high TRM. However, recently the group at Johns Hopkins 
developed a novel approach of haploidentical transplantation 
using unmodified haploidentical marrow followed by the use of 
post-transplantation cyclophosphamide to eliminate alloreactive 
T-cells, with encouraging preliminary results in patients with 
hematologic malignancies.108 CBT in adults has a higher TRM 
than matched-unrelated donor (MUD) HCT. However, where the 
donor is not fully matched, CB is arguably a better option. A recent 
report from Japan documented 8 adults with Ph+ ALL who, after 
a median of 26 months of follow-up, had an estimated 3-year OS 
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of 100% and a leukemia-free survival of 85%.109 In a recent report 
from the University College London group of 50 patients receiv-
ing mismatched-URD grafts after RIC for a variety of disorders, 
including acute leukemias, there was no difference in 3-year OS 
(53% vs 49%, P = 0.44) between fully matched and mismatched-
URD, even though the mismatch occurred at the antigenic level 
in 40 cases.110

The advent of these new alternative sources of stem cell trans-
plants have allowed increased accessibility of HCT to patients 
without matched adult donors. The results from the limited stud-
ies discussed above have demonstrated the feasibility of such 
transplants. However, more studies will be necessary in order to 
determine the optimal timing and use of these novel approaches, 
and until then these should be performed in experienced cen-
ters and ideally in the context of a well-designed clinical trial, if 
available.

Post-transplant Tyrosine-Kinase Inhibitor
A very important and as yet unanswered question concerns 
whether TKIs should be administered after HCT and under what 
circumstances.

A Programa para el Estudio de la Terape´utica en Hemopatı´a 
Maligna (PETHEMA) study reported that imatinib was poorly 
tolerated after MST HCT; only 62% of patients were able to 
start at a median of 3.9 months after HCT, and many patients 
required discontinuation or a significant dose reduction.111 In 
an ongoing GMALL study for which preliminary results have 
been reported, patients were randomized after HCT to either 
upfront imatinib beginning at 3 months after HCT wherever 
possible, or imatinib started only upon any BCR-ABL reappear-
ance.103 This study also reported poor tolerance of imatinib 
when given early after HCT. In contrast, most patients who 
started imatinib after the detection of BCR-ABL had a prompt 
suppression of BCR-ABL in response to the drug, and no dif-
ference in outcome between the groups. A small, nonrandom-
ized, single-center study from the University of Minnesota 
showed a trend toward improved outcome in patients who 
could be treated with imatinib in the pre- and post-transplan-
tation period after TBI-based MST regimen.112 Similarly, Ram 
et al.106 reported that imatinib given for a median duration of 
11.5 months after RIC with fludarabine and 2 Gy of TBI (which 
was relatively well tolerated after transplantation, with only 3 
of 18 patients needing to stop the drug) was associated with 
significantly reduced mortality on univariate analysis, although 
the effect on relapse was not statistically significant.

There is insufficient evidence to conclude that TKI should be 
given to all patients after HCT. However, outside of a clinical trial, 
careful consideration should be given on a patient-by-patient 
basis as to whether and when to start TKI. 

Philadelphia-Negative (Ph-) Acute Lymphoblastic 
Leukemia

Stem Cell Transplantation in First Complete 
Remission for HR Patients
HCT in CR1 from related or unrelated donors is generally 
accepted as the most effective available therapy for patients with 
Ph- ALL.92,93,94

For standard-risk patients, earlier studies did not show a 
benefit for HCT. In the LALA87 trial, for example, standard-risk 
patients had no significant benefit from being assigned to the HCT 
arm, with a 10-year OS of 49% as compared to 43% in the chemo-
therapy arm.113 Two recent studies have, however, suggested that 
HCT may benefit standard-risk patients. Standard-risk patients 
in the MRC/ECOG trial with a donor had a statistically significant 
benefit in OS to having a sibling donor and receiving an HCT, 

with a 5-year overall OS in the donor group of 62% compared to 
52% for patients with no donors (P = 0.02).99 A recent study from 
the HOVON Cooperative Group allocated standard- and high-risk 
patients with a matched sibling donor to HCT and those without 
to auto-SCT. Interestingly, in this study, the differences in OS were 
again more pronounced in the standard-risk group (5-year OS 
69% vs. 49%) than in the high-risk group.114

In the more recent meta-analyses by Ram et al.115 and Pidala 
et al.,116 the survival benefits for HCT were more pronounced in 
the standard-risk arms.

Relapse and Refractory Diseases
Transplantation in Complete Remission 2
Patients with ALL refractory to primary chemotherapy or who 
relapse have extremely poor prognoses; HCT is the only curative 
option if they can achieve remission pre-transplantation.

In patients with refractory disease or who relapse follow-
ing initial chemotherapy, the CR rates to salvage therapy range 
from 40% to 45% and the OS is usually less than 10%.92,93,94 
The 609 adults with relapsed ALL who were previously treated 
on the MRC UKALL12/ECOG2993 had a 5-year survival rate of 
7%. Importantly, in the subgroup analysis based on treatment 
strategy, 5-year survival following HCT ranged from 15% to 23% 
depending on donor type (15% for autograft, 16% for URD, 23% 
for MRD), and was significantly better than chemotherapy (4%) 
(P < 0.05).99

Oriol et al.117 reported on the outcome of 263 adults with 
relapsed ALL, all of whom were previously treated on four 
consecutive PETHEMA trials with similar induction therapies. 
Forty-five percent of patients achieved a second remission, with 
better outcome noted in the group who then proceeded to HCT. 
The best outcome was noted for patients younger than 30 years 
with a long first remission duration transplanted in CR2, with OS 
38% at 5 years. In an analysis of 421 patients previously treated 
with the LALA-94 trial who had disease relapse, 44% of patients 
achieved a CR2, but the 5-year OS was again significantly bet-
ter in the subset able to receive HCT (25% vs. 7% for the whole 
group).118

The results from these trials demonstrate that in patients in 
CR2, HCT offers a better chance for long-term survival as com-
pared to chemotherapy alone.

Marks et al.119 recently demonstrated that the relative risk of 
relapse is significantly higher for patients with Ph- ALL in CR2 
compared to CR1, particularly for those patients whose duration 
of CR1 was less than 1 year. Outcomes for patients with active dis-
ease are dismal and this contributes to the argument that perhaps 
all patients should be transplanted in CR1, as CR2 is frequently 
not achievable.

Active Disease Pre-stem Cell Transplantation
Given the high risks associated with salvage chemotherapy, 
some argue that for patients with an available donor, low to 
moderate tumor burden, and disease features suggestive of a 
highly aggressive course, reinduction chemotherapy may be 
omitted in preference for immediate HCT. In one of the largest 
retrospective reviews specifically addressing this issue, Terwey 
et al.120 were able to show a 5-year OS rate of 47% in 19 patients 
with relapsed or refractory disease who received an HCT with-
out prior reinduction chemotherapy, a result that was superior 
to the group that had received prior reinduction chemotherapy 
(5-year OS = 18%). Further prospective data are necessary 
before any recommendations can be made, and currently, man-
agement decisions regarding reinduction chemotherapy versus 
upfront transplant in early relapse will have to be individualized 
depending on the patient, their disease behavior, and the avail-
ability of donors.
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Importance of Minimal Residual Disease
In addition to age and cytogenetics at diagnosis, the most important 
prognostic factor, and a direct reflection of sensitivity to chemother-
apy, is the achievement of CR (minimal residual disease negativity).

The developments of molecular techniques both to diagnose 
and monitor small amounts of ALL cells have been utilized to 
determine the risk of relapse in patients undergoing either stan-
dard therapy or HCT.98

The role of minimal residual disease quantitation to evaluate 
treatment response and predict relapse is evolving in adult popu-
lations with exploration of flow cytometry and RT-PCR techniques. 
Several studies have indicated that testing for minimal residual 
disease both pre- and post-transplant for patients with ALL may 
also be useful. In general, these studies show that relapse was 
higher in patients who showed a positive assay before SCT or 
within the first year after HCT, compared to those who showed 
no PCR positivity.98

Presence of minimal residual disease is associated with adverse 
outcomes even in patients otherwise considered at standard risk, 
and these patients may benefit from early allo-HCT in CR1. Data 
support an minimal residual disease level of (0.01%) or greater as 
the current determinant of high risk for disease relapse.98

Management of Relapse after Hematopoietic 
Stem Cell Transplantation
Once patients with ALL relapse after HCT, the prognosis is 
extremely poor. Similarly to the approach in patients with AML 
and CML, manipulation of the antitumor effect mediated by 
the donor graft is often employed as a treatment strategy.23,121 
Unfortunately, in patients with ALL, this therapy has not been as 
effective as it has been for patients with CML.122

Overall, few patients who relapse after HCT are long-term 
survivors. In a series of 130 patients who relapsed after HCT for 
treatment of ALL, 94 patients underwent salvage therapy. Relapse 
more than a year after SCT and isolated extra-medullary relapses 
were associated with a higher probability of subsequent remis-
sion. However, of the 52 patients who achieved a remission, only 
three became long-term survivors.123 DLIs and second HCT are 
also considered in patients who relapse late after SCT.19,124,125 
In a series of 15 patients who relapsed after SCT, a second HCT 
was associated with TRM of 36% at day 100, and only 8% had 
long-term DFS.125

DLIs rarely produce long-term DFS in ALL. In a report from 
Europe, 40 patients with ALL received DLI as treatment for 
relapse and of 29 evaluable patients, only one achieved CR. 
Therefore, DLI as a sole therapy appears to have low potential 
for contributing to a remission and long-term control of disease 
in patients with relapsed ALL, and, if considered, should be a 
component of a chemotherapy-based treatment program (e.g., 
chemo-DLI or chemo-second SCT options).120 Studies focused on 
developing antigen-specific T cell immunotherapy for ALL may 
help augment the GVL activity of donor T cells.

Summary
HCT is an effective post-remission therapy in patients with ALL, 
and HCT adult CR1 from related or unrelated donors is gener-
ally accepted as the most effective available therapy for patients 
with ALL. Increased advances in RIC preparative regimens and 
alternative donors have increased the accessibility of HCT. A risk-
adapted paradigm, using minimal residual disease analysis, may 
help in the selection of patients at highest risk for relapse, who 
may benefit most from HCT.

A recently published American Society for Blood and Marrow 
Transplantation (ASBMT) evidence-based review reports: (1) MST 
HCT is an appropriate treatment for adult (<35 years) ALL in 

CR1 for all disease risk groups; and (2) RIC may produce similar 
outcomes to MST. Treatment recommendations unchanged or 
strengthened by new evidence include: (1) HCT is recommended 
over chemotherapy for ALL in CR2 or greater; (2) HCT is superior 
to auto-SCT; and (3) there are similar survival outcomes after 
related and unrelated HCT. New treatment recommendations 
based on new evidence include: (1) in the absence of a suitable 
allogeneic donor, auto-SCT may be an appropriate therapy, but 
results in a high relapse rate; (2) it is appropriate to consider CBT 
for patients with no HLA well-matched donor; and (3) imatinib 
therapy before and/or after SCT (for Ph+ ALL) yields significantly 
superior survival outcomes.122

Lymphoid Malignancies
Over the past decade, the number of HCTs performed for 
lymphoma continues to rise and lymphoma is a common indi-
cation for consideration of HCT. HCT in lymphoma is often 
indicated in patients with recurrent disease relapse, failure after 
auto-SCT, or massive bone marrow involvement on presenta-
tion. Primary refractory disease or disease relapse following 
 immune-chemotherapy are usually incurable with chemotherapy 
alone. Despite recent advancements in immune-chemotherapy, a 
significant proportion of patients succumb to disease relapse. The 
curative potential of graft-versus-lymphoma (GVL) effect has been 
demonstrated in several lymphoma histologies. The response to 
DLI further strengthens the argument that the GVL effect exists in 
both Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL). 
The timing of transplantation needs to be redefined in this mod-
ern era of maintenance and targeted therapies. There is a great 
interest in considering HCT earlier under certain circumstances. 
RIC or NST HCT is gaining popularity among lymphoma patients 
needing HCT and is being increasingly performed as it can be 
offered to older patients with less toxicity and yet with the ben-
efits of the GVL effect. In this part of the chapter we will discuss 
the role of HCT in patients with various lymphomas.126,126–128,129

Follicular Lymphoma
The optimal timing of HCT in FL is yet unclear.130 A prospective 
study comparing auto-SCT and HCT was closed early due to poor 
accrual.131 Retrospective analyses of large registry data support 
the use of HCT which is associated with lower relapse rate and 
longer DFS.

The GELTAMO group has reported the outcome in 37 FL 
patients who underwent an MRD using melphalan and fludara-
bine conditioning. The majority of patients had chemosensitive 
disease and 40% were in CR at the time of HCT. After median 
follow-up of 52 months, the 4-year DFS for patients with PD, PR, 
or CR at transplantation were 29%, 48%, and 64%, respectively; 
whereas the 4-year cumulative incidences of NRM were 71%, 
33%, and 26%, respectively.132 A B cell lymphoma–specific NST 
regimen—fludarabine, cyclophosphamide, and rituximab (FCR)—
is reportedly safe and effective and this regimen resulted in a TRM 
of 10%, with 85% patients alive without disease at 8 years. In the 
updated 12-year follow-up analysis, the OS and progression-free 
survival (PFS) were 78% and 72%, respectively.133,134

Favorable outcomes were also reported by the Cancer and 
Leukemia Group B 109901 trial in 16 patients with relapsed che-
mosensitive FL using an NST regimen consisting of fludarabine 
and cyclophosphamide (FC). This study reported a 3-year EFS and 
OS of 75% and 81%, respectively. Compared with studies employ-
ing NST regimens (such as FC or FCR), there is no evidence that 
the more substantial RIC regimens (fludarabine and melphalan 
or busulfan) provide any advantage in disease control in patients 
with chemosensitive disease.135

A tandem auto- followed by allo-HCT approach for aggressive 
disease in 27 patients demonstrated an OS and PFS of 96% at 
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3 years. These results are encouraging, albeit in a highly selected 
group of patients, but this approach is worth considering in 
patients with advanced disease.136 Non-ablative or RIC HCT is 
feasible and safe to perform after prior auto-HCT failure.137

T cell depletion allografts among 82 patients were evaluated 
recently. The NRM was 15% with a very favorable 4-year PFS of 
76%.138 In the United Kingdom (UK), alemtuzumab was incorporated 
in the conditioning regimen with fludarabine and melphalan. The 
NRM with this regimen was only 11% with a 3-year OS of 73%.139

The experience of HCT for patients with FL is summarized in 
Table 104.1.

There are no randomized controlled data available to sup-
port allografting in chemosensitive FL patients in first remission. 
Limited single institution data are available for HCT in a small 
subset of high-risk FL patients with primary refractory disease. 
Such high-risk FL patients with primary refractory disease could 
be considered for an HCT within the context of a clinical trial.

Auto-Stem Cell Transplantation vs. Reduced-
intensity Conditioning Hematopoietic Stem Cell 
Transplantation for Relapsed Follicular Lymphoma
A commonly encountered question is whether to offer auto- or 
RIC HCT to patients with FL relapsing after multiple lines of prior 
therapies. An adequately powered prospective trial comparing 
these two options is lacking. Unfortunately, the very important 
BMT-CTN trial comparing auto-SCT to RIC HCT in FL was closed 
early because of poor accrual. While acknowledging the scarcity 
of good quality clinical trial data, it appears that the TRM rate 
with FCR RIC allo-HCT is relatively low, with much lower risk 
of disease relapse and no risk of sMDS/ AML, when compared 
against auto-SCT. Considering these facts, it is appropriate to 
offer RIC allo-HCT for selected FL patients when curative intent is 
pursued. While the timing remains controversial, we consider this 
option mainly in patients who have progressed after 2–3 lines of 
prior therapies (including at least one with anthracyclines and/or 
fludarabine), provided that the disease remains chemosensitive 
and patients are not candidates for clinical trials. Auto-SCT could 
be considered for patients who are medically unfit for RIC HCT or 
those without an adult or alternative donor, with the understand-
ing that a cure may not be achievable.133,140

Summary
It is important to obtain a good remission status prior to HCT. 
Intensified therapies to improve disease control prior to SCT are 
needed to make HCT an eligible option. Various strategies are 

being investigated to improve outcome in patients with refractory 
disease and to prevent relapses after SCT, including incorporat-
ing novel agents into the conditioning regimen to increase effec-
tiveness without increasing toxicity, and enhancing GVL effects 
through tumor-specific immunization or post-transplantation 
immunomodulation (e.g., DLI with or without rituximab).141,142

Chronic Lymphocytic Leukemia
Poor-risk patients, defined as resistant to purine analog therapy, 
17p deletion, TP53 mutations, responding to salvage therapy, are 
considered for early HCT.

HCT in CLL dates back to 1992; initial data reported the out-
come on 26 patients who underwent MST HCT for refractory CLL. 
The high NRM (50%) with this regimen was disappointing. Long-
term PFS can be achieved in 30% to 60% of transplanted patients 
by RIC HCT.143 In the CLL3X trial of the German CLL Study Group 
(GCLLSG), 90 patients underwent HCT with an FC-based regimen. 
In this study, patients with purine analog resistance had similar 
PFS as patients without purine analog refractoriness. Patients 
with uncontrolled disease at the time of transplant affected out-
come adversely. The negative impact of del 17p was overcome by 
HCT.139,144 In an analysis of 46 patients receiving RIC HCT for 
advanced CLL as reported by Brown et al., the 2 year OS and PFS 
were 54% and 34%, respectively. The number of prior regimens 
was inversely proportional to patient outcome.139,145

As with FL, the FCR RIC regimen was applied to patients with 
CLL. Following HCT, about half of the patients required immune 
manipulation including therapy with DLI, again suggesting a GVT 
effect.139,146 The potential curative role of HCT in patients with 
17p deletion was noted in 44 patients with this chromosomal 
abnormality. In this study, the 3-year PFS and OS were 37% 
and 44%, respectively. The vast majority (89%) of the patients 
in this study had received RIC.139,147 In the study by the Seattle 
Consortium, a 5-year PFS of 39% was reported with very few late 
events despite a high proportion (87%) of patients with fludara-
bine refractoriness.139 The vast majority (89%) of the patients in 
this study had received RIC. In older registry data the NRM rates 
were up to 44% following MST HCT for CLL; whereas more recent 
data obtained with RIC uniformly show a NRM between 15% 
and 25% and the latest studies using FCR RIC HCT show around 
10%.139,148,149

The experience of all-SCT for patients with CLL is summarized 
in Table 104.2.

The EBMT consensus on indications for HCT in CLL includes 
eligible patients with previously treated, poor-risk CLL, that is, 
purine analog refractoriness, early relapse after purine ana-
log combination therapy, and CLL with p53 lesion requiring 

Author/Year N Conditioning Regimen Type PFS OS NRM

Hari (2008) 208 Variable RIC n = 88
MST n = 120

3 y 67 %
3 y 55%

3 y 71 %
3 y 62%

28%
25%

Avivi (2009) 131 Flu/Mel, Flu/Bu, Flu/Cy MST 3 y 47% 3 y 51% 30%

Pinana (2010) 37 Flu/Mel RIC 4 y 64% 4 y 54% 26%

Thomson (2010) 82 Flu/Mel/Alemtuzumab RIC 4 y 76 % 4 y 76% 15%

Shea (2011) 16 FC RIC 3 y 75% 3 y 81% 9%

Khouri (2012) 73 FCR RIC 72% 78% 10%

Bu, busulfan; C(y), cyclophosphamide; Flu, fludarabine; Mel, melphalan; MST, myeloablative; RIC, reduced-intensity conditioning; 
PFS, progression-free survival; OS, overall survival; NRM, non-relapse mortality; FC, fludarabine, cyclophosphamide; FCR, fludarabine, 
cyclophosphamide, and rituximab.

OVERALL SURVIVAL OF PATIENTS FOLLOWING HCT FOR FOLLICULAR LYMPHOMA

TABLE 104.1
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treatment. These consensus guidelines were based on evidence of 
grade II or less. As mentioned earlier, evidence is increasing that 
RIC HCT can mitigate the adverse prognostic impact of purine 
analog refractoriness and del 17p- as long as CLL has not become 
generally resistant to salvage treatment.150

The addition of novel treatment modalities and emerging clini-
cal data, though they may not result in cures, should be incor-
porated into HCT. To date, HCT is the only treatment with the 
potential of providing long-term disease control in this condition. 
In addition to the disease risk, patient-related risk factors, such 
as age and co-morbidity, have to be considered when the deci-
sion about HCT is made. Prospective data is available on RIC HCT 
patients rather than MST regimens, which are mainly derived 
from registry data. Given the safety, efficacy, and age at which 
this disease manifests, RIC is possibly superior despite the lack of 
randomized data.151

Transformed Lymphoma
There is a paucity of literature on the treatment of TL, and there-
fore deciding on the optimal evidence-based treatment is a chal-
lenge. The most specific publications report on auto-SCT showed 
encouraging results. However, these series are highly selected 
groups of patients, and unfortunately, the majority of patients 
with transformed lymphoma (TL) are likely to be too old, with 
poor performance status, or to have had an insufficient response 
to reinduction chemotherapy, making them ineligible for SCT. 
Non-HCT treatment options are limited by a high relapse rate and 
short DFS. HCT is safer than ever before and it is possible that 
novel immunomodulatory RIC might provide a high cure rate in 
this otherwise fatal lymphoid malignancy.

Consideration of Early Allogeneic Stem Cell 
Transplantation in Transformed Lymphoma
With increasing use of RIC regimens, many older patients are 
able to receive HCT as curative intent. The hypothesis that RIC 
transplants could be used to deliver an effective GVL effect is 
true. Indeed, the typical delayed regression of malignant disease, 
long after any effect from the preparative regimen has passed, is 
proof of principle that RIC HCT exerts strong and curative allo-
responses against the recipient’s malignancy.

Given the high relapse rate seen even after auto-SCT, and 
the potential benefit of a GVL after HCT, many more eligible 
patients with NHL including TL are receiving upfront HCT.152,153 
Historically, the limitation of HCT has been TRM. In order to 
offer the curative HCT treatment option to most patients, safer 

regimens with acceptable GVHD associated morbidity and TRM 
are preferred (discussed above in FL).

Novel Hematopoietic Stem Cell Transplantation 
Approaches for Transformed Lymphoma
For patients in whom a nonablative transplant is preferred, 
radioimmunotherapy can be employed to provide cytoreduc-
tion to safely induce disease control while minimizing non-
hematologic toxicity. The HCT could maintain the remissions 
via the GVL effect, and reconstitute hematopoiesis. Using this 
approach, 16 patients with relapsed CD20+ lymphoma, of 
which 15 patients were chemotherapy resistant, underwent 
therapy with 0.4 mCi/kg Y-90 ibritumomab tiuxetan followed 
by fludarabine and 2 Gy TBI conditioning regimen and matched 
HCT. At day 28, seven of 16 patients demonstrated responses.154 
Khouri et al. reported a feasibility study using escalated doses of 
90Y-ibritumomab tiuxetan prior to FCR HCT in 7 patients with 
relapsed B cell NHL. Though longer follow-up on outcome and 
toxicities are needed, it is clear that such approaches need to 
be urgently considered for TL to make many more TL patients 
eligible for a curative HCT option.

Summary
There is an almost universal consensus that chemosensitivity and 
disease control before HCT is important to prevent early relapse, 
which is a major cause of treatment failure in TL. Incorporating 
novel radio-immunotherapy as part of the RIC regimen might be 
a very attractive option to prevent early relapse before GVL takes 
over disease control.155 Tandem auto followed by HCT needs to be 
explored in selected patients with early good results in a small series.

In this era, a stem cell source can be found for virtu-
ally all patients who have an indication to receive HCT. RIC 
 haploidentical-related donor or CBT have emerged as alternatives 
to fill the gap for those patients who do not have MRD or URD, 
and the outcome of these types of transplantations are expected to 
be better than chemotherapy alone or even better than auto-SCT 
for selected high-risk, heavily pretreated TL. The individual trans-
plant center experience choosing URD, CBT, and haploidentical 
transplantation should also be taken into consideration.

Diffuse Large B cell Lymphoma
Allo-SCT has been used as treatment of high-risk first relapse, 
refractory disease, and in patients who have relapsed after auto-
HCT.156 In high-risk large cell lymphoma patients (double-hit, 

Author/Year N Conditioning Regimen Type PFS OS NRM

Brown (2006) 46 Flu/Bu RIC 2 y 34% 2 y 54% 17%

Schetelig (2008) 44 Flu-Bu/Flu-Mel/Flu-Cy RIC or MST 3 y 37% 3 y 44% 32%

Sorror (200)8 82 Flu-TBI/TBI RIC 5 y 39% 5 y 50% 36%

Dregger (2010) 90 FC RIC 4 y 42% 4 y 62% 23%

Khouri (2011) 86 FCR RIC 5 y 68% 5 y 51% 17%

Toze (2012) 49 Flu/Bu
Cy/TBI
Flu/Cy

RIC or MST 10 y 22% 5 y 55% 36%

Bu, Busulfan; Cy, Cyclophosphamide; Flu, fludarabine; Mel, Melphalan; MST, myeloablative; RIC, reduced-intensity conditioning; 
TBI, total-body irradiation; PFS, progression-free survival; OS, overall survival; NRM, non-relapse mortality; FC, fludarabine, 
cyclophosphamide; FCR, fludarabine, cyclophosphamide, and rituximab.

OVERALL SURVIVAL OF PATIENTS UNDERGOING HCT FOR CHRONIC LYMPHOCYTIC LEUKEMIA

TABLE 104.2
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triple-hit, failure after auto) HCT should be offered early with a 
potential survival benefit. For relapsed disease, Lazarus et al. 
retrospectively analyzed the outcomes of diffuse large B-cell 
lymphoma (DLBCL) patients undergoing first autologous (n = 
837) or HLA-identical sibling allo-HCT using MST conditioning 
(n = 79) reported to the CIBMTR between 1995 and 2003. The 
allo-HCT group had more patients with an intermediate-high 
or high IPI score, extranodal involvement, B symptoms, more 
prior chemotherapy regimens, and more resistant disease. 
Allo-HCT was associated with a higher TRM and treatment 
failure. Auto-HCT was associated with superior OS. Despite 
having several adverse risk features, patients in the allo-HCT 
group had a similar risk of relapse. The high TRM rate of MST 
allo-HCT (45% at 5 years) greatly limited the potential benefit 
of this approach.157

Given the high TRM associated with MST conditioning, the 
use of RIC regimens has increased for HCT in DLBCL. RIC 
regimens rely more on the GVT effect and less on the inten-
sity of the chemotherapy to eradicate lymphoma. They are in 
general better tolerated and can be used for older patients or 
for patients with co-morbidities. The French Society of Bone 
Marrow Transplant reported the collective experience on 
68 patients undergoing RIC HCT for DLBCL. Prior to transplant, 
47% of the patients were in remission and 79% had received 
a prior auto-SCT. The donor was an HLA-identical sibling in 
82% of the cases. With a median follow-up of 49 months, the 
estimated 2-year OS rate was 49%, the PFS rate was 44%, and 
cumulative incidence of relapse was 41%. The 1-year cumula-
tive incidence of NRM was 23%.158

Bacher et al. analyzed the outcomes (registry data) of 396 
adults who received HCT for DLBCL following MST condition-
ing (n = 165), RIC (n = 143), or non-MST conditioning (n = 88) 
regimens between 2000 and 2009.159 Significant baseline dif-
ferences between the cohorts included the following: RIC and 
NST recipients were older (54% and 58% >50 years vs. 39% for 
MST conditioning), and they were more likely to have received 
prior auto-SCT (36% and 51% vs 18%), prior radiation, and 
more prior chemotherapy regimens (55% and 70% vs. 44% 
with >3 regimens) than those recipients with MST condition-
ing. The TRM rate at 5 years was significantly higher in MST 
conditioning recipients (56%) than in the RIC (47%) and NST 
conditioning (36%) recipients. Lymphoma relapse/progression 
at 5 years was significantly lower in the MST conditioning 
group (26%) than in the RIC (38%) and NST conditioning (40%) 
groups, but the respective 5-year PFS rates (18%, 15%, and 
25%) and OS rates (18%, 20%, and 26%) did not differ signifi-
cantly. Others have shown similar survival rates with TBI and 
fludarabine conditioning regimens.128,160

The experience of all-SCT for patients with DLBCL is summa-
rized in Table 104.3. HCT can induce long-term PFS regardless 

of the intensity of conditioning, with a lower incidence of TRM 
with the RIC and NST conditioning regimens. The risk of relapse 
or progression is concordantly higher in the RIC and NST con-
ditioning recipients so that survival does not differ significantly 
among conditioning regimens. However, the use of RIC or NST 
conditioning allowed older and sicker patients to proceed to 
transplant with a lower TRM. HCT has also been used as a sal-
vage strategy with encouraging results for patients who failed 
a previous auto-HCT. In a retrospective analysis by the EBMT 
registry that included 101 patients, approximately two-thirds 
received a RIC regimen and 70% had an identical sibling donor. 
Outcomes at 3 years were encouraging, with a NRM of 28%, a 
relapse rate of 30%, a PFS rate of 41%, and an OS rate of 54%. 
With a NRM that can be considered acceptable in this heavily-
pretreated population, HCT led to a long-term survival in this 
poor-risk group.161 Patients with a long remission after auto-SCT 
and with sensitive disease at allo-HCT appear to be the best can-
didates for this approach.

Summary
At this time it is not clear which conditioning intensity to use in 
HCT for DLBCL. MST conditioning carries a higher mortality with 
a lower risk of relapse and may still be the preferred option for 
younger patients without co-morbidities and for those considered 
to be at high risk for relapse (not in CR at transplant). RIC and 
NST conditioning regimens may be preferred for older patients or 
for those with multiple comorbid conditions and with a lower risk 
of relapse. HCT is effective salvage strategy in patients who have 
failed a previous auto-SCT for DLBCL.

Mantle Cell Lymphoma
Despite improvements in outcome with chemotherapy, mantle 
cell lymphoma (MCL) is not considered curable with this 
approach. Strategies including more intense multiagent chemo-
therapy as induction followed by consolidation with auto-HCT 
have demonstrated higher response rates (RR), improved PFS, 
and the possibility of improved OS. However, even with this 
aggressive approach, relapse frequently occurs, with the worst 
outcomes in those with the highest mantle cell international 
prognostic index (MIPI) scores. Once relapse occurs after auto-
HCT, survival can be limited, especially for those transplanted 
beyond first complete or partial remission or with relapses 
within 1 year of transplant. HCT is felt to be the only thera-
peutic strategy with curative potential. Most MCL patients are 
older and are typically excluded from this approach. The advent 
of RIC regimens has allowed this treatment to be administered 
safely to older patients, allowing its use in a greater number 
of patients.

Author/Year N Conditioning Regimen Type PFS OS NRM

Rezvani (2008) 31 Flu/TBI Non-MST 3 y 35% 3 y 45% 25%

Sirrent (2008) 68 Flu RIC 2 y 44% 2 y 49% 23%

Thomson (2009) 48 Flu/Mel/ Alemtuzumab RIC 4 y 48% 4 y 47% 32%

VanKemper (2011) 101 variable RIC = 64

MST = 37 3 y 42% 3 y 54% 28%

Flu, fludarabine; Mel, melphalan; MST, myeloablative; TBI, total-body irradiation; PFS, progression-free survival; OS, overall survival; 
NRM, non-relapse mortality.

OVERALL SURVIVAL OF PATIENTS FOLLOWING HCT FOR DIFFUSE LARGE B CELL LYMPHOMA

TABLE 104.3
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Improved Outcome after HCT in Heavily Pretreated 
Patients
The emerging role of RIC regimens has created a paradigm shift by 
reducing TRM, and therefore offering more individuals the option 
of HCT in MCL. We reported a 5-year survival rate of 70% with an 
NRM of 12.5%, albeit in a highly selected group receiving HCT.162 
In the era of improved supportive care and decreasing TRM, RIC 
HCT should be offered for otherwise fit patients who have relapsed 
following high-dose chemotherapy. The group at MDACC published 
the most encouraging long-term results of NST in 35 patients with 
relapsed MCL. Six-year OS was 53%; DFS was 46%. No patients 
had grade 3 to 4 acute GVHD. This study suggests RIC HCT could 
be offered up front to a selected group of patients.163

Maris et al. published the results on 33 patients with relapsed 
MCL undergoing NST (related or unrelated donor) HCT. At 
2 years, the OS was 65% and PFS was 60%.164

The British Society for Blood and Marrow Transplantation 
(BSBMT) published the results of a retrospective analysis of 70 
heavily-pretreated patients with relapsed/refractory MCL who 
received RIC allo-HCT with or without alemtuzumab.164,165 In this 
heterogeneous group, the 1-year NRM was 18%, the cumulative 
risk of relapse at 5 years was 65%, the 5-year OS rate was 37%, 
and the 5-year PFS rate was 14%. Twenty-seven patients received 
DLI; all but 1 had received alemtuzumab as part of the condition-
ing regimen. The 3-year OS rate for patients who received DLI for 
relapse was 79%, indicating a powerful GVL effect.

Le Gouill et al. reported a multicenter retrospective analysis of 
70 heavily-pretreated patients with MCL who received RIC allo-
HCT in 12 centers in France and Germany.166 A previous auto-
HCT had failed in 47 patients. The 2-year EFS and OS rates were 
50% and 53%, respectively, and the 2-year TRM was 32%. This 
study showed that RIC allo-HCT is effective not only in patients 
with chemosensitive disease regardless of the number of prior 
lines of therapy, but also as salvage therapy for those patients in 
whom auto-HCT had failed.

The experience of all-HCT for patients with MCL is summa-
rized in Table 104.4. Based on the presented data, HCT appears 
to be effective for relapsed and refractory MCL and the only 
approach associated with long-term survival.167 However, toxicity 
is a limiting factor, and some patients may be unable to tolerate 
this therapy. Early referral for HCT is certainly warranted, espe-
cially in patients with elevated Ki-67 levels who do poorly with 
conventional chemotherapy and auto-HCT.

Early discussion of transplantation is warranted since the 
safety and tolerability of RIC HCT has allowed older and heavily 
pre-treated patients to benefit from this promising therapy.

Management of Relapses after HCT
One interesting approach to this disease state is DLI (with or with-
out prior chemotherapy). Some of the earliest reports of HCT for 

MCL included patients who relapsed and were shown to respond 
to DLI. Since that time, additional studies have paid specific atten-
tion to this phenomenon and reported responses to DLI in their 
relapsed patients, particularly the studies which included alemtu-
zumab as part of the pre-transplant conditioning. The report by 
Cook et al. included 36 relapses after RIC HCT, 32 of whom were 
further evaluable. The 3-year OS among patients who received 
DLI for treatment of relapse was 60% (with no deaths reported 
after approximately 15 months) compared to 0% for those who 
did not receive DLI for relapse.165

The data for post-HCT relapse show that the disease is poten-
tially salvageable with a re-challenge with antilymphoma chemo-
therapy with or without immunomodulation (e.g., DLI). Since the 
data available for HCT are relatively limited, it should come as 
no surprise that the data for management of relapsed MCL after 
HCT are even less robust. Since it remains a relatively unknown 
issue, such patients are probably best treated in the context of a 
clinical trial.

Summary
Most studies highlight that HCT is often not used in first remis-
sion, instead implementing it for relapsed or refractory disease. 
Reserving HCT until later in the natural history of MCL means 
patients receiving this therapy often have a disease biology that 
is more refractory to conventional therapy. The majority of the 
published literature on HCT for MCL in the past 10 years has 
focused on RIC HCT. The success with RIC HCT seems to improve 
when this approach is used for patients with disease that is still 
chemosensitive. It should still be noted that data also do show that 
heavilypretreated patients or patients with active disease can still 
potentially benefit from RIC HCT. Another facet of these studies 
that raises some additional questions is the use of further adop-
tive immunotherapeutic strategies (administration of rituximab 
with the conditioning regimen) to augment the response to RIC 
HCT, and these studies did have some of the highest rates of OS 
and PFS.168

Peripheral and Cutaneous T-cell Lymphoma

HCT Concept and Indications in peripheral T-cell 
lymphoma (PTCL)
PTCL are a rare heterogeneous group of lymphomas with a 
worse prognosis compared with B cell lymphoma. Auto-SCT is 
offered for patients whether in CR1 or at the time of relapsed 
disease with chemosensitivity. Auto-SCT has been to shown to 
achieve a promising early response, but median PFS ranged 
from less than 100 days to about a few months. HCT is an option 
for patients who relapse after auto-SCT but who are chemosen-
sitive. HCT provides a GVT effect with potential survival benefit 
despite the high NRM associated with HCT. All published cases 

CONDITIONING REGIMEN AND SURVIVAL OF PATIENTS UNDERGOING HCT FOR MANTLE CELL 
LYMPHOMA

TABLE 104.4

Author/Year N Conditioning Regimen Type PFS OS NRM

Moris (2004) 33 Flu/TBI RIC 2 y 60% 2 y 65% 24%

Tam (2009) 35 FC/FCR RIC 6 y 46% 6 y 53% 9%

Cook (2010) 70 Flu/Mel, Flu/Bu, BEAM ± anti-CD52 RIC 5 y 14% 5 y 37% 21%

A, Cytarabine; anti CD52, alemtuzumab; B, BCNU; Bu, Busulfan; C(y), Cyclophosphamide; E, Etoposide; Flu, fludarabine; Mel, Melphalan; 
RIC, reduced-intensity conditioning; TBI, Total-body Irradiation ; PFS, progression-free survival; OS, overall survival; NRM, non-relapse 
mortality; FC, fludarabine, cyclophosphamide; FCR, fludarabine, cyclophosphamide, and rituximab.
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after HCT following MST or RIC regimens showed a decreased 
relapse rate and increased overall- and PFS when compared to 
published data of conventional therapies. Patients who relapsed 
after HCT have been shown to achieve remissions again after 
DLI (with or without prior chemotherapy), which strongly sup-
ports the existence of a GVL effect. RIC regimens may lead to 
decreased TRM rates and improved results. Therefore, RIC-
based HCT seems to represent a promising treatment approach, 
especially when combined with post-transplant therapies with 
DLI. As GVHD frequently occurs in the skin, the major manifesta-
tion site of mycosis fungoides/cutaneous T-cell lymphoma (MF/
CTCL), this phenomenon may also contribute to the efficacy of 
HCT in this disease entity.169

Outcome Data after HCT
In a retrospective study of 77 patients, at a median follow-up of 
43 months, the 5-year OS and PFS were 57% and 53%, respec-
tively, and NRM was 34% at 5 years.170 RIC regimen was used 
in 17 patients as reported by Corradini et al.; 8 patients had 
previous auto-SCT and 16 patients underwent related donor 
transplant. The estimated 3-year survival was 81% with a NRM 
of 6% at 2 years.171

Shustov et al.172 published data using the Seattle NST regimen 
with fludarabine and 2 Gy TBI on 17 patients. Of these, 6 patients 
relapsed after prior auto-SCT. At a median follow-up of 3.3 years, 
the 3-year OS and PFS were 59% and 53%, respectively, with 19% 
3-year probability of NRM.

In a retrospective review on 34 patients receiving HCT for 
PTCL, the 2-year OS was 61%, 2 of the 3 patients receiving DLI 
demonstrated response supporting a GVL effect.173 A recently 
published retrospective study from EBMT centers, which is 
the first large multicenter analysis of HCT in CTCL patients, 
showed a PFS of 42% at 1 year and 34% at 3 years. The cur-
rent PFS at the last published follow-up was 52% in patients 
who received NST and 29% in patients who received MST HCT. 
Estimated OS rate was 66% at 1 year and 53% at 3 years.174 
These noncontrolled results are promising and challenge the 
outcomes known so far after conventional treatment options. 
Nevertheless, a controlled study to confirm the role of HCT in 
CTCL patients is needed.

The long-term outcome on 52 patients undergoing HCT was 
reported by Dodero et al. Patients received related or alterna-
tive donor transplants including haplo-transplants. At a median 
follow-up of 67 months, 52% were alive. The cumulative incidence 
of NRM at 5 years was 12%. Refractory disease and age over 
45 years were negative prognostic features.175 An HCT is particu-
larly successful in patients with nodal disease and less so in those 
with extranodal disease. The experience of all-SCT for patients 
with PTCL is summarized in Table 104.5.

Auto vs. Hematopoietic Stem Cell Transplantation
In a recent meta-analysis comparing auto- vs. HCT in patients 
with MF/SS, 20 patients received HCT and 19 underwent auto-
HCT. OS rates at 1 and 5 years were 68% and 23% in the auto-
HCT, and 85% and 80%, respectively, in the HCT group. The most 
common cause of death in the HCT group was GVHD.176

Currently, ongoing Italian and German trials are comparing 
auto-HCT vs. HCT after first line induction therapy.

Summary
Despite the lack of randomized studies in recommending HCT 
for this disease, our experience has been that responses with 
conventional therapies are short-lived, and long-term remissions 
in carefully chosen patients can be achieved with HCT. HCT has 
been demonstrated to achieve long-term remissions in many 
cases; and conditioning regimens with reduced intensity and 
therefore with less toxicity might be superior to MST condition-
ing, and represent an option for the elderly, who represent the 
majority of patients.

Hodgkin Lymphoma
Auto-HCT is offered for patients who relapse after initial chemo-
therapy. This approach has a 40% to 50% 5-year survival rate.177 
For patients who relapse after auto-HCT, prompt consideration of 
RIC HCT is important. Referral to a transplant center for coordi-
nation of donor search and discussions of salvage regimens may 
improve outcomes.

The earlier CIBMTR results reported a 3-year OS of 21% in 
patients undergoing HCT for relapse after auto-HCT.178

The EBMT group compared various conditioning regimens and 
reported on outcomes of patients undergoing MST or RIC HCT.179 
Of the 168 patients who underwent HCT, 89 patients received RIC 
allo-HCT. The NRM was significantly lower in the RIC group: at 
1 year 23% vs. 46% in the MST arm. In this patient population, 
61% had prior auto-HCT. Robinson et al. reported the results on 
285 patients who underwent RIC HCT in HL. At 12 months, the 
NRM was 20% and 3-year OS was 56%.180

In a retrospective study by Sarina et al., based on donor avail-
ability status, 185 patients were analyzed, among whom 66% 
had an available donor and 85% underwent HCT using a RIC 
approach.181 In patients who had an available donor, the 2-year 
OS was 66% compared with 42% without a donor.

In a study of 90 patients with relapsed HL, related, unrelated, 
or haploidentical donors were used with a non-MST condition-
ing regimen. The 2-year OS was 53% for matched donors and 
58% for unrelated and haploidentical donors.182 Interestingly, 
in this study, the NRM was lower in the haplo-transplants as 

Author/Year N Conditioning Regimen Type PFS OS NRM

Corradini (2004) 17 Flu/Cy/Thiotepa RIC 3 y 64% 3 y 81% 6%

Le Gouill (2008) 77 TBI based MST 5 y 53% 5 y 51% 34%

Shustov (2010) 17 Flu/TBI MST 3 y 53% 3 y 59% 19%

Goldberg (2012) 34 TBI based or Mel based MST or RIC 2 y 50% 2 y 61% 18%

Dodero (2012) 52 Flu/Cy/Thiotepa RIC 5 y 40% 5 y 50% 12%

Cy, cyclophosphamide; Flu, fludarabine; HCT, hematopoietic stem cell transplantation; Mel, melphalan; MST, myeloablative; RIC, reduced-
intensity conditioning; TBI, total-body irradiation; PFS, progression-free survival; OS, overall survival; NRM, non-relapse mortality.

SURVIVAL OF PATIENTS FOLLOWING HCT PERIPHERAL T-CELL LYMPHOMA

TABLE 104.5
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compared with HLA-matched recipients. Reducing the number 
of donor T-cells may decrease the risk and severity of GVHD. 
Alemtuzumab (anti-CD52) with fludarabine and melphalan was 
used as a conditioning regimen for relapsed HL. In a series of 67 
patients as reported by Peggs et al.183 were treated with or with-
out alemtuzumab. The 3-year PFS was higher in patients with T 
cell depletion, at 43% compared with 25%. This was, however, 
counteracted by increased DLI use. The experience of all-HCT for 
patients with HL is summarized in Table 104.6.

Responses after the use of DLI in relapsed HL patients have 
been reported. This suggests the role of graft versus HL activity. In 
a similar patient population as reported earlier, in patients under-
going T-cell depletion more frequent use of DLI was noted. Of the 
16 patients that underwent DLI, 56% of patients experienced a 
response that led to a 4-year survival of 56%.184

Newer treatments are being considered in a maintenance set-
ting following auto-HCT. Until we have further data from these 
clinical trials, HCT is considered for patients who relapse after 
auto-HCT. Current data does not favor a particular donor pool. 
Depending on various studies, in patients with chemosensitive 
disease RIC HCT results in OS of 40–66% with NRM rates between 
20% and 30%. More importantly, outcomes with related vs. alter-
native donors do not appear to be different.126,185

Relapse after Reduced-intensity Conditioning 
Hematopoietic Stem Cell Transplantation
As shown above, there are proportions of patients with relapsed/
refractory HL who achieve a lasting cure with RIC allo-HCT, 
although many patients unfortunately suffer relapses. To better 
counsel patients in this situation and to evaluate specific manage-
ment strategies in this setting, Ram et al. described 101 patients 
with lymphoma who had relapses after RIC and HCT.186 This 
group included 26 patients with relapsed/refractory HL, 50% 
(13 patients with HL) of whom had prior auto-HCT. HL patients 
tended to relapse later than those with other lymphoma histolo-
gies (6.3 months vs. 3.4 months for indolent NHL and 1.3 months 
for aggressive NHL). Relapse occurred much sooner in the HL 
group with prior auto-HCT (median 4.6 months) compared with 
patients who did not have prior auto-HCT (median 12 months). 
The estimated 3-year OS after relapse in HL patients was 47%. 
Patients with HL, despite a longer time to initial relapse relative 
to indolent NHL, were shown to have the greatest risk of PD even 
after response to initial therapy for post RIC allo-HCT relapse.

Thus, further strategies to achieve lasting remission following 
RIC HCT are needed. One potential option that has been evaluated 
includes brentuximab vedotin, which was shown by Gopal et al., 
in a multicenter series of 25 patients with HL recurring following 
allo-HCT, to yield a 50% response rate in evaluable patients.187 

This if followed by DLI at response would be the best available 
strategy for responding patients. Nevertheless, despite interest in 
this area, improved strategies are still needed for management of 
post-HCT relapse.

Myelofibrosis
Myelofibrosis is a heterogeneous disease for which long-term, 
effective medical therapeutic options are currently limited. There 
is only one curative treatment in myelofibrosis patients using 
HCT. As myelofibrosis is primarily a disease of the elderly, this 
has historically been a rare indication of HCT. However, with the 
advent of RIC regimens, the applicability of this approach has 
been broadened to include a larger proportion of myelofibrosis 
patients.188–190,191–193,194

Janus kinase (JAK)2-inhibitor therapies have been developed 
for patients with myelofibrosis. Clinical trials have shown that 
these agents have considerable therapeutic potential in myelofi-
brosis patients, thus offering an additional treatment option as a 
potential alternative or integration of JAK inhibitors during the 
HCT process.

Allo-Outcome and Hematopoietic Stem Cell 
Transplantation Indications
In a recent study from the United Kingdom, 51 patients with pri-
mary myelofibrosis (24%, 33%, and 43% with Dupriez low-, inter-
mediate-, and high-risk disease) received mostly related MST or 
RIC HCT. The 3-year OS was 44% for MST and 31% for RIC HCT; 
the corresponding relapse rates were 15% and 46%, nonrelapse 
mortality rates were 41% and 32%, and extensive chronic GVHD 
rates were 30% and 35%.195

A higher 5-year DFS (51%) was reported from another RIC allo-
HCT study in which relapse was predicted by high-risk disease 
and prior splenectomy.196 A history of splenectomy did not affect 
outcomes in the recent study from the Center for International 
Blood and Marrow Transplant Research (CIBMTR).197

More recent results from FHCRC in more than 100 patients 
with myelofibrosis, aged 18 to 70 years, show a 7-year actu-
arial survival of 61% for HLA-matched related and unrelated 
transplants. NRM at 5 years was 34%, but, as we all know, NRM 
does not equate with treatment-related mortality. Many patients 
who underwent HCT had life expectancies of <5 years, based on 
disease severity, and a 5-year mortality of that magnitude would 
have been expected even without HCT.192

European Leukemia Net suggests that patients with transfu-
sion dependence or unfavorable cytogenetics should be con-
sidered for HCT, reflecting the inclusion of these factors in the 
dynamic international prognostic scoring system (DIPSS).198 

SURVIVAL OF PATIENTS FOLLOWING HCT FOR HODGKIN LYMPHOMA

TABLE 104.6

Author/Year N Conditioning Regimen Type PFS OS NRM

Peggs (2007)  67 Flu/Mel/Alemtuzumab RIC 3 y 43% – –

Burroughs (2008)  90 Flu/TBI RIC 2 y 23% 2 y 53% 21%

Sureda (2008) 168 BEAM
Cy/TBI

RIC, n = 89
MST, n = 79

5 y 18%
5 y 20%

5 y 28%
5 y 22%

23%
46%

Robinson (2009) 285 Flu/TBI ± T-cell depletion RIC 3 y 25% 3 y 29% 21%

Sarina (2010) 122 Variable RIC 2 y 39% 2 y 66% 9%

BEAM BCNU, etoposide, cytarabine, melphalan; Cy, cyclophosphamide; HCT, hematopoietic stem cell transplantation; Mel, melphalan; MST, 
myeloablative; RIC, reduced-intensity conditioning; TBI, total-body irradiation; PFS, progression-free survival; OS, overall survival; NRM, non-
relapse mortality.
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A number of important non–disease-related factors, such as age, 
donor type, and comorbidities, also have a major influence on the 
outcome following HCT, and these have to be carefully integrated 
into the decision to proceed to HCT.199–203

In summary, on the basis of the available data the risk of 
HCT is currently not justified in patients with myelofibrosis 
with low- or intermediate 1–risk disease patients. There are no 
convincing data that transplant-related mortality and morbidity 
in myelofibrosis have been favorably altered by the use of RIC 
transplantation when TRM, relapse, and cGVHD rates remain 
high. Therefore, if HCT is indicated because of high- or intermedi-
ate 2–risk disease, the use of MST HCT is preferred in all eligible 
patients, considering its association with a lower risk of relapse 
compared with RIC transplantation. It is reasonable to offer RIC 
transplantation for older patients (ineligible for MST regimen)204 
with high- or intermediate 2–risk disease, especially if a matched 
donor is available.205 Utilization of umbilical cord blood units or 
a haploidentical source must still be considered as experimental 
for myelofibrosis and an experimental option for myelofibrosis 
transplant candidates lacking a suitable MRD or URD.

In the event of blastic transformation of Myelofibrosis, where 
the median survival is only 2 to 7 months, HCT, if eligible, may 
offer a chance of long-term survival, with some encouraging 
results in a small series.

Role for Splenectomy and JAK-2 Inhibitor Therapy 
Pre-hematopoietic Stem Cell Transplantation
The splenomegaly itself may lead to sequestration of donor cells 
after HCT, and may cause delayed engraftment or graft failure. 
Indeed, some reports have shown faster engraftment in splenecto-
mized patients, which may allow hematopoietic recovery without 
increased rate of the GVHD, characterized by significantly faster 
recovery of neutrophil and platelet counts.188

A vast majority of myelofibrosis patients referred for consider-
ation of HCT have bulky splenomegaly. Its attraction as a tumor 
debulking strategy is often upheld in clinical practice and the 
question still remains if there is a subgroup of patients who will 
benefit from splenectomy pre-HCT. Data reports decreased trans-
fusion requirements and enhanced neutrophil recovery in patients 
undergoing HCT, favoring pre-transplant splenectomy.206

In contrast, a recent study reported a higher rate of relapse at 
3 years in those who underwent splenectomy, 51% versus no sple-
nectomy 20%; P = 0.005.196 A retrospective CIBMTR study did not 
suggest an effect of prior splenectomy on either graft failure rates 
or DFS.197 It is important to note that successful engraftment can 
still occur despite the presence of even massive splenomegaly. 
Ciurea et al.207 recently described a cohort of patients (n = 10) 
with splenomegaly, five of whom were defined as extensive with 
a longitudinal spleen diameter >30 cm, undergoing RIC HCT. All 
patients engrafted and had a progressive reduction in spleen size, 
occurring as marrow fibrosis resolved.

There is currently limited data to support the need for splenec-
tomy before transplantation. An alternative to surgical splenectomy 
is the use of cytoreductive therapy or JAK inhibitors (that produce 
rapid spleen shrinkage, improvement of constitutional symptoms 
in the immediate pre-transplantation setting, and decreasing 
inflammatory cytokine with additional theoretical benefits, dis-
cussed below).208 JAK2 inhibitors lead to a marked reduction in 
levels of inflammatory cytokines in patients with myelofibrosis and 
might play a role in reducing the rates of GVHD post-HCT.

Monitoring Post-transplantation and Treatment  
of Relapse
Several studies have assessed whether the presence of JAK2 
V617F can be used as a marker of minimal residual disease 
after HCT in order to institute preemptive immunotherapy 

prior to overt relapse.209–213 One study used a sensitive 
reverse  transcription (RT)-PCR detection method to monitor and 
 quantify JAK2 V617F levels following 22 RIC HCT procedures for 
21 JAK2 V617F positive myelofibrosis patients. Patients became 
JAK2 V617F negative in 17 of 22 cases (78%) after a median of 
89 days following HCT. Of the 5 patients who remained PCR-
positive, 4 fulfilled the criteria for CR, demonstrating the util-
ity of this technique as a marker for minimal residual disease 
and hence depth of remission achieved. In one of these cases, 
residual JAK2 positivity was eliminated following DLI.209 A sub-
sequent study demonstrated that achievement of JAK2 V617F 
negativity after HCT for  myelofibrosis was significantly associ-
ated with decreased incidence of relapse. Patients who achieved 
PCR negativity 6 months following HCT had a relapse risk of 
5% compared with 35% in those who remained PCR-positive.210

The timing of DLI, whether as a preemptive or salvage 
approach, post-HCT is less clear in myelofibrosis than other dis-
eases. Kroger et al.214 initially reported the use of both salvage 
and preemptive DLI (triggered by JAK2 V617F persistence on 
sequential monitoring) in 17 patients, with a median time from 
transplant to relapse of 269 days (127 to 1,570). DLI was used 
preemptively in 8 patients and as salvage in 9. Grade II–IV GVHD 
occurred in 3 patients (18%) in the salvage cohort. Encouragingly, 
the overall complete molecular response rate was 68% (100% in 
the preemptive group versus 44% in the salvage group), confirm-
ing the efficacy of this approach.

Little evidence is available to help delineate the role of post-
HCT chemotherapy or second HCT in relapsed-myelofibrosis. A 
recent retrospective study reported on the use of DLI +/− second 
HCT for relapsed patients (morphologic relapse [n = 24] and 
molecular relapse [n = 6]). A total of 17 patients underwent a sec-
ond RIC HCT at a median time of 17 months (11 to 77) post-initial 
transplant. Outcome data was encouraging; a total of 16 engrafted 
and responses identified in 12 evaluable patients, demonstrating 
the feasibility of a second HCT in this group.215 However, the tox-
icity of a second HCT should not be underestimated, particularly 
given the median age of this patient population.

Hematopoietic Stem Cell Transplantation  
in HIV patients
Before the highly active antiretroviral therapy (HAART) was avail-
able, initial attempts to treat HIV-infected patients with allo-HCT 
led to extremely poor outcomes.216 After HAART became widely 
available, several case reports suggested a potential benefit of 
HCT in this patient population. HCT in patients with malignancy 
and HIV infection has particular challenges, including the risk 
of opportunistic infection before and after transplantation, the 
high frequency of other concomitant viral infections, the poten-
tial impact of HIV in bone marrow environment and immune 
reconstitution post-transplant, and the potential for complex 
interactions between HAART, high-dose therapy, and immunosup-
pressive agents.

The CIBMTR retrospectively evaluated the results of allo-HCT 
in 23 HIV-infected patients undergoing transplant between 1987 
and 2003, including patients receiving transplantation prior to 
the advent of HAART.217 The indications for transplant included 
primarily malignant conditions, with lymphoma being the most 
common, followed by acute leukemia. With a median follow-up of 
6 months, 30% of the patients were alive at 2 years; the primary 
causes of death were organ toxicity and infection. Despite initial 
mortality due to organ damage and infection, several patients 
achieved long-lasting remission. The BMT-CTN is conducting a 
prospective multicenter trial (BMT-CTN 0903; clinicaltrials.gov 
NCT01410344), enrolling patients with HIV infection and malig-
nancy or bone marrow failure to assess the day-100 mortality 
after allo-HHCT. This trial will also study OS, PFS, and the impact 
of HCT on HIV reservoirs.
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Summary
The challenge to the transplant community is to make transplan-
tation safer and to decrease the incidence and morbidity of GVHD 
without compromising the GVT effect. This dream will be realized 
as our understanding of transplant immunology increases. The 
role of HCT in the diseases discussed in this chapter will continue 
to evolve as transplantation becomes safer. On the other hand, 
advances in non-transplant genomic-driven targeted therapy, and 
advances in response assessment using minimal residual disease 
will continue to shape the future of HCT in hematologic malig-
nancies. The use of targeted therapy post-HCT is inevitable. The 
impact of these agents on immunologic parameters will need to be 
assessed. Both transplant and non-transplant specialists will need 
to collaborate in an integrated team approach to advance this field 
and improve patient outcomes.
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introDuCtion
Graft-versus-host disease (GVHD) is the most common treatment 
complication following hematopoietic stem cell transplantation 
(HSCT) from an allogeneic donor, and it is a major cause of recipi-
ent morbidity and mortality. GVHD results from the recognition 
of recipient tissue antigens by immune competent T cells trans-
planted with the graft. There is an acute form of GVHD with a 
rapid onset, usually early after transplantation, and a chronic 
form of GVHD with late onset. These two GVHD syndromes are 
largely distinct in pathogenesis, clinical manifestations, preven-
tion, and treatment, and therefore are presented separately in 
this chapter. Donor cells in the graft also produce an immune 
response against targets in the recipient malignant cells, through 
a reaction that contributes substantially to the antitumor activity 
of allogeneic HSCT. Such a graft-versus-tumor (GVT) response is 
presented in the third section of this chapter.

aCute Graft-Versus-Host Disease

pathophysiology
The requisites for the development of GVHD were recognized 
over 50 years ago by Billingham: (1) the inclusion of immune 
competent cells in the graft, (2) the inability of the recipient to 
reject the graft, and (3) the presence of recipient tissue antigens 
foreign to the donor. Animal model studies, primarily in rodents, 
led to a three-step model of GVHD pathophysiology that simpli-
fies the complex immune interactions by placing emphasis on 
cellular interactions and cytokines: (1) host antigen-presenting 
cell (APC) activation, (2) donor T-cell activation, and (3) patho-
genic effector cells and inflammatory mediators produce the 
disease.1,2 GVHD biology is extremely complex involving intra-
cellular signaling, soluble mediators, and cellular interactions. 
Positive and negative signals exist at multiple levels including the 
cell surface, signaling protein networks, transcription promoters, 
mRNA, and posttranslational modification. In addition to histo-
compatibility antigen disparities between donor and recipients, 
genetic polymorphisms at any of these immune checkpoints 
may promote or prevent GVHD. The interaction of immune cells, 
visceral organ tissue, cytokine, and chemokine signals, cellular 
trafficking into and out of lymphoid and visceral organs is simi-
larly complex. Recent attempts to rein in these numerous, con-
tinuous, and interrelated processes led Paczesny and Reddy to 
create a comprehensive model of GVHD pathophysiology based 
on the framework of normal immune system interactions. It is 
the expected behavior of donor immune cells to cause patho-
physiology within the host that harbors unrecognized antigens 
which are treated as foreign by the donor cells. Put more simply, 
acute GVHD arises when donor T cells react in a physiologically 
appropriate way against recipient proteins recognized as for-
eign. However, the signaling events, intracellular pathways, and 
immune cell trafficking are extremely complex and remain to a 
large degree incompletely understood. This proposed nonlinear 
model consists of four interrelated elements to describe the role 
of immune system recognition and activation at the genetic, cel-
lular, and cytokine level: triggers, sensors, mediators, and effec-
tors of GVHD (Table 105.1).3

Critical to acute GVHD onset is the degree of genetic variability 
between donor and host, the level and site of tissue damage set 
forth by the conditioning regimen, the ability of host or donor 
cells to present antigen, the cellular and cytokine mediators of 
response, and the nature and degree of the immune effector 
activity.

Triggers
Human leukocyte antigens (HLAs) are encoded by the major 
histocompatibility gene complex (MHC) on chromosome 6p and 
function as major histocompatibility antigens in transplantation. 
The natural function of HLA is to present antigenic peptides to 
specific T cells. Exogenous and endogenous proteins present 
within human cells are continually broken down into peptides. 
HLA molecules on professional APCs bind those peptides within 
their groove and present them from the cell surface to the T-cell 
receptors on T lymphocytes. Inasmuch as the human genome 
includes greater than 107 polymorphic sequences, there is great 
likelihood that donor and recipient differ for one or more of the 
proteins that are presented as HLA:peptide complexes to T cells. 
These polymorphic proteins function as minor histocompatibility 
antigens (mHAs) in transplantation. Autoreactive T-cell recogni-
tion of “self” peptides in the thymus leads to negative selection 
(death), so that the probability of an individual developing autoim-
munity is minimized. After transplantation, this delicate balance 
of self and nonself is perturbed. Donor and recipient may differ 
for HLA molecules or mHA. Each peripheral T cell harbors a 
unique T-cell antigen receptor; therefore, the human repertoire 
for recognition of foreign antigens is enormous. Donor and recipi-
ent HLA mismatching plays a critical role in the development of 
GVHD, because each type of HLA presents a unique repertoire 
of antigenic peptides. When recipient cells are mismatched at an 
HLA locus, the donor T cells have not undergone thymic deletion 
to avoid recognizing those HLA:peptide complexes. Therefore, 
the degree of HLA disparity directly increases the probability and 
severity of acute GVHD following transplantation.4,5 For umbilical 
cord blood donors a greater degree of HLA mismatch is tolerated 
presumably due to the small number of T cells within the cord 
blood (∼104 per kg recipient weight) as compared to adult donor 
blood (∼108) or marrow (∼107).

mHA are polymorphic proteins genetically encoded anywhere 
outside HLA. Host mHA proteins are presented as HLA:peptide 
complexes to donor T cells and elicit an immune response even 
when presented via a matched HLA molecule. mHA mismatches 
are only partially characterized for the ability to affect acute 
GVHD. Some mHA have broad tissue expression such as the 
male-associated H–Y antigen.6 Alternatively, HA-1 and HA-2, for 
example, have their expression restricted to hematopoietic cells, 
including leukemia, and immune cells.7 It is this variability of tis-
sue mHA expression that may allow for tailoring therapy toward 
hematopoietic-restricted mHA to promote GVT response without 
GVHD. Efforts to prevent GVHD would have to target immune 
responses against the ubiquitously expressed mHA.6,8,9

Other triggers of GVHD include molecules that activate the 
innate immune system. Pre-transplant radiation or chemotherapy 
damages host cells and enteric microbes that contain damage-
associated molecular patterns (DAMPs) or pathogen-associated 
molecular patterns (PAMPs), respectively. DAMPs such as proteases 
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or ions released from damaged epithelial cells and PAMPs such as 
lipopolysaccharide within common bacteria, can activate Toll-like 
receptors setting off a cascade of immune events characterized 
by proinflammatory cytokine secretion.10 To a large degree these 
processes are responsible for initiation of the “cytokine storm” 
described as critical in earlier models of acute GVHD.11

Sensors
Sensors of GVHD refer to the cells and processes that recog-
nize the mHA or HLA mismatches as foreign, thereby setting 
the immune response in motion. Antigens are presented by 
host professional APC such as dendritic cells, macrophages, or 
Langerhans cells. Host dendritic cells may be primed for antigen 
presentation via the cytokine storm accompanying the condi-
tioning therapy. The nature of antigen presentation interactions 
includes direct presentation, which mimics physiologic APC–T-
cell interactions. Specifically, direct presentation consists of host 
APC presenting endogenous (cytosolic) host peptide to donor CD8 
T cells, and exogenous (extracellular, endocytosed peptide, pro-
cessed in lysosomes) antigens are presented to donor CD4 T-cells. 
Indirect presentation specifies exogenous antigen presented 
from donor APC to donor CD4 cells. Cross-presentation refers to 
exogenous antigen (derived from host cells) presented to donor T 
cells from donor APC. Over time APC change from primarily host 
origin to donor origin. It is likely that direct presentation by host 
APC is predominant during early stages of acute GVHD, whereas 
indirect or cross-presentation by donor APC is predominant in 
chronic GVHD. APC-T–cell interaction involves not only interac-
tion between HLA plus cognate antigen with T cell receptor (TCR), 
but co-stimulatory and inhibitory signals at the immune synapse, 
secondary signals from cell subsets, and paracrine or autocrine 
mediators. APC provide necessary co-stimulatory signals directly 
when activating T cells, such as CD28, CD40, and ICOS as well as 
inhibitory signals such as CTLA-4 and PD-1. Manipulation of these 
signals via antibody interference or small molecule blockade of 

downstream signaling events remains a field ripe for modulation 
of GVHD. Exogenous cell types critical to inhibition of APC include 
regulatory T cells, gamma–delta T cells in the GI tract, natural 
killer (NK) cells, and host NKT cells. T-cell response is an adaptive 
immune response which is often triggered by the innate immune 
response. As described, Toll-like receptors are sensors of the 
DAMP and PAMP release precipitated by the condition regimen. 
These Toll-like receptor interactions lead to release of proinflam-
matory cytokines such as tumor necrosis factor alpha (TNFα) and 
interleukin (IL)-6 which contribute to the inflammatory milieu 
surrounding T-cell–mediated GVHD damage.

Mediators
GVHD is primarily mediated by donor T cells, and differing 
subsets that have normal physiologic activities outside the 
framework of transplant, act at different capacities to induce 
or inhibit GVHD development. Most animal models point to 
the relevance of naive T cells, rather than memory T cells, in 
the induction of GVHD. The process of homeostatic prolifera-
tion in the lymphoablated host causes brisk clonal expansion 
of the transferred donor T cells and plays an important role for 
the initiation of acute GVHD. Donor regulatory T cells (Treg) 
repress the GVHD responses. Treg are CD4 T cells that express 
the FOXP3 transcription factor, high levels of the alpha chain 
of the IL-2 receptor, but no IL-7 receptor and function as a 
natural suppressor to maintain peripheral tolerance. These 
donor-derived regulatory T cells inhibit the activation and 
proliferation of donor T cells implicated in the pathogenesis of 
acute GVHD and may spare the GVT effect.12 Recent data show 
that low-dose IL-2 expands regulatory T cells in vivo and may 
be effective therapy for established GVHD,13 whereas anti-IL-2 
receptor antibodies, tested before Treg importance and biology 
were recognized, appear to accelerate GVHD.14

Additional CD4 T-cell subsets are critical. It is Th1 cells, char-
acterized by IL-2 and interferon gamma (IFNγ) secretion, which 

Key Elements Physiologic Role Aberrant Process in Graft-versus-Host Disease

Triggers

HLA molecules Present antigen to T cells Mismatches in HLA molecules from donor to host lead to recognition of the cell as  
foreign by T cells.

mHA Normal variability of protein within genome mHA are recognized as foreign by MHC:T-cell interactions.

DAMPs and PAMPs Common organic patterns originating from damaged cells 
or pathogens triggering innate immunity

DAMP release after cell death due to conditioning therapy or PAMP presence via  
pathogens triggers innate immunity and cytokine cascade.

Sensors

Antigen presenting cells Present antigens to effectors Present exogenous and endogenous protein sequences to T cells via direct,  
indirect, or cross presentation.

Mediators

CD4 T helper subsets Skew effector responses to the appropriate degree Effects of T-cell subsets on graft-versus-host disease incompletely understood.

Regulatory T cells T-cell subset which acts to prevent untoward autoimmunity Donor regulatory T cells play a role in reducing graft-versus-host disease.

Inhibitory signals Signals provided in concert with antigen presentation to 
decrease the immune response

Co-stimulatory signals Signals provided by professional antigen presenting cells to 
initiate immune response

Effectors

Activated CD4 and CD8 
T cells

Lead to killing or neutralization of foreign cells or debris via 
IFNγ, perforin, or granzyme secretion

Donor cells act to damage host cells and organs leading to manifestations of  
graft-versus-host disease.

HLA, human leukocyte antigen; DAMPs, damage-associated molecular patterns; mHA, minor histocompatibility antigen; MHC, major histocompatibility complex; PAMPs, pathogen-associated 
molecular patterns.
Adapted from Paczesny S, Hanauer D, Sun Y, Reddy P. New perspectives on the biology of acute GVHD. Bone Marrow Transplant 2010;45:1–11.

MoleculaR causes of seVeRe coMbineD iMMunoDeficiency

taBLe 105.1

acuTe GRafT-VeRsus-HosT Disease PaTHoPHysioloGy: TRiGGeRs, sensoRs, MeDiaToRs, anD effecToRs
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are the likely main T-cell mediators of acute GVHD. Th2 T cells 
have been linked to protection against acute GVHD. Th17 CD4 
cells secrete IL-17 and function distinctly from Th1 cells in a 
manner that is not yet fully characterized in the context of human 
GVHD. Murine transplant models provide evidence that Th17 can 
cause GVHD.15,16 T-cell trafficking is another important step in 
GVHD pathogenesis. Differential expression of chemokines on 
GVHD target organs and draining lymph nodes mediate differ-
ential trafficking of T-cell subsets expressing different chemokine 
receptors. An initial report indicated that a CCR5 inhibitor can 
prevent GVHD in gut and liver.17

Effectors
The effectors of acute GVHD are the cytolytic cellular elements 
and inflammatory cytokines. Activated CD4 and CD8 cytotoxic T 
lymphocytes are the primary effectors of GVHD. Upon interaction 
with their cognate HLA:peptide they act to lyse or cause apoptosis 
of target cells via secretion of perforin and granzyme or bind-
ing of FAS, respectively. IFNγ and TNFα are both critical to the 
inflammatory process of GVHD. Inflammatory cytokines induce 
and amplify cellular damage.

epiDemioLoGy
The major source of treatment-related morbidity and mortal-
ity is GVHD. The incidence of clinically relevant (grade II to 
IV) acute GVHD ranges from 35% to 80%, with a higher inci-
dence reported for recipients of unrelated donors compared to 
matched related donors.18,19 The day 100 incidence of severe 
acute GVHD (grades III–IV) occurs in approximately 15%, but 
may be as high as 35% depending upon risk factors such as 
HLA disparity.5

risk faCtors
Risk factors for the development of acute GVHD include T-replete 
transplant, recipient and donor HLA disparity, female donor for a 
male recipient, donor and recipient age, hematopoietic stem cell 
source (peripheral blood progenitor cells [PBPCs] > marrow > cord 
blood), graft cellular composition (worse with higher T-cell and 
CD34 cell numbers), higher conditioning intensity, diagnosis (worse 
with chronic myeloid leukemia), and immune response gene poly-
morphisms.20,21 Predictive factors are of great interest to stratify 
patients prior to development of serious morbidity or mortality and 
to focus prevention upon the proper biological parameters.

HLA matching is critical to prevent acute GVHD. A single allele 
mismatch at HLA-A, HLA-B, HLA-C, or HLA-DRB1 increases the 
likelihood of acute GVHD development, and mismatch for multiple 
alleles compound the risk.5,22

Female donor for a male recipient and donor parity are risk 
factors for the development of acute GVHD. The increased risk for 
male recipients of female as opposed to male donors is attributed 
to the recognition of H–Y mHAs by female donor T cells.23,24 
During pregnancy, female donors develop an immune response 
to the paternal mHAs of the fetus and mount a secondary, aug-
mented T-cell alloimmune response against the same mHAs if 
expressed in the recipient.25

Increasing donor age is associated with increased risk for the 
development of severe acute and chronic GVHD, and worse mor-
tality.26 Age of the recipient is also important with higher rates of 
acute GVHD in older compared to younger cohorts.20,27

The rate of chronic GVHD in patients receiving PBPC grafts is 
higher compared to bone marrow; however, the association of 
PBPC with acute GVHD is not clearly established.28,32 Unrelated 
cord blood transplant is associated with a low rate of acute GVHD 

when compared to transplant with similarly HLA mismatched 
adult donors.33,34 Multiple factors may contribute to this effect; 
however, the low number of T cells in the graft and T-cell naive 
likely play a protective role.

The conditioning regimen used affects the incidence of acute 
GVHD. With high-dose intensity conditioning the incidence of 
acute GVHD is higher. For example, increasing doses of radia-
tion can double the incidence of acute GVHD.35 Several large 
retrospective studies showed that reduced intensity regimens 
lead to reduced rates of grade II–IV acute GVHD when compared 
to higher intensity regimens.36,37 Animal models suggest the 
correlation of the incidence of GVHD with intensity may be due 
to increased damage to host tissue and amplified release of cyto-
kines followed by activation of APC.38 In addition, higher intensity 
regimens decrease the fraction of recipient T cells that persist 
after the regimen, leading to a lower barrier to donor engraftment 
and greater homeostatic re-population by donor T cells, which is 
associated with worse acute GVHD.39,40

The cellular composition of the graft is linked to the incidence 
of GVHD. Despite the link between chronic GVHD and CD34 cell 
dose, conflicting studies outline the importance of CD34 cell dose 
on acute GVHD.41,42 The preponderance of evidence suggests that 
there is no correlation between CD34 cell dose and the incidence 
of acute GVHD, whether the progenitor source is marrow or 
PBPC,43–45 although one study, looking at patients given cyclo-
sporine as a prophylactic agent, revealed a positive association of 
CD34 dose with acute GVHD.46

Genetic polymorphisms of immune response genes are associ-
ated with an increased incidence of acute GVHD. Single nucleo-
tide polymorphisms (SNPs) can alter cytokine binding domains, 
thereby altering affinity in a functional or nonfunctional way. 
Particular SNPs in genes coding IL-10, IL-6, IL-2, HPSE, CTLA-4, 
and MTHFR have all been identified as increasing the risk of clini-
cally relevant or severe acute GVHD, likely via increased level or 
activity of these cytokines or receptors.47

Cytokine biomarkers correlate with the presence of acute 
GVHD and provide prognostic information independent of the 
severity of GVHD. Although not widely in diagnostic use, the panel 
which includes IL-2-receptor-alpha, TNF-receptor-1, IL-8, and 
hepatocyte growth factor, can confirm the diagnosis at the onset 
of clinical symptoms.48 An expanded 6 biomarker panel which 
also includes elafin, a skin-specific marker, and regenerating 
islet-derived 3-α, a gastrointestinal (GI) tract-specific marker was 
shown to predict response rate at day 28 after onset and survival 
at day 180 after onset, for patients with acute GVHD. This panel 
was predictive at 3 time points; onset, 2 weeks, and 4 weeks into 
therapy. Future clinical trials will determine if such stratification 
into high and low risks groups will lead to improved outcomes by 
capitalizing on the opportunity for early intervention.49

proGnosis
Acute GVHD response rates to high-dose steroid therapy are in 
the range of 50%, and achievement of response to steroids is 
the most important predictor of outcomes. Durable responses 
of a month or longer can be expected in about 30% and partial 
responses (PRs) in 20%. Lower intestinal acute GVHD has been 
linked to worse response rates compared to patients without 
lower intestinal manifestations.

CLiniCaL manifestations of aCute 
Graft-Versus-Host Disease
The most common sites of involvement are skin, GI tract, and 
liver. Additional organ sites may be involved and clinicians 
should maintain a high degree of suspicion for acute GVHD as a 
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cause for any unexplained abnormalities in eyes, buccal mucosa, 
and lung. A biopsy of the presumptive site should be attempted 
whenever possible to confirm diagnosis, although histological 
manifestations can overlap with many inflammatory conditions 
confounding histological results. A pathologist familiar with acute 
GVHD is preferable, and appropriate immunohistochemical 
stains should be employed to rule out viral infection, particularly 
of the GI tract.

The onset and natural history of acute GVHD is variable 
depending on organ site, nature, and severity of disease. A hyper-
acute form, occurring in the first 14 days after transplant,50 is 
characterized by early onset of typical signs and symptoms, with 
a preponderance of patients, 90%, exhibiting skin involvement. In 
addition a higher percentage of patients are likely to experience 
stage III–IV disease (88% vs. 66%).51,52

Most cases of acute GVHD manifest within the first 100 days 
following transplant. With the use of modern prophylaxis regi-
mens including cyclosporine or tacrolimus, the onset is typically 
20 to 25 days after cell infusion. With T-cell depletion, average 
onset is typically at 30 days, although it can be delayed several 
months as T cells reconstitute.53 NIH consensus criteria for 
chronic GVHD includes classification of acute GVHD occurring 
after day 100 (late-onset acute GVHD) and for patients manifest-
ing signs and symptoms of both acute GVHD and chronic GVHD 
(overlap subtype of chronic GVHD).54 The severity of acute GVHD 
can easily be quantified using Keystone consensus grading criteria 
(Table 105.2).

Skin
Skin is the most commonly involved site of acute GVHD, being 
present 80% of the time at onset. A maculopapular rash is char-
acteristic and may be described as a painful or pruritic sunburn. 
Characteristically involved sites include the back of the neck, 
palms, soles, dorsal surfaces of the extremities, and ears, although 
the rash can spread quickly to include the entire body. Although 
many cases are mild, severe manifestations can include bullous 
lesions and a clinical picture consistent with toxic epidermal 

necrolysis. Careful full-body examination allows for staging of 
acute GVHD by the Keystone consensus criteria. This scale is 
based upon percentage of body surface area (BSA) involvement. 
For example, when acute GVHD is confined to the skin and 
involves <50% of BSA, it is classified as grade I acute GVHD. 
Such a degree of involvement may require no more than topical 
steroids and frequent monitoring of symptoms (see “Primary and 
Secondary Therapy of Acute Graft-versus-host Disease” below). 
A biopsy of the skin can help to solidify the diagnosis, however, 
treatment is usually based on the clinical diagnosis.55

hepatic
Liver acute GVHD is typically characterized by involvement of 
the bile duct epithelium, resulting in cholestasis. Bilirubin and 
alkaline phosphatase elevation, accompanied by cholestatic jaun-
dice are the typical manifestations. Direct hepatocyte damage is 
rare, absent a more chronic fibrosis, although transaminitis often 
occurs. Hyperbilirubinemia must be distinguished from other 
common post-transplant complications such as toxicity from 
preparative chemotherapeutics, sinusoidal obstructive syndrome 
(also called hepatic veno-occlusive disease), and occasionally 
fulminant viral hepatitis. Sinusoidal obstructive syndrome is char-
acterized by hyperbilirubinemia, portal hypertension, and weight 
gain due to third spacing of fluids. Portal hypertension is part of 
the clinical picture of sinusoidal obstructive syndrome, and not a 
manifestation of acute GVHD in patients without underlying liver 
disease. Doppler assessment of portal hypertension, measurement 
of the hepatic vein occlusive pressure, and if necessary histologi-
cal examination, are critical in resolving the differential diagnosis. 
A transjugular liver biopsy is preferable to transcutaneous biopsy, 
as portal pressures can be measured. Acute GVHD produces cho-
lestatic hepatitis, with histology showing frequent acidophilic bod-
ies evolving to bile duct exocytosis and disruption. As the disease 
progresses beyond day 100 post-transplant, portal fibrosis is seen 
with increasing bile duct dropout.56 This is in contrast to sinu-
soidal obstructive syndrome, which is characterized by occluded 
hepatic venules, sinusoidal fibrosis, and hepatocyte necrosis.57

Skin Liver Gut

Stage

1 Rash on <25% of skin Bilirubin 2-3 mg/dl Diarrhea >500 ml/d or persistent nausea

2 Rash on 25–50% of skin Bilirubin 3–6 mg/dl Diarrhea >1000 ml/d

3 Rash on >50% of skin Bilirubin 6–15 mg/dl Diarrhea >1500 ml/d

4 Generalized erythroderma with bullous formation Bilirubin >15 mg/dl Severe abdominal pain with or without ileus

Grade

I Stage 1–2 None None

II Stage 3 or Stage 1 or Stage 1

III Stage 2–3 or Stage 2–4

IV Stage 4 or Stage 4

Functional Grading

Skin Liver Gut

I Rash on <50% of skin

II Rash on <50% of skin or Bilirubin 2-3 mg/dl or Diarrhea >500 ml/d or persistent nausea

III–IV Generalized erythroderma with bullous formation or Bilirubin >3 mg/dl Diarrhea >1000 ml/d

Criteria for grading given as minimum degree of organ involvement required to confer that grade.
Grade IV may also involve lesser organ involvement but with extreme decrease in performance status. From Przepiorka D, Weisdorf D, Martin P, et al. 1994 
consensus conference on acute GVHD grading. Bone Marrow Transplant 1995;15:825–828.

MoleculaR causes of seVeRe coMbineD iMMunoDeficiency

taBLe 105.2

KeysTone consensus cRiTeRia sTaGinG anD GRaDinG of acuTe GRafT-VeRsus-HosT Disease
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Gastrointestinal tract
Anorexia, nausea, and vomiting are the most common symptoms 
of GI acute GVHD, but diarrhea, abdominal pain, and hemor-
rhage are symptoms of serious lower-tract disease. Almost any 
site along the tract can be involved. Unexplained GI symptoms 
such as mouth ulcers or ileus can be caused by acute GVHD. 
Endoscopy with biopsies of the upper and/or lower tract should 
be obtained for persistent symptoms, inasmuch as histology 
provides critical information. The differential diagnosis of upper-
tract GVHD includes herpes simplex, cytomegalovirus, or candida 
esophagitis, stomach ulcer, and peptic gastritis or duodenitis. The 
differential diagnosis of lower tract disease includes enteritis from 
C. difficile, cytomegalovirus, Norfolk viruses, cryptosporidium, 
giardia, or enteric pathogens such as Salmonella, and side effects 
of irradiation or medications including cytotoxic chemotherapy, 
tacrolimus, and mycophenolate mofetil among others. Radiologic 
findings by computed tomography (CT) scan can include thick-
ening of the esophageal, small, or large bowel wall; adjacent 
vasa recta engorgement; mesenteric fat stranding; or mucosal 
enhancement.58 Radiologic modalities should not be relied upon 
for confirmation of diagnosis. Upper or lower endoscopy affords 
both a visual examination of the mucosa which may exhibit 
edema, erythema, ulceration, and mucosal sloughing, as well as 
the opportunity to obtain tissue for histology. Classic microscopic 
findings include epithelial crypt apoptotic bodies and lymphocytic 
infiltration. Involved mucosa can be noncontinuous and a lack of 
findings or a low degree of severity at one level does not rule out 
other areas or degrees of involvement.59

Lung
Lung complications following allogeneic transplant can be of 
cardiac, infectious, vascular, or immune nature. Infections and 
pulmonary embolism should always be entertained in the differ-
ential diagnosis of a transplant patient with shortness of breath, 
hypoxia, or new infiltrate. Volume overload and cardiogenic 
pulmonary edema is another mechanism of respiratory dis-
tress. Immune-mediated processes should be entertained when 
infectious work-up is negative, or CT scanning is not consistent 
with infectious processes. Diffuse alveolar hemorrhage has long 
been recognized as a post-transplant complication and occurs 
in approximately 10% of patients, with myeloablative regimens 
associated with a higher incidence. Patients manifest with 
dyspnea (92%) accompanied with mild to severe bleeding into 
the alveoli, although hemoptysis is seen in a minority (15%) of 
cases. Fever can be a presenting symptom (67%) and diagnosis 
is typically made following bronchoscopy. Patients often require 
ventilatory support and mortality rates can reach 70%.60,61 Lung 
wedge resection or video-assisted thoracoscopic biopsy should 
be entertained for patients where an organism is not identified 
and diagnostic uncertainty remains. Bronchiolitis obliterans with 
organizing pneumonia (BOOP) is seen in up to 2% of patients 
during the post-transplant period. Although not considered a 
manifestation of GVHD,62 biopsy-proven BOOP occurs at a median 
of 108 days after transplant and can display a wide range of 
severity and reversibility. It is typically a restrictive lung disease 
with radiographic findings showing peripheral patchy consolida-
tion, ground glass infiltrates, and nodular opacities. BOOP after 
transplant is associated with GVHD and steroid therapy affords a 
chance for improvement.63,64

preVention
A half century ago, Storb and collaborators determined that 
the immunosuppressive agent methotrexate could mitigate or 
prevent the onset of acute GVHD, when applied shortly after 

transplantation. Although oral and liver toxicity can be severe 
and preclude up to 40% of patients from receiving a full course 
of therapy, methotrexate remains widely in use, now typically in 
combination with a calcineurin inhibitor.27 Calcineurin inhibi-
tors act to inhibit IL-2 mediated T-cell expansion. Cyclosporine, 
the first calcineurin inhibitor, was found to be synergistic with 
methotrexate, leading to a reduction in severe (grade III/IV) 
acute GVHD when utilized in HLA-matched sibling allografts 
and to a lesser degree with unrelated donor allografts.65,66 
Subsequent development of the calcineurin inhibitor, tacroli-
mus, included two phase III head-to-head comparisons of meth-
otrexate/cyclosporine and methotrexate/tacrolimus.67,68 The 
combination of methotrexate/tacrolimus reduced the incidence 
of grade II–IV acute GVHD for both matched sibling donors 
(31.9% vs. 44.4%; P = 0.01) and unrelated donor transplants 
(56% vs. 76%, P = 0.0002), but it did not prevent chronic GVHD 
or improve survival. This lack of survival advantage propagated 
the use of both combination regimens at the discretion of indi-
vidual transplant centers.

Attempts at further decreasing the incidence of acute GVHD 
have included the addition of agents to a calcineurin inhibitor 
with or without methotrexate. Mycophenolate mofetil is a pro-
drug of mycophenolic acid, an inhibitor of de novo synthesis of 
purines in lymphocytes required for lymphocyte proliferation. 
Mycophenolate mofetil has been examined in combination with 
cyclosporine or tacrolimus. Single-center randomized studies 
of mycophenolate mofetil suggest greater safety but not greater 
efficacy over methotrexate. One study was stopped early as cyclo-
sporine/mycophenolate mofetil showed a clear advantage over 
cyclosporine/methotrexate in regard to decreased mucositis (21% 
vs. 65%, P = 0.008) and faster neutrophil engraftment (11 days 
vs. 18 days, P < 0.001) but without a difference in the incidence 
of acute GVHD.69 A second single-center study revealed that 
mycophenolate mofetil decreased severe mucositis, use of paren-
teral nutrition, and promoted early hospital discharge, however, 
mycophenolate mofetil was associated with higher rates of severe 
(grade III–IV) acute GVHD (19% vs. 4%, p = 0.03), which was 
predominantly seen with unrelated donors.70

Sirolimus is an mTOR inhibitor that has complex immunomod-
ulatory properties affecting T cells and APC. The drug requires 
therapeutic monitoring and is affected by inhibitors or inducers 
of CYP3A4. Sirolimus is associated with the risk of endothelial 
damage such as in sinusoidal obstructive syndrome.71-73 Initially 
shown to be safe in combination with tacrolimus and methotrex-
ate,74 sirolimus has now been tested in several phase II studies in 
combination with tacrolimus and the two agents likely synergize 
to reduce acute GVHD rates.75,76 In particular, sirolimus supports 
regulatory T-cell reconstitution post-transplant, which are protec-
tive against acute GVHD after transplantation.77

Bortezomib is a proteasome inhibitor that has activity against 
multiple myeloma via nuclear factor kappa B inhibition and other 
mechanisms. A phase I/II trial showed that bortezomib could be 
added to tacrolimus and methotrexate as acute GVHD prophy-
laxis. This regimen is promising as the 180 cumulative incidence 
of grade II–IV acute GVHD was 13%.78

The chemokine receptor CCR5 plays a role in alloreactivity 
via effects on lymphocyte migration, and has shown promise 
in an early phase study. Blockade using the CCR5 antagonist, 
maraviroc, in combination with tacrolimus and methotrexate as 
acute GVHD prophylaxis led to inhibition of lymphocyte traffick-
ing, without attenuating T-cell function or impairing stem cell 
function in vitro.17

Special circumstances surrounding the selection of acute 
GVHD prophylaxis include HLA-incompatible related donors, 
unrelated donors, or cord blood. For cord blood transplants, 
cyclosporine has been the drug primarily utilized as a prophy-
laxis backbone.79 For HLA mismatched donor transplants, a 
calcineurin inhibitor/methotrexate-based regimen is generally 
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inadequate for GVHD prophylaxis. Triple combination regi-
mens, ATG, and other methods of T-cell depletion have been  
shown effective in prevention of acute GVHD for mismatched 
donor transplants.71,80

As T cells are the primary effectors of acute GVHD, methods 
of depleting T cells from the graft or in vivo, following trans-
plant have succeeded in reducing rates and the severity of 
acute GVHD. An ex vivo method of soybean agglutination and 
E-rosetting was performed81 to achieve T-cell depletion from 
allografts, resulting in high rejection rates, presumably due to 
rejection by residual recipient T cells.82,83 When combined with 
more immunosuppressive conditioning regimens this complica-
tion is ameliorated, yet even so T-cell depletion has not proven 
to increase overall survival following transplant, considering 
increased likelihood for relapse and higher infection rates.84 
Similarly, the anti-CD52 monoclonal antibody, alemtuzumab, 
has been utilized ex vivo to deplete T cells, resulting in low 
incidence of grade II/IV GVHD (12%), but a concerning rate of 
graft failure (15%).85 CD34+ cell isolation has been studied and 
shown to result in extremely low rates of severe acute GVHD in 
high-risk patients.86

In vivo alemtuzumab has been utilized in combination with 
several different regimens, both with and without a calcineurin 
inhibitor, with acceptable rejection rates and low incidence of 
GVHD.87 The use of alemtuzumab is associated with increased 
infectious complications.88

Antithymocyte globulin (ATG) refers to polyclonal antibodies 
against thymus tissue. When used for as prophylaxis or treat-
ment for patients with acute GVHD it leads to depletion of T 
lymphocytes. It may cause an acute cytokine release syndrome 
that may include fever, hypotension, and may progress to shock, 
and delayed “serum sickness.” Infectious complications include 
Epstein-Barr virus re-activation and associated post-transplant 
lymphoproliferative disorder, and human herpes virus-6 re-
activation and associated encephalitis.89,90

Another agent used to reduce T-cell numbers following 
transplant is cyclophosphamide, which is a potent immunosup-
pressive agent, yet spares stem cells. This strategy can result 
in low rates of severe acute GVHD, even when used as a single 
prophylactic agent.91

primary anD seConDary tHerapy 
of aCute Graft-Versus-Host 
Disease
Primary therapy for acute GVHD consists of high-dose steroids 
(the equivalent of 1 to 2 mg/kg/day of prednisone, with a taper 
initiated as soon as patients have a major decrease in GVHD 
signs or symptoms). This standard is based upon historical 
empirical evidence and randomized controlled data which sug-
gest no advantage to prednisone-equivalent steroid doses of 
>2.5 mg/kg/day and no disadvantage for 1 mg/kg/day for grade 
II acute GVHD.92

Standardized consensus response criteria for acute GVHD clin-
ical trials are defined as a complete response, with resolution of 
all signs and symptoms of disease and normalization of laboratory 
values, and a very good partial response (VGPR), which allows for 
residual nonbullous erythematous rash on <25% of BSA, occa-
sional nausea or vomiting, and a reduction of bilirubin to <25% 
of baseline at enrollment.93 The definition of VGPR (Table 105.3) 
allows for confounding variables that clinicians must recognize 
while monitoring for resolution of acute GVHD such as residual GI 
and hepatic toxicities from conditioning or prophylactic medicines 
and the recognition of erythema or darkening skin as resolving 
skin lesions. Prolonged high-dose steroid use leads to a signifi-
cant degree of morbidity and mortality, and the tapering of these 

drugs must take precedence once symptomatology and abnormal 
laboratory data recede.

The largest studies to date have not been consistent in iden-
tifying predictors of response. Risk factors to steroid therapy are 
not uniform,94,96 although lack of response to primary therapy is 
clearly a predictor of decreased survival. Unfortunately complete 
response (CR) rates to high-dose steroid monotherapy are as 
low as 20% to 50% of patients, although patients may tolerate 
steroid taper following a PR. Few data exist to inform the rate of 
steroid taper. Continuation of the taper must be conducted with 
frequent monitoring of GVHD parameters to prevent a flareup of 
symptoms.

Several agents have been added to steroids in comparative 
studies; at this time no evidence supports the use of these in com-
bination, beyond a well-designed clinical trial for primary acute 
GVHD therapy. A recent randomized, phase II multicenter trial 
evaluated four agents, each in combination with glucocorticoids, 
as initial therapy for acute GVHD. Of the four agents (etanercept, 
mycophenolate mofetil, denileukin diftitox, and pentostatin) used 
individually in combination with steroids, the mycophenolate 
mofetil and steroid combination provided the most encouraging 
28-day CR rate,97 however, this was not confirmed in a subse-
quent phase III trial.

For patients unresponsive and unable to tolerate a steroid 
taper, consideration of second-line therapy in addition to ste-
roids should be made at an interval appropriate to the severity of 
symptoms. For patients without a significant decrease in symp-
toms or laboratory parameters, within 3 to 5 days an additional 
agent is typically added. No particular agent has been shown to 
be superior to another as therapy for steroid-refractory patients 
as data on comparative effectiveness of salvage agents is sparse, 
thereby limiting conclusions and application to clinical practice. 
Combination therapy has not been systematically studied to 
date, and it remains uncertain if combinations of drugs will be of 
benefit for steroid-refractory GVHD patients. Some practitioners 
utilize differential subset response rates from differing agents to 
inform selection of agents.

ATG has been studied as second-line therapy with variable 
overall response rates (ORR) in the range of 30% to 56%. CR 
was more likely for manifestations in the skin than in other 
sites.98 Other antibodies that have been studied but have yet 
to prove of benefit over alternatives for use as second-line 
therapy for steroid-refractory acute GVHD include anti-CD147, 
expressed on activated T and B lymphocytes as well as APC, 
anti-CD3 antibodies (OKT3, visilizumab), anti-CD5-ricin conju-
gated antibodies, and anti-CD52 (alemtuzumab), expressed on 
most hematopoietic cells.

Skin No rash, or residual erythematous rash involving <25% of the body 
surface, without bullae (residual faint erythema and hyperpigementation 
do not count)

Liver Total serum bilirubin concentration <2 mg/dl or <25% of baseline at 
enrollment

Gut Tolerating food or enteral feeding

Predominantly formed stools

No overt gastrointestinal bleeding or abdominal cramping

No more than occasional nausea and vomiting

From Endpoints for Clinical Trials Testing Treatment of Acute Graft-Versus-Host Disease: 
A Consensus Document. from Martin PJ, Bachier CR, Klingemann HG, et al. Endpoints for 
clinical trials testing treatment of acute graft-versus-host disease: a joint statement. Biol 
Blood Marrow Transplant 2009;15:777–784.

consensus TeRMinoloGy DescRibinG VeRy GooD PaRTial 
ResPonse foR acuTe GRafT-VeRsus-HosT Disease

taBLe105.3
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Anti-CD25 antibodies (daclizumab, enlimomab, basiliximab) 
against the IL-2 alpha receptor subunit act to block T-cell prolif-
eration and signaling, but also may block or deplete regulatory 
T cells. These agents have led to ORRs of 40% to 67%99 and 
response rates are greater in skin compared to other organs, 
whereas infectious complications due to concomitant glucocor-
ticoids remain a prominent cause of mortality.100 Denileukin 
diftitox (Ontak) is recombinant IL-2 fused to diphtheria toxin 
and has demonstrated some activity in acute GVHD in phase I 
trials.101,102

Antibodies against TNFα (infliximab and etanercept) have 
shown promise in retrospective single institution series with an 
ORR of 50% to 67%. At least one series showed intestinal involve-
ment predicted for response, although this was not supported in 
the other series.103–105

Mycophenolate mofetil has been studied for glucocorticoid 
refractory GVHD in several reports.106,107 ORRs with mycophe-
nolate mofetil are in the range of 31% to 67%, and dose-limiting 
cytopenias must be taken into account. Sirolimus has been stud-
ied as an agent for refractory acute GVHD in several retrospective 
series and one safety study. Adverse effects have included hyper-
lipidemia and cytopenias. Thrombotic microangiopathy has been 
observed in up to 35% of patients when used in combination with 
calcineurin inhibitors. Pentostatin, a nucleoside analogue, has 
shown activity in refractory GVHD.

Extracorporeal photochemotherapy utilizes 8-methoxypso-
ralen and exposes peripheral blood cells to UV-A light extracorpo-
really. It is believed this alters APC activation and promotes Th2 
polarization. This therapy is relatively well tolerated and has been 
associated with an ORR of 67% to 75%. Best response is typically 
seen after 2 months of therapy; lesser responses seen in patients 
with GI involvement and patients with higher-grade disease.

supportiVe Care
For prophylaxis, there should be appropriate minimization of 
exposure to precipitating agents such as the sun. Patients with 
active acute GVHD, there should be special attention paid to 
the immunocompromised state of the patient. Understanding 
of the hospital and community bacterial resistance patterns is 
essential to select appropriate prophylactic antibiotics. Patients 
on high-dose steroids are at high risk for contraction of fungal 
pneumonia and appropriate coverage with antifungal medica-
tion is warranted. It was recently shown in a large randomized 
trial that the antifungal agent posaconazole was superior to 
fluconazole at preventing invasive aspergillus when used as 
prophylaxis in patients with GVHD requiring high-dose steroid, 
combination immunosuppresive therapy, or ATG.108 A compari-
son of transplant outcomes between the time period of 1993 to 
1997 and 2003 to 2007 at a large single center, revealed sig-
nificant reduction in mortality. Although this change is due to 
many factors including the advent of reduced intensity regimens, 
decreased infection related deaths, and decreased severe GVHD, 
improved supportive care plays a key role.109

ConCLusion
Acute GVHD remains a significant source of morbidity and mor-
tality after allogeneic transplant. The advent of improved pro-
phylactic regimens has led to decreases in the rates and severity, 
although the most effective primary therapy remains steroids. 
Future directions should focus on genetic risk factors for the 
development of disease, ways to predict which patients will not 
respond to steroids as primary therapy, and agents or cellular 
therapies that will prevent the development or stop the progres-
sion of acute GVHD.

CHroniC Graft-Versus-Host 
Disease

Introduction
Major efforts in basic, translational, and clinical research in 
chronic GVHD are underway, and promise to improve outcomes 
of affected patients. The following sections review major progress 
in our understanding of the pathobiology, clinical advances in 
the management of the syndrome, and remaining challenges for 
future research.

Biology
Although there is uncertainty in the mechanisms at work in 
human chronic GVHD pathogenesis, pre-clinical models have 
suggested several areas for ongoing investigation and potential 
avenues for novel therapeutic approaches.

CD4 T-cell Subsets
Allied clinical observations suggest the role of alloreactive 
donor T cells: peripheral blood mobilized stem cell products, 
which contain greater donor T cells compared to bone mar-
row harvested stem cells, impose a greater risk for chronic 
GVHD and prolonged duration of immune suppression.110 Ex 
vivo T-cell depletion strategies,111,112 as well as in vivo strate-
gies such as antithymocyte globulin,113 ATG-Fresenius,113 or 
alemtuzumab, are associated with decreased risk of chronic 
GVHD.114,115 Ongoing investigation aims to discern the relation-
ship between regulatory T cells and chronic GVHD. Early clinical 
evidence suggests an inverse relationship between regulatory 
T-cell numbers and the risk of chronic GVHD.116 In a random-
ized trial comparing sirolimus/tacrolimus versus methotrexate/
tacrolimus, sirolimus-treated patients had selective recovery of 
functional regulatory T cells, and significant reduction in NIH 
moderate–severe chronic GVHD.77 Taken together, current evi-
dence suggests that selective immune modulation may favorably 
affect chronic GVHD pathogenesis.

Loss of Central Tolerance
Negative selection of autoreactive T cells naturally constitutes a major 
mechanism of immune tolerance. Immature T cells are positively 
selected first in the thymic cortex through recognition of class I or 
class II MHC. In the thymic medulla, T cells engage marrow-derived 
APCs bearing self-antigens. Strongly self-reactive T cells suffer nega-
tive selection through apoptosis. Thus, in normal immunity, naive T 
cells are educated in the thymus, and autoreactive cells are deleted. 
Dysregulation of central tolerance due to thymic epithelial damage, 
which may result from transplantation conditioning therapy or prior 
GVHD, constitutes a major hypothesis for development of chronic 
GVHD after allogeneic HSCT. A murine model of thymic dysfunc-
tion largely recapitulates a chronic GVHD phenotype. Here, lethally 
irradiated C3H/HeN recipients receive T-cell–depleted bone marrow 
from MHN-mismatched B6 mice deficient in MHC class II antigens 
(B6 H2-Ab1-/-).117 Thus, thymic negative selection is compromised 
by lack of MHC class II in thymic dendritic cells. The resulting phe-
notype includes sclerodermatous (Scl) skin changes, weight loss, 
bile duct loss, mononuclear cell infiltration of the salivary glands, 
and mortality. Evidence of impaired thymic negative selection has 
not been observed in other murine models. The clinical relevance of 
these findings has also been challenged, as thymic function declines 
with age and may not be relevant to development of GVHD in adult 
recipients of HSCT. Experimental models have suggested benefit of 
keratinocyte growth factor to prevent thymic injury, however, this 
strategy was not successful in human clinical investigation.118
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Altered B-cell Homeostasis
Several major basic and clinical observations support the role 
of loss of B-cell tolerance and altered B-cell homeostasis follow-
ing transplantation in chronic GVHD pathogenesis. B cells have 
multiple functions, including antibody production, immune regu-
lation, antigen presentation, and cytokine production, which all 
may have relevance to chronic GVHD pathogenesis.119 A major 
murine chronic GVHD model, the systemic lupus erythematosis 
(SLE)-chronic GVHD model, supports the coordination of CD4 
T and B cells for antigen presentation and antibody production 
responsible for the chronic GVHD phenotype. In this model, 
involving parent-into-F1 combinations, both class I and class II 
MHC mismatched immune cells are adoptively transferred into 
nonirradiated mice, resulting in autoantibody production and 
immune-complex glomerulonephritis. In this model, B cells pres-
ent antigen to CD4 T cells, leading to activation and production of 
Th2 cytokines including IL-4 and IL-10. These cytokines activate 
B cells, which produce autoantibodies. Further antigen reprocess-
ing and presentation leads to activation of other CD4 T cells, and 
epitope spreading. Despite differences between this model and 
human chronic GVHD, it supports the role of B cells in chronic 
GVHD pathogenesis. B-cell stimulatory signals, including B-cell–
activating factor (BAFF), have a key role in B-cell reconstitution 
and homeostasis after transplant. In such models, B-cell survival 
is dependent on B-cell receptor and BAFF signaling, and B-cell 
homeostasis is dependent on soluble BAFF concentration. BAFF 
levels, as well as the balance of autoreactive B cells and compet-
ing naive B cells determine the fate of autoreactive B cells.120,121

Beyond these basic findings, multiple lines of human clinical 
evidence support this hypothesis: first, autoantibodies have been 
detected in patients with chronic GVHD. After sex mismatched 
HSCT, alloantibodies directed against the Y chromosome- 
associated mHAs, or H–Y antibodies, have been detected and 
correlate with the occurrence of chronic GVHD.122,123 In the 
setting of cutaneous sclerosis of chronic GVHD, activating anti-
platelet-derived growth factor receptor (PDGFR) antibodies have 
been detected. As well, reduced levels of immature B cells in 
patients with chronic GVHD support altered B-cell homeosta-
sis.124 It is important to note that investigators have demon-
strated aberrant B-cell homeostasis and elevated BAFF levels 
in human HSCT recipients with chronic GVHD. A consolidative 
model suggests that, in patients who develop chronic GVHD, 
high BAFF levels and decreased numbers of naive B cells (high 
BAFF/B-cell ratio) support alloreactive pre- and post-germinal 
center CD27+ B cells that contribute to chronic GVHD develop-
ment.125 Additionally, recipient BAFF SNP has association with 
chronic GVHD phenotypic presentation.126 This mounting basic 
and clinical evidence has informed allied clinical investiga-
tion: multiple clinical trials have demonstrated activity of the 
anti-CD20 monoclonal antibody, rituximab, in the treatment 
of chronic GVHD which has failed standard glucocorticoid 
therapy,127,129 and there is interest in the incorporation of 
B-cell–depleting agents in both prevention and primary therapy 
of chronic GVHD.

Profibrotic Pathways
Clinical and basic evidence suggest that profibrotic pathways 
play a role in chronic GVHD development. In particular the 
coordination of Th2 CD4 cells, TGF-b and IL-13, and potentially 
stimulatory anti-PDGFR antibodies, effect fibroblast production 
of collagen and lead to fibrosis. One major murine model, the 
Scl-chronic GVHD model, has provided mechanistic insight into 
fibrotic chronic GVHD phenotypes. In this model, B10.D2 (H-2d) 
into BALB/c (H-2d), donor immune cells (bone marrow and sple-
nocytes) are adoptively transferred into sublethally irradiated 
mice that are matched at MHC, but mismatched for mHAs. With 

full donor lymphoid chimerism, chronic GVHD is mediated by 
donor immune cells. The resulting phenotype includes fibrosis 
in multiple organs (skin, GI tract, liver, lung, and parotid salivary 
gland), mononuclear cell infiltration and collagen deposition, and 
mortality. In this model, inflammatory signals lead to activation of 
donor and host APC, recruiting CD4 T cells, which in turn produce 
TGF-b and IL-13. These signals drive fibroblast collagen synthe-
sis and resultant fibrosis. The specific role of TGF-beta has been 
supported by amelioration of chronic GVHD manifestations after 
neutralization of this cytokine in murine models, and the clinical 
observation of an inverse relationship between TGF-beta signal-
ing in CD4 and CD8 cells and the risk of chronic GVHD.130 In the 
setting of cutaneous sclerosis of chronic GVHD, activating anti-
PDGFR antibodies have been detected, and agents with activity 
against this receptor kinase such as imatinib have demonstrated 
activity in this condition.131

Diagnosis of Chronic Graft-versus-Host Disease
Chronic GVHD occurs in the majority of patients at risk, up to 
60% to 80% of those who survive more than 100 days after 
transplantation.132,133 The reported incidence of chronic GVHD 
in the published literature is dependent upon classification of 
the syndrome, patient and transplantation characteristics, phar-
macologic GVHD prophylaxis utilized, and the use of further in 
vivo or ex vivo T-cell–depleting agents. Accurate recognition and 
management of the syndrome is important, as it is a major source 
of late HSCT-related morbidity and mortality,134,135 an impor-
tant determinant of overall health, functional ability, and quality 
of life,132,133,136,138 as well as prolonged immune suppressive 
therapy after HSCT.139

The syndrome is characterized by diverse manifestations, 
and has several parallels to human autoimmune and inflamma-
tory disorders, such as systemic lupus erythematosis, Sjogren’s 
disease, systemic sclerosis, and inflammatory bowel disorders, 
among others. The most commonly occurring manifestations 
arise in the skin, eyes, mouth, and liver. Common skin mani-
festations include pigmentation changes, lichen planuslike 
changes, poikiloderma, as well as more advanced cutaneous 
and subcutaneous sclerosis. Note that cutaneous erythema is 
a manifestation shared by acute GVHD and overlap subtype 
of chronic GVHD (when present together with other diagnos-
tic findings of chronic GVHD). Oral findings include lichen 
planuslike changes, hyperkeratotic plaques, or decreased oral 
range of motion. Patients can suffer from oral and ocular sicca 
symptoms, including dry mouth and dry or gritty eyes. Hepatic 
involvement with chronic GVHD results in a cholestatic pattern 
of elevated alkaline phosphatase and bilirubin. In the GI tract, 
diagnostic chronic GVHD features include esophageal web, 
stricture, or concentric rings on endoscopic or radiographic 
study. Other manifestations such as anorexia, nausea/vomiting, 
and diarrhea are shared between acute and overlap subtype of 
chronic GVHD. Bronchiolitis obliterans is a less common mani-
festation of chronic GVHD. Bronchiolitis obliterans represents a 
diagnostic manifestation of chronic GVHD, and is characterized 
by clinical symptoms (e.g., cough, dyspnea) and respiratory 
physiologic abnormalities (forced expiratory volume in 1 second 
[FEV1]/forced vital capacity ratio <0.7, FEV1 <75% predicted 
value, evidence of air trapping or bronchiectasis on CT scan, 
residual volume of >120%, presence of another chronic GVHD 
manifestation, and absence of infectious etiology). Tissue biopsy 
is not required for diagnosis.

Given the importance of the syndrome, a major challenge for 
clinicians remains to recognize chronic GVHD accurately, and 
distinguish it from competing syndromes, such as acute GVHD 
(i.e., sole presence of acute GVHD manifestations), other medical 
conditions, infectious etiology, or adverse effects from medica-
tions (e.g., hepatic function abnormalities due to medications such 
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as azole antifungals). Once the syndrome is recognized, it should 
be classified appropriately, and severity assessed; these data 
together provide both prognostic information, as well as indica-
tions for topical or systemic therapy.

CLassifiCation anD seVerity 
GraDinG
Major changes in the classification and severity grading of 
the syndrome have been suggested by the NIH Chronic GVHD 
Consensus Conference. Among these proposed changes, the 
previously accepted division between acute and chronic GVHD 
according to the landmark of 100 days post-HSCT was eliminated. 
The guidelines propose definition of chronic GVHD according to 
diagnostic manifestations of the syndrome, rather than the time 
of onset following HSCT.

Accordingly, manifestations of acute GVHD occurring before 
day 100 are defined as acute GVHD, and sole acute GVHD 
manifestations occurring after day 100 are considered persis-
tent, recurrent, or late acute GVHD based on the prior occur-
rence of acute GVHD. Classic chronic GVHD is defined based 
on the definitive manifestations of the syndrome in the absence 
of concurrent acute GVHD manifestations. Diagnosis of chronic 
GVHD requires the presence of at least one diagnostic clinical 
sign of chronic GVHD or the presence of at least one distinc-
tive manifestation confirmed by biopsy or allied diagnostic test. 
The concurrent presentation of both chronic GVHD and acute 
GVHD manifestations defines the overlap subtype of chronic 
GVHD. Readers are directed to Filipovich et al. for comprehen-
sive coverage of chronic GVHD diagnosis and severity grading 
criteria.54 Although prior retrospective studies reported after the 
NIH Consensus failed to support the importance of the overlap 
subtype of chronic GVHD consistently, prospective data from the 
Chronic GVHD Consortium demonstrates that patients with over-
lap have greater symptom burden, worse quality of life, impaired 
function, and significantly inferior survival compared to classic 
chronic GVHD cases.140

In addition, consensus guidelines for chronic GVHD sever-
ity grading were proposed to replace the previously accepted 
scheme based on limited versus extensive involvement. In the 
prior severity grading scheme, limited involvement included 
only localized skin involvement or hepatic dysfunction, whereas 
extensive chronic GVHD was defined by the presence of gener-
alized skin involvement or the presence of aggressive chronic 
hepatitis, bridging necrosis or cirrhosis in liver biopsy, or 
involvement of other target organs such as the eye, mouth, 
or lung. Rather, chronic GVHD severity according to the NIH 
Chronic GVHD Consensus is scored according to objective cri-
teria for each organ involved, with attention to the functional 
implications of the degree of involvement, such as degree of 
weight loss in GI scoring, or frequency of artificial tear use or 
more aggressive interventions needed for therapy of ocular 
sicca manifestations.

The individual organ scores are then summarized for an over-
all global severity score of mild, moderate, or severe. A global 
severity score of mild encompasses no more than 2 organs, with 
severity of 1 each; moderate global severity indicates any organ 
site with a score of 2 (or lung score of 1), or involvement of 3 or 
more organ sites; finally, the severe category results from either 
any individual organ site score of 3, or a lung score of 2.54 Data 
from the Chronic GVHD Consortium validates the importance 
of the proposed NIH Consensus severity criteria: global severity 
scores at cohort study enrollment were associated with non-
relapse mortality (P < .0001) and survival (P < 0.0001); 2-year 
overall survival was 62% (severe), 86% (moderate), and 97% 
(mild) (Fig 105.1).141

Clinical predictors of Chronic Graft-versus-host 
Disease Development
Clinical predictors for the development of chronic GVHD may 
facilitate identification of patients at risk, and could potentially 
provide a rationale for risk-adapted strategies for prevention of 
the syndrome. The most consistently reported risk factors for 
development of chronic GVHD have included increasing age of 
the donor or recipient, donor/recipient HLA disparity and donor 
relation, male recipients of allografts from alloimmunized female 
donors, prior occurrence of acute GVHD, and the use of periph-
eral blood mobilized stem cells versus bone marrow.110,142–144 
However, it should be noted that these analyses have utilized the 
historical definition for chronic GVHD, rather than the proposed 
NIH Consensus criteria for diagnosis and classification of chronic 
GVHD. These potential limitations are highlighted by the fact 
that a recent analysis did not demonstrate that these traditional 
risk factors for chronic GVHD development had association with 
severity of chronic GVHD.141

proGnostiC VariabLes
Previously reported prognostic variables include extensive 
involvement versus limited progressive onset of chronic GVHD 
from acute GVHD, platelet count less than 100,000/ml at chronic 
GVHD diagnosis, impaired performance status, and failure 
to respond to therapy.134,145–147 In a recent large Center for 
International Blood and Marrow Transplant Research analysis, 
investigators examined prognostic factors to develop a chronic 
GVHD risk score in a sample of 5,343 chronic GVHD-affected 
patients. In this analysis, 10 variables were significantly associ-
ated in multivariate analysis with overall survival and nonrelapse 
mortality: age, prior acute GVHD, time from transplantation 
to chronic GVHD, donor type, disease status at transplanta-
tion, GVHD prophylaxis, gender mismatch, serum bilirubin, 
Karnofsky performance status, and platelet count. From these 
data, six risk groups were identified based on the number of 
risk factors present. Nonrelapse mortality at 5 years ranged 
from 5% in the lowest risk group to 72% in those with great-
est risk. Similarly, 5-year overall survival ranged from 91% in 
the lowest risk group down to 4% in the greatest risk group  
(P < 0.01).148 Moving forward, predictive variables for long-term 
outcome need to be examined based on current transplantation 
practices and in the setting of the revised diagnostic and severity 
grading criteria. Analyses performed to date from the Chronic 

FIGURE 105.1. Survival outcomes per NIH chronic GVHD overall severity. From Arai S, 
Jagasia M, Storer B, et al. Global and organ-specific chronic graft-versus-host disease severity 
according to the 2005 NIH consensus criteria. Blood 2011;118(15):4242–4249.
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GVHD Consortium support both the NIH overall severity,141 and 
the overlap subtype of chronic GVHD140 as significant determi-
nants of overall survival and nonrelapse mortality.

preVention of CHroniC Graft-
Versus-Host Disease
Successive advances in pharmacologic prophylaxis strategies for 
acute GVHD prevention have led to more effective reduction in 
grade II–IV and grade III/IV acute GVHD. Inasmuch as severe 
acute GVHD, especially that refractory to standard first-line ste-
roid therapy, results in significant mortality, these approaches 
represent major breakthroughs in reduction of early transplant-
associated complications and mortality. However, these benefits in 
acute GVHD prevention have largely not resulted in reduction in 
chronic GVHD. Randomized phase III trials in matched sibling and 
unrelated donor HSCT supported the superiority of tacrolimus/
methotrexate over cyclosporine (cyclosporine)/methotrexate for 
prevention of acute GVHD, but did not result in reduction of the 
incidence of chronic GVHD.67,68 Similarly, single-center phase II 
trials examining the combination of sirolimus/tacrolimus,149 as 
well as a comparative trial of mycophenolate mofetil/tacrolimus 
versus methotrexate/tacrolimus70 have not shown major benefit 
in chronic GVHD prevention when methotrexate is replaced with 
alternative agents.

The optimal duration of immune suppression administration 
is not known, however, and chronic GVHD can often arise during 
or after discontinuation of immune suppression. Thus, several 
investigators have explored whether prolonged administration 
of immune suppression may reduce the risk for chronic GVHD. 
Some reports indicated decreased risk with prolonged adminis-
tration of cyclosporine,150,151 however, prospective trials have 
not consistently demonstrated a benefit. In a randomized trial of 
allogeneic related or unrelated marrow transplant recipients, the 
hazard for chronic GVHD did not significantly differ between 6 
and 24 months of cyclosporine administration after transplanta-
tion.152 Others have demonstrated in peripheral blood stem cell 
grafts from matched related donors reduced incidence of chronic 
GVHD in those treated with 12 versus 6 months of cyclosporine 
after transplantation.153 In the setting of nonmyeloablative con-
ditioning, retrospective analysis did not demonstrate significant 
differences in extensive chronic GVHD between three tapering 
schedules.154 Emerging data from a randomized trial compar-
ing sirolimus/tacrolimus and methotrexate/tacrolimus suggests 
that prolonged administration of sirolimus through 1 year after 
transplantation may be associated with reduction in NIH moder-
ate–severe chronic GVHD, however, further follow-up is needed.77 
Based on the rationale that alloreactive T cells are responsible for 
chronic GVHD development, investigators have pursued both in 
vivo and ex vivo strategies for T-cell depletion. Memorial Sloan 
Kettering Cancer Center published a phase II trial of ex vivo T-cell 
depletion employing CD34 enrichment by the Miltenyi device in 35 
unrelated donor transplants.112 The median CD3+ cell dose was 
1.52 ×103/kg. With no pharmacologic prophylaxis, the incidence 
of chronic GVHD was only 29%. Epstein-Barr virus-associated 
post-transplant lymphoproliferative disease occurred in 9% of the 
cases. With intense conditioning, the relapse incidence was low, 
6% at 4 years, despite a largely advanced disease cohort. In addi-
tion, the BMT CTN 0303 trial confirmed the efficacy of this pro-
tocol in HLA-matched sibling donor transplantation (n = 44) for 
acute myeloid leukemia in first or second complete remission.111 
T-cell–depleted allografts contained a median CD3+ dose of  
6.6 × 103/kg. Without pharmacologic prophylaxis, extensive 
chronic GVHD was 6.8% (0% to 14.4%) at 24 months. With 
median follow-up of 34 months, the 36-month leukemia-free sur-
vival was 58%. These results demonstrate that subtotal depletion 
of donor T cells provides protection against chronic GVHD.

Investigators from Johns Hopkins have pioneered GVHD prophy-
laxis with post-transplant high-dose cyclophosphamide (50 mg/kg/d 
on days +3 and +4) based on its selective activity against alloac-
tivated donor T cells.91 In a recent phase I/II Bayesian design trial 
(n = 117) including HLA-matched related or unrelated donors, T 
replete marrow was transplanted following myeloablative doses of 
busulfan and cyclophosphamide. With sole post-transplant cyclo-
phosphamide prophylaxis, chronic GVHD incidence was only 10% 
with median follow-up of 26 months. These data suggest that tar-
geting alloreactive donor T cells may reduce chronic GVHD risk and 
facilitate transplantation tolerance. Investigators from MD Anderson 
Cancer Center reported a higher risk for chronic GVHD using post-
transplant cyclophosphamide prophylaxis after peripheral blood 
stem cell transplantation rather than bone marrow, however. In 
vivo strategies for T-cell depletion, including antilymphocyte anti-
bodies such as ATG or alemtuzumab, have promise to reduce risk 
for chronic GVHD as well. Long-term follow-up from a randomized 
phase III trial comparing ATG-Fresenius versus placebo along-
side cyclosporine/methotrexate standard prophylaxis demonstrated 
cumulative incidence of extensive chronic GVHD after 3 years of 
12% in the ATG-Fresenius group versus 45% in the control group 
(P < 0.0001), with comparable incidence of primary disease relapse 
and nonrelapse mortality. The hazard ratio for receiving immuno-
suppressive therapy was 0.31 after ATG-Fresenius (P < 0.0001), 
and the 3-year probability of survival free of immune suppression 
was 53% and 17% in the ATG-Fresenius versus control.113

Finally, based on preclinical insights supporting the role of B 
cells in chronic GVHD pathogenesis, as well as activity of anti-
CD20 therapy in steroid-refractory chronic GVHD, investigators 
have presented results of a single-center phase II trial of ritux-
imab for chronic GVHD prevention.155 There is also great interest 
in disruption of B-cell stimulatory signals (e.g., BAFF) after HSCT 
for prevention of chronic GVHD.

CHroniC Graft-Versus-Host 
Disease treatment
Systemic immune suppressive therapy is generally required to 
control extensive chronic GVHD, or rather moderate to severe 
manifestations per the NIH Consensus severity grading. Those 
who have limited or mild chronic GVHD can often be treated with 
topical agents, such as artificial tears for ocular sicca; steroid 
mouth rinses for troublesome mouth symptoms such as dryness, 
sensitivity, or pain; topical steroid creams for mild cutaneous 
manifestations; or vaginal estrogen for vaginal dryness and atro-
phy. In total, the diverse manifestations of the syndrome require a 
tailored and multidisciplinary approach.

For those requiring systemic therapy, accepted standard 
primary therapy for chronic GVHD includes 1 mg/kg/day or 
greater of prednisone or equivalent with or without a calcineurin 
 inhibitor.132,156 A randomized trial comparing prednisone versus 
prednisone plus cyclosporine for primary therapy of extensive 
chronic GVHD did not detect significant differences in chronic 
GVHD control, transplant-related mortality, or overall survival, but 
showed less prednisone side effects in the combination arm.156 
Based on the limited durable response rates observed with stan-
dard primary therapy, several studies have been performed to 
determine whether combined therapy (i.e., steroids + additional 
systemic immune suppressive agent) improves response. The 
addition of other systemic immune suppressive agents has not pro-
vided benefit, as evidenced by trials employing azathioprine, tha-
lidomide, hydroxychloroquine, or mycophenolate mofetil.157–160

Based on major published primary chronic GVHD therapy tri-
als,156–161 the following summarizes current evidence. Complete 
response rate assessed at 6 to 9 months following steroid-based 
therapy (either 1 mg/kg of prednisone alone or this in combina-
tion with additional agents such as azathioprine, thalidomide, 
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hydroxychloroquine, or mycophenolate mofetil) includes a range of 
reported values from 16% to 37%. In the study by Sullivan et al., 
9-month complete response rate to prednisone was 33%, predni-
sone + azathioprine 37%, and prednisone alone among high-risk 
cases 16%.157 Arora et al. reported 6-month complete response rate 
of 17% in prednisone + thalidomide and cyclosporine, and 28% for 
prednisone and cyclosporine alone.158 In a more recent trial com-
paring activity of prednisone versus prednisone and mycophenolate 
mofetil, Martin et al. reported a 6-month complete response rate of 
only 23%.160 Finally, Gilman et al. reported CR rates at 9 months of 
38% and 33%, respectively, for hydroxychloroquine + prednisone 
versus prednisone alone. Thus, available randomized trials suggest 
an average complete response rate at 6 to 9 months of 27%.

ORR (total of CR + PR) has been reported as the following. 
Sullivan et al., reported ORR of 62% among prednisone-treated 
patients, 64% for prednisone with azathioprine, and only 32% 
for prednisone-treated patients with thrombocytopenia.157 Arora 
et al. reported ORR of 84% at 6 months for prednisone-treated 
patients and 88% for those treated with prednisone and tha-
lidomide.158 Martin et al. reported an ORR of 62% at 6 months 
for patients treated with prednisone + mycophenolate mofetil 
or prednisone + placebo.160,162 Gilman et al. reported ORR at  
9 months of 39% and 46% for hydroxychloroquine + prednisone 
versus prednisone alone.159 Thus, published randomized trials sup-
port an average ORR at 6 to 9 months of 60%. Note that Martin et 
al. demonstrated that ORR at 6 months of therapy was significantly 
associated with the ultimate risk for treatment failure, defined 
as initiation of secondary systemic GVHD treatment, nonrelapse 
death, or development of bronchiolitis obliterans. The cumulative 
incidence of treatment failure was 37% versus 63% in those with 
overall response versus not, P = 0.01.162 Ongoing clinical trials aim 
to study targeted therapeutic approaches for specific chronic GVHD 
phenotypes [e.g., imatinib or rituximab for treatment of cutaneous 
sclerosis (NCT01309997)and fluticasone, azithromycin, and mon-
telukast for treatment of bronchiolitis obliterans (NCT01307462)].

Based on limited response to primary therapy, many will go 
on to require additional immune-suppressive agents for chronic 
GVHD control. Steroid-refractory chronic GVHD has most com-
monly been defined as either progressive manifestations despite 
1 month, or rather incomplete response despite 2 months of 1 to  
2 mg/kg of prednisone or equivalent.132 Multiple immune-
suppressive agents, including pharmacologic agents such as 
mycophenolate mofetil, sirolimus, pentostatin, tacrolimus, and 
thalidomide, monoclonal antibodies including rituximab, and 
strategies such as extracorporeal photopheresis have demon-
strated moderate activity in this setting, both ameliorating objec-
tive chronic GVHD manifestations, as well as facilitating decrease 
in systemic steroids.132 Their activity is incomplete, however, and 
many with steroid-refractory chronic GVHD will require multiple 
agents to achieve disease control.

Note that chronic GVHD is associated with prolonged immune 
suppressive therapy after HSCT. In an analysis of 751 patients 
with chronic GVHD, the cumulative incidence of discontinuation 
of immune suppression at 7 years following chronic GVHD diag-
nosis was 50%; nonrelapse mortality was 24%, and relapse was 
19%. On multivariable analysis, several factors were associated 
with decreased likelihood of discontinuation of immune suppres-
sion: peripheral blood stem cells, female donor:male recipient, 
number of chronic GVHD sites involved, bilirubin > 2 mg/dl at 
diagnosis, HLA mismatch, and year of transplantation.139

assessment of tHerapeutiC 
response
The established method for response determination in the major-
ity of chronic GVHD therapy trials has been that of clinician- 
determined response. This method relies on the clinician’s 

integration of dynamic chronic GVHD manifestations for a sum-
mary response categorization. CR indicates complete resolution 
of all chronic GVHD manifestations; PR signifies reduction in dis-
ease activity at response assessment compared to pre-treatment 
levels, but without complete resolution; stable disease indicates 
no response and no progression; and progressive disease indi-
cates progressive chronic GVHD manifestations from baseline to 
response assessment.

Following the NIH Consensus Conference for Chronic GVHD, 
several additional means of response assessment in chronic 
GVHD therapeutic trials have been proposed. These include 
change in overall NIH severity categories, proposed NIH response 
criteria, 0–4 and 0–10 ordinal scales that rely on clinician assess-
ment, organ-specific tools such as the Vienna skin scale, as well 
as patient-determined change in chronic GVHD activity, chronic 
GVHD-associated symptom burden, functional limitations, and 
change in quality of life. A national Chronic GVHD Consortium is 
currently assessing these competing measures of disease activity 
and their relationship to longer-reaching outcomes indicating 
clinical benefit, such as survival, discontinuation of immune 
suppression, and patient-reported benefit. One analysis recently 
reported demonstrates limited agreement between clinician-
determined response and that calculated by the proposed NIH 
Consensus response criteria (Fig. 105.2)163; thus, response rates 
reported in the literature need to be interpreted with attention 
to the response metric utilized.

supportiVe Care
Patients with chronic GVHD require careful supportive care and 
infectious prophylaxis. Given the immune dysfunction associated 
both with chronic GVHD as well as the immune-suppressive 
agents used to treat it, they are at increased risk for morbidity 
and mortality from infectious complications. Prophylactic anti-
microbials should be utilized to prevent Pneumocystis jiroveci, 
encapsulated bacterial infections such as Streptococcus pneu-
moniae, Haemophilus influenzae, and Neisseria meningitides, 
and Varicella zoster.164 Systematic monitoring and pre-emptive 
therapy for cytomegalovirus reactivation is also important. The 
routine use of antifungal agents as prophylaxis beyond 75 days 
after transplantation has not been proven to be effective in pre-
venting invasive fungal infections; however, many administer 
these agents for prophylaxis, particularly in those patients on 
prolonged courses of glucocorticoids. The use of intravenous 
immunoglobulin following HSCT has not been proven to be 
of benefit.165 Other important components of supportive care 
include vaccination once appropriate after transplantation, 
skin care, oral cavity health and symptom control, manage-
ment of ocular sicca symptoms, supportive care for vulvovaginal 
manifestations of GVHD, physical therapy for musculoskeletal 
impairment, prevention and management of osteopenia and 
osteoporosis, management of fatigue, and psychosocial support. 
A comprehensive review of appropriate, evidence-based ancil-
lary care has been published.164

ConCLusion
In summary, investigation into chronic GVHD pathogenesis, diag-
nosis and classification, and therapy offers promise for improved 
patient outcomes. Insights into chronic GVHD biology will provide 
novel strategies for prevention and therapy. Validation of the pro-
posed NIH Consensus diagnostic and severity classification crite-
ria, as well as determination of best-response criteria will move 
the state of chronic GVHD clinical trials forward. Novel preventive 
and therapeutic strategies based on detailed understanding of 
chronic GVHD pathogenesis will advance the field.
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Graft-Versus-tumor response

evidence for Graft versus tumor in animals and 
humans
Multiple lines of evidence point to a powerful immune response 
of donor immune cells against tumor cells after allogeneic 
HSCT. Initial proof of principle for an allogenic GVT effect was 
established in rodents.166,167 Single-center and registry studies 
found an inverse correlation between acute and chronic GVHD 
and relapse of malignancy after human marrow transplantation 
(Fig.  105.3).168,169 The probability of relapse was higher after 
twin compared to HLA-identical sibling transplants, pointing to 
disparate mHA as the target of the GVT effect. Similarly high was 
the probability of relapse after a T-depleted allogeneic transplant, 
pointing to mature donor T cells as GVT effectors. There was pro-
tection from relapse after a T-replete allogeneic HSCT in patients 
without history of GVHD, indicating that GVHD is not required 
for the GVT effect. Lower relapse rates, however, were in patients 
who had experienced acute GVHD, and the lowest in those with 
chronic GVHD. As shown in Figure 105.3, the GVT effect in alloge-
neic recipients with GVHD did account for about half of the total 
antitumor activity of the transplant procedure, thus GVT was as 
effective as the high-dose chemoradiotherapy administered before 
the transplant. Allogeneic HSCT after safer, low-intensity condi-
tioning regimens, are also associated with durable responses in 
some malignancies.170 As immune-suppressive therapy to prevent 
or treat GVHD also affects GVT responses, spontaneous remissions 
have been observed after stopping immune suppression in a vari-
ety of hematologic malignancies that had relapsed after allogeneic 

Normal Population

Disease PCS MCS

CGVHD

Mild cGVHD from NIH severity score

Moderate cGVHD from NIH severity score
Severe cGVHD from NIH severity score

Multiple Sclerosis
Systemic Sclerosis and Active Alveolitis

Systemic Sclerosis

Systemic Lupus Erythematosus

Allergies
Dermatitis

Arthritis
Sciatica
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Cancer (except skin cancer)
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Chronic lung disease
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Congestive heart failure
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FIGURE 105.2. Quality of life associated with chronic GVHD (cGVHD) severity. From Pidala J, Kurland B, Chai X, et al. Patient-reported quality of life is 
associated with severity of chronic graft-versus-host disease as measured by NIH criteria: report on baseline data from the Chronic GVHD consortium. Blood 
117:4651–4657.

FIGURE 105.3. Actuarial probability of relapse after bone marrow transplantation 
for early leukemia according to type of graft and development of graft-versus-host 
disease (GVHD). AGVHD, acute GVHD; CGVHD, chronic GVHD. From Horowitz MM, Gale RP, 
Sondel PM, et al. Graft-versus-leukemia reactions after bone marrow transplantation. Blood 
1990;75:555–562.
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HSCT.171 Direct evidence for a GVT effect was provided by infusion 
of donor lymphocytes for sole treatment of relapse after allogeneic 
HSCT (Table 105.4).172 Response to donor lymphocyte infusions 
occurs after allogeneic transplants but not twin transplants, as 
disparate histocompatibility antigens are the GVT targets, and 
require stable donor engraftment, although it does not help 
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patients who have rejected the graft. Donor lymphocytes are most 
effective in patients who have received a T–depleted graft, in those 
who have not already experienced GVHD, in chronic more than 
acute leukemia, and in patients with minimal tumor burden.173

t-cell–mediated Graft versus tumor
Infusions of isolated CD4 or CD8 donor T cells for treatment of 
relapse have demonstrated that each of these cell types can medi-
ate GVT.174,175 The predominant GVT targets are mHA expressed 
in the recipient’s malignant cells. As discussed under the “ACUTE 
GRAFT-VERSUS-HOST DISEASE” section, mHAs can be expressed 
ubiquitously (including, e.g., skin and leukemia) and are therefore 
targets for both GVHD and GVT (i.e., the H–Y associated male 
antigens), or their expression can be restricted to one or more 
hematopoietic lineages so they are targets for GVT but not GVHD 
(e.g., HA-1 and HA-2 antigens). Little is known about most mHAs, 
because diversity assessment of the human genome predicts over 
107 polymorphisms that can function as mHAs in transplantation. 
A variety of genetic techniques have sped up the discovery of 
functional mHAs, and investigators hope to find a relatively small 
number of dominant mHAs that can be targeted for prevention of 
GVHD and exploitation of GVT.176 Weaker immune targets are a 
variety of tumor-associated antigens that by themselves are not 
sufficiently immunogenic to elicit a protecting immune response, 
but in conjunction with the adjuvant effect of an allogeneic trans-
plant can contribute to the GVT effect. These include the following: 
(1) tumor-specific antigens that result from the oncogenic muta-
tions such as the Bcr/Abl tyrosine kinase in chronic myeloid leu-
kemia, and the promyelocytic leukemia/retinoic acid receptor-α 
transcription factor in promyelocytic leukemia; (2) viral proteins, 
such as those from human papilloma virus in cervical cancer; (3) 
tissue-specific proteins, such as prostate-specific antigen in pros-
tate cancer and proteinase-3 in myeloid leukemias; (4) germ-cell 
antigens, such as the melanoma-associated antigen (MAGE) fam-
ily; (5) tumor-selective overexpressed self-proteins, such as WT1 
in Wilms tumor or acute myeloid leukemia. Proteinase-3-derived 
PR1 peptide and WT1 are the best characterized tumor-associated 
antigens in patients after allogeneic HSCT.177,178 Initial attempts 
have been made to amplify tumor immunity after allogeneic HSCT 
by vaccines.179

Natural Killer-cell–mediated Graft versus tumor
As disparate HLA molecules are strong GVHD targets, one may 
expect that they would also be GVT targets for T cells. In contrast, 
most studies have failed to detect a GVT effect of HLA mismatch 
in T-replete transplants.180,181 One hypothesis is that GVHD is 
so forceful after T-replete transplants from HLA-incompatible 
donors, that the required immune suppression may dissipate any 
possible appearance of GVT. Most HLA-incompatible transplants 

are performed nowadays with ex vivo or in vivo T-cell depletion. 
Early recovery of functional NK cells after T-depleted transplants 
from HLA-incompatible related donors has unveiled a powerful 
effect against myeloid leukemia without GVHD. NK-cell allore-
activity has been related to a reduced risk of leukemia relapse, 
no GVHD, and markedly improved survival in HLA disparate 
transplants.182,183 For patients with acute myeloid leukemia in 
remission, the cumulative incidence of relapse was significantly 
lower after transplantation from NK alloreactive donors (3% vs. 
47%; P < 0.003), and this translated into an improved event-free 
survival (67% vs. 18%; P = 0.02). For patients in relapse at the 
time of HSCT, donor NK-cell alloreactivity was not protective. 
Based on these data, donor NK alloreactivity against recipient 
cells has become a selection criterion for HLA-disparate donors 
when a T-depleted protocol is employed. To this purpose, high-
resolution HLA-C typing is a good predictor of NK-cell alloreactiv-
ity, because the basis for NK allorecognition resides primarily in 
a bi-allelic system of inhibitory killer-cell Ig-like receptors (KIR) 
that silence NK effector function after recognition of their cognate 
ligands encoded by HLA-C alleles.184 KIR2DL1 recognizes HLA-C 
molecules characterized by a Lys80 residue (i.e., HLA-Cw4), and 
KIR2DL2 and KIR2DL3 recognize HLA-C with an Asn80 residue 
(i.e., HLA-Cw3). Also, KIR3DL1 is the receptor for HLA-B alleles 
that include a Bw4 domain and the CD94/NKG2A heterodimer 
(encoded by the KLRD1/KLRC1 genes) is an inhibitory receptor 
for HLA-E. During development, HLA class I molecules select for a 
self-tolerant KIR repertoire so that every mature NK-cell expresses 
at least one inhibitory receptor for self-HLA. NK cells that express 
a KIR for the class I group absent on allogeneic targets, sense the 
missing expression of self-class I HLA and kill the allogenic target 
(“missing self” model). The alternative “missing ligand” model has 
also been proposed to predict protection from relapse after HLA-
matched sibling transplants.185 When KIR ligand-matched donors 
possess anergic NK cells with an “extra” KIR for which neither 
donor nor recipient has an HLA ligand, upon transfer into the 
recipient, those NK-cells may regain competency and produce a 
GVT effect.186 Activating KIRs regulate both NK- and T-cell func-
tions. Unlike inhibitory KIRs, activating KIRs exhibit extensive 
population variation in gene number and content. Transplantation 
from donors carrying activating KIR genes is associated with 
improved control of leukemia relapse after unrelated donor trans-
plantation.187 Several biological models suggest that alloreactive 
NK-cells are responsible for favorable transplantation outcomes. 
Transfer of human alloreactive NK-cells into immune-deficient 
mice eradicated human myeloid leukemia.183 KIR ligand mis-
matches correlate with the ability of donor NK-cell clones to kill 
recipient leukemic cells.183 Alloreactive NK clones are detected in 
the recipients long after transplant.188

Conclusions
HSCT from allogeneic donors provide powerful GVT effects, via 
innate and adaptive immunity. The most recent effects of these 
findings have been: (1) decreased reliance on the use of toxic and 
sometimes lethal conditioning regimens to control leukemia; (2) 
use of donor lymphocyte infusion for prevention or treatment of 
relapse; (3) development of tumor vaccines to amplify the immune 
response after T-replete transplants; (4) selection of NK alloreac-
tive, HLA-incompatible donors to decrease relapse of myeloid 
leukemias after T-depleted transplants.189,190 We anticipate that 
further understanding of the factors that regulate GVT will con-
tinue to shape the protocols for allogeneic HSCT.191
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care physicians are assuming the post-HCT care of late effects. 
Preventive measures as well as early detection and treatment are 
important aspects to reducing morbidity and mortality. This chap-
ter focuses on the essentials of diagnosis, screening, treatment, 
and long-term surveillance of survivors after HCT.

CardiovasCular EvENTs aNd 
METaboliC syNdroME
CV causes are not only the leading contributor to mortality in 
the general population but also impact the health of long-term 
transplant survivors.12 CV morbidity and mortality is typically 
latent in the early survivorship period because of the younger age 
and superior performance of transplant candidates. Nevertheless, 
there is growing data suggesting that traditional CV risk factors 
are elevated in long-term survivors, and that risk factor elevation 
is persistent and eventually results in premature CV events. CVD 
manifests as coronary artery disease/events, cerebrovascular 
disease/events, or peripheral vascular disease/events. Susceptible 
patients need to be identified early, and screened for modifiable 
risk factors with early intervention where possible.

Cardiovascular Events
Tichelli et al. were the first to show that CV events occurred pre-
maturely in transplant survivors (median age 49 years), albeit at a 
long interval after transplantation, with the cumulative incidence 
of late CVD being 22% at 25 years (Fig. 106.1).13 Interestingly, 
allogeneic HCT recipients were significantly more likely to have 
arterial events than autologous transplant recipients. The Late 
Effects Working Group of the European Group for Blood and 
Marrow Transplantation (EBMT) found a cumulative CV event 
incidence of 6% at 15 years.9 In a matched cohort study of 1,491 

iNTroduCTioN
Allogeneic hematopoietic cell transplantation (HCT) provides 
curative therapy for a variety of diseases. Over the past several 
decades, significant advances have been made in the field of HCT, 
and now HCT has become an integral part of treatment modal-
ity for a variety of hematologic malignancies and nonmalignant 
diseases. Historically, the limitation of HCT has been transplant-
related mortality (TRM). In order to offer the curative HCT treat-
ment option to most patients, safer regimens with acceptable 
graft-versus-host-disease (GVHD)–associated morbidity and TRM 
are preferred. The development of less toxic pretransplant condi-
tioning regimens, more effective prophylaxis of GVHD, improved 
infection control, and other advances in transplant technology 
have resulted in a rapidly growing number of transplant recipi-
ents surviving long-term free of the disease for which they were 
transplanted.1,2

Since its introduction in the early 1970s the number of patients 
who undergo HCT for a variety of malignant and nonmalignant 
disorders has increased steadily and, today, nearly 60,000 alloge-
neic HCT are performed worldwide annually,1,3,4,5 a number that 
has been increasing yearly. With broadening indications, more 
options for HCT, and improvement in survival, by 2020 there 
may be up to half a million long-term survivors after allogeneic 
HCT worldwide.6 In this era, a stem cell source can be found 
for virtually all patients who have an indication to receive HCT. 
Since 2007, more allo-HCT procedures have been performed 
using alternative donor stem cell sources, such as volunteer 
unrelated donors (URD) or cord blood, than related donors.5,7 
Haploidentical-related donor or cord blood transplantations (CBT) 
have emerged as alternatives to fill the gap for those patients 
who do not have matched related donors or URD, and the out-
come of these types of transplantations are expected to be better 
than chemotherapy alone or even better than autologous-SCT 
for selected indications. All these result in a steady increase in 
numbers of long-term survivors after HCT, creating an enlarging 
pool of children, youth, and mature adults at risk for long-term 
complications of HCT.

Many patients who recover from immediate posttransplant 
problems eventually regain health and return to normal activi-
ties of life. For those who survive 2 or more years post-HCT, the 
prospect for long-term survival is excellent (85% at 10 years after 
HCT). Yet, among long-term survivors, mortality rates are 4- to 
9-fold higher than observed in an age-adjusted general popula-
tion for at least 30 years after HCT, yielding an estimated 30% 
lower life expectancy compared with someone who has not been 
transplanted.8 The most common causes of excess death other 
than recurrent malignancy are chronic GVHD (cGVHD), infections, 
second malignancies, respiratory diseases, and cardiovascular 
diseases (CVDs).3,6,8,9,10

cGVHD is a multisystem chronic alloimmune and autoim-
mune disorder that occurs later after HCT. It is characterized 
by immune dysregulation, decreased organ function, significant 
morbidity, and impaired survival. Approximately 10% to 30% of 
patients require continued immunosuppressive treatment because 
of cGVHD beyond 5 years after HCT.8,11 Therefore, it is not sur-
prising that cGVHD, corticosteroid, and other immunosuppressive 
therapies are major contributors to late complications after HCT.

With survivorship, a shift in survivorship care occurs from 
large transplant centers to community health care provid-
ers. As a result, many hematologists/oncologists and primary 
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FIGURE 106.1. The cumulative incidence of cardiovascular events at 15 years, 
adjusted for age. (From Tichelli A, Bucher C, Rovo A, et al. Premature cardiovascular disease 
after allogeneic hematopoietic stem cell transplantation. Blood 2007;110:3463–3471.)
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long-term survivors, transplant recipients experienced increased 
CV mortality (adjusted incidence rate difference, 3.6 per 1,000 
person-years; 95% CI, 1.7 to 5.5) with increased cumulative inci-
dence of ischemic heart disease, cardiomyopathy or heart failure, 
stroke, vascular diseases, and rhythm disorders.14

Disease Spectrum
Coronary artery disease and/or CV accidents are much more 
common than isolated peripheral artery disease. In a case control 
study of 63 patients with late CV disease, 44 subjects had coro-
nary artery disease, and 19 had cerebrovascular diseases. Thirty-
four of these 63 patients with CVD died, 31% of them from a CV 
event.15 Furthermore, CVD may contribute to chronic ill health 
seen in long-term survivors. The magnitude of chronic illness in a 
study of 1,022 HCT survivors was 59% at 10 years after HCT and 
increased in comparison to their sibling controls.16

Cardiovascular risk Factors
Traditional CV risk factors include male gender, family history, 
dyslipidemia, diabetes mellitus, obesity, hypertension, chronic 
kidney disease (CKD), and smoking. In addition, transplant 
survivors have unique risk factors such as exposure to ionizing 
radiation, immunosuppressant use (including steroids), and endo-
crinopathies.

CV risk factors generally increase with age and it is difficult 
to attribute the emergence of new CV risk factors to the trans-
plant process itself without a good control population. A clear 
increase in the incidence of diabetes and hypertension was seen 
in a study of 1,022 HCT survivors, with the incidence of CVD 
being 3-fold that of their sibling controls.16 In a cross-sectional 
study, HCT survivors had a 2.2-fold increase in the prevalence of 
metabolic syndrome, a clustering of CV risk factors characterized 
by abdominal obesity, dyslipidemia, hypertension, and elevated 
fasting glucose, compared to age- and gender-matched controls.17 
In a long-term study (17.5 years median) of 44 pairs of recipients 
and their respective donors after HCT, recipients were more likely 
to have hypertension (P = 0.015), dyslipidemia (P = 0.002), lower 
glomerular filtration rates (GFRs) (P < 0.0001) and reduced thy-
roid function (P = 0.002).18 The occurrence of dyslipidemia is a 
function of age and immunosuppressive treatment. Dyslipidemia 
appears to play a central role in the elevated CVD risk after HCT.19 
De novo dyslipidemias may even impact a pediatric population.20

pathobiology
The factors leading to persistent elevation of CV risk in HCT sur-
vivors long after cessation of immunosuppression remain unclear. 
Residual effects from radiation, endocrine dysfunction (including 
steroid exposure, hypogonadism, hypothyroidism, and growth hor-
mone deficiency), and endothelial damage have been implicated.

Chest irradiation is a validated cause of CV mortality. 
Extrapolating from the CV impact of chest irradiation in nontrans-
plant populations with malignancy, it is reasonable to suspect that 
the use of total body irradiation (TBI) in transplant conditioning 
contributes to increased CVD risk, but this remains to be proven 
in a well-controlled study. Pretransplant chest radiation exposure 
was associated with a 9.5-fold higher risk of CVD.15

Hypothyroidism is a frequent late effect in transplant sur-
vivors and is related to conditioning with TBI and prolonged 
cGVHD.21 Hypothyroidism may affect ∼30% to 40% of survivors, 
is often subclinical in presentation, and is strongly linked to 
dyslipidemias. Gonadal dysfunction will occur in the majority 
of transplant survivors and is linked to conditioning intensity 
and recipient age. Endocrinopathy and metabolic syndrome are 
strongly associated with gonadal dysfunction.22 In males, meta-
bolic syndrome and low androgen levels are strongly correlated,23 

and in females, estrogens are necessary for maintenance of CV 
health.24,25 In a series of 109 long-term allogeneic HCT survivors, 
CV risk factors were significantly elevated in males but not in 
females who were all recipients of hormonal supplementation.26 
Relative growth hormone deficiency may be a factor in adult and 
pediatric transplant survivors. Growth hormone deficiency in 
adults leads to insulin resistance and is characterized by dyslipid-
emias and hypertension.27 Pediatric survivors of cancer treatment 
and HCT are particularly sensitive to the metabolic consequences 
of impaired growth hormone secretion.22,28

Leptin is an adipokine responsible for regulating food intake 
and energy metabolism. Hyperleptinemia has been implicated 
as the pathobiologic link between transplant and metabolic syn-
drome.29,30 Vascular endothelium may be the target of damage by 
radiation exposure and by alloreactivity (e.g., GVHD). Radiation 
has a dose-dependent impact on vasculature and endothelium in 
animal models. In a rodent model, TBI with 10 Gy injured coro-
nary microvasculature, and altered endothelial physiology and 
myocardial mechanics.31 Host endothelial cells are a target of allo-
reactive donor cytotoxic T lymphocytes, and chronic skin GVHD is 
characterized by the progressive loss of microvessels.32 cGVHD is 
also characterized by elevations in von Willebrand factor,18 which 
may be released by endothelial injury. Chronic hypomagnesemia 
is common early after transplantation33 and is known to induce 
insulin resistance, diabetes, and metabolic syndrome. However, 
its precise impact on CV risk, if any, requires confirmation.

Management of Cardiovascular risk
Since the burden of CV risk in transplant survivors has been poorly 
defined till now and CV events occur late, management of CV risk 
has often been a low priority. In a recent cross-sectional study 
of 86 adult survivors at a median of 3 years from HCT, 25% of 
cases with hypertension, 17% with abnormal glucose metabolism, 
and 60% with dyslipidemia were untreated.17 Current guidelines 
suggest a central role for transplantation centers in counseling 
primary health providers on screening and prevention.34

The management focus should be on modifiable CV risk factors: 
lifestyle (diet, smoking, and activity), obesity, diabetes, dyslipid-
emias, hypertension, hypothyroidism, hypogonadism, and other 
endocrinopathy. Dyslipidemias may be the most important driver 
of CV risk and are susceptible to therapy.26 The management of 
CV risk in transplant survivors is an evolving effort, but expert 
guidelines are now available.6,12,19 Table 106.1 summarizes the 
approach to the hyperlipidemia in long-term survivors after HCT.

sECoNdary MaligNaNCiEs
The risk of second malignancies as an important late effect after 
HCT was first recognized in the early 1990s. As the age and life 
expectancy of survivors continue to rise, second malignancies are 
expected to become an increasingly common complication.3

Secondary malignancies following HCT are commonly cat-
egorized into one of three histologic types: leukemia, lymphoma, 
and solid tumors.35 However, these disorders have distinctive 
chronology. Secondary leukemia generally occurs at a median 
of 6.7 months after auto-SCT, lymphoma at a median of 2.5 
months, while the median time to development of solid tumors 
lies between 5 and 6 years.3

risk of Second Malignancies and risk Factors
Based on large retrospective analyses, the cumulative incidence 
of solid tumors following HCT ranges between 1.2% and 1.6% at 
5 years, 2.2% and 6.1% at 10 years, and from 3.8% to 14.9% at 
15 years post-HCT.36–38,39 The incidence rate does not plateau; 
rather, there is a steady increase over time.39 Second cancers are 
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Evaluation

Obtain fasting lipid profile prior to transplantation

Evaluate CVD Risk
 1.  If patient has CVD or CVD risk equivalent, then manage as high-risk with 

appropriate therapy to reach LDL goal
  a. Option to consider allogeneic HCT patients age 40 or older as high-risk
 2.  Otherwise, calculate 10-y risk with online risk assessment tool (www.nhlbi.nih.

gov) and manage LDL per ATP-III Guidelines

Monitor lipid profiles after HCT
 1.  Check lipid profile within 4 wk after HCT then at least every 3 mo for patients 

on IST
 2.  For patients at treatment goal on stable therapy every 6–12 mo as indicated, 

or after significant change in IST regimen in patients with dyslipidemia
 3.  If patients develop significant dyslipidemia after HCT compared to baseline, 

consider secondary causes of dyslipidemia (IST, diabetes, hypothyroidism)
 4.  Even patients without dyslipidemia should have lipids monitored every 1–2 y 

after allogeneic HCT, given increased CV risk

Management

If patient has high CVD risk (>20% 10-y risk), treat dyslipidemia with appropriate 
agent(s) to meet LDL goal, but monitor clinically if on IST or renal dysfunction

In patients with low (<10%)or moderate CVD risk (10–20%), consider drug  
treatment based upon severity of dyslipidemia, estimated prognosis post-HCT,  
and risks of lipid drug therapy (if on long-term IST for GVHD)
 1.  Patients with low CVD risk that develop moderate secondary dyslipidemia on 

IST can be managed conservatively, if IST will be tapered off
 2.  Patients with low to moderate CVD risk that develop severe hypertriglyceridemia 

(>500 mg/dl) should be treated to prevent pancreatitis

Consider referral to a lipid specialist for the following:
 1.  Severe dyslipidemia (total cholesterol > 300 or LDL > 180,  

triglycerides > 500–1,000)
 2. Patients with dyslipidemia refractory to treatment and not meeting goals
 3. Patients with intolerance or contraindications to lipid lowering therapy
 4. Patients requiring combination lipid therapy, particularly in setting of IST
 5.  Patients needing individualized CV risk assessment due to strong family  

history of premature CVD or other factors

ATP-III, adult treatment panel-III; CV, cardiovascular; CVD, cardiovascular disease; GVHD, 
graft-versus-host-disease; HCT, hematopoietic cell transplant; IST, immunosuppression 
therapy; LDL, low density lipoprotein.

ApproAch To Lipid MAnAgEMEnT in hcT pATiEnTs

taBLE106.1

a very important contributor to late nonrelapse mortality (NRM) 
in patients who survive more than 2 to 5 years posttransplanta-
tion, accounting for 5% to 10% of such deaths.8,40,41 And, in a 
recent study of 28,874 HCT survivors, the incidence of new solid 
tumors was double that of an age- and gender-matched general 
population.39 The risk increased over time, reaching 3-fold among 
patients followed for 15 years or more after transplantation.

pathobiology
The process of malignant transformation of secondary solid 
tumors after HCT is not well understood but multiple factors have 
been implicated.42 These include exposure to TBI, primary dis-
ease, male sex, and pretransplantation therapy. The risk of devel-
oping a nonsquamous cell cancer (SCC) is associated with younger 
age at transplantation and the use of radiation in the conditioning 
regimen. Radiation is also a known significant risk factor for the 
development of several other solid tumors, particularly cancers 
of the breast, thyroid, brain, central nervous system, bone and 
connective tissue, and melanoma; and screening is available for 
some of these tumors.10,42 For the majority of these sites, risks 
are greater among those who survived 5 or more years after 
initial radiotherapy, in keeping with the latent period typical for 
radiation-related solid cancers.8,10,40,43

cGVHD and immunosuppressive therapy (IST) are associated 
with SCC of the skin and mucosa.43–45 A particularly high-risk was 
observed in the 1 to 4 year interval after HCT, which remained 
elevated among long-term survivors. Duration of IST, and par-
ticularly prolonged exposure to azathioprine, has been associated 
with development of SCC.46

Several oncogenic types of human papillomavirus (HPV) have 
been implicated in the etiology of SCC of the female genital tract 
and head and neck, and may play a role in HCT-associated 
SCC.46,47 Certainly, some inherited genetic polymorphisms have 
been reported to increase the risk of malignancies in patients who 
received alkylating agents either as pretransplant chemotherapy 
or as part of the conditioning regimen.48

types of Secondary Solid Cancers
In a 2009 registry data study, 189 new cancers were found in 
28,874 HCT recipients who underwent long-term follow-up.39 
The average age at HCT was 27 years, and 67% received TBI as 
part of their conditioning regimen. The findings demonstrated 
that the risk of developing a nonSCC was dependent on the age at 
exposure to conditioning radiation. The relative risk of nonSCC for 
patients irradiated at ages <30 years was 9-fold that of nonirra-
diated patients, while the comparable risk for older patients was 
1.1. cGVHD and male gender were the main determinants for the 
risk of SCC. The oral cavity, salivary glands, liver (prior hepatitis 
C exposure), skin, brain, breast, thyroid, and bone/connective 
tissue were the sites with a significant increase in secondary 
malignancy. These data indicate that HCT survivors, particularly 
those irradiated at young ages, face increased risks of solid can-
cers, supporting strategies to promote lifelong surveillance among 
these patients.

The risks of secondary solid cancers in HCT survivors who 
have not received irradiation are not well understood and deserve 
further study, because radiation-free conditioning regimens are 
being more frequently utilized. When chemotherapy alone is used 
for conditioning, the rates of solid tumors are still increased, as 
evidenced by a report examining solid tumor incidence in sur-
vivors who underwent high-dose busulfan-cyclophosphamide 
conditioning. In this study of 4,318 patients who received HCT 
for AML and CML, the cumulative incidence of solid tumors at 5 
and 10 years after HCT was 0.6% and 1.2% for AML, and 0.9% 
and 2.4% for CML patients. The recipients had invasive solid 
cancers at a rate that was 1.4 times higher than expected in the 
general population.49 Sites with a significant increase in second-
ary malignancy included the oral cavity, esophagus, lung, soft 
tissue, and brain. cGVHD was found to be an independent risk 
factor for all solid cancers. Recipients of HCT using busulfan-
cyclophosphamide conditioning are thus similar to TBI in the risk 
for developing solid cancers.

Diagnosis, Screening, and prevention
Since there is no plateau in the incidence curve of new malig-
nancies, consensus guidelines call for lifelong surveillance, and 
early diagnosis and treatment.50 Recommendations include the 
following: A. Recognition that radiation exposure and photosen-
sitization by transplant medications increases the risk of skin 
malignancy, suggesting that survivors should protect against UV 
skin exposure by appropriate clothing or high-SPF sunscreen.  
B. Survivors should be reminded of the risks of secondary malig-
nancies annually. Routine self-screening by breast and skin 
examination is to be encouraged, as is avoidance of high-risk 
behaviors, particularly all forms of tobacco use and unprotected 
UV exposure. C. Annual health screening should include symptom 
review for secondary malignancies. Screening mammography is 
recommended earlier than age 40 years for women exposed to 
radiation. Mucocutaneous involvement by GVHD increases the 
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risk of malignant sequelae, and annual specialist examination 
(dermatologic, gynecologic, dental, or ENT) may be required.

Management
Successful management of second malignancies requires recog-
nition of the special attributes of transplant survivors and close 
collaboration between the transplant center and the primary 
physician. Impaired hematopoietic reserve may be evident years 
after HCT and may manifest as prolonged myelosuppression after 
standard doses of cytotoxic agents or XRT. cGVHD management 
will often be a great challenge to treatment. Secondary SCC is 
biologically more aggressive, with frequent invasion beyond free 
surgical resection margins and metastasis to draining lymph 
nodes. Support should be provided for psychologic vulnerability 
in survivors facing a new diagnosis of malignancy.

laTE pulMoNary CoMpliCaTioNs
Lung injury is a frequent contributor to post-HCT morbidity and 
mortality.11,51,52 Pulmonary injury can be delayed, and the cumu-
lative incidence of chronic pulmonary dysfunction in long-term 
HCT survivors ranges from 30% to 60%, depending on donor 
source and elapsed time from transplantation.11,51 Bronchiolitis 
obliterans syndrome (BOS) is the most frequent and potentially 
lethal noninfectious pulmonary complication. BOS is now con-
sidered one of the diagnostic criteria for defining cGVHD by the 
NIH consensus report.52,53 It is characterized by an insidious 
onset, high morbidity and mortality, and is typically accompanied 
by other manifestations of cGVHD. Much knowledge of BOS has 
been borrowed from the field of lung transplantation, in which 
BOS impacts more than half of the long-term survivors and is the 
major contributor to morbidity and mortality.54

pathophysiology
Airway narrowing in BOS is mostly in the small airways, the 
terminal and respiratory bronchioles, with an internal diameter 
<2 mm. These small airways can be considered parallel high-
resistance conduits which account for the vast majority of the total 
airway volume and the cross-sectional area. Small airway damage 
must be extensive and 45% of the terminal bronchioles need to 
be lost before impacting the forced expiratory volume 1(FEV1) or 
FEV1/FVC ratio. Furthermore, small airway obstruction may have 
less effect on lung mechanics than on ventilation distribution.55,56

prevalence, Clinical presentation, and Diagnosis
Recent prevalence estimates suggest that BOS is often underdiag-
nosed and that 14% of all long-term survivors with cGVHD may 
develop BOS. BOS is difficult to diagnose, may already be severe 
by the time the patient complains of symptoms, and is not easy 
to reverse.

Clinically, patients present with dyspnea on exertion, decreased 
exercise tolerance, or nonproductive cough, with their degree of 
symptomatology paralleling their degree of obstruction on pulmonary 
function testing (PFT). BOS usually occurs within the first 2 years, but 
may develop as late as 5 years after allo-HCT. Reliance upon symp-
toms for diagnosis can be dangerous, because once symptoms are 
apparent the extent of airflow obstruction may not only be significant 
(FEV1 < 40% predicted), but the process may be irreversible. With 
routine screening spirometry, BOS is often diagnosed on the basis of 
new airflow obstruction even before the patient is symptomatic.

BOS is diagnosed by demonstration of a fixed airflow obstruc-
tion that is defined as: (1) decreased 1-second FEV1 <75% of 
predicted, and evidence of airway obstruction as demonstrated 
by FEV1/forced vital capacity ratio of <0.7 on PFT; (2) signs 

of air trapping by PFT as shown by residual volume >120% of 
predicted, or evidence of air trapping on computed tomography 
or lung biopsy; (3) absence of acute respiratory infection; and (4) 
another manifestation of cGVHD in an additional organ system if 
no histologic evidence of BOS can be demonstrated.52,55

Early identification strategies, borrowed from the field of lung 
transplantation, utilize serial testing of the extent of FEV1 decline 
from pretransplantation baseline. Early onset of BOS can have 
worse outcomes than late-onset BOS, suggesting that these are 
two distinct clinical entities that may warrant different treatment 
approaches.52,55 There is growing awareness that patients with 
BOS have high mortality rates regardless of therapy, suggesting 
the need for early identification, preemptive treatment, and novel 
approaches.57

prophylaxis of Chronic Graft-versus-host-disease 
and Bronchiolitis Obliterans Syndrome
cGVHD can be a significant complication of HCT impacting up 
to 80% of patients receiving alternative donor grafts. cGVHD is 
independently associated with late pulmonary complications and 
BOS is strongly associated with cGVHD.11,57 It has been reported 
that the administration of antithymocyte globulin (ATG) during the 
conditioning regimen or early after transplant, in addition to the 
conventional GVHD prophylaxis, can reduce the incidence and the 
severity of subsequent cGVHD.56,58 The magnitude of reduction is 
∼ 20% or greater for both aGVHD grade II–IV and cGVHD.51 In 
comparison to those who did not receive ATG, the incidence of 
cGVHD was reduced from 60% to 37% (P = 0.05), and extensive 
cGVHD reduced from 41% to 15% (P = 0.01). Significantly, the 
cumulative incidence of chronic lung dysfunction was reduced 
from 51% to 19% (P = 0.005). Further incentive for using ATG 
has been found in the conclusions of prospective randomized tri-
als with ATG, which suggest that prevention of cGVHD is possible 
without significantly interfering with the graft-versus-malignancy 
effect and may result in wider use of ATG.

Management of Bronchiolitis  
Obliterans Syndrome

Systemic Glucocorticoids
The mainstay of therapy has been systemic IST including high-
dose corticosteroids, CSA, azathioprine, and ATG with the intent 
of general control of cGVHD. Sullivan et al.59 first described in 
1981 use of prednisone along with azathioprine in a series of  
52 patients with cGVHD as effective therapy. Since then, systemic 
high-dose corticosteroids have been thought to be the most effica-
cious treatment in cGVHD. Ratjen et al.60 showed improvement in 
FEV1 with 7 of 9 patients in the pediatric population after HCT 
with clinical stability following treatment with high-dose methyl-
prednisolone for BOS. Despite the unfavorable side-effect profile 
and the absence of strong evidence, systemic glucocorticoids 
remain the recommended first-line therapy (dosage varies from 
0.1 to 1 mg/kg/day—depending on severity) for patients diag-
nosed with BOS (Table106.2).

Inhaled Corticosteroids
Inhaled corticosteroids may optimize local delivery while abrogat-
ing the risks of systemic corticosteroids in the treatment of BOS. 
Bashoura et al.61 used fluticasone-propionate in patients with BOS 
after HCT and reported stabilization or improvement in FEV1 after 
3 to 6 months of treatment in 16 of 17 patients. Similarly, Bergeron 
et al.62 reported improvement in symptoms as well as in FEV1 at 
3 to 6 months posttherapy using a combination of budesonide and 
formoterol. This strategy has yet to be evaluated in a prospective 

72683_ch106_2221-2234.indd   2224 30/07/13   6:18 PM



 ChaPter 106 Late Effects After Transplantation 2225

Tr
an

sp
la

nt
at

io
n

randomized controlled manner, but the potential to deliver high 
doses of steroid therapy in the inhaled modality is a promising 
method of improving treatment without the systemic risks.

Systemic Immunosuppression Therapy
Other immunosuppressive agents such as calcineurin inhibitors 
(cyclosporine and tacrolimus), mammalian target of rapamycin 
inhibitors (sirolimus and everolimus), as well as mycophenolate 
mofetil have also been shown to be efficacious in treatment of BOS 
in patients who undergo lung transplant.55

Azithromycin
Azithromycin, a macrolide antibiotic, has been shown to modulate 
cytokine production and impair neutrophil function. Several small 
studies in the lung transplant literature have shown that chronic 
therapy with azithromycin can improve FEV1 or slow progression 
of BOS.63–65 The largest study reported to date has been by Vos 
et al.,66 whose cohort of 107 lung transplant recipients with BOS 
were evaluated on long-term azithromycin therapy. Forty percent 
of patients were responsive to treatment, and these patients were 
reported to have improved OS compared with those who did 
not respond to macrolide therapy. The same authors have also 
published data that prophylactic azithromycin thrice weekly for 2 
years after transplantation may prevent BOS by improving FEV1 
as well as BOS-free survival in the same cohort.67 Khalid et al.68 
reported significant clinical improvement in FEV1 and forced vital 
capacity in 7 of 8 patients with BOS after allo-HCT using azithro-
mycin 500 mg daily for 3 days followed by 250 mg three times 
weekly for a minimum of 12 weeks.

Given its ease of administration and favorable side-effect pro-
file, it is being increasingly used as upfront therapy for BOS and is 
recommended as adjunctive therapy in addition to corticosteroids 
and additional IST.

Novel Combination Therapy
Norman et al.69 have reported a small case series (n = 8) of BOS 
after HCT using combination therapy with fluticasone, azithromy-
cin, and montelukast (FAM). Their results suggest that combina-
tion therapy may spare some patients from systemic steroids and 
is being investigated in a prospective phase II trial.

A list of other therapeutic agents available in clinical practice 
is summarized in Table 106.2.

Lung Transplantation
Although data is limited, lung transplantation upon failure of 
medical therapy is also an option, with several cases reported 
in the literature after HCT for patients who are thought to have 
achieved a cure for their hematologic malignancy but have severe 
BOS.70–72 Currently, there are no defined criteria for the appropri-
ate timing for referral to a lung transplant, but those who have 
remained in remission for years without significant comorbidities 
or other long-term complications from HCT may be good candi-
dates for consideration.

iNfECTioN aNd iMMuNE 
rECoNsTiTuTioN
Infection remains an immense challenge in long-term survi-
vors, especially in patients requiring prolonged IST for cGVHD. 
Infection in survivors, even in the absence of cGVHD, is over 20 
times greater than reported in the general population. About 20% 
of patients remain on IST beyond 3 years post-HCT, with a higher 
incidence in older patients receiving HCT.8,11 There is an elevated 
risk of bacterial, fungal, and viral infections occurring even 
years after HCT, although this plateaus after 2 years.73 Infections 
remain a significant contributor to morbidity, rehospitalization 
and NRM in 5-year survivors.50,74,75,76,77

Immune reconstitution of the B and T cell repertoire from the 
donor can be insufficient, and long-term survivors still have an 
increased risk of infectious diseases.8,78,79 cGVHD and the use 
of systemic IST for cGVHD are the main risk factor of long-term 
poor immune reconstitution after HCT.80 Immune status should 
be monitored periodically,34 especially in those with recurrent 
severe infections.

Bacterial Infection
Bacterial infections such as pneumococcal infection can be 
lethal, especially in patients with cGVHD. Fortunately there are 
effective preventive options such as antibiotic prophylaxis and 
vaccinations.34,76 Prolonged antibiotic prophylaxis is generally 
recommended for preventing infection by encapsulated organisms 
among patients with active cGVHD on systemic IST. Oral penicillin 
is generally preferred, but consideration of susceptibility patterns 
may warrant other options such as second-generation cephalo-
sporins, macrolides, or fluoroquinolones. However, because of the 
risks of resistance, vaccinations should always be initiated if avail-
able. Several guidelines have been published34,76,81; our current 
vaccination schedule is summarized in Table 106.3.

The optimal timing of vaccination is also important34; the 
guidelines recommend not postponing vaccinations with nonlive 
vaccines in patients with ongoing active cGVHD.82 Checking 
antibody titers is useful in monitoring the success of vaccination 
in such patients. Live vaccines are generally avoided in subjects 

Agent Mechanism of Action

Systemic corticosteroids Systemic immunosuppression

Inhaled corticosteroids Localized antiinflammatory

Calcineurin inhibitors Systemic immunosuppression

Mycophenolate mofetil Inhibits fibroblast proliferation

mTOR inhibitors (e.g., sirolimus) Inhibits fibroblast proliferation

Azithromycin Macrolide antibiotic

Impairs neutrophilic inflammation

? prokinetic GI properties leading to 
reduction of GERD

Montelukast Leukotriene receptor antagonist
Reduces bronchoconstriction, eosino-
philic and neutrophilic recruitment

Extracorporeal photopheresis Mechanism not understood
Involvement of regulatory T cells

Imatinib Antifibrinogenic

Rituximab Inhibits B cell proliferation
(Anti-CD20 antibody)

Inhaled cyclosporine Local immunosuppressant therapy

Etanercept TNF-a blockade

Bortezomib Proteosome inhibitor
Inhibits TGF-b1

Combination therapy

BOS, Bronchiolitis obliterans syndrome; GERD, gastroesophageal reflux disease; GI, 
gastrointestinal; mTOR, mammalian target of rapamycin; TGF-α, transforming growth  
factor-a; TNF-b1, tumor necrosis factors.

AvAiLAbLE ThErApEuTic opTions for bos AfTEr  
ALLogEnEic hEMATopoiETic cELL TrAnspLAnTATion (hcT) 
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with ongoing IST. Another investigational approach to hasten the 
recovery of immunity is to boost donors prior to graft collection to 
enhance immune recovery in the eventual recipients.

Fungal Infection
Late fungal infection is associated with cGVHD and systemic IST 
with Aspergillus spp. being the most common pathogen.76,83,84 
There is very limited evidence to demonstrate clinical benefit of 
antifungals in the setting of cGVHD; however, antifungal prophy-
laxis especially against Aspergillus is usually recommended for 
patients with severe cGVHD.85

Iron overload, a frequent finding after HCT, has shown a possi-
ble association with fungal infections and this represents a poten-
tial therapeutic target.86–89 Iron overload is an established risk 
factor for infections in patients with myelodysplastic syndromes.90 
Iron chelation or phlebotomy could not only reverse transfusional 
overload, but might mitigate the risk of fungal infection.

Viral Infection
Viral infections, including CMV, varicella zoster virus (VZV), and 
influenza are responsible for late hospitalization, morbidity, and 
mortality in HCT survivors and are frequently associated with 
cGVHD.73,77 While most CMV reactivations occur early, recent 
developments in transplant techniques such as preemptive CMV 
treatment strategies, cord blood, mismatched-related or URD HCT, 
and reduced-intensity conditioning have led to the emergence of late 
CMV reactivation and infection. CMV seropositive recipients of CMV 
seronegative grafts are at particular risk for prolonged reactivation.

Acyclovir prophylaxis to prevent VZV reactivation is non-
toxic, effective, and routinely recommended for at least the 
first year after HCT.91,92 Longer duration acyclovir prophylaxis 
beyond 1 year should be considered in patients with cGVHD or 

systemic IST. Vaccination against VZV requires administration 
of an attenuated virus, and early reports are promising.93,94 
However, live vaccines should be administered no earlier than 
24 months after HCT; there may be differences in the safety 
profiles of different vaccine brands and, as yet, no VZV vaccine 
has been approved for HCT recipients.

There is considerable high-level evidence that annual influenza 
vaccination is beneficial to HCT recipients.34,76,81 After HCT, the 
first dose is often insufficient in producing satisfactory antibody 
titers, but a booster dose can improve the immune response.95–98 
However, even with two doses of vaccine the most vulnerable 
HCT recipients, i.e., those who have a shorter transplant-to-
vaccination interval and active GVHD, might fail to be protected.95 
Consequently, attention must also be paid to other proven mea-
sures, such as exploiting herd immunity by vaccinating household 
members and avoiding symptomatic contacts.

boNE MiNEral dENsiTy loss aNd 
avasCular osTEoNECrosis

Bone Mineral Density Loss

Definitions
Bone mineral density (BMD) loss is usually determined by 
dual-energy x-ray absorptiometry (DEXA). Scores in adults are 
compared to the mean BMD of a gender-matched younger adult 
population at peak density to generate the T-score. A T-score 
between –1.5 and –2.5 defines reduced bone mass or “osteope-
nia,” while a T-score less than –2.5 defines “osteoporosis.” For 
pediatric populations an age-matched score, the Z-score, is used. 
BMD loss alone does not predict fracture, and osteoporosis may 
be diagnosed independently in the presence of fragility fractures.

Vaccine
Recommendation 
after HCT

Time Post-HCT to 
Initiate Vaccine (mo) Number of Doses Improved by Donor Vaccination

Pneumococcal conjugate (PCV) Yes 3–6b 3–4b Yes, may be considered when recipient is at 
high-risk for GVHD

Tetanus, diphtheria, Acellular 
Pertussisc

Yes
Tetanus-Diphtheria

6–12 3d Tetanus: likely
Diphtheria: likely
Pertussis: Unknown

Haemophilus influenza conjugate Yes 6–12 3 Yes

Meningococcal conjugate 6–12 1 Unknown

Inactivated polio 6–12 3 Unknown

Recombinant hepatitis B 6–12 3 Likelee

Inactivated influenza Yearly 4–6 1–2f Unknown

Measles, mumps and rubellag 24 1–2h Unknown

GVHD, graft-versus-host disease; HCT, hematopoietic cell transplant.
aA uniform specific interval between doses cannot be recommended, because various intervals have been used in studies. As a general guideline, a minimum of 1 month between doses may be 
reasonable.
b If immunization is started early, consider evaluating for antibody levels and if they are low, revaccinate. Following the primary series of 3 PCV doses, a dose of the 23-valent polysaccharide 
pneumococcal vaccine (PPSV23) to broaden the immune response might be given. For patients with chronic GVHD (cGVHD) who are likely to respond poorly to PPSV23, a fourth dose of the PCV 
should be considered instead of PPSV23.
c DTaP is preferred; however, if only Tdap is available (e.g., because DTaP is not licensed for adults), administer Tdap. Acellular pertussis vaccine is preferred, but the whole-cell pertussis 
vaccine should be used if it is the only pertussis vaccine available.
d See text for consideration of an additional dose(s) of Tdap for older children and adults.
eSignificant improvement of recipient response to hepatitis B vaccine posttransplant can be expected only if the donor receives more than 1 hepatitis vaccine dose prior to donation.
f For children <9 years of age, 2 doses are recommended yearly between transplant and 9 years of age.
g Measles, mumps, and rubella vaccines are usually given together as a combination vaccine. In females with pregnancy potential, vaccination with rubella vaccine either as a single or a 
combination vaccine is indicated.
h In children, 2 doses are favored.

MoLEcuLAr cAusEs of sEvErE coMbinEd iMMunodEficiEncy

taBLE 106.3
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Bone Loss Risk
Accelerated BMD loss is observed in the vast majority of HCT 
survivors. In a representative series of 78 long-term survivors, 
73% had BMD loss, 42% with osteopenia.99 In terms of clinical 
sequelae, the 3-year cumulative incidence of fractures was 8% 
in a series of 146 transplant recipients, predominantly in child-
hood recipients.100 For unclear reasons, and in contrast to their 
lower vulnerability to other transplant complications, children 
experience greater BMD loss than adults.100,101 However, this 
susceptibility does not extend into young adulthood and the inci-
dence of osteoporotic fracture rates is not increased in younger 
adults, arguing against the routine use of bisphosphonates in 
this population.99

Trabecular bone is particularly vulnerable. The spine and hip 
contain 50% to 75% trabecular bone and are most at risk for 
fracture after HCT. The magnitude of BMD loss is greater in the 
femoral neck102 compared with the spine, and tends to be more 
difficult to reverse.103,104 BMD loss is extremely rapid in the first 
4 months of transplant. The BMD loss between baseline and 
day 100 DEXA scans is equivalent to the aging of bones by 7 to  
10 years for auto-SCT and 13 to 17 years for allo-HCT recipeints.105 
Recovery of BMD occurs first in the lumbar spine, followed by 
slower recovery in the femoral neck: BMD nadir at month 6 for the 
spine and at month 24 for total body and femoral neck.104 Partial 
or complete recovery of BMD is possible with improvement of bone 
turnover, but with variable kinetics.106

BMD loss has also been noted after autologous HCT.107 
However, the risk factors are different: lymphoma was associ-
ated with greater bone loss after autologous HCT than myeloma, 
whereas higher steroid dose was the most significant risk factor 
after allogeneic HCT.108

Pathobiology
BMD loss results from reduced bone formation and accelerated 
resorption, with increased markers of bone turnover being a con-
sistent feature.109 Corticosteroid exposure plays a major role; 50% 
of nontransplant patients will develop osteoporosis after 6 months 
of steroid exposure.110 Studies have shown that transplant 
recipients have abnormally low vitamin D.111,112 In addition, HCT 
recipients have unique pathologic influences on BMD loss. The 
most important and reversible condition is hypogonadism, which 
is a prominent feature of myeloablative conditioning regimens 
and disproportionately impacts females. Immunosuppressive 
medications, particularly cumulative steroid exposure, are widely 
accepted as an important risk factor. cGVHD either directly (via 
inflammatory cytokine release) or indirectly (via steroid usage) is 
a notable risk factor.99

The role of inflammatory mediators is not well understood, but 
emerging information implicates osteoprotegerin (OPG):Rank-L 
interaction, arguably the most critical mediator of bone remodel-
ing.113 Serum levels of OPG, the antagonist of the osteoclast differ-
entiation factor Rank-L, are increased in transplant  recipients.114 
Increased insulin resistance may also be  contributory.112 
Multivariable risk models explain only 11% to 30% of the varia-
tion in transplant-related BMD change, suggesting that poorly 
characterized risk factors, likely inflammatory cytokines, play a 
dominant role in the pathobiology.105 Additionally, the rapidity of 
BMD loss sustained after HCT could potentially increase fracture 
risk independently by inducing microarchitectural changes even 
when BMD loss is reversed.

Management of Post-hematopoietic Cell 
Transplantation Bone Loss
It is recommended that HCT recipients undergo evaluation 
to include BMD by DEXA starting shortly before and after 

transplantation, calcium/vitamin D supplementation, and sex 
hormone levels with possible hormonal supplementation. There 
should be a low threshold to consider bisphosphonate therapy 
(e.g., annual Reclast) for patients at significant progressive risk, 
such as long-term steroids.115 The Fracture Risk Assessment Tool 
(FRAX; www.shef.ac.uk/FRAX/) is an algorithm commonly used 
to predict the 10-year risk of fracture and guide therapeutic inter-
vention, but is not yet validated in HCT recipients.

Standard prophylactic measures for osteoporosis prevention 
as applicable to aging are far less effective in the HCT popula-
tion.116 Calcium with or without calcitonin is ineffective in pre-
venting a decline in BMD.117 Nevertheless, simple calcium and 
vitamin D supplementation is necessary in transplant recipients 
because of impaired gastrointestinal (GI) absorption. A mini-
mum of 400–600 IU vitamin D per day appears to be required 
to achieve optimal serum 25-hydroxy D concentrations following 
HCT.112 Current guidelines call for adequate daily calcium intake 
(at least 1,200 mg daily) plus vitamin D (1,000 IU per day, and 
higher if serum 25-hydroxy vitamin D levels are <30 ng/ml), 
regular weight bearing activity, and avoidance of smoking or 
excess alcohol.118,119

Hormone replacement therapy (HRT) is now standard for all 
females who are at risk.120 In a prospective study for children at 
particular risk, 28 girls with a median age of 10 years with sex 
hormone deficiency after HCT were followed longitudinally. At 
their first evaluation, performed at a median of 3.8 years after 
HCT, BMD increased significantly from −2.7 ± 1.1 (Z-score) to 
−2.3 ± 1.2 after HRT administration, with 24 of 28 patients 
showing a good response.121

Antiresorptive therapy should be an individualized decision 
based upon the clinical status, T-score, fracture risk (FRAX score), 
tolerability, and risks. Bisphosphonates, the primary option, have 
been shown to be beneficial in improving BMD in the specific set-
ting of HCT; however, the benefits need to be balanced against 
the risks, particularly of osteonecrosis.122 Bisphosphonates have 
been proven to be superior in a nonrandomized trial comparing 
zoledronate and risedronate to calcium + vitamin D ± HRT.123 
Benefits are lost after stopping therapy with bisphosphonates.124 
Most experts advocate a drug holiday after 3 to 5 years of continu-
ous bisphosphonates with stable BMD.122 Second line therapies 
include calcitonin, raloxifene and human recombinant parathy-
roid hormone, but experience is limited. PTH is contraindicated 
in children with open growth plates, recipients of TBI, and those 
with renal dysfunction. Denosumab, which sequesters RANK-L, is 
yet to be formally evaluated in HCT recipients.

avascular Necrosis of Bones after 
hematopoietic Cell transplantation
Avascular osteonecrosis (AVN) is a painful and debilitating bone 
complication distinct from BMD loss, with a different pathobiol-
ogy but an important risk factor in common (prolonged steroid 
exposure). AVN is caused by focal bone necrosis and seen in 4% 
to 19% of allogeneic HCT survivors.122,125,126 Early osteonecrotic 
changes in hips and knees have been seen in the transplant popu-
lation with a frequency up to 43% by magnetic resonance imaging 
(MRI) screening. In the same study, 15% of patients had coexistent 
loss of BMD.127

AVN may occur at a median of 2 years, but may be detected as 
early as 6 months and as late as 10 years after HCT. Pathogenetic 
factors are poorly understood, but involve local vascular damage 
leading to ischemia, ineffective repair due to metabolic factors, and 
mechanical stresses.128 Risk factors for AVN include GVHD therapy 
with steroids129 and calcineurin inhibitors, an underlying diagno-
sis of acute lymphoblastic leukemia (probably also steroid-related), 
older age, female gender, and the use of TBI in conditioning.

AVN most commonly destroys the femoral heads and pres-
ents with severe pain. Knees, shoulder and other joints may be 
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involved and multiple joint involvement is common. Diagnosis is 
made by MRI, which is not only more sensitive but allows estima-
tion of the extent of involvement. The Association of Research 
Circulation Osseus (ARCO) classification is typically used for 
 staging (Table 106.4).130

Management requires a multidisciplinary approach with 
early orthopedic surgeon involvement, physical and occupational 
therapy, plus attention to pain control. Treatment decisions are 
individualized based upon the joint location, staging, expected 
longevity, a continued need for immunosuppression, comor-
bidities, and age. Although sometimes prescribed, there is no 
evidence that statins or bisphosphonates are helpful for preven-
tion or treatment of AVN in HCT. Conservative management 
aims to preserve native joint function for as long as possible with 
analgesics and by minimizing impact to the joint. Surgical options 
are joint preserving (such as core decompression, vascularized 
fibular grafts, osteotomy) versus joint replacement. Nonoperative 
management is limited in scope, with satisfactory clinical results 
reported in 63.5% of hips in 24 studies of core decompression 
versus 22.7% of hips in 21 studies of nonoperative manage-
ment.131 Typically, for early symptomatic AVN involving <15% 
or asymptomatic lesions involving >30% of the femoral head, 
conservative management and core decompression are appro-
priate. Larger lesions, even if asymptomatic, or ARCO stage > II 
lesions warrant more aggressive approaches.122 A recent series 
of 122 total hip arthroplasty procedures for AVN in nontrans-
plant recipients demonstrated durability, with 89% joint survival 
rate at 15 years.132

oCular CoMpliCaTioNs iN loNg-TErM 
survivors afTEr HEMaTopoiETiC 
CEll TraNsplaNTaTioN
In a series of 620 allogeneic HCT recipients, major ocular compli-
cations occurred in 13% of patients. The most frequent complica-
tions were cGVHD, xerophthalmia without cGVHD, corneal ulcers, 

cataract, glaucoma, cytomegalovirus retinitis, fungal endophthalmi-
tis, and acquisition of allergic conjunctivitis from atopic donors.133 
Of these, cGVHD and cataracts are the most frequent late complica-
tions. Management should always include regular ophthalmologic 
evaluations, with prompt referral for symptoms.

Ocular Graft-versus-host-disease
Ocular cGVHD often affects the lacrimal glands, the conjunctiva, 
the lids (including meibomian glands), and the cornea, but can 
also involve other parts of the eye such as the sclera. The typi-
cal presentation is that of keratoconjunctivitis sicca. In a series 
of 248 evaluable patients from the EBMT, the actuarial prob-
ability of developing dry eyes was 21% ± 3% at 15 years, and is 
strongly associated with systemic cGVHD (RR 3.5; CI, 1.9 to 6.9), 
female patients (5.6; CI, 1.6 to 18.8), age older than 20 years 
(3.1; CI, 1.6 to 5.6), single-dose irradiation for preparation to 
HCT (3.8; CI, 1.3 to 11.3), and methotrexate for prevention of 
GVHD (3.6; CI, 1.05 to 12.8).134 There are no pathognomonic 
diagnostic features of ocular GVHD and evidence levels for diag-
nosis and treatment are generally low.135 Therapeutic goals are 
to reduce inflammation and dryness in order to relieve symp-
toms and maintain functional ocular integrity. Therapy is indi-
vidualized based upon the patient’s overall condition, systemic 
IST, symptoms, ocular surface integrity, and inflammatory activ-
ity. Artificial tears are the first line of treatment. Topical immu-
nosuppression, for example, with steroid136 or cyclosporine eye 
drops,137–139 reduces inflammation and dryness in ocular GVHD 
and improves symptoms in the majority of cases. Autologous 
serum eye drops are also effective.140,141 Gas-permeable scleral 
lens for management of severe keratoconjunctivitis sicca may 
be necessary for severe cases refractory to conventional treat-
ment.142,143 Plugs for occlusion of the lacrimal drainage system 
and punctal cauterization144 are usually reserved for resistant 
cases. Further clinical trials are necessary to elucidate risk fac-
tors for eye manifestation, complications, and visual loss, and 
to evaluate staging criteria and diagnostic and therapeutic mea-
sures for ocular cGVHD.

premature Cataract Development after 
hematopoietic Cell transplantation
The risk of premature cataract was as high as 23% in pedi-
atric HCT recipients.145 Risk factors include steroids146 and 
 radiation.147 The impact of TBI on the risk of cataract formation 
can now be quantified148 and may support studies of lens shield-
ing in susceptible populations. Aggressive management of dry 
eyes is an important adjunct to cataract surgery.149

ENdoCriNE aNd sExual 
dysfuNCTioNs iN loNg-TErM 
survivors

Diabetes Mellitus after hematopoietic  
Cell transplantation
Adjusting for age, sex, race, and body mass index, survivors 
of allogeneic HCT are 3.6 times more likely to report diabetes 
than their sibling controls.150 The actual prevalence of diabetes 
depends on the age of the transplant population and ranges from 
3.3% to 15%.151 Risk factors include cGVHD,20 TBI,152 and a 
cumulative prednisone dose of >0.25 mg/kg/day.153 There are no 
specific guidelines for screening; however, it is prudent to screen 
high-risk patients periodically because diabetes may be asymp-
tomatic. Euglycemic survivors with a history of steroid-induced 

Stage Radiologic Findings Subclassification

0 All diagnostic studies 
normal, diagnosis by 
histology only

I Plain radiographs and CT 
normal; MRI positive and 
biopsy positive

Extent: A (<15%),  
B (15-30%), C (>30%)
Location: 1 (medial 
third), 2 (median third), 
3 (lateral third)

II Radiographs positive Extent/location as above

III Subchondral fracture 
(crescent sign)

Extent/location as above

IV Flattening of femoral 
head

Depression of femoral 
head: A (<2 mm),  
B (2-4 mm), C (>4 mm)

V Flattening of femoral 
head, osteoarthritic, joint 
space, and acetabular 
changes

Depression as above

VI Joint destruction

CT, computed tomography; MRI, magnetic resonance imaging.

AssociATion of rEsEArch circuLATion ossEus (Arco) 
sTAging sysTEM for osTEonEcrosis
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diabetes remain at higher risk for the future development of 
diabetes and should undergo aggressive screening (every 3 to  
6 months).154 Screening for diabetes is similar to that in the non-
transplant population, with the exception that HbA1c is an unreli-
able marker in anemic or transfused recipients. Beyond lifestyle 
changes, therapy is usually based on insulin because traditional 
oral hypoglycemic agents are often contraindicated (Table 106.5).

Male hypogonadism and Sexual Dysfunction
Male hypogonadism is common in survivors of malignancies 
but susceptible to neglect. Manifestations are low testosterone, 
reduced libido, impaired spermatogenesis and erectile dysfunc-
tion. Testosterone-producing Leydig cells are less damaged than 
the sperm-producing Sertoli cells in transplant survivors, result-
ing in mild elevation of luteinizing hormone hormone compared 
to greater elevations in follicle-stimulating hormone.155 Impaired 
spermatogenesis is common, with recovery seen in only 50% to 
90% of nonirradiated and about 20% of irradiated survivors.156 
Younger men receiving reduced-intensity HCT are more likely to 
recover spermatogenesis.157 Both organic158 and psychological159 
factors are responsible for erectile dysfunction and reduced libido.

The goals of therapy are to restore fertility if desired, improve 
libido and sexual function, and reduce bone loss. Since azoosper-
mia is common, often the only options to preserve male fertility 
are semen banking and/or testicular tissue cryopreservation 
prior to transplantation.160 A low morning total testosterone level 
with reduced libido161 or bone mass162 may be indications for 
supplementation. Testosterone dose should be titrated to achieve 
a mid-normal range while monitoring prostate-specific-antigen 
and hematocrit.

thyroid Disorders in Long-term Survivors
The thyroid gland is frequently damaged in transplant survivors. 
TSH elevations, initially subclinical, are found in up to 17% of sur-
vivors and are dependent upon the dose of TBI.163 In a long-term 
study of pediatric transplant recipients, approximately 30% even-
tually developed thyroid abnormalities; hypothyroidism was much 
more frequent than hyperthyroidism or thyroiditis.164 Risk factors 
for hypothyroidism include age less than 10 years at transplant, 
conditioning intensity (particularly TBI), and cGVHD.21,164,165

In a study of 791 pediatric transplant recipients, thyroid 
tumors occurred at a median of 9.9 (4.5–22.3) years after HCT 
and included 13 with papillary carcinoma and 5 with benign 
adenomas.164 Radiation exposure underlies most cases,164,165 but 
age less than 20 years, female sex, cGVHD, and family history 
are also factors.166 Thyroid nodules need evaluation by ultra-
sound and biopsy. Excellent outcomes are observed with total 

thyroidectomy and iodine ablation. Patients with elevated TSH 
who are symptomatic should be considered for early replacement 
therapy to improve quality of life (QOL) (even in patients with 
subclinical hypothyroidism).

adrenal Insufficiency
Even short-term supraphysiologic doses (equivalent to prednisone 
of >7.5 mg/day) of steroids are known to suppress the hypotha-
lamic-pituitary-adrenal (HPA) axis, and adrenal insufficiency may 
last for up to 9 months. Glucocorticoid-induced adrenal insuffi-
ciency is highly prevalent (and often overlooked) in HCT survivors. 
In one series, 19 of 20 allogeneic HCT long-term survivors had 
abnormalities on ACTH stimulation.167 Adrenal insufficiency may 
be clinically overt or diagnosable by ACTH challenge. Alternate 
day or early morning steroid administration minimizes HPA axis 
suppression and early replacement in symptomatic patients is a 
key step in management.

pituitary Dysfunction
Pituitary complications are predominantly pediatric and manifest 
as growth failure, central hypogonadism, and central hypothy-
roidism. Irradiation, male gender, and young age at BMT are the 
most important factors for growth impairment, and 40 out of 
141 children failed to achieve normal adult height.168,169 Regular 
screening for growth and replacement in needed patients is essen-
tial in pediatric HCT survivors.

CHroNiC KidNEy disEasEs: 
MoNiToriNg aNd MaNagEMENT 
guidEliNEs

Epidemiology and prevalence
Estimates of the cumulative incidence of CKD in HCT survivors 
vary from 13% to 66% for adults and 62% in children, with varia-
tion attributable at least in part to the lack of a uniform disease 
definition.170,171 The initial insult may occur pretransplant or 
evolve from acute kidney injury early after HCT, but is often 
delayed as much as 10 years posttransplant. CKD is indepen-
dently associated with an increased risk of NRM; and progression 
to end-stage renal disease (ESRD) that requires dialysis is associ-
ated with a near 90% mortality.170,171

There are 3 separate clinical entities that are distinguish-
able after HCT (Fig. 106.2): thrombotic microangiopathy (TMA), 
nephrotic syndrome, and idiopathic or GVHD-related CKD. Acute 
deteriorations in renal function will occur in the majority of 
patients in the first few months after HCT. This acute kidney injury 
may persist and eventually contribute to the later development of 
CKD. Careful monitoring of blood pressure, renal function, and 
proteinuria is mandatory, especially in older patients and those 
with preexisting renal impairment. Renal function should be eval-
uated before HCT and monitoring should occur at least every 3 to 
6 months in these patients. Renal biopsies are indicated in patients 
with proteinuria and persistent or progressive rises in serum cre-
atinine to determine etiology and prevent the progression to ESRD.

Definition of Chronic Kidney Disease
CKD is defined by an elevation in serum creatinine, or a decreased 
GFR (GFR < 60 ml/min/1.73 m2), for 3 or more months. Kidney 
damage is further described in terms of structural or functional 
abnormalities in morphology, imaging, or composition of the 
blood or urine, such as proteinuria (a ratio of greater than  
300 mg of albumin per gram of creatinine on spot urine testing).170

Screening 
Guidelines Diagnosis Treatment

•  Periodic fasting and 
random glucose 
monitoring, espe-
cially in the setting 
of steroid usage

•  Glycosylated hemoglobin 
(HbA1c) ≥ 6.5

•  Fasting blood glucose ≥ 
126 mg/dl (100–125 is 
impaired fasting glucose)

•  Random blood glucose ≥ 
200 with hyperglycemic 
symptoms

•  Therapeutic lifestyle 
changes

•  Consider starting  
insulin therapy if  
this fails

•  Oral hypoglycemic  
can be considered  
in certain cases

HCT, hematopoietic cell transplantation.

rEcoMMEndATions for diAbETEs MELLiTus MAnAgEMEnT 
AfTEr hEMATopoiETic cELL TrAnspLAnTATion (hcT) 
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Spectrum of Kidney Disease
There are 3 major risk factors contributing to the pathogenesis 
of kidney injury after HCT: the underlying malignancy and previ-
ous therapies, transplant-related treatments, and complications 
and immunobiology of transplantation (GVHD). The spectrum 
of renal disease after HCT ranges from vascular (hypertension, 
TMA), to glomerular (albuminuria, nephrotic glomerulopathies), 
to tubulointerstitial abnormalities, which may all result in the 
reduction of GFR (Fig. 106.2). However, since it is not currently 
feasible to evaluate these components independently in clinical 
practice, it is common to group the disorders into three distinct 
clinical syndromes: TMA, nephrotic syndrome, and idiopathic or 
GVHD-related CKD.

Evaluation and Follow-up Guidelines of patients 
with Chronic Kidney Diseases
Screening recommendations for patients beyond 6 months fol-
lowing HCT were developed by a consensus panel formed by 
CIBMTR, EBMT, and ASBMT50 and are briefly summarized in 
Table106.6: 1. Hypertension should be investigated at every 
clinic visit and at least annually and managed aggressively. 2. 
Renal function should be evaluated at day 90 to 100 and then  
6 and 12 months after transplantation for all patients, and yearly 
thereafter at a minimum for those with early renal insufficiency. 
Screening should include assessment of urine albumin and pro-
tein, serum BUN, and creatinine. Of note, serum creatinine is 
not an accurate measure of kidney function. Serum creatinine 
level and related estimating equations are dependent on muscle 
mass and are influenced by age, race, gender, and weight. 3. 
Ultrasonography should be used to exclude obstructive uropathy, 
especially in patients with acute or chronic kidney injury. 4. Renal 
biopsy is warranted to diagnose etiology of persistent AKI or CKD 
and nephrotic range proteinuria.

Long-term Implications, Surveillance, 
prevention, and Management
The final consequences of CKD are independent of the underlying 
kidney disorder and include the possibility of progression to ESRD 
and complications from renal dysfunction such as metabolic, 

electrolyte, endocrine, bone and mineral abnormalities, hyperten-
sion, proteinuria, anemia, and contribution to CV risk.

Management guidelines include:

1.   Avoidance of nephrotoxic drugs (NSAIDs, calcineurin inhibi-
tors, contrast media, aminoglycosides, chemotherapy), renal 

FIGURE 106.2. Types of CKD in long-term survivors of HCT: Sites of 
action of different renal insults with consequent clinicobiologic syn-
dromes of kidney injury. CKD, chronic kidney disease; CNI, calcineurin 
inhibitor; GVHD, graft-versus-host-disease; HCT, hematopoietic cell transplant; 
TBI, total body irradiation; T-I nephropathy, tubulointerstitial nephropathy; TMA, 
thrombotic microangiopathy.

CNI

TBI

Vascular
Hypertension
TMA

CKD

Glomerular

Tubulo-interstitial
Tubular dysfunction
T-I nephropathy

Albuminuria
Nephrotic syndrome

Chemotherapy

GVHD

Cystitis-Bk
virus and
adenovirus

Evaluation Treatment

Specific diagnosis (type of kidney 
disease):
–  A thorough search for “reversible 

causes” of kidney disease should 
be conducted (pathology and non-
invasive work-up)

– Early referral to a nephrologist

Therapy based on the specific  
diagnosis:
– GVHD
– TMA
– CNI
– Viral infection
– Other causes (GN, obstruction, etc.)

–  Disease severity is assessed by 
the level of kidney function (stage 
of CKD)

– Estimation of disease progression
–  Assessment of complications 

(related to the level of kidney 
function)

–  Assessment of comorbid  
conditions and risk factors for 
CKD (initiation/progression):

 Poor glycemic control in diabetes
 Uncontrolled hypertension
 Higher level of proteinuria
 Drug toxicity
 Urinary tract infections
Other (urinary stones/obstruction, 
autoimmune diseases, systemic 
infections, smoking)

Measures to prevent and treat compli-
cations of decreased kidney function:
 Hypertension
 Water and electrolytes imbalance
 Anemia
 Mineral metabolism
 Malnutrition
  Medication dosage adjustments at 

each visit
 Detect drug interactions
Management of comorbid conditions 
and measures to slow loss of kidney 
function
Preparation for renal replacement 
therapy (dialysis or transplantation)

Evaluation of the risk for develop-
ment of cardiovascular disease

Measures to prevent and treat  
cardiovascular disease

CKD, chronic kidney disease; CNI, calcineurin inhibitors; GVHD, graft-versus-host-disease; 
GN, glomerulonephritis; TMA, thrombotic microangiopathy.

EvALuATion of chronic KidnEy disEAsE (cKd) in  
hEMATopoiETic cELL TrAnspLAnTATion (hcT) survivors
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dose adjustment, and drug level monitoring. While options are 
 limited for substitution of calcineurin inhibitors, agents such as 
sirolimus are well tolerated.

2.   Nephrotic Syndrome-Steroids, in addition to calcineurin 
 inhibitors, can reverse minimal change or membranous 
nephropathy.172 Rituximab has also shown benefits, by directly 
killing dysregulated B-lymphocytes which have been asso-
ciated with membranous nephropathy.173,174 Membranous 
nephropathy is a clinical entity that is more refractory to 
immunosuppression, with only 27% of patients achieving 
remission, compared to 90% for minimal change disease.175

3.   TMA management-TMA is often confirmed by pathologic 
changes on kidney biopsy and may not produce clini-
cally significant microangiopathic hemolysis. Deficiency 
in ADAMTS13 is uncommon, unlike nontransplant TTP, 
and plasma exchange produces inconsistent results.176 
Calcineurin inhibitors (cyclosporine and tacrolimus) and 
sirolimus often warrant discontinuation, but management 
may be complicated by the presence of GVHD. Sometimes, 
continued immunosuppressive treatment of GVHD while 
attempting to reduce endothelial injury by aggressive hyper-
tensive therapy may be preferable.177 A small case series 
showed that 4 of 5 patients with TMA after HCT responded 
to treatment directed against cGVHD with rituximab.178 In 
another report of 12 patients with early TTP after transplant, 
50% of patients responded to defibrotide.179

4.   Management of hypertension-Treatment of hypertension is usu-
ally indicated unless the severity is mild or the condition is tem-
porary, such as an elevation in tacrolimus levels. Consideration 
should be given to early referral to a nephrologist.

Angiotensin-converting enzyme inhibitors (ACEI) and angio-
tensin receptor blockers (ARBs) are useful agents in CKD. In a 
rodent model of radiation-induced hemolytic-uremic syndrome 
(HUS) the use of these agents reduced azotemia, hypertension, 
and proteinuria, and led to long-term preservation of renal func-
tion.180 In a randomized controlled trial, captopril demonstrated 
a trend toward improving the 1 year GFR and serum creatinine 
level.181 ACEI and ARBs also produce indirect protective effects by 
reducing posttransplant inflammatory markers.182

5.   ESRD and renal transplantation- It may be impossible to 
stall the progression to ESRD. Standard therapies include 
peritoneal and/or hemodialysis, but survival in HCT recipi-
ents is particularly poor.171 Renal transplantation remains 
a therapeutic option for selected patients, with the addi-
tional advantage that those who received a kidney allograft 
from their original stem cell donor required minimal 
immunosuppression.183,184

gasTroiNTEsTiNal aNd livEr 
problEMs
GI and hepatobiliary problems in HCT survivors are usually 
sequelae of GVHD, adverse medication effects, and infections.

Esophageal Symptoms (heartburn, Dysphagia, 
and painful Swallowing)
Gastroesophageal reflux disease is a common finding and may be 
exacerbated by GVHD and the dyspepsia associated with steroids. 
Involvement of the esophagus by cGVHD may lead to chronic 
dysmotility and reflux, necessitating prolonged proton pump 
inhibitor therapy. Rarely, esophagitis may be due to fungal or viral 
infection or to a retained pill. Therapy for strictures includes IST 
(for cGVHD) and careful endoscopic dilation to avoid progressive 
luminal narrowing.

Upper Gastrointestinal Symptoms (anorexia, 
Nausea, Vomiting, and Satiety)
Causes include cGVHD, infections, and adverse drug effects. 
Upper GI GVHD can manifest in isolation, without other systemic 
manifestations of cGVHD.53,185 GVHD must be distinguished from 
reactivation of herpesvirus (HSV, CMV, VZV) in susceptible indi-
viduals who have had antiviral prophylaxis and viral surveillance 
discontinued. Occasionally enteric viruses (e.g., rotavirus and 
norovirus) and parasites (Giardia lamblia, cryptosporidia) can 
present with anorexia and nausea with minimal diarrhea.186,187

Lower Gastrointestinal Symptoms (Diarrhea and 
abdominal pain)
cGVHD involving the lower GI tract is far less common than its 
acute counterpart. When this occurs, it may be a manifestation of 
delayed or recurrent acute GVHD, sequelae from gut injury in the 
early posttransplant period, infections, or common GI disorders. 
Subacute intestinal obstruction episodes may occur in those with 
a history of severe GVHD, with or without focal inflammation.188 
Treatment is either symptomatic with opioids or with topical or 
systemic IST or 5-aminosalicylic acid.

Chronic Liver Diseases in Long-term Survivors 
after hematopoietic Cell transplantation
Chronic liver dysfunction may be due to viral infection, GVHD, drug 
toxicity, biliary obstruction, iron overload, nodular regenerative 
hyperplasia, focal nodular hyperplasia, fatty liver (NASH, secondary 
to metabolic syndrome), cirrhosis, or recurrent malignancy.88,89

Cirrhosis may be related to chronic hepatitis C and is rising in 
frequency in patients transplanted before the 1990s. Viral replica-
tion and fibrosis may be accelerated by immunosuppression, injury 
by GVHD, and hemosiderosis.89,189,190 Long-term HCT survivors 
have a significantly elevated risk of developing a new solid malig-
nancy, and there is direct evidence for an increased incidence of 
hepatocellular carcinoma.36,37 Survivors with a history of hepatitis B 
or C infection, obesity, and diabetes are particularly vulnerable and 
should be offered annual screening for hepatocellular carcinoma.191

pancreatic and Biliary Disease
Exocrine pancreatic insufficiency is an uncommon finding in 
HCT survivors and presents with chronic diarrhea and malab-
sorption.192–194 Potential causes include repeated episodes of 
pancreatitis, immunosuppressive agent toxicity, passage of a 
stone or sludge, damage by recurrent GVHD, viral infection, and 
hemosiderosis.88,195 Screening involves measurement of serum 
trypsinogen, fecal elastase-1, and chymotrypsin levels, but imag-
ing is required for evaluation of pancreatic atrophy.89,194 Therapy 
is specific to the underlying cause and oral pancreatic enzyme 
supplementation may be of partial benefit.

HCT survivors have an increased risk of gallstones, and biliary 
sludge is found by ultrasound in approximately 70%196 and at 
autopsy in 100% of HCT survivors.197 This is thought to be related 
to immunosuppressive medications.

iroN ovErload iN loNg-TErM 
survivors

pathobiology
Transfusional iron overload is common in benign and malig-
nant hematologic conditions and is often present prior to trans-
plant. Iron overload can occur after as few as 20 units of PRBC 
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transfusions, impacts 30% to 60% of allotransplant recipients, 
and is liable to be overlooked.88,198 Not only is nontransferrin 
bound iron deposited into the liver, heart, pancreas, cartilage, 
and endocrine tissues, but it may lead to the formation of reactive 
oxygen species.199,200 While the liver is capable of accumulating a 
substantial amount of iron, the most significant sequelae are not 
hepatic, but cardiac and endocrine.89

Clinical presentation and Diagnosis
Iron overload may masquerade as liver GVHD. Iron overload was 
the sole pathologic finding in one-third of cases with liver function 
test (LFT) abnormalities which underwent biopsy201 and phle-
botomy may normalize abnormal LFTs.202

Serum ferritin is the best screening test. Levels higher than 
200 µg/L in women and 300 µg/L in men are generally con-
sidered elevated, but are not very reliable because of frequent 
confounding conditions in the transplant setting. It is important 
to distinguish iron overload from other causes of elevated fer-
ritin such as systemic inflammation (GVH, infections), metabolic 
syndrome, hepatitis, and alcoholism.88 Liver iron concentration is 
the gold standard for diagnosis, but biopsy has been supplanted 
by T2 quantitative MRI. Mutational analysis for hereditary forms 
of hemochromatosis is helpful in diagnosing selected cases where 
the transfusion burden is not great.

prognostic Importance
There is growing data on the adverse impact of iron overload, 
particularly when severe, on transplant outcomes.88,89,203–206 
The impact of moderate degrees of iron overload on transplant 
outcomes remains debatable because excessive transfusions are a 
surrogate for a complicated clinical course.

Management
While more research is necessary to assess the role of iron 
overload in HCT survivors, clearly there is much to be gained 
from prevention even prior to transplant.88,207–210 After the ces-
sation of transfusions, the rate of spontaneous iron unloading 
is unsatisfactory.206 Therapeutic options include phlebotomy 
and iron chelation; however, there are no randomized trials. 
Phlebotomy, sometimes supported by erythropoiesis stimulating 
agents and folic acid, is effective, relatively nontoxic, and inex-
pensive. Frequent phlebotomy is limited only by anemia, leading 
to considerations of iron chelation as an option. Iron chelation 
by deferoxamine, deferiprone, and deferasirox have all been 
shown to reduce iron overload in the transplant setting, and one 
retrospective study showed a significant reduction in relapse 
for iron-overloaded patients treated with deferoxamine.211 With 
this exception, no study has shown significant clinical benefit 
for iron chelating agents and prospective trials are required to 
demonstrate their safety and optimize their administration in 
transplant survivors.

fEMalE loNg-TErM survivors aNd 
rElaTEd issuEs
Given the complexities involved with the evaluation and manage-
ment of this patient population, it is important for close collabora-
tion between the obstetrician/gynecologist and the hematologist/
oncologist.212 Preventive gynecologic care is critical to manage 
cGVHD of the genital tract, which can be a cause of significant 
morbidity. Other issues relevant to women of reproductive-age 
include HPV-related cervical dysplasia, contraception, infertility, 
pregnancy issues, sexual health, and hypogonadism.

Vulvovaginal Graft-versus-host disease
The incidence of female genital GVHD ranges between 25% and 
49% of allo-HCT survivors.213,214 Genital GVHD manifests in the 
vulva (68%), or the vulva and vagina concomitantly (26%).212 
Vulvovaginal cGVHD typically starts in the first year posttrans-
plant but vaginal GVHD may present in a delayed fashion, after 
several years following HCT.215,216 Late manifestations include 
vaginal synechiae, stenosis, and hematocolpos. Severe vaginal 
GVHD is strongly associated with sclerotic skin cGVHD,216 but 
may be isolated in 27% of cases.213 Genital cGVHD has been 
classified into grade I (mild), grade II (moderate), and grade III 
(severe).213,214,216

Management is complicated by symptom underreporting, 
empiric therapies directed at infectious or menopausal etiologies 
without gynecologic examination, or severe illness interfering 
with gynecology referral.217 Treatment of only vulvar disease does 
not prevent development of vaginal GVHD. In one series, 63% of 
patients required surgery for vaginal GVHD despite aggressive 
treatment of vulvar cGVHD,213 whereas others instituting regular 
monitoring avoided surgery.214 The key to successful manage-
ment is early recognition of genital GVHD and early implemen-
tation of topical immunosuppressive and estrogen therapy with 
concomitant use of dilators, if needed.214,216,218 Surgery is neces-
sary for severe resistant cases.

human papillomavirus–related Secondary 
Cancer and Other Diseases
The clinical manifestations of HPV infection include genital 
warts (condylomata acuminata), cervical, vaginal, vulvar, or 
anal intraepithelial neoplasia, and anogenital SCC. Cervical SCC 
in long-term allo-HCT survivors is reported to have a 13-fold 
increased risk compared to the general population,36 and esca-
lates to 18-fold higher if the patient is older than 34 years. 
Over 40% of female long-term survivors in another study had 
abnormal cervical cytology, with 20% having high-grade cervical  
dysplasia.47 Lower genital tract dysplasia and anogenital condy-
loma, other manifestations of HPV infection, are also prevalent. 
These manifestations are strongly associated with prolonged sys-
temic or local IST and likely represent reactivation of existing HPV 
infection, rather than acquisition of new infection. Loss of protec-
tive immunity explains why the resulting HPV-related disease is 
more prevalent and more rapidly progressive, as is observed in 
other immunocompromised populations.219

Current guidelines recommend annual screening after HCT.218 
Screening for cervical dysplasia is by cytology testing with reflex 
HPV testing. Colposcopy is reserved for cytology testing docu-
menting atypical squamous cells of undetermined significance 
(ASC-US) coupled with concurrent positive testing for high-risk 
HPV types, atypical squamous cells suggestive of a high-grade 
lesion, low-grade squamous intraepithelial lesions, high-grade 
squamous intraepithelial lesions, or cancer. Women with ASC-US 
on cytology specimens a year apart are considered to have persis-
tent abnormalities and should also undergo colposcopy.

Guidelines for vaccinating against HPV infections after allo-
HCT have been proposed, although immune response may be 
suboptimal.46,220 Vaccination in the year after transplantation 
could theoretically mitigate reactivation of HPV disease, if an 
immune response is generated.

Infertility and Sexual health
Most women undergoing transplantation are in their reproduc-
tive years and are extremely susceptible to ovarian insuffi-
ciency or failure. Manifestations are amenorrhea, reduced libido, 
vaginal changes, and menopausal symptoms. Puberty may still 
occur spontaneously in up to 60% of prepubertal transplanted 
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females,155 whereas postpubertal myeloablative transplants result 
in ovarian failure in >90% of women, with delayed recovery 
occurring in 29%.221,222 For those whose menses return months 
or years after transplant, transient ovarian failure is common in 
the first year after treatment and liable to terminate in premature 
menopause.25,223–225

The likelihood of permanent ovarian failure and infertility is 
affected by age, pubertal status, conditioning intensity, radiation 
dose, and location.222,226,227 The risk of premature ovarian insuf-
ficiency related to TBI increases with age.228 Radiation doses of 
6 Gy are sufficient to cause irreversible ovarian injury in most 
patients treated after age 40, while two to three times this dose 
is required to precipitate ovarian failure in irradiated children.229 
In contrast, the incidence of ovarian failure is greatly reduced 
(<40%) by utilizing reduced-intensity conditioning.230 Apart from 
ovarian failure, fertility is also affected by uterine damage from 
radiation228 and dyspareunia related to vulvo-vaginal GVHD.216

Successful pregnancies are uncommon. The largest series 
with 19,412 allogeneic and 17,950 autologous transplants docu-
mented only 312 pregnancies in 232 (0.6%) of patients or their 
 partners.231 Moreover, pregnancies in transplant survivors are 
complicated by an increased risk of low birth weight, preterm 
delivery, and cesarean section delivery. Additional concerns 
include  intrauterine growth restriction, abnormal placentation, 
and uterine  rupture.232,233 Patients with decreased uterine volume 
after TBI are at increased risk for spontaneous abortion, even with 
the use of donor oocytes and in vitro fertilization.228 The risk of 
spontaneous abortion is unclear, with conflicting data.218,228,231,234 
All conceptions in transplant survivors are high risk.

Sexual dysfunction is common in women and lags behind their 
male counterparts. 80% of female transplant survivors reported 
sexual dysfunction (in contrast to 46% of men). Female sexual 
dysfunction persists even when other measures of physical and 
emotional well-being return to normal.235 Contributing factors 
include fatigue, medications, endocrinopathy, genital GVHD, and 
psychological causes. The goals of therapy are to restore fertil-
ity if desired, improve sexual function and libido, and reduce 
bone loss. Women should be advised to avoid pregnancy using 
a reliable method of birth control while they receive transplant-
related medications, and should be assessed for engraftment 
disease status and ovarian function. Amenorrhea after menses 
have returned should prompt a pregnancy test, since fertility can 
recover in some patients.236

Options to preserve fertility after myeloablative HCT, when time 
permits, include preconditioning embryo, oocyte, or ovarian tis-
sue cryopreservation for subsequent in vitro fertilization.160,218,231 
HRT is successful in treating menopausal symptoms237 and in 
developing secondary sexual characteristics. However, HRT has 
little effect on sexual desire or dissatisfaction.212 The optimum 
duration of HRT is undefined, but cessation at the normal age 
for menopause should be considered. For menopausal symptom 
control in those with contraindications to HRT, placebo-controlled 
trials suggest a benefit from SSRIs.238

QualiTy of lifE aNd soCial 
CHaNgEs iN loNg-TErM survivors
HCT survivors have undergone the most intense form of anti-
cancer therapy. The prevalence of severe late complications in 
transplant survivors, even when a cure is achieved, emphasizes a 
necessity to also focus on QOL issues. HCT often reduces the over-
all health-related quality of life (HRQOL) of survivors, which is a 
result of decrements across all dimensions, including a significant 
symptom burden.239 Discordance between the anticipated and 
the actual diminution of QOL after transplant may be a cause of 
significant dissatisfaction in survivors240,241 and may be mitigated 
by careful pretransplant counseling. HRQOL includes physical, 

cognitive, emotional, and social functioning, as well as well-being 
components. Comparison of transplant QOL studies has been 
imprecise because of subjective designs, lack of standardized 
methodologies, differences in time points, overreliance on cross-
sectional rather than prospective/longitudinal studies, lack of 
well-defined control groups, and population heterogeneity.242

health-related Quality of Life Studies
A study of 2,800 pooled transplant survivors found that QOL 
declines immediately after transplantation,243 with recovery 
over the next 1 year. More than half of transplant survivors 
return to work in 1 year.244–246 Physical recovery precedes that 
of fatigue, dyspnea, or sleep patterns247 and of psychological or 
work recovery.248 19% recovered on all outcomes at 1 year and 
63% by 5 years. Among survivors without recurrent malignancy, 
84% returned to full-time work by 5 years. Beyond 5  years, 
most survivors are disease free with an excellent performance 
status, preserved physical and psychological health, and excel-
lent HRQOL.249 Pretransplant factors impacting long-term 
QOL were studied in a registry cohort of 662 survivors at a 
median of 6.6 years posttransplant.250 Surviving adversity can 
alter life-perceptions, and several transplant survivors report 
positive experiences related to psychological and interpersonal 
growth.249–252 Posttraumatic growth is well documented in can-
cer medicine and studies are now beginning to also focus on the 
positive impact of transplant on QOL.253

psychological and Cognitive Issues
Both autologous and allogeneic HCT survivors report a high 
prevalence of psychiatric symptoms240 and 5% of survivors 
meet diagnostic criteria for posttraumatic stress disorder.254 
Psychological stressors include the fear of relapse and the inabil-
ity to return to pretransplant performance level. Interestingly, 
the extent of psychological and cognitive decline appears to be 
similar for leukemia patients treated either with chemotherapy 
or HCT.255,256

Depression affects about one-third of posttransplant survivors. 
cGVHD, inferior social support, and female gender were signifi-
cant factors for depression.257 A significant generalized decline 
in neurocognitive performance has been observed as early as 80 
days after HCT.248 Although neurocognitive function improved 
from 1 to 5 years after HCT, deficits remained for more than 40% 
of survivors.258 Impairments in attention, concentration, reaction 
time, reasoning, and problem solving were observed to last up to 
8 years posttransplant and were directly correlated to the dose of 
TBI.259 Inflammatory cytokines, such as TNF-α, have been impli-
cated as putative factors for cognitive decline.260

Interventions to Improve Quality of Life
Psychosocial screening is routinely performed pretransplant 
but has not been adequately studied posttransplant. Consensus 
guidelines recommend additional periodic screening at 6 months 
and annually after transplant, by one of several simple screening 
instruments.50 Screens are available for distress, depression, and 
posttraumatic stress disorder.261,262 Fatigue that is not related 
to depression or underlying medical reasons may respond to 
an exercise program.263 Behavioral intervention, pharmacologic 
therapy, and exercise may help depression.

CoNClusioN
A better understanding of the pathogenesis of late effects will 
allow for more effective screening to identify patients at risk prior 
to the allo-HCT procedure and allow more effective monitoring to 
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detect early evolution of the late effects after allo-HCT. This may, 
in turn, allow for improved therapeutic decision making while 
evaluating patients for HCT, and early institution of treatments 
directed at preventing and treating late effects in patients at risk 
after allo-HCT. We also recommend early referral or discussion 
with a transplant center for enrollment of patients in available late 
effect studies and for management guidelines.

SELECtED rEFErENCES
The full reference list for this chapter can be found in the online version.

 1. Thomas ED. A history of bone marrow transplantation. In: Appelbaum FR, 
Forman SJ, Negrin RS, Blume KG, eds. Thomas’ hematopoietic cell transplan-
tation. West Sussex, UK: Wiley-Blackwell, 2009:3–7.

 2. Savani BN. How can we improve life expectancy and quality of life in long-
term survivors after allogeneic stem cell transplantation? Semin Hematol 
2012;49:1–3.

 3. Socie G, Rizzo JD. Second solid tumors: screening and management guide-
lines in long-term survivors after allogeneic stem cell transplantation. Semin 
Hematol 2012;49:4–9.

 6. Savani BN, Griffith ML, Jagasia S, Lee SJ. How I treat late effects in adults 
after allogeneic stem cell transplantation. Blood 2011;117:3002–3009.

 7. Gratwohl A, Baldomero H, Aljurf M, et al. Hematopoietic stem cell transplan-
tation: a global perspective. JAMA 2010;303:1617–1624.

72683_ch106_2221-2234.indd   2234 30/07/13   6:18 PM



AATP. See Acquired amegakaryocytic  
thrombocytopenic purpura

AAV. See Adeno-associated viruses
Abciximab

antithrombotic therapy, 1236
platelet dysfunction, 1139

Abdominal pain, 2231
NHL and, 1837, 1856
PNH and, 806

Abdominal trauma, splenectomy for,  
1379–1380

Abetalipoproteinemia, 724–725
ABH blood group antigens, 536
ABL1 protein and cellular transformation, 

1706–1707
ABO blood group system, 510–512, 521f, 522t

antibodies of, 515–516
antibody screen, maternal, 771
antigens, 512–515, 515t
clinical significance of, 515–516
genes, 515t
incompatibility, HSCT and, 978, 2165
isoagglutinins, 768
platelet donation and, 569

ABO gene, 512
Abruptio placentae, 1199
Acanthocytic disorders, 724–726
Accessibility hypothesis, 259
ACD. See Anemia of chronic disease
Acetaminophen

autoimmune thrombocytopenic purpura 
secondary to, 1072

hemoglobins, unstable, 919
Acetylcholinesterase, 788
aCGH. See Array comparative genomic 

hybridization
Acid phosphatase, 15
Acidosis

diabetic, 733
lactic, 652

aCL antibodies. See Anticardiolipin (aCL) 
antibodies

Acquired amegakaryocytic thrombocytopenic 
purpura (AATP), 1101

Acquired immunodeficiency syndrome (AIDS), 
1183, 1358–1368. See also Human 
immunodeficiency virus

background, 1358
clinical features, 1359
diagnosis, 1358–1359
EBV and, 1337
malignancies related to, 1364–1367

clinical manifestations of, 1364–1367
NHL, 1835
therapy, 1366–1367

pathophysiology, 1358
treatment, 1359–1360

ACS. See Acute chest syndrome
Actin, cytoplasmic, 390–391
Actin dysfunction, 1299
Actinomycin, resistance to, 1401
Actinomycin-D, cancer, 1407, 1411–1412
Activation-induced cytidine deaminase (AID), 

335, 336
functions, 336–338

Acute chest syndrome (ACS), sickle cell 
 anemia and, 835–836, 835t

Acute intermittent porphyria (AIP), 693–698

animal model of, 698
clinical description, 695–696, 695t
laboratory findings, 695f, 696–697
molecular basis and pathogenesis, 

 693–695, 693f, 694f
treatment, 697–698

Acute leukemia(s) (ALs). See also Acute lym-
phoblastic leukemia; Acute myeloid 
leukemia

of ambiguous lineage, 1552–1553
diagnosis, 1543, 1552–1553

flow cytometry findings important for, 
35–37

diagnostic evaluation of, 1543–1544
genetic abnormalities in, 1524–1525, 1525t
immunophenotyping, 35–37
lineage assignment and mixed phenotype, 

35–36
MM and secondary, 2092
molecular genetics of, 1523–1540

epigenetic factors modifying chromatin 
and DNA, 1531–1534

kinases, 1534–1535
nuclear pore proteins, 1535
reasons for studying, 1523
transcription factors, 1527–1530

risk stratification, 1535–1536
splenomegaly and, 1388

Acute lymphoblastic leukemia (ALL). See also 
B-cell ALL

adolescents and young adults with, 1628
bone marrow evaluation, 1560
bone marrow transplantation/HSCT, 

1574–1575, 1630–1632, 1631f, 
2194–2197

chemotherapy, 1573–1574
novel agents, 1633t

chromosome abnormalities in, 56t
classification, 1550–1552, 1550t
clinical features, 1558–1559, 1558t, 1560
complete remission, 1562
diagnosis, 1550–1552, 1550t

flow cytometry findings important for, 
36–37

differential diagnosis, 1560
elderly patients, 1572, 1572f, 1573t
epidemiology, 1556
etiology, 1557
historical background, 1556
immunophenotyping, 36–37, 1561
laboratory features, 1559–1560, 1559t
lumbar puncture, 1559
novel agents for, 1574
pathophysiology, 1556–1558

molecular pathogenesis, 1557–1558
pediatric, 1616–1635

avascular necrosis of bone and, 1634f
bone marrow transplantation, 1630–

1632, 1631f
cardiac toxicity and, 1634
CNS therapy, 1624–1625
Down syndrome and, 1629
endocrinologic late effects, 1634–1635
maintenance therapy, 1626–1628
minimal residual disease (MRD),  

1621–1622
molecular genetic alterations, 1620–1621
osteonecrosis, 1634

I n d e x

outcomes in, 1632–1635
postinduction intensification of, 

 1625–1626, 1626f, 1627f
presenting clinical features, 1616–1618
presenting laboratory and radiographic 

features of, 1618–1619
response to induction, 1621–1622
risk stratification and prognostic factors, 

1619–1622, 1619t, 1621f
secondary malignant neoplasms in, 

1633–1634
staging and classification, 1622, 1622t
T-ALL, 1628
treatment, 1623–1632
treatment after relapse of, 1629–1630

Philadelphia chromosome-positive (Ph+), 
1570–1572, 2195–2196

Philadelphia-negative (Ph-), 2196–2197
prognostic factors, 1561–1563, 1561t
relapse

isolated CNS, 1630
isolated extramedullary, 1630
isolated testicular, 1630
treatment after, 1629–1630
treatment of marrow relapse, 1630

secondary malignant neoplasms in, 
 1633–1634

T-cell, adult, 1568
therapy, CNS, 1566–1567, 1624–1625, 

2194–2197
general principles of, 1564–1570
intensification, 1625–1626
maintenance, 1566
primary, 1563–1575
response to, 1562–1563

Acute megakaryocytic leukemia (AMKL), 387, 
1594

Acute monocytic leukemia, 1593–1594
Acute myelogenous leukemia. See Acute 

myeloid leukemia
Acute myeloid leukemia (AML)

adult, 1577–1613, 1641t
antigen expression in, 28f
apoptosis resistance of, 1584–1585
biologic features, 1583–1585

aberrant immunophenotypes, 1583–1584
chromosome abnormalities, 32, 1581, 

1585–1589, 1596–1598, 1597t, 
1638–1639, 1650–1651

classification, 1526, 1526t, 1548–1550, 1548t, 
1550t, 1589–1592, 1591t, 1592t

immunophenotypic, 36–37, 1590–1592
morphologic subtypes in, 1589–1590

clinical presentation, 1581–1583, 1582f
clinicopathologic syndromes, 1592–1595
congenital, 1646
cytogenetics, 1524t, 1585, 1586t, 1587, 

1596–1598, 1597t, 1644, 1644t, 
1650–1651, 1652f

detection of mutations in, 61, 62f
diagnosis, 1548–1550, 1550t
Down syndrome and, 1646
epidemiology, 1577f, 1578, 1578t
familial platelet disorder and, 1099
flow cytometry findings important for 

 diagnosis of, 36–37
historical perspective, 1578
inherited syndromes and, 1646

Page numbers followed by f indicate figures; numbers followed by t indicate tables.

2235

72683_index_2235-2284.indd   2235 05/08/13   8:11 PM



2236 Index

Acute myeloid leukemia (AML) (Continued )
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Angioimmunoblastic T-cell lymphoma (AITL), 
1789–1790

immunophenotype, 34, 1790
molecular genetics, 1822–1823
molecular testing guidelines, 1824
morphology, 1789–1790, 1789f
therapy, 1855

Angiopoietins, 498–499
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Antiphospholipid-protein antibodies (APAs), 
1208–1214

epidemiology/clinical associations, 1210, 
1210t

laboratory diagnosis, 1212–1214, 1213t
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acquired, 965–973
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Asthma
animal models of, 177
antieosinophil strategies in treatment of, 177
eosinophils and, 176–178

AT. See Ataxia telangiectasia
Ataxia, X-linked sideroblastic anemia with, 651
Ataxia telangiectasia (AT), 262, 1354–1355
Atenolol, pseudolymphoma and, 1962
Atherogenesis, platelets in, 408, 426–427
Atherothrombosis, platelets in, 408, 426, 427
ATL. See Adult T-cell leukemia/lymphoma
ATLL. See Adult T-cell leukemia/lymphoma
ATLS. See Acute tumor lysis syndrome
ATO. See Arsenic trioxide
ATP. See Adenosine triphosphate
ATRA. See All-trans retinoic acid
ATRUS. See Amegakaryocytic thrombocytope-

nia with radioulnar synostosis
Atypical hemolytic-uremic syndrome (aHUS), 

1088–1094
clinical presentation, 1091
diagnosis, 1091–1092
management, 1092–1094, 1093t
molecular pathogenesis, 1089–1090
pathology, 1088–1089
pathophysiology, 1090

other phenotypes of complement 
 dysregulation, 1090

Autoantibodies
factor VIII, 1203–1206

clinical manifestations, 1204, 1204f
laboratory evaluation, 1203–1204
treatment of, 1204–1206, 1205f

RBC, 564
Autoerythrocyte sensitization, 1119
Autoimmune hemolytic anemia (AIHA), 

746–764
antibodies

cold-active, 755–756
warm-active, 756–760, 757t

classification, 746–752
cold active antibodies causing, 752–756
immune response in, etiology of, 746–748

central/peripheral tolerance and, 746
laboratory diagnosis, 749–752

common laboratory features of, 749
serologic investigation and, 749–750

primary, 757–760
antibody characteristics and, 757
clinical manifestations of, 758
complications of, 760
laboratory features, 758–759
management, 759

secondary, 757–760
antibody characteristics and, 757
clinical manifestations of, 758
complications of, 760
laboratory features, 758–759
management, 759

Autoimmune inhibitors of ADAMTS13, 1082
Autoimmune lymphoproliferative syndrome 

(ALPS), 1355–1356
Autoimmune neutropenia. See Neutropenia
Autoimmune regulator (AIRE), 232–233
Autoimmune syndromes

CLL and, 1924
HCL and, 1933–1934

Autoimmunity
acquired aplastic anemia and, 967
AIHA, factors affecting initiation of, 

748–749
Autologous hematopoietic stem cell  

transplantation (ASCT), 1919–1922,  
2068–2072, 2068t, 2069f, 2071t, 
2135, 2162, 2190

vs. alloHCT, 1981, 2190
HL, 1998–2000
NHL, 1868–1869
second, as salvage, 2070, 2071t
in special populations, 2071

clonality and, 967–968
constitutional vs., 965
definitive treatment, 970–973
diagnosis, 968
differential diagnosis, 968t
drugs/chemicals and, 966, 966t
environmental toxins and, 965–966
epidemiology of, 965–967
geographic distribution of, 965
growth factors, 970
historical background of, 965
incidence of, 965
pathophysiology, 967–968
PNH and, 794
pregnancy and, 966–967
radiation and, 966
severe

bone marrow transplantation, 
970–971

cyclophosphamide, 972
definitive treatment of, 970–972
hepatitis-associated, treatment of, 972
immunosuppressive therapy, 

 971–972, 971t
relapsed/refractory, 972

stem cells and, 967
supportive care, 968–970
transfusions, 968–969
viruses and, 966

constitutional vs. acquired, 965
inherited syndromes of, 954–963
nonsevere, definitive treatment of, 970

Aplastic crises
congenital hemolytic anemia and, 606–607, 

606f
sickle cell anemia and, 837

Apoptosis
AML resistance to, 1584–1585
CLL and, 1890–1892, 1891f
macrophage, 223
neutrophil, 141

Apoptotic pathways in CLL, 1891–1892, 1891f
APRF. See Acute phase response factor
APRIL (a proliferation inducing ligand), 334
APS (antiphospholipid syndrome). See 

Antiphospholipid-protein antibody 
syndrome

Ara-C. See Cytarabine
Arachidonic acid, 403

platelet activation, 419
platelet generation of, 395

Argatroban, 1240
Array analysis, 52–56
Array comparative genomic hybridization 

(aCGH), 1807
Array methods, 60
Array single nucleotide polymorphism (aSNP), 

1807, 1807f
Arsenic trioxide (ATO), 1423–1424

APL, relapsed, 1668–1670, 1669t
Arsine exposure, hemolysis induced by, 814
Arthrogryposis-renal dysfunction-cholestasis 

syndrome, 1136
Arthropathy, hemochromatosis and, 674–675
Arthropods, infections transmitted by, 

580–581
AS (allele-specific)-PCR, 59
ASCT. See Autologous hematopoietic stem cell 

transplantation
ASM. See Aggressive systemic mastocytosis
aSNP. See Array single nucleotide 

 polymorphism
Asparaginase, 1423
Aspirin

antiphospholipid-protein antibody 
 syndrome, 1214

antithrombotic therapy, 1235
ET, 1126
mononucleosis, infectious, 1333
platelet dysfunction, 1129, 1139

Autotransplantation of spleen tissue, 1382
Avascular osteonecrosis (AVN), 2227–2228

ALL, 1634, 1634f
MM, 2091

Avidity modulation, 405, 423
AVN. See Avascular osteonecrosis
5-Azacytidine

cancer, 1413–1414, 1416
b-thalassemia, 897

Azathioprine
cancer, 1414–1415, 1414f
GVHD, chronic, 2172
PRCA, 980

Azithromycin, bronchiolitis obliterans 
 syndrome, 2225

Azurophilic (primary) granules, 125

Babesiosis
hemolysis induced by, 812
transfusion-associated, 580–581

Bacteria. See also Mycobacteria
digestion of, 156–157
gram-negative, 1433–1434
gram-positive, 1430, 1433
unsuccessful ingestion, killing, or digestion 

of, 157
Bacterial infections. See also Catheter-related 

infections; Central nervous system 
(CNS) infections; Gastrointestinal 
infections; Genitourinary infections; 
Infection(s); Infectious disease issues 
related to hematologic malignancy; 
Lung infections; Mycobacterial 
 disease; Oropharyngeal infections

antibacterial prophylaxis, 1445
hemolysis induced by, 813
HSCT and, 2225–2226
thrombocytopenia and, 1103

Bacterial killing
granule proteins, 156
hydrogen peroxide and, 154
hydroxyl radicals and, 154–155
MPO-independent, 154
neutrophil, 153
oxygen-dependent, MPO-mediated, 153–154
singlet oxygen, 156
superoxide anion and, 154
unsuccessful, 157

Bactericidal permeability-increasing protein, 
156

BAFF. See B-cell activation factor member of 
TNF family

Bak polymorphism, 534
Band 3 deficiency, 710
Barbiturates, vitamin K deficiency bleeding, 

1186
Bartonellosis, hemolysis induced by, 813
Basic fibroblast growth-factor (bFGF), 1895
Basophil(s), 125, 181–190, 182f

bone marrow, 30–31
characteristics of, 186–188

surface phenotype and, 186–187
developmental biology of, 181–182

ontogeny and, 183–186, 183f
granules and, 182–183
growth of, 184, 184t
mast cell differences from, 187
mast cell similarities with, 182
mediator secretion, 182–183
mediators, 186t, 187–188
morphology, 182
recovery, 183
stains, 182, 183f

Basophil activation, 182, 186–187, 187t
inhibition of, 188, 188t

Basophil differentiation, 184, 184t
allergic disease and, 185
clinical relevance of, 185–186
cytokines induced by, 184–185
malignancies and, 185–186

72683_index_2235-2284.indd   2239 05/08/13   8:11 PM



2240 Index

Basophil functions, 188–190
dynamic equilibrium and, 190
homeostasis and, 190
in host defenses, 188–189, 189f
in inflammatory injury, 188–189
inflammatory response, 189–190
normal, 189–190

Basophilic leukocytes, 181–190
B-cell(s), 251–277. See also Early B cell 

 factor; Primary mediastinal (thymic) 
large B-cell lymphoma; Progenitor 
B cells

antigen receptor complex, 265–269
CLL and, 1903–1905, 1904f
cytokines and, 169
development, 251

cell interactions in early, 252–253
cell signaling during, 262–263
early stages of, 264
genetic defects of early, 262–263
signaling defects in, 263
stages of, 264

development in normal bone marrow, 
immunophenotypic changes 
 during, 31t

functional states, 276
germinal center, follicular T-helper and, 

334–335
in germinal centers, 333
IL-4 and, 271
IL-5 and, 271
IL-6 and, 272
immune reconstitution, 2173
immunoglobulin genes and, 255, 255f
interleukins and, 253
linker protein, 263
lipid rafts, 268
mature, 264–265
memory, 339
ontogeny, 251
subpopulations, 277
targeting, 1862, 1862f
T-cell interactions with, 330, 332

IL-4 functions in, 345
IL-6 in, 347

transcriptional regulation, 251–252
tumor adaptive immunity and, 1469

B-cell activation
global gene view of, 275–276
polyclonal, 272

B-cell activation factor member of TNF family 
(BAFF)

CLL and survival of, 1894
germinal centers and, 333–334

B-cell ALL, 1569–1570. See also B-cell 
 lymphomas; Burkitt lymphoma

adult, 1568
adult mature, 1569–1570, 1571t
flow cytometry findings important for 

 diagnosis of, 37
molecular genetics, 1536–1538

kinases, 1538
transcription factors, 1536–1538

pediatric, 1524t
B-cell chronic lymphocytic leukemia (CLL), 

32. See also Chronic lymphocytic 
leukemia (CLL)/small lymphocytic 
lymphoma (SLL)

B-cell compartment in bone marrow samples, 
23, 25f–26f

B-cell deficiency, 1345–1349. See also specific 
disorders

clinical presentation, 1345
diagnosis, 1348
treatment, 1348–1349

B-cell differentiation, 252, 253
cytokines in, 342–348
flow cytometry and, 29
global gene view of, 275–276

myelofibrosis, 1976
SS, 1976

bFGF. See Basic fibroblast growth-factor
BFU-E. See Burst-forming unit-erythroid
Bile pigment metabolism, intestinal, 123
Bile pigments and laboratory evaluation of 

hemoglobin catabolism, 123
Biliary disease, 2231
Bilirubin

formation of, 120–121, 121f
serum, 607, 608f
transport, 121–122, 121f

Bilirubin catabolism, alternate pathways of, 123
Bilirubin metabolism, hepatic, 122–123, 122f
Binet staging, CLL, 1907–1908
Biologic therapies, 1417–1418. See also 

Immunotherapy
Biopsies. See also Bone marrow biopsies

core, 13, 1392
laparoscopic, 1392–1393

Biphenotypic leukemia, 1648
Bischloroethylnitrosourea, CLL, 1912
Bivalirudin, 1240–1241
BL. See Burkitt lymphoma
Blast crisis, 1690, 1690f, 1691f
Blastic plasmacytoid dendritic cell neoplasm, 

1320, 1320f
Blast-phase primary myelofibrosis, 1743
Bleeding, 1045. See also Hemophilia A; 

Hemophilia B
extracorporeal circulation associated with, 

1215
factor VII deficiency, 1180–1181
factor XIII deficiency, 1181
gastrointestinal, 1148
genitourinary, 1148
intracranial, 1182–1183
major, 1178–1182
minor, 1178–1182
into skin/soft tissues, 1044, 1044f
thrombolytic therapy-associated, 1247
traumatic, 1044–1045

hemophilia and, 1148
ITP and, 1065

vitamin K deficiency, 1186–1188
clinical features/laboratory diagnosis, 

1186–1187
pathophysiology, 1186
treatment, 1187–1188

vWD, 1178–1180
Bleeding diseases/disorders. See also 

Coagulation disorders
acquired

clinical features, 1046
drug history and, 1046

age at onset, 1045
clinical evaluation of the bleeding patient, 

1043
coagulation pathways and, 429
confirmatory tests for, 1052–1055
diagnostic approach to, 1043–1056
family history, 1045
gene therapy, 1516–1517
inherited, clinical features of, 1045
laboratory evaluation of, initial, 1051, 

1052t
neonatal, 1045

evaluation of, 1055–1056, 1056t
perivascular tissue, 1111–1113
vascular abnormalities causing, 1106–1119

clinical approach to patient with, 1106
in which primary screening test results are 

normal, 1054–1055, 1055t
Bleeding manifestations of ITP, 1064–1065, 

1064f
Bleeding time, 1047, 1130–1131

vWD and, 1156
Bleomycin, 1424

HL, 1996, 1997

morphologic changes associated with, 
272–275

plasma cells and, 272–275
B-cell homeostasis, altered, 2219
B-cell leukemia, precursor. See B-cell ALL
B-cell lymphocytosis, monoclonal, 32–33
B-cell lymphomas, 1773–1786, 1774t. See 

also Diffuse large B-cell lymphomas; 
Marginal zone B-cell lymphoma

lymphoblastic, 1773–1774, 1774t. See also 
B-cell ALL; Lymphoblastic lym-
phoma

molecular aberrancies, 1809, 1811t
molecular genetics in mature, 1809–1820, 

1810t
chromosomal translocations, 1810t, 

1811t
pathologic features in differential diagnosis 

of, 1771–1772, 1772t
B-cell lymphoproliferative disorders, immuno-

phenotyping, 31–34, 33t
B-cell malignancies, 276–277. See also 

 specific malignancies
B-cell niches in bone marrow, 80
B-cell prolymphocytic leukemia (B-PLL), 

1904–1905, 1938
B-cell receptor(s). See BCR(s)
B-cell receptor signaling, 269. See also B-cell 

signaling
initiation pathway for, 269
phosphoinositide generation and, 269

B-cell signaling. See also B-cell receptor 
 signaling

accessory structures and, 271
Waldenström macroglobulinemia and, 2128

BCL2, inhibition of, 1920
BCR(s) (B-cell receptor(s)), 63, 265–268, 292. 

See also B-cell receptor signaling
CLL and survival of, 1894
Ras pathway and, 269

BCR protein
and cellular transformation, 1706–1707
structure, 1707f

BCR V gene repertoire, 260–261
BCR-ABL gene, kinase domain mutations in, 

1538
BCR-ABL1 fusion protein, constitutive kinase 

activation in, 1707
BCR-ABL1 kinase domain mutations,  

1717, 1717t
BCR-ABL1 transformed cells, signaling 

 pathways in, 1707–1709
BCR-ABL1 translocation and fusion gene, 

1706
BCR-ABL1-negative atypical CML, 1701
BCR-ABL1-positive CML, 1689
BCR/ABL-negative myeloproliferative 

 disorders, 386–387
BDP. See Beclomethasone dipropionate
Beclomethasone dipropionate (BDP), 2171
Bee stings, hemolysis induced by, 816
Bence Jones proteinuria, idiopathic, 2040
Bendamustine

cancer, 1407, 1411–1412
MCL, 1850
MM, 2056
Waldenström macroglobulinemia,  

2130–2131
Benign lymphoid expansions, molecular 

 diagnostics in, 61–62
Benzene, acquired aplastic anemia and, 

965–966
Benzoquinone, AML, 1608
Benzylpenicilloyl, DI-IHA, 761
Bernard-Soulier syndrome (BSS), 1098, 1132
Betaine, hyperhomocysteinemia, 1228
Bexarotene

cancer, 1419–1420
CTCL, 1976
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Blimp-1 (B-lymphocyte-induced maturation 
protein-1), 342

B-lineage-specific activator protein (BSAP), 
252

Blood. See also specific topics
autologous

donation of, 555
preoperative, 555
procurement of, 555

automated separation of, 549
cytogenetics, 16
electron microscopy, 16
laboratory studies, 16–17
molecular genetics, 16

Blood abnormalities, 1220–1221
Blood antigen systems. See Antigen(s); Blood 

group systems/antigen systems
Blood cell counts, 2, 2t, 4. See also Cell 

counts; Complete blood count;  
Platelet count

accuracy/reproducibility of, 2t, 3t, 6
disease states associated with, 6, 7t
reticulocyte, 5

Blood cells, 65–81. See also Erythrocytes/red 
blood cells; White blood cells

development, 65–81
morphologic analysis of, 7–10
origin, 65–81

Blood coagulation. See Coagulation
Blood collection process, 548–550

whole blood (manual) collection, 548
Blood collections, 510, 513t, 547–548

automated, 549
terminology, 548

Blood component modification, 554–555
irradiation and, 554–555
leukocyte reduction, 554
washed products, 554

Blood components
medications that impact effectiveness of, 

547–548
separation of, 548, 549f

systems for, 548
TRALI mitigation strategies for “high 

 plasma volume,” 548
use of, 555–556, 557t

patient blood management, 556, 558f
patient informed consent, 556

Blood corpuscles, 145–146, 146f
Blood donation, 547–548

alternatives to allogeneic, 555–556
autologous, 555
bacterial contamination and, 581
complications of, 549
directed, 548
erythropoiesis stimulating agents and, 556
hepatitis and, 579–580
HIV and, 580
infections transmitted by arthropods and, 

580–581
intraoperative salvage and reinfusion, 

555–556
iron deficiency and, 629
normovolemic hemodilution, 555
pathogen reduction technologies, 582, 582t
postoperative salvage and reinfusion, 

555–556
preoperative autologous, 555
spongiform encephalopathies and, 581
terminology, 548

Blood donors, 562
health history of, 547
hemochromatosis homozygotes as, 680
identification/registration of, 547
infection screening for, 577–579, 578f
information on, 547
informed consent, 547, 556
screening, 577–582, 578f
selecting, 547
testing of, 550

Blood examination, 1–17
standards for, 2

Blood flow, abnormalities of, 1219–1220
Blood group antigens, 509. See also Blood 

group systems/antigen systems
alloimmunization, maternal to, 767–768, 

768t
paternal/fetal, testing for, 771–772

Blood group systems/antigen systems, 510, 
511t–512t. See also Antigen(s); 
 specific blood group systems

ABO, 512, 515–516, 515t
Chido/Rodgers, 526
Colton, 525
Cromer, 527
Diego, 523
Dombrock, 524–525
Duffy, 519
Gerbich, 527
Gill, 530
I, 529
Ii, 530
Indian, 528
John Milton Hagen, 529
Kell, 517
Kidd, 519–520
Knops, 527
Kx blood, 526
Landsteiner-Wiener, 525
Lewis, 522
Lutheran, 521
MNS, 520
Ok, 528
P, 520
phenotypes, principle of, 518t
RAPH, 528
RBC, 510–512
Rh, 516
Scianna, 524
Xg, 524
Yt, 524

Blood groups, RBC transfusion and, 560–561, 
560t

Blood loss, 558, 559t
iatrogenic, 630
in infancy, 631
iron deficiency and, 628–630
signs of, 559t

Blood management, patient, 556, 558f
Blood smears

anemia, 593, 594f, 595f
examination of, 9–10
preparation of, 7–8, 9f
routine staining of, 8–9
WBCs seen in, 10

Blood specimen collection, 1
Blood stains

cytochemical, 14–15
immunocytochemical, 15–16
special, 13–16

Blood tests, reliability of, 1–2
Blood transfusion, 510. See also Granulocyte 

transfusions; International Society 
of Blood Transfusion Terminology; 
Platelet transfusion; Red blood cell 
(RBC) transfusion

acquired aplastic anemia, 968–969
adverse effects of, 571–577, 572t

nonimmunologic, 576–577
coagulation abnormalities associated with, 

1214–1215
crossmatching, 563
emergency, 563–564
GVHD and, 576, 576t
HLA, 545
immunomodulation related to, 575–576
infectious complications of, 577–582

hepatitis, 579–580
HIV, 580
residual risks of infection, 579, 579t

intrauterine fetal, 778–780
iron overload and, 906
lung injury and, 575
massive, 577

hypothermia and, 577
metabolic effects of, 577
thrombocytopenia after, 1103

patient blood management, 556, 558f
PNH, 803
purpura after, 537–538
sickle cell anemia, 851–852
thalassemia, 905–906
b-thalassemia, 880–883

infection and, 881–882
thrombocytopenia after, 1103
uncrossmatched, 563–564
vWD response to, 1155–1156, 1155f

Blood transfusion medicine, 547–584
Blood transfusion reactions

allergic, 575
febrile nonhemolytic, 574–575
hemolytic, 572–574
immunologic, 571–576
pseudohemolytic, 574

Blood vessel wall, hemostasis and, 501
Blood vessels, 145–146, 145f, 146f. See also 

Small vessel disease
dilation of, 145–146, 146f
large, hemolysis and, 817–819
lymph node, 240–241
structural malformations of, 1106–1111

Blood viscosity, 17
erythrocytosis and, 1032–1033, 1033t, 

1033f
Blood volume measurement, 17. See also 

Umbilical cord blood
PV, 1725

Bloodstream, 145–146, 145f, 146f
Bloodstream infections, 1433. See also Sepsis
Bloom syndrome (BS), 262
Blot hybridization, 61f
Blotting methods, 60
B-lymphoblastic leukemia/lymphoma. See 

B-cell ALL; Lymphoblastic lymphoma
BM. See Bone marrow
BMD loss. See Bone mineral density (BMD) 

loss
BMMCs. See Bone marrow mast cells
BMT. See Bone marrow transplantation
Bone

avascular necrosis of, 1634, 1634f
sickle cell anemia, 840, 840f

Bone deformities, b-thalassemia and, 877, 
877f, 878f

Bone disease, MM and, 2049–2051, 2050f. 
See also Myeloma bone disease

Bone lesions
lytic, 1934, 2019f, 2038–2039, 2050–2051. 

See also Monoclonal gammopathy 
of undetermined significance

POEMS syndrome and, 2143–2145
sclerotic, 2143

Bone marrow (BM)
anemia and, 593

megaloblastic, 596, 597f
CLL clinical findings and, 1899
cytogenetics, 16
electron microscopy, 16
erythroid niches in, 80
erythropoiesis and, 609–610
ESR and, 16–17
granulopoietic precursors in, 30t
HCL and, 1936–1937, 1937f
HIV and, 1363–1364
HL and, 1809f
iron deficiency and, 637
ITP laboratory findings and, 1065–1066
laboratory studies, 16–17
as lymphoid organ, 231
MM and microenvironment of, 2088–2089

72683_index_2235-2284.indd   2241 05/08/13   8:11 PM



2242 Index

Bone marrow (BM) (Continued )
molecular genetics, 16
mononuclear phagocytes in, 213
myelofibrosis and, 1959, 1970
neutrophil release from, into blood, 140
PNH laboratory findings, 797
PV and, 1726–1727, 1726f
specimen collection, 1
SS and, 1959
staining

immunocytochemical, 15–16
special, 13–16

stem cells, NK cells and, 311
touch preparations, staining/evaluation 

of, 12
Bone marrow aspirates

differential counts of, 13t
hematopoietic tumor, 1392
staining/evaluation of, 12, 13t

Bone marrow aspiration, 10–11, 11f
sites, 10

Bone marrow biopsies, 10–12, 11f
core, 13
hematopoietic tumor, 1392
sites, 10
use of, 13

Bone marrow cells
B-cell niches in, 80
cell differential results by age, 12–13
cellularity, 13
hematopoietic stem cell niches, 79–80
immature, in normal marrow, 27
minor bone marrow cell subsets, 29–31
plasma cells, MGUS, 2036

Bone marrow compartments
morphological subdivisions, 139–140
size of, 139–140

Bone marrow examination/evaluation, 10–13. 
See also Bone marrow tests

ALL and, 1560
cytogenetics, 1560
immunophenotype, 1560
phagocytic and immune system disorders 

and, 1267–1268, 1267t
Bone marrow failure syndromes, 960t, 1639. 

See also specific syndromes
FA and, 958
pregnancy-associated, 1016

Bone marrow fibrosis, 1736, 1737t
Bone marrow histologic sections, examination 

of, 13
Bone marrow histology and CLL prognosis, 

1910
Bone marrow hypoplasia, PNH and, 796
Bone marrow injury, neutropenia due to, 

1284–1285
Bone marrow iron stores, 601, 601t
Bone marrow mapping with polychromatic 

flow cytometry, 23, 24f
Bone marrow mast cells (BMMCs), 31. See 

also Mast cell(s)
Bone marrow relapse, ALL and, 1630
Bone marrow response, impaired, 1001
Bone marrow samples, B-cell compartment 

in, 23, 25f–26f
Bone marrow suppression, 1101

HIV and, 1363
Bone marrow tests. See also Bone marrow 

examination/evaluation
reliability of, 1–2

Bone marrow transplantation (BMT)
ALL, 1630–1632
aplastic anemia, severe, 970–971
HCL, 1947
NK cells and, 310–311
PNH, 804
sickle cell anemia, 855–856
timeline showing advances in the field and 

numbers of, 2160f
Bone mineral density (BMD) loss, 2226–2227

CAD. See Cold agglutinin disease
CAEBV. See Chronic active Epstein-Barr virus 

infection
Calciphylaxis, 1118
Calnexin, 322
Calreticulin, 300
CAMT. See Congenital amegakaryocytic 

thrombocytopenia
Canalicular system

open, 389
platelet. See Surface-connected canalicular 

system
Cancer. See also specific topics

approach to patients with, 1405–1406, 
1407t

biology, 1399, 1400f
Cancer pain, 1455

assessment, 1456
management of

adjuvant therapies, 1458, 1458t
adverse effects, 1458–1459, 1458t
analgesic management, 1456–1459, 

1458t
barriers to, 1455–1456

types of, 1455–1456
Cancer-related anorexia (CRA), 1459–1460
Candidemia, 1434
Candidiasis. See also Chronic mucocutaneous 

candidiasis
invasive, 1434

Capillary leak syndrome, systemic, 2043
Capping, T-cell activation and, 291
Carbamazepine

autoimmune thrombocytopenic purpura 
secondary to, 1072

pseudolymphoma and, 1962
Carbohydrate, immunoglobulin structure and 

moiety of, 349
Carbon dioxide transport, hemoglobin and, 

112
Carbon monoxide intoxication

acute, 924
chronic, 924

Carbon monoxide poisoning, dyshemoglo-
binemias, 923–924

Carbon monoxide production, rate of, 608
Carboplatin, cancer, 1422–1423
Carboxyhemoglobinemia, 923–924

treatment, 924
Carboxylase, vitamin K-dependent, 442

glycosylation, 444
hydroxylation, 442

Carboxylation, 442
Cardiac abnormalities, hemolysis and, 

817–819
Cardiac disease. See also Heart disease

thalassemia and, 908–909
Cardiac disorders, 1212
Cardiotoxicity, pediatric ALL and, 1634
Cardiovascular (CV) disease. See also 

Coronary artery disease; Heart 
 disease

platelet polymorphisms and, 539–540
in transplant survivors, 2221–2222, 2223t

disease spectrum, 2222
pathobiology, 2222

Cardiovascular (CV) risk, management of, 
2222

Cardiovascular (CV) risk factors in transplant 
survivors, 2222

Cardiovascular system. See also Heart
anemia and, 589
macrophages associated with, 219–220
PV clinical features and, 1723–1724
sickle cell anemia, 841

Carfilzomib, MM, 2057, 2079t
Cartilage-hair hypothesis (CHH), 1353
CARTs. See Chimeric action receptor modified 

T-cells
Caspases, 1400

post-HSCT
definitions, 2226–2227
management, 2227
pathobiology, 2227

Bortezomib, 1421
amyloidosis, primary, 2117–2118
MCL, 1850
MM, 2057, 2078t, 2079

maintenance strategies and, 2074–2075, 
2075t

Waldenström macroglobulinemia, 2134–2135
BOS. See Bronchiolitis obliterans syndrome
B-PLL. See B-cell prolymphocytic leukemia
BRAF, activating mutations of, 2026
Brain abscess, 1435
Brain infections, 1441–1442
Brazilian purpuric fever, 1115
Brentuximab vedotin, 1480

cancer, 1418–1419
HL, 1998, 2000, 2009–2010
NHL, 1849, 1854, 1981

Brilliant cresyl blue stain, 10
Bronchiolitis obliterans syndrome (BOS)

management, 2224–2225
prophylaxis, 2224

Bruton agammaglobulinemia, 263–264
Bruton tyrosine kinase (BTK), 263–264
Br/Zav polymorphism, 534
BS. See Bloom syndrome
BSAP. See B-lineage-specific activator protein
BSS. See Bernard-Soulier syndrome
BTK. See Bruton tyrosine kinase
Burkitt lymphoma (BL), 1785–1786, 1787f, 

1863, 1875–1876, 1875t, 1875f. See 
also B-cell ALL

AIDS and, 1367
diagnostic tests used for the workup of, 62t
EBV and, 1338–1339
flow cytometry findings important for 

 diagnosis of, 33
molecular genetics, 1809–1811

MYC dysregulation, 1809–1811, 1863, 
1875–1866

molecular testing guidelines, 1811
treatment of pediatric, 1881–1882

Burns, hemolysis with, 817
Burst-forming unit-erythroid (BFU-E), 83–85, 

84f
Busulfan

cancer, 1407, 1411–1412
ET, 1126
PV, 1731

Butyrate
sickle cell anemia, 854
b-thalassemia, 897

C1 esterase (C1s), 354–357
assembly, 356, 357f
C1q-binding proteins and, 356–357
C1r and, 356
modules of, 356
recognition unit of, 354–356
serum protease domain and, 356

C1 esterase (C1s) inhibitor (C1 INH), 366
anticoagulation and, 472–473
biochemistry of, 472–473
function of, 473
gene structure/expression of, 472

C1 esterase (C1s) inhibitor deficiency, 1343
C1s. See C1 esterase
C2 deficiency, 1343
C3 convertase, 357

control of, 362
C3 degradation, 358f
C4B-binding protein (C4BP), complement acti-

vation regulation with, 364–365, 365f
C4BP. See C4B-binding protein
C5 convertase, 357–358

control of, 362
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Caspofungin, AML, 1645
Catalase deficiency, 1297
Cataract development after HSCT, premature, 

2228
Cathepsins, 323
Catheter-related infections

definition, 1450t
diagnosis, 1451f
management, 1450–1451, 1451f

Catheters, occlusion and venous thrombosis 
of, 1451

CBC. See Complete blood count
CCAAT/enhancer binding protein a (CEBPA), 

1530
CCPs. See Complement control proteins
CD. See Combinatorial diversity
CD antigens used in flow cytometry immu-

notyping of hematologic samples, 
22t–23t

CD1, 318
antigen presentation by, 324–325, 327

CD1 system in microbial immunity, 325, 327
CD3, 1350–1351
CD4. See also Blastic plasmacytoid dendritic 

cell neoplasm
lineage commitment, 284–285
TCR coreceptors and, 289–290

CD4+ T-cell differentiation, 297–298, 297f
Th1/Th2 cell maturation and, 298
transcriptional regulation and, 297

CD4+ T-cells, 312, 2212
CD8

lineage commitment, 284–285
TCR coreceptors and, 290

CD8+ T-cells, 299–305
differentiation of, 298
granule contents of, 299–300

CD20, 1475, 1476t, 1916–1920
CD23, 1916, 1919–1920
CD30+, lymphoproliferative diseases,  

1962–1963
CD34, 1508
CD34+ cell enumeration, 40, 41f
CD40, 272

CD40 ligand interactions with, 335
CLL and survival of, 1895

CD40 ligand interactions with CD40, 335
CD45, 1350–1351
CD52, 1916
CDAs. See Congenital dyserythropoietic 

 anemias
CDK inhibitors, 1920
cDNA. See Complementary DNA
CDRs. See Complementary-determining 

regions
CEBPA. See CCAAT/enhancer binding protein 

a
Cefixime, pseudolymphoma and, 1962
Cefotetan, DI-IHA, 763
CEL. See Chronic eosinophilic leukemia
Cell adhesion molecules, 200
Cell counting, differential

shift to the left, 136
shift to the right, 136
systems for, 136

Cell counts, 2–3. See also Blood cell counts; 
Leukocyte counts

errors in, 2
Cell cycle, MM and, 2089
Cell cycle analysis, 43
Cell survival factors in CLL, 1894–1895
Cellular immunotherapy, adoptive, 1484
Cellular/cell-mediated immunity

vs. humoral immunity, 1487–1488
pulmonary infiltrates in patients with 

defects in, 1437
CEL-NOS. See Chronic eosinophilic leukemia, 

not otherwise specified
Central nervous system (CNS). See also 

Primary CNS lymphoma

ALL therapy and, 1566–1567
pediatric, 1624–1625

ITP and, 1065
sickle cell anemia and, 840–841
sickle cell anemia and events in,  

832–835, 833f
Central nervous system (CNS) infections, 

1434–1436
related to neurosurgical procedures/

devices, 1436
unrelated to neurosurgery, 1434–1435

Central nervous system (CNS) leukemia, 1582
Central tolerance, 746

loss of, 2212
Centrocytes, 333
Centromere instability, 1348
CEP. See Congenital erythropoietic porphyria
Cerebellar vascular tumors, 1040–1041
Cerebral small vessel disease, 1110–1111
CF. See Cystic fibrosis
CFU-E. See Colony-forming unit-erythroid
CFU-MK. See Colony-forming units mega-

karyocyte
CFU-S. See Colony-forming units spleen
CGD. See Chronic granulomatous disease
cGVHD. See Chronic graft-versus-host disease
b-Chain structural variants, b-thalassemia 

and, 910–911
Chédiak-Higashi syndrome (CHS), 1135
Chédiak-Steinbrinck-Higashi anomaly, 

 1292–1293, 1292f
clinical features and course, 1292f, 1293
etiology/pathogenesis, 1292–1293
gene defect, 1293
inheritance of, 1293
laboratory findings, 1293
management, 1293

Chelation, b-thalassemia, 888–892, 888f
Chemoattractants, neutrophil, 150, 150t
Chemoimmunotherapy, CLL, 1916–1920
Chemokine(s), 150

eosinophil chemotaxis and, 175–176
eosinophil-derived, 162–163, 164t

Chemotactic factor receptors, 147
Chemotaxis

eosinophil, 175–176
neutrophil, 143, 152

Chemotherapy. See also Photochemotherapy
ALL, 1573–1574

novel agents, 1774
amyloidosis, primary, 2116–2118
APL, 1664
CLL, 1911–1915

monoclonal antibodies combined with, 
1916–1920, 1917t, 1919f

CTCL, 1972–1973, 1976–1978
future directions for, 1425
HL, 1992–1996, 1993t, 1994t
lymphoma, lymphoblastic, 1865–1866, 

1865t
MM, 2054–2057

combination, 2057–2068, 2058f, 2059t, 
2060t

induction, 2061–2068
maintenance, 2074–2076

myelofibrosis, 1972–1973, 1976–1978
NHL, 1859–1860, 1860f, 2171f
pharmacology, 1399–1425

general principles of, 1402, 1404–1405, 
1404f, 1406t, 1406f

principles, 1399–1406
PV, 1731–1732
salvage

HL, 1998–2000, 1999t
NHL, 1861

SS, 1972–1973, 1976–1978
Waldenström macroglobulinemia, 2135

Chemotherapy drugs, 1406–1425, 1408t. See 
also specific drugs and drug classes

resistance to, 1401

toxicity, 1401–1402, 1402f, 1403t, 1404t
Chemotherapy-induced nausea and vomiting 

(CINV), 1452–1454
agents for, 1452, 1453t, 1454
guidelines for prevention and treatment, 

1453t
with high-dose chemotherapy/HSCT, 1454

CHH. See Cartilage-hair hypothesis
Chido/Rodgers blood group system, 526
Childhood venous thrombosis, inherited risk 

factors in, 1230
Children. See also under Acute lymphoblastic 

leukemia; Acute myeloid leukemia; 
Chronic granulomatous disease; Non-
Hodgkin lymphomas

APL, 1647–1648
hemoglobin values in, 588
ITP, 1064, 1066–1067
PNH in, 806
RBC characteristics in, 588t

Chimeric action receptor modified T-cells 
(CARTs), 1922

Chimeric action receptors, gene transfer of
for tumor immunotherapy, 1514f

Chlorambucil
cancer, 1407, 1411–1412
CLL, 1910–1912, 1914
PV, 1729, 1731

Chloramphenicol
acquired aplastic anemia, 966
AML, 1581
sideroblastic anemia, 656

2-Chlorodeoxyadenosine. See Cladribine
Chloroquine, PCT, 688
Chlorothiazides, bone marrow suppression 

and, 1101
Chlorpromazine, pseudolymphoma and, 1962
Chlorpropamide, autoimmune thrombocyto-

penic purpura secondary to, 1072
Cholelithiasis, congenital hemolytic anemia 

and, 607
Cholestasis. See Arthrogryposis-renal 

 dysfunction-cholestasis syndrome
Cholesterol. See Lecithin-cholesterol 

 acyltransferase
Cholesterol embolization syndrome, 1117
Cholestyramine

cobalamin malabsorption and, 945
EPP, 693

Cholethiasis, b-thalassemia and, 878–879
Chromatin

epigenetic factors modifying, 1531–1534
globin genes and structure of, 89, 89f
sex and patterns in, 135, 135f

Chromosome(s). See also Deletions; 
Isochromosome; Philadelphia chromo-
some; Translocation(s)

14q32, translocations of, 1899
11q23, translocations of, 1532–1533
t(8;21)(q22;q22), AML, 1592–1593,  

1592f
Chromosome 1p, loss of, 2026–2027
Chromosome 1q, gain of, 2026–2027
Chromosome 13 deletion, 2026
Chromosome 17p loss, 2026
Chromosome abnormalities/anomalies

abnormal chromosomal number,  
1638–1639

diagnostic and prognostic impact, 52
diseases associated with, 48t
prognostic risks associated with, 52t

Chromosome analysis, 47–48
Chromosome changes, gene expression, and 

CLL, 1898–1899
Chromosome instability syndromes, 1581, 

1639
Chronic active Epstein-Barr virus infection 

(CAEBV), 1334
Chronic eosinophilic leukemia (CEL),  

1695–1696, 1696f, 1698f
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Chronic eosinophilic leukemia, not otherwise 
specified (CEL-NOS), 1754

Chronic graft-versus-host disease 
(cGVHD), 2212–2217, 2221. See 
also Hematopoietic stem cell 
 transplantation

biology, 2212–2213
classification and severity, 2213, 2217f
clinical evaluation of, 2171
clinical predictors of disease development, 

2214
diagnosis, 2213–2214
prevalence of, 2172f
prevention, 2215, 2224
prognostic variables, 2214–2215
treatment, 2171–2172, 2215–2216

Chronic granulomatous disease (CGD), 1345
childhood, 1294–1296

clinical/laboratory features of, 1296
course/prognosis, 1296
history and mode of inheritance of, 1295
molecular pathology, 1295–1296
variants of, 1296

gene therapy, 1520
treatment, 1296, 1502, 1512

Chronic kidney disease (CKD). See also Renal 
disease

definition, 2229
evaluation and follow-up guidelines of 

patients with, 2230, 2230t
long-term implications, surveillance, 

prevention, and management, 
2230–2231

post-HSCT
epidemiology and prevalence, 2229
monitoring and management guidelines, 

2229–2231
spectrum of, 2230

Chronic lymphocytic leukemia (CLL)/small 
lymphocytic lymphoma (SLL), 1777f, 
1778–1779, 1888–1926. See also 
B-cell chronic lymphocytic leukemia

age distribution, 1889f
apoptosis, abnormalities of, 1890–1892, 

1891f
apoptotic pathways, 1891–1892, 1891f
array analysis and, 53, 54f–55f, 56
autoimmune manifestations, 1902
biology, 1817, 1817f
causes

B-cell-associated, 1903–1905, 1904f
benign, 1903
malignant, 1903–1905
T-cell-associated, 1903, 1905

cell division in, abnormalities of, 
 1895–1896, 1896f

cell of origin, 1890, 1890f
cell survival factors in, 1894–1895
clinical findings, 1899–1902

bone marrow/lymph node, 1899
IgV

H mutational status and, 1900–1901
immunophenotyping in, 1899–1901, 

1900t, 1908
peripheral blood, 1899

cytogenetic analysis, conventional,  
1896–1897

diagnosis, 1902–1903
differential diagnosis, 1903–1905,  

1903t, 1938
familial, 1890
gene expression, chromosome changes 

and, 1898–1899
genomic abnormalities, 1896

clonal evolution, 1898
FISH and, 1896

genomic complexity, assessment of,  
1897–1898

immune abnormalities, functional,  
1901–1902

immunoglobulin production in, 1901

flow cytometry findings important for 
 diagnosis of, 37–38

Chronic neutrophilic leukemia (CNL), 1698
CHS. See Chediak-Higashi syndrome; 

Chédiak-Higashi syndrome
Cilostazol, platelet dysfunction, 1129
Cimetidine

pseudolymphoma and, 1962
PV, 1732

CINV. See Chemotherapy-induced nausea and 
vomiting

Circulatory overload, transfusion-associated, 
576–577

Cirrhosis, anemia in, 1006–1008, 1007t
hematologic findings, 1007, 1007f
pathogenesis of, 1007–1008
prevalence/clinical manifestations of, 

1006–1007, 1007t
Cisplatin

cancer, 1422–1423, 1422f
DI-IHA, 762

CJD. See Creutzfeldt-Jakob disease
CKD. See Chronic kidney disease
Cladribine

AML, 1602–1603
cancer, 1414–1416
CLL, 1913, 1914
DI-IHA, 760–763
HCL, 1940, 1942–1948
mastocytosis, systemic, 1767
Waldenström macroglobulinemia,  

2132, 2136
Clarithromycin, pseudolymphoma and, 1962
Classical Hodgkin lymphoma. See Hodgkin 

lymphoma/Hodgkin disease
Class-switch recombination (CSR), 335–336
Clavulanate, DI-IHA, 762
CLIP, 323

MHC class II molecule and, 324
CLL. See Chronic lymphocytic leukemia
Clofarabine

ALL, pediatric, 1632
AML, 1603
cancer, 1414–1415
lymphoma, 1865–1866

Clofarabine, AML, 1602
Clonal deletion by activation-induced cell 

death, 747
Clonal sideroblastic anemia, acquired, 

653–655
Clonality

acquired aplastic anemia and, 967–968
acquired sideroblastic anemia and, 653
AML, 1584
NHL, 1801–1805
PV, 1727

Clonality testing, 1801–1805
Clonazepam, pseudolymphoma and, 1962
Clonidine, pseudolymphoma and, 1962
Clopidogrel

antithrombotic therapy, 1235
platelet dysfunction, 1129, 1139

Clostridium difficile colitis, 1441
Clot formation. See also Coagulation 

 disorders
fibrin, 428
proteins of, 473–481

factor XIII, 473–475
fibrin, 475–481
fibrinogen, 475–481

Clot retraction, platelets and, 396–397
Clotrimazole, sickle cell anemia, 854
Clusterin, MAC assembly and, 366
CMC. See Chronic mucocutaneous candidiasis
CML. See Chronic myelogenous leukemia or 

chronic myeloid leukemia
CMML. See Chronic myelomonocytic leukemia
CMV. See Cytomegalovirus
c-Myb, 378–379
CN. See Cylic neutropenia

investigations, 1905–1906
molecular genetics, 1817–1818, 1817f
molecular testing guidelines, 1818
pathophysiology, 1188–1199

abnormalities in cell division,  
1895–1896

cell survival signaling pathways, 1895
microenvironment, 1892–1895, 1893f
predisposing factors, 1888–1890

PRCA and, 977
prognosis, 1907–1910, 1907t

lymphocyte characteristics and,  
1908–1909, 1908f

molecular genetics and, 1908–1910
prognostic index, 1910
response criteria and MRD in, 1911, 1911t
Richter syndrome, 1925
second malignancies in, 1925–1926
staging, 1906–1907, 1906t
treatment, 1910–1923

alkylating agents, 1911–1915, 1913t
autoimmune complications and, 1924
combination therapy with nucleoside 

analogs, 1914–1915
HSCT, 1921–1923, 1922t, 2198–2199
indications for, 1910–1911
monoclonal antibodies combined with 

chemotherapy, 1916–1920, 1917t, 
1919f

monoclonal antibody, 1915–1916
new agents, 1920, 1921f
nucleoside analogs, 1913–1915, 1913t
radiotherapy, 1923
of resistant disease, 1920–1921
splenectomy, 1923
steroid, 1915
summary of, 1926
systemic complications and, 1923–1925

whole genome and exome sequencing, 
1898

Chronic mucocutaneous candidiasis (CMC) 
syndromes, 1355

Chronic myelogenous leukemia or chronic 
myeloid leukemia (CML), 61, 1689–
1691, 1689f–1691f, 1705–1719

approach to newly diagnosed chronic-
phase patient, 1715–1716

atypical, BCR-ABL1 negative, 1701, 1701f
BCR-ABL1 positive, 1689
clinical features, 1709–1711
clinical presentation, 1710

disease phases, 1710, 1710t
signs and symptoms, 1710

diagnosis and initial work-up, 1690t, 
1711–1712

clinical evaluation, 1711
differential diagnosis, 1712
laboratory tests, 1711–1712

epidemiology, 1709–1710
future directions, 1719
historical perspective, 1705
neutrophilic-chronic, 1691
pathophysiology, 1705–1709

molecular signaling pathways activated, 
1706f

transformation to accelerated and blastic 
phase, 1709

risk scores, 1710–1711
therapy, 1713–1715

approach to patients in accelerated 
phase/blastic phase, 1716

cytotoxic agents and interferon, 1713
HSCT, 1718–1719, 1718t
imatinib mesylate, 1705, 1709–1711, 

1713–1719
monitoring response to, 1712–1713
tyrosine kinase inhibitors, 1713–1718, 

1714t
Chronic myelomonocytic leukemia (CMML), 

1676, 1699–1700, 1700t, 1700f
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CNL. See Chronic neutrophilic leukemia
CNS. See Central nervous system
Coagulation, blood, 428–495. See also 

Anticoagulation; Bleeding diseases/
disorders; Disseminated intravascular 
coagulation

activation, 1221–1222
amyloidosis, primary and, 2110–2111
essential features of, 428–429
global coagulation tests, 1130
initiation of, 428
intravascular, 1190
laboratory methods for studying,  

1046–1051, 1046t
chromogenic/fluorometric techniques, 

1051
screening tests, 1149–1150
sickle cell anemia, 849

Coagulation abnormalities, 1221
drug-induced, 1215
HIV and, 1364
POEMS syndrome and, 2144
transfusion-associated, 1214–1215

Coagulation defect, DIC and, 1197
Coagulation disorders, 1171–1178

acquired, 1186–1215, 1186t
laboratory findings, 1188t

hemostatic levels and, 1171
inherited, 1143t, 1144–1184

miscellaneous, 1170
nomenclature for inherited, 1143, 1144t
pathophysiology, principles of, 1143
treatment

future of, 1183–1184
home, 1183
materials for, 1172, 1174–1178
replacement therapy, 1168t, 1171, 

1171t, 1172t
special aspects of, 1182–1183
therapeutic adjuncts, 1177–1178

Coagulation factors
acquired deficiencies of single, 1215
antibodies to, 1183
bioassays for, 1050
biodynamic properties, 1171, 1171t
liver disease and, 1189–1190
monospecific antibodies to, 1206–1208
platelet-associated, 396, 397t
purified or concentrated, 1175
in vivo recovery and survival of infused, 

1171–1172
Coagulation inhibitors, blood

pathologic, 1202–1206
physiologic, tests for, 1051
tests for, 1050–1051

Coagulation methods, automated, 1051
Coagulation pathways, 429–431

common, disorders of, 1053
complexes in, 429–431
extrinsic, disorders of, 1053–1054
intrinsic, disorders of, 1053
procoagulant, 429–431

Coagulation phase, tests of, 1048–1050
Coagulation proteins, blood

procoagulant cofactor proteins, 454–461
factor V, 456–460
factor Va, 460
factor VIII, 454, 456
factor VLEIDEN, 460
tissue factor, 454, 456
vWF, 460–461

procoagulant proteins, 431–454
carboxylase dependent on vitamin K 

and, 442
carboxylation and, 442
factor II, 452–454
factor VII, 447–448
factor IX, 448–451
factor X, 451–452
factor XI, 436–437

factor XII, 431–432
HMWK, 435–436
plasma prekallikrein, 432–435
thrombin, 461–463
vitamin K-dependent, 437–454, 

438f–440f, 444–445, 447
Coagulation studies, APL, 1657
Coagulation system, 396–397
Coagulopathy, dilutional, 577
Cobalamin, 928f, 929f

dietary insufficiency, 942
malabsorption, 943–945
megaloblastic anemias and, 928
normal physiology of

assimilation and, physiologic cycle of, 
930–931, 931f

nutritional characteristics of, 930
transport/cellular defects of, 945–946

Cobalamin deficiency, 934f
age and, 946
biochemistry of, 933
causes of, 942–946

disorders, 942–946, 950–951
hematopathology of, 933
laboratory tests of, 938–940, 939t
megaloblastic anemias and, 933,  

935–936, 950
neurologic dysfunction and, 933–935
subclinical, 935–937

Cobalamin requirements, increased, 946
Cobalamin supplements, 951
Cobalamin-binding proteins, 930–932, 932t
Cognitive issues in long-term HSCT survivors, 

2233
Colchicine, 265

amyloidosis, primary, 2115–2118
cobalamin malabsorption and, 945

Cold active antibodies, immune hemolytic 
anemias caused by, 752–756

Cold agglutinin disease (CAD), 752–755, 753f
antibody characteristics in, 752–754
clinical manifestations, 754
functional manifestations, 754
laboratory features, 754
management, 754–755
primary, 752–755
secondary, 752, 753t, 755

Colitis, Clostridium difficile, 1441
Collagen receptor polymorphisms, 1133
Collagen vascular diseases, PRCA and, 977
Collagen-platelet interaction and signaling, 

399–400, 400f, 413–415, 414f
Colony-forming unit-erythroid (CFU-E), 83–85
Colony-forming units megakaryocyte 

( CFU-MK), 77
Colony-forming units spleen (CFU-S), 68
Colony-stimulating factor (CSF)

granulocyte, 1431, 1432f
granulocyte-macrophage, 1431–1432
myeloid, 1431–1432

Colton blood group system, 525
Combinatorial diversity (CD), 336
Common variable immunodeficiency (CVID), 

1347
Compatibility testing process, RBC transfusion 

and, 560
Complement activation, regulation of,  

361–366
body fluid regulators for, 364–365
control of initiation step and, 362
regulators on cell surfaces and, 362–364

Complement component deficiencies, 366–368
Complement control proteins (CCPs), 362, 362t
Complement deficiencies, 1342–1344

clinical presentation, 1342
diagnosis, 1343
treatment, 1343–1344

Complement factor I, 365
Complement inhibitory therapy, PNH,  

801–802

Complement receptor 1 (CR1), 363–364
Complement receptors (CRs), characteristics 

of, 748, 749t
Complement system, 354–361, 368, 1342, 

1343f
alternative pathway, 358–359

activation of, 359
CCPs and, 362t
classical pathway, 354–358, 355f

C1s and, 354–357
C3 convertase, 357
C5 convertase, 357–358

lectin pathway of, 359–360
MAC and, 360–361
properdin and, 359

Complementary DNA (cDNA), 58–59
Complementary-determining regions (CDRs), 

348
Complete blood count (CBC), 2
Congenital amegakaryocytic thrombocytope-

nia (CAMT), 385, 962–963, 1097
clinical features, 962
differential diagnosis, 962
laboratory findings, 962–963
pathophysiology, 963
supportive care, 963
treatment, 963

Congenital dyserythropoietic anemias (CDAs), 
990–996

overview of, 990
type I, 990–992

clinical features, 990, 990f, 991f
laboratory findings, 990–991, 991f
management of, 991
molecular biology, 991–992

type II, 992–994
clinical features, 992, 994
laboratory findings, 992–993, 992f, 993f
management, 993
molecular biology, 993–994

type III, 994
laboratory features, 994, 994f, 995f

variants of, 994–996, 995t, 996f
Congenital erythropoietic porphyria (CEP), 

683–685
in animals, 685
clinical description, 683–684, 685f
laboratory findings, 684
molecular basis and pathogenesis of, 

683–684
treatment, 684–685

Congenital infection, 1027
Congo red stain, 219
Connective tissue, macrophages associated 

with, 220
Connective tissue disorders

cryoglobulinemia and, 2150
MGUS associated with, 2043

Consolidation therapy, 1666–1667, 2190
Contact dermatitis, purpuric, 1119
Coombs test. See Direct antiglobulin test; 

Indirect antiglobulin test
Copper deficiency

iron deficiency and, 628
sideroblastic anemia and, 656–657

Copper toxicity, hemolysis induced by, 
814–815

Coproporphyrinogen III, biosynthesis, 92
Cord compression. See Spinal cord 

 compression
Core binding factor translocations, 1536–1537
Coronary artery disease, hemochromatosis 

and, 677–678
Cortex, epithelial cells in, 280
Cortical steroids, 803
Corticosteroids. See also Hormonal therapies; 

Steroids
AIHA, 755–760
bronchiolitis obliterans syndrome,  

2224–2225
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Corticosteroids. (Continued )
DBA, 986
factor VIII autoantibodies, 1206
ITP, 1067–1072
LCH, 1314
mastocytosis, systemic, 1766–1767
mononucleosis, infectious, 1333
PRCA, 979
RBC destruction, 749
Waldenström macroglobulinemia, 2133

Costimulation, T-cell, 296
Cotrimoxazole, pseudolymphoma and, 1962
Coulter automated hematology analyzer, 3f
Coumadin, thrombosis, 805
Coumarin, vitamin K deficiency bleeding, 1186
COX. See Cyclooxygenase
COX-2 inhibitors. See Cyclooxygenase-2  

(COX-2) inhibitors
CR1. See Complement receptor 1
CRA. See Cancer-related anorexia
Creutzfeldt-Jakob disease (CJD), 581
Crigler-Najjar syndrome, 122
Cromer blood group system, 527
CRs. See Complement receptors
Cryofibrinogenemia, 1117
Cryoglobulinemia, 1113, 2146–2156, 2148f

clinical and experimental associations, 
2147t–2148t

clinical features, 2149t
clinical presentation, 2150–2152, 2151f
diagnosis, 2152
epidemiology, 2146, 2148–2149
etiology, 2149–2150
life-threatening, treatment of, 2153
MM and, 2092
predisposing conditions and, 2149–2150
treatment, 2152–2154, 2153f

antiviral therapy, 2153–2154, 2153t
Cryoprecipitate, 1175

factor XIII deficiency, 1181
Cryptococcosis, 1435
CSF. See Colony-stimulating factor
CSR. See Class-switch recombination
CTCL. See Cutaneous T-cell lymphoma
C-type lectin-like receptors, 308–310
Cutaneous leukocytoclastic vasculitis, 1113

etiologies, 1113t
Cutaneous sensitivity, porphyrias with, 

683–693
Cutaneous T-cell lymphoma (CTCL),  

1951–1982
classification, 1956t
differential diagnosis, 1960–1967, 1961t
primary, 1963–1965, 1963f, 1964f
staging, 1967–1971, 1968t, 1969t
therapy, 1971–1981, 1972f

chemotherapy, 1972–1973, 1977–1978
combined-modality, 1979–1980, 1979f
hematopoietic neoplasms with presenta-

tions similar to, 1965–1967, 1966f, 
1967f

HSCT, 1981
immunotherapy, 1980–1981
interferon, 1974–1975
photochemotherapy, 1976–1977
phototherapy, 1973–1974
radiotherapy, 1975–1976
retinoids, 1974

CV. See Cardiovascular
CVID. See Common variable 

 immunodeficiency
Cyanosis, 921
Cyclin D dysregulation, universal, 2024
Cyclooxygenase (COX), eosinophil and 

 prominent pathway of, 168
Cyclooxygenase defects, 1136
Cyclooxygenase-2 (COX-2) inhibitors, 1139
Cyclophosphamide

AIHA, 760
ALL, 1568–1570, 1573

immunoregulation and, 169–170
immunotherapy, 1480–1482
in megakaryopoiesis, 379–382
MGUS, 2034
MM, 2089
POEMS syndrome and, 2144
role in hematopoietic lineage  

commitment, 76
supportive vs. instructive signals, 78
T-cells and, 169
Waldenström macroglobulinemia and, 

2128
Cytokine combination, 1509–1510
Cytokine profiles, monitoring, 44
Cytomegalovirus (CMV), blood donation and, 

581–582
Cytoplasmic actin, 390–391
Cytoplasmic granules, 128, 129
Cytoplasmic lipid bodies, 128
Cytoplasmic modeling, 206f
Cytosine arabinoside (ara-C). See Cytarabine
Cytoskeletal assembly, 206f
Cytoskeletal matrix, 127
Cytoskeletal proteins, 105, 1708
Cytoskeleton

platelet, 390, 391f
platelet function and, 406–407, 424–425
T-cell, 296

Cytosol, 128

D genes, 255–258
DAA. See Decay-accelerating activity
Dabigatran etexilate, 1244
Dacarbazine

cancer, 1407, 1411–1412
LCH, 1996

Daclizumab
aplastic anemia, severe, 970
GVHD, acute, 2171

Dactylitis, sickle cell anemia and, 831
DAF. See Decay-accelerating factor
Danazol, autoimmune thrombocytopenic 

 purpura secondary to, 1072
Darbepoetin, anemia of chronic disease, 1002
Dasatinib (Sprycel)

ALL, 1774
cancer, 1420
CML, 1714–1715

DAT. See Direct antiglobulin test
Daunorubicin

ALL, 1564
AML, 1600, 1602, 1603, 1642
APL, 1664
cancer, 1421–1422

DBA. See Diamond-Blackfan anemia
DCs. See Dendritic cells
D-dimer, 1050
DDs. See Directed donations
Death receptor pathway, target cell lysis and, 

303
Decay-accelerating activity (DAA), 362, 363, 363f
Decay-accelerating factor (DAF), 788–789
Decitabine

cancer, 1413–1414, 1416
sickle cell anemia, 854

Deep vein thrombosis (DVT), 1234f
calf, 1250
catheter-directed thrombolysis of, 1251

Deferasirox (Exjade)
sideroblastic anemia, congenital, 651
b-thalassemia and, 891

Deferiprone, b-thalassemia and, 889–891
Deferoxamine, sideroblastic anemia, 651
Deferoxamine B, b-thalassemia and, 888–889, 

889f
Deferoxamine B toxicity, 889, 890f
Degranulation

basophil, 182–183
eosinophil, 163–167, 165f

pediatric, 1626, 1632
AML, 1580, 1610
amyloidosis, primary, 2117
aplastic anemia

acquired, 970, 971
severe, 972

cancer, 1407, 1411–1412
CLL, 1913, 1914–1915, 1914t
factor VIII autoantibodies, 1206
HL, 1997
immunotherapy, 1474
MM, 2046, 2054, 2055t, 2060–2061
NHL, 1859–1861

pediatric, 1881–1885
PRCA, 980
RIT, 1478
Waldenström macroglobulinemia, 2133, 

2134
Cycloserine, sideroblastic anemia and, 

655–656
Cyclosporine

AML, 1602
aplastic anemia, severe, 970, 971
factor VIII autoantibodies, 1204
PRCA, 979–980
pseudolymphoma and, 1962

Cyclosporine A, AIHA, 760
Cylic neutropenia (CN), 1282
Cystic fibrosis (CF), 1298
Cysts, splenic, 1377–1378, 1378f, 1384–1385, 

1385f
splenectomy, 1377–1379

Cytapheresis, therapeutic, 583
Cytarabine (cytosine arabinoside)

ALL, 1566, 1567, 1573, 1774
pediatric, 1626, 1630, 1632

AML, 1600, 1602, 1604t, 1642
APL, 1663, 1664
cancer, 1399, 1412–1415, 1413f
CLL, 1912
NHL, pediatric, 1881–1884

Cytochrome b5 reductase deficiency, 921
Cytochrome c, 302
Cytogenetic abnormalities in SMM, 2039
Cytogenetic analysis

CLL, 1896–1897
hematologic malignancies, 47

Cytogenetic nomenclature, 48–49, 51–52
symbols and abbreviated terms, 51t

Cytogenetics, 46–56
ALL, 1561–1562
AML, 1524t, 1585, 1586t, 1587,  

1596–1598, 1597t, 1644, 1644t, 
1650–1651, 1652f

APL, 1659–1661, 1661f
blood, 16
bone marrow, 16

evaluation of, 1560
clinical applications, 1259–1262, 1261f
HCL, 1929–1930
history, 46–47
metaphase, 1806
MGUS, 2033
MM, 2084–2085, 2086f
PNH laboratory findings, 797
PV, 1727, 1727t

Cytokine(s). See also Suppressors of cytokine 
signaling

anemia of chronic disease and, 1000
basophil differentiation-inducing, 184–185
B-cells and, 169

differentiation of, 342–348
biologic activities of, 343t
DIC and role of, 1194–1196
eosinophil, 174–175
eosinophil adhesion regulated by, 174–175
eosinophil-derived, 163–164, 164t

immune response and, 169–170
implications of, 170

HCL and, 1932–1933
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mast cell, 182–183
piecemeal, 183

Del22q11.2 syndrome. See DiGeorge syndrome
Deletions (genetics)

11q22-23, 1898. See also DiGeorge 
 syndrome

17q13, 1898
b-globin, thalassemias and, 868
7q, Waldenström macroglobulinemia and, 

2127–2128
Delta, 281
Dementias, 1436
Dendritic cell (DC) functional subsets, 

 212–213
Dendritic cell neoplasm, blastic plasmacytoid, 

1320, 1320f
Dendritic cell sarcoma, interdigitating, 

 1319–1320, 1320f
Dendritic cells (DCs), 193–225, 327–329. See 

also Follicular dendritic cells (FDCs); 
Mononuclear phagocytes

bone marrow, 31
deficiency, 223
in disease, 328
functions, 328
gastrointestinal, 217
hematopoiesis, 221
immature, 327
interdigitating, 234–235, 328, 329
lymph node, 239–241
lymphocytes and migration of, 248–249
maturation/activation, 207f
mature, 327
migration, 326f, 327–328

antigen presentation and, 324
monocyte-derived, 222
stem cell differentiation and, 327
thymic, 234–235

Dengue virus, 581
Denileukin diftitox, cancer, 1419
Dense bodies, platelet, 392
Dense tubule system, 389–390
Depsipeptide. See Romidepsin
Dermatitis

pigmented purpuric, 1118–1119, 1118f, 
1119f

purpuric contact, 1119
Dermatologic disorders. See also Skin

anticardiolipin (aCL) antibodies and, 
1211–1212

MGUS associated with, 2042
Desensitization, neutrophil, 148
Desipramine, pseudolymphoma and, 1962
Desmopressin, BSS, 1132
DEX. See Dexamethasone
Dexamethasone (DEX)

ALL, pediatric, 1623–1624, 1626
amyloidosis, primary, 2116–2118
APL, 1665, 1667, 1670
ITP, 1068
MM, 2058–2061

Diabetes mellitus
after HSCT, 2228–2229, 2229t
hemochromatosis and, 675
iron overload and, 887–888

Diabetic acidosis, hemolysis associated  
with, 733

Diagnosis, foundations of, xxvii–xxviii
Diamond-Blackfan anemia (DBA), 981–987

clinical presentation, 983, 984t, 984f
differential diagnosis, 985–986, 985t
etiology/pathogenesis of, 982–983
future directions for, 987
genetics, 985
laboratory evaluation, 983–985
prognosis, 987
treatment, 986–987

Diarrhea, 2231
DIC. See Disseminated intravascular 

 coagulation

Dideoxy chain termination (Sanger) method, 
59, 61f

Diego blood group system, 523
antibodies, 523
antigens, 523
genes, 523

Differential cell counting, 135–137
Diffuse large B-cell lymphomas (DLBCLs), 

276, 1780–1785, 1780f, 1781f, 1787f, 
1851–1852, 1851t, 1876, 1877f

EBV-positive DLBCL of the elderly,  
1784–1785, 1784f

flow cytometry findings important for 
 diagnosis of, 34

HSCT, 2199–2200
mediastinal, 1852, 1853f
molecular genetics, 1818–1820
molecular testing guidelines, 1820
not otherwise specified (NOS), 1780–1782

DiGeorge syndrome (22q11 deletion 
 syndrome), 1100, 1349–1350

Diglycoaldehyde, DI-IHA, 762
Digoxin, autoimmune thrombocytopenic 

 purpura secondary to, 1072
Dihydrochloride, AML, 1608
DI-IHA. See Drug-induced immune hemolytic 

anemia
Di-isopropylfluorophosphate studies, 

 neutrophil kinetics in blood, 141
Diltiazem, pseudolymphoma and, 1962
Dimercaprol, 1073
Dimethyl sulfoxide (DMSO), primary 

 amyloidosis, 2115
Diphenylhydantoin, vitamin K deficiency, and 

bleeding, 1186
Diphosphonate, 2091
Dipyridamole, PV, 1730
Direct antiglobulin test (DAT)

AIHA and, 750–751, 750f
positive, 751, 751f

Direct Coombs test. See Direct antiglobulin 
test

Direct thrombin inhibitors (DTIs), 1238, 
1240–1241, 1240t

Directed donations (DDs), 548
Disseminated intravascular coagulation (DIC), 

1192–1201
acute, 1196
chronic, 1196
clinical features, 1196
cytokine role in, 1194–1196
differential diagnosis, 1197–1198
emerging therapies, 1201
etiology/incidence, 1191–1192, 1192t
hemolysis due to, 819
infant, 1199
laboratory diagnosis, 1196–1197
neonatal, 1199
pathology, 1201
pathophysiology, 1192–1196, 1192f, 1193f
specific features of various forms of, 

1199–1201
neoplastic disorders, 1199–1200

treatment, 1198
DLBCLs. See Diffuse large B-cell lymphomas
DMSO. See Dimethyl sulfoxide
DNA

autosensitivity to, 1119
complementary, 58–59
protein kinase dependent on, 258

DNA cleavage, 256, 257
SHM and, 337
V(D)J recombination and, 261

DNA content, cellular, 43, 43f
DNA ligases, defects in, 262
DNA recombination and repair deficits in 

SCID, 1351–1352
DNA repair

defects in, 1581
mechanisms of, 258

pathways for, 1709
V(D)J recombination and, 262

DNA sequencing, 59–60, 61f
DNA synthesis

impaired, disorders of, 927–951
mitotic compartment, 137–139

DNA-based assays, hemophilia carrier 
 detection with, 1146

DNMT3A, 1531–1532
Dombrock blood group system, 524–525
Donor lymphocyte infusions, 2074
Donors. See also Blood donors

granulocyte, 570–571
HSCT, 2162–2164, 2178
leukocyte infusion, 1483–1484
platelet, 569
RBC transfusion, 562
screening

hepatitis B virus, 579–580
hepatitis C virus, 580
HIV, 580
infection, 577–579, 578f

Down syndrome, AML with
management of, 1645

Doxepin, pseudolymphoma and, 1962
Doxorubicin

ALL, 1564, 1573
pediatric, 1626

amyloidosis, primary, 2116
cancer, 1421–1422
CLL, 1912
HL, 1996, 1997
NHL, pediatric, 1881–1884

Drug resistance, chemotherapy, 1401
Drug-induced immune hemolytic anemia 

(DI-IHA), 760–763, 761t
clinical manifestations, 763, 763f
laboratory features, 763
management, 763
mechanisms, 761–763, 762f, 763f

autoimmune, 762
drug absorption, 761
multiple, 762–763
neoantigen, 761–762
nonimmunologic protein absorption, 762

DTIs. See Direct thrombin inhibitors
Duffy blood group systems, 519
DVT. See Deep vein thrombosis
Dysfibrinogenemias, 1162–1163, 1230

hereditary, 476
laboratory diagnosis, 1163
molecular basis, 1162–1163
therapy, 1163

Dyshemoglobinemias, 923–924
Dyskeratosis congenita, 959–961

clinical features, 959, 959t
differential diagnosis, 960
laboratory findings, 960–961
pathophysiology, 959–960
supportive care, 961
treatment, 961

Dysphagia
HSCT and, 2231
PNH and, 796, 806

Dysplasia, 236

Early B cell factor (EBF), 252
EATL. See Enteropathy-associated T cell 

 lymphoma
EBV (Epstein-Barr virus)

disorders related to, 1324–1340
historical background of, 1324

HL and, 1796
EBV infection, 1324

chronic active, 1334
immune response to, 1326–1327, 1326f, 

1327f
pathophysiology, 1324–1327, 1324f
susceptibility to severe, 1355
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EBV-associated disorders in 
 immunodeficiency, 1335–1338

EBV-associated hemophagocytic lymphohis-
tiocytosis (EBV-HLH), 1333–1337

EBV-associated malignancies, 1338–1340
EBV-HLH. See EBV-associated hemophago-

cytic lymphohistiocytosis
EBV-positive diffuse large B-cell lymphoma of 

the elderly, 1784–1785, 1784f
EBV-related diseases, 1334–1340, 1334t. See 

also Infectious mononucleosis
Echinocytic disorders, 726
ECM. See Extracellular matrix
ECs. See Endothelial cells
Eculizumab, 802–804, 1093
Edema. See also Hereditary angioneurotic 

edema
acute infantile hemorrhagic, 1114

Editosome, 336
EDSs. See Ehlers-Danlos syndromes
EDTA. See Ethylenediaminetetraacetic acid
EE. See Eosinophilic esophagitis
Efferent pathway, 223
EGF. See Epidermal growth factor
Ehlers-Danlos syndromes (EDSs), 1111, 1111f
EKLF, 379
Elderly

ALL in, 1572, 1572f, 1573t
AML in, 1608
APL in, 1670
hemoglobin values in, 588
HL, 2001
NHL in, 1869–1870

Electron microscopy
blood, 16
bone marrow, 16
lymphocytes, 228, 228f, 229f
plasma cell, 229–230, 230f
platelet, 1131
platelet anatomy, 389, 390f
subcellular features and, 389

Electrophoresis and MGUS, 2029, 2032f
Elution, 752
Emboli, septic, 1118. See also Fat emboli 

syndrome
Embolism. See Pulmonary embolism
Endocrine complications, thalassemia and, 907
Endocrine disorders

anemias associated with, 1008–1010
erythrocytosis and, 1041

Endocrine glands, iron overload and,  
886–888

Endocrine organs, macrophages associated 
with, 219

Endocrinologic disturbances, 1634–1635
Endocrinopathies

hemochromatosis, 675
POEMS syndrome, 2142

Endocytosis, 152–153, 152f, 205–207
Endocytosis pathways, 205, 205f
Endomitosis in megakaryocytes, 373, 374f
Endoplasmic reticulum (ER), 254
Endothelial cells (ECs). See also Human 

umbilical vein endothelial cells
activated, 501
hemostatic properties, 505
morphology, 501, 501f
neutrophil adhesion to, 148–151, 149t

model for, 150–151, 150f, 151f
sequence of, 150–151, 150f

phenotypes, 501
resting, 501
structure, 500–501, 500f, 501f

Endothelium, 498–505
anticoagulant activities, 502–503
antiplatelet activities, 501–502
fibrinolytic activities, 503
origin, 499–500
perturbed, hemostatic properties of, 

503–504

crystalloid, 160, 162f
degranulation mechanisms, 163–167, 165f
primary, 160
release of, 165f
small, 160

Eosinophil mediators, 160–171
Eosinophil physiology, 1746
Eosinophil production in peripheral tissue, 

172
Eosinophil tissue

accumulation of, 173–175
allergic reactions and, 173, 174f

Eosinophilia, 1265
definition, 1746
with PDGFRB, myeloid neoplasms with, 

1699, 1699f
Eosinophilic disorders

classification, 1746t, 1747–1748, 1747t
diagnosis, 1748f
treatment, 1748f

Eosinophilic esophagitis (EE), 177–178
Eosinophilic neoplasms, 1746–1755

clinical presentation, 1751, 1753t
FIP1L1-PDGFRA-positive, 1749–1751, 

1750f
treatment, 1751–1754

historical background, 1746
Eotaxin, 175
Epidermal growth factor (EGF), 447
Epigenetic state of DNA, 58
Epigenetics, 1809
Epinephrine, 419

a
2-adrenergic receptors and, 403

mastocytosis, systemic, 1767
Epipodophyllotoxins, 1422
Epirubicin, cancer, 1421–1422
Epithelial cells, 233–234

designations, 233–234, 233f
development, 280–281
medullary, 234, 280
thymic, 233–234, 233f, 280

Epithelial tissue, iron deficiency signs/ 
symptoms in, 632–633, 633t

Epitope specificity, 1208–1209
EPO. See Erythropoietin
EPP. See Erythropoietic protoporphyria
Epstein-Barr virus. See EBV
Eptifibatide

antithrombotic therapy, 1236
platelet dysfunction, 1139

ER. See Endoplasmic reticulum
Erythroblastic differentiation, stages of,  

85, 86f
Erythroblasts, 85, 87f
Erythrocyte kinetics, PV and, 1725
Erythrocyte membrane, 102–107, 105f,  

707–708, 708f, 709f, 711f
abnormalities of, 707–727
enzymes associated with, 106–107
lipid composition in, 102–103, 102t
lipid turnover/acquisition in, 103, 103f

Erythrocyte membrane and metabolism, fetal/
neonatal, 1022–1024

Erythrocyte membrane protein deficiencies, 
788–789

Erythrocyte membrane proteins, 104–107, 
708, 711f

cytoskeletal proteins, 105
transmembrane proteins, 104–105, 104f

Erythrocyte membrane transport proteins 
and permeability, 105–106, 106f

Erythrocyte sedimentation rate (ESR)
blood, 16–17
bone marrow, 16–17

Erythrocyte values during fetal development, 
1018–1022, 1019f–1022f

Erythrocyte/red blood cell (RBC) destruction
disorders of, 223
hemoglobins, unstable and, 917
HIV and, 1361

platelets and, 407, 425
unperturbed

antithrombotic properties of, 501–503, 
502f

prothrombotic properties of, 503, 503f
vascular, 1193–1194

End-stage renal disease (ESRD), 2231
Energy metabolism, erythrocyte, 115–117, 

116f
Engraftment and HSC, 2168
Enhancer binding protein a, 1530
Enhancer complexes, 58
Enterocolitis, neutropenic, 1440–1441
Enteropathy, 1353–1354
Enteropathy-associated T cell lymphoma 

(EATL), 1792, 1837, 1856
Environmental toxins

and acquired aplastic anemia, 965–966
and AML, 1579–1580

Enzymatic fragments, immunoglobulin 
 structure and, 349–350, 350f

Enzyme disorders, hereditary hemolytic 
 anemias due to RBC, 728–744

Eosinophil(s), 125. See also Chronic eosino-
philic leukemia; Hypereosinophilic 
syndrome

adhesion, 174–175
cytokines regulating, 174–175

airway nonresponsiveness and, mouse 
models of, 177

in airways, position of, 177
allergic disease and, 160, 173, 174f, 

176–178
controversy in, 176

apoptosis, 172
appearance, disease and, 172
asthma and, 176–178
bone marrow, 29–30
chemotaxis, 175–176

chemokines and, 175–176
cyclooxygenase pathway prominent in, 168
cytokines, 174–175
cytokines derived from, 163–164, 164t

immune response and, 169–170
implications of, 170

differentiation, 171–172
disease and, 172
ECM proteins and, 172
gastrointestinal tract, 176
half-life, 172
heterogeneity, 172–173
human, 160–179
hypersegmentation of, 1294, 1294f
hypodense, 172–173
IL-3 and, 171, 172
IL-5 and, 171–172, 175
immune response and, 169–170
as immunoregulatory cells, 169–170
lipid bodies, 160
mediators released by activated, 160, 161f
membrane-derived mediators, 167–168

release from, 167–168
normodense, 172–173
PAF generated by, 168
parasitic infection, 178
primed, 172–173
RANTES and, 165, 166, 167f
respiratory burst, 168–169
rolling, 174
secretory vesicles, 160
superoxide generated by, 168–169
survival in peripheral tissue, 172
tethering, 174
transmigration, 175–176
in worm infections, effector role in, 178

Eosinophil crystalloid granule, structure of, 
160, 162f

Eosinophil granule proteins, 160–162
Eosinophil granules, 160, 165f

content, 163t
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IgG-mediated, 748–749, 748t
IgM-mediated, 748, 748t
mechanisms and site of, 117
signs of, 607–608

Erythrocyte/red blood cell (RBC) function, 
hemoglobin and, 107–117

Erythrocyte/red blood cell (RBCs) survival, 
shortened

anemia of chronic disease and, 1001
Erythrocytes/red blood cells (RBCs), 1, 65, 

83–123. See also Erythroid cells
abnormalities, HS, 711–712, 714f
analytic parameters, 3–5
biochemistry, storage and changes in, 550
cytoskeleton, 102–107
flow cytometry, 38
fragmentation, 817, 818t. See also 

Schistocytes
mature, 100–107

deformability, 101–102
shape/dimensions of, 101, 101f

measuring, anemia and, 588–589, 589t
metabolic characteristics of neonatal,  

1022, 1023t
metabolism, 728, 729f. See also 

Erythrocytes/red blood cells
nomenclature, 509
preservation, 550–551
PV, 1724–1725
reduction of the density of, sickle cell and, 

854–855
sickling, 825

membrane alterations in, 825
storage, 550–551

additive solutions for, 550, 551
changes during, 550–551
clinical implications of stored blood, 551
frozen, 551
packed, 550
rejuvenating solutions for, 551
in vivo recovery and, 551

structure, storage and changes in, 550
survival, 608
volume of packed, 3–4

Erythrocytosis, 1032–1041
approach to patient with, 1034, 1035f, 

1036
classification of, 1034, 1034t, 1036
definitions, 1032
drug-induced, 1041
heart disease and

acquired, 1038
cyanotic, 1038

hemoglobins, abnormal and, 1039
high-altitude, 1037–1038
hypoventilation syndromes and, 1039
pathologic physiology, 1032–1034

blood viscosity and, 1032–1033, 1033t, 
1033f

oxygen transport and, 1032–1033, 1033f
polycythemia and, 1032–1041
pulmonary disease and, 1038
terminology, 1032

Erythroid ALAS2 regulation, 94
Erythroid cell precursors, 85

flow cytometric analysis of, 85
Erythroid cells, 83–88. See also Burst-forming 

unit-erythroid; Colony-forming unit-
erythroid; Erythrocytes/red blood cells

growth factors for, 78
heme synthesis in, 644–647, 646f

anemia from defects in, 657–658
Erythroid niches in bone marrow, 80
Erythroid precursors, iron delivery to, 

622–623
Erythroleukemia, 1594
Erythrons

concept of, 83
maturation, 86–88
proliferation, 86–88

Erythropoiesis, 83
accelerated, macrocytic anemia and, 598
blood donation and, 556
control of, 95–100

EPO and, 96–97
tissue oxygen and, 95

endogenous erythropoietin-mediated, 636f
iron-deficient, 599
iron-restricted, 636t
maternal, 1012
signs of accelerated, 609–610

Erythropoiesis stimulating agent (ESA)-
mediated erythropoiesis, 636f

Erythropoiesis stimulating agents (ESAs), 556
Erythropoietic cells, 38
Erythropoietic differentiation, 28–29
Erythropoietic harderoporphyria, 702
Erythropoietic protoporphyria (EPP), 689–693

in animals, 693
clinical description, 690–692
laboratory findings, 691f, 692
molecular basis and pathogenesis of, 

689–690
treatment, 692–693

Erythropoietin (EPO/Epo)
abnormal Epo/EpoR signaling, 99
acquired cloncal sideroblastic anemia, 655
action, 97–99
anemia of chronic disease, 1002
assays for, 100
biology

fetal, 1018, 1018t
newborn, 1018

health/disease and levels of, 100
mechanism of action, 99–100
recombinant, anemia of renal insufficiency, 

1005
Erythropoietin (EPO) production, site and 

regulation of, 96–97
Erythropoietin (EPO) receptors, 97–99
Erythropoietin (EPO) resistance, 1005–1006

causes of, 1005, 1005t
Erythropoietin secretion, aberrant, 1040
ESA/ESAs. See Erythropoiesis stimulating 

agents
Esophageal symptoms, 2231
Esophagitis

eosinophilic, 177–178
eosinophils and, 176

ESR. See Erythrocyte sedimentation rate
ESRD. See End-stage renal disease
Essential thrombocythemia (ET), 1122–1127, 

1694–1695, 1695t, 1695f
clinical and laboratory features, 1125, 

1125t
definition, 1123–1124
diagnostic criteria, 1124, 1124t
differential diagnosis, 1734, 1736, 1737t
epidemiology, 1124
natural history and prognosis, 1125–1126
pathophysiology, 1124–1125
prognostic models for thrombotic risk in, 

1126t
treatment, 1126–1127

cytoreductive therapy, 1126–1127
Esterase

nonspecific, 14
specific, 14

Estrogens
bone marrow suppression and, 1101
PCT and, 687

ET. See Essential thrombocythemia
Ethanol, bone marrow suppression and, 1101
Ethnicity/race

leukocyte variations in, 143
NHL, 1829

Ethylenediaminetetraacetic acid (EDTA), 1
Etilefrine, priapism, 836
Etoposide

AML, 1602–1604

cancer, 1421–1422
HL, 1997
LCH, 1314
MM, 2056
RIT, 1478

Everolimus, 2135
Exchange transfusion

newborn treatment with, 780–782, 781t
RBC, 564
sickle cell anemia, 836, 843, 851, 852

Exjade. See Deferasirox
Exocrine glands, iron overload and, 888
Exocytosis, 163–164

constitutive, 183
regulated, 182

Extracellular matrix (ECM), thymus and, 281
Extracellular matrix (ECM) proteins, 

 eosinophils and, 172
Extracorporeal circulation, 1215
Extranodal lymphomas

management of, 1666t, 1866–1868
NK, 1792–1793, 1856–1857

Extranodal marginal zone B-cell lymphoma 
(MZL), 1779, 1779t

molecular genetics, 1815–1817, 1815t, 
1816f

molecular testing guidelines, 1817
Extravascular overload, 2142
Eyes

iron overload and, 888
sickle cell anemia, 844–845, 844f

FA. See Fanconi anemia
Factor H, complement activation regulation 

with, 364, 364f
Factor I, complement activation regulation 

with, 365
Factor II (prothrombin), 1207. See also 

Prothrombin mutations; Thrombin
activation, 453, 453f
biochemistry, 451
blood coagulation and, 452–454
function, 454
gene structure/expression of, 451
prothrombin time, 1049
regulation, 454

Factor II (prothrombin) deficiency, 1165, 
1165f

clinical features, 1165
laboratory diagnosis, 1165
pathophysiology, 1165

Factor V, 1207
activation, 459–460
biochemistry, 456, 458
blood coagulation and, 459–460
function, 460
gene structure/expression of, 456

Factor V deficiency, 1168
clinical features, 1168
laboratory diagnosis, 1168–1169
pathophysiology, 1168

Factor Va, regulation of, 460
Factor VLEIDEN, 460
Factor VII, 1176–1177, 1208

activation, 448
biochemistry, 448
blood coagulation and, 447–448
function, 448
gene structure/expression of, 448
protease activated by, 480
regulation, 448, 449f

Factor VII deficiency, 1167–1168
bleeding and, 1180–1181
clinical features, 1167
laboratory diagnosis, 1167–1168
pathophysiology, 1167

Factor VIIa, procoagulant response and, 431
Factor VIII. See also Hemophilia A; von 

Willebrand disease
antibodies to, 1202, 1202t
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Factor VIII. (Continued )
inhibitory, 1202

autoantibodies, 1203–1206
clinical manifestations, 1204, 1204f
laboratory evaluation, 1203–1204
treatment of, 1204–1206, 1205f

biochemistry, 454, 456
blood coagulation and, 454, 456
function, 458
gene structure/expression of, 454
nomenclature for, 1143, 1143t
purified, 1175–1176
regulation, 458–459

Factor VIII coagulant activity (factor VIIIc), 
1143, 1144f, 1146

increased, 1229
Factor VIII deficiency, 1144–1146, 1149–1150
Factor VIII gene, 1144–1146, 1159
Factor VIII products, 1173t–1174t
Factor VIIIAg, 1143
Factor VIIIAg assays, 1150
Factor VIIIc assay, vWD and, 1157
Factor VIIIc assays, 1150
Factor IX, 1144, 1176–1177, 1206–1207

activation, 450
biochemistry, 449–450
blood coagulation and, 448–451
function, 450–451
gene structure/expression of, 449
increased levels of, 1229
regulation, 451

Factor IX deficiency, 1150–1152
Factor IX products, 1175t, 1176–1177
Factor X (Stuart factor), 1208

activation, 451
biochemistry, 451
blood coagulation and, 451–452
function, 451–452
gene structure/expression of, 451
increased levels of, 1229
regulation, 450f, 452

Factor X (Stuart factor) deficiency, 1168
clinical features, 1168
laboratory diagnosis, 1168
pathophysiology, 1168

Factor XI, 1207–1208
activation, 437
biochemistry, 437
blood coagulation and, 436–437
function, 437
gene structure/expression of, 436–437
increased levels of, 1229
regulation, 437

Factor XI deficiency, 1168–1169
clinical features, 1168
laboratory diagnosis, 1168–1169

Factor XII
activation, 431, 434f–435f
biochemistry, 431
blood coagulation and, 431–432
function, 432
gene structure/expression of, 431
regulation, 432

Factor XII deficiency, 1169
clinical features, 1169
laboratory diagnosis, 1169
pathophysiology, 1169

Factor XIII, 1207
activation, 474, 475f
biochemistry, 474
clot formation and, 473–475
function, 475
gene structure/expression of, 473–474
increased levels of, 1229

Factor XIII activity, tests for, 1050
Factor XIII deficiency, 1163–1165

bleeding and, 1181
clinical aspects, 1164
differential diagnosis, 1164
laboratory diagnosis, 1164–1165

Fever. See also Febrile illness; Hemorrhagic 
fever (HF) viruses

sickle cell anemia, 839
Fever of unknown origin (FUO)

CBC and, 1273, 1274t
diseases causing, 1272–1273, 1272t
phagocytic and immune system disorders 

and, 1272–1275
FGFR1 abnormalities, myeloid and lymphoid 

neoplasms with, 1699
FHL. See Familial hemophagocytic 

 lymphohistiocytosis
Fibrin

activation, 466–467
biochemistry, 466–467, 476–478
biosynthesis, 476
clot formation and, 475–481
formation, 478–480, 479f, 1195
function, 480
gene structure/expression of, 475–476

Fibrin assembly, 479–480, 479f
Fibrin cross-linking, 480
Fibrin degradation, tests for, 1050
Fibrin lysis. See Fibrinolysis
Fibrinogen, 1207

activation, 466–467
biochemistry, 466–467, 476–478
biosynthesis, 476
clot formation and, 475–481
function, 480
gene structure/expression of, 475–476

Fibrinogen disorders, pathogenesis of 
 quantitative, 1161

Fibrinogen molecule, clinical disorders of, 
1161–1163

Fibrinogen turnover, PV and, 1725
Fibrinogenolysis, 480, 481f, 1201–1215

clinical features, 1201–1202
etiology, 1201
laboratory diagnosis, 1201–1202
liver disease and, 1190
pathophysiology, 1201
treatment, 1202

Fibrinolysis, 428–495, 481f
DIC, 1195
endogenous, impaired, 1229–1230
endothelium activities and, 503
liver disease and, 1190
physiologic regulation of, 480–481,  

494–495
cellular, 494
plasminogen activator receptor,  

494–495
platelets in, 495
tissue-type plasminogen activator 

 receptor, 495
urokinase-type plasminogen activator 

receptor, 494–495
primary, 1201–1215

Fibrinolysis tests, 1050
DIC and, 1197

Fibrinolytic abnormalities, 1221
Fibrinolytic system, proteins of, 481–488, 

482f, 483t
plasminogen, 481–483
plasminogen activators, 483–488

Fibrinolytic system inhibitors, 488–494
plasminogen activator, 491–492
thrombin-activatable, 488–491, 489f

Fibrinopeptide, release, 478–479
Fibroid tumors of the uterus, 1041
Fibronectin, use during transduction, 1510
FIM. See Fulminant infectious  mononucleosis
FIP1L1-PDGFRA, biology of, 1749–1750, 

1750f
FISH. See Fluorescence in situ hybridization
FL. See Follicular lymphoma
FLC. See Serum free-light chain
FLI1, 377–379
Flow cytometry (FC/FCM), 2–3, 19–44

molecular genetics, 1164
pathogenesis, 1164

Famciclovir
CLL, 1916
herpes simplex virus, 1441, 1444, 1448

Familial hemophagocytic lymphohistiocytosis 
(FHL), 304

Fanconi anemia (FA), 954–958
clinical features, 954–955, 954t
differential diagnosis, 955
genes associated with, 2179, 2180t
laboratory findings, 955–956, 955f
marrow failure in, treatment of, 958
pathophysiology, 955f, 956–957, 956t
supportive care, 957–958
treatment, 958

HSCT, 2179–2181, 2181f
Fanconi syndrome, acquired, 2094
Fasciola hepatica, 178
Fat emboli syndrome, 1117–1118
Fatigue

cancer-related, 1454–1455
iron deficiency and, 631

Favism, 733
FC. See Flow cytometry
FCg receptors, characteristics of, 748–749, 749t
FCM. See Flow cytometry
FCgRIII deficiency, 1299
FDCs. See Follicular dendritic cells
Febrile illness. See also Fever

acute, with petechiae, 1115
Febrile neutropenia

antibiotic regimens in, 1430f
low-risk patients with, 1430
risk of complications in, 1438t

Febrile syndromes, pathogens, and treat-
ments, 1432–1434

Feline leukemia virus subgroup C (FLVCR), 95
Felty syndrome, splenectomy, 1379
Ferritin, serum, 600–601
Fetal and neonatal anemia, 1018–1028

anemia of prematurity, 1027
congenital infection and, 1027
hemolysis and, 1024–1025
hemorrhage and, 1025–1026

perinatal, 1026
postnatal, 1026
prenatal, 1025–1026

immune-mediated, 768–769
treatment of neonatal anemia, 780

Fetal and neonatal erythrocytes/RBCs
membrane and metabolism, 1022–1024
metabolic characteristics, 1022, 1023t

Fetal blood sampling, 774
Fetal hemoglobin, hereditary persistence of, 

858, 870, 871t
Fetal hemoglobin carriers, thalassemias and, 

899–900
Fetal monitoring, noninvasive, 774
Fetal transfusion, intrauterine, 778–780
Fetal-maternal hemorrhage (FMH), 767

tests for, 38, 772–773, 772f
Fetus and neonate. See also Alloimmune 

hemolytic disease of fetus and 
 newborn; Hereditary persistence of 
fetal hemoglobin; Infants; Neonates; 
Newborn infants

DIC, 1199
erythrocyte values during development of, 

1018–1022, 1019f–1022f
erythropoietin biology of, 1018t, 1108
hemoglobin, hereditary persistence of, 871t
hemolytic disease of

causes, 1024, 1025t
preventing, 780
treating, 782

neutrophil kinetics in, 142–143
treatment, 780–782

exchange transfusion, 780–782
phototherapy, 780
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CD antigens used in, 22t–23t
cellular DNA content and cell cycle  

analysis, 43
clinical applications, 1259–1262, 1261f
functional assays and, 44
hematopoiesis and, 26–31
hematopoietic tumor, 1393
historical back, 19
HSCT and, 40
in immunodeficiency, autoimmune, and 

infectious diseases, 40, 42–43
lymphocytes, 227–228
multicolor analysis of hematologic 

 malignancies, 31–38
optical, 2, 2f
plasma cells, 2018, 2018f, 2039
platelet function, 1131
principles, 19–20, 19f

cell sorting, 20
data analysis and reporting, 23, 25
fluorochromes and panels, 20t, 21, 23
monoclonal antibodies, 20–21
sample preparation, 21
validation assays and quality assurance, 

25–26
FLT3 inhibitors, AML, 1605
FLT3 mutations, 1534–1535, 1534f
Fludarabine

AIHA, 760
ALL, 1573
AML, 1602
cancer, 1414–1415, 1415f
CLL, 1891, 1913–1917, 1914t
DI-IHA, 760
Waldenström macroglobulinemia,  

2131–2132
Fludarabine resistance and CLL prognosis, 

1910
Fluorescence in situ hybridization (FISH), 

1263f, 1805–1806, 1806f
CLL, 1897
CML, 1711, 1711f
nomenclature, 51–52

Fluorescence in situ hybridization (FISH) 
analysis, 49, 51

5-Fluorouracil, bioavailability, 1404
Fluoxetine

platelet dysfunction, 1129
pseudolymphoma and, 1962

FLVCR. See Feline leukemia virus  
subgroup C

FMH. See Fetal-maternal hemorrhage
Folate, 927f, 928f

increased demand for, 947–948
malabsorption, 947
megaloblastic anemias and, 597–598
normal physiology of

assimilation and, physiologic cycle of, 
929–930

nutritional characteristics of, 929
PNH, 804
RBC, 940
serum, 940

Folate deficiency
biochemistry of, 933
causes of, 946–948
dietary insufficiency, 946–947
drugs/toxins and, 947
hematopathology of, 933
laboratory tests of, 938–940, 939t
megaloblastic anemias and, 927–930, 933, 

936, 950
pregnancy and, 1013–1014
subclinical, 936
underlying disorders causing, 950–951

Folate losses, increased, 947–948
Folate supplements, 951
Folate transport/metabolism, inborn errors 

of, 947
Folic acid, 951

Follicular dendritic cell sarcoma, 1318–1319, 
1319f

Follicular dendritic cells (FDCs), 329, 330f
germinal center reaction and, 332–333

Follicular lymphoma (FL), 1774–1776, 1774t, 
1878–1879

background of, 1774
diagnostic tests, 62t
flow cytometry findings important for diag-

nosis of, 33
genetics, 1778

molecular, 1811–1813, 1812f
grading of, 1775
immunophenotype, 33, 1776
molecular testing guidelines, 1813
morphology of, 1775–1776
vaccination against, 1486–1487, 1486t

Follicular T-cell lymphoma, 1789
Foscarnet

CMV, 1439, 1444
herpes viruses, 1435, 1448
mononucleosis, infectious, 1333

Francisella tularensis, 158
Free light-chain assays, 2018. See also Serum 

free-light chain
Fulminant infectious mononucleosis (FIM), 

1314–1315, 1333–1337
Fungal infections

antifungal prophylaxis, 1447–1448
HSCT and, 1444–1445, 2226

Fungal pneumonia, 1437–1438
Fungemia, 1434
Fungi, endemic, 1438–1439
FUO. See Fever of unknown origin
Furosemide, pseudolymphoma, 1962
Fusion toxins, 1479–1480

G proteins, 400–401, 401f, 416, 417f
G6PD. See Glucose-6-phosphate 

 dehydrogenase
Gammopathies. See also Monoclonal 

 gammopathies
biclonal, 2040
triclonal, 2040

Ganciclovir (GCV), 1513
CMV, 1439, 1444, 1916, 1924
mononucleosis, infectious, 1333

Gastric carcinoma, 1339–1340
Gastrointestinal bleeding, 1148

iron deficiency and, 628–629
Gastrointestinal infections, 1440–1441
Gastrointestinal macrophages and dendritic 

cells, 217
Gastrointestinal reflux disease (GERD), 176
Gastrointestinal symptoms

lower, 2231
upper, 2231

Gastrointestinal system
anemia and, 589
PV clinical features and, 1724
sickle cell anemia, 842–843

Gastrointestinal tract
amyloidosis, primary and, 2109

treatment, 2114
eosinophils in, 176
GVHD and, 2210

GATA1 mutations associated with disease, 
377, 378f

GATA1/GATA-1, 377, 386, 1100, 1530–1531
GATA2, 377–378
Gaucher disease, 1302–1305

clinical manifestations, 1304–1305
definition/history, 1302–1303
diagnosis, 1305
etiology/pathogenesis, 1303–1304, 1303t, 

1304t
pathology, 1304, 1304f
treatment, 1305, 1501

G-banded chromosomes, 50f
G-banded karyotype, normal male, 48, 49f

GCs. See Germinal centers
G-CSF. See Granulocyte colony-stimulating 

factor
GCV. See Ganciclovir
Gelatinase (tertiary) granules, 125–126, 131
Gelfoam, HPS, 1135
Gemcitabine

AML, 1602
cancer, 1413–1414
CTCL, 1977, 1978
HL, 1998, 2000, 2001, 2009
NHL, 1861

Gemfibrozole, pseudolymphoma and, 1962
GEMs. See Glycosphingolipid-enriched 

 membrane microdomains
Gemtuzumab ozogamicin, 1479

AML, 1599, 1605, 1608
APL, 1670
cancer, 1419

Gender
and ALL, 1617f, 1632–1634
and CLL prognosis, 1908
leukocytes indicating, 135, 135f, 143
and NHL, 1829

Gene expression profiling, CLL and,  
1898–1899

Gene marking. See also Genetic marking 
 trials

conditioning regimens to enhance in vivo, 
1510–1511

Gene marking studies, 1513
Gene therapy

basic concepts of, 1493–1500
bleeding disorders, 1516–1517
chronic granulomatous disease, 1520
clinical trials, 1493, 1493t, 1493f
hematologic disorders, 1492–1500
hemophilia, 1180
safety and feasibility hurdles to clinical, 

1517–1520
sickle cell anemia, 856
b-thalassemia, 897–898, 1512
trials, 1502, 1503t–1505t, 1505–1506
Wiskott-Aldrich syndrome and, 1520

Gene therapy clinical trials
conditioning regimen in, 1510–1511
second-generation, 1511–1512
third-generation, 1512

Gene therapy protocols, optimization of, 
1506–1507, 1511

Gene therapy vector insertion sites, large-
scale memory of, 1519–1520, 1519f

Gene therapy vectors, 1493–1494, 1494f, 
1497f

adenoviral, 1498–1499
alternative, 1507–1509
with ex vivo selectable markers, 1509
with genes promoting selective growth 

advantage to transduced cells, 
1509

immune response to, 1517–1518
nonviral, 1494–1496
viral, 1496, 1498–1500
with in vivo selectable markers, 1509

Gene transfer
HSC and, 1500–1512
lymphocytes as targets for, 1513–1516
preclinical studies, 1500–1502
progenitor cells and, 1500–1512

Gene transfer vector systems, 1495t
Genetic marking trials, 1502
Genetic syndromes, sideroblastic anemia as 

component of, 651–652
Genetic testing

hematopoietic tumor, 1393
vWD, 1158

Genetics. See also specific topics
AML, 1581
DBA, 985
G6PD, 728–729
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Genetics. (Continued )
hemophilia A, 1144–1145, 1145f
hemophilia B, 1145f
HS, 708–709
MGUS, 2033
vWD, 1158–1160
Waldenström macroglobulinemia, 2127–2128

Genitourinary bleeding, 1148
Genitourinary infections, 1441
Genitourinary system

iron deficiency and, 634
PV clinical features and, 1724

Genitourinary tract, macrophages associated 
with, 219

Genome editing, 1500
Genomewide studies, characteristics of, 1806, 

1806t
Genomic revolution, DNA sequencing and the, 

59–60
Genomics, 1524–1525
Genotype, 1493
Genotype-phenotype correlation in 

 thalassemia, 873–874
Genotypic analysis, lymphomas and, 1770, 

1772–1773
Genotyping, RBC, 564
Gerbich blood group system, 527
GERD. See Gastrointestinal reflux disease
Germinal center (GC) reaction, 331f, 332–335, 

332f
genomic view of, 338–339
survival of fittest and, 333

Germinal centers (GCs)
BAFF and, 333–334
B-cells in, 333–334

follicular T-helper and, 334–335
CD40/CD40 ligand interactions and, 335
plasma cells, 339–341
post-germinal center differentiation, 

339–342
T-cells in, 333, 1930f

Germinoblasts, 242
Gilbert syndrome, 122–123
Gill blood group system, 529–530
Gla domain, vitamin K-dependent 

 procoagulant protein, 445, 447
Glanzmann thrombasthenia (GT), 1136–1137

clinical features, 1137
etiology, 1137
laboratory findings, 1137
management, 1137

Globin. See also Heme-globin interaction; 
Hemoglobin

biosynthesis, 89
structure, 109–110, 109f

a-Globin chain variants, 915
b-Globin chain variants, 915
b-Globin gene deletions, thalassemias  

and, 868
Globin gene mutations, methemoglobinemia 

unrelated to, 921–922
Globin genes, chromatin structure and,  

89, 89f
Globin synthesis

iron assimilation, heme, and,  
94–95

regulation of, 89
transcription, mRNA processing, and 

 translation in, 89
Globoside blood group system, 530
Globulins, intravenous immune, 554
Glucocorticoids. See also Prednisone

AIHA, 759
ALL, pediatric, 1623
bronchiolitis obliterans syndrome, 2224
cancer, 1417
ITP, 1068
MM, 2054–2055

Glucose-6-phosphate dehydrogenase (G6PD), 
genetics, 728–729

ocular, 2228
vulvovaginal, 2232

Graft-versus-leukemia (GVL) effect, 
 1482–1483, 1483f. See also Graft-
versus-tumor (GVT) effect

Graft-versus-tumor (GVT) effect, 2172–2173, 
2172f, 2206–2218. See also Graft-
versus-leukemia (GVL) effect

evidence in animals and humans, 
 2217–2218, 2218t

Gram-negative bacteria, 1433–1434
Gram-positive bacteria, 1430, 1433
Granule contents, deficiencies of, 304
Granule disorders, 386
Granule formation, abnormal specific, 1294
Granules, 125–128, 126t. See also 

Degranulation; Eosinophil granules; 
Neutrophil granules

azurophilic (primary), 125
basophils and, 182
crystalloid, eosinophil, 160, 162f
cytoplasmic, 128, 129
gelatinase (tertiary), 125–126, 131
mast cells and, 182
platelet, 391–393
primary, eosinophil, 160
small, eosinophil, 160
specific (secondary), 125
T-cell, CD8+, 299–300

a-Granules, 391–392
Granulocyte(s), 65

developmental stages, 131
vs. monocytes, 211f
sex and, 135, 135f
types, 125

Granulocyte antigens
clinical significance of, 541–542
nomenclature, 540

Granulocyte colony-stimulating factor (G-CSF), 
1431, 1432f

Granulocyte growth factors, 76–77
Granulocyte transfusions, 570–571

administration, 571
clinical indications for and efficacy of, 570
collection/storage, 571
donor preparation/selection, 570–571
immunocompromised host and, 1432

Granulocyte-macrophage colony-stimulating 
factor (GM-CSF), 1431–1432

Granulocyte-macrophage progenitor  
cells, 142

Granulocytic differentiation, 27
Granulocytic sarcoma, 1648
Granuloma annulare, 225
Granulomata, BCG-induced, 208f
Granulomatous disorders, 224–225
Granulopoiesis, flow cytometry analysis of 

maturation in, 29f
Granulopoietic precursors in bone marrow, 

surface marker expression during 
maturation of, 30t

Granulysin, 299
Granzyme inhibitors, lymphocyte toxicity and, 

304–305
Granzymes, 299–300

target cell lysis and role of, 302, 303f
Gray platelet syndrome (GPS), 1100, 1133
Griscelli syndrome (GS), 300, 1135
Growth factors. See also specific growth 

 factors
acquired aplastic anemia, 970
eosinophil-derived, 162–163, 164t
MDS and, 1682
neutrophil production, 144–145

Growth retardation, iron overload and, 
886–887

GS. See Griscelli syndrome
GSH. See Glutathione
GT. See Glanzmann thrombasthenia
GTPases. See Guanine triphosphatases

Glucose-6-phosphate dehydrogenase (G6PD) 
deficiency, 728–735, 1297

clinical/hematologic features of, 731–734
diagnosis of, 734
geographic distribution of, 729–730
pathophysiology, 730–731
prevalence of, 729–730
screening for, 735
treatment, 734
variants, 730, 731t, 732f

Glucosephosphate isomerase (GPI) deficiency, 
glycolysis and, 740

g-Glutamyl-cysteine synthase deficiency, 736
Glutathione (GSH) metabolism, 115, 115f

disorders of, 728, 729f, 735–736
Glutathione peroxidase deficiency, 735, 1297
Glutathione reductase deficiency, 735, 1297
Glutathione synthase deficiency, 736, 1297
Glutathione (GSH) synthesis, defects in, 

735–736
Glycogen, 393
Glycolysis in erythrocytes, 736f
Glycolytic enzyme abnormalities/enzymopa-

thies, 736–742, 737t
Glycophorin A, 104
Glycophorin B, 104
Glycophorin C (GPC) deficiency, 720
Glycoprotein CD109, 532
Glycoprotein Ia/IIa, 531–532
Glycoprotein (GP) Ib (GPIb) complex, 

 397–399, 398f
interaction with other molecules, 397–399
thrombin and, 399, 412
vWF and, 397–399, 411–413, 412f

Glycoprotein (GP) Ib (GPIb) complex signaling, 
399, 412–413

Glycoprotein Ib/IX/V, 533
Glycoprotein IIb/IIIa, 531
Glycoprotein polymorphisms, platelet, 531
Glycoprotein VI receptor, 399, 414
Glycoproteins, 1401
Glycosphingolipid-enriched membrane 

 microdomains (GEMs), 291
Glycosyl phosphatidyl inositol (GPI) 

 biosynthesis, 367, 367f
GM-CSF. See Granulocyte-macrophage 

 colony-stimulating factor
Gov polymorphism, 534
GP. See Glycoprotein
GPC deficiency. See Glycophorin C (GPC) 

 deficiency
GPI biosynthesis. See Glycosyl phosphatidyl 

inositol (GPI) biosynthesis
GPI deficiency. See Glucosephosphate 

 isomerase (GPI) deficiency
GPIa gene deficiency, autosomal dominant 

thrombocytopenia and, 1099
GPIb complex. See Glycoprotein (GP) Ib (GPIb) 

complex
G-protein-coupled receptors, signaling 

through, 400–401, 401f, 416, 417f
GPS. See Gray platelet syndrome
Graft versus host, lymphocyte toxicity  

and, 304
Graft-versus-host disease (GVHD), 222–223, 

576, 576t, 2206–2218. See also 
Chronic graft-versus-host disease

acute, 2206–2212
clinical evaluation of, 2170
clinical manifestations, 2208–2210
epidemiology, 2208
pathophysiology, 2206–2208, 2207t
prevention, 2170–2171, 2210–2211
primary vs. secondary therapy of, 

2211–2212
prognosis, 2208
risk factors, 2208
staging and grading, 2209t
supportive care, 2212

HSCT, 2169–2172
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Guanine nucleotides, drug toxicity, 1415
Guanine triphosphatases (GTPases), 169
Gut, lymphocyte homing to, 249
GVHD. See Graft-versus-host disease
GVL effect. See Graft-versus-leukemia (GVL) 

effect
GVT effect. See Graft-versus-tumor (GVT) 

effect

HAE. See Hereditary angioneurotic edema
Hairy B-cell lymphoproliferative disorder 

(HBLD), 1939
Hairy cell leukemia (HCL), 1905, 1929–1948

clinical findings, 1933–1934, 1933t, 1934t
autoimmune disorders, 1933–1934
infection, 1933
unusual manifestations in, 1934, 1934t

diagnosis, 1937
flow cytometry findings important for, 33

differential diagnosis, 1938–1939, 1938t
etiology, 1929
Ig VH family and gene usage in, 1929, 

1931f
incidence, 1929
laboratory findings, 1934–1937, 1934t, 

1935f
bone marrow and, 1936–1937, 1937f
liver and, 1937
spleen and, 1937

molecular genetics, 1820
molecular testing guidelines, 1820
pathogenesis, 1929–1933, 1932t

cytogenetics in, 1929–1930
cytokines in, 1932–1933, 1933f
oncogenes in, 1930–1931, 1931f

prognosis, 1948
second malignancies in, 1948
treatment, 1939–1947, 1944t

follow-up for, 1944t
interferon-a and, 1939–1940
monoclonal antibodies, 1946
nucleoside analogs and, 1939–1943, 

1941f–1943f, 1945–1948
schema for, 1948t
splenectomy in, 1939
survival after, 1945f

Hairy cell leukemia variant (HCLv), 33, 1938
Hairy cells (HCs), 1935–1936, 1935f, 1936f

pathways of constitutive signaling in, 1932f
HAMP gene, 662
Hand-foot syndrome, sickle cell anemia and, 831
Haplotype, 314
Haptoglobin, serum, 608, 608f
Harderoporphyria, 658
HAV. See Hepatitis A virus
Hb. See Hemoglobin(s)
Hb S. See Hemoglobin S
HBV. See Hepatitis B virus
HCD. See Heavy-chain disease
HCL. See Hairy cell leukemia
HCLv. See Hairy cell leukemia variant
HCP. See Hereditary coproporphyria
HCs. See Hairy cells
Hct. See Hematocrit
HCT. See Hematopoietic stem cell 

t ransplantation
HCT (hematopoietic cell transplantation).  

See Hematopoietic stem cell 
 transplantation

HCV. See Hepatitis C virus
HDAC inhibitors. See Histone deacetylase 

(HDAC) inhibitors
HDF/N. See Alloimmune hemolytic disease of 

fetus and newborn
HE. See Hereditary elliptocytosis; 

Hypereosinophilia
Heart

amyloidosis, primary and, 2105–2107, 
2106f

treatment, 2112–2113
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630, 1106–1110

clinical manifestations of, 1107–1109, 
1107t, 1108f

management, 1109
medical therapy, 1109–1110

Hereditary persistence of fetal hemoglobin 
(HPFH), 858, 870, 871t

Hereditary pyropoikilocytosis, 720–721
Hereditary red cell disorders, 560
Hereditary spherocytosis (HS), 707–727

clinical features, 712–714
complications, 713–714
diagnosis, 715
erythrocyte abnormalities, 711–712, 714f
genetics, 708–709
hemochromatosis and, 676
in infancy, 713
laboratory features, 714–715, 714f, 715f
membrane protein defects, 709, 711f
molecular studies, 715
pathogenesis, 709–712
prevalence, 708–709
spleen in, 712
treatment, 715–716

Hereditary stomatocytosis, 722–723, 722t, 
723f

Hereditary xerocytosis, 723
Hermansky-Pudlak syndrome (HPS), 1135
Herpes simplex virus (HSV), 1444
Herpes viruses, 1435
HES. See Hypereosinophilic syndrome
Hexamethylmelamine, cancer, 1407, 

 1411–1412
Hexokinase (HK) deficiency, glycolysis and, 

739–740
Hexose monophosphate (HMP) disorders, 

728, 735–736
Hexose monophosphate (HMP) shunt, 728, 

729f
HF viruses. See Hemorrhagic fever (HF) 

viruses
HFE gene, 662

cloning, 663
function, 663

HFE gene mutations
effects of, 663
hemochromatosis and, 663, 664,  

666–669
in hemochromatosis patients and in 

 different populations, 666, 668t
interactions with mutations of other genes, 

669
iron loading and, 669
prevalence, 669, 669t

HFE genotypes, prevalence of in hemochro-
matosis, 666, 668t, 669t

HFE hemochromatosis gene, 664, 666–669
HFV. See Human funny virus
Hh blood group system, 510–512
HHT. See Hereditary hemorrhagic 

 telangiectasia
High-density lipoproteins, familial deficiency 

of, 724
High-molecular-weight kininogen (HMWK)

activation, 436, 437
biochemistry, 436
blood coagulation and, 435–436
function, 436
gene structure/expression of, 436

HIGM. See Hyper-IgM syndrome
Hirudins, 1238, 1240
Histiocytic proliferations, pathology,  

1317–1322, 1317t
Histiocytic sarcoma, 1320–1321, 1321f
Histiocytosis, malignant, 1939

adverse long-term outcomes of therapy, 
2010–2011, 2010t

after relapse, 1998, 2009–2010, 2009t
future directions and upcoming studies, 

1998
HSCT, 1367, 1998–2001, 1999t, 

 2202–2203, 2203t
initial, 2007–2009
radiation therapy, 1991–1992, 1991f, 

1992f, 2009
summary of, 2003
timeline, 2008f

Homeobox genes, 378–379
Homeodomain proteins, 1540
Homocysteine

megaloblastic anemias and, 928–929
plasma, 940–941, 941t

Hormonal therapies, cancer, 1416–1417
HP. See Hypergammaglobulinemic purpura
HPFH. See Hemoglobin S/hereditary persis-

tence of fetal hemoglobin; Hereditary 
persistence of fetal hemoglobin

HPS. See Hermansky-Pudlak syndrome
HPV (human papillomavirus)-related disease, 

2232
HPV-related disease, 2232
HRI. See Heme-regulated inhibitor of 

 translation
HRS cells. See Hodgkin and Reed Sternberg 

(HRS) cells
HS. See Hereditary spherocytosis
HSCs. See Hematopoietic stem cells
HSCT. See Hematopoietic stem cell 

t ransplantation
Hsp90 inhibitors. See Heat shock protein 90 

(Hsp90) inhibitors
HSTCL. See Hepatosplenic T-cell lymphoma
HSV. See Herpes simplex virus
5-HT3 receptor antagonists, 1452, 1454
Human funny virus (HFV), 1498, 1507
Human funny virus (HFV) vectors, 1498, 1507
Human immunodeficiency virus (HIV), 580, 

1358. See also Acquired immunodefi-
ciency syndrome

blood donor screening for, 580
EBV and, 1337
flow cytometry and, 42–43
hematologic complications of, 1360–1364
HL and, 2001
T-cell gene therapy, 1513–1514
treatment, 2204–2205

Human leukocyte antigen (HLA), 543–545, 
543f

class I, 543
class II, 544
class III, 544
disease and, 544–545, 545t
inheritance, 544
MHC and, 544
MHC molecules, nonclassical and, 316–318
molecular structure, 542, 543f
nomenclature, 542–543, 544t
TCR interaction with, 287, 287f
transfusion and, 545
transplantation, 545

Human leukocyte antigen (HLA) 
 alloimmunization, 568

Human leukocyte antigen (HLA) antibody 
detection, 40

Human papillomavirus (HPV)-related disease, 
2232

Human T cell leukemia virus type-1 (HTLV-1)–
associated ATL, 1464

Human umbilical vein endothelial cells 
(HUVECs), 174

Humoral immune deficiency. See B-cell 
d eficiency

HUS. See Hemolytic-uremic syndrome
HUVECs. See Human umbilical vein 

 endothelial cells

Histone acetylation, Waldenström 
 macroglobulinemia and, 2128

Histone deacetylase (HDAC) inhibitors, 1416
MM, 2079–2080

HIT. See Heparin-induced thrombocytopenia
HIV. See Human immunodeficiency virus
HJV gene. See Hemojuvelin gene
HK deficiency. See Hexokinase (HK) deficiency
HL. See Hodgkin lymphoma/Hodgkin disease
HLA. See Human leukocyte antigen
HLA-B27, flow cytometry detection of, 42
HLTV-1. See Human T cell leukemia virus 

type-1 (HTLV-1)–associated ATL
HMP disorders. See Hexose monophosphate 

(HMP) disorders
HMWK. See High-molecular-weight  

kininogen
HNA-1a/1b/1c, 531
HNA-2a, 531
HNA-3a, 531
HNA-4a, 531
HO. See Heme oxygenases
Hodgkin and Reed Sternberg (HRS) cells, 

276–277. See also Reed Sternberg 
(RS) cells

Hodgkin lymphoma/Hodgkin disease (HL), 
1793–1798, 1984–2003. See also 
Nodular lymphocyte predominant 
Hodgkin lymphoma

advanced-stage, treatment, 1993, 1993t, 
1996–1998

AIDS-HL, 1367
biology, 2005–2006
chemotherapy, 1992–1996, 1993t, 1994t

protocols, 2005t, 2007t
results of single-agent therapy, 1993t
salvage, 1998–2000, 1999t

classical, 1793–1796, 1793f
EBV virus and, 1796
immunophenotypic features, 1795–1796

clinical evaluation, 1987–1991, 2006, 
2007t

clinical history, 1989
pattern of spread and, 1988
physical examination and, 1987–1989, 

1988t
prognosis and, 1990–1991, 1991t, 

1991f, 2006
staging and, 1989–1990, 1989t, 1990t, 

2006, 2007t
symptoms and, 1989

diagnostic evaluation, 2006
EBV and, 1339
in elderly, 2001
epidemiology, 1984–1985, 2005
etiology, 1984–1985
extranodal site involvement by, 1798, 

1798f
follow-up of patients with, 2002–2003
histology, 2006
histopathology, 1985–1986, 1986t, 1986f, 

1987t, 1987f, 1988f
history, early, 1984
HIV and, 1367, 2001
limited-stage

causes of death, 2002f
treatment, 1994

lymphocyte-depleted, 1795, 1796f
lymphocyte-predominant, 2001–2002
lymphocyte-rich classical, 1794, 1794f
mixed-cellularity, 1793–1794, 1794f
nodular sclerosis, 1783, 1794–1795, 1795f, 

1985–1986, 1986f, 1987f
pediatric, 2005–2011

clinical considerations, 2006, 2007t
relapsed, 2009–2010, 2009t
risk factors, 2005
treatment, 2007–2011

pregnancy and, 2001
treatment, 1367, 1991–2002
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Hydrochlorothiazide, autoimmune thrombo-
cytopenic purpura secondary to, 1072

Hydrocortisone, pediatric ALL, 1630
Hydrogen peroxide, bacterial killing and, 154
Hydroxyl radicals, bacterial killing and, 

154–155
Hydroxyurea

cancer, 1414
ET, 1126
PV, 1731
sickle cell anemia, 852–854, 853f

Hyperbilirubinemia
neonatal, 733–734
neonatal immune-mediated, 769

Hypercalcemia
hematologic malignancies and, 1464
MM and, 2051, 2092

Hypercoagulability, 1220–1221
Hypereosinophilia (HE), 1746

diagnostic evaluation, 1748–1749
lymphocyte-variant, 1749, 1749t

Hypereosinophilic syndrome (HES), 1696, 
1746–1755

clinical presentation, 1751, 1753t
epidemiology, 1746
historical background, 1746
prognosis, 1751
treatment, 1754

antibody approaches, 1754
Hypergammaglobulinemic purpura (HP), 

1113–1114
Hyperglycemia, 1300
Hyperhomocysteinemia, 1227–1228

clinical aspects, 1228
laboratory diagnosis, 1228
megaloblastic anemias and, 937
pathophysiology/genetics, 1227–1228
treatment, 1228

Hyper-IgM syndrome (HIGM), 342
Hyperimmunoglobin M syndromes, B-cell 

defects causing, 1346–1347
Hyperleukocytosis, 1461–1462, 1462f

management, 1461t, 1462
Hypermutation. See also Somatic 

 hypermutation
mechanism of, 337–338

Hypersplenism
hemolysis caused by, 820
neutropenia due to, 1286

Hypertension, 2231
malignant, hemolysis and, 819
pulmonary, unstable hemoglobins and, 919

Hyperthermia, thrombocytopenia caused by, 
1102

Hyperthyroidism, anemias associated with, 
1009

Hyperuricemia, PV, 1732
Hyperviscosity

MM and, 2092
Waldenström macroglobulinemia and, 

2128–2129
Hypocellular AML, 1582–1583
Hypogammaglobulinemia. See also WHIM 

syndrome
CLL and, 1901, 1923, 1924
transient, 1348

Hypogonadism
iron overload and, 887
male, 2229

Hypomethylating agents
cancer, 1416
MDS, 1684–1686, 1686f, 2194

Hypoparathyroidism
anemias associated with, 1010
iron overload and, 887

Hypophosphatemia
hemolysis caused by, 821
hyperalimentation, 1300

Hypopituitarism, anemias associated with, 1010
Hypoproliferative anemias, 560, 1027–1028

Hypothermia
anemia, sideroblastic and, 657
blood transfusion and, 577

Hypothyroidism
anemias associated with, 1008–1009

pathogenesis of, 1009
iron overload and, 887

Hypoventilation syndromes, erythrocytosis 
and, 1039

Hypovolemia, 558, 559t
massive hemorrhage and, 558–559

I blood group system, 529
IAT. See Indirect antiglobulin test
IBD. See Inflammatory bowel disease
Ibritumomab tiuxetan

cancer, 1418
RIT, 1477, 1478

Ibuprofen and platelet dysfunction, 1139
ICAM-1. See Intercellular adhesion 

 molecule-1
Iccosomes, 329, 333
ICF syndrome. See Immunodeficiency, centro-

mere instability, and facial anomalies 
(ICF) syndrome

Idarubicin
ALL, 1573
AML, 1602
APL, 1664, 1669
cancer, 1421–1422

IDH1/2. See Isocitrate dehydrogenase 1 and 2
IDH1/2 mutations, 1531, 1531f
Idiopathic thrombocytopenic purpura (ITP), 

1061–1072, 1061t. See also Immune 
thrombocytopenic purpura

in adults, 1064
bleeding after trauma and, 1065
bleeding manifestations of, 1064–1065, 

1064f
clinical picture, 1064
CNS and, 1065
differential diagnosis, 1066
incidence, 1061
laboratory findings, 1065–1066

antiplatelet antibodies, 1066
blood, 1065
bone marrow, 1065–1066

pathophysiology, 1061–1064, 1062f
pediatric, 1064, 1066–1067
platelets and, 1062–1064
in pregnancy, 1071–1072
skin/mucous membranes and, 1064–1065
treatment, 1066–1072

adult, 1067–1068, 1076f
anti-D, 1069
immunoglobin, 1069
immunosuppressive drug, 1071
splenectomy, 1070
steroid, 1068–1069

IFN. See Interferon
Ifosfamide

ALL, 1570
cancer, 1407, 1411–1412

IgD. See Immunoglobulin D
IgE. See Immunoglobulin E
IgG. See Immunoglobulin G
IgH translocations. See Immunoglobulin 

heavy chain (IgH) translocations
IgM. See Immunoglobulin M
IgV

H mutational status
CLL clinical findings and, 1900–1901
and CLL prognosis, 1909

IHTRs. See Immediate hemolytic transfusion 
reactions

IKAROS, 1538
IL-2. See Interleukin-2
IL-3. See Interleukin-3
IL-4. See Interleukin-4
IL-5. See Interleukin-5
IL-6. See Interleukin-6

IL-7 receptor. See Interleukin-7 (IL-7)  
receptor

IL-10. See Interleukin-10
IM. See Infectious mononucleosis
Imatinib mesylate, 1713–1714, 1716, 1716t

ALL, 1538, 1571, 1572, 1574, 1628, 1774
cancer, 1420, 1420f
CML, 1705, 1709–1711, 1713–1719
mastocytosis, systemic, 1767
PV, 1731
Waldenström macroglobulinemia, 2135

Immediate hemolytic transfusion reactions 
(IHTRs), 572–573

Immune disorders
diagnostic approach to malignant and 

 nonmalignant, 1259–1277
blood examination, 1263–1267
bone marrow examination, 1267–1268, 

1267t
fever of unknown origin, 1272–1275
infections, recurrent, 1275–1277
lymph nodes and tissues examination, 

1268–1272
spleen examination, 1272

hemolysis, fragmentation with, 819–820
Immune dysregulation, polyendocrinopa-

thy, enteropathy, X-linked (IPEX) 
 syndrome, 1353–1354

Immune globulins. See Immunoglobulins 
(Igs)/antibodies

Immune hemolytic anemia. See Autoimmune 
hemolytic anemia

Immune recognition, T-cell activation and 
topology of, 290

Immune reconstitution, HSCT and, 2173
Immune response(s)

AIHA, etiology of, 746–748
central/peripheral tolerance and, 746

allergy and, 169–170
EBV infection, 1326–1327, 1326f, 1327f
eosinophils and, 169–170
lymph node, 241–242
regulators of, 330, 332
splenic, 245, 1373–1374
tumor evasion of, 1473
tumor-promoting, 1473
against tumors, 1469f
to vectors and transgenes, 1517–1518

Immune sculpting of tumors, 1473
Immune system. See also specific topics

CLL and functional abnormalities of, 
1901–1902

compartments of, 1342–1354, 1342t
lab tests for evaluation of, 1356t

platelet refractoriness and, 567–568, 567t
spleen in, 1373–1374

Immune thrombocytopenic purpura (ITP), 
1376. See also Idiopathic thrombocy-
topenic purpura

Immunity. See also specific topics
adaptive

NK cell regulation of, 310
against tumors, 1468–1472
tumors and, 1469f

effector mechanisms in, 313–368
anaphylatoxins, 366
CD1 system and, 318
complement, 354–361
DCs, 327–329
germinal center reaction and, 332–335
immunoglobin function and, 350–354
immunoglobin structure and, 348–350
immunoglobulin class switch and, 

335–336
MHC and, 313–327
SHM, 336–338

innate, against tumors, 1467–1468
iron deficiency and, 633–634
microbial, CD1 system in, 324–325, 327
platelets and, 408
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Immunization
active, 1448–1450

immunotherapy, 1484–1489, 1485f
recommendations for adults with 

 malignancies, 1449t
passive, 1450

Immunoblasts, 241–242
Immunocytochemical stains, 15–16
Immunodeficiency. See also Acquired immu-

nodeficiency syndrome; Common 
variable immunodeficiency; Human 
immunodeficiency virus; Severe 
 combined immunodeficiency

clinical approach to, 1275, 1275t
Immunodeficiency, centromere instability, and 

facial anomalies (ICF) syndrome, 1348
Immunodeficiency disorders. See also 

Primary immunodeficiency diseases
EBV-related, 1335–1338
therapy of, 1513

Immunofixation, 2029
Immunoglobulin A, 351–352

biologic properties, 352
Immunoglobulin B cells, progenitor to, 

 253–255, 254f
Immunoglobulin biosynthesis, molecular/

ultrastructural aspects of, 275
Immunoglobulin class switch, 335–336, 335f
Immunoglobulin D (IgD), 354
Immunoglobulin D (IgD) MGUS, 2040
Immunoglobulin D (IgD) multiple  

myeloma, 2090
Immunoglobulin E (IgE), 354

biologic properties, 354
Immunoglobulin E (IgE) multiple  

myeloma, 2090
Immunoglobulin function, 350–354
Immunoglobulin G (IgG), 350–351. See also 

Erythrocyte/red blood cell (RBC) 
destruction

biologic properties of, 351, 351t
Immunoglobulin gene rearrangements, 

 1801–1803, 1803t, 1803f, 1804f
Immunoglobulin genes, 255, 255f, 1801, 

1802f
Immunoglobulin heavy chain (IgH) 

 translocations, primary, 2024
Immunoglobulin M (IgM), 352–353, 353f.  

See also Erythrocyte/red blood cell 
(RBC) destruction

biologic properties, 353
Immunoglobulin M (IgM) monomer,  

353–354
Immunoglobulin production

CLL and, 1901. See also Chronic lympho-
cytic leukemia (CLL)/small lympho-
cytic lymphoma (SLL)

hematologic malignancies and deficient, 
1426

Immunoglobulin replacement, 1348–1349
Immunoglobulin structure, 348–350, 350f

allotypes of, 350
carbohydrate moiety and, 349
combining site and, 349
enzymatic fragments and, 349–350, 350f
idiotypes of, 350
primary, 348
quaternary, 349
secondary, 348
tertiary, 348–349, 349f

Immunoglobulins (Igs)/antibodies. See also 
Alloantibodies; B-cell(s); Blood 
group systems/antigen systems; 
Primary immunodeficiency dis-
eases; Thrombocytopenia; specific 
 immunoglobulins

anticardiolipin (aCL), 1208–1214
antiphospholipid-protein, 1208–1214

epidemiology/clinical associations,  
1210, 1210t

lymphoma, 1475, 1476t, 1484–1488
indolent, 1849

myelofibrosis, 1980–1981
myeloma, 1488
SS, 1980–1981

Immunotoxins, 1479–1480
Impotence, paroxysmal nocturnal 

 hemoglobinuria and, 796, 808
In situ hybridization. See Fluorescence in situ 

hybridization
11In studies, neutrophil kinetics in blood, 141
Indian blood group system, 528
Indirect antiglobulin test (IAT), 751–752
Indolent systemic mastocytosis (ISM), 1697, 

1760–1762, 1761f
Infantile hemorrhagic edema, acute, 1114
Infantile monosomy 7 syndrome, 1702
Infants. See also Fetus and neonate

ALL, 1628–1629
AML, 1646–1647, 1647f
AML, congenital, 1645
hemoglobin values in, 588
HS in, 713

Infection(s). See also under Blood transfu-
sion; Hematologic malignancies; Viral 
 infections; specific infections

blood donor screening for, 577–579, 578f
CLL, 1923–1924
congenital, 1027
HCL, 1933
hemochromatosis patients with, 677
hemolysis induced by, 809–813

G6PD deficiency and, 732
HSCT and, 1442–1445, 1443f
iron deficiency and, 633–634
MM and, 2051, 2093
mononuclear phagocytes and, 224
neutrophil, tropism and, 158
neutrophil response to, 145
peripheral blood findings in, 1266–1267, 

1266f
PNH and, 796–797
postsplenectomy, 1381–1382
prenatal, maternal anemias associated 

with, 1014–1015
purpura associated with, 1115–1116
recurrent, phagocytic and immune system 

disorders and, 1275–1277
residual risks of, 579
soft-tissue, 1441–1442
strategies for prevention, 1445–1450, 

1446t–1447t
augmentation of host defense,  

1448–1450
Infectious disease issues related to 

 hematologic malignancy, 1426–1432
approach to infection in immunocompro-

mised host, 1428–1432
antibiotic therapy, empiric, 1429
antibiotics for high-risk patients, initial, 

1429–1430
evaluation of response and duration of 

therapy, 1430–1431
granulocyte transfusions, 1432
lower-risk patients with fever and 

 neutropenia, 1430
myeloid colony-stimulating factors, 

1431–1432
vancomycin and other agents in 

 gram-positive coverage, 1430
deficits in host defense, 1426–1428

Infectious mononucleosis (IM), 1324–1340. 
See also Fulminant infectious mono-
nucleosis

clinical features, 1328–1329, 1328t, 1329f
complications, 1332–1333, 1332t
diagnosis, 1331
differential diagnosis, 1331–1332
epidemiology, 1328, 1328f
histologic findings, 1330–1331

antiplatelet, ITP laboratory findings and, 
1066

bispecific antibodies, 1480
cold-active, AIHA and, 755–756
factor VIII, 1202, 1202t

inhibitory, 1202
to granulocyte antigens, detecting, 541
HES, 1754
immunotherapy approaches and,  

1474–1480
intravenous, 554, 1069
ITP, 1069
J chain, 354
M proteins and, 2044
MGUS and, 2029, 2040
monospecific to coagulation factors, 

1206–1208
properties of, 351, 351t
quantitation, 2017
surface, 265, 265f–267f
testing for, RBC transfusion and,  

561–562, 561t
tumor adaptive immunity and, 1469
unconjugated, immunotherapy approaches 

and, 1474–1476
warm-active antibodies

AIHA and, 756–760, 757t
characteristics of, 757
laboratory features, 758–759
signs/symptoms of, 758, 758t

Immunohistochemical stains, 16
Immunologic reactions to blood transfusion, 

571–576
Immunologic synapse (IS)

clusters, 292, 293f
lipid rafts and, 290–292
stages, 292, 294
structure, 292, 293f
uropod and, 292

Immunomodulation, 1920
transfusion-related, 575–576

Immunomodulatory therapies, PRCA,  
979–981

Immunophilins, 286
Immunoreceptor tyrosine-based activation 

motif (ITAM), 267
Immunoreceptor tyrosine-based inhibitory 

motif (ITIM), 345
Immunoregulation

cytokines and, 169–170
eosinophils and, 169–170

Immunosuppression, MGUS associated with, 
2042–2043

Immunosuppressive therapy
AIHA, 760
aplastic anemia, severe, 971–972
bronchiolitis obliterans syndrome, 2225
ITP, 1071
PNH, 803
PRCA, 979–981
TTP, 1086

Immunotherapy, 1467–1489. See also 
Monoclonal antibody therapy; 
Radioimmunotherapy

AML, 1608
anti-idiotype, 1467–1468
approaches to, 1474–1489

antibody, 1474–1480
personalized active vs. passive, 1473t

cellular adoptive, 1484
cellular approaches to, 1482–1484

donor leukocyte infusions and,  
1483–1484

GVL effect and, 1482–1483, 1483f
CTCL, 1980–1981
cytokines, 1480–1482
future directions for, 1489
history of, 1467
immunization strategies, 1484–1489, 1485f
leukemia, 1488–1489
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historical background of, 1324
laboratory findings, 1329–1330, 1330f
prognosis, 1333–1334
treatment, 1333

Infertility, 2232–2233
Inflammasome activation, 203–205,  

203f, 204f
Inflammasome structure, models of, 204f
Inflammation

platelets and, 408
sickle cell disease and chronic, 829, 830f, 

855
Inflammatory bowel disease (IBD), 176
Inflammatory injury

basophils and, 188–189
mast cells and, 188–189

Inflammatory recruitment of monocytes, 222
Inflammatory response. See also Systemic 

inflammatory response syndrome
basophils in, 188–190
mast cells in, 188–190

Inflammatory sites, lymphocyte homing to, 
249

Influenza virus, 1442
Informed consent, blood donor, 547, 556
Inhibition, T-cell, 296
Integrin activation, bidirectional and 

 reciprocal, 405f
Integrin a2b1, 423–424, 1133
Integrins

HSC and
antithrombotic therapy, 1236
platelet dysfunction, 1139

lymphocytes and activation/arrest of, 247
neutrophil, 149, 149f

Intercellular adhesion molecule-1 (ICAM-1), 
200

Interferon (IFN)
cancer, 1424
CTCL, 1974–1975
ET, 1126
immunotherapy, 1480–1482
lymphoma, 1849
mastocytosis, systemic, 1767
MM, 2056, 2065

maintenance of, 2075–2076
myelofibrosis, 1974–1975
PV, 1731
SS, 1974–1975

Interferon-a, HCL, 1939–1940
Interleukin(s)

basophil activation, inhibition of, 188
B-cell development and, 253
CLL and survival of, 1894
mast cell activation, inhibition of, 188

Interleukin-2 (IL-2), 343–344
immunotherapy, 1481–1482

Interleukin-2 (IL-2) receptors, 343–344
Interleukin-2 (IL-2) signaling, 343, 343f, 

1350, 1352f
Interleukin-3 (IL-3)

eosinophils and, 171, 172
mast cells and, 184

Interleukin-4 (IL-4), 344–345
B-cells and, 271
T-cell-B-cell interactions and functions  

of, 345
Interleukin-4 (IL-4) receptor, 344–345
Interleukin-4 (IL-4) signaling, 343, 345f
Interleukin-5 (IL-5), 345–346

airway hyperresponsiveness and, 176–177
B-cells and, 271–272
eosinophils and, 171–172, 175
subunits, 172

Interleukin-5 (IL-5) receptor, 345–346
Interleukin-6 (IL-6), 346–347

B-cells and, 272
functions, 347, 347t
myeloma and, 347
T-cell-B-cell interactions and, 347

Interleukin-6 (IL-6) production, 346–347, 
346t

Interleukin-6 (IL-6) receptor, 346–347
Interleukin-6 (IL-6) signaling, 346–347, 347f
Interleukin-7 (IL-7) receptor, CD3 compo-

nents, and CD45-deficient SCID, 
1350–1351

Interleukin-10 (IL-10), 348
Intermediate filaments, 390–391
International Society of Blood Transfusion 

Terminology (ISBT), 510
Intracranial bleeding, 1182–1183
Intrauterine fetal death, 1199
Intrauterine fetal transfusion, 778–780
Intravenous immunoglobulins (IVIGs),  

554, 1069
Invariant chains (MHC), 316
IPEX. See Immune dysregulation, polyen-

docrinopathy, enteropathy, X-linked 
(IPEX) syndrome

Iron, 15. See also Hemochromatosis and Iron 
Overload Screening Study

decreased total body iron at birth, 630
hemochromatosis, macrophages, and, 214
hepatic, PCT and, 686–687
plasma transport and, 621–622
PNH, 803–804
serum, measuring, 600
serum ferritin and, 600–601
total body, 617–618

Iron absorption
impaired, 628
intestinal, 618, 619f
molecular mechanisms, 618
regulation, 618–619

by intracellular mechanisms, 620–621
Iron assimilation, heme, and globin synthesis, 

94–95
Iron balance, 618
Iron chelation, 906–907

MDS and, 1682–1683
sideroblastic anemia, 651

Iron cycle, 621, 621f
Iron deficiency

blood loss and, 628–630
clinical features, 626–634
diet and, 630–631
etiology of, 627, 627t
growth and, 630
immunity/infection and, 633–634
infant/childhood, 630–631
laboratory evaluation, 634–637

bone marrow, 637
complete blood count and peripheral 

smear, 634, 635f
iron-related indices, 634–636
leukocytes, 636
platelets, 636

management of, 637–641
oral iron therapy, 637–638
pregnancy and, 1013
in pregnancy/lactation, 631, 631t
prevalence of, 626–627
preventive treatment of, 640
signs/symptoms, 631–634
stages in development of, 626, 626t

Iron deficiency anemia, 624–626
biologic and clinical differences in, 626t
genes involved in, 625t
genetic forms, 625–626
pathogenesis, 624–625

Iron delivery to erythroid precursors, 622–623
Iron depletion and hemochromatosis, 680
Iron intoxication, acute, 640–641
Iron loading, HFE mutations and, 669
Iron metabolism, 624

anemia and, 999, 999f
anemia of chronic disease and, 1001–1002
hepcidin and systemic regulation of, 

619–620

within normoblasts, 623
splenic, 1375
tests to assess, 600–602

Iron overload, 577, 662
acquired clonal sideroblastic anemia  

and, 654
definition, 662
diabetes and, 887–888
differential diagnosis of, 664, 665t
endocrine glands, 886–888
exocrine glands and, 888
eye and, 888
heart, 883–885
kidney, 866
liver, 885–886
in long-term HSCT survivors

clinical presentation and diagnosis, 2232
management, 2232
pathobiology, 2231–2232
prognostic importance, 2232

pulmonary system and, 888
thalassemias and, 883–888, 905–906

Iron oxidation, M hemoglobins and, 920
Iron pathway disorders, 599–602
Iron physiology, normal, 617–624
Iron preparations, intravenous, 639t
Iron recycling, macrophage, 623–624
Iron stores

bone marrow, 601, 601t
b-thalassemia, 883

Iron therapy
intravenous/parenteral, 638–640

side effects, 640
oral, 637–638

failure of, 638
side effects of, 637

response to, 640
Iron-binding capacity, 600
Iron-containing compounds in the human, 

617, 617t
Iron-deficient erythropoiesis, 599
Iron-related indices, 634–636
Iron-transferrin, cellular uptake of, 622, 622f
IS. See Immunologic synapse
ISBT. See International Society of Blood 

Transfusion Terminology
ISM. See Indolent systemic mastocytosis
Isochromosome, 1702
Isocitrate dehydrogenase 1 and 2 (IDH1/2), 

1531, 1531f
Isolated testicular relapse (ITR), ALL, 1630
ITAM. See Immunoreceptor tyrosine-based 

activation motif
ITIM. See Immunoreceptor tyrosine-based 

inhibitory motif
ITP. See Idiopathic thrombocytopenic 

 purpura; Immune thrombocytopenic 
purpura

ITR. See Isolated testicular relapse
Itraconazole, CGD, 1296
IVIGs. See Intravenous immunoglobulins

JAK. See Janus kinase
Jak homology (JH) domains, 342
JAK2 inhibitors, 1742–1743, 1742t
JAK2 V617 in polycythemia vera, 1728, 1731
JAK3 deficient SCID, 1350
JAK-STAT signaling pathway, 1708, 1734, 1735f
Janus kinase (JAK) family and transcription, 

342–343
Janus kinase (JAK) inhibitors, 1742–1743, 

1742t
Janus kinase/signal transducer and activator 

of transcription pathway. See JAK-
STAT signaling pathway

Jaundice, congenital hemolytic anemia  
and, 606

JH domains. See Jak homology (JH) domains
J

H genes, 255–258
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JMML. See Juvenile myelomonocytic leukemia
Job syndrome, 1297
John Milton Hagen blood group system, 

528–529
Joint manifestations of cryoglobulinemia, 

2151
Juvenile myelomonocytic leukemia (JMML), 

1701–1702, 1701t, 1702f

Karyotype, normal male G-banded, 48, 49f
Karyotyping, 46–49, 49f, 51–53, 56

bone marrow, 1711
Kasabach-Merritt syndrome, 1200
Kell blood group system, 517, 519

antibodies, 519
antigens, 517
genes, 517

Kidd blood group system, 519
antibodies, 519
antigens, 519
genes, 519

Kidney abnormalities. See also Renal disease; 
Renal failure; Renal insufficiency

PNH and, 796
Kidneys

amyloidosis, primary and, 2107–2108
treatment, 2113–2114

cryoglobulinemia clinical presentation  
and, 2152

hemoglobin and, 119
iron overload and, 866
sickle cell anemia in, 843–844

Killer Ig-like receptors (KIRs), 308
Kinesins, 324
Kininogen deficiency, high-molecular weight, 

1169–1170
KIRs. See Killer Ig-like receptors
KLF1, 379
Knops blood group system, 527
Ko polymorphism, 535
Kupffer cells, 217
Kx blood group system, 526

Lactate dehydrogenase (LDH), serum, 607–608
Lactation. See Pregnancy
Lactic acidosis, 652
Lactoferrin and oxygen-independent 

 antimicrobial system, 156
LAD. See Leukocyte adhesion deficiency
Lamellipodium, 152
Lamotrigine, pseudolymphoma and, 1962
Landsteiner-Wiener blood group system,  

525
Langerhans cell histiocytosis (LCH), 223, 

1307–1315
clinical features, 1309–1312, 1309t, 

1310f–1312f
diagnosis, 1313
epidemiology, 1307–1308
history, 1307
management/treatment, 1314–1315
pathology and pathophysiology, 1308–

1309, 1308f, 1317–1322, 1317t
prognosis, 1313–1314, 1313t

Langerhans cell sarcoma, 1318, 1319f
Langerhans cells (LCs), 217, 223, 327–329
LAP. See Leukocyte alkaline phosphatase
Large B-cell lymphomas

rare, 1785, 1785t, 1787f
treatment, 1883–1884, 1883t
unclassifiable, 1877–1878

Large cell lymphomas. See also Large B-cell 
lymphomas

therapy for localized, 1858–1859
Large granular lymphocytic leukemia (LGL), 

1857, 1905, 1939. See also T-cell 
large granular lymphocyte leukemia

LAs. See Lupus anticoagulants
LBL. See Lymphoblastic lymphoma

phagocytic, 1290–1294
qualitative, 1290–1300

Leukocyte Ig-like receptors, 307–309
Leukocyte infusions, donor, 1483–1484
Leukocyte reduction, 554
Leukocytoclastic vasculitis, cutaneous, 1113

etiologies, 1113t
Leukocytosis, 143, 144

neutrophilic, 1264–1265
Leukostasis, 1461–1462, 1462f
Leuserpin 2. See Heparin cofactor II
Lewis blood group system, 521f, 522–523

antibodies, 523
antigens, 522–523
genes, 522

LGL. See Large granular lymphocytic 
 leukemia

Ligand-binding component, T-cell-ab, 
 286–288

Ligases, defects in, 262
Light chain assays, 2018
Light chain gene loci, 259
Light chains, 259, 260f. See also Surrogate 

light chain
Light microscopy

lymphocytes, 227
platelet anatomy, 389

Light-chain amyloidosis. See Amyloidosis
Lipid composition, platelets and, 395
Lipid metabolism, platelets and, 395
Lipid rafts, 127–128, 268

IS and, 290–292
Lipids, neutrophil, 127
Lipids bodies

cytoplasmic, 128
eosinophil, 160

Lipochrome histiocytosis, 1296
Lipoprotein (a) (Lp(a)), 1230
Lipoproteins, high-density, 724
Listeria monocytogenes, 301
Lithium, pseudolymphoma and, 1962
Liver. See also Cirrhosis

amyloidosis, primary and, 2108–2109
treatment, 2114

cirrhosis, anemia in, 1006–1008, 1007t
cryoglobulinemia clinical presentation and, 

2152
GVHD and, 2209
HCL and, 1937
iron overload and, 885–886

Liver biopsy, hemochromatosis and,  
673, 674t

Liver disease
alterations of erythrocyte shape in,  

724, 725f
anemia and, 1006–1008, 1007f

macrocytic, 598–599
chronic, in long-term HSCT survivors, 2231
erythrocytosis and, 1040
hemolysis caused by, 820
hemostasis and coagulation abnormalities 

in, 1189–1191, 1189t
clinical manifestations, 1190
laboratory diagnosis, 1191
pathophysiology, 1189–1190
treatment, 1191

thalassemia and, 908
LMO transcription factor, 1540
LMWHs. See Low-molecular-weight heparins
LMWK. See Low-molecular-weight kininogen
Loeys-Dietz syndrome, 1112
Lorazepam, pseudolymphoma, 1962
Losartan, pseudolymphoma and, 1962
Low-molecular-weight heparins (LMWHs), 

1238
Low-molecular-weight kininogen (LMWK), 

435–436
Lp(a). See Lipoprotein (a)
LPHL. See Lymphocyte-predominant Hodgkin 

lymphoma

LCAT deficiency. See Lecithin-cholesterol 
 acyltransferase (LCAT) deficiency

LCH. See Langerhans cell histiocytosis
LCs. See Langerhans cells
LDH. See Lactate dehydrogenase
LDHL. See Lymphocyte-depleted Hodgkin 

lymphoma
Lead poisoning

anemia from, 657–658, 658t, 658f
hemolysis induced by, 815–816

Lecithin-cholesterol acyltransferase (LCAT) 
deficiency, familial, 726–727

Lectin complement pathway, 359–360
Leiomyoma, 1041
Lenalidomide, 1424–1425, 1424f, 1683

acquired clonal ideroblastic anemia, 655
amyloidosis, primary, 2117
MM, 2056, 2058–2061, 2074, 2077–2078, 

2078t
Waldenström macroglobulinemia, 2134

Lentiviral vectors, 1498, 1507–1508
altering tropism through pseudotyping, 

1508
preclinical evolution, 1508
self-inactivating feature, 1508

Leucovorin, ALL, 1624, 1625
Leukapheresis, 583–584

AML, 1583
CTCL, 1976
HCL, 1947
leukostasis, 1462

Leukemia(s). See also specific leukemias
angiogenesis in, 500, 500f
flow cytometry in immunophenotyping, 26t
immunotherapy, 1488–1489
lymphocyte toxicity and, 304
MGUS associated with, 2043
minimal residual disease (MRD) testing for, 

63–64
mixed lineage, 1532–1534, 1533f, 1534f
multiple hit model of, 1523–1524
NK-cell, 35, 1339

mature, 1857–1858, 1857f
plasma cell, 2090
splenectomy, 1377
T-cell, mature, 1857–1858, 1857f

Leukemia cutis, 1582, 1582f
Leukemic blast clearance, 1562–1563
Leukemogenesis, 1584
Leukocyte(s). See also Human leukocyte anti-

gen; White blood cells
basophilic, 181–190
desensitization, 1299
differentials, 5–6
FACS analysis of, 211f
familial vacuolization, 1293
inclusions, 1293–1294
iron deficiency and, 636
morphologic changes in, 1264
neutrophilic, 125–158
physiologic variation in, 143–144
PNH, 794–795
PV, 1725
racial variations in, 143
sex as indicated by, 135, 135f, 143
viral infection, 1299–1300

Leukocyte adhesion defects, 1298–1299
Leukocyte adhesion deficiency (LAD), 1344
Leukocyte adhesion deficiency-1, 1298
Leukocyte adhesion deficiency-2, 1298–1299
Leukocyte adhesion deficiency-3, 1299
Leukocyte alkaline phosphatase (LAP), 15, 15f
Leukocyte analysis, 5–6
Leukocyte antigens, 536
Leukocyte counts, 5, 136t

differential, 135–137
factors influencing, 143–144
normal values for, 135–137, 136t

Leukocyte disorders
functional, 1294–1300
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LSDs. See Lysosomal storage diseases
Lumbar puncture, ALL, 1559
Lung infections, 1437–1440
Lung injury, transfusion-related, 575
Lung transplantation, 2225
Lungs. See also Pulmonary system

GVHD and, 2210
Lupus anticoagulants (LAs), 1208–1214

clinical manifestations, 1210–1212, 1211t
Lutheran blood group system, 520–521

antibodies, 521
antigens, 521
genes, 521

Lymph node biopsies/fine-needle aspiration, 
1269–1270, 1270t

Lymph nodes, 236–239
blood vessels, 240–241
cellular compartments, 237–239, 238f
CLL clinical findings and, 1899
conditions leading to enlargement of, 

1268–1269, 1268t
DCs, 239–241
examination, phagocytic and immune 

 system disorders and, 1268–1272
functions, 242
histology, 236
immune response, morphologic changes 

during, 241–242
lymphatic vessels, 240–241
myelofibrosis and, 1959, 1970
ontogeny, 236
PALS, 243–244
reticulum, 237
spleen and, 243–245
SS and, 1959
structure, 236
vasculature, 240–241
venules, 240–241, 241f

Lymphadenopathy, conditions leading to, 
1268–1269, 1268t

Lymphatic vessels, 240–241
Lymphoblastic lymphoma (LBL), 1863, 1865–

1866, 1874–1875, 1875t, 1875f. See 
also B-cell ALL; B-cell lymphomas; 
T-lymphoblastic leukemia/lymphoma

chemotherapy, 1865–1866, 1865t, 1882, 
1883t

Lymphoblasts, integrin activation/arrest  
and, 247

Lymphocyte(s). See also B-cell(s); T-cell(s)
characteristics of, and CLL prognosis, 

1908–1909, 1909f
dendritic cell migration and, 248–249
differentiation, 29
electron microscopy, 228, 228f
flow cytometry, 227–228
gene transfer targeting, 1513–1516
growth factors for, 78
historical perspective, 227
light microscopy, 227
locomotion, 229
lymphocytosis of atypical, 1264, 1328
lymphoid organ homing of, 245–246, 246f
marginal zone, 244
morphology, 227–229, 227f
NK cells, 279–312
plasma cell, 229–230, 230f
recirculation, 245–250
rolling, 246–247
scanning electron microscopy, 228
tethering, 246–247
transendothelial migration of, 247–248

Lymphocyte antigens, 542
Lymphocyte circulation, significance of, 

249–250
Lymphocyte homing, 245–250

signaling in, 248
significance of, 249–250
skin, 249
special pathways of, 249

Lymphocyte infusions, donor, 2074
Lymphocyte toxicity, functions mediated  

by, 304
Lymphocyte-depleted Hodgkin lymphoma 

(LDHL), 1795, 1796f, 1798, 2006
Lymphocyte-predominant Hodgkin lym-

phoma (LPHL), 1793, 1794, 1794f, 
1796–1798, 1985. See also Nodular 
lymphocyte predominant Hodgkin 
lymphoma

therapy, 2001–2002
Lymphocyte-rich classical Hodgkin lymphoma 

(LRHL). 1794, 1985, 1986, 2006
Lymphocyte-variant hypereosinophilia (HE), 

1749, 1749t
Lymphocytosis, 27f. See also Monoclonal 

B-cell lymphocytosis
atypical, 1264, 1328
of small mature lymphocytes, 1264

Lymphoepithelioid cell lymphoma, 1789
Lymphohistiocytosis. See Hemophagocytic 

lymphohistiocytosis
Lymphoid blast crisis, 1690, 1691f
Lymphoid cells, 66f

development, 251
flow cytometry, 38
thymic, 235

Lymphoid cells subsets, frequency in normal 
tissues, 30t

Lymphoid expansions, benign, 61–62
Lymphoid neoplasms. See also specific topics

classification, 1395t–1397t
molecular events in, 62

Lymphoid organs, 230–245. See also Bone 
marrow; Thymus

lymphocyte homing to, 245–246, 246f
mononuclear phagocytes in, 213, 215
primary, 230–236
secondary, 236–245

Lymphoma(s). See also Hodgkin lymphoma/
Hodgkin disease; Non-Hodgkin lym-
phomas; specific lymphomas

aggressive, 1851–1858
AIDS-related, 1364–1366, 1365f, 1366t
classification, 1770–1798
cryoglobulinemia and, 2150
diagnosis, 62t, 1770–1798

molecular diagnostics, 61–62
flow cytometry in immunophenotyping,  

26t
highly aggressive, 1863, 1865–1866
immunophenotyping, 1770, 1771t–1772t, 

1772–1773
immunotherapy, 1475, 1476t, 1484–1488
indolent, 1845–1849, 1845t

clinicopathologic features of, 1847, 
1847f

immunotherapy, 1849
stages I and II, 1847–1848
stages III and IV, 1848

minimal residual disease (MRD) testing for, 
63–64

NK cell, 1339, 1787–1793
EBV and, 1339
extranodal, 1792–1793, 1856–1857
mature, 1857–1858, 1857f
peripheral, 1852–1857, 1853t

pediatric, 1875t
uncommon, 1878

specimen evaluation of, 1770, 1772–1773
immunophenotypic/genotypic analysis 

and, 1770, 1771t–1772t,  
1772–1773

morphologic evaluation and, 1770
tissue sampling/processing and, 1770

splenectomy, 1377
targetable pathways activated in, 59t
vaccines, 1485–1488, 1486t

Lymphopenia, 1265
HIV and, 1362

Lymphoplasmacytic lymphoma, 33, 1777, 
1938

Lymphopoiesis, 251
Lymphoproliferative disease. See also specific 

topics
post-transplant, 1337–1338
X-linked, 1336–1337

Lymphoproliferative disorders
CD30+, 1962–1963
cryoglobulinemia and, 2150
PRCA and, 977

Lysis
complement-mediated, PNH sensitivity to, 

785–787, 788f
RBC, mechanism of immune-mediated, 

748–749
reactive, membrane inhibitor of, 789

Lysosomal storage diseases (LSDs),  
1302–1306

pathophysiology, 1302, 1302f, 
1303t–1304t, 1303f

Lysosomes, platelet, 392–393
Lysozyme, 156
Lysozyme antimicrobial system, 

 oxygen- independent and, 156

M (met) hemoglobins. See Hemoglobin M (met)
M protein, MGUS

size of, 2036
type of, 2036

MAbs. See Monoclonal antibodies
MAC. See Membrane attack complex
Macrocyte(s), 9
a

2-Macroglobulin, 467
anticoagulation and, 467
biochemistry, 467
function, 467
gene structure/expression of, 467

Macroglobulins, 352
Macrophage(s), 193–225. See also 

Granulocyte-macrophage progenitor 
cells; Monocyte-macrophage system; 
Mononuclear phagocytes

activation, regulation, and the M1 M2 
paradigm, 212

alveolar, 217
in bone marrow, 214f
development in mouse, 220
gastrointestinal, 217
hemochromatosis, iron, and, 214
iron recycling and, 623–624
monocyte-derived, 222
secretion products, 210t
splenic, species and antigen expression dif-

ferences, 216f
steady-state, renewal of, 220–221
thymic, 234
tingible body, 238, 339
transcription factors associated with 

 different polarized populations of, 
220f

tumor-associated, 225
yolk sac, 220

Macrophage growth factors, 77
Macrophage plasma membrane receptors, 

199f, 200f
Macrophage receptors, 202f
Macropolycytes, 135
Macrothrombocytopenia, 386

Mediterranean, 1099
X-linked, 1100

Major histocompatibility complex. See MHC
Malaria, 808–812, 811f, 862–863

hemolysis induced by, 809–812
clinical manifestations of, 809
diagnosis of, 812
pathogenesis of, 809–812

life cycle, 810f
transfusion-associated, 580
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Malignant histiocytosis, 1939
Malignant lymphoma simulating leukemic 

reticuloendotheliosis. See Splenic 
 lymphoma with villous lymphocytes

Management, principles of, xxviii–xxix
Mannose-binding lectin (MBL), 357, 359–360, 

368, 1276
Mantle cell lymphoma (MCL), 62t, 1777–1778, 

1837f, 1849–1850, 1850f
differential diagnosis, 1938
flow cytometry findings important for 

 diagnosis of, 38
HSCT, 2200–2201, 2200t, 2201t
molecular genetics, 1813–1815, 1814f
molecular testing guidelines, 1815

MAPK pathways. See Mitogen-activated 
 protein kinase (MAPK) pathways

Marfan syndrome, 1111–1112
Marginal zone, 244

lymphocytes, 244
splenic, 244, 1371

Marginal zone B-cell lymphoma (MZL), 1879. 
See also Extranodal marginal zone 
B-cell lymphoma

diagnostic tests, 62t
flow cytometry findings important for 

 diagnosis of, 33
HCL and, 1938
nodal, 1778
splenic, 1778–1779

Mast cell(s), 181–190
basophil differences from, 187
basophil similarities with, 182
bone marrow, 31
characteristics of, 186–188

surface phenotype and, 186–187, 186t
cytoplasm, 182
developmental biology of, 181–182

ontogeny and, 183–186, 183f
functions

dynamic equilibrium and, 190
homeostasis and, 190

granules and, 182
IL-3 and, 184
mediator secretion, 182–183
mediators, 186t, 187–188
morphology, 182
progenitors, 184
recovery, 183
stains, 182

Mast cell activation, 183, 186–187, 187t
inhibition of, 188, 188t

Mast cell differentiation, 183–184, 184t
allergic disease and, 185
clinical relevance of, 185–186

Mast cell disease, systemic, 1939. See also 
Systemic mastocytosis

Mast cell functions, 188–190
in host defenses, 188–189, 189f
in inflammatory injury, 188–189
inflammatory response, 189–190
normal, 189–190

Mast cell growth, 183–184, 184t
Mast cell growth factors, 77
Mast cell leukemia (MCL), 1762–1763
Mast cell sarcoma (MCS), 1763
Mastocytoma, extracutaneous, 1763
Mastocytosis. See also Systemic mastocytosis

cutaneous, 1760
Matched related donor (MRD), 987, 1610, 

1631, 2166
Matched unrelated donor (MUD), 1567, 1630, 

1631, 1981, 2161, 2163, 2164, 2170, 
2171, 2195

May Grünwald-Giemsa stains, 8
bone marrow, 11

May-Hegglin anomaly, 1291–1292
MBL. See Mannose-binding lectin; 

Monoclonal B-cell lymphocytosis
MC. See Metaphase cytogenetics

CLL, 1912
coagulation factor deficiency, 1215
MM, 2054
PV, 1731

Membrane(s)
eosinophil mediators derived from,  

167–168
release of, 167–168

plasma, 127
Membrane attack complex (MAC), 354, 

360–361
C5, 360
C6, 360, 360f
C7, 360–361
C8, 361
C9, 361, 361f
control of deposited, 366
formation, 361

Membrane attack complex (MAC) assembly, 
control of, 365–366

Membrane co-factor protein, 362–363
Membrane morphology, target cell lysis, 

303–304, 304f
Membrane skeleton, 390
Membranoproliferative glomerulonephritis, 

MGUS associated with, 2042
Menstruation, iron deficiency and, 629
Mepolizumab, asthma, 177
6-Mercaptopurine (6-MP)

ALL, pediatric, 1626, 1627
bioavailability, 1404
cancer, 1414–1415, 1414f
LCH, 1314

Messenger RNA (mRNA), 58
Messenger RNA (mRNA) processing, 89

thalassemia and, 867–868
Messenger RNA (mRNA) translation, 

 thalassemia and, 868
met. See Hemoglobin M
Metabolic diseases, 225
Metabolic syndrome, 2221, 2222
Metamyelocytes, neutrophil, 131
Metaphase cytogenetics (MC), 1806
Metformin, cobalamin malabsorption  

and, 945
Methemalbumin, 120, 609
Methemoglobin, 113, 113f
Methemoglobin reduction, 114
Methemoglobinemia

acquired (toxic), 921–922, 922t
diagnosis, 922
globin gene mutations and unrelated, 

921–922
treatment, 922

Methionine
hyperhomocysteinemia, 1228
megaloblastic anemias and, 928–929

Methotrexate (MTX)
ALL, 1566–1570

pediatric, 1624–1625, 1627–1628, 1630
APL, 1665, 1670–1671
cancer, 1412–1413
Felty syndrome, 1379
large granular lymphocytic leukemia, 1857
LCH, 1314
pseudolymphoma and, 1962
resistance to, 1401

Methyldopa (Aldomet), 1072
Methylene blue stain, 10
Methylmalonic acid (MMA), 941
Methylprednisone

aplastic anemia, severe, 971
CLL, 1915
GVHD, acute, 2171
Henoch-Schönlein purpura, 1115

MF. See Mycosis fungoides; Myelofibrosis
MGUS. See Monoclonal gammopathy of 

 undetermined significance
MHC (major histocompatibility complex), 280, 

313–316

MCH. See Mean corpuscular hemoglobin
MCHC. See Mean corpuscular hemoglobin 

concentration
MCHL. See Mixed cellularity Hodgkin 

 lymphoma
MCL. See Mantle cell lymphoma; Mast cell 

leukemia
McLeod phenotype, 725
MCS. See Mast cell sarcoma
MCV. See Mean corpuscular volume
MDS. See Myelodysplastic syndromes
Mean corpuscular hemoglobin (MCH), 3, 4

disease states associated with, 6
Mean corpuscular hemoglobin concentration 

(MCHC), 3, 4
disease states associated with, 6

Mean corpuscular volume (MCV), 3, 4
Mechlorethamine

AML, 1580
cancer, 1407, 1411–1412

Mediastinal large B-cell lymphoma (MLBCL). 
See Primary mediastinal (thymic) 
large B-cell lymphoma

Medulla, epithelial cells in, 234, 280
Megakaryocyte(s), 371–387. See also 

 Colony-forming units megakaryocyte
hematopoietic stem cells and, 371–372
historical perspective, 371
mature, 374f, 375f
signal transduction pathways in, 382–384

Megakaryocyte development, 372–377
cell surface markers characteristic of, 372, 

373f
Megakaryocyte differentiation, autosomal 

dominant thrombocytopenia and, 
1099

Megakaryocyte growth factors, 77
Megakaryopoiesis

clinical disorders of, 384–387
cytokines in, 379–382
transcriptional regulation of, 377–379

Megaloblastic anemias, 595–598, 597f, 
927–951

biochemistry, 927–929
bone marrow and, 596, 597f
causes, 948
clinical/laboratory features, 932–942

cobalamin deficiency, 933
folate deficiency, 933
miscellaneous, 935
neurologic dysfunction, 933–935

cobalamin and, 928, 933, 936, 950
folate and, 597–598, 927–928, 933, 936, 

950
hematologic features of, 595–596
historical background, 927
homocysteine and, 928–929
hyperhomocysteinemia and, 937
laboratory evaluation, 937–942

hematologic assessment in, 937–938, 
938t

management, 949–951
metabolism, 927–929
methionine and, 928–929
normal physiology, 927–932
pathophysiology, 927–932
presenting syndromes, reversal of, 

 949–950
subclinical nutritional deficiencies and, 

935–937
thiamine-responsive, 652
vitamin B

12 and, 597–598
vitamin replacement in, 950
vitamin status and, 935–937

Megaloblastic crises, sickle cell anemia  
and, 837

Melphalan
AML, 1580
amyloidosis, primary, 2116, 2117, 2120
cancer, 1407, 1411–1412
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HLA and, 544
immunity effector mechanisms and, 

313–316
origins, 319
TCR, 288

MHC class I, defects in antigen presentation 
by, 1352–1353

MHC class I chain-related genes/proteins, 318
antigen presentation and, 319–322

MHC class I region, 313
MHC class II, defects in antigen presentation 

by, 1352–1353
MHC class II region, 313–314
MHC class III region, 314
MHC genes, 319
MHC molecules, 314–316

CD1 system, 318
class I, 315f

chain-related genes/proteins of, 318
nonclassical, 316–317

class II, 314–316
antigen presentation and, 323
antigenic peptide generation for, 323
biosynthesis of, 323
CLIP and, 324
nonclassical, 317–318
peptide loading in, 324, 324f
processing/presentation of, 323, 324f

classical, 314–316
nonclassical, 316–319
UL-16-binding proteins, 318–319

MHC peptides
interaction with, coreceptors in, 288
loading of, 317

MHC-peptide complex, 286–288
MI. See Mitotic index
Microangiopathic disorders, classification of, 

1078t
Microcytes, 9
Microglia, 217
Microperoxisomes, 393
MicroRNA (miRNA), 1809

NHL and, 1809
role in hematopoietic lineage commitment, 

75–76
Waldenström macroglobulinemia and, 

2128
MicroRNA (miRNA) expression and CLL 

 prognosis, 1910
Microthrombocytopenia, X-linked, 1100
Microtubules, platelet, 391
Microtubulin agents, 1417
Minimal residual disease (MRD)

ALL, 1563
pediatric, 1621–1622

CLL and, 1911
miRNA. See MicroRNA
Mitochondria, 393
Mitochondrial myopathy, 652
Mitogen-activated protein kinase (MAPK) 

pathways, 1708
Mitomycin C, cancer, 1407, 1411–1412
Mitotic compartments

DNA synthesis, 137–139
in neutrophils, 137–139

Mitotic index (MI), 138
Mitoxantrone

ALL, 1564, 1573
AML, 1602
cancer, 1422

Mixed cellularity Hodgkin lymphoma (MCHL), 
1367, 1793–1794, 1794f, 1925, 1984, 
1986, 2005

Mixed lineage leukemia (MLL), 1532–1534, 
1533f, 1534f

Mixed lineage leukemia gene (MLL),  
1532–1534. See also Chromosome(s)

MLBCL (mediastinal large B-cell lymphoma). 
See Primary mediastinal (thymic) 
large B-cell lymphoma

MLL. See Mixed lineage leukemia
MM. See Multiple myeloma
MMA. See Methylmalonic acid
MMAS. See Monoclonal mast cell activation 

syndrome
MNS blood group systems, 520

antibodies, 520
antigens, 520
genes, 520

Molecular assays, starting point for, 58–60
Molecular biology

deficits in cellular molecular machinery 
underlying hematologic disorders, 
58, 58t

overview, 58–60
Molecular diagnostic applications in 

 hematology, 61–64
Molecular diagnostics, 58

assays and methodologies coming in the 
next five years, 64

Molecular genetics
AITL, 1822–1823
AL, 1523–1540
B-cell ALL, 1536–1538
B-cell lymphomas, 1809–1820
blood, 16
factor XIII deficiency, 1164
HCL, 1820
myelofibrosis, 1952–1953
NHL, 1801–1824
plasma cell disorders, 2022–2028
SS, 1952–1953

Molecular genetics methodologies and 
 techniques, 1801–1809

common applications of FISH in, 1263t
commonly used techniques, 1801–1806

Molecular markers, NHL, 1842–1843, 1843t
Molecular monitoring assays for leukemias 

and lymphomas, 63, 63t
Molecularly targeted therapies, cancer, 

1419–1420
Monoclonal antibodies (MAbs), flow cytometry 

and, 20–21
Monoclonal antibody therapy, 1417–1418

anti-CD20, lymphoid malignancies,  
1473–1476, 1476t

CLL, 1915–1916
chemotherapy combined with,  

1916–1920, 1917t, 1919f
HCL, 1946
MM, 2080–2081
Waldenström macroglobulinemia,  

2132–2133
Monoclonal B-cell lymphocytosis (MBL), 

32–33
CLL and, 1888–1890, 1898, 1903, 1904, 

1923
role of absolute B-cell count in, 1904f

Monoclonal gammopathies. See also 
Paraproteinemias

diagnostic algorithm, 2015f, 2020
differential diagnosis, 2020–2021, 2020t
epidemiology and distribution, 2014,  

2014f
evaluation, 2014–2021

history and physical examination, 
2019–2020

imaging, 2019
Monoclonal gammopathy of undetermined 

significance (MGUS), 2029–2037, 
2039–2044

cause of death in, 2037
chromosome content associated with at 

least two oncogenic pathways, 
2024

classification, 2034t
clinical features, 2034
definition, 2029, 2031
detection of monoclonal proteins, 2029
diagnostic criteria, 2030t

diseases associated with, 2040–2044, 
2041t

immunoglobulin D (IgD), 2040
introduction, 2029
life expectancy, 2037
management, 2037
MM and, 2094
nomenclature, 2029
pathophysiology, 2032

angiogenesis, 2034
cytogenetic changes, 2033
cytokines, 2034
initiation of the clone, 2032

prevalence and incidence, 2031–2032, 
2032f, 2033t, 2033f

prognosis, 2034–2036
Mayo Clinic referral population, 2034, 

2034f
southeastern Minnesota study,  

2035–2036, 2035f, 2036t
risk factors, 2032
risk stratification, 2036–2037, 2037t, 2037f
secondary, 2039–2040
seven primary IgH translocations as early 

oncogenic event in, 2023–2024
SMM and, 2038–2039
variants, 2039–2040
Waldenström macroglobulinemia and, 

2124t, 2125–2126
Monoclonal immunoglobulin disorders

classification, 2014–2015
evaluation

initial, 2014–2015
laboratory, 2015

Monoclonal mast cell activation syndrome 
(MMAS), 1763

Monoclonal plasma cell disorder, 2143
Monoclonal proteins

identification of types and quantification of, 
2016–2017

MGUS and, 2032f
MM and, 2048, 2049f

Monocyte(s), 38, 65, 193–225. See also Acute 
monocytic leukemia; Mononuclear 
phagocytes

deficiency, 223
vs. granulocytes, 211f
hematopoiesis, 221
ultrastructure, 195f

Monocyte growth factors, 77
Monocyte-derived macrophages and dendritic 

cells, 222
Monocyte-macrophage system, 1302–1306
Monocytic differentiation, 28
Monocytoid B-cell lymphoma, 1938
Monocytosis, 1265
Mononuclear phagocyte system (MPS), 193
Mononuclear phagocytes (MPs). See also 

Dendritic cells; Macrophage(s); 
Monocyte(s)

development and renewal, 220–222
inflammatory recruitment, 222
local proliferation, 221
monocyte and dendritic cell 

 hematopoiesis, 221
monocyte-derived macrophages and 

dendritic cells, 222
regulation by soluble factors, 221
regulation by transcription factors, 221
trafficking of blood-borne precursors to 

quiescent tissues, 222
distribution, 213–220

blood, 213
bone marrow, 213
lymphoid organs, 213, 215
nonlymphoid (interstitial) tissue,  

213–214
specialized populations of MPs, 217–220
spleen, 213

functional properties, 194–213
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Mononuclear phagocytes (MPs) (Continued )
antigen presentation, 207–208
antimicrobial activity, 209
cellular morphology, 194–198, 195f
chemotaxis, migration, and adhesion, 

198–201
cytostolic recognition and inflammasome 

activation, 203–205, 203f, 204f
dendritic cell functional subsets,  

212–213
endocytosis and phagocytosis, 205–207
inflammation and repair, 209
macrophage activation, regulation, and 

the M1 M2 paradigm, 212
monocyte subsets, 209–212
recognition, 202–203
recruitment, 198f
secretion, 208
signaling and gene expression, 207

in medicine, 222–225
granulomatous disorders, 224–225
infections, 224
macrophages and dendritic cells in 

hematopoietic disorders, 223–224
metabolic disease, 225
osteoclast disorders, 224
transplantation, 222–223
tumor-associated macrophages, 225

properties, 196t–197t
in skin and thymus, 196f

Mononucleosis. See Infectious mononucleosis
Moyamoya disease, 1110
Mozolomide, 1977
6-MP. See 6-Mercaptopurine
MPDs. See Myeloproliferative disorders
MPNs. See Myeloproliferative neoplasms
MPO. See Myeloperoxidase
MPs. See Mononuclear phagocytes
MPS. See Mononuclear phagocyte system
MRD. See Matched related donor; Minimal 

residual disease
mRNA. See Messenger RNA
MTX. See Methotrexate
Mucosa-associated lymphoid tissue 

 lymphoma. See Extranodal marginal 
zone B-cell lymphoma

Mucosal changes, anemia and, 589
Mucosal gd T-cells, 1468
Mucositis, 1459
Mucous membranes

ITP and, 1064–1065
PV clinical features and, 1723, 1723f

Multidrug resistance (MDR), 1401
Multimeric analysis, vWD, 1158, 1158f
Multiple myeloma (MM), 2022, 2046–2095. 

See also POEMS syndrome; 
Smoldering multiple myeloma

asymptomatic monoclonal gammopathy 
preceding, 2023

bone marrow microenvironment,  
2088–2089

cell cycle in, 2089
chemotherapy, 2054–2057

combination, 2057–2068, 2058f,  
2059t, 2060t

induction, 2061–2068
maintenance, 2074–2076, 2075t
total therapy (TT) approach, 2067, 2067t
transplant eligible patients, 2064t, 

2065–2067
transplant ineligible patients,  

2061–2065, 2062t
chromosome content associated with at 

least two oncogenic pathways, 
2024

classification, 2045t
clinical manifestations, 2048–2051, 2048f

anemia, 2048, 2049f
bone disease, 2049–2051, 2050f
hypercalcemia, 2051

relationship between genetic abnormalities 
in patients with, 2086f

a selection for genetic mutations that allow 
independence from bone marrow 
microenvironment, 2023–2027

special cases of, 2089–2090
staging in, 2083–2088, 2084t
supportive care, 2090–2093
systemic therapy, 2052–2082, 2053f

study response/survival data for, 2053, 
2054t

Muscle tissue, macrophages associated with, 
220

MYC dysregulation
B-cell lymphomas, 1782, 1786, 1809–1814, 

1816–1819, 1863, 1875–1877
MM, 2025

Mycobacteria, 324
Mycobacterial disease, mammalian 

 susceptibility to, 1355
Mycobacterium tuberculosis, 298–299
Mycophenolate, AIHA, 760
Mycosis fungoides (MF), 1951–1982

clinical description, 1951
clinical presentation, 1954–1956, 1955f
diagnostic evaluation, 1956–1960

blood involvement and, 1959–1960
bone marrow involvement and, 1959
cutaneous features, 1956–1958, 1957f
immunophenotype and, 1960, 1960f
large cell transformation and, 1958, 

1958f
lymph node pathology and, 1959
tissue handling in, 1956

differential diagnosis and, 1960–1967
benign conditions in, 1960–1962

epidemiology, 1953–1954
extracutaneous, 1959
histopathology, 1951, 1956–1960
historical perspective on, 1951–1953
immunology, 1951–1952, 1952f
prognosis, 1971
staging, 1967–1971, 1968t, 1969t

bone marrow and, 1970
lymph nodes and, 1970
peripheral blood and, 1970

therapy, 1971–1981, 1972f
chemotherapy, 1972–1973, 1977–1978
combined-modality, 1979–1980, 1979f
HSCT, 1981
immunotherapy, 1980–1981
interferon, 1974–1975
photochemotherapy, 1976–1977
phototherapy, 1973–1974
radiotherapy, 1975–1976
retinoids, 1974

MYD88 (myeloid differentiation primary 
response gene (88)), 1355, 1898, 
2124, 2127

MYD88 L265P, 1777, 2127
Myeloblast(s), 129, 130f

development, 129
Wright stains, 129, 129t

Myelocyte(s), 132f
neutrophil, 131

Myelodysplasia secondary to MM, 2092
Myelodysplastic primary PRCA, 976
Myelodysplastic syndromes (MDS), 61, 1638. 

See also specific topics
chromosomal abnormalities, 1545t
classification, 1543–1548, 1547t,  

1673–1676, 1674t, 1675f
clinical presentation, 1673
clonal progression to secondary AML, 

1527f
complications, 1673
diagnosis, 1543–1548
diagnostic evaluation, 1543–1544,  

1673–1676
epidemiology, 1676–1681

infection, 2051
monoclonal proteins, 2048, 2049f
renal insufficiency, 2051

complications, 2090–2093. See also 
Myeloma bone disease

hematologic, 2092
hypercalcemia, 2092
infection management, 2093
renal failure, 2088, 2092–2093
specific to novel therapies, 2090–2091
spinal cord compression, 2092

cytogenetics, fluorescence in situ 
 hybridization, and other genetic 
abnormalities, 2084–2085

cytokines and cell signaling in, 2089
diagnosis, 2051–2052, 2052t

history and, 2046
differential diagnosis, 2094–2095
donor lymphocyte infusions, 2074
epidemiology, 2047–2048
etiologic factors in, 2047–2048

lifestyle factors, 2047–2048
radiation exposures, 2047
workplace exposures, 2047

gene expression profiling, 2086–2087
hemostasis in, 2051
history, 2046

diagnosis and, 2046
treatment and, 2046, 2047f

HSCT, 2068–2074
allogeneic, 2072–2074, 2072t, 2073t
autologous, 2068–2072, 2068t, 2069f
myeloablative allogeneic, 2072, 2073t, 

2073f
single vs. double, 2070, 2070t

hypercalcemia and, 2051
IL-6 in, 347
immunoglobulin D (IgD), 2090
immunoglobulin E (IgE), 2090
immunophenotype of myeloma cells, 

2087–2088
immunotherapy, 1488
incidence, 2047–2048
intraclonal tumor heterogeneity associated 

with high-risk, 2027
maintenance therapy, 2074–2076, 2075t
MGUS progression to. See Monoclonal 

gammopathy of undetermined 
 significance

molecular classification, 2024–2025, 2025t
nonsecretory, 2089–2090
oncogenic events in, 2025–2027

seven primary IgH translocations as 
early, 2023–2024

pathogenesis, 2082–2083, 2083f, 2088–2089
pathophysiology, 2088–2089
plasma cell myeloma, 2051
plasma cell proliferation rate, 2087
as plasma cell tumor of postgerminal 

 center B cells, 2022
prognosis and staging, 2083–2088
prognostic factors, 2036
radiation therapy, 2082
relapsed/refractory disease, management 

of, 2076–2082
anthracycline-based regimens, 2082
bortezomib-based regimens, 2078t
conventional combinations, 2081t
definitions, 2076
immune modulatory drugs-based 

 regimens, 2077–2078
immune modulatory drugs-proteasome 

inhibitor combinations, 2079, 
2079t

lenalidomide-based regimens, 2078t
novel therapies, 2079–2081
proteasome-based regimens, 2079, 

2079t
thalidomide-based regimens, 2077, 

2077t
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etiology, 1676–1681
genetic lesions in, 1677, 1677t
genetic mutations in, 1677, 1678f
immunophenotyping, 37–38
molecular pathogenesis, 1677
morbidities, impact of, 1680–1681, 1681f
prognostic classifications, 1677–1679, 

1678t, 1679t, 1680t
identification of patients with “lower-

risk disease” and poor prognosis, 
1679–1680, 1679f

prognostic factors, 1685, 1686t
therapeutic approaches, 1681–1687
therapy for patients with higher-risk MDS, 

1684–1687
therapy for patients with lower-risk MDS, 

1681
supportive care, 1681–1682

Myelodysplastic/myeloproliferative 
 neoplasms, 1699–1703, 1700t

unclassifiable, 1702–1703
Myelofibrosis (MF)

bone marrow in, 1736, 1737f
clinical features, 1736
definition, 1734
diagnosis, 1736–1737, 1737t
differential diagnosis, 1734, 1736, 1737t
disease course, 1738
epidemiology, 1734
historical perspective, 1734
management, 1741–1744, 1741f

HSCT, 2203–2204
pathogenesis, 1734–1736
post-essential thrombocythemia, 1127
primary, 1693–1694, 1693f, 1694f, 1695t
risk stratification and prognosis, 1738, 

1738f, 1739t, 1739f
response criteria and assessment tools, 

1738–1739, 1740t, 1741
splenectomy, 1377, 2204

Myeloid blast crisis, 1690, 1690f
Myeloid differentiation primary response 

gene (88). See MYD88
Myeloid neoplasms

classification, 1747t
molecular diagnosis, 61
targetable pathways activated in, 59t

Myeloid sarcoma, 1582
Myelokathexis. See WHIM syndrome
Myeloma. See Multiple myeloma
Myeloma bone disease. See also Bone disease

nonpharmacologic therapy, 2091–2092
pharmacologic therapy, 2091

Myeloperoxidase (MPO), 14, 125
bacterial killing independent on, 154
bacterial killing mediated by, oxygen-

dependent, 153–154
Myeloperoxidase (MPO) deficiency, 1297–1298
Myeloproliferative disorders (MPDs),  

1140–1141, 1638–1639, 1938
POEMS syndrome, 2143

Myeloproliferative neoplasms (MPNs), 61. See 
also specific topics

flow cytometry findings important for 
 diagnosis of, 38

pathology, 1688–1703, 1689t
targetable pathways activated in, 59t

MYH9 gene, disorders related to, 1098–1099, 
1099t

Myoid cells, thymic, 235
Myopathy, mitochondrial, 652
MZL. See Marginal zone B-cell lymphoma

NADPH (nicotinamide adenine dinucleotide 
phosphate), superoxide production 
regulated by, 168–169

NADPH oxidase, 168–169
NADPH oxidase activation and assembly, 209, 

209f

Nasopharyngeal carcinoma (NPC), EBV and, 
1339

Natural killer (NK) cell receptors, 308–309
immunoglobulin-like receptors, 308, 309f, 

310t
Natural killer (NK) cell-mediated graft versus 

tumor, 2218
Natural killer (NK) cells, 279–312, 1468. See 

also Leukemia(s); Lymphoma(s)
adaptive immunity regulated by, 310
bone marrow stem cells and, 311
bone marrow transplantation and,  

310–311
cytochemistry, 306–307
cytotoxicity, 310, 310f
decidual, 311
hematopoiesis regulation and, 311
malignancies and, 310–311, 1339
morphology, 279, 306–307, 307f
natural resistance and, 310
ontogeny, 307

differentiation of, 307–308
functional studies of, 307–308
phenotypic studies on, 307

proliferation, 311
surface markers, 306–311

Natural killer T (NKT) cells, 311–312, 1468
Nausea, 2231. See also Chemotherapy-

induced nausea and vomiting
NBS. See Nijmgen breakage syndrome
NCs. See Nurse cells
Nelarabine, cancer, 1414–1415
Neomycin, cobalamin malabsorption and, 945
Neonatal alloimmune thrombocytopenia, 

1074–1075
Neonatal diagnosis of sickle cell anemia, 850
Neonatal immune-mediated 

 hyperbilirubinemia, 769
Neonates. See also Fetal and neonatal 

 anemia; Fetus and neonate
bleeding disorders, 1045

evaluation of, 1055–1056, 1056t
erythrocyte transfusion and, 1028–1029
hyperbilirubinemia in, 733–734
neutrophil migration in, 142–143
thrombocytopenia, alloimmune, 536–537
transfusion, 564–565

Nephrotic syndrome, 2231
Nervous system. See also Central nervous 

system
amyloidosis, primary and, 2109–2110, 

2110f
cryoglobulinemia clinical presentation and, 

2151–2152
Neuroacanthocytosis syndromes, 725–726
Neurokinin 1 (NK-1) receptor antagonists, 

1452, 1454
Neurologic disorders, MGUS associated with, 

2043
Neurologic dysfunction

cobalamin deficiency, 933–935
folate deficiency, 935
megaloblastic anemia and, 933–935

Neurologic manifestations
porphyrias with, 693–702
of Waldenström macroglobulinemia, 

2128–2129
Neurologic syndromes, APA and, 1211
Neuromuscular system

anemia and, 589
iron deficiency signs/symptoms in,  

631–632
PV clinical features and, 1724

Neuropathy, MGUS-associated, 2040–2041
Neutropenia, 1265, 1279–1288. See 

also Febrile neutropenia; 
Pseudoneutropenia

acquired, differential diagnosis and 
 features of, 1281t

causes of

nutritional, 1286
primary, 1279–1284
secondary, 1284–1286

classification, 1279
clinical presentation, 1286–1287
congenital. See also Severe congenital 

 neutropenia
differential diagnosis and features of, 

1280t
congenital immune defects with associated, 

1283–1284
definition, 1279
diagnostic approach to, 1286–1287, 1286f, 

1287f
in infants, 1286f

differential diagnosis, 1279–1286, 1280t, 
1281t

drug-induced, 1284–1285
due to increased margination and 

 hypersplenism, 1286
ethnic and benign, 1284
HIV and, 1362
idiopathic chronic severe, 1279–1280
immune, 1285
management, 1287–1288
nonfamilial childbirth benign, 1279–1280
post-infectious, 1284
treatment, HIV and, 1362

Neutropenic enterocolitis (typhlitis),  
1440–1441

Neutropenic patients, pulmonary infiltrates in, 
1437–1439

Neutrophil(s). See also Chronic neutrophilic 
leukemia

apoptosis, 141
band, 131, 134
chemoattractants, 150, 150t
contraction waves, 152
cortex, 152
desensitization, 148
development of, 128–135, 130f
heterogeneity, 134–135
infection and response of, 145
infections that exhibit tropism for, 158
margination, 146, 146f
maturation pool, transit time through 

 nondiving, 140
migration into tissues and sites of 

 destruction, 141–143
mitotic components in, 137–139
morphology of, 128
phagocytosis and, 147, 147f, 152–153, 152f
polymorphonuclear, 131, 133f, 134
release from marrow into blood, 140
release from storage pool into blood, 

142–143
subcellular structure of, 125–128

Neutrophil aggregation, 151–152
Neutrophil antigens, 127, 127t, 158, 158t, 

540
Neutrophil chemotaxis, 143, 152

factor receptors for, 147
Neutrophil defects, 1426
Neutrophil disorders, frequency of identifiable 

qualitative, 1300
Neutrophil dysregulation in systemic inflam-

matory response syndrome, 1300
Neutrophil function, 145–158

bacterial killing and digestion, 153
history, 145–147
secretory functions, 157
signaling, 147

Neutrophil granule release, 153
Neutrophil granules. See also Granules

development, 131
types, 131

Neutrophil integrins, 149f
Neutrophil kinetics, 137–143

in adults, 137–138
in blood, 141
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Neutrophil kinetics (Continued )
in fetus and newborn, 142–143
granulocyte-macrophage progenitor cells 

and, 142
mitotic and maturation compartments, 

137–139
normal, 1279
PV and, 1725
studies, 141

Neutrophil lipids, 127
Neutrophil metamyelocytes, 131
Neutrophil myelocytes, 131
Neutrophil nuclei, hereditary 

 hypersegmentation of, 1294
Neutrophil nucleus, 128
Neutrophil precursors

development of, 128–135
morphology of, 128

Neutrophil priming, 147–148
Neutrophil production, 138–139

bone marrow compartments and, 139–140
control mechanisms regulating, 144
growth factors, 144–145

Neutrophil promyelocytes, 131
Neutrophil selectins, 148
Neutrophil storage pool, 142

release from, into blood, 142–143
Neutrophil-endothelial adhesion,  

148–151, 149f
model for, 150–151, 150f, 151f
sequence of, 150–151, 150f

Neutrophilia, hereditary giant, 1294
Neutrophilic leukocytes, 125–158
Neutrophilic leukocytosis, 1264–1265
Newborn infants. See also Fetus and neonate

laboratory testing of, 774–775
Next generation sequencing (NGS),  

1807–1808, 1808f
NF-E2, 378
NFkB pathway, mutations that activate, 2026
NGS. See Next generation sequencing
NHLs. See Non-Hodgkin lymphomas
Nicotinamide adenine dinucleotide phosphate. 

See NADPH
Niemann-Pick disease (NPD), 1305–1306

clinical manifestations, 1306
definition, 1306
diagnosis, 1306
etiology/pathogenesis, 1303t, 1304t, 1305
pathology, 1305–1306, 1305f
treatment, 1306

Nijmgen breakage syndrome (NBS), 262, 
1354–1355

Nilotinib
ALL, 1774
cancer, 1420–1421
CML, 1715

Nippostrongylus brasiliensis, 170, 178
Nitric oxide (NO), 112–113, 404
Nitrosohemoglobins, 924
Nitrosoureas

cancer, 1407, 1411–1412
MM, 2056

Nizatidine, pseudolymphoma and, 1962
NK cells. See Natural killer (NK) cells
NK-1 receptor antagonists. See Neurokinin 1 

(NK-1) receptor antagonists
NKT cells. See Natural killer T (NKT) cells
NLPHL. See Nodular lymphocyte predominant 

Hodgkin lymphoma
NO. See Nitric oxide
Nodal peripheral T cell lymphoma, 1855. See 

also Peripheral T-cell lymphomas
Nodular lymphocyte predominant Hodgkin 

lymphoma (NLPHL), 1783,  
1796–1797, 1796f, 1797f, 1986–1987, 
2001–2002, 2006, 2009

Nodular sclerosis (NS) Hodgkin lymphoma 
(NSHL), 1783, 1794–1795, 1795f, 
1985–1986, 1986f, 1987f

AML, 1581, 1602–1603
cancer, 1414
CLL, 191ft, 1901, 1910, 1913–1915, 1913t, 

1913f, 1914t
HCL, 1939–1943, 1941f–1943f, 1945–1948
HIV, 1359
mechanism of action, 1943f
metabolism, 1942f
NHL, 1848, 1861
structure, 1941f

Nucleosides, adenine, 1415–1416
Nucleotide enzymopathies, 737t
Nucleotide metabolism, 394–395
Nurse cells (NCs), 234, 234f

Oblimersen sodium, 2135
Obstetric disorders, DIC and, 1199
Occlusion. See Vaso-occlusion
Ocular complications in long-term HSCT 

 survivors, 2228
Ocular GVHD, 2228
Ofatumumab

cancer, 1417–1418, 1475
CLL, 1919

OI. See Osteogenesis imperfecta
Ok blood group system, 528
Olanzapine, 1454
Omenn syndrome, 261–262
Ommaya reservoir therapy, NHL, 1868
Oncogenes

ALL, 1562
HCL, 1930–1931

Ophthalmologic system, anemia and, 589
Opioid treatment, adverse effects of,  

1458–1459, 1458t
Optical FC technology, 2, 2f
Organ damage

chronic, sickle cell anemia and, 839–846, 
839f

sickle cell anemia, 852
Organ dysfunction, HCL and, 1934
Organelles, platelet, 391–393
Organomegaly, 2142
Ornithin transcarbamylase, gene therapy 

trial, 1518
Oropharyngeal infections, 1436–1437
Osmotic fragility, HS and, 714–715, 715f
Osmotic fragility test, hemolysis differential 

diagnosis and, 610, 613f
Osteoclast disorders, 224
Osteoclasts, 217–219

morphology, differentiation, and function, 
217–219, 218f

Osteogenesis imperfecta (OI), 1112
Osteonecrosis, 1634

avascular, 2227–2228
Osteoporosis, b-thalassemia and, 877–878
Osteosclerotic myeloma. See POEMS syn-

drome
Oxaliplatin

cancer, 1422–1423
DI-IHA, 762
NHL, 1861
and thrombocytopenia, 1094

Oxidant drugs/chemicals, hemolysis induced 
by, 814, 815f

Oxygen
antimicrobial systems dependent on,  

153–154, 154t, 154f, 155f
antimicrobial systems independent of, 156
bacterial killing dependent on, 

 MPO-mediated, 153–154
singlet, bacterial killing and, 156

Oxygen affinity. See Hemoglobin oxygen 
 affinity

Oxygen carriers, artificial, 556
Oxygen metabolites, effects of, 157
Oxygen reduction, enzymes reacting with 

products of, 114–115, 114f

Non-Hodgkin lymphomas (NHLs), 1801. See 
also specific lymphomas

in adults, 1827–1870
AIDS and, 1835
autoimmune/immunologic disorders in, 

1835–1837
chemotherapy, 1859–1860, 1859f, 1860f
clinical features at presentation of, 

1837–1839
clinical scoring systems, 1841–1842
environmental factors, 1834–1835
epidemiology of, 1827–1835, 1828t, 

1828f, 1829f, 1830t
functional imaging of, 1844
histologic type and, 1841
historical perspective of, 1827, 1828f
immunophenotypic and molecular 

 markers in, 1842–1843, 1843t
infectious agents in, 1829–1831, 1830t, 

1831f, 1832f, 1833–1834, 1833f
long-term sequelae in, 1870
novel agents, 1862–1863
organ transplants and, 1835
prelymphomatous conditions,  

1835–1837, 1835t
prognostic factors, 1841–1844, 1841t, 

1841f
salvage chemotherapy, 1861
staging, 1839–1840, 1839t–1840t
therapeutic principles in, 1844–1845, 

1845t
treatment-associated parameters in, 

1844, 1845t
classification, 1770–1793
elderly, 1869–1870
leukemic phase of, 1905
lymphoblastic lymphomas and, 1874–1875, 

1875t, 1875f
molecular genetic aspects of, 1801–1824
pediatric, 1873–1885

classification of, 1874–1879, 1874t
clinical features, 1877t, 1879–1880, 

1880f
epidemiology of, 1873
long-term sequelae in, 1884–1885
management of, 1881–1884, 1882t
pathologic specimen evaluation for, 

1873–1874
relapse in, 1884
therapy, 1881–1884, 1882t

pregnancy and, 1870
relative incidence of different types of, 

1802f
stages, 1880f, 1881
transplantation, 1367

HSCT, 1868–1869, 1869f
Nonsteroidal anti-inflammatory drugs 

(NSAIDs), 1139. See also specific 
NSAIDs

Normoblasts, iron metabolism within, 623
Normocytic anemia, 603–605, 604f

classification, 605t
Normovolemic hemodilution, 555
Notch, commitment of, 281
NOTCH mutations

CLL, 1909–1910
T-ALL, 1539

NOTCH receptors, 1895
NOTCH signaling, 490
NPC. See Nasopharyngeal carcinoma
NPD. See Niemann-Pick disease
NSAIDs. See Nonsteroidal anti-inflammatory 

drugs
NSHL. See Nodular sclerosis (NS) Hodgkin 

lymphoma
Nuclear pore proteins, translocations/muta-

tions involving, 1535
Nucleic acids, extraction of, 58–60
Nucleophosmin, 1535
Nucleoside analogs
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Oxygen transport
erythrocytosis and, 1032–1033, 1033f
hemoglobin, 110

Oxygen-binding, M hemoglobins and, 920
Oxymetholone, DBA, 986

P blood group system, 520, 522t
antibodies, 520
antigens, 520
genes, 520

P2 receptors, 401–402, 402f, 417
P2X1 receptor, 418
P2Y12 antagonists, platelet dysfunction, 1139
P5’N. See Pyrimidine 5’ nucleotidase
PAD. See Preoperative autologous donation
PAF. See Platelet-activating factor
PAF (platelet-activating factor), 

 eosinophil-generated, 168
Pain. See Cancer pain
Pallor, anemia and, 589
PALS. See Periarteriolar lymphatic sheath
Pamidronate, myeloma bone disease, 2091
Pancreatic disease, 2231
Papilledema, 2142
Papular-purpuric gloves and socks syndrome, 

1114f, 1115
PAR-1, 400, 401, 401f, 416
Paraaminosalicylic acid, cobalamin 

 malabsorption and, 945
Paralogous region, MHC genes from, 319
Paraproteinemias, 1140. See also Monoclonal 

gammopathies
Parasitic infection

eosinophil effector role in, 178
helminth studies and, 178
helminthiases, 178

Paris-Trousseau syndrome (PTS), 1135–1136
Parovirus B19, 1442
Parovirus-induced PRCA, 976, 981
Paroxysmal cold hemoglobinuria (PCH), 

755–756
antibody characteristics, 755–756
clinical manifestations, 756
laboratory features, 756
management, 756

Paroxysmal nocturnal hemoglobinuria (PNH), 
367, 785–807

anemia of, managing, 801, 801f, 802t
aplastic anemia and, 794
clinical manifestations, 795–797

dysphagia, 796
hemoglobinuria, 795, 795t
hemolysis, episodic, 796
infections, 796–797
marrow hypoplasia, 796
renal abnormalities, 796
thromboembolic complications, 796

definition, 785
differential diagnosis, 799–800
disease course/prognosis, 806–807
dysphagia and, 806
erythrocyte membrane protein deficiencies 

and, 788–789
etiology, 785–795
geographic/ethnic differences in, 806
HSC, 795
immunopathology of, 367
impotence and, 796, 806
laboratory findings, 797–799

blood, 39f, 797
bone marrow, 797
cytogenetic studies, 797
diagnostic tests, 797–799, 798f
flow cytometry, 38
plasma, 797
urine, 797

leukocytes, 794–795
lysis, complement-mediated and sensitivity 

of, 785–787, 788f

molecular basis of, 789–791
pathogenesis, 785–795

two-step model of, 793–794
pathophysiology, 791–793
pediatric, 806
physical examination, 797
PIGA mutant stem cells in, 792–795
platelets, 794–795
pregnancy and, 806
protein deficiencies in, basis of, 789, 790t
thrombosis and, 805–806, 805t
treatment, 800, 801–806

clinical classification and, 800–801, 
800t, 801f

reasons for eculizumab failure, 802–803
Paroxysmal nocturnal hemoglobinuria (PNH) 

phenotypes, 785, 786t, 786f
Partial thromboplastin time (PTT), 1048–1049
PAS. See Periodic acid-Schiff
Pathogen reduction technology (PRT),  

582, 582t
Pattern recognition receptors (PRRs),  

201, 201t
PAX5 gene, 1536
PCH. See Paroxysmal cold hemoglobinuria
PCLI. See Plasma cell labeling index
PCNSL. See Primary CNS lymphoma
PCR. See Polymerase chain reaction
PCs. See Plasma cell(s)
PCT. See Porphyria cutanea tarda
PDGFRA rearrangement, myeloid neoplasms 

with, 1698, 1698f
PDGFRB rearrangement, myeloid neoplasms 

with, 1699, 1699f
PE. See Pulmonary embolism
Pearson Marrow-pancreas syndrome, 652
PEL. See Primary effusion lymphoma
Pelger-Huët anomaly, 134, 1290, 1290t

pseudo-or acquired, 1290–1291, 1291f
Pen polymorphism, 535
Penicillin

DI-IHA, 760, 761
rat bite fever, 1115–1116

Pentasaccharides, antithrombotic therapy, 
1238

Pentostatin
cancer, 1416
DI-IHA, 760

Peptide loading
editing of, 317
MHC class II molecule, 324, 324f

Peptides
antigenic, MHC class II molecules and 

 generation of, 323
MHC interaction with, coreceptors in, 288
MHC-peptide complex, 286–288
transport, 321–322, 321f

Perforin, 299
target cell lysis and, 300–301, 302f

Periarteriolar lymphatic sheath (PALS), 
243–244

Perifosine, 2135
Periodic acid-Schiff (PAS), 15
Periodontitis, localized juvenile, 1299
Peripheral T-cell lymphomas (PTCLs),  

1787–1792, 1852–1857, 1853t, 1855, 
1965, 1978

HSCT, 2201–2202, 2202t
not otherwise specified (NOS), 1788–1789

molecular genetics, 1821, 1822
molecular testing, 1822

prognosis, 1841, 1841f
salvage chemotherapy, 1861

Peripheral tolerance, 746
Perivascular tissue, bleeding disorders of, 

1111–1113
Peroxidase, negative staining for, 1294
Peroxisomes, 393
Perphenazine, pseudolymphoma and, 1962
Petechiae, acute febrile illness with, 1115

PFK deficiency. See Phosphofructokinase 
(PFK) deficiency

6PGD. See 6-Phosphogluconate 
 dehydrogenase deficiency

pGE. See Promiscuous gene expression
PGK kinase deficiency. See Phosphoglycerate 

(PGK) kinase deficiency
p-glycoprotein, 1401
Ph+ ALL. See Philadelphia 

 chromosome-positive (Ph+) ALL
Phagocyte(s), 1344, 1467–1468
Phagocyte receptors for apoptotic cell 

 phagocytosis, 206f
Phagocytic disorders, 1344–1345

clinical presentation, 1344
diagnosis, 1345
diagnostic approach to malignant and 

 nonmalignant, 1259–1277
blood examination, 1263–1267
bone marrow examination, 1267–1268, 

1267t
fever of unknown origin, 1272–1275
infections, recurrent, 1275–1277
lymph nodes and tissues examination, 

1268–1272
spleen examination, 1272

treatment, 1345
Phagocytic leukocytes, disorders of, 1290–1294
Phagocytosis, 152–153, 152f, 205–207

neutrophil, 147, 147f
Phagocytosis pathways, 205, 205f
Phenylephrine, priapism, 836
Phenylhydroxylamine, methemoglobinemia, 921
Phenytoin, pseudolymphoma, 1962
Philadelphia chromosome-positive (Ph+) ALL, 

1570–1572, 1628, 2195–2196
Phlebotomy therapy

hemochromatosis, 679–680, 679t
PV, 1729–1730
schedule, 679–680

Phosphatidylinositol-3 kinase (PI3K), 1707
Phosphofructokinase (PFK) deficiency, 

 glycolysis and, 740
6-Phosphogluconate dehydrogenase 

 deficiency (6PGD), 735
Phosphoglycerate (PGK) kinase deficiency, 

 glycolysis and, 741–742
Phosphoinositide metabolism, TCR signaling 

and, 294
Phosphoinositides, generation of, 269
Phospholipids, negative staining for, 1294
Phosphorus, radioactive, 1731
Photochemotherapy, 1976–1977
Phototherapy, newborn treatment with, 780
PI3K. See Phosphatidylinositol-3 kinase
PIA polymorphism, 533–534
Pica, iron deficiency and, 634
PIDs. See Primary immunodeficiency diseases
Piecemeal degranulation, 182–183
PIGA mutant stem cells, PNH, 792–795
Pipobroman, PV, 1731
Pituitary dysfunction, HSCT and, 2229
PJP. See Pneumocystis jirovecii pneumonia
PKC inhibition. See Protein kinase C (PKC) 

inhibition
Plasma

coagulation disorder treatment and,  
1172, 1174

coagulation factor concentrates, 554
cryoprecipitate-reduced, 553
intramuscular immunoglobulins, 554
liquid, 553
solvent/detergent-tested, 553–554
thawed, 553
viscosity, 17

Plasma cell(s) (PCs), 229–230, 230f, 339–342, 
340f

absence of normal, 2039
B-cells and, 272–275
bone marrow, 2036
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Plasma cell(s) (PCs) (Continued )
characteristics, 272–274, 273f, 274f
circulating, 2038

increased, 1265
differentiation, 339–341
electron microscopy, 229–230, 230f
germinal center, 339–341
monoclonal plasma cell disorder, 2143
proliferation rate, 2039, 2087
SMM and, 2038, 2039

Plasma cell development, normal and 
 malignant, 2022, 2023f

Plasma cell disorders
diagnostic criteria, 2030t
molecular genetics, 2022–2028

Plasma cell labeling index (PCLI), 2087
Plasma cell leukemia, 2090
Plasma cell myeloma, 2051

flow cytometry findings important for 
 diagnosis of, 35

immunophenotyping, 35
Plasma constituents, therapeutic absorption 

of, 584
Plasma derivatives, commercial, 553–554
Plasma exchange. See also Plasma therapy

HUS, 1092–1093
theoretical efficiency, 583, 583t
therapeutic, 583

indications for, 583, 583t
technical considerations for, 583

TTP, 1085, 1086
Waldenström macroglobulinemia, 2136

Plasma fibrinogen, 1049–1050
Plasma markers and CLL prognosis, 1910
Plasma membrane, 127, 389
Plasma membrane antigen markers, sensors, 

and regulators, 202–203
Plasma membrane pattern recognition 

 receptors (PRRs), 201t
Plasma membrane receptors, macrophage, 

199f, 200f
Plasma membrane remodeling, 206f
Plasma membranous systems, 389–390
Plasma prekallikrein, 432–435

activation, 434, 434f–435f
biochemistry, 433, 434f–435f
blood coagulation and, 432–435
function, 434
gene structure/expression of, 433
regulation, 434–435

Plasma therapy. See also Plasma exchange
HUS, 1092–1093
TTP, 1085–1086

Plasma total homocysteine, 940–941, 941t
Plasma TPO levels, regulation of, 380, 380f
Plasma transfusion, 552–554

efficacy, 569–570
plasma components for transfusion,  

552–554, 569
Plasma transport, iron and, 621–622
Plasmablastic lymphoma, 1367
Plasmacytoma, solitary

MM and, 2094–2095
Plasmapheresis. See Plasma exchange
Plasminogen, 481–483

biochemistry, 482, 484f
function, 482–483
gene structure/expression of, 482
molecular forms, 485f

Plasminogen activator inhibitor-1 deficiency, 
1170–1171

Plasminogen activator inhibitor-1 levels, 
increased, 1229–1230

Plasminogen activator inhibitor-2, 492–493
Plasminogen activator receptor, 

 urokinase-type
fibrinolysis regulated by, 494–495

Plasminogen activator receptors
fibrinolysis regulated by, 494–495
tissue-type, 495

Platelet adhesion events and soluble agonist 
stimulation in thrombus growth, 403, 
419–420

receptor downregulation and 
 desensitization, 404

Platelet ADP (purinergic) receptors and 
 signaling, 401–403

Platelet aggregation, 405–406, 421–424,  
1131

ristocetin-induced, vWD and, 1157
Platelet analysis, 6, 39–40
Platelet antibodies, 1062–1063
Platelet antigens, 509–545

nomenclature, 531
Platelet count

abnormal, 1263–1264
whole blood, 1130

Platelet cytoskeletal proteins, 392t
Platelet cytoskeleton, 390, 391f
Platelet destruction

miscellaneous forms of nonimmunologic, 
1094

thrombocytopenia and accelerated, 1058
thrombocytopenia and immunologic, 

1061–1075
Platelet disorders. See also Platelet function 

disorders
familial, AML and, 1099
qualitative, confirmatory tests for, 1052
treatment options, 1131–1132

Platelet distribution and survival kinetics, 
395–396, 1063–1064

Platelet donors, selecting, 569
Platelet dysfunction

bedside exam/patient history and,  
1128–1130

diagnosis/classification of, 1128–1132, 
1130f

drug-induced, 1138–1139, 1138t
laboratory assessment of, 1130–1131

Platelet energy metabolism, 394, 394f
Platelet enumeration, 1047
Platelet forms of plasma proteins, 396
Platelet function

cytoskeleton and, 406–407, 424–425
extension phase of, defects in,  

1133–1136
FC, 1131
hemostasis and, 389–408
hereditary defects of, 1137–1138
initiation phase of, variation in, 1133
normal, 1128, 1128f, 1129f
qualitative disorders of, 1128–1141
thrombosis and, 389–408

Platelet function analyzer-100, 1131
Platelet function assays, 1047–1048
Platelet function disorders. See also Platelet 

disorders
acquired, 1138–1141
consolidation phase, 1136–1137
hereditary, 1132–1138
initiation phase, 1132

Platelet glycoprotein polymorphisms, 531
Platelet granular constituents secreted with 

activation, 391–392, 393t
Platelet granules, 391–393

secretion of, 391
Platelet kinetics, PV and, 1725
Platelet membrane systems, 389–390
Platelet metabolism, 393–395

nucleotide, 395
Platelet microparticles, 395–396
Platelet organelles, 391–393
Platelet production, thrombocytopenia and, 

1058, 1100–1103
Platelet receptors, 400–403, 414,  

417–419, 418f
Platelet refractoriness, 567–569

immune causes of, 567–568, 567t
nonimmune causes of, 568

Plasminogen activators, 483–488
antithrombotic therapy, 1247
biochemistry of, 491–492
extrinsic, 484–487

activation of, 487
biochemistry of, 485–486, 486f
function of, 480
gene structure/expression in, 484–485, 

486f
regulation of, 486–487

factor VII-activating protease, 480
fibrinolytic system inhibited by, 491–492
function of, 492
gene structure/expression of, 491
intrinsic, 483–484
tissue, 484–487
urokinase, 487–488

Plasminogen deficiency, 1229
Platelet(s), 1, 65, 371. See also 

 Quebec-platelet syndrome
abnormal vascular surfaces damaging, 

1094
adenine nucleotide content/release,  

1131
administration of, 565
ADP and, 394–395, 417, 418f
alloantigens specific to, 531–533

clinically significant, 533–535
alloimmunization, 567–569
apheresis, 551–552
arachidonic acid generation and, 395
assays, 1131
in atherogenesis, 408, 426–427
in atherothrombosis, 408, 426, 427
ATP generation and, 394
biochemistry, 393–395
bleeding time, 1130–1131
coagulation system, 396–397, 397t
composition, 393
dense bodies, 392
dosage of, and expected response, 565
electron microscopy, 389, 390f
endothelium and, 407, 425
fibrinolysis regulation and, 495
frozen, 552
global coagulation tests, 1130
heterogeneity, 395
intermediate filaments, 390–391
iron deficiency and, 636
ITP and, 1062–1064, 1063f
labeling, 395
life span, 396
lipid composition/metabolism and, 395
lysosomes, 392–393
membrane receptors, inherited disorders 

of, 1136
metabolism, 393–395

energy metabolism and generation of 
ATP, 394

microtubules, 391
PNH, 794–795
pooling, thrombocytopenia and, 1102
PV, 1725
sickle cell anemia, 849
signal transduction pathways, inherited 

defects in, 1136
storage, 552

additive solutions for, 552
frozen, 552
functional integrity and, 552

storage pool, diseases of, 1133, 1134
systemic disorders and, 408
WBCs and, 407–408, 425–426

Platelet abnormalities, 1220
Platelet activation, 397–405, 411–421

physiologic inhibition of, 403–404,  
420–421

soluble agonist, 403, 419
Platelet adhesion, 397–405, 411–421

physiologic inhibition of, 400, 415
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Platelet secretion, 404–405, 421. See also 
Platelet granular constituents secreted 
with activation; Platelet granules

defects in, 1133
Platelet structure, 389–397

hemostasis and, 389–408
structural and functional anatomy of, 

389–393
thrombosis and, 389–408
ultrastructure, 391f

Platelet surface, 389
Platelet thrombin (protease-activated) 

 receptors and signaling, 400–401, 
416, 417f

Platelet transfusion, 551–554, 565–569
administration of platelets, 565
dosage and expected response, 565
indications for, 565–567
platelet concentrate preparation for, 551
prophylactic, 566–567
purpura following, 1075, 1075t
therapeutic, 567
thrombocytopenia and, 569

Platelet transfusion refractoriness, 539
Platelet volume measurements, 1047
Platelet-activating factor (PAF), 

 eosinophil-generated, 168
Platelet-associated coagulation factors,  

396, 397t
Platelet-cell interactions, 407–408, 425–426
Platelet-collagen interaction and signaling, 

399–400, 400f, 413–415, 414f
Platelet-type (pseudo) vWD, 1160–1161
Platinum analogs, 1422–1423, 1422f
Plekstrin, 420
Pluripotential stem cells, 251
PMBL/PMBCL. See Primary mediastinal  

(thymic) large B-cell lymphoma
PMF. See Primary myelofibrosis
PML (promyelocytic leukemia). See Acute 

 promyelocytic leukemia
PML-RARA. See Retinoic acid receptor-a
PMNs. See Polymorphonuclear neutrophils
Pneumococcal infection, prophylaxis against, 

1445, 1447
Pneumocystis jirovecii pneumonia (PJP), 1439
Pneumonia

fungal, 1437–1438
hospital-acquired, 1439–1440
viral, 1439

PNH. See Paroxysmal nocturnal 
 hemoglobinuria

PNP deficiency. See Purine nucleoside 
 phosphorylase (PNP) deficiency

POEMS syndrome, 2090, 2141
clinical presentation, 2141–2144, 2143f
diagnosis, 2141, 2141t
etiology, 2141
treatment, 2144, 2144f, 2145t

management with disseminated bone 
marrow involvement, 2144–2146

management without disseminated bone 
marrow involvement, 2144

managing symptoms, 2146
monitoring response, 2146

Poikilocytosis, 9
Polyclonal activation, B-cell, 272
Polycythemia

absolute, 1037–1041
erythrocytosis and, 1032–1041
familial, 1037, 1039–1041
idiopathic, 1041
primary, 1037
relative, 1036–1037
secondary, 1037–1038, 1040, 1040t
treatment, 1033–1034

Polycythemia vera (PV), 1037, 1691–1693, 
1692f, 1693f, 1722–1732

chemotherapy, 1731–1732
clinical features, 1723–1724, 1723t

cardiovascular system and, 1723–1724
gastrointestinal system and, 1724
genitourinary system and, 1724
neuromuscular system and, 1724
respiratory system and, 1724
skin and mucous membrane, 1723, 

1723f
splenomegaly and, 1724

definition/history, 1722
diagnosis, 1691t, 1728, 1729t, 1730t
epidemiology, 1722–1723, 1722f
hematologic findings, 1724–1726
hematopoietic growth factor signal 

 transduction, 1727–1728
hematopoietic progenitor studies, 1727
laboratory findings, 1724–1727

bone marrow, 1726–1727, 1726f
cytogenetics, 1727, 1727t

myelofibrosis and, 1734, 1736, 1737t
natural history, 1728–1729
pathogenesis, 1727–1728

clonality and, 1727
JAK2 V617 and, 1728

treatment, 1729–1732
phlebotomy, 1729–1730
special topics of, 1732
surgery, 1732

Polyendocrinopathy, 1353–1354
Polymerase chain reaction (PCR), 58, 59,  

60f, 1805
reverse transcription, 1711–1722
T-cell, 285
using PCR to detect B- and T-cell clonality, 

62–63, 63f
Polymerization, 478–480

sickling and, 824
Polymorphisms. See also specific 

 polymorphisms
collagen receptor, 1133
gene, AML, 1598
platelet, cardiovascular disease and, 

539–540
Polymorphonuclear neutrophils (PMNs), 131, 

133f, 134
Polyradiculoneuropathy, 2141
Polysaccharide products, 1238, 1239t
Pomalidomide

amyloidosis, primary, 2117
MM, 2057, 2078

Porphobilinogen, biosynthesis, 91–92
Porphyria(s), 683–704. See also specific 

 porphyrias
acute or inducible, with neurologic and 

cutaneous manifestations, 693–702
anemia, sideroblastic and, 658
biosynthesis pathway, 682, 682f
classification, 682, 683t
congenital erythropoietic, 658
with cutaneous sensitivity, 683–693
dual, 702–703

enzyme defects in, 702, 702f
genetic and metabolic features, 683t
hepatoerythropoietic, 658

Porphyria cutanea tarda (PCT), 686–689
animal models of, 689
clinical description, 687, 687f
hemochromatosis and, 676
hepatocellular carcinoma and, 689
laboratory findings, 687–688
molecular basis and pathogenesis of, 686
toxic, 687–688
treatment, 687

Postpartum period, anemias during,  
1012–1017

Postperfusion syndrome, 821
Post-transplant lymphoproliferative disease 

(PTLD), 1337–1338
PRCA. See Pure red cell aplasia
PRED. See Prednisone
Prednisone (PRED)

AIHA, 760
ALL, 1568

pediatric, 1623–1624
amyloidosis, primary, 2116
CLL, 1912
coagulation factor deficiency, 1215
DBA, 986
GVHD

acute, 2171
chronic, 2171–2172

HL, 1997
immunotherapy, 1474
ITP, 1068
LCH, 1314
mastocytosis, systemic, 1767
NHL, pediatric, 1881–1884
PRCA, 979, 980
renal failure, 2093

Pregnancy
AML in, 1608–1609
anemias during, 1012–1017

aplastic, 966–967
hemolytic, 1015–1016, 1015t
physiologic, 1012–1013, 1012t
sickle cell, 846, 852

bone marrow failure syndromes associated 
with, 1016

folate deficiency during, 1013–1014
HL and, 2001
HUS associated with, 1016
iron deficiency during, 631, 631t, 1013
iron overload and, 887
ITP in, 1071–1072
NHL in, 1870
nutrient deficiency during, 1013–1014
PNH and, 806
PRCA associated with, 978
sickle cell anemia and, 846

treatment, 852
TTP in, 1016, 1086

Prekallikrein deficiency, 1169
Preleukemia, 1638. See also Myelodysplastic 

syndromes
Prematurity, anemia of, 1027
Prenatal diagnosis

of sickle cell anemia, 850
of thalassemias and, 902, 903f

Preoperative autologous donation (PAD), 555
Preservation solutions, RBC, 550
Prethrombotic state, laboratory testing for, 1232
Priapism, sickle cell anemia and, 836–837
Primary CNS lymphoma (PCNSL), 1366, 

1783–1784, 1830, 1835, 1838,  
1838f, 1868

Primary cutaneous anaplastic large cell 
 lymphoma, 1791, 1953

Primary diffuse large B-cell lymphoma of the 
central nervous system, 1783–1784

Primary effusion lymphoma (PEL), 1366–1367
Primary immunodeficiency diseases (PIDs), 

1342–1356
basic laboratory work-up for, 1356, 1356t
flow cytometry and, 40, 42, 42t

Primary mediastinal (thymic) large B-cell 
lymphoma (PMBL/PMBCL), 1783, 
1876–1877

Primary myelofibrosis (PMF), 1734. See also 
Myelofibrosis

blast-phase, 1743
thrombosis and, 1743

Primary splenic CLL, 1938
Procainamide, autoimmune thrombocytopenic 

purpura secondary to, 1072
Procarbazine

cancer, 1407, 1411–1412
HL, 1997

Profibrotic pathways, 2213
Progenitor B cells, 38

to immunoglobulin B cell, 253–255, 254f
stem cell to, 251–252
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Progenitor cells
CMML and, 37
flow cytometric definitions, 69t
gene transfer and, 1500–1512

Proliferation inducing ligand. See APRIL
Prolymphocytic leukemia (PLL), 1813, 1897, 

1899, 1903, 1925
B-cell, 1904–1905, 1938
T-cell, 34, 1824, 1857–1858, 1905

Promiscuous gene expression (pGE), 285
Promonocytes, ultrastructure of, 195f
Promyelocyte(s), 131, 132f
Promyelocytic leukemia (PML). See Acute 

 promyelocytic leukemia
Properdin, complement and, 359
Proplatelet formation in mature 

 megakaryocytes, 375, 376f
Prostaglandins, inhibitory, 404, 420
Protease domain

serine, vitamin K-dependent procoagulant 
protein, 447

serum, C1 and, 356
Protease inhibitors

abnormalities of, 1170–1171
platelets and, 396

Proteases, factor VII-activating, 480
Proteasome, 319–320, 320f

activation, 320
peptidase activities of, 321

Proteasome inhibitors, MM, 2065–2067, 
2079, 2079t

Protein 4.1R defects, 719–720
Protein 4.2 deficiency, 710–711
Protein C

activation, 464
anticoagulation and, 463–464
biochemistry, 463–464
function, 464
gene structure/expression of, 463
regulation, 464

Protein C deficiency, 1223–1225
acquired, 1225
clinical aspects, 1224
laboratory diagnosis, 1224
pathophysiology/genetics, 1224
treatment, 1224–1225

Protein C inhibitor
anticoagulation, 473
biochemistry of, 472–473
function of, 473
gene structure/expression of, 472

Protein C resistance, activated, 1225–1227
clinical aspects of, 1226
laboratory diagnosis, 1226–1227
pathophysiology/genetics, 1226
treatment, 1227

Protein concentrates, commercial, 552–554
Protein electrophoresis, 2015–2016, 

2015f–2017f
Protein kinase, DNA-dependent, 258
Protein kinase C (PKC) inhibition, plekstrin 

and, 420
Protein S

anticoagulation and, 464–466
biochemistry, 465
function, 465
gene structure/expression of, 465
MAC assembly and, 365–366
regulation, 465

Protein S deficiency, 1225
clinical aspects, 1225
laboratory diagnosis, 1225
pathophysiology/genetics, 1225
treatment, 1225

Protein Z
biochemistry, 465
function, 465
gene structure/expression of, 465

Protein Z deficiency, 1225
a

1-Proteinase inhibitor (a1-antitrypsin), 472, 
1171

nonthymic solid tumors and, 977
pathogenesis, 975
primary, 975
refractory, 981
thymoma and, 977, 981
treatment, 979–981, 980t
viral infections and, 976, 978

Purine antimetabolites, cancer, 1414–1415
Purine metabolism, 742f

abnormalities, 742–744
Purine nucleoside analogues, 2131–2134, 

2138t
combination, 2133

Purine nucleoside phosphorylase (PNP) 
 deficiency, 1352

Purpura. See also Papular-purpuric gloves 
and socks syndrome; specific 
 purpuras

autoimmune thrombocytopenic, 1072–1074
drugs and secondary, 1072–1073, 1073t

factitious, 1119
infection-associated, 1115–1116
mechanical, 1106
posttransfusion, 537–538, 1075, 1075t
psychogenic, 1119
skin disease-associated, 1118–1119

drug reactions with, 1119, 1119f
solar, 1112–1113, 1113f
vascular obstruction-associated,  

1116–1118, 1117t
Purpura fulminans, 1199
PV. See Polycythemia vera
Pyrazinamide, sideroblastic anemia and, 

655–656
Pyridoxine, sideroblastic anemia

acquired clonal, 654
congenital, 651

Pyridoxine and sideroblastic anemia, 644, 
654, 655

Pyrimethamine, PV, 1731
Pyrimidine 5’ nucleotidase (P5’N), 743
Pyrimidine analogs, cancer, 1413–1414
Pyrimidine nucleotide metabolism, 742f

abnormalities, 742–744
Pyruvate kinase deficiency, 737–739

biochemical genetics, 738
clinical features, 738–739
diagnosis, 739
geographic distribution of, 737–738
pathophysiology, 738
treatment, 739

qPCR. See Quantitative PCR
Quantitative PCR (qPCR), 59
Quebec-platelet syndrome, 1134–1135
Quinidine, autoimmune thrombocytopenic 

purpura secondary to, 1072
Quinine, autoimmune thrombocytopenic 

 purpura secondary to, 1072

Race. See Ethnicity/race
Radial-ulnar synostosis syndrome, 1100
Radiation exposure

and acquired aplastic anemia, 966
and MM, 2047

Radiation sensitive disorders, 1354–1355
Radioimmunotherapy (RIT), 1477–1478, 

1849, 1868, 2199
Radiotherapy (RT)

CLL, 1923
CTCL, 1975–1976
HCL, 1947
HCST and, 2180–2181
HL, 1991–1992, 1991f, 1992f, 1997–1998
MM, 2082
myelofibrosis, 1975–1976
SS, 1975–1976

RAG. See Recombination-activating genes
RAG-1 proteins, 258

biochemistry, 472
function, 472
gene structure/expression of, 472

Proteinase inhibitors, anticoagulation, 
466–469

Prothrombin. See Factor II
Prothrombin complex concentrates, 1175t, 

1176–1177
Prothrombin mutations, 1227

clinical aspects of, 1227
laboratory diagnosis, 1227
physiology/genetics, 1227
treatment, 1227

Prothrombin time (PT), 1049
Protoporphyria

EPP, 693
sideroblastic anemia in, 649

Protoporphyrin, 90
chemical structure, 90f

Protoporphyrin IX, biosynthesis of, 93
Protoporphyrinogen, biosynthesis, 92–93
Protozoal infections, thrombocytopenia and, 

1103
PRRs. See Pattern recognition receptors
PRT. See Pathogen reduction technology
Pruritus

HL and, 1989
mastocytosi and, 1760, 1766
mycosis fungoides and, 1954
PV treatment and, 1723, 1731, 1732

Pseudodimer, 288
Pseudoephedrine, priapism, 836
Pseudoneutropenia, 1279
Pseudopodium, 152
Pseudoxanthoma elasticum, 1112

thalassemia and, 909
Psoas, 1148
PT. See Prothrombin time
PTCLs. See Peripheral T-cell lymphomas
PTLD. See Post-transplant  lymphoproliferative 

disease
PTS. See Paris-Trousseau syndrome
PTT. See Partial thromboplastin time
Pulmonary abnormalities in POEMS 

 syndrome, 2144
Pulmonary complications, late, 2224

pathophysiology, 2224
prevalence, clinical presentation, and 

 diagnosis, 2224
Pulmonary disease, 1212

erythrocytosis and, 1039
Pulmonary embolism (PE), thrombolysis and, 

1251–1252
Pulmonary hypertension (PHT)

sickle cell disease and, 828, 842
thalassemia and, 885, 909
unstable hemoglobins and, 919

Pulmonary infiltrates
in immunocompromised host, differential 

diagnosis of, 1438t
in neutropenic patients, 1437–1439

with defects in cell-mediated immunity, 
1437

initial antimicrobial therapy, 1437
Pulmonary system. See also Lungs

anemia and, 589
iron overload and, 888
sickle cell anemia, 841–842

Pulse oximetry, 922–923
Pure red cell aplasia (PRCA), 1016

acquired, 975–981
autoimmune disorders and, 977
chemical/drug-induced, 978
classification, 976t
clinical presentation, 978
CLL and, 977
collagen vascular diseases and, 977
etiology of, 975
evaluation, 979
hematologic malignancies and, 977
laboratory evaluation, 978–979
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RAG-2 proteins, 258
Rai staging, CLL, 1907–1908
Ranitidine

autoimmune thrombocytopenic purpura 
secondary to, 1072

pseudolymphoma and, 1962
RANTES, 168

eosinophils and, 165, 166, 167f, 170
RAPH, 528
RAPH blood group system, 528
RARS. See Refractory anemia with ring 

 sideroblasts
RAS mutations, activating, 2026
Ras pathway

B-cell receptor signaling and, 269
TCR signaling and, 294

Rasburicase, 1463–1464, 1863, 1881
RAS/mitogen-activated protein kinase (MAPK) 

pathways, 1708
Rat bite fever, 1115–1116
RBC (red blood cell). See Erythrocytes/red 

blood cells; Red blood cell
RCA. See Red cell aplasia
RDW. See Red blood cells distribution width
a2b1 Receptor, 399, 414

integrin a2b1 antagonists, 423–424
signaling mechanisms, 421–424

aIIbb3 Receptor and its signaling, 405–406, 
406f

Receptor tyrosine kinase (RTK), 61
Recombinant erythropoietin-induced immune 

PRCA, 976–977
Recombination signal sequence (RSS),  

255, 256
Recombination-activating genes (RAG), 285
Red blood cell (RBC) alloimmunization, 

 management of, 778–780, 779f
Red blood cell (RBC) antibodies, testing for, 

561–562, 561t
Red blood cell (RBC) antigens, 509–530
Red blood cell (RBC) autoantibodies, 564
Red blood cell (RBC) count. See Blood cell 

counts
Red blood cell damage by abnormal vascular 

surfaces, 1094
Red blood cell (RBC) disorders. See also 

Anemia
hereditary, transfusion and, 560
sickle cell anemia, 848–849, 848f

Red blood cell (whole blood) folate, 940
Red blood cell (RBC) genotyping, 564
Red blood cell (RBC) group systems,  

510–512, 511t
ABO, 510–512, 521f, 522t
Chido/Rodgers, 526
Colton, 525
Cromer, 527
Diego, 523
Dombrock, 524–525
Duffy, 519
Gerbich, 527
Gill, 529–530
Globoside, 530
Hh, 510–512
I, 529
Indian, 528
John Milton Hagen, 528–529
Kell, 517–519
Kidd, 519
Knops, 527
Kx blood, 526
Landsteiner-Wiener, 525
Lewis, 521f, 522–523
Lutheran, 520–521
MNS, 520
Ok, 528
P, 522, 522t
Rh, 516–517, 516t
Scianna, 524
Xg, 524

Yt, 523–524
Red blood cell (RBC) indices, reproducibility 

of, 3t
Red blood cell (RBC) lysis, mechanism of 

immune-mediated, 748–749, 748t
Red blood cell (RBC) transfusion, 556–565

administration of blood, 565
agglutination and, 562
anemic states and, 559
antiglobulin test for, 562, 562f
blood grouping for, 560–561, 560t
compatibility testing process for, 560
crossmatch for, 563
donor, 562
elective surgery and, 559
exchange transfusion, 564
indications for, 557–558
neonatal, 564–565, 1028–1029

strategies for reducing, 1029, 1029t
nutritional deficiencies and, 559
pretransfusion testing, 560–562, 564
recipient, 562
selection of red cells, 562–564, 563t
in specific settings, 558–560
type/screen and, 563
uncrossmatched emergency, 563–564

Red blood cells (RBCs). See Erythrocytes/red 
blood cells; Erythroid cells

Red blood cells distribution width (RDW), 4–5
Red cell aplasia (RCA), 975–987. See also 

Pure red cell aplasia
Red pulp, splenic, 244–245, 1371
Reed Sternberg (RS) cells. See also Hodgkin 

and Reed Sternberg (HRS) cells
HL and, 1339, 1776, 1790, 1793–1798, 

1793f, 1794f, 1925, 1984–1986, 
1987f, 2005–2006

Refractory anemia with ring sideroblasts 
(RARS), 1702, 1702f

Relapse
ALL

isolated CNS, 1630
isolated extramedullary, 1630
isolated testicular, 1630
marrow, 1630
treatment after, 1629–1630

AML, therapy for, 1645
APL, 1666t

extramedullary, 1668–1670
management of, 1668–1670

CLL, 1920, 1922
MM, management of

alkylator-based regimens, 2075–2076
novel therapies, 2079–2081

NHL
adult, 1847–1850, 1854–1855,  

1858–1859, 1861–1863,  
1865–1866, 1868–1869

pediatric, 1884
Renal disease. See also Arthrogryposis-renal 

dysfunction-cholestasis syndrome; 
Chronic kidney disease; Kidney 
abnormalities

end-stage, 2231
erythrocytosis and, 1040
hemolysis caused by, 820–821

Renal failure
chronic, hemodialysis treatment of, 630
MM and, 2088, 2092–2093
PCT and, 687

Renal insufficiency
chronic, anemia of, 1003–1006

clinical description, 1003
laboratory findings, 1003–1004, 1003f
management/course, 1005–1006
pathogenesis, 1004–1005

MM and, 2051
Renal replacement therapy, anemia of renal 

insufficiency, 1006
Renal transplantation, 1093–1094, 2231

Respiratory burst
eosinophil, 168–169
superoxide produced by, 168–169

Respiratory syncytial virus (RSV), 1442
Respiratory system

amyloidosis, primary and, 2110
treatment, 2114

PV clinical features and, 1724
Reticulocyte counts, 5

anemia and, 591–592, 592t
Reticulocyte enumeration, 38
Reticulocyte formation, 88f
Reticulocytosis, 609

anemia and, 592
Reticulum, 237
Retinoic acid. See also All-trans retinoic acid

adverse effects, 1667–1668
Retinoic acid receptor-a (PML-RARA),  

1527–1528, 1528f
Retinoids

cancer, 1419
CTCL, 1974
myelofibrosis, 1974
SS, 1974

Retroviral vectors, 1496, 1498
Reverse hybridization, 60
Reverse transcription polymerase chain 

 reaction (RT-PCR), 1711–1722
Rh blood group system, 516–517, 516t

antibodies, 517
antibody screen, maternal, 771
antigens, 516–517
genes, 516
phenotypes, 516t, 517

weak D, 517
platelet donation and, 569
terminology, 516

Rh immune globulin, 775–778, 775f
administration, 776–777
dosage, 776–777
immunoprophylaxis guidelines,  

777–778, 777t
viral safety record of, 776

Rh immune globulin products, 776, 776t
Rh proteins, 104–105
Rh-Null disease, 724
Rho(D) immune globulin, 766, 767t
Richter transformation/Richter syndrome 

(RS), CLL and, 1925
Rickettsial diseases, 1115
Rifampin, autoimmune thrombocytopenic 

purpura secondary to, 1072
Ringed sideroblast, 15
Ristocetin cofactor activity, vWD and, 1157
Ristocetin-induced platelet aggregation 

induced, vWD and, 1157
RIT. See Radioimmunotherapy
Rituximab, 1474

AIHA, 759
antiphospholipid-antibody syndrome, 1212
cancer, 1417–1418
CLL, 1915–1919
cryoglobulinemia, 2154
factor VIII autoantibodies, 1206
NHL, 1487, 1849, 1868, 1870
PRCA, 980
Waldenström macroglobulinemia, 2132–2134

Rolling
eosinophil, 174
lymphocyte, 246–247

Romanowsky stains, 8–9
Romidepsin

cancer, 1416
CTCL, 1978
MM, 2080
PTCL, 1854

Rosai-Dorfman disease, 1321–1322, 1322f
Rouleaux, 9
RS. See Richter transformation/Richter 

 syndrome
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RS cells. See Reed Sternberg (RS) cells
RSS. See Recombination signal sequence
RSV. See Respiratory syncytial virus
RT. See Radiotherapy
R-T transition, M hemoglobins and, 920
RTK. See Receptor tyrosine kinase
RT-PCR. See Reverse transcription 

 polymerase chain reaction
Runner’s anemia, 630
RUNX1 (Runt-related transcription factor 1), 

378, 385–386
Russell bodies, 273–274
rVIIa, factor VIII autoantibodies, 1204–1205

SAA. See Aplastic anemia
Saccharomyces cerevisiae, 344
SAGE. See Serial analysis of gene expression
Salicylates, vitamin K deficiency bleeding, 

1186
Salvage therapy

blood donation
intraoperative, 555–556
postoperative, 555–556

chemotherapy
HL, 1998–2000, 1999t
NHL, 1861

Sanger sequencing. See Dideoxy chain 
 termination (Sanger) method

Sapacitabine, AML, 1602
Sarcoidosis, 225
Sarcolysin, MM, 2046
Sarcoma

DC, 1320, 1320f
interdigitating, 1319–1320, 1320f

follicular dendritic cell, 1318–1319, 1319f
granulocytic, 1648
histiocytic, 1320–1321, 1321f
LC, 1318, 1319f
myeloid, 1582

SB. See Southern blot
Scanning electron microscopy, lymphocyte, 

228, 229f
SCCS. See Surface-connected canalicular 

system
SCF. See Stem cell factor
Schistocytes, 9, 1083–1084. See also 

Erythrocytes/red blood cells (RBCs)
Schistosoma haematobium, 178
Schistosoma mansoni, 169, 178
Scianna blood group system, 524
SCID. See Severe combined immunodeficiency
SCL/TAL1 (stem cell leukemia/T-cell acute 

lymphoblastic leukemia gene 1), 377
SCN. See Severe congenital neutropenia
Scott syndrome, 1136
Scurvy, 1112, 1112f
SDGF. See Stromal-derived GF
SDS. See Shwachman-Diamond syndrome
Secretory synapse, 300, 301f
Selectins, neutrophil, 148
Selective immunoglobulin A (IgA) deficiency, 

1348
Sepsis, 1432–1433

clostridial, hemolysis induced by, 813
Septic shock, 1432–1433
Sequence motif, 315
Serial analysis of gene expression (SAGE), 

276
Serine protease inhibitor superfamily 

(SERPIN), 469–473
SERPIN. See Serine protease inhibitor 

 superfamily
Serrate, 281
Serum free-light chain (FLC), 2029, 2036
Serum sickness, 1115
Severe aplastic anemia (SAA). See Aplastic 

anemia
Severe combined immunodeficiency disease 

(SCID), 260, 261, 307, 1350–1353. 

hematologic crises, 837
infections, 837–838
painful crises in, 830–832
priapism, 836–837
vaso-occlusive events in, 830–832

CNS events in, 832–835, 833f
coagulation, 849
cognitive function, 840–841
diagnosis, 849–850, 849t

neonatal, 850
prenatal, 850

eyes and, 844, 844f
flow cytometry, 38
gastrointestinal system, 842–843
hepatobiliary system, 842–843
kidneys, 843–844
laboratory features, 38, 848–849
laboratory tests, 848–849
leg ulcers and, 845–846, 845f
organ damage, 852

chronic, 839–846, 839f
platelets, 849
pregnancy and, 846
prevention, 838–839
prognosis, 846–847
pulmonary system, 841–842
RBCs, 848–849, 848f
severity determinants in, 847–848
treatment, 850–856, 2184–2185

blood transfusion, 851–852
pregnancy and, 852
preventative measures in, 851
surgery, 852

WBCs, 849
Sickle cell crisis, 830
Sickle cell trait, 856–857
Sickling

molecular basis of, 823–825
hemoglobin S polymer and, 824
polymerization and, 824

RBC, 825
membrane alterations in, 825

vaso-occlusion and, pathogenesis of,  
828–830, 830f

Sickling kinetics, 824–825
Sickling syndromes, 823–859

cellular pathology of, 825–828, 827f
pathophysiology, 823–830

Sideroblastic anemias, 603, 643–660, 1016
acquired clonal, 653–655

etiology/pathogenesis, 653–654
laboratory findings, 654, 654f
treatment and prognosis, 654–655

animal models of, 652–653
characteristics, 643–644, 643f
as component of genetic syndrome, 

651–652
congenital, 647–653, 647t

clinical and laboratory features,  
649, 650f

treatment and prognosis, 649–651
genetic defects expressed in erythron and, 

648–651
historical aspects of, 644
inheritance patterns and pathogenesis of, 

648–649
porphyrias and, 658
in protoporphyria, 649
reversible, 655–657
X-linked, 648–649, 677

with ataxia, 651
Sideroblasts, refractory anemia with ringed, 

677
Signal transducers, transcription and,  

342–343, 1708
Signal transduction. See also Hematopoietic 

growth factor signal transduction
AML, 1585, 1587f
platelet, inherited disorders of, 1136
TCR, 289

See also X-linked severe combined 
immunodeficiency

gene therapy, 1500–1501, 1512
molecular causes, 2176, 2177t
molecular deficits associated with specific 

cellular phenotypes in, 1351t
treatment, 1353

Severe congenital neutropenia (SCN),  
1280–1282, 1344

Sexual dysfunction after HSCT, 2229
Sexual health, 2232–2233
Sézary syndrome (SS), 1905, 1951–1982

clinical description, 1951
clinical presentation, 1954–1956
diagnostic evaluation, 1956–1960

blood involvement and, 1959–1960, 
1959f

bone marrow involvement and, 1959
cutaneous features, 1956–1958, 1957f
flow cytometry findings important for 

diagnosis, 34
immunophenotype and, 1960
large cell transformation and, 1958, 

1958f
lymph node pathology and, 1959
tissue handling in, 1956

differential diagnosis and, 1960–1967
benign conditions in, 1960–1962

epidemiology, 1953–1954
extracutaneous, 1959
histopathology, 1951, 1956–1960
historical perspective on, 1951–1953
immunology, 1951–1952
molecular genetics, 1952–1953
prognosis, 1971
staging, 1967–1971, 1968t, 1969t

bone marrow and, 1970
lymph nodes and, 1970
peripheral blood and, 1970

therapy, 1971–1981, 1972f
chemotherapy, 1972–1973, 1977–1978
combined-modality, 1979–1980, 1979f
HSCT, 1981
immunotherapy, 1980–1981
interferon, 1974–1975
photochemotherapy, 1976–1977
phototherapy, 1973–1974
radiotherapy, 1975–1976
retinoids, 1974

Shiga toxin-associated HUS, 1087–1088
clinical presentation, 1087–1088
diagnosis, management, and progression, 

1087
etiology, 1087
laboratory findings, 1087
pathology, 1087
pathophysiology, 1087

SHM. See Somatic hypermutation
Shock. See Trauma
Shwachman-Diamond syndrome (SDS), 

961–962
clinical features, 961
laboratory findings, 961
pathophysiology, 961–962
supportive care, 962
treatment, 962

Sickle cell(s)
adhesion, 826–827
dehydration, 826
reversible/irreversible, 826
rheology, 826–827

Sickle cell anemia/sickle cell disease,  
823–824, 830–856

bones and joints, 840, 840f
cardiovascular system, 841
clinical features, 830–846

acute chest syndrome, 835–836, 835t
acute events in, 830–839
CNS events in, 832–835, 833f
hand-foot syndrome in, 831
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Signal transduction inhibitors, 1420–1421, 
2080

Signal transduction pathways in 
 megakaryocytes, 382–384

Sildenafil
platelet dysfunction, 1129
Waldenström macroglobulinemia, 2135

Silicone embolism syndrome, 1118
Sinus infections, 1436–1437
Sitosterolemia, 724
Skeletal abnormalities, congenital hemolytic 

anemia and, 607
Skeletal system, iron deficiency and, 634
Skin. See also Cutaneous T-cell lymphoma

anemia and, 589
bleeding into, 1044, 1044f
burns, hemolysis with, 817
cryoglobulinemia clinical presentation  

and, 2151
GVHD and, 2209
HCL and, 1934
lymphocyte homing to, 249
POEMS syndrome and, 2142
PV clinical features and, 1723, 1723f

Skin disease, purpura and associated,  
1118–1119

Skin infections, 1441–1442
Skin infiltration, leukemia, 1582, 1582f
Skin membranes, ITP and, 1064–1065
SLC. See Surrogate light chain
SLE. See Systemic lupus erythematosus
SLL. See Chronic lymphocytic leukemia (CLL)/

small lymphocytic lymphoma (SLL)
SLVL. See Splenic lymphoma with villous 

lymphocytes
SM. See Systemic mastocytosis
Small lymphocytic lymphoma (SLL). See 

Chronic lymphocytic leukemia (CLL)/
small lymphocytic lymphoma (SLL)

Small vessel disease, 819
Smears

blood
examination of, 9–10
preparation of, 7–8, 9f
routine staining of, 8–9
WBCs seen in, 10

bone marrow aspirate, 11, 11f
Smith–Magenis syndrome. See Chromosome 

17p loss
SMM. See Smoldering multiple myeloma
Smoldering multiple myeloma (SMM),  

2038–2039
clinical features, 2038
definition, 2038
epidemiology, 2038
management, 2039
pathophysiology, 2038
prognosis, 2038
prognostic factors, 2038–2039, 2039t

SMZL. See Splenic marginal zone B-cell 
 lymphoma

Snakebites, 1201
hemolysis induced by, 816

SNAP receptors (SNAREs), 166
SNAREs. See SNAP receptors
SOCSs. See Suppressors of cytokine signaling
Solid phase hybridization, 60
Somatic hypermutation (SHM), 258–259, 

336–338, 338f, 1806–1807
affinity maturation, 336
process of, 337

Southern blot (SB), 60, 61f, 1805
SPD. See Storage pool disease
Specimen collection, 1
Spectrin abnormalities, HE and, 713f, 

718–719
Spectrin deficiency, 709
Spherocytic elliptocytosis, 721
Spider bites, hemolysis induced by, 816
Spinal cord, myeloma and, 2092

Spinal cord compression, 1464–1465,  
1465f

Spleen, 243–245
accessory, 1370, 1370f
anatomy, 1369–1372

gross, 1369
microscopic, 1371

development, 1369–1372
entrapment, 712
examination of, phagocytic and immune 

system disorders and, 1272
filter function in, clearance of particulate 

matter and, 1373
HCL and, 1937
HS and role of, 712
immune response, 245, 1373–1374
innervation, 1370
iron metabolism, 1375
location and relationships of, 1369–1370, 

1369f
lymphatics, 1370
marginal zone, 244, 1371
microvasculature, 1371f, 1372
mononuclear phagocytes in, 213
red pulp, 244–245, 1371
structure of, 242f, 243–245, 243f
vascular supply, 1370
wandering, 1371
white pulp, 243–244, 1371

Spleen disorders, 1369–1382
Spleen injury, 1379t, 1380f

splenectomy, 1379–1380
Spleen tissue, autotransplantation of, 1382
Splenectomy

AIHA, 760
CLL, 1923
complications, 1381

infection, 1381–1382
HCL, 1939
HS, 716
indications for, 1375–1380

abdominal trauma, 1379–1380
anemias, hereditary, 1376–1377
Felty syndrome, 1379
Hodgkin disease, 1377
ITP, 1376
leukemia, 1377
lymphoma, 1377
myelofibrosis, 1377, 2204
splenic abscess, 1379
splenic cysts, 1377–1379
splenic injury, 1379–1380
splenic rupture, 1380
TTP, 1376

ITP, 1070
laparoscopic, 1381
myelofibrosis, 1743
open, 1380–1381
PNH, 804
surgical technique, 1380–1381
b-thalassemia, 892–893
Waldenström macroglobulinemia, 2136

Splenic abscesses, 1384–1385
splenectomy, 1379

Splenic CLL, primary, 1938
Splenic conditioning, 712
Splenic cysts, 1379f, 1384–1385, 1385f

splenectomy, 1377–1379
Splenic function, 1372–1375

cellular reservoir, 1374
erythropoietic function, 1374
filter function, 1372–1373

culling and, 1372
pitting and, 1372–1373, 1373f

immune function, 1373–1374
Splenic lymphoma with villous lymphocytes 

(SLVL), 1938
Splenic marginal zone B-cell lymphoma 

(SMZL), 1778–1779, 1846–1847
Splenic rupture

delayed, 1380
HCL and, 1934
spontaneous, 1380

Splenic sequestration, sickle cell anemia and, 
837

Splenic tumor involvement, patterns of, 1385t
Splenic tumors, 1384–1389

malignant of, 1377
myeloproliferative neoplasms and, 1388
proliferation patterns, 1384, 1384f
proliferations, 1388–1389

lymphoid, 1387–1388
vascular, 1385–1387

Splenomegaly, 1375, 1375t
anemia, congenital hemolytic and, 607
CML, 1705, 1710–1712
myelofibrosis and, 1736, 1742–1743
pathology, 1688, 1690, 1693, 1694, 1698
PV clinical features and, 1724
treatment, 1742–1743

Splenosis, 1370–1371
Spongiform encephalopathies, blood donation 

and transmissible, 581
SPTL. See Subcutaneous panniculitis-like 

T-cell lymphoma
Squamoid, 234
SS. See Sézary syndrome
Stains. See also specific stains

cytochemical, 14–15
immunocytochemical, 15–16
immunohistochemical, 16
special blood, 13–16
supravital, 10

Stanford V, 1996–1997
Stanozolol, cryofibrinogenemia, 1117
STAT proteins, 343
Steatohepatitis, hemochromatosis and, 676
Stem cell(s). See also Hematopoietic stem cells

acquired aplastic anemia and, 967
AML, 1584
bone marrow, NK cells and, 311
DCs and differentiation from, 327
PIGA mutant, 792–795
pluripotential, 251
to progenitor B cell, 251–252

Stem cell factor (SCF)
basophils and, 183
mast cells and, 183

Stem cell leukemia/T-cell acute lymphoblastic 
leukemia gene 1 (SCL/TAL1), 377

Stem cell transplantation (SCT). 
See Hematopoietic stem cell 
 transplantation

Steroid-induced purpura, 1112
Steroids. See also Corticosteroids; Hormonal 

therapies
AIHA, 759
CLL, 1915
ITP treatment with, 1068–1069
MM, 2075–2076
PNH, 803

Stigmata, religious, 1119
Stimate, platelet disorder, 1131
Stomach cancer. See Gastric carcinoma
Stomatocytic disorders, 722–724

intermediate, 723
Storage pool

neutrophil, 142–143
platelet, diseases of, 1133, 1134

Storage pool disease (SPD)
a-granule, 1133
ad-granule, 1134
d-granule, 1134

Streptomyces hygroscopicus, 344
Streptomycin, rat bite fever, 1116
Streptozocin, cancer, 1407, 1411–1412
Stroma, 252, 253

adhesion molecule interactions of 
 hematopoietic stem cells and, 74

of hematopoietic organs, 78–79
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Stromal-derived GF (SDGF), 1895
Strongyloides, 1116
Strongyloides ratti, 178
Stuart factor. See Factor X
SU5416, AML, 1608
Subcutaneous panniculitis-like T-cell lymphoma 

(SPTL), 1792, 1856, 1964–1965
Sudan Black B, 14
Suicide gene modification of T-cells, 1513
Sulbactam, DI-IHA, 760, 762
Sulfamethoxazole, pseudolymphoma and, 

1962
Sulfasalazine, pseudolymphoma and, 1962
Sulfhemoglobinemia, 924
Sulfonamides, unstable hemoglobins, 919
Superoxide, eosinophil-generated, 168–169
Superoxide anion, bacterial killing and, 154
Superoxide production

NADPH regulating, 168–169, 168f
respiratory burst, 168–169, 168f

Suppressors of cytokine signaling (SOCSs), 
345

Suramin, DI-IHA, 762
Surface-connected canalicular system (SCCS), 

389
Surrogate light chain (SLC), 253, 254
Swallowing, painful, 2231
Switch region/sequence, 255
Synostosis syndrome, amegakaryocytic 

thrombocytopenia and, 1100
Systemic capillary leak syndrome, MGUS  

and, 2043
Systemic inflammatory response syndrome, 

neutrophil dysregulation in, 1300
Systemic lupus erythematosus (SLE),  

1073–1074
Systemic mast cell disease, 1939
Systemic mastocytosis (SM), 1696–1697, 

1696t, 1697t, 1697f, 1757–1768
aggressive, 1762
clinical features, 1758–1763, 1759t
differential diagnosis, 1765–1766, 1939
historical background of, 1757
indolent, 1697, 1760–1762, 1761f
laboratory findings, 1763–1765, 1764f
management, 1766–1768, 1766t
pathophysiology, 1757–1758
therapy, efficacy of, 1768

TAL1 transcription factor, 1539–1540
T-ALL. See T-cell lymphoblastic leukemia; 

T-lymphoblastic leukemia/lymphoma
Tapasin, 322
TAPs. See Transporters associated with 

 antigen presentation
TAR. See Thrombocytopenia with absent 

radius syndrome
Target cell, 9
Target cell disorders, 726–727
Target cell lysis, 300–304

death receptor pathway and, 303
granzymes and, 302, 303f
membrane morphology of, 303–304, 304f
perforin and, 300–301, 302f

Target of rapamycin (TOR), 344
Tartrate-resistant acid phosphatase (TRAP), 15
Tazobactam, DI-IHA, 762
T-cell(s), 279–312, 1349. See also Adult 

T-cell leukemia/lymphoma; 
Angioimmunoblastic T-cell lymphoma; 
Cutaneous T-cell lymphoma; Natural 
killer T (NKT) cells

allelic exclusion, 284
antigen-specific, 43
B-cell interactions with, 330, 332

IL-4 functions in, 345
IL-6 in, 347

CD4+, 312
CD8+, 299–305

T-cell receptor (TCR) signaling, 294
initiation phase of, 294
phosphoinositide metabolism and, 294

T-cell receptors (TCRs), 62, 63, 280
coreceptors to, CD4/CD8 as, 289–290
in germline configuration, 282
HLA interaction with, 287, 287f
MHC, 288, 289f
position, 287–288
positive/negative selection of, 285–286
pre-T-cell receptors, 283–284
Ras pathway, 294
signal-transducing component of, 289
ab, 294, 296t
ab complex of, 286–290
gd, 306

T-cell/histiocyte-rich large B-cell lymphoma 
(THRLBCL), 1782–1783, 1782f, 1794, 
1796, 1798

T-cell-mediated graft versus tumor, 2218
T-cell-ab, 283–284

ligand-binding component and,  
286–288, 287f

T-cell-ab receptor, 294, 296t
T-cell-ab receptor complex, 286–290
T-cell-gd, 283–284, 305–306

antigen recognition, 306
receptor structure for, 306
repertoire, 305–306

T-cell-gd function, 306
TCF3 (E2A) translocations, 1537–1538
TCL-1, biology of, 1823f
TCRs. See T-cell receptors
TDCs. See Thymic dendritic cells
TdT. See Terminal deoxynucleotidyl 

 transferase
Telangiectasia. See also Hereditary 

 hemorrhagic telangiectasia
ataxia, 262

Telangiectasia macularis eruptiva perstans 
(TMEP), 1760

Telomerase activity and CLL prognosis, 1909
Telomere length and CLL prognosis, 1909
Temozolomide

cancer, 1407, 1411–1412
NHL, 1868

Tenase complexes, intrinsic/extrinsic,  
429–431

Teniposide, cancer, 1421–1422
Terminal deoxynucleotidyl transferase (TdT), 

14
TET2 mutations, 1531, 1531f
Tethering

eosinophil, 174
lymphocyte, 246–247

Tetracycline, rat bite fever, 1116
TFPI. See Tissue factor pathway inhibitor
TFR2. See Transferrin receptor-2 gene
TGF. See Transforming growth factor
Th1/Th2 cells

CD4+ T-cell differentiation and maturation 
of, 298

paradigm of, 298–299, 298f
Thalassemia(s), 862–912

clinical/laboratory features of, 874–876
diagnostic approach to, 603
gene therapy and, 897–898, 1512
genotype-phenotype correlation in,  

873–874
geographic distribution, 862–863
b-globin gene deletions and, 868
HSCT, 2182–2183, 2182f, 2183f
intermedia, 902–910

blood transfusion, 905–906
clinical features, 904–905
genetic determinants of, 902–904,  

903f, 904t
malaria and, 862–863
molecular pathology of, 863–871
mRNA processing and, 867–868

granule contents of, 299–300
CLL, 1903, 1922
cytokines and, 169
cytoskeleton, 296
cytotoxic, activation of, 299
germinal centers and, 333, 1930f
immune reconstitution, 2173
morphology, 279
mucosal gd, 1468
NK, 311–312, 1468
positive/negative selection of, 285–286
regulatory, 305
signaling, 284
suicide gene modification of, 1513
suppression by regulatory, 747
target cell lysis and, 300–304
Th1/Th2 paradigm and, 298–299, 298f
tumor adaptive immunity and, 1469

T-cell activation, 290–298
capping and, 291
costimulation and, 296
inhibition and, 296
proteins important in, 291
regulation of, 296
topology of immune response and, 290
tumor adaptive immunity and, 1470–1472, 

1471f
WAS and, 291

T-cell ALL
adult, 1568
pediatric, 1619–1625, 1628, 1629

T-cell commitment, 281
T-cell deficiencies, 1349–1354. See also 

 specific disorders
clinical presentation, 1349

T-cell differentiation
CD4+, 297–298, 297f
CD8+, 298
flow cytometry and, 29
genomic view of type 1/2, 298
phenotypic, 282

T-cell gene therapies
cancer, 1514, 1516
HIV infection, 1513–1514

T-cell large granular lymphocyte leukemia 
(T-LGL), 34–35, 311, 1905, 1939. 
See also Large granular lymphocytic 
leukemia

T-cell leukemia, 1905. See also T-cell ALL; 
T-cell prolymphocytic leukemia

precursor. See T-cell lymphoblastic 
 leukemia

T-cell lymphoblastic leukemia (T-ALL). See also 
T-lymphoblastic leukemia/lymphoma

molecular genetics, 1538–1540
T-cell lymphoma, 1339, 1787–1793, 1905. 

See also specific T-cell lymphomas
EBV and, 1339
extranodal, 1856–1857
mature, 1857–1858, 1857f
molecular genetics, 1538–1540

mutations in signaling pathways, 1540
NOTCH, 1539
transcription factors, 1539–1540

nasal type, 1792–1793
splenic involvement, 1388

T-cell lymphoproliferative disorders, 
 immunophenotyping, 34–35, 34t

T-cell neoplasms
molecular aberrancies, 1809
molecular genetics of mature, 1820f, 

1821–1824
T-cell progenitors, 281
T-cell prolymphocytic leukemia (T-PLL), 34, 

1824, 1857–1858, 1905
molecular genetics, 1824
molecular testing guidelines, 1824

T-cell receptor (TCR) genes, 282–283, 283f, 
1803, 1805f

rearrangements of, 282–283, 1803–1805
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mRNA translation and, 868
pathophysiology, 871–873
prevalence, 862–863
prognosis with conventional therapy, 

893–898
cord blood transplantation, 895–897
hemoglobin F reactivation and, 896–897
HSCT, 894–895

related disorders, 862–912
transcription mutations, 867

a-Thalassemia
clinical forms, 874–875

hemoglobin Bart hydrops fetalis 
 syndrome, 875

hemoglobin H disease, 874–875, 875f
silent carrier, 874
unusual, 875–876

deletion, 865, 866f
nondeletion, 865–866
pathophysiology, 872–873
structural variants in association with, 876

b-Thalassemia
b-chain structural variants and, 910–911
hemoglobin C and, 911
hemoglobin E and, 911
hemoglobin S and, 911–912
hemoglobinopathies, 868, 1501
mutations causing, 866–867, 867t
nondeletion, 867
pathophysiology, 871–872, 871f
unusual causes, 870–871

d-Thalassemia, 869
db-Thalassemia, 869–870, 870t

hemoglobin S and, 911–912
b-Thalassemia major, 875–898

clinical features, 877–880
history of, 875–876
iron overload and, 883–888
iron stores in, 883
laboratory findings/diagnosis of,  

880, 880f
therapy, 880–893

chelation, 888–892, 888f
splenectomy, 892–893
vitamin supplementation, 892

thrombotic complications, 878–879
Thalassemia minor, 898–902

atypical carriers, 899, 899t
carrier detection in, 900–902, 901t
classical form of, 898
diagnosis, 899, 900f
fetal hemoglobin carriers of, 899–900
hemoglobin E and, 902
laboratory features of, 898–899
prenatal diagnosis, 902

a-Thalassemia minor, carrier detection in, 
901–902

b-Thalassemia minor
carrier detection in, 900–901
hemochromatosis and, 676–677

db-Thalassemia minor, carrier detection in, 
900–901

a-Thalassemia trait, 874
Thalidomide, 1424–1425, 1424f

acquired clonal sideroblastic anemia, 655
amyloidosis, primary, 2117
MM, 2056, 2074, 2077, 2077t

maintenance therapy and, 2074
Waldenström macroglobulinemia, 2134

Thermal injury, hemolysis with, 817
Thesaurocytes, 274
THI. See Transient hypogammaglobinemia of 

infancy
Thiamine, megaloblastic anemia and, 652
Thienopyridines, antithrombotic therapy, 

1235–1236
6-Thioguanine, cancer, 1414–1415
Thiopurine, pediatric ALL, 1626–1627
Thioridazine, pseudolymphoma and, 1962
Thiotepa, cancer, 1407, 1412

THRLBCL. See T-cell/histiocyte-rich large 
B-cell lymphoma

Thrombasthenia. See Glanzmann 
 thrombasthenia

Thrombin. See also Antithrombin; Factor II
activation, 490, 490f
anticoagulation and, 462
biochemistry, 489–490
blood coagulation and, 461–463, 461f
fibrinolytic system inhibited by, 488–491, 

489f
function, 490
gene structure/expression of, 489
generation, 450f
GPIb and, 399, 412
platelet thrombin (protease-activated) 

receptors and signaling, 400–401, 
416, 417f

regulation, 462–463, 490–491
structure/function relationships, 462–463

Thrombin inhibitors, parenteral direct, 1238, 
1240–1241, 1240t

Thrombin receptors, 462
Thrombin time, 1050
Thrombin tissue repair/regeneration, 462
Thrombocythemia. See Essential 

 thrombocythemia
Thrombocythemia myelofibrosis,  

post-essential, 1127
Thrombocytopenia, 1058–1060, 1211. See 

also Congenital  amegakaryocytic 
thrombocytopenia; Idiopathic 
thrombocytopenic purpura; 
Immune thrombocytopenic 
 purpura; Macrothrombocytopenia; 
Microthrombocytopenia, X-linked; 
Thrombotic thrombocytopenic 
 purpura

abnormal platelet count and, 1263–1264
acquired, 1100–1103
alloimmune, 1074–1075

neonatal, 536–537, 1074–1075
passive, 538

alloimmune, transplantation-associated, 
538–539

amegakaryocytic
congenital, 1097
with radial-ulnar synostosis syndrome, 

1100
artifactual, 1058
autoimmune, in SLE, 1073–1074
autosomal dominant, 1098–1100

GPIa deficiency and, 1099
megakaryocyte differentiation and, 1099

autosomal recessive, 1097
blood transfusion and, 1103
causes of, miscellaneous, 1097–1103, 

1097t
classification, 1059–1060, 1059t
confirmatory tests for, 1051, 1053f
congenital, 1097–1100, 1098t
hematologic malignancies and, 1460–1461
heparin-induced, 1252–1255, 1254t,  

1255f
HIV and, 1361
infection-associated, 1102–1103
liver disease and, 1189
pathophysiology, 1058–1059, 1058f, 1059t

pooling, abnormal and, 1059
pharmacologic actions in, 569
platelet destruction and

accelerated, 1058
immunologic, 1061–1075

platelet pooling and, 1102
platelet production and, 1058–1059, 

1100–1103
platelet transfusions and, 569
X-linked, 1100

Thrombocytopenia syndromes, 379, 385
MYH-9-related, 1137–1138

Thrombocytopenia with absent radius 
 syndrome (TAR), 385, 1097–1098

Thrombocytopenic disorders, alloimmune, 
536–540

Thrombocytosis, 1122–1127
abnormal platelet count and, 1264
clinical approach to, 1123, 1123f
clonal, 1123
differential diagnosis, 1123
inherited, 1122
reactive (secondary), 1122–1123

epidemiology, 1122
treatment, 1122

Thromboembolic disease
arterial/venous, 1211
thalassemia and, 908

Thrombolysis
DVT catheter-directed, 1251
pulmonary embolism, 1251–1252

Thrombolytic drugs, 1246–1248, 1246t
streptokinase, 1247

Thrombolytic fibrin specificity and 
 hemorrhagic risk, 1247–1248

Thrombolytic therapy-associated bleeding, 
1247

Thrombomodulin
anticoagulation and, 466
biochemistry, 466
function, 466
gene structure/expression of, 466
regulation, 466

Thrombomodulin deficiency, 1230
Thrombopoiesis, drugs that cause ineffective, 

1101–1102
Thrombopoietin (TPO), megakaryopoiesis 

and, 379–382, 380f, 383f
Thrombopoietin (TPO) signaling, pathways in, 

382, 383f
Thrombosis, 1218–1255. See also Deep vein 

thrombosis; Prethrombotic state
antithrombotic therapy, 1218–1255
endothelium and, 503, 504f, 505f
mechanism of, 1209–1210
pathophysiology, 1218, 1219f
physiology, 1218
platelet structure/function in, 389–408
PMF and, 1743
PNH and, 805–806, 805t
prevention and treatment, PNH and, 805
b-thalassemia and, 878–879

Thrombotic disorders, inherited, 1222–1232, 
1222t

combined defects and, 1230–1231
laboratory testing, 1231–1232, 1232t, 1233t

Thrombotic thrombocytopenic purpura (TTP)
acquired, 1077–1087

clinical presentation of, 1082–1083
laboratory findings of, 1082–1083, 1084f
management/prognosis of, 1085–1087, 

1085t
pathology of, 1078–1079, 1078f
pathophysiology, 1079–1082, 1079f

complications, 1080, 1083f
hereditary, 1085–1087

diagnosis/management of, 1085, 1086
HIV and, 1362–1363
HUS contrasted with, 1088, 1089t
pregnancy-associated, 1016
splenectomy, 1376
treatment, HIV and, 1362–1363

Thromboxane, platelet activation, 419
Thromboxane receptors, 403
Thrombus growth, platelet adhesion events 

and soluble agonist stimulation in, 
403, 419–420

receptor downregulation and 
 desensitization, 404

Thymectomy, neonatal, 241
Thymic cells, nonlymphoid, 233–234
Thymic dendritic cells (TDCs), 234–235
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Thymic stroma lymphopoietin (TSLP), 253
Thymic vasculature, 235
Thymocytes, cells/molecules in selection of, 

286
Thymomas, 236

PRCA and, 977, 981
Thymus, 232f

cortex, 231
development, 279–280
differentiation of human, 280, 281
ECM and, 281
epithelial cells, 233–234, 233f, 280
involution, 235
macrophages, 234
medulla, 231
morphogenesis, 279–280
nurse cells, 234
ontogeny and histology, 231–233
ontogeny of microenvironment of, 279–281
pathology of human, 235–236
TCRs and, 282
ultrastructure of, 233, 233f
vasculature, 280

Thyroid disorders in long-term HSCT 
 survivors, 2229

Ticarcillin/clavulanate acid, DI-IHA, 760
Ticlopidine

antithrombotic therapy, 1235
platelet dysfunction, 1129, 1139

Tingible body macrophages, 238
Tipifarnib, AML, 1608
Tirofiban, antithrombotic therapy, 1236
Tissue factor

antibodies to, 1208
biochemistry, 454, 456
blood coagulation and, 454, 456
function, 456
gene structure/expression of, 454
regulation, 456

Tissue factor pathway inhibitor (TFPI), 1230
anticoagulation and, 467–469
biochemistry, 468–469
function, 469
gene structure/expression of, 467–468
regulation, 469

Tissue handling
myelofibrosis and, 1956
SS and, 1956

Tissue repair/regeneration, thrombin and, 462
Tissue-restricted self-antigens (TRAs), 285
TKIs. See Tyrosine kinase inhibitors
TL. See Transformed lymphoma
TLRs. See Toll-like receptors
TLS. See Tumor lysis syndrome
T-lymphoblastic leukemia/lymphoma 

(T-ALL), 37, 1788, 1788f. See also 
Lymphoblastic lymphoma; T-cell 
 lymphoblastic leukemia

TMD. See Transient myeloproliferative 
 disorder

TMEP. See Telangiectasia macularis eruptiva 
perstans

TNF. See Tumor necrosis factor
TNF-receptor-associated factor (TRAF), 334
Toll-like receptors (TLRs), 166, 204f, 328

innate signaling pathway defects and, 1355
Toluidine blue, 15
Topoisomerase II inhibitors, 1421–1423, 

1421f
TOR. See Target of rapamycin
Tositumomab

cancer, 1417, 1418
NHL, 1849, 1868
RIT, 1418, 1477–1478

Toxic granulation, 10
Toxoplasmosis, 1435–1436
TP53, abnormalities of, 2026
TPI isomerase deficiency. See 

Triosephosphate (TPI) isomerase 
 deficiency

Troxacitabine, AML, 1602
Trypanosoma cruzi, 581
Trypanosomiasis, hemolysis induced by, 

812–813
TSLP. See Thymic stroma lymphopoietin
TTP. See Thrombotic thrombocytopenic 

 purpura
Tumor lysis, 1462–1464, 1463f
Tumor lysis syndrome (TLS), 1462–1464

management, 1463–1464, 1463f
Tumor necrosis factor (TNF), 1894
Typhlitis, 1440–1441. See also Neutropenic 

enterocolitis
Tyrosine kinase inhibitor (TKI) resistance, 

CML patients with, 1716–1717
approaches to, 1717–1718

Tyrosine kinase inhibitor (TKI) therapy, 
 discontinuation of, 1718

Tyrosine kinase inhibitors (TKIs)
ALL, 2196
CML, 1713–1717, 1714t
mastocytosis, systemic, 1767

T-zone lymphoma, 1788–1789

UL-16-binding proteins, 318–319
Ulcers, leg

anemia, congenital hemolytic and, 607
sickle cell anemia and, 845–846, 845f
thalassemia and, 907–908

Umbilical cord blood, HSCT and, 2163–2165
Umbilical cord blood transplantation, 

 thalassemia, 895
u-PA. See Urokinase-type plasminogen 

 activator
Urate oxidase. See Rasburicase
Uremia, 1139–1140

anemia and, effects of, 1140
hemostasis and, 1140
laboratory findings, 1140
management, 1140
medication secondary effects and, 1140

Urine evaluation, 2018
PNH laboratory findings, 797

Urokinase-type plasminogen activator (u-PA), 
1247

Uropod, IS and, 292
Uroporphyrinogens I and III, biosynthesis 

of, 92
Urticaria pigmentosa (UP), 1757, 1760, 1766
Uterine fibroid tumors, 1041

V gene repertoire, 260–261
Vaccines, 1485–1488, 1486t. See also 

Immunization
Valence hybrids, 113
Vancomycin, gram-positive coverage and, 

1430
Variant Creutzfeldt-Jakob disease (vCJD),  

581
Varicella zoster virus (VZV), 1444
Variegate porphyria (VP), 699–701

animal model, 701
clinical description, 700, 700f
laboratory findings, 700–701
molecular basis and pathogenesis, 699–700
treatment, 701

Vascular abnormalities, bleeding disorders 
caused by, 1106–1119

clinical approach to patient with, 1106
Vascular cell adhesion molecule (VCAM), 200
Vascular endothelial growth factor (VEGF), 

240, 498, 2144
Vascular endothelial growth factor receptors 

(VEGFR), 498
CLL and survival of, 1894

Vascular endothelium, 1193–1194
Vascular injury, 1220
Vascular malformations, 1110

T-PLL. See T-cell prolymphocytic leukemia
TPO. See Thrombopoietin
TRAF. See TNF-receptor-associated factor
TRALI (transfusion-related acute lung injury) 

mitigation strategies for “high plasma 
volume” blood components, 548

Tranexamic acid and fibrinogenolysis, 1202
Transcription activators, 342–343
Transcription factors, 58

AML and, 1527–1530
associated with different polarized 

 populations of macrophages, 220f
B-ALL and, 1536–1538
regulation of mononuclear phagocytes by, 

221–222
role in hematopoietic lineage commitment, 75
T-ALL and, 1539–1540

Transcription mutations, thalassemias and, 867
Transcription signal transducers, 342–343
Transcriptional profiling, 1807f, 1808–1809
Transcriptional regulation, CD4+ T-cell 

 differentiation and, 297
Transferrin receptor, iron and, 601–602
Transferrin receptor-2 gene (TFR2), 662–663
Transformed lymphoma (TL), 2199
Transforming growth factor (TGF), 1894
Transfused blood, age of, 577
Transfusion. See Blood transfusion; 

Granulocyte transfusions; Platelet 
transfusion; Red blood cell (RBC) 
transfusion

Transfusion-related acute lung injury (TRALI) 
mitigation strategies for “high plasma 
volume” blood components, 548

Transgenes, immune response to, 1517–1518
Transient hypogammaglobinemia of infancy 

(THI), 1348
Transient myeloproliferative disorder (TMD), 

387, 1638–1639
Translocation(s), 2023–2024. See also specific 

malignancies
14q32, 1899
B-cell lymphomas, 1810t, 1811t
core binding factor, 1528–1530, 1536–1537
11q23, 1532–1533, 1532f
nuclear pore protein, 1535
TCF3 (E2A), 1537–1538

Transplant-associated immune hemolytic 
 anemias, 763–764, 764t

Transplantation. See also Bone marrow 
transplantation; Hematopoietic stem 
cell transplantation

hematopoietic progenitor, 68
mononuclear phagocytes and, 222–223
umbilical cord blood, thalassemia, 895

Transplantation-associated alloimmune 
thrombocytopenia, 538–539

Transporters associated with antigen 
 presentation (TAPs), 321–322

TRAP. See Tartrate-resistant acid phosphatase
TRAs. See Tissue-restricted self-antigens
Trauma

abdominal, splenectomy for, 1379–1380
massive, shock and, 1200

Traumatic bleeding, 1043–1044
hemophilia and, 1148
ITP and, 1065

Tretinoin, cancer, 1419
Trichinella spiralis, 170, 178
Triethylene melamine, PV, 1731
Trimethoprim-sulfamethoxazole

autoimmune thrombocytopenic purpura 
secondary to, 1072

CGD, 1296
CLL, 1916

Triosephosphate (TPI) isomerase deficiency, 
741

Triphosphate, CLL, 1891
Trisomy 12q13, 1899
Tropism, infections that exhibit, 1508
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Vascular obstruction, purpura associated 
with, 1116–1118, 1117t

Vasculitis, 1113–1115
antineutrophil cytoplasmic 

 antibody- positive, 1113
cutaneous leukocytoclastic, 1113, 1113t
urticarial, 1114

Vasculopathies, 1106–1111. See also 
Amyloidosis

Vaso-occlusion
chronic inflammation and, 829, 830f
pathogenesis, sickling and, 828–830, 830f
sickle cell anemia and, 830–832

VCAM. See Vascular cell adhesion molecule
vCJD. See Variant Creutzfeldt-Jakob disease
Vectors. See Gene therapy vectors
VEGF. See Vascular endothelial growth factor
VEGFR. See Vascular endothelial growth 

 factor receptors
Veiled cells, 329
Vena caval filter, 1250–1251
Venoms, hemolysis induced by, 816
Venous thromboembolic disease (VTE), 

1248–1252
advanced therapies, 1250–1252
management, 1248–1250, 1249t
prevention, 1252, 1253f
risk assessment models (RAMs),  

1252, 1252f
Venous thrombosis

of catheters, 1451
childhood, 1230

Venules, lymph node, 240–241, 241f
Vesicles

coated, 393
secretory, 126

eosinophil, 160
Vessel integrity and development, platelets 

and, 408
Vessels, blood. See Blood vessels
VH genes, 255–258
Vibrio vulnificus, 1116

hemochromatosis and, 677
Vinblastine

cancer, 1417
HL, 1996
LCH, 1314

Vinca alkaloids, cancer, 1417
Vincristine

ALL, pediatric, 1623, 1624, 1626, 1627
amyloidosis, primary, 2116
cancer, 1417
CLL, 1912
HL, 1997
immunotherapy, 1474
MM, 2055
NHL, 1859

pediatric, 1881–1884
Vinorelbine, cancer, 1417
Viral infections

antiviral prophylaxis, 1448
in HSCT patients, 1442–1445,  

1443f, 2226
in immunocompromised host, 1442
leukocyte, 1299–1300
thrombocytopenia, 1102–1103

Viral pneumonia, 1439
Virchow triad, 1218–1221
Viruses, acquired aplastic anemia, 966
Visceral leishmaniasis, hemolysis induced 

by, 813
Vitamin B12 and megaloblastic anemia, 

597–598
Vitamin K

carboxylase dependent on, 442
procoagulant proteins dependent on,  

437–454, 438f–440f
activated forms of, 440
EGF domain of, 447
gene structure/expression of, 440–441

general structure/function of, 444–445, 
447

Gla domain of, 445, 447
posttranslational processing of, 441
proteolytic maturation of, 442, 444
serine protease domain of, 447
synthesis of, 439

Vitamin K deficiency, 1186–1189
causes of, 1186–1189
etiology, 1187f
treatment, 1189

Vitamin K deficiency bleeding (VKDB), 
1186–1188

Vitamin replacement, megaloblastic anemia, 
950

Vitamin supplementation, b-thalassemia, 892
V(D)J recombination, 255–258, 257f

defects, 261
deletional, 256
DNA cleavage and, 261
DNA repair and, 262
formation of coding and signal joints in, 

255–258
pathology, 261
regulation of, 259–260

VKDB. See Vitamin K deficiency bleeding
Vomiting, 2231. See also Chemotherapy-

induced nausea and vomiting
von Willebrand collagen-binding activity 

(vWF:CB), 1157
von Willebrand disease (vWD), 1152–1161

assays, 1157, 1158
bleeding, 1178–1180
clinical manifestations, 1156
confirmatory tests for, 1051–1052, 1053f
genetics, 1158–1160
incidence, 1152
laboratory diagnosis, 1156–1158
nomenclature and classification, 

 1152–1154, 1152t
pathophysiology, 1154–1155
platelet-type (pseudo), 1160–1161
transfusion, response to, 1155–1156, 1155f
type 1, 1158–1159

genetics of, 1158
type 2A, 1159–1160
type 2B, 1160
type 2M, 1160
type 2N, 1160
type 3, 1159

genetics of, 1158
variants, 1153, 1154t

von Willebrand factor (vWF), 411–413, 1207
ADAMTS13 factor and, 1080–1081, 1080f, 

1081f
biochemistry, 460
blood coagulation and, 460–461
function, 460–461
gene structure/expression of, 460
GPIb complex and, 397–399
multimeric analysis of, 1158, 1158f
qualitative defects of, 1159–1160
structure and functional domans, 1153, 

1153f
von Willebrand factor multimers, alteration in 

TTP, 1081–1082, 1081f
Voriconazole, AML, 1645
Vorinostat

cancer, 1416
CTCL, 1978
MDS, 1685, 1686
MM, 2080

VP. See Variegate porphyria
VTE. See Venous thromboembolic disease
Vulvovaginal GVHD, 2232
vWD. See von Willebrand disease
vWF. See von Willebrand factor
vWF:CB. See von Willebrand collagen-binding 

activity
VZV. See Varicella zoster virus

Waldenström macroglobulinemia (WM), 
2124–2139

biology and genetics, 2127–2128, 2127f
epigenetic aberrations, 2127
somatic mutations, 2127

clinical features, 2128
hyperviscosity, neurologic and retinal 

complications, 2128–2129
diagnosis, 2125
epidemiology, 2124

familial disease and genetic predisposi-
tion, 2124–2125

laboratory testing, 2125
management, 2130–2135
MGUS and, 2124t

diagnosis, 2125
evolution to Waldenström macroglobu-

linemia from asymptomatic stages, 
2125–2126

pathology, 2126–2127, 2126f
prognosis, 2129–2130
secondary malignancies in, 2137t, 2138t
treatment, 2131t, 2136

alkylating agent, 2131t
combination therapy, 2133–2134
conventional, 2130–2135
corticosteroid, 2133
high-dose chemotherapy and stem cell 

support, 2135, 2136t, 2137t
Mayo Clinic treatment recommenda-

tions, 2138, 2138f
monoclonal antibody therapy,  

2132–2133
new treatment options, 2134–2135
observation, 2130
purine nucleoside analogues,  

2131–2134, 2138t
toxicity of, 2136–2138

Warfarin
adverse effects of, 1242–1244
antiphospholipid-protein antibody 

 syndrome, 1214
antithrombin deficiency, 1223
antithrombotic therapy, 1241–1244, 1241f
drugs and medical conditions affecting the 

potency of, 1242t
myeloproliferative disorders, 1141
protein C deficiency, 1224
protein S deficiency, 1225
vitamin K deficiency, 1189

Warfarin-induced skin necrosis, 1243–1244
Warts, hypogammaglobulinemia, infections, 

and myelokathexis syndrome. See 
WHIM syndrome

WAS. See Wiskott-Aldrich syndrome
WBCs. See White blood cells
Weibel-Palade bodies, 501
West Nile virus (WNV), 580
WHIM syndrome, 1344–1345. See also 

Hypogammaglobulinemia
White blood cell (WBC) counts, 5
White blood cells (WBCs), 1. See also 

Leukocyte(s)
antigens, 540–545
blood smear, 10
platelets and, 407–408, 425–426
sickle cell anemia, 849

White pulp, splenic, 243–244, 1371
Wiskott-Aldrich syndrome (WAS), 386, 1138, 

1354
gene therapy, 1502, 1512, 1520
T-cell activation and, 291
thrombocytopenia and, 1100

WM. See Waldenström macroglobulinemia
WNV. See West Nile virus
Worm infections, eosinophil effector role in, 

178
Wright stains, 8–9

bone marrow, 11
myeloblast, 129, 129t

72683_index_2235-2284.indd   2277 05/08/13   8:11 PM



htt
p:/

/vi
p.p

ers
ian

ss
.ir

2278 Index

Yersinia enterocolitica, hemochromatosis 
and, 677

Yolk sac macrophages, 220
Yt blood group system, 523–524

Zap-70 deficient SCID, 1352
ZDV. See Zidovudine
Zidovudine (ZDV)

HIV, 1359–1361
leukemia, 1858
mononucleosis, infectious, 1333

Zieve syndrome, 1007
Zorubicin, ALL, 1564

Xanthogranuloma, disseminated juvenile, 
1321

Xeroderma pigmentosum, 262
Xg blood group system, 524
XLA. See X-linked agammaglobulinemia
XLAAD (X-Linked autoimmunity-allergic dys-

regulation syndrome). See Immune 
dysregulation, polyendocrinopathy, 
enteropathy, X-linked (IPEX) syndrome

X-linked agammaglobulinemia (XLA),  
1345–1346

X-Linked autoimmunity-allergic dysregulation 
syndrome (XLAAD). See Immune dys-
regulation, polyendocrinopathy, enter-
opathy, X-linked (IPEX) syndrome

X-linked lymphoproliferative disease (XLP), 
1336–1337

X-linked severe combined immunodeficiency 
(X-SCID), 344, 1350

gene therapy, 1518–1519
X-linked sideroblastic anemia (XLSA),  

648–649, 677
X-linked sideroblastic anemia with ataxia 

(XLSA/A), 651
XLP. See X-linked lymphoproliferative disease
XLSA. See X-linked sideroblastic anemia
XLSA/A. See X-linked sideroblastic anemia 

with ataxia
X-SCID. See X-linked severe combined 

 immunodeficiency
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